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Abstract

The main goal in the research of nuclear fusion, and therefore in tokamak research as

well, is the development of a high power, steady-state power plant. To obtain the high

power required for igniting the plasma, the size of the device must be very large. The

performance of the tokamak plasma depends in particular on the plasma shape and on

the internal plasma profiles. These profiles include those of the current density and the

pressure, two quantities that can be modified by means of auxiliary heating methods such

as Electron Cyclotron Heating (ECH).

ECH is a very important tool due to its capability of injecting highly localised and

intense power. Off-axis ECH and Electron Cyclotron Current Drive (ECCD) modify both

current density and electron temperature profiles, leading to modification of confinement

and stability properties, in particular, complete stabilisation of magnetohydrodynamic

modes using ECCD is feasible. Furthermore, ECH is crucial as a mean of increasing the

bootstrap current fraction through the formation of internal transport barriers, so that

confinement is also improved. Finally, it is also noted that modulated ECH (MECH)

is a very effective tool for perturbative energy transport experiments in many different

regimes.

Experiments performed in the TCV and the ASDEX Upgrade tokamaks are presented.

The role of TCV is very important due to its flexibility of varying the plasma shape, its

versatile high power ECH system at both the second and third electron cyclotron har-

monics, and due to the numerous diagnostics installed, e.g. the two soft X-ray (SXR)

diagnostics which simultaneously allow high temporal and spatial resolutions. The im-

portance of ASDEX Upgrade is related to its large size, which makes it a reactor-relevant

experimental facility, and to the Neutral Beam Injection (NBI) and ECH heating facil-

ities, which allow a study of heat and particle transport in either mostly ion-heated or

mostly electron-heated regimes. Moreover, for the development of this work, the Elec-

tron Cyclotron Emission system (ECE) of ASDEX Upgrade is crucial since it allows local

measurements of the electron temperature with high temporal and spatial resolutions.

The analysis and interpretation of perturbative MECH discharges for power deposi-

tion localisation using different diagnostics, such as ECE and SXR measurements, are

presented. The most important problem is related to the phase locking between the

MECH and the sawtooth activity of the plasma, which disturbs both ECE and SXR

measurements. Several techniques have been adopted to circumvent this difficulty. In

particular, the Singular Value Decomposition (SVD) and the Generalised Singular Value

Decomposition (GSVD) have been tested in both TCV and ASDEX Upgrade discharges.
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However, both methods are incapable of treating the problem correctly, which leads to

potential misinterpretation of the results. A new method based on system identification

using the SVD (SI-SVD) is developed and applied. This method, within reasonable limits

induced by the assumption of linearity, is capable of simultaneously separating the MECH

from the sawtooth contributions to both ECE electron temperature measurements and

SXR emission measurements. Such a method is in particular applied to a NBI heated

ASDEX Upgrade discharge in which MECH is added in order to analyse electron heat

transport in a mostly ion-heated plasma. Since the NBI heating is also partly modulated

with short pulses which coincide with the sawtooth crashes to improve their stability,

both the MECH and the NBI deposition profiles are determined. Moreover, treating

the signals with the SI-SVD procedure enables a study of the plasma dynamic response

also at higher MECH harmonic numbers. The procedure is then used to analyse MECH

discharges in TCV using different diagnostics. The profiles determined using the ECE

and soft X-ray measurements are compared and interpreted, demonstrating in particular

that line integrated soft X-ray measurements can be used to determine the MECH power

deposition location.

A method for determining the MECH power absorption from the measurement of the

MECH variations induced to the diamagnetic flux of the plasma is presented. The plasma

diamagnetic flux, which is proportional to the total plasma kinetic energy, is measured us-

ing the DiaMagnetic Loop (DML) diagnostic. The application of the diagnostic to studies

of the extraordinary mode (X-mode) absorption at the third electron cyclotron frequency

(X3) has been performed in plasmas pre-heated by X-mode at the second harmonic (X2).

Based on this diagnostic, full single-pass absorption of the injected X3 power has been

measured with the X2 pre-heating in co-current drive. Experimental evidence indicates

that a large fraction of the X3 power is absorbed by electrons in an energetic tail created

by the pre-heating.
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L'obiettivo principale della ricerca nel campo della fusione nucleare, dunque anche
della ricerca sui tokamak, è lo sviluppo di un reattore ad alta potenza funzionante in
stato stazionario. Per ottenere le alte potenze richieste per l'ignizione del plasma, i reat-
tori devono essere di dimensioni molto importanti. Il rendimento del plasma di un tokamak
dipende in particolare dalla sua forma e da profili interni, quali quelli di densità di cor-
rente e di pressione, due quantità che possono essere modificate per mezzo di sistemi di
riscaldamento addizionale come, per esempio, il riscaldamento per risonanza elettronica
ciclotronica (ECH).

L'ECH è uno strumento molto importante grazie alle sue capacità d'iniettare, in modo
estremamente localizzato, alta potenza: ECH fuori asse ed induzione di corrente elettro-
nica ciclotronica (ECCD) sono in grado di variare i sopraccitati profili, permettendo di
modificare le proprietà di confinamento e di stabilità del plasma; l'utilizzazione dell'ECCD
permette una completa stabilizzazione delle instabilità magnetoidrodinamiche; l'ECH è
cruciale per l'aumento della frazione di "corrente di bootstrap", così da produrre delle bar-
riere di trasporto interne che migliorano il confinamento; infine, la modulazione dell'ECH
(MECH) è uno strumento molto efficace per svolgere degli studi perturbativi di trasporto
dell'energia in diversi regimi.

Alcuni esperimenti svolti nei tokamak TCV e ASDEX Upgrade sono qui presenta-
ti. TCV è molto importante nel contesto della ricerca internazionale grazie alla sua
flessibilità nel modificare la forma dei plasmi, al suo avanzato sistema ECH che permette
di iniettare onde alla seconda e terza armonica della frequenza elettronica ciclotronica,
ed alle sue nomerose diagnostiche, in particolare le due che misurano l'emissione dei
raggi X molli (SXR) che permettono simultaneamente alte risoluzioni spaziali e tem-
porali. L'importanza di ASDEX Upgrade è legata alle sue grandi dimensioni, che lo
rendono un dispositivo sperimentale rilevante per i futuri reattori, ed ai sistemi di riscal-
damento addizionale ECH e per iniezione di particelle neutre (NBI), che permettono di
analizzare il trasporto di calore e particelle in regimi in cui prevale o il riscaldamento io-
nico o elettronico. Va inoltre sottolineata l'importanza, per questo lavoro, del sistema di
misura dell'emissione elettronica ciclotronica (ECE) di ASDEX Upgrade, sistema cruciale
in quanto permette una misura locale della temperatura elettronica con un'alta risoluzione
spaziale e temporale.

In questo lavoro sono presentati l'analisi e l'interpretazione di esperimenti perturba-
tivi utilizzando MECH, con lo scopo di localizzare la deposizione di potenza, utilizzando
diagnostiche differenti, quali ECE e SXR. Il problema principale al quale si è confrontati
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è legato al blocco di fase tra MECH e l'attività dei denti di sega del plasma, effetto che di-
sturba entrambe le misure di ECE e SXR. Diverse tecniche sono state utilizzate per cercare
di evitare il problema, in particolare la decomposizione per valori propri (SVD) e la decom-
posizione per valori propri generalizzata (GSVD) sono state testate in esperimenti svolti
in TCV. Entrambi i metodi si sono però rivelati incapaci di trattare correttamente il prob-
lema, e possono dunque indurre interpretazioni erronee dei risultati. Un nuovo metodo
basato sull'identificazione di sistemi utilizzando la SVD (SI-SVD) è stato di conseguenza
sviluppato ed applicato. Questo metodo, entro ragionevoli limiti indotti dal presupposto
della linearità, è in grado di separare simultaneamente i contributi provenienti da MECH
e denti di sega, e questo per entrambe le misure di ECE e SXR. Il metodo è stato in
particular modo applicato in un esperimento svolto in ASDEX Upgrade, in cui il plasma
è stato riscaldato principalmente da NBI, al quale è stato aggiunto MECH con lo scopo
di analizzare il trasporto elettronico dell'energia in un plasma in cui il riscaldamento è
prevalentemente ionico. Dato che l'NBI è anche stato in parte modulato con delle corte
iniezioni sicronizzate con i "crash" dei denti di sega in modo da aumentarne la stabilità,
è stato possibilie determinare entrambe le deposizioni di MECH e NBI. Inoltre, il trat-
tamento dei segnali con il metodo SI-SVD permette lo studio della risposta dinamica del
plasma alle armoniche superiori della frequenza di modulazione MECH, una possibilità
che è preclusa nel caso dei segnali non trattati. Il procedimento è in seguito applicato
per l'analisi di esperimenti di MECH in TCV utilizzando diagnostiche diverse. I profili
ottenuti utilizzando misure di ECE e SXR sono confrontati ed interpretati, e dimostrano
in particolare la possibilità di utilizzare misure integrate di SXR per la determinazione
della deposizione di potenza.

Viene infine presentato un metodo per la determinazione della potenza assorbita du-
rante MECH, basato sulle variazioni indotte al flusso diamagnetico del plasma. Il flusso
diamagnetico, che è proporzionale all'energia cinetica totale del plasma, viene misurato
utilizzando la diagnostica della spira diamagnetica (DML). La diagnostica è stata utiliz-
zata per studi dell'assorbimento del modo di propagazione straordinario (X-mode) alla
terza armonica della frequenza elettronica ciclotronica (X3), in plasmi preriscaldati da
onde alla seconda armonica (X2). Grazie alla DML, è stato misurato pieno assorbimento
al primo passaggio della risonanza delle onde X3 iniettate con del preriscaldamento X2
in modo d'induzione di corrente nella direzione della corrente del plasma. Le indicazioni
sperimentali indicano che una frazione importante della potenza X3 è in effetti assorbita
da elettroni ad alta energia contenuti nella coda della funzione di distribuzione formata
dal preriscaldamento.



Contents

1 Introduction 1

1.1 Magnetic confinement and the tokamak principle 1

1.2 Plasma heating 3

1.3 Motivations 4

1.4 Outline 7

2 Experimental facilities 9

2.1 The tokamak TCV 9

2.1.1 Electron cyclotron heating in TCV 10

2.1.2 Main TCV diagnostics 13

2.2 The tokamak ASDEX Upgrade 22

2.2.1 Electron cyclotron heating in ASDEX Upgrade 22

2.2.2 Main ASDEX Upgrade diagnostics 23

3 Signal processing methods 27

3.1 Introduction 27

3.2 Formalism 30

3.2.1 The algebra 30

3.2.2 Illustrative example 34

3.3 The Singular Value Decomposition 37

3.3.1 The algebra 37

3.3.2 Illustrative example 38

3.3.3 The SVD applied to ECE data 39

3.4 The Generalised Singular Value Decomposition 42

3.4.1 The algebra 42

3.4.2 Illustrative example 43

3.4.3 The GSVD applied to ECE data 44

3.5 System Identification using the SVD (SI-SVD) 46

3.5.1 The algebra 46

3.5.2 Illustrative example 47



vi CONTENTS

3.5.3 The method applied to ECE data 50

3.6 Concluding remarks 53

4 Dynamic response results and interpretation 55

4.1 Dynamic response in ASDEX Upgrade discharges 57

4.1.1 Experimental configurations 57

4.1.2 Response to modulated ECH 57

4.1.3 Response at ECH shut off 65

4.2 Dynamic response in TCV discharges 66

4.2.1 Experimental configurations 66

4.2.2 Response to modulated ECH 68

4.2.3 Problems related to X-ray measurements 76

4.3 Concluding remarks 82

5 Power absorption measurements using the DML 83

5.1 Introduction 83

5.2 Experimental configuration 84

5.3 Analysis procedure 85

5.3.1 Frequency response of the DML 85

5.3.2 Modulation of diamagnetic flux and plasma energy 87

5.3.3 Modeling of the power balance equation 89

5.4 DML estimate to X2 absorption measurements 92

5.5 DML estimate to X3 absorption measurements 95

5.5.1 X3 absorption versus X2 pre-heat power 96

5.5.2 X3 single-pass absorption 97

5.5.3 X3 absorption versus X2 toroidal injection angle 100

5.6 Concluding remarks 101

6 Conclusion and outlook 103

A Analysis of modulation harmonic response 107

B Mathematical description of SVD and GSVD 109

C ECE diagnostic's limitations 113

D Analysis of the diamagnetic flux signal 117

E Estimation of the pitch angle scattering time 119



Chapter 1

Introduction

The aims of the research in plasma physics in the framework of controlled nuclear fusion

is to understand and to characterise the properties of a hot plasma in order to master

the techniques which will lead to the ignition 1. The conditions that have to be reached

are well known: first of all, in order to obtain a significant fusion reaction rate, a plasma

with a mean temperature of lOkeV has to be produced and maintained; then, in order

to assure a globally positive energy balance of the reactor, the product of density and

energy confinement time must reach 3 • 1020m~3s [1]. Today, the most promising results

are obtained by confining the plasma using strong magnetic fields in devices called toka-

mak (from Russian 'TOroidalnaya KAmera MAgnitaya Katuschka' meaning toroidal

chamber with magnetic coils).

1.1 Magnetic confinement and the tokamak principle

At the temperatures required for fusion reactions, it is of fundamental importance to

minimise the contact between the plasma and the material walls. A possible method is to

confine the charged particles of the plasma in a magnetic field. Owing to the Lorentz force,

the charged particles moving in the magnetic field follow helical trajectories along the

magnetic field lines. The motion perpendicular to the magnetic field is highly restricted,

and this is the basis of magnetic confinement. There are no restrictions for the motion

along the field lines.

A straight magnetic field configuration surfers from plasma losses at both ends, which

can be avoided by closing the magnetic field lines. A purely toroidal field, though, is not

1 As a deuterium-tritium plasma is heated to thermonuclear conditions, the a-particle heating provides
a fraction of the total heating. When adequate confinement conditions are provided, a point is reached
where the plasma temperature can be maintained against the energy losses by a-particle heating only.
The applied external heating can then be removed and the plasma temperature is sustained by internal
heating. The point at which this occurs is called ignition.
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homogeneous. The gradient of the field amplitude and the curvature of the field lines

ExB

Figure 1.1: Particle drift motion in a toroidal magnetic field. The inhomogeneous field leads to
a separation of charges, while the resulting electric field, combined with the toroidal field, cause
an expulsion of the particles.

lead to drift motions of ions and electrons in opposite vertical directions, thus, resulting

in a separation of charge and consequently, an electric field, as shown in figure 1.1. The

electric field is perpendicular to the magnetic field and causes an outward ExB motion

of the entire plasma.

vertical field coils
primary transformer
windings

toroidal field coils
plasma transformer core

Figure 1.2: Schematic of the coil configuration of a tokamak. The main toroidal magnetic field
B^p is produced by external coils. The plasma is the single secondary loop of the transformer.
The induced plasma current Ip is necessary for a stable confinement and produces the poloidal
magnetic field Bv.

The outward drift motion can be avoided by twisting the magnetic field lines, so that

each field line passes the upper and lower part of the torus. Then, averaging along the

path of particles leads to a cancelling of the vertical drift motions and avoids the build up
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of an electric field. Hence, the combination of toroidal and poloidal magnetic fields can

build a suitable trap for the plasma. In tokamaks a toroidal plasma column is confined

by a toroidal field B^,, produced by external coils, and a poloidal field Bp, produced by

a current that is usually induced in the plasma by transformer action in which a central

solenoid acts as the primary coil and the plasma ring as a one turn secondan' winding.

The schematic of the tokamak configuration can be seen in figure 1.2. The tokamak

configuration has the advantage of retaining the toroidal symmetry. On the other hand,

the induction of the plasma current limits the operation to only pulsed discharges. A

significant effort is being undertaken to develop alternative ways of driving the plasma

current, such as wave or particle beam driven currents, which can in principle allow

continous tokamak operation.

1.2 Plasma heating

As previously mentioned, in order to ignite the plasma, a temperature of the order of

lOkeV has to be reached. Owing to the plasma resistivity caused by electron-ion collisions,

the toroidal current induces ohmic heating of power density

Pok = V32 (1-1)

where r) is the resistivity of the plasma and j the current density. One constraint to the

ohmic heating arises from the plasma resistivity which is mainly proportional to Te~ ,

where Te is the electron temperature. The rapid decrease of resistivity with increasing

temperature makes ohmic heating ineffective at temperatures above a few keV. Hence

additional heating is necessary to reach the conditions required for fusion. The two

main methods which are envisaged for heating to ignition temperatures are the injection

of energetic neutral beams and the absorption of radio frequency (RF) electromagnetic

waves.

The beams used for injection heating have to be composed of neutral particles because

ions would be deflected by the tokamak magnetic field. Heating with neutral beams is

a complex process. Ions must first be produced and accelerated to the required energy.

They are then neutralised by charge exchange in a gas target, and the unwanted residual

ions removed. In the plasma the neutral particles become charged again and as a result

are confined by the magnetic field. They are then slowed down by collisions with the

plasma particles, giving up their energy in the process.

For RF heating, there are three important heating methods, involving waves at around

the ion cyclotron frequency, the electron cyclotron frequency and the lower hybrid fre-

quency. The design of the system must be such that waves propagate to the central region

of the plasma and are then absorbed. The absorption is particularly high at resonant fre-
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quencies such as the ion or electron cyclotron frequencies,

(1-2)

Uce = — , (1-3)
me

and at higher harmonics of these frequencies; $ is the charge of the ions, m^e the mass

of the ions and of the electrons respectively and B is the magnetic field. Ion cyclotron

frequencies in tokamaks are typically in the MHz range from 20 MHz upwards, while elec-

tron cyclotron frequencies are approximately 1000 times higher ranging up to 200 GHz.

The auxiliary heating method used for heating the TCV plasmas is the Electron Cy-

clotron Heating (ECH), which consists of injecting into the plasma a radio frequency (RF)

beam with a frequency w = noJce, where uice is the fundamental electron cyclotron fre-

quency and n is the harmonic number. The electrons increase their perpendicular energy

through resonance absorption of the wave [2]. A major advantage of ECH is that the

wave, which propagates in vacuum, couples directly to the plasma, allowing the antenna

to be located far from the plasma edge.

1.3 Motivations

The main goal of the research in the field of nuclear fusion, and therefore in tokamak

research as well, is the developement of a high power, steady-state power plant. In

order to obtain the high power required for igniting the plasma, it has been seen that

the size of the devices must be very large. Recently it has been discovered that the

performance of the tokamak plasma depends in particular on the plasma shape and on

the internal plasma profiles [3, 4, 5, 6, 7]. To reduce the size of future tokamaks, which

would also be finantially more acceptable, new tokamak operating scenarios are presently

studied, the so-called Advanced Tokamak Scenarios (ATS) [8], whose goals are to improve

tokamak confinement yielding higher performance and steady-state operation by use of

internal profile modification and control, plasma shape and magnetohydrodynamic (MHD)

mode stabilisation. These profiles include, in particular, the current density profile and

the pressure profile, two quantities that can be modified by means of auxiliary heating

methods such as ECH.

The requirements of both high fusion power density and steady-state operation ne-

cessitate operating at high plasma pressure, or beta. High fusion gain in steady-state

requires significant self-driven bootstrap current [9, 10, 11] fraction. The bootstrap cur-

rent fraction depends mainly on the internal plasma profiles, in particular on the pressure

gradient profile in the outer regions of the plasma. Again, ECH is a particularly useful tool

for this purpose since it allows the injection of very localised and intense power. Strong
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off-axis ECH and/or Electron Cyclotron Current Drive (ECCD) are in particular capable

of modifying both the current density and the electron temperature profiles, leading to

modifications of confinement and stability properties.

Furthermore, in reactor relevant conditions, operating at high beta forces us to consider

a further limitation. In tokamaks, magnetic perturbations associated with Neoclassical

Tearing Modes (NTMs) set a limit to the maximum achievable beta [12, 13]. The drive

for NTMs comes from the missing bootstrap current within the island, once the pressure

profile within the island has flattened. It has been demonstrated that complete stabilisa-

tion of the NTMs using ECCD is possible, and that precise positioning of the microwave

beam is crucial for efficient stabilisation [14].

The importance of ECH for future fusion devices is also related to the so-called Internal

Transport Barriers (ITBs) [15,16,17]. The High-confinement mode (H-mode) [18] is char-

acterised by a high energy confinement time (factor of 2 larger than the Low-confinement

mode, L-mode) produced by an edge transport barrier. The steep pressure gradient as-

sociated with this transport barrier is usually limited by Edge Localised Modes (ELMs).

Besides this, regimes have been found with low or negative magnetic shear, mostly pro-

duced by auxiliary heating at low density during the initial current ramp of the discharge

to facilitate the formation of ITBs. These regimes generally show high ion or electron

temperatures and, due to the strong pressure gradients at the ITB location, large boot-

strap current fractions are driven [19]. ECH is an important tool to directly drive current

in the plasma and to modify the profiles so that ITBs can form.

To summarise, for the purpose of increasing the performance of ATS, a tool such

as ECH is crucial to increase the bootstrap current fraction, to produce ITBs and to

stabilise the modes that are created during high beta operation. The versatility of such

a system, which allows, under certain conditions especially related to density effects, to

inject basically anywhere in the plasma, is a powerful tool for the possibility of heating and

driving current in a very localised region. Hence, being able to experimentally determine

the power deposition profile is a very important task and will be crucial, for example, for

the implementation of a feedback control of the stabilisation scheme of MHD modes such

as NTMs [14].

