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Abstract

The plasma in a controlled thermonuclear fusion experiment is a complex non-
linear system, whose dynamics can be largely due to the interplay of multiple
MagnetoHydroDynamic - MHD instabilities that coexist together. The main aim
of this Thesis work is to develop the knowledge on the active control of these insta-
bilities, an important aspect of present controlled fusion research. The possibility
to safely operate a plasma near instability limits, or even beyond them in regimes
that are unstable without control, has a twofold advantage: it allows not only to
extend the operational boundaries of the possible plasma scenarios and their per-
formance, for example towards high normalized pressure or high plasma current,
but also to explore new physics, that otherwise would remain veiled.

The main principles of thermonuclear fusion and a brief introduction to the
physics of the MHD instabilities investigated in this Thesis, namely Tearing Modes
- TMs, Resistive Wall Modes - RWMs and sawteeth, is provided in Chapter 1.

A distinctive feature of this Thesis is its interdisciplinary approach to the active
control of MHD instabilities, which has required investigations on both physics and
engineering aspects. This approach is necessary for the advance of MHD control,
since the scientific progress keeps up with the technological one, and vice versa.
This Thesis work has been carried out in three different fusion experiments, all
equipped with advanced real-time systems for active MHD control, based both
on non axi-symmetric coils and wave heating and current drive. The work has
been focused initially on the RFX-mod device at Consorzio RFX, Padua, Italy,
and then extended to larger Tokamaks, namely DIII-D at General Atomics, San
Diego, USA, and ASDEX Upgrade at Max-Planck-Institute fiir Plasmaphysik in
Garching, Germany. These experiments will be described in Chapter 2.

RFX-mod stands out among other machines for its flexibility: besides be-
ing born as a Reversed Field Pinch - RFP, it can operate also as a circular and
D-shaped Tokamak. The MHD stability in both magnetic configurations is guar-

anteed by its sophisticated MHD control system, based on a large number of



independently-controlled saddle coils and a state-of-the-art digital real-time con-
trol system, whose recent upgrade allowed to design and test more computationally
challenging control algorithms. Chapter 3 describes in particular the integration
of the RFX-mod MHD control algorithms in the new Multi-threaded Application
Real-Time executor - MARTe framework and its deployment, as well as the devel-
opment of new control strategies, both performed during this Thesis work. The
aim was to develop new control approaches for RWM instabilities based on new
sensors and real-time algorithms. These new solutions were tested in the challeng-
ing low ¢(a) < 2 Tokamak scenario. Here a very reproducible current-driven RWM
is well known to grow and disrupt the discharge if not properly controlled. This
regime offered an excellent testbed to test and systematically compare new RWM

control schemes then exportable to other Tokamak scenarios, e.g. at high (.

The main experimental results obtained during this Thesis are organized in
two parts. The first part, which is titled "3D magnetic fields to control the MHD
dynamics in Tokamak plasmas", investigates the interactions between these fields
and the plasma dynamics and how they can be exploited to control its stability.
In a fusion experiment, 3D fields have a twofold origin. They can appear in the
form of small non-axisymmetries called Error Fields - EFs, from a wide range of
unavoidable boundary imperfections, or they can be intentionally applied with
external non-axisymmetric coils. The role of EFs on the current-driven RWM sta-
bility has been investigated in the RFX-mod Ohmic Tokamak plasmas at ¢(a) < 2.
The EFs in RFX-mod have been firstly measured with the so-called compass scan
technique and then corrected, as it will be discussed in Chapter 4 and Chapter 5,
respectively. In the low ¢(a) regime, the RWM is found to be linearly unstable,
different from high (3 scenarios previously investigated, where the RWMs are usu-
ally stabilized by strong kinetic effects. In fact, its growth could not be avoided by
simply removing EFs with the so-called Dynamic Error Field Correction - DEFC

technique.

The necessity of an active feedback control to guarantee the RWM stabiliza-
tion in ¢(a) < 2 Tokamak plasmas motivated the development of new control
algorithms. Their main aim is to drive the non-axisymmetric coil currents to
induce 3D magnetic fields that counteract the growth of this instability. In RFX-
mod the RWM stabilization has been successfully achieved with both radial and
poloidal magnetic field sensors. The experiments carried out during this Thesis
point out the crucial role of the aliasing in the radial magnetic field measurements

of sidebands from active coils. Their removal enables the radial magnetic field
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sensors to compete with the poloidal ones, previously considered somehow supe-
rior and more often used in Tokamaks for RWM control. This result contributes
to the scientific debate on the optimal sensors for RWM feedback control. Indeed
the harsh environment of future fusion reactors will probably not allow to install
poloidal magnetic field sensors inside the vacuum vessel, thus the radial magnetic
field ones, which can also be installed outside it, can provide a valuable and fea-
sible alternative. The RFX-mod experiments that test the performance of these

control schemes will be discussed in Chapter 6.

Furthermore, external 3D magnetic fields have been applied in RFX-mod low
q Tokamak plasmas to investigate their interaction with core MHD and in partic-
ular with the sawtooth instability. In these experiments, that will be presented in
Chapter 7, 3D fields cause a reduction of both the sawtooth amplitude and period,
leading to an overall mitigating effect on this instability. In RFX-mod sawteeth
eventually disappear and are replaced by a stationary m = 1,n = 1 helical equilib-
rium without an increase in disruptivity. However toroidal rotation is significantly
reduced in these plasmas too, thus it is likely that the sawtooth mitigation in
these experiments is due to the combination of the helically deformed core and
the reduced rotation. The results are qualitatively well reproduced by nonlinear
MHD simulations performed with the PIXIE3D code.

The results obtained in these RFX-mod experiments motivated similar ones in
DIII-D L-mode diverted Tokamak plasmas with low ¢g5. These experiments, that
will be presented in Chapter 8, succeeded in reproducing the sawtooth mitigation
with the approach developed in RFX-mod. In DIII-D this effect is correlated with
a clear increase of the n = 1 plasma response, that indicates an enhancement of
the coupling to the marginally stable n = 1 external kink, as simulations with
the linear MHD code IPEC suggest. A significant rotation braking in the plasma
core is also observed in DIII-D. Numerical calculations of the Neoclassical Toroidal
Viscosity - NTV carried out with PENT identify this torque as a possible candidate
for this effect.

In the future, fusion reactors will bring new scientific and technological chal-
lenges for plasma control, which will probably require an integrated, model-based
approach. Indeed, the high performance of these fusion devices can be supported
if an accurate control of internal profiles is well coordinated with the active control
of MHD instabilities using multiple actuators, so that disruptions can be detected
in time and avoided with preventive actions. The second part of this work, "A

model-based active control of the sawtooth instability" describes how this Thesis
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has contributed to this innovative integrated approach. Chapter 9 will introduce
the RApid Plasma Transport simulator - RAPTOR, a real-time state observer
algorithm that allows to reconstruct the plasma state by combining diagnostic
measurements with the predictions of a simplified transport model. This code has
been recently embedded in the ASDEX Upgrade control system, where it provides
in real-time the time evolution of many plasma profiles, like for example the safety
factor or the electron temperature ones, which are useful to monitor and control
the plasma dynamics, and in particular instabilities like sawteeth and Neoclassical
Tearing Modes - NTMs.

During this Thesis work, the potentialities of RAPTOR have been widened
with the integration of a new module that evolves the Porcelli’s sawtooth model
to reproduce the effects of sawteeth on the plasma state reconstruction and in
particular on profiles. The simulations of some ASDEX Upgrade discharges show
that the new sawtooth model is able to predict in real-time the average sawtooth
period and the effect of the sawtooth crash on internal profiles, for example on the
safety factor one. Thanks to this new module, RAPTOR can now be used to de-
sign and control sawtooth locking or pacing experiments using Electron Cyclotron
Resonance Heating - ECRH, with the aim to avoid NTMs, whose seed islands can
be provided by sawteeth. But it can also be used to improve direct NTM control
with Electron Cyclotron Current Drive - ECCD due to an improved estimate of
the safety factor profile. These results will be presented in Chapter 10.

The interdisciplinary approach of this Thesis, that allowed to gain both physics
and engineering competences, has deepen the insight into the physics and the
control of the MHD instabilities in different fusion experiments. Initial work on
the integration of different control strategies, that combine into a single model-
based framework both 3D physics, like for instance the effect of sawteeth, and
profile control aspects, has been described, but it will certainly need to be further
investigated in next years. This should make possible to combine in a single real-
time control framework different actuators, that are now exploited separately. The
main results of this work together with its possible future developments will be

summarized in the final Chapter Conclusions and future work.
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Prefazione

Il plasma, in un esperimento di fusione termonucleare controllata, ¢ un sistema
complesso e non lineare, la cui dinamica é il risultato di una interazione di mul-
tiple instabilitd magnetoidrodinamiche (MHD) che coesistono. Il principale scopo
di questo lavoro di Tesi mira a sviluppare la comprensione del controllo attivo di
queste instabilita, tematica di principale interesse nella ricerca della fusione con-
trollata. La possibilita di produrre un plasma vicino ai limiti che possono indurre
delle instabilita in maniera sicura, o spingersi oltre i confini di tali regimi che sono
instabili senza controllo attivo, ha un doppio vantaggio: permette infatti non solo
di estendere i limiti operazionali dei possibili scenari e le relative performance -
ne sono esempi i regimi ad alte pressione o alta corrente di plasma - ma anche di
esplorare nuova fisica, che non potrebbe essere altrimenti indagata.

I principi fondamentali della fusione termonucleare e una breve introduzione
della fisica delle instabilita MHD - ovvero i modi tearing (TM), i modi resistivi in
presenza di conduttore passivo (RWM) e i denti di sega . analizzati in questa Tesi
verranno presentati nel Capitolo 1.

Una caratteristica distintiva di questo lavoro € l'approccio interdisciplinare
nello studio del controllo delle instabilita MHD. Cio ha richiesto approfondimenti
sia di carattere fisico che ingegneristico. Questo approccio é necessario per i con-
trolli MHD avanzati, dal momento che il progresso scientifico va di pari passo con
quello tecnologico e viceversa. Questo lavoro di Tesi € stato condotto in tre esperi-
menti a fusione, caratterizzati dalla presenza di un sistema di controllo MHD avan-
zato, basato su bobine non assial-simmetriche, riscaldamenti ad onde e generazione
di corrente di plasma. La Tesi é stata focalizzata inizialmente sull’esperimento
RFX-mod situato presso il Consorzio RFX di Padova in Italia. Successivamente
il lavoro ¢ stato esteso ad esperimenti Tokamak piu grandi, ovvero DIII-D presso
la General Atomics, a San Diego, USA e ASDEX Upgrade presso il Max-Planck-
Institute fiir Plasmaphysik in Garching, Germania. Tali esperimenti verranno

descritti nel Capitolo 2.



RFX-mod si distingue dagli altri esperimenti sopra citati per la sua flessibilita:
nonostante fosse stato originariamente progettato con una configurazione a campo
magnetico rovesciato (RFP), puo operare anche in configurazione Tokamak sia a
forma circolare che a D. La stabilita MHD in entrambe le configurazioni mag-
netiche ¢ assicurata dalla presenza di un sistema di controllo MHD d’avanguardia,
basato su un un gran numero di bobine alimentate in maniera indipendente e da un
controllo digitale in tempo reale, le cui recenti modifiche hanno consentito di svilup-
pare e testare algoritmi di controllo pitt complessi. Il Capitolo 3 descrive in quale
modo il sistema di controllo MHD di RFX-mod é stato integrato nell’infrastruttura
real-time MARTe, quale sia stato il suo utilizzo e 'implementazione di nuove strate-
gie di controllo. Quanto descritto ¢ stato oggetto di questo lavoro di Tesi. Scopo
principale ¢ stato quello di sviluppare strategie di controllo per le instabilita RWM
che usano nuovi sensori e algoritmi. Queste nuove alternative sono state testate
su scenari interessanti con ¢(a) minore di 2. In questi scenari un modo RWM
destabilizzato da gradienti di corrente compare con alta riproducibilita e cresce
inducendo una disruzione se non viene controllato in maniera opportuna. Questo
regime ha offerto un banco di prova eccellente per testare e confrontare nuovi
schemi di controllo per 'RWM riutilizzabili in altri scenari Tokamak, ad esempio
ad alto 3.

I principali risultati sperimentali ottenuti durante la Tesi saranno presentati
nella seconda e terza parte del lavoro. La prima parte - intitolata "Campi mag-
netici 3D per il controllo della dinamica MHD in plasmi di tipo Tokamak" - studia
I'interazione tra questi campi e la dinamica di plasma e come questa possa es-
sere sfruttata per il controllo della sua stabilita. In un esperimento di fusione,
i campi 3D possono avere una doppia natura: possono essere associati a piccole
non-assialsimmetrie chiamate campi errori (EFs) dovuti a vari ed inevitabili tipi di
imperfezioni nella superficie esterna al plasma, o possono essere intenzionalmente
applicati tramite 1'utilizzo di bobine esterne non-assialsimmetriche. Il ruolo degli
EFs nella stabilita degli RWM indotti da gradienti di corrente € stato studiato
in plasmi Ohmici in RFX-mod con ¢(a) < 2. Gli EFs in RFX-mod sono stati
inizialmente misurati con la tecnica chiamata compass scan e poi corretti, come
verra illustrato nel Capitolo 4 e nel Capitolo 5. Nel regime a basso ¢(a), il modo
RWM risulta linearmente instabile, a differenza degli scenari ad alto 3 studiati in
precedenza, ove gli RWMs sono di solito stabilizzati da importanti effetti cinetici.
La crescita del modo non puo infatti essere evitata semplicemente rimuovendo gli

EFs con la tecnica chiamata Dynamic Error Field Correction (DEFC).
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La necessita di un controllo attivo in feedback per garantire la stabilizzazione
del'RWM nei plasmi di tipo Tokamak con ¢(a) < 2 ha motivato lo sviluppo di
nuovi algoritmi di controllo. Il loro principale scopo € quello di generare delle
correnti nelle bobine non-assialsimmentriche, inducendo campi magnetici 3D che
evitano la crescita di questa instabilita. In RFX-mod, la stabilizzazione del'RWM
¢ stata ottenuta con successo utilizzando sia i sensori di campo magnetico radiale
che poloidale. Gli esperimenti eseguiti durante questa Tesi hanno fatto emergere
il ruolo cruciale dell’aliasing delle sidebands nelle misure di campo magnetico ra-
diale generate dalle bobine attive. La loro rimozione ha consentito ai sensori di
campo magnetico radiale di competere con quelli poloidali, i quali erano prece-
dentemente considerati pin efficaci e molto pit usati nei Tomamak per il controllo
RWM. Questo risultato contribuisce al dibattito scientifico su quale sia la scelta
ottimale dei sensori per il controllo in feedback degli RWM. L’ambiente ostile dei
futuri reattori a fusione probabilmente non consentira di installare sensori di campo
magnetico poloidale nella camera da vuoto, dunque quelli radiali, che comunque
possono essere posizionati al di fuori di essa, possono fornire un’alternativa valida
e fattibile. Gli esperimenti fatti a RFX-mod in cui é stata testata la performance

degli schemi di controllo verranno presentati nel Capitolo 6.

Inoltre, i campi magnetici 3D esterni sono stati utilizzati in RFX-mod in plasmi
Tokamak a basso fattore di sicurezza per studiare la loro interazione con l'attivita
MHD nel centro del plasma e in particolare con l'instabilita a dente di sega. In
questi esperimenti, che verranno discussi nel Capitolo 7, i campi 3D causano una
riduzione sia dell’ampiezza che del periodo del dente di sega, inducendo un effetto
di mitigazione di questa instabilita. In RFX-mod, i denti di sega vengono mitigati
e sono sostituiti da una equilibrio stazionario con elicitd m = 1,n = 1 senza rischio
di disruzione. La rotazione toroidale ¢ significativamente ridotta in questi plasmi.
Dunque la mitigazione del dente di sega in questi esperimenti ¢ il risultato di un
effetto combinato dovuto alla deformazione elicoidale nel centro del plasma e alla
riduzione della rotazione. Questi risultati sono qualitativamente ben riprodotti da
simulazioni MHD non lineari fatte con il codice PIXTE3D.

I risultati ottenuti ad RFX-mod hanno motivato esperimenti simili nel Tokamak
DIII-D in plasmi in modo L, in configurazione divertore e con basso q95. Questi
esperimenti, illustrati nel Capitolo 8, hanno riprodotto la mitigazione dei denti di
sega con la tecnica sviluppata ad RFX-mod. A DIII-D questo effetto ¢ correlato
con un aumento evidente della risposta di plasma per la componente n = 1, che

indica un accoppiamento con il kink esterno n = 1, marginalmente stabile, cosi
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come predetto dal codice ad MHD lineare IPEC. Una significativa decelerazione
della rotazione di plasma nel centro é stata inoltre osservata a DIII-D. Calcoli
numerici della Neoclassical Toroidal Viscosity (NTV) eseguiti con il codice PENT
hanno identificato questa sorgente di momento come possibile responsabile di tale

evidenza.

Nel futuro, i reattori a fusione proporranno sfide sia in campo scientifico che
tecnologico per il controllo del plasma e cio probabilmente richiedera un approc-
cio integrato e modellizzato. I’alta performance di questi esperimenti a fusione
puo essere infatti garantita se un controllo accurato di profili interni sara ben co-
ordinato con il controllo attivo di instabilita MHD usando molteplici attuatori,
in modo tale da diagnosticare in tempo le disruzioni ed evitarle con azioni pre-
ventive. La seconda parte di questo lavoro - "Controllo attivo basato su modello
di instabilita a dente di sega" - descrive il contributo di questa Tesi a questo ap-
proccio integrato ed innovativo. I Capitolo 9 descrivera il codice Rapid Plasma
Transport simulatOR (RAPTOR), un algoritmo che consente la ricostruzione in
tempo reale dello stato di plasma usando misure combinate di diagnostiche e un
modello semplificato di trasporto nel plasma. Questo codice é stato recentemente
inserito nel sistema di controllo di ASDEX-Upgrade, dove produce in tempo reale
I’evoluzione di molteplici profili di plasma - come ad esempio il fattore di sicurezza
o la temperatura elettronica - importanti per monitorare e controllare la dinamica

del plasma, e in particolare instabilita quali i denti di sega e Neoclassical Tearing
Modes (NTMs).

Durante questo lavoro di Tesi, le potenzialita di RAPTOR sono state estese
con l'integrazione di un nuovo modulo che, utilizzando il modello di Porcelli per i
denti di sega, riproduce gli effetti di questa instabilita nella ricostruzione dello stato
di plasma e in particolare nei profili. Le simulazioni di alcuni plasmi di ASDEX
Upgrade mostrano che il nuovo modello & capace di predire in tempo reale il periodo
medio dei denti di sega e l'effetto del suo crash sui profili interni, come per esempio
sul fattore di sicurezza. Grazie a questo nuovo modulo, RAPTOR puo essere ora
usato per progettare e controllare esperimenti di sawtooth locking o pacing, usando
I'Electron Cyclotron Resonance Heating (ECRH), ma puo anche essere usato per
migliorare il controllo diretto degli NTM con Electron Cyclotron Current Drive
(ECCD) grazie ad una migliore stima del profilo del fattore di sicurezza. Tali

risultati verranno presentati nel Capitolo 10.

L’approccio interdisciplinare adottato in questa Tesi ha consentito di acquisire

competenze sia in ambito fisico che ingegneristico ed ha approfondito la fisica e il
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controllo delle instabilita MHD in diversi esperimenti di fusione. Lo studio iniziale
sull’integrazione di diverse strategie di controllo, che coordina sia la fisica 3D,
come per esempio I'effetto dei denti di sega, che gli aspetti legati al controllo dei
profili, é stato descritto in questo lavoro, ma certamente necessitera di ulteriori
approfondimenti nei prossimi anni. Cio dovrebbe consentire di unificare in un
unico controllo integrato in tempo reale diversi attuatori attualmente utilizzati
separatamente. I risultati rilevanti di questo lavoro con i possibili futuri sviluppi

saranno riassunti nel Capitolo Conclusioni e sviluppi futuri.
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Introduction

Thermonuclear fusion is a promising candidate for safe and clean en-
erqy production. The fuel of this reaction is a plasma of light nuclei that
release energy while they fuse together. High plasma thermal energy
and long confinement time are necessary to overcome the Columb re-
pulsion and to increase the likelithood of this reaction. A fusion plasma
s confined by magnetic fields, giving rise to MagnetoHydroDynamics
- MHD equilibrium states. Nevertheless, in some cases plasma con-
finement can be severely threatened by the onset of MHD instabilities.
The main aim of this Thesis work is to investigate theiwr dynamics and
to develop schemes to control them and thus maximize fusion perfor-
mance. This Chapter introduces the main principles of thermonuclear
fusion, the magnetic equilibrium of the toroidal devices that confine the
plasma, as well as the MHD instabilities that have been investigated in

this Thesis work.



1.1. Principles of thermonuclear fusion

1.1 Principles of thermonuclear fusion

Nowadays, limited energy resources and the environmental impact of the exist-
ing energy production techniques are problems that have to be urgently solved.
Thermonuclear fusion, besides being a widespread phenomenon in Nature, is a
promising candidate for a safe and renewable energy production. Fusion offers a
practically inexhaustible and clean source of energy, without producing neither

greenhouse gases nor long-lived radioactive waste [1].

In a thermonuclear fusion reaction two light nuclei fuse together to generate
a heavier one plus other products, like neutrons. Due to the mass difference Am
between the reactants and the products of the reaction, an amount of energy
equal to AE = Amc?, where c is the speed of light, is released in the form of the
kinetic energy of the particles that are produced during the reaction. The average
binding energy per nucleon is a monotonically increasing function of the atomic
mass number up to Fe®® with a very steep increasing rate for light nuclei [2], as it
is shown in Fig. 1.1. This figure shows the binding energy for a single nucleon as

a function of the mass number A.
Thus fusing two nuclei of very small mass, such as Hydrogen - H or its isotopes,
will originate a significant amount of energy. Indeed, if a nucleus of Deuterium -

D fuses with a nucleus of Tritium - T, an amount of 17.6 MeV of energy is released

Average binding energy per nucleon (MeV)
SN

0 30 60 90 120 150 180 210 240 270
Number of nucleons in nucleus

Figure 1.1: Nucleon bond energy as a function of the mass number. (This
figure is taken from [2]).
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during a single fusion reaction. Macroscopically, this means that just 1kg of this
fuel would produce 103kWh of energy, that equals the requirements of a 1GW
power station for a day [2].

The idea to exploit thermonuclear reactions as the basis for a renewable energy
source was suggested by stars, where these reactions supply them with their light.
In the Universe Hydrogen fuses to form Helium - He through a chain of reactions,
that involve the weak interaction of a (3-decay. Since the latter has a very small
cross section, this chain would not be efficient on Earth. For this reason alternative
reactions that involves the isotopes of the Hydrogen, namely Deuterium - D and
Tritium - T, were taken into account. Eventually the one with the maximum cross

section at the lowest Deuterium kinetic energy was chosen, namely:

2D 43T —3 He(3.56MeV) +4 n(14.03MeV). (1.1)

Deuterium resources on Earth are almost endless since a litre of seawater contains
33mg of Deuterium, whereas Tritium does not virtually exist in Nature, because
of its radioactive half time of 12.3 years [2]. Nonetheless, Tritium can be produced

from Lithium exploiting neutron-induced fission reactions:

SLi+on —a He +3T +4.8MeV, (1.2)
TLi+on —y He+3 T +§n —2.5MeV. (1.3)

A thermonuclear fusion reactor is designed to maximize the likelihood of all these
reactions and to provide a self-sustaining energy production system. Indeed, the
main obstacle for a fusion reaction is the Coulomb repulsion of the positively
charged nuclei, that however can be overcome at high kinetic energies. The highest
cross section for the D-T reaction corresponds to a Deuterium energy of 100keV .
Nevertheless the probability of Columb scattering is still greater than the fusion
reaction one at this energy, hence nuclei with sufficient energy have to be confined
for many elastic collision times. Operationally, the most promising solution is to
heat a D-T mixture until the thermal velocities are sufficiently high for fusion
reactions to become likely, keeping it confined for a sufficient long time. At this
temperature Hydrogen isotopes are fully ionized, but the electrostatic charge of the
ions is neutralized by that of the electrons, and the final result is a quasi-neutral
gas called plasma [3].

Actually, two different laboratory confinement techniques are available: the

magnetic confinement and the inertial one. The basic idea of the former technique
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is to confine the plasma in a closed geometry device where strong magnetic fields
are applied. In so doing the confinement is provided by the Lorentz’s force that
pushes the charged particles to move around the magnetic field lines following a
spiralling path. Conversely in the inertial confinement, high power lasers from dif-
ferent directions fire against a small volume of solid fuel, so that both temperature
and density are increased up to the critical values that are necessary to overcome

the Coulomb’s barrier and trigger the fusion reactions.

The expertise gained in many years of fusion research in several magnetic con-
finement experiments provided the physics and technological basis for the design
of a burning plasma experiment that will offer the possibility of studying several
reactor relevant scientific and technological issues, which are beyond the present
experimental capabilities. This experiment is called International Thermonuclear
Experimental Reactor - ITER [1] and it is under construction in Cadarache, France.

A schematic view of ITER is shown in Fig. 1.2.

This Thesis work deals with magnetically confined fusion plasmas, thus the
basic concepts regarding this approach and the underlying plasma physics will be

provided in the remaining part of this Chapter.

Figure 1.2: Scheme of the International Thermonuclear Experimental Reac-
tor - ITER design.
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1.2 Magnetic plasma confinement

In early years, fusion research has investigated different magnetic field geometries
and the toroidal one resulted to be the most effective in terms of confinement.
This Section will provide a brief introduction to the principles of magnetic plasma
confinement in toroidal devices. Fig. 1.3 shows the coordinate system (r,6,¢)
of the toroidal geometry that will be used in the rest of this Thesis: r is the
radial coordinate, 6 and ¢ are the poloidal and the toroidal angle, respectively. R
represents the major radius of the torus, a the minor one.

The magnetic field in toroidal experiments has both a poloidal component, By,
and a toroidal component, B,. Their relative amplitudes and the mechanisms that
originate these field components depend on the particular magnetic configuration
of the device. The three main families are: Tokamak, Reversed Field Pinch - RFP
and Stellarator. In the former two the poloidal magnetic field is mainly induced by
a plasma current that flows in the toroidal direction, while the toroidal magnetic
field component is originated from the currents that flow in external windings.
The main difference between the two magnetic equilibria is that in the RFP these
external currents produce only a small part of the total toroidal magnetic field and
indeed the plasma itself produces a large fraction of it through the dynamo effect
[5, 6, 7, 8]. In addition, the two configurations are distinguished from the relative

amplitude of By and By, as it will be described in details in the next Section.

L/

~y

D
|

Figure 1.3: The system of toroidal (r,6,¢) and cylindrical coordinates
(R,¢,Z) (on the left). A scheme showing the principle of toroidal confine-
ment (on the right): a charged particle gyrates around a helical magnetic field
line and is thus confined within a toroidal vacuum vessel. (This figure was
taken from |2]).
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Differently from the previous configurations, both magnetic field components in a
Stellarator are completely induced by currents flowing in external coils, that have
a very complex 3D geometry to accomplish this task. In this Thesis work only the
former two magnetic configurations have been investigated. Further information
on Stellarator can be found in [9].

The external winding that supplies for the magnetic field in RFP and Tokamak
is sketched in Fig. 1.4 and it is made up by:

The inner poloidal field coils They act as the primary of a transformer circuit
to induce a toroidal current in the plasma, that acts as the secondary circuit.

These coils are depicted in green in Fig. 1.4.

The outer poloidal field coils In these coils flows a current parallel to the plasma
one, that is used to control both its shape and position. They are depicted

in grey in Fig. 1.4 .

The toroidal field coils These coils approximate a toroidal solenoid and their

design is a compromise between cost and engineering constraints. Indeed

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.4: Sketch of the external winding system in RFP and Tokamak
devices. Toroidal field coils (blue), the outer (grey) and inner (green) poloidal
field coils. (This figure was taken from [10])
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Figure 1.5: Qualitative illustration of time evolution of the normalized mag-
netic field and current density profiles in a pinch plasma when the electric
field is increased in sequence. (a) initial state where only toroidal field exists;
(b) a small electric field to drive mainly toroidal current in Tokamaks; (c) a
modest electric field to significantly drive both toroidal and poloidal current
components, (d) the RFP configuration is realized when toroidal magnetic
field reverses its direction. (This figure is taken from [11])

the higher the number of the coils, the lower the toroidal ripple, but this
comes at the price of a reduced access to the plasma for the diagnostic and

auxiliary heating systems. These coils are depicted in blue in Fig. 1.4.

The non-axisymmetric coils In addition to these axisymmetric coils, modern
fusion devices use non-axisymmetric coils to apply 3D fields of small ampli-
tude. They can be used to control plasma stability in different ways, as it

will be discussed in the next Chapters.

1.3  Tokamak and RFP magnetic equilibrium

As it has been anticipated in the previous Section, the Tokamak and RFP magnetic
configurations differ for the relative amplitude of the poloidal and the toroidal
magnetic field components. Fig. 1.5 illustrates this difference by reporting the
qualitative time evolution of the magnetic field and the current density profiles in
a Tokamak discharge that eventually evolves into a RFP one.

At t = ty the discharge is driven by the currents that flow in the primary

7
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circuit. Their increasing amplitude induces a change in the magnetic flux that
is concatenated with the torus and eventually an electric field that forces plasma
particles to propagate in the toroidal direction, while gyrating around magnetic
field lines. At t = ¢; an electric current originates in the plasma column and in
turn it induces a magnetic field in the poloidal direction, as it is reported in panels
b). At this time, the poloidal magnetic field component is much smaller than the
toroidal one, this magnetic configuration is called Tokamak. If the applied toroidal
electric field is raised further, the amplitude of both toroidal and poloidal currents
increases and further modify the field profiles. Eventually the Reversed Field
Pinch - RFP configuration is achieved ¢ = t3, as it is shown in panels d). In this
magnetic equilibrium, the poloidal magnetic field amplitude becomes comparable
with the toroidal one while the latter component reverses its direction at the edge.
It is worth to note here that, according to Cowling’s theorem [12], the current
density and the magnetic field profiles of the RFP, in particular the reversal of
the toroidal magnetic component, can not be preserved against resistive diffusion
in a steady state toroidally symmetric plasma. In RFP the sustainment of the
magnetic equilibrium is provided by the plasma itself through the dynamo effect,
that that converts part of the poloidal magnetic field to the toroidal one [5, 6, 7, §].

