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Introduction

This thesis reports the research work performed during the three years of my
Ph.D. course at the Physics Department "Galileo Galilei” of the Universita di
Padova.

Most of my research activity has been carried out at the Consorzio RFX [1],
located inside the Consiglio Nazionale delle Ricerche (CNR) area of Padova,
where operates the Reversed Field eXperiment, namely RFX-mod, the largest
fusion experiment currently operating in the Reversed-Field Pinch (RFP) con-
figuration.

The RFP, together with the Tokamak and the Stellarator, is one of the main
configurations used to confine a plasma in a toroidal device by means of a com-
bination of magnetic fields, in order to study controlled thermonuclear fusion
as an energy source.

My research activity on the RFX-mod experiment is mainly focused on the
study of high frequency magnetic fluctuations occurring in the plasma.
A plasma, indeed, constitutes a strongly nonlinear system, characterized by
electromagnetic instabilities, waves and turbulent fluctuations which can cause
losses of energy and particles. For this reason the investigation of the mech-
anisms underlying these processes constitutes a key topic in fusion research.
Understanding the origin of instabilities is expected to contribute to improve
energy and particle confinement in experimental devices by taming the causes
or mitigating the associated losses. Moreover, progresses in this field can also
give an important contribution to the understanding of the origin and the fea-
tures of instabilities in other magnetized plasmas, including astrophysical ones.

In order to help the reader to better understand the context, the first
three chapters of my thesis give a brief overview of introductive information
about the plasma characteristics, the RFP configuration and the experimental
settings where my research activity has developed.

In particular, in Chapter 1 the concept of plasma and its dynamics are
introducted and the thermonuclear fusion, a promising method to generate
energy, is presented. In order to achieve a positive energy balance in a future
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fusion reactor, the plasma is confined by magnetic fields of toroidal topology
and the instabilities that can develop and, in some cases, cause particle losses,
must be known and controlled: in this chapter magnetohydrodynamic (MHD)
equations and some magnetic instabilities mentioned in the future chapters are
presented.

In Chapter 2 a brief introduction to the Reversed-Field Pinch configuration
and to the RFX-mod experiment and its typical plasma is given. The main
characteristics of the configuration, such as the reversal of the toroidal field at
the edge of the plasma column and the transition to a better-confined regime,
with a helical-shaped plasma, are highlighted.

A section in this chapter describes EXTRAP T2R , a RFP machine located
in Stockholm, where part of my research has been carried out during an inter-
esting experimental campaign.

Chapter 3 presents the systems of probes (the U-probe, the ISIS system,
the Alfvén probe) used in RFX-mod and EXTRAP T2R plasmas to measure
electrostatic and magnetic fluctuations described in the thesis. More in de-
tail, the main experimental observations in RFX-mod have been obtained by
means of two systems of in-vessel magnetic sensors with high space and time
resolution:

e the first one is an insertable edge probe called U-probe, measuring the
fluctuations of the three components of the magnetic field, and able to
investigate high order toroidal harmonics and frequencies up to 5 M H z;

e the second one consists of a subset of the ISIS (Integrated System of
Internal Sensors) diagnostics, a complex system of arrays of sensors cov-
ering the whole toroidal and poloidal angles of the torus.

Some information about the other diagnostics mentioned in the thesis in or-
der to to give a physical interpretation to the observations is also reported.
Chapter 3 is, moreover, dedicated to the data analysis techniques used for the
determination of temporal and spatial periodicities associated to the phenom-
ena observed, which are essential for their characterization.

Several coherent magnetic activities have been observed, analyzed and, in
some cases, recognized. The most interesting results obtained during the PhD
are presented in the thesis, organized so that each of the following three chap-
ters describes fluctuations of different nature, measured in RFX-mod plasma.
In particular, in Chapter 4, a strong activity observed to arise at the plasma
edge at a frequency of the order of 100 kH z is described.




Various analyses performed in order to trace the dependence relations between
the characteristics of the activity and the plasma parameters have been carried
out: the modes resonate at the edge of the plasma column, externally respect
to the reversal surface of the toroidal magnetic field and the frequency asso-
ciated with the mode has been found to be mainly due to a Doppler effect,
as they rotate with the plasma. An important contribution on the physical
interpretation of the modes has been provided by a linear stability analysis
performed by means of the code ETAW, solving the resistive MHD equations
in cylindrical approximation. The theoretical results have shown a good agree-
ment with the features of the modes experimentally observed; thus, it has been
possible to recognize them as belonging to the branch of the Resistive Inter-
change Modes, also known in astrophysics as g-modes.

This result has been exposed in a paper published by Nuclear Fusion in
2010 [2].

Chapter 5 shows the analysis of a relevant high frequency magnetic activity
detected in the poloidal component of the magnetic fluctuation measured by
means of the mentioned U-probe, at a frequency in the range 0.1 +~ 1.2 M H 2.
Since the beginning, the alfvénic nature of the these modes was clear. In
particular, their frequency has been shown to be proportional to the Alfvén
velocity. Two main different kind of modes are observed with the features of
discrete Alfvén Eigenmodes:

e the first kind consists in two distinct modes, both characterized by low
poloidal and toroidal periodicities, enduring all the discharge time. The
experimental observations suggest an interpretation of these modes in
terms of Global Alfvén Eigenmodes. A paper on this topic has been
published by Nuclear Fusion in 2011 |3].

e the second kind appears only when the plasma undergoes a transition to
statees of helical equilibrium, called Single Helical Axis states. Further
analyses are needed to understand the cause inducing this branch of
Alfvén modes.

The study of Alfvén eigenmodes has gained in importance, since it has been
observed that they are destabilized by energetic particles; this means that in
a fusion reactor, the presence of a—particles can make the modes to profusely
arise. In this picture, the experimental results presented in this thesis take
place as the first observation of Alfvén Eigenmodes in RFX-mod plasma.

Chapter 6 reports some experimental observations concerning a magnetic
activity that seems to be associated to the presence of strong temperature
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gradients. The preliminary analyses about these modes and the comparison of
their characteristics with those predicted by a gyrokinetic code, named GS2,
would suggest an interpretation of the activity in terms of microtearing in-
stabilities.

During my Ph.D., I was also involved in the collaboration between RFX-
mod and the EXTRAP T2R RFP experiments. Chapter 7 is devoted to the
description of this experience: the experimental campaign was mainly dedi-
cated to the revamping of an insertable probe, the Alfvén probe, and the ac-
quisition of electrostatic and magnetic measurements at different radial inser-
tions. A preliminary analysis of the data, included the application of Resonant
and Non-Resonant Magnetic Perturbations (RMP and NRMPs), is mentioned.




Introduzione

Questa tesi descrive il lavoro di ricerca che ho svolto durante i tre anni di
corso di Dottorato in Fisica presso il Dipartimento di Fisica "Galileo Galilei”
dell’Universita di Padova.

La mia attivita di ricerca si é sviluppata principalmente presso il Consorzio
RFX [1], che si trova all'interno dell’area del Consiglio Nazionale delle Ricerche
(CNR) di Padova, dove opera ’esperimento RFX-mod, il pia grande esperi-
mento di fusione attualmente operante in configurazione Reversed-Field Pinch
(RFP). L’RFP, insieme al Tokamak e allo Stellarator, & uno delle principali
configurazioni usate per confinare in strutture toroidali un plasma per mezzo
di una combinazione di campi magnetici. Essi si propongono di studiare la
fusione termonucleare controllata come fonte di energia.

L’attivita di ricerca svolta presso ’esperimento REFX-mod é stata principal-

mente focalizzata sullo studio delle fluttuazioni magnetiche ad alta frequenza
che si sviluppano nel plasma.
Un plasma, infatti, costituisce un sistema fortemente non-lineare, caratteriz-
zato da instabilita elettromagnetiche, onde e fluttuazioni della turbolenza che
possono causare la perdita di energia e particelle. Per questa ragione 'indagine
dei meccanismi alla base di questi processi costituisce uno dei temi chiave nella
ricerca sulla fusione. Capire 'origine delle instabilita si pensa possa contribuire
a migliorare il confinamento di energia e particelle nei dispositivi sperimentali
cercando di domare le cause scatenanti o di attenuare le perdite associate.
Inoltre, progressi in questo campo possono dare anche un importante contrib-
uto alla comprensione dell’origine e delle caratteristiche di instabilita in altri
plasmi magnetizzati, inclusi quelli astrofisici.

Per aiutare il lettore a comprendere meglio il contesto in cui si sviluppa
questa tesi, i primi tre capitoli fanno una breve panoramica di informazioni di
base per quanto riguarda le caratteristiche del plasma, la configurazione RFP
e il setting sperimentale presso cui si é sviluppata la mia attivita di ricerca.

In particolare, nel Capitolo 1 vengono introdotti il concetto di plasma e la
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sua dinamica e la fusione termonucleare, una promettente opportunita per la
produzione di energia. Col fine di raggiungere un bilancio energetico positivo in
un futuro reattore a fusione, il plasma é confinato da campi magnetici di geome-
tria toroidale e le instabilita che possono svilupparsi e, in alcuni casi, causare la
perdita di particelle, devono essere conosciute e controllate: in questo capitolo
si introducono le equazioni della magnetoidrodinamica (MHD) e alcuni tipi di
instabilita magnetiche a cui si fara riferimento nei capitoli successivi.

Nel Capitolo 2 sono proposte una breve introduzione sulla configurazione
Reversed-Field Pinch e sull’esperimento RFX-mod e il suo plasma. Vengono
messe in luce le caratteristiche della configurazione, come il rovesciamento
del campo toroidale nella regione di bordo del plasma e la transizione ad un
regime meglio confinato, con un plasma di forma elicoidale. Una sezione di
questo capitolo ¢ dedicata alla presentazione della macchina RFP EXTRAP
T2R , che si trova a Stoccolma, presso cui ho partecipato ad un interessante
campagna sperimentale.

I1 Capitolo 3 presenta i sistemi di sonde (la U-probe, ISIS, la sonda Alfvén)
utilizzati nei plasmi di RFX-mod e EXTRAP T2R per investigare le flut-
tuazioni elettrostatiche e magnetiche descritte nella tesi. Piu in dettaglio, le
principali osservazioni sperimentali in REX-mod sono state ottenute per mezzo
di due sistemi di sensori magnetici collocati internamente alla camera da vuoto,
altamente risolti in spazio e tempo.

e il primo é una sonda di bordo inseribile, chiamata U-probe, che misura
le fluttuazioni delle tre componenti di campo magnetico ed ¢ in grado di
investigare alti ordini di armoniche toroidali e frequenze fino ai 5 M H z;

e il secondo consiste in alcuni sensori della diagnostica ISIS (Integrated
System of Internal Sensors), un complesso sistema di sonde allineate in
modo da coprire interamente gli angoli toroidale e poloidale del toro.

Sono riportate anche alcune informazioni sulle altre diagnostiche usate per
dare un’interpretazione fisica alle osservazioni. Il Capitolo 3 ¢é inoltre dedicato
alle tecniche di analisi dati usate per la determinazione delle periodicita tem-
porali e spaziali associate ai fenomeni osservati, che sono essenziali per la loro
caratterizzazione.

Diverse attivita magnetiche coerenti sono state osservate, analizzate e a
volte riconusciute. I risultati pit interessanti ottenuti durante il dottorato
sono presentati nella tesi, oraganizzati in modo che ognuno dei tre capitoli




seguenti descriva fluttuazioni di diversa natura, misurate nel plasma di RFX-
mod.

In particolare, nel Capitolo 4 é descritta una forte attivita osservata sorgere a
bordo plasma ad una frequenza dell’ordine dei 100 kH z.

Sono state effettuate varie analisi con lo scopo di rintracciare relazioni di dipen-
denza tra le caratteristiche dell’attivita ed i parametri di plasma: i modi risuo-
nano a bordo plasma, esternamente rispetto alla superficie di rovesciamento
del campo magnetico toroidale, e la frequenza associata al modo é stata trovata
essere dovuta principalmente all’effetto Doppler, in quanto essi ruotano con il
plasma. Un importante contributo all’interpretazione fisica dei modi é stata
fornita da un’analisi di stabilitd lineare effettuata per mezzo del codice ETAW,
che risolve le equazioni MHD resistive in approssimazione cilindrica. I risultati
teorici hanno mostrato un buon accordo con le caratteristiche dei modi osser-
vate sperimentalmente; ¢ stato quindi possibile riconoscerli come appartenenti
alla branca dei Resistive Interchange Modes, conosciuti anche in ambito
astrofisico come g-modes.

Questo risultato € stato esposto in un articolo pubblicato da Nuclear Fusion
nel 2010 [2].

Il Capitolo 5 mostra l'analisi riguardante un altra attivitdA magnetic ad
alta frequenza rilevata sulla componente poloidale della fluttuazione magnetica
misurata per mezzo della U-probe, ad una frequenza appartenente all’intervallo
0.1 +1.2MHz. Sin dall’inizio, é risultata chiara la natura alfvénica di questi
modi. In particolare, la loro frequenza é stata mostrata essere proportionale
alla velocita di Alfvén. Sono stati osservati due diversi tipi di modi con le
caratteristiche di modi alfvénici:

e il primo tipo consiste in due modi distinti, entrambi caratterizzati da baas
periodicita poloidale e toroidale, e sono visibili per tutta la durata della
scarica. Le osservazioni sperimentali suggeriscono un’interpretazione di
questi modi in termini di Global Alfvén Eigenmodes. Un articolo a questo
proposito & stato pubblicato da Nuclear Fusion nel 2011 [3].

e il secondo tipo appare solo durante le fasi in cui il plasma assumes un
equilibrio elicoidale, detto stato a Singolo Asse Elicoidale. Altre anal-
isi sono necessarie per capire la causa che induce questo tipo di modi
alfvénici.

Lo studio dei modi alfvénici ha guadagnato importanza nelle ultime decadi, in
quanto essi vengono destabilizzati da particelle energetiche; ci6 significa che in
un reattore a fusione, la presenza di particelle o puo far nascere modi a pro-
fusione. In questo contesto, i risultati sperimentali presentati in questa tesi si
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Introduzione

collocano come la prima osservazione di modi alfvénici nel plasma di RFX-mod.

Il Capitolo 6 riporta alcune osservazioni sperimentali riguardanti un’attivita
magnetica che sembra essere associata alla presenza di forti gradienti di tem-
peratura. Le analisi preliminari inerenti questi modi e il confrontodelle loro
caratteristiche con quelle previste da un codice girocinetico, chiamto GS2,
suggerirebbero un’interpretazione dell’attivitd in termini di instabilitd mi-
crotearing.

Durante il mio dottorato ho partecipato ad una collaborazione tra gli es-
perimenti RFP RFX-mod e EXTRAP T2R. Il Capitolo 7 ¢ si occupa della de-
scrizione di questa esperienza: la campagna sperimentale ¢ stata dedicata prin-
cipalmente al ripristino di una sonda inseribile, la sonda Alfvén , e all’acquisizione
di misure elettrostatiche e magnetiche a diverse inserzioni radiali. Nel capitolo
é esposta un’analisi preliminare dei dati, inclusa ’applicazione di Perturbazioni
Magnetiche Risonanti e Non-Risonanti (RMP and NRMPs).




Plasma physics

1.1 Plasma and its dynamics

A plasma is a special kind of fluid in which the constituent particles are
partially or totally ionized. A fully ionized plasma is a collection of posi-
tively charged ions and negatively charged electrons, with approximately equal
charge densities, so n; = n. ~ n (here and in the following the index 7 and e
refer to the ion and the electron particles respectively), obtained by heating a
gas to very high temperatures or by passing an electric current through it.
Plasmas constitute more than 99% of the visible universe [4]. As shown in
fig. 1.1, plasmas span a huge range in scale length, density and temperature.
In plasma physics, density is usually indicated in terms of particles per unity of
volume (m~?) and temperature, T, in electronvolt (V). The choice of using eV’
is due to the fact that 7" is considered as average energy (T'[eV] = T[K]-kg/e,
where kg is the Boltzmann constant and e the electron charge). In this thesis,
temperature is expressed in eV, unless differently indicated.

The term plasma was coined in the twenties by Irving Langmuir, a pioneer
in the study on ionized gases, but the interest on laboratory plasmas had an
important development only from the fifties, when the research on controlled
thermonuclear fusion (see section 1.2) took root; then, in the eighties, sev-
eral plasma tecnologies for industrial applications arose. In particular, in this
thesis, we are interested in fusion plasmas, characterized by particle densi-
ties of the order of n ~ 10Y = 10 m™3 and temperatures in the range of
T~ 0.1-=+10 keV.

Plasma dynamics is dominated by a collective behaviour, due to long-range
electromagnetic interactions, and by a global charge neutrality.
The last property is assured by the low inertia of electrons that rapidly flow
to re-establish neutrality in the case of a charge imbalance, so that any spatial
charge inhomogeneity is shielded over a relatively restricted region. Solving the
Poisson’s equation considering the quasi-neutrality condition, the electrostatic
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Figure 1.1: Position of several kinds of plasmas in the temperature-density
chart. The conditions for a ionized gas to behave like a plasma are fulfilled in
a wide range of parameters.

potential ¢ of any charged particle can be derived:

T,
o(r) ~ exp(—r/Ap) where Ap =1/ Ejlk; . (1.1)

Ap is called the Debye length and is the maximum typical distance up to which
an external electrostatic field can penetrate (go is the vacuum permittivity).
The Debye length is an important plasma parameter, because it gives the or-
der of magnitude of the distance over which the plasma presents a collective
behaviour and so can be considered a highly conductive fluid |5].
In the case of laboratory plasmas (whose size is tipically in the range 1072 +
10m), Ap measures few microns, so that the dynamics of the particles can be
described using the hydrodynamic equations, just adding the laws of electro-
magnetism: this representation is called Magneto Hydro Dynamics (MHD).
The formulation of the equations is here limited to the case of Hydrogen plasma
(but it is possible to extend it also to multiple species plasmas) and the dis-
placement current term (OF/0t) in the Ampére’s law is neglected.
The system of equations considered is thus:

dp

3 + V(pv) =0 mass continuity (1.2)

dv
Pt

=j x B —Vp momentum continuity (1.3)
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E+v xB=mnj Ohm’s law

— =
(G2 IENTEN

V x B =] Ampére’s law

B
VXE= _88_15 Faraday’s law

V-B =0 B solenoidality

d
(e = (0 state equation
dt \ p7

(we remember that 4 = 2 + (v V)).
The MHD model provides a description of a long-wavelength (length scale
larger than the Debye one), low-frequency (time scale larger than the inverse
of plasma frequency w, = Ap\vr, where vy is thermal speed of the ions),
single-fluid (charge separation is negligible, the Gauss’ law can be dropped
from the system), homogeneous, isotropic (the pressure p = n(T, + T;) is a
scalar) plasma; in these conditions it is possible to define the mass density
as p = neme + nymy, the fluid velocity as v = (n;m;vi + nemeve)/p and the
current density as j = e(n;Vvi — n.Ve); fo is the vacuum permeability.
The equation of state 1.8 is added in order to obtain the closure of the system of
equations: the exponent ~ is chosen depending on the phenomena to describe
(v =1 and v = 5/3 represents the isothermal and the adiabatic compression
respectively).

By combining Ohm’s law (eq. 1.4) with the equations 1.5, 1.6 and 1.7 and
taking a uniform resistivity n, the induction equation is derived:

B vy vxB)+ 1vB (1.9)
ot Ho

It is worth noting that the evolution of the magnetic field B depends on the
convection term (known also as dynamo term, see section 2.1), representing
the coupling of the field with the plasma (first term on the right hand side of
eq. 1.9), and on the diffusion term, describing the penetration of the magnetic
field across the plasma (second term).

These two processes work on different time scales: considering a general mag-
netic structure having a characteristic size L, we can respectively define the
Alfvén transit time

e e T T T
o —y
-~

N N N N

—_
(0/e)

B
T4 = —, where vy = (1.10)

VA v HopP
is the Alfvén velocity, the speed at which magnetic disturbances propagate 1.4.2,
and the resistive diffusion time

=012 (1.11)
77
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The ratio between the characteristic times 74 and 75 is called the Lundquist

number B
=10

— 1.12
4 42

and gives an indication of the dominant dynamics.

Typically 7 > 74 (in the laboratory plasmas S ~ 10° = 10® 6], while in the
astrophysical ones (solar corona) S ~ 102 [7]), so the ideal MHD approzima-
tion, where 7 is considered negligible, is usually reasonable.

In this case, the Alfvén’s theorem of flux-freezing [8] implies that the flux of the
magnetic field is conserved over any surface and its lines move with the plasma
flow. Nevertheless, some narrow plasma regions (resistive layers), where the
magnetic field lines can be broken and reconnected and resistive instabilities
can grow (see Sec. 1.4), can be present.

1.2 Thermonuclear fusion

Thermonuclear fusion plays an essential role in the Universe, as it is the pro-
cess which powers the stars. A fusion reaction consists in two atomic nuclei
fusing to form a single heavier nucleus.

When the particles involved in the reaction have a mass lower than that of

U 235

N
y2se

N WO NO©

H2

H1

0 30 60 90 120 150 180210 240
Number of nucleons in nucleus

Average binding energy
per nucleon (MeV)

Figure 1.2: Binding energy per nucleon versus atomic mass A.

Iron-57 (this isotope has the highest binding energy per nucleon as shown in
figure 1.2), the sum of the masses of the starting nuclei is higher than the mass
of the final one, so the fusion process releases energy according to Einstein’s
formula AE = mc?.

The research on controlled thermonuclear fusion relies on the idea of reproduc-
ing in the laboratory the conditions suitable to obtain a new convenient energy
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1.2 Thermonuclear fusion

source, alternative to fossil fuels and fission reactors. As can be seen from the
mentioned figure, the fusion reaction requires high energies to happen as the
coulombian repulsion between the nuclei must be overcome; nevertheless, the
energies here reported are for monochromatic beams of particles, while in the
case of a maxwellian distribution, that is in the plasma state, the required
mean energy is significantly lower (around 10 keV &~ 100 millions Kelvin).
The most convenient fusion reaction in terms of cross-section, o, for controlled
fusion in the laboratory involves two isotopes of hydrogen, namely deuterium
D and tritium T [7], characterized by the lowest threshold energy (see fig. 1.3).
The D — T fusion reaction balance is

D +5T — sHe (3.5 MeV) +4n (14.1 MeV) (1.13)

The process produces a Helium nucleus and a neutron, with Wpr = 17.6 MeV

102
1001 .
D7 P R ]
— 10 2 D-D_l_.-}‘/'z" |
S P
o 1074+ ) ]
L // D-He;
100 ; ]
/
| /
1078 S |
1 10 100 1000
E [keV]

Figure 1.3: Cross section for typical fusion reactions: deuterium-tritium
(D —T), deuterium-deuterium (D — D) and deuterium-helium (D —3 He).

of excess energy in the form of kinetic energy of the products: whereas the
a—particles are confined by the magnetic fields (see section 1.3) and can con-
tribute to heat the plasma itself, neutrons can be used both to produce ther-
mal (and then electrical) energy and tritium by the reactions with the Lithium
blanket [9, 10].

In general, in a fusion reactor there will be a balance between heating and
losses. The time evolution of the plasma energy density W depends on the
power produced by the a-particles P,,

n?2 Wpr
5 )

(1.14)
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the power lost P, because of brehmsstrahlung radiation and transport mecha-
nisms

T
p =3kl T (1.15)

TE

(Tr being the energy confinement time and b a function of the effective charge
Z.ss) and the power of other possible external heatings .
The power belance, thus will be,

ow

— =P, +P,— P 1.16
T + P, — P, (1.16)

It would be a very desirable goal if, in the regime of steady state (%—‘f = 0),
fusion power was produced with no external power required to sustain the
plasma (P, = 0): this condition (P, = B) is called ignition.

More in detail, it is easy to demonstrate that after some simple algebra one

obtains a condition on the product n7g as a function of 7"
3kgT

’;—;(awWDT — T

As it can be seen in figure 1.4, the curve presents a minimum at about 20 keV'.

A more compact expression to define the ignition criterion is the so-called
fusion triple product, taking into account the minimum temperature value:

(1.17)

nrg =

nteT >3 x 102 m™ - 5 - keV (1.18)

This means that a promising way to access a positive power balance is to
produce a plasma with a density of the order of 10%° m =2 and a temperature of
20 keV'; moreover, the characteristic time for the thermal energy to escape to
the surrounding material surfaces must exceed about 3 seconds, in order that
the power produced in a—particles can sustain the temperature of the plasma.

1.3 Magnetic plasma confinement: toroidal con-
figurations

As mentioned in the previous section, for a significant fraction of fusion reac-
tions to occur, the particles have to achieve high densities and temperatures
for a sufficiently long time.

This critical issue is easily overcome by the Sun thanks to its huge mass and
hence by gravitational confinement.

Clearly other solutions must be found to realize fusion conditions in the lab-
oratory: currently, the most promising methods are the so-called inertial and
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Figure 1.4: Ignition criterion: n7g product as function of T.

magnetic confinement fusion.
In inertial confinement fusion experiments |7], small targets of deuterium and
tritium are uniformly radiated by high power lasers in order to compress them
and to obtain the proper condition of temperature and density. Pulsed reac-
tors, however, are not very desirable because cyclical thermal and mechanical
stresses on the structure lead to increased maintenance and more frequent re-
placement of components due to fatigue failure.