Another important motivation for this work is related to the problem of particle and

energy transport in plasmas [20]. Historically, transport studies started with global quan-

tities, such as energy confinement time and particle confinement time, these being the only

experimentally accessible parameters. Later, with the advent of larger plasmas and better

diagnostics, local transport studies have become available, allowing the actual physical

mechanisms governing transport to be analysed. A great deal of effort went into steady

state transport evaluations. In steady state the heat flux and the temperature gradient

are evaluated and the transport coefficient is computed as the ratio of the two. This
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approach assumes that transport relations of the form [flux] = [transport coefficient] x

[gradient] hold not only globally, but also locally. However, there are good reasons to

believe that this is a too simple picture. Furthermore, it is not clear why the relation

between fluxes and gradients should be linear. Evidence for non-linearities comes from

two observations: the fact that electron heat conduction across the magnetic field can

exceed the neoclassical prediction by one to two orders of magnitude; the degradation of

confinement with increasing additional heating power. It is unclear whether transport is

locally determined or if global parameters determine transport throughout the system,

the so-called nonlocal effects [21, 22]. All these problems can be addressed by performing

perturbative experiments using ECH. Transport studies using modulated ECH (MECH)

have been performed on several devices. In ASDEX Upgrade it has been used for con-

finement studies on conventional Low- and High-confinement modes [23], for heat pulses

propagation studies [24] and to study the the electron heat diffusivity, in particular its

dependence on the isotope mass and its behaviour during off-axis power deposition [25].

In RTP, heat convection and transport barriers in low magnetic shear plasmas have been

investigated [26]. In DITE and Wendelstein 7-AS MECH has been used to study electron

thermal transport from the propagation of the heat waves [27, 28].

The work that will be presented in the following chapters is placed in this wide context.

In particular, experiments performed in the TCV and ASDEX Upgrade tokamaks will be

analysed and presented. The role of TCV is very important due to its flexibility of

varying the plasma shape, the very versatile, high power ECH system at both the second

and third electron cyclotron harmonics and due to the numerous diagnostics installed, in

particular the two soft X-ray (SXR) diagnostics which simultaneously allow high temporal

and spatial resolutions. The importance of ASDEX Upgrade is first of all related to its

large size which makes it a reactor-relevant experimental facility, and also due to the

Neutral Beam Injection (NBI) and ECH heating facilities, which allow, for example, to

study heat and particle transport in either mostly ion-heated or mostly electron-heated

regimes. Moreover, for the developement of this work, the Electron Cyclotron Emission

system (ECE) of ASDEX Upgrade is crucial since it allows local measurements of the

electron temperature with high temporal and spatial resolutions.

The main goal of the present work is the analysis and interpretation of perturbative

MECH discharges, with the aim of experimentally determining the power deposition pro-

file using different diagnostics, such as ECE and SXR measurements. The experimental

determination of the power deposition faces several problems, such as the need to avoid

the knowledge of transport mechanisms. Further complication is added by the phase lock-

ing between the MECH and the sawtooth activity of the plasma [29], which is measured

by both ECE and SXR diagnostics. These problems have already been analysed in other

devices such as TCA [30], ASDEX [31] and RTP [32], and several techniques have been
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adopted to circumvent this difficulty. In particular, the Generalised Singular Value De-

composition (GSVD) [33, 34] has been tested in TCV discharges in order to circumvent

the problem [35, 36], but, as we will show in the following chapters, all these methods

are incapable of treating the problem correctly, leading to potential misinterpretation of

the results. A new method based on system identification using the well known Singular

Value Decomposition (SVD) [34], also known as biorthogonal decomposition [37], will

be introduced and applied. This method, within reasonable limits induced by linearity,

is capable of simultaneously separating the MECH from the sawtooth contributions to

both ECE electron temperature measurements and SXR emission measurements. Such

a method is in particular applied to a NBI heated ASDEX Upgrade discharge in which

MECH is added in order to analyse electron heat transport in a mostly ion-heated plasma

regime. Since the NBI heating was also partly modulated with short pulses coinciding

with the sawtooth crashes in order to stabilise them, both the MECH and the NBI de-

position profiles have been determined. The procedure has then been used to analyse

MECH discharges in TCV using different diagnostics. The profiles determined using the

ECE and soft X-ray measurements are compared and interpreted.

This work concludes with a chapter presenting a method which allows the determi-

nation of the MECH power absorption from the measurement of the variations induced

to the diamagnetic flux of the plasma, which is proportional to the total plasma kinetic

energy, using the DiaMagnetic Loop (DML) diagnostic. The application of the diag-

nostic to studies of the extraordinary mode (X-mode) absorption at the third electron

cyclotron frequency (X3) has been performed in plasmas pre-heated by X-mode at the

second harmonic (X2). A MECH frequency scan has allowed the determination of an op-

timum modulation frequency. Based on this diagnostic, full single-pass absorption of the

injected X3 power was measured with the X2 pre-heating in co-current drive. This high

absorption is more than a factor of 2 higher than that predicted by the linear ray tracing

code TORAY-GA [38, 39, 40]. Experimental evidence indicated that a large fraction of

the X3 power is absorbed by electrons in an energetic tail created by the pre-heating.

1.4 Outline

A brief introduction to the tokamak principle, to plasma heating and to the motivations

of this work have been given in this chapter. In chapter 2, the experimental facilities

used for the work presented in this thesis will be described. Particular attention will

be paid to the description of the uniqueness of the ECH system of TCV, and on the

presentation of the main diagnostics that have been used. The general characteristics of

ASDEX Upgrade, its ECH system and the main diagnostics used will also be presented.

Chapter 3 will present the different techniques that have been developed and tested in
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order to reduce the sawtoothing pollution of the signals. In particular, the frequently used

Singular Value Decomposition (SVD) and the less known Generalised Singular Value

Decomposition (GSVD) will be discussed. Moreover, a new method based on system

identification based on the SVD will be presented. Chapter 4 will show the results of

the power deposition profile determination applying the previously described methods

to Modulated ECH (MECH) and ECH Shut-Off (ECH-SO) experiments. MECH and

ECH-SO analysis of ASDEX-Upgrade discharges will also be presented. Chapter 5 will

present a new method to determine the absorbed power during MECH experiments using

the DiaMagnetic Loop (DML) diagnostic. In particular, results of third harmonic X-

mode (X3) ECH heating will be presented, pointing out the importance of the presence of

suprathermal electrons in the absorption mechanisms of the X3 power. Finally, the most

important results of this thesis will be summarised in chapter 6, followed by an outlook

on possible future developements.



Chapter 2

Experimental facilities

This chapter provides a brief description of the main characteristics of the tokamaks

TCV and ASDEX Upgrade, of their electron cyclotron heating systems and of the main

diagnostics that are used for this thesis.

2.1 The tokamak TCV

The Tokamak a Configuration Variable (TCV) is a medium sized tokamak that can

achieve very high elongation and that has high flexibility in plasma shape. It started

operation in November 1992 with the main objective of investigating the effect of plasma

shape on confinement and stability. TCV was designed to produce a large variety of

plasma shapes without requiring hardware modifications. The main machine parameters

Parameter

Major radius

Minor radius

Aspect ratio

Vacuum vessel elongation

Toroidal vessel resistance

Toroidal field on axis

Plasma current

Loop voltage

Additional heating power (ECH)

Discharge duration

Symbol

Ro

a

e — Ro/a

K/rcv

^TCV

Bo

ip

Moop

^ECH, X2

-PECH,X3

Value (projected)

0.88 m

0.25 m

« 3.5

2.9

45 mQ

< 1.54 T

< IMA (1.2MA)

< 1 0 V

2.8 MW

0.48 MW (1.4 MW)

< 4s

Table 2.1: Main TCV machine parameters.

are listed in table 2.1 and a schematic of the tokamak is shown in figure 2.1.
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D

Figure 2.1: Schematic view of TCV showing the OH-transformer coils (A), the toroidal
field coils (B), the vacuum vessel (C), the poloidal field coils (D), diagnostic ports (E),
and internal control coils (F).

TCV is equiped with an air core transformer and the toridal field is produced by 16

toroidal field coils that are connected in series. The flexibility of TCV for producing

diverted and limited highly shaped plasmas, is derived from its shaping control system

which uses active feedback coils both outside and inside the vacuum vessel.

2.1.1 Electron cyclotron heating in TCV

TCV is equiped with a very versatile Electron Cyclotron Heating (ECH) and Electron

Cyclotron Current Drive (ECCD) system, that was designed to access a wide range of

plasma shapes. The system consists of six 82.7GHz gyrotrons for heating at the second

harmonic of the electron cyclotron resonance uJ2Ce, and three ll&GHz gyrotrons for heating

at the third harmonic a>3ce [41]. These frequencies correspond to near central heating for

a toroidal field of 1.45T. The nominal power is AQbkW for each of the &2.7GHz gyrotrons

and 480kW for each of the llSGHz gyrotrons, resulting in a total RF power of 4.2MW

for a maximum pulse length of 2s. The gyrotrons are grouped into three clusters of three

units each with a separate power supply for each cluster. Each gyrotron couples the RF
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beam through a matching optic unit to an evacuated transmission line where it propagates

to a quasi optical launching antenna installed in the tokamak. The polarisation of each

beam can be modified and is usually set for propagation as an extraordinary wave (X2-,

X3-mode). Figure 2.2 shows the poloidal view of both the second and third harmonic

ECH launchers in TCV.

X3 system (118GHz)

X2 system (82.7GHz)

Upper lateral launchers 2, 3, 5,6

Equatorial launchers 1, 4

Figure 2.2: X2 and X3 ECH system on TCV. The X2 launchers are placed on two equa-
torial and four upper lateral ports. The X3 launcher is mounted on top of the vessel and
can be displaced radially to aim the ECH resonance on both the low and high field side
and can be steered poloidally at a set radial location.

For each X2 gyrotron cluster, there is one launcher mounted in an equatorial port

(launchers 1 and 4 in figure 2.2) and two launchers (2,3 and 5,6 in figure 2.2) mounted

in upper lateral ports. Each launcher has two degrees of freedom, one of which provides

steering of the microwave beam in a fixed plane during a discharge. The other allows the

plane to be rotated between discharges, for example to introduce a toroidal injection angle

for current drive experiments. The polarisation of the wave is optimised for the launching

geometry of each discharge. The X2 system allows heating and current drive in plasmas

with a density up to the cut-off density for the X2-mode propagation, nexut-off.x2 —

4.25 • 1019m-3.

The power produced by each X3 gyrotron is combined with that of the others in one

launcher at the top of the vessel. The beam is injected nearly tangentially to the resonant

surface to maximise the absorption by increasing the path length through the resonance.
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The launching mirror can be displaced radially between discharges to inject the beam

from either the low (LFS) or high field side (HFS) of the resonance. The mirror can also

be rotated poloidally during the discharge allowing the adjustment of the beam along the

resonance surface. The X3-mode injection extends the accessible density domain up to

ne,cut-off,X3 = 11-5 • 1019m-3.

Particular attention must be paid to the wave polarisation in order to couple to the

reqired plasma mode. For a wave propagating perpendicular to the magnetic field k _L B,

two different modes of propagation can be distinguished: the ordinary mode (O-mode),

in which the incident wave electric field is parallel to the background magnetic field

(E || B), and the extraordinary mode (X-mode), where it lies in a plane perpendicular

to the background magnetic field (E _L B). Figure 2.3 shows the Clemmov-Mullaly-

1.5-

(G>p/co) oc n e

Figure 2.3: CMA diagram for electron cyclotron waves. Cut-offs (solid lines) and resonances
(dashed lines) are shown for the ordinary and extraordinary modes.

Allis (CMA) diagram, which illustrates, for cold plasmas, the propagation and absorption

properties of the two modes. In the diagram, the abscissa represents essentially the density

and the ordinate the magnetic field. The propagation of these modes is described by their

index of refraction:

Kd = 1 - ("»2 (2-1)

AT2 ft

Next = (1 -
(2.2)
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where UJP = ne2/(meeo) is the electron plasma frequency. If the refractive index becomes

zero, the wave cannot propagate any further and is reflected. This limit, known as cut-off

condition, depends on both the wave harmonic number and its mode of propagation. For

an O-mode wave, such a cut-off occurs for UJ — cop limiting the accessibility to densities

below a critical density ne^cutojf, corresponding to the area on the left of the O-mode

cut-off in the CMA diagram. The X-mode wave is reflected at the right-hand cut-off

LOR = coe/2 + \{we/2)2 + wJp/2 and left-hand cut-off coL = -coe/2 + [(we/2)2 + a;2]1/2,

both indicated in the figure. For heating at the second harmonic in O-mode, the cut-off

condition is given by u> = y/2up, which corresponds to half of the cut-off density for the

X-mode heating at the second harmonic. Generally, the second harmonic X-mode (X2-

mode) is absorbed best whereas the absorption properties of O1-, X1-, 02- and X3-mode

are somewhat weaker.

2.1.2 Main TCV diagnostics

TCV is equiped with a number of diagnostics measuring many different plasma parame-

ters. Only the diagnostics providing the most important measurements relevant for the

presented work are here described.

Electron cyclotron emission

The electrons in a magnetically confined plasma gyrate around the field lines and as a

consequence emit electromagnetic radiation. This emission is called Electron Cyclotron

Emission (ECE) [42]. It occurs at descrete angular frequencies co = nu>ce, where coce =

eB/me is the electron cyclotron frequency and n = 1,2,3. . . is the harmonic number.

Tokamaks have a spatially dependent magnetic field, the main component of which is the

toridal field B^. This field varies inversely with the major radius R and is constant along

a vertical chord, that is

^ (2-3)

where BQ and RQ are the values of magnetic field and radius at the center of the plasma.

Since the emission at a particular frequency u> is localised to the region where the resonance

condition

u = nujce{R),n = 1 , 2 , 3 , . . . (2.4)

is satisfied, it is possible to obtain spatially resolved information from the measurement

of the spectrum of the emitted radiation, in particular the electron temperature Te.

For present tokamak plasmas, some of the emission lines are optically thick, some

optically thin, and some are intermediate. The emission intensity in optically thick lines

is given by [43]
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hence, from the measurement of the frequency dependence of the emission it is possible,

to determine the temperature profile Te(R) using the spatial localisation of the emis-

sion. Several different methods for measuring the emission have been developed. The

method selected for the ECE system of TCV is microwave super-heterodyne radiometry

ECE low field side view

Figure 2.4: View of the low field side poloidal view of the ECE radiometer in the TCV chamber.
The vacuum vessel is shown, together with the carbon tiles.

[44, 45, 46]. The 24 channel radiometer covers the frequency range from 78.475GHz to

H4A75GHz, corresponding to the second harmonic of coce at the high field side. The

frequency bandwidth of each channel is 750 MHz, corresponding to a spatial resolution

between 0.4cm at the edge and lem in the centre. The signals of the 24 channels are

acquired at a frequency of 80kHz.

Figure 2.4 shows the poloidal view of the low field side ECE radiometer in the TCV

chamber. The line of sight is situated at Z = 0 cm and views the plasma with a small

toroidal angle of 11 degrees. On the high field side, two more lines of sight situated at

Z = 0 and Z = 24 cm are also installed, but they are not shown in the figure since their

measuerements are not used in this thesis, because of their high sensitivity to the emission

produced by suprathermal electrons. The measurements from the low field side present
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an important limitation due to the electron density cut off of the second harmonic X-

mode propagation, which is situated at 4.25 • 1019m~3. This limitation of the ECE system

increases the importance of the X-ray diagnostics for TCV: since the ECE is limited to

lower plasma densities, other diagnostics have to be used in order to analyse the plasma

dynamic response at higher densities, such as, for example, the values used for the X3

heating experiments. A further potential problem is related to the emission of the electron

cyclotron waves, which occurs at each harmonic. Because of the toroidal magnetic field

characteristics, in fact, a frequency superposition of these waves cannot be avoided. The

problems related to the ECE measurements on TCV will be discussed in chapter 4. All

the details of the ECE system of TCV can be found in [45].

Soft X-ray tomography

The TCV soft X-ray tomographic system is described in detail in [47]. Hence, in this

sub-chapter only the main characteristics will be outlined.

Soft X-ray diodes

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

10 9 8

i jk,

0.6 0.8 1 1.2

R[m]

Figure 2.5: View of the experimental configuration of TCV's soft X-ray tomography system.
All 10 cameras are placed around one poloidal cross section of the torus. The vacuum vessel is
shown, together with the carbon tiles.
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The soft X-ray emission of a plasma originates from electron-ion and electron-impurity

Bremsstrahlung as well as recombination radiation. The Bremsstrahlung spectrum is

essentially dependent on density, temperature and impurity content. For a Maxwellian

electron distribution and ions of charge Z, the sum of all these terms may be written as

[48]
dN 2 2 e * / . .

oc aZ2nl = 2.6dEx

with N being the number of emitted photons of an energy Ex • The calculation of the

electron-impurity-ion recombination radiation is complicated since a detailed knowledge

of the atomic structure of the impurity ion is required.

In TCV, the soft X-ray emission of the plasma is measured using photodiodes, which

are sensitive up to lOkeV. Energies below lkeV, which can originate from impurity

line radiation, are filtered with a A7/j,m Beryllium absorption foil. The TCV soft X-ray

tomographic system makes use of 10 cameras with 20 elements each (see figure 2.5),

resulting in 200 lines of sight covering the whole poloidal cross section as homogeneously

as possible since plasmas of almost arbitrary shape and size can be produced. Data

obtained from the 200 lines of sight is used to perform a tomographic reconstruction of

the local X-ray emissivity for all plasma configurations. The spatial resolution of the

tomographic inversion is 30 — 40mm. The temporal resolution is limited by the data

acquisition rate at maximum of 80kHz. The sawtooth inversion radius and the poloidal

mode structure of MHD modes are determined using the tomographic reconstruction

of the local emissivity. Since the diodes are sensitive to photon energies above lkeV:

only electrons above approximately 400eF contribute to the signal, thus, the soft X-ray

diagnostic mainly measures phenomena located near the plasma centre.

Multiwire X-ray detection

The Multiwire Proportional X-ray detector (MPX) consists of a gas filled chamber con-

taining a plane of parallel and equidistant wires sandwiched between two cathode planes,

made of wires which are isolated from each other [49]. Figure 2.6 shows a schematic of the

chamber geometry. The cathode wires are perpendicular to the collecting wires. The soft

X-ray photons that enter the chamber interact with the gas, they partly ionise it and cre-

ate tiny clouds of free electron-ion pairs. The free electrons drift to the nearest collecting

wire, causing an avalanche. When the avalanche is complete the electrons created during

the avalanche have arrived at the wire. The ions, on the other hand, with their much

smaller drift velocity, are still close to the wire surface, drifting along their local field lines

towards the cathodes. A positive charge is therefore induced on the wires and cathode

planes. The charge on the avalanche wire is the sum of the negative electron charge of

the avalanche electrons arriving at the wire and the positive induced charge caused by
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toroidal direction
X-rav. photon

slit

poloidal direction
lOOpmBe

cathode wires

collecting wires

" cathode wires

Figure 2.6: Schematic of the multiwire proportional chamber of TCV. The soft X-ray photons
first pass through a small slit, then, after passing the 100 /jm beryllium foil, they enter the
chamber where they ionise the gas. The electric field inside the chamber forces the ions towards
the cathode wires, the electrons towards the collecting wires.

the ions.
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Figure 2.7: Photon energy sensitivity of the MPX camera for different wire chamber gases.

The charge signals from two adjacent wires to the avalanche are different; also, the

signals from the top and bottom cathode planes are not equal. Important is that these

differences depend on the point of absorption of the X-ray quantum. This dependency

is explained by the fact that at moderate gas amplification the avalanche is limited to a

specific spot on the wire surface. Moreover, the avalanche spreads around a limited lenght

of the wire, while the ions are located mainly at the point of arrival of the electrons. The
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MPX lines of sight
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Figure 2.8: View of the experimental configuration of TCV's MPX system. The camera is
placed below the tokamak and the 64 lines of sight view the plasmas with a spatial resolution
up to 5mm. The vacuum vessel is shown, together with the carbon tiles.

ions drift back along the same field line as that along which the electrons drifted towards

the collecting wire. By measuring the charges on individual wires it is then possible to

measure the coordinate of the X-ray quanta with a precision which is limited by only the

finite range of the photoelectron created in the photon absorption process.

The efficiency of an MPX detector is determined mainly by the probability of absorp-

tion of X-ray quanta by the gas of the chamber. Figure 2.7 shows the photon energy

sensitivity of the MPX camera for different wire chamber gases. The window separating

the vacuum vessel from the MPX detector consists of a 250/^m beryllium window placed

at the pinhole, followed by a 100/j.m beryllium window placed in front of the detector.

The experiments done for this thesis were performed with CH4 + AT in the chamber.

Figure 2.8 shows the lines of sight geometry of TCV's MPX detector [50] placed below

the tokamak. The one dimensional geometry is obtained by a slit placed between the two

windows. With this geometry, a spatial resolution of about 5mm is achieved. An impor-

tant limitation in using this diagnostic for the studies presented in this work concerns the
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angle of aperture of the lines of sight, which is optimised for measuring the soft X-ray

emission of plasmas placed at Z = 23 cm, in the top part of the vessel. For our studies,

the low field side ECE radiometer located at Z = 0 cm is needed. For plasmas located at

this height, the MPX detector can only measure emissivities from the centre to about a

normalised radius of p = 0.7.

Diamagnetic loop

The plasma energy can be determined from magnetic measurements using the force bal-

ance between the magnetic field and the kinetic pressure. The quantities that need to be

measured to determine the energy (and the internal inductance) are the magnitude and

direction of the magnetic field and the diamagnetic flux. The diamagnetic flux is the dif-

ference between the total toroidal flux with plasma and that in the absence of plasma. The

flux in the presence of plasma is measured using a loop enclosing the plasma, encirclying

it poloidally (normally called diamagnetic loop), while the vacuum flux is determined by

measuring the toroidal field outside the vessel (normally using another loop called the

compensation loop). The diamagnetic loop system of TCV, shown in figure 2.9, consists

of two loops, a first one (1-turn) wound around the vacuum vessel, labeled DML, and a

second one serving as a compensation loop, labeled CL.

