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Version abrégée

Les instabilités magnétohydrodynamiques (MHD) peuvent limiter les performances
du tokamak et dégrader le confinement du plasma. Le Tokamak ¢ Configuration Variable
(TCV), unique pour sa capacité de produire une large variété de formes de plasma, a
été utilisée pour analyser diverses instabilités et pour comparer leur comportement aux
prédictions théoriques. Ces instabilités sont des perturbations du champ magnétique qui
s’étendent habituellement jusqu’au bord du plasma ou elles peuvent étre détectées avec
des bobines magnétiques. Des anneaux de sondes magnétiques, installés a I'intérieur de
la chambre a vide de TCV, permettent 1’observation de ces fluctuations magnétiques. La
structure et ’évolution temporelle des modes de déformation cohérents sont extraites en
utilisant plusieurs méthodes numériques.

En plus de 'installation du diagnostique magnétique et de la mise en place de méthodes
d’analyse des signaux, les thémes de cette these se concentrent sur quatre instabilités qui
imposent des limites de stabilité locales et globales. Toutes ces instabilités sont perti-
nentes au fonctionnement d’'un réacteur a fusion et une compréhension profonde de leur
comportement est nécessaire pour 'optimisation d’un tel réacteur.

Les dents de scie, qui sont des oscillations de relaxation centrales communes a la
plupart des scénarios standards de tokamak, ont un effet important sur les parameétres
centraux du plasma. Dans TCV, des balayages systématiques de la forme du plasma
ont montré une forte dépendance du comportement des dents de scie avec 1’élongation
k et la triangularité &, les décharges & haut x et a bas 6 menant & des dents de scie
plus courtes et des chutes de dents de scie plus petites. Cette dépendance sur la forme
est augmentée par 'application de chauffage électronique cyclotronique (ECH) au centre,
celui-ci augmentant ou diminuant la période des dents de scie selon la forme de plasma. La
réponse a la puissance de chauffage supplémentaire est déterminée par le réle de la MHD
idéale ou résistive dans le déclenchement de la chute de la dent de scie. Pour les formes
de plasmas ou le chauffage additionnel central raccourcit les dents de scie, la basse limite
expérimentale du gradient de pression a 'intérieur de la surface ¢ = 1 est conforme aux
prédictions de la MHD idéale. La diminution observée de cette limite avec 1’élongation
est également en accord qualitatif avec la théorie MHD idéale.

Les edge localised modes (ELMs), observés dans les décharges ohmiques de confine-
ment amélioré de TCV, sont précédés par des oscillations magnétiques cohérentes. Les
précurseurs des petits ELMs, supposés étre de type III, et les précurseurs des plus grands
ELMs, précédemment désignés sous le nom de large ELMs de TCV, montrent les mémes

caractéristiques, ce qui permet d’identifier ces deux genres d’ELMs comme étant du méme
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type II1 selon la classification en usage. La structure poloidale et toroidale du mode est
compatible avec une surface de flux résonnante proche du bord de plasma. Au contraire
des modes MHD conventionnels, qui démarrent simultanément partout le long du tore, ces
précurseurs démarrent a une position toroidale aléatoire d’ou ils croissent en amplitude et
en étendue toroidale jusqu’a I’envahissement de la totalité de la circonférence toroidale.
De ce fait, Pasymétrie causant la localisation toroidale du précurseur d’ELM doit étre
intrinseéque au plasma. Les mesures de rayons X mous prouvent que le précurseur localisé
coincide toujours avec la présence d’un mode m = 1 central, qui peut habituellement étre
associé au mode qui précede ou succede a la dent de scie. Une comparaison entre les
phases indique une corrélation avec le maximum du mode central qui précéde la position
toroidale du précurseur d’ELM et suggere, en conséquence, un couplage jusqu’ici inapercu
entre les modes centraux et les ELMs.

Les plasmas allongées promettent plusieurs avantages, parmi lesquels des limites plus
élevées de beta et du courant. Pendant des expériences consacrées a une augmentation de
I’élongation du plasma, une nouvelle limite disruptive, bien au-dessous la limite de courant
conventionnelle correspondant a ¢, > 2, est rencontrée pour £ > 2.3. Cette limite, qui
est précédée par un mode de type “kink”, s’avere conforme aux calculs de stabilité MHD
idéale. Les observations de TCV fournissent, donc la premiere confirmation expérimentale
d’une déviation a la loi d’échelle linéaire de Troyon, la limite de beta, a haute élongation
et a haut courant normalisé, une déviation prévue il y a déja plus de 10 ans.

En plus de la limite de beta idéale, plusieurs autres événements MHD ont été observés
dans les plasmas fortement allongés. D’une part, le mode axisymmetrique qui se manifeste
par des événements de déplacement verticaux impose une limite de courant inférieure.
Cette limite opérationnelle est en bon accord avec le taux de croissance théorique du mode
axisymmetrique. D’autre part, on observe parfois des disruptions mineures provoquées
par des bouffées de modes de déchirement localisés pres de la surface ¢ = 1, qui sont
déstabilisés par des profils de courant central plat, typique des plasmas fortement allongés.

Les modes de déchirement néoclassiques (NTMs), qui sont observés limiter le beta
dans un certain nombre de tokamaks, résultent d’une perturbation hélicoidale du courant
provoquée par un ilot germe (seed island) préexistant. Les NTMs m/n = 2/1 ont été
identifiés dans des décharges de TCV qui se charactérisent par une basse collisionalité
éléctronique Ve, une collisionalité ionique v, moyenne, une valeur moyenne de beta et
des profils de pression et de courant fortement piqués. Contrairement aux autres toka-
maks, ou les dents de scie, les fishbones ou les ELMs peuvent produire des ilots germe,
dans TCV, I'ilot germe est fournit par un mode de déchirement conventionnel. L’ilot
montre clairement une phase de croissance conventionnelle et une phase néoclassique.
Les résultats de TCV fournissent les premiéres observations claires d’un tel mécanisme

de déclenchement qui pourrait également expliquer la présence des NTMs “sans trigger”
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observés dans d’autres expériences. La croissance lente de I'llot germe permet également
une mesure de la largeur critique d’ilot we;, qui est observée augmenter avec la densité.

En conclusion, plusieurs limites de stabilité globales et locales sont analysées. Ces
instabilités peuvent limiter le gradient de pression et de ce fait, les performances du
plasma. Les résultats présentés indiquent plusieurs charactéristiques précédemment in-
apergues sur des instabilités pourtant communément observées. Puisque la plupart de
ces nouvelles observations peuvent étre expliquées par la théorie, elles en améliorent les
capacités prédictives, ce qui a son importance en regard des grandes expériences & venir.
Les expériences sur TCV ont également montré des interactions nouvelles entre différentes
instabilités, ce qui ajoute & la complexité déja étoffée des phénomenes MHD dans les plas-

mas de fusion.






Abstract

Magnetohydrodynamic (MHD) instabilities can limit the performance and degrade the
confinement of tokamak plasmas. The Tokamak & Configuration Variable (TCV), unique
for its capability to produce a variety of poloidal plasma shapes, has been used to analyse
various instabilities and compare their behaviour with theoretical predictions. These
instabilities are perturbations of the magnetic field which usually extend to the plasma
edge where they can be detected with magnetic pick-up coils as magnetic fluctuations. A
spatially dense set of magnetic probes, installed inside the TCV vacuum vessel, allows for
a fast observation of these fluctuations. The structure and temporal evolution of coherent
modes is extracted using several numerical methods.

In addition to the setup of the magnetic diagnostic and the implementation of analysis
methods, the subject matter of this thesis focuses on four instabilities which impose local
and global stability limits. All of these instabilities are relevant for the operation of a
fusion reactor and a profound understanding of their behaviour is required in order to
optimise the performance of such a reactor.

Sawteeth, which are central relaxation oscillations common to most standard tokamak
scenarios, have a significant effect on central plasma parameters. In TCV, systematic scans
of the plasma shape have revealed a strong dependence of their behaviour on elongation
k, and triangularity 6, with high x and low ¢ leading to shorter sawteeth with smaller
crashes. This shape dependence is increased by applying central electron cyclotron heating
(ECH), which increases or decreases the sawtooth period, depending on the plasma shape.
The response to additional heating power is determined by the role of ideal or resistive
MHD in triggering the sawtooth crash. For plasma shapes where additional heating and
consequently, a faster increase of the central pressure shortens the sawteeth, the low
experimental limit of the pressure gradient within the ¢ = 1 surface is consistent with
ideal MHD predictions. The observed decrease of this limit with elongation is also in
qualitative agreement with ideal MHD theory.

Edge localised modes (ELMs), occurring in TCV Ohmic high-confinement mode dis-
charges, were observed to be preceded by coherent magnetic oscillations. The precursors
prior to small ELMs, believed to be of type III, and prior to larger ELMs, previously
referred to as TCV large ELMs, show the same characteristics, which allows for an iden-
tification of both ELMs to be of type III according to the usual classification scheme.
The detected poloidal and toroidal mode structures are consistent with a resonant flux
surface close to the plasma edge. Unlike conventional MHD modes, these precursors start

at a random toroidal location and then grow in amplitude and toroidal extent until they
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encompass the whole toroidal circumference. Thus, the asymmetry causing and main-
taining the toroidal localisation of the ELM precursor, must be intrinsic to the plasma.
Soft X-ray measurements show that the localised precursor always coincides with a cen-
tral m = 1 mode, which can usually be associated with the sawtooth pre- or postcursor
mode. A comparison of the phases indicates a correlation with the maximum of the cen-
tral mode preceding the toroidal location of the ELM precursor and, therefore, a hitherto
unobserved coupling between central modes and ELMs.

Highly elongated plasmas promise several advantages, among them higher current
and beta limits. During TCV experiments dedicated to an increasing of the plasma
elongation, a new disruptive current limit, at values well below the conventional current
limit corresponding to g, > 2, was encountered for x > 2.3. This limit, which is preceded
by a kink-type mode, is found to be consistent with ideal MHD stability calculations. The
TCV observations, therefore, provide the first experimental confirmation of a deviation of
the linear Troyon-scaling of the ideal beta limit with normalised current at high elongation,
which was predicted over 10 years ago.

In addition to the ideal beta limit, several other MHD events are observed in highly
elongated plasmas. The axisymmetric mode causes vertical displacement events and
thereby, imposes a lower current limit. This operational limit is in good agreement with
theoretical predictions of the growth rate of the axisymmetric mode. Furthermore, minor
disruption are occasionally observed. They are caused by bursts of tearing modes located
close to the ¢ = 1 surface, which are destabilised by flat central current profiles, typical
for highly elongated plasmas.

Neoclassical tearing modes (NTMs), which have been observed to limit the achievable
beta in a number of tokamaks, arise from a helical perturbation of the bootstrap current
caused by an existing seed island. Neoclassical m/n = 2/1 tearing modes have been
identified in TCV discharges which are characterised by a low electron collisionality ve.,
a medium ion collisionality v,, a medium value of beta and strongly peaked pressure and
current profiles. In contrast to other tokamak experiments, where sawteeth, fishbones or
ELMs generate the seed island, the required seed island is provided by a conventional
tearing mode. The island clearly shows a conventional and a neoclassical growth phase.
The TCV results provide the first clear observations of such a trigger mechanism which
could also explain the occurrence of “triggerless” NTMs observed in other experiments.
The slowly growing seed island also allows a measurement of the critical seed island width
Werit, Which is observed to increase with increasing density.

In conclusion, several local and a global stability limits are analysed. These instabilities
can limit the pressure gradient and thereby, the performance of the plasma. The presented
results reveal several previously unobserved features of commonly observed instabilities.

Since the most of the new observations can be explained by theory, they improve the
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predictive capabilities with respect to new experiments. The experiments have also shown
some new interactions among different instabilities, which add to the already crowded

complexities of MHD phenomena in fusion plasmas.
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Chapter 1

Introduction

The development of nuclear fusion as a commercial source of energy has motivated re-
searchers for several decades. It has the potential to offer a practically inexhaustible
and inherently safe source of energy. It also has the advantage of not producing either
greenhouse gases or long-lived radioactive waste.

1.1 Nuclear fusion

Nuclear fusion is the process which supplies the sun with energy. By a series of reactions

namely,
1H1 -+ 1H1 -— 1D2 + et + v, (11)
1]:)2 —+ 11’11 — 2H€3 + vy (12)
2H€3 -+ 2H€3 — 2H€4 + 2 1H1 (13)

hydrogen fuses to form helium. The nuclear rearrangement results in a reduction of the
total mass and consequently in a release of energy. However, the S1-decay (equation 1.1)
involves the weak interaction and therefore, has a very small cross-section. For an energy
production on earth the weak interaction has to be avoided. Alternative reactions involve
the heavier hydrogen isotopes deuterium (D) and tritium (T),

D + D —  ,He*(0.817 MeV) + on'(2.45 MeV) (
D? + ;D — | T*(1.01 MeV) + ;H'(3.02MeV) (
D + T — ,He'(3.50 MeV) + ¢n' (14.1 MeV) (
D? 4+ JHe® — ,He'(3.67MeV) + H! (14.7 MeV). (

Of all of these reactions the D-T reaction (equation 1.6) has the highest cross section at
the lowest deuteron energy (figure 1.1) and is, therefore, the most promising. Deuterium
is a plentiful resource, its natural abundance in hydrogen being one part in 6700. The

water of the oceans would provide enough deuterium for approximately 10'! times today’s
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Figure 1.1: Cross-sections for the fusion reactions D-T, D-D and D-He®. For the D-D
reaction the sum of the cross-sections of both reactions is given [1].

annual global electricity consumption [1]. However, unlike deuterium, tritium is virtually
non existent in nature. It is radioactive with a half life of 12.3 years. It can, however, be

produced from Lithium using the neutron induced fission reactions,

3Li7 + Onl — 2He4 _|_ 1T3 —|— Onl - 2.47M6V (1'8)
3Li% + on' — SHe' (2.05 MeV) + T3 (2.73 MeV) (1.9)

and could, therefore, be bred in the reactor. The relative abundance of the two Lithium
isotopes Li® and Li” are 7.4% and 92.6% respectively. Natural resources of Lithium
including the Lithium dissolved in sea water are estimated to meet the global energy con-
sumption for 108 —107 years [1]. Thus, nuclear fusion promises a practically inexhaustible
source of energy.

A main obstacle for the fusion reaction is the Coulomb repulsion of the positively
charged nuclei. To overcome the Coulomb barrier the nuclei require high kinetic energies.
The cross-section for the D-T reaction reaches a maximum at a deuteron energy of 100 keV
(see figure 1.1). Nevertheless, even at this high energy the probability of Coulomb scatter-
ing is much higher than that of a fusion reaction. Nuclei with sufficient energy have to be
confined for many elastic collisions before they undergo a fusion reaction. This constraint
precludes the use of high energy particle beams. The most promising solution is to heat a
deuterium-tritium mixture until the thermal velocities are sufficiently high for fusion reac-
tions to become likely. This process is referred to as thermonuclear fusion. The optimum

temperature is lower than that corresponding to the maximum of the cross-section for the



1.1. NUCLEAR FUSION 3

D-T reaction since the required reactions occur in the high energy tail of the Maxwellian
velocity distribution. The optimum energy of approximately 10keV corresponds to 116

million degrees Celsius.

1.1.1 Magnetic confinement

At the temperatures required for fusion reactions the hydrogen isotopes are fully ionised.
The electrostatic charge of the ions is neutralised by the presence of an equal number of
electrons resulting in a neutral gas called plasma. In order to maintain this temperature
the contact between the plasma and material walls has to be minimised. A possible
method is to confine the plasma in a magnetic field. Owing to the Lorentz force, charged
particles moving in a magnetic field follow helical trajectories around the magnetic field
lines. The radial extent, or gyro radius, of this trajectory for a particle species s of mass

m, and charge g, is,
msvy

Ps = 4B

with v, being the velocity perpendicular to the magnetic field B. For a homogeneous

(1.10)

velocity distribution v, can be expressed by the temperature, v, = (2kT/ ms)l/ 2. The
particle motion perpendicular to the magnetic field is highly restricted, which is the basis
of magnetic confinement, whereas there are no restrictions for the motion along the field
lines. However, collisions among particles introduce a diffusive cross field transport and

also give rise to a resistivity in the parallel direction.

— | > B

Y A5 Yo VaVaAYAYAYAYAYAYAVAYAVaYAYa) —_—
e VVVVJVJUVJIJJJJUJJ B
e
Figure 1.2: Trajectories of charged particles in a homogeneous magnetic field B.

1.1.2 Tokamak principle

A straight magnetic field configuration suffers from plasma losses at both ends, which can
be avoided by closing the magnetic field lines. The simplest configuration with closed field

lines is a torus. Unfortunately, a purely toroidal field is not homogeneous. The gradient
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Figure 1.3: Particle drift motions in a toroidal magnetic field. The inhomogeneous field
leads to a separation of charges. The resulting electrical field combined with the toroidal
field cause an outward expulsion of the plasma particles.

of the field amplitude and the curvature of the field lines lead to drift motions of ions
and electrons in opposite vertical directions, thus, resulting in a separation of charge and
consequently, an electric field. The electric field is perpendicular to the magnetic field

and causes an outward E x B-drift motion of the entire plasma (figure 1.3).

The outward drift motion can be avoided by twisting the magnetic field lines, so that
each field line passes the upper and lower part of the torus. Then, an averaging along the
path of particles, which follows the magnetic field line, leads to a cancelling of the vertical
drift motions and avoids the build up of an electric field. Therefore, a combination of
toroidal and poloidal magnetic fields can form a suitable trap for a plasma. In the so-called
tokamak, the Russian acronym for “Toroidalnaja Kamera s Magnitnymi Katushkami” or
“toroidal chamber with magnetic coils”, a toroidal plasma column is confined by a toroidal
field Bior, produced by external coils and a poloidal field By, produced by a current that
flows in the plasma. The toroidal geometry and the plasma pressure lead to a force trying
to expand the plasma ring. This force is balanced by applying a vertical magnetic field By,
which interacts with the toroidal plasma current to give an inward force. A schematic of
the coil and field configuration is shown in figure 1.4. The original ideas were put forward
in 1951 by Igor Tamm and Andrei Sacharov. The breakthrough of the tokamak concept
was obtained in 1968 by research performed under the leadership of Lev Artsimovich
at the Kurchatov Institute where a tokamak achieved much higher plasma temperatures
than were reached in any other magnetic configuration at the time [2]. The confirmation
of these results by a team from Culham Laboratory in 1969 triggered a boom in tokamak

experiments.

The plasma current is usually induced by transformer action in which a central solenoid

acts as the primary coil and the plasma ring as a single secondary winding (see figure 1.4).
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vertical field coils windings

N _

B pol
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plasma transformer core

Figure 1.4: Schematic of the coil configuration of a tokamak. The plasma is the single
secondary loop of a transformer. The induced plasma current is necessary for a stable
confinement.

The tokamak configuration has the advantage of retaining the toroidal symmetry. On the
other hand the induction of the plasma current allows only for pulsed operation. A major
effort is being undertaken to develop alternative ways of driving the plasma current, such
as wave or particle beam driven currents, which allow for a continuous tokamak operation.
The magnetic structure thus generated in a tokamak consists of an infinite set of nested
toroidal magnetic surfaces, the so-called flur surfaces. The twist of the field lines in each
surface is characterised by the safety factor ¢, where
Ap
=5

Here Ay denotes the change in the toroidal angle ¢, associated with a change of 27 in

q (1.11)

poloidal angle when following the field lines on a magnetic surface. If ¢ = m/n with
m and n being integers the magnetic field line joins up on itself after m toroidal and n
poloidal rotations. These rational values of ¢ play an important role in stability. A field
line with ¢ = 2 is illustrated in figure 1.5. The profile of ¢ or equivalently By, or J, the
current density, is also a crucial parameter for magnetohydrodynamic (MHD) stability
(see chapter 2) as well as for the transport properties of the plasma.

In modern tokamaks additional poloidal field coils carrying a toroidal current allow the
shaping of the poloidal plasma cross section. It has been shown that the plasma shape also
influences the stability and transport properties of the plasma. Elongated and triangular
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Figure 1.5: A schematic of a field line on a ¢ = 2 magnetic surface.

plasma shapes, for example, show properties superior to those of circular plasmas. The
definitions used in this work for the shape parameters elongation &, and triangularity ¢,
are shown in figure 1.6. In addition to shaping the poloidal field coils are also used to

control the position of the plasma.

Elongation x=b/a Triangularity § = d/a
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Figure 1.6: Definition of (a) the elongation k, and (b) the triangularity é, for a plasma
with a minor radius a.

There are two main plasma configurations employed to separate the plasma from the
vacuum vessel wall. In the first configuration the outer boundary of the plasma, is defined
using a material limiter as shown in figure 1.7. In the second configuration the magnetic

field structure is modified to form a stagnation point, the so-called X-point and produce
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a magnetic divertor (figure 1.7). The last closed flux surface (LCFS) in the limited
configuration is in direct contact with the material wall. In the diverted configuration
the contact between plasma and wall takes place on the divertor plates which accordingly
have to be designed to withstand a large power flux. Since these divertor plates are further

away from the hot plasma, diverted plasmas are generally cleaner than limited plasmas.

Limited- Diverted configuration
vacuum separatrix
vessel
last closed
flux surface

limiter l\ divertor

Figure 1.7: Separation of the plasma from the vessel wall in a limiter and a divertor
configuration.

1.1.3 Plasma heating

Owing to the resistivity of the plasma the toroidal plasma current also heats the plasma

with the Ohmic heating power density being,

pa = nj°. (1.12)

However, the plasma resistivity 7, decreases with increasing temperature as 7 %/2. Since
the current density j, is limited by MHD events (see section 2) a temperature can be
reached where the efficiency of Ohmic heating becomes too low to be useful for further
heating. This temperature increases with the toroidal magnetic field. However, the fields
of today’s supra-conducting magnets are not sufficient to obtain the temperatures required
for fusion with purely Ohmic heating and supplementary heating methods are necessary.

One additional heating method consists of injecting energetic particle beams of neutral
hydrogen or deuterium into the plasma. The neutral particles travel unaffected by the
magnetic field until they ionise. Once they are ionised the resulting ions and electrons are
held by the magnetic field and deposit their energy via collisions to the rest of the plasma.
The deposition region depends essentially on the orbits of the created highly energetic
ions.

A second heating method introduces electro-magnetic waves into the plasma. In addi-

tion to collisional absorption the variety of electro-magnetic wave modes in a magnetised
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plasma allows for many different heating schemes. Once the wave has coupled to the
plasma, it has to propagate to an absorption zone. The absorption is particularly high at

resonant frequencies such as the ion or electron cyclotron frequencies,

B
we = qmi (1.13)
eB
ce — T 1.14
. = 2 (114
or the lower hybrid frequency,
WLH ~ (wci . wce)1/2 (115)

and at higher harmonics of these frequencies. Ion cyclotron frequencies in tokamaks are
typically in the MHz range from 20 MHz upwards, while the electron cyclotron frequencies
are approximately 1000 times higher ranging up to 200 GHz. Lower hybrid resonance heat-
ing schemes use medium frequencies in the order of a few Giga-Hertz. The B-dependence
of these resonances allows for a more or less localised heating depending on the absorption
properties of the resonances.

The electron cyclotron heating (ECH) has the advantage that the wave can couple
directly to the electro-magnetic field in the vacuum allowing the antenna to be located
far from the plasma boundary. The propagation and absorption properties of a high
frequency (HF) wave are illustrated in the Clemmow-Mullaly-Allis (CMA) diagram for
a cold plasma, (figure 1.8). In the CMA diagram the abscissa represents essentially the
density and the ordinate the magnetic field. For a wave which propagates perpendicular
to the magnetic field (kur L B) one has to distinguish between the ordinary mode (O-
mode), where the incident wave’s electric field is parallel to the background magnetic field
(Egr || B), and the extraordinary mode (X-mode), where it lies in a plane perpendicular
to the background magnetic field (EHF € E) The propagation of these waves is described

by their index of refraction,

NE = 1—(wp/w)’ (1.16)

2 (1 (ool — o ) LT (@p/9)” + wee/w
Ne = (1 () —wef) Tl

(1.17)

where w, = (e%n, /€ome)/? is the plasma frequency. If the refractive index becomes zero
the wave cannot propagate any further and is reflected, which is referred to as a cut-
off. For an O-mode wave such a cut-off occurs for wyr = wy, and limits the accessibility
to densities below a critical density, 7 cutoff, cOrresponding to the area on the left of
the O-mode cut-off in the CMA diagram (figure 1.8). The X-mode wave is reflected at
the right-hand cutoff, wg = wee/2 + [(wce/2)2 + wg]l/z, and the left hand cut-off, wy, =

1/2
—Wee/2 + [(ouce/2)2 +wg] / , both indicated in figure 1.8. For heating at the second
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Figure 1.8: CMA diagram for electron cyclotron waves showing cut-offs (solid) and reso-
nances (dashed) of the ordinary and extraordinary mode.

harmonic the X-mode wave is cut-off at wyr = ﬂwp. The corresponding cut-off density
is therefore the half of the cut-off density of the same wave in O-mode.

The electro-magnetic wave is absorbed when the refractive index diverges, N — oo.
In the cold plasma description the O-mode does not possess any resonances, whereas the
X-mode has a resonance at the upper hybrid frequency wyg = (wf, + wfe)m. However,
including hot plasma effects both modes have resonances at the cyclotron frequency and
higher harmonics, | - we, { = 1,2,.... The absorption at these resonances depends on the
mode, the harmonic, and the plasma parameters. Generally the second harmonic of the
extraordinary mode (X2-mode) is absorbed best. The absorption properties of the O1-,
X1-, O2- and X3-modes are somewhat weaker.

1.1.4 Power plant concept

In a fusion power plant the temperature of the combustibles D and T should be main-
tained by the energy transfer of the 3.5 MeV a-particles created by fusion reactions (equa-
tion 1.6), rendering additional heating unnecessary. The charged a-particles are confined
by the magnetic field and can transfer their energy via collisions. It is important that
they are sufficiently well confined to equilibrate their energy with the bulk plasma before
leaving the plasma. In contrast to the a-particles the neutrons leave the plasma without

further interaction and should be absorbed in a blanket surrounding the reactor vessel.
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Such a blanket composed of a compound of lithium can allow the breeding of tritium
according to the reactions given in equations 1.8 and 1.9 and fuel the reactor. The heat
is carried away by a suitable coolant and provides the power output for the ultimate
generation of electricity.

A power balance gives an estimate for the plasma parameters required for a fusion
power plant. The reaction rate per unit volume of an optimum 50%-50% deuterium-
tritium mixture Rp_, is calculated by averaging the cross section of the D-T reaction

op-T, over a thermal velocity distribution,

1
Rp_t= ZnQ (op_TV), , (1.18)
with n being the total ion density and (), denoting the average over the velocity distri-
bution. The reaction rate determines the a-particle heating power density p, = Rp_1€a,
where &, is the kinetic energy of a generated a-particle. The energy loss can be expressed

by an energy confinement time 7,

W [3nTdV
Hoss = ="
TE TE

(1.19)

In equation 1.19 the total energy W, is expressed by the volume integral over the comprised
energy densities of %nT per degree of freedom of the ions and of the electrons. The power

balance of the entire plasma taking into account an auxiliary heating power P, is,

1 3nT dV
/Zn2 (0p_1v), Ea AV + Pyyx = f—ﬁT— (1.20)
N ~ _ E
Po Pioss

If the plasma temperature can be sustained by a-particle heating alone, the plasma ig-
nites. Using equation 1.20 and taking constant density and temperature for simplicity, a
temperature dependent condition for ignition can be derived,

12 T

—_—_— 1.21
< Op_TU >4 ga ( )

nTg >

The condition for the product of density and confinement time has a broad minimum at
30keV [1]. The use of this minimum value of n7g leads to the ignition criterion for the

triple product,
nTte > 3 x 102 m™3keVs. (1.22)

The precise requirement depends on the shape of the density and temperature profiles.

For parabolic profiles the requirement for the peak values is,
ATTg > 5% 10 m3keVs. (1.23)

The achieved value of this parameter has improved by seven orders of magnitude over the

past 45 years and is on the verge of reactor conditions (see figure 1.9).
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Figure 1.9: Progress in increasing the triple product Al'Te, leading towards reactor con-
ditions [1].

1.2 Motivation for the thesis

This thesis addresses the behaviour of mainly pressure driven instabilities in a tokamak.
Through an interpretation of measurements, instabilities and the conditions leading to
their' occurrence should be characterised. A comparison with theory will then lead to a
deeper understanding of the physics involved. Pressure driven instabilities are important,
since they limit the performance of tokamaks in several ways, in particular with regard

to a power plant.

e Efficiency aspect
The criterion for ignition (equation 1.22) has shown that high densities at high
plasma temperatures are essential to meet the condition for a fusion power plant.
Increasing the plasma pressure p = nT, means advancing towards economical power
plant conditions. The dimensionless parameter beta, which is the ratio of plasma

and magnetic field pressure,

(p)
B = 1.24
B3 /2p0 ( )
with () denoting the volume average, is particularly important since it is used as a
figure of merit for the efficiency of a tokamak. The pressure stands for fusion yield
and the magnetic field for the price of the machine as higher beta allows for either

the use of lower magnetic fields or smaller and therefore cheaper machines.
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e Confinement aspect
Instabilities not only limit the achievable beta but generally enhance the transport.
This decreases the confinement time and consequently, lowers the triple product
(equation 1.22). This can be compensated by building a larger machine but leads

to higher costs.

It is, therefore, obvious that avoiding instabilities and extending the beta limit is de-
sirable as it may lead to a more economical solution for a fusion reactor. TCV is well
suited for MHD analysis since the MHD stability can strongly depend on the geometry.
The powerful heating system allows for the attainment of high temperatures. More im-
portantly, it provides a local power deposition which allows to tailor the pressure and
the current profiles and test and improve them in order to optimise the stability of the

plasma.