1.4 MagnetoHydroDynamic - MHD description of a plasma

The magnetic equilibria that confine a thermonuclear plasma and several MHD
instabilities that are allied with them can be described by a fluid model called
resistive MagnetoHydroDynamics - MHD. In this model, the plasma dynamics
is described by a set of equations that are obtained combining a hydrodynamic
description of the plasma, that is treated as a mixture of two oppositely charged
fluids, with Maxwell’s equations. Plasma resistivity is taken into account as well. A
full description of this model can be found in [1, 2, 3], its equations are summarized

in the following:

0 .

a—?—i—v-(pu):() V x B = pgj (1.4)
0

p(a—1;+u-Vu):ij—Vp V-B=0

E+uxB=1j VxE=-28
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where p is the mass density, u the fluid velocity, p the plasma pressure and j, E, B
have the usual meaning. A good estimation of the plasma resistivity n for a fully
ionized plasma with ions of charge Ze is given by the Spitzer resistivity, formulated

as:

1/2
7r3/2me/ 72

where vg is a numerical factor depending on the atomic number Z, which turns
out to be yg = 0.582 for Z = 1, while A reads:

3 kT3
A= B~
27 e? T

By combining Faraday’s law and Ohm’s law ones obtains the following equa-

tion, that describes the coupled dynamics of the magnetic and fluid velocity fields

in the resistive MHD framework:

%—]:’ — V x (uxB)+ %V2B. (1.6)
The first term on the right-hand side in Eq. 1.6 describes convection of the mag-
netic field with the plasma and its amplification or reduction due to compressive
motion perpendicular to the magnetic field. Starting from this equation, it is pos-
sible to show that, in the ¢deal MHD limit, i.e. in the case where the resistivity n
is negligible, the magnetic field lines move like if they were frozen to the plasma.
Conversely, if 7 # 0 they can reconnect. The second term describes instead resis-
tive diffusion of the field across the plasma.
In stationary (0/0t = 0) and static (u = 0) conditions, the following equilib-

rium equation follows from the single-fluid MHD equation of motion:

ixB=Vp. (1.7)

This equation is often used to describe the balance among the confining magnetic

force and the thermal expansion force in a plasma.

1.5  Stability of RFP and Tokamak plasmas

In both RFP and Tokamak equilibrium the magnetic field lines helically wind
inside the torus. A magnetic field line travels m turns in the poloidal direction

and n in the toroidal one, the ratio of these two quantities is called safety factor, q.

9
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While the inverse of this quantity is usually called iota, ¢« = 1/q. Rational values
of ¢ play an important role in stability, thus the origin of the name. Indeed Egs.
1.5 predict that like a neutral fluid, a perturbation A of a plasma quantity, like
the magnetic field or the density, can grow unstable if the current or the pressure
gradient provides the necessary free-energy. A can be decomposed into a Fourier

series as follows:

Alrt) =Y A(r, ) =" A, (r, 1) m0Hnomeh), (1.8)
Kk m,n

where k = (k,, kg, ky) = (k.,m/r,n/Ry) is the wave vector in toroidal coordinates
and m and n are the poloidal and toroidal mode numbers, respectively. Each couple
of mode numbers (m, n) represents a helical perturbation. The angular frequency
w = wg + iwg is a complex variable. The real part accounts for the propagation
velocity while the imaginary one describes an exponential growth if wg > 0, or a
damping if wg < 0, of the perturbation amplitude. A helical magnetic perturbation
can become unstable if its wave vector k satisfies the resonance condition k-B = 0,
where B = (0, By, By) is the equilibrium magnetic field, the radial component
being zero due to its symmetry. The above resonance condition can be rewritten

for a large aspect ratio device R/a > 1 as follows:

m n r By(r) m
k-B=—By+—B;=0 = — =——. 1.9
, 0+ R @ = Q<T) R, BQ(T‘) n ( )

On the contrary, a perturbation with k - B # 0 has not a constant phase along
the field lines on rational surfaces with integer (m,n) number. As a result, the
magnetic field lines bend and this has a stabilizing effect on the plasma, since it
increases its potential energy. In the opposite case the perturbation is free to grow

on the corresponding resonant surface.

The safety factor profile in RFP and Tokamak plasmas is quite different, as
Fig. 1.6 shows. In RFP ¢ ~ a/(2R) in the centre and decreases towards small
negative values at the edge. Whereas in Tokamak ¢ remains typically around unity
in the centre and rises beyond 2 as long as r approaches the edge. The horizontal
lines identify the m = 1 rational surfaces. In Tokamak plasmas there is only one
such unstable mode, the m =1, n = 1 internal kink mode. Whereas in RFP, that
is an intrinsically low-q device, a broader spectrum of m = 1, n ~ 2R/a modes is

resonant throughout the plasma radius while the m = 0, n > 1 modes, that are

10
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not reported here, are resonant at the reversal one.
An overview of the MHD instabilities that have been investigated in this Thesis

work will be provided in the next Section.

1.6 Classification of MHD instabilities

A possible classification of the MHD instabilities can be based on three aspects: if
it can be described by the ideal or the resistive MHD model, its driving mechanism
and the localization of its effects along the minor radius.

An ideal MHD instability is potentially the strongest one, indeed it grows on

a very short timescale of the order of the Alfvén time, defined as:

Ta = avgop. (1.10)

Being 74 ~ pus in a typical fusion plasma, this kind of instabilities sets the

ultimate operational limit for the plasma confinement in any device. As an exam-

ple, the kink instability is an ideal MHD mode that literally kinks the magnetic

surfaces, while preserving their topology, as it is required by ideal MHD [2].
Conversely, when finite resistivity is taken into account as in Eqs. 1.5, a resis-

tive instability allows the reconnection of the magnetic field lines in a small plasma

m=1,n=1

W —— X __ TOKAMAK

m=1

n=8
n=9
“~._n=10
0.1 \Q‘P
‘.

a

Figure 1.6: Safety factor profiles for a Tokamak and a RFP. Horizontal lines
indicate the (m = 1,n) rational radii.
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volume, that however can have a dramatic impact on the global equilibrium. The
typical time scale for the resistive instability lays between the Alfvén time and the
magnetic reconnection time [13], that is defined as:
T, = 'uo—lz, (1.11)
n
where 7 is the plasma resistivity and [ < a the width of the reconnection volume.
As it has been anticipated before, both current and pressure gradients can
supply the free energy that is necessary for a perturbation to grow unstable. The
distinction between pressure and current-driven MHD instabilities is allied with
the efficiency of confinement of plasma pressure p by the magnetic field, that is
defined as:

p
= — 1.12
5 BQ/QIMO ’ ( )
or the normalized one:

PR ()
I(MA)/a(m)B(T)’

(1.13)

where [ is the plasma current. In high 3 plasmas an MHD instability can be typi-
cally triggered by a finite pressure gradient, in low-/3 regimes by a toroidal current
density one. Both pressure and current-driven instabilities set hard operational
limits, if they are not controlled. In Tokamak plasmas the onset of pressure-driven
instabilities constraints the maximum achievable (5, while current-driven ones
limit the maximum plasma current. The former limit is commonly referred to as
the Troyon or ideal MHD (3 limit [2]. Experiments in a broad range of Tokamaks
have revealed that its upper bound depends on both plasma shape and the degree
of the radial peaking of the plasma current density profile [14]. Thus a general
definition for this limit reads as Gy < 4l; [15], where [; is the plasma internal
inductance that is a measure of the profile peaking. The plasma current limit can
be defined as geqge < 2, beyond it an m = 2,n = 1 kink mode instability leads to
the disruption of the discharge [16].

Eventually, an MHD instability can develop inside the plasma or at its bound-
aries, so that internal and external instabilities can be distinguished. However,
it is worth to note here that sometimes this classification does not strictly ap-
ply. Indeed toroidicity couples different m modes with the same toroidal number

n. These secondary modes have components at the plasma boundary even if the
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Figure 1.7: A basic classification of the MHD instabilities. (This figure is
taken from [13])

dominant mode is purely internal.

Fig. 1.7 depicts the three main resistive MHD instabilities that have been
investigated during this Thesis work and that will be described in the next Section,
namely the Tearing Modes - TM, the internal kink mode, that is responsible for
the sawtooth oscillations [2, 11, 17|, and the external kink mode, that converts
to a Resistive Wall Mode - RWM in the presence of a conducting wall with finite

resistivity.

1.6.1. Tearing Mode - TM

Tearing modes are resistive instabilities that are driven by a gradient in the cur-
rent density parallel to the magnetic field. The name comes after the effect of
such instability on the magnetic field lines, that actually tear and reconnect. The
tearing instabilities grow on a timescale between the fast Alfvén time, Eq. 1.10,
and the relatively longer reconnection time, Eq. 1.11. They are unstable in both
Tokamak and RFP plasmas, where they cause the degradation of the energy con-
finement time because heat and particles are able to travel radially from one side
of an island chain to the other by flowing along the field lines, which is a faster
process compared to the classical diffusion across the magnetic flux surfaces due

to collisional transport. Nonetheless, in RFP plasmas the non linear interaction

13
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of several tearing modes can be useful because it contributes to the sustainment
of the magnetic equilibrium through the dynamo effect [18, 6, 7]. After its onset,
magnetic feedback control can be used to hinder the growth of a tearing mode.
Indeed the island chains naturally lock to a resonant perturbation that can have a
destabilizing effect on it, if it is in phase. A fast feedback control can be exploited
to modify the phase of the applied magnetic perturbation to maintain a stabilizing

phase relation on a timescale of the order of ~ ms [19, 20].

Another type of Tearing Modes, called Neoclassical Tearing Modes - NTMs,
are found to seriously threatens the stability of toroidal plasmas, especially at
high 5 |21, 22|. Indeed, in these plasmas the particles do not follow the magnetic
field lines exactly, but exhibit a finite drift as a consequence of the magnetic
field curvature and inhomogeneity [2]. The drift traps a fraction of the particles
in banana shaped orbits that are located in the low field side of the torus. In
the presence of a finite density gradient, an imbalance arises between the trapped
particles moving in co and counter-current direction. This imbalance originates the
bootstrap current that is eventually transferred to the passing particle by collisions.
A NTM is a typically metastable mode but it can be triggered by perturbation of
the bootstrap current profile that can occur in the presence of a seed island. Indeed,
since parallel transport in a toroidal plasma is more efficient than perpendicular
one, the conduction is good across the island and the pressure profile flattens. As

a consequence, the boostrap current, that can be written as:

1 dp
ipg = —— — 1.14
JBs By dr ( )

decreases, being proportional to the pressure gradient. This loss causes a helical
hole across the current density profile that eventually favors the growth of the
island. The result of such growth is a large island with appreciable width that
affects energy and transport and that may trigger a disruption if it is large enough.
Typically the major NTM instability m = 2, n = 1 represents a hard operational

limit for Tokamaks, if not opportunely hindered.

Indeed the success of many advanced Tokamak scenarios relies on the steady
state operation at high normalized §y. This regime is desirable because it guar-
antees high fusion power density pr and a consistent fraction of self-generated
boostrap current fgg. The relation of Gy with these two quantities, which are
strongly critical for the economy and the performance of a future nuclear reactor,

can be described as follows. The fusion density power scales as pr o 3°B7 while
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the bootstrap current fraction as fpg o ¢3,, where the poloidal 3, is the ratio of
the plasma pressure and the poloidal magnetic field one. The higher Sy the higher
both latter quantities, since 8% o 3,.

Several techniques have been developed to counteract the NTM instability
in order to allow a safe plasma operation at high 3 values. Seed islands can
be prevented by quenching the other instabilities that originate them, like the
sawtooth one [23, 24], that will be discussed in the next Section. Alternative
methods aim to actively drive current in order to supply for the missing bootstrap

current in the helical hole [25, 26, 27].

1.6.2. Sawtooth instability

The phenomenology of this instability consists in a repeated and regular collapse
of the central electron temperature together with a heat pulse propagation from
inside the ¢ = 1 surface to the plasma edge. Since each rapid collapse is followed
by a slow recovery that shapes the soft X-ray and the electron temperature time
traces with a sawtooth pattern, the instability was dubbed sawtooth instability
[ ) ? ]

Sawteeth originate in Tokamak plasmas in the proximity of the axis region,
where the safety factor g is less or equal to unity. The underlying mechanism that
triggers a crash is the destabilization of the m = 1,n = 1 internal kink mode,
whose dynamics can be described as follows. An axisymmetric Tokamak plasma
consists in nested toroidal flux surfaces along which the electron temperature T,
is assumed constant. If the T, profile peaks, then generally a more peaked current
profile will be observed because of a higher Spitzer conductivity Eq. 1.5. The
resultant strong peaking in the toroidal current density profile makes the plasma
unstable to a helical internal kink mode, which develops near the ¢ = 1 resonant
flux surface. Due to the presence of a local finite resistivity, the kink mode evolves
into a tearing one and the helical deformation of the plasma in the proximity of this
surface relaxes towards a lower energy state by reconnecting the nearby magnetic
flux surfaces. This magnetic reconnection event is followed by a fast mixing of
particles and energy in the axial and peripheral regions of the plasma core. A
more detailed description of the models that describe this event will be provided
in Chapter 10. The mixing effect is constrained within the so-called sawtooth
mizing radius T, which lies outside the ¢ = 1 surface typically at 25 — 50%
of the minor radius, as depicted in Fig. 1.8 b). The remaining panels of Fig.
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Figure 1.8: Schematic illustration of sawtooth oscillation features. a)Sketch
of the time trace of a sawtooth instability in a Tokamak. The ramp phase,
the precursor phase and the fast collapse phase are highlighted. (This figure

is taken from |

|). b-f) Temperature and safety factor profile waveforms and

evolution in an idealized circular cross-section Tokamak plasma. (This figure

is taken from [14]).

1.8 show the safety factor and the plasma temperature profiles c¢), e) and time

evolution d), f), respectively. The phase of both signals reverses at the sawtooth

inversion radius, that is close to the ¢ = 1 surface. This sign inversion points

out that the energy and the current inside the ¢ = 1 surface are rapidly ejected

towards the ¢ > 1 portion of the mixing radius whenever a sawtooth crash takes

place. While the fluctuations in the plasma core are appreciable, the outer plasma

region is quite unaffected.

The dynamics of a single sawtooth oscillation can be divided into three phases:

the sawtooth ramp, precursor and fast collapse phase as shown in Fig. 1.8 a). The

sawtooth ramp phase is a quiescent period during which the plasma density and

temperature increase approximately linearly with time in the plasma core. During

the precursor oscillation phase a helical magnetic perturbation grows and, due to

toroidal rotation of the plasma, it is revealed as an increasing oscillatory behavior

in many diagnostic signals such as in the soft X-ray emission, in the Electron

Cyclotron Emission - ECE or in interferometric data. The last two measurements
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detect the electron temperature and density, respectively. The third and last part
coincides with the collapse phase, in which all the previous quantities fall rapidly
to lower values. The effects on the safety factor and the temperature profiles are
depicted in Fig. 1.8 ¢, e), the former straightens towards 1 in the plasma region
within the mixing radius, the latter flattens accordingly.

Frequent small amplitude sawtooth oscillations can be benign for the plasma
confinement. The benefit comes from the ability to counteract the accumulation of
high-Z impurities in the core that can be responsible for excessive energy radiation.
However this instability can be deleterious as well, because it can couple with other
resistive MHD instabilities. One of the most deleterious ones, that concerns also
the future ITER operation, is the NTM. As it has been discussed in the previous
Section, this instability relies on a seed island to develop and the latter can be
likely provided by the sawtooth instability [30].

Sawtooth oscillations can be tailored in many ways. By changing the distribu-
tion of energetic ions in the plasma [31] or by locally modifying the radial profiles
of the plasma current and pressure near the ¢ = 1 surface [32], by rotating [33] or
shaping [31] the plasma as well as by heating the electrons inside the ¢ = 1 sur-
face [35]. The Electron Cyclotron Resonance Heating and Current Drive - ECRH
and ECCD, the Ion Cyclotron Resonance Heating - [ICRH and the Neutral Beam
Injection - NBI, are the main actuators of the sawtooth control strategies that are
listed above.

The safety factor profile in RFP plasmas is intrinsically low, as Fig. 1.6 shows,
thus the sawtooth instability does not appear. Nonetheless high-currents RFP
plasmas (I, 2 1M A) are found to spontaneously self-organize in a Quasi Single
Helicity - QSH state, where the magnetic dynamics is dominated by the innermost
m = 1 resonant mode [36]. Magnetic reconnection is the mechanism at the basis
of the intermittent QSH organization, that is reminiscent of the sawtooth activity
of the Tokamak m = 1, n = 1 mode. Internal m = 1 modes can produce both
in Tokamaks and RFPs stationary helical equilibria called snakes or Single Helical
aXis states - SHAx [37].

1.6.3. Resistive Wall Mode - RWM

A RWM is an ideal external MHD instability that has a finite growth rate in the
presence of conducting structures at the plasma boundary [38]. This instability

can be driven by either pressure or current gradients.

17



1.6. Classification of MHD instabilities

Pressure-driven RWM

If the NTMs are stable or are actively stabilized, the ultimate limit for the maxi-
mum achievable By in the absence of any stabilizing conductive wall is the so-called
no-wall (B limit, that is the critical § value at which an external n = 1 kink mode
becomes unstable and triggers the unwanted [ collapse. This threshold can be
increased by a perfectly conducting wall surrounding the plasma, in this case the
limit for the external kink instability is called ideal wall limit and the stabilization
is provided by the eddy currents that, flowing into the wall, counteract the pene-
tration of the kinked magnetic surfaces. In both cases the RWM grows on the fast

Alfvén timescale once the limit is overcome.

In any real experiment the wall that surrounds the plasma has a finite resistiv-
ity. In this condition the RWM is stable with  below the no-wall limit and highly
unstable above the ideal wall one [39, 10]. This evidence is documented in Fig.
1.9. This is a DIII-D discharge where Gy reaches twice the value of ﬂ}(,o’w“” at
t ~ 2100ms, when the plasma disrupts due to a rapidly growing instability. This
instability has been found to be consistent with an n = 1 kink mode occurring
at the stability limit calculated with an ideal wall [11]. Just before the onset of
this instability, the Mirnov coils detect an n = 1 structure that rotates at 1kHz
with a growth time of 0.3ms. Both these values are almost an order of magnitude
larger than the ones expected on for a RWM. This evidence suggests that the
dynamics of this instability would be the same in the presence of an ideal wall.
The MHD calculations on the n = 1 stability have been carried out with an ideal
wall that closely reproduces the geometry of the DIII-D one. Its minor radius is a
free parameter of this simulation, thus the effect of the plasma-wall separation on
the instability can be investigated. The results are summarized in panel d). The
plasma is found to be stable (black line) at t = 2040ms with the ideal wall located
at the DIII-D vacuum vessel position, but unstable if Gy is slightly increased (dark
and light grey lines). This means that the experimental equilibrium is very close
to the stability limit with respect to both wall position and By. Moreover, the
measured growth time is compatible with the one evaluated by the electromagnetic
code VALEN [12].

In the intermediate range Bno_war < On < Bideawais, the instability splits into
two branches. The faster one is stable because it rotates at such a high frequency
that the resistive wall acts as if it was perfectly conducting. The slower branch

is unstable because the instability can penetrate the wall and grow on the resis-
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tive diffusion timescale. Luckily 7, > 74 thus the RWM stabilization becomes
operationally possible.

Pressure-driven RWMs can be both actively or passively stabilized. The passive
control consists in enhancing the toroidal plasma rotation by injecting additional
angular momentum with NBI [10]. Early theories predict that plasma rotation w
can be effective in counteracting the RWM instability if it is larger than a critical
value Q. ~ %(1/74). Further theoretical developments [13] as well as experimental

evidences [11], confirm that this threshold can be reduced, and even overthrew,
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Figure 1.9: Shot: #106535. Magnetic measurements of the fast growing
n = 1 MHD instability at Gy ~ Qﬁ]’\‘,"*wa” . a) Time trace of the n = 1
amplitude obtained from a midplane array of Mirnov probes. b) Contour plot
of all the Mirnov probe signals vs time and toroidal angle. ¢) Same signals
vs toroidal angle at time of peak amplitude. d) Calculated growth rate of
the n = 1 kink mode vs assumed position of a perfectly conducting wall for
equilibrium reconstructions at ~ 60ms before the instability. Reconstructions
are calculated using the experimental pressure profile (black curve), or with
the measured pressure profile scaled up by ~ 3% (dark gray) and by ~ 6%
(light gray). (This figure is taken from [11]).
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Figure 1.10: Comparison of C-coil current and 3 for discharges without
optimum error field correction (106530, red curves), with feedback-controlled
error field correction (106532, green curves), and error correction currents pre-
programmed to approximate the feedback controlled currents (106534, blue
currents). (This figure is taken from [39]).

if the kinetic effects, that are due to the resonance of plasma rotation frequency
with the precession and the bounce frequencies of the passing and trapped ions,
are taken into account as the main energy dissipation channel. Conversely, the
stabilizing kinetic effect seems not to be so effective in changing the RWM growth
rate in RFP plasmas [15].

The active RWM control exploits a set of external coils to minimize the mag-
netic field asymmetries, since it has been observed that once they are annihi-
lated the plasma rotation drag is prevented above the no wall § limit and a more
stable plasma operation is achieved, compared to rotationally stabilized plasmas
[39]. This is illustrated in Fig. 1.10, that compares three discharges: without
optimum error field correction, with feedback-controlled correction and with pre-

programmed error correction currents, that are inferred from the feedback ones.

They are plotted in red, green and blue respectively. These discharges are
similar, as the time evolution of the plasma current, that is reported in the first
panel, shows. The main difference is in the plasma performance above the no-wall
0 limit, that is plotted in the last panel. The discharge without any error field

correction suffers of a 3 collapse as soon as the threshold is exceeded. Conversely,
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Chapter 1. Introduction

the feedback control succeeds in maintaining a stable plasma operation well above
the limit. Interestingly, the pre-programmed currents that mimic the slow varying
component of the feedback ones, result to be equally effective in stabilizing the
plasma. This experiment reveals that the pressure-driven RWM is actually linearly
stable.

Current-driven RWM

Current gradients can drive a RWM instability as well as pressure ones. Similarly
to what happens for the upper limit in 3, the highest plasma current that can be
achieved in a Tokamak is constrained by an external kink mode that is triggered
whenever the ratio between the plasma current and the toroidal magnetic field
exceeds a critical value. This threshold is conveniently expressed in a circular
plasma in terms of the safety factor with the condition g(a) > 2. The same limit
seems to hold for a diverted plasma if the edge safety factor is replaced by qos,
that is the edge safety factor value at the 95% magnetic flux surface.

This regime shares many similarities with the high § one. Firstly, the current-
driven kink evolves into a RWM if the plasma is surrounded by conducting struc-
tures with finite resistivity, as the pressure-driven one does. Secondly, similarly to
the high g regime in DIII-D, the amplification of the plasma response is evidenced
also in low-q Tokamak plasmas as the safety factor approaches the ¢(a) = 2 current
limit [16]. Thirdly, the structure of a current-driven RWM at the plasma boundary
is similar to the pressure-driven one, however the latter has a quite different eigen-
function in the plasma core with higher amplitudes of the internal components
and a much richer poloidal spectrum [17].

The RWM in RFP plasmas is a current-driven instability as well and, like in
Tokamak ones, it is usually stabilized by actively controlling their amplitude with
non-axisymmetric magnetic coils [18]. An example is reported in Fig. 1.11, that
compares the dynamics of this instability in an Ohmic Tokamak plasma and in
a RFP one. In both cases, the uncontrolled discharge, that is plotted in red, is
characterized by the presence of a current RWM, a m = 2,n = 1 RWM in the
Tokamak and a m = 1,n = —6 one in the RFP, which increases in amplitude with
the characteristic exponential growth up to a certain level which induces a dis-
ruption, as it is shown in the bottom panels. Conversely, with magnetic feedback
control the mode amplitude is kept at very small values and the instability is com-

pletely suppressed, as it is shown in the plasma experiments reported in blue. This
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Figure 1.11: RWM in RFX-mod running as an Ohmic circular Tokamak and
a RFP with (blue) and without (red) feedback control. Time evolution of a)
the plasma current, b) the edge safety factor and c¢) the RWM radial magnetic

field amplitude.

instability has a very similar dynamics in these two magnetic configurations, thus

RFX-mod is a suitable testbench to investigate the interaction of this instability

with external currents and wall.

22



RFX-mod, DIII-D and ASDEX

Upgrade experiments

The active control of MHD instabilities has been investigated during
this Thesis work in three different fusion experiments: RFX-mod, DIII-
D and ASDEX Upgrade. In RFX-mod at Consorzio RFX in Padua
(Italy) the work deals with the integration and the development of its
MHD control system in the new real-time MARTe framework, that has
been recently adopted in this device. The results obtained on RWM and
sawtooth control during this Thesis work in REFX-mod suggested similar
ones in DIII-D at General Atomics in San Diego (USA) as well. Even-
tually the development of a real-time model for sawtooth control using
the RAPTOR code has been carried out in ASDEX Upgrade at IPP in
Garching (Germany). This Chapter introduces these three machines

and in particular the aspects relevant to this Thesis.
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2.1. RFX-mod experiment

2.1 RFX-mod experiment

The Reversed Field eXperiment-mod - RFX-mod is currently the largest RFP ex-
periment in the world, with an aspect ratio Ry/a = 2/0.459 ~ 4.4, where Ry = 2m
and a = 0.495m are respectively the major and the minor radius of the machine.
This experiment is an upgrade of the previous RFX experiment [19], whose design
modifications were aimed at increasing the capability of actively controlling the
MHD dynamics on timescales much shorter than pulse duration, that is of the
order of 0.5s. Doing so, energy loss and intense plasma-wall interactions caused
by magnetic field errors and internally resonant tearing modes that are locked to
the wall can be significantly reduced [50]. The main RFX-mod parameters are
listed in Table 2.1 while a picture of this experiment is shown in Fig. 2.1. The

description of the main improvements made on RFX is presented in the following.

First wall As in the RFX experiment, the inner surface of the vacuum vessel is
fully covered with 2016 graphite tiles. The shape of the tiles was modified
in order to improve the protection of the vacuum vessel, to increase the
uniformity of the power distribution and to house a large number of sensors

between the tiles and the vacuum vessel [51].

Figure 2.1: The RFX-mod experiment.
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Chapter 2. RFX-mod, DIII-D and ASDEX Upgrade experiments

Major radius R 2m
Minor radius a 0.459m
Maximum plasma current 2.0MA
Maximum applied toroidal field | 0.7T
Flat-top time 0.5s
Core flux swing 15Vs

Table 2.1: Main parameters of RFX-mod machine.

Stabilizing shell RFX-mod is equipped with a new shell made of copper 3mm
thick. Copper was chosen to minimize the overall radial thickness, once fixed
the shell resistive penetration characteristics. The resistive penetration time
for the m = 1, n = 0 vertical magnetic field is about 50ms, that is much
shorter than the discharge duration. In RFX a 65mm thick aluminium shell
supported the vacuum vessel and all the magnetic diagnostics, while in RFX-
mod this task is fulfilled by the Toroidal Support Structure (TSS). The TTS
is made of stainless steel and it is 47mm thick. Its structure consists of 4
parts and it has two insulated butt joint poloidal gaps and one insulated
equatorial gap (the inner one). The TTS houses the vacuum vessel and
the copper shell on its inside, instead the saddle coil system, the toroidal
field windings and the rings, that support the field shaping coils are located
externally. The TTS structure is plotted in dark grey in Fig. 2.2

Vacuum Vessel This is the toroidal chamber containing the plasma. It is an
all-welded, rigid structure made of INCONEL 625, composed of 72 elements
welded together. The vacuum vessel is also an interface between the plasma
and the outside. It is equipped with 96 ports for gas input, vacuum pumping

and diagnostic systems. It is depicted in light grey in Fig. 2.2

Axisymmetric coils The inner poloidal field coils, that are sketched in yellow
in Fig. 2.2, provide the time-varying poloidal magnetic flux that induces
the toroidal loop voltage during the discharge. The magnetizing windings
can carry a maximum current of 50k A and produce a 15Wb maximum flux.
No iron core has been adopted, even though it would have reduced the coil
dimensions, power demand and costs, in order to avoid magnetic field asym-

metries and improve the accessibility.

The toroidal field winding system, in blue in Fig. 2.2, consists of 48 coils

uniformly distributed along the toroidal direction, that surround the vessel
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RFX-mod experiment

Figure 2.2: 3D view of the RFX-mod axisymmetric coil system. Inner
poloidal field coils (yellow), toroidal field coils (blue), outer poloidal field coils
(green). TTS (dark grey) and vacuum vessel (light grey) are sketched as well.

and the shell. They are designed to generate the toroidal magnetic field
needed to set-up and maintain the discharge. The coils are series-connected
in 12 groups of 4: each group is connected to an independently controlled
power supply unit. During standard operations, the toroidal field coils can
produce a maximum toroidal bias field B, = 0.77, that allows to operate
RFX-mod as a Tokamak too. In the RFP configuration the toroidal field is
much smaller, but it can be reversed at the edge down to By(a) = 0.44T

during the plasma current flat-top.

The 16 outer poloidal field coils are routinely used to control the plasma
position and shape and they have also been recently exploited to control D-
shaped Tokamak plasmas, as it will be described in the next Section. They
are depicted in green in Fig. 2.2.

Non-axisymmetric active coils The TTS support structure sustains the 192

active coils that are divided in 48 poloidal arrays of 4 coils, as it is shown
in Fig. 2.3. Each coil has 60-turns, has an average surface of 0.27m? and

extends 90deg poloidally and 7.5deg in the toroidal direction. A single coil
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Figure 2.3: Scheme of the RFX-mod non-axisymmetric coils: 192 active coils
(in blue), located external to the TTS support structure (in grey), which fully
covers the torus surface.

can carry a maximum total current of 400A for 300ms producing a maximum
local DC radial field B, ~ 50mT at the plasma surface. Each coil is fed
by its own power supply, which can perform an independent control of the
current in the coil. This feature, allied with the flexibility of the new real-
time MARTe framework, that will described in Chapter 3, allows to change
arbitrarily the original configuration of the active coils obtaining any user-
defined partial coverage of the plasma surface. The possibility to switch off
the single coils and to join some consecutive ones in a so-called super coil
allows to test new active coil geometries and to validate the results obtained

in other experiments, as it is described in [18].

The magnetic probe system The RFX-mod magnetic measurements mainly
come from a system of 192 biaxial pick-up probes and an equal number of
radial saddle coils, both regularly distributed all over the surface of the torus,
as it is shown in Fig. 2.4. The former are depicted with white squares in
the 2D plot, while with blue ones in the 3D section. They are installed on
the shell, in the middle of each active coil. They provide measurements of
both toroidal and poloidal magnetic field components. The saddle loops,
that measure the radial component of the magnetic field, are depicted in red
and are located on the outer surface of the T'TS. Both toroidal and the radial
magnetic field measurements are available in real-time and they are routinely
used in many MHD control schemes, as it will be discussed in Chapter 3.

During this Thesis work 32 poloidal sensors, divided into 4 poloidal arrays
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RFX-mod experiment
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Figure 2.4: The magnetic sensors in RFX-mod. 192 bi-axial pick-up
coils, measuring the toroidal and poloidal magnetic field components
(white squares), 32 brand-new sensors for the poloidal magnetic field
component (orange and green squares) and 192 saddle coils for the radial
ones (red). Broken saddle coils (violet), gaps (grey lines) and portholes
(grey ellipses) are reported as well.

of 8 sensors each, have been embedded in real-time and integrated in a
dedicated MHD control scheme, they offer significant advantages as it will
be discussed in Chapter 6. They are plotted with orange and green squares
in Fig. 2.4. All the magnetic sensors have a bandwidth that is limited by the
vacuum vessel eddy currents at about 1kH z, while the sampling frequency
is 10 — 20k H z.

