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Résumé

Le Tokamak à Configuration Variable (TCV) est une expérience de fusion thermo-
nucléaire par confinement magnétique de taille moyenne conçue pour l’étude des
performances du plasma en fonction de sa forme. TCV est équipé d’un système
de chauffage (ECH) et de génération de courant (ECCD) par ondes cyclotroniques
électroniques très puissant et flexible. Jusqu’à 3 MW de puissance EC à la 2ème har-
monique en mode ordinaire (O2) ou extraordinaire (X2) peuvent être injectés par
le côté bas-champ via six lanceurs indépendamment orientables. Jusqu’à 1.5 MW

d’ECH à la 3ème harmonique (X3) peuvent être injectés depuis le haut de TCV.
A haute densité, l’ECH est rendu impossible par une couche de coupure empêchant
l’accès à la résonance EC au centre du plasma. En conséquence, moins de 50% du
domaine d’opération en densité de TCV sont accessibles à l’ECH par X2 et X3. Les
ondes de Bernstein électroniques (EBW) permettent de surmonter cette limite en
densité. L’EBW est un mode électrostatique se propageant au-delà de la coupure,
sans limite supérieure de densité. Puisqu’il ne se propage pas dans le vide, l’EBW
doit être excité par conversion de mode d’ondes EC dans le plasma.
L’efficacité du chauffage (EBH) et de la génération de courant (EBCD) par EBW
a été démontrée précédemment dans plusieurs expériences de fusion, en particulier
dans le stellarator W7-AS et le tokamak sphérique MAST. Dans TCV, les conditions
pour la conversion de mode O-X-B (i.e. un fort gradient de densité à la coupure O2)
sont réunies au bord de plasmas à haut confinement (mode-H), caractérisés par un
piédestal dans les profils de température et de densité électroniques. Des expériences
menées dans TCV ont démontré le premier chauffage de plasmas de haute densité
par EBH via O-X-B dans un tokamak à rapport d’aspect moyen.
Le travail de cette thèse se concentre sur plusieurs aspects de l’ECH et de l’EBH
dans des plasmas de basse et haute densité. En premier lieu, l’optimum angulaire
expérimental pour la conversion de mode O-X-B est comparée avec succès au résultat
numérique du code AMR. L’implémentation de la géométrie du système ECRH de
TCV dans AMR ainsi que le couplage de AMR avec le code quasi-linéaire Fokker-
Planck LUKE pour le cas de TCV ont fait partie intégrante de ce travail.
Le lieu d’absorption d’EBH modulé est ensuite détecté à l’intérieur d’un plasma
surdense grâce à l’analyse en oscillation du profil de rayons-X mous en utilisant
la méthode de brisure-de-pente (BIS) ainsi qu’une méthode d’identification de la
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réponse harmonique (HRIM), démontrant ainsi l’EBH résonant dans TCV. Les mé-
thodes BIS and HRIM sont aussi utilisées avec succès pour la localisation au cours
du temps des lieux de dépôt variables d’un, puis de deux faisceaux de puissance
X2 simultanément. Les résultats expérimentaux sont en accords à 10% près avec les
résultats des codes de tracé-de-rayon AMR et C3PO couplés à LUKE.
Le coefficient d’absorption de la puissance ECH modulée (MECH) est étudié par
l’analyse HRIM de la réponse du flux toroïdal du plasma mesuré par la boucle
diamagnétique (DML) de TCV. L’analyse d’expériences de MECH X2 et X3 révèle
une perturbation majeure de la méthode par l’activité magnétohydrodynamique en
dent-de-scie (DDS) au centre du plasma. En effet, une amélioration de l’absorption
de la puissance X3 (jusqu’à 100%), asymétrique par rapport au signe de l’ECCD X2
préchauffant le plasma, a été observée ultérieurement dans TCV. Aucune simulation
Fokker-Planck n’avait pu expliquer cet effet. Le présent travail permet d’attribuer
cette asymétrie à une activité en dent de scie fortement déstabilisée par le co-ECCD
X2 et se couplant au MECH X3.
La génération de courant par ondes de Bernstein électroniques (EBCD) dans TCV
est étudiée avec les codes AMR-LUKE pour plusieurs positions poloïdales de l’injec-
tion des EBW. L’efficacité maximum d’EBCD maximum est obtenue quand les EBW
sont injectées proche du plan médian du plasma de sorte que l’indice de réfraction
parallèle de l’onde n’augmente que modérément et que les EBW sont absorbées au
centre du plasma où la température est la plus élevée. Néanmoins, le niveau absolu
de courant généré reste très faible (i.e. . 1% du courant ohmique).
Finalement, une antenne pour la détection des ondes hybrides inférieures (LH) géné-
rées par une instabilité paramétrique (PI) à la conversion de mode X-B a été conçue,
construite et installée sur TCV. Une mesure rapide de l’évolution du spectre LHPI
montre pour la première fois la corrélation entre l’amplitude des ondes LHPI avec le
seuil de puissance LHPI estimé à partir des données de profil expérimentales. Grâce
à un scan de puissance EBH, le seuil de puissance LHPI est estimé à . 50 kW, en
accord avec les valeurs prédites. La cascade d’énergie des basses aux hautes bandes
de fréquence LH avec l’augmentation de la puissance EBH est démontrée sur TCV.

Mots clefs : plasmas, haute densité, mode-H, chauffage, génération de

courant, ondes cyclotroniques électroniques, ondes de Bernstein électro-

niques, O-X-B, conversion de mode, absorption de puissance, détecteur

de rayons-X mous, DMPX, boucle diamagnétique, ondes hybrides infé-

rieures, instabilité paramétrique, antenne, TCV, tokamak.
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Abstract

The Tokamak à Configuration Variable (TCV) is a medium size magnetic confine-
ment thermonuclear fusion experiment designed for the study of the plasma perfor-
mances as a function of its shape. It is equipped with a high power and highly flexible
electron cyclotron heating (ECH) and current drive (ECCD) system. Up to 3 MW

of 2nd harmonic EC power in ordinary (O2) or extraordinary (X2) polarization can
be injected from TCV low-field side via six independently steerable launchers. In
addition, up to 1.5 MW of 3rd harmonic EC power (X3) can be launched along the
EC resonance from the top of TCV vacuum vessel.
At high density, standard ECH and ECCD are prevented by the appearance of a
cutoff layer screening the access to the EC resonance at the plasma center. As a
consequence, less than 50% of TCV density operational domain is accessible to X2
and X3 ECH. The electron Bernstein waves (EBW) have been proposed to overcome
this limitation. EBW is an electrostatic mode propagating beyond the plasma cutoff
without upper density limit. Since it cannot propagate in vacuum, it has to be
excited by mode conversion of EC waves in the plasma.
Efficient electron Bernstein waves heating (EBH) and current drive (EBCD) were
previously performed in several fusion devices, in particular in the W7-AS stellarator
and in the MAST spherical tokamak. In TCV, the conditions for an efficient O-X-B
mode conversion (i.e. a steep density gradient at the O2 plasma cutoff) are met at
the edge of high confinement (H-mode) plasmas characterized by the appearance of
a pedestal in the electron temperature and density profiles. TCV experiments have
demonstrated the first EBW coupling to overdense plasmas in a medium aspect-ratio
tokamak via O-X-B mode conversion.
This thesis work focuses on several aspects of ECH and EBH in low and high density
plasmas. Firstly, the experimental optimum angles for the O-X-B mode conversion
is successfully compared to the full-wave mode conversion calculation of the AMR
code. The implementation of TCV ECH system geometry in AMR and the coupling
of AMR to the LUKE quasi-linear Fokker-Planck solver for the TCV environment
were part of this work.
The power deposition location of modulated EBH is then detected inside the
O2 plasma cutoff by oscillation analysis of the soft X-ray emission profile using
the break-in-slope (BIS) analysis and a harmonic response identification method
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(HRIM), which is the demonstration of resonant EBH in TCV. The BIS and HRIM
methods are also used to successfully detect and track the time-varying deposition
locations of one and then two X2 power beams simultaneously. All experimental
results are in good agreement within 10% of the normalized plasma radius with
numerical results of the AMR and C3PO ray-tracing codes coupled to LUKE.
The global power absorption coefficient of modulated ECH (MECH) is studied by
HRIM analysis of the plasma toroidal flux response measured by TCV diamagnetic
loop (DML). Analysis of earlier X3 MECH and new X2 MECH experiments reveals a
major perturbation of the method by the sawtooth magnetohydrodynamic activity in
the plasma center. Indeed, an asymmetric improvement of the X3 power absorption
(up to 100%) with respect to the sign of the X2 ECCD pre-heating was observed in
previous TCV experiments and remained unexplained by Fokker-Planck simulations
until now. The present work allows to attribute this asymmetry to a sawtooth
activity strongly destabilized by the central X2 co-ECCD locking to the X3 power
modulation.
The performances of EBW current drive (EBCD) in TCV are studied with the AMR-
LUKE codes for several poloidal positions of the EBW injection. The maximum
EBCD efficiency is obtained when the EBW are injected close the plasma midplane
such that the wave parallel refractive index upshift is moderate and the absorption
takes place at the plasma center where the electron temperature is the highest.
However, the absolute driven current remains small (i.e.. 1% of the Ohmic current).
Finally, a new loop-antenna for the detection of the lower-hybrid (LH) waves gen-
erated by a parametric instability (PI) at the X-B mode conversion was designed,
built and installed in TCV torus. Fast monitoring of the LHPI spectrum allows
to show for the first time the correlation of the amplitude of the detected waves
with the local LHPI threshold power at the mode conversion region, estimated from
the experimental profiles data. In an EBW power scan, the LHPI threshold power
is estimated to be . 50 kW in good agreement with the value predicted from the
experimental profiles data. The LHPI energy cascade from the low to the high LH
frequency bands with increasing EBH power is shown for the first time in TCV.

Keywords: plasma, high density, H-mode, heating, current drive, electron

cyclotron waves, ECW, ECH, ECCD, electron Bernstein waves, EBW,

EBH, EBCD, O-X-B, mode conversion, power absorption, soft X-ray de-

tector, DMPX, diamagnetic loop, DML, lower-hybrid waves, LH, para-

metric instability, PI, loop-antenna, TCV, tokamak.
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Chapter 1

Introduction

1.1 Research context

At the dawn of the 21st century, the world demographic growth and continuously
increasing energy consumption combine to urge for the development of new energy
resources. Nuclear fusion is one potential solution for future multi-gigawatt power
plants. Nuclear fusion research has been focusing on magnetically confined fusion,
and especially on the tokamak concept since its invention in the 1950’s by the Soviet
physicists Igor Yevgenyevich Tamm and Andrei Sakharov.

The electron cyclotron heating (ECH) by resonant absorption of radio frequency
(RF) power on the free electrons of the plasma is a widespread method for fusion
plasma heating and has been a key aspect of the fusion plasma research for decades,
as reviewed in references [1–3]. Indeed, ECH can provide high power densities
in very localized regions. Moreover, the systems delivering the electron cyclotron
waves (ECW) to the plasma are generally very flexible. In particular, most of EC
power systems allow the generation of electron cyclotron current drive (ECCD). ECH
and ECCD are therefore tools of primary importance for the study of the plasma
confinement and transport properties, as well as the stabilization and control of
fusion plasmas [4, 5].

On the other hand, a high plasma density will be beneficial to the fusion power
yield in a thermonuclear reactor both directly, by increasing the reaction rate, and
indirectly, by increasing the plasma confinement, according to well-established ex-
perimental observations. The investigation of the high-density plasma regime char-
acteristics and performances is thus a major goal of experimental fusion devices
nowadays, in preparation for the advanced scenarios in future demonstration fusion
power plants.

1



2 Chapter 1: Introduction

However, the standard ECH and ECCD at the first and second harmonics of the
electron cyclotron frequency are precluded in high density plasmas by the appearance
of a cutoff layer screening the access to the EC resonance at the plasma center. This
limitation is particularly severe in small and medium size experimental fusion devices
with moderate magnetic field Bϕ since the ECWs cutoff densities are proportional
to B2

ϕ [3].

Various RF power heating schemes have been developed in order to circumvent
this limitation. EC waves at higher harmonics allow the heating of higher density
plasmas like the high confinement (H-mode) regime. However, they are still subject
to a cutoff density limit and their absorption efficiency is lower than for the second
harmonic EC waves [3].

At all densities above the plasma cutoff (i.e. in so-called “overdense” plasmas), the
electron Bernstein wave (EBW) branch is a potential solution for plasma heating
using EC power. EBW is an electrostatic wave first predicted by Ira B. Bernstein
[6] and propagating beyond the plasma cutoff with no upper density limit. As a
consequence of their electrostatic nature, EBWs cannot propagate in vacuum and
several processes have been proposed to excite the EBWs by mode-conversion of
externally launched ECWs, as summarized here and in figure 1.1.
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Figure 1.1: EBW excitation schemes. Schematics of three schemes for the excitation of
electron Bernstein waves (EBW) by mode conversion of externally injected electromagnetic waves.
Left: direct SX-Bernstein mode conversion from the high-field side, only possible for 1st harmonic
electron cyclotron waves. Center: FX-Bernstein mode conversion from the low-field side. Efficient
tunneling through the evanescent layer requires an extremely steep density gradient. Right: O-
SX-Bernstein double mode conversion from the low-field side. The O-SX mode conversion requires
a steep density gradient at the plasma cutoff and an optimum injection angle.
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1.1. Research context 3

• SX-B mode-conversion of a slow EC wave in the extraordinary (SX) polariza-
tion injected from the plasma high-field side (HFS) is possible at the first EC
harmonic. The X-mode wave reaches the upper-hybrid resonance (UHR) on
the plasma low-field side (LFS), where it connects to the Bernstein branch [7,8].
The Bernstein wave then propagates back towards the plasma center where it
is absorbed at the electron cyclotron resonance with a high efficiency. This
scheme requires the X-mode wave to travel through the plasma center. As
a consequence, the SX-B scheme is possible only in so-called “underdense”
plasmas where the plasma center is not screened by the L-cutoff. Electron
Bernstein wave heating via the SX-B mode conversion have been reported in
the Versator II tokamak [9] and in the FT-1 tokamak [10], as well as EBCD
in the COMPASS-D tokamak [11].

• FX-B mode conversion is performed by normal incidence of a fast X-wave
(FX) injected from the LFS of the plasma. The FX wave tunnels through the
evanescent layer between the R-cutoff and the UHR and connects to the EBW
at the UHR. This scheme requires such a steep density gradient at the plasma
edge (i.e. a density scale length of the order of the wavelength of the injected
FX wave) that it has usually a poor mode-conversion efficiency. However, FX-
B experiments from the LFS have shown efficient EBH in the TST-2 spheri-
cal tokamak where the FX wave propagation through the evanescent layer is
helped by the presence of a local limiter around the injecting antenna [12].

• In the O-SX-B scheme, the EBW is excited by mode conversion of an EC
wave in ordinary (O) polarization injected into the plasma from the LFS of the
plasma [13,14]. At an optimum oblique incidence, the O-mode wave converts
into a SX wave at the plasma cutoff which propagates back towards lower den-
sity where its power is passed onto the Bernstein mode at the upper-hybrid
resonance. The Bernstein wave finally propagates towards the plasma center
where it is absorbed at the electron cyclotron resonance. The first demon-
stration of EBH in an overdense plasma via the O-X-B scheme was performed
in the W7-AS stellarator [15–17]. Efficient electron Bernstein wave current
drive (EBCD) was also achieved in the W7-AS stellarator [17, 18], as well as
measurements of thermal electron Bernstein wave emission (EBE) via the B-
SX-O inverse mode conversion process [16, 19]. EBH and EBE experiments
were reported from MAST spherical tokamak [20].

The reader can find a recent review of EBW theory and experiments in reference [21].

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



4 Chapter 1: Introduction

1.2 Thesis motivations

The Tokamak à Configuration Variable (TCV) is equipped with a versatile and
powerful EC power system at the second (X2/O2, f2 = 82.6 GHz) and third
(X3, f3 = 118 GHz) harmonics of the EC frequency, providing ECH/ECCD
over respectively ∼ 17% and ∼ 46% of TCV’s operational domain in density
(ne . 25 · 1019 m−3). Electron Bernstein waves can potentially extend the domain
of TCV RF-heated plasmas to the high-density H-mode plasmas, up to 100% of its
operational domain in density.
In TCV, the second harmonic EC power is injected from the plasma low-field side.
Moreover, the wave frequency is high and the wavelength is small (λ2 = 3.628 mm

for the second harmonic). As a consequence, the extremely steep density gradients
necessary for the FX-B mode conversion cannot be obtained in TCV plasma equilib-
ria and the only possible Bernstein waves excitation scheme in TCV is the O-SX-B
double mode conversion. Thanks to the flexibility of its magnetic coil and EC power
systems, TCV offers the possibility to study EBH in a tokamak with medium aspect
ratio and medium magnetic field. Indeed, the demonstrations of EBW power depo-
sition and EBE via O-SX-B mode conversion in the overdense plasmas of a medium
aspect ratio tokamak were performed in TCV [22–24].
The main goals of this thesis work are

• a detailed study of the physics of

– the electron Bernstein wave excitation in TCV,

– the possibilities of high power and central EBH/EBCD;

• the development of the analysis tools for

– the interpretation of the EBH experiments in presence of the sawtooth
activity,

– the simulation of the EBW coupling, propagation and absorption in TCV.

More specifically, the following key aspects are investigated.

• Wave-plasma coupling at high density. Two features of the O-SX-B
mode-conversion of O2 power in TCV overdense plasmas are examined:

– The O-SX mode conversion is efficient only around an optimum injection
angle. It is thus of primary importance to verify the existence and po-
sition of this optimum in the experimental conditions and to benchmark

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



1.2. Thesis motivations 5

the numerical simulation tool against the experimental results. In this
work, the O-SX-B mode conversion efficiency in TCV EBH experiments is
examined and compared to the results of the full-wave mode-conversion-
calculation AMR code [25–27]. The implementation of the geometry of
TCV EC system in the AMR code and thes subsequent benchmarks were
part of this thesis work.

– At the SX-B mode conversion, a non-linear coupling of the SX wave to
lower-hybrid waves (LHW) via a parametric instability (LHPI) may ap-
pear and strongly deteriorate the overall EBH efficiency [28]. In order to
investigate the emission of the LH waves during TCV EBH experiments,
a new loop-antenna is designed, built and installed on TCV. The ini-
tial data are collected and interpreted, in particular the LHPI spectrum
evolution with the plasma profile conditions and the injected EBH power.

• Power deposition location: The power deposition location is an important
quantity to assess from the experimental data for the interpretation of plasma
RF heating results and for the comparison of the experiments with simulations.
However, the H-mode plasmas are generally perturbed by a strong magneto-
hydrodynamic (MHD) sawtooth activity which can hamper the EBH power
deposition analysis. In this thesis work, the Break-In-Slope (BIS) method is
proposed to detect the power deposition location in presence of strong saw-
tooth activity and/or in time-varying conditions. The detection method is first
tested in stationary X2 ECH experiments and used to track time-varying X2
power absorption locations. The method is then applied to an off-axis EBH
experiment in a strongly sawtoothing H-mode plasma. The experimental re-
sults are compared to the numerical simulations of the C3PO [29] and AMR
ray-tracing codes for the ECWs and EBWs, respectively.

• Global power absorption. A major part of this thesis work is dedicated to
the experimental measurement of the global RF power absorption efficiency
which is an essential quantity for the interpretation of the heating experiments,
especially in TCV where X2 and X3 ECH are routinely used. In TCV, the
absorption coefficient is estimated by analyzing the response of the plasma
kinetic energy measured using the DiaMagnetic Loop (DML) diagnostic to
modulated ECH (MECH). In this work, we examine the impact of the sawtooth
MHD activity on the frequency response of the plasma kinetic energy to X2
and X3 MECH and the subsequent detremental perturbation on the power

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



6 Chapter 1: Introduction

absorption estimate.

• EBCD via O-SX-B in a standard aspect ratio tokamak. EBW can pro-
vide efficient current drive in overdense plasmas where ECCD is not possible.
The possibilities of EBCD in TCV are explored with the AMR code coupled
to the LUKE quasi-linear Fokker-Planck solver [30].

1.3 Thesis outline

A brief description of the scientific context and the motivations of this work were
given in this chapter. Chapter 2 presents the TCV tokamak, its EC power system,
as well as the principles and specifications of the diagnostics essential to this thesis.
Section 2.4 is dedicated to a presentation of the high confinement (H-mode) regime
obtained in the TCV tokamak for the EBH experiments.
Chapter 3 addresses the basic theory of linear plasma waves and of mode conversions
which are of relevance for this work. The codes used in this thesis work are also
briefly described. The O-SX-B mode conversion experiments and numerical results
are discussed in chapter 4.
In chapter 5, the experimental deposition locations of X2 and EBW RF power is
retrieved from high spatial and temporal resolution soft X-ray profiles using the BIS
analysis and compared to ray-tracing simulations. Chapter 6 reports on the global
power absorption measurements in X2, X3 and EBH experiments. In particular, the
previously neglected impact of the sawtooth activity on the method is investigated.
Chapter 7 presents the initial results of a systematic scan of AMR-LUKE simulations
investigating the EBCD performances in TCV. Chapter 8 reports on the lower-
hybrid parametric instability (LHPI) observations in high power EBH experiments in
TCV. The design of the new loop-antenna for the detection of LH waves is described
and the initial experimental results are presented. In particular, the time-evolution
of the LHPI signal intensity is analyzed in coherence with the evolution of the
plasma profiles and an EBH power scan allows a first estimate of the LHPI power
threshold in TCV EBH experiments. Chapter 9 summarizes the main results and
draws conclusions.
The dissertation ends with a number of appendices. Appendix A introduces the sign
conventions, the coordinate systems and the definitions of the RF power injection
angles used at TCV and implemented in the various codes. Appendix B presents
the detailed derivation of the MHD integral relations necessary to the RF power
absorption analysis of chapter 6, along with a summary of the various conventions
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for the Shafranov integrals met in the literature. Appendix C addresses the equations
for the energy anisotropy relaxation which are used in the modeling of the plasma
response to modulated ECH in chapter 6.

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL
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Chapter 2

The TCV experiment

This chapter describes the Tokamak à Configuration Variable (TCV) of the Centre
de Recherches en Physique des Plasma (CRPP) at the Ecole Polytechnique Fédérale
de Lausanne (EPFL), along with its electron cyclotron heating system and the
main diagnostics used in this thesis work. The reader can find introductions to
the tokamak concept in references [31,32] and exhaustive discussions of the toroidal
confinement problem in references [33,34].

2.1 The Tokamak à Configuration Variable

TCV is a medium-size magnetic-confinement experimental nuclear fusion device of
the tokamak type, designed for the study of plasma performance as a function of
its shape [35], in particular the impact of the plasma shape on the plasma mag-
netohydrodynamic (MHD) properties and the particle and energy confinement. A
sketch of TCV’s main components is given in figure 2.1. The magnetic field coils
arrangement is described in the poloidal view of figure 2.2. TCV tokamak system
and plasmas key parameters are listed in tables 2.1 and 2.2, respectively.

TCV has a rectangular stainless steel vacuum vessel of major radius R0 = 0.88 m.
The thickness of the vessel wall varies between 1.5 cm and 2 cm. The vessel is con-
tinuous in both poloidal and toroidal directions, yielding a low electrical resistance.
It can thus passively contribute to the vertical stabilization of highly elongated plas-
mas. In order to prevent the penetration of high-Z impurities into the plasma, which
would yield to substantial plasma cooling by radiation losses, about 90% of the ves-
sel interior is covered with graphite tiles whose thickness varies between 2 cm and
2.4 cm. As a consequence of the graphite tiles, carbon is the main impurity in TCV
plasmas. Taking into account the graphite tiles thickness, the inner minor radius

9
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A

B

C

D

E

F

Fig. 1.2 – Schéma représentant les différents éléments du tokamak TCV dont (A) la
chambre à vide, (B) les bobines de façonnage, (C) les bobines toroïdales utilisées pour la
stabilisation verticale des plasmas allongés, (D) les bobines poloïdales utilisées pour créer
le champ magnétique toroïdal, (E) les bobines ohmiques utilisées pour induire le courant
plasma, (F) la structure portante.

électrons, il est communément appelé chauffage électron-cyclotron ou chauffage EC. La
position radiale de l’interaction résonnante peut être contrôlée en modifiant la valeur du
champ magnétique toroïdal BT.

Le système de chauffage EC du tokamak TCV permet d’injecter dans le plasma une
puissance totale de 4.5 MW pendant une durée maximale de 2 s. Il est constitué de neuf
gyrotrons délivrant une puissance nominale de 0.5 MW à la fréquence de 82.7 GHz pour
six d’entre eux, et à la fréquence de 118 GHz pour les trois autres. Les ondes produites
à ces deux fréquences permettent de chauffer les plasmas de TCV, respectivement, à la
deuxième et à la troisième harmonique de la fréquence électron-cyclotron, pour les valeurs
usuelles du champ magnétique toroïdal. Les ondes EC sont acheminées jusqu’au tokamak
par des lignes de transmission constituées de guides d’ondes sous vide, d’une longueur

4

G

Figure 2.1: TCV tokamak. Drawing of the main components of TCV tokamak: (A) the
vacuum vessel, (B) the 16 poloidal field coils for the plasma positioning and shaping, (C) the
6 fast internal coils for the plasma vertical stabilization, (D) the 16 coils for the generation of
the main toroidal magnetic field, (E) the 7 primary coils of the transformer circuit driving the
inductive plasma current, (F) the supporting structure, (G) the ports for the diagnostics and the
ECH system access to the plasma (3 lateral ports per sector + top and bottom ports).

and half-height of the torus are aT = 0.255 m and bT = 0.75 m, respectively. The
torus has thus a strong inner elongation κT ≡ bT/aT ' 2.94 and a medium aspect
ratio ε ≡ R0/aT ' 3.45.

TCV main toroidal magnetic field is produced by 16 toroidal field coils (TFC) around
the torus. The TFC coils are evenly spaced in the toroidal direction, thus defining
the 16 sectors of TCV. TCV sectors are numbered from 1 to 16 in the counter-
clockwise direction (seen from the top), with the TFC coil between sectors 1 and 16
aligned with the west direction. This is the historical reason for the choice of the
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Figure 2.2: TCV magnetic coil system. TCV poloidal cross section showing the vacuum
vessel (dark gray) with the graphite tiles (light gray), the 7 Ohmic transformer coils (A, B, C
and D), the 16 poloidal field coils (E and F), the 6 internal fast coils (G), one of the 16 toroidal
field coils (TFC), the bus bars (T1 and T2) connecting the toroidal field coils, and the return
loop (T3). The position of the internal magnetic probes and external flux loops is indicated by
small rectangles (y) and crosses (×), respectively. In the vacuum vessel are also plotted contours
and color map of the normalized poloidal flux ψn for a diverted high-current H-mode equilibrium
of elongation κa ' 1.76 and triangularity δa ' 0.55, typical of the EBW experiments presented
in this work. The vertical dash-dotted line indicates the tokamak revolution axis. R0 = 0.88 m,
aT = 0.255 m and bT = 0.75 m are the vacuum vessel major radius, minor radius and half-height,
respectively. TCV shot #31541 at t = 0.6 s.
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12 Chapter 2: The TCV experiment

counter-clockwise direction (seen from the top) as the definition of TCV positive
toroidal direction. Other sign conventions and coordinate systems are defined in
appendix A.
The inductive component of the plasma current (also called Ohmic current) is gen-
erated by the 7 primary coils of an air core transformer. The plasma position and
shape are controlled by two groups of 8 poloidal field coils (PFC) arranged on the
inner and outer sides of the TCV vacuum vessel, respectively. Finally, the plasma
vertical stability is ensured by 6 fast internal coils installed at the top and bottom
of TCV inside wall, behind the graphite tiles.

TCV tokamak

Parameter Symbol Value

Torus major radius R0 0.88 m

Torus inner minor radius (with tiles) aT 0.28 m (0.255 m)
Torus inner half-height (with tiles) bT 0.77 m (0.75 m)
Torus inner elongation (with tiles) κT ≡ bT/aT 2.75 m (2.94 m)
Torus inner aspect ratio (with tiles) ε ≡ R0/aT 3.14 (3.45)
Loop voltage Vloop ≤ 10 V

Installed X2/O2 RF power (nominal) PRF 3 MW

Installed X3 RF power (nominal) PRF 1.5 MW

Toroidal magnetic field on vessel axis Bϕ(R0) ≤ 1.54 T

Table 2.1: TCV tokamak key parameters. The values given in parentheses take into account
the graphite tiles thickness.

Between the TFC and PFC coils on the lateral side of the vacuum vessel, as well
as on the top and at the bottom of the torus, several tens of ports with various
sizes allow the many diagnostics and the electron cyclotron heating (ECH) system
to access the plasma.
The plasma current and the poloidal field coils generates the poloidal magnetic
field Bp. The resulting nested flux surfaces are labelled either with the normalized
poloidal-flux radius ρψ or with the normalized volume radius ρvol defined as

ρψ ≡
√

ψ − ψ0

ψa − ψ0

and ρvol ≡
√
V

Va
, (2.1.1)

respectively, where
ψ =

1

2π

∫
A

Bp · dA (2.1.2)
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TCV plasmas

Parameter Symbol Value

Plasma current Ip . 1.1 MA

Central electron density, L-mode ne0 ≡ ne(ρψ = 0) ≤ 5 · 1019 m−3

Central electron density, H-mode ne0 ≡ ne(ρψ = 0) ≤ 25 · 1019 m−3

Central electron temperature, OH Te0 ≡ Te(ρψ = 0) ≤ 2 keV

Central electron temperature, ECH Te0 ≡ Te(ρψ = 0) . 20 keV

Central ion temperature Ti0 ≡ Ti(ρψ = 0) . 1 keV

Plasma minor radius a ≤ 0.255 m

Plasma half-height b ≤ 0.75 m

Plasma edge elongation κa 0.9 ≤ κa ≤ 2.8

Plasma edge triangularity δa −0.8 ≤ δa ≤ 0.9

Electron plasma frequency fpe ≡ ωpe/2π 89.8 GHz

Ion plasma frequency fpi ≡ ωpi/2π 1.5 GHz

Electron cyclotron frequency fce ≡ Ωce/2π 40.6 GHz

Ion cyclotron frequency fci ≡ Ωci/2π 11.1 MHz

Electron thermal velocity vthe ≡
√
Te/me 1.33 · 107 m/s

Ion thermal velocity vthi ≡
√
Ti/mi 2.19 · 105 m/s

Electron Larmor radius rLe ≡ vthe/Ωce 5.2 · 10−5 m

Ion Larmor radius rLi ≡ vthi/Ωci 3.2 · 10−3 m

Electron Debye length λDe ≡ vthe/ωpe 2.4 · 10−5 m

Ion Debye length λDi ≡ vthi/ωpi 2.4 · 10−5 m

Table 2.2: Range of TCV plasmas parameters. The second half of the table gives the plasma
characteristic frequencies and lengths for the typical H-mode plasma parameters met in this work
(temperatures Te = Ti = 1 keV, particle number densities ne = ni = 1 · 1020 m−3, magnetic field
B = 1.45 T). Deuterium ions have been considered here. The plasma and cyclotron angular
frequencies are defined as ωpα ≡

√
(nαq2α/mαε0) and Ωcα = qαB/mα, respectively, where qα and

mα are respectively the electric charge and the mass of the particle of species α = e, i.

is the poloidal magnetic flux through a washer-shaped surface A on the horizontal
plane passing through the magnetic axis. The integration constant can be chosen
such that ψ = 0 on the magnetic axis or on the last closed flux surface. The
latter convention is followed at TCV. In definitions 2.1.1, ψ0 and ψa are the poloidal
magnetic fluxes on the magnetic axis and at the plasma edge, respectively, and the
Va is the total plasma volume.

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



14 Chapter 2: The TCV experiment

Thanks to its 16 independently driven poloidal field coils system, TCV offers the
unique ability to vary the magnetic equilibrium over a wide range of plasma positions
and shape parameters, in limited or diverted configurations, as indicated in table 2.2.
The toroidal magnetic field and plasma current values, as well as the position of the
plasma column and the shape of its cross section, can be programmed to change
during the plasma discharge.

The first and second order poloidal plasma shaping parameters are the elongation
and the triangularity defined as

κ ≡ b/a elongation (2.1.3)

δ ≡ −d/a triangularity (2.1.4)

where a is the plasma minor radius at the plasma midplane, b is the plasma half-
height and d is the radial shift of the flux surface vertical extremum with respect to
the magnetic axis position, as illustrated in figure 2.3.

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R [m]

Z 
[m

] Zaxis

Raxis

a a

b

b

(a) Elongation κa = b/a.

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R [m]

Z 
[m

] Zaxis

Raxis

a a

d

b

b

(b) Triangularity δa = −d/a.

Figure 2.3: Plasma shape parameters. Sketches of last closed flux surface contours illustrat-
ing the first and second order poloidal shaping moments, i.e. the elongation κa ≡ b/a and the
triangularity δa ≡ −d/a, respectively. (a) κa = 1.5 and δa = 0, i.e. a = 0.22 m and b = 0.33 m.
(b) κa = 1.5 and δa = 0.6, i.e. a = 0.22 m, b = 0.33 m and d = −0.132 m. In both examples, the
plasma magnetic axis (indicated by a blue dot) is located at Raxis = 0.88 m and Zaxis = 0.25 m.

The plasma edge elongation κa and triangularity δa parametrize its poloidal contour
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as:

R = R0 + a cos(ξ + arcsin(δa sin(ξ))) (2.1.5)

Z = Z0 + κaa sin(ξ) (2.1.6)

where (R,Z) is the cartesian coordinate system in the poloidal plane as illustrated
in figure 2.2 and ξ is an angle in the poloidal plane. (Note that ξ is not equal to the
actual poloidal angle θ of the toroidal coordinate system.)
In limited plasmas, the intersection of the flux surfaces with a solid surface in the
vacuum vessel defines the size of the plasma and thus the so-called last closed flux
surface (LCFS). The solid surface can be either a dedicated “limiter” or the vessel
wall protected by graphite tiles, as it is the case in TCV. In general, the plasma
shape parameters κa and δa and the edge safety factor qa are measured at the last
closed flux surface. In diverted configurations, the flux surface delimiting the plasma
passes through a null of the poloidal flux created by the poloidal field coil system
(also called “X-point”), like in figure 2.2. This last flux surface is called “separatrix”.
At the separatrix, the safety factor q diverges. In this case, the edge safety factor
q95 is usually evaluated at 95% of the normalized poloidal flux.
The unique flexibility of TCV magnetic coil system has been extensively used to
investigate the plasma performances as a function of its shape. In particular, elon-
gated plasmas allow to operate at higher plasma currents (than in circular plasmas)
without breaking the limit of the ideal MHD stability requiring an edge safety factor
qa > 2 [36]. In turn, higher currents allow one to reach higher plasma densities as
predicted by the Greenwald limit [37], which is overall beneficial to fusion power
yield in a thermonuclear reactor. The most elongated plasma in ITER-like medium
aspect ratio tokamaks has been achieved in TCV with κ = 2.8. TCV experiments
also demonstrated that plasma elongation and triangularity improve the plasma
MHD stability [38] and reduce the heat transport [39,40].

2.2 TCV electron cyclotron heating system

TCV is equipped with a highly flexible electron cyclotron heating (ECH) and current
drive (ECCD) system at the second and third harmonics of the electron cyclotron
frequency, totalizing the highest EC power density and one of the highest EC power
installed on a magnetic confinement fusion device. A detailed presentation of the
TCV ECH hardware and control systems along with an exhaustive operation history
is to be found in reference [41].
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X2 system
f3 = 82.6 GHz
6 launchers

X3 system
f2 = 118 GHz
Single top launcher

Figure 2.4: TCV X2 and X3 ECH system. Poloidal view of TCV cross section showing
the mirror system of the 2nd and 3rd harmonics EC power launchers. The six X2/O2 steerable
launchers are distributed amongst two equatorial ports (#1 and #4) and four upper lateral ports
(#2, #3, #5 and #6). The X3 steerable launcher allows the injection of EC power from the top
of TCV vacuum vessel along the quasi-vertical EC resonance. The blue and red rays indicate
the range of poloidal beam trajectories (in vacuum) that can be achieved thanks to the steerable
mirrors of the X2/O2 and X3 launchers, respectively. Since the X2/O2 launchers can rotate on their
horizontal axis, the equatorial (respectively upper lateral) launchers can also inject the EC power
with a downward (respectively upward) direction, in addition to toroidal directions as indicated in
figure 2.5.

2.2.1 2nd harmonic ECH system

TCV 2nd harmonic ECH system consists of 2 clusters (A and B) of 3 gyrotrons each.
The two clusters have independent power supplies (thus allowing two independent
power modulation waveforms). The gyrotrons operate at a fixed vacuum wavelength
λ2 = 3.628 mm, i.e. at a frequency f2 = 82.6 GHz, such that the corresponding
electron cyclotron resonance is located close to the vessel center for plasmas with
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standard toroidal field values around Bϕ0 = 1.43 T [42]. Each gyrotron can deliver
a nominal radio frequency (RF) power PRF = 0.5 MW during a maximum pulse
length of 2 s. The individual gyrotron power calibration is performed by calorimetric
measurement of the power absorption in a water load. The power amplitude of both
clusters can be modulated independently.

The microwave power leaving the gyrotrons is passed through matching optic units
(MOUs) which optimize the wave polarization (ellipticity and orientation of the
ellipse major axis) for ordinary (O2) or extraordinary (X2) mode coupling to the
plasma thanks to a pair of sinusoidally corrugated gratings. Corrugated waveguides
bring the RF power to TCV over an average distance of 30 m. The waves are
then injected into the plasma via 6 steerable transmitting antennas, referred to as
“launchers”, installed in equatorial ports (L1 and L4 with their longitudinal axis at
Zlauncher = 0 cm) and upper lateral ports (L2, L3, L5 and L6 with their longitudinal
axis at Zlauncher = 45.5 cm), as indicated in figure 2.4. The gyrotrons of cluster A are
connected to launchers L1, L2 (in sector 2) and L3 (in sector 1), while the gyrotrons
of cluster B are connected to launchers L4, L5 (in sector 6) and L6 (in sector 7),
as indicated in figure 2.5. The overall power losses from the gyrotrons to the wave
injection into the plasma are typically of the order of 7%.

0

–1.5

–1.0

–0.5

0.0

x [m]

y 
[m

]

–0.5–1.0 0.5 1.0

L3

L2
L1

L4
L5

L6

Cluster A

Cluster B

Figure 2.5: TCV X2 ECH system. Top view of TCV 2nd harmonics ECH launcher system.
Launchers L1, L2 and L3 are connected to the gyrotrons of cluster A and distributed in sectors 1
and 2. Launchers L4, L5 and L6 are connected to the gyrotrons of cluster B and distributed in
sectors 6 and 7. The rays leaving launchers L1 and L5 indicate the range of achievable toroidal
angles.
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The 6 X2/O2-power launchers are essentially identical. They each consist of 4
mirrors made of TZM molybdenum alloy. The detailed launcher mirror system is
presented in figure 2.6. The mirrors M2 and M4 are planar while mirrors M1 and M3
are focusing, as can be observed on the X2/O2 ray paths in figure 2.4. The mirrors
were designed such that the RF power leaves the launcher as a circular gaussian
beam with a waist w0 = 18.3 mm located at ∼ 276 mm from the incident point on
the last focusing mirror (M3). Each of the 6 launchers can be steered independently
with 2 degrees of freedom, providing a full coverage of the plasma cross-section for
on-axis and off-axis ECH for all plasma positions, as well as co-/counter-ECCD, as
indicated in figures 2.4 and 2.5.

'L

—90°

4 mirrors

all metal gate valve

stepper motors for 
toroidal and poloidal
motion

special vacuum chamber
with indentation for the 
TCV structure

0°

+90°
µL

φL

M1

M4
M3

M2

Figure 2.6: X2 EC power launcher. Drawing of TCV second-harmonic EC power launcher
consisting of two focusing mirrors (M1 and M3) and two planar mirrors (M2 and M4). In between
shots, the whole system can be rotated around its horizontal axis by a “toroidal launcher angle”
−180° ≤ φL ≤ +180°. The last mirror can be tilted such that the beam leaves the launcher with
a “poloidal launcher angle” 7° ≤ θL ≤ 55° with respect to the launcher axis. This latter angle can
be programmed to change during the plasma discharge.
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The two degrees of freedom of the launcher are illustrated on figure 2.6:

• The whole mirror system can fully rotate around its horizontal axis with an
angle −180° ≤ φL ≤ +180° called the “toroidal launcher angle” since it allows
oblique beam injections with non-zero parallel refractive index N‖, which is
necessary for ECCD and EBH experiments. The φL angle can be varied only
in between plasma discharges.

• The mirror facing the plasma can be tilted such that the beam leaves the
antenna with a “poloidal launcher angle” 7° ≤ θL ≤ 55°. This naming may
be confusing since θL corresponds to the actual poloidal angle in the vertical
plane of injection only in situations of pure ECH, i.e. for φL = 0° (downward
injection) and φL = ±180° (upward injection). The θL angle can be swept
during plasma discharges.

The conversion formulae between the launcher angles (θL, φL) and the effective in-
jection angles (θinj, φinj) implemented in the codes and used in this thesis are given
in appendix A.

2.2.2 3rd harmonic ECH system

TCV 3rd harmonic ECH system consists of one cluster of 3 gyrotrons with a common
power supply. The gyrotrons operate at a fixed frequency f3 = 118 GHz such that
the corresponding EC resonance is located close to the center of TCV vacuum vessel
at standard toroidal magnetic field Bϕ0 = 1.43 T . Each gyrotron can deliver a
nominal radio frequency (RF) power PRF = 0.45 MW during 2 s. Only the X-
mode polarization is available from the 3rd harmonic gyrotrons (X3) for maximum
absorption.

At the beginning of the X3 ECH system exploitation (in 2002), a first X3 gyrotron
was connected to the upper-lateral launcher L3 of the X2 ECH system [43]. Dur-
ing the 2003 TCV campaign, the X3 ECH system was made complete with its 3
gyrotrons. The EC power coming from the three X3 gyrotrons is injected from a
unique launcher consisting of a single mirror and installed at the top of TCV vac-
uum vessel, as indicated on figure 2.4, in order to increase the wave trajectory length
along the EC resonance and maximize the absorption [44]. The mirror radial posi-
tion can be optimized between shots and a real-time control of the poloidal tilt has
been implemented to adjust the X3 power injection to the EC resonance position
during the plasma discharge [45].
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2.3 Selected TCV diagnostics

TCV is equipped with a large ensemble of diagnostics for the experimental mea-
surement of the plasma characteristics. This section provides a brief description of
the diagnostics essential to this thesis and used in several chapters. The diamag-
netic loop (DML) diagnostic for the measurement of the plasma toroidal magnetic
flux is presented in details in chapter 6 focusing on the determination of the global
RF power absorption coefficient. The new TCV loop-antenna for the detection of
lower-hybrid waves (LHW) is introduced in chapter 8 treating of the LH parametric
instability in TCV high-power electron Bernstein heating experiments.

2.3.1 Duplex Multiwire soft-X ray Proportional detector

(DMPX)

Soft X-ray emission in plasmas

Plasma radiation emission in the soft X-ray range (hν = 0.12 − 12 keV) originates
from three processes:

• the Bremsstrahlung radiation arising from free-free electron-ion Coulomb
collisions,

• the recombination radiation arising from the capture of free electrons by
ions in free-bound collisions,

• the line radiation arising from the transition of a bound electron from an
excited state to a lower energy state.

The Bremsstrahlung and recombination radiation spectra are continuous in fre-
quency where the line radiation spectrum is discrete: the emitted photon has a
specific energy hν = ∆E where ∆E is the difference in energy of the two states
involved in the transition.

A derivation of the spectral emissivity for these phenomena is given in references
[46, 47]. Assuming a Maxwellian electron velocity distribution, the Bremsstrahlung
spectral emissivity jB(ν) (power per unit solid angle per unit volume per unit energy
of the emitted photons) writes [47]

jB(ν) = gffn
2
eZeff

e

h

(
e2

4πε0

)3
8π

3
√

3m2
ec

3

(
2me

πeTe

)1/2

e−
hν
Te (2.3.1)
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which evaluates to

jB(ν) = 1.22 · 10−39 gffn
2
eZeff

1√
Te

e−
hν
Te [W sr−1 m−3 eV−1] (2.3.2)

where the electron density ne is expressed in [m−3], the electron temperature Te and
photon energy hν are expressed in [eV], and the effective charge is defined as

Zeff ≡
∑

i Z
2
i∑

i niZi

. (2.3.3)

The temperature and frequency dependence of the Maxwell-averaged free-free Gaunt
factor gff is weak and gff is assumed to be a constant [47]. After integration on the
whole energy spectrum, the Bremsstrahlung power PB emitted per unit solid angle
and unit volume depends on the electron density, temperature and effective charge
as

PB ≡
∫ ∞

0

jB(ν) dν = 1.84 · 10−6 gffn
2
eZeff

√
Te [W sr−1 m−3]. (2.3.4)

2.3.1.1 Soft X-rays detection in a wire-chamber detector

Soft X-ray photons interact with matter mainly by photo-electric absorption. During
this process, the incident photon is absorbed by an atom which gets ionized. In a
wire-chamber, the resulting free charges (negatively charged electron and positively
charge ion) are used for the detection of the incident soft X-ray. A wire-chamber is
composed of an array of thin wires (anodes) and two plane cathodes, one on each side
of the wire array. An electrical field is applied between the anodes and the cathodes.
An incident soft X-ray photon interacts with an atom of the detection gas filling
the chamber, creating a pair of electron and ion which are then accelerated by the
electrical field. While migrating towards the closest wire-anode, the primary electron
will collide with detection gas atoms and ionize them, thus creating more electron-
ion pairs which will in turn be accelerated and collide with neutral atoms... A
chain-reaction (avalanche) takes place near the wire and the wire chamber measures
a slight change in the tension on this wire due to the work of the free charges
(mainly the ions) migrating in the electrical field. To prevent parasitic avalanches
and continuous arcs which can seriously damage the wire-anodes, the detection gas
is usually mixed with a bit of quenching gas absorbing a fraction of the secondary
electrons.

DMPX hardware description

The Duplex Multiwire Proportional soft X-ray detector (DMPX) is a 64-channel
soft X-ray profile diagnostic, offering both high radial and temporal resolutions and
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covering most of TCV vessel cross section [48, 49]. It is sensitive to photons in the
hν = 1.5 − 30 keV range, where ν is the emitted frequency and h is the Planck
constant. In the TCV plasmas studied in this thesis work, the central electron
temperature is typically Te0 & 1 keV. The following condition is thus fulfilled:

Te0 � Z2
effRy ' 122 eV (2.3.5)

where Ry ' 13.6 eV is the Rydberg energy and Zeff ≡
∑

i Z
2
i /ne ' 3 is the plasma

effective charge (the quasi-neutrality condition ne =
∑

i niZi has been invoked here).
As a consequence, the recombination radiation is negligible for all frequencies ν
compared to the Bremsstrahlung radiation [47]. Moreover, the line radiation from
light impurities (carbon, oxygen) is important only in the ultra-soft X-ray spectral
range (hν ≤ 1 keV). The DMPX diagnostic thus measures mainly Bremsstrahlung
radiation.

The DMPX detector is installed at the bottom of TCV vacuum vessel (in sector 9)
and views the plasma vertically, as indicated in figure 2.7.

The DMPX detector consists of two superimposed multiwire chambers referred to
as “top” and “bottom” detectors. Both detectors are essentially identical and work
on the wire-chamber principle developed at CERN [50] and briefly described here
above. Each detector is made of an airtight aluminum box containing 64 parallel
gold-plated tungsten anode-wires of 20 microns diameter and 32 mm length spaced
by 2 mm. The wires are aligned with the toroidal direction. Parallel to the planes
containing the wires are two plane-cathodes for each detector. For the top detector,
these are two 50-micron-thick beryllium windows, one to let the incident photons
in, one to let the non-absorbed photons leave the chamber. For the bottom cham-
ber, the two plane-cathodes are one 50-micron-thick beryllium window to let the
photons in and a 2-mm-thick stainless steel sheet. The Beryllium was chosen for
its relative transparency to soft X-rays. Since there are less photons reaching the
bottom detector (most of them are absorbed in the top wire-chamber and in the 10
mm of air between them), its wires are connected two by two to maximize the signal,
reducing the number of its lines-of-sight to 32. The DMPX detector has high space
resolution: the mean distance separating two lines-of-sight at the equatorial plane
of TCV is of 7.9 mm and 16.3 mm for the top and bottom detectors, respectively.
In our conventions, the DMPX lines-of-sight are numbered from 1 to 64 (or from 1
to 32 for the bottom detector) going from HFS to LFS.

The two wire-chambers are assembled with 10 mm of air in between. The whole
system is connected to the bottom of TCV sector 9 with a 230-mm-long tube filled
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(a) DMPX: top detector lines-of-sight.
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(b) DMPX: bottom detector lines-of-sight.

Figure 2.7: High radial resolution soft X-ray detector (DMPX). TCV poloidal cross
section showing the lines-of-sight of DMPX (a) top and (b) bottom detectors. The 64-channel top
detector has a radial resolution of 7.9 mm at the vessel midplane. In the bottom detector, the
channels are connected by pairs, yielding a radial resolution of 16.3 mm. #31541 at t = 0.6 s.

with a constant flux of Helium at atmospheric pressure. Helium is necessary to
prevent air absorption of the soft X-rays. The soft X-rays emitted by the plasma
can reach the DMPX via a 2-mm-thin slit (itself recovered by a 50-micron-thick
Beryllium window) at the top of the Helium tube. Each wire thus sees only a
trapezoidal volume of the plasma.

In order to detect the incident soft X-rays, a high voltage up to 2500 V is applied
between the wires and the cathodes in each chambers independently, and the detec-
tion volumes are filled with a constant flux of detection gas at atmospheric pressure.
The default gas used since 2002 is a mixture of 90% krypton (detection gas) and
10% methane for the quenching of parasitic avalanches. The wire-chambers operate
in the proportional and continuous regime, that is the measured signal, integrated
along the lines-of-sight, is proportional to the mean power of the incident soft X-
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ray flux. The DMPX detector is sensitive to soft X-ray photons emitted in the
3 − 40 keV energy range. The lower energy radiation (including the line radiation
of light impurities like oxygen and carbon) is filtered by the Beryllium windows.

A movable absorber-holder is installed just below the slit to allow the addition of
an extra absorber layer in front of both wire-chambers: 125 microns Beryllium, 550
microns Beryllium or 308 microns Aluminum. The operation of the DMPX can
thus be extended to plasmas with a very intense soft X-ray flux or limited to the
observation of higher energy part of the soft X-rays emission.

The DMPX has a high time resolution with a frequency bandwidth of 50 kHz. The
measured signal is amplified, low-pass filtered at 70 kHz for anti-aliasing and stored
in a DTACQ unit at an acquisition frequency of 200 kHz.

The pair of wire-chamber detectors was meant to extract the electron temperature
profile from the ratio of the soft X-ray profiles from the top and bottom detector,
using the so-called “absorber method”, but needs further work to become reliable.
In this thesis work, only the raw soft X-ray signal from the top detector is used.

2.3.2 Electron density and temperature diagnostics

Thomson Scattering (TS)

The Thomson scattering (TS) diagnostic measures the local profiles of electron tem-
perature Te(ρ) and density ne(ρ) by spectral analysis of the fraction of a laser beam
scattered by the plasma electrons. The scattered light is Doppler-shifted due to the
electron motion. The width of the Doppler line broadening and the integral over
the spectral peak determine the electron temperature and density, respectively.

TCV Thomson scattering diagnostic [51–55] is equipped with three powerful
(1.5 J/pulse) Nd-Yag lasers in the near infrared spectrum (i.e. λ = 1.064 µm)
offering a 20 Hz repetition rate. The light of the three lasers is injected along the
same vertical path through the plasma at R = 0.9 m, as indicated in figure 2.8(a).
The scattered light is collected by 26 optic fibers installed in three lateral ports of
the TCV vacuum vessel. The lines-of-sight are evenly spaced and cover the whole
plasma cross section with a spatial resolution of ∼ 4 cm on the lasers path: this
is the main TS system. Nine additional lines-of-sight installed in the upper lateral
port aim at increasing the density of data points and thus the radial resolution at
the plasma edge, especially for the measurement of H-modes pedestal profiles: this
is the edge TS system.

In low-density plasmas, the three lasers are usually pulsed simultaneously to increase

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



2.3. Selected TCV diagnostics 25

0.6 0.8 1 1.2

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

TS

R [m]

Z
 [m

]

 

 
#31541, t = 0.6 s

(a) TS: full coverage.

0.6 0.8 1 1.2

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

TS

R [m]

Z
 [m

]

 

 
#38597, t = 0.5 s

(b) TS: high resolution.

0.6 0.8 1 1.2

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

FIR

R [m]

Z
 [m

]

 

 
#31541, t = 0.6 s

ψ
n

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(c) FIR vertical chords.

Figure 2.8: Thomson Scattering (TS) and Far Infra-Red (FIR) interferometer lines-
of-sight. (a) 2006 TS setup covering the whole vessel cross section: the 25 lines-of-sight
of the main TS system (blue, ∆Z ' 35− 41 mm) and the 10 lines-of-sight of the edge TS system
(green, ∆Z ' 12 − 13 mm and ∆Z ' 40 mm for the top chord) cross the beam path (vertical
dash-dotted line) at R ' 0.9 m. (b) 2009 high resolution TS setup: the 23 main chords are
divided in two groups, with low spatial resolution (blue, ∆Z ' 36 − 37 mm) and high spatial
resolution (magenta, ∆Z ' 16−17 mm). The edge chords cover the plasma edge with high spatial
resolution (green, ∆Z ' 12 mm and ∆Z ' 36 mm for the top chord). (c) FIR interferometer:
14 vertical chords. The central chord (#9, thick line, R ' 0.9 m) is used for the real-time control
of the density during the plasma discharges.

the signal-to-noise ratio. In high-density plasmas (ne ≥ 5 · 1019 m−3), the scattered
light from one laser is sufficient to insure a proper profile measurement. In this
case, the lasers can be pulsed sequentially, either with evenly spaced trigger times
in order to increase the repetition rate to 60 Hz for a higher time resolution, or with
1-ms spaced triple pulses at a 20 Hz rate in order to increase the density of radial
data points for a high-quality profile fitting. When available, the latter option was
routinely chosen for the measurement of the H-modes profiles in this thesis work.

Multi-chord Far Infra-Red interferometer (FIR)

TCV Far Infra-Red (FIR) interferometer [56, 57] provides a line-integrated mea-
surement of the electron density with an accuracy of 1% and a frequency response
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up to 750 kHz (usually down-sampled to 20 kHz). The FIR system determines
the phase shift between two laser beams (λ = 214.6 µm) from a coherent light
source, the probing and reference beams traveling through the plasma and outside
the tokamak, respectively. The measured phase shift ∆φ is proportional to the line-
integrated electron density along the probing beam path through the plasma [47]:

∆φ ' ω

2cnc

∫
nedl (2.3.6)

where nc = ε0ω2me

e2
is the cutoff density for beam of angular frequency ω.

2.4 H-mode plasmas in TCV

H-mode milestones

The high confinement (H-mode) regime was first observed in neutral-beam-heated
diverted plasmas in ASDEX [58]. For the cost of only a small amount of addi-
tional power (either Ohmic or from auxiliary heating systems), the H-mode regime
is characterized by high values of the particles and energy confinement times and a
high normalized pressure βp compared to the low confinement (L-mode) regime [59].
The improved confinement is provided by the appearance of a transport barrier at
the edge of the plasma, thus generating a pedestal in the electron temperature and
density profiles. The pedestal characteristics depend on the plasma parameters [60].

The H-mode regime is usually perturbed by a periodic relaxation of the pedestal
profiles caused by an MHD instability at the edge of the plasma [61, 62]. This
edge-localized-mode (ELM) can cause substantial losses of particles and energy in
the form of short bursts. Several types of ELMs have been identified: dithering
activity, type-III and type-I ELMs. The latter are large-amplitude ELMs observed
in H-modes with dominant auxiliary heating, which may release up to 15% of the
plasma thermal energy.