1.3 OQutline of the thesis

A brief introduction to nuclear fusion and the tokamak as a possible concept to exploit
fusion as a future energy source has been given in this chapter. Magnetohydrodynamic
theory which gives an accurate description of many aspects of the behaviour of a hot
plasma is reviewed in chapter 2. The TCV tokamak on which the work was performed,
the ECH heating system and the diagnostics which were used are outlined in chapter 3.
In chapter 4 a special emphasis is given to the fast magnetic fluctuation diagnostic which
is a key diagnostic for monitoring and identifying instabilities. Chapter 5 describes the
analysis tools which were set up in the course of this thesis in order to analyse the
fluctuation measurements. In particular, a simulation of magnetic islands proved to be
essential for the identification of mode structures in TCV. This thesis focuses on four
instabilities which are all an issue for the operation of a future fusion experiment, such as
ITER.

e Chapter 6 gives an original systematic analysis of the shape dependence of the
sawtooth instability. Sawteeth are common to most standard tokamak scenarios
and a control of their occurrence and size is desirable, in particular to avoid seeding
of neoclassical tearing modes. TCV was perfectly suited for such an analysis allowing
a wide range of scanned plasma shapes. The analysis resulted in the identification
of an 'ideal’ or ’resistive’ regime depending on the plasma shape and led to a journal

publication:

H. Reimerdes, A. Pochelon, O. Sauter, T.P. Goodman, M.A. Henderson, An. Mar-
tynov “Effect of triangular and elongated plasma shape on the sawtooth stability”,
Plasma Phys. Control. Fusion 42 (2000) 629-639.
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e Chapter 7 reports observations on precursor oscillations to edge localised modes
(ELMs). The high resolution of TCV’s toroidal array of pick-up coils allowed to
resolve hitherto unreported features. ELMs are necessary for the density and impu-
rity control in high confinement modes but can cause critical power loads on target
plates. A control of their size and frequency is deemed necessary for a reactor. The
results of this work on TCV led to a journal publication:

H. Reimerdes, A. Pochelon, W. Suttrop, “Toroidally asymmetric ELM precursor in
TCV”, Nucl. Fusion 38 (1998) 319-323.

e Chapter 8 describes the MHD activity prior to the ideal beta limit in highly
elongated plasmas. High elongations promise a better efficiency and improved con-
finement and could possibly reduce the cost of a reactor. TCV’s unique design
allows to operate routinely at very high elongation (x > 2). The characterisation of

instabilities at high elongation contributed to a journal publication:

F. Hofmann, O. Sauter, H. Reimerdes, I. Furno, A. Pochelon, “Experimental and
theoretical stability limits of highly elongated tokamak plasmas”, Phys. Rev. Lett.
81 (1998) 2918-2921.

e Chapter 9 analyses the triggering mechanism of neoclassical tearing modes
(NTMs) in TCV. In a fusion reactor these modes are likely to impose a pressure
limit well below the ideal MHD limit. If their triggering can be avoided, operation
in a meta stable state would be possible. The observations in TCV show that con-
ventional tearing modes supply the seed island. Such a trigger mechanism has yet to
be reported from other tokamak experiments but is considered to be of importance

elsewhere, too. The new findings were reported at several conferences, among them:

H. Reimerdes, T. Goodman, A. Pochelon, O. Sauter, “Neoclassical tearing modes in
TCV”, 27th EPS Conference on Controlled Fusion and Plasma Physics (Budapest,
2000) (2000) P.1025.

In chapter 10 conclusions are drawn on the presented work and proposals for future

work outlined.






Chapter 2

Magnetohydrodynamic theory

A many body system like a plasma can be described by a set of Boltzmann equations for
the distribution functions of each particle species. In a fusion plasma the two forces acting
on particles are short-range interactions due to collisions, which are predominantly elastic
Coulomb collisions and long-range Lorentz forces originating from macroscopic E and B
fields, which requires a coupling of the Boltzmann equations to Maxwell’s equations. The
full set of equations then provides a very detailed description of the plasma behaviour
ranging from the orbits of individual particles to the macroscopic behaviour of fusion
experiments. However, the broadness of information is accompanied by a complexity,
which makes even a numerical solution practically impossible. Therefore, a simpler model,
like the magnetohydrodynamic (MHD), which leads to a reduction of the dimensionality
of the description of the plasma, is necessary.

In this chapter the MHD description of a plasma is introduced, sketching its deriva-
tion and listing the underlying assumptions. The ideal MHD equations are used to find
equilibrium states and stability limits. Techniques to analyse the stability of the equilib-
rium states are presented and an overview of various types of instabilities which occur in
tokamak plasmas is given. The knowledge summarised in this chapter is well documented
in various textbooks, e.g. [3, 4, 5] and forms the basis of the analysis presented in this

thesis.

2.1 MHD equations

The MHD equations are derived from the Boltzmann equations by calculating moments
and introducing macroscopic physical variables, such as density n.(Z,t), or velocity
Uq(Z,t), with o denoting the particle species. Each moment equation contains the next
higher moment forming an infinite set of fluid equations. For a complete description of the
plasma behaviour the fluid equations are coupled to the full set of Maxwell’s equations.

The description of a plasma can be substantially simplified by two important assump-

15
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tions. In the first assumption, the low-frequency approximation, the displacement current
and net charges are neglected in Maxwell’s equations. Displacement currents can be ne-
glected if the phase velocity of the electro-magnetic wave of interest, as well as the ion
and electron thermal velocities are much slower than the speed of light, w/k, vr, vr, < c.
Net charges can be neglected if the characteristic frequencies are much lower than the
electron plasma frequency, w < w, (wp = (ne?/mqe0)!/?) and if the characteristic lengths
are much longer than the Debye length, A > Mg (M = (0kpTs/nee?)'/?). Neglecting net

charges implies the quasi-neutrality of the plasma,
Ne =1 =N (2.1)

where it has been asumed that ions are singly charged, Z; = 1. The low-frequency Maxwell

equations are then,

VxB = pj (2.2)
. oB

- 95 2.

V x E 5 (2.3)

V-B = 0. (2.4)

As a second assumption the electron mass is neglected. As with the first assumption
this requires that the frequencies of interest are small compared to the response of the
electrons, namely to w, and characteristic lengths large compared to Aq.

The single fluid MHD description of a plasma is now obtained by introducing fluid
variables, such as the mass density p, fluid velocity #, and current density 7, and combining

the equations for electrons and ions, assuming m, < m;,

P = MiT; + MeNe & MM, (2.5)
1

T = —(mynT + menete) = U; (2.6)
0

7 = en(T —7T.) ~en(¥— 7). (2.7)

The total pressure p, and temperature T, are obtained by summing over the species. The
equation of conservation of mass results from the sum over the continuity equations for

ions and electrons,
dp

i

The difference of the continuity equations yields V - j = 0, which is consistent with the

—V - (pD). (2.8)

low-frequency form of Ampere’s law (equation 2.2). The evolution of the fluid velocity is

given by the momentum equation,

p(g—:ﬂﬁ-vw):fxé—vp (2.9)
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where P is the pressure tensor. The force equations for electrons expressed in single fluid
quantities yield the generalised Ohm’s law,

— — —_ 1 —_ —

E+6xB=n'+gﬁ(ij—V~Pe) (2.10)
where the electric resistivity 7, originates from friction between electrons and ions. This
set of single-fluid equations (equations 2.8 — 2.10) together with Maxwell equations (equa-
tions 2.2 — 2.4) is still incomplete. Closure requires assumptions concerning the next higher

moment P.

2.2 Ideal MHD

The ideal MHD model uses further simplifications. It is assumed that electrons and ions
are collision dominated, which is the usual assumption to render a fluid description ap-
plicable. Collisions equilibrate the distribution functions and give rise to an isotropic
pressure tensor. It can be shown that if p;/a < 1, where a is a macroscopic scale length
of the plasma, the terms proportional to 1/n on the right-hand side of Ohm’s law (equa-
tion 2.10) are small compared to ¥ x B [4]. The resistivity term in equation 2.10 can also
be neglected, if resistive diffusion is sufficiently small. This imposes an upper limit on the
collisionality but can also be expressed as a lower limit of the macroscopic length scale,
a. The ideal MHD equations are then,

op -
5% V(pv) (2.11)
o . - =
p (a + (7 V) v) = —-Vp+jxB (2.12)
E = —#xB. (2.13)

The set of equations can be closed by assuming adiabatic behaviour

% +v:-Vp=—vypV -7 (2.14)
with v = 5/3 being the ratio of the specific heats.

Unfortunately, an analysis of the various assumptions made in the derivation of the
ideal MHD equations shows that not all assumptions are valid for plasmas of fusion
interest. In particular, the assumed high collisionality is not satisfied. However, as the
incorrectly treated parts, namely the transport of parallel momentum and energy, are
of little importance in equilibrium and stability calculations, the ideal MHD model has

proven to provide an accurate description of macroscopic plasma behaviour.
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2.2.1 Frozen flux

The ideal MHD model has an important consequence for the magnetic flux ¥ = [ B’df—f,
which is the amount of magnetic field passing through a given surface. Its temporal
evolution depends on the change of the magnetic field and the motion of the surface,
o 0B - -
=[5 di-faxB.d 2.15
ot ot e (2.15)
where 4 is the velocity of the integration boundary. Substituting B /0t with Faraday’s
law (equation 2.3) and replacing the electrical field E by the ideal MHD approximation

of Ohm’s law (equation 2.13) yields,

— -

%—‘f - }[(@*‘— @) x B -di. (2.16)

Thus, the magnetic flux through a loop moving with the plasma (¥ — @ = 0) remains
constant. It is said that in ideal MHD the magnetic flux is frozen in the plasma fluid.

2.2.2 Tokamak equilibrium

The time independent form of the ideal MHD equations (9/0t = 0) can be used to
calculate an equilibrium configuration. According to equation 2.12 a static equilibrium,

where the velocities are also set to zero (¥ = 0), requires,
Vp =7 x B. (2.17)

A scalar multiplication of equation 2.17 with B yields B. Vp = 0. Thus, there are no
pressure gradients along magnetic field lines. The magnetic field lines lie on the nested
surfaces of constant pressure, referred to as magnetic flux surfaces. Similarly, a scalar
multiplication of equation 2.17 with j yields j - Vp = 0, implying that currents only flow
tangential to flux surfaces. Owing to V - B =0 the poloidal flux defined by,

Yoo = | B-dA (2.18)

Ator

and the toroidal flux defined by,
77Z}t0r = / g : dg (219)
Apol

with Aior and Apg being arbitrary toroidal and poloidal cross sections of a flux surface,
are constant on magnetic surfaces. The introduction of 1, and 9o allows to rewrite the

definition of the safety factor (equation 1.11) as,

d wtor
= . 2.20
1= T (2.20)
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The cylindrical coordinates (R, ¢, Z) are well suited for the description of a toroidal
axisymmetric equilibrium. The toroidal unit vector is €, = RV. The poloidal magnetic

field can be expressed using the toroidal component of the vector potential fT,

B =V X Ayé, + B,é,. (2.21)
However, it is customary to use a stream function, ¥ = RA,,

B =V x ¢V + Byé,. (2.22)

Using the stream function the poloidal magnetic field in cylindrical coordinates can be
expressed by,

1 0y

Br = —45z (2.23)
10y
Bz = map (2.24)

A comparison with equation 2.18 reveals that the stream function is proportional to the
poloidal flux, ¥pe = 279,
Substituting B according to equation 2.22 in Ampere’s law (equation 2.2) yields an

expression for the current density,

poj = Vx(VxyVe+ RB,Vy)

1
= ——EA*Q/J é, + V(RB,) x Vy (2.25)
where A* is the elliptic operator,
0 (10 0?
F=R—=— | + —-. 2
A =Rag (R 8R> Tz (2.26)

Using equation 2.22 and equation 2.25 the force equation (equation 2.17) can be rewritten

as,

pop () Vp = ~—A*¢V¢ - “’V(RB )- (2.27)
Therefore, V(RB,,) is also orientated in the direction of V. Thus, the function,
I(¢) = RB, (2.28)

is constant on a flux surface. Substituting RB, in equation 2.27 yields the so-called

Grad-Shafranov equation,

Np = —poR*p' (¥) — I()I' (). (2.29)

The Grad-Shafranov equation is a nonlinear elliptic differential equation and must, in gen-

eral, be solved numerically. However, the problem is ill posed, since p'(¢) and I(¢)I'(y)
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Figure 2.1: (a): A TCV equilibrium, calculated with LIUQE, shows the nested flux sur-
faces. (b): The corresponding toroidal field B, toroidal current density jior, and plasma
pressure p. The toroidal field is compared to the vacuum field (dashed line) showing the
small paramagnetism of a low pressure plasma (3, < 1).

must be given as functions of ¢, whose spatial dependence is not known until equation 2.29
is solved and consequently, iterative schemes have to be used. The reconstruction method
used by the Grad-Shafranov solver LIUQE [6] on TCV plasmas is described in section 3.4.
A reconstructed TCV equilibrium is shown in figure 2.1. Common features of tokamak
equilibria are the outward shift of the magnetic axis, referred to as Shafranov shift, as
well as the para- or diamagnetism of the plasma, which depends on the plasma pressure.

2.2.3 Stability analysis

The stability of an equilibrium with pyg, j_"o, and B, satisfying the ideal MHD equilibrium
can be determined by its linear response to an arbitrarily small perturbation. Accordingly,
a displacement 5 of a fluid element with respect to its equilibrium position is introduced.
The resulting velocity 7, = 8{ /0t, is a first order term in the linearised ideal MHD

equations. The linearised and integrated form of the continuity equation (equation 2.8),

-

p1 ==V - (pof) (2.30)

describes the change in density due to compression. Using the continuity equation the

corresponding change in pressure is obtained from the state equation (equation 2.14),

p1= —7YpoV - £—E€-Vpo. (2.31)
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The linearised form of Ohm’s law (equation 2.10) yields,

— — —

Bl =V x (f X B()) (232)
and the perturbed current density is calculated from Ampere’s law (equation 2.2),
[Lojl =V x §1- (233)

The perturbed quantities on the right hand side of the linearised momentum equation
(equation 2.9),

o

Po ot

can be replaced using equations 2.31, 2.32, and 2.33 to obtain a single vector equation for

=-Vp +51 X éo +jo X B1 (2.34)

the displacement E,
*€ o

Ho

s = F(€) (2:35)
with F being the force operator,
F@=  V(wV-E+E V)
+ L[V x (Ex Bo)) x Bo+ (V x Bo) x ¥ x (€x By)] . (2:36)

With appropriate boundary conditions the problem can be solved as an initial value
problem. Since the coefficients in F' do not depend on time it can also be formulated as

a normal mode problem using the Fourier Ansatz £(Z,t) = £(Z)e™!, which leads to the

eigenvalue equation,

—w?poé = F(£). (2.37)

In the remainder of this section the hat notation will be dropped. It can be shown that the

operator F is self adjoint and hence its eigenvalues w?, are real [4]. A positive eigenvalue

w? > 0 corresponds to a pure oscillation and is hence considered as stable, whereas w? < 0
implies a solution which grows exponentially.

It is also possible to use a variational formulation of the problem. Multiplication of

(2.37) with 5 and integration over the plasma volume can be interpreted as the conserva-

tion of energy,

2 - = =
< [mlel av =2 [& F@av =ow (2.38)

The sign of §W determines the stability since W < 0 implies w?

< 0. The energy
principle states that the existence of any allowable trial function E that makes W nega-
tive guarantees the existence of an eigenfunction with an even smaller eigenvalue and is,

therefore, sufficient for instability. Taking into account appropriate boundary conditions
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the potential energy W can be separated into a plasma (F: fluid), a surface (S), and a

vacuum (V) contribution [4],
OW = 6Wp + 0Ws + 6Wy. (2.39)

The usual approach is an expansion of the displacement vector 5, in periodic coordi-

nates,
€= Y &nn(r)e im0 (2.40)
m,n

introducing the poloidal and toroidal mode numbers m and n. The helicity of the mag-
netic field line coincides with the helicity of the dominant (m,n) contribution of the

perturbation when ¢ = m/n.

2.3 1Ideal instabilities

In the frame of ideal MHD, instabilities are usually classified by two characteristics.
Firstly, one distinguishes between modes whose mode structure does not require any
motion of the plasma-vacuum boundary, referred to as internal modes, and those whose
mode structure move the plasma-vacuum interface, referred to as external modes. Sec-
ondly, each instability can be characterised by its dominant driving term, which can be
the gradient of the pressure or the gradient of the plasma current parallel to the magnetic
field lines.

2.3.1 Pressure driven modes

The most unstable pressure driven instabilities are internal modes with short wavelengths
perpendicular to the magnetic field. They can be subdivided into interchange and bal-

looning modes.

Interchange modes

The interchange mode is similar to the Rayleigh-Taylor instability in fluid dynamics. The
role of the gravitational force is taken by the radial force resisting the bending of magnetic
field lines. This field line tension tends to shorten curved field lines and move them inward.
Plasma pressure tends to push the plasma outward. If the pressure gradient and the field
line curvature have the same direction, flux tubes at different radii can interchange which
leads to a state of lower potential energy. If the pressure gradient opposes the curvature,
the system is stable.

The interchange mode can be stabilised by shearing the magnetic field so that neigh-
bouring flux tubes cannot be interchanged without a bending of field lines. The magnetic
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shear s, is defined using the safety factor ¢ (equation 1.11),

rdq
= ——. 2.41
5 qdr ( )

Another stabilising mechanism is based on the fact that field line curvature on the inside
of the torus is anti-parallel to the pressure gradient and consequently, favourable for
stability. Therefore, an appropriate averaging over the curvature of field lines has to be
used to derive a necessary condition for stability against localised interchange from the
energy functional (equation 2.39). The so-called Mercier criterion for the stability of

localised interchange in a circular plasma in a large-aspect ratio approximation is,

1 2}1,07'
Dy — — ——
™4 B2s?

(-p)(1-¢*) >0 (2.42)
and represents a necessary condition for ideal MHD stability. Its violation indicates
the existence of a localised instability and possibly a large scale instability as well. The
Mercier criterion gives an expression for the magnetic shear, which is necessary to suppress
ideal interchange. For ¢ > 1 the stabilising contribution of the average curvature of the
toroidal field, which is represented by the factor p'q? in equation 2.42, is sufficiently large
for pressure gradients to become stabilising.

Since the Mercier criterion is obtained from an averaging over favourable and un-
favourable curvature regions it can be largely modified by plasma shaping. In order to
correct for shaping effects, the ellipticity e = (k — 1)/2 is introduced as a second small
parameter in the large aspect ratio expansion. The normally leading pressure contribution
of O(e?) vanishes on the ¢ = 1 surface (equation 2.42) leaving the O(e%e) shaping term as
the leading contribution [7],

~ )y -2 2.4
4 Bgs%( pl) 2 < 61)>0’ ( 3)

where the index 1 indicates the value on the ¢ = 1 surface. Note, that for a x; = 1

neither triangularity nor pressure affect the stability boundary. Elongation by itself is
destabilising, whereas a combination of elongation and sufficient triangularity improves
the stability. This improved stability of triangular plasmas reflects the fact that a large
fraction of a field line is located in the favourable curvature region on the inside of the

torus.

Ballooning modes

For high pressures, the stabilising effect of average curvature and pressure gradients for
g > 1 against interchange modes can be eluded by allowing perturbations with short

wavelengths to concentrate in the unfavourable curvature region on the outer side of the
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Figure 2.2: Ballooning mode stability for circular flux surfaces showing the first (1) and
second (2) stability regions [1].

torus. The potential energy thus released can be greater than the energy required for
the line bending inherent in the variation of the perturbation along field lines. Owing to
their spatial structure, these high n instabilities are called ballooning modes. As with the
interchange mode, their stability can be expressed as a condition for the magnetic shear
at a given pressure gradient. The pressure gradient is usually replaced by a normalised

pressure gradient,

_ 2uReq® ( dp
o= 27 e b (2.44)

The stability calculation starts from the energy functional (equation 2.39) in the limit
of large mode numbers. A numerical analysis for a circular plasma leads to the stability
boundary in the s — a diagram shown in figure 2.2. In the so-called first stability region
(figure 2.2(1)), the required shear increases with the pressure gradient. For circular flux
surfaces the stability boundary can be approximated by s = 0.6 a. There is also a second
stability region (figure 2.2(2)), where the pressure is no longer limited. The stabilising
effect of pressure gradients at high pressure can be attributed to the Grad-Shafranov
shift, which increases the length of the field line in the favourable inner region of the
torus. However, in a circular plasma this region is not accessible. Plasma shaping, which
alters the ballooning stability, is required to open a passage between the first and second

stability regions.
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Figure 2.3: (a) Radial displacement of a circular flux surface of an m = 1 perturbation
and (b) the radial dependence of £ for an unstable mode.

2.3.2 Current driven modes

For low beta, the main destabilising term is the radial gradient in the parallel current. In
order to minimise the field line bending, small mode numbers are the most unstable. They
are often referred to as kink modes. For a circular, low beta (8 ~ €?) plasma in the straight
tokamak approximation, without a conducting wall, the potential energy (equation 2.39)

for a perturbation with a radial displacement &(r)e!(m0-n¢) jg,

_ orB2 [ ¢ d¢ ? n 1\’
oW = ,UoRz (/ {(r&:) +(m2——1)§2} (7—71__5) rdr

0

;_a (% - ql) - (1+m) (% - qi)} a2§2) . (2.45)

The role of £, and the sign of n/m — 1/q, in equation 2.45 lead to the different stability

properties of internal and external modes.

Internal kink mode

Since the perturbation of an internal mode does in a first approximation not affect the
plasma boundary &,, the second term on the R.H.S. of equation 2.45 can be set to zero.
For m > 1 the remaining integral is always positive and internal modes generally stable.
For m = 1 a displacement (figure 2.3(a)), which is rigid inside ¢ = 1 and zero outside
(figure 2.3(b)), reduces the integrand to its minimum value, that is zero. Thus the m =1
mode on the ¢ = 1 surface is marginally stable and the expansion of W has to be
extended to the next order in ¢, which also includes pressure effects. It was shown by
Bussac et al [8] that for simple current profiles toroidal effects like the coupling to m £ 1
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sidebands stabilise the internal kink mode up to 8,; ~ 0.3. Here, the poloidal beta is
defined by,

_{p), —p(n1)
Bp1 = B 200 (2.46)

where (), denotes a volume average within the g=1 surface. However, the shaping of the
poloidal plasma cross section can largely modify the critical value of 3, ;. These shaping
effects will be discussed in detail in chapter 6.

An estimate for the growth rate of the internal kink can be obtained by balancing the
driving force of the instability determined by the potential energy §W (equation 2.45),
against the inertia which is dominated by the return flow within a boundary layer at the

q = 1 surface,
4 5W’UA

~ s 2.47
i 51527'%33 ( )

with vpa = B/ (uomim;)™? being the Alfvén velocity.
The presence of fast particles as well as collisionless thermal trapped ions have a
stabilising effect, which can be accounted for by adding further terms to the potential

energy derived from ideal MHD theory,
OW = dWyap + IWhast + 5Wtrapped- (248)

The internal kink mode can generally be avoided by maintaining ¢, > 1. Although
these profiles are MHD stable it is non-trivial to operate Ohmically heated plasmas at
go > 1, since the temperature dependence of the conductivity o oc T3/?, leads to a peaking
of the current profile.

For high-beta plasmas the ordering used in equation 2.45 can no longer be applied
and pressure terms have to be taken into cbnsideration. For a sufficiently high beta it is
possible to destabilise ideal internal kink modes with m > 1. These modes are referred

to as infernal modes [9].

External kink mode

Even if a movement of the plasma boundary is allowed, modes with a resonant surface
inside the plasma, m/n < g,, result in the low-beta approximation in a positive energy
functional (equation 2.45) and are always stable. Since ¢ increases outside the plasma,
modes with resonant surfaces outside the plasma yield m/n > g, and can, therefore, be
unstable. For m > 1, current profiles with large current gradients close to the edge, in
particular, are unstable. Therefore, the current profile has to be sufficiently peaked in the

plasma centre. For example, in the case of so-called Shafranov profiles [10],

vy _ } Jo for r < T
j(r)_{ 0 for ro<r<a (2.49)



2.3. IDEAL INSTABILITIES 27

stable

qa
NN
NN\

N

_ no tokamak equilibria

Figure 2.4: Stability of external and internal kink modes in the low beta approximation.
The stability limit is most restrictive for n = 1 modes. The stability of the external modes
is determined using Shafranov current profiles (equation 2.49).

the stability requirement is
9o > [g0] +1 (2.50)

where [go] represents the integer part of go. This stability requirement imposes an upper
limit to the total current Ip o< 1/q, which depends on the central current density jo o< 1/gy,
as shown in figure 2.4.

A profile independent current limit is imposed by the external m = 1 mode. For a
rigid displacement £ = const. the integral term on the R.H.S. of equation 2.45 vanishes.

The resulting potential energy is,

SW = 47TZBgn <n - i) a’g] (2.51)
po o 4o

which depends solely on the total current o ¢, and not the profiles. The requirement for
stability is most restrictive for n = 1 and leads to the Kruskal-Shafranov limit g, > 1. In
practice, the internal kink prevents the central safety factor from decreasing significantly
below 1. In agreement with equation 2.50, the appearance of the 2/1 kink-mode imposes
the operational current limit,

G > 2. (2.52)

In a toroidal geometry pressure effects can become important. For 5 ~ e the most
unstable eigenfunction corresponds to a combination of kinking and ballooning effects

and it is no longer possible to distinguish between current and pressure driven modes.
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However, it is possible to suppress the external kink mode by moving an ideal conducting

wall sufficiently close to the plasma boundary.

2.3.3 Beta limit

Since pressure driven modes can be stabilised by magnetic shear, it is possible to optimise
the current and pressure profiles to increase the global beta. Such an optimisation with
respect, to ballooning and Mercier stability in addition to n = 1 external kink modes was

carried out by Troyon et al [11] and led to the semi-empirical ideal beta limit,

BI%) < ¢ IMA]}

Scre m (2.53)

with cr being a constant in the range of 2.8 < e¢r < 3.5. In most regimes the n = 1
external ballooning-kink mode was found to set the most severe §-limit. The optimised
profiles have a gq slightly above unity to satisfy the Mercier criterion and avoid the m =1
internal kink mode. The pressure profile is broad and the ¢ profile is flat over most of
the radius and only rises rapidly near the plasma edge. The Troyon limit (equation 2.53)
agrees well with the experimental limits found in various tokamaks for a range of shapes

and aspect ratios.

2.3.4 Axisymmetric mode

Another instability that needs to be considered is the n = 0 external mode. The most
unstable perturbation corresponds to a nearly rigid vertical displacement of the plasma,
implying a large m = 1 component. Substituting m = 1 and n = 0 into equation 2.45 and
assuming a rigid displacement results in W = 0, indicating neutral stability of a circular
cylindrical plasma. However, if the plasma is elongated it becomes unstable to motion in
the direction of elongation. For small elongations the vertical position can be stabilised by
a shaping of the external vertical field B,, requiring a positive magnetic field decay index,
n = — (R/B,) (0B,/0R). This mechanism fails at higher elongations and the instability
occurs on an inertial time-scale. The stability can be substantially improved by adding a
conducting wall. A sufficiently close fitting wall stabilises the axisymmetric mode, while
a resistive wall can only slow down its growth rate to one on a resistive time scale. An
accurate analysis requires a two-dimensional calculation including toroidicity which adds

further stabilising effects.

2.4 Resistive Instabilities

The consideration of the resistivity of the plasma removes constraints from the ideal MHD

equation and can thereby make states of lower potential energy accessible to the plasma.
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In particular, it allows magnetic field lines to break and reconnect, which can lead to new
classes of instabilities such as resistive tearing modes. The relaxation of constraints can
also accelerate the growth of existing ideal instabilities. The reconnection of magnetic

field lines at a resonant flux surface leads to the formation of magnetic islands.

2.4.1 Magnetic Islands

A non-zero resistivity allows the plasma to diffuse slowly, on a resistive time scale, across
magnetic field lines. Rapid reconnection can only occur in the vicinity of a magnetic
surface, where the perturbation is resonant and produces a magnetic island configuration.
The topology of such a magnetic island located on a rational surface ¢ = m/n is best
described in the helical coordinate system (é,,é,é,), where €, has the same helicity
as field lines on the resonant flux surface, é, is perpendicular to the flux surfaces and
éc perpendicular to both these directions. In a cylindrical approximation the radial flux
coordinate p, is substituted by 7. In the following a ' denotes a differentiation with respect
to r, an index s the value on the resonant surface and the indices 0 and 1 the equilibrium
and perturbed values, respectively. By definition, the (-component of the equilibrium
field,

Bo¢(r) = Boo(r) (1 - m) (2.54)

ds
vanishes on the resonant surface. If the magnetic shear s (equation 2.41), is approximately

constant in the vicinity of the resonant surface, By, can be written as,

q/
Bo((’/‘) ~ — (Bw*(;)

For the case of positive shear, By is negative for r > r, and positive for r < r,. A

(r —rs). (2.55)

s

perturbation current along the field lines causes a radial perturbation of the magnetic

field. Considering only one harmonic of the radial magnetic field perturbation,
By = By, (r) cos(m() (2.56)

the superposition of the equilibrium field (equation 2.54) and the radial perturbation field

(equation 2.56) reveals the new topology as can be seen in figure 2.5. A separatrix is

formed between sets of nested flux surfaces, surrounding a local magnetic axis and open

flux surfaces. The two parts of the separatrix meet in the so-called x-point and the local
magnetic axis is labelled the o-point of the island.

The topology of the magnetic island can also be described in terms of the helical flux

(per radian) ¢* which yields,

1 0y*

B, = T (2.57)

oyP*

o

B, = (2.58)
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Figure 2.5: Sketch of the island formation resulting from a radial perturbation of the
magnetic field. The perturbation is caused by helical perturbation currents j;, along the
equilibrium field lines on a resonant flux surface at ;.