The MHD control system The RFX-mod real-time control system has re-

cently been moved to the real-time MARTe framework [52], that will be
described in Chapter 3. The RFX-mod MHD control is highly configurable
and several equilibrium and MHD control schemes are available. According

to the user-defined choice, at each time step the digital controller performs
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the FFT of the 192 toroidal and radial sensors or of the 32 poloidal ones.
Further computations are carried out to obtain an optimized estimate of the
feedback variable, that eventually is minimized or kept at a finite value by
a Proportional Integral Derivative - PID controller. The currents that it
prescribes are supplied by the 192 active coils or by a subset of them if a coil

reconfiguration option is activated.

2.1.1. Flexibility of RFX-mod

Thanks to the flexibility of its feedback control system and to the capabilities
of its power supplies, RFX-mod is the only experiment in the world that can
operate the plasma in two different magnetic configurations: as an RFP and as an
Ohmic circular and D-shaped Tokamak. Three demonstrative examples of these
configurations are reported in Fig. 2.5, that shows the time history of the plasma
current and the safety factor for an RFP plasma in panels a) and b) and the ones
for the two Tokamak plasmas, circular in blue and D-shaped in green, in panels
¢) and d). The last two panels e) and f) report the plasma shape in the two
Tokamak experiments, the poloidal sections show the Last Closed Flux Surface -
LCFS plotted with a continuous line, while the magnetic flux surface that encloses
the 95% of the poloidal flux with a dashed one.

The RFX-mod can operate RFP plasmas up to currents of 2M A, as it is shown
in panel a). This is a remarkable and unique feature of this experiment. Note that
the discharge duration is around 0.5s. This result has been obtained thanks to
magnetic feedback control of both RWM [18, 53] and tearing mode instabilities
[20, 54]. The study of these high current regimes allowed the discovery of a new
helical state called Single Helical aXis State - SHAx state, which naturally develops
thanks to a self-organization process [37]| and shares interesting commonalities with
Tokamak helical states and Stellarators.

As it has been anticipated above, the machine can be also operated as an Ohmic
circular Tokamak. In this magnetic configuration, the plasma can be driven and
safely maintained at edge safety factor values g(a) < 2 for the entire discharge.
An example is plotted in blue in panels c¢) and d), that report the time evolution
of the plasma current and of the edge safety factor, respectively.

As it will be explained in Chapter 3, this result is not trivial, since Tokamak
plasmas are highly unstable in this regime due to the presence of a high disruptive
kink mode, which is successfully controlled in RFX-mod thanks to its active MHD
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Figure 2.5: RFX-mod magnetic configurations: RFP, ohmic circular Toka-
mak and ohmic D-shaped Tokamak. Time evolution of the plasma current
and the safety factor. The plasma shape for the two Tokamak discharges is
reported on the right.
control [55, 56]. The expertise acquired in RFX-mod promoted similar experiments

in the DITI-D Tokamak, where this regime has been successfully explored as well.
[16, 57].

Recently, single null D-shaped Tokamak plasma operation has been also ob-
tained. Panels c¢) and d) compare a D-shaped Tokamak plasma discharge, that is
plotted in green, with a circular one. A single null Tokamak plasma can be obtained
from a circular one by controlling the plasma shape either with pre-programmed
currents or with a closed-loop controller. In this discharge the transition to the
single null configuration occurs at around ¢ = 0.2s, when the currents in the field
shaping coils are opportunely driven by the feedback controller to create the X-

point inside the vacuum chamber.

Fig. 2.6 highlights the main features of the circular Tokamak discharge that
is plotted in blue in Fig. 2.5. In a typical RFX-mod Tokamak discharge the
plasma current is ramped up to a target edge safety factor value ¢(a) and a pre-

programmed receipt of gas puffing is set to sustain the plasma density. In the
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Figure 2.6: A typical RFX-mod Tokamak discharge. Time evolution of
the plasma current, edge safety factor and the electron density on the left,
m = 2,n = 1 poloidal magnetic field amplitude and phase on the right.

example reported in this figure, which corresponds to a circular Tokamak discharge,
the target safety factor is around 1.6 and the plasma density, which is n. ~ 0.3n¢,
where ng = % is the Greenwald density, is shown in the bottom panel on the left.
During the plasma current ramp phase, the safety factor profile assumes rational
values and, as it has been described in Chapter 1, different modes can be excited.
In particular, in the experiment presented here, when the safety factor equals 2
around t = 0.2s, a m = 2, n = 1 tearing mode is detected with the magnetic field
sensors, that have been described previously in this Chapter. A Fourier analysis
of radial magnetic field sensors located outside the vessel has been performed to
calculate the amplitude and phase of the m = 2, n = 1 radial magnetic field

component. The result is reported in the upper and lower panels on the right,
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respectively. The m = 2, n = 1 tearing mode initially rotates at around ~ 1kHz
and then it slows down to 100H z. Tts frequency value is controlled by the magnetic
feedback system that keeps the mode amplitude at the lowest possible value with
a pure proportional gain. When the plasma current is further increased, and the
desired safety factor value is reached, the plasma current is maintained constant
and the g(a) < 2 regime is explored. As it will be discussed in Chapter 5, such
regime can be investigated only thanks to magnetic feedback control. When ¢(a)
is below 2 in fact, a m = 2, n = 1 kink mode is present in the plasma and it is
converted to a resistive wall mode in the presence of a conducting shell as in RFX-
mod. From ¢t = 0.27s to t = 0.8s, a controlled m = 2, n = 1 RWM appears in
the plasma, its amplitude reported in panel ¢) is minimized down to ~ 0 towards
the end of the discharge, where the proportional gain is changed. The mode does
not rotate, as reported in the bottom panel. As soon as the magnetic feedback
control system is switched off, starting from ¢ = 0.8s, the m = 2, n = 1 resistive

wall mode grows unstable and leads to a disruption.

2.2 DIII-D Tokamak

The DIII-D Tokamak is located in San Diego, CA, USA and it is operated by
General Atomics. The “D” suffix in the name comes from the D-shaped cross-
section of the vacuum vessel, having a major radius of 1.66m and a minor radius
of 0.67m [58]. Fig. 2.7 sketches a poloidal view of this Tokamak together with

contours of constant magnetic flux shown to illustrate a typical plasma shape.

Major radius R 1.66m
Minor radius a 0.67m
Maximum plasma current 3.0MA
Maximum applied toroidal field | 2.2T
Flat-top time s
Core flux swing 10.5Vs

Table 2.2: Main parameters of DIII-D machine.

DIII-D is one of the main contributors to the ITER project, as far as both
its shape and operation are concerned. Indeed this experiment is approximately
one-fourth the size of ITER and its plasmas have ITER-relevant characteristics,

like collisionality and By. The main DIII-D features are described in the following.

Vacuum vessel The vacuum vessel resistive penetration time 7y is in the order
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of few ms. The graphite tiles that cover its inner surface heat up during the
discharge, but they are cooled down by the water that passes through the
channels in the vessel wall between two consecutive discharges. In the high
heat flux areas of the upper and lower divertor regions the edge-to-edge tile
misalignment and the tile gaps are less than 0.25mm, to reduce erosion and

provide axisymmetry.

Axisymmetric coils The electric field necessary for the plasma breakdown is
provided by the so-called Ohmic heating coil, that supplies also Ohmic power,
once the plasma is formed. These coils are coloured in magenta in Fig.
2.7. The plasma shape and position are controlled by 18 poloidal field coils,
labelled F-coils and plotted in orange in Figure 2.7.

Non-axisymmetric coils These coils in DIII-D are mainly devoted to error field
correction and to the stabilization of the n = 1 RWM [39, 59]. But they have
been also exploited to apply resonant magnetic field perturbations for ELM

mitigation [60], and to produce forced NTM rotation to avoid disruption [61].
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Figure 2.7: Cross-section view of the DIII-D Tokamak.
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C-coil I-coil - Vacuum vessel

Plasma surface Poloidal field sensors

Figure 2.8: Locations of the C-coils and I-coils and poloidal magnetic
field sensors used for magnetic feedback.

The first group of coils, that are shown in blue in Fig. 2.8 are named C-coils.
They are located outside the vessel at the midplane. They can induce a radial
magnetic field up to 15G at the plasma surface and they can apply magnetic
perturbations with toroidal mode number up to n = 3. The second group,
the so called I-coils, that are shown in black in the same figure, were installed
in 2003. This is a set of 12 coils located between the vacuum vessel and the
carbon tiles, six above and six below the midplane. The poloidal magnetic
spectra that are applied with the I-coils can be modified by varying the
toroidal phase difference between the currents in the upper and lower arrays.
A further advantage in addition to the latter one, compared to the C-coils, is
the improved coupling with the plasma, thanks to their closer proximity to it.
The two coil sets can be powered using different power supply configurations

that allow operation nearly up to the design current limits of 7kA.

The magnetic probe sensors More than 50 poloidal field probes and radial flux

loops are installed both inside and outside the vacuum vessel. The poloidal
sensors normally used for MHD control are grouped in four couples located
180deg apart at ¢ = [67,97,127,157]deg. Radial magnetic field sensors are
available as well. The DIII-D Tokamak magnetic diagnostic has been recently

upgraded with further 101 magnetic sensors that allow resolution of toroidal
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LFS arrays HFS arrays

: ; b o : _

DL ﬁle; - | I

JENEER °§EHEH'EHE, Eﬁﬂﬁﬂ EEH"-f
D

N
-y
TTT
—_—
o
S

—
=

Distance from midplane (m)
=]

| 1 :
i 30 e i S -_
1 L L L 1t
B 1 14 Ij] /I ]
-2 L L L IB E :| L Bll
0 100 200 300 0 100 200 300
Toroidal angle (deg.) Toroidal angle (deg.)
|:| Radial Sensors l Polodial Probes

Figure 2.9: Vacuum vessel wall of DIII-D showing internal magnetic
diagnostics relevant to non-axisyminetric measurement: radial field sen-
sors (open rectangles), poloidal field probes (solid rectangles). The ves-
sel wall is presented as unwrapped with the vertical axis representing the
poloidal distance from the midplane for both (a) LFS and (b) HFS.(This
figure is taken from [62]).

mode numbers 1 < n < 3 [62]. The updated magnetic probe location is
depicted in Fig. 2.9 that shows all the poloidal (blue) and radial (red)

probes.

MHD control system It provides a state-of-the-art high-speed, digital control
of the magnetic configuration and of various plasma parameters that influ-
ence the discharge performance. The system can control the plasma shape,
density, pressure, current profile, and toroidal rotation, as well as perform
feedback stabilization on the neoclassical tearing mode, resistive wall mode,

and apply pre-programmed error field correction [59, 63].

Auxiliary heating systems Auxiliary heating and current drive in DIII-D
are mainly provided by the Neutral Beam Injection system - NBI and the
Electron Cyclotron Resonance Heating - ECRH. In the former 7 neutral
beams are routinely used in most experiments to provide 14MW for 5s or
17.5MW for 3.8s. The possibility to module the power sources in the co-1,
and counter-I, directions allows both injected power and momentum to be
continuously and independently controlled. ECRH consists of 6 110G Hz
gyrotrons that can inject up to 3.5M W for pulses up to 5s in length. This

system, that can provide also current drive like the NBI, is used for both
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NTMs [64] and sawtooth control [65].

2.3 ASDEX Upgrade Tokamak

ASDEX Upgrade, that originated from an upgrade of the previous Axial Sym-
metric Divertor Experiment - ASDEX experiment, is one of the leading fusion

experiments worldwide [66].

Vacuum vessel The plasma vessel is a self-sustaining rigid structure made of
austenitic steel. It is composed of 16 D-shaped sectors and it allows to access
the plasma through more than 130 ports. The original graphite tiles, that
covered the inner vessel surface, were replaced with tungsten plasma facing

components.

Axisymmetric coils A poloidal cross-section of the axisymmetric coils is sketched
in Fig. 2.11. The inner poloidal field coil system is made up by the Ohmic
heating coils, that are labelled OH1-2, and are used to induce the loop volt-

age necessary for the plasma breakdown. The toroidal field is induced by

poloidal field

coil support OH-stray field

compensation coils

i multipole-equilibrium
Lottt b e L and shaping field coils
toroidal structure
heating, pumping, and

toroidal field coil diagnostic ports

vacuum vessel

Figure 2.10: 3D view of the ASDEX Upgrade Tokamak. (This figure was
taken from [67]).
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Major radius R 1.65m
Minor radius a 0.5m
Maximum plasma current 0.6-1.2MA
Maximum applied toroidal field 3.1T
Flat-top time 10s
Core flux swing 9.5Vs

Table 2.3: Main parameters of ASDEX Upgrade machine.

16 double pancake coils that are housed, together with the cooling system,
in the so called Turn Over Structure - TOS. These coils, that are shown in
green in Fig. 2.11, are able to induce a stationary magnetic field up to 3.17
on the torus axis at R = 1.65m, while the toroidal field ripple amplitude at

divertor coilsV1o

im

divertor coils Viu

Figure 2.11: Poloidal cross section of the ASDEX Upgrade axisym-
metric coil system (This figure was taken from [67]).
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the outer plasma edge is 1%. The outer poloidal field coil system is used to
control the plasma shape, its position and the divertor configuration. They
are divided into two groups: the vertical field coils are tagged V1-2-3 while
the remaining ones Col, CoA, CoOH. Plasma movements on the timescale

of ~ ms are damped by a copper coil called Passive Stabilizing Loop - PSL.

Non-axisymmetric coils The 16 saddle coils are divided into two groups of
8 coils each, that are called BU and BI, respectively. They located in the
upper and lower Tokamak midplane. These coils, together with the A-ones
that have been proposed as a possible upgrade |68|, are reported in Fig. 2.12.
Both of them are 5-turn coils and can produce magnetic perturbations with
toroidal mode numbers n = 1, 2, 4 either resonant or non-resonant inside the

plasma.

The magnetic probe sensors The poloidal magnetic field is measured by 2
poloidal sets of 30 Mirnov coils each and by additional 6 coils located at
different toroidal positions in the midplane, they are plotted in green in Fig.

2.13. The radial component of the magnetic field is measured by a toroidal

Bl coils

Figure 2.12: The ASDEX Upgrade non-axisymmetric coil system.
(This figure was taken from [67]).
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set of the so called BAL-coils, that are reported in red in the figure, and by
2 saddle loops located at the high-field side of the vessel.

MHD control system The MHD control system, that integrates multivariable
feedback schemes, is embedded in the so called Discharge Control System -
DCS, a digital control system that has many functionalities, from real-time
diagnostic, to actuator management including load distribution schemes and

powerful monitoring tools |09)].

Auxiliary Heating System It includes Neutral Beam Injector - NBI and both
Ion - ICRH and Electron Cyclotron Resonance Heating - ECRH systems.

The former consists in two groups of four neutral beam sources each. In

BAL 15 {B31-1 1“%

BAL 14 (B31-10)
BAL 13 (B31-09

BAL 12 (B31-08)
BAL 06 (B31-02)

Figure 2.13: The ASDEX Upgrade magnetic sensor system. Poloidal
magnetic field sensors (green), radial magnetic sensors (red) and the
PLS coils (cyan). (This figure was taken from [67]).
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Deuterium each source delivers a neutral beam power of 2.5M W, thus the
total installed neutral beam power is 20M W in Deuterium and somewhat
lower at 13MW for Hydrogen. The ICRH supplies about 6 MW to the
plasma from 4 generators of 2M W each. The ECRH gyrotrons have similar
power characteristic and they are designed to achieve a very localized heating

and current drive deposition.
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RFX-mod feedback control
system in the new real-time
MARTe framework

The entire RFX-mod feedback control system including both equilibrium
and MHD control has been recently integrated in the real-time Multi-
threaded Application Real-Time executor - MARTe framework, whose
potentialities allow now to design and test new and more computation-
ally challenging equilibrium shape and MHD control algorithms in a
very flexible and efficient way. Hardware innovations in the real-time
communication system have been introduced as well. This Chapter de-
seribes in particular the overall upgrade of the RFX-mod MHD control
system, as well as the new magnetic feedback control schemes that have
been developed during this Thesis work and made possible the experi-

ments described in the following Chapters.
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control system

3.1 Hardware and software innovations of the RFX-mod

real-time control system

The real-time control system that has been used since its beginning in RFX-mod
was based on a C-procedural code and was initially implemented as a network
of eight VME racks that handled about 700 input signals and produced around
250 reference waveforms. The latter drove the power supplies of the coils for the
plasma position and the MHD control. This system used to operate at a rate of
2.5k H z with an overall latency of 1.5ms. Over time new and more computation-
ally demanding control algorithms have been developed and the system has been
pushed to its limits [70]. Therefore a complete re-design has been carrying out
since 2012 |52, 71, 72].

Both hardware and software innovations were introduced to get rid of the
two main bottlenecks of the system, namely the limited processor power and the
network communication latency, that was due to the distributed nature of the
system. The upgraded system has then been exploited to develop and test new
computationally challenging feedback algorithms based on the toroidal, poloidal
and radial magnetic field measurements, whose sensors have been described in
Chapter 2, to control the MHD stability of both RFP and Tokamak plasmas.

3.1.1. Hardware architecture: a brand-new multi-core server

In the updated version of the RFX-mod control system, a single multi-core server
connected to Analog to Digital - ADC and Digital to Analog - DAC converters
via fiber-optic bus extenders was adopted. This solution effectively reduced the
communication latency, as it will be shown further on in this Chapter. This
solution not only improved data exchange, that is now performed over shared
memory, but also overcame the limit in processor power. The upgraded multi-
core server can now keep pace with the rapid development of the technology and
moreover it allows a wise distribution of the computational efforts through all the
available cores.

Fig. 3.1 sketches the whole hardware architecture of the new RFX-mod control
system including equilibrium and MHD control. The new system is based on a
multi-core server hosting 12 2.8GH z cores with 12GB RAM. The server is con-
nected to 4 PXI racks via fiber-optics based bus extenders. In the original project,

both VME processors supervising the data acquisition and the ones generating the

42



Chapter 3. RFX-mod feedback control system in the new real-time
MARTe framework

reference waveforms were supposed to be replaced with an equal number of cores
for /O management [72]. Due to budget restrictions, the former were temporarily
retained and with them the latency of the transmission to the network of the raw
packets of data. Nonetheless the original project is expected to be completed in

the next future.

Two sets of DAC devices, hosted in two different PXI racks, drive the generation
of the 192 reference waveforms for the active non-axisymmetric coils devoted to
MHD control. The use of two different PXI racks in place of a single one allows
to parellelize the generation of the output signals and to reduce the latency due
to the DAC conversion time (0.6 us for each channel). Other two PXI racks host
the DAC devices for the generation of the reference waveforms for axisymmetric
control, respectively. The data acquired by the old VME ADC devices include the

measured radial, toroidal and poloidal magnetic field at the coil positions.
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Figure 3.1: The hardware organization of the real-time control system of
RFX-mod. (This figure is taken from [52]).
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3.1.2. Software architecture: The MARTe framework for RFX-mod

The VxWorks software framework used in the previous control system was ported
to real-time Linux, to take advantage of the real-time performances of this OS,
the free cost license and the wider community of users. This choice, together with
the necessity to manage the new hardware architecture, motivated the adoption
of the Multi-threaded Application Real-Time executor - MARTe [52, 70].

MARTe provides a modular development environment for the design, the sim-
ulator and the implementation of real-time applications like control systems [73].
The appealing features of this new framework are its capability to maximize code
reuse, its maintainability and portability without compromising the application
performances. MARTe has been adopted in several fusion experiments. It man-
ages the Vertical Stabilization and the Error Field Control Coils system - EFCC
in JET, the plasma control system in COMPASS, the real-time tomography equi-
librium reconstruction in ISTTOK and the Lower Hybrid - LH reflected power
system in the FTU experiment [71].

New components, performing system-specific tasks, like management of I/0O
and control computation and the essential inter-thread communication, that was
not natively provided by the MARTe framework, have been developed in RFX-
mod [72]. These components manage the reception of the raw data packets over

Ethernet and the generation of the reference waveforms via PXI DAC devices.

The basis of the MARTe framework is Baseliib2, a C++ multi-platform real-
time library, while the bricks for MHD and equilibrium control are the so called
Generic Application Modules - GAMs, that have been developed in RFX-mod
as well. A GAM is a block of code that implements an interface specified in the
BaseLib2 library. Each module is self-consistent because it has no awareness about

the other modules, despite extensively exchanging data with them.

A module includes three communication points: one for the configuration of
the processed data, one for the input and the last one for the output. In the
initialization, that is performed before the real-time execution of the code, the
modules declare which data are going to receive and to produce and how these
signals are configured. This standardization of the I1/O signals, that is known a
priori, allows to chain all the independent GAMs. Their functionalities are wide,
among them the interface with the hardware, the data acquisition and storage, the
execution of algorithms, the ability to take decisions based on the current state of

the system or the debug of the internal states.
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3.1.3. Overall organization of the RFX-mod control code

MARTe is an Object-Oriented framework. As a consequence the code for the MHD
and equilibrium control in RFX-mod has been organized into a hierarchy of classes
that reflect the logic of this new real-time architecture |75]. Fig. 3.2 is a schematic
picture of how the MARTe framework has been configured to provide the RFX-
mod real-time control of both equilibrium and the MHD stability. The pillars of
this configuration are four real-time threads that supervise the acquisition and
pre-elaborate the signals from a large number of sensors. Two sets of 192 signals
come from the radial and toroidal magnetic field probes, other 192 signals from
the reference correction coil currents. A fourth set of 128 signals collect the data
from other electromagnetic probes mostly used for equilibrium control. During
this Thesis work 34 additional real-time signals, that come from an equal number
of poloidal magnetic field sensors, have been embedded in the system as well, as

it will be described further on.
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Figure 3.2: The MARTe configuration for the RFX-mod real-time control.
(This figure was taken from [70])
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Each thread is made up by three GAMs: an InputGAM, that is represented
here with a yellow square, is devoted to monitor the network for incoming raw
data packets that come from the ADC modules. A pre-elaboration GAM, the
white square, conditions the signals that are eventually stored in the DATApool,
a shared memory stack, by an Output-GAM, that is sketched with a grey square.

Three similar GAMs made up the core of the system, namely the three threads
that guarantee the MHD, the axisymmetric and the toroidal field control. In
this second stage the pre-elaboration GAM produces the inputs for the feedback
algorithms, namely the spatial bidimensional Fourier components of the magnetic
field measurements. The computed spectra corresponds to the circles labelled with
Equ, MhdBr, MhdBt, Mhdl in Fig. 3.3, that is a detailed zoom of Fig. 3.2.

The three control threads labelled FquCtrl, TorCtr and MhdCtrl prescribe the
reference waveforms for the power supply system. Finally, the DAC conversion is
performed by four PXI racks, each supervised by one of the four real-time threads

in Fig. 3.2 on the right and the analog signals are then sent to the actuators.

3.1.4. Implementation of control algorithms: the RFX-mod MHD control
thread

Fig. 3.4 blows up the red rectangle in Fig. 3.3. This figure is a simplified flowchart

that summarizes the functionalities of the GAMs devoted to manage and exe-

Analogue signals from sensors
Digital Control System

Angdlogue conditioning, sampling,
de-offsetting, input calibration

Pre-eleboration

Equilibrium. toroidal field

I
1
1
: RF XControlGAM
I
1 and MHD control

Output calibration. interpolation.
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Analogue signals to actuators

Figure 3.3: Data flow of the new RFX-mod control system. (This figure was
taken from [70])
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cute the MHD control algorithms. Thanks to the flexibility of the new MARTe

framework, each of the 192 modes, that are obtained from the magnetic sensor

measurements, can be processed with user-defined feedback algorithms.

Originally only two algorithms for the radial magnetic field component were
available, namely the Raw Mode Control - RMC and the Clean Mode Control -
CMC. During this Thesis work these control schemes have not only been integrated
in the new MARTe framework, but also brand-new ones have been developed. The
Plasma Response and the Double Shell Clean Mode Control are based on the radial
magnetic field measurements, the Poloidal Control on the new poloidal magnetic
field sensors that have been integrated in the framework during this Thesis as well.

All these control schemes will be extensively discussed further on in this Chapter.

It is worth to note here that code redundancy is strictly avoided, thanks to the
modularity of MARTe. For example, the cleaning of the sideband aliasing, that

comes from the finite number of radial sensors, is performed in all the algorithms
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Figure 3.4: The RFX-mod MHD control flowchart.
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that deals with the radial magnetic field by the same procedure called Cleaner.
Similarly the Ezxtrapolator evaluates the computed harmonics at an user-defined
radial position, that can go from the plasma edge to the sensor location.

The MARTe flexibility allows to control simultaneously different magnetic
modes with different control schemes, while the increased computational power,
that comes from the new multi-core architecture, allows in principle to extend the
magnetic feedback control over the entire radial magnetic field spectrum, namely
192 modes, without introducing significant delays in the real-time system, as it will
be discussed further on in this Chapter. According to the selected MHD control
scheme, the PID prescribes at each time step the 192 reference waveforms for the
active saddle coils. These currents can be used not only to minimize the amplitude
of the controlled modes but also to keep it at a finite value.

At present the RFX-mod MHD control system allows to configure a huge num-
ber of parameters, namely three sets of 192 proportional, derivative and integral
gains and a cut-off frequency for a low-pass single pole Butterworth filter, that
will be described further on in this Chapter, for each of the 8 time windows that
can be set. At the very end of the chain pre-programmed current signals can be

added to the reference ones.

3.1.5. Deployment of the MHD control thread

Besides the modularity and the flexibility, a further advantage of the MARTe
framework is the possibility to simulate the whole coded project, or even a part of
it, without interfering with the plant, where it is installed. This feature is essential
for a phased commissioning, like the one that has been done to port the old RFX
C-procedural control code to the new RFX-mod C++ object-oriented one.

In RFX-mod the commissioning of the entire code was carried out step by step
during this Thesis work. In a first stage the new system was entirely tested offline
by replacing the Input GAMs, whose action is to receive the raw data packets from
the diagnostics, with simulation GAMs, that read the raw data stored in pulse files
during previous plasma discharges. Thanks to the modularity of the framework,
this replacement was the only change in the configuration for simulating the sys-
tem. All the other components were exactly the same of the final control system,
including the parameter readout and the storage of signals in dummy pulse files.
Fig. 3.5 shows an example of this last appealing feature. The output of the simu-
lation is stored in the #345900 bogus shot, that is fully equivalent to a standard
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RFX-mod one. Thanks to this, both shots can be easily visualized with jScope,
a Java tool for data visualization that is routinely used in the RFX-mod control
room to monitor plasma parameters and signals during its operation. The figure,
that is indeed a jScope snapshot, compares the output of the simulation, here
plotted in red, with the original shot (#34590), in black. The simulated shot is
a Tokamak discharge at ¢(a) < 2, whose stability is maintained by a pure pro-
portional feedback control of the m = 2, n = 1 mode with poloidal sensors. The
time history of the main plasma parameters, namely the plasma current, the edge
safety factor and the electron density are plotted on the left column, while in the
middle and the right one are reported the m = 2, n = 1 amplitude and phase of
the coil currents, the radial magnetic field, that has been cleaned by the sideband
aliasing, and the poloidal ones. The simulated and the real signals are extremely
similar, as the zoom in the blue rectangle shows.

The RFX-mod control system has been tested incrementally, namely starting
from a single thread with a single GAM and then adding all the other GAMs and
the remaining threads, one by one.

In a second stage, the system has been activated in parallel with the old one

File Pointer mode Customize Updates Autoscale Network Help

4 02 04 06 08 " e oo e B § RIS . i
_) Point ® Zoom Pan ) Copy Shuti‘]4[34590, 345900] | »|| Apply | Signak [

Figure 3.5: Comparison of a real (black) and a simulated (red) Tokamak
shot in RFX-mod. The latter signals are the output of the MARTe simulator.
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during standard operations, so that its output signals could be compared with
the ones that it would have replaced. A series of commissioning shots have been
performed in this preliminary phase of the migration from the old to the new
control code. Thanks to the possibility to run the two codes simultaneously the
output could be easily compared, as it is shown in Fig. 3.6. In this shot three
rotating perturbations with finite amplitude and m =1,n =6, m=0,n="7, m =
1,n = —7 helicity were maintained by feedback controlling the corresponding raw
radial magnetic field amplitude and phase. The amplitude and phase of the former
perturbation are plotted in panel a) and b), respectively. The blue signals are the
MARTe ones, while the red are computed by the old control system. A remarkable
matching was obtained thanks to the extensive debug that was performed before
the experimental commissioning.

In the last stage, the old control system was entirely substituted with the new
MARTe framework and dedicated shots were performed to check all its function-
alities and to characterize the new performances.

It is worth to note here that the MARTe simulator proves to be a really useful
and essential tool whenever some brand-new code, a new GAM or its develop-

ment for instance, needs to be embedded in the system. The possibility to debug
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Figure 3.6: Comparison between the old MHD control system in red and
the new MARTe one in blue. Amplitude and phase of a feedback controlled
magnetic perturbation applied while both systems are running in parallel.
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the code completely offline and to track all the possible bottlenecks in the data
streaming and processing, allows to fully optimize the new algorithms and save

both experimental time and power resources.

Timing and performance

Among the appealing features of the new MARTe frameworks, there is the pos-
sibility to monitor in real-time the execution times of each thread. The timing
is measured by an internal clock, whose time lapses can be set by the thread
triggers. This powerful tool allows to easily and promptly identify and locate a
possible bottleneck and it suggests where the code needs to be optimized [76].

Moreover, latency, the ability to deliver a timely and regular response, is a crit-
ical aspect of any feedback control system |77] because it can cause a feedback loop
to become noisy or unstable. The new MARTe framework reduces substantially
this parameter in RFX-mod. The latency of the MHD control system in RFX-mod
has been measured by evaluating the cross-correlation between the real-time coil
current references and the corresponding offline signals, that are not affected by
any delay apart from the one that comes from the data acquisition and storage.
The real and imaginary part of both signals are plotted in the two panels on the
left of Fig. 3.7, in red and black respectively.The two cross-correlation curves on
the right estimate a delay of At ~ 0.95ms in both cases.

This analysis has been extended to an ensemble of shots that were performed
both before and after the RFX-mod MHD control upgrade, as it is reported in
Fig. 3.8. This figure shows that the upgrade allows a latency reduction of 30%.
This value is expected to further reduce when the upgrade will be completed with

the new acquisition modules.

3.2  Magnetic feedback schemes

3.2.1. New poloidal magnetic field sensors for real-time MHD feedback

control

One of the most appealing features of MARTe is its user-friendly framework, that
incredibly simplifies the development of brand-new control tools. As a demonstra-
tive example, this Section will discuss the integration of a new feedback control

scheme, from the magnetic sensor embedding to the final experiments, where Toka-
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mak plasma discharges have been driven and sustained in the unstable ¢(a) < 2
regime.

