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Abstract

This thesis aims to study the properties of turbulent transport, exploiting the

cross-comparison between different magnetic configurations, fusion devices, and

plasma regimes. Understanding and controlling cross-field transport in fusion devices

is a requirement for achieving a commercial fusion reactor. Turbulent transport

plays a crucial role in both tokamak and stellarator, while shear flows can impact

turbulence growth and development. Such an effect has a beneficial impact on

the overall plasma confinement, but it is detrimental for the energy exhaustion

since it ultimately decreases the power deposition area on the divertors. The latter

phenomenon seems to be, to a large extent, determined by the turbulent coupling

between the plasma edge and the scrape-off layer (SOL), governed by travelling

turbulent filaments. These structures share some features with the edge-localized

mode (ELM) filaments that, in turn, typically result in a large transient heat flux on

the plasma-facing components. The existence of ELMs in future fusion reactors is a

concern since they might reduce the device life-time, while the proper understanding

of their characteristics and dynamics can help to control them.

The local effective turbulence growth and spreading rate are computed in the

TJ-II stellarator from the edge to the SOL with a set of electrostatic sensors. The

results show that the local turbulence growth reduces once a shear layer is formed

in the plasma edge induced by an external electrode biasing. Besides, the turbu-

lence spreading rate is mainly activated in the SOL, decreasing when the E × B

shearing rate becomes comparable to the inverse of the turbulence correlation time,

leading to a decoupling of the edge-SOL turbulence. The role of radial electric fields

in regulating turbulence propagation is further confirmed in TJ-II by spontaneous

neoclassical electron-ion root transition experiments. During this process, the edge

radial electric field flips sign continuously from positive to negative values. Through

the measurements of two electrostatic probes remotely separated, the zonal flows be-
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come amplified during the transition, while turbulence decreases in the ion root phase.

Furthermore, the turbulence propagation computed using the transfer entropy tech-

nique shows that turbulence propagates radially outward at ∼ 1 km/s during the

electron root, reducing substantially in the ion root phase.

The electromagnetic properties of turbulent filaments are investigated in RFX-

mod operating as tokamak in the single-null configuration. In this experiment, the

edge biasing technique was applied to induce an improved plasma confinement so

that a comparison between the L and H-mode regimes is possible. On this purpose,

the plasma boundary was monitored with a set of electrostatic and magnetic sen-

sors. Through advanced statistical techniques, filaments are detected and tracked

from the edge to the SOL in a two-dimension floating potential map together with

their associated plasma density and current density parallel to the equilibrium mag-

netic field. While in L-mode they travel almost freely, during H-mode their motion

becomes restricted to the near SOL. The higher ExB shear in the latter regime is

pointed out to be the reason for this effect. Filament dynamics in the two scenarios

is discussed in the framework of analytical models and velocity scaling. During L-

mode, filaments are better described by the sheath connected regime and the parallel

current density and potential structure are shown to be roughly synchronized. In

H-mode, however, filaments near the last closed flux surface (LCFS) scale roughly

as the inertial regime. In addition, ELM filaments appear spontaneously during the

biasing H-mode in RFX-mod. The properties of these structures are compared with

the type I ELMs observed in the COMPASS tokamak. In both devices, the ELM

filaments carry a substantial current towards the SOL. Statistical analysis reveals a

complex and rich fine structure within the ELM cycles. Besides, the ELM filaments

are expelled towards the SOL when the background profiles become less steep and

the level of perpendicular magnetic field more intense. Finally, ELM precursors and

quasicoherent modes are observed in both devices.
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Riassunto

Lo scopo di questa tesi lo studio delle propriet del trasporto turbolento nella

regione di bordo di plasmi fusionistici, sfruttando il confronto incrociato tra diverse

configurazioni magnetiche, diverse macchine di fusione e diversi regimi del plasma.

La comprensione dei meccanismi che regolano il trasporto e il loro controllo costi-

tuiscono un tassello essenziale per il raggiungimento dellobiettivo di un reattore a

fusione commerciale. Il trasporto turbolento svolge un ruolo cruciale sia nella con-

figurazione tokamak sia nello stellarator, daltro canto lo sviluppo di gradienti di ve-

locit nella regione esterna del plasma pu influenzarne e controllarne linsorgenza e la

crescita. Un tal effetto ha un impatto benefico sul confinamento globale del plasma,

tuttavia presenta delle controindicazioni per quanto riguarda lo smaltimento dellen-

ergia proveniente dal plasma, in quanto questa si concentra in unarea ridotta delle

piastre dei divertori. Quest’ultimo fenomeno sembra essere in larga misura deter-

minato dall’accoppiamento turbolento tra il bordo del plasma e lo ’scrape-off layer’

(SOL) (all’esterno dellultima superficie chiusa - LCFS acronimo in inglese), governato

da filamenti turbolenti. Queste strutture condividono alcune caratteristiche con i fil-

amenti che si manifestano durante ELM (edge-localized mode/modi localizzati nella

regione di bordo) che, a loro volta, generano un grande flusso di calore transitorio

sui componenti esposti al plasma. L’esistenza di ELM nei futuri reattori a fusione

costituisce una notevole sfida tecnologica attualmente perch pu ridurre la durata del

dispositivo mentre la corretta comprensione delle sue caratteristiche e dinamiche pu

aiutare a controllarli.

In questo lavoro di tesi la crescita della turbolenza locale e il tasso della sua

dispersione radiale sono calcolati nello stellarator TJ-II dal bordo allo SOL con un

sistema di sensori elettrostatici. I risultati mostrano che la crescita della turbolenza

locale si riduce quando si forma un forte gradiente di velocit nel bordo del plasma

indotto da un elettrodo esterno polarizzato. I risultati dimostrano che il tasso della
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dispersione della turbolenza agisce principalmente nel SOL, diminuendo quando gra-

diente di velocitá E × B diventa paragonabile all’inverso del tempo di correlazione

della turbolenza, portando a un disaccoppiamento della turbolenza edge-SOL. Il ruolo

dei campi elettrici radiali nella regolazione della propagazione della turbolenza ul-

teriormente confermato nellesperimento TJ-II, mediante esperimenti di transizione

spontanea electron-ion root. Durante questo processo, il campo elettrico radiale in-

dotto al bordo cambia da valori positivi a negativi. Attraverso le misurazioni di due

sonde elettrostatiche posizionate in due regioni lontane tra loro, si osserva che le re-

gioni caratterizzate da velocit omogenea (zonal flows) vengono amplificati durante

la transizione, mentre la turbolenza diminuisce nella fase di campo elettrico nega-

tivo (ion root). Inoltre, la propagazione della turbolenza calcolata usando la tecnica

di trasferimento dellentropia mostra che la turbolenza si propaga radialmente verso

l’esterno a ∼ 1 km / s durante la fase di campo elettrico positivo (electron root),

riducendosi sostanzialmente nella fase della ion root.

Altro importante argomento trattato in questo levoro di tesi riguarda le propriet

elettromagnetiche dei filamenti turbolenti. Queste strutture sono state studiate in

dettaglio nellesperimento RFX-mod operato in configurazione tokamak con un punto

a X nella separatrice (single-null). Anche in questo esperimento, stata applicata la

tecnica di polarizzazione del bordo per indurre un miglioramento del confinamento del

plasma in modo che sia possibile un confronto tra i regimi L e H-mode. A tal fine, il

bordo del plasma stato monitorato con una serie di sensori elettrostatici e magnetici.

Utilizzando tecniche statistiche avanzate, i filamenti vengono rilevati e tracciati dal

bordo verso il SOL in una mappa di potenziale flottante bidimensionale insieme alla

densit del plasma e alla densit di corrente parallela al campo magnetico di equilib-

rio. Mentre nella modalit L-mode i filamenti viaggiano quasi liberamente, durante la

modalit H-mode il loro movimento limitato al SOL nella regione prossima allultima

superficie chiusa (near SOL). Il gradiente di velocit ExB pi elevato in quest’ultimo
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regime sembra essere la ragione di questo effetto. Le dinamiche del filamento nei due

scenari sono discusse nell’ambito di modelli analitici e di scale di velocit e dimensione

dei filamenti stessi. Durante la modalit L-mode, i filamenti sono meglio descritti dal

regime che prevede i filamenti connessi allo strato di Debye nelle superfici esposte

al plasma, in questo caso si osservato che la densit di corrente parallela e la strut-

tura potenziale viaggiano approssimativamente sincronizzati. In modo H, tuttavia,

i filamenti vicino alla LCFS sono meglio descritti dal regime inerziale. I filamenti

ELM compaiono spontaneamente durante la polarizzazione del modo H in RFX-mod.

Parte dello studio stato quindi dedicato alla loro caratterizzazione. Queste strutture

sono state confrontate con gli ELM di tipo I osservati nel tokamak COMPASS. In

entrambi i dispositivi, i filamenti ELM trasportano una sostanziale corrente verso il

SOL. L’analisi statistica rivela una struttura fine complessa e ricca all’interno dei cicli

ELM. I filamenti ELM sono espulsi nel SOL verso la parete in corrispondenza di una

riduzione dei gradienti radiali medi e di una pi intensa fluttuazione del campo mag-

netico perpendicolare. Infine lesistenza di una fase di modi quasi coerenti prima del

verificarsi degli eventi di ELM stata caratteristica comune in entrambi i dispositivi.
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Chapter 1

Introduction

Nuclear fusion is one of the most energetic processes known in the universe. It is the

means whereby stars, like the sun, generate their energy: light atoms are fused in

their core pulled by the enormous gravitational forces. The simplest fusion reactions

in terms of the high cross-section for low energy are:

D2 + D2 → He1 + T3 + 4.03 MeV

D2 + D2 → n1 + He3 + 3.27 MeV

D2 + T3 → He4 + n1 + 17.6 MeV

D2 + He3 → He4 + He1 + 18.4 MeV

(1.1)

The last reaction (between deuterium and helium-3) is considered the ideal for a fusion

reactor since it does not produce neutrons. However, helium-3 is extremely rare on

earth. The most promising reaction (as can be seen in Fig. 1.1) is between deuterium

and tritium since it presents the highest cross-section for relatively low temperature.

Due to the tunnelling effect of the energetic particles, the required temperature is

even lower, around l0 keV [287]. The reaction yields an alpha particle of high energy

up to 3.5 MeV and a neutron with energy 14.1 MeV. However, particles must be

confined for long enough time in a given volume to sustain the reactions since the
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cross-section for elastic scattering is much larger than for fusion, i.e., many elastic

collisions occur before a fusion reaction is achieved. There are two leading approach

to confine particles on the purpose to achieve the conditions for nuclear reaction:

inertial confinement and magnetic confinement. This thesis is focus on the last one.

Figure 1.1: Fusion cross-section as function of particles energy.

1.1 Motivation and thesis outline

The feasibility of the future fusion reactors will depend on the quality of plasma

confinement and the efficiency of the energy exhaustion. These two requirements

are ultimately associated with plasma cross-field transport, and in particular, an

important role is played by the filamentary transport, i.e. the ejection of hot and

dense plasma filaments towards the plasma-facing components. While in the low

confinement regime (L-mode) this transport is dominated by turbulence, yielding an

energy and particle flux much larger than what is expected from Coulomb collisions

in toroidal geometry (i.e. neoclassical transport). In H-mode, a large poloidal flow

shear leads to massive turbulence suppression in the plasma edge that allows the

pressure gradient and the plasma stored energy to growth. While this effect has a
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beneficial impact on the confinement, the reduced cross-field transport in the scrape-

off layer (SOL) results in a narrow energy deposition area on the divertor plates,

with possible detrimental effects on the involved material surfaces. Predictions for

ITER (the largest tokamak in the world that is being constructed in Cadarache,

France) based on the regression of data collected from the present devices [67] suggest

that the heat flux width will be even smaller than of the present-day machines due

to a strong inverse dependence with the plasma current. This perspective would

limit the margins of operation of ITER and beyond. On the other hand, recent

simulations [42, 292] have pointed out to the leading role of turbulence in ITER. In

particular, the propagation of turbulence from the pedestal towards the Scrape-Off

Layer (SOL) is believed to enhance the cross-field transport throughout this range,

coupling these two regions. The ’agent’ of this propagation is possibly provided by the

turbulent filaments. These structures have been observed in the plasma periphery of

tokamaks, stellarators, reversed field pinches, and simple toroidal and linear devices.

The universal behaviour of filaments and turbulence, in general, makes the device

comparison an interesting and important approach. It has become clear that to make

safer predictions for future fusion devices deeply understanding of the mechanisms

regulating the plasma behaviour in the edge and SOL is essential.

Within this framework, this thesis aims to investigate the mechanisms that set

the turbulent transport exploiting the comparison of different devices and magnetic

configuration. The focus is the plasma edge and SOL and the main diagnostic used

is probes: electrostatic and magnetic, with some inputs from other diagnostics. In

particular, a detailed investigation of turbulent features and filamentary transport

was performed in the edge and SOL region of different devices: TJ-II stellarator,

COMPASS tokamak, and RFX-mod operated as tokamak. Different plasma regimes

were obtained in both TJ-II and RFX-mod through the active modulation of the

plasma edge via electrode biasing technique. In addition, in the tokamak configura-

3



tions, a comparison between the improved confinement regime (H-mode) obtained in

COMPASS and RFX-mod was provided. The detailed thesis outline is described in

the following:

• Chapter 2 presents some of the basic equations that describe a magnetized

plasma in the framework of the kinetic and fluid description. In addition, the

concept of tokamak, stellarator, and reversed field pinch (RFP) is introduced

together with the scrape-off layer (SOL). Lastly, the high confinament mode

(H-mode) in tokamak and stellarator is discussed and the biasing technique

(widely used through the thesis);

• Chapter 3 gives a general view on turbulence in magnetized plasmas, dis-

cussing also the mechanism for its saturation. Besides, this chapter introduces

the concept of turbulent filaments and their common description;

• Chapter 4 introduces the experimental systems where the experimental activi-

ties were carried out. In additional, the main diagnostics used and the statistical

tools considered to interpreter the data are also introduced;

• Chapter 5 discusses the turbulence spreading phenomenon and presents some

experimental result obtained in the TJ-II where turbulence spreading was stud-

ied systematically;

• In Chapter 6 the topic propagation of turbulence is further investigated but

with a different approach. Particularly, the transfer entropy technique is used

to measure the propagation of turbulence during the spontaneously electron-

ion-electron root transitions in TJ-II;

• Chapter 7 discusses the L-H transition obtained with external electrode biasing

in RFX-mod running as tokamak in single-null configuration. In addition, the

properties of turbulent filaments in L and biasing H-mode is discussed in detail.