Magnetic confinement fusion [11], on which this thesis is focused, invests strong
magnetic fields to confine particles in the plasma state. It is well-known that
any particle of mass m and charge q is constrained to spiral around the mag-
netic field lines by the Lorentz force (mi = ¢t x B). If the magnetic field B is
constant and uniform, the circular frequency, named cyclotron frequency, and
the radius of the spiral, named Larmor radius, are respectively defined:

lq| B vy mu

d = = —
m an L o, |q’B,

We = (1.19)
where v, is the component of the particle velocity perpendicular to B.

The 7y, is inversely proportional to the strength of the magnetic field, so in a
strong field charged particles are confined on a plane perpendicular to the field
(in fusion devices, tipically r;, ~ 1em for ions), but not along the direction
parallel to B. In order to avoid parallel losses, fusion research has been focused
on the configurations in which the field lines are closed: the simplest one is a
torus (see fig. 1.5b).
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In fig. 1.5a the coordinate system usually adopted to describe such a geometry
is shown: # and ¢ are the poloidal and toroidal angles, respectively, and 7 is
the minor radial coordinate, which spans from the centre of the plasma to the
boundary (0 <r < a).

In a system with purely toroidal magnetic field B,, a magnetic field gradient

Figure 1.5: a) The system of toroidal (r, 6, ¢) and cylindrical coordinates
(R, ¢, Z). b) A charged particle orbits around a helical magnetic field line and
it is thus confined within the toroidal device.

(B(R) < B!, where R is the major radius of the torus) and the curvature of
the lines result in a vertical drift with opposite directions for ions and electrons;
the electric field resulting by charge separation causes an outward E x B drift
of the whole plasma, damaging the confinement. This complication is solved
twisting the magnetic field lines by adding a poloidal magnetic field, By: the
magnetic field lines are helical, wound around the torus lying over toroidal
surfaces called magnetic surfaces.
Helical magnetic field lines are usually described in terms of the so-called safety
factor q, defined as the number of toroidal turns completed by a magnetic line
for the whole poloidal turn:
_ By,
a(r) = g5,

(1.20)

Another useful parameter, strictly linked to safety factor ¢ is the magnetic
shear s defined as:

(1.21)

The presence of a not null magnetic shear plays an important role in stabilizing
MHD instabilities, particularly those driven by the pressure gradient (as will
be seen in section 1.4.1).

Finally, to quantify the efficiency of plasma confinement in a magnetic
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confinement configuration, it is useful to introduce the parameter beta:

__

0= B2 /210 (1.22)
It represents the ratio between kinetic (p o« n7’) and magnetic pressure and
gives an indication of the confinement properties: for stability reasons and
technological limitations, in present machines, it can usually not exceed values
of some percent. The magnetic configurations having a relatively high G value
are thus the most convenient, because in this case the magnetic field confines
the plasma more efficiently.

Different magnetic configurations have been investigated in fusion research:
in this thesis we will mention the tokamak, characterized by a dominant toroidal
magnetic field and we will focus on the reversed-field pinch, where B, and By
are of the same order. In both devices, a toroidal current I,,, inductively driven
by an external circuit, flows through the plasma and generates a poloidal mag-
netic field By that confines and compresses the plasma. Moreover, the toroidal
magnetic field is in part generated by a system of external coils encircling
poloidally the machine.

The tokamak [11] is, at present, the most promising fusion device: this is in-
deed the configuration chosen for the world’s largest and most advanced exper-
iment, called International Thermonuclear Experimental Reactor (ITER) [12].
ITER is expected to demonstrate the principle of extracting more energy out
of the fusion process than that used to initiate it.

The tokamak is characterized by a relatively high toroidal magnetic field, that
can reach values of several Tesla in high field machine, and a much weaker
(about one order of magnitude) poloidal one (see figure 1.6b). The condi-
tion B, > By limits the toroidal current and, hence, the Ohmic heating of
the plasma. In this configuration, only the By component contributes to the
radial confinement of the plasma, so the § parameter value is usually small
(=~ 0.01): only a small fraction of the magnetic energy is used to confine and
ohmically heat the plasma, while the most is required to stabilize it. For this
reason, additional complex heating methods, e.g. neutral beam injection and
radio-frequency heating, are needed to reach thermonuclear conditions.

The reversed-field pinch (RFP) configuration is extensively described in

section 2.1; we will here just mention the main differences with respect to the
tokamaks.
In RFP devices, By is generated by the toroidal plasma current, as for toka-
maks, while part of B, is created by the plasma itself, by means of a dynamo
process. As seen figure 1.6a, poloidal and toroidal magnetic field components
are comparable.
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Figure 1.6: RFP (a) and tokamak (b) typical radial profiles.

Moreover, the peculiar g profile of RFP configurations (see fig. 1.6) generates
a wide spectrum of MHD modes, which makes the RFP plasmas more turbu-
lent than those confined in tokamak configurations. Nevertheless at equivalent
value of externally applied magnetic field, RFP can, in principle, achieve higher
plasma current allowing the reaching of ignition condition by means of ohmic
heating only. Thus, higher values of # with respect to the tokamaks can be
obtained (5 =~ 0.1). All these considerations make the RFP an interesting
alternative to tokamaks as magnetic confinement device.

1.4 Instabilities in magnetized plasmas

Various types of instabilities can occur in a plasma system: in the literature
several different classification schemes have been introduced to distinguish one
to the other.

A common way to classify plasma instabilities is by the driving source. Since
Vp = J x B in equilibrium (force balance equation, eq. 1.3 in steady state con-
ditions), instabilities driven by currents perpendicular to the main magnetic
field are often called "pressure-driven" modes, while instabilities driven by the
parallel currents are often called "current-driven" modes.

Another important classification discerns between ideal and resistive instabili-
ties: the first ones would develop even if the plasma were perfectly conducting
and can be very violent, the second ones depend on the presence of a not null
plasma resistivity.

Both ideal and resistive instabilities have an infinite spectrum of possible
modes, each one characterized by its mode numbers: a small perturbation A
of any quantity A, in a toroidal plasma, which is approximated by a periodic
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cylinder, may be Fourier decomposed as

A(T’) _ Z Ak(,r,)ei(k-x—wt) _ Z Ak(r)ei(mﬁ—kmp—wt) (123)
k k

where k = (k,, kg, k,) = (k,,m/r,n/R) is the wave-vector in toroidal coordi-
nates, x is the position vector and m and n are the poloidal and the toroidal
mode numbers, respectively. Thus, each pair (m,n) represents a helical per-
turbation, a mode.

For spatially uniform plasmas, small perturbations will generally have a

wave-like spatial structure. In such cases, as discussed in section 1.4.2, a plane
wave with a single wave-vector k generally has a single frequency w: this plane
wave is known as normal mode.
For non-uniform plasmas, e.g. those considered in the section 1.4.1, it is nec-
essary to find the eigenfunctions of the normal modes of the perturbations,
describing the spatial structure in the direction of non-uniformity; these modes
have a single, usually complex, frequency w = wr+wwy, the real part describing
the propagation velocity and the imaginary part the growth (w; > 0) or the
damping (w; < 0) of the mode amplitude [5].

Generally, a plasma perturbation causes a bending of magnetic field lines
and the instability is further stabilized by the natural behaviour of the plasma
that reacts almost elastically to this bending. This stabilizing effect vanishes
on the surface where the wave-front of the perturbation is parallel to the equi-
librium magnetic field, B = (0, By, B,,) in toroidal coordinates:

k- B=0 —  ZBy+2B,=0 (1.24)
r R
Remembering the definition 1.20, the previous equation is equivalent to
m
lq|=— (1.25)

n
This means that the most unstable helical instabilities are localized at radial
positions where the safety factor assumes rational values. For this reason, the
surfaces satisfying the eq. 1.25 are called rational surfaces and the instabilities
defined by an (m,n) pair are called resonant modes. Different driving sources,
generally the gradient of any physical quantity, can provide the necessary free-
energy for a whatever small perturbation to grow unstable.

In the following subsections, some quite common instabilities are briefly
described: they are not an exhaustive list of the main phenomena occuring
in a plasma, but rather some theorical constructs about the modes that are
investigated in this thesis.
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1.4.1 Interchange modes

Interchange instabilities are ideal instabilities driven principally by the relax-
ation of pressure gradients or by expansion. The characteristic feature of the
perturbation is the interchange of magnetic field lines without bending or oth-
erwise distorting them in such a way as to produce a restoring magnetic force.
A simple example of interchange instability, with a hydrodynamical nature,
occurs when a heavier fluid is above a lighter one, i.e p; > p,. Such an equi-
librium is intuitively unstable and this is mathematically demonstrated by a
linear stability theory [7]. Considering a small perturbation of the interface
between the two fluids, whose complex frequency can be written as

k _
Wt = 9oL £) (1.26)

p1+ p2

it can be seen that w has a positive, imaginary solution when the denser fluid
is above the thiner. The instability that arises is known as the Rayleigh-Taylor
instability. Whereas Rayleigh’s analysis [13] was for fluids in a gravitational
field, Taylor [14] adapted the problem to the situation of accelerating fluids,
thus these modes are also known as g-modes, where g stays for gravity.

In astrophysical plasmas, it is common to find a fluid accelerating against

Figure 1.7: Optical photo of the Crab Nebula: it shows an intriguing fila-
mentary structure.
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a heavier one [15], for example in a supernova explosion, at the interface be-
tween the hot gas ejected in the explosion and the surrounding interstellar
medium. Gull’s studies [16] showed that the ejected gas, piled up in a thin
shell behind the interface, gives rise to the Rayleigh-Taylor instability and lead
to the formation of filaments growing in the outward direction. Figure 1.7 is
a photograph of the Crab Nebula (the remnant of a supernova observed from
the Earth in 1054) presenting the filamentary structure mentioned.

The MHD analogue of the Rayleigh-Taylor instability occurs when a plasma is
supported against gravity by a magnetic field. In laboratory plasmas, gravity
is of no significance, but particles moving in curved magnetic fields are affected
by a centrifugal force which acts like an equivalent gravitational force. To dis-
cuss the instability qualitatively we refer to figure 1.8a that is characterized
by a plane geometry: this minimizes the algebra without losing the essential
physics.

Any charged particle, with mass M, moving along a curved field line with
velocity v, feels a centrifugal force F = MUﬁRC/Rz, where R, is a vector
from the local centre of curvature to the position of the charge. Moreover,
it is simple to demonstrate [7] that the particle, in the presence of a force F’
perpendicular to the main magnetic field, is subject to a drift velocity, that in
our case is the so-called curvature drift,

FxB MviR,xB
 eB* e R2B?
Consider a small wave-like ripple developing on the interface between the two
plasmas having different densities, as shown in figure 1.8b; then, since v, oc M,
the ions in the plasma are evidently more affected by the drift than electrons.
This causes positive charge to build up on one side of the ripple, as illustrated
in the picture, while the depletion of ions causes a negative charge to build up
on the other side of the ripple (obviously the drift operates on both plasma
sides of the interface, but being p; > py, we consider the net effect). Due to
this charge separation, a small electric field E develops, having different sign
going from the crest to the trough of the perturbation. It is evident that the
resulting vg = E x B/B? is directed so that the initial ripple grows larger:
E x B drifts are phased so as to amplify the initial perturbation [7].
Concluding, if the field lines curve towards the surface of the plasma, this
corresponds to unfavourable curvature: because of the curvature direction an
outward bulge on the surface places the plasma in a lower-field region, which
tends to enhance the bulge. Conversely, when the field lines curve away from
the surface of the plasma, the curvature is favourable: in this case an outward
bulge of the surface places the plasma in a region of higher magnetic field, that
tends to restore the plasma to its equilibrium position and it is thus stabilizing.

(1.27)

Ve
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Figure 1.8: a) A denser plasma (p;) is supported against centrifugal force by a
magnetic field B perpendicular to the curved interface; b) A small perturbation
and the curvature drift v. generate a charge separation, causing the drift vg
that enhances the perturbation.

1.4.2 Alfvén waves

Electromagnetic waves in a highly conducting fluid in a uniform magnetic field
were first investigated by Alfvén [17]. Alfvén waves are found to be charac-
terized by a continuous spectrum of frequencies and some discrete solutions
which constitute the Alfvén eigenmodes.

In this chapter, a brief review of the theory of Alfvén waves is presented [18, 9].
The ideal MHD stability theory shows that the plasma can support three dif-
ferent types of stable waves: the Shear Alfvén Waves, SAW, the Compres-
sional Alfvén Waves, CAW (sometimes called the fast magnetosonic waves),
and the Sound Waves, SW, (sometimes called the slow magnetosonic waves).

We can take into account the MHD equations (1.2-1.8), in the case of
an infinite homogeneous non-conductive plasma: they are non-linear, but in
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1.4 Instabilities in magnetized plasmas

order to simplify them, it is possible to analytically treat only the case of linear
stability, i.e. stability against infinitesimally small disturbances, in relatively
simple geometries. For this purpose, any quantity f is written as the sum
of an equilibrium time-independent term, fy, and of a small first-order time-
dependent perturbation, f :

flrt) = folr) + f(r.t) (1.28)

Without losing in generality, we can choose B || &, and the wave-vector k
lying in the y — z plane: thus, the component of the wave-vector k parallel to
the main magnetic field By is k) = k- Bg/ | Bo |= k, and the perpendicular

one is k| = k,, being | k |= 1/k:ﬁ—l—k:i = /k2+k2). Moreover, since the

equilibrium is static, vg = 0.
The linearized equations of ideal MHD, then, become

0p 3
-F . = 1.2

ov < . ~ .
poa =] XBO +J0><B—Vp (130)
E+vxBg=0 (1.31)
V x B = o) (1.32)

- OB

V-B=0 (1.34)
o _ —V - Vpo — 0oV - V. (1.35)

ot
The last relation arises from dp /0t = —ypV - v, that can be easily derived from
the state equation 1.8, using the mass continuity 1.2, in the case of uniform
plasma.
At this point we introduce the displacement vector field, £, representing the
perturbed shift of the plasma away from its equilibrium position, for which is

g
ot

Substituting 1.36 in the equations 1.29, 1.33 (combined with 1.31) and 1.35
and integrating them in time, we obtain respectively:

vV =

(1.36)

p==V"-(pf) (1.37)
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B =V x (£ x By) (1.38)

p=—& Vpo—poV - § (1.39)
Inserting the above relations into the equation of motion 1.30 and supposing

that at equilibrium jo = 0 and py, pp and Bg are constants, we obtain the force
operator formulation:

D6V x [V x (£ x By)]
The most general form of the perturbation for the infinite homogeneous plasma
can be written as

X Bg +vpoV(V - &) (1.40)

E(r,t) = Eetkr=wb) (1.41)

where f is a complex amplitude. The 1.41 are exact solutions to the linearized
partial differential equations: by using it, the 1.40 is easily derived by noting
that each time derivative and each gradient operator produce respectively the
multiplicative factors:

0
5 W V — ik =1k|@, + 1k, & (1.42)

and the exponential factor can be canceled from each term.
Thus, the Fourier trasformed force operator is:

pow’€ = ik x [k x (£ x Bo)] x Bo +ypok(k - £) (1.43)

The equation 1.43 can be rewritten as a set of scalar equations for the three
vector components. The resulting terms can be cast in matrix form:

w? — kfv} 0 0 &,
0 w? — kﬁ vh — k3 vE — kyk? o k’”klvs & | = 0.
0 —ka'J_’US w? — /{52 &,
(1.44)
It is useful to remind that B
0
vp = 1.45
v/ Hop ( )
is the Alfvén wvelocity and
vg = 22 (1.46)
p

is the adiabatic sound speed.
Non-trivial solutions exist only when the determinant of the matrix is zero,
which leads to the equation:

(w? kJHUA) [(W? = k0% — kT o) (w? — kﬁvé) — (kjk1v2)’] =0 (1.47)
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1.4 Instabilities in magnetized plasmas

It is clear from a simple investigation that the determinant is cubic in w?. This
implies that there are three separate roots for w?, corresponding to the three
MHD waves previously mentioned:

e The Shear Alfvén waves (SAW) corresponding to a stable oscillatory
wave.
w? = kjﬁvi (1.48)

The dispersion relation 1.48 is independent of the perpendicular compo-
nent of the wave-vector component perpendicular to the magnetic field
k, and of the sound velocity vg.

The fast and slow magnetosonic waves are two further branches arising from
eq. 1.47:

2 = —kz 2 2 1+ 1-— Whe (& = —kﬁ —UQ U% 1 1.4
—_— % Y = < .
w (’UA + vs) [ vV Oa] T [0 k’2 (112 U%) ( 9)

e The fast magnetosonic wave corresponds to the + sign in eq. 1.49. The
physics can be pointed out by noting that v% /vy = yuepe/BE ~ 3 (de-
fined in 1.22) and then considering the limit 5 < 1: this is equivalent to
assuming that & < 1. The eigenfrequency in this case reduces to

w? = k%% | (1.50)

i.e. the dispersion relation of the so-called Compressional Alfvén
Waves (CAW) [19]. It is very stable for kj << k, and therefore is
only weakly excited in most plasma conditions.

e The negative root in 1.49 gives rise to the slow magnetosonic wave: in
the low—/ limit it becomes

w? = kijvg (1.51)

describing the Sound Waves, that are not usually strongly excited in
most of the plasmas.

1.4.3 Tearing modes

The theory of resistive tearing instabilities, including their surprisingly
large growth rates with respect to the characteristic time for resistive diffusion
of plasma across a magnetic field, was developed first in a paper by H.P. Furth,
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J. Killeen and M.N. Rosenbluth (1963) |20].

The tearing modes are driven unstable by the radial gradient of the equilibrium
current density parallel to the magnetic field [11, 5]. The name of this instabil-
ity comes from the fact that the magnetic field lines tear and reconnect during
their evolution as a consequence of finite resistivity. This occur when, some-
where in the plasma, the convection term in eq. 1.9 vanishes and the diffusion
term, however small, comes locally into play: the resistivity can be destabi-
lizing since it frees the plasma from the constraint to remain “frozen” to the
magnetic field. The simplest magnetic configuration in which a resistive tear-

a) b)

>

(YYY Y "

Figure 1.9: (a) Magnetic field lines for the "plasma current sheet” equilib-
rium. (b) Perturbed field line configuration of magnetic islands produced by
a resistive tearing instability.

ing instability can occur is the "plasma current slab”. Specifically, an infinite
plasma that contains a finite slab of current, directed parallel to the surface
of the slab is considered. Solving Ampére’s law, the sheared magnetic field
shown in figure 1.9a, is obtained: such a magnetic configuration is produced
by the current profile with the gradient localized where the B,(x) component
changes its sign at z,.

Neglecting the plasma resistivity, this field configuration represents a stable
equilibrium state, assuming that we have normal pressure balance across the
interface, by means of the occurence of a suitable pressure profile or of a strong
perpendicular magnetic field, B,.

On the contrary, the presence of resistivity in the slab makes the destabiliza-
tion of tearing modes possible. In particular, by using a perturbative approach
as in the previous section, 1.4.2, it can be seen that the x-component of the
induction equation 1.9 can be written as

0B, 5 N 95
= |V B),+—V*B 1.52
5 [V x (v xB), " . (1.52)
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1.4 Instabilities in magnetized plasmas

in the system here considered. In particular, since resistivity is important only
in a narrow region around x,., within which B is relatively sharply varying, and,
on the other hand the tearing instability, in contrast to the resistive interchange
instability, is related to long wavelength [21], the 1.52 can be approximated to

(1.53)

where the same approach of the previous section (in particular, eq. 1.42) has
been used.
Although B, is continuous across the boundary layer (B,(z,) = By(z,) =
By (z;")), its gradient in z, is not. Thus, in order to obtain a stability relation,
it is useful to consider the quantity

ﬁ) . (1.54)

1 (0B
A/:T —I
B, <8:c

A’ is the classical stability index defined as the logarithmic jump of the ra-
dial magnetic field perturbation across the rational surface. So, since 0?B, /0x* ~

(A'B,)/(eL), where € represents a unitary = coordinate inside the layer and L
indicates the size, substituting into formula 1.53, yields

Tr ox

(1.55)

This means that the tearing instability appears when A’ > 0.

The inclusion of plasma resistivity allows the negative B, field to diffuse
into the region of positive B, field, thereby annihilating it. It is easy to see
that this annihilation of magnetic field is energetically favored: if we consider
the modification of B, (z) that would result from cancellation of the positive
and negative components in some small region localized around x,, it is clear
that the magnetic energy, [(B;/2)dV, would be reduced. The magnetic en-
ergy released during the reconnection process eventually appears as plasma
thermal energy. The magnetic configuration resulting from the breaking and
the reconnection of the magnetic field lines, is characterized by the formation
of a so-called magnetic island, as represented in figure 1.9b.

Such fast reconnections (on time scales between 74 and 7g) taking place at
current sheets are important for violent events like solar flares on the one hand
and major disruptions in tokamaks on the other.
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The RFP configuration and the
RFX-mod experiment

In this chapter an introduction about the RFP configuration and its main
features is presented. In particular, the experiment RFX-mod operating in
Padova, the device where the bulk of the experimental results presented in
this thesis has been obtained, is described. The last section (2.3) concerns
EXTRAP T2R, an RFP machine operating in Stockholm, where I have been
engaged for a two-months experimental campaign performed in March and
April 2011.

2.1 The dynamo effect and the RFP configura-
tion

The Reversed Field Pinch (RFP) |22] is a toroidal axisymmetric configuration,
in which plasma confinement arises from a combination of a poloidal magnetic
field, created by the toroidal plasma current, and a toroidal magnetic field,
generated by both the plasma current and external coils.

The term pinch defines any linear or toroidal plasma where the plasma column
shrinks due to the Lorentz force generated by the interaction of a current car-
ried by the plasma and the magnetic field it induces. The RFP is characterized
by its natural tendency to relax in a configuration in which the toroidal field
component reverses near the plasma edge, as the name reversed-field suggests.
This phenomenon was observed for the first time on the experiment ZETA at
Harwell in the middle of the sixties [23], but a theory for relaxed states was
given only in 1974 by J.B. Taylor |24] and in a more precise form in 1986 [25].
This theory is based on a variational principle.

The main constructs about this historical theory are given in the follow. As
mentioned at the end of the section 1.1, in the case of ideal MHD approxima-
tion, the magnetic topology is preserved in a magnetofluid. Thus, we expect
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Chapter 2 - The RFP configuration and the RFX-mod experiment

that the magnetic helicity, defined as
H = / A - Bd’x, (2.1)
1%

where A is the vector potential of the magnetic field (B = V x A) and V is the
plasma volume, would be an invariant for an ideal plasma: dH /dt = 0. This
was demonstrated by Woltjer in 1958 [26]. Moreover, Woltjer showed that
the magnetic configuration that minimizes the magnetic energy preserving the
helicity, is a force-free magnetic field satisfing the equation

V x B =B (2.2)

with p necessarily uniform along the magnetic field lines.

In real plasmas, p is not uniform, but presents a radial profile and the mag-
netic distribution is not purely force-free (Vp # 0).

Taylor’s theory is based on the conjecture that, in low-£ plasmas, the magnetic
helicity is constant (or it does not change much) during plasma relaxation to
the equilibrium.

In the limit of large aspect ratio (the ratio between the major and the minor ra-
dius, R/a), a good approximation for toroidal geometry will be the cylindrical
one with periodic boundary condition. Thus, in a cylindrical approximation,
it is straightforward to demonstrate that a solution for the linear equation 2.2
becomes:

By(r) =0, By(r) = ByJi(ur),  By(r) = BeoJo(ur) — (2.3)

where Jy and J; are the Bessel functions of zero and first order respectively;
this model is known as the Bessel function model (BFM). Taylor gives an ex-
planation for the final relaxed state, but does not specify the nature of the
relaxation. Moreover, it has been demonstrated |27| that the u profile in a
turbulent plasma is uniform even without the necessity of Taylor’s teory.

According to the linear MHD theory, in a resistive plasma the currents
would decay with the characteristic resistive time 75 (defined in 1.11), which
would flatten the toroidal field profile and lose the magnetic reversal. On the
other hand, the experimental evidence demonstrates that, generally, the RFP
configuration lasts as long as the plasma current is sustained, thus longer than
the predictive resistive diffusion time.

This suggests that some mechanism is necessary to regenerate the positive
toroidal field in the centre and to maintain the configuration against resistive
diffusion: it must convert the poloidal magnetic flux, produced by the external
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2.1 The dynamo effect and the RFP configuration

circuit, into toroidal flux, by means of a poloidal current flowing in the plasma.
The drive of this poloidal current is know as the classical dynamo [28].

The study of the dynamo effect rose from the observation of an astrophysical
phenomenon: the magnetic field of celestial bodies presents a regeneration that
balances the resistive decay. The original mathematical treatment of Parker
(1955) |29, 8] was improved by Steenbeck, Krauser and Rédler (1966) [30]:
it is a statistical model based on the average proprieties of the turbulence,
named the mean field magnetohydrodynamics theory. In this model, the dy-
namo is originated by plasma turbulent motions (v and B are the fluctuating
components of the velocity and of the magnetic field respectively, as defined
in eq. 1.23), from which an additional source of mean current comes to life in
the Ohm’s law as written in eq. 1.4:

E+vxB+Ep =n1j where Ep = (v x B). (2.4)

Ep is the dynamo electric field, generated by the correlation between v and
B.