In RFX-mod no measurement of the poloidal magnetic field component was
available in real-time before this Thesis work. Tokamak plasma operation was
always performed using the 192 radial sensors, as it was documented in Fig. 2.6
of Chapter 2. Nonetheless, poloidal sensors are largely used in Tokamaks, due to

their better coupling with the plasma, as it will be discussed in Chapter 6.

100

L T T T B L T T ¢ T [T T 4
£ Re(lper) (V) A ) ] - cross-correlation , E §
§ ’MP A 3 iR
(0] \ B r J
E Y Y Sy E 3 E
E REAL-TIME E C .
C OFFLINE : - 0.95ms
-150 : : : 0 : ' : : :
100 . ™ . . 1r . . . : . ;
1M (lgge) (V) \ ] ~ cross-correlation ]
r ; 0.96ms ]
-100 : : : 0 : : : : :
0.05 0.06 0.07 -3 0 3
t(s) delay (ms)

Figure 3.7: Real and imaginary part of a reference power supply signal on
the left, cross-correlation analyses on the right.
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Figure 3.8: Latency of the MHD control system in RFX-mod before and
after the introduction of the MARTe framework.
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The new poloidal pick-up probes that have been embedded in the real-time
framework are the 32 ones represented with coloured squares in Fig. 2.4. The
sensors are distributed in four toroidal arrays of eight probes each. Due to engi-
neering constraints, the toroidal arrays are not equally spaced thus the spectrum

can not be computed with a straight Fast Fourier Transform - FFT algorithm.

The first step consisted in embedding the poloidal sensor measurements in the
real-time framework. Since the poloidal magnetic field measurements can be useful
both for the MHD and the magnetic equilibrium control the new signals were stored
in the real-time thread of the toroidal field equilibrium that has been modified
with all its GAMs to acquire, store and distribute among the other threads the
new signals. The latter task is particularly useful since it minimizes the code

redundancy and widens the data availability.

In the second step two C+-+ classes were implemented to process the raw data.
The first class was devoted to perform a real-time DC compensation of the signals.
Indeed if the magnetic probes are slightly tilted then they detect an unwanted pick-
up field that is induced by the currents that flow in the toroidal field coils. The

optimal correction eventually reads as:

B = By — C{I) (3.1)

where B§°" is the compensated signal, B;*" is the raw sensor measurement, (/)
is the average of the currents that flow in the 12 sectors of the toroidal field coil
system and C' is an array of 32 coefficients, that can be configured as user-defined
parameters. A further functionality of this class is the real-time correction of one of
the poloidal sensor signals, the one at 6 = 252deg, ¢ = 322.5deg, whose acquisition
channel is corrupted. The signal is reconstructed as a linear interpolation of the
two adjacent sensors, in the poloidal direction. Fig. 3.9 shows how the signals are
conditioned by this first class. The figure reports the signals of the four poloidal
magnetic sensors that are located at ¢ = 322.5deg and in the poloidal angular range
0 = [207,342]deg. The blue and red curves correspond to the raw signals that are
stored offline and in real-time, respectively. The corrupted signal is reported in
the third panel. The green data are the output of the class discussed so far. It is
worth to note here that the real-time correction can be negligible for some sensors

but significant for others, like the one in the first top panel.

The second C++ class performs the computation of the magnetic harmonics.

As anticipated, the sensors are not evenly spaced so a Discrete Fourier Transform
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algorithm was implemented and a 7/2 phase difference was hard coded to match
the poloidal magnetic field harmonics with the active coils, that apply a radial
magnetic field. The algorithm evaluates the amplitude and the phase of 12 modes
namely the ones with m = [0, 3],n = [0, 2]. Fig. 3.10 reports the time history of the
m = 2,n = 1 poloidal field amplitude during a Tokamak discharge at g(a) < 2. The
green and the blue curves are the output of this second class with and without the
signal conditioning performed by the first one. The comparison of the two outputs
points out the necessity to pre-elaborate the raw poloidal measurements, indeed
only the green signal shows clearly both fast tearing activity in the beginning of
the discharge and the slower exponentially growth of the m = 2,n =1 RWM as
soon as the feedback control is switched off at t = 0.8s. Whereas the toroidal field

Bp signals [T] array @ $=322.5°
| raw (offline) raw (real-time) corrected |

661
0.00 §
0=342° %
-0.04 o
-0.08 —
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©=252°
-0.04 _
-0.08 -
0.00 664
| @=207°
-0.05
-0.10 0.0 0.8
time [s]

Figure 3.9: Real-time DC-compensation and correction of the poloidal sensor
signals in RFX-mod.
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pick-up completely masks this dynamics in the blue case.

The spectrum of the poloidal magnetic field is then stored in the shared memory
DATApool, so that it can be further processed by both plasma equilibrium thread
and the MHD control one. The former exploits it to control the plasma shape,
the latter to maintain the plasma stability. The 12 poloidal modes add to the
192 radial ones in the range of the possible feedback variables that the PID will
minimize.

The offline simulator allowed to monitor the data flow and the absence of un-
foreseen bottlenecks, while dedicated experiments were devoted to test and charac-
terize the performances of the brand-new feedback control with poloidal magnetic
sensors in circular Tokamak plasmas at ¢(a) < 2. Fig. 3.11 shows a proportional
gain scan experiment that was performed by running RFX-mod as a circular Toka-
mak at g(a) ~ 1.8, as panel a) shows. The m = 2,n = 1 component of the poloidal
magnetic field was used as the feedback variable and the proportional gain was
progressively increased in consecutive time windows, with the aim to find out the
minimal value that stabilizes the discharge. The zoom that is reported in panel
b) shows that this value is K, ~ 6000(a.u) since in the corresponding green time

window the RWM amplitude saturates, meaning that a stable regime is obtained.

2,1 RWM Bp [mT]

4
w and w/o DC-compensation
2
8.0 0.5 1.0
time [s]

Figure 3.10: Shot: #33808. Time evolution of the m = 2,n = 1 poloidal
magnetic field amplitude with (in green) and without (in blue) the real-time
DC-compensation and correction of the raw poloidal sensor signals in RFX-
mod.
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Figure 3.11: Proportional gain scan experiment with the poloidal feedback
control in RFX-mod. Time evolution of a) the plasma current in black and
the edge safety factor in blue, b) a zoom of the m = 2,n = 1 poloidal field
amplitude and three consecutive time windows with increasing proportional
gain values.

Due to coil safety constraints, the corresponding upper limit, namely the maxi-
mum proportional gain value that does not trigger a high-gain instability, could
not be determined. However Tokamak discharges with K, up to 40000 have been
safely performed with no sign of instabilities. Finally, an optimized feedback con-
trol with poloidal sensors was obtained. Fig. 3.12 is a demonstrative example
of it. A circular Tokamak discharge can be driven and maintained well above the
current limit, since the brand-new control is able to quench both fast tearing mode
activity and the m = 2,n = 1 RWM growth as soon as the ¢(a) < 2 threshold is

overcome.
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3.2.2. Feedback control schemes with radial and toroidal magnetic field

sensors

In addition to the real-time feedback control with poloidal sensors, that has been
extensively described in the previous Section, other control schemes that are based
on the 192 radial saddle coil measurements are available in the RFX-mod control
system, as it is sketched in Fig. 3.4. The raw mode control and the Clean mode
control were ported from the old control system, while the Explicit Mode Control
and the Double Shell Clean Mode Control, together with the Poloidal Control,
have been embedded ex novo. In this Section an overview on these algorithms will

be provided, while the experimental results will be discussed in Chapter 6

#34590
200 1o (KA) " . . 2)
150 13.0
100 12.4
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24f 21 Bp [mT] ‘ b)]
Kp=20000
1.6 .
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Figure 3.12: The brand-new feedback control with poloidal sensors guaran-
tees the stability of a RFX-mod circular Tokamak discharge at g(a) ~ 1.8 .
Time evolution of a) the plasma current in black and the edge safety factor in
blue, b) the m = 2,n = 1 poloidal field amplitude and the yellow time window
during which the feedback control is switched on.
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Raw Mode Control - RMC

With this control scheme the variable processed by the PID is the spectrum of the

radial saddle coil sensors, namely:

m,n 1 1,j ,—i(mbineo;
b, prr = MN Z by e o),

i=1,Mj=1,N

where M = 4, N = 48 are the number of the sensors in the poloidal and toroidal
direction respectively and m, n the poloidal and toroidal wave number. In MARTe,
the harmonics are evaluated using the Fastest Fourier Transform in the West
- FFTW [78], that is a C subroutine library designed to compute the Discrete
Fourier Transform - DFT in one or more dimensions, of arbitrary input size and
of both real and complex data. The support for the code parallelization and the
portability to any platform with a C compiler, were the bases on which it was
chosen. Unluckily, the DFT harmonics are polluted by sideband aliasing, as it
will be discussed in the next Section, thus this control scheme can not robustly
maintain the plasma stability, because the perfect cancellation of the raw radial
magnetic field does not correspond to the cancellation of the instability harmonics

at the sensor radius, as it is discussed in [79].

Clean Mode Control - CMC

As it has been described in Chapter 2, the radial magnetic field sensors in RFX-
mod are grouped in 48 toroidal arrays of 4 coils each, both evenly distributed on
the torus surface. The sidebands above the Nyquist limit can not be resolved and
thus they are aliased in the measurements of the lower mode number harmonics.

To overcome the aliasing problem, an algorithm that computes and subtracts
the sidebands from the measurements has been implemented in real-time. The
sidebands are estimated from the feedback coil currents, using a cylindrical model
of the active coils. The sideband computation takes into account the copper shell as
the only passive structure between the active coils and the plasma. To incorporate
the additional shielding effect of the support structure, the shell time constant
is artificially increased from 100ms to 124ms. The sideband contribution can be

evaluated as:

bTanT = Z bqu(rs)f(pa q)u

{Lk}ez
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where p = m +IM,q = n+ kN identify the polluting sidebands and f(p, q) is the

shape factor that is due to the finite sensor geometry:

sin (q22) sin (p2a?
f(p,q) = (Aqf ) (p )
q—- p?

Sidebands, in general, do not correspond to unstable plasma modes, thus their vac-
uum approximation, corrected from the shielding effect of the passive structures,
is justified. The cleaned harmonics obtained in this way are used as the feedback
variable of a control scheme, named Clean Mode Control - CMC. The latter reads

as:

m,mn 1 q
b = Fprg borr T D B f(pq)) (32)

{1,k}eZ—{0,0}

where the time evolution of b.(rs)P? is determined by the following equation:

dbcP1 mon
7 = AP + X(m, 1, n, k) TS (t)].
The constants AP and A are defined in [79], while IJ;7-(¢) is the Discrete Fourier

Transform of the coil currents. This equation, that describes the time evolution of
the magnetic field, is discretized in the algorithm so that a new value is evaluated at
each cycle. The feedback action is applied to cancel independently each harmonic,
that can also be extrapolated at any radial position, between the sensor radius
and the plasma edge one. To do so the toroidal magnetic field measurements are

required as well, indeed the extrapolated harmonic at the radius r is evaluated as:

o In|r |n|r
br mn _ mmng mnK
o =amer, () o, (B

where ™" and ™" are functions of the radial and toroidal magnetic field har-
monics, as it is described in [55], while I, and K are modified Bessel functions.
The relative contribution of the sidebands and the effect of the extrapolation at
the plasma radius are shown in Fig. 3.13. This figure reports the amplitude of the
m = 1, n = —7 mode, that is the inner resonant one in the RFX-mod operating
as a RFP. Its amplitude is maintained at a finite value by the feedback control.
The raw harmonic, namely the one that is obtained by a straightforward Fourier
decomposition of the 192 radial magnetic field measurements, is plotted in blue.
The comparison with the green curve, that corresponds to the cleaned harmonic,
highlights that the sideband contribution is about 30% in this discharge. The red
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case represents the cleaned harmonic extrapolated at the plasma radius.

Explicit Mode Control - EMC

This feedback control algorithm is a good approximation of the plasma response
control, namely the difference between the measured field harmonics and the ones
produced by the active coils in vacuum. To achieve this together with the sideband
cleaning, the sideband subtraction of Eq. 3.2 is extended also to the vacuum har-
monic m,n = 0,0. In Tokamak plasmas, the RWM stabilization can be achieved
with this control scheme and radial magnetic sensors if the unstable mode has a
low growth rate, whereas any constraint holds for the poloidal magnetic field ones
[39]. The inefficiency of the radial magnetic field sensors with this control scheme
was predicted by some theoretical model in RFX-mod |55] as well, but it has never
been experimentally validated. This motivated the implementation of the EMC

control scheme during this Thesis work.

Double Shell Clean Mode Control - DSCMC

The upgraded capability of the new control system allowed a refinement of the

CMC algorithm, that could not be implemented before due to its demanding com-

m=1, n=-7 Br AMPLITUDE [mT]
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Figure 3.13: m = 1, n = —7 amplitude in the RFX-mod RFP, raw radial
magnetic field harmonic (blue), radial magnetic field harmonic cleaned from
the sideband aliasing (green) and extrapolated at the plasma radius (red).
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putational effort. In this new algorithm, that has been implemented during this

Thesis work, the sideband computation is performed by modelling the field shield-
ing of the copper shell and the mechanical structure that supports the active coils,
separately. Differently from the CMC, the sidebands computation reads as:

B () = NpO[-Y2 + X2),
where A9 is a real constant and X2 YP? are the real and the imaginary part,
respectively, of the complex function that represents the magnetic field spectrum,

whose time evolution is obtained by resolving the following coupled differential

equations

dX P

r= o = EDUXDY 4 BRIX (3.3)
dyP

g = BV B (3.4)
dXé”q _ p,q p,q p,q pq p,q m,n

Tb dt - Evb Xv + Eb Xb /“LOL Im([c )7 (35)
d}/bp7q _ P,.d\/p,q P9\ P4 __ p,q m,n

To dt - Evb YL) + Eb }/b MOL Re(Ic ) (36)

The b and v subscripts refer to the copper shell and the mechanical structure,
respectively. While the constants E, model the interaction of the magnetic field
with the conducting components. The time constants are 7, = 0.024s and 7, =
0.1s, respectively. In addition, a different choice of the sidebands, compared to
the standard CMC, that have to be subtracted, is performed. Indeed in the CMC
control scheme the sidebands are evaluated up to the second poloidal order and to
the first toroidal order for the m = 1,2 modes only, for a total of 14 harmonics.

In the new algorithm 20 sidebands are taken into account as Fig. 3.14 sketches.
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Figure 3.14: Sideband subtraction in the Double Shell Clean Mode Control
feedback algorithm.
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Error field measurement in
RFX-mod

Deviations of the machines structures and coils from a perfect axisym-
metry, that can hardly be fulfilled in experiments, origin small non-
axisymmetric magnetic fields that are called error fields. In general,
the effects of these error fields are deleterious for the plasma stabil-
ity and indeed they can lead to the formation of locked modes and the
consequent reduction of the energy confinement or even to the plasma
disruption. Therefore, it is essential to measure these error fields and
to annihilate the components resonate most with internal MHD insta-
bilities and that have the worst effects on the plasma performance. This
Chapter describes how the error fields have been measured in RFX-mod
circular and D-shaped Tokamak plasmas. The large number of correc-
tion coils in the toroidal direction made possible the use of prory EF
to wvalidate in a clean way the EF measurement techniques against a

known error field source.
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4.1 Impact of error fields on Tokamak operation

The equilibrium magnetic field of a Tokamak is ideally toroidally symmetric, but
unluckily slight deviations from the toroidal symmetry are always present in every
device due to a wide range of unavoidable boundary imperfections. The latter
can be the seeds of small non-axisymmetric magnetic fields that are commonly
referred to as Error Fields - EFs. The typical magnitude of the EFs is generally of
the order of 10747 in present day Tokamak experiments, but besides being a very

small fraction of the equilibrium magnetic field, it can have disruptive effects.

One of the main contributions to the EFs comes from the misalignment and
the shape imperfections of the axisymmetric field coils, like the poloidal or toroidal
field ones. And indeed, the lowest order and the most effective n = 1 asymmetry
can be simply induced by a shift and a tilt of the axis of a circular coil with
respect to the symmetry axis of the Tokamak. The finite number of toroidal
field coils, that induces a toroidal modulation in the magnetic field amplitude,
known as toroidal field ripple, can contribute to the EFs, as well as asymmetries
in the conducting structures, like gaps and portholes in the vacuum vessel. EFs
can also have a dynamical nature, namely the electromagnetic and thermal forces
that rise on the axisymmetric coils during plasma operations. Eventually, non-
axisymmetric magnetic fields, that are intentionally applied to control or study the
plasma instabilities, like magnetic perturbations that suppress the Edge Localized
Modes - ELMs [60, 80] or that probe the long wavelength kink mode stability [31],

are often referred to error fields as well.

The Fourier’s harmonics of the error fields can then be divided into resonant
and non-resonant components, according to the presence, or the absence, of a
rational magnetic flux surface inside the plasma such that k- B = 0, where k
is the wave vector associated with the error field harmonic. Both components
induce a non-axisymmetric displacement of the plasma magnetic flux surfaces but
it deteriorates the energy confinement only in the resonant case. Indeed, the EF
resonant components can trigger the magnetic reconnection of the field lines in the
proximity of the displaced surfaces and, if the resulting magnetic islands become
too large either in dimension or number, then an unaffordable loss of energy occurs
and the plasma eventually disrupts. This process is called mode penetration [32].
In a rotating plasma, the currents flowing on the rational surfaces naturally shield
the n = 1 component of the error field that attempts to drive the magnetic islands.

These currents however originate a torque that slows the plasma rotation. When
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the plasma is sufficiently braked, a loss of torque balance occurs and the dissipation
of the shielding currents triggers a large stationary island. At higher values of [y,
the EFs can even be amplified if they couple to a marginally stable kink mode [83],
like the RWM, in the so-called resonant field amplification - RFA [10].

Since the error fields are partially originated by the geometry uncertainties of
the device, it is not possible to know them a priori. However several techniques
have been developed to measure them. For instance, magnetic feedback control can
be used to infer the component of the error field that couples with the marginally
stable n = 1 kink mode, from the measure of its linear plasma response [34, &7].
In low-/ plasmas the EFs involves the onset of a locked tearing mode, thus they
can be measured with the so-called compass scan technique where an external
n = 1 magnetic perturbation is ramped until the error field penetration triggers
the growth of a locked mode [86]. This method has been applied in this Thesis
work to measure the error fields in REFX-mod both circular and D-shaped Tokamak
plasmas, as it will be described in the next Section. The error field can be estimated
also from the measurements of the torque balance on a saturated magnetic island
or from the braking of plasma rotation [37]. Eventually the amplitude modulation
of the kink modes, that is observed when rotating magnetic perturbations are
applied to plasmas [38], can be used as well.

Nonetheless it is important to bare in mind that it is not possible to achieve a
full error field correction, even if one succeeds in perfectly measuring it. Indeed the
active coils, that are devoted to their correction, hardly have the same geometry
of the error fields, thus they can just compensate part of its components, hopefully

those resonating most with the plasma.

4.2 Compass scan EF measurement approach

One of the most extensively used method to measure the error fields in a device is
the so-called compass scan. This technique has been applied to measure the error
fields in DIIL-D [89], JET [90] as well as C-mod [91].

The method is based on the assumption that the locked-mode onset during the
EF penetration process depends only on the amplitude of the total external non-
axisymmetric field 0 Beyy = 0By, +0Bgr, that is the sum of the non-axisymmetric
components of the externally applied magnetic field 05,,, and the error field ones

0Bgp. Therefore the critical threshold value of dB,,; should lay on a circle in
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the complex (Re(0Beyt), Im(0Beyt)) plane. The error field is inferred from the
possible shift of this circle that is obtained by measuring the critical amplitude of
the applied field as it is ramped with several different toroidal phases. Interestingly,
this method directly yields the coil currents that are needed to correct them, as
well. This method is pretty simple and allows a straightforward measure of the
error fields, but it has also some drawbacks. Firstly, it requires several reproducible
discharges, at least three, thus it is a time consuming method. Secondly, it will not
be feasible in ITER since a locked mode can eventually trigger a plasma disruption,
and several of them can not be tolerated in ITER since local thermal loads during a
plasma disruption can significantly exceed the melting threshold of divertor targets
and first wall panels especially in high current operation [92].

Nonetheless in standard Tokamak experiments this method can be safely ap-
plied. Several compass scan experiments have been performed in REFX-mod both in
circular and D-shaped single null Tokamak configurations to estimate the intrinsic
error fields. Moreover, in this experiment the large number of non-axisymmetric
coils in toroidal direction allows to apply known proxy error field, that can be mea-
sured with this technique to verify its reliability. The results of these experiments

will be presented in the next two Sections.

4.2.1. Compass scan experiments in circular RFX-mod Tokamak plasmas

The error fields in RFX-mod running as a circular Tokamak have been measured
at two low edge safety factor values, namely ¢(a) ~ 2.8 and ¢(a) ~ 2.4. In both
experiments all the 192 active coils have been used to apply a m = 2, n =1
magnetic perturbation with linearly increasing amplitude, in the former case the
coil currents have been increased up to 6A, while in the latter up to 5A. In the
latter regime the plasma response to the applied magnetic perturbation is expected
to be higher because the plasma is closer to the g(a) = 2 stability limit [16]. In
both experiments, the critical threshold for the error field penetration has been
measured at a constant plasma density of about n. ~ 10'%m ™ and at different
toroidal phases of the m = 2,n = 1 coil current perturbation, as it is required by
the compass scan technique.

Fig. 4.1 shows the results of the compass scan experiment that was performed
at g(a) ~ 2.8. Panel a) reports the time evolution of the plasma current. The
instant when the disruption occurs depends on the phase of the applied magnetic

perturbation, as it is shown in panel b) together with the probing amplitude,
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Figure 4.1: Compass scan in RFX-mod circular Tokamak at g(a) ~ 2.8.
Time history of a) the plasma current, b) the m = 2,n = 1 coil current phase
and amplitude in the primary and secondary axis respectively, ¢) the compass
scan analysis.

plotted with a black dashed line in the secondary y-axis.

The error field are inferred from the value of the coil current amplitude at the
disrupting instant for the different phases. The compass scan analysis is reported
in panel c¢). In the absence of any error fields the experimental points should lay
on the dashed circle, that is centred in the origin. Due to the error fields, they
define a new circle, the one represented with a continuous black line that has been
obtained as a least square fit of the experimental data. The new centre of the
circle gives an estimate the error fields, that in this case is pretty small, namely
0.280A at about 227deg.

As anticipated, the error field measurement has been repeated at a lower value
of the edge safety factor, namely at ¢(a) ~ 2.4. Fig. 4.2 compares the error field
measurement in the two experiments. The estimate of the error field is very similar
in the two cases and it results to be ~ 0.3A4 at ~ 230deg. 1t is worth to note here
that in this lower ¢ regime, the onset of the locked-mode, that eventually triggers
the plasma disruptions, occurs at lower amplitudes of the m = 2, n = 1 coil current
perturbation compared to the experiment at g(a) ~ 2.8. This can be due to the

plasma response that increases as the ¢(a) = 2 limit is approached [16].
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Figure 4.2: Error field measurements in RFX-mod circular Tokamak plasmas
at ¢(a) ~ 2.8 in blue and at ¢(a) ~ 2.4 in green.

4.2.2. Compass scan experiments in D-shaped RFX-mod Tokamak plas-
mas

As it has been described in Chapter 2, RFX-mod has recently performed Tokamak
discharges with single null D-shaped equilibria. This magnetic configuration can
be obtained starting from the circular one either with pre-programmed currents
or with a more sophisticated magnetic feedback controller. In the latter case a
compass scan was performed at around qg5 ~ 2.7 and at a constant density of about
ne ~ 10¥m=3 by applying n = 1 probing magnetic perturbations using only the
active coils at the outer midplane to mimic a situation typical of modern Tokamaks
where the error fields have geometries different from the non-axisymmetric coil
one. Fig. 4.3 shows the results of the error field measurement for these Tokamak
plasmas. It is worth to note here the accuracy of these compass scan experiments,

where the error field penetration has been measured at 8 different toroidal phases.
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Figure 4.3: Compass scan experiments in D-shaped RFX-mod Tokamak
plasmas, where the plasma shape is feedback controlled.

The estimate of the error fields is 1.521A at 241deg. The phase of the error fields
in this experiment is highly compatible with the one measured in the circular
Tokamak compass scan experiments, meaning that the plasma response to the
error fields in RFX-mod is not influenced by the plasma shape. Whereas, the error
field amplitude in D-shaped Tokamak is larger than in the circular one because in
the former case the estimate has been inferred from the n = 1 amplitude of the

coil currents, rather than from the single m = 2,7 = 1 harmonic.

4.2.3. Validation of the compass scan technique in RFX-mod

In order to verify if the compass scan is a reliable tool to measure the magnetic
field asymmetries in RFX-mod, the large number of non-axisymmetric coils in the
toroidal direction and the flexibility of its MHD control system have been exploited
to re-configure the active coils to intentionally apply a couple of user-defined proxy
error fields that have then been measured with this technique. Fig. 4.4 sketches
how the proxy error fields have been applied in the two experiments. In the former,
that is reported in panel a), the outer midplane coils both apply and measure the
n = 1 proxy error field, while the remaining ones were switched off as the grey

colour suggests. In the second experiment, that is depicted in panel b), the lower
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Figure 4.4: Sketches of the proxy error field measurements. The n = 1 proxy
error field is applied and measured with the outer middle plane coils, in panel
a), while it is applied with the lower plane coils and measured with the outer
middle ones, in panel b).

active coils apply a n = 1 proxy error field with a 90deg phase, while the ones in
the outer midplane probe it with the usual n = 1 increasing amplitude method.
In both cases the n = 1 amplitude of the applied proxy error field is 10A.

Fig. 4.5 reports the results of the experiments that are sketched in panel b) of
Fig. 4.4. Panel a) reports the time evolution of the plasma current, while panel b)
the n = 1 phase of the outer midplane coil currents, together with the amplitude
that is plotted with a black dashed line. The circle, from which the proxy error
field is estimated, is shifted of about 84 at 90deg. The phase is compatible with
the applied proxy error field.

Fig. 4.6 summarizes the results of the compass scan analyses for the two
experiments. The former case is plotted in cyan, while the latter in orange. In
both cases the amplitude of the measured proxy error field is slightly smaller than
the applied magnetic perturbation. Besides this, the phase is compatible with the

value set.
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Figure 4.5: Compass scan measure of a proxy error field applied with the
lower coils in RFX-mod D-shaped Tokamak. Time history of a) the plasma
current, b) the n = 1 coil current phase and amplitude in the primary and
secondary axis respectively, ¢) the compass scan analysis.
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Figure 4.6: Compass scan with proxy error fields in D-shaped RFX-mod
Tokamak plasmas.

73



4.2. Compass scan EF measurement approach

74



Error Field Correction in

RFX-mod Tokamak plasmas

The Dynamic Error Field Correction - DEFC approach, previously de-
veloped in high B plasmas, successfully avoids the error field penetration
and the consequent onset of a pressure-driven RWM, revealing that this
1s a marginally stable mode in this regime. This technique, that con-
sists in compensating the magnetic asymmetries with pre-programmed
currents suggested by slow magnetic feedback, was tested for the first
time in the RFX-mod in q(a) < 2 Tokamak plasmas. The experiments
that will be discussed in this Chapter show that, differently from the
pressure-driven RWM, the current-driven one is an intrinsically un-

stable mode that requires an active feedback control for its stabilization.
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5.1 Dynamic Error Field Correction - DEFC technique

As it has been anticipated in Chapter 1, the active stabilization of a pressure-driven
RWM in high g plasmas can be achieved if the non-axisymmetric coils are used to
supply currents that minimize the n = 1 component of the error fields. In order
for the feedback control with gain G to prescribe the correct coil currents for the
error field symmetrization, both high proportional gain and decoupled sensors are
needed, as it will be explained in the following. The measured plasma response,
that is used as feedback variable, can be described as a linear amplification of the

external field component that resonates with the kink mode, B".

BP' = a B¢, (5.1)

where « is the complex proportional constant that takes into account an eventual
toroidal phase shift between the external EF and the plasma response. This value
can then be used by a proportional feedback controller to prescribe the currents

1. that nullify the plasma response:

I, = —-GB". (5.2)

All the resonant components, both those of the error fields and the ones of the
field applied by the non-axisymmetric coils, are amplified by the plasma. If one
describes the latter contribution with an effective mutual inductance Mk ., then

the external field component resonant with the kink mode reads as:

Bt = BEF + My 1. (5.3)
Once the feedback loop is closed, the coil currents can be described as:

Go
I[.=————  BEF 5.4
1+ C7Y06]\4K’C K ( )

If the proportional gain is large enough, G > 1 then the feedback currents are
potentially able to completely annihilate the kink mode resonant component of
the external field BEY = — My .1,

The sensor decoupling is necessary to fully compensate the error fields. Indeed
if one models the coupling between the magnetic sensors and the active coils with

a coefficient € = [0, 1] then its contribution modifies Eq. 5.3 as:
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B = BEF + Mg 1, + eMp 1. (5.5)
Solving for the coil currents, as it has been done before, one obtains:

Ga
I.=— BEF, 5.6
1+ Ga(l+e)Mg,. * (5.6)

If the coupling between the sensors and the active coils is negligible, € ~ 0, then the
solution that has been discussed above still hold. But if € ~ 1 and the proportional
gain is large enough, G > 1, then I, = —BE" /2, namely the error field correction
with coupled sensors is only able to compensate half of the error field.

In DIII-D the decoupling is achieved by measuring the plasma response with
the poloidal sensors that are installed in the outer midplane . The error field
amplification is counteracted with the I-coils. This approach is successful because
these sensors are geometrically decoupled from the non-axisymmetric coils and
they are also DC-compensated to minimize the residual coupling [93].

Arbitrarily large proportional gain values can not be used in any feedback sys-
tem due to the high gain instability. However, the effect of an infinite proportional
gain can be obtained with finite ones if the minimization of the feedback variable
is somewhat helped. In the so called Dynamic Error Field Correction - DEFC
technique [10], that has been developed in DIII-D, pre-programmed currents, that
are evaluated as time averages of the feedback ones, are iteratively added in feed-
forward while the feedback control is switched on to achieve a a progressive error
minimization. This process lastly converges to the prescription of highly optimized

error field correction currents.