The magnetic topology results from the superposition of the equilibrium and the pertur-
bation flux,

P (r,¢) = Y§(r) + ¥i(r) sin(mq). (2.59)
In the so-called constant flur approzimation, radial variations of the perturbed flux ¢},
across the island width are neglected. The equilibrium helical flux is expanded up to the

second order of 7 — r; with the first order term vanishing due to ¥§'(rs) = Bo¢(rs) = 0,
W1, Q) = il + 3ud"| (=) + 9}

For positive shear, 9§"|, is positive. Hence, 1§ has a minimum at the resonant flux surface
and the separatrix of the island is determined by 9*(reep) = ¥3|s + 97]s. The separatrix
is widest at the island’s o-point which corresponds to { = 37/2. With equation 2.60 the

. sin(m(). (2.60)

full island width is then given by,

_ [ o
V=N g ) (261

From a diagnostic point of view it is more convenient to express the island width in terms
of magnetic fields. Using equation 2.57, ¢*(r,) can be identified as 7, B, /m. Substituting
equation 2.55 into equation 2.58 and differentiating in the radial direction yields ¢*"' =

Byq'/g. Thus the island width can be written as,

Blr RO Blr
= 4r, 4 =4r, | — . 2.62
v s mBggs r T nBygs ( )

s

For large islands the radial dependence of the perturbed field and of the magnetic

shear have to be taken into account.
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2.4.2 Tearing modes

A simple derivation for the growth of magnetic islands will be presented. However, the
derivation only applies for modes with m > 2. The m = 1 mode is a special case and will
be treated in the section 2.4.3.

Linear growth

In order to describe the growth of magnetic islands, the resistivity of the plasma 7, (not
to be confused with the index 7 for the direction along the field line) is accounted for by

using Ohm’s law (equation 2.10) in the form,
E+7x B=nj. (2.63)
Faraday’s equation (equation 2.3) and Ampere’s law (equation 2.2) eliminate E and j
and lead to the resistive diffusion equation,
dB

_ = ) n 20
- =V x (va)+%v B. (2.64)

The evolution of the perturbed radial field, assuming symmetry along magnetic field lines,

is given by,

8B1, . Boc 87)17 4 1 (1 8 ( 8Blr> -1__8231,«) . (265)

ot r O Lo ror \' or +r2 o¢?

For a sufficiently small resistivity 7, the second term on the R.H.S. of equation 2.65
can be neglected everywhere except in the vicinity of the resonant surface where By,
vanishes. The plasma can be separated into an outer region, where resistive effects are
negligible and ideal MHD is valid, and a resistive layer of width d around the resonant
surface, where resistive effects are important. In this resistive layer the term which is
proportional to By, in equation 2.65 can be neglected. Furthermore, derivatives in the
radial direction dominate over derivatives in the helical direction (long wavelength) and
for r > d, equation 2.65 in the resistive layer yields,
0B, n 0°Bi,

ot o Or2

Integrating equation 2.66 over the width of the resistive layer d, where By, is assumed to

(2.66)

be approximately constant, gives,

9By, 1

d
ot o

A'B;, (2.67)

with the tearing parameter A’; defined as the jump of the logarithmic derivative of the
radial field across the resistive layer,
_ By, (rs +d/2) — By, (rs — d/2)

AI
Blr (Ts)

(2.68)
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The parameter A’ is the essential link between the resistive layer and the rest of the
plasma and is computed by solving the ideal MHD equation for the radial magnetic field
perturbation. The radial field has to be continuous across the resistive layer, while a
discontinuity in the first derivative determines A’. Finally, the radial perturbation field
can be expressed in terms of the island width (equation 2.62) and equation 2.67 becomes
the linear growth equation, /

88_1: 2 —Q—Z—O% w (2.69)

where A’ determines whether a mode is stable (A’ < 0) or unstable (A’ > 0).

Nonlinear growth

However, linear theory is not sufficient to explain the experimental observations, mainly
because the island width greatly exceeds the width of the resistive layer. Therefore, non-
linear effects have to be considered. It was shown by Rutherford [12] that once the island
grows as large as the resistive layer width, second order eddy currents, jo, = v1¢Bi-/7,
cause a new third order force js,B,,, which always opposes the v, flow and reduces the
growth rate of the instability. Instead of an exponential growth (equation 2.69), the island
width increases linearly in time with a growth velocity,
ow n .,
i 2_,UOA . (2.70)
Taking into account modifications of the equilibrium current profile as well as the
current profile inside the island, leads to a quasi-linear decrease of the driving term [13].

The island width evolves according to,

ow n .
5 = 1660 (A gw) (2.71)

resulting in a saturated island width, wg = a/A’. The parameter « is obtained by
matching the flux and current density across the island separatrix and depends on local
plasma parameters.

Toroidicity and plasma shaping usually have a stabilising effect which can be described

by the additional Glasser-Green-Johnson term agcs [14], resulting in,

Tr dw , GGG
—— =1r(A" - aw) — 2.72
r. dt s( ) = 7sBp w ( )
where 7 is the resistive diffusion time por2/1.667. Equation 2.72 is usually referred to as
the Rutherford equation.
In summary, the island evolves in several phases starting with a brief exponential
growth (equation 2.69), which is replaced by a linear growth as soon as the island width

is comparable to the resistive layer width (equation 2.70). Finally, the island saturates
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according to equation 2.71. However, at high beta and low collisionality, neoclassical
effects become important, in particular the effect of the bootstrap current. The role
played by a perturbation of this current as a further driving term for magnetic islands
will be treated in detail in section 9.1.

2.4.3 Resistive internal kink mode

The m = 1 mode requires separate treatment as it is also susceptible to be ideally unsta-
ble. It was shown in section 2.3.2 that the most unstable perturbation is a step function
(figure 2.3(b)), which rapidly changes at the resonant surface. Therefore, the assumption
of a constant perturbation field across the resistive layer, which was used in section 2.4.2
for m > 2 is no longer valid. The steep gradients at the resonant layer drive the reconnec-
tion and the mode is unstable to all profiles with gy < 1. The flow field at the resonant
layer, which was determined by inertial effects in the ideal case, is now determined by

resistive effects. The growth rate is estimated by,
v A 32/37};1/37;2/3 (2.73)

where 7o = R (ponim;)¥/?/B, is the Alfvén time. The growth rate for m = 1 is generally
much larger than that for m > 2. However, this growth rate depends on whether the
ideal mode is unstable, marginal or stable [15].






Chapter 3

The TCV experiment

This work was carried out on the TCV tokamak experiment of the Centre de Recherches
en Physique des Plasmas (CRPP) at the Ecole Polytechnique Fédérale de Lausanne.
This chapter presents the tokamak, its electron cyclotron heating (ECH) system and the
plasma diagnostics which are relevant to this thesis. The reconstruction of equilibria with
the LIUQE code, which forms the basis of the interpretation of many measurements and

stability calculations, is also introduced.

3.1 Tokamak

The Tokamak & Configuration Variable (TCV) is a medium size highly elongated tokamak.
It started operation in November 1992 with the main aim to investigate the effect of plasma
shape on confinement and stability. TCV was designed to produce a large variety of

plasma shapes without requiring hardware modifications. The main machine parameters

Parameter Symbol Value (projected)
Major radius Ry 0.88m
Minor radius a 0.25m
Aspect ratio e=Ry/a ~ 3.5
Vacuum vessel elongation KTCvV 2.9
Toroidal vessel resistance Qrcov 45 m?
Toroidal field on axis By <1.54T
Plasma current Ip < 1MA (1.2MA)
Loop voltage Vioop <10V
Additional heating power (ECH) Prcn, x2 2.8 MW
Prcn, x3 0.48 MW (1.4 MW)
Discharge duration <4s

Table 3.1: Main TCV machine parameters.

35
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Figure 3.1: Schematic view of TCV showing the OH-transformer coils (A), the toroidal
field coils (B), the vacuum vessel (C), the poloidal field coils (D), diagnostic ports (E),
and internal control coils (F) .

are listed in table 3.1 and a schematic of the tokamak is shown in figure 3.1.

TCV is equipped with an air core transformer which consists of the coils A1, B1,2,
C1,2 and D1,2 as shown in figure 3.2. Their positions and numbers of turns were chosen
in order to minimise the perturbation of the magnetic field inside the vacuum vessel. The
toroidal field is produced by 16 toroidal field coils which are connected in series. The
poloidal field, resulting from the currents in the bus bar which connects adjacent coils,
represented by the toroidal conductors T1,2 (see figure 3.2), is mainly compensated for

by the current in the return loop T3 (see figure 3.2).

3.1.1 Plasma shaping and control

The flexibility in plasma shaping is achieved by 16 independently controlled poloidal field
coils which are mounted in two vertical stacks on both sides of the plasma outside the vac-
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A-D: transformer

E,F: poloidal field coils

G : fast internal coils
T :bus bars, return loop

x : external flux loops

1 :internal field probes

Figure 3.2: Coil configuration showing the transformer windings (A, B, C, D), the poloidal
field coils (E, F) and the fast internal coils (G). The bus bars (T1,T2) connecting the
toroidal field coils, are partially compensated by the return loop (T3). The magnetic
configuration is measured with external flux loops (x) and internal poloidal field coils.

uum vessel (coils E1-8 and F1-8 in figure 3.2). In particular, the operation at high plasma
elongation requires a good control of the vertical plasma position (see section 2.3.4),
which is achieved by a combination of passive elements and active feedback control. The
toroidally continuous, highly conducting vessel wall acts as a passive shell allowing eddy
currents which oppose a change of the equilibrium. The low resistance of the vessel leads
to long decay times of toroidal vessel currents, for example 8 ms for the m == 1 mode. For
an active feedback control, the plasma position is observed in real time with flux loops
outside and poloidal field probes inside the vacuum vessel. Two toroidally opposed arrays
of probes are used to suppress a perturbation from non axis-symmetric n = 1 fluctuations.
The feedback stabilisation uses the external poloidal field coils together with two further
poloidal field coils which are located inside the vacuum vessel near the outer corners (coils
G1-6 in figure 3.2). The internal coils allow a shorter response time of 0.1 ms, ten times
faster than the external coils. The TCV control system has made it possible to stabilise
plasmas with open loop growth rates up to 4400s~" [16].
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3.1.2 Plasmas

TCV has produced a wide range of limited and various diverted configurations, amongst
these are the limited, single null diverted (SND) and double null diverted (DND) dis-
charges shown in figure 3.3(a)-(d). To date, Ohmic H-modes (high energy confinement)
have been obtained with Edge Localised Modes (ELMy H-mode) and without (ELM-free
H-modes) in both limited and diverted configurations. Plasma currents up to 1 MA have
been attained (figure 3.3(e)) and purely wave driven currents up to 210 kA achieved (fig-
ure 3.3(f)). The plasma shapes span a wide parameter range with elongations from 1 to
2.8 and triangularities from -0.8 to 0.9 (figure 3.3(i)-(k)). Rectangular shapes were also
produced (figure 3.3(1)). A list of typical values of various plasma parameters is given in
table 3.2.

Parameter Symbol TCV values
Central electron density Tleo 1-20-10¥m™3
Central electron temperature Teo < 1keV (Ohmic)
< 15keV (ECW)
Central ion temperature Tio < 800 eV (Ohmic)
< 500eV (ECW)
Alfvén velocity va = B/ (uonsm;)/? 1.5—7-10°m/s
Alfvén time Ta=R/va 0.1 — 0.6 us
Plasma frequency fo=(e*ne/ (o)) '* /(27) 28 — 120 GHz
Electron cyclotron frequency | fee=eB/m. /(27) ~ 41 GHz
Ion cyclotron frequency fa=ZeB/my; [(27) ~ 11 MHz
Electron Lamor radius Pe = (2mekBTe)1/ ?/(eB) 70 — 250 ym
Ion Lamor radius pi = (2m:kT))'? / (eB) 2.5 —4.0mm
Elongation K 1-28
Triangularity ) -0.8-0.9

Table 3.2: Typical parameters in Ohmically and ECH/ECCD heated TCV plasmas.

3.1.3 First wall

The internal surface of the stainless steel vacuum vessel has to meet the demands of the
variety of configurations, with wall components being required to play the role of both lim-
iter and divertor surfaces. Therefore, 90% of the internal surface is covered with 24 mm
thick graphite tiles, designed to withstand the large power fluxes during ECH heating

and eliminate plasma contamination by metallic impurities. Standard vessel conditioning
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Figure 3.3: Various plasma configurations and shapes achieved in TCV. (a)-(d) show
limited, single-null-diverted (SND), and double-null-diverted (DND) configurations, (e)-
(h) TCV peculiarities, and (i)-(1) the highest shaping parameters currently achieved.
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techniques comprise the bake-out of the vessel at temperatures up to 250° C and boro-
nisation by plasma chemical vapour deposition in a 10%BsD,/90%He gas mixture. The
boronisation is typically carried out 2-3 times a year, with each treatment depositing a
boron layer of 10 nm. During operation the typical base vacuum level resides at a pres-
sure of 1-10~® mBar. Helium glow discharge cleaning is regularly used between tokamak

discharges as a means of controlling the short term surface properties.

3.2 Electron cyclotron heating system

TCV is equipped with a very flexible electron cyclotron heating (ECH) and electron
cyclotron current drive (ECCD) system, which was designed to access a wide range of
plasma shapes. The system consists of six 82.7 GHz gyrotrons for heating at the second
harmonic of the electron cyclotron resonance woce, and three 118 GHz gyrotrons for heating
at the third harmonic wsee [17]. These frequencies correspond to near central heating for
a toroidal field of 1.45 T. The nominal power is 465 kW for each of the 82.7 GHz gyrotrons
and 480 kW for each of the 118 GHz gyrotrons, resulting in a total HF power of 4.2 MW
for a maximum pulse length of 2s. The gyrotrons are grouped into three clusters of three
units with a separate power supply for each cluster. Each gyrotron couples the HF beam
through a matching optics unit to an evacuated transmission line where it propagates
to a quasi optical launching antenna installed on the tokamak. The polarisation of each
beam can be modified and is usually set for propagation as an extraordinary wave (X2-,
X3-mode).

X2 system

For each cluster of X2 gyrotrons, there is one launcher mounted in an equatorial port (L1
and L4 in figure 3.4) and two launchers (L2, L3 and L5, L6 in figure 3.4) mounted in upper
lateral ports. Each launcher has two degrees of freedom, one of which provides steering of
the microwave beam in a fixed plane during a discharge. The other allows to rotate the
sweeping plane between discharges, for example to introduce a toroidal injection angle for
current, drive experiments. The polarisation of the wave is optimised for the launching
geometry of each shot. The X2 system allows to heat and drive current in plasmas with a

density up to the cut-off density for the X2-mode propagation, ne cu-or,x2 = 4.25- 10 m~3.

X3 system

The three gyrotrons of the X3 cluster are combined in one launcher at the top of the
vessel (figure 3.4). The microwave beam is injected nearly tangentially to the resonant
surface to maximise the absorption by increasing the path length through the resonance.

The launching mirror can be displaced radially between discharges to inject the beam
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X3 system (118GHz)

X2 system (82.7GHz)
Launcher 2, 3,5, 6

e

Launcher 1, 4

Figure 3.4: Beam lines of the X2 and the X3 ECH system. The X2 launchers are placed
on two equatorial (L1, L4) and four upper lateral ports (L2, L3, L5, L6). Two degrees of
freedom allow the access of a wide range of heating locations and current drive. The X3
launcher is mounted on the top of the machine and can be radially displaced to view the
resonance from the high or low field side.

from either the low (LF'S) or high field side (HFS) of the resonance. The mirror can also
be rotated during the discharge allowing adjustment of the beam along the resonance

surface. The X3-mode injection extends the accessible density domain up to ne cut-off x3 =
11.5-10¥ m™3.

3.3 Diagnostics

TCV is equipped with a number of diagnostics measuring many different plasma parame-
ters. Only the diagnostics providing the most important measurements for the presented

analysis are described here.
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Figure 3.5: Geometry of (a) the 14 diagnostic chords of the FIR interferometer (the central
chord is highlighted), (b) the laser and 35 viewing chords of the Thomson scattering
diagnostic and (c) the 200 lines of sight of the soft X-ray diodes used for the tomographic
reconstruction of the emissivity.

3.3.1 Far-infrared interferometer (FIR)

The line integrated electron density 7., is measured with a Mach-Zehnder interferometer.
The interferometer measurement uses the density dependence of the refractive index of
an electro-magnetic wave in a plasma. For a frequency much larger than both the plasma
frequency and the electron cyclotron frequency, w > wp,wee, the refractive index of the
ordinary (equation 1.16) and extraordinary (equation 1.17) waves can be approximated
by,

1 fwp\?
NOzNle—i(Up) . (3.1)

The line integrated density is proportional to the phase shift A®, between a beam passing

through the plasma and a reference beam outside the plasma,
Ae?
A® = 2 [0, (1) dl. 3.2
Arctegme e (1 (3:2)

The instrument installed on TCV uses a heterodyne technique to measure this phase

shift. In this case, the probing beam is superposed with a reference beam with a well
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known phase behaviour, called a local oscillator (LO). The frequency of the LO beam has
a slight frequency offset Aw, from the probing beam at wy. Since the beams are coherent
the electric field vectors, Eprobe = Eprobeei(“’OH(I’(“’L%”“) and Ejo = Ejgeilwottdwitéro) of
the probing and LO beam can be summed. The detector measures the intensity Ijjasma,

of the mixed beams,

Iplasrna X (Eprobe + ELO) (Eprobe + ELO)*
= EZope + E2o + 2Es0ne Bro cos (Awt — ®(t) + ¢ro — dprove)  (3.3)

whose amplitude oscillates with the beat frequency Aw, of the two beams. After filtering

out the DC terms the remaining signal is,
Splasma X EprobeELO Cos (AWt - (I)(t) - ¢plasma) (34)

with @plasma = Pprobe — @0 being a constant, which depends only on the optical length
of the paths in the experimental setup. The phase shift ®(¢), due to the plasma can be
determined by comparing the phase of the plasma signal Spjasma, to that of the reference
signal,

Sref X EprobeELO COS (Awt — ¢ref) . (35)

The detected phase shift, ®(¢) + @plasma — Pref, is the plasma induced phase shift with a
constant offset due to the different path lengths of the various beams.

The TCV system [18] comprises 14 vertical chords in a single poloidal plane as shown in
figure 3.5(a). The interferometer uses an optically pumped CH,F, far-infrared (FIR) laser
with a wavelength of 214.6 um. The frequency offset of Aw/27n = 100kHz is produced
by the Doppler shift caused by diffraction off a rotating grating. The signal detectors
(InSb hot electron bolometers) have an extremely low noise equivalent power and their
frequency response of up to 750 kHz is sufficient to resolve the 100 kHz beat frequency.
The beat frequency sets the limit of the time resolution of the density measurement. At
the chosen wavelength and according to equation 3.2 a phase shift of 27 corresponds to a
change of the line integrated density of 1.04-10'° m~2. The accuracy of the phase analysis

is about 20 degrees and leads to a resolution limit of approximately A#i, ~ 5-101"m™2,

3.3.2 Thomson scattering

TCV is equipped with a multi-point Thomson scattering diagnostic for electron tempera-
ture T¢, and density ne, measurements [19, 20]. The measurement is based on the spectral
analysis of light which is scattered by the free electrons in the plasma. If the wave vector
k; of the input wave is sufficiently large, yielding k;Ap > 1, particle correlations can be
ignored and the scattered power can be obtained as an incoherent sum of powers from
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single electrons. The scattered field from a single electron moving with a velocity 7, has
a frequency,

we =w; + (ks — k) - 7 (3.6)
which is the Doppler shifted frequency with respect to the input wave with a frequency
wi. In the non-relativistic approximation and for a monochromatic incident wave the
frequency spectrum for a fixed scattering geometry is directly proportional to the one-
dimensional velocity distribution in the direction along k= ks—k;. Assuming a Maxwellian
electron distribution the electron temperature is obtained from the width of the measured
spectrum. For T, > 5keV relativistic effects should be taken into account. The intensity
of the scattered light is proportional to the electron density. Thus, density measurements
can be obtained by integrating the scattered signal over the width of the spectrum.

The system on TCV uses three Q-switched Nd:YAG lasers which operate at a pulse
rate of 20Hz each. The beams are combined to form a closely spaced fan within a
poloidal plane. From the side of the detection optics this fan appears like a single beam
(see figure 3.5(b)). Using alternate triggering of the lasers, higher sampling rates (60 Hz
average) can be obtained. Thirty-five viewing chords are distributed on three horizontal
ports. Each chord views a scattering volume of 4cm along the laser beam. The scat-
tered radiation is analysed with filter polychromators with three or four spectral channels
which have been optimised for temperatures in the range of 50eV — 20 keV. To determine
the electron density the absolute magnitude of the scattered signal is calibrated against
Raman scattering from molecular Nitrogen. The electron density measurement is cross-
checked by comparing the line integrated data to those obtained from the interferometer
(section 3.3.1).

3.3.3 Soft X-ray emissivity measurements

The soft-X-ray emission of a plasma originates from electron-ion and electron-impurity
Bremsstrahlung as well as recombination radiation. The Bremsstrahlung spectrum essen-
tially depends on density, temperature and impurity content. For a Maxwellian electron

distribution and ions of charge Z the continuous Bremsstrahlung spectrum is,

dN gffeﬁEX/Te
— x Z? T .
B X Z°neng BdT (3.7)

with NV being the number of emitted photons of an energy Ex. The calculation of the
electron-impurity-ion recombination radiation is complicated as a detailed knowledge of
the atomic structure of the impurity ion is required.

In TCV, soft X-ray emission of the plasma is measured with photodiodes, which are
sensitive up to 10keV. Energies below 1keV, which can originate from impurity line
radiation, are filtered with a Beryllium absorption foil of 47 um thickness. The TCV
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system [21] consists of 10 pinhole cameras, each comprising one strip of 20 Silicon pin
diodes. The cameras are distributed in 9 ports of a single poloidal sector giving full
poloidal coverage (figure 3.5(c)). The resulting 200 lines-of-sight are used to perform a
tomographic reconstruction of the local X-ray emissivity for all plasma configurations on
TCV. The spatial resolution of the tomographic inversion is 30 — 40 mm. The temporal
resolution is limited by the acquisition system allowing sampling rates of up to 80 kHz.
Four further diodes are arranged in an equidistantly spaced toroidal array. They are
placed at the top of the vessel viewing the plasma along a vertical chord at K = 0.84m,
passing the plasma centre at a distance of about 7cm. The diodes are equipped with
50 um Be filters and the measurements acquired with up to 250 kHz.
| Owing to the dependence of Ex on n, and T,, which are both approximately constant
on magnetic flux surfaces, the soft X-ray measurements are sensitive to the presence of
MHD instabilities. The tomographic reconstruction allows to determine the sawtooth
inversion radius [22] and identify the poloidal mode structure of modes. The toroidal
array adds information about the toroidal mode structure by resolving low toroidal mode
numbers n = 1,2. Since the diodes are sensitive to photon energies above 1keV only
electrons above approximately 400eV contribute to the signal. Thus, the soft X-ray
diagnostic mainly measures central phenomena and therefore, provides complementary

information to the magnetic measurements, which will be described in detail in chapter 4.

3.4 Equilibrium reconstruction

The problem of the equilibrium reconstruction consists of finding a solution ¥(R, Z), to
the Grad Shafranov equation (equation 2.29), repeated here,
2

R (Gag) + 5 = —Ho W) ~ I ) 59)
where 1) = 1,,/27 is the poloidal stream function introduced in equation 2.22. The
arbitrary source functions p'(v) and I(¢)I'(¢), with the ' denoting differentiation with
respect to ¥ and I defined according to equation 2.28 are chosen, such that measurements
are reproduced as accurately as possible. However, this problem is ill posed, since p'())
and I(¢)I'() must be given as functions of ¢, whose spatial dependence is not known
until equation 3.8 is solved. Consequently, an iterative scheme like the one described
below has to be employed.

The reconstruction using magnetic measurements only, encounters a fundamental
problem which results from the decomposition of the toroidal current density into two
parts, one proportional to Rp' and the other to II'/R, as can be seen from equation 2.25.
The relative importance of these terms can only be determined due to the difference in

their R-dependence and the accuracy of this decomposition rapidly decreases as one moves



46 CHAPTER 3. THE TCV EXPERIMENT

from the plasma boundary towards the magnetic axis. Therefore, the inclusion of internal
measurements can greatly improve the accuracy of the reconstruction.

The TCV equilibria are reconstructed using the Grad-Shafranov solver LIUQE [6]. The
standard reconstruction, calculated immediately after each discharge, uses the magnetic
measurements from the flux loops and poloidal field probes shown in figure 3.2. It is
optional to include further experimental data, such as pressure measurements from the
Thomson scattering diagnostic (section 3.3.2), measurements from a diamagnetic loop,
the inversion surface of sawteeth obtained from the tomographic reconstruction of the
soft X-ray emissivity [22], and/or Faraday rotation measurements from a polarimeter

[18]. The source functions are expanded into a series of pre-defined base functions,

J = VéanUn(¢) (3.9)
I = %T:ann(w) (3.10)
. (3.11)

where a, and b, are constants to be determined. The base functions are defined as
functions of the normalised poloidal flux ¢ = (¢¥ — v¥,) / (¥ — ¥,), yielding ¢ = 0 at the

edge and ¢ = 1 on axis,

Uy = 1 (3.12)
Uy = ¢ (3.13)
Uy = 1—(2¢—1)? (3.14)
Us = [1-(20-1)] (2¢-1). (3.15)

The base functions U; —Uj; are shown in figure 3.6. The optimum number and combination
of source functions depends on the properties of the analysed equilibrium and the type of
measurements available.

LIUQE solves the reconstruction problem by an iterative procedure, which is as follows:

1. A rough approximation of the plasma current distribution ji; (R, Z), is found using

a fast magneto-static method.

2. The Grad-Shafranov equation, A*)(R, Z) = jior(R, Z), is solved using the measured

flux as a boundary condition to obtain (R, Z).

3. The profile parameters a, and b, are computed so as to obtain the best fit of the
measurements, minimising x> = ¥, [(M; — M}) /AM;]?, where M} is the recon-
structed measurement and AM; the typical RMS error of the measurement, M.
The flux ¥(R, Z) is assumed fixed.
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Figure 3.6: LIUQE base functions U, with n = 1 — 3, used for the reconstruction of the
p' and II' profiles.

4. The toroidal current density jior = Rp' + (uoR)™111I', is computed as a function of
R and Z using the profiles p/(¢)) and II'(¢) fitted in the previous step as well as
Y(R, Z) obtained in step 2.

5. The steps 2-4 are repeated until a suitable convergence criterion is satisfied.

The accuracy of the LIUQE reconstruction depends on the plasma size and the mag-
nitude of the plasma current, which determine the number of useful measurements and
the signal amplitude, respectively. It is also important that the chosen polynomial base
functions have sufficient degrees of freedom to describe the actual profiles. An estimate of
the accuracy can be obtained by comparing flux surfaces with measured plasma parame-
ters, which are assumed to be constant on flux surfaces, such as the soft X-ray emissivity,
temperature or density. The existence of sawteeth and their inversion radius also allow
a cross-check of the reconstructed safety factor on axis gy, and the location of the ¢ = 1

surface.

3.5 Concluding remarks

The unique shaping capabilities make the TCV tokamak particularly attractive for MHD
analysis. It not only allows the exploration of extreme parameter ranges and the monitor-
ing of the MHD behaviour, but will also prove to be a powerful tool for the probing of the
behaviour of MHD instabilities which can strongly depend on the geometry. The powerful
and flexible heating system allows the attainment of high temperatures in various shaped
plasmas. More importantly, it provides a local power deposition which allows to tailor
pressure and also current profiles, which are crucial for the stability of the plasma.

The analysis of instabilities requires diagnostics which detect them, resolve their struc-

ture and their temporal evolution. For central modes this is performed by the soft X-ray
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diagnostic, which will be complemented by fast magnetic fluctuation measurements mainly
monitoring the plasma edge (see chapter 4). In addition to the characterisation of the
instabilities, relevant plasma parameters have to be measured. The main parameters are
electron temperature and density measured with the Thomson scattering diagnostic and

the FIR-interferometer.



Chapter 4

Fast magnetic fluctuation diagnostic

On TCV magnetic measurements are used for real time control of the plasma shape, off-
line reconstruction of the magnetic topology, and monitoring of fast magnetic fluctuations.
Various sensors include poloidal flux loops, saddle loops and poloidal field probes. How-
ever, only the magnetic probes installed inside the vacuum vessel provide measurements
whose time resolution is not limited by the magnetic diffusion time of the conducting
vacuum vessel. Since the typical time scales of MHD instabilities are much shorter than
the magnetic diffusion time, for example 8 ms for the m = 1 mode, only the magnetic
probes are well suited to monitor fast magnetic fluctuations.

This chapter describes the magnetic probes with regard to their use as a fast fluctuation
diagnostic. It includes the arrangement in arrays and the design of the probes. The
characteristics of the probes were determined by an absolute calibration. The described
calibration setup allowed to determine each probes response over a wide frequency range
which is of particular importance for fast fluctuation measurements. A description of the

signal processing up to the data acquisition is also given.

4.1 Probe arrangement

The wide range of plasma shapes requires a dense set of magnetic measurements. Cur-
rently 203 poloidal pick-up coils are installed inside the TCV vessel. These probes are
arranged in toroidal and poloidal arrays. There are four complete poloidal arrays of 38
probes each, located in the sectors 3, 7, 11 and 15, which are toroidally separated by
90°. These probes are evenly distributed around the poloidal circumference as shown
in figure 4.1(a). The poloidal position is numbered clockwise starting on the equatorial
mid-plane on the high-field side of the vessel. Currently only one poloidal array is used
for fast measurements. TCV was originally equipped with two complete toroidal arrays of
probes located in the equatorial mid-plane on the low- (LFS) and high-field side (HFS).
These arrays consisted of 16 and 8 equidistant probes, respectively. In 1997 two further

49
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Figure 4.1: Arrangement of the TCV magnetic probes in poloidal and toroidal arrays. (a):
The 38 probes of each poloidal array are numbered clockwise starting on the equatorial
mid-plane on the high field side of the vessel. The poloidal locations of the six toroidal
arrays are indicated (dashed lines). (b): Full toroidal arrays are located on the low- and
high-field side consisting of 17 and 8 probes, respectively.

arrays were added on each side, 35cm above and below the mid-plane, allowing for a
larger signal amplitude for plasmas shifted towards the bottom or top of the vessel. The
poloidal locations of the toroidal arrays are indicated in figure 4.1(a). Furthermore, the
arrays on the LFS were complemented by a 17th probe in sector 16A, thus increasing the
resolution of toroidal mode numbers up to n = 16. The location of the probes forming

the toroidal arrays are shown in figure 4.1(b).

