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Abstract

Recently a regime of tokamak operation has been discovered, dubbed the
improved H-mode scenario, which simultaneously achieves increased energy
confinement and stability with respect to standard H-mode discharges. It has
been suggested that magnetohydrodynamic (MHD) instabilities play some
role in establishing this regime. In this thesis MHD instabilities were iden-
tified, characterised, and catalogued into a database of improved H-mode
discharges in order to statistically examine their behaviour. The onset con-
ditions of MHD instabilities were compared to existing models based on previ-
ous H-mode studies. Slight differences were found, most notably a reduced [y
onset threshold for the frequently interrupted regime for neoclassical tearing
modes (NTM). This reduced threshold is due to the relatively low magnetic
shear of the improved H-mode regime. This study also provided a first-time
estimate for the seed island size of spontaneous onset NTMs, a phenomenon
characteristic of the improved H-mode scenario. Energy confinement inves-
tigations found that, although the NTM impact on confinement follows the
same model applicable to other operating regimes, the improved H-mode
regime acts to mitigate the impact of NTMs by limiting the saturated island
sizes for NTMs with toroidal mode number n > 2. Surprisingly, although a
significant loss in energy confinement is observed during the sawtooth enve-
lope, it has been found that discharges containing fishbones and low frequency
sawteeth achieve higher energy confinement than those without. This sug-
gests that fishbone and sawtooth reconnection may indeed play a role in es-
tablishing the high confinement regime. It was found that the time evolution
of the central magnetic shear consistently locks in the presence of sawtooth
and fishbone reconnection. Presumably this is due to the periodic redistribu-
tion of the central plasma current, an effect which is believed to help establish
and maintain the characteristic current profile required for improved H-mode
operation. A similar effect was proposed for the NTM instability whereby
the magnetic island drives an additional toroidal current which flattens the
central current density profile. However, it was found that the NTM impact
on the toroidal current density could be accounted for purely in terms of the 3
conventional current contributions, namely: ohmic, bootstrap, and auxiliary
heating current drive, without requiring an additional current source.



Zusammenfassung

In Sternen wechselwirken die Fusionspartner nur schwach und fusionieren
somit mit relativ geringer Wahrscheinlichkeit Zu Energiegewinnungszwecken
auf der Erde benétigt man jedoch grofie Wechselwirkungsquerschnitte, we-
shalb man sich im Gegensatz zur kosmischen Wasserstofffusion im Fusionsex-
periment auf die Deuterium-Tritium (D — T') Reaktion konzentriert. Deren
Wahrscheinlichkeit liegt in etwa 25 Groflenordnungen {iber der fiir die Fusion
der leichten Wasserstoffkerne im Stern. Heutige Konzepte fiir Fusionreak-
toren gehen von der Verwendung der D — T" aus.

Eines der Hauptziele der Kernfusionsforschung ist das Erreichen eines
sogenannten geziindeten Fusionsplasmas, das sich durch die Kompensation
der Energieverlust durch die beim Fusionsprozess entstehenden a-Teilchen
auszeichnet. Um diese Ziindbedingung zu erreichen, muss das Plasma heiss
und dicht sein sowie ausreichende Warmeisolation - charakterisiert durch die
sogenannte Energieeinschlusszeit 7 - aufweisen.

Vom heutigen Standpunkt aus betrachtet, gilt fiir den magnetischen Ein-
schluss von Fusionplasmen das ringformige Tokamakexperiment als die aus-
sichtsreichste experimentielle Anordnung, die Ziindbedingung zu erreichen.
Da die Fusionsleistung naherungsweise mit dem Quadrat des Plasmadruckes
zunimtt wird zusatzlich zur Einschlusszeit auch 3, das Verhéltnis des Plas-
madruckes zum magnetischen Druck, als charakteristische Mafizahl herange-
zogen.

Die Einschlusseigenschaften héangen stark vom Betriebsregime ab. Beispiel-
sweise fithrt der ”Hoch-Einschluss” Modus (H-Mode) durch die Herstellung
einer Energie- und Teilchentransportbarriere in der aussersten Randschicht
des Plasmavolumens zu deutlich erhohten - und 7z-Werten. Das ” Improved
H-Mode” genannte Regime zeigt ebenfalls einen verbesserten Energieein-
schluss der nach heutigem Verstandnis durch einen speziellen radialen Ver-
lauf der toroidalen Stromdichte im Plasma erzeugt wird. Dabei kénnten auch
magnetohydrodynamische (MHD) Instabilitdten eine Rolle spielen.

Das Ziel dieser Dissertations lag darin, die Rolle von MHD Instabilitaten
in Improved H-Mode Entladungen zu verstehen und folgende Fragen zu
beantworten: Welche Plasmabedingungen fiithren zur Destabilisierung von
Instabilitdten? Was sind die Auswirkungen der Instabilitdten auf den En-
ergieeinschluss und wie andern die Instabilitaten das Stromprofil des Plas-
mas?

Eine Datenbank von Improved H-Mode Entladungen wurde zunachst er-
stellt, mit dem Ziel, die Rolle der in der folgenden Tabelle gelisteten MHD



Instabilitaten im Improved H-Mode Regime statistisch zu untersuchen

e Neoklassische Tearing Moden (NTM) - magnetische Inseln, getrieben
durch das Druckprofil im Plasma

e Frequently Interrupted Regime NTM (FIR-NTM) - wie NTM Insta-
bilitat, jedoch wird die maximale Inselgréfie durch periodische Stochas-
tizierung limitiert

e Fishbones - Instabilitaten getrieben durch Teilchenresonanz mit Moden

e Sagezahne - periodische Relaxation des zentralen Strom- und Druck-
profiles

Entwickelt wurden neue Analysemethoden fuer die Auswertung von MHD-
Moden, ein Korrelation-Spektrogrammsystem fuer die Mirnov-Spulen Diag-
nostik, ein Sagezahn-Detektionsalgorithmus fiir die Temperatureprofil-Diagnostik
und ein soft X-ray Tomographiesystem. MHD Instabilitaten wurden damit
identifiziert, charakterisiert und katalogisiert. Die Datenbank kombiniert
Zeitfolgen von Instabilitdten mit Plasmabedingungen, schnellen Teilchen-
Simulationen und Gleichgewichtsrekonstruktionen.

Wir haben zuerst die Einsatzbedingungen von Instabilitaten in Improved
H-Mode Entladungen untersucht und diese mit dem Verhalten in Standard H-
Mode verglichen. Alle Einsatzbedingungen zeigen gute Ubereinstimmung mit
der MHD Theorie, mit Ausnahme der FIR-NTM Instabilitat. Der Schwell-
wert fiir das Frequently Interrupted Regime ist im Vergleich zu Standard H-
Mode Entladungen gering, was auf das abgeflachte Stromprofil zuriickzufithren
ist.

NTMs in Improved H-Mode Entladungen wachsen regelméaflig ohne ein
sichtbares Precursor Ereignis. Wir nennen solche NTMs Spontaneous On-
set NTMs (SNTMs). Eine anfangliche Inselgréfe von ungefdhr 1.3 4+ 0.7
cm wurde fiir SNTMs in Improved H-Mode Entladungen identifiziert, was
Erwartungen der NTM-Theorie nahekommt (1.0 £ 0.4 cm).

Die Vorhersage der Einschlusserniedrigung durch NTM-Aktivitat gelingt
mit dem Belt Model sowohl bei Improved H-Moden als auch im Falle der
Standard H-Mode Entladungen. Das Improved H-Mode Szenario fithrt je-
doch zur Abmilderung der Einschlusserniedrigung durch Begrenzung der
maximalen Inselgréfe durch den FIR-NTM Mechanismus (bei NTMs) mit
der toroidalen Modenzahl n > 2. Uberraschenderweise findet man, dass
trotz eines signifikanten Verlustes von zentralem Energieeinschluss durch
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die Sawteeth-Instabilitat, Entladungen mit Fishbones und niederfrequenter
Sawtooth-Aktivitat hoheren Energieeinschluss zeigen als Entladungen ohne
derartige Instabilitaten. FEine mogliche Erklarung dafiir ist, dass die zwei
Instabilitaten bei der Herstellung des fiir das Hocheinschlussszenario charak-
teristischen Stromprofils eine Rolle spielen.

Durch weitere Untersuchungen ist festgestellt worden, dass sich das zen-
trale Stromprofil nicht mehr verandert, sobald Fishbone- bzw. Sawtooth-
Aktivitdt einsetzt, was sich in der periodischen Neuverteilung des Plasmas-
troms griindet. Dieser Effekt soll bei der Erreichung eines abgeflachten
Stromprofils, welches fiir Improved H-Mode Operation benotigt wird, aus-
genutzt werden. Eine dhnliche Vorstellung existiert auch fiir NTMs, in der die
magnetische Insel zusatzlichen Plasmastrom in toroidaler Richtung treiben
und dabei ein Abflachen des Stromprofils verursachen soll. Jedoch ist in
dieser Arbeit kein zusétzlicher Strom gefunden worden. Die Auswirkung von
NTMs auf das Stromprofil konnte allein durch die drei Standardstrombeitrage
(induktiv, druckgetrieben sowie durch Zusatzheizung erzeugt) erklart wer-
den, ohne eine vierte Komponente zu benotigen.
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Chapter 1

Introduction

The ever growing demand for energy from civilisation and industry has be-
come an increasing concern over the last 100 years. Renewable energy sources
such as wind, solar, and hydroelectric power are unable to satisfy all of this
demand. Exhaustible resources such as coal, natural gas, and crude oil have
become increasingly scarce. Additionally, the burning of these fossil fuels
contributes greatly to atmospheric carbon pollution. Nuclear fission pro-
vides an alternative. However, the long half life radioactive waste produced
by such power plants is widely held as an environmental risk. These factors
combine to motivate a search for a new energy source, and this leads us to
nuclear fusion power.

By far the most common source of energy in the universe, nuclear fusion
is the process that powers stars. Under temperatures of the order of several
million Kelvin, light elements, such as hydrogen, can fuse to form heavier
nuclei with a lower average energy per nucleon. This missing energy is re-
leased as energetic particles or gamma rays. In stars, the immense pressures
required are provided simply by gravity. The sheer weight of the stellar mass
drives extreme pressures at the centre of the star. For example, our own star
the sun has a core temperature of the order of 15 x 10° °K, and 340 x 10° atm
pressure. This results in the following 3 stage nuclear reaction from hydrogen
to helium:



p+p — D+e" +u. (1.1)
D+p — 3He+n (1.2)
SHe+5 He — SHe+2p (1.3)

Recreating these conditions on the Earth is difficult. We are therefore
forced to use a different reaction using isotopes of hydrogen: deuterium and
tritium. A reaction chosen for its high cross section at low temperatures, see
fig 1.1, and carried out at much lower densities,:

DT — SHe(3.517TMeV) + n(14.069MeV) (1.4)

The energetic « particles released in this reaction are expected to provide
enough heating to sustain the reaction without the need for external heat-
ing, while the neutrons escaping the vessel will be used to extract the gained
power. The planned ITER (International Thermonuclear Experimental Re-
actor) will test the efficiency of the a particle heating.

In order to achieve and maintain
27 the temperatures required for this re-
D+T action, it is necessary to physically iso-

1028 late the reaction from the reactor ves-
. sel. This is to limit thermal losses
= 1029 and erosion of the vessel wall. One
by method used in present day fusion ex-
30 periments is magnetic confinement: A

10 torus of magnetic coils generates a strong
031 toroidal magnetic field. An ionised

10 100 1000 10000 plasma within this vessel will be con-

E., (keV) tained due to the Lorentz force, as the

ions and electrons gyrate around the

Figure 1.1: Fusion reaction cross sec- magnetic field lines. With the plasma
essentially frozen into the magnetic field
lines it is very difficult for particles to
move perpendicular to the toroidal field and thereby escape the confinement
region. However, this is not enough to ensure a good confinement, as the gy-
rating electrons and ions will diverge due to a B x VB force. This divergence
gives rise to an electric field, which in turn leads to an E x B drift of particles

tions.

LAt least in the case of magnetic confinement fusion, where the plasma pressure of the

order of latm.



out of the torus. This drift can be compensated by imposing a helicity on
the magnetic field lines. Two approaches to generating helical field lines are
realised by the Tokamak and Stellarator fusion devices.

Tokamak devices, a group to which ASDEX Upgrade belongs, produce
this helicity by inducing a toroidal current in the plasma using a transformer
located at the centre of the torus. This current produces a poloidal magnetic
field, which modifies the existing toroidal field to create helical field lines, see
fig 1.2.

Coil for plasma shaping Transformer coil

Toroidal field coils

Magnetic surface
Field line

Figure 1.2: The Tokamak.

Stellarator devices use specially shaped magnetic coils to directly create
the helical field lines without the need for a plasma current. However, this is
done at the cost of geometric simplicity, as assumptions of toroidal symmetry
are no longer valid in this configuration.

Magnetohydrodynamic (MHD) instabilities, discussed in more detail in
chapter 2, are one of the major limiting factors for achieving high core tem-
peratures. Magnetic islands, formed by these instabilities, allow easy interac-
tion between hot central plasma and cooler plasma further outside the core.
The resulting flattening of the temperature profile results in a net drop in
the core temperature, see fig 1.3.



In addition to achieving high ion temperatures and densities the energy
must be confined for a sufficient time, 7z, if thermonuclear conditions are to
be achieved where,

plasma stored energy

No mode 1 TE
heat loss rate

(1.5)

The ignition threshold for peak ion
density, 7m, ion temperature, 7', and
the energy confinement time, 7z, can
be approximated by,

Mode present

Plasma Pressure

o R R 50 nreT > 5 x 10 skeVm ™ (1.6)
Figure 1.3: Magnetic islands limit the The values of 75 observed in toka-
mak experiments are much lower than
those predicted by neoclassical theory
[1]. This behaviour is due to the effect
of plasma turbulence, which is not yet quantitatively understood. Empirical
representations have been developed to describe the behaviour of 75. How-
ever, no single empirical scaling is sufficient to describe 75 under all tokamak
operation regimes. Four distinct regimes have been identified, each char-
acterised by a different empirical representation of 7z: Ohmically heated
plasmas, L.-mode, H-mode, and improved H-mode.

The ohmically heated regime refers to plasmas heated solely by ohmic
heating [1]. L-mode and H-mode regimes are achieved through additional
heating using beams of high energy neutral particles or radio frequency heat-
ing. The L or low-mode refers to those discharges which, despite the ad-
ditional heating, fail to show a substantial increase in stored energy. For
all discharge configurations the confinement time is degraded by additional
heating [1]. H or high-mode discharges show an improved response to heating
power in terms of stored energy (with respect to L mode) due to the abrupt
appearance of an edge transport barrier [2]. The improved H-mode scenario
refers to a subset of H-mode discharges which simultaneously achieve an im-
proved confinement and normalised plasma pressure. These discharges are
characterised by a hollow or flattened central current profile, j(r), [3]. It has
been conceived that magneto hydrodynamic (MHD) instabilities play a role

core plasma pressure due to flattening of

the temperature profile.



in establishing this type of current profile. The improved H-mode scenario
is of particular interest because its characteristic high confinement makes it
a potential advanced operating scenario for the planned ITER experiment.
The improved H-mode scenario is discussed in more detail in chapter 2.4.
Figure 1.4 shows an example of an improved H-mode discharge. Here it can
be seen that subtle changes in the current profile have a large impact on the
performance.

< E Plasma current 3
o5 3 4.0
00 N p_tor: 03 06

———— ] I

E line-averaged electron density \ early heating with (3,2)-NTM
(#20993, 5.5'5)

q 20

6
4
2
0
8 P_aux
6
4
2

S igargc~sans-~g N AN

1.0 late heating with fishbones

08f W_th E 00 (#20995, 5.5 5)

o6k E - T T T T T
2. 3 16 18 2.0

0'2 £ E Major Radius at height of magnetic axis (m)

00

Time (s)

Figure 1.4: Subtle changes in the current profile have a large impact on the discharge
performance. Here two discharges are shown which have the same plasma current (left
top), and heating power (left 3"?), but with slightly different current profiles (right). The
current profile in #20995 is noticably flatter than for #20993. We observe that #20995
achieves a greater stored energy than #20993 (left 4'"). (Figure courtesy of J. Stober [3])

The goal of this thesis is to study, characterise and record MHD events
in the improved H-mode scenario, using a variety of plasma diagnostics,
discussed in 3. To aid in this analysis a new tool has been implemented for
ASDEX Upgrade, Soft X-ray Tomography. This tool combines data from
several Soft Xray (SXR) cameras to reconstruct a poloidal cross section of
emissivity for a given time point and frequency range. This allows us to
locate and identify MHD instabilities, as well as observe the time evolution
of these events. More details about the implementation of this tomography
program are given in chapter 4.

The results of this analysis have been compiled into a database of MHD
events, that will be used to answer the following questions: under what
conditions do the various types of MHD instabilities appear, what is their



effect on confinement, and what role, if any, do they play in establishing
the current profile in the improved H-mode scenario? The MHD instability
database is discussed in chapter 5. These questions and the conclusions
drawn from the MHD instability study are discussed in detail in chapters
6 through 8. Finally, a summary and discussion of these results is given in
chapter 9.



Chapter 2

Basics

This chapter aims to characterise the key magneto hydrodynamic (MHD)
instabilities studied in this thesis. This is followed by an introduction to
the improved H-mode operating scenario in which these MHD instabilities
have been observed. Finally, there will be an overview of the main plasma
diagnostics used to make these observations.

2.1 Magneto Hydrodynamics

The term magneto hydrodynamic comes from the single fluid model of a
plasma. In this model a hydrogen plasma is treated as a fluid of ions and
electrons. This model is best summarised by the following equations. If we
assume the plasma to be quasi neutral, n. =~ Z.;sn;, that the displacement
current is negligible in the limit, v < ¢, we arrive at the following forms of
the Maxwell equations,

0B

VxB = [pj, v<c (2.2)
V-B = 0 (2.3)
V-E = 0 (2.4)

We define the plasma mass density, p, the velocity of the centre of mass,
v, and the plasma current density, 7,



p = Mmuyn; + mMmen,

m;n , assuming m; > me

(
(
v = ;(mmiui—i-meneue) (
~ U (

(

J = en(u; — ue)

We assume the following forms of the hydrodynamic equation for conti-
nuity and the adiabatic equation,

0
0 P

where p is the pressure and ~ is the adiabatic exponent. These equa-
tions are then coupled via the Ohmic law and Newtonian law of momentum
conservation to form,

i = E+vxB (2.12)

p(%ij-V)'v = —Vp+jxB (2.13)

2.2 Plasma Equilibrium

We define a magnetic surface as a contour of constant poloidal flux, 1, i.e.
for which B - V¢ = 0. These surfaces form nested tori within the plasma.
Figure 2.1 shows an illustration of such tori for a typical discharge on AS-
DEX Upgrade. If we neglect flow, v = 0,' and assume the plasma to be in
equilibrium, 2 = 0, then we can use the equation of motion (2.13) to find
the isotropic pressure,

Vp = jxB (2.14)

IThis is a good approximation so long as v << Csound-

8



This equation has two important consequences, namely, B - Vp = B -
(jxB)=0and j-Vp=j-(jxB)=0. Or in other words, pressure is a
constant within any given magnetic surface and the current vector 3 always
lies within the magnetic surface.

If we consider flux surfaces with decreas-

ing mean minor radius, 7, to the limit

r — 0, we converge to a point called 100
the magnetic axis. Flux surfaces of in-
creasing minor radius make a transition
from closed loops within the vessel (in
a poloidal projection) to loops which in-
tersect the vessel wall, or "open” loops.
The last closed flux surface, LCFS, be-
fore this transition can be either in a so
called "limiter” or ”seperatrix” configu-
ration. In the limiter case, the LCFS
makes physical contact with an in-vessel
component, while the seperatrix is formed
using magnetic coils to generate an x-
point, i.e. a point where the poloidal
magnetic field drops to zero, pictured in ‘ ‘

figure 2.1. The seperatrix has the effect 100 o o [cm] 200
of removing particles from the vacuum

vessel into the divertor region. The di- Figure 2.1: A typical poloidal cross
vertor configuration plays an important section on ASDEX Upgrade showing
role in fusion research as it limits the in-  contours of pyor.

flux of impurities into the plasma. These

impurities not only potentially dilute the fuel but also cause increased radi-
ated losses. The nested flux surfaces discussed above form the basis for two
convenient coordinate systems used often in this thesis. The first, (ppo1, 6, ),
is based on the poloidal flux, 1,

50

-100

250

_ Y — 9o
Ppol = ¢Sep — ¢0 (215)

where 1, 1sep represent the poloidal flux through the magnetic axis and
seperatrix respectively. p,, forms the analogue of the minor radius in a
toroidal coordinate system. 6 and ¢ are the poloidal and toroidal angles.



This is the most commonly used coordinate system on ASDEX Upgrade
as it is defined both inside and outside the LCFS. However, the poloidal flux
is not a well known quantity close to the magnetic axis. The consequence of
which is that the p, coordinate is very sensitive to the equilibrium recon-
struction. For some applications this renders it a poor basis for comparison.

A similar coordinate system based on the toroidal magnetic flux exists,
(ptor, 0, ). Unlike ), the toroidal flux, @, is a well defined quantity from the
magnetic axis to the seperatrix. Outside of the seperatrix py, is not defined.