5.2 Error field correction in low-q RFX-mod circular Toka-

mak plasmas

Reproducible current-driven RWMs in low-q Ohmic discharges provide a simple
system where to study RWM control issues, as well as a challenging testbed
for those MHD control schemes that are originally developed to counteract the
pressure-driven ones. Indeed similarly to the high £ limit, the ¢(a) < 2 one is
set by an ideal kink mode that eventually evolves into a RWM, as it has been
experimentally verified both in RFX-mod |16| and DIII-D |[57]. All these analogies
suggested to test the Dynamic Error Field Correction technique in the RFX-mod
Ohmic circular Tokamak at ¢(a) < 2.
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It is worth to notice here that, while the interaction between the n = 1 com-
ponent of the error fields and the RWM onset has been extensively investigated
in high ( plasmas, due to the significant relevance of this operational regime, a
similar study in low-q plasmas has never been carried out before this Thesis work.
Nonetheless, plasma operation at low-q values offers a different ground where the
inner plasma physics of this instability can be investigated. Of course, the high
and the high current limit have their own peculiarities but, thanks to their similar-
ities, the optimization of the plasma performance in one regime can benefit from
the advance in the plasma physics achieved in the other.

These premises motivated experiments in RFX-mod with the aim to under-
stand, and possibly to characterize, the role played by the error fields in settling the
current limit, if any exists. Indeed, similarly to the high J regime, them =2, n =1
RWM, that routinely appears as soon as the safety factor approaches 2, could be
originated by the resonant amplification of the n = 1 error field component. The

experiments that will be described in the following will reject this hypothesis.

5.2.1. "Current-Freezing" technique

The error field correction in RFX-mod was carried out with the so called current
freezing approach. This technique was designed to investigate the role of the er-
ror fields on the onset of the current-driven RWM in a more straightforward way.
In this method, the magnetic feedback control is used to drive the plasma above
the current limit and to sustain its stability till stationary plasma conditions are
reached. At this point, the feedback control is switched off and its action is re-
placed by the pre-programmed currents that are obtained as an average of the
feedback ones over 50ms before its turning off. Since the error fields have compo-
nents that specifically depend on the plasma dynamics itself, this method allow to

apply exactly the correction that the plasma asks for.

Initially, 192 radial magnetic field sensors have been used during the feedback
controlled phase of this technique. The result of one of these experiments is re-
ported in Fig. 5.1 on the left. Panel a) reports the time history of the plasma
current and the edge safety factor, that is maintained at g(a) ~ 1.8 during the
whole discharge. The Clean Mode Control feedback algorithm, that has been in-
troduced in Chapter 3, has been used to control the fast tearing mode activity

in the initial part of the discharge, as it has been described in Chapter 2, as well
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CURRENT FREEZING TECHNIQUE WITH RADIAL (SX) AND POLOIDAL (DX) MAGNETIC FIELD SENSORS
PRE-PROGRAMMED COIL CURRENTS
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Figure 5.1: Error field correction in RFX-mod with radial (on the left) and
poloidal (on the right) magnetic field sensors. Time evolution of a) the plasma
current (in black) and the edge safety factor (in blue), b) the m = 2,n =1
component of the coil currents, ¢) the m = 2,n = 1 component of the radial
magnetic field. Pre-programmed currents replaces feedback ones in the time
interval highlighted in yellow.

as to maintain the plasma stability until ¢ = 0.5s. In the interval ¢ = [0.45,0.5]s
the MHD control system stores the coil current signals and evaluate their mean
value, that will be applied as pre-programmed currents from ¢ = 0.5s on, as it is
highlighted in yellow. As soon as the magnetic feedback control is switched off
at t = 0.5s, the m = 2, n = 1 starts growing exponentially. This evidence could
suggest that the current-driven RWM is an intrinsically unstable mode or that the
error fields were not completely corrected. This second hypothesis was supported
by previous DIII-D experiments in high 3 plasmas, where the inefficiency of the
radial magnetic sensors with the DEFC technique was proved to depend on the
sensor coupling to the coils [10]. As far as the validation of the DEFC technique is
concerned, this result was encouraging and motivated further experiments to put

light on this open issue.
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Once the new thick array of poloidal magnetic field sensors has been integrated
in the real-time framework, as it has been described in Chapter 3, the same ex-
periment was repeated using the new probes. The result is reported on the right
column of Fig. 5.1. In this case the MHD control system starts to store the time
history of the coil currents at ¢ = 0.65ms and a time average over the next 50ms is
computed, as in the previous experiment. The so obtained pre-programmed cur-
rents are supplied by the power system as soon as the feedback control is switched
off, namely from ¢ = 0.7ms. The time evolution of the m = 2,n = 1 component
of the coil currents is shown in panel b) on the right, where the current freezing
gap is highlighted with a yellow path. It is worth to note here that, differently
from the previous experiment, a significant noise affects the feedback current sig-
nal, whose high frequency fluctuations are further amplified by the feedback high
proportional gain. Nonetheless, as right panel ¢) shows, the frozen currents seem
to apparently prevent the m = 2,n = 1 RWM growth for 100ms, that corresponds
to twice the RFX-mod shell time constant for vertical magnetic field penetra-
tion, Twarr =~ 50ms [50]. Further repetitions of this experiment widened the
phenomenology with contrasting experimental evidences and sudden or delayed

exponential RWM growth have been observed as well.

The results of all the current freezing experiments with both poloidal and
radial magnetic field sensors are summarized in Fig. 5.2. Each point in this polar
plot corresponds to a circular Tokamak plasma discharge with ¢(a) = [1.5,1.9]
and n, ~ 10¥m=3. The m = 2,n = 1 amplitude and phase of the frozen coil
currents are plotted in the radial and angular coordinate, respectively. The current
freezing experiments with poloidal magnetic sensors are plotted in red, the ones
with the radial magnetic field sensors in blue. An ensemble of entirely feedback
controlled discharges are plotted in black as well, for sake of comparison. In the
latter case, plasma stability is guaranteed by the Clean Mode Control scheme, that
relies on the radial magnetic field sensor measurements as it has been described
in Chapter 2. The same control algorithm is applied in the feedback controlled
phase of the current freezing experiments with radial magnetic sensors. Thus,
not surprisingly, the black and the blue points are overlapped. Conversely, the
red ones, that correspond to the experiments with poloidal magnetic field sensors,
are more widely spread in the third quarter, but they are prominently nearer to
~ 230deg, namely the phase of the RFX-mod error fields that has been measured

with the compass scan technique, as it has been described in Chapter 4.

In addition, the coil currents in the freezing experiments with poloidal magnetic
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sensors are characterized by higher amplitudes if they are compared with the other
data series at the same edge safety factor values. This is evident in Fig. 5.3,
where the mean m = 2,n = 1 coil current amplitude is plotted as a function of
q(a). Similarly to Fig. 5.2, the black points and the blue ones can be considered
equivalent as far as this statistical analysis is concerned. The latter ensemble
shows that the coil current amplitude increases as the current limit g(a) = 2. is
approached, due to the enhancement of the RWM growth rate, as it is shown in
[57]. Interestingly the red data move from this trend and the magnetic feedback
control with poloidal magnetic field sensors at g(a) ~ 1.8 is found to prescribe
coil currents whose amplitude is on average higher to the one prescribed by the
feedback control with radial magnetic sensors at higher ¢(a) values. The observed
variability in the results of these preliminary experiments could be due either to
the intrinsic unstable nature of the current-driven RWM, that differently from the

pressure-driven one can not be prevented by eliminating the error fields, or to an
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Figure 5.2: Statistical analysis on the coil currents prescribed in RFX-mod
in circular Tokamak operation at ¢(a) < 2, m = 2,n = 1 amplitude and phase
are plotted in the radial and angular coordinates, respectively.
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Figure 5.3: Statistical analysis on the coil currents prescribed in RFX-mod
in circular Tokamak operation at ¢(a) < 2, mean m = 2,n = 1 coil current
amplitude as a function of the edge safety factor.

error field symmetrization that can not be reproducibly guaranteed in any plasma
discharge. In order to put light on this open issue, the current freezing method
was improved on the basis of the DIII-D expertise on the error field correction
in high ( plasmas, which requires high proportional gain in the feedback phase
and null coupling between the magnetic sensors and the active coils, as it has
been discussed in the previous Section. Both these improvements were converted
into concrete MHD control tools that could be easily embedded in the real-time

MARTe framework, as it will be discussed in the next Section.
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5.2.2. New real-time control tools to improve dynamic error field correc-
tion in RFX-mod

Real-time digital filter

As anticipated, high proportional gain is required for en effective error field cor-
rection based on slow magnetic feedback. In RFX-mod, the feedback control with
poloidal sensors did not allow to increase arbitrarily such value because these sen-
sors were affected by a significant noise, as it can be seen in Fig. 5.1. These
magnetic probes are located on the inner surface of the copper shell, as it has been
described in Chapter 2. Their bandwidth is thus limited only by the vacuum vessel
eddy currents at about 1k H z, while the radial magnetic field ones are shielded also
by the shell. Fig. 5.4 shows how the unwanted noise of the poloidal magnetic field
sensors, that is quantified like the standard deviation of the m = 2,n = 1 ampli-
tude of the corresponding feedback coil currents, is amplified by the proportional
gain.

To overcome this limit, a real-time single-pole Butterworth filter was imple-
mented in the MARTe framework to get rid of the high frequency fluctuation in
the poloidal magnetic field sensors. The frequency and the phase response of this
filter with a cut-off frequency f. = 100H z are plotted in Fig. 5.5. The Butterworth

filter is known to be maximally flat, namely it does not have any ripple from 0H z,

2/1 coil current standard deviation (A) g
2
(o=
0.8
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Figure 5.4: The noise amplification in the m = 2,n = 1 amplitude of the
coil currents prescribed by the poloidal feedback control as a function of the
applied proportional gain.
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Figure 5.5: Single pole Butterworth filter frequency a) and phase b) response,
the green line highlights the cut-off frequency.

the DC case, to the cut-off frequency at —3dB. Unluckily, this filter achieves pass
band flatness at the expense of a wide transition band as the filter changes from
the pass band to the stop band, indeed higher frequencies beyond the cut-off point
rolls-off down to zero in the stop band at the slow rate of 20dB/decade.

As it was described before in Chapter 3, the RFX-mod control system provides
the possibility to set-up different control configurations in up to 8 time windows.
The cut-off frequency of the digital filter is one of this user-defined parameters,
thus it can be flexibly changed during the same discharge. Fig. 5.6 shows the
effect of this filter on the m = 2,n = 1 amplitude of the poloidal magnetic field.
The cyan signal is the reference unfiltered case, while the blue one was filtered
with a 20H z cut-off frequency. The filter successfully reduces the unwanted high

frequency fluctuations in the signal, however it also introduces a delay At ~ 6ms.

The effect of the filter on the feedback variable is to slow down the controller
action. Indeed all the phenomena that take place on a timescale smaller than
~ 1/2nf, are neglected. In addition, the filter delay increases with the cut-off
frequency f.. Nonetheless, stable plasma operation at ¢(a) < 2 was obtained with

a bH z filter, which corresponds to a timescale of about ~ 30ms that is comparable
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Figure 5.6: Effect of the real-time single pole Butteworth filter on the feed-
back variable. Time evolution of the m = 2,n = 1 poloidal amplitude of the
magnetic field, unfiltered reference signal (light blue), 20Hz filtered one (blue).

to RWM growth rate at ¢(a) ~ 1.8.

Fig. 5.7 summarizes the results of the experiments where the MHD stability
was maintained at ¢(a) < 2 using the poloidal magnetic field sensors and a feed-
back control with increasing proportional gain values. The plot compares similar
discharges that only differ from the applied gain. Panel a) reports the time his-
tory of the plasma current and the edge safety factor in the left and right y-axis,
respectively. It is worth to note here that ¢(a) ~ 1.8. Panel b) sketched the pro-
portional gain applied in the corresponding discharge, as the colour code suggests.
The horizontal line is an empirical limit that roughly divided the stable gains from
the unstable ones. Panels ¢) and d) show the time evolution of the m = 2,n =1
amplitude and phase of the poloidal magnetic field. The figure highlights that
the feedback control with poloidal sensors is able to sustain the plasma stability
below ¢(a) = 2 with a relatively low gain, namely with Kp = 8000(a.u.) as lower
bound. The lower the proportional gain, the higher the amplitude and the slower
the rotation of the feedback variable, as the last two panels show. If the gain is
insufficient, like in cyan case, the amplitude of the feedback variable, i.e. the RWM
one, overcome a critical threshold, the feedback action is too weak to quench the

growth and the control is eventually lost.
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Figure 5.7: Proportional gain scan experiment with a bHz filtered poloidal
feedback variable. a)Time evolution of plasma current and edge safety factor,
b) the applied proportional gain, ¢) and d) time evolution of the m = 2,n =1
amplitude and phase of the poloidal magnetic field.

The control strategy that corresponds to the red case in Fig. 5.7 is able to
maintain the plasma stability in a very robust way. Fig. 5.8 documents how this
feedback control scheme with low gain, K'p = 8000(a.u.) and a relatively low cut-off
frequency, f. = 5Hz, is able to maintain the plasma stability at about g(a) ~ 1.8
even if magnetic perturbations, like natural sawtooth oscillations or 8k A magnetic
kicks, perturb the plasma. These perturbing quantities are reported in panel ¢)
and d) respectively, in the form of the time evolution of a core SXR signal and
the m = 2,n = 1 amplitude of the coil currents. The last two panels, ¢) and f)
compares the time history of the m = 2,n = 1 amplitude of the poloidal magnetic
field with (in black) and without (in blue) the filter action. The stabilization
provided by this "slow" feedback is evident in panel f) where the growth of the
RWM, that appeared as soon as the coil currents dropped, is prevented.

Remarkably, the cut-off frequency of the filter could be further lowered to 3H z
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Figure 5.8: Stability proof experiments in the presence of sawteeth and
externally applied magnetic kicks. Panel a) and b) time evolution of the
plasma current and the edge safety factor, ¢) sawteeth as measured by a core
SXR signal, d) m = 2,n = 1 coil current amplitude with a 8kA magnetic kick
at t = 0.6s, e) ) time evolution of the m = 2,n = 1 poloidal magnetic field
amplitude with (black) and without (blue) a 5Hz filter action.

with the same Kp = 8000(a.u.) proportional gain. At this frequency the feedback
control acts on a timescale ~ 50ms which is longer than the RWM growth rate
at this edge safety factor value (~ 30ms). In this experiment, that is summarized
in Fig. 5.9, the cut-off frequency of the filter was carefully reduced in consecutive
time windows with a double aim. Firstly, to safely control the fast growing tearing
mode, that appears before the current limit is approached, and secondly, to avoid
sudden and sharp transitions in the feedback variable signal, that can originate
unwanted oscillations due to the delay introduced by the filter. The figure reports
the time history of the plasma current and the edge safety factor in panel a), while
panels b) and ¢) reports the time evolution of the feedback variable, namely the
m = 2,n = 1 amplitude and phase of the filtered poloidal magnetic field. In the
first time window, ¢ = [0, 0.3]s the cut-off frequency is set to 1kH z to overcome the
tearing mode which rotates at about ~ 60H z. In the next one, t = [0.3,0.45]s, the
cut-off frequency is lowered to 10H z, the feedback variable decreases significantly

in amplitude, but it still maintains a partial rotation, probably due to the ampli-
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fication of a residual tearing oscillation. Eventually, from ¢ = 0.45s on, the filter
is further reduced to 3Hz and the ¢(a) ~ 1.8 is safely maintained till the feedback
switching off at 0.8s. In the last time window the mean amplitude of the poloidal
field increases compared to the previous one, nonetheless the feedback succeeds in
maintaining the plasma stability, at least till the end of this discharge. Panel b)
shows that the feedback variable seems to diminish towards the end but unluckily,
due to the limited length of this last time window, it is not possible to state if it
was indeed depleting rather oscillating very slowing. However, thanks to a new
set-up of the power supply system, Tokamak discharges in RFX-mod can now be
lengthened up to 1.2s, thus it will be possible to repeat this experiment and put

light on this open issue.
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Figure 5.9: Poloidal feedback control with a 3Hz Butterworth digital filter.
Time evolution of a) the plasma current and the edge safety factor, b) and c)
the m = 2,n = 1 filtered poloidal amplitude and phase respectively.
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Active coil reconfiguration

The second step to improve dynamic error field correction in REX-mod consisted in
maximizing the decoupling between the magnetic sensors and the active coils. Due
to their geometry, the radial sensors are intrinsically coupled to the active saddle
coils, while the poloidal ones are far less. The latter were already DC-compensated,
as it has been described in Chapter 3, however a further optimization came from
the flexibility to operate with a user-defined active coil configuration. This possi-
bility was introduced by the brand-new MARTe framework and it avoided complex
and time consuming hardware modifications. Indeed, as it has been described in
Chapter 2, the standard 48X4 active coil pattern can be arbitrarily modified to
emulate the action of a smaller number of wider active coils, the so called super-
coils, or to simply switch off the actuators that directly face the magnetic sensors,
as it was done in the error field correction experiments. The currents prescribed
by the feedback control are re-evaluated at the end of the closed loop according
to the new coil configuration, and then sent to the corresponding actuator. Fig.
5.10 sketches the magnetic configuration used in these experiments together with
the main discontinuities in the RFX-mod boundary geometry, namely portholes,
gaps and broken saddle coils. The poloidal magnetic sensors are highlighted with
red and green squares, respectively. A group of 4 active coils (the blue rectangles),
that were placed in the proximity of the thick poloidal sensors, was switched off in
order to minimize their coupling. In so doing the active coil coverage was reduced

by 50% but the toroidal symmetry was maintained.

A series of error field correction experiments were then performed with these
new control tools, with the aim to obtain clearer and conclusive results on the pos-
sible destabilizing role of the magnetic asymmetries on the RWM dynamics. The
experiments consisted in exploiting simultaneously the filter, to apply a high gain
feedback controller, and the reduced set of active coils reported in Fig. 5.10, to
minimize the coupling between the saddle coils and the magnetic sensors. The op-
timizations were applied in the first part of the discharge, when the active feedback
control was switched on to prescribe the coil currents necessary for the magnetic
field symmetrization. At ¢t = 0.7s the active control was turned off and replaced
by the passive error field correction performed with the frozen currents. The re-
sults are summarized in Fig. 5.11. This figure compares three similar discharges,
where the feedback variable was filtered with decreasing cut-off frequencies, namely

100H z,20H z,10H z. The applied proportional gain was the same for all the dis-
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Figure 5.10: Sketch of the configuration of magnetic sensors and the reduced
set of active coils used in the error field correction experiments. The blue
rectangles highlights the inactive saddle coils, orange and green squares the
poloidal magnetic sensors.

charges. It was scaled to take into account the half active coil coverage and care-
fully maximized to avoid the high gain instability. The m = 2,n = 1 amplitude
and phase of the active coil currents are plotted in panel b) and c¢) respectively.
Both signals are modulated by oscillations, whose frequency decreases with the
cut-off one. Interestingly, this effect is equivalent to increase the proportional gain
at a fix cut-off frequency as it is shown in Fig. 5.7. As a consequence, the frozen
currents are not exactly the same from shot to shot, however their amplitude and
phase average values are about 24 and 240deg, respectively. An enlargement of
the time history of the m = 2,n = 1 component of the poloidal magnetic field
is reported in panels d) and e). The first closeup shows that the feedback vari-
able is modulated as well, but the average value is quite similar in all discharges,
the second points out the dynamics of the m = 2,n = 1 RWM when the feed-
back is switched off. In particular panel e) points out that the higher the cut-off
frequency, the longer the delay with which the RWM appears as soon as the feed-
back is switched off at t = 0.7s. The delay is ~ 30ms in the blue case, namely at
f = 100H z, while the RWM grows instantaneously when f = 10H z. Interestingly,
the RWM growth rate increases with the cut-off frequency as well. Assuming that

the error field correction was performed at best with these two optimizations, the
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experiments discussed so far did not succeed in validating the hypothesis that the
error field asymmetries were responsible for the RWM onset when the current limit
q(a) < 2 is overcome in RFX-mod. This interpretation is supported also by the

RWM linear theory, as it will be discussed in the next Section.

5.2.3. RWAM linear theory interpretation of the experimental results

The apparently quiescent state of the m = 2,n = 1 RWM, that was experimentally
observed when the feedback current were frozen and/or the filter was applied, can
be explained within the standard RWM linear models. The modelling that will be
discussed in this Section neglects the stabilizing effect of the plasma rotation since

in RFX-mod its contribution is not significant.
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Figure 5.11: Error field correction with a reduced set of active coils and with
a filtered feedback variable. Time evolution of a) the plasma current and the
edge safety factor, b) and c¢) the m = 2,n = 1 coil current amplitude and
phase, d) and e) zoom of the m = 2,n = 1 poloidal field amplitude in the
presence of feedback and pre-programmed currents, respectively.
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Modelling of the "current freezing" experiments

The dynamics of a linearly unstable RWM in the presence of a feedback control,

that is assumed to be switched on at ¢ = [0,¢1], can be simply described with a

couple of equations that refer to a single harmonic m, n:
Lr — yoby — Wwacbl €I,

(5.7)
BVACT, = pFEED 4 pEF — _ Kb + bEF K € C, Re(K) > 0,

where b, is the m,n radial field harmonic at the shell radius, vy is the RWM
free growth rate, namely the one that is measured when the coil current are zero,

bY 4% is the radial amplitude

Yvac < 0 is the current damping rate in vacuum and
produced by a unit current harmonic (I, = 1) at the shell radius without plasma
and shell. b"FEP is the magnetic field applied by the feedback and b® a constant
error field that is introduced to model the effect of freezing the feedback currents.
The second equivalence stands for the application of the radial field Clean Mode
Control feedback algorithm during ¢t = [0,¢1]. The gain K is complex, the real part
is positive while the imaginary one is finite to take into account the phase shift
between b, and I. that is due to the residual sideband aliased field. The solutions
of Eq. 5.7 in the three coil current regimes that characterize a typical plasma
discharge of an error field experiment, namely the feedback controlled phase Eq.
5.8a, the current freezing one Eq. 5.8b and eventually the switching off of any coil

currents at the end of the shot Eq. 5.8¢, are:

( ’YVACbEF t
b (t) ~ ———— (1 —¢") t=10,t1]  (5.8a)
gl
bEF
b(t) = b, (ty) — YACT_ertrgnlt=t) t=[t1,t2] (5.8
Yo
bEF
by(t) ~ (br(tl) - Meme%(w—m) go(t=t2) t>t2  (5.8¢)
\ Yo

where v = 79 + Kyyac € C and Re(y) < 0 to have a stabilized system. In
the error field experiment reported in Fig. 5.1 the amplitude of the m =2,n =1
harmonic seems to remain constant while the currents are frozen. But this is not
the case, indeed the feedback action in the time window t = [0, 1] has a kind of
persisting effect in the freezing one at ¢ = [t1,¢2], that masks the growth of the
RWM instability. This masking effect is due to the dominance of the constant
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term b,.(t1) over the second addend, that is weighted by the factor e” < 1. This
subtlety suggested a more accurate analysis, where the constant contribution of
the radial magnetic field at ¢1 instant is subtracted as an offset to the solution, in
order to point out the growth of the instability. In so doing, the new solutions for
the cases of Eq. 5.8b and Eq. 5.8c read as:

bEF
by (t) — by(t1) = — VACT eatigrolt—t) t = [t1,12]
Yo
bEF
br(t) _ br(tl) ~ (br(t1> _ Me’ﬂle’m(h—h)) eolt—t2) _ bT<t1) t>12
Yo

It is worth to note here that the last two solutions in the last equation have
a different phase due to v € C'. Some simulations have been performed to test
this new model with the RFXlocking code, that is a cylindrical, zero pressure,
spectral code |91]. This code solves the single fluid MHD motion equations for
toroidal and poloidal angular velocities under both viscous and electromagnetic
torques developed by tearing modes, where the latter are described by Newcomb’s
equation. The code takes into account the radial field diffusion across the passive
structures that surround the plasma and it models the feedback coil action as
well. The RFXlocking simulations were performed using the RWM version of this
code, which includes both vessel and the shell and the Wesson’s equilibrium model
for the plasma. The feedback control system is modelled as a voltage-control
and it matches the characteristics of the real one, namely it has a feedback cycle
frequency of 5kHz, 1ms latency and it can include the sidebands aliasing. The
results of these simulations are summarized in Fig. 5.12. This plot compares the
amplitude of the m = 2,n = 1 RWM in different controlled regimes. The solid
black line represents the free growth of this mode when the feedback currents are
switched off, whereas the dashed one the quenching action of the feedback control.
In both green and red case, a constant EF is added to reproduce the experiments.
At t = t0 the active feedback control is switched off, the RWM starts growing
immediately in the green case, that was feedback controlled till ¢ = t0, with the
same rate of the black solid line in the previous time window. Conversely the coil

currents are frozen in the red case and the results is a RWM delayed growth.

The results confirm the masking effect of the frozen currents on the RWM
dynamics and so does the experimental ones that are reported in Fig. 5.13. The

figure shows the time evolution of the m = 2,n = 1 amplitude and phase of the
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Figure 5.12: RFXlocking simulation of the time evolution of the m =2,n =1
RWM amplitude in different control regimes.

radial magnetic field, as it was measured in the error field correction experiment
with poloidal sensors. The black curves are substantially the same time traces of
panels b) and ¢) Fig. 5.1 and they are reported here again to be compared with
the new results of the analysis that was suggested by the theoretical model (in
blue). The y-axis logarithmic scale should foreground the exponential growth of
the instability, that however seems not to appear in the black case. In addition,
the phase of the radial m = 2,n = 1 harmonic remains constant during the whole
plotted period, regardless of the different current regimes. This is the case when
the feedback action masks the real dynamics of the instability. Conversely, the blue
case verifies all the predictions of the model and unveils what is really going on.
Indeed, the subtraction of the radial magnetic field at t = ¢t1 to the measurements
allows not only to reveal the RWM growth even during the pre-programmed current

phase, but also the change in the phase of the same harmonic during the last two
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Figure 5.13: Time evolution of the m = 2,n = 1 a) amplitude and b) phase
of the radial magnetic field. Black curves refers to the original data, the radial
magnetic field at ¢t = ¢1 is subtracted to the measurements in the blue ones.

time windows, as it was predicted by the model.

The validation of the theoretical predictions, that have been discussed in this
Section, with the experimental data was verified statistically, as the comparison
of Fig. 5.14 shows. In the two plot is reported the m = 2,n = 1 RWM growth
rate as a function of the edge safety factor for three different cases, namely when
the RWM grows freely as soon as the coil currents are switched off at the end of
a discharge (black), when the RWM grows while the pre-programmed currents,
that are prescribed by the radial feedback control, are compensating the error
field (cyan) and finally the case similar to the latter but with the radial feedback
control substituted by the poloidal one (red). The growth rate is evaluated with an
exponential fit on the m = 2,n = 1 radial component of the magnetic field, while
the edge safety factor is estimated as a time average over the first 10ms of the RWM
growth. The growth rates in the plot on the left were obtained by a straightforward
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exponential fit on the raw m = 2, n = 1 amplitude of the radial magnetic field. This
plot shows that when the error field correction is performed with radial sensors,
the m = 2,n =1 RWM growth rates are comparable to the ones measured when
the coil currents are switched off, and this evidence is in agreement with the known
inefficiency of these sensors. Interestingly, the red points are well outside this main
data trend and a noticeable variability of positive (unstable) and negative (stable)
growth rates exists as well. Nonetheless the growth rates are systematically lower
than the ones of the other two series at the same edge safety factor value. This is
even more evident for the two slightly negative growth rates, that are evaluated
in discharges where the m = 2,n = 1 radial magnetic field amplitude is slightly
decreasing in time as in panel b) of Fig. 5.1. Globally this plot seems to suggest
that the error field correction with poloidal sensors is able to effectively affect the
RWM dynamics, by slowing down, or even completely quenching, its growth. But
this picture changes completely if the growth rate of the same shot samples is
evaluated after subtracting the masking effect of the radial field at the end of the
feedback phase, b,(t;), to the radial magnetic measurements b,(t). This was done
in the plot on the right and as a result, all the data align to the main data trend
regardless their identity, meaning that the error field correction does not impact

the RWM dynamics in these low-q plasmas.

The theoretical predictions of the linear RWM model that was introduced in
this Section were simulated with RFXlocking. The current freezing tool is emulated
by adding an error component b.,.. in the feedback variable, that is split into a

systematic by plus a random phase noise part:

berr = bo(1 + e ¥rana(®)). (5.10)

The RFXlocking simulations of the feedback masking effect with radial and
poloidal sensors are reported in Fig. 5.15, in the left and right plot, respectively.
The comparison of these two plots show that the dependence of the feedback
behavior on the noise characteristics is independent from the used magnetic sen-
sors, thus the radial and poloidal feedback controls are basically the same on the
RFXlocking point of view. The equilibrium was chosen to reproduce a RWM

! which is comparable with the experimental one. In the

growth rate of ~ 45s~
absence of noise, the ¢ = 0 black continuous line, the masking effect is important
in both cases. But as the noise increases, especially at lower feedback frequencies,

the effect vanishes progressively. This is evident if one compares the blue with
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Figure 5.14: m = 2,n = 1 RWM growth rate as a function of the edge safety
factor with (right) and without (left) the subtraction of the radial magnetic
field at the end of the feedback phase in the current freezing experiments.
Black points refer to the RWM free growth when the coil currents are switched
off at the end of the discharge. The red and the cyan ones correspond to the
growth of this instability in the presence of pre-programmed currents that
are prescribed by the feedback with poloidal and radial magnetic sensors,
respectively.

the green case (or the red with the orange), namely the case where the random
phase of the noise changes at every feedback cycle (5kHz) with the one where it
does it every 20 cycles (250H z). In the radial feedback plot there seems to be
also a dependence on the noise amplitude e, that however is not reproduced in the
poloidal one on the right. These simulations suggest that the different noise in the

signals provided by the two sensors could play a role

Modelling of the experiments with a filtered feedback variable

The same RWM linear model presented in the previous Section can be applied to
model the experimental results that were obtained in the experiments where the
high frequency components were removed from the feedback variable with a single
pole Butterworth filter. The equations in this regime read as:

dbr

dt ’Yobr + ﬂ)/VACKwr (511)

der _
wyp dt +/LU7» - br’

where w, is the low-pass filtered feedback harmonic, w; the cut-off angular

frequency of the filter and K the gain that is assumed to be simply a real posi-
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Figure 5.15: RFXlocking simulations of the feedback masking effect in the
error field correction experiments. Time evolution of the feedback variable
that is controlled till ¢ = 0.3s with the radial Clean Mode Control feedback

algorithms in the plot on the left and with the Poloidal Control one on the

right. (This figure is taken from [95]).

tive number. The eigenvalues A of the system are the solution of a second order

equation, whose solution and discriminant are:
—wr VA
{)\:'70 wJ; fA:(Ldf—’)/0)2+4wf(’}/0+’yVACK) (512)
Three different regimes can be identified:

Stable solutions Re(\) < 0,¥Im(\). The system is stable, this occurs when

wr > and K > Kiarg = =70/ Ac-

Marginally stable solutions Re(\) = 0,VIm(\). The system admits two com-
plex conjugate purely imaginary solutions, this occurs when |K| > | Kl

and wy = o

Unstable solutions Re(\) > 0,VIm(\). The system admits two complex unsta-
ble solutions, this occurs when wy < . The eigenvalue A = [(vo—wy)/2, v0—
wf] ~ [K > Kiargs K = Kparg]. In this regime the mode appears with a

growth rate A < Ag and oscillates.
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5.2.4. Qualitative comparison with CarMa

Numerical simulations were performed with the CarMa code [96] to model the
effect of a first order filter on the radial Clean Mode Control feedback variable.
This code originates from the synergy between the CARIDDI and the MARS-F
codes and provides a linearized model of the RWM physics in the presence of both
active and passive structures. CarMA allows a reliable and robust reconstruction of
the RWM dynamics, since it includes both kinetic effects into the MHD equations
and a realistic reconstruction of the structures that surrounds the plasma, with a
particular attention on the effects of the 3D geometry on the mode dynamics.