• In Chapter 8 is discussed the properties of edge-localized mode (ELM) fil-

aments. These structures are observed in RFX-mod in biasing experiments.
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With similar experimental and analysis tools, ELM filaments observed in RFX-

mod and in the COMPASS tokamak are compared. In addition ELM precursors

and quasicoherent modes, common for both devices, are also discussed;

• Chapter 9 presents the final conclusions.
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Chapter 2

The route to a thermonuclear

fusion device

As discussed in the previous chapter, the easiest way to produce fusion reaction on

earth is by the deuterium-tritium reaction. The fusion reaction start occurring when

both gases reach temperatures around l0 keV, which corresponds to approximately

100 million degrees centigrade. However, at such high temperature, the gas becomes

almost fully ionized, turning into a plasma [82].

Fusion reactions in a plasma occurs, according to the triple product or Lawson

criterion [287], when nTτE > 5 × 1021 m−3keV, where n and T are the plasma

density and temperature, respectively, and τE is the energy confinement time defined

as τE = W/PL, where W is the total plasma energy and PL is the power losses.

Therefore, the confinement time must be long enough to guarantee that the power

losses (radiation, conduction, and convective) will be lower than the fusion energy

released in the plasma (through the alpha particles). If the temperature is about 10

keV and the density 2× 1020 m−3, the confinement time is in the order of seconds.

A convenient way to confine charge particles is through magnetic fields. The

particles travel freely along the magnetic field line, but they are confined in the cross-
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field plane in circular orbits with Larmor (or gyro) radius of mv⊥/|q|B, where m and

q are the particle mass and charge, v⊥ is its perpendicular velocity, and B is the

magnetic field. The equation of motion of a charge particle embedded by a magnetic

field is given by:

m
dv

dt
= F + q(v ×B) (2.1)

Where m is the mass, q is the charge, and F is an external force. When this force

is negligible and the magnetic field is homogeneous and stationary, the solution of

the previous equation describes a particle moving circularly around the magnetic

field with frequency given by the cyclotron or Larmor frequency ωc = q|B|/m and

gyroradius or Larmor radius rL. Neglecting the particle acceleration, which means

ignoring the gyration of the particle, the equation becomes:

F + q(v ×B) = 0

where is easy demonstrating that:

vF =
F×B

qB2
(2.2)

The previous equation shows that any force acting on a charged particle embedded

in a homogeneous and stationary magnetic field will result in a drift velocity vF

perpendicular to both B and F. If this is force is given by a constant electric field E,

the drift becomes:

vE×B =
E×B

B2
(2.3)
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Note that vE×B does not depend on the charge or mass of the particle, meaning that

electrons and ions move in the same direction. This drift is fundamental in the study

of turbulent transport as will be discussed throughout this thesis.

In the case where the magnetic field is not homogeneous, an effective force arises

given by F∇B = −µ∇B, where µ = mv2
⊥/2B is magnetic moment. Charged particles

are reflected in regions where ∇B is large, i.e. the parallel velocity flip sign while

the perpendicular one increases due to the conservation of energy and magnetic mo-

ment. This concept was employed to confine plasmas magnetically through mirror

machines [82]. However, the existence of a cone loss together with the presence of

drifts and MHD instabilities make this kind of configuration infeasible [62]. Toroidal

configurations are more promising since the parallel losses are naturally reduced. In

this case, the magnetic field lines are bent, so particles moving along the magnetic

field with velocity v‖ will feel a centrifugal force FC = mv2
‖/Rc perpendicular to the

field direction, where Rc is the curvature radius. The ∇B and the centrifugal force

acting together can yield an unified drift [287] given by:

v∇B =
m

q

(
v2
‖ +

v2
⊥
2

)
B×∇⊥B

B2
(2.4)

Since electrons and ions experience this drift differently, with electrons moving in the

opposite direction of ions, a charge-polarizing current can be created. However, to

assure the plasma quasineutrality, a perpendicular electric field arises, which results

in an E × B drift that moves electrons and ions together towards the wall. The

presence of this drift motivated magnetic configurations with the helical field since

this effect is canceled on average with the action of the Pfirsch-Schlüter current [287].

Among the configurations aimed to do that, tokamak, stellarator, and reversed field

pinch (RFP) are the most successful. Each one will be discussed in section 2.2.
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The basic forces acting on a magnetically confined plasma in toroidal geometry

are ∇p and j×B, where p and j are, respectively, the plasma pressure and the current

density. Equilibrium is achieved when:

∇p = j×B (2.5)

Since B.∇p = 0 and j.∇p = 0, one can deduce that magnetic field and current

lines define an isobar surface. Besides, since (∇ × B).B. = µ0j.B = 0 they are

also perpendicular to each other. These simple requirements define toroidally nested

magnetic surfaces where the pressure is constant. The balance between the magnetic

and the plasma kinetic pressure is described by the beta parameter:

β =
p

B2/(2µ0)
(2.6)

2.1 Kinetic description

To describe the plasma behaviour properly is necessary to take into account the

different kind of interaction between the particles that compose it. However, describe

the motion of each particle in the plasma and how they interact with the others

is humanly impossible. A better approach comes for statistical mechanics. In this

approach, the relevant parameter is the distribution function of a given spices α

defined in a six dimensional phase space fα(x,v, t). The Vlasov equation describes

the time evolution of fα(x,v, t) governed by the interaction forces that arise due to

the motion of the charge particles that compose the plasma [25, 62]:

∂fα
∂t

+ v.∇fα +
q

m
(E + v ×B) .∇vfα = 0 (2.7)
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Where B and E are the magnetic and electric field, respectively, obtained from charge

and current distribution through Maxwell’s equations. This equation implicitly as-

sumed that the collision between particles is negligible. This approximation is fairly

good for hot or low-density plasmas, where the collision frequency is expected to be

low. If this is not the case, one has to add a collision term represented by (∂fα/∂t)coll

on the right-hand side of eq. 2.7. In practice, the proper collision term is not so

easy to define. When, for example, the collisions are considered Coulomb type, the

resulting equation is called Fokker-Planck.

2.1.1 Fluid description

When employing the kinetic approach in the study of instabilities in the plasma, it is

useful to separate the background distribution function (typically Maxwellian) from

the perturbed part. Considering that (∂fα/∂t)coll can be described by a Maxwellian,

macroscopic variables such as density, velocity, kinetic pressure, and thermal energy

can be defined from the moments of the distribution function [62]:

∫
vkfα(v)d3v (2.8)

where k = 0, 1, 2, 3, ... are the order of the moments. The zero order (k = 0) yields

the continuity equation for species α:

∂nα
∂t

+∇(nαvα) = 0 (2.9)

While the first order integrating mαv on Eq. 2.8 produces the force balance equation:
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[
∂vα
∂t

+ (vα.∇)vα

]
− qαnα(E + vα ×V) +∇pα = Rαβ (2.10)

Where Rαβ is the friction force obtained from the collision term. One of the limi-

tations of this approach is that the equation for moment k will always have a term

k + 1. This naturally makes the system insoluble. Hence, it is necessary a closure or

a bond that reduces the number of variables. Eq. 2.10 can be closed, for example,

assuming that the system is adiabatic. Besides, it is common to reduce a plasma

composed of two fluids (e.g. electrons and ions) in a single fluid by making some

assumptions on the density, velocity, and current density. In this case, one can define

the Magnetohydrodynamics (MHD) equations [62].

2.2 Magnetically Confined Plasmas

It was discussed that the essential ingredient to confine plasmas with magnetic fields

in a toroidal geometry is to make the field helical. This can be translated into the

rotational transform (ν) defined from the average number of poloidal by toroidal

turns around the magnetic axis [112]. To achieve a non-zero ν is necessary: 1)

induce a toroidal current; 2) elongate the flux surface while rotates it poloidally along

the toroidal direction; 3) a non-planar magnetic axis. The first concept is adopted

by tokamaks and reversed field pinches (RFPs), making them axisymmetric, while

requires a non-steady-state operation. Most of the stellarators rely on the second

and third concepts that allow these devices operating in steady-state, but make them

non-axisymmetric.
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2.2.1 Tokamak

The tokamak concept was first proposed by Tamm and Sacharov in 1952 [175]. Heli-

cal field in this configuration is obtained by a combination of toroidal magnetic field

induced by external coils and poloidal magnetic field created by a flowing plasma cur-

rent induced by a central solenoid, i.e. the plasma is the secondary of a transformer.

In addition, vertical field coils are usually needed to control the plasma position and

shape. Tokamaks are axisymmetric, exhibiting toroidal symmetry, and they are char-

acterized by the major radius (torus axis) and minor radius. The relation of these two

parameters defines the tokamak aspect ratio: A = R/a, where R and a are the major

and minor radius, respectively. The tokamak cross-section can be very different, from

circular as the first limiter configurations to a more complex shape that is motivated

by stability and equilibrium properties [287].

A relevant parameter in terms of equilibrium in tokamaks is the so-called safety

factor:

q =
r

R

Bφ

Bθ

(2.11)

This concept is also relevant for RFP configuration. In stellarators, for historical

reasons, is used the rotational transform ı = 1/q. Fig. 2.2 b) shows a comparison of

the typical q profile found in these devices.

The heating power in a tokamak is primarily provided by ohmic heating (POH =

RpI
2
p , where Rp is the plasma electrical resistance and Ip is the plasma current).

However, RP ∝ T−3/2 [198], where T is the plasma temperature. It follows that

ohmic heating becomes inefficient for high-temperature. Therefore, to achieve the

high temperatures requires for sustaining fusion reactions, auxiliary power sources are

needed. Among those typically used on thus purpose are the Neutral beam injection

(NBI), Electron Cyclotron Resonance Heating (ECRH), and Ion Cyclotron Resonance
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Heating (ICRH) [287]. The total heating power becomes Ptot = POH + Paux and so

energy growth rate is dW/dt = Ptot − W/τE, where W is the total plasma energy

and τE the energy confinement time that, as the name suggests, is related to the

quality of the plasma confinement. Besides, as discussed before, this term appears in

the triple product criterion. In a typical tokamak regime (L-mode), the confinement

time decreases with the total power τE ∝ 1/
√
Ptot due to the dominance of turbulent

transport [198]. This unfavourable scaling, however, is modified when in the plasma

transits to the high-confinement regime (H-mode), as will be discussed in section 2.2.6.

In a fusion reactor, most of the heating power will provide by the alpha particles from

the nuclear reactions (through a process similar to NBI heating [287]). The Q-factor,

Q = Pfusion/Ptot, quantifies how high the fusion power is as compared to the external

power. When they become comparable, the break-even is achieved, i.e. Q = 1, while

if the fusion power is enough to sustain the plasma and the fusion reactions, Q→∞,

i.e. the ignition is achieved. A large tokamak (that will be the largest one in the

coming years) called ITER [287] is currently being built in Cadarache, France, under

a partnership that involves several countries worldwide: United States of America,

India, China, Japan, Russia, South Korea, and the European Union. ITER is aimed

to operate with Q = 10 to show the viability of tokamaks as fusion reactors.

2.2.2 Stellarator

While in tokamak the rotational transform is obtained through a combination of

toroidal magnetic field, that is externally generated by a set of coils, and poloidal

magnetic field induced by a toroidal plasma current. In stellarators, field line helecity

is fully obtained by external coils, i.e. without relying on plasma properties. This

allows stellarators operates in steady-state condition, which also implies that these

devices are more stable to magnetohydrodynamic (MHD) instabilities. Although

transient currents, like the bootstrap current, can arise and lead to undesirable ef-
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fects (e.g. tearing modes) [112]. Besides, the Pfirsch-Schlüter current is naturally

present to guarantee that ∇.j = 0, i.e. to assure the plasma quasineutrality. How-

ever, to accomplish that is necessary three-dimensionally shaped magnetic field coils

with typically complex geometry. This one of the drawbacks of this configuration,

especially from the engineering point of view. Besides, the complex arrange of coils

makes stellarators non-axisymmetric magnetic.

2.2.3 Neoclassical transport in tokamaks and stellarators

Neoclassical transport refers to collisional transport in toroidal geometry. The col-

lision frequency in a magnetized plasma determines the type of transport regime.

When plasma becomes hotter in tokamaks and stellarators the mean free path be-

comes larger and so the collision frequency drops. In this regime, charged particles

can move along the field lines almost freely without undergoing collisions with the

other particles. In tokamaks, due to the mirror effect, some particles will be reflected

in the high field side where the magnetic field is more intense, while some will simply

circulate the torus depending on the relationship between parallel and perpendicular

velocity. The trapped particles will exhibit ’banana’ orbits, referring to how their

trajectory looks like in a cross-field plane. The ∇B and curvature drift, however,

produce an unbalance in the particle trajectory that leads to a radial displacement

and ultimately to plasma diffusion. In a stellarator, however, this banana regime is

quite different. The three-dimension field imposes a complicated path for the par-

ticles, with trapping and passing zones. Besides, different from tokamak where the

ambipolarity condition Γe = ZΓi is satisfied independently of the local radial electric

field (Er), in stellarators this condition is only consistent with a particular set of Er

solutions. The ’ion root’ solution is for Er < 0, where typically Te ∼ Ti, while the

’electron root’ is the stable solution for Er > 0 where Te � Ti. The ion root regime

expected to be the dominant one in deuterium-tritium fusion scenario [61]. When the
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Figure 2.1: Mono-energetic diffusion coefficient as function of the collisionality
(ν∗ = νR/ιv, where v is the particles velocity, R is the major radius, ι is the ro-
tational transform, and ν the mono-energetic pitch-angle-scattering frequency) for
typical tokamak parameter (dashed line) and for W7-X (bold line) [112].

radial electric field is small, the diffusion coefficient scales as [112] D1/ν ∝ ε
3/2
effT

7/2,

yielding a strong dependency with the temperature, where ν refers to the collision

frequency and εeff is a geometric parameter related to the trapped orbits. The radial

electric field has a beneficial effect on trapped particles, which results in a modified

scale [61] D
√
ν ∝ T 5/4E

−3/2
r . Fig. 2.1 shows the diffusion coefficient as a function of

the collisionality for a tokamak and a stellarator (in this case Wendestein-7X) [112].