ELMy H-modes in TCV

In TCV, the H-mode regime was first reported in Ohmically heated diverted plasmas
exhibiting both type-III and type-I-reminiscent ELMs [63]. High plasma currents
Ip ≥ 250 kA favor the L-H transition. To ensure MHD stability at high current, a
plasma edge elongation κa ≥ 1.5 is necessary. Ohmic H-mode regime is accessible
in limited configurations for plasma currents in the range 360− 600 kA and at high
elongation κa = 1.7− 1.9. At Ip = 360 kA, the L-H transition is obtained provided
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the edge triangularity exceeds δa ≥ 0.25, which indicates that a high δa (in addition
to a high κa) favors the H-mode regime. H-mode operation was also achieved in X3
ECH heated plasmas with clear type-I ELM activity [64].

ELM-free H-modes in TCV

In all ELMy H-modes, the ELM activity regulates the plasma density and allows
keeping stationary conditions during the whole current flattop. However, it has
been observed that ELM crashes strongly relax the edge profiles and deteriorate the
pedestal gradients [64,65].

As presented in section 3.4, an efficient conversion of O2 power to Bernstein waves
via the O-X-B double mode conversion process in TCV overdense plasmas requires
a steep density gradient at the plasma cutoff. This condition is met at the edge of
ELM-free overdense H-modes when the electron density pedestal height Hn exceeds
the O2 cutoff density nc,O2 = 8.48 · 1019 m−3.

In TCV, ELM-free H-modes are obtained in diverted configuration with high plasma
current Ip > 400 kA, high triangularity δa = 0.5− 0.6 and medium elongation κa =

1.7 − 1.8 [63]. In absence of ELM activity, the H-mode is non-stationary, with the
density continually increasing (in average) until the plasma disruption. The density
usually exceeds ne ≥ 10 · 1019 m−3 and can reach up to 100% of the Greenwald
density limit for elliptical plasmas (evaluated for Ip = 0.5 MA and a = 0.25 m) [37]:

〈nG〉 = κa〈J〉 =
Ip
πa2
' 2.5 · 1020 m−3 (2.4.1)

where 〈nG〉 is the maximum line-average density in units of [1020 m−3], κa is the
plasma elongation, 〈J〉 is the average plasma current density in [MA/m2], Ip is the
plasma current in [MA] and a is the plasma minor radius in [m]. As a consequence
of the high plasma current, the edge safety factor is low, i.e. q95 = 2.2 − 2.4, and
the plasma centre usually exhibits a strong sawtooth MHD activity with a large
inversion radius.

Description of ELM-free H-modes profiles

In H-mode regime, the edge density and temperature profiles are well described by
a modified hyperbolic tangent fit F through the experimental data points of the
Thomson scattering system described in subsection 2.3.2 [55, 65]:

F (X) = a5 − a1 tanh(X)− a1a4
XeX

eX + e−X
(2.4.2)
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with X = (R−RLCFS − a2) /a3 a normalized spatial coordinate where R is the
major radius passing through the equilibrium axis and RLCFS is the major radius at
the last closed flux surface (LCFS).
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Figure 2.9: Modified hyperbolic tangent (2.4.2) for the pedestal profiles fitting. Ex-
ample of modified tanh function F (X) (solid red line) evaluated for a1 = a5 = 2, a2 = −0.025 m,
a3 = 0.02 m and a4 = 0.1. The F function maximum gradient and its location (red ◦) are
only slightly modified with respect to the unmodified hyperbolic tangent function a5− a1 tanh(X)

(dashed blue line).

The fit parameters are linked to the unmodified tanh function properties as follows:

Width: W = 2a3, (2.4.3)

Height: H = a1 + a5, (2.4.4)

Maximum slope: S = a1/a3. (2.4.5)

Moreover, we note that a2 is the distance from the LCFS to the maximum slope
point of the unmodified tanh function

a2 = Rmax(∇n) −RLCFS (2.4.6)

and that a5 is the tanh height at the maximum slope point. From these observations
and equation (2.4.5), it is clear that the unmodified tanh function scale length at
maximum gradient is given by

Ln(Rmax(∇n)) = a5/S = a5a3/a1. (2.4.7)
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If the hyperbolic tangent modification parameter a4 remains small (i.e. a4 ≤ 0.1),
the tanh function maximum gradient (2.4.5) and its position (2.4.6) are only slightly
modified by the exponential term in (2.4.2) and can be identified to the correspond-
ing pedestal properties. An example of modified tanh function F is shown in figure
2.9 along with the pedestal parameters for a1 = a5 = 2, a2 = −0.025, a3 = 0.02 and
a4 = 0.1.

Figure 2.11 presents the time evolution of a typical TCV ELM-free H-mode obtained
in electron Bernstein wave experiments (Zaxis = 0.23 m, κa = 1.7, δa = 0.54,
Ip = 380 kA, q95 = 2.6). The electron density and temperature profiles fitted
on the experimental data from the main and edge Thomson scattering systems
are given in figure 8.8. The corresponding time evolution of the density pedestal
parameters are presented in figure 2.11. The L-H regime transition is defined by
the appearance of a transport barrier at the plasma edge and is characterized by an
abrupt drop in the emission intensity of the Dα recombination light due to a sudden
rise of the edge temperature. After the L-H transition, the pedestal height develops
and the edge density gradient becomes three times steeper than during the L-mode
phase. In the meanwhile, the central electron density increases continuously, rapidly
exceeding the O2 plasma cutoff density. The pedestal parameters of typical density
and temperature profiles in ELM-free H-modes (corresponding to figures 2.12(a) and
2.12(b)) are indicated in tables 2.3 and 2.4, respectively.
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(a) Electron density profile evolution.
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(b) Electron temperature profile evolution.

Figure 2.10: Typical TCV ELM-free H-mode profiles. (a) Electron density and (b) electron
temperature profiles versus time. The colour surfaces are the fits on the experimental data from the
Thomson scattering central (◦) and edge (�) lines-of-sight. The time evolution of the corresponding
pedestal parameters is given in figure 2.11. #38597.
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Figure 2.11: Typical TCV ELM-free H-mode plasma. From top to bottom: Central electron
density from TS (◦) and line-averaged electron density from FIR, central electron temperature from
TS (◦) and from soft X-ray signals, electron density pedestal height Hn, width Wn, maximum
gradient ∇ne and scale length at maximum gradient Ln, and Dα recombination light. The L-H
transition is indicated by the characteristic drop in the emission intensity of the Dα recombination
light. In the L-mode phase, the large errorbars on the edge profile parameters indicate that the
pedestal is not well defined yet. In the ELM-free H-mode phase, the density profile develops and
the edge gradient becomes three times steeper than during the L-mode phase. The sawtooth
activity amplitude and period decrease with increasing density. The profile relaxation effect of the
isolated ELM at t ' 0.41 s is still visible on the pedestal height and gradient measured by the TS
diagnostics 35 ms after the ELM event. The central density increases continuously and exceeds
the O2 plasma cutoff 30 ms after the L-H transition. Due to the high plasma current necessary to
obtain the L-H transition in Ohmic regime, the plasma center is perturbed by a strong sawtooth
activity whose amplitude reduces with increasing density, as indicated by the soft X-ray trace.
#38597.

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



2.4. H-mode plasmas in TCV 31

0 0.2 0.4 0.6 0.8 1 1.2
0

5

10

15

ρ
ψ

n e [1
019

 m
−

3 ]

 

 
#38597

TS, t = 0.5 s
TS, t = 0.501 s
TS, t = 0.502 s
TS−edge, t = 0.5 s
TS−edge, t = 0.501 s
TS−edge, t = 0.502 s
Fit

(a) Electron density profile fit at t = 0.5 s.
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(b) Electron temperature profile fit at t = 0.5 s.

Figure 2.12: Typical TCV ELM-free H-mode profiles. (a) Electron density and (b) electron
temperature profiles fit (solid curves) on the experimental data from the main (◦) and edge (�)
lines-of-sight of the Thomson scattering diagnostics. The edge pedestal region (ρψ > 0.8) is fitted
using equation (2.4.2). The corresponding pedestal parameters are given in tables 2.3 and 2.4.
#38597, t = 0.5 s.

Electron density pedestal parameters

Height Hn Width Wn Max. slope Sn Scale length Ln
[1019 m−3] [mm] [1021 m−4] [mm]

H-mode (t = 0.5 s) 6.3± 0.4 10.6± 0.7 5.6± 0.8 5.8± 1.1

L-mode (t = 0.2 s) 3.0± 0.4 12.8± 1.7 2.1± 0.6 7.9± 3.1

Table 2.3: Typical density profile pedestal parameters in an ELM-free H-mode. For
the sake of comparison, the fitted parameters are also given for a profile in the L-mode phase.
#38597.

Electron temperature pedestal parameters

Height HT Width WT Max. slope ST Scale length LT
[eV] [mm] [keV/m] [mm]

H-mode (t = 0.5 s) 348± 24 9.7± 1.4 32.9± 0.7 5.7± 1.6

L-mode (t = 0.2 s) 73± 16 4.5± 6.0 9.6± 16.1 5.3± 9.7

Table 2.4: Typical temperature profile pedestal parameters in an ELM-free H-mode.
For the sake of comparison, the fitted parameters are also given for a profile in the L-mode phase.
#38597.
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Chapter 3

High frequency plasma waves

3.1 Introduction

This chapter presents the basic theory of linear plasma waves relevant to the sequel
of this work. It treats only high-frequency waves such that the characteristic times
of the variations in the plasma inhomogeneities don’t affect the waves description.
The theory presented here is valid in infinite homogeneous plasmas. The validity
domain can be extended to real bounded inhomogeneous plasmas — as met in
laboratories — if they satisfy the Wentzel-Kramer-Brillouin (WKB) approximation
for slowly space-varying plasmas. Exhaustive linear wave theory derivations can be
found in [66], [67] and [68].

3.2 Linear waves in an infinite homogeneous plasma

3.2.1 Maxwell’s equations and constitutive relation

Considering only waves with a wavelength much larger than the Debye length,
λ � λD, propagating in a plasma such that a volume λ3

D contains a large num-
ber of particles, the wave is properly described by the Maxwell’s equations for the
macroscopic fields

∇× E +
∂B

∂t
= 0 Faraday’s law (3.2.1)

∇×B− ε0µ0
∂E

∂t
= µ0J Ampère-Maxwell’s law (3.2.2)

∇ · E =
ρ

ε0

Gauss’s law (3.2.3)

∇ · B = 0 (3.2.4)

33
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where E(x, t) and B(x, t) are the total electric and magnetic fields, J(x, t) and
ρ(x, t) are the total macroscopic current and charge densities, respectively. Taking
the divergence of Ampère-Maxwell’s law (3.2.2) and inserting Gauss’s law (3.2.3)
leads to the conservation of charge

∂ρ

∂t
+∇ · J = 0. (3.2.5)

Taking the rotational of Faraday’s law (3.2.1) and inserting Ampère-Maxwell’s law
(3.2.2) gives the wave equation for the electric field

∇×∇× E + ε0µ0
∂2E

∂t2
= −µ0

∂J

∂t
. (3.2.6)

Maxwell’s equations form a closed system only if J(x, t) and ρ(x, t) are known. In the
plasma, the current and charge densities are defined as moments of the distribution
functions fα summed over all species α:

J(x, t) ≡
∑
α

qα

∫∫∫
d3v vfα(x,v, t), (3.2.7)

ρ(x, t) ≡
∑
α

qα

∫∫∫
d3v fα(x,v, t). (3.2.8)

with qα ≡ Zαe the electric charge of the particles of species α and Zα their ionization
state (Ze = −1 for electrons). The evolution of the distribution functions fα(x,v, t)

is governed by the Boltzmann equation

∂fα
∂t

+ v ·∇fα +
qα
mα

[E + v ×B] ·
∂fα
∂v

=

(
∂fα
∂t

)
coll

. (3.2.9)

Equation (3.2.9) implies that the current and charge densities generating the fields
are themselves modified by the presence of the fields via the dynamic of the distri-
bution functions. The system is thus clearly non-linear and self-consistent.
When an electromagnetic wave is injected in the plasma, we can write the electric
and magnetic fields

E(x, t) = E0(x, t) + E1(x, t) (3.2.10)

B(x, t) = B0(x, t) + B1(x, t) (3.2.11)

as sums of the slowly time-varying background fields (0 indices), verifying themselves
the field and Boltzmann equations, and the wave contributions (1 indices). The
presence of the wave fields generates perturbations ρ1 and J1 of the background
plasma charge and current densities:

ρ(x, t) = ρ0(x, t) + ρ1(x, t) (3.2.12)

J(x, t) = J0(x, t) + J1(x, t). (3.2.13)
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Maxwell’s equations being linear, the wave fields E1 and B1 and the densities per-
turbations J1 and ρ1 satisfy Maxwell’s equations(∗), and thus the wave equation
(3.2.6) and the charge conservation (3.2.5):

∇×∇× E1 + ε0µ0
∂2E1

∂t2
= −µ0

∂J1

∂t
, (3.2.14)

∂ρ1

∂t
+∇ · J1 = 0. (3.2.15)

The problem consists now in solving the wave equation (3.2.14) for the wave electric
field to determine the plasma electromagnetic eigenmodes excited by the externally
injected wave. To do so, we will linearize the Maxwell-Boltzmann system for small
perturbations fα1(x,v t) around an equilibrium described by distribution functions
fα0(x,v, t). Note that the linearization is not performed on the field equations,
which allows the wave to carry a large power and its electric field E1 to take values
larger than the background electric field E0.

3.2.2 Linearized system

The system can be linearized around a steady-state (or a slowly-time varying) equi-
librium in absence of wave fields with distribution functions f0α(x,v, t), such that
the perturbations f1α(x,v, t) linear in E1 are small∣∣∣∣f1α(x,v, t)

f0α(x,v, t)

∣∣∣∣� 1. (3.2.16)

The total distribution function then writes

fα(x,v, t) ' f0α(x,v, t) + f1α(x,v, t) (3.2.17)

for each species α. In consequence, the current and charge densities

J1(x, t) ≡
∑
α

qα

∫∫∫
d3v vf1α(x,v, t), (3.2.18)

ρ1(x, t) ≡
∑
α

qα

∫∫∫
d3v f1α(x,v, t) (3.2.19)

due to the wave fields are linear in E1 (via f1α). The constitutive relation between
J1 and E1 can be formally written as a functional

J1(x, t) =

∫ t

−∞
dt′
∫∫∫

d3x′ C(x,x′, t, t′) · E1(x′, t′). (3.2.20)

(∗) For the background fields and plasma current and charge densities to satisfy Maxwell’s
equation, one has also to consider the currents circulating in the coil system of the machine.

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



36 Chapter 3: High frequency plasma waves

where C(x,x′, t, t′) is the conductivity tensor reflecting the plasma response to the
wave perturbation. The time integral stops at time t for causality. The non-locality
of C in time and space implicitly embodies the dispersive nature of the plasma due
to the particles inertia and their trajectories with different thermal velocities. The
latter thermal effect vanishes in the limit of cold plasma. As a consequence, we will
see that the cold plasma conductivity tensor exhibits only a time dispersion (i.e. C
is a function of the wave angular frequency ω only and not of the wave refraction
index vector N). We note that the dependence of the current density J1 on the
wave magnetic field B1 in the linear relation (3.2.20) is implicitly embedded in C.
(Explicitly, Faraday’s law is used to replace B1 with E1 in the linearized system.)

Finally, we shall mention under which conditions this linearization is valid. The
wave electric field must be sufficiently small such that the particle collisions main-
tain the perturbed distribution functions fα continuously close to the unperturbed
equilibrium f0α. This is true if the wave electric field doesn’t exceed the following
critical value [66]:

Ecrit ' 10−5 n
5/6
e

T
1/2
e

(3.2.21)

where E is in [V/m], ne is in [m−3] and Te is in [keV]. With low density and
high temperature values for TCV plasmas (ne = 1018 m−3 = 1012 cm−3 and Te =

100 keV), we obtain a conservative estimation Ecrit ' 109 V/cm of this critical field
amplitude.

We now evaluate the order of magnitude of the electric field of a microwave power
beam of TCV ECRH system with radius rb = 2 cm and power Pb = 1 MW. The
beam energy density can be simply estimated by the energy density of a monochro-
matic plane waves in vacuum:

u =
1

2
ε0E

2. (3.2.22)

The beam power is thus

P = cSbu =
1

2
cSbε0E

2 (3.2.23)

where Sb = πr2
b is the beam cross section. Finally, the wave electric field is

E =
1

rb

√
2P

cπε0

' 7.8 · 105 V

m
(3.2.24)

which is more than three orders of magnitude smaller than the critical value esti-
mated above. The Maxwell-Boltzmann system can thus be safely linearized even in
the case of high power electron cyclotron heating in hot low-density plasmas where
the collisionality is reduced.

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



3.2. Linear waves in an infinite homogeneous plasma 37

In an infinite homogeneous and constant plasma, the conductivity depends only on
the relative distance and time, and the constitutive relation (3.2.20) writes as a
convolution

J1(x, t) =

∫ t

−∞
dt′
∫∫∫

d3x′ C(x− x′, t− t′) · E1(x′, t′). (3.2.25)

We can then Fourier-analyze Maxwell’s equations, keeping only first-order terms

ik× Ẽ1(k, ω)− iωB̃1(k, ω) = 0 (3.2.26)

ik× B̃1(k, ω) + ε0µ0iωẼ1(k, ω) = µ0J̃1(k, ω) (3.2.27)

ik · Ẽ1(k, ω) =
ρ̃1(k, ω)

ε0

(3.2.28)

ik · B̃1(k, ω) = 0 (3.2.29)

where the Fourier transform Q̃1(k, ω) of a quantity Q1(x, t) is defined as

Q̃1(k, ω) ≡ 1

(2π)4

∫
dt

∫∫∫
d3x Q1(x, t)e−i(k ·x−ωt). (3.2.30)

In other words, all perturbationsQ1(x, t) are expressed as superpositions of harmonic
plane waves

Q1(x, t) =

∫
dω

∫∫∫
d3k Q̃1(k, ω)ei(k ·x−ωt). (3.2.31)

Before taking the Fourier transform of the constitutive relation, we first extend the
conductivity tensor to times t′ > t such that

C(x− x′, t− t′) = 0 ∀t′ > t. (3.2.32)

The constitutive relation can then be integrated on the whole time axis

J1(x, t) =

∫
dt′
∫∫∫

d3x′ C(x− x′, t− t′) · E1(x′, t′) (3.2.33)

and Fourier-analyzed

J̃1(k, ω) = (2π)4C̃(k, ω) · Ẽ1(k, ω) = C(k, ω) · Ẽ1(k, ω) (3.2.34)

where we have defined the conductivity tensor C in Fourier space as

C(k, ω) ≡ (2π)4C̃(k, ω)

=

∫
dt′
∫∫∫

d3x′ C(x− x′, t− t′)e−i[k · (x−x′)−ω(t−t′)]

=

∫ +∞

0

dτ

∫∫∫
d3ρ C(ρ, τ)e−i[k ·ρ−ωτ ].

(3.2.35)

with ρ = x − x′ and τ = t − t′. In the following, the notation Qk,ω ≡ Q̃1(k, ω)

will be used for the Fourier components of the perturbation of any quantity Q and
blackboard bold letters like T will be used for tensors in Fourier space.
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3.2.3 Dielectric tensor

Inserting Bk,ω from Faraday’s equation (3.2.26) and Jk,ω from the constitutive equa-
tion (3.2.34) into Ampère’s equation (3.2.27) — or by direct Fourier analysis of the
wave equation (3.2.14) — we get the wave equation for the electric field in Fourier
space

k× k× Ek,ω +
ω2

c2
K · Ek,ω = 0 (3.2.36)

where

K(k, ω) ≡ I + S(k, ω) (3.2.37)

is the dielectric tensor and

S(k, ω) ≡ i

ε0ω
C(k, ω) (3.2.38)

is the susceptibility tensor with I the identity matrix. We have used the relation
c2 = 1/(ε0µ0). The wave equation (3.2.36) can be expressed in terms of the index
of refraction defined as

N ≡ c

ω
k (3.2.39)

yielding the wave equation(
NN−N2I

)
· Ek,ω + K · Ek,ω = D · Ek,ω = 0 (3.2.40)

with

D(N, ω) ≡ NN−N2I + K(N, ω) (3.2.41)

the definition of the dispersion tensor. Here, NN is the dyadic tensor defined as
(NN)ij ≡ NiNj. From the definition (3.2.18), we note that each species contribute
separately to the current density. The conductivity and susceptibility tensors can
thus be written as sums on all species contributions

S(N, ω) ≡
∑
α

Sα(N, ω) with Sα(N, ω) ≡ i

ε0ω
Cα(N, ω) (3.2.42)

and the dielectric tensor (3.2.37) writes

K ≡ I +
∑
α

Sα. (3.2.43)

Onsager’s relations ensure the following symmetry of the dielectric tensor with re-
spect to the wave vector k and the background magnetic field B0 [66]:

Kij(−N, ω,−B0) = Kji(N, ω,B0). (3.2.44)
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These relations reduce the number of independent components of the dielectric ten-
sor from nine to six. The Stix reference frame is such that the background magnetic
field B0 lies along ẑ and the refractive index is in the x− z plane, i.e.

B0 = B0ẑ, (3.2.45)

N = N⊥x̂ +N‖ẑ with N‖ ≡
N · B0

B0

, N⊥ ≡ N−N‖
B0

B0

, (3.2.46)

as described in figure 3.1. In this coordinate system, the Onsager’s relations write
explicitly as

Kyx = −Kxy and Kzx = Kxz and Kzy = −Kyz. (3.2.47)

The wave equation (3.2.40) becomes
Kxx −N2

‖ Kxy Kxz +N⊥N‖

−Kxy Kyy −N2 Kyz

Kxz +N⊥N‖ −Kyz Kzz −N2
⊥




Ex

Ey

Ez

 = 0. (3.2.48)

x

z

y

B0

N

θ

N⊥

N||

Figure 3.1: Stix reference frame. In this coordinate system, the ẑ direction is aligned with
the background magnetic field direction B0 and the wave refractive index N lies in the x−z plane,
with θ the angle between B0 and N.

3.2.4 Dispersion relation

Clearly, non-trivial solutions (i.e. with Ek,ω 6= 0) of the wave equation (3.2.40) exist
only if the determinant of the dispersion tensor vanishes

D(N, ω) ≡ det |D(N, ω)| = det |NN−N2I + K(N, ω)| = 0. (3.2.49)
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This is the dispersion relation for linear waves in an infinite uniform plasma. One
can express it as a quadratic equation for N2

KijninjN
4 − [(Kijninj)Kkk −KikKkjninj]N

2 + det |K(N, ω)| = 0 (3.2.50)

where n̂ = N/N is the unitary vector in the direction of N and summation is
performed over repeated indices. This expression is independent of the coordinate
system. Note that the coefficients of this equation generally depend on N via the
dielectric tensor K. Only in the cold plasma limit is the dielectric tensor independent
of N and the dispersion relation is explicitly quadratic in N2. Solutions N2(n̂, ω)

to the dispersion relation represent eigenmodes propagating in the plasma at the
angular frequency ω and in the direction n̂ (with two modes propagating in opposite
direction for each N2 > 0). In general, for a given real angular frequency ω, there
can be one or more solutions with N2 < 0, and thus an imaginary wave vector. Such
modes are not propagating and are said to be evanescent. The transition between
propagation and evanescence (i.e. the transition between N2 > 0 and N2 < 0) occurs
at N2 = 0 and N2 =∞.

Cutoffs

The case N2 → 0 at fixed ω 6= 0 is called a cutoff. From (3.2.50), one can write the
condition for a wave to be in cutoff as

det |K(N, ω)| = 0. (3.2.51)

Resonances

The case N2 →∞ at fixed ω 6= 0 is called a resonance. From (3.2.50), one can write
a necessary condition for the wave to meet a resonance as

Kijninj = 0. (3.2.52)

In the cold plasma model, the dielectric tensor Kij is independent of N and the
resonance condition above is sufficient.

WKB approximation

The whole difficulty resides now in the determination of the dielectric tensor (i.e.
the susceptibility tensor) depicting the plasma response to the wave perturbation.
The dielectric tensor is a function of N and ω but also depends on the plasma
parameters: the background magnetic B0, the species temperatures Tα and densities
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nα. As already mentioned, we focus our interest on high-frequency waves such than
in presence of slow time variations of the equilibrium parameters

ω � 1

B0

∣∣∣∣dB0

dt

∣∣∣∣ , 1

Tα

∣∣∣∣dTαdt

∣∣∣∣ , 1

nα

∣∣∣∣dnαdt

∣∣∣∣ ∀α (3.2.53)

the wave equation (3.2.40) and the dispersion relation (3.2.49) are still valid locally
in time.

In slightly non-homogeneous plasma with characteristic gradient scale-lengths much
larger than the mode wavelength

‖k‖ � ‖∇B0‖
B0

,
‖∇Tα‖
Tα

,
‖∇nα‖
nα

∀α (3.2.54)

and far from the singularities of the dispersion relation (cutoffs and resonances), i.e.
if the wave vector varies slowly

‖k‖2 � ‖∇k‖, (3.2.55)

the wave equation (3.2.40) and the dispersion relation (3.2.49) are still valid locally
in space. These conditions are the required assumptions underlying the Wentzel-
Kramer-Brillouin (WKB) approximation allowing for a geometrical optics treatment
of the wave propagation.

3.3 Cold plasma model

3.3.1 Dielectric tensor

It is interesting to study the plasma waves in the non-collisional cold plasma model
since the validity conditions for the cold plasma approximation are satisfied even
at very high temperature [66]. The cold dielectric tensor is derived by solving the
colisionless equation of motion for the species α in the oscillating electric field E1:

duα
dt

=
qα
mα

(E1 + uα ×B0) . (3.3.1)

Choosing the ẑ axis along the magnetic field B0, the components of the cold sus-
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ceptibility tensor S are given by [66]

Sxx = Syy = −
∑
α

ω2
pα

ω2 − Ω2
cα

, (3.3.2)

Sxy = −Syx = −i
∑
α

Ωcαω
2
pα

ω (ω2 − Ω2
cα)

, (3.3.3)

Szz = −
∑
α

ω2
pα

ω2
, (3.3.4)

Sxz = Szy = Syz = Szy = 0, (3.3.5)

where the plasma frequency and cyclotron frequency are defined as, respectively,

ωpα ≡
(
n0αq

2
α

ε0mα

)1/2

and Ωcα ≡
qαB0

mα

(3.3.6)

Note that qα ≡ Zαe with Ze = −1 and thus Ωce < 0 for electrons (if B0 > 0). The
dielectric tensor K = I + S writes

K =


S −iD 0

iD S 0

0 0 P

 , (3.3.7)

where we used the standard Stix notation

S ≡ 1

2
(R + L) = 1−

∑
α

ω2
pα

ω2 − Ω2
cα

= 1−
∑
α

Xα

1− Y 2
α

, (3.3.8)

D ≡ 1

2
(R− L) =

∑
α

Ωcαω
2
pα

ω (ω2 − Ω2
cα)

=
∑
α

YαXα

1− Y 2
α

, (3.3.9)

P ≡ 1−
∑
α

ω2
pα

ω2
= 1−

∑
α

Xα, (3.3.10)

R ≡ 1−
∑
α

ω2
pα

ω (ω + Ωcα)
= 1−

∑
α

Xα

1 + Yα
, (3.3.11)

L ≡ 1−
∑
α

ω2
pα

ω (ω − Ωcα)
= 1−

∑
α

Xα

1− Yα
, (3.3.12)

with

Xα ≡
(ωpα

ω

)2

and Yα ≡
Ωcα

ω
(3.3.13)

the normalized squared plasma frequency and the normalized cyclotron frequency,
proportional to the particle density and the magnetic field strength, respectively.
The expression for the cold dielectric tensor is worth a few comments:
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• For the case of high-frequency waves in the electron cyclotron range (ω ' |Ωce|)
injected in a high-density plasma (ωpe ' ω), we have the relations

|Ye| ' 1� |Yi| and Xe ' 1� Xi (3.3.14)

due to the small ratio me/mi � 1. In the following, we will treat only waves
in the electron cyclotron frequency range. We will thus neglect the ion contri-
butions to the dielectric tensor.

• The cold plasma dielectric tensor K, and thus S and C, depend only on the
wave angular frequency ω and not on the wave refraction index N:

K = K(ω) for cold plasma. (3.3.15)

This implies that the direction of the magnetic field (ẑ in this instance) is a
symmetry axis of K which has only three independent components (S, D and
P ). As a consequence, the expression (3.3.7) for the cold dielectric tensor is
valid for arbitrary N directions (i.e. not only for N in the x − z plane as in
the Stix reference frame).

Moreover, it means that cold plasma waves don’t exhibit any space dispersion.
In other words, the constitutive relation is local in space and we can use the
cold dielectric tensor for the case of non-homogeneous plasmas without further
assumptions (of the WKB type). The space locality of the constitutive relation
is directly seen from the inverse Fourier transform of the conductivity tensor
C̃(ω) following the rule (3.2.31):

C(x− x′, t− t′) =

∫
dω

∫∫∫
d3k C̃(ω)ei[k · (x−x′)−ω(t−t′)]

= (2π)3C(t− t′)δ(x− x′).

(3.3.16)

Inserting this result in the constitutive relation for homogeneous plasmas
(3.2.25), one gets

J1(x, t) = (2π)3

∫ t

−∞
dt′ C(t− t′) · E1(x, t′) (3.3.17)

which is clearly local in space.

• The expression (3.3.7) of the cold dielectric tensor can be extended to the case
of B0 having an arbitrary direction with respect to the axes (see reference [69])
by writing

Kij = δij −
∑
α

Xα

1− Y 2
α

(δij − YαiYαj − iεijkYαk) (3.3.18)
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with the vector Yα defined as

Yα ≡
Ωα

ω
≡ qαB0

ωmα

. (3.3.19)

3.3.2 Dispersion relation

Since the cold dielectric tensor is independent of the wave vector direction, there
is no need to keep N in the x − z plane as specified by the Stix reference frame
in (3.2.48). We can thus write the wave equation 3.2.40 for linear waves in a cold
uniform magnetized plasma for an arbitrary wave refraction index N = (Nx, Ny, Nz):

D · Ek,ω =


S −N2

y −N2
z −iD +NxNy NxNz

iD +NyNx S −N2
x −N2

z NyNz

NzNx NzNy P −N2
x −N2

y




Ex

Ey

Ez

 = 0.

(3.3.20)
The dispersion relation 3.2.49 then writes

det |D| = det

∣∣∣∣∣∣∣∣
S −N2

y −N2
z −iD +NxNy NxNz

iD +NyNx S −N2
x −N2

z NyNz

NzNx NzNy P −N2
x −N2

y

∣∣∣∣∣∣∣∣ = 0 (3.3.21)

which reduces to

PN4
‖ + SN4

⊥ + (P + S)N2
‖N

2
⊥ − 2PSN2

‖ − (RL+ PS)N2
⊥ + PRL = 0 (3.3.22)

where N2
⊥ ≡ N2

x +N2
y and N2

‖ = N2
z . We note that the ẑ axis (i.e. the magnetic field

direction) is a symmetry axis of the cold dispersion relation itself.
We can introduce the angle θ defined as the angle between N and B0

θ ≡ arccos

(
N · B0

‖N‖‖B0‖

)
(3.3.23)

such that N‖ = N cos(θ) and N⊥ = N sin(θ). Then the cold dispersion relation can
be written as a quadratic equation for N2

D(N, ω) = det |D(N, ω)| = AN4 −BN2 + C = 0 (3.3.24)

with coefficients

A = S sin2(θ) + P cos2(θ) (3.3.25)

B = RL sin2(θ) + PS(1 + cos2(θ)) (3.3.26)

C = PRL. (3.3.27)
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x

z

y

B0

N

θ

N⊥

N||

Figure 3.2: Reference frame for the cold plasma dispersion relation. In this coordinate
system, the ẑ direction is aligned with the background magnetic field direction B0, and θ is the
angle between B0 and the wave refractive index N.

We recovered the standard expression usually derived in the Stix frame (with N in
the x−z plane). As expected from (3.2.50), the dispersion relation is independent of
the coordinate system. Moreover, it does not depend on N but only on the relative
direction of N with respect to B0 parametrized by θ (i.e. B0 is an axis of symmetry
of the cold plasma dispersion relation), a special feature of the cold plasma model.

3.3.3 Cutoffs and resonances

According to the dispersion relation (3.2.50) and the definition of cutoffs (3.2.51),
the cold plasma cutoffs are given by the condition

C = 0 (3.3.28)

which is satisfied for

P = 0 or R = 0 or L = 0. (3.3.29)

corresponding to

Xe = 1 and Xe = 1 + Ye and Xe = 1− Ye (3.3.30)

respectively. These cutoffs are named the plasma cutoff, the R-cutoff and the L-
cutoff respectively. They are independent of the propagation angle θ. According to
the dispersion relation (3.2.50) and the definition of resonances (3.2.52), the cold
plasma resonance, named upper-hybrid resonance (UHR), is given by the condition

A = 0 equivalent to Xe =
1− Y 2

e

1− cos2(θ)Y 2
e

. (3.3.31)
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Conversely to the cutoffs, the UHR resonance depends on the propagation angle θ.
Note that when the ion dynamic is taken into account for lower frequency waves, a
second resonance appears, named the lower-hybrid resonance (LHR).

3.3.4 Solution for N 2 as a function of θ

We can solve the dispersion relation (3.3.24) for N2:

N2
±(θ) =

B ±
√

∆

2A
(3.3.32)

with

∆ = B2 − 4AC = (RL− PS)2 sin4(θ) + 4P 2D2 cos2(θ) > 0. (3.3.33)

Inserting explicit expressions for A, B, C, S, D, P , R, L and some algebra (see [69])
yields the solutions N2

± with explicit dependence on the propagation angle θ, the
wave angular frequency ω and the plasma parameters Xe and Ye:

N2
±(θ) = 1 +

Xe

2

[
Y 2

e sin2(θ)− 2(1−Xe)± Γ

1−Xe − Y 2
e +XeY 2

e cos2(θ)

]
(3.3.34)

with
Γ =

[
Y 4

e sin4(θ) + 4(1−Xe)
2Y 2

e cos2(θ)
]1/2

. (3.3.35)

The discriminant ∆ (or Γ) is always positive. Cold plasma waves are thus either
purely propagative N2 > 0 or purely evanescent N2 < 0. The N+ and N− roots
for θ = 90◦ (i.e. perpendicular propagation) are called the ordinary mode (O-mode)
and extraordinary mode (X-mode) respectively. By extension, we will give the same
names to the N+ and N− branches for oblique propagation with 0◦ ≤ θ < 90◦.
Another popular yet equivalent way to express the solutions N2

±(θ) is obtained from
(3.3.24) in the following manner:

AN4 + AN2 − AN2 −BN2 + C = 0 ⇒ N2 =
AN2 − C

AN2 −B + A
(3.3.36)

Inserting the expression (3.3.32) for N2
± in the latter relation, one writes

N2
± = 1− 2(A−B + C)

2A−B ±
√

∆
. (3.3.37)

With explicit expressions, one gets the high-frequency collisionless Appleton-Hartree
dispersion relation [67]:

N2
±(θ) = 1− 2Xe(1−Xe)

2(1−Xe)− Y 2
e sin2(θ)± Γ

. (3.3.38)
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(a) Cold plasma dispersion roots N2
+ and N2

− for Ye = −0.9.
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(b) Cold plasma dispersion roots N2
+ and N2

− for Ye = −0.45.

Figure 3.3: Roots (3.3.34) of the cold plasma dispersion relation (3.3.24) for high-
frequency waves. N2

+ (dashed blue lines) and N2
− (solid red lines) as functions of Xe for two

values of Ye and four values of the propagation angle θ = 0◦, 30◦, 60◦, 90◦. For a given magnetic
field, (a) Ye = −0.9 and (b) Ye = −0.45 correspond to first and second harmonic waves on the LFS
of the EC resonance, respectively. The color bands are the regions of evanescence delimited by the
cutoffs and the resonance. The N+ branch (O-mode for θ = 90◦) is evanescent beyond the plasma
cutoff (blue band covering Xe ≥ 1). The N− branch (X-mode for θ = 90◦) is evanescent between
the R-cutoff and the UH resonance (red band) as well as beyond the L-cutoff. The UH resonance
being dependent on the propagation angle, the UHR line drawn here is valid only for θ = 90◦, i.e.
pure X-mode. Note that the N+ and N− branches connect at the plasma cutoff for θ = 0◦.
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Figure 3.3 shows the roots N2
± as functions of Xe = ω2

pe/ω
2 for two values of Ye =

Ωce/ω and several propagation angles θ. For a given wave angular frequency ω (e.g.
fixed by a microwave source as it is when applying ECRH from a gyrotron), Xe is
proportional to the electron density ne and the cases Ye = −0.9 and Ye = −0.45

represent respectively first and second harmonic waves on the low-field side of the
electron cyclotron resonance (defined by Ye = −1 and Ye = −0.5 respectively).

Solutions of the dispersion relation on the low-field side of the resonance are of
particular interest since most of the ECRH systems inject the microwaves from the
low-field side (LFS) wall of the vessel, as it is the case for TCV second harmonic
ECRH system. In figure 3.3, the evanescent regions for the N+ and N− branches
are indicated as color bands delimited by the cutoffs (3.3.30) and the UH resonance
(3.3.31). An important feature of the cold dispersion relation is that the O-mode
branch cannot propagate at densities such that Xe > 1, except if the wave propaga-
tion is parallel to the magnetic field. In the latter case, it connects to the X-mode
branch: this is the O-X mode conversion.

3.3.5 Perpendicular propagation: the O and X modes

Solution for θ as a function of N2

It is useful to solve the dispersion relation (3.3.24) for θ by writing

AN4 −BN2 + C
(
cos2(θ) + sin2(θ)

)︸ ︷︷ ︸
=1

= 0 (3.3.39)

and dividing by cos2(θ) to extract

tan2(θ) =
−P (N2 −R)(N2 − L)

S(N2 −RL/S)(N2 − P )
. (3.3.40)

This expression allows the determination of the existing modes for a given propa-
gation angle θ. In particular, for perpendicular propagation with θ = π/2, we find
simple expression of the dispersion relations for the ordinary mode (O-mode) and
the extraordinary mode (X-mode):

N2
O = P (3.3.41)

and

N2
X =

RL

S
. (3.3.42)
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The O-mode

For the propagation direction perpendicular to the static magnetic field, i.e. θ = π/2,
the N+ branch (3.3.34) becomes

N2
O = 1−Xe, (3.3.43)

which is equivalent to the O-mode dispersion relation (3.3.41). Clearly, the O-mode
has no resonance but it experiences a cutoff at the plasma frequency (the first of
(3.3.30)):

Xe = 1 ⇒ ω = ωpe. O-mode cutoff (plasma cutoff) (3.3.44)

Solving the wave equation 3.3.20 for the electric field components with N2 = N2
O

and Nz = 0 (i.e. perpendicular propagation), one finds

E = (0, 0, Ez) , (3.3.45)

i.e. the O-mode is a transverse wave with the electric field linearly polarized in the
direction of the background magnetic field B0.

The X-mode

With θ = π/2, the N− branch (3.3.34) becomes

N2
X =

X2
e − 2Xe − Y 2

e + 1

1−Xe − Y 2
e

, (3.3.46)

which is equivalent to the X-mode dispersion relation (3.3.42). The X-mode under-
goes the R and L cutoffs (the second and third of (3.3.30)) given by

Xe = 1 + Ye ⇒ ω2 + ωΩce − ω2
pe = 0, X-mode cutoff (R-cutoff) (3.3.47)

Xe = 1− Ye ⇒ ω2 − ωΩce − ω2
pe = 0. X-mode cutoff (L-cutoff) (3.3.48)

The X-mode meets the upper-hybrid (UH) resonance at

Xe = 1− Y 2
e ⇒ ω2 = Ω2

ce + ω2
pe. X-mode UH resonance (3.3.49)

Solving the wave equation 3.3.20 for the electric field components with N2 = N2
X

and Nz = 0 (i.e. perpendicular propagation), one finds

Ez = 0 (3.3.50)

and the polarization
P ≡ iEx

Ey
=
−D
S

=
L−R
L+R

, (3.3.51)

i.e. the X-mode is generally elliptically polarized, although it becomes linearly po-
larized when approaching the UHR resonance (S → 0), and circularly polarized at
the cutoffs (P = ±1 for R,L = 0).
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3.3.6 Electron cyclotron resonance heating and accessibility

Wave absorption in a hot magnetized plasma

In the cold plasma model, the charged particles are treated as initially immobile.
Hence, all kinetic effects linked to a finite temperature and having an impact on
the plasma waves propagation and absorption are missing. In particular, the strong
wave-particle resonances at the harmonics of the cyclotron frequencies due to the
gyration of the charged particles around the magnetic field lines are at the base of
electron cyclotron resonance heating (ECRH) and current drive (ECCD).

In order to describe the EC wave behavior at the vicinity of the EC resonance in
a hot plasma, the cold plasma dielectric tensor is corrected by the kinetic theory
accounting for the microscopic motion of the particles. Detailed derivations of the
hot plasma dielectric tensor can be found in the literature [66,67]. The two solutions
of the dispersion relation in a hot plasma are the electromagnetic electron cyclotron
wave (ECW) and the electrostatic electron Bernstein wave (EBW) first described
by Ira B. Bernstein in [6].

The diverging denominator of the hot dielectric tensor yields the EC resonance
condition [66]

ω =
`|Ωce|
γ

+ k‖v‖ (3.3.52)

where ω is the wave angular frequency, ` is the harmonic number, Ωce is the electron
cyclotron frequency, γ ≡ (1− v2/c2)

−1/2 is the usual relativistic factor k‖ ≡ ωN‖/c

is the wave vector component parallel to the magnetic field and v‖ is the parallel
velocity component of the electrons involved in the resonance.

ECRH accessibility

It is interesting to express the O-mode and X-mode cutoffs in the scope of ECRH
applications in a toroidal magnetic fusion device with nominal central magnetic
field B0. If one wants to heat the plasma with wave-particle interaction at the
electron cyclotron resonance, the gyrotrons frequencies must be chosen as harmonics
of the electron cyclotron angular frequency Ωce = qeB0/me, i.e. ω` = `|Ωce| where
` = 1, 2, 3, . . . is the harmonic number. Evaluating the cutoff conditions (3.3.44),
(3.3.47) and (3.3.48) with ω = ω` and Ωce = qeB0/me (i.e. at the resonance location),
we find the cutoff densities above which the electron cyclotron resonance is screened
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by the corresponding cutoff:

P-cutoff: ω2
pe = ω2

`

⇒ nP` =
ε0me

q2
e

ω2
` =

ε0

me

`2B2
0 = 9.72 · 1018 · `2B2

0

(3.3.53)

R-cutoff: ω2
pe = ω2

` + ω`Ωce

⇒ nR` =
ε0me

q2
e

(
1− 1

`

)
ω2
` =

ε0

me

`(`− 1)B2
0

(3.3.54)

L-cutoff: ω2
pe = ω2

` − ω`Ωce

⇒ nL` =
ε0me

q2
e

(
1 +

1

`

)
ω2
` =

ε0

me

`(`+ 1)B2
0 .

(3.3.55)

where the densities are given in [m−3] and the magnetic field is given in [T].
In TCV, the ECRH systems consists of six gyrotrons at the second harmonics
(O2/X2 at ω2/2π = 82.6 GHz) and three gyrotrons at the third harmonic (X3
at ω3/2π = 118.0 GHz). The corresponding cutoff densities ncutoff calculated using
the intermediate expressions with ω` in (3.3.53), (3.3.54) and (3.3.55) are given in
table 3.1. The L-cutoff density is given for the sake of completeness since this cut-
off cannot be reached for the second harmonic X-mode, neither from the low-field
side (LFS), nor from the high-field side (HFS) of the resonance: it is completely
surrounded by the R-cutoff.

Polarization Harmonic ` ω`/2π Cutoff nc nc/〈nG〉

[GHz] [1019 m−3] [%]

O 2 82.6 P 8.46 34

X 2 82.6
R 4.23 17
L 12.70 51

X 3 118.0
R 11.52 46
L 23.03 92

Table 3.1: Cutoff densities nc for the TCV ECRH system.

These cutoff densities need to be compared to TCV operational domain in density
whose maximum limit is well described by the Greenwald empirical limit [37]:

〈nG〉 = κa〈J〉 =
Ip
πa2

(3.3.56)

where 〈nG〉 is the maximum line-average density in units of [1020 m−3], κa is the
plasma elongation, 〈J〉 is the average plasma current density in [MA/m2], Ip is the
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plasma current in [MA] and a is the plasma minor radius in [m]. The highest densi-
ties in TCV are achieved in ELM-free H-mode plasmas, as described in section 2.4,
with typically Ip = 0.5 MA and a = 0.25 m, yielding 〈nG〉 ' 2.5 · 1020 m−3. As a
consequence, X2 and X3 can access only up to∼ 17% and∼ 46% of TCV operational
domain in density. TCV ECRH accessibility is summed-up in the Clemmov-Mullaly-
Allis (CMA) diagram given in figure 3.4.
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Figure 3.4: ECRH accessibility in the CMA diagram. CMA diagram for electron cyclotron
waves propagating perpendicularly to the background magnetic field. The R and L cutoffs (solid
black curves) as well as the upper-hybrid resonance (dash-dotted black curve) delimit the regions
of evanescence for the X-mode (dark gray shade). The O-mode is evanescent on the right (light
gray shade, ω < ωpe) of the plasma cutoff (solid vertical line). The second and third electron
cyclotron resonances are indicated by dash-dotted horizontal lines. The solid and dashed blue
curves indicate the typical trajectories of 2nd harmonic X-mode and O-mode waves, respectively,
injected horizontally from the LFS (i.e. from ω > 2Ωce) into a plasma with parabolic electron
density profile, assuming the resonant field is located close to the plasma center where the density
is maximum. The O-mode trajectory is given for a higher electron density. The solide red curves
give the trajectories of 3rd harmonic X-mode waves injected from the LFS (i.e. from ω > 3Ωce)
into plasmas which have the same density profiles than for the X2 and O2 cases. The maximum
densities at which the EC resonance can be reached by the X2, O2 and X3 waves are indicated by
vertical dotted lines, corresponding to 17%, 34% and 46% of TCV Greenwald density, respectively.
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3.3.7 Solution for N 2
⊥ as a function of N 2

‖

In the case of ECRH, the wave angular frequency ω is fixed by the external power
source and the initial wave vector is imposed by the antenna at the injection. If the
plasma can be considered as a plane-stratified medium with gradients perpendicular
to the homogeneous magnetic field (i.e. we use the so-called slab geometry), Snell’s
law [70] ensures that the parallel wave vector k‖ is conserved. It is then natural to
solve the dispersion relation (3.3.22) for the perpendicular index of refraction N2

⊥ as
a function of the parallel index of refraction N2

‖ :

A⊥N
4
⊥ −B⊥N2

⊥ + C⊥ = 0 (3.3.57)

with

A⊥ = S (3.3.58)

B⊥ = PS +RL− (P + S)N2
‖ (3.3.59)

C⊥ = P
(
N2
‖ −R

) (
N2
‖ − L

)
. (3.3.60)

Explicitly in terms of N2
‖ and fixed angular frequency ω and plasma parameters Xe

and Ye, one gets

N2
⊥±(N‖) = 1−N2

‖ −Xe −
XeYe

2

Ye

(
1 +N2

‖

)
±√Γ⊥

1−Xe − Y 2
e

(3.3.61)

with

Γ⊥ = Y 2
e

(
1−N2

‖
)2

+ 4N2
‖ (1−Xe) . (3.3.62)

For positive N2
‖ , the last term in Γ⊥ is negative beyond the plasma cutoff where

Xe > 1, and Γ⊥ itself can be negative. As a consequence, the two roots N2
⊥± can be

complex conjugate. For a fixed value of N‖, each value of N⊥ (when varying Xe and
Ye) correspond to a different value of the propagation angle θ. It is also important
to notice that for a given value of N‖, the N⊥+ and N⊥− branches don’t necessarily
belong to the O-mode and X-mode respectively.
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Figure 3.5: Roots (3.3.61) of the cold plasma dispersion relation (3.3.22) for high-
frequency waves. N2

⊥+ (dashed green lines) and N2
⊥− (solid magenta lines) are given as a

function of the normalized electron plasma frequency Xe for the normalized electron cyclotron
frequencies (a) Ye = −0.9 and (b) Ye = −0.45 and three values of the parallel refraction index:
N‖ = N‖,opt and N‖ = N‖,opt ± 0.2 with N‖,opt ≡

√
Ye/(Ye − 1). The color bands represent the

evanescent regions of the O-mode and X-mode as described in figure 3.3. Both propagating N⊥+
and N⊥− branches at Xe > 1 belong to the X-mode (but for different values of θ) since no O-mode
can propagate beyond the plasma cutoff. For N‖ = N‖,opt, the O-mode connects to the X-mode
propagating beyond the plasma cutoff Xe = 1 without excursion into the evanescent layer, and
thus a 100% efficiency. This is the O-X mode conversion.
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This fact is illustrated by the roots N2
⊥± represented in figure 3.5 for the same two

values of Ye as in figure 3.3 (but with different colors to avoid confusion with the
N+ and N− branches) and three values of N‖. For densities below the plasma cutoff
(i.e. Xe < 1) the branches N⊥+ and N⊥− correspond to the branches N+ (O-mode)
and N− (X-mode). But for Xe > 1, both propagating roots with N2

⊥± > 0 belong
to the N− (X-mode) branch since no propagating N+ (O-mode) branch can exist
in this region (see figure 3.3). The point is that these two solutions have different
values of the propagation angle θ, except at the confluence point at the maximum
Xe reached.

For the optimum value

N‖,opt ≡
(

Ye

Ye − 1

)1/2

(3.3.63)

of the parallel refractive index, the O-mode reaches N2
⊥+ = 0 (i.e. θ = 0) at the

plasma cutoff and propagates beyond the plasma cutoff without any excursion in
the evanescent region (N2

⊥± < 0 region) by direct connection to the X-mode, that is
the N⊥+ branch for Xe > 1. This direct and smooth connection of the propagating
O-mode to the propagating X-mode at the plasma cutoff Xe = 1 if θ = 0 can also be
seen in figure 3.3. It is called the O-X mode conversion. For non-optimum values
of the parallel refractive index as shown on figure 3.5, the O-mode wave energy needs
to tunnel through an evanescent layer to connect to the X-mode beyond the plasma
cutoff. In this case, the mode conversion efficiency cannot be 100%.

3.4 O-X mode conversion theory

3.4.1 Optimum parallel refractive index

When ECRH is applied in a fusion plasma, the wave angular frequency ω and
the vacuum wave vector k0 are fixed by the power generator and the injection
antenna respectively. In a tokamak equilibrium, we can consider the density gradient
to be normal to the nested flux surfaces and thus to the magnetic field on each
point. Moreover, the wavelength of microwaves in the electron cyclotron range
(λ0 ' 3.6 mm for ω/2π = 82.6 GHz in TCV) is much smaller than the flux surfaces
curvature radius, except close to the magnetic axis. We can then consider the
plasma as a plane-layered medium in slab geometry with gradients perpendicular
to the magnetic field. As a consequence of Snell’s law, the wave vector component
parallel to the magnetic field will be conserved along the wave trajectory.
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As previously mentioned in subsection 3.3.7, it is then sound to solve the homoge-
neous cold plasma dispersion relation for N⊥ as a function of N‖, ω and the plasma
parameters. As seen on figure 3.5, the N2

⊥ solution exhibits an optimum value N‖,opt

of the parallel refractive index such that the O-mode root connects to the X-mode
root at the plasma cutoff without experiencing any evanescence. The O-X mode con-
version is the wave energy transfer from the O-mode propagating at densities below
the plasma cutoff to the X-mode propagating beyond the plasma cutoff. When N‖
departs from the optimum value N‖,opt, the wave energy must tunnel through an
evanescent layer around the plasma cutoff and the mode conversion efficiency η is
not 100%.

The solution (3.3.34) of the dispersion relation and figure 3.3 show that roots N2
+

and N2
− coalesce when Γ = 0, which happens when both Xe = 1 and θ = 0. To

calculate the corresponding parallel refractive index, we first look at the solution for
θ = 0 [71]:

N2
‖,± =


1 +

Xe

∓Ye − 1
for Xe > 1

1 +
Xe

±Ye − 1
for Xe < 1

(3.4.1)

where the upper and lower signs are for O-mode and X-mode respectively. Here, we
remind that Ye < 0 (because qe = −e for electrons). To ensure that N2

‖ > 0 (i.e.
the wave is propagating) on both sides of the plasma cutoff, we need to select the
upper sign for Xe < 1 (corresponding to the O-mode) and the lower sign for Xe > 1

(corresponding to the X-mode). With Xe → 1, both solutions yield

N2
‖,opt ≡

(
Ye

Ye − 1

)
. (3.4.2)

We remind that the dispersion relations in section 3.3, and thus this initial discus-
sion, are valid only for homogeneous plasmas. We invoked inhomogeneous plasmas
only to justify the need of solving the dispersion relation for N2

⊥ with fixed N2
‖ .

Now, two questions arise for the case of non-uniform plasmas:

1. What are the optimum angles at injection for the O-mode wave energy to be
transferred to the X-mode beyond the cutoff ?

2. How does the transmission efficiency behave around this optimum ?
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3.4.2 Full-wave equations for non-homogeneous cold plasmas

We study the propagation of a monochromatic electromagnetic wave

E1(x, t) = Ẽ1(x, ky, kz, ω)ei(kyy+kzz−ωt) (3.4.3)

in the electron cyclotron frequency range in a cold plasma slab with the static
magnetic field in the z direction and the gradients (density, static magnetic field) in
the x direction:

B0 = B0ẑ and ∇ne,∇B0 ‖ x̂, (3.4.4)

as described in figure 3.6.

x

z

y

B0

N

θ

N⊥

N||

φ
∇n, ∇B0

Figure 3.6: Reference frame of the plasma slab. In this coordinate system, the ẑ direction
is aligned with the background magnetic field direction B0 and the x̂ direction is aligned with the
gradients.

Snell’s law ensures that neither ky nor kz depend on x. The information of the
wave propagation along x is embedded in Ẽ1(x, ky, kz, ω). In this case, we need to
reconsider the full-wave equation (3.2.14):

∇(∇ · E1)−∇2E1 +
1

c2

∂2E1

∂t2
+ µ0

∂J1

∂t
= 0. (3.4.5)

Inserting (3.4.3) and the constitutive relation (3.2.34) in Fourier space

J̃1(k, ω) = C(ω) · Ẽ1(k, ω), (3.4.6)

the three components of the wave equation (3.4.5) in Fourier space become

iky
dẼ1y

dx
+ ikz

dẼ1z

dx
+

[
k2
y + k2

z −
ω2

c2

]
Ẽ1x

− iωµ0

[
CxxẼ1x + CxyẼ1y + CxzẼ1z

]
= 0

(3.4.7)
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iky
dẼ1x

dx
− kykzẼ1z −

d2Ẽ1y

dx2
+

[
k2
z −

ω2

c2

]
Ẽ1y

− iωµ0

[
CyxẼ1x + CyyẼ1y + CyzẼ1z

]
= 0

(3.4.8)

ikz
dẼ1x

dx
− kykzẼ1y −

d2Ẽ1z

dx2
+

[
k2
y −

ω2

c2

]
Ẽ1z

− iωµ0

[
CzxẼ1x + CzyẼ1y + CzzẼ1z

]
= 0.

(3.4.9)

Note that the constitutive relation (3.2.34) as well as the cold susceptibility tensor
and the cold dielectric tensor are valid for the case of a non-uniform cold plasma
since the cold conductivity tensor C is local in space. We can write the full-wave
equations in a more compact form, giving up the tildes and 1 indices:

iNyE
′
y + iNzE

′
z +

(
N2
y +N2

z −Kxx

)
Ex −KxyEy −KxzEz = 0 (3.4.10)

iNyE
′
x −KyxEx − E ′′y +

(
N2
z −Kyy

)
Ey − (NyNz +Kyz)Ez = 0 (3.4.11)

iNzE
′
x −KzxEx − E ′′z +

(
N2
y −Kzz

)
Ez − (NyNz +Kyz)Ey = 0 (3.4.12)

where we used the definition (3.2.38) of the susceptibility tensor S, the definition
of the dielectric tensor Kmn = δmn + i

ωε0
Smn and the notation E ′ ≡ dE

dξ
with the

normalized distance ξ ≡ xω/c. In this set of equations, the cold dielectric tensor K
depends on x via the plasma parameter profiles Xe and Ye, i.e. ne(x) and B0(x).

