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Abstract
Neoclassical tearing modes (NTMs), magnetic islands located at rational q surfaces, are an

important class of resistive magnetohydrodynamics (MHD) instabilities in tokamak plasmas,

with q the safety factor. NTMs are one of the main constraints of the achievable plasma

pressure by increasing the local radial transport and NTMs can lead to plasma disruptions. It

is therefore crucial to understand the physics of NTMs and ensure their reliable control.

This thesis explores the physics and control of NTMs, by means of dedicated experiments in

the TCV tokamak and interpretative simulations with the modified Rutherford equation (MRE),

a model widely used in interpreting island width evolutions. Triggerless NTMs originating

from unstable tearing modes (TMs, stability index ∆′ > 0) and saturating under the effects of

the perturbed bootstrap current are the main focus of this thesis.

In TCV, triggerless NTMs are reproducibly observed in low-density discharges with strong near-

axis electron cyclotron current drive (ECCD), providing an excellent opportunity of studying

these modes. Instead of direct computations of ∆′, a model for ∆′ is developed based on

extensive experiments and interpretative simulations. This model facilitates the clarification

of the complete evolution of triggerless NTMs, from onset as TMs to saturation as NTMs. Our

∆′ model also explains an unexpected density dependence of the onset of NTMs, where NTMs

only occur with a certain range of density that broadens with increasing near-axis ECCD power

and with lower plasma current. The density range is found to result from the density and

plasma current dependence of the stability of ohmic plasmas and the density dependence of

ECCD efficiency.

Given its high localization and flexibility, off-axis ECH/ECCD will be used for NTM control

in future tokamaks. Comprehensive experimental and numerical studies of the dynamics of

NTMs are carried out in this thesis, concerning both the stabilization of existing NTMs and

the prevention of NTMs by means of preemptive off-axis ECCD. It is shown and predicted that

the prevention of NTMs is much more efficient than NTM stabilization in terms of EC power.

Interpretative simulations of the complex set of experiments constrain well the coefficients in

the MRE and quantify NTM evolutions. The prevention effects from off-axis ECCD are found

to result from local ECH/ECCD instead of a change of ∆′.
A key element of a reliable real-time (RT) control of NTMs is the alignment of EC beams with

the target mode location. A small sinusoidal sweeping of the deposition location of EC beams

around the target location proves to be effective for both NTM stabilization and prevention,

making it a promising technique. Integrated control of NTMs, plasma pressure and model-

estimated q profiles is demonstrated on TCV, including advanced plasma state reconstruction,
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monitoring, supervision and actuator management. A RT-capable MRE module, based on our

validated MRE, is developed for the first time and tested by extensive offline simulations for

TCV and AUG. It provides a more intelligent physics-based NTM controller, aware of the EC

power it requires to stabilize or prevent a given NTM. The information from the RT-MRE is

also valuable for RT actuator allocations and decision-making in view of the overall integrated

control, in particular for future long-pulse tokamaks like ITER and DEMO.

Keywords: neoclassical tearing modes (NTMs), modified Rutherford equation (MRE), trigger-

less NTMs, NTM stabilization, NTM prevention, integrated control, ITER, DEMO
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Résumé
Les “neoclassical tearing modes” (NTMs), des îlots magnétiques, sont une classe importante

d’instabilités magnétohydrodynamiques (MHD) résistives dans les plasmas de tokamak. Les

NTMs limitent la pression du plasma, augmentent le transport radial et peuvent conduire

à une disruption du plasma. Il est donc crucial de comprendre la physique des NTMs et

d’assurer leur contrôle fiable.

Cette thèse explore la physique et le contrôle des NTMs, au moyen d’expériences dédiées

dans le tokamak TCV et de simulations interprétatives avec la “modified Rutherford equation”

(MRE), permettant l’interprétation des évolutions temporelles de la largeur des îlôts. Les NTMs

sans déclencheur proviennent de “tearing modes” instables (TMs, modes de cisaillement,

∆′ > 0), et saturent sous les effets du courant de bootstrap perturbé. L’analyse physique et le

contrôle de ces types d’NTMs sont le principal objectif de cette thèse.

Sur TCV, des NTMs sans déclencheur ont été observés de manière reproductible dans les

décharges de faible densité avec un fort courant cyclotron électronique (ECCD) proche de

l’axe magnétique, permettant d’étudier ces modes. Au lieu de calculs directs de ∆′, cette thèse

développe un modèle basé sur des expériences approfondies et des simulations interprétatives.

Ce modèle a facilité la clarification de l’évolution complète des NTMs, de leur apparition

comme TMs à la saturation en tant qu’NTMs. Notre modèle peut également expliquer une

dépendance inattendue de l’apparition des NTMs sur la densité, instable dans une plage

de densité qui s’élargit avec l’augmentation de l’ECCD et la diminution du courant plasma.

Cette plage résulte de la dépendance de la stabilité des plasmas ohmiques sur la densité et le

courant plasma ainsi que de la dépendance inverse de l’efficacité ECCD sur la densité.

Compte tenu de sa localisation et de sa flexibilité élevées, l’ECH/ECCD hors axe sera utilisés

pour le contrôle NTM dans les futurs tokamaks. Des études expérimentales et numériques

complètes de la dynamique des NTMs sont menées dans cette thèse, concernant à la fois la

stabilisation des modes existants et la prévention des NTMs au moyen de l’ECCD hors axe.

Il est démontré et simulé que la prévention des NTMs est beaucoup plus efficace que leur

stabilisation en termes de puissance requise. Les simulations interprétatives de l’ensemble

d’expériences complexes bien contraignent les coefficients du modèle MRE et quantifient

l’évolution des NTMs. Les effets de prévention du ECCD résultent principalement des effets

locaux du chauffage et de l’entraînement de courant au lieu d’un changement de ∆′.
L’alignement des faisceaux EC avec le mode est un élément clé du contrôle en temps réel

(RT) fiable des NTMs. Un petit balayage sinusoïdal du dépôt radial des faisceaux EC autour

du mode est très efficace à la fois pour la stabilisation et la prévention des NTMs, ce qui en
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fait une technique prometteuse. Le contrôle intégré des NTMs, de la pression et du profil

de q est démontré expérimentalement sur TCV, y compris la reconstruction avancée de

l’état du plasma, la surveillance, la supervision et la gestion des actionneurs. Pour avoir un

contrôleur NTM plus intelligent, utilisant un modèle physique, un module MRE compatible en

RT, basé sur notre MRE validé, est développé pour la première fois et testé par de nombreuses

simulations pour TCV et AUG. Les informations du MRE sont également précieuses pour

les attributions des actionneurs RT et la prise de décision en vue de la commande intégrée

globale, en particulier pour les futurs tokamaks à longue impulsion comme ITER et DEMO.

Mots-clés : neoclassical tearing modes (NTMs), modified Rutherford equation (MRE), NTM

sans déclencheur, mode de cisaillement, stabilisation des NTMs, prévention des NTMs,

contrôle intégré, ITER, DEMO
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1 Introduction

1.1 Thermonuclear fusion and plasmas

Nuclear fusion reactions power the Sun and the stars, ensuring the flourishing of life on the

Earth. The dramatic advances in science and technology, especially in the 21st century, have

greatly improved the living standards of human beings, and inevitably, caused an ever faster

increase of energy demand. Apart from concerns about the shortage of fossil fuels such as

coal and oil that still constitute a dominant portion of the world’s energy sources, increased

emissions of greenhouse gases such as carbon dioxide (CO2) from the use of fossil fuels also

exacerbate global warming. In particular, a statistic review of world energy [Dudley 2019] has

disclosed that the primary energy consumption grew at a rate of 2.9% in 2018, almost double

its 10-year average (1.5% per year); the carbon emissions grew by 2% in 2018, being the fastest

growth for seven years. This once again highlights that breakthroughs, including those in

science and technology, are needed to steer the world on a sustainable path.

1.1.1 Nuclear fusion reactions

Nuclear fusion is a promising candidate of sustainable energy production in the future, given

its safety, abundant fuel reserves and minimal damage on the environment [Freidberg 2007].

Unlike nuclear fission, fusion does not involve chain reactions nor long-lived radioactive

wastes, and is thus safer.

Among the possible options of nuclear fusion reactions, the reaction of deuterium (D) and

tritium (T) nuclei listed in equation (1.1) has proven to be the easiest and been the central

focus of fusion research worldwide [Freidberg 2007]. This is because the D-T reaction has

the largest cross section among the possible fusion reactions, or in simple words, the highest

probability of colliding and generating fusion energy.

2
1D + 3

1T → 4
2He (3.5MeV) + 1

0n (14.1MeV). (1.1)
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Chapter 1. Introduction

Deuterium and tritium, fuels for the D-T reaction, are isotopes of hydrogen, among which

deuterium is abundant in the seawater and can almost be regarded as inexhaustible. Tritium,

on the other hand, has a relatively short radioactive half-life (12.3 years) and cannot be found

in nature. However, it can be bred self-sustainably through reactions between neutrons (from

fusion products) and widely-available lithium. In this sense, the fuels of the D-T reaction

are nearly endless. The products of the D-T reaction, a helium nucleus (α particle) and a

neutron, carry high kinetic energy resulting from the mass difference between the reactants

and products. A total energy of 17.6MeV is generated per reaction, meaning merely 1kg of the

fuel would fulfill the requirements of a 1GW electrical power station for a day [Wesson 2004].

The energy of the high speed neutron can eventually be used to drive turbines and generate

electricity, while that of the α particle can contribute to sustaining the high temperature

required by D-T reaction. To achieve this, it is necessary to satisfy the ignition condition of

D-T reactions [Wesson 2004]:

nTτE > 3×1021 m−3keVs, (1.2)

where n is the particle density, T here the temperature and τE the energy confinement time

defined as the ratio between the total energy of the particles and the power losses. The ignition

condition represents the requirement on nTτE (the so-called triple product) to reach burning

fusion regime, where the fusion power from α particles is sufficient to maintain the high

temperature required by D-T reactions (i.e. no external heating is needed any more).

The requirement on temperature stems from the mutual electromagnetic repulsion between

the positively charged deuterium and tritium nuclei: high energy is needed to overcome

the natural repulsion and increase the cross section (probability) of fusion. The necessary

temperature is above 10keV, corresponding to a stunning 116 million degrees centigrade. At

this high temperature, the fuels exist at the fourth state of the matter: plasma.

1.1.2 Plasmas and magnetic confinement fusion

A plasma is an ionized gas that is quasi-neutral and exhibiting collective effects [Chen 2007].

Different from gas, liquid or solid, where the matter consists of neutral atoms with the electrons

rotating around the central nuclei, plasmas are composed by electrons and ions that are

detached from each other (through ionization) and move relatively freely. Plasmas exist in

an extremely wide range of density and temperature, from 106 to 1034 m−3 and from 10−4 to

103 keV[Chen 2007], respectively. In fact, most of the matter in the observable universe is

estimated to be in the plasma state, and plasmas can be found in the daily life as well, e.g. neon

signs and the flash of a lightning bolt. Plasmas are also taking part in advanced scientific and

technological domains, for example in medicine and electric space propulsion [von Woedtke

et al. 2013; Rafalskyi and Aanesland 2016, and references therein].

In terms of thermonuclear fusion, where extremely hot plasmas are involved (with a tempera-

2



1.2. The tokamak device

ture of the order of 10keV as discussed), a suitable container is needed to accommodate the

fusion reactions. Thanks to the charged nature of plasma particles, electromagnetic fields

can be used to confine the hot plasma away from the wall of its physical container, a vacuum

vessel, through Lorentz forces. This leads to the concept of magnetic confinement fusion,

which has drawn much attention in the past decades. Different concepts have been proposed

and various machines with different configurations have been built [Freidberg 2007], among

which the tokamak, as will be introduced in the next section, has been the pioneering concept

towards a commercial fusion power plant.

1.2 The tokamak device

1.2.1 Configuration of magnetic field and coil systems

The tokamak concept [Artsimovich 1972] was first developed by Soviet researchers in the late

1960s, with the name from a Russian acronym, meaning “toroidal chamber with magnetic

coils”. As illustrated in figure 1.1, a tokamak is an axisymmetric toroidal device with a large

toroidal (i.e. along the torus) magnetic field generated by external toroidal field coils (light

blue) surrounding the vacuum vessel. The torus (doughnut) shape of the tokamak naturally

circumvents the end loss problem of most linear devices, but the toroidal magnetic field itself

is not sufficient to confine the plasmas. This is due to the existence of various types of particle

drifts in tokamak plasmas, for example the vertical drifts caused by the curvature and gradient

of the magnetic field, which meanwhile leads to charge separations (electric fields) and extra

radial drifts. A poloidal magnetic field component is thus required to overcome these drifts

and confine better the hot plasmas. In tokamaks, this poloidal magnetic field is self-generated

by a toroidal plasma current (Ampere’s law).

The toroidal plasma current can be driven by an inner transformer circuit (also called ohmic

transformer, ohmic coil or central solenoid, green in figure 1.1) through Faraday’s and Ohm’s

law. Given the limit of the current passing through the transformer coils, the operation of

tokamaks will be pulsed in this way and not completely compatible with the requirement of

future power plant. To achieve the steady-state operation of tokamaks, alternatives need to

be found to drive this plasma current non-inductively. This can be partly provided by the

self-generated bootstrap current [Peeters 2000; Sauter et al. 1999, 2002a] inside the plasma and

partly by auxiliary current drive systems that will be discussed in section 2.2.1. An additional

set of poloidal coils (outer poloidal field coils, grey in figure 1.1) are also needed to maintain

the position of the plasma inside the vacuum vessel and to shape the plasma into desired

configurations. The toroidal and poloidal magnetic fields altogether produce the helical

magnetic fields required to confine fusion plasmas.

3



Chapter 1. Introduction

Figure 1.1. Illustration of the magnetic field and coil configurations of tokamaks: light blue - external
toroidal field coils that generate toroidal magnetic fields along the torus; green - primary transformer
circuit that drives a toroidal current in the plasma and eventually generates poloidal magnetic fields
(green arrows); grey - additional poloidal field coils used for plasma positioning and shaping. Image
from www.euro-fusion.org.

Inside the vacuum vessel (not shown in figure 1.1), the magnetic topology consists of nested

flux surfaces (closed magnetic surfaces) and open ones, as illustrated in figure 1.2 (a poloidal

cross section of the tokamak). Magnetic fields lie on these surfaces and wind helically around

the plasma volume (figure 1.1). In a well-confined tokamak plasma, there is a radial distribu-

tion of the flux-surface-averaged plasma temperature and density across the flux surfaces,

typically being warmer/denser towards the magnetic axis (marked in figure 1.2). The outer

flux surfaces intersect the vacuum vessel, leading to localized heat loads on the vessel wall

due to the free streaming of hot plasmas along the magnetic field lines.

To better control the heat and particle flows to the wall, a diverted plasma configuration

has been proposed and applied in many present-day tokamaks. As shown in figure 1.2 (a),

in this configuration, the magnetic filed lines in the peripheral region of the plasma are

controlled (by external coils) such that the magnetic field lines outside the last closed flux

surface (LCFS) (or separatrix) are directed towards a target divertor region. The LCFS crosses

an X point, representing a null of the poloidal magnetic field. Compared to the limited

plasma configuration shown in figure 1.2 (b), where the LCFS is defined by the intersection

of magnetic field lines with physical objects (limiters), the diverted configuration is more

suitable for high performance plasma scenarios: it avoids the direct contacts between the

plasma-facing components and the main confined plasma, and facilitates the pump-out of

helium ash generated in D-T reactions and possible impurities in the plasma.
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Magnetic axis

Vacuum vessel

Closed flux
surfaces

Last closed 
flux surface

Open magnetic 
flux surfaces

Divertor region

Strike points

X point

Diverted Limited(a) (b)

Figure 1.2. Illustration of the magnetic configurations inside the tokamak vacuum vessel: (a) diverted
configuration and (b) limited configuration, with different components/regions marked in the plot.
The examples are taken from the poloidal cross section of the TCV tokamak that will be introduced in
chapter 2.

1.2.2 Auxiliary heating and current drive systems

Building a Sun on the Earth is not an easy task. As discussed along with the ignition condition,

the temperature has to be high enough (∼ 10keV) to have self-sustainable fusion reactions.

The ohmic heating from the plasma itself (through Coulomb collisions among the charged

particles) can contribute to part of this energy; unfortunately, it becomes practically useless

for temperatures above ∼ 3keV as the plasma resistivity decreases with increasing electron

temperature - so does the ohmic heating power. Therefore, auxiliary heating systems have

to be applied to heat the plasma beyond the a transition temperature (5 ∼ 7keV) when the α

power from D-T reactions is high enough to sustain the reactions [Freidberg 2007]. Auxiliary

current drive systems are also required to drive non-inductive currents that are essential for

the steady-state operation of tokamaks, as discussed before. Since most of the methods used

to heat a plasma can also drive current, the auxiliary heating and current drive systems will be

discussed together.

Neutral beam injection (NBI)

The main candidate for heating up plasmas in large tokamaks is neutral beam injection (NBI).

As indicated by its name, NBI injects high-energy beams of neutral deuterium or tritium atoms

into the plasma. Being initially neutral, these beams are not affected by the electromagnetic

fields and can penetrate deep into the plasma. Once ionized by collisions with the background

plasma, the resulting high-speed charged particles are confined by the magnetic fields and
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gradually transfer their energy to the background plasma through Coulomb collisions, i.e.

heating up the plasma. The energy of the injected beam determines its penetration depth,

therefore the requirement is higher for larger devices (to reach and heat the plasma core). In

fact, to achieve the fusion goal in future larger tokamaks, the beam energy needs to be higher

than 1MeV. At this high energy, the conventional positive ion source that is used to generate

the fast neutrals for NBI (through neutralization by electrons), is not effective any more. This is

because the neutralization efficiency for positive ions drops dramatically with increasing ion

energy and becomes negligible with energy above 100keV. An innovative negative ion source

concept has thus been proposed and is undergoing intensive research [Fantz et al. 2007; Toigo

et al. 2017, and references therein]. Apart from heating, NBI can also drive current and injects

momentum when injected tangentially to the torus. This momentum modifies the rotation of

plasmas and affects their stability, for example as discussed in appendix B.

Heating and current drive by radio frequency (RF) waves

Another option for auxiliary heating and current drive is to use RF waves, where high-frequency

electromagnetic waves from an external source are launched into the plasma. Strong absorp-

tion of wave energy happens when the applied wave frequency matches a resonant frequency

of the plasma. Depending on its frequency, the applied wave can interact more effectively with

the ions or electrons: ion cyclotron heating and current drive (ICH/ICCD) when the applied

wave frequency matches the cyclotron frequency of ions (30 ∼ 55MHz in tokamaks); electron

cyclotron heating and current drive (ECH/ECCD) when it matches the electron cyclotron

frequency (100 ∼ 170GHz).

In terms of ICH/ICCD, the main advantage is that it directly interacts with the ions (e.g.

deuterium and tritium nuclei), thus contributing more directly to fusion reactions; the main

difficulty is that the low frequency wave cannot propagate in vacuum or low-density plasmas,

so an antenna has to be placed very close to the plasma surface to ensure good coupling

between the IC wave and the plasma [Koch 2006], which causes concerns about antenna

arcing and plasma breakdown. For ECH/ECCD, the high frequency wave can propagate

through vacuum, so its antenna can be placed further away from the plasma, unlike the

other RF techniques; the beam is also well-focused, with higher power density than any

other methods [Prater 2004]. Moreover, steering mirrors can be used to flexibly deposit EC

beams at different locations inside the plasma; the interactions with electrons ensure that the

power and current driven by EC beams are very localized. The narrow, localized and flexible

feature of ECH/ECCD has enabled it to perform many unique tasks that are not addressable

by other approaches, including the control of plasma instabilities that will be discussed in this

thesis. It is worth mentioning that the application of ECH/ECCD was made possible by the

development of its high-power and high-frequency power sources (gyrotrons). Active research

is still ongoing in this respect to tackle more challenges in future long-pulse large devices

[Prater 2004; Genoud et al. 2019, and references therein].

Another method that is mainly used for driving current is the lower hybrid current drive
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(LHCD) system. It injects RF waves in the lower hybrid frequency range (about 5GHz) and is

suitable for driving a non-inductive current far off-axis [Liu et al. 2015]. LHCD has a higher

current drive efficiency than other approaches and is a promising candidate for maintaining

steady-state operation of tokamaks. Simiar to ICH/ICCD, LHCD also requires an antenna

placed close to the plasma, thus facing similar challenges.

1.2.3 MHD instabilities in tokamak plasmas

Apart from the desired magnetic coils and auxiliary heating and current drive systems, the

stability of plasmas also needs to be ensured to obtain controllable fusion reactions. This is

because small deviations of the plasma from a thermodynamic equilibrium state can provide

a source of free energy that leads to instabilities under certain conditions. The strongest

instabilities in tokamaks are those described by the magnetohydrodynamic (MHD) model of

plasmas [Wesson 2004], i.e. the so-called MHD instabilities (modes).

The basic destabilizing mechanisms for MHD modes arise from the current and/or pressure

gradients of plasmas. These macroscopic MHD modes can lead to large degradations of

plasma confinement and performance, and under certain circumstances, lead to disrup-

tions, where the plasma current drops to zero abruptly, causing large thermal and mechanical

stresses on machine components. To achieve controllable fusion reactions in future fusion

power plants, the underlying physics of the deleterious MHD modes needs to be well under-

stood and the reliable real-time control of these modes needs to be ensured. In particular,

the physics and control of neoclasscial tearing modes (NTMs), one of the most dangerous

modes encountered by high-performance tokamak plasmas, constitute the main subject of

this thesis.

1.3 Motivation of the thesis

NTMs are magnetic islands located at rational q = m/n surfaces, where m and n represent the

poloidal and toroidal mode number, respectively, and q is the safety factor that indicates the

degree the helicity of magnetic field lines. NTMs have been observed in many present-day

tokamaks and proven to be the main constraint of the achievable β (ratio between plasma

pressure and magnetic pressure) [Sauter et al. 1997; Maraschek 2012; Isayama et al. 2003; La

Haye 2006, and references therein]. 2/1 NTMs, with a more outward location than other NTMs,

are the most deleterious modes, causing more than 20% degradation of plasma confinement

and capable of leading to disruptions [La Haye 2006; Sauter et al. 2010]. NTMs are predicted

to occur in future high-performance tokamaks as well and the situation will be even more

challenging: the higher β in future devices on one hand decreases the threshold of NTM onset

and on the other hand increases its growth rate, i.e. plasmas will be more susceptible to NTMs

and modes will grow more rapidly once they appear; the lower plasma rotation (e.g. due to

larger inertia) in future large tokamaks, together with the faster mode growth, makes it easier

to lock the mode and cause plasma disruptions. Therefore, it is crucial to understand the
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physics of NTMs and ensure their reliable control.

As will be detailed in chapter 3, NTMs are metastable, i.e. they require the existence of a large

enough seed island to grow. This provides the possibility of avoiding the occurrence of NTMs

by controlling the occurrence/size of the seed island. Different mechanisms of seed island

formation have been identified, for example from sawtooth crash, fishbone instabilities and

edge-localized modes (ELMs) [La Haye and Sauter 1998; La Haye et al. 2000; Gude et al. 1999;

Maraschek et al. 2005]. In particular, there is a special type where the seed island is provided

by an unstable tearing mode (TM) that originates from unstable q profiles, i.e. with a positive

stability index ∆′. This type of NTMs are typically summarized as “triggeless”, “seedless” or

“spontaneous” NTMs [Reimerdes et al. 2002; Gerhardt et al. 2009; Ji et al. 2016; Fredrickson

2002]. Given their sensitivity to the current density and q profiles, triggerless NTMs have been

observed in various plasma scenarios on different tokamaks [Reimerdes et al. 2002; Brennan

et al. 2007; Gerhardt et al. 2009; Ji et al. 2016; Turco et al. 2018] and can occur in future devices

as well. Despite the many observations of triggerless NTMs, physics studies are far from being

adequate to quantify various contributions to the onset and growth of these modes. This is

mainly hindered by the difficulty of obtaining reliable and consistent estimations of ∆′ with

realistic plasma equilibrium under a large variety of plasma conditions.

In the TCV tokamak (details in chapter 2), a highly reproducible plasma scenario with trig-

gerless NTMs has been developed [Reimerdes et al. 2002; Felici 2011; Nowak et al. 2014; Kim

2015; Lazzaro et al. 2015], providing an excellent opportunity to study these modes. Instead

of direct computations of ∆′ (difficult to obtain reliably), a different approach, based on a

combination of extensive experiments and interpretative simulations, has been utilized in

this thesis (chapter 4) to study the underlying physics of triggerless NTMs systematically. This

clarifies the complete evolution of a triggerless NTM, from its onset as a TM to its saturation as

an NTM, explains several puzzling phenomena observed in TCV and leads to the development

of a model for ∆′.

In terms of the control of NTMs, the well-localized and flexible EC system has proven effective

in NTM stabilization and prevention on present-day tokamaks and will be used in future

devices as well [Zohm et al. 1999, 2007; Nagasaki et al. 2005; La Haye et al. 2005; Prater et al.

2007; Felici et al. 2012; Kolemen et al. 2014, and references therein]. These extensive theoretical,

numerical and experimental studies worldwide have established the basics for the further

study of NTMs, and especially, the modified Rutherford equation (MRE) [Rutherford 1973;

Sauter et al. 1997; La Haye 2006] has proven to be a powerful tool in interpreting the evolution of

NTM amplitude under varying plasma conditions. This background, together with the highly

flexible EC system in TCV, provides a solid platform for a comprehensive experimental study

of the dynamics of NTMs under varying EC conditions, e.g. different deposition locations,

heating versus current drive, prevention versus stabilization, etc. More importantly, these

experimental studies meanwhile provide valuable data sets to further validate the MRE and

especially, to determine the range of free coefficients involved in the MRE, which is the main

concern and a major step before applying the MRE in real-time predictions. These altogether
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have motivated a detailed experimental and numerical study on the dynamics of NTMs under

the effects of EC beams, as will be presented in chapter 5.

NTM control is not the only control task to be fulfilled: the normal operation of tokamaks

requires the reliable control of many physics parameters, ranging from the control of plasma

current, density and shape, to the control of MHD instabilities, q profiles and β. It is not rare

that the same actuators are required to perform several control tasks simultaneously, leading

to conflicting actuator requests. For example, the EC system can be required by both impurity

accumulation control and q profile control during real-time operations. This is especially true

for future long-pulse devices, where a large number of important control tasks need to be

fulfilled simultaneously with only a limited set of actuators [Snipes et al. 2014; Humphreys et al.

2015]. Moreover, off-normal events such as NTMs and vertical displacements events, or faults

such as power supply failures may occur [Eidietis et al. 2018; Blanken et al. 2019] and need to be

properly handled in real-time. Therefore, an advanced plasma control system (PCS) is needed

to be able to decide which plasma quantities to be controlled not only based on the pulse

schedule, but also on real-time plasma and actuator states; it should also be able to take correct

measures when unexpected events or faults happen. This has motivated the development of

a new generic PCS framework in TCV with advanced monitoring, supervision and actuator

allocation algorithms [Blanken et al. 2019; Vu et al. 2019], through a close teamwork. The

new PCS has been successfully tested in real-time NTM control and/or integrated control

experiments in TCV, as will be discussed in chapter 6.

Given the large number of real-time control tasks to be accomplished in future devices, it is

advantageous to have more intelligent controllers that are aware of the resources they need

to fulfill relevant control tasks, in real-time. In terms of the NTM controller, this means the

EC power it requires to stabilize or prevent a given NTM. To the best of our knowledge, the

requested EC power from present real-time NTM control algorithms is either pre-programmed

(e.g. the maximum power of a given EC gyrotron), or based on the real-time responses of NTMs

to EC beams (e.g. adding more power if the existing power is not sufficient to fully stabilize

an NTM [Reich et al. 2014; Kong et al. 2017]). Although working well in present experiments,

this inevitably causes delay in the control of NTMs, facing the risk of plasma disruptions,

especially in future devices. Moreover, a better estimation of the required power contributes

to a better allocation of the limited actuator resources in terms of integrated control. A faster

and more accurate real-time (RT) estimation of the required EC power for NTM control

is thus needed. The MRE, with well-defined coefficients determined by aforementioned

interpretative simulations, is able to provide such information. A RT-capable MRE module has

been developed for the first time, and tested by extensive offline simulations within the scope

of this thesis. As will be discussed in chapter 6, the generic feature of the new PCS makes it

convenient to included the new functionalities from the RT-MRE and experimental tests of

the RT-MRE are foreseen.
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1.4 Outline of the thesis

This chapter has introduced the basic concepts of fusion reactions, plasmas and magnetic

confinement fusion, presented the configuration and various systems of tokamak devices, and

discussed about the motivation of this thesis. The rest of the thesis is organized as follows:

• Chapter 2 will discuss about present and future tokamak devices worldwide, in particular,

the TCV tokamak and ASDEX Upgrade (AUG) tokamak that are relevant to the studies

in this thesis; ITER, a fusion test reactor under construction, and the tokamaks beyond

it (e.g. demonstration power plants, DEMO) will also be introduced in view of future

commercial fusion power plants

• Chapter 3 will introduce the fundamental physics of NTMs, discuss about their onset

mechanisms and control strategies along with a brief review of the state-of-the-art of

NTM studies, and present the MRE used in this thesis

• Chapter 4 will present the experimental and numerical studies of the triggerless onset

of NTMs in TCV, especially the most dangerous 2/1 NTMs. An unexpected density

dependence of mode onset observed in the experiments will be shown; the detailed

development of a ∆′ model, which proves to explain well the unexpected density depen-

dence will be presented; interpretative simulations with the MRE that reproduce well

the entire evolution of NTM island widths, along with the determination of several free

coefficients of the MRE will be demonstrated

• Chapter 5 will focus on the dynamic evolution of NTM width under different EC settings,

for example varying deposition location, power and different combinations of heating

and current drive. The comparison between NTM stabilization and prevention, and

the effects of the misalignment of EC beams with respect to the mode location on

NTM evolution will be quantified. The good recovery of measured NTM island widths

in a rather complex set of experiments by interpretative simulations, as well as the

estimations of the range of coefficients in the MRE, especially those relevant to the

heating and current drive effects from EC beams, will be presented

• Chapter 6 will discuss about recent progress on the RT control of NTMs and its integra-

tion with other control algorithms in TCV, along with presenting several examples of

RT control experiments. The aforementioned new PCS structure and a generic NTM

controller with standardized interfaces will be introduced. The detailed development

of the versatile RT-capable MRE module will be presented; its various functionalities

will be illustrated by examples of offline simulations based on both TCV and AUG dis-

charges; the implementation of the RT-MRE in the PCS and its future application in the

experiments will be discussed

• Chapter 7 summarizes the main results of the thesis and points out possible directions

of further research
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In addition to the main chapters, two appendices are included in the thesis. Appendix A

presents a detailed sensitivity study of ∆′, through direct computations of ∆′ (based on its

definition, equation (A.1)) of various q profiles constructed by exerting different perturba-

tions on an artificial parabolic q profile. This study highlights a dramatic change of ∆′ with

perturbations around the considered rational surface, and non-negligible global effects on ∆′.
Appendix B represents an interesting direction of future research: it presents a set of dedicated

NTM experiments with different amplitudes and directions of momentum injections from

NBI, exhibiting evident “acceleration”, “deceleration” or “lock” of NTMs.

Part of the thesis has been presented in academic conferences and/or published in peer-

reviewed journal papers. In particular, part of the results shown in chapter 4 and chapter 5

have been published in [Kong et al. 2020] and [Kong et al. 2019], respectively.
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2 Present and future tokamak devices

2.1 Introduction

Tokamaks, currently regarded as the most promising candidate towards future fusion power

plants, have been the main focus of fusion research for decades. Tokamaks of different sizes

and specialties have been built or are being built worldwide, for example the Experimental Ad-

vanced Superconducting Tokamak (EAST) in China, Japan Torus-60 Super Advanced (JT-60SA)

in Japan, Korea Superconducting Tokamak Advanced Research (KSTAR) in South Korea, DIII-D

in the US, Joint European Torus (JET) in the UK, Axially Symmetric Divertor EXperiment Up-

grade (ASDEX Upgrade) in Germany, Tokamak à Configuration Variable (TCV ) in Switzerland

and tungsten (with chemical symbol “W”) Environment in Steady-state Tokamak (WEST) in

France.

Facing the ever-challenging scientific and technological problems to be solved, fusion research

has been a joint international effort. One example of this is ITER (“the way” in Latin) [Shimada

et al. 2007], the largest tokamak under construction in the world at the time of writing. China,

the European Union, India, Japan, South Korea, Russia and the US, the seven ITER members,

are now engaged in a 35-year collaboration to build and operate ITER.

In this chapter, the TCV tokamak, where most of the research in this thesis has been carried

out, will be introduced in section 2.2. The ASDEX Upgrade (AUG) tokamak will be introduced

in section 2.3, given the close collaborations with the AUG team [Meyer 2019] and studies on

AUG within the scope of this thesis (e.g. chapter 6). In view of future fusion power plants, ITER

and the tokamaks beyond it will be discussed in section 2.4.

2.2 The TCV tokamak

TCV [Hofmann et al. 1994], its first plasma shone in November 1992, is a medium-sized

European tokamak located in Lausanne, Switzerland. As illustrated in figure 2.1, TCV is

featured by its rectangular and highly elongated vacuum vessel and 16 independently-powered
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poloidal magnetic field coils, rendering unique shaping capabilities. The vacuum vessel is

made of stainless steel and 90% of the inner wall is covered by graphite titles. The main heavy

impurity in TCV is thus carbon, with respect to the main ion component (deuterium, hydrogen

or helium). Some main parameters of TCV are summarized in table 2.1.

Toroidal magnetic
field coils

Poloidal magnetic
field coils

Ohmic coils

Vacuum vessel

Plasma EC launchers

(a) (b)

Access ports

Figure 2.1. Illustration of the configurations of TCV. (a) A 3-D cutout view of TCV, showing the vacuum
vessel, toroidal magnetic field coils, poloidal magnetic field coils and ohmic coils. The many access
ports on the vessel enable flexible installation of various diagnostic systems and auxiliary heating and
current drive systems (e.g. EC launchers). (b) The interior of TCV, covered by graphite titles; the human
access port for maintenance or upgrade is on the top left.

Table 2.1. Selected plasma and tokamak parameters of TCV

Major radius R 0.88m
Minor radius a 0.25m
Aspect ratio R/a 3.5
Plasma elongation κ 0.9 ∼ 2.8
Plasma triangularity δ −0.8 ∼ +0.9
Maximum plasma current Ip 1.2MA
Maximum toroidal magentic field 1.54T
Maximum discharge duration 2.6s in ohmic, 4s with ECCD
Core electron density ne 1019 ∼ 20×1019 m−3

Core electron temperature Te ≤ 1keV (ohmic); ≤ 15keV (ECH);
Core ion temperature Ti ≤ 2.5keV (NBI)
Height of vacuum vessel 1.54m
Width of vacuum vessel 0.56m

The direction of the toroidal magnetic field and plasma current in TCV (i.e. clockwise or

counter-clockwise) can be chosen at will in any discharge [Coda et al. 2019]. Thanks to its

highly flexibly auxiliary heating and current drive systems, advanced real-time (RT) control

systems and versatile diagnostic systems, a broad range of research is being carried out on

TCV, for example disruption avoidance, runaway electrons, scenario development, control

of MHD modes, negative triangularity plasmas, and so on [Coda et al. 2019]. The auxiliary

14



2.2. The TCV tokamak

heating and current drive systems, diagnostics and RT control systems that are relevant to this

thesis will be presented in the following sections.

2.2.1 Auxiliary heating and current drive systems

TCV is equipped with two different types of auxiliary heating and current drive systems at the

time of writing: the electron cyclotron heating and current drive (ECH/ECCD) system since

1999 [Goodman 2008] and the neutral beam injection (NBI) system since 2015 [Karpushov

et al. 2017; Vallar et al. 2019].

ECH/ECCD

The ECH/ECCD system consists of 6 second-harmonic X-mode (X2) gyrotrons (i.e. high-power

microwave sources) and 3 third-harmonic (X3) gyrotrons, with the wave frequency of 82.7GHz

and 118GHz, respectively. Each EC gyrotron has its own transmission line (wave guide) that

transmits the microwave power to TCV; a launcher with steering mirrors is used at the end of

the transmission line to deposit EC beams at the specified location of the plasma.

There are six X2 launchers in TCV, among which two launchers (labeled as L1 and L4) are

located at the equatorial level of TCV while the other four launchers (L2, L3, L5 and L6) are at

an upper level, as illustrated in figure 2.2. The injection direction of each EC ray is described

in a spherical “launcher” coordinate shown in figure 2.3: θL is the angle of the EC ray leaving

the last mirror (leftmost mirror in the figure, closest to the plasma) with respect to the axis of

the launcher, while φL is on a plane that is perpendicular to the launcher axis, with φL = 0 and

θL > 0 corresponding to a downward pointing EC ray. Each X2 launcher has 4 mirrors that can

be rotated (inφL) before a discharge to provide different toroidal coverage (−180◦ ≤φL ≤ 180◦);

the last mirror directs the beam in an angle that provides poloidal coverage (8◦ ≤ θL ≤ 50◦). θL

can be varied during a discharge to obtain varying EC deposition locations, making these X2

launchers suitable for controlling various MHD instabilities such as sawteeth and neoclasscial

tearing modes (NTMs).

The six X2 gyrotrons are grouped into two clusters of three gyrotrons each: cluster A (gyrotrons

#1−3, corresponding to launchers #1−3) and cluster B (gyrotrons #4−6). Gyrotrons in the same

cluster share a common power supply and have the same nominal output power: 0.75MW

each for cluster A and 0.5MW each for cluster B. Individual gyrotrons that are not required

by a given discharge can be deselected or fired into a dummy load. Most of the experiments

presented in this thesis were carried out with 0.75MW from cluster A (L1) and/or 1MW from

cluster B (L4 and L6, 0.5MW each). At the time of writing, TCV is in the process of upgrading

the gyrotrons: several gyrotrons that have reached the end of their technical life span have

been removed while four additional gyrotrons will be installed, including two 0.75MW units

for X2 waves and two 0.75MW dual-frequency units for either X2 or X3 [Alberti et al. 2017;

Coda et al. 2019]. It is expected that up to 3.3MW X2 and 3.1MW X3 will be available in TCV
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after the upgrade.

The 118GHz X3 gyrotrons [Alberti et al. 2005] are used to heat plasmas with electron densities

higher than the cutoff density of X2 waves (4.2×1019 m−3), accessing densities up to 11.5×
1019 m−3. X3 waves from different gyrotrons, transmitted through independent transmission

lines, are injected into the plasma with a unique X3 launcher on the top of TCV (figure 2.2).

It has a single mirror that injects X3 beams vertically into the plasma, increasing the path

length through the plasma and thus the total absorbed power. The poloidal angle of the mirror,

similar to X2 launchers, can be controlled in RT.

X3 system 
(118 GHz)

X2 system
(82.7 GHz)

Launchers #2, 
#3, #5, #6

Launchers 
#1, #4

Figure 2.2. A poloidal view of TCV, showing
the layout of X2 and X3 launchers.

'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

Figure 2.3. Illustration of the structure of the X2
launcher and the injection coordinate. The poloidal
angle (θL) of the last mirror (closet to the plasma, left-
most) is steerable in RT.

NBI

A 15 ∼ 25keV NBI with maximum 1MW power (at the highest energy) was installed in TCV at

2015 and has been under routine operations since early 2016. The NBI is placed in a tangential

direction with respect to the torus axis, allowing a double pass through the plasma cross

section [Karpushov et al. 2017; Vallar et al. 2019] and modifying plasma rotations. The NBI

has expanded the attainable plasma regimes in TCV: higher plasma pressure, a wider range

of Ti /Te and significant fast ion populations. Ti ≈ 2keV and a toroidal rotation velocity of

160km/s were promptly obtained in the first few L-mode discharges after its installation

[Karpushov et al. 2017].

In 2017, the local control system of NBI was upgraded to allow the RT control of NBI power

[Karpushov et al. 2017]. This has extended the RT capabilities of TCV, for example making NBI

as one of the RT actuators for the RT control of plasma β and/or its integration with other

control tasks [Karpushov et al. 2017; Vu et al. 2019]. Moreover, the large momentum injected
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by NBI can strongly affect the dynamics of NTMs, causing a clear acceleration or deceleration

of NTMs depending on the relative direction of NBI beams with respect to mode rotation, as

discussed in appendix B. A second NBI system with 50 ∼ 60keV ion source and a maximum

power of 1MW is currently being planned for 2020, to extend the plasma regimes in TCV even

further [Fasoli et al. 2020]. The new NBI will be directed in the opposite direction with respect

to the existing NBI, enlarging the reachable range of rotation profiles in TCV.

2.2.2 Main diagnostics

Magnetic measurements

The extreme flexibility of plasma shapes in TCV requires magnetic sensors with high precision

and good spatial coverage. The magnetic diagnostic system in TCV mainly consists of poloidal

flux loops, magnetic probes and saddle flux loops [Moret et al. 1998; Piras et al. 2010], which

gives information about the poloidal magnetic flux (and its derivatives), component of the

poloidal magnetic field tangential to the vacuum vessel and radial magnetic field, respectively.

These measurements are not only important for the RT control of plasmas, but also for the

offline reconstructions of the magnetic topology.

Locations of the main magnetic sensors in TCV are illustrated in figure 2.4. 61 flux loops (red

crosses) are placed either right outside the vacuum vessel (38 out of 61) or close to the coils.

The magnetic probes (blue bars) are placed inside the vessel, located on 16 evenly distributed

toroidal sectors, among which 4 sectors (separated by 90◦) have a full poloidal array of 38

probes each [Moret et al. 1998, 2015]. The magnetic probes have an acquisition frequency

up to 500kHz, and the signals from two opposite toroidal sections are used for equilibrium

reconstructions. Magnetic analyses of the acquired probe data can provide the mode number,

amplitude and frequency of NTMs [Schittenhelm and Zohm 1997; Reimerdes 2001] that are

useful for interpreting their dynamics, while RT singular value decomposition (SVD)-based

analyses [Galperti et al. 2014, 2017] are able to obtain RT mode information that is essential

for RT NTM control. The magnetic probes have thus been used as one of the main diagnostics

in this thesis.

There are 24 saddle flux loops in TCV, consisting of 3 toroidal arrays (at the top, middle and

bottom, respectively) of 8 saddle loops each. The vertical extension of each toroidal array is

indicated by the magenta circles in figure 2.4. Each saddle loop covers a toroidal angle of 45◦,

so each toroidal array (with 8 saddle loops) covers the entire circumference of the vacuum

vessel. Measuring the time-derivative of the radial magnetic flux, the saddle loops can be used

to estimate the non-axisymmetric error fields in TCV [Piras et al. 2010] or detect a locked mode

[Sheikh et al. 2018].
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Flux loops

Ohmic coils

Poloidal magnetic 
field coils
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Figure 2.4. A poloidal cross section of TCV showing the location of the flux loops (red crosses) and
magnetic probes (blue bars). The layout of the ohmic coils and poloidal field coils are also shown, in
accordance with figure 2.1. The plasma shown is in a so-called snowflake divertor configuration [Labit
et al. 2017], taken from TCV #48133 at t = 0.8s.

Thomson scattering (TS)

TS is an essential diagnostic system in TCV, which measures incoherent scattering from

electrons and gives information about the spatial profiles of ne and Te . The profiles are

measured by a vertical laser beam passing through the plasma at R = 0.9m. The scattered

light from the observation volumes in the plasma are collected and focused onto sets of fiber

bundles by wide-angle camera lenses installed on 3 horizontal ports of TCV, as illustrated in

figure 2.5.

With its first version installed on TCV in 1991, the TCV TS system has been upgraded along

the way. In particular, 40 compact 5-channel spectrometers with a new optical design were

newly installed in 2017 [Hawke et al. 2017]. This upgrade substantially improved the spatial

resolution of TS to approximately 1% of the minor radius of TCV, i.e. 2.5mm; it also enhanced

the spectral resolution at low Te , e.g. at the plasma edge. A comparison of the view chords of

the TS before and after this upgrade is depicted in figure 2.5 ((a) versus (b)).

More recently (in 2019), further upgrades of the TS system have been performed, among

which additional 20 spectrometers have been installed to allow diagnosing the plasma in the

relatively cold divertor region [Blanchard 2019], as shown in figure 2.5 (c). This is in line with
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the recent upgrade of TCV divertor itself: in-vessel structures (baffles, cyan blocks in figure 2.5

(c)) have been installed to form a divertor chamber of variable closure [Reimerdes et al. 2017;

Coda et al. 2019; Fasoli et al. 2020]. The new TS system allows measurements of Te as low as

1.4eV and ne as low as 2×1018 m−3. Moreover, the connection of the TS system to the digital

RT control system of TCV is ongoing, aiming at providing RT ne and Te profiles at a sampling

rate up to 60Hz [Arnichand et al. 2019]. This will complement the RT information obtained

from a far infrared interferometer and soft X-ray diagnostics that will be introduced below.
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Figure 2.5. Comparison of the viewing chords of the TCV TS system (a) before the upgrade in 2017; (b)
after the upgrade in 2017, with 40 compact 5-channel spectrometers installed; and (c) after the upgrade
in 2019, with another 20 spectrometers installed near the divertor region of TCV (cyan: baffles).

Far infrared (FIR) interferometer

TCV is equipped with a 14-channel Mach-Zehnder type interferometer to measure the line-

integrated density along 14 parallel vertical chords [Barry 1999]. The system consists of a

continuous-wave FIR laser (wavelength λ= 184.3µm) and a detector unit, with an acquisition

frequency up to 20kHz. FIR is fully automated and is a mandatory diagnostic essential for

every TCV discharge. The measurement along the central chord passing through the plasma

center is used for the RT control of plasma density, with gas valves as the actuators.
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Soft X-ray (SXR) measurements

Measurements of the radiation emitted from the plasma provide information about ne , Te ,

the degree of impurities in the plasma as well as fluctuations of these quantities. Radiation

emissions from a plasma mainly stem from Bremsstrahlung (from electron-ion Coulomb colli-

sions), recombination radiation (free electrons captured by ions) and line radiation (transition

of an electron from an excited bound state of energy to a bound state with lower energy).

Emissions from the thermal range of electrons in typical TCV plasmas, i.e. in the keV photon

energy range, fall into the SXR category. Several SXR diagnostics have been installed on TCV,

as briefly introduced below.

A soft x-ray tomography (XTOMO) system, with 200 viewing chords from 10 cameras have been

installed on TCV since its operation [Anton et al. 1996]. It mainly measures the Bremsstrahlung

with energy higher than 1keV and gives information about the line integrated radiation emis-

sion in the SXR energy spectrum. The XTOMO has an acquisition frequency up to 100kHz,

allowing detecting transient phenomena caused by MHD activities (e.g. sawteeth and NTMs).

This diagnostic has been connected to the digital RT control system of TCV, as will be discussed

in section 2.2.3.

As a complement to XTOMO, a duplex multiwire proportional x-ray (DMPX) detector has been

installed on TCV [Sushkov et al. 2008]. It comprises 64 vertically viewing channels and has an

acquisition frequency up to 200kHz, improving the spatial and temporal resolution of SXR

measurements in TCV. DMPX detects SXR emissions of 3 ∼ 30keV and has a radial resolution

of about 5mm. It is suitable to detect fast and localized phenomena such as MHD activities

and can also be used as an improved measurement of the deposition profiles of EC beams.

DMPX has been connected to the digital RT control system of TCV as well and applied to

determine sawtooth period, infer Te profiles, etc. [Felici 2011].

In addition, a multi-foil X-ray temperature diagnostic (XTe) based on the foil-absorption

techniques [Donaldson 1978] has been installed on TCV, aiming at measuring central Te (i.e.

near the plasma center) with rather high temporal resolution (10kHz). It is a single-chord

measurement with 4 different detectors (absorbers), the ratio between which gives information

about the central temperature. XTe has been included in the digital RT control system in TCV,

estimating the central Te in RT [Felici 2011].

Charge exchange recombination spectroscopy (CXRS)

The CXRS system in TCV provides local measurements of ion temperature, impurity (fully

ionized carbon in TCV) density and rotation velocity, based on the active charge exchange

(CX) reaction between the impurity ion (C 6+) and a high energy neutral hydrogen atom (H or

D in TCV) from a diagnostic neutral beam injection (DNBI) system. The CX reaction transfers

a bound electron from the neutral hydrogen atom to the target ion. The electron after the

CX reaction has a finite probability of occupying an excited state in the target ion and de-
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excites to the ground energy level through a cascade of radiative transitions before re-ionizing,

given that the radiative de-excitation timescale (a few ns) is much faster than the ionization

timescale (ms) for typical tokamak plasmas [Marini 2017]. The resulting line radiations range

from visible light to X-ray, where the former is of particular interest for CXRS. Analyses of the

spectral moments of a single emission line provide information about impurity density (from

the zeroth moment, spectrum integral), rotation velocity (the first moment, spectrum centroid

position) and impurity temperature (the second moment, spectrum width).

The CXRS diagnostic in TCV mainly consists of three optical observation systems: a low field

side (LFS, i.e. on the outer ring of the tokamak torus) toroidal view system, a high field side

(HFS) toroidal view system and a vertical view system. The unique DNBI used in TCV (with a

total delivered power less than 80kW), in contrast to the conventional practice of directly using

the powerful NBI system (≥ 1MW), dramatically decreases the perturbations to the plasma

[Marini 2017]. This allows measuring kinetic ion parameters including the intrinsic rotation

of the plasma, i.e. rotation that develops spontaneously without any external momentum

injection [Bortolon et al. 2006]. The CXRS has an acquisition frequency of 10 ∼ 500Hz. It

has been utilized to investigate the rotation profiles before NTM onset (chapter 4) and the

influence of NBI on NTM dynamics (appendix B) in this thesis.

2.2.3 Real-time control systems

Currently, there are two RT control systems on TCV: a historical hybrid control system [Lister

et al. 1997] built at the time of the first operations of TCV, and a new distributed digital control

system (SCD, acronym of the Système de Contrôle Distribué in French) installed more recently

[Paley et al. 2010; Le et al. 2014; Galperti et al. 2017].

The hybrid control system

The hybrid control system, as indicated by its name, is a combination of analogue and digital

processes: it uses a set of analog matrix multipliers, whose coefficients are digitally pro-

grammable and can be switched during a TCV discharge at pre-specified time points. The

hybrid control system has proven to be very reliable during almost 30 years of TCV operation

and has been used to control plasma current, density, shape and position of TCV plasmas,

using signals from the magnetic measurements and FIR interferometer as inputs. However,

the hybrid control system is not compatible with the increasing requirement on the RT control

system of tokamaks, given the limitations of its capabilities. For instance, more advanced

control schemes such as the RT control of NTMs and the RT tailoring of magnetic and ki-

netic profiles require high-speed nonlinear computations, whereas the hybrid control system

cannot perform any nonlinear operations; the inclusion of new control schemes meanwhile

suggests an expansion of RT diagnostics and actuators (e.g. EC systems, NBI and gas valves)

needed, which cannot be fulfilled by the hybrid control system given its limited number of

input and output channels. Therefore, the SCD has been built on TCV and is expected to
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entirely replace the hybrid control system in the future.

The SCD

Since its first development in 2008 [Paley et al. 2010], the SCD on TCV has been under con-

tinuous upgrades and is currently a fully functional RT control system capable of controlling

almost all the plasma actuators, with the only exception of the fast power supplies of the inter-

nal coils at the time of writing. As indicated by its name, SCD is a distributed RT acquisition

and processing system, consisting of seven modular computer nodes at present. The modular

computer nodes are built on top of standard Linux PCs that may include local ADC and/or

DAC cards, and they communicate with each other via a reflective memory (RFM) network, an

industry-standard high-speed digital communication system that automatically synchronizes

a shared memory [Galperti et al. 2017].

Different nodes can run with different cycle times, varying between 100µs and 100ms. More

than 200 diagnostic channels (e.g. more than 100 magnetic measurements, 64 DMPX channels,

14 FIR channels, etc.) have been connected to SCD and it remains flexible to add more

channels (e.g. RT TS in the near future). A large number of actuators of different types have

been connected to the SCD as well: the 16 ploidal magnetic field coils for plasma shape and

position control, the EC systems for controlling MHD instabilities (sawteeth, NTMs, etc.)

and current density profiles, the NBI system for β control and the gas valves for RT density

control, impurity seeding and disruption mitigation, etc. New actuators, when available, can

be conveniently added.