O — P

e 2.16
(I)sep - (I)O ( )

ptor

Where @y and P, represent the toroidal flux through the magnetic axis
and seperatrix respectively. Both pi,, and ppe range from zero at the mag-
netic axis to 1 at the LCFS. At this point it is also convenient to introduce a
37 flux surface quantity called the safety factor, ¢. This quantity is named
due to its role in quantifying the plasma stability against disruption. Gener-
ally a higher value of ¢ close to the seperatrix means improved stability. The
value of ¢ on a given magnetic surface is a measure of the field line helicity.
In other words, how many toroidal windings, N, and poloidal windings,
Npo1, the field line undergoes before joining up on itself.

Ntor - @ o L&
Ny dip R By
lim ¢ — oo (2.18)

ppol_>1

q (2.17)

The above limit for ¢ at p,, = 1 is true only for seperatrix configurations,
and is due to the z-point, where the poloidal magnetic field drops to zero.
A magnetic surface for which ¢ is equal to the ratio of two integers is known
as a rational surface.

Radial profiles of ¢(pi) are important for many discussions in later chap-
ters. It is possible to make a crude characterisation of a given ¢ profile using
two quantities: qg, the value of the ¢ profile at the magnetic axis, and qos,
the value of the ¢ flux surface bounding 95% of the toroidal flux. Note, the
choice of 95% is arbitrary. It is simply necessary to choose a value of ¢ within
the seperatrix due to the limit g5, — 00.

10



Accurate reconstruction of the safety factor is difficult, especially close
to the magnetic axis. In this thesis ¢ profiles have been reconstructed using
the CLISTE equilibrium code. This code is discussed more in chapter 2.2.1.
Figure 2.2 shows an example of an equilibrium reconstruction on ASDEX
Upgrade. The ¢ surfaces shown here correspond to integer values of Ny
and Ni,. The normalised plasma pres-
sure, /3, is a combination of the plasma
pressure and magnetic field pressure.

B2\
or — —°r 2.19
By p ( 2110 ) ( )

100

50
Ideal MHD optimisation studies into
the maximum achievable 3;,, have found

the following relation [1], ? 0
max  __ ]})
ot = Cop (2.20) ol

where Ip is the plasma current (in
MA), and a is the minor plasma radius.
The constant, ¢, depends on the plasma
configuration, e.g. ¢ = 2.8 for a circu- Va : ‘ ‘
lar plasma, or ¢ =~ 3.5 for an elliptical 100 10 R [cm] 200 250
configuration. This allows us to define
a new quantity, Sy, which is a measure Figure 2.2: A poloidal cross section
of how close the achieved i, is to the of ASDEX Upgrade, showing the

theoretical limit, reconstructed ¢ surfaces. This recon-
struction was done by the CLISTE

-1
By = Bior (I—P) (2.21) equilibrium code.

-100

aB

For example, a By = 3.0 in an elliptical configuration tells us that we
are operating at approximately 85% of the theoretical limit. In order to
discuss the stored energy in the plasma it is necessary to define the energy
confinement. A normalised quantity called the H factor is often used when
discussing the plasma confinement. It is based on the confinement time,
Tg, and a normalising quantity appropriate for the type of plasma discharge
being observed. For this thesis the Hog(, 2) factor will be used [5].
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It is given by,

% e% e} ne “n [e% [e% Qe Ol
Toosws = CISBeRPer, (W> A% ROR e (2.22)
T
Hog(y2) = & (2.23)
TE 98(y,2)
C Qg ap ap iy A aR Qe Qe

0.0365 | 0.97 | 0.08 | —0.63 | 0.41 | 0.2 | 1.93 | 0.23 | 0.67

where C' is a constant, [ is the plasma current [MA], B the magnetic
field [T], n the plasma density [m~3], A the ion mass number, R the major
plasma radius, € the inverse aspect ratio, and x the plasma elongation. The
a, terms are fitted scaling factors. Hgg(,9) = 1 is the goal for ITER, while
Hog(y,2) > 1 represents an improved scenario.

2.2.1 The CLISTE Equilibrium Code

For axially symmetric configurations the fluid description of macroscopic
plasma behaviour in equilibrium can be reduced to a single partial differential
equation [6], commonly called the Grad-Shafranov equation (2.24). This
equation describes the plasma equilibrium in terms of two arbitrary flux
functions, p(v), and F(v),

O? 10 0? / /
_ <a—1§; —E%‘Fa—;f) = uR*'(¥) + FF'(¢)
= Rj, (2.24)

Note that p'(v) and FF'(1)) define the toroidal current density profile,
jo- The CLISTE? equilibrium code solves this partial differential equation for
(R, z) by specifying the functions p(¢), F'(¢)) along with a set of boundary
conditions and externally imposed constraints on . In practice p’(v)) and
FF'(1) are constructed by a linear superposition of basis functions. The
magnitude of each basis function forms a set of free parameters which can
be varied to find the best fit to a set of experimental measurements. The
CLISTE equilibrium code uses a family of solutions, p(¢)) o ¥, and F?(¢)) o
12 + 1) + I, due to their ability to better parameterise experimental current
profiles [7].

The experimental measurements used in this thesis include the external
magnetic data, pitch angle measurements of the magnetic field lines from

2CompLete Interpretive Suite for Tokamak Equilibria.
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the Motional Stark Effect (MSE) diagnostic, kinetic profiles, and the paral-
lel/perpendicular fast fuel ion pressure profiles calculated by the FAFNER
code [8]. The free parameters are varied such that the penalty or cost func-
tion (the square modulus of the vector of weighted differences between the
experimental measurements and those predicted by the equilibrium code) is

minimised.

Figure 2.3 shows three fitted ¢ pro-
files with increasing experimental con-
straints. The location of the (3,2)
rational surface is indicated as de-
termined by Soft Xray and Electron
Cyclotron measurements of a (3,2)
instability present in this time win-
dow.

The first g profile, labelled MAG,
shows a CLISTE reconstruction con-
strained only by the external mag-
netics. The mismatch between this
equilibrium and the location of the
(3,2) mode is significant.

The second curve, MAG, KIN,
FAF, MSE, has been further con-
strained by fitted kinetic profiles, T,
T;, ne, fast particle simulations (per-
formed by the FAFNER Monte Carlo
code, see chapter 2.5.1), and pitch
angle measurements provided by the
MSE diagnostic. The mismatch be-
tween this reconstruction and the
mode position measurements is re-
duced. All equilibria used in this

5 T T — — MAG
— MAG, MSE, KIN, and FAF

-~ MAG, MSE, KIN, FAF, and MHD
o (32 NTM i

4.5

s

Safety Factor, q
N w
N o w o

=
)
T

[
T

[
3]
T

0.4 0.5 0.6 0.7

ppol

0 01 02 03 0.8
Figure 2.3: This figure shows the recon-
structed ¢ profile using increasing experimen-
tal constraint. The uppermost curve has been
constrained only by the external magnetics.
The solid dark curve beneath it has been fur-
ther constrained by the plasma kinetic pro-
files; fast particle simulations, and MSE mea-
surements. The dashed curve uses the loca-
tion of the (indicated) (3,2) mode as an ad-

ditional constraint.

thesis were reconstructed using the external magnetic, kinetic, and fast par-
ticle information. The MSE diagnostic was only avaliable for a subset of the

discharges studied.

The third ¢ profile, MAG, KIN,

FAF, MSE, MHD, has been recon-

structed using the location of the (3,2) mode as an additional constraint.
While mode positions can clearly improve the accuracy of the equilibrium,

they will not be used in this thesis.
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Additional Functionality

In addition to functioning as an equilibrium code, CLISTE can indepen-
dantly calculate the bootstrap and ohmic current densities using kinetic pro-
file information [32]. In this way it mimics some of the functionality of a
transport code. The bootstrap current (j - B), , is calculated using the
Sauter-Angioni-Lin-Liu model [33], while the induced ohmic current ( jQ7||>
is calculated from the equilibrium solution above,

(Joy) = o(E-B)=0 {—% <%—f%> + ngdf} (2.25)

2.3 MHD Instabilities

Magneto hydrodynamic (MHD) instabilities are one of the major limiting
factors to achieving high confinement. These instabilities can be separated
into two categories: ideal, and resistive.

2.3.1 Ideal Instabilities

Ideal instabilities are modes which would occur even if the plasma were per-
fectly conducting. We can determine the plasma stability against a given
ideal instability by calculating the change in potential energy, W, resulting
from a displacement function &(z), from the volume integral below,

1
W = —§/§-de (2.26)

where F(x) is the force arising from the displacement. If the change
in potential )W < 0 then the plasma is unstable against this mode. Ideal
instabilities grow on the Alfvén timescale, Tajfen, defined below,

R
TAlfvén = —
B/\/Apom,n

where R is the major radius, B is the magnetic field, A and m,, are the
atomic number and proton mass, and n is the density. Typical values for
Taltven O ASDEX Upgrade are between 1 — 10 us.

(2.27)
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2.3.2 Resistive Instabilities

In the ideal MHD equations the plasma resistivity is taken to be zero. In this
scenario there can be no local perturbed electric field, E; in the direction
of By. When the resistivity is non-zero then we can describe a perturbed
magnetic field, By,

0B, d§ 1.
BT V x (ﬂ x B) —V x = (2.28)

where o and j, represent the conduc- RADIAL COORDINATE

IS Ny o N IS

tivity and local current perturbation re- ° Z ‘

spectively. We can generate an equation
for the diffusion of the magnetic field,
AB,

AB = -V x(VxB) (229)

— V() (230)
taking o to be

constant in space ol <>

= —upoV x E (2.31)

0B @
= MOUE (2.32) Figure 2.4: Resistivity allows for the

JTONV TvdlOT0d
€

From this we can define a quantity breaking and reconnection of magnetic

called the resistive MHD time scale, T, f€ld lines, which can result in the
which considers the diffusion time with formation of a magnetic island. The
respect to the p]asma minor radju& a, X point is the islands last closed flux
surface, and the O point is the point of
T = ,UOUCL2 (2‘33) maximum field line separation.
which is typically of the order of 1 — 10 s on ASDEX Upgrade, com-
pared to the 1 — 10 us associated with the Alfvén time scale for ideal MHD
instabilities. In addition to a longer time scale, the resistive MHD equations
allow for the breaking and reconnection of magnetic field lines. Which in
turn can lead to the formation of magnetic islands in the plasma, see fig 2.4.
This breaking, or "tearing” of the magnetic field lines gives rise to the name
of a particular type of MHD instability studied in this thesis, Neo-classical
Tearing Modes (NTM).
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2.3.3 Neo-classical Tearing Modes

Neo-classical Tearing Modes (NTM) are resistive MHD instabilities that form
magnetic islands in the plasma. The island width, w, is defined as the radial
extent of the islands LCFS at the island O-point, see figure 2.4. NTM are
labelled according to their poloidal and toroidal mode numbers, m, n, re-
spectively. For example an NTM with m = 3, n = 2 would be called a (3, 2)
NTM. These modes can have a strong impact on the plasma energy confine-
ment as the magnetic island allows for relatively high transport between hot
central plasma and cooler plasma outside the NTM rational surface. This
leads to a flattening of the local temperature profile and to a net drop in the
core plasma temperature, see figure 1.3. The extent to which a given NTM
will effect the plasma confinement is predicted by the Belt Model [9, 10].
This model will be tested against improved H-mode observations in chapter
7.

The growth of an NTM is governed by the Rutherford equation, shown
below [11]. This equation will be used to discuss the onset of NTM instabili-
ties observed in the improved H-mode scenario in chapter 6.1. What follows
is an explanation of the terms and quantities used in this thesis, as well as
the physical meaning behind each term,

Tres AW
re dt

= T’SA/ —I— ao[Abs —I— AGGJ] (234)

Tres 18 the resistive time scale from equation (2.33), r, is the minor radius
of the NTM resonant surface, and dw/dt is the island growth rate. ay has
been found to be ag = 0.85 £ 0.15 [12]. For dw/dt < 0 the plasma is
stable against this instability. Two of the terms on the right hand side
of equation (2.34) are stabilising in that they are typically negative: A’ and
Agay. The term A’ represents the plasma stability against the tearing mode.
It describes the free energy avaliable in plasma current density to drive the
tearing mode. There are two forms of A’ used in this thesis. The first is the
vacuum approximation,

A~ —m (2.35)

where m is the poloidal mode number of the NTM. This term will be
used to fit NTM onset observations in chapter 6.1 to test the validity of
this approximation. While this term can be potentially used for NTM onset
studies, it cannot be used to study the NTM island saturation, as A’ has
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been found to depend on the island width in the non-linear stage of island
growth. The second expression for A’ has been fitted for a typical (3,2) NTM
in numerical simulations [13]. As yet no such fitting exists for other (m,n)
combinations,

A = (197 + 45.5%) (2.36)

This form of A’ will be used in chapter 6.1 to study the initial versus
saturated island sizes of (3,2) NTMs. The second generally stabilising term,
Agay, comes about due to the effects of curvature on the evolution of mag-
netic islands, [14]. A tearing mode island in a toroidal plasma with finite
plasma pressure bends the field lines in such a way as to increase the mag-
netic energy. This additional energy requirement has the effect of increasing
the plasma stability against the tearing mode.

toDr
v w? 4 0.65w3

The stabilising effect comes from the negative sign of the resistive inter-
change parameter, Dg. The threshold temperature width, wy, comes into
play when the effects of parallel/perpendicular heat diffusion and curvature
are considered. In this thesis the following forms of Dg and wy were used,

_(q2 - 1) Lg Tsﬁp

AGGJ = 6.357’8 (237)

Dy = 4 2.38
& 7 L, R(2),U0 ( )
Rl 1/4
wg = 5.1 M(’(ﬂ) (2.39)
m Xpm"
26.473/4 T 22 1137.6nw' >
Xpar = T 0 1+<7nw) (2.40)
nev/2mee, " In(A) AmRoLq

Te 3 A
— 3925 v 2.41
XGB 1000282 aZ? (2.41)

tor

where xaB, Xpar, represent the perpendicular gyro Bohm and the parallel
heat conductivities respectively. Equation (2.40) assumes we are at the so
called "heat flux limit”, where the electron mean free path is long compared
to the temperature gradient length [15]. L, and L, represent the pressure
and g-profile scale lengths. 3, is the local poloidal [, see equation (2.19).
The driving term for NTM growth, A,s, comes from the bootstrap current,

17



Jos- Equation (2.43) shows that this current is proportional to the inverse of
the corrected pressure scale length, L.,

6.34 ]bs w w
Aps = ——rspoly 2.42
’ g sHo "B, <w2+w§+w2—l—28w§) (2.42)
6.34 Ly w
_ = 2.43
2 fﬂp( 24 w3 +w2+28w§) (243)

where ¢ is the plasma inverse aspect ratio and w, is the banana orbit
width. An explanation of the bootstrap current and banana orbitals follows

(3,2 NTM
0.25 ) :
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Figure 2.5: The Rutherford equation
(2.34) gives us dw/dt as a function of w.
Several contours are shown for increasing
Bp. For B, < PBperie.,dw/dt < 0, ie.
the plasma is stable against this NTM.
For B8, > PBperit. the NTM can grow if a
sufficiently large seed island is present
with Wgeeq = Wmin. The solid line shows

the marginal stability limit.

in chapter 2.5. The banana orbit width
at the magnetic midplane, wy, is de-
fined as,

2 Am,T;
€l Bpol

Wy

Ve (2.44)

where ¢;, A, and m,, represent the
charge of an electron, the atomic num-
ber, and proton mass respectively. T;
is the local ion temperature. It is im-
portant to note the difference between
the pressure scale length, L,, and the
corrected pressure scale length, L,,.,

1 Cr
L,  Lr

Ch

Ly

(2.45)

p*

here the contributions to the pres-
sure scale length are weighted by tem-
perature, C'r = 0.6, and density, C,, =
2.27. As the driving term, A, de-
pends strongly on the pressure gradi-
ent, NTMs are grouped into a subset

of MHD instabilities known as pressure driven instabilities. Figure 2.5 shows
dw/dt as a function of w for different values of 3,. It can be seen that for

By < Bperit., dw/dt < 0, ie.

the plasma is stable against this NTM. For

By = Bperie. the NTM can grow if a sufficiently large seed island is present

with Wseed 2 Wmin -
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We will now define two types of NTM onset. The first, precursor-triggered
NTM (PNTM) onset, occurs when an event such as sawtooth or fishbone
reconnection creates seed islands Wgeeq = Wynin-

Under these conditions dw/dt becomes positive and the NTM will grow
from size Wgeeq — Wsqe. This scenario is the most common in relatively low

[ discharges such H and L mode.

The second type onset is called
spontaneous NTM (SNTM) onset
as there no visible precursor event
appears to trigger the NTM. SNTMs
grow from much smaller seed island
sizes than PNTMs, close to the sen-
sitivity limit of the Mirnov coil di-
agnostic, see figure 2.6.

The inital phase appears to have
a rapid exponential growth charac-
ter, rising sharply from the noise,
which then makes a transition to
the NTM linear resistive growth rate.
The mechanism behind the initial
phase is not understood. As this
type of NTM onset is observed more
regularly in improved H-mode dis-
charges than in other scenarios it is
possibly due to an ideal MHD mode
destabilised at high § and/or low
magnetic shear. This would be sim-
ilar in character to the ideal infer-
nal mode discussed in the next sec-
tion on the Frequently Interrupted
Regime. In figure 2.6 we observe
what appear to be short time scale
bursts with rapid growth rates and
decay times, which increase in am-
plitude until an apparent threshold

FREQUENCY [kHz]

SNTM linear growth

Low amplitude ideal
instabilities?

[Wmin

Exponential 7
growth

SPEC. AMP. [arb.]

ﬂl\m/\

T ——
N

Y —

0 20 40 60 80 100 120 140 160 )
At[ms]

Figure 2.6: Spontaneous onset NTMs
(SNTMs) are a characteristic feature of the
improved H-mode scenario. Here we see a
Mirnov coil spectrogram (top) and spectral
amplitude plot (bottom) of an SNTM. There
appears to be an initial exponential growth
phase which makes a transition to linear resis-

tive growth.

is reached and the NTM begins to grow. Note that we are very close to the
sensitivity limit of the Mirnov diagnostic and these features have a low signal
to noise ratio. The transition from the ideal to resistive growth character oc-
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curs when Wi, /= Wseeq. We require high 3, to ensure w,,;, is small enough
to make the transition, and subsequent SNTM growth, possible. One of the
goals of this thesis is to estimate the size of wgeq for SNTM onsets. This
topic is developed further in chapters 5.2 and 6.1.

2.3.4 Frequently Interrupted Regime NTM

It has been observed that NTMs which occur in plasmas with high values of
On sometimes have less of a detrimental impact on the energy confinement
than NTMs which occur at lower By. Such NTMs make a transition into
what is known as the Frequently Interrupted Regime for NTM (FIR-NTM).
In this regime the NTM island size is sharply reduced through stochastic
interaction with an ideal mode located on a nearby rational surface. As the
NTM growth time is much longer than the time between two such subsequent
interactions the NTMs are unable to reach their saturated amplitude. This
results in a time averaged reduction in NTM amplitude, mitigating their
impact of the energy confinement from roughly 30% to less than a 10% loss
in confinement (for a (3,2) NTM).

The observed losses in NTM amplitude have been explained by non-linear
three wave coupling between the (m,n) NTM and (1, 1), (m+1, n+1) activity
[16]. Figure 2.7 shows a time series of normalised NTM amplitude along
with a spectrogram highlighting the (m,n) NTM, and the (m + 1,n + 1),
(1,1) mode. Note the strong drop in NTM amplitude coinciding with the
appearance (and subsequent phase locking) of the (m + 1,7+ 1) and (1,1)
instabilities. Smaller ”crashes” are visible in the NTM amplitude which can
be attributed to Edge Localised Modes (ELMs). Such modes are clearly
visible in the H,, signal shown at the bottom of the lower plot.

The ideal (m + 1,n + 1) mode, henceforth referred to as the ”infernal
mode”,® becomes destabilised for high values of 3y and low magnetic shear
at the ¢ = m/n rational surface. On ASDEX Upgrade a threshold value of
By = 2.3 has been found [17]. However, it is expected that this threshold
will be lower for discharges with a low global magnetic shear.

Weak global magnetic shear is beneficial for confinement as it simultane-
ously reduces the NTM drive (by limiting the current gradient across its ratio-
nal surface) [17], while reducing the plasma stability against the (m+1,n+1)

3it is called an infernal mode because it is an ideal mode destabilised at low magnetic

shear and high pressure gradient across its resonant surface
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Figure 2.7: Stochastic interaction with an ideal (4,3) infernal mode causes a rapid drop
in the observed (3,2) NTM amplitude, shown here as a time series. Note that the other
losses in NTM amplitude coincide with a peak in the H, emission. These loses are due to

Edge Localised Modes (ELMs) rather than stochastisation.

infernal mode. This in turn makes for an easier transition into the frequently
interrupted regime. It is therefore not surprising that low central magnetic
shear is a key ingredient of the so called improved H-mode scenario, which
is discussed in chapter 2.4.