The magnetic probes are mounted directly on the inside of the vacuum vessel, where
they are protected from the the plasma by graphite tiles. The probes measure the com-
ponent of the poloidal magnetic field parallel to the vessel wall. They are spring loaded

against rails as can be seen in figure 4.2.
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Figure 4.2: Magnetic probe mounted inside TCV close to the vessel wall.
4.2 Magnetic probe

Magnetic pick-up coils measure the time derivative of the magnetic flux which induces

the \'Ult;lgi'.
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Assuming that the variations of the magnetic field within the probe volume are small, the

measurement determines the time derivative of the magnetic field along the axis of the

probe. Owing to (\_ X rj[_);) = ) in the absence of a current density, the poloidal pertur-
v

bation field outside the plasma 0By, is larger than the toroidal perturbation field 05,

typically exceeding it by one order of magnitude [23]. An alignment of the probe along

the poloidal direction is, therefore, well suited for the analvsis of magnetic fluctuations.

4.2.1 Construction

The probes presently installed in TCV have an improved design and replaced the first
generation of TCV probes [24] in 1997. The probes consist of a L mm THERMOCO. 1 Y©
mineral insulated coaxial wire which is wound in one layer around a ceramic body. The
windings were designed to minimise the effective areas perpendicular to the main probe
axis. Further design constraints were the 400° C baking capability of the vacuum vessel,
a maximum 12 mm gap between the wall and the graphite tiles and an appropriate signal
level avoiding large voltage spikes, which could cause short cireuits between the central

conductor and the shield. A schematic of a probe is shown in figure 4.3,
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Figure 4.3: Schematic of a magnetic probe. The size in the figure corresponds to the
actual size.

4.2.2 Calibration

The use of the poloidal field measurements for the real time control requires an absolute
calibration with an uncertainty of less than 1%. Since the exact geometry of the probe
windings varies more than the required precision, the probes were calibrated using a well
known magnetic field. The calibration setup allowed to determine the effective area as well
as the frequency response for frequencies ranging from 100 Hz to 100 kHz. The magnetic
field was produced by the configuration of a pair of Helmholtz coils for the major axis and
two pairs of coils for the two minor axes. Each coil had 49 windings which were arranged
in 7 equal layers. The major axis of the calibration setup corresponded to the poloidal
axis, when mounted in the vessel and required the highest precision. The Helmholtz
coils were used because of their easily accessible chamber of a highly homogeneous field.
The geometry of the coil set is well known (figure 4.4) and the magnetic field can be
calculated by Biot-Savart integration. For the main axis the magnetic field per unit
current and averaged over the probe volume is b, = 0.2944 mT /A. The calibration required
the measurement of the transfer function between the probe signal and the current in the

coils.

The transfer functions were measured with an HP 3589A Spectrum Analyser. It
can be operated as a single-channel network analyser, where the source frequency and
the local-oscillator frequency are synthesised from a common reference frequency. The

measurement of a transfer function H consists of a reference measurement Ug, and a
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transmission measurement Uy,
Ur

U_R.
The spectrum analyser was swept from 100 Hz to 1 MHz. The source was fed into a power

H= (4.2)

amplifier (U—1I converter) which drove the current in the calibration coils. The duration
of the frequency sweep and the bandwidth of the receiver were chosen in order to minimise
noise, spectral smearing and measurement time, while satisfying the required precision.
The calibration setup is shown in figure 4.5. The current measurements were performed
by two independent methods, namely by the voltage drop over a known impedance Z, and
by a transformer. The signal over the shunt had to be amplified. The transfer functions

between the signals of both current measurements U, and U; and the actual current,
G,=—, z=1,1% (4.3)

take into account the impedance of the shunt, source and receiver, as well as the transfer
function of the differential amplifier. The network measurements consisted of the current
measurements as references and the signal of the probe as the transmission measurement,
giving,
Gpz = Yy r=r,t. (4.4)
Uy’ ’
The response of the probe could then be obtained from the network measurements (equa-

tion 4.4) and the transfer functions for both current measurements (equation 4.3) by,

U,
Hyy = _;% (4.5)
o GplUs G
= %0 - sh, G, (4.6)

where s = iw. An example of the measured transfer functions is shown in figure 4.6. The
two measurements show good agreement over a wide range of frequencies. There are,

however, discrepancies at very low, f < 10% Hz, and very high frequencies, f > 10° Hz.

4.2.3 Frequency response

The probe response at high frequencies is influenced by non-ideal effects, such as the
capacity of its cable and coupling to its shielding. An equivalent circuit including the
resistivity, capacity and self inductance of the probe and its cable (R,, Cp, Ly) as well as
the shielding (Rs,Ls) is shown in figure 4.7 [24]. Assuming an ideal coupling between the
probe and its shielding the circuit can be described by the coupled equations,

I
RyI, + sL,I, + S—CR- +8y/LyLsI, = s¥ (4.7)
p

R, + sLsI, + s\/LyLy I, = sy/Ls/L, ¥, (4.8)
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Figure 4.4: Geometry of the calibration coils for the poloidal, toroidal and normal direc-
tion. Each coil has 49 windings arranged in 7 equal layers. The resulting field is calculated
in the centre as well as averaged over the volume of the magnetic probe.
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Figure 4.5: Magnetic probe calibration setup using a single-channel network analyser.
Two independent measurements of the current in the coil set are used as references for
the transmission measurement on the probe, while the source is fed into a U—1 converter
driving the current.
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Figure 4.6: Frequency response of a magnetic probe determined by a current measurement

using a shunt (full) and one using a transformer (dashed line). The frequency response
above 100 kHz is masked by the response of the current measurements.

where ¥ = BA,, is the measured flux. The frequency response of the probe is then given

by,
U, A,

_Pr _ ,
sB 1+ s[(Ls/Rs) + RpyCyl + s°RyCy [(Lyp/ Rp) + (Ls/ Rs)]
Consequently, the measured transfer functions H}, are fitted to a transfer function with
two cut-off frequencies, 1/(277) and 1/(277,),

H,=

(4.9)

Ap

H, = .
P (1 + 87'1) (1 + 8’7'2)

(4.10)

In order to use the measurements over the whole frequency range, an instrumentation
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Figure 4.7: Schematic circuit of a magnetic probe (p) including its shielding (s).
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specific contribution H is separated from the measurements H,, = H,H, = =1, t [25].
The probe response H,, is different for each probe, whereas H, has a unit DC gain and
one frequency response for each of the two methods. The so determined DC response of
the probe, corresponding to the effective area and the first pole, are shown in figure 4.8(a)
and (b). Typical values are 91 cm? and 95kHz. The minor axes, corresponding to the
toroidal and normal directions when mounted on the TCV vessel wall, are fitted assuming
the same poles. The distributions of their effective areas are shown in figure 4.8(c) and
(d). The optimised design of the windings led to a peak in the distribution of the normal
area around zero. The effective toroidal area cannot be eliminated and varies around an
average of 1.4 cm?. Although the toroidal field is much larger than typical perturbations,
it has only low frequency components and does not induce a large signal. It can easily be

separated from the fluctuation measurement.

a) b)
80 - - 80
poloidal axis
60 60
40 40
20 20
ol =l Lot b T 0 . P S v DO
88 90 92 94 96 80 90 100 110 120
c) area [cm?] d) pole [kHz]
80 - - 80 :
toroidal axis normal axis

0 1 15 2 25 05 1 15 2 25
area [cm?] area [cm?]

Figure 4.8: Distribution of the main characteristics of the 203 magnetic probes in TCV.
The effective area of the main axis (a) and the first pole (b) are obtained by a fit. Assuming
the same frequency response as the poloidal axis the effective areas in the toroidal (¢) and
normal directions (d) are also obtained.
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4.3 Signal processing

During the processing of the signal, an adequate amplitude has to be maintained for a
variety of events in the plasma over a wide frequency range. Low frequency signals from
changes in the equilibrium configuration lead to signals of a few millivolts, MHD modes
typically at 5 — 10 kHz result in signals of several volts and fast events like disruptions can
lead to voltage spikes of up to 100 V. These signals in their entirety should be digitised
and stored for post-shot analysis.

4.3.1 Amplifying chain

The low amplitude of the frequency signals requires an amplification of the detected signal.
The amplifying chain is sketched in figure 4.9. In order to prevent a saturation of the
amplifiers, they are preceded by a filter with a first-order pole at 100 Hz and a zero at
3.5 kHz, attenuating high frequency signals by a factor of 35. The amplification is set up
in two stages. A pre-amplifier, located close to the tokamak, amplifies the signals before
the long transmission line to the acquisition room. The pre-amplifier is programmable
with gains of 4, 8, 16 or 32 and has a cut-off frequency of 200 kHz. Before the signals enter
the rack in the data acquisition room, they are galvanicly separated from the tokamak.
The main amplifier is also programmable with gains ranging form i— to 32. The cut-off of
this amplifier is also at 200 kHz.

TCV hali acquisition room
tokamak
L - data
O— — - - - rotect —>
E D D acquisition
magnetic probe attenuator pre-amplifier amplifier
(programmable gain) (programmable gain)

Figure 4.9: Sketch of the amplifying chain of the magnetic fluctuation measurements.

The frequency response of each element of the amplifying chain, assuming a unit DC
gain, is shown in figure 4.10. The multiple poles of amplifiers and probe lead to a strong
attenuation of the signal for frequencies above 100 kHz.
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Figure 4.10: Frequency response of each element of the amplifying chain, namely the
magnetic probe, the pre-amplifier including the attenuator, and the main amplifiers, as
well as the overall transfer function. All transfer functions are normalised on the DC gain.

4.3.2 Acquisition

The signal acquisition is performed by 12-bit ADCs. The signals can be digitised with
a sampling rate up to 1 MHz. Each channel can store 0.5 Mega samples. Usually, the
signals are sampled with 50 to 125 kHz. Since the current diagnostic setup is limited to
60 channels, not all of the probe signals can be acquired simultaneously. However, owing to
the toroidal symmetry and the plasma rotation, it is sufficient to record only one poloidal
and one toroidal array. The variety of plasma shapes leads to large variations in the
distance between the probes and the plasma. The acquisition optimises the information
in the probe signals by choosing different subsets of probes depending on the vertical
plasma position. A TCV discharge can accumulate up to 50 MByte of magnetic data.
This data is archived in a compressed format, typically reducing the data size by a factor
of 3-4, by the MDS+ data acquisition system [26]. The process of reading the data out
of the ADC modules and storing it on hard disk can take up to 5 minutes.

4.4 Concluding remarks

The fast magnetic fluctuation diagnostic uses a dense set of poloidal pick-up coils inside
the TCV vessel. The design of the probes was optimised for TCV signals up to 100 kHz.
The arrangement of the probes result in full toroidal and poloidal coverage of the plasma
in order to reveal the complete structure of MHD instabilities. An absolute calibration
over a wide frequency range allows a quantitative analysis of instabilities. The dual use

of the probes for control and fluctuation measurement does not lead to any conflicts. The
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flexible data acquisition optimises between the gathered temporal and spatial information

and the size of the stored data and the duration of the acquisition process.






Chapter 5

Magnetic fluctuation analysis

MHD instabilities perturb the equilibrium magnetic field. These perturbations usually ex-
tend to the plasma edge, where they can be detected with magnetic pick-up coils. Owing
to the rotation of the plasma they are usually observed as fluctuations. The perturbation
of the magnetic surfaces also affects flux surface quantities, such as the temperature, den-
sity or soft X-ray emissivity and can therefore, be observed with corresponding diagnostics
which provide a sufficient temporal and spatial resolution.

This chapter presents the analysis of the magnetic fluctuations measured with pick-up
coils inside the TCV vessel (chapter 4). In the course of this thesis several numerical meth-
ods to extract the temporal and spatial behaviour of MHD modes have been implemented
on TCV. These methods, which are also applicable to other fluctuation measurements,
are described and their advantages and restrictions discussed. An interpretation of the
measured mode structure at the edge can require an inversion of the structure within
the plasma. Such an inversion is performed for magnetic islands [27]. For a quantitative

analysis of magnetic islands, independent estimates of their width are used.

5.1 Perturbation of the magnetic field

The magnetic probes measure temporal variations of the poloidal magnetic field, dB.
Since the typical frequencies of MHD instabilities are in the kHz range and higher, they

can easily be separated from the slower changes of the equilibrium magnetic field.

5.1.1 Decomposition into modes

In order to extract coherent modes, the fluctuation measurements can be decomposed into
spatial Fourier components. In analogy with the calculation of eigenmodes (section 2.2.3)
the measurements are expanded in a toroidal angle ¢, and a poloidal angle . While the
toroidal symmetry justifies the expansion in ¢, toroidicity and plasma shaping break the

poloidal symmetry and introduce higher harmonics to the expansion in §. Asymmetries in

61
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the poloidal setup of the diagnostics can lead to further structures in the measurements.
Also, the eigenfunction of the instability itself can consist of several harmonics. There-

fore, the measured perturbation generally consists of a combination of several Fourier

components,
SB(Z,t) = 3 6Bmncos(kmni — Omn(t)) (5.1)
= > 6By c08(mf — ngp — By (t)). (5.2)

Although (5Bm,n is strictly just the amplitude of a Fourier component, it is often referred
to as the amplitude of an m/n mode, labelling an instability by its dominant Fourier

component. The phase ®,,, of the m/n component generally varies with time,

(I)m,n(t) = wm,nt + Xmmpn = km,nﬁt + Xm,n0
m n
= (—vg — =Vt + Ymm 5.3
(Zvg = Z0a)t + X, BNCEY
where ¥ is the phase velocity of the magnetic perturbation with respect to the probes
and xm, a constant phase angle. It is impossible to distinguish between a poloidal and a

toroidal rotation by magnetic measurements alone.

5.1.2 Plasma rotation

In the ideal MHD model the magnetic flux through any surface moving with the plasma
is conserved (see section 2.2.1). In return, it can be concluded that a magnetic struc-
ture moves with the plasma which then gives rise to the observed fluctuation frequency.
However, the absence of any external momentum source for TCV plasmas result only
in small plasma velocities. Consequently, the Hall term in the generalised Ohm’s law
(equation 2.10) cannot be neglected in the derivation of equation 2.16 for the evolution
of magnetic flux. Taking into account the Hall term results in,

%—‘f:j{(a—gi—e*—@xé.di (5.4)
Therefore, assuming ideal conductivity the magnetic field perturbation moves with the
electron fluid [28],

-

L]
—g— 5.5
Ue=T— - (5.5)

Since magnetic field lines are also lines of equal phase of a perturbation, only the compo-

nents normal to B , namely the normal plasma velocity, ¥, and the diamagnetic current,

Vp x B
en.B?

are relevant. The rotation is also influenced by viscosity damping the poloidal rotation

o

17e_L =vy +

(5.6)

and drag effects leading to mode coupling or even to mode locking to the vessel wall.
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Figure 5.1: Magnetic field line geometry of the diverted discharge #15542 at t = 0.5s.
(a): The flux contours in the poloidal plane show the plasma shape. The geometry of
the field lines on the flux surfaces is represented by the contours of the straight field line
angle *, indicating the advance of field lines in the poloidal directions for equal toroidal
arc lengths. (b): The field lines of the ¢ = 2 surface are shown in the unfold 8 — ¢ plane
(solid). Replacing the polar angle 6 by 8* results in straight magnetic field lines (dashed).

5.1.3 Geometry of magnetic field lines

Instabilities are usually resonant on rational g surfaces and consequently, have the same
helicity as the magnetic field lines. The field lines of the equilibrium field lie on nested flux
surfaces (section 2.2.2), which are usually described by the coordinates ¢ and 6. Owing
to the 1/R decay of the toroidal field, the angle of a field line with respect to the toroidal
direction is generally lower on the high-field-side (HFS) than on the low-field-side (LF'S).
Consequently, the poloidal wavelengths are shorter on the HFS than on the LFS. The
pitch angle of the field line also decreases at the top and bottom of elongated plasmas as
well as in the vicinity of an X-point, where it approaches zero. The field line geometry of a
diverted plasma is shown in figure 5.1(a),(b). In order to exclude the effects of toroidicity
and shaping, a poloidal variable () is introduced, so that the magnetic field follows
straight lines in the 6* — ¢ plane. The so-called straight field line angle 6*, yields,
ﬂ = const. (5.7)
B-Vop
The multiplication of the representation for an axisymmetric field, B=1I (\Il)ﬁcp + VU x
Vi, obtained from equation 2.22 and equation 2.28, with V6* and substituting into

equation 5.7 results in,

(5.8)
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The mixed product of 6\11, V7<p, andVé on the left hand side of equation 5.8 can be
identified as the Jacobian J, of the coordinate transformation of the flux coordinates (¥,
@, 0) into cylindrical coordinates (R, ¢, Z). It can be simplified by using the toroidal

symmetry and the identity of the toroidal coordinate,

oV/OR 0 09/0Z 1 (80 80 OV 98
00/OR 0 00/0Z
Equation 5.8 can be integrated over 6,
. o db
6*(9) = const. - () /0 et (5.10)
The constant is determined by normalising 6*(27) to 2,
.9 p2 1y-1 2]
*(0) = Jo (R*J)~"df (5.11)

~ R (R2T)1dd

where the Jacobian can be computed from ¥(R, Z) which is available from the equilibrium

reconstruction.

5.2 Numerical techniques for the mode analysis

Various techniques are used to extract information concerning the temporal evolution and
spatial structure of coherent modes. These methods can also be applied to other fluctua-

tion measurements. In the following an arbitrary fluctuation signal y(Z, t), is analysed.

5.2.1 Temporal analysis

Fourier transform
The standard approach to the analysis of an oscillating signal is the Fourier transform,
which links the representation of a function in the time and frequency domains,

Y (W) = / 7 y(t)etdt, (5.12)

—00
In an experiment a function y(¢) is usually recorded over a finite time interval and at a
finite sampling rate f; = 1/At, leading to N discrete samples z(tx). The discrete form of

the Fourier transform (equation 5.12) is,

N-1

Y (fa) = At Y y(te)e™ N (5.13)
k=0

with f, = n/(NAt). Equation 5.13 is periodic in n which is usually varied from —N/2 to
N/2 and corresponds to a spectral resolution up to the Nyquist frequency, f. = 1/(2At).
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If the signal y(¢;) consists of purely real values, the Fourier coefficients of positive and
corresponding negative frequencies are complex conjugates, Y (—f,) = Y(f,)*. The orig-
inal data set can be reconstructed from the Fourier coefficients using the discrete form of

the inverse Fourier transform,

Y(t) = — 3 Y (f)e Y, (5.14)

Power spectral density

An estimate of the continuous power spectrum P(f), can be obtained from the Fourier

coefficients Y'(f,,) = Y, and is defined at N/2 + 1 positive frequencies as,
1

P(0) = 7 [Yol?
(NAt)
P(f) = — YD)+ [Yv_n) =1, Yy 5.15)
() = age W + )] =15 (5.
1 2
P(f) = ——(NAt)Q ‘YN/2‘

The normalisation used in equation 5.15 ensures that the sum over all N/2 + 1 values
of P(f,) is equal to the mean squared amplitude of the function y(t). The value P(f,)
is an estimate of the average power over a narrow window centred on f,. However, this
window extends beyond the mid-distance from the preceding discrete frequency and the
mid-distance to the next and leads to significant leakage of signal power into adjacent
frequency bins. The reason for this leakage is the finite length of the sampled time
interval, which can be seen as the product of an infinite run of sampled data and a box
function. The Fourier transform of the product is then given by the convolution of the
Fourier transform of the data set and that of the box function, which leads to a broadening
of the power spectrum. This can be reduced by replacing the box window with a window
function w(t;), which changes gradually from zero to a maximum and then back to zero.

In this case equations 5.13 and 5.15 become,

N-1

YV (fo) = At Y r(ty)w(ty) e N withn=0,...N -1 (5.16)
k=0
and
PO) = ——r— 1
— (NAD)? Wy ' °
P(f.) = ! [|YW)|2 + ]YW )| ] n=1 Ny (5.17)
(NAt)2 Wms n N—n ) 9
1 w 2
PU) = a1Vl
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Figure 5.2: Estimates of the power spectral density for a discharge where a strong mode
at 4.4kHz was present. The estimate using a Hanning window and overlapping data
segments shows significantly sharper peaks at the mode frequency and higher harmonics

than the box window.

where Wps = Y, w?/N is the mean square of the window coefficients. The power esti-
mation also suffers from a large variance. A method used to reduce this variance is the
partitioning of the original sampled data into K segments each of M = N/K consecutive
data points. An averaging of the power estimates at M/2 + 1 discrete frequencies over
the segments reduces the variance of the estimate by a factor K. It is easy to combine
the data windowing and the segmentation of the original data set. The spectral variance

can be further minimised by overlapping consecutive segments.

In figure 5.2 the comparison between a power estimate using a box window and no
overlapping segments (solid line) and an estimate using a Hanning window, which is
defined by wy = 1[1 — cos(2rk/(N — 1))] with k = 0,... N — 1, and overlapping (dashed
line), illustrates the improvement. The estimate using the Hanning window has a narrower
peak at 4.4kHz, corresponding to the frequency of a mode, and three higher harmonics,
while the box window leads to a significant leakage to neighbouring frequencies.

The use of an estimate of the power spectral density allows the identification of the
frequency of a mode. The Fourier coefficients (equation 5.16) at this frequency can then

be used to determine the mode structure, as is described in section 5.2.2.
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Figure 5.3: The phase of the Fourier coefficient at 4.4 kHz of measurements with the
toroidal (a) and poloidal (b) array of pick-up coils-is shown as a function of the probe
position. Following the phase along the toroidal and poloidal directions reveal the toroidal
and poloidal mode numbers n = 1 and m = 2.

5.2.2 Spatial analysis

The identification of the toroidal structure is simplified by the toroidal symmetry of a
tokamak plasma, which allows a straightforward decomposition into toroidal mode com-
ponents. The poloidal mode identification is more complex with toroidicity and poloidal
shaping affecting the structure of the perturbation. Variations among the setup of the de-
tectors, such as the varying orientation and distance of the magnetic probes with respect

to the plasma, can also affect the measured poloidal structure of a mode.

Spectral analysis

The spectral analysis is based on the Fourier transform of the measurements. As it was
shown in section 5.2.1, the amplitude of the complex Fourier coefficient allows to estimate
the spectral density revealing the frequency f,, of a distinct mode. In addition to the
measurement of the signal power, the Fourier coefficient at the mode frequency Y, also
yields a phase angle ®, = arctan(S(Y,)/R(Yy)). A comparison of the real part of the
inverse Fourier transform (equation 5.14) with the mode expansion (equation 5.1) easily
identifies the phase angle of the Fourier coefficient ®,, as the phase of the mode kZ.
Figure 5.3 shows the phases of magnetic fluctuation measurements at f, = 4.4kHz
as they were recorded with the toroidal array on the LFS (a) and the poloidal array in
sector 3 (b). Owing to the toroidal symmetry of the plasma and the toroidal probe array,
the phase difference A®, between probes of the toroidal array increases linearly with the
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toroidal spacing of the probes Ay, allowing to determine the toroidal mode number from

only two toroidally spaced probes,

Ad(n*)
Ap

For the complete toroidal arrays of TCV it is usually sufficient to count the multiples of

n(fy) = (5.18)

27 of the phase shift along the entire toroidal circumference. In figure 5.3(a) an n = 1
structure is easily identified. The identification of the poloidal mode structure is more
complicated. As can be seen in figure 5.3(b), the slope of the phase changes strongly
with poloidal position. Eddy currents in the wall and the change of probe orientation
close to the vessel corners even allow a reversal of the phase change. Without a detailed
calculation, which takes into account the internal structure of the mode as well as the
response of the conducting vessel and the poloidal geometry, as will be described in
section 5.3, it is necessary to count the multiples of 27 of the phase shift along the entire
poloidal circumference. However, this can be complicated by a fast changing phase which
occurs in the vicinity of x-points or by low signal amplitudes caused by large distances
between the resonant surface and the magnetic probes.

The advantage of the spectral mode analysis is its close relation to the decomposition
of the signals into modes. To do so, it uses standard routines such as the Fast Fourier
Transform (FFT). However, its application is restricted to modes whose oscillation fre-
quencies remain constant over the analysed time interval. This time interval, however,

needs to be of a certain length to allow for a sufficient frequency resolution.

Toroidal mode amplitude

Signals which are measured with complete and equidistant toroidal arrays of detectors,
such as the toroidal arrays of magnetic probes on the HFS and LFS (section 4.1), as well
as a toroidal array of soft X-ray diodes (section 3.3.3), can be directly decomposed into
toroidal Fourier components. The measurements y(tx, ¢;), taken at N toroidal locations,
can be decomposed for any sampled time t; yielding cosine and sine components for

toroidal mode numbers n =0,1,...N/2,

calty) = —]%/-'Zy(tky 1) cos(ng;) (5.19)
salte) = =3 ylti, 1) sin(n). (5.20)

N
il
—

The Fourier components of the measurements can also be expressed by mode amplitudes
An(ty) = \/cn(tk)2 + s, (tx)? and corresponding phases @, (t;) = arctan(s,(tx)/cn(tx)),

N/2
+ Y An(te) cos(ng; — ®n(ti)). (5.21)

n=1

Ao (tr)
2

Y(te, 1) =
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Figure 5.4: The toroidal mode analysis shows an n = 2 disruption precursor mode, which
starts to grow at ¢ = 0.396s (a) while its initial frequency of 8 kHz continuously slows
down and eventually locks to the vessel (b).

This decomposition is equivalent to a Fourier transform (equation 5.12) between ¢ and
k = n/R space. However, the periodic boundary conditions are strictly true leading to
discrete modes characterised by their mode numbers n. Therefore, their representation as
a Fourier series is more appropriate. Spectral leakage which was seen in the time spectra
does not occur. The amplitude A,, yields information about the mode growth, whereas
the phase ®,,, can be derived in time yielding a frequency. Figure 5.4 shows an n = 2
mode which starts to grow at ¢ = 0.395s. While its initial frequency of 8 kHz decreases
until it locks to the vessel, the mode amplitude continuously grows until the discharge is
terminated by a disruption at ¢ = 0.409s.

In contrast to the spectral analysis the toroidal mode analysis does not impose any
time behaviour and allows to resolve instabilities with varying frequencies. Since MHD in-
stabilities usually have a single toroidal mode number, A,, comprises the total signal power v
of this instability independent of the number and importance of its poloidal harmonics.

It does not, however, reveal any information concerning the poloidal mode structure.

5.2.3 Spatiotemporal analysis
Bi-orthogonal decomposition
Another method for the analysis of spatiotemporal signals is the bi-orthogonal decom-

position (BD), which is formally identical to the singular value decomposition (SVD) in

numerical linear algebra. Unlike Fourier techniques, it is a multivariate analysis handling
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several dimensions at the same time. The bi-orthogonal decomposition separates synchro-
nised signals into coherent modes and their corresponding temporal evolutions. Measure-
ments y(t;, z;) taken at M locations z; and sampled at N times ¢; can be constructed from

K = min(N, M) pairs of spatial eigenvectors ¢,(z;) and temporal eigenvectors v (¢;),

y(ti, z;) = ZAk¢k($j)¢k(ti)~ (5.22)

The spatial eigenvectors ¢y, are also called topos and the temporal eigenvectors Y,
chronos. Topos and chronos are mutually orthonormal. The eigenvalues or weights Ay,
are positive or equal to zero and it is conventional to sort the pairs of bi-orthogonal com-
ponents in order of decreasing weights. The total signal energy £ = 3=, 3, z%(t;, z;), 1s

equal to the sum of the squared weights,
E=) 4. (5.23)

The relative energy stored in each pair of eigenvectors (¢, ¥x) can be expressed with the

dimensionless energy,
pe = A/E (5.24)

which quantifies the importance of an eigenvector. The space-time complexity of the

signal is measured by a normalised entropy defined by,

5 - ~ kP logp (5.25)
log K
which is zero if y(t;, z;) is separable and one if all eigenvectors have equal weights.

The presence of noise limits the number of significant components. Random fluctua-
tions add a constant contribution to the square of the eigenvalues which should converge
towards a constant value. However, the experiment usually shows a transition from a
steep weight distribution to a flat tail of slowly decreasing weights which leaves some
ambiguity in the determination of the significant components. A physical interpretation
of the bi-orthogonal decomposition is the projection of the data on an orthonormal basis
which de-correlates both the time and space series. In this new basis, coherent structures
become more evident. The BD has the property that the truncated sum over ordered
eigenvectors is the best approximation of the original data ¥, in a least-square sense.

An interesting case is the presence of two similar, non-negligible weights Ay, = Ag,.
This degeneracy can usually be ascribed to the existence of a spatiotemporal symmetry,
y(t+1o,x) = y(t,z—xg), such as a rotating mode. In this case the phase of ¢, and ¢, as
well as of v, and v, are shifted by 7/2. A variation of the mode’s frequency only shows

up in the chrono and not in the topo. Coupled modes, which have identical frequencies
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Figure 5.5: Eigenvalues of the bi-orthogonal decomposition of magnetic measurements of
the disruption precursor in #19391. The two main eigenvectors are degenerated and the
corresponding topos and chronos shown in figure 5.6.

but different wave vectors, are not separated and appear in one pair of bi-orthogonal
components.

In figure 5.6 the possibilities of the bi-orthogonal decomposition are illustrated for the
magnetic measurements of a disruption precursor with a toroidal and a poloidal array. The
two principal eigenvectors, which comprise 95% of the total signal power, are degenerated
and describe a rotating mode. The toroidal and poloidal parts of the two main topos,
which are shown separately in (a) and (b), respectively, as well as the corresponding
chronos (c), show the typical phase shift of 7/2. The toroidal part of the topos reveals an
n = 2 structure whereas the poloidal part indicates an m = 3 periodicity. The chronos
show a decreasing frequency and an increasing amplitude.