The computer nodes with ADCs and/or DACs are interfaced with TCV’s diagnostic and actuator

systems [Galperti et al. 2017]. At the time of writing, node 1 is interfaced with 64 DMPX, 4 XTe

and 14 FIR channels, as well as 14 EC signals and 1 gas value command. Node 2 acquires all

magnetic data and is responsible for plasma shape and position control; it also acquires data

from the central FIR channel for the RT control of plasma density. Node 3 is a computational

node that accommodates the RT version of the Grad–Shafranov equilibrium reconstruction

code LIUQE (i.e. RT-LIUQE) [Moret et al. 2015]. Node 4 is a backup node for node 2, while

node 5 is connected to the 200-channel XTOMO system in TCV. Node 6 is a powerful multi-

core computational node used to run complex control codes, e.g. a faster replica of RT-

LIUQE, and advanced plasma performances controllers based on a rapid plasma transport

simulator (RAPTOR) [Felici et al. 2011]. Node 7 is devoted to RT analyses of fast magnetic

perturbations [Galperti et al. 2017], providing RT information about the likelihood, amplitude

and frequency of NTMs that is important for the RT control of NTMs. The advanced RT NTM

and/or integrated control experiments presented in this thesis (chapter 6) have been carried

out with this new SCD.
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2.3 The ASDEX Upgrade tokamak

ASDEX Upgrade (AUG) is a medium-sized tokamak located in Garching, Germany. With its first

plasma in 1991, AUG was built based on the original ASDEX tokamak that was in operation

from 1980 to 1990. AUG has a D-shaped cross section and is featured by its full metal (mainly

tungsten) wall, which is a key asset for extrapolating to future fusion devices as tungsten is

currently regarded as the most viable material for the plasma facing component in a future

fusion reactor [Neu et al. 2007; Meyer 2019]. A selected list of the main parameters of AUG is

shown in table 2.2.

Table 2.2. Selected plasma and tokamak parameters of AUG

Major radius R 1.65m
Minor radius a 0.5m
Aspect ratio R/a 3.3
Plasma elongation κ ≤ 1.8
Plasma triangularity δ ≤ 0.5
Maximum plasma current Ip 1.4MA
Maximum toroidal magentic field 3.2T
Maximum discharge duration 10s
Plasma types deuterium, hydrogen, helium

AUG has 16 toroidal magnetic field coils around the torus to generate the required toroidal

magnetic field and 12 poloidal field coils that are controlled in RT for plasma shaping and

positioning, similar to TCV. In addition, AUG has 16 in-vessel 3-D perturbation coils that can

be used to control edge-localized modes (ELMs). The power supplies of these perturbation

coils have been recently upgraded [Teschke et al. 2017], giving more flexibility to the system.

In terms of auxiliary heating and current drive, AUG is equipped with three different types

of systems: NBI, ICH/ICCD and ECH/ECCD [Meyer 2019]. The NBI system on AUG consists

of two injectors, with four ion sources each, injecting a total power of 20MW [Den Harder

et al. 2017; Hopf et al. 2017]; the ICH/ICCD system comprises four wave generators, a complex

transmission and matching system and four antennas, delivering a power up to 7.2MW [Faugel

et al. 2005, 2014]; the ECH/ECCD system of AUG has been recently upgraded and currently

conveys a total power of 6MW at 140GHz or 4.8MW at 105GHz [Wagner et al. 2017; Meyer

2019].

AUG is a well-diagnosed tokamak equipped with a large variety of diagnostic systems, e.g.

magnetic measurements, Thomson scattering, soft X-ray measurements, charge exchange

recombination spectroscopy, etc. In particular, AUG is equipped with a motional stark effect

(MSE) diagnostic [Ford et al. 2015] that is able to measure the internal local poloidal magnetic

field, contributing to the determination of the current density profiles inside the plasma. In

view of the study on NTMs, a 60-channel electron cyclotron emission (ECE) diagnostic on

AUG [Rathgeber et al. 2013; Denk et al. 2018] has been routinely used as a complement to the

magnetic measurements, estimating the radial location and amplitude of NTMs [Reich et al.
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2012; Rapson et al. 2017b]. The ECE diagnostic measures local Te fluctuations caused by the

rotating NTMs, the amplitude and phase profile of which reveal the width and location of

NTMs [Meskat et al. 2001; Park and Welander 2006].

To perform the sophisticated experiments on AUG, a reliable discharge control system (DCS)

has been built. DCS is an entirely digital control system, consisting of RT diagnostic integration,

advanced feedback control schemes, actuator management, monitoring and pulse supervision

[Treutterer et al. 2014]. Based on a modular software framework architecture, DCS supports

distributed computing and allows multi-directional signal transfer and synchronization via a

shared memory. Signals from more than twenty diagnostic systems with hundreds of channels

have been connected to the DCS, for example the magnetic measurements and the ECE

diagnostic. Various actuators have been connected to the DCS as well: 10 independently

controllable magnetic coil circuits, 8 NBI boxes with different injection angles, 8 EC systems,

2 IC antennae, 5 gas valves, a pellet injector and a massive gas injection valve for disruption

mitigation [Treutterer et al. 2014]. With the DCS, RT NTM control and integrated control

experiments have been carried out on AUG [Rapson et al. 2014, 2017a,b].

2.4 ITER and beyond

2.4.1 ITER

ITER is a collaborative international effort towards the realization of controllable fusion energy

on the Earth. It is currently under construction in Saint Paul-lez-Durance, southern France

and is expected to obtain the first plasma at the end of 2025. ITER is an essential step on the

path towards commercial fusion-based electricity, serving as an advanced integrated test of

various material, technology and physics aspects. ITER is expected to produce 500MW fusion

power and reach Q = 10 for 300 ∼ 500s in the standard scenario [Shimada et al. 2007], where

Q is the ratio of fusion power to the total external heating power. The world record of fusion

power is currently held by JET: 16MW fusion power was achieved with a total input heating

power of 24MW (i.e. Q = 0.67) in 1997 [Keilhacker et al. 1999].

ITER will also be a testbed for tritium breeding, i.e. to demonstrate the feasibility of generating

tritium within a breeding blanket of the vacuum vessel. This is because the world supply of

tritium, one of the main fuels for D-T reactions, is not sufficient for operating future fusion

power plants [Kovari et al. 2018; Pearson et al. 2018].

ITER will be equipped with three different types of auxiliary heating and current drive systems

to provide the 50MW power required to bring the plasma to a temperature sufficient for

abundant D-T reactions: NBI, ICH/ICCD and ECH/ECCD. The self-heating from fusion-

generated α particles, as discussed in chapter 1, is then expected to sustain the plasma in the

burning regime. Two NBI injectors with 1MeV deuterium ion sources will be used, injecting a

power of 16.5MW each [Hemsworth et al. 2008]; the ICH/ICCD system, with a frequency of

40 ∼ 55MHz, is expected to deliver a total power of 40MW into the plasma [Wilson and Bonoli
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2015]; the ECH/ECCD system, with 24 gyrotrons and 12 high voltage power supplies, will

convey a total power of 20MW at 170GHz into the plasma [Omori et al. 2015; Takahashi et al.

2015, and references therein], and can be used to control MHD instabilities such as NTMs.

2.4.2 Beyond ITER

ITER, an experimental reactor by design, is not the final step before commercial fusion-based

power plants. With the knowledge and experience gained from building and operating ITER,

demonstration power plants (DEMO) will be built independently, producing large amounts

of fusion power in long-pulse or steady-state and working as the last step before commercial

fusion power plants [Ward 2010].

The road map to fusion power plants after ITER differs worldwide. In Europe, DEMO is

considered to be the nearest-term reactor design to follow ITER, whose objectives are expected

to be realized by the middle of the 21st century [Federici et al. 2018]. Extensive research is

being carried out concerning the design of various components of the EU-DEMO [Poli et al.

2012; Federici et al. 2018; Siccinio et al. 2019, and references therein]. In China, the Chinese

fusion engineering testing reactor (CFETR) is designed to bridge the gap between ITER and a

DEMO, and eventually a fusion power plant [Wan et al. 2017; Zhuang et al. 2019]. CFETR will be

operated in two phases: phase I focuses on steady-state operation and tritium self-sufficiency,

with a fusion power up to 200MW and Q up to 5; phase II emphasizes DEMO validation,

aiming at 1GW fusion power and Q > 10 [Wan et al. 2017].

Fusion energy, at the start of the exponential growth phase, may come late compared with

the current development of wind power, solar photovoltaics, etc., however, its unparalleled

advantages such as high energy density and low territory occupation make it a promising

energy source in the long run [Lopes Cardozo et al. 2016]. It will be thrilling to see a Sun on the

Earth.
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3 Neoclassical tearing modes (NTMs)

3.1 Introduction

Neoclassical tearing modes (NTMs), located at rational q = m/n surfaces, are one class of

resistive magnetohydrodynamics (MHD) instabilities in tokamak plasmas. NTMs have been

observed in various present-day tokamaks and typically lead to a lower achievable β (ratio

between plasma pressure and magnetic pressure) than the predictions by ideal MHD [Sauter

et al. 1997; La Haye 2006], which assumes perfectly conducting plasmas and predicts a maxi-

mum achievable β= 4li I /aBφ [Troyon et al. 1984; Strait 1994, and references therein], where

I is the plasma current in megamperes, a the minor radius of the plasma in meters, Bφ the

toroidal magnetic field in tesla and li the internal inductance. This is because at rational

q surfaces, ideal MHD breaks down and extra physics such as plasma resistivity needs to

be considered, allowing local magnetic reconnection and the generation of resistive tearing

modes. Compared to conventional tearing modes (TMs) that are linearly unstable, NTMs

are linearly stable and their evolution is dominated by the effects of a helically perturbed

bootstrap current (thus neoclassical), as illustrated in figure 3.1.

The equilibrium magnetic field B near the q = m/n rational surface is approximated by

B = Bs+B∗, where Bs is the magnetic field at the q = m/n surface and B∗ the helical component

of B in the direction of ζ = θ−nφ/m (perpendicular to Bs), with θ and φ the poloidal and

toroidal coordinate, respectively. The amplitude of B∗ has the form of

B∗ = Bθ

(
1− q

qs

)
≈−q ′

s

qs

(
ρ−ρs

)
Bθ, (3.1)

where ρ here represents the radial coordinate related to the square root of the toroidal flux,

i.e. ρ =√
Φ/Φb , with Φ the toroidal flux contained by a given flux surface and Φb the value

at the plasma boundary; ρs is the radial location of the q = m/n surface and Bθ the poloidal

magnetic field. qs is the q value at ρ = ρs , i.e. qs = m/n and “ ′ ” here refers to radial derivative

with respect to ρ. With a small radial perturbation δBρ

(
ρ
)

sinζ, the initially straight B∗ lines

(denoted by the straight arrows in figure 3.1) are deformed and magnetic islands are generated,
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with O-points and X-points as marked. Given the large parallel (with respect to the magnetic

field lines) thermal conductivity, the radial heat transport is locally enhanced, causing a

flattening of the temperature and thus pressure profiles in the island region. The bootstrap

current, which is proportional to the pressure gradients, thus locally decreases and generates a

negatively perturbed bootstrap current δ jbs that is in the opposite direction to the equilibrium

parallel current density j∥, as shown in figure 3.1. In conventional tokamaks with d q/dρ > 0,

this δ jbs tends to reinforce the perturbed magnetic field and increase the width of the magnetic

island (i.e. destabilizing for NTMs).

Figure 3.1. Adapted from [Sauter et al. 1997]. Illustration of the formation of magnetic island structure:
a small radial perturbation δBρ added to the helical (ζ) component of the equilibrium magnetic field
B∗ deforms the magnetic field lines and leads to the formation of magnetic island. The fast radial
transport in the island region causes a flattening of the temperature and pressure profiles across the
island, resulting in a local perturbation to the bootstrap current δ jbs , which in turn reinforces the
perturbed magnetic field and increases the size of the magnetic island.
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Figure 3.2. Illustration of the confinement degradation caused by NTMs: the existence of an NTM
causes an local flattening of the pressure profile and a degradation of the achievable β, based on the
belt model [Chang and Callen 1990].

The flattening of the pressure profile meanwhile degrades the stored energy, as illustrated in

figure 3.2. This decreases the achievable β as well as the energy confinement time, and is more
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detrimental when an NTM is located more towards the edge of the plasma. For example, the

belt model [Chang and Callen 1990] estimates

∆β

β
= ∆τE

τE
= 4

ρ3
s

a3

wsat

a
, (3.2)

where τE is the energy confinement time, ρs = ρs a the radial location of the mode in meters

and wsat the saturated island width. With a wsat/a = 10% that is easy to reach in tokamaks

and a location near ρs = 0.8 (e.g. for 2/1 NTMs), the confinement degradation goes up to 20%.

Moreover, rotating NTMs (in the laboratory frame) can interact with the resistive vessel wall

as well as error fields and get locked eventually. The locked modes can further increase in

size and lead to plasma disruptions, i.e. a violent loss of plasma confinement. Therefore, for

the long-pulse and high-β operations of future tokamak devices like ITER, the reliable and

efficient control of NTMs is crucial. This requires a better understanding of NTM physics as

well as the development of robust NTM control algorithms, where much theoretical, numerical

and experimental efforts from the community have been put.

This chapter aims to introduce more details about the physics and control of NTMs by review-

ing the studies on several key aspects of NTMs in the literature. This meanwhile prepares the

readers for further investigations of NTMs carried out within this thesis that will be detailed in

the following chapters. In section 3.2, the onset of NTMs, involving both threshold and seeding

physics will be discussed. Various methods used for NTM control in different tokamaks will be

presented in section 3.3. In section 3.4, the modified Rutherford equation (MRE) [Rutherford

1973; Sauter et al. 1997; La Haye 2006] that has been widely used for simulating island width

evolutions will be introduced; the detailed forms of the MRE that have been implemented and

extensively tested in simulations of various TCV discharges in the following chapters will also

be discussed. A summary of the chapter will be given in section 3.5.

3.2 Onset of NTMs

NTMs are metastable, i.e. they require a large enough seed island (wseed) to be able to grow

neoclassically [Sauter et al. 2002b]. This provides the possibility of preventing the occurrence

of detrimental NTMs and highlights the importance of understanding their onset mechanisms.

The metastable nature of NTMs is best illustrated by the dependence of the island width

growth rate ( d w
d t ) on the island width (w) itself, as shown in figure 3.3. One can see that

with relatively high β (thus high destabilizing effects from the perturbed bootstrap current

discussed previously), there are two zeros of the d w
d t (w) curve, denoted as wcrit and wsat,

respectively. wcrit refers to the critical island width beyond which an NTM can occur, since

a wseed ≤ wcrit leads to d w
d t ≤ 0 and NTMs cannot grow. With wseed > wcrit,

d w
d t > 0 and w

eventually grows up to wsat, where d w
d t = 0 and w saturates (i.e. cannot grow or shrink under

the given plasma condition). It is thus clear that there are two main aspects in the onset of

NTMs: the generation of the threshold wcrit (threshold physics) and the formation of the

seed island wseed (seeding physics) [La Haye 2006]. With smaller β, i.e. less destabilizing
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effects from the perturbed bootstrap current, d w
d t (w) curve moves downwards, increasing

wcrit as well as decreasing wsat; with β=βmarg, the maximum of the d w
d t (w) curve reaches 0

at wmarg, where βmarg and wmarg are typically referred to as marginal β and marginal island

width, respectively; with even smaller β, the entire d w
d t (w) curve stays below 0 and the plasma

is unconditionally stable to NTMs regardless of wseed. Much work has been carried out on

both the threshold and seeding physics of NTMs, as will be reviewed and discussed in the

following sections.

w

dw
/d

t

1

wcrit wsat

marg

wmarg

3

0

Figure 3.3. Illustration of several typical d w
d t (w) traces of NTMs at different β levels, showing the

existence of wcrit and wsat at relatively high β (e.g. β1), the marginal case when the maximum of d w
d t (w)

reaches 0 at wmarg under βmarg, and the case when the maximum of d w
d t (w) stays below 0 and plasmas

are unconditionally stable to NTMs at relatively low β (e.g. β3).

3.2.1 Small island effects on NTMs

The stabilizing effects at small w contribute to the generation of wcrit, i.e. the threshold for the

occurrence of NTMs. Two main models have been proposed to explain these stabilizing effects.

The first one takes into account the incomplete flattening of the pressure profile at small w ,

resulting from a finite perpendicular transport at small w that can compete with the parallel

transport [Fitzpatrick 1995]. This tends to decrease the amplitude of the perturbed bootstrap

current caused by the flattening, thus a less destabilizing effect on d w
d t at small w . The other

model highlights the generation of a polarization current in the presence of a rotating island

with frequency ω (in the frame of the plasma flow), due to different responses of electrons

and ions to the time-varying electric field generated by island rotation [Connor et al. 2001;

Waelbroeck et al. 2001; Imada et al. 2019]. Depending on the sign ofω, the polarization current

can be stabilizing or destabilizing for NTMs, e.g., Waelbroeck et al. found that the polarization

current is stabilizing for 0 <ω<ω∗
i [Waelbroeck et al. 2001], where ω∗

i is the ion diamagnetic

drift frequency.
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3.2.2 Seeding of NTMs

As discussed above, the growth of NTMs requires wseed > wcrit, where wseed has been experi-

mentally observed to be provided by different mechanisms. For example, sawtooth crashes of

long-period sawteeth have been found to be in good correlation with the occurrence of NTMs

[La Haye and Sauter 1998; Gude et al. 1999; Sauter et al. 2002c; Maraschek et al. 2005; Chapman

2011; Canal et al. 2013]; fishbone instabilities (and/or their harmonics) have been observed to

precede NTMs [Gude et al. 1999]; and edge localized modes (ELMs) can also excite NTMs [La

Haye et al. 2000]. Apart from the typical triggers mentioned above, there is another special

type where the seed island is provided by an unstable TM, i.e. the mode is linearly unstable

(with a positive classical stability index ∆′) and starts to grow from w = 0. Once the w of the

TM goes above the wcrit, the mode will grow neoclassically, i.e. from a current-driven TM to a

pressure-driven NTM [Reimerdes et al. 2002]. The NTMs thus generated are typically called

“triggeless”, “seedless” or ”spontaneous” NTMs [Reimerdes et al. 2002; Gerhardt et al. 2009; Ji

et al. 2016; Fredrickson 2002], to be distinguished from NTMs triggered by other mechanisms.

These triggeless NTMs have been observed in different tokamaks and plasma scenarios

[Reimerdes et al. 2002; Brennan et al. 2007; Gerhardt et al. 2009; Ji et al. 2016; Turco et al.

2018], depending on the details of the current density and q profiles. For instance, in DIII-D,

2/1 modes have been found to result from ∆′ > 0 instead of sawtooth crashes, ELMs or direct

rotation effects in high-β experiments with ITER baseline scenarios [Turco et al. 2018, 2015].

∆′ has also been shown to increase sharply near the ideal stability boundary, leading to the

onset of TMs and limiting the duration of operating at high β [Brennan et al. 2007; Turco et al.

2012]. In TCV, triggerless NTMs have been reproducibly observed in low-density discharges

with strong near-axis electron cyclotron current drive (ECCD) [Reimerdes et al. 2002; Nowak

et al. 2014; Lazzaro et al. 2015; Kim 2015]. Further studies about triggerless NTMs have been

carried out in TCV with dedicated experiments and interpretative simulations, concerning

both their onset and control [Kong et al. 2019, 2020], which will be the main topic of chapters

4 and 5, respectively.

3.3 Control of NTMs

Given their deleterious effects on confinement and the possibility of causing plasma dis-

ruptions, NTMs are required to be controlled reliably, especially for the long-pulse high-β

operation of future tokamaks. Much progress has been made in this respect, either through

the avoidance/prevention of the onset of NTMs, or by stabilizing already excited NTMs. This

section discusses about the different methods applied in the control of NTMs in various

machines as well as the future NTM control on ITER.
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3.3.1 Avoidance and prevention of NTMs

The metastable nature of NTMs indicates that it is possible to avoid the onset of NTMs. In

this respect, different strategies have been explored in present-day devices [La Haye 2006;

Maraschek 2012; Kim 2015]. One approach is to move the target resonant surface to a region

with smaller pressure gradient (thus smaller bootstrap current contribution), through tailoring

the q profile as well as the pressure profile. For example, lower hybrid current drive (LHCD)

and off-axis neutral beam injection (NBI) have been used in combination to tailor the profiles

such that both the q = 2/1 and 3/2 surfaces are radially located in a region where the pressure

gradient is reduced [Isayama 2005]. Note that the change of q profiles in this case also affects

the linear stability of the plasma (i.e. ∆′) and the threshold for NTM onset.

Another method used to avoid the onset of NTMs is to control the formation of seed islands

such that wseed remains below wcrit. For instance, different strategies have been developed

to control the frequency and amplitude of sawtooth crashes, one of the main perturbations

that can trigger NTMs in standard tokamak scenarios. In JET, ion cyclotron heating (ICH) and

current drive (ICCD) have been used to destabilize q = 1 sawteeth, resulting in more frequent

but smaller crashes [Sauter et al. 2002c; Graves et al. 2009; Lennholm et al. 2011]. This kept the

wseed small and no NTMs were triggered even under high normalized β (denoted as βN ). In

TCV, similar experiments have been performed with local electron cyclotron heating (ECH)

and ECCD [Angioni et al. 2003]. Especially two new approaches, sawtooth pacing [Goodman

et al. 2011] and sawtooth locking [Lauret et al. 2012], have been demonstrated experimentally

with ECCD on TCV, where the occurrence of each sawtooth crash and the sawtooth cycle can

be well controlled.

Apart from the avoidance of NTMs, a typical strategy used is the active prevention of NTMs

by means of preemptive radio frequency (RF) depositions (e.g. ECCD) around the target

mode location. Both 3/2 and 2/1 NTMs have been successfully prevented with preemptive

ECCD [Nagasaki et al. 2003, 2005; La Haye et al. 2005; Prater et al. 2007]. Compared with the

stabilization of existing NTMs, as will be discussed in the next section, preemptive ECCD

typically requires less EC power and is more efficient than NTM stabilization in this sense

[Nagasaki et al. 2005; Kolemen et al. 2014; Kong et al. 2019]. However, it is worth emphasizing

that prevention of NTMs may require a much longer temporal duration of the EC power and

thus a larger total input energy, which needs to be taken into consideration in the selection of

NTM control strategies [Sauter et al. 2010].

3.3.2 Stabilization of existing NTMs

Another approach of controlling NTMs, in the case of their appearance, is to partially or fully

suppress them. This can in general be obtained by decreasing the destabilizing effects (e.g.

lowering the perturbed bootstrap current), or by increasing the stabilizing effects. It decreases

the total d w
d t that governs the evolution of w , i.e. effectively moves the d w

d t (w) curve in figure

3.3 downward, leading to a smaller wsat (partial stabilization) or a negative d w
d t for all w (full
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stabilization).

Since the dominating destabilizing effect for NTMs is from the perturbed bootstrap current

that is proportional to β, the simplest NTM suppression strategy would be decreasing the

operational β. However, this contradicts the requirement of burning plasma devices and

may not be desirable. Instead, active methods can be taken to replace the missing bootstrap

current at the mode location, e.g., by driving current in the same direction as the plasma

current with RF waves. Given their highly localized depositions, EC waves have proven to

be a promising candidate for the effective control of NTMs and will be used in ITER [La

Haye 2006; Henderson et al. 2015]. In the case of tangential injection of EC beams, external

current is driven both directly through ECCD and indirectly through heating effect [Hegna and

Callen 1997]. As another main term counteracting the destabilizing effects from the perturbed

bootstrap current (at relatively large w in the case of triggerless NTMs), ∆′ is also expected to

play a role in the stabilization of NTMs. For example, in addition to the direct current drive

effect, EC waves modify the current density and q profiles, thus affecting∆′ and d w
d t [Westerhof

1990; Westerhof et al. 2016]. In COMPASS-D, LHCD has also proven to be effective in the

complete stabilization of 2/1 NTMs, through a reduction of ∆′ [Warrick et al. 2000].

For the stabilization of NTMs with narrow ECCD, it is necessary to keep precise alignment of

the peak ECCD density with respect to the target rational surface, since a misalignment as

small as
∣∣∣(ρmn −ρdep

)∣∣∣/max
(
w, wdep

)≈ 0.7 can negate any stabilizing effect [Prater et al. 2003;

De Lazzari and Westerhof 2009], where ρmn is the radial location of the q = m/n surface in

meters, ρdep the radial deposition location of EC beams and wdep the full e−1 deposition width.

Four possible schemes can be applied to align ECCD with respect to the target mode location:

varying the toroidal field which affects the deposition location of ECCD; varying the plasma

major radius; changing the frequency of RF waves; or adjusting the angle of the launching

mirror of EC beams. For instance, a slow toroidal field scan has been used in ASDEX Upgrade

to align the ECCD with respect to the q = 3/2 surface for stabilizing 3/2 NTMs [Gantenbein

et al. 2000]. In DIII-D, a real-time control of the plasma major radius has been utilized to align

ECCD, through a so-called “search and suppress” scheme [La Haye et al. 2002]. The application

of steerable launching mirrors to align ECCD with NTMs was firstly demonstrated in JT-60U

[Isayama et al. 2000, 2003], where 3/2 NTMs were completely stabilized. This method has

then been explored experimentally for controlling NTMs in various devices [Felici et al. 2012;

Kolemen et al. 2014; Rapson et al. 2017b] and will be used in ITER [Henderson et al. 2015].

Given the difficulty and uncertainties in the accurate determination of mode location, an

alternative and robust control technique has been proposed, which adds a (sinusoidal) sweep-

ing to the deposition location of EC waves. This relaxes the strict requirement on the precise

alignment of EC beams with the target location, which is almost infeasible to reach and

maintain accurately (within a half width of the occasionally small island) for various plasma

scenarios and time-varying plasma conditions, and ensures that the EC power can reach the

correct mode location for at least part of the time. First proposed and tested in TCV for both

NTM stabilization and prevention cases [Kim 2015], this technique has also been applied
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in NTM control on ASDEX Upgrade [Reich et al. 2014] and proves to be effective in the full

stabilization of NTMs. Further studies in this thesis will show experimentally and be explained

by simulations with the modified Rutherford equation (MRE) that sweeping around the target

mode location is an efficient NTM prevention method (chapter 5).

The necessity of modulating the ECCD power in phase with the O-point of rotating NTMs has

been emphasized, especially for relatively broad depositions with wdep > wmarg [Maraschek

et al. 2007]. Note that the scattering of EC beams due to plasma turbulence increases the

effective wdep [Nikkola et al. 2003; Poli et al. 2015; Chellaï et al. 2019, and references therein],

especially in large tokamaks. In ASDEX Upgrade, it has been shown that 3/2 NTMs cannot

be fully suppressed with unmodulated ECCD in the experiments where broader wdep was

involved [Zohm et al. 1999; Maraschek et al. 2007]. In JT-60U, a dedicated scan of the relative

phase of ECCD with respect to the O-point of NTMs showed favorable effects of modulated

deposition at the O-point, whereas detrimental effects of modulated deposition at the X-point

has also been shown [Isayama et al. 2009].

3.3.3 Control of NTMs on ITER

The understanding of NTM physics and control facilitates the design of NTM control schemes

for future burning plasma experiments like ITER, which are predicted to be metastable for both

3/2 and 2/1 NTMs [Sauter et al. 2002b; La Haye 2006]. Given the slower plasma rotation and

closer proximity to the resistive wall, it has been predicted that 2/1 NTMs, once triggered, can

lock with a width of only 5cm in ITER, leading to subsequent loss of H-mode and disruption

[La Haye et al. 2006]. This highlights the importance of reliable control of NTMs in ITER.

In this respect, the upper launcher of the ITER EC system has been planned to be the primary

actuator for NTM control in ITER [Hender et al. 2007], delivering up to 20MW of power at

170GHz. Assuming perfect alignment of peak ECCD on the target rational surface, evaluation

of the required EC power indicates that the proposed 20MW is adequate for 3/2 and 2/1 NTM

control in ITER [La Haye et al. 2006]. However, the narrower ECCD resulting from an updated

design using “front” steering [Henderson et al. 2015] makes the alignment of ECCD with the

island more critical. It is expected that ECCD effectiveness drops to zero for misalignment as

small as 1.7cm, requiring an alignment resolution error of less than 1cm and a realignment

rate of at least 1cm/s to avoid mode locking with a moderate continuous ECCD power [La

Haye et al. 2009].

The fast growth rate of NTMs and the possibility of mode locking at small island width highlight

the importance of early detection of NTMs in ITER, especially for the case of 2/1 NTMs [Van

Den Brand et al. 2012]. Assuming a noise level of 2 ∼ 4cm for mode detection and that the

requested stabilization power can be made available to the upper launcher within 3s (based

on the constraints of the switching mechanisms), the island would have reached 7 ∼ 8cm and

locked by the time the EC power is made available on the 2/1 surface [Poli et al. 2018b]. It is

thus critical to stabilize a mode within a few seconds from its onset, posing strict constraints
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on the NTM control algorithms in ITER.

The necessity of using modulated ECCD for NTM control in ITER has also been explored.

Though relatively narrower with the new design, the deposition width of ECCD for NTM

stabilization is still expected to be broader than the wmarg (i.e. smallest island width before

full stabilization) in ITER, especially when considering beam broadening by fluctuations

[Nikkola et al. 2003; Poli et al. 2015, and references therein]. This favors the usage of ECCD

power modulation in phase with the O-point of the island [Zohm et al. 2007]. However,

power modulation requires a reliable detection of the phase of the island O-point and can be

challenging at small island width. Instead, the use of continuous ECCD upon the detection of

an NTM and turned off after complete stabilization may be good enough [La Haye et al. 2009].

Clearly, much remains to be considered to determine the best algorithm(s) for NTM control in

ITER, which is still a subject of much interest.

3.4 The Modified Rutherford Equation (MRE)

Theoretical efforts have been made to explore the effects of various terms on the evolution

of NTMs, by using the MHD model [Yu et al. 2004; Février et al. 2016, 2017, and references

therein] or the MRE. In this thesis we focus on the MRE, which has been used widely in

interpreting the w evolution of NTMs and takes the form of [Sauter et al. 1997, 2002b; La Haye

2006; De Lazzari and Westerhof 2009, 2010]

τR

ρmn

d w

d t
= ρmn∆

′+ρmn∆
′
BS +ρmn∆

′
GG J +ρmn∆

′
C D +ρmn∆

′
H +ρmn∆

′
POL , (3.3)

where τR = µ0ρ
2
mn

1.22ηneo
is the effective resistive time, with ηneo the neoclassical resistivity at the

rational surface [Sauter et al. 1999, 2002a] and µ0 = 4π×10−7 H/m the vacuum permeability;

ρ =
√

Φ
Φb

· a, with Φ the toroidal flux contained by a given flux surface, Φb the value at the

plasma boundary and a the plasma minor radius based on plasma equilibrium (around 0.25m

for TCV); ρmn refers to the radial location of the q = m/n surface in meters; ∆′
BS represents

the destabilizing effects from the perturbed bootstrap current, as discussed in section 3.1;

∆′
GG J considers the effects of favorable curvature on NTMs, which is stabilizing, though the

amplitude is typically small in conventional tokamaks with relatively large aspect ratio; ∆′
C D

and∆′
H refer to the effects of external current drive and heating on NTMs, respectively, through

for example off-axis ECCD and ECH beams; ∆′
POL represents the effect of the polarization

current in the presence of a rotating island and can be stabilizing or destabilizing depending

on the relative rotation of the NTM with respect to the diamagnetic frequencies. Detailed

forms of each term in equation (3.3) are listed as follows.

ρmn∆
′
BS = a2ρmn∆̃

′
BS

w

w2 +w2
de

, (3.4)
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with

ρmn∆̃
′
BS = ρmnβp |Lbs |

Lq(−Lp
) ≈ ρmn

2µ0R0qmn

smnB0
jbs,mn , (3.5)

where the subscript “mn” in the equations represents the value evaluated at the q = m/n

rational surface; wde accounts for the finite ratio of perpendicular to parallel heat transport

(χ⊥/χ∥) at small w and is given as

wde =
[

5.1

(
1

εmn smnn

) 1
2

] 4
3 (
χ⊥,mn

χ∥,mn

) 1
3

ρmn , (3.6)

when introducing a convective form for the parallel transport [Fitzpatrick 1995; Sauter et al.

2002b], with ε= ρ/R0 the local inverse aspect ratio, R0 the major radius (0.88m for TCV) and s

the magnetic shear; βp ≡ 2µ0p/B 2
p can be replaced by βp ≈ 2µ0pmnR2

0 q2
mn/

(
ρ2

mnB 2
0

)
through

the approximate relation between Bp and B0 under the large aspect ratio assumption (or

exact relation if the definition Bp = 1
R0

dΨ
dρ is used), with p the plasma pressure, Bp the poloidal

magnetic field, B0 the toroidal magnetic field at the magnetic axis andΨ the poloidal magnetic

flux; L−1
q = 1

q
d q
dρ = s/ρ; L−1

p = 1
p

d p
dρ ; jbs refers to the perturbed bootstrap current density.

ρmn∆
′
GG J = a3ρmn

�∆′
GG J

1√
w2 +0.2w2

de

, (3.7)

with

ρmn
�∆′

GG J =−6ρmnDR ≈−12µ0R2
0

B 2
0

ε2
mn

s2
mn

pmn(−Lp
) (

q2
mn −1

)
, (3.8)

where DR = ε2βp

s
Lq

−Lp

(
1− 1

q2

)
.

ρmn∆
′
C D =−a4

16µ0R0qmn

πsmnB0

nl∑
j=1

Icd , j

w2
dep, j

Ncd , j

(
w

wdep, j

)
Gcd , j

(
w

wdep, j
,ρdep, j

)
Mcd , j

(
w

wdep, j
,D j

)
,

(3.9)

and

ρmn∆
′
H =−a5

16µ0R0qmn

πsmnB0

nl∑
j=1

ηH , j Pl , j

w2
dep, j

NH , j

(
w

wdep, j

)
GH , j

(
w

wdep, j
,ρdep, j

)
MH , j

(
w

wdep, j
,D j

)
,

(3.10)

where nl refers to the total number of EC launchers involved; Icd is the driven current from a

given EC launcher, Pl the absorbed power, ρdep the location of the peak of the deposited power

density and wdep the full e−1 width; ηH estimates the efficiency with which the EC power is

converted into a perturbative inductive current and is given by [De Lazzari and Westerhof
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2009]

ηH =
3w2

dep

8πRne,mnχ⊥

jsep

Tsep
, (3.11)

with ne,mn the local electron density, jsep the inductive part of the current density at the island

separatrix and Tsep the corresponding electron temperature in electron volts; Mcd ,H and D

terms in equations (3.9) and (3.10) represent the effect of EC power modulation and the power

on-time fraction, respectively, and both equal 1 for continuous wave injections used here;

Ncd ,H terms represent the dependence on w , with

Ncd = 0.25

(
1+ 2

3
w∗2

)−1

(3.12)

when assuming local continuous wave deposition [Sauter 2004], w∗ ≡ w/wdep and NH taken

from the equation (28) of [De Lazzari and Westerhof 2010], i.e.

NH = 0.077w∗2 +0.088w∗

w∗2 +0.8w∗+2.17
; (3.13)

Gcd ,H terms represent the effects of misalignment with respect to the q = m/n surface, with

GH based on the equation (29) of [De Lazzari and Westerhof 2009] and taken as

GH = exp

(
−

(
xnorm

g (w∗)

)2)
, g

(
w∗)= 0.00035w∗4−0.008w∗3+0.07w∗2+0.02w∗+0.5, (3.14)

and Gcd approximated by

Gcd = (1+Gcoeff)

[
1− tanh

(
0.75xnorm−0.3

0.2

)]
[
1− tanh

(−0.3
0.2

)+2x3
norm

] −Gcoeff exp
(−Gexpx2

norm

)
; (3.15)

Gcoeff = 0.6 and Gexp = 1 are used based on the figure 2 of [De Lazzari and Westerhof 2009] for

w∗ = w/wdep ≈ 1; the form of Gcd used in the simulations will be discussed in more details

along with the experimental and simulation results in chapter 5 (section 5.4); xnorm quantifies

the misalignment level of EC beams with respect to the rational surface and is defined by

xnorm =

∣∣∣ρdep −ρmn

∣∣∣
max

(
w, wdep

) . (3.16)

ρmn∆
′
POL = a6ρmn

�∆′
POL

w

w4 +w4
d,pol

, (3.17)
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with

ρmn
�∆′

POL =βp

(
Lq

−Lp

)2

w2
p g

(
ε,ν∗i i

)≈ 2µ0pmnR2
0 q2

mn

ρ2
mnB 2

0

(
Lq

−Lp

)2

w2
p g

(
ε,ν∗i i

)
, (3.18)

and

g
(
ε,ν∗i i

)=
ε3/2, if ν∗i i ≤ 0.3,

1, otherwise,
(3.19)

where wp is the poloidal ion Larmor radius; wd,pol refers to an empirical dependence of the

polarization term at small w and is typically estimated by wd,pol = wb [Reimerdes et al. 2002;

Sauter et al. 2002b; Poli et al. 2005], with wb =p
εwp the ion banana width; ν∗i i ≡ νi i /

(
εω∗

e

)
represents a normalized ion collisionality with respect to the electron diamagnetic frequency

ω∗
e .

a2 to a6 in the above equations are constant coefficients accounting for the assumptions in

the model and the uncertainties in the data to fit the experimental results. a2 is typically tuned

based on the observed saturated island width wsat since

wsat =
a2ρmn∆̃

′
BS +a3ρmn

�∆′
GG J

−ρmn∆
′ ≈ a2∆̃

′
BS

−∆′ (3.20)

at large w [Sauter et al. 2002b], and for example was taken as 2.6 when assuming ρmn∆
′ =−m

[Sauter et al. 1997]; ρmn∆
′
GG J is typically small compared to the other terms in the MRE for

conventional aspect ratio tokamaks considered here (e.g. TCV) and a3 has been fixed to 1 or

0.25 in the simulations involved in this thesis - the effects of using different a3 on the onset

and evolution of NTMs will be discussed in detail in chapter 4; a4 and a5 can be determined

through dedicated NTM stabilization experiments with co-ECCD (ECCD in the same direction

as the plasma current Ip ), counter-ECCD (ECCD in the opposite direction to Ip ) and ECH

beams as well as corresponding simulations, as will be detailed in chapter 5. Note that co-

ECCD, counter-ECCD and ECH all have a stabilizing heating effect (i.e. ρmn∆
′
H < 0) despite

different contributions from ρmn∆
′
C D .

For the polarization term ρmn∆
′
POL , the relative importance of its effect versus that from the

incomplete flattening of the pressure profile at small w has been investigated in detail in

[Sauter et al. 2002b], indicating a dominant effect of the polarization term only at very small w

(typically below 1cm) given its 1/w3 dependence (equation (3.17)). This is below the noise

level of the measured w in the tested TCV discharges involved in this thesis (1.5 ∼ 2.5cm), so

here we only retain the stabilizing effect from finite χ⊥/χ∥ at small w by including wde in the

bootstrap term (equation (3.4)) and neglect the effect of polarization current, i.e. a6 = 0 will be

used in the rest of the thesis. Note that there is no noticeable change of plasma rotation near

the threshold of mode onset in the test discharges, as will be discussed in chapter 4.

Theρmn∆
′ term in the MRE (equation (3.3)) can in principle be calculated from the equilibrium
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and effective q profiles, based on its definition

∆′ = lim
ε→0

∂ψ
∂ρ |ρmn+ε− ∂ψ

∂ρ |ρmn−ε
ψ

(
ρmn

) , (3.21)

where ε> 0, ρ ≡ ρ/a and ψ refers to the perturbed helical flux computed by [Wesson 2004]

d 2ψ

dρ2 + dψ

ρdρ
−

m2

ρ2 +
µ0

∂ j
∂ρ

Bp
(
1− n

m q
)
ψ= 0, (3.22)

assuming cylindrical geometry. However, it is very difficult to get consistent results of ρmn∆
′

with this method, given the sensitivity of ψ and thus ρmn∆
′ to the derivatives of the recon-

structed q and current density ( j ) profiles. A conventional approach applied in simulations

with the MRE is to use a constant ρmn∆
′ when only relatively large w is involved [Sauter et al.

1997, 2002b, 2010; La Haye 2006, and references therein], which is a valid assumption consider-

ing the modification of the j and q profiles by the island itself. ρmn∆
′ =−m is typically used as

the medium value inferred from PEST-III simulations [Sauter et al. 1997], which is between the

marginal classical stability ρmn∆
′ = 0 and the lower bound of large-m stability (ρmn∆

′ =−2m).

A different value of ρmn∆
′ would require a different coefficient a2 to fit the experimental wsat

since wsat ∝ a2∆̃
′
BS/∆′ (equation (3.20)). For triggerless NTMs originating from unstable q

profiles (i.e. ∆′ > 0 at w = 0), as the ones involved in this thesis, the stabilizing effect from

the modification of the j and q profiles by the island itself [Reimerdes et al. 2002; White et al.

1977] needs to be considered self-consistently to simulate the entire time evolution:

ρmn∆
′ = ρmn∆

′
0 −α

w

ρmn
, (3.23)

where ρmn∆
′
0 represents the stability at w = 0 as mentioned and is positive at the time of

triggering.

In equation (3.23), α represents the rate of the variation of ρmn∆
′ with respect to varying w

and its first approximation can be estimated by taking the lowest order terms from [White et al.

1977]:

α≈ m2a2

ρ2
mn

(
1− smnρmn

ma

)
, (3.24)

while ensuringα> 0 by taking the maximum between equation (3.24) and m for example. This

givesα= 10 ∼ 20 for various test discharges (with different density and EC power levels) shown

in this thesis. [Reimerdes et al. 2002] provides a method to indirectly “measure” α through

delicate power-off experiments and for example gives α=αref ·ρmn ≈ 33[m−1] ·0.12[m] ≈ 4 for

similar plasma scenarios as used here. Applying the same method in a few test discharges

where better measurements of w were obtained, α is estimated to be 5 ∼ 10 in our test

discharges. Given these uncertainties, the effect of α on the time evolution of w and the

possible range of α in the test discharges will be discussed in more detail along with dedicated
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simulations in chapter 4 (section 4.3.1).

Quasilinear effects as the island develops have been found to be important as well [Pletzer

and Perkins 1999], and we define an ad-hoc model both considering these quasilinear effects

and representing a constant ρmn∆
′ for large w as used in previous simulations [Sauter et al.

1997, 2002b, 2010; La Haye and Sauter 1998; Buttery et al. 2002; La Haye 2006]:

ρmn∆
′ = ρmn∆

′
0 −

(
ρmn∆

′
0 −ρmn∆

′
sat

)
w√

w2 + ((
ρmn∆

′
0 −ρmn∆

′
sat

)
ρmn/α

)2
, (3.25)

where ρmn∆
′
sat represents the stability index at large w . In this case, equation (3.25) gives

ρmn∆
′ = ρmn∆

′
sat = const (e.g. const =−m) for relatively large w and recovers equation (3.23)

at small w . The ρmn∆
′
0 in equation (3.25) remains to be specified to simulate self-consistently

the entire island width evolution, from the onset as a TM at w = 0 to the saturation as an NTM

up to wsat. In this thesis we have proposed a simple model for ρmn∆
′
0 (equation (4.2)) based

on experimental observations and interpretative simulations with the MRE, as will be detailed

in chapter 4.

3.5 Summary

This chapter introduced the fundamental physics of NTMs, discussed about their onset

mechanisms and control strategies, and presented one of the theoretical models widely used

in simulations of NTMs, i.e. the modified Rutherford equation (MRE). In section 3.1, the

formation of magnetic islands through magnetic reconnection and the neoclassical nature

of NTMs resulting from the destabilizing feedback of the perturbed bootstrap current have

been illustrated. The metastable feature of NTMs has been discussed in detail in section 3.2,

along with several characteristic d w
d t (w) traces of NTMs. Small island effects contribute to the

formation of a critical island width wcrit in the evolution of NTMs, making them metastable:

NTMs can only grow with a large enough seed island (wseed > wcrit). These stabilizing effects

at small w have been explained by finite perpendicular transport or by the existence of a

polarization current. In terms of seeding physics, various mechanisms have been identified in

the literature and seed islands have been observed to be provided by large sawtooth crashes,

ELMs, fishbones, etc. in present-day tokamaks. A special type of NTMs, originating from

unstable TMs (i.e. with∆′ > 0 at w = 0) and named as “triggerless”, “seedless” or ”spontaneous”

NTMs, have been discussed in section 3.2 as well. Given their ∆′-triggered nature, i.e. the

strong dependence on the details of current density and q profiles, triggerless NTMs have

been observed in various tokamaks and distinct scenarios and will be the main type of NTMs

to be discussed in this thesis.

The detrimental effects of NTMs such as degrading confinement and causing disruptions

make it crucial to secure their reliable control, especially for future long-pulse high-β devices

like ITER. Extensive studies have been carried out in this respect, as have been briefly reviewed
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and discussed in section 3.3. Given their flexibility and highly localized depositions, steerable

EC launchers will be used as the main actuators for NTM control in ITER. Two main control

strategies, namely the avoidance/prevention of the occurrence of NTMs and the stabilization

of existing NTMs have been discussed. Prevention of NTMs by means of localized preemptive

ECCD near the target mode location is generally shown to be more efficient than stabilization

in terms of the EC power required for control, but its requirement of typically longer duration

of the EC power may lead to a higher total input power that needs to be considered in the

selection of the overall control strategy. The fast growth rate of NTMs, the proximity to mode

locking and the strict requirement on EC beam alignment with the mode location highlight

the importance and difficulty of reliable NTM control on ITER.

The modified Rutherford equation (MRE) has proven to be a powerful tool in interpreting the

w evolution of NTMs and quantifying the contribution of various terms to the evolution. The

main effects involved and the various terms included in the MRE used in the thesis have been

presented in detail in section 3.4, with the key coefficients and parameters summarized in

table 3.1. The MRE will be used to explore the underlying physics of both the onset (chapter 4)

and the control (chapter 5) of triggerless NTMs observed in various TCV discharges. With a

good knowledge of the coefficients and parameters involved in the MRE, as will be explored in

chapters 4 and 5, the MRE can also be applied in predictive simulations, providing valuable

information for NTM control as well as the overall integrated control strategy. For example,

with relevant information from real-time (RT) measurements and transport simulations, the

MRE can predict the EC power required to prevent or stabilize a given NTM in RT, as will be

firstly illustrated in chapter 6.

Table 3.1. List of key MRE coefficients and parameters to be specified before a simulation

Item Relevant equation(s) Description

a2 (3.4) coefficient scaling ρmn∆
′
BS

a3 (3.7) coefficient scaling ρmn∆
′
GG J

a4 (3.9) coefficient scaling ρmn∆
′
C D

a5 (3.10) coefficient scaling ρmn∆
′
H

a6 (3.17)
coefficient scaling ρmn∆

′
POL

(set to 0 in this thesis)

∆′
sat (3.25)

Constant classical stability at large island width;
a2/∆′

sat determines wsat (equation (3.20))

∆′
0 (3.25) and (4.2)

Classical stability at zero island width,
to be specified in chapter 4

α (3.24) and (3.25) Rate at which ∆′ varies with varying w at small w
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4 Triggerless onset of 2/1 NTMs in TCV

4.1 Introduction

Triggerless NTMs refer to NTMs that originate from unstable TMs (i.e. with ∆′ > 0 at w = 0)

and grow neoclassically when the size of the TM reaches beyond the critical island width

(wcrit). In TCV, triggerless NTMs have been observed reproducibly in low-density discharges

with strong near-axis co-ECCD [Reimerdes et al. 2002; Nowak et al. 2014; Lazzaro et al. 2015;

Kim 2015]. Within the scope of this thesis, further studies about triggerless NTMs have been

carried out, through more dedicated experiments in TCV and interpretative simulations with

the MRE. This chapter focuses on the underlying mechanisms of the onset of these triggerless

NTMs while the control of NTMs with off-axis ECCD or ECH will be the subject of chapter 5.

A key parameter in the study of triggerless NTMs is ∆′, which not only determines the onset

of these NTMs (i.e. ∆′ > 0 at mode onset), but also being significant for the w evolution at

finite w (i.e. an important term in equation (3.3)). A reliable evaluation of ∆′ with varying

w and plasma conditions (e.g. different density and EC power levels) would allow studying

self-consistently the entire w evolution, from the onset of the TM at w = 0 to the saturation of

the NTM at w = wsat. By definition (equation (3.21)), ∆′ at q = m/n can be computed based

on the logarithmic “jump” of the perturbed poloidal flux around the q = m/n rational surface,

which in turn depends on the equilibrium q and current density j profiles and their derivatives

(equation (3.22)).

In TCV, efforts are made to calculate ∆′ based on its definition and reconstructed equilibrium

profiles by solving equations (3.21) and (3.22), with a cylindrical approximation. However, it is

very difficult to obtain consistent results given the sensitivity of ∆′ to the derivatives of q and

j , especially when considering uncertainties in equilibrium reconstructions of experimental

profiles. Therefore, a detailed sensitivity study of ∆′ based on simple artificial q profiles and

different types of perturbations is performed, as presented in appendix A. It is found that a

small perturbation on the q or j profile, especially around the q = m/n rational surface, can

cause a dramatic change of the corresponding ∆′, similar to the observations in [Felici et al.

2009]. The sensitivity study also shows that increasing radial location of the q = m/n surface
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and/or increasing local magnetic shear tend to cause an increase of∆′ (i.e. more destabilizing).

Moreover, more global effects, through a global change of the q and j profiles, are expected to

play a role as well. Calculations with codes that consider more realistic toroidal geometries,

for example as presented in [Glasser et al. 2016; Glasser and Kolemen 2018, and references

therein], may provide a better estimate of ∆′. However, the uncertainties of equilibrium

reconstructions and the sensitivity of ∆′ to the details of q and j profiles (up to the second

derivative) keep the task challenging.

Given these difficulties and with a focus on the trend (instead of the exact values) of ∆′ with

various w and plasma conditions, a simple model for the stability index at w = 0 (denoted

as ∆′
0) is newly developed based on experimental observations in numerous TCV discharges

and extensive simulations with the MRE, as will be detailed in this chapter. This ∆′
0 model

(equation (4.2)), together with the w-dependence of ∆′ (equation (3.25)), provides a complete

model for∆′ that proves to capture self-consistently the (occasionally small) variations of∆′ in

different plasma conditions. The model also works for interpreting NTM control experiments,

including both NTM stabilization and prevention cases, as will be discussed in chapter 5.

An unexpected density dependence of the onset of triggerless NTMs is newly observed along

with the NTM studies in TCV. It is found that lower plasma density does not always lead to

easier mode onset - instead, there is a certain range of density within which triggerless NTMs

can occur. This is counter-intuitive since lower plasma density leads to higher driven current

by the central co-ECCD beams used to trigger NTMs and is expected to be more favorable for

mode onset. The density range is found to broaden with increasing near-axis ECCD power

and/or lower plasma current. These phenomena are explained well by the ∆′
0 model that is

developed with a different set of experiments and simulations, as will be presented in this

chapter.

The rest of the chapter is organized as follows. Section 4.2 presents the experimental setup

and observations of the density range for triggerless onset of NTMs in TCV. In section 4.3,

the detailed development of the ∆′
0 model through dedicated experiments and interpretative

simulations with the MRE is presented. Section 4.4 explores the underlying physics of the

observed density range with the ∆′
0 model. Section 4.5 discusses about the possible effects of

plasma rotation and pure EC heating on the onsets of these NTMs. Key messages from this

chapter will be summarized in section 4.6.

4.2 Experimental results

4.2.1 Plasma scenario and experimental setup

In the test discharges, limited L-mode plasmas with constant plasma current Ip and toroidal

magnetic field (B0 ≈−1.44T) are used, similar to the scenarios used in [Reimerdes et al. 2002;

Nowak et al. 2014; Lazzaro et al. 2015; Kim 2015]. Constant Ip ≈−110kA or −90kA are involved

in different experiments, with q95 ≈ 7 and 8, respectively, where q95 refers to the q value at the
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4.2. Experimental results

95% poloidal flux surface. The negative values of B0 and Ip represent a clockwise direction

viewing from the top of the TCV tokamak. Similar plasma shapes with δ≈ 0.25 (triangularity)

and κ≈ 1.3 (elongation) at the plasma edge are used in various discharges. The line-averaged

density along the chord passing through the plasma center (denoted as nel ), measured by the

FIR interferometer introduced in chapter 2, ranges from 1×1019 to 4×1019 m−3 in different

experiments.

Second harmonic X-mode (X2) EC beams are deposited near the plasma center through

different EC launchers to trigger NTMs, mainly by a modification of the current density and

q profile, i.e. a ∆′ effect. There are no or only tiny sawtooth crashes in the test discharges

given the low Ip ; and there is no sign of fishbones in these L-mode discharges either. The

toroidal angles of the EC launchers can be set to allow ECH, co-ECCD or counter-ECCD; and

the poloidal angles were fixed to deposit near the plasma center in the experiments shown

in this chapter. The deposition location, power absorption rate and driven current of the EC

beams are computed by the ray-tracing code TORAY-GA [Matsuda 1989].

The local ne and Te are measured by TCV’s Thomson scattering system [Hawke et al. 2017;

Blanchard 2019] introduced in chapter 2, while the Grad-Shafranov equilibrium solver LIUQE

[Moret et al. 2015] is used to reconstruct the plasma equilibrium. The measured and recon-

structed data are then used by the transport code ASTRA [Pereverzev and Yushmanov 2002] to

solve the diffusion equation of the poloidal fluxΨ, i.e.