2.3.5 The Fishbone Instability

The fishbone instability is an ideal instability located on the ¢ = 1 surface. Its
name was chosen due to its characteristic burst-like structure in the magnetic
probe time series. Fast injected beam particles trapped within the ¢ = 1
surface can kinetically destabilise the (1,1) internal kink mode [18, 19].
Beam ions are subsequently scattered through a viscous dissipative process
produced by mode-particle resonance which takes the form of an outward
drift of those trapped particles in resonance with the mode [20].

The fast trapped particles are ejected first, then the slower fast-particle
population is affected. This results in the characteristic downward sweeping
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frequency progression shown in figure 2.8. This loss of fast particles reduces
beam heating efficiency, thereby limiting the maximum achievable 5 [18].
Fast particle losses also potentially reduces the heating due to fast alpha
particles which is necessary to compensate energy losses in a burning plasma.
There is increasing evidence that the fish-

2 #19080 Corelated Spectograr bone instability plays some role in fixing the
central ¢ profile close to unity [21]. In the

26
24M absence of reconnection, transport codes pre-
dict that the minimum ¢ value would de-

crease throughout the discharge reaching a

2 minimum of ¢y ~ 0.8. It is believed that

\ fishbone and sawtooth reconnection period-
" ically redistributes the central current, pre-
14. venting the decrease of gy below one.

This fixing of the central ¢ profile is es-

®286 2865 287 287 265 2885 289 2005 sential for maintaining the characteristic flat-

tened improved H-mode ¢ profile, discussed

Figure 2.8: The fishbone insta- in chapter 2.4. While reconnection due to

bility has a characteristic down- Sawteeth (discussed in the next section) can

also redistribute the central current, they

are less favourable than fishbones as they

are more prone to triggering NTM instabil-
ities [22].

N
N

Frequency [kHz]

-
®

1

ward sweeping frequency progres-
sion, seen clearly here in this Mirnov

coil correlated spectrogram.

2.3.6 The Sawtooth Instability

In this instability a (1,1) mode grows on the ¢ = 1 surface, then a rapid
drop in the plasma core temperature is observed, coinciding with a rise in
temperature outside of the core, as shown in figure 2.9. As mentioned in
the previous section, sawteeth are believed to play some role in limiting the
relaxation of the central current profile. Sawtooth reconnection is believed
to periodically redistribute the central plasma current, thereby fixing gy =~ 1.
However, sawteeth are less desirable than fishbones as they are more prone
to triggering the detrimental NTM instability. They also result in significant
energy loss from within ¢ = 1. The impact of this energy loss can be small if
the intersawtooth period, Ty, is longer than the recovery time of the kinetic
profiles, 7. "Fast” sawteeth 7., < 7g will repeatedly flatten the central
kinetic profiles faster than they can recover to their maximum amplitude.
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"Slow” sawteeth with 7., > 7p will have a time-averaged impact on the
core kinetic profiles, but will not limit the maximum achievable (5.

Sawtooth Crash #19356

= INd w >
RN o w o A ;g
T

Electron Temperature [keV]

o
IN=N]

Figure 2.9: This figure shows T,(t) for each of the Electron Cyclotron Emission (ECE)
diagnostic channels. Note that the vertical axis is not only a measure of temperature but
also radial position. The channels with high mean T, are core localised, while the cooler
channels are located further out. During a sawtooth crash a rapid decrease is observed in
the central channels of the ECE temperature diagnostic, while a corresponding sharp rise
is measured in the outer ECE channels. The periodic features visible in the outermost
ECE channels are Edge Localised Modes (ELMs).

Full Reconnection

A number of models exist to explain these observations. In one model an
ideal kink mode becomes destabilised and results in a displacement of the
q = 1 surface and the plasma column contained within. In the cylindrical
approximation the helical flux can be written as [23],

b = / B0 (2.46)
0
B. = By—rB./R (2.47)

Figure 2.10 shows the initial profile of ¢, (r). Here it can be seen that for
every radius, 71, inside the ¢ = 1 surface, r,, there exists a radius ry > 7 with
the same value of 9,. As the column of plasma is displaced outwards, i.e.
(r1,7s) — (1}, 7%), there will be a point where the displaced r] surface comes
into contact with ro. At this point the field lines will break and reconnect,

leading to an expulsion of the core plasma. This process is illustrated in
figure 2.11.
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Figure 2.10: The helical flux profile, 1., before a sawtooth crash. For every point rq

inside 74 there exists a point of equal v, outside 7.

/(91

Figure 2.11: When r} comes into contact with ro sawtooth reconnection occurs. The

hot plasma column inside 75 is ejected into the outer plasma.

In addition to a ¢ = 1 surface, the sawtooth instability requires a magnetic
shear at the resonant surface in excess of s..+ [23],

. % % (2.48)
2\ 7/12 1/6
S = Sepit = Qy /51/3% (ﬁf—g) ;—i (2—2) (2.49)
3 ofn 1 7/12
a = ¢ i@ (2.50)
pi = —W, ion gyro radius (2.51)
S = TZ:S, , Reynold’s number (2.52)

where the constant ¢, has been found to be of the order of unity for
ASDEX Upgrade [24]. It may seem counter intuitive that an ideal onset
criterion can be used for a resistive phenomenon like sawtooth reconnection.
This is due to the role played by the ideal kink instability: A sufficient
kink displacement is required for the reconnection to take place. However,
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while this model explains most features observed during a sawtooth crash,
it also requires that the central ¢ increases above unity during the sawtooth
cycle. This is in contradiction with experimental measurements showing
(1,1) activity continuing after the sawtooth crash, [25, 26], and chapter 6.3.2.

Stochastic Reconnection

Recently, a stochastic sawtooth reconnection model has been proposed to
explain the features observed during a sawtooth cycle, without requiring the
o to raise above unity [27].

poloidal angle

safety factor, q
safety factor

Figure 2.12: This figure demonstrates the stochastic reconnection model. The upper
figures show Poincare plots for the perturbations (1, 1), (2,2), (3, 3) for different ¢ profiles
(lower). The extent of the stochastic region depends strongly on the existence of the
indicated low-order rational surfaces. a) go = 0.7, the stochastic region is large, extending
almost to the ¢ = 1 surface. b) gop = 0.8, the number of low-order rational surfaces is less
and the region of stochastisation is noticeably smaller. ¢) gy = 0.9, the stochastic region

is nearly non-existent.

In this model the displacement eigenfunctions for the (1,1) kink and its
harmonics also excite resonances on rational surfaces within ¢ = 1. This
displacement leads to a significant perturbation amplitude for low order res-
onances such as (5,7), (6,8), ---, (12,14). As these resonances are closely
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spaced the perturbations will overlap and form a region of stochasticity [28].
Radial transport in a stochastic region is very high compared to transport
in non-stochastic regions. As the (1, 1) displacement increases the stochastic
region will overlap and erode the outer closed flux surfaces of the (1, 1) insta-
bility. This erosion leads to the observed sharp drop in the mode amplitude.
Stochastic erosion at the island x-point will lead to an effective breach of
the ¢ = 1 surface. This breach greatly increases the transport between the
central plasma column and the relatively cool plasma immediately outside of
the ¢ = 1 surface, which in turn leads to the observed rapid relaxation of the
core temperature profile. Figure 2.12 illustrates the stochastic reconnection
model of a sawtooth cycle using Poincare plots of magnetic field lines traced
through a poloidal cross section. Note that the ¢ = 1 surface continues to
exist for all phases of the sawtooth cycle.

2.4 The Improved H-Mode Scenario

Under certain conditions a rapid transition to high confinement has been
observed, associated with the appearance of an edge transport barrier in the
plasma.

. ASDEX Upgrade

| A
) 1.4 LA '..°
:' 3 [ d

improved H-mode

SAFETY FACTOR, q

standard H-mode

0.5

0.61 ® |mproved H-modes
. H-modes (Type I)
; T

. X — -
Peol 1 2 3
BN

Figure 2.13: The improved H-mode discharges are characterised by a low central mag-
netic shear and a g > 1 (left). The scatter plot (right) shows the confinement and stability
achieved by the two regimes, as observed on ASDEX Upgrade. The improved H-mode dis-
charges consistently outperform the standard H-mode by simultaneously achieving higher

confinement, Hog(, 2y, and stability, Gx.
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Operating scenarios which achieve this transition are called H-Mode sce-
narios. The transport barrier is thought to be the result of an increase in
the edge flow shear, which is in turn expected to have a stabilising effect on
turbulence. Improved H-mode discharges have been observed within a range
3.2 < gg5 < 4.5 and densities up to 85% of the Greenwald value [29]. Figure
2.13 shows typical ¢ profiles for both the standard and improved H-Modes
(left), and a scatter plot of confinement and normalised plasma pressure, Sy
(right). The original publication for the latter can be found here [30].

One of the major goals of tokamak fu- : : : :
sion experiments is the so called ”advanced”
tokamak scenario for stationary operation.
Stationary operation means that the plasma
current is provided entirely by non-inductive
current drive. In this scenario an internal
transport barrier is triggered by a reversed
current profile (see figure 2.14), which acts
to limit anomolous transport and results in
a steep pressure gradient. This pressure
gradient drives a substantial off-axis boot-
strap? current, which (combined with ad-
ditional non-inductive current drive) main-
tains the reversed current profile. ”Hybrid”
discharges are seen as an achievable middle-
ground between conventional and advanced
current profile configurations, see figure 2.14. seen as an achievable middle-ground
For this reason the Improved H-mode regime between conventional and advanced
is of particular interest for reactor scale de- current profile configurations.
vices as as it is seen as a candidate for long
pulse hybrid operation [29].

It is believed that the characteristic flat ¢ profile prevents the occurrence
of high frequency sawtooth crashes. Although sawteeth are occasionally ob-
served during improved H-mode discharges the inter-sawtooth period is typ-
ically long, ~ 0.5s. It has been shown that sawteeth of this kind provide
less of a limit to the maximum achievable  than high frequency sawteeth.
Sawteeth can also serve as the trigger for NTM instabilities, which in turn
degrade confinement. Sawteeth can be avoided entirely if the ¢, is held above
unity throughout the discharge.

Safety Factor, q

Figure 2.14: Current profiles for
the conventional, advanced and hy-

brid regimes. Hybrid discharges are

4The bootstrap current is explained in chapter 2.5.
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Improved H-mode discharges are a subset of the H-Mode discharges which
simultaneously achieve a higher confinement and stability, Hgg(,2) > 1, and
Bn > 2.5. This improvement is due, in part, to an increase in pedestal top
pressure p*FP, which in turn leads to a higher overall plasma pressure and
plasma stored energy [4]. The improved H-mode is traditionally achieved by
applying early additional heating power during the current ramp-up phase.
This early heating increases the electron temperature which in turn increases
the current diffusion time, limiting the penetration of the induced loop volt-
age into the plasma. This results in a flattened, or even hollow current profile.
However, an explicit late heating scheme has also been discovered on ASDEX
Upgrade [3] throwing into question the effect of early heating on the current
ramp-up phase.

As it was mentioned in the two previous sections, it is believed that MHD
reconnection phenomena play some role in preventing the relaxation of the
central ¢ below ¢y ~ 1, thereby maintaining the characteristic flattened ¢
profile throughout the discharge. Other observations suggest that an NTM
current drive phenomenon® may aid in estabilishing the initial current profile
[35]. All such interactions are not well understood and are the focus of ongo-
ing research. In chapter 8 we will investigate and characterise the interaction
of MHD instabilities with the bulk plasma current.

2.5 Toroidal Current in a Tokamak

In a tokamak plasma the toroidal current is provided by 3 different physical
effects.

Induced Ohmic Current, <jQ7||>

The first contribution to the toroidal current density is generated by a trans-
former located at the centre of the torus. As current is ramped through
the transformer a toroidal current is induced in the plasma (which can be
viewed as a secondary winding). The form of the ohmic current density
profile, <jQ7”> (r), can be calculated by a number of codes such as ASTRA
and CLISTE. In this thesis the CLISTE equilibrium code was used [31], see
chapter 2.2.1 for more details on how this calculation is done.

5A proposed mechanism whereby the magnetic island drives a toroidal current.
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Bootstrap Current, (j- B), .,

The second contribution comes from what is known as the bootstrap cur-
rent. The following explanation will only be a brief overview of the physics
involved. A more comprehensive discussion can be found in [34].

A magnetic mirror is formed in a tokamak due to the radial gradient of
the toroidal magnetic field. Particles following the helical magnetic field lines
will encounter an increasing magnetic field as they attempt to approach the
inner wall side of the torus. Those particles with sufficient parallel kinetic
energy will overcome the magnetic mirror effect and become what we refer to
as the passing particles, free to follow the helical field lines around the torus.

Particles with insufficient parallel ki-
netic energy will be reflected back to
the low-field side of the torus, effectively
trapped by the magnetic mirror. Trapped
particles follow paths called banana or-
bitals. Figure 2.15 shows the poloidal
projection of two such orbitals. On the
outer side of the orbital the particles are
moving in the direction of the toroidal
current, while on the inner side they are
moving against it. The trapping condi-
tion is shown below,

z [cm]

Uﬁ(R + T> < Bmam

r 120 140 160 180 200 220
< ’/QE (2.54) Rem]

Figure 2.15: Particles reflected by the
Consider the region of intersection of magnetic mirror effect follow banana or-
these two orbitals indicated in figure pitals. This figure shows the poloidal pro-
2.15. Here we find particles moving with jection of two such orbitals.
and against the main toroidal direction.
If the population of both orbitals is the same, then no net current will exist
in this region, as the particle motions effectively cancel. If, however, a radial
density gradient exists then there will be a net current driven. This banana
orbital current is transferred to the passing particle population through col-
lisional coupling. The current carried by these passing particles is what is

—1(2.53)
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referred to as the bootstrap current. A simple expression for the bootstrap
current is given by,

Vp
8—

B, (2.55)

<-7 ’ B>boot
in this thesis, however, the bootstrap current is calculated by the CLISTE
equilibrium code, which is discussed more in chapter 2.2.1.

Auxiliary Heating Current Drive, (j - B)

aux

The third and final contribution to the toroidal current comes from the aux-
iliary heating (in our case this means current drive from the neutral beam
heating). Fast neutral particles are injected into the plasma by the neutral
beam heating system. These particles are ionised through collisions into ions
and electrons. The electron slowing-down-time, 7,4, is much shorter than
the ion slowing-down-time, 7sq;. This means that after a time At ~ 744,
there remains a circulating toroidal current of fast ions due to the neutral
beam injection, Ioirc/linj = Tsdi/ Teire-

As these ions circulate around the torus they are slowed, in part, through
collisions with electrons. These fast ion-election collisions lead to an electron
drift in the fast ion current direction, and therefore create a counter current.
This current will exactly compensate the circulating ion current /... unless
there is a difference in the charge of the injected beam ions Z;,; and the
background plasma Z.¢,

[netto ~ Zinj
P~ 1= Z 0 fw) (2.56)

where fi,.q, represents the fraction of trapped particles which are unable
to contribute to the current compensation. The sum of the ion and electron
currents gives the overall current density driven by the neutral beam injec-
tion, (j - B),,,. If the heating is applied continously the fast ion current
will increase to the steady state condition where the particle injection rate
matches that of the fast ion loses through collisions with bulk plasma ions
and electrons. A neutral beam deposition code, such as FAFNER, is required
to calculate the radial deposition profile.

While the 3 contributions above should account for the total observed
current profiles, a discrepancy has been observed, suggesting a 4" toroidal
current contribution. MHD activity has been put forward as a possible source
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of current drive [35]. Part of the goal of this thesis will be to verify if MHD
activity can be statistically correlated to the current discrepancy. This in-
vestigation is discussed in detail in chapter 8.

2.5.1 The FAFNER Fast Particle Code

The FAFNER code is a numerical simulation designed to model neutral beam
injection into 3—dimesional toroidal plasmas [8]. The code is divided into 3
sections.

1. The first section provides a 6 dimensional source function of neutral
particles, f(x;,v;), where x; and v; are the spatial and velocity co-
ordinates respectively. Initial positions and velocities of fast neutrals
emerging from the beam source are chosen using Monte Carlo tech-
niques, appropriate for the given beam line configuration. Some frac-
tion of these particles will be lost due to collisions with scrapers and
ducts along the beam line, while the rest will reach the plasma and
form the neutral source function.

2. The second part of the code transforms the neutral source function
using a Monte Carlo algorithm to compute the initial ionisation of the
neutrals in the plasma. A set of neutral particle coordinates are chosen
from the neutral source function, f(x;,v;), and to each an energy is
assigned. Injected neutrals can become ionised through ion/electron
impact ionisation, or charge exchange with thermal plasma ions,

HY+ HYy,, — H'+4e +H/, (2.57)
e +Hp,, — 2 +H/, (2.58)
H*+H},, — H°+H], (2.59)

The mean free path for all of these processes, A(x,,v;), is calculated for
each of the relevant injected energy species. Note that A is a function
of the injected neutral velocity and of the spatial plasma coordinates
xp. The plasma is described in terms of ion populations, flux-surface-
averaged temperature and density profiles, along with the magnetic
field configuration for the discharge in question. The resulting deposi-
tion of fast ions is governed by the following equation,

F(s) = / (i, v;) exp (— /0%) dxdv;  (2.60)
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where F'(s) represents the flux of particles crossing the flux surface s.

3. The details of all particles are then summarised by the energy depo-
sition function H(s) and the beam-shine-through, f;, of injected par-
ticles which become lost from the system by either failing to ionise or

by re-neutralisation through charge exchange with bulk plasma neutral
atoms. H(s) is defined such that,

1
vp/H(s)alvz 1-f, (2.61)

where V,, is the plasma volume. FAFNER also calculates the toroidal
current density driven by the injected neutrals by computing the elec-
tron compensation current (discussed briefly in the previous section).

An example of output produced by a typical FAFNER simulation is shown
in figure 2.16. Here we see the ion and power deposition profiles presented
along with the toroidal current density driven by the neutral beam injection.
The results of FAFNER fast particle simulations are used to constrain the
CLISTE equilibrium reconstructions carried out in this thesis. Additionally,
the neutral beam driven current density, (j - B),,,, will be used in chapter
8 to discuss interactions between MHD instabilities and the current profile.

Fast ion deposition Power deposition Beam driven current density

1 0.5

-
0.8 ! g 0.4
g 20.6 : =0.3
";‘ z 0.4 ©0.2
0.2 @0.1

\

0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

pol pol pol

Figure 2.16: A subset of results from a FAFNER fast particle simulation. Here we see

the ion and power deposition profiles plotted along side the neutral beam driven current
density, (5 - B) (ppot)-
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Chapter 3

Diagnostics

ASDEX Upgrade has a wide range of plasma diagnostics which can be used
for observing MHD modes. This section gives a series of short overviews for
each of the main plasma diagnostics used in this thesis. Each overview will
discuss what is observed and what the limitations of each diagnostic are.

3.1 Mirnov Colils

Mirnov coils are a standard tokamak diagnostic [42]. The Mirnov coil system
on ASDEX Upgrade consists of 32 poloidally spaced coils and 10 toroidal
coils, as shown in figure 3.1. Each coil measures the time derivative of the
magnetic field,

dB

— (3.1)

Ucoil X

Therefore, the absolute amplitude of a perturbation caused by a mode

with a poloidal mode number m, B, is the time integrated signal. This
amplitude drops off sharply over the plasma as shown in equation (3.2),

Bm

pert

(3.2)

(T) x rm+1
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This means that signals due to core localised MHD modes are typically
weak compared to those measured near the plasma edge.! It is possible to

26758, KOPUNENTE 4.8 Kz, 9, 8955. 0. Rk
fesorr=reX S o
(Y- e ety i1
m=6
ANN AN
RTAVAY YAVAY e
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A

Poloidal Angle (deg)

Figure 3.1: The Mirnov coil sys-
tem consists of 32 poloidal and 10
toroidal coils.  The lower figure
shows an example of poloidal phase
fitting carried out on an m = 6 mode

(image courtesy of H.Zohm [45].)

infer the (m,n) of a mode by mea-
suring a given phase across the coils.
This is usually done using a phase fit
[45]. For example, we attempt to fit
the poloidal phase of the mode using
the following expression,

® = m(0+ Asinf) + dy
(3.3)

where the poloidal mode number,
m, Merezhkin correction factor, A, and
the initial phase, dy, are all fit param-
eters. We then minimise y? below for
m, A\, 0o,

X° = v Z [(®4); — (Par)i]”

(3.4)

where p = 3 is the number of fit
parameters and N = the number of
measurements. The indicies f and M
represent the fitted and measured phase
information. This method works best
for low numbers of m and n. Fig-
ure 3.1 shows an example of phase fit-
ting carried out for an m = 6 insta-
bility. The m number determination
is further complicated by the presence
of the passive stabilisation loop, PSL,
structure on ASDEX Upgrade.