3.4.3 WKB approximation and analytical solutions

The set (3.4.10)–(3.4.12) of ordinary differential equations (ODE) must be solved
numerically. But for the case of slightly non-uniform plasmas, the system can be
solved in the WKB approximation (3.2.54) for electron cyclotron waves in cold
plasmas:

k0 � L−1
B , L−1

n (3.4.13)

where the characteristic lengths of the plasma inhomogeneities are defined by

LB ≡
[

1

B0

dB0

dx

]−1

and Ln ≡
[

1

ne

dne

dx

]
. (3.4.14)

A direct consequence of the WKB approximation is that not only the cold plasma
dielectric tensor is valid locally in space, but also the cold plasma dispersion relation.
Since Nz(= N‖) and Ny are conserved in the plasma slab, the optimum parallel
refractive index at the injection is thus equal to the optimum parallel refractive
index at the mode conversion location (3.4.2) and we write

N2
‖,opt = N2

z,opt ≡
(

Ye|Xe=1

Ye|Xe=1 − 1

)
(3.4.15)
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where it is specified that the normalized electron cyclotron frequency Ye must be
evaluated at the cutoff Xe = 1. There is one optimum injection in the direction of
the field and one in the opposite direction. Since we must have N2

⊥ = N2
x +N2

y = 0

at the conversion location, N⊥ = 0 and N‖ = 0 at Xe = 1. Since Ny is conserved,
the optimum Ny at the injection is

N2
y,opt = 0. (3.4.16)

In addition to the angle θ between the wave refractive index N and the magnetic
field B0 defined in (3.3.23), one can introduce the angle ϕ between the plane defined
by N and B0 and the direction of the plasma inhomogeneities such that

Nx = N sin(θ) cos(ϕ), (3.4.17)

Ny = N sin(θ) sin(ϕ), (3.4.18)

Nz = N cos(θ). (3.4.19)

Since N = 1 at the injection (from vacuum), the optimum wave injection angles
pairs for the O-X mode conversion in the WKB limit are given by

(θopt, ϕopt) =

(
arccos

[
±
√

Ye|Xe=1

Ye|Xe=1 − 1

]
, 0

)
. (3.4.20)

As reviewed in reference [72], several authors have solved the O-X conversion prob-
lem in the WKB limit k0Ln � 1 for plasmas with non-uniform density but uniform
magnetic field. In particular, Preinhaelter and Kopecký studied the case Ny = 0

in [13] which Preinhaelter generalized to arbitrary Ny in reference [14]. The resulting
wave energy transmission coefficient (or O-X mode conversion efficiency) writes

ηP = exp

{
−πk0Ln

√
−Ye

2

[
(1− Ye)

2

(−2Ye)

(
N2
z,opt −N2

z

)2
+N2

y

]}
(3.4.21)

where all quantities must be evaluated at the plasma cutoff Xe = 1. Starting
from the dielectric tensor (3.3.18), Mjølhus extended the discussion to the case of
the uniform magnetic field making an arbitrary angle α with the density gradient,
see [73]. For the situation of our interest, α = π/2 and Mjølhus’s energy transmission
coefficient is

ηM = exp

{
−πk0Ln

√
−Ye

2

[
2 (1− Ye) (Nz,opt −Nz)

2 +N2
y

]}
. (3.4.22)

Both transmission coefficients (3.4.21) and (3.4.22) represent gaussian-like angular
windows around the optimum angles (3.4.20). They differ in the Nz dependence
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but match each other very well close to Nz,opt. A comparison of these analytical
solutions to numerical simulations of the full-wave ODEs system (3.4.10)–(3.4.12)
was performed in [72] for Ye = 0.9 (corresponding to first harmonic waves on the
low-field side of the EC resonance) and different density profiles, i.e. different values
of the WKB parameter k0Ln. The best agreement between analytical and numerical
solutions is obtained for ηM.

3.5 The AMR-LUKE simulation tool

The Antenna–Mode-conversion–Ray-tracing (AMR) simulation tool is a code for the
mode conversion, propagation, absorption and emission of the electron Bernstein
waves. It was written by Jakub Urban and Josef Preinhaelter, Euratom/IPP.CR
Association, Institute of Plasma Physics, Prague, Czech Republic. In the sequel of
this work, we will use the AMR code [26,27] to calculate the angular window of mode
conversion efficiency and the ray-tracing of the EBW with linear damping. The ray
trajectory is then passed to the 3D Fokker-Planck code LUKE [30] which calculates
the quasi-linear wave-particle interaction along the ray path. The LUKE code is
developed by J. Decker and Y. Peysson, Euratom/CEA Association, Cadarache,
France.

3.5.1 The AMR code

The AMR code includes two main modules, the mode conversion and the ray-tracing
modules.

Mode conversion calculation module

The O-X-B mode conversion efficiency is calculated by a full-wave numerical solver.
It solves the set of second-order ordinary differential equations (3.4.10)–(3.4.12) for
a cold magnetized 1D plasma slab model along the density inhomogeneity direction
x. It uses a finite elements method (FEM) with zeroth and first order cubic Hermite
polynomials for the function discretization and an adaptive mesh refinement.

Since waves are injected from vacuum, the 1D slab comprises the UHR and a weak
collision term ν is added to the equation of motion (3.3.1) to avoid the singularity
at the UHR [25,66,72]:

duα
dt

=
qα
mα

(E1 + uα ×B0)− νuα. (3.5.1)
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The components of the cold dielectric tensor are thus modified as follow:

Kxx = Kyy ≡ 1−
∑
α

Xα(1 + iZν)

(1 + iZν)2 − Y 2
α

, (3.5.2)

Kxy = −Kyx ≡ i
∑
α

YαXα

(1 + iZν)2 − Y 2
α

, (3.5.3)

Kzz ≡ 1−
∑
α

Xα

1 + iZν
, (3.5.4)

with Zν ≡ ν/ω. Moreover, a gaussian peak is added around the upper hybrid
resonance (UHR) in the initial mesh density. AMR also offers the possibility to cal-
culated the O-X mode conversion efficiency using Preinhaelter’s analytical solution
(3.4.21). The collisional damping at the UHR gives the wave energy transmitted to
the Bernstein mode.

Ray-tracing module

The ray-tracing part of the code [74] calculates the wave trajectory using a non-
relativistic electrostatic hot plasma dispersion relation. The ray-tracing starts with
the X-mode at the mode conversion region, beyond the plasma cutoff. The wave
propagates back to the UHR layer where it connects to the Bernstein wave branch.
It has been shown that relativistic effects can be neglected for the wave propagation
but are necessary for a sound description of the wave absorption [75]. A weakly
relativistic correction is thus implemented on the linear damping in AMR to account
for the relativistic shift of the resonance.

3.5.2 The LUKE code

LUKE is a fully relativistic quasi-linear 3D bounce-averaged Fokker-Plank solver
(formerly named DKE). It is coupled with the C3PO ray-tracing code for EC waves
[29]. This code is mainly devoted to study the effect of the heating and current drive
by RF power on the electron distribution function. Electron dynamics is studied in
a reduced 3D phase-space: the momentum in direction parallel and perpendicular
to the magnetic field, and the radial direction.

3.5.3 AMR-LUKE implementation in TCV environnement

The integration of the AMR code in the TCV environment was part of this the-
sis work in close collaboration with J. Urban and J. Decker. In particular, the
launcher angles needed to be translated into the AMR effective injection geometry
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defined around the major radius axis passing through the beam waist, as described
in appendix A.
At TCV, the AMR code is called via the LUKE interface. LUKE takes as input
the magnetic equilibrium data (in the form of an EQDSK file) and the electron
temperature and density profiles measured by the Thomson scattering diagnostic,
as well as the ion temperature and density profiles and the effective charge as pro-
vided by the charge exchange diagnostic. In the implementation of the AMR-LUKE
coupling in the TCV environment, special attention was given to the treatment of
the magnetic fields and plasma currents, since TCV, the equilibrium EQDSK files
and the AMR-LUKE codes do not share the same definition of the positive toroidal
direction, as pictured in figure 3.7.

LUKE interface

TCV database
Coord: (R,φ,Z)

EQDSK: (R,Z,φ)
Profiles: ne, Te, Zeff
Signs of Ip and Bφ
Launching geometry

AMR EBW ray-tracing code
Coord: (R,φ,Z)

O-X conversion: 1D slab geometry, full-wave
EBW propagation: hot electrostatic non-relativistic
Absorption: Linear, with relativistic correction

LUKE Fokker-Planck code
Coord: (R,Z,φ)

Absorption: quasi-linear
Fokker-Planck solver: 3D fully relativistic bounce-
averaged ⇒ J(ψ), P(ψ)

Figure 3.7: AMR-LUKE code coupling in the TCV environment.
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Chapter 4

O-X-B mode conversion in TCV

4.1 Introduction

In this chapter, we study the EBW-plasma coupling via O-X-B mode conversion
of O2 power launched in TCV H-modes. According to the mode conversion theory
reviewed in section 3.4, for given magnetic equilibrium position and relative wave
injection location, there are two optimum injection directions to reach the O-X-B
mode conversion, one in each toroidal direction. Each injection direction can be
parametrized by a pair of optimum toroidal and poloidal angles, expressed in terms
of either effective geometry or launching antenna geometry.

Here, we investigate the poloidally oblique injection of O2 power from below the
plasma midplane. In practice, this is performed by injecting the microwaves from
an equatorial launcher into a plasma located in the upper half of TCV vessel (Zaxis >

10 cm). In such a launching scheme, the EBW mode undergoes a strong upshift of
its parallel index of refraction, as will be shown by ray-tracing simulations with the
AMR code. As a consequence, the wave undergoes a strong Doppler-shift and the
power is absorbed far off-axis (with the EC resonance located close to the magnetic
axis).

In section 4.2, the angular window of mode conversion efficiency is first calculated
using the full-wave AMR code. The sensitivity of the AMR results to the density
gradient at the mode conversion region and to the plasma vertical position is tested.
In section 4.3, the numerical results are compared to the experimental position of
the angular optimum obtained by analysis of the wave-plasma coupling in a shot-
to-shot scan of the O2 power injection direction in overdense H-mode plasmas. A
discussion of the results and the conclusions are given in section 4.4.
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4.2 Simulations of O-X mode conversion

The O-X mode-conversion is calculated for an equilibrium in H-mode regime located
in the upper half of TCV vacuum vessel at Zaxis = 12.6 cm. At this time of TCV
operation, the edge Thomson scattering system for the measurement of pedestal
profiles was not yet available. Typical TCV H-mode density and temperature profiles
from a later discharge will thus be used in this case. The electron temperature and
density experimental data from the Thomson scattering diagnostic are given in figure
4.1(a) and 4.1(b) respectively, along with the fitted profiles used in the simulation.
The density is corrected using the absolutely calibrated measurements from the
far-infrared interferometer (FIR). The O2 mode cutoff is located in the steep edge
density gradient region, at ρψ ' 0.96.

A detailed view of the edge electron density profile with pedestal width Wn,0 =

1.44 cm is given in figure 4.2(a) along with artificially modified profiles having half
pedestal width Wn = 0.5Wn,0 and double pedestal width Wn = 2Wn,0. The edge
density profiles are mapped on the major radius passing through the magnetic axis
(figure 4.2(b)) to calculate the edge density gradient and scale length (figures 4.2(c)
and 4.2(d), respectively). The resulting density profile pedestal parameters are given
in table 4.1. For this high density H-mode, the electron to ion temperatures ratio is
assumed to be Te/Ti = 1 [32, 76] and a flat Zeff = 3 profile is chosen.
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(a) Electron density data and profile.
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Figure 4.1: TCV ELM-free H-mode electron density and temperature profiles. Thom-
son scattering experimental data (◦) and fitted profiles (solid curve) of (a) electron density and (b)
temperature used in the O-X mode conversion efficiency calculation with the AMR code. The O2
mode cutoff density (dotted line) is located at ρψ ' 0.96 (vertical line), at the edge in the steep
pedestal gradient region. #31541.
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(c) Edge electron density gradients.
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(d) Edge electron density scale lengths.

Figure 4.2: Edge electron density profiles, gradients and scale lengths. Edge density
profiles used in the O-X mode conversion efficiency calculations with the AMR code. The original
profile (solid curve) with pedestal width Wn,0 = 1.44 cm is artificially modified for Wn = 0.5Wn,0

(dashed curve) and Wn = 2Wn,0 (dash-dotted curve). The corresponding O2 mode cutoffs are
indicated (vertical lines). The profiles of (a) are mapped on the major radius in (b) to calculate
the edge density gradients (c) and scale lengths (d). TCV shot #31541, t = 0.49 s.

O-X mode conversion efficiency calculations and sensitivity study

The injection angles window of O-X mode conversion efficiency is calculated with
the AMR code around the optimum injection for the counter-clockwise toroidal
direction. For each pair of “poloidal” and “toroidal” launcher angles (θL, φL), a
single ray of second harmonic EC waves in O-mode polarization (abbreviated O2)
with power PEC = 500 kW is injected from TCV equatorial launcher L4, as indicated
in figure 4.4. The resulting angular window for the original density pedestal width
Wn,0 = 1.44 cm and magnetic axis vertical position Zaxis = 12.0 cm is shown in
figure 4.5(b).
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At maximum slope At O2 mode cutoff

Height Hn Width Wn Slope Sn Scale length Ln Slope Sn Scale length Ln
[1019 m−3] [mm] [1021 m−4] [mm] [1021 m−4] [mm]

9.6± 0.3

14.4± 1.3 6.3± 0.8 8.0± 1.3 3.4 2.5

7.2 10.9 4.5 6.2 13.8

28.8 3.2 15.6 1.7 51.3

Table 4.1: ELM-free H-mode edge density profile parameters. The top line corresponds
to the original pedestal width. The second and third line give the pedestal parameters for twice
smaller and larger widths, respectively, at constant pedestal height. #31541, t = 0.49 s.
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Figure 4.3: O-X mode conversion efficiency sensitivity on (a) the pedestal width and
(b) the magnetic axis vertical position. Superimposed contour plots of the AMR O-X mode
conversion efficiencies ηO-X (blue = 10%, green for = 50% and red for = 90%) for (a) different
density pedestal widths (see figure 4.5) and (b) different magnetic axis positions (see figure 4.6) for
the case of poloidally oblique injection. In (a), the dashed and dash-dotted contours correspond
to the dashed and dash-dotted profiles of figure 4.2. TCV shot #29005 at t = 0.81 s with profiles
from #31541 at t = 0.49 s.
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(c) Details of the toroidal view.
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Figure 4.4: AMR ray-tracing trajectories. (a) Toroidal and (b) poloidal views of the ray
trajectories calculated by the AMR ray-tracing code for the equilibrium at its original vertical
position Zaxis = 12.0 cm (blue) and for equilibria artificially displaced to Zaxis = 10.0 cm (red)
Zaxis = 14.0 cm (green). On the toroidal view, the stray diodes position is denoted by three blue
•. The dashed frames define the detail views on the ray trajectories given in (c) and (d). Black
dots indicate the power absorption location along the rays. TCV shot #29005 at t = 0.81 s with
profiles from #31541 at t = 0.49 s.
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(a) Wn = 0.5Wn,0.
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(b) Wn,0 = 1.44 cm.
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Figure 4.5: Sensitivity of O-X mode conversion efficiency on density pedestal width.
AMR calculations of the O-X mode conversion efficiency ηO-X as a function of the launcher injection
angles (θL, φL) for (b) the original density pedestal width Wn,0 = 1.44 cm, (a) a half density
pedestal width Wn = 0.5Wn,0 and (c) a double density pedestal width Wn = 2Wn,0. The magnetic
axis is located at Zaxis = 12.0 cm. The optimum mode conversion ηO-X = 1 (green •) is obtained for
the same angle pair (θL,opt, φL,opt) = (31.0◦,−109.0◦) in all cases. TCV shot #29005 at t = 0.81 s

with profiles from #31541 at t = 0.49 s.
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(a) Zaxis = 10.0 cm.
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(b) Zaxis = 12.0 cm.
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Figure 4.6: Sensitivity of O-X mode conversion efficiency on magnetic axis position.
AMR calculations of the O-X mode conversion efficiency ηO-X as a function of the launcher in-
jection angles (θL, φL) for (b) the original magnetic axis vertical position Zaxis = 12.0 cm, (a)
the equilibrium artificially displaced to Zaxis = 10 cm and (c) to Zaxis = 14 cm. The density
pedestal width is Wn,0 = 1.44 cm. The corresponding optimum injection angles and optimum O-X
mode conversion efficiencies are (b) ηO-X = 1 (green •) for (θL,opt, φL,opt) = (31.0◦,−109.0◦), (a)
ηO-X = 0.99 (green �) for (θL,opt, φL,opt) = (31.0◦,−106.0◦) and (c) ηO-X = 0.98 (green N) for
(θL,opt, φL,opt) = (31.0◦,−112.0◦). TCV shot #29005 at t = 0.81 s with profiles from #31541 at
t = 0.49 s.
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The optimum pair of injection angles is found to be (θL,opt, φL,opt) = (31.0◦,−109.0◦).
Similar mode conversion windows are calculated for the modified density pedestal
profiles (see figure 4.2) with pedestal widthsWn = 0.5Wn,0 andWn = 2Wn,0 resulting
in figures 4.5(a) and 4.5(c), respectively. For the sake of comparison, all three mode
conversion angular windows are superimposed as contour plots in figure 4.3(a). As
expected, the steeper the density gradient at the O2 mode cutoff, the wider the
mode conversion angular window. Conversely, the value of the optimum injection
angles does not depend on the gradient.

The sensitivity of the O-X mode conversion efficiency on the plasma equilibrium
vertical position with respect to the injection antenna has been tested by artificially
displacing the equilibrium by ∆Z±2 cm, resulting in the angular windows of figures
4.3(b) and 4.6. Varying the plasma position, the width of the angular window is
essentially constant. Conversely, the optimum “toroidal” launcher angle φL,opt is
very sensitive to the plasma vertical position and varies by ∓3◦. As it is presented
in the next section, the experimental optimum angle is in excellent agreement with
the AMR simulation. The high sensitivity of the simulated optimum to the plasma-
antenna relative position confirms that this is a successful benchmark of the AMR
code against the experiment.

4.3 Experimental angle scans

Experimental setup

A scan of the L4 launcher angles was performed on shot to shot basis in TCV
H-mode overdense plasmas to test the existence and the position of the optimum
injection angles for the O2 power to convert to X-mode, then to EBWs and to
finally be absorbed at the EC resonance. As a preparation to these experiments,
the optimum launcher angles were determined for the target plasma conditions using
the ART (Another-Ray-Tracing) code [19, 77] — the EBW simulation tool used at
CRPP prior to the AMR code — as described in [22–24]. The ART mode conversion
efficiency calculation is based on Mjølhus’s formula (3.4.22). The experimental angle
scan was then performed around the calculated optimum, first scanning the toroidal
launcher angle while keeping the poloidal launcher angle constant at a measured
value of θL = 28.0±0.0◦. The scan of the poloidal launcher angle was then performed
keeping the toroidal launcher angle at the value which seemed to previously exhibit
a minimum stray power level, i.e. φL = −110.2± 0.1◦.
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Figure 4.7: O-X-B mode conversion experiment in TCV. (a). From top to bottom:
modulated O2 power, stray EC power measured by diode S2, S3 and S6 (whose positions are given
in figure 4.4(a)), central electron density (Thomson scattering) and D-α recombination light. The
latter signal indicated that the H-mode has alternating ELM-free/ELMy phases. The evaluation
of the stray EC power level is performed during the ELM-free phase with the highest density
(indicated by the vertical red surface), i.e. when the best conditions for the O-X-B mode conversion
are met. (b) The stray signal is taken into account for averaging only when the EC power is on
(PEC ≥ 300 kW) during the short (< 1 ms) EBW power pulses. #29005.
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In these initial EBW experiments in TCV, the O2 EC power was injected as short
pulses (∼ 1 ms) at a frequency fmod = 143 Hz (i.e. < 10% duty-cycle) to avoid
the risk of any damage caused to diagnostics by high levels of stray power for non-
absorbing angles. The quality of wave-plasma coupling is estimated using the signal
of three stray power detectors, a decrease of the stray power level indicating an
improvement of the mode conversion and wave absorption.
The stray power detectors were located at different toroidal locations around the
vessel torus as follows: S2 detector in sector 14 (omnidirectional detector on the
concrete pillar next to the DNBI); S3 detector in sector 2 (sniffer below TCV); S6
detector in sector 9 (at the vessel equator, beside the glow antenna). The equatorial
launcher L4 is located in sector 6 (on a total of 16 TCV sectors) and the angle scans
were performed for counter-clockwise injection (seen from the top).
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Figure 4.8: Experiment-simulation comparison of the O-X mode conversion efficiency.
Experimental toroidal angle scan (magenta �) and poloidal angle scan (cyan H) superimposed on
the contour plot of the AMR O-X mode conversion efficiency ηO-X. The markers size is inversely
proportional to the corresponding stray power level (S2 detector). The simulated optimum launcher
angles (θL,opt, φL,opt) = (31.0◦,−109.0◦) (green •) are in perfect agreement with the experimental
optimum launcher angles from the toroidal and poloidal scans. TCV shot numbers: see caption of
figures 4.5 and 4.9.
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(a) Toroidal launcher angle scan, detector S2.
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(b) Poloidal launcher angle scan, detector S2.
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(c) Toroidal launcher angle scan, detector S3.
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(d) Poloidal launcher angle scan, detector S3.
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(e) Toroidal launcher angle scan, detector S6.
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(f) Poloidal launcher angle scan, detector S6.

Figure 4.9: Experimental angle scan of the O2 power injection. Stray power level (full
symbols) versus toroidal launcher angle φL with constant poloidal launcher angle θL = 28.0± 0.0◦

(left column) and versus θL with constant φL = −110.2± 0.1◦ (right column) for detectors (a)-(b)
S2, (c)-(d) S3 and (e)-(f) S6. For each angle, the stray power level at non-optimal O-X mode
conversion conditions is indicated (empty symbols) and averaged over the angle scans (dashed
lines). TCV shots #29005-29009 and #29011 (φL-scan), #29012-29015 and #29020 (θL-scan).
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(a) Toroidal launcher scan, detector S2.
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(b) Poloidal launcher scan, detector S2.
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(c) Toroidal launcher scan, detector S3.
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(d) Poloidal launcher scan, detector S3.
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(e) Toroidal launcher scan, detector S6.

20 25 30 35 40
0

0.2

0.4

0.6

0.8

1

L4 θ
L
 [deg]

N
or

m
al

iz
ed

 s
tr

ay
 X

2−
6

 

 
AMR W

0

AMR 0.5W
0

AMR 2W
0

(f) Poloidal launcher scan, detector S6.

Figure 4.10: Experiment-simulation comparison of the angular window width. Nor-
malized stray power level (full symbols) versus toroidal launcher angle φL with constant poloidal
launcher angle θL = 28.0±0.0◦ (left column) and versus θL with constant φL = −110.2±0.1◦ (right
column) for detectors (a)-(b) S2, (c)-(d) S3 and (e)-(f) S6. The experimental results are compared
to AMR simulations for the original (solid line), half (dashed line) and double (dash-dotted line)
density pedestal widths. TCV shot numbers: as in caption of figures 4.5 and 4.9.
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The time windows for the stray power level averaging are selected such that similar
conditions are met for all shots : typically 100-millisecond-long ELM-free H-mode
phase (i.e. typically a dozen of EC power pulses) with mean plasma vertical position
and volume-averaged electron density (FIR measurements) Zaxis = 12.7 ± 0.0 cm

and ne = (13.5± 0.2) · 1019 m−3, respectively. The stray signal is taken into account
for averaging only when the EC power is on (PEC ≥ 300 kW) during the short power
pulses.

Full symbols in figure 4.9 show the averaged stray power level for both angle scans
and the three detectors. Detectors S3 and detector S6 provide low amplitude and
noisy signals, respectively, yielding large errorbars. Nevertheless, all stray power
detectors exhibit a clear variation of the average stray power level with the in-
jection angles. The minimum stray power is reached at φL = −109.0 ± 0.2◦ and
at θL = 31.0 ± 0.1◦ for all detectors independently from their toroidal position
around the tokamak. The optimum angles determined experimentally are thus in
perfect agreement with the optimum angles obtained from the post-shot AMR nu-
merical simulations for the original vertical position of the plasma magnetic axis
Zaxis = 12.0 cm and the original density pedestal width Wn,0 = 1.44 cm, as shown
in figure 4.8. This is a remarkable result given the sensitivity of the optimum angles
on the plasma vertical position as shown in figure 4.6.

For the sake of comparison with the width of the simulated angular window, the
experimental measurements need to be normalized between their minimum and max-
imum values. Of course, a zero stray signal would indicate a 100% mode conver-
sion and power absorption. Conversely, one can evaluate the zero level of mode-
conversion by measuring the stray power level when the O-X mode-conversion con-
ditions are not met. This is done for each shot in the angle scan (empty symbols
in figure 4.9) and an average maximum stray level is calculated (dashed lines in
figure 4.9). One can then normalize the raw stray signal between these maximum
and minimum values, fit the data with a Gaussian function and compare with AMR
mode conversion efficiencies calculated along the experimental angles for the various
pedestal profiles, see figure 4.10.

In contrast to the optimum angles, the width of the experimental angular window
seems to depend on the detector. Nevertheless, the experimental angular windows
are in reasonable agreement with the simulated window, though slightly wider. This
discrepancy can come from a density gradient at the mode-conversion layer actually
steeper than the measured profile. Indeed, the AMR simulations for a half density
pedestal width has a better match with the experimental measurements. The com-
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bined effects of the finite EC power beam width and its k-spectrum can also yield a
broader angular window with reduced mode conversion efficiency. This is consistent
with the finite minimum stray power level observed experimentally. The effect of
the beam divergence and size has been tested in AMR simulations with the injection
of 13-ray bundles. The resulting angular windows are however very similar to the
single-ray calculations, with central mode conversion efficiency reduced by only less
than 1%.

4.4 Discussion and conclusions

The O-X-B mode conversion experiments presented here were previously analyzed
and published in [22–24]. In these references, the experimental optimum angles are
in good agreement (within 3°) with the optimum angles of Mjølhus’s analytical mode
conversion window ηM of equation (3.4.22) calculated by the ART mode-conversion
and ray-tracing code, as indicated in the figure 4.11 reprinted from [22].

ing to a maximum in the EC power absorption. In Fig. 2(b),
the stray level in a toroidal scan is shown versus the parallel
refractive index of the injected microwave beam. A mini-
mum in the stray level is found as a function of the poloidal
and toroidal launcher angle as well as in function of the
parallel refractive index for both poloidal and toroidal
angle scans. A similar result is obtained by injecting the
EC waves through a launcher located at different poloidal
and toroidal locations. In Fig. 3, both the poloidal and
toroidal angle scans are superimposed as violet dots to
the angular window of an ART simulation, represented by
contours of constant O-X conversion efficiency. The inter-
polated minimum in the stray radiation intensity, equiva-
lent to the maximum ECRH power absorption, is marked
by a green dot. Its position differs only by about 3! from
the predicted one. This small deviation can originate from
the resolution of the scan in Fig. 2 and the uncertainty in
the reconstruction of the magnetic equilibrium, used by
ART. The equilibrium can have errors of "1 cm in the
vertical position of the plasma axis. When such a variation
is applied to the ART simulation, the optimum angle varies
by #" 1!. A more significant difference exists between
the angular widths of the experimental and theoretical
conversion-efficiency functions. The experimental full
width at 50% absorption, as indicated by the dashed
(green) lines in Fig. 2(a), is approximately 15! for the
poloidal launcher angle and 21! for the toroidal launcher
angle, whereas their theoretical counterparts, determined
from Fig. 3, are approximately 6! and 11!, respectively.
This discrepancy is not surprising in view of the finite
width of the EC beam and the spread in its wave-number
spectrum, which can be expected to broaden the width of
the conversion-efficiency function, as well as to reduce its
absolute value. This is also consistent with the finite value
of the experimental minimum stray power, i.e., with the

peak absorbed-power fraction being less than 100%. A
more realistic modeling of the experiment will require a
ray bundle simulating a finite microwave beam.

Having determined the optimum angle experimentally,
the duty cycle was then increased to 46% to achieve bulk
heating and investigate global and local power deposition.
The EC waves were modulated at 182 Hz, to minimize
spectral overlap with the so-called sawtooth instability at
fST # 110 Hz and with its harmonics. A basic cross-check
of the conversion scheme can be performed by simply
comparing the stray radiation level when power is injected
inOmode (in the vicinity of the optimum launcher angles)
and in X mode: X-mode injection is expected to result in
total reflection from the X-mode cutoff layer. With alter-
native injection ofO and X mode during ELM-free periods
in similar operating conditions, the stray level with
O-mode injection is indeed only 40% of the X mode stray
level. The average overall absorbed power can be assessed
quantitatively by means of a diamagnetic flux loop, mea-
suring the toroidal magnetic-flux variation, which is related
to the plasma stored energy [14]. Since the modulation
period is shorter than the characteristic transport loss time
scale (energy confinement time !e # 50 ms), the modu-
lated stored-energy signal can then be used to derive the
absorbed power. An average EC power absorption of about
60% of the total injected power is measured. A total power-
absorption measurement naturally cannot conclusively
prove the nature of the absorption mechanism, which could
involve edge absorption of waves generated by nonlinear
wave-wave coupling as well as absorption of waves multi-
ply reflected from the vacuum vessel. A determination of
the power deposition location is therefore essential.

In Fig. 4, the ART calculation of the wave path in the
poloidal and the toroidal projections is shown for a case
with power deposition close to the plasma edge. The wave
propagates to the plasma cutoff at " # 0:9, is mode con-
verted into X mode, continues its path to the upper-hybrid
resonance, where it is converted into the Bernstein mode.
As shown in Fig. 5(b), the beam power is deposited at " #
0:78, i.e., well inside the plasma cutoff layer located at
" # 0:9. The deposition location is determined experi-
mentally by inspecting the spatial distribution of the modu-
lated component of a line-integrated soft-x-ray emission
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Figure 4.11: Mjølhus’s analytical angular window. In this former analysis of the O-X-
B mode conversion experiments, the experimental scan points (magenta •) are superimposed on
the contour plot of Mjølhus’s mode conversion window ηM of equation (3.4.22) calculated by the
ART code. The simulated optimum angles (θL, φL) = (29.0◦,−115.0◦) are in agreement within
3° with the experimental optimum angles (θL, φL) = (31.0◦,−112.0◦). In the new analysis of
the experimental data performed in this thesis work, the experimental optimum is corrected to
(θL,opt, φL,opt) = (31.0◦,−109.0◦). Reprinted from [22].
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However, the analytical mode conversion window is strongly asymmetric and drops
rapidly from 100% at its optimum (θL, φL) = (29.0◦,−115.0◦) down to 10% at the
experimental optimum (θL, φL) = (31.0◦,−112.0◦). In this sense, the comparison of
the simulation with the experiment was not fully satisfactory.
Moreover, at the time of this first analysis, the temperature and density pedestal
profile fitting on the edge-Thomson-scattering data was not available. The profiles
used then yielded an underestimated density gradient. This effect, combined to the
asymmetric distortion of the analytical solution far from the optimum, can explain
that the mode conversion window calculated by ART is narrower than the full-wave
ARM result in figure 4.8. Indeed, the toroidal and poloidal widths at half maximum
are ∆θL ' 6.0° and ∆φL ' 11.0° for ART and ∆θL ' 9.0° and ∆φL ' 18.5° for
AMR.
Finally, the new analysis of the O-X-B experiments presented in this chapter brings
a correction of +3° on the position of the experimental optimum toroidal angle
φL,opt with respect to the older analysis. Indeed, the stray power level at this angle
point was erroneously evaluated in the older analysis. This correction increases the
discrepancy between the experimental result and the analytical ART calculation.
On the other hand, this correction yields excellent agreement with the full-wave
AMR calculation, which is a successful benchmark of the implementation of TCV EC
system geometry in the AMR code and of the full-wave mode conversion calculation.
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Chapter 5

Detection of RF power deposition

location

5.1 Introduction

The assessment of the RF power deposition profile from experimental data is of
primary importance for the interpretation of plasma auxiliary heating results and for
the comparison of the experiments with simulations. In particular, local temperature
and current profile tailoring with electron cyclotron resonant heating (ECRH) and
current drive (ECCD) allows the control of the sawtooth instability [4, 78] and the
suppression of neo-classical tearing modes (NTMs) in tokamak plasmas [5,79]. The
understanding of the involved stabilization mechanism requires a precise knowledge
of the power deposition location (either absolute or relative to the mode location).

A widely spread method to retrieve the absorbed power profile is to analyze the
plasma response to modulation of the injected power amplitude. Many analysis
methods have lead to conclusive results in previous heating and transport studies
in stationary conditions: Fourier analysis [22, 80] or harmonic response identifica-
tion methods (HRIM) [81] of the plasma response (with or without suppression of
the sawtooth perturbation using singular value decomposition and system identifi-
cation, SI-SVD), as well as correlation of the plasma response with the modulation
waveform [82]. In non-stationary conditions, a high time-resolution estimate of
the EC beam(s) absorption location(s) is necessary, for example in cases where the
microwave injection angles are controlled by a real-time feedback loop [83]. But
Fourier and correlation methods need a finite number of power modulation cycles
to yield a significant result. Conversely, the break-in-slope (BIS) method is based
on the estimation of the instantaneous change in the time derivative of the plasma
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78 Chapter 5: Detection of RF power deposition location

kinetic energy at the power switch-on/off times [84], thus providing an estimated
power deposition profile for each power step in the modulation, that is, with high
temporal resolution.

Moreover, natural plasma oscillations like the sawtooth activity can heavily ham-
per the use of Fourier analysis methods, especially when frequency locking occurs
between the power modulation and the sawtooth. In such cases, the BIS method
allows to select and analyze individual power modulations avoiding the time of the
sawtooth crash and the related heat pulse propagation.

In this chapter, the experimental RF power deposition location of X2 modulated
ECH (MECH) and O2 modulated EBH (MEBH) is retrieved using the BIS method
applied to the soft X-ray profiles from a fast and high radial resolution wire-chamber
camera (DMPX). The deposition location is defined as the location of the maximum
in the power deposition profile. Since soft X-ray signals are used (no electron tem-
perature diagnostics with comparable temporal and spatial resolutions is available
at TCV), the actual full power deposition profile information is not retrieved here
and the question of the total absorbed power is treated in chapter 6 using the dia-
magnetic loop diagnostic. The BIS method results are compared to the results of
the HRIM analysis and of numerical simulations.

The chapter is structured as follows. Section 5.2 introduces the two plasma response
analysis methods used in this chapter. Subsection 5.2.1 presents the HRIM method
which is also intensively used to analyze the diamagnetic loop diagnostic (DML)
response to modulated ECH and EBH in chapter 6. In subsection 5.2.2, it is shown
under which conditions the simplest form of the BIS analysis can be applied. In
section 5.3, the BIS method is applied to the case of X2 MECH in stationary condi-
tions as a validation step. Section 5.4 then focuses on the unique ability of the BIS
method to retrieve the location of the maximum power deposition at each power
step, that is, with high time resolution. Off-line BIS analysis is used to monitor the
power deposition locations of one or two simultaneous EC power beams injected in
plasmas programmed to sweep vertically down in front of the launching antennas. In
section 5.5, EBH via O-X-B mode-conversion in TCV is demonstrated by retrieving
the power deposition location inside the O2 cutoff, that is in an overdense H-mode
plasma. Conclusions and outlooks are given in section 5.6.
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5.2 Plasma response analysis methods

5.2.1 The harmonic response identification method (HRIM)

In modulated ECH experiments, the injected RF power is composed of a sinusoidally
modulated part P̃RF(t) at the frequency fmod = ω/2π, superimposed on a stationary
part 〈PRF〉t:

PRF(t) = 〈PRF〉t + P̃RF(t) with P̃RF(t) = P̂RFeiωt (5.2.1)

where P̂RF is a complex amplitude carrying both phase and amplitude informations:

P̂RF = |P̂RF|eiφRF . (5.2.2)

Of course, the RF power excitation is generally not a pure monochromatic sinusoid
but rather a sum of N sinusoids at different frequencies

P̃RF(t) =
N∑
n=1

P̂neiωnt (5.2.3)

where P̂n is the complex amplitude at the angular frequency ωn. For example, in
most of the MECH experiments presented in this work, the EC power is modulated
with a square waveform with fundamental angular frequency ω and a 50% duty-
cycle. In this case, mainly the odd harmonic numbers ωn = nω with n = 1, 3, 5, . . .

are excited.
The modulated ECH induces oscillations of the electron temperature at the same
angular frequency ω than the excitation (and possibly at other frequencies if the
system is non-linear) such that the electron temperature evolution also splits into
stationary and modulated parts:

Te(t) = 〈Te〉t + T̃e(t) with T̃e(t) = T̂ee
iωt. (5.2.4)

The complex amplitude Ŝ(ω) of any experimental signal S(t) can be estimated by
the standard Fourier transform:

Ŝ(ω) =

∫ +∞

−∞
S(t)eiωtdt. (5.2.5)

But in practical MECH experiments, the number of modulation cycles available
for the oscillation analysis is finite and not necessarily integer, which will cause
truncation problems in a standard Fourier analysis. Moreover, the fast modulation
of the plasma response induced by the EC power modulation is often superimposed
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on a slow drift of the signal, which will strongly bias the Fourier components of
the signal, in particular if the number of modulation cycles is small. A harmonic
response identification method (HRIM) accounting for these effects is presented in
appendix A.1 of reference [81] and in appendix 3 of reference [85]. It consists in
expressing the signal S(t) in the form

S ′(t′) = R
[〈
Ŝ
〉
t

]
cos(ωt′)− I

[〈
Ŝ
〉
t

]
sin(ωt′) + 〈S〉t +

〈
dS

dt

〉
t

(t− t′) (5.2.6)

for a time interval t′ =
[
t± ∆T

2

]
around the time t, where the real and imaginary

parts R
[〈
Ŝ
〉
t

]
and I

[〈
Ŝ
〉
t

]
of the time average complex amplitude Ŝ(ω), as well

as the time averages 〈S〉t and
〈

dS
dt

〉
t
of the signal S(t) and of its time derivative

are assumed to remain constant in the time interval considered. The parameters
R
[〈
Ŝ
〉
t

]
, I
[〈
Ŝ
〉
t

]
, 〈S〉t and

〈
dS
dt

〉
t
are adjusted by minimizing the cost function

1

∆T

∫ 1+ ∆T
2

1−∆T
2

(S(t′)− S ′(t′))2
dt′. (5.2.7)

After time discretization, the minimization procedure is expressed in matrix form
and yields an estimate of the signal complex amplitude at the angular frequency ω
without truncation and drift errors. For an infinite time interval (i.e. ∆T → ∞),
the solution tends to the Fourier coefficients. If the experimental conditions are not
stationary and the parameters in equation (5.2.6) are expected to vary, the total
time interval during which MECH is applied can be divided into M time intervals
t′ =

[
tm ± ∆T

2

]
centered on tm with m = 1, . . . ,M and the complex amplitude Ŝ(ω)

is evaluated for each tm. The time interval division can be performed with or without
overlapping, i.e. for ∆T > tm − tm+1 or for ∆T ≤ tm − tm+1, respectively.
Finally, if the RF power modulation waveform is a combination of several harmon-
ics of the fundamental excitation frequency (e.g. a square modulation), the HRIM
analysis (5.2.6) can be performed for each harmonic frequency independently, or for
all harmonics at once (both methods yielding essentially the same result):

S ′(t′) =
N∑
n=1

R
[〈
Ŝn

〉
t

]
cos(nωt′)− I

[〈
Ŝn

〉
t

]
sin(nωt′) + 〈S〉t +

〈
dS

dt

〉
t

(t− t′).

(5.2.8)

5.2.2 The break-in-slope (BIS) analysis method

The BIS model to determine the auxiliary power absorbed by a given species α is
based on the energy density conservation equation for that particular species:

∂εα
∂t

+∇ · (εαuα) = Qα − Pα : ∇uα −∇ · qα (5.2.9)
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with

εα(ρ, t) ≡ 3

2
nα(ρ, t)Tα(ρ, t) (5.2.10)

the local kinetic energy density, uα the fluid velocity, Qα the power density term
accounting for the particles energy equipartition as well as for the power sources
(like the external heating Pext = Paux + POH + · · · ) and sinks (like the radiation
losses Prad), Pα the pressure tensor, qα the heat flux density and ∇ ≡ ∂/∂x the
spatial partial derivative operator. All quantities in equation (5.2.9) are functions
of the radial coordinate ρ (i.e. Paux(ρ, t), etc...) Assuming that the convective,
diffusive and viscous terms as well as the equipartition power, the losses and the
Ohmic source all have a typical evolution time longer than one period of the auxiliary
power modulation, the energy density conservation equation (5.2.9) can be simplified
to [86]

∂εα
∂t
' Paux. (5.2.11)

If in addition the density profile remains mainly constant around the power step
happening at time t0 (except for longer time scales due to the electron density
pump-out by the ECRH), i.e. nα(ρ, t) = nα(ρ, t0) ≡ nα0(ρ), equation (5.2.11) can
be further simplified to

3

2
nα0

∂Tα
∂t
' Paux (5.2.12)

yielding a linear time evolution for Tα(ρ, t). In other words, the simplest form of
the BIS analysis assumes that, if the heating power modulation is fast enough,
the plasma temperature profile has a prompt linear response to the breaks in the
auxiliary heating power amplitude. Linear fits can then be performed on the Tα(ρ, t)

time traces before and after the power step ∆Paux(ρ) at time t0:Tα,1 = a1(t− t0) + b1 for t < t0, Paux,1

Tα,2 = a2(t− t0) + b2 for t > t0, Paux,2 = Paux,1 + ∆Paux

(5.2.13)

where a1,2 and b1,2 are functions of ρ. According to (5.2.12), the variation ∆Paux(ρ)

in the locally absorbed power is then proportional to the jump in the slope of the
fits at time t0:

∆Paux '
3

2
nα0∆

(
∂Tα
∂t

)∣∣∣∣
t0

' 3

2
nα0 (a2 − a1) . (5.2.14)

Applied to the signals of a temperature diagnostic with multiple channels or lines-of-
sight viewing at different flux surfaces, the BIS analysis thus provides an estimated
heating profile for each power step i.e. at a frequency of the order of the power
modulation frequency (typically a few 100 Hz), which is particularly well-suited
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for fast time-varying scenarios. Since it assumes that the break in the slope of
the plasma response is simultaneous with the power steps, the simple BIS method
reveals the direct heating location of the species of interest (e.g. the electrons in
the case of ECH). Any temperature response which is not in phase with the power
modulation (e.g. indirect collisional heating) is averaged-out.

The BIS analysis can be improved to retrieve and take into account the delay of the
breaks in the slope of the analyzed signal with respect to the times of power step
(BIS* method) [87]. This BIS* profile then reveals both the direct heating and the
indirect heating of the species of interest, similarly to a Fourier amplitude profile.

In case of a slow power modulation or a single power step, an effective loss term
accounting for the various energy sources and losses (diffusion, radiation, equiparti-
tion) can be retained in equation (5.2.11) to account for the saturation in the plasma
response. The simplified energy density conservation equation becomes

∂εα
∂t

= Paux −
εα
τα
. (5.2.15)

Around the power step time t0, the solution to this new equation is an exponential:

εα(ρ, t) = εα0 exp

(
−t− t0

τα

)
+ Pauxτα

[
1− exp

(
−t− t0

τα

)]
(5.2.16)

where εα0(ρ) = εα(ρ, t0) is the kinetic energy density profile at the time t0 and
Paux(ρ) and τα(ρ) are the parameters to be determined from the exponential fits
performed on the data before and after the auxiliary power jump at time t0. The
change in the absorbed auxiliary power is then estimated by the slope jump of the
exponential fits at time t0.

5.3 Detection of stationary X2 ECH location

Experimental setup

In this section, the BIS method to estimate the power deposition location is tested
for the case of X2 MECH in stationary conditions. The experiment analyzed here
aimed at studying the X2 and X3 ECH synergy by injecting one X2 power beam in
a limited L-mode plasma with low toroidal magnetic field Bϕ(R0) = 1.18 T at the
machine axis. Thanks to the reduced magnetic field, the X2 beam crosses the 3rd
ECR harmonic (ω = 3Ωce) on the LFS and the 2nd ECR harmonic (ω = 2Ωce) on the
HFS as indicated by the ray-tracing trajectories in figure 5.2. After a first plateau,
the magnetic field is further lowered to 1.11 T in a 300-ms ramp-down, see figure 5.1.
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As a consequence, the X2 and X3 EC resonances move outwards and inwards the
plasma, respectively. At some time, the Doppler-shifted X2 and X3 absorptions
take place on the same flux surface and a synergy is expected to enhance both
absorption efficiencies, yielding the generation of fast electrons and the emission
of hard X-ray. During the magnetic field ramp-down, the plasma current is also
reduced from Ip ' 230 kA to 217 kA in order to maintain the edge safety factor at
a constant value qa ' 3.7. Analyses of the X2/X3 synergy and of the observed hard
X-ray emission can be found in reference [88]. We will now focus on the analysis of
the power deposition location.
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Figure 5.1: Typical X2/X3 synergy experiment used for the test of the BIS method.
From top to bottom: time evolution of the toroidal magnetic field, the electron temperature
and density at ρvol = 0 and 0.68 (Thomson scattering, corrected by FIR), the electron energy
confinement time and the injected X2 power modulated at fmod = 166 Hz with a duty cycle
dc = 50%. The black rectangle defines the zoom region on the square power modulation shown in
the bottom subplot. The toroidal magnetic field is swept down from Bϕ0 = 1.18 T to 1.11 T in
the time interval t = [1.2; 1.5] s. #25549.

The plasma is located at Raxis ' 0.90 m and Zaxis ' 0.09 m, i.e. close to the
machine equator. The X2 power beam is injected from the equatorial launcher L1
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with un upward poloidal angle θinj ' 5° in the vertical plane of injection and a
clockwise toroidal angle φinj ' −19°. The power amplitude is modulated between
PRF = 0 kW and ∼ 500 kW with a 50% duty-cycle square waveform at a frequency
fmod ' 166 Hz. The power amplitude was programmed to be doubled with a second
X2 beam injected from launcher L4, but the gyrotron stopped after the first pulse,
as can be seen on the RF power trace in figure 5.1.

Ray-tracing and Fokker-Planck simulations

For both magnetic field values achieved in the experiment, the beam propagation
and linear absorption are calculated for a 12-ray bundle with the C3PO ray-tracing
code for the EC waves using the experimental equilibrium and profiles data. The
resulting trajectories are shown in figures 5.2(a)-(c). The power absorption and the
current generation are calculated by the quasi-linear Fokker-Planck code LUKE. The
power absorption profiles are shown in figures 5.2(d)-(e). Due to the low electron
temperature at the plasma edge (Te ' 400 eV, as indicated in figure 5.1), the X2
power is not fully absorbed and the driven current is very small. The magnetic field
ramp-down yields a radial shift of the power deposition peak from ρvol ' 0.68 to
ρvol ' 0.84 and a decrease of the total power absorption from η ' 21% to 21%,
with 1% of absorbed power at the 3rd EC resonance. In the meanwhile the driven
current drops from ICD ' 1 kA to 0 kA.

BIS analysis of the line-integrated soft X-ray profiles

The BIS analysis is applied to the line-integrated signal coming from the multi-
wire proportional soft X-ray detector (DMPX) located under TCV vacuum vessel
as described in section 2.3.1 and indicated in figure 5.3(a). This soft X-ray cam-
era has both high time and radial resolutions (200 kHz acquisition frequency, 64
lines-of-sight with 7.9 mm average spacing at TCV midplane). As previously dis-
cussed in chapter 2, the DMPX detector is mainly sensitive to soft X-rays from
Bremsstrahlung emission whose power density per unit solid angle is

PB ∝ n2
eZeff

√
Te [W sr−1 m−3]. (5.3.1)

If both the electron density and the plasma effective charge vary on a slower time
scale than the heating modulation, as it is the case in this experiment, an estimate
of the power deposition location can be inferred by applying the BIS method on the
soft-X flux profiles at each power step.
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Figure 5.2: Beam trajectory and absorption profile simulation for both magnetic field
values. Left figures: Bϕ0 = 1.18 T at t = 0.9 s. Right figures: Bϕ0 = 1.11 T at t = 1.8 s.
(a)-(c): C3PO ray-tracing trajectories of a 12-ray bundle injected from launcher L1, superimposed
on contour plots of constant ρvol. The vertical lines indicate the X2 and X3 cold EC resonances.
The resonances move from RX2 ' 0.69 m and RX3 ' 1.05m to RX2 ' 0.65 m and RX3 ' 0.99 m

when the magnetic field is reduced. (d) and (e): corresponding profiles of absorbed power density
(quasi-linear LUKE calculation). As a consequence of the magnetic field ramp-down, the power
deposition moves from ρvol ' 0.68 to ρvol ' 0.84 and the total (X2 + X3) power absorption drops
from η ' 51% to 21% (with 1% of the power absorbed at the 3rd harmonic at ρvol ' 0.45).
Calculated using the equilibrium and profiles data from #25549.
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Figure 5.3: Soft X-ray profile response to the X2 MECH. (a) Lines-of-sight of the multi-
wire proportional soft-X ray detector (DMPX) superimposed on normalized poloidal flux contours.
Lines-of-sight #5, 19 and 32 are highlighted in blue, red and green, respectively. (b). Corresponding
raw soft X-ray traces, along with the modulated ECH traces and the plasma current. Grey surfaces
indicate the times when the ECH power is on. The mid-radius soft X-ray signal is modulated in
phase with the ECH perturbation. #25549.

Indeed, when the X2 MECH starts, an oscillation in phase with the ECH modulation
is observed on the raw soft X-ray signal coming from the plasma mid-radius where
the X2 power absorption is taking place, as indicated in figure 5.3(b). Unexpectedly,
a modulation is also observed on the soft X-ray signal coming from the plasma center.
This oscillation is not in phase with the MECH perturbation, which indicates it is
an indirect consequence of the off-axis X2 MECH. It is believed to be caused by the
TCV feedback control system in reaction to the modulated ECH and ECCD. The
detailed analysis of this mechanism is not the scope of this work. More importantly,
we will see that the BIS analysis reveals only the direct off-axis X2 heating and not
the indirect central modulation.

The plasma center is also perturbed by a sawtooth activity. The sawtooth frequency
and inversion radius are estimated by analyzing the soft X-ray profiles from the
DMPX camera during the Ohmic and ECH phases, yielding fst ' 584± 77 Hz and
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ρvol,inv ' 0.25±0.02. Both sawtooth frequency and inversion radius are not changed
by the off-axis heating.
Before the BIS analysis is applied to the soft X-ray data, each of the 64 line-
integrated DMPX signals is band-pass filtered to remove the fast MHD activity
perturbations and the slow time-varying component of the signal by using a first-
order zero-phase Butterworth filter with cutoff frequencies at fmod/2 = 83 Hz and
2fmod = 332 Hz. The resulting signal is the modulated part of the soft X-ray traces:
ĨSX(t) = ISX(t) − 〈Isx〉t. Since we are here using soft X-ray signals instead of elec-
tron temperature signals, the density and effective charge profiles will distort the
estimated power deposition profile. In order to alleviate this difficulty, the signal
is normalized along the time dimension such that all 64 soft-X traces take values
between 0 and 1.
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Figure 5.4: BIS analysis of the soft X-ray traces. Filtered and normalized soft X-ray signals
(in blue) from DMPX lines-of-sight #5, 19 and 32, as indicated in figure 5.3(a), superimposed on
the MECH trace (in black). The soft X-ray traces are labeled with the ρvol coordinate of the flux
surface to which the DMPX lines-of-sight are tangential, negative values indicating HFS viewing
lines-of-sight. The red ◦ and � indicate the ECH switch-on and switch-off times, respectively.
Linear fits of the soft X-ray data (in red) are performed between these times. The largest break-
in-slope takes place at mid-radius where the modulation is in phase with the MECH perturbation.
#25549.

In this modulated ECRH (MECH) experiments, the period of the power modulation
is τmod = 6 ms, which is smaller than the typical energy confinement time τE > 10 ms
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as indicated in figure 5.1. As a consequence, the plasma response is close to being
linear and the simple BIS analysis based on linear fits can be used. Figure 5.4 shows
the linear fits performed on the filtered and normalized soft X-ray traces between
all EC power step-up and step-down times. The slope break in the linear fits is
then calculated at each power step-up time for each soft X-ray trace, providing BIS
amplitude profiles at a fmod = 166 Hz rate. In a similar way, the BIS information
can be deduced at the power step-down times, thus doubling the information rate
to 2fmod = 332 Hz.

The largest slope jumps happen on the signal of the mid-radius-viewing chord #19

where the modulation is in phase with the MECH perturbation. At the edge (trace
#5), the soft X-ray signal is dominated by random fluctuations and the break-in-
slope at the power switch-on times is small. In the plasma center (trace #32), the
modulation is dephased with respect to the MECH and the break-in-slope at the
power switch-on times is negative.

Figure 5.5 presents the BIS amplitude profile averaged on the first magnetic field
plateau Bϕ0 = 1.18 T, along with the oscillation amplitude and phase retrieved by
HRIM analysis of the same soft X-ray signals. Here and in figure 5.4, the soft X-ray
traces are labeled with the ρvol coordinate of the flux surface to which the DMPX
lines-of-sight are tangential, negative values indicating HFS viewing lines-of-sight.
The average location of the maximum BIS amplitude is ρvol,dep ' 0.70± 0.02, which
indicates the experimental location of direct ECH. It is in good agreement with
the LUKE simulation within the experimental errrorbar. On the other hand, the
width ∆ρvol ' 0.4 at half maximum of the BIS amplitude peak is much larger than
the width ∆ρvol ' 0.1 of the power deposition peak calculated by LUKE. This is an
effect of the line-integration of the soft X-ray signal, as will be seen from the analysis
of the inverted data. Finally, the central off-phase modulation is quasi averaged out,
as expected from figure 5.4.

The oscillation amplitude and phase from the HRIM analysis exhibit local maxima
and minima, respectively, at the power deposition location, in agreement with the
BIS analysis and the LUKE simulation. Conversely to the BIS analysis, the central
modulation is revealed by the HRIM analysis (as it would be by any other Fourier-
like analysis). The jump on the phase profile confirms that this central modulation
is not due to the propagation of the heat pulse from the off-axis ECH to the plasma
center. It is rather an indirect consequence of the modulated ECH. Note that only
the BIS analysis yields an unambiguous estimate of the direct power deposition
profile, excluding the indirect plasma response to the perturbation.
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Figure 5.5: Power deposition location from BIS and HRIM analyses of the soft X-ray
profiles. From top to bottom: Average BIS amplitude, oscillation amplitude and phase of the
line-integrated soft X-ray profile during the first magnetic field plateau Bϕ0 = 1.18 T. The maxima
of BIS amplitude at ρvol,dep ' ±0.68 on both HFS and LFS indicate the experimental location of
direct EC heating, in perfect agreement with the LUKE simulation (vertical dashed lines). The
indirect (off-phase) modulation at the plasma center is averaged out. The HRIM analysis also
exhibits local amplitude maxima and phase minima at the power deposition location. #25549.

Another intrinsic advantage of the BIS analysis is that it provides an estimate of
the power deposition location at the same rate than the ECH modulation, i.e. at
fmod = 166 Hz in the present example, which can be doubled to 2fmod = 332 Hz

if the power switch-off times are also used in the analysis. Figure 5.6 shows the
BIS amplitude profiles at the successive power switch-on times covering the two
B-field plateaus. The maximum BIS amplitude shifts from ρvol,dep ' 0.70 ± 0.02

to ρvol,dep ' 0.82 ± 0.02 during the B-field ramp-down. Within the errorbars, the
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Figure 5.6: ECH tracking in B-field ramp-down with the BIS analysis. Top: magnetic
field time trace. The field amplitude is decreased from Bϕ(R0) = 1.18 T to 1.11 T in t = [1.3; 1.5] s.
Bottom: Colormap of the soft X-ray BIS amplitude versus time and ρvol. The superimposed black
traces indicate a 7-time-point median time-average of the maximum BIS amplitude location. The
latter allow to track the ECH location which shifts from ρvol,dep ' 0.70 ± 0.02 to ' 0.82 ± 0.02

during the B-field ramp-down. #25549.

experimental results are in very good agreement with the LUKE predictions of
figure 5.2. Another consequence of the B-field ramp-down is the dramatic BIS
amplitude drop, as expected from the calculated absorption efficiency reduction.