σ∥
(
∂Ψ

∂t
− ρḂ0

2B0

∂Ψ

∂ρ

)
= F 2

16π4µ0B 2
0ρ

∂

∂ρ

[
g2g3

ρ

∂Ψ

∂ρ

]
− V ′

2πρ
jni , (4.1)

based on the plasma boundary, the measured ne and Te profiles, and EC-relevant parame-

ters, with Ip as the boundary condition. σ∥(ρ, t) in equation (4.1) refers to the neoclassical

conductivity, ρ ≡√
Φ/Φb the normalized radial location, whereΦb is the toroidal flux at the

plasma boundary; F (ρ, t) = RBφ, with Bφ the toroidal magnetic field; g2(ρ, t) = 〈(∇V )2 /R2〉,
g3(ρ, t) = 〈1/R2〉, where < · > represents flux-surface averaging and V the plasma volume;

V ′(ρ, t ) = ∂V /∂ρ; jni = jbs + jcd refers to the total non-inductive current density, comprised of

bootstrap ( jbs) and external driven current ( jcd ) densities. ASTRA outputs such as q profiles

and bootstrap current density profiles (using formulas from [Sauter et al. 1999, 2002a]) that

are required for simulations with the MRE (equations (3.3) to (3.25)) are then used as MRE

inputs to simulate w evolutions, as will be discussed in sections 4.3 and 4.5.

The occurrence, m/n number, frequency and amplitude of the rotating modes are deter-

mined by analyzing the signals from the magnetic probes (section 2.2.2 of chapter 2). The

experimental island widths (wexp) are estimated by fitting the helical flux perturbations to the

measurements from the probes [Schittenhelm and Zohm 1997; Reimerdes 2001] and can have

error bars up to 20%. The radial location (ρ) of an NTM can be determined by its m and n

numbers from magnetic analyses and the q(ρ) profile.
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4.2.2 Experimental observations of the density range for the triggerless onset of
NTMs in TCV

Studies on the triggerless onset of NTMs in TCV were motivated by the initial difficulty and

inconsistency of triggering NTMs in the experiments: the same experimental settings (e.g. Ip ,

nel , EC angle, EC power, etc.) do not always lead to the onset of NTMs. This hinders subsequent

experimental studies on NTM control. Active scans of different plasma parameters such as Ip

and nel were thus performed in the experiments, from which the unexpected dependence of

mode onset on nel mentioned previously is observed. To further illustrate this, 91 stationary

instances taken from 48 TCV discharges are summarized in figure 4.1. All the discharges have

the same Ip (−110kA) and very similar plasma shape, whereas different total co-ECCD power

(distinguished by different symbols) has been applied. The minimum line-averaged density

that can be reached after completely turning off the gas valve is about 1×1019 m−3 in these

discharges, while nel > 3×1019 m−3 corresponds to a relatively high density near the plasma

center (above 4×1019 m−3) that leads to the cut-off of X2 EC beams. These explain why most

of the discharges have been carried out with nel ∈ [1, 3]×1019 m−3. The density range involved

here is still far from the Greenwald density limit of these TCV discharges (5.1× 1019 m−3)

[Kirneva et al. 2015].

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3

1.75MW
1.4MW

1.3MW 1.19MW

1.13MW

1.07MW

0.96MW

Figure 4.1. A collection of 91 stationary instances taken from 48 TCV discharges with different nel and
total co-ECCD power levels, showing the density ranges of the triggerless onset of NTMs in TCV. Solid
symbols: onset of NTMs; open ones: no NTMs. Figure from [Kong et al. 2020].

The solid symbols in figure 4.1 represent the appearance of an NTM, and open symbols when

no modes are observed. The instances with similar density levels are separated vertically to

avoid overlapping. It can be seen that there is a density range for the onset of these modes and

the range broadens with higher EC power. For instance, with 0.96MW co-ECCD power (blue

squares), NTMs can only be triggered when nel ∈ [1.54, 2]×1019 m−3. The fact that roughly half

of the instances within this density range are without a mode (open blue squares) indicates

it is marginal to trigger NTMs with 0.96MW in the tested discharges, corresponding to the
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inconsistency of mode onset observed during these experiments. The nel range for NTM onset

seems to broaden with increasing total EC power. For example, the red diamonds give a range

of [1.5, 2.4]×1019 m−3 with slightly higher power (1.07MW), while onsets of NTMs are always

observed with nel ≥ 2.4×1019 m−3 at larger EC powers. The instances with the highest tested

power (1.75MW, black downward-pointing triangles) show a lower bound of nel smaller than

1.1×1019 m−3, lower than the cases with less EC power.

Given the ∆′-triggered nature of the NTMs involved, the co-ECCD power and nel dependence

of NTM onset implies a dependence of∆′
0 on the power of co-ECCD beams (the driven current

Icd ) and nel in the tested discharges. In similar experiments performed with Ip ≈ −90kA,

plasmas are found to be more unstable to NTMs (section 4.3.3), indicating the role of Icd /Ip

in the triggerless onset of NTMs in our discharges. This is also consistent with observations

in similar plasmas with very different Ip discussed in [Kim 2015]: plasmas are more stable

to NTMs with larger values of Ip . Instead of determining the accurate values of ∆′ that is

very difficult to obtain, it is more interesting to understand the formation of the observed

density range for the triggerless onset of NTMs. This is achieved with a newly proposed simple

model for ∆′
0, which will be developed in detail in the next section through a different set

of experiments and corresponding simulations with the MRE. Based on the ∆′
0 model, the

underlying physics of the observed density range will be discussed in section 4.4.

4.3 A simple model for∆′
0

As presented in appendix A, ∆′ by definition is directly related to the details of q profiles such

as the radial location of the given q = m/n surface (ρmn), the local magnetic shear (smn),

etc. Therefore, it is in principle possible to derive a model that directly links ∆′ with these

parameters, for example similar to the empirical formula given in appendix A (equation (A.5)),

which is summarized based on a sensitivity study of ∆′ with one type of q profiles (with fixed

q0 and q95). However, as mentioned in appendix A, effects resulting from a more global

change of the q profile (e.g. through varying q0 and/or q95) cannot be reproduced by the

formula yet, indicating more parameters to be included. Theoretical derivations based on first

principles and/or more comprehensive sensitivity studies covering a wider range of q profiles

may provide a more general formula for ∆′, with respect to parameters such as ρmn and smn ,

but are out of the scope of this thesis.

A different approach based on extensive experimental observations and interpretative simula-

tions with the MRE is applied in this thesis. Concentrating on the stability at zero island width

(i.e. ∆′
0), relevant for the NTM onset studies in this chapter, we propose a simple model for∆′

0:

ρmn∆
′
0 = ρmn∆

′
ohmic0 +k

Icd,tot

Ip
, (4.2)

where ρmn∆
′
ohmic0 represents the stability of the ohmic plasma to TMs at zero island width,

Icd,tot stands for the total current driven by auxiliary current drive systems (ECCD in our
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case), kIcd,tot/Ip refers to the modification of the stability by external driven current and k

is a positive constant coefficient (hence co-CD is destabilizing). The first contribution of

this model is to separate the contribution to ∆′
0 into the stability of ohmic plasmas and the

modification caused by external driven current, which is generic to different plasma scenarios

and tokamaks.

Interpretative simulations with ASTRA (i.e. solving equation (4.1)) show that the magnetic

shear at the 2/1 surface increases with increasing Icd,tot (at constant Ip ) in the discharges,

which justifies equation (4.2) to some extent, since ρmn∆
′
0 increases with magnetic shear

based on the sensitivity study with cylindrical approximation (appendix A). Determining the

exact dependence of ρmn∆
′
ohmic0 and kIcd,tot/Ip on parameters such as ρmn , smn and the

radial derivatives of smn would provide a more general analytical model for ∆′
0 in terms of

these parameters, but as discussed previously, would require further theoretical investigations

and/or more statistics with different plasma scenarios at different tokamaks. In this thesis,

with the aim of understanding the observed density (represented by nel ) range for mode

onset, we focus on obtaining the dependence of ρmn∆
′
ohmic0 and kIcd,tot/Ip on nel , thus the

nel dependence of ρmn∆
′
0 eventually.

It is worth mentioning that the trend of the nel dependence of ρmn∆
′
ohmic0 and kIcd,tot/Ip

is generic: destabilization of 2/1 NTMs at high density is found to be the main mechanism

causing the density limit of tokamak plasmas for the cases examined [Kirneva et al. 2015],

while Icd,tot is expected to depend inversely on nel [Cohen 1987; Lin-Liu et al. 2003, and

references therein]. It should also be noted that ρmn∆
′
0, being the key parameter for the

onset of triggerless NTMs, only has a higher-order effect on the evolution of w , given the

w-dependence of ρmn∆
′ (equation (3.25)). The value of ρmn∆

′
0 can be estimated based on

the measured occurrence of NTMs in offline interpretative simulations with the MRE, or

adapted easily based on real-time w measurement in terms of real-time simulations, as will

be discussed in this chapter and chapter 6, respectively.

Note that equation (4.2) accounts for the change of ∆′ through a global change of q and j

profiles by central current drive, given the relatively short resistive time scale on TCV (50 ∼
100ms in the test discharges) and the strong co-ECCD involved here (Icd,tot/Ip = 35% ∼ 90%

depending on the density and EC power used). This is different from the effect of small off-axis

EC depositions on ∆′ discussed in [Westerhof 1990; Westerhof et al. 2016], where only local

modifications of the j profile by off-axis EC beams are considered. Further improvements

of equation (4.2) can be performed, for instance separating the effects of current drive and

heating on ∆′, as will be discussed in section 4.5.2, and/or considering different time scales of

varying Icd,tot and ∆′
0 by adding a term that includes the time dependence.

In the following sections, we focus on the evaluation of ρmn∆
′
ohmic0 and k in equation (4.2),

through interpretative simulations of several dedicated power-ramp and density-ramp ex-

periments with the MRE. Section 4.3.1 presents a power-ramp experiment with a constant

medium density of the test discharges (nel ≈ 1.7×1019 m−3), where a 2/1 NTM is observed
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along with the ramp-up of the near-axis co-ECCD power. Interpretative simulations of this

discharge with the MRE clarifies the range of parameters and coefficients involved in the

simulations. To estimate the dependence of ρmn∆
′
ohmic0 on nel , section 4.3.2 presents sim-

ulations of similar power-ramp experiments but with different nel . As an overall test of the

model, section 4.3.3 discusses the effects of Ip on ρmn∆
′
ohmic0 and details the simulations of a

density-ramp experiment. The effects of using a different a3 (coefficient of the ∆′
GG J term in

the MRE, equation (3.7)) on the onset and evolution of NTMs are discussed in sections 4.3.2

and 4.3.3, respectively.

4.3.1 Ramp-up of EC power with constant medium density

This section presents one example of the power-ramp experiments with medium density

in TCV and its detailed interpretative simulations with the MRE. This contributes to the

determination of correspondingρmn∆
′
ohmic0 at this nel level (with given Ip and plasma shapes),

as well as the range of coefficients involved in the MRE such as k (equation (4.2)), α (equation

(3.25)) and a2 (equation (3.4)). In this discharge, as shown in figure 4.2, EC power is switched

on at t = 0.4s and drives co-ECCD near the plasma center through two independent launchers

(L4 and L6). Ip ≈−90kA and nel = 1.72×1019 m−3 are maintained, along with a ramp-up of

the EC power (figure 4.2 (a)). A 2/1 NTM is detected at t = 1.585s when the total EC power

reaches about 0.78MW (figure 4.2 (b)). The mode is sustained until turning off the EC power

at t = 2.25s. The measured w is depicted by the solid blue curve in figure 4.3, while the solid

green curve represents the βp trace that dominates ρmn∆
′
BS term and is scaled based on a

wref (typically wsat) at a selected tref, i.e.

wscaled(t ) = βP (t )

βp (tref)
wref. (4.3)

Given the noise level of the measurements and the ∆′-triggered nature of the NTMs involved

(i.e. originating from w = 0), the two time instances “mode onset” and “mode appears” are

distinguished: mode onset happens when d w
d t > 0 at w = 0, i.e. satisfying

ρmn∆
′
0 >−ρmn∆

′
GG J (4.4)

based on equation (3.3), as ρmn∆
′
BS = 0 at w = 0; the triggered mode then grows, eventually

reaches beyond the noise level and is detected by the magnetic measurements (i.e. appearing

on the spectrogram in this case), i.e. with a width of about 2.5cm in #59151 (first blue triangle

in figure 4.3). This is already higher than the marginal island width wmarg of the test discharges

(around 2cm as will be discussed in chapter 5), indicating that the measured w evolution is

dominated by neoclassical effects (i.e. NTMs) whereas the onset of the mode as a TM at w = 0

and its initial growth up to 2.5cm can only be reproduced in the simulations. This difficulty

also explains why the detailed study presented here is needed to confirm the TM-triggered

nature of the measured NTMs.
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Figure 4.2. Experimental overview of a power ramp-up experiment with constant nel = 1.72×1019 m−3

and Ip ≈−90kA: (a) EC power traces; (b) 2/1 NTM spectrogram. Figure from [Kong et al. 2020].
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Figure 4.3. Island width evolution of #59151 (figure 4.2) with different a2. Solid blue: from measure-
ment; solid green: scaled βp based on equation (4.3), with tref = 1.9s and βp (tref) = 0.92; solid red:
simulation with a2 = 1; dashed cyan: simulation with a2 = 2.8. The two triangles represent the two
constraints used in the simulations to determine ρmn∆

′
ohmic0 and ρmn∆

′
sat, as well as the time range

within which χ (equation (4.5)) is evaluated. Figure from [Kong et al. 2020].

In addition to the time-varying equilibrium and profile information taken from LIUQE and

ASTRA outputs, as discussed in section 4.2.1, the following key parameters and coefficients

remain to be specified for interpretative simulations with the MRE: k, ρmn∆
′
ohmic0, α, ρmn∆

′
sat

and a2. Based on the definition of ρmn∆
′
0 (equation (4.2)) and the condition of mode onset

(equation (4.4)), k and ρmn∆
′
ohmic0 are expected to be the key parameters affecting the simu-

lated onset of the mode. The evolution of the mode at w above the noise level is determined
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by both ρmn∆
′ (equation (3.25)) and ρmn∆

′
BS (equation (3.3)), thus can be affected by all five

parameters. To better understand the main effects of each parameter on the evolution of w

and to clarify the range of each parameter used in the simulations with the MRE, a detailed

sensitivity study is performed based on #59151.

As indicated by the vertical dash-dotted black line in figure 4.3, the simulations start from

t = 0.5s at w = 0. wde in ρmn∆
′
BS (equation (3.4)), representing the effect of incomplete

flattening of pressure profiles at small w , can be estimated by equation (3.6). This gives

wde ≈ 2cm with χ∥,mn ≈ 6×107 m2/s and χ⊥,mn ≈ 1m2/s in this discharge. Together with a

power ramp-down experiment that will be discussed in the next chapter (section 5.3), where

self-stabilization of NTMs along with decreasing βp occurs at w = 1.9cm, wde is fixed to

1.9cm in all the simulations of TCV discharges involved in this thesis. In each simulation,

with each given set of (k, α, a2) (i.e. scanning k, α and a2), ρmn∆
′
ohmic0 and ρmn∆

′
sat are fitted

to make sure the calculated w (denoted as wcal) crosses two specified measurement points

(i.e. adding two constraints): one is the first measurement point when w just reaches above

the noise level and the other when wsat is reached, as marked by the two blue triangles in

figure 4.3. The readers are reminded that k affects the contribution of EC beams to ρmn∆
′
0

(equation (4.2)), α represents the slope of the w-dependence of ρmn∆
′ (equation (3.25)) and

a2 is the coefficient of the main driving term ρmn∆
′
BS (equation (3.4)). This method reduces

the number of scanned parameters to three (i.e. k, α and a2) and makes the sensitivity study

easier.

A cost function χ is then evaluated for simulations with each set of parameters to quantify

how well a simulation fits the measurements, and is defined as

χ2 = 1

N

N∑
i=1

(
wcal(ti )−wexp(ti )

wexp(ti )
)2, (4.5)

where N refers to the total number of time points of the measurement within the selected

two points (blue triangles in figure 4.3), wcal(ti ) is the simulated island width evaluated at

the measurement time point ti and wexp(ti ) the measured w at t = ti . The wexp(ti ) in the

denominator leads to an effective 1/w weighting in χ, which emphasizes more the evolution

at small w and is consistent with the purpose of this study.

ρmn∆
′
ohmic0 and ρmn∆

′
sat obtained by minimizing χ with randomly chosen sets of (k, α, a2)

have been compared to ρmn∆
′
ohmic0 and ρmn∆

′
sat computed by fitting wexp with the two

constraints mentioned above. It is found that these two methods generate very similar results

of ρmn∆
′
ohmic0, ρmn∆

′
sat (both within 10%) and thus χ. More importantly, the trend of (the

minimum) χ with respect to k, α and a2 remains the same. This confirms that the parameter

scan with the two constraints retain well the shape of χ in the five-dimensional parameter

space.

The ranges involved in the entire sensitivity study are k ∈ [2,30], α ∈ [1,100] and a2 ∈ [0.5,3],

with around 400 interpretative simulations in total. Simulations that both satisfy the two
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constraints and fit reasonably the experimental width (i.e. with χ< 20%) have been collected,

with around 200 instances in total. This rules out about half of the different combinations

of parameters, though the ranges of parameters remain large: k ∈ [2,30], α ∈ [3,100] and

a2 ∈ [0.5,3]. These ranges, however, can be further shrunk when considering better fits (e.g.

with χ≤ 5 ∼ 10%) and taking into account observations in various experiments, as discussed

below.

Effects of a2

As a2 (thus ρmn∆
′
BS in equation (3.4)) is expected to affect more the evolution at relatively large

w , where measurements are available, we start by discussing the range of a2 and concentrating

on the w evolution above the noise level. Based on the collection of 200 simulations, figure

4.4 illustrates the relative frequency of occurrence of staying below a certain χ at different a2

values, defined as the ratio of the number of trials remaining below a certain χ (e.g. 10% or 5%)

to the total number of trials at each a2. It can be seen that a2 = 1 ∼ 2.5 has a higher relative

frequency of occurrence of obtaining χ≤ 10% (within around 20% of the highest value) while

the range shrinks to 1 ∼ 1.5 for χ≤ 5%. This is consistent with predictions based on the MRE:

a2 affects ρmn∆
′
BS , which is expected to be the dominant drive at relatively large w (e.g. larger

than the noise level); the total d w
d t at large w can thus be largely affected when different a2

values are used. This happens beyond the noise level of the measurements and the range of a2

can thus be better inferred. As an illustration, two simulations with a2 = 1 and 2.8, respectively,

are shown in figure 4.3, with the corresponding set of parameters listed in table 4.1. It can be

seen that larger a2 tends to cause a faster increase of w up to wsat, due to a larger d w
d t in the

simulations, as expected.

0.5 1 1.5 2 2.5 3
a2

0

0.2

0.4

0.6

0.8

1

Figure 4.4. Relative frequency of occurrence of obtaining χ≤ 10% and χ≤ 5% at different a2. Figure
from [Kong et al. 2020].

The effects of a2 are more evident on d w
d t (w) plots, as depicted in figure 4.5. d w

d t (w) traces

evaluated with the plasma information at various time slices (as indicated by the numbers in
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the legend) are depicted by solid curves with corresponding colors, while wcal at each time

slice is denoted by a solid circle with the same color. The d wcal
d t (wcal) trace taken from the

simulation (with a2 = 1 and 2.8 respectively) is depicted by the dash-dotted black curve, which

crosses the solid circles as expected. The
d wexp

d t (wexp) trace taken from the measurement is

shown by the dashed magenta curve, i.e. the same for figures 4.5 (a) and (b), though plotted

on different scales. It can be seen that d wcal
d t (wcal) trace (dash-dotted black) fits better the

measurement (dashed magenta) with a2 = 1 (figure 4.5 (a)), whereas a2 = 2.8 (figure 4.5 (b))

tends to overestimate the amplitude of d w
d t (w), explaining the observed faster growth in figure

4.3. This also indicates that a2 can be well determined by fitting experimental d w
d t (w) trace.
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Figure 4.5. d w
d t (w) traces of simulations with (a) a2 = 1 and (b) a2 = 2.8, respectively. Solid traces: d w

d t
evaluated at various time slices (as indicated by the numbers in the legend) and different w ; solid circles
with corresponding colors: d w

d t at the wcal of each time slice. ρmn∆
′ (downward-pointing triangles),

ρmn∆
′
BS (upward-pointing triangles) and ρmn∆

′
GG J (squares) at the wcal of each time slice, divided by

τR /ρmn , are also listed. Dash-dotted black curves in (a) and (b): d wcal
d t (wcal) from simulations; dashed

magenta:
d wexp

d t (wexp) taken from the measurement (solid blue curve in figure 4.3, with extra smoothing

to calculate d w
d t ). Figure from [Kong et al. 2020].

Table 4.1. #59151, parameters for simulating with different a2 at fixed k and α

k α a2 ρmn∆
′
ohmic0 ρmn∆

′
sat χ

4 10 1.0 -0.700 -0.460 4.92%
4 10 2.8 -0.756 -1.523 10.40%

To illustrate the amplitude of each term in the MRE (equation (3.3)), ρmn∆
′, ρmn∆

′
BS and

ρmn∆
′
GG J evaluated with the corresponding wcal at each time slice, divided by τR /ρmn (i.e. con-

verted to [cm/s]), are indicated by the open downward-pointing triangles, upward-pointing

triangles and squares in figure 4.5, respectively. It can be seen that ρmn∆
′ and ρmn∆

′
BS are

indeed the two dominant terms at finite w while ρmn∆
′
GG J is relatively small. The sum of these
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terms recovers the total d w
d t at each time slice, i.e. solid circles with corresponding colors.

Effects of k

Similarly, the range of k can be estimated through the statistics of simulations and observations

in the experiments. As defined in equation (4.2), k represents the contribution of EC beams

to the modification of ∆′
0 and is positive. The fact that no mode has been observed in similar

plasmas with lower co-ECCD power or no EC power (i.e. ohmic discharges) indicates that k

cannot be too small. For example, with k = 1, a perturbation of ρmn∆
′
ohmic0 of the order of

10−3 ∼ 10−2 would have caused a fast growth of a mode that quickly reaches above the noise

level of the measurements. More modes would have been observed, which is not the case in

the experiments and we have thus chosen 2 as the lower bound of k in the simulations. Similar

to figure 4.4, the relative frequencies of occurrence of obtaining smaller χ at various k have

been compared, and it is found that k = 2 ∼ 10 has higher relative frequency of occurrence of

obtaining χ≤ 10%, while k = 2 ∼ 8 satisfies more easily χ≤ 5%.
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Figure 4.6. (a) Island width evolution of #59151 (figure 4.2) with different k. Solid blue: from measure-
ment; solid green: scaled βp based on equation (4.3), with tref = 1.9s and βp (tref) = 0.92; simulation
with k = 2 (solid red), 6 (dashed cyan), 15 (dash-dotted orange), respectively. The two triangles repre-
sent the two constraints used in the simulations to determine ρmn∆

′
ohmic0 and ρmn∆

′
sat, as well as the

time range within which χ (equation (4.5)) is evaluated. (b) With the same color and line type as in (a):
d wcal

d t (wcal) traces of the simulations and that from measurement. Adapted from [Kong et al. 2020].

To better illustrate the effects of k on the evolution of w , simulations with k = 2, 6 and 15 are

shown in figure 4.6. The set of parameters used and the corresponding χ are listed in table 4.2.
d wcal

d t (wcal) traces of these simulations are depicted in figure 4.6 (b) with corresponding colors

and line types, together with the experimental curve (solid blue). For the part up to wsat thus
d w
d t (w, t) ≥ 0 discussed here, both cases with χ≤ 10% (k = 2 and k = 6) follow well the whole
d w
d t (w, t ) evolution, contrary to the case with k = 15. The timing of mode onset (at w = 0) and

its evolution to 2.5cm, i.e. below the noise level of the measurement, are also affected by the

different parameters used.
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A lower k value indicates that the q profile evolves more slowly towards an unstable profile

as EC power (thus the amplitude of Icd,tot) increases. This leads to a slower crossing of the

marginal condition for mode onset as seen in figures 4.6 (a) (the red curves remain below

w = 0.5cm for about 0.1s) and (b) (less positive d w
d t for k = 2 and w < 1cm), corresponding to

a “lull” in the evolution of w . A similar lull region (reaching up to w ≈ 4cm) has been observed

in DIII-D discharges near ideal stability boundaries and reproduced in simulations with a

special handling of the ρmn∆
′ term (scaled based on plasma β) as well as the inclusion of a

“cut-off” polarization model for small w [Brennan et al. 2003]. However, given the smaller size

of NTMs involved in our test discharges and the noise level of the measurements, the existence

or not of the lull in the present discharge cannot be concluded at this stage. More detailed

studies can be performed when better measurements of w , especially at small w are available.

Table 4.2. #59151, parameters for simulating with different k at fixed α and a2

k α a2 ρmn∆
′
ohmic0 ρmn∆

′
sat χ

2 10 1.0 -0.085 -0.435 2.36%
6 10 1.0 -1.330 -0.484 5.08%

15 10 1.0 -4.154 -0.767 15.52%
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Figure 4.7. w dependence of different terms in the MRE (equation (3.3)) at t = 1.585s. bs: ρmn∆
′
BS ,

overlapped for the three simulations; cl: ρmn∆
′ from the three simulations, with the same color and

line type as in figure 4.6; ggj: ρmn∆
′
GG J , overlapped for the three simulations; tot: the sum of all terms,

with the same color and line type as in figure 4.6. Figure from [Kong et al. 2020].

Different values of k, together with the corresponding ρmn∆
′
ohmic0 and ρmn∆

′
sat adjusted to

satisfy the two constraints, also affect w(t ) and d w
d t (w) traces at relatively large w , for example

from 2.5cm to wsat as seen from figure 4.6. These differences mainly result from different

shapes of ρmn∆
′(w) traces with different k: a smaller k requires a less negative ρmn∆

′
sat (at

large w) to satisfy the defined constraint on wsat, hence a larger total growth rate at large

w and a faster growth to wsat. As an example, the w dependence of different terms in the

MRE (equation (3.3)) at t = 1.585s are depicted in figure 4.7. This corresponds to the first
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measurement point available for this discharge (with w = 2.5cm), which has been chosen to

be one of the constraints of the simulations, as discussed. With the same input profiles as well

as the same a2 and a3 (equaling 1) for the three simulations, the ρmn∆
′
BS and ρmn∆

′
GG J traces

(dotted black) of the three simulations overlap, as expected. However, the ρmn∆
′ traces, thus

the total τR
ρmn

d w
d t (denoted as “tot” in figure 4.7), are different. With a constant ρmn∆

′
ohmic0 in

each simulation (corresponding values given in table 4.2), smaller k leads to a less increase

of kIcd,tot/Ip along with the same ramp-up of co-ECCD power (i.e. ramp-up of Icd,tot/Ip ),

leading to a smaller ρmn∆
′
0 (at w = 0), as seen from figure 4.7; ρmn∆

′
sat is adjusted accordingly

to satisfy the constraint of reaching wsat with different k, typically with higher values (i.e. less

negative) with smaller k; these all together modify the w dependence of ρmn∆
′ and eventually

the time evolution of w .

As another component of ρmn∆
′
0 defined in equation (4.2), ρmn∆

′
ohmic0 is in principle only

affected by the choice of k: with ρmn∆
′
0 ≈−ρmn∆

′
GG J at mode onset (equation 4.4) and the

same Icd,tot/Ip for each simulation, ρmn∆
′
ohmic0 is expected to have a linear dependence

on k. However, the fact that no measurements are available for the exact timing of mode

onset inevitably causes uncertainties of ρmn∆
′
ohmic0 even with the same k. To investigate the

uncertainties, the projection of the collection of about 200 simulations (satisfying the two

constraints and with χ< 20%) onto the ρmn∆
′
ohmic0—k plane is illustrated in figure 4.8 and

depicted by the blue plus symbols (some data points are overlapped). As indicated by the

solid and dashed black lines, the linear dependence of ρmn∆
′
ohmic0 on k is well retained even

with the large range of parameters involved in the simulations: k = 2 ∼ 30, α= 3 ∼ 100 and

a2 = 0.5 ∼ 3.
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Figure 4.8. Dependence of ρmn∆
′
ohmic0 on k, taken from the projection of about 200 simulations of

#59151, showing all instances (blue plus symbols), instances with α = 100 (red circles), linear least
square fit of the instances with α= 100 (solid black curve), and linear least square fit of the instances
with α< 100 (dashed black, α= 3 ∼ 30 tested). Magenta triangles: instances taken from simulations of
another discharge #56177 with lower nel , as will be discussed in section 4.3.2. Dash-dotted black: a
rigid shift of the dashed black curve by −1.5. Figure from [Kong et al. 2020].

However, two different branches represented by the solid and dashed black lines are observed,
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resulting from the distinct α values used: simulations with α= 100, as highlighted by the red

circles, lie on the upper branch with higher ρmn∆
′
ohmic0 while the ones withα= [3, 5, 10, 15, 30]

lie on the other branch. This implies that in addition to k and ρmn∆
′
ohmic0, α plays a role in

the evolution at small w (e.g. from w = 0 to 2.5cm in this case). It is as expected from the

ρmn∆
′ model used (equation (3.25)), where α affects the slope of the w dependence of ρmn∆

′,
especially at small w (i.e. before reaching ρmn∆

′
sat at relatively large w), as will be detailed

below. The magenta triangles are taken from simulations of another power-ramp discharge

(#56177) where lower nel is maintained and will detailed in section 4.3.2.

Effects of α

To better understand the effects of α, simulations with α= 5, 10 and 100 (with fixed k = 6 and

a2 = 1, table 4.3) are shown in figure 4.9. It can be seen that α= 100 predicts (below the noise

level) a very different timing of mode onset and evolution at small w : there is a very long lull

in the time evolution of w (i.e. staying below 1cm for 1s), corresponding to a very small d w
d t at

small w (figure 4.9 (b)). This was also observed to some extent with a small k (solid red curves

in figure 4.6), as discussed, but with a shorter duration (about 0.1s).

Table 4.3. #59151, parameters for simulations with different α at fixed k and a2

k α a2 ρmn∆
′
ohmic0 ρmn∆

′
sat χ

6 5 1.0 -1.377 -0.776 7.15%
6 10 1.0 -1.330 -0.484 5.08%
6 100 1.0 0.803 -0.417 2.79%
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Figure 4.9. (a) Island width evolution of #59151 (figure 4.2) with different α. Solid blue: measurement;
solid green: scaled βp based on equation (4.3), with tref = 1.9s and βp (tref) = 0.92; simulation with
α = 5 (solid red), 10 (dashed cyan, the same as the dashed cyan curve in figure 4.6) and 100 (dash-
dotted orange). The two triangles represent the two constraints used in the simulations to determine
ρmn∆

′
ohmic0 and ρmn∆

′
sat, and the range within which χ (equation (4.5)) is evaluated. (b) With the same

colors and line types as in (a): d wcal
d t (wcal) traces of the simulations and from measurement.
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The lull withα= 100 is generated by a “dip” of the d w
d t (w) traces (figure 4.10 (b)), corresponding

to a very small d w
d t (w) at a range of w . This essentially comes from the competing effects

of ρmn∆
′
BS and ρmn∆

′ in the MRE (equation (3.3)). As an example, different MRE terms at

t = 1.585s are illustrated in figure 4.11. The higher ρmn∆
′
ohmic0 with α = 100, as seen from

figure 4.8 and table 4.3, leads to a higher ρmn∆
′
0 (equation (4.2)) at each time slice, whereas

ρmn∆
′
GG J at mode onset (w = 0) remains the same; the onset condition of the mode (equation

(4.4)) is thus fulfilled earlier along with the ramp-up of the co-ECCD power (i.e. Icd,tot/Ip )

with α = 100, causing an earlier mode onset; the mode then starts to grow, which in turn

modifies ρmn∆
′
BS and ρmn∆

′ given their w dependence; the ρmn∆
′
BS(w) curve features a peak

near wmarg, as indicated by the contour of upper-pointing triangles in figure 4.10 as well as

the dotted black curve in figure 4.11; the ρmn∆
′, on the other hand, drops from ρmn∆

′
0 with

increasing w and eventually saturates at ρmn∆
′
sat with large w , following the model defined in

equation (3.25), where α affects the slope of the decrease; with larger α, the value of ρmn∆
′

drops more steeply from ρmn∆
′
0 to ρmn∆

′
sat (then remains at ρmn∆

′
sat with even larger w), as

illustrated in figure 4.11; this competes with the w dependence of ρmn∆
′
BS and affects the

shape of total d w
d t (w), e.g. leading to a “dip” with large α, as shown in figure 4.10.
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Figure 4.10. d w
d t (w) traces of simulations with (a) α= 5 and (b) α= 100, respectively. Solid traces: d w

d t
evaluated at various time slices (as indicated by the numbers in the legend) and different w ; solid circles
with corresponding colors: d w

d t at the wcal of each time slice. ρmn∆
′ (downward-pointing triangles),

ρmn∆
′
BS (upward-pointing triangles) and ρmn∆

′
GG J (squares) at the wcal of each time slice, divided by

τR /ρmn , are also listed. Dash-dotted black curves in (a) and (b): d wcal
d t (wcal) from simulations, corre-

sponding to the solid red (α= 5) and dash-dotted orange curve (α= 100) in figure 4.9 (b), respectively;

dashed magenta:
d wexp

d t (wexp) taken from the measurement.

As discussed previously, the existence or not of the lull in our test discharges cannot be

concluded yet given the smaller size of NTMs involved and the noise level of the measurements.

In fact, experimental observations that no mode has been detected in ohmic discharges or
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discharges with relatively low near-axis EC power (with similar plasma shape and density) seem

to exclude the lull, especially the very long lull seen with α= 100 in the test discharges, which

could have seeded fast growing NTMs out of noise and been detected by the measurements.

Detailed study on the lull region, the range of α in the model as well as the inclusion of a

polarization term in the MRE are left for future work when measurements with lower noise

levels are available.

On the other hand, however, the existence of the lull or not does not affect much the onset

threshold of these NTMs (ρmn∆
′
0 defined in equation (4.2)), given the very small total d w

d t

involved in the lull region (figure 4.9 (b)). This can also be seen from figure 4.8, where the

existence of the lull (e.g. with large α (100) or small k (figure 4.6) or both) only lead to a small

rigid shift of the ρmn∆
′
ohmic0—k mapping that determines ρmn∆

′
0 and thus the onset of the

mode. Meanwhile, the timing of mode onset (figure 4.9 (a)) and the ρmn∆
′
ohmic0 values with

the same k (figure 4.8) are very similar with α= 3 ∼ 30, which is also closer to the range of α

estimated by equation (3.24) and dedicated power-off experiments (α= 5 ∼ 20). With an aim

of understanding the triggerless onset of NTMs in various tested discharges in TCV, especially

its density dependence as presented in section 4.2.2, the rest of this chapter will focus on

the trend of the density dependence of ρmn∆
′
0, through interpretative simulations of various

power-ramp and density-ramp experiments with a smaller range of k (2 ∼ 10) and α (3 ∼ 15).

These simulations will in turn constrain better the range of parameters (such as k) in the MRE.
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Figure 4.11. w dependence of different terms in the MRE (equation (3.3)) at t = 1.585s, with α= 5 and
100, respectively. bs: ρmn∆

′
BS , overlapped for both simulations; cl: ρmn∆

′ from the two simulations,
with the same color and line type as in figure 4.9; ggj: ρmn∆

′
GG J , overlapped for both simulations; tot:

the sum of all MRE terms, with the same color and line type as in figure 4.9.

4.3.2 Ramp-up of EC power with higher or lower density

As discussed in section 4.3.1, the simulated onset of NTMs is mainly determined byρmn∆
′
ohmic0

and kIcd,tot/Ip , which are the two components of ρmn∆
′
0 defined in equation (4.2). To quantify

the dependence of ρmn∆
′
0 on density, similar power ramp-up experiments have been per-
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formed, with the same Ip ≈−90kA as #59151, but different nel levels in different discharges.

Before going into the details, it is helpful to discuss and shrink further the range of parame-

ters (especially k) to be used in the simulations. This is obtained by simulations of another

power ramp-up experiment #56177 (figure 4.12), which is chosen given the larger range of EC

power (thus Icd,tot/Ip ) covered in this discharge (with an extra EC launcher L1), though with a

different Ip (−110kA).

Power ramp-up with Ip ≈−110kA

Constant nel = 1.45×1019 m−3 is kept in #56177. As shown in figure 4.12, a 2/1 NTM is triggered

along with the ramp-up of the EC power and appears at t = 0.985s when the total EC power

reaches about 1.1MW. Interestingly, a 3/2 NTM appears at around the same time as the

2/1 mode. The 3/2 mode disappears at t = 1.16s along with the further ramp-up of the EC

power, leading to a sudden increase of the amplitude of the 2/1 mode (as indicated by the

spectrogram in figure 4.12 (b) or the measured wexp in figure 4.13) and the appearance of its

2nd harmonic (4/2 mode).
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Figure 4.12. Experimental overview of a power ramp-up experiment with constant nel = 1.45×1019 m−3

and Ip ≈−110kA: (a) EC power traces; (b) NTM spectrogram, showing the concurrence of 2/1 and 3/2
modes at t = [0.985, 1.16]s and the increase of 2/1 mode amplitude once 3/2 mode disappears.

Similar to #59151 (figure 4.3), simulations of w(t) of the 2/1 NTM are performed with the

MRE, starting from t = 0.5s with w = 0, as shown in figure 4.13. Following the discussions in

section 4.3.1, a2 has been fixed to 1.5 in these simulations to match the experimental d w
d t , as

indicated by the dash-dotted black and the dashed magenta curves in figure 4.14. Different k

and α are used in the simulations, as listed in table 4.4. In each simulation, ρmn∆
′
ohmic0 and

ρmn∆
′
sat are adjusted to cross two specified measurement points A and B (triangles in figure

4.13), corresponding to the earliest measurement point available and a time point shortly after
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the disappearance of the 3/2 mode, respectively. Simulations have also been performed using

A and C as the two constraints, which generate similar results as using A and B, as expected,

but not detailed here for conciseness.

In figure 4.13, the simulated island widths (cyan, orange and purple traces) are much higher

than the measurement during t = [0.985, 1.16]s, i.e. with the coexistence of the 3/2 mode.

Similar phenomena have been observed in simulations with other sets of parameters listed

in table 4.4. Adding an ad-hoc extra term ρmn∆
′
32 during the presence of the 3/2 mode (i.e.

t = [0.985, 1.16]s) to the right hand side of the MRE (equation (3.3)) to take into account the

possible effect of the 3/2 mode on the evolution of the 2/1 mode (a constant negative drag

term), simulations can fit better wexp, e.g. the dashed red curve in figure 4.13. This is similar

to the observations in simulations of some JET discharges [Sauter et al. 2002b], where adding

an extra term representing the “drag” from a concurrent 4/3 mode fits better the evolution of a

dominant 3/2 mode. Note that in both cases the coupling between two modes always resulted

in a stabilization effect on the most outside mode (with lower n). A possible explanation for

this phenomenon is that the coexistent inner mode consumes part of the total energy available

for mode growth that otherwise would have caused the outer mode more unstable.
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Figure 4.13. Island width evolution of the 2/1 mode in #56177 (figure 4.12). Solid blue: measurement;
solid green: scaledβp based on equation (4.3), with tref = 1.4s andβp (tref) = 0.73; solid cyan: simulation
with k = 2 and α= 10; solid orange: simulation with k = 6 and α= 10; solid purple: with k = 10 and
α= 10; dashed red: with k = 2,α= 10 and ρmn∆

′
32 =−0.36 during the coexistence of 3/2 and 2/1 modes.

Blue triangles labeled as A and B: the two constraints used to determine ρmn∆
′
ohmic0 and ρmn∆

′
sat; from

B to C: the range within which χ (equation (4.5)) in table 4.4 is evaluated.

ρmn∆
′
32 used to better fit the evolution of the 2/1 mode during t = [0.985, 1.16]s is listed in

table 4.4 for completeness. χ in table 4.4 (evaluated based on equation (4.5)), however, only

considers the evolution between B and C marked in figure 4.13, i.e. without the coexistence

of the 3/2 mode. This covers most part of the 2/1 mode evolution along with the power-

ramp, while excluding the uncertainties of the exact values of ρmn∆
′
32. It can be seen that

smaller k tends to fit better wexp along with the ramp-up of the co-ECCD power (i.e. Icd,tot/Ip ),
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though k = 2 ∼ 6 can fit reasonably wexp (with χ≤ 20%). This is similar to the observations in

simulating #59151 (table 4.2), where lower k tends to fit better the w(t ) above the noise level.

The value of α, as discussed in section 4.3.1, affects the detailed w dependence of ρmn∆
′ and

thus the time evolution of w (and χ). ρmn∆
′
ohmic0 is shown to depend mainly on k, whereas

the variation of α = 5 ∼ 15 only leads to a change of ρmn∆
′
ohmic0 of the order of 10−2 (table

4.4). This is consistent with the discussions in section 4.3.1, where instances with α= 3 ∼ 30

approximately lie on the same fitted curve of ρmn∆
′
ohmic0—k (dashed black line in figure 4.8).
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Figure 4.14. d w
d t (w) traces at different time slices of the simulation with k = 2, α= 10 and an additional

ρmn∆
′
32 =−0.36 (dashed red curve in figure 4.13). Solid traces: d w

d t evaluated at various time slices (as

indicated by the numbers in the legend) and different w ; solid circles with corresponding colors: d w
d t at

the wcal of each time slice. ρmn∆
′ (downward-pointing triangles), ρmn∆

′
BS (upward-pointing triangles)

and ρmn∆
′
GG J (squares) at the wcal of each time slice, divided by τR /ρmn , are also listed. Dash-dot

black: d wcal
d t (wcal) from the simulation; dashed magenta:

d wexp

d t (wexp) taken from the measurement.

To investigate the ρmn∆
′
ohmic0—k mapping with a different density level (i.e. nel = 1.45×

1019 m−3 versus 1.72×1019 m−3), the instances from table 4.4 have been included in figure

4.8, as marked by the magenta triangles (some data points are overlapped). It can be seen

that ρmn∆
′
ohmic0—k mappings with different densities are approximately parallel, where the

dash-dotted curve is a rigid shift of the dashed line by −1.5. This shows that the choice of

k will not change the trend of ρmn∆
′
ohmic0—nel mapping that will be inferred from various

power-ramp experiments with different densities. Note that the difference of Ip in the test

discharges (−110kA versus −90kA) only leads to a rigid shift of the ρmn∆
′
ohmic0—nel mapping

as well, as will be detailed in the next section. It should also be noted that even though smaller

k (e.g. 2) leads to smaller χ in the simulations (tables 4.2 and 4.4), it tends to cause a lull

in the simulated evolution of w(t) at small w (figure 4.6), which is less plausible based on
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experimental observations of mode occurrence, as discussed in section 4.3.1. Given these

discussions and without losing generality, k = 6 (i.e. the medium value between 2 and 10) and

α= 3 ∼ 15 will be used in the rest of the thesis.

Table 4.4. Key parameters for simulating the 2/1 mode evolution of #56177

k α a2 ρmn∆
′
ohmic0 ρmn∆

′
sat χ ρmn∆

′
32

2 5 1.5 -0.58 -0.700 5.76% -0.52
4 5 1.5 -1.53 -0.696 11.92% -0.54
6 5 1.5 -2.48 -0.682 19.58% -0.56

10 5 1.5 -4.38 -0.672 38.04% -0.57
2 10 1.5 -0.56 -0.610 4.60% -0.36
4 10 1.5 -1.50 -0.610 5.20% -0.37
6 10 1.5 -2.45 -0.610 7.52% -0.38

10 10 1.5 -4.35 -0.604 15.52% -0.39
2 15 1.5 -0.52 -0.592 4.66% -0.33
4 15 1.5 -1.45 -0.592 4.53% -0.33
6 15 1.5 -2.40 -0.592 5.19% -0.33

10 15 1.5 -4.30 -0.592 8.95% -0.33

Power ramp-up with Ip ≈−90kA

With a narrower range of MRE coefficients determined, simulations of more power-ramp

experiments with Ip ≈−90kA (i.e. the same as #59151, figure 4.2) are performed to estimate

the ρmn∆
′
ohmic0—nel mapping for Ip ≈−90kA. A series of power ramp-up experiments with

different nel are selected: TCV #59318 with nel = 1.84× 1019 m−3, #59358 with nel = 1.1×
1019 m−3 and #59360 with nel = 2.46×1019 m−3, respectively.

The same EC settings (power traces, angles, etc.) are applied in the three experiments, and

shown in figure 4.15 (a) is an example of the EC power traces. In these three discharges, L4 and

L6 are used to drive co-ECCD near the plasma center, reaching a maximum total EC power of

0.96MW at the end of the power ramp-up. In the case of #59318, as shown in figure 4.15 (b), a

2/1 mode is triggered along with the ramp-up of the EC power and appears at t = 1.29s. In the

other two experiments with lower or higher nel (#59358 and #59360), however, no NTMs are

observed in the entire discharges, requiring ρmn∆
′
0 ≤ 0 in these two cases. Simulations of these

three experiments have been performed with the MRE, with fixed k = 6 as discussed before.

Based on the ∆′
0 model (equation (4.2)) and following the same procedures as in previous

examples (#59151 and #56177), ρmn∆
′
ohmic0 is estimated to be −1.37 for #59318.

Based on the onset condition of triggerless NTMs (equation (4.4)), the fact that no mode

occurs in #59358 or #59360 means

ρmn∆
′
0 ≡ ρmn∆

′
ohmic0 +k

Icd,tot

Ip
≤−ρmn∆

′
GG J (4.6)
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in both cases, where ρmn∆
′
GG J is stabilizing (i.e. negative) as defined in equation (3.7). With

the Icd,tot taken from the outputs of TORAY-GA, ρmn∆
′
GG J calculated by equation (3.7) and

the fixed k = 6, equation (4.6) estimates the corresponding range of ρmn∆
′
ohmic0 in each

case. For #59358 (nel = 1.1×1019 m−3), equation (4.6) gives ρmn∆
′
ohmic0 ≤−3.6 and we take

ρmn∆
′
ohmic0 =−4.6 for example to stay away from marginal stability, based on the observations

that no mode has been triggered with this low density in various similar discharges. For #59360

(nel = 2.46× 1019 m−3), equation (4.6) gives ρmn∆
′
ohmic0 ≤ −1.2 and we take ρmn∆

′
ohmic0 =

−1.2 to be around the marginal stability at this density level. This is based on experimental

observations that the 2/1 mode, once triggered with central co-ECCD with a different nel level,

can be sustained with nel = 2.4×1019 m−3 even after turning off the EC power (i.e. ohmic

plasmas) in our test discharges. This trend of ρmn∆
′
ohmic0 with increasing nel is also consistent

with earlier studies that higher nel is more prone to the onset of TMs in ohmic TCV discharges

[Kirneva et al. 2015].
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Figure 4.15. Experimental overview of an EC power ramp-up experiment with constant nel = 1.84×
1019 m−3 and Ip ≈ −90kA: (a) EC power traces; (b) 2/1 NTM spectrogram. Figure from [Kong et al.
2020].

To study ρmn∆
′
ohmic0 at higher densities (e.g. nel > 2.46×1019 m−3) that will allow interpolation

for nel up to 3×1019 m−3 as shown in figure 4.1, interpretative ASTRA simulations have been

performed for an ohmic discharge with similar plasma shape and constant Ip ≈ −110kA

(#58097). As shown in figure 4.16 (a), nel ramps from 1×1019 to 4×1019 m−3 in this discharge.

No NTM is observed during the entire density-ramp. The ASTRA results show that the local

magnetic shear at 2/1 surface (s21) increases along with nel -ramp from 1× 1019 to about

2.4×1019 m−3, whereas it stays relatively constant when nel further ramps from 2.4×1019 to

4×1019 m−3, as illustrated in figure 4.16 (b). This is expected to be linked with the classical

stability of the plasma (ρmn∆
′
ohmic0 in this case), as discussed in appendix A, and ρmn∆

′
ohmic0

is thus taken as a constant for nel ∈ [2.46, 4]× 1019 m−3, i.e. ρmn∆
′
ohmic0 = −1.2 following
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Figure 4.16. Overview of an ohmic discharge with density-ramp and Ip ≈−110kA: (a) nel trace from
the experiment; (b) s21 inferred from ASTRA outputs. The two dashed black curves in (b) are included
to guide the eyes.

Together with those estimated by simulations of #59151 (Ip ≈−90kA, table 4.3), figure 4.17

summarizes ρmn∆
′
ohmic0(nel ) for Ip ≈−90kA obtained from simulations with k = 6 and a3 = 1

presented so far (blue circles). Apart from ρmn∆
′
ohmic0, a3 in equation (3.7) is also expected

to play a role in the triggerless onset of NTMs: a3 affects the amplitude of ρmn∆
′
GG J , which is

another component of the mode onset condition (equation (4.4)).

To investigate the sensitivity of ρmn∆
′
ohmic0—nel mapping on a3, similar interpretative sim-

ulations of the power ramp-up experiments presented have been performed with a3 = 0.25,

following the value used in [Kong et al. 2019]. This generates a new set of ρmn∆
′
ohmic0(nel ),

as marked by the black crosses in figure 4.17, which tend to be more negative than those

estimated with a3 = 1 (blue circles). This is as expected from the ∆′
0 model (equation (4.2))

used: with the same kIcd,tot/Ip but a smaller a3 (thus a smaller −ρmn∆
′
GG J in equation (4.4)),

ρmn∆
′
ohmic0 needs to be more negative to fit the occurrence of NTMs in the experiments. The

shape of the ρmn∆
′
ohmic0—nel dependence, however, is very similar, as indicated by the cyan

circles in figure 4.17, which are a shift of corresponding blue circles by −0.35. This corresponds

to an average value of the difference of ρmn∆
′
GG J with a3 = 0.25 and 1 and confirms that

for the triggerless onset of these NTMs, using a different a3 mainly introduces a rigid shift

to the absolute values of ρmn∆
′
ohmic0 to be used in the simulations, while the trend of the

dependence and the main physics are retained.
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Figure 4.17. ρmn∆
′
ohmic0—nel mapping for different Ip (with k = 6), showing ρmn∆

′
ohmic0(nel ) for

Ip ≈ −90kA (blue circles - estimated by simulating power-ramp experiments, purple curve - final
mapping used, as will be discussed in section 4.3.3), and for Ip ≈−110kA (red squares - estimated by
power and density ramp experiments, green curve - a rigid shift of the purple curve by −0.2). Black
crosses are obtained by simulating power-ramp and density-ramp experiments with a3 = 0.25 and cyan
circles are a rigid shift of the blue circles by −0.35. Figure from [Kong et al. 2020]

4.3.3 Density-ramp experiments with constant EC power

To investigate the underlying mechanisms of the observed density range in figure 4.1, where

all the discharges have Ip ≈−110kA, ρmn∆
′
ohmic0—nel mapping for Ip ≈−110kA is needed.

This can in principle be carried out by simulating power-ramp experiments with Ip ≈−110kA

and different nel levels, similar to sections 4.3.1 and 4.3.2. However, only two EC power ramp-

up experiments with Ip ≈ −110kA are available so far, with constant nel = 1.45×1019 m−3

(#56177) and 2.65×1019 m−3 (#56605), respectively. Simulation of #56177 with k = 6 and a3 = 1

estimates ρmn∆
′
ohmic0 =−2.48 (table 4.4, α= 5); following the same procedures as in previous

sections, simulations of #56605 generate ρmn∆
′
ohmic0 = −1.33 with k = 6 and a3 = 1 (not

detailed here for conciseness). Given the lack of power-ramp experiments with Ip ≈−110kA,

more ρmn∆
′
ohmic0(nel ) points can be inferred from simulations of density ramp-up or ramp-

down experiments at constant EC power with Ip ≈−110kA, where NTMs are typically triggered

during the density ramp.

An iterative method used to get ρmn∆
′
ohmic0—nel mappings for different Ip

For simulations of each density-ramp experiment, a time-varying ρmn∆
′
ohmic0 (given its de-

pendence on the time-varying nel ) is used, based on the linear interpolation of the mapping

given in figure 4.17 (blue circles, with Ip ≈−90kA and a3 = 1), plus a small rigid shift (∆′
shift) of
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the interpolated ρmn∆
′
ohmic0 to consider different plasma conditions (e.g. different Ip ), i.e.

ρmn∆
′
ohmic0(nel ) = ρmn∆

′
ohmic0,interp(nel )+ρmn∆

′
shift, (4.7)

where ρmn∆
′
ohmic0,interp(nel ) is the direct linear interpolation based on a given ρmn∆

′
ohmic0(nel )

mapping, ρmn∆
′
shift a constant (with respect to nel and thus time) shift added to match the

appearance of the mode in the density-ramp experiment, and ρmn∆
′
ohmic0(nel ) the mapping

used in the simulations eventually.

Based on simulations of different density-ramp experiments, table 4.5 summarizes the nel

level around mode onset at each experiment, the ρmn∆
′
shift used and the resulting ρmn∆

′
ohmic0

at the nel near mode onset. For power ramp-up experiments #56177 and #56605, no shift is

added and ρmn∆
′
ohmic0 is determined following the same procedures presented in sections

4.3.1 and 4.3.2, as discussed previously. The ”Original ρmn∆
′
shift” in table 4.5 refers to the rigid

shift added to fit the appearance of the mode in each experiment (with Ip ≈−110kA), based

on the direct interpolation of the ρmn∆
′
ohmic0—nel mapping for Ip ≈ −90kA given in figure

4.17 (blue circles). The resulting ρmn∆
′
ohmic0 for Ip ≈−110kA at each nel is labeled as “Original

ρmn∆
′
ohmic0” in table 4.5. Note that no mode is observed for #56291 in table 4.5 with a very low

density nel = 1.1×1019 m−3; the corresponding ρmn∆
′
ohmic0 at this nel level is estimated with

the same method as used for the low density case #59358 discussed in section 4.3.2.