'Equation (3.2) is only true in the vacuum approximation and is used here for the sake

of simplicity.
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3.2 The Motional Stark Effect Diagnostic

In this thesis the Motional Stark Effect diagnostic (MSE) provides crucial in-
formation about the core magnetic field, which is in turn used as a constraint
in the CLISTE equilibrium code. Without this diagnostic the fitted current
density profiles would be only loosely constrained in the plasma core as the
external magnetic field coils can only provide accurate information between
0.65 < pior < 1.00. High accuracy current density profiles are required for
the discussion in chapter 8 concerning the time evolution of such profiles
during improved H-mode discharges. Fast neutral particles are injected into
the plasma by the neutral beam heating system. These particles experience
a Lorentz electric field, E, where,

E;=Viwn x B (3.5)

this field causes Stark splitting
of the particles emission lines which
is observed by the MSE diagnostic. —
The effect of Stark splitting is sub-
stantially greater than the Zeeman
splitting due to the magnetic field
[43]. The polarisation pattern of the
Stark spectrum gives an accurate mea-
sure of the local magnetic pitch an-
gle, v, where,

Figure 3.2: The geometry of the MSE
diagnostic on ASDEX Upgrade. The
tany = B_B (3-6) vertical lines represent the location of the
¢ individual channels.
By and B, being the poloidal and

toroidal magnetic field components respectively.? The pitch angle can be
measured with an accuracy of £0.2°, with an effective temporal resolution of
3 ms, and a core spatial resolution of 6 cm. Figure 3.2 shows the location of
the MSE diagnostic on ASDEX Upgrade and the arrangement of its spatial

channels.

2on ASDEX Upgrade, however, this equation is more complicated due to the non-ideal

viewing geometry of the MSE diagnostic [44].
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3.3 The Electron Cyclotron Emission Diag-

nostic

The Electron Cyclotron Emission (ECE) diagnostic measures the radiation
emitted by electrons due to their motion around the magnetic field lines.
The cyclotron frequency, we, is the frequency of electron gyration due to the
Lorentz force,

{/\ N ve = 2 (37)

where ¢; is the electric charge, and m,
is the particle mass. The plasma is opti-

& ! cally thick at resonant frequencies. This
) has the consequence that the plasma can

qj} 4 be treated as a blackbody radiator at
77N these frequencies, by Kirchhoffs law [46].

The radiated intensity, Ipp, is directly
proportional to the electron temperature,

Figure 3.3: The sight line for the

ECE diagnostic on ASDEX Upgrade. w2

Ipp = ——kT, (3.8)

Ar2e3 ¢

Bior provides most of the contribution to B in equation (3.7). Where
Btor(R)7

1

Bur(R) o (3.9)
e 1

we(R) ml - (3.10)

Equation (3.10) shows that spectral analysis of the cyclotron emission can
be used to give electron temperature profiles; T.(R). Figure 3.3 shows the
sight lines for the ECE diagnostic on ASDEX Upgrade. Perturbations caused
by MHD instabilities can be detected by the ECE diagnostic as periodic
fluctuations of the T, (R) profile. These fluctuations can be used to determine
the position and island width of neoclassical tearing modes, see chapter 5.2.
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3.4 The Soft X-ray Diagnostic

The soft X-ray (SXR) diagnostic on ASDEX Upgrade consists of 5 soft X-ray
cameras, which are adapted to measure photons in the range 1 — 10 keV.
This energy range is known as the soft X-ray range. It consists of contribu-
tions from bremsstrahlung, recombination, and line emission radiation [47].
The emissivity, €g, given a Maxwellian velocity distribution is,

') ) eXp(Te
eo(r,0) = / an;ZepiGrs(Te, B)———="
0

where Z ¢ is the effective ion charge,
gyf is the temperature averaged Gaunt fac-
tor, a = 3 x 10" is a constant, and n,

=
3
o
ro)

— . @ | _
[em™3], Te [keV] are the electron density 2 | 1%| c €
. .. (2] = =1
and temperature. The emissivity measured é g ¢ £
. 19 — o
by a SXR camera diode, ¢, also depends on 3 |23 e 3
Q
<

the response functions of the camera diodes,
feam, and the filter, fq,

0 Figure 3.4: The layer thickness
e(r,0) = co(E;r, 0 dE
( ’ ) /0 0( B >fcamfﬁl and materials in a Minisox camera

(3.12) diode.

If a sight line is broken into infinitesimal elements, length d¢, it can be
assumed that the total emissivity observed by a sight line, gyya, is the sum
of the emissivity elements,

Etotal — Z Ek dl (313)
k
£ G ne i fsum(Eo + t1AE) exp ( Eo + iAE) AE (3.14)
k= sum (%0 -7 .
VT = T.

where the integral of infinitesimal elements dF in equation (3.12) has been
substituted by a summation over finite energy elements AFE. The factor G
is related to the geometry of the camera. The diode dimensions, D,, D,, are
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used along with the pinhole, P,, P,, the camera focal length, A, and the sight
line angle with respect to the camera normal, . The MiniSox cameras used
on ASDEX Upgrade have the following geometric correction factor [48],

G cosa’ + £ %

4w A? 6 A2 A2

SXR diode response function

P,P,D,D, cos* 1D? 4 P2 D? + P2 1
y yCos a1y Ty + (sinozz——)—l—

o
©

o
3

(3.15)

D,.D,. P, P\*
O Ty Hys Ly
v o(PPgn)

o
o

o
o

a=em In order to determine the total cam-

era/filter response function, fsum, we
must consider the thickness and mate-
rial of each intervening layer. Figure
3.4 shows a cross section of a MiniSox

- diode and the resulting response func-
" Protonenergyfev tion. The radiation must first pass
through 2 absorbing layers: the beryl-
lium filter, thickness dp., and the diode
dead layer, thickness dg;. In order to
eras. The flat diode chip means the effec- | detected, this photon must be ab-
tive layer thicknesses and therefore overall gorbed in the active layer’ thickness
response function changes as a function of dy. The detection probability is,
incidence angle a.

Absorption probability
o
=

o
w

o
)

o
-

Figure 3.5: This figure shows the re-

sponse function of the SXR Minisox cam-

fsum(E) = exp(_ﬂBedBe - MSidSi) []- - eXp(_MSidO)] (316)

where the absorption coefficients, ., are functions of photon energy FE.
The angle of incidence for the radiation has an « dependence due to the
flat diode chip used in the MiniSox cameras. This changing incidence angle
leads to a slight change in the effective thickness of both the active and dead
diode layers. The effective thickness of the Beryllium filter does not have an
a dependence, due to the curvature of this filter. The effective thickness, d’
changes as,

d = (3.17)
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Figure 3.6: The flat chip correction factor, faat, for a typical SXR emissivity spectrum.

Figure 3.5 shows the range of different response functions due to the
changing «. Figure 3.6 also shows the flat chip correction term fg,;, based
on a typical SXR emissivity spectrum.

3.4.1 Mode Identification with the SXR Diagnostic

The line integrated signals can be used to determine poloidal mode number
and position of MHD instabilities by comparing the spectral amplitude of a
given mode across a single SXR camera. Figure 3.7 shows an example where
the B camera on ASDEX Upgrade observes a (1, 1) ideal kink mode. If we
compare the line integrated spectral amplitude we find a local minimum in
the channel observing the centre of the instability, and a sharp drop at either
extent of the mode. The number of local minima tells us the m number of
the mode, and the FWHM of the outermost peak is taken to be the mode
position. The SXR diagnostic can also provide a 2 dimensional reconstruc-
tion of the plasma emissivity by combining information from several SXR
cameras. The development of this reconstruction software is explained in
detail the following chapter.
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Figure 3.7: This shows how the SXR diagnostic can be used to determine the poloidal
mode number and position of an MHD instability, by comparing the spectral amplitude
of that instability across a single camera. The number of local minima in the spectral
amplitude gives the poloidal mode number. In this case, one local minimum in the central

channel tells us this is an m = 1 mode. The FWHM of the outermost peaks tells us the
modes position.
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Chapter 4

Soft X-ray Tomography

The goal of tomography is to reconstruct a cross-section of emissivity from
a number of sight lines passing through that cross-section. If the emissivity
is represented by a grid, and each point on that grid is stored in a column
vector, g, length n,, then the line integrated signal vector, f, will be,

f=Tg (4.1)

where T' is an n, X ny matrix, relating the contribution of each grid point
to each sight line. Though elegant, it is nearly always impossible to invert
the equation to solve for g as for ny < ng, T~ does not exist, and even for
ns = ngy, T is poorly conditioned. One possible solution is to minimise y?,

2

) T T
¢ = |boyt, (12)
=1 L " =1 7'

where o is the standard deviation of f. While this can work well, it
fails for the case n; < n,. In this scenario x* can always be minimised to
x? = 0 due to over fitting, i.e. there exist an infinite number of solutions. In
order to reconstruct a cross section of emissivity to a reasonable resolution
we need to employ a regularisation method. Several such methods exist:
linear regularisation, minimum Fisher, and maximum entropy. It has been
found that the maximum entropy regularisation yields the best results at the
cost of processing time [49]. The maximum entropy method was selected as
processing time was not a high priority for the purpose of this thesis.

41



4.1 Maximum Entropy Regularisation

The entropy of a solution g with respect to a default model m is defined as,

IDEAL
60

)

z [cm]
S
=)

-20
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Figure 4.1: Here we see the ideal
solution compared with the maximum
entropy tomogram. Maximum entropy
fails to converge to the correct solution as
it will never return a solution containing

negative emissivity.

o= Emonn(2)

k (4.3)

where it can be shown that the max-
imum of ¢(«, g) is also the maximum of
the posterior probability P(g|f, ) [50].
The posterior probability is the proba-
bility of a solution g, given the observed
data f, and some a priori information
Iis,

bag) = —gx*tas  (44)
(4.5)

This maximisation has been done us-
ing the curve fitting package Newton.
Following the same method employed
by the SXR tomography system on W7-
AS [49].

One of the limitations of the max-
imum entropy method is that it will
never select a solution containing nega-

tive emissivity. For a reconstruction of the total plasma emissivity, negative
emissivity does not have a physical meaning. However, a reconstruction of
the perturbed emissivity can be negative. For example, consider the situa-
tion where the soft X-ray signals have been bandpass filtered to the frequency
range of a (3,2) NTM. The goal of such filtering would be not only to improve
the signal to noise ratio, but to isolate the NTM from its harmonics and other
MHD activity. In this reconstruction we would expect to see regions of high
relative emissivity corresponding to the island O-points, and regions of low
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emissivity at the island X-points. Figure 4.1 shows the ideal emissivity com-
pared with the maximum entropy reconstruction. Note the strong differences
as the regularisation attempts to converge without negative emissivity.

This problem becomes crucial for situations where poor sight line coverage
forces us to generate virtual sight lines using the assumption of a rotating
mode, see chapter 4.3. In this case the reconstruction is valid only for a single
rotating perturbation. For this reason the plasma background and signals
due to other MHD instabilities must be filtered out for the generation of the
virtual sight lines. These signals cannot be added again afterwards.

In spite of this apparent drawback it is still possible to reconstruct the
perturbed emissivity correctly by using the following method. Essentially
we take the difference of two reconstructions. The first, g,, is calculated
using the integrated sight line signals, f. These signals are filtered to the
bandpass of the perturbed emissivity, then added to a set of so called back-
ground signals. These background line integrated signals are calculated using
the contribution matrix, T' and some background function G. It has been
found that the exact form chosen for G has little to no influence on the final
reconstruction. Typically a step function with smooth edges is used,

. €0 ptor < 08
G (pror) = { €0 [cos (Wipwr—o.s) + 1} /2 Pror > 0.8 (4.6)

0.2

where the maximum background function emissivity, €q, is chosen based
on the values of f,

_ f L <h il
j=1

where the function M. returns the maximum value of a vector. The
second reconstruction, g,, is the reconstruction of that background function
using the calculated line integrated signals.! The two reconstructions are

Tt may seem intuitive to use G in place of g, as, in the ideal scenario, both would be
identical. While this is often the case, scenarios with poor sight line coverage can fail to
correctly reconstruct the form of G in the initial solution, g,. The solution often contains
"holes’ in these regions. However, as reconstruction g, will contain the same artifacts the

final subtraction, g, — g,, will largely remove their influence.
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then subtracted, yielding the perturbed emissivity, g. Figure 4.2 shows the
resulting tomogram of this two stage reconstruction. This is summarised by

the equations below,

1
o1(a1,g,) = —§X%+QS, maximise (4.9)
1
¢o(a2,g5) = —§X§+a5, maximise (4.10)
ng _f@ Ng Ng T 2
2 K
D 31 LR D 1 IRt
i=1 [ ° j=1 j=1 "
ng oI Ng
fi T}
¢ =3 |Eoy b (112
i=1 L =1 °
g = 91— 9 (4.13)
9, from f/ o+ T*G g, from T*G 9,-9,
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Figure 4.2: Using a two stage maximum entropy reconstruction it is possible to recon-

struct negative emissivity. The first reconstruction is done using (f + T'G), while the

second is done using only (T'G). The difference of the two yields the tomogram on the

right, showing only the perturbed emissivity.

4.2 The Contribution Matrix

The contribution matrix T is calculated by considering the sight line arc of
each diode projected onto a square-pixel grid representing the plasma cross
section. Figure 4.3 shows a poloidal cross section of one of the Soft X-ray
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MiniSox cameras. A sight line arc is described by (Rp, zp) a starting point
within the vessel, and (6, Af) the sight line centre and its angular extent. If
we take (Rg, zp) to be the centre on the camera pinhole, then it can be shown
from simple geometry that,

a = tan"' [(Ndiode — 10)(Dx + Dy)/A] (4.14)
0 = O.am + (4.15)
A = sin”' [(P, + D,) (2A/ cos a)_l} (4.16)

Equation (3.13) shows that the emissivity observed by a diode can be
taken to be the sum of emissivity within infinitesimal sight line elements.
Which in turn translates into the contributed sum of pixel emissivity. In
order to calculate this contribution, the surface of the diode is divided into
Np poloidal slices, each with a corresponding sight line .5;.

Likewise each pixel is divided into Ng,

GCAM Grid Pixel
>,

N, divisions. The contribution of the
n' pixel to the ¢*" sight line, Ty, is, T
sla
Np Ngr N, 1 =
S; A AT
T L= 7 7, N
3 3 ar TR
i=1 j=1 k=1 4
(4.17)  [alEsl
N 1] o
B 0 A, not within S; NSl el o
SiAj,k - { 1 Ang within S; i A
~L_| /! j,k
(4.18) '

The result will be a number from Figure 4.3: A poloidal cross section
0 — 1 where a pixel with 77, = 0 of one of the Soft X-ray diagnostic cameras.
cannot be seen by this sight-line ¢, and
Ty, = 1 when all of pixel n illuminates all of diode ¢. Figure 4.4 shows a
typical sum ), Ty,

4.3 Rotation Tomography

Figure 4.4 represents a best case scenario for ASDEX Upgrade. A high
number of sight line crossings gives a reasonable density of information across
the plasma. In cases where the number of working sight lines is limited, the
maximum entropy method will fail to converge to a meaningful solution.

45



i
i
RTINS
'l"'l!':"l,'l:',, ul,',;!&&s
iz it ; t’w,,t,‘\‘\,
A\ ..' )
N, ':’,,",',',’!’,’,’ l[ 0\'.. \\ s‘ _
4 i ',".'Q'i..," .
> T '3?"'52‘1132'3. l'i"\g&:.,, i \\
, ~.'g.-,.g.~,.~,4o, 'l,,'n'~:\¢’.," m\ ‘
10 "z.'w%’w "'”:,, il ) .
w&’,’ N n ‘ g
° b’um.um .
b

250

Figure 4.4: The sight line sum of the SXR contribution matrix, T', on ASDEX Upgrade.

Notice that the contribution matrix has only been calculated for a grid bounded by the

This is done for two reasons; the first is to minimise the number of grid

points needed for the reconstruction, the second is that the virtual sight-lines (discussed

in the next section) can only be calculated for grid points where 6* is defined i.e. within

However, even with a low number of sight lines, it is possible to reconstruct
MHD structures if it is assumed that these structures are rotating along a

constant contour of ppo;.

Consider a line of sight, S, observing a mode at time ty, rotating with
an angular frequency w. After a time At the mode will have rotated such
that any feature seen by S at ¢, will now be seen by a different sight line
S’ which is rotated with respect to S. In this way it is possible to define
a virtual sight line said to be observing at time ¢y but using data from time
to + At. All that is left is to calculate the shape of the virtual sight line, S”.
For this we need to consider how MHD instabilities rotate in the poloidal

It is not enough to apply a simple Cartesian mapping S(r,6) — S’(r,0)
as MHD instabilities do not rotate along a circular contour and do not ro-
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tate with a constant wavelength. In the coordinate system (ppo1, 0%, ¢) both
the wavelength and radial position are constant. The radial coordinate pye
is defined in equation (2.15). The angular coordinate #* is related to the
Cartesian poloidal angle, 6, by,

. Jo O(R.2) /00, 0) R dY
T AR, 2) /(0 0) RO

0" (1, 0) (4.19)

where 9 is the poloidal magnetic
flux. Mappings for #* are calculated
routinely on ASDEX Upgrade and are
based on the equilibria reconstructed
by the CLISTE equilibrium code. Us-
ing the following mapping it is possi-
ble to generate a new contribution ma-
trix, Tg;, from the contribution ma-
trix for an existing sight-line .S, T,

P;ol = Ppol (4.20)
0" = 0" —wAt  (4.21)

Figure 4.5 shows the positions of
real sight lines and their correspond-
ing virtual sight lines. Although w is
often unknown, it is possible to infer w
from the Fourier frequency of a mode,
fuvup, and its poloidal mode number,

Y 27 fpED (4.22) Figure 4.5: The real sight lines

m are rotated with constant ppo, from

. . .. .0 0* — wAt, giving the virtual sight
Even if m is not known it is possi- - WS SIVING The VIUAL 818

ble to use trial m numbers and com-

pare the resulting reconstructions. Fig-
ure 4.6 shows 3 reconstructions of an

m = 2 mode using trial m = {1,2,3}. The tomograms which use m = {1, 3}
are noticeably distorted, while m = 2 results in a relatively clean reconstruc-
tion.

lines. Note that the virtual sight-lines can

only be calculated for ppo < 1.0.

47



The additional virtual sight lines can make it possible for the maximum
entropy algorithm to converge in spite of poor sight line coverage. Even in
situations where there are enough real sight lines to converge, the additional
virtual sight lines improve the quality and resolution of this reconstruction.

60

usingm=1

120 140 160 180 200 220
R [cm]
Figure 4.6: An m = 2 mode is re-
constructed using 3 different trial values,
m = {1,2,3}. The central reconstruc-
tion, using m = 2, is noticeably cleaner
than the tomograms using the incorrect

value for m.

Figure 4.7 shows a comparison between
tomograms using a pure maximum en-
tropy, and maximum entropy plus the
rotation algorithm. For 150+ working
sight lines both reconstructions are clear.
Once the number of working sight lines
drops below 70 the pure maximum en-
tropy tomograms become unclear. Ro-
tation tomography for such scenarios be-
comes essential.

For this method we need to assume
we are observing a single MHD mode.
A Butterworth filter is applied to the
SXR data to filter out the plasma back-
ground and all but one MHD mode.
The filtering must be done over a time
window long enough to ensure a good
spectral resolution. This time window
must also be short enough such that
the structure in question remains es-
sentially invariant in rotation rate, w
and radial position, ppo. A typical time
buffer length is 0.01s.

While rotation tomography produces
better reconstructions than pure maxi-
mum entropy, it has done so by adding
assumptions about the behaviour of the
MHD mode, and equilibrium mapping
that may not be valid. These assump-
tions may limit its usefulness. For ex-
ample, the assumption of mode rotation
is not valid for rapidly evolving events
such as a sawtooth crash.
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Figure 4.7: The top row of tomograms have been reconstructed with a pure maximum
entropy method, making no assumption about the mode rotation. The lower row use
maximum entropy plus rotation. It can be seen that for 150 sight lines both methods
perform well and produce a clear reconstruction of the MHD mode. Whereas for 70 sight
lines and less, pure maximum entropy becomes unclear, while the rotation tomography
still produces good reconstructions. These reconstructions have been done using synthetic
data.
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4.4 Periodic Noise Reduction

Tomography is very sensitive to signal noise. While rotation tomography
increases the sight line coverage, it does not improve the overall signal to
noise ratio of the system. Furthermore, it has amplified the effect of any
systematic errors in the original data. Periodic noise reduction seeks to
improve the signal to noise ratio by averaging the data over a number of mode
periods. The principle makes the same assumption as rotation tomography,
that a given sight line observing a phase of the instability will observe that
same phase after a time 7 = 27w™!. Unlike rotation tomography this does
not make any assumptions about the (ppo1, 0*) mapping. The signal vector,
f(t), is averaged over a number of periods N, to give f’,

N-—1

£ = Ni S filt+nr) (4.93)

The mode must maintain approximately the same dominant frequency of
the time window N,7. Typically signals are averaged over 10 — 20 periods.

4.5 Smoothness Constraint

Additional smoothness constraints can be imposed to reduce the gradient
between adjacent grid points. Although the imposition of a smoothness con-
dition improves convergence to the ideal solution, it can also erase features
of interest, such as emissivity fluctuations due to MHD activity, see figure
4.9. The smoothness condition distributes the emissivity of each pixel of
the reconstruction to nearby pixels. The distribution is Gaussian, decreasing
with increasing pixel separation, r;. The emissivity of the k™ pixel after
smoothing is,

2
. on(3)
%= S A
=1 2021 exp (TM>
where A is the spot-radius of the smoothness condition, and g is the
emissivity before smoothing. A should be chosen, such that convergence is

improved without destroying features of interest. A is usually in the range
A= {3cm — 8cm}.