BIS analysis of the local soft X-ray profiles

The local soft X-ray profiles are retrieved from line-integrated data using a
tomographic-like inversion based on Fisher-information minimization. The BIS
analysis is then performed on the inverted soft X-ray profiles. Despite the noisy
inversion procedure, the resulting averaged local BIS profile compares well with the
local power density profile from LUKE simulation in figure 5.7.

On the local profile, the BIS amplitude peak has a width ∆ρvol ' 0.2 at half maxi-
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Figure 5.7: Average BIS amplitude of the local soft X-ray profiles after tomographic
inversion. BIS amplitude profile of the local soft X-ray profiles averaged on the firstB-field plateau
(blue errorbars), compared to the absorbed RF power density calculated by LUKE (magenta).
#25549.

mum, which is twice less wide than the BIS amplitude peak for the line-integrated
signal as observed in figure 5.5. This confirms that line-integration of the soft X-ray
signal along the DMPX camera chords may strongly deform the shape of power
deposition profile. As another consequence of the signal tomographic inversion, the
average location of the maximum BIS amplitude has moved toward the plasma cen-
ter to ρvol,dep ' 0.61±0.04, which is still in fair agreement with the LUKE numerical
prediction at ρvol ' 0.68.

Summary

The break-in-slope (BIS) method is a simple analysis of the plasma response to
modulated ECH, aiming at determining the experimental power deposition profile.
Applied to the signal of TCV high radial and time resolution soft X-ray camera, the
BIS analysis is able to assess the power deposition location of X2 MECH partially
absorbed at the very edge of a low magnetic field plasma, where the signal to noise
ratio is low. The experimental results are in very good agreement with the numerical
simulation. Moreover, only the direct heating location is revealed with the BIS
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method, discarding indirect off-phase plasma responses to the MECH perturbation.
Finally, since the BIS analysis provides an estimated power deposition profile at
each power step time, the ECH location can be tracked along time. Dedicated
experiments testing this particular advantage of the BIS analysis are presented in
the next section.

5.4 Tracking of non-stationary X2 ECH location

The present section focuses on the ability of the BIS method to retrieve the loca-
tion of the maximum power deposition at each power step and thus to track time-
varying deposition locations. This is tested in subsections 5.4.1 and 5.4.2 where
off-line BIS analysis is applied to the soft X-ray signals from the DMPX camera to
track the power deposition locations of one and then two simultaneous X2 power
beams injected in plasmas programmed to sweep vertically in front of the launching
antennas. The experimental results are compared to ray-tracing and Fokker-Planck
simulations. Conclusions are summarized in subsection 5.4.3.

5.4.1 Single X2 power deposition location

Experimental setup

As described in chapter 2, the toroidal magnetic field value, the position of the
plasma column as well as the shape of its cross section can be programmed to change
during a TCV plasma discharge. The flexibility of the plasma shaping is provided
by 16 independent poloidal field coils [35]. TCV 2nd harmonic ECH system (at
f = 82.7 GHz) is equipped with 2 clusters of 3 gyrotrons of 0.5 MW nominal power
each [42]. The power amplitude of both clusters can be modulated independently.
The power in ordinary (O) or extraordinary (X) mode polarization is then injected
in the plasma via 6 steerable launchers having 2 angles of freedom, one of which
can be varied during the plasma discharge. Launchers #2, 3, 5 and 6 are located
at the upper lateral side of TCV vacuum vessel (with their longitudinal axis at
Zlauncher = 45.5 cm). Launchers #1 and 4 are located at the equatorial side (with
their longitudinal axis at Zlauncher = 0.0 cm), see figure 2.4. The flexibility of both
TCV plasma magnetic configuration and ECH system allows the variation of the
normalized minor radius at which the EC wave-particule resonance takes place.

In this experiment, the equilibrium is a limited plasma with medium shaping (κa '
1.55, δa ' 0.45) and low plasma current Ip ' 135 kA yielding a high edge safety
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Figure 5.8: Plasma vertical position sweep. From top to bottom: time evolution of the
magnetic axis vertical position (LIUQE reconstruction code), the central electron temperature and
density (Thomson scattering, corrected by FIR), the electron energy confinement time and the
EC power injected from launcher 1, modulated at fmod = 500 Hz with a duty cycle dc = 50%.
The black rectangle defines the zoom region on the square power modulation shown in the bottom
subplot. The confinement time, increasing while the deposition is getting more central, is calculated
for an average ECH power P̄EC = 365 kW. The toroidal magnetic field and the plasma current
are maintained constant at Bϕ = 1.45 T and Ip ' 135 kA respectively while the plasma vertical
position is swept down from Zaxis = 24 cm to 0 cm in the time interval t = [0.2; 2.0] s. #35409.

factor value qa > 9 and a central safety factor marginally above q0 = 1. This results
in a fast (fst ' 470 Hz) and small amplitude sawtooth activity. When the off-axis
MECH starts at t = 0.35 s, the sawtooth activity becomes quasi indistinguishable
on the soft X-ray traces. Hence, the sawtooth perturbation on the BIS estimate is
negligible. As we will see later on, this assumption is true as long as the X2 power
is not deposited in the plasma center. The nominal value of the magnetic field is
Bϕ = 1.45 T such that the second harmonic ECR is located close to the plasma axis
at R ' 0.85 m as indicated on the poloidal views in figure 5.9.

All parameters of the magnetic equilibrium are kept constant, except for the mag-
netic axis vertical position, which is programmed to sweep down from Zaxis = 24 cm
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94 Chapter 5: Detection of RF power deposition location

to Zaxis = 0 cm in the time interval t = [0.2; 2.0] s in front of the equatorial launcher
L1 injecting one X2 EC power beam, see figure 5.8. The power amplitude is modu-
lated at a frequency fmod = 500 Hz with a square waveform, a depth ∆PRF = 320 kW

(between 205 kW and 525 kW) and a duty-cycle dc = 50%. The launcher angles
are kept fixed for a quasi-horizontal injection in the poloidal plane (φL ' 180°, i.e.
φinj ' 0°) with a θL ' θinj ' 9◦ upward poloidal angle.

Ray-tracing and Fokker-Planck simulations

Due to the displacement of the plasma in front of the EC power launcher, the beam
absorption location is expected to move from off-axis to central normalized minor
radius when the plasma sweeps down in front of the launcher. Indeed, simulations
from the C3PO ray-tracing code [29] and the LUKE quasi-linear Fokker-Planck-
equation solver code [30] for successive equilibria along the plasma discharge indicate
a displacement of the beam-plasma resonant interaction from ρvol = 0.63 to ρvol =

0.07, see figures 5.9 and 5.11. All simulations were performed with Zeff = 3, Te/Ti =

6 and 500 kW of injected EC power.
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Figure 5.9: Time-varying deposition location. Poloidal trajectory of X2 ray-tracing simula-
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Figure 5.10: Displacement of the maximum slope jump amplitude. (a) Lines-of-sight of
the multi-wire proportional soft-X ray detector (DMPX) superimposed on normalized poloidal flux
contours. Lines-of-sight #35, 40 and 47 are highlighted in blue, red and green, respectively. (b)-(c)
BIS analysis of the corresponding soft X-ray signals at t = 1.1 s and t = 1.75 s, respectively. The
filtered and normalized soft X-ray signals (in blue) are plotted on top of the X2 square waveform
(in black). Linear fits (in red) are performed between the EC power step-up and step-down times
(indicated by red circles and squares). At times t = 1.1 s and t = 1.75 s, the largest slope jumps
take place at the mid-radius-viewing chord #40 (ρvol ' 0.27) and at the central-viewing chord #35

(ρvol ' 0.07), respectively, as expected from the simulations in figure 5.9. #35409.
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BIS analysis of the soft X-ray profiles

Before the BIS analysis is applied to the 64 line-integrated DMPX signals, the data
is filtered and normalized as in the previous experiment. The signal is band-pass
filtered to remove the fast MHD activity perturbations and the slow time-varying
component of the signal using a first-order zero-phase Butterworth filter with cutoff
frequencies at fmod/2 = 250 Hz and fmod = 500 Hz. The resulting oscillatory signal
component is then normalized along the time dimension such that all 64 soft-X
traces take values between 0 and 1.

In these modulated ECRH (MECH) experiments, the auxiliary power modulation
period τmod = 2 ms is smaller than the typical electron energy confinement time
τE,e > 5 ms as shown in figure 5.8. As a consequence, the plasma response is
close to linear and the simple BIS analysis based on linear fits can be used. It
is applied to all DMPX channels independently: linear fits are performed on the
DMPX traces between all EC power step-up and step-down times, see figure 5.10.
The slope break in the linear fits is then calculated at each power step-up time for
each DMPX chord, providing BIS amplitude profiles at a fmod = 500 Hz rate. In
a similar way, the BIS information can be deduced at the power step-down times,
thus doubling the information rate to 2fmod = 1 kHz.

With mid-radius deposition (at time t = 1.1 s, see figure 5.10(b)), the largest slope
jumps take place at the mid-radius-viewing chord #40 (ρvol ' 0.27) as expected
from the simulation on figure 5.9(b) indicating power deposition at ρvol = 0.35.
With central deposition (at time t = 1.75 s, see figure 5.10(c)), the strongest slope
jump region moves to the central-viewing chord #35 (ρvol ' 0.07), as expected from
the simulation on figure 5.9(c) indicating power deposition at ρvol = 0.07.

The colour map in figure 5.11 shows the successive BIS amplitude profiles versus
time. Only the LFS part of the profiles is shown. In the same figure, the color
contours give the local power deposition profiles calculated by the C3PO-LUKE
codes. For the sake of comparison with the simulation, the BIS amplitude profiles
are projected on the normalized minor radius ρvol to which the DMPX lines-of-
sight are tangential. Positive and negative ρvol values are attributed to LFS and
HFS viewing lines-of-sight, respectively. The maximum BIS amplitude location
is tracked along time and filtered using a 7-time-point median average, yielding
an estimated time evolution of the power deposition location. As expected, the
location of maximum BIS amplitude clearly moves from far off-axis to central minor
radius when the plasma vertical position decreases. The simulated and experimental
power deposition locations are all superimposed in the last subplot of figure 5.11.

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



5.4. Tracking of non-stationary X2 ECH location 97

0

0.1

0.2

Z
ax

is [m
] #35409

Plasma vertical position

0

0.2

0.4

0.6

0.8

1  

BIS at switch−ON
 

ρ vo
l

B
IS

 [1
03 /s

]

−1

0

1

2

0

0.2

0.4

0.6

0.8

1

ρ vo
l

 

 

LUKE code: absorbed P
RF

P
R

F [M
W

/m
3 ]

20

40

60

80

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

ρ vo
l,d

ep

time [s]

 

 
LUKE (local)
BIS at ON
BIS at OFF
HRIM

Figure 5.11: X2 power deposition location tracking. From top to bottom: plasma vertical
position versus time (pink dots indicate the times corresponding to the C3PO simulations in
figure 5.9); BIS amplitude of line-integrated soft X-ray profiles versus time and normalized minor
radius ρvol (only the LFS part of the BIS profiles is shown and the black line is a 7-time-point
median average of the maximum BIS amplitude location); local absorbed EC power density versus
time and normalized minor radius ρvol from LUKE simulations; superimposed EC power deposition
locations from LUKE (blue �), from BIS analysis of the soft X-ray profiles at both EC power switch-
on (green trace) and switch-off times (magenta trace), and from HRIM analysis of the soft X-ray
profiles (black •). Both analysis methods are in excellent agreement with each other and within
10% of ρvol with the numerical simulation. #35409.

The experimental power deposition location inferred from BIS at the EC power
switch-on and switch-off times are in excellent agreement with each other, with a
time average difference 〈|ρdep,ON − ρdep,OFF|〉t ' 2.3%, during the whole position
sweep.
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Figure 5.12: EC power absorption efficiency. From top to bottom: stray EC power level,
maximum BIS amplitude at power switch-on and switch-off times, X2 EC power absorption effi-
ciency calculated by the LUKE code, and power deposition location from BIS analysis and simu-
lations. Since BIS amplitudes at switch-on and switch-off times have opposite signs, the latter is
multiplied by −1. The X2 power absorption increases from 74% when the beam power is deposited
at the edge where the temperature is low, to 100% for central deposition. Both the level of stray
EC power and the maximum BIS amplitude follow the same trend. #35409.

For off-axis deposition (ρvol,dep & 0.2, t < 1.3 s), the experimental results are in
fair agreement with the simulated power deposition location, that is 〈|ρdep,ON −
ρdep,LUKE|〉t ' 8.4% more inside than the simulation result. This slight discrepancy
can be explained by the fact that the BIS analysis is applied to line-integrated soft
X-ray data, whereas the simulated deposition profiles are local. A tomographic
inversion of the soft X-ray data will cause a slight outward shift of the experimental
power deposition location [89], which should improve the agreement with the ray-
tracing calculation. In stationary scenarios, the DMPX profile can be inverted off-
line using a Fisher-information minimization algorithm, mapping both HFS and LFS
viewing chords on one local profile. In the present non-stationary scenarios where
the flux surfaces cross different lines-of-sight as a function of time, the signal/noise
ratio after inversion is poor and the modulation information is lost. Note that the
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inversion of the soft-X ray profiles is not necessary if the same diagnostic is used to
determine both the location of the power deposition and the aim point of the beam,
e.g. in the case of NTM tracking and stabilization with EC power. In this case,
relative position information is sufficient.

For central deposition (ρvol,dep . 0.2, t > 1.3 s), the experimental deposition lo-
cation is more outward than expected from the simulation and it undergoes larger
fluctuations. Both effects may be caused by the resurgence of the sawtooth activity
or a similar periodic profile relaxation triggered by the modulated ECH when it
reaches the plasma center.

Although this type of experiment is designed rather for the fast tracking of the
EC power deposition location than for a quantitative estimation of the absorption
efficiency, the maximum BIS amplitude is compared qualitatively to the power ab-
sorption efficiency calculated by LUKE in figure 5.12. Note that the BIS amplitude
at the power switch-off times is simply multiplied by −1 to compare the information
of BIS amplitude at switch-on and switch-off times. At the beginning of the plasma
vertical sweep, the X2 beam power is deposited at the edge where the electron tem-
perature is low and the EC power is not fully absorbed (74% absorption according
to LUKE), as confirmed by the high level of stray EC power which provides a qual-
itative indication of the non-absorbed power fraction. At the end of the plasma
position sweep, central deposition and full absorption are reached. The maximum
BIS amplitude follows the same trend, increasing with more central deposition radius
ρvol,dep.

HRIM analysis of the soft X-ray profiles

The harmonic response identification analysis is performed on the same filtered and
normalized soft X-ray profiles used in the BIS analysis. The complex amplitude at
fmod = 500 Hz is calculated for each of the 64 soft X-ray traces in 14 successive
100-ms-long time intervals. The resulting amplitude and phase profiles are given in
figures 5.13(a) and 5.13(b), respectively. Note that the HRIM analysis provides one
amplitude profile per 100-ms interval whereas the BIS analysis yields 100 amplitude
profiles in the same time (thanks to 50 power switch-on events and 50 power switch-
off events).

The location of maximum soft X-ray oscillation amplitude inferred from the HRIM
analysis is shown in the bottom subplot of figure 5.11. It is in excellent agreement
with the results of the BIS analysis, with difference averaged on the whole sweep
time 〈|ρdep,ON − ρdep,HRIM|〉t ' 3.1%. The soft X-ray oscillation phase exhibits a
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Figure 5.13: HRIM analysis of the power deposition location. HRIM analysis of the
500-Hz component of the 64 soft X-ray signals from the DMPX is performed in successive 100-ms-
long time intervals comprising 50 modulation cycles. (a)-(b) Amplitude and phase of the resulting
complex amplitudes versus time and ρvol. Negative ρvol values represent lines-of-sight viewing on
the HFS. #35409.

local minimum which also follows the power deposition location. Figures 5.14(a),
(b) and (c) presents successive amplitude and phase profiles for decreasing ρvol,dep.
The rather shallow local minima in the phase profiles at t = 0.95 s and t = 1.35 s

indicate a fast radial propagation of the ECH heat pulse. At t = 1.75 s, the X2 power
is deposited at the plasma centre. There is no clear amplitude maxima at the power
deposition location, but rather a flat profile. Moreover, the phase profile exhibits
90° jumps. These effects is the clear signature that a periodic profile relaxation with
inversion radius is dominating the heat pulse propagation. This confirms that central
heating trigs a MHD instability which in turn induces perturbations in the analysis
of the plasma response to MECH, increasing the error on the power deposition
location estimate.

5.4.2 Double X2 power deposition location

The natural next step toward real-time applications of the BIS analysis method is to
test the potential of simultaneous tracking of multiple power deposition locations.
For this purpose, a similar plasma target is repeated where, in addition to the
EC power beam from the equatorial launcher L1, a second beam is injected in the
poloidal plane (φL ' 0°, i.e. φinj ' 0°) from the upper lateral launcher L5 with a
θinj ' −30° downward poloidal angle. When the plasma vertical position is swept
down, the power deposition location of the first beam is thus expected to move from
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Figure 5.14: Effect of central relaxation on amplitude and phase profiles. Amplitude
and phase of the 500-Hz component of the soft X-ray profiles for decreasing ρvol,dep (indicated by
the vertical dashed lines). For (a) t = 0.95 s and (b) t = 1.35 s, the amplitude is maximum and the
phase exhibits a local minimum at the power deposition location. (c) At t = 1.75 s, i.e. when the
power is absorbed inside ρvol ' 0.2, the phase profile exhibits a 90° jump, which is the standard
signature of a perturbation of the heat pulse transport by some periodic profile relaxation. #35409
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Figure 5.15: Plasma vertical sweep and double beam modulation. From top to bottom:
same as in figure 5.8. In addition to the X2 EC power beam injected from the equatorial launcher
L1 (blue solid PEC trace), a X2 EC power beam is injected from the upper lateral launcher L5
(red dashed PEC trace). Both EC power traces are square modulated at fmod = 500 Hz with
a duty-cycle dc = 50%, but with a relative phase of π/2. The confinement time was calculated
for an average ECH power P̄EC = 750 kW. The toroidal magnetic field and the plasma current
are maintained constant at Bϕ = 1.45 T and Ip ' 160 kA respectively while the plasma vertical
position is swept down from Zaxis = 24 cm to 0 cm in the time interval t = [0.2; 2.0] s. #35416.

mid-radius to the center of the plasma and vice-versa for the second beam, as shown
by C3PO ray-tracing simulations in figure 5.16. In order to perform independent but
simultaneous BIS analysis of the beam absorption locations, both power amplitudes
are modulated with the same 500 Hz square waveform as in the previous experiment,
but with a phase difference of π/2, see figure 5.15. The difference in the modulation
depths — ∆PRF = 320 kW for L1 and ∆PRF = 375 kW for L5 (between 200 kW and
575 kW) — is due to the different individual efficiencies of the gyrotrons response
to the same applied voltage.
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Figure 5.16: Double time-varying deposition locations. Poloidal trajectory of X2 ray-
tracing simulations with the C3PO code [29] for 12-ray beams injected from the equatorial launcher
L1 (blue) and from the upper lateral launcher L5 (red), at times (a) t = 0.4 s, (b) 1.1 s and (c)
1.8 s when the plasma magnetic axis is located at Zaxis = 21 cm, 10 cm and 1 cm respectively. The
vertical dashed-line indicates the 2nd harmonic cold EC resonance location. The beam-plasma
resonant interaction location (black dots) moves from mid-radius to the plasma core for the beam
coming from L1 and vice-versa for the beam coming from L5. TCV shot #35416.

In this somewhat more delicate experiment to retrieve the deposition location, the
best discrimination between the two beam absorption locations is obtained when the
DMPX signal is not band-pass filtered (neither low-pass filtered nor detrended) but
only normalized along time, to ensure the highest signal dynamics. The linear fits
are then performed between the power step-up and step-down times of the beams
coming from launchers L1 and L5 separately and an estimate of the power deposition
location can be drawn for each beam at a 500 Hz rate, see figures 5.17 and 5.18.

In this double beam case, the signal/noise ratio is lower and the discrepancy with the
simulations is larger than for the single beam experiment since the power modulation
of one beam perturbs the analysis of the response to the other beam modulation. The
double beam experiment was repeated with slower modulation frequencies (137 Hz

and 237 Hz instead of 500 Hz) in order to improve the discrimination between
the two beam deposition locations by performing the linear fits on quarters of the
modulation period (τmod/4 instead of τmod/2) around the power steps of one gyrotron
such as to avoid the perturbation due to the power steps of the other gyrotron. But
similar results were obtained and no clear improvement was observed.
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Figure 5.17: Simultaneous X2 power deposition tracking. Same as in figure 5.11 but for
the EC power beams from (a) launcher L1 and (b) launcher L5 simultaneously. The pink dots
indicate the times corresponding to the C3PO simulations in figure 5.16(a-c). #35416.
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Figure 5.18: Simultaneous X2 power deposition tracking. LUKE simulated power deposi-
tion locations for the beams from launcher L1 (blue �) and launcher L5 (red H), superimposed on
the BIS estimated power deposition locations for L1 (green trace) and L5 (orange trace). #35416.

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



5.5. EBW deposition detection 105

5.4.3 Summary

The time-varying power deposition location of one X2 power beam is successfully
tracked at a high time rate (1 kHz) by BIS analysis of high radial resolution soft X-
ray profiles. The experimental results and the power absorption profiles simulated by
the C3PO-LUKE code are in very good agreement, i.e. within 10% of the normalized
minor radius ρvol, except for the central deposition. Harmonic response identification
analysis of the soft X-ray profiles indicates that the latter discrepancy is caused by
the resurgence of periodic profile relaxations when the X2 MECH is deposited in the
plasma center, i.e. within ρvol ' 0.2. The BIS analysis is thus a candidate of choice
for ECH power deposition detection in real-time applications.

Orthogonal power modulation waveforms allow to track the power deposition lo-
cations of two X2 power beams simultaneously. The experimental results compare
satisfactorily with the simulation, but the discrepancy is larger than in the single
beam case due to the mutual disturbance of the two heating modulations.

This part of the thesis work has been submitted for publication as Multiple EC

power deposition locations tracking by break-in-slope analysis in TCV

plasmas in Plasma Physics and Controlled Fusion, 2011.

5.5 EBW deposition detection

Experimental setup

The BIS and HRIM methods have been successfully used to detect and track both
stationary and time-varying X2 power deposition locations in the previous sections.
In this section, the location of resonant EBW absorption is determined using the
same methods.

In this EBW heating experiment, the target plasma is an ELM-free H-mode plasma
located in the upper half of TCV vacuum vessel (Raxis ' 89.7 cm, Zaxis ' 19.5 cm,
κa ' 1.76, δa ' 0.55). The time evolution of the plasma parameters is given in
figure 5.19. The L-H confinement transition is obtained in Ohmic regime thanks
to a high Ohmic power input obtained with a high plasma current Ip ' 420 kA.
In absence of ELM activity, the electron density rises dramatically, and the density
pedestal height and gradient grow rapidly. Hence, the conditions for an efficient
O-X-B mode conversion are met shortly after the L-H transition. In the meanwhile,
the central electron temperature decreases with increasing density.

As a consequence of the high plasma current, the edge safety factor is low (q95 '
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Figure 5.19: EBH experiment in ELM-free H-mode. From top to bottom: toroidal mag-
netic field, central electron temperature from profile fitting of the Thomson scattering data (TS, �)
and from soft X-ray signals, central electron density from TS (◦) along with the volume averaged
density from FIR measurements, central soft X-ray emission (line-integrated), sawtooth frequency
and inversion radius calculated from the soft X-ray profiles after tomographic inversion (DMPX),
Dα recombination light intensity and modulated O2 power. The L-H transition is indicated by
the characteristic intensity drop in the Dα light emission. In absence of ELM activity, the electron
density increases dramatically, rapidly exceeding the O2 cutoff density (dashed line). Efficient
O-X-B mode conversion is thus expected. #31541.

2.4) and the plasma center undergoes strong sawtooth activity with frequency
fst ' 140Hz. The sawtooth crashes have a wide inversion radius ρvol,inv > 0.3,
decreasing with increasing density, as determined from tomographic inversion of the
soft X-ray emission profiles measured by the DMPX diagnostic.

The O2 power is modulated between PRF = 0 kW and 450 kW with a 50% duty-
cylce square waveform. The modulation frequency fmod = 181 Hz is chosen to lie
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(a) Details of the poloidal view.
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Figure 5.20: N‖-upshift and power deposition profile. (a) Evolution of the parallel and
perpendicular refractive indices along the central ray propagation coordinate s, calculated by AMR.
(b). Absorbed power density profile and driven current density profile, calculated by LUKE.
#31541 at t = 0.69 s.

between the fundamental and the second harmonic of the sawtooth frequency. The
O2 power is injected from the upper lateral launcher L2. The optimum launcher
angles (θL, φL) ' (43.1°,−40.8°) were determined prior to the experiment using the
ART code. These launcher angles correspond to a downward poloidal injection angle
θinj ' −31.1° and a counter-clockwise toroidal injection angle φinj ' 31.4°. With
such a poloidally oblique launching geometry, the EBWs penetrate the plasma high
above its magnetic axis and a strongly Doppler-shifted off-axis resonant absorption
is expected. A toroidal magnetic field ramp-down from Bϕ = 1.44 T to 1.29 T

was programmed in order to displace the absorption location, which would be an
additional signature that resonant absorption is at play, but the plasma disruption
happened before the field sweep was completed.

Numerical simulation of the EBW trajectory and absorption profile

Figure 5.21 shows the post-shot calculation of the EBW trajectory performed for a 7-
ray bundle using the AMR code with the experimental equilibrium and profiles data
for the time t = 0.69 s when the magnetic field is the lowest, i.e. Bϕ = 1.42 T. The
calculated O-X-B mode-conversion efficiency is 82.3%. As indicated in figure 5.20(a),
the EBW undergoes an upshift of the parallel refractive index up to N‖ ' 1.6 at
the absorption. The EBW trajectory is passed to the LUKE Fokker-Planck code in
order to calculate the quasi-linear power absorption profile and the generated current
density given in figure 5.20(b). As a consequence of the high N‖, the mode-converted
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(c) Detail view of the toroidal trajectory.
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Figure 5.21: Oblique EBW beam injection and O-X-B trajectory. (a) Toroidal and (b)
poloidal trajectories of a 7-ray EBW bundle calculated by the AMR ray-tracing code using the
experimental equilibrium and profiles data of #31541 at t = 0.69 s. The dashed frames define the
detail views on the ray trajectories given in (c) and (d). Black dots along the rays indicate the
power absorption location, which takes place far off-axis. The corresponding deposition profile and
refractive index evolution are given in figures 5.20.

power is fully absorbed far off-axis at ρvol,dep ' 0.76, i.e. inside the plasma cutoff
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but far from the strong central sawtooth perturbation. The driven counter-current
is low, i.e. ICD ' −1.2 kA.

BIS and HRIM analyses of the experimental EBW deposition

The EBW power deposition location is inferred from the local soft X-ray emission
profiles obtained after tomographic inversion of the line-integrated signal measured
by the DMPX camera.
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Figure 5.22: Local (inverted) soft X-ray profile response to modulated EBH. Soft X-ray
traces after tomographic inversion of the line-integrated signal from the DMPX, along with the
modulated RF power trace. Grey surfaces indicate the times when the ECH power is on. The
plasma center is perturbed by the sawtooth activity (which is inverted outside ρvol,inv ' 0.32), while
the traces at the plasma edge are dominated by an oscillation in phase with the EBH modulation.
#31541.

In order to minimize the perturbation due to the sawtooth activity, the soft X-ray
profile response to the modulated EBH is analyzed on the last five RF power mod-
ulations before the plasma disruption, when the amplitude of the sawtooth activity
is the lowest and its inversion radius is the smallest, as indicated in figures 5.22 and
5.19, respectively. The data are band-pass filtered (between fmod/2 = 90.5 Hz and
2fmod = 362 Hz) and normalized in this time interval. The BIS analysis is then
performed as indicated in figure 5.4, as well as the HRIM oscillation analysis.
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Figure 5.23: BIS analysis of the local (inverted) soft X-ray emission. Filtered and
normalized soft X-ray emission (in blue) at ρvol ' 0.48, 0.67 and 0.89, superimposed on the
modulated EBH trace (in black). The red ◦ and � indicate the RF power switch-on and switch-off
times, respectively. Linear fits of the soft X-ray data (in red) are performed between these times.
The largest break-in-slope takes place at the plasma edge where the modulation is in phase with
the modulated EBH. #31541.

The resulting average amplitude and phase profiles are given in figure 5.24. One
peak is observed on the BIS and HRIM amplitude profiles at ρvol = 0.68. Since this
peak in the plasma response is situated far from the region of the strongest sawtooth
perturbation (ρvol,inv ' 0.32 ± 0.02) and well inside the O2 cutoff layer located at
ρvol = 0.92 − 0.96, it can be safely attributed to the resonant absorption of EBW
power. It is in agreement with the numerical results within 8% of ρvol. The detailed
view in figure 5.25 indicates that the HRIM phase profile has a local minimum at
the same normalized minor radius, which confirms this is the location EBH.

Both the BIS and HRIM amplitude profiles exhibit a second peak at the cutoff
layer, which could be explained by several effects: some collisional damping of the
wave around the X-B mode conversion layer, absorption of the decay waves from the
lower-hybrid parametric instability or edge absorption of the non-converted power
fraction after multiple reflections between the plasma cutoff and the vessel wall.

Finally, the third peak observed on the BIS amplitude profile (and, to a lesser extent,
on the HRIM amplitude profile) at ρvol ' 0.4 is due to the sawtooth oscillation
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Figure 5.24: Detection of resonant EBH at the plasma edge. Top figure: BIS amplitude
profile of the local (inverted) soft X-ray emission averaged over five EBH pulses, superimposed on
the power density profile calculated by LUKE. Center and bottom figures: oscillation amplitude and
phase profiles of the local soft X-ray emission inferred from the HRIM analysis at the modulation
frequency fmod = 181 Hz. The average O2 cutoff location and sawtooth inversion radius are
indicated by red and grey surfaces, respectively. The amplitude peak at ρvol = 0.68 indicates the
location of resonant EBW absorption. A local minimum is observed on the phase profile at the
same location, as indicated by the detailed view in figure 5.25. #31541.

outside the inversion radius. The large errorbars indicate that the amplitude and
position of this third peak are subject to strong fluctuations.
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Figure 5.25: Local minimum of the oscillation phase at the EBH location. Amplitude
profile (top) and phase profile (bottom) of the local (inverted) soft X-ray oscillation retrieved by
HRIM analysis at the RF power modulation frequency fmod = 181 Hz, compared to the absorbed
RF power density calculated by LUKE (magenta). The phase profile exhibits a local minimum at
the same normalized minor radius than the maximum amplitude, indicating direct EBH. #31541.

5.6 Conclusion and outlook

Modulation of the amplitude of injected RF power is a frequent tool used to estimate
the absorbed power profile in the experiment. Amongst the many methods proposed
to analyze the plasma response to the power modulation, the simple break-in-slope
(BIS) analysis is the only one that provides an estimated power deposition profile
at each power step-up and step-down time, thus with a high temporal resolution. It
has been successfully tested and compared to other methods in previous experiments
in stationary conditions.

In this chapter, the deposition location of modulated RF power is retrieved by BIS
analysis of the soft X-ray profiles measured by the high radial and time resolution
DMPX camera. It is compared to the results of a harmonic response identification
method (HRIM) applied to the same experimental data, and to the numerical results
of the C3PO (for X2) and AMR (for EBW) ray-tracing codes coupled to the Fokker-
Planck solver LUKE.

The direct deposition location of partially absorbed X2 power at the edge of the
plasma where the signal to noise ratio is low is successfully determined by both the
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BIS and the HRIM analyses. Conversely to the HRIM, the BIS analysis is able to
discard the indirect plasma center response to the MECH, revealing only the direct
edge ECH. The experimental results are in good agreement with the numerical
simulation of C3PO-LUKE within 7% of ρvol.
Using the unique flexibility of both TCV magnetic coil system and ECH system,
the ability of the BIS analysis to track the X2 power deposition location with a
high time resolution is demonstrated in TCV experiments with time-varying EC
resonance when either the toroidal magnetic field is varied or the plasma position
relative to the injecting antenna is swept during the plasma discharge. The BIS anal-
ysis provides estimated power deposition profiles with a high time resolution (i.e.
2fmod = 1 kHz if both power step-up and step-down times are used in the analysis).
The experimental results are in agreement within 10% of ρvol with the evolution of
the absorbed power profile described by the C3PO-LUKE simulations. Choosing
orthogonal power modulation waveforms allows different time-varying power depo-
sition locations of two X2 beams to be tracked simultaneously.
The absorption location of O-X-B mode-converted O2 power is detected at the edge
of a strongly sawtoothing ELM-free H-mode plasma by BIS and HRIM analyses of
the local soft X-ray emission, in good agreement with the AMR-LUKE simulation
within 8% of normalized minor radius, thus demonstrating the resonant absorption
of EBWs in TCV overdense plasmas. A second absorption peak is observed at the
plasma cutoff, which can be due to multi-pass absorption of the non-converted power
fraction. It may also indicate a non-negligible fraction of collisional damping of the
EBW at the mode-conversion layer where the temperature is low. In future work,
the importance of the collisional damping can be assessed with the help of the AMR
code.
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Chapter 6

RF power absorption measurements

using the DiaMagnetic Loop (DML)

diagnostic

6.1 Introduction

The experimental deposition location of injected RF power is determined in chap-
ter 5 with the BIS analysis method. For a complete information about the RF power
deposition profile, the global absorption coefficient need to be assessed. The exper-
imental results can then be compared to the numerical results from ray-tracing and
mode-conversion calculation codes for X2/X3 ECH and EBH, respectively.

The absorption efficiency η of auxiliary power injected in the plasma is defined
as the ratio of the power Pabs actually absorbed by the plasma and the power
Pinj injected into the plasma (i.e. the power leaving the injection system, taking
into account possible losses in the transmission lines from the power sources to the
vacuum vessel):

η =
Pabs

Pinj

. (6.1.1)

The absorption efficiency η is of primary importance to compare the efficiency of
different auxiliary heating techniques. It is also an important quantity to retrieve
from the measurements for the interpretation of plasma auxiliary heating results, in
particular in heat transport studies, and for the comparison of the experiments with
simulations.

The experimental methods for the measurement of the auxiliary power absorption
divide into two categories:
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• direct measurements of the non-absorbed power fraction;

• perturbative methods based on the modulation of the heating power intensity.

The first method consists in measuring the stray power reflected and transmitted by
the plasma. It has the advantage that no modulation of the power source strength is
needed. However, the main inconvenient of this method is that the locations where
to instal the detectors to ensure a total stray power detection strongly depend on
the beam trajectory, i.e. on reflection and refraction effects and on the launching
geometry. A fixed set of detectors would provide a valid measurement for only one
launching geometry and a very narrow range of plasma parameters. This method is
thus not applicable in most experiments, and in particular in TCV where both the
plasma configuration and the EC heating conditions vary largely, due to the high
flexibility offered by the coil system and the heating system.

The second method consists in analyzing the dynamic response of the plasma energy
to total or partial modulation of the auxiliary power intensity. The power modu-
lation wave form is typically sinusoidal or square with abrupt switch-on/off jumps.
Of course, this method is not restricted to RF heating and is applicable to all types
of auxiliary heating, including NBI. As recalled in [90], there are many techniques
for the determination of the auxiliary power absorption coefficient from the plasma
response to the modulation: instantaneous time derivative of the plasma energy
at the power switch-on/off time (i.e. the so-called break-in-slope method); fitting
the plasma energy time evolution after an isolated power switch-on/off; fitting the
plasma energy as a function of the auxiliary power using a confinement time scal-
ing model; oscillation analysis of both the injected power and the plasma energy
response. In the present work, the latter method is used.

This chapter presents analyses of global power absorption of RF heating experi-
ments in TCV using the diamagnetic loop (DML) diagnostic measuring the plasma
toroidal magnetic flux. The three types of RF heating available at TCV are studied:
X2 ECRH, X3 ECRH and EBWH via O-X-B mode conversion. The section 6.2 in-
troduces TCV DML diagnostic. In section 6.3, it is shown how the plasma toroidal
flux is linked to the plasma perpendicular kinetic energy. A model for the trans-
fer function between the RF power and the plasma perpendicular kinetic energy is
introduced and the oscillation analysis is presented, along with a system transfer
identification method. In section 6.4, a new light is cast on earlier experimental
results for X3 modulated ECH (MECH) in presence of X2 ECCD pre-heating, dis-
closing an important perturbation of the measurement by the sawtooth activity,
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which was not revealed in the first analysis of these experiments. As important
drawbacks are met for the X3 power absorption measurements, the method is tested
in scenarios simpler to interpret, i.e. X2 MECH experiments, which are discussed in
section 6.5. Modulated EBW heating experiments are then presented and discussed
in section 6.6. Conclusions and outlooks are given in section 6.7.

6.2 TCV DML diagnostic

TCV is equipped with a diamagnetic loop (DML) diagnostic for the measurement
of the plasma toroidal flux. A detailed presentation of the diagnostic system is
given in [91], along with an exhaustive description of the analog and software signal
processing. The important features of the system are summarized in this section.

6.2.1 DML hardware

The plasma contribution to the toroidal magnetic flux through a poloidal surface S
is defined as

Φpl ≡
∫
S

Bϕpl dS with Bϕpl ≡ Bϕ −Bϕv (6.2.1)

where Bϕ is the total toroidal magnetic field, Bϕpl is the plasma contribution and Bϕv

is the vacuum contribution provided by the toroidal field coils. The plasma toroidal
flux Φpl is also called “plasma diamagnetic flux” even though the net plasma effect
can be either diamagnetic with sign(Bϕpl) = −sign(Bϕv) (for βp > 1) or paramag-
netic with sign(Bϕpl) = sign(Bϕv) (for βp < 1) as it is seen in subsection 6.3.1.

In TCV, Φpl is measured by the DML diagnostic consisting of four principal loops,
as illustrated in figure 6.1:

• Loop A (also named DML2) is a single-turn loop tightly wound on the outer
surface of the vacuum vessel. This loop was first meant for the compensation
of the toroidal flux due to vessel image currents. It is now used as the default
main diamagnetic loop instead of loop D since it is expected to undergo much
smaller displacements relative to the vacuum vessel.

• Loop B is an 80-turn loop mounted on one of the 16 toroidal field coils in
order to measure parasitic fluxes due to current diffusion in the toroidal coil.

• Loop C is an 80-turn loop meant for the compensation of the externally
applied vacuum field from the toroidal coils.
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Figure 6.1: TCV DML loops. TCV poloidal cross section showing the DML diagnostic single-
turn loops A and D (also called respectively DML2 and DML1) and multi-turn loops B and C,
as well as one of the 16 toroidal field coils (orange), the Ohmic transformer coils and the poloidal
field coils (light blue), along with the flux loops (×) and the magnetic probes (y) as in figure 2.2.
TCV shot #31541 at t = 0.6 s.

• Loop D (also named DML1) is a single-turn loop, mechanically independent
from the vacuum vessel. It was first used as the main diamagnetic loop but is
now used for the compensation of the vessel image currents.

All loops are located in TCV sector #16, with the loop B mounted on the toroidal
field coil between sectors #1 and #16.
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6.2.2 Signal processing and compensations

As it will be seen in subsection 6.3.1, the plasma toroidal flux Φpl to be measured
with the DML diagnostic takes values between typically 0.4 mWb (at low plasma
currents) and 40 mWb (at high plasma currents). However, the diamagnetic loop A
(as well as loop D) also measures the flux produced by the toroidal field coils which
is of the order of 2 Wb. A careful compensation of this external flux and other
parasitic fluxes is thus needed.

Moreover, the study of fast modulated ECH (MECH) and of fast MHD activity
like EMLs requires a DML diagnostic bandwidth extending up to frequencies of the
order of 1 kHz. But TCV vacuum vessel is a one-piece conductor with low electrical
resistance in both poloidal and toroidal directions for the passive stabilization of the
vertical position of highly elongated plasmas. Fast variations of the plasma toroidal
flux are thus screened by image currents induced in the conducting vacuum vessel,
with a characteristic vessel time constant τv = 5.3 ms [91]. A proper compensation
of the fluxes produced by these vessel currents is then of primary importance to
obtain adequate plasma toroidal flux measurements at high frequency, e.g. for the
MECH applications which are the scope of this chapter.

The processing of the DML signal is performed as follows. In a first step before the
signal digitalization, the raw voltages from loops A (DML2), C and D (DML1) are
combined, amplified, integrated and filtered in order to subtract all toroidal fluxes
which are not produced by the plasma. A set of 10 digital compensations (also called
back-off signals) is then applied to the analog-corrected toroidal flux signal ΦDML2

from the DML2 loop (or ΦDML1 from the DML1 loop) in order to compensate for
remaining parasitic fluxes. The subtraction of the total back-off flux ΦBO results in
a measurement of the plasma toroidal flux Φpl (also named DMLCOR)

Φpl = ΦDML2 − ΦBO (6.2.2)

with an absolute accuracy of 0.05 mWb and a bandwidth of ∼ 10 kHz [91].

The 10 software compensations are:

• Compensation of residual parasitic toroidal fluxes from an imperfect

analog compensation: linear and non-linear terms for the toroidal coils cur-
rent (VAR-TOR-LIN and FIX-TOR-NONLIN), one term for the vessel eddy
currents (VAR-TOR-VESSEL), one term due to the presence of ferromagnetic
material close to the DML loops (VAR-TOR-FERRO) and one term for the
compensation of current diffusion in the toroidal field coils (FIX-TOR-DIFF);
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Figure 6.2: DML compensations and corrected signal. From top to bottom: the 9 software
DML back-off signals calculated for the DML2 loop, the total back-off signal, the uncorrected
plasma toroidal fluxes from DML1 and DML2 loops (blue and green), and the corrected plasma
toroidal flux Φpl calculated from the DML2 loop signal. TCV shot #19291, see also figure 6.7.

• Compensation of parasitic poloidal fluxes picked-up due to a slight

misalignment of the main DML loop in the poloidal plane: one term
for the current in the 16 poloidal shaping coils and the Ohmic transformer coils
(FIX-POL-LIN), one term for the vessel eddy currents (FIX-POL-VESSEL),
one term due to the presence of large vessel ports near the DML loops (FIX-
POL-PORT) and one term for the pick-up of poloidal flux produced by the
plasma current itself (FIX-PLA-LIN). The FIX-POL-PORT term is now em-
bedded in the FIX-POL-VESSEL term;
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• Compensation of flux variations due to a DML loop deformation:

one term for the mechanical and thermal stresses (FIX-DEF).

All software compensation signals listed above are plotted in figure 6.2 for a shot
which is part of the X3 MECH frequency scan presented in section 6.4. Clearly, the
total compensation signal is not negligible: during the discharge flattop, the sum of
all 10 back-off corrections totalizes a higher amplitude (|ΦBO| > 1 mWb) than the
uncorrected toroidal plasma magnetic flux from DML2 loop (|ΦDML2| < 1 mWb),
such that the toroidal plasma flux measurement (DMLCOR) acquires its a proper
sign only after the corrections are applied. Indeed, this plasma discharge has βp < 1

and Bϕ > 0 such that one expects Φpl > 0, see equation (6.3.20).

6.3 DML signal analysis

6.3.1 MHD integral relations

In this subsection, one shows how the plasma toroidal flux Φpl defined in (6.2.1) and
measured by the DML diagnostic is linked to the different plasma energies, and in
particular to the perpendicular plasma kinetic energyWkin⊥. A full derivation of the
MHD integral relations linking the various plasma energies is given in appendix B
with the corresponding references.
Starting from the momentum conservation equation for an MHD equilibrium

∇ ·T = 0 (6.3.1)

with the stress tensor

T ≡ ρmuu +

(
p⊥ +

B2

2µ0

)
I− σBB

µ0

(6.3.2)

and the anisotropy parameter

σ ≡ 1− µ0

(
p‖ − p⊥

)
B2

, (6.3.3)

one can show that for a toroidally axisymmetric plasma the perpendicular kinetic
energy

Wkin⊥ ≡
1

2

∫
V

2p⊥ dV (6.3.4)

is linked to the plasma toroidal magnetic energy

WM ≡
∫
V

B2
ϕ −B2

ϕv

2µ0

dV (6.3.5)
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through the relation

Wkin⊥ =
1

2
[S1 + δRS2]−Wrot +Wrotϕ −WM (6.3.6)

where Wrot is the plasma fluid rotation energy defined as

Wrot ≡
∫
V

1

2
ρmu

2 dV (6.3.7)

with u the fluid rotation velocity and ρm the mass density. Here, p‖ and p⊥ are the
pressures in the parallel and perpendicular directions to the total magnetic field,
respectively. Bϕv is the vacuum contribution (produced by the tokamak coil system)
to the total toroidal magnetic field Bϕ. In equation (6.3.6), Wrotϕ is the toroidal
component of Wrot, and S1 and S2 are the (unnormalized) Shafranov integrals [92]
given by

S1 ≡
1

µ0

∮
∂V

[
B2

p

2
n̂ · ρρ̂− (n̂ · Bp)(Bp · ρρ̂)

]
dA (6.3.8)

and

S2 ≡
1

µ0

∮
∂V

[
B2

p

2
n̂ ·R′R̂− (n̂ · Bp)(Bp ·R′R̂)

]
dA. (6.3.9)

Here, Bp is the poloidal magnetic field, ρ is the radial coordinate of a polar coor-
dinate system in the poloidal plane centered on the arbitrarily chosen major radius
R′, dA is the surface element on the boundary δV of the toroidal volume V encom-
passing the whole plasma volume Vpl, see figure B.1. The volume V is obtained by
revolution of a poloidal surface S around the plasma vertical axis. Finally, n̂ is the
normal unit vector on dA and δR is a normalized radial shift defined as

δR ≡
R′ −RT

R′
with RT ≡

∫
S

g2πR dS∫
S

g2π dS
(6.3.10)

where RT is a major radius averaged on the plasma configuration and g is the
weighting factor

g ≡ ρu2
ϕ + p‖ +

B2
p

2µ0

− B2
p

(
p‖ − p⊥

)
B2

− B2
ϕ −B2

ϕv

2µ0

. (6.3.11)

In the derivation of (6.3.6), it is assumed that the pressure, the fluid velocity and
the plasma contribution to the toroidal field vanish outside the plasma: Bϕ = Bϕv,
p‖ = p⊥ = 0 and u = 0 in V \ Vpl. Moreover, a small term associated to the
pressure anisotropy is neglected even for anisotropic plasmas, see equations (B.4.9)
and (B.4.10) in section B.4.1.
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Of course, one can write an equation equivalent to (6.3.6) in terms of normalized
plasma energies:

βp⊥ =
1

2
[s1 + δRs2]− w + wϕ − µ (6.3.12)

where βp⊥, s1, s2, w, wϕ and the diamagnetism µ are equal, respectively, to Wkin⊥,
S1, S2,Wrot,Wrotϕ andWM normalized by a factor N ≡ 2µ0/V B̄

2
p with B̄p a contour-

averaged poloidal field on the boundary of the poloidal surface S. In TCV LIUQE
magnetic equilibrium reconstruction code, this normalization factor is evaluated in
the cylindrical limit: N = 4/(R0µ0I

2
ϕ) where R0 = 0.88 m is TCV major radius, see

table B.2.

Static plasma limit

In the limit of a static plasma, the fluid rotation energy vanishes (Wrot = 0) and the
relation (6.3.6) thus reduces to

Wkin⊥ =
1

2
[S1 + δRS2]−WM (6.3.13)

or
βp⊥ =

1

2
[s1 + δRs2]− µ (6.3.14)

in terms of normalized quantities. In TCV plasmas, both toroidal and poloidal fluid
rotation velocities are of the order of u ' 10 km/s [93]. The energy stored in the
macroscopic fluid rotation of a TCV deuterium plasma of major radius R = 0.88 m,
minor radius a = 0.25 m and elongation κ = 1.5 (i.e. a volume V ' 1.6 m3) with
density n = 1 · 1020 m−3 is thus estimated to be

Wrot '
1

2
nmDV

(
u2
ϕ + u2

θ

)
' 50 J (6.3.15)

where the electron fluid rotation energy is neglected in view of the smallme/mi ratio.
Assuming an homogeneous (isotropic) plasma pressure p = 16 kPa (corresponding
to a temperature T = 1 keV) for both electrons and ions, the plasma perpendicular
kinetic energy is

Wkin⊥ = 2p⊥V ' 50 kJ (6.3.16)

where the factor 2 comes from the contribution of both the electrons and the ions.
The fluid rotation energy is thus typically 3 orders of magnitude smaller than the
perpendicular kinetic energy and can be safely neglected. Of course, this assumption
would break in presence of an external momentum source like neutral beam injection
(NBI) heating. In this case, the fluid rotation energy must be accounted for in order
to draw a proper kinetic energy measurement from the DML diagnostic.
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Small diamagnetism approximation

In standard tokamak operation, the plasma contribution to the toroidal magnetic
flux is small compared to the vacuum field contribution. (This is the so-called small
diamagnetism approximation.) In this case one has

|Bϕpl| = |Bϕ −Bϕv| � |Bϕv| small diamagnetism approximation (6.3.17)

where Bϕpl is the toroidal field produced by the plasma. The relation (6.3.13) further
simplifies to

Wkin⊥ '
1

2
[S1 + δRS2]− 2π

µ0

RBϕvΦpl (6.3.18)

where R is the major radius coordinate. The second term of this estimate of the
perpendicular kinetic energy can be fully determined from magnetic measurements.

Cylindrical limit

In terms of normalized quantities, equation (6.3.13) writes:

βp⊥ =
1

2
[s1 + δRs2]− µ. (6.3.19)

In the cylindrical limit (straight cylinder with circular cross section), one has δR =

0 and s1 = 2 [94], the average poloidal field B̄2
p in the normalization factor N

can be directly evaluated from Ampère’s law (see subsection B.5.3), and the small
diamagnetism appoximation yields

Φpl '
µ2

0I
2
ϕ

8πBϕv
(1− βp⊥) cylindrical, small diamagnetism. (6.3.20)

From this last relation, it is clear that Φpl has the sign of Bϕv when βp⊥ < 1

and the opposite sign when βp⊥ > 1. In other words, the presence of the plasma
increases (respectively decreases) the toroidal magnetic field amplitude when βp < 1

(respectively > 1). In the first case the plasma has a net paramagnetic effect, and
in the second case the plasma has a net diamagnetic effect.
Both situations are illustrated in figures 6.3 and 6.4 for plasmas with Bϕv > 0.
The diamagnetic plasma is a low-current X2-heated L-mode with an electron in-
ternal transport barrier (eITB). The presence of the plasma decreases the toroidal
magnetic field by up to Bϕpl ' −3.5 mT in the plasma center. The paramagnetic
plasma is a high-current high-density EBW-heated H-mode. In this case, the plasma
contribution increases the toroidal magnetic field by up to Bϕpl ' +33 mT in the
plasma center. The resulting radial excursions of the second harmonic cold electron
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cyclotron resonance for the frequency ω/2π = 82.7 GHz at the magnetic axis vertical
position are of the order of ∆R ' −2 mm and ∆R ' +20 mm, for the paramagnetic
and the diamagnetic plasmas respectively.
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Figure 6.3: Diamagnetic and paramagnetic plasmas toroidal flux. From top to bottom:
Plasma toroidal flux Φpl, diamagnetism µ, poloidal beta βp, plasma current Iϕ and vacuum toroidal
field Bϕ at R = R0 for (a) the diamagnetic L-mode plasma and (b) the paramagnetic H-mode
plasma introduced in figure 6.4. The L-mode plasma becomes diamagnetic, i.e. Φpl < 0 and µ < 0,
between t = 0.6 s and t = 2 s, when X2 ECH is injected and the plasma pressure is increased above
βp > 1. But for such a low plasma current (Iϕ < 100 kA), the plasma toroidal flux remains very
small (|Φpl| < 0.4 mWb).

It is also clear from equation (6.3.20) that the amplitude of the plasma toroidal
flux has a quadratic dependence on the plasma current Iϕ. At the highest TCV
plasma current (Iϕ = 1 MA, Bϕv = 1.45 T), the plasma toroidal flux is of the
order Φpl ' 40 mWb. At low plasma current (Iϕ = 100 kA, Bϕv = 1.45 T), the
plasma toroidal flux is of the order Φpl ' 0.40 mWb. The plasma diamagnetism
is thus very small compared to the vacuum magnetic flux produced by the toroidal
field coils (Φv ' 2 Wb) and the small diamagnetism approximation is valid for
the case of TCV plasmas. At very low plasma currents (Iϕ ≤ 100 kA), a relevant
measurement of Φpl may even become difficult.
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Figure 6.4: Diamagnetic and paramagnetic plasmas. (a)-(b) Poloidal map of the plasma
toroidal field Bϕpl = Bϕv − Bϕv with superimposed normalized poloidal flux contours (magenta)
and magnetic axis position (+). The thick line is the second harmonic cold EC resonance for
the frequency ω/2π = 82.7 GHz. (c)-(d) Profiles of the total and vacuum toroidal fields at Z =

Zaxis. The relevant physical traces of the diamagnetic plasma with βp > 1 (left column) and
the paramagnetic plasma with βp < 1 (right column) are given in figure 6.3. Both plasmas have
Bϕv > 0. TCV shots #29940 at t = 1.2 s and #31541 at t = 0.5 s.
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6.3.2 Plasma response modeling

Energy evolution equations

In the sequel of this text, the “kin” index of the kinetic energy variables is dropped
for the sake of a lighter notation. A model for the response of the perpendicular
kinetic energy (6.3.18) to modulations in the auxiliary power is derived from the
evolution equations for the perpendicular and parallel kinetic energies of a three
component plasmas, i.e. bulk isotropic ions, bulk isotropic electrons and anisotropic
RF-heated electrons:

dW⊥
dt

= −W⊥
τinc

+ ηPRF −
2

3

1

τ e∗
a

(
1

2
W⊥ −W‖

)
(6.3.21)

dW‖
dt

= −W‖
τinc

+ POH +
2

3

1

τ e∗
a

(
1

2
W⊥ −W‖

)
. (6.3.22)

Here, it is assumed that the Ohmic power POH and the absorbed RF power PRF

increase mainly the parallel and perpendicular energies, respectively, with η the RF
power absorption efficiency (0 ≤ η ≤ 1). According to a single-electron model [3], the
perpendicular power absorption is valid for pure X-mode heating (i.e. perpendicular
wave propagation without any ECCD fraction).
The first term on the right-hand side of both (6.3.21) and (6.3.22) is an effective
loss term accounting for transport and radiation losses. The energy incremental
confinement time τinc is defined as [90]

τinc ≡
∂W

∂
(
Ptot − dW

dt

) (6.3.23)

where W is the total plasma kinetic energy

W = W⊥ +W‖ (6.3.24)

and Ptot = ηPRF + POH + · · · is the sum of all external heating powers multiplied
by their corresponding absorption coefficients. The incremental energy confinement
time is shorter than the global energy confinement time

τinc < τE ≡
W(

Ptot − dW
dt

) . (6.3.25)

The incremental confinement time is assumed to be identical in both perpendicular
and parallel directions.
The last term on the right-hand side of both (6.3.21) and (6.3.22) treats of the en-
ergy transfer from the perpendicular direction to the parallel direction due to the
Coulomb collisions of the anisotropic heated electrons on all species (including the
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self-collisions). This term is derived in appendix C taking the appropriate moments
of the Fokker-Planck equation (neglecting collective effects) with bi-Maxwellian ve-
locity distribution functions. This model is valid for the perpendicular relaxation of
a fully ionized plasmas with one anisotropic constituent. The characteristic energy
anisotropy relaxation time of the hot electrons by collisions on themselves, the bulk
electrons and the bulk ions writes

τ e∗

a =

[
1

τ
e∗/e∗
a

+
1

τ
e∗/e
a

+
1

τ
e∗/i
a

]−1

. (6.3.26)

and is a complicated function of the temperature anisotropy. Here, we assume that
the level of the anisotropy and thus τ e∗

a are maintained constant by the time-averaged
ECRH power, neglecting the effect of the power amplitude modulation.
In general, the incremental confinement time τinc also depends on the heating power.
The RF power absorption coefficient η can as well depend on PRF and ω via the
plasma temperature, in particular for the cases where η ≤ 1 is expected, e.g. high
harmonic ECH (like X3 in TCV) and ICRH [90]. Here, 1/τinc and η are assumed
to be independent of the mean RF power level and equations (6.3.21)-(6.3.22) are
linear in PRF and ω.