A bath of magnetic turbulence was, thus, considered to be intrinsic to the
RFP, being necessary for the dynamo. This was supported by the Taylor the-
ory of magnetic plasma relaxation and by numerical simulations of the MH
state [31]. Nevertheless, it has been predicted [32, 33| that the RFP config-
uration can exist also in the chaos-free single-helicity condition, where only
one of the core-resonant resistive modes would provide the dynamo term. A
short description about the occurrence of a similar configuration in RFX-mod
plasma is given in section 2.2.2.

The RFP configurations are commonly described by two parameters: the
reversal and the pinch parameters are respectively,

and 0= 229 (2.5)

e By(a) _
< B, >’

- <B,>
where the brackets (...) indicate the average over the plasma cross-section:

1 a
(By) = —2/ B 27rdr. (2.6)
0

™a

The most common way to display the BEFM model predictions is the F' — ©
diagram (fig. 2.1), in which RFP states are supposed to exist for © > 1.2.
The experimental points overplotted in the graph show a qualitatively reason-
able agreement. However, other more sophisticate models can obtain a better
matching: they are usually phenomenological models taking into account a
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Figure 2.1: F'— 0O diagram as predicted by the BEM model (continuous line)
and experimental values found in different RFP devices.

p = poj - B/B? parameter having a radial dependence, e.g. [34].

Nowadays, the operating RFP machines are the Swedish, recently rebuilt,

EXTRAP T2R (described more in detail in section 2.3) and two machines
comparable to a medium-sized tokamak: MST [35] and RFX-mod (see sec-
tion 2.2).
In fig. 2.2a the typical magnetic field profiles for the RFP equilibrium are
shown. As mentioned at the beginning of this section, in this configuration
the poloidal current gives rise to the peculiar radial profile of the toroidal field,
with a reversal in the outer plasma region. Moreover, from fig. 2.2b, it can be
noted that the safety factor ¢(r) is everywhere lower than 1: the small value
of ¢(0) allows the destabilization of all the m = 1, | n |< ny modes, where
no ~ 2R/a |36] is the inner resonant mode (thus ng ~ 8 in RFX and ny ~ 13
in EXTRAP T2R). Moreover, among all rational surfaces, we have to mention
the reversal surface where the toroidal magnetic field cancels out (thus, ¢ =0
and F' = 0): this surface is naturally unstable to m = 0 modes.
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Figure 2.2: Typical poloidal and toroidal magnetic fields (a) and ¢ profiles
(b) in a RFP configuration. Some resonant modes are also indicated: the
convention for the sign of the modes is that used in RFX-mod; at the reversal
surface (¢ = 0) m = 0 modes arise.

2.2 RFX-mod experiment

2.2.1 The machine

The work described in this thesis has been carried out on RFX-mod (Reversed
Field eXperiment modified |37]), the largest RFP device currently operating
(see the photographic view in figure 2.3).

It is the upgraded version of the previous RFX [37], a toroidal device for the
study of the magnetically confined plasmas in the RFP configuration.
Located at the Istituto Gas Ionizzati (IGI) [1], inside the italian Consiglio
Nazionale delle Ricerche (CNR) area, in Padova, it is operational since 2004
under the management of the Consorzio RFX, a research organization pro-
moted by CNR [38], ENEA (the italian National Agency for the new tech-
nologies, Energy and sustainable economic development) [39], the University
of Padova [40], INFN [41] (italian National Nuclear Physics Institute) and
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Chapter 2 - The RFP configuration and the RFX-mod experiment

Figure 2.3: The RFX-mod machine.

Acciaierie Venete S.p.A.(a private partner) [42], within the framework of the
Euratom-ENEA Association.

Consorzio RFX primary goals are focused on the scientific and technological
research activity in the field of controlled thermonuclear fusion and the devel-
opment of new equipment and diagnostic devices devoted to it.

The main parameters of the machine are listed in the Table 2.1. The aspect

Major radius =2m
Minor radius =0.459 m
Plasma current <2 MA

Discharge duration <05s

Plasma density range ~ 1+ 10 x 10* m™3
Plasma volume ~ 10 m?

Working gas H, He

Table 2.1: Main parameters of RFX-mod device.

ratio for RFX-mod is relatively high (R/a = 4), so the cylindrical approxima-
tion can be applied, when it is helpful to simplify the geometry.
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2.2 RFX-mod experiment

The main components of the machine, schematically shown in figure 2.4, fol-
low [1, 43|:

%I’\f E - B0 Fieglapingcoils E

Toroidal field coils

shell

Graphite first wall and

magnetizing Vacuum vessel

|
|
I winding
|
|
|

lasma
O =

Figure 2.4: Schematic poloidal section of RFX-mod machine

e the vacuum vessel is a rigid toroidal structure, with major radius R =
1.995 m and minor radius a = 0.459 m, realized in a non-magnetic
alloy material, Inconel 625, which has been chosen because of its high
electrical resistivity and its mechanical proprieties. It is provided with
12 pumping ports in the equatorial plane plus various other ports for
diagnostic access;

e the first wall is composed by 2016 trapezoidal graphite tiles, 18 mm
thick in radial direction, that protect the vacuum vessel from the plasma.
The choice of graphite is due to the necessity of using low atomic number
material, in order to keep the radiation as low as possible, and to have a
good thermal shock resistance;

e the stabilizing shell is a copper structure, 3 mm thick, located just
outside the vacuum vessel. It has a toroidal gap, on the equatorial plane,
and a poloidal one, in order to allow the magnetic flux and toroidal
electric field penetration respectively: the time constant for penetration
of vertical magnetic field is ~ 50 ms;

e the toroidal field windings consists of 48 coils evenly distributed and
partially inserted into grooves machined in the stabilizing shell. The
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Figure 2.5: Graphite tiles in RFX-mod machine

maximum toroidal bias field is By = 0.7 T" at the beginning of the plasma
pulse and a reversed field at the wall B, = 0.44 T during the plasma
current flat-top;

e the magnetizing winding provides the poloidal flux swing which causes
the plasma current rise up to 2 M A. A number of 200 turns is wound to
form 40 coils, each carring a maximum current of 50 kA;

e the field shaping windings are 16 coils providing a vertical magnetic
field which guarantees the correct plasma position inside the vacuum
vessel;

e the active control system is highly advanced: it is formed by 192 active
saddle coils 37|, covering the whole plasma boundary (see figure 2.6),
each one operating indipendently. The Clean Mode Control algorithm
(CMC) allows to mitigate the radial magnetic field at the edge and, thus,
to drastically improve the performance of the device [44]|. This feedback
system is indeed essential to reach the improved-confinement regimes
presented in the following section (2.2.2).

2.2.2 The plasma core

In the last years, the description of an RFP as an axisymmetric configuration,
as reported in the previous section, has been found to be not complete. Spon-
taneous transitions to different equilibria, with a change of magnetic topology
and an improved confinement, occur as the plasma current is increased. A
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Figure 2.6: Saddle coils in RFX-mod machine

brief introduction to this topic and its effects on plasma core features is here
given.
As previously mentioned, many modes with m = 1,n > 1/¢(0) are suited to
be destabilized in an RFP device. In particular, in RFX-mod convention, the
relation 1.25 is written as ¢ = —m/n; for this reason, in fig. 2.2b, the n values
of the resonant modes are negative inside the reversal surface and positive out-
side: the reversal surface represents a sort of limit which separates the central
‘core’ from the external region. It also constitutes an accumulation surface
for the m = 1 modes, generating a wide spectrum of MHD activities. These
modes, on the one hand, sustain the RFP configuration by the dynamo self-
organization process, on the other hand, they give rise to overlapping magnetic
islands, due to the closeness of rational surfaces, which result in a broad chaotic
region. This condition is generally dubbed as the multiple-helicity (MH) state.
The MH state is characterized by the presence of several (1,n) normal modes,
named also helicities, with similar time-fluctuating amplitudes in the magnetic
spectrum; this is evident from figure 2.8, where a typical magnetic spectrum
of the m = 1 modes in MH state is shown. In this state, the magnetic chaos,
a region of overlapping of many incoherent modes, reigns, since the magnetic
surfaces are suppressed in most of the plasma core. Moreover, various helicities
can lock in phase, producing a toroidally localized deformation of the plasma
column, called phase locking, as shown in fig. 2.7a. The locking process causes
a discharge degradation because of strong localized plasma-wall interaction,
intense heating of the graphite tiles and unwanted influx of gas and impurities
from the tiles. These features are not favourable to good confinement.
Nevertheless, as mentioned in Sec. 2.1, it has been predicted the existence of
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Figure 2.7: a) In Multiple Helicity state, the modes can lock in phase causing
the deformation of the plasma column. b) In Single Helicity state, a helical
ohmic equilibrium is self-sustained by a single mode.
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Figure 2.8: Toroidal mode number spectra of m = 1 modes in a typical
RFX-mod discharge in MH (a) and in QSH (b) states.

a single-helicity (SH) configuration, characterized by the occurence of only one
resonant mode providing the dynamo term. Up to now, the best experimental
approximation of single helicity is the quasi-single helicity (QSH) state, where
the most inner resonant m = 1 mode dominates over the other, so-called, sec-
ondary modes [45, 46]. An example of the toroidal mode spectrum in QSH
regime is shown in fig. 2.8b: it is worth noting that the dominant mode in the
RFX-mod device is the (m,n) = (1, —7).

The achievement of the QSH state has been made possible by the operation
at higher plasma current levels. The novel results are that, as the current
is raised, the plasma exhibits an increasing probability of transition to the
improved-confinement state (the normalized secondary modes amplitude is re-
duced), with only occasional occurrences of MH.

An example of a high plasma current discharge is shown in figure 2.9a; more-
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Figure 2.9: a) Plasma current as a function of time. The vertical dashed
lines delimit the current flat-top phase. b) Amplitude of the (m,n) = (1, =7)
dominant mode (black curve) and of the secondary modes (1,8 =+ 23) (red
curve).

over, the dominant and secondary modes are compared during the flat-top
phase of the current, in figure 2.9b. The black curve represents the normalized
amplitude of the dominant mode and the red one the normalized amplitude of
the secondary modes, defined as

The amplitudes are those of the toroidal magnetic field component at the
plasma surface, as obtained with a Fourier transform in space of the signals
given by a system of 48 x 4 pick-up coils located outside the vacuum vessel, and
are normalized to the average poloidal magnetic field measured at the same
location.

It is worth noting that the system oscillates between two states, one where
all modes have similar amplitudes (MH) and another one where the dominant
mode and secondary ones are clearly distinguished (QSH).

More in detail, two magnetic topologies are distinguished in QSH states: the
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Double Azis (DAx) and the Single Helical Azis (SHAX) states. DAx states are
characterized by the presence of the resonant magnetic surface of the dominant
mode torn into a magnetic island centered around a secondary magnetic axis
(O-point), while the main magnetic axis is still present and in case shifted.
Poloidally symmetric to the island O-point is an X-point, which is related to
the island separatrix. Above a threshold of about 4% in the dominant mode
normalized amplitude, the separatrix X-point merges with the main magnetic
axis, and the two annihilate. Thus, the former island O-point becomes the
only magnetic axis, i.e. the Single Helical Axis, and the helical plasma column
is shaped by the dominant mode as shown in figure 2.7b. The DAx states are
also known as QSH with islands |47].

In RFX-mod, the existence of different plasma states has been indepen-
dently proved by different diagnostics. In particular, the figure 2.10 shows
electron temperature radial profiles obtained by the Thomson scattering sys-
tem (see section 3.1.3) in MH, DAx and SHAx states. As previously mentioned,
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Figure 2.10: Electron temperature radial profiles in MH, DAx and SHAx
states obtained by the Thomson scattering diagnostics.

the energy confinement properties of RFP plasmas in MH states are relatively
poor, with only the outer plasma layer being able to sustain temperature gra-
dients (green points). The occurrence of a magnetic island in DAx states gives
rise to a thermal structure (violet points) over the nearly flat temperature level
of the stochastic MH plasma core having a width of most 30% of the radius,
always located off axis. Finally, the profiles in SHAx states (orange points) are
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characterized by a temperature structure which is much larger than the DAx
islands (more than 50% of the minor radius) extended to both sides of the
geometric axis. This enlargement corresponds to an increase of the thermal
energy content of the plasma.

The presence of strong gradients in the case of QSH states, indicates the for-
mation of transport barriers that define a hot, bean-shaped region, centred off
the geometric axis, on the resonant surface of the (m,n) = (1, —7) mode.

2.2.3 The plasma edge

In the previous section (2.2.2), an introduction about the topological and ther-
mal properties of the different states of the plasma equilibrium has been given.
In the present one, some features regarding the edge plasma in the three
regimes are highlighted. The edge has a great importance in particle and
energy transport: fluctuations driving anomalous transport are often the main
reason for the limited confinement.

As mentioned in Sec. 2.1, the safety factor profile of an RFP configuration

r (m)

0 100 200 300 0 100 200 300
toroidal angle (degrees) toroidal angle (degrees)

Figure 2.11: Poincaré plot of the magnetic field lines on the outer equator
for a SHAXx state at a deep reversal (a) and at shallow reversal (b). The thick
line marks the position of the LCFS, while the horizontal one indicates the
first wall position (r/a = 1).

is such that the m = 0 modes are resonant at the reversal, where a chain
of poloidally symmetric islands is created. The radial position of the islands
can be externally imposed by setting the value of the F' parameter, defined in
eq. 2.5.

In general, at more markedly negative F values (F < —0.15), the m = 0
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islands close entirely into the chamber, so the the Last Closed Flux Surface
(LCFS) is between them and the wall. On the other hand, for shallow F' val-
ues (F > —0.05) the island field lines intercept the fist wall, so the LCFS in
this case is radially located before the islands.

This can be observed in figure 2.11, where two Poincaré plots of the magnetic
field lines in the r — ¢ plane on the outer equator, realized at different F' val-
ues, are shown. The first one has been obtained during a 1.5 M A SHAx state
at deep reversal (F' = —0.18), while the second depicts a similar condition
obtained at shallow reversal (F' = —0.02). A thick line is superposed on each
plot, depicting the position of the LCFS, computed from the field line tracing
(FLiT) code outputs [48] by looking at where, for each toroidal and poloidal
position, the most internal open field line is found. The new and striking result
is that in the SHAx condition obtained at shallow reversal the LCFS is well
separated from the wall by the m = 0 islands, and that their X-points act so
as to form a divertor-like configuration. On the contrary, at deep reversal the
LCEFS is located beyond the m = 0 island chain and a limiter-like condition is
obtained [49].

The topological characteristics of the external region in MH regime is quite

complicated, with the large helical deformation due to phase and wall locking
of both the m = 0 and m = 1 modes. On this topic, the development of the
CMC algorithm (see Sec.2.2.1) and the consequent achievement of the QSH
states drastically changed this picture. First of all, the locking of the modes is
softened since the radial components of the secondary modes are much lower
and the LCFS is interested by a uniform helical deformation, since the dom-
inant helicity (1, —7), imposes the same toroidal periodicity (n = —7) to the
m = 0 pattern. This configuration is associated to a lower stress for the first
wall because of a lower power deposition.
As result of the coupling of m = 0 and m = 1 modes, the external region
presents a more regular behaviour, in which the field lines of the islands can
eventually act as a kind of divertor for the inner confined plasma, if operating
at shallow F' values [49].

Furthermore, as mentioned in the previous section, the QSH states are
characterized by a transient behaviour, that is related to the dynamo relax-
ation events that recurrently determine a temporary transition to the chaotic
MH regime, destroying the precast magnetic order also at the edge.

The time evolution of the F' signal, as shown in figure 2.12b, exhibits rapid
changes, being a sort of rearrangement of the magnetic topology to a new MHD
equilibrium state, through the reconnection of the magnetic field lines [50].
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Figure 2.12: Time evolution of the dominant mode amplitude, by, 7, (a)
and of the reversal parameter, F' (b): when a DRE occur, the plasma has a
transition from QSH to MH states.

These phenomena are known as the Discrete Reconnection Events (DRE). It is
worth noting from fig. 2.12a that the amplitude of the dominant mode b, _7),
index of the equilibrium state, falls down in coincidence with the occurrence
of a DRE.

Finally, another feature of the plasma at the edge, is the presence of a
radial electric field, E,. Since the main component of the magnetic field in a
RFP device is poloidal, the relative drift velocity

ExB
Up = B2

(2.8)

is mostly toroidal. Moreover, since F, is characterized by a sign inversion, vp
changes direction along the radial coordinate.
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Figure 2.13: Radial profile of the F x B velocity evaluated by the electrostatic
pins of the U-probe as an average of data from discharges with a shallow F
value. The red line represents the chamber wall.

In figure 2.13, the vp has been measured by means of the electrostatic pins
of an insertable probe, the U-probe (more details in Sec. 3.1.1). Each symbol
has been obtained averaging the data over the flat top phase of shallow F
discharges. An inversion of the velocity direction is observed at r/a ~ 0.98.

2.3 EXTRAP T2R

The EXTRAP T2R device is a reversed-field pinch located at the Alfvén Labo-
ratory in the Royal Institute of Technology, Stockholm (Sweden), in operation
since 1994. A picture of the experiment is given in figure 2.14.

The EXTRAP T2R vacuum chamber is covered with a set of sensor coils
and active coils that make it an optimal facility, along with REX-mod, for the
study of active feedback control. The main research area is the development
of active feedback technique for the control of plasma instabilities using mod-
ern control theory tools [51] and the study of external magnetic perturbation
effects on the plasma dynamics [52].

Resistive Wall Modes (RWM) and Edge-Localized Modes (ELM) are a prob-
lem for the success of the international experiment ITER and the development
of techniques for their control is mandatory. RWM can be suppressed by de-
veloping feedback algorithms, such the intelligent shell. Among the techniques
for ELM suppression, a promising candidate is the application of external
magnetic perturbations resonant in the plasma (RMP). However, the ELM
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Figure 2.14: The EXTRAP T2R machine.

suppression mechanism via RMP and the external perturbation effect on the
plasma are not yet fully understood. EXTRAP T2R with its feedback system
gives a good opportunity for the study of the underlying physical mechanism
that regulates the interaction between RMP and the plasma. Regarding the
study of RWM control, that is a part of the European effort in the RWM area,
the device expedites the study of these stationary instabilities, since they can
be easily distinguished from the rotating tearing modes.

The dynamics of the rotating tearing modes is another important research area,
since the RMP affect the TM dynamics and the plasma flow. In particular,
RMP can induce oscillations in the TM amplitude, phase jumps and velocity
reduction [53]. Finally, statistical studies of turbulence in the edge region of
EXTRAP T2R are carried out in collaboration with the Consorzio REX. In
these contexts, the experimental campaigns performed during the last spring
and reported in the Chapter 7 are included.

EXTRAP T2R is a medium-sized reversed field pinch device with high
aspect ratio and an iron core. The main parameters of the experiment are
summarized in table 2.2. Operation of EXTRAP T2R resumed in September
2000 after a major rebuilding [54], where the front-end system was completely
replaced and equipped with a new resistive shell. Basic features of the new
device are the following [54]:

e The torus shaped vacuum wvessel is constituted of 15 sections of bellows,
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Major radius =124m
Minor radius =0.183 m
Plasma current ~ 70 =100 kA

Discharge duration < 100 ms

Plasma density range =~ 0.5+ 1.5 x 10 m=3
Plasma volume ~1m?

Working gas H

Table 2.2: Main parameters of EXTRAP T2R device.

joined by rigid flat sections supporting plasma limiters and port tubes
for diagnostic and pumping access to the vessel. The material used is
316L stainless steel: EXTRAP T2R . is one of few devices in the EU with
an all metal first wall

e Array of molybdenum limiters, having the shape of convex disks, replaced
graphite tiles for first wall protection (see fig. 2.15). There are a total of
180 limiters installed in the flat vessel sections.

e The thin, copper double-layer shell, with four times longer time constant
than the single-layer thin shell used in the earlier configuration, reduces
the magnetic field error at the poloidal gap. The new shell has a vertical
field penetration time of 6.3ms, to be compared to the 1.5ms of the
previous EXTRAP T2.

e Solenoid type toroidal field coil minimizes field ripple compared to the
helical coil used before. The axis of the toroidal field coil is displaced
outward relative to the vacuum vessel in order to achieve the same field
ripple on inboard and outboard sides.

In this configuration, RFP discharges are sustained for more than three shell
times and a high density shot-to-shot reproducibility is achieved. Moreover,
EXTRAP T2R plasma dynamics is in general dominated by the rotation [55]
of the internally resonating tearing modes, since the field penetration time for
the shell is long compared to the tearing mode relaxation cycle time scale but
short compared to the pulse length. This is reflected in the low radial field
amplitudes at the wall, which remains low until the end of the flat-top phase
of the discharge, when the modes lock to the wall.
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Figure 2.15: Vacuum vessel with Mo limiters in EXTRAP T2R device.
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3.1 Diagnostics

The experimental results presented in this work have been achieved using dif-
ferent diagnostics. In particular, in both RFX-mod and EXTRAP T2R de-
vices, the study of the high frequency coherent magnetic activities, which are
the main topic of this thesis, has been performed using edge sensors measuring
the time derivative of the magnetic fluctuations. The first two, installed in
RFX-mod device, are:

e the insertable U-probe (Section 3.1.1) and

e the Integrated System of Internal Sensors, ISIS, (Section 3.1.2);
The third, located at the edge of EXTRAP T2R device, is

e the insertable Alfvén probe (Section 3.1.4).

They all are highly space- and time-resolved in-vessel systems: more details
are in the following paragraphs. Some information about other RFX-mod
diagnostics, mentioned in the thesis, are collected in paragraph 3.1.3.

Finally, the techniques used to analyze the data are presented in section 3.2.

3.1.1 U-probe

The analysis of magnetic fluctuations at the edge of RFX-mod plasma is ex-
tremely useful in order to investigate this complex region, characterized by
a very fast dynamics and by the presence of strong gradients. The use of a
probe that can measure inside the plasma gives important contributions on
this topic.

An insertable probe, named U-probe for its shape (see picture 3.1), measur-
ing electrostatic and magnetic fluctuations at the plasma edge is installed at
RFX-mod device. The probe is made of two boron nitride cases, toroidally
separated by Az = 88 mm.
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Figure 3.1: Schematic view of the U-probe and pictures of the total assembly
and of a triaxial magnetic coil.

This diagnostic system is placed on the equatorial plane on the low field side
of the machine (6y, = 0°) and, toroidally, at ¢, = 217° 30, according to the
RFX-mod notation.

The significant power loads delivered even during low plasma current dis-
charges (I, < 500kA) do not allow probe insertions deeper than the 10%
of the minor radius. On the other hand, in higher plasma current discharges,
the insertion of any solid object inside the plasma can be very dangerous, so the
probe must be confined at the extreme edge of the vacuum chamber (r/a =~ 1).
In this conditions, no remarkable perturbation of the plasma caused by the
probe insertion has been observed.

As picture 3.1 shows, each case includes 2D arrays of electrostatic sensors (40
electrostatic pins, combined in eight 5-pins balanced triple probes), spaced by
6 mm. Together with the electrostatic pins, a radial array of 7 triaxial mag-
netic coils, 6 mm radially spaced, are located in each case in order to measure
the time derivative of the three components of the flutuating magnetic field.
As above mentioned, the probe can be inserted up to Ar = 50 mm inside the
plasma. It can be useful to specify that the insertion Ar is measured from
the head of the case to the level of the graphite tiles. The magnetic sensor
closer to the plasma is d = 13mm far from the head of the probe and the
first electrostatic pin at d = 7mm; this means that to calculate their effective
radial position (in mm) the follow relation must be used:

Tcoil = @ — Ar —+d. (31)

The electrostatic sensors have been extensively used in the last years in
order to delineate electron density and temperature features at the edge [56].
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Moreover, various results regarding the characterization of the toroidal plasma
flow at the edge have been achieved [57, 58].

Nevertheless, since in this work, only the signals coming from the magnetic
sensors are considered, these are presented in more detail.

In general, a simple way to measure the magnetic field fluctuations in the
vicinity of a point in space is using a small coil. By means of the Faraday’s
law (1.6), it is easy to see that the voltage V. induced on a coil endings by a
uniform, time-varying magnetic field B(t) is

dd .

Vc—dt—B-A (3.2)
where A is the total area of the coil, given by A = NA;, being N the number
of turns of the wire and A,, the area of a single one [59].

As shown in the small central photo of picture 3.1, the magnetic sensor consists
in a cubic structure less than 1c¢m large, thus the A; areas are enough small
to consider the field crossing them as uniform. Three copper wires are wound
around the support each in a different side. This configuration allows, since
the V, signals can be normalized for the respective area, to measure the time
derivative of the three components of the magnetic field in almost the same
position: radial B,, poloidal By and toroidal B¢.

In most of the analysis presented in this thesis, it is possible to directly use
the derivative signals, without integrating them in time, in order to avoid the
introduction of numerical errors, without losing the physical meaning. Thus,
unless otherwise indicated, the magnetic signals present in this work refer to
the derivative ones. An example of typical U-probe time derivative magnetic
signals is displayed in 3.2a.