The equilbrium equations are derived by taking components of the force balance equa-

tion,

^ ^ (2.7)

and integrating over the plasma volume. The resulting equations relate volume integrals,

such as plasma energy and diamagnetic flux, to surface integrals of the field strength.

The two main resulting equations, written in a non-dimensional form for a static isotropic

plasma are

3/3p + k - n = 2(5i + S2) (2.8)

Pp + li + H = 2S2j£, (2.9)
•Ho

where fip is the poloidal beta, related to the plasma energy through

W = \^R^VI\ (2.10)

and li is the internal inductance. The diamagnetic parameter JJL is given approximately

by

where J5o is the toroidal field on axis and A<p is the diamagnetic flux. Si and S2 are inte-

grals of the magnetic field over the surface and are known as Shafranov surface integrals

[51].
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TCV poloidal cross-section

-1.5 -

Figure 2.9: The DML diagnostic configuration on TCV. The loop labeled DML is the 1-turn
diamagnetic loop, while the one labeled CL is the compensation loop.

Far-infrared interferometer

The main diagnostic measuring the electron density is the Far- InfraRed interferometer
(FIR). Figure 2.10 shows the geometry of the 14 diagnostic chords of the FIR. The line
integrated electron density ne is measured using a Mach-Zehnder interferometer. The
interferometer measurement uses the density dependence of the refractive index of an
electro-magnetic wave in a plasma. For a frequency much larger than both the plasma
frequency and the electron cyclotron frequency, the refractive index of the ordinary and
extraordinary waves can be approximated by

2 \ co
(2.12)
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FIR lines of sight
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Figure 2.10: View of the experimental configuration of TCV's 14 chord FIR system (the central
chord is highlighted). The vacuum vessel is shown, together with the carbon tiles.

The line integrated density is proportional to the phase shift A$ between the beam

passing through the plasma and a reference beam outside the plasma,

Ae2

f ne{l)dl.f / ne{l)dl. (2,13)
47Tc2e0me J

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

shift. The system [52] is composed of 14 vertical chords in a single poloidal plane as shown

in figure 2.10. The interferometer uses an optically pumped CH2F2 far-infrared laser with

a wavelength of 214.6/iw. The frequency offset of AW/2TT = 100 kHz is produced by the

Doppler shift caused by diffraction off a rotating grating. The signal detectors have an

extremely low noise equivalent power and their frequency response of up to 750 kHz is

sufficient to resolve the 100 kHz beat frequency. The beat frequency sets the limit of

the time resolution of the density measurement. At the chosen wavelength and according

to (2.13) a phase shift of 2TT corresponds to a change of the line integrated density of

1.04 • 1019m~2. The accuracy of the phase analysis is about 20 degrees and leads to a

resolution limit of approximately Ane ~ 5 • 1017 m~2.
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2.2 The tokamak ASDEX Upgrade

The ASDEX Upgrade divertor tokamak (Axially Symmetric Divertor Experiment) [53]
is a large size high power tokamak and went into operation in Garching in 1990. At
present, it is Germany's largest fusion device. The main machine parameters are listed in

Parameter

Major radius
Minor radius
Aspect ratio
Plasma elongation
Toroidal field on axis
Plasma current
Maximum auxiliary heating power
Ohmic heating
Neutral beam injection heating
Ion cyclotron heating
Electron cyclotron heating

Discharge duration

Symbol

i?o
a

e = Ro/a
K

h
PH

Poh

PICK

-PECH

Value (projected)

1.65 m
0.5 m
3.3

1.6

<3.9T
< 1.4 MA (1.6 MA)

27 MW
1 MW

20 MW (with 2H = D)
6 MW

2 x 2 MW

< 10 s

Table 2.2: Main ASDEX Upgrade machine parameters.

table 2.2.

The large size of the device makes ASDEX Upgrade one of the most fusion relevant
experimental devices for studying the scenarios of the new machine planed for the future,
the International Thermonuclear Experimental Reactor (ITER). The ASDEX Uprgade
project has several objectives dealing with different physics problems. The objectives
which are particularly relevant to this work are the study of transport and of internal
transport barriers.

2.2.1 Electron cyclotron heating in ASDEX Upgrade

The ECRH system of ASDEX Upgrade [54] is equiped with four 500 kW gyrotrons op-
erating at 140 GHz second harmonic X-mode. The poloidal injection capabilities of the
ECH system are shown in figure 2.11. For each gyrotron there is one transmission line
coupling the wave to the plasma. The lines operate at normal air pressure. The output of
the gyrotrons is transmitted via mirror lines including 2 polariser mirrors and are finally
fed into HE-11 corrugated wave guides. Inside the torus there is a fixed focussing mir-
ror and a steerable plane mirror allowing the beam to be scanned in both poloidal and
toroidal directions.
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Figure 2.11: Poloidal view of the ECH system of ASDEX Upgrade.

The ECH system was particularly designed to achieve very localised electron heat-

ing and current drive for studies relating to electron heat transport via heat waves, to

stabilisation of neoclassical tearing modes and to transitions of confinement regimes.

2.2.2 Main ASDEX Upgrade diagnostics

ASDEX Upgrade is equiped with a number of diagnostics measuring many plasma pa-

rameters. Only the two diagnostics relevant for the presented work are described and

shown in figure 2.12.

Electron cyclotron emission

On ASDEX Upgrade, ECE measurements are made at frequencies between 89 GHz and

187 GHz, corresponding to magnetic fields from 1.6 T to 3.4 T. The main ECE diagnostic

system is a multichannel heterodyne receiver [55]. The frequency bandwidth is about

2.5 MHz. Currently the ECE radiometer is equipped with a 64 channel data acquisition

system with 31.25 kHz sampling rate. The bandwidth is reduced by low-pass filters

at 15 kHz cutoff frequency. This allows measurements on both the heat transport and
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resistive time scales (e.g. observation of heat wave propagation and growth of magnetic

islands). The ECE measurements provide absolute electron temperature profiles with

very good radial spatial resolution (approximately 1 cm).

ECE

Figure 2.12: The ECE and SXR systems of ASDEX Upgrade.

Soft X-ray tomography

The soft X-ray diagnostic of ASDEX Upgrade [56, 57] is composed by cameras, each one of

them equiped with up to 32 ion-implanted silicon diodes with active area of 2.6 x 8.6 mm2
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and 300 fj,m thickness. By means of thin beryllium foils (12//m or 100 yum thickness) or

alluminium foils (5 or 9 /xm thickness) the lower boundary of the spectral response can be

shifted within 0.7 to 4 keV. The upper boundary is determined by the silicon thickness to

be above 10 keV. The measured signals are digitalised at a sampling rate of 500 kHz, but

for typical ASDEX Upgrade discharges of 6 seconds, the data amount has to be reduced

to about 100'OQO samples per diode.



Chapter 3

Signal processing methods

3.1 Introduction

Over a wide range of operating conditions tokamaks exhibit a relaxation oscillation in

the centre of the plasma appearing as a sawtooth shaped oscillation [29, 58, 59, 60, 61].

This oscillation is observed on temperature and density measurements, but also on other

diagnostics, such as, for example, soft X-ray measurements. During the stable ramp

phase heating raises the temperature and at the collapse the associated thermal energy

is released to the outer part of the plasma in the form of a heat pulse. Intuitively, it

is reasonable to imagine that such a heat pulse will somehow interact with the external

temperature perturbations induced, for instance, by the MECH. Since both sawtooth

activity and the MECH are periodic events of more or less fixed frequency, and since both
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Figure 3.1: (a) Raw soft X-ray signals for different lines of sight of the TCV SXR tomography
system, (b) Fourier spectrum of raw data: different peaks related to different frequencies are
visible, in particular the sawtooth-modulation coupling.

heat wave propagations are subject to basically the same transport physics, coupling

between the two phenomena might play an important role when studying perturbative

27
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experiments. Evidence of this phase locking can be seen in figures 3.1, 3.2 and 3.3.

Figure 3.1 shows the case of an ECH heated plasma discharge performed in TCV with

an ECH modulation frequency of vmod = 71AHz. The peaks at the first (umod) and third

(3^mod) MECH harmonic frequency are clearly visible. The peak at 3umod is actually

composed by a MECH contribution and a sawtooth contribution (vst2 ~ 3vmod). Evidence

for this is given by the peak located at z/si2 + vmod: this peak would correspond to the

fourth MECH harmonic, but since the ECH was modulated using a square wave signal,

only odd harmonics can actually compose the MECH reference signal. A wide frequency

distribution around the main sawtooth frequency {yst\ ~ 33QHz) with peaks at the main

sawtooth frequency ust\ and at ust\ ± vmoA are also observed. This is further evidence of

the presence of wave mixing between MECH and sawtooth activity. Similar observations

have been done also in RTP [32].

300
- e - 1st MECH
•-*• l s t S T

Figure 3.2: Frequency response of the plasma at the sawtooth frequency (stars) and at the
MECH frequency (circles) in the MECH phase of the discharge. The sawtooth frequency is
53 Hz, while the MECH frequency is 100 Hz. Amplitude profile (a) and phase profile (b) of the
first MECH harmonic and of the main sawtooth frequency. The inversion radius is situated at
about pv = 0.3.

Figure 3.2 shows an example of the Fourier analysis of a modulated ECH experiment
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Figure 3.3: The synchronisation between the ECH shut-off (bottom driving signal) and the
sawtooth crash as seen on the electron temperature at different radial positions (top signals).

in ASDEX Upgrade. The experiment was performed using a MECH frequency of lOOHz,
which was far apart from the main sawtooth frequency situated at about b3Hz. The
top figure shows the amplitude profile of the first MECH harmonic, while the bottom
one shows its phase profile; the MECH was located at pv = 0.05. It is very interesting
to see how strongly the MECH frequency response is influenced by the sawteeth. Let
us consider the amplitude profiles. Two remarks can be made: first of all, the peak in
the MECH amplitude profile located at py = 0.4 is clearly enhanced by the sawteeth,
which show a peak at the same location; second, converting the temperature amplitude
(eV) in power density amplitude (W) and integrating over the plasma volume, we obtain
an absorbed power of bbOkW, which is > 30% lower than the expected SOOkW that
was actually injected. The fact that there is a strong interaction between MECH and
sawteeth is further demonstrated by the phase profiles. What would be expected for the
MECH [62, 63, 30, 20, 64] would be a clear minimum at the deposition location, followed
by a constantly increasing phase while moving away from the deposition. On the other
hand, the sawtooth phase should show a sharp phase jump at the inversion radius. The
observations do not fully reproduce the expectations: first, the MECH phase is strongly
perturbed by the sawtooth phase around the inversion radius; then, the sawtooth phase
jump is present, but is less sharp than expected; finally, the two phases are strongly
locked to each other for py > 0.4. These observations are clear evidence of the strong
coupling between the two dynamics. The same problem can also be seen at the ECH
shut off. In this case, the sawtooth crash tends to synchronise with the turning off of the
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additional power, as shown in figure 3.3, where the electron temperature inside (pv = 0.1),

at (pv = 0.3) and outside (pv = 0.5) is shown.

Summarising, for the analysis of MECH experiments it is of crucial importance to

consider the strong coupling between the dynamics that are to be studied and the saw-

toothing contribution to the signals. Avoiding to consider the effect of the sawteeth could

lead to erroneous conclusions. In the following sections we will discuss several methods

that have been tested in order to take into consideration the MECH-sawtooth coupling,

so that erroneous conclusions can be avoided. The main signal processing techniques that

are mostly used to treat these kind of problems are investigated: the Singular Value De-

composition (SVD), the Generalised Singular Value Decomposition (GSVD) and a System

Identification technique based on the SVD (named SI-SVD).

3.2 Formalism

3.2.1 The algebra

Aim of this work is to link the signal analysis with the underlying physical mechanisms.

The time evolution of the observed quantity x(r, t) is assumed to be governed in the most

general case by a continuity equation. This would apply for example in the case of the

density or the temperature profiles, n(r,t) and T(r,t), governed by continuity equations

for the particle and the heat fluxes:

| | Q. (3.2)

Here S and Q denote the particle and heat sources, and T and q the corresponding fluxes.

No specific form will be assigned to particle and heat fluxes, yet. Thus, the continuity

equation may be rewritten in the general form:

—x(r,t) = L>x(r,t)+S(r,t), (3.3)

where L is the transport operator and S(r, t) the source term. The transport operator is

a linear integro-differential operator acting on the spatial variable, characterised by time

independent coefficients which may vary in space. The usual convective and diffusive

terms are contained in this general form. Although the condition of linearity may appear

as a severe constraint, this formalism may still be applied to non linear transport models,

for small perturbations around a steady state. The formalism will also be restricted to

separable source terms with possibly a superposition of different space and time functions,

uTO(*), (3.4)
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where um(t) are dimensionless functions, called the input signals, and Sm(r) give the

spatial distribution of the sources l.

In the following step, we will discretise the spatial variable. This is not strictly nec-

essary but yields a more accessible algebra. We can discretise using several methods:

using a discrete spatial grid, decomposing the spatial profiles on a set of basis functions,

as eigenfunction series or any other discretisation method. Each one of them leads to a

similar result: the transformation of the operator L in a square matrix Lrr> and the dis-

cretisation of the profiles x(r,t) as xr(t) and Sm{r) as Srm. The time evolution equation

(3.3) may then be rewritten as

(t) ] P L ( £ ) Y 2 S ( t ) (3.5)

For sampled signals, assuming that the input signal is constant between two sampling

times, it can be shown [65] that, by solving the time evolution equation, the following

recurrent equation can be used:

xr((k + 1) At) = ^ (e L - A T ) r r , 2v( i ) (£AT) + Y, ATSTmum(kAT), (3.6)
r' m

where AT is the sample period. This final equation for the evolution of the system is the

usual state representation of a linear system in which the xr play the role of the states:

Xr,k+i = ^2 Arr'Xr'k + ^ Brmumk. (3.7)
r' m

The index notation used is xrk = x(r, kAT). Note that in this representation the matrix

Arr, = {eLAT)rr, (3.8)

describes the temporal dynamic of the system and is derived from the operator L which

embodies the physical mechanisms governing the system. The second matrix

Brm = ATSrm, (3.9)

is derived from the source spatial distributions as an appropriate projection of these

distributions and such as its columns are related to the various source terms of the system.

A last equation can be added to equation (3.7), which takes into account the fact

that the quantity xr is not directly observed, but only a linear combination, coming for

1The diffusion of particles in an infinite cylinder with axisymmetric geometry gives a relatively simple
illustration of this formalism. The particle density corresponds to the quantity of interest x(r,t). The
particle flux induced by the diffusion process is proportional to the density gradient, the proportionality
factor being the diffusion coefficient —D Vx. We will use this simple model later as an illustrative example
of the procedures.
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example from the measuring instrument or from an integration along a line of sight. The

quantity measured by the detector number s is then symbolised by ySk:

2srxrk. (3.10)

Such a formalism is widely used in automatic control and is known to encompass all linear

time independent systems, of any order with any number of inputs and outputs.

In most situations the internal states xrk are not directly measured and it is essential

to know how to compute the measurement matrix ysk from system inputs umk- To solve

the time evolution equations representing the system, the Arri matrix is first decomposed

in eigenvectors, stored in the columns of Rri, and eigenvalues seating on the diagonal of

(3.11)

The eigenvectors are normalised such that

= 1, (3.12)
r

and the eigenvalues are sorted in descending modulus. Expressing Arr< as

Arr, =

allows to rewrite the state equations for all / as

l (3.14)

Y, (3-15)

with the following definitions:

^ ^ (3.16)

(3-17)

(3.18)

Note that equation (3.17) performs the decomposition of the source term spatial distri-

bution Brm on the eigenvectors Rri

- (3.19)
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Similarly the new states x'rk correspond to the time evolution of the amplitudes of each

of these eigenvectors which is governed by equation (3.14), and, since the matrix $ is

diagonal, these evolve independently of each other.

For most realistic physical systems, the eigenvectors display an increasing spatial struc-

ture, an increasing wave number for increasing pole number. When projecting on such a

basis smooth source terms, the coefficients of the decomposition, given by equation (3.17),

will be very small for high mode numbers. In such a situation the corresponding states

are not excited by the source term and only a restricted number of states and eigenvectors

need to be retained in equations (3.14) and (3.15). In addition, the trajectories of the

state vector represented by the column of x'rk do not cover the entire state space, but are

contained in the subspace spanned by the excited eigenvectors, those which are present

in the source terms. In consequence, the column of the output matrix will be contained

in the subspace

Y = [C'sl with I such that B'lm ̂  0 for at least one m]. (3.20)

In the next step, the responses of each individual eigenvector and its corresponding eigen-

value (or pole) to each individual input are introduced, which satisfy the time evolution

equation:

h>ml,k+l = ^ihrnlk + umk- (3.21)

An elegant way to compute these responses involves the following transfer functions:

''"mlk — ttiUmk yo.Z£)

with

r (3-23)

where the operator z x repesents the unit delay operator (one sample delay). It may be

appropriate, for numerical stabilty reasons, to use an alternative transfer functions with

a unit zero frequency {z~l = 1) gain

*'"r. (3.

In this case, the time evolution equation (3.21) becomes

hml,k+l = ^iKnlk + (1 — $l)Umk, (3.25)

and the following relationship must be consequently modified. Now, the solution of the

diagonalised system can be expressed using these individual responses as

(3.26)

V* = E C'Ahmik- (3.27)
lm
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The solution in equation (3.27) can be seen as a decomposition of the observation matrix

in a time evolution associated with spatial structures, the latter being contained in the

tensor

Tsim = CslB'lm. (3.28)

3.2.2 Illustrative example

To better understand the formalism, let us study a simple situation as an illustrative

example. To simplify, let us consider a purely diffusive model of particle transport in

cylindrical geometry and in a one dimensional space. In a purely diffusive model, the

particle flux takes the well known form T = D • Vx, where D is the diffusion coefficient

and x represents in this case the density. The continuity equation is then

= V{DVx)+S. (3.29)

Considering one dimensional cylindrical geometry and assuming a separable particle

source, we obtain

Wt'x(r't] = -\Hr{D' %] + s{r) •u(t)' (3-30)

with the boundary conditions x(a) = 0 and §7(0) = 0. Hence, we have a fully similar

equation as (3.3), where the transport operator is now defined as

L = --~r(D~). (3.31)
r or or

Discretising (3.30) and assuming separable particle sources lead to the same equation as

(3.5), that is

—xr(t) = ̂ 2Lrr,xr,(t) +^Srmum{t), (3.32)
r'

where the operator L contains the information about our simple model and where the

index m refers to all possible heat source profiles. The path is of course the same as before

and we will therefore not rewrite all the equations. What is important is that we have to

solve the discrete time evolution equation applied to our model. To do so, we first need

to solve the eigenvalue equation

(3.33)

which corresponds to determining the eigenfunctions of our one dimensional transport

operator in cylindrical coordinates. General solutions of this problem are the Bessel

functions of first and second order, i.e.

xrl = dJ0{ai-) + diNo(Pi-), (3.34)
(X (X
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Figure 3.4: Description and inputs of model, (a) First five base vectors, defined via the Bessel
functions, of the eigenspace; the two eigenfunctions used for the illustrations are highlighted,
(b) Excitation amplitude of each eigenfunction for the uncoupled case, (c) Excitation amplitude
for the coupled case: the two dynamics excite simultaneously the two eigenvectors with different
amplitudes, (d) Temporal excitation of the dynamics, (e) Radial source profiles in the "real"
space for the uncoupled case, (f) Radial profiles for the coupled case.

where ai and /3; are the l'th zeros of the Bessel functions of first and second order

respectively. Considering the boundary conditions we are then restricted to the Bessel

functions of first kind,
T

xri = ciJo(ai-). (3.35)
a

Applying the transport operator we obtain

az

hence, the eigenvalues are

a
1

(3.36)

(3.37)

Going back to the formalism, the vectors defined by the Bessel functions xri define the

matrix R which corresponds to the linear tranformation operator between the base of our

space and the eigenfunction's base:

= xrl. (3.38)

The eigenvalues of the A matrix are then given by

= eA'-AT (3.39)
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Transforming the x vectors in this base using R, we then obtain the equivalent of equation
(3.14) for the state equations, i.e.

X, (3.40)

In order to show, later in the report, what SVD and GSVD are capable of, let us
consider two specific cases: a first one in which the simulated MECH and sawteeth excite
two different eigenvectors (the third and fourth respectively); a second case in which both
dynamics simultaneously excite the same eigenstates, but with different amplitudes. The
inputs are defined via the B' matrix and the u signals, the system via the R matrix (see
figure 3.4). The "profiles" of the B matrix are the MECH and sawteeth profiles in the
real space. The tensor (3.21) defines the time evolution of the signals. Since only two
eigenstates are considered, only these two components of the tensor need to be considered
(see figure 3.5). Finally, (3.40) completes the simulated signals. At this point, it is
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Figure 3.5: Tensor describing the time evolution of the model, (a) Eigenvalues of the A matrix,
(b) Transfer functions for the MECH part: in the uncoupled case only the first one is actually
excited, (c) transfer function for the sawtooth part.

important to remember one thing: in both cases, the dynamics of MECH and sawteeth
are contained in a smaller subspace, the one spanned by the two considered eigenvectors
of the R matrix, being described by two characteristic eigenvalues only. In the first case,
the two dynamics are fully separated, while in the second case they are coupled in the
sense that both dynamics excite the same eigenstates.
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3.3 The Singular Value Decomposition

3.3.1 The algebra

Using the formalism previously introduced, the measurement matrix y$k is the one on

which the singular value decomposition is usually applied:

The columns of the matrix Vsq are called topos and represent spatial structures character-

istic of the system. The rows of the matrix Uqk are called the chronos and represent the

time evolution of the corresponding topos. Both topos and chronos matrices are chosen

to be orthogonal, that is

W = V> (3-42)

£ C V = <W- (3-43)

Finally, the Dq are the singular values and represent the amplitude of the topos-chronos

pairs in the analysed signal. They are sorted in decreasing order and in matrix represen-

tation placed on a diagonal matrix. The orthogonality of both the topos and the chronos

matrices gave the name of "biorthogonal decomposition" [37, 34].