Transfer functions

In modulated ECH experiments, the injected RF power is composed of sinusoidally
modulated part P̃RF(t) at the frequency f = ω/2π, superimposed on a stationary
part 〈PRF〉:

PRF(t) = 〈PRF〉t + P̃RF(t) with P̃RF(t) = P̂RFeiωt (6.3.27)

where P̂RF is a complex amplitude carrying both phase and amplitude informations:

P̂RF = |P̂RF|eiφRF . (6.3.28)

Of course, the RF power excitation is often not a pure monochromatic sinusoid but
rather a sum of N sinusoids at different frequencies

P̃RF(t) =
N∑
n=1

P̂neiωnt (6.3.29)

where P̂n is the complex amplitude at the angular frequency ωn. For example, in
most of the MECH experiments presented in this work, the EC power is modulated
with a square waveform with fundamental angular frequency ω and a 50% duty-
cycle. In this case, mainly the odd harmonic numbers ωn = nω with n = 1, 3, 5, . . .

are excited.
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Consistently with the linear equations (6.3.21) and (6.3.22), the plasma is assumed
to be a linear system. The RF power modulation thus induces a plasma response (i.e.
W⊥(t),W‖(t) and POH(t)) of the same form and at the same frequency, superimposed
on a stationary or slowly drifting signal. The energy conservation equations (6.3.21)
and (6.3.22) become

iωŴ⊥ = −Ŵ⊥
τinc

+ ηP̂RF −
1

τa

[
Ŵ⊥
2
− Ŵ‖

]
(6.3.30)

iωŴ‖ = −Ŵ‖
τinc

+ P̂OH +
1

τa

[
Ŵ⊥
2
− Ŵ‖

]
. (6.3.31)

where we have defined 1/τa ≡ 2/(3τ e∗
a ) for the sake of simplicity. If the RF power

excitation contains several components at different frequencies ωn like in (6.3.29),
the linearity of equations (6.3.30) and (6.3.31) ensures that such a system can be
written for each angular frequency ωn.
An expression for Ŵ‖ is obtained from equation (6.3.31):

Ŵ‖ =
Ŵ⊥/2τa + P̂OH

iω + 1/τinc + 1/τa

. (6.3.32)

Assuming the Ohmic power is small compared to the perpendicular kinetic energy
modulation (|P̂OH| � |Ŵ⊥/2τa|), the latter expression is inserted in equation (6.3.30)
to retrieve an expression for Ŵ⊥:

Ŵ⊥

[
iω +

1

τinc

+
1

2τa

− τinc

2τa (iωτaτinc + τa + τinc)

]
= ηP̂RF. (6.3.33)

By definition, the system transfer function at the modulation frequency is the ratio
of the complex amplitudes of the perpendicular kinetic energy and the RF power
modulation:

H(ω) ≡ Ŵ⊥

P̂RF

=

∣∣∣∣∣ Ŵ⊥P̂RF

∣∣∣∣∣ ei(φW⊥−φRF). (6.3.34)

The above model yields a transfer function of the form

H2 ≡ η
2τinc (τa + τinc) + 2τaτ

2
inc(iω)

2τa + 3τinc + [4τaτinc + 3τ 2
inc] (iω) + 2τaτ 2

inc(iω)2
. (6.3.35)

In the limit of very small anisotropy relaxation time compared to the modulation
angular period τ = 1/ω, the transfer function H2 reduces to

H2 −−−−→
τaω→0

H1 ≡
2

3

η
1
τinc

+ iω
(6.3.36)

which is valid only when both τinc and 1/ω are much greater than τa. The factor 2/3

comes from the fact that H1 is a transfer function between the RF power and the
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perpendicular (not the total) kinetic energy, see definition (6.3.34). The expression
(6.3.36) for H1 can actually be derived from the energy conservation equation for
plasma with isotropic temperatures

dW

dt
= −W

τinc

+ ηPRF + POH (6.3.37)

noting that W = 3/2W⊥ and neglecting the Ohmic power modulation compared to
the RF power modulation (|P̂OH| � |ηP̂RF|).
The transfer function H1 can be further simplified assuming a very long confinement
time compared to the modulation period:

H1 −−−−−→
τincω→∞

H0 ≡
2

3

η

iω
(6.3.38)

which is valid for 1/τinc � ω � 1/τa. The simple transfer function H0 can be
directly derived from the energy conservation equation for isotropic plasma, assum-
ing negligible transport and radiation losses, as well as a negligible Ohmic power
modulation compared to the RF power modulation (|P̂OH| � |ηP̂RF|):

dW

dt
= ηPRF + POH. (6.3.39)

Another important limit of the transfer function H2 is obtained for very high modu-
lation angular frequency of the RF power amplitude, i.e. when both the anisotropy
relaxation time τa and the incremental confinement time τinc are large compared to
a modulation period:

H2 −−−→
ω→∞

η

iω
. (6.3.40)

A plot of the model transfer function H2 for the perpendicular kinetic energy re-
sponse to RF heating is given in figures 6.5 and 6.6, along with its limits H1 and H0

for typical values of the physical parameters: η = 0.9, τinc = 5 ms and τa = 0.3 ms.

At large modulation frequency ω � 1/τa, the phase and amplitude of the model
transfer function H2 saturate at φW⊥ − φRF = −90° and |ωH| = η, respectively.
Clearly, both H1 and H0 models assuming isotropic plasma are not valid in this fre-
quency domain. At such high frequencies, the DML diagnostic sees an anisotropic
plasma with all the absorbed RF power stored in the perpendicular direction. As-
suming an isotropic electron distribution function would yield an overestimation of
the absorption coefficient by a factor 3/2.

At low modulation frequency ω � 1/τinc, the model transfer function H1 is clearly
a good approximation for H2. Conversely, using the model H0 at such low excita-
tion frequencies where energy confinement losses cannot be neglected would yield a
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dramatic underestimation of the absorption coefficient η. The transfer function H0

has a constant phase φW⊥ − φRF = −90° and its amplitude approaches |H2| only
in a very narrow angular frequency window 1/τinc � ω � 1/τa where both the
confinement losses and the plasma anisotropy can be neglected.
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Figure 6.5: Perpendicular kinetic energy transfer function. (a,c) Amplitude and phase,
(b,d) real and imaginary parts of the model transfer functionH2 (solid curves) for the perpendicular
kinetic energy response to RF heating as a function of the RF power modulation angular frequency
ω, calculated for η = 0.9, τinc = 5 ms and τa = 0.3 ms. H1 (dashed curves) is the limit of H2 for
τaω → 0 and H0 (dash-dotted curves) is the additional limit of H1 for τincω → ∞. The angular
frequencies 1/τinc and 1/τa and the absorption coefficient η are indicated by dotted lines. At high
modulation frequency, the amplitude and phase of ωH2 saturate at η and −90°, respectively.
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Figure 6.6: Perpendicular kinetic energy transfer function. (a) Amplitude and phase, (b)
real and imaginary parts of the model transfer function H2 (solid curves) for the perpendicular
kinetic energy response to RF heating as a function of the RF power modulation angular frequency
ω, calculated for η = 0.9, τinc = 5 ms and τa = 0.3 ms. H1 (dashed curves) is the limit of H2 for
τaω → 0 and H0 (dash-dotted curves) is the additional limit of H1 for τincω → ∞. The angular
frequencies 1/τinc and 1/τa and the absorption coefficient η are indicated by dotted lines. At high
modulation frequency, the amplitude and phase of ωH2 saturate at η and −90°, respectively.
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6.3.3 Oscillation analysis

Harmonic response identification

In order to evaluate the experimental transfer function (6.3.34) and compare it to
the H2, H1 and H0 models, the complex amplitudes of the reference modulated
RF power and of the perpendicular kinetic energy need to be extracted from the
experimental traces at the RF power modulation frequency. For the perpendicular
kinetic energy, the simple relation (6.3.18) is used:

Ŵ⊥ ' −
2π

µ0

̂(RBϕvΦpl) (6.3.41)

where it is assumed that the modulation of the magnetic equilibrium (that is Ŝ1 and
δ̂RS2) can be neglected in comparison to the plasma toroidal flux modulation. This
assumption needs to be checked for each experiment. The complex amplitude Ŝ(ω)

at the angular frequency ω of any experimental signal S(t) can be estimated by a
simple Fourier transform:

Ŝ(ω) =

∫ +∞

−∞
S(t)eiωtdt. (6.3.42)

But in MECH experiments, the number of cycles available for the oscillation anal-
ysis is finite and not necessarily integer which will cause truncation problems in a
standard Fourier analysis. Moreover, the fast modulation of the plasma toroidal flux
induced by the EC power modulation is often superimposed on a slow drift of the
signal which will strongly bias the Fourier components of the signal, in particular
if the number of modulation cycles is small. A harmonic response identification
method (HRIM) accounting for these effects is thus used to extract the complex
amplitudes Ŵ⊥ and P̂RF. The HRIM method is presented in subsection 5.2.1.

Power absorption estimation

Once the complex amplitudes Ŵ⊥ and P̂RF are extracted from the DML signal
and the RF reference trace, respectively, the experimental transfer function H is
calculated with (6.3.34):

H(ω) =
Ŵ⊥

P̂RF

' −2π

µ0

̂RBϕvΦpl

P̂RF

. (6.3.43)

In the frame of the plasma response model derived in subsection 6.3.2, there are
then three ways of estimating the RF power absorption coefficient η from H.
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• If the modulation frequency is high enough (ω � 1/τa), the phase of the
perpendicular kinetic energy response relative to the RF power excitation tends
to φW⊥ − φRF = −90° and the power absorption coefficient can be directly
estimated from (6.3.40) using the H2 model:

η ' ω|H| = ω
|Ŵ⊥|
|P̂RF|

' ω
2π

µ0

| ̂RBϕvΦpl|
|P̂RF|

(6.3.44)

However, according to our estimation of the anisotropy relaxation time τa =

0.3 ms, this method requires modulation frequencies of the order of f = 1 kHz

and such experiments may be limited by the DML diagnostic bandwidth and
a low signal to noise ratio.

• If the angular frequency window between 1/τinc and 1/τa is broad enough, one
can try to find a modulation frequency such that the plasma response phase
tends to −90°. The power absorption coefficient can then be directly inferred
from (6.3.38) using the H0 model:

η ' 3

2
ω|H| ' ω

3π

µ0

| ̂RBϕvΦpl|
|P̂RF|

(6.3.45)

In our example, we estimate τinc = 5 ms and τa = 0.3 ms and the corresponding
modulation frequency domain is delimited by 1/τinc ∼ 200 rad/s � ω �
1/τa ∼ 3300 rad/s, or 30 Hz� f � 530 Hz.

• A robust way to estimate the power absorption coefficient is to repeat the
MECH experiment for several modulation angular frequencies ω in order to
scan the plasma frequency response H(ω). A model transfer function (e.g. H2

or H1 at low frequency) is then fitted on the experimental H(ω) to extract
the physical parameters τinc, τa and η. This method requires several plasma
discharges for the modulation frequency scan but it allows the detection of
any singularity in the plasma frequency response to MECH.

Transfer function fitting

A method for the fitting of experimental frequency response measurement is pro-
posed in [95] and in appendix A.2 of referece [81]. The goal of this system transfer
identification (STI) is to find a rational function

H̄(ω) =

M∑
m=0

bm(iω)m

N∑
n=0

an(iω)n

=
B(iω)

A(iω)
(6.3.46)
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of two polynomials A(iω) and B(iω) with real coefficients an and bn (with aN = 1)
such that it minimizes the square of the total error modulus

σ2 =
1

K

K∑
k=0

ek ∗ ek (6.3.47)

where

ek ≡ H̄(ωk)−H(ωk) (6.3.48)

is the error of the fitted transfer function H̄ with respect to the experimental transfer
function H for the k measurement at ωk, and ek∗ is the complex conjugate of ek.

6.3.4 Summary

In TCV, the plasma toroidal flux Φpl is measured using the DML diagnostic. This
quantity is linked to the perpendicular kinetic energy W⊥ by the simple relation

W⊥ '
1

2
[S1 + δRS2]− 2π

µ0

RBϕvΦpl (6.3.49)

where the following assumptions were made and verified for TCV plasmas:

D Quasi-static plasma: Wrot � Wkin⊥.

D Small plasma diamagnetism: |Bϕ −Bϕv| � Bϕv.

In modulated ECH experiments, the experimental kinetic energy frequency response
is evaluated by the ratio of complex amplitudes at the modulation angular frequency
ω:

H(ω) =
Ŵ⊥

P̂RF

' −2π

µ0

̂RBϕvΦpl

P̂RF

(6.3.50)

where it is assumed that

⊗⊗⊗
the modulation of Shafranov’s surface integrals is negligible: |Ŝ1| � |Ŵ⊥| and
|δ̂RS2| � |Ŵ⊥|. This assumption has to be checked for each experiment.

In order to estimate the RF power absorption coefficient η, the experimental trans-
fer function can be fitted with the model H2 (6.3.35) derived from the linearized
evolution equations for the perpendicular and parallel kinetic energies assuming:

⊗⊗⊗
A negligible modulation of the Ohmic power : (|P̂OH| � |ηP̂RF|). This as-
sumption has to be checked for each experiment.
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⊗⊗⊗
A low sensitivity of the absorption coefficient η, the energy incremental con-
finement time τinc and the isotropization time τa on both the RF power level
PRF and the modulation frequency ω. This linearity assumption can be tested
by repeating the experiment for several power modulation depths and frequen-
cies;⊗⊗⊗
One final important point: this whole method for the estimation of the RF
power absorption is valid if the RF power is the only modulated power source.
Plasmas with ELMs or strong sawtooth activity have to be excluded. Indeed,
even when the sawtooth oscillation frequency ωst and the power modulation
frequency ωmod are far apart, a non-linear harmonic coupling is expected and
the component of the energy modulation at ωmod due to the sawtooth activity
is not negligible [96]. In this case, the sawtooth power modulation cannot be
distinguished from the RF power modulation and yields a distortion of the
power absorption estimate.

6.4 X3 MECH experiments

6.4.1 Scan A: X3 modulated ECH frequency scan

Introduction

In this subsection, the perturbative analysis of the plasma toroidal flux described
in the previous section is applied to estimate the X3 power absorption coefficient
in X2-preheated plasmas. The plasma perpendicular kinetic energy response to X3
modulated ECRH (X3 MECH) is measured using the DML diagnostic for several
power modulation frequencies. This X3 MECH frequency scan is called “scan A” in
the sequel of this text, whereas “scan B” refers to the X2 pre-heating injection angle
scan of subsection 6.4.2. A model transfer function is then fitted on the experimental
data to retrieve the physical quantities. Nevertheless, an oscillator-like response of
the plasma is observed and no reasonable estimate of the X3 absorption coefficient
can be drawn from the best fit.

Experimental setup

The plasma equilibrium is a limited L-mode plasma with medium shaping (edge
elongation κa ' 1.3 and triangularity δa ' 0.17) centered at Zaxis ' 0.25 m and
Raxis ' 0.91 m. The vacuum toroidal magnetic field is Bϕv(R0) ' 1.45 T and the
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plasma current during the ECH phase is Iϕ ' 132 kA. With such a low plasma
current, the safety factor at the edge is high (qa > 7). As a consequence, the
sawtooth activity has a low amplitude (see soft X-ray trace in figure 6.7) with a
frequency fst ' 294 ± 26 Hz (evaluated in #19291, t = [0.6; 0.8] s). It is thus
not expected to strongly perturb the measurement. The central electron density
and temperature are ne0 ' 2.5 · 1019 m−3 and Te0 ' 2.5 keV, respectively. Both
traces are given in figure 6.7, along with the poloidal beta βp and the diamagnetism
parameter µ calculated by the LIUQE equilibrium reconstruction code, as well as
the X2 and X3 RF power traces. The LIUQE code is run with a 5 kHz sampling
rate in the time interval t = [0.85, 0.95] s, denoted by a high concentration of data
points in both βp and µ traces.
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Figure 6.7: X3 MECH experiment. From top to bottom: normalized kinetic energy (“poloidal
beta”) βp, diamagnetism parameter µ, central electron density ne0 and temperature Te0 (Thomson
scattering, corrected by FIR for the density), central electron temperature determined by the filter
method applied to soft X-ray signals, along with a zoom on the trace, X3 (blue) and X2 (red
dashed) power traces. Between t = 0.8 s and t = 1.1 s, the X3 power amplitude is fully (ON/OFF)
modulated at f = 237 Hz with a 50% duty-cycle square waveform. TCV shot #19291.

In these experiments dating from the 2000 TCV campaign, the X3 gyrotron #7
(G7) is connected to the upper lateral launcher #3 (L3) usually used for X2 power
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injection. The X3 power beam (PRF ' 450 kW) is injected with launcher angles
(θL, φL) ' (39.9°, 0°), i.e. in the poloidal plane (φinj = 0°) with a downward poloidal
angle θinj = −39.9°. The X3 power injection starts at t = 0.5 s and stops at t = 1.2 s

and the amplitude is fully (ON/OFF) modulated with a 50% duty-cycle square
waveform in the time interval t = [0.8; 1.1] s. The modulation frequency f is varied
on a shot to shot basis, e.g. f = 237 Hz for the discharge presented in figure 6.7.
The plasma is preheated with 480 kW of continuous X2 power in the time interval
t = [0.3, 1.3] s. The X2 beam is injected via the equatorial launcher L1 with launcher
angles (θL, φL) = (38.1°, 161.0°), corresponding to a clockwise toroidal injection angle
φinj = 15° with an upward poloidal injection angle θinj = 35.3° in the vertical plane
of injection. The injection geometry is presented in figure 6.8.

Ray-tracing and Fokker-Planck simulations

Both X2 and X3 beams are simulated with 25-ray bundles for TCV shot #19291
(at t = 0.7 s) using the ray-tracing code C3PO [29], with the LIUQE equilibrium
and the experimental profiles data from the heated plasma at t = 0.7 s. The
resulting toroidal and poloidal beam trajectories are given in figures 6.8(a) and
6.8(b), respectively, along with the linear power deposition profiles in figure 6.8(c).
The X2 power beam is absorbed at ρψ ' 0.31 with an efficiency η = 100%, whereas
the X3 power beam is absorbed closer to the plasma center, at ρψ ' 0.11, with an
efficiency η ' 35%. According to the power deposition profiles and to the safety
factor profile given in figures 6.8(c) and (d) respectively, both power beams are
deposited inside the q = 1 flux surface located at ρψ ' 0.4.
As indicated in references [43, 97, 98], the local toroidal angle of the X2 beam is
φ ' 23.0° where φ is defined as

sin(φ) ≡ − k · B
‖k‖‖B‖ (6.4.1)

such that φ = 0° for pure ECH with k ⊥ B, φ > 0° for co-ECCD and φ < 0°
for counter-ECCD (by Fisch-Boozer effect). A non-negligible co-ECCD effect is
expected. Quasi-linear Fokker-Planck simulations for the X2 beam using the LUKE
code [30] yield a co-ECCD current ICD = 27 kA. This is in perfect agreement
with the net plasma current increase of ∼ 7 kA (from Iφ ' 125 kA to Iϕ ' 132 kA)
observed on the magnetic measurements, since TCV feedback control system reduces
the Ohmic part by 20 kA to follow the reference. Nevertheless, the presence of
ECCD is expected to generate a fast electrons tail in the distribution function, in
turn enhancing the X3 power absorption.
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Figure 6.8: X3 and X2 power beams trajectories and deposition profiles. C3PO ray-
tracing simulations for the X2 (blue) and X3 (red) power beams. (a) Toroidal trajectories and (b)
poloidal trajectories (on ρψ contours). (c) Linear power deposition profiles and (d) safety factor
profile. Both beams are deposited inside the q = 1 surface. TCV shot#19291 at t = 0.7 s.

X3 MECH oscillation analysis

Prior to performing the oscillation analysis of the plasma response to the X3 MECH,
one has to check the remaining pending assumptions summarized in subsection 6.3.4.
In the time interval of fast LIUQE equilibrium reconstruction, the HRIM analysis
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of LIUQE’s β, µ and normalized Shafranov integrals is performed to estimate the
component of these signals at the MECH frequency. The analysis is presented
in figure 6.9 for the case of MECH frequency f = 237 Hz. The respective com-
plex amplitude moduli are: |β̂p| ' (10.7 ± 0.8) · 10−3, |µ̂| ' (9.8 ± 0.8) · 10−3 and
|ŝ∗| ' (0.47 ± 0.06) · 10−3, where s∗ denotes the combination of normalized Shafra-
nov integrals s∗ ≡ 1/2[s1 + δRs2]. The error interval on the complex amplitude
moduli comes from the root mean square difference between the original and the
reconstructed signals. In consequence, one has

|µ̂|
|β̂p|
' 92± 14% and

|ŝ∗|
|β̂p|
' 4.4± 0.9%. (6.4.2)
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Figure 6.9: Oscillation analysis of the various plasma energies and input powers. From
top to bottom: LIUQE normalized kinetic energy βp, normalized plasma toroidal magnetic energy
µ and normalized Shafranov integral combination s∗, as well as Ohmic power and X3 RF power.
Superimposed on the time traces (in blue) are the reconstructed signals from the oscillation analysis
at f = 237 Hz (in thick magenta). TCV shot #19291.

One can thus safely neglect the modulation of the normalized Shafranov integrals
combination s∗ with respect to the modulation of βp and µ in equation (6.3.19),
which is exactly equivalent to neglecting the modulation of the normalized Shafranov
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integrals combination S∗ = 1/2[S1 + δRS2] with respect to the modulation of W⊥
and Φpl in equation (6.3.18).

A similar analysis of the Ohmic power oscillation is performed, to be compared
with the RF power modulation. As a result, the moduli of the respective complex
amplitudes are |P̂OH| ' 2.1±0.5 kW and |P̂RF| ' 283±4 kW such that |P̂OH|/|P̂RF| '
0.7 ± 0.2% and the modulation of the Ohmic power due to the X3 MECH can be
safely neglected.

One must also check the level of perturbation caused by the sawtooth activity on
the measurement of the plasma toroidal flux Φpl. The oscillation analysis before and
after the onset of X3 MECH is given in figure 6.10 for the uncorrected flux ΦDML2,
the total compensation flux ΦBO and the corrected plasma flux Φpl = ΦDML2−ΦBO,
as well as for the central electron temperature Te0 calculated from the soft X-ray
emission. The corresponding complex amplitude moduli Φ̂DML2, ... are listed in
table 6.1. The fast modulation at f = 1300 Hz observed on ΦDML2, Φpl and Te0 is a
parasitic perturbation from the fly-wheel generator.

Before the onset of the X3 MECH at f = 237 Hz, the f -components of Φpl and Te0

are of the order of the measurement error. After the X3 MECH onset, the electron
temperature modulation amplitude increases by an order of magnitude. As regards
the plasma toroidal flux, the modulation amplitude increase is somewhat less than
a factor 10. The f -component of Φpl which is not induced by the MECH but rather
by the sawtooth activity (or other natural oscillations in the plasma) is thus small
compared to the MECH perturbation amplitude, but its level must be carefully
checked for each experiment. Finally, the modulation in the plasma toroidal flux
Φpl mainly comes from the uncorrected flux ΦDML2. The total correction flux ΦBO

does not contribute substantially to the modulation of Φpl.

Complex amplitude modulus |Φ̂|

Modulated signal (a) Before MECH (b) During MECH

Uncorrected plasma flux ΦDML2 1.1± 0.5 µWb 7.7± 0.7 µWb

Total correction ΦBO 0.3± 0.2 µWb 0.6± 0.2 µWb

Corrected plasma flux Φpl 1.1± 0.6 µWb 7.6± 0.7 µWb

Electron temperature Te0 8.7± 4.5 eV 90.5± 6.1 eV

Table 6.1: Modulation amplitudes at fmod due to X3 MECH in presence of X2 co-
ECCD. Low plasma current L-mode. TCV shot #19291, (a) t = [0.7; 0.8] s and (b) t = [0.8; 0.9] s.
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Figure 6.10: Oscillation analysis of the plasma toroidal flux components. From top to
bottom: uncorrected plasma toroidal flux ΦDML2 from the DML2 loop, total compensation flux
ΦBO, corrected plasma toroidal flux Φpl, central electron temperature from soft X-ray measure-
ments (absorber method), X2 (red dashed) and X3 (blue) power traces. Superimposed on the time
traces (blue) are the reconstructed signals from the oscillation analysis at f = 237 Hz, before (thick
green) and after (thick magenta) the onset of X3 MECH. TCV shot #19291.

Experimental frequency response and transfer function fitting

The X3 MECH experiment is repeated for a series of X3 power modulation fre-
quencies: f = 19, 73, 123, 163, 213, 237, 343 and 703 Hz (in TCV shots #19288, 289,
303, 290, 294, 291, 292 and 302, respectively). Oscillation analysis of the RF power
trace and the plasma toroidal flux response are performed for each frequency (at
the fundamental) and the experimental transfer function is calculated according to
equation (6.3.43), repeated here:

H(ω) =
Ŵ⊥

P̂RF

' −2π

µ0

̂RBϕvΦpl

P̂RF

. (6.4.3)

For the two lowest modulation frequencies, the amplitude of the plasma response
is high enough to perform the analysis also at the third harmonic of the MECH
frequency with a reasonable signal to noise ratio, providing additional measurements
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of the experimental transfer function H at f = 57 Hz and f = 219 Hz.
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Figure 6.11: Scan A. Plasma frequency response to X3 MECH. Amplitude and phase

of the experimental plasma frequency response at the first (•) and third (�) harmonics of the

X3 MECH excitation angular frequencies ω, along with the STI fits for M = 0, N = 1

(dash-dotted curve) and M = 1, N = 2.

The amplitude and the phase of ωH are given in figure 6.11, to be compared with
the model transfer functions shown in figure 6.6(a). The transfer function phase
phase(ωH) = ∆φ = φW⊥ − φRF increases with increasing frequency but it does not
exhibit the expected saturation at ∆φ = −90°, increasing monotonically towards
larger values. The amplitude also shows an unexpected behavior, with a maximum
around f ' 1400 rad/second, followed by a clear decrease at higher frequencies.

The system transfer identification (STI) fit is performed on the experimental data
for several orders M and N of the numerator and of the denominator of (6.3.46).
The best fits are obtained when weighting the rational function numerator with a
weight w = ω. Indeed, the transfer function amplitude decreases with increasing
excitation frequency, see figure 6.5(a), which makes it difficult to properly determine
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the phase at high frequency. A weight proportional to ω forces the fit to account
for the phase information at high ω.
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Figure 6.12: X3 MECH. STI optimization. Loss function σ2 of the STI fitting of the plasma
frequency response to X3 MECH for several numerator and denominator orders M and N . The
lowest orders corresponding to a model of the system dynamic and yielding an acceptable loss
function value are M = 1, N = 2.

The resulting values of the cost function (6.3.47) are plotted in figure 6.12. The
saturation in the improvement of the fit, i.e. the saturation in the reduction of the
cost function σ2, with increasing M and N is clear. The STI fit is optimized for the
minimum orders M and N yielding the saturation value of σ2 and corresponding
to a known model of the system dynamic. For the X3 MECH frequency scan, both
conditions are met for a numerator order M = 1 and a denominator order N = 2,
i.e.

H12 =
b0 + b1(iω)

a0 + a1(iω) + a2(iω)2
(6.4.4)

where a2 = 1. This fit corresponds to the model transfer function H2 of (6.3.35)
and yields σ2 ' 1.7 · 10−8 s2rad−2. The resulting fit is shown in figures 6.11, 6.13
and 6.14. It reproduces well the trend of the amplitude, the phase and the real and
imaginary parts of the experimental transfer function on the whole frequency span.
Nevertheless, identifying the fit parameters of (6.4.4) to the coefficients of H2 gives
the following overdetermined equations system for the physical parameters η, τinc
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and τa:

η
τa + τinc

τaτinc

= b0 ' 855 s−1 (6.4.5)

η = b1 ' −0.12 (6.4.6)
2τa + 3τinc

2τaτ 2
inc

= a0 ' 1.56 · 106 s−2 (6.4.7)

4τa + 3τinc

2τaτinc

= a1 ' 2.49 · 103 s−1 (6.4.8)

which clearly yields non-reasonable physical parameters, in particular a negative
absorption coefficient η ' −12%. Actually, the denominator roots s1,2 = iω1,2 of
H12 are complex conjugate and yield pole frequencies with a real part:

ω1,2 ' ±121 + 1243i rad/s. (6.4.9)

The system thus behaves like a forced damped harmonic oscillator with the following
parameters:

ω0 ≡
√

Ω2 + γ2 ' 1249 rad/s proper angular frequency (6.4.10)

Q ≡ ω0

2γ
' 0.50 quality factor (6.4.11)

where Ω and γ are the real and imaginary parts of ω1,2 respectively. The low quality
factor indicates that the oscillator is strongly damped and the system exhibits no
resonance. Indeed, for a quality factor Q <

√
1/2, the resonant angular frequency

defined as
Ωr ≡ ω0

√
1− 1

2Q2
(6.4.12)

is purely imaginary. There is no finite excitation frequency at which the response
amplitude is maximum, as indicated by the monotonically decreasing amplitude |H|
versus ω in figure 6.13.
Finally, the proper angular frequency ω0 of the system is of the order of the sawtooth
angular frequency ωst ≡ 2πfst ' 1847± 163 rad/s which makes it a good candidate
to explain the intrinsic oscillatory behavior of the system. Note that ωst is evalu-
ated at full ECH power. During the modulation, the average ECH level is twice
lower and the sawtooth angular frequency is expected to decrease, thus reducing the
discrepancy between ω0 and ωst.
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Figure 6.13: X3 MECH frequency scan. Experimental frequency response and STI fit H12.
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Figure 6.14: X3 MECH frequency scan. Experimental frequency response and STI fit H12.
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Going back to the STI fitting of the experimental transfer function, one can choose
M = 0 and N = 1, i.e.

H01 =
b0

a0 + a1(iω)
(6.4.13)

with a1 = 1, which corresponds to the model transfer function H1 of (6.3.36). The
resulting value of the cost function, σ2 ' 12.0 · 10−8 s2rad−2, is one order of magni-
tude larger than for H12 and the fit is of relatively poor quality, see figures 6.11, 6.15
and 6.16. Comparing the fit parameters of (6.4.13) to the coefficients of H1 yields

2

3
η = b0 ' 0.24 ⇒ η ' 35% (6.4.14)

1

τinc

= a0 ' 105 s−1 ⇒ τinc ' 9.6 ms (6.4.15)

The X3 power absorption coefficient drawn from the H01 fit is in coherent agreement
with the C3PO linear calculation. The estimated incremental confinement time is
large in comparison to typical values expected for these plasmas but still in a relevant
range. On the other hand, this low order model is unable to explain the detailed
behavior of the plasma frequency response and the resulting physical parameters,
although relevant, should be handled with care.
These shots were previously analyzed in [97,98]. In these references, both the exper-
imental points and the H01 fit were normalized to their respective maximum value
(thus using different normalization factors) for the sake of comparing the general
trend. Doing so, no estimate of the X3 power absorption coefficient could be drawn
from the measurements. Moreover, the use of different normalization factors for the
experimental data and the fit is misleading: the reader may think that both the
experiment and the model agree on 100% X3 power absorption, which is not the
case.

Summary

A frequency scan of X3 modulated ECH (MECH) is performed in low-current lim-
ited L-mode plasmas in presence of continuous X2 co-ECCD. The plasma frequency
response to the X3 MECH exhibits an unexpected damped oscillator behavior pre-
venting a proper estimation of the physical parameters from the comparison of our
model to the system transfer identification fitting of the experimental data. Al-
though the sawtooth activity amplitude is not important, it is the best candidate to
explain the intrinsic oscillatory behavior of the plasma perpendicular kinetic energy.
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Figure 6.15: X3 MECH frequency scan. Experimental frequency response and STI fit H01.
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Figure 6.16: X3 MECH frequency scan. Experimental frequency response and STI fit H01.
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6.4.2 Scan B: X3 absorption versus X2-ECCD

Introduction

The fast electron population generated by the X2 ECCD enhances the X3 power
absorption, according to RF power absorption theory [1]. In order to measure this
X2/X3 synergy, the X3 MECH experiment described in subsection 6.4.1 is repeated
for a fixed modulation frequency, but varying the X2 pre-heating conditions. The
local toroidal angle φ of the X2 wave is scanned on shot to shot basis from negative
to positive values, i.e. from counter-ECCD to co-ECCD. This set of experiments is
referred to as “scan B”. One expects to observe a variation of the X3 power absorption
coefficient with φ. But, as it is presented below, the sawtooth activity behavior varies
dramatically with φ. In particular, it strongly modulates the plasma toroidal flux in
the X2 co-ECCD case, which perturbs the measurement of the plasma response to
X3 MECH. As a consequence, the X3 power absorption coefficient cannot be safely
determined.

Experimental setup

In these experiments, the equilibrium is a limited L-mode plasma very similar to the
one of scan A (κa ' 1.3, δa ' 0.18, Zaxis ' 0.24 m, Raxis ' 0.90 m, Bϕv(R0) ' 1.45 T,
ne0 ' 2.5 · 1019 m−3 and Te0 ' 2.6 keV) apart from the plasma current which is
increased from Iϕ ' 132 kA to Iϕ ' 202 kA, see figure 6.17. As a consequence,
the edge safety factor is decreased from qa ' 7 to qa ' 4.5 leading to a slower
(fst ' 220 Hz) and stronger sawtooth activity compared to the sawtooth activity
observed in the X3 MECH frequency scan experiments. At this lower qa, each
sawtooth crash induces a central electron temperature drop of ∆Te0 > 600 keV (see
the soft X-ray traces in figure 6.17), typically twice the temperature drop observed
in scan A, see figure 6.7.

The X3 power injection geometry is identical to the geometry used in scan A, see
figure 6.8: a downward injection in the poloidal plane from the upper lateral launcher
L3, aiming at central power absorption. The X3 power modulation is performed at
a fixed frequency f = 237 Hz such that the modulation angular frequency is far
from typical values of the inverse incremental confinement time and of the inverse
anisotropy relaxation time as estimated in subsection 6.3.3:

1

τinc

' 200 rad/s� ω ≡ 2πf ' 1490 rad/s� 1

τa

' 5000 rad/s. (6.4.16)

In this case, a rough estimate of the X3 absorption efficiency η is obtained directly
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Figure 6.17: X3 MECH experiment. From top to bottom: LIUQE normalized kinetic energy
βp and diamagnetism parameter µ, central electron density ne0 and temperature Te0 (Thomson
scattering, corrected by FIR for the density), central electron temperature determined by the filter
method applied to soft X-ray signals, along with a zoom on the trace, X3 (blue) and X2 (red
dashed) power traces. Between t = 0.8 s and t = 1.0 s, the X3 power amplitude is fully (ON/OFF)
modulated at a fixed frequency f = 237 Hz with a 50% duty-cycle square waveform. The X2 local
injection angle φ is scanned from shot to shot (scan B). In this example, φ ' 23.0° and the X2
power drives ICD ' 25 kA of non-inductive plasma current (LUKE simulation). #19269.

from the simple transfer function modelH0, see equation (6.3.45) in subsection 6.3.3:

η ' 3

2
ω|H|. (6.4.17)

For this estimate to be valid, the phase of the plasma response to the X3 MECH
must be close to −90°.
Similarly to scan A, the plasma is preheated with ∼ 480 kW of continuous central
X2 power deposition in the time interval t = [0.3, 1.3] s. The X2 beam is injected
via the equatorial launcher L1. In scan B, the launcher angles (θL, φL) are varied
on a shot to shot basis in order to scan the local toroidal angle defined in (6.4.1)
at the absorption layer from φ = −43° to φ = +40° while keeping a quasi-central
deposition within the q = 1 flux surface. The fraction of plasma current generated
by ECCD effect is thus varied from shot to shot, from counter-ECCD for φ < 1, to
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co-ECCD for φ > 1, via pure ECH for φ = 0.

X3 MECH oscillation analysis: X2 co-ECCD central pre-heating

As for the frequency scan A, the oscillation analysis of the normalized kinetic energy
βp, the diamagnetism parameter µ, the normalized Shafranov term s∗ ≡ 1/2[s1 +

δRs2], the Ohmic power POH and the X3 RF power PRF is performed for each
experiment in the angle scan B in order to check the validity of the assumptions
summarized in subsection 6.3.4.

0.42

0.44

0.46

β p

0.53
0.54
0.55
0.56
0.57

µ

0.962

0.964

0.
5[

s 1+
(δ

R
)s

2]

−120

−100

−80

P
O

H
 [k

W
]

0.86 0.87 0.88 0.89 0.9 0.91 0.92 0.93 0.94
0

200

400

P
R

F [k
W

]

time [s]

#19269

Figure 6.18: Oscillation analysis of the various plasma energies and input powers. X3
MECH experiment with continuous X2 co-ECCD at φ ' 23.0°. From top to bottom: LIUQE
normalized kinetic energy βp, plasma toroidal magnetic energy µ and Shafranov term s∗, as well as
Ohmic power and X3 RF power. Superimposed on the time traces (in blue) are the reconstructed
signals from the oscillation analysis at f = 237 Hz (in thick magenta). #19269.

Figure 6.18 presents an example of the X3 MECH oscillation analysis for X2 co-
ECCD pre-heating at φ ' 23.0°. The corresponding complex amplitude moduli are
|β̂p| ' (13.9± 0.5) · 10−3, |µ̂| ' (13.1± 0.5) · 10−3 and |ŝ∗| ' (0.78± 0.04) · 10−3. As
a consequence, one has

|µ̂|
|β̂p|
' 94± 6% and

|ŝ∗|
|β̂p|
' 5.6± 0.5%. (6.4.18)
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One can thus safely neglect the modulation of the normalized Shafranov integrals
combination s∗ with respect to the modulation of βp and µ in equation (6.3.19).
A similar analysis of the Ohmic power oscillation is performed, to be compared with
the RF power modulation. As a result, the respective complex amplitude moduli
are |P̂OH| ' 10.1 ± 1.4 kW and |P̂RF| ' 275 ± 4 kW such that |P̂OH|/|P̂RF| '
3.7 ± 0.6% and the modulation of the Ohmic power due to the X3 MECH can be
safely neglected.
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Figure 6.19: Oscillation analysis of the plasma toroidal flux components. X3 MECH
experiment with continuous X2 co-ECCD at φ ' 23.0°. From top to bottom: uncorrected plasma
toroidal flux ΦDML2 from the DML2 loop, total compensation flux ΦBO, corrected plasma toroidal
flux Φpl, central electron temperature from soft X-ray measurements (absorber method), X2 (red
dashed) and X3 (blue) power traces. Superimposed on the time traces (blue) are the reconstructed
signals from the oscillation analysis at f = 237 Hz, before (thick green) and after (thick magenta)
the onset of X3 MECH. TCV shot #19269.

The oscillation analysis is also performed before and after the onset of X3 MECH
for the uncorrected flux ΦDML2, the total compensation flux ΦBO and the corrected
plasma flux Φpl = ΦDML2 − ΦBO, as well as for the central electron temperature
Te0 calculated from the soft X-ray emission, see figure 6.19. The resulting complex
amplitude moduli Φ̂DML2, ... are listed in table 6.2.
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Complex amplitude modulus |Φ̂|

Modulated signal (a) Before MECH (b) During MECH

Uncorrected plasma flux ΦDML2 3.8± 1.0 µWb 19.6± 0.9 µWb

Total correction ΦBO 0.2± 0.4 µWb 1.7± 0.4 µWb

Corrected plasma flux Φpl 4.0± 0.9 µWb 18.4± 0.8 µWb

Electron temperature Te0 60± 11 eV 169± 8 eV

Table 6.2: Modulation amplitudes due to X3 MECH in presence of X2 co-ECCD.
TCV shot #19269, (a) t = [0.7; 0.8] s and (b) t = [0.8; 0.9] s.

First, the modulation in the plasma toroidal flux Φpl mainly comes from the uncor-
rected flux ΦDML2. The total correction flux ΦBO does not contribute substantially
to the modulation of Φpl.

Before the onset of the X3 MECH at f = 237 Hz, the f -components of Φpl and Te0

are already non-negligible. They increase by less than a factor 5 when the X3 power
modulation starts. The f -component of Φpl induced by the sawtooth activity is
thus of the same order than the component due to the MECH and will strongly bias
the X3 power absorption estimate. Moreover, since the frequencies of the sawtooth
activity (before the MECH) and of the MECH excitation are close (f = 237 Hz

and fst ' 220 Hz), frequency locking is happing between the sawtooth activity and
the X3 MECH: after typically 30 ms of transient regime the sawtooth crash always
occurs within 1 ms around the X3 power switch-off, as can be seen from the soft
X-ray trace in figure 6.19. This locking effect is also revealed by spectrograms of the
electron temperature and of the plasma toroidal flux in figure 6.20 for the X2 co-
ECCD experiment with φ ' 20°: the sawtooth activity frequency smoothly evolves
to the MECH excitation frequency after the MECH onset.

Even when the frequencies of the MECH excitation and of the sawtooth activity
are not similar, some coupling happens via higher harmonics and the sawtooth
contribution at the MECH frequency is not negligible [96]. In other words, the
presence of the external excitation itself modify the sawtooth oscillation. The way
the sawtooth and MECH complex amplitudes combine in the complex plane is not
trivial and both excitations cannot be distinguished from each other: one cannot
simply subtract the modulation amplitude evaluated before the MECH onset from
the modulation amplitude in presence of the MECH to get rid of the sawtooth
contribution.

Finally, it is worth noting that it is only the increase of 70 kA in the plasma cur-
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rent with respect to the X3 MECH scan experiments of subsection 6.4.1 which
dramatically enhances the impact of the sawtooth activity on the plasma toroidal
flux measurement. The power absorption measurement using the DML diagnostic
is thus unexpectedly very sensitive to the plasma conditions.
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Figure 6.20: Sawtooth frequency locking to X3 MECH in presence of X2 co-ECCD. X3
MECH experiment with continuous X2 co-ECCD at φ ' 20.0°. From top to bottom: Spectrograms
of the central electron temperature from soft X-ray measurements (absorber method) and of the
corrected plasma toroidal flux Φpl (with superimposed time traces), and X3 power time trace.
The sawtooth frequency fst smoothly connects to the X3 modulation frequency fmod when the X3
MECH is turned on at t = 0.8 s. TCV shot #19312.

X3 MECH oscillation analysis: X2 counter-ECCD central pre-heating

For the sake of completeness, the detailed oscillation analysis is presented here for
a X3 MECH experiment with X2 counter-ECCD, i.e. the case φ ' −31.5°. The
traces of βp, µ, the normalized Shafranov term s∗ ≡ 1/2[s1 + δRs2], the Ohmic
power POH and the X3 RF power PRF and their respective components at f =
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237 Hz are plotted in figure 6.21. The corresponding complex amplitude moduli
are |β̂p| ' (6.2 ± 0.5) · 10−3, |µ̂| ' (5.7 ± 0.5) · 10−3, |ŝ∗| ' (0.19 ± 0.11) · 10−3,
|P̂OH| ' 3.6± 1.6 kW and |P̂RF| ' 272± 4 kW. In consequence, one has

|µ̂|
|β̂p|
' 92± 16%,

|ŝ∗|
|β̂p|
' 3.0± 2.1% and

|P̂OH|
|P̂RF|

' 1.3± 0.6%. (6.4.19)

The oscillation of the Shafranov term and of the Ohmic power can be safely neglected
compared to the oscillation of the diamagnetism and of the RF power, respectively.
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Figure 6.21: Oscillation analysis of the various plasma energies and input powers.
From top to bottom: LIUQE normalized kinetic energy βp, normalized plasma toroidal magnetic
energy µ and normalized Shafranov integral combination s∗, as well as Ohmic power and X3 RF
power. Superimposed on the time traces (in blue) are the reconstructed signals from the oscillation
analysis at f = 237 Hz (in thick magenta). TCV shot #19321.

In the case of X2 counter-ECCD pre-heating, the plasma does not exhibit any strong
sawtooth activity, but rather irregular oscillations affecting the plasma flux Φpl, see
figure 6.23. The frequency of this activity is not well determined, as indicated by
the spectrograms in figure 6.22. No frequency locking with the X3 MECH is to be
expected. A detailed analysis of these different MHD activity regimes as a function
of the X2 pre-heating condition is not the scope of this work but it is important for
the analysis interpretation to observe their relative impact on the measurements.
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Here, the oscillation of the plasma toroidal flux before the X3 MECH onset is less
important than in the X2 co-ECCD case (in absolute) but it is still of the order of
20% of the oscillation amplitude in presence of X3 MECH, as indicated in table 6.3.
Moreover, the way the presence of modulation in the RF power amplitude itself
modifies the MHD regime is not straightforward. In short, the pollution level of the
measurements in the case of counter-ECCD pre-heating is expected to be less than
in the case of co-ECCD pre-heating but it cannot be neglected.
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Figure 6.22: Irregular plasma oscillations in presence of X2 counter-ECCD. X3 MECH
experiment with continuous X2 counter-ECCD at φ ' −31.5°. From top to bottom: Spectrograms
of the central electron temperature from soft X-ray measurements (absorber method) and of the
corrected plasma toroidal flux Φpl (with superimposed time traces), and X3 power time trace. An
irregular plasma oscillation is observed instead of a fixed-frequency sawtooth oscillation, yielding
much less pollution of the DML signal at the X3 MECH modulation frequency fmod. TCV shot
#19321.
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Figure 6.23: Oscillation analysis of the plasma toroidal flux components. X3 MECH
experiment with continuous X2 counter-ECCD at φ ' −31.5°. From top to bottom: uncorrected
plasma toroidal flux ΦDML2 from the DML2 loop, total compensation flux ΦBO, corrected plasma
toroidal flux Φpl, central electron temperature from soft X-ray measurements (absorber method),
X2 (red dashed) and X3 (blue) power traces. Superimposed on the time traces (blue) are the
reconstructed signals from the oscillation analysis at f = 237 Hz, before (thick green) and after
(thick magenta) the onset of X3 MECH. TCV shot #19321.

Complex amplitude modulus |Φ̂|

Modulated signal (a) Before MECH (b) During MECH

Uncorrected plasma flux ΦDML2 2.3± 0.6 µWb 12.0± 0.7 µWb

Total correction ΦBO 0.3± 0.3 µWb 0.8± 0.2 µWb

Corrected plasma flux Φpl 2.2± 0.6 µWb 11.6± 0.6 µWb

Electron temperature Te0 18± 5 eV 111± 4 eV

Table 6.3: Modulation amplitudes due to X3 MECH in presence of X2 counter-ECCD.
TCV shot #19321, (a) t = [0.7; 0.8] s and (b) t = [0.8; 0.9] s.

X2 ECCD scan

The oscillation analysis at fixed modulation frequency f = 237 Hz of the X3 MECH
is performed for each experiment in the X2-ECCD scan B. Figure 6.24 shows the
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160 Chapter 6: RF power absorption measurements using the DML

resulting estimates of the X3 power absorption coefficient η and the plasma response
phase ∆φ = φW⊥ − φRF versus the X2 local toroidal angle φ. The X3 absorption
η seems to improve dramatically in presence of X2 ECCD. But the X3 absorption
coefficient dependence on φ is asymmetric with respect to the sign of φ: in presence
of X2 counter-ECCD (φ < 0°) η doubles with respect to the pure X2 ECRH case
(φ = 0°), whereas in the experiments with X2 co-ECCD (φ > 0°), η is increased by
a factor up to 3 with values above 100%.
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Figure 6.24: X3 absorption versus X2 pre-heating. From top to bottom: X3 absorption
estimate from DML measurements, plasma response phase with respect to the X3 MECH excitation
and sawtooth/X3 MECH correlation, versus the X2 local toroidal angle φ. In the X2 co-ECCD
cases, the X3 absorption measurement is strongly polluted by the sawtooth activity, as indicated
by the high sawtooth/X3 MECH correlation. Corresponding TCV shot numbers in increasing φ
order: #19323, 321, 270, 322, 311, 314, 18782 (φ = 0°, pure ECRH), 19284, 274, 286, 312, 269,
285, 278 and 283.

When these experiments were first analyzed and published in [43,97,98], the strong
influence of the sawtooth activity on the DML measurements was not noticed. In
these references, the experimental results are compared to the absorption calculated
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by the linear ray tracing code TORAY-GA. Although the numerical results exhibit a
symmetric improvement of the X3 absorption in presence of the X2 co- and counter-
ECCD, this is not sufficient to explain the absorption observed in the experiment.
This discrepancy was thought to come from the TORAY-GA code assuming an
isotropic distribution function and thus neglecting the effect of the hot electrons
generated by the X2 ECCD, but the asymmetry versus φ and the values above
100% in the X2 co-ECCD cases remained unexplained.
Recent quasi-linear Fokker-Planck simulations of these experiments were performed
with the LUKE code [99], but the expected X3 power absorption increase due to
the electron distribution function anisotropy was not observed.
From the detailed analysis presented in the previous paragraphs, we now know that
the asymmetry of the X3 power absorption with respect to the local toroidal angle
φ of the X2 pre-heating is due to the adverse effect of sawtooth in the X2 co-ECCD
case, yielding erroneous estimate of the X3 absorption coefficient by oscillation anal-
ysis of the DML measurements. Moreover, one cannot exclude some pollution from
natural plasma oscillations in the results for the X2 counter-ECCD cases too.
A direct estimate of the sawtooth/X3 MECH correlation in the experiments with X2
co-ECCD pre-heating is obtained by counting the numbers ncrash,ON and ncrash,OFF

of sawtooth crashes happening when the X3 power is on and off, respectively. With
ncrash the total number of sawtooth crashes, the observer defined as

corr ≡
∣∣∣∣ncrash,ON

ncrash
− ncrash,OFF

ncrash

∣∣∣∣ (6.4.20)

is 0% when there is no sawtooth/X3 MECH correlation (50% of crashes when X3
is on, 50% of crashes when X3 is off) and 100% for a perfect sawtooth/X3 MECH
correlation (all crashes when X3 is on or off). In the X3 MECH experiments with
X2 co-ECCD pre-heating, this correlation measure reaches 100% for φ ' 20°, see
figure 6.24. The sawtooth activity is perfectly locked to the X3 MECH and the
absorption measurement is completely erroneous.

Summary

The sensitivity of the X3 absorption efficiency on the X2 ECCD pre-heating condi-
tions is studied in limited L-mode plasmas using the DML measurements. Detailed
analysis of the plasma toroidal flux Φpl before and after the X3 MECH onset reveals
that in the plasmas with X2 co-ECCD pre-heating the amplitude of the unexpected
Φpl modulation caused by the sawtooth activity is of the same order than the am-
plitude of the modulation produced by the X3 power excitation. A clear frequency

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



162 Chapter 6: RF power absorption measurements using the DML

locking of the sawtooth activity on the X3 MECH makes it impossible to distinguish
both modulation sources and leads to an overestimation of the X3 power absorbed
fraction. The apparent asymmetry of the X3 power absorption with respect to
the sign of the X2 RF-driven current is thus caused by different sawtooth activity
regimes.

6.5 X2 MECH experiments

6.5.1 MECH frequency scan in presence of sawtooth activity

Introduction

In view of the difficulties met in section 6.4 for the estimation of the X3 power
absorption in X3 MECH experiments with X2 ECCD pre-heating using the DML
diagnostic, the method is tested in the present section for a simpler scenario, i.e.
X2 MECH without ECCD. According to the ray-tracing calculations, the X2 power
is fully absorbed, which makes the interpretation of the experimental results easier
than in the X3 MECH experiments.

Experimental setup

The equilibrium is a limited L-mode plasma with edge elongation κa ' 1.5 and
edge triangularity δa ' 0.39 located close to the machine equator (Zaxis ' 0.03 m

and Raxis ' 0.88 m). The vacuum toroidal magnetic field at the vessel center is
Bϕv(R0) ' −1.44 T and the plasma current during the ECH phase is Iϕ ' −250 kA

(where the minus signs indicate that both the magnetic field and the plasma current
circulate in the clockwise direction). The safety factor at the edge is qa > 5 and the
sawtooth activity has a frequency fst ' 480 ± 31 Hz in the Ohmic phase (#40685,
t = [0.2; 0.3] s).The sawtooth frequency drops down to fst ' 248±25 Hz during ECH
(#40685, t = [0.36; 0.46] s), as indicated by the spectrograms in figure 6.28. The
central electron density and temperature are ne0 ' 1.8 · 1019 m−3 and Te0 ' 2.6 keV,
respectively. The relevant plasma parameters traces are given in figure 6.25.

The RF power of four second harmonic gyrotrons (G1, G2, G4 and G5) in X-mode
polarization (X2) is used in these experiments in order to increase the signal to noise
ratio of the plasma response to MECH with an important power modulation depth.
The X2 power beams are injected from the equatorial launchers L1 and L4, and from
the upper lateral launchers L2 and L5 with launcher angles (θL, φL) ' (14°, 180°)
and (θL, φL) ' (50°, 0°), i.e. the X2 power beams are injected in the poloidal plane
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6.5. X2 MECH experiments 163

(φinj ' 0°) with an upward poloidal angle θinj ' 14° and a downward poloidal angle
θinj ' −50°, respectively. The ECH begins at t = 0.3 s with a 200 ms power
flattop corresponding to the average level during the modulation in order to start
the modulation in stationary conditions and to ensure a continuous heating level. It
allows the observation of the MHD activity with the same level of additional heating
than during the modulated ECH.
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Figure 6.25: X2 MECH experiment in presence of sawtooth activity. From top to
bottom: normalized kinetic energy (“poloidal beta”) βp, diamagnetism parameter µ, central electron
density ne0 and temperature Te0 (Thomson scattering, corrected by FIR for the density), central
electron temperature determined by the filter method applied to soft X-ray signals, along with a
zoom around the X2 MECH onset time at t = 0.5 s, X2 total power trace. Between t = 0.5 s and
t = 2.0 s, the X2 power amplitude is modulated with a 50% duty-cycle square waveform and a
series of different frequencies. TCV shot #40685.

The power amplitude is then modulated with a 50% duty-cycle square waveform in
the time interval t = [0.5; 2.0] s. An identical modulation depth was programmed
for all gyrotrons. The actual (measured) modulation depth is slightly different for
all gyrotrons due to their individual efficiencies to the applied high voltage. The RF
power is modulated between P1 ' 206 kW and P2 ' 522 kW for G1, P1 ' 208 kW

and P2 ' 532 kW for G2, P1 = 210 kW and P2 = 500 kW for G4 and P1 = 245 kW

and P2 = 565 kW for G5. The total modulation depth is ∆P ' 1250 kW. Due
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to arcs in the gyrotrons resonant cavity or to high stray power levels triggering the
ECH safety, gyrotrons have stopped randomly during the experiments (as did G2
at t ' 0.82 s in figure 6.25). But the resulting various power modulation depths
are taken into account in the oscillation analysis and do not affect the experimental
results. Finally, the modulation frequency f is scanned in five plasma discharges,
with several successive values in each discharge, as summarized in table 6.4.

Shot Time Gyrotrons MECH f Comment

[s] [Hz]

#40683 [0.5; 1.25] 1, 2 19 G4 & 5 stop at t ' 0.31 s.
[1.25; 2.0] 1, 2 37

#40685 [0.5; 0.8] 1, 2, 4, 5 237
[0.8; 1.1] 1, 4, 5 277 G2 stops at t ' 0.82 s.
[1.1; 1.4] 1, 4, 5 337
[1.4; 1.7] 1, 4, 5 377
[1.7; 2.0] 1, 4, 5 437

#40688 [0.5; 0.8] 1, 4, 5 237 G2 stops at t ' 0.51 s.
[0.8; 1.1] 1, 4, 5 277
[1.1; 1.4] (1), 4, 5 337 G1 stops at t ' 1.26 s.
[1.4; 1.7] 4, 5 377
[1.7; 2.0] 4, 5 437

#40689 [0.5; 0.875] 1, 4, 5 137 G2 not used.
[0.875; 1.125] 1, 4, 5 169
[1.125; 1.625] 1, 4, 5 193
[1.625; 1.2] 1, 4, 5 213

#40690 [0.5; 0.75] 1, 4, 5 467 G2 not used.
[0.75; 1.0] 1, 4, 5 537
[1.0; 1.25] 1, 4, 5 577
[1.25; 1.5] 1, 4, 5 637
[1.5; 1.75] 1, 4, 5 677
[1.75; 2.0] 1, 4, 5 737

Table 6.4: X2 MECH setup.
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Ray-tracing calculation

The trajectory and the linear absorption efficiency of the X2 beams from launchers
L1 and L2 are calculated with 25-ray bundles for TCV shot #40685 (at t = 0.5 s)
using the ray-tracing C3PO code [29]. The simulation results are identical for the
X2 beams coming from launchers L4 and L5, respectively.
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Figure 6.26: X2 power beams trajectories and deposition profiles. C3PO ray-tracing
simulations for the X2 power beams from launchers L1 (blue) and L2 (red). (a) Toroidal trajectories
and (b) poloidal trajectories (on ρψ contours). (c) Linear power deposition profiles and (d) safety
factor profile. Both beams are deposited inside the q = 1 surface. TCV shot#40685 at t = 0.5 s.
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The resulting toroidal and poloidal beam trajectories are given in figures 6.26(a) and
6.26(b), respectively, along with the linear power deposition profiles in figure 6.26(c).
The X2 power beams from launchers L1 and L2 are absorbed with an efficiency
η ' 100% and deposition profiles centered at ρψ ' 0 and ρψ ' 0.15, respectively.
According to the power deposition profiles and to the safety factor profile given
in figure 6.26(d), all beams are deposited inside the q = 1 flux surface located at
ρψ ' 0.6. Simulations with the TORAY code are in perfect agreement with the
numerical results of C3PO.