The maximum sampling frequency is 10 M Hz, with a bandwidth up to

3 M H z; nevertheless in various experimental campaigns this value had been
reduced to 5 M H z, in order to collect less data without losing important phys-
ical information.
In figure 3.2b, the power spectra (see Sec. 3.2.1) relative to the mentioned
signals are shown. The spectra show that the highest fluctuation levels occur
in the B, and B¢ signals, which correspond to the perpendicular components
at the edge of the RFP configuration, where the dominant magnetic field is
the poloidal one.

Moreover, the presence of two coils toroidally spaced enables to measure
the toroidal mode number n by means of the two-point tecnique, briefly il-
lustrated in Sec. 3.2.3. It will be see that a system characterized by two
sensors separated of an angle Ay, permits to investigate toroidal numbers up
to | n|=7n/Ap ~ 87.
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Figure 3.2: U-probe magnetic signals (a) and relative power spectra (b) of a
typical RFX-mod discharge.

In the U-probe case, the angular distance of the two coils can be roughly ap-
proximated to Ap = Axz/(R + a), since the probe is located at the edge of
the outer side of the machine. Moreover, some experimental campaigns with
the probe turned of 90° has been performed: This allowed the measurement
of the poloidal mode number m of the activities under investigation for some
discharges. The maximum m that can be determined is | m |= ma/Az ~ 16.

A further consideration about the magnetic probes is that the measurement
performed refers to an average value of plasma fluctuations localized in a radius
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of some centimeters. So we probably can observe also magnetic perturbations
that develop rather inside the plasma.

Figure 3.3: Picture of the "naked” triaxial magnetic coils installed on the
GPI diagnostics.

GPI diagnostics coils.

Furthermore, a set of three magnetic coils, totally similar to those installed on
the U-probe, have been placed on the Gas Puff Imaging (GPI) diagnostics. The
GPI is an optical, non-intrusive diagnostics, measuring visible light emitted,
generally, by the neutral atoms present in the plasma edge [60].

The toroidal position is ¢pgp; = 322° 30" and the magnetic probes are nominally
radially located at r/a = 1. The picture 3.3 shows the triaxial magnetic coils
without the boron nitride cage that covers them as protection from heat and
particle flux. They are recognized simply by enumeration: the order 1 —2 —3
follow the conventional direction of the ¢ angle. The space between two close
coils is Ax = 22mm, thus very high toroidal mode number values can be
measured by this diagnostics: | n |~ 351. The sampling frequency is 10 M H z.

3.1.2 ISIS

RFX-mod vacuum chamber is equipped with a large set of calorimetric, electro-
static and magnetic probes located inside the vacuum vessel, which constitute
the Integrated System of Internal Sensors (ISIS) diagnostic. They are placed
at r/a =~ 1, behind the graphite tiles which cover the first wall of the machine
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and protect the sensors from the plasma. This system is mainly devoted to
the acquisition of high frequency data and in order to provide a thorough de-
scription of fluctuating quantities in the RFX-mod edge plasma.

As above-mentioned, ISIS is composed of three subsystems:

B SR Calorimetrical
BN  probes

electrostatic

probeii‘

Figure 3.4: Schematic view of ISIS system: electrostatic and magnetic
toroidal arrays and some calorimetric sensors are indicated.

e The thermal probes are thermocouples, measuring the average tem-
perature of the whole tile, mounted on the back of some of the first wall
graphite tiles. The system consists in one partial toroidal array of 8
probes, located at the poloidal angle § = 6.5°, on the outboard side, and
adjacent to the pumping ports, which allow access to them. A description
of the sensors is available in [61].

e The electrostatic sensors (Langmuir probes) are electrodes, measuring
the floating potential Vy, that is the potential of an electrically insulated
object immersed into the plasma. Some hints about the basic Langmuir
probe theory are given in paragraph 3.1.4. The system is composed of a
toroidal array of 72 pins equally spaced located at 0 = 340.7°, a poloidal
array of 8 triple probes at ¢ = 248.6° and of additional single and triple
probes. A description of the sensors is available in [62].

e The magnetic sensors are saddle and pick-up coils located on the back
of the first wall graphite tiles: the nominal radial position of the mea-
surements is r/a = 1.03.
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Since, in this thesis, the analysis of RFX-mod plasma edge is limited to the
study of the high frequency magnetic activities, only the magnetic sensors of
the ISIS system are considered. As previously for the U-probe, all the signals
investigated in the thesis represent the time derivatives of the magnetic fields.
ISIS magnetic system consists in:

e two evenly spaced toroidal arrays, each made of 48 pick-up coils measur-
ing the toroidal magnetic field B, located at the top (# = 70.7°) and
the bottom (0 = 250.7°) of the discharge chamber.

a poloidal array of eight saddle probes measuring B, and located at

p = 210°,

e a poloidal array of eight pick-up coils measuring By and located at
p = 216.2°

e a poloidal array of eight pick-up coils measuring B¢ and located at
p = 208.7°,

e a partial poloidal array of six pick-up coils measuring B@ and located at

p = 28.9°

a cluster of additional coils measuring B.@ and By in various poloidal and
toroidal positions.

The sampling frequency is 2 M H z, while the estimated bandwidth of the mea-
surement is up to 400 kH z. Magnetic pick-up probes are wound in two layers,
for a total of 80 turns (see the picture 3.5). To obtain a reproducible and
stable winding, special cables with a very thin and resistive sheath, made of
Inconel 600 were realized and an appropriate elliptic shape was studied for the
MACOR core [63].

In this thesis, one of the toroidal and the poloidal arrays measuring B@ have
been used for the analysis. The two arrays allow a resolution of the toroidal
and poloidal mode numbers n and m up to 24 and 4, respectively due to the
Nyquist theorem (the study of the mode numbers by means of an array of
probes is summarized in 3.2.3).

Moreover, using two probes belonging to the cluster, toroidally spaced by
Ap = 3.2°, toroidal mode numbers up to | n |~ 56 can be measured by means
of the above-mentioned two-point technique.
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MIC Cable 0.25 mm diameter

Elliptic winding section

Figure 3.5: Three-dimensional model of the ISIS pick-up coils.

3.1.3 Other diagnostics and radial profiles reconstruc-
tions

Since electron temperature, density and safety factor profiles have been exten-
sively used in the analyses presented in the following chapters, it is necessary to
introduce the relative diagnostics to the reader. Moreover, some information
about the pellet injectors and the neutral particle analyzer, that are mentioned
in the following chapters, are given.

Electron temperature profile, T¢(r)

RFX-mod is equipped since 2005 with a multi-point Thomson scattering sys-
tem, designed to provide a single-shot highly spatially resolved radial profile
of plasma electron temperature and, in principle, density simultaneously [64].
The laser beam passes through the plasma chamber along a diameter —0.94 <
r/a < 0.84 in the equatorial plane. Scattered light is collected at approx-
imately 90° from the incident beam through 3 windows where 84 pairs of
optical fibers are located. The repetition rate is of about 25ms, for a maxi-
mum number of 10 pulses in a discharge.

Recently some improvements in the Thomson diagnostics have been delivered.
In particular, a better beam profile has been installed and the repetition rate
is of 10 ms for a maximum of 100 shots in a single discharge.

Electron density profile, n.(r)
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A multi-chord infrared interferometer measures the line-integrated electron
density along 14 lines of sight placed on the same poloidal plane. The sam-
pling frequency of the acquisition system is 1 M Hz. The system is mounted
at the toroidal angle ¢; = 22.5°, on a granite structure C-shaped to be in-
serted between the magnetizing and the field shaping coils of the machine.
The density is evaluated measuring the phase variation induced in a C'O, laser
beam (A = 10.6 um) by passing through the plasma. The profile is thus recon-
structed by numerical invertion of the interferometer data [65].

Safety factor profile, ¢(r), q(p)

The safety factor profiles ¢(r) are deduced by a suitable reconstruction of the
equilibrium (e.g. [66]), that must match the external magnetic measurements,
used as boundary conditions [67].

In the case of SHAx states, the equilibrium is modelled as a superposition of
the zeroth-order axisymmetric equilibrium and of the dominant mode eigen-
function. In this geometry the safety factor is rescaled to the proper radial
coordinate p, related to the helical flux, y:

p= /M) (3.3)
Xa — X0

Xo being the helical flux on the helical axis and y, at the outermost surface |68].
The more evident different between the safety factor associated to the toroidal
equilibrium, ¢(r), and that associated to the helical one, ¢(p), is the while
the first is characterized by a monotonous decreasing profile (see fig. 2.2b),
the second exhibits a maximum (see fig. 5.13) in correspondence to the steep
internal temperature gradient characterizing the plasma during SHAx states.

Pellet injectors

A room temperature pellet injector [69] has been installed in RFX-mod with
three aims: the first wall conditioning, impurity transport studies and the
measurement of the pitch of the magnetic field lines. The injector uses pneu-
matically accelerated sabots to launch the pellets. Pellets of different sizes,
speeds (50 <+ 200m/s) and materials can be injected in the plasma; in par-
ticular, up to now, experiments with Litium and Carbon pellet injection have
been performed.

Furthermore, a cryogenic injector for H and D pellets built at Riso National
Laboratory is operating on RFX-mod [70]. The injector produces, by in-situ
solidification, 8 pellets with masses of 1.5 <5 x 10** atoms and pneumatically
accelerates them at velocities up to 1.5 km/s.
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Neutral Particle Analyzer

A Neutral Particle Analyzer (NPA) of the ACORD series, developed by the
IOFFE Institute of the Russian Academy of Sciences has been recently put in
operation in the RFX-mod device. The NPA is equipped with a Nitrogen gas
stripping cell and with 22 channeltron detectors (11 for Hydrogen, 11 for Deu-
terium) and by a magnetic deflection system to resolve the energy distribution
of the neutral H° particles produced by charge exchange (CX) processes and
leaving the plasma [71].

3.1.4 Alfvén probe

The study of the edge properties of EXTRAP T2R developed during my work
at the Alfvén Laboratoriet and presented in chapter 7, has been performed by
means of an integrated probe system, dubbed the Alfvén probe. This system
consists in various electrostatic and magnetic probes, realized in order to study
the Alfvénic nature of the edge plasma and the correlations between the E x B
velocity field and the magnetic field.

All the signals are sampled at a frequency of 2 M H z, while the measured band-
width is 1 M Hz for the magnetic coils and up to 700 kHz for the Langmuir
probes. The Alfvén probe is placed in the equatorial plane on the outboard
side of the machine and it can be radially inserted up to r/a = 0.92. The inser-
tion is strongly limited to the extreme edge when the electrostatic pins are set
to collect ion saturation current, because the interaction between biased elec-
trodes and streaming plasma, especially in low density discharges, can produce
severe current arcs, potentially dangerous for the experimental equipment.

Figure 3.6: Schematic view and photo of the top of the Alfvén probe.

Electrostatic sensors
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In figure 3.6, the scheme and a photo of the probe are shown.

On the top 17 pins are visible. In particular, the electrodes located in the in-
ner row (the row closer to the plasma) are used as a combined triple Langmuir
probe, allowing time resolved measurements of electron density, electron tem-
perature and plasma potential, whereas all the other pins measure the floating
potential in different positions.

In the following, a general description of Langmuir probe theory is given [72].
A characteristic feature of the plasma, as explained in paragraph 1.1, is its
ability to screen out electrical charge, by the attraction of a cloud of particles
of the opposite charge having the dimension of the Debye length, A\p (eq. 1.1).
A solid surface in contact with the plasma will be in general hit by electron
and ion fluxes, both drifting towards the probe with a velocity of the order of
the ion sound velocity vg [59].

It is easy to see that another way to write the 1.46 is

T, + T,
vg = M (3.4)
m;
Thus, on the one hand, it can be demonstrated that the ion saturation
current density collected by the electrode is

jsat = an Vg € (35)

where the constant ( is linked to the ratio between the ion density at the Debye
sheath edge and in the background plasma, and it is usually approximated to
1/2 [73].

On the other hand, regarding to the electrons, since vg is much smaller than
the thermal one the electron distribution function is still close to a Maxwellian
one. Their density can be written as:

ne = ngexple(V —V,)/T.] (3.6)

where n is the density of the background plasma and V), is the plasma potential.

In the case of a sensor electrically isolated, thus floating, the electrode
will charge negatively relative to the plasma potential due to mass difference
between ion and electrons, so further collection of electrons is retarded and
ions are accelerated until the net current to the electrode is zero and electron
and ion fluxes are equal. The main part of the charge difference between the
solid and the plasma will be confined to a narrow sheath region restricted to
some Debye lengths in thickness. It can be shown that V), is related to the
floating potential V¢, which is the potential adopted by a floating probe, by

V,=Vi+aT, (3.7)
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The voltage dropped in the plasma sheath is consequently proportional to the
electron temperature. The coefficient « can be calculated and varies generally
between 2 + 3 depending on probe geometry, type of plasmas etc. [74].

When a bias voltage Vg applied on the probe is sufficiently negative with re-
spect to the plasma potential, the probe collects only ion saturation current.
Positive ions continue to be collected by the probe until the bias voltage reaches
V},, at which point ions begin to be repelled by the probe. On the contrary, for
Ve >> V), all positive ions are repelled, and only the electron flux achieves
the probe.

The estimate of floating and plasma potentials entails the measurement of
various plasma parameters.
Different configurations of Langmuir probes exist, that can be distinguished
in:

e single probe: from one single pin, with a sweeping bias and using
for example the vacuum vessel as reference potential, can be extracted
the electron temperature and density by means of the acquired current-
voltage characteristic.

e double probe: a bias is applied between two equal probe tips so that
all the system is floating. The collected current is proportional to the
voltage difference between the two probes.

e triple probe: Temperature measurements using the single and double
probe techniques requires a sweeping bias which limits the temporal res-
olution of these methods; in the triple probe, instead, a fixed bias is
used. The triple probe uses a floating double probe biased to saturation,
together with a single probe tip measuring the floating potential. The
potential of the positive leg [75, 11] is

Ve =V + In(2)T, (3.8)

A finer scheme is the so-called five-pin balanced triple probe |75|, which
has the advantage of reducing phase-shift problems between the signals.
If this is the case, in the previous formula (3.8), (n(3) instead of In(2)
must be used.

Magnetic sensors
Two triaxial coils, very similar to those installed in the U-probe (section 3.1.1)
measuring the time-derivative of the three components of magnetic field, are
located into the Alfvén probe at the same radial and poloidal position and
toroidally spaced of Az = 13mm, so very high toroidal mode numbers can
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be measured (| n |< 335). Their position is represented by the square dashed
boxes in fig. 3.6.

3.2 Data analysis techniques

The purpose of this chapter is to briefly describe the basic fluctuation analysis
techniques that have been applied to extract the results presented afterwards.
These techniques are applicable to signals coming from sensors yielding local
measurements, such as floating potentials obtained by Langmuir probes and
magnetic field fluctuations measured by pick-up coils.

In particular, since physical theories and models are often formulated in terms
of frequency rather than time, it is useful to transform the data from the time
domain to the frequency domain e.g. to identify periodicities. This approach
is known as spectral analysis. Single-point measurements yield information
about the time behaviour of the fluctuations (e.g. power spectrum, spectro-
gram), but the minimum arrangement which can give an indication about their
spatial structure is that of two measurement points (e.g S(k, f) spectrum).

It can be here specified that spectrograms S(¢, f) and wavenumber-frequency
spectra S(k, f), being three-dimensional, are graphically represented by a
colour-coded contour plot. Since the spectra amplitude is generally expressed
in "arbitrary units”, the absolute values are not indicated in the colour scale.

3.2.1 The power spectrum

It is known from mathematical analysis courses that, for a given function of
time x(¢) defined in —oo <t < +o00, the continuous Fourier transform (CFT)
is a function of frequency X (f). CFT and its inverse are respectively defined
by the relations

400 +o00
X(f)= /_ z(t) e 2™t x(t) = X(f)e*Itaf (3.9)

e} —00

A useful property regarding the CTF is an energy conservation law for the
time and frequency domain representations of a signal, the Parseval’s theorem,
asserting that

/ () i =2 / CIX() P, (3.10)

o0 o0
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The interpretation of this theorem is that the total energy contained in a
waveform z(t) summed across all of time ¢ is equal to the total energy of
the waveform’s Fourier Transform X (f) summed across all of its frequency
components f. (The coefficient 2 on the right side of the 3.10 is needed being
positive and negative frequency indistinguishable.)

Nevertheless, in the practical case, experimental data are not continuous, but
sampled, both in space and time, so that the definitions given in eq. 3.9 have
to be revised. Thus, being x, = x(nAt) , withn =0,1,..., N — 1, a discrete
and finite sequence of real numbers obtained sampling every At the continuous
function z(¢) in the time range 7' = NAt, the following definitions are given:

fo= 2 the sampling frequency (3.11)
fv = ﬁ Nyquist frequency (3.12)

The fy is the maximum frequency that can be achieved sampling every At.
It ensues from the so-called Nyquist sampling theorem, which states that
a function z(t) such that X (f) = 0 for | f |> fy is completely determinated
by its samples x,,. Thus, generally, the sampling time is chosen in such a way
that the maximum frequency required to analyze a certain phenomenon is the
Nyquist one.

If frequencies larger than fx are present in the system, they would be seen
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Figure 3.7: (a) The blue dots subsample the red signal, so they interpolate
the blue wrong signal. (b) Power spectrum of a signal with frequencies f > f:
they are shifted and/or folden back to within the frequency range 0 < f < fx.

in the digitized signal as a spurious frequency. A simple example is given in
the figure 3.7a, where the red sine wave signal is sampled by the blue dots.
Clearly they are not enough to reconstruct the original signal, so the blue sig-
nal results from their interpolation. It follows that any spectral component
with frequency fy < f < 2fn is "folden back” into the spectrum, appearing
at a frequency fy — f. The shifting of high frequencies so that they appear
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below the Nyquist value, is the phenomenon known as aliasing. The mecha-
nism can be understood by looking at figure 3.7b, where it is shown how the
aliasing operates on the power spectrum at frequencies f >> fy. The inverse
process can be apply in order to correct the fraction of spectra clearly subject
to aliasing, by shifting them at proper frequency values.

Obviously, spatial aliasing can also occur, as experimentally observed measur-
ing high periodicity values in RFX-mod plasma.

Such kind of discrete signals can be described in the frequency domain by
means of the so-called Discrete Fourier Transform (DFT). In particular, a
sequence of N frequencies is defined, for which f,, = nAf, where, in order to
cover the whole frequency range allowed by the sampling theorem, it is chosen
Af =1/T (in this way —fy < f < fn). With this definitions, the first of the
two relations 3.9 evaluated at f,, becomes:

X(f,) = / - z(t)e 2t dt (3.13)

—00

Since time is sampled, the integral is approximated to a discrete sum over
the samples ¢; = jAt. Then, putting X,, = X(f,)Af, the discrete Fourier
Transform and its inverse are defined:

L N N/2
X, = N Z xje_ﬁ”]”/N x; = Z X, e2min/N (3.14)
=0 n=—N/2

However, the DFT is not generally calculated using the expression 3.14, since
a more fast algorithm, the Fast Fourier Transform, proposed in 1965 by J.W.
Cooley and J.W. Tukey, remarkably reduces the number of operations.

The power spectrum S(f), in the discrete case, is the square of the magnitude
of the DFT. Here "power” can mean the actual physical power, or more often,
for convenience with abstract signals, can be defined as the squared value of
the signal.

The signal z(t) can be treated as a stationary random process, whose auto-
correlation function R(7) is defined as

R(r) = Elz(t)x(t — 7)] (3.15)

being E|...] the expected value, that is the average over the probability distri-
bution function. It quantifies how well correlated are couples of values of z(t)
having a time distance of lag 7.
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Thus, the power spectrum is the Fourier transform of the auto-correlation
function:

S(f) = /+00 R(r) e ™7dr , thus R(7) = /+00 S(f) e df (3.16)

o0 o0

It is worth noting that in the case 7 =0,

+oo
Bl «(t) ) = / S(f)df (3.17)

[e.e]

which means that S(f) describes how the mean square value of z(t) is dis-
tributed over frequencies.

Typically, the problem of estimating the expected value is effectively overcome
by ensemble averaging over M sample spectra. The approach used is to divide
the signal under analysis in M slices x¥> (1), each of lenght 7', and treating each
slice as indipendent realization of the process under study. In the continuous
case, S(f) can be estimated using

M
- 1 1 k
S() = 37 25U where SU(f) = 7| X F o (318)
In the discrete case, the power spectrum estimator is
| M
o (k) |2
sn—M;m ¥ (3.19)

where X,(Lk) is the n-th element of the DFT of slice k. Thus, it is possible to
demonstrate that the discrete analogous of eq. 3.17 is

MZ

1 1 N-1
~ 2 @i I’ > S, (3.20)
j n=0

J

Il
o

To reduce leakage, each slice is multiplied by the Hanning window [76]. The
relation 3.20 is then finally computed.

3.2.2 Spectrogram

A spectrogram is a time-varying spectral representation, that shows how the
spectral density of a signal varies with time, S(t, f). The most common format
is a colour-code contour plot whose horizontal axis represents the time ¢, the
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vertical axis the frequency f and a third dimension referring to the amplitude
of a particular frequency at a particular time is indicated by a colour scale for
each point in the image.

Spectrograms are usually calculated from the time signal using the short-time
Fourier transform (STFT). Creating a spectrogram using the STFT is usually a
digital process, where the signal is broken up into chunks associated to the time
7, which usually overlap, and Fourier transformed to calculate the magnitude
of the frequency spectrum for each chunk. In the continuous-time case, the
signal to be transformed is multiplied by a window function w(t) which is
nonzero for only a short period of time. Thus, the spectrogram of a signal z(t)
can be estimated by computing the squared magnitude of the STFT of the
signal, as the window moved along the time axis, as follows:

+oo
S(r, f) = |STFT(r, f)|? = / sBwlt— e (3.21)
Each chunk corresponds to a vertical line in the image, that carries a measure-
ment of power spectrum versus frequency for a specific moment in time. The
frequency spectra are finally ”laid side by side” to form the image.

3.2.3 Wavenumber-frequency spectrum

The analysis of the signals coming from different measurement points, can
provide some information about the spatial structure along the direction con-
necting the points. In particular, a wavenumber-frequency power spectrum
can give a presention of the dispersion relation of the fluctuating activity un-
der study, easy to read. Moreover, since frequency and wavenumber spectral
indices are found independently, both frequency-integrated wavenumber spec-
trum S(n) and wavenumber-integrated frequency spectrum S(f), that is anal-
ogous to the power spectrum derived in sec. 3.2.1 but for selected wavenumber
values, can be computed.

One method for the calculation of the S(k, f) spectrum has been devel-
oped by Beall [77] and it is known as the two-point technique, since it uses
fixed probe pairs. An alternative method is the spatial Fourier decomposition
of probes equally distributed along a circular (or periodic) array.

Two-point technique
We introduce the concept of the local wavenumber and frequency spectral den-
sity, which can be estimated using spatially fixed, point data sources (“fixed
probe pairs”), and discuss the relationship of this spectral density to the con-
ventional wavenumber and frequency spectral density and the cross-power
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spectral density. The local wavenumber and frequency spectral density is
shown to be equivalent to the conventional wavenumber and frequency spectral
density when the fluctuation is stationary and homogeneous and consists of a
superposition of wave packets; such a fluctuation is the basic model used in
many turbulence theories. A digital method for estimating the local wavenum-
ber spectrum is described and applied, in the context of this thesis, to the
magnetic signals coming from the coils of the U-probe, GPI diagnostics and
Alfvén probe and furthermore from two ISIS magnetic sensors belonging to
the cluster of probes.

Since the relevant information is the phase difference between the two signals,
in order to extract a physically relevant measurement, the points must be close
enough to give correlated measurements, but distant enough to yield a mea-
surable phase difference.

The cross-correlation function of two signals x(t) and y(t) is defined, in
analogy to the auto-correlation function 3.15, as

Ryo(7) = Ely(t)x(t — 7)]. (3.22)
It is related to the cross-covariance function
Cya(T) = E[(y(t) — my)(2(t — 7) — ma)] (3.23)

by Cyu(7) = Rys (1) — mym,, with m, = E[y(t)] and m, = E[z(t)].

In analogy with the power spectrum of one signal (Sec. 3.2.1), the cross-power
spectrum (CPS) of two signals is defined as the Fourier transform of their
cross-correlation function. CPS and its inverse are respectively

+o0o +oo
Svx(f) = [ Rulr)e T and Ru(r) = [ Svx(h) ey
_ i (3.24)
But contrary to the power spectrum, the CPS is complex-valued:

Syx(f) = Cyx(f) +1Qvx(f), (3.25)

where Cy x(f) is known as the co-spectrum and Qy x(f) as the quad-spectrum.
Using a polar representation,

Syx(f) =| Syx(f) | e®x. (3.26)

From the 3.26, two very important quantities are defined. On the one hand,
Oyx(f), called the phase spectrum, gives the average phase difference of the
Fourier components of the two signals, frequency by frequency. On the other
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hand, the amplitude | Sy x(f) | of the CPS is generally expressed in the nor-
malized form
| Syx(f) |

Vv (f)Sx(f)

where Sy (f) and Sx(f) are the power spectra of the two signals. 7y x(f) is
called coherence spectrum (or simply coherence) and gives the degree of linear
correlation of the signals frequency by frequency. A very important point
to keep in mind is that the phase spectrum is significant only at frequencies
where the coherence is not too low when the coherence is almost zero the two
signals are uncorrelated at that given frequency, so that their phase difference
is random.