Table 4.5. ρmn∆
′
ohmic0(nel ) for Ip ≈−110kA with k = 6 and a3=1. Table from [Kong et al. 2020]

nel [1019 m−3] 1.1 1.45 1.67 1.7 1.86 2.5 2.65 2.8
Original ρmn∆

′
shift -0.2 N/A -0.1 -0.17 -0.17 -0.25 N/A -0.12

Original ρmn∆
′
ohmic0 -4.8 -2.48 -1.66 -1.55 -1.535 -1.45 -1.33 -1.32

Final ρmn∆
′
shift -0.2 N/A -0.18 -0.28 -0.17 -0.25 N/A -0.12

Final ρmn∆
′
ohmic0 -4.8 -2.48 -1.74 -1.66 -1.535 -1.45 -1.33 -1.32

Based on # 56291 56177 58510 56044 56124 56607 56605 56593

The fact that the “Original ρmn∆
′
shift” values (from −90kA to −110kA) in table 4.5 are negative

at all nel levels is consistent with the observations that TMs are more stable with larger Ip

values [Kim 2015]. In addition to the sign, the “Original ρmn∆
′
shift” at different nel is also quite

similar, e.g. with an average shift of about −0.168. This confirms that Ip ≈ −110kA mainly

leads to a rigid shift of the ρmn∆
′
ohmic0—nel mapping compared to that with Ip ≈ −90kA,

which can actually be used in turn to estimate the corresponding ρmn∆
′
ohmic0 at a certain

nel with Ip ≈ −90kA. For example, with an opposite shift of +0.168 of the ρmn∆
′
ohmic0 at

nel = 1.45×1019 m−3 and Ip ≈−110kA (i.e. −2.48 as listed in table 4.5, #56177), an extra point

at nel = 1.45×1019 m−3 can be added for Ip ≈−90kA, i.e. with ρmn∆
′
ohmic0 =−2.312.

The updated ρmn∆
′
ohmic0—nel mapping for Ip ≈−90kA can then be interpolated and shifted

again to simulate the density ramp-up experiments listed in table 4.5. A new set of ρmn∆
′
shift

is thus generated, leading to a new average ρmn∆
′
shift to be used to infer the ρmn∆

′
ohmic0 at

nel = 1.45×1019 m−3 for Ip ≈−90kA, and so on. After three iterations, ρmn∆
′
shift converges (to
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the order of 10−4), so does the average ρmn∆
′
shift and the updated mapping for Ip ≈−90kA.

The “Final ρmn∆
′
shift” and ”Final ρmn∆

′
ohmic0” in table 4.5 represent the final values obtained

after these iterations, with an average ρmn∆
′
shift of −0.2. The resulting ρmn∆

′
ohmic0(nel ) for

Ip ≈−110kA is plotted as the red trace with squares in figure 4.17, while the updated mapping

for Ip ≈−90kA (i.e. with one extra point at nel = 1.45×1019 m−3) is shown by the purple curve.

The green curve in figure 4.5 is a rigid shift of the dashed purple trace by the average shift

−0.2 and represents the final ρmn∆
′
ohmic0—nel mapping for Ip ≈−110kA, which will be used

in section 4.4 to study the observed density range for mode onset in the test discharges (figure

4.1).

A density-ramp experiment with constant EC power

To better illustrate the density-ramp experiments and simulations mentioned above, this

section presents a density ramp-up experiment in TCV with constant total EC power (#56044

in table 4.5). The onset and evolution of 2/1 NTMs with varying nel through interpretative

simulations with the MRE will also be discussed. As shown in figure 4.18, EC power is switched

on at t = 0.4s and kept constant at 0.96MW during t = [0.45, 2.4]s. Similar to the experiments

shown in previous sections, all the EC launchers are set to drive co-ECCD near the plasma

center with constant Ip ≈−110kA. A 2/1 mode is triggered during the density ramp-up and

appears at t = 0.835s with nel ≈ 1.7×1019 m−3. The 2/1 mode is then sustained and evolves

along with the density-ramp and disappears quickly when completely turning off the EC power

at t = 2.4s.
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Figure 4.18. Experimental overview of a density ramp-up experiment with constant EC power
(0.96MW) during t = [0.45, 2.4]s and Ip ≈−110kA. (a) nel trace (blue) and the total EC power from all
the EC launchers (red); (b) NTM spectrogram. Icd,tot during the density-ramp, taken from TORAY-GA
outputs, can be inferred from the dash-dotted red curve in figure 4.21. Figure from [Kong et al. 2020].
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4.3. A simple model for∆′
0

As shown in figure 4.19 and similar to the discussions in previous sections, two measurement

points labeled as “A” and “B” are used as the constraints determining ρmn∆
′
ohmic0 (the rigid

ρmn∆
′
shift in this case) and ρmn∆

′
sat in the simulations. “A” represents the first measurement

point available and “B” is at t = 1s, i.e. before a faster ramp of nel . The corresponding χ of

each simulation, as defined by equation (4.5), is evaluated with all the measurement points

between “A” and “C” to consider the entire w evolution during the density ramp. Similar to

previous simulations, a2 has been adjusted to match the experimental d w
d t trace, as illustrated

in figure 4.20, where a2 = 1 has been used. Constant k = 6 and a3 = 1 are fixed as discussed

before, while α is adjusted to minimize χ.

Table 4.6. #56044, parameters for simulations with different a3

a3 k α a2 ρmn∆
′
ohmic0,interp ρmn∆

′
shift ρmn∆

′
sat χ

1 6 5.5 1.0 Purple trace in figure 4.17 -0.28 -0.57 3.36%
0.25 6 3.3 1.0 Black crosses in figure 4.17 -0.23 -0.67 3.74%
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Figure 4.19. Island width evolution of #56044 (figure 4.18). Solid blue: measurement; solid green:
scaled βp based on equation (4.3), with tref = 1s and βp (tref) = 0.77; solid red: simulation with a3 = 1
and parameters in table 4.6; dashed cyan: simulation with a3 = 0.25 and parameters in table 4.6. Blue
triangles labeled as A and B: the two constraints used to determine ρmn∆

′
ohmic0 and ρmn∆

′
sat; A to C:

the range within which χ (equation (4.5)) in table 4.6 is evaluated. Figure from [Kong et al. 2020].

The best fit obtained is plotted as the solid red curve in figure 4.19, with χ = 3.36%. As

mentioned in section 4.3.2, simulation has also been performed with a3 = 0.25, together with

the corresponding ρmn∆
′
ohmic0—nel mapping for a3 = 0.25 (black crosses in figure 4.17) and

a rigid shift to fit the appearance of NTMs in the experiment. The set of parameters used

in these two simulations of #56044 are listed in table 4.6, and the best fit with a3 = 0.25 is

depicted by the dashed cyan curve in figure 4.19. It can be seen that a3 = 0.25 (with the

corresponding ρmn∆
′
ohmic0 in figure 4.17) can also fit well the w evolution, confirming that

the exact value of a3 is not playing a dominant role in the w evolutions in our discharges.

This is consistent with the w-dependence and relative amplitude of each term in the MRE:

once NTMs appear, the amplitude of ρmn∆
′
GG J decreases sharply given its 1/w dependence
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Chapter 4. Triggerless onset of 2/1 NTMs in TCV

(equation (3.7)); the ρmn∆
′
GG J at finite w (e.g. 2 ∼ 6cm) is much smaller than ρmn∆

′ and

ρmn∆
′
BS in our test discharges. Therefore, the island width evolution after the mode occurs is

dominated by ρmn∆
′ and ρmn∆

′
BS and is not affected much by a3. One would need accurate

w measurements at [0, 1.5]cm to see the difference.
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Figure 4.20. d w
d t (w) traces at several time slices of the simulation with a3 = 1 (solid red curve in

figure 4.19), showing EC-heated plasma without mode (t = 0.55s), 2/1 mode onset with d w
d t (w = 0) > 0

(t = 0.73s), mode grows to about 2cm quickly with large d w
d t (t = 0.81s), wsat ≈ 4.8cm (t = 1.4s) and

wsat ≈ 4cm (t = 1.8s and t = 2s). Dash-dotted black curve: d wcal
d t (wcal) from the simulation; dashed

magenta:
d wexp

d t (wexp) taken from measurement. d w
d t at the wcal of each time slice are marked by

the solid circles with corresponding colors. ρmn∆
′ (downward-pointing triangles), ρmn∆

′
BS (upward-

pointing triangles) and ρmn∆
′
GG J (squares) at the wcal of each time slice, divided by τR /ρmn , are also

listed.

To better illustrate the simulated mode onset and the time evolution of ρmn∆
′
0 along with the

ramp-up of density, various components of ρmn∆
′
0 (equation (4.2)) of the simulation with

a3 = 1 (solid red curve in figure 4.19) are depicted in figure 4.21. As indicated by the dashed

blue curve, time-varying ρmn∆
′
ohmic0 is used in the simulation along with the ramp-up of

density, based on an interpolation of the ρmn∆
′
ohmic0—nel mapping for Ip ≈ −90kA (solid

purple curve in figure 4.17) and a constant ρmn∆
′
shift = −0.28. kIcd,tot/Ip (dash-dotted red

trace) decreases along with the ramp-up of density due to a drop of current drive efficiency

(thus Icd,tot) with higher density and constant power. This is the main drive for the decrease

of w between B and C (figure 4.19) and explains why wsat does not follow the βp trace (green

curve in figure 4.19). 100% absorption of the EC beams is maintained up to t = 2s when nel

reaches about 2.8×1019 m−3, and then quickly drops along with the further increase of nel ,

explaining the observed faster decrease of Icd,tot/Ip after t = 2s (dash-dotted curve in figure

4.21). ρmn∆
′
0 shown by the solid green trace results from the sum of the blue and red curves,
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4.4. Recovery of the observed density range

as defined by equation (4.2). ρmn∆
′
GG J varies with w and time, but only the amplitude at

w = 0 (e.g. at mode onset) is shown in figure 4.21 (dotted black line). Based on the onset

condition (equation (4.4)), ρmn∆
′
0 counteracts the stabilizing ρmn∆

′
GG J at w = 0, leading to

d w
d t (w = 0) > 0 at t = 0.78s and thus the onset of the mode. The finite w then modifies ρmn∆

′

based on its w dependence, defined in equation (3.25), and deviates from ρmn∆
′
0 after mode

onset (at t = 0.78s).
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Figure 4.21. Various components of ρmn∆
′
0 for the simulation with a3 = 1 (solid red curve in figure

4.19). Dashed blue: time-varying ohmic contribution toρmn∆
′
0 based on theρmn∆

′
ohmic0—nel mapping

shown by the purple curve in figure 4.17 and a constant ρmn∆
′
shift = −0.28; red dash-dotted: the

contribution of ECCD to ρmn∆
′
0; solid green: ρmn∆

′
0 based on the sum of the ohmic and ECCD

contribution (equation (4.2)); dotted black: the amplitude of ρmn∆
′
GG J at w = 0; solid purple: ρmn∆

′
(equation (3.25)), deviating from ρmn∆

′
0 (solid green) after mode onset (at t = 0.78s) based on its w

dependence. Figure from [Kong et al. 2020].

Similar density ramp-up experiments with higher EC power or density ramp-down experi-

ments at different EC power levels have also been performed, for example as listed in table 4.5.

Following the same procedures shown in this section, corresponding interpretative simula-

tions with the MRE prove to fit well the evolution of 2/1 NTMs in all the cases, not detailed

here for conciseness. As mentioned, the ρmn∆
′
0 model developed in this section has also

been applied in the interpretative simulations of NTM control experiments in TCV, as will be

presented in chapter 5, for NTM stabilization and prevention cases where both central and

off-axis co-ECCD are involved.

4.4 Recovery of the observed density range

It is interesting to explore the density effect on the triggerless onset of NTMs observed in

numerous TCV discharges (section 4.2.2) with the ∆′
0 model developed in section 4.3. We

have obtained the nel -dependence of ρmn∆
′
ohmic0 in section 4.3 (table 4.5 and figure 4.17 for

Ip ≈−110kA), it remains to determine the nel -dependence of Icd,tot in equation (4.2). This
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Chapter 4. Triggerless onset of 2/1 NTMs in TCV

can be inferred from Icd,tot at various nel levels computed by TORAY-GA.

As shown in figure 4.22, a linear dependence of Icd,tot on Pec,tot/nel is obtained based on

various TCV discharges with different central co-ECCD power and nel but similar plasma

shape:

Icd,tot

Iref
= c · Pec,tot

Pec,ref
/

nel

nel,ref
, (4.8)

where Pec,tot is the total absorbed EC power of all the EC beams. Note that the nel dependence

in equation (4.8) is as expected from the current drive efficiency of ECCD beams [Cohen 1987;

Lin-Liu et al. 2003, and references therein]. With Iref =−110kA, nel,ref = 1.72×1019 m−3 and

Pec,ref = 1MW, the fitting gives c = 0.356, as indicated by the dashed black line in figure 4.22.

To investigate the range and effects of c, linear curves with c = 0.32 and 0.39 (i.e. ±10% with

respect to c = 0.356) are shown by the dotted black lines.
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Figure 4.22. Linear dependence of Icd,tot (from TORAY-GA) on Pec,tot/nel in the test discharges,
based on the fitting of various TCV experiments (shown in the legend). #56722 and #56607 are with
Ip ≈−110kA, while all the other discharges have Ip ≈−90kA. The fit with c = 0.356 is shown by the
dashed black curve, while fits with c = 0.32 and 0.39 (i.e. ±10% with respect to c = 0.356) are shown by
the dotted black lines. Figure from [Kong et al. 2020].

Based on equation (4.8) and the ρmn∆
′
ohmic0—nel mapping for Ip ≈−110kA (green trace in

figure 4.17), ∆′
0 can be evaluated for each given nel ∈ [1.1, 3]×1019 m−3. Figure 4.23 shows

d w
d t (w = 0), i.e. ρmn∆

′
0+ρmn∆

′
GG J at different nel and EC power levels, with a fixed ρmn∆

′
GG J =

−0.5, which is an average value of the test discharges before mode onset (i.e. w = 0) with a3 = 1.

The dashed lines in figure 4.23 represent the kIcd,tot/Ip contribution to ρmn∆
′
0 evaluated at

different EC power and nel levels based on equation (4.8), with Ip =−110kA (as used in the

discharges shown in figure 4.1), fixed k = 6 and c = 0.356. The solid magenta curve depicts the

sum of ρmn∆
′
ohmic0 evaluated based on the interpolation of the ρmn∆

′
ohmic0—nel mapping for

Ip ≈−110kA (green trace in figure 4.17) and the constant ρmn∆
′
GG J =−0.5, i.e. representing

the d w
d t (w = 0) in ohmic plasmas. The sum of different dashed lines with the solid magenta

curve generates the total d w
d t (w = 0) at different EC power levels, as indicated by the solid
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4.4. Recovery of the observed density range

lines in corresponding colors. d w
d t (w = 0) > 0 predicts the triggerless onset of NTMs while

d w
d t (w = 0) ≤ 0 predicts stable plasmas. The EC power levels have been chosen to facilitate the

comparison between figure 4.23 and figure 4.1.
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Figure 4.23. Model predictions for mode onset at Ip ≈−110kA (figure 4.1), i.e. d w
d t (w = 0) ≡ ρmn∆

′
0 +

ρmn∆
′
GG J evaluated at different nel and Pec,tot, based on the ∆′

0 model (equation (4.2)). Dashed lines:
the kIcd,tot/Ip contribution to ρmn∆

′
0 with different Pec,tot and nel levels based on equation (4.8) (with

k = 6 and c = 0.356); solid magenta curve: the sum of ρmn∆
′
ohmic0 evaluated by the interpolation of the

ρmn∆
′
ohmic0—nel mapping for Ip ≈−110kA (green trace in figure 4.17) and a constant ρmn∆

′
GG J =−0.5,

i.e. representing the total d w
d t (w = 0) in ohmic plasmas; other solid traces in corresponding colors as

the dashed ones: the sum of different dashed lines with the solid magenta curve, representing the
total d w

d t (w = 0) with different Pec,tot levels. Filled light blue area: the estimated density range for
Pec,tot = 0.96MW with c ∈ [0.32, 0.39]. Figure from [Kong et al. 2020].

It can be seen that figure 4.23 reproduces well the observed nel and Pec,tot dependence of the

triggerless onset of 2/1 NTMs in TCV (with Ip ≈ −110kA, figure 4.1), i.e. NTMs only occur

within a certain range of nel and this range tends to broaden with higher Pec,tot. As summarized

in table 4.7, for Ip ≈−110kA, triggerless NTMs are predicted to occur with nel ∈ [1.65, 1.8]×
1019 m−3 for Pec,tot = 0.96MW (blue), nel ∈ [1.55, 2.1]×1019 m−3 for Pec,tot = 1.07MW (red),

nel ∈ [1.4, 2.4]× 1019 m−3 for Pec,tot = 1.19MW (purple), and nel ∈ [1.25, 2.8]× 1019 m−3 for

Pec,tot = 1.4MW (cyan). With Pec,tot = 1.75MW (black), NTMs are expected to occur within

the entire tested range (nel = 1.1 ∼ 3×1019 m−3). All of these are in close agreement with the

experiments summarized in figure 4.1. Note that the slightly narrower density ranges predicted

by the model than those observed in the experiments (e.g. for Pec,tot = 0.96MW and Pec,tot =
1.07MW) can be explained by the error bars of fitting the Icd,tot(Pec,tot/nel ) dependence (figure

4.22). With a slightly different coefficient c in equation (4.8), the exact values of the density
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Chapter 4. Triggerless onset of 2/1 NTMs in TCV

ranges are affected. As an example, the computed density range for NTM onset with Pec,tot =
0.96MW and c ∈ [0.32, 0.39] is depicted by the filled light blue area in figure 4.23.
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Figure 4.24. Experimental observations (a) and model predictions (b) of the density range for mode
onset at Ip ≈ −90kA. (a) A collection of 88 stationary instances taken from 42 TCV discharges with
Ip ≈−90kA and different nel and Pec,tot. Solid symbols: 2/1 NTM triggered; open symbols: no NTMs. (b)
d w
d t (w = 0) ≡ ρmn∆

′
0 +ρmn∆

′
GG J evaluated at different nel and Pec,tot, based on the ∆′

0 model (equation
(4.2)). Dashed lines: kIcd,tot/Ip contribution to ρmn∆

′
0 at different Pec,tot and nel levels (with k = 6 and

c = 0.356); solid magenta: the sum of ρmn∆
′
ohmic0 (evaluated based on the ρmn∆

′
ohmic0—nel mapping

for Ip ≈−90kA shown by the purple trace in figure 4.17) and a constant ρmn∆
′
GG J =−0.5; other solid

lines with corresponding colors as the dashed ones: the sum of different dashed lines with the solid
magenta curve, i.e. the total d w

d t (w = 0) at different Pec,tot levels. Filled light blue area: estimated density
range for Pec,tot = 0.96MW with c ∈ [0.32, 0.39] and Ip ≈−90kA. Figure from [Kong et al. 2020].

A similar exercise has been performed for discharges with Ip ≈−90kA, as illustrated in figure

4.24 and summarized in table 4.7. Similar to figure 4.1, figure 4.24 (a) displays 88 instances

taken from 42 TCV discharges with Ip ≈−90kA at different nel and Pec,tot levels, exhibiting

similar effects: there is a density range for the triggerless onset of these NTMs and the range

tends to broaden with increasing Pec,tot. Compared to the case with Ip ≈−110kA and Pec,tot =
0.96MW (i.e. blue squares in figure 4.1), the fact that there is a slightly wider nel range for mode

onset (i.e. [1.53, 2.2]×1019 versus [1.54, 2]×1019 m−3), and that the case with Ip ≈−90kA is less

74



4.4. Recovery of the observed density range

marginal for mode onset with the same EC power (i.e. only solid symbols are involved within

the given nel range) indicate the plasma is more unstable to TMs with smaller amplitude of Ip ,

which justifies the proposed Icd,tot/Ip dependence in equation (4.2).

Following the same procedures and as shown in figure 4.24 (b), the onset of NTMs with

Ip ≈ −90kA also proves to be well reproduced by the ∆′
0 model. Different colors represent

different EC power levels, the same as used in figure 4.24 (a). Theρmn∆
′
ohmic0—nel mapping for

Ip ≈−90kA is used to evaluate ρmn∆
′
ohmic0 at different nel , as indicated by the solid magenta

trace, which corresponds to the purple curve in figure 4.17 plus a constant ρmn∆
′
GG J =−0.5,

similar to that in figure 4.23. The dashed traces represent kIcd,tot/Ip contribution to ρmn∆
′
0

evaluated at different EC power and nel levels based on equation (4.8) with Ip = −90kA,

k = 6, Iref =−110kA and c = 0.356. The sum of different dashed lines with the solid magenta

curve generates the total d w
d t (w = 0) at different EC power levels, as indicated by the solid

lines in corresponding colors. Similarly, the computed density range for NTM onset with

Pec,tot = 0.96MW and c ∈ [0.32 0.39] is depicted by the filled light blue area in figure 4.24 (b).

Table 4.7. Predicted nel range for mode onset at different central EC power levels

Ip [kA] Central EC power [MW] nel range for mode onset
[
1019 m−3

]
110 0.96 Marginal mode onset within [1.65, 1.8]

1.07 [1.55, 2.1]
1.19 [1.4, 2.4]
1.4 [1.25, 2.8]

1.75 wider than [1.1, 3]
90 < 0.75 Unconditionally stable to all nel

0.75 1.8
0.96 [1.53, 2.2]

It can be seen that figure 4.24 (b) reproduces well the observed nel and Pec,tot dependence

of the triggerless onset of 2/1 NTMs shown in figure 4.24 (a), in terms of the nel range for

Pec,tot = 0.96MW (blue), the NTM onset only at nel ≈ 1.8×1019 m−3 with Pec,tot = 0.75MW

(red) and no mode with even lower near-axis co-ECCD power (green, purple and cyan). From

these discussions, one can see that the observed nel -range for the triggeless onset of NTMs in

the tested discharges is consistent with the nel -dependence of the stability of ohmic plasmas

and the nel -dependence of the current drive efficiency of co-ECCD beams predicted by our

model. The ∆′
0 model defined by equation (4.2), appearing simple, proves to describe well the

main variations of ∆′
0 at different density and EC power levels. More theoretical inputs that

can link the proposed dependence more directly with the details of q and j profiles, such as

ρmn and smn , are desired to further understand this model.
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Chapter 4. Triggerless onset of 2/1 NTMs in TCV

4.5 Discussions

4.5.1 Effects of rotation on the triggerless onsets of NTMs in TCV

Previous studies show that plasma rotation may play a role in the onset of NTMs [Gerhardt

et al. 2009; Buttery et al. 2008, and references therein]. To explore the possible effects of

rotation on the onset of 2/1 NTMs in the test discharges, dedicated power-scan and density-

scan experiments have been performed, along with the measurements of rotation profiles

by a charge exchange recombination spectroscopy (CXRS) system in TCV [Marini 2017]. The

experiments have been programmed such that a certain density or EC power is kept constant

for a sufficiently long time, typically 0.5s, i.e. much longer than the resistive time scale in

the discharges (0.05 ∼ 0.1s). Ip ≈−90kA and similar plasma shapes have been used in all the

experiments presented in this section. The measured toroidal velocity (vtor) profiles of the

carbon impurities at different EC power and density levels are shown in figures 4.25 (a) and (b),

respectively, where each trace is taken from the average of several time slices with the same

EC power and density level. ρψ in the figures refers to the normalized radial location based on

the square root of the poloidal fluxΨ.
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Figure 4.25. Toroidal rotation profiles (a) with constant nel = 1.84×1019 m−3 but various EC power
levels as indicated by the legend and (b) with constant Pec,tot = 0.76MW but various nel levels as
indicated by the legend. Measurements at several time slices (without the appearance of NTMs) are
used in each case. Figure from [Kong et al. 2020].

In figure 4.25 (a), the series of experiments have the same nel = 1.84× 1019 m−3, whereas

different near-axis co-ECCD power levels are involved. The EC power threshold for triggering

2/1 NTMs in these cases is about 0.76MW, determined by the power ramp-up experiment

(#59318) shown in figure 4.15. Based on #59318, constant EC power around 0.76MW has been

used in #59328, #59323 and #59320. No NTMs were observed in ohmic plasmas (i.e. Pec,tot = 0),

#59328 (0.68MW) or #59323 (0.72MW), whereas 2/1 mode occurred about 0.1s after reaching

Pec,tot = 0.76MW in #59320, as expected. As we only consider here the effects of rotation

on mode onset (i.e. before the occurrence of a mode), the vtor profile with Pec,tot = 0.76MW

in #59320 (i.e. the cyan trace in figure 4.25 (a)) is averaged over the time slices before the
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appearance of the mode to avoid introducing the modifications of rotation profile by NTMs

discussed in [Lazzaro et al. 2015].

It can be seen from figure 4.25 (a) that vtor is driven towards the co-Ip direction (more negative

values) with the application of co-ECCD beams, similar to previous observations in TCV

[Lazzaro et al. 2015; Sauter et al. 2010]. Within the error bars, the rotation profiles near the

threshold of mode onset (green, purple and cyan traces in figure 4.25 (a)) largely overlap, i.e.

there is no noticeable change of rotation right before the onset of these NTMs. This indicates

that plasma rotation is not playing a dominant role in the onset of NTMs in our discharges.

Meanwhile, the fact that no mode is triggered with the relatively large change of rotation

profiles from ohmic to EC-heated plasmas also implies a less important role of rotation on the

mode onset in these discharges - there is a larger change in the rotation profile from ohmic

plasmas (blue and red) to Pec,tot = 0.68MW case (green) than with a further increase of Pec,tot.

Figure 4.25 (b) illustrates the vtor profiles at different nel levels, with constant Pec,tot = 0.76MW

in all cases. NTMs only occurred in #59320 with nel = 1.84×1019 m−3 and we take the time

slices before the mode onset to get the vtor profile in this case, as discussed above. It can be

seen that the rotation profiles with different density levels once again overlap with each other

within the error bars, confirming that rotation does not play a dominant role in the onset of

NTMs in the discharges presented in this chapter. It is ∆′
0 that dominates the mode onset, as

detailed in previous sections. Note that with the existence of NTMs (i.e. after mode onset), the

rotation profiles become non-monotonic with a vanishing shear around the mode location

(not involved in the figures) due to a neoclassical toroidal viscosity effect [Lazzaro et al. 2015],

but is not discussed here as we only concentrate on how the rotation profile affects mode

onset instead of vice versa.

4.5.2 Contribution of pure heating to the triggerless onset of NTMs

As discussed in section 4.3 and section 4.4, the simple model for∆′
0 (equation (4.2)) has proven

to explain well the triggerless onset of NTMs observed in TCV discharges with strong near-axis

central co-ECCD. Further improvement of the model is foreseen with more theoretical inputs

and more experiments with different settings. For example, heating effects from ECH or ECCD

beam depositions are also expected to affect the current density and q profiles, thus affecting

∆′
0 and the triggerless onset of NTMs. Note that the deposition of ECCD beams leads to both

current drive and heating effects that can affect the stability of plasmas, which in equation

(4.2) have been incorporated by the kIcd,tot/Ip term. In this section, a first attempt to separate

the effect of heating and current drive on ∆′
0 is presented, by using

ρmn∆
′
0 = ρmn∆

′
ohmic0 +kcd

Icd,tot

Ip
+kh

Pec,tot

Pref
, (4.9)

where k in equation (4.2) has been separated into kcd and kh , and at this stage, the total

absorbed EC power (Pec,tot) has been chosen as a representation of the heating effect. The
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Chapter 4. Triggerless onset of 2/1 NTMs in TCV

coefficients kcd and kh can be estimated by interpretative simulations of experiments where

different combinations of heating and current drive are involved.

In this respect, a series of EC power ramp-up experiments presented in [Lazzaro et al. 2015] -

#48836, #48837 and #48841 are selected and preliminary simulations are performed. Constant

Ip ≈−115kA and nel = 1.72×1019 m−3 were kept in these three experiments, with the same

plasma triangularity δ≈ 0.25 as used in the experiments shown in this chapter but a slightly

larger elongation κ (1.42 instead of 1.3). Three independent EC launchers were used in each

experiment, depositing EC beams near the plasma center. The EC power traces were kept the

same among the three experiments, whereas different toroidal angles were set to allow for

different combinations of ECH and ECCD. Specifically, all three launchers were set to drive

co-ECCD in #48836, while #48837 has two co-ECCD and one counter-ECCD and #48841 has

one co-ECCD, one counter-ECCD and one ECH. The Icd,tot increases along with the ramp-up

of the EC power and has an amplitude of |I 36
cd,tot| > |I 37

cd,tot| > |I 41
cd,tot| ≈ 0 at each time slice,

as expected. Along with the ramp-up of the total EC power (reaching a maximum of about

1.2MW before turning off), 2/1 NTMs were triggered in #48836 and #48837, with a later timing

in #48837 (figure 4.26) when the total EC power ramped up to a higher value than #48836,

whereas no NTM has been observed in #48841 during the entire power-ramp.
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Figure 4.26. w(t ) evolution of power-ramp experiment (a) #48836 (with three co-ECCD) and (b) #48837
(with two co-ECCD and one counter-ECCD). Solid blue: measurement; solid green: scaled βp based
on equation (4.3), with βp (tr e f = 1.7) = 0.91 for #48836 and βp (tr e f = 1.75) = 0.96 for #48836; solid
red: simulation with k = 6 in equation (4.2); dashed cyan: simulation with kcd = 3.5 and kh = 1.6 in
equation (4.9). Two blue triangles: the two constraints used to determine ρmn∆

′
ohmic0 and ρmn∆

′
sat as

well as the time range within which χ is evaluated. Figure from [Kong et al. 2020].

To be comparable with previous simulations presented in section 4.3, simulations are per-

formed with the original ∆′
0 model (equation (4.2)) and k = 6 for #48836 and #48837, where

co-ECCD beams are involved. The simulated island width evolution of the 2/1 NTM, as shown

by the solid red curves in figure 4.26, fits well the measurement (with χ< 10% as seen in table

4.8). For simulations separating the heating effect (with equation (4.9)), the range of kh to be

used can be estimated based on #48841, where I 41
cd,tot ≈ 0. Setting kcd = 0 in equation (4.9) and
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4.5. Discussions

based on the observation that no NTMs were triggered in this discharge, kh is found to be

smaller than 2 when choosing Pref = 1.5MW. More constraints on kcd and kh can be found

along with the simulations of #48836 and #48837 (i.e. with different ECCD levels). Given the

uncertainties and oscillations of various experimental data (e.g. wexp, Icd,tot, etc.), only pairs

of kcd and kh can be estimated at this stage. The set of parameters used in the simulations

as well as the corresponding χ for each simulation are summarized in table 4.8. a2 has been

adjusted to fit better the experimental d w
d t in each discharge, as discussed in previous sections.

It can be seen that different pairs of kcd and kh can fit reasonably the measurements (χ< 20%).

As an example, simulations with kcd = 3.5 and kh = 1.6 (Pref = 1.5MW) in equation (4.9) are

shown by the dashed cyan curves in figure 4.26.

Table 4.8. List of the key parameters used in simulations with different ∆′
0 models

Shot # k kcd kh α a2 ρmn∆
′
ohmic0 ρmn∆

′
sat χ

48836 6 N/A N/A 15 1.7 -0.75 -1.26 8.48%
N/A 4.5 0.95 15 1.7 -0.84 -1.26 8.32%
N/A 4 1.25 15 1.7 -0.86 -1.26 8.26%
N/A 3.5 1.6 15 1.7 -0.91 -1.25 8.13%
N/A 3 1.9 15 1.7 -0.93 -1.25 8.08%

48837 6 N/A N/A 15 1.7 -0.21 -1.18 7.47%
N/A 4.5 0.95 15 1.7 -0.50 -1.26 7.11%
N/A 4 1.25 15 1.7 -0.59 -1.20 7.22%
N/A 3.5 1.6 15 1.7 -0.71 -1.20 7.35%
N/A 3 1.9 15 1.7 -0.80 -1.20 7.43%

59151 6 N/A N/A 10 1.0 -1.33 -0.484 5.08%
N/A 4.5 0.95 10 1.0 -1.33 -0.484 6.08%
N/A 4 1.25 10 1.0 -1.32 -0.484 6.13%
N/A 3.5 1.6 10 1.0 -1.33 -0.484 5.34%
N/A 3 1.9 10 1.0 -1.32 -0.484 5.43%

To investigate the contribution of each component to ρmn∆
′
0 in the simulations, the various

terms of equation (4.9) for the three experiments are depicted in figure 4.27, with kcd = 3.5

and kh = 1.6 for each simulation. Different discharges are distinguished by different colors -

#48836 in blue, #48837 in red and #48841 in green. Given the constant nel in each discharge,

constant ρmn∆
′
ohmic0 is used in the simulations, as indicated by the horizontal dashed lines

in figure 4.27. The ρmn∆
′
ohmic0 of #48841 is set to equal that of #48837 (overlapped). The

dotted lines refer to the contribution of heating to ρmn∆
′
0, i.e. kh

Pec,tot

Pref
, and largely overlap

among various discharges since the same injected EC power and similar absorption rate are

involved. The dash-dotted lines represent the contribution of current drive to ρmn∆
′
0, i.e.

kcd
Icd,tot

Ip
. Note that the Icd,tot of these discharges have been recalculated with TORAY-GA to

adapt recent updates in the equilibrium solver LIUQE since the publication of [Lazzaro et al.

2015]. The new Icd,tot of #48841 shows an overall co-ECCD, but quite small indeed. The solid

lines represent the sum of the three components, i.e. the ρmn∆
′
0. The average −ρmn∆

′
GG J

in these experiments are indicated by the horizontal solid black line. The onset of mode
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Chapter 4. Triggerless onset of 2/1 NTMs in TCV

occurs when ρmn∆
′
0 >−ρmn∆

′
GG J (equation (4.4)), as indicated by the vertical dashed lines

with corresponding colors.
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Figure 4.27. Time-varying ρmn∆
′
0 for #48836 (blue), #48837 (red) and #48841 (green) based on equation

(4.9). Horizontal dashed lines: ρmn∆
′
ohmic0 used in the simulations, the same for #48837 and #48841

(overlapped); dotted lines: kh
Pec,tot

Pref
, contribution of heating to ρmn∆

′
0 in different discharges; dash-

dotted: contribution of current drive to ρmn∆
′
0; solid curves in corresponding colors: sum of the three

components, i.e. the final ρmn∆
′
0 for each discharge. Horizontal solid black line: the average amplitude

of ρmn∆
′
GG J in the experiments; vertical dashed lines: the time slices of the onset of the mode in #48836

and #48837.

Simulations have also been performed for a previous example #59151 (figure 4.2) with equation

(4.9), as shown in table 4.8. The simulation with k = 6 is taken from table 4.2. As indicated by

the χ values in table 4.8, the simulations with kcd and kh can fit well the measured island width

evolution for this discharge as well. The difference of ρmn∆
′
ohmic0 between #59151 and #48836,

with similar nel = 1.72×1019 m−3 and the same k = 6, can be explained by the different plasma

conditions in these two different series of discharges (e.g. different Ip and κ). For #48837,

where a large heating effect is involved given the settings of the EC launchers (2 co-ECCD and 1

counter-ECCD), the ρmn∆
′
ohmic0 required to fit the experiments with k = 6 is less negative than

#48836, where the current-drive effect is dominant. This indicates that the original ρmn∆
′
0

model (equation (4.2)), developed based on discharges with dominant current-drive effect

(e.g. with all the launchers in strong co-ECCD), underestimates the contribution of heating

to ρmn∆
′
0, especially for cases where the heating contribution may be comparable to the

current-drive effect, as expected.

A better separation of the heating and current-drive contribution to ρmn∆
′
0 would require

detailed NTM onset experiments with pure ECH and corresponding simulations. Due to the

limitations of the total EC power available at the time of the experiments, no 2/1 NTMs have

been observed so far with pure central ECH in similar plasmas. However, as indicated by the

solid green curve in figure 4.27, a further increase of the total EC power (e.g. reaching above

1.5MW) would lead to the onset of NTMs with central pure heating. This can be tested soon
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with new EC gyrotrons being commissioned. Further studies about the effects of heating on

the triggerless onset of NTMs are left as future work.

4.6 Summary

Triggerless 2/1 NTMs have been observed reproducibly in low-density TCV discharges with

strong near-axis co-ECCD. The underlying physics of this type of NTMs, from the onset as

a TM at w = 0 to the saturation as an NTM up to wsat, has been studied in detail in this

chapter, through dedicated experiments with various density and EC power levels as well

as interpretative simulations with the modified Rutherford equation (MRE). Given the ∆′-
triggered nature of these NTMs (L-mode plasmas with q95 > 5 and no/tiny sawteeth) and the

difficulties of calculating ∆′ reliably, a simple model for the stability index at w = 0, i.e. ∆′
0

(equation (4.2)), has been developed based on experiments and interpretative simulations.

Together with the w-dependence of ∆′ (equation (3.25)), it provides a complete model of ∆′

for all w (including w = 0) and has reproduced self-consistently the entire time-evolution of

triggerless NTMs at various plasma conditions.

An unexpected density dependence of the onset of triggerless NTMs has been newly and

experimentally observed in TCV: there is a certain range of density within which triggereless

NTMs can occur, and the range is found to broaden with increasing central co-ECCD power.

The underlying mechanisms of the observed phenomena have been explored using the ∆′
0

model that is developed with a different set of experiments and simulations. It is found that

the formation of the density range results from the density dependence of the stability of

ohmic plasmas, being more unstable at higher density, and of the ECCD efficiency, driving less

current at higher densities hence less destabilizing. Both effects are consistent with increasing

magnetic shear at the q = 2/1 surface, as obtained from interpretative ASTRA simulations,

being more unstable. However, its exact value is not accurate enough at this stage to be used

directly in the ∆′
0 model. The simulations have also highlighted that ohmic plasmas are much

more stable (∆′
0 ¿ 0) at low density than at medium to high densities.

A detailed study of various parameters involved in the simulations with the MRE has also been

presented, which clarifies their main effects and constrains better the range of parameters

to be used. For example, a2, the coefficient affecting the bootstrap contribution (equation

(3.4)), is found to dominate the amplitude of the growth rate of w at medium to large w , where

measurements are available, and can be constrained well by comparing with the experimental

data; k in the ∆′
0 model (equation (4.2)) affects both the onset of NTMs and the detailed

time-evolution of w up to wsat, given the w-dependence of ∆′ defined by equation (3.25); α

affects the slope of the w dependence of ∆′ at small w , thus playing a role in the evolution

that is mainly below the noise level of measurements in the test discharges. The sensitivity of

NTM onset and evolution to a3 that affects ρmn∆
′
GG J (equation (3.7)) in the MRE has also been

investigated. Different a3 values only lead to a rigid shift of the ρmn∆
′
ohmic0(nel ) mapping to

be used to fit the experiments, whereas the main physics proves to be well retained. Following
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table 3.1 and the discussions in this chapter, ranges of the key coefficients and parameters

involved in simulations with the MRE are summarized in table 4.9.

Table 4.9. List of key MRE coefficients and parameters

Item Relevant equation Range

a2 (3.4) tuned based on experimental d w
d t (w), typically [1, 2]

a3 (3.7) 1

a4 (3.9) [0.3, 0.65], based on table 5.3 (chapter 5)

a5 (3.10) 0.9, based on table 5.3 (chapter 5)

∆′
sat (3.25)

tuned based on a2 and measured wsat:
a2/∆′

sat determines wsat (equation (3.20))

k (4.2) [2, 10], typically set to 6

∆′
ohmic0 (4.2)

tuned based on the measured occurrence of NTMs
with a fixed k(= 6)

α (3.25) [3, 15], tuned to minimize χ (equation (4.5))

A “lull” region characterized by a very slow growth rate at a certain range of w has been

observed in simulations with small k and/or large α. This could explain a similar behavior

firstly described in [Brennan et al. 2003]. More detailed study on the existence of the lull

region and the range of parameters used requires better measurements of w at very small w ,

and needs improved diagnostics. Further improvement of the ∆′
0 model is also foreseen. For

example, a first attempt has been made to separate the contribution of heating to the onset of

these NTMs with available data, while more detailed experiments with higher ECH power will

allow quantifying better different effects.

The possible effects of plasma rotation on the onset of these NTMs in TCV have also been

explored through dedicated power-scan and density-scan experiments with careful rotation

measurements. No noticeable change of rotation can be observed around the onset threshold

of these NTMs, indicating that rotation is not playing a dominant role in the NTM onset in the

test discharges. This confirms that the dominant effect is the dependence of ∆′
0 on nel and

Icd,tot/Ip .

The new ∆′
0 model (equation (4.2)) developed in this chapter is generic in separating ∆′

0 into

the classical stability of ohmic plasmas and the contribution of auxiliary heating and current

drive. The proposed density dependence of each term also remains general: destabilization of

2/1 NTMs at high density is found to be the main mechanism causing density limit of tokamak

plasmas for the cases examined [Kirneva et al. 2015], while the current drive efficiency of ECCD

is expected to depend inversely on density [Cohen 1987; Lin-Liu et al. 2003, and references

therein]. However, to cover all the plasma scenarios in various tokamaks, a more general

model that directly links ∆′
0 (and ∆′) with the details of q and j profiles such as the radial
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location of the considered q = m/n surface and the local magnetic shear, is needed. A detailed

sensitivity study of ∆′ discussed in appendix A presents an example of such a model (equation

(A.5)), while more comprehensive sensitivity study that covers a wider range of q and j profiles

or analytical derivations would provide better estimations.

The ∆′
0 model has facilitated the study of triggerless NTMs in TCV and explain well various

experimental observations (including the unexpected density range for mode onset). The un-

derlying physics of triggerless NTMs studied in detail in this chapter can inspire investigations

of triggerless NTMs observed in other devices and is important for ITER. In particular, from

interpretative simulations with ASTRA, it is observed that discharges with increasing radial

location of the q = 2/1 surface and/or increasing magnetic shear at the 2/1 surface tend to be

more unstable for TMs, for example with increasing density from 1×1019 to 2.4×1019 m−3 (for

ohmic plasmas) or with increasing central Icd,tot in the test discharges.

It is worth emphasizing that ∆′
0, though being a key parameter in the simulated onset of NTMs

(below the noise level of measurements), only has a high-order effect on the time evolution of

island width (especially the part above the noise level), given the strong w-dependence of ∆′

(equation (3.25)) that eventually enters the MRE (equation (3.3)). This means that the exact

value of ∆′
0 does not affect much the fitting of experimental results and tuning ∆′

0 based on

the measured occurrence (i.e. the first measurement point available) of NTMs is good enough

in terms of simulating w(t). This method is applicable to simulations of any discharge, for

instances discharges that will be presented in the next chapter where both NTM stabilization

and prevention cases are involved. Similarly, ∆′
0 can be adapted automatically based on real-

time w measurements in real-time simulations with the MRE, as will be discussed in chapter

6 (section 6.4).

The detailed discussions about the effects of various coefficients (such as a2 and a3) on NTM

evolutions (section 4.3.1) are of importance for simulations with the MRE in general. The stan-

dard terms used in the MRE and the simulations involving finite island widths are also relevant

for NTMs seeded by other mechanisms. As summarized in table 4.9, the key coefficients and

parameters for simulating any TCV discharges with the MRE can be determined as follows.

Note that one should check that the parameters are within the range defined in chapters 4 and

5 (summarized in table 4.9). A similar procedure has been shown to be valid for simulating an

AUG discharge, as discussed in chapter 6 (section 6.4.5).

• Determining a2 by fitting the experimental d w
d t (w) trace. Note that a2 is typically within

[1, 2] based on simulations of TCV discharges (table 4.9)

• a3 = 1; a6 = 0 (neglecting the polarization current term)

• a5 = 0.9 (relevant when off-axis EC beams are involved, details in chapter 5). A range of

[0.2, 1.6] is found to be compatible with TCV experiments (equation (5.2), section 5.5),

though a5 = 0.9 generates the best fit of the experiments so far

• Tuning a4 based on the measured stabilization/prevention of NTMs, but within [0.3, 0.65]
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with a5 = 0.9 (relevant when off-axis EC beams are involved, details in chapter 5). Ranges

of a4 at different a5 are summarized in table 5.3

• Tuning ρmn∆
′
sat (within [−m, 0)) to fit the measured wsat

• k = 6. A range of [2, 10] has been determined (section 4.3.1)

• Tuning ρmn∆
′
ohmic0 based on the measured occurrence of NTMs

• Tuning α (within [3, 15]) to minimize χ (equation (4.5))
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5 Stabilization and prevention of 2/1

NTMs with EC beams in TCV

5.1 Introduction

Apart from the detailed study on the onset of 2/1 NTMs presented in the previous chapter, the

control of 2/1 NTMs has also been investigated within the scope of this thesis and is the main

topic of this chapter. Two main methods of NTM control, i.e. NTM stabilization and NTM

prevention are explored, through dedicated TCV experiments and interpretative simulations

with the MRE. Similar to the actuators for future NTM control in ITER, (off-axis) EC beams

are applied in the NTM control experiments in TCV, apart from the near-axis EC beams that

are used for the onset of NTMs as discussed in the previous chapter. Effects of EC beams on

the stability and control of NTMs are twofold: by modifying the current density profile and

thus the classical stability of plasmas (i.e. ∆′), and by replacing the missing bootstrap current

within the magnetic island through direct current drive or indirect heating effect [Hegna and

Callen 1997].

Although similar physics is involved in 3/2 and 2/1 NTMs, the control of 2/1 NTMs is more

challenging due to their typically larger growth rate and proximity to the plasma edge, which

on one hand increases the chance of mode locking and disruptions and on the other hand

decreases the current drive efficiency. The reliable and efficient control of 2/1 NTMs is thus a

major concern for ITER and needs to be ensured. In this respect, more experimental efforts

are still needed to carefully isolate different effects, assess the range of validity of theoretical

models and improve the control algorithms. With the relatively short time scale of TCV

(confinement time ∼ 5ms and resistive time 50 ∼ 100ms) and its flexible EC system, different

plasma conditions and various aspects of NTM control are explored in the experiments, as

will be detailed in this chapter.

The MRE (equation (3.3)), including the ∆′
0 model developed in chapter 4 (equation (4.2)),

is applied in interpreting the experimental results presented in this chapter. For instance,

dynamic evolutions of 2/1 NTMs along with time-varying deposition locations of the control

beam are studied in detail; effects of heating and current drive on the stabilization of 2/1

NTMs are quantified carefully; the entire island width evolution, starting from zero width (i.e.
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no island) and including both NTM stabilization and prevention cases, is reproduced in the

simulations. These simulations meanwhile facilitate the comparison of various effects and the

validation of theoretical models, as will be discussed in this chapter.

The rest of the chapter is organized as follows. The plasma scenario and experimental setup

are briefly introduced in section 5.2. Section 5.3 discusses about the self-stabilization of NTMs

through a slow ramp-down of the near-axis destabilizing ECCD power. In section 5.4, the

evolution of a 2/1 NTM along with a large variation of the deposition location of the control

beam (between the plasma center and edge) is discussed, constraining better the theoretical

model (especially the form of the Gcd term in equation 3.15) used in the simulations. Section

5.5 compares the effects of co-ECCD, counter-ECCD and ECH on the stabilization of 2/1 NTMs,

with various effects quantified by detailed simulations with the MRE. The efficiency of NTM

prevention and that of NTM stabilization, in terms of the minimum EC power required in each

case, are compared in section 5.6. In section 5.7, effects of the misalignment of EC beams with

respect to the target mode location are discussed. Section 5.8 summarizes the main contents

of this chapter.

5.2 Plasma scenario and experimental setup

Limited L-mode plasmas with constant plasma current (Ip ≈−110kA) and toroidal magnetic

field (B0 = −1.44T) are used, similar to the scenarios used in the studies of mode onset

described in section 4.2.1. q95 ≈ 7, δ≈ 0.25 and κ≈ 1.32 are kept in the discharges. Relatively

constant low density is kept in each experiment to ensure 100% absorption of EC beams, with

the nel ranges from 1.4×1019 m−3 to 2×1019 m−3 in various experiments.

As illustrated in figure 5.1 (a), two X2 EC gyrotrons with a nominal power of 0.5MW each are

applied to deposit power near the plasma center and drive co-ECCD using two launchers (L4

and L6) with independent steerable mirrors. As discussed in the previous chapter, 2/1 NTMs

are typically destabilized about 100ms (i.e. the resistive time scale on TCV) after turning on

the near-axis EC power, through a modification of the current density profile, i.e. a ∆′ effect.

The mode then grows dominated by the effects of neoclassical perturbed bootstrap current

(i.e. NTMs).

A third X2 gyrotron with a nominal power of 0.75MW and an independent launcher (L1) is

used for control purposes. The toroidal angles of these launchers are set before the experiment

to allow for co-ECCD, counter-CD or ECH, while their poloidal angles can be controlled by

feedforward or feedback commands to vary their deposition locations during each discharge.

The EC power and poloidal angle traces in the experiments presented in this chapter were

pre-programmed, while the real-time application of the NTM control scheme will be discussed

in chapter 6. EC-relevant parameters such as the power absorption rate, deposition location

and driven current of the beams from each launcher are computed by TORAY-GA [Matsuda

1989]. Shown in figure 5.1 (b) is an example of the deposited power density profiles of the

three launchers.

86



5.3. Self-stabilization: slow ramp-down of near-axis co-ECCD power

0 0.2 0.4 0.6 0.8 1
0

0

0 0.2 0.4 0.6 0.8 1
−

−

−

−

0

0

1

−

−

−

0

0

0

(a)
#56171 @ t=1.25s

L4

L1

L6

0 0.2 0.4 0.6 0.8
0

5

10

15

20

25

30

ρ

P
E

C
[w

/m
3
W

]

L4

L6

L1

q=2

(b) EC power depositions

ρΦ

Figure 5.1. Illustration of the plasma scenario and experimental setup: (a) a poloidal cross section
of TCV showing one poloidal array of 38 magnetic probes (red rectangles on the wall), flux surfaces
computed by LIUQE and EC traces from TORAY-GA; (b) deposited EC power density profiles per
injected power computed by TORAY-GA, with the q = 2 location from ASTRA marked as the dashed
vertical line. The example is taken from #56171 at t = 1.25s. Figure from [Kong et al. 2019].

5.3 Self-stabilization: slow ramp-down of near-axis co-ECCD power

As illustrated in figure 3.3 (section 3.2), full stabilization of NTMs occurs when the maximum of

the total island width growth rate d w
d t ≤ 0, i.e. d w

d t (w = wmarg) ≤ 0. To investigate the amplitude

of wmarg of the test discharges, an experiment with a slow ramp-down of the near-axis co-

ECCD power (i.e. the destabilizing power) has been performed, as shown in figure 5.2. About

0.96MW of X2 EC power in total is turned on at 0.4s and deposits co-ECCD near the plasma

center through L4 and L6 in this discharge, similar to NTM onset experiments presented in

the previous chapter. Relatively constant Ip ≈−110kA and nel ≈ 1.8×1019 m−3 are kept in this

discharge.

A transient 3/2 NTM exists at t ∈ [0.45 0.55]s, while a 2/1 NTM appears at about 0.5s, 100ms

after switching on the EC power and is sustained. Starting from t = 1.2s, the EC power is

slowly ramped down and reaches a total power of about 0.35MW at t = 2.11s when the mode

self-stabilizes (without the application of off-axis EC power). During the slow ramp-down

of the EC power, the island width slowly decreases (with a small negative growth rate d w
d t as

indicated by the dashed magenta curve in figure 5.5) and quickly drops below the noise level

at w ≈ 1.9cm, as shown by the solid blue trace in figure 5.3. This provides an estimation of

wde ≈ wmarg ≈ 1.9cm in the test discharge, consistent with that calculated by equation (3.6)
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(with χ∥,mn ≈ 6×107 m2/s and χ⊥,mn ≈ 1m2/s), where wde represents the stabilizing effect at

small w in equation (3.4).
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Figure 5.2. Experimental overview of an EC power ramp-down experiment with constant nel ≈
1.8×1019 m−3 and Ip ≈−110kA: (a) EC power traces; (b) NTM spectrogram. Reproduced from [Kong
et al. 2019].

To quantify the effects of various terms on w evolution, simulations of the 2/1 NTM are

performed with the MRE presented in section 3.4. Following the discussions in section 4.3,

fixed k = 6 is used in all the simulations shown in this chapter while ρmn∆
′
sat is adjusted so that

wcal crosses point “B” in figure 5.3, corresponding to measured wsat before the ramp-down of

near-axis ECCD power. ρmn∆
′
ohmic0 can in principle be estimated based on the appearance

of NTMs, i.e. to cross point “A” in figure 5.3, as used in the previous chapter. However, the

sudden change of Te and ne (especially near the plasma center) when turning on the near-axis

EC power at t = 0.4s causes a sudden increase of the total driven current Icd,tot, thus a sudden

increase of the computed ρmn∆
′
0 with equation (4.2). This happens on a time scale that is

faster than the current redistribution time scale of the plasma and would predict an earlier

timing of mode onset than in the experiments.