Note the large discrepancy in the low collisionality branch between tokamak and stel-

larator. This difference becomes smaller for a higher radial electric field absolute

value. For collisionality higher than ν∗ > 10−3, both devices exhibit a comparable

diffusion coefficient in the plateau and Pfirsch-Schlüter regimes. High collisionality

at such level is likely observed in the plasma edge; however, turbulent transport is

typically dominant in this region in both devices [252].
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2.2.4 Reversed Field Pinch (RFP)

The Reversed Field Pinch (RFP) is a type of device that confines plasmas in a toroidal

geometry through the combination of poloidal (Bθ) and toroidal (Bφ) magnetic fields.

The configuration is similar to the tokamak, both are axisymmetric, but the poloidal

and toroidal magnetic fields are comparable in absolute value in RFP. Bφ is created by

external coils (its strength is typical 10× weaker than in tokamaks) and Bθ induced by

a toroidal plasma current. The good confinement in this device relies on the dynamo

effect that, owing to the plasma self-organization, reversed the toroidal magnetic field

in the plasma edge (Fig. 2.2 a). As result, the safety factor profile drops with the

radius and so the magnetic shear (s = r/qdq/dr) becomes negative over the entire

plasma column which has a stabilizing effect on pressure-driven instabilities.

Figure 2.2: a) schematic figure showing the nested magnetic surfaces in a reversed
field pinch (RFP) and the poloidal (BP ) and toroidal (BT ) magnetic field profiles, the
latter reversed in the plasma edge [149]; b) shows a comparison between the typical
safety factor profiles found in tokamkas, stellarators, and RFPs [171].

In addition, the conducting shell is an important piece of a RFP since it is related

to the dynamo effect. Besides, the thickness of the shell together if the conducting

material determines the magnetic field penetration time. This quantity is important

for the stability since resistive wall modes (RWMs) tends to growth at this charac-

teristic time. However, this represents a natural constraint since ’thick’ shells are
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challenging from the engineering point of view. A great breakthrough was the de-

veloped of ’smart’ shells [299], which is realized by MHD active control thanks to a

set of saddle coils installed on the wall. This configuration permits to operate with

thinner shells since the effective control reduces the magnetic field penetration.

The presence of tearing modes (TE) has an ambiguous effect on RFP. While its

existence is important for inducing the dynamo effect [33], the unimpeded growth of

magnetic islands can lead to field line stochastization and thus to the fast degradation

of the plasma confinement. Therefore, it is necessary to control them properly in RFP.

Typical RFP operation with relatively low currents tends to induce multiple helicities

(MH), with enhanced tearing modes over the whole plasma column due to the infinite

number of resonant surfaces. For large plasma current, however, the m = 1 island

dominates over the others (satellites). A substantial improvement of the plasma

confinement is achieved in this case, called quasi single helicity (QSH) [170]. In this

situation, the inner part of the plasma loses the axisymmetry, becoming similar to

a stellarator, while the outer part remains axisymmetric. This regime was predicted

theoretically [70] and achieved for the first time in RFX-mod [161].

2.2.5 Scrape-off layer (SOL)

The scrape-off layer (SOL) is the region where the magnetic field lines are open,

i.e., they intercept a material surface. Naturally, in this region, one has a channel

of particles and energy dissipation since the solid surface behaves as a sink. The

interface that separates these two regions is called the last closed flux surface (LCFS).

In the process of exhaustion of ionized particles along field lines, they might eventually

recombine on the material surface, releasing neutral particles back to the confinement

region: a phenomenon known as recycling. The transition for ’closed’ to ’open’ field

lines is realized through two designs: limiter and divertor (see Fig. 2.3). Limiter is the

historically way employed to restrict the plasma volume and promotes the exhaustion
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of particles and energy. It relies on the presence of a material surface touching the

plasma and thus defines the LCFS. The rapid loss of particles and energy towards

the limiter competes against the cross-field transport that, in first an approximation,

defines the SOL width. However, the proximity of limiter with the plasma bulk

can enhance the impurity contamination and ultimately the plasma performance. A

competing and more promising design, the divertor configuration reduces significantly

the impurity influx since the material surface is placed relatively far from the plasma

bulk. This is done by a field line configuration tailored to ’carry’ the plasma that

crosses the LCFS up to divertor plates where the exhaust occurs.

Figure 2.3: a) Limiter and b) divertor configuration [82].

Stellarators typically operate with a limiter. However, a new divertor design

based on the presence of external generated magnetic islands in the plasma periphery

has been recently tested in W7-X [300]. Most of the present tokamaks operate with

divertor in single-null configuration (as shown in Fig. 2.3). Besides, the ITER baseline

scenario is foreseen to operate in this configuration. However, the power exhaustion,

as will be discussed in chapter 6, is one of challenging for the feasibility of ITER and

the future fusion reactors.

Supposing that the cross-field transport in the SOL is dominated by diffusion

given by Ficks law [250]:
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Γ⊥ = −D⊥∇⊥n (2.12)

Where D⊥ is the diffusion coefficient and n is the plasma density. On the other

hand, assuming that the parallel dissipation occurs typically at sound speed cs ≈√
kT/mi, where k is the Boltzmann constant, mi is the ion mass, and T is the

plasma temperature. It follows that the dissipation characteristic time is:

τ‖ = L‖/cs (2.13)

Where L‖ is the parallel connection length, i.e. the distance along the field line

that connects a material surface to a point in the SOL. For limiter plasmas with

circular shape, the connection length can be defined as L = 2πr/sin(α), where α =

tan−1(Bθ/Bφ) is the pinch angle. In a tokamak where typically Bφ � Bθ, so sin(α) ∼=

tan(α). It follows that:

L‖ = 2πr
Bφ

Bθ

= 2πRq (2.14)

where q is the safety factor and R is the major radius.

Defining Γ⊥ ≡ nv⊥ = −D⊥∇⊥n ≈ −D⊥n/λn [250], where λn is the SOL density

width. The SOL cross-field characteristic time is τ⊥ = λn/v⊥. By balancing in the

SOL the cross and the parallel field transport and considering τ‖ = τ⊥, the SOL

density width becomes:

λn =
√
D⊥L‖/cs (2.15)

The previous formula permits to gain some intuition about the mechanism that set

the SOL. The diffusion coefficient D⊥ is typically turbulent and depends on the nature
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of the instability [186]. A large D⊥ coefficient can enhance λn or make it small when

D⊥ becomes reduced (e.g. H-mode), while long parallel connection length tends to

enlarge λn since the dissipation happens in a longer time. In the real situation,

however, pure diffusive transport does not explain the cross-field transport observed

experimentally in the SOL. The reason is that cross-field transport in the SOL is

dominated by convective transport [146]. The responsible for that are filaments or

blobs (see chapter 3) that typically dominate the transport in the far SOL, while

diffusion is thought to play a role in the near SOL [181]. A similar argument can be

employed for energy transport to obtain λT , i.e., the SOL temperature width.

The energy exhaustion on a divertor in attached condition is dominated by parallel

transport (q‖). The power crossing the LCFS (PSOL) is exhausted with parallel energy

transport that typical exhibits an exponential decay q(r) = q‖e
−r/λq , where r = R −

Rsep, with Rsep is the separatrix position at the outboard midplane. The power fall-

off length (λq) as mapped from the outboard midplane to the divertor gives the heat

flux width [67]. In the sheath-limited regime ∇‖T ≈ 0, convective parallel transport

dominates over the conductive one (qconv‖ > qcond‖ ), and so one can demonstrate [249]

λq = [λ−1
n + 3

2
λ−1
T ]−1; while in the conductive-limited (∇‖T 6= 0), qconv‖ < qcond‖ and

λq = 2
7
λT . The parameter that defines the different regimes is the SOL electron

collisionality: ν∗ = L‖/λe, where λe is the electron mean path. The sheath limited is

characterized by ν∗ < 10, while in the conductive regime 10 < ν∗ < 85. By increasing

further the collisionality, the SOL might become detached, i.e. the pressure along the

field lines drops substantially [249].

2.2.6 High confinement mode (H-mode)

The high confinement mode (H-mode) is presently the most reliable regime of oper-

ation for future fusion reactors, being the adopted scenario for ITER baseline [159].

First observed in ASDEX in 1982 [280], the regime is characterized by a substantial
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improvement of the overall plasma confinement and the rise of a density and tempera-

ture pedestal, with stepper pressure gradients compared to L-mode (Fig. 2.4). When

the transition happens, the central line averaged density typically increases, while

the divertor (or limiter) Dα(Hα) emission line decreases, suggesting a reduction of

the outward particle flux. The confinement time in H-mode is typically twice higher

than in L-mode, which has allowed reducing the machine size (and consequently its

cost) to achieve the same plasma condition (density, temperature, and confinement

time) as in L-mode. This finding made possible the ITER project. The transition

happens when the external power heating exceeds a threshold that, in turns, might

depend on several parameters such as the plasma shape, whether it is divertor or

limiter, wall conditioning (e.g. boronization), the ∇B × B drift direction, and so

on [279]. In addition, isotopic effects play a key role, where lower power threshold

Pth is obtained for deuterium as working gas compared to hydrogen [19]. H-mode

has also been observed in stellrators [69, 71] and mirror machines [218] with simi-

lar features observed in tokamaks: steeper density and temperature profiles, reduced

plasma recycling, rise of an edge transport barrier (ETB), and improved confinement

time of particles and energy. Fig. 2.4 shows a schematic drawing with a tokamak

toroidal cross-section in single-null configuration (on the left) and the outer midplane

pressure profile in L and H-mode. Note that in H-mode a pedestal arises together

with an edge transport barrier (ETB).

It well accepted that the massive turbulence reduction that leads to the L-H

transition results from an enhanced Er × B shear flow. The possible mechanism

behind this process will be explained in chapter 3 and the direct consequence is a

reduced turbulent transport. In addition, a minimum radial electric field (absolute

value) has been observed experimentally regardless of the pedestal density [221] during

the transition. All of these pieces of evidence point out for the key role of edge radial

electric fields to induce the L-H transition.
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Figure 2.4: Comparison between the radial pressure profile at outboard midplane
during L and H-mode for a divertor tokamak. Figure borrowed from Ref. [51]

In steady-state condition, the radial electric field can be obtained in first order

from the radial force balance equation:

Er =
1

niZie
∇rPi − vθiBφ + vφiBθ (2.16)

where Pi is the ion pressure, ni is the ion density, with ion charge Zie, and vθ and

vφ are, respectively, the poloidal and toroidal rotation. The first term RHS is the

diamagnetic term, while the two last terms are obtained from v × B projected over

the radial direction. The previous equation neglects the term (m/Z)v.∇v and so it

rules out fluctuating contribution, e.g. from the Reynolds stress. However, although

this approximation seems to be fine for the core, in the plasma edge it might not

so ease satisfied [29]. The role of this term and the presence of zonal flows will be

discussed in chapter 3. The diamagnetic term develops from the power balance, where
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heating and particle sources compete with sinks, yielding the final ∇rPi profile. The

typical time scale of this parameter is slow, in opposition to the fast L-H transition

observed in some experiments (≤ 100 µs) [101]. For that reason this term, although

important for sustaining H-mode [223], where in the shear layer Er ≈ 1
niZie
∇rPi,

it does not seem to be the trigger for the transition [29]. Toroidal rotation can be

modified by external toroidal torque following NBI co or counter-beam injection then

affecting the local radial electric field through the term vφiBθ. Alternatively, ion orbit

loss (e.g. banana orbits with a width beyond the confinement region) can produce

a net radial current. However, the ambipolarity condition for the radial particle

flux imposes a counter (neoclassical) current to assure 〈jr〉 = 0. This requirement

will untimely impact on the radial electric field. This mechanism was proposed as a

candidate for the L-H transition. The fast transition is compatible with a fast radial

electric field variation as a result of an enhanced ion loss current [131].

2.2.7 Electrode biasing technique

The ’spontaneous’ H-mode described in the previous section happens after the rise

of a transport barrier, with an increased sheared flow, that leads to turbulence sup-

pression and the stabilization of its driven instability [28]. The enhancement of the

radial electric field occurs in this case because the edge pressure gradient becomes

further steeper after the plasma being externally heated (e.g. NBI or ECRH), which

gives quite often Er ≈ 1
niZie
∇rPi. Intuitively, since the plasma wants to keep neutral,

any charge build-up is promptly neutralized. In particular, as a response for the ion

orbit loss, the edge electric field becomes further negative. More generally, any radial

current in the plasma drives local polarization that is compensated by a local radial

electric field that, in turns, generates poloidal rotation and return current [52]. In

steady-state, no net current can flow (〈jr〉 = 0) in the system assuring the ambipo-

larity of the radial particle flux. However, by inducing a transient current one can
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modify the radial electric field. This can be achieved for relatively cold plasmas by

inserting a bias electrode in the plasma edge. This technique has been shown to

induce H-mode or biasing H-mode (to distinguish from the ’spontaneous’ H-mode) in

tokamaks [258, 288, 189, 243] and stellarators [116, 233].

Figure 2.5: Electrode biasing technique typical configuration.