The example in figure 5.6 illustrates the advantages of the bi-orthogonal decomposi-
tion over standard Fourier techniques. In contrast to the spectral analysis described in
section 5.2.2, the BD does not assume a constant frequency throughout the analysed time
interval and allows to identify an arbitrary time evolution. Neither does it make any as-
sumptions concerning the spatial structure like the toroidal mode analysis (section 5.2.2),
which requires pure spatial Fourier components. It can, therefore, be used to analyse
the poloidal structure. The properties of the bi-orthogonal decomposition as well as its
applications have been discussed in detail by Dudok de Wit et al [29] and Kim et al [30].

5.3 Modelling of magnetic islands

In order to interpret the poloidal structure of the magnetic measurements from the edge,
magnetic islands are modelled and the corresponding response of the magnetic probes

computed [31]. This calculation is simplified by the assumption that the perturbation
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Figure 5.6: Two main bi-orthogonal components of magnetic measurements of a dis-
ruption precursor (weight distribution in figure 5.5). The topos are separated into the
contributions of the toroidal (a) and poloidal (b) arrays. The corresponding chronos are
shown in (c). The degenerated eigenvectors are interpreted as a rotating 3/2 mode.

currents only flow along the magnetic field lines and that they are concentrated on the
corresponding resonant flux surface neglecting the response of the remaining plasma.
These currents are force-free and do not change the equilibrium. The calculation of the
magnetic field at the probe includes the induced toroidal eddy currents in the vacuum

vessel.

5.3.1 Perturbation current density

Using the straight field line angle 6* (equation 5.7), the perturbation current in the direc-
tion of the magnetic field can be decomposed into Fourier components with poloidal and

toroidal mode numbers m and n,
67(i0, 0%, 0) = ¢(¥) - sin(mf* — ny) - B. (5.26)

Since the perturbation current density is divergence free, 65 = 0, the Ansatz in equa-
tion 5.26 leads to,

0= B -V (c(¥)sin(md*(0) — nyp)) (5.27)
which can be simplified by using the derivatives of the flux function 0¥ /0Z = —RBp
(equation 2.23) and 0¥ /OR = RB; (equation 2.24) and assuming toroidal symmetry,

9C(¥)/9¢p =0,
B a0* 80*\ nB,
0= m(BRE'E+BZa_Z) "R
= mB-V6* —nB-Vop. (5.28)
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Equation 5.28 is a resonance condition which is only fulfilled at a the ¢ = m/n flux surface.

In the limit of the model the perturbation current is a sheet current on this resonant
surface. In order to transform the current density j(¥) into a sheet current density ja
it is assumed that current flows in a infinitesimally narrow flux tube of width d¥ which
corresponds to a radial width dr,

jad¥ = () dr. (5.29)

With d¥ = RBydr the sheet current density can be identified as,

J(9)

= 5.30
RB, (5.30)

ja
Even though the current, which flows in a flux tube, is constant on a flux surface, the

surface current density varies like 1/RBy and it follows that,

- 1 —
Ja X BB, - sin(m@* — ny) - B. (5.31)

In order to reconstruct the poloidal component of the perturbation field only the toroidal
component of the perturbation current density needs to be taken into account. With
I = RB, ~ const. the toroidal perturbation current density is proportional to,

. 1 .
—— -si — . .32
jA#’ X RZBG Sln(me n(p) (5 3 )

5.3.2 Reconstruction of the magnetic perturbation

For a numerical reconstruction of the magnetic perturbation field at the location of the
probes, it is necessary to discretise the model. The resonant flux surface and the conduct-
ing vacuum vessel are divided into toroidal filaments. In the following the flux surface
filaments will be labelled with s, the vessel filaments with v and the 38 magnetic probes of
the poloidal array with m. The poloidal magnetic perturbation field at the probe location
By, depends linearly on the toroidal component of the perturbation current I; = j4 ,Alg,
where Alg is the length of the filament in the poloidal plane, and also on toroidal eddy

currents in the vessel I,
B, = bpsds + by L. (5.33)

The coefficients b,,, and b,,, are obtained from a Biot-Savart integration along the current
filament £,

_ Mo}{dﬁx(Fm*Fk)

m“"Z; k |Fm—Fk|3

ey k=s0 (5.34)

~

bmk
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Figure 5.7: (a): The time varying perturbation current of a modelled 3/1 island located
on the ¢ = 3 surface leads to eddy currents in the vessel. The current in each of the 256
toroidal filaments in the plasma and in the vessel are indicated. (b): The magnetic field
at the location of the probes is calculated from the modelled perturbation currents.

with é,, being a unit vector along the axis of the probe m. The currents in the ves-
sel filaments are caused by time-varying currents in the plasma and in the vessel itself.

Kirchshoff’s loop law applied to a vessel filament states,
0 = Ry Iy + My Iy + My, I, (5.35)

where K is the resistance of a vessel filament and M,,, and M,s mutual inductances. The
latter are obtained by integration over the toroidal filaments,
dly, - dly
Mip = ( ) }{ kTR kK = s, (5.36)
K |7 — 7| |
Owing to dissipation, a time-varying electric field does not uniformly penetrate the con-

ducting vessel wall. It decays exponentially to 1/e of its initial amplitude in a distance,

2
doin = 4| — (5.37)
Hwo

which is called skin depth [32]. For a typical mode frequency of 5kHz the skin depth
of the TCV wvessel is 6 mm. The current in the vessel concentrates on the surface. The
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Figure 5.8: The modelled amplitude of a 2/1 mode at the location of a magnetic probe
on the LFS is shown as a function of the mode frequency. The limits of an ideal wall
(R, = 0) and of no wall are included. For frequencies above 880 Hz the skin depth dgqn
becomes smaller than the width of the TCV vacuum vessel wyessel.

reduction of resistivity is taken into account by assuming only a conducting layer with a
maximum width of dg,(w). For a perturbation with a frequency w, equation 5.35 results

in an expression for the induced eddy currents,

& Iy ZR( )

Il

0 = R(w)0ywly +iwMyy Ly + iwMysls
( 'uv’ - M’U’U’)—les Is- (538)

v~

cv's("")

Since R o y/w it can be seen from equation 5.38, that for sufficiently high frequencies the
vessel behaves like an ideal conductor. The magnetic perturbation at the probes can now
be computed by,

Bm(w) - (bms + by Cos (UJ)) Is. (5.39)

The modelled perturbation currents for a 3/1 island located on the ¢ = 3 surface
in discharge #18811 are sketched in figure 5.7(a). The eddy currents in the wall are
calculated according to equation 5.38 assuming a rotation of 4.4 kHz. The magnetic field
at the location of the magnetic probes which results from the currents in the plasma and
in the wall filaments, is shown in figure 5.7(b).

The frequency dependence of the magnetic perturbation at the location of the probes is
illustrated in figure 5.8. The magnetic perturbation field due to a 2/1 mode at a probe on
the LF'S is computed for various rotation frequencies. For very low frequencies, f < 10 Hz,
eddy currents in the wall can be neglected. As the frequency increases the effect of eddy
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currents in the vessel becomes important. For f > 1kHz the resistivity of the wall can
be neglected and the field amplitude approximately doubles with respect to the no-wall
case. The effect of the finite penetration length of electrical fields is small, since the skin
depth is large compared to the vessel width for all frequencies where the resistivity of the

vessel is important.

5.3.3 Identification of the experimental mode structure

The observed mode is identified by comparing the experimental structure b; = b(z;), to
the modelled structure of an m/n-mode By, ,(z;), or the linear combination of several
modes K | axBm, n,.(z;). The data is fitted in a least square-sense, choosing the K

coeflicients a; to minimise,

= i (bj ~ Ske1 By (%))2_ (5.40)
j=1 Oj
The uncertainty o;, of the measurement taken at the location z;, is usually assumed to
be constant. The quality of the fit B = Y, ax By, can be evaluated by calculating the
probability ¢, that, taking the model to be true and the measurements to be normally
distributed with a standard deviation of o, x? exceeds the minimum value obtained in the
fit [33]. However, if the uncertainty of the measured mode structure is unknown, some
kind of error for the fit can be derived by minimising x? using an arbitrary o. If it is
assumed that all measurements have the same standard deviation and that the model is

true, the standard deviation of the measurements can be calculated,
T 2
o’ =3 (bj = B(z;))" /N (5.41)
=1

and an error bar assigned to each data point.

The identification of the poloidal structure of the mode observed in #18881 (figure 5.3)
is shown as an example. The experimental structure was extracted using a spectral
analysis (see section 5.2.2). Since the toroidal structure is easily obtained from the spectral
analysis of the toroidal array, the poloidal structure is only compared to modelled n = 1
modes, namely a 2/1 (figure 5.9(a)) and a 4/1 island (b). The fit of the 2/1 mode results
in significantly lower stand deviation of o9, = 0.37mT than the fit of the 4/1 mode
which yields o4/, = 0.58 mT, and confirms the previous identification (figure 5.3). The
fits to odd poloidal mode numbers result in much higher standard deviations and can
immediately be excluded.

The example shown in figure 5.9 illustrates one of the difficulties of the poloidal mode
analysis. Both the 2/1 and the 4/1 modes lead to similar perturbation structures at probes
on the LF'S. This results from the pitch angle of the field line which increases towards the
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Figure 5.9: Least-square fit of modelled 2/1 (a) and 4/1 islands (b) to the experimental
mode structure obtained by the spectral analysis of magnetic measurements in the dis-
charge #18811 (see figure 5.3(b)). The fit of the 2/1 island results in significantly lower
og/1 = 0.37mT than the fit of the 4/1 mode, yielding o4/1 = 0.58 mT and identifies the
mode as a 2/1 island.

plasma edge. Therefore, the identification of the poloidal mode structure requires a close
spacing of probes over a wide poloidal range and an accurate treatment of the field line
geometry, in particular in highly shaped plasmas. In spite of the complete poloidal array
of TCV, the wide poloidal coverage is hampered by the great distance between many of
the probes and the plasma.

A reduced poloidal coverage due to a low signal amplitude as well as toroidicity and
shaping effects, results in the non-orthogonal response of different modes. The angle
« between the responses of two modelled modes Y,,, and Y- .+, can be defined by
cos @ = (Yo, Yor o) / ([Ymnll [|[Yone ne]]), where () denotes the scalar product. The angles
between various n = 1 and n = 2 modes of the discharge #18811 shown in figure 5.9 are
listed in table 5.1(a) and (b), respectively. It can be seen that even and odd poloidal
mode numbers are well separated, though not orthogonal, whereas modes with the same
parity are almost parallel. In particular, the angle of cos o = 0.83 between the response of
a 2/1 and 4/1 mode explains the relatively good fit of the 4/1 response to the 2/1 mode
structure in figure 5.9(b).
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a) b)
Angles between modelled n = 1 modes Angles between modelled n = 2 modes
mode || 2/1 [ 3/1 | 4/1 | 5/1 | mode | 3/2 | 4/2 | 5/2 | 6)2
2/1 1 0.09 | 0.83 0.10 3/2 1 0.52 | 0.92 0.49
3/1 1 0.28 | 0.89 4/2 1 0.45 | 0.93
4/1 1 0.43 5/2 1 0.34
5/1 1 6/2 1

Table 5.1: The angle define by cosa = (Y, Yimr ne) / ([|[Ymnll [|[Yims n+||) between modelled
island responses of various n = 1 (a) and n = 2 islands (b) calculated for the discharge
#18811 at t = 1.0s.

5.4 Island width

A quantitative analysis of magnetic islands requires the calculation of their widths, w (see
section 2.4.1). In order to interpret the magnetic measurements taken at the plasma edge

as a perturbation inside the plasma, the signals have to be inverted.

5.4.1 Cylindrical approximation

The simplest model assumes a cylindrical geometry (r, 8, z) with the periodic boundary
condition f(z) = f(2+27Ry). The vacuum vessel wall at a distance r = b is considered to
be an ideal conductor. Furthermore, it is assumed that the plasma outside the resonant
flux surface at a radius r = r; can be ignored. Thus, the perturbed flux ¢, defined by
B, = (=1/7)(0¢,/06) and B,y = 01, /0r, is a solution of the Laplace equation,

Ay (r,0,2) =0 forr >r,. (5.42)

A decomposition into Fourier components serves as an Ansatz,

Py (r, 0, 2) = oy (r)eimd—nz/Ro) (5.43)
and leads to the equation,
18 [ dn(r) m?  n?\ -
-z Y A =0. 5.44
r or (T or r2 * R3? $i(r) (5.44)

Assuming a large toroidal wavelength (Rg/n > r/m) the general solution of (5.44) is,
i (r) = er™ + cor™™. (5.45)

The two free parameters c¢; and ¢, can be determined by the boundary conditions &1 (rs) =
1@1,3 and 1, (b) = 0 resulting in,

() = (rs/b)—mw o [(g) - (%)m} | (5:46)
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The magnetic field can be calculated from the flux function ¢ (r, 6, 2),

Bir = _iTm(rs/b)”%/}tg (rs/b)™ [(%) - (%> m} i (5.47)
and By = _%(rs/b)_;fl—,s R [(%) . + (%)m] eilmé-nz/Ro) (5 48)

In the following the amplitude of the Fourier components of B; including a possible
phase shift will be denoted with a hat. Using equation 5.47 to calculate B, identifies

1&1,3 = irsB”,s/m. Then equation 5.47 and 5.48 can be written as,

By = %(rs/b)—flfs(rs/b)m [(%)-m B (%)m} (5.49)

and By = —z;i(rs/b)_flzs(rs/b)m [<%>—m+<%)m} (5.50)

For r;/b < 1 it follows that 'Blr,s
decays radially with 1/r™*1 which is referred to as multipole field decay. Equations 5.49

. In the same approximation the magnetic field

~ IBIB,S

and 5.50 allow an inversion of the magnetic measurements outside the plasma. For r;/b <
1 the components of the magnetic field measured just in front of the ideal conducting wall

r =b, are,

B, (b) = 0 (5.51)

A . QBlrs
d Bpb) = —i——. 5.52
an 10( ) 2 (b/'f's)m+1 ( )

It is now possible to derive an island width from the mode amplitude measurements at

the plasma edge By, , using equation 2.62 and equation 5.52,

o \l 8 (b/r2)™*" By (b)

GSTLBO,WS‘S

‘T (5.53)

The uncertainty of this estimate of the island width is mainly caused by the simplifications
in the underlying model. The assumed cylindrical geometry and the neglect of the plasma,
both, lead to systematic errors. The uncertainty of the equilibrium reconstruction also
contributes to the uncertainty of w. In particular the shear on the resonant surface s;,
has a large error bar.

5.4.2 Reconstruction of the island geometry

The determination of the island size can be improved over the cylindrical estimation
(equation 5.53) by using the island model developed in section 5.3 to reconstruct the
perturbation in the whole plasma. The superposition of the helical perturbation flux ¢}

and the equilibrium flux ¢ then reveals the full geometry of the magnetic island [31].
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Figure 5.10: Helical equilibrium flux ¥ of the ¢ = 2 surface in the whole plasma (a)
and together with the perturbation flux ¢5 in the vicinity of the ¢ = 2 surface (b). The
perturbation flux is reconstructed using the least-square fit of an m/n = 2/1 island to the
experimental mode structure (figure 5.9).

The helical equilibrium flux across the whole plasma can be calculated from the
poloidal flux 1, (equation 2.18) and the toroidal flux i, (equation 2.19), thereby,
replacing the previously used parabolic expansion of ¢* in the vicinity of the resonant
flux surface (equation 2.60). In order to calculate the helical equilibrium field, an artificial
zero shear field with the safety factor of the resonant surface g, is subtracted from the
equilibrium field. According to the definition of ¢ (equation 2.20) the poloidal flux of a

zero shear field is 9ol q=qs = Yior/¢s- Thus, the helical equilibrium flux is given by,

1
1/13 = 1/1p01,o - 'q_‘wtor,O- (554)

For positive shear, ¥} has a minimum at the resonant flux surface. Figure 5.10(a) shows
Y5 for q¢; = 2 of discharge #18811, where magnetic measurements revealed an m/n = 2/1
mode (figure 5.9).

The reconstruction of the helical perturbation flux can replace the constant flux as-
sumption which was introduced in section 2.4.1 and has been used to derive equation 5.53.
The comparison between the measured mode structure and a modelled my/ny island
(section 5.3.3) results in a coefficient a; which determines the amplitude of the toroidal

component of the perturbation current in the filaments on the resonant flux surface,
I = aglm, n, (T5). (5.55)

The perturbation of the helical flux at an arbitrary location in the plasma z,, is calculated

from the mutual inductance M,;, between the toroidal current filaments located at x, and
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Figure 5.11: Island geometry of the 2/1 mode in discharge #18811 resulting from the real
(a) and imaginary (b) part of the reconstructed perturbation current (figure 5.9). The
contour line of the helical flux of the island’s separatrix ¢*(psep) reveals an island width
corresponding to 20% of the minor radius and shows the typical “croissant” shape.

zs (equation 5.36) and the current along the magnetic field lines,

Vi (xp) = Mps I - ~———°B‘%+Bg. (5.56)
B,
The reconstructed perturbation flux of the 2/1 mode in discharge #18811 is shown in
figure 5.10(b).

When superposing ¢ and 97, the extremum of the equilibrium flux at the resonant
surface is modulated by the perturbation flux. The x-points of the resulting islands are
located at the maxima of ¢%, the o-points at the minima. Figures 5.11 (a) and (b) show
the typical “croissant” shaped contours of the helical flux of the island’s separatrix of
the 2/1 mode in #18811 for two different phase angles. The helical perturbation flux,
however, is usually modified by the presence of the plasma, thereby, altering the geometry
of the island. The presented model also neglects the influence of the plasma on the decay
of the radial perturbation. In [31], Schittenhelm et al estimated that this effect leads to

an overestimation of the island width of the order of 15%.
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5.4.3 Confinement degradation

An independent estimate of w can be obtained from the confinement degradation due to
the island. The separatrix of an island connects the plasma on both sides of the island,
increasing the effective radial heat diffusivity. In the Chang and Callen belt model [34]
the parallel heat diffusivity is assumed to be infinite leading to a flat pressure profile
across the island, which is then approximated by a cylindrical belt of width A = w/ V2.
Assuming a constant heat diffusivity and heating power deposition profile, a confinement
degradation AW/W, can be caused by an island with a width,

V2 (-AW) a*

W= —-——>=

PR (5.57)

where r, is the radius of the resonant surface. The confinement degradation is altered if
all of the heat were deposited in the plasma centre,
V2 (—AW) a?

UESTTW

(5.58)

The island width resulting from the confinement degradation has a large uncertainty,
which originates in the global energy measurement, the uncertainty of the position of
the resonant flux surface and most importantly from the simplifications in the model
itself. Nevertheless, it allows an independent cross check and agrees with the magnetic

measurements within approximately 20%.

5.5 Concluding remarks

Several numerical methods have been presented to extract coherent mode structures from
fluctuation measurements, separating their temporal and spatial behaviour. These meth-
ods were implemented in the standard data analysis of magnetic fluctuation measurements
on TCV. Many features of these methods are complementary to each other and are applied
accordingly, allowing to detect many types of coherent fluctuations. While the toroidal
arrays provide a very sensitive means to identify the toroidal structure, the interpretation
of the poloidal mode structure is complicated by the flexibility of the TCV vessel and the
variety of possible plasma shapes. The modelling of magnetic islands and their responses
at the magnetic probes has allowed to separate between geometry or diagnostic induced,
and intrinsic mode structure and has, therefore, been very useful in the interpretation
of the poloidal measurements. However, the tight spacing of the probes in the poloidal
array and a complete acquisition in the vicinity of the plasma is necessary rather than

supplementary for a basic poloidal mode analysis.



Chapter 6

Sawtooth oscillations

Sawtooth oscillations, named after the characteristic shape of their soft X-ray signal, were
first observed on the ST tokamak [35] and are present in most standard tokamak scenarios.
Although they have been the subject of many studies, the underlying mechanisms are not
yet fully understood.

After a brief introduction into the phenomenology and the present understanding of
sawteeth, a link between the two most obvious sawtooth characteristics, namely their pe-
riod and amplitude, is made. This chapter then presents an original analysis of the shape
dependence of sawtooth characteristics using TCV’s unique shaping capability together
with its flexible ECH system. In particular, the response of sawteeth to an increase of
central heating power is observed to depend strongly on the plasma shape. The experi-
mental observation is then related to the role of the ideal or resistive internal kink mode
in triggering the sawtooth crash [36, 37].

6.1 Introduction into sawteeth

Sawtooth oscillations are periodic oscillations of central temperature, density and other
plasma parameters. A slow rise principally of temperature, during the sawtooth ramp is
followed by the onset of the m/n=1/1 internal kink mode (see chapter 2) causing a rapid
drop, the so-called sawtooth crash. During this crash a reconnection process results in
the flattening of the central temperature and density profiles. The corresponding outward
transport of energy defines an inversion radius pi,,, which separates the central region
where energy is lost, from an outer region where energy is deposited. The inversion radius
is closely related to the ¢=1 surface. The investigation of sawteeth has concentrated on
three separate aspects: firstly, on the transport of particles and energy as well as current
diffusion during the sawtooth ramp, secondly, on the instability triggering the sawtooth
crash, and finally, on the relaxation process leading to the rapid outward transport.

The interest in sawteeth originated in their impact on central plasma parameters and

83
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the resulting degradation of confinement. TCV discharges, where sawteeth were stabilised
using ECCD techniques, showed a significant improvement in energy confinement [38]. In
a fusion reactor the repetitive flattening of the central temperature profile would also
greatly influence the fusion yield. In recent years, a main concern has arisen from the
observation that sawteeth can generate seed islands on outer resonant flux surfaces which
trigger neoclassical tearing modes, which again limit the achievable beta. The description
of the underlying physics of neoclassical tearing modes and an analysis of their occurrence
in TCV is given in chapter 9. Nevertheless, sawteeth are also beneficial since they can
prevent the accumulation of impurities in the plasma centre.

A comprehensive understanding of the underlying instability leading to the sawtooth
crash is necessary in order to predict the sawtooth behaviour in a future fusion reactor

and to find ways to control their occurrence and amplitude.

6.2 Sawtooth period and crash amplitude

Sawteeth are commonly observed with the soft X-ray diagnostic (see section 3.3.3). Char-
acteristic parameters, such as the sawtooth period 7., and the sawtooth amplitude Ag,,
are obtained from a soft X-ray emission measurement Iy, along a chord passing through
the plasma centre. The amplitude of the sawtooth crash is normalised to the total chord
intensity (Asaw = AL/Ii). The crash amplitude can be corrected for the temperature

dependence of the X-ray emissivity (equation 3.7),
a=d(lnlx)/d(InT,). (6.1)

Assuming carbon as the dominant impurity, a decreases from 1 at 900 eV, typical for T
in ohmic plasmas, down to 0.6 at 2.5 keV [39]. With density variations assumed negligible,
o 1A, then provides an estimate for the relative core electron pressure loss due to the
sawtooth, AWe /W .

The evolution of the central plasma pressure during the sawtooth ramp phase can be
obtained by analysing the one-dimensional electron heat balance equation [40],

0we 1 a (ch)
= Pin — Pei " Prad — —— (7 - 2
ot P Pei ™ Prad r or (6.2)

Here, pi, is the heating power density, p,; the electron-ion heat transfer, p,.q the radiated
power density and g. the convection and conduction losses. It has been shown that for
Ohmic TCV plasmas the re-heat rate in the sawtooth ramp phase is mainly determined

by the heating power density [41],
Ow,

ot & Pin- (63)
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In the core region, radiation losses are small due to high temperatures and conduction
losses small due to small gradients. Therefore, it is thought that the main discrepancy
between re-heat rate and heating power density arises from electron-ion equipartition.
For the standard triangular shaped sawteeth, equation 6.3 allows to link the observ-
ables T and Agaw,
o Y Agaw 0w /0t pi
Tew  We InkgT.

(6.4)

In the same approximation an integration of equation 6.3 over the sawtooth period and

averaging over the core volume yields,

AW,

7 = (Pin) Tsaw- (6.5)

Therefore, 75, is an estimate for the energy which is lost during the sawtooth crash.
If it is assumed that the relaxed profiles are flat within ¢g=1, the lost energy can also
be expressed as AW, /V. = % ((pe); — Per)l 4o, —c- Thus, the sawtooth period can also
be seen as an estimate for the central poloidal beta f3,;, defined according to Bussac

(equation 2.46), which is attained prior to the sawtooth crash.

6.3 Density dependence of sawtooth instability

A linear increase of the sawtooth period with density was initially seen on TFR [42] and
has since been observed on many other experiments, for example JET [43]. In order
to verify this behaviour for sawteeth in Ohmic TCV plasmas, discharges with the same
plasma shape (k = 1.50 + 0.03 and § = 0.23 &+ 0.02) and the same plasma current,
Ip =265+ 0.05 kA, corresponding to an edge safety factor of ¢, = 4.5 + 0.2, but varying
densities have been analysed. Figure 6.1 shows the dependence of the sawtooth period
on the line-averaged density (ne)pg, Which is obtained from a central chord of the FIR
interferometer (section 3.3.1). The line-averaged density varied from 0.5 to 6.5 x 10 m~3.
Over a large part of this density range, the sawtooth period is found to be proportional
to the density (figure 6.1(a)). However, for (ne)pp < 2 x 10" m™2 the sawtooth period
deviates from the linear dependence to a much weaker dependence.

Throughout the scanned densities the sawtooth amplitude remained approximately
constant. This is consistent with 75, o {(n.) and equation 6.4. In the linear Ohmic
confinement regime, the temperature and consequently, the resistivity 7, do not vary with
density. At constant current the Ohmic heating power density, ponm = 0 (j )2, also remains
constant, leading to the observed inverse proportionality of re-heat slope and density.
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Figure 6.1: Dependence of sawtooth period (a) and amplitude (b) on the line averaged
density, (n.), in Ohmically heated and moderately shaped plasmas (x = 1.50 & 0.03 and
§ = 0.23 4 0.02). The edge safety factor was kept constant (¢, = 4.5 +0.2).

6.4 Shape dependence of sawtooth instability

There are various means by which the shaping of the poloidal plasma cross section can
influence the sawtooth characteristics. On the one hand shaping can modify the time scale
of the evolution of the relaxed profiles to an unstable state. The heating power density pip,
as well as the local energy confinement time 7g;, depend on the plasma shape. Moreover,
changes in the global energy confinement result in different central temperatures and
hence different current diffusion times, 7. On the other hand, shaping can modify the
stability criterion of the internal kink. In particular, the critical pressure gradient of the
ideal internal kink mode is predicted to depend on shape. Early analytic calculations have
already pointed out the destabilising effect of elongation while higher order distortions of

the poloidal plasma cross section were found to be stabilising [44].

6.4.1 Experiment

A systematic scan of the shape of Ohmically and ECH heated plasmas has been performed.
During these experiments the elongation was varied from 1.1 to 2.1 (2.4 in ohmic only)
and the triangularity from —0.25 to +0.45 (figure 6.2). The flux contours of a typical
discharge together with the ECH beam location and the vacuum vessel are shown in
figure 6.3(a). The sawtooth period g,y and its amplitude Ag,,, were determined and then
averaged over stationary intervals of typically 100 ms, corresponding to 20 to 200 sawtooth
periods (figure 6.3(b)). |

In order to separate the shape dependence, other plasma parameters such as the
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Figure 6.2: Systematic scan of plasma elongation «, and triangularity 9.

temperature, density, and current profiles, which could influence the sawtooth behaviour,
were kept similar. It has been seen that over a wide range of plasma shapes the profile
broadness is related to the position of the ¢g=1 surface or the sawtooth inversion radius
pinv [45], accordingly,

<pe> /peO = Pinv = <]> / (QOjo) (66)

where () denotes volume averages and p is a normalised plasma radius defined by p =

(V(p)/Vieta1)/?. The inversion radius has also been observed to scale according to,

1 2
Qeng Ko + 1/50

Piny R (6.7)
where geng = 2Boma’s/(poRolp) is the engineering safety factor which depends only on
global parameters. Experimentally, pi,, and consequently the profile broadness were kept
constant by carefully adjusting Ip, while the edge safety factor ¢,, increased with elon-
gation from 2.5 to 3.5 and with triangularity from 2.5 to 3.0. The sawtooth inversion
contour was determined from the tomographic inversion of soft X-ray emission measure-
ments (section 3.3.3) and then mapped onto a flux coordinate using the reconstructed flux
from the equilibrium code LIUQE (section 3.4). For all explored shapes the inversion ra-
dius was found to be p;,, = 0.45+0.05. The remaining variations were neither correlated
with variations in shape nor heating power and were of the order of the uncertainties of

the tomographic inversion and of the equilibrium reconstruction.
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The electron temperature and density measurements were obtained from the Thom-
son scattering diagnostic (section 3.3.2). There are 10 to 25 measurement locations in-
side the plasma, depending on the plasma elongation. Since the measurements were not
synchronised with sawteeth, the profiles had to be averaged over the stationary inter-
vals. In these experiments typically 6 profiles could be used for averaging. Through-
out the scanned plasma shapes, the broadness of the ohmic electron temperature profile
(Te) /Tep = 0.57 £ 0.05 and electron density profile (ne) /ne = 0.74 & 0.03 remained
constant. The values determined for the inversion radius and the profile broadness are
consistent with previous work [45].