(4.24)
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Figure 4.8: Maximum entropy reconstructions with and without additional smoothness

constraint.
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Figure 4.9: The result of an increasingly rigid smoothness condition on an MHD mode.
A is the spot-radius of the smoothing function. For A > 10 cm the mode amplitude is

greatly diminished, and mode position becomes unclear.

4.6 Example: Disruption Reconstructions

Using maximum entropy tomography without rotation assumption it is pos-
sible to reconstruct the loss of vertical plasma control prior to a disruption.
Figure 4.10 shows such an example. Note this initial good agreement be-
tween the reconstructed emissivity and the contours of p,y. This agreement
is significant because, in this case, the tomography program has no a priori
information about the equilibrium.

o1



Over the next 13 ms there is a loss of vertical plasma control and the SXR
reconstructions show the entire plasma dropping into the divertor region.
After 13 ms there is a sudden loss of emissivity and the SXR cameras cease
to produce physically meaningful signals.

At=0.00ms At=4.50ms At=7.50 ms At=9.00 ms At=10.50 ms At=12.90 ms

0 0 TSy
<f\ a\ /) N
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-60 V ?/ \/ ) @
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Figure 4.10: This figure shows the evolution of the plasma emissivity prior to a disruption
as reconstructed by the SXR tomography program. The plasma can be observed dropping
into the divertor region over ~ 13 ms. After the plasma has dropped ~ 60 cm there
is a sudden reduction in the plasma emissivity. Reconstructions beyond this point are

impossible as the SXR channels cease to return physical signals.
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Chapter 5

MHD Instability Database

In order to study the behaviour of MHD instabilities a database was con-
structed consisting of time series for each type of MHD instability over the
duration of the shot. These time series contain quantities such as mode fre-
quency, and amplitude for continuous modes. In the case of fishbones only
one time series exists, a boolean operator: 0 for no fishbone activity, or 1
for any time interval where fishbone bursts are observed. For the ease of
comparison, all the above time series use the same time base. The sawtooth
instability is an exception as for this MHD instability a special time base is
used. In this case, each time point represents the midpoint of a sawtooth
crash. 6 time series were recorded for each discharge: pre/post-crash core
temperature, normalised sawtooth amplitude, inversion radius, envelope, and
the inter-sawtooth period.

In addition to the continuous time series, over 500 time slices were selected
for which plasma profiles for ion/electron temperature, and electron density
were fitted. The position and island size of any instabilities present in these
time slices were also determined, wherever possible. The following sections
will explain the identification and quantification process with the available
plasma diagnostics.

5.1 Correlated Spectrogram Analysis

A new spectrogram algorithm has been developed to aid in the identification
and analysis of MHD instabilities. The correlated spectrogram algorithm
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simultaneously achieves smoother spectral and temporal resolution than a
traditional spectrogram. This smoothing aids in the identification of MHD
modes, which often show significant variation in both time and frequency.

#19090 Spectrogram

[\ n n n
N & (2] ©

Frequency [kHz]
n
(=]

> ®
—
—

-
B

-
N

2.86 2.87 2.88 2.89
Time [s]

#19090 Correlated Spectrogram

il W

W

12 - R :
2.86 2.87 2.88 2.89
Time [s]

Frequency [kHz]
— - n N n n n
(2] 0o o N S (22 o

-
S

Figure 5.1: The correlated
Mirnov coil spectrogram (bottom)
simultaneously achieves a higher
spectral and temporal resolution

than the traditional spectrogram
(top).

In this method, many spectrograms are cal-
culated for the same time window using slid-
ing Fourier transform windows of different
lengths, kAt, for £ = 1,2,3,...,N. The
transform for spectral amplitude, F', as a
function of time, ¢, and frequency, w, is
shown below,

1 N t+EAL »
Flw,t) = / Ft)e ™ at’
N+ 2m ; t—EAt

(5.1)

In practice the integral above is approx-
imated using a discrete Fourier transform
[51]. Those spectrograms with a large kAt
will achieve a greater spectral resolution at
the cost of temporal resolution, while the
opposite is true for spectrograms calculated
with a short £At. All spectrograms are
mapped onto a common grid using linear
interpolation. This common grid is cho-
sen to have the temporal resolution of the
shortest kAt spectrogram and the spectral
resolution of the longest kAt. All mapped
spectrograms are then averaged together,
grid point for grid point. This cross cor-
relation between different spectrograms re-
inforces regions of overlap while averaging
over features that are present only on a few
of the spectrograms. Figure 5.1 compares
one such correlated spectrogram (bottom)
with a traditional spectrogram calculated
for the same overall time window (top).

Furthermore it is possible to separate even and odd toroidal mode num-
ber MHD instabilities by taking either the sum or difference of the signals
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from two Mirnov coils, 7 radians apart in the toroidal direction [42]. When
this technique is combined with the correlated spectrogram algorithm, it is
possible to effectively switch on or off a given type of MHD activity. This
can be useful for situations such as the one illustrated by figure 5.2, where
fishbone bursts and a (3,2) NTM converge into the same frequency band.
At some point there is a change in the plasma conditions, and the fishbone
bursts stop. The exact endpoint, however, is masked by the presence of the
(3,2) NTM. When we separate this correlated spectrogram into its odd and
even toroidal components we find the n = 1 fishbones appear only in the odd
spectrogram, while their second harmonic and the n = 2 NTM appear only
in the even plot. This makes finding the fishbone termination point a simple

task.
[

Correlated Spectrogram, #20448
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Figure 5.2: In the upper spectrogram it is difficult to determine the exact endpoint
of the fishbone bursts, as both the fishbone bursts and a (3,2) NTM converge into the
same frequency band. However, when we create correlated spectrograms of the even and
odd toroidal components, we find the n = 1 fishbone bursts appear only in the odd
spectrogram, while their (2,2) harmonic and the n = 2 NTM appear only in the even.

This makes determining the endpoint of the fishbone bursts simple.
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5.2 Neoclassical Tearing Modes

Neoclassical Tearing Modes (NTM) are continuous resistive MHD instabil-
ities which form magnetic islands in the plasma equilibrium. They can be
readily identified from a soft X-ray or Mirnov coil wavelet plot as they form
strong continuous bands, varying slowly in frequency with time. Once identi-
fied as an NTM, each NTM is labelled by its poloidal and toroidal wave num-
bers (m,n). m and n are determined using phase tracking across poloidally
and toroidally separated Mirnov coils as described in chapter 3.1. Figure
5.3 shows an example of a toroidal wavenumber spectrogram resulting from
this phase analysis. Here the different types of NTM can be clearly distin-
guished: a (4,3) NTM appears first, to be replaced by a (3,2) NTM and its
1% harmonic the (6,4).

Once each NTM has been identified
its frequency is tracked in the Mirnov
coil spectrogram. This gives us a
time series of mode frequency and
spectral amplitude, which can be in-
tegrated to give the relative NTM
amplitude with time. If we assume
B, ~ By then the magnetic signal
can be related to the NTM island
width, w, by the following expression
[45]a

Frequency (kHz)

ORr NWHAOGOTO~NNSGAONA~O

2 Timi (seconds) ¥ 8 w XX \/ BT, (52)

Figure 5.3: This figure shows an example ) )
For a number of select time win-

dows the electron temperature pro-
file is analysed in this frequency range
using the ECE diagnostic. Figure 5.4
shows an example of such an elec-
tron temperature profile. As the is-
its 1°* harmonic, (6,4). land rotates in the plasma it causes a

local fluctuation in the electron tem-
perature. This fluctuation is zero at the island centre, where the phase of the
fluctuation also changes by 7 radians. The fluctuation amplitude increases
with distance from the island centre to two local maxima at either extreme of

of a toroidal wavenumber spectrogram
obtained using phase tracking with the
Mirnov coil diagnostic. Here 3 NTMs can
be clearly distinguished. First a (4,3) NTM
grows to be replaced by a (3,2) NTM and
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the islands O point [52]. The island centre is taken to be the local minimum
between two maxima in spectral amplitude, where a phase jump of ~ 7 is
also observed. The island width is taken to be the distance between these
two maxima. Often only one of the two maxima is clearly identifiable. In
such cases the distance between the minimum and one avaliable maximum is
taken to be half the island width, w/2. This is only a rough approximation
as the island width, w, is typically asymmetric about the rational surface. In
the example below the inner maximum cannot be resolved due to coupling
with a (n,n) instability further inside the plasma. This coupling gives rise
to the large smeared peak spanning p,, = 0.0 — 0.6.

Determining mode position and island width using ECE measurements
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Figure 5.4: This figure shows a typical NTM T, fluctuations profile. The indicated
maxima correspond to the outer extent of the islands O point. The distance between
them can therefore be taken as the island width, w. The island centre can be taken as
the local minimum between these two maxima. This minimum in the spectral amplitude
should coincide with a phase shift of ~ 7. In this example only one of the outer maxima
is visible. The inner maximum cannot be resolved due to mode coupling with an (n,n)
instability located further inside the plasma at the ¢ = 1 surface. In such cases we take
the distance between the minimum and maximum as an approximation for w/2. This is

only an approximation as the island width is often asymmetric about the rational surface.

The Nyquist frequency of the ECE diagnostic is 16kH z for all of the
discharges in the database. This restricts ECE analysis to low n MHD
modes, n = {1,2}, as modes with n > 2 typically have a frequency in
excess of 16kHz. The radial resolution of the ECE diagnostic was high to-
wards the plasma edge for the discharges studied in this thesis. Therefore the
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mode position information is best for instabilities with a high m/n ratio, e.g.
(2,1),(3,2), and not well suited for core MHD modes such as (1, 1), (2,2), - -

The soft X-ray diagnostic can also provide information about the NTM
poloidal mode number and approximate radial position, see figure 3.7. While
in some cases it is possible to correlate these position measurements with the
ECE diagnostic, very often the modes in question are above the 16kH 2 ECE
Nyquist frequency.

Additionally, the information from several SXR cameras can be combined
to give a tomographic reconstruction of the plasma emissivity cross section,

Reconstructed (3,2) NTM as was discussed in chapter 4. An exam-
50 T .

ple of such a reconstruction is shown in
(S ‘ ﬁgurg 5.5. Here 'the NTM can easily be
30 % identified as having m = 3, located on
20 1 the ppo = 0.3 flux surface.
510 o It is also necessary to distinguish be-
R ° tween those NTM whose onsets are trig-
10 / gered by sawtooth or fishbone precursor
o modes, and spontaneous NTM onset. This
is done manually be identifying poten-
BT 160 rom) ~C 200 tial precursors. If an NTM does not ap-

pear to have any potential precursor it
Figure 5.5: This figure shows an ex- is labelled as a Spontaneous-onset NTM
ample of an SXR tomogram of a (3,2) (SNTM). All NTMs with a potential pre-
NTM. Here the poloidal mode number ~CUISOr are in turn grouped together as
Precursor-triggered NTMs (PNTM). Fig-
ure 5.6 shows an example of a PNTM
(top) where a potential precursor event has been clearly identified in the
ECE time series, and an SNTM (bottom) where no precursor is present.
SNTMs can also be postively identified using the relative mode amplitude
as measured by the Mirnov coils. We take the ratio of the mode amplitude
during the NTM onset to the saturated mode amplitude to be equal to the
ratio Wseeq/Wsqe by making the assumption that the radial location of the
NTM rational surface remains essentially unchanged from mode onset to
saturation. This ratio is then compared to the ratio wy,,/ws. predicted
by the Rutherford equation (2.34). We find that for SNTMs the two ratios
match almost exactly, while for PNTMs we find wseeq/Wsat = Winin/Wsat-
This result is discussed in more detail in chapter 6.1.

and position can be easily identified.
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Figure 5.6: The upper figure shows an example of an NTM that has been potentially
triggered by a sawtooth crash. The sawtooth crash is visible in the ECE time series and
the NTM begins to grow immediately afterwards. The lower figure shows an example of
spontaneous NTM onset. The NTM begins to grow without the presence of a sawtooth

or fishbone precursor.
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5.2.1 Frequently Interrupted Regime NTMs

The techniques used to study Frequently Interrupted Regime NTMs (FIR-
NTMs) are the same as for the standard regime NTMs discussed above.
When the relative mode amplitude is obtained from the frequency tracking
routine it is possible to manually spot and label FIR-NTM as those NTM
which show sharp periodic drops in mode amplitude. An example of a relative
amplitude time series for a FIR-NTM is shown in figure 5.7. The upper time
series is the relative amplitude of a (3,2) NTM. At the point where it enters
the frequently interrupted regime the lower time series begins.

#20816

NTM Ampl.

e FIR-NTM Ampl.

Figure 5.7: The uppermost time series belongs to a standard regime (3,2) NTM. At the
point where this NTM becomes a FIR-NTM the bottom time series begins.

5.3 Fishbones

The fishbone instability has a characteristic downward sweeping frequency
progression that is easily recognised in a Mirnov or SXR spectrogram. Fish-
bones often occur in succession. For the entire time interval where the fish-
bones are observed the database will record the fishbone amplitude to be 1.
This detection is done manually using the correlated spectrogram method
introduced at the beginning of this chapter.
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5.4 Sawteeth

The sawtooth instability results in a sudden loss of core temperature corre-
sponding with a sharp rise in temperature outside of the core. Figure 5.8
shows an example of a sawtooth crash observed by the ECE diagnostic. The
normalised sawtooth amplitude is taken as the difference in core electron
immediately preceding and after the crash event, divided by the initial tem-
perature. The inversion radius is indicated on the right hand side of figure
5.8, defined as the point where the gradient of temperature change goes from
negative to positive.

Sawtooth Crash in #19356 Sawtooth Inversion Radius
. 0 T T T
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Figure 5.8: The sawtooth instability results in a sharp drop in core temperature coin-
ciding with a sudden rise in temperature outside of the core. This is shown here (left)
where the upper line is the core ECE channel, and the lower line shows a time series of
an ECE channel outside of the core. The right plot shows the inversion radius. Defined
as the point where the temperature change makes the transition from negative to positive

gradient.

This analysis is time consuming if it is to be repeated for all sawtooth
events in the database. For this reason a sawtooth analysis routine was de-
veloped using singular value decomposition (SVD) and a set of empirically
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determined parameters to identify and quantify sawtooth events in an auto-

matic fashion.

5.4.1 Sawtooth Detection Algorithm, SAWSCAN

We can treat the different channels of the ECE diagnostic as a matrix, X,
of size (n x n;), where n is the number of channels and n; is the number of

ECE central channel

{

Time [s]

1% and 2" eigenfunctions of Te

4.5 1
4 ]

0 Lo o 2 3

Figure 5.9: The upper figure shows the
T, time series of the central ECE channel.
The lower plot shows the same data after
SVD, taking only the sum of the 1%t and

274 eigenfunctions.

time points. Singular value decompo-
sition was used to filter the T, profiles
[54],

X = U'SV (5.3)
T, = Uk Sk Ukj (5.4)
x*) (x(k)) (5.5)

ij

where X% is the k' eigenfunc-
tion of X, and n; > n. Figure 5.9
shows the ECE channels overplotted
(top), and the same data taking only
the sum of the 1** and 2"¢ SVD eigen-
functions (bottom). It can be seen
that SVD has the effect of filtering the
data to the sawtooth instability.

The ECE time series are further
low-pass filtered to 4 kHz by a Butter-
worth filter. A sliding time window of
data, length At = 6.25x 107 s is then
analysed to determine if it matches
the following empirical parameters for
a sawtooth crash. This window was
chosen to be significantly shorter than
the sawtooth envelope so that we have
a number of points during the crash
and recovery. This is to ensure that

subtle features such as the increase in 7, outside ¢ = 1 are not averaged over
and lost. In order to avoid registering different phases of the same event
more than once, a criterion is put on the inter-sawtooth period, 744, = 0.01
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s. We take the core ECE channel of X, measuring T,(t), and the core ECE

(2)

channel of X ) measuring 7.~ (t). The time derivative of T, is evaluated to

find

the minimum and maximum gradients within Sawtooth crash in #19356

45

the At, and their respective time points
tmin, tmaz- The following empirical con-
ditions must be met for this time window
to be labelled as a sawtooth crash,

=5 [ s

dT, |

dt |
Te(tmin)
i T 7100
T
min d < 4x10%eV st (5.7)
dt
dT,.|
K (53)
AT, < —-20eV (5.9)
tmin < tmam (5 . 10)

Although the SAWSCAN code can re-
liably distinguish sawtooth crashes from
other events, no set of empirical laws could
be found to consistently distinguish a saw-
tooth crash from the crash features ob-
served during a FIR-NTM. Figure 5.10
shows an example of a sawtooth crash and
a FIR-NTM crash. Figure 5.11 shows the
result of the SAWSCAN algorithm. Here
the ECE channels are over plotted. The
dark vertical lines indicate time windows
that have satisfied the above conditions.

Sawtooth FIR-NTM disambiguation is

4F

19 3.2 3.2 3.22 3.23 3.24
Time [s]

Figure 5.10: This figure shows
the crash features observed during
a sawtooth and FIR-NTM. No set
of empirical laws could be found to
consistently distinguish between the

two classes of event.

done manually by relating suspected sawtooth events to the normalised am-
plitude of any NTMs present in the same time window. If a rapid loss in NTM
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amplitude coincides with the suspected sawtooth crash then it is relabelled
as a FIR crash instead.

Sawtooth scan output for #19356
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Figure 5.11: This figure shows an example of the SAWSCAN algorithm for sawtooth
detection. The ECE channels are over plotted. The dark vertical lines indicate time points

that have satisfied the empirical conditions for a sawtooth crash.

In principle there are two distinct classes of sawtooth: Those with and
intersawtooth period 7., > 7 and those with 7,4, < 7. In practice we
find that sawteeth in improved H-mode discharges always have 7,4, > 75
after the L to H transition. In chapter 2.3.6 we discussed the significance
of the two classes. Sawteeth with 7,4, < 7 will interrupt the recovery of
the plasma kinetic profiles, thereby limiting the maximum achievable plasma
pressure. This is not the case for sawteeth with 7,4, > 7.

The database defines two types of sawtooth time slice. The first is a
time slice within the sawtooth envelope, i.e. after the crash but before the
recovery of the plasma kinetic profiles. The second type includes time slices
that do not necessarily contain a sawtooth crash but which are between two
subsequent sawtooth events. These events can be up to 500 ms apart.
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Chapter 6

Onset Criteria and
Characterisation of MHD
Instabilities in Improved
H-Mode

The goal of this thesis is to better understand the mechanisms giving rise
to MHD instabilities, to characterise their behaviour, and ultimately to de-
termine their role in the improved H-mode scenario. In this chapter we will
discuss the conditions under which the NTM, FIR-NTM, fishbone and saw-
tooth instabilities appear. We will then use the improved H-mode database,
described in the previous section, to quantitatively test and constrain the
existing models for these instabilities. Additionally, we will use the newly
implemented SXR tomography program to study and characterise the saw-
tooth instability.

6.1 Neo-classical Tearing Modes

In this section we will investigate the onset conditions of NTMs in improved
H-mode plasmas. The goal is to use the NTM onset conditions to learn
about the background plasma and to test the Rutherford equation (2.34). In
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chapter 2.3.3 and 5.2 we discussed the distinction between P and SNTMs.

PNTMs are triggered by sawtooth or fishbone precursor event, which
forms large seed islands in the plasma. These seed islands are typically
larger than w,,;, (defined as the minimum island size to result in a positive
dw/dt).

SNTMs are triggered without the aid of a precursor event, growing from
much smaller seed island sizes at the detection limit of the Mirnov coil diag-
nostic. SNTM onset occurs for relatively high values of poloidal 3, when the
value of w,,;, matches the seed island size, Wgeeq, 1.€. Weeed X Winin, see figure
2.5. In chapter 5.2 we used this relationship to positively identify SNTM
modes using by comparing the measured ratio of seed to saturated island
S1Z€ Wseed/Wsqr With the ratio predicted by the Rutherford equation. It was
found that the measured and expected ratios matched well for (3,2) SNTMs.