The practical evaluation of the CPS proceeds along the same lines as the power
spectrum: the two signals are divided into M slices, multiplied by the Hanning
window and Fourier transformed. So, analogously to eq. 3.19, the cross-power
estimator to be computed is

Wwx(f) = (3.27)

M
. 1
_1 (k) x*(k)
Svxn =37 ;1 Y0 x (k) (3.28)

In order to determine the wavenumber k(f) as a function of the frequency,
it is useful to distinguish the case of measured phenomena characterized by a
deterministic dispersion relations rather than by turbulently broadband ones.
In the first case,the fluctuating quantity g(x,t) can be represented as a super-
position of plane waves. Each component, in travelling from one sensor (1) of
the probe to the other (2) located at a distance Az, undergoes a phase shift,
so that 5
- 12
R =+
In the general case of turbulent phenomena, a well defined relationship be-
tween frequency and wavenumber does not exist. One should therefore aim at
computing a spectral density function giving the power present in the fluctuat-
ting field for each couple of frequency and wavenumber values. For continuous
space and time and considering the field g(x,t) stationary and homogeneous,
its space-time correlation function

R(x,7) = Elg(z,t)g(z — x,t — 7)] (3.30)

depends only on time and space lags. The space-time CEFT of g(z,t) and its
inverse, in terms of k and of the angular frequency w = 2x f, are defined as

G(k,w) = ffj;o g(x,t) e =k drdt and
9(,1) = o JI77 Glw, k) ek dkdw. (3.31)

2r

(3.29)
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The wavenumber-frequency spectrum is the extension to space-time of the
power-spectrum. Thus, the CEFT of the space-time correlation function 3.30
and its inverse are

S(k,w) = ffj;o R(x,7) e @ k) dydr and
R(x.7) = [[72Sik,w) e ) dkdw. (3.32)

It can be demonstrated that, for lenght (L) and time (7") scales large enough,
an appropriate estimator for the wavenumber-frequency spectrum is

$(k,) = 7= Bl (k)i (k) (33
Therefore, in the case that only two measurement points are available, the two-
point estimate of the wavenumber-frequency spectrum uses the phase difference
between the two signals as an estimate of the wavenumber at each frequency.
In particular, after the usual division of the signals x7(t) and yr(t) into M
slices, required for the computation of the ensemble average, the DF'T of the
slices are used to built an histogram representing the S(k, f) : for each j-th
slice, a local wavenumber is computed as

k) = 2o = ) (3.34)

(n is the index running over the frequencies). The 2D-histogram of S(k, f) is
then incremented at the locations by a quantity equal to

S = VOx0 (3:35)

that is the power at frequency n and wavenumber k,(f ). This is repeated for all
the slices and the resulting histogram is divided by M.

Keeping in mind the Nyquist theorem, it can be seen that the maximum
wavenumber that can be detected is m/Ax. If larger values are present in
the system under study, they will give rise to aliasing. Moreover, the probe
spacing must be large enough so that the phase difference corresponding to the
wavenumber resolution that we want to obtain is large enough to be detected,
but, in case of turbulent phenomena, it must be smaller than a coherence
length, since, otherwise, the phase errors would be quite large in a low coher-
ence situation.

Circular array
The previous discussion can be now extended to the case of several spatial
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points. In particular, it can be taken into account the situation where M mea-
surement points are available and equally spaced in a circular array. Actually,
the assumption here is that we are measuring the properties of our system
around a symmetry axis. Thus, it is possible to estimate the wavenumber-
frequency spectrum without the statistical approach used in the two-point
technique, but rather by using a discrete version of the estimator derived in
equation 3.33. Due to the fact that we are considering a set of probes arranged
in a periodic fashion, the Fourier transform in space (at different 6 angles) is
really a determination of the coefficients of a Fourier series. In practice, am-
plitudes and phases are computed by applying the FFT algorithm to the M
measurements at each time sample. The amplitudes a,,(t) and the phases
a,(t) are related to the measured field x(t) by

2(0,6) = Y an(t) cos[mb + ap,(t)] (3.36)

m=0,1...

Furthermore, the frequency-wavenumber power spectrum is computed as

Stm, f) = Jim (| Xr(m, 1) ) (3.37)

where the angular brackets represent an ensemble average computed as an
average over the time slices in which the signals have been divided, whereas
Xr(m, f) is the double Fourier transform of the array of signals z(6, t), recorded
for a time 7', over both time and angle.

The maximum wavenumber value that can be measured by a circular array is
estimated by means of the Nyquist theorem: | k |[= M/(2R), where R is the
radius of the array.
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Resistive Interchange Modes in
RFX-mod

In this chapter, the first direct experimental evidence of magnetic fluctuations
due to unstable resistive interchange modes in RFX-mod plasma is presented.
After an introduction about the features of these modes in fusion and, in par-
ticular, in RFP plasmas (Sec. 4.1), the experimental observations performed by
means of a sophisticated setting of in-vessel detectors, are described. The insta-
bilities detected are characterized by relatively high frequency, high toroidal
mode number (n > 20) and they resonate in the edge region of RFX-mod
plasma (Sec. 4.2). A comparison with modelling prediction has also been ex-
posed in Sec. 4.3.

4.1 Resistive Interchange Modes theory

As exposed in the introductive section dedicated to Interchange modes (1.4.1),
a plasma in a curved magnetic field can exhibit the unstable growth of inter-
change perturbations when the radius of curvature vector is directed oppositely
to the direction of the pressure gradient. This can occur whenever a plasma is
confined in a magnetic field that is concave towards the plasma itself.
In a tokamak configuration, the main magnetic field is toroidal. Thus, as high-
lighted in fig. 4.1a, the toroidal curvature is favourable (convex towards the
plasma) on the inner side of the machine (small R..) and unfavourable (concave
towards the plasma) on the outer side (large R.). This means that the modes
could appear in the outer side region of the plasma. Anyway, the 1/R weight
of the small R-side is slightly greater than the weight of the large R-side, so
the net effect is stabilizing. Regarding to a RFP configuration, since the main
magnetic field is poloidal, the situation is different: as shown in picture 4.1b,
only regions of unfavourable curvature are present.

Nevertheless, the magnetic field has two stabilizing roles: on the one hand,
any bending of the field lines tends to oppose to the growth of the perturba-
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Tokamak RFP
a) || b) e

Unfavorable
curvature
Unfavorable
curvature

Figure 4.1: a) In a tokamak configuration the curvature of the main magnetic
field is favourable on the inner side and unfavourable on the outer side. b) In
a RFP configuration the curvature is always unfavourable.

tion with wavelengths below a certain critical value; on the other, the magnetic
shear s (defined in eq. 1.21) limits the region of instability when this occurs.
The presence of a shear of the magnetic field lines activates a mechanism that
inhibits the charge separation which would otherwise build up. Since a field
line traced many times around the torus maps out a flux surface, charges are
rapidly dispersed, being transported along the field lines. This is known as
shear stabilization.

The first linear stability analysis on this topic was presented by Bergen R. Suy-
dam in 1958 [78] for a linear pinch (with B, being the axial magnetic field).
The theory provides a necessary condition for the m # 0 modes to be stable:

dp rB? [1dgq 2
— = —— 4.1
dr * 8to <qd7“) =0 (4.1)

where ¢ is the safety factor (see definition 1.20). This relation is called Suy-
dam’s criterion, which asserts that to stabilize interchange modes the magnetic
shear must be large enough to overcome the destabilizing effect of the pressure
gradient, i.e. dp/dr < 0. Two years later, in 1960, Claude Mercier generalized
the stabilization criterion for a toroidal plasma [79]. Then further, more com-
plete formulations followed (e.g. [80]).

The unique regions where the shear stabilization cannot operate are the ra-
tional surfaces (defined in 1.4), because there the field lines close upon them-
selves and do not outline a flux surface, so charge build up is not inhibited. If
a perturbation, having the same field line pitch of a rational surface, occurs,
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interchange instabilities can locally grow.

Thus, the interchange modes tend to be localized around resonant
surfaces, where a small displacement of magnetic field lines is possi-
ble without distortion of the lines themselves, so as to minimize the
magnetic field line bending energy. The driving force for these modes
is the pressure gradient across surfaces with average unfavourable
curvature.

In real plasmas, resistivity must be taken into account. Indeed, the pres-
ence of finite resistivity favours the destabilization of the modes at pressure
gradient values lower than those predicted by ideal MHD theory [81]. The
relation between the growth rates and the Lundquist number, that is inversely
proportional to the resistivity, is known to scale as ~ S~/ This point is one
of the features that can help to distinguish between interchange and tearing
modes, the last being the most common resonant modes in fusion devices. The
tearing modes growth rate, indeed, scales with ~ S=3/° [82, 20].

Moreover, resistivity gradients have been demonstrated to drive a different
kind of modes, named rippling modes, having features very similar to those of
the pressure-gradient-driven interchange (they are resonant, localized at the
edge, they interchange internal to external plasma regions in a fusion device),
so to become almost indistinguishable in our case. Anyway, the contributions
of pressure and resistivity gradients are summed [20], thus, in general, a cu-
mulative effect can occur. But, since the possible presence of the mentioned
rippling mode cannot be verified, we will not take into account the previous
considerations in the following analysis.

4.2 Experimental observations

The study of the modes, interpreted as belonging to the interchange branch,
starts from the analysis of the magnetic spectra measured by the insertable
U-probe, presented in Sec. 3.1.1. The space-time properties of the magnetic
fluctuations have been obtained by Fourier transforming the signals obtained
from the complete toroidal array of coils measuring B, of the ISIS system
(Sec. 3.1.2).

The whole analysis covers a set of 200 discharges, performed in a relatively low
plasma current range (300 kA < I, < 600kA). This selection is due, on the
one hand, to the fact that the U-probe cannot be inserted inside the plasma
during high current discharges and, on the other hand, because the magnetic
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spectra measured at high I, levels by the ISIS system are affected by the pres-

ence of various coherent fluctuations, thus an analysis that can distinguish the

contributions from different modes would be more complex.

The spectra in fig. 4.2 show that large magnetic fluctuations are present for fre-

quencies up to about 200 kH z, with about 60% of the total magnetic fluctuat-

ing energy concentrated in the frequency region spanning from 30 to 150 kH z.
In particular, it is observed that the magnetic spectrum peaks around 100 £H z
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Figure 4.2: Typical power spectra of the time derivative of the three compo-
nents of the magnetic field, measured by the U-probe

during the discharges characterized by a deep reversal of the toroidal magnetic
field. In this context, "deep reversal” means values of the parameter F' < —0.1
or, analogously, values of the safety factor profile at the edge ¢(a) < —0.025.
Although in the RFP configuration the parameter F' is usually adopted to
represent the reversal depth, in this thesis I prefer to use the more common
q(a).

Two S(n, f) spectra, obtained as a conditional average over discharges selected
at two different ¢(a) values, are shown in figure 4.3. Magnetic activities ex-
hibiting different characteristics (frequency, periodicities, dispersion relations)
are found in the two different equilibria.

Shallow reversal.

Figure 4.3a shows the S(n, f) spectrum obtained as an average over discharges
characterized by a shallow reversal of the toroidal magnetic field, correspond-
ing to g(a) = —0.015. A coherent structure is observed at frequencies below
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Figure 4.3: Typical colour-coded contour plot of the S(n, f) spectra of mag-
netic fluctuations for two different experimental conditions: (a) S(n, f) spec-
trum obtained at shallow reversal of the magnetic field, g(a) = —0.015; (b)
S(n, f) spectrum obtained at deeper reversal, g(a) = —0.050; (c) the two
reference ¢(r) profiles. The vertical line marks the plasma wall.

50 kH z arranged on an almost continuous linear dispersion relation, in the
form w = (n/R)vy, with w = 27 f, where f is the frequency and v, is the
phase velocity of the fluctuations in the toroidal direction. The measured
phase velocity is of the order of 20 + 30 kms~! in the counter toroidal plasma
current direction corresponding to the electron diamagnetic direction, which is
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in good agreement with the plasma flow velocity at the edge of the RFX-mod
device deduced by means of gas puffing imaging diagnostics [83] and is also
consistent with the E x B flow measured by the Langmuir probes [84].

The analysis of the poloidal periodicity, performed by means of the poloidal
array of ISIS sensors, reveals the main m = 0 nature of this magnetic fluc-
tuation, whose origin is still under investigation. Thus, in shallow reversal
discharges, a m = 0 activity, that is probably associated to the global
flow propagation, is measured. More information on this topic is provided
in Sec. 4.2.2.
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Figure 4.4: S(m, f) spectrum from the ISIS poloidal array measuring B@
obtained selecting in frequency the magnetic activity observed at deep reversal
discharges: the poloidal mode number measured is m = 1.

Deep reversal.

The m = 0 fluctuations are observed to become of smaller amplitude in deeply
reversal discharges, as can be seen in figure 4.3b, obtained by analyzing data
taken selecting the discharges with ¢(a) ~ —0.050. In this S(n, f) spectrum,
a different coherent structure at frequencies in the range 40 = 100 kH z, is ob-
served to dominate. The Fourier decomposition of the signals from the ISIS
poloidal array of probes shows that its dominant periodicity is m = 1. This re-
sult is exhibited by the curve in picture 4.4, obtained by integrating the S(m, f)
spectrum provided by the ISIS array over the frequency range spanned by the
modes under investigation.

In particular, the mentioned S(n, f) spectrum (fig. 4.3b) exhibits the excitation
of magnetic fluctuations in the form of a broad peak at high (n ~ 35) posi-
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tive toroidal mode numbers (the modes resonate outside the reversal surface,
Sec. 3.2.3). This value of the toroidal mode number results from a correction

2007 200

150 150

100

Frequency (kHz)
Frequency (kHz)
=

Figure 4.5: (a) S(n, f) spectrum obtained by means of the toroidal array of
ISIS coils, measuring n up to 24. (b) S(n, f) spectrum obtained by means of
two closely toroidally spaced array ISIS coils, measuring n up to 56.

of the periodicity scale, that is necessary since the spatial resolution of the
toroidal array of ISIS coils is limited (| n |< 24) and so the computed S(n, f)
spectra are affected by aliasing. As mentioned in 3.2.1, in some cases it is
possible to correct spectra affected by aliasing by means of a proper shift. In
this case, the correction provides that each negative n values, n.g, is substi-
tuted by n.g + An, where An = n,00 — Nnin 1S the width of the toroidal
mode number scale i.e. An = 48. The presence of an aliasing problem is sug-
gested also by observing the 4.3a spectrum, where the right extremity of the
m = 0 structure is cut and reappears at negative values. For what concernes
m = 1 fluctuations, the aliasing is confirmed by a comparison with the S(n, f)
spectra deduced by applying the two-point technique to the signals from two
closely spaced ISIS magnetic coils. As it is clear observing the two spectra in
figure 4.5, the peak under investigation actually corresponds to high positive n
values and the aliased toroidal mode number spectra, deduced by the toroidal
array must thus be corrected.

Summarizing, a m = 1 magnetic activity, characterized by high pos-
itive mode numbers and frequency around 70 kHz, arises in deeply
reversed discharges.

In figure 4.6, the gradual weakening of the m = 0 fluctuations and the
concurrent emersion of the m = 1 structure, moving towards deeper reversed
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discharges, are exhibited. The different S(n, f) spectra are averaged over dis-
charges associated to ¢(a) values centred around that one specified above each
image. The spectra of the sequence have been corrected for the aliasing as

o
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Figure 4.6: Series of S(n, f) spectra obtained by ISIS toroidal array, associ-
ated to decresing ¢(a) values.

Frequency [kHz]

explained above. Analyzing this picture, at least three important observations
arise. I will treat them in detail in the next three paragraphs.

4.2.1 Externally resonant modes

The analysis of the magnetic activity under investigation at different values of
q(a) reveals that the toroidal mode number n, corresponding to the maximum
of the fluctuation amplitude is inversely proportional, i.e. n- | g(a) |= 1.

This point is exhibited in figure 4.7. Since the measured poloidal num-
ber is m = 1, the relation indicates that the observed high frequency modes
correspond to magnetic perturbations resonating at the edge of the plasma
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Figure 4.7: The toroidal mode number n referring to the maximum of the
activity is inversely proportional to g(a), the value of the safety factor at the
edge.

column. Moreover, the determination of the direction of the wave propaga-
tion (described in the next section 4.2.2) permits to assert that the modes are
characterized by high positive toroidal numbers. In accordance with the RFP
nomenclature, these modes are called externally resonant modes.

4.2.2 Mode rotation

In figure 4.6, it can be noted that the m = 1 peak in the (n, f) plane ap-
pears to be almost aligned with the linear dispersion relation characterizing
the continuum low frequency m = 0 fluctuation. In particular, this can be
observed focusing on the spectra where both the activities are present i.e.
q(a) = —0.27, —0.32.

Anyway, figure 4.8 highlights this observation. It shows the same S(n, f)
spectra presented in fig. 4.3 after the correction of the aliasing effect. The
alignement of the two magnetic activities could provide information about the
nature of the frequency of the m = 1 modes, since the m = 0 fluctuation can
be interpreted as the toroidal plasma flow and, thus, the Doppler effect can
affect the observations.

The idea that the m = 0 activity is associated to the plasma flow is not only
due to the fact that the fluctuation phase velocity, v, is comparable, both
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Figure 4.8: S(n, f) spectra at shallow (a) and deep (b) reversal of the mag-
netic field, after correction of the aliasing effect.

in magnitude and direction, to that of the rotating flow (as mentioned in the
first part of section 4.2). Actually, an inversion of the phase velocity sign of
the fluctuation is observed when the radial position of the probe is changed,
similarly to that measured for the plasma flow, as mentioned at the end of the
section 2.2.3 (in particular, fig. 2.13).

In figure 4.9, various S(n, f) spectra, realized by means of the insertable
probe at different radial positions are shown. The vy, is observed to exhibit a
propagation reversal. The presence of the aliasing affecting the S(n, f) spectra
makes some of them difficult to read, but it can be noted that the slope of the
activity is directed towards positive n values at more external positions, while
towards negative ones at innermost plasma layers.

It is worth noting that in the last image a possible m = 1 activity is slightly
visible, being probably associated to very high n values since the spectra is
affected by aliasing.

A confirmation of the fact that the m = 1 mode frequency is associated to the
plasma flow rotation is provided by the analysis represented in fig. 4.10. The
key to understand the figure is to keep in mind that the modes are resonant
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Figure 4.9: Series of S(n, f) spectra obtained by the U-probe at different
probe insertions for discharges with shallow ¢(a) values.

(as shown in 4.2.1), thus the relation n = 1/ | g(a) | is valid. Red points,
referring to the mode frequency, result by plotting the experimental frequency
of the m = 1 modes, evaluated as the frequency relative to the maximum of
the peak observed in 4.6, versus the inverse of the corresponding ¢(a) value
indicated above the images. Black points, indicated in the figure legend as
Doppler frequency, have been obtained by means of an extrapolation of the
linear dispersion relation of the m = 0 fluctuation observed at shallow ¢(a)
values, performed for high frequencies. This extrapolation permits to deter-
mine how the modes could be located in the (n, f) plane if they were present
at shallow ¢g(a) values, in the case that their frequency would be aligned with
the flow dispersion relation: the mentioned relation associates high frequencies
to high n values, thus, since the modes are resonant, to high 1/ | g(a) | values.
It can be seen that the two curves match quite well, thus the alignement is
confirmed.

It can be finally restated that this relation between the mode frequency and
the plasma equilibrium is due to two constructs: the fact that the modes are
resonant relates the equilibrium with the mode number n and the rotation of
the modes with the plasma connects n with the mode frequency.
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Figure 4.10: Red points are the mode experimental frequencies measured at
different g(a) values. Black points are the extrapolated frequency of Doppler
affected modes that would grow in shallow reversal discharges.

Summerazing, from this analysis it can be deduced that since the m = 0
fluctuation has been interpreted as the toroidal plasma flow, the
alignement of the two modes is an indication that the frequency as-
sociated with the m = 1 mode is mainly due to a Doppler effect, as
the mode rotates with the plasma.

4.2.3 The mode amplitude

The third observation that can arise looking at figure 4.6 is a relevant growth
of the power spectrum amplitude of the m = 1 fluctuation.

The chromatic scale used in the contour plot, however, does not allow to catch
the tendency of the mode intensity at very deep reversal discharges, because
the color (red in the picture) is uniform (saturated) beyond a certain threshold
amplitude.

A more exahustive and quantitative information is given by figure 4.11, where
the experimental amplitude of the fluctuations is plotted versus the value of
the safety factor at the edge. Since the signals used for this analysis measure
the time derivative of the magnetic field, B@, the amplitude of the modes has
been evaluated using the integrated signals and selecting the part of spectrum
where the m = 1 mode is excited. A rapid growth of the amplitude of the
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Figure 4.11: The amplitude of the mode fluctuations grows while the safety
factor at edge becomes more negative.

modes moving towards deeper reversal equilibria is clearly visible.

The amplitude of the total perturbation produced by these modes is observed
to reach values up to almost 1% of the equilibrium magnetic field at the edge
in deeply reversed discharges.

4.2.4 Radial eigenfunction

A complementary analysis of the behaviour of the periodicities has been per-
formed by means of the insertable U-probe. In this case, a set of discharges
with a safety factor at edge in the range —0.036 < ¢(a) < —0.030 has been
selected. By inserting the U-probe at different radial positions, the series of
S(n, f) spectra shown in fig. 4.12 has been produced. The numbers located
above each spectrum indicate Ar, the insertion of the probe inside the plasma,
as defined in the paragraph 3.1.1. The blank spaces between the spectra are
due to the lack of discharges in the required conditions.

In particular, it is worth noting that the amplitude of the fluctuation is mod-
ulated along the radial coordinate. Thus, by measuring it as described in 4.2.3,
it has been possible to reconstruct the radial eigenfunction of the mode, ex-
hibited in fig. 4.13. The shape of the eigenfunction shows that the mode is
localized at the edge of the plasma column.

In the figure the maximum of the mode is localized in corrispondence of the
first wall of the vacuum chamber. This can be explained by the fact that
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Figure 4.12: Series of S(n, f) spectra obtained by the U-probe at different
probe insertions. The q(a) value is included in a narrow range.
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Figure 4.13: The radial eigenfunction of the mode.

the measurement of the magnetic sensors refers to an average value of plasma
fluctuations localized in a radius of some centimeters. Thus, since most of the
contribution to the measurement comes from the region where the plasma is
denser, we can imagine the measurements to be radially shifted, so as to local-
ize the peak inside the plasma. Anyway, for discharges with this equilibrium,
the reversal of the magnetic field is located at r/a ~ 0.9. This is a further
confirmation that these modes resonate externally with respect to the position
of the reversal of the magnetic field.
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4.2.5 Fast dynamics of wavenumber and frequency spec-
tra

An interesting correlation of the toroidal mode number value and of the fre-
quency of the mode with the fast time evolution of the safety factor at the edge,
has been found. Figure 4.14a shows the time evolution of the wavenumber spec-
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Figure 4.14: (a) Wavenumber specrogram for the toroidal mode number n
in the time. (b) Frequency spectrogram. The violet line represents the safety
factor at the edge ¢(a).

trum of the B@ signal. It has been calculated by realizing, for successive time
lags, an integration of the S(n, f) spectrum over the frequencies relative to the
fluctuation under investigation. The relation between n and ¢g(a) (represented
by the violet line in 4.14b) is not surprising in the light of what exposed in
section 4.2.1, but a so rapid time response of both the modes to grow and the
probe system to measure the variation, was not a priori obvious.

In figure 4.14b a frequency spectrogram (see sec. 3.2.2) measured on some
milliseconds during the flat top phase of a single discharge is exhibited. The
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dynamics of the mode frequency is in turn involved in this fast evolution since
the frequency changes in order to maintain the mode aligned with the disper-
sion relation of the m = 0 activity (i.e. to mantain the same phase velocity).

4.2.6 Polarization measurement
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Figure 4.15: Measurement of the phase difference between the radial and
toroidal components of the mode.

A measurement of the relative phase (mode polarization) between B.¢ and
B, fluctuating components detected by means of the U-probe coils has been
performed.

As shown in 4.15, the phases of the radial and toroidal components of the
mode are in quadrature, as expected for a fluctuation of the plasma current
component aligned to the main magnetic field (poloidal at the edge of a RFP
plasma) that is toroidally propagating with the plasma flow [85].

Thus, the polarization measurement is in agreement with that expected for
resonant modes.

4.3 Physical interpretation

In order to formulate a proposal for the physical interpretation of the modes
presented in the previous section, the measured spectra have been compared to
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the prediction of a linear stability analysis performed by means of the cylindri-
cal code ETAW, already extensively used for RFP calculations [66] and, more
recently, successfully benchmarked against the MARS code [86].

The code solves the linear cylindrical resistive incompressible and inviscid
single-fluid MHD equations, using a spectral formulation and a matrix shoot-
ing eigenvalue scheme. Up to two resistive walls can be considered for the
boundary conditions, with a thin shell approximation. The plasma model is
solved inside the first wall and the solution is then matched with the exter-
nal solution of the vacuum cylindrical Laplace equation, analytically known in
terms of modified Bessel functions.