One of the most useful attractions of the SVD is its capability to filter signals; in

practice, retaining only a limited number of topos-chronos pairs in the decomposition

gives an approximation of the signal. Formally, defining the approximation built from the

first Q topos-chronos pairs as

y»k = J2vagDqUqk, (3.44)
q<Q

the corresponding error is then

(3-45)
q>Q

The Frobenius norm [34] of the error is then

One other interesting property of the SVD is its ability to isolate the subspace containing

the measurement matrix. If the columns of this matrix do not span the entire space,

the topos whose associated singular value is non zero will form a base of the spanned

subspace:

YSVD = [Vsq with q such that Dq ^ 0]. (3.47)
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However, there is a fundamental problem in the SVD: to ensure the uniqueness of the

decomposition, a condition, the orthogonality of the chronos for the SVD, must be im-

posed. There is in fact no physical reason why the chronos should be orthogonal, unless

the input signals umk are uncorrelated white noises. The consequence of this artificial

constraint is to mix the individual eigenmodes of the system in the topos-chronos pairs.

In fact, the subspace defined by equation (3.20) on the basis of the eigenmodes with non

zero amplitudes, and that derived from the SVD (3.47) on the basis of the topos with non

zero eigenmode concide, but the topos do not correspond one to one with the eigenmodes,

but are rather a combination of the eigenmodes with non zero amplitude. Details on the

mathematics of the SVD can be found in appendix B.

3.3.2 Illustrative example

Again, in order to better understand the mechanism of the SVD, let us analyse the

simulated signals previously built in section 3.2.2. Figure 3.6 shows the output of the

M

OS

O

I
O

Uncoupled Case Coupled Case

Figure 3.6: Output of the SVD analysis of the simulated signals for the two cases of coupled
and uncoupled dynamics. The top figures represent the singular values, showing that only the
first two components are relevant. The middle figures show the chronos, while the bottom ones
the topos of the two relevant components.

SVD applied to the coupled and uncoupled examples. Considering the singular values, it

is clearly visible that the SVD reduces the treated problem in a subspace containing the

first two topos-chronos pairs. Considering the topos and the chronos, it is clearly visible
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that, even though the two dynamics are clearly separated in the eigenspace we built, they

are actually mixed in the orthogonal subspace spanned by the first two SVD components.

The subspace found by the SVD, though, coincides with the subspace spanned by the

excited eigenstates, defined by the Bessel functions, and contained in the R matrix. Proof

of this is given by the calculation of the Gram determinant

DG = det(M • M*), (3.48)

where the matrix M contains the two eigenstate vectors and each one of the SVD topos

and where the * indicates the complex conjugate of the matrix. The Gram determinants

are in both cases equal to zero, meaning that both SVD topos can be expressed as linear

combination of the two eigenstates, hence lying in the same subspace.

This result is very important, because it follows that the SVD, even if incapable of

directly separating the dynamics, it allows the identification of the subspace in which the

dynamics actually evolve.

3.3.3 The SVD applied to ECE data

Let us now apply the previously described signal processing method to ECE data from

a ASDEX Upgrade discharge. It is already known that the SVD alone is not capable of

fully separating MECH and sawteeth. However, for completeness, we will discuss it as

well. Figure 3.7 shows the main plasma parameters. The plasma current of the discharge

was IP = IMA, while the toroidal field BT = 2.32T. The ECH power was launched to

the centre of the plasma (pdep = 0.05), inside the sawtooth inversion radius. This strong

on axis heating strongly perturbs the sawtooth activity of the plasma, which makes the

analysis of the modulation response particularly difficult.

Figure 3.8 (a) shows the output of the SVD analysis of electron temperature measure-

ments. The first topo-chrono pair appears to belong to the modulation contribution, but

the sawtooth contribution is still significant; the second pair is related to the sawtooth

contribution and the MECH appears separated; the third pair contains both contributions.

Considering the singular values, which characterise the importance of each topo-chrono

contribution to the signal, more than 90% of the signal is contained in these three pairs.

Hence, since in these pairs the MECH and the sawteeth are still mixed, it follows directly

that the SVD alone cannot be used to separate the two dynamics.

Let us now analyse the signals recomposed by these first three topos-chronos com-

ponents. The amplitude and phase profiles of the first MECH harmonic are shown in

figure 3.8 (b), in the raw and the "recomposed" signals, together with amplitude and

phase profiles of the main sawtooth frequency. As we can see in the figure, treating the

signals with the SVD does not solve the problem of the MECH-sawtooth interaction. In

the centre of the plasma and starting from the inversion radius location, the profiles are
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2.2 2A timefs] 2-6 2.8

Figure 3.7: Main plasma parameters of ASDEX Upgrade discharge number 10860. From top
to bottom: (a) ECH power (on axis) with a lOOHz modulation phase between 2.2 and 2.7s; (b)
central electron temperature; (c) average electron density; (d) total plasma energy; (e) central
soft X-ray emissivity.
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Figure 3.8: (a) First three topos and chronos components of the SVD of ECE data. Mixing
between sawteeth and modulation in the first three SVD chronos is visible, (b) Amplitude
and phase profiles obtained from the Fourier analysis at the first MECH harmonic of the raw
signals and of the signals recomposed using the first three SVD components, together with the
amplitude and phase profiles of the main sawtooth frequency.
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still strongly perturbed and no reliable information can be obtained either for the power

deposition location, nor for transport investigations.

3.4 The Generalised Singular Value Decomposition

3.4.1 The algebra

The goal for using the GSVD is to separate in the observed data set, the undesirable

from the desirable effects. The idea is to decompose simultaneously a data set containing

the undesirable effects and a data set containing both effect classes. Using the formalism

introduced earlier, this can be seen as a two input system, one of the inputs being zero

in one of the data set, called the reference data sets,

= y ^ Arr/xr>k + BriUik + Br2u2h, (3.49)

rk, (3.50)

cr'k + Br2u2k, (3.51)

(3.52)

Following the same development, the following subspaces can be denned

Yi = [C'sl with I such that B'n ^ 0], (3.53)

Y2 = [C'sl with I such that B'l2 7̂  0]. (3.54)

The subspace spanned by the reference measurement is

Y = y2, (3.55)

while that spanned by the actual measurements is

Y = Yl U Y2. (3.56)

Hence, the GSVD decomposes these two data sets on a common spatial basis, same topos,

with distinct temporal time evolution, the chronos:

aqDqUgk, (3.57)
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The chronos are orthogonal

<A'=<W> (3-59)

qkU£g, = 5 q g , (3.60)

On the other hand, the topos are not orthogonal. The normalisation is chosen either such

that the generalised singular values satisfy

D2
g+D2

q = l, (3.61)

or alternatively to resemble the SVD such that

If the two subspaces Yx and Y2 are distinct, which implies that the source terms Brl

and Br2 have no common eigenmodes, then the contribution of both source terms to the

measurements can be separated, giving a filtered version of the measurements

Vsk= Y. W
sqDqUqk. (3.63)

q with 5?=o

If both source terms, however, excite common eigenmodes, which is the most probable

case in reality, the separation method using the GSVD will give erroneous results. The

only way to recover this situation is to consider the link that exists between the temporal

evolution of the inputs to the system and the chronos, as it will later be done in the

identification using the SVD.

3.4.2 Illustrative example

As before, in order to better understand the mechanism of the GSVD, let us analyse the

simulated signals previously built in section 3.2.2. Figure 3.9 shows the output of the

GSVD applied to the coupled and uncoupled examples. For both cases, the inputs of the

GSVD are the time evolutions of the signals containing on one side both the simulated

MECH and sawteeth, on the other side the sawteeth only. Considering the GSVD output

for the uncoupled case, it is clearly visible that the GSVD fully separates the two dynamics.

The MECH part is put in the begining of the decomposition, while the sawtooth part is

placed at the end. Signal-to-signal ratios and separation angles confirm the observations

of chronos and topos. On the other hand, considering the coupled case, it is clear that

the GSVD does not separate the dynamics. It is visible in the signal-to-signal ratio and

separation angles, where there are no components dominant above the others, and in the
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Figure 3.9: Output of the GSVD analysis of the simulated signals for the two cases of cou-
pled and uncoupled dynamics. The top figures represent the signal-to-signal ratios, SSRq =
20 log Dg/Dq, and the separation angles, 6q = avct&n Dq/Dq, showing that only for the uncou-
pled case there is a component clearly separated from the others. The middle figures show the
chronos, while the bottom ones the topos of the two relevant components.

considered chronos, which show mixing in both the chronos describing the MECH part,

and the ones describing the sawteeth as well.

The analysis of the model for these two cases allows to conclude that the GSVD is

not capable of separating dynamics coupled in the sense of simultaneous excitation of the

same eigenstates in the eigenspace.

3.4.3 The GSVD applied to ECE data

Let us now analyse the same signals using the GSVD. The reference interval containing

the sawteeth only is defined during a short phase just before the turning on of the MECH,

between 2 and 2.2s (see figure 3.7). Figure 3.10 (a) shows topos and chronos of the first

three GSVD components, as well as the Fourier spectrum of the relative chronos. The

sawtooth contribution to these first topos-chronos pairs is only slightly reduced. The

difficulty in treating these signals is also put in evidence by the signal-to-signal ratios and

the separation angles defined by the generalised singular values. In an ideal case where the

dynamics would be fully separated, the separation angles of the first components should

be of 90 degrees, while the signal-to-signal ratio should be very high compared to the
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Figure 3.10: (a) First three topos and chronos components of the GSVD of ECE data. The
sawtooth contribution is only slightly reduced, (b) Amplitude and phase profiles obtained from
the Fourier analysis at the first MECH harmonic of the raw signals and of the signals recomposed
using the first three GSVD components, together with the amplitude and phase profiles of the
main sawtooth frequency.
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following components. The fact that we actually obtain ratios and angles only slightly

decreasing for the higher components is already a clear indication that no separation was

possible.

Again as before, let us analyse the signals recomposed using these first three topos-

chronos components. Figure 3.10 (b) shows the comparison of amplitude and phase

profiles of the raw and the GSVD treated signals. Considering the amplitude profiles,

we observe that the MECH contribution has been apparently reduced. The large peak

in the raw profile situated at pv = 0.4 has indeed been reduced, while higher amplitude

is now measured in the centre. More interesting, though, is the observation of the phase

profiles: the application of the GSVD completely modifies its behaviour. In particular,

the change of its gradient for py > 0.5, where the phase of the MECH decreases, is

complitely unexpected and has no clear physical explanation. These observations are a

clear indication that the GSVD does not separate the two physical phenomena as well.

3.5 System Identification using the SVD (SI-SVD)

3.5.1 The algebra

As we have seen, the SVD can be used to isolate the subspace spanned by the sytem

output, acting as a good filter. It then requires, though, additional work operations to

be interpreted in terms of the system properties. The first step consists of finding the

mapping between the subspace spanned by the eigenmodes as defined by equation (3.20)

and that identified by the SVD in equation (3.47). Since these subspaces coincide, there

exists a regular matrix Sqi such that

for / where B'lm ^ 0 and where the sum runs on q such that Dq ^ 0. Then, combining

the two decompositions of the measurement matrix from equations (3.27) and (3.41)

Vsk = Yl vsqDqUqk = Y^ VsqSqiB'lmhmlk, (3.65)
q Imq

yields a relation between the chronos taken with their amplitude given by the correspond-

ing eigenvalue and the response of each individual input to each system pole

Uqk = Y D-lSqiB'lmhmlk = Y, P<iirnhmik, (3.66)
Im Im

or more explicitly if expressed in terms of the system inputs and defining Pqim = D~159/B[m

Ugk = £ PqJ\~^umk. (3.67)
Im
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Finding the relationship between the selected chronos and the system inputs entails choos-

ing the elements of the matrix Pqim in equation (3.67), which is a linear regression problem,

and choosing the poles $/, a nonlinear minimisation problem. Based on this relationship,

the following decomposition of the measurement matrix can be written:

(3.68)
Imq

which is exactly the same decomposition as that in equation (3.27) noticing that

Tsmi = E VsiDqPqim. (3.69)

To identify the parameters of the system from this latter decomposition, the following

steps are necessary. First, unravel the instrumental projection associated to the matrix

C, with the purpose of finding an inverse or pseudo inverse to C, C], such that

Tl=5rr,. (3.70)

For simplicity, the tensor T inverted for this instrumental projection can be defined as

UTstm. (3.71)

Then it is easy to demonstrate combining the definitions (3.17) and (3.18) in (3.28), that

the source term distribution as described by the B matrix can be computed from

r Ul-<!>, ) . (3.72)
i

Finally, we can now derive the original source profiles from the simple relation (3.9):

Sm = E ^B'r'm- (3-73)
r'

3.5.2 Illustrative example

Again, let us go back to the illustration, in particular to the coupled case, since for the

uncoupled example the GSVD would already be sufficient to fully separate the dynamics.

As we can see from equation (3.67), the problem involves the determination of the poles

$/ of the system inputs that are actually excited by the two dynamics, and in finding

the elements of the matrix Pqim. Finding the poles is a nonlinear minimisation problem,

while determining the elements of Pqim is a linear regression problem. The functional we

define for the minimisation problem is the following:

J - E W - E p*™ i"7~ ̂ 1
qk m
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Figure 3.11: Contour plot of the x2 (top left), WB weight (top right) and ponderated minimisa-
tion functional (bottom) terms. The x2 contour plot has a minimum on the diagonal, meaning
identical poles, while the ponderated minimisation functional shows a minimum for two pole
values.

For simplicity, we define the two components of the functional as the x2 term,

-1 n2

qk

- Z

•\-%z-1

and the WB weight term

(3.75)

(3.76)

where Brm is the matrix describing the source term distributions and where Kp is a
ponderation term needed because the minimisation functional is badly conditioned. Fig-
ure 3.11 shows the contour plot of both the x2 a nd the WB terms of the minimisation
functional for varying poles. It is clear that the x2 term alone is not sufficient to correctly
determine the minimum. On the other hand, the ponderated minimisation functional
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Figure 3.12: Fit of the two chronos in the reference, sawtooth-only, and in the analysed,
MECH+sawteeth, time intervals using the poles found with the minimisation, (a) SVD chronos
and their fit in the sawtooth-only interval and (b) calculated source terms, (c) SVD chronos
and their fit in the MECH+sawteeth interval and calculated source terms for the sawteeth (d)
and MECH (e).
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finds the minimum defined by the two poles.
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Figure 3.13: Calculation of the source terms using the poles compared to the actual simulated
sources.

With this ponderated functional we can now determine the poles as well as the source
terms corresponding to the simulated MECH and sawteeth. The following figures show
these source terms. Figure 3.12 shows the fit of two SVD chronos, using the poles deter-
mined by the minimisation procedure, for the reference time interval, i.e. the time interval
in which only the sawteeth are present, and for the analysed time interval, i.e. the one
in which both dynamics are present and in which they excite the common eigenstates.
In both figures the calculated source terms for sawteeth and MECH simulations are also
shown. Finally, Figure 3.13 shows the "reconstruction" of the sources and the compari-
son to the "real" sources, as determined by the B matrix (3.19) and (3.72). The small
differences are due to numerical problems in the calculation of the B matrix. Hence, the
SI-SVD method is capable of fully separating the two dynamics, providing a (potentially)
powerful tool for data analysis of perturbative experiments.

3.5.3 The method applied to ECE data

Finally, let us analyse the real measurements using the SI-SVD method. After simultane-
ously applying the SVD to the MECH interval and the sawtooth-only interval, the first
five chronos are fitted, and two poles are determined. Figure 3.14 shows the fit of the
SVD chronos, using the poles determined by the minimisation procedure, for the reference
time interval, i.e. the time interval in which only the sawteeth are present, and for the
analysed time interval, i.e. the one in which both dynamics are present and in which
they excite the common eigenstates. In both figure the calculated source terms for saw-
teeth and MECH simulations are also shown. The performed eigenmode decomposition
well "reconstructs" the fitted SVD chronos. The source terms plotted in (d), respectively
(e), are the calculated source term eigenvectors, or topos, (contained in the previous B
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matrix!) of the sawteeth, respectively the MECH. The determination of these topos is
crucial, since it allows the direct calculation, using (3.73) and related equations, of the
source terms in the "real" space, i.e. the power density profiles of MECH and sawteeth,
as previously demonstrated using the illustrative example.

604 kW
530 kW

0.2 0.6 0.8

Figure 3.15: Power density profile calculated from the source terms determined using the SI-
SVD method. The blue circles represent the actual point measurements, while the red line is
a fit using a gaussian curve. The total absorbed power, determined by integrating the power
density over the plasma volume, is also shown.

Figure 3.15 shows the MECH power density (deposition) profile calculated from the
source terms determined by the SI-SVD procedure which are shown in the previous figure.
The figure shows the actual measurements (blue circles) together with a simple fit of the
data using a gaussian curve. The fit determines pdep = 0.05 for the deposition location
and Ap = 0.25 for the half width of the gaussian. The total power absorption calculated,
600 kW for the measurements and 530 kW for the fit, are not fully in agreement with the
expectations (for this particular discharge two gyrotrons were injecting 800 kW MECH).
This is simply due to the missing measurement points inside pv = 0.1, which corresponds
to the region where the power is deposited and where higher power densities are expected.

Figure 3.16 shows amplitude and phase profiles after Fourier analysis at the first
MECH harmonic of the raw and the treated signals, as well as the profiles after Fourier
analysis at the main sawtooth frequency again for the raw and treated signals. Considering
amplitude and phase profiles at the first MECH harmonic before and after the separation,
we can conclude that this separation procedure has separated the sawtooth contribution
from the MECH contribution. In particular, the behaviour of the phase profile, determined
from the treated signals, allows us to conclude that the phase locking that was present
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before the treatment, has been removed. The phase has a minimum at the deposition

300

0.2 0.4 0.6 0.8

Figure 3.16: Amplitude and phase profiles obtained from the Fourier analysis at the first
MECH harmonic (a) of the raw signals and of the signals recomposed using the first five SVD
components and then treated with the system identification technique, together with (b) the
amplitude and phase profiles from the Fourier analysis at the main sawtooth frequency.

location, while it regularly increases when moving to the outer regions, which is the
expected behaviour. The MECH amplitude profile allows the calculation of the power
density profile, hence the total power absorption, from the Fourier analysis of the electon
power balance equation [28, 62, 63, 66]. The calculated absorbed power is approximately
550 kW (out of the injected 800 kW). The calculation remains underestimated, again,
most likely because of the missing measurement points for pv < 0.1, right where the
power is deposited, and where even higher MECH amplitudes are therefore expected.

3.6 Concluding remarks

The main signal processing techniques used to analyse perturbative experiments have
been presented and discussed: the SVD, the GSVD and a system identification method
using the SVD. A formalism has been introduced to describe the problem and to build an
illustrative example. The analysis of these simulations and of a real test discharge point
out the results summarised below.

The SVD technique, even if not capable of separating the different dynamics is capable
of determining the subspace in which these dynamics evolve. The subspace found by the
SVD, is the same as the real subspace spanned by the eigenstates excited by the two
dynamics, but the basis vectors that are calculated are linear combinations of the real
eigenvectors.
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It has been shown that the GSVD can separate two dynamics only if each phenomena,

in the real eigenvectors basis, excites different vectors. If both dynamics act simultane-

ously on common eigenvectors, the GSVD is then incapable of recognising them and the

mixing is maintained.

Finally, a system identification method based on the SVD has been implemented and

discussed. This method has the advantage of being able to transform the orthogonal basis

calculated by the SVD in the real basis built by the real eigenvectors. The application

of this method to the simulations has demonstrated this clearly, for both the examples

where coupling between simulated MECH and sawteeth was considered and where full

separation was assumed. The analysis of ECE data of a real discharge has been presented

to study each method on a real experiment. Both SVD and GSVD do not separate the

dynamics, as expected, while the system identification method separates them.

The limitations of the SI-SVD method are related to the numerical difficulty in the

determination of the poles, to possible non linearities in the coupling mechanisms between

sawteeth and MECH, to the need to be able to define two time intervals in which the

sawteeth characteristics are not completely different and to the fact that such a method

cannot be used if sawteeth are not clearly detectable. For the problem of linearity and for

the sawtooth constraint, a MECH power depth scan should allow to answer this question.

Moreover, the experiments have to be planned so that the MECH can be considered as

being only a small perturbation of the steady state, hence both linearity and unchanged

sawteeth characteristics can be assumed.



Chapter 4

Dynamic response results and
interpretation

In this chapter the SI-SVD procedure previously developed will be applied to MECH

discharges performed in ASDEX Upgrade and TCV.

We will begin with the analysis of two further ASDEX Upgrade experiments, the first

one having similar plasma parameters as the one used before as "test-discharge", only

with the MECH being injected off-axis and the plasma current being higher. The second

experiment is a discharge in which the MECH was accompanied by intense NBI heating,

hence an experiment particularly interesting for electron heat transport investigations in

a predominantly ion-heated plasma, and for power deposition analysis. The NBI was also

modulated with short pulses synchronised with the sawtooth crashes. Since the NBI is

also modulated, it should in principle be possible to determine the NBI deposition as

well. The NBI mainly heats the ions of the plasma, hence only a fraction of the injected

power would be expected to be absorbed by the electrons. The determination of the NBI

power deposition is made particularly difficult by the temporal synchronisation with the

sawteeth, hence it is a very important test for the SI-SVD method. The power deposi-

tion determined using ECE measurements will be compared with the profiles obtained by

analysing the soft X-ray emission, demonstrating the possibility of using soft X-ray diag-

nostics for the determination of the power deposition location. The SI-SVD method will

also be applied to the analysis of the data at the termination of the ECH. We will point

out in particular the limitations when analysing transients, during which the sawteeth,

for example, are subject to huge modifications in amplitude.