Experimentally it is rarely possible to determine absolute island sizes
for NTMs due to the limited temporal and core-spatial resolution of the
ECE diagnostic. This becomes especially difficult for measuring wge.q as,
for SNTMs, it is expected to be significantly smaller than the inter-channel
spacing. However, it is still possible to measure the relative island width
W /Wgqt(t) using the integrated Mirnov coil signals, i.e. if we can assume
that the radial location of the rational surface is constant with time, then
J Ueondt o< Bpert, see equations (3.1, 3.2). We take the maximum achieved
island size to be wgy, while wgeq is the island size when the mode first
appears. We expect the following relations for P and SNTMs,

Dseed - Dmin o SNTM (6.1)
Wsat Wsat
Dsced o Dmin g0 PNTM (6.2)
Wsat Wsat

where we obtain the ratio w,,,/ws by solving the Rutherford equation
using kinetic profiles and equilibrium reconstructions at the time of the mode
onset.! Figures 6.2 and 6.3 show two examples of this procedure for a P
and SNTM. Here we see that the ratio wgeeq/wsq almost exactly matches
the ratio W, /Wse from the Rutheford equation for the SNTM case. As
expected, this relationship does not hold for the PNTM whose inital seed

!Note that here we are using the A’ definition from equation (2.36), meaning that this
analysis is only strictly valid for (3,2) NTMs as currently no fitting is avaliable for other

combinations of (m,n).
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island size is nearly 3 times greater than the value of w,,, predicted for
this time point, presumably growing from a large seed island generated by
the sawtooth precursor. This result is significant as it not only allows us to
positively identify SNTMs, as discussed in chapter 5.2, but also to estimate
the size of naturally occuring seed islands in improved H-mode plasmas using
the Rutherford equation' SNTM onset #20432::1.25s

At this point it may seem reason- 200 : !
able to directly measure the NTM is-
land width during the mode onset using
ECE measurements. Unfortunately a 44|
direct measurement is not possible due Tg
to the limited temporal and spatial res- £ 50
olution of the ECE diagnostic (16 kHz E
Nyquist and ~ 2 — 3 c¢m inter-channel
spacing). Many of the NTMs being stud-
ied have frequencies well in excess of 16
kHz and wg..q is expected to be much ~100; - 5 s .
smaller than the inter-channel spacing. w [em]

While a direct measurement of wseea  Figure 6.1: This figure shows duw/dt(w)

may not be possible, it is possible t0  calculated using kinetic profiles and equi-
infer the seed island size using the rela-

tionship Wseeq & Wiin and solving the
Rutherford equation for w,,;, using ex-
perimental kinetic profiles and equilib-
rium reconstructions during the SNTM
onset phase. Figure 6.1 shows an ex-
ample of how w,,;, is estimated during
the onset of a (4’ 3) NTM. Here we find dw/dt, is approximately 1.07 + 0.13 cm.
that weeeq =~ Wi = 1.07 £0.13 cm.

librium reconstructions from the SNTM
onset phase. The 3 solid lines show the
confidence band in dw/dt due to uncer-
tainties in the equilibrium and kinetic
profiles. w.in, defined as the minimum

island size to give a positive value for

Error Analysis

The uncertainty in wg..q comes from the uncertainty in ag; the kinetic profiles,
the position of the rational surface, and the equilibrium profiles. We generate
distribution functions for each of the above terms based on these uncertainties
and solve the Rutherford equation for w4 several times using different
values within the distribution functions. This results in a mean and standard
deviation of wg..q values for any given NTM onset.

67



Observed W) for a (3,2) NTM in #21081

Predicted dW/dt at 1.0s
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dw / dt [em 5]

Figure 6.2: The ratio of seed to saturated island size for an SNTM. Note that this ratio

almost exactly matches the predicted ratio wyin /Wsar from the Rutherford equation. This

indicates, as we suspected, that the SNTM begins to grow with an island size roughly equal

to Wiin -
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Observed W(t) for a (3,2) NTM in #20995 Predicted dw/dt at 6.2s
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Figure 6.3: The ratio of seed to saturated island size for a PNTM. Unlike the SNTM
above, the PNTM begins with a seed island size nearly 3 times greater than the wy,n
predicted by the Rutherford equation. This large wseeq is presumably created by the

sawtooth precursor.
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The error in the pressure scale lengths, L,, L,., simply comes from the
fitting of the kinetic profiles, here the AUGPED code provides error estimates
based on the scatter of measurements and the number of fit parameters [36].
The uncertainty in ¢, L,, and the position of the resonant surface is based
on the error in ¢, which is estimated by the CLISTE equilibrium code [31],
using Aq = At/q¢®. Finally, the standard deviation in ay comes from the
modelling of NTM stabilisation experiments carried out on ASDEX Upgrade
and JT-60U [12].

Seed island sizes for spontaneous onset NTMs in improved H-mode

4 T T T T
o 1)
o (32
A (43)
35 + (54 H
3l il
A
25— —
g %
S,
gZ*A b
: i
151 ﬁ : i: %m o]
m
1+ _/# A f_|
4 I o o [}
o}
,,,,, A AN __________-_____b5 " _________
051 i -
o ] ] ] ] ]
19000 19500 20000 20500 21000

Figure 6.4: Seed island sizes inferred from the value of w,,;, calculated during SNTM
onset phases. We find a mean value of wgeeq = 0.95+ 0.40 cm for naturally occurring seed

islands in the improved H-mode scenario.

Results and Verification

It is important to note that for this study we used the vacuum approximation
for A’ = —m from equation (2.35) rather than the expression in (2.36). While
the latter better represents A’ for large island size, it is only valid for (3, 2)
NTMs. As yet no such fitting exists for the other species of NTM observed
in the improved H-mode database.
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Figure 6.4 shows the values of w..q found for SNTMs in the improved
H-mode scenario. This suggests a mean seed island size of wge.q = 0.954+0.40
cm
in the absence of sawtooth or fishbone 12
precursor events. This result has been
confirmed for a small number of shots 1 ] i vm
using ECE and integrated Mirnov coil W
measurements to infer the seed island ]
size. An example is shown in figure
6.5. SNTMs were chosen with satu- Z
rated island sizes large enough to be
visible for the ECE diagnostic and mode
frequencies less than 16 kHz, for ex- Ll Waceg ™ 015 Wog = 132 0.7
ample the (3,2) NTM in #21081:

A saturated island size of wg, = S
6.5 + 2.4 cm was measured with the S e T
ECE diagnostic. The integrated Mirnov
coil signal for this mode shows that
the seed island is between 15% — 23%
of the saturated island size.? This gives
a seed island size of Wgeey = 1.3+ 0.7 the magnetics and a measurement of the
cm, which is in good agreement with saturated island size using the ECE diag-
the study above. nostic. We find wgeeq = 1.3 £ 0.7 cm.

ECE:W,_ =65%24cm ‘ Mh“nhl.‘. i

0.4r

Figure 6.5: This figure shows the seed is-
land size for a (3,2) SNTM in shot #21081

inferred using the relative island size from

6.2 The Frequently Interrupted Regime

The Rutherford equation can be fit to predict the onset of normal regime
NTM. However, for the Frequently Interrupted Regime NTM an additional
On threshold must be reached to destabilise the infernal mode. Figure 6.6
shows the distribution of NTM/FIR-NTM onsets with respect to the plasma
On. Here it can be seen that unlike normal regime NTM, FIR-NTM have
a sharp onset threshold at Gy > 2.00. Figure 6.8 shows an example of a
Oy > 2.0 FIR-NTM onset. The upper plot shows a correlated spectrogram
featuring (1, 1) fishbones, an intermittent (4, 3) mode and a (3,2) NTM going
into the FIR regime. The lower plot shows time series of normalised NTM
amplitude and [y.

2We can only use the integrated Mirnov signal to infer relative island sizes if we assume

that the position of the rational surface remains constant, see chapter 2.3.3.
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This value is slightly lower than the Gy threshold found in previous studies
NTM OnsET [17]. This can be explained by the char-
” - [B%ne]  acteristic improved H-mode g profile. The
* 1 central magnetic shear is low compared
to standard H-mode discharges and low
magnetic shear at the (m+1,n+ 1) sur-
face reduces the plasma stability against
the ideal infernal mode. However, this

N
@

NO. OF ONSETS, N
N
S

s ] ] alone does not necessarily lower the thresh-
10 ] old of the FIR transition, as a low global
s [ — ] magnetic shear would also increase the

s separation of the (m,n) and (m+ 1,n +
. 1) rational surfaces, see figure 6.7 (left).
Figure 6.6: This figure compares the ;¢ 1,4 only increases the perturbation
distribution of NTM and FIR-NTM on- 5 plitude required for the modes to over-
sets with respect to the plasma fn. ]ap and interact stochastically, but it has
FIR-NTMs have a sharp onset thresh-  also been shown that the plasma stabil-
old By 2 2.0. ity against the ideal ballooning mode is
significantly reduced in the presence of a magnetic island, [55].

05 NORIMALISE]DSPLASM%\ PRES%EJRE, BN3
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Figure 6.7: Lowering the global magnetic shear increases the separation between the
(m,n) and (m+1,n+ 1) resonant surfaces (left). However, for the characteristic improved
H-mode ¢ profile it is possible to have a low magnetic shear at the (m + 1,n + 1) surface
without necessarily increasing the radial separation between it and the (m,n) rational
surface (right). Note that these profiles are only illustrative. While the righthand profile
is realistic, the lefthand profiles would not have such high shear, but would nevertheless

show the same trend in ohmic and standard H-mode discharges.
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Although this not exactly same kind of ideal instability, we assume that
this effect will hold true for the infernal mode as well. As the radial separation
of the two rational surfaces increases, the plasma becomes effectively more
stable against the infernal mode. Now consider the characteristic improved
H-mode q profile, with low central magnetic shear, rising sharply in the outer
half of the minor radius to the seperatrix. In this scenario it is possible for
the magnetic shear at ¢ = (m + 1)/(n + 1) to be low without increasing
the separation between the two resonant surfaces, see figure 6.7 (right). For
this reason we expect, and indeed observe, a lower 3y threshold for the FIR
transition in the improved H-mode scenario compared to standard H-mode
discharges.

FIR-NTM Onset in #20116 at By = 2.0
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Figure 6.8: This figure shows a FIR-NTM onset occurring at By ~ 1.75. The char-
acteristic features are labelled in the correlated spectrogram (top). Here (1,1) fishbones,
an intermittent (4,3) instability, and a (3,2) NTM enter into the phase locking condition
as the FIR crash occurs, i.e. w(32) = 2w(1,1), W(4,3) = 3w(1,1)- Coinciding with this con-
vergence is a sharp drop in the normalised NTM amplitude. The NTM has entered the
FIR regime. The other smaller crash features can be attributed to ELM events, visible as

spike-like features in the H, signal, shown at the bottom of the second plot.
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6.3 The Fishbone Instability

The fishbone instability requires the presence of the ¢ = 1 rational surface,
and a sufficient fast particle pressure, (.4, in the core. It has been observed
that this threshold is s = 0.009 for H mode discharges [56]. We estimate
Bfast due to neutral beam ions using the ion slowing down time, T4,

T (= Bron
6fast = (63)

_ ]__|_T_E

Tsd

-3
=]

a
=]

3/2
e

= 6.2x108
- Tad ” neln A

where In A = 17 for ASDEX Upgrade.
TE is the appropriate confinement time
i scaling. In [56] an H mode scaling was
H used. The central ¢ value, qq, is typi-
o7 08 s i 11 12 13 14 cally an unreliable quantity as there is of-

o ten very little information with which to
constrain the CLISTE equilibrium code
in the plasma core. Therefore, only time
fishbone instability in terms of go. slices for which the MSE diagnostic was
avaliable were used for determining the fishbone onset conditions. Fig-
ures 6.9 and 6.10 show that fishbones are only observed for, ¢y < 1.0 and
Brast > 0.0075. This B, onset condition is slightly lower than the value
found for standard H mode discharges.

In [56] a destabilisation regime was calculated using the above [fus
threshold. This regime is shown as the shaded regions in figure 6.11. Each re-
gion has been calculated keeping By, = —2 T (right figure) and n, = 5x 10"
m~® (left figure). The boundary of this region represents the ;.5 = 0.009
threshold at Ip = 0.6 MA. Timeslices with n. ~ 5 x 10" m~ and B,,, ~ —2
T from the improved H-mode database are shown overlaid. Note that fish-
bones are found at slightly lower core temperatures than predicted for the
standard H-mode regime. This is consistent with the lower 345 threshold.

(6.4)
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Figure 6.9: The occurrence of the

6.3.1 Suppression by NTMs

It has been observed that the presence of an NTM in the plasma can suppress
(1,1) activity, such as a reduction in the rate of Sawtooth reoccurrence and,
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Figure 6.10: The occurrence of fishbones in terms of the core Bfqst.
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Figure 6.11: The shaded regions represent the fishbone destabilisation regime found for
the standard H-mode. The boundary of this region represents the (3rqs threshold. The
Timeslices from the improved H-mode database are shown overlaid. Note that fishbones
are found at slightly lower core electron temperatures than predicted by this regime. This

suggests a lower (Bfqs: threshold.
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in some cases, total suppression of the fishbone instability [35].

Fishbone suppression by NTM activity, #20448
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Figure 6.12: Fishbone bursts are observed after 2.7 s as the core (45t exceeds the
threshold value 5;;@ They continue until 5.2 s, when the onset of a (3,2) NTM causes a
rapid drop in By4s, bringing it below [)’j’als‘L for this shot.

One theory suggests that a rotating NTM island acts as an antenna which,
through the emission of Alfvén waves, drives a negative current through the
plasma. This current drive could in turn prevent the central q value dropping
below unity [35]. However, the following observations suggest that the NTM
suppression of the fishbone instability is due only to the impact of the NTM
on the core (t,s. Note, the NTM impact on B4 is calculated using profiles
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of T, in equations (6.3, 6.4). This makes the assumption that the NTM
affects the fast and thermal particles in the same way. Figure 6.12 shows
an example where, as a result of the onset of a (3,2) NTM, the value of
the core (34,5 drops below the threshold value of 345 at which the fishbone
instability was first observed in this discharge. At the same time point the
fishbone instability vanishes.

Fishbones not suppressed by NTM activity, #19090

Frequency [kHz]

beta fast

Time [s]

Figure 6.13: In this example fishbone bursts continue throughout the onset and much of
the duration of a (4,3) NTM as this NTM fails to sufficiently degrade the core B4 value.
This allows the NTM and fishbone activity to coexist until roughly 4.3s when the core
Bfast drops below the critical value for this discharge. At this point the fishbone bursts
stop abruptly.

This matches observations by the Fast Ion Loss Detector (FILD) on AS-
DEX Upgrade, where NTMs have been shown to have a strong impact on
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the fast particle population [57]. In cases where the NTM does not have a
significant impact on the core 37,4, such as the (4,3) NTM shown in figure
6.13, the fishbone instability is not suppressed.

6.3.2 Suppression by a Sawtooth Crash

Observations show that a sawtooth crash temporarily suppresses fishbone
activity. In the total reconnection sawtooth model this is explained by the
central gy being raised above unity as a result of the crash [23]. This loss
of the ¢ = 1 surface effectively suppresses the fishbone instability. The ¢
profile can return below unity after a time interval At. This is of the order of
the current diffusion time, 74;¢. The radius of the ¢ = 1 surface during this
time window is approximately 12.5 cm. This gives a current diffusion time
of Tair = 0.5 s, from equation (2.33).

Fishbone suppression by sawtooth crashes, #20448
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Figure 6.14: Fishbone recovery times after a sawtooth crash are nearly 2 orders of
magnitude less than the current diffusion time. This suggests that the gy did not raise

above unity as a result of the sawtooth crash.

However, in the improved H-mode database, fishbone bursts are regularly
observed after a sawtooth crash within 0.015 s, as shown in figure 6.14, which
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is nearly 2 orders of magnitude less that 74;¢. This suggests that if the ¢y was
raised above unity, it has returned nearly 100 times faster than expected.
In the partial reconnection sawtooth model the ¢ = 1 surface remains in
the plasma after the sawtooth crash [27]. This would explain not only why
the fishbone instability is able to recover so quickly after the crash, but also
why in many cases (1, 1) activity is observed before, during, and after the
sawtooth crash. In this model the temporary cessation of the fishbone bursts
is explained by the sawtooth impact on the core fast particle population.
The sawtooth crash reduces the core (3,5 below the fishbone threshold value
and the fishbone bursts cease. Figure 6.15 shows that fishbone bursts are

observed as soon as the 344 recovers to the 57,7 value for this discharge.

Fishbone suppression by sawtooth crashes, #20448
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Figure 6.15: In the scenario where the ¢ = 1 surface survives the sawtooth crash, the
temporary cessation of the fishbone instability can be explained purely by the loss of core
Brast- The crash causes a sharp loss in the core 845 which brings it below the threshold
value required for the fishbone instability in this discharge, B;lett Fishbone bursts are
observed again as soon as the core [, recovers to ﬁjcczlstt

It is important to note that the initial loss in Bf4s is not due to the 744
dependence on the electron temperature (6.4), but that the sawtooth crash
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ejects fast particles from the core. In this discharge the flat-top T, = 3 keV,
and n. = 6 x 10" m™ which gives 7,4 ~ 10 ms. In order to see the effect
of changing T, on B, we must wait for at least a time interval of 7,4 in
order to calculate (.5 with equation (6.3). This means we cannot calculate
Bast for the crash phase or for 10 ms afterwards. Equation (6.3) becomes
valid again for the recovery phase, which lasts roughly 30 ms, and accurately
predicts the reappearance of the fishbone instability.

6.4 The Sawtooth Instability

The sawtooth instability requires ¢o < 1.0, and magnetic shear at the reso-
nant surface, s > S, from the Porcelli criterion, equation (2.49). Figure
6.16 shows the evolution of the local shear at the ¢ = 1 surface with respect to
the critical shear required to destabilise sawteeth. As soon as s(rs) increases
above s..;;(rs) sawteeth are observed.

In chapter 2.4 we discussed the hypothesis that sawtooth and fishbone
reconnection may play a role in maintaining the flattened ¢ profile charac-
teristic of improved H-mode discharges. In figure 6.16 there is an indication
that such an interaction may be taking place. Note that the evolution of
the local magnetic shear stops abruptly as soon as the sawtooth instability
is observed, with ds(ry)/dt ~ 0. This discussion will be carried further in
chapters 7.2 and 8.1.

The left hand side of figure 6.17 shows sawteeth have only been observed
for qo < 1.0, as expected, while the right hand figure shows a scatter plot
of time slices containing a ¢ = 1.0 surface, and the difference between the
local and critical shear at the resonant surface, s; — s..;;. Here it can be seen
that sawteeth are only observed when the local shear exceeds s..;. Only
those time slices for which the MSE diagnostic was avaliable were used in
this analysis.

This figure clearly shows that sawteeth are not observed for local shear
below the onset criterion s; > s..;;. However, not all timeslices which satifsy
the Porcelli criterion contain sawteeth. It has been proposed that recon-
nection is triggered only when the following additional criterion is satisfied
[58]7

cp? > W (6.5)

s
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Sawtooth critical shear in #20868
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Figure 6.16: This figure shows the evolution of the local magnetic shear at the ¢ = 1
surface with respect to the critical shear required to destabilise sawteeth. The critical
shear has been averaged over the discharge. For both the critical and local shear the 3
lines reprensent the mean and 4+ standard deviation. As soon as s(rs) = Serit(rs) sawteeth
are observed. It is interesting to note that ds(rs)/dt drops abruptly to ds(rs)/dt ~ 0 as
soon as sawteeth are observed. The 3 solid lines show the confidence band based on

uncertainties in the equilibrium reconstruction.

where ¢ is a normalisation coefficient, s; is the local shear at the ¢ = 1
surface with radial location r,. 0W represents the ideal potential energy.
Both energetic ions and toroidal rotation act to increase W thereby increas-
ing the plasma stability against the sawtooth [59, 60]. A full quantitative
model for sawtooth stabilisation is still the subject of ongoing research.

6.4.1 Compound Sawteeth

The compound sawtooth crash is a variant of the typical sawtooth crash,
where a sudden relaxation of the temperature profile is observed preceeding
the main crash. This initial relaxation does not result in a drop in the central
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Figure 6.17: The left hand side compares two histograms of go. The white histogram
shows all improved H mode containing MSE information, while the grey shows the subset
of those time slices which contain sawteeth. Here it can be seen that sawteeth are only
observed for gy < 1.0. The right hand side shows a scatter plot of gy and the difference
between the local and critical shear at the ¢ = 1.0 surface, s — s..;+. Here it can been

seen that sawteeth are only observed for s1 > S¢pit.

temperature, but occurs in a localised region just outside of the core. In the
compound sawtooth crash model the initial crash is caused by a reconnection
between two ¢ = 1 surfaces in the plasma, i.e. there must be an inversion
in the ¢ profile close to ¢ = 1 [61]. This inversion requirement suggests a
low shear in the central ¢ profile with a ¢y close to unity. The upper plot
in figure 6.18 shows an example of several successive compound sawteeth,
where the initial crashes have been highlighted in grey. The lower part of
figure 6.18 shows how the electron temperature profiles change as a result of
both the initial and main crash events. Such events are observed regularly
in the improved H mode database, which suggests that many improved H
mode discharges have a flat central ¢ profile close to unity.

The compound sawtooth crash is seen most clearly on the ECE diagnostic.
However, it is also faintly visible on the SXR diagnostic. A simple model of
the compound sawtooth was compared with the observed SXR signals using
the SXR tomography program described in chapter 4. The equations below
give the perturbed emissivity profiles as a result of the initial crash, €, (1),
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Compound Sawtooth Crashes in #20866
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Figure 6.18: An example of compound sawteeth observed during an improved H mode
discharge on ASDEX Upgrade. The initial crash features have been highlighted in grey.
The initial crash occurs close to the inversion radius of the main crash. This initial relax-

ation is relatively localised and does not have an impact on the central plasma temperature.
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and the main sawtooth crash, €,,4i,(7),

goe” "/ “)2, before crash

i

g e/ — cie_<

_e_(r/“)2 —ce (%)
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— Before crash ||
- linitial crash
—— Main crash
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Figure 6.19:

basic model of the compound sawtooth

This figure shows a

crash using equations (6.6) to (6.8).

r/a—rg/atX;

(6.6)

r/a—rg/a—=X;
A

2 2
) + Ci6_< i ) ] , initial crash

(6.7)

r/a—rg/a—Xg
A2

2
- cze_< ) } , main crash (6.8)

where ¢ < ¢ and Ay < Ay. The
resulting emissivity functions are shown
in figures 6.19 and 6.20. This simple
poloidally symmetric model is based on
the observed evolution of the T, profile
shown in figure 6.18, using the assmup-
tions dn./dt ~ 0, and dZ.s¢/dt ~ 0,=
P, rad,SXR X \/Te

The signals predicted by the SXR to-
mography program, given the above model,
qualitatively match the observed SXR sig-
nals. One such comparison is shown in
figure 6.20. This could not be verified us-
ing a full reconstruction due to the low
number of SXR sight lines avaliable for
these shots. In the future it will be possi-
ble to reconstruct a compound sawtooth
crash with maximum entropy tomogra-

phy.