Fig. 5.16 reports the results of series of simulation where an unstable mode

L appears at t = 0.1s. This value is higher than

with growth rate v ~ 120s~
the experimental one but the results of this simulations can be indicative as well.
In ¢ = [0.1,0.3]s a first order filter with cut-off angular frequency wy = 2007,
that corresponds to fy ~ 3800H z, is applied. From ¢ = 0.3s on different cut-off
frequencies are tested, namely wy = [5,1,1/2,1/6]v (ff = [95,19,9.5,3.2|Hz2).
The proportional gain was kept at a fixed value, K = 12000 > K4, in all the
simulations in order to stabilize and avoid the high gain instability with any filter
frequency. The time evolution of the m = 2,n = 1 radial amplitude, that is
reported in the figure, is not affected by the filtering in the first time window,
t =[0.1,0.3]s, while a significant effect is observed in the last one especially in the
cases where the cut-off frequency is lower than gy, the mode free growth rate. The
marginal stability is achieved at wy = 7 while smaller values lead to an unstable
regime. The oscillations, that are always present regardless the frequency value,
are due to the imaginary part of the solution. Thus the quiescent state of the mode
that is observed in Fig 5.7, 5.8 and 5.9 can be an evidence of a marginally stable
mode, being the applied cut-off angular frequency of the order of the free mode
growth rate, especially in the former two cases where w; = 27 ff ~ 30ms ~ 7. A
possible interpretation of Fig. 5.9, where the applied filter acts on time scales that
are likely longer than the RWM characteristic one, is that the RWM stabilization
can be apparent, since the RWM growth can be hidden by the oscillations that
slowly modulate the amplitude. Longer discharges, that are now feasible in RFX-

mod thanks to a new set-up of the power supply, will put light on this issue.

The new real-time tools, namely the possibility to freeze the currents prescribed
by the feedback in order to apply them as pre-programmed ones during the same

discharge, and the low pass single pole Butterworth filter, were tested with two
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Figure 5.16: Time evolution of the m = 2,n = 1 radial magnetic field
amplitude with different filter cutoff frequencies, marginal stability case is
plotted in blue. (This figure is taken from [95]).

similar linear models. The first one relied on the RFXlocking code while the
second on the CarMA one. Besides a direct comparison of these two codes is not
possible, due to the significantly different growth rate assumed in the simulations
(v = 45s7! in RFXlocking and v = 120s! in CarMa), the predictions are in
agreement with the corresponding experimental data, once the latter are treated
accordingly. Both models interpreted the RWM stability, that was apparently
observed in the experiment of Fig. 5.1 on the right, as an evidence of an unstable
regime where the growth of the mode was masked by the action of the control tool
itself. If the experimental data are analyzed as the theoretical predictions suggest,
then the masking effect is unveiled and the RWM is found to be unstable even

when the error fields are minimized at best.
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Magnetic feedback sensors and

control schemes for RWM control
in RFX-mod

RFX-mod is equipped with a unique and sophisticated MHD control
system that allows to develop feedback control algorithms based on ra-
dial, toroidal and poloidal magnetic field sensors and to test them in
the challenging q(a) < 2 regime, whose stability is threaten by a very
reproducible m = 2, n =1 RWM. This Chapter will discuss the perfor-
mance of the feedback control algorithms that have been implemented
during this Thesis work, in order to contribute to the scientific debate

on the optimal magnetic feedback control schemes in Tokamaks.
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6.1 Feedback control in RFX-mod

Several experiments have been performed in RFX-mod running as a Tokamak
to measure and correct the error fields. Chapter 5 presented and discussed the
compass scan technique and the new real-time control tools that were used to
compensate the magnetic field asymmetries in Tokamak plasmas. At the date of
this Thesis work, despite the pursuit of more and more refined and reliable recipes,
the correction of the magnetic non-axisymmetry did not succeed in stabilizing the
m = 2,n =1 RWM above the current limit. This implies that this mode is really
linearly unstable thus a feedback control action is mandatory to drive and maintain
the plasma stability at ¢(a) < 2 in the RFX-mod circular Tokamak.

Luckily, this experiment is equipped with a unique and sophisticated MHD con-
trol system, that allows to routinely operate circular Tokamak plasmas at ¢(a) < 2.
As far as MHD control is concerned, appealing features of this experiment are the
variety and the large number of magnetic field sensors, as well as the flexibility of
its new real-time framework, that allows to implement computationally challenging
feedback algorithms and to re-configure the native set of active coils.

Therefore RFX-mod can significantly contribute to the scientific debate on
the optimal sensors for magnetic feedback control in Tokamaks because it offers
the possibility to design complex control algorithms based on radial, toroidal and
poloidal magnetic field sensors, and to test them in a very challenging but also
reproducible regime.

The optimization of the feedback control schemes for RWM stabilization is an
open issue in Tokamaks, that needs to be solved. Indeed the RWM instability
in high § Tokamaks is stabilized by energy dissipation mechanisms that depend
on plasma rotation and kinetic effects, whose roles in ITER are still under in-
vestigations [87]. Part of the interest in the fusion community is focused on the
positioning and orientation of the sensors. Indeed the optimization of these two
parameters allows to clearly detect the magnetic field component linked to the
MHD activity and to produce a reliable and robust signal as input for magnetic
feedback control algorithms.

Theoretically it has been demonstrated that a magnetic feedback system with
sensors measuring the poloidal magnetic field is much better than the one with
radial field sensors |63, 97]. On the experimental point of view, for example in
the DIII-D device, dedicated experimental campaigns have been performed to

investigate this topic. The major result is that magnetic feedback control using
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the radial field sensors, both internal or external, do not prevent the onset of a
pressure-driven RWM in high (§ plasmas. In contrast, when feedback using the
poloidal field sensors was applied, such instability did not appear [10]. This result
confirms the theoretical prediction.

On the other hand RFX-mod can successfully stabilize the current-driven RWM
well below ¢(a) = 2 using radial magnetic field sensors and a feedback control
algorithm that cleans the measurements from the sideband aliasing, as it has been
shown in Chapter 2.

Several new feedback control algorithms have been implemented in real-time
during this Thesis work. These rely on both radial, toroidal and poloidal magnetic
field sensors, as it has been described in Chapter 3. Systematic experiments, where
different control approaches have been compared in a very simple and reproducible
case, namely in ¢(a) < 2 RFX-mod Tokamak plasmas, will be presented in this
Chapter. A further aim will be to discuss their performance in order to contribute
to the scientific debate on the optimal magnetic field sensors and control scheme

for feedback control in Tokamak plasmas.

6.2 RWM feedback control with radial field sensors

6.2.1. Clean Mode Control to overcome the limits of Raw Mode Control

Before the magnetic feedback control with poloidal magnetic field sensors became
available in RFX-mod, the radial sensors provided the only feedback signals in
REFX-mod. The Raw Mode Control feedback scheme is seriously limited by the
high number of sidebands, that are originated by the discrete nature of the active
coils. The sideband contribution affects the maximum RWM growth rate value
that can be stabilized by this control scheme [91]. In RFP plasmas the sideband
aliasing in the measure of the unstable m = 1,n = 6 RWM is negligible and indeed
the threshold value is 7]1\’4;& < 220s71, that is considerably higher than the typical
RWM growth rate in RFX-mod v%~% ~ 25571, Conversely, the characteristic
m = 2,n = 1 RWM growth rate in ¢(a) < 2 Tokamak plasmas, that is similar
to the m = 1,n = 6 RWM in the RFP case, is comparable to the corresponding
critical value, namely ﬁ,’fo < 40s7t. This explains why the RMC succeeds in
controlling the RWMs in RFP plasmas while it fails.

The Clean Mode Control with its sideband de-aliasing algorithm was imple-

mented to overcome this limitation and since then it has been the most extensively
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used feedback control scheme in RFX-mod, running both as a RFP and as a Toka-
mak [55, 79, 94]. In the former case it allowed to reach plasma currents up to

2MA, in the latter routine operations up to g(a) ~ 1.54.

6.2.2. Explicit Mode Control with radial sensors

The same theoretical model that predicts the RMC limitation of the maximum
m = 2,n = 1 RWM growth rate that can be stabilized, predicts a similar result
for the Explicit Mode Control. The experimental validation of the inefficiency of
this control scheme, that has never been performed before, will be presented for
the first time in this Section. Fig. 6.1 reports the results of a series of experiments
performed in RFX-mod Tokamak circular plasmas. The performance of the EMC
control was tested in 4 discharges where the plasma current was ramped down at
fixed By, to lead the edge safety factor progressively closer to g(a) = 2, as panel a)
shows. Doing this it is possible to change the RWM growth rate since it depends on
q(a) as it is shown in Fig. 5.14. In the first part of each discharge, up to t = 0.35s,
the same proportional gain K, = 40000(a.u.) is applied to safely overcome the
tearing mode instability. As a result the EMC succeeds in maintaining the plasma
stability while the equilibrium crosses the current limit, and it does it in a very
reproducible way. In the remaining part of the discharge, up to ¢ = 0.8s that is
the time when the feedback control is switched off, different proportional gains are
applied.

As one expects, the higher the gain the smaller the amplitude baseline and the
closer to 2 the value of the edge safety factor at which the discharge disrupts. But
the latter evidence seems to hold only up to a critical gain, K, = 10000(a.u.) in
these experiments. For higher gain values the performance of the discharge does
not improve and indeed the cyan shot is comparable to the blue one, regardless
the double proportional gain applied, whose only further effect is to induce the
mode to rotate at HHz.

The saturation of the EMC’s capabilities in stabilizing the RWM in ¢g(a) < 2
Tokamak plasmas is predicted by a theoretical model as well. Fig. 6.2 shows the
CarMa predictions for the performances of the different radial feedback controls
implemented in RFX-mod. The plot, that reports the m = 2,n =1 RWM growth
rate as a function of the proportional gain, was made assuming a RWM free growth
rate v = 120s™', as the white circle at K, = 0(a.u.) signals. It is worth to note

here that the assumed equilibrium does not match the experimental one. The
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Figure 6.1: FExplicit Mode Control - EMC of the m = 2,n = 1 RWM
instability in RFX-mod circular Tokamak discharges where the plasma current
is ramped down

1

typical experimental growth rates for this mode goes from 15s7! to 50s~! as Fig.

5.14 shows, thus a direct validation of this predictions is not possible.

The simulations predict that only the CMC algorithm is able to efficiently con-
trol the RWM instability in the g(a) < 2 regime using radial magnetic field sensors,
since its growth rate is completely annihilated by increasing the proportional gain
values, whereas the RMC and the EMC are found to succeed only for a slowly
growing RWM, up to v =~ [70,40]s™! respectively. For higher and higher gain
values a saturation of the stabilizing capabilities of these control schemes occurs,

that is experimentally observed as well.
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Figure 6.2: CarMa simulations of the Raw Mode Control - RMC, Explicit
Mode Control - EMC and the Clean Mode Control CMC performances in
RFX-mod circular Tokamak plasmas at g(a) < 2

In Fig. 6.3 we tried to estimate the 7 critical threshold from the experimental
data. Panels b) and ¢) show how the radial amplitude and phase of the m =2, n =
1 RWM evolve as a function of the increasing edge safety factor in the 4 discharges
of Fig. 6.1 from ¢t = 0.6s till the disruption. The plot in panel b) points out
that the smaller the proportional gain the smaller the edge safety factor value at
which the EMC looses control over the RWM instability. The amplitudes in both
blue and cyan case start growing approximately together, suggesting the existence
of am = 2n =1RWM growth rate threshold beyond which the EMC fails in
maintaining the plasma stability. In these experiments the EMC seems to succeed
up to g(a) < 1.7, that corresponds to v ~ 30s™!, as panel a) indicates. This
experimental estimate is smaller but compatible with the theoretical one, besides
the latter was based on a RWM growth rate of 120571,

In order to further characterize the EMC control, a proportional gain scan ex-
periment has been performed at ¢(a) ~ 1.55. In this regime the m = 2,n =1
growth rate is sufficiently small for the EMC control to be effective if an adequate
proportional gain is applied. Fig. 6.4 reports the time evolution of a) the plasma
current and the edge safety factor in the primary and secondary y-axis, respec-

tively, and in panels b) and ¢) the m = 2, n = 1 amplitude and phase of the radial
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Figure 6.3: The m = 2,n =1 RWM growth rate threshold with the Explicit
Mode Control

magnetic field. The EMC feedback control is on in the time interval ¢ = [0.6, 0.8]s
for all the discharges except for the blue one, that survives without the active
control for 0.15s, that is the time necessary for the slowly growing RWM to reach
an amplitude high enough to trigger the disruption. The proportional gain in
the green case, K, = 5000(a.u.), results to be insufficient to avoid the instability
growth whereas the one of the red case, K, = 10000(a.u.), succeeds, meaning that
the minimum stabilizing gain for this regime is between these two values. Once
again, a similar performance is observed by doubling the gain as the comparison
of the red and cyan shots documents, however panel ¢) shows that no rotation is

induced in this case. The results of all these experiments suggest that removing

107



6.3. Feedback control with poloidal sensors

the aliasing in the radial measurements by subtracting the entire vacuum coils’
field, as the EMC algorithm does, is not a successful strategy for RWM control.
Probably this may depend on the unfavorable ratio between the magnetic field

produced by the coils and the plasma one.

6.3 Feedback control with poloidal sensors

The brand-new feedback control scheme with poloidal sensors, whose real-time
implementation was presented in Chapter 3, has been tested in a gain scan ex-

periment similar to the EMC’s one in Fig. 6.4 in the RFX-mod circular Tokamak

180 3.0
120 2.4
60 1.8
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#33835, Kp = 5000 FEEDBACK |
#33812, kp = 10000 CONTROL 1
#33811, Kp = 20000 OFF ]
1

R
. i M

0.6 0.7 0.8 0.9
t (s)

Figure 6.4: Proportional gain scan experiments in the RFX-mod circular
Tokamak discharges with the Explicit Mode Control - EMC.
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Figure 6.5: Proportional gain scan experiments in the RFX-mod circular
Tokamak discharges with the poloidal field control scheme.

discharges at g(a) ~ 1.76. The results of this experiment are reported in Fig.
6.5, that compares the performance of this approach with increasing proportional
gains. The figure plots the m = 2,n = 1 amplitude and phase of the poloidal and
radial magnetic field and of the coil currents. The feedback control is switched on
until £ = 0.8s. The RWM growth is slowed down but not completely suppressed in

the blue case, which corresponds to the minimum gain K, = 5900(a.u.), whereas
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an effective stabilization is obtained with gains K, 2 8000(a.u.). The higher gain
values tested in these experiments resulted in a smaller feedback variable ampli-
tude, the poloidal one, without inducing any high gain instabilities even at the
highest gain K, = 20000(a.u.). It is worth to note here that besides the poloidal
field component changes according to the efficiency of the proportional controller
the radial and the coil currents’ one do not change significantly. The results of
this gain scan experiment suggests that K, = 20000(a.u.) is a good choice for the
proportional gain for this control scheme since it is able to maintain the plasma

stability against both tearing mode and the RWM one.

6.4  Comparison of radial and poloidal sensor performances

To directly compare the performance of radial and poloidal feedback control schemes
in RFX-mod, the EMC, CMC and the poloidal field control have been tested in
similar circular Tokamak discharges at g(a) ~ 1.76. The results of these ex-
periments are summarized in Fig. 6.6 that reports the m = 2,n = 1 spectral
component of the poloidal magnetic field, the radial one and of the coil currents.
The three feedback control schemes have been tested with the optimal propor-
tional gain for the chosen equilibrium and all of them succeed in controlling the
RWM instability till the end of the pre-programmed feedback window. The EMC,
here plotted in blue, is the less efficient algorithm compared to the others since it
requires higher currents that however, are just able to keep the RWM amplitude
at a relative large amplitude while making the m = 2,n = 1 mode rotate.

Interestingly, the CMC and the poloidal field control, that are plotted in green and
red, respectively, have a comparable effect. The poloidal field control prescribes
coil currents that are slightly higher than the CMC’s ones and besides its radial
magnetic amplitude remains at a finite value, the poloidal one has basically the

same magnitude of the CMC’s one.

The results of the RFX-mod experiments, that have been presented in this
Chapter, suggest that the active control of the m = 2,n = 1 RWM in ¢(a) < 2
circular Tokamak plasma can be performed with the 192 radial sensors as well as
with the 32 poloidal ones. The sideband aliasing in the magnetic measurements is
unavoidable in any fusion device, due to finite number of the actuators. However,
it limits the performance of the radial feedback control more significantly than the

poloidal one.
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Figure 6.6: Performance comparison of radial and the poloidal feedback
control schemes in RFX-mod.

The main disadvantage of the radial CMC algorithm stands in the necessity
of a model-based real-time estimate of the sidebands’ contribution that is then
subtracted to the spectra of the radial magnetic field measurements. In RFX-mod
this requirement is satisfied by a real-time algorithm that implements an analytical
model that is based on a circular geometry. The radial sensors are located outside
the vacuum vessel, thus their measurements are effectively shielded by unwanted
high frequency fluctuations. Moreover this location will protect them by the harsh

enviroment of future fusion reactors and eases a lot their maintenance too.
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The poloidal sensors, that are installed inside the vacuum vessel, have been
generally preferred over the external radial ones in many Tokamak experiments.
The sideband aliasing in the poloidal sensors is weaker than in the radial ones
thanks to the cancellation of the vacuum coil harmonics for this former field com-
ponent. As a result, the RMC and EMC algorithms behave essentially in the
same way. Being closer to the plasma, a poloidal sensor captures more readily the
plasma dynamics. Unluckily its promptness comes at the expense of its highly
noisy signal, that sometimes needs to be opportunely processed before being used.
The feedback algorithm, however, is less complex than the radial ones and this is
an important advantage as far as the real-time implementation is concerned.

In RFX-mod, the poloidal feedback control scheme uses the magnetic mea-
surements from 32 locations only. Beside this, the two sets of sensors show similar
performances. However, on the point of view of a fusion reactor, the radial ones,

that are located outside the vacuum vessel, will be a probable choice.
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Helical states in RFX-mod
controlled with 3D fields

In RFEX-mod Ohmic Tokamak plasmas both m = 2, n = 1 Resistive
Wall Mode - RWM and the m = 2, n = 1 Tearing Mode - TM, that
routinely appear in q(a) < 2 and q(a) > 2 plasmas, respectively, have
a mitigating effect on sawteeth when they grow to small non disrup-
tive amplitudes. This evidence suggested a new pioneering approach to
investigate the dynamics of sawteeth: the application of external three-
dimensional magnetic fields. This Chapter will present and discuss the
RFX-mod experiments where this method has been applied to probe the
interaction of the applied magnetic fields with internal MHD dynamics

and to mitigate the sawtooth instability.
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7.1 Interaction between sawteeth and MHD modes like
TM and RWM

The plasma in a fusion experiment is a complex non-linear system, whose dynam-
ics is the result of the interplay of several instabilities that can coexist together.
Usually their interaction is not desirable since it can deteriorate the plasma sta-
bility by triggering other unstable modes. For instance, sawteeth can provide the
seed islands for the onset of NTMs [98]. But, interestingly, some instabilities can
have a mitigating effect on others. Such as in the so called Frequently Interrupted
Regime - FIR, where the nonlinear coupling between a m = 4, n = 3 and a
m = 1, n = 1 mode reduces the m = 3, n = 2 NTM amplitude on a very short
time scale, providing a natural preemptive NTM avoidance [99].

In RFX-mod running as an Ohmic Tokamak both m = 2, n = 1 Resistive
Wall Mode (RWM) and the m = 2, n = 1 Tearing Mode (TM), that routinely
appear in ¢(a) < 2 and ¢(a) > 2 plasmas, respectively, are found to interact with
the sawtooth instability. The experimental evidence of this effect is documented
in Fig. 7.1. The RWM and the TM case are plotted on the left and on the right,
respectively. Panel a) reports the time evolution of the plasma current, b) the edge
safety factor, ¢) the m = 2, n = 1 amplitude of the radial magnetic field normalized
to the equilibrium one and d) a core Soft X-Ray (SXR) signal. Panel c¢) shows that
a RWM promptly appears when the feedback control is switched off at ¢ = 0.35s,
but the effect on the sawtooth oscillations is observed only after ~ 50ms, namely
as soon as the RWM amplitude becomes high enough. In this experiment the
sawtooth oscillations progressively diminish, till disappearing completely. When
B?'/B;s 2 0.1% both axisymmetric equilibrium and the plasma performance are
sensibly affected as well.

A similar effect is noticed in g(a) > 2 plasmas with a TM instead of a RWM.
In the experiment reported on the right, a m = 2, n = 1 rotating tearing mode
eventually locks to the wall. As long as its amplitude increases prior to the plasma
disruption, the sawtooth oscillations disappear. The mitigation in this case oc-
curs more rapidly than in the RWM experiment, due to the shorter character-
istic timescale of the TM instability. This effect has been documented also in
COMPASS-C, here the application of m = 2, n = 1 magnetic perturbations
causes the error field penetration. The sawteeth are suppressed because an inter-
nal m = 1 kink sideband of a m = 2, n = 1 island develops via toroidal coupling

as soon as the mode penetration occurs. Indeed, before mode penetration, the

114



Chapter 7. Helical states in RFX-mod controlled with 3D fields

0 #30363 ‘ 200 #30417 ,
150 1P (kA) 3 150 'P (KA) a)’
100+ 100F 3
500 50 :
0 ] 0
250 2.5: 93 \,____— b)
2.0 20F == == m - ——— - -
1.5 1.5} qla)<2 3
1.0 | 10
00 01 : 03 04 05N 086 00 01 304 0.5\0.6
0.20 - 0.04 .
0.15_2/1 Br/B,, (%) 3 0_0372/1 Br/By (%) C)f
0.10F 3 0.02 E
0.050 91 0.01¢
0.00 b 0.00
0.4 SXR (W/m?) d) 0.4° SXR (W/m?) d)
03 . 03
02§ 0.2
0.1 01:; :
0.0 0.0 —
030 035 040 045 050 044 048 048 050 052
t(s) t(s)

Figure 7.1: RWM (on the left) and TM (on the right) mitigating effect on
the sawtooth instability in RFX-mod. Time history of a) the plasma current,
b) the edge safety factor and ¢) the m = 2,n = 1 amplitude of the radial
magnetic field normalized to the equilibrium field.

m = 2 RMP field and its toroidally coupled sidebands are restricted to regions

lying outside their own resonant surfaces and thus cannot affect the plasma core

[56]-

7.2 n = 1 external magnetic field to tailor the sawtooth

dynamics

The results of all these experiments suggested a new pioneering approach to in-
vestigate the sawtooth instability, namely to replace the role of the RWM and the
TM instabilities with external three-dimensional magnetic fields having a strong
n = 1 component.

RFX-mod is a highly suitable device to test this approach because such n =1
magnetic perturbation can be induced in two different ways. The former exploits
the possibility to apply in feed forward external magnetic perturbations with user

defined helicity. The latter its unique capability to guarantee stable Tokamak
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plasma operation at g(a) < 2 while keeping the amplitude of the unstable m =
2, n =1 RWM at finite values using magnetic feedback.

The target of these experiments is a Tokamak circular plasma at ¢(a) < 2,
similar to the one that has been described in Chapter 2, whose plasma stability is
guaranteed during the whole flat top by the Clean Mode Control (CMC) feedback
algorithm on the m = 2, n = 1 radial magnetic field harmonic.

A paradigmatic example of the first method is reported in Fig. 7.2. Here a
m = 1,n = 1 magnetic perturbation of 0.6mT slowly rotating at 10H z has been
applied in the interval ¢ = [0.4,0.7]s, as it is shown in panels b) and ¢). Besides
the amplitude being just 0.04% of the equilibrium magnetic field By, the overall
effect on the sawtooth instability is clear and significant. The time evolution of
a soft X-ray (SXR) chord passing through the plasma core, that is plotted in
panel a), shows that the sawtooth amplitude and period decrease as soon as the
perturbation is switched on. In addition, as the m = 1,n = 1 mode is rotated in
the laboratory frame, a m = 1,n = 1 helical core deformation is observed by a fan
of SXR lines of sight spanning an entire poloidal cross-section, whose contour plot
is reported in panel d).

A similar effect can be obtained with the second method, namely by keeping the
m = 2,n =1 RWM at a finite amplitude rather than completely annihilating it.
Fig. 7.3 compares two similar discharges where the feedback control was devoted
either to fully nullify the RWM amplitude, in black, or to maintain it to about
0.05% of the main equilibrium magnetic field at a fixed rotation frequency of 10H z.
The amplitude and phase of the resulting m = 2, n = 1 radial magnetic field are
plotted in panel a) and b), respectively.

The SXR contour plot in panel c¢) refers to the latter case and it does not
reveal any particular activity in the plasma core, except for the residual sawtooth
oscillations. Conversely the contour plot in panel d), that corresponds to the
former case, shows that the discrete sawtoothing activity is replaced by a stationary
n = 1 deformation in the plasma core, that is locked to the applied m =1,n =1
magnetic perturbation. Indeed in this case, the m =2, n=1and m =2, n=1
radial magnetic field phases rotate together, which means that the two modes are
coupled by toroidicity.

In order to investigate the role of the perturbation amplitude on the helical
deformation in the plasma core further experiments were carried out. In these
experiments, the amplitude of the m = 2,n = 1 RWM is controlled at finite but

increasing constant values in different discharges, as it is shown in panel a) of Fig.
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Figure 7.2: Effect of m = 1,n = 1 externally applied magnetic perturbation
on a sawtoothing plasma in RFX-mod. a) Core soft X-ray (SXR) signal,
b) time evolution of the m = 1,n = 1 amplitude, ¢) time evolution of the
m = 1,n = 1 phase, d) contour plot of a fan of SXR lines of sight passing
through the plasma core.

7.4. The helical deformation of the plasma core, whose time evolution is plotted
in panel b), is quantified as the displacement from the torus axis of the centroid
of every SXR line of sight that spans the plasma core. This panel shows that
the higher the amplitude of the magnetic perturbation, the wider the deformation
of the equilibrium, at least up to a critical value. The threshold value can be
easily inferred from plot ¢) that reports the average of the displacement for every
perturbation amplitude, indeed any 3D field stronger than ~ 0.05% By would result
in the same helical deformation.

These results are highly reproducible and strongly depend on the amplitude
of the m = 2,n = 1 component of the magnetic field. Fig. 7.5 summarizes the
results of a statistic analysis that was carried out on 22 similar Tokamak discharges
with I, = [148,157]kA, ¢(a) = [1.75,1.9] and n, = [1,2.5]10m 3. The plots in
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Figure 7.3: Effect of a finite m = 2, n = 1 rotating magnetic perturbation on
the sawtooth activity in RFX-mod. The reference discharge without any 3D
magnetic field in black and with a small perturbation on red. Time evolution
of a) and b) m = 2,n = 1 amplitude and phase, c¢) and d) the contour plot
of a fan of SXR lines of sight in the plasma core for the black and red case,
respectively.

panels a) and b) report the sawtooth amplitude and frequency as functions of the
m = 2,n = 1 radial magnetic field amplitude normalized to the equilibrium field.
Both quantities, that were inferred from the measure of a SXR line of sight passing
through the plasma core, are correlated with the perturbation amplitude. The
amplitude of sawteeth decreases with the m = 2,n = 1 perturbation amplitude,
while their frequency increases leading to an overall mitigation of their effect. No
major deleterious effects on confinement are observed in these discharges. Thus
controlling the m = 2,n = 1 mode at finite amplitude in g(a) < 2 plasmas has
the twofold advantage of counteracting the RWM instability and mitigating the

sawtooth one.
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Figure 7.4: Critical magnetic perturbation amplitude and helical deforma-
tion of the plasma core. Time evolution of a) the m = 2, n = 1 radial amplitude
normalized to the main equilibrium field, b) the SXR centroid displacement
and c) its averaged value for every perturbation amplitude.

Interestingly, a similar effect is observed also in ¢g(a) > 2 plasmas. Fig. 7.6
enriches the experiment reported in Fig. 7.1 with a SXR contour plot focused
on the plasma core, highlighting its helical deformation towards the end of the
discharge. The faster TM dynamics partially hides the transition towards the
helical equilibrium, nonetheless the sawtooth mitigation actually occurs as the

time history of a single SXR line of sight, that is reported in panel b), clearly
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documents.

This experimental evidence in g(a) > 2 plasmas suggests a new disruption
avoidance technique. Indeed the appearance of a stationary m = 1,n = 1 kink
and the mitigation of the periodic oscillations in a otherwise sawtoothing plasma,
can be interpreted as precursor events of a plasma disruption. If these evidences
are modelled in real-time with a predictive code, then it will be possible to embed
a controller that prescribes preemptive actions to avoid or, at least, to mitigate the
disruptive event. This development can be carried out with the RAPTOR code as

it will be extensively discussed in Chapters 9 and 10.
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Figure 7.5: Statistical analysis on the interaction of a m = 2,n = 1 unstable
mode with the sawtooth instability. Sawtooth amplitude a) and frequency b)
as functions of the m = 2,n = 1 radial mode amplitude normalized to the
equilibrium field.
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Figure 7.6: Coupling of a locked TM with the sawtooth instability. Time
evolution of a) the m = 2,n = 1 TM amplitude, b) SXR line of sight in the
plasma core and c¢) the SXR contour plot.

7.2.1. PIXIE3D nonlinear MHD simulations well reproduce the experimen-
tal evidences

Three-dimensional magnetic fields with a strong n = 1 component can reproducible
mitigate the sawtooth oscillation in low edge safety factor RFX-mod Tokamak
plasmas. This experimental evidence, together with the helical deformation of the
plasma core equilibrium, are qualitatively well reproduced by numerical simula-
tions with PIXIE3D [100], a visco-resistive nonlinear MHD code.

Circular Ohmic Tokamak simulations have been carried out in toroidal geometry,
with fixed on-axis Lundquist number (S = 10°) and Prandtl number (P = 30),
where the two parameters are defined as:

poLVa

§=F (7.1)
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where L is the length scale of the simulated phenomenon, V4 = B/,/onm; is the

Alfvén velocity and 7 the plasma resistivity, and:

P= o (7.2)
being v and k the kinematic viscosity and the thermal diffusivity, respectively.
In these simulations, the aspect ratio is similar to the REX-mod one, R/a = 4,
and the initial axisymmetric equilibrium is characterized by an edge safety factor
profile with the values on-axis and at the edge respectively of ¢(0) = 0.8 and
q(a) = 1.8. In addition to this, the boundary conditions of the code have been
conveniently modified in order to apply finite 3D magnetic fields at the plasma
wall. All the simulations presented here have been performed by neglecting the
plasma rotation, but efforts to include it are currently on going. The results of
PIXIE3D simulations for the experiments carried out in RFX-mod are summarized
in Fig. 7.7.