In order to exclude the influence of density (section 6.3), the shape scan was performed
at similar densities with ne ranging from 2.2 to 3.1 x 10!m~2. Within this density range
the period of Ohmic sawteeth in a moderately shaped plasma (k = 1.5, § = 0.2) at
constant ¢, varied only from 1.9 to 2.2 ms, or less than 15% (figure 6.1(a)).
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Figure 6.3: (a): Poloidal cross section of a plasma (Ip = 400kA, k = 1.45, § = 0.45)
and ECH launching geometry for central power deposition. The absorption layer for
the X2-mode and the sawtooth inversion radius are indicated. (b): Soft X-ray emission
measurements Ix along a central chord show the variations of sawteeth during the stepping
up of the ECH power. The sawtooth period 7g,,, and their crash amplitude Ag,,, are
determined in intervals with constant plasma parameters.
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Additional ECH heating at the second harmonic extraordinary mode (X2-mode) was
applied to increase the plasma pressure. At the time of these experiments only three
82.7 GHz gyrotrons with a total of 1.4 MW of additional heating power were operational
(section 3.2). The chosen density range is well below the cut-off density of the X2-mode
thereby avoiding any significant refraction of the beams. The heating power was increased
in three steps and included an interval where the power was modulated. A central power
deposition was chosen so as to guarantee similar effects on current and pressure profiles
and increase the global pressure rather than induce local changes in the vicinity of the
g=1 surface. In particular, non-standard sawtooth behaviour such as saturated, inverse,
or humpback sawteeth [46], which usually result from localised off-axis heating [47, 48],
were avoided. Figure 6.3(a) shows the X2-mode launching geometry and the resonance
position for a vacuum field of 1.43 T which is locally increased by the paramagnetism of
the plasma. Some ordinary mode (O-mode) component of the injected ECH beam, which
is weakly absorbed at first path, leads to a more distributed absorption after multiple
reflections on the wall. The deposition profile is obtained from the response of the soft
X-ray emissivity to the switch-off of the ECH power [49]. The resulting deposition agrees
well with ray-tracing results obtained from the TORAY code [50]. Both methods confirm
a peaked power absorption in a region well inside the g=1 surface.

6.4.2 Variations of sawtooth characteristics

In a moderately shaped (k = 1.5, § = 0.2) Ohmically heated TCV plasma with n., =~
2.5 x 10m™3, sawteeth typically have periods of 2ms and crash amplitudes of 10%.
Triangularity and elongation scans were performed around this shape, keeping either
Kk = 1.5 or 6 =~ 0.2 constant.

In Ohmic plasmas the modification of the triangularity introduces significant changes
of sawtooth characteristics (figure 6.4(a) and (c)). Increasing § from 0 to 0.45 almost
doubles the sawtooth period and increases the amplitude of the crash by a factor of four.
The modification of 7g,, and Ag,, saturates for negative triangularities. As already noted
by Weisen et al [41] the longer sawtooth period at higher triangularity is not sufficient to
explain the increase in amplitude. In addition, poorer confinement at higher triangularity
as observed in Ohmic TCV plasmas [51] leads to lower temperatures which result in a
higher resistivity, 7. Consequently, the Ohmic heating power density ponm = n(j)Q, is
higher, which also contributes to the increase in amplitude (equation 6.4).

The dependence of the sawtooth period on elongation is somewhat weaker (figure 6.4(b)),
with shorter sawtooth periods at higher elongations. Despite the weak trend in the be-
haviour of 75, the crash amplitude decreases drastically with elongation (figure 6.4(d)).

For « = 2.3 the crash amplitude measures only a fourth of that in an almost circular
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Figure 6.4: Sawtooth characteristics in Ohmic plasmas as a function of triangularity (a),
(c) and elongation (b), (d), while density and inversion radius are kept constant. The
values of the sawtooth period (a), (b) and the sawtooth crash amplitude (c), (d) are
averaged over stationary phases. The error bars indicate the standard deviation within
these phases.

plasma although the inversion radius was kept constant throughout these experiments.
Again, the variation of 7y, is not sufficient to explain the variation of o~ *Ag,,. As for
decreasing §, the Ohmic heating power density decreases with increasing « (while piy is

kept constant), which results in the observed drop in crash amplitude.

Central ECH deposition strongly enhances the effect of shape, previously observed
in Ohmic plasmas. For high positive triangularity auxiliary heating increases 7y, even
further up to 4ms and a~'Ag, up to 656%, where it saturates. Small and negative &
results in even shorter and smaller sawteeth (figure 6.5(a) and (c)). We further note
that the assumption of constant density throughout the sawtooth cycle is no longer valid
in ECH heated plasmas [52] and therefore a~!Ag,, fails as an estimate for the central
pressure loss. With additional heating a distinct dependence of the sawtooth period on
elongation also becomes apparent (figure 6.5(b) and (d)). For nearly circular plasmas
additional heating further increases 7gay and Ag,yw while at high elongations 7q, and A,y

are decreased further below Ohmic values.
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Figure 6.5: Sawtooth characteristics as a function of auxiliary heating power density
within the g=1 surface for various triangularities (a), (c) and elongations (b), (d). Electron
density and sawtooth inversion radius were kept constant. Shown is the dependence of
sawtooth period (a), (b) and the relative sawtooth crash amplitude (c), (d) on ECH power.
The values are averaged over a stationary phase with the bars indicating the standard
deviation within these phases.

Thus, the enhancement of the effect of shape on sawtooth behaviour is due to the
shape dependent response to ECH. The shaping parameters for which the increase of
Pgcp results in a decrease of 7y, i.e. auxiliary heating is destabilising, and the shaping
parameters for which an increase of Pgcy is stabilising, are shown in figure 6.6, clearly

indicating this shape dependence.

6.4.3 Comparison with a sawtooth model

The observed response of sawteeth to heating is investigated in the frame of a model
which was developed to predict the sawtooth period in JET and ITER [53] and which
had already been successfully applied to Ohmic TCV plasmas [54].

According to this model an ideal internal kink triggers the sawtooth crash if its growth

cannot be stabilised by plasma rotation, i.e. if,

Yideal ~ ChWi dia (6-8)
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Figure 6.6: The discharges where 74, decreases (full triangles) or increases (open trian-
gles) with Pgcg are shown as a function of shaping parameters at the plasma edge.

where 7qea 1S the growth rate of the ideal internal kink (equation 2.47), ¢y, =~ 0.5 a
constant and wigin = kTi/(LpeBor1) the ion diamagnetic drift frequency with L, being
a pressure scale length. In a low density TCV plasma, the amplitude of the term which

1 a value which is

can stabilise the internal kink mode is typically cowigia = 5 x 10%s™
observed to decrease with the auxiliary electron heating power.

The growth rate of the ideal internal kink (equation 2.47) can be expressed in terms
of a normalised potential energy 6W = —46W/s,&% RB2,

—0W
Yideal = (69)
TA

with 74 = R/va being the Alfvén time.

In addition to the ideal MHD potential energy, fast particle and trapped ion effects
can also contribute to the potential energy (equation 2.48). However, in these TCV
experiments, the stabilising effect of fast particles on sawteeth can be neglected. Also, the
stabilising effect of collisionless thermal trapped ions in the present low density plasmas
is small, with (5Wtrapped /7a of the order of 5 x 102s™!. Therefore, the internal kink can be
destabilised by SWatup becoming negative once the plasma pressure sufficiently exceeds a
critical value. This critical value depends strongly on plasma shape {7, 44, 55, 56]. Thus,
the additional heating increases the plasma pressure which increases the drive of the ideal
mode and results in a decrease of the sawtooth period.

If the plasma is stable with respect to the ideal mode, resistivity becomes important
(see section 2.4.3). In ECH heated TCV plasmas the ion-gyro radius p; = 0.2 — 0.3cm
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is larger than the resistive layer width ¢, ~ 0.03 — 0.12cm and the growth rate +, of
the resistive internal kink in the so-called ion-kinetic regime has to be considered [46]. A
typical value is v, ~ 10*s™'. This mode can be stabilised by different diamagnetic effects

leading to a condition for the onset of the resistive internal kink mode proposed by Sauter
et al [54],

Yp > Cx (we,diawi,dia)1/2 (6.10)

with ¢, being of the order of unity. Since wegin &~ 10%s™ both sides of equation 6.10

are of similar amplitude. The resistive growth rate vy, s?/ !

essentially depends on
the magnetic shear on the ¢g=1 surface s; = p; (dg/dp,), whereas the stabilising electron
diamagnetic rotation increases with pressure. Higher temperatures also lead to larger
conductivity and slow down the diffusion of the current profile. Additional ECH increases
pe and influences the evolution of s, leading to different dynamics with respect to the ideal
mode. In particular, the stabilisation of a resistive mode by electron diamagnetic rotation,
We gia < Te, and a larger resistive diffusion time, 7 oc T2/2, offer possible explanations for
an increase of the sawtooth period with additional electron heating.

Therefore, the response of sawteeth to auxiliary heating is expected to depend on
whether ideal or resistive MHD determines the mode dynamics. As discussed above, this
essentially depends on the potential energy of the ideal mode 6Wmp, which contains the
shape dependence. A necessary condition for ideal MHD stability is the Mercier criterion
(see section 2.3.1). Numerical simulations by Litjens et al [7] have shown that in elongated
plasmas with weak central shear, the minimum f;; is set by a violation of the Mercier
criterion leading to an n = 1 mode with large growth rates. More importantly, these
simulations have also shown that the shape dependence of (SWMHD is similar to the shape
dependence of the Mercier criterion. In cases where the Mercier criterion was violated
within the whole ¢ < 1 region, the eigenfunction of the unstable mode resembles the
standard step function of the internal kink. The expansion of the Mercier criterion up
to O(e%e) (equation 2.43) illustrates the effect of elongation and triangularity. Assuming
parabolic pressure profiles which gives 8,1 ~ —2up)| R3/(B22r1), equation 2.43 yields

2
i — 3—621 (K]l — ].) Bp,l (1 — ?é> >0 (611)
1

S €1

for stability.

In figure 6.7, marginal stability according to the Mercier criterion (equation 6.11) is
shown for two values of 3, ;, with s; = 0.1 and p; = 0.5 assumed constant as a function of
the local shaping. The discharges in figure 6.6 are shown in figure 6.7 as a function of the
local shaping parameters at ¢ = 1 which are obtained from the equilibrium reconstruction.
A comparison of the sawtooth response to ECH with the Mercier stability boundary shows
that the critical fp is particularly low for discharges where additional heating could not
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Figure 6.7: The discharges of figure 6.6 are shown as a function of shaping parameters
on the g=1 surface. The plasma shapes are compared to the shapes corresponding to
marginal stability according to the Mercier criterion (equation 6.11) for two different
values of §;,; and assuming constant shear s; = 0.1 and inversion radius pip, = 0.5.

improve sawtooth stability (full triangles in figure 6.7). For these plasma shapes the
potential energy of the ideal mode can be sufficiently negative to determine the sawtooth
trigger which is consistent with the interpretation of the decrease of the sawtooth period
presented above.

The stability of the internal kink in four discharges, labelled by their shot numbers
in figure 6.7, has been analysed by the linear full ideal MHD code KINX [57, 58]. The
equilibria were reconstructed by LIUQE using the experimental pressure profiles from
Thomson scattering measurements and the inversion radius. An ideal conducting wall
was assumed at 1.15 times the minor radius, corresponding to the TCV plasma-wall
distance on the low field side. The growth rate of the ideal internal kink mode was
computed for different values of 3,1 by scaling the original pressure profiles. The resulting
growth rates are shown in figure 6.8. From the experimental values of §,; the discharges
at low triangularity (#14486) and high elongation (#14576) are unstable, whereas the
discharges at high triangularity (#14483) and low elongation (#14463) are clearly stable.
This confirms that the two classes of shapes obtained from the experimental sawtooth
behaviour (open and closed symbols in figures 6.5-6.9), which were linked to ideal MHD
stability or instability using the Mercier criterion, are indeed stable or unstable with

respect to the ideal internal kink mode.

The shape dependent response of sawteeth to heating power can also be seen in the

electron pressure profiles. In figure 6.9, the time averaged pressure profiles of a plasma,
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Figure 6.8: Growth rate of the ideal internal kink mode calculated by KINX for experi-
mental equilibria with scaled pressure profiles. An ideal conducting wall has been assumed
at 1.15 times the minor radius. From the experimental values of 3, ;, which are indicated
by arrows, the discharges #14486 and #14576 are unstable, whereas #14483 and #14463
are stable.

where 7, increased with Pgcy (a) are compared with the profiles of a plasma where Ty,
decreased with Prcu (b). In the first case (a) the increase of the central heating from
Ohmic to 1 MW of auxiliary heating power leads to a peaking of the pressure profile,
whereas in case (b) the central pressure profile remains essentially flat. The variation
of the pressure profiles with heating can be summarised in the variation of 3;;, which
increases with Pgcy in case (a) whereas it remains constant in case (b) (see inserts in
figure 6.9). Thus, case (b) is consistent with an imposed S, 1 limit, independent of heating
power, leading to the observed decrease of 7y, for this plasma shape. This supports the
idea of ideal MHD being responsible for the triggering of the sawtooth. However, the
measured betas are time averages of measurements, which were not synchronised with
sawteeth and are, therefore, lower than the critical beta obtained directly before the
crash.

6.4.4 Shape dependence of ideal central beta limit

For all plasma shapes, where 7y, decreased with Pgcy, the limiting 8, ; was independent
of heating power (e.g. figure 6.9(b)), whereas for the other plasma shapes 3, ; increased
with power (e.g. figure 6.9(a)). For the shapes where 3, reaches a limit, this limit is
shown as a function of the triangularity and elongation (figure 6.10(a) and (b)). Despite a
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Figure 6.9: Electron pressure profiles (averaged over typically six time slices) for different
ECH powers for a shape (k = 1.44, § = 0.46) where 75, increases with heating power
(a) and a shape (k = 1.68, ¢ = 0.19) where gy decreases with heating power (b). The
inserts show the power dependence of 3, at p=0.45, corresponding to the inversion radius
(dashed line).

large scattering of the data, a stabilizing trend with increasing triangularity and decreasing
elongation is observed. The dependence on x; can be compared to an expansion of the

energy functional of the ideal internal kink [55],

R 3 13 k1 —1
OWwmup = *Z(’fl —1)Bp1 + Aq a8 3ﬁg,l + = 2

<13ﬁ§,1 - %ﬂp,l - 1>] . (6.12)

The expansion (equation 6.12) contains terms up to the second order in € and first order
in e, including O(e%) and is given for a parabolic current profile. The value of beta for
marginal stability 8p 1 cit, calculated from equation 6.12 assuming Ag = 0.25, is shown in
figure 6.10(b). The experimental limiting (3, ; shows the same trend as the analytic 5; 1 erit,
albeit with a weaker dependence. Note that both the analytic formula (see figure 6.10(b))
and the ideal MHD calculation (figure 6.8), predict the highly elongated plasma (#14576)

to be unstable even at zero 3, ;.
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Figure 6.10: The poloidal beta on ¢g=1 in discharges, where it could not be increased
with additional heating, is shown as a function of triangularity (a) and elongation (b) on
the g=1 surface. The measurements are averaged over typically 6 times and the error
bars indicate the standard deviation among different power levels. It is compared with
the poloidal beta for marginal stability of the ideal internal kink according to equation
equation 6.12, assuming Ag = 0.1 (dashed line in (b)).

6.5 Concluding remarks

High triangularities and low elongation are seen to improve the stability of sawteeth in
TCV plasmas, but also lead to large sawtooth crashes. Low triangularity and high elonga-
tion reduce the sawtooth amplitude, which can both reduce sawtooth related heat pulses
and decrease the risk of possible seed island generation resulting from large sawtooth

crashes. However, the core confinement remains at a low level.

In addition to their period and amplitude, the response of sawteeth to an increase
of central heating power also depends strongly on the plasma shape. For the plasma
shapes for which full ideal MHD calculations as well as analytic expressions predict a
low critical 3, (defined according to equation 2.46), the experiment also shows a low
pressure limit which cannot be increased with additional heating and consequently leads
to shorter sawteeth. In the frame of the presented model of the sawtooth trigger [53],
this is consistent with an ideal internal kink mode triggering the sawtooth crash. In
particular, the observed x;-dependence of the limiting beta is in qualitative agreement
with an analytic prediction [55]. For shapes where the ideal MHD mode is expected to be
marginal or stable, in particular at high positive triangularity, the core pressure can be
significantly increased with additional heating. This can be explained by an increase of

the electron diamagnetic rotation which is expected to increase with the electron pressure
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and has a stabilizing effect on the resistive mode.

The experiments have shown that in low density ECH heated TCV plasmas at low
triangularity and sufficient elongation, ideal MHD significantly contributes to the trig-
gering of the sawtooth crash. In this regime, the observed shape dependence supports
theoretical predictions of the shape dependence of the ideal internal kink mode [55].

A prediction of the sawtooth period has to take into account the evolution of the cur-
rent profile which has been successfully performed for various Ohmic [54] and some ECH
heated [59] TCV plasmas, however, without leaving the resistive regime. The presented
results point out that the simulations of sawteeth in ECH heated TCV plasmas in general,
require an accurate description of the shape dependence of the ideal MHD stability.



Chapter 7

Edge localised modes

High confinement mode (H-mode) discharges are usually accompanied by a mainly pres-
sure driven instability, called edge localised mode (ELM) (reviews in [60, 61, 62]). While
ELMs are beneficial for the control of the particle content of the plasma, they can also
lead to high peak power loads on divertor plates, which is a serious concern for a fusion
reactor. ELMs are deemed necessary for the operation of a fusion reactor in an H-mode
regime, but a control of their behaviour and in particular their size is required.

After an introduction into ELMs outlining their phenomenology and the current un-
derstanding, this chapter analyses the structure of coherent magnetic oscillations which
are observed prior to ELMs in TCV. The high spatial resolution of the toroidal array of
magnetic probes allowed the observation of a previously unobserved toroidal asymmetry
of these precursor oscillations [63, 64]. Unlike conventional MHD modes this instability
starts toroidally localised. The asymmetry must be intrinsic to the plasma and a link to

a central mode is suggested.

7.1 Introduction into ELMs

7.1.1 Phenomenology

H-mode discharges are usually perturbed by periodic bursts of MHD activity and D,
emission. These so-called edge localised modes (ELMs) lead to a loss of energy and
particles from a region near the plasma boundary. The ELM-related energy loss has
usually only a small effect on the energy confinement time. However, the loss of energy
can occur fast enough to cause high peak power loads on the divertor target plates.
Nevertheless, ELMs are beneficial in avoiding the accumulation of impurities and can
control the particle content of the plasma. ELM-free H-modes usually terminate in high
density disruptions. Therefore, ELMs are necessary for a stationary H-mode operation.
A control of the level and the repetition frequency of these edge fluctuations would be

desirable in order to meet these various conflicting conditions.

99
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Classification of ELMs

The classification of ELMs into several types according to their characteristics was origi-
nally introduced for ELMs observed in DIII-D [65]. Type Ior “giant” ELMs are associated
with the largest ELM energy and particle losses and are marked by large D, spikes. Their
repetition frequency increases with increasing heating power. Type IT and “grassy” ELMs
are irregular, high frequency, low-amplitude fluctuations. Type III ELMs are of medium
amplitude and, unlike type I ELMs, their repetition rate decreases with increasing heat-
ing power until they disappear completely. This scheme has allowed a classification of
most of the ELMs observed on other tokamaks.

The magnetic fluctuations during the phase of enhanced transport have a broad tur-
bulent spectrum. Often coherent precursor oscillations, which are localised on the torus
outboard side, are observed. The precursors have low to medium mode numbers with n
typically ranging from 4 to 10. Typical growth times range from 50 us in TCV (section 7.2)
to 1 ms prior to certain type I ELMs in ASDEX-Upgrade [61].

7.1.2 Current understanding

ELMs are only observed in H-mode plasmas, where the formation of an edge transport
barrier results in a steepening of the edge pressure gradient. The pressure gradients
obtained prior to type I ELMs are close to the ideal ballooning limit (see section 2.3.1).
The smaller type II ELMs occur at similar pressure gradients but only in highly shaped
plasmas and are associated with the second stability region (see figure 2.2). Type III
ELMs occur at lower pressures and are found below a critical edge temperature.

The existence and magnitude of a pressure limit prior to type I ELMs and the locali-
sation of the precursor on the side of unfavourable curvature led to the linking of ELMs to
ideal ballooning [66]. In order to obtain large discrete collapse events which are separated
by quiescent periods, a coupling to low n kink modes (section 2.3.2), partially driven by
the large bootstrap current in the steep pressure gradient region, could be important.
However, the expected sensitivity of ELMs to the distance between resonant surfaces and
the plasma edge, has not been established.

Therefore, a model based on a coupling of current-driven peeling and ballooning modes
has been developed [67]. Numerical analysis has shown that the gradient of the parallel
current density j, at the plasma vacuum interface can be sufficient to drive medium n
modes. An increase of the edge pressure gradients further destabilise these modes. In
this framework the ELM cycle is determined by the resistive time-scale on which the edge
current density rises before the edge becomes peeling unstable. The size of the ELM is
determined by the radial width of the unstable eigenfunction and allows for large type I

as well as smaller type II ELMs.
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The suppression of type III ELMs at higher temperatures points at a possible role of
resistivity in the underlying instability mechanism. Models based on a form of resistive

interchange are currently being discussed.

7.1.3 ELMs in TCV

Ohmic H-modes have been obtained in various diverted and limited plasma configurations
in TCV. In ELM-free H-modes the particle density rises continuously until the discharge
usually terminates with a high density disruption. Quasi-stationary H-modes have only
been obtained in the presence of ELMs. The characteristics of the observed ELMs are
continuous, ranging from small ELMs, typically causing a loss of 5% of the plasma energy
content and considered to be of type III, to low frequency ELMs referred to as large ELMs
causing a loss of up to 12% of the plasma energy [68]. An unambiguous classification in
the usual scheme (section 7.1.1), for example by performing a scan of auxiliary heating
power, has of yet not been possible.

7.2 Observation of precursor oscillations

Coherent magnetic oscillations have often been observed to precede ELMs in TCV. Ded-
icated experiments were carried out to analyse the temporal evolution and the spatial
structure of these precursor oscillations.

7.2.1 Experiments

The ELM precursor oscillations have only been detected with the fast magnetic fluctuation
diagnostic (chapter 4). In order to maximise the signal amplitude, in spite of the multipole
field decay of the perturbation (equation 5.50), the distance between the plasma and the
magnetic probes was minimised. Therefore, toroidal and poloidal measurements were
performed on two different plasma configurations. For toroidal measurements a single
null upper divertor (SNU) plasma on the midplane (2=0), allowing a minimal distance of
down to 5cm on the high-field side (HFS) and 7.5 cm on the low-field side (LFS) between
the plasma edge and the probes of the toroidal array, was investigated (figure 7.1(a)). In
order to allow maximum poloidal phase information the poloidal measurements have been
performed on SNU plasmas, which were moved as close to the bottom as was possible
during H-mode operation. A minimum distance of 10 cm to the probes at the bottom of
the vessel has been achieved (figure 7.1(b)). For these experiments the magnetic probes
were acquired with the maximum sampling frequency of 1 MHz.
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Figure 7.1: Poloidal cross section showing the position of the magnetic probes and the
plasma configurations used. (a): SNU configuration for toroidal mode number analysis.
The toroidal arrays are located in the equatorial plane corresponding to positions 1 (HFS)
and 20 (LFS). (b): SNU configuration for poloidal mode number analysis.

7.2.2 Toroidal measurements

The ELMs obtained in the discharges, which were optimised for measurements with the
toroidal arrays of magnetic probes, caused a moderate particle loss of 2 — 4% and an
energy loss of 2 — 6% of the total plasma content. These are typical figures for type III
ELMs in TCV. Their repetition frequency ranges from 120 to 300 Hz.

For many ELMs a coherent precursor oscillation has been detected several 100 us
before the onset of the enhanced particle transport phase, corresponding to the rise of
the D,-signal. The precursor is only detected on the LFS (figure 7.2), even though the
distance between probes and plasma there is greater than on the HFS.

The measurements with the full toroidal array on the LFS reveal a toroidal asymmetry
of the initial growth of the ELM precursor. The precursor first develops at a toroidally
localised position (figure 7.3(b), A). This instability then grows both in amplitude and
toroidal extent with a typical growth time of Tyrec = 50 us (figure 7.3(b), B). At the same
time the precursor frequency fprec, decreases from typically 120 to 70 kHz. The toroidal
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Figure 7.2: Magnetic fluctuations 8By/8t, measured on both sides of the plasma prior to
an ELM. The ELM precursor is only detected on the LFS even though the distance there
between separatrix and probe is greater. The D, signal indicates the phase of enhanced
radial transport.

location of the instability rotates in the electron diamagnetic drift direction. When the -
precursor encompasses the entire toroidal circumference, the increased transport of en-

ergy and particles, as indicated by the increase of the D, signal, begins. The magnetic

oscillations then lose their coherence while the fluctuation amplitude rises strongly (fig-

ure 7.3(b),C). Due to the rotation of the toroidally localised precursor, measurements

taken at one toroidal location show apparent characteristics of beating, as have been

observed on other experiments {69, 70].

The toroidal position, where the precursor is first detected, differs from ELM to ELM
(compare figure 7.3(b), A and figure 7.4(a), A). Occasionally, a simultaneous onset of the
precursor at two toroidal positions is observed (figure 7.4(b), B; and Bg). In this case
the two positions are always 180° apart toroidally and both positions also rotate in the
electron diamagnetic drift direction.

Toroidal mode spectrum

The measurements of magnetic fluctuations, By, on the LFS at 16 toroidal positions have
been decomposed into spatial Fourier coefficients yielding amplitudes A,, for toroidal
mode numbers n = 0, 1,...8 (section 5.2.2). The toroidal mode spectrum of the precursor
in #8856 at t = 0.3s (figure 7.3) is shown in figure 7.5. The precursor consists of medium
n = 6 — 8, predominantly 7 and 8, components, but spatial aliasing could possibly mask
higher mode numbers such as 9 or 10. The n = 6 — 8 components grow with a typical

growth time of 50 ps. Immediately before the enhanced transport phase the n = 5
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Figure 7.3: (a): Measurements of 0B,/0t with the toroidal array on the LFS show co-
herent ELM precursor oscillations. The D, signal indicates the onset of the enhanced
radial transport phase. (b): Contour lines of the same measurements of dBy/0t show
the toroidally localised onset (A). The precursor grows in amplitude and toroidal extent
(B). When it encompasses the whole toroidal circumference the increased transport phase
begins (C).
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Figure 7.4: Measurements of 0By/dt with the toroidal array on the LF'S show ELM
precursors. (a): The onset of the precursor is detected at different toroidal locations
(compare A to figure 7.3(b) A). (b): Occasionally, a simultaneous onset at two toroidally
opposed locations is observed (B, Bs).
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Figure 7.5: Toroidal mode amplitudes of the ELM precursor measured with the LF'S array
(figure 7.3). The amplitude of the n = 6 — 8 components grow over several 100 us. The
beginning of the enhanced transport phase indicated by the increase of the D, signal is
accompanied by a fast growth of lower, in particular the n = 5, mode components.

component also starts to grow on an even faster time scale of ~ 10 us. The toroidal phase
velocity increases with increasing mode number. During the enhanced transport phase

the mode spectrum broadens.

The amplitude of the n = 8 component shows an oscillation with twice the precursor
frequency. Since the n = 8 is the spatial correspondence of the Nyquist frequency, the
zeros in its amplitude are caused by the passing of the zeros of the n = 8 component
by the position of the probes. However, oscillations are also observed on lower n mode
amplitudes. They have the same frequency as the n = 8 amplitude but their minima are

not necessarily at zero amplitude.
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7.2.3 Poloidal measurements

The measurements of the poloidal mode structure of the ELM precursor oscillations were
performed on a plasma with a similar shape to that used during the toroidal measurements
but with the plasma shifted towards the bottom of the vessel. The ELMs obtained during
these discharges caused particle losses of 4 — 7% and energy losses of 8 — 11%, typical
for TCV large ELMs. The ELM repetition frequency is also slightly lower than in the
configuration used for the toroidal measurements and ranges from 80 to 200 Hz.
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Figure 7.6: Measurements of 0B, /0t with the poloidal array show ELM precursor oscilla-
tions on probes located on the outboard side of the plasma. The D, signal indicates the
onset of the enhanced radial transport phase.
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These ELMs show coherent precursor oscillations with frequencies and growth rates
similar to the type III precursors described in section 7.2.2. Although three quarters of
the plasma circumference was surrounded by magnetic probes, the magnetic fluctuation
measurements (figure 7.6) mainly show the precursor on the LF'S probes 21-25 located
closest to the plasma (figure 7.7(a)). As with the toroidal measurements the precursor
rotates in the direction of the electron diamagnetic drift.

The poloidal mode structure is identified by measuring the phase differences AP be-
tween the signals and comparing them with the poloidal spacing of the probes A#. Since
it is assumed that the perturbation follows the geometry of the field line and that it is
resonant close to the plasma edge, the straight field line angle 6*, (see section 5.1.3) of
the surface containing 95% of the poloidal flux is used as the poloidal coordinate of the
measurements. The phase, which could be averaged over three precursor oscillation peri-
ods, increases linearly with the poloidal position of the probes and yields a poloidal mode
number, m = A®/Af* = 12 (figure 7.7(b)). An error in the determination of the poloidal
mode structure can be introduced by the uncertainty of the resonant surface and by the
varying angle between the axis of the probes and the resonant surface. A poloidal mode
number m & 12, is consistent with the low safety factor gg5s = 2.4 in this discharge, the
medium toroidal mode numbers n obtained from the previous toroidal measurements and
a resonant flux surface close to the plasma edge.

a) b)
#11410@1=0.76s Linear fit of ELM precursor phase
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Z[m]
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Lo

m=12.04+/-0.06
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Figure 7.7: (a): The magnetic fluctuation measurements prior to an ELM show a precursor
on the LFS probes 21-25 located closest to the plasma (figure 7.6). (b): The phase of the
precursor oscillation averaged over three periods is proportional to the poloidal position of
the probe measured in the straight field line angle of a resonant surface close to the edge
(comprising 95% of the poloidal flux). The fit yields a poloidal mode number m = 12.
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7.3 'Toroidal asymmetry of the precursor

The observed toroidal asymmetry of the ELM precursor oscillation differs from the usu-
ally assumed toroidal symmetry in tokamak plasmas. The observed mode structure and
possible causes are analysed in detail.

7.3.1 Toroidal mode structure

A toroidal envelope of the oscillation amplitude can be caused by a spatial beating of two
superposed modes or by a toroidal localisation of a mode. Since the measured toroidal
mode number is close to the resolution limit, the effects of discretisation were studied
by numerical simulations. For both mode structures the signals at the 16 toroidal loca-
tions, ;, with ¢ = 1,...16, have been modelled and resulting spectra compared with the

measurements.