Oscillation analysis

The usual oscillation analysis is performed to check the assumptions summarized in
subsection 6.3.4. The figure 6.27 shows an example of this analysis for the case of
four gyrotrons modulated at f = 237 Hz.
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Figure 6.27: Oscillation analysis of the various plasma energies and input powers.
From top to bottom: LIUQE normalized kinetic energy βp, normalized plasma toroidal magnetic
energy µ and normalized Shafranov integral combination s∗, as well as Ohmic power and X2 RF
power. Superimposed on the time traces (in blue) are the reconstructed signals from the oscillation
analysis at f = 237 Hz (in thick magenta). TCV shot #40685.
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168 Chapter 6: RF power absorption measurements using the DML

The resulting complex amplitude moduli of the poloidal beta, the plasma dia-
magnetism and the Shafranov integrals are |β̂p| ' (17.4 ± 0.6) · 10−3, |µ̂| '
(16.0 ± 0.5) · 10−3 and |ŝ∗| ' (1.29 ± 0.06) · 10−3, respectively. Accordingly, one
has

|µ̂|
|β̂p|
' 92± 6% and

|ŝ∗|
|β̂p|
' 7.4± 0.6% (6.5.1)

and the modulation of s∗ can be neglected. The complex amplitude moduli of the
Ohmic power and the RF power are |P̂OH| ' 39 ± 5 kW and |P̂RF| ' 790 ± 3 kW

such that |P̂OH|/|P̂RF| ' 5.0± 0.7% and the modulation of the Ohmic power can be
safely neglected.
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Figure 6.29: Oscillation analysis of the plasma toroidal flux components. From top to
bottom: uncorrected plasma toroidal flux ΦDML2 from the DML2 loop, total compensation flux
ΦBO, corrected plasma toroidal flux Φpl, central electron temperature from soft X-ray measure-
ments (absorber method) and X2 power trace. Superimposed on the time traces (blue) are the
reconstructed signals from the oscillation analysis at f = 237 Hz, before (thick green) and after
(thick magenta) the onset of X2 MECH. TCV shot #40685.

The oscillation analysis of the plasma toroidal flux components is performed before
and after the MECH onset, see figure 6.29. The respective complex amplitude
moduli are given in table 6.5. The sawtooth activity at fst ' 248 Hz before the X2
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MECH onset is clearly visible on the soft X-ray trace. The sawtooth oscillation also
affects the plasma toroidal flux and its modulation amplitude before the X2 MECH
onset is not negligible, see figure 6.28.

Complex amplitude modulus |Φ̂|

Modulated signal (a) Before MECH (b) During MECH

Uncorrected plasma flux ΦDML2 9.3± 1.5 µWb 47.9± 1.6 µWb

Total correction ΦBO 0.9± 0.6 µWb 2.2± 0.6 µWb

Corrected plasma flux Φpl 9.7± 1.4 µWb 47.9± 1.5 µWb

Electron temperature Te0 51± 4 eV 241± 5 eV

Table 6.5: Modulation amplitudes due to X2 MECH in presence of sawtooth activity.
TCV shot #40685, (a) t = [0.4; 0.5] s and (b) t = [0.5; 0.6] s.

Experimental frequency response and transfer function fitting

The oscillation analysis is performed for each X2 MECH frequency and the experi-
mental transfer function is calculated according to equation (6.3.43). The oscillation
analysis at the third and fifth harmonics is also used for the two lowest X2 MECH
frequencies. The resulting amplitude and phase are given in figure 6.31 to be com-
pared with the model transfer functions plotted in figure 6.6.
Instead of a saturation at ∆φ = −90°, the experimental transfer function phase ∆φ

exhibits jumps to ∆φ = −135° and ∆φ = −180° occurring at frequencies close to the
fundamental and the second harmonics of the sawtooth frequency, respectively. A
maximum of the transfer function amplitude is observed at the fundamental of the
sawtooth frequency: for X2 MECH frequencies close to the sawtooth frequency, the
plasma toroidal flux modulation due to the sawtooth activity adds to the modulation
due to the MECH which artificially increases the plasma response to the MECH and
subsequently the RF power absorption estimate.
The system transfer identification (STI) fit is performed on the experimental data
for several orders M and N of the numerator and of the denominator of (6.3.46),
see figure 6.30. The best fit matching with a known model of the plasma response
to MECH is obtained for M = 1 and N = 2, i.e. a transfer function of the type

H12 =
b0 + b1(iω)

a0 + a1(iω) + a2(iω)2
(6.5.2)

where a2 = 1. This fit corresponds to the the model transfer function H2 given by
(6.3.35). The resulting fit is shown in figures 6.31, 6.32 and 6.33. It reproduces
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Figure 6.30: X2 MECH. STI optimization. Loss function σ2 of the STI fitting of the plasma
frequency response to X2 MECH for several numerator and denominator orders M and N . The
lowest orders corresponding to a model of the system dynamic and yielding an acceptable loss
function value are M = 1, N = 2. The STI method does not converge for M = N = 4.

well the trend of the amplitude, the phase and the real and imaginary parts of
the experimental transfer function on the whole frequency span. Identifying the
coefficients of H2 with the fit parameters of H12 obtained from the STI gives:

η
τa + τinc

τaτinc

= b0 ' 761 s−1 (6.5.3)

η = b1 ' −0.06 (6.5.4)
2τa + 3τinc

2τaτ 2
inc

= a0 ' 2.05 · 106 s−2 (6.5.5)

4τa + 3τinc

2τaτinc

= a1 ' 1.25 · 103 s−1 (6.5.6)

which clearly yields non-reasonable physical parameters, in particular a negative
absorption coefficient η ' −6%.

As in the X3 MECH frequency scan experiment, the denominator roots s1,2 = iω1,2

of H12 are complex conjugate and yield pole frequencies with a real part

ω1,2 ' ±1288 + 625i rad/s. (6.5.7)

This indicates that the system behaves like a forced damped harmonic oscillator
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with the STI fit for M = 1, N = 2. The vertical dashed lines indicate the first and second
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deviations.

with the following parameters:

ω0 ≡
√

Ω2 + γ2 ' 1432 rad/s proper angular frequency (6.5.8)

Q ≡ ω0

2γ
' 1.15 quality factor (6.5.9)

Ωr ≡ ω0

√
1− 1

2Q2
' 1126 rad/s resonant angular frequency (6.5.10)

Conversely to the X3 MECH case, the damping is low enough to allow the presence of
a resonance in the plasma frequency response to X2 MECH. The resonant behavior
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of the experimental transfer function is clear in figures 6.32 and 6.33, with the
maximum amplitude |H| reached at the Ωr. The proper angular frequency coincides
with the sawtooth angular frequency ωst ' 1558± 157 rad/s estimated prior to the
MECH onset but with the same time-averaged ECH level. The sawtooth activity
is thus a good candidate to explain the intrinsic oscillatory behavior of the system
and the energy transfer mechanism necessary in a resonant effect.

Summary

A frequency scan of X2 MECH is performed in limited L-mode plasmas in presence
of sawtooth activity. As suspected from the earlier X3 MECH frequency scan,
the plasma response behaves like a forced and damped harmonic oscillator with
a resonance at the sawtooth frequency. In such a situation, our transfer function
model becomes inadequate and no relevant estimate of the physical parameters can
be drawn from the experiment. To do so, a modification of the physical model
of the system is necessary. Prior to this, the next subsection is devoted to test
the method with X2 MECH experiments in low-current L-mode plasmas without
sawtooth activity.
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Figure 6.32: Experimental frequency response to X2 MECH in presence of sawtooth
activity and STI fit H12.
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Figure 6.33: Experimental frequency response to X2 MECH in presence of sawtooth
activity and STI fit H12.
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6.5.2 MECH frequency scan in absence of sawtooth activity

Introduction

Since the sawtooth activity has proven to prevent a proper estimate of the RF
power absorption in MECH experiments, the X2 MECH frequency scan is repeated
in low-current L-mode plasmas without sawtooth activity.

Shot Time Gyrotrons MECH f Comment

[s] [Hz]

#40928 [0.7; 1.075] 1, 2 137
[1.075; 1.45] 1, 2 169
[1.45; 1.825] 1, 2 193
[1.825; 2.2] (1),(2) 213 G1 & 2 stop at t ' 1.96 s.

#40931 [0.7; 1.0] 1, 2 237
[1.0; 1.3] 1, 2 277
[1.3; 1.6] (1),(2) 337 G1 & 2 stop at t ' 1.4 s.

#40937 [0.7; 1.0] 1, 2 237
[1.0; 1.3] 1, 2 277
[1.3; 1.6] 1, 2 337
[1.6; 1.9] 1, 2 377
[1.9; 2.2] 1, 2 437

Table 6.6: X2 MECH setup.

Experimental setup

The equilibrium is a limited L-mode plasma with edge elongation κa ' 1.3 and
edge triangularity δa ' 0.16 located close to the machine equator (Zaxis ' 0.04 m

and Raxis ' 0.88 m). The central electron density and temperature are ne0 '
2.0 · 1019 m−3 and Te0 ' 3.0 keV, respectively. The vacuum toroidal magnetic field
at the vessel center is Bϕv(R0) ' −1.45 T. The plasma current during the ECH
phase is programmed to be very low, i.e. Iϕ ' −115 kA and Iϕ ' −100 kA, such
that the safety factor is qa > 7 at the edge and barely crosses q = 1 at plasma center
as indicated by the LIUQE safety factor profile in figure 6.35(d). In consequence,
no visible sawtooth activity is observed on the central soft X-ray trace given in
figure 6.34.
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Figure 6.34: X2 MECH experiment in absence of sawtooth activity. From top to bottom:
LIUQE βp and µ, central electron density ne0 and temperature Te0 (Thomson scattering, corrected
by FIR for the density), central electron temperature from soft X-ray signals, and X2 total power
trace. Between t = 0.7 s and t = 2.2 s, the X2 power amplitude is modulated with a 50% duty-cycle
square waveform and a series of different frequencies. TCV shot #40937.

The RF power of two second harmonic gyrotrons (G1 and G2) in X-mode polariza-
tion (X2) is used in these experiments. The X2 power beams are injected from the
equatorial launcher L1 and from the upper lateral launcher L2 with launcher angles
(θL, φL) ' (8°, 0°) and (θL, φL) ' (49°, 0°), i.e. the X2 power beams are injected in
the poloidal plane (φinj ' 0°) with an downward poloidal angles θinj ' −8° and
θinj ' −49°, respectively. The ECH begins at t = 0.5 s with a 200 ms power flattop
corresponding to the average power level during the modulation in order to start
the modulation in stationary conditions and to ensure a continuous heating level.

The power amplitude is then modulated with a 50% duty-cycle square waveform in
the time interval t = [0.7; 2.2] s. The RF power is modulated between P1 ' 206 kW

and P2 ' 522 kW for G1, and P1 ' 208 kW and P2 ' 532 kW for G2. The
total modulation depth is ∆P ' 640 kW. Finally, the modulation frequency f is
scanned in three plasma discharges, with several successive values in each discharge,
as summarized in table 6.6.
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Figure 6.35: X2 power beams trajectories and deposition profiles. C3PO ray-tracing
simulations for the X2 power beams from launchers L1 (blue) and L2 (red). (a) Toroidal trajectories
and (b) poloidal trajectories (on ρψ contours). (c) Linear power deposition profiles and (d) safety
factor profile. TCV shot#40937 at t = 1.0 s.

Ray-tracing calculation

The trajectory and the linear absorption efficiency of the X2 beams from launchers
L1 and L2 are calculated with 25-ray bundles for TCV shot #40685 (at t = 1.0 s)
using the ray-tracing C3PO code [29]. The resulting toroidal and poloidal beam
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Figure 6.36: Oscillation analysis of the various plasma energies and input powers.
From top to bottom: LIUQE normalized kinetic energy βp, normalized plasma toroidal magnetic
energy µ and normalized Shafranov integral combination s∗, as well as Ohmic power and X2 RF
power. Superimposed on the time traces (in blue) are the reconstructed signals from the oscillation
analysis at f = 237 Hz (in thick magenta). TCV shot #40937.

trajectories are given in figures 6.35(a) and 6.35(b), respectively, along with the lin-
ear power deposition profiles in figure 6.35(c). The X2 power beams from launchers
L1 and L2 are absorbed with an efficiency η ' 100% and the deposition profiles
are centered at ρψ ' 0.35 and ρψ ' 0.30, respectively. According to the safety
factor profile given in figure 6.35(d), the RF power is deposited partly inside and
partly outside the q = 1 flux surface located around ρψ ' 0.2. Simulations with the
TORAY code are in perfect agreement with the numerical results of C3PO.

Oscillation analysis

The usual oscillation analysis is performed to check the assumptions summarized
in subsection 6.3.4. The figure 6.36 shows an example of this analysis for the X2
MECH experiment at f = 237 Hz. The corresponding complex amplitude moduli
are |β̂p| ' (48.4± 2.3) · 10−3, |µ̂| ' (45.2± 2.4) · 10−3 and |ŝ∗| ' (1.86± 0.17) · 10−3.
In consequence, one has
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|µ̂|
|β̂p|
' 93± 9% and

|ŝ∗|
|β̂p|
' 3.8± 0.5%. (6.5.11)

A similar analysis of the Ohmic power oscillation is performed, to be compared
with the RF power modulation. As a result, the moduli of the respective complex
amplitudes are |P̂OH| ' 16±3 kW and |P̂RF| ' 408±1 kW such that |P̂OH|/|P̂RF| '
4.0± 0.6% and the modulation of the Ohmic power can be safely neglected.

The oscillation analysis of the plasma toroidal flux components is performed be-
fore and after the MECH onset, see figure 6.37. The respective complex amplitude
moduli are given in table 6.7. As expected for a non-sawtoothing plasma, the mod-
ulation amplitude of the plasma toroidal flux Φpl before the X2 MECH onset does
not exceed the level of the measurement error. The modulation amplitude of Φpl is
increased by one order of magnitude when the X2 MECH starts. No pollution of
the plasma frequency response is thus expected in this case.

Complex amplitude modulus |Φ̂|

Modulated signal (a) Before MECH (b) During MECH

Uncorrected plasma flux ΦDML2 1.5± 1.2 µWb 21.5± 1.3 µWb

Total correction ΦBO 0.1± 0.7 µWb 1.5± 0.7 µWb

Corrected plasma flux Φpl 1.5± 1.1 µWb 21.6± 1.3 µWb

Electron temperature Te0 8.4± 3.8 eV 267± 5 eV

Table 6.7: Modulation amplitudes due to X2 MECH in absence of sawtooth activity.
TCV shot #40937, (a) t = [0.6; 0.7] s and (b) t = [0.7; 0.8] s.

As in the previous X3 and X2 MECH experiments, the contribution of the plasma
toroidal flux correction ΦBO to the total flux modulation is very small (< 10%).

Experimental frequency response and transfer function fitting

The oscillation analysis is performed for each X2 MECH frequency and the experi-
mental transfer function is calculated according to equation (6.3.43). The resulting
amplitude and phase are given in figure 6.38 to be compared with the model transfer
functions in figure 6.6.

The maximum in the amplitude of ωH observed in presence of sawtooth activity in
the previous subsection (see figure 6.31) does not exist in non-sawtoothing plasmas.
Conversely, the amplitude saturates at |ωH| ' 0.6 for angular frequencies which are
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Figure 6.37: Oscillation analysis of the plasma toroidal flux components. From top
to bottom: uncorrected plasma toroidal flux ΦDML2 from the DML2 loop, total compensation
flux ΦBO, corrected plasma toroidal flux Φpl, central electron temperature from soft X-ray mea-
surements (absorber method), X2 power trace. Superimposed on the time traces (blue) are the
reconstructed signals from the oscillation analysis at f = 237 Hz, before (thick green) and after
(thick magenta) the onset of X2 MECH. TCV shot #40937.

far from both typical confinement and anisotropy relaxation times

1

τinc

' 200 rad/s� ω ' 1000 rad/s� 1

τa

' 5000 rad/s (6.5.12)

as expected from the model transfer function. In this case, the absorption coeffi-
cient of the X2 power can be estimated from the model transfer function H0 using
equation (6.3.45)

η ' 3

2
ω|H| ' 100%. (6.5.13)

This estimation is valid if the phase of the transfer function saturates at ∆φ = −90°
in the same time, which is still not the case here in spite of the absence of sawtooth
activity.
The system transfer identification (STI) fit is performed on the experimental data
for several orders M and N of the numerator and of the denominator of (6.3.46),
see figure 6.39. As in the case of sawtoothing plasmas, the best fit matching with a
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Figure 6.38: Experimental frequency response to X2 MECH in absence of sawtooth
activity. Amplitude and phase of the experimental plasma frequency response to X2 MECH
excitation at angular frequencies ω, along with the STI fit for M = 1, N = 2.

known model of the plasma response to MECH is obtained for M = 1 and N = 2,
i.e. a transfer function of the type

H12 =
b0 + b1(iω)

a0 + a1(iω) + a2(iω)2
(6.5.14)

where a2 = 1. This fit corresponds to the the model transfer function H2 given by
(6.3.35).

The resulting fit is shown in figures 6.38, 6.40 and 6.41. It reproduces well the trend
of the amplitude, the phase and the real and imaginary parts of the experimental
transfer function on the whole frequency span. Identifying the coefficients of H2

with the fit parameters of H12 obtained from the STI gives:
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η
τa + τinc

τaτinc

= b0 ' 1050 s−1 (6.5.15)

η = b1 ' −0.04 (6.5.16)
2τa + 3τinc

2τaτ 2
inc

= a0 ' 1.81 · 106 s−2 (6.5.17)

4τa + 3τinc

2τaτinc

= a1 ' 1.68 · 103 s−1 (6.5.18)

which clearly yields non-reasonable physical parameters, in particular a negative
absorption coefficient η ' −4%. As in the previous X3 and X2 MECH experiments,
the denominator roots s1,2 = iω1,2 of H12 are complex conjugate and yield pole
frequencies with a real part

ω1,2 ' ±1049 + 843i rad/s. (6.5.19)

This indicates that the system behaves like a forced damped harmonic oscillator
with the following parameters:
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ω0 ≡
√

Ω2 + γ2 ' 1346 rad/s proper angular frequency (6.5.20)

Q ≡ ω0

2γ
' 0.80 quality factor (6.5.21)

Ωr ≡ ω0

√
1− 1

2Q2
' 623 rad/s resonant angular frequency (6.5.22)

In spite of the absence of sawtooth activity, the frequency response of the perpen-
dicular plasma kinetic energy exhibits a resonance when it is excited by modulated
ECH. The presence of the MECH thus destabilizes an eigen mode in the plasma,
maybe a temperature profile relaxation inside the q = 2 flux surface instead of the
sawtooth activity inside the q = 1 flux surface.
The resonant behavior of the experimental transfer function is clear in figures 6.40
and 6.41, with the maximum amplitude |H| reached at the resonant angular fre-
quency Ωr. A very high damping explains the low quality factor Q and the large
difference between the resonant angular frequency Ωr and the proper angular fre-
quency ω0. The strong damping also implies that the presence of this plasma mode
affects the phase rather than the amplitude of the plasma response.

Summary

The X2 MECH frequency scan experiment is repeated in low-current L-modes. De-
spite the fact that no sawtooth activity is observed during the continuous ECH
phase, the frequency response to MECH of the plasma perpendicular kinetic energy
behaves like a forced harmonic oscillator with a strongly damped resonance. This
affects in particular the phase of the transfer function which takes values far beyond
∆φ = −90°. The mechanism responsible for the observed behavior is still to be
identified.
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Figure 6.40: Experimental frequency response to X2 MECH in absence of sawtooth
activity and STI fit H12.
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Figure 6.41: Experimental frequency response to X2 MECH in absence of sawtooth
activity and STI fit H12.
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6.6 Modulated EBW experiments

Introduction

For the sake of completeness, a case of modulated electron Bernstein wave heating
(MEBH) is treated in this section, in spite of the major drawbacks suffered by the
oscillation analysis of the DML signal in presence of sawtooth activity, as observed
in the previous sections. Here, modulated second harmonic RF power in O-mode
(O2) is coupled to an overdense H-mode plasma via O-X-B mode conversion.

The first EBW absorption measurements using the DML diagnostic in TCV are
presented in [22–24]. In these references, the analysis is based on the uncorrected
plasma toroidal flux ΦDLM2 from the DML2 loop. But it is shown in the follow-
ing that, conversely to the X2 and X3 MECH experiments, the modulation of the
compensation flux ΦBO is not negligible and must be accounted for by using the
corrected toroidal plasma flux Φpl. Similarly, the modulation of the plasma mag-
netic equilibrium is not negligible either and must be taken into account via the
Shafranov integrals for a proper analysis of the plasma perpendicular kinetic energy
response to modulated EBH.

Experimental setup

In order to couple second harmonic O-mode (O2) power to the Bernstein mode via
O-X-B mode-conversion, an O2-overdense plasma with steep density gradient at the
cutoff is obtained in a diverted ELM-free H-mode with strong shaping (elongation
and triangularity at 95% of the normalized poloidal flux κ95 ' 1.70 and δ95 ' 0.40)
and located in the upper half of the machine at Zaxis ' 0.19 m and Raxis ' 0.90 m.
The vacuum toroidal magnetic field flattop at Bϕv(R0) ' 1.44 T lasts until t =

0.6 s and is followed by a slow sweep down to Bϕv(R0) ' 1.42 T at t = 0.7 s. A
high plasma current, i.e. Iϕ ' 420 kA, is necessary to reach the L-H transition in
Ohmic regime. The safety factor at 95% of the normalized poloidal flux is low, i.e.
q95 ' 2.4. In consequence, the sawtooth activity has a broad inversion radius up to
ρψ,inv ' 0.43± 0.04 (ρψ,vol = 0.35± 0.03) as measured from the 64-point soft X-ray
profiles of the DMPX diagnostic, see figure 6.42.

In absence of ELMs, the H-mode electron density is not regulated and increases
monotonically from ne0 ' (8.5± 1.7) · 1019 m−3 after the L-H transition (t = 0.38 s)
to ne0 ' (24.1 ± 5.2) · 1019 m−3 before the discharge disruption (t = 0.70 s). In
the meanwhile, the central electron temperature remains approximately constant at
Te0 ' 654± 38 eV. The relevant plasma parameters traces are given in figure 6.42.
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The O2 power from gyrotron G2 is injected via the upper lateral launcher L2. The
optimum injection angles for the O-X-B mode conversion were pre-calculated with
the ART code. The measured launcher angles are (θL, φL) ' (43.1 ± 0.1°,−40.7 ±
0.2°), corresponding to a downward poloidal injection angle θinj ' −31.2° and a
counter-clockwise toroidal injection angle φinj ' 31.4°. The power injection is
programmed to start at t = 0.5 s, after the plasma L-H transition happening at
t ' 0.36 s. The power amplitude is fully modulated (between P1 = 0 kW and
P2 ' 450 kW) with a 50% duty-cycle square waveform with frequency f = 181 Hz.
The modulation is visible on the soft X-ray emission coming from the edge, where
the EBW is absorbed with a strong Doppler shift, see figure 6.42.

Oscillation analysis

The usual oscillation analysis is performed to check the assumptions summarized
in subsection 6.3.4. Figure 6.43(a) shows the oscillation analysis of the normalized
plasma kinetic energy βp, the normalized plasma toroidal magnetic energy µ and the
normalized Shafranov term s∗ ≡ 1/2[s1+δRs2] from 5 kHz LIUQE calculation, along
with the Ohmic power and the RF power. The corresponding complex amplitude
moduli are |β̂p| ' (0.81 ± 0.12) · 10−3, |µ̂| ' (1.37 ± 0.13) · 10−3, |ŝ∗| ' (1.79 ±
0.05) · 10−3, |P̂OH| ' 33± 6 kW and |P̂RF| ' 284± 1 kW. In consequence, one has

|µ̂|
|β̂p|
' 170± 42%,

|ŝ∗|
|β̂p|
' 222± 39% (6.6.1)

and
|P̂OH|
|P̂RF|

' 11.6± 2.3%. (6.6.2)

In this case, the modulation of the Shafranov term S∗ ≡ 1/2[S1 + δRS2] in the
relation (6.3.49) is not negligible and must be accounted for in the analysis.
The oscillation analysis of the plasma toroidal flux components is performed before
and after the modulated EBH onset, see figures 6.44(a) and 6.44(b). The respective
complex amplitude moduli are given in table 6.8. Before the MEBH onset, the
modulation amplitude at f = 181 Hz of all the plasma toroidal flux components
and of the central electron density is of the order of the measurement error. The
sawtooth activity is thus not expected to perturb the measurement, especially since
the RF power is absorbed far off-axis.
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shot #31541.
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During the MEBH, the modulation of the compensation flux ΦBO is as important
as the modulation of the uncorrected plasma toroidal flux ΦDML2 from the DML2
loop and must be accounted for. As a consequence, the modulation of the corrected
plasma toroidal flux Φpl ≡ ΦDML2 − ΦBO is totally cancelled, as indicated in fig-
ure 6.44(b). A detailed analysis of the nine separate back-off components shows
that the modulation comes mainly from the compensation flux FIX-POL-VESSEL
for the toroidal vessel currents.

Complex amplitude modulus |Φ̂|

Modulated signal (a) Before MEBH (b) During MEBH

Uncorrected plasma flux ΦDML2 0.7± 1.4 µWb 17.9± 1.3 µWb

Total correction ΦBO 0.5± 0.6 µWb 17.7± 0.7 µWb

Corrected plasma flux Φpl 0.4± 1.5 µWb 0.7± 1.2 µWb

Electron temperature Te0 1.1± 0.8 eV 0.3± 0.4 eV

Table 6.8: Modulation amplitudes due to modulated EBH. TCV shot #31541, (a) t =

[0.4; 0.5] s and (b) t = [0.5; 0.6] s.

In summary, after compensation of an important contribution coming from modu-
lated image currents in TCV vessel, the plasma toroidal flux is not modulated and
the oscillation of the plasma perpendicular kinetic energy is fully determined by the
oscillation of the plasma equilibrium via the Shafranov integrals. This effects were
not observed in the X2 and X3 MECH experiments. This may be explained by a
lesser stiffness of the diverted magnetic equilibrium used here with respect to the
limited equilibrium used in the previous experiments. Moreover, EBW always have
a finite k‖ at the absorption and drive some current. Since this modulated current is
generated close to the plasma edge, it may generate important image current in the
tokamak vessel. The full relation (6.3.49) must be used with the corrected plasma
toroidal flux:

W⊥ ' S∗ − 2π

µ0

RBϕvΦpl with S∗ ≡ 1

2
[S1 + δRS2] . (6.6.3)

In order to obtain S∗, the normalized s∗ from the LIUQE calculation at 5 kHz is
multiplied by the LIUQE normalization factor N = 4/(R0µ0I

2
ϕ) where R0 = 0.88 m

and Iϕ(t) is also calculated by LIUQE. The oscillation analysis of the three terms
in equation (6.6.3) is given in figure 6.43(b) and yields:

|ωH| ≡
∣∣∣∣∣ωŴ⊥P̂RF

∣∣∣∣∣ ' 0.22 and ∆Φ ' −49°. (6.6.4)
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Assuming that the modulation frequency is far from both the energy confine-
ment and relaxation times, one can estimate the power absorption with the re-
lation (6.3.45):

η ' 3

2
|ωH| ' 33%. (6.6.5)

Summary

In the case of modulated EBH in an overdense diverted H-mode plasma, the modu-
lation of the compensation flux and of the magnetic equilibrium must be taken into
account.

6.7 Conclusions and outlooks

Experiments with modulated RF power injection aiming at the power absorption
estimation are analyzed. The plasma perpendicular kinetic energy response to the
modulated ECH (MECH) is measured using TCV DML diagnostic.

Modulation frequency scans are performed for X3 and X2 MECH. In both cases,
the plasma frequency response exhibits an unexpected forced harmonic oscillator
behavior with proper frequency at the sawtooth frequency and a strongly damped
resonance. A proper estimate of the power absorption coefficient from either the fit of
the plasma frequency response or a single frequency measurement thus necessitates a
modification of the response modeling in order to account for the sawtooth dynamic.

This behavior is still observed in non-sawtoothing plasmas, suggesting that another
natural plasma oscillation is at play.

An unexplained asymmetry in the improvement of the X3 ECH absorption in pres-
ence of X2 ECCD pre-heating with respect to the sign of the driven current was
previously observed [43, 97, 98]. It is now clear that this asymmetry is due to dif-
ferent regimes of sawtooth activity. Indeed, with X2 counter-ECCD, the sawtooth
oscillation is irregular and a low pollution level is expected. Conversely, X2 co-ECCD
enhances the sawtooth oscillation at a frequency close to the X3 MECH frequency.
Frequency locking happens between the two perturbations and the sawtooth activity
artificially increases the X3 power absorption estimate, yielding erroneous values up
to 120%.

In EBH experiments, the finite current-drive effect induces a modulation of the
magnetic equilibrium. In consequence, the modulation of the perpendicular kinetic
energy comes from the Shafranov terms rather than from the diamagnetic term.
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These results are not in favor of a routine use of the DML diagnostic for the esti-
mation of ECH absorption coefficients in modulation experiments, in particular due
to the plasma toroidal flux sensitivity to the sawtooth activity. All earlier analyses
of central X2 and X3 MECH are potentially erroneous and must be reconsidered.
Further experiments are proposed on this subject:

• A scan of the sawtooth frequency. In order to test whether the sawtooth
activity is actually the source of the resonance observed in the plasma kinetic
energy frequency response to MECH, one should repeat the X2 MECH fre-
quency scan in plasmas with different and well defined sawtooth frequencies.
One expects a shift of the resonance frequency in coherence with the shift in
the sawtooth frequency.

• Influence of the RF power deposition location. X2 MECH frequency
scans at different deposition radii inside and outside the sawtooth inversion
radius will allow us to test the sensitivity of the sawtooth activity pollution to
the power deposition location.

• Influence of the magnetic configuration. X2 MECH frequency scans in
diverted and limited plasmas will allow to test the sensitivity of the plasma
response to the magnetic configuration, in particular the relative importance
of the Shafranov and diamagnetic terms.

• Influence of the ECCD fraction. X2 MECH frequency scans at different
toroidal injection angles will allow to test the sensitivity of the plasma response
to the ECCD fraction, in particular the relative importance of the Shafranov
and diamagnetic terms.

The last two proposals aim at distinguishing which of the diverted equilibrium and
the finite current drive fraction is responsible for the modulated equilibrium and
vessel currents in the EBH experiment of section 6.6.
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Chapter 7

On the possibility of electron

Bernstein wave current drive in TCV

7.1 Introduction

Electron Bernstein waves offer the possibility to drive non-inductive current in plas-
mas which are overdense to the standard electron cyclotron current drive (ECCD).
Electron Bernstein wave current drive (EBCD) in an overdense plasma was demon-
strated for the first time in “current-free” plasmas at the W7-AS stellarator [17,18].
In this chapter, the performance of the electron Bernstein wave current drive
(EBCD) in TCV is investigated using a ray-tracing code and a Fokker-Planck code.

7.2 Fokker-Planck simulation of EBCD in TCV

A systematic analysis of the EBW current drive performance in TCV is carried out
using the Antenna-Mode-conversion-Ray-tracing code (AMR) [26,27] coupled to the
Fokker-Planck solver LUKE [30]. In this study, the main parameters influencing the
EBW trajectory and absorption are scanned, i.e. the poloidal position of the EBW
injection and the toroidal magnetic field value. In this work, only the poloidal scan
at fixed toroidal magnetic field Bϕ = −1.44 T is presented. Scans at lower magnetic
fields are in progress.
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Figure 7.1: Scan of the poloidal position of EBW injection. (a) Poloidal trajectories,
(b) toroidal trajectories, (c) parallel refractive index evolution and (d) power deposition profiles
calculated in AMR ray tracing simulations of single rays injected with positive initial refractive
index N‖,inj > 0 in a plasma with Bϕ = −1.44 T. The different poloidal positions of the EBW
injection are obtained by scanning the plasma vertical position Zp in front of the equatorial power
launcher located at Z = 0 cm. The absorption location defined as dP

ds /max(dP
ds ) > 1% is indicated

by black dots. The closer to the plasma midplane is the EBW injection, the less important is
the N‖-upshift and the more central is the Doppler-shifted resonant absorption. The case with
Zp = +4cm shows two deposition locations, around ρψ = 0.4 and at ρψ = 0.1, with opposite N‖
signs thus driving current in opposite directions.
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The different poloidal positions of the EBW injection are obtained by artificial shift-
ing the plasma magnetic axis vertical position Zp in front of the EBW power launcher
located at the equator of TCV vacuum vessel (Z = 0 cm). For each configuration in
the scan, the optimum injection angles are determined, the EBW ray-tracing is per-
formed and the quasi-linear wave-plasma interaction is calculated. Full absorption
is achieved in all cases.

The simulations are performed using the experimental magnetic equilibrium and
profiles data of an overdense ELM-free H-mode plasma (Ip = 350 kA, q95 = 2.3,
κa = 1.62, δa = 0.53). The profiles given in input to the simulations are shown
in figure 4.1. Figure 7.1 presents the simulation results for single rays of 500 kW

injected in the clockwise toroidal direction (i.e. N‖,inj > 0). For all poloidal posi-
tions of the EBW injection, the sign of the driven current ICD is opposite to that
of the parallel refractive index at the absorption N‖,abs, which indicates that the
Fisch-Boozer effect is dominating the Ohkawa effect in the EBCD generation at all
absorption radii achieved in the scan.

When the EBW is injected close to the plasma midplane (Zp ≤ 4cm), the paral-
lel refractive index N‖ remains small, thus allowing low-Doppler-shifted resonant
absorption at the plasma center (ρψ ' 0.1) where the electron temperature is the
highest. However the parallel refractive index oscillates around N‖ = 0 when ap-
proaching the plasma center, which may reduce the net driven current ICD and
thus the current drive efficiency by cancelation of co- and counter-current drive.
This effect is observed for the case at Zp = 4 cm: the N‖ upshift along the ray is
strong enough for the wave to be partly absorbed with N‖ > 0 generating a current
ICD = −3.9 kA. The remaining power in the wave is deposited with N‖ < 0, thus
decreasing the net driven current to ICD = −2.6 kA. This effect may be stronger
in the experiment due to the finite beam size and the spread in N -spectrum of the
injected EC wave.

When the EBW is injected far above the plasma midplane, only one wave-plasma
interaction location remains with positive N‖. As indicated in figure 7.2, the maxi-
mum counter-current ICD = −3.8 kA is obtained for Zp = 6 cm with high normalized
current drive efficiency [3]:

ξCD = 32.7
neICDRp

PRFTe

= −0.45 (7.2.1)

where ne is the electron density in [1020 m−3], ICD is the driven current in [A], Rp

is the plasma major radius in [m], PRF is the absorbed RF power in [W] and Te is
the electron temperature at the absorption in [keV]. Despite the high normalized
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Figure 7.2: EBCD efficiency in TCV Quasi-linear Fokker-Planck calculations for the plasma
vertical position scan. Top: normalized radius ρψ,abs and parallel refractive index N‖,abs at the
absorption peaks. Bottom: driven current ICD and normalized current drive efficiency ξCD. The
empty symbols correspond to the secondary absorption peak along the ray path. For the driven
current ICD only, the values at both absorption peaks is summed and the net current drive is
indicated.

current drive efficiency ξCD, the absolute driven current is small due to the very
unfavorable Te/ne ratio. Indeed, it is only of the order of 1% of the Ohmic current
(for 500 kW of injected power).

If the increase of the driven current ICD when scanning the absorption location from
ρabs = 0.8 to 0.5 (when scanning Zp from 23 cm to 6 cm) was only due to the vari-
ation of the local electron density and temperature at ρabs, the normalized current
drive efficiency ξCD would remain constant. However, ξCD increases by typically a
factor 2, which indicates that an effect which is not accounted for in ξCD is at play.
This effect cannot be due to N‖ since it decreases with decreasing ρabs. It may cer-
tainly be attributed to the increasingly dominant Fisch-Boozer current drive effect
when moving the absorption location away from the trapped particle region at the
LFS edge of the plasma. This is in good accordance with a study of the relative
importance of the Ohkawa and Fisch-Boozer effects in EBCD as a function of the
local inverse aspect-ratio published in [100].
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Tentative counter- and co-EBCD experiments in TCV have been performed with
500 kW of O-mode power injected in plasmas located respectively at Zp = +6 cm

above and Zp = −10 cm below the launching antenna located at the vessel equator.
In both cases, plasma current modulation of typically 3 kA in the “co-EBCD” direc-
tion are observed, thus indicating that the effect of plasma heating on the resistivity
is dominating the current drive effect. Thus no clear evidence of EBCD effect has
been observed yet.

Note that a driven current of 1% of the Ohmic current is sufficiently large to change
the sawtooth activity when deposited around the sawtooth inversion radius [78].
However, many difficulties will be met when designing an experiment to sweep the
EBCD generation location through the sawtooth inversion radius. Indeed, in order
to sweep the radial location of the EBW power deposition, one needs to vary the
position of the H-mode plasma with respect to the launching antenna. As a result,
the optimum injection angle for the O-X mode conversion also varies and must be
tracked in real time with the steerable antenna. Moreover, the ELM-free H-mode
plasmas have a strongly non-stationary density and thus naturally time-varying
sawtooth frequency and amplitude, an effect which one has to distinguish from the
EBCD effect.

7.3 Conclusions

Ray-tracing and Fokker-Planck simulations of the EBCD performances in TCV over-
dense H-mode plasmas are performed with the AMR-LUKE codes. According to
a scan of the poloidal position of the EBW power injection, the variation of the
EBCD efficiency when varying the radial location of absorption is predominantly
due to trapped-particles effects. In future work, a detailed analysis of the distribu-
tion functions calculated by LUKE should confirm this interpretation.

When injected far above the plasma midplane, the EBW undergoes a strong up-
shift of its parallel refractive index N‖ and the strongly Doppler-shifted resonant
absorption takes place at the plasma edge where the Ohkawa effect is in competi-
tion with the Fisch-Boozer effect. As a result, the current drive efficiency is low.
When injected at the plasma midplane, the EBW reaches the plasma center but os-
cillations of the wave parallel refractive index around N‖ = 0 induce driven currents
with opposite signs, thus reducing the net EBCD efficiency. The maximum EBCD
effect is observed for an intermediate power injection geometry, yielding mid-radius
absorption where the Ohkawa effect is reduced and a high normalized current drive
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efficiency ξCD = 0.45 is achieved. However, the absolute driven current remains
small (. 1% of the Ohmic current) due to the unfavorable temperature to density
ratio in these H-mode plasmas. In the experiment, such small EBCD currents will
be hardly distinguishable from variations of the Ohmic current due to a modification
of the plasma resistivity by EBH.
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Chapter 8

Lower-hybrid parametric instability

8.1 Introduction

In electron Bernstein wave heating via the O-X-B double-mode conversion process,
the O-mode wave converted into a X-mode wave at the O-mode cutoff propagates
back towards the plasma edge where it reaches the upper hybrid (UH) resonance
and conflues with the Bernstein mode in a wave-wave interaction. Approaching the
UH resonance (UHR) layer, the wave electric field grows to large values which may
cause nonlinear effects like the loss of a fraction of the power in a lower-hybrid wave.

This phenomenon is called the lower-hybrid parametric instability (LHPI) and was
observed in EBH experiments via X-B mode conversion from the high-field side
in the Versator II tokamak [9] and in the FT-1 tokamak [10], as well as in EBH
experiments via O-X-B double mode conversion from the low-field side of H-mode
plasmas in the W7-AS stellarator [15] and in the MAST spherical tokamak [20,101].

In the present work, the LHPI is studied for the first time in EBH experiments via
O-X-B double mode conversion in a standard aspect-ratio medium-size tokamak, i.e.
TCV, with a high level of injected RF power (PRF = 500 kW).

Non-linear wave theory elements for the parametric instability are reviewed in sec-
tion 8.2. Section 8.3 presents the design, the construction and the vessel implementa-
tion of TCV new loop-antenna for the detection of the LH waves. The experimental
results obtained with the LHPI-antenna are discussed in section 8.4, in particular
the detailed LHPI spectrum dynamic with the discharge evolution and the detection
of the LHPI threshold power. Conclusions and outlooks are given in section 8.5.
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202 Chapter 8: Lower-hybrid parametric instability

8.2 Theory elements of parametric instabilities

8.2.1 Physical mechanism

Nonlinear wave effects in plasmas can be classified into two families [102]: weak and
strong turbulence. In the case of weak turbulence, both the turbulence fluctuations
and the wave have small amplitudes. The strong turbulence regime is characterized
by either large-amplitude turbulence fluctuations, or a large-amplitude wave, or both
altogether. Conversely to strong turbulence effects, weak turbulence effects can be
analyzed with perturbation theory.
Parametric instabilities (PI) belong to the strong turbulence family. In a PI, a
large-amplitude incoming electromagnetic (EM) wave with high frequency ω0 (called
“pump wave”) beats with a plasma background mode with low frequency ω1, thus
generating additional waves at frequencies ω2 = ω0−ω1 and ω3 = ω0+ω1 (called “de-
cay waves”). The energy and momentum conservation implies the following selection
rules for the wave vectors and frequencies:

ω0(k0) = ω1(k1) + ω2(k2) and k0 = k1 + k2, (8.2.1)

ω0(k0) = −ω1(k1) + ω3(k3) and k0 = −k1 + k3. (8.2.2)

The wave triplet must satisfy these rules for the PI to happen. In turn, the in-
coming pump wave can beat with the generated decay waves, thus enhancing the
low frequency mode, which increases the initial beating effect and the amplitude of
the decay waves, etc... In consequence of this non-linear three-wave coupling, both
the low frequency mode and the decay waves grow exponentially at the expense of
the pump wave. On a longer time scale, the decay waves themselves may undergo
parametric instabilities, generating new decay waves. This induces a cascade of the
pump wave sideband into lower frequency waves and of the low-frequency mode
into higher frequency waves. A broad spectrum is produced and saturates at large
amplitude.
For the initial exponential growth to happen, the pump wave amplitude must be
large enough to overcome the linear damping of the low-frequency mode and of the
decay waves. Hence a minimum pump wave threshold power exists below which the
PI does not occur.
In a parametric instability, the modes are coupled via the particles dynamic response
to the oscillating fields of the various waves in presence. This coupling mechanism
and thus the type of parametric instability (i.e. the triplet of waves involved in the
process) which may arise vary according to the plasma conditions, in particular the
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plasma density and the presence of a background magnetic field.

8.2.2 Zoo of parametric instabilities in magnetized plasmas

In this work, we will deal with only parametric instabilities in magnetized plasmas.
In such an environment, parametric instabilities may imply various types of waves
triplets [102], classified here into two categories:

• A high-frequency long-wavelength EM pump wave k0 decaying into short-
wavelength electrostatic ion and electron modes k1 and k2. In this case, k0 ' 0

and k1 ' −k2. The pump wave can also be a long-wavelength electrostatic
mode. Decay into two short-wavelength electrostatic ion modes is possible in
multi-ion species plasmas.

• A high-frequency long-wavelength EM pump wave k0 decaying into another
EM wave k1 and a short-wavelength electrostatic ion or electron mode k2.
In this case, the pump wave number cannot be ignored in comparison to the
wave number of the decay waves. Generally, these parametric instabilities are
backscattering processes with k1 = −k0 and k2 = 2k0. In this category of PI,
one finds the decay

– of a Whistler wave into an ion acoustic wave and an electron plasma wave;

– of an ordinary wave into an ion acoustic wave and an electron plasma
wave;

– of an extraordinary wave into an upper-hybrid wave and an ion acoustic
wave;

– of an extraordinary wave into an upper-hybrid wave and a lower-hybrid
wave.

The corresponding pump wave threshold powers are given in [102] for the case
of homogeneous plasmas. A solution is also proposed to account for the plasma
density inhomogeneity in the WKB limit, which may increase the threshold
power for the backscattering instability by several orders of magnitude [9].

8.2.3 Lower-hybrid parametric instability (LHPI) in EBH ex-

periments

The last parametric instability listed here above is the lower-hybrid parametric in-
stability (LHPI). It is observed in RF-heated plasmas via X-B or O-X-B mode
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conversion. The LHPI in O-X-B mode conversion is described schematically in fig-
ure 8.1 for the 2nd harmonic EBH experiments in TCV overdense plasmas. After
conversion to the slow X-mode at the plasma cutoff, the EC wave electric field in-
creases while approaching the upper-hybrid resonance (UHR) and the slow X-mode
becomes akin to an UH wave. A lower-hybrid parametric instability is then expected
to arise if the usual selection rules are satisfied:

ωX = ωLH + ωUH, (8.2.3)

kX = kLH + kUH. (8.2.4)
UHR RP
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Figure 8.1: Schematic of LHPI in TCV high-density 2nd harmonic O-X-B experiments.
Left: poloidal cross-section of diverted plasma with typical O-mode plasma cutoff (P), X-mode R-
cutoff and UH resonance for the second harmonic. The light and dark grey regions are evanescent
for X-mode and O-mode waves, respectively. Right: zoom on the mode conversion region (MCR).
At the P-cutoff, the incoming O2 wave converts into a X2 wave propagating back towards the UHR
where some power is decaying into a backscattered X-wave and a LH-wave leaving the plasma. The
remaining EC power couples to the EBW with some additional losses by tunneling effect outwards
through the thin evanescent layer between the UHR and R-cutoff.

The incoming EC wave decays into a LH wave leaving the plasma and a backscat-
tered UH wave. The remaining slow X-wave power then couples to the Bernstein
mode in a linear wave-wave interaction at the UHR, with additional losses by tunnel-
ing of the slow X-wave to the fast X-wave leaving the plasma through the evanescent
layer between the UHR and the R-cutoff. The steeper the density gradient at the
mode conversion region, the thiner the evanescent layer and the larger the tunneling
losses.
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The study of the LHPI is of special interest for the EBW-heated plasmas for several
reasons:

• In O-X-B experiments, the presence of a LHPI is a clear signature that an effi-
cient O-X mode conversion is at play, thus allowing some EC power in X-mode
to reach the UHR layer where the X-B mode conversion and incidentally the
LHPI happen. The LHPI signal can thus be used as an additional monitoring
diagnostic for the optimization of the O-mode injection angles.

• On the other hand, the EC power passed into the LH wave is lost for the EBW
heating of electrons. Similarly to LH heating, the decay LH waves may gen-
erate a fast ion tail [10]. But in most EBH experiments, the mode conversion
region is located close to the plasma edge where the fast ion confinement is
poor. The energetic ions are thus lost before they can give their energy to
bulk ions and participate to the overall plasma heating. A detailed analysis of
the LHPI may help to quantify and perhaps to prevent this loss channel.

• Finally, there is a debate as to know whether the backscattered decay UH
wave will convert back to EC waves and leave the plasma thus enhancing
the damaging effect of the LHPI on the EBH efficiency [28], or propagate
towards the EC resonance where it is absorbed by electrons in the form of a
Bernstein wave thus participating in the overall EBH efficiency [9]. A better
understanding of the LHPI phenomenon should help to sort out this question.

LHPI observations in fusion devices

As mentioned in the chapter introduction, the LHPI was observed in past EBH
experiments carried out in various fusion devices. These experiments are briefly
reviewed here and the corresponding physical parameters and experimental results
are given in tables 8.1 and 8.2, respectively, along with the typical TCV parameters
for the LHPI experiments presented in this chapter.

In the Versator II [9] and FT-1 [10] tokamaks, as well as in the W7-AS stellarator [15]
and in the MAST spherical tokamak [20, 101], the low-frequency (LF) part of the
LHPI spectrum (corresponding to the LH wave itself) was detected with either an
electrostatic probe (Versator II) or a loop probe (FT-1, W7-AS) installed at the
edge of the plasma, or with both (MAST). During EBH, the LF spectra exhibit
peaks matching with the fundamental, second and third (MAST) harmonics of the
LH frequency fLH calculated from measured profiles in the mode conversion region,
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thus identifying the detected radiation as decay waves from the LHPI of the X-wave
at the UHR.

Machine
R0 a Ip Bϕv PRF fRF `

EBH
[m] [m] [kA] [T] [kW] [GHz]

Versator II tokamak [9] 0.4 0.13 50 1.25 120 35.08 1 X-B
FT-1 tokamak [10] 0.625 0.2 30 1.06 150 30.6 1 X-B

W7-AS stellarator [15] 2 0.2 - 1.25 110 70 2 O-X-B
MAST spher. tok. [20,101] 0.85 0.65 1350 0.52 800 60 5 O-X-B

TCV tokamak 0.88 0.25 400 1.45 500 82.7 2 O-X-B

Table 8.1: Physical parameters of various LHPI experiments. Major radius R0, minor
radius a, Ohmic plasma current Ip, central vacuum magnetic field Bϕv, maximum injected RF
power PRF, RF power frequency fRF and resonant harmonic number `. The last column gives the
type of mode conversion used in the EBH process: X-B from HFS or O-X-B from LFS.

Machine
Bϕ ne Te fLH Pth

LHPI measurements
[T] [1019 m3] [eV] [MHz] [kW]

Versator II 1.14 0.26 100 400 50
HF and LF spectra

Threshold power (vs ne)

FT-1* 1.06 0.6 800 300 20
HF and LF spectra
Threshold power
Amplitude vs ne

W7-AS* 1.25 10 500 900 -
HF and LF spectra
Non-linearity vs PRF

MAST 0.38 4.5 140 134 -
LF spectrum

Non-linearity vs PRF

Table 8.2: Measured LHPI frequencies and threshold powers. Physical parameters Bϕ,
ne and Te are measured close to the UHR layer. For the experiments marked with *, the central
Bϕ and Te are given, and ne is line-averaged. Here, fLH and Pth are respectively the experimental
LH decay wave frequency and threshold power, if measured. In the last column, HF and LF denote
high-frequency and low-frequency spectra, respectively

The high-frequency (HF) part of the LHPI spectrum (i.e. the intermediate-frequency
backscattered waves) was also observed with horn antennas connected to microwave
receivers in Versator II, FT-1 andW7-AS. Several satellite peaks of the HF spectrum,
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down- and up-shifted by fLH from the pump wave frequency and from each other
are observed, in good correlation with the LF spectra.
In W7-AS and MAST, a clear non-linear increase of the LHPI signal amplitude is
observed with increasing power coupled to the plasma. In Versator II and FT-1, the
experimental LHPI threshold power determined in scans of the injected RF power
is in reasonable agreement with theoretical predictions.
Finally, the generation of a fast ion tail is observed in the FT-1 tokamak in correla-
tion with the appearance of the LHPI during EBH, suggesting efficient ion heating
by the LH waves coming from the pump wave decay.

LHPI threshold power

As mentioned earlier, all parametric instabilities are subject to a minimum pump
wave threshold power below which the linear damping of the decay waves prevents
the exponential growth of the instability. In reference [28], the pump wave threshold
power for the LHPI of an upper-hybrid wave incoming on the UHR from the HFS
and decaying into a lower-hybrid wave and a backscattered upper-hybrid wave is
derived for a cold inhomogeneous magnetized plasma slab. The waves electric fields
are described by Maxwell’s equations with the cold dielectric tensor. The charge
density perturbations caused by the waves are the source of the nonlinearity. They
are described by special forms of the Poisson equation. Assuming that the pump
wave frequency is more than twice the EC frequency at the UHR layer (ω0 > 2Ωce),
which is verified for all 2nd harmonic EBH experiments in TCV, the solution of the
system of equation yields the threshold power per unit surface

Pth

πρ2
= 2 · 10−3 f

1/3
0 T̃ 11/12 T

5/4
e B

1/3
ϕ

L4/3
(8.2.5)

where Pth [W] is the pump wave threshold power, ρ [cm] is the e-fold Gaussian
beam radius of the pump wave, f0 [GHz] is the pump frequency, T̃ ≡ Te + 4Ti

with Te [eV] and Ti [eV] the electron and ion temperatures, Bϕ [T] is the toroidal
magnetic field and L [cm] is a combined density and magnetic field scale length
along the inhomogeneity direction x:

L =

[
d ln(n(x))

dx
+

2Ω2
ce

ω2
pe

d ln(B(x))

dx

]−1

. (8.2.6)

The physical parameters in 8.2.5 must be evaluated at the UHR where the LHPI
takes place. Actually, the minimum injected EC power yielding an LHPI effect must
be higher than the threshold 8.2.5 since both O-X and X-B linear conversions have
efficiencies less than 100% due to partial wave reflexion and tunneling, respectively.
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Figure 8.2: Typical electron density and temperature profiles in TCV overdense ELM-
free H-modes. Poloidal maps of the electron (a) density and (b) temperature. The thick magenta
line indicates the equilibrium midplane at Z = Zaxis. (c) Corresponding profiles mapped on
the equilibrium midplane, along with the profile of total toroidal magnetic field. The red and
black dashed vertical lines indicate the LFS positions of the O2 plasma cutoff and UH resonance,
respectively. #31541, t = 0.5 s.
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LHPI in TCV

The expected LHPI threshold power and LH decay wave frequency are evaluated for
TCV second harmonic O-X-B experiments using typical ELM-free H-mode plasma
density, temperature and magnetic field profiles, as shown in figure 8.2. The corre-
sponding frequency profiles for a deuterium plasma are given in figure 8.3.
Here, the upper-hybrid and lower hybrid frequencies are defined from the resonance
condition 3.2.52 for the cold plasma model, equivalent to the condition A = 0 in
the cold plasma dispersion relation 3.3.24. Accounting for both electron and ion
dynamics, i.e. for both high and low frequency waves, and solving for the wave
angular frequency yields

ω2
UH/LH ≡

(
ω2

p + Ω2
ci + Ω2

ce

2

)1±
(

1 +
4ΩciΩce

(
ω2

p − ΩciΩce

)(
ω2

p + Ω2
ci + Ω2

ce

)2

)1/2
 (8.2.7)

where the upper and lower signs are for the upper- and lower-hybrid angular fre-
quencies, respectively. Here, we use the definition

ω2
p ≡ ω2

pe + ω2
pi. (8.2.8)

The H-mode pedestal implies a steep edge density gradient and a relatively flat
central profile increasing up to ne0 = 13.8 · 1019 m−3 at the plasma center. As a
consequence, most of the plasma volume is overdense to second harmonic O-mode
(O2). Indeed, the O2 frequency fO2 = 82.7 GHz meets its cutoff fpe = fO2 and the
UH resonance fUH = fO2 in the high-gradient region at the very edge of the plasma,
i.e. at Rpe ' 1.095 m and RUH ' 1.097 m, respectively. The O-X-B mode conversion
layer is thus only 2 mm thick. In this region of the plasma, the expected frequency
of the decay LH waves generated by LHPI is fLH ' 500 MHz.
Figure 8.4 shows the scale-length L and threshold power density Pth/πρ

2 resulting
from the profiles of plasma parameters and frequencies given in figures 8.2 and 8.3.
The threshold power is calculated on the whole profile although the LHPI selection
rules (8.2.3) and (8.2.4) may not be fulfilled everywhere. Due to the rather flat
density profile with steep edge gradients, the mixed scale-length L varies by several
orders of magnitude with R, from L ' 1 cm at the edge to L . 10 m in the
center. Hence, the Pth profile shape dependence is dominated by the 1/L4/3 factor
in equation 8.2.5. The inhomogeneity at the plasma edge dramatically increases the
LHPI threshold power in the O-X-B mode-conversion region. Assuming Ti ' Te, one
gets Pth/πρ

2 = 2.7 kW/cm2 for the plasma parameters at the UHR (fpe ' 77.9 GHz,
fce ' 32.3 GHz, Te ' 214 eV, ne ' 7.5 · 1019 m−3, Bϕ ' 1.15 T, Ln ' 14.8 mm,
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Figure 8.4: LHPI threshold power profile. LHPI threshold power density Pth/πρ2 and mixed
scale length L calculated from equations (8.2.5) and (8.2.6) for the profiles of plasma parameters
and frequencies given in figures 8.2 and 8.3. The red and black dashed vertical lines indicate the
LFS positions of the O2 plasma cutoff and UH resonance, respectively. #31541, t = 0.5 s.