Fig. 2.5 shows a typical configuration find in several biasing experiments [258, 273,

101]. A similar configuration can also be found in TJ-II [116, 233, 103] and RFX-

mod operating as tokamak [243], although with different plasma shape and without

limiter in some cases. Biasing is induced with respect to the wall or limiter, both

in ground connection, with positive or negative voltage. The sign of the biasing

and its strength are control parameters together with the position of the electrode

with respect to the LCFS. The latter restricts the operational range for this kind of

experiment and, naturally, the type of machine. Although the electrode in Fig. 2.5

is out of scale, its presence at the plasma edge can sometimes act as a limiter, whose

effect is more pronounced the bigger the electrode. Since the biasing becomes more
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effective when placed in the plasma edge, near the spontaneous E×B shear layer, in

big/hot machines this technique is not applicable since it can lead the damage of the

electrode (the high heating power could destroy it), and the plasma contamination by

impurities coming from it. The typical bias current path is: power supply, electrode,

plasma, limiter (and/or wall), and power supply again. Empirical observations of

biasing H-mode shows an abrupt change of the biasing current once the electrode

polarization increases (or decreases for negative biasing) beyond a certain limit [26].

This phenomenon is also known as the radial electric field bifurcation, known as a

sign of the L-H transition [52].
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Chapter 3

Plasma turbulence

From early on it has become clear for the plasma community that the collision trans-

port in toroidal geometry, i.e. neoclassical, could not account for the actual transport

observed experimentally. Such anomalous transport must originate from a different

mechanism. Indeed, turbulence was pointed out as the leading transport mechanism

in magnetized plasmas [134]. Turbulent process is responsible for a massive outward

flux of particles and energy in tokamaks and stellarators. The typical gyro-Bohm

scale yields a dependence of the form χ ∼ T 3/2 [62] on the thermal diffusive coeffi-

cient, leading to stiff temperature profiles. This dependency is related to the presence

of instabilities at the Larmor radius scale, called microinstabilities. They typically

have an electrostatic nature, but in some regimes (e.g. H-mode) electromagnetic ef-

fects might become important. The non-linear interaction of different modes turns

the system turbulent. The spectrum of the plasma density and potential manifest as

broadband turbulence. This spectrum can also exhibit: monochromatic oscillations,

with narrow frequency width ∆f compared to the background frequency, and qua-

sicoherent oscillations, with a broader frequency width compared to monochromatic

oscillations but narrower than the broadband turbulence spectrum.
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It is relevant in the study of turbulence to separate the fluctuating part (time-

varying), of a given quantity (e.g. density, temperature or potential), from its mean

or background value:

a(r, t) = a0(r) + ã(r, t) (3.1)

where ˜(...) represents the fluctuation. On the other hand, the fluctuating part can be

decomposed in complex Fourier series:

ã(r, t) =
∑
k,ω

Ãk,ωe
i[kr−ωt] (3.2)

Where ω and k are the frequency and wavenumber, respectively. As an example, the

plasma turbulent particle transport averaged over a flux surface is typically written

as function of the density and radial velocity fluctuation:

Γ̃r = 〈ñṽr〉 (3.3)

with ñ = |ñ|eiαn and ṽr = |ṽr|eiαv , where αn and αv are the density and velocity

phases. It follows that the radial turbulent particles flux becomes:

Γ̃r = 2|ñ||ṽr|sin αnv (3.4)

where αnv = αn − αφ is the cross-phase between the density and the velocity field

fluctuation. The previous equation shows that a high turbulent transport depends

not only on the level of fluctuation but also on a favour phase relation between density

(but also pressure or temperature) and the fluctuating velocity.
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3.1 Drift wave

Drift waves is the most important mechanism whereby turbulent transport occurs in

a magnetized plasma. Their existence has been reported in several devices [113, 122].

They are defined as a three-dimension electrostatic structure characterized by finite

parallel wavelength, but larger than the perpendicular wavelength k‖ � k⊥ (flute-

like).

Although the drift wave theory can be very complex and general (see the re-

view [122]), it worthwhile to describe some of its basic concepts. Considering a

density wave perturbation along the poloidal direction ñ = n0 exp [i(−ωt+ kθθ)] (as

shown in Fig. 3.1) in a shearless plasma in slab geometry. As a response for this

perturbation, electrons move along the field lines to neutralize the change build-up.

In the adiabatic limit (me → 0), the force balance equation along the field lines is:

neeE‖ +∇‖pe = 0 (3.5)

Considering that E‖ = −∇‖φ and isothermal pressure ∇‖pe = Te∇‖ne, one can

demonstrate [122] that in first order:

ñe
n0

≈ eφ̃

Te
(3.6)

where eφ̃/Te � 1. Note from Fig. 3.1 that the charge accumulation along the y

direction results in an electric field (Eθ) to neutralize it. An E × B drift arises as

a response to that, acting to reduce the density in denser regions and enhance in

less dense spots. This situation can be simply described by considering the density

continuity equation neglecting sources and sinks and for incompressible flows (∇.v =

0):

28



[
∂

∂t
+ vE×B.∇

]
ne = 0 (3.7)

where vE×B = −∇φ×B/B2 ≈ −B−1kθφ̃. Using Eq. 3.7, the drift wave frequency in

first order is:

ω =
Te∇n0

eBn0

kθ = vdekθ (3.8)

where one can recognize the electron diamagnetic drift. The perturbation along the θ-

direction travels with the electron diamagnetic velocity. However, at small wavelength

perturbation, compressibility becomes relevant. In this case, the ∇.v term can be

approximated using the polarization drift. Density continuity equation then becomes:

[
∂

∂t
+ vE×B.∇

]
ne +∇.

(
mi

eB2

∂E⊥
∂t

)
= 0 (3.9)

where ∇.
(
mi
eB2

∂E⊥
∂t

)
= miTe

e2B2
∂
∂t

(
∇2
⊥
eφ
Te

)
, and so the wave dispersion relation becomes:

ω − vdekθ + ω(ρikθ)
2 = 0. (3.10)

where ρi ≈
√
miTe/B. The previous equation although more complex than Eq. 3.8, it

is still stable, i.e. the solution is real. However, if the response of the electrons is not

adiabatic due, for example, high collisionality or trapping effects along the parallel

direction, the equation Eq. 3.6 becomes:

ñe
n0

=

[(
eφ̃

Te

)
− iδ∗

]
(3.11)
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Figure 3.1: Drift wave: a) stable, the potential and density fluctuation are in phase,
b) unstable, the potential and density fluctuation are out of phase and, therefore, a
net radial flux arises.

where δ∗ is a phase delay. In this situation, one can demonstrate [122] that the drift

wave becomes unstable with a positive linear growth rate. Fig. 3.1 illustrates the two

cases. While in the stable situation the potential and density perturbations are in

phase and so the wave oscillates along the poloidal direction without resulting in a

net radial flux. In the unstable case, the potential and density perturbation are out of

phase and so the resulting E ×B is in the radial direction producing a net transport

Γr =
〈
vE×Bñ

〉
.

The non-linear version of the drift wave equation is described by the Hasegawa-

Mima equation [122]. From this model, turbulence saturation can occour by the en-

ergy forward cascade (see sectio 3.3) where inverse cascade with energy transfer from

small to big scales has been observed in simulations [111]. Besides, if the magnetic

field fluctuation is not negligible, electromagnetic effects might become important.

The electromagnetic generalization includes Alfvén waves [122].
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3.2 Interchange instability

It was discussed in the previous section that drift waves emerge in a plasma with an

arbitrary magnetic field induced by the pressure gradient. The wave propagates per-

pendicularly to the equilibrium magnetic field typically in the electron diamagnetic

direction. Besides, the high mobility of electrons along the magnetic field yields a

long but finite parallel wavelength. While drift waves can arise in a region of constant

magnetic fields, if the magnetic curvature is not negligible, e.g. in tokamak or stel-

larator, interchange instability might be important. The key ingredient behind this

instability is that the ∇B and the curvature drifts separate electrons from ions, creat-

ing a charge accumulation and thus an electric field. However, while in the so-called

good curvature (see Fig. 3.2) the resulting E ×B drift acts to reduce the initial per-

turbation (temperature, density or pressure), in the bad curvature the drift enhances

it. The good curvature in a tokamak is the high field side where ∇T (∇n).∇B < 0,

while the bad curvature is the low field side where ∇T (∇n).∇B > 0. Therefore,

interchange instability is expected to be larger in outboard midplane in tokamaks

(ballooning type). This kind of instability is believed to be responsible for the gener-

ation of streamers, turbulent radial elongated structures, that ultimately create blobs

once they cross the edge E × B shear layer [195]. A notable example of interchange

instability the ion temperature gradient (ITG) mode arises for adiabatic electron re-

sponse (ñ/ne ≈ eφ̃/Te). The ∇B ×B drifts depends on the particles thermal energy

and so it is proportional to −T/qBR, where q is the particle charge and R is the major

radius. Therefore, in hotter plasma regions the drift is faster than in the colder ones,

causing a charge unbalanced and so an electric field. It follows that the situation is

the same as described before, in the bad curvature region the hot and cold plasma

tend to mix, releasing the energy content of the temperature gradient in fluctuation,

while in the good curvature the perturbation is promptly restored by a favour E×B

drift.
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Figure 3.2: Interchange instability: while in the bad curvature an unfavoured E ×B
drift yields an unstable situation, in the good curvature region the E ×B drift tends
to counteract the perturbation leading to a stable state.

3.3 Kolmogorov turbulence description

To explain the Kolmogorov concept of self-similarity and forward cascade and their

implications for fusion plasmas, it is useful starting from the well-known Navier-Stokes

equation for incompressible flow (∇.u = 0) [211]:

[
∂u

∂t
+ (u.∇)u

]
= −1

ρ
∇P + µ∇2u (3.12)

where P is the pressure, ρ is the fluid density, and µ is the viscosity. This equa-

tion essentially describes the velocity of a fluid subjected to a pressure force and

viscous damping. The Reynolds number is a dimensionless parameter define as:

Re = (u.∇)u/µ∇2u and useful to decide whether the fluid is in a turbulent regime.

The term (u.∇)u is non-linear and yields a coupling between scales [211]. Fig. 3.3

shows a fluid with velocity U0 in a region with obstacles of size L. By increasing
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Figure 3.3: Comparison between a) mean flow and b) zonal flows radial profiles [62].

the Reynolds number Re ≈ U0L/µ, the fluid regime changes from laminar flow to

the fully developed turbulent regime. Note that in this case vortexes with different

sizes are presented. The smaller eddies eventually are damped (energy is converted in

heat) in the dissipation range, setting thus a limit scale. The range from large scales

(e.g. the obstacle size in the example of Fig. 3.3) to the limit scale or Kolmogorov

microscale is called inertial. In this range, the energy spectrum is Ek ∼ k−5/3, k ∼ 1/l

where l is the spatial scale, defining the energy forward cascade [211]. The energy

flux between scales neglecting viscous dissipation is ε ∼ u3/l, where u is the eddy flow

velocity. The minimum scale is obtained by balancing the straining rate (ε1/3/l2/3)

with the viscous dissipation (ν/l2):

ld ∼ ν3/4/ε1/4 (3.13)

The hypotheses behind the Kolmogorov theory are spatial homogeneity, isotropy,

local interaction, and self-similarity [60]. The self-similar energy transfer happens

at the eddy decay or turnover time ∼ l/u. The Reynolds number equivalent in

magnetized plasmas is called Lundquist number defined from the ratio of Alfvén to

resistive timescales [62].
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Fusion plasmas are thought to be at some extent self-similar [40], i.e. it exhibits

power-law scaling. However, the rise of intermittency in a turbulent system is related

to a deviation from self-similarity behaviour. While intermittency in the dissipation

range is a common phenomenon and does not represent a violation of the Kolmogorov

hypothesis (or K41) [83, 11], in the inertial range it might be. However, strong non-

linear coupling and dissipation in the plasma possibly reduce the extension of the

inertial range [39]. Besides, in certain conditions (notable when the plasma system

exhibits some degree of symmetry), inverse cascade processes can occur in the inertial

range (see section 3.4). The emergence of coherent mesoscale structures with non-

Gaussian probability distribution function (PDF) is a clear evidence of intermittency

in fusion devices [63].

3.4 Turbulence saturation mechanisms

3.4.1 E ×B shear flow and eddy decorrelation paradigm

The massive suppression of turbulence in the plasma edge followed by the rise of

a transport barrier are the key factors that lead to the L-H transition in tokamaks

and stellarators. The suppression or stabilization of turbulence is widely understood

to be impacted by E × B shear flows [21, 230, 28, 259], resulting in a lower radial

correlation length and decreased turbulent transport. The Biglari-Diamond-Terry

(BDT) criterion states that turbulence is suppressed if the E × B shearing rate is

fast enough to decorrelate eddies before they decay [21, 259]. Considering eddies

with a radial extension Lr and characteristic poloidal wavenumber kθ (Fig. 3.4), the

anomalous diffusion coefficient resulted from the interaction between them is:

D ≈ ωtL
2
r (3.14)
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Figure 3.4: Cartoon showing 1) connected eddies without shear flows and 2) with a
poloidal shear flow that leads to their displacement (or decorrelation).

where ωt is the eddy life-time (or eddy turnover time). If these eddies exist in a

region of poloidal shear dvθ/dr ≈ B−1dEr/dr, the time that takes to separate them

poloidally 1/kθ (i.e. decorrelate them) is δt = δθ/δvθ ≈ (1/kθ)/(Lrdvθ/dr). Fig. 3.4

shows a cartoon illustrating the criterion.