As an illustration, figure 5.4 depicts the time evolution of the local magnetic shear smn and the

normalized radial location of the q = m/n surface ρmn (i.e. ρmn/a) from interpretative ASTRA

simulations, as well as the Icd,tot from TORAY-GA outputs. The timing of turning on the EC

power (i.e. at t = 0.4s) is marked by the vertical dash-dotted black line. One can see that there

is a fast increase of the amplitude of Icd,tot (within 30ms) once switching on the EC power,

whereas the change of smn and ρmn (thus ρmn∆
′
0) is on a slower time scale (about 100ms). On

the other hand, with a slower change of the EC power (thus Icd,tot) since t = 1.2s, similar to the

power-ramp and density-ramp experiments presented in the previous chapter, Icd,tot/Ip can

follow well the evolution of smn and ρmn , i.e. the proposed ρmn∆
′
0 model in equation (4.2) in

this case can reproduce well the trend of ρmn∆
′
0.
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“drag” from 3/2 mode; dashed cyan: simulation with a constant 3/2 drag ρmn∆

′
32 =−0.25 during the

coexistence of 3/2 and 2/1 modes. The first measurement point is marked by the triangle labeled as A
and the constraint used to determine ρmn∆

′
sat is represented by B; the range within which χ (equation

(4.5)) is evaluated is from B to C.

1.2

1.4

1.6

1.8

s m
n

#58477

0.4

0.5

m
n

0.5 1 1.5 2

Time [s]

-5

0

I cd
,to

t

1.2

1.4

1.6

1.8

s m
n

#58477

0.4

0.5

m
n

0.5 1 1.5 2

Time [s]

-5

0

I cd
,to

t 0.4 0.45 0.5
-6

-4

-2

0

(a)

(b)

(c)

Figure 5.4. Time evolution of (a) local magnetic shear at q = m/n surface, (b) normalized radial
location of q = m/n surface and (c) total driven current of #58477 shown in figure 5.2 and 5.3. smn

and ρmn are taken from interpretative ASTRA simulations while Icd,tot is from TORAY-GA outputs.
Icd,tot exhibits a faster change when turning on the EC power (around t = 0.4s) than that of smn and
ρmn , whereas it can follow well the evolution of smn and ρmn during the slow power ramp-down after
t = 1.2s.

The faster change of Icd,tot when turning on the EC power makes it difficult to fit point A by

adjusting ρmn∆
′
ohmic0: the mode would occur either before t = 0.43s (when Icd,tot reaches the

peak) or not at all in the simulations. Instead, a different approach is adopted: determining

ρmn∆
′
ohmic0 based on a direct interpolation of the ρmn∆

′
ohmic0—nel mapping for Ip ≈−110kA
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given in the previous chapter (dashed-dotted green curve with squares in figure 4.17), while

starting the simulation from a timing near point A (e.g. 25ms before A in this case). As

mentioned in the previous chapter, one would need to add an extra model (to our existing

model) to consider the different time scales between the time-evolution of Icd,tot (and EC

power) and the effective change of the q profile to solve this problem more systematically.

The value of a2 can be estimated by comparing the experimental d w
d t (w) trace to measure-

ments, as discussed in the previous chapter. However, the uncertainties of ρmn∆
′
ohmic0 men-

tioned above (thus ρmn∆
′
0 and ρmn∆

′) as well as the coexistence of the 3/2 mode that can exert

a negative “drag” (ρmn∆
′
32) on the evolution of 2/1 mode inevitably introduce uncertainties on

a2. Without losing generality, constant a2 = 1.5 is used in the simulations of #58477, which is a

medium value of a2 used in the previous chapter. The corresponding ρmn∆
′
sat used to fit point

B in figure 5.3 is −0.78 and α= 8 is tuned to minimize χ defined in equation (4.5). a3 = 1 is

used in all the simulations in this chapter, whereas a4 and a5 are not discussed here since only

near-axis EC beams are involved in this test, i.e. ρmn∆
′
C D ≈ 0 and ρmn∆

′
H ≈ 0 in equation (3.3).

The simulated w without considering the drag from 3/2 mode is depicted by the solid red

curve in figure 5.3, while the one with an additional ρmn∆
′
32 =−0.25 added to ρmn∆

′ during

the coexistence of both modes (t ∈ [0.5 0.55]s) is plotted as the dashed cyan curve in figure 5.3.

χ is evaluated between B and C, i.e. excluding the effects of the uncertainties of ρmn∆
′
32 on χ,

and gives χ= 9.67% for both cases.

d w
d t (w) traces at various time slices (as indicated by the numbers in the legend) of the sim-

ulation with the additional ρmn∆
′
32 = −0.25 during the coexistence of 2/1 and 3/2 modes

(dashed cyan curve in figure 5.3) are depicted by the solid curves with corresponding colors

in figure 5.5, while the simulated wcal at each time slice is denoted by a solid circle with the

same color. The d wcal
d t (wcal) trace taken from the simulation is depicted by the dash-dotted

black curve, which crosses the solid circles as expected. The
d wexp

d t (wexp) trace taken from

the measurement is shown by the dashed magenta curve. With a2 = 1.5 and considering the

3/2 drag, the simulated d wcal
d t (wcal) trace fits well the measurements. The values of ρmn∆

′,
ρmn∆

′
BS and ρmn∆

′
GG J evaluated with the corresponding wcal at each time slice, divided by

τR /ρmn , are indicated by the open downward-pointing triangles, upward-pointing triangles

and squares in figure 5.5, respectively. The sum of these terms recovers the total d w
d t at each

time slice, i.e. solid circles with corresponding colors.

One can see that at t = 0.485s, d w
d t > 0 at w = 0 (due to a positive ρmn∆

′) and the mode starts

to grow, representing the onset of the mode; at t = 0.5s, with the additional ρmn∆
′
32, w reaches

about 2cm; at t = 1s, d w
d t ≈ 0 at wsat = 5cm; from t = 1.2s, the EC power is ramped down slowly

and d w
d t . 0 is sustained with decreasing wsat. The decrease of the central ECCD power has two

main effects: on one hand it reduces Icd,tot, changes the q profile and hence ρmn∆
′ (captured

through equation (4.2)), on the other hand it lowers the ρmn∆
′
BS term that is sustaining the

mode. At t ≈ 2.11s, the maximum of d w
d t goes just below 0 with w ≈ 1.9cm and the mode

is fully stabilized; after turning off the EC power at t = 2.25s, the entire d w
d t curve remains

negative and the plasma is stable to NTMs.
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Figure 5.5. d w
d t (w) traces at different time slices (as indicated by the numbers in the legend) of the

simulation with an additional ρmn∆
′
32 =−0.25 during the coexistence of 2/1 and 3/2 modes (dashed

cyan curve in figure 5.3), showing d w
d t evaluated at various time slices and w (solid traces), and d w

d t
at the wcal of each time slice (solid circles). ρmn∆

′ (downward-pointing triangles), ρmn∆
′
BS (upward-

pointing triangles) and ρmn∆
′
GG J (squares) at the wcal of each time slice, divided by τR /ρmn , are also

listed. d wcal
d t (wcal) from the simulation is plotted as the dash-dotted black curve (labeled as “cal”) while

d wexp

d t (wexp) from measurement is shown by the dashed magenta trace (“exp”).

5.4 Stabilization of NTMs with varying co-ECCD depositions

Highly reproducible active 2/1 NTM stabilization experiments have been carried out in TCV

with off-axis co-ECCD beams, showing a strong stabilization effect when the beams reach

the target mode location. Shown in figure 5.6 is one example of such an experiment (TCV

#56027). In this discharge, EC power is turned on at t = 0.4s and deposits co-ECCD near the

plasma center through L4 and L6, which triggers a 2/1 NTM at about t = 0.5s. The control

co-ECCD beam is switched on at t = 0.7s and deposits through a third launcher (L1) with

0.75MW power. As shown in figure 5.6 (b) and (c), the deposition location of L1 is varied,

causing a variation of the mode amplitude and frequency. The radial location of the q = 2

surface from the ASTRA output is indicated by the dashed black curve in figure 5.6 (b), as used

in the simulations with the MRE. ρΦ refers to the normalized radial location based on the

square root of the toroidal fluxΦ.

A partial stabilization effect can be seen when the EC beam reaches the mode location (q = 2

surface) for the first time at t = 1.15s. The mode amplitude recovers (but reaches a lower

value) once the beam moves away (figure 5.8) and is fully stabilized when the beam crosses the

q = 2 surface for the second time at t = 1.53s. Icd,tot then increases along with the movement
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of L1 from outside the q = 2 surface to the plasma center, but no mode is triggered any more

due to a decrease of nel and a more stable ρmn∆
′
ohmic0 in equation (4.2). The deposition width

of each beam (wdep) can be inferred from TORAY-GA outputs, for instance, the example shown

in figure 5.1 shows a full e−1 width about 0.2×25cm = 5cm for L4 and L6 while wdep ≈ 3cm

for L1. wdep can vary with varying deposition locations, but a fixed and constant wdep = 5cm,

unless otherwise stated, is used for all the launchers for simplicity as well as considering the

possible beam broadening effects [Nikkola et al. 2003; Poli et al. 2015, and references therein]

that are not included in TORAY-GA.
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Figure 5.6. Experimental overview of an
NTM stabilization experiment with vary-
ing co-ECCD depositions under constant
nel ≈ 1.5×1019 m−3 and Ip ≈ −110kA: (a)
EC power traces; (b) normalized deposition
locations; and (c) 2/1 NTM spectrogram.
Figure from [Kong et al. 2019].
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Simulations with the MRE are performed and it is necessary to specify ρmn∆
′
C D and ρmn∆

′
H in

equation (3.3) since small values of xnorm (thus large Gcd and GH ) are covered along with the

movement of L1. As described in section 3.4, GH and Gcd are approximated by equations (3.14)

and (3.15), respectively. The shapes of these two curves are shown in figure 5.7 for w/wdep ≈ 1

(as the ones involved here). As depicted by the dashed blue curve, the theoretical Gcd is

characterized by a strong negative (destabilizing) part at 0.5 ≤ xnorm ≤ 1 and stays around 0 for

xnorm ≥ 1.5. However, no such destabilizing effects have been observed experimentally so far

in numerous NTM stabilization experiments with varying EC beam deposition locations in
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TCV, where a wide range of xnorm is covered (e.g. xnorm ∈ [0, 1.5] in figure 5.7) in each discharge,

similar to #56027 shown here. For example, the experiments presented in [Felici et al. 2012,

figures 1, 3 and 4] demonstrate full NTM stabilization when the deposition location of the

control co-ECCD beam reaches close enough to mode location (xnorm < 0.5) from either inside

or outside the q = m/n surface.

As shown in [Felici et al. 2012, figure 3 (#40411 and #40418)], near monotonic decrease of

the measured island width is observed along with the movement of control beams from

xnorm > 0.5 to xnorm < 0.5, without any local increases of w , which does not seem to support

the predicted Gcd < 0 part shown in figure 5.7. This phenomenon, as observed in other TCV

experiments (e.g. discharges in section 5.5), may be explained by the finite or even strong

heating contribution from the EC beams (i.e. ρmn∆
′
H ) in small to medium size tokamaks

[De Lazzari and Westerhof 2009; Bertelli et al. 2011] that counteracts this destabilizing effect.

It may also be that the destabilizing effect, if any [Isayama et al. 2009], is not as strong as

predicted by theory.
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Figure 5.8. Island width evolution of #56027 illustrated in figure 5.6. Solid blue: measurement; solid
green: scaled βp based on equation (4.3), with tref = 1s and βp (tref) = 0.85; solid red (case 1 in table 5.1):
simulation with the adapted Gcd curve in figure 5.7, i.e. without the negative part of Gcd ; dash cyan
(case 2): simulation with the same parameters as the solid red curve, except with the theoretical (full)
Gcd curve in figure 5.7; dashed-dotted purple (case 3): simulation with the theoretical Gcd curve, a4 = 0
and a5 = 4.5; dotted orange trace (case 4): simulation with the theoretical Gcd curve and wdep = 10cm.
A: the first measurement point available; B: the constraint used to determine ρmn∆

′
sat; A to C: the time

range within which χ (equation (4.5)) is evaluated.

Another evidence that favors zero/weak negative part of the Gcd curve is NTM onset experi-

ments with varying EC deposition locations. One example of these experiments is shown in

figure 5.9 (#56751). In this discharge, two co-ECCD EC beams (L4 and L6) are switched on at

t = 0.3s, with a constant total power of 0.96MW until t = 2.3s, when the beams are switched

off. The deposition locations of the EC beams, as shown in figure 5.9 (a), are varied from

ρφ ≈ 0.6 to 0.1. xnorm ∈ [0, 2] is covered in this discharge, whereas no mode is triggered until
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the EC beams reach close enough to the plasma center (ρdep ≈ 0.2 as seen in figure 5.9 (b)),

with xnorm ≥ 1.5. Simulations of #56751, following the same procedures as in the previous

chapter but with the ρmn∆
′
C D and ρmn∆

′
H terms included (as small xnorm thus large amplitude

of Gcd is involved in this discharge), show that the strong negative part of Gcd would have

caused an earlier onset of the mode at t ≈ 1.93s when xnorm reaches around 0.75, i.e. the

minimum (most destabilizing) value of Gcd (dashed blue trace in figure 5.7).
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Figure 5.9. Experimental overview of an NTM onset experiment with varying co-ECCD depositions
and constant EC power: (a) normalized deposition locations; and (b) 2/1 NTM spectrogram.

Table 5.1. Parameters for simulating #56027 with fixed k = 6, a3 = 1 and wde = 1.9cm

Case No. α a2 a4 a5
wdep

[cm]
With

Gcd < 0
ρmn∆

′
ohmic0 ρmn∆

′
sat

1 8 2 0.4 0.9 5 N figure 4.17, green -1.02
2 8 2 0.4 0.9 5 Y figure 4.17, green -1.02
3 8 2 0 4.5 5 Y figure 4.17, green -0.94
4 8 2 0.25 1.6 10 Y figure 4.17, green -0.80

To better clarify these phenomena and isolate the effect of the negative part of Gcd on w

evolution, an adapted Gcd curve (red trace in figure 5.7) is tested in the simulations of the

NTM stabilization experiment #56027 (figure 5.6), removing the Gcd < 0 part while retaining

the stabilizing effect. Similar to #58477 (figures 5.2 - 5.5), where a fast change of Icd,tot upon

switching on the near-axis EC power is involved, ρmn∆
′
ohmic0 in the simulations is also taken

from a direct interpolation of the ρmn∆
′
ohmic0—nel mapping for Ip ≈−110kA (green curve in

figure 4.17). a2 = 2 is chosen to fit better the experimental d w
d t (w) trace (dashed magenta curve

in figure 5.10) while α= 8 is tuned to minimize χ. The set of coefficients and parameters used

in various simulations of #56027 are summarized in table 5.1. ρmn∆
′
sat of cases 1, 3 and 4 are

tuned based on the constraint exerted by point B in figure 5.8, following the same procedures

as used in previous simulations, whereas the value for case 2 is taken directly from case 1 to

illustrate better the effect of the Gcd < 0 part, as will be discussed later.
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Figure 5.10. d w
d t (w) traces at different time slices (as indicated by the numbers in the legend) of the

simulation depicted by the solid red curve in figure 5.8, showing d w
d t evaluated at various time slices

and w (solid traces), and d w
d t at the wcal of each time slice (solid circles). ρmn∆

′ (downward-pointing
triangles), ρmn∆

′
BS (upward-pointing triangles) and ρmn∆

′
GG J (squares) at the wcal of each time slice,

divided by τR /ρmn , are also listed. d wcal
d t (wcal) from the simulation is plotted as the dash-dotted black

curve while
d wexp

d t (wexp) from measurement is shown by the dashed magenta trace.

The ranges of a4 (for ρmn∆
′
C D ) and a5 (for ρmn∆

′
H ) are summarized in equation (5.2) and table

5.3 through detailed NTM stabilization experiments with co-ECCD, counter-ECCD and ECH

beams as well as corresponding simulations, as will be discussed in the next section. Within

that range and with the adapted Gcd curve (i.e. removing the destabilization effect), a4 = 0.4

and a5 = 0.9 provide the best fit of the measurement so far (with χ= 6.54%). As shown by the

solid red curve in figure 5.8, the simulation fits very well the entire w evolution, in terms of

the initial mode growth, the wsat, the partial stabilization as well as the full stabilization. It

is emphasized that the above-mentioned coefficients are fixed during the entire discharge

simulation. The d w
d t (w) traces of this simulated w evolution are depicted in figure 5.10.

With the same coefficients as the above simulation (case 1 in table 5.1), another simulation is

performed with the theoretical Gcd curve that includes the destabilizing effect (case 2), and

is shown as the dashed cyan curve in figure 5.8. The xnorm (defined by equation (3.16)) of

different EC beams as well as the corresponding Gcd and GH of the simulation with adapted

Gcd (case 1) are depicted in figure 5.11, whereas the corresponding values of case 2 are shown

by the dashed blue traces (focusing on the control beam L1). The difference in xnorm of the

two cases results from the difference of wcal, for example at t ∈ [0.72 1]s and t ≥ 1.65s when

comparing the solid red and dashed cyan curves in figure 5.8, which enters the definition

of xnorm (equation (3.16)) and in turn affects GH . Note that Gcd and GH (solid curves) are

very small at t = 1s and 1.3s when L1 just starts to move towards the mode location, so the
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control beam does not have obvious effects on the mode evolution until t ≈ 1.1s and t ≈ 1.4s,

respectively, when the beam is close enough to the mode location. This is in accordance with

the observed mode evolution in figures 5.6 and 5.8.
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Figure 5.11. Misalignment levels (xnorm) of EC beams and the corresponding Gcd and GH for the
simulations shown by the solid red and dashed cyan curves in figure 5.8 (case 1 and 2 in table 5.1,
respectively). (a) solid curves: xnorm evolutions of different EC beams, evaluated with the wcal from the
simulation with the adapted Gcd ; dashed blue: the corresponding xnorm of L1, evaluated with the wcal

from the simulation with the theoretical Gcd ; dotted black: xnorm = 0.5, where the theoretical Gcd value
changes its sign with w/wdep ≈ 1, as shown in figure 5.7. (b) Gcd of different beams: evaluated based on
the adapted Gcd curve in figure 5.7 and corresponding xnorm in (a) (solid), or based on the theoretical
Gcd curve and and corresponding xnorm in (a) (dashed). (c) GH evaluated based on equation (3.14) and
the corresponding xnorm shown in (a).

As indicated by the dashed curves in figure 5.11 (b), there are strong destabilizing effects of the

EC beam (i.e. Gcd < 0) when depositing on both sides of the q = 2 surface (i.e. 0.7s ≤ t ≤ 1.05s

and 1.22s ≤ t ≤ 1.4s) in the simulation, causing a strong increase of w as seen from the dashed

cyan curve in figure 5.8. Note that the product of the coefficients in front of Gcd (equation

(3.9)) is larger when the beam deposits inside the q = 2 surface than outside, leading to a

stronger destabilizing ρmn∆
′
C D and explaining the significant increase of the simulated w

only when 0.7s ≤ t ≤ 1.05s. The destabilizing effect from Gcd also leads to a ρmn∆
′
C D > 0 at

1.62s ≤ t ≤ 2.05s when L1 is moving towards the plasma center and would have triggered the

mode again, which is not observed in the experiment.

Efforts are made to simulate w evolution with the theoretical Gcd curve by tuning different

parameters, e.g., a4, a5 and wdep. For wdep = 5cm, it is found that even with a very small

ECCD effect (a4 = 0.1) and very large heating term (a5 = 4.5), the mode would have been

triggered when L1 moves towards the plasma center. Reasonable fit of the measured w can be

achieved with a4 = 0 and a5 = 4.5 (dashed purple trace in figure 5.8, case 3 in table 5.1), but it

is not physical as on one hand ECCD is expected to play a role (a4 should be finite) and on

the other hand a5 = 4.5 is already out of the range of a5 defined in the next section (equation

(5.2)). Doubling the wdep of L1 to 10cm and using a4 = 0.25 and a5 = 1.6, which are the limits
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5.5. NTM stabilization with co-ECCD, counter-ECCD or ECH

of the ranges summarized in equation (5.2) and table 5.3, the simulation cannot recover the

observed localized partial or full stabilization effects when L1 reaches the mode location, as

indicated by the dashed orange curve in figure 5.8.

Similar exercises have also been performed for the above-mentioned experiments (#40411

and #40418) shown in [Felici et al. 2012, figure 3]. The full NTM stabilization from inside and

outside the rational surface in those two experiments defines well the actual location of the

ρmn , while the fast decrease of measured w before full stabilization determines wde in the

experiments, as discussed in [Felici et al. 2012]. Detailed simulations show that the Gcd < 0

part of the theoretical curve would cause a sudden increase of the simulated w before full

stabilization, especially for the case where the control beam moves from inside the rational

surface (#40411) and thus having a larger product of the coefficients in front of Gcd . Even with

a wide wdep = 10cm for the ρmn∆
′
H term (while retaining the narrow wdep for ρmn∆

′
C D ) as well

as the maximum a5 = 1.6 from equation (5.2), the destabilizing effect from Gcd < 0 cannot be

counteracted. This once again questions the existence or at least the level of the destabilization

part in the Gcd curve, emphasizing the necessity of more theoretical investigations in this

respect, in particular including the self-consistent modifications of q profiles on transport

and current redistribution time scales.

Given the large heating effects entangled in the experiments and the uncertainties in the

measurement of w , it is not possible to quantify the level of the negative part of Gcd (if any)

in more details yet, but we have shown that it is not dominant in our experiments and the

adapted Gcd curve (without the negative part) will be used in all the following discussions for

simplicity. It should also be noted that although tuning the fixed free coefficients does allow

matching the largest experimental wsat, the good match of the entire time evolution of w , with

constant coefficients, means that the parametric dependencies of the various terms used in

the MRE match well the experiments.

5.5 NTM stabilization with co-ECCD, counter-ECCD or ECH

A series of NTM stabilization experiments have been carried out with the control beam in

co-ECCD, counter-ECCD or ECH, respectively, to better separate the contribution of heating

(ρmn∆
′
H ) and current drive (ρmn∆

′
C D ) to 2/1 NTM stabilization in the test discharges. nel ∈

[1.8, 2.3]×1019 m−3 and Ip ≈−110kA are maintained in these discharges. As shown in figure

5.12, about 0.96MW of X2 EC power is switched on at t = 0.4s and deposits co-ECCD near the

plasma center through L4 and L6. 2/1 NTMs are triggered at about t = 0.5s in the discharges,

similar to previous examples. L1 with a power of 0.75MW is switched on at t = 0.8s and moved

towards the mode location from t = 1s to stabilize the modes. The toroidal angle of L1 is set

such that it can drive co-ECCD (#56171, figure 5.12 (a)-(c)), counter-ECCD (#56172, figure 5.12

(d)) or ECH (#56173, figure 5.12 (e)), respectively, while the poloidal angle remains the same

for the three discharges.

L4 and L6 deposit near the plasma center with a slow ramp-down of their power from t = 0.9s
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Chapter 5. Stabilization and prevention of 2/1 NTMs with EC beams in TCV

and reach a total power of 0.6MW at t = 2.25s, which would still sustain the mode if L1 were

not present, as indicated by the example shown in figure 5.2. For the case with co-ECCD

(figure 5.12 (c)), 2/1 NTM is fully stabilized at t = 1.25s when L1 crosses the mode location for

the first time. Note that L1 then continues depositing around the q = 2 surface and no mode

is destabilized. For the case with counter-ECCD (figure 5.12 (d)) and with similar amount of

driven current as in the co-ECCD case, partial stabilization effect can be observed. For the

case with ECH, partial stabilization is kept until t = 2.37s, when L1 beam reaches the mode

location for the third time and fully stabilizes the mode just before turning off the EC power at

t = 2.4s, as illustrated in figure 5.12 (e).
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Figure 5.12. Experimental overview of a series of NTM stabilization experiments with co-ECCD,
counter-ECCD and ECH for control: (a) EC power traces (same in the three discharges, with power off
at t = 2.4s); (b) EC deposition locations (the three discharges share the same poloidal angles, similar
deposition locations and q = 2 surface locations); (c) 2/1 NTM spectrogram for #56171 (L1 in co-ECCD),
exhibiting full NTM stabilization with the first crossing of the mode location at t = 1.25s; (d) 2/1 NTM
spectrogram for #56172 (L1 in counter-ECCD), showing partial stabilization; (e) 2/1 NTM spectrogram
for #56173 (L1 in ECH), illustrating full stabilization with the third crossing of mode location at t = 2.37s.
Figure from [Kong et al. 2019].

The relative importance of heating (ρmn∆
′
H ) and current driven (ρmn∆

′
C D ) on mode evolution

can be estimated through simulating these three discharges with the MRE. The cost function

χ defined in equation (4.5) is used to quantify the accuracy of simulations without involving

full stabilization (e.g. for #56172 and #56173), while

χ2 = 1

M

M∑
i=1

(
wcal(ti )−wexp(ti )

wexp(ti )
)2 + cweight(

tstab,cal − tstab,exp

tnorm
)2 (5.1)

is used for simulations involving full NTM stabilization. M refers to the total number of

measurement points at which wcal(ti ) ≥ min(wexp(ti=1,2,...,N )), where N is the total number
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5.5. NTM stabilization with co-ECCD, counter-ECCD or ECH

of measurement points within the simulation time window, wcal(ti ) the simulated island

width evaluated at the measurement time point t = ti and wexp(ti ) the measured w at ti ;

tstab,exp stands for 100ms after mode drops below the noise level of measurements, which is

about the time for w to reach 0 from the noise level as seen in figure 5.14; tstab,cal is the time

at which wcal reaches 0 again after onset; cweight = 1.8 and tnorm = 1s are chosen so that a

∆t = |tstab,cal − tstab,exp| = 0.15s offset in the stabilization timing would lead to a χ≥ 20%. In

this way, χ is not affected differently by “earlier” or “later” stabilization in the simulations as

long as ∆t is the same.

Simulations with the MRE are performed for these three discharges with constant coefficients

in all the simulations. The ranges of a4 and a5 in equation (3.3) can be estimated by optimizing

χ in the three discharges. For instance, the range of a5 can be determined by simulating #56173

(i.e. L1 in ECH) as ρmn∆
′
C D ≈ 0 in this case, and we get

0.2 ≤ a5 ≤ 1.6 (5.2)

to keep χ ≤ 20%, i.e. within the error bar of w measurement. The best fit achieved for this

discharge is with a5 = 0.9, resulting χ≈ 6.5%, as shown by the solid red curve in figure 5.13

(a). Stronger oscillations along with the movement of L1 are seen in the simulation than the

measurement, indicating a possibly larger wdep than the one used here (5cm).

0.5 1 1.5 2
Time [s]

0

1

2

3

4

5

W
id

th
 [c

m
]

#56173, L1 in ECH

A

B

C

(a)

0.5 1 1.5 2
Time [s]

0

1

2

3

4

5

W
id

th
 [c

m
]

#56172, L1 in counter-ECCD

(b)

A

B

C

Figure 5.13. Island width evolution of NTM stabilization (a) with ECH and (b) with counter-ECCD.
Solid blue: measurements; solid green: scaled βp baesd on equation (4.3), with tref = 1s, βp (tref) = 0.9
for (a) and βp (tref) = 0.91 for (b). (a) solid red: simulation with parameters listed as case 5 in table 5.2;
dashed orange: case 6 (with doubling wdep for L1); dashed cyan: case 7 (assuming no stabilization
effect from L1). (b) solid red: simulation with the parameters listed as case 3 in table 5.2; dashed cyan:
case 4 (assuming no stabilization effect from L1). A in both (a) and (b): the first measurement point
available; B: the constraint used to determine ρmn∆

′
sat; A to C: the time range within which χ (equation

(4.5)) is evaluated.

Doubling the wdep of L1 to 10cm, a better fit with χ≈ 4.5% can be achieved, as indicated by

the dashed orange curve in figure 5.13 (a). This implies a possibly stronger broadening of the
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Chapter 5. Stabilization and prevention of 2/1 NTMs with EC beams in TCV

beam in the near perpendicular injection (ECH), but the details of this are out of the scope of

this thesis. Note that the slight ramp-down of the near-axis power used for triggering NTMs

(L4 and L6) that reaches a minimum total power around 0.6MW in these three experiments, is

not able to fully stabilize the NTMs, as indicated by the dashed cyan curves in figures 5.13 and

5.14, where simulations have been performed assuming no stabilization effect from L1 and

the mode would have stayed. This is consistent with the experiment shown in figure 5.2, where

the self-stabilization is only obtained when the total central power ramps down to around

0.35MW. The list of parameters used in the simulations are summarized in table 5.2 (case 5 to

7 for #56173).

Table 5.2. List of the key parameters used to simulate #56171, #56172 and #56173, with fixed
k = 6, a3 = 1 and wde = 1.9cm

Case

No.
Discharge # α a2 a4 a5

wdep

[cm]
ρmn∆

′
ohmic0 ρmn∆

′
sat χ

1 56171 8 1.5 0.4 0.9 5 figure 4.17, green -1.1 6.2%

2 56171 8 1.5 0 0 5 figure 4.17, green -1.1 > 20%

3 56172 8 1.5 0.3 0.9 5 figure 4.17, green -1.12 6.3%

4 56172 8 1.5 0 0 5 figure 4.17, green -1.12 > 20%

5 56173 5 1.5 0.4 0.9 5 figure 4.17, green -1.32 6.5%

6 56173 5 1.5 0.4 1.8 10 figure 4.17, green -1.24 4.5%

7 56173 5 1.5 0 0 5 figure 4.17, green -1.32 > 20%

Table 5.3. Ranges of a4 with various a5 values

Fixed a5 chosen
based on equation (5.2)

Range of a4 to
keep χ≤ 20%

for #56171

Range of a4 to
keep χ≤ 20%

for #56172

Overlapped ranged of a4

to keep χ≤ 20%
for both shots

0.2 [0.5 3] [0.1 0.2] No overlap
0.5 [0.4 3] [0.1 0.4] 0.4
0.9 [0.3 2.9] [0.1 0.65] [0.3 0.65]
1.2 [0.2 2.8] [0.15 0.85] [0.2 0.85]
1.6 [0.1 2.6] [0.25 1.1] [0.25 1.1]

With a fixed value of a5 taken from equation (5.2), the range of a4 can be determined by

simulating the co-ECCD and counter-ECCD experiments and ensuring χ ≤ 20% for both

discharges. Various a5 values are tested, with the corresponding range of a4 summarized in

table 5.3. Note that the minimum of a4 has been set to 0.1 in these simulations as ρmn∆
′
C D

is expected to play a role (i.e. a4 should be finite). It can be seen that with increasing a5

(thus a larger stabilizing term ρmn∆
′
H ), both the lower and upper bounds of a4 decrease for

the co-ECCD case #56171, meaning that less stabilizing effect from ρmn∆
′
C D is required to fit

the measured full stabilization of NTMs, as expected; the trend is opposite for the counter-

ECCD case #56172, in accordance with the fact that larger destabilization effect from ρmn∆
′
C D
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5.5. NTM stabilization with co-ECCD, counter-ECCD or ECH

(counter-ECCD) can be tolerated with a larger stabilizing ρmn∆
′
H term (with increasing a5).

With a5 = 0.9 (the best fit for the ECH case, #56173), a4 = 0.4 gives the best fit for #56171 (case

1 in table 5.2), while a4 = 0.3 for #56172 (case 3 in table 5.2), as depicted by the red curves in

figure 5.13 (b) and 5.14, respectively.

0.5 1 1.5 2 2.5
Time [s]

0

1

2

3

4

5

W
id

th
 [c

m
]

#56171, L1 in co-ECCD

C
A

B

Figure 5.14. Island width evolution of discharge #56171 illustrated in figure 5.12. Solid blue: mea-
surement; solid green: scaled βp based on equation (4.3), with tref = 1s and βp (tref) = 0.84; solid red:
simulation with the parameters listed as case 1 in table 5.2; dashed cyan: case 2 (assuming no stabi-
lization effect from L1). A: the first measurement point available; B: the constraint used to determine
ρmn∆

′
sat; A to C: the range within which χ (equation (4.5)) is evaluated.

Simulations assuming no stabilization effect from L1 (i.e. the dashed cyan curves) in figure

5.13 also highlight the different effects of heating (ρmn∆
′
H ) and current drive (ρmn∆

′
C D ) on

NTM stabilization. Note that both ECH and counter-ECCD have a stabilizing heating effect (i.e.

ρmn∆
′
H < 0). The fact that there is a larger difference between the dashed cyan curve and the

solid blue or red curve in the case of ECH (#56173, figure 5.13 (a)) than in the case of counter-

ECCD (#56172, figure 5.13 (b)) indicates that ECH is more effective than counter-ECCD on

NTM stabilization, as expected. This is because counter-ECCD has a destabilizing current

drive effect (i.e. ρmn∆
′
C D > 0), which counteracts its stabilizing heating effect (ρmn∆

′
H < 0)

and displays an overall less effective stabilizing effect than the ECH case that has ρmn∆
′
H <

0 and ρmn∆
′
C D ≈ 0. Simulations indicate a slightly larger amplitude of the heating effect

(|ρmn∆
′
H |) than current drive effect (|ρmn∆

′
C D |) in #56172 (counter-ECCD), explaining the

overall stabilizing effect observed in this discharge.

The co-ECCD beam (L1) used in #56171 (figure 5.14) has ρmn∆
′
H < 0 and ρmn∆

′
C D < 0 (i.e.

both stabilizing), thus exhibiting the strongest overall stabilization effect among the three

experiments. Figure 5.15 shows d w
d t (w) traces at several interesting time slices of the best fit

of #56171 (solid red curve in figure 5.14), concerning mode onset (t = 0.55s), wsat = 3.5cm

(t = 0.72s), wsat = 5cm (t = 0.9s), full stabilization (t = 1.25s), EC-heated plasma without

mode (t = 2s) as well as the ohmic plasma after turning off the EC power (t = 2.28s).
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Figure 5.15. d w
d t (w) traces at different time slices (as indicated by the numbers in the legend) of the

simulation shown by the solid red curve in figure 5.14 (case 1 in table 5.2), showing d w
d t evaluated at

various time slices and w (solid traces), and d w
d t at the wcal of each time slice (solid circles). ρmn∆

′
(downward-pointing triangles), ρmn∆

′
BS (upward-pointing triangles) and ρmn∆

′
GG J (squares) at the

wcal of each time slice, divided by τR /ρmn , are also listed. d wcal
d t (wcal) from the simulation is plotted as

the dash-dotted black curve while
d wexp

d t (wexp) from measurement is shown by the dashed magenta
trace.

To investigate the increase of the inductive (ohmic) current due to the deposition of EC powers

in these experiments, it is feasible to use ηH Pl in equation (3.10), where ηH refers to the

efficiency with which the EC power is converted into a perturbative inductive current as

defined in section 3.4 and Pl the absorbed EC power. The ηH Pl of the control beam L1 has

been evaluated, giving 3kA ∼ 6kA in these three experiments. This is slightly higher than the

current driven (Icd ) by the control beam L1 when it reaches the q = m/n surface, which is

2kA ∼ 3kA in the case of co-ECCD (#56171). Note that there are other parameters in front of

ηH Pl and Icd for the calculation of ρmn∆
′
H (equation (3.10)) and ρmn∆

′
C D (equation (3.9)), and

simulations give ρmn∆
′
C D (≈−0.4) ≤ ρmn∆

′
H (≈−0.15) < 0 in the case of co-ECCD (#56171).

It is also useful to evaluate the current density driven at the mode location (i.e. jcd (ρ = ρmn))

as it is expected to compensate the missing bootstrap current density at the rational surface

(i.e. jbs(ρ = ρmn)) caused by the mode. Following the conventions in the literature [Sauter

et al. 2010; Zohm et al. 2007; Poli et al. 2015; Bertelli et al. 2011], we define ηNTM ≡ jcd (ρ=ρmn )
jbs (ρ=ρmn ) to

quantify this effect. Figure 5.16 summarizes the level of ηNTM of five TCV experiments to give

an indication of the ηNTM required for 2/1 NTM stabilization in the test discharges.

Similar to the EC power settings in #56027 (figure 5.6 (a)) and #56171 (figure 5.12 (a)), a third

co-ECCD beam was switched on after the onset of 2/1 NTMs for NTM stabilization in #55106,
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5.5. NTM stabilization with co-ECCD, counter-ECCD or ECH

#58248 and #58249 involved in figure 5.16. Different deposition locations of the control

co-ECCD beam are covered in the tests, as indicated by the abscissa (xnorm,sign) of figure

5.16, where xnorm,sign = (ρdep−ρmn )

max(w,wdep) is similar to xnorm (equation (3.16)) but defined here to

distinguish depositions on different sides of the q = m/n surface. For instance, it can be seen

that the control co-ECCD beam of #56027, #56171 and #55106 deposits around the q = m/n

surface (with −0.5 ≤ xnorm,sign ≤ 0.5) and displays a peak of ηNTM when reaching near the

q = m/n surface, due to a peak in jcd (ρ = ρmn), as expected. In #58248 and #58249, howerver,

the control co-ECCD beam deposits far from the q = m/n surface (by pre-programming)

with xnorm,sign <−0.45 (i.e. inside the rational surface, more towards the plasma center) and

xnorm,sign > 0.45 (i.e. outside the rational surface, more towards the plasma edge), respectively.

They are taken from a series of NTM-EC misalignment experiments that will be discussed in

section 5.7. #58248 and #58249 confirm that only very small jcd (ρ = ρmn) and ηNTM can be

obtained with this level of beam misalignment and that no full stabilization of NTMs can be

reached.
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Figure 5.16. A collection of ηNTM ≡ jcd (ρ=ρmn )
jbs (ρ=ρmn ) reached in various 2/1 NTM stabilization experiments

in TCV. xnorm,sign indicates the deposition location of the control beam with respect to the 2/1 rational
surface. The two open circles represent the instances with full stabilization (in #56027 and #56171),
yielding ηNTM = 0.6±0.2 is required to fully stabilize 2/1 NTMs in these TCV experiments. In #58248 and
#58249, the large misalignment (|xnorm,sign| > 0.45) of the control beam was programmed on purpose.
Figure from [Kong et al. 2019].

Full stabilization of 2/1 NTMs are only observed in #56027 and #56171, as marked by the

open circles with corresponding colors in figure 5.16. This gives ηNTM > 0.45 for full 2/1 NTM

stabilization in these TCV experiments, with the perturbed bootstrap current density of the

order of 105A/m2. However, in addition to the uncertainties of the evaluation of jcd and jbs ,

there is an uncertainty of the exact relative position of EC beams with respect to the mode (i.e.

xnorm,sign) at the time of full stabilization. Therefore, it could be more consistent to consider

that the modes are stabilized at xnorm,sign = 0, which would give ηNTM ≥ 0.6 based on figure

5.16. Overall we have ηNTM = 0.6±0.2 for full NTM stabilization from these analyses.
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This ηNTM value is lower than the predicted requirement for ITER [Sauter et al. 2010; Zohm

et al. 2007; Poli et al. 2015], which does not consider ρmn∆
′
H explicitly in the calculations, as

ρmn∆
′
C D is predicted to dominate in ITER [De Lazzari and Westerhof 2009, 2010]. As shown

by the MRE simulations in this section, the amplitude of ρmn∆
′
H is comparable to that of

ρmn∆
′
C D in our NTM stabilization experiments with co-ECCD, contributing significantly to

the stabilization of NTMs and reducing the requirement of ηNTM for full NTM stabilization.

Similar and lower values of ηNTM have been observed in other tokamaks [Isayama et al. 2009]

and are consistent with theoretical predictions considering ρmn∆
′
H explicitly [Bertelli et al.

2011].

5.6 NTM stabilization versus prevention

The prevention of NTMs with localized preemptive ECCD, as another method of NTM con-

trol, has been explored in TCV as well. In principle NTM prevention allows avoiding NTMs

altogether and can be the preferred control method, but it penalizes Q (ratio between fusion

energy and input energy) and may be prohibitive for some scenarios [Sauter et al. 2010]. An

example of NTM prevention experiments is shown in figure 5.17, where L1 is switched on

at t = 0.3s and sweeps around the 2/1 rational surface sinusoidally. The small sinusoidal

sweeping of the control beam (L1) is applied to facilitate the comparison between NTM pre-

vention and stabilization (#58254, figure 5.18), by increasing the chance of covering the correct

location in both cases despite possibly different plasma evolutions. As shown in figure 5.16,

covering xnorm ≈ 0 is crucial for NTM control.

L4 and L6 are switched on at t = 0.4s and deposit near the plasma center for NTM onset, as

used in previous examples. All the launchers are set to drive co-ECCD in this experiment. A

ramp-down of L1 (i.e. the control beam) power is applied to estimate the minimum power

required for NTM prevention (i.e. without the onset of NTMs). It can be seen from figure 5.17

that no 2/1 NTM is triggered until completely turning off L1 at t ≈ 1.1s when L1 power ramps

down to 0.36MW, meaning that 2/1 NTM is successfully prevented with only 0.36MW.

In a comparable NTM stabilization discharge shown in figure 5.18, similar plasma scenario and

settings as in #58256 are used, except that L1 is turned on after NTM onset and with a ramp-

up of its power to estimate the minimum power required for full NTM stabilization. In this

discharge, mode cannot be fully stabilized even with 0.75MW. This shows a higher efficiency

for NTM prevention than stabilization, in terms of the EC power required in each case, similar

to observations on other tokamaks [Nagasaki et al. 2005]. However, prevention of NTMs

may require a much longer temporal duration of the EC power and thus a larger total input

energy than NTM stabilization, which needs to be taken into account in the selection of NTM

control strategies. The successful NTM prevention with sinusoidal sweeping (misalignment)

around the rational surface also supports the use of the adapted Gcd term (figure 5.7) in the

simulations. Further experiments with different but constant EC powers for NTM prevention

and stabilization are needed to better quantify their comparison.
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Figure 5.17. Overview of an NTM preven-
tion experiment with off-axis co-ECCD: (a) EC
power traces, where L1 is switched on before
turning on the destabilizing near-axis power;
(b) EC deposition locations, with L1 sweeping
sinusoidally around the mode location; and
(c) 2/1 NTM spectrogram. Figure from [Kong
et al. 2019].
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Figure 5.18. Overview of an NTM stabiliza-
tion experiment with off-axis co-ECCD: (a) EC
power traces, where L1 is switched on after
mode onset; (b) EC deposition locations, with
L1 sweeping sinusoidally around the mode lo-
cation; and (c) 2/1 NTM spectrogram. Figure
from [Kong et al. 2019].

Following the same procedures used in the previous chapter where NTMs occur in the middle

of power-ramp or density-ramp, simulations are performed for the NTM prevention experi-

ment shown in figure 5.17 (#58256). As shown in figure 5.19, simulations start from t = 0.25s

(i.e. ohmic plasma before turning on the EC power) with w = 0. Based on the discussions in

section 5.5, a4 = 0.65 and a5 = 0.9 are used in the simulation shown by the solid red trace in

figure 5.19. ρmn∆
′
ohmic0 and ρmn∆

′
sat are tuned to satisfy the two constraints marked as “A”

and “B” in figure 5.19, requiring a rigid shift of ρmn∆
′
shift =−0.19 in equation (4.7) based on the

ρmn∆
′
ohmic0—nel mapping for Ip ≈−110kA (dashed-dotted green curve with squares in figure

4.17) and ρmn∆
′
sat = −0.84. a2 = 1.4 has been chosen to fit better the experimental d w

d t (w)

trace (dashed magenta in figure 5.20). It can be seen that the simulated red curve fits very well

the timing of NTM onset and the island saturation after NTM triggering, with χ≈ 3.3%.

The prevention effect is found to result from the local effects of off-axis co-ECCD as well as the

favorable curvature that all together counteracts the positive ρmn∆
′
0 that tends to trigger the

mode. Note that ρmn∆
′
0 is actually higher before turning off the prevention power (L1), due to

a higher total Icd,tot with three launchers in equation (4.2), but the mode has still been able to

be preempted. This emphasizes the local effects of off-axis ECCD on NTM prevention and the
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Chapter 5. Stabilization and prevention of 2/1 NTMs with EC beams in TCV

importance of covering the correct mode location for NTM control. It also explains why the

mode is triggered relatively fast (within 20ms) after turning off the preemptive EC power.
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Figure 5.19. Island width evolution of #58256 (figure 5.17). Solid blue: measurement; solid green:
scaled βp based on equation (4.3), with βp (tref = 1.5) = 0.74; solid red: simulation including the
prevention effect from L1; dashed cyan: assuming no L1. A and B: the two constraints used to determine
ρmn∆

′
ohmic0 and ρmn∆

′
sat; A to C: the time range within which χ (equation (4.5)) is evaluated.
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Figure 5.20. d w
d t (w) traces at different time slices (as indicated by the numbers in the legend) of the

simulation shown by the solid red curve in figure 5.19, showing d w
d t evaluated at various time slices

and w (solid traces), and d w
d t at the wcal of each time slice (solid circles). Full prevention (no mode,

t = 0.5s and t = 1s), NTM onset (t = 1.085s), wsat = 4.5cm (t = 1.5s), and ohmic plasma (t = 2.28s) are
shown respectively. ρmn∆

′ (downward-pointing triangles), ρmn∆
′
BS (upward-pointing triangles) and

ρmn∆
′
GG J (squares) at the wcal of each time slice, divided by τR /ρmn , are also listed. Dash-dotted black:

d wcal
d t (wcal) from the simulation; dashed magenta:

d wexp

d t (wexp) from measurement.
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The d w
d t (w) traces at several interesting time slices are shown in figure 5.20. One can see that

before turning off L1, for example at t = 0.5s and t = 1s, the total d w
d t values are negative

at w = 0 (i.e. no mode onset), as indicated by the solid blue and red circles in the figure.

At t = 1.085s (green), d w
d t goes just above 0 at w = 0 and leads to the onset of the NTM. At

t = 1.5s (purple), wsat = 4.5cm is reached, while plasma is stable to NTMs after turning off the

near-axis ECCD power, for instance at t = 2.28s. To investigate the prevention effect, another

simulation has been performed with the same parameters but assuming no L1, as shown

by the dashed cyan curve in figure 5.19. The mode would have been triggered at t ≈ 0.5s in

this case, similar to NTM onsets shown in previous examples. Note that it is our complete

MRE model including TMs that has allowed us to simulate and explain the role of ECCD in

preemptive experiments.

5.7 Effects of EC misalignment on the stabilization and prevention

of NTMs

As seen from the MRE (equation (3.3)) and the discussions in previous sections, the alignment

of EC beams with respect to the mode location (i.e. beam-mode alignment/misalignment)

plays an important role in the effectiveness of NTM control. To further illustrate this effect, this

section discusses about dedicated experiments carried out on TCV with different misalignment

levels of EC beams and corresponding simulations with the MRE. To start with, section 5.7.1

presents three representative NTM stabilization experiments that have different beam-mode

misalignment levels (towards the center or edge of the plasma, or on target) and exhibit distinct

effects on the island width evolution, the underlying physics of which is explored through

simulations with the MRE. Section 5.7.2 shows the statistics of the effects of misalignment

based on more TCV experiments, concerning both NTM stabilization and prevention cases,

with or without a sinusoidal sweeping of the control EC beam.

5.7.1 A series of NTM stabilization experiments with different EC misalignment

Three representative NTM stabilization experiments (#58247-#58249) with similar settings

as in previous sections but different beam-mode misalignment levels are shown in figure

5.21. The same EC power traces (figure 5.21 (a)) are used in the three discharges, while the

poloidal angle of L1, thus its radial deposition location is different in the three discharges, as

illustrated in figure 5.21 (b). The radial location of the q = 2 surface taken from ASTRA outputs,

as indicated by the dashed black traces in (b), largely overlaps for the three discharges.

The difference in beam-mode alignment causes different evolution of NTMs: with enough

power from L1, good alignment (#58247) leads to a full stabilization of 2/1 NTMs; slight

misalignment towards the edge of the plasma leads to a partial stabilization of the mode,

whereas slight misalignment towards the plasma center causes an increase of mode amplitude,

as shown by the spectrogram in figure 5.21 and/or the measured island width in figures
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5.22 and 5.23 (solid blue traces). The different deposition location of L1 meanwhile leads to

different driven current from L1, thus the total driven current from the three EC launchers:

more inward deposition (with a higher local Te /ne ) drives more current, as depicted in figure

5.21 (d).
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Figure 5.21. Experimental overview of a series of 2/1 NTM stabilization experiments with different
beam-mode misalignment levels: (a) EC power traces, the same for the three discharges; (b) deposition
locations of EC beams computed by TORAY-GA and ρ(q = 2) from ASTRA; (c) NTM spectrogram of
#58247; (d) amplitude of the total driven current from all EC launchers, computed by TORAY-GA; (e)
NTM spectrogram of #58248 and (f) NTM spectrogram of #58249.

To better understand the observed differences in mode evolution and quantify various effects,

interpretative simulations with the MRE are performed for the three discharges. Shown in

figure 5.22 are the results for the case with more inward deposition of L1 (#58248), where

the measured w (solid blue) increases upon switching on L1 at t = 1.4s. Following the same

procedures as summarized in section 3.5 and used in previous sections, a2 = 1.5, a3 = 1,

a4 = 0.3, a5 = 0.9, α = 5, wde = 1.9cm and wdep = 5cm are used in the simulations, while

ρmn∆
′
sat =−0.83 is fitted based on the wsat at t = 1.35s (the second blue triangle), i.e. before

switching on the off-axis beam L1. Similar to #58477 (figure 5.2), a transient 3/2 NTM co-exists

with the 2/1 mode at the beginning of the 2/1 mode evolution (not shown in figure 5.21), and

adding a constant 3/2 “drag” fits better wexp, as shown by the solid red curve in figure 5.22.

The overall destabilizing effect observed when turning on L1 in #58248 is found to result

from various competing destabilizing and stabilizing effects: the higher total EC power upon

switching on L1 leads to an increase ofβp that amplifies the destabilizing ρmn∆
′
BS , as indicated

by the solid green trace in figure 5.22; the increase of the total driven current Icd,tot leads to
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5.7. Effects of EC misalignment on the stabilization and prevention of NTMs

an increase of ρmn∆
′
0 (equation (4.2)), which eventually increases ρmn∆

′ (equation (3.25)),

i.e. less stabilizing effect from ρmn∆
′; the misalignment meanwhile decreases the stabilizing

effects from ρmn∆
′
C D and ρmn∆

′
H , which are not sufficient to overcome the destabilizing

effects and w eventually increases. Note that there is a larger increase of Icd,tot when the

deposition is more towards the plasma center (figure 5.21 (d)), causing a more evident overall

destabilizing effect. The existence and possible role of the destabilizing effect from Gcd < 0

(blue curve in figure 5.7) can be better isolated by simulations of experiments involving a wide

range of xnorm (i.e. with EC beam sweeping from the edge to the center of the plasma in each

discharge), as has been discussed in detail in section 5.4. It has been shown that Gcd < 0, if any,

may not be as strong as predicted by theory and does not play an important role in the test

discharges. The destabilizing effect resulting from altering q and j profiles (thus modifying

ρmn∆
′) with EC beams has been included in our ρmn∆

′ model (equations (3.25) and (4.2))

consistently.
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Figure 5.22. w evolution of #58248 shown in figure 5.21. Solid blue: measurement; solid green: scaled
βp based on equation (4.3), with tref = 1.35s and βp (tref) = 0.65; solid red: simulation including the
“drag” from a co-existent 3/2 mode; dashed cyan: simulation without adding the 3/2 drag.

Simulations have also been performed for #58247 and #58249, where full or partial stabilization

of 2/1 NTMs has been observed, respectively. The results for #58247 are shown in figure 5.23 (a),

where the dashed cyan curve represents the simulation with the same parameters as #58248

presented above, except with a4 = 0.65, i.e. the upper bound of a4 with a5 = 0.9 (table 5.3).

This is seen to maximize the stabilizing effect from co-ECCD beams (ρmn∆
′
C D and ρmn∆

′
H ),

but the full stabilization of NTM cannot be reproduced even in this simulation. Efforts have

been made to better fit wexp by tuning different parameters, including trying small rigid shifts

of ρ(q = 2) within its error bars, but without success. The main difficulty stems from the

relatively slow and large drop of w upon switching on L1 (i.e. from t = 1.4s to 1.5s), which

cannot be explained by the stabilizing effects from ρmn∆
′
C D and ρmn∆

′
H , even with very large

a4 and a5 that are already outside the ranges defined in table 5.3.
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Figure 5.23. w evolution of (a) #58247 and (b) #58249 shown in figure 5.21. Solid blue: measurements;
solid green: scaled βp based on equation (4.3), with βp (tref = 1.35) = 0.65; dashed cyan: simulation
with the same parameters as in #58248, except with a4 = 0.65; solid red: simulation with the same
parameters as the dashed cyan curve, but with an extra ρmn∆

′
extra (and a 3/2 drag as well for (b));

dashed magenta: simulation with the same parameters and settings as the dashed cyan curve, but with
wdep = 10cm instead of 5cm; solid orange in (a): simulation with the same parameters and settings as
the solid red curve, except with wdep = 10cm and min(ρmn∆

′
extra) =−0.5; solid orange in (b): simulation

with the same parameters and settings as the solid red curve, but with wdep = 10cm.

Similar phenomenon has been observed in numerous similar TCV discharges (e.g. those

shown in the next section), where a sudden switch-on of EC power at or outside ρ(q = 2) is

involved. This indicates that the abrupt switch-on of EC beams at more off-axis position may

exert an extra effect on mode evolution, for example by changing the condition of the wall

(e.g. recycling rate) that will affect the details of the q profile and thus ρmn∆
′. Note that this

is different from the cases discussed in sections 5.4 and 5.5 (figures 5.6 and 5.12), where the

off-axis beam is typically switched on well inside ρ(q = 2), moves towards ρ(q = 2) and sweeps

around it - it is the sudden switch-on of EC power near or outside ρ(q = 2) that plays a role.