For the problem under consideration we have assumed that only one wall is
present, which corresponds to a perfect ideal shell located at r/a ~ 1.05, i.e.
5% of the plasma minor radius. This choice appears to be the most appropri-
ate, since, as it has been measured (Sec. 4.2.2), the modes rotate at a relatively
high speed together with the plasma, and a metal liner with 1-=-2ms magnetic
field penetration time is present in the RFX-mod device. Therefore, the liner
acts as a perfect conductor for these fast rotating modes.

It must be specified that these instabilities evolve through a linear growth
phase followed by a nonlinear one and that what we have observed are the sat-
urated energy spectrum of the modes. Thus, it can be objected that a linear
model would not satisfy the requirements for a proper description of the modes
behaviour. Nevertheless, it is found that the spectral mode properties are in
good agreement with the predictions of the linear stability analysis. This point
will be more extensively addressed in section 4.3.1.

Figure 4.16 allows a comparison between the spectra of the growth rates
obtained by the code (a) and the experimental ones (b). Theoretical growth
rates v (normalized to the Alfvén time) have been calculated for two different
q profiles, both deep enough to observe a fully developed m = 1 instability:
in the case of a deeper reversal, corresponding to g(a) = —0.05, the spectrum
is peaked at a value n ~ 25, while at a shallower reversal, ¢(a) = —0.03, the
maximum of the spectrum is at n = 40.

The experimental data ensue from an average over 10 discharges, comparable
in terms of I,, n. and ¢(a), for each of the two reversal values. The toroidal
mode number spectra S(n) are obtained by selecting, in the (n, f) plane, the
frequencies where the m = 1 mode is mostly excited and taking an average of
them (in order to obtain the value of the fluctuating magnetic field, magnetic
signals have been numerically integrated).

It is worth noting that the theoretical predictions are in good agreement with
the experimental S(n) spectra. On the one hand, the values of the toroidal
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Figure 4.16: (a) Theoretical growth rate (normalized to the Alfvén time) for
different toroidal mode numbers, corresponding to two different g(a) values.
Different symbols mark the two different plasma pressure profiles used for the
simulation. (b) Experimental S(n) spectra under the same ¢(a) conditions of

(a).

mode number are consistent in both equilibria; on the other hand, the relative
amplitude of the spectra is the same, i.e. both in the experiment and in the
simulation the maximum of the spectrum at shallower reversal is lower. More-
over, similar to the experimental results, the toroidal mode number spectra
for a given equilibrium shows that the growth rate vanishes for modes that
resonate close to the stabilizing wall (at low n’s) and also for modes resonant
close to the reversal of the toroidal magnetic field (at high n’s), where the
effect of the magnetic shear is stronger.

The value of [ (defined in 1.22) adopted in the simulation is 2%, compara-
ble to the experimental one for the considered case. It must be added that due
to the rather narrow range of the explored (3 values, the role of this parame-
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Figure 4.17: The two different radial pressure profiles adopted in the theo-
retical analysis (black lines) compared with a typical experimental profile (red
diamonds).

ter in determining the different dynamics at deep and shallow reversal cannot
be experimentally determined. Nevertheless, a useful information can anyway
arise by means of the simulations, where two different pressure profiles, shown
in figure 4.17, have been considered.

The two profiles for the theoretical estimations (black lines in the picture)
are actually intended to represent those corresponding to the minimum and
maximum edge gradients measured in the RFX-mod plasmas under the ex-
perimental conditions explored here. The two chosen profiles are compared
with a typical experimental one in RFX-mod (red diamonds), obtained from
density and temperature profiles published in [87, 64|, respectively, measured
in almost identical discharges.

In figure 4.16a, the different symbols distinguish the two different pressure pro-
files: the spectra associated to the pressure profile indicated with a ”star” is
characterized by a growth rate almost triple than those obtained in the case of
the "dot” pressure profile, as expected for the interchange instability. Thus, we
can infer that the theoretical growth rates at a given 3 are strongly influenced
by the pressure profile. It can be clearly seen that larger edge pressure gradi-
ents are associated with larger v values. Moreover, the results of simulations
performed imposing a zero [ show that the modes are linearly stable in the
absence of pressure.

This observation can be related to what asserted in the section 4.1,
that the pressure gradient has a destabilizing effect on the inter-

89



Chapter 4 - Resistive Interchange Modes in RFX-mod

change modes.

— 0.3 i3
2
— g
< g * | 2
m ~~§ I:l
" [
(o)

0.2 {2

1 (871*)=0.58
722877y =1.06

5 10 20
S [107]

Figure 4.18: Total normalized amplitude of the magnetic fluctuation as a
function of the Lundquist number, S, for a given plasma equilibrium (g(a) =
—0.03). Two theoretical S scalings are overplotted: the S~!/3 scaling, predicted
for interchange modes, and the S~3/% scaling, predicted for tearing modes. The
dashed line, referring to the right-hand side y-axis, represents the dependence
on S of the growth rate predicted by the ETAW code for the same plasma
equilibrium.

Another interesting observation arising from the comparison between ex-

perimental results and the code is that the amplitude of the modes on the one
hand and the theoretical growth rate on the other scale in a comparable way
with the Lundquist number, S (defined in 1.12) and, in particular, this scaling
is in agreement with what expected for interchange modes.
In figure 4.18, the experimental normalized amplitude of the magnetic fluc-
tuations, B,/B(a), obtained by summing the contribution from each single
toroidal harmonic, are plotted versus the relative Lundquist number. The
data are consistent for a plasma equilibrium corresponding to g(a) = —0.03,
chosen as equilibrium, exhibiting a clear m = 1 high frequency activity for
which the largest range of S values is experimentally available.

Since, as mentioned in Sec. 4.1, it can be seen that the S scaling expected
for the interchange modes is different from that expected for the tearing modes,
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both the relations are plotted in the figure, in order to compare them with the
experimental data and with the trend predicted by the ETAW code, indicating
a growth rate scaling as S7%3 (red dashed line referring to the right-hand side
y-axis).

Despite the large dispersion of the experimental points, a scaling close to S~
is fully compatible with the data. Furthermore, the results of the x? test ap-
plied to the experimental data for the two theoretical scalings are indicated in
the figure: they state that the S™'/3 scaling fits the experimental data better
than the S=%/° one.

Other considerations can be added in order to reasonably exclude an interpre-
tation of the observed magnetic fluctuations in terms of tearing modes. First
of all, they are generally observed to only slowly rotate in RFX-mod [88], so
that they are easily distinguishable from the high frequency magnetic activity
under investigation here. Moreover, in the case of tearing modes, any relation
with the pressure profile is not expected and finally, such high n values are
usually stable.

1/3

4.3.1 Quasi-linear saturation model

At this point, we want to address the problem of the nonlinear saturation of
these modes.

For this purpose, a nonlinear model would be required (see for example [89)]),
and /or models taking into account the effects which could affect the stability
properties of interchange modes extensively described in the literature, e.g.
finite Larmor effects, parallel ion viscosity and diamagnetics effects (|90, 91]
and references therein).

However, we want to present here a simple quasi-linear model in which the
growth rate is balanced by a dissipation mechanism proportional to the squared
mode wave number, which is the consequence of having a Laplacian-like dis-
sipation term in the equations. From the previous observations, it is expected
that the measured fluctuation amplitude correlates with some quantity which
takes into account both the growth rate and the mode number.

Viscous dissipation operates more effectively on high n, which is the case cor-
responding to less negative ¢(a).

As shown in figure 4.19, despite the simplicity of the model, a very good cor-
relation is found between the experimental amplitude of the fluctuations and
v/n?, that is the maximum growth rate divided by the square of the relative
mode number, at different ¢(a) values.

Future studies are required to better understand why the “footprints” of the
linear stability properties are so clearly impressed in the nonlinear saturated
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Figure 4.19: The amplitude of the mode fluctuations (black points) and the
groth rates normalized to n? (red points) towards deeper reversal equilibria.

state of MHD interchange resistive turbulence in our device.
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In the last decades, Alfvén waves and in particular Alfvén eigenmodes (AE)
have been intensively studied by the fusion scientific community. The interest
on this topic has grown since wave-particle interactions can have both harmful
and beneficial implications. On the one hand they can induce the loss of ener-
getic ions, such as alpha-particles (see eq. 1.13), via direct or inverse Landau
damping, thus influencing the performance of future reactors [92, 19]. On the
other hand they can be used to channel energy from the fast ion population
to the background one [93] or to diagnose fundamental plasma parameters [94].

In section 5.1, the theory of Alfvén Eigenmodes (AE) is briefly presented.
Then, the first experimental observation of Alfvén eigenmodes in RFX-mod is
described and a discussion about their physical interpretation is carried out.
Some considerations about the driving mechanism are given in the last section.

5.1 Alfvén Eigenmodes theory

In Sec. 1.4.2, a general introduction about Alfvén waves in infinite homoge-
neous plasmas, has been given. Solving the MHD equations, three independent
dispersion relations for hydromagnetic waves were found (1.48, 1.49 and 1.51)
in the axisymmetric cylindrical approximation.

Since it is known that in the RFX-mod plasma vg ~ 15% v4, the equations to
take into account are

w? = kﬁvi and Wi = k%, (5.1)

describing, respectively, the Shear and Compressional Alfvén Waves (SAW and
CAW, respectively)
. In fusion devices SAW are more extensively studied because they are rather

likely to become unstable, since kj < k = ,/kﬁ + k2, and therefore, with
respect to CAW, less energy is needed to bend the magnetic field lines [95].
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It is worth specifing that in real plasmas the distinction between SAW and
CAW is not so sharp: they can be coupled together mainly by perpendicular
plasma non-uniformities [96]. This topic will be considered in the next section.

The dispersion relations of the Alfvén waves, in a sheared magnetic field, are
part of a continuous spectrum, called Alfvén continuum. It is difficult to excite
instabilities in the Alfvén continuum, because of a damping mechanism. Each
wave of a hypothetical wave-packet of finite radial extent generally has different
velocities at different radii, so the pulse rapidly disperses. This mechanism is
known as continuum damping. Nevertheless, in the radially localized points
where the continuum damping is not effective, a large variety of discrete modes
can be destabilized. In the case of Shear waves, the modes, called Shear
Alfvén Eigenmodes (SAE), can be divided into two main classes [97]:

e the first one includes discrete eigenmodes which can develop where the
degeneracy between two rational surfaces with the same toroidal number
is removed by the non-linear coupling of the two modes, creating a gap
in the continuum spectrum (e.g. TAE, EAE, HAE).

The Toroidal Alfvén Eigenmodes (TAE) are probably the most studied
Alfvén eigenmodes in toroidal devices: they were first computed by C.Z.
Cheng and M.S. Chance (1986) [98]| and they are observed in essentially
all toroidal confinement configurations [99, 100, 101, 102]; TAE can ap-
pear when the degeneracy between two modes with | Am |= 1 and same
n is removed by the toroidal coupling.

In helical equilibrium plasmas, as in stellarators and, maybe, during
SHAx states of RFP devices, the symmetry of the configuration is bro-
ken in both poloidal and toroidal directions, thus more varieties of AE
should exist |103]. These modes are associated with the crossing of two
cylindrical Alfvén branches coupled by the helical equilibrium compo-
nent.

e the second family can occur near an extremum of the continuous spec-
trum (e.g. GAE, RSAE).
The Global Alfvén Eigenmodes (GAE), also known as "Discrete Alfvén
Waves" or "Alfvén frequency modes" [104], were at the beginning theo-
retically studied by K. Appert (1982) [105] and experimentally observed
by G.A. Collins (1986) [106[; they can be excited at frequencies just be-
low a minimum in the dispersion relation profile.
Another example of SAE are the Reversed Shear Alfvén Eigenmodes
(RSAE) that occur in tokamak plasmas with a minimum in the ¢ profile.
The mode resides near the minimum and has a frequency that is above
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the continuum frequency, thus avoiding strong continuum damping.

Similarly, the formation of potential wells in the CAW spectrum, due to a
combination between the radial variation in density and the perpendicular

wave number, allows the development of weakly damped Compressional Alfvén
Figenmodes (CAE) [107].

A first experimental study of Alfvén Eigenmodes (AE) in Reversed-Field
Pinch (RFP) plasmas, in the form of small wavelength toroidally induced AE,
was proposed by G. Regnoli et al. [102] in the EXTRAP T2R device; as will be
recalled later, the modes described in the mentioned paper have some different
features with respect to the ones observed in RFX-mod, in particular, they
are characterized by a completely different toroidal periodicity. Moreover, on
the Madison Symmetric Torus (MST), interesting studies concerning Alfvén
Eigenmodes in RFP plasmas, driven by the fast ions produced with a Neutral
Beam Injector, are presently carried out [108].

5.2 Alfvén Eigenmodes: experimental observa-
tions

The magnetic activity described in this chapter have been analysed mainly by
means of the experimental observations obtained by inserting the U-probe at
the level of the graphite tiles, i.e at r/a = 1.03. The analysis performed by
means of the U-probe data shows coherent magnetic activities at a frequency
in the range 0.1 + 1.3 M Hz, which will be shown to depend on the Alfvén
velocity.

Two kinds of modes have been distinguished in the experimental observations.
They can be observed in figure 5.1, representing the spectrogram of the By
signal. In order to facilitate the description of the different characteristics, the
two modes at higher frequency will be named "Type I” and the other three,
intermittent in time, "Type II".

In figure 5.2 we show an example of power spectra of the signals from three
U-probe coils measuring the radial, toroidal and poloidal magnetic fields time
derivative, Br, B and By respectively, computed in the flat-top phase of a
single discharge. TWO broad peaks are present in the power spectrum of the
By signal, at frequencies around 1000 k£H z, in the region characterised by a
power law decay of the spectrum.

The B, and B spectra, instead, are quite different with respect to the By
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Figure 5.1: Spectrogram of the By signal. Two different kinds of modes
are observed: one, named "Type I’, at higher frequency and enduring all the
dischange time; the other, named "Type II” at lower frequency and intermittent
in time.

one: their fluctuations amplitude is much higher and no coherent peaks are
present, but a large bulge occurs at the same frequency of the modes under
investigation.

MHD theory requires that SAE would be characterised by the condition B, >>
§||, nevertheless they exhibit in general, elliptical polarization (both parallel
and perpendicular components), while CAE are expected to have a nearly lin-
ear polarization aligned along the equilibrium field [100]. Thus, since in a RFP
configuration the magnetic field at the edge of the plasma column is mainly
poloidal, a speedy reading of this experimental result would suggest an inter-
pretation of the modes in terms of CAE. Nevertheless, a more careful study of
the spectra cannot exclude the SAE interpretation. In particular, the spectrum
amplitude of the peaks under investigation is about two orders of magnitude
smaller than that of the perpendicular components at the same frequencies:
we wonder whether their highly fluctuating and turbulent background, due
to different instabilities (mainly resistive tearing and interchange [2] modes),
would make it impossible to distinguish in these spectra the coherent, but rel-
atively small, Alfvén modes. Actually, the little bulge could be an indication
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Figure 5.2: Power spectra of B,, B¢ and By signals measured at the position
r/a =~ 1.03 by the insertable edge probe.

of the presence of alfvénic peaks hidden by the large fluctuation.

Anyway, it is important to remark that in the existing literature it has been
proven that perpendicular non-uniformities can lead to the coupling of the
Shear and the Compressional Waves [96]. For instance, in NSTX plasmas,
some magnetic perturbations characterized by a SAW polarization in the core
and the compressional component dominating at the edge, have been observed;
these experimental results are in agreement with the simulations performed by
the hybrid 3D HYM code (a non-linear, global stability code in toroidal ge-
ometry, including fully kinetic ion description) [109, 110]. This means that in
real plasmas the SAE and CAE branches are not mutually exclusive.

The Alfvénic nature of the modes is confirmed by an analysis performed
in various experimental conditions, corresponding to different plasma current
(I,) and density values and using different working gases (H and He).

As shown in figure 5.3, a linear relation between mode frequency and Alfvén
velocity v, is found. In this analysis, the Alfvén velocity v4 has been evaluated
considering the magnetic field at the edge,

B(a) = By(a) = pol, / 2ma, (5.2)
and the ion mass density as
p=n;m; = Ze_flf (ne) Am, (5.3)
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Figure 5.3: Mode frequency versus Alfvén velocity v4 for a wide range of
experimental conditions. Full points concern the Hydrogen discharges and
open ones the Helium discharges. Different symbols distinguish the two modes
named "Type I” (light and pine green circles) and the three modes named
"Type II” (pink, orange and purple squares).

where m,, is the proton mass, A is the atomic mass and Z ;s is the effective
ion charge [111].

The electron density value, (n.), used in the computation is actually a line
averaged value, obtained from an internal chord of the interferometric diag-
nostics. The Z. s value has been fixed to 1.5 for H discharges (full symbols in
the picture), which is typical for RFX-mod H plasmas; the value of Z.;, for
He shots (open symbols), being not measured in the set of discharges consid-
ered for the analysis, has actually been chosen in order to make the He curves
coinciding with the H ones: Z.¢¢ g = 3.5.

It is worth noting that the slopes of the curves constitute distinct experi-
mental wave-vectors. The observed clear linear relation between the
mode frequency and the Alfvén velocity for distinct wave-vectors val-
ues suggests that the modes under investigation are actually Alfvén
Eigenmodes.
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The experimental values of the so-deduced wave-vectors are reported in the
follow. For the Type I modes, they are k..,; &~ 2.5 m™' (pine green circles
in the picture) and keypo ~ 1.9 m™! (light green circles). Please note that
kewpo &= 75 % kespi1: this experimental observation will be used in section
5.3.4. The wave-vector values deduced by the linear relation for the Type II
modes are: kegps ~ 0.75 m™Y, kegpa ~ 0.55 m™! and kegps ~ 0.33 m™L.

5.3 Global Alfvén Eigenmodes (Type I)

Type [ modes consist in two coherent magnetic fluctuations close in frequency,
lasting for the whole discharge at a frequency in the range 600 = 1200 kHz
(higher order harmonics are also slightly seen).

Their Alfvénic origin is clearly seen in figure 5.4, where the dynamic evolution
of the mode frequency (b) is compared with the plasma current and density
time behaviour (a) in a single discharge. In particular, the mode frequency
slowly decreases following I, and, on the other hand, has a sharp reduction in
corrispondence with a Lithium pellet injection (at 190 ms), recognizable as a
sudden surge of the density measurement.

5.3.1 Mode number measurements

By means of two probes measuring the poloidal magnetic field fluctuations in
different toroidal positions and applying the two-point technique, the toroidal
periodicity associated with the two Type I modes has been estimated. The
result is shown in figure 5.5, where the frequency power spectrum of each
toroidal Fourier mode number n, S(n, f), is plotted in a colour-coded contour
plot. The modes are visible as two light broad peaks, centred roughly around
n = 0. The S(n) spectra, overplotted in the picture as continous lines, were
obtained by integrating the S(n, f) spectra over the frequency range delimited
by the horizontal dashed lines in the figure, corresponding to the two Alfvénic
peaks. The lighter curve is associated to the higher frequency peak and the
other to the lower one: it must be pointed out that, despite in the example
proposed in figure 5.5, the higher frequency peak has a larger amplitude than
the one at smaller frequency, this condition is not always verified.

Despite the large width of the S(n) curves, imputable to the statistical ap-
proach, both spectra are observed to have a maximum corresponding to a
n = 0 periodicity; it must be added that this estimate seems to be the most
frequently measured value on a statistical basis over more than 50 discharges.
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Figure 5.4: a) Plasma current [, (left axis) and electron density (n.) (right
axis) time evolutions; b) spectrogram of a By signal for the same discharge.

Moreover, in some experimental campaigns the U-probe has been rotated
in order to measure the poloidal periodicity associated with the AE under in-
vestigation. An analysis similar to that described for the measurement of the
toloidal mode number gives a statistical evaluation of m. The poloidal mode
number value is consistent with m = 1 for both peaks.

Finally, the radial wave-vector component k. has been estimated using
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Figure 5.5: S(n, f) deduced by the two-point analysis using two poloidal
magnetic coils toroidally separated. The right handside y-axis refers to the
S(n) spectra relative to the two Alfvénic peaks, shown as continous lines.
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Figure 5.6: Linear relation between the mode frequency and the relative
radial wavevector component. The two colors distinguish the two peaks: the
red symbols refer to that at higher frequency.

two By probes belonging to the same radial array, at different radial posi-
tions (Ax = 12mm) and applying the two-point technique: an unexpected,
and still under investigation, linear relationship between the frequency of the
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modes and the radial wave-vector has been observed. The average value of the
measurements gives k, > 5 m™L.

5.3.2 Frequency splitting

Frequency [kHz]

Power spectrum [a.u.]

600 800 1000 1200 1400
Frequency [kHZz]

Figure 5.7: a) Spectrogram of a By signal. b) Power spectrum of By evaluated
in the time range 217.5 + 218.5 ms.

An interesting phenomenon has been observed performing an analysis of
the spectra in plasma conditions characterized by a high Alfvén velocity, i.e. by
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modes with a frequency of the order of MHz: in some discharges it is possible
to recognize a splitting of the mode frequency. In particular, as can
be observed in the spectrogram of figure 5.7a, the mode at higher frequency is
mainly involved in this phenomenon. A fine structure can be, indeed resolved
observing in detail the higher mode.

By means of an integral of the spectrogram in the time range delimited by the
two vertical dashed lines (217.5 =+ 218.5 ms), the spectrum in figure 5.7b has
been obtained: three thin peaks, composing the higher frequency mode, can
be distinguished.

It is interesting to note that similar phenomena have been already observed to
arise in TAE at JET [112| and in CAE at MAST [113]. It has been shown [112]
that a non-linear model for kinetic instabilities developed by Berk and Breiz-
man [114] predicts that a single-frequency mode can split into multiple lines
when the instability growth rate dominates the effective collision frequency of
the resonant particles.

5.3.3 The role of magnetic reconnection

As mentioned in section 2.2.3, RFP plasmas are characterized by quasi-periodic
spontaneous relaxation events, known as Discrete Reconnection Events (DRE).
Two interesting effects regarding the Alfvénic mode behaviour during these
rapid events have been observed. The first one, concerning the enhancement
of the amplitude of the spectrum associated to Type I AE in correspondence
of a reconnection event, is exposed in this section; the second effect, by which
it has been possible to radially localized the modes, is set out in next section,
devoted to the physical interpretation of the modes (Sec. 5.3.4).

Enhancement of the mode spectrum amplitude during DRE.
In order to study the mode response during DRE dynamical phases, a statisti-
cal approach has been adopted, by means of a conditional averaging procedure
over a number of single events: different DRE, recognized by the rapid fall of
the safety factor at the edge g(a), have been selected from a discharge having
a quite uniform time evolution of I, and (n.); then a new time base t. has
been defined fixing the zero at the instant when the ¢(a) has a minimum.
In figure 5.8b the evolutions of g(a) (solid line) and of the relative spectro-
gram, both obtained by a conditional averaging process over multiple events,
are shown: the two modes can be recognized at 650 and 850 kHz and a global
increase of the fluctation amplitude is observed at t. ~ 0. The last point be-
comes evident in figure 5.8a, where a comparison between the power spectra
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Figure 5.8: a) Power spectra of a By signal referring to three instants of
the crash evolution. b) Spectrogram obtained by a conditional average over
different time intervals centered on a single DRE (the solid line represents the
averaged ¢(a)). ¢) Time evolution of mode energy.

referring to three different moments of the g(a) dynamics is exhibited: the
power spectrum amplitude associated with the ¢(a) minimum instant is con-
siderably larger.

It is worth noting that not only the amplitude of the background spectrum
(whose origin is still under debate) grows, but also the amplitude of the AE
spectrum is particularly enhanced.
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5.3 Global Alfvén Eigenmodes (Type I)

To estimate the energy strictly associated with the AE, we integrated the spec-
trum over the frequencies in the range 500 = 1050 kH z, after subtracting the
fluctuation background, represented by the dashed lines obtained interpolating
the spectrum-broad-band in terms of a frequency power law (figure 5.8a). It
is worth noting that the evolution of the mode in figure 5.8c shows that its
amplitude has pratically doubled during the reconnection event.

This observation can be a significant starting point in the discussion about
the possible drive mechanisms of the Alfvén Eigenmodes under consideration.
In particular, at this point we cannot distinguish whether the increase of the
background and of the AE amplitude is caused by the same drive or not.
This interesting subject will be recovered in the section 5.5, where some re-
marks about the possible mechanisms driving the alfvénic modes are pointed
out.

5.3.4 A possible physical interpretation: GAE

Given the experimental observations, it is now necessary to make some con-
siderations in order to try to give a physical interpretation to such Alfvén
Eigenmodes.

As described in section 5.2, the estimation of the wave-vector has been ob-
tained by the linear interpolation of the experimental frequencies at different
Alfvén velocities: in the case of Type I modes, their value is around 2.

As stated before, two main branches of AE must be considered: the SAE,
characterized by a dispersion relation where only the parallel component of
the wave-vector appears (ws = kjva) and the CAE, for which the whole wave-
vector must be taken into account (wa = kva).