It follows that according to the BDT criterion the suppression happens if this time

is shorter than the eddy turnover time:

∣∣∣∣∇ErB

∣∣∣∣ > ∆ωt
kθLr

(3.15)

Experimental evidence of the validity of this criterion came out in the same year the

BDT paper was published [216]. Fig. 3.5 shows an original graph from the Ref. [216]

where it is compared the turbulence correlation time τ labc in the laboratory frame

and the diffusive correlation time τD (that is expected to be τD ≈ τc in the plasma

frame) with the shearing time τsh and the time at constant radial electric field (or

poloidal rotation) τE that is also believed to decorrelate turbulence through non-rigid-

body rotation. They have observed that the shearing time becomes comparable to

the turbulence correlation time and the diffusive correlation time close to the shear

layer, where, indeed, turbulence suppression is observed. As they pointed out, the
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Figure 3.5: Comparison between the turbulence correlation time τ labc , diffusive corre-
lation time τD, shearing time τsh, and the time at constant radial electric field τE in
TEXTOR tokamak during H-mode [216].

correlation time was measured in the laboratory frame, where eddies are seen rotating

with the background flow. This means that if this velocity is high enough, the frozen

turbulence hypothesis can be applied [155] and, therefore, τ labc ≈ (1/kθ)/vθ. However,

in the shear layer this hypothesis does not hold anymore [155], while in the particular

case vθ ≈ 0 [216], and so τ labc ≈ τc, whilst far from the shear layer τ labc ≤ τc. In

short, this analysis shows that the turbulence correlation time as measured in the

laboratory frame is a lower limit of τc measured in the plasma frame, therefore if τ labc

is larger than the shearing time the criterion is automatically satisfied. The opposite

is not necessarily false.

In addition, the tilt of eddies can also yield a reduced turbulent transport either

by changing the phase relationship between the fluctuating velocity and the density

(or pressure) perturbation or by directly reducing their amplitude [28]. Magnetic

shear can also induce eddy tilt and so contribute to this effect. In toroidal geometry,

the shearing rate can be written as [107]:

36

'Jl 
:i 
V: 
V 
E ·--e:: 
e ·--c':l -e) ,_ 
..... ,..., ._ 
(.) 

tOOO 

100 

10 

1 

0.95 

''%jf;%-'/ /,/ '/,/ 0. •/. + Z,/". / .~~ 
. ,hcar !ayer 

t • 
t .. .. 

lti1 

1 

r/a 

- ··1 · •. 

' • 
' 

r·. tl) 

; ~ t la ,.· t: 
• tsh 

1.05 



γE×B =

∣∣∣∣(RBθ)
2

B

∂

∂ψ

Er
RBθ

∣∣∣∣ . (3.16)

In nonlinear turbulence simulation, the maximum linear growth rate of unstable

modes (γMAX) has been shown to become stabilized by the E × B shearing rate

when γE×B > γMAX [283].

3.4.2 Zonal flows (ZFs)

Turbulence arises and grow naturally in magnetized plasmas. In section 3.1, it was

discussed that microinstabilities (drift wave type) benefit from the free energy in the

plasma represented by gradients: pressure, density, and temperature, or currents to

increase and then releasing energy in terms of fluctuating fields, e.g. δB and δE.

However, the nonlinear coupling of the different unstable modes inhibits the further

growth of turbulence leading to its saturation. One of the most important mechanisms

for turbulence saturation comes from the turbulence self-regulation and its ability to

generate flows. As observed by P.H. Diamond and Y.-B. Kim [60], turbulence can

generate poloidal flow by means of the Reynolds stress. Zonal flow is defined as

long and nearly constant toroidal and poloidal wavelength perturbation (m = n =

0) with typical radial length λr =
√
aρi [85]. Fig. 3.6 compares the radial profile

of the mean poloidal flow (in the slab geometry approximation: x - radial and y -

poloidal) with the zonal flow profile. Note that the radial characteristic scale is quite

different, while the mean flow is a macroscale phenomena, i.e. the characteristic size

is comparable to the machine size or the characteristic gradient length ∼ n/∇n, zonal

flow is a mesocale phenomenon: ρi < l < a, where ρi is ion Larmor radius and a is

a machine characteristic size (e.g. minor radius), and exhibits a fast variation along

the radial direction. The time evolution of poloidal zonal flows can be obtained by

the momentum balance equation [85]:
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Figure 3.6: Comparison between a) mean flow and b) zonal flows radial profiles.
Figure adapted from [59].

∂

∂t
〈Vθ,ZF 〉 = − ∂

∂r
〈ṽθṽr〉+

1

ρmµ0

∂

∂r

〈
B̃rB̃θ

〉
− γdampVθ,ZF (3.17)

Where 〈...〉 is the flux surface or zonal average. The equation is composed of the

Reynold stress (〈ṽθṽr〉), Maxwell stress ( 1
ρmµ0

〈
B̃rB̃θ

〉
), and a damping term rep-

resented by the damping rate (γdamp). The competition of these terms determines

whether zonal flows is high in a certain region, while it sets the ZF radial extension.

While stationary zonal flows exhibit a very slow time oscillation, the so-called

Geodesic Acoustic Mode (GAM) is thought to be the ZF dynamical version with

higher characteristic frequency [59]. The first evidence of zonal flows observed in sim-

ulations came up in 1987 where the Hasegawa-Mima equation applied for a plasma

in a cylindrical geometry showed the emergence of long wavelength potential struc-

tures. These structures were identified as zonal flows generated by the potential

self-organization [111]. The process happens by means of an inverse energy cascade.

Zonal flows can act on the turbulence through E ×B shear or wave trapping (for

drift waves) [85]. Its role in regulating the turbulence growth with implications for the

L-H transition has been discussed in the last few years. The experimental evidences

of a limit cycle oscillation (LCO), i.e. low-frequency oscillation of several quantities
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before the L-H transition, has motivated a L-H transition model that puts zonal flows

as the trigger. The predator-pray model [139] predicts that zonal flows will impact

on the turbulence growth prior to the development of the massive mean flow that

sustains H-mode. Since turbulence itself generates zonal flows, the relation between

the two fields would be depicted as an oscillatory phase. Although some experimental

evidences corroborate with this model, in some situations (e.g. fast transition) the

effect seems to be absent [101].

3.5 Turbulent filaments

Filaments or blobs (due to their shape in the cross-field plane) are turbulent structures

presented in the edge and SOL of tokamaks, stellarators, and Reversed field pinch,

as well as in simple devices [146, 63]. They are mesoscale structure and contribute

substantially to the cross-field transport in the edge and SOL. The basic blob or

filament properties as observed by several experiments are: 1) monopole density

(or pressure) in the cross-field plane with amplitude larger than the background; 2)

magnetic field-aligned, yielding a long and stretched structure in the parallel direction

with respect to the perpendicular one (k‖ � k⊥); 3) cross-field motion propelled by

E × B drift. Since they are more likely to be observed in the low than in the high

field side, their drive instability is believed to be interchange-like.

The mechanism that drive filament motion was first proposed by S. I. Krashenin-

nikov [145]. According to this model, filaments are created as result of interchange

instability around the LCFS due to ∇B drift. In the bad curvature region, this flow

will detach hot plasma from the confinement region towards the SOL where the fast

parallel transport along the field lines will act to dissipate it. In the far SOL, where

the gradients are flatter, the intermittent behaviour of density fluctuation cannot

be explained by pure anomalous Bohm diffusion, therefore, convective transport is
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Figure 3.7: SOL density profile in tokamaks exhibiting a typical double exponential
decay.

dominant in this region and blobs or filaments are believed to be responsible for that.

Indeed, the SOL density profile is typically observed with two exponential decay [181]:

faster in the near SOL and slower in the far SOL (see Fig. 3.7). This difference seems

to be related to a dominant role of conductive transport in the near SOL (where gra-

dients are still rather steep), while travelling blobs dominate the far SOL, flattening

the profiles in this region. The boundary between these two region is called shoulder

(see Fig. 3.7). This modern view of seeing the SOL profiles and the mechanism that

set contrasts with the classic view where diffusive transport was thought to be the

dominant mechanism in the SOL, leading to unrealistic diffusion coefficients to match

the experimental results [267].

Blobs are thought to be created in the near edge where the pressure gradient

is maximum [63], where microinstabilities are unstable. Measurements of density

fluctuation in the edge and SOL show a significant variation of the sampling skewness

and kurtosis over the radial profile. Skewness and kurtosis refer to the third and fourth

moments, respectively, of a probability distribution function (PDF) (see chapter 4):
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Figure 3.8: 1 - ion saturation current measurement at three distinct position in JET:
a) far SOL, b) shear layer, and c) plasma edge [289]. 2 - radial profile of the skewness
and kurtosis (K − 3) of density fluctuation measure with probes in HL-2A toka-
mak [45].
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Where σX is the standard deviation. The skewness measures the level of asymmetry

of a PDF, where the kurtosis its flatness. A pure Gaussian distribution has S = 0

and K = 3. Deviations from Gaussian distribution has been observed in the edge and

SOL of different devices and is likely related to avalanching and intermittency [108].

Figure 3.8 shows the time series of the ion saturation current measured in three

different positions (a - far SOL; b - shear layer; c - plasma edge) in JET [289]. While in

the SOL fluctuations are mainly positive (with respect to sampling mean) related to
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the presence of denser coherent structures, in the edge negative fluctuation dominates

the signal possibly associated to the presence of holes. In the shear layer, both positive

and negative oscillation seems to be equally balanced. Indeed, blobs and consequently

holes, travelling in the opposite direction, are believed to be created in this region.

Fig. 3.8 shows the skewness and kurtosis (K − 3) profiles from ion saturation current

measurements in HL-2A tokamak [45]. One can note that the SOL (especially the far

SOL) exhibits higher skewness and kurtosis indicating that the corresponding PDF

in this region is non-Gaussian and it is dominated by positive fluctuations. Near

the LCFS both skewness and kurtosis becomes lower, approaching to a Gaussian

distribution. In the deeper edge, the skewness turns negative suggesting a dominance

of negative fluctuation possibly related to the presence of holes. The role of the shear

layer in creating blobs has also been verified in simulations [196, 166], resulting from

the breaking of streamers [23, 196]. In a more general view, turbulence is created in an

unstable region where microinstabilities are linear unstable, while blobs or turbulent

filaments will result in the non-linear saturation of turbulence [63, 146].

3.5.1 Experimental evidences of filaments

The first unambiguous experimental observation of turbulent filaments was carried

out by D.H.J.Goodall [98] using fast cameras and later on by S. J. Zweben using

electrostatic probes [304]. Since then, filaments have been observed in several de-

vices, in tokamaks [306, 289, 36, 201, 265, 276], stelarators [247, 10], Reversied field

Pinch [245, 246], and linear and simple toroidal devices [41, 88, 261]. Today filaments

are measured with a great level of detail which permits to improve the knowledge

about them and to confront with predictions from theory and simulation. Among

the diagnostics used to visualize filaments and characterize them, the spectroscopic

ones have proved to be a great tool. They typically measure the emission from the

plasma passively or actively, the latter, e.g., by ejecting neutrals into the plasma to
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Figure 3.9: GPI measurements of blobs in the NSTX tokamak [167].

enhance the light emission. The light is then collected by fast detectors. The Gas

Puffing Imaging (GPI) has been used in several devices [10, 245, 306] to characterize

the edge and SOL turbulence with good spatial and temporal resolution. However,

the signal is of difficult interpretation, having a complicate dependence on pressure.

Fig. 3.9 shows the detachment of a blob from the bulk plasma towards the SOL as

measured by GPI in NSTX [167].

Electrostatic probes are still an important tool to investigate blobs in the SOL.

Typically one can measure the ion saturation current Is ∝ ne
√
Te (commonly used as

a proxy for the density fluctuation [196]), potential fluctuation (typically floating, but

also plasma potential with ball pen probes or emissive probes [4]), and electron tem-

perature. With the right arrangement of probes, one can also measure the turbulent

particle flux. These quantities are studied with statistical tools presenting a common

feature among different devices (including tokamaks, stellarators, and RFP) [63] sug-

gesting that filamentary transport is a general phenomenon in magnetized plasmas.

Filamentary probes (see chapter 4) have been used to measure the parallel current

density fluctuation related to filaments [245, 248], which is a crucial parameter to

validate models. Measurements of blobs inside the confinement region are usually

scarce since probes can perturb the plasma as well as being damaged by the high

heat flux that is presented in this region.
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3.5.2 Blobs simple model

In the scrape-off layer region of fusion devices, the magnetic field lines intercept a

material surface and so parallel transport becomes an important channel for dissipa-

tion. In a simple electrostatic filament model [146], deduced from charge conservation

arguments, an effective gravity force F (e.g. curvature force for interchange instabil-

ity) acts as a source of diamagnetic current perpendicular to the local magnetic field

(jF = F × b/B), since electrons and ions are drifted in opposite direction. As a

response to that, a parallel current density arises to dissipate it. Furthermore, the

inertia of the ions results in the polarization drift perpendicular to the magnetic field.

The combination of these terms is described by the vorticity equation obtained from

charge conservation (∇.j = 0):

∇j‖ +∇j⊥ = ∇j‖ +∇.
(

F× b

B

)
+∇. d

dt

(nmi

B2
∇⊥Φ

)
= 0 (3.20)

where it was assumed that the ions temperature is negligible over the electron one. Be-

sides, Φ is the electrostatic potential, n is the plasma density, B is the magnetic field,

mi is the ion mass, b = B/B and d/dt = ∂/∂t+vE×B.∇, where vE×B = (b×∇Φ)/B.

It is common to define F = nmig, where g is an effective gravitational acceleration.

One can demonstrate [146] that in simple slab geometry, where x represents the radial

coordinate and y the poloidal one, the vorticity equation becomes:

∇. d
dt

(nmi

B2
∇⊥Φ

)
= ∇‖J‖ +

mi

B
gsp.

∂n

∂n
(3.21)

where the curvature force yields g = 2cs/R, where cs is the sound speed.