Beating modes

A superposition of two modes with An = 1 which have a linear dispersion relation w, =

nwo,

dB(pi, t) = Z A, (t) cos(ny; — wnt + Xok), (7.1)

n=n'n'+1
shows a spatial beating which corresponds to a toroidal envelope of n = 1 that rotates

with wg. The corresponding mode spectrum,'
An(t) = Aw (t)(sn’,n + Aw (t)(sn’+1,n (7.2)

is not as broad as the measured spectrum (figure 7.5) as it contains only two components.
The magnetic signal of two simultaneous, exponentially growing modes withn =7, n =38
has been modelled for the TCV toroidal array and the calculated mode amplitudes are
shown in figure 7.8(a). The n = 7 component does not show the oscillating amplitude
revealed in the experimental data (figure 7.5). Therefore, the model of beating modes

does not describe all the characteristics of the observations.

Localised mode

The observed spectrum can be explained by a toroidal localisation of a perturbation with
toroidal mode numbers close to the resolution limit. Assuming a Gaussian toroidal weight

of the amplitude of the perturbation field,

6B(pit) = An(t) - exp[—3(0i — Bmax)®/04(t)?]
-cos(n'p; — wpt + Xon') (7.3)
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Figure 7.8: Modelled mode spectra of two growing beating modes n = 7 and n = 8 (a)
and a toroidally localised n = 7 mode that grows in amplitude and toroidal extent (b)
measured with an array of 16 equally spaced probes and treated with the standard mode
analysis. The mode spectrum of the toroidally localised n = 7 mode shows the same
characteristics as the measured mode spectrum in figure 7.5, in particular an oscillation
of the amplitude of several mode components.

with an exponentially growing toroidal half width o,4(t), the expected mode spectra for

n,n' > o, is approximately,
An(t) o exp[—3(n — n')? /o (t)?]. (7.4)

Since the half width of the spectrum o,, depends inversely on the toroidal extend (o, =
1/0,4), a sufficiently localised mode results in a broad mode spectrum. The mode spec-
trum for a modelled localised mode (equation 7.3, figure 7.8(b) for n = 7) shows the
oscillating amplitude even for n # 8, as in the observed mode spectrum (figure 7.5). Sim-
ilar oscillations of the spectral amplitudes could also be retrieved for localised n = 8 and

9 modes.

7.3.2 Toroidal asymmetry

The toroidally localised onset of the precursor differs from ELM to ELM. In addition, the
position of the instability rotates toroidally. Therefore, a localisation due to errors in the
measurements, such as probe misalignment or gains, and a triggering of the ELM due
to an asymmetry of the TCV assembly can be excluded. The asymmetry causing and

maintaining the precursor oscillation must be intrinsic to the plasma.
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10kHz, typically one reconstruction can be retrieved per ELM precursor. The phase
®(t) of the 1/1 mode is determined from the corresponding degenerated eigenvectors
(k1, ko) of the bi-orthogonal decomposition of the soft X-ray emissivity, Fy/(Z,t) =
>k ks Ak (Z)Wk(t). The m = 1 component of the emissivity measured during an ELM
precursor in #8800 at ¢ = 0.3538s (figure 7.4(a)) is shown n figure 7.9(a). In order to
determine the angle of the maximum of the m =1 mode 67, the frequency dependent
phase shift ®¢(f), introduced by an anti-aliasing filter, must be taken into account,

f/1 = 9§T0M0 - ‘I’f(f) (7.6)

where 6%1omo 15 the observed angle. For these measurements a third order Bessel filter
with a cut-off frequency of 5kHz was used. Since the mode frequency is close to the
Nyquist frequency, a rotation in the direction of the electron diamagnetic drift is assumed.
In the presented example the mode rotates with 4.4kHz in the positive poloidal direction
and the observed angle of the mode’s maximum 8oy = —2.054, corresponds to an
actual angle 6y,; = —0.10. The measured and reconstructed location of the maximum
are indicated in figure 7.9(a). A significant error of the phase shift can be introduced
by an uncertainty in the frequency, which is close to the cut-off frequency of the filter.
The maximum is mapped to the toroidal plane of the magnetic measurements, ¢/, =
(mfpg — ®(t))/n, where Ofpg is the poloidal location of the magnetic measurements,
and compared to the toroidal location of the onset of the toroidal envelope of the ELM
© precursor, @prec (figure 7.9(b)). A simultaneous onset at a second toroidal location is
marked by open symbols. It is found that the maximum displacement of the 1/1 mode
often precedes the onset of the precursor suggesting a correlation between the central 1/1

mode and the ELM localised at the plasma edge.

7.4 Concluding remarks

In TCV, magnetic oscillations are observed to precede ELMs, believed to be type III
ELMs, as well as TCV large ELMs. For both observed types of ELMs, these precursors
are strongly localised on the LFS of the torus and have growth rates in the range of 10
to 50 us and frequencies in the range of 60 to 120kHz. These values are in the range of
values found for type III precursors on ASDEX-Upgrade [70]. The similar characteristics
of their precursors identify both types of ELMs observed in TCV, as type III ELMs. As a
result, all TCV ELMs can now be classified in the usual scheme, consisting only of three
classes, thereby, reducing the “zoology” of ELMs which exists at different machines.

The high spatial resolution of TCV’s toroidal array of magnetic pick-up coils allowed
to reveal a toroidal asymmetry in the ELM precursor oscillation, which is very unusual

for conventional MHD modes in tokamaks. The precursor has a toroidally localised on-
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set. The magnetic oscillation and particularly its mode spectrum is best described by a
toroidally localised mode with a medium toroidal mode number n = 7 — 9 which grows in
toroidal extent and amplitude, while rotating in the electron diamagnetic drift direction.
Following the toroidal extension of the instability, the encompassing of the entire toroidal
circumference coincides with the onset of the enhanced radial transport of particles and
energy. Simultaneously, an n = 5 component rapidly grows to a large amplitude. The
poloidal mode number of the ELM precursor is approximately m = 12 and therefore, con-
sistent with the low safety factor of the analysed discharges and a resonant flux surface
close to the plasma edge.

The asymmetry causing and supporting this unusual toroidal localisation of the ELM
precursor oscillation, must be intrinsic to the plasma, since errors in the measurements
or an asymmetry of the TCV assembly could be excluded. The rotation of the toroidal
location of the precursor in the electron drift direction with rotation velocities typical for
low-n modes in TCV suggests an instability being the origin of the observed asymmetry.
However, a low-n island located close to the edge, which could locally alter the stability
with respect to ballooning modes, has not been observed. Nevertheless, a central 1/1 mode
always coincides with a localised precursor. A mapping of the phase of the m = 1 mode on
the outboard midplane suggests a correlation with the ELM precursor with the maximum
of the 1/1 mode preceding the ELM precursor. The 1/1 mode is usually associated with
the sawtooth pre- or postcursor. A coupling between the 1/1 mode related to the sawtooth
and the ELM has hitherto not been observed, but could provide a new explanation for a
correlation between sawteeth and ELMs, in particular an observed triggering of an ELM
prior to the sawtooth crash.






Chapter 8

Stability limits in highly elongated
plasmas

The evolution from circular to elongated plasma shapes has contributed significantly to
the improvement of tokamak performance, measured by the achieved triple product shown
in figure 1.9. All modern tokamaks have elongated plasmas and the ITER-FEAT design
foresees an elongation of k = 1.85 [72]. However, there are only a few relevant experiments
at higher elongation. TCV, which is one of them, can routinely operate above k = 2 and
has achieved a record elongation of k = 2.8 [73] at a conventional aspect ratio.

This chapter gives an overview of MHD activities observed in highly elongated TCV
plasmas. Several MHD instabilities are identified by their mode structure and temporal
evolution [74]. The observations are found to be consistent with predictions. In particular,
a newly found disruptive current limit, which is preceded by kink-type modes, is encoun-
tered for k > 2.3. The experiments provide the first confirmation [75] of a previously
predicted deviation from the linear Troyon-scaling of the ideal beta limit with normalised
current (equation 2.53) at high elongation [76].

8.1 Introduction into elongated plasmas

8.1.1 Properties of elongated plasmas

A main feature of an elongated plasma shape is its capability of carrying a higher plasma
current. In a tokamak the current is usually limited by ideal MHD requiring an edge
safety factor, g, > 2, for stability (equation 2.50). In a large aspect ratio approximation
the edge safety factor is given by,

_2ma’By 1+ &7
" Ropole 2
Consequently, the maximum plasma current scales as Ip o< 1 + x2. The plasma current

Ga (8.1)

and an elongated plasma cross section, both, have favourable confinement and stability

properties:
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e Energy confinement

The beneficial effect of plasma current and elongation on the energy confinement
can be seen in various empirical scaling laws, such as the IPB98(y) scaling for ELMy
H-modes [77],

ELMy 0.97 0.67
Tpn < Ip7 -k (8.2)

According to equation 8.2 the energy confinement time increases almost proportion-

ally with Ip and elongation is also found to be beneficial.

The positive effect of elongation is supported by purely geometric arguments. As-
suming a shape independent heat diffusivity yx, the reduction of flux surface averaged
gradients in elongated plasmas leads to an increased global energy confinement. This
improvement in energy confinement can be expressed by a so-called shape enhance-
ment factor [51]. For example, a plasma with k = 2.4 and ¢ = 0.4 has twice the
energy confinement time of a circular plasma with the same x profile and the same

input heat flux.

e Beta limit

A higher plasma current and therefore, a greater elongation allows a higher value of
beta. The § limit determined by ideal MHD theory is seen to scale proportionally
with the normalised plasma current Iy = Ip[MA]/ (a[m]B[T]) (see equation 2.53 in
section 2.3.3). This dependence has been experimentally verified up to £ = 2.35
[78]. However, calculations have predicted a departure from the linear scaling for

higher elongations [76].

The beneficial effects of an elongated plasma shape have to outweigh the demands
arising from the intrinsic instability of their vertical position (see section 2.3.4). The
growth rate of the axisymmetric mode increases with elongation and requires sufficient
active and passive control mechanisms, such as a fast feedback control and a close fitting

conducting shell.

8.1.2 High elongation in TCV

The TCV tokamak has been especially designed to produce highly elongated plasmas
(see section 3.1.1). The combination of an efficient passive stabilisation by the highly
conducting vacuum vessel and an active feedback control also using internal coils has
allowed the stabilisation of open-loop growth rates up to 4400s™! [16]. The control of
the vertical position also depends on the current profile, with higher currents and broader

profiles leading to a better coupling to the vessel and the control coils.
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The analysis presented here has been carried out on medium to high density Ohmic
discharges which attained a maximum elongation of k = 2.58. Recent experiments us-
ing optimised current ramp-up scenarios allowed to operate at lower densities and lower

internal inductances resulting in the record elongation of x = 2.80 [73].

8.2 MHD activity in highly elongated plasmas

Various types of MHD events were observed in highly elongated TCV plasmas. Figure 8.1
shows the characteristic traces of the line-integrated soft X-ray emissivity Iy, the plasma
current [p, magnetic fluctuations measured on the LFS of the plasma 0B/0t, and the

vertical position observer of the plasma control system z - Ip, for three different events.
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Figure 8.1: Various MHD events observed in highly elongated plasmas. (a): The disrup-
tion of discharge #12941 (x = 2.40) is caused by a vertical displacement event. (b): A
minor disruption in discharge #12052 (x = 2.40) is caused by a burst of MHD activity.
(¢): The disruption of discharge #12667 (k = 2.53) is preceded by a locked growing mode.
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8.2.1 Vertical displacement events

The discharge #12941, shown in figure 8.1(a), disrupts at a plasma current, Ip = 620 kA
(In = 25MA/Tm) and an elongation, k = 2.40. The disruption is preceded by an
axisymmetric mode causing a so-called vertical displacement event (VDE). The plasma
moves towards the top of the vacuum vessel and eventually makes contact with the vessel
wall before disrupting. The vertical motion of the plasma column can easily be seen in

the real time zIp-observer used for the position control (bottom trace in figure 8.1(a)).

The bi-orthogonal decomposition of the magnetic perturbation measurements at the
edge, which precedes the disruption, reveals a dominant eigenvector comprising 95% of
the total signal power. Its topo and chrono are shown in figure 8.2. The part of the topo
corresponding to the poloidal array shows a dominant m = 1 structure. The magnetic axis
is located at z = +0.10 m corresponding approximately to the poloidal probe position 2
on the HFS and 19 on the LFS. The contribution of the toroidal array clearly identifies the
axisymmetry (n = 0) of the perturbation. The chrono reveals some vertical oscillations
which grow in amplitude, before the plasma moves in the vertical direction. The n = 0
component of the toroidal measurements Ag, is well fitted by an exponential growth with
v~ = 0.5ms. The oscillations are caused by the action of the feed-back control system

encountering its limit.

Bi—orthogonal decomposition: #12941

topo: MHD (pol. array)  topo: MHD (tor. array—HFS) chrono
T T T 0.2 N T ——] 0.1 "

0.15

b i i o
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Figure 8.2: Dominant eigenvector of the bi-orthogonal decomposition of the magnetic

measurements B, of the poloidal and toroidal (HFS) arrays. The topo, separated into the

poloidal and toroidal array, shows a dominant m = 1/n = 0 component of the magnetic
perturbation which precedes the disruption.
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Bi-orthogonal decomposition: #12052
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Figure 8.3: Bi-orthogonal decomposition of the magnetic fluctuation measurements,
OB/ 0t, of the poloidal and toroidal (LFS) array during the burst of MHD activity shown
in figure 8.1(b). The pairs of first and second (row 1 and 2), third and forth (row 3 and
4), as well as the fifth and sixth (row 5 and 6) eigenvectors are degenerated and reveal
three rotating modes. The poloidal and toroidal mode structures are seen in the corre-
sponding parts of the topos (first and second columns). The time evolution is revealed
by the chronos (third column).
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8.2.2 Minor disruptions

The discharge #12052 (Ip = 760kA, Iy = 3 MA/Tm), shown in figure 8.1(b), is perturbed
by a minor disruption at 0.601 ms, clearly seen by the crash in the soft X-ray signal. This
event is accompanied by bursts of MHD activity. The discharge can usually recover from

these bursts and maintain the plasma current.

The MHD activity is recorded with the arrays of magnetic probes. Figure 8.3 shows
the six principal eigenvectors of the bi-orthogonal decomposition of the magnetic measure-
ments. The first and second columns show the poloidal and toroidal (LFS) part of each
topo. The third column contains the corresponding chrono. The six eigenvectors form
three pairs of degenerated eigenvalues representing three rotating modes. The toroidal
components of the topos clearly identify the n = 3, n = 2 and n = 4 mode structures. A
comparison between the poloidal components of the topos and modelled island structures,
shown in figure 8.4(a)-(c), reveal the corresponding poloidal mode numbers m =4, m = 3
and m = 5. The 4/3 mode grows continuously up to the crash in the soft X-ray signal.
After the minor disruption it is replaced by a 3/2 and a 5/4 mode. The latter disappears
in less than a millisecond while the former initially saturates and eventually disappears

after 5ms.
a) b) c)
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Figure 8.4: The structure of three rotating modes, which were observed in discharge
#12052 at t = 0.6s (figure 8.3), are compared with the modelled structure of magnetic
islands identifying a (a): 4/3, (b): 3/2 and (c): 5/4 mode structure.
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All the modes are rotating in the direction of the electron diamagnetic drift. The
4/3 mode starts at 15kHz and slows down to 12kHz while growing in amplitude. The
succeeding 5/4 mode rotates with approximately 20 kHz and the 3/2 mode with 10 kHz.

8.2.3 Mode disruptions

The disruption of discharge #12667 (Ip = 760kA, Ix = 3MA/Tm), shown in figure 8.1(c)
is preceded by an MHD mode. The bi-orthogonal decomposition of the magnetic measure-
ments (figure 8.5) reveals its mode structure. The toroidal structure is easily identified
as an n = 1 mode, while the poloidal structure has a predominant m = 2 component.
However, no good agreement between the experiment and the island model could be ob-
tained, which suggest that the mode is more global than a single island chain and/or of a
different nature, such as a kink mode. The mode grows with a characteristic growth time

of 7! =~ 1 ms and is immediately locked to the TCV wall.

Bi-orthogonal decdmposition: #12667

topo: MHD (pol. array)  topo: MHD (tor. array-LFS) chrono
0.4 . . - 0.4 . . . v ; T
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Figure 8.5: The topo corresponding to the largest eigenvalue of the bi-orthogonal decom-
position of the integrated magnetic measurements, B, of the poloidal and toroidal (LFS)
array reveals a dominant m/n = 2/1 structure of the disruption precursor. The chrono
shows that the mode grows locked to the vessel wall.

The mode disruption can easily be distinguished from a VDE by the characteristic
spike in Ip prior to the disruption. The amplitude of the zIp-observer signal is also

significantly lower (compare figure 8.1(a) and (c)).

8.3 MHD stability in highly elongated plasmas

In order to understand the stability of highly elongated plasmas, the occurrence of the
three MHD events described in section 8.2, is linked to plasma parameters. The observed
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Figure 8.6: The occurrence of MHD activity in highly elongated ohmic plasmas depends
on the safety factor taken at the surface containing 95% of the poloidal flux g5, and
elongation, x. Disruptions are marked by triangles while non-disruptive discharges are
shown as squares.

stability limits are then compared with theory.

8.3.1 Operational diagram

An extensive database of Ohmic TCV discharges with an elongation greater than 2 has
been created. The analysed discharges mainly vary in elongation, and current, but also in
triangularity and density. In addition to the MHD events mentioned above (section 8.2),
it also contains discharges without any increased MHD activity.

In figure 8.6 the occurrence of MHD activity is marked in the ggs-x plane, where Qg5 IS
the safety factor on the surface containing 95% of the poloidal flux. Vertical displacement
events are indicated by downward triangles, minor disruption by brown squares, mode
disruptions by upward triangles and discharges without an increased MHD activity by
blue squares. The most obvious experimental observation is a departure from the conven-
tional ideal MHD current limit, ¢, > 2, for elongations greater than 2.3. At these high
elongations attempts to increase the current led to disruptions at ggs well above 2. The
minimum safety factor attained, increased with elongation.

This limit can also be interpreted as a limit to the normalised current, Iy, In figure 8.7
the occurrence of MHD events, markerd by the same symbols than in figure 8.6, is shown
as a function of x and Iy, revealing the disruptive limit Iy < 3MA/Tm. In addition to
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Figure 8.7. MHD activity in highly elongated ohmic plasmas depends on elongation s,
and normalised plasma current [y = Iv/(aBy). The dependence of the growth rate of the
axisymmetric mode yypg [16] and of the safety factor on the surface including 95% of the
Hux qos, on & and Iy are indicated by the dashed lines.

this limit of the normalised current, VDEs and mode disruptions impose lower and upper
current limits, respectively, with both limits depending on elongation.

8.3.2  Axisymmetric mode

Vertical displacement events are observed to impose an upper limit on the safety factor
(figure 8.6), which is equivalent to a lower limit on the current (figure 8.7), for a plasma
with a given elongation. This is consistent with the occurrence of the axisymmetric mode,
whose growth rate is predicted to increase with decreasing current while the maximum
growth rate which the feedback control system is able to stabilise, stays approximately
constant. Consequently, the axisymmetric mode imposes a lower current limit. Its growth
rate has been computed for highly elongated D-shaped plasmas [16]. The contour for a
computed growth rate of v~ = 25005~ is indicated in the & — I plane in figure 8.7 and
coincides with the observed disruptive limit. Note, that the value of 7! = 250057 is
well below the maximum growth rate of 4400s~" stabilised in TCV (see section 3.1.1).
However, the latter was obtained at a much lower plasma current. Owing to limits of the
current in the feedback control, the capability of the control system decreases with higher
plasma currents.




124 CHAPTER 8. STABILITY LIMITS IN HIGHLY ELONGATED PLASMAS

a) b)
#12667 @0.800s DELTAPCYL
2.5 T T 10 T T T T
unstable
25 1 oF-—-—-——---lt& —-—-—~-~=--- -
. stable l 4/33/2
. L
Y] Ao < 4l 5/4 @ 5/3
A o 6/4
48 o e e o e e e e e e - - SR 6/3
5/4—_.—-—--"—-—"_—;;,’-—-— 5/2
it sttt A 20
oz ) 3/
T I Tl - LIUQE ® LIUQE
0.5 L L — L -30 . ) . . N
0 0.2 04 06 08 1 0 05 1 15 2 25 3 35
p ' q

Figure 8.8: Analysis of the tearing mode stability of #12667 (x = 2.5, Iy = 3.0 MA/Tm).
(a): The g-profile is taken from the LIUQE reconstruction (solid line). A second recon-

~ struction is constraint to g > 1 (dashed) and the offset of the g-profiles varied (dash-

dotted). (b): The tearing parameter A’ is calculated in a cylindrical approximation. The
symbols mark the value found for various modes using the original g-profile and the
error-bar indicates the range resulting from the introduced profile variations.

8.3.3 Tearing modes

Rotating modes with m = n+1 were frequently observed in plasmas with Iy > 2.6. They
rotate in the direction of the electrons with a rotation frequency which is approximately
proportional to the toroidal mode number, wpn/n & n - wp, With wy typically being in
the range from 3 — 6kHz. This is consistent with modes which move with a toroidally
rotating electron fluid (see section 5.1.2). These modes grow on a resistive time scale with
characteristic times ranging from 0.5 to 3 ms and either saturate and eventually disappear
or cause minor disruptions.

An analysis of the tearing stability of a highly elongated plasma has been carried
out. Figure 8.8(a) shows the reconstructed ¢-profile of a plasmas with x = 2.5 (solid
line). In order to test its sensitivity with respect to uncertainties of the equilibrium
reconstruction gy was constrained to a value above one resulting in an even flatter current
profile (dashed line). The offset of the whole profile was also varied (dash-dotted line)
probing the sensitivity with respect to the distance between a resonant flux surface and
the plasma boundary. The tearing parameter A’, has been calculated for several modes
in a cylindrical approximation (m >> 1) using the code DELTAPCYL [79] and is shown in
figure 8.8(b). The values resulting from the original g-profile, indicated by the markers,
reveal the 3/2 mode to be the least stable. A flattening of the current profile, indicated
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by the errorbars in figure 8.8(b), leads to a decrease of the stability of the 3/2, 4/3 and
5/4 modes up to instability, while the other modes are less affected and remain stable.
This is consistent with the experimental observation of mainly 3/2 and 4/3 as well as
occasional 5/4 modes as described in section 8.2.2. In particular, the trend for instability
with higher g is consistent with the experiment, where higher elongations lead to flatter
current profiles and also the appearance of the modes. Furthermore, the growth of the
island width, estimated from magnetic measurements according to equation 5.53, is several
m/s and corresponds to expected growth rates of tearing modes (equation 2.72) in the

order of ry/Tp &= 1m/s.

8.3.4 Ideal MHD stability limit

The disruptive limit close to g, = 2 is always preceded by a locked growing mode. This
is consistent with the ideal MHD current limit and a kink mode (see section 2.3.2). This
limit is well known and is usually avoided. Modes with the same characteristics are seen
also to precede the newly found limit, Iy < 3MA/Tm, although g, was significantly
higher than 2. Therefore, calculations predicting the ideal 8 limit to be altered at high
elongation [76] were recently repeated using the plasma shape and profiles of actual TCV
discharges [80, 75]. The profiles were scaled to vary 8 and Iy. The existence of a resistive
wall was neglected. The ideal stability limit, which is imposed by an n = 1 kink-type
mode, is indicated in figure 8.9 for two different elongations with a band representing the
effect of small variations of the profiles within the experimental uncertainties. The ideal
B limit deviates for Iy > 2 from the linear Troyon scaling with Iy. While the deviations
from the classical scaling are only small for k = 2.20 (#11835), the decrease of the 8 limit
for currents below the zero-beta current limit is significant for xk = 2.5 (#12413/12414).

TCV discharges with x ranging from 2.20 to 2.58 are shown in the same - plane
with triangle and square markers distinguishing between disruptive and non-disruptive
discharges. The experiments are in good agreement with the ideal MHD beta limit. In
particular, it is seen that the discharge #12414 terminates in a disruption, whereas the
discharge #12413 with identical x and Iy but lower beta is non-disruptive. However,
disruptions also occurred at an Iy and a B far below the ideal limit. These disruptions
were usually preceded by cascades of 3/2, 4/3, and occasionally 5/4 modes. It is suggested
that the islands modify the current and pressure profiles, such that an ideal mode can
even be destabilised at a lower value of beta.

The characteristic growth times of the disruption precursor range from 0.1 to 1.5 ms
and, therefore, are too slow for an ideal mode. It is suggested that the finite resistivity of
the plasma as well as of the wall are also important, in particular since the disruptions

systematically occur at the low £ end of the band of uncertainty.
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Figure 8.9: Ideal § limit as a function of normalised current, Iy [75]. The limit is calcu-
lated using two TCV plasma shapes and scaling the actual profiles. The band indicates
experimental uncertainties. Disruptive (triangles) and non-disruptive (square) discharges
with k ranging from 2.20 to 2.58 are marked.

8.4 Concluding remarks

Several MHD events, observed in highly elongated TCV plasmas, were identified. The

occurrence of these instabilities was found consistent with stability predictions.

Vertical displacement events, which are caused by axisymmetric modes, impose a lower
limit to the plasma current. This limit depends on the plasma shape, the current profile
and the passive and active stabilisation capabilities of the tokamak. The experimentally
found limit is in good agreement with predicted growth rates of the axisymmetric mode
[16].

Observed bursts of MHD activity are caused by tearing modes. These islands have
an m = n + 1 structure and are located close to the ¢ = 1 surface. Calculations of
the stability parameters A’, suggest that their occurrence is linked to the broad current

profiles which are typical for highly elongated plasmas.
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For elongations k > 2.3, a new disruptive limit of the plasma current, Iy < 3MA/Tm
is encountered. This limit is found to be consistent with ideal MHD calculations. The
TCV observations, therefore, provide the first experimental confirmation of a deviation of
the linear Troyon-scaling of the ideal beta limit with normalised current (equation 2.53)
at high elongation, which was predicted over 10 years ago [76]. This deviation results in
the existence of an optimum elongation and a corresponding normalised current which
maximise the attainable beta. The TCV results suggest that this optimum elongation is
in the range of Kk =2 — 2.2






Chapter 9

Neoclassical tearing modes

Neoclassical tearing modes (NTMs) were first identified in TFTR [81] and have since
been observed in high £ and low-collisionality discharges in a number of tokamaks, where
they often limit the achievable beta [82]. The conditions for their appearance is reactor-
relevant and NTMs could impose the most restrictive S-limit in a fusion reactor. A
detailed understanding of their destabilisation process is of great importance in order to
find methods to avoid them.

This chapter reports the observation of NTMs in TCV. The mode is identified, its
structure revealed and the range of relevant plasma parameters given. Special interest is
dedicated to the onset of the neoclassical mode. A new trigger mechanism is found showing
the need to reconcile conventional and neoclassical tearing for an accurate description [83].
An observed dependence of the mode onset on density is compared to predictions. The
TCV results are also interpreted in the context of the observations on other experiments.

9.1 Introduction into neoclassical tearing modes

Neoclassical theory takes into account the effects of modified particle orbits in a toroidal
geometry and has important consequences for the transport and stability of tokamak
experiments. One of the most prominent effects is the bootstrap current which can add

a driving term for magnetic islands.

9.1.1 Bootstrap current

Owing to the 1/R decay of the toroidal field, particles with v/v, < (AB /B)""*, where
AB is the difference between the magnetic field on the HFS and LFS of a flux surface,
are trapped in a magnetic mirror on the LFS of the torus. If these trapped particles are

sufficiently collisionless their orbits have a radial excursion,

wpy = 224 (9.1)

2/e

129
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where s = i, e denotes the particle species and w;, the corresponding Larmor radius (equa-
tion 1.10). Due to the shape of their poloidal projection these orbits are called banana
orbits. In the presence of a gradient of the particle collisionality, which can be caused by
density and temperature gradients, a net toroidal current arises. For positive shear this

current amplifies the Ohmic current. This so-called bootstrap current can be written as
[84],

. _ P e T; g
Jbs = Bom <L31n—e + Rpe(La1 + Lsz)'j;zi + L3 (1 + ;) (1 — Rpe)fi (9.2)

where R,e = pe/p is the electron contribution to the total pressure and the prime denotes a
radial derivative. The bootstrap current coefficients Ls;, L3o and a; depend on the trapped
particle fraction which increases with decreasing collisionality v,. In general, neoclassical
effects are only important if the collisionality is small compared to the banana bounce

frequency wy, leading to the normalisation v,» = v, /wp = n.qR/(€¥/*T?).

9.1.2 Neoclassical effects on the island growth

The neoclassical bootstrap current adds a driving term to the evolution of magnetic
islands. A helical perturbation of the bootstrap current generated by the flattening of the
pressure profile across an existing island further destabilises the island. The evolution of
such neoclassical tearing modes is described by the generalised Rutherford equation [82],

TRdU) w

r_sgt. ) - apol(wyg)&%> (93)

= r(0) + 1y (an() ) s

where 7g is the resistive time on the resonant flux surface with a radius r,. The first
term on the right hand side of equation 9.3 is the driving term of a conventional tearing
mode arising from the free energy of an unstable current profile (see section 2.4.2). The
destabilising effect of the perturbed bootstrap current is described in the second term
with abs = azLgjnsBpol/p, Where L, = ¢q/q' is the scale length of the safety factor profile.
Since the bootstrap current j,s (equation 9.2), increases with decreasing collisionality, so
too does the resulting neoclassical driving term. The stabilising effect of toroidicity and
shaping is represented by the modified Glasser-Greene-Johnson term, aggj.