The figure summarizes the results of four different simulations, where the he-
licity and the amplitude of the n = 1 magnetic perturbations, that have been
applied at the wall located in b such that b/a = 1.1, have been changed. Panels a,
¢) report the time evolution and the profile of the on-axis safety factor, the same
quantities are plotted for the on-axis radial amplitude of the m = 1,n = 1 internal
kink mode in panels b, e) and the maximum of the m = 2, n = 1 radial amplitude

in ¢, f) ones.

The colour code corresponds to the four simulations. The black case represents
the reference scenario, where the application of no external perturbation results
in the typical sawtooth dynamics that appears with a narrow m = 2,n = 1 island
at the plasma edge, as it is shown in the corresponding Poincaré plot in panel c).
The island is due to the toroidal coupling between the m = 1,2, n = 1 modes. In
the blue case a m = 2,n = 1 external perturbation with 0.1% amplitude relative
to edge toroidal field is applied. As a result, both sawtooth amplitude and period
decrease. The width of the m = 2,n = 1 island increases as a consequence of
the applied magnetic perturbation and the overlap with the m = 3,n = 2 island
originates a chaotic layer at the plasma edge as it can be seen in panel i). The
green case corresponds to a magnetic perturbation with the same amplitude but
m = 1,n = 1 helicity. Thanks to a more direct effect on the m = 1,n = 1 internal
kink mode, this last choice results to be more effective in quenching the sawtooth

instability and furthermore it does not trigger any magnetic chaos at the edge,
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Chapter 7. Helical states in RFX-mod controlled with 3D fields

panel h). Interestingly no evidence of this enhanced efficiency has been observed
yet, and experimentally the application of m = 1,2, n = 1 magnetic perturbations
gives apparently the same results. In the last case, the red one, the normalized
amplitude of the m = 1,n = 1 perturbation has been increased up to 0.3%, this
value allows the full suppression of the sawtooth oscillations and triggers a steady-
state helical configuration of the plasma core, as it can be inferred from the panel
j). Here again, the toroidal coupling between the m = 1,2,n = 1 mode originates
a stochastic layer in the plasma edge.

PIXIE3D is a valuable tool that qualitatively reproduces the experimental
trend but unluckily, for the moment, it is still neglecting the contribution of the
plasma rotation, which can come into play in the observed sawtooth mitigation.
Indeed the braking effect of non-resonant n = 1 externally applied magnetic field
has been recently documented in similar RFX-mod Tokamak plasmas [101]. It has
been found that a small increase of the perturbation amplitude of around 0.13%,
referred to the equilibrium field, leads to a reduction of the toroidal plasma flow of
about 50%, while the poloidal one remains unaffected. Since it is well known that
the higher the plasma rotation, the longer the sawtooth period [102], it is likely
that the observed plasma braking is playing a role in the observed sawtooth mit-
igation, in addition to the transition towards a helical equilibrium in the plasma
core.

The results of the experiments carried out in RFX-mod motivated similar ones
in DITI-D, these will be presented and discussed in Chapter 8.
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n = 1 external magnetic field to tailor the sawtooth dynamics
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Figure 7.7: PIXIE3D simulations of sawtooth suppression in RFX-mod. a,d)
On-axis safety factor time evolution and profile, b,e) on-axis radial amplitude
of the m = 1,n = 1 internal kink mode time evolution and profile, ¢,f) max-
imum of the m = 2,n = 1 radial amplitude time evolution and profile g-j)
PoincarAl plots of the magnetic equilibria for the cases tagged in the legend
above.
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Coupling of external 3D fields and
sawteeth in DIII-D

The mitigating effect of 3D magnetic fields on the sawtooth dynam-
ics, that has been initially studied in RFX-mod, has stimulated further
investigations in DIII-D L-mode Tokamak plasmas at low qo5 values.
These experiments show that an effective coupling of the 3D field with
sawteeth can both mitigate this instability and induce a NT'V torque on

the plasma core. These results will be presented and discussed in this
Chapter.
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8.1. I-Coil phasing scan dynamically changes the poloidal magnetic field
spectrum

8.1 I-Coil phasing scan dynamically changes the poloidal

magnetic field spectrum

The success of the REX-mod results that have been presented in Chapter 7 moti-
vated similar experiments in DIII-D L-mode plasmas at low gg5 values. This regime
has been recently explored in the DIII-D Tokamak, that allowed stable operation
at safety factor qo5 ~ 1.9 in divertor plasmas, by feedback controlling the resistive
wall mode for 150 growth times [16, 57].

The plasma target of the experiments that will be discussed in this Chapter is
summarized in Fig. 8.1. This figure reports the time history of the plasma current
in panel a), the electron density in b) and the safety factor with the o5 < 2
stability limit highlighted in red in ¢). It is worth to note here that the latter is
slightly above 2.

Ip (MA) | |
o | 154904
Of a)-
n, (10¥m? | I
REX )
2k ]
b)
4} o5 i
2k |
Qo5 <2 c)
0.0 1.5 3.0

t(s)
Figure 8.1: Reference plasma target for 3D magnetic field experiments in

DIII-D. a) Plasma current, b) plasma density and c) safety factor with the
qos < 2 stability limit highlighted in red.
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Chapter 8. Coupling of external 3D fields and sawteeth in DIII-D

In the DIII-D experiments, n = 1 magnetic perturbations have been applied
both with T and C coils, the latter have been also used to maintain the plasma
stability at qo5 just above 2 with pre-programmed currents for error field correc-
tion. The poloidal harmonic content of the applied n = 1 magnetic perturbation
changes according to the value of the differential phasing between the upper and
lower set of I-coils, which can be driven independently both in phase and ampli-
tude. The applied poloidal spectra and its coupling with the internal n = 1 kink
can be simulated with the Ideal Perturbed Equilibrium Code - IPEC [103]. This
code solves free-boundary ideal MHD equilibria when axisymmetric equilibria are
perturbed by small non-axisymmetric perturbations. In doing this, it predicts the
plasma response based on DCON and VACUUM.

An extensive simulation work performed with IPEC in the design phase of
the experiments allowed to identify the I-coil configuration which maximizes the
coupling with the n = 1 kink mode. The I-coil phasing is defined as the phase
difference between the upper and lower I-coils, the applied magnetic spectrum
depends on this value. An I-coil phasing of ~ 200deg phasing is necessary to max-
imize the n = 1 plasma coupling, while the n = 1 vacuum harmonic is maximized
at ~ 100deg.

The IPEC predictions have been validated experimentally by dynamically chang-
ing the lower I-coil phase, while keeping the upper I-coil one constant. The current
amplitudes were constant too. With this simple method it is possible to vary con-
tinuously the applied poloidal harmonic spectra in a single discharge to study the

effects of the perturbation on the plasma response in the same plasma conditions.

Fig. 8.2 summarizes the main findings of this experiment. Panel a) shows the
time evolution of the n = 1 component of both I-coil phasing (red), and the phase
of the plasma response (blue), that is measured by the set of poloidal magnetic
probes located at the midplane of the low-field side of the Tokamak, as it has been
described in Chapter 2. The n = 1 component of the plasma response, that is
reported in panel b), is modulated in amplitude by the I-coil phasing. The maxi-
mum plasma response is measured at around ¢ = 2.8s. This evidence is consistent
with the IPEC prediction. The sawtooth frequency and the plasma rotation in
the plasma core are plotted in panel ¢). Both quantities result to be modulated
by the applied perturbation, in particular when the plasma response increases the
sawtooth frequency increases as well, while the plasma rotation velocity drops, as
it is highlighted by the shaded rectangle in the figure. The sawtooth frequency
increases by 50% and the rotation is reduced by 70%, but it is not fully nulled.
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8.2. n =1 magnetic perturbation brakes core rotation
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Figure 8.2: DIII-D I-Coil phase scan experiment. Time evolution of a) the
n = 1 phase of the poloidal magnetic field (blue) and of the I-Coil currents
(red), b) the n = 1 amplitude of the poloidal magnetic field, ¢) the sawtooth
frequency and the plasma rotation in the core on the primary and secondary
y-axis, respectively.

Similarly to RFX-mod, this experiment confirms that the most effective way to
affect the sawtooth dynamics is to increase the coupling between the external and

the internal n = 1 kink.

8.2 n =1 magnetic perturbation brakes core rotation

In order to investigate the plasma dynamics in more stationary conditions, ded-
icated shots were performed by keeping the I-coil phasing at constant values,
namely 20deg, 100deg, 200deg, 280deg, and increasing the current in the I-coil

up to ~ 2kA. The results of these experiments are summarized in Fig. 8.3. The
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Figure 8.3: Time evolution of a) the n = 1 component of the poloidal

magnetic field (primary y-axis) and of the I-coil current (secondary y-axis), b)
plasma rotation velocity, ¢) mean sawtooth frequency.

panels report the time evolution of f a) the n = 1 component of the poloidal
magnetic field (primary y-axis) and of the I-coil current (secondary y-axis), b)
the plasma rotation velocity, ¢) the sawtooth frequency averaged over about six

sawtooth periods.

The n = 1 coupling in vacuum is maximized at 100 deg (light blue), at this
I-coil phasing value all the quantities mentioned above seem to be quite insensitive
to the applied field. Similar results have been obtained with the I-coil phasing that
minimizes the coupling with the global kink at 24deg, here plotted in blue. But one
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8.2. n =1 magnetic perturbation brakes core rotation

can notice a simultaneous increase of the plasma response, the drag in the plasma
rotation and the mean sawtooth frequency in the orange case that corresponds
to the phasing which minimizes the n=1 coupling in vacuum. The most evident
effect is measured at 200deg, the value that IPEC predicts to maximize the n =1
coupling with the global kink. At this value the plasma response is the highest,
the plasma rotation depletes the most and the sawteeth are more frequent than

the ones in all the other cases.

A deeper analysis on the last case, the one with the largest effect on sawteeth,
revealed that only the inner plasma volume slows down as the perturbation grows
in amplitude. Fig. 8.4 reports the time evolution of the plasma current (black)
and qo5 (blue) in panel a), together with a zoom of the electron temperature
(black), as it has been measured by a central Electron Cyclotron Emission (ECE)
diagnostic, and the n = 1 component of the I-coil currents of the applied magnetic
perturbation (blue) in panel ¢). Panel d) and e) report the sawtooth frequency
and the energy confinement time, respectively. It is worth to note here that the
application of the external magnetic field during the stationary phase of the plasma
flat-top had a clear mitigating effect on the sawtooth instability, whose amplitude
and period start decreasing when the I-coil current is higher than 1.3kA. A second
interesting effect of the field appeared in the plasma rotation, whose profile is
reported in panel b) for different time instants as the colour code suggests. From
this plot it is clear that the higher the perturbation amplitude, the lower the
plasma rotation in the inner plasma volume. But besides this significant braking,
the energy confinement time remains constant, as it can be seen in panel e) and
so the normalized (3, not shown here, does, meaning that the perturbation is not

deteriorating the plasma confinement at least in L-mode.

The robustness of the technique is confirmed by Fig. 8.5, which is a repre-
sentative example of a series of experiments where the applied magnetic field was
repeatedly switched on and off. The figure reports the time evolution of a) the
plasma current (black) and go5 (blue), together with an zoom of b) the n = 1 com-
ponent of the I-coil current amplitude (black, primary y-axis) and phase (blue,
secondary y-axis), ¢) the central electron temperature, d) sawtooth frequency and
e) the EFIT equilibria in the two time instants indicated with a black and pink
dashed line, respectively, in panel a). This plot shows that the applied magnetic
field has a reproducible effect on the sawtooth instability without any strong im-
pact on the plasma equilibrium as the comparison of the EFIT reconstructions

at the minimum and maximum field amplitude points out. The time evolution
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Figure 8.4: Time evolution of a) the plasma current (black) and the gos
(blue), b) plasma rotation profile in 4 different time instants, an zoom of ¢) the
central electron temperature (black, primary y-axis) and the n = 1 component
of the I-coil current (blue, secondary y-axis), d) sawtooth frequency and e)
energy confinement time.

of the plasma rotation results to be modulated by the applied ON-OFF magnetic
perturbation as well.

The global effect of the applied n = 1 magnetic perturbation on the plasma
rotation profile, as it was measured by the charge exchange recombination spec-
troscopy, is reported in Fig. 8.6 for the three different cases discussed above,
namely Fig. 8.2, Fig. 8.4 and Fig. 8.5. Panels a) and b) refer to the minimum and
maximum n = 1 coupling with the global kink, respectively. The comparison of
these two plots points out clearly the essential role of the coupling in the observed
plasma braking. The plasma rotation profile is strongly modulated in both plots
in panel ¢) and d), in the former the modulation is due to the switching on and
off of the magnetic perturbation, that is applied in the same condition of panel

b), while in the latter the tuning results from the dynamically changing n = 1
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8.3. Non-linear dependence of the plasma rotation on the n = 1 magnetic
perturbation

coupling that is obtained in the phasing scan experiment.

8.3 Non-linear dependence of the plasma rotation on the

n = 1 magnetic perturbation

Further analyses performed with Ideal Perturbed Equilibrium Code IPEC point
out that the dependence of the plasma rotation on the coupling is not linear. Fig.

8.7 shows the time evolution of the angular momentum, the applied I-coil currents
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Figure 8.5: Time evolutions of a) the plasma current (black) and the gos
(blue), an zoom of b) the n = 1 component of the I-coil current amplitude
(black, primary y-axis) and phase (blue, secondary y-axis) c) the central elec-
tron temperature, d) sawtooth frequency and e) the EFIT equilibria in the
two time instants identified with a black and pink dashed line in panel a).

132
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Figure 8.6: Time evolutions of the plasma rotation profiles for different I-
coil phasing set-ups. a) minimum n = 1 coupling with the global kink, b)
maximum n = 1 coupling with the global kink, ¢) maximum n = 1 coupling
with the global kink in ON-OFF experiments, d) dynamically changing n =1
coupling in the I-coil phasing scan experiment.

and the so called overlap, an IPEC estimate of the resonant field coupling that

includes the plasma response. This plot shows that at the minimum coupling, the
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Figure 8.7: Time evolutions of a) the plasma angular momentum, b) the
upper and lower I-coil currents, ¢) the IPEC overlap.

blue case, the angular momentum remains basically constant. As the coupling
increases the momentum starts decreasing as expected, but interestingly it does
it in a non-linear way. Indeed the red case is breaking less than expected. The

reason why this happens is still currently under investigation.

In order to put light on the mechanisms that may explain the observed plasma
braking, some numerical simulations were performed with the Perturbed Equilib-
rium Nonambipolar Transport - PENT code [104] to estimate the contribution of
the Neoclassical Toroidal Viscosity - NTV torque. The synergy between IPEC
and PENT codes allows to obtain a picture of the plasma, that accounts for the
NTV torque, the resonant field coupling and the vacuum poloidal spectrum, as
function of the applied I-coil phasing as it is depicted in panel a), b) and c) of
Fig. 8.8, respectively. These simulations show that the higher the coupling the
stronger the NTV torque, thus it is likely that this force is contributing to the ob-

served braking in the plasma core. In addiction, the reconstruction of the vacuum
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Figure 8.8: IPEC/PENT reconstruction of a) the NTV torque, b) the reso-
nant field coupling, ¢) the vacuum poloidal spectrum as function of the applied
I-coil phasing.

poloidal spectrum confirms the important role of the plasma response, indeed the
blue m = 2 vacuum harmonic is peaked quite far from 200deg which is the phasing
that maximizes it.

The figure reported in Fig. 8.9 summarizes the main results of the experiments
performed in diverted DIII-D plasmas. The angular coordinate in the polar plot
corresponds to the I-coil phasing values tested during the experiments. The two
inner rings are the results of IPEC/PENT simulations, as highlighted by the grey
shade. The first one represents the coupling between the internal kink and the
applied n = 1 magnetic field, the second one the NTV torque. The outer ring is the
n = 1 component of the poloidal magnetic field as it has been measured during the
I-coil phasing scan experiment in shot #154822. The colour bar with the relative
amplitudes of the different quantities is reported below. The maxima of the three
above mentioned quantities are well aligned at around 200deg, meaning that the

plasma response and the plasma braking in the core are strongly correlated with the
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coupling effectiveness. The four contour plots located along the edges correspond
to the 2D map of the plasma response at different I-coil phasing values, as it is
indicated in the figure. If one follows the evolution of these contours as the I-coil
phasing is changing, it is easy to notice that the plasma response amplification
is well parametrized by the n = 1 coupling. The plasma response is localized in
the core and the structure remains constant during the phase scan suggesting the

dominant contribution of a single eigenstructure.
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Figure 8.9: Summary of DIII-D experiment results. Polar plot, from inside
to outside: the n = 1 coupling between the applied 3D magnetic field and the
kink mode, the NTV torque and the n = 1 component of the poloidal magnetic
field as it has been measured during the I-coil phasing scan experiment in shot
#154822. Contour plots along the edges: the 2D plasma response at four
different I-coil phasing values.
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MODELLING OF PLASMA
DYNAMICS AND SAWTOOTH
CONTROL
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Real-time plasma state
reconstruction with RAPTOR

A safe and efficient plasma operation of a fusion device requires a real-
time control of many plasma parameters. Part of them, like the radial
profile of the current density, are generally not accurately measured
in experiments. Moreover future reactors will rely only on a limited
number of diagnostic measurements due to the harsh environment of
their vacuum vessel, where generally many diagnostic components are
located. This partial knowledge of the plasma state can be completed
if the missing data are reconstructed from the available measurements
with a simplified model, that has to be complexr enough to reproduce
all the plasma dynamics but light enough to be embedded in a real-
time framework. Once this is achieved, the new data can be used to
supervise and actively control the plasma state. The real-time RApid
Plasma Transport simulatOR - RAPTOR [F. Felici, Nuclear Fusion,
51, 083052 (2011)] state observer algorithm is a possible answer for this
call. This Chapter will provide an overview on this model-based plasma
state reconstruction algorithm and it will describe its recent integration
in the ASDEX Upgrade Discharge Control System.
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9.1. Overview on the RAPTOR code

9.1 Overview on the RAPTOR code

The real-time state observer RApid Plasma Transport simulatOR - RAPTOR
algorithm was originally developed, tested and validated on the TCV Tokamak, as
reported in [105, 106] and it has been recently implemented in the real-time control
system of the ASDEX Upgrade Tokamak [107]. This algorithm combines many
diagnostic data with the predictions of a real-time transport code that provides a
rapid but accurate profile evolution. Thanks to this synergy, an accurate picture
of the plasma state can be obtained every few ms. A summary of the main features
of the RAPTOR code will be provided in this Section.

The code evolves two plasma profile quantities, the electron temperature 7. (p, t)
and the poloidal magnetic flux, ¥ (p, t), by solving two coupled 1D profile diffusion

equations - PDEs. The poloidal flux diffusion equation reads as:

oY RyJ* O (GO v .
—_— = b A - S aux )+ 91
While the electron transport equation:
0 0 oT.
V'—(nT.) = =—G1V'nexe—= + V'P.. 9.2
8t(n ) ap neX p + (9.2)

In the first equation: o/, is the neoclassical conductivity, ¢ is the poloidal magnetic
flux, Ry the plasma major radius and J = T/RyBy, being T'(¢)) = RBsg, is the
normalized poloidal current flux function that accounts for the diamagnetic or
paramagnetic plasma behavior. p = \/m identifies a flux surface on the
basis of its contained toroidal flux. This quantity be considered as an effective
minor radius indeed for a circular Tokamak with a uniform magnetic field B the

two quantities coincide. Gy = 2 <(Vp)2>, V' = %—‘; while j,s and jg.. are the

472 R?
bootstrap current density and the current drive one, respectively. In the second

equation G; = ((Vp)?), x. the heat diffusivity and P, the power density to the
electrons.

The spatial discretization for the PDEs is carried out in RAPTOR with finite
elements. This choice, that distinguishes this transport code from others, like
ASTRA [108] or JETTO [109], has many advantages like the flexible choice of basis
functions, the possibility to implement a non-uniform mesh and to reduce the order
of the PDEs by integrating by parts. The basis functions are non-periodic cubic
B-splines, whose main feature is the continuity up to the second order derivative.

With this choice the PDEs are converted into ordinary differential equations -
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Chapter 9. Real-time plasma state reconstruction with RAPTOR

ODEs in the basis function space. All the other kinetic plasma profiles, namely
the ion temperature T;, the electron n. and the ion n; densities are maintained
fixed during the simulation but their time evolution corresponds to the measured

one.

The version of the code used in this Thesis work assumes that the flux surface
geometry and the enclosed toroidal magnetic flux do not vary in time, but the

former approximation has been recently overcome in a new release of the code.

Besides its lightweight, RAPTOR is able to reproduce the plasma dynamics
even in advanced Tokamak scenarios because its model includes plasma resistivity,
bootstrap current and auxiliary current drive sources as well. The evolution of
the former two quantities is obtained by solving neoclassical equations while the
non-inductive current drive is modelled by assuming a known spatial distribution
that is modulated in time by the actuator power and by a user defined current

drive efficiency [106].

In order not to impact on the computational time, the auxiliary heating sources
are analytically parametrized as weighted Gaussian distributions. Generally, the
width and peak radial position of the curves are fixed user-defined parameters but

they can varying in time as well, if any measure is available in real-time.

The RAPTOR transport model is simplified too. The only driving term for
the heat flux is the electron temperature gradient, while any convective transport
is neglected. These approximations result in a closed-form expression of the heat

diffusivity x. that reads as:

Xe = Xneo + Canoqu(S) + Xcent?"aleilﬁ/ég- (93)

The neoclassical diffusion term is represented by X .., the anomalous diffusion
is ruled by the constant c,,, and the safety factor q, which takes into account
the reduced transport that is generally observed at higher plasma currents, and
by the term F'(s), that models the improved confinement at low negative shear.
Eventually, Ycentrar and 0y are ad-hoc terms that reproduce the experimentally
observed flatness of the kinetic profiles in the plasma core. RAPTOR can provide
either interpretative or predictive estimates of the plasma state. In the former
case it solves only the poloidal flux equation, whereas the evolution of all the
other quantities of the model, like the electron temperature and all the other
kinetic profiles are inferred from the real-time diagnostic measurements. In the
latter, RAPTOR solves a system of two coupled PDEs that rules the evolution
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9.1. Overview on the RAPTOR code

of both poloidal flux and the electron temperature. The simulations presented in

this Thesis work refer to this second option.

9.1.1. Integration of RAPTOR in a real-time control framework

In the real-time state observer algorithm, RAPTOR is combined with the experi-
mental data. The minimum set of diagnostic measurements, that are required in
real-time to solve the poloidal flux transport equation, includes the plasma current
and the electron temperature profile.
The code needs then to be embedded in a real-time framework, where the state ob-
server algorithm is integrated in an active control system as Fig. 9.1 sketches. The
actuator command signals, that drive the plasma dynamics in a real experiment,
act as references for the state observer algorithm as well. The latter combines
them with other pre-processed real-time data, that come from the real-time di-
agnostics, to fasten the convergence of the code and to give an accurate estimate
of the plasma state. The eventual mismatches between the simulated data and
the measured ones can be used to estimate the residuals that can signal either
diagnostic faults or the imminence of a disruption, to adapt the model parame-
ters in real-time or to supervise the plasma dynamics with the action of an active
feedback control.

But the real-time simulation of the plasma state has many other advantages,
indeed it can yield information on an arbitrary spatial and temporal scale beyond

the sample time and the spatial resolution provided by the diagnostic systems. It

references

actuator Real-time

advanced |commands . .
controller » Tokamak 1 diagnostic
processing

A I

.| Physics model based —>| supervision |

real-time simulation
4 v

parameter disturbance
adaptation estimation

Plasma state

Figure 9.1: Diagram illustrating the envisaged role of a real-time simulation
in a Tokamak real-time control scheme. (This figure is taken from [105]).
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Chapter 9. Real-time plasma state reconstruction with RAPTOR

can automatically filter the data noise when it is not compatible with physically
expected variations in the measured signals and it provides an optimized estimation
of all those plasma parameters that are not known a-priori in the model, since
diagnostic measurements can be compared with the simulated ones to tune them.

One of the main appealing features of a real-time simulator is the possibility to
use as a feedback variable quantities that are not directly measurable. Moreover, a
real-time simulator guarantees a higher level supervision of the plasma performance
compared to a standard feedback control system that relies only on the diagnostic
measurements. Indeed a simulator can detect and cope with any diagnostic fault,
while maintaining a safe plasma operation and maximizing the quality of the data
output. Its potentialities, concerning the plasma control, include also the possi-
bility to perform predictive simulations that, maintaining the plasma state inside

its safety limits, allows to mitigate or even avoid plasma disruptions.

9.2 RAPTOR in the ASDEX Upgrade control system

The state observer algorithm and the RAPTOR code were embedded in TCV
[105, | but they been recently integrated in the ASDEX Upgrade real-time
control system too. A C code was generated by the MATLAB SIMULINK tool
and then compiled into an application for the ASDEX Upgrade Discharge Control
System - DCS. The final real-time framework is depicted in Fig. 9.2.

In order to provide an accurate estimate of the plasma state at each time step,
RAPTOR needs real-time input data as well as additional diagnostic measure-
ments for the real-time correction of its predictions. In ASDEX Upgrade, all these
data make up almost 150 real-time signals.

Among these, there are 60 channels of the ECE diagnostic, that are used to
correct the model prediction at any time step, the DCR diagnostic that provides
the electron density profile for the estimate of 7T, the bootstrap current and many
other quantities, the real-time measure of the plasma current that sets the start
and the end of the simulation and constraints the magnetic equilibrium, the NBI
and the EC auxiliary heating signals and eventually the toroidal magnetic field and
the real-time Grad-Shafranov solver that allows RAPTOR to vary the magnetic
flux surface geometry in real-time.

Similarly, RAPTOR generates a large number of output signals, that are sum-
marized in the green boxes on the right. Among these the time evolution of the

safety factor, the electron temperature and the density profiles, but also many
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9.2. RAPTOR in the ASDEX Upgrade control system

other quantities that are useful to monitor and control the plasma dynamics, like
the magnetic shear profile that is closely related to the sawtooth instability as it
will be discussed in Chapter 10.

9.2.1. RAPTOR benchmark with the ASTRA code

As it has been discussed above, in order to be fast enough to run in real-time, the
physic model on which the RAPTOR code is built is much simpler than the one of
other transport codes, like ASTRA. Despite RAPTOR contains less physics details,
it is able to reproduce the same results of more complex codes. A benchmark with
ASTRA has been performed in this Thesis work for an ASDEX Upgrade shot.
The main parameters of the shot simulated in Fig. 9.3 are I, ~ 1M A, qo5 >~ 4
and n, ~ 8- 10Ym=3. The figure shows the time evolution of the plasma current
and density, the additional power sources, the electron temperature and the on-
axis safety factor on the left, while the radial profile of the different quantities at
the time instant identified with the black line is reported on the right. The first
4 panels correspond to the input data of the RAPTOR simulation. The radial
profile of the EC power sources has been configured with TORBEAM [110], that
provides the ASDEX Upgrade EC power heating set up, while the nominal power

ASDEX-Upgrade

DCS
Discharge
Control System

Real-time
Diagnostics

{

\

Btor GS solver
(MA1) (MAZ) Scalars(t)
B, Bn, li, Ip loh, Ibs,
lec, Inb, Fni, Fbs,

Wth, Wpol,

Btor flux surface

geometry

Profiles(p,t)
q, shear, psi, Upl, o,
p, Te, Ti, ne, ni, Zeff,
i ibs, jec, jnb, poh,
pnb, pec.

RAPTOR

state observer

+ High-level
information on
plasma state,

'“te’fe"°m'> disturbances and
( (FPC) >< (DCR) diagnostic status

Figure 9.2: ASDEX Upgrade implementation of the state-observer algo-
rithm. (This figure is taken from [107]).
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Chapter 9. Real-time plasma state reconstruction with RAPTOR

is the measured one. The auxiliary heating systems are analytically parametrized
by weighted Gaussian distributions, whose width and location of the peak of the
deposition are user-defined parameters. These can either be fixed or change at
every time step if the corresponding time evolution is provided. The former option
has been used in this simulation. Tt is worth to note here that, differently from
ASTRA, the equilibrium is not changing in time as well.

Both EC and NBI additional heating systems are switched on slightly after 1s. As a
consequence, the electron temperature 7, increases. The temperature panel shows
that the Pgc and Pyp; fast gradients are recovered more quickly in RAPTOR
than in ASTRA but, eventually the two codes converge to the same value. The
reconstruction of the radial profiles are highly compatible as well, proving the

reliability of the former code.

9.2.2. Real-time simulation of an ASDEX Upgrade shot

An example of real-time RAPTOR simulation is reported in Fig. 9.4. This plot
compares the RAPTOR predictions with the raw experimental measurements and
the corresponding offline profile reconstructions. The two data sets are plotted
in blue and red respectively. The panels of the first two rows report the time
history of some plasma quantities, namely the plasma current, the loop voltage,
the electron density and temperature, the EC, NBI and Ohmic power and the
corresponding currents. The sixth panel plots the time evolution of the innovation,
that is a parameter that estimates the difference between the predicted and the
experimental diagnostic measurements|107]. The last three panels show the radial
profiles of the safety factor and the magnetic shear, the electron temperature and
density at the time instant identified with the black dashed line.

The RAPTOR reconstruction of the electron temperature and density profiles
benefits from the real-time availability of the ECE and DCR measurements in
ASDEX, while the one of the safety factor relies only on the flux transport model
predictions. As a consequence, the former kinetic profiles match quite well the ECE
and the Thomson data, that are reported with circles and squares, respectively,
while the ¢ profile slightly disagrees with the one evaluated with the off-line Grad-
Shafranov solver CLISTE in the plasma centre.
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Real-time modelling of the
sawtooth instability in RAPTOR

A new module inside the RAPTOR code has been developed during
this Thesis, which evolves in real-time the Porcelli’s sawtooth model,
to include the effects of the sawtooth crashes on the safety factor and
electron temperature profiles. This new module s able to provide a
reliable prediction of the time averaged sawtooth period in real-time.
Thanks to this new module, RAPTOR can now be used to design and
control sawtooth locking or pacing experiments using FCRH to avoid
NTMs, whose seed islands can be provided by sawteeth. But it can also
be used in the direct NTM control with ECCD, due to the improved
estimate of the safety factor profile. The description of this module,
together with the results of some simulations of ASDEX Upgrade shots,
will be discussed in this Chapter.
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10.1. Criterion for the sawtooth crash

10.1 Criterion for the sawtooth crash

The crash of a sawtooth oscillation is triggered by the onset of an m = 1,n =1
kink mode, whose dynamics is influenced by many factors besides the MHD ones,
like the collisionless kinetic effects related to high energy and thermal particles or
non-ideal effects localized in the narrow layer around g = 1.