6.4.2 Reconstructions Using SXR Tomography

In the past the low number of SXR sight lines made it impossible to re-
construct MHD activity using maximum entropy regularisation alone. Ad-
ditional virtual sight lines were generated by assuming we are observing a

single perturbation rotating with

angular frequency, w, see chapter 4.3.

While this assumption can be used to reconstruct MHD activity preceding

and following the sawtooth crash,

it cannot be used to reconstruct the crash
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Figure 6.20: The upper plots show a simple model for the perturbed SXR emissivity

profiles resulting from a compound sawtooth crash. The initial crash is a relaxation outside

of the core, and does not result in a significant loss of emissivity in the core. The main

sawtooth crash results in a sharp drop in core emissivity. These models were generated

for the SXR tomography program using equations (6.6) to (6.8) with ro/a = 0.4,¢; =
005, /\z = 1/12,01 = 01, Al = 1/4,02 = 005, and )\2 = 1/10
The lower plots show the compound sawtooth signals predicted by the SXR tomography

program compared with the observed SXR signals. There is a good qualitative agreement.

At most a very weak drop is observed in the central SXR channels during the initial crash,

but a noticeable increase in emissivity is seen in channels H(49) to H(47). The main crash

has the same form as predicted by the tomography program.
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event itself. Some reconstructions were carried out by taking w = oo, i.e.
by assuming the crash to be poloidally symmetric. This, as it will be shown
later, was not a valid assumption.

The recent addition of 3 new cameras to the soft X-ray diagnostic has
increased the sight line coverage from an average of 50 working sight lines to
over 160. With this increased coverage it is no longer necessary to generate
virtual sight lines using rotation assumptions. Figure 6.21 shows reconstruc-
tions of the plasma emissivity before and after a sawtooth crash in shot
#23074. The peaked central emissivity leaks, by some mechanism, into the
plasma outside of the ¢ = 1 surface, resulting in a flattened central emissivity
profile.

BEFORE CRASH #23074::3.009716s AFTER CRASH #23074::3.009961s

60
50
40
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Figure 6.21: A sawtooth crash observed by the SXR diagnostic, reconstructed using

maximum entropy tomography.

This process has been repeated for many sawteeth across a range of shots.
In each case the signals were low-pass filtered to remove the influence of other
MHD activity, including the (1,1) kink instability. What remains is the
behaviour of the background plasma emissivity. Reconstructions were made
for a time window of 1.5 ms centred on the crash with each frame 25 ps apart.
Figure 6.22 shows a selection of frames taken from shot #23074: Point a)
shows the initial state of the plasma emissivity before the crash. At point
b) the central emissivity appears to relax slightly. It will be later shown
that this is due to the rapidly increasing displacement of the internal kink
instability. After this the crash occurs resulting in the loss of the peaked
core emissivity and a rise in emissivity immediately outside of the ¢ = 1
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surface. However, rather than observing a flattened poloidally symmetric
profile we find a noticable concentration forming on the low-field side, which
results in a crescent shaped plume, as seen in ¢). This feature does not rotate
and appears to be independent of the (1,1) kink mode which continues to
rotate through the same region for many periods after the crash. The plume
persists for roughly 300 — 700 us before relaxing into a flattened poloidally
symmetric emissivity profile, as seen in d).

Such plume features were observed following all sawteeth reconstructed
using SXR tomography across 10 improved H-mode discharges. Though vary-
ing in amplitude and radial location, all were located on the low-field side of
the plasma and had the same crescent shape.

50 b) b c) 2 d) N
O z z
-50
100 150 200 100 150 200 100 150 200 100 150 200
R [cm] R [cm] R [cm] R [cm]

Figure 6.22: This figure shows features observed during a sawtooth crash using SXR
tomography. Frame a) shows the plasma emissivity before the sawtooth crash. b) shows
a phase immediately prior to the crash event. Notice how the previously peaked central
emissivity has flattened slightly. ¢) shows a phase immediately after the sawtooth event.
Notice the pronounced poloidal assymmetry in this frame. A crescent shaped plume of
relatively high emissivity can be observed on the low-field side of the central plasma.
d) this feature relaxes after roughly 300 — 700 us into a flattened poloidally symmetric

emissivity profile.

To better understand these features a series of relatively high time resolu-
tion reconstructions (5 us) were carried out for sawteeth in shot #23074. No
filtering was applied to the data so that the behaviour of the internal kink
and its harmonics could be observed. Figure 6.23 a) shows the motion of the
central plasma column during pre-crash flattening observed in figure 6.22 b).
Notice that the displacement of the (1, 1) kink increases sharply, resulting in
the central plasma column spiralling outwards from p,o >~ 0.1 — ppe ~ 0.4
within 50 us. The result is that channels originally observing the central
plasma column will now observe the column moving back and forth through
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the line of sight. If the signals are time averaged or low-pass filtered be-
low the frequency of the internal kink mode then this oscillatory motion will
result in a net decrease in the core signal amplitude. This can be directly
observed in the time series of a core SXR channel, see figure 6.23 b). No-
tice how the maximum value in the unfiltered signals remains more or less
constant, while the filtered signals decrease as the kink amplitude increases.
It is this decrease in signal amplitude which is responsible for the apparent
initial relaxation.
KINK PATH PRIOR TO

A SAWTOOTH CRASH UNFILTERED
— FILTERED

#23074

100+

50+

z [cm]
=

50}

CORE SXR EMISSIVITY [arb.]

3.007 3.008  3.009 3.01 3.011 3.012

-100F TIME [s]

Figure 6.23: This figure shows the path of the central plasma column as the kink
displacement increases immediately prior to the sawtooth crash a). The central plasma
column rapidly spirals outwards. b) shows the effect of this increasing displacement on
one of the core SXR channels. While the maximum of the unfiltered signals does not
decrease, time averaged or low-pass filtered signals will show an apparent reduction in

signal amplitude.

As the kink displacement increases, a point is reached where the cen-
tral plasma column suddenly loses amplitude. This is the crash phase of
the sawtooth cycle. The plume feature visible in figure 6.22 ¢) is first iden-
tifiable roughly 80 us after the crash. It becomes a stable and prominent
feature 300 us after the crash, and relaxes over a further 300 — 700 ps into
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a poloidally symmetric emissivity profile as shown in 6.22 d).

The existence of the plume feature has been verified using the ECE diag-
nostic. Electron temperature profiles taken before and after the crash show
the same initial shift towards the low field side. The profile is initially asym-
metric about the magnetic axis, but this asymmetry relaxes into a flattened
symmetric profile after roughly 300 — 700 us, see figure 6.24.
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Figure 6.24: The plume feature is also visible on the ECE diagnostic. Note the slight
displacement of the ECE temperature profile towards the low field side after the crash

(left). Both the crash and plume are more pronounced in the SXR emissivity profile
(right).

To explain this feature we look at the power emitted due to Bremsstrahlung
radiation,

Prad,brems. - Cbrems.ngzeff \V Te (69)

We can immediately rule out a poloidal gradient in the electron density
ne as density profiles in standard and improved H-mode discharges are char-
acteristically flat [62]. Therefore, we expect no net change in density due to
the ejection of the central plasma column. High Z impurities ejected with
the plasma column could explain the feature as they would be gyroscopically
thrown to the low-field side due to their higher mass. However, the plume
feature is also present on the ECE temperature profile which is not sensitive
to Zeff.
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A poloidal gradient in the electron temperature 7, could be produced
by the sawtooth crash as the central T, profile is always strongly peaked
prior to the crash. Classically we expect any gradient along a flux surface to
relax on the time scale of the ion sound speed. If this were the case we would
expect such a feature to relax within 1 — 10 us. However, if the temperature
gradient is carried by the trapped particle population then the feature can
only relax via collisions: Either by transfering energy to cold passing particles
or by scattering out of the trapping velocity space [1],

|| r

L <« 2— 6.10

o V25 (6.10)
after, Tjetrap. = Q%Tcoll. (6.11)

for R = 1.65 m, r = 0.15 m, we find 7T4espap. = 200 us. This value
agrees with the 300 — 700 us plume relaxation times observed by the SXR
tomography.

The hypothesis is as follows: a fraction of the hot particles ejected from
the core and become trapped by a magnetic mirror on the low-field side of the
plasma. These trapped particles follow so called ”Banana” orbitals, which
are crescent shaped features located on the low-field side of the plasma, see
chapter 2.5. This is consistent with the shape of the plume. The width of this
feature (=~ 1 cm) suggests that the particles are trapped in many orbitals at
different minor radii. The outflux of hot particles occurs within 50 ps, which
means that a significant number of deeply trapped particles at the beginning
of the crash will still be trapped at the end i.e. Toasn <K Tdetrap.. This results
in a finite poloidal temperature gradient which can only relax on a time
scale of Tyerrqp.. Although this hypothesis can qualitatively account for the
plume, a full quantitative model requires sophisticated particle simulations
and passes beyond the scope of this thesis.
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Chapter 7

MHD Modes and Confinement

The improved H-mode scenario is characterised by high confinement and
stability. This is due, in part, to the increased pedestal top pressure with re-
spect to standard H-mode discharges. Interestingly, no improved H-mode has
been observed without MHD activity. One would expect large scale plasma
instabilities to degrade the plasma energy confinement through increased
transport. However, observations show that the confinement is higher with
MHD activity. This suggests that either the impact MHD instabilities on
the energy confinement is in some way mitigated in the improved H-mode,
or that MHD activity plays a role in establishing and/or maintaining the
high confinement scenario.

In this chapter we will analyse the impact of MHD instabilities on the
energy confinement in order to understand why the confinement is not sign-
ficantly degraded by their prescence. We will then show statistical evidence
linking particular types of MHD activity to high confinement and examine
the possible causes.

7.1 Testing The Belt Model for Confinement

Loss
The impact of NTM on the plasma confinement, H, is predicted by the Belt

Model, which relates the saturated island width wg,; and radial position of
the mode, rg, to the change in energy confinement, AH, [9, 10],
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One of the consequences of this model is that NTMs closer to the plasma
core will have less impact on the confinement. Typical ¢ profiles are mono-
tonically increasing from the plasma core outwards. It follows that NTMs
with low values of ¢ have less impact on the confinement. If we consider the
most commonly occurring NTMs (n + 1,n) for a given ¢ profile we find,

2 3 4 5
=—>—->-> . 7.2
ren X den=1>5>3>7 (7.2)
This leads to the general expectation that the average confinement will be
lower when low m number NTMs are present than when only high m number
NTMs are present. Figure 7.1 confirms this statistically with super-imposed
histograms of the time slice ratio, A,

A = 1005000 (7.3)
N

where NNV is the total number of time slices in each histogram bar, and
Nymp is the number of time slices containing a particular type of MHD mode.
In this case (5,4), (4,3), (3,2), and (2,1) NTMs. Here it can be seen that
the confinement is generally lower in the presence of low n NTMs than for
high.

From equation (7.1) we expect AH/H X wsag. FIR-NTMs have their sat-
urated island size limited due to stochastic interaction with an ideal infernal
mode. This suggests that the confinement should be better in time slices con-
taining FIR-NTMs than for the standard NTM regime. This improvement
can be seen in figure 7.2 where the confinement for time slices containing
(4,3) and (3,2) standard regime NTMs is compared with the confinement
for (4,3) and (3,2) FIR-NTMs.

These observations qualitatively confirm equation (7.1). To test the Belt
Model quantitatively it was necessary to find a number of time slices for which
AH, wgy, and 7y could be measured. The mode positions and island widths
were obtained using the ECE diagnostic. The 16 kHz Nyquist frequency of
this diagnostic limited the observations to (2,1) and (3,2) NTMs as these
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Figure 7.1: This figure shows two super-imposed histograms of confinement for time
slices containing (3,2) and (4,3) NTMs. It can been seen that (4,3) NTMs appear to have
less impact on the confinement. (Note: the legend for the figures can be found in the top
left plot)
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Figure 7.2: This figure compares the confinement for time slices containing NTMs in
the standard and FIR-NTM regimes. The ratio of these two histograms gives us the lower
plot where it can be seen that FIR-NTMs appear to have less impact on the confinement
than standard regime NTMs.
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Figure 7.3: The measured confinement loss due an NTM compared with the value
predicted by the Belt Model. The slope is in good agreement with the predicted value
(=7 + 3 compared to —7.5). The overall uncertainty is high due to the non-negligible

uncertainty in rg.

instabilities typically have a frequency < 16 kHz. In order to measure AH it
is necessary to find time slices where the confinement signal before the NTM
onset was stable and has a high signal to noise ratio. AH is taken to be the
difference in H immediately before and after the NTM onset. The resulting
AH/H is shown compared with the predicted confinement loss due to (7.1)
in figure 7.3. The measured slope is in good agreement with the predicted
value of —% within the uncertainty. This uncertainty is high due to the non-
negligible uncertainty in 7, arising from the ECE measurements, Ar,. Ary is
of critical importance as the term containing r, is to the power of 3. In the
future the ECE diagnostic will be upgraded to a 1 MHz Nyquist frequency
and improved radial resolution. This combined with ¢ profile reconstructions

using the MSE diagnostic will greatly reduce Ar;.

Summary

We have shown that NTMs in the improved H-mode scenario have the same
impact on confinement for a given island size and radial position as they do
in other regimes. If NTM activity was in any way directly beneficial to the
energy confinement then one would expect this benefit to offset the confine-
ment loss predicted by the Belt model. This does not rule out the possibility
that NTMs could play a role in establishing and/or maintaining the char-
acteristic improved H-mode current profile, thereby indirectly improving the
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energy confinement. This claim will be investigated in chapter 8.

FIR-NTMs have a significantly reduced impact on energy confinement
because they are unable to achieve their full saturated island size. As we
discussed in chapter 6.2, the characterstic shape of the improved H-mode
current profile reduces the threshold for the FIR transition. This, combined
with the high gy and ¢ < 1, means that many of the NTMs in improved
H-mode are FIR-NTMs.

Observations on JET suggest a reduced drive for NTMs in the low shear
region, typically those with m > 3. This may seem counter intuitive as
the Bootstrap term in the Rutherford equation, Ay, is directly proportial
to the scale length of the ¢ profile, L,, see equation (2.42). It is believed
that the drive is reduced due to the global change in the current profile
required to achieve a flattened central shear profile [17]. This ultimately
limits the saturated island size, thereby mitigating their impact on the energy
confinement.

In conclusion, there is no evidence to suggest that NTMs improve the
plasma energy confinement, but rather their detrimental impact is mitigated
by the improved H-mode scenario. We can tolerate the prescence of (5,4),
(4,3) NTMs, and (3,2) FIR-NTMs, but not the (2,1) NTM. (2,1) FIR-
NTMs are never observed, and this instability often serves as a precursor to
a plasma disruption.

7.2 Sawteeth, Fishbones and Confinement

Sawteeth during the flat-top phase of improved H-mode discharges always
have T4, > 7g. This means that while they have a strong impact on the
central kinetic profiles, the plasma quickly recovers and is not limited in terms
of maximum stored energy as a result of the sawtooth activity. Figure 7.4
shows the impact of sawteeth on the energy confinement during the sawtooth
envelope (from the time of the crash until the plasma kinetic profiles have
recovered). We find the distrubution of Hggy 2y values for time slices within
the envelope of a sawtooth to be shifted by AHgg(y2) ~ —0.02 with respect
to the mean flat-top distrubution.

While this demonstates a short-lived loss in confinement following a saw-
tooth crash, we find, surprisingly, that discharges containing sawteeth tend
to have a higher overall confinement. The same is also true for fishbones.
Figure 7.5 shows the fraction of time slices containing sawteeth (all with
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Figure 7.4: In this figure we analyse the mean energy confinement, Hgs(, o), within the
sawtooth envelope compared to the distribution of Hyg(, 2) over the flat-top region for
a typical improved H-mode discharge. The sawtooth impact on the energy confinement
results in a noticable shift of AHyg, 2) ~ —0.02 in the sawtooth distrubution with respect

to the flat-top average.

Tsaw > Tg) and/or fishbones as a function of the average energy confinement
within that time window. There is a clear tendancy for sawteeth and fish-
bones to be observed more often in high confinement time slices than in low.
For L-mode discharges, below Hgg(,,2) = 0.5, we observe many high frequency
sawteeth 7.,., < 7g which act to significantly decrease the maximum energy
confinement and plasma pressure. This would result in a sudden jump in the
number of sawtooth observations below Hog(, ) = 0.5 if L-mode discharges
were included in this database.

Time slices used in this study are much longer than those used in figure
7.4, At ~ 200 ms, as our goal in to analyse the long time scale behaviour
of the energy confinement. We also redefine a sawtooth time slice to include
time slices taken between two subsequent sawtooth events less than 500 ms
apart. One explanation for this apparent improved confinement is that saw-
teeth and fishbones directly or indirectly influence the background plasma in
such a way as to improve the overall energy confinement. Another possibility
is that they are symptomatic of high confinement or of another process which
leads to high confinement. These explanations are not mutually exclusive.
It is possible that fishbones and/or sawteeth appear as an indirect result of
improved confinement, then act to maintain favourable plasma conditions.

In chapter 2.4 we discussed the importance of the characteristic flat cen-
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Figure 7.5: Histograms showing the fraction of time slices containing fishbones (left),
sawteeth (right) as a function of the mean confinement within that time window. Both
fishbones and sawteeth are found more regularly in time slices with high energy confine-

ment than in low confinement.

tral current profile (with ¢y & 1) to the improved H-mode scenario. Achieving
and maintaining this current profile is crucial to the performance of the im-
proved H-mode. The low magnetic shear associated with a flattened g-profile
reduces the plasma stability against the FIR transition, thereby mitigating
the impact of NTMs on the energy confinement, see chapter 2.3.4. The ob-
served correlation between fishbones, sawteeth and high confinement gives
weight to the theory that sawtooth and fishbone reconnection periodically
redistributes the central current, preventing the central g-profile from drop-
ping below ¢y =~ 1. In chapter 8 we will attempt to show a direct relationship
between sawtooth /fishbone reconnection and the shape of the central current
profile.

Rather than directly influencing the bulk plasma, fishbones may be symp-
tomatic of high confinement as their drive is proportional to the central fast
particle pressure, (.5, Which shows a linear proportionality to the plasma
energy confinement, Hyg(, ). Figure 7.6 shows the near linear dependence be-
tween (.5 and Hyg(y,2) as observed in the improved H-mode database. Time
slices with high Hyg(, 2y are more likely to have high fast particle pressure
than time slices with a relatively low energy confinement. This means that
if a ¢ = 1 surface is present in the plasma one would expect to see fishbones
more when the confinement is high than in low confinement.

As stated above, fishbone reconnection may facilitate the FIR transition
by maintaining a low central magnetic shear in the plasma, thereby improving
the plasma confinement by mitigating the impact of NTM activity. However,
fishbones may also be purely symptomatic of the FIR-NTM in that both FIR-

97



Iy
o
w

fiby
a

A
N

Confinement, H98(y,2)
- r r

4
©

o
=)

0.005 0.01 8.015 0.02 0.025 05 0.005 0.01 8.015 0.02 0.025
Core fast Core fast

Figure 7.6: (left) Time slices observed in the improved H-mode database show a linear
relationship between the plasma energy confinement, Hyg, 2), and the core fast particle
pressure, [(fqs.-(right) Time slices observed in the improved H-mode database show a
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NTMs and fishbones require the presence of a ¢ = 1 surface in the plasma.
The FIR transition occurs at high values of Sy while fishbone onset occurs
for high values of (4. Figure 7.6 shows the observed linear proportionality
between the two. This suggests that a time slice which satisfies the onset
conditions for a FIR-NTM will also likely satisfy the onset conditions for the
fishbone instability.

No such symptomatic explanation exists to explain why sawteeth are
observed more regularly in high confinement time slices than in low. At least
in the full reconnection model, sawteeth are destabilised at values of local
magnetic shear, s > 8.4, o 37712, see equation (2.49). This indicates that we
do not expect to see sawteeth more regularly as a result of high confinement.
If anything we expect that the plasma stability against sawteeth increases
slightly.

Summary

Fishbones and sawteeth do appear to be related to the improved energy con-
finement. It is unclear whether these instabilities are simply symptomatic of
high confinement, or if they play a direct role in establishing and/or main-
taining the high confinement regime. In the next chapter we will investigate
the interaction between MHD instabilities and the toroidal current profile.
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Chapter 8

MHD Modes and the Current
Profile

In chapter 2.4 we discussed the importance of the characteristic improved
H-mode scenario current profile. A number of theories exist to explain how
this current profile is achieved, some of which require the interaction of MHD
instabilities. In this chapter we will investigate the impact of MHD instabil-
ities on plasma current profile. The first section is a study of fishbone and
sawtooth reconnection, which potentially locks the evolution of the central
current profile [21]. We then investigate the claim that NTMs can drive a
current in the central plasma (in addition to the ohmic, bootstrap, and NBI
current contributions) [35].