There are two further effects whose relevance for the evolution of the island width is
currently being discussed. The finite ratio of perpendicular and parallel heat conductivity
X /x| leads only to an incomplete flattening of the pressure profile across the island and
therefore, reduces the perturbation of the bootstrap current. The effect of an incomplete

flattening is large for small islands and gives rise to a threshold island width,

1/2 1/4
wq = 517, (L> (KJ;) . (9.4)

€sm X
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An incomplete flattening of the pressure profile likewise reduces the stabilising GGJ-term
[85] leading to the same w dependence of ays and dggy. lon inertia effects also influence
the island evolution. The island propagation through the plasma rest frame induces a
time-varying electric field which leads to an ion-polarisation current along the axis of
the island. The polarisation current depends on the propagation frequency of the island
in the plasma rest frame which is usually assumed to be the electron diamagnetic drift
frequency we, (equation 5.6), as well as on the number of particles which are affected
by the time varying electric field. For low collisionality only trapped particles build up
the polarisation current. This effect decays rapidly with increasing island width. While
several authors have found that this term is large and stabilising, e.g. [86, 87|, recent
work indicates that this term is in fact destabilising [88, 89]. The ion polarisation effect

is accounted for in the fourth term in equation 9.3 with,

apot(w, 9) = a3 (Lq/ (_Lp))2 P?,g(ea v;)hs(w) (9.5)

where p, = (2m;kgT;)"/?/(eBpa) is the poloidal ion Larmor radius and v; = In A/(12e27%/%)-
(Z%€'n;)/(mi"* (ksT})¥2) the ion collision frequency. The uncertainty of the sign of the
ion polarisation effect is included in h3(w) and its reduction at low collisionality described

by the function,
&2, yf(emwe) < C =03
9, i) = { 1, v;/(emwe) > C = 0.3.

For large islands the main effect arises from the magnetic energy required for the island

(9.6)

formation, expressed by a negative A’. Then equation 9.3 yields a saturated island width,

Obs — AGGJ

—7s A’ (Weat) 6-7)

Wgat, = 'rsﬁp .

showing the characteristic 8,-dependence.

9.1.3 Triggering mechanisms

For A’ < 0 stabilising effects at small island width lead to a critical island width wey-
Neoclassical modes require a seed island with w > we;;, before the growth described by the
modified Rutherford equation (equation 9.3) becomes positive and the island evolves to
the full saturated width (equation 9.7). These seed islands are most commonly generated
by sawteeth or fishbones which couple to the resonant surface [90, 91]. ELMs are also
observed to trigger neoclassical modes [92] and in some cases no measurable seed island
was detected prior to these modes [90, 93]. A detailed analysis of the triggering mechanism
is difficult since the coupling to the resonant surface is usually masked by the trigger
instability itself. In order to discriminate between the models the parametric dependencies
of the value of  at the onset of the mode is used. An alternative method is the controlled
triggering of neoclassical modes using error-field induced islands [94].
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9.2 Observation of neoclassical tearing modes

In TCV neoclassical tearing modes have been observed in discharges using up to 2.7 MW
of central ECH power. All these discharges used a launching geometry which included a
current drive component in the direction of the Ohmic plasma current (co-ECCD). The
NTMs were destabilised from a few 10ms up to more than 1s after the onset of the

additional heating power.
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Figure 9.1: (a): The poloidal plasma cross section and the ECH launching geometry in-
dicate a central power deposition at the second harmonic X-mode absorption layer. (b):
During ECH heating (top) a drop in the central line integrated soft X-ray intensity (mid-
dle) is caused by a large amplitude mode seen in the magnetic fluctuation measurements
(bottom). The toroidal array of pick-up coils clearly identifies the n = 1 structure.

Figure 9.1(a) shows a typical launching geometry using two gyrotrons. Both beams
include a tangential component and drive current in the direction of the ohmic current.
About 300 ms after the switch on of the ECH (¢ = 0.4s) an MHD mode starts to grow and
saturates at a high level (figure 9.1(b)). The degradation of energy confinement is clearly

visible on a soft X-ray measurement along a central chord. At ¢ = 1.95s one gyrotron is
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Figure 9.2: Spectrogram of magnetic fluctuation measurements on the high field side.
After the switch-on of the two gyrotrons at t; an initial 3/2 mode is followed by a large
amplitude 2/1 mode. The gyrotrons are switched-off at ¢, and #,.

switched off which leads to a decrease in beta. The decrease of the mode amplitude with
decreasing beta is consistent with equation 9.7 and suggests its neoclassical origin. At the
switch off of the last gyrotron at 1 = 2.97s. the amplitude quickly decreases to zero.

9.2.1 Mode structure

The mode is seen in magnetic fluctuation measurements at the plasma edge as well as in
the tomography of the soft X-ray emissivity. Figure 9.2 shows the power spectral density
of magnetic fluctuations measured on the high-field side as a function of time. After the
switch-on of the two gyrotrons (t;) and an initial coherent fluctuation in the range from
10 to 12kHz, a mode starts with 6 kHz but quickly slows down to 4.5kHz as it grows in
amplitude. At its largest amplitude higher harmonics at 9 and 13.5 kHz are also detected.
With the reduction of the heating power (f;) the frequency increases to 5.5kHz. The
mode disappears after the ECH power is switched off (t3).

The toroidal array of magnetic probes clearly identifies an n = 1 structure (fig-
ure 9.1(b)), which rotates in the direction of the electron diamagnetic drift. The poloidal
mode structure is measured with the poloidal array of magnetic probes, The bi-orthogonal
decomposition of the poloidal measurements in the interval from 0.8 to 1.0s results in two
degenerated eigenvectors comprising 99% of the total signal power which represent the
rotating mode. The corresponding topos are shown in figure 9.3(a). The experimental
perturbation structure is compared against the modelled structure of an m/n = 2/1 is-
land calcnlated as described in section 5.3. A fit of phase and amplitude of the modelled
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Figure 9.3: (a): The poloidal mode structure, obtained from a bi-orthogonal decompo-
sition of magnetic measurements (full) and the reconstructed magnetic perturbation due
to an m/n = 2/1 island (open) are in good agreement. (b): The reconstruction of the
geometry of the island reveals an island width which corresponds to 20% of the minor
radius.

mode leads to good agreement. A standard deviation between modelled and measured
values of ¢ = 0.26 mT is in the order of the experimental uncertainty and identifies the
2/1 island (figure 9.3(a)). The superposition of the helical equilibrium and perturbation
flux (see section 5.4.2) results in a large island whose width corresponds to 20% of the
minor radius (figure 9.3(b)). The coherent fluctuations at 10 to 12 kHz, which follow the
onset of the ECH heating, could likewise be identified as a 3/2 island, however, with a
smaller amplitude.

The 2/1 mode is also seen in the tomographic reconstruction of soft X-ray emission
measurements. Figure 9.4 shows the three largest eigenvectors of a bi-orthogonal de-
composition of the emissivity in a short time window at ¢t = 0.8s. While the principal
eigenvector (a) contains the average profile, the second and third (b,c) are degenerate and
show a rotating m = 2 mode. The corresponding chronos reveal a rotation frequency of
about 5kHz, which is consistent with the magnetic observations.
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OBSERVATION OF NEOCLASSICAL TEARING MODES

Soft X-ray tomography - 15963
a) D)
topo k=1

C)
topo k=2

topo k=3

Y
\_/ A
0.7 09 1.1 0.7 09 1.1 0.7 09 11
R{m] R[m]| R[m]
chrono k=1 chrono k=2
0.3

chrono k=3
"\\ [\
f ‘.. / Il‘.l
[\ / [
£ f \ f ’J \
s 0 f \ / |
.E. fII| \Ill \.I /f \\ !J
/ \‘ \l. '/
\ \ / o
/
\\../ \
0.3 S
801 8011 8012 801 8011 8012 801 801.1
time [ms]

time [ms]
Figure 9.4

801.2

time [ms]

Bi-orthogonal decomposition of the reconstructed soft X-ray emissivity of
discharge #15963 at ¢t = 0.8s

['he principal eigenvector (a) contains the average profile
I'he second and third eigenvectors (b,
T 2

have degenerated eigenvalues and show a rotating
2 mode. The corresponding chronos reveal a rotation frequent

of about 5 kHz



136 CHAPTER 9. NEOCLASSICAL TEARING MODES

. #15963
7 - T 1 T T T
B Wmodel (Bp)

p LJ
."v"""\“"\“"'\'~';“""'~‘ '!
]

0

‘-,ln.~-|“.|

island width [cm)

L
1
N

0 0.5 1 - 15 2 2.5 3
time {s]

Figure 9.5: The neoclassical evolution of the island width wyeqe, modelled according
to equation 9.3 using constant coefficients and the experimental value of 3, is in good
agreement with the experimental island width wexp, derived from magnetic measurements.
Stabilising effects for a small island width are neglected (apo, wa = 0).

9.2.2 Identification as a neoclassical tearing mode

In order to identify the driving term of the mode, the evolution of w is tested against an
island evolution described by the modified Rutherford equation (equation 9.3).

The island width is calculated from the magnetic perturbation field measured at the
plasma edge, using the cylindrical constant flux approximation described in section 5.4.1
and given by equation 5.53. The calculated island width, shown in figure 9.5, indicates
that the mode saturates at w ~ 5.8cm. Taking into account the full geometry results
in a smaller island width of 20% of the minor radius (figure 9.3(b)) which corresponds
to 4.9cm on the equatorial midplane. An independent estimate of w is obtained from
the confinement degradation (see section 5.4.3). The energy drop is obtained from the
equilibrium reconstruction and results in an island width of 4.5cm, which is ~ 20%
smaller than the value determined according to equation 5.53 and ~ 10% smaller than
the reconstructed island using the full geometry. This comparison confirms that the
cylindrical approximation systematically overestimates w by 10-20%.

The comparison between the experimental island evolution and an evolution according
to the Rutherford equation is shown in figure 9.5. Starting with the rapid growth at
t = 0.69s, which already corresponds to w = 3cm, the evolution of the experimenta.l



9.3. SEEDING BY CONVENTIONAL TEARING MODES 137

a) b)
#18458

#18458

dw/dt [m/s]

t [s] w [cm]

Figure 9.6: The NTM is triggered by a conventional mode which grows on a slow time
scale and approaches saturation (2: ¢ ~ 0.87s). Once the critical island width is attained
the mode grows on a faster time scale to its full width. After the ECH is switched off (4:
t ~ 1.495) the island width drops quickly (dashed line).

island width agrees well with the prediction. Since the stabilising effects of perpendicuiar
transport and polarisation currents decrease rapidly with increasing w, the parameters wy
and ap, were set to zero. Furthermore, A’ was assumed to be stabilising (A’ < 0). Since
the classical (< A'), and the neoclassical (x as) driving term differ in their 5, and w
dependence, the observed mode clearly shows the characteristics of a neoclassical mode.
The rapid change of the saturated island width after the switch-off of one gyrotron at
t = 1.95s is also characteristic, since f, changes on a confinement time scale (75 ~ 5ms)
whereas A’ changes on a longer current diffusion time scale (7yes ~ 100 ms). Nevertheless,
the simplifying assumptions did not allow a satisfying description of the island evolution
for the small values of w. The evolution for small w, in particular the seeding process, is
analysed in detail below.

9.3 Seeding by conventional tearing modes

In TCV, neoclassical modes are observed in L-mode and consequently, ELM-free dis-
charges. The plasmas usually show no or only small sawteeth and they are also stable
with respect to the fishbone instability and none of the common trigger mechanisms,
described in section 9.1.3, apply.

The onset of neoclassical tearing modes in TCV is investigated in detail by analysing
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Figure 9.7: At the switch-off of the ECH power in the discharge shown in figure 9.6 the
neoclassical driving term decays on a fast confinement time scale (g ~ 5ms), whereas

the conventional tearing mode stability changes on a slower current diffusion time scale
(Tres ~ 100 ms).

the evolution of the island width of the m/n = 2/1 NTM seen in #18458 (figure 9.6(a)).
The measured growth of the island, shown as a function of the island width in figure 9.6(b),
clearly reveals two distinct growth phases. The faster growth at larger mode amplitude
corresponds to the neoclassical island evolution previously modelled for #15963 before
(see figure 9.5). The critical island width is approximately 2.8 cm. It is suggested that
a conventional tearing mode provides the seed island. The 2/1 mode structure of the
magnetic perturbation measurements does not show any significant differences between
the two growth phases. The initial growth of 0.4m/s, which corresponds to r;A’ = 0.4,

decreases as the conventional driving term decreases with w (equation 2.71),
A’ (w) = A'(0) — aw. (9.8)

The effect of A’ is also visible at the switch-off of ECH (figure 9.7), when dw/dt drops
with 3 on an energy confinement time scale (7g ~ 5ms) to the value determined by A'.
At such large values of w, A’ is strongly stabilising, but slowly increases with decreasing
w on a current diffusion time scale, 7., ~ 100 ms. At ¢t = 1.6 it is close to its value prior
to the onset of the mode.

In order to demonstrate that the observed growth can be qualitatively described with a
conventional tearing mode being the trigger for a neoclassical tearing mode the right-hand-
side of the modified Rutherford equation (equation 9.3) has been modelled to reproduce
the distinctive features of figure 9.6(b). The w dependence of the conventional tearing
stability is assumed to be linear according to equation 9.8. The threshold island width

wq, in addition to the polarisation term, have been taken into account. The polarisation
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Figure 9.8: The modified Rutherford equation can describe the island width evolution
observed in TCV. The coefficients of the four terms on the r.h.s. of equation 9.3 assuming
the same w dependence for bootstrap drive and GGJ-stabilisation (dashed) are fitted to
reproduce figure 9.6(b) (full). The fitted parameters are similar to the values derived from
the measured TCV profiles [82].

term is taken to be stabilising and a threshold width,

is introduced solely to mark the limit of validity of the ion polarisation model, once the
island becomes smaller than the ion banana width w, = /ep,. The result shown in
figure 9.8 do indeed reproduce the features of the observed island growth in figure 9.6.
The fitted coefficients used in figure 9.8 are compared to the expected value according to
the expressions given in [82] using experimental profiles and show good agreement. Only
the fitted values for the threshold island width wq and wg o exceed the predicted values
by a factor of two. The tearing parameter r,A’, could not be determined as the current

profiles of these discharges were not reconstructed with the required precision.

The triggering by a conventional tearing mode explains the peculiar conditions under
which NTMs were observed in TCV. Since the discharges have also to be unstable with
respect to classical tearing, NTMs are only triggered in discharges where on-axis current
drive generates peaked current profiles. A sawtooth induced seed island such as have been
observed on other experiments seems unlikely in TCV. The perturbation on the ¢ = 2
surface triggered by a sawtooth gong [95] would have to exceed the observed we;, which

corresponds to approximately 10% of the minor radius.
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9.4 Onset of neoclassical tearing modes in TCV

9.4.1 Discharge parameters and profiles

Neoclassical modes have been observed in plasmas which were heated with 0.8 to 2.8 MW
of central ECH and which always included on-axis co-current drive. The central electron
density at the onset of the mode ranges from 1.2 to 3.0-10'° m~2 and is limited by runaway-
electrons at low densities and by refraction of the microwave beam at high densities.
At the onset of the NTM the electron collisionality normalised to the banana bounce
frequency Ve, = Ve/wy, is low ranging from 0.01 to 0.06. Since the ECH heating only
heats the electrons, the ion temperature remains low. Consequently, the ion collisionality
normalised to the electron diamagnetic drift frequency v, = v;/mewe., which is important
for the ion polarisation current (equation 9.6), is high with values typically ranging from
0.1 to 0.5. The poloidal Larmor radius, p, = 2.6 cm , stays approximately constant. The
normalised beta fy , ranges from 0.4 to 1.0. These values of Gy are well below the values
observed in other experiments [82]. However, the strongly localised power deposition of
ECH has been seen to generate large pressure gradients. Electron temperature and density
measurements by Thomson scattering are shown in figure 9.9(a) and (b), respectively.
These pressure gradients can locally generate large bootstrap currents. If the resonant
surface is located within this high gradient region, the bootstrap fraction can be sufficient
to destabilise a neoclassical island. A broadening of the depositidn profile resulted in the
avoidance of NTMs and allowed experiments where the plasma current was completely

wave-driven [96].

9.4.2 Critical island width

The seed island has to exceed a critical width to trigger the neoclassical tearing mode.
Otherwise, the discharge stays meta-stable to NTMs. This is demonstrated in two similar
discharges, with the plasma parameters, Ip = 300kA, n, = 1.3-10m=3, k = 1.5, § = 0.08
being virtually identically. Both discharges were heated with Pgcyg = 910 kW. In discharge
#18458, shown in figure 9.10(a), a 2/1 island starts to grow at ¢ = 0.78 s and approaches
saturation. It exceeds a critical width, w, = 3.1 cm just prior to saturation and quickly
grows further to its full neoclassical saturated width. In the discharge #18853, shown in
figure 9.10(b), the 2/1 island develops at ¢t = 1.67s but saturates well below the critical
island width observed in #18458 and consequently, no neoclassical growth is observed.
The slowly growing conventional seed island allows an accurate measure of wy;, where
the main uncertainties, arising from the cylindrical approximation and the equilibrium
reconstruction, are expected to be systematic. For most of the discharges wc; ranged
from 2.8 to 4cm with a trend to increase with increasing density, shown in figure 9.11.
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Figure 9.9: Electron temperature (a) and density (b) measurements taken with the Thom-
son scattering diagnostic prior to the onset (filled) and during (open) a neoclassical tearing
mode. The measurements are averaged over a stationary interval with 13 and 19 time
points, respectively. The ECH power deposition profile determined by the ray tracing
code TORAY and the position of the ¢ = 2 resonant surface are indicated (dashed).

A much smaller critical island width was only observed for the discharges at the lowest
densities. All these discharges had a similar ion Larmor radius. Neither is there any
evidence for a correlation between the normalised beta at the onset of the mode and wey;; .
The observed density dependence of the critical island width is compared to the pre-
dictions of the finite heat transport and of the polarisation current model. If one assumes
that solely the incomplete flattening of the pressure profile across the island gives rise to

a threshold island width, equation 9.3 yields,
—r A 9

Werit,y ), ~ Wy

9.10
Gps — GGG ( )

where wey; was assumed to be small compared to the saturated island width, ws, (equa-
tion 9.7). While the bootstrap term aps decreases with increasing collisionality and hence,
density, wq (equation 9.4) is expected to increase with density. Therefore, the finite
heat transport model predicts a continuous increase of wei; with density, which is clearly
consistent with the experiment. Similarly, neglecting the incomplete flattening of the
pressure profile and assuming only the polarisation current effect to be important, results
in a threshold island width,

Werit,pol X \/Epp (911)

Here, the collisionality term g (equation 9.6) contains the density dependence, when
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Figure 9.10: Two discharges with nearly identical plasma parameters (Ip = 300kA, n, =
1.3-10m=3, k = 1.5, § = 0.08) show the onset of a 2/1 mode whose structure and
size are determined by magnetic measurements. For the discharge #18458 (a) the initial
island size is large enough to trigger the neoclassical growth, while the mode in #18853
saturates below the critical island width, we;;-

passing from the collisionless regime at low density to the collisional regime at high density.
Since this transition, predicted for v, = 0.3, is expected to occur in the range of v, =
0.1 — 0.5, spanned by the TCV experiments, the polarisation current also predicts an
increase of we.; with density.

The experimental observations are, therefore, found to be consistent with both models.
A discrimination between the two models is, however, difficult, in particular since a possi-
ble density dependence of the tearing parameter A’ could also influence the dependencies
of the critical island width.

9.5 Concluding remarks

In TCV, neoclassical m/n = 2/1 tearing modes have been identified in low density dis-
charges with central co-ECCD. The plasmas are characterised by a low electron collision-
ality ve., and a medium ion collisionality v,, a medium value of beta and particularly
peaked pressure and current profiles. The 2/1 mode structure, a large saturated island
width corresponding to approximately 20% of the minor radius, and an onset at rela-
tively low values of By = 0.5 are similar to the observations in other dominantly electron
heated tokamaks, such as COMPASS-D [94] and T-10 [93]. While the onset of NTMs in
COMPASS-D was observed at lower density (7, ~ 5—10-10*® m~3) and lower edge safety
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Figure 9.11: Island width at onset of neoclassical growth we;, determined from magnetic
measurements as a function of central density neg.

factor (g, ~ 3 — 4), the values of fy and v, at the onset of the mode in T-10 were in the
same range of the values observed in TCV.

In contrast to other tokamak experiments, where sawteeth, fishbones or ELMs generate
the seed island, the trigger in TCV has been identified as a conventional tearing mode.
The island clearly shows a conventional and a neoclassical growth phase. These two phases
can be distinguished since the saturated width of the conventional island is slightly larger
than the critical island width. The TCV results provide the first observations of such a
trigger mechanism which could also explain the occurrence of “triggerless” NTMs observed

in other experiments.

The slowly growing seed island of such a trigger has allowed for a measurement of the
critical island width w¢yj;, which is observed to increase with increasing density. While
Weriy varies by a factor of four, the poloidal Larmor radius remains constant and no
correlation with Sy can be established. This density dependence is consistent with both,
the finite heat transport and the polarisation current model for island stability at small
island width.

The TCV results show the need to reconcile conventional and neoclassical tearing
theory in order to describe the experiments. Means to control the current profile and con-
sequently, the free energy available for the formation of magnetic island, can offer schemes
to prevent or, once established, stabilise NTMs. For instance, the stabilisation of NTMs
by current profile modification using lower hybrid current drive (LHCD) was successfully
demonstrated on COMPASS-D [97]. In these experiments, only modest LHCD power,
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corresponding to 10% of the total heating power, was necessary to modify the current
profile in the vicinity of the resonant surface of a 2/1 NTM and completely stabilise the

mode.



Chapter 10

Conclusion and outlook

The analysis of the magnetohydrodynamic stability of hot deuterium plasmas in the TCV
tokamak has revealed new features of several instabilities which are all relevant for the
operation of a future fusion reactor, such as ITER, and thereby, of great interest for the

community of experimental and theoretical nuclear fusion physicists.

This analysis was made possible using the unique shaping capability of TCV. This
capability has allowed the exploration of extreme parameter ranges, in particular high
elongation, but was also used as a tool to probe the behaviour of MHD instabilities which
can strongly depend on the shape of the poloidal plasma cross section. Similarly, the
powerful electron cyclotron heating and current drive system allowed for the attainment
of high electron temperatures and pressures in a collisionless regime, but was also used
to test the response of instabilities to an increased local heating power density. The pre-
sented analysis required a highly resolved monitoring of instabilities. Magnetic fluctuation
measurements using a spatially dense set of absolutely calibrated magnetic pick-up coils
installed inside the vacuum vessel, were complemented by the tomographic reconstruction
of the soft X-ray emission which mainly originates from the central plasma region. For an
interpretation of the magnetic fluctuation measurements, several numerical methods to
extract the structure and temporal evolution of coherent modes, have been implemented.
In particular, the bi-orthogonal decomposition of the complete set of magnetic measure-
ments, comprising poloidal and toroidal arrays, has proven to be an efficient technique
for extracting the full mode structure. The identification of a measured poloidal mode
structure was found to be complicated by the variable plasma shape and the large distance
between a number of the probes and the plasma. This difficulty has been overcome by
modelling the probe response to magnetic islands taking into account the exact toroidal
geometry of the magnetic field and eddy currents in the vessel wall, which allows an
identification of the poloidal mode numbers.

In the future, the diagnostic capabilities of detecting and analysing MHD instabilities

will be improved by a recently installed electron cyclotron emission diagnostic provid-
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ing local temperature measurements. These internal and local measurements provide
additional information about the location and radial structure of the instabilities. A cor-
relation analysis between local temperature and magnetic fluctuation measurements will

allow for a direct distinction between magnetic islands and kink-type instabilities.

Sawteeth

The first instability considered was the sawtooth crash, where systematic shape scans
revealed a strong dependence of the sawtooth behaviour on the plasma shape. In addition
to this dependence of the sawtooth period and amplitude on the plasma shape, a further
dependence on central heating power density was demonstrated. This heating power
dependence was again observed to depend on shape. The complex sawtooth behaviour in
TCV can be interpreted in the frame of an existing model for the sawtooth trigger which
was developed in order to predict the sawtooth behaviour in ITER [53]. The interpretation
of the TCV observations admits ideal or resistive MHD as being important for triggering a
sawtooth depending on the plasma shape. Such a transition between sawtooth regimes has
been confirmed by ideal MHD stability calculations predicting a particularly low central
pressure limit for plasma shapes when the ideal trigger was deemed important. The TCV
experiments, thereby, have confirmed the relevance of ideal and resistive MHD for the
sawtooth stability and underline the importance of an accurate description of the shape
dependence. In particular, a lowering of the central pressure limit at high elongation leads,
in the absence of further stabilising effects, to smaller sawteeth and consequently, smaller
cyclic heat pulses and a reduced probability of seed island generation for neoclassical
tearing modes.

Nevertheless, an accurate description of the sawteeth has to take into account the evo-
lution of the current profile which has been successfully performed for various Ohmic [54]
and some ECH heated TCV plasmas [59], however, without leaving the resistive regime.
When including the elongation and triangularity dependence of the ideal MHD stability

limit [56], these transport simulations should confirm the presented results:

Edge localised modes

A second instability of interest were edge localised modes (ELMs), which are observed
to be preceded by coherent magnetic oscillations. These precursors are detected prior to
ELMs, believed to be type III ELMs, as well as TCV large ELMs. For both types of
ELMs the precursors have similar characteristics which has allowed an identification of
both types of ELMs, as type II1 ELMs. As a result, all TCV ELMs can now be classified
in the usual scheme, consisting of only three classes, thereby, reducing the “zoology” of
ELMs which exists at different machines.

The high spatial resolution of TCV’s toroidal array of magnetic pick-up coils has al-
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lowed for the observation of a toroidal asymmetry in the ELM precursor oscillations,
which is very unusual for conventional MHD modes in tokamaks. Such an asymmetry
has yet to be reported from other machines. The random onset and its rotation in the
electron diamagnetic drift direction indicate an intrinsic asymmetry causing and support-
ing the toroidal localisation of the ELM precursor. Surprisingly, the localised precursor
has been observed to coincide with a central mode associated with the sawtooth pre- or
postcursor, rather than a mode in the edge region of the plasma. A comparison of the
phases has suggested a correlation with the maximum of the central mode preceding the
toroidal location of the ELM precursor and therefore, a hitherto unobserved coupling be-
tween central modes and ELMs. Such a coupling could provide a new explanation for a
correlation between sawteeth and ELMs, in particular an observed triggering of an ELM
prior to a sawtooth crash.

Unfortunately, the correlation analysis was hampered by the slow sampling rate of the
soft X-ray measurements. Since the system is now upgraded to acquire at 80 kHz, new
measurements will avoid the uncertainty introduced by the phase shift of the anti-aliasing
filter. This work should be also included in an ongoing statistical analysis about the
correlation of sawteeth and ELMs [98].

Ideal beta limit at high elongation

The stability of highly elongated plasmas is of great interest at TCV, since it was
especially designed to achieve high elongations and for a future fusion reactor, since high
elongation promises a higher beta limit. For x > 2.3 however, a new disruptive current
limit was encountered well below the conventional current limit, which corresponds to
g, > 2. This limit, which is preceded by a kink-type mode, was found to be consistent
with ideal MHD stability calculations. The TCV observations have, therefore, provided
the first experimental confirmation of a deviation of the linear Troyon-scaling of the ideal
beta limit with normalised current at high elongation, which had been predicted for over 10
years [76]. This deviation of the linear Troyon limit results in the existence of an optimum
elongation and a corresponding normalised current which maximise the attainable beta.
The TCV results have shown that this optimum elongation is in the range of kK = 2 —2.4.

Several other MHD events were encountered during TCV’s operation at high x. Ax-
isymmetric modes causing vertical displacement events impose a lower current limit which
increases with elongation. This operational limit depends on the capability of the feed-
back control system and the growth rate of the mode. The experimentally found limit is
in good agreement with predicted growth rates of the axisymmetric mode. Furthermore,
bursts of tearing modes causing minor disruptions were frequently observed. The islands
are located close to the ¢ = 1 surface and resistive stability calculations suggest that
they are destabilised by extremely flat central current profiles, typical of highly elongated
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plasmas.

Further work in optimising the current and pressure profiles with respect to the ax-
isymmetric mode and the ideal beta limit is ongoing and has already resulted in a record
elongation k = 2.8. Two means to modify the current profile are presently analysed.
Fast current ramp-up scenarios [73] and electron cyclotron heating and current drive [99],
both, are used to broaden the current profile and consequently, decrease the growth rate
of the axisymmetric mode. These experiments will provide a further test of the underlying

theory and help to improve the plasma control capabilities.

Neoclassical tearing modes

Finally, neoclassical tearing modes which are feared to limit the attainable pressure
in a fusion reactor, were analysed in TCV. Neoclassical tearing modes have been identi-
fied in plasmas which were characterised by a low electron collisionality, a medium ion
collisionality, a medium value of beta and strongly peaked pressure and current profiles.
The conditions at the onset of the mode are therefore similar to the conditions of the
onset of NTMs in other experiments with dominant electron heating. In contrast to other
tokamak experiments, where sawteeth, fishbones or ELMs generate the seed island, the
trigger in TCV has been identified as a conventional tearing mode. The TCV results
provide the first clear observation of such a trigger mechanism which can also explain
the occurrence of “triggerless” NTMs observed in other experiments. The triggering by
a conventional tearing mode explains the peculiar conditions under which NTMs were
observed in TCV, since the initial current profile must also be unstable with respect to
conventional tearing. The critical island width is observed to increase with increasing
density, which is consistent with both currently discussed models of stabilising effects at
small island width.

The TCV results allow to reconcile conventional and neoclassical tearing theory in
order to describe the experiments. Means to control the current profile and consequently,
the free energy available for the formation of magnetic island, can offer schemes to pre-
vent or, if established, stabilise NTMs. A further analysis should expand the scanned
parameter space in order to discriminate between the two stabilisation models. The role
of sawteeth in triggering NTMs should also be addressed since the localised ECH heating
in TCV applied in the vicinity of the ¢ = 1 surface provides a tool to alter the sawtooth

behaviour and, therefore, the size of a potential trigger island.

All of the stability limits presented in this thesis have implications for the performance
of a tokamalk, in particular by limiting local or global pressure gradients. The observations
validate theoretical predictions and the applicability of models which are used to predict

the stability and performance of a fusion reactor. The TCV results have pointed out
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the strong influence that plasma shaping can have on local and global stability limits,
thereby, a potential, offering a route to optimise the efficiency of a reactor. Furthermore,
the TCV results showed new possibilities of an interaction between instabilities, therefore
demonstrating the great difficulties involved in a simple and separate description of MHD

phenomena in fusion plasmas.
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