In addition, the blob density equation can be deduced from the continuity equation

without sources and sinks [146]. In the lowest ordering, neglecting ionization sources,

parallel dissipation, etc, the blob density equation is:
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[
∂

∂t
+ vE×B.∇

]
n = 0 (3.22)

The equations 3.21 provides a mechanism whereby filaments are propelled and

dissipated. The density blob travels with vE×B, that in turns is fed by the vorticity

equation, thus making the two equations coupled. Fig. 3.9 a) shows how a blob

according to this model looks like. The density positive perturbation is surrounded

by a dipole potential that generates vE×B pattern flow. Note that the phase shift

between the potential and the density perturbation yields an effective velocity towards

increasing r. Once a blob crosses the SOL, the rapid parallel transport along the field

lines acts to dissipate it in competition with the cross-field transport. Therefore, the

parallel closure impacts on the blob cross-field motion and life-time. Fig. 3.9 b) shows

a blob equivalent circuit [146]. The curvature generates a charge-polarizing current

that creates a dipole in the cross-field plane. The charge build-up is balanced by

parallel dissipation along the field lines up to the sheath of a material surface (e.g.

limiter, divertor or wall). In addition, the ion polarization drift also acts to reduce the

charge accumulation. In the limit where parallel resistivity is negligible, the parallel

current density is only regulated by the sheath resistivity:

∇‖j‖ →
2necs

[
1− e−(φ−φf )/Te

]
L‖

≈ 2ne2cs(φ− φf )
L‖Te

(3.23)

where L‖ is the parallel connection length and φf ≈ 3Te/e is the floating potential

at the sheath. One can demonstrate that the blob velocity in this regime, neglecting

the ion polarization drift and assuming Gaussian shape is [63]:

vb = 2cs

(
ρs
δb

)2 L‖
R

(3.24)

where δb is the blob size.
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Figure 3.10: Filament simple representation: a) density blob (white contour) sur-
rounded by a dipole potential that acts to propel it through E × B drift, b) blob
equivalent circuit [146].

However, if the parallel current becomes negligible (∇‖j‖ → 0), e.g. when the

parallel resistivity becomes too large, the closure is provided by the ion polarization

drift. This regime called inertial presents blob with velocity given by [91]:

vb =

√
2δb
R
cs (3.25)

Two-region model

J.R. Myra et al. [188] has proposed an electrostatic cold ions two-region model [188]

that captures the fundamental properties of filaments in the midplane SOL and di-

vertor region. The model predicts that connection or not between these two regions

along the field line is expected to deeply impact the filament cross-field velocity and

size. The density equation in these two regions is given by the lowest order continuity

equation (Eq. 3.22), while the potential one captures the essential features of these

two regions. At the midplane, the vorticity equation is similar to the one shown in
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Eq. 3.21, with a drive (charge polarization) term and a parallel current term connect-

ing the two regions. At divertor region, the drive term is neglected and the parallel

one is connected with the sheath. The resistivity along the field lines is given by:

Λ =
L‖νei

(Ωeρs)
(3.26)

where νei is the electron-ion collision rate.

The solutions for this model is obtained by employing the blob correspondence

principle, i.e., the blob size and velocity are related to the drive instability γ → vb/δb,

where γ linear growth rate of the dominant instability. When these two regions are

electrically connected, one might find two regimes according to this model. The

sheath-connected regime (Cs): the parallel flow is predominately toward the sheath,

which might be located at the divertor plates, but also any material surface inter-

cepted by the field lines. For smaller blobs, distortions in the dipole potential close to

the x-point (due to the magnetic ’fanning’ effect) can produce a cross-field current,

reducing charge polarization and acting as an alternative current closure path; such

regime is called connected ideal-interchange (Ci). If the collision disconnection factor

(Λ), where νei is the ion-electron collision rate) is high enough, above a limit (Λ > 1)

[188], the just mentioned current closure at the x-point region can be dominant over

the parallel current into the sheath. In that case, the two regions might become elec-

trical disconnected; this regime is called resistive x-point (RX). The current path

might be even shorter in high collisionality regimes when the parallel conductivity

becomes so low that the ion polarization drift largely dominates. This regime is

called resistive ballooning (RB), where the name refers to the the drive instability.

Fig. 3.11 shows a diagram corresponding to the boundaries of the four solutions. The

normalized velocity and size are:
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Figure 3.11: Diagram showing the different filament regimes according to the two-
region model [188].

v̂ =
vr(

2L‖ρ2s
R3

)1/5

cs

; δ̂ =
δbR

1/5

L
2/5
‖ ρ

4/5
s

(3.27)

where where L‖ is the parallel connection length and R is the major radius, and

Θ = δ̂4/5.

Note that the two disconnected regimes are dominant for Λ > 1. The onset of

detachment has been correlated with filament transition from connected regime to

disconnected resistive ballooning regime [36].
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3.5.3 Electromagnetic filaments

Electromagnetic effects become important typically when β > (me/mi), where β =

neTe/(B
2/2µ0). Large beta can induce field line bending ∆ ∼ L2

‖β/R, where L‖

is the parallel connection length and R is the major radius. If large enough, the

bent lines can, for example, short-circuit the near edge with the close wall, reducing

the parallel connection length. Besides, such modification in the magnetic field is

related to Alfvén waves emission along the field lines which can modify the parallel

closure [146]. A drift-Alfvén model has been used [165] to describe the dynamics

of high beta blobs in the SOL. In addition, the model includes the ion temperature

fluctuation that is typically not negligible in this region [37]. The model predicts a

velocity scaling with the square root of the blob size, as indeed has been observed for

high beta ELM filaments [225].

3.5.4 Blob suppression criterion

Blobs can be torn apart by a shear layer when the shearing rate is equivalent to

the inverse of the blob convective time. According to Ref. [23], radially elongated

turbulent structures, known as streamers, or blobs can be torn apart by an external

shear if:

τ blob = Lr/(|vr|) > Lθ/(Lr|γE×B|) (3.28)

where γE×B ∼= B−1dEr/dr and Lr and Lθ are, respectively, the blob radial and

poloidal size. This criterion is similar to the well-known eddy decorrelation [21].

Besides, while blobs generation by the break of streamers demands a high enough

poloidal shear flow, blobs are also observed in simulations when the shear layer is

49



absent or very weak. In this regime if dEθ/dr � dEr/dr, radial stretching can also

lead to blob formation [22].

As first suggested by J.R. Myra et al. [185], and recently discussed N.R Walkden

et al [281], hot blobs, i.e. hotter than the surrounding background, can produce an

unbalanced potential dipole. Since the E×B is fundamental for the blob motion, this

effect can make the blob to spin rather than radially propagates. This mechanism

might lead to self ’trapping’ of the blob and then its dissipation by means of parallel

transport in the SOL. More generally, any perturbation in the potential dipole might

yield a similar effect. Vortex selection is an effect commonly observed in fluids [168],

where the mean shear (the background) with a given orientation (positive or negative)

tends to amplify vortex with the same orientation and destroy those with opposite

one. In the former, the vortexes (or eddy) are called ’prograde’ (stable), while in

the latter they are called ’adverse’ (unstable). Therefore, the shear flow can change

the population of eddies according to their relative vorticity signal (∇ × v). In

the plasma edge and SOL of fusion devices, an unbalance between the dipole and

monopole potential population has been observed [241]. This effect can ultimately

affect the turbulent transport properties [242]. The critical parameter is the strength

of the background shear with respect to the eddy vorticity [75].
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Chapter 4

Experimental systems, plasma

diagnostics, and experimental tools

The purpose of this chapter is to introduce the experimental systems considered in

this thesis. They are a tokamak, COMPASS (IPP, Prague), two stellarators, TJ-

II (CIEMAT, Madrid) and Wendelstein-7X (IPP, Greifswald), and the RFX-mod

(Consorzio RFX, Padova), a reversed field pinch (RFP) that can also operate as a

low current tokamak. In addition, the principal experimental diagnostics considered

will be discussed. Lastly, some statistical tools used to characterize the turbulence

features in these devices will be presented.

4.1 Experimental systems

4.1.1 COMPASS

COMPASS is a tokamak that has been operating in Prague, Czech Republic, since

2012 [202]. Originally COMPASS-D [80], a compact tokamak that ran in UKAEA

Culham (United Kingdom), from 1992 to 2002, the machine was later transferred to

the Institute of Plasma Physics of the Academy of Sciences of Czech Republic (IPP
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AS CR) in 2006 [203]. Since then, the device went through several updates, on its

power suply [298], diagnostic and data acquisition systems [286, 123]. The device has

major and minus radius, respectively, R = 0.56 m and a = 0.2 m. In the COMPASS

Figure 4.1: Image of the COMPASS tokamak.

standard operation, the magnetic cross-section is ITER-like (scaling 1:10) with single

null X-point (SND). Besides, COMPASS divertor is composed of carbon tiles. Two

Neutral Beam Injectors (NBIs), operating in co-, counter-, or balanced injection,

with beams of deuterium or hydrogen, allow COMPASS to operate in H-mode. In the

latter, Edge Localized Modes (ELMs), Type-III and Type-I, have been observed [202].

Ohmic H-mode has also been reported. The beam energy is ∼ 40 keV, with port-

through power PNBI ≤ 0.35 MW, and diameter of 5 cm, with pulse duration up to 0.3

s [55]. The toroidal magnetic field can operate in the range 0.8-2.1 T, with elongation

up to 1.8. The maximum plasma current achieved is ∼ 400 kA. Wall conditioning,

including helium glow discharge (GDC) ever 10 minutes before shots, and periodic

baking of the vacuum vessel and plasma-facing components (PFCs) together with

boronization guarantee low impurity influx and better plasma performance.
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Table 4.1: COMPASS parameters.
Parameters Values
Major radius (R): 0.56 m
Minor radius (a): 0.23 m
Plasma current: ≤400 kA
Toroidal magnetic field: ≤2.1 T
Pulse length: ∼1 s
External heating power (NBI): 2×0.4 MW

4.1.2 RFX-mod

RFX-mod is the biggest RFP device in the world. The RFX (Reversed Field eXper-

iment) machine started operating in 1992. The upgrade of RFX, called RFX-mod,

was designed to have an active control to avoid detrimental effects on confinement

already observed in RFX, namely: the growth of restive wall mode (RWM) and other

MHD instabilities [239]. The system is composed of 192 saddle coils covering the en-

tire torus. In addition, the new system was equipped with a close-fitting 3 mm thick

Inconel shell, in replace to the older 65 mm aluminum shell. The conducting shell

is crucial in RFP since it sets the magnetic boundary for the tearing mode which in

turns is important for the dynamo effect [33]. However, it has been observed that the

RWM growth happens in a comparable time as the shell effective penetration time

for a vertical field. Meaning that the wall-locked MHD modes happen on this time

which might lead to plasma disruption. The shell time is proportional to its thickness

and the conductivity of the material, the previous shell time was ∼ 400 ms, while

the new one is ∼ 100 ms. This apparent drawback is compensated by the new MHD

control system that mimics an ideal conducting wall (Br ≈ 0) but avoiding sideband

harmonics [299], allowing much longer pulses [170]. In addition, the flexibility of

RFX-mod permits to operate in tokamak configuration in both circular and single-

null cross-section. However, since the toroidal magnetic field is relatively low (see

table 4.1.2), the plasma current must also be low to avoid MHD instabilities [302].
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Figure 4.2: Picture of RFX-mod.

RFX-mod is currently under upgrade, the RFX-mod 2 is foreseen to start operat-

ing soon. Among the improvements of the new system with respect to the previous

RFX-mod are [169]: a new copper shell nearer to the plasma aimed to reduce the

effect of RWMs and a first wall covered by graphite tiles attached to the shell.

Table 4.2: RFX-mod parameters.
Parameters Values (RFP) Values (tokamak)
Major radius (R): 2.0 m 2.0 m
Minor radius (a): 0.5 m 0.5 m
Toroidal magnetic field: ≤ 0.55 T ≤ 0.55 T
Plasma current: ≤ 2.0 MA ≤ 0.3 MA
Pulse length: < 250 ms < 1100 ms

4.1.3 TJ-II

TJ-II is a heliac device currently operating in CIEMAT, Madrid (Spain). The machine

started being designed in the late ’80s, but the first plasma was only achieved in

1996 [8]. The toroidal magnetic field is generated by 32 coils covering the whole
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torus, while the helicity is obtained with a combination of a central circular conductor

and two wrapped helical coils around the conductor, allowing operation with a wide

rotational transform range (from 1.0 to 2.2 at the edge). Besides, vertical field coils

control the horizontal position of the plasma. The plasma is limited by toroidal

symmetric stainless steel limiter, where movable carbon limiter can also be used. The

principal TJ-II parameters are shown in table 4.1.3. The external power is provided

by two-electron cyclotron resonance heating (ECRH) operating in X-mode with a

frequency of 53.2 GHz and delivering power up to 0.3 MW. The power deposition can

be externally controlled with a mirror inside the vacuum vessel and the same system

can be used for inducing currents in the plasma, i.e. electron cyclotron current drive

(ECCD) [79]. In addition, two neutral beam injectors (NBI), co- and/or counter-

beam, of H or He (depending on the working gas) can deliver up to 2×0.7 MW

port-through power.

Figure 4.3: TJ-II perspective view.

The vacuum vessel is made of stainless steel. Wall conditioning is regularly per-

formed with glow discharges and boronization to reduce the content of carbon and

oxygen in the plasma [256]. TJ-II, as most of the stellarators, operates with a wide
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negative magnetic shear range, which has a stabilizing effect on neoclassical tearing

modes. Fig. 4.4 shows the rotational transform ı/2π profile of TJ-II in standard

magnetic configuration (data presented in this thesis was for this configuration).

Figure 4.4: Iota profile of TJ-II standard configuration.

The main topics of research in TJ-II are [12]: turbulence, impurity accumulation

and transport, the role of the magnetic configuration on transport, plasma core fu-

elling with pellet injection (PI), power exhaust physics and technology, fast particle

driven modes, etc.