In the second part of the chapter we will focus on the analysis of MECH discharges

in TCV. The SI-SVD method will be applied to the analysis of the signals measured by

three diagnostics: the low field side ECE, the soft X-ray TOMOgraphy (XTOMO) and the

Multiwire Proportional X-ray detector chamber (MPX). In order to estimate the influence

of the electron density on the X-ray emission during MECH, density measurements using

the FIR interferometer diagnostic will be considered. The results obtained using ECE

55
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Figure 4.1: (a) Plasma shapes of the considered experiments, (b) Main traces of discharge
10858: 800kW MECH off-axis on ohmic plasma, (c) Main traces of discharge 11032: 800kW of
MECH off-axis on NBI heated plasma accompanied by 2.5MW NBI modulation. Traces, from
top to bottom: ECH and NBI power, central electron temperature, average electron density,
plasma energy, central soft X-ray emissivity and loop voltage.
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and X-ray diagnostics will be compared and interpreted on the basis of four discharges
particularly planed for this purpose. We will start by two experiments with MECH on-,
respectively off-axis in sawtoothing discharges. Then, two non-sawtoothing discharges
will be analysed and discussed, again with MECH respectively on- and off-axis. It is clear
that for this particular cases, the SI-SVD method is not applicable.

4.1 Dynamic response in ASDEX Upgrade discharges

4.1.1 Experimental configurations

The experimental setups of the presented discharges are shown in figure 4.1. Both the
main traces of the discharges as well as the plasma shapes are shown. Figure 4.1 (a) shows
the shapes of the two plasmas, while figure 4.1 (b) shows the main traces of discharge
10858, in which 800kW MECH were injected at py = 0.5 in an ohmic plasma with plasma
current Ip = 80QkA. Figure 4.1 (c) shows the main traces of discharge 11032, in which
the SQOkW MECH were accompanied by 2.5MW modulated NBI synchronised with the
sawtooth crashes and with a plasma current Ip = 800kA.

4.1.2 Response to modulated ECH

Analysis using ECE

The MECH experiment presented in chapter 3 was a discharge with on-axis heating. It
was chosen for presentation in that chapter because the interaction between MECH and
sawteeth is particularly strong and the source terms are somehow coincident. Heating
inside the inversion radius, in fact, has a very strong influence on the form of the sawteeth
themselves, making this discharge particularly suited to test the SI-SVD method. It is
also interesting to analyse a similar experiment, performed this time with off-axis heating
(see figure 4.1).

The SI-SVD method is applied as before, MECH and sawtooth contributions are sep-
arated and these separated signals are then analysed with the harmonic response identifi-
cation method (HRIM) described in appendix A. Figure 4.2 shows the calculated power
deposition profile using the eigenmode decomposition determined by the SI-SVD method.
The injected MECH power was PMECH = 800 kW ± 15%. The two calculated power
absorption profiles displayed in the figure are calculated from the integration of the power
density over the plasma volume using the experimental points for Pabs = 480kW, and
using its gaussian fit for Pabs = 655kW. pdep and Ap are determined from the fitting of
the fitting curve.
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Figure 4.2: Power deposition profile determined from the eigenmodes found by the SI-SVD
method. In blue are the experimental points, in red a fit of the data assuming a gaussian
deposition.
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Figure 4.3: (a) Amplitude (top figure) and phase (bottom) profiles at the first MECH harmonic
{VMECH = 100 Hz before (blue curves) and after (red curves) separating the dynamics, (b)
Amplitude (top) and phase (bottom) profiles at the main sawtooth frequency (V>ST = 63.Hz)
before and after separation. Determined time constants: rc = [0.5,6.8]ms.
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The calculation of the absorbed power using the experimental points is underestimated

because of the negative values for p > 0.6 and p < 0.4.

Figure 4.3 shows the profiles obtained by applying the HRIM procedure. Figure 4.3
(a) shows amplitude and phase profiles at the first MECH harmonic before and after
separating the sawteeth. Figure 4.3 (b) displays amplitude and phase profiles at the main
sawtooth frequency, again before and after separation. It is rather clear that for this
particular discharge, the experimental configuration was well chosen in order to minimise
the interaction between MECH and sawteeth, hence, there is no striking difference between
the treated and the raw profiles. Slight differences can be seen towards the centre of the
plasma: the amplitude of the treated signal continues its decreasing tendency, while the
raw signal, inside the inversion radius, stays at a more or less constant value. This
indicates that the sawteeth are contributing to the MECH in this particular region. The
behaviour of the phase inside the inversion radius is also only slightly modified, but
since the sawtooth contribution has been removed, the flattening inside the inversion
radius could be explained also by non-linear effects in this region. In order to study the
importance of non-linear effects, dedicated experiments should be performed varying the
modulation depth of the MECH.

Figure 4.4: Amplitude (a) and phase (b) profiles at higher MECH harmonics (first, third and
fifth) of the non treated signals.
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We will show later in the section that analysing the treated signals with the HRIM
procedure allows the determination of the response also at higher harmonics, a possibility
which is precluded for the raw signals since with increasing MECH harmonics the phase
locking with the sawteeth is seen to increase. Figure 4.4 shows respectively the amplitude
and phase profiles at the first, third and fifth MECH harmonics of the non treated signals.
The deposition location is detectable, but with increasing harmonic frequency the dynamic
response becomes more polluted by the sawteeth. This is indicated by the increasing
amplitude in the centre. The study of the phase profiles in particular is restricted to
the fundamental harmonic, since for the higher once the sawtooth pollution completely
disturbs the response.

0.2 0.4 0.6 0. 0.2 0.4 0.6 Oi
Pv

Figure 4.5: (a) Amplitude (top figure) and phase (bottom) profiles at the first MECH harmonic
{VMECH — 100 Hz before (blue curves) and after (red curves) separating the dynamics, (b) Am-
plitude (top) and phase (bottom) profiles at the main sawtooth frequency {VST = 13 Hz) before
and after separation together with the treated MNBI amplitude and phase profiles. Determined
time constants: TC = [0.5,1.7,12.0]ma.

Let us now discuss a very interesting discharge, which was performed with off-axis
MECH accompanied by strong NBI heating partly modulated at the main sawtooth fre-
quency. Figure 4.5 shows the comparison of (a) amplitude and (b) phase profiles at the
fundamental harmonic of MECH, sawteeth and MNBI, before and after treating the sig-
nals using the SI-SVD. Several interesting remarks can be made: first of all, analysing the
raw signals would not allow to determine the NBI power deposition. The calculation of
the profiles at the modulated NBI frequency would restrict the results to the blue curves
in figure 4.5 (b), hence profiles measuring the mixed response induced by sawteeth and
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modulated NBI together would be measured. On the other hand, treating the signals
using the SI-SVD allows the separation of the two dynamics and to separately determine
amplitude and phase profiles, as shown by the red and magenta curves in the figure.
Striking is the sawtooth separation at the fundamental MECH harmonic, as shown in fig-
ure 4.5 (a) and (b). For the region outside paep, the profiles before and after treatement are
superimposed, since the sawtooth contribution, outside pim, decays. Inside pdep, though,
the differences in the profiles are very large. Around py — 0.4, which corresponds to a
local sawtooth maximum amplitude (see (b)), the MECH amplitude profile is significantly
reduced. Furthermore, in the centre of the plasma, where the sawtooth activity is at its
maximum and where the phase locking is strongest, the SI-SVD allows the reduction of
the coupling. The interpretation of the phase profile is more complex. Inside the sawtooth
inversion radius both profiles show a strange behaviour, not allowing the drawing of any
reasonable conclusions. This is due to the higher uncertainties in the determination of
the phase for the small amplitudes (of the order of a few eV only) measured in the centre.

Figure 4.6: Amplitude (a) and phase (b) profiles at higher MECH harmonics (first, third and
fifth) of the non treated signals.

Again as before, the analysis with the HRIM procedure of the non treated signals
for the determination of the dynamic response at higher MECH harmonics is precluded.
Figure 4.6 shows amplitude and phase profiles at the higher harmonics for the non treated
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Figure 4.7: Amplitude and phase profiles at higher harmonics (first, third and fifth MECH
harmonics), (a) Amplitude and (b) phase profiles of the off-axis MECH experiment in ohmic
plasma, (c) Amplitude and (d) phase profiles of the MECH experiment in NBI heated plasma.

signals. Similarly as for the previous discharge, the deposition location is detectable,
especially for the first MECH harmonic, but with increasing harmonic number the plasma
response becomes more polluted by the sawteeth, as indicated by the huge amplitudes
in the centre. The study of the phase profiles is again restricted to the fundamental
harmonic, this time though, only up to the inversion radius, since inside pinv the first
MECH harmonic response is completely dominated by the sawteeth. For the higher
harmonics, the sawtooth pollution completely disturbs the response.

It is now important to dedicate a paragraph to the results that are obtained when
analysing the treated signals. The analysis with the HRIM procedure of the treated
signals allows the determination of the dynamic response also at higher MECH harmonics,
a possibility which was precluded for the non treated signals, as we have already seen.
Figure 4.7 shows respectively the amplitude an phase profiles of the SI-SVD treated signals
for the two discharges previously considered. It is clearly visible how the deposition
location becomes narrower with increasing MECH harmonic number, and this for both
amplitude and phase profiles. The phase in particular is much closer to that expected
with a simple diffusive model, in which, at the deposition location, it is supposed to
approach 90 degrees for the higher harmonics. Moreover, such profiles could be very
useful for confinement and transport studies in different regimes, as would be the case
for the two discharges presented. From amplitude and phase profiles it is in fact possible
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to determine the transport coefficients from the determination of the gradients of the
profiles [20], hence to determine for example, the stiffness of the electron temperature
profiles [67, 68] or whether heat convection effects must also be considered [26]. Hence,
being able to (i) simultaneously separate the sawteeth from the MECH contributions and
(ii) to be able to expand the analysis to higher MBCH harmonics, could lead to very
interesting results.

In summary, three major advantages can be gained by applying this method for the
determination of the dynamic response to external perturbations: first of all, it is pos-
sible to simultaneously separate each of the dynamics used to perturb the plasma from
the sawtooth activity. Secondly, the method allows to extend the analysis of the peri-
odic perturbation to higher harmonics. Finally, since the procedure is based on system
identification, not only periodic signals can be applied, but also other kinds of external
perturbations could be tested, such as random binary signals (RBS) or modulations using
different duty cycles.

Analysis using SXR

For TCV, the use of soft X-ray measurements is crucial because two of the most impor-
tant electron temperature dependent diagnostics are the soft X-ray tomography system

MECH at lOOHz Sawteeth at 63Hz

(a)

Figure 4.8: Amplitude and phase profiles of SXR measurements, (a) Amplitude (top figure) and
phase (bottom) profiles at the first MECH harmonic {VMECH = 100 Hz before (blue curves) and
after (red curves) separating the dynamics, (b) Amplitude (top) and phase (bottom) profiles
at the main sawtooth frequency (UST = 63 Hz) before and after separation. Time constants
determined for MECH using SXR: rc = [1.8,7.7]ms.
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(XTOMO) and the mutliwire proportional X-ray detector (MPX). Hence it is important

to verify the possibility of using these diagnostics in order to determine the deposition

as well. For this purpose we will discuss the profiles determined using the soft X-ray

0.5

Figure 4.9: Amplitude and phase profiles at higher harmonics (first, third and fifth MECH
harmonics) for SXR measurements, (a) Amplitude and (b) phase profiles of the non treated
signals, (c) Amplitude and (d) phase profiles of the treated signals.

detectors, in particular the signals measured by camera B (see figure 2.12). The discharge

that will be analysed is the experiment with off-axis MBCH.

Similarly as for the ECE measurements presented before, figures 4.8 and 4.9 show

amplitude and phase profiles of MECH and sawteeth before and after treating the signals.

For the treated case, the profiles at higher harmonics are shown. Several remarks can be

made. First of all, soft X-ray measurements can be used to determine the power deposition

location. All the figures plotting the MECH amplitude profiles (at the higher harmonics

as well) clearly show a maximum close pdep — 0.5. Furthermore, the amplitude inside

the pdeP does not decay, but stays at high levels, which is easily explained by the fact

that the X-ray signals used are line integrated measurements. Line integration effects are

also responsible for the flattening of the phase profile inside the deposition. Hence, to

gain additional information inside p̂ ep & tomographic inversion of the signals would be

necessary in order to determine the local plasma emissivity. In this case though, further

problems related to the methods of inversion should be considered.

In summary, line integrated soft X-ray measurements can be used for the determination

of the deposition location. For the purposes of transport further problems would also have
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to be considered, such as the dependency of soft X-ray measurements on the electron
density and the impurity content of the plasma. Part of these problems will be discussed
in the section dedicated to the analysis of TCV MECH discharges.

4.1.3 Response at ECH shut off

In the literature work is found for determining power deposition and transport coefficients
from the analysis of the sharp transient at the termination of the ECH [69]. This kind
of analysis, which is based on the calculation of the slope profile just after the shut-off,
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Figure 4.10: Power deposition profile calculated at the ECH shut-off from the determination
of the source term in the SI-SVD procedure. Comparison with the power deposition profile
calculated from the MECH. Time constants determined for ECH-SO: TC = [1.8,8.9]ms; time
constants determined for MECH: rc = [0.5,6.8]ms.

is very sensitive to the presence of sawteeth. The coincidence of the sawtooth crash
with the shut-off can lead to an incorrect determination of the slopes, hence to incorrect
slope profiles and therefore to wrong transport coefficients. Figure 4.10 shows the power
deposition profile determined from the source terms found by the SI-SVD method using
equation (3.73) compared to the power deposition profile determined during the MECH.
The profile is not well determined: a maximum around the deposition location is present,
but no sharp profile is found. Moreover the amplitude is higher than the amplitude found
during the MECH for p > 0.4, and much lower for p < 0.4, when it reaches very low
negative values. This is a clear indication that the signals are still strongly perturbed by
the sawteeth, hence the ECH-SO cannot be used. The next figure hints to the reasons
for this problem: figure 4.11 shows the reconstructed signals using the eigenmodes found
by the SI-SVD. It is clear that the method does not work properly and the reason is
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Figure 4.11: Reconstruction of the signals at the shut-off using the SI-SVD decomposition. The
procedure does not find a long time constant which would allow a proper fitting of the curves.

intrinsic to the method itself, within its assumption of linearity. During MECH we are

faced with temperature variations of the order of a few tens of eV. At the shut-off the

temperature variation reaches more than 500 eV, hence non-linear plasma response can

play an important role. From now on we will therefore restrict our analyses to MECH

experiments leaving to one side the ECH shut-off.

4.2 Dynamic response in TCV discharges

4.2.1 Experimental configurations

The experimental setup of the discharges presented are shown in figure 4.12. Both the

main traces of the discharges as well as the plasma shapes are shown. Figure 4.12 (a)

shows the plasma shape and diagnostics lines of sight for the sawtoothing discharges, while

signals (b) refers to the non-sawtoothing experiments. Figure 4.12 (c) shows the main

traces of the sawtoothing discharges, in which 450kW MECH were injected in a plasma

pre-heated by a second gyrotron at 4o0kW. The plasma current is Ip — 235 kA, the

safety factor at 95% of the radius is q$$ — 4, the elongation K = 1.4 and the triangularity

5 = 0.37. Figure 4.12 (d) shows the main traces of the non-sawtoothing discharges, for

which also 450 kW MECH were injected in a plasma pre-heated by a second gyrotron at

450kW. The plasma current is Ip = 150 fc^4, the safety factor <j95 = 6, elongation K = 1.5

and the triangularity 5 = 0. The MECH response in the discharges will be analysed using

three temperature sensitive diagnostics: ECE, XTOMO and MPX.
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ECE XTOMO MPX ECE XTOMO MPX
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Figure 4.12: (a) and (b) plasma shapes and diagnostics set up of the considered experiments,
(c) Main traces of the sawtoothing discharges: 450kW MECH off-axis on ohmic plasma, (d)
Main traces of the non-sawtoothing discharges: 450kW of MECH off-axis on ohmic plasma.
Traces for both experiments, from top to bottom: ECH power, central electron temperature,
average electron density, plasma (diamagnetic) energy, central soft X-ray emissivity and loop
tension.
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4.2.2 Response to modulated ECH

Sawtoothing discharges

As a first step, we will start by analysing a sawtoothing discharge in which the MECH

was launched far inside the sawtooth inversion radius, at pdep = 0.24 (TORAY-GA).

Figure 4.13 and 4.14 show the frequency scan comparison of the non-treated and the SI-

SVD-treated signals respectively. In order to determine an optimum modulation frequency

for the following experiments, a MECH frequency scan was performed with frequencies

between 75 and 718Hz.

Considering the non treated cases, figure 4.13 shows the power deposition location de-

termined by each diagnostic. The influence of the sawteeth is rather important, especially

around Pinv, where the amplitude profiles of each diagnostic show a second smaller peak

produced by the sawtooth contribution to the MECH derived from the phase locking.

Moreover the profiles obtained from the MPX measurements are unfortunately limited

by the detector's lines of sight geometry, which does not allow the measurements outside

p = 0.8, which for this case is a very severe limitation.

The application of the SI-SVD procedure improves the quality of the profiles quite

significantly as shown in figure 4.14. The ECE amplitude profile at 7oHz is no longer

perturbed as strongly as it was before by the sawteeth. This results in a much higher

amplitude in the centre around the deposition location. The phase profiles also appear

to be less perturbed, especially for increasing MECH frequencies. Moreover, the local

maxima around pinv are significantly reduced as well. Similar observations can also be

made for the X-ray diagnostics. The MPX in particular appears to be very sensitive to

the MECH temperature variations, as deduced by the two clear maxima that build up

after separating the sawteeth. Moreover, thanks to its high spatial resolution, very sharp

gradients just outside paep are visible, which could hint on the presence of a transport

barrier which improves the confinement inside the deposition. The phase profiles on the

other hand show a strange behaviour, since a flattening inside pdep would be expected

due to integration effects, but minima at p = 0 are actually measured. This could be an

indication that the X-ray emissivity in the centre could be dominated by density contribu-

tions at lower phases. We will come back later to the problem of the density dependence

of the X-ray emission. Another interesting observation is related to the coherence of the

phase profiles when comparing each diagnostic. Not only is the general tendency similar

at each frequency, but the absolute values of the phases are very close as well.

The next figure 4.15 shows an example of a discharge with MECH targetted off-axis.

The figure also shows an estimation of the location of the q = 1 surface using the TCV

equilibrium reconstruction code LIUQE [70]. This estimation is very close to the MECH

deposition location. Comparing amplitude and phase profiles before and after applying
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Figure 4.13: Frequency scan comparison for raw non treated signals: MECH inside sawtooth
inversion radius at pdep = 0.24 (TORAY-GA) using (a) ECE (p^ = 0.55, time constants
rc = [0.5,2.8]ms), (b) XTOMO (p%°mo = 0.48, time constants TC = [0.1,4.4]ms) and (c) MPX
(Pim? ~ 0*^) ^me constants TC = [0.4,2.6]ms) diagnostics. Modulation frequencies: 75 (black
circles), 162 (blue triangles), 240 (magenta squares), 335 (red stars) and 718Hz (green hexagons).
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(b)

Figure 4.14: Frequency scan comparison for the SI-SVD treated signals: MECH inside sawtooth
inversion radius at p^ep — 0.24 (TORAY-GA) using (a) ECE (pf%l = 0.55, time constants
rc = [0.5,2.8]ms), (b) XTOMO (pfnT° = °-48) t i m e constants TC = [0.1,4.4]ms) and (c) MPX
(Piny0 ~ 0-41, time constants rc = [0.4,2.6]ms) diagnostics. Modulation frequencies: 75 (black
circles), 162 (blue triangles), 240 (magenta squares), 335 (red stars) and 718Hz (green hexagons).
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Figure 4.15: Comparison of amplitude and phase profiles before (a) and after (b) applying
the SI-SVD procedure on data of each diagnostic. The profiles are determined for modulation
frequency of 240Hz.

the SI-SVD procedure on the signals of the three diagnostics clearly shows that for this
particular case the method denotes important limitations. For each diagnostic the profiles
obtained from the treated signals do not identify the power deposition location. Maxima
in amplitude and minima in phase are found around p = 0.2 — 0.3, far inside the MECH
target located at pdep = 0.54 (TORAY-GA). The ECE profiles are also polluted by the
third harmonic overlap, as indicated by the rise in amplitude and by the decrease in
phase outside paep for the non treated profiles shown in figure 4.15 (a). The reason for
the difficulty in the sawtooth separation is given by the fact that the power deposition
basically occurs on the 3 = 1 surface. Heating on q = 1 strongly perturbs the sawtooth
activity [71], hence a linear method such as the SI-SVD is not applicable anymore.

To summarise, comparison of the three diagnostics has shown that the power deposi-
tion location can be determined using also soft X-ray measurements, but that if different
studies such as transport investigations must be performed, dedicated experiments and
deeper signal processing must be accomplished as well. The SI-SVD procedure is par-
ticularly effective for separating MECH and sawteeth contributions, but has limitations
when the sawtooth activity is strongly perturbed, for example in the case of heating on
the q — \ surface.
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Non sawtoothing discharges

As before, we start with a frequency scan using the three diagnostics for the non-sawtoothing

discharge. The MECH was injected at Pdep — 0.2. For this in principle non-sawtoothing

discharge, the equilibrium code LIUQE determines the q = 1 surface at pq=i = 0.54.

Figure 4.16 shows amplitude and phase profiles at the fundamental MECH harmonic for

four modulation frequencies, 140, 162, 240 and 718 Hz. The profiles are determined from

(a) ECE data, (b) XTOMO data and (c) MPX data. The deposition location pdep as well

as the approximate location of the q = 1 surface are drawn. For these experiments, the

location of the inversion radius cannot be determined.