LB ' 1.058 m and L = 14.7 mm). In TCV, the radius of the EC power beams is
approximately ρ ' 2 cm (as indicated in section 2.2). The LHPI is thus expected
to be observed above Pth ' 34 kW of injected O2 power in TCV EBH experiments.

Due to the strong radial variation of the Pth profile at the plasma edge, the actual
value of the LHPI threshold power strongly depends on the plasma cutoff position,
i.e. on the density pedestal height and on the pump wave frequency f0. For a slightly
lower density pedestal height (or a higher pump wave frequency) such that the O2
cutoff is located on the flat part of the density profile rather than in the thin high
density gradient region, the threshold power would drop by one order of magnitude,
which is in favor of LHPI. On the other hand, the O-X conversion efficiency would
be reduced due to the lower density gradient and less power is expected to reach
the X-B mode-conversion region where the LHPI takes place, which is not in favor
of LHPI. There are thus two competing phenomena at play for the intensity of the
LHPI. Finally, note that the LH wave frequency is not a rapidly varying function of
R.
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The threshold power Pth is very sensitive to the scale length at the mode conversion
region (MCR), which strongly depends on the MCR position in the H-mode density
profile. The latter is mainly regulated by the density pedestal height. When the
pedestal height is larger than the plasma cutoff density, the MCR is located in the
steep density gradient region and Pth is high. Otherwise, the MCR is located in the
much flatter central part of the profile where Pth is lower.

8.3 TCV LHPI antenna

This section presents TCV’s new LHPI-antenna whose design, construction, vessel
implementation and initial exploitation is part of this thesis work.

8.3.1 Antenna design and construction

The loop-antenna is designed to detect the oscillating magnetic field of waves in the
f = 0.2− 2 GHz frequency range, in particular the low-frequency part of the LHPI
decay spectrum expected in O-X-B EBH experiments. The corresponding vacuum
wavelength range is λ ≡ c/f = 0.15− 1.5 m. The different parts of the antenna and
its implementation in TCV port are illustrated in figures 8.5, 8.6 and 8.7. Unless
stated, all parts are made in non-magnetic stainless steel.

• The waves are detected by a 60 mm× 60 mm square loop-probe. The loop
dimensions are chosen to be twice smaller than the shortest wavelength to be
measured. In order to have a low self-inductance, the loop is made of a folded
1.5-millimeter-thick 5-millimeter-wide plate.

• The loop-probe is connected to a coaxial conductor of length L = 401.5 mm.
One end of the probe is screwed on the internal conductor, the other end is
welded on the edge of the external conductor. The internal conductor is a
solid rod of radius r1 = 2.5 mm and the external conductor is a tube of
internal radius r2 = 6 mm and wall thickness ∆r = 2 mm. The impedance
of this coaxial conductor is thus Z = 60 ln(r2/r1) ' 53 Ω. Holes are drilled
in the tube to ensure a good vacuum quality in the whole antenna system.
The internal rod is held in place thanks to two PEEK (thermoplastic resine)
insulating rings.

• A symmetry coupler is welded on the outer of the coaxial conductor, next
to the loop probe. This piece is also called “balun” since it is meant to balance
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Figure 8.5: TCV new LHPI-antenna. The top figure is a cut view along the antenna coaxial
conductor.

the unbalanced impedance between the loop probe and the coaxial conductor.
It is made of a tube of 13.5 mm internal radius and 1.5 mm wall thickness. For
an efficient balancing effect, the balun length must be equal to a quarter of
the wavelength, i.e. λ/4 = 7.5 cm for the middle-range frequency f = 1 GHz.

• The other end of the coaxial conductor is welded on a type-N electrical

feedthrough mounted on a flange.

• During the EBH experiments, the LHPI-antenna will be directly connected
to a spectrum analyzer which is at the same ground than the data acqui-
sition system and the other diagnostics in this region of TCV. This ground
is independent from TCV vessel ground. Hence, the LHPI-antenna must be
electrically isolated from the vacuum vessel. A 104.5-millimeter-long ceramic

insulator is thus inserted between the antenna flange and the port flange.

• The port is shared with a previously installed “sniffer” detector for the EC
stray power, as illustrated in figures 8.6 and 8.7. As a consequence, there
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is not enough room on the port flange for a direct connexion of the ceramic
insulator. The port is thus extended with a 92-millimeter-long extension

tube (35 mm internal diameter, 1.5 mm wall thickness) such that the LHPI-
antenna is installed as close to the port center as possible.

• In order to mount the antenna on the port flange, the coaxial conductor is
divided in two parts which are connected with the help of a sleeve.

• To prevent any bending of the antenna due to its own mass, the coaxial con-
ductor is held in place by a mounting support on the port flange. A PEEK
ring around the external conductor isolates it from the port flange.

8.3.2 Implementation on TCV

The LHPI-antenna is installed in the upper-lateral port of TCV sector 10 located at
Z = 455 mm above the machine midplane. It is located 180° toroidally away from
the EC power launcher L1 (in sector 2) used in the LHPI experiments presented
here, as indicated in the toroidal view of figure 8.9(a). The port is shared with the
wave guide of an EC stray power “sniffer” detector. The antenna dimensions were
chosen such that the tip of the loop-probe is ≈ 2.5 cm back in the shadow of the
graphite tiles screwed on the inner wall of TCV vacuum vessel. The antenna is thus
not directly exposed to the plasma.

LHPI-antennaPort flange

Sniffer waveguide Port

Figure 8.6: LHPI-antenna port implementation. Cut view of the TCV upper-lateral port
in sector 10, showing the waveguide of the sniffer EC stray power detector and the LHPI-antenna.
In fact, the probe is oriented at 45° and not vertically as in the drawing.
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216 Chapter 8: Lower-hybrid parametric instability

8.4 Experimental results in TCV

8.4.1 LHPI spectrum evolution with H-mode conditions

Introduction

EBH experiments with the newly installed loop-antenna are performed aiming at
the detection of the LH decay waves. The time-evolution of the LH spectrum is
monitored while the non-stationary H-mode is evolving, revealing a high sensitivity
of the LHPI signal intensity on the H-mode plasma conditions.

Experimental setup

In this experiment, the equilibrium is the usual high-current (Iϕ ' −400 kA) over-
dense ELM-free H-mode diverted and strongly shaped (κa ' 1.76, δa ' 0.54) plasma
necessary for the O-X-B mode conversion in TCV. The vacuum magnetic field at
the vessel center is Bϕv(R0) ' −1.44 T. The plasma is located in the upper half
of TCV vacuum vessel (Zaxis ' 0.23 m and Raxis ' 0.89 m), i.e. close to the LHPI-
antenna and in front of the Thomson scattering system for optimum measurements
of the electron density and temperature profiles, in particular the pedestal profiles
measured by the Thomson-edge system.

Given the high plasma density achieved in H-mode regime, the three lasers of the
Thomson scattering system don’t need to be trigged simultaneously. Each laser
produces enough scattered light to measure ne and Te with a high signal-to-noise
ratio. The lasers are thus trigged independently, separated by 1 ms, producing
triple light pulses every 50 ms. The number of experimental data points per profile
is tripled, which allows high-quality fits of the steep edge profiles as illustrated in
figure 8.8 and by the small errorbars on the measured pedestal parameters shown
in figure 8.11.

The O2 power is injected from the equatorial launcher L1. It is programmed to
start after the expected L-H transition time. The RF power amplitude is constant
at 350 kW, i.e. high above the calculated LHPI threshold power. The optimum
launcher angles for the O-X mode conversion are pre-calculated by the AMR code
using the equilibrium and profiles data from a similar H-mode plasma, yielding
(θL, φL) ' (+44.8°,+138.3°): the wave is injected from below the plasma with an
upward injection angle θinj ' 31.7°. Figure 8.9 shows a post-shot 7-ray simulation
performed with the AMR code using the experimental equilibrium and the profiles
data of figure 8.8. Since the plasma equilibrium is located above the EC power injec-
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(c) Electron density profile at t = 0.75 s.
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(d) Electron temperature profile at t = 0.75 s.

Figure 8.8: High-quality H-mode profiles measurements. (a) Electron density and (b)
electron temperature profiles versus time. The colour surfaces are the fits on the experimental
data from the Thomson scattering central (◦) and edge (�) lines-of-sight. (c)-(d) Fitted profiles
used in the ray-tracing simulation presented in figure 8.9 and the threshold power calculation of
figure 8.13. #38596.

tion point, the wave penetrates the plasma below its midplane. As a consequence,
the wavenumber undergoes a strong upshift along the Bernstein wave propagation
up to N‖ ' 1.5 at the absorption location. Hence the Doppler-shifted absorption
takes place far off-axis on the LFS of the plasma at ρψ ' 0.81, as indicated in
figure 8.10.

The fraction of non-absorbed power is detected by two EC stray power detectors.
Detector S1 is located in TCV sector 1 next to the EC power launcher. Detector S2
is located five sectors away from the launcher, but it has a higher sensitivity.

In this experiment, the LHPI antenna is connected to a spectrum analyzer of the
HP-8500 series allowing a fast frequency sweeping with a high repetition rate. The
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Figure 8.9: AMR ray-tracing trajectories. (a) Toroidal and (b) poloidal views of the 7-ray
EBW trajectory calculated by the AMR ray-tracing code. The LHPI-antenna (denoted by a red
�) is located at 180° toroidally from the EBW power injected from launcher L1. The position
of the stray diodes S1 and S2 is denoted by two blue •. The dashed frames define the detail
views on the ray trajectories given in (c) and (d). Black dots along the rays indicate the power
absorption location. The corresponding deposition profile and refractive index evolution are given
in figures 8.10. #38596 at t = 0.75 s using experimental profiles data shown in figures 8.8(c)-(d).
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Figure 8.10: Power deposition profile and refraction indices. (a) Power deposition profile
and (b) refraction indices along the central ray propagation, corresponding to the ray-tracing
simulation of figure 8.9. The EBW power deposition location is strongly Doppler-shifted at ρψ '
0.81 due to a N‖-upshift. #38596 at t = 0.75 s.

spectrum analyzer is setup to continuously sweep the 300−800 MHz range in ∼ 2 ms

with only ∼ 0.3 ms blank time between the sweeps. The LHPI spectrum is thus
monitored at a rate of 435 Hz.

LHPI spectrum evolution

Figure 8.11 shows the time-evolution of the LHPI-antenna signal spectrum, the
plasma parameters and the density pedestal parameters drawn from the modified
tanh fit of the edge density profile shown in figure 8.8.

The plasma L-H transition occurs shortly before t = 0.3 s as indicated by the
characteristic drop in the emission of Dα recombination light. An ELM-free H-mode
follows, which is sequenced in three parts (numbered (I) to (III) thereafter) due to a
large isolated ELM at t ' 0.42 s and a short back-transition to L-mode in the time
interval t = 0.59− 0.61 s. The plasma termination occurs at t ' 0.79 s.

When the O2 power injection starts at t = 0.35 s, the plasma cutoff is just estab-
lished. The low EC stray power measured by the detector S1 is the signature that
an efficient O-X-B mode conversion is at play, which should be accompanied by a
LHPI. Indeed, signal from the LHPI-antenna is detected as soon as the EBH starts.
No LHPI-antenna signal is detected when the EC power coupling with the plasma
is lost due to ELMs, as indicated by high stray power level, which confirms that the
LHPI-antenna signal is generated by O-X-B mode-converted EC power.
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Figure 8.11: LHPI spectrum monitoring. From top to bottom: Time evolution of the LHPI
spectrum, the Dα recombination light, the EC stray power measured by S1 and S2 detectors, the
central electron temperature Te (soft X-ray), the line-averaged electron density ne (FIR) and the
electron density pedestal parameters from the profiles fitted on Thomson data in figure 8.8: height
Hn, width Wn, maximum gradient ∇ne and scale length at maximum gradient Ln = ne/∇ne.
The LHPI signal amplitude shows a strong sensitivity on the H-mode conditions. The H-mode
phases are indicated by magenta backgrounds. The ELM-free H-mode regime implies a steepening
of the edge electron density gradient and a rise of the central electron density reaching the second-
harmonic O-mode plasma cutoff with ne > 8.5 · 1019m−3 shortly before the O2 power injection
starts at t = 0.35 s. #38596.

Figure 8.12 shows two LHPI spectra measured at the beginning and at the end of
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the EBH experiment. Two broad peaks are observed in the range of the expected
LH wave frequency. They remain essentially centered on f1 ' 620 MHz and f2 '
710 MHz during the whole EBH experiment.
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Figure 8.12: LHPI spectra at low and high PI threshold power levels. LHPI spectra
measured by the loop-antenna in EBH experiment at fixed injected O2 power, at times t ' 0.4 s

(blue) and t ' 0.75 s (red) when the LHPI threshold power Pth is low and high, respectively.
#38596.

Conversely to the waves frequency, the amplitude of the LHPI signal and the width
of the peak both vary with the H-mode conditions. Indeed, as mentioned earlier, a
steepening of the density gradient at the mode conversion region has three effects:
a more efficient O-X mode conversion, a larger probability of X-mode tunneling loss
through the evanescent layer and a higher LHPI threshold power. These effects
are in competition for the generation of LHPI: at fixed injected O2 power, the first
effect increases LHPI emission whereas the last two tend to diminish the LHPI.
The evolution of the LHPI signal amplitude with the H-mode conditions is thus
not trivial to interpret. The discussion of this point is split according to the three
H-mode sequences (I), (II) and (III).

H-mode sequence (I). In H-mode phase (I), the LHPI emission signal is the most
intense of the discharge. It is of higher amplitude than in H-mode (III) although the
EC power-plasma coupling is less efficient, as indicated by EC stray power signals of
higher amplitude in H-mode (I) than in H-mode (III) for both S1 and S2 detectors.
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Figure 8.13: Low and high LHPI threshold power. (a)-(b) Midplane profiles of electron
density, electron temperature and toroidal magnetic field for low and high pedestal height, respec-
tively. (c)-(d) Corresponding profiles of LHPI threshold power density Pth/πρ

2 calculated using
equation (8.2.5), mixed scale length L and LH frequency fLH. The red and black dashed vertical
lines indicate the LFS positions of the O2 plasma cutoff and UH resonance, respectively. When
the H-mode pedestal height is low (left column), the mode conversion region (MCR) is located
between the steep edge gradient and the flat central profile regions. As a consequence, the scale
length is large and the LHPI threshold power is low. At larger pedestal height when the H-mode
profiles have developed (right column), the MCR is located in the steep edge gradient region where
the LHPI threshold power is a factor ∼ 8 times higher. #38596 at t ' 0.4 s and t ' 0.75 s, see
figures 8.8 and 8.11.
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The high LHPI signal amplitude is due to the low density pedestal height Hn in H-
mode (I) compared to H-mode (III). As a consequence, the O-X-B mode conversion
region (MCR) is not located at the plasma edge where the density gradient is steep,
but in a slightly more central and flatter profile region, as indicated by detailed
profiles analysis in figure 8.13(a). The resulting local scale length is large and the
LHPI threshold power calculated from equation (8.2.5) is dramatically lower than
in the edge region, as indicated in figure 8.13(c), thus allowing the generation of a
strong LHPI by the incoming EC wave. The H-mode parameters at the UHR and
the calculated LHPI threshold power are given in table 8.3. For an EC beam of
radius ρ = 2 cm, the LHPI threshold power is Pth ' 5 kW� Pinj ' 350 kW.
The same analysis is performed for each electron density and temperature profile
measured by the Thomson scattering system every 50 ms. The resulting time-
evolution of the MCR position, the mixed field and density scale length, the LHPI
threshold power and the LH frequency at the UHR is given in figure 8.14.

LHPI threshold power at the UHR

t Rpe RUH ne Te Bϕ L Pth/πρ
2 Pth fLH

[s] [m] [m] [1019 m−3] [eV] [T] [m] [kW/cm2] [kW] [MHz]

0.40 1.056 1.080 7.16 298 -1.17 0.105 0.40 5 497
0.75 1.080 1.087 7.13 238 -1.16 0.015 3.15 40 494

Table 8.3: Low and high LHPI threshold powers at the UHR. Corresponding to figure 8.13.
The LHPI threshold power Pth is calculated for an EC beam of radius ρ = 2 cm.

H-mode sequence (II). After the isolated ELM at t ' 0.42 s which briefly
deteriorates the O-X-B mode conversion efficiency, the ELM-free H-mode exhibits
a dithering activity characterized by short pulses of Dα light emission. Each of
theses pulses is correlated by a loss of the coupling efficiency, as indicated by the
S2 detector, and of LHPI signal. As a result of this oscillating transition between
H-mode and L-mode confinements, the density pedestal development saturates gra-
dient ∇(ne) and scale length Ln at marginally higher values than in the H-mode (I),
see figure 8.11. This rather small difference nonetheless yields a twice higher LHPI
threshold power as indicated by figure 8.14. This effect and the H-mode dithering
together lead to a lower LHPI signal amplitude in H-mode (II) than in H-mode (I).

H-mode sequence (III). After a short L-mode regime, the H-mode reestablishes
without the oscillating confinement observed in H-mode (II). As a consequence, the

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



224 Chapter 8: Lower-hybrid parametric instability

300
400
500
600
700
800  

 

f [
M

H
z]

0.95

1

1.05

1.1

1.15

R 
[m

]

 

 

0

1

2

3

4

P th
/π
ρ2  [k

W
/c

m
2 ]

0

0.05

0.1

0.15

0.2

L 
[m

]

 

 

0.2 0.3 0.4 0.5 0.6 0.7 0.8
480

500

520

540

560

time [s]

f LH
 [M

H
z]

L
Ln

RUH
Rpe

0
5
10

D
α
 [V

]

0
1
2

S1
 [V

]
#38596

LHPI [V]

fLH [MHz]

S1 [V]

Pth / πρ
2 [eV]

(I) (III)
H-mode

(II)
Dα [V]
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density profile develops a large pedestal height and the steepest gradient achieved
in this discharge, see figure 8.11. As a consequence, the mode conversion region
is located in the steep edge density region, as indicated by the profile analysis in
figure ??. This yields a very short mixed scale length and a high LHPI threshold
power Pth ' 40 kW at the UHR, as indicated by figures 8.13(d) and 8.14. Moreover,

High density plasma heating in the Tokamak à Configuration Variable Loïc CURCHOD, CRPP/EPFL



8.4. Experimental results in TCV 225

a steep density gradient at the mode conversion region favors the X-mode tunneling
through the evanescent between the UHR and the R-cutoff. Both the high instabil-
ity threshold and the X-mode tunneling effect combine such that the LHPI signal
observed in H-mode (III) is low compared to H-mode (I), as indicated the spectra
in figure 8.12, despite the excellent profile conditions for the O-X mode-conversion
as indicated by the close to zero stray level measured by the S1 detector.
The slow increase of the LHPI signal amplitude with time in H-mode (III) is caused
by a slightly improving O-X coupling efficiency, as indicated by the diminishing EC
stray power measured by detector S2.

Summary

In TCV EBH experiments, LH waves coming from a parametric instability at the
O-X-B mode conversion are detected with the newly installed LHPI-antenna. The
detected waves are in the expected frequency range. Thanks to a fast sweeping
spectrum analyzer, the LHPI spectra is monitored at a high time rate. As expected,
the LHPI signal amplitude is highly sensitive to the H-mode conditions, in particular
the density pedestal height which regulates the position of the mode conversion
region and thus the local value of the density gradient. The LHPI signal evolution
is in good correlation with the evolution of the LHPI threshold power calculated
from Thomson scattering profiles measurements.

8.4.2 LHPI threshold power and frequency cascading.

Introduction

In order to determine the LHPI threshold power in TCV EBH experiments, a scan
of the injected O2 power is performed on a shot to shot basis.

Experimental setup

In this set of experiments, the magnetic equilibrium and the RF power injection
geometry are similar to the experiment presented in the previous section. Continuous
O2 power is injected from launcher 1 in the H-mode plasma located in front of the
LHPI-antenna. The H-mode plasma is repeated and the power amplitude is scanned
on a shot to shot basis.
In standard operation regime, the power output of TCV second harmonic gyrotrons
can be varied between typically PRF ' 200 kW and PRF ' 500 kW by changing the
high voltage applied to the cathode between Vk ' 60 kV and Vk ' 70kV with fixed
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electron beam current Ib ' 22 A and gyrotron magnet current. Since the LHPI
threshold power is expected at a typical value of Pth ' 30 kW, the gyrotron output
power is scanned at lower values down to PRF ' 100 kW by decreasing the electron
beam current to Ib ' 10 A. The magnet current is corrected such that the gyrotron
cavity produces the optimum electromagnetic mode. Further lower RF power levels
are achieved down to PRF ' 27 kW by detuning the magnet current. For each
gyrotron setup, the actual level of injected O2 power is assessed by calorimetric
measurement of a 2-second power pulse launched in a water load.

The LHPI-antenna is connected to a spectrum analyzer of the HP-71000 series. This
apparatus allows the measurement of the LHPI spectrum on a broader frequency
band, i.e. from 200 MHz to 2 GHz, but has a much lower repetition rate than the
spectrum analyzer used in the previous experiment (sweep time ' 50 ms, blank
time ' 75 ms). As a consequence, only 2-3 full sweeps are achieved in each H-mode
plasma. A resolution bandwidth of 3 MHz and a video bandwidth of 100 kHz are
chosen.

Experimental estimate of LHPI threshold power

As in the previous experiment, the H-mode plasmas present sporadic isolated ELMs
briefly deteriorating the density profile pedestal and the O-X-B mode conversion
efficiency. For each level of injected RF power, one LHPI spectrum is collected in an
ELM-free phase of the plasma with high density pedestal and efficient wave-plasma
coupling. In all cases, these conditions are met at the end of the discharge, just
before the plasma disruption, similarly to the H-mode (III) presented in figure 8.11.
As a consequence, all LHPI spectra presented here are measured in plasmas with
similar parameters whose averages over the frequency sweeps are ne0 ' (14.4 ±
0.1) · 1019 m−3, Te0 ' 786± 4 eV (Thomson, corrected by FIR), Zaxis ' 0.23± 0 cm

and (θL, φL) ' (43.9°, 137.6°).

Figure 8.15 shows several LHPI spectra for increasing levels of injected O2 power.
For the sake of clarity, only five of the spectra measured in the power range
PRF ' 25 − 220 kW are given here. The complete power scan is visible in fig-
ure 8.17. The peaks at f1 ' 650 MHz and f2 ' 740 MHz detected in the spectrum
monitoring experiment of subsection 8.4.1 are recovered here. Three additional
peaks are observed above f = 1 GHz, centered at f3 ' 1050 MHz, f4 ' 1200 MHz,
f5 ' 1320 MHz and f6 ' 1600 MHz, the last two frequencies being close to the
second harmonic of f1 and f2, respectively. The presence of the peaks at f3 and f4

remains unexplained.
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Figure 8.15: EBH power scan. LHPI spectra for increasing injected O2 power PRF. Increasing
the pump wave power yields three effects: the amplitude rise of the whole spectrum, a slight shift
towards higher frequencies and a broadening of the spectrum towards higher frequencies with a
fifth peak appearing above 1.5 GHz. The perfectly overlapping magenta spectra at low PRF are
measured in separate plasmas, thus demonstrating a high reproducibility of the LHPI signal. Shot
numbers in decreasing PRF order: #38706, 38708, 41875, 77, 88, 86 and 87.

The low power experiment was repeated, demonstrating a very high reproducibility
of the spectrum shape and amplitude, as indicated by the perfectly overlapping
magenta spectra in figure 8.15.

Several effects are observed with increasing pump wave power:

• An average rise of the amplitude of the whole spectrum is observed.

• The peaks are slightly shifted of ∼ 20 MHz towards higher frequencies.

• The LHPI spectrum broadens towards higher frequencies with fifth and sixth
peaks appearing above PRF ' 80 kW and PRF ' 215 kW respectively. This
broadening is the signature of a further decay of the decay waves themselves
at high pump wave power.

The spectrum energy E is proportional to the expression:

E ∝
∫
S(f)f df (8.4.1)
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Figure 8.16: LHPI threshold power. Integrated spectrum energy
∫
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measured frequency band. The threshold injected power for the LHPI to arise is Pth ' 50 kW.
TCV shots in decreasing PRF order: #38705 to 38708, #41880, 79, 78, 85, 77, 88, 89, 86 and 87.

where S(f) is the amplitude at frequency f . As expected for the LHPI, the spectrum
energy on the whole frequency range 200 − 2000 MHz increases non-linearly with
increasing PRF, as indicated by figure 8.16. The LHPI threshold power is clearly
below PRF = 100 kW, typically around PRF ' 50 kW. Since both the O-X and
the X-B mode conversions have efficiencies below 100%, the actual value of the
LHPI threshold power is lower than the injected PRF, i.e. Pth . 50 kW, in good
agreement with the typical threshold power values Pth . 30−40 kW estimated from
the experimental profiles in subsection 8.4.1. Additional measurements at further
lower pump wave power would be necessary for more precise determination of the
LHPI threshold power.

LHPI energy cascading

The broadening of the LHPI spectrum towards larger frequencies is accompanied by
a saturation and a decrease of the signal amplitude at lower frequencies, as indicated
in figure 8.17. The cascading of the energy from the low-frequency bands to the high
frequency bands as the pump wave power is increased is revealed when the spectrum
energy (8.4.1) is evaluated for successive frequency bands, as in figure 8.18. Clearly,
the energy in the band 600 − 800 MHz reaches a maximum for PRF ' 130 kW,
and then starts to decrease. The next frequency bands exhibit the same trend, but
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saturates at increasing pump wave power for increasing frequency. The energy of
the two highest frequency bands increases dramatically above PRF ' 150 kW, at
the expense of the lower bands. This cascading effect is a clear signature that a
nonlinear coupling of multiple waves with constantly increasing frequencies is at
play.
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Figure 8.17: LHPI spectrum broadening. LHPI spectrum versus frequency and injected O2
power PRF. With increasing pump wave power, the measured LHPI spectrum broadens towards
higher frequencies while the low frequency amplitude saturates. TCV shots in decreasing PRF

order: #38708, 41880, 79, 78, 85, 77, 88, 89 and 86.

Summary

An O2 power scan is performed in order to estimate the LHPI threshold power
when the mode conversion region is located in the region of steep edge density
gradient, yielding a value in the expected range (PRF ' 20 kW) but lower than
the threshold calculated from the experimental profiles. A broadening of the LHPI
spectrum towards higher frequencies is observed with increasing pump wave power.
The generation of these higher-frequency decay waves occurs at the expense of the
lower band energy, a cascading effect typical of these non-linear wave interactions
[102].
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Figure 8.18: LHPI energy cascading. Integrated spectrum energy
∫
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shots in decreasing PRF order: #38708, 41880, 79, 78, 85, 77, 88, 89 86 and 87.

8.5 Conclusions and outlooks

A lower-hybrid parametric instability is expected to arise during the X-B mode
conversion at the UHR in EBH experiments. It may be damaging for the wave-
plasma coupling efficiency since it induces power losses by partial reflexion of the
pump wave and generation of LH waves. The LHPI is subject to a pump wave
threshold power, mainly regulated by the density gradient at the mode conversion
region (MCR). As a consequence, three effects are in competition for an efficient
wave-plasma coupling via O-X-B mode conversion: at high density gradient, the O-
X transmission is good, the LHPI threshold power is high but the tunneling losses
at the X-B mode conversion may be large. The net effect is thus not trivial and it
is of high importance to study the LHPI as a function of the plasma conditions and
of the O-X-B efficiency.

A new loop-antenna (called LHPI-antenna) for the detection of electromagnetic
waves in the range 0.2 − 2 GHz was designed, built and installed on TCV. Initial
experiments were performed and low frequency waves were detected in the expected
LH frequency range. The waves are present only when the conditions for an efficient
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O-X-B mode conversion are gathered. Hence, the generation of these waves can be
safely attributed to a LHPI.
Fast monitoring of the LHPI spectrum allowed to us show for the first time the
correlation of the amplitude of the detected waves with the local LHPI threshold
power at the mode conversion region estimated from the experimental profiles data.
Conditions for both low and high LHPI threshold powers (i.e. flat and steep density
gradients) were achieved in the same plasma discharge (at different times). The
most efficient O-X-B coupling (low EC stray power) is observed in the steep density
gradient case. A steep density gradient at the MCR has thus a net beneficial effect
on the overall O-X-B mode conversion efficiency.
The LHPI threshold power is determined experimentally with an EBH power scan,
yielding Pth . 50 kW in good agreement with the calculated value from the ex-
perimental profiles data. At high pump wave power, a broadening of the LHPI
spectrum towards higher frequencies is observed. The LHPI energy cascade from
the low frequency LH bands to higher frequency bands, expected in high power EBH
experiments, is demonstrated for the first time in the TCV measurements.
Some further effort is also required to interpret the many peaks observed in the
LHPI spectrum at high EBH power.
In the future, EBH experiments at very low power will allow a better determi-
nation of the experimental LHPI threshold power. A check measurement of the
LHPI-antenna frequency response is still planned in order to diagnose possible cut-
off frequencies of the system. Finally, the exploration of the high frequency part of
the LHPI spectrum (i.e. the pump wave sideband around 82.7 GHz± fLH) will help
to identify the waves participating in the parametric instability, but requires a high
frequency resolution ECE channels.
This part of the thesis work is in preparation for publication.
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Chapter 9

Summary and conclusions

This thesis work focuses on the study of radio frequency (RF) power heating of
low and high density plasmas in the Tokamak à Configuration Variable (TCV).
TCV is a medium size fusion device offering the unique ability to vary the magnetic
equilibrium over a wide range of plasma positions and shape parameters. TCV is
equipped with a highly flexible ECH and ECCD system consisting of six gyrotrons of
500 kW nominal power, delivering second-harmonic electron cyclotron (EC) power of
ordinary (O2) or extraordinary (X2) polarization. X2/O2 power is injected into the
plasma though six independently steerable launchers from TCV’s low-field side. In
addition, three third-harmonic (X3) 500 kW gyrotrons can inject RF power vertically
along the EC resonance from one steerable launcher from the top of TCV vacuum
vessel.

At high density, standard electron cyclotron heating (ECH) and current drive
(ECCD) are precluded by the appearance of a cutoff layer screening the access
to the EC resonance at the plasma center. As a consequence, X2 ECH is possible
over typically less than 15% of TCV’s operational domain in density. O2 waves
can access the resonance at twice the X2 cutoff but absorption is poor. X3 extends
the domain of TCV ECH-heated plasmas up to typically 45% of the Greenwald
empirical density limit, and so provides heating in particular in high-confinement
(H-mode) plasmas whose density is controlled by an edge-localized mode (ELM)
activity. At higher densities, the plasma can be heated by electron Bernstein waves
(EBW) branch in which an electrostatic wave propagates beyond the plasma cutoff
with no upper density limit. In TCV, this mode is excited by O-X-B double mode
conversion of O2 power injected. This mode conversion process is most efficient
at an optimum incident angle from the LFS. The conditions for an efficient mode
conversion (i.e. a steep density gradient at the O2 plasma cutoff) are met at the
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edge of ELM-free H-mode plasmas, a high confinement regime characterized by the
appearance of a pedestal in the electron temperature and density profiles.

The existence of an optimum injection angle for the O-X-B mode conversion in
TCV was examined by scanning the O2 power injection angles in the range of
that obtained from an analytical solution to the mode-conversion equation. A clear
minimum in the measured level of stray EC power was observed, confirming that
an efficient O-X-B mode conversion is indeed present. The experimental angle is in
excellent agreement with those calculated by the AMR code solving the full wave
equations in a 1D plasma slab using the experimental equilibrium and plasma profile
data. The numerical simulations confirm that the width of the mode conversion
angular window is sensitive to the pedestal density gradient, whereas the optimum
injection direction strongly depends on the plasma vertical position relative to the
antenna injecting the O2 power.

The location of the RF power deposition was determined by analyzing the plasma
response to modulated ECH (MECH) using the break-in-slope (BIS) method based
on an estimation of the instantaneous change in the time derivative of the plasma
kinetic energy at the RF power switch-on/off times. For the first time, the unique
ability of the BIS analysis to retrieve an estimated power deposition profile is suc-
cessfully used to track time-varying X2 power deposition location when either the
toroidal magnetic field or the plasma position relative to the antenna is swept during
the plasma discharge.

In a modulated EBH experiment, BIS analysis of local soft X-ray emission profiles
was used to detect the power absorption well inside the O2 cutoff of a strongly
sawtoothing H-mode plasma, in excellent agreement with a harmonic response iden-
tification (HRIM) analysis of the same data. This represents the first demonstration
of resonant EBW absorption in an overdense plasma of a standard aspect-ratio toka-
mak. All experimental RF power deposition locations are in agreement within 10%
of the normalized radius coordinate ρvol with the results of the C3PO and AMR
ray-tracing codes for the propagation of ECWs and the EBWs, respectively. Both
codes are coupled to the LUKE Fokker-Planck solver code. The implementation in
the AMR code of TCV RF power launchers geometry and the coupling of AMR to
LUKE for the TCV environment were part of this thesis, in close collaboration with
J. Urban (IPP, Prague) and J. Decker (CEA, Cadarache).

In TCV, the diamagnetic loop (DML) diagnostic has been extensively used since
2002 to determine the global RF power absorption efficiency by oscillation analysis
of the toroidal plasma flux response to modulated ECH. It was shown that the
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plasma perpendicular kinetic energy is linked to the sum of the plasma toroidal
flux with a combination of Shafranov integrals. In this thesis, a careful re-analysis
of previously published X3 absorption experiments [43, 98] showed that a strong
perturbation of the analysis due to modulations of the toroidal plasma flux from
sawtooth activity was neglected.

To investigate this question, a verification of the model derivation and new X2
MECH experiments was performed. The experimental frequency transfer functions
of the perpendicular kinetic energy, in response to X2 and X3 MECH, indicate that
the plasma behaves like a damped oscillator forced by the modulated ECH, with
a resonance at the sawtooth frequency. Since modeling of the plasma response to
MECH does not account for the sawtooth oscillation, this procedure yields erroneous
estimates of the power absorption coefficient that may be artificially increased by
the sawtooth perturbation. This effect is, unsurprisingly, especially strong when the
RF power modulation frequency is close to the sawtooth frequency. In particular, an
asymmetric improvement of the X3 power absorption in X2 pre-heated plasmas with
respect to the sign of the X2 ECCD was reported from previous TCV experiments.
This effect remained unexplained, in spite of extensive Fokker-Planck simulations to
investigate the effect of the fast electrons. From this thesis work, this asymmetry
can be now unequivocally attributed to the strong sawtooth activity destabilized in
the case of central X2 co-ECCD and locking in phase and frequency to the X3 RF
power modulation.

In non-sawtoothing plasmas, the perturbation on the amplitude of the experimental
transfer function is considerably reduced and a 100% X2 power absorption efficiency
is obtained, in agreement with numerical modeling. However, this result must be
dealt with with caution since the transfer function phase behavior indicates that a
periodic relaxation of the plasma perpendicular kinetic energy is still at play. Finally,
in the case of modulated EBH, the plasma toroidal flux response is dominated by the
oscillation of the Shafranov integrals which were previously neglected in the analysis.
Further experiments will be required to determine whether this effect results from
the small modulated EBCD fraction predicted by the Fokker-Planck simulations or a
modulation of the diverted equilibrium (X2 and X3 MECH experiments are instead
performed in limited plasmas). In conclusion, these observation argue against the
routine use of the DML diagnostic for the estimation of ECH absorption coefficients
in modulation experiments, unless the kinetic energy response model is successfully
modified to account for the sawtooth perturbation.

A systematic study of the electron Bernstein wave current drive (EBCD) perfor-
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mances in TCV is carried out using the AMR-LUKE codes. The poloidal position
of the EBW injection is scanned. For each configuration in the scan, the optimal in-
jection angles for the O-X-B mode conversion are determined, the EBW ray-tracing
performed and the quasi-linear wave-plasma interaction calculated. The variation of
the EBCD efficiency when varying the radial location of absorption is predominantly
due to trapped-particles effects.

With injection far above the plasma midplane, the EBW undergoes a strong upshift
of its parallel refractive index N‖ and the strongly Doppler-shifted resonant absorp-
tion takes place at the plasma edge where the Ohkawa effect is in competition with
the Fisch-Boozer effect. As a result, the current drive efficiency is low.

When injected at the plasma midplane, the EBW reaches the plasma center but
oscillations of the wave parallel refractive index around N‖ = 0 induce driven cur-
rents of opposite sign, thus reducing the net EBCD efficiency. The maximum EBCD
effect is observed for an intermediate power-injection-geometry, yielding mid-radius
absorption where the Ohkawa effect is reduced and a high normalized current drive
efficiency ξCD = 0.45 is achieved. However, the absolute driven current remains
small (. 1% of the Ohmic current for 500 kW of injected RF power) due to the
unfavorable temperature to density ratio in these H-mode plasmas. Experimentally,
such small EBCD currents cannot be safely distinguished from variations of the
Ohmic current due to a modification of the plasma resistivity by EBH.

In the framework of this thesis, a new loop-antenna for the detection of electromag-
netic waves in the 0.2 − 2 GHz frequency range was designed, built and installed
on TCV. This antenna is designed for the study of the lower-hybrid (LH) waves
generated by a parametric instability (PI) expected to arise during the X-B mode
conversion at the upper-hybrid resonance in EBH experiments. This LHPI may
cause substantial power losses, decreasing the global EBH efficiency. In initial ex-
periments, low frequency waves were detected in the expected LH frequency range.
The waves are present only when the conditions for an efficient O-X-B mode con-
version are fulfilled so the generation of these waves can be attributed to a LHPI.
Fast monitoring of the LHPI spectrum showed, for the first time, the correlation
of the amplitude of the detected waves with the local LHPI threshold power at the
mode conversion region, estimated from the experimental profiles data. Conditions
for both low and high LHPI threshold powers (i.e. flat and steep density gradients,
respectively) were achieved in the same plasma. The most efficient O-X-B coupling
(low EC stray power) is observed in the second case. A steep density gradient at the
mode conversion region was thus found to have a net beneficial effect on the overall
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O-X-B mode conversion efficiency.
The LHPI threshold power is determined to be . 50 kW based on an EBW power
scan, which is in good agreement with the value calculated using the experimental
plasma parameter profiles. At high pump wave power, a broadening of the LHPI
spectrum towards higher frequencies is observed. The LHPI energy cascade from
the low frequency LH bands to higher frequency bands, expected in high power EBH
experiments, is demonstrated for the first time in TCV.
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Appendix A

Coordinate systems, sign conventions

and EC power injection angles

A.1 TCV coordinate systems and sign conventions

A.1.1 Cylindrical coordinates

TCV cylindrical coordinate system is defined by the right-handed orthogonal triplet
(R,ϕ, Z) where the Z-axis is aligned with TCV revolution axis, see figure A.1:

• R is the major radius coordinate, positive towards the outside of TCV, with
R = 0 on TCV vertical revolution axis.

• ϕ is the toroidal angle coordinate, positive counter-clockwise seen from the
top, with ϕ = 0 between TCV sector 1 and sector 16.

• Z is the vertical coordinate, positive upward, with Z = 0 on the equatorial
plane of TCV.

Historically, the positive ϕ toroidal direction in TCV was chosen to coincide with
the counter-clockwise numbering of the 16 sectors, starting on the west side of TCV.

A.1.2 Toroidal coordinates

TCV toroidal coordinate system is defined by the right-handed orthogonal triplet
(r, θ, ϕ), see figure A.1(b)

• r is the minor radius coordinate, positive towards the outside of the plasma,
with r = 0 on the plasma magnetic axis whose position is given by (Raxis, Zaxis)

in cylindrical coordinates.
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Figure A.1: TCV coordinate systems.
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• θ is the poloidal angle coordinate, positive clockwise seen with TCV vertical
axis on the left, with θ = 0 on the high-field side midplane.

• ϕ is the toroidal angle coordinate, positive counter-clockwise seen from the
top, with ϕ = 0 between TCV sector 1 and sector 16.

The toroidal coordinate angle ϕ is the same for both TCV cylindrical and toroidal
coordinate systems.

A.1.3 Cartesian coordinates

TCV cartesian coordinate system is defined by the right-handed orthogonal triplet
(x, y, z) where the z-axis is aligned with TCV revolution axis and (x, y) is the TCV
equatorial plane, see figure A.1(a):

• The x axis points towards the outside of TCV between sectors 8 and 9 (ap-
proximately towards the east), with x = 0 on TCV vertical axis.

• The y axis points towards the outside of TCV between sectors 12 and 13
(approximately towards the north), with y = 0 on TCV vertical axis.

• The z axis is positive upward, with z = 0 on the equatorial plane of TCV.

N.B. When dealing with magnetic diagnostics, one often choose the x and y axes
pointing between sectors 16-1 and 4-5, i.e. toward the west and the south directions,
respectively, for a better consistency with the choice of ϕ = 0.

A.1.4 Magnetic field, plasma current and poloidal flux

Since ϕ is positive in the counter-clockwise direction, TCV toroidal magnetic field
Bϕ and plasma current Ip are defined to be

• positive (or “reverse” in TCV vocabulary) when directed counter-clockwise
(trigonometric direction) seen from the top.

• negative (or “forward” in TCV vocabulary) when directed clockwise (anti-
trigonometric direction) seen from the top.

This implies that a positive plasma current creates a positive Bθ magnetic field
component which, in turn, creates a positive contribution to the poloidal flux

ψp =

∫
Bθ · dA (A.1.1)
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on the HFS of the plasma magnetic axis. On the LFS of the plasma magnetic axis,
both Bθ and the resulting poloidal flux contribution are negative. The integration
surface dA is directed in the positive Z direction [103]. In other words:

• For positive currents, ψp grows from TCV vertical axis towards the magnetic
axis of the plasma, is maximum on the magnetic axis and then decreases
towards the LFS.

• For negative currents, ψp decreases from TCV vertical axis towards the mag-
netic axis of the plasma, is minimum on the magnetic axis and then increases
towards the LFS.

To get proper signs for the radial and vertical magnetic field components, we thus
have to chose the following relative signs:

BR = − 1

R

∂ψ

∂Z
(A.1.2)

BZ = +
1

R

∂ψ

∂R
(A.1.3)

where

ψ =
1

2π
ψp (A.1.4)

is the poloidal magnetic flux function. These equations can as well be written

B = Bϕϕ̂+
1

R
∇ψ × ϕ̂ (A.1.5)

with ϕ̂ the unit vector in the positive ϕ direction.

A.2 AMR coordinate systems and sign conventions

The AMR code uses the same coordinate systems and conventions as for TCV,
defined in the section above.

A.3 LUKE coordinate systems and sign conventions

In the LUKE code, the toroidal angle coordinate is positive in the clockwise di-
rection. The cylindrical and toroidal coordinate systems are thus defined by the
right-handed orthogonal triplets (R,Z, ϕ) and (r, ϕ, θ), respectively.
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A.4 EC power injection angles

A.4.1 Launcher angles

The six launchers of TCV X2/O2 ECH system are cylindrical, with their revolution
axes lying on a major radius of TCV torus. The last mirror of the launchers has
two degrees of freedom, as indicated on figure 2.6:

• The so-called toroidal launcher angle φL: The whole antenna can rotate of
an angle −180° < φL < +180° around its axis, with φL > 0 clockwise when
looking towards the plasma.

• The so-called poloidal launcher angle θL: The last mirror can be tilted
and θL is defined as the angle between the beam center wave vector and the
launcher axis. By definition, θL is always positive with 7° < θL < 55°.

When φL = 0° or ±180°, the beam is injected in the poloidal plane containing the
launcher axis, with no toroidal component. When φL > 0, the beam is injected in
the negative ϕ (clockwise) direction, and vice versa.

A.4.2 Effective injection angles

Both launcher angles contain toroidal and poloidal direction informations. They
can thus be combined to get an effective geometry with independent poloidal and
toroidal injection angles (θinj, φinj), see figure A.2:

• The poloidal angle θinj is the angle between the wave vector and the horizontal
plane containing the launcher axis. It is defined positive upward.

• The toroidal angle φinj is the angle between the launcher axis and the wave
vector projection on the horizontal plane containing the launcher axis. It is
defined positive towards the right when viewing at the plasma from the LFS.

In function of the launcher angles, the injection angles write:

θinj = − arcsin

(
f

a

)
= − arcsin

(
c

a

f

c

)
= − arcsin (sin(θL) cos(φL)) , (A.4.1)

φinj = − arctan

(
d

b

)
= − arctan

(
c

b

d

c

)
= − arctan (tan(θL) sin(φL)) . (A.4.2)

Since θL > 0, sin (θL) > 0 and tan (θL) > 0 always. This leads to

• θinj > 0 for −180° < φL < −90° and +90° < φL < +180°,
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φ
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φL

θL

φ

θ

Launch point

N
a

b

c

d

f g

Figure A.2: Injection angles. Effective poloidal and toroidal injection angles (θinj, φinj) versus
the poloidal and toroidal launcher angles (θL, φL). The semi-transparent blue plane is defined by
the launcher axis (lying along TCV major radius R) and the normalized wave vector N. The ϕ-
axis indicates the local toroidal direction. θL is the angle between the launcher axis and the wave
vector. φL is the angle between the vertical z axis and the blue plane. θinj is the angle between
the horizontal plane containing the launcher axis and the wave vector. φinj is the angle between
the launcher axis and the wave vector projection on the horizontal plane containing the launcher
axis. We also define the following quantities: a is the length of N after it crosses the launcher axis,
b and c are the projections of a on R and on the (ϕ, z) plane respectively, g is the projection of a
on the horizontal plane, d and f are respectively the horizontal and vertical projections of c.

• φinj > 0 for φL < 0.

The inverse formulas are:

θL = arccos

(
b

a

)
= arccos

(
b

g

g

a

)
= arccos (cos(φinj) cos(θinj)) , (A.4.3)

φL = arctan

(
d

f

)
= arctan

(
d

g

g

f

)
= −180°× sign (φinj) H(θinj) + arctan

(
sin(φinj)

tan(θinj)

)
. (A.4.4)

Since −90° < θinj, φinj < +90°, it is clear that 0° < θL < +90° as needed (the
negative solution is neglected). The first term in the expression for φL (with H(θinj)

the Heaviside function) was added to ensure −180° < φL < +180° and φL > 0 when
φinj < 0.

A.4.3 AMR injection angles

In the AMR code, the injection geometry is defined in terms of effective injection
angles (θAMR, φAMR) defined around the major radius axis R′ going through
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the beam waist center, instead of the major radius axis R of the launcher,
as indicated in figure A.3. The axis R and R′ are located at toroidal angles ϕ and
ϕ′, respectively. The effective toroidal angle of injection φinj must then be corrected
by ∆ϕ = ϕ′ − ϕ. On the other hand, the poloidal angle of injection θinj does not
need any correction: the angle between the horizontal plane containing the launcher
axis and the wave vector is equal to the angle between any horizontal plane and the
wave vector, as indicated in figure A.4.

Launcher

R

R'

N

TCV

y

x

z

!
AMR

!!'
!!

!

Beam waist

Launch point

Figure A.3: AMR toroidal injection angle. Toroidal top view of the normalized wave vector
N and its angles φinj with respect to the launcher axis (R,ϕ) and φAMR with respect to the radial
axis (R′, ϕ′) going through the beam waist center. Clearly, φAMR = φinj + ∆ϕ.

Finally, the actual AMR injection expressed in terms of the launcher angles are:

θAMR = − arcsin (sin(θL) cos(φL)) , (A.4.5)

φAMR = − arctan (tan(θL) sin(φL)) + ∆ϕ. (A.4.6)

A.4.4 Refractive index

According to the angles definition in the previous section, the refractive index com-
ponents in the AMR toroidal coordinate system (R,ϕ, Z) are given by:

NR = − cos(θAMR) cos(φAMR), (A.4.7)

Nϕ = cos(θAMR) sin(φAMR), (A.4.8)

NZ = sin(θAMR). (A.4.9)
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Figure A.4: AMR poloidal injection angle. 3D view of the normalized wave vector N. In
the situation represented here, the launcher angles are typically (θL, φL) = (−120°,+20°) and the
launch point is slightly below the launcher axis R, whereas the radial axis R′ going through the
beam waist center is above the launcher axis. The blue plane is the vertical plane containing R
and shows the toroidal angle difference ∆ϕ between R and R′.

And in the AMR cartesian coordinate system (x, y, z):

Nx = NR cos(ϕ′)−Nϕ sin(ϕ′)

= cos(θAMR)[− cos(φAMR) cos(ϕ′)− sin(φAMR) sin(ϕ′)] (A.4.10)

= − cos(θAMR) cos(φAMR − ϕ′),
Ny = NR sin(ϕ′) +Nϕ cos(ϕ′)

= cos(θAMR)[− cos(φAMR) sin(ϕ′) + sin(φAMR) cos(ϕ′)] (A.4.11)

= cos(θAMR) sin(φAMR − ϕ′),
Nz = NZ = sin(θAMR) (A.4.12)

where ϕ′ is the toroidal position of the beam waist center.
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Appendix B

MHD integral relations

B.1 Introduction

The plasma contribution to the toroidal magnetic flux is defined as

Φpl ≡
∫
S

(Bϕ −Bϕv) dS. (B.1.1)

where Bϕ is the total toroidal magnetic field, Bϕv is the vacuum toroidal magnetic
field produced by the tokamak toroidal coils system and S is a poloidal surface en-
compassing the plasma cross-section. The plasma toroidal flux is generated by the
plasma poloidal currents which in turn are mainly due to the cyclotron gyration of
the charged particles (always diamagnetic) and the particles trajectory along the
helicoidal field lines (always paramagnetic). These combined effects yield a net dia-
magnetic flux (respectively a net paramagnetic flux), i.e. a net decrease (respectively
a net increase) of the toroidal field, when βp > 1 (respectively βp < 1). This can be
seen from the simplified balance equation (B.5.19).

In TCV, Φpl is measured by the diamagnetic loop (DML) diagnostic [91]. The DML
system consists in a single-turn coil closely wound on the external surface of the
vacuum vessel and a set of compensation coils in the poloidal plane to compensate
for the vacuum field contribution and the many parasitic toroidal and poloidal fluxes.

The goal of this appendix is to show how the toroidal plasma flux Φpl is linked to
the total plasma kinetic energy

Wkin ≡
3

2

∫
V

2p⊥ + p‖
3

dV = Wkin⊥ +Wkin‖. (B.1.2)

In the sequel of this text, the conventions described in table B.1 are used.
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Subscript Signification

pl / v plasma / vacuum quantity

p / t (or ϕ) poloidal / toroidal component

‖ / ⊥ component parallel / perpendicular to the total magnetic field B

Table B.1: Subscript conventions used in this appendix.

B.2 Force balance equation

B.2.1 Ideal MHD model

The ideal single-fluid MHD model for a fully ionized plasma of two particles species,
electron and singly charged ions (α = e, i), confined in a magnetic field is given by:

∂ρm

∂t
+∇ · (ρmu) = 0 mass evolution (B.2.1)

ρm
du

dt
= ρm

∂u

∂t
+ ρmu ·∇u = J×B−∇ ·P momentum evolution (B.2.2)

d

dt

(
p

ργm

)
= 0 energy evolution (B.2.3)

E + u×B = 0 Ohm’s law (B.2.4)

∇× E = −∂B

∂t
Faraday’s law (B.2.5)

∇×B = µ0J Ampère’s law (B.2.6)

∇ · B = 0 (B.2.7)

∇ · E = 0 Gauss’s law (B.2.8)

where ρm ≡ min is the mass density with the particle density n ≡ ni = ne, u ≡ ui

is the fluid velocity, J ≡ en (ui − ue) is the current density, P = Pi + Pe is the
total pressure tensor, p ≡ Tr(P)/3 is the scalar pressure and γ = 5/3 is the ratio of
specific heats. The ideal MHD model is derived from the full Maxwell’s equations
coupled with a kinetic model of the plasma described by a Boltzmann equation
for each species distribution function fα. Equation (B.2.4) is the Ohm’s law for a
perfect conductor. Equations (B.2.6) and (B.2.8) are the low-frequency Ampère’s
and Gauss’s laws, respectively, where both the displacement current and the net
charge are neglected.
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B.2.2 Momentum conservation

Inserting the current density from Ampère’s law in the momentum time evolution
equation and adding the mass time evolution equation multiplied by the fluid ve-
locity u gives

∂ρmu

∂t
+ u [∇ · (ρmu)] + ρmu ·∇u =

1

µ0

(∇×B)×B−∇ ·P. (B.2.9)

The second and third terms can be written as

u [∇ · (ρmu)] + ρmu ·∇u = uj∇i(ρmui) + ρmui∇iuj = ∇i (ρmuiuj) = ∇ · (ρmuu) .

(B.2.10)
Using the following vector identity

∇(A · B) = A× (∇×B) + B× (∇×A) + (A ·∇)B + (B ·∇)A (B.2.11)

with A = B, the magnetic field term can be written as:

(∇×B)×B = (B ·∇)B− 1

2
∇(B2)

= Bi∇iBj + (∇iBi)︸ ︷︷ ︸
∇ ·B=0

Bj −
1

2
∇i(BjBj)

= ∇i

(
BiBj −

1

2
δijBkBk

)
= ∇ ·

(
BB− 1

2
B2I
)
.

(B.2.12)

The momentum conservation equation then becomes

∂ρmu

∂t
+∇ ·

[
ρmuu +

B2

2µ0

I− BB

µ0

+ P
]

=
∂ρmu

∂t
+∇ ·T = 0 (B.2.13)

with the stress tensor defined as

T ≡ ρmuu +
B2

2µ0

I− BB

µ0

+ P. (B.2.14)

It is convenient to split the pressure tensor P into its components perpendicular and
parallel to the total magnetic field B:

P = p⊥I +
(
p‖ − p⊥

) BB

B2
. (B.2.15)

The stress tensor (B.2.14) takes then the following form:

T = ρmuu +

(
p⊥ +

B2

2µ0

)
I− σBB

µ0

with σ ≡ 1− µ0

(
p‖ − p⊥

)
B2

(B.2.16)
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where σ is the pressure anisotropy parameter. Choosing a local orthonormal coor-
dinate system with the third direction along B, the stress tensor (B.2.16) can be
expressed as

T = ρmuu +


p⊥ + B2

2µ0
0 0

0 p⊥ + B2

2µ0
0

0 0 p‖ − B2

2µ0

 . (B.2.17)

The magnetic field exerts an additional pressure in the transverse direction and a
tension in the longitudinal direction. The stress tensor T is symmetric, i.e.

Tij = Tji. (B.2.18)

B.2.3 Equilibrium

Describing an stationary equilibrium, we have ∂
∂t

= 0, and the force balance equation
can be written as

∇ ·T = 0. (B.2.19)

B.3 Integral relations

B.3.1 General case: anisotropic flowing plasma

In this section, the derivation of the MHD integral relations followed in [104] is
extended to the case of an anisotropic plasma with non-zero fluid velocity, recovering
the results of [105] obtained by similar extension of the derivation in [92]. In the
latter references, the derivation starts from the virial theorem from [106] and the
force balance equation (B.2.19) averaged on a volume enclosing the plasma. Here,
the more general approach of [104] is followed by first projecting the force balance
equation (B.2.19) on an arbitrary vector field Q before the volume integration:

0 =

∫
V

(∇ ·T) · Q dV =

∫
V

[∇ · (T · Q)− T : ∇Q)] dV

=

∮
∂V

n̂ ·T · Q dA−
∫
V

T : ∇Q dV

(B.3.1)

where the second equality comes from

∇ · (T · Q) = ∇i(TijQj) = (∇iTij)Qj + Tij︸︷︷︸
=Tji

(∇iQj) = (∇ ·T) · Q + T : ∇Q (B.3.2)

and the third equality stands from the divergence theorem with n̂ the unit vector
normal to ∂V . Here, the colon symbol represents the matrix multiplication with
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sum on both indices:
A : B =

∑
i,j

AijBji. (B.3.3)

In the integral relation (B.3.1), V is a toroidal volume of arbitrary poloidal cross
section encompassing the plasma (i.e. Vpl ⊆ V ), ∂V is the boundary of V , dV is
the volume element on V and dA is the surface element on ∂V . The poloidal cross
section of the volume V has a surface S and a boundary ∂S. The plasma has also an
arbitrary poloidal cross section, see figure B.1. Equation (B.3.1) leads the following
integral relation: ∫

V

T : ∇Q dV =

∮
∂V

n̂ ·T · Q dA. (B.3.4)

Inserting the stress tensor (B.2.16) in the integral relation (B.3.4), and assuming
that P = 0 (i.e. p⊥ = p‖ = 0 and σ = 1) and u = 0 outside the plasma and thus on
∂V yields:∫

V

[
ρmuu +

(
p⊥ +

B2

2µ0

)
I− σBB

µ0

]
: ∇Q dV =

∮
∂V

n̂ ·
[
B2

2µ0

I− BB

µ0

]
· Q dA.

(B.3.5)
Standard manipulations on the terms of equation (B.3.5) are performed as follows:

• The term I : ∇Q becomes

I : ∇Q = δij∇iQj = ∇jQj = ∇ · Q. (B.3.6)

• The terms of the form n̂ : vv : Q with v a vector field become

n̂ : vv : Q = n̂ivivjQj = (n̂ · v)(v · Q). (B.3.7)

The equation (B.3.5) thus writes∫
V

[
ρmuu : ∇Q +

(
p⊥ +

B2

2µ0

)
∇ · Q− σ

µ0

BB : ∇Q

]
dV

=

∮
∂V

[
B2

2µ0

n̂ · Q− 1

µ0

(n̂ · B)(B · Q)

]
dA.

(B.3.8)

This last relation is valid independent of axisymmetry. If Q is an axisymmetric
vector field without toroidal component, one has

Q = QRR̂ +QZẐ and
∂QR

∂ϕ
=
∂QZ

∂ϕ
= 0, (B.3.9)

where, R̂ and Ẑ are the unitary vectors in the major radius and vertical directions,
respectively. Equation (B.3.8) thus conveniently splits into toroidal and poloidal
components. In particular, the total magnetic field B writes

B = Bϕ + Bp with Bϕ =
F

R
ϕ̂ and Bp =

∇ψ
R
× ϕ̂ (B.3.10)
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where ϕ̂ is the unitary vector in the toroidal direction and ψ is the poloidal stream
function closely related to the poloidal flux ψp. The flux surface quantity F is
defined as

F ≡ RBϕ = Fv + Fpl (B.3.11)

where F is divided into its plasma and vacuum contributions

Fpl ≡ RBϕpl and Fv ≡ RBϕv = const (B.3.12)

with Bϕpl and Bϕv the plasma and vacuum contributions to the toroidal magnetic
field, respectively. The fluid velocity can as well be split into its toroidal and poloidal
components:

u = uϕϕ̂+ up. (B.3.13)

Noting that ∂ϕR̂ = ϕ̂, the non-trivial dyadic product ∇Q in equation (B.3.8) ex-
plicitly writes

∇Q =

[
R̂∂R + ϕ̂

1

R
∂ϕ + Ẑ∂Z

] [
QRR̂ +QZẐ

]
= ∂R(QR)R̂R̂ + ∂R(QZ)R̂Ẑ +

1

R
∂ϕ(QR)︸ ︷︷ ︸

=0

ϕ̂R̂

+
1

R
QRϕ̂ ∂ϕ(R̂)︸ ︷︷ ︸

ϕ̂

+
1

R
∂ϕ(QZ)︸ ︷︷ ︸

=0

ϕ̂Ẑ + ∂Z(QR)ẐR̂ + ∂Z(QZ)ẐẐ

=


∂RQR 0 ∂RQZ

0 QR/R 0

∂ZQR 0 ∂ZQZ

 .

(B.3.14)

Thus the first and third terms in the left-hand side of equation (B.3.8) read

uu : ∇Q =

upup + upuϕ︸ ︷︷ ︸
=0

+ uϕup︸ ︷︷ ︸
=0

+uϕuϕ

 : ∇Q = upup : ∇Q + u2
ϕ

QR

R
(B.3.15)

and

BB : ∇Q =

BpBp + BpBϕ︸ ︷︷ ︸
=0

+ BϕBp︸ ︷︷ ︸
=0

+BϕBϕ

 : ∇Q = BpBp : ∇Q +B2
ϕ

QR

R
.

(B.3.16)
Assuming Bϕpl = 0 outside the plasma volume and in particular on ∂V , one uses
B = Bp + Bϕv on the right-hand side of equation (B.3.8) and Bϕ · Q = 0 due
to the poloidal nature of Q. Moreover, the following relation is derived using the
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divergence theorem:∮
∂V

B2
ϕv

2µ0

n̂ · Q dA =

∫
V

∇ ·
(
B2
ϕv

2µ0

Q

)
dV =

∫
V

[
B2
ϕv

2µ0

∇ · Q + Q ·∇
(
B2
ϕv

2µ0

)]
dV.

(B.3.17)
Reminding that the vacuum field is Bϕv ∝ R−1, one writes

∇B2
ϕv = −2

B2
ϕv

R
R̂ (B.3.18)

and ∮
∂V

B2
ϕv

2µ0

n̂ · Q dA =

∫
V

B2
ϕv

2µ0

[
∇ · Q− 2

QR

R

]
dV. (B.3.19)

Finally, inserting (B.3.15) and (B.3.16) in equation (B.3.8) and subtracting equation
(B.3.19) gives:∫

V

[(
ρmupup −

σ

µ0

BpBp

)
: ∇Q + ρmu

2
ϕ

QR

R
+

(
p⊥ +

B2
p

2µ0

)
∇ · Q

+
B2
ϕ

(
p‖ − p⊥

)
B2

QR

R
+
B2
ϕ −B2

ϕv

2µ0

(
∇ · Q− 2

QR

R

)]
dV

=
1

µ0

∮
∂V

[
B2

p

2
n̂ · Q− (n̂ · Bp)(Bp · Q)

]
dA

(B.3.20)

with σ ≡ 1 − µ0(p‖−p⊥)
B2 . The relation (B.3.20) is the force balance equation for an

ideal MHD equilibrium ∇ ·T = 0 with fluid flow and pressure anisotropy, in integral
form and projected on an arbitrary poloidal axisymmetric vector field Q. Equations
(7) and (8) in [105] are together equivalent to equation (B.3.20).
The relation (B.3.20) can be linked to different yet equivalent expressions found in
the literature. Introducing the unit vector τ̂ tangential to ∂V (and thus perpen-
dicular to the normal vector n̂), Q and Bp separate into normal and tangential
components:

Q = (Q · n̂)n̂ + (Q · τ̂ )τ̂ = Qnn̂ +Qτ τ̂ , (B.3.21)

Bp = (Bp · n̂)n̂ + (Bp · τ̂ )τ̂ = Bnn̂ +Bτ τ̂ . (B.3.22)

The right-hand side of equation (B.3.20) then writes

B2
p

2
n̂ · Q− (n̂ · Bp)(Bp · Q) =

B2
τ −B2

n

2
Qn −BnBτQτ . (B.3.23)

The relation (B.3.20) is thus identical to equation (1) in [94]. Similarly, noting that

∇ · Q− 2
QR

R
= −QR

R
+
∂QR

∂R
+
∂QZ

∂Z
= R2∇ · (R−2Q), (B.3.24)

it is clear that equation (B.3.20) is identical to equation (32) in [107].
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B.3.2 Special case: Static isotropic plasma

In the limit of static isotropic plasma, u = 0 and the pressure tensor reduces to the
scalar pressure: p⊥ = p‖ = p. Thus σ = 1 and equation (B.3.20) reduces to

∫
V

[
− 1

µ0

BpBp : ∇Q +

(
p+

B2
p

2µ0

)
∇ · Q

+
B2
ϕ −B2

ϕv

2µ0

(
∇ · Q− 2

QR

R

)]
dV

=
1

µ0

∮
∂V

[
B2

p

2
n̂ · Q− (n̂ · Bp)(Bp · Q)

]
dA,

(B.3.25)

which is exactly identical to equation (15) in [104] taking B2 = 0 and assuming
p = 0 on the boundary ∂V (called S in the reference [104]). The result is also
quoted as equation (31) in [107]. Finally, equations (11) and (12) in [92] (i.e. the
static isotropic version of equations (7) and (8) in [105]) are together equivalent to
equation (B.3.25).

B.4 Specific moments

B.4.1 Moments in integral form

The freedom in the choice of the axisymmetric poloidal vector field Q is now ex-
ploited to derive a set of linearly independent moments of the integral force balance
equation. The choices of Q made in [107] are followed here (see equations (36)-(38)
in this reference). In the next subsection, these choices are linked to other choices
found in the literature. The following notation is defined for the surface integral on
the right-hand side of equation (B.3.20):

I(Q) ≡ 1

µ0

∮
∂V

[
B2

p

2
n̂ · Q− (n̂ · Bp)(Bp · Q)

]
dA

=
1

µ0

∮
∂V

[
B2
τ −B2

n

2
Qn −BnBτQτ

]
dA.

(B.4.1)

Moment #1

Choosing Q1 ≡ RR̂ + ZẐ, one gets

∇ · Q1 =
1

R

∂(RQ1R)

∂R
+
∂Q1Z

∂Z
= 3 (B.4.2)
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and

∇Q1 =


∂RQ1R 0 ∂RQ1Z

0 Q1R/R 0

∂ZQ1R 0 ∂ZQ1Z

 =


1 0 0

0 1 0

0 0 1

 . (B.4.3)

Inserting in equation (B.3.20) leads

I1 =

∫
V

[
ρmu

2
p −

σ

µ0

B2
p + ρmu

2
ϕ + 3

(
p⊥ +

B2
p

2µ0

)
+
B2
ϕ

(
p‖ − p⊥

)
B2

+
B2
ϕ −B2

ϕv

2µ0

]
dV

=

∫
V

[
ρmu

2 +
B2

p

2µ0

+ 2p⊥ + p‖ +
B2
ϕ −B2

ϕv

2µ0

]
dV

(B.4.4)

where I1 ≡ I(Q1).

Generalized virial theorem:

Equation (B.4.4) is the generalized virial theorem [106] for plasmas with fluid flow
and pressure anisotropy

∫
V

[
ρmu

2 +
B2

p

2µ0

+ 2p⊥ + p‖ +
B2
ϕ −B2

ϕv

2µ0

]
dV

=
1

µ0

∮
∂V

[
B2

p

2
n̂ · r− (n̂ · Bp)(Bp · r)

]
dA

(B.4.5)

where it is assumed that p‖ = p⊥ = 0 and Bϕ = Bϕv on ∂V , and r ≡ RR̂ + ZẐ is
the position vector in the poloidal plane.

Moment #2

Choosing Q2 = R̂, one gets

∇ · Q2 =
1

R

∂(RQ2R)

∂R
+
∂Q2Z

∂Z
=

1

R
(B.4.6)

and

∇Q2 =


∂RQ2R 0 ∂RQ2Z

0 Q2R/R 0

∂ZQ2R 0 ∂ZQ2Z

 =


0 0 0

0 1/R 0

0 0 0

 . (B.4.7)

Inserting in equation (B.3.20) and using the relation dV = 2πRdS between the
toroidal volume element dV and the surface element dS of the poloidal cross section
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yields

I2 =

∫
V

[
ρmu

2
ϕ

R
+

1

R

(
p⊥ +

B2
p

2µ0

)
+

1

R

B2
ϕ

(
p‖ − p⊥

)
B2

− 1

R

(
B2
ϕ −B2

ϕv

2µ0

)]
dV

= 2π

∫
S

[
ρmu

2
ϕ + p‖ +

B2
p

2µ0

− B2
p

(
p‖ − p⊥

)
B2

− B2
ϕ −B2

ϕv

2µ0

]
dS

(B.4.8)

where I2 ≡ I(Q2). Note that in a tokamak plasma, the second-but-last term on
the right-hand side of (B.4.8) associated to the pressure anisotropy can be neglected
since [105]

B2
p

(
p‖ − p⊥

)
B2

� B2
p

2µ0

near the plasma edge, (B.4.9)

B2
p

(
p‖ − p⊥

)
B2

� p‖ close to the plasma center. (B.4.10)

Moment #3

Choosing Q3 = ZẐ, one gets

∇ · Q3 =
1

R

∂(RQ3R)

∂R
+
∂Q3Z

∂Z
= 1 (B.4.11)

and

∇Q3 =


∂RQ3R 0 ∂RQ3Z

0 Q3R/R 0

∂ZQ3R 0 ∂ZQ3Z

 =


0 0 0

0 0 0

0 0 1

 . (B.4.12)

Inserting in equation (B.3.20) yields

I3 =

∫
V

[
ρmu

2
Z −

σB2
Z

µ0

+ p⊥ +
B2

p

2µ0

+
B2
ϕ −B2

ϕv

2µ0

]
dV

=

∫
V

[
ρmu

2
Z −

B2
Z

µ0

+
B2
Z

(
p‖ − p⊥

)
B2

+ p⊥ +
B2

p

2µ0

+
B2
ϕ −B2

ϕv

2µ0

]
dV

(B.4.13)

where I3 ≡ I(Q3).

Moment #4

For the sake of completeness, the integral for Q4 = RR̂ is also calculated but it will
not be used further on since it is not linearly independent with respect to I1 and I3:
I4 = I1 − I3. One has

∇ · Q4 =
1

R

∂(RQ4R)

∂R
+
∂Q4Z

∂Z
= 2 (B.4.14)
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and

∇Q4 =


∂RQ4R 0 ∂RQ4Z

0 Q4R/R 0

∂ZQ4R 0 ∂ZQ4Z

 =


1 0 0

0 1 0

0 0 0

 . (B.4.15)

Inserting in equation (B.3.20) yields

I4 =

∫
V

[
ρmu

2
R −

σB2
R

µ0

+ ρmu
2
ϕ + 2

(
p⊥ +

B2
p

2µ0

)
+
B2
ϕ

(
p‖ − p⊥

)
B2

]
dV

=

∫
V

[
ρmu

2 − ρmu
2
Z +

B2
Z

µ0

+ p⊥ + p‖ −
B2
Z

(
p‖ − p⊥

)
B2

]
dV.

(B.4.16)

where I4 ≡ I(Q4).

B.4.2 Link with Shafranov integrals

In the present work, we use the right-handed cylindrical coordinate system (R,ϕ, Z),
where R = 0 on the system toroidal revolution axis and Z = 0 on the system mid-
plane. This cylindrical coordinate system reduces to a cartesian coordinate system
(R,Z) in the poloidal plane. In the reference [92], Shafranov uses a polar coordi-
nate system (ρ, θ) in the poloidal plane (called (ρ, ω) in the reference). This polar
coordinate system is centered on an arbitrarily chosen point (R′, Z ′), see figure B.1.
The choice of the vertical position Z ′ has no influence on the Shafranov integrals.
It appears explicitly only when one wants to express Shafranov integrals from polar
coordinates to cartesian coordinates. In the sequel of this text, we chose Z ′ = 0.
The arbitrary major radius R′ is called R in reference [92].
As a choice for R′, one can use

• the magnetic axis major radius Raxis;

• the machine major radius R0;

• the center of the toroidal current density distribution as in [107]:[
R2

c , Zc

]
=

1

Iϕ

∫
S

[
R2, Z

]
jϕ dS and Iϕ =

∫
S

jϕ dS; (B.4.17)

• any major radius RT averaged over the plasma configuration.

In this appendix, the general notation R′ will be kept.
Shafranov defines the following surface integrals (equations (24) and (25) in [92]):

S1 ≡ I(ρρ̂) (B.4.18)

S2 ≡ I(R′R̂) (B.4.19)
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S

∂S

Z

RR̂

Ẑ

ρ̂ρ
θ

R'
plasma

r

φ̂

n̂

τ̂

Z'

Figure B.1: Poloidal coordinate systems. Any position r in the poloidal plane can be
described using either the cartesian coordinates (R,Z) or the polar coordinates (ρ, θ) centered on
the arbitrary position (R′, Z ′). S is the poloidal cross-section of the axisymmetric volume V and
∂S is the boundary of S. The unitary vectors τ̂ and n̂ are respectively tangential and normal to
the surface δS.

where I(Q) is defined in (B.4.1). Here, a capital Si is used to emphasize that S1

and S2 are the unnormalized Shafranov integrals, unlike s1 and s2 in Shafranov’s
text. Noting that

ρρ̂ = (R−R′)R̂ + (Z − Z ′)Ẑ (B.4.20)

where we chose Z ′ = 0. Shafranov’s integrals are easily linked with the integrals
defined in the previous subsection:

S1 ≡ I(ρρ̂) = I
(

(R−R′)R̂ + ZẐ
)

= I1 −R′I2,

S2 ≡ I(R′R̂) = R′I(R̂) = R′I2.

(B.4.21)

(B.4.22)

Normalized versions of integrals S1 and S2 are given as equations (9) and (10) in [105]
and as equations (6) to (8) in [94] along with a definition of a normalized I3. Both
references use different normalization than Shafranov’s in [92] (and use the symbol
R0 for the arbitrary polar coordinates center R′). Moreover, V is chosen to be the
plasma volume in [94]. As a consequence, n̂ · Bp = 0 everywhere on the boundary
surface ∂V . The (n̂ · Bp)(Bp · Q) terms thus vanish in the Shafranov integrals. A
summary of the different conventions met in the literature is given in table B.2.
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Ẑ
)

s 2
≡
i(

R̂
)

s 3
≡
i(
R

R̂
)

N
q

=
4

R
′ µ

0
I

2 ϕ
,(
N

i
=
N

q
),
R
′ =

R
c

T
hi
s
w
or
k

i 1
≡
i(
R

R̂
+
Z

Ẑ
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B.4.3 Moments in terms of plasma quantities

Plasma quantities

The following plasma quantities are defined:

Wkin‖ ≡
1

2

∫
V

p‖ dV parallel kinetic energy (B.4.24)

Wkin⊥ ≡
1

2

∫
V

2p⊥ dV perpendicular kinetic energy (B.4.25)

Wkin ≡
3

2

∫
V

2p⊥ + p‖
3

dV = Wkin⊥ +Wkin‖ total kinetic energy (B.4.26)

WM ≡
∫
V

B2
ϕ −B2

ϕv

2µ0

dV plasma toroidal magnetic energy (B.4.27)

WL ≡
∫
V

B2
p

2µ0

dV poloidal magnetic energy (B.4.28)

Wrot ≡
∫
V

1

2
ρmu

2 dV = Wrotϕ +Wrot,p fluid rotation energy (B.4.29)

The plasma toroidal magnetic energyWM is defined with the opposite sign in [92,94,
104,105]. All quantities are independent of R′. Only the plasma volume Vpl (enclosed
by the toroidal volume V ) contributes to Wkin, WM and Wrot since p‖ = p⊥ = 0,
B2
ϕ − B2

ϕv = 0 and u = 0 outside the plasma. In consequence, only WL depends
on the choice of the volume V . Similarly to [94, 105] (and to [92, 104] for the case
of isotropic static plasmas), one defines a major radius RT averaged on the plasma
configuration:

RT ≡

∫
S

g2πR dS∫
S

g2π dS
=

∫
V
g dV

I2

(B.4.30)

where the weighting factor g is

g = ρmu
2
ϕ + p‖ +

B2
p

2µ0

− B2
p

(
p‖ − p⊥

)
B2

− B2
ϕ −B2

ϕv

2µ0

(B.4.31)

Moments

In terms of the plasma quantities, the equations (B.4.4), (B.4.8) and (B.4.13) write

I1 = S1 + S2 = 2Wrot +WL + 2Wkin⊥ + 2Wkin‖ +WM,

I2 =
S2

R′
=

1

RT

[
2Wrotϕ + 2Wkin‖ +WL −WM −

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV

]
,

I3 = 2WrotZ +Wkin⊥ +WL +WM +

∫
V

[
−B

2
Z

µ0

+
B2
Z

(
p‖ − p⊥

)
B2

]
dV.

(B.4.32)

(B.4.33)

(B.4.34)
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B.4.4 Moments in terms of normalized plasma quantities

Normalized plasma quantities

Similarly to [94, 105] (and to [92, 104] for the case of isotropic static plasmas), the
normalized dimensionless plasma quantities corresponding to Wkin, WM, WL and
Wrot are introduced as follows

βp‖ ≡ Nq

∫
V

p‖ dV = Nq2Wkin‖ normalized parallel pressure (B.4.35)

βp⊥ ≡ Nq

∫
V

p⊥ dV = NqWkin⊥ norm. perpendicular pressure (B.4.36)

βp ≡
2βp⊥ + βp‖

3
= Nq

∫
V

2p⊥ + p‖
3

dV = Nq
2

3
Wkin (B.4.37)

µ ≡ Nq

∫
V

B2
ϕ −B2

ϕv

2µ0

dV = NqWM plasma diamagnetism (B.4.38)

` ≡ Nq

∫
V

B2
p

2µ0

dV = NqWL plasma inductance (B.4.39)

w ≡ Nq

∫
V

1

2
ρmu

2 dV = NqWrot norm. rotation energy density (B.4.40)

where the normalization factor Nq for the plasma quantities is chosen to be

Nq ≡
2µ0

V B̄2
p

(B.4.41)

with the average poloidal field B̄p evaluated on the contour ∂S bounding the poloidal
surface S:

B̄p =

∮
∂S

Bp ds∮
∂S

ds
. (B.4.42)

Different choices of Nq are met in the literature, see table B.2. All normalized
quantities now depend on the choice of the volume V , but only the plasma volume
contribute to βp, βp⊥, βp‖, µ and w since P = 0, u = 0 and Bϕ−Bϕv = 0 outside the
plasma. Conversely, both the plasma volume Vpl and the remaining volume V \ Vpl
of V contribute to the inductance `. The inductance ` can thus be split into its
internal contribution `i and external contribution `e:

` ≡ `i + `e, (B.4.43)

`i ≡
2µ0

V B̄2
p

∫
Vpl

B2
p

2µ0

dV, (B.4.44)

`e ≡
2µ0

V B̄2
p

∫
V \Vpl

B2
p

2µ0

dV. (B.4.45)
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Normalized integrals

The surface integrals defined by (B.4.1) are normalized using a normalization factor
Ni = Nq:

i(Q) ≡ NiI(Q) = Ni
1

µ0

∮
∂V

[
B2

p

2
n̂ · Q− (n̂ · Bp)(Bp · Q)

]
dA. (B.4.46)

In particular, one defines the normalized integrals for the different choices of Q:

[im, sn] ≡ Ni [Im, Sn] for m = 1, 2, 3 and n = 1, 2. (B.4.47)

Integrals s1, s2 and i3 are exactly equivalent to equations (6), (7) and (8) in [94].
Different choices of Ni are met in the other references, see table B.2.

Moments

Equations (B.4.32), (B.4.33) and (B.4.34) then read

i1 = s1 + s2 = 2w + `+ 2βp⊥ + βp‖ + µ,

i2 =
s2

R′
=

1

RT

[
2wϕ + βp‖ + `− µ− 2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV

]
,

i3 = 2wZ + βp⊥ + `+ µ− 2µ0

V B̄2
p

∫
V

B2
Z

µ0

dV +
2µ0

V B̄2
p

∫
V

B2
Z

(
p‖ − p⊥

)
B2

dV.

(B.4.48)

(B.4.49)

(B.4.50)

Equation (B.4.50) can be somewhat simplified by introducing the normalized vertical
field α like equation (11) in [94]:

α ≡
2

∫
V

B2
Z dV∫

V

B2
p dV

=

2µ0

V B̄2
p

∫
V

B2
Z

µ0

dV

`
(B.4.51)

such that

i3 = 2wZ + βp⊥ + ` (1− α) + µ+
2µ0

V B̄2
p

∫
V

B2
Z

(
p‖ − p⊥

)
B2

dV. (B.4.52)

Equations (B.4.48), (B.4.49) and (B.4.52) are exactly equal to equations (2), (3)
and (4) in [94] where the poloidal rotation and the anisotropy term

∫
V

B2
p(p‖−p⊥)
B2 dV

have been neglected.

These relations can now be combined to obtained expressions for specific physical
quantities of interest like Wkin or WL (i.e. βp or `).
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B.5 Pressure balance equation

As previously noticed, the poloidal magnetic energy WL is the only plasma quantity
appearing in the integral relations (B.4.32)-(B.4.34) which depends on the choice for
the toroidal volume V . It is thus convenient to combine the integral relations such
as to get a pressure balance equation independent of WL.

B.5.1 General case

In terms of plasma quantities

An expression for Wkin⊥ is retrieved by inserting WL from (B.4.33) into (B.4.32):

WL =
RT

R′
S2 − 2Wrotϕ − 2Wkin‖ +WM +

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV (B.5.1)

and thus

Wkin⊥ =
1

2

[
S1 +

(
1− RT

R′

)
S2

]
−Wrot +Wrotϕ −WM −

1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV.

(B.5.2)
It is convenient to introduce the relative difference δR between the arbitrary major
radius R′ of the polar coordinate system and the mean radius RT :

δR ≡
R′ −RT

R′
. (B.5.3)

The pressure balance equation becomes

Wkin⊥ =
1

2
[S1 + δRS2]−Wrot +Wrotϕ −WM −

1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV (B.5.4)

or in terms of I1 and I2

Wkin⊥ =
1

2
[I1 −RT I2]−Wrot +Wrotϕ −WM −

1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV. (B.5.5)

In terms of normalized plasma quantities

Similarly, a normalized version of the pressure balance equation is retrieved by
inserting ` from (B.4.49) into (B.4.48):

` =
RT

R′
s2 − 2wϕ − βp‖ + µ+

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV (B.5.6)

⇒ βp⊥ =
1

2

[
s1 +

(
1− RT

R′

)
s2

]
−w+wϕ−µ−

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV. (B.5.7)
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Using the definition of the radial shift δR introduced previously, the pressure balance
equation becomes

βp⊥ =
1

2
[s1 + δRs2]− w + wϕ − µ−

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV (B.5.8)

or in terms of i1 and i2

βp⊥ =
1

2
[i1 −RT i2]− w + wϕ − µ−

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV. (B.5.9)

B.5.2 Small diamagnetism approximation

In standard tokamak conditions, the plasma contribution to the toroidal field (i.e.
the so-called diamagnetic effect) is small:

|Bϕ −Bϕv| � Bϕv. (B.5.10)

The plasma toroidal magnetic energy WM can thus be directly expressed in terms
of the plasma toroidal flux Φpl defined in (B.1.1):

WM ≡
∫
V

B2
ϕ −B2

ϕv

2µ0

dV ≈
∫
S

2Bϕv (Bϕ −Bϕv)

2µ0

2πR dS =
2π

µ0

RBϕvΦpl. (B.5.11)

where the fact that RBϕv = const was used. It is then direct to link the normalized
diamagnetism parameter µ to the plasma toroidal flux Φpl:

µ ≡ 2µ0

V B̄2
p
WM '

2µ0

V B̄2
p

2π

µ0

RBϕvΦpl =
4π

V B̄2
p
RBϕvΦpl. (B.5.12)

In terms of plasma quantities

Inserting the approximate expression for WM in the pressure balance equation
(B.5.4), one gets

Wkin⊥ =
1

2
[S1 + δRS2]−Wrot +Wrotϕ −

2π

µ0

RBϕvΦpl −
1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV

(B.5.13)
or in terms of I1 and I2

Wkin⊥ =
1

2
[I1 −RT I2]−Wrot +Wrotϕ −

2π

µ0

RBϕvΦpl −
1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV.

(B.5.14)
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In terms of normalized plasma quantities

Inserting the approximate expression for µ in the pressure balance equation (B.5.8),
one gets

βp⊥ =
1

2
[s1 + δRs2]− w + wϕ −

4π

V B̄2
p
RBϕvΦpl −

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV

(B.5.15)
or in terms of i1 and i2

βp⊥ =
1

2
[i1 −RT i2]− w + wϕ −

4π

V B̄2
p
RBϕvΦpl −

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV.

(B.5.16)

B.5.3 Small diamagnetism and cylindrical limit

In the cylindrical limit, one has δR = 0 and s1 = 2 [94]. If one neglects the rotation
energy w and the small last term in equation (B.5.15), the relation writes:

βp⊥ = 1− 4π

V B̄2
p
RBϕvΦpl. (B.5.17)

In the cylindrical limit, the contour-averaged poloidal field is evaluated directly from
Ampère’s law:

B̄p =
µ0Iϕ
2πa

(B.5.18)

where a is the plasma minor radius. Moreover, one has 2πR0 = L and V = Lπa2

where L is the plasma column length. The simplified pressure balance equation in
the cylindrical limit and for small plasma diamagnetism thus writes

βp⊥ = 1− 8πBϕv

µ2
0I

2
ϕ

Φpl (B.5.19)

which can also be seen as a relation for the plasma diamagnetic flux Φpl as a function
of the plasma physical parameters Iϕ, Bϕv and βp⊥.

B.6 Equations for the inductance

B.6.1 In terms of plasma quantities

WL + 2Wkin‖ as a function of WM

An expression for WL + 2Wkin‖ is directly obtained from equation (B.4.33):

WL + 2Wkin‖ =
RT

R′
S2 − 2Wrotϕ +WM +

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV (B.6.1)
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or in terms of I1 and I2

WL + 2Wkin‖ = RT I2 − 2Wrotϕ +WM +

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV. (B.6.2)

WL + 2Wkin‖ as a function of Wkin⊥

Extracting WM from (B.4.32)

WM = S1 + S2 − 2Wrot −WL − 2Wkin⊥ − 2Wkin‖ (B.6.3)

and inserting in (B.4.33) gives

WL + 2Wkin‖ =
1

2

[
S1 +

(
1 +

RT

R′

)
S2

]
−Wrot −Wrotϕ

−Wkin⊥ +
1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV.

(B.6.4)

Using the definition of δR, we get

WL + 2Wkin‖ =
1

2
[S1 + (2− δR)S2]−Wrot −Wrotϕ

−Wkin⊥ +
1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV

(B.6.5)

or in terms of I1 and I2:

WL + 2Wkin‖ =
1

2
[I1 +RT I2]−Wrot −Wrotϕ

−Wkin⊥ +
1

2

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV.

(B.6.6)

WL as a function of Shafranov integrals only

To get rid of WM, Wkin‖ and Wkin⊥, one substracts twice the equation (B.4.34) and
RT times the equation (B.4.33) from equation (B.4.32):

S1 + S2 − 2I3 −
RTS2

R′
=− 2WrotZ + 2WrotR − 2WL

+ 2

∫
V

B2
Z

µ0

dV +

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV

(B.6.7)

thus leading to an expression for WL

WL = WrotR −WrotZ −
S1

2
+ I3 −

S2

2

(
1− RT

R′

)
+

∫
V

B2
Z

µ0

dV +
1

2

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV.

(B.6.8)
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Using the definition of δR, one gets

WL = WrotR −WrotZ −
S1

2
+ I3 − δR

S2

2

+

∫
V

B2
Z

µ0

dV +
1

2

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV

(B.6.9)

or in terms of I1 and I2

WL = WrotR −WrotZ −
I1

2
+ I3 −RT

I2

2

+

∫
V

B2
Z

µ0

dV +
1

2

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV.

(B.6.10)

B.6.2 In terms of normalized plasma quantities

`+ βp‖ as a function of µ

An expression for `+ βp‖ is obtained directly from equation (B.4.49):

`+ βp‖ =
RT

R′
s2 − 2wϕ + µ+

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV (B.6.11)

or in terms of i1 and i2

`+ βp‖ = RT i2 − 2wϕ + µ+
2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV. (B.6.12)

`+ βp‖ as a function of βp⊥

Extracting µ from (B.4.48)

µ = s1 + s2 − 2w − `− 2βp⊥ − βp‖ (B.6.13)

and inserting in (B.4.49) gives

`+ βp‖ =
1

2

[
s1 +

(
1 +

RT

R′

)
s2

]
− w − wϕ − βp⊥ +

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV

(B.6.14)
which is identical to equation (12) in [94]. Using the definition of δR, one gets

`+ βp‖ =
1

2
[s1 + (2− δR) s2]− w − wϕ − βp⊥ +

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV

(B.6.15)
or in terms of i1 and i2

`+ βp‖ =
1

2
[i1 +RT i2]− w − wϕ − βp⊥ +

1

2

2µ0

V B̄2
p

∫
V

B2
p

(
p‖ − p⊥

)
B2

dV. (B.6.16)
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` as a function of Shafranov integrals only

To get rid of µ, βp‖ and βp⊥, one subtracts twice the equation (B.4.52) and RT times
the equation (B.4.49) from equation (B.4.48):

s1 +s2−2i3−
RT s2

R′
= −2wZ +2wR−2`(1−α)+

2µ0

V B̄2
p

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV

(B.6.17)
Thus, one gets an expression for `:

` =
1

1− α
[
wR − wZ −

s1

2
+ i3 −

s2

2

(
1− RT

R′

)
+

1

2

2µ0

V B̄2
p

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV

] (B.6.18)

which is identical to equation (18) in [94]. Using the definition of δR, one gets

` =
1

1− α

[
wR − wZ −

s1

2
+ i3 − δR

s2

2
+

1

2

2µ0

V B̄2
p

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV

]
(B.6.19)

or in terms of i1 and i2

` =
1

1− α

[
wR − wZ −

i1
2

+ i3 +RT
i2
2

+
1

2

2µ0

V B̄2
p

∫
V

(
B2

p − 2B2
Z

) (
p‖ − p⊥

)
B2

dV

]
.

(B.6.20)

B.7 Isotropic static plasma

In the case of a static isotropic plasma, one has

u = 0 ⇒ Wrot = 0 and w = 0; (B.7.1)

p⊥ = p‖ ≡ p ⇒ Wkin =
3

2
Wkin⊥ = 3Wkin‖ and βp⊥ = βp‖ = βp. (B.7.2)

B.7.1 Pressure balance equation

The general pressure balance equation (B.5.4) becomes

Wkin =
3

4
[S1 + δRS2]− 3

2
WM ≈

3

4
S∗ − 3π

µ0

RBϕvΦpl (B.7.3)

or in terms of I1 and I2

Wkin =
3

4
[I1 −RT I2]− 3

2
WM ≈

3

4
I∗ − 3π

µ0

RBϕvΦpl (B.7.4)
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where the small diamagnetism assumption is used for the last equality and the
following definitions are introduced:

Φpl ≡
∫
S

(Bϕ −Bϕv) dS , S∗ ≡ S1 + δRS2 and I∗ ≡ I1 −RT I2. (B.7.5)

In terms of normalized plasma quantities, the pressure balance equation (B.5.8)
becomes

βp =
1

2
[s1 + δRs2]− µ ≈ 1

2
s∗ − 2µ0

V B̄2
p

2π

µ0

RBϕvΦpl (B.7.6)

or in terms of i1 and i2

βp =
1

2
[i1 −RT i2]− µ ≈ 1

2
i∗ − 2µ0

V B̄2
p

2π

µ0

RBϕvΦpl (B.7.7)

where

Φpl ≡
∫
S

(Bϕ −Bϕv) dS , s∗ ≡ s1 + δRs2 and i∗ ≡ i1 −RT i2. (B.7.8)

B.7.2 Equations for the inductance

In case of a static isotropic plasma, the equation (B.6.1) forWL+2Wkin‖ as a function
of the WM becomes

WL +
2

3
Wkin =

RT

R′
S2 +WM ≈

RT

R′
S2 +

2π

µ0

RBϕvΦpl (B.7.9)

or in terms of I1 and I2

WL +
2

3
Wkin = RT I2 +WM ≈ RT I2 +

2π

µ0

RBϕvΦpl. (B.7.10)

In terms of normalized plasma quantities, the inductance equation (B.6.11) becomes

`+ βp =
RT

R′
s2 + µ ≈ RT

R′
s2 +

4π

V B̄2
p
RBϕvΦpl (B.7.11)

or in terms of i1 and i2

`+ βp = RT i2 + µ ≈ RT i2 +
4π

V B̄2
p
RBϕvΦpl. (B.7.12)
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Appendix C

Energy anisotropy relaxation

Electron cyclotron heating (ECH) increases the electron kinetic energy in the di-
rection perpendicular to the magnetic field, thus generating an anisotropy in the
electron distribution function. In order to analyze the response of the perpendicu-
lar energy to modulated ECH (MECH), one needs a model for its time evolution,
indicating how fast the anisotropy is relaxed by the restoring Coulomb collisions.

In this appendix, separate equations for the evolution of the perpendicular and
the parallel temperatures due to binary Coulomb collisions are derived for two
anisotropic distribution functions fα and fβ, yielding an expression for the net
anisotropy-dependent energy exchange rate.

C.1 Anisotropy separation

As mentioned above, one needs separate equations for the perpendicular and parallel
plasma kinetic energies in order to describe accurately the plasma response to ECH

dW⊥
dt

= −W⊥
τinc

+ ηPRF +
∂W⊥
∂t

∣∣∣∣
coll

(C.1.1)

dW‖
dt

= −W‖
τinc

+ POH +
∂W‖
∂t

∣∣∣∣
coll

. (C.1.2)

Here,W⊥ andW‖ represent the sum over all species of the perpendicular and parallel
kinetic energies, respectively:

W⊥ =
∑
α

Wα⊥ with Wα⊥ =
1

2

∫
2pα⊥dV (C.1.3)

W‖ =
∑
α

Wα‖ with Wα‖ =
1

2

∫
pα‖dV (C.1.4)
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and the pressures defined as

pα⊥ =

∫
mαw

2
α⊥fα(t,x,vα)d3vα (C.1.5)

pα‖ =

∫
maw

2
α‖fα(t,x,vα)d3vα (C.1.6)

where fα(t,x,vα) is the α particles time and space dependent velocity distribution
function, and wα ≡ vα−uα is the particle microscopic velocity independent from the
fluid drift uα. In equations (C.1.1) and (C.1.2), it is assumed that the Ohmic power
POH and the absorbed RF power PRF increase mainly the parallel and perpendicular
energies, respectively, with η the RF power absorption efficiency. The first term
on the right-hand side of both equations is an effective loss term accounting for
transport and radiation losses. The incremental confinement time τinc is assumed
to be identical in both directions. The last term treats of the perpendicular and
parallel kinetic energies evolution due to the restoring collisions. This term can be
expressed in a convenient form by separating out the energy anisotropy Aα from the
total energy Wα, for each species α [90]:

Wα ≡ Wα⊥ +Wα‖ (C.1.7)

Aα ≡
1

2
Wα⊥ −Wα‖ (C.1.8)

such that

Wα⊥ =
2

3
Wα +

2

3
Aα (C.1.9)

Wα‖ =
1

3
Wα −

2

3
Aα. (C.1.10)

The variation of the perpendicular and parallel kinetic energies of the species α due
to collisions on all field particles β 6= α and to self-interactions β = α write:

∂Wα⊥
∂t

∣∣∣∣
col

=
∑
β

∂Wα⊥
∂t

∣∣∣∣
αβ

=
2

3

∑
β

∂Wα

∂t

∣∣∣∣
αβ

+
2

3

∑
β

∂Aα
∂t

∣∣∣∣
αβ

(C.1.11)

∂Wα‖
∂t

∣∣∣∣
col

=
∑
β

∂Wα‖
∂t

∣∣∣∣
αβ

=
1

3

∑
β

∂Wα

∂t

∣∣∣∣
αβ

− 2

3

∑
β

∂Aα
∂t

∣∣∣∣
αβ

(C.1.12)

where the variation of the total kinetic energy of the species α is given by the volume
integration of the energy exchange rate density Qαβ:

∂Wα

∂t

∣∣∣∣
αβ

=

∫
QαβdV with Qαβ ≡

∫
Cαβ

mαw
2
α

2
d3vα. (C.1.13)

Here, Cαβ is the collision operator for the species α on the field particles of species
β:

Cαβ ≡
∂fα(vα)

∂t

∣∣∣∣
αβ

. (C.1.14)
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We will consider only the case of fully ionized plasmas and binary collisions between
charged particles. Choosing Cαβ to be the Fokker-Planck collision operator for two-
particle Coulomb collisions (neglecting collective effects), the total plasma kinetic
energy is conserved by collisions

∂W

∂t

∣∣∣∣
col

=
∑
α

∂Wα

∂t

∣∣∣∣
col

=
∑
α,β

∂Wα

∂t

∣∣∣∣
αβ

=

∫ ∑
α,β

QαβdV = 0. (C.1.15)

where we have used the total plasma energy conservation property of the Fokker-
Planck collision operator: ∑

α,β

Qαβ = 0. (C.1.16)

Summing equations (C.1.11) and (C.1.12) over all species α thus yields

∂W⊥
∂t

∣∣∣∣
col

=
2

3

∑
α,β

∂Aα
∂t

∣∣∣∣
αβ

(C.1.17)

∂W‖
∂t

∣∣∣∣
col

= −2

3

∑
α,β

∂Aα
∂t

∣∣∣∣
αβ

. (C.1.18)

As expected from the plasma energy conservation, the variation of the perpendicular
and parallel kinetic energies are equal but with opposite signs, i.e. any energy lost
from the perpendicular part in a collision is gained by the parallel part and vice
versa. The variation of the α species anisotropy due to collisions on the species β
writes

∂Aα
∂t

∣∣∣∣
αβ

=
∂
(

1
2
Wα⊥ −Wα‖

)
∂t

∣∣∣∣∣
αβ

=
1

2

∫
nα

∂
(
Tα⊥ − Tα‖

)
∂t

∣∣∣∣∣
αβ

dV (C.1.19)

where we used pα⊥,‖ = nαTα⊥,‖ and the particle number conservation property of
the Fokker-Planck collision operator:

∂nα
∂t

∣∣∣∣
αβ

= na

∫
Cαβd3vα = 0. (C.1.20)

C.2 Non-linear solution

The problem is now to find separate expressions for the evolution of the perpendic-
ular and parallel temperatures of the anisotropic species α due to collisions on the
species β. From the temperature and pressure definitions (C.1.5) and (C.1.6), one
writes

∂Tα⊥
∂t

∣∣∣∣
αβ

=
1

nα

∫
mαw

2
α⊥

∂fα(vα)

∂t

∣∣∣∣
αβ

d3vα (C.2.1)

∂Tα‖
∂t

∣∣∣∣
αβ

=
1

nα

∫
mαw

2
α‖
∂fα(vα)

∂t

∣∣∣∣
αβ

d3vα. (C.2.2)
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For small deflection binary Coulomb collisions, the Fokker-Planck collision operator
writes

Cαβ =
∂fα(vα)

∂t

∣∣∣∣
αβ

= − ∂

∂vα
· jαβ (C.2.3)

where jαβ is the velocity space collisional current in Landau’s form [108]

jαβ ≡
cαβ
mα

∫
v2I− vv

v3
·
(
fα
mβ

∂fβ
∂vβ
− fβ
mα

∂fα
∂vα

)
d3vβ (C.2.4)

with v ≡ vα − vβ the relative velocity and

cαβ ≡
q2
αq

2
β ln(Λαβ)

8πε2
0

. (C.2.5)

Here, mα and qα ≡ eZα are respectively the mass and the electric charge of a particle
α, with Zα the ionization level and ln(Λαβ) the Coulomb logarithm. Clearly, equation
(C.2.3) is nonlinear for the case of self-interactions (i.e. β = α). The set of equations
(C.2.3)-(C.2.5) is valid for time-varying, inhomogeneous but unmagnetized plasmas.
As reviewed in [109], the only effect of a strong magnetic field is to modify the
Coulomb logarithm by replacing the Debye length by the Larmor radius as the
maximum collision impact parameter. One wants to solve the general problem for
initially two anisotropic bi-Maxwellian elliptic distribution functions

fα(t,x,vα) = nα(t,x)

(
bα⊥√
π

)2( bα‖√
π

)
e−b

2
α⊥(vα⊥−uα⊥)2−b2

α‖(vα‖−uα‖)2

(C.2.6)

fβ(t,x,vβ) = nβ(t,x)

(
bβ⊥√
π

)2( bβ‖√
π

)
e−b

2
β⊥(vβ⊥−uβ⊥)2−b2

β‖(vβ‖−uβ‖)2

(C.2.7)

normalized to the particle number densities nα and nβ, respectively, with the inverse
thermal velocities defined as

bα⊥ ≡
√

mα

2Tα⊥(t,x)
and bα‖ ≡

√
mα

2Tα‖(t,x)
. (C.2.8)

Note that both densities and temperatures are time and space dependent functions.
Distribution functions (C.2.6) and (C.2.7) are assumed to remain bi-Maxwellian
throughout the relaxation process, with time-dependent densities and temperatures.
For the case of self-interactions (β = α), the time evolution of the anisotropy de-
scribed by the non-linear analytical solution of this bi-Maxwellian model (see equa-
tions (C.2.20) and (C.2.21)) is compared in [109] to the numerical solution of a
nonlinear Fokker-Planck code allowing distortions of the distribution function. This
results in a perfect agreement of the bi-Maxwellian model with the numerical solu-
tion in the case of perpendicular relaxation (i.e. Tα⊥ > Tα‖ initially), but not in the
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case of parallel relaxation (i.e. Tα‖ > Tα⊥ initially). Since the goal here is to describe
the plasma response to perpendicular RF heating, we are mainly concerned by the
perpendicular relaxation which is very well described by the bi-Maxwellian model.

Due to the separation of the perpendicular and parallel components, the integration
over vβ in (C.2.4) is not trivial and involves integrals of the form∫

e−b
2
β⊥(vβ⊥−uβ⊥)2−b2

β‖(vβ‖−uβ‖)2 (vα⊥ − vβ⊥)2

|vα − vβ|3
d3vβ. (C.2.9)

With the only restriction of zero perpendicular fluid velocity (i.e. uα⊥ = uβ⊥ = 0),
a closed non-linear solution to this problem is given in [110] in terms of generalized
double hypergeometric Kampé de Fériet functions. Further restricting the problem
to two populations α and β with no relative parallel fluid flow, i.e. uα‖ = uβ‖, the
solution takes a much simpler form:

∂Tα⊥
∂t

∣∣∣∣
αβ

=
3

4

ναβ
Aαβ

1

mα +mβ

1

ξ
{A− φ(ξ) [Bξ + A]} (C.2.10)

∂Tα‖
∂t

∣∣∣∣
αβ

=
3

2
ναβ

1

mα +mβ

1

ξ
{−C + φ(ξ) [Dξ + C]} (C.2.11)

with the coefficients

A = 2mαTα⊥ + 3mβTα⊥ +mαTβ⊥, (C.2.12)

B = 2mαTα⊥ +mβTα⊥ −mαTβ⊥, (C.2.13)

C = 2mαTα‖ + 3mβTα‖ +mαTβ‖, (C.2.14)

D = mβTα‖ +mαTβ‖, (C.2.15)

the ratio Aαβ defined as

Aαβ ≡
mβTα⊥ +mαTβ⊥
mβTα‖ +mαTβ‖

(C.2.16)

and a collision frequency ναβ defined as

ναβ =
q2
αq

2
βnβ ln(Λαβ)

√
2mαmβ(mα +mβ)

6π3/2ε2
0mα

[
mβTα‖ +mαTβ‖

]3/2 . (C.2.17)

The function φ(x) is

φ(x) ≡ arctan(
√
x)√

x
(C.2.18)

with the anisotropy parameter ξ

ξ ≡ Aαβ − 1 =
mβ(Tα⊥ − Tα‖) +mα(Tβ⊥ − Tβ‖)

mβTα‖ +mαTβ‖
. (C.2.19)
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This result was previously derived by Lehner in [111] for the case of isotropic field
particles β. For the special case of the relaxation of the particles α on themselves
(β = α), the solution reduces to

∂Tα⊥
∂t

∣∣∣∣
αα

= −3

4
νααTα‖

1

ξ
{[3 + ξ]φ(ξ)− 3} (C.2.20)

∂Tα‖
∂t

∣∣∣∣
αα

= −2
∂Tα⊥
∂t

∣∣∣∣
αα

(C.2.21)

with ξ = (Tα⊥−Tα‖)/Tα‖. This particular result was first derived by Kogan in [112]
and quoted by Trubnikov in [113].

C.3 Anisotropy-dependent relaxation time

Following the example of [109] for self-collisions, one can derive an anisotropy-
dependent frequency for the energy transfer from the perpendicular direction to the
parallel direction. Assuming isotropic field particles β, the anisotropy parameter
reduces to

ξ =
mβ(Tα⊥ − Tα‖)
mβTα‖ +mαTβ

. (C.3.1)

The rate of temperature anisotropy relaxation then writes

∂(Tα⊥ − Tα‖)
∂t

∣∣∣∣
αβ

≡ ∂Tα⊥
∂t

∣∣∣∣
αβ

− ∂Tα‖
∂t

∣∣∣∣
αβ

= −να/βa (ξ)(Tα⊥ − Tα‖) (C.3.2)

where the anisotropy-dependent relaxation frequency for the collisions of the α par-
ticles on the β particles is defined as

να/βa (ξ) ≡3

4
ναβ

1

ξ2

mβ

(mβTα‖ +mαTβ)(mα +mβ)[ −1

ξ + 1
{A− φ(ξ)[Bξ + A]}+ 2 {−C + φ(ξ)[Dξ + C]}

]
.

(C.3.3)

Similarly for the α particles self-interactions, one writes

∂(Tα⊥ − Tα‖)
∂t

∣∣∣∣
αα

≡ ∂Tα⊥
∂t

∣∣∣∣
αα

− ∂Tα‖
∂t

∣∣∣∣
αα

= −να/αa (ξ)(Tα⊥ − Tα‖) (C.3.4)

where

να/αa (ξ) ≡ 9

4
ναα

1

ξ2
{[3 + ξ]φ(ξ)− 3} . (C.3.5)

This formulation is of special interest for RF-heated plasmas where the temperature
anisotropy is maintained by the power absorbed in the direction perpendicular to
the magnetic field. The anisotropy relaxation frequencies are thus maintained at
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the same level and the energy transfer rate from the perpendicular direction to the
parallel direction is constant.

Inserting the expressions (C.3.2) and (C.3.4) in the relation (C.1.19), the effective
(total) energy transfer frequency of the species α due to collision on all species is
defined by

∂Aα
∂t

∣∣∣∣
col

=
∑
β

∂Aα
∂t

∣∣∣∣
αβ

= −ναaAα (C.3.6)

and writes

ναa = να/αa +
∑
β 6=α

να/βa . (C.3.7)

Here, the plasma was assumed to be homogeneous such that

∂Aα
∂t

∣∣∣∣
αβ

= −1

2

∫
nαν

α/β
a (Tα⊥ − Tα‖)dV = −να/βa Aα. (C.3.8)

For X2 EC-heated L-mode plasmas in TCV, typical densities and temperatures
values are ne = ne∗ = ni = 1 · 1019 m−3, Te = 2 keV, Ti = 1 keV and Te∗⊥ = 10 keV,
Te∗‖ = Te, and the energy transfer frequencies are:

νe∗/e
a ' 2300 Hz (C.3.9)

νe∗/i
a ' 1700 Hz (C.3.10)

νe∗/e∗

a ' 1200 Hz (C.3.11)

⇒ νe∗

a ' 5200 Hz and τ e∗

a ' 190 µs. (C.3.12)

where the anisotropy relaxation time is defined as

τ e∗

a ≡
1

νe∗
a

=
[
νe∗/e∗

a + νe∗/e
a + νe∗/i

a

]−1
. (C.3.13)

The isotropization rate of the heated electrons is thus much faster than the plasma
incremental confinement time. In all experiments using modulated RF power pre-
sented in this work, the modulation frequency applied to the RF power source does
not exceed f = 800 Hz and is thus much slower than the typical isotropization rate.

C.4 Energy evolution equations

Inserting the expressions (C.1.17), (C.1.18) and (C.3.6) in (C.1.1) and (C.1.2), and
using the definition Aα ≡ 1

2
Wα⊥−Wα‖, the plasma perpendicular and parallel energy
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evolution equations write

dW⊥
dt

= −W⊥
τinc

+ ηPRF −
2

3

∑
α

ναa

(
1

2
Wα⊥ −Wα‖

)
(C.4.1)

dW‖
dt

= −W‖
τinc

+ POH +
2

3

∑
α

ναa

(
1

2
Wα⊥ −Wα‖

)
. (C.4.2)

where ναa is a function of the energy anisotropy. Of course, only the species α
with anisotropic temperatures contribute with an anisotropy relaxation term to the
energy evolution.
In the case of EC heated plasmas, one can consider three populations: the bulk ions
with Ti⊥ = Ti‖ = Ti, the bulk electron with Te⊥ = Te‖ = Te and the anisotropic
heated electrons with Te∗⊥ > Te∗‖ ≈ Te. The total plasma anisotropy is due only to
the hot electrons, i.e.

1

2
W⊥ −W‖ =

1

2
We∗⊥ −We∗‖, (C.4.3)

and the energy evolution equations write

dW⊥
dt

= −W⊥
τinc

+ ηPRF −
2

3

1

τ e∗
a

(
1

2
W⊥ −W‖

)
(C.4.4)

dW‖
dt

= −W‖
τinc

+ POH +
2

3

1

τ e∗
a

(
1

2
W⊥ −W‖

)
. (C.4.5)

C.5 Small anisotropy limit

A linear expression for the energy isotropization rate is obtained assuming an
isotropic distribution function for the field particles β, i.e. Tβ⊥ = Tβ‖ ≡ Tβ and
a small anisotropy of the α species, i.e. Tα⊥ ≈ Tα‖ ≈ Tα, where Tα is the equilibrium
temperature

Tα ≡
2Tα⊥ + Tα‖

3
, (C.5.1)

such that
ξ =

mβ(Tα⊥ − Tα‖)
mβTα‖ +mαTβ

� 1. (C.5.2)

The function φ(ξ) can be developed for a small argument

φ(ξ) ≈ 1− ξ

3
+
ξ2

5
+O(ξ3). (C.5.3)

Inserting φ(ξ) in equations (C.2.10) and (C.2.11) and keeping only the first order in
ξ yields

∂Tα⊥
∂t

∣∣∣∣
αβ

= ναβ
mα

mα +mβ

(Tβ − Tα⊥)

+
1

5
ναβ

mβ

mα +mβ

(
(mα −mβ)Tα⊥ − 2mαTβ

mβTα⊥ +mαTβ

)
(Tα⊥ − Tα‖)

(C.5.4)
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∂Tα‖
∂t

∣∣∣∣
αβ

= ναβ
mα

mα +mβ

(Tβ − Tα‖)

+
1

5
ναβ

mβ

mα +mβ

(
(3mα + 2mβ)Tα‖ − 2mαTβ

mβTα‖ +mαTβ

)
(Tα⊥ − Tα‖).

(C.5.5)

In these expressions, the first term represents the energy exchange from the α par-
ticles to the β particles during the collisions. Obviously, it is negative and yields an
energy loss for the α particles if Tα⊥ ≈ Tα‖ > Tβ. The second term represents the
energy transfer between the perpendicular and the parallel parts due to the deflec-
tion of the α particles momentum during the collisions on the β particles. For the
case of the α self-interactions, inserting (C.5.3) in (C.2.20) and (C.2.21) leads to

∂Tα⊥
∂t

∣∣∣∣
αα

= −1

5
ναα(Tα⊥ − Tα‖) (C.5.6)

∂Tα‖
∂t

∣∣∣∣
αα

= −2
∂Tα⊥
∂t

∣∣∣∣
αα

. (C.5.7)

Finally, the net temperature isotropization rates of the α species by collisions on the
β particle and on themselves write

∂(Tα⊥ − Tα‖)
∂t

∣∣∣∣
αβ

= −1

5
ναβ

mβ

mα +mβ

(
(2mα + 3mβ)Tα + 3mαTβ

mβTα +mαTβ

)
(Tα⊥ − Tα‖)

(C.5.8)
∂(Tα⊥ − Tα‖)

∂t

∣∣∣∣
αα

= 3
∂Tα⊥
∂t

∣∣∣∣
αα

= −3

5
ναα(Tα⊥ − Tα‖) (C.5.9)

where we used the fact that Tα⊥ ≈ Tα‖ ≈ Tα. We note that collisions always reduce
the temperature anisotropy. One can define isotropization frequencies with

∂(Tα⊥ − Tα‖)
∂t

∣∣∣∣
αβ

= −να/βa (Tα⊥ − Tα‖) (C.5.10)

∂(Tα⊥ − Tα‖)
∂t

∣∣∣∣
αα

= −να/αa (Tα⊥ − Tα‖) (C.5.11)

such that

να/βa =
1

5
ναβ

mβ

mα +mβ

(
(2mα + 3mβ)Tα + 3mαTβ

mβTα +mαTβ

)
(C.5.12)

να/αa =
3

5
ναα. (C.5.13)

The small anisotropy assumption thus yields isotropization frequencies which are
constant throughout the relaxation process.
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