To further investigate this phenomenon, an ad hoc ρmn∆
′
extra term is added to the right hand

side of the MRE (equation (3.3)), similar to the additional drag ρmn∆
′
32 added during the

coexistence of the 3/2 mode. To take into the account the time scale of the variation of

ρmn∆
′ (resistive time), ρmn∆

′
extra is set to drop from 0 to a more negative value (−0.25 for the

simulations of #58247) from t = 1.4s to 1.5s and remains constant (at −0.25) afterward. As a

comparison, the simulation with the same parameters as the dashed cyan curve but adding

the extra ρmn∆
′
extra is shown by the solid red trace, where the full stabilization of the 2/1 NTM

can be reproduced. It is worth emphasizing that the full stabilization here still results from the

localized effect of EC beams when they reach close enough to the mode, i.e. from ρmn∆
′
C D

and ρmn∆
′
H , whereas the ρmn∆

′
extra added only mimics the change of plasma condition that

slowly converges to a new equilibrium with more negative ρmn∆
′.

Considering the possible broadening of wdep as discussed in previous sections, simulations

are also performed assuming a wider wdep of L1 (10cm instead of 5cm), with or without
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the ρmn∆
′
extra, as shown by the solid orange and dashed magenta curves in figure 5.23 (a),

respectively. Similar to the simulation with wdep = 5cm (dashed cyan), the case without

ρmn∆
′
extra (dashed magenta, wdep = 10cm) cannot reproduce the full stabilization of NTMs

observed in this experiment either (figure 5.21 (c)); including the ρmn∆
′
extra term and with a

more negative value (−0.5 instead of −0.25) than the case with wdep = 5cm (solid red), the

simulation with wdep = 10cm (solid orange) can reproduce the full stabilization, but with a

larger χ than the simulation with wdep = 5cm (solid red).

Shown in figure 5.23 (b) are the results of #58249, where only partial stabilization is observed

in the experiment (until completely turning of the EC power at t = 2.25s). Simulations are

performed with the same parameters as #58247 (with a4 = 0.65 as well), with or without

ρmn∆
′
extra, as shown by the solid red and dashed cyan curves, respectively. It shows that

adding a ρmn∆
′
extra tends to fit better the evolution from t = 1.4s to 1.5s. This is more evident

in simulations with wdep = 10cm, as indicated by the solid orange and dashed magenta curves.

A wider wdep in this case decreases the oscillations of the simulated w and fits better the

measurements, indicating a possible broadening of wdep when the EC beam deposits closer

to the plasma edge, which is not included in the computations with TORAY-GA. There is also a

co-existent 3/2 mode at the beginning of the 2/1 evolution in this discharge, similar to #58248,

and an extra 3/2 drag is included in the simulations with ρmn∆
′
extra (i.e. solid red and orange

curves in 5.23 (b)).

The series of experiments presented in this section illustrate the effect of beam-mode misalign-

ment on the stabilization of NTMs: while a good alignment (with sufficient EC power) leads to

the full stabilization of NTMs and a slight misalignment towards the edge of the plasma leads

to partial stabilization, the misalignment towards the center of the plasma causes an increase

of the island width. Based on corresponding MRE simulations, the overall destabilizing effect

is found to result from a large increase of βp (thus∆′
BS) and∆′ (less stabilizing, through a larger

Icd,tot value), as well as the decrease of the local stabilizing effects from off-axis EC beams

when misaligned.

5.7.2 Statistics of the effect of beam-mode misalignment on the stabilization and
prevention of NTMs

Misalignment tests with sweeping

The strong correlation of w with beam-mode alignment presented in the previous section has

motivated further experimental studies on this topic, covering a larger range of beam-mode

misalignment and testing both NTM stabilization and prevention cases. The experimental

settings are illustrated in figure 5.24. For NTM stabilization shown in (a), L4 and L6 deposit

near the plasma center for mode onset, while L1 is switched on after mode onset and sinu-

soidally sweeps around the mode location (dashed black curve in the middle panel, based on

LIUQE outputs) with a normalized full sweeping amplitude of 0.1. ρψ in the figures refers to

the normalized radial location based on the square root of the poloidal fluxΨ. In the example
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shown here where a good beam-mode alignment is maintained (#60208), full stabilization

of the 2/1 mode is achieved right after turning on L1. Figure 5.24 (b) illustrates an NTM

prevention experiment, where L1 is switched on before turning on the central EC beams,

preventing the onset of NTMs. It can be seen that 2/1 NTM is successfully prevented in this

discharge, i.e. the mode does not occur until completely turning off the prevention power.
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Figure 5.24. Experimental overview of two misalignment tests with sinusoidal sweeping: (a) 2/1 NTM
stabilization; (b) 2/1 NTM prevention. The dashed black curve in the middle panel represents the radial
location of the q = 2 surface based on LIUQE outputs.

Similar experiments have been carried out, except with different misalignment levels of L1 that

can be quantified by the averaged offset of the center of sweeping with respect to the target

mode location. Following the definition of xnorm in equation (3.16), a xnorm,avg is defined as

xnorm,avg ≡
ρoffset

wdep
, (5.3)

where ρoffset represents the averaged offset of the center of sweeping with respect to the q = 2

surface, i.e. the average of ρdep −ρmn in a given discharge, and wdep the full e−1 width.

The effects of L1 on w in each discharge can also be quantified. For NTM stabilization tests,

ηstab ≡ wexp,0 −wexp,1

wexp,0
, (5.4)

where wexp,0 is the measured saturated island width before turning on the control beam L1

and wexp,1 the measured saturated island width after turning on L1: ηstab = 1 thus represents

full stabilization, ηstab = 0 no effect, ηstab ∈ (0, 1) partial stabilization and ηstab < 0 overall

destabilizing effect. For NTM prevention tests, the effects are quantified by ηprevent, which is

either 0 (no prevention) or 1 (successful prevention, i.e. no NTM onset when L1 is still on).

ηstab and ηprevent obtained from a group of experimental scans (performed in the same experi-

mental week) are summarized in figure 5.25, with a fixed wdep = 5cm in equation (5.3). For
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the NTM prevention cases (red curve with open circles), successful prevention can only be

achieved when xnorm,avg ∈ (−0.5, 0.5), i.e. within half of wdep and having finite deposition at

the q = 2. For the NTM stabilization cases (blue curve with solid squares), there seems to be an

offset of the center of relative symmetry compared to the prevention cases, at xnorm,avg ≈ 0.3

instead of 0, corresponding to an offset of about 0.06 in ρψ. This can be explained by the un-

certainty of the radial location of q = 2 reconstructed by LIUQE, especially with the existence

of an NTM (e.g. in the case of NTM stabilization), which affects local Te and ne and eventually

q profiles as well. Another possible explanation is that the island itself can be asymmetric

with respect to q = 2, as observed in ASDEX Upgrade [Meskat et al. 2001], but not enough

diagnostic data is available in these discharges to check this point further.

-1.5 -1 -0.5 0 0.5 1 1.5

x
norm,avg

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

st
ab

, p
re

ve
nt

Stabilization

Prevention

Figure 5.25. Summary of the effects of beam-mode misalignment on 2/1 NTM stabilization and
prevention, taken from a series of experiments with sinusoidally sweeping control beam and different
misalignment levels with respect to the q = 2 surface.

Another observation of the stabilization cases in figure 5.25 is that misalignment towards

the plasma center can be destabilizing (ηstab < 0), while misalignment towards the plasma

edge can lead to partial stabilization, or at least no destabilizing effects have been observed,

consistent with the discussions in the previous section. Considering the difficulty of obtaining

perfect alignment, these observations show that it is better to align the control beam outside

the target rational surface than inside. Note that there is still finite deposition of EC power

and current inside the island for the rightmost case with xnorm,avg = 1.2 (#60122), when the EC

beam passes through the plasma for the first time (first-pass), considering wexp ≈ wdep = 5cm,

the sweeping used and the uncertainty of the radial location of q = 2 from LIUQE (thus the

actual value of xnorm,avg). Moreover, the incomplete first-pass EC absorption in these more

outward cases (e.g. around 50% in #60122) result in the reflection of EC beams by the inner

vessel wall, which may lead to more EC depositions at the mode location and contribute to

the observed partial stabilization, as will be discussed further in the next section.
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Misalignment tests without sweeping

Dedicated misalignment experiments have also been conducted without the sinusoidal sweep-

ing (in another experimental week), for both NTM stabilization and preventions cases. These

experiments have exactly the same settings as those shown in figure 5.24, except that poloidal

angle of the control beam L1 is fixed and no sweeping is added. Following the same proce-

dures discussed above, ηstab and ηprevent obtained from different discharges are summarized

in figure 5.26, with a fixed wdep = 5cm as well.
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Figure 5.26. Summary of the effects of beam-mode misalignment on 2/1 NTM stabilization and
prevention, taken from a series of experiments with a fixed poloidal angle of the control beam (no
sweeping) and different misalignment levels with respect to the q = 2 surface.

Similar to figure 5.25, the stabilization cases in figure 5.26 (blue squares) exhibit an outward

shift of the center of relative symmetry compared to the prevention cases, at xnorm,avg ≥
1 instead of 0. This could be one of the possible explanations of the observed full NTM

stabilization in the cases with very outward depositions (e.g. xnorm,avg > 1.3), otherwise the EC

beams would not have any depositions within the island, at least when they pass through the

plasma for the first time. To further verify the experimental observations shown in figure 5.26,

two standard NTM stabilization experiments, #60324 and #60311 shown in figure 5.27, where

the control beam is moved slowly from inside or outside the q = 2 surface to q = 2 have been

performed in the same experimental week as these misalignment experiments (with a fixed

poloidal angle thus near constant deposition location of L1) shown in figure 5.26. It can be

seen that the localized stabilization effects of the control EC beam, i.e. full stabilization only

when the beam crosses the mode location presented in section 5.4 to section 5.7.1 or in [Felici

et al. 2012] cannot be reproduced in #60311. The EC beam from L1 has xnorm,avg ≈ 1.95 when

fully stabilizes the mode at t ≈ 1.4s in #60311, which is already very far from the q = 2 surface

even when considering the possible uncertainties in the determination of q = 2 and xnorm,avg.
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Figure 5.27. Experimental overview of two standard NTM stabilization experiments on TCV, carried
out in the same experimental week as the misalignment experiments summarized in figure 5.26: (a) 2/1
NTM stabilization from inside q = 2; (b) 2/1 NTM stabilization from outside q = 2. The dashed black
curve in the middle panel represents the radial location of the q = 2 surface based on LIUQE outputs.
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Figure 5.28. A poloidal view of the deposition paths of different EC beams in (a) #60311 (figure 5.27
(b)) and (b) #60122 (the rightmost blue square in figure 5.25), respectively. The EC-relevant results are
taken from TORAY-GA outputs and the flux surfaces from LIUQE.

Another possible explanation for the observed full NTM stabilization in these cases with very

outward EC depositions is the incomplete absorption of EC beams when they pass through

the plasma for the first time and the consequent reflections by the vacuum vessel that may

lead to an effective deposition at the mode location. As an illustration, a poloidal view of the

EC traces of #60311 at t = 1.4s are shown in figure 5.28 (a), based on the outputs of TORAY-

GA. It can be seen that there is no deposition of L1 at the mode location when the beam

passes through the plasma for the first time. The first-pass EC absorption rate in this case

is about 50% (from TORAY-GA) and the remaining EC rays can be reflected by the wall and
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effectively deposit inside the island. More detailed TORAY-GA calculations that consider these

possible reflections and multiple passes through the plasma can be performed to verify this

point further. Similarly, the observed partial stabilization for the cases with more outward

depositions (with sweeping) shown in figure 5.25 may also be explained by the reflection

and effective deposition within the island, in addition to the uncertainties of LIUQE and the

estimation of xnorm,avg. An example of these is shown in figure 5.28 (b).

Note that the absorption rates and paths of EC rays depend on detailed plasma conditions, e.g.

the temperature and density profiles, and may vary in different experiments, especially when

incomplete first-pass absorption and subsequent reflections of EC beams are involved. The

discussions in this section shed light on the possible role of these effects on the partial/full

stabilization of 2/1 NTMs, when the EC beams are misaligned well outside the q = 2 surface.

Further experimental studies on beam-mode misalignment should take these effects into con-

sideration. In particular, they should be planned such that the reflected EC beams stay away

from the q = 2 surface, since far off-axis EC beams will typically only have partial first-pass

absorption. Moreover, comprehensive MRE simulations that assume different misalignment

levels, with/without sweeping, different frequency and amplitude of the sweeping, etc., will be

able to better compare the sweeping and non-sweeping techniques and are left as future work.

5.8 Summary

In this chapter, the physics and control of 2/1 NTMs have been studied experimentally and

numerically in TCV. The self-stabilization of NTMs through a slow ramp-down of the near-axis

co-ECCD power estimates the level of wmarg of NTMs involved in the test discharges. The

observed dynamic evolution of 2/1 NTMs along with varying deposition locations of the

co-ECCD beam has been reproduced well in the simulations with MRE. This constrains better

the theoretical models used, for example the discussions about the existence of the negative

part of Gcd in section 5.4.

With the aim of quantifying the contribution of heating and current drive to the stabilization

of 2/1 NTMs, a series of NTM control experiments with different current drive settings have

been performed, with the control beam in co-ECCD, counter-ECCD or ECH, respectively.

Corresponding interpretative simulations estimate the range of the coefficients and param-

eters to be used in the MRE (i.e. a4 and a5) and quantifies the contribution of heating and

current drive. It has been shown that pure heating exhibits a comparable effect as current

drive on NTM stabilization in our test discharges, in accordance with theoretical predictions

for relatively small machines.

As another method of NTM control, the prevention of 2/1 NTMs by means of preemptive ECCD

has also been explored. The prevention effect is found to come from the local effects of heating

and current drive of the off-axis beam (i.e. ρmn∆
′
H and ρmn∆

′
C D ), as well as the stabilizing

effect from favorable curvature (ρmn∆
′
GG J ), instead of a global change of the classical stability

of plasmas (i.e. ∆′). The small sinusoidal sweeping of the radial deposition location of the
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control EC beam around the target mode location has proven to be effective for both NTM

stabilization and NTM prevention cases. Along with the sweeping, power-ramp experiments

have shown that NTM prevention is much more efficient than NTM stabilization in the test

discharges, in terms of the minimum EC power required.

The effect of beam-mode misalignment on NTM evolution has been studied in detail. It is

observed that misalignment towards the plasma center can be destabilizing, due to a larger

increase of βp and ∆′, as well as a decrease of the stabilizing effects from the EC beams caused

by the misalignment. Small misalignment towards the plasma edge, on the other hand, can

lead to partial stabilization, or at least no destabilization effects have been observed. Given

the difficulty of keeping perfect beam-mode alignment, this observation motivates to align the

control beam slightly outside the target rational surface, instead of inside. These misalignment

studies based on many TCV discharges also shed light on the possible role of incomplete

first-pass EC absorption and consequent reflections and multiple passes through the plasma

on the stabilization of 2/1 NTMs, especially when the EC beams are misaligned well outside

the q = 2 surface. Further experimental studies on beam-mode misalignment should take

these effects into account.

It is worth emphasizing that the MRE presented in section 3.4, together with the simple ∆′
0

model proposed and developed in detail in the previous chapter (section 4.3) has been used in

all the simulations involved in this chapter and proves to work well for the rather complicated

set of experiments (NTM prevention, stabilization, sweeping, co-ECCD, counter-ECCD, ECH,

etc.) with very similar fixed coefficients that are determined based on the procedures summa-

rized in section 4.6. As a review, the key coefficients and parameters used in the simulations of

the main discharges presented in this chapter are summarized in table 5.4. The interpretative

simulations presented in chapters 4 and 5 also highlight the possibility of applying the MRE in

real-time (RT), for example, to compute the amount of EC power required to stabilize or pre-

vent a given NTM in RT and to predict its evolution, contributing to the overall RT integrated

control strategy. A first example of such a RT-capable MRE module will be presented in the

next chapter.

Table 5.4. List of the coefficients and parameters used in the best fits of various TCV discharges,
with fixed k = 6, a3 = 1, wde = 1.9cm and wdep = 5cm

Shot # α a2 a4 a5 ρmn∆
′
ohmic0 ρmn∆

′
sat χ

58477 8 1.5 N/A N/A figure 4.17, green -0.78 9.67%
56027 8 2 0.4 0.9 figure 4.17, green -1.02 6.54%
56171 8 1.5 0.4 0.9 figure 4.17, green -1.1 6.20%
56172 8 1.5 0.3 0.9 figure 4.17, green -1.12 6.30%
56173 5 1.5 0.4 0.9 figure 4.17, green -1.32 6.50%

58256 8 1.4 0.65 0.9
figure 4.17, green

(and shifted by -0.19)
-0.84 3.30%

58248 5 1.5 0.4 0.9 figure 4.17, green -1.32 6.50%
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6 Real-time NTM control and integrated
multi-actuator plasma control in TCV

6.1 Introduction

Different aspects of NTMs have been discussed in previous chapters from the physics point

of view, with the aim of clarifying the underlying mechanisms. In this chapter, focus will be

given to real-time (RT) control aspects, as well as how the physics study has contributed or

will contribute to a better RT control of NTMs and the overall integrated plasma control.

To start with, RT control of NTMs in TCV will be presented in section 6.2, concerning the

main challenges of NTM control in general (section 6.2.1), the feedback NTM control algo-

rithms implemented in TCV (section 6.2.2) and one simple example of TCV RT NTM control

experiments (section 6.2.3). The integration of NTM control algorithm with other control

algorithms will be the subject of section 6.3, with several experimental examples illustrated.

In section 6.4, the RT application of the modified Rutherford equation (MRE) discussed in

previous chapters (i.e. RT-MRE) will be presented. As will be demonstrated for the first time,

the RT-MRE is capable of providing valuable RT information, not only for NTM control, but

also for the overall integrated control. Detailed examples will be shown in section 6.4.1 to

section 6.4.5. The implementation of the RT-MRE in the plasma control system (PCS) will be

discussed in section 6.4.6. Summary and outlook of the chapter will be given in section 6.5.

6.2 Real-time control of NTMs in TCV

6.2.1 Main challenges of real-time NTM control

One of the main challenges of real-time (RT) NTM control is to find and maintain good

alignment of the EC beam(s) with respect to the target mode location under different plasma

scenarios and complicated plasma evolutions. This typically requires accurate detection of

the mode location and determination of the deposition location of EC beams in RT, where

the latter can be inferred from computations with RT ray-tracing codes (e.g. a RT version of

TORBEAM [Reich et al. 2015; Poli et al. 2018a]), though inevitably with uncertainties.
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In terms of the determination of mode location, different methods have been explored on

various tokamaks. For example, RT equilibrium reconstruction (with or without motional

Stark effect measurements of the pitch angle of magnetic field lines) [Ferron et al. 1998; Moret

et al. 2015] has been used as a standard tool to estimate the location of a certain m/n mode,

i.e. radial location of the q = m/n surface. Despite inherent uncertainties, this information

provides the first estimation of mode location, whereas it becomes the only measurement

available regarding mode location in the case of preventing NTMs (i.e. before the occurrence

of NTMs) [La Haye et al. 2005].

Multi-channel electron cyclotron emission (ECE) radiometers have been utilized in several

tokamaks such as JT60-U [Isayama et al. 2003], DIII-D [Park and Welander 2006], and ASDEX

Upgrade [Reich et al. 2012] as a complementary diagnostic of mode location, based on the

amplitude and phase of localized temperature fluctuations caused by the motion of magnetic

islands, as detailed in these references. In addition, a new scheme that combines an ECE

diagnostic in the same sight line with the steerable ECRH/ECCD antenna used for NTM control,

namely a line-of-sight ECE or inline ECE has been implemented and tested in experiments on

TEXTOR [Oosterbeek et al. 2008; Hennen et al. 2010] and ASDEX Upgrade [Van Den Brand et al.

2019]. This has the advantage that the alignment is obtained without requiring RT equilibrium

reconstruction or ray-tracing, though it can be technically challenging to separate the typically

MW-level EC beam from the mW-level ECE signal. A similar scheme, with the same poloidal

(toroidal) angle for ECE and EC beam antennas but different toroidal (poloidal) aiming (i.e.

quasi-in-line ECE), has been implemented and tested experimentally in DIII-D [Volpe et al.

2009] and TCV [Rispoli et al. 2019].

Another method used to estimate mode location is based on the responses of measured island

width to varying EC deposition locations, seeking the minimum of the island width or growth

rate [Humphreys et al. 2006; Wehner and Schuster 2012; Rapson et al. 2014; Kolemen et al.

2014; Kim et al. 2015]. Even though the island width growth rate has a more direct relation

with the beam-mode misalignment (e.g. from the MRE discussed in section 3.4), it is also

more sensitive to the noise of measurements and difficult to ensure robust control [Rapson

et al. 2016]. Recently, attention has been drawn to the data fusion technique that combines

estimations from various methods to get a better overall estimation. For instance, estimations

from equilibrium reconstruction, RT ECE diagnostic and minimum-seeking method have

been fused into a single estimation of mode location and proven promising in experiments on

ASDEX Upgrade [Rapson et al. 2017b].

On TCV, a simple and robust sweeping technique has been proposed, which adds a small

(sinusoidal) oscillation to the deposition location of the control EC beam, i.e. sweeps the EC

beam around the estimated mode location [Kim 2015]. Though less efficient than perfect

alignment (that is almost impossible to obtain), it ensures that the correct mode location is

crossed at least from time to time. In particular, in terms of NTM prevention, this technique

relaxes the strict requirement on RT equilibrium reconstruction that is the only information

available on mode location. The sweeping technique has proven to be effective for NTM
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stabilization and prevention on TCV and ASDEX Upgrade [Kim 2015; Kong et al. 2019; Reich

et al. 2014]. A better estimation of the mode location, for example with the data fusion method

discussed above or with a RT version of the MRE that will be presented in section 6.4, can

decrease the sweeping amplitude required.

Another main element of RT NTM control is to evaluate the EC power needed to control a

given mode, in RT. Unfortunately, not much research has been performed on this topic so far

and a typical practice in RT NTM control experiments is to simply use the maximum power

of the selected control beam(s). In terms of NTM stabilization, an upgraded scheme that

makes use of RT island width measurements has been proposed, in an “ask for more if not

enough” fashion, i.e. an extra EC launcher is added in RT if the total power from existing EC

launcher(s) used for stabilization is not sufficient to fully suppress a given NTM. This has

been successfully applied in experiments on ASDEX Upgrade [Reich et al. 2014] for stabilizing

3/2 NTMs and recently implemented and tested on TCV for suppressing 2/1 NTMs [Kong

et al. 2017]. In the near future, as will be discussed in this chapter, RT physics-model-based

computations (e.g. RT-MRE) can be included to provide a better first estimation of the required

power, contributing to a faster stabilization of NTMs that can grow and get locked quickly.

6.2.2 Feedback NTM control algorithms in TCV

Feedback NTM control algorithms have been implemented in the distributed digital control

system (SCD) of TCV, which consists of a set of independent nodes linked via shared reflective

memory [Anand et al. 2017; Galperti et al. 2017]. As discussed in chapter 2, the SCD receives

various diagnostic inputs (e.g. from magnetic probes, soft X-ray, far infrared interferometer,

etc.) and actuator outputs (e.g. for gas valves, EC systems, etc.). In particular, a new advanced

RT magnetic analyses code based on the singular value decomposition (SVD) of fast magnetic

signals[Galperti et al. 2014] has been implemented on a newly installed RT node of the SCD

[Anand et al. 2017; Galperti et al. 2017]. This provides RT information about the likelihood of

each m/n mode and their rotating frequencies, generating RT trigger signals when combined

with user-specified thresholds.

Similar to those described in [Kim 2015], the first version of the RT NTM control algorithm

in TCV takes the target q value (qtarget), the q(ρ) profile and user-specified configuration

parameters as inputs, and outputs commands concerning the radial deposition location

(ρcmd) and power (Pcmd) of EC beams. qtarget is typically m/n for controlling an m/n NTM,

whereas finite offsets (denoted as qoffset) can be added to allow performing RT misalignment

experiments, i.e. with qtarget ≡ m/n +qoffset. The q(ρ) profile is taken from a RT version of the

Grad–Shafranov equilibrium reconstruction code LIUQE that has been implemented in the

SCD, with a sub-ms cycle time that is compatible with RT applications [Moret et al. 2015].

ρcmd is either the direct interpolation based on qtarget and q(ρ) profile, or in the case of robust

control, the sum of the interpolated ρ with a small sinusoidal sweeping. The amplitude and

frequency of the sweeping are specified by the user before a discharge, but future work can
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be done to adapt these parameters in RT, for example based on evaluating the beam-mode

alignment with the RT-MRE (section 6.4.2). ρcmd is then translated into the corresponding

poloidal angle (θcmd) of the EC launcher, through a look-up table built with offline simulations

of similar plasmas with TORAY-GA [Matsuda 1989] or through RT-TORBEAM [Reich et al. 2015;

Poli et al. 2018a] when available. Pcmd is typically taken as the maximum power of a given

EC launcher, or as newly implemented, in an “ask for more if not enough” fashion for NTM

stabilization (examples in sections 6.3.2 and 6.3.3).

As the first illustration of the feedback NTM control algorithm discussed above, a simple RT

NTM stabilization experiment will be presented in the next section. Recently, a more generic

interface of the NTM controller has been implemented, thanks to the development of a new

PCS framework that will be discussed in section 6.3.1. Experiments with the new framework

and interface will be presented in section 6.3.2 and 6.3.3 after introducing the new PCS.

6.2.3 A simple real-time NTM stabilization experiment in TCV

This section illustrates an RT NTM stabilization experiment with fixed EC power: the maximum

power of the selected launcher for NTM control, as shown in figure 6.1. Two EC launchers

(L4 and L6) are involved in this discharge: the power from both launchers is controlled by

feedforward waveforms and has approximately the same value as the two launchers share

the same power unit; the toroidal angles of both launchers are set before the discharge to

drive co-ECCD; the poloidal angle of L4 (θ4) is fixed during the discharge to deposit power

and current near the plasma center, following a (constant) feedforward waveform, while the

angle L6 (θ6) is feedback controlled by the NTM controller. This assignment of EC launchers

(i.e. L6 for NTM control and L4 for central co-ECCD) is pre-programmed before the discharge.
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Figure 6.1. Experimental overview of an RT NTM control experiment with fixed EC power: (a) EC
power traces; (b) radial deposition locations of EC beams and RT ρψ(q = 2); and (c) NTM spectrogram.
Vertical dash-dotted lines in (b) and (c) represent the “on” and “off” of RT trigger signals for 2/1 NTM
taken from magnetic analyses, indicating the detected onset and full stabilization of the mode.
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SVD analyses of magnetic signals [Galperti et al. 2014, 2017] are preformed in RT and provide

the likelihood of each m/n mode. Together with user-defined thresholds, these generate

time-varying RT trigger signals (1 or 0) for each m/n mode, representing the existence or

absence of a given mode. As shown in figure 6.1 (c), a 2/1 NTM is detected and fully stabilized

twice during the flattop of this discharge (until 2.3s), with the “on” and “off” of corresponding

RT trigger signals marked by the vertical dash-dotted lines. qtarget is set to 2/1 (i.e. qoffset = 0)

in this discharge and corresponding ρcmd is obtained based on the q(ρ) profile from RT-

LIUQE (dashed black curve in figure 6.1 (b)). This ρcmd is eventually translated into θcmd for

L6 through a look-up table, since RT-TORBEAM was not available in this discharge. In the

absence of NTMs, θcmd of L6 is taken from feedforward waveforms to deposit near the plasma

center, leading to the “suppress & return” type of movement of L6 shown in figure 6.1 (b) (solid

green trace), i.e. the assigned launcher is moved towards qtarget to suppress a given NTM and

return to its initial location (the plasma center in this example) after suppressing the mode.

Note that there are physical limits on the speed of moving the mechanical components of

launchers, thus the steering of θ, so it takes time to move L6 in between ρ(q = 2) and the

plasma center.

This discharge (#54642) highlights the localized stabilization effects of off-axis EC beam(s), i.e.

the 2/1 mode is fully stabilized as soon as and only when the co-ECCD beam reaches the target

mode location, similar to the examples shown in the previous chapter. In terms of mode onset,

the fact that no mode is triggered until both co-ECCD beams reach and remain at the plasma

center (i.e. with a total central power of 0.96MW) for a while indicates that it is marginal

to trigger these 2/1 modes with 0.96MW in this discharge, where nel ≈ 1.7×1019 m−3 and

Ip ≈−110kA are kept. This is consistent with the predictions of the density range in chapter 4

(figure 4.23). Note also that no destabilization effects are observed when the co-ECCD beam is

still near q = 2 after fully suppressing the mode, similar to the observations in chapter 5.

6.3 Integrated multi-actuator plasma control in TCV

The normal operation of tokamaks requires the reliable control of many physics parame-

ters, ranging from the control of plasma current, density and shape, to the control of MHD

instabilities, plasma β and q profiles. It is not rare that the same actuators are required to

perform several control tasks simultaneously, leading to conflicting requests of actuators. For

example, EC systems can be demanded by both impurity accumulation control and q profile

control. This is especially true for future long-pulse devices like ITER, where a large amount

of important control requirements need to be fulfilled with only a limited set of actuators

[Snipes et al. 2014; Humphreys et al. 2015]. Moreover, off-normal events such as NTMs and

vertical displacements events, or faults such as power supply failures may occur and need to be

handled properly in RT [Eidietis et al. 2018; Blanken et al. 2019]. Therefore, the plasma control

system (PCS) for a tokamak reactor should be able to decide which plasma quantities to be

controlled not only based on the pulse schedule, but also on RT plasma and actuator states. It

should also be able to take correct measures when unexpected events or faults happen and
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decide on future actions.

In this respect, a promising solution is to use the combination of a supervisory controller and

an actuator manager in the design of the PCS [Rapson et al. 2015; Maljaars and Felici 2017].

The supervisory controller makes RT high-level decisions on how to continue the discharge

and prioritizes all considered control tasks based on the states of the plasma; the actuator

manager computes in RT the actuator allocations accordingly. While important progress has

been made in the design and implementation of supervisory controller and actuator manager

under different PCS architectures [Rapson et al. 2015; Treutterer et al. 2014; Eidietis et al. 2018,

and references therein], the links between RT diagnostics and event handling algorithms as

well as the resource allocations are mostly hard-coded. Adding new functionalities or new

diagnostics typically requires substantial modifications of existing codes. The dependence

on specific diagnostics and actuators also makes it difficult to port the algorithms from one

tokamak to another. Given these difficulties, a generic PCS structure has been newly proposed,

implemented and experimentally tested on TCV, with generic supervisory controller and

actuator manager [Blanken et al. 2019; Vu et al. 2019], as will be detailed in the next section.

6.3.1 A new generic plasma control system (PCS) framework
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Figure 6.2. Overview of the new generic PCS framework, reproduced from [Vu et al. 2019].

The new framework is illustrated in figure 6.2, where the PCS is separated into an interface layer

and a tokamak-agnostic layer. The interface layer translates RT signals from tokamak-specific

diagnostics and actuators into generic outputs to be used by the tokamak-agnostic layer. For

example, a generic plasma and actuator state reconstruction block uses RT diagnostics and

simulations to generate a continuous generic representation of plasma and actuator states.

In TCV, the plasma and actuator state reconstruction contains RT SVD analyses of magnetic

perturbations [Galperti et al. 2014, 2017], RT-LIUQE [Moret et al. 2015] and RT-TORBEAM
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[Reich et al. 2015; Poli et al. 2018a]; the RAPTOR observer [Felici et al. 2011, 2016] has been

included as well to estimate the electron temperature (Te ) and q profiles; the RAPDENS-

observer [Blanken et al. 2018] has been used to reconstruct electron density profiles, etc. As

will be illustrated in section 6.4.6, more functionalities can be easily added thanks to the

generic feature of the framework.

In the tokamak-agnostic layer, only tokamak-independent control tasks such as 2/1 NTM

stabilization, β control and q profile control are considered, i.e. in a task-based manner.

The pulse schedule and configuration parameters for each control task, on the other hand,

are tokamak- and scenario-dependent: they are set by the user before a discharge using a

standardized user interface. The continuous-valued plasma and actuator states from the

interface layer are translated by a generic plasma state monitor into a discrete finite-state

representation of plasma and actuator conditions, with state transitions triggered by user-

defined thresholds [Blanken et al. 2019]. Based on the defined tasks, the pulse schedule and

the discrete states, a generic supervisory controller [Blanken et al. 2019] activates relevant

tasks/controllers, prioritizes all considered tasks and communicates the parameters specific to

each control task. An advanced tasked-based actuator manager [Vu et al. 2019] then optimizes

the actuator allocations for each task based on the priorities and requests from all control

tasks as well as the plasma and actuator states and limits.

Controller 

Controller commands 

Controller requests 

Controller active 

Task active 

Assigned resources 
(range of amp, pos, type) 

Plasma states 
(e.g. 𝜷𝜷, q profile, etc.) 

Actuator states 
(range of amp, pos, type) 

Controller params per task 

Figure 6.3. Generic controller with standardized interface, reproduced from [Vu et al. 2019].

The control tasks are performed by generic controllers in the tokamak-agnostic layer, the

mapping between which are defined by the user through the user interface: a controller can

perform several control tasks, whereas a control task can be only assigned to one controller.

The tokamak-agnostic layer provides a layer of abstraction for physics operators as they only

need to specify generic control tasks, without having to consider the functionalities of each

specific controller.
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All the controllers in the tokamak-agnostic layer share the same standardized interface [Vu

et al. 2019], as shown in figure 6.3. Controller active and task active represent the activa-

tion signals for the controller and the various control tasks associated with this controller,

respectively; assigned resources are the assigned virtual actuator resources per task, i.e. the

range of amplitude (e.g. minimum and maximum of the EC power available), position (e.g.

reachable deposition location of EC beams) and type (e.g. co-ECCD); plasma states are the full

representation of plasma conditions that are the same for all controllers; each controller will

then use the subset of the plasma states that it requires to fulfill its tasks; actuator states are the

states of the assigned actuators to each controller; controller params per task are parameters

of the concerned tasks, which are defined in the pulse schedule but can be modified by the

supervisory controller in RT when necessary.

In the outputs, controller commands are the commands for each task that are sent to the

actuators at the present time step and remain within the limit of the assigned resources at the

present time step; controller requests are the requests for each task that are sent to the actuator

manager to get the resource allocation for the next time step; they are not necessarily within

the limit of the assigned virtual resources at the present time step. Examples of these will be

given along with the experiments shown in next sections.

6.3.2 Integrated control experiment with preliminary plasma supervision and ac-
tuator allocations

The generic PCS framework presented in the previous section has been successfully imple-

mented in the SCD of TCV. Using the first version of the system, with a preliminary supervisory

controller and actuator manager, RT integrated control of NTMs, β and model-estimated q

profiles has been demonstrated experimentally in TCV. Note that the q profiles used in this

experiment are estimations from RAPTOR [Felici et al. 2011, 2016] due to the absence of inter-

nal current density measurements in TCV. Three control tasks, namely 2/1 NTM stabilization,

β and q profile control are involved, with two controllers: the NTM controller discussed in

section 6.2 to perform the 2/1 NTM stabilization task and a profile controller [Maljaars et al.

2017; Vu et al. 2016; Mavkov et al. 2017] to perform β and q profile control tasks.

As shown in figure 6.4, three EC launchers (L1, L4 and L6) have been used as actuators to

perform these control tasks. As mentioned, L4 and L6 share the same power unit and always

convey approximately the same power, while their deposition locations can be different. In

this experiment, L4 and L6 are set to drive co-ECCD with a nominal power of 0.5MW each

and can be assigned to the three tasks based on their RT priorities and requests; L1 is set to

drive counter-ECCD and reserved only for β and q profile control, with a nominal power of

0.75MW. The priorities of the control tasks are defined such that 2/1 NTM stabilization takes

the highest priority (i.e. 1) once a 2/1 NTM is detected, otherwise β control takes the highest

priority. The default priority of each control task is specified by the user, which is then used

by the supervisory controller to compute RT priorities based on RT plasma states (e.g. the
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sudden occurrence of an NTM).
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Figure 6.4. Integrated control of NTMs, β and model-estimated q profiles in TCV with a preliminary
supervisory controller and actuator manager: (a) EC power traces; (b) reference (dashed black) and RT
β; (c) ι≡ q−1 profiles - different dashed/solid curves represent the reference/RT-estimated ι values at
different radial locations; (d) ρ(q = 2) (dashed black) and deposition locations of different launchers;
and (e) 2/1 NTM spectrogram. Reproduced from [Kong et al. 2019].

EC power is switched on at 1© in this experiment, with all three launchers depositing near the

plasma center following feedforward waveforms, before starting RT control at 2©. A 2/1 NTM

is detected by RT magnetic measurements (i.e. above the user-specified threshold) at 3©. The

2/1 NTM stabilization task and NTM controller are thus activated and 2/1 NTM stabilization

gets the highest priority. L6 is assigned to NTM stabilization that requests a maximum power

of 0.5MW and moves towards the q = 2 surface. The power of L6 (thus L4 as well since it shares

the same power supply) is reduced to its minimum during its movement between plasma

center and q = 2 (e.g. 3© - 4© in figure 6.4 (a) and (d)) and recovers 0.5MW once the deposition

is close enough to the target position (e.g. at 4©). The NTM is fully stabilized and β control

thus takes the highest priority, which increases the power of L6 and L4 at 5© (i.e. when L6

reaches close to the plasma center) to follow better the β reference ( 5© - 6© in figure 6.4 (b)).

At 6©, as seen in figure 6.4 (a) - (c), β and q profile control change their power commands in

response to a change of the β and q references at that time.

127



Chapter 6. Real-time NTM control and integrated multi-actuator plasma control in TCV

It is worth mentioning that the approach of using minimized EC power during the movement

of EC beams between the plasma center and the q = 2 surface in this discharge is based

on several considerations. Firstly, it serves as a comprehensive test of the RT control of EC

power. Secondly, it reduces the total power consumed when the EC beam is not located at

the requested deposition location of the considered control task. Moreover, at the time of

the experiment, it was conjectured that depositing ECCD near the q = 2 surface (after mode

stabilization) could be destabilizing for 2/1 NTMs, so this technique can be beneficial in the

sense that it reduces the potential destabilizing effect. However, as clarified through dedicated

TCV experiments and corresponding simulations with the MRE discussed in chapter 5 (section

5.4), no such local destabilization effects have been observed so far in our studies on TCV, so it

is not necessary to decrease the EC power for this purpose. In fact, as shown in figure 6.4 (b)

and (c), the imposed low EC power makes it difficult to follow the β and q references even in

the absence of NTMs (e.g. from shortly after 4© to 5©). Therefore, this technique of decreasing

EC power during its movement needs to be taken with caution in future integrated control

experiments, especially when the control of q profiles is involved, which requires the active

control of off-axis EC beams itself.

2/1 NTM is triggered again at 7©, so 2/1 NTM stabilization task takes again the highest priority

and requests a power of [0, 0.5]MW. L6 is assigned to this task and moved towards the mode

location similarly. The sweeping technique and the “asking for more if not enough” scheme

discussed in section 6.2 have been combined and applied in this discharge: once the mode

stays longer than a given time (one sweeping cycle in this case) after L6 reaches the mode

location, the 2/1 NTM stabilization task requests a power of [0, 1]MW and L4 is also assigned

( 9©); L4 starts to move towards the mode location, but not enough time is left in this discharge

to reach the target position and fully stabilize the mode. EC power is turned off at 10© and the

mode is self-stabilized. During the control of NTMs where no co-ECCD power is available for

β and q profile control, β and q profile references cannot be followed very well.

In this example, the priority and the resource allocation of control tasks are computed in RT,

but in an ad hoc way: only a preliminary supervisory controller and actuator manager are

involved, which act more like a switch combining relevant outputs based on given conditions.

A more generic and advanced supervisory controller and actuator manager have been devel-

oped ever since and applied routinely in the integrated control experiments in TCV, as will be

discussed in the next section.

6.3.3 Integrated control experiments with advanced plasma supervision and ac-
tuator allocations

NTM stabilization with real-time EC allocations

In the example shown in figure 6.5, two control tasks, namely 2/1 NTM stabilization and

central co-ECCD are considered. They both are assigned to the new generic NTM controller

with standardized interface presented in section 6.3.1 (figure 6.3). The priority of each control

128



6.3. Integrated multi-actuator plasma control in TCV

task is computed in RT by a new generic supervisory controller with standardized inputs,

outputs and transition conditions [Blanken et al. 2019]. It uses both the default values from

the user-interface as well as RT plasma states: 2/1 NTM stabilization is given its user-defined

priority 1 once a 2/1 NTM is detected, whereas central co-ECCD (with a user-defined priority

0.8) has the highest priority in the absence of 2/1 mode, as shown in figure 6.5 (a). Three

co-ECCD actuators (L1, L4 and L6) are used in this discharge: the poloidal angle and power

of L1 are controlled by feedforward waveforms to deposit co-ECCD near the plasma center,

whereas those of L4 and L6 are in feedback control.
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Figure 6.5. Experimental overview of a RT NTM stabilization experiment with RT EC allocations: (a)
RT priorities of the two control tasks; (b) RT allocations of L4 and L6 to the control tasks; (c) EC power
traces; (d) normalized deposition locations of EC beams (from RT-TORBEAM) and the location of q = 2
surface (from RT-LIUQE); and (e) 2/1 NTM spectrogram. Vertical dotted lines labeled by 1© - beginning
of RT feedback control; 2© - the “on” of RT trigger signals for 2/1 NTM, indicating the detected onset of
the 2/1 mode; 3© - the “off” of RT trigger signals, indicating the full suppression of 2/1 mode.

The allocation of L4 and L6 to the two control tasks, shown in figure 6.5 (b), is computed

in RT by a new advanced actuator manager that solves an optimization problem based on

the RT priority and actuator requests of each task [Vu et al. 2019]. For example, the central

co-ECCD task always requests [0, 1]MW co-ECCD power and is assigned both L4 and L6 if it

has the highest priority (i.e. no 2/1 NTM is present); once a 2/1 NTM is detected, as indicated

by the vertical dotted black lines marked with 2©, the 2/1 NTM stabilization task is given its

user-defined priority (i.e. 1, figure 6.5 (a)) and assigned one launcher (L4, figure 6.5 (b)) as it

requests [0, 0.5]MW co-ECCD power at the beginning, while only L6 is assigned to the central

co-ECCD task even though it requests higher power. L4 is then moved towards the q = 2
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surface following the ρcmd of the 2/1 NTM stabilization task while L6 remains near the plasma

center when it is assigned to the central co-ECCD task (with a ρcmd = 0.2 in this discharge), as

seen in figure 6.5 (d).

As mentioned in section 6.3.1, we distinguish between task “requests” and “commands” in

the new PCS [Vu et al. 2019]: the requests of each control task contain ranges of power (e.g.

[0, 1]MW), location (e.g. [0, 0.2]) and current drive direction (e.g. [−1, −0.2] for co-ECCD with

negative Ip ) that are sent to the actuator manager to get the actuator allocation for the next

time step; the commands are the actual Pcmd (e.g. 0.5MW), ρcmd (e.g. 0.2) and current drive

direction (e.g. −1 for co-ECCD) sent to the actuators at the present time step (within the limits

of the assigned virtual resources), similar to the example shown in section 6.2.3 (#54642).

However, in contrast to #54642 (figure 6.1), the allocations of L4 and L6 are computed in

real-time and their power is in feedback control in this discharge (#58787) .

A sinusoidal sweeping is added to the deposition locations of the EC launchers that are

assigned to the 2/1 NTM stabilization task and have reached close enough (within ±0.05 in

this case) to the target q = 2 surface; more power ([0, 1]MW instead of [0, 0.5]MW) is requested

if the mode still sustains after all the assigned launchers have finished more than half a cycle

of sweeping. The threshold of the proximity of EC beam to mode location that is used to

start sweeping, as well as the number of sweeping cycles to finish before asking for more

power are user-defined parameters specified before a discharge. L6 is then assigned to the

2/1 NTM stabilization task (figure 6.5 (b) and moves towards ρ(q = 2) as well. Note that there

is a delay in the response and movement of the mechanical components of EC launchers,

causing an actual movement of L6 only after the full stabilization of NTMs in this experiment

(e.g. at t ≈ 1.3s and 1.8s in figure 6.5 (d)). 2/1 NTM is fully suppressed three times during the

discharge, effectively with L1 only, indicating that a longer waiting time (e.g. one sweeping

cycle instead of the half cycle used here) before requesting more power would have avoided

switching the allocation of L6 to NTM control. This meanwhile highlights the importance of

obtaining a better RT estimation of the EC power required for NTM control in view of more

reliable and efficient integrated control. A promising method in this respect is to use a RT

version of the validated MRE discussed in previous chapters, as will be demonstrated for the

first time in section 6.4.

The ρ(q = 2) shown in figure 6.5 (d) is taken from RT-LIUQE, while RT-TORBEAM that was

available in this discharge has been used in two different ways: “backward” simulations

to convert ρcmd (i.e. either 0.2 from the central co-ECCD task or ρ(q = 2) from 2/1 NTM

stabilization task) to θcmd; and “forward” simulations to estimate in RT the actual deposition

location of each EC launcher. Given the absence of RT measurement of EC poloidal angles in

TCV, their values are estimated by linear models taken into account the speed of the movement

of each launcher and used as inputs for ”forward” RT-TORBEAM runs. The resulting deposition

locations are shown in figure 6.5 (d) and are in good accordance with offline simulations with

TORAY-GA, not shown in the figure for conciseness. The power of L4 (thus L6 as well) is

decreased to its minimum (around 0.2MW) during its movement between the plasma center
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and ρ(q = 2) in this case to minimize the perturbation on the central co-ECCD task, i.e. by

minimizing off-axis co-ECCD power. However, this technique needs to be taken with caution

in future experiments as discussed in the previous section.

Integrated control of NTMs and βwith real-time EC allocations

In another example shown in figure 6.6, three control tasks are involved: 2/1 NTM stabilization,

β control and central co-ECCD. Three controllers are used to perform these tasks, as shown

in table 6.1. The task-controller mapping as well as the active time and default priority of

each control task (table 6.1) are specified by the user through the user-interface. It can be

seen that the central co-ECCD task has the lowest priority among the three tasks and is only

active at the beginning of the discharge to establish the operational equilibrium; the 2/1 NTM

stabilization task is only activated when a 2/1 NTM is detected/present and has the highest

priority once activated; the β control task is active from t = 0.5s and has a lower priority than

the 2/1 NTM stabilization task. Similar to #58787 discussed in the previous section, the new

generic supervisory controller and actuator manager have been used in this discharge.
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Figure 6.6. Experimental overview of integrated control of NTMs and β, reproduced from [Vu et al.
2019]: (a) RT priorities of the three control tasks; (b) RT allocations of L4 and L6 to the control tasks;
(c) reference and RT β; (d) EC power traces; (e) normalized deposition location of EC beams (from
RT-TORBEAM) and the location of q = 2 surface (from RT-LIUQE); and (f) 2/1 NTM spectrogram.

Two EC launchers (L4 and L6) are used to perform these three tasks, based on RT allocations

determined by the actuator manager. Both launchers are set to drive co-ECCD and have a
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nominal power of 0.5MW each. The central co-ECCD and β control task request a power of

[0, 1]MW each; the 2/1 NTM stabilization task requests [0, 0.5]MW when active, but reserves

the ability to ask for more power as discussed before.

Table 6.1. Settings for #58821 shown in figure 6.6

Task Priority Active time [s] Controller
Central co-ECCD 0.2 [0.4, 0.55] Feedforward

2/1 NTM stabilization 1 [0.5, 2.5] NTM
β control 0.8 [0.5, 2.5] Performance

As shown in figure 6.6 (a) and (b), the central co-ECCD task is the only active task during 1©
to 2© and is assigned both launchers based on its power request ([0, 1]MW). A 2/1 NTM is

detected at 2© and L4 is assigned to the 2/1 NTM stabilization task by the actuator manager,

given its highest priority and requested power ([0, 0.5]MW); β control task has lower priority

and receives L6 even though it requests [0, 1]MW; with the lowest priority, no actuators are

available for the central co-ECCD task during [0.5, 0.55]s. L4 then moves towards the q = 2

surface, following the command of the NTM stabilization task, while L6 remains near the

plasma center as commanded by the β control task. Again, the power of L4 (thus L6 as well) is

decreased before it reaches close to the q = 2 surface.

2/1 NTM is fully suppressed at 3© and β control is the only active task until another 2/1 NTM is

detected at 6©. Both launchers are assigned to β control during 3© - 6© based on its requested

power ([0, 1]MW). As shown in figure 6.6 (c), RT β follows quite well the reference during 3© -

4© and 5© - 6©; during 4© - 5©, RT β cannot follow well the reference, since the reference is so

low that the lower limit of actuator power is reached (i.e. 0.2MW), as indicated in (d).

6.4 Inclusion of Modified Rutherford Equation in the plasma con-

trol system

The determination of the required power to control a given NTM in the experiments, as

presented in previous sections, remains ad hoc, i.e. requires several trials and errors. For

future long-pulse tokamaks, it is advantageous to build more intelligence into NTM controller

that is aware of the resources it needs to fulfill its tasks. This can be done by including a solver

for the MRE presented in previous chapters in the PCS, which is also valuable for the integrated

control in general. For example, the better knowledge of the required power would allow better

allocations of EC actuators; predictions of NTM evolution with the RT-MRE facilitate the

decision-making of the supervisory controller, e.g. NTM prevention or disruption avoidance

tasks may be activated if the supervisory controller foresees a dangerous mode or one that

cannot be stabilized in time. In this respect, a versatile RT-MRE is newly proposed within the

scope of this thesis. Its various capabilities have been tested extensively by offline simulations

and will be presented in the following sections. The implementation of the RT-MRE in the PCS

will also be discussed.
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6.4.1 Real-time determination of the coefficients in the MRE

The MRE used in the interpretative simulations of NTM island width w in chapters 4 and 5 is

rewritten below for convenience:

τR

ρmn

d w

d t
= ρmn∆

′+ρmn∆
′
BS +ρmn∆

′
GG J +ρmn∆

′
C D +ρmn∆

′
H , (6.1)

where coefficients a2 to a5 are involved in ρmn∆
′
BS , ρmn∆

′
GG J , ρmn∆

′
C D and ρmn∆

′
H , respec-

tively (equation (3.4) - equation (3.10) in chapter 3), while other parameters such as ∆′
sat, k

and α are involved in ρmn∆
′ (equations (3.25) and (4.2)). As presented in previous chapters,

these coefficients need to be specified before any application of the MRE.

In chapters 4 and 5, it has been demonstrated that constant coefficients can fit well a rather

complicated set of experiments, and more importantly, the range and main effects of each

coefficient are well-defined (as summarized in section 4.6): a2 has a large impact on the

island width growth rate ( d w
d t ) at relatively large w where measurements are available, and

a2 ∈ [1, 2] has been used in the simulations of various TCV discharges; ∆′, defined in equation

(3.25), contains information both on the onset of NTMs (∆′
0 in terms of triggerless NTMs,

equation (4.2)) and the saturation at large w (∆′
sat, equation (3.25)), where∆′

0 can be estimated

based on the measured appearance of NTMs and ∆′
sat based on the measured wsat (and the a2

used); k = 6 and α= 3 ∼ 15 have been determined based on detailed simulations in chapter 4

(sections 4.3.1 and 4.3.2), while in this chapter α= 10 and 15 will be used in the simulations

of TCV #56171 (sections 6.4.1 to 6.4.4) and AUG #30594 (sections 6.4.5), respectively; a3 ≡ 1;

ranges of a4 and a5 have been determined from a series of NTM stabilization experiments

with co-ECCD, counter-ECCD or ECH, and a4 ∈ [0.3, 0.65] along with a fixed a5 = 0.9 (table

5.3) have been used in all the simulations.

This means that it should also be possible to use a set of constant coefficients for the RT-MRE,

but then the main question is if and how one can find the optimal set of coefficients for each

discharge, in RT. The answer to this question stems from the understanding of the key effects

of each coefficient on NTM dynamics and the usage of RT measurements available (e.g. w).

Following the discussions above, there are two main coefficients/parameters to be determined

in RT: ∆′
0 that affects the onset timing of triggerless NTMs and a2 (with a given ρmn∆

′
sat) that

affects wsat. These two parameters (especially a2) dominate the simulated w(t ) evolution in

all cases, whereas the effects of a4 when off-axis co-ECCD beams are involved will be discussed

in the next section.

∆′
0 and a2 can be determined by comparing RT simulations with RT w measurements. For ∆′

0,

the simple model of ∆′
0 (equation (4.2)) provides the first guess, while the rigid shift ρmn∆

′
shift

(equation (4.7)) used to consider different plasma conditions (e.g. plasma shapes) can be

adapted based on the measured appearance of NTMs in RT. a2 is adjusted by comparing the

simulated w(t) evolution during a small time interval to the measured w(t) over the same

interval. To better illustrate these, examples based on the TCV discharge #56171 (presented in
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section 5.5 of chapter 5, figure 5.12) are shown.
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Figure 6.7. 2/1 NTM stabilization with co-ECCD, taken from figure 5.12of chapter 5: (a) Feedforward
EC power traces; (b) EC deposition locations taken from TORAY-GA and ρ(q = 2) from ASTRA; (c) NTM
spectrogram.
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Figure 6.8. Te , ne , q and jbs profiles at several different time steps of #56171, taken from interpretative
RAPTOR simulations that solve equation (4.1).