A heuristic model predicts a sawtooth crash when one of the following criteria
is satisfied [111] :

— 5Wcore > C’hwthA, (101)
A 1
— oW > iu)wTA, (102)
R N 1 1
—Cp < —0W < QWoiTA and Yerp > Fx/w*iw*e. (10.3)

where wgy, is the magnetic drift frequency of the ions, 74 = \/m is the Alfvén
time, ¢, ¢, and c, are constants of order unity, v.¢s is the effective growth rate
of the resistive internal kink mode and p = p;/r; . Two equations rule the change
in the kink mode potential energy, namely W, ,.. = dWygp + 0Wko and 0W =
OWeore+0Wy, where 6W o is the change in the mode energy due to the collisionless
thermal ions, W), is the change in energy due to the fast ions and dWjy,gp is the
ideal fluid mode drive.

In auxiliary heated plasmas the three criteria can be replaced by a single one
[17] -

10 ) | (10.4)

81 > MAZ | Serit = 5 5555 s Serit(w
( GetRBcyp’ )

Once a sawtooth is triggered, the equilibrium is evolved according to a reconnec-
tion model that can either be complete, as the one proposed by Kadomtsev, or

incomplete. The two models will be described in the following.

10.2 Magnetic reconnection models

10.2.1. Kadomtsev’'s complete reconnection model

The Kadomtsev’s model [112] is built upon two assumptions. Firstly, the magnetic

surfaces with equal helical flux 1, reconnect and secondly, the toroidal flux is
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Figure 10.1: Magnetic helical flux before and after a complete reconnection
process, according to the Kadomtsev’s model: (a) Helical flux function before
(%) and after (1{) the sawtooth crash. (b) Magnetic winding index before
(¢ ) and after (¢/ ) the sawtooth crash. (This figure is taken from [111]).

conserved in the reconnection, that in cylindrical approximation corresponds to
the conservation of the cross-sectional area between the reconnecting surfaces.

Within these approximations, the normalized flux reads as:

u(r?) = /0 g = 1) (10.5)

Its profile together with the one of the safety factor, is depicted in Fig. 10.1 before
and after a sawtooth crash.

Before the crash 1, (r) has its maximum at r,, namely at the ¢ = 1 surface.
For any 7, there is a radius ro > 7, such that % (r1) = 1!(ry). These are the two
surfaces that reconnect during a sawtooth crash.

In so doing an m = 1 island grows so that each flux surface within ry moves
towards this radius and beyond till touching and reconnecting with the external
surface at ro that has an equal helical flux, as it is reproduced in panel b) of Fig.
10.2.

As a consequence of the toroidal flux conservation, the area Ay, that is enclosed
inside the separatrix, has to equal the annular one between the initial positions
of the two reconnecting surfaces and this equivalence has to hold even after the
reconnection, when the area deforms till the process completes. Eventually, when
the poloidal symmetry is restored, each reconnected surface becomes a circle of

radius r2 = r3 — r? with ¥/ (rg) = ¥i(r1) = ¥i(ry), as it is shown in panel a) of
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a)

Figure 10.2: Magnetic surfaces during a complete reconnection process, ac-
cording to the Kadomtsev’s model. (a) Helical flux surfaces before reconnec-
tion starts. (b) The flux surface originally at » = r1 reconnects with the flux
surface originally at r = r2. (c) At a later time, the island separatrix of (b)
has deformed into a croissant-shaped surface, maintaining a constant area Ax
. (d) Reconnection is completed, with the original magnetic axis reconnecting
with the surface at 7 = ry, - The new axis is the O-point of the m = 1
magnetic island. (This figure is taken from [111]).

Fig. 10.1. In this model, the magnetic flux surface at the magnetic axis reconnects
with other one at the mixing radius so that ¥2(0) = ¢! (7, ), the initial magnetic
axis disappears and it is replaced by the O-point of the new expanding m = 1

island.

The reconnection event modifies the ¢ profile only inside the mixing radius.
The final safety factor profile has two distinctive features, firstly ¢(0) = 1 and
secondly, a discontinuity at r = 7., which corresponds to a negative current
sheet that rapidly vanishes due to the resistive diffusion in the first part of the

increasing phase of the next sawtooth.
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Figure 10.3: Magnetic helical iiCux and winding index before and after an
incomplete reconnection process. (This figure is taken from [111]).

10.2.2. Porcelli’s incomplete reconnection model

As soon as detailed soft X-ray measurements became available, the Kadomtsev’s
model resulted not to be sufficient to explain the observed experimental data. In-
deed the expansion of the magnetic island was observed to be suddenly interrupted
by a secondary instability and the g-profile on-axis remained below unity after the
thermal crash [113]. In order to model these evidences a heuristic incomplete
reconnection model was proposed by Porcelli.

The basis of this new model are the same of the previous one, the difference
consists in assuming that a widespread magnetic turbulence rises as soon as the
magnetic island reaches a critical width w.,.;. As Fig. 10.3 shows, the reconnecting
surfaces are ¥i(ry) = ! (ry) such that ry — r; = Wepit/2

The model assumes that the plasma core and the magnetic island relaxes dif-
ferently and that a new magnetic axis forms as soon as the poloidal symmetry is
restored. In the inner core, r = [0,r], a Taylor relaxation process occurs, that
preserves the helicity of the initial flux surface at r; and shapes the final poloidal
flux into a parabolic function, the q profile flattens correspondingly. Inside the
critical island, r = [rq,7s], the relaxed surfaces are assumed to have the same
helical flux ¢/ (r) = 9i(r;) and as a result ¢(r) = 1. In this model the mixing
radius corresponds to ry which is larger than the ¢ = 1 one but smaller than the
mixing radius predicted by Kadomtsev. Similarly to the complete one, this model
predicts two current sheets at the » = rqy, ry that rapidly vanishes. The resulting

safety factor profile is characterized by ¢(0) < 1 and a shoulder of low magnetic
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shear around the ¢ = 1 surface.

10.3 Sawtooth module in the RAPTOR code

As it has been discussed so far, the sawtooth instability strongly impacts the
plasma profiles, especially the safety factor and the electron temperature ones. In
order to achieve a more reliable picture of the plasma state, the RAPTOR code
has been recently developed during this Thesis work to simulate in real-time both
complete and the incomplete reconnection model. The advantages provided by
this module are many as well as the potentialities, as it will be discussed at the
end of this Section.

RAPTOR can automatically detect a sawtooth crash in real-time from the
diagnostic measurements, but it can also simulate it. A sawtooth crash is triggered
in the simulation whenever the magnetic shear s at the ¢ = 1 surface overcomes a

user-define threshold, s..; >~ 0.2. The magnetic shear is defined as:

rdq rdi
S=dr T iar
and its value at the ¢ = 1 surface is obtained with an interpolation on the iota
values close to the « = 1 threshold. The estimation of the magnetic shear is highly
sensitive to the spatial grid of the model, that has to be simplified very carefully.
At the present state, the real-time RAPTOR in ASDEX Upgrade has a mesh of 16
points, that seems to be the optimal compromise between spatial resolution and
computational time. A second critical aspect in the magnetic shear computation
at the ¢ = 1 surface are the non-monotonic iota profiles where the equality « = 1 is
satisfied in more than one radial position. In this case the code takes into account
the outer radius where ¢ crosses unity.

As soon as the magnetic shear reaches the critical limit, a second module is
called to simulate the reconnection of the magnetic surfaces and the evolution
of the radial profiles. The complete or incomplete reconnection model is chosen
on the basis of an user-defined parameter. In the second case the critical width
of the magnetic island is an additional free parameter of the model. In order
to simulate the reconnection at best, the code maps the poloidal magnetic flux
into a denser grid of 1001 points. This choice allows a better matching of the
reconnecting surfaces with the same magnetic flux values, as it has been described

in the previous Section.
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Figure 10.4: Magnetic helical flux profiles in the RAPTOR simulation of a
sawtooth in the ASDEX Upgrade shot #30549

Fig. 10.4 shows the v, profile evaluated by RAPTOR before (in blue) and after
(in green) a sawtooth crash, that occurs in the ASDEX Upgrade shot #30549. In
this simulation the magnetic flux surfaces reconnect according to the complete
model. The first panel shows that the final 1)/ profile differs from the initial one
Y only inside the mixing radius, that is represented here with a dashed line.
The second panel reports a zoom of the initial profile in the neighborhood of the
maximum. The blue and red circles represent the magnetic flux surfaces in the
p1 = [0, parax] and pa = [prrax, Pmiz] Tange, respectively. The new 1/ profile is
evaluated by associating at each radial position p = \/m the ¢! value that

connects each p; and po, that is represented here by parallel blue lines.

Whenever a sawtooth occurs, RAPTOR updates its vector state, that con-
tains the poloidal magnetic flux and the electron temperature profiles, with the
corresponding values that are evaluated on the basis of the new /. The other
kinetic profiles, like the electron density and the pressure one, are evaluated by
satisfying the requirement of the energy and particle conservation before and after
a sawtooth crash.

The results of Kadomtsev’s complete reconnection model in a RAPTOR pre-
dictive simulation of the ASDEX Upgrade shot #30549 are summarized in Fig.
10.5. The figure reports the time evolution of the plasma current, the NBI and the
EC power, that are plotted with a continuous and a dashed line respectively, the

electron temperature and the on-axis safety factor. The RAPTOR output is plot-
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Figure 10.5: Porcelli complete reconnection module simulation in RAPTOR.

ted in red, while the experimental data in blue. The time history of the electron
temperature shows that the natural sawtooth period is forced to decrease from
t = 2s on by the destabilizing effect of an additional EC launcher that is pointed
towards the plasma core. The sawtooth in the experiment are more frequent and
irregular than the simulated ones, but globally RAPTOR succeeds in reproducing
the trend. The two radial profiles on the bottom right show the safety factor and
the electron temperature before (in black) and after (in green) a sawtooth crash, as
it is highlighted by the two lines with the same colour code in the time evolution
of the on-axis safety factor that is reported in the upper panel. The simulated
profiles correctly reproduce the typical plasma dynamics after a sawtooth crash in
the plasma core, namely the safety factor jump from ¢(0) < 1 to ¢(0) > 1 and the
electron temperature profile flattening due to the mixing the of the hot plasma

near the magnetic axis with the cooler one beyond the ¢ = 1 surface.
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10.4 RAPTOR simulations of an ASDEX Upgrade saw-

tooth locking experiment

If the sawtooth criterion Eq. 10.4 holds, then the sawtooth oscillation can be
deliberately triggered or postponed by increasing or hindering the growth of the
local magnetic shear around the ¢ = 1 surface. One of the most robust technique,
that is currently used in nowadays Tokamaks to locally modifying the magnetic
shear profile, exploits the Electron Cyclotron Resonance Heating - ECRH system.
This auxiliary heating system can deposit either heating or current in a very lo-
calized position. Indeed, if the EC waves are launched with an additional toroidal
component, then they can result in an electron cyclotron driven current either
parallel (co-ECCD) or anti-parallel (counter-ECCD) to the Ohmic power. Both
ECRH and ECCD acts on the magnetic shear profile. The former modifies the
local resistivity and thus the local current profile. The latter moves the ¢ = 1
surface when it is injected close to it, the magnetic shear changes accordingly and
with it the probability to trigger a sawtooth crash [17] .

If the deposition is localized outside the ¢ = 1 surface, it has a stabilizing effect
on the sawtooth instability since its effect is to slow down the magnetic shear,
that is found to naturally increase after a sawtooth crash at the ¢ = 1 surface.
Conversely a deposition inside this surface speeds up the growth of the magnetic
shear and destabilizes the sawtooth oscillations |17, 114].

This method is very effective, but it requires a precise radial deposition of the
EC power, since the ¢ = 1 surface sets a very narrow and sharp transition between
the stabilizing and the destabilizing regime. Generally, the radial position of the
q = 1 surface is not known a-priori but it can be detected by radially sweeping
the EC power from the torus axis towards the plasma edge or it can be inferred
by the sawtooth inversion radius measured by an ECE diagnostic.

The sawtooth destabilization, that has been discussed in Fig. 10.5, is followed
by a sawtooth locking experiment, whose results are reported in Fig. 10.6. The
figure shows the time evolution of the NBI and the EC power and the corresponding
radial deposition of the different launchers, as the colour code suggests. In this
experiment an EC launcher is pointed well inside the ¢ = 1 surface (red), while
the power of the remaining ones (blue and green) is pulsed and it is deposited
outside, but very close, to this surface with the aim to stabilize and lock the
sawteeth. The sawtooth locking period is increased in consecutive time windows
in the range Trocx = [70,100, 140]ms, while the duty cycle is fixed at 80%. The
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Figure 10.6: Sawtooth locking experiment in ASDEX Upgrade and compar-
ison with the RAPTOR predictions (red)

last two panels compare the measured electron temperature and the sawtooth
period (blue) with the RAPTOR predictions (red), the former being inferred from
the ECE diagnostic. The agreement of the two time histories is remarkably good,
but both of them succeed in locking the oscillations only in the mid window, as
the overlap with the green dashed lines, that represent T ook, suggests.

The success or the failure of a sawtooth locking experiment depends on the

radial deposition of the EC power and on the right choice of the period and the
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duty cycle of the pre-programmed EC square waveforms. Dedicated simulations
have been performed to investigate on these two issues and they will be presented

in the following.

The deposition radius of the two pulsed EC launchers in Fig. 10.6 was fixed
at r ~ 0.36 on the basis of a preliminary shot, where the inversion radius was
localized at p = 0.3. A RAPTOR simulation is performed to simulate an EC
power sweeping in the experimental conditions of the AUG#30549 shot, namely
with the same plasma current, electron density and NBI power of this discharge.
The results are summarized in Fig. 10.7. An EC launcher, here plotted in red,
supplies 0.6 MW to the plasma core while a second one, that is plotted in blue,
deposit 1.3MW in the range rgc = [0.2,0.6]. The critical magnetic shear is fixed
at sy = 0.2 as in the simulation in Fig. 10.6. The last two panels, that report the
time evolution of the electron temperature on the axis and the sawtooth period,
show the effect of the EC power deposition on the sawtooth instability. As soon as
the blue EC launcher approaches the ¢ = 1 surface, its stabilizing effect lengthens
the sawtooth period that is maximized at p = 0.32. At larger radii, namely from
t 2 4s, the EC stabilizing effect saturates.

The sensitivity of the sawtooth instability on the radial deposition of the EC
power is highlighted in Fig. 10.8 that reports the period of the oscillations as a
function of rgc. The maximum sawtooth period Thyyax = 216ms occurs when
rpc = 0.33, this confirms that the experimental deposition radius rgc ezp = 0.36
in Fig. 10.6 is a wise choice. The saturated efficiency of the outer EC deposition

is observed from rpc 2 0.45

In order to further characterize the sawtooth period response as a function of
the EC deposition radius and the effect of the deposited power on the dynamics
of the ¢ = 1 surface, a RAPTOR simulation has been performed where where the
EC power sweeping has been repeated twice by crossing the ¢ = 1 surface in the
two directions, namely back and forth from the torus axis towards the edge, as it
is reported in fourth panel of Fig. 10.9. In this simulation, all the input signals are
the same of Fig. 10.7 except for this quantity that is ramped up from rgc = 0.2
to rgc = 0.4 in t = [3,4.75]s, kept constant at rgc = 0.4 in a short time window
and eventually ramped down from rgc = 0.4 to rge = 0.2 in t = [5.25,7]s. In so
doing the EC power is deposited from inside the ¢ = 1 surface towards the outside
in the first window, as it has been done in Fig. 10.7, constantly outside the ¢ =1
surface in the second window that smooths the transition between the two sweeps,

and from outside to inside the ¢ = 1 surface in the last one. The last panel shows
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Figure 10.7: RAPTOR simulation of an EC power radial sweeping experi-
ment for the ASDEX Upgrade shot AUG#30549. Time evolution of the NBI
and the EC power, the EC power deposition radius, the magnetic shear and
the critical threshold in red, the electron temperature on the plasma axis and
the sawtooth period.

that the sawtooth period is modulated in time, as it has been described above, in
the first and third time windows, when the EC radius is changing, Interestingly,
the response dynamics of the oscillation period is not exactly the same in the two
sweeps, not only the maximum period of the second sweep is higher than the one

in the first, but also the position of the ¢ = 1 surface changes in the two cases.
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simulated EC radial depositionfor AUG#30549
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Figure 10.8: RAPTOR simulation of an EC power radial sweeping experi-
ment for the ASDEX Upgrade shot AUG#30549. The sawtooth period as a
function of the EC power deposition radius.

The difference between the two sweeps is foregrounded in Fig. 10.10, where
the sawtooth period is plotted as a function of the EC deposition radius in the two
cases. The first sweeping is plotted with a continuous line while the second with a
dashed one. By comparing the two curves is evident that in the second case, namely
when the power is deposited towards the plasma core, the ¢ = 1 surface moves
towards a smaller radius. This hysteresis process, that has been experimentally
observed as well [115, 116] is due to the redistribution of the plasma current due
to the off-axis EC power deposition that shifts the ¢ = 1 surface. Conversely, The
period remains constant at 7.y = 0.12s in the transition between the two sweeps.
It is worth to note here that in this simulation the plasma radius is swept more
rapidly than in Fig. 10.7, as a result this nominal values the reference sawtooth
period, as well as the maximum one, in the first sweep is slightly higher than the

one in Fig. 10.8.

10.4.1. Reproducibility of the RAPTOR simulated sawteeth

In order to characterize the reproducibility of the sawteeth that are locked at
Tioet = 0.1s a RAPTOR simulation has been performed. In this simulation all the

input signals are constant and have the same nominal values of the ones in Fig.
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10.4. RAPTOR simulations of an ASDEX Upgrade sawtooth locking
experiment

simulated double ECradial deposition for AUG#30549

=3
S s
m
pd

=Pror

0" ob— : ——
4—-\2I

t(s)

Figure 10.9: RAPTOR simulation of two EC power sweeps, the first one from
inside to outside of the ¢ = 1 surface, the second one in the opposite direction.
Time evolution of the NBI and the EC power, the EC power deposition radius,
the magnetic shear and the critical threshold in red, the electron temperature
on the plasma axis and the sawtooth period.

10.6, except for the pulsed waveforms of the two EC launchers, whose T}, = 0.1s
and duty cycle DC = 80% are kept fixed for the entire discharge. In so doing a wide
ensemble of locked sawteeth can be obtained. Once the simulation has overcome
an initial transient regime, 14 oscillations are taken into account and overplotted to

quantify the spread in terms of magnetic shear, electron temperature and period.
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Chapter 10. Real-time modelling of the sawtooth instability in RAPTOR

simulated double ECradial deposition for AUGH#30549
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Figure 10.10: The sawtooth period as a function of the EC power deposition
radius in a RAPTOR simulation where the first EC sweep is performed from
inside to outside of the ¢ = 1 surface (continuous line), while the second one
in the opposite direction (dashed line).

As Fig. 10.11 shows, the variation in the sawtooth period is obviously the same
in the two quantities and it is around 2%. A similar relative width is observed
in the magnetic shear, namely As = 3%, conversersely the electron temperature
evolution during the sawtooth ramping phase is not as much as reproducible as
the latter one, being AT, = 15%. These differences are likely to be reduced by

increasing the thickness of the spatial grid.

As it was discussed above the reproducibility of the sawtooth oscillations that
is documented in Fig. 10.11, was obtained using constant input data. In order
to quantify the effect on the RAPTOR predictions of the noise in the electron
density measurements, whose signals are generally subjected to fluctuations due
to the challenging control of this quantity, a series of simulations with increasing
noise in the electron density measure have been performed and the results are

summarized in Fig. 10.12.

This figure compares the RAPTOR outputs, in terms of the electron density
profile and the time evolution of the electron temperature and the sawtooth period,
in four different simulations, as the first panel on the left shows. The noise in the

ne signal is completely suppressed in the red case, maintained as the experiment
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Figure 10.11: Reproducibility of the locked sawteeth that are simulated
by RAPTOR in terms of the magnetic shear (upper panels) and the electron
temperature (bottom panels). Red lines define the spread in the corresponding

quantities.

in the black one or artificially increased by 0.01% and 0.1% in the green and blue
curves. The comparison of the corresponding profiles and the time evolution of
the other quantities suggests that up to a noise level of 0.1% the impact on the
RAPTOR predictions, as far as the sawtooth dynamics is concerned, is negligible.
significant deviations, especially on the density profile evaluation are obtained with

higher noise values as the blue curves point out.

10.5 RAPTOR in the RFX-mod control system

The real-time RAPTOR simulator is currently embedded in the TCV [105] and
ASDEX Upgrade [107] control system, but in the next future it is going to be
integrated in RFX-mod too. As it has been discussed in Chapter 3, the RFX-

mod control system has recently moved to the real-time MARTe framework that
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Figure 10.12: Effect of increasing noise in the electron density measurements
on the RAPTOR simulations of locked sawteeth.

is used in many other Tokamak experiments, among these the JET one. All these

experiments will benefit from the expertise that will be gained in porting the
RAPTOR code into RFX-mod.

The magnetic equilibrium in RFX-mod, as far as the plasma shape and position
are concerned, can be feedback controlled in real-time, as it has been described

in Chapter 1. A measure of the safety factor profile, or the one of the electron

167



10.5. RAPTOR in the RFX-mod control system

temperature and the plasma density, are not available in real-time at the moment.
Thus the integration of RAPTOR in RFX-mod will provide a model-based estimate
for all these missing data and will broaden the potentialities of the active feedback

control of both magnetic equilibrium and MHD instabilities.

Thanks to the new real-time sawtooth model, that has been implemented in
RAPTOR during this Thesis work as it will be discussed in Chapter 10, the dy-
namics of this instability and its effects on the plasma profiles can be predicted
in real-time. With this brand new tool the interpretative RAPTOR simulator
can be exploited to predict a plasma disruption in RFX-mod by monitoring the
dynamics of the sawteeth during the discharge. Indeed, as it has been discussed
in Chapter 7, the growth of both a m = 2,n = 1 RWM or a tearing mode in
q(a) < 2 or g(a) > 2 sawtoothing Tokamak plasmas, respectively, is accompanied
by a mitigation of the sawtooth oscillations, that eventually disappear towards the
end of the discharge. Preventive actions can be prescribed in time by the active
control system if an increasing mismatch between the RAPTOR predictions and
the measured data is detected.

As it has been discussed before, the RAPTOR state observer algorithm requires
the real-time measure of a minimum set of diagnostics. In RFX-mod the plasma
current is already available in the real-time framework, while the integration of all
the other signals is currently going on. In particular the electron temperature will
be provided by the double filter SXR diagnostic [117], while the electron density
will be inferred by the temperature and the diamagnetic 3 real-time measure.
Eventually, the sawtooth crash detector will be implemented on a core SXR signal.
Part of the future development of this Thesis work will deal with the development
and the commissioning of the new MARTe code that will be necessary to embed
RAPTOR and all its input and output data in the RFX-mod real-time framework.

As a preparatory work, a CHEASE equilibrium, that reproduces the RFX-
mod circular Tokamak one, has been tested in an offline RAPTOR simulation.
The results, that have been obtained for a Ohmic Deuterium plasma discharge
(#35376), are reported in Fig. 10.13.

This figure compares the experimental data, that are reported in blue, with
the RAPTOR simulated outputs, in red. The panels a-d) on the left column
shows the time evolution of the plasma current, the go5 and the on-axis electron
temperature. The remaining ones e-h) on the right report the radial profile of the
corresponding quantity on the left, except for panel e) that shows the radial profile
of the heat diffusivity and panel g) that reports the one of the electron density. In
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Chapter 10. Real-time modelling of the sawtooth instability in RAPTOR

this simulation, the transport coefficients (cuno = 9, 0o = 0.25, Xecentrar = 10) and
the critical magnetic shear threshold for the sawtooth trigger (s .+ = 0.36), have
been chosen to match the experimental data namely the electron temperature in
the core T,y ~ 0.4keV and the sawtooth period Ty ~ 10ms. It is worth to notice
here that this demonstrative example is just the first preliminary result that has
been obtained with RAPTOR in RFX-mod. Besides this, the agreement between
the simulated data and the experimental ones is good and promising. An extensive
validation of the code with other RFX-mod shots with g(a) both both above and

below 2 is going to be carried out in the future development of this Thesis work.
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Figure 10.13: A offline RAPTOR simulation (red) of a RFX-mod Ohmic
circular Tokamak discharge (blue). The time evolution of the plasma current,
the qo5, and of the electron density and temperature is reported on the left
column. The radial profiles of the heat diffusivity and of the corresponding
quantities on the left are reported on the right column. The continuous and
the dashed curves correspond to the profiles before and after a sawtooth crash,
that occurs at ¢t = 0.716s as the green lines indicate

170



Conclusions and future work

This Thesis work developed the knowledge on the active control of MHD insta-
bilities with an interdisciplinary approach, whose physics and engineering aspects
were investigated initially in RFX-mod at Consorzio RFX, Padua, Italy, and then
in larger Tokamaks, namely DITI-D at General Atomics, San Diego, USA, and AS-
DEX Upgrade at Max-Planck-Institute fiir Plasmaphysik in Garching, Germany.
A summary of the original contributions of this work will be provided in this final
Chapter.

RWM control and EF correction in RFX-mod

This work contributed to the upgrade of the RFX-mod MHD control system, by
dealing with its integration in the new real-time MARTe framework and its fi-
nal deployment. The enhanced potentialities of the MHD control system, that
allows now to design and test more computationally challenging algorithms, were
exploited to develop new feedback control schemes based on radial, toroidal and
poloidal magnetic field sensors. The latter were embedded in real-time during
this Thesis as well, allowing to compare for the first time in RFX-mod the per-
formance of the MHD control schemes based on radial magnetic field sensors with
the poloidal ones. The testbed was the challenging ¢(a) < 2 regime, that is threat-
ened in RFX-mod by a highly reproducible m = 2,n = 1 RWM. The experiments
carried out during this Thesis proved that poloidal and radial magnetic field sen-
sors have similar performances, provided that the aliased sideband contribution is
removed from the latter. This result is promising, since the harsh environment of
the future fusion reactors will not allow to install poloidal magnetic field sensors
inside the vacuum vessel. Thus the radial magnetic field sensors, being installed
outside it, can be a valuable alternative.

During this Thesis, the RWM control was attempted with another control
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strategy, the DEFC. This technique, that consists in compensating the magnetic
asymmetries with pre-programmed currents, was originally developed for high 3
plasmas in DIII-D and was tested for the first time in the RFX-mod in ¢(a) < 2
Tokamak plasmas. The optimization of the technique in this regime was exten-
sively pursued with both poloidal and radial magnetic field sensors. Besides this,
it failed in stabilizing the m = 2,n = 1 RWM. This result suggested that, differ-
ently from a pressure-driven RWM in high 3 plasmas, the current-driven one in
low ¢ plasmas is a linearly unstable mode. RFXlocking and CarMa simulations
confirmed that the onset of this instability in RFX-mod does not depends on the
error fields in this device, which however are small. The latter have been measured
for the first time during this Thesis work as well in both circular and D-shaped

Tokamak plasmas with the compass scan technique.

Coupling of external 3D fields and sawteeth

The experimental evidence that in RFX-mod boyh RWM and TM can couple
with sawteeth, suggested an innovative approach to study the sawtooth instabil-
ity, namely the application of external 3D magnetic fields with a strong n = 1
component that well couples with these modes. In RFX-mod these fields were
applied in ¢(a) < 2 Tokamak plasmas either in the form of m = 1,n = 1 magnetic
perturbations or by keeping the m = 2,n =1 RWM at finite amplitude. In both
cases, they caused a reduction of both the sawtooth amplitude and period, that
was found to be correlated with the amplitude of the applied perturbation, and
they led to an overall mitigating effect on this instability. The sawtoothing internal
kink mode eventually disappeared and was replaced by a stationary m =1, n =1
helical equilibrium without an increase in disruptivity. However toroidal rotation
was significantly reduced in these plasmas too, thus it is likely that the sawtooth
mitigation in RFX-mod is due to the combination of the helically deformed core
and the reduced rotation. These experimental results were qualitatively well re-
produced by PIXIE3D, a visco-resistive non-linear MHD code.

The success of the RFX-mod experiments motivated similar ones in DIII-D
L-mode Tokamak plasmas with qg5 just above 2. In these experiments the n = 1
magnetic perturbations, that were applied with the I-coils, succeeded in repro-
ducing the sawtooth mitigation that was originally observed in RFX-mod. A
significant rotation braking in the plasma core was also observed in DIII-D, prob-
ably due to the effect of the NTV torque, as PENT simulation suggested. In the



future, further experiments where the loss of plasma momentum will be externally
supplied, for instance with NBI injection, will put light on the mechanism that
drive the sawtooth mitigation when n = 1 magnetic fields are applied in DIII-D.
The results of the experiments carried out both in RFX-mod and DIII-D showed
that an appreciable effect on sawteeth can be obtained if the plasma response from
the n = 1 external kink coupled to the m = 1,n = 1 internal kink is sufficiently
high. This seems to occur in the low ¢ regime investigated in these devices. A
similar effect may be expected at high ( values, close to the no-wall limit. In
the future it will be interesting to extend these experiments in high 3 scenarios,
exploiting the pressure-driven plasma response to couple the external 3D fields to

the internal sawtoothing kink.

RAPTOR and the first step towards an integrated control

This Thesis work further investigated the sawtooth instability and its active control
in ASDEX Upgrade, where the real-time state observer RAPTOR algorithm has
been recently installed. This code, that reconstructs the plasma state in real-time
by combining the diagnostic measurements with the predictions of a simplified
transport model, was developed to include a new module that evolves Porcelli’s
sawtooth model. Thanks to this contribution, RAPTOR is now able to predict in
real-time the sudden sawtooth crashes, to correctly reproduce the magnetic recon-
nection of the magnetic flux surfaces, as well as the effect on all the other plasma
profiles. In ASDEX Upgrade this new sawtooth model can be used to design and
control in real-time sawtooth locking and pacing experiments, as well as to investi-
gate new control strategies to counteract N'TMs, whose seed island can be provided
by sawteeth. But it can also be used to optimize existing control techniques, like
the NTM’s control with ECCD that should benefit from the improved estimate of
the safety factor profile.

The real-time state observer RAPTOR algorithm is about to be embedded
in RFX-mod too, where it will broaden the potentialities of its active feedback
control. The expertise that will be gained in porting RAPTOR in RFX-mod can
be exploited in all the other fusion experiments that embed the MARTe frame-
work, like JET. Furthermore, RFX-mod with its highly reproducible m =2, n =1
current-driven RWM in ¢(a) < 2 Tokamak plasmas will offer a challenging testbed
where to develop new control strategies aiming at stabilizing the current-driven

RWM, mitigating sawteeth and avoiding disruptions. Eventually, these strategies



can be exported to advanced Tokamak scenarios. The development of new inte-
grated control strategies will be pursued in ASDEX Upgrade as well, where the
active control of the MHD instabilities could rely on its heating and current drive

systems as further actuators.
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