Let us first consider the ECE profiles. The behaviour of amplitude and phase for each

harmonic follows the expectations. The amplitudes indeed show a maximum around the

deposition location, while the phases are at a minimum. The phase at the deposition

location in particular increases towards the expected 90 degrees with increasing MECH

frequency. Outside the inversion radius though, the profiles behave in an unexpected

way. An increase in amplitude and an abrupt decrease in phase for p > 0.8 are observed.

Furthermore, instead of regularly decreasing to low amplitudes in the outer regions, in-

creasing amplitudes are observed especially for the low frequency modulation (lAOHz).

These observations are only partly explained in terms of overlap between second and third

harmonic EC emission (ECE harmonic overlap and other diagnostics limitations are sum-

marised in appendix C). Hence, in order to well interpret these signals a very detailed

analysis of the signals should be performed, taking in consideration all the characteristics

of the ECE radiometer installed on TCV.

Considering the soft X-ray profiles, they are definitely more coherent for both diagnos-

tics. They both show maxima in amplitude and minima in phase around the deposition

location.

A further remark concerns the detector sensitivity of the two X-ray diagnostics. Con-

sidering that the temperature in the plasma centre is 2.5keV and that at p = 0.7 is about

70QeV, the measurement points outside p = 0.7 are not fully reliable. The problem is

related to the thick beryllium foils that shield the detectors from the low energy pho-

tons. The MPX in particular has a 350/̂ m foil in front of the detector, which reduces

its sensitivity by an considerable factor. Modifications are planned in order to extend its

sensitivity in both directions, towards lower energies and towards energies characteristic

of suprathermal emission.

The analysis of a MECH discharge with the heating aimed off-axis is now presented.

Figure 4.17 shows amplitude and phase profiles at the fundamental MECH harmonic for

four modulation frequencies, 75, 140, 240 and 718Hz. The profiles are determined from

(a) ECE, (b) XTOMO and (c) MPX data. As a general remark, it is interesting to see that
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Figure 4.16: Frequency scan for discharge number 21130: MECH inside q — 1 (pq=i = 0.54
at pdep = 0.2 (TORAY-GA) using (a) ECE, (b) XTOMO and (c) MPX diagnostics. Modula-
tion frequencies: 140Hz (black circles), 162JJ^ (blue triangles), 240Hz (magenta squares and
718Hz (red stars).
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Figure 4.17: Frequency scan for discharge number 21129: MECH outside q — 1 {pq=\ = 0.21 at
pdep = 0.43 (TORAY-GA) using (a) ECE, (b) XTOMO and (c) MPX diagnostics. Modulation
frequencies: 75 Hz (black circles), 140ifc (blue triangles), 240Hz (magenta squares and 718Hz
(red stars).
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even if the sawtooth activity has been strongly reduced by the planning of the experiment

(sawteeth not visible on the traces), the presence of the q — 1 surface strongly perturbs the

analysis, indicating that even if the sawteeth are not visible on the time traces, it does not

necessarily mean that they are not present. The high amplitudes in the centre are most

likely due to the phase locking between sawteeth and MECH. This becomes particularly

important as previously stated, inside the q — 1 surface. Since the sawtooth crashes

are not identifiable, the SI-SVD method cannot be applied and the signal processing is

therefore restricted to plain Fourier analysis using the HRIM procedure.

Considering the X-ray diagnostics data, as for the on-axis case, the power deposition

location can be determined quite well from the position of the maxima in the amplitude

profiles. As was observed for the X-ray signals for the ASDEX Upgrade discharges, the

information contained in the phase profiles is partly lost because of the line integration of

the emissivity. On the other hand, considering the ECE profiles, a reliable interpretation

is more difficult. The behaviour of amplitude and phase profiles inside pdep, and especially

for the low frequency case, is again understood in terms of phase locking. The behaviour

of the profiles outside the deposition location is more difficult to understand, since in this

region the third harmonic overlap becomes important and its contribution is added to the

pure second harmonic MECH contribution. A possible explanation of the strange increase

in amplitude could be in terms of a combination of the two effects, especially for the low

frequency cases. The high amplitude for 0.5 < p < 0.9 could be interpreted as sawtooth

contribution to the MECH (phase locking) at the third harmonic, which occurs in the

centre, but is actually detected as second harmonic at the edge (harmonic overlap). The

modifications of the profiles at the higher frequencies, where this broad "peak" diminishes

and basically disappears for the 7l8Hz case, could support this interpretation. The pro-

files for the highest frequency are in fact more coherent with the expectations because the

two effects are strongly reduced, indicating a weaker phase locking, hence smaller effects

at the MECH frequency at the third harmonic, which is consistent since the MECH is

aimed off-axis. This is of course only an interpretation, more detailed analysis and dedi-

cated experiments should be performed in order to verify it and to correctly understand

what the ECE diagnostic is really measuring.

To summarise, we have seen that even though dedicated experiments were planned

in order to study the power deposition profile using different diagnostics, the use of each

one of them is faced to specific problems. The ECE signals are mostly polluted by

third harmonic emission, while X-ray data are sensitive to density modulations at low

frequencies and loose efficiency for low electron temperatures, i.e. towards the plasma

edge (thick beryllium foils). Despite these drawbacks the power deposition location can

be determined.
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4.2.3 Problems related to X-ray measurements
Influence of the electron density

The electron density dependence of the X-ray emission during MECH experiments de-

pends from two main factors. The MECH frequency itself and the distance from the

MECH deposition location at which the X-ray (line integrated) emission is measured.

The density changes are subject to variations on a much longer time scale than the

temperature. Moving away from the power deposition implies that the temperature mod-

ulation amplitude decreases regularly, until its relative amplitude reaches the same order

of magnitude as the one for the density variations.

To show the strong density perturbations on the X-ray emission at longer time scales,

let us consider the temporal variations of the total electron energy We = |n eT e :

dWe 3 dTe

If the modulation frequency is fast enough, which for our experiments is the case for all

but the 75Hz part, the term §ne^f will dominate the electron energy variations. On the

other hand if the modulation frequency is smaller, which is the case for the 75Hz part,

then the dominant term will be | T e ^ - , hence the soft X-ray emission of the plasma will

be dominated by the density variations.
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Figure 4.18: Amplitude and phase profiles for XTOMO and MPX diagnostics for two MECH
frequencies: 7§Hz (large circles) and lAQHz (small circles). The ihHz profiles behave differently
than expected in the centre.

Let us consider the 7bHz modulation experiments performed with on- and off-axis

MECH. The profiles measured for the lowest MECH frequency behave differently than
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expected, as shown in figure 4.18. The amplitude instead of having a maximum at the de-
position and then decreasing towards the plasma edge, increases regularly until it reaches
the inversion radius for the sawtoothing discharge, and the q — 1 surface for the non-
sawtoothing discharge. Only at this point does it start decreasing again. Figure 4.19
(a,b) show the frequency scan of the relative variations of the soft X-rays and of the line
integrated electron density measurements for the on-axis sawtoothing discharge. While
for the higher frequencies the ratio dnejne is only a small fraction of dsx/sx (< 10%), for
the 7bHz modulation this fraction becomes very large. At p = 0.8 it is approximately
20%, at p = 0.5 about 40% and at p = 0 it reaches 100%, meaning that at this frequency
the soft X-ray response is dominated by density variations. Figure 4.19 (c,d) show the
relative variations of soft X-ray and electron density for the off-axis non-sawtoothing dis-
charge. As previously seen for the on-axis discharge the modulation contribution to the
X-ray measurements is particularly large at low frequencies. Moreover for this off-axis
case, the perturbations produced by the phase locking in the centre, which are accompa-
nied by the perturbations induced on the electron density, are still further enhanced. This
because the MECH heat wave is already strongly damped far away from the deposition
location, hence the "real" MECH contribution, which is already small in amplitude, is
particularly subject to sawteeth and density contributions.

Let us now determine the influence of the distance from the power deposition location.
Neglecting impurity variations during the MECH, the induced relative variations on the
soft X-ray emissivity inferred from modulation of the electron temperature and density
can be expressed as

dsx dne dTe

where sx is the total X-ray emission, given by the integration of equation (2.6) over all pho-
ton energies and along the lines of sight of the diagnostic. Hence, density variations have
twice as much influence on the X-ray emissivity than temperature variations. Figure 4.20
shows the comparison of the response to the MECH of the electron temperature, the
soft X-ray emissivity and the electron density. The electron temperature is measured
by the ECE diagnostic, the SXRs by the soft X-ray tomography and MPX systems and
the elctron density by the FIR interferometer. The top four graphs represent an on-axis
MECH discharge, while the bottom four an off-axis MECH discharge. The plots on the
left show amplitude and phase profiles of the first MECH harmonic. The plots on the
right show the complex responses at p ~ 0.15 (top) and at p ~ 0.5 (bottom). For both
the on- and off-axis cases, it is clearly visible that for the responses around the deposition
location, the most important contribution to the X-ray emission is given by the electron
temperature, while the modulation of the density is negligible. On the other hand, for
the responses farther from the deposition, electron density fluctuations become larger and
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Figure 4.19: Comparison of the relative variations for (a,b) on- nad (c,d) off-axis MECH de-
position. (a,c) soft X-rays and (b,d) line integrated electron density measured by the FIR
interferometer. While for the higher frequencies we have dne/ne ~ 10% • dsx/sx, for the lower
frequency (corresponding to the Kne with black circles) the ratio reaches 100% in the centre.
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Figure 4.20: Comparison of the density response to the MECH with the electron temperature
response (ECE) and soft X-ray emissivity (SXR tomography system and MPX detector). The
top four graphs represent an on-axis MECH discharge, while the bottom four an off-axis MECH
discharge, (a) and (e) are the amplitude profiles of the first MECH harmonic, (b) and (f) their
phase, (c) and (g) their real part and (d) and (h) their imaginary part.
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need to be considered.

Tomographic inversion

The soft X-ray data used for the analysis are signals integrated along the lines of sight

of the detectors. In order to gain information on the local emissivity, it is necessary to

perform a tomographic inversion. A classical inversion would require one inversion for each

time point of the selected interval, which in our case would consist of several hundreds

inversions. The decomposition methods such as the SVD, GSVD, hence the SI-SVD,

allow a reduction of this number of inversions since only a few topos need to be inverted.

The inverted topos are then recomposed with their relative temporal eigenvectors and

analysed with the HRIM procedure, resulting in amplitude and phase profiles. Following

the notations introduced in the previous chapter, the tomography problem consists of

solving the system of integral equations

= [ gds, (4.1)

where yi denotes the line integrated data of the £'th detector, g the emissivity distribution.

The integral is performed along the detector's lines of sight. The tomography problem is

solved using a pixel method [47] in which a regularly spaced grid is built on the poloidal

plasma section. One advantage of this method is that no explicit reference is made to

the flux surface geometry, the second advantage is the straightforward way the system

of integral equations (4.1) is transformed to a system of algebraic equations: we store

the ripixei = nx • ny values gt of our two-dimensional emissivity distribution as lines of a

column vector g. The ni line integrated data yi form a column vector y. We obtain

V = T-g, (4.2)

where T is the transfer operator matrix transforming the local X-ray emissivity in the

line integrated emissivity. A direct inversion of T is almost always impossible (there are

many fewer lines of sight than pixels). Since we always work in the limit of many fewer

equations (line integrated measurements) than unknown (local emissivity on the grid), to

obtain a unique solution, we look for a minimum of a functional </>, which may be written

as

d> = ^ + aR. (4.3)

R is a regularising functional, a a parameter determining the weighting between the

statistical quality of the fit (represented by %2) and the requirements imposed on g by

R (for example smoothness). Different choices for R can be made. For our purposes a

method relying on the Fisher information has been chosen. All the details dealing with

the tomographic inversion methods can be found in [47, 61].



4.2. DYNAMIC RESPONSE IN TCV DISCHARGES 81

The minimum Fisher method for the inversion requires the data to be inverted to be

positive. This is not necessarily the case for the topos obtained with the SI-SVD, we need

therefore to slightly modify the data to circumvent this problem. Let us define:

(y): mean signal amplitude (temperature or X-ray emissivity)

Bm: the topos to be inverted, determined by the matrix of the source terms (3.72)

T: the inversion operator

Since the amplitude of the topos Bm is much smaller than the amplitude of the mean

signals, we can consider them as small perturbations of (y) (linearity). We can then make

the inversions

(4.4)

m) (4.5)

The inverted topos can then be calculated with the simple subtraction

Bm = yi- y. (4.6)

Comparison between classical and limited inversion for data treated with the GSVD

showed good agreement in the reconstruction of the emissivity distributions [35]. Hence,

applying this procedure to the X-ray measurements should allow the recovery of the

information on the phase profiles, which is especially lost in the cases of off-axis MECH.

Other problems

Another potential drawback of the X-ray measurements is related to the detector's energy

sensitivity. As seen in chapter 2, both soft X-ray diagnostic are shielded with beryllium

foils of different thickness filtering the lower photon energies, so that a high sensitivity for

the plasma centre is obtained. This is a limitation if particular experiments have to be

performed with off-axis heating, since these detectors are efficient only for temperatures

higher than 500 - 700eV. Hence correct quantitative studies cannot be performed in the

outer regions of the plasma. For this particular problem, the MPX detector is much

more flexible than the XTOMO detector, since it allows the change of the gas inside the

detector itself to vary the photon energy sensitivity. Thus it is possible to study not only

the thermal emission, but also the suprathermal one.

For the MPX, it is planned to move the detector closer to the vacuum vessel, so that

wider angles for the lines of sight can be reached. The thickness of the beryllium window

placed in front of it will also be reduced, so that higher sensitivity at lower energies will

also be achieved.
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4.3 Concluding remarks

In this chapter, several MECH discharges in both ASDEX Upgrade and TCV have been

analysed and compared using the SI-SVD procedure for separating the sawtooth from the

MECH contribution and using different electron temperature dependent diagnostics.

The analysis of ECE electron temperature measurements in ASDEX Upgrade has

demonstrated the validity of the separation method using on- and off-axis MECH ex-

periments. In particular, applying the procedure to a NBI heated discharge has per-

mitted the determination of the off-axis MECH power deposition in a mostly ion-heated

plasma, opening the way to potentially interesting electron transport investigations in

these regimes.

The analysis of the off-axis MECH experiments using the soft X-ray diagnostic has

shown that line integrated X-ray diagnostics can be used for the determination of the

power deposition location if the X-ray emission is dominated by electron temperature

variations.

The analysis of different TCV discharges, non-sawtoothing and sawtoothing, has on

one hand confirmed the ASDEX Upgrade observations, on the other hand it has pointed

out the difficulties related to the characteristics of each diagnostic. The profiles obtained

using ECE data show that third harmonic overlap and Doppler shift effects must be con-

sidered and eventually compensated if pure second harmonic emission profiles are needed.

The analysis of the soft X-ray emission using the two available detectors demonstrates the

importance, for future MECH experiments, of the MPX diagnostic. The MPX is more

flexible than the tomography system, allows the adjustment of its photon energy sensitiv-

ity to thermal or suprathermal electron emission, as well as a high spatial resolution. It

is also important to underline that multiwire proportional chambers are not sensitive to

neutron emission from the plasma, making them relevant candidates for X-ray diagnostics

in future high fusion power devices.

Finally, the problems and limitations encountered in the analysis of the TCV MECH

experiments using the different diagnostics have been summarised and discussed. In

particular the electron density modulation contribution to the MECH part for the soft

X-ray measurements (particularly important for low MECH frequencies), as well as the

problem related to the tomographic inversion of these signals, have been pointed out.



Chapter 5

Power absorption measurements
using the DML

5.1 Introduction

In the previous chapters we have explored the possibility of determining the ECH power

deposition profile using different diagnostics. To determine the fraction of the launched

power that is actually transferred to the plasma, the diagnostic which is probably the best

suited for this goal is the DiaMagnetic Loop (DML). The loop provides a measurement

of the plasma diamagnetic flux, and this is directly related to the total plasma kinetic

energy.

TCV is equipped with a very versatile ECH system, which makes the problem of

the determination of the absorbed power even more important. The method for the

determination of the absorbed power in the ECH experiments in TCV has been developed

during the first third harmonic X-Mode (X3) ECH experiments in TCV [41] and the

DML diagnostic is extensively used for power absorption measurement of X3 ECH in the

presence of second harmonic X-mode (X2) pre-heating. For the determination of the total

plasma kinetic energy, DML measurements have also been used on other devices such as

JET [72], ASDEX [73] and TEXTOR [74], but only for this last case MECH experiments

have been performed and analysed.

The chapter is organised as follows: section 5.2 presents the MECH experimental

scenarios for the X2 and X3 heating configurations; in particular, the X3 absorption is

studied varying the X2 pre-heating from purely heating to co (CO-) and counter (CNT-)

Electron Cyclotron Current Drive (ECCD). Section 5.3 explains the analysis of the DML

signals. The main problem when using this diagnostic is the need for compensation of

the poloidal magnetic fields, which is not an easy task and which limits the absolute ac-

curacy of the total kinetic energy so derived. In modulation experiments, the variation

of this compensation is much smaller than the variation in the diamagnetic flux, thus

making high precision compensation unnecessary. In addition, it is impossible to derive

83
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the absorbed power from the increment in the total kinetic energy due to a step change in

the absorbed power, since transport mechanisms are known to be dependent on the total

input power. MECH is a good solution to these major problems. To bypass the second

difficulty the modulation period must be much shorter than the energy confinement time,

so that the energy losses during a modulation period can be neglected, thus avoiding the

need to know the transport level accurately. If MECH is used, two further details must be

considered: first of all, a good compensation of the vessel poloidal image current is crucial

to ensure a sufficiently large bandwidth allowing the use of high frequency modulations;

finally, the modulation period must also be sufficiently long for the deformed electron ve-

locity distribution to relax thus allowing the assumption of an isotropic plasma. Section

5.4 presents the application of the diagnostic to X2 absorption measurements, for which

different tests have been performed to demonstrate the robustness of the DML measure-

ments. In particular, a modulation frequency scan has allowed the determination of an

optimum modulation frequency. Section 5.5 presents the application of the diagnostic to

X3 absorption measurements in X2 pre-heated target plasmas. In particular, single pass

absorption and the role of supra-thermal electrons in the absorption are analysed. The

power absorption measurements are compared to the power absorption predicted by the

ray tracing code TORAY. It is important to underline that for its calculations TORAY

assumes a cold plasma as a model for the ray tracing and a warm and fully isotropic

plasma for the absorption of the wave.

5.2 Experimental configuration

In these experiments the plasmas are heated using the X3 Electron Cyclotron (EC) X-

mode using one of three X3 gyrotrons [41]. The launching geometry is shown in figure 5.1.

The X3 wave is launched from the low field side via one of the upper lateral launching

antennas normally used for X2 heating [75]. A view of the TORAY ray tracing for the

X2 and X3 Radio Frequency (RF) beams is shown. The vertical dashed lines passing

close to the plasma magnetic axis correspond to the cold resonances of the respective

harmonics. The two resonances are spatially separated by approximately 50mm, and, in

the target plasma studied here, they are approximately symmetric with respect to the

plasma magnetic axis, the X3 cold resonance being on the low field side. The toroidal

angle ip is defined as sin(p — 4'=* , where k is the &-vector of the X3 wave and B
\k\\B\

is the magnetic field vector. The target plasmas used in the experiments have a major

radius RQ = 0.88 m, a minor radius a — 0.25 m, an elongation K = 1.31, a toroidal field

BQ = 1.42 T and a central electron density ne0 = 2.5 • 1019 m~3. The evolution of relevant

plasma parameters is shown in figure 5.2. The X3 waves are injected in plasmas pre-heated

with second harmonic X-mode. The X2 pre-heating power is kept constant from 0.3 to
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X2

t: 0.3 -1.3s

CO-ECCD <p = 20

Figure 5.1: Launching configuration for the X3 absorption measurements in presence of X2 pre-
heating. The cold resonances of each harmonic (X2 and X3 cold) are indicated by the vertical
dashed lines. <p is the toroidal injection angle.

1.3 s while the X3 power is applied between 0.4 and 1.2 s and includes a 150 — 200 ms

phase with 100 % power amplitude modulation.

A modulation frequency scan was performed using frequencies between 20 and 700 Hz.

It is not useful to use higher values because of the limited DML frequency response and the

small signal to noise ratio at higher frequencies. In this experiment the level of sawtooth

activity does not strongly perturb the DML signal. However, in case of strong sawtooth

activity, the effect on the DML diagnostic is significantly increased.

5.3 Analysis procedure

5.3.1 Frequency response of the DML

The DML measures the plasma diamagnetic flux A$, but also some toroidal flux from

the toroidal field coil current It, and from the poloidal image current in the vessel, /„.

The characteristic decay time constant of the vessel current is around 5.3 ms and if not

treated correctly it would limit the bandwidth of the measurement to below 30 Hz.

The voltages and currents generated in these two loops and in the vessel obey the
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Figure 5.2: Typical time traces for the X2 and X3 ECH. Prom top to bottom: X2/X3 RF
power, poloidal beta, loop voltage, soft and hard X-ray signals, electron temperature Te(0)
(measurement taken every 50ms). RF power: Pxi ~ -PA'3 = 0.47MW. Plasma current:
Ip = 200kA, line average density n^ = 2 x 1019m~3.

following circuit equations:

0
—

s
0
s

sMDt

sMvt

sMDv

0
sLj, + Ru

'A<f>
It

Iu

(5.1)

The mutual inductances between the various circuits are symbolised by M, the self induc-

tance and poloidal resistance of the vessel by Lu and Ru, and s is the Laplace variable.