Table 4.3: TJ-II parameters.
Parameters Values
Major radius (R): 1.5 m
Minor radius (a): ≤ 0.22 m
Toroidal magnetic field: ≤ 1.2 T
Pulse length: < 200 ms
ECRH power (X-mode, 53.2 GHz ): 2×0.3 MW
NBI power (Co and Counter-beam): 2×0.7 MW
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4.1.4 Wendelstein 7-X

Wendelstein 7-X (W7-X) was designed to reduce as much as possible the neoclassi-

cal loss typical common in stellarators. W7-X belongs to the helical-axis advanced

stellarator (HELIAS) concept aimed to reduce the influence of self-generated plasmas

currents that in turns can be a source of instabilities. The basic HELIAS requirements

are:

• Reduced neoclassical losses;

• MHD stability and low Shafranov shift up to 〈β〉 ∼ 5%;

• Magnetic island formation restricted to the plasma edge for divertor configura-

tion;

• Small bootstrap current;

• Good confinement of fast particles;

• Sufficient space for blanket and shield.

The confinement magnetic field is composed of 50 modular and 20 planar coils, the

latter used to modify the rotational transform (ı/2π) as well as change the plasma

radial position. The coils are superconducting putting W7-X as the first HELIAS

device operating with superconducting coils. Besides, the bootstrap current is vir-

tually absent in W7-X thanks to its quasi-isodynamic field configuration [61]. This

configuration is also responsible for a much reduced neoclassical loss compared to

other stellarators. Magnetic islands can be created in the plasma for ı/2π = 1 to

mimic a divertor configuration. Recent results show that feasibility of this configura-

tion [206], proving its robustness in exhausting energy out the plasma. However, the

complicated interaction between the plasma and the islands (with turbulence playing

a role) must be better understood.
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Figure 4.5: Schematic drawing of W7-X.

Table 4.4: W7-X parameters.
Parameters Values
Major radius (R): 5.5 m
Minor radius (a): ≤ 0.53 m
Toroidal magnetic field: ≤ 3.0 T
Pulse length: ≤ 30 min
Power heating: 10-30 MW

4.2 Some turbulence diagnostics

4.2.1 Electrostatic probe

Electrostatic probes were invented by the American physicist Irving Langmuir to

measure the physical characteristics of a plasma. They consist of an electrode inserted

into the plasma that might not be polarized with respect to the enclosing material

surface. Through current and voltage measurements it is possible to estimate some

plasma relevant parameters, such as temperature and electron density, as well as the

local plasma potential. Because of its invasive characteristics, probes are restricted to
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the edge or SOL range in a fusion device, as it can be damaged in more internal regions

due to the higher temperature and density. The interpretation of data from probes

is based on Debye sheath theory [126]. When a conductor material interacts with a

plasma with temperature (Te), density (ne), and potential (φp), the charge particles

in the plasma rearrange to equalize the flow of positive and negative particles towards

the material surface. Because electrons have higher mobility than ions, they interact

with the external material faster, thus, creating an electric field that accelerates ions

and slows down electrons. As a result, the material will have a potential different from

the local plasma potential in a short-range called Debye length λD. This collective

displacement of plasma acts to shield external electrical perturbation.

By applying a negative voltage to the probe with respect to the limiter (or wall)

more ions are collected than electrons. For an even more negative voltage, the cur-

rent becomes approximately constant, called the ion saturation current (Is). On the

other hand, by increasing the voltage to positive values, the drain current becomes

predominantly of electrons, saturating once the biasing voltage is equal to the plasma

voltage. In the region between the two saturation points, the curve grows exponen-

tially. The zero current point on the curve, where the ion flux is balanced with the

electron one, is called the floating potential (φf ). In magnetized plasmas, however,

the ion saturation does not saturate because of the projected surface area of the probe

changes with the biasing voltage (sheath expansion effect) [126].

Ion current density is determined by the Bohm criterion, which assumes that the

flux of ions towards the sheath is constant with a velocity equal to the velocity of the

sound (cs) [249]:

ji =
1

2
en0cs (4.1)

where cs =
√

(ZTe + Ti)/mi.
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On the other hand, the electron current density in the sheath region is represented

by a Maxwellian distribution, where the electron flow towards the probe is: 1
4
nec̄e,

with the electron thermal speed given by c̄e = (8Te/πme)
1/2. The electron current

density, taking into account the effect of secondary electron emission (γe), is given

by:

je = −1

4
en0

(
8Te
πme

)1/2

(1− γe)e
e(φ−φp)

Te (4.2)

where the plasma potential (φp) is taken as a reference.

When the potential applied to the probe is equal to the floating potential, the

current collected by the probe is zero (ji = je(φf )), thus:

φp = φf +
Te
2e

ln

[
mi(1− γe)2

2πmeα2(1 + Ti/Te)

]
(4.3)

In addition,

jie
−
e(φf−φp)
kbTe =

1

4
en0ce(1− γe)

so the electron current density can be written as:

je = −jie
e(φ−φf )

Te .

It follows that the total current collected by the probe (I = (ji + je)A) becomes:

I(φ) = Ii

[
1− e

e(φ−φf )
Te

]
(4.4)
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The plasma sheath expansion described before can be taken into account by defining

an effective area Is = Aeff (φ)ji [114].

The electron density can be obtained from the ion saturation current, considering

the Bohm criterion (Eq. 4.1),

ne ≈
2Is
A

√
mi

Te
(4.5)

Triple probe

The triple probe configuration is a technique to measure the electron temperature in

the plasma. The method consists in to insert three tips into the plasma, one in floating

potential configuration and the other two in a double probe configuration (see Fig. 4.6

a). This two tips are externally biased with expect to each other (∆φ = φ+ − φ−),

satisfying the current continuity of the double circuit that imposes: I+ +I− = 0, while

the negative branch can be used to measure the ion saturation current. In addition,

considering that at the floating potential the probe does not drain any current and

using the equation 4.4, one can demonstrate that [114]:

Te =
(φ+ − φf )

ln(2)
(4.6)

where it was assumed that the collection area of the two tips in the double configura-

tion is the same and that ∆φ � Te/e, which is easily satisfied, with a proper power

supply, in the edge and SOL of tokamaks and stellarators where the temperature is

typical Te � 100 eV.

The three probe configuration implicitly assumes that three tips are sufficiently

close to each other, so eventual plasma inhomogeneity does not affect the measure-

ment. However, the plasma edge and SOL is fully dominated by turbulence with the
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Figure 4.6: a) standard triple probe configuration, b) 5-pins balanced triple probe
configuration.

presence of travelling mesoscale structures like blobs. Therefore, turbulent structures

passing through the tips must be larger than the distance between tips to guarantee

the validity of the hypothesis behind the triple probe method. As discussed by sev-

eral authors [266, 114, 260], if this requirement is not satisfied, the Te fluctuations

measured with the triple probe configuration is not reliable, although the method still

works well for measuring the background temperature [114].

5-pins balanced triple probe

Temperature fluctuation is one of the most difficult quantities to measure with probes.

However, this quantity is crucial to determine the turbulent energy transport towards

the SOL, which in turns is relevant for the power balance in this region. In the

previous section, it was discussed that the standard triple probe configuration can

62

a) 

<P+ <1>- r/J¡ 

b) 5-pins balanced triple probe 

<P- </>¡ 

+ 



provide reliable measurements of the background temperature, but fluctuations can

suffer phase delay errors because the tips do not measure at the same point. In theory,

one can approach the tips so close to each other that this error would be minimized

to nearly zero. However, in the practical situation, this is not simple to do since

the tips themselves could cross-perturb. H. Y. W. Tsui et al. [266] have proposed a

method to deal with this problem. The technique is based on a balanced three probe

configuration realized with a minimum set of five tips (see Fig. 4.6 b). The additional

tips make the system symmetric with respect to the central one, reducing the phase

error to second order in kd, where k is the perturbation perpendicular wavenumber

and d is the largest tip separation (between the two floating potential signals). The

temperature in this configuration is given be [266]:

Te =
(φ+ − φf )

ln(3)
(4.7)

Although the method offers a practical solution for the phase delay error in the

temperature fluctuation measurement, it still requires that the separation of the tips

must be smaller than the turbulent correlation length. Although the error of the

separation of the tip becomes a second-order effect, the price to pay is to insert two

more tips that tend to increase d.

4.2.2 Magnetic sensors

Magnetic sensors are fundamental diagnostics in fusion devices. They are used for

different purposes, from plasma shape control to the detection of MHD fluctuation.

They are usually found outside the confinement to avoid plasma perturbation and the

damage of the diagnostic. Magnetic measurements can provide the plasma current

63



and the stored plasma energy, which are two crucial quantities for tokamak operation.

The focus of this section is, however, diagnostics used for detecting and characterizing

turbulence. Therefore, they must be sufficiently fast, i.e. have a high temporal

resolution to resolve the relevant oscillations coming from the plasma. The frequency

range: 0-1000 kHz is usually a safe interval for measurements of this type. In addition,

to study some specific plasma phenomenons, local measurements are required. In

this case, small pick-up coils can be used (to reduce as much as possible the plasma

perturbation) and preferentially with a cover to protect it from the hot plasma. As

will be discussed next, the filamentary probe uses its own insulator body to protect

the pick-up coils that are installed inside of it.

The measurement of magnetic field fluctuation from the plasma can be easily done

using coils. If the magnetic field varies in time, the induced voltage is:

V = − d

dt

∫ ∫
B.dS ≈ −Aeff Ḃ (4.8)

Where Aeff is an effective area that takes into account the number of turns in the coil.

The magnetic field fluctuation can be obtained by numerically integrating the coils

signals, Bi = 1/Ai
∫
Ḃidt, whereAi is the coil effective area orthogonal to the magnetic

field component of index i. Alternatively, one can design an analogic integrating

circuit to obtain B directly. Orthogonal coils can be used simultaneously to measure

magnetic field fluctuations of all the three component. However, the misalignment of

the coil with respect to magnetic field can lead to misinterpretation. It is possible to

overcome this limitation by using statistical analysis to find the proper frame where

the magnetic field is ortoghonal [277].

64



4.2.3 Filamentary probe

Probes that combine electrostatic and magnetic sensor have been used to characterize

the plasma boundary turbulence fluctuation of several devices [234, 225, 246, 199, 88,

144] as well as being used to measure current carrying filaments related to ELM

events [277, 244]. On the other hand, filamentary probes are equipped with a set of

magnetic sensors suitable to provide direct information on the fluctuation of parallel

current density associated with traveling filaments passing around it. This concept

was first applied in atmospheric sciences, where it has been employed to study the

properties of the magnetosphere [268]. The measurements of the magnetic field from

four cluster spacecraft were used to compute the three components of the current

density in the magnetosphere. Since three points are coplanar, to measure the three

components of the parallel current density is necessary at least four coils, where the

fourth one must be in a plane out of the plane defined by the other three coils. Such

tetrahedron configuration is capable to measure the three components of ∇ × B,

necessary to obtain [jx, jy, jz] in Cartesian coordinate [268]. The method was first

used in hotter plasmas in the RFX-mod [246]. A probe was designed to measure the

parallel current density fluctuation in the plasma edge and SOL of the RFX-mod in

RFP configuration. This quantity is relevant for the study of turbulent filaments in

magnetized plasmas. The minimum set of coils and their arrangement to measure j‖ in

slab geometry approximation is shown in Fig. 4.7. From the cross-field magnetic field

fluctuation, the parallel current is obtained with the Ampére’s Law: j‖ ≈ µ−1
0 ∇⊥×B,

where the derivative can be approximated by finite differences.

The U-probe is a type of filamentary probe designed to measure the parallel cur-

rent density fluctuation of turbulent filaments without affecting much their trajectory.

This probe is composed of two towers where a set of electrostatic and magnetic sensors

are installed. The separation of the towers is aimed to allow filaments to propagate

between them, where the current density measurement, following the minimum set
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Figure 4.7: Minimum set for measuring the parallel current density with pick-up
coils.

(Fig. 4.7), lies approximately on the barycentre formed by three coils. The probe

body or head is made of boron nitrite (BN). The choice of BN relies on: 1) it is a

low-Z insulator; 2) can withstand high heat flux. Besides, boron nitrite is virtually

transparent to high magnetic field fluctuation, thus the 3-axial coils, installed in the

probe head, are not shielded. An U-probe type has been used in RFX-mod to measure

turbulent filaments in both RFP and tokamak configuration [246, 245, 247] (Fig. 4.8

a). Each tower is equipped with 40 tips of graphite in a 5x8 array and seven 3-axial

pick-up coils (cubic shape with length 8 mm) displaced collinearly with mutual sep-

aration of 6 mm. The distance between the two towers is of 8.8 cm. A similar probe

has been used in COMPASS tokamak [144, 244] (Fig. 4.8 b). This probe is more

compacted than the one in RFX-mod aimed to reduce the plasma perturbation, but

with a tower separation (4.4 cm) that allows the filament to pass through it without

being significantly perturbed. In each tower of this probe were installed three 3-axial

coils (similar to the ones used in RFX-mod). In addition, each tower works in a rake

probe configuration with six electrostatic probes radially separated 4 mm and with a

triplet of electrostatic probes in front of it, permitting to monitor the plasma at the

same radial position but with a poloidal displacement.
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Figure 4.8: U-probe of the RFX-mod (left) and COMPASS (right).

Figure 4.9: L-probe of W7-X: a) photo showing the probe head with the set of
5-tips, Mach probes, and one 3-axial pick-up coil ; b) three 3-axial pick-up coil in
the triangle configuration, minimum set for measuring the parallel current density; c)
copper shield for coils. Figure adapted from [240].
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Another type of filamentary probe based on L-design has been used in TJ-II [247]

and TORPEX [87, 88]. This probe has the advantage of being more compacted than

the U-probe. A L-probe type was designed for W7-X, the High Resolution Probe

(HRP) head [6]. This probe is composed of two set of 5-pins radially spaced (Fig. 4.9

a), configured to measure ion saturation current, floating potential, and temperature

from the 5-pin balanced triple probe configuration [266]. In addition, the probe is

equipped with four Mach probes aimed to measure the radial profile of the parallel

flow. The magnetic field fluctuation is measured with three pick-up coils radially and

poloidally spaced (Fig. 4.9 b). This configuration is the minimum set for measuring

the parallel current density [268]. The probe body is made of boron nitrite (BN).

The 3-axial magnetic coils were calibrated before operation, where the effective area

of each component was determined. This value is important to obtain the magnetic

field fluctuation with proper physical units. One of the challenging for the probe

design is the straight radiation from the ECRH system of W7-X, where the working

frequency is f = 140 GHz with power up to 7 MW in a pulse length within the range

10-20 s. On the other hand, the relevant plasma fluctuation typically is within the

range: 0-1000 kHz. Therefore, it was necessary to cover the magnetic coils with a

proper shield able to filter out high-frequencies (in the range of the ECRH straight

radiation), but keeping low-frequencies (in the plasma turbulent range). The shield

material employed was copper and the shield thickness (or skin depth) was carefully

chosen since the cutoff frequency is proportional to the square of the skin depth

(f ∝ δ2). Therefore, the shield thickness should not be neither too thick nor too

thin. The value that matched these requirements was δ ≈ 5 µm [6]. The probe was

successfully operated during the OP1.2b campaign in W7-X, enduring large power

heat fluxes in shots where the plunge duration was up 2.5 s [240].
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4.2.4 ISIS

The Internal System of Sensor (ISIS) is composed of electrostatic and magnetic sen-

sors, toroidally and poloidally spaced, installed on the wall of vacuum vessel of RFX-

mod [228]. The system covers the entire torus allowing to monitor in real-time the

electrostatic and magnetic fluctuation. The latter is particularly relevant for RFX-

mod since it integrates the MHD feedback control system [299].

Figure 4.10: Internal System of Sensor (ISIS) in RFX-mod.

As shown in Fig. 4.10, the ISIS system is composed of: thermal sensors, installed

behind the graphite tiles at the outboard midplane (θ = 6.5◦) to monitor the tem-

perature of the wall [229]; electrostatic sensors, set of Langmuir probes toroidally

(72 sensors) and poloidally (7 triplets sensors) spaced configured to measure floating

potential [228]; magnetic sensors, composed of saddle and pick-up probes covering

the entire torus.
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4.3 Useful statistical tools for turbulence investi-

gation

This section introduces some of the statical tools used throughout the thesis to inter-

preter and characterize turbulent signals.

4.3.1 Probability distribution function

Measurements with probe quite often provide time series of voltage or current at a

particular position in the plasma. As discussed, the ion saturation current is typically

a good proxy for the density fluctuation. The plasma edge and SOL of fusion devices

is typically turbulent and so the time trace of ion saturation current signals exhibit

large fluctuations around the mean. Therefore, it is useful to study their probability

distribution function (PDF) since it might provide some useful information regarding

the nature of the instability and the transport mechanism. Considering a random

variable X with PDF P (X), where P (X) ∈ [0, 1], the sampling mean and variance

are [18]:

X̄ =
1

N

N∑
i=1

Xi (4.9)

σ2 =
1

N

N∑
i=1

(Xi − X̄)2 (4.10)

In addition, the standardized moments of the distribution are defined as:

mk =
1

N

N∑
i=1

(Xi − X̄)k

σkX
(4.11)

Where σkX =
√

1/N
∑N

i=1(Xi − X̄)k, with k the degree of the distribution. Note that
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from this definition, m1 = 0 and m2 = 1. The third and fourth moments correspond

to the skewness and kurtosis, respectively.

4.3.2 Correlation function

Correlation is a technique that has been used in different areas of science, from engi-

neer to financial. It measures the degree of linear dependence between two variables,

without, however, provide any information regarding causality. The correlation be-

tween two time series, x(t) and y(t), is given by:

Rxy(t, τ) =

∫ ∞
−∞

y(t)x∗(t− τ)dt (4.12)

or equivalently

Rxy(t, τ) = 〈y(t)x∗(t− τ)〉

where τ is a time lag and the asterisk denotes the complex conjugate. It follows that

the autocorrelation is simply,

Rx(τ) =

∫ ∞
−∞

x(t)x∗(t− τ)dt = 〈x(t)x∗(t− τ)〉 (4.13)

It is common to define a proper normalization for the auto and cross-correlation,

in this case the sampling correlation in stationary condition is [137]:

Cxy(τ) = 〈[x(t+ τ)− x̄)][y(t)− ȳ)]〉 /
√
〈[x(t)− x̄)]2〉 〈[y(t)− ȳ)]2〉 (4.14)

Where x̄ = 1/N
∑N

i xi and ȳ = 1/N
∑N

i yi are the mean sampling of the x(t) and

y(t), respectively, with N the total number of points in the time series. Again, the

auto-correlation can be obtained straightforwardly by substituting x to y or vice and

versa. The correlation values is within the range: −1 ≤ Cxy ≤ 1, where 1 is for full
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correlated signals and -1 is for anti-correlated signals. Note that Cxy = 0 indicates

that the signals do not have a linear correlation, but they can still have some degree of

non-linear relation. A different approach must be considered in this case (see chapter 6

section). The correlation time is a useful quantity in the study of turbulence and it

is simply defined as the time delay at which the autocorrelation drops from τ = 0

by a factor 1/e. While the fast drop is typically related to stochastic processes [137],

longer correlation time might indicate sustained memory phenomena [108] and self-

similarity [40].

4.3.3 Cross power spectrum and coherence

The continuous Fourier transform of a signal represented by the function x(t) is

defined as:

X(f) =
1√
2π

∫ ∞
−∞

x(t)e2πiftdt (4.15)

while the inverse transform is:

x(t) =
1√
2π

∫ ∞
−∞

X(f)e−2πiftdt (4.16)

Considering a finite time interval, the Fourier transform in its discrete form is:

X =
1√
N

N∑
n=1

fe2πiln/N (4.17)

Where fl = l/(N∆t), with l = −N/2, ..., N/2 and ∆t the time sampling. Some

precautions must be carried out when one deal with a finite time interval, effects
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like leakage, that yields an artificial enhancement in some frequency bins, can be

minimized by applying a proper time window [200]. The power spectrum gives the

power contribution for the signal at a given frequency bin. It can be directly defined

from the Fourier transform:

Px(f) = X(f)∗X(f) = |X(f)|2 (4.18)

The spectrogram is the running version of the power spectrum. It is calculated by sub-

dividing a long time window of a given signal in time slices where the power spectrum

is calculated in each step. Note that since the frequency resolution is related with

the length of the time window, i.e. the larger is the time window the better the

frequency resolution is, the spectrogram requires a relatively large time window to

resolve monochromatic oscillations. Consequently, fast transient phenomenons are

not well captured by spectrograms. Alternatively, the wavelet transform provides a

better solution (see section 4.3.5).

Given two time series, x(t) and y(t), the cross-power spectrum between them is:

Pxy(f) = X(f)∗Y (f) (4.19)

Pxy is typically a complex function, thus, it can also be represented by Pxy =

|Pxy|eiαxy , where αxy = tan−1 [Im(Pxy)/Re(Pxy)], where Im and Re are for imag-

inary and real part, respectively, of the complex function Pxy. According to the

Wiener-Khinchin theorem, the power spectrum is a Fourier pair of the correlation

function (auto or cross), as long as the processes are stationary [137]. It follows that

in this regime:

Pxy(f) =

∫ ∞
−∞

Rxye
−2πfτdτ (4.20)

73



where the auto power spectrum is obtained from the auto correlation function by

substituting x to y or vice versa.

The coherence spectrum of two time series is defined from their auto and cross-

power spectrum:

γxy(f) =
|Pxy(f)|√

Px(f)
√
Py(f)

(4.21)

where γxy ∈ [−1, 1].

Turbulent particle flux (Γr)

The growth of turbulence can eventually produce fluctuation quantities that in turns

can generate transport, depending on the favourable phase relation between the trans-

ported quantity and the drive velocity. The turbulent particle flux in a give direction

i can be defined as:

Γ̃i = 〈ñ(t)ṽi(t)〉 , (4.22)

where ñ e ṽi are, respectively, the density and velocity fluctuation.

Drift wave or interchange type of instability can induce local charge polarization

in the plasma that yields electric fields to compensate it. The drift caused by that is

then:

~vE =
~E × ~B

B2
(4.23)

It follows that the particle flux becomes,

Γ̃k =
< ñ(t)Ẽi(t) >

B̃j(t)
.
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Keeping the radial component (since it is the one that impacts on the plasma con-

finement performance), the radial particle flux due to fluctuation is:

Γ̃r =
< ñ(t)Ẽθ(t) >

Bφ

. (4.24)

At this point, one can recognize the cross-correlation defined at τ = 0,

Γ̃r =
1

Bφ

RnEθ(τ = 0).

In the stationary regime, the cross-correlation is a Fourier pair of the cross-power

spectrum function,

Γ̃r =
1

Bφ

∫ ∞
−∞

dfPnEθ(f) =
2

Bφ

∫ ∞
0

dfRe{PnEθ(f)} (4.25)

where Re(...) is for the real part of the complex cross-power spectrum PnEθ function.

The total flux is then:

Γ̃r =

∫ ∞
0

df T (f) (4.26)

where,

T (f) =
2

Bφ

Re{PnEθ(f)}, f ≥ 0, (4.27)

T (f) is the spectral contribution for the transport. Alternatively,

T (f) =
2

Bφ

Re{PnEθ(f)} =
2

Bφ

|PnEθ(f)| cosαnE(f)

where by using the coherence function,
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γnE(f) =
|PnE(f)|√

Pn(f)
√
PE(f)

One can obtain,

T (f) =
2

Bφ

γnEθ(f)
√
Pn(f)

√
PEθ(f) cosαnEθ(f) (4.28)

where αnEθ denotes the phase delay between the density and the poloidal electric field

fluctuation.

4.3.4 Wavenumber frequency spectrum - S(k,f)

Fluctuations in plasma typically have space and time dependency. However, in the

practical situations is very difficult to measure the same quantity simultaneously and

in a broad spatial range. Ideally, the joint wavenumber- frequency spectrum S(k, j)

is the desire fluctuating quantity when one wants to study fluctuations in a plasma.

If one can assume that the fluctuations are described by a superposition of waves,

a local S(k, j) version can be deduced from signals of two spaced time series [217].

The 2-point correlation technique assumes a wave relation dispersion of k = k(f),

where f = ω/2π. Considering two signals, x(t) and y(t), spaced (say) poloidally a

distance dθ. The spectral phase shift between the signals can be obtained from the

cross-power spectrum, αxy = tan−1 [Im(Pxy)/Re(Pxy)], where Pxy = X(f)∗Y (f) is

the power spectrum function. The wave number distribution is then:

kθ(f) =
αxy(f)

dθ
(4.29)

where |kθ| ≤ π/dθ to avoid phase redundancy. Note that this restriction set the

wavenumber resolution. The local wavenumber-frequency spectrum is defined as [17]:
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S(k, f) =

〈
1

2
[X(f)∗X(f) + Y (f)∗Y (f)] δ(kθ(f)− kθ)

〉
(4.30)

where δ the delta function.

S(k, f) is typically obtained by considering the contribution from several sub-time

windows to enhance the robustness of the method, where the wavenumber contribu-

tion for a given frequency is collected as a histogram. Once the local S(k, f) is known,

one can obtain the frequency spectrum (Sf ) and the wavenumber spectrum (Sk):

Sf (ω) =
∫∞
−∞ S(k, ω) dk

2π

Sk(k) =
∫∞
−∞ S(k, ω)dω

2π

(4.31)

In addition, the phase velocity is obtained by weight averaging all the possible

phases by considering the corresponding S(k, f) values:

v̄ph =

∫ ∫
(ω/k)S(k, ω)dkdω∫ ∫

S(k, ω)dkdω
(4.32)

where ω/k 6= 0.

4.3.5 Wavelet and local intermittency measurement (LIM)

The wavelet is a mathematical technique that allows to decompose a signal into time-

frequency functions and, therefore, is a suitable technique to study fast transient

events [47]. Fourier decomposition is based on oscillating sinusoidal functions that

are naturally constrained by the uncertainty principle, ∆t∆f ≥ 2π. Therefore, fast

intermittent events are represented in the Fourier space by the superposition of many

waves with different frequencies, e.g. the Fourier transform of a delta function in the

77



real space is a constant in the Fourier space. Wavelet, on the other hand, offers a

practical solution for this problem, permitting to well resolve oscillations.

The base element of the wavelet analysis is the mother wavelet:

ψt0,τ (t) =
1√
τ
ψ

(
t− t0
τ

)
(4.33)

where τ is the scale (dilation) parameter and t0 the translation parameter. Given a

signal f(t), the continuous wavelet transform (CWT) is defined as:

W (τ, t0) =
1√
τ

∫ +∞

−∞
ψ

(
t− t0
τ

)
f(t)dt (4.34)

where f ∈ L2(R) and ψ(t) is the mother wavelet.

The wavelet analysis depends on the type of the mother wavelet used, which in

turns is conditioned by the peculiarity of the study signal. Among the most popular

mother wavelets, one can find the Morlet, Paul, Shannon, and Gabor [47]. In this

thesis, it was considered the Marr or ’Mexican Hat’ as mother wavelet. The reason

relies on the nature of the turbulent signals typically observed in the plasma edge

of fusion devices [11], as will be discussed next. The ’Mexican Hat’ function in real

space is:

ψτ (t) =
1

π1/4
√

3τ

(
1− t2

τ 2

)
exp

(
− t2

2τ 2

)
(4.35)

where τ is the scale parameter. Fig. 4.11 shows the time representation of the ’Mex-

ican Hat’ wavelet function at different scaling parameter. Note that the largest τ

yields a more dilated signal in the time axis, while the lowest one is represented by a

more time localized signal.
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Figure 4.11: Mexican Hat function at different scale (τ).

The intermittent behaviour of turbulence in the edge of fusion devices trace of

its non self-similar character [83]. Filaments emerge as structure much denser than

the surrounding plasma, yielding a long PDF positive tail and large