8.1 Sawtooth and Fishbone Reconnection

In chapter 7.2 it was shown that sawteeth and fishbones are observed more
regularly in high confinement timeslices than in low. One possible explana-
tion put forward was that these reconnection events are periodically redis-
tributing the central current, thereby effectively fixing the central ¢q. This
leads to a flattening the central ¢ profile, which in turn reduces the drive for
the NTM instability, and reduces the plasma stability against the FIR tran-
sition. Both effects reduce the impact of NTMs on the energy confinement.
This theory was first put forward to explain the disagreement between recon-
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structed equilibria and those predicted by the ASTRA transport code [21].
ASTRA predicted that the value of ¢y would fall continuously throughout
the discharge, while experimental re-
Time slices without sawteeth or fishbones sults indicated that ¢y was remaining
‘ ‘ more or less constant. It is further
supported by observations in chapter
6.4 where it was seen that the local
| magnetic shear at ¢ = 1 rises sharply
to the critical value required to desta-
bilise the sawtooth instability, at which
| point the shear suddenly stops increas-
ing and remains constant while the saw-
T teeth are present.
0 02 oo 0.6 Now we will show that the gradient
of the entire central ¢ profile (r ~ 0 —
a/2) becomes locked when fishbones

30

N Time Slices
[ N N
al (=] (S

=
o

ol

(=]

Time slices with sawteeth and/or fishbones

140— and/or sawteeth appear. First we de-
120 ] fine the mean gradient of the central
g profile as (da/dr) = [a(a/2)~a)/(0/2).
2 We then study the evolution of (dq/dr)
§ 8 with time for timeslices before, dur-
£ 60 ] ing and after the appearance of saw-
- 2 | teeth and/or fishbones. In each case
" h 7 (dq/dr) increases until the instability
appears, then remains essentially con-
% 0.2 0.4 0.6 stant. A polynomial fit was applied
|0/at<aq/ar>|

to each time series in order to esti-
Figure 8.1: This figure shows how the mate the time derivative 9/t (dq/dr).
time evolution of the central g profile, A histogram of |0/0t (dq/dr)| summarises
|8/t (dg/dr)]|, reaches a near standstill in the results of all time slices, see figure
timeslices containing fishbones and /or saw- 8.1. This shows that the evolution of
the central ¢ profile becomes consis-
tantly frozen in the presence of saw-
tooth and fishbone reconnection.

teeth (bottom) compared to those without
(top).
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8.2 Impact of NTMs on the Current Density
Profile

There is an observed mismatch between the expected current density pro-
files and those resulting from the equilibrium reconstructions [35]. It is ex-
pected that the total toroidal current density, j,, is a sum of the bootstrap,
(7 - B),,o» neutral beam driven, (j - B),,,, and ohmic, o (F - B), plasma
currents (8.1). The resulting discrepancy, observed on other tokamaks, is
illustrated in figure 8.2. Note that there is an overall mismatch in the inte-
gral between the two curves, suggesting a discrepancy in the overall plasma
current, Alp.

A = oG Bl t G Bl t0 (BB (81)

On ASDEX Upgrade, the neutral beam driven current, (j - B),, ., has
been calculated by the FAFNER fast particle code.
The CLISTE equilibrium code was used to Py
calculate (5 - B),,,, 0 (E - B), and the to- T ‘
tal current density, j,. These reconstruc- O FEROr IR oo "0 1B s
tions were constrained by the plasma ki- 1,5ﬁ“\
netic profiles, FAFNER fast particle simu- P
lations, and the MSE diagnostic. This last £
constraint is crucial, as little else can con- = os
strain the central current density profile.

The first goal was to confirm the exis- °
tence of the toroidal current discrepancy, — _os Al lq=ap ]
Aj, by calculating the 3 current compo- AR

nents, 0o (E-B),(3-B), .,and(3-B) .
Figure 8.<3 shovzs ’<che reil:;fging cu<rrent ziaeuﬁ— Figure 8.2: The three current den-
sity profiles for an arbitrary timeslice in the Sity profiles (- Blyoor» 0 (E - B),
improved H-mode database. This matches and (- B)y,, fail to account for
observations reported on other tokamaks. the observed jg resulting from equi-
A current discrepancy found by subtract- librium reconstructions. There re-
ing the reconstructed, j,, from the expected mains a discrepancy current, Aj
sum of the 3 current contributions. This ([35].

discrepancy is almost exclusively negative

with respect to the toroidal current direction.
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Aj has been found for all time slices in the improved H-mode database.
Figure 8.4 shows a histogram of the mean core averaged value of the Aj
profile between p,o = 0 — 0.2, (Aj),,,., for all time slices, compared with a
histogram for only those timeslices containing NTM activity. It can be seen
that there is no apparent statistical relationship between NTM activity and
the current discrepancy. To further resolve
this point a high resolution study of two
well diagnosed improved H-mode shots has
been carried out to observe the evolution
2 GLEBOH B, + B, of (Aj),,,. throughout the discharge. The
' key point of interest is to monitor how the
1t mean core Aj responds to the NTM onset.
0st Figure 8.5 shows the impact of the NTM
on the kinetic profiles and the current den-
s | | sity. Both the experimental and theoretical
0z 04 Poui 06 08 ! current density profiles show a reduction in

the plasma centre. By taking the difference
of the mean core current densities for the

Current Discrepancy Observed
on ASDEX Upgrade

The existence of

Figure 8.3:

a current discrepancy has been
confirmed on ASDEX Upgrade. A
predominately negative difference

between the observed j, and

the sum of the 3 contributions

experimental and theoretical current densi-
ties we can produce a time series of (Aj) ..,
see figures 8.6 and 8.7. In both cases, the
value of (Aj),  varies with a standard de-

core

viation of 0.013 MA m~—2 but does not show

any net response to the NTM onset. This
means that although we have observed the
impact of the NTM on the current density
profile in figure 8.5, this impact can be ac-
counted for by the sum of the three current
contributions o (E - B) , (3 - B),,,; (3 - B),,. alone, i.e. it does not require
the existence of a 4" current contribution. If a 4 current contribution due
to the NTM onset were present, it would need to be less than 0.013 MA m~2
to remain undetected in the (Aj), . () time series.

In shot #20853 (figure 8.6) a substantial change of 0.1 MA m™2 is ob-
served in (Aj),,,., some time after the NTM onset. This change is very rapid
compared to the resistive timescale, occurring in less than 10 ms. Note that
this jump is artifically fast because we are not taking current diffusion into
account. It occurs almost exactly in time with a change in the NBI heating
configuration. In this discharge the overall heating power is supplied by 4 of

o(E-B),(j By (i B)

has been observed for many time

aux

slices in improved H-mode database.
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the 8 avaliable NBI sources. At 4.0 s the 6" NBI source abruptly stops and
its contribution to the heating is carried on by the 8 beam source. Both
sources inject the same power into the plasma, so there is no overall change
in the average heating power. It is at exactly this time point that the sudden

jump is

observed. This suggests that at least part of
Aj comes from the inability of the fast par-
ticle deposition code to correctly calculate
the NBI driven current. Shot #20868 shows
a control case where there is no change in
the heating configuration during the NTM
evolution. In this case no changes are ob-
served in (Aj), . in excess of the standard
deviation. This result is in agreement with
previous work showing a discrepancy be-
tween the calculated and measured current
drive due to off axis neutral beam injection
[63].

In conclusion, while NTM activity does
have an observable impact of the core cur-
rent density profile, this impact can be ac-
counted for purely in terms of the three
current contributions o (E - B), (3 - B),,;,
and (j - B),,,- No additional source of cur-
rent drive is required. The origin of the
current discrepancy remains an unanswered
question. However, it has been shown that
at least some part of Aj is due to inaccu-
racies in the calculation of (5-B)_ .. An
investigation into the neutral beam deposi-

Histograms of [A j Dcwe with and without NTM activity
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Figure 8.4: The form of the
(AJ) .o histograms both with and
without NTM activity have more
or less the same form. If anything,
those time slices with NTM activity
tend

absolute current discrepancy. This

to have a slightly lower
result suggests that Aj does not
depend on the presence of NTM

activity.

tion codes responsible for the calculation of (5 - B),,,, is outside of the scope
of this thesis, but remains an interesting topic for future work. The over-
all mismatch in Alp may be due to the treatment of plasma impurities. A
systematic error in the estimation of Z.;; will directly scale the calculated

o (E - B) as the resistivity, 1/0 ~ 8 x 10_5‘ZeffTe_3/2 (here T is in keV) [1].
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Figure 8.5: This figure shows the impact of an NTM instability on the plasma kinetic and
current density profiles. The upper 3 plots show the electron and ion temperature, along
with the electron density. The lower 2 plots show the reconstructed (left) and theoretical

(right) current density profiles. Both show a reduction in within p, = 0.3.
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Current discrepancy related to the
NBI heating configuation in #20853
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Figure 8.6: No change in (Aj)
jump in (Aj)

is observed during the NTM onset at 3.1 s. A sudden

is observed some time later at 4.0 s. This change can be linked to a

core

core

change in the NBI heating configuration rather than the evolution of the NTM. Note

the changing (Aj)_,,. at the beginning of the shot, t = 0.5 — 1.5 s. This time window is
poorly reconstructed because the non-stationary current diffusion is not taken into account

during the equilibrium reconstructions.
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Current discrepancy related to the
NBI heating configuration in #20868
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value of (Aj) remains a constant within the standard deviation, 0.013 MA m~2.
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Chapter 9

Conclusions

The interaction between MHD instabilities and the plasma is of key im-
portance for tokamak operation. Large scale instabilities can significantly
degrade the energy confinement or even result in a complete disruption
of the plasma discharge. In addition to their detrimental impact on the
plasma there have been observations indicating that certain MHD instabil-
ities may play a role in establishing the so called improved H-mode sce-
nario (an operational regime which simultaneously achieves high energy con-
finement and plasma stability, a candidate for long pulse hybrid operation
on ITER) [35, 21]. This provided the motivation for this thesis: we have
characterised MHD instabilities observed in improved H-mode discharges on
ASDEX Upgrade and determined under which conditions these instabilities
appear. Their impact on the plasma energy confinement has been quanti-
fied. Finally we have investigated claims that MHD instabilities play a role
in achieving the improved H-mode scenario through interactions with the
toroidal current profile.

To make these investigations possible a database of MHD instabilities
was constructed using time slices taken from 166 ASDEX Upgrade improved
H-mode discharges. For each time slice the plasma conditions were recorded
including quantities such as the plasma stability, energy confinement, fast
particle pressure, fitted kinetic profiles, equilibrium reconstructions, etc. Ad-
ditionally the presence/absence of the following 4 types of MHD instability
were recorded: Neoclassical tearing modes (NTM), frequently interrupted
regime NTMs (FIR-NTM), fishbones, and sawteeth, along with the follow-
ing quantities: mode frequency, radial location, relative amplitude, island
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width (for NTMs), normalised sawtooth amplitude, envelope and sawtooth
inversion radius.’

To aid in the construction of this database a number of new codes were
implemented. This includes an automatic sawtooth detection algorithm
(SAWSCAN) which identifies the onset, amplitude and inversion radius of
sawteeth using ECE electron temperature measurements. A soft X-ray to-
mography system was also implemented using maximum entropy regularisa-
tion. In the initial implementation it was found that this regularisation was
unable to converge to a physical solution in cases with relatively low sight
line coverage, < 70 sight lines. For this reason optional additional regularisa-
tion was added, allowing the user to include mode rotation and smoothness
constraints where necessary. Examples are shown in chapters 4.6, and 6.4.2
where the soft X-ray tomography was used to reconstruct the time evolu-
tion of sawteeth and plasma disruptions in unprecedented detail for ASDEX
Upgrade discharges.

With the database completed we were able to investigate the role of MHD
instabilities in the improved H-mode scenario.

Onset Criteria

One characteristic of the improved H-mode is the relatively frequent occur-
rence of so called “spontaneous onset” NTMs (SNTMs). Unlike the precursor
triggered NTMs (PNTMs) observed in standard H-mode discharges, SNTMs
are not triggered by the appearance of relatively large seed islands created
by fishbone or sawtooth reconnection. Instead, they grow from significantly
smaller island sizes, close to the diagnostic sensitivity limits. This growth
has two distinct phases. The initial phase appears to have an exponential
growth character, rising sharply from the noise level, which then makes a
transition to the linear resistive NTM growth rate.

The mechanism behind the initial growth phase is not currently under-
stood. We present the following hypothesis: an ideal MHD mode is desta-
bilised for high § and/or low magnetic shear, not dissimilar to the ideal
infernal mode involved in the FIR-NTM mechanism. Under normal circum-

'Radial location and island width were subject to the limited availability of the Soft
Xray (SXR) diagnostic and the Nyquist/spatial-resolution limits of the Electron Cyclotron
Emission (ECE) diagnostic, and were therefore not avaliable for every timeslice in the

database.
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stances this instability would saturate quickly, growing and decaying on the
ideal MHD timescale. However, when the drive for this mode is high enough
that its pertubation exceeds the minimum seed island size for the NTM onset,
Wymin, the system will make a transition to linear resistive growth, eventually
saturating at an island size, wgy;.

This model goes some way to explain why this type of NTM onset is ob-
served more regularly in improved than in standard H-mode discharges. The
characteristic flattened ¢ profile acts to reduce the plasma stability against
the ideal mode, while the high # not only increases the drive for the ideal
instability but also reduces the value of w,,;, required for NTM growth.

If we take this model to be true, we find that the ratio of seed and satu-
rated SNTM island sizes, Wgeeq, Wsar, must be fixed for a given set of plasma
conditions, e.g. poloidal (3, g pressure profile scale lengths, etc. This was
verified in chapter 6.1, where it was shown that SNTMs could be positively
identified by comparing the ratio wseeq/wsq as predicted by the Rutherford
equation with wgeeq/wsq as inferred from relative island size measurements.

This relationship allowed us to infer the average size of naturally occur-
ring seed islands in improved H-mode plasmas by solving the Rutherford
equation for wge.q during the onset of SNTMs observed in the improved H-
mode database. This yielded a value of wgeq = 0.95 + 0.40 cm. Although it
is not possible to directly confirm with ECE measurements of wge.q (due to
the limited spatial resolution of this diagnostic) it was possible to infer an
approximate wge.q using ECE measurements of wy,; and extrapolating back
t0 Wgeeq Using the relative mode amplitude (as measured by the external mag-
netics). This study yielded values of wgeeq = 1.3 £ 0.7 ¢cm, which is in good
agreement with the result above, albeit with a relatively high uncertainty.

Observations of the onset conditions required for NTMs to enter the fre-
quently interrupted regime have found a [y threshold of gy > 2.0, which is
slightly lower than the threshold reported in previous literature, Sy > 2.3
[17]. This can be explained by the characteristic improved H-mode profile.
The central shear is low compared to standard H-mode discharges, which in
turn lowers the plasma stability against the ideal (m+1,n+1) infernal mode
(which is a key ingredient for the FIR-NTM) without necessarily requiring
an increase in the radial separation of the (m + 1,n+ 1) and (m, n) rational
surfaces, see chapter 6.2 for details.

Fishbones were found to occur within the range ¢o < 1.0 and Bfesr =
0.0075 (where (g4 refers to the core fast particle pressure). The first onset
criterion comes as no surprise as fishbones result from fast particle interaction
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with a (1, 1) instability, i.e. there must exist a ¢ = 1 surface, therefore gq
must be less than one. This result simply shows that our reconstructions
of the central ¢ profile are reasonably accurate, at least when MSE pitch
angle information is avaliable to constrain the equilibrium reconstructions.
The second criterion is slightly lower than that found for standard H-mode
discharges, fx = 0.009 [56].

Furthermore, it was shown that in every instance where fishbone activity
is suppressed by either a sawtooth crash or NTM onset, the disappearance
and subsequent reappearance of fishbone activity can be explained purely in
terms of the core (34,5 threshold. The fishbones dissappear as soon as the
core 4 is reduced below ﬂ](iziji for the discharge, and reappear as soon as
Bfast TECOVETS tO ﬂ]‘izi;i. Note, in order to calculate (. in the presence of an
NTM we have made the assumption that NTMs effect both the thermal and
fast particle populations in the same way. Secondly, we could not calculate
Brast during the sawtooth crash as the timescale of the crash is much shorter
than the ion slowing down time, 744, used to calculate By,s;. However, the
reappearance of the fishbones during the recovery phase of the sawtooth
envelope is accurately predicted by this method.

This result is significant as, in some models, the sawtooth and NTM
instabilities suppress (1, 1) activity by increasing the value of gy above unity,
either through total reconnection (in the case of sawteeth) [23], or through a
process of NTM current drive [35]. The observations above show that neither
process is necessary to explain fishbone suppression.

The onset conditions for the sawtooth instability were found to be gy < 1,
and a local shear, s at the ¢ = 1 surface in excess of s..., (2.49), which is in
good agreement with theoretical predictions [23]. However, while no sawteeth
were observed below the critical shear, it was found that not all discharges
which satisfied the Porcelli onset conditions contained sawteeth. These ob-
servations highlight the need for a complete model of sawtooth stabilisation
including the stabilising effects of energetic ions and toroidal rotation [59, 60].

Impact on Confinement

The impact of NTMs on the energy confinement is predicted by the Belt
Model (7.1) which relates the relative change in energy confinement, AH/H,
to the saturated island size of the NTM and its radial location. In chapter
7.1 it was shown that NTMs observed in improved H-mode discharges show
a near perfect agreement with the Belt Model.
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It was also found that those time slices containing FIR-NTMs statistically
achieve a higher energy confinement than those containing standard regime
NTMs. This is an expected result as stochastic interaction between the
FIR-NTM and an ideal infernal mode located on a nearby rational surface
effectively prevents the NTM from reaching its full saturated island size,
thereby mitigating its impact on the energy confinement.

Fishbones and sawteeth are observed statistically more often in time slices
with high energy confinement than in low ones. This result is somewhat
surprising as a short term loss in confinement is observed during the saw-
tooth envelope. However, averaging over long time scales, discharges con-
taining sawteeth and fishbones achieve higher energy confinement than those
without. This suggests that they are either symptomatic of high confine-
ment, or that they in some way play a role in establishing favourable plasma
conditions. The latter is in agreement with previous studies where it was
suggested that fishbone/sawtooth reconnection may periodically redistribute
the plasma current. This process effectively locks the evolution of the central
current profile, which in turn leads to the characteristic flattened improved
H-mode ¢ profile.

Interaction with the Current Profile

Finally, we have investigated the interaction between MHD instabilities and
the plasma current profile. Observations on the DIII-D tokamak reported
that current appears to be driven by NTM modes. This current is in addi-
tion to the 3 standard current contributions, namely: the ohmic, bootstrap
and NBI driven currents [35]. This was investigated by comparing the total
reconstructed current density profile, fitted to the experimental results, with
the sum of the 3 standard current contributions. It was found that although
NTMs have a measurable impact on the current profile this impact can be
accounted for purely in terms of the 3 standard current contributions without
requiring a 4" current source. The sensitivity limits of this study suggest
that, if a 4" contribution is present, it must be less than 0.013 MA m~2.
While the NTM impact on the current density profile does not require a
4™ current contribution, a general mismatch between the experimental and
theoretical current profiles has been observed. It has been shown that this
mismatch comes, at least in part, from the fast particle simulations responsi-
ble for the calculation of the neutral beam driven current. Another source for
this discrepancy may come from the treatment of plasma impurities. A slight
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change in the the effective Z of the plasma will adjust the plasma resistivity,
and thereby the ohmic current contribution.

As we mentioned before, although a short term loss in confinement is
observed due to sawteeth, discharges containing fishbones and sawteeth tend
to have higher energy confinement than those without. This suggests that
they may play some role in establishing favourable plasma conditions. In
chapter 8.1 it was shown that the evolution of the central magnetic shear
consistently locks in the presence of sawteeth and fishbones, suggesting they
do indeed play a role in establishing and maintaining the characteristic im-
proved H-mode current profile.

The form of the improved H-mode current profile plays a central role
in improving both the energy confinement and plasma stability. It simul-
taneously reduces the threshold for the FIR transition and the NTM drive.
While it appears that both sawteeth and fishbones can help establish this
regime, fishbones are preferred as they are less prone to triggering NTMs
[21]. A certain level of n > 2 NTM activity can be tolerated as their impact
can be mitigated through reduced drive and FIR crashes. However, low n
NTMs such as the (2,1) must be avoided as they will significantly degrade
the energy confinement and can often result in disruptions. It is also believed
that the low central magnetic shear prevents the occurence of high frequency
sawteeth which can limit the achievable plasma (.
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Appendix A

ASDEX Upgrade

Axial Symmetric Divertor Experiment

Major plasma radius Ry 1.65 m

Minor plasma radius a 0.5 m

Plasma height b 0.8 m

Plasma elongation s=bla | 1.6

Plasma aspect ratio A 3.3

Plasma volume Vilasma | 13 m®

Plasma density n <3 x 10 m™3
Plasma mass 3.3 mg

Plasma current Ip 2 MA
Discharge duration tp 10 s

Average plasma temperature | T; =T, | 5 keV
Additional heating power P [MW] QO(NBI), 5-7(ICRH)7 1-6(ECRH)
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