Solving for the plasma diamagnetic flux yields:

A6=1 + ST"UD 1 + sijv ~ T^ Mm Uc (5 2)
1 + STi S 1 + STi Met S

where TV = Lv/Rv, rx = (Lv - MDl)/Rv and r2 = (MDl/Mvt)/(MDtRv). For practical

reasons of the large amplitude range of the induced signals, partial compensation and

integration are performed in analog hardware according to:

S(TV - T2)
(5.3)
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Based on this signal the plasma flux is derived by digital signal processing implement-

ing the transfer function:

Since the DML loop is wound directly on the vessel and follows a path very close to that

of the vessel current, MDv and Lv are almost identical and T\ is very small. Neglecting

{jv — T2), which is of the order of TV/30, in equations (5.3) and (5.4) would introduce an

error in the estimated plasma flux which can be directly derived from equation (5.2) as

S(TV - T2)MDtIt. (5.5)

It is important to remember that the flux from the toroidal field coil current Mz>tIt is 104

times larger than Ad), which implies that this error is not negligible at all. However it

influences the measurements only via a time variation of It and not in principle from a

time variation of the plasma flux. Nevertheless, since the toroidal field coils are driven

by rectifier power supplies, this noise would dominate the signal and make its analysis

impossible. Moreover, dynamic measurements require a good compensation of the vessel

poloidal image current which arises from both the AC component of the toroidal magnetic

field and the variation of the plasma diamagnetic flux. On TCV the second order analog

compensation makes the bandwidth of the diagnostic high enough to make the power

modulation measurement possible.

5.3.2 Modulation of diamagnetic flux and plasma energy

The derivation of the relation between the plasma energy and the diamagnetic flux, re-

quired to deduce the plasma energy variations induced by the modulated ECH power, can

be found in appendix D. The relationship between the different parameters is (D.ll):

where W is the total plasma kinetic energy, Vp the plasma volume, 5"i and ^2 the well

known Shafranov surface integrals (D.4) and (D.5), Rt a characteristic radius defined in

(D.6), i?o and Bpa the constant major radius and the poloidal magnetic field for nor-

malisation, Bt0 the vacuum toroidal magnetic field at RQ and A<f> the diamagnetic flux.

Taking the Fourier transformation of equation (5.6) and assuming that the modulation of

S* = Si + [52(1 - Rt/Ro)} is negligible, we obtain

3-7T

W = —Bt0R0 • A</>. (5.7)

where the ~ denotes the modulation contribution to the different signals. We can only

simplify (5.6) to (5.7) if S* = 0 (see appendix D). Figure 5.3 shows that the contribution
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to the signal produced by the modulation of the Shafranov integrals is negligible (less

than 10%) for the discharges performed with a modulation frequency of 237Hz. The

calibration factor in equation (5.7) is therefore very simple.

As mentioned, the main difficulty in using diamagnetic measurements to estimate the

kinetic energy is the compensation of the flux measurement for "parasitic" poloidal mag-

netic fields. In the case of power modulation at 237Hz, these fields are not significantly

modulated and a good compensation of this modulated contribution is not required (see

figure 5.4).

The contributions of the modulation of both the Shafranov surface integrals and the

plasma current are negligible for all modulation frequencies; on the other hand, the con-

tribution of the modulation of the internal inductance is not negligible for the lower

frequencies (19Hz), where it becomes of the order of 25-30%. The modulation contri-

bution to the compensation of the poloidal fields is negligible for modulation frequencies

higher than 163Hz, while it becomes more important for the lower frequencies (10-15%

for 73,123 and W3Hz; 50% for 19Hz).

Modulation of B , u, S*=B -jj., 1. and I
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Figure 5.3: Influence of the modulation on important plasma parameters, such as poloidal beta
(3P, plasma diamagnetism /i, Shafranov surface integrals S*, plasma internal inductance k and
current Ip. The comparison of the different contributions to the poloidal beta (see equation
(D.7)) shows that the main contribution is given by the diamagnetic term.
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Figure 5.4: Modulation induced on the total flux and on the compensation flux. Comparing
the amplitude induced by the modulation shows that the influence on the compensation flux is
negligible.

5.3.3 Modeling of the power balance equation

The analysis procedure can be divided into two different parts. In a first step the power

balance equation is analysed, which allows the determination of the experimental require-

ments for the modulation frequency. In the second step (described in appendix D), the

plasma energy response to the injected ECH power modulation is extracted. Hence, the

decomposition of the signals allows the determination of the absorbed power as well as

the phase difference between the modulated DML energy and the ECH reference signal.

The power balance equations in the perpendicular and parallel directions are given by

dt
dW±

dt ~

(5.8)

(5.9)

The term P contains the power source which directly increases the perpendicular energy,

which in our case is all the additional ECH power [2], Tjnc = dW j dP is the incremental

energy confinement time as defined in [74], rea is the electron deflection time which deter-

mines the time in which an anisotropy of the plasma (given by the term \W±_ — W\\) can be

maintained in the presence of pitch angle scattering. The total plasma energy is given by

W = W\\ + W±. Equations (5.8) and (5.9) are expressed using the same Tinc for both the

parallel and perpendicular energies. In principle, though, the perpendicular and parallel

Tinc could be different. Such a difference, though, should be taken in consideration only

for the cases in which rm c —> reci: in fact, if Tjnc ^> Tea, the isotropisation of the plasma is

much faster than the energy relaxation, which directly leads to the same Tinc for the two

directions. Later in the paper it will be shown that Tjnc is in fact much larger than re&

(see appendix E).
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Assuming a fully isotropic plasma, i.e. if red —>• 0 and {\W\ — W\\) —t 0, then equations

(5.8) and (5.9) can be simplified, after Fourier transformation, to

W = —. P = Hl'P (5.10)
tU + lf Tinc

where HI is the transfer function so defined. Hence, if the modulation frequency is large

enough that the energy losses in one cycle can be ignored, i.e. if

wrinc > 1 (5.11)

then we obtain

W = - - P . (5.12)
u

This simple relationship is valid for any frequency satisfying (5.11) but only for a fully

isotropic plasma. Now, having the possibility of deriving W from the DML, we can then

determine the injected power. The calculation reduces to multiplying the modulation

contribution to the plasma energy by the modulation frequency, \P\ = UJ • \W\, with

the phase difference between the energy modulation contribution and the injected power

modulation contribution being 90°.

Let us now analyse the more realistic case in which both the incremental energy

confinement time Tjnc and the pitch angle scattering time red have to be considered.

Taking the Fourier transformation of equations (5.8) and (5.9) and combining them, we

obtain
Wx = 2rinc(iujTincTed + Ted + Tinc) p = H2-P (5.13)

-2uj2Tfncred + 4iuiTincTed + 3tu>Tfnc + 2red + 3rinc

where u is the modulation frequency and if 2 the transfer function. To determine the

degree of anisotropy of the plasma, the transfer function H2 is analysed with the help of

figure 5.5, where

# 3 = \-. (5.14)

with 1 / Tj*nc = 1 / rinc + 1 / red. The curves in figure 5.5 are calculated with Tinc = 2 ms,

which is approximately the incremental energy confinement time of the ECH discharges

in TCV, and red = 230 /AS, which is an upper limit estimation of the pitch angle scattering

time for these discharges (see appendix E). For other TCV discharges where the density

is lower (i.e. ne — 1.5 • 1019 m~3),the electron temperature is higher (i.e. Te = 12 keV) and

the supra-thermal electrons have higher energy T* = 50 keV, the pitch angle scattering

time becomes red w 900 /AS, which is much closer to the modulation frequencies used.

Hence, the determination of an adequate modulation frequency becomes less obvious and

a more careful frequency scan would have to be performed.

The limit expressed by equation (5.12) is plotted in the figure as transfer function

HI. For u —¥ 0 the amplitude of HI deviates from the 1 / u dependence because the
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Figure 5.5: Frequency dependence of the different limits of the transfer function. For w —> 0
the influence of energy losses decreases the amplitude and forces the phase to 0°. On the other
hand, for to —?• oo the amplitude points asymptotically to 1 / u> while the phase to 90°.

modulation frequency is not high enough to avoid energy losses; meanwhile the phase

decreases towards zero. For u> —» co, amplitude and phase show an asymptotic behaviour

towards 1 / us and 90° respectively. The dashed line H2 expresses on the other hand

the more realistic transfer function (5.13). For u —> 0 the phase shows the same u-

dependence as for i f l , while the amplitude tends to reach a value which is lower than the

previous one since only the perpendicular energy is contained. The relation between the

two limits is \H1\ = 3 / 2 • \H2\, which is in agreement with the fact that HI represents

the transfer function of the total energy W, while HI represents the transfer function

of the perpendicular energy W± only, for which the relation W — 3 / 2 • W± holds (for

an isotropic plasma). The 3 / 2 proportionality factor holds up to about UJ = 3000rad/s,

which means that for all the frequencies used the approximation used in (D.ll) is justified

when the phase is close to 90°. Finally, the line if 3 expresses the limit re(f r in
which

in fact implies W\\ —> 0. The behaviour of the H2 phase above 1000 rad/s is understood

from the behaviour of HZ: when the modulation period becomes comparable to the pitch

angle scattering time, this produces a "slowing down" of the phase decrease towards 90°.

The asymptotic tendency of H2 for u -> oo then follows the one for H2>. Hence, the final

requirements for the modulation is

(5.15)



92 CHAPTER 5. POWER ABSORPTION MEASUREMENTS USING THE DML

i.e. the modulation period must be smaller than the mean energy confinement time but

much larger than the pitch angle scattering time. The modulation frequency used for the

detailed analysis of the X3 absorption is 237 Hz (to = 1500 rad/s whereas l / r jn c = 500s"1

and l/red = 4400s"1), which means that for this frequency the use of expression (5.12)

for the calculation of the absorbed power is justified.

As it has been mentioned before, the discussion of the transfer function frequency

dependence is based on the fact that, for the experiments performed on TCV, the con-

dition Tinc ^> red is satisfied. What happens now if the MECH frequency is increased to

even higher values? Using higher frequencies would allow the analysis of the response in

the domain where the plasma anisotropy would play a dominant role, not allowing the

assumption of the equality of parallel and perpendicular Tinc, and permitting instead a

possible investigation of anisotropic relaxation. This is of course not the aim of this paper,

but it is important to underline the fact that a specific planing of new experiments would

point out new results in this domain. For this purpose, the statistics of the DML diagnos-

tic should be increased by using higher modulation power, by increasing the modulation

time window and by increasing the acquisition frequency of the diagnostic.

5.4 DML estimate to X2 absorption measurements

As an example of the output and to illustrate the validity of the whole procedure, a typical

result of the calculations performed for the 220 Hz X2 modulation part of a discharge is

shown in figure 5.6. The top signal (5.6a) is the ECH power signal which is used as the

reference in the analysis of the relative response. The second plot (5.6b) shows the DML-

energy "raw" signal and its "reconstruction" using the harmonic response decomposition

(A.I). The following (5.6c) and (5.6d) show the phase and amplitude time evolution of

the relative response of the first two modulation harmonics for the absorbed power. In

the last four plots, the thin lines above and below the estimated value display the error

bars on the signals, estimated from the standard deviation after the regression. For this

particular case, we can restrict our investigation to the fundamental MECH harmonic

only.

In this experiment the calculated absorbed power is 375 kW±15 kW. averaged over the

whole modulation time interval, with a phase difference of 71° ± 4°. The phase difference

does not reach 90 degrees since in this discharge the X2 power modulation is performed on

a 1.2 MW pre-heated plasma which has an incremental energy confinement time of only

Tinc = l m s leading to uiTinc = 1.4 ~ 1, which means that (5.11) is not satisfied. Hence,

for this particular case, the calculation of the absorbed power is probably under estimated

by about 7% (see figure 5.5), leading to an estimated power absorption of approximately

400 kW, so that for X2 experiments, within the experimental error bars, 100% absorption
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Figure 5.6: Analysis of discharge 18716. (a) ECH power signal modulated at 220Hz; (b) DML
"raw" and "reconstructed" signal; (c) and (d) phase and amplitude time evolution of the first
two MECH harmonics (w and 2u>). X2 heating configuration: 1.2 MW constant power followed
by 0.4 MW modulation.
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Figure 5.7: Power absorption frequency scan, (a) Averaged power absorption; (b) phase re-
sponse; amplitude and phase response of the 19 Hz experiment are calculated using the third
MECH harmonic (57Hz). The lines correspond to the fitted amplitude and phase. For the
calculation of the incremental electron energy confinement time, the fit of the experimental data
has been performed on the real (c) and imaginary (d) parts of the complex experimental transfer
function with the model transfer function HI.
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is deduced. For discharges in which the analysis shows larger error bars, these can be

reduced by increasing the excitation time interval.

We now turn to one case of X3 modulated power superimposed on a steady X2 pre-

heated discharge, in plasmas with 450kW of X2 pre-heating in CO-ECCD and 470kW of

modulated X3 power as shown in figure 5.1 and figure 5.2. Figure 5.7 shows the results of

the modulation frequency scan performed with frequencies of 19, 73, 123, 163, 213, 237,

343 and 703 Hz. The amplitude and phase of the experimental signals determine the com-

plex experimental transfer function. Fitting its real and imaginary parts, shown in (5.7c)

and(5.7d), allows the determination of the incremental electron energy confinement time.

The lines drawn in the figure represent this fit to the experimental data using (5.10). The

incremental electron energy confinement time from this fit is Tjnc = 2.5 ms. The expected

behaviour for amplitude (5.7a) and phase (5.7b) is observed. For low modulation frequen-

cies the calculated power absorption is lower than the injected power in the range where

u is of the order of 1/T;nc. This is confirmed by the phase of the power response, which

is below the required 90°. Above 200 Hz, the amplitude and phase saturate. The fitted

phase and amplitude are assumed to saturate at 90° and at the actual power absorbed by

the plasma. The saturation of the phase at a value apparently above 90° is explained by

two reasons: first of all, the error bars shown in the figure represent the standard deviation

between the energy signal and its fit using (A.I) only; secondly, as the modulation fre-

quency increases, the signal-to-noise ratio for the modulation part decreases significantly.

In order to get more precise measurements and smaller error bars, the time window of

the MECH and the amplitude of the power modulation should be increased. Analysing

the frequency response of higher modulation harmonics allows the determination of the

absorbed power at lower frequencies also; for example, the experimental calculation in

the 19 Hz discharge used the third MECH harmonic.

5.5 DML estimate to X3 absorption measurements

These experiments were aimed at establishing the influence of the plasma conditions on

the absorption of X3 ECH power. The plasmas were pre-heated with different power levels

of X2 ECH and ECCD. In particular, the X3 power (0A7MW) and its toroidal launch-

ing angle were kept constant, while different X2 conditions were investigated including

variations of the toroidal launching angle, of the power deposition radius and of the total

X2 power. For studies of single pass absorption the poloidal angle of the X3 beam was

swept in the poloidal plane. For all these cases, the absorbed power is estimated during

the modulated portion of the X3 pulse.
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5.5.1 X3 absorption versus X2 pre-heat power

Figure 5.8 shows the X3 absorbed power fraction versus the X2 pre-heat power for three

X2 launching angles corresponding to central CO-ECCD, ECH and CNT-ECCD. For the

three different X2 launching conditions a fit of the global energy confinement time to the

injected power of the form TE = AP°£, yields A = 4.4 x 1Q-Z,ap = -0.75 ± 0.1. This
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Figure 5.8: Measured X3 absorption using the DML versus the X2 pre-heat power for three
different X2 launching configurations: CO-ECCD (<p = 20°), CNT-ECCD (tp = -20°) and ECH
(<p = 0°). The X3 injected power was kept constant at 0.47MW with central deposition and
zero toroidal injection angle (ECH). The target plasma is shown in figure 5.1.

is consistent with a previous global energy confinement time scaling [76]. For all these

discharges, the measured phase difference between the modulated injected power and the

energy modulation was 90° ± 10°, consistent, within the experimental error bars, with

(5.12) under the condition given by (5.11). For CO-ECCD target plasmas full single-pass

absorption was obtained.

The absorption calculated with the TORAY code [39], is compared with the measured

one in figure 5.9. The absorption is systematically higher than the TORAY predictions,

with the largest discrepancy occurring for the CO-ECCD case which shows a difference

of up to a factor of 3.
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Figure 5.9: Measured X3 absorption versus calculated absorption with the TORAY code for
the shots shown in figure 5.8. The three different symbols correspond to the following X2
pre-heatings: triangles -5- CO-ECCD, squares ->• CNT-ECCD and circles -» ECH.

5.5.2 X3 single-pass absorption

An exploration for the estimation of the effect of any second-pass absorption is made by

a poloidal scan of the launching angle (from central to off-axis, r/a > 0.5) while keeping

the X2 beam fixed; the X2 toroidal injection angle is set at ip = 20° in CO-ECCD. This

is complemented by a polarisation scan of the X3 beam. Typical plasma traces during

the poloidal launching angle scan of the X3 beam are shown in figure 5.10. The poloidal

beta is estimated using the DML. The hard X-ray signals are measured with an energy

resolving camera [77] and the traces shown correspond to a central chord with different

energy filters. The high-field side radiometer (HFS-ECE) [78] views the plasma magnetic

axis. Both the hard X-ray diagnostic and the HFS-ECE are sensitive to supra-thermal

electrons, whereas the poloidal beta is related to the global plasma energy variation. The

radiometer signal is calibrated against Te(0) during the ohmic phase.

In these discharges the evolution of the X2 and X3 powers is similar to the one shown

in figure 5.2 up to 0.7s, after which the X3 beam is moved up. The X3 beam trajectory at

three different times ((a) t < 0.7s, (b) t = 0.9s and (c) t = 1.1s) is shown in figure 5.11. As

the X3 beam is moved off axis, a clear decrease followed by an increase of the beta poloidal,
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Figure 5.10: Prom top to bottom: RF power for X2 and X3, poloidal beta, loop voltage,
soft X-ray, two hard X-ray signals for two different photon energy ranges (Eph > lOkeV and
Eph > 24fceV), electron temperature Teo (every 50ms), radiation temperature (Teracj on a central
channel) measured by a high-field side radiometer. The amplitude of the hard X-ray signal
for Eph > 24keV is multiplied by 5. RF power: Px2 ~ Pxz = 0A7MW. Plasma current:
Ip = 200fcA, line average density n^ = 2 x 1019m~3.

hard X-ray and HFS-ECE signals is observed from 0.8s to 1.1s. This signal structure can

be explained by the fact that, for a Maxwellian distribution function, the X3 optical depth

is proportional to the small term (kBTe/mec
2)2 [42] and as the beam moves away from the

region of highest temperature, the optical depth is strongly decreased with an associated

weaker absorption. At t = 1.1s, the launching angle is such that the beam is reflected

by the graphite tiles of the central column and the reflected beam reaches the region

of highest temperature on the plasma axis, where efficient absorption again occurs, but

from the high field side and with a somewhat less focused beam. For all other times, the

beam suffers multiple reflections inside the vacuum vessel and the RF power is eventually

absorbed on the vessel walls or partially lost through the different apertures with only a

negligible amount absorbed on the X3 resonance layer.

A more quantitative study of the multi-pass absorption has been attempted by varying

the X-mode fraction of the injected X3 beam. The X-mode fraction is controlled by a
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X3 cold resonance

Figure 5.11: Poloidal scan of the X3 RF-beam with X2 pre-heating at (f> = 20° (CO-ECCD).
Only the central ray trajectory of the X3 beam is shown for three times: (a) t < 0.7s, (b)
t = 0.9s and (c) t = 1.1s.

grating polariser in a matching optics unit located at the gyrotron output. Since, for a

Maxwellian distribution function, the optical depth of the 0-mode fraction is proportional

to (A;sTe/mec
2)3 [42], the absorption of this mode is practically zero. The soft X-ray

emission viewed on a central chord divided by the line average density follows a similar

behaviour as the stored energy variation in the plasma [71]. To use the AIsxn signal,

AIsxn being the variation of the soft x-ray emissivity at the turning on of the X3 power,

as a measurement of the absorbed power, it is calibrated against the DML for one point

of figure 5.12, where both measurements, DML and AIsxn, are available. Curve (a) shows

the variation of AIsxn at X3 turn-on superposed on the DML absorbed power versus

X-mode fraction. Curve (b) (second pass high field side absorption), only shows the

AIsxn variation versus X-mode fraction with one point measured with the DML (at 100%

X-mode). Again good agreement between AIsxn and the DML measurement is found

where both measurements are available. Finally curve (c) shows AIsxn versus X-mode

fraction for the case of off-axis injection(£ ~ 0.9s) with a ray trajectory missing the

plasma centre on first and second pass. This last curve shows that, as the beam misses

the plasma axis, the multi-pass absorption is negligible. For central first-pass deposition

or second-pass high field side deposition, the relatively high absorption in pure 0-mode
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Figure 5.12: X3 absorption versus X-mode fraction. The filled symbols indicate absorption
measurements with the DML, whereas the open symbols are absorption measurements inferred
from the variation of the soft X-ray signal, A.Isxn. The three curves correspond to: (a) central
injection (t < 0.7s), (b) second pass high-field side absorption (t ~ 1.1s), and (c) off-axis injection
(t ~ 0.9s). The filled triangle is an absorption measurement with the DML for high-field side
absorption. The continuous lines are linear fits of the AIsxn signals.

might be associated with the presence of a supra-thermal tail in the electron distribution

function generated by the X2 pre-heating [41]. For X-mode central deposition, this study

demonstrates that only single pass absorption is being measured.

5.5.3 X3 absorption versus X2 toroidal injection angle

The dependence of the X3 absorption versus the X2 toroidal injection angle is measured

at the same power levels for the two RF harmonics (Px2 — Pxz — 470kW). Figure 5.13

shows that the DML measurement of the X3 absorbed fraction has an asymmetric de-

pendence on the toroidal injection angle of the X2 beam. The measured X3 absorption

(circles) is highest in a target plasma in which the X2 toroidal angle is <p = 20°, corre-

sponding to CO-ECCD. For the largest toroidal angle in CO-ECCD (<p — 52°), significant

refraction of the X2 wave occurs with a resulting X2 absorption of only 38% predicted by

TORAY. For all other toroidal angles, full single-pass absorption of X2 is predicted.