Therefore, an interpretation of the modes in terms of CAE would require a
relation between the frequency and the Alfvén velocity regulated by

k= /k?+kj+k2, (5.4)

where k,, kg and k, are the radial, poloidal and toroidal wave-vector com-
ponents respectively. The experimental measurements of the mode numbers
reported in Sec. 5.3.1, from which &k, 2 5 m™1ky > 2 m~! and k, = 0, entail
a total value to be at least k = 7 m~!. Such a value seems probably too large
to be consistent with the k.., values obtained by the relation of the measured
frequency with the Alfvén velocity of the various plasma conditions explored.
On the other hand, according to the SAE hypothesis, the wave-vector compo-
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nent affecting the first dispersion relation of 5.1, is

() = T = I+ na)

(5.5)
Taking into account the periodicity measurements, it is simple to verify that
the k.., evaluated by the interpolation are in good agreement with the k; esti-
mated. Indeed, the sum between squared brakets gives ~ 1, being both n and
q(r) values very close to zero, so that their product can be neglected. Then, if
the modes are localized at the plasma edge, r =~ a, the poloidal magnetic field
is comparable to the main one and their ratio is ~ 1, so k| = 2. Otherwise, if
the modes reside more inside r < a, we can consider the two magnetic compo-
nents being similar, so Bg/B < 1; thus the resulting k| is the same.

It is therefore reasonable to associate the modes observed in RFX-mod plasma
to the Shear branch.

The following analysis is devoted to investigate the possible occurrence of
gaps in the continuum of Alfvén dispersion relation at the frequencies where the
modes here described are observed. Both the gaps generated by the toroidal
coupling (TAE case) or by the presence of a minimum (GAE case) in the
Alfvén frequency radial profile, f4(r), are considered. In the TAE case, the
proper correction to the dispersion relation due to toroidicity and causing the
modes coupling has been derived for the RFP configuration by G. Regnoli et
al. (2005) |102]; the dispersion relation takes the form:

w? = ki (r)va(r)y(r) (5.6)

where

l4+o+ty/(1—-0)2+eco
B 2 —¢e2/2

_ 1.2 2 .
and 0 = ka1 /K

the ¢y parameter, representing the gap width, is small but finite at the edge of
a RFP plasma. In [102] it was estimated as ¢y ~ 27/R.

Regarding the Global Alfvén Eigenmodes, the presence of an extremum (e.g. a
minimum) in the dispersion relation profile is an essential ingredient for their
development. The radial profiles of the electron density and of the safety factor
(obtained as mentioned in Sec. 3.1.3), representative of a general behaviour,
are shown in the figures 5.9a and 5.9b, respectively. By means of such quanti-
ties, the Alfvén frequency profiles have been simulated (fig. 5.9¢): the dashed
curves refer to the continuum shear dispersion relation (the first of eq. 5.1), the
solid ones, taking into account the toroidal coupling, refer to the expression 5.6.
The kj(r) profile used is defined in equation 5.5; different poloidal (m = 0,1)
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Figure 5.9: Radial profiles of the electron density n. (a), of the safety factor
q (b) and of the Alfvén frequency fa(c) for different poloidal m = 0,1 and
toroidal n = 0, —3, —4 periodicities, in cylindrical (dashed lines) and toroidal
(solid lines) approximations. The two arrows on the left indicate the experi-
mentally observed frequency values (for the Type I modes).

and toroidal (n = 0,—3,—4) mode numbers have been considered. The two
arrows on the left side of the picture indicate the frequencies of the modes
experimentally observed in the By power spectrum of the same discharge at
the same instant.

It is worth noting that the curves with a local minimum at the edge represent
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the m = 1 modes and that the crossing between modes with different m and
the consequent toroidicity-induced coupling occur only for toroidal numbers
| n |> 4. The measurement of the toroidal periodicity would suggest an in-
terpretation in terms of GAE, nevertheless, since it is based on a statistical
approach (Sec. 5.3.1), the TAE option cannot be totally excluded.

However, referring to figure 5.9c, it is possible to deduce that the discrim-
inating factor can be the localization of the modes: TAE develop inside the
plasma, and GAE at the edge. A useful indication in this sense emerged from
the observation of the mode response during a single reconnection event: the
modes are localized at the edge.

The large and rapid variation of the safety factor at the edge ¢(a), sign of
a global relaxation, and the relative spectrogram of the modes are presented
in figures 5.10a and 5.10b respectively. As described in the previous para-
graph and observed in the mentioned spectrogram, a global increase of the
magnetic fluctuations at all frequencies occurs during the DRE. Moreover, im-
mediately after the fluctuation growth, the modes exhibit a reduced frequency,
that recovers its pre-reconnection value in few milliseconds. The dashed curve
overplotted on the spectrogram represents the mode frequency calculated using
the plasma parameters presented above (I,, Z.rs and (n.), that, we remind, is
estimated from an internal chord of the interferometric diagnostics, so it is an
average value) and the experimentally obtained k., o value. It is worth noting
that this estimate can not explain the rapid fall of the measured frequency.
On the other hand, the solid curve, obtained by plotting the frequency values
of the continuum minimum relative to the (m,n) = (1,0) curve, which takes
into account the density radial profile, at different time instants, matches quite
well the experimental frequency dynamics. The mode frequency depends on
the value of the plasma density at the radial position where the modes are
excited; in figure 5.10c, three (n.) radial profiles in different time instants are
shown. The profile shape and especially the density value in the edge region ex-
hibit an interesting dynamics during the reconnection process: a rapid growth
of the density occurs mainly around r/a ~ 0.8 = 0.9 during the DRE, as al-
ready more extensively documented elsewhere [115]. This observation seems
to confirm that the modes are actually localized at the very edge of the plasma
column.

Concluding, since the toroidal mode number values are centered around zero
and the mode has been localized at the edge (Sec. 5.3.3), it is evident that the
experimental observations are mainly consistent with the minimum
of the (m,n) = (1,0) continuum, so with the Global Alfvén Eigen-
mode interpretation.
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Figure 5.10: A reconnection event is recognized by the abrupt fall of the
safety factor at the edge ¢(a) (a) and by the global increase of the By fluctua-
tions (b). The dashed line represents the mode frequency as estimated by the
plasma parameters (I,, (ne), Zesf, k1.ezp), the solid one is the time evolution
of the frequency minimum of the continuum. c¢) n. radial profiles at three
different instants.

Finally, an interesting element in the physical interpretation of the experi-
mental results could be the close agreement of the experimental observations
with those, named Alfvén Frequency Mode (AFM), obtained in TFTR and
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described by Z. Chang et al. [104].

In particular, in both TFTR and RFX-mod devices, despite the largely dif-
ferent magnetic topologies, it has been observed that two modes are present
at a frequency linearly depending on the Alfvén velocity and that they are
separated in frequency by about 25% (see the section 5.2 of this thesys and
the figure 2 of [104]).

In TFTR ohmic plasmas, the estimation of the mode numbers by means of
Mirnov coils gave (m,n) = (1,0) for both peaks; these values are consistent
with the mentioned possible interpretation of the modes in terms of GAE.
Moreover, the activity here investigated has been recorded in all the high den-
sity discharges considered, while in low density regimes the modes seem to
appear less frequently (at (n.) < 1 x 109 m™3 the Alfvénic modes are ex-
tremely weak); in the mentioned paper, above a threshold value, a clear linear
dependence of the mode amplitude on the electron density was exhibited (fig-
ure 10 of [104]). In both experiments it has been observed that an abrupt
increase in (n.) (e.g. pellets) induces not only a sharp drop in the mode fre-
quency, but also an enhancement of the mode amplitude (see figure 5.4).

A further similarity between the experimental observations of RFX-mod and
TFTR is that the modes are localized in both devices at the edge.

Later on, AFMs have been theoretically explained in terms of n = 0 Global
Alfvén eigenmodes [116]. According to the mentioned paper, the presence of a
double (m,n) = (1,0) mode is explained in term of the quantization condition
of the radial component of the wave-vector, the two eigenfrequencies being
localized in close but different radial positions.

5.4 Alfvén Eigenmodes during SHAx states
(Type 1II)

Differently from those of the Type I, Type II AE, characterised by a frequency
in the range 100 - 600k H z, have been found only in high plasma current dis-
charges (I, > 1.5M A). In particular, the presence of the mode is discontinuous
in time, being strictly related to the time evolution of magnetic equilibrium.
This is evident from figure 5.11, representing a spectrogram of the U-probe By
signal for a I, ~ 1.8M A discharge. Some relatively weak, coherent peaks are
seen to appear when the dominant tearing mode (m = 1, n = —7) amplitude
(toroidal component), shown by the red continuous line referring to the right-
side y axis, is very high.

As previously mentioned (Sec. 2.2.2), high plasma current discharges in RFX-
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Figure 5.11: Spectrogram of U-probe By signal. The red line is the
(m,n)=(1,-7) toroidal magnetic field component.

mod are characterised by the spontaneous transition to a helical equilibrium,
the Single Helical Axis state (SHAx). The fact that SHAx states are inter-
mittently interrupted by reconnection events causing rapid transitions to the
multiple helicity regime, involves the disappearing of the Type II modes.

In figure 5.12 two power spectra of the By signal, obtained selecting in the
same discharge, time instants characterized by different magnetic topologies
(MH and SHAx), are shown. It is worth noting that, while the Type I modes,
interpreted as GAE, are continuously present during the discharge, the Type
IT peaks (in this case only one is visible, at about 400 kH z) appear only during
the SHAx states.

5.4.1 Mode number measurements

The mode number measurements associated to the Type II fluctuations are
not clear, because of the difficulty to isolate the activity of interest by the
background fluctuation.

Nevertheless, some preliminar evaluations of the toroidal mode numbers have
been performed and they place the n value roughly in the range n ~ 0 = 4.
As regards to the poloidal mode number, we can say that long-wavelength
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Figure 5.12: Power spectra of By signal for the different topologies (MH and
SHAX states).

components has been observed.

5.4.2 Possible physical interpretations

Further analyses are needed to give a physical interpretation of Type II modes.
Certainly, a fundamental information is that they arise only when the plasma
spontaneously organizes in a helical equilibrium.

This observation brings to mind the huge literature on the the study of Alfvén
modes in stellarators. In particular, in these devices the break of the axial
symmetry of the magnetic configuration causes the appearance of gaps in the
Alfvén continuum which are absent in tokamaks. Deriving a basic equation for
the SAE in flux coordinates [103], it can be seen that two cylindrical Alfvén
branches, intersecting at the same frequency wa(m,n) = wa(m + p,n + vN),
can be coupled by any given Fourier harmonic of the magnetic field, "),
where the coupling numbers i and v are integers and N is the number of peri-
ods of the equilibrium magnetic field. In the case where both coupling numbers
are not null, the gap is said to be helicity-induced and Helical Alfvén Eigen-
modes can develop.
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For the case of the described observations about the Type II modes in RFX-
mod device, a collaboration with the Oak Ridge National Laboratory (USA)
is presently undergoing with the aim of studying the 3D effects of the helical
equilibrium during SHAx states, on the Alfvén continuum and on the possible
couplings. In particular, the AE3D code is going to be applied to the peculiar
RFX-mod magnetic and pressure profiles (in a self-organized N = 7 device)
in order to investigate the eigenfunctions and the stability properties of the
Alfvén instabilities. An important point to be addressed is to verify if the
frequency ordering prescribing the HAE one to be fairly higher than that of
the TAE [103], which is known to be valid for stellarators, must apply also to
the RFX-mod case. This would be an interesting analysis as seen in fig. 5.9,
in RFX-mod TAE frequency has been evaluated to be comparable to the GAE
one while the frequency of the Type II modes is generally lower by a factor 3.
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Figure 5.13: Safety factor profile during a SHAx state in RFX-mod.

A further interesting observation is that SHAx states are associated with
the presence of a maximum in the ¢ profile, as shown in Fig. 5.13, where the
safety factor is plotted against the spatial coordinate in a helical equilibrium,
p, defined in eq. 3.3.

The absence of magnetic shear at the radius where ¢ is maximum recalls the
condition of the reversed shear tokamak plasmas, where the ¢ profile has a min-
imum and Reversed Shear Alfvén Eigenmodes can be excited, as a huge
amount of experimental observations demonstrate [117, 97|. In this respect, it
must be added that, in tokamaks, the frequency of the RSAE is observed to be
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slightly lower than that of the toroidicity-induced AE, somehow consistently
with RFX-mod observations.

A last consideration is that in this case the mode would be localized fairly in-
side the plasma, so that the possibility to measure it by using a probe located
at the edge of the plasma column, would deserve a special attention.

5.5 Hints on possible driving mechanisms

The coherent magnetic activity here described has been recognized as the first
clear evidence of Alfvén Eigenmodes in the RFX-mod plasma. In this section,
a discussion about the drive mechanism for these modes is carried out.
Currently, the common interpretation about the excitation of AE in tokamaks
is that they are driven by fast ions, produced by NBI or ICRH antennas,
with velocities in the range of the Alfvén speed through the inverse Landau
damping mechanism. Nevertheless, AE have been also observed in ohmically
heated plasmas (e.g. in ASDEX Upgrade [118], in TFTR [104], in TCA, figure
3 of [119]). For the RFP case, where only ohmic heating is present, a first
hypothesis was proposed by Regnoli et al. [102]. Toroidal Alfvén eigenmodes
could tap free energy from particle source via the diamagnetic drift if

WDRIFT = f—gl&v(neﬁBTe) > WTAE, (5.7)
This condition can be satisfied at the edge, where the pressure gradients are
the highest, for the high toroidal mode number TAE there detected.
In EXTRAP T2R experiment, indeed, the observed high frequency Alfvénic
fluctuation has a toroidal phase velocity of v,, = wragR/n. For coupling, the
frequencies and toroidal phase velocities should be equal for the two waves,
which yields a relation between n and k.,

n BO
7= k Lge (5.8)

and gives k, ~ k, at the edge as By(a) ~ By. It can be verified that the
modes which are suited to be destabilized by the electron pressure profile at
the edge of EXTRAP T2R are high-n modes with | n |> 30 consistently with
the high-n numbers observed in the experiment.
However, such an interpretation seems not to be applicable to the low-n mode
structure associated to the modes observed in RFX-mod.
The wprrrr > wrag condition is, moreover, almost never satisfied in toka-
maks, where the main magnetic field is higher, so that Maraschek et al. [118|
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proposed the role of the inverse energy cascade on the coupled drift Alfvén
small-scale turbulence to explain the observation of AE in ohmically heated
tokamak plasmas.

It is worth mentioning that such a coupling has recently been identified in
the edge region of the RFX-mod plasmas in the form of drift Alfvén vortex
structures [120], so that a role played by the inverse cascade also for REX-mod
plasmas cannot be excluded.

A "thermal", non-resonant driving mechanism, based on charge exchange pro-
cesses near the plasma edge, has also been proposed by Chang et al. (1995)
[104]: the model features, in addition, the mode amplitude enhancement when
the edge density increases, as experimentally observed also for AE in RFX-
mod.

Anyway, an important role in the excitation of AE in RFX-mod plasma
could be played by fast the particles, having a velocity of the order of vy,
which could be generated during the spontaneous reconnection events. It is
quite a common knowledge that fast particles (ions) are accelerated during the
reconnection process with a velocity comparable to the Alfvén speed, cross-
ways to the current sheet where the magnetic field lines reconnect [8].
Suprathermal ion tails have been observed in the past in RFX plasmas, for
which a wave particle interaction model was proposed [121]. Also recently in
MST plasmas, a population of suprathermal ions, generated during magnetic
reconnection, has been measured [122].

This aspect is presently under investigation by means of the Neutral Particles
Analyzer diagnostics recently installed in the RFX-mod device (described in
Sec. 3.1.3). In figure 5.14a, a contour plot, obtained by a conditional aver-
aging process over about ten discharges, of the neutral hydrogen atoms H°
fluxes collected by the NPA during magnetic reconnection events (the green
curve represents g(a)) is shown. In particular, the generation of a high energy
ions population in the distribution function of the H° exiting the plasma is
observed. Picture 5.14b highlights this behaviour: at reconnection, the lowest
energy flux component (black line) is reduced, while a high energy (> 5keV)
population forms (red line). The origin of the generation of a non-Maxwellian
H? fast population (deriving from charge-exchange processes with accelerated
protons), is still under debate, but it is worth noting that such fast particles,
being in some cases super-Alfvénic, could, in principle, be able to induce an
inverse Landau damping mechanism for AE destabilization.

In this respect, it must be reminded that, as shown in section 5.3.3, recon-
nection events have been observed not only to have an influence on the mode
frequency, but also on their amplitude: the growth of AE energy, above the
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Figure 5.14: a) Event-averaged energy spectrum of the H® flux exiting the
plasma versus the time rescaled to the DRE minimum time: the generation of a
high energy tail is observed. b) Time trace of the H° fluxes at low (E = 1 keV)
and high (E = 5.6 keV') energy values.

turbulent background, indicates that reconnection is likely to stimulate a driv-
ing mechanism for this kind of magnetic instability. Further analysis and
experimental investigation of the neutral fluxes at higher energy levels, along
with theoretical modelling, would be, however, mandatory in order to support
this hypothesis and to investigate the relation of such phenomenon with the
ion heating due to reconnection observed in the RFP plasmas of the MST de-
vice [123].

Concluding, a last consideration on this subject can be added. At the end of
section 5.3.3 is mentioned that it cannot be excluded the possibility that the
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growth of the background fluctuation and of the AE amplitude is caused by
the same drive, since they both doubled at the reconnection. During the DRE,
a strong slap of magnetic energy is distributed at all frequencies: we wonder
whether this could be enough to excite AE at the frequencies at which a gap
is present.
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Microtearing modes

6.1 Microtearing mode introduction

The MHD model provides a description of plasma instabilities in the large
length scale approximation. Calculations including finite Larmor radius and
kinetic dissipation effects indicate that a class of instabilities with wavelengths
comparable to the ion/electron Larmor radius, can occur. They are named
microinstabilities.

The microtearing (MT) modes are microinstabilities that attracted the inter-
est of the tokamak community since the 1970s [124], as they are considered an
alternate source of magnetic fluctuations which could enhance thermal trans-
port.

As the name suggests, microtearing instabilities are similar to the more com-
mon tearing modes, briefly presented in section 1.4.3, but they are character-
ized by a high poloidal mode number m and, consequently, very high toroidal
mode number n. For such short wavelenght instability, the standard tear-
ing mode theory predicts stability. Nevertheless, microtearing instabilities can
be driven unstable by the electron temperature gradient, unlike their long-
wavelength counterpart which is essentially current driven |11|. The strong
temperature gradients, indeed, can be reservoirs of large amounts of free en-
ergy available to trigger microinstabilities, whose effect is to increase radial
transport and to damp a further increase of the gradients by a self-regulating
process. The physical contribution made by steep gradients is to generate
turbulence that short-circuit regions of plasma having different temperatures,
generating a heat flux.

RFP plasmas, more than tokamak ones, are an optimal environment for M'T
modes to grow, since they are characterized by not low collisionality and /3
plasmas, conditions favourable to destabilize MT [125].

These instabilities have been recently predicted to be linearly unstable in RF'X-
mod plasma by means of a gyrokinetic code by 1. Predebon et al. (2010) [126].
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6.2 Experimental observations
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Figure 6.1: a) U-probe By spectrogram: a coherent magnetic activity is
observed at 200 +— 300 kHz around 144ms. The white line represents the
dominant mode amplitude. (b) Power spectra referring to the time instants
indicated: 129 ms (pine green curve), 144ms (red curve) and 149 ms (violet
curve).

In figure 6.1a, a spectrogram of By signal in a high plasma current discharge
is shown. A magnetic activity, characterized by a broad frequency spectrum,
is clearly visible in the time range between 141 = 146 ms, at a frequency of
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200 + 300 kHz. (It is worth noting that some Type II AE are also slightly
visible at 132 and 157 ms).

The activity has been observed only in discharges characterized by long lasting
QSH states, which, for RFX-mod corresponds to high plasma current levels
and shallow reversal parameter. The white line, representing the amplitude
of the dominant mode magnetic field, is overplotted to underline that the
mode under investigation occurs in coincidence of the phases during which the
By (1,—7) amplitude is relatively high.

Moreover, as seen in section 5.3.3, a global enhancement of the magnetic fluc-
tuations at all the frequencies is seen to occur during discrete reconnection
events: in the spectrogram, they are recognized by the narrow vertical stripes
in correspondance of the fall of the dominant mode (for a reminder of the con-
nection between DRE and the transition to MH states, see section 2.2.2)

In figure 6.1b three power spectra realized at the three time instants indicated
in the spectrogram are shown. In particular, the pine green power spectrum
has been calculated at 129 ms, that is when the dominant mode amplitude is
high, but the magnetic activity under investigation is not observed. The red
curve, referring to 144 ms, corresponds to an instant at which the B, _7) is
high and the activity is present. Finally, the violet curve shows the magnetic
spectrum at 149ms, that is during a discrete reconnection event.

The comparison of the spectra is useful, on the one hand, to show the appear-
ance in the red curve of a pronounced broad peak centered around 200 kH z,
while in the green spectrum, although the dominant mode is high, the activity
does not occur; thus the presence of a QSH state is observed to be necessary
but not a sufficient condition for the mode to develop.

On the other hand, the spectra in picture 6.1b help to understand how to
distinguish the mode spectrum (red curve) from that due to a reconnenction
event (violet curve), since the two spectra are comparable at the frequencies
at which the activity under investigation occur. Nevertheless, they exhibit a
marked difference at the lowest frequencies. For this reason, in order to give
a quantitative evaluation of the spectrum amplitude A of the activity without
confusing it with the DRE occurrence, the following formula has been applied:

o dan SO
T, SO

that is the integral of the power spectrum in the frequency range Af; = 100 =+
300 kH z, indicative of the presence of the modes, normalized with respect to
the respective low frequency spectrum integral, in the range A fo = 1050 kH 2.

(6.1)

As mentioned, the occurrence of QSH states is found to be not the only
ingredient necessary for the development of the fluctuation under study.
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Figure 6.2: U-probe By spectrogram: the amplitude A of the activity under
investigation (white curve), the amplitude (red curve) and the phase (orange
curve) of the dominant mode are superimposed.

An important role is actually played by the phase of the dominant mode itself,
since it has been experienced to rotate at a frequency of about 30 Hz.

This statement ensues from the observation of figure 6.2 (the two coherent
at 800 and 1000 kHz are the modes described in Chapter 5 and recognized
as Global Alfvén Eigenmodes). The time behaviour of the magnetic activity
observed to peak around 200 kH z in the spectrogram of the By U-probe signal,
is well described by the amplitude A, defined by the relation 6.1, represented
by the white curve. Moreover, the amplitude (red curve) and the phase (orange
curve) of the dominant mode are superimposed, in order to investigate their
role on the appearance of the activity. In particular, it can be observed that
the amplitude A increases when the dominant mode amplitude is high and, at
the same time, the phase value is roughly between 7 and 27.

In order to study the relation between the activity amplitude and the phase
of the dominant mode, ¢(; _7), a statistical analysis performed over about 30
high-current discharges has been carried out. Since the quantities A and ¢, _7)
are both functions of time, they have been divided in time intervals of some
ms and an average value for each time interval of the two quantities has been
considered. The points plotted in figure 6.3a, thus, show the relation between
the amplitude A and the phase ¢ 7).

It is clear from the figure that high activity amplitudes are associated to specific
phase values included in the range A¢ = (0.9 = 1.7)7 (points highlighted by
red colour).

A parallel analysis is represented in figure 6.3b, where the points have been
selected distinguishing the cases when the phase belongs to A¢ (red points) and
those with a different phase (black points). It can be observed that if the phase
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Figure 6.3: a) The activity amplitude A is shown to be high only within
a certain range of the dominant mode phase values. The "right” phase is
highlighted by the red points. b) The amplitude A of the modes with "right”
phase increases with the amplitude of the dominant mode.

is the "right” one (the red points), the amplitude A depends (roughly linearly)
on the amplitude of the dominant mode B, _7). On the contrary, if the phase
is not included in the A¢ range, A mantains a constant low value both during
MH and QSH states. We can conclude that the magnetic activity under
investigation is observed by the U-probe in conditions of high B, 7
(corresponding to QSH states) and at specific phase values.

Moreover, the analysis of the activity amplitude A has been extended to
the data coming from two magnetic coils belonging to a poloidal array of the
ISIS system measuring By. In particular, the mentioned array is located at
the toroidal angle ¢ = 216.2°, so, pratically, at the same toroidal position of
the U-probe. The two coils used for the analysis has been chosen to be located
near the equator, one on the outer side (at ©, = 19°), the other on the inner
side (at ©; = 161°) of the machine. In figure 6.4a the time evolution of the
amplitude A measured by the U-probe (orange curve), by the outer ISIS coil
(red curve) and by the inner ISIS coil (blue curve) are plotted. The black curve
refers to the dominant mode amplitude.

From the picture, it can be noted that, as above mentioned, the presence of
QSH state (high B,,_7) amplitude) is a condition necessary but not sufficient
to observe high values of the activitity amplitude A measured by the three
different magnetic sensors. Moreover, a very good agreement between the or-
ange and the red curves that are quite close, while the blue curve, coming from
a probe diametrically opposed located, is clearly in antiphase with respect to
them. These observations suggest that the magnetic activity under study is
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Figure 6.4: (a) Amplitude A of the modes plotted as measured by the U-
probe (orange curve) and by the ISIS sensors located at the internal (orange)
and external (red curve) sides. The black curve represents the dominant mode
amplitude. (b) Electron temperature profiles measured by the Thomson scat-
tering diagnostics at the time 110ms (pine green symbols) and 185 ms (violet
symbols), as indicated in (a).

alternately present on one side of the machine or on the other.