As a reminder and shown in figure 6.7, in this discharge two co-ECCD launchers (L4 and L6)

deposit near the plasma center and lead to the onset of a 2/1 NTM, due to a ∆′ effect as dis-

cussed. Another co-ECCD launcher L1 is switched on at t = 0.8s and fully suppresses the NTM

once it reaches the mode location. To better mimic RT situations, relevant profiles such as Te ,
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q and various current density components are taken from interpretative simulations with the

fast RT transport code RAPTOR, following the same procedures described in [Teplukhina 2018].

Examples of the Te , ne , q and jbs profiles are shown in figure 6.8, at t = 0.38s (blue, ohmic

plasma), 0.75s (red, two central co-ECCD with NTMs), 1.25s (green, full stabilization with off-

axis co-ECCD) and 2s (purple, no mode with off-axis co-ECCD). EC-relevant parameters such

as the deposition location, absorbed power and driven current used in the MRE simulations

are from TORAY-GA, but can be replaced by corresponding outputs from RT-TORBEAM in RT.

Adaptation of∆′
shift based on mode onset

After obtaining the first guess of ρmn∆
′
0 from the ρmn∆

′
0 model (equation (4.2)), ρmn∆

′
shift

(thus the final ρmn∆
′
0) is adapted based on the measured w at each considered time: ρmn∆

′
shift

is adjusted (when necessary) such that the total d w
d t (w = 0) ≤ 0 if no mode is detected by the

measurements (i.e. below the noise level); in the case where a mode with width wmeasure is

detected, ρmn∆
′
shift is adjusted (when necessary) to make sure the simulated total d w

d t remain

positive for w ∈ [0, wmeasure].
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Figure 6.9. Illustration of the adaptation of ∆′
shift based on TCV #56171 (figure 6.7): (a) ρmn∆

′
shift

traces; (b) final ρmn∆
′
0 traces, i.e. the sum of ρmn∆

′
0 from ρmn∆

′
0 model (equation (4.2)) and the

adapted ρmn∆
′
shift; and (c) w from measurements and simulations. Solid blue - simulation with initial

ρmn∆
′
shift = 1; dashed green - with initial ρmn∆

′
shift = 0; red (in (c)) - measurement.

Two examples of these are shown in figure 6.9, where the initial ρmn∆
′
shift is set to 1 (solid blue)

or 0 (dashed green), respectively. At each selected time tN (i.e. every 50ms in this case for

illustration purposes, figure 6.9 (c)), the MRE is called to compute the w(t ) evolution during

t ∈ [tN − tM , tN ], with the initial island width (w0) taken from the measured w at tN − tM ,

where tM is of the resistive time scale to cover the full dynamics of NTMs and set to 100ms

in this case. These configuration parameters can be set by the user before a discharge. Note

that in these simulations, all the information used is from previous and present time steps,

i.e. only making use of the available measurements and reconstructions. This means that the

MRE in this case is simply tracing the w(t ) evolutions, similar to the interpretative simulations
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presented in chapters 4 and 5, and making the RT tuning of the parameters feasible.

The resulting ρmn∆
′
shift is shown in figure 6.9 (a), while the final ρmn∆

′
0 (i.e. the sum of

ρmn∆
′
0 from the model (equation (4.2)) and the ρmn∆

′
shift) is shown in (b). For the case with

initial ρmn∆
′
shift = 1 (solid blue), the simulated total d w

d t (w = 0) ≡ ρmn∆
′
0 +ρmn∆

′
GGJ > 0 at the

beginning of the discharge whereas no NTMs are detected by the measurements (red trace in

(c)), so ρmn∆
′
shift (solid blue trace in figure 6.9 (a)) is decreased such that the maximum d w

d t (w =
0) during the considered time interval ([tN −0.1, tN ]) remains below 0, until the appearance of

NTMs (vertical dashed black lines in figure 6.9); for the case with initial ρmn∆
′
shift = 0 (dashed

green trace), the simulated total d w
d t (w = 0) ≤ 0 at the beginning of the discharge, in accordance

with the measurements, so ρmn∆
′
shift (dashed green trace in figure 6.9 (a)) remains unchanged

until the detection of the mode (vertical dashed black line), when ρmn∆
′
shift is increased to

make sure the simulated total d w
d t > 0 for w ∈ [0, wmeasure].

ρmn∆
′
shift then remains constant, unless another adjustment is needed to match the measured

appearance or disappearance of a mode. A fixed a2 = 1.3 (with ∆′
sat =−1.4) is used in these

simulations, whereas the adaptation of a2 will be illustrated below. It can be seen from figure

6.9 (c) that simulations with the adapted ρmn∆
′
shift (with very different initial values) can

follow well the measurements after the onset of NTMs. In particular, ρmn∆
′
shift after mode

onset (marked by the vertical dashed black curves in figure 6.9) thus the final ρmn∆
′
0 used in

both simulations (green and blue traces in figure 6.9 (b)) reaches the same values after the

adaptation of ρmn∆
′
shift based on mode onset. With the exactly the same input profiles (e.g.

Te , q) and other coefficients (e.g. a2) for the MRE, the simulations fully overlap, as shown

by the blue and green traces in figure 6.9 (c). It is worth emphasizing that the exact values

of ρmn∆
′
shift (and ρmn∆

′
0) only have a higher-order effect, especially in RT applications, as

they mainly affect w evolutions at very small w that are typically below the noise level of

the measurements. The w(t ) evolution, as detailed in chapter 4, is quickly and significantly

affected by neoclassical effects (ρmn∆
′
BS), highlighting the importance of adapting a2 in RT.

Adaptation of a2 based on w(t )

Similarly, the adaptation of a2 is based on tracing w(t ) using the information from previous

and present time steps, but by comparing with the measured w(t) within each considered

time interval t ∈ [tN − tM , tN ]. This is based on the fact that a2 dominates the w(t ) evolution

at medium to large w , where measurements are available, as discussed in chapter 4 (figures

4.3 and 4.5). In this section we present a simple and effective method of adapting a2 based

on the measured wsat: at each selected time tN , an evaluation is made to determine whether

the measured w(t) during t ∈ [tN − tM , tN ] reaches a wsat, e.g. by evaluating the variance

of w(t) with respect to the averaged w at the considered time interval and comparing the

variance with a user-defined threshold; if wsat is reached based on the user-specified criterion,

the simulated w(t) evolution at t ∈ [tN − tM , tN ], using the a2 value at the previous time

step and w0 = wmeasure(t = tN − tM ), is compared with the measurement; if the simulation

during t ∈ [tN − tM , tN ] fits well the measurements, i.e. χ (equation (4.5)) is smaller than a
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user-specified threshold χthres, no adaptation is triggered and a2 from the previous time step

is kept; if χ>χthres, a2 (with a fixed ρmn∆
′
sat) is adapted accordingly, e.g. based on the ratio of

the average value of the simulated w(t ) to that of the measured w(t ); the new a2 is then kept

for future time steps until a new adaptation is triggered.
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Figure 6.10. Illustration of the adaptation of a2 base on TCV #56171 (figure 6.7): (a) a2 traces; and
(b) w from measurements and simulations. Blue - simulation with a2 adaptation; green - with fixed
a2 = 0.8; red (in (b)) - measurement.

An example based on TCV #56171 (figure 6.7) is shown in figure 6.10, with a fixed ρmn∆
′
sat =

−1.4. As presented in chapters 4 and 5, ρmn∆
′
sat ∈ [−m, 0) is typically used in the simulations

and it is the ratio between a2 and ρmn∆
′
sat that matters. As illustrated in figure 6.10, MRE

simulations are performed every 50ms, with a duration of 50ms each. The adaptation of

ρmn∆
′
shift illustrated in figure 6.9 has been included in the simulations as well. Relevant (time-

varying) profiles (e.g. Te , ne , q , jbs , etc.) used in these simulations are taken from the outputs

of interpretive simulations with RAPTOR (figure 6.8) with a time resolution of 1ms.

A standard deviation of 20% is used in the simulations of #56171 (blue traces in figure 6.10

(b)) to determine whether w(t ) during each considered time interval reaches a wsat; if wsat is

reached, χ at the considered time interval is evaluated based on the simulated and measured

w(t); and a2 is adapted only when χ > χthres = 20%. This triggers the adaptation of a2 at

t = 0.75s in this case (indicated by the vertical dashed black curve in figure 6.10 (b)) based

on the simulated and measured w(t ) at t ∈ [0.7, 0.75]s: a2 is adapted from its initial value 0.8

to a new value 1.37, as shown by the blue curve in figure 6.10 (a). The specified criteria are

not satisfied simultaneously in the rest of the discharge, explaining why a2 is adapted only

once in this example. A different threshold will affect the adaption of a2 but can be specified

flexibly by the user. It can be seen that simulations after the adaptation of a2 can fit quite well

the measurements (blue and red traces in (b)). As a comparison, simulations with a constant

a2 = 0.8, i.e. without the active adaptation of a2, are shown by the green curves in figure 6.10

(b), which systematically underestimates w .

The method of adapting a2 based on wsat shown in this section can be easily extended to
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include more options. For example, one may choose to adapt a2 even though wsat is not

reached - it is the evolution of w(t ) during each t ∈ [tN − tM , tN ] that matters. However, in this

case attention should be paid when off-axis EC beams (especially those close to the target

mode location) are involved in the considered time interval, as these beams are able to largely

affect w(t) evolutions as well (see chapter 5). As an outlook, more advanced technique, e.g.

the extended Kalman filter should be utilized in the RT adaptation of these coefficients.

6.4.2 Real-time information about beam-mode alignment

With more confidence about its coefficients, the RT-MRE can be applied in different ways

to obtain valuable RT information. This section presents its application in estimating the

alignment of EC beams with mode location, which can be obtained by tracing w(t ) (i.e. with

information from previous and present time steps) assuming different deposition locations

(ρdep) of the control EC beam.
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Figure 6.11. Based on TCV #56171 (figure 6.7): (a) Illustration of estimating beam-mode alignment
through simulations with various ρdep and fixed a4 = 0.65; (b) Illustration of the effect of a4 on w(t ).

As illustrated in figure 6.11 (a), at each time tN (every 50ms in this case), simulations of

w(t) during t ∈ [tN − 0.1, tN ] are performed, with three different ρdep of L1: ρdep,ref as in

the experiment (from ray-tracing calculations, blue curve in figure 6.7 (b)); and ρdep,ref ±∆ρ,

where ∆ρ ≡const represents a rigid offset with respect to ρdep,ref and can be set based on the

uncertainties of ray-tracing computations. ∆ρ = 0.05 is used in this case, and the adaptation of

∆′
shift and a2 discussed in section 6.4.1 is included in all the simulations. The three simulations

(blue, green and purple traces in figure 6.11 (a)) assuming different ρdep of L1 overlap until

any ρdep used in the simulations reaches close enough to the mode location, i.e. earliest at

t ≈ 1.15s for the case with ρdep,ref+0.05 (green traces in figure 6.11 (a)). This is as expected from

the ρmn∆
′
C D and ρmn∆

′
H terms defined in equations (3.9) and (3.10): ρmn∆

′
C D and ρmn∆

′
H

terms are more negative (stabilizing) with less misalignment with respect to the mode location,

leading to an earlier full stabilization of NTMs when the EC beam reaches the target location

earlier. Fixed a4 = 0.65 and a5 = 0.9, i.e. coefficients for ρmn∆
′
C D and ρmn∆

′
H in equation (6.1),
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respectively, are used in all the simulations shown in figure 6.11 (a).

Useful information can be drawn from the simulations with three different ρdep in figure 6.11

(a). For instance, at each time tN , the beam-mode alignment can be improved by comparing

the three simulations and identifying the one that has the minimum d w
d t : ρdep,ref +0.05 in

this case (green traces in figure 6.11 (a)), which indeed would lead to an earlier crossing of

mode location as seen from the experiment (figure 6.7). Moreover, information concerning

the uncertainties of ρdep,ref evaluation can be estimated by comparing the three simulations

to corresponding measurements at the same time interval: ρdep,ref is a good estimation of the

actual ρdep at the considered time interval if the simulation with ρdep,ref indeed fits the best

the measurements (i.e. with minimum χ as used in chapters 4 and 5); on the other hand, if the

simulation with ρdep,ref ±∆ρ fits better the measurement, the uncertainty of ρdep,ref is at least

±∆ρ.

As mentioned in section 6.4.1, there is a range of a4 that can be used with fixed a5 = 0.9:

a4 ∈ [0.3, 0.65] (table 5.3 in chapter 5). To illustrate the possible effect of a4 on w(t ) evolution,

simulations with a4 = 0.3, 0.65 and 1, respectively, are shown in figure 6.11 (b), where a4 = 1 is

actually already outside the defined range, but shown here for illustration purposes. It can be

seen that larger a4, thus stronger stabilizing effect from ρmn∆
′
C D , leads to a faster stabilization

of NTMs; the optimal a4 or a narrower range of a4 can be obtained by comparing different

simulations with RT measurements. More importantly, the influence of a4 on w(t ) is different

from that of ρdep as seen from figure 6.11 (a) and (b), by comparing the green and purple

traces to the (same) blue traces in each plot: a4 only affects the level of the stabilizing effect

when the EC beam reaches close enough to the mode location, whereas ρdep does not only

affect the level of the stabilizing effect, but also the timing when the stabilizing effect starts to

play a role. This is because ρdep determines the beam-mode misalignment level (quantified by

xnorm defined in equation (3.16)) and affects both ρmn∆
′
C D and ρmn∆

′
H , which have different

dependence on xnorm (as illustrated in figure 5.7, chapter 5), whereas a4 does not affect xnorm

nor ρmn∆
′
H .

6.4.3 Real-time estimation of the EC power required for NTM control

The method of applying RT-MRE in estimating the required EC power (Preq) for NTM control

will be presented in this section. As illustrated by figure 6.12, this is mainly based on the

effects of EC power on the d w
d t (w) plots of NTMs. Different situations are shown: partial

stabilization, where the width of a given NTM (if larger than a user-specified wsat) will be

decreased to wsat, or prevention of NTMs for a seed island width (wseed) smaller than the

critical island width wcrit; marginal stabilization, where full stabilization of NTMs is obtained

and featured by max( d w
d t ) = 0 at wmarg; and “fast” stabilization, where full stabilization or

prevention of NTMs is ensured, and featured by a faster full stabilization of NTMs when

compared with the marginal case in terms of NTM stabilization. Both the “marginal” and

“fast” cases are unconditionally stable, in the sense that the plasma is unconditionally stable to
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NTMs, regardless of wseed: d w
d t ≤ 0 for all w .

w

dw
/d

t

Partial stabilization 

Marginal

Fast

Uncontionally stable
(stabilization or  prevention)

0

Figure 6.12. Illustration of d w
d t (w) traces of various cases of NTM control: blue - partial stabilization to

wsat or prevention to wseed ≤ wcrit, featured by two zeros of d w
d t (w) at wcrit and wsat; red - marginally

stable, where the maximum of d w
d t (w) equals 0 at wmarg; green - “fast” stabilization, featured by more

negative d w
d t (w) that will lead to a faster stabilization of NTMs. Both the “marginal” and “fast” cases are

unconditionally stable to NTMs, regardless of wseed.

The estimation of the required power is then essentially the evaluation of the EC power needed

to bring the present d w
d t (w) to the requested d w

d t (w), based on the dependence of various

MRE terms (equation (6.1)) on the (off-axis) EC power (PEC ). As seen from equation (3.4) to

equation (3.8), PEC is expected to have implicit effects on ρmn∆
′
BS and ρmn∆

′
GG J through the

modifications of Te profiles, q profiles etc., but the effects remain small since only off-axis

EC beams are considered. Moreover, if needed, these effects can be included more self-

consistently by predictive simulations (e.g. with the RAPTOR predictor [Felici et al. 2011] in

RT). In terms of ρmn∆
′ (equation (3.25)), the main effect will be on ρmn∆

′
0 (equation (4.2))

given its dependence on Icd , but can be easily included using the relation between PEC and

Icd , i.e. current drive efficiency (ηcd ) based on ray-tracing.

More evident effects of the off-axis PEC on the MRE (thus the d w
d t (w)) are through its influence

on ρmn∆
′
C D and ρmn∆

′
H . Detailed forms of these two terms have been given in chapter 3

(equations (3.9) and (3.10)) and can be simplified as

ρmn∆
′
C D ∝−Icd NcdGcd =−ηcd PEC NcdGcd (6.2)

and

ρmn∆
′
H ∝−ηH PEC NHGH , (6.3)

where Icd is the driven current from the given EC launcher, ηH estimates the efficiency with

which the EC power is converted into a perturbative inductive current, Ncd ,H represent the

dependence on w and Gcd ,H represent the effect of beam-mode misalignment. The effect of
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PEC can thus be further simplified as

ρmn(∆′
C D +∆′

H ) = fEC (w,ρdep) ·PEC , (6.4)

where fEC (w,ρdep) ∝−(ηcd NcdGcd +ηH NHGH ) is the overall factor in front of PEC that de-

pends on w and ρdep and can be computed directly based on the detailed forms of each term

(equations (3.11) to (3.15)). Note that ηcd and ηH should in principle depend on PEC as well

(e.g. through modifying Te and ne profiles), but these are only higher-order effects that do

not affect much the results, or similarly, if needed, can be obtained self-consistently from

ray-tracing computations based on predicted profiles with RAPTOR.

Equations (6.1) and (6.4) can be used to estimate Preq of different cases, based on user-specified

wreq, ρreq and treq. wreq is the requested w , for example wreq = 3cm to reach partial stabiliza-

tion to 3cm, −1 to reach unconditionally stable, etc.; ρreq is the assumed deposition location of

the control beam; treq is only relevant for “fast” stabilization from a width larger than wreq, i.e.,

to reach wreq within treq. The entire requirement is then interpreted as a generic functionality

“evaluating PEC needed to obtain wreq (within treq) with EC beams depositing at ρreq”. Various

examples of this will be shown in the rest of this section.

Unconditionally stable

One example of being unconditionally stable is marginally stable. As shown by the red curve

in figure 6.12, the maximum of d w
d t (w) reaches 0 at wmarg in this case. Substituting this into

equations (6.1) and (6.4), and after simple rearrangements, Preq can be estimated by

Preq =−
ρmn(∆′+∆′

BS +∆′
GG J )|w=wmarg

fEC (wmarg,ρdep)
≈−

ρmn(∆′+∆′
BS +∆′

GG J )|w=wde

fEC (wde,ρdep)
, (6.5)

where wmarg ≈ wde is used based on the derivative of MRE terms to w . This typically provides

a good first estimate of Preq, then adjustments to Preq can be performed (when necessary) by

evaluating d w
d t around w = wde (typically within ±0.5cm with respect to wmarg) based on the

MRE (equation (3.3)) and making sure the maximum equals or is just below 0.

With this method, Preq has been evaluated for TCV #56171 shown in figure 6.7, with wreq =−1

(will be replaced by wreq = wde in the simulations as wde is computed within the MRE),

ρreq = ρmn (assuming perfect alignment, i.e. different from the experimental trace shown

in figure 6.7 (b)) and treq =−1 (no requirement on treq). In these simulations with the MRE,

relevant time-varying profiles (e.g. Te , ne , q , jbs , etc.) are taken from the outputs of RAPTOR

simulations, while ∆′
0 and a2 involved in the MRE are adapted as presented in section 6.4.1,

with fixed ∆′
sat =−1.4, a3 = 1, a4 = 0.65 and a5 = 0.9. The results are shown by the red curves

with crosses in figure 6.13 (a), where the symbols represent the time points when Preq is

evaluated. Note that these estimations only require information at the present time step,

different from the tracing presented in sections 6.4.1 and 6.4.2, where information at both
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present and previous time steps is needed. As shown in figure 6.7, plasma conditions vary

during this discharge, so does the Preq. As indicated by the vertical dashed black lines in figure

6.13 (a), Preq ≈ 0.7MW at t = 1.25s, in accordance with the experiment (full stabilization with

0.8MW at around 1.25s when crossing the mode location).
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Figure 6.13. Simulations based on TCV #56171 (figure 6.7). (a) Top panel: Preq for being marginally
stable with perfect alignment (red with crosses), ρreq−ρmn =−0.05 (cyan with circles) and ρreq−ρmn =
+0.05 (magenta with asterisks); Preq for fast full stabilization within 50ms (green with squares). Middle
panel: corresponding Icd , with the same line type as in the top panel. Bottom panel: ηcd of different
cases. (b) d w

d t (w) traces at various time slices shown in the legend, with the estimated Preq for marginal
stabilization (with perfect alignment).

In these and following simulations, ηcd is taken based on the statistics of various experiments

with similar plasma conditions (e.g. Te , ne , etc.) but different ρdep, and tends to decrease with

increasing ρdep (i.e. towards the edge of the plasma), as expected. Icd is then estimated by the

product of ηcd and Preq. Similarly, Preq for reaching marginal stabilization with ρreq −ρmn =
−0.05 has been evaluated, as shown by the cyan curves with triangles. This case has higher

ηcd due to its more inward deposition, while still having finite deposition within the mode (i.e.

Gcd ,H 6= 0); the higher ηcd leads to similar Preq as the perfect alignment case, but with higher

Icd (middle panel of figure 6.13 (a)). The case with ρreq −ρmn = 0.05 (magenta traces), on the

other hand, has lower ηcd and higher Preq. The resulting d w
d t (w) traces with the estimated Preq

for marginal stabilization (with perfect alignment) are shown in figure 6.13 (b). The maximum

of d w
d t (w) at all time slices equals or just below 0, as expected.
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The green traces in figure 6.13 (a) are the estimations for “fast” full stabilization, assuming

perfect alignment and with treq = 50ms. This requires solving w(t) evolution with constant

inputs (e.g. Te , q profiles, etc.) taken from the present time step and an initial Preq (e.g. taken

from the Preq for marginal stabilization); if the required time to reach w = 0 with the tested Preq

is larger than 50ms, Preq is increased, w(t ) re-evaluated, the requirement on treq re-checked,

and so on; after some iterations, the final Preq, i.e. the minimum power requested to reach

full stabilization within treq can be obtained. Note that this is only relevant for the time slices

when the initial w0 from the measurement is finite, otherwise Preq remains the same as that of

the marginally stable case, as indicated in figure 6.13 (a).

The resulting d w
d t (w) traces with the estimated Preq for fast full stabilization (with perfect

alignment) are shown in figure 6.14 (a). It can be seen that at time slices when NTMs have

finite w (i.e. during t ∈ [0.5, 1.25]s in this discharge), d w
d t (w) stay well below 0, whereas for

time slices when w reaches 0 already (e.g. at t = 1.6s), d w
d t (w) stays just below 0, the same

as the marginal stabilization case (figure 6.13 (b)). Examples of the w(t) traces evaluated at

different time slices (different from those shown in figure 6.14 (a)) with the Preq (green trace in

the top panel of figure 6.13 (a)) are shown in figure 6.14 (b). It can be seen that full stabilization

is achieved (for w0 6= 0) within 50ms.
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Figure 6.14. Simulations base on TCV #56171 (figure 6.7). (a) d w
d t (w) traces at various time slices shown

in the legend, with the estimated Preq for fast full stabilization within 50ms with perfect alignment
(green trace in the top panel of figure 6.13 (a)). (b) w(t ) traces evaluated based on the plasma conditions
at different time slices (different from those shown in figure 6.14 (a)) with the final Preq.

Partial stabilization

As illustrated by the blue curve in figure 6.12, partial stabilization is characterized by d w
d t (w =

wsat) = 0, with wsat > wmarg. Similar to equation (6.5), Preq to reach wreq = wsat can be

estimated by

Preq =−
ρmn(∆′+∆′

BS +∆′
GG J )|w=wsat

fEC (wsat,ρdep)
. (6.6)
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Similarly, this is relevant only if the measured w at the considered time slice is larger than

wsat, assuming that one does not want to increase the island size, thus otherwise Preq ≡ 0.

Note that the requested wsat is compared to the wde at each considered time that is computed

within the MRE, and the requested partial stabilization will be replaced by full stabilization

automatically if wsat ≤ wde.
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Figure 6.15. Simulations base on TCV #56171 (figure 6.7). (a) Top panel: Preq for partial stabilization to
3cm with perfect alignment (blue with circles) and the case for marginal full stabilization (red with
crosses, the same as in figure 6.13 (a)). Middle panel: corresponding Icd , with the same line type as in
the top panel. Bottom panel: ηcd of the two cases. (b) d w

d t (w) traces at various time slices shown in the
legend, evaluated with the estimated Preq for partial stabilization (with perfect alignment).

Estimations have been performed for TCV #56171 (figure 6.7) with wreq = 3cm, ρreq = ρmn

(perfect alignment) and treq =−1 (no requirement on treq), and the results are shown in figure

6.15 (a). It can be seen that partial stabilization (blue trace with circles) requires less EC

power than full stabilization (red curve with crosses), as expected. The resulting d w
d t (w) traces

with the estimated Preq are shown in figure 6.15 (b). It can be seen that at time slices when

the measured w > 3cm (e.g. t = 0.8s, 1s), the application of Preq shifts the d w
d t (w) so that

d w
d t (w = 3cm) = 0.

RT estimations of the required EC power for partial stabilization have important implications

in the overall integrated control. For instance, the supervisory controller can make a better

decision on how to continue a discharge by comparing the difference in the power required by

partial and full stabilization as well as considering the available actuators. With an idea of the
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typical island width that causes mode locking (wlock) in a given scenario, corresponding EC

power can be evaluated and used in RT to avoid locked modes, by making sure wsat < wlock.

Note also that a desired target wsat can be determined by the maximum performance degra-

dation allowed in a given discharge, based on the relation between wsat and the degradation

of the energy confinement time (equation (3.2) in chapter 3) [Chang and Callen 1990].

Prevention of NTMs with a given wseed

The unconditionally stable cases discussed before are also applicable to the prevention of

NTMs, where no NTMs will be triggered regardless of wseed. However, this typically requires a

rather high EC power. With a good knowledge of the possible wseed of a given scenario, Preq

can be lowered to prevent NTMs from being seeded by a given wseed, instead of all wseed. In

terms of d w
d t (w), this corresponds to the blue trace in figure 6.12, but considering wcrit instead

of wsat.
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Figure 6.16. Simulations base on TCV #56171 (figure 6.7). (a) Top panel: Preq for preventing NTM
onset from wseed = 0 (cyan with triangles) and 1cm (blue with circles), respectively; red curve with
crosses - corresponding Preq for marginal full stabilization, the same as the red curve in figure 6.13
(a) and figure 6.15 (a). Middle panel: corresponding Icd , with the same line type as in the top panel.
Bottom panel: ηcd . (b) d w

d t (w) traces for wreq = 0. (c) d w
d t (w) traces for wreq = 1cm.

Similar to the discussions about partial stabilization, the user-specified wseed is also compared

145



Chapter 6. Real-time NTM control and integrated multi-actuator plasma control in TCV

to wde at each considered time, and the request will be automatically replaced by being

marginally stable if the requested wseed ≥ wde. Otherwise, Preq to prevent NTM onset from a

given wseed is estimated by

Preq =−
ρmn(∆′+∆′

BS +∆′
GG J )|w=wseed

fEC (wseed,ρdep)
. (6.7)

Estimations for TCV #56171 have been performed with wreq = 0 (i.e. triggerless NTMs orig-

inating from TMs) and 1cm (standard seeded NTMs), respectively, as shown in figure 6.16

(a). ρreq (i.e. the assumed ρdep of L1) in these simulations is set to ρmn , i.e. assuming perfect

alignment of L1 in all the simulations (different from the experimental ρdep of L1 shown

in figure 6.7 (b)). Preq of both cases are compared with that of marginal stabilization (the

same as the red curves in figures 6.13 (a) and 6.15 (a)). It can be seen that much less lower is

needed to prevent triggerless NTMs than stabilizing them, in accordance with experimental

observations (e.g. as discussed in section 5.6); Preq increases with larger wseed, as expected,

and the Preq for preventing wseed = 1cm is comparable to that for marginal full stabilization

of NTMs in this discharge. This is because max( d w
d t ) ≈ 0 with wseed = 1cm (figure 6.16 (c)), i.e.

wseed = 1cm ≈ wmarg in this case.

Corresponding d w
d t (w) traces at various time slices of preventing NTMs with wseed = 0 and

wseed = 1cm are presented in figure 6.16 (b) and (c), respectively, where d w
d t (w ≤ wseed) ≤ 0 is

kept. Note that no power is required for stabilization or prevention of NTMs at t ≥ 1.6s (figure

6.16 (a)). This is because the entire d w
d t (w) curve reaches below 0 (i.e. unconditionally stable)

along with the ramp-down of the central EC power in the experiment (figure 6.7) at t ≥ 1.6s.

For example, the maximum of the d w
d t (w) trace at t = 1.6s (figure 6.16 (b) and (c)) just reaches

0, i.e. marginally stable.

The estimation of Preq for preventing NTMs is not only important for reliable NTM prevention,

but also for the integrated control in general. For example, the supervisory controller may

decide to perform NTM stabilization instead of prevention if the Preq for preventing NTMs

from a given wseed is comparable to that for the full stabilization of NTMs.

6.4.4 Prediction of island width evolution

Another useful application of the RT-MRE is to predict w(t ) evolution with given inputs, e.g.

from pre-programmed waveforms. In contrast to the tracing discussed in sections 6.4.1 and

6.4.2, this prediction makes use of present and future information: at each time tN , w(t ) during

t ∈ [tN , tN + tM ] is predicted, with the initial w0 taken from the measured w at t = tN . As an

illustration, simulations have been performed for TCV #56171 (figure 6.7), assuming different

situations of the control beam L1: vary the power of L1 while using the same ρdep as in the

experiment (blue trace in figure 6.7 (b)), or vary ρdep with the same power of L1 as used in

the experiment (800kW, blue trace in figure 6.7 (a)). Corresponding simulation results are
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shown in figures 6.17. In these MRE simulations, relevant profiles (Te , ne , q , etc.) used are

taken from interpretative simulations of #56171 (figure 6.7) with RAPTOR, instead of predictive

transport simulations. Predictive transport simulations (e.g. with RAPTOR) would contribute

to more self-consistent predictions, especially when a large change of plasma conditions is

foreseen (e.g. a large change of the central heating power), and can be applied in the future

when necessary.

In figure 6.17 (a), at each time tN (every 30ms, starting from t = 0.75s), w(t ) evolution during

t ∈ [tN , tN +0.2] is predicted, assuming different constant power from L1 (0, 200, 400, 800kW)

in each set of simulations, but using the same ρdep as in the experiment (blue trace in figure

6.7 (b)). It can be seen that with PEC = 800kW (as in the experiment), the NTM is predicted

to be fully stabilized around t = 1.25s, consistent with experimental observations, while no

full stabilization is obtained with PEC ≤ 400kW. Note that in these simulations with different

PEC , ∆′
0 is adjusted self-consistently based on the ∆′

0 model (equation (4.2)), by scaling Icd

with PEC . This explains why the cases with lower PEC tend to have a smaller increase of w

(i.e. less increase of ∆′
0 and thus ∆′) when turning on the control beam at around t = 0.8s.

The simulated w(t) evolutions with lower PEC (0, 200 and 400kW) than actually used in the

experiment (800kW), i.e. the cyan, purple and green traces in figure 6.17 (a) thus tend to

underestimate the measured w(t ) (red curve in figure 6.17 (a)) before t = 1.25s.
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Figure 6.17. Predictions of w(t ) assuming different power or deposition location of the control beam
L1 in TCV #56171 (figure 6.7): (a) predictions assuming different power of L1 with the same ρdep as
shown by the blue trace in figure 6.7 (b); and (b) predictions assuming different ρdep of L1, but with
fixed power 800kW.

Simulations with fixed PEC = 800kW (as in the experiment) but different ρdep (perfect align-

ment or rigid offset with respect to ρmn) are shown in figure 6.17 (b). Similar to (a), the

computations are carried out every 30ms, with a duration of 200ms each. Self-consistent ∆′
0

is used, by updating ηcd (thus Icd ) based on its relation with ρdep, which drops with increas-

ing ρdep. For the simulations shown in figure 6.17 (b), ηcd at each ρdep is estimated based

on a look-up table that is built based on the TORAY-GA outputs of several discharges that

have similar settings as #56171 but different ρdep. This can be replaced by RT ray-tracing
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calculations (e.g. from RT-TORBEAM) in the RT application. Comparing the simulations with

different ρdep in figure 6.17 (b), faster full stabilization would be achieved if perfect alignment

(i.e. ρdep = ρmn) were kept, while the slow decrease of w observed in the other two cases,

where the beam-mode misalignment levels are large, are mainly from the slow ramp-down of

the central co-ECCD power (from L4 and L6) in this discharge (figure 6.7). Note that the ρdep

traces used in all these simulations are different from that used in the experiment (i.e. perfect

alignment or rigid offset in the simulations versus a widely sweeping ρdep in the experiment),

explaining the difference in the simulated and measured w(t ).

RT predictions of w(t) evolutions can be used in different ways. For instance, with an esti-

mation of w(t ) with different power and/or ρdep of the EC beam used for NTM stabilization,

the supervisory controller may decide not to increase the power nor move the ρdep of the EC

actuator(s) assigned to the NTM stabilization task if it foresees an acceptable degradation

caused by the mode, even though the NTM stabilization task requests a higher EC power or

a different ρdep. New control tasks can also be activated in RT based on the predictions. For

example, the supervisory controller may activate the disruption avoidance or mitigation task

if it foresees a w(t ) evolution to a large mode that risks to be locked easily.

6.4.5 Further tests of the RT-MRE based on an AUG discharge

The RT-MRE, built based on physics understanding, remains generic, i.e. it is applicable to

different scenarios and tokamaks. The capabilities of the RT-MRE presented in section 6.4

have been tested comprehensively based on a discharge from ASDEX Upgrade - AUG #30594,

and some examples will be shown in this section.
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Figure 6.18. Experimental overview of an NTM stabilization experiment with varying co-ECCD
depositions with Ip ≈ 1MA and relatively constant nel ≈ 7×1019 m−3: (a) NBI and EC power traces; (b)
normalized (wrt. a) deposition locations of EC beams and ρ(q = 3/2); and (c) 3/2 NTM spectrogram.

Following [Reich et al. 2014] and as shown in figure 6.18, a 3/2 NTM is triggered during the
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ramp-up of the central NBI power, through sawtooth crashes (i.e. a standard seeded NTM

instead of triggerless NTM). RT NTM control of the 3/2 mode is conducted with three co-ECCD

launchers, labeled as L5, L6 and L8, respectively. Another ECH launcher (L7) deposits near

the plasma center, following feedforward waveforms. As seen from figure 6.18 (b), the robust

sweeping technique and the ability of asking for more power are included in this discharge,

similar to those presented in sections 6.2 and 6.3. The 3/2 NTM is fully stabilized by the three

co-ECCD launchers at t ≈ 5.5s, with a total power of about 2.2MW.

Before going into the tests of the RT-MRE, interpretative simulations similar to those presented

in chapters 4 and 5 are performed for this discharge, as shown in figure 6.19. Relevant profiles

such as Te , ne and q are taken from interpretative simulations with RAPTOR, following the

same procedures as presented in [Teplukhina 2018]; EC-relevant parameters such as Icd and

ρdep are from TORBEAM. As indicated by the vertical dashed black line in figure 6.19, the

simulations (except the magenta case that will be discussed later) start from t = 2s with

w = 7cm, along with fixed a3 = 1, a4 = 0.6, a5 = 0.9, ρmn∆
′
0 = 0 and wde = 2.5cm (with

χ∥,mn ≈ 2.5×107 m2/s and χ⊥,mn ≈ 2m2/s in equation (3.6)). Similar to the simulations of TCV

discharges, the w-dependence of ρmn∆
′ (equation (3.25)) is included in simulations of this

AUG discharge, with α= 15. The values of ρmn∆
′
sat and a2 used are discussed below.
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Figure 6.19. Island width evolution of AUG #30594 (figure 6.18): measurement (red), βp scaled onto
the same plot (green), simulation starting from t = 2s and with ρmn∆

′
sat =−3 (cyan), simulation with

ρmn∆
′
sat =−6 and modified τR (blue), and simulation starting from t = 2.63s and with ρmn∆

′
sat =−3

(dashed magenta).

In the first simulation (cyan curve in figure 6.19), ρmn∆
′
sat =−3 (i.e. −m) together with a2 = 2.6

are used, which fits well the oscillations and full stabilization of the NTM. However, the

fast change of w along with the fast ramp-up and ramp-down of the NBI power (thus βp

as indicated by the green curve) at the beginning of the discharge cannot be recovered. A

possible explanation for this is the uncertainty of the effective τR (equation (6.1)) used in the

simulations, which may result from the computation of τR itself that is affected by local Te

and ne , or from the uncertainty of the ρmn∆
′
sat (and a2) used.
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Further simulations have been performed to investigate this effect, firstly by increasing the

amplitude of ρmn∆
′
sat (and a2). This leads to an effectively smaller τR and faster NTM dy-

namics, as seen by dividing ρmn∆
′
sat on both sides of the MRE (equation (6.1)). τR computed

based on local Te and ne is then adjusted to fit better the measurements. With a very negative

ρmn∆
′
sat = −6 (i.e. −2m), large a2 = 3.4 and a large modification of the computed τR (0.8s

instead of 2s), the simulation starting from t = 2s can fit better the measurements, as indi-

cated by the blue curve in figure 6.19. However, this already deviates from the standard set

of parameters used in the simulations and involves too large modification of computed τR ,

which may not be physical.

A more feasible explanation is that there are transient effects caused by the fast change of

central NBI power that are not included in the present MRE, for example, a large change

of plasma rotation profiles, wall conditions, etc. As a further test, one simulation starting

from t = 2.63s, i.e. without the fast change of NBI power and right before turning on the first

control launcher L5, is shown by the dashed magenta curve. The simulation fits reasonably

the measurements with more standard ρmn∆
′
sat =−3 (i.e. −m) and a2 = 2.6, and without any

adjustment of the computed τR . ρmn∆
′
sat =−3 will be used in the simulations with RT-MRE

discussed below.

Adaptation of a2

As a further test of the functionalities of the RT-MRE presented in previous sections, similar

simulations as in TCV #56171 have been performed for AUG #30594. Firstly, the capability

of adapting a2 is illustrated in figure 6.20. Fixed a3 = 1, a4 = 0.6, a5 = 0.9, ρmn∆
′
0 = 0 and

ρmn∆
′
sat =−3 are set, as discussed before.
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Figure 6.20. Illustration of adapting a2 with RT-MRE for AUG #30594 (figure 6.18): (a) a2 traces; and
(b) w from measurements and simulations. Blue - simulation with a2 adaptation; green - with fixed
a2 = 4; red (in (b)) - measurement.

Following the discussions in section 6.4.1, a2 can be adjusted by comparing the simulated and

measured w(t ) once the measured w reaches wsat. In figure 6.20, simulations are performed at
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each tN (every 50ms), tracing w(t ) during t ∈ [tN −1, tN ] and comparing with corresponding

measurements. To better illustrate the capability, a2 is initialized with a high value 4 (figure

6.20 (a)), which would overestimate w , as indicated by the green traces in figure 6.20 (b).

With the adaptation, a2 is automatically adjusted at t ≈ 2.9s and 3.2s, respectively (vertical

dashed black lines in figure 6.20 (b)), when the measured w is detected to be stationary during

t ∈ [tN −1, tN ] (with a standard deviation less than 5%) and the simulated w(t ) deviates from

the measurements by χ> 5%. As discussed in section 6.4.1, the thresholds for tuning a2 can

be specified by the user before a discharge. Simulations with the adapted a2 fit better the

measurements, as shown by the blue traces in figure 6.20 (b).

EC power required for NTM stabilization

As another example, Preq of obtaining marginal full stabilization has been evaluated for AUG

#30594, following the same methods as described in section 6.4.3. ρreq = ρmn and ρreq−ρmn =
−0.03 are used, as shown by the blue and red curves in figure 6.21, respectively. It can be

seen that Preq ≈ 1MW if the control beam is perfectly aligned with the mode location and

Preq ≈ 2.5MW if misaligned by −0.03. This is in accordance with the experimental observations

shown in figure 6.18: a total power of about 2.2MW (from three co-ECCD beams) is used to

fully stabilize the 3/2 mode at t ≈ 5.5s, with the center of the deposition locations of control

beams misaligned inside q = 3/2 surface by about −0.03.
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Figure 6.21. Simulations base on AUG #30594 (figure 6.18). Top panel: Preq for marginal full stabiliza-
tion with perfect alignment (blue with circles) and ρreq −ρmn =−0.03 (red with crosses), respectively.
Middle panel: corresponding Icd , with the same line type as in the top panel. Bottom panel: ηcd of the
two cases.

6.4.6 Foreseen implementation of the RT-MRE in the PCS

The RT-MRE, verified with extensive simulations shown in previous sections, are foreseen to

be implemented in the PCS and tested in experiments in the near future. In this section, the
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implementation of the RT-MRE, or more specifically, the arrangement of various capabilities

of the RT-MRE in the generic PCS presented in section 6.3.1 will be proposed.

Based on the understanding of the PCS and the RT-MRE capabilities, a first proposal is made

within the scope of this thesis, as illustrated in figure 6.22. It is proposed to put the core MRE

solver based on equation (6.1) as a stand-alone block outside the PCS, e.g. in an external

library that can be linked with the PCS. This makes it easier to update the core model when

necessary, and more importantly, any modifications of the model are synchronized in all the

places automatically. Blocks that make use of the core MRE solver but remain generic can also

be placed as external library blocks. For instance, function to estimate Preq and function to

evaluate w(t ) evolutions can both be put in the library - their interfaces and functionalities

remain generic.

These external library blocks can then be called by the PCS for different purposes, with

corresponding set of inputs. In the plasma and actuator state reconstruction of the generic PCS

(figure 6.2), two new blocks, namely the MRE observer and MRE predictor can be added to gain

extra information about the plasma and actuator states from the MRE, before sending these

states to the task-based tokamak-agnostic layer. The MRE observer, as indicated by its name,

takes the information from previous and present time steps as well as relevant configuration

parameters as inputs, and outputs information about the adapted coefficients (e.g. a2) to

be used, the uncertainty of the computed ρdep of a given EC launcher, the possible error of

beam-mode alignment, etc. The MRE predictor, on the other hand, uses present and future

information to predict the w(t) evolutions and corresponding Preq that would be needed.

These outputs are important for the decision-making of the supervisory controller, e.g. higher

priority may be assigned to the NTM stabilization task, NTM prevention task can be activated,

or disruption avoidance can be initialized if the supervisory controller foresees a dangerous

mode based on these information.
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Figure 6.22. Implementation of the RT-MRE in the generic PCS shown in figure 6.2.
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The generic NTM controller will be more intelligent as well: the Preq to perform a given

task (e.g. 3/2 NTM stabilization, 2/1 NTM prevention, etc.) can be estimated by calling the

external power evaluation library block. This will in turn facilitate the actuator allocation by

the actuator manager and makes the best use of available resources to fulfill multiple tasks. It

is also worth noting that the separation of a tokamak-agnostic layer and the generic feature of

the new PCS make it very convenient to include the new functionalities of RT-MRE.

6.5 Summary and outlook

This chapter presented recent progress on the real-time (RT) control of NTMs and its inte-

gration with other control algorithms in TCV. Two main elements of reliable RT NTM control,

namely the beam-mode alignment and the required EC power have been addressed. A new

generic NTM controller has been built thanks to the development and implementation of a

task-based generic plasma control system (PCS) framework discussed in section 6.3.1. The

controller shares the same interface as the other controllers and is able to perform NTM

control tasks by tracking the target location along with a small sinusoidal sweeping and by

automatically increasing power request if the assigned power is not sufficient.

The capabilities of the NTM control algorithm have been demonstrated by RT NTM control

and integrated control experiments on TCV. A more intelligent NTM controller will be built in

the near future, which has a better knowledge of the power needed to perform a given task.

This will be obtained by applying the MRE presented in previous chapters in RT (i.e. RT-MRE),

as detailed and demonstrated for the first time in section 6.4. In particular, we have shown

that MRE simulations can be adapted in RT (section 6.4.1) and thus accurate coefficients are

not needed, assuming accurate enough RT measurements of island width are available. With

a simple method of tracing measured w(t ) based on information from previous and present

time steps, as discussed in section 6.4.1, MRE coefficients such as ∆′
shift and a2 can be adapted

effectively to fit well the measurements. More standard tools such as extended Kalman filter

can be easily included in the future to adjust the coefficients systematically.

The RT-MRE has proven to be able to provide valuable information for the overall integrated

control. For instance, the supervisory controller can make a better decision on how to continue

a discharge by comparing the difference in the power required by partial and full stabilization

as well as considering the available actuators. With an idea of the typical island width that

causes mode locking (wlock) in a given scenario, corresponding EC power can be evaluated

and used in RT to avoid locked modes, by making sure wsat < wlock. The EC power can

also be evaluated to constrain the performance degradation caused by NTMs within the

allowed range in a given discharge, based on the relation between wsat and the degradation

of the energy confinement time (equation (3.2) in chapter 3) [Chang and Callen 1990]. With

a good estimation of Preq for preventing NTMs, the supervisory controller may decide to

perform NTM stabilization instead of prevention if the Preq for preventing NTMs from a given

wseed is comparable to that for the full stabilization of NTMs. The prediction of island width
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evolution with the RT-MRE contributes to the decision-making of the supervisory controller.

The capabilities of the proposed RT-MRE have been tested comprehensively based on one TCV

discharge and one AUG discharge; the RT-MRE proves to work well for these distinct plasma

conditions at different tokamaks.

The implementation of the RT-MRE, or more specifically, the arrangement of various capabili-

ties of the RT-MRE in the PCS has been illustrated. The clear separation of different layers and

the generic feature of the PCS makes it convenient to add the new capabilities of the RT-MRE

to the PCS. The implementation of the RT-MRE in the SCD and corresponding experimental

tests will be conducted on TCV in the near future. Implementation and experiments on other

tokamaks such as AUG are also foreseen.
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7 Conclusions

This thesis focused on the physics and control of neoclassical tearing modes (NTMs) as

well as advanced integrated multi-actuator plasma control, which are essential for the high-

performance operation of tokamaks.

Given the metastable nature of NTMs, i.e. the fact that a large enough seed island is required

for the onset of NTMs, studies on mode onset can facilitate the avoidance of detrimental NTMs.

In particular, this thesis (chapter 4) presented a detailed study of the onset of “triggerless”

NTMs that stem from unstable current density and safety factor (q) profiles, i.e. the seed

islands are provided by classical tearing modes (TMs) with a positive stability index ∆′. This

is also relevant for other tokamaks, in particular for hybrid and advanced scenarios [Turco

et al. 2018; Koslowski et al. 2001]. This study involves TCV experiments and corresponding

simulations with the modified Rutherford equation (MRE), which has been widely used in

interpreting island width (w) evolutions [Sauter et al. 1997, 2002c; La Haye 2006; De Lazzari

and Westerhof 2009, 2010].

Electron cyclotron heating and current driven (ECH/ECCD) has proven to be a promising

candidate in terms of the active control of NTMs in present and future tokamak devices, given

its highly localized and flexible deposition [Isayama et al. 2003; La Haye 2006; Felici et al.

2012; Maraschek 2012; Henderson et al. 2015; Kong et al. 2019, and references therein]. Before

going into the details of real-time (RT) control aspects in chapter 6, chapter 5 presented more

physics-oriented experimental and numerical investigations of the dynamics of NTM island

width under different plasma conditions, especially with varying power and/or deposition

locations of the off-axis EC beams. Based on these studies of the onset and dynamic evolution

of triggerless NTMs, a new model for∆′ (equations (3.25) and (4.2)), thus a new comprehensive

MRE (equation (3.3) has been developed in this thesis. It allows consistent simulations of all

types of TMs and NTMs using the same model, and works for different plasma conditions and

settings, including the stabilization and prevention of NTMs with ECH/ECCD.

The studies on NTM physics in turn facilitated a better RT control of NTMs, as discussed

in chapter 6. For instance, ranges of the coefficients involved in the MRE have been well
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determined through extensive simulations in chapters 4 and 5. This has contributed to the

development of a RT-capable MRE module that is able to estimate the required EC power

for NTM control and predict the evolution of NTMs in RT for the first time (section 6.4).

These information from the RT-MRE is not only important for NTM control, but also for the

overall integrated control where generic plasma state monitoring, supervision and actuator

management are involved.

7.1 On the triggerelss onset of NTMs

Triggerless NTMs have been observed in different tokamaks and plasma scenarios [Reimerdes

et al. 2002; Fredrickson 2002; Brennan et al. 2007; Gerhardt et al. 2009; Ji et al. 2016; Turco et al.

2018]. In TCV, this type of NTMs have been observed reproducibly in low-density discharges

with strong near-axis co-ECCD [Reimerdes et al. 2002; Nowak et al. 2014; Lazzaro et al. 2015;

Kim 2015], providing an excellent opportunity for a systematic study of these modes. In this

respect, dedicated experiments with various density and EC power levels and interpretative

simulations with the MRE have been performed (chapter 4). These studies have contributed

to the development of a model for the stability index at w = 0, i.e. ∆′
0. Together with the

w-dependence of ∆′ (equation (3.25)), it provides a complete model of ∆′ for all w (including

w = 0) and has reproduced self-consistently the entire time-evolution of triggerless NTMs,

from the onset as a TM at w = 0 to its saturation as an NTM up to wsat under various plasma

conditions.

An unexpected density dependence of the onset of triggerless NTMs has been newly observed

along with the experiments in TCV, showing a certain range of density within which these

NTMs can occur. The range is found to broaden with increasing central co-ECCD power

and lower plasma current. The underlying physics of the observed phenomena has been

explored using the ∆′
0 model, developed with a different set of experiments and simulations. It

is found that the density range results from two competing effects: the density and plasma

current dependence of the stability of ohmic plasmas (being more unstable at higher density

and/or lower plasma current) and the monotonic density dependence of the ECCD efficiency

(driving less current at higher density hence less destabilizing). The possible effects of plasma

rotation on the onset of these NTMs in TCV have been explored through dedicated power-scan

and density-scan experiments with careful rotation measurements. No noticeable change of

rotation has been observed before and around the onset threshold of these NTMs, confirming

that rotation is not playing an important role in the onset of NTMs and it is∆′
0 that determines

the onset of these modes.

The main effects and ranges of various parameters in the MRE have been clarified through

the simulations. Especially, a2, the coefficient affecting the contribution of the perturbed

bootstrap current (equation (3.4)), is found to dominate the amplitude of the growth rate of w

at medium to large w , and can be constrained well by comparing with the experimental data

(section 4.3.1). A “lull” region characterized by a very slow growth rate at a range of w has been
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observed in simulations with certain sets of parameters (section 4.3.1), which could explain

a similar behavior firstly described in [Brennan et al. 2003]. Further improvement of the ∆′
0

model is foreseen. For example, a first attempt has been made to separate the contribution of

heating to the onset of these NTMs with available data (section 4.5.2). Improved diagnostics

with better measurements of w at very small w would allow a better quantification of different

effects, e.g. the contribution of the polarization current, the existence of the lull region, etc.

7.2 On the stabilization and prevention of NTMs

The physics of the stabilization and prevention of NTMs with off-axis EC beams has been

explored in chapter 5. The simple model of ∆′
0 developed in chapter 4, together with the MRE

presented in section 3.4, has been applied to simulate a rather complicated set of experiments

(NTM prevention, stabilization, sweeping, co-ECCD, counter-ECCD, ECH, etc.) with very

similar fixed coefficients. These simulations have tested further the theoretical model used

and constrained better the coefficients in the MRE. For example, simulations of a series of

NTM stabilization experiments with co-ECCD, counter-ECCD or ECH have quantified the

contribution of heating and current drive to the stabilization of 2/1 NTMs, and estimated

the range of corresponding coefficients in the MRE (section 5.5). Pure heating has proven

to have a comparable effect as current drive on NTM stabilization in our test discharges, in

accordance with theoretical predictions for relatively small machines [Bertelli et al. 2011].

As another method of NTM control, the prevention of 2/1 NTMs by means of preemptive

ECCD has also been explored. The prevention effect is found to mainly come from the local

effects of heating and current drive of off-axis EC beams, as well as the stabilizing effect from

favorable curvature, instead of a global change of the classical stability of plasmas. The small

sinusoidal sweeping of the radial deposition location of the control EC beam around the target

mode location has proven to be effective for both NTM stabilization and NTM prevention

cases. Along with the sweeping, power-ramp experiments have shown that NTM prevention is

much more efficient than NTM stabilization in the test discharges, in terms of the minimum

EC power required. It is worth emphasizing that this better physics understanding of NTM

stabilization and prevention, including local sweeping or not, has been obtained thanks to the

simulations with our new complete MRE.

The effects of beam-mode alignment on NTM evolution have been studied in detail. It has

been observed that misalignment towards the plasma center can be destabilizing, due to a

larger increase of βp and ∆′, as well as a decrease of the stabilizing effects from the EC beams

caused by the misalignment. Small misalignment towards the plasma edge, on the other

hand, can lead to partial stabilization, or at least no destabilization effects have been observed.