Calculations of the theoretical absorption with the ray tracing code TORAY are in

fair agreement with the experimental results corresponding to ECH (cp = 0°) pre-heating.

This observation is also in agreement with previous X3 absorption measurements [79].

However, the measured X3 absorption exceeds that predicted by TORAY by a factor of

up to 2 for the CNT- and CO-ECCD cases. A likely explanation of the discrepancy is



5.6. CONCLUDING REMARKS 101

c
o

1
T5
CD

O
CO

. Q
<
CO
X

1.2

1

0.8

0.6

0.4

0.2

0
-60

1 . 1 I

, , 1 1

. 1 1 1 1

X2/CNT-ECCD

i i , ,

AA
Y

X2/CO-ECCD

i i i 1 i i i

1 i , ,

1 . . .

-40 -20 0 20 40
X2 local toroidal angle [deg]

60

Figure 5.13: Measured absorption with DML (circles) and calculated absorption with TORAY
(squares) versus X2 injection angle. The X2 and X3 injected powers are both at 470kW. The
TORAY code assumes an isotropic Maxwellian distribution function.

that a large fraction of the X3 power is absorbed by energetic tail electrons created by
the X2 ECCD. The presence of these tails is confirmed on both the hard X-ray photon
spectra [41, 77] and the high HFS-ECE [41, 78]. A simplified explanation of the possible
role of the supra-thermal electrons generated by the X2 pre-heating on the X3 absorption,
based on a ID model, can be found in [41].

5.6 Concluding remarks

Modulated ECH has been used to determine the ECH X2 and X3 power absorption from
the measurement of the diamagnetic flux variations using the DML. Since only the mod-
ulation contribution is relevant to the analysis, the method does not require a perfect
compensation of the diamagnetic flux measurement, although a good compensation of
the vessel poloidal image current is crucial for ensuring a sufficiently large bandwidth to
allow the use of high frequency modulation. The analysis of the behaviour of the ampli-
tude and phase response in the modulation frequency scan has demonstrated the validity
of the power absorption calculations with respect to the measured energy confinement
time and the pitch angle scattering time. This scan determined a suitable value for the
modulation frequency, situated at about 200 Hz, at which a reasonably high modulation
signal-to-noise ratio can still be obtained. The method has been applied to the study of
the absorption of the X3 ECH under different X2 pre-heat scenarios. The variations of
amplitude and phase as a function of frequency, compared with different models, confirms
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the validity of the measurements. It has been demonstrated that single-pass absorption

of the X3 is measured for central X3 injection with a X2 pre-heating in CO-ECCD, where

only 55% absorption is predicted by the ray tracing code TORAY. The discrepancy is

explained by the presence of an energetic electron tail generated by the X2 pre-heating.

The presence of this tail is confirmed by hard x-ray photon spectra and by a high filed

side ECE radiometer.



Chapter 6

Conclusion and outlook

ECH is a very important tool for future devices due to its capabilities of injecting highly

localised and intense power, of modifying internal plasma profiles, of stabilising magneto-

hydrodynamic modes, of forming internal transport barriers, and of allowing perturbative

experiments using MECH in many different regimes.

For all these cases, it is of fundamental importance to correctly determine the power

deposition profile, i.e. where in the plasma the power has been deposited, and how much

power has been absorbed. This requires both ECE and soft X-ray diagnostics, the two

most important electron temperature dependent diagnostics that assure high spatial and

temporal resolutions. One of the best tools that can be used for this purpose is MECH.

The analysis of MECH experiments is mostly limited by the strong phase locking between

the A4ECH induced perturbations themselves, and the sawtooth activity of the plasma.

In this work, different linear signal processing techniques have been tested with the goal

of reducing the phase locking, so that misinterpretations in the results can be avoided.

A new method has been developed and applied to the treatment of both ECE and SXR

measurements. The results using these different diagnostics have been compared. Finally,

a method measuring the MECH power absorption using a diamagnetic loop (DML) has

been developed and used. These results are now summarised.

MECH-sawtooth coupling

The signal processing techniques used to analyse the MECH experiments are those of

singular value decomposition (SVD), generalised singular value decomposition (GSVD)

and a system identification method using the SVD (SI-SVD).

It has been demonstrated, on the basis of a simple, pure diffusive, particle transport

model, that the SVD technique, even if not capable of separating the different dynamics

(MECH and sawteeth), is capable of determining the subspace in which the dynamics

evolve. The subspace found by the SVD is the same as the real subspace spanned by the

eigenstates excited by MECH and sawteeth simultaneously, but the basis vectors that are
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calculated by the SVD are linear combinations of the "real" eigenvectors.

It has also been demonstrated that the GSVD can separate the dynamics of MECH

and sawteeth only if each phenomenon, in the real eigenvectors basis, excites different

vectors. If both dynamics act simultaneously on common eigenvectors, which is the most

probable case in reality, the GSVD is then incapable of recognising them and the mixing

is maintained.

The SI-S VD method has the advantage of being able to transform the orthogonal basis

calculated by the SVD to the real basis of the real eigenvectors. The application of this

method to simulations has demonstrated this clearly. The analysis of ECE data of a real

discharge has been undertaken to study each method on a real experiment. Both SVD

and GSVD do not separate the dynamics, as expected, while the system identification

method separates them.

The limitations of the SI-SVD method are as follows: the numerical difficulty of the

system identification technique, the possible non linearities in the coupling mechanisms

between sawteeth and MECH, the need to be able to define two time intervals in which

the sawteeth characteristics are not completely different and finally the fact that such a

method cannot be used if sawteeth are not clearly detectable.

Achievements

Several MECH discharges in both ASDEX Upgrade and TCV have been analysed and

compared using different electron temperature dependent diagnostics. In particular the

64 channel ECE and the SXR tomography systems for ASDEX Upgrade, the 24 channel

ECE, the X-ray tomography (XTOMO) and the multiwire proportional X-ray (MPX)

systems for TCV, have been used.

In ASDEX Upgrade, the analysis of ECE electron temperature measurements has

demonstrated the validity of the separation method using on- and off-axis MECH experi-

ments. In particular, applying the procedure to a NBI heated discharge has allowed the de-

termination of the off-axis MECH power deposition in a mostly ion-heated plasma, open-

ing the way to potentially interesting electron transport investigations in these regimes.

The analysis of the off-axis MECH experiments using the soft X-ray diagnostic has shown

that line integrated X-ray diagnostics can be used for the determination of the power de-

position location if the X-ray emission is dominated by electron temperature variations.

In TCV, the analysis of different non-sawtoothing and sawtoothing discharges, has

confirmed the ASDEX Upgrade observations, but has in addition pointed out the diffi-

culties related to the characteristics of each diagnostic. The results obtained using ECE

measurements show that third harmonic overlap and Doppler shift effects must be consid-

ered and eventually compensated. The analysis of the soft X-ray emission using the two

available detectors has demonstrated the importance of the MPX diagnostic for future
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MECH experiments. MPX is more flexible than the tomography system, allowing the

adjustment of its photon energy sensitivity to thermal or suprathermal electron emission,

and also facilitates high spatial resolution. It is also important to highlight that multi-

wire proportional chambers are not sensitive to neutron emission from the plasma, making

them relevant candidates for X-ray diagnostics in future high fusion power devices.

DML power absorption

Modulated ECH has been used to determine the ECH X2 and X3 power absorption

from the measurement of the diamagnetic flux variations using the DML. Since only the

modulation contribution is relevant to the analysis, the method does not require perfect

compensation of the diamagnetic flux measurement. Good compensation of the vessel

poloidal image current is crucial for ensuring a sufficiently large bandwidth which allows

the use of high frequency modulation. The analysis of the behaviour of the amplitude

and phase response in the modulation frequency scan has demonstrated the validity of

the power absorption calculations with respect to the measured energy confinement time

and the pitch angle scattering time. The method has been applied to the study of the

absorption of the X3 ECH under different X2 pre-heat scenarios. The variations of am-

plitude and phase as a function of frequency, compared with different models, confirms

the validity of the measurements. It has been demonstrated that single-pass absorption

of the X3 is measured for central X3 injection with a X2 pre-heating in CO-ECCD. where

only 55% absorption is predicted by the ray tracing code TORAY. The discrepancy is

explained by the presence of an energetic electron tail generated by the X2 pre-heating.

The presence of this tail is confirmed by hard X-ray photon spectra and by a high field

side ECE radiometer.

Outlook
As discussed, several problems limit the present results. The limitations can be treated

and significantly reduced by improving both the experimental setup of the discharges

themselves, and the technical characteristics of the diagnostics.

Experimental outlook

From the point of view of planning new experiments, several aspects can be considered,

and dedicated experiments should significantly improve the analysis and the results. In

particular, the linearity question should be answered by performing a modulation depth

scan. The new discharges should be performed with the ECH phase, starting with a

preheating phase at 50% of the maximum power, followed by different modulation depths

starting from about ±10%, and going to the full ±50%. This configuration would not only

allow a study of linearity, but it would also allow a better definition of the sawtooth-only
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reference phase, since the sawteeth in the preheating phase would already be characterised

by a EC heated plasma. Moreover, different kinds of modulation signals should also be

tested, such as square wave modulations with different duty cycles, or random binary

signals (RBS). RBS in particular is most likely to be the best candidate for limiting the

phase locking with the sawteeth, and the SI-SVD procedure itself is the perfect signal

processing technique for analysing the signals.

Diagnostics outlook

As already observed, the interpretation of the profiles obtained from the TCV MECH

experiments is particularly difficult. The ECE measurements are mostly influenced by

the third harmonic overlap, while the SXR diagnostics mostly suffer from a rather low

sensitivity for photon energies lower than 1 keV. Several measures can be taken in order

to improve the quality of the results for these kinds of experiments.

As far as the ECE system is concerned, measuring the EC emission at the low field

side would allow avoidance of the third harmonic overlap. Performing experiments with

both high and low field side measurements would allow a comparison of the profiles and

quantification of the influence of not only the frequency overlap, but also of the Doppler

shift effects; the present radiometer is subject to Doppler shift effects when using the low

field side line of sight. A second radiometer for measuring at the low field side is planned

and will be installed.

The limitations of the multiwire proportional chamber detector are related to its rela-

tively long distance from the vacuum vessel. This limits significantly the angle of aperture

of the viewing lines of sight, and to the thick beryllium foils placed in front of the cham-

ber. This restricts the detector's sensitivity to photon energies higher than about 800

eV. Hence, moving the chamber closer to the vessel and reducing the beryllium thickness

would allow to significant improvement of results. These modifications are planned for

the near future.

Finally, as far as the diamagnetic loop system is concerned, an implementation of

its compensation sensitivity is also on the way. In particular, a new compensation loop

consisting of a Rogowski coil mounted around the toroidal field coils has been installed.

This will improve the compensation of the measurement of the vacuum magnetic flux

produced by the coils.

All these implementations are on their way, and the exploitation of them should allow

a better understanding of the physics behind the "strange" profiles shown in this work.



Appendix A

Analysis of modulation harmonic
response

The problem consists of determining the modulation contributions to each of the signals:

the diamagnetic flux, measured with the DML, and the reference ECH power, derived

from the tension applied to the gyrotrons cathode. The analysis of these two signals will

determine the phase difference between power perturbation and energy response. This

analysis method has been developed for the dynamic studies of the plasmas of TCA, and

consists of a Harmonic Response Identification Method (HRIM) whose guarding principle

is to simultaneously eliminate the base signal (produced by the changes in the main plasma

parameters) and extract the complex amplitudes of the harmonics of the modulation

frequency [30]. This is expressed mathematically as follows:

N

W = J2 iRe(Un) cos nut + Im(Un) sin nut) + (W), (A.I)

N

PRF = ^ [Re(Vn) cosnut + Im(Vn) sin nut] + (PRF) (A.2)
n=l

where Un and Vn are the complex amplitudes of the harmonics for plasma energy and

additional ECH power respectively. We can then evaluate the complex relative response

of each harmonic

Rn = Y' (A-3)

(W) and (PRF) are slowly evolving signals taken as a low order cubic spline.
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Appendix B

Mathematical description of SVD
and GSVD

The detailed description of both the SVD and the GSVD can be found in [34]. It is not

the purpose of this appendix to enter the details of the mathematics needed in order to

prove and performe the two decompositions. In particular, the theory of norms, which is

essential for the devellopement of the SVD, is left to the referenced book.

Mathemat ica l description of the SVD

The theorem of the SVD states the following: if A is a real m-by-n matrix, then there

exist orthogonal matrices

U = K • •., um) G R r a x m and V = [vx,..., vn] G R n x n

such that

UTAV = diag(a1,...,ap)eBmxn p = min{m,n} (B.I)

where <j\ > ... > ap > 0. To prove the theorem, let x G R " and y e R m be unit vectors

that satisfy Ax = cry with a = \\A\\. Since x (respectively y) is a unit vector in R n

(Rm), it can be completed by n — 1 (m — 1) orthogonal vectors to spawn the whole space,

hence there exist V2 G Rn x(n"x) and U2 G Rmx(™-1), so that V = [x Vi] E Knxn and

U = [y Ui] G R m x r a are orthogonal. UTAV has then the following structure:

It is easy to show that \\A\\2 = \\Ai\\2 = a2. The proof is completed by induction.

The O{ are the singular values of A and the vectors U{ and Vi form orthonormal bases

in their vector spaces.
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Mathematical description of the GSVD

The theorem of the GSVD states the following: if we have A £ Rm x n with m > n, then
there exist orthogonal U £ RmXm and V £ Wxp and an invertible X £ Rn x n such that

UTAX = C = diag(c1,...,cn) (B.3)

and

= S = diag(sl,...,sq) (B.4)

where q = min(p, n). For the proof of the theorem, let us assume that null (A) r)null(B) =

0 and p > n. It is possible to extend the proof so that it covers also this cases. Let

be a QR factorisation with Qx £ Rmxn, Q2 £ Rpxn and R £ Rn x n . It can be shown that
the SVD's of Q\ and Q2 are related in the sense that

Q1 = UCWT Q2 = VSWT (B.6)

Here, U, V and W are orthogonal, C = diag(ci), with 0 < C\ < ... < cn, S
with 0 < si < ... < sn and CTC + STS = /„. The decomposition (B.6) is a variant of
the CS decomposition [34] and from it we can conclude that A = Q\R = UC(WTR) and
B = Q2R = VS{WTR); the theorem follows by setting X = {WTR)~\

The elements of the set a (A, B) = {ci/s\,..., cn/sq} are referred to as the generalised
singular values of A and B. Note that the theorem is a generalisation of the SVD in that
if B = In, then a{A, B) = a (A).

The proof of the GSVD is of practical importance since it has been shown how to
stably compute the CS decomposition. The only tricky part is the inversion of WTR to
get X. Note that the columns of X = [x\,...,xn] satisfy

i = c2
iB

TBxi i = l:n

and so if Sj ̂  0 then ATAxi — a1BTBxi where Ui = Ci/si. Thus, the Xi are aptly termed
the generalised singular vectors of the pair (A, B).

In several applications an orthonormal basis for some designated generalised singular
vector subspace space span{xn,... ,Xik} is required. This can be accomplished without
any matrix inversion or cross products:

Compute the QR factorisation

•^1 _ \Qi]
B Q2\



I l l

• Compute the CS decomposition

Qx = UCWT Q2 = VSWT

and order the diagonals of C and S so that

{ci/su...,ck/sk} = {Ci1/sil,...,cik/sik}.

• Compute orthogonal Z and upper triangular T so TZ = WTR.



Appendix C

ECE diagnostic's limitations

The use of the ECE radiometer on TCV forces to consider three main limitations: the

effects produced by the frequency overlap of second and third EC harmonics, the resolution

limits produced by relativistic and Doppler shifts and the ECE dependence of the optical

thickness of the plasma. For the purposes of this work it is not necessary to consider the

relativistic shift effects, since only high field side (HFS) measurements are sensitive to

this phenomena.
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Figure C.I: (a) Representation of the first three harmonics of the electron cyclotron frequency
for TCV for a magnetic field of 1.45T. (b) Comparison of electron temperature measured by
the ECE radiometer (dashed lines) and by the Thomson scattering system (continous lines).

Figure C.I shows origin and effects of the frequency overlap. The emission of EC

waves occurs at every harmonic of the electron cyclotron frequency, hence a harmonic
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overlap cannot be avoided, see figure C.I (a). The ECE channels measuring the frequency

range between 78 and lloGHz, which for the second harmonic are emitted at the HFS,

are sensitive to waves of the third harmonic coming from the low field side (LFS). In

the case of the LFS view, the measured EC emission is in this case the sum of the

second harmonic, partly reabsorbed by the third harmonic resonance, plus the direct third

harmonic emission. The reabsorption of the X2 waves depends from the optical thickness

of the plasma, which is reduced in particular at the edge, where lower temperatures

limit its value. The effects of this phenomena on the measurements are reported in

figure C.I (b), where a comparison between the electron temperature measured by ECE

and Thomson scattering in ohmic and ECH plasmas are shown. The increase of the

ECE signal at the plasma edge is not due to a real increase of the electron temperature,

but is produced by the overlap between the third harmonic emission and the second

harmonic reabsorption at the X3 resonance. It is for us important to notice that the effect

increases when higher additional power is injected. To avoid this important limitation of

the diagnostic, a second radiometer measuring the emission of the frequencies at the low

field side is planed to be installed.

The LFS ECE line of sight is not perfectly perpendicular to the magnetic field lines,

but it views the plasma with a small toroidal angle of about 11 degrees. This induces a

Doppler shift in frequency produced by the fact that the parallel velocity of the electrons

has a component in the direction of propagation of the EC wave. To quantify the Doppler

shift effects, let us define 9 as the angle between the field lines and the diagnostic line of

sight, we can then write the shift as [45]

For our particular cases, in which the highest electron temperatures are of the order of

3 keV, the Doppler shift effects are apparently small, of the order of one percent only,

but this one percent shift corresponds in fact to a frequency shift of the order of 0.7 to

1.2GHz, which could shift the measured signals by one channel of the radiometer. Once

the new LFS radiometer will be operational, it will be possible to compare these two

measurements to experimentally quantify these effects.

The last potential problem which has to be considered is related to the optical thickness

of the second harmonic, which determines how the EC waves are absorbed and emitted. It

is not the purpose of this work to enter the details of this problem, but it is important to

underline one point: the optical thickness is mainly proportional to electron density and

temperature. This means that the plasma centre is generally optically thick, while the

plasma edge not necessarily. This is the reason why the harmonic overlap effects are so

important: because the edge second harmonic emission at the LFS is partly reabsorbed by
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the third harmonic resonance at the HFS due to the low optical thickness in this region,

and the measured emission is then the sum of part of the second harmonic and the direct

third harmonic emission.



Appendix D

Analysis of the diamagnetic flux
signal

The diamagnetic flux, which is proportional to the plasma energy, is the difference between

the total toroidal flux with plasma and that in the absence of plasma. The plasma energy

can be linked to the magnetic field using the force balance between the magnetic force and

the kinetic pressure. The integral relations relating the poloidal beta f5p (in particular both

the perpendicular and parallel beta f3p±. and /3P\\), the plasma internal inductance k and

the plasma diamagnetism JJL are derived from the force balance equation in axisymmetric

geometry in [51], [80] and [81]. Expressing the equation in cylindrical coordinates (R, Z),

we obtain:

PPH + li + l*= ^-S2 (D.2)

where

£>2 = 2 , 7 / BpR(,eji • ndS, (D-5)

= j gdV / j |dV; (D.6)R

with Ro and Bpa a constant major radius and a characteristic poloidal magnetic field

which cancels out during normalisation, g = py + (B* + B\v — Bf) j 2fj,0, Bp, Bt and Btv

the poloidal, toroidal and vacuum toroidal magnetic fields respectively, p± and p\\ the

perpendicular and parallel pressure and 5Q,P the surface bounding the plasma volume

Q.p. Combining (D.I) and (D.2) we obtain the relation between /3P± and the plasma
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diamagnetism /j,

^1 = ^ + ^ ( 1 - ^ ) + /.. (D.7)

Under the assumption that Btv — Bt <C Btv, the diamagnetism fx may be approximately

related to the diamagnetic flux A<p through

where Bto is the vacuum toroidal magnetic field at Ro and

A<f>=- f(Bt-Btv)dS. (D.9)
JT

Here F is the cross-sectional area of £lp. The kinetic energy is related to the plasma

pressure by

In the case of an isotropic plasma we obtain the final relation between diamagnetic flux

and plasma energy, which is

l^h+sJl%)}+Bt0R0A<t>. (D.ll)

The measurement of the diamagnetic flux combined with the calculation of the Shafranov

surface integrals (D.4) and (D.8) allows the determination of the plasma energy.



Appendix E

Estimation of the pitch angle
scattering time

The value of re(i is determined using the following expression for the electron deflection

collision frequency [82, 83]:

eAne{Zeff + 1) InA [§{v*/vth) - G(v*/vth)}

where ne is the electron density and vth the electron thermal velocity. The * quantities

refer to the high energy electrons, InA is the Coulomb logarithm, <&(x) and G(x) are

defined by

2 r exp{-t2)dt, (E.2)

The characteristic time related to the pitch angle scattering is then

red = — . (E.4)

Typical plasma parameters of the TCV EC heated discharges are: Te = 5 keV, T* =

30 keV', ne — 3 • 1019 m~3 and the effective charge of the plasma is estimated as Zeff = 3,

giving as an upper limit for the pitch angle scattering time a value of red ?» 230 jis. In

these conditions the plasma can be assumed to be fully isotropic.
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