Futhermore, it has been observed that the amplitude A is high during QSH
states associated to the presence of a thermal structure i.e. a steep tempera-
ture gradient, in correspondence with the coil used for the measurement. In
figure 6.4b, the electron temperature profiles measured by the Thomson scat-
tering diagnostics (see section 3.1.3) captured at 110 ms (pine green symbols)
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and at 185ms (violet symbols) are plotted as examples. A thermal structure
typical of QSH states (see Sec. 2.2.2) is observed to be present in each of the
two profiles. The hot region is observed to change its position in time in ac-
cordance with the rotation of the helical structure measured by means of the
phase of the dominant mode. In particular, a relation is found between the
appearance of the magnetic activity on the outer side of the machine (orange
and red curves of fig. 6.4a) and the presence of a thermal structure in the
internal side, corresponding to negative r (pine green symbols in fig. 6.4b).
On the other hand, the maximum activity on the inner side (blue curve) is
associated to a thermal structure arising on the external side of the machine
(violet symbols), at positive r values.

In order to better understand the geometry of the experimental setup, fig-

Figure 6.5: Schematic view of the helical structure and the relative position
of the magnetic probes (represented by the small cubes) and of the Thomson
scattering (in the scheme the two groups of diagnostics are only 1.5 pitches,
instead of the 2.5 that should be).

ure 6.5, which comes from a simulation of the flux surfaces during a SHAx
state, shows a fraction of helical structure and the respective position of the
magnetic coils and of the Thomson diagnostics at ¢ = 185 ms referring to the
case considered in fig. 6.4.

The relation between the thermal structure and the high magnetic activity
can, thus, be explained first of all recalling the cyclical structure of the helix
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and presuming that its general features are almost spatially preserved. In this
way, it turned out that the activity seems to rotate with the helical struc-
ture, since it can be observed only when the convex side of the helix passes
in front of the probe. This can be verified considering that the helical pitch
is pp, = 360°/7 ~ 51.4° and the magnetic coils are A, ~ 135° apart from the
Thomson scattering diagnostics, thus the helical structure takes two turns and
a half to cover the distance between the two diagnostics. This implies that the
external magnetic probes face a plasma configuration similar to that crossed
by the lines of sight located on the inner side of the chamber and vice versa.

From this analysis it can be concluded that the magnetic activity under
investigation is observed to be localized on the convex side of the
helical structure characterizing the RFX-mod plasmas during QSH
states. It is worth noting that the appearance of the activity is as-
sociated to the presence of strong temperature gradients. Anyway,
up to now it is not clear whether the modes occur only on the convex side
of the helical structure or whether they are located all along the boundary
of the helix, but the edge sensors cannot measure the magnetic fluctuations
belonging to the inner side of the helical structure since they are probably
too far for the probes themselves. Further investigations, involving discharges
specifically characterized by SHAx states, i.e magnetic configurations where
the helical structure is large (see fig. 2.10), could give an answer to this point.

6.2.1 Mode number measurements

An essential information in order to try to interpret the magnetic activity un-
der study is the measurement of the poloidal and toroidal mode numbers.
The poloidal mode number m has been deduced by means of two coils located
in the two cases of the U-probe. The figure 6.6a shows the S(m, f) spectrum
obtained by applying the two-point technique in a phase of a single discharge
characterized by a strong activity in the frequency range under consideration.
The activity is recognizable at 300 kHz and is actually slightly affected by
spatial aliasing. The mentioned figure is shown as an example, since a large
range of values has been measured: m ~ 13 + 23.

A measurement of the toroidal mode number is exhibited in figure 6.6b. It has
been obtained using two of the coils installed on the GPI diagnostics, since the
U-probe one was heavily affected by spatial aliasing. The n value results, in
fact, to be very high, at the order of hundreds. In particular, it has been seen
to span values in the range 100 <+ 300.
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Figure 6.6: a) S(m, f) spectrum obtained rotating the U-probe. b) S(n, f)
spectrum obtained by using GPI coils.

6.2.2 Amplitude A as a function of the parameter

A further interesting observation is the clear relation between the amplitude
A of the modes under study and the parameter (3, shown in figure 6.7.

Each point has been obtained selecting time intervals characterized by QSH
states (i.e. dominant mode high values) and the so-called "right” phase.

The picture shows that the amplitude of the magnetic activity clearly grows
with the 3 parameter.
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Figure 6.7: Activity amplitude A plotted against the relative 3 values.

6.3 Possible physical interpretation

The magnetic activity arising in the By spectrum at ~ 200 kHz is found to
be characterized by spectral properties in good agreement with some fea-
tures characterizing microtearing instabilities, as theoretically predicted by
gyrokinetic codes: in particular, the connection with strong temperature gra-
dients (achieved in RFX-mod plasma during QSH states), the high poloidal
and toroidal mode numbers and the correlation between the amplitude of the
modes and the § parameter.

More in detail, the high mode numbers measured suggest that we are deal-
ing with a microinstability. Moreover, the formation of Internal Transport
Barriers (ITB) enclosing the high temperature core in QSH states, observed
in RFX-mod experiments [127], leading to the formation of high temperature
gradients, can supply the free energy necessary to trigger microinstabilities as
MT, enhancing energy transport.

Furthermore, an interesting point concerns the frequency of the modes. Mi-
crotearing instabilities are expected to be characterized by a phase velocity
close to the electron diamagnetic velocity,

_ VpxB
- en.B?

(6.2)

Ude
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The electron diamagnetic velocity in the region of the temperature gradient in
RFX-mod plasmas can be evaluated as:

vge ~ VT,/B ~ 5000eVm */0.5T ~ 10" ms™'. (6.3)

where the density gradient has been neglected, since it can be generally con-
sidered small with respect to the temperature one at that radius. On the
other hand, the experimental activity is observed at a typical frequency value
of 200k H z; so the toroidal phase velocity measures

vy = (27f)/(n/R) ~ 10*ms™". (6.4)

Based on these considerations, a numerical investigation by means of the gy-
rokinetic GS2 code [128, 129] has started with the aim of properly interpret
the measured activity. The code, modified to include the RFP geometry, is
specifically built to find out information about instabilities and turbulence
characterized by kirp ~ 1, ki /k) << 1, w/w, << 1 It is based on the elec-
tromagnetic nonlinear gyrokinetic equation, and it uses as input data profiles
coming from RFX-mod experimental measurements.Simulations are, however,
linear and the geometry is assumed axisymmetric for simplicity.

These studies show that the dominant instabilities in the RFX-mod I'TBs re-
gion are predicted to be of microtearing (MT) kind, radially localized around
their resonant surface and elongated along the magnetic field direction.

The results of the GS2 code indicate that, in the typical experimental condi-
tion met in QSH plasmas, MT are unstable.Moreover, their growth rate rises
with the normalized logarithmic temperature gradient, L/Ly, = —LVT,/T.,,
(where L is a characteristic length) and with plasma (.

As already mentioned, the first evident similarity between experimental
observations and code results is the high values of the periodicities. GS2
provided important information about the poloidal wavenumber m, while the
corresponding axial wavenumber n is obtained from the ¢ profile. In figure 6.8,
the values theoretically expected for typical RFX-mod discharges, are plotted.
The periodicities associated to the modes under investigation are characterized
by m values of the order of tens and n values of the order of hundreds, as de-
scribed in 6.2.1; the values most frequently measured in RFX-mod plasma are
represented in the picture by the large red point. Thus, it can be stated that
the experimental values are compatible with those expected. The not perfect
agreement could be ascribable to the fact that theoretical values are strictly
related to the radial extension of the temperature gradient (the peak of the
spectrum moves towards larger n values as the gradient is increased) and to
the beta parameter; moreover, it must be reminded that while the eigenfunc-
tion of MT are extremely radially localized in the region where the gradient is

129



Chapter 6 - Microtearing modes

Perturbed modes amplitude

200

150

100

50

Figure 6.8: Perturbed modes amplitude contour plot in the m — n plane
(amplitude is decreasing from red to blue). The red point represents the values
of the mode periodicities more frequently observed.

steeper, the experimental measurements are taken at the plasma edge.

The information coming from section 6.2.2, where the clear relation be-
tween the activity amplitude and the parameter 5 [126] is described, matches
quite well with what predicted by the code [126], where large [ values are
seen to be associated to higher growth rates and wavenumbers. In particular,
similarly to what above described regarding the resistive interchange modes
(Sec. 4.3), in absence of a non-linear estimation of microtearing’s saturation
amplitude, we can to a first approximation compare theoretical growth rate
evaluations with the measured amplitude of the modes (in this case with the
estimated A). The same behaviour with respect to the § parameter is found
for these two quantities.

Finally, the code has been also specifically ran for some cases in which the
magnetic activity described in this chapter has been detected. An example is
given in figure 6.9.

The temperature gradient used for the analysis has been evaluated by an inter-
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Figure 6.9: a) Electron temperature profile measured by the Thomson scat-
tering diagnostics. The red curve represents an interpolation of the tempera-
ture gradient, the green one indicates the radial position chosen for the anal-
ysis. b) Growth rates of the instabilities associated to temperature gradients,
from GS2 analysis, versus perpendicular periodicities: the black curve refers
to microtearing modes, the green one to electrostatic modes.

polation of the electron temperature profile measured by the Thomson scatter-
ing diagnostics, as shown by the red curve in fig. 6.9a. In particular the value of
the gradient chosen is that at the radial position indicated by the green dashed
line. At the same position, the safety factor (for an axisymmetric equilibrium)
and the electron density have been evaluated.

The results of the analysis are shownd in fig. 6.9b, where the growth rate of
the instabilities is shown as a function of the wavenumber k,p;, where

k, = % (}%)2 + (6.5)

is the perpendicular wavenumber, as explained in the paper [130], and p; is the
ion Larmor radius. By means of the analysis of the parity of the modes, it has
been demonstrated that the branch at higher wavenumber (green curve) refers
to an instability having a not yet determinated electrostatic nature, while the
branch at lower wavenumber (black curve) to a microtearing instability.

The electrostatic branch has been shown to be very important in corrispon-
dence to strong temperature gradients: further theoretical and experimental
analyses are necessary to collect more information about this instability.

Regarding the microtearing instability, the maximum of the growth rate cor-
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respond to n ~ 100 and, consequently, to m ~ 10, in good agreement with
experimental observations.
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Electrostatic and magnetic
measurements in Extrap-T2R

The research activity performed on the EXTRAP T2R Reversed-Field Pinch
device (which is described in some detail in section 2.3) was devoted to the
study of the plasma edge by means of an insertable probe, the Alfvén probe,
provided with different electrostatic pins and with triaxial magnetic coils (see
section 3.1.4).

The main feature of the experimental setup is that electrostatic and magnetic
measurements can be obtained at different radial positions, since the Alfvén
probe can be radially inserted into the plasma up to r/a = 0.92.

The experimental campaigns were focused on two main topics. On the one
hand, the effect on the edge plasma profiles of externally applied Resonant
(RMP) or non-Resonant (nRMP) Magnetic Perturbations, depending on the
fact the perturbations are resonant or non-resonant in the plasma column,
was investigated. In particular, the effect of RMP on the plasma flow is an
interesting matter to delve [53|. For this purpose, different radial scans were
performed applying different resonant (n = —12, —13, —15) and non-resonant
(n = —9,—8,+5) magnetic perturbations.

On the other hand, in order to investigate the features of the magnetic activities
observed to occur in EXTRAP T2R plasmas, different plasma conditions have
been explored. In particular, discharges with plasma current values in the
range [, = 30 + 115k A and characterized by values of the reversal parameter
varying in the range F' = —0.05 + —0.4, have been realized.

In figures 7.1a,b the time evolutions of the plasma current I, and of the
reversal parameter F' for a typical discharge of EXTRAP T2R are shown. In
particular, the plasma current achieves a value of 50k A that can be considered
relatively low: this choice is made in order to prevent possible damages to the
probe. During the discharges realized at higher plasma current, the insertable
probe was located at the level of the limiter (r/a = 1). Moreover, two signals
provided by the electrostatic and magnetic sensors of the Alfvén probe are
plotted in figures 7.1c,d, respectively. In particular, the first one shows a
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Figure 7.1: Time evolution of plasma current (a), F (b), floating potential
(c¢) and magnetic signal (d) for a typical EXTRAP T2R discharge.

floating potential signal, while the second one represents a measurement of the
time derivative of the toroidal magnetic field component.

7.1 Electrostatic measurements

As exposed in section 3.1.4, the Alfvén probe is equipped with a combination of
electrostatic pins in a balanced-triple Langmuir probe configuration and with
electrostatic sensors measuring the floating potential.
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7.1 Electrostatic measurements

By inserting the probe inside the plasma, the floating potential, electron tem-
perature and electron density radial profiles at the edge can in principle be
measured (see Sec. 3.1.4 again).

7.1.1 Floating potential profile
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Figure 7.2: Floating potential profile measured by Alfvén probe.

The floating potential profile exhibited in figure 7.2 has been obtained by
using the data from all the floating pins of the Alfvén probe for a whole radial
scan. In this way, measurements obtained at different radial positions have
been obtained. The resulting curve gives a reasonable idea of the floating po-
tential profile at the edge of EXTRAP T2R plasma.

In figure 7.3 different floating potential profiles are plotted. In particular,
during the experimental campaign different radial scans have been performed
by means of the insertable probe for a set of discharges for which external
perturbations (RMP and nRMP) have been applied. The legend indicates the
toroidal mode number values of the perturbations applied to each profile. The
amplitude of both resonant and non-resonant perturbations has been setted
on 0.4mT. The profile realized with discharges performed without any per-
turbation (red curve) is plotted for comparison.

From these preliminary results, it is not possible to recognize any particular
relation between the perturbations and the relative profile. An exception may
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Figure 7.3: Floating potential edge profiles performed during the application
of RMP or nRMP.

be the RMP n = —9, that exhibits a V; profile more negative than the other
ones, but the reason and the possible consequences are not clear.

7.1.2 Electron density and temperature profiles

By means of the balanced triple-probe located on the Alfvén probe, it has
been possible to measure the electron temperature and density profiles (a brief
introduction on the measurement technique is given in 3.1.4), as shown in fig-
ures 7.4a,b respectively.

The temperature profile is rather different from that expected: it does
not decrease at the edge, on the contrary it increases; moreover, the values
(T. 2 80eV) are somewhat high, since a temperature of about 20 eV has been
measured at the level of the limiter in previous experimental campaigns [131].
The cause can be related to the presence of suprathermal tails on the distri-
bution function of the electrons. As mentioned in the part of section 3.1.4
devoted to the electrostatic sensors, the theory of the triple probe applied in
order to evaluate the temperature values assumes a maxwellian distribution
function. The occurrence of suprathermal electrons can thus invalidate the
measurement.

On the other hand, the density profile results to be reasonable.
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Figure 7.4: Electron temperature (a) and density (b) profiles at the edge of
EXTRAP T2R plasma measured by means of a radial scan of the triple-probe
housed on the Alfvén probe.

7.2 Magnetic measurements

The magnetic measurements obtained by the two triaxial coils located into
the Alfvén probe show various interesting magnetic activities to occur on EX-
TRAP T2R plasma edge.

Preliminary analyses are presented in the following.

7.2.1 High frequency activities

In figure 7.5a, the frequency spectra relative to the working magnetic sig-
nals obtained by the Alfvén coils for a typical EXTRAP T2R discharge, are
shown. Similarly to what observed in the RFX-mod spectra (e.g. Fig. 3.2), the
toroidal and radial components of the fluctuating magnetic field are one order
of magnitude higher than the poloidal one, since they are the components per-
pendicular to the main one, that, in the edge region of a RFP configuration
the poloidal component.

An imposing peak at a frequency around 2 M Hz is exhibited by all signals,
althought in the poloidal component it is more evident. Moreover, a zoom of
the peak (Fig. 7.5/b) highlights the occurence of a fine structure, character-
ized by the presence of close peaks, about 200 kH z apart from each other.
Preliminary considerations on the possible physical interpretation of these
modes reveal that the order of magnitude of the shear Alfvén continuum fre-
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Figure 7.5: (a) Frequency spectra of the Alfvén probe magnetic signals. A
peak at 2 M Hz is observed to arise: a zoom (b) shows the fine structure of
the activity.

quency expected for EXTRAP T2R discharges with these plasma conditions
(va = 700 km/s) is evaluated at the edge as
1 m

far ——va~=m-600kHz, (7.1)
2T a

depending on the poloidal mode number, m. Furthermore, it can be added
that the activity under investigation is observed at a frequency higher than
the cyclotron frequency relative to Hydrogen ions, extimated as w,. =~ 800 kH z.
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7.2 Magnetic measurements

Thus, in case this activity will reveal an alfvénic nature, it must be take into
account that only the compressional branch, characterized by the dispersion
relation w = kvy, can develop at frequencies higher than the cyclotronic one.
On the other hand, an experimental relation between the mode frequency and
the Alfvén velocity is not easy to find out since the plasma current and the
electron density values result in general to be linearly dependent one to the
other in EXTRAP T2R .

Nevertheless, it is possible to recognize that, although the order of magnitude
of f4 with a large enough wavenumber k is comparable to that of the modes
observed, their general behaviour is rather different from that of the Alfvén
eigenmodes recognized to occur in RFX-mod plasmas (Chapter 5). For in-
stance, they are not present for whole the discharge time duration, but are
characterized by a burst appearence of some ms. This is clear by observing
the spectrogram in figure 7.6a, where the magnetic activity described appears
more evident around 12 — 13ms, characterized by a rather broad frequency
spectrum.

An evaluation of the toroidal mode number relative to this fluctuation has
beeen realized by appling the two-point technique between the two toroidally
spaced coils of the Alfvén probe. In figure 7.6b, the S(n, f) spectrum relative
to the time interval included by the two black lines in fig. 7.6a, is shown. The
activity is recognized at about 2000 kH z and exhibits long wavelength.

7.2.2 Low frequency activities

A clear magnetic activity at a frequency of about 60 kHz and enduring for
the whole discharge time is observed to occur in the frequency spectrogram
of the poloidal component of the fluctuating magnetic field measured by the
insertable Alfvén probe, shown in fig. 7.7a. Tearing modes in EXTRAP T2R
plasma are known to rotate rather fast with the plasma flow at frequencies of
the order of some tens of kHz. Thus, the observed activity could probably be
interpreted in terms of tearing modes.

Moreover, in the EXTRAP T2R device the dominant tearing mode during
QSH discharge is (m,n) = (1,—12) [132]. We may expect that during MH
states the spectrum of the tearing modes would be rather broad, but cen-
tered around the dominant mode (for a comparison, see figure 2.8, relative to
RFX-mod). In figure 7.7b, the S(n, f) spectrum relative to the time interval
included between the black lines in fig. 7.7a, is shown. At frequencies lower
than 100 £H z a magnetic structure is measured, characterized by mode num-
ber values in the interval n = —20-+0. It is worth noting that the measurement
is roughly consistent with the values expected.
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Figure 7.6: (a) Spectrogram of the poloidal component of the Alfvén probe
magnetic signal. (b) S(n, f) spectrum of the poloidal component: the peak is
visible at 2 M H z.

The same activity is also slightly visible in the spectrogram of the toroidal
component (Fig. 7.8/a), but the presence of fluctuations of the same ampli-
tude at higher frequencies, whose origin is not clear yet, somehow flattening
the frequency spectrum, makes these modes less distinguishable.

Moreover, it is worth noting that the S(n, f) spectrum realized during the flat
top phase of the discharge (10 = 20ms) and shown in figure 7.8b, exhibits the
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Figure 7.7: Low frequency spectrogram (a) and S(n, f) spectrum (b) of the
poloidal fluctuating magnetic field measured by the Alfvén probe.

same magnetic structure observed in the fluctuation of the poloidal magnetic
field component at negative wavenumbers (see fig. 7.7b) and an additional ac-
tivity at higher frequency, associated to high positive n values (n = 30).
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Figure 7.8: Low frequency spectrogram (a) and S(n, f) spectrum (b) of the
toroidal fluctuating magnetic field measured by the Alfvén probe.
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Conclusions

In this thesis a study of magnetic fluctuations, aimed at the understanding
the nature of the instabilities occurring in Reversed-Field Pinch plasmas, has
been presented. In particular, the magnetic (and, in part, electrostatic) activ-
ities, measured by means of in-vessel probes, observed to develop in two fusion
plasma experiments, RFX-mod and EXTRAP T2R , are described.

The magnetic activities observed in the RFX-mod plasma have been ex-

tensively analyzed, focusing on the study of their temporal and spatial peri-
odicities in different plasma conditions. Thus, their experimental dispersion
relations have been determined, in order to proceed with a comparison with
the predictions of theoretical models for plasma dynamics.
In particular, the study presented in this thesis consists in the first detec-
tion and physical characterization of the magnetic instabilities occurring in
RFX-mod plasmas. Three main branches of magnetic activities have been rec-
ognized: the foremost results and the relative open issues are summarized in
the following.

Resistive Interchange Modes. A quasi-coherent magnetic activity aris-
ing at frequencies centered around 100 kH z, has been observed to cover an im-
portant fraction of the total magnetic fluctuating energy spectrum. By means
of a study performed on a wide range of plasma conditions, it has been ob-
served that the equilibrium plays an important role in the determination of the
fluctuation amplitude and of the periodicity values, since the modes resonate
at the edge of the RFX-mod plasma. These modes has been interpreted as
Resistive Interchange Modes (RIM). A good agreement with the theoret-
ical predictions provided by a linear stability code confirms the interpretation
proposed, highlighting their pressure-driven nature.

The analysis of the frequency associated to the observed interchange modes
indicates that they are rotating along with the plasma in the toroidal direction,
i.e. coherently with the plasma flow at the edge, turning the attention also
on the topic of the flow itself. The magnetic fluctuations could, thus, be
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recognized as an important tool for future studies about the flow behaviour in
different plasma conditions.

An important issue to be covered in future is to understand the role of
RIM in determining the edge transport properties in RFP plasmas, for which
the exact mechanism is still under debate. It will also be crucial to analyze
possible ways for the control of these modes, as their importance is expected
to largely increase in reactor conditions, due to the steep pressure gradients
which should characterize burning plasmas.

Alfvén Eigenmodes. Coherent fluctuations characterized by Alfvénic
nature have been detected in a large interval of experimental conditions (in
terms of plasma current, densities, working gases, equilibrium). In particular,
the frequency of these magnetic activities, characterized by long-wavelength
periodicities, has been shown to linearly depend on the Alfvén velocity. A
detailed analysis of the experimental observations has allowed to distinguish
two kinds of Shear Alfvén Eigenmodes (SAE):

e a first kind of modes (indicated in the thesis as Type I) present in al-
most all the plasma conditions, has been recognized as Global Alfvén
Eigenmodes (GAE)

e asecond kind ( Type IT) associated to the presence of a helical equilibrium
(the so-called Single Helical Axis state), spontaneously occurring during
high current discharges, is still under study.

The role of the Discrete Reconnection Events (DRE), recurrent quasi-
periodic relaxation events characterizing RFP plasmas, in association with
SAE has proved to be crucial for at least two reasons: on the one hand, the
observation of the frequency evolution just after a DRE led to the localization
of the GAE at the edge, on the other hand the enhancement of the power
spectrum amplitude of the modes observed during a DRE is investigated in
order to verify a possible involvement with the drive for Alfvén eigenmodes in
Ohmic plasmas.

Moreover, it is under study the possibility to use the information of the
frequency of Alfvén Eigenmodes as a diagnostic tool, a sort of MHD spec-
troscopy [133]. Indeed, it is worth noting that SAE frequency is particularly
sensitive to the values of the magnetic field components and plasma density at
the radial position where the modes are destabilized. Thus, using By, B, and
n. profiles, it would be, in principle, possible to exploit the frequency measure-
ment with diagnostic purposes, in order to give an estimation of a local value
of the effective charge characterizing the plasma.
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Microtearing modes.

More recently, the observation of magnetic activities, characterized by ex-
tremely high poloidal and toroidal periodicities associated to wavelengths of
the same order of magnitude of the ion gyroradius, and arising in corrispon-
dence of the presence of strong temperature gradients, has been identified as
a possible first detection of microtearing instabilities (MT) in RFP plas-
mas. A comparison with the theoretical results from a gyrokinetic code seem
to confirm this interpretation.

Furthermore, code simulations predict that microtearing modes, in present-
day RFX-mod plasmas, may form chains of overlapping magnetic island, con-
tributing significantly to the stochastization of magnetic field lines in the region
of the gradients. This strongly influences energy transport in the plasma. The
relation between the occurrence of microtearing instabilities and the energy
transport measurements in RFX-mod plasma will be the focus of future ex-
perimental investigations.

Modes MP f [kHz]| m n Vph | Ip [kA] F
RIM | By, B,, B, 100 1 | 20801 vp all | < —0.1
AEI By 100 + 1300 | 1 0 VA all all
AE I By 100 =500 | ~ ~ va | =1000 | >-0.05
MT | By, B,, B, 200 ~15 | ~200 | vge | = 1000 | >-0.05

Table 8.3: Scheme of the characteristics of the instabilities observed in RFX-
mod plasmas.

Summarizing, the main characteristics of the modes described in the present
thesis are schematized in table 8.3. Each instability is, thus, associated to the
relative magnetic field component (MP) on which it has been observed, the
frequency f and the poloidal m and toroidal n periodicities measured, the
phase velocity v,, and the main features of the discharges for modes occur-
rence (plasma current I, and reversal parameter F).
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