Given the difficulty of keeping perfect beam-mode alignment, this observation indicates that

it is better to align the central location of the control beam slightly outside the target rational

surface, instead of inside, and add a small sweeping around that location. However, note that

this could be different in future devices like ITER and DEMO, where βp and ∆′ may not be
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affected much by the local EC beams.

7.3 On the real-time NTM control and integrated plasma control

In addition to the physics-oriented studies presented in chapters 4 and 5, control-oriented

studies have been carried out within the scope of this thesis, concerning both the RT control

of NTMs and the integrated multi-actuator plasma control in TCV (chapter 6).

Two main elements of the reliable RT control of NTMs, namely the beam-mode alignment

and the required EC power have been addressed. A new generic NTM controller has been

built thanks to the development and implementation of a task-based generic plasma control

system (PCS) framework [Blanken et al. 2019; Vu et al. 2019], involving advance plasma state

monitoring, supervision and actuator management algorithms (section 6.3.1). The controller

shares the same interfaces as the other controllers and is able to perform NTM control tasks by

tracking the target mode location along with a small sinusoidal sweeping, and by automatically

increasing its power request if the assigned power is not sufficient. The capabilities of the

NTM control algorithm have been demonstrated by RT NTM control and integrated control

experiments in TCV. A more intelligent NTM controller that has a better knowledge of the

power needed to perform a given task will be built in the near future, based on a novel RT-

capable MRE module newly developed within the scope of the thesis.

The RT-MRE has proven to be able to provide valuable information for the overall integrated

control as well (section 6.4). For instance, the better estimation of the required power is useful

for the actuator manager to optimize actuator allocations in RT; the prediction of island width

evolution contributes to the decision-making of the supervisory controller. The capabilities

of the proposed RT-MRE have been tested comprehensively based on one TCV discharge

and one AUG discharge, proven to work well for these distinct plasma conditions. More

importantly, we have demonstrated that MRE simulations can be easily adapted in RT, thus

accurate coefficients are not needed, assuming that accurate enough RT measurements of w

are available. The implementation of the RT-MRE, or more specifically, the arrangement of

various capabilities of the RT-MRE in the PCS has been illustrated (section 6.4.6). The clear

separation of different layers and the generic feature of the PCS make it convenient to add the

new functionality of the RT-MRE to the PCS.
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A.1 Introduction

As discussed in previous chapters, ∆′ determines the onset of triggerless NTMs, but its value is

very difficult to be estimated accurately or consistently given the uncertainties in equilibrium

reconstructions and the sensitivity of ∆′ to the details of q profiles. To gain some qualitative

idea of the dependence of ∆′ on local parameters at the considered rational surface such as

the radial location (ρmn) and magnetic shear (smn), a dedicated sensitivity study has been

performed based on artificial q profiles and perturbations. As will be seen in this appendix, this

study meanwhile highlights the importance of global effects (i.e. with fixed local parameters)

on ∆′.

The basic q profile used is q(ρ) = 4.4ρ2−0.6ρ+1.2, i.e. with q0 ≡ q(ρ = 0) = 1.2, ρ21 = 0.5, s21 =
0.95, ss21 = 1.208 and ρ21∆

′ = 3.23, where ρ here is the normalized radial location with respect

to a = 0.24m, ss21 the “shear of the shear” at the q = 2 surface defined as ssmn = ρ
s

d s
dρ |mn , ρ

the radial location in meter (i.e. ρ = ρa) and ∆′ the stability at the q = 2 surface for simplicity.

Analytical perturbations are then added to this basic q profile and corresponding ρ21∆
′ can

be calculated based on the definition of ∆′:

∆′ = lim
ε→0

∂ψ
∂ρ |ρmn+ε− ∂ψ

∂ρ |ρmn−ε
ψ(ρmn)

, (A.1)

where ε> 0 and ψ refers to the perturbed helical flux computed by [Wesson 2004]

d 2ψ

dρ2 + dψ

ρdρ
− (

m2

ρ2 +
2π
ρ
∂ j
∂ρ

1
q − n

m

)ψ= 0, (A.2)

assuming cylindrical geometry and a normalization 2πB0
µ0R0

= 1. j in equation (A.2) refers to

current density and is estimated by

j ≈ B0

µ0R0
(

2

q
− ρ

q2

d q

dρ
), (A.3)
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under the large aspect ratio assumption.

A.2 Scan of the radial location of localized perturbations

In each test presented in this section, a localized quadratic or cubic type perturbation with

a full amplitude (amp) of 0.15 and full width (wfull) of 0.1 is added to the basic q profile.

Some examples of the perturbations and resulting q profiles are shown in figure A.1 (with

only one perturbation added in each test). Both positive (amp > 0, not shown in figure A.1)

and negative (amp < 0, figure A.1 (a)) quadratic perturbations have been tested; for the cubic

case (figure A.1 (b)), amp > 0 means that the amplitude of the perturbation is positive for

ρ > ρcenter, where ρcenter is the central location of the perturbation added.
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Figure A.1. Examples of the perturbation added and the resulting q profile: (a) amp =−0.15, wfull =
0.1, quadratic; and (b) amp = 0.15, wfull = 0.1, cubic.
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Figure A.2. Resulting ρ21∆
′ of the location scan shown in figure A.1.

The computed ρ21∆
′ is summarized in figure A.2. It can be seen that when ρcenter is within

[0.4, 0.6] (i.e. with |∆ρ| ≤ 0.1, where ∆ρ ≡ ρcenter −ρ21), there is a sharp change of ρ21∆
′,
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A.2. Scan of the radial location of localized perturbations

indicating large effects of these local perturbations on the stability. The sum of the positive

and negative quadratic cases (dashed purple curve with squares in figure A.2) matches quite

well the cubic case (solid green).
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Figure A.3. Normalized local parameters at the q = 2 surface: (a) with quadratic perturbation and
amp =−0.15 (figure A.1 (a)); (b) a zoom of (a); (c) with quadratic perturbation and amp = 0.15; (d) a
zoom of (c); (e) with cubic perturbation and amp = 0.15 (figure A.1 (b)); (f) a zoom of (e).

To find out the key parameters that dominate the observed trend of ρ21∆
′ in figure A.2, several

normalized local parameters at the q = 2 surface, namely ρ21/ρr e f , s21/sr e f and ss21/ssr e f ,
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are depicted in figure A.3, with ρr e f = 0.5, sr e f = 0.95 and ssr e f = 1.208 taken from the basic q

profile (no perturbation). ρ21∆
′ has been rescaled as “(ρ21∆

′−ρ21∆
′
r e f )/100+1” and plotted

in figure A.3 (dashed black curves), with ρ21∆
′
r e f = 3.23 taken from the basic q profile.

One can see that when the perturbation moves towards the q = 2 surface from ρ < 0.35 or

ρ > 0.65, ρ21∆
′ varies slowly whereas s21, ρ21 and ss21 remain constant. This indicates that it is

the global change of q that dominates the variations of ∆′ in this case. Once the perturbation

reaches closer (e.g. with ρcenter ∈ [0.35, 0.4] or [0.6 0.65]), ss21 (green curves) starts to vary

while s21 and ρ21 still remain constant. It seems that ρ21∆
′ increases with the increase of ss21,

for the case with ss21 > 0 (e.g. figure A.3 (c) and (e)). In (a), ρ21∆
′ shows the same trend as

ss21 for ρ = [0.4, 0.45] (i.e. both decreasing), but then s21 starts to change as well and ss21

goes to negative values, and the trend varies. When the perturbation reaches even closer

to the rational surface, ρ21 starts to change as well. The effects of ρ21, s21 and ss21 on ρ21∆
′

will be further discussed along with the amplitude and width scan of localized perturbations

presented in section A.3.
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Figure A.4. ψ, j and j ′ profiles for tests with quadratic perturbations shown in (a). Each curve in (b) -
(d) corresponds to the q profile with the same color in (a).

To have an idea of the resulting ψ profiles in these tests, several examples are shown in figure
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A.2. Scan of the radial location of localized perturbations

A.4 and figure A.5, taken from the scan with quadratic perturbation (amp =−0.15) and cubic

perturbation (amp = 0.15), respectively. The input q profiles and corresponding j (and

j ′ ≡ d j
dρ ) profiles are depicted as well. The solid black traces in figure A.4 and A.5 represent

relevant values for the case without any perturbation (i.e. from the basic q profile). ρ21 of each

case is indicated by a vertical dashed line with the same color.

It can be seen that there is a larger perturbation onψ profile when the perturbation gets closer

to the q = 2 surface and the change of ψ is dramatic (not monotonic anymore around ρ21)

once the perturbation is centered at ρ21. This is in accordance with the ρ21∆
′ results shown in

figure A.2, as expected. It is also seen that j is very sensitive to the perturbations of q profile,

based on its dependence on q and q ′ (equation (A.3)), and in some cases j < 0 is involved. To

isolate the possible effects of negative values on the results, another set of ρcenter scan has

been performed with much smaller amplitude of perturbations (with amp = 0.015 instead of

0.15), for both the quadratic and cubic cases. Similar results as presented in this section have

been obtained, not detailed here for conciseness.
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Figure A.5. ψ, j and j ′ profiles for tests with cubic perturbations shown in (a). Each curve in (b) - (d)
corresponds to the q profile with the same color in (a).
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A.3 Scan of the amplitude and width of localized perturbations

The scan of ρcenter presented in the previous section distinguishes two different regions

that have different level of effects on ρ21∆
′: the region “far” from ρ21 (with ρcenter < 0.35 or

ρcenter > 0.65, i.e. |∆ρ| > 0.15) and the region around the q = 2 surface (e.g. with ρcenter = ρ21).

This section focuses on investigating the effects of the amplitude and width of perturbations

on ∆′, with ρcenter at these two different regions, respectively.

A.3.1 Perturbation scan near the center or edge

As illustrated in figure A.6, perturbation scans have been performed with ρcenter far away from

ρ21, i.e. near the center or edge. Quadratic-like perturbations have been used in this section,

to be comparable with the cubic-like perturbations used in section A.3.2 (figure A.12).
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Figure A.6. Examples of the perturbations added (with different ρcenter, amplitude or width in each
test) and the resulting q profiles: (a) perturbations near the center; (b) near the edge.

ρ21∆
′ of a series of amplitude scan with wfull = 0.1 (i.e. the same as used in the ρcenter scan

discussed in the previous section) is summarized in figure A.7, where different curves represent

different perturbation amplitude, with the corresponding amp noted beside each curve in

the same color. The right plot in figure A.7 is a zoom of the left plot around the tests near the

edge. It can be seen that the perturbation near the center has a stronger influence on ρ21∆
′

than that near the edge, though similar normalized amplitude of perturbation amp
qlocal

has been

used in both cases, where qlocal is the local q value at ρcenter.

As different ρcenter is also involved in this series of tests, it is interesting to compare these

results with the ρcenter scan shown in the previous section - marked by the open circles with

corresponding colors (with the same amp). It can be seen that these results largely overlap,

confirming that the quadratic-like shapes used here are similar to the quadratic ones presented

before. In accordance with previous observations, the variation of ρ21∆
′ (with respect to the

reference value of the basic q profile, horizontal dashed black line in figure A.7) becomes
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larger when ρcenter is closer to ρ21.
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Figure A.7. Dependence of ρ21∆
′ on the ρcenter and amplitude of quadratic-like perturbations shown

in figure A.6. Solid curves with asterisks - scans near the center; with crosses - scans near the edge;
numbers with the same color - amplitude of the perturbation; open circles with the same color - results
taken from the ρcenter scan with quadratic perturbations and the same amplitude (section A.2).

In terms of the dependence of ρ21∆
′ on amp, figure A.7 exhibits an increase of the variation of

ρ21∆
′ with increasing |amp|, as expected. However, an interesting dependence on the sign of

amp is observed: for the perturbations near the center, amp > 0 leads to an increase of ρ21∆
′

with respect to the reference value (i.e. more destabilizing), whereas for the perturbations near

the edge, amp > 0 causes a decrease of ρ21∆
′ (i.e. more stabilizing), as illustrated in figure A.8.
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Figure A.8. Illustration of the stabilizing (“S”) and destabilizing (“D”) effects from different perturba-
tions.

Different widths of the quadratic-like perturbations have been tested along with the amplitude

and ρcenter scans, as summarized in figure A.9. For the perturbation with a width that covers

the perturbed region of two narrower cases, e.g., the case with ρcenter = 0.1 and wfull = 0.2

(magenta curve with left-pointing triangles) with respect to the case with ρcenter = 0.05 and

wfull = 0.1 (blue trace with asterisks) and with ρcenter = 0.15 and wfull = 0.1 (red trace with
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asterisks), the trend of ρ21∆
′ is in between the two narrower cases and is affected more by the

one closer to the q = 2 surface (i.e the red trace), indicating that the change of ρcenter affects

more ρ21∆
′ than the width of the perturbation, at least for the perturbations located far from

the rational surface. With the same ρcenter, the larger the width, the stronger the effect on

ρ21∆
′, for example the purple curve with right-pointing triangles (wfull = 0.3) in comparison

to the red curve (wfull = 0.1). However, this may be entangled with the fact that with wider

width, the perturbation covers more the area closer to the rational surface. It can be further

decoupled by the tests with ρcenter = ρ21 presented in the next section, where we will see that

the variation of ρ21∆
′ actually decreases with increasing wfull.
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Figure A.9. ρ21∆
′ with different amplitude and width of the perturbations far from the q = 2 surface.

For these tests with perturbations relatively far from the q = 2 surface, local parameters at the

q = 2 surface remain unperturbed or at most with very small variations, as indicated by the

second derivative ss21 shown in figure A.10. In combination with ρ21∆
′ shown in figure A.9,

no clear dependence of ρ21∆
′ on ss21 can be seen at this stage. In terms of ρ21 and s21, they

remain unaffected by perturbations near the center (e.g. with ρcenter = 0.05, 0.15 or 0.25), so

cannot explain the variations of ρ21∆
′ observed in figure A.9. This indicates that it is the global

effects that play a role in these cases. For the tests with perturbations near the edge, very small

variations of ρ21 and s21 have been observed, but seem to correlate with the change of ρ21∆
′

to some extend. To better illustrate this, a function f (ρmn , smn) defined as

f (ρmn , smn) = ρmn∆
′
r e f +coeff · (

√
ρmn

ρr e f
· smn

sr e f
−1) (A.4)

has been evaluated with the corresponding ρ21 and s21 of each test and a fixed coeff = 300,

as shown by the dashed lines in figure A.11, where the solid curves are ρ21∆
′ traces directly

taken from figure A.9. ρr e f = 0.5, sr e f = 0.95 and ρmn∆
′
r e f = 3.23 are taken from the basic case

without any perturbations, as discussed before. It seems that this f (ρmn , smn) can fit well

the overall monotonic trend of ρ21∆
′. A larger coeff would fit better the values of amp > 0

cases but still cannot reproduce the steep change of ρ21∆
′ for the cases with amp < 0. These
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A.3. Scan of the amplitude and width of localized perturbations

local effects (including that from ss21) will be more evident when larger variations of local

parameters are involved, for instance with ρcenter = ρ21, and will be further discussed in section

A.3.2. Nevertheless, the perturbation scan shown in this section, located relatively far from

ρ21 (i.e. with minimized perturbations on the local parameters), highlights the importance of

global effects on ρ21∆
′ that are difficult to quantify.
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Figure A.10. ss21 of the amplitude and width scan with ρcenter far from the q = 2 surface.
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Figure A.11. ρ21∆
′ (solid lines) of the amplitude and width scan with ρcenter near the edge and

corresponding f (ρmn , smn) (dashed lines) evaluated based on equation (A.4).

A.3.2 Perturbation scan with ρcenter = ρ21

This sections presents a series of amplitude and width scan of perturbations centered at ρ21

and with cubic-like or quadratic-like shapes, respectively.

With cubic-like perturbations

Examples of the cubic-like perturbations applied and the resulting q profiles are shown in

figure A.12. The cubic-like shape is constructed by the combination of three different parts
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(each expressed by an analytical function): the part centered at ρ21, and another two parts

connecting to each side of the central part and used to adjust the full width of the perturbation.

This facilitates retaining similar local parameters for the scan of wfull with fixed amp (e.g.

figure A.12 (a)). The sum of the three functions with the basic q profile (i.e. the perturbed q

profile) is smoothed to get the final q profile used in the computation of ρ21∆
′, as indicated by

the dashed lines in figure A.12.
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Figure A.12. Examples of the cubic-like perturbations added and the resulting q profiles: (a) perturba-
tions with fixed amp but different wfull; (b) - (d) with fixed wfull (wider from (b) to (d)) but different
amp.

With the cubic-like perturbations, ρ21 remains unperturbed (i.e. keeps 0.5) in this series

of tests, as expected. Local s21 and ss21 are shown in figure A.13: ss21 values for tests with

different wfull largely overlap, while s21 exhibits two branches that are caused by the smoothing

of q profiles before computation. Nevertheless, the dependence of s21 and ss21 on amp is

very evident, which is interesting to be compared with the trend of ρ21∆
′ shown in figure A.14.
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Figure A.13. (a) smn and (b) ssmn from the amplitude and width scan of perturbations with ρcenter =
ρmn and cubic-like shape.
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Figure A.14. ρ21∆
′ (solid lines) of the amplitude and width scan of perturbations withρcenter = ρmn and

cubic-like shape. Dash-dot cyan - estimation of ρ21∆
′ based on function f (ρmn , smn) defined in equa-

tion (A.4) for the case with wfull = 0.3 (solid red curve with left-pointing triangles); dashed curves with
corresponding colors with the solid curves: estimations of ρ21∆

′ based on function g (ρmn , smn , ssmn)
defined in equation (A.5) for all the cases.

It can be seen from figure A.14 that with increasing |amp| of the perturbations, there is an

increasing variation of ρ21∆
′ with respect to the reference value (open black circle), similar to

the observations in the amplitude scan near the center or edge discussed before (figure A.9).

The narrower the width of the perturbation, the stronger its effect on ρ21∆
′ under the same

amp. This is different from previous tests near the center or edge, where it is shown that the

variation of ρ21∆
′ is larger with wider width and fixed ρcenter (figure A.9). But as mentioned,

that may be entangled with the distance from the q = 2 surface - the perturbation overall gets

closer to the q = 2 surface with wider width in those cases. This will be further illustrated by

perturbations with quadratic-like shapes (i.e. the same as used in the previous section) and

ρcenter = ρ21, as will be discussed in the next section.

To have an idea of the effects of local parameters on ρ21∆
′, f (ρmn , smn) defined in equation
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(A.4) has been evaluated (with coeff = 300) for the cases with wfull = 0.3 (solid red curve with

left-pointing triangles) and is shown by the dash-dotted cyan curve in figure A.14. The general

monotonic trend of the resulting f (ρmn , smn) follows quite well that of ρ21∆
′, though the exact

values are not. Interestingly, ρ21∆
′ curves in figure A.14 exhibit a sudden change of slope at

amp = 0, being steeper with amp < 0. This is in accordance with the trend of ss21 shown in

figure A.13 (b), indicating the possible role of ss21 on ρ21∆
′. An additional term has thus been

added to f (ρmn , smn) to include the effect of ssmn and a new function g (ρmn , smn , ssmn) is

defined as

g (ρmn , smn , ssmn) = ρmn∆
′
r e f +coeff · (

√
ρmn

ρr e f
· smn

sr e f
−1)−coeffss(

ssmn

ssr e f
−1), (A.5)

where coeffss is a constant.

g (ρmn , smn , ssmn) has been evaluated for all the cases (solid curves) shown in figure A.14, with

corresponding local parameters as well as a fixed coeff = 300 and coeffss = 15, as depicted by

the dashed lines with corresponding colors. It can be seen that g (ρmn , smn , ssmn) curves of

different wfull largely overlap and cannot explain the observed difference of ρ21∆
′ at different

wfull. This once again highlights the importance of the global change of q profiles on ρ21∆
′,

apart from the effects of local parameters. On the other hand, g (ρmn , smn , ssmn) (dashed red

curve) fits better the steep slope of ρ21∆
′ at amp < 0 than f (ρmn , smn) (dash-dotted cyan),

taking the case with wfull = 0.3 (solid red curve with left-pointing triangles) as an example.

To better understand the observed dependence of ρ21∆
′ on amp and the change of slope

at amp = 0, examples of ψ profiles for the case with wfull = 0.2 (solid blue trace with circles

in figure A.14), where a refined amplitude scan around small amp has been performed, are

shown in figure A.15. The corresponding q profiles used are shown in figure A.15 (a) and (b)

with the same colors. Profiles for the reference case without any perturbations (i.e. based on

the basic q profile) are marked by the dash-dotted black lines. Readers are reminded that

amp > 0 for the cubic case means amp > 0 for ρ > ρcenter (i.e. ρ21 in this case).

One can see that with amp > 0 (above the grey region in figure A.15 (d)), ∂ψ
∂ρ |ρmn+ε > 0 (i.e.

positive slope of theψ profile) and tends to increase with increasing amp, whereas ∂ψ
∂ρ |ρmn−ε <

0 and tends to decrease (i.e. more negative), leading to an increase of ρ21∆
′ (equation (A.1))

with increasing amp observed in figure A.14; with amp < 0 (the grey region in figure A.15

(d)), ∂ψ∂ρ |ρmn+ε < 0 and tends to decrease (i.e. more negative) with increasing |amp|, whereas
∂ψ
∂ρ |ρmn−ε > 0 and tends to increase, causing ρ21∆

′ < 0 for amp < 0 and an increase of the

variation of ρ21∆
′ with increasing |amp| observed in figure A.14. With the same |amp|, the

variation of ∂ψ∂ρ is larger for amp < 0 than amp > 0, for example the cyan curve inside the grey

region with respect to the purple curve outside, explaining the steeper slope of ρ21∆
′ with

amp < 0 observed in figure A.14. The corresponding j profiles are shown in figure A.15 (e)

and (f) for completeness.
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Figure A.15. Examples of the amplitude scan with wfull = 0.2: (a) q profiles used; (c) corresponding ψ
profiles and (e) j profiles.

Similarly, ψ, j and j ′ profiles from the scan of wfull with fixed amp = 0.6 (i.e. amp/qlocal =
0.6/2 = 0.3) shown in figure A.14 are depicted in figure A.16 to better understand the observed

wfull-dependence of ρ21∆
′. It can be seen that with the perturbations, ψ profiles become non-

monotonic around ρ21 and there is a larger increase of ∂ψ∂ρ |ρmn+ε as well as a large decrease (i.e.

more negative) of ∂ψ∂ρ |ρmn−ε with smaller wfull, explaining the larger ρ21∆
′ with smaller widths

observed in figure A.14.
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Figure A.16. Examples of the width scan with fixed amp = 0.6 (i.e. amp/qlocal = 0.3): (a) q profiles
used; (b) corresponding ψ profiles, (d) j profiles and (e) j ′ profiles.

With quadratic-like perturbations

Similar amplitude scan of perturbations centered at ρ = 0.5 has been performed for quadratic-

like shapes, with wfull = 0.1, 0.2 and 0.4, respectively. Shown in figure A.17 are some examples

of the q profiles used.
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Figure A.17. Examples of the q profiles with quadratic-like perturbations centered at ρ = 0.5: (a)
amplitude scan with wfull = 0.1; and (b) amplitude scan with wfull = 0.4.
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Figure A.18. Results of the scan with quadratic-like perturbations and ρcenter = 0.5 (figure A.17).
Normalized local parameters at the q = 2 surface: (a) ρ21/ρr e f ; (b) s21/sr e f and (c) ss21/ssr e f . Solid
traces in (d) - computed ρ21∆

′; dashed lines - corresponding g (ρmn , smn , ssmn) (equation (A.5)) with
the same color as the solid lines.

With these perturbations, local parameters such as ρ21, s21 and ss21 are modified, as shown

in figure A.18 (a) - (c). The resulting ρ21∆
′ is summarized in (d), along with g (ρmn , smn , ssmn)
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(dashed lines) evaluated based on equation (A.5) and corresponding local parameters. One

can see that there is a dramatic increase of ρ21∆
′ (i.e. more unstable) once there is pertur-

bation exerted around the considered rational surface and the effects become larger with

increasing |amp|, similar to previous observations with cubic-like perturbations (figure A.14);

the narrower the perturbation width, the larger its effect on ρ21∆
′, similar to the cubic-like

cases as well and in contrast to the tests near the center or edge (figure A.9), where the effects

of width may be entangled with the distance from the q = 2 surface, as discussed before.

A.4 Scan with global change of q profiles

Apart from the localized perturbations presented in section A.2 and A.3, effects of more global

change of q profiles on ρ21∆
′ have been investigated, through shifting the q profile rigidly

(section A.4.1) or scanning qa (i.e. q(ρ = 1)) with fixed q0 ≡ q(ρ = 0) (section A.4.2).

A.4.1 Rigid shifts of the q profile
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Figure A.19. Rigid shifts of q profile and corresponding ψ, j and j ′ profiles.
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Examples of rigid shifts of the basic q profile are shown in figure A.19 (a), with corresponding

ψ, j and j ′ profiles depicted in (b) - (d) with the same colors. Two “extreme” cases of the

resulting q profiles, the steepest (with the lowest q0 and highest qa within the scanned range)

and the flattest (with the highest q0 and lowest qa), are also analyzed, as illustrated in figure

A.20 (green and purple, respectively). The black dash-dotted lines in the figures once again

represent relevant profiles without perturbations, while ρ21 of each case is marked by a vertical

dashed line with corresponding color.
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Figure A.20. Illustration of the two extreme cases (solid green and purple traces in (a)) of the rigid
shifts of q profile; (b) - (c) corresponding ψ, j and j ′ profiles.

Local parameters, ρ21∆
′ and corresponding g (ρmn , smn , ssmn) of this series of tests are shown

in figure A.21. Results of the two extreme q profiles (green and purple curves in figure A.20)

are marked by two triangles with corresponding colors. It can be seen that with a large global

change of the q profile, variation of local parameters (e.g. summarized by g (ρmn , smn , ssmn)

in figure A.21 (d)) itself cannot explain the trend of ρ21∆
′ in the tests. The global effects are

expected to play a more important role in these cases.
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Figure A.21. Results from the rigid shifts of the basic q profile: (a) s21/sr e f ; (b) ss21/ssr e f ; (c) ρ21∆
′

and (d) corresponding g (ρmn , smn , ssmn). The green and purple triangles represent the results of the
two extreme q profiles shown in figure A.20, with the same colors.

A.4.2 Scan of qa with fixed q0

The rigid shifts of q profile discussed in the previous section involve modifying both q0 and

qa , to better isolate different effects, another set of q profiles with fixed q0 and varying qa have

been investigated, as shown in figure A.22 (a). q0 is fixed to 1.2 (as the basic q profile), whereas

qa varies from 2.1 to 10 in different tests. The inversion radius (ρi nv ) is set to increase from

0.1 to 0.8 with decreasing qa , while ρ21 is chosen to be ρ21 = ρi nv +0.18 for each case. The

black dash-dotted line represents the basic q profile. Corresponding ψ, j and j ′ profiles are

depicted in figure A.22 (b) - (d) with corresponding colors.

The dependence of local parameters on qa in this series of tests is illustrated in figure A.23.

It can be seen that both s21 and ss21 decrease with increasing qa , except for the qa = 2.1

case (orange curves) that has quite different q and ψ profiles by construction (figure A.22).

The computed ρ21∆
′ and corresponding g (ρmn , smn , ssmn) of this series of tests are shown

in figure A.24, exhibiting similar trend as s21 and ss21: ρ21∆
′ decreases (i.e. more stabilizing)

with increasing qa . This seems to be in contrary to the experimental observations that lower

plasma current (thus typically higher qa) tends to be more unstable to tearing modes; however,
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the change of plasma current involves more sophisticated modifications of the entire q profile

that are out of the scope of these tests.
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Figure A.22. Scan of qa with constant q0: (a) q profiles used and (b) - (d) corresponding ψ, j and j ′
profiles.
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Figure A.23. Normalized local parameters at the q = 2 surface of the qa scan shown in figure A.22: (a)
s21/sr e f and (b) ss21/ssr e f .
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Figure A.24. (a) ρ21∆
′ and (b) corresponding g (ρmn , smn , ssmn) of the qa scan shown in figure A.22.

A.5 Summary

A detailed sensitivity study of ∆′ has been presented in this appendix, with artificial q profiles

and perturbations. Both the effects from localized perturbations (with different location,

amplitude and width) and from more global change of q profiles (e.g. rigid shifts, scan of qa ,

etc.) have been studied. The main observations are summarized below.

• With localized perturbations and the same normalized perturbation amplitude (with

respect to the local q value), the degree of effects on ∆′ is ordered as: located around the

considered rational surface (q = 2 in this study) > near the center > near the edge; for

the latter two cases, the closer the perturbation to the q = 2 surface, the larger the effect

• Perturbations near the center or edge are shown to affect ∆′ differently based on the

sign of the perturbation: with amp < 0 near the center or amp > 0 near the edge, the

q profile becomes more stable, whereas amp > 0 near the center or amp < 0 near the

edge leaves the profile more unstable (figure A.8)

• With localized perturbations, the change of ∆′ is found to be correlated with the change

of local parameters such as ρmn , smn and ssmn with an estimated dependence (equation

(A.5))

g (ρmn , smn , ssmn) = ρmn∆
′
r e f +coeff · (

√
ρmn

ρr e f
· smn

sr e f
−1)−coeffss(

ssmn

ssr e f
−1),

where coeff and coeffss are constant positive coefficients

• Even with well-localized perturbations, global effects resulting from the overall modifi-

cation of the q profile prove to play a role in ∆′; the global effects are more evident when

more global change of the q profile is exerted, e.g. rigid shifts, varying qa values, etc.
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B Locking/Acceleration of NTMs with
tangential neutral beam injection
(NBI)
B.1 Introduction

Tangential neutral beam injection (NBI) is able to alter plasma rotation and in turn affects

the rotation of NTMs [Snipes et al. 1988, 1990; Rice 2016, and references therein]. Based on

the studies of rotating NTMs presented in previous chapters, another series of experiments

have been carried out in TCV with its tangential NBI, exhibiting evident modifications of

mode rotation: locking/locked NTM or accelerated NTM depending on the relative injection

direction with respect to the mode, as illustrated in figure B.1.

Top view of TCV

(a) Ip<0, co-NBI

co-NBI

Ip<0

co-ECCD

Mode rotation before NBI

(b) Ip>0, counter-NBI

counter-NBI

Ip>0

co-ECCD

Mode rotation before NBI

Figure B.1. Illustration of the effects of tangential NBI on the rotating of NTMs (from a top view of
TCV): (a) with Ip < 0 and co-current NBI, locking/locked NTMs; (b) with Ip > 0 and counter-current
NBI, accelerated NTMs.

In this series of experiments, co-ECCD is deposited near the plasma center for the onset of

NTMs, similar to the setup in chapter 4 and 5; NTMs are triggered and typically rotate in the
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Appendix B. Locking/Acceleration of NTMs with tangential neutral beam injection (NBI)

electron diamagnetic drift direction; the tangential NBI is then switched on, modifying the

rotation of existing NTMs. To better demonstrate the effects of NBI, different Ip direction,

i.e. different relative direction of NBI with respect to the rotating mode has been tested in

the experiments. As illustrated in figure B.1, with Ip < 0 (i.e. clockwise in TCV’s convention),

NBI is in a co-current manner (denoted as co-NBI) and is opposite to the rotation direction of

NTMs, leading to locking and eventually locked NTMs; with Ip > 0, the resulting counter-NBI

is in the same direction as the rotating NTMs, causing an acceleration of NTMs. These effects

will be demonstrated through two series of experiments with different signs of Ip shown in

section B.2 and B.3, respectively.

B.2 Locking/Locked NTMs with co-current NBI

The first example of locking/locked NTMs with co-NBI is TCV #62601 shown in figure B.2,

with constant Ip ≈−90kA and B0 =−1.42T, similar to the experiments in previous chapters.

One EC launcher (L1) with a nominal power of 750kW is applied to deposit co-ECCD near

the plasma center to trigger NTMs. As shown in figure B.2 (b), a rotating 2/1 NTM is triggered

along with the ramp-up of the EC power and saturates at a frequency of about 5kHz, similar

to the observations in chapter 4 and 5. NBI is switched on at t = 1.1s, with its power increased

from 90kW to 480kW step by step. Interesting behavior of mode rotation is observed: mode

frequency drops from 5kHz to about 2kHz with 90kW NBI and eventually to 0 (i.e. fully locked)

when NBI power is increased to 160kW; the mode stays locked with increasing NBI power and

is directly “unlocked” when completely turning off NBI at t = 1.9s, recovering 5kHz from 0.

TCV’s saddle flux loops introduced in chapter 2 are used to analyze the amplitude and phase

of the locked mode. These saddle loops, located outside the vacuum vessel (i.e. with high

frequency perturbations screened out) and with much larger detection areas than the in-

vessel magnetic probes, are more sensitive to low frequency radial perturbations (given the

orientation of these saddle loops) and are suitable for the detection of locked modes. Similar

to the analyses of magnetic probe signals, saddle flux loops at different toroidal and poloidal

locations can be used to infer the m and n number of a given mode. Shown in figure B.2 (c) and

(d) are the amplitude and phase of the n = 1 component of the perturbed radial magnetic field

(δBr ), respectively, based on a toroidal array of 8 saddle flux loops located on the equatorial

plane of TCV.

As indicated by the vertical dash-dotted black lines in figure B.2 (c) and (d), there is a sudden

increase of the amplitude of δBr when the mode gets fully locked at about t = 1.3s; the phase

of the n = 1 component stays constant when the mode is fully locked - the small transient

change at t = 1.5s stems from the sudden increase of NBI power at that time, indicating a

change of the toroidal location of the locked mode. Note that there is a larger perturbation on

plasma equilibrium with higher NBI power (e.g. above 160kW at t ∈ [1.5, 1.9]s), as indicated

by the plasma elongation κ (red curve in figure B.2 (a)), which can affect the amplitude of

δBr as well. The vertical position of the magnetic axis (zaxis) starts to vary since t = 2s (as
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B.2. Locking/Locked NTMs with co-current NBI

pre-programmed), affecting the amplitude and phase of δBr seen in (c) and (d).
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Figure B.2. Overview of TCV #62601 with co-NBI and locking/locked NTMs: (a) blue - vertical position
of the magnetic axis; red - plasma elongation; (b) NTM spectrogram from magnetic probes; blue -
scaled EC power trace; green - scaled NBI power trace; (c) amplitude of the n = 1 component of δBr

based on saddle flux loop measurements; (d) toroidal phase of the n = 1 component of δBr ; (e) signals
from a toroidal array of magnetic probes (LFS-MID) at around t = 1s, indicating the direction of mode
rotation; rigid shifts of the measured amplitudes have been made to avoid overlapping; and (f) similar
to (e), but at around t = 2s.

To have an idea of the rotation direction of NTMs, an equatorial toroidal array (LFS-MID)

of TCV’s magnetic probes introduced in chapter 2 are used, involving 14 magnetic probes

(#1 to #16, except #4 and #8) in these experiments. These probes are labeled such that

increasing probe index represents the counter-clockwise direction viewed from the top of

TCV. Signals from the 14 probes at around t = 1s and t = 2s are shown in figure B.2 (e) and (f),

respectively, with rigid shifts of the amplitude of perturbations to avoid overlapping (larger

shifts with increasing probe index). It can be seen that the mode rotates in the same direction

as increasing probe index, i.e. counter-clockwise, confirming the illustration in figure B.1 (a).

As depicted in figure B.3, a complementary experiment based on #62601 has been performed,

with a slow ramp-up of NBI power around the power threshold for mode locking in this case

(in between 90 and 160kW as seen from figure B.2). Similar to #62601, a 2/1 NTM is triggered

by central co-ECCD and rotates counter-clockwise with a frequency of about 5kHz (figure
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Appendix B. Locking/Acceleration of NTMs with tangential neutral beam injection (NBI)

B.3 (b) and (e)); the mode gradually slows down but is still in the counter-clockwise direction

(figure B.3 (f)) along with the slow ramp-up of NBI power and gets fully locked at about t = 1.5s

when the NBI power reaches 135kW, in accordance with the observations in figure B.2. A large

increase of the amplitude of δBr is observed at the same time, with relatively constant zaxi s

and κ, confirming the occurrence of a locked mode at t ∈ [1.5, 1.6]s.
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Figure B.3. Overview of #62745 with co-NBI and locking/locked NTMs: (a) blue - zaxis; red - plasma
elongation; (b) NTM spectrogram from magnetic probes; blue and green - scaled EC and NBI power
traces, respectively; (c) amplitude of the n = 1 component of δBr based on saddle flux loops; (d) toroidal
phase of the n = 1 component of δBr ; (e) signals from a toroidal array of magnetic probes (with rigid
shifts to avoid overlapping) at around t = 0.9s, indicating the direction of mode rotation; (f) magnetic
probe signals at around t = 1.15s and (g) t = 2s.

The NBI power is ramped up sharply since t = 1.6s and reaches a maximum of about 840kW

before completely turning off at t = 1.9s. A large drop of the amplitude of δBr is observed

182



B.2. Locking/Locked NTMs with co-current NBI

along with the rapid increase of NBI power, resulting mainly from the variation of plasma

equilibrium itself, as indicated by plasma κ (red curve in figure B.3 (a)). It is thus difficult to

determine the existence of locked modes at t ∈ (1.6, 1.9)s based on the saddle loop signals. In

fact, the 20ms delay in the re-appearance of rotating mode after switching off NBI and the

initial decrease of mode frequency from about 10 to 5kHz (instead of increasing from 0 to

5kHz as in figure B.2 (b)) seem to suggest that the locked mode is self-stabilized during the

large ramp-up of NBI power, probably through a large change of∆′, and is re-triggered again by

co-ECCD after turning off NBI. Simulations with TORAY-GA show that the deposition location

of L1 moves off-axis (from ρψ ≈ 0.2 to 0.35, still far from the q = 2 surface at ρψ ≈ 0.7) and its

driven current decreases during the fast ramp-up of NBI power and the large change of κ at

t ∈ [1.6, 1.9]s. These are expected to affect ∆′ (e.g. equation (4.2)) and the dynamics of NTMs.

No clear local flattening of the electron temperature profile can be observed at t ∈ (1.6, 1.9)s

either. The rotating mode after turning off NBI is in the counter-clockwise direction (figure

B.3 (g)), similar to the observations in #62601 (figure B.2).
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Figure B.4. Overview of TCV #62846 with co-NBI, locking/locked NTMs and flipped mode rotation:
(a) blue - zaxis; red - plasma elongation; (b) NTM spectrogram from magnetic probes; blue and green
- scaled EC and NBI power traces, respectively; (c) amplitude of the n = 1 component of δBr and (d)
toroidal phase of the n = 1 component of δBr .

In the third example shown in figure B.4, an interesting “flip” of mode rotation is observed:

the initial 2/1 NTM rotates counter-clockwise (figure B.5 (a)) at about 5kHz before turning

off EC power at t = 0.935s; the mode then weakens and rotates faster without EC, in the

counter-clockwise direction as before (figure B.5 (b)); before reaching the full self-stabilization

of the mode, co-NBI is switched on at t = 1s, which sustains the mode and slows down mode
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Appendix B. Locking/Acceleration of NTMs with tangential neutral beam injection (NBI)

rotation along with a very slow ramp-up of NBI power; the mode is eventually fully locked at

t = 1.035s and stays locked until t = 1.066s when the ramp-up of NBI power “unlocks” the

mode (figure B.4 (b)); the mode then rotates in the clockwise direction (figure B.5 (c) and (d)),

i.e. the same as Ip and the injection direction of the co-NBI.
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Figure B.5. Signals from a toroidal array of magnetic probes at around t = 0.8, 0.98, 1.3 and 1.5s,
respectively, indicating the “flip” of mode rotation after switching on co-NBI at t = 1s. Rigid shifts of
the measured amplitudes from different probes have been made to avoid overlapping.

As seen in figure B.4 (b), there is a rapid increase of NBI power during t ∈ [1.4, 1.5]s, causing a

faster rotation of the mode. Interestingly, mode frequency seems to “saturate” at about 7kHz

and does not increase any more with higher NBI power, possibly through the electromagnetic

drag due to the eddy currents in the wall and viscous drag from the bulk plasma [Ramponi

et al. 1999; La Haye et al. 2006], as will be further discussed in section B.4. The NBI power is

ramped down from t = 1.5s to 1.9s, during which the mode disappears from the spectrogram

at around t = 1.6s. It is conjectured that the mode self-stabilizes during the dramatic decrease

of NBI power (and βp ). Note that there is a large variation of plasma equilibrium during the

fast ramp-down of NBI power, as indicated by the red curve in figure B.4 (a), which affects

the measurements of saddle flux loops shown in (c) and (d). It is thus difficult to determine

the existence of a locked mode from these measurements. Instead, averaged Te profiles at

different time intervals have been compared, as illustrated in figure B.6. The numbers in the

legend represent the time intervals considered. Local flattening of Te profile around q = 2 can
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be observed for the cases in which 2/1 NTMs clearly exist (i.e. t ∈ [1.25, 1.3]s and t ∈ [1.45, 1.5]s

as seen in figure B.4 (b)), whereas no clear flattening can be seen during the ramp-down of

NBI power, suggesting that there is no (locked) 2/1 mode, at least after t = 1.7s. The vertical

dashed lines refer to the radial location of the q = 2 surface taken from LIUQE.
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Figure B.6. Averaged Te profiles based on Thomson scattering measurements. Time intervals during
which the profiles are averaged are listed by the numbers in the legend. Vertical dashed lines refer to
the radial location of the q = 2 surface from LIUQE.

B.3 Acceleration of NTMs with counter-current NBI

In the series of experiments presented in this section, positive Ip (i.e. in the counter-clockwise

direction) is used so that NBI injects counter-Ip , accelerating the clockwise rotation of NTMs,

as illustrated in figure B.1 (b). Shown in figure B.7 (TCV #62602) is an example of these counter-

NBI experiments, with the same EC and NBI power traces as used in #62601 (figure B.2).

However, central counter-ECCD (instead of the typical co-ECCD) is used in this discharge and

a 3/1 NTM is triggered when the EC power reaches 750kW, through a modification of ∆′ (e.g.

heating effects on NTM onset as discussed in section 4.5.2, chapter 4). The 3/1 mode rotates at

about 8kHz in the clockwise direction (figure B.7 (d)) and is “accelerated” to about 9kHz when

adding 90kW NBI at t = 1.1s; mode frequency increases gradually with increasing NBI power

(figure B.7 (c) and (e)) and drops to about 7.5kHz after switching off NBI at t = 1.9s. The 3/1

mode keeps rotating in the clockwise direction (figure B.7 (f)) until turning off EC power at

t = 2.35s, shorty after which the mode self-stabilizes.

As indicated by the nel and κ traces in figure B.7 (a) and (b), plasma conditions are different

before and after the NBI phase (e.g. t = 1s versus 2s), explaining the slight difference in mode

frequency (i.e. 8kHz versus 7.5kHz) at the two phases. Note that higher-frequency modes

(40 ∼ 60kHz) with both odd n and even n components are triggered when NBI power reaches

320kW and beyond (figure B.7 (c)), possibly through mode coupling and/or the effects of

fast ions from NBI. More investigations are desired to better understand the origin of these

high-frequency modes.
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Figure B.7. Overview of TCV #62602 with counter-NBI and accelerated 3/1 NTMs: (a) black - plasma
current; green - central line-averaged density; (b) blue - zaxis; red - plasma elongation; (c) NTM
spectrogram from magnetic probes; blue and green - scaled EC and NBI power traces, respectively; (d) -
(f) signals from a toroidal array of magnetic probes at around t = 1, 1.6 and 2s, respectively, indicating
the direction of mode rotation.

Another two examples of mode acceleration with counter-NBI are illustrated in figure B.8

and B.9, respectively, where higher NBI power and different ratio of NBI to EC power are

involved. Standard central co-ECCD was applied in these two discharges, triggering 2/1 NTMs

in both cases. In #62735 (figure B.8), the 2/1 mode is triggered when EC power reaches 750kW

and rotates in the clockwise direction at about 5kHz; similar to #62602 (figure B.7), mode

frequency increases along with the ramp-up of NBI power and “saturates” at about 8kHz; high

frequency modes (above 40kHz) are triggered when NBI power reaches about 820kW and 2/1

mode frequency reaches above 10 kHz at t = 1.68s, leading to plasma disruption at around
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t = 1.8s. The time-evolution of the island width in #62735 is shown in figure B.11, together

with the simulations based on the MRE, as will be discussed in the next section.
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Figure B.8. Overview of #62735 with counter-NBI and accelerated 2/1 NTM: (a) black - plasma current;
green - central line-averaged density; (b) Spectrogram from magnetic probes; blue and green - scaled
EC and NBI power traces, respectively.

78

80

82

84

I p
 [k

A
]

1.5

2

2.5

n
el

 [1
0

19
m

-3
]

#62853

(a)

0.5 1 1.5 2
Time [s]

0

20

40

60

80

f [
kH

z]

(b)

750kW
630kW

Figure B.9. Overview of #62853 with counter-NBI and accelerated 2/1 NTM: (a) black - plasma current;
green - central line-averaged density; (b) Spectrogram from magnetic probes; blue and green - scaled
EC and NBI power traces, respectively.

In #62853 (figure B.9), a 2/1 NTM is triggered by co-ECCD, shortly before switching on NBI at

t = 1.1s. As seen in figure B.9 (b), constant NBI power is maintained until t = 1.9s, whereas the

EC power is varied in this case, causing interesting variations of mode frequency. Similar to

previous two examples, high frequency modes are triggered when the 2/1 mode is accelerated

to about 10kHz and self-stabilize when the 2/1 mode frequency decreases. This seems to

suggest that the rapid rotation of NTMs plays an important role in the onset of these high

frequency modes, the underlying mechanisms of which require further investigations and are

out of the scope of this thesis.
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B.4 Discussions and outlook

The experimental results presented in previous sections, involving both locking/locked NTMs

and accelerated NTMs, can serve as a data set for validating the theoretical model concerning

the toroidal angular frequency (ω) of NTMs [Smolyakov et al. 1995; Ramponi et al. 1999; Nowak

et al. 2014; Basiuk et al. 2017]:

dω

d t
= 1

IΦ
[−n(TΦE M +TΦvi sc )− (ω−ωT )

d IΦ
d t

], (B.1)

where IΦ∝ R3ρmnρi w is the effective moment of inertia of the plasma associated with the

island (with width w), ρi being the ion mass density; TΦE M ∝ [(2π2R)/µ0]ρmn Im(∆′
w )w4

refers to the electromagnetic torque due to the eddy currents in the resistive wall, with

ρmn∆
′
w = 2m(

ρmn

d
)2m (ωτw )2 + i (ωτw )

1+ (ωτw )2 (B.2)

the effects of the resistive wall (with time constant τw ) on NTM width (through its real part)

and frequency (imaginary part), d being the radial distance of the island separatrix to the

wall; TΦvi sc ∝ ρiρ
2
mnR(ω−ωT )/(wτM ) is the viscous torque, with ωT the equilibrium toroidal

rotation frequency and τM the momentum confinement time.

Considering the effects of the resistive wall on island width evolution, the original MRE

(equation (3.3)) can be updated as

τR

ρmn

d w

d t
= ρmn∆

′+ρmn∆
′
BS +ρmn∆

′
GG J +ρmn∆

′
C D +ρmn∆

′
H +ρmn∆

′
WALL, (B.3)

where ρmn∆
′
WALL ≡−aw Re(ρmn∆

′
w ) is the additional term considering the wall effect. Future

work can be done to solve the coupled w equation (B.3) and ω equation (B.1) to quantify the

contribution of various terms, whereas this section presents preliminary simulations solving

only equation (B.3), with prescribedω= 2π f taken from experiments ( f is the measured mode

frequency in Hertz).

For the case of locking/locked NTM with co-NBI, TCV #62601 illustrated in figure B.2 is taken

as an example. NBI is switched on at t = 1.1s and the 2/1 mode is completely locked during

t ∈ [1.3, 1.9]s with higher NBI power. As depicted by the solid red curve in figure B.10 (a), a

simulation has been performed with the original MRE without including explicitly the wall

term (i.e. equation (3.3)), following the same procedures as used in chapter 4 and 5. Note

that this is relevant for cases with relatively constant mode rotation, where ρmn∆
′
w (equation

(B.2)) thus ρmn∆
′
WALL is almost constant and neglecting the wall term does not affect much the

dynamics of island width, as indicated by the comparison between the solid red and dashed

cyan curves in figure B.10 (a) (at the time intervals without NBI). This also explains why the

wall term has been neglected in the simulations in previous chapters, where only relatively

constant mode rotations are involved.
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The blue traces in figure B.10 (a) are based on magnetic probe measurements, which are

only relevant for rotating NTMs. During the time window when the mode is fully locked

(i.e. t ∈ [1.3, 1.9]s), its amplitude can in principle be inferred from saddle flux loop signals,

however, the measurement (including its trend) can be “polluted” by the variations of plasma

equilibrium (e.g. κ shown in figure B.2 (a)) and may not be accurate enough to reflect (the

trend of) w . Therefore, the amplitude of the locked mode is only “predicted” by simulations.

Based on equation (B.3), another simulation has been performed to include the effects of

the resistive wall, with τw = 0.5ms in equation (B.2), as shown by the dashed cyan trace in

figure B.10 (a). aw = 0.1 has been taken in ad-hoc and a2 = 1.9 (instead of 1.5 in the simulation

without the wall term, solid red) is used to fit the experimental wsat marked by the blue triangle

at t = 1s. The stabilizing effect from the wall term, as shown in figure B.10 (b), drops to 0 when

the mode is fully locked, causing a larger simulated w than the case without explicit wall term

(i.e. effectively constant wall effect, solid red in (a)).
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Figure B.10. Simulation results of #62601 (figure B.2). (a) Island width evolution: blue - experimental
w based on magnetic probe measurements; red - simulation with the MRE without considering the
wall effect (equation (3.3)); dashed cyan - simulation with the updated MRE including the wall term
(equation (B.3)). (b) Time-evolution of various MRE terms of the simulation including wall effect (i.e.
dashed cyan curve in (a)).

For the case of accelerated NTM with counter-NBI, simulations have been performed for

TCV #62735 (figure B.8), as shown in figure B.11 (a). Simulation without including explicitly

the wall term is depicted by the solid red trace, following the same procedures as used in

previous chapters. The dashed cyan curve represents the simulation based on equation (B.3),

with corresponding MRE terms illustrated in figure B.11 (b). It can be seen that the decrease

of island width after turning on NBI at t = 1s mainly results from a more stabilizing ρmn∆
′

shown by the blue trace in figure B.11 (b), similar to the simulation without the wall term (solid

red curve in B.11 (a)). The more negative ρmn∆
′ stems from a decrease of the driven current

from ECCD (based on TORAY-GA) during the ramp-up of NBI power, which leads to a smaller

ρmn∆
′
0 based on equation (4.2) and thus decreased ρmn∆

′ (equation (3.25)).
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Figure B.11. Simulation results of #62735 (figure B.8). (a) Island width evolution: blue - experimental
w based on magnetic probe measurements; red - simulation with the MRE without considering the
wall effect (equation (3.3)); dashed cyan - simulation with the updated MRE including the wall term
(equation (B.3)); dashed black - simulation including the wall term and with a fixed ρmn . (b) Time-
evolution of various MRE terms of the simulation including the wall effect (dashed cyan curve in
(a)).
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Figure B.12. Comparison of the simulated wall effect of the simulations shown in figure B.11 (a)
(dashed cyan and black). (a) Rotation frequency of 2/1 NTM, taken from experimental measurements
(figure B.8); (b) cyan - normalized radial location (with respect to a) of q = 2 surface, taken from ASTRA
outputs; dashed black - a fixed ρmn used in the simulation shown by the dashed black curve in figure
B.11 (a); (c) ρmn∆

′
WALL of the simulations shown in figure B.11 (a), with the same color.

The simulated wall term, as shown in figure B.11 (b) or the cyan curve in figure B.12 (c), actually

becomes less stabilizing with increasing mode frequency, leading to the increase of simulated

w shown in figure B.11 (a) (dashed cyan). To better understand this phenomenon, the radial

location of q = 2 surface taken from ASTRA outputs, another parameter in the definition of

the wall effect (equation (B.2)), is shown as the cyan curve in figure B.12 (b). It can be seen

that the computed ρmn∆
′
WALL (figure B.12 (c)) is dominated by the evolution of ρmn in this

case, given the relatively small change of mode frequency with NBI. Another simulation with
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the wall term but a fixed ρmn (dashed black curve in figure B.12 (b)) for the computation of

ρmn∆
′
WALL is shown as the dashed black trace in figure B.11 (a) to better illustrate the effects of

ρmn on ρmn∆
′
WALL and w .

Similar simulations can be performed for more experiments presented in this appendix and

future work can be carried out to solve the coupled equations (B.3) and (B.1). This will not

only help to quantify the effects of various terms on NTM evolution, but also contribute to the

validation of theoretical model and the determination of free coefficients involved, similar to

the discussions in chapters 4 and 5. The validated model, especially the frequency equation,

can then be used for real-time purposes, for example predicting the proximity of a given NTM

to mode locking. This will further extend the capabilities of the RT-MRE discussed in chapter

6, facilitating the reliable control of NTMs and efficient integrated multi-actuator control of

tokamak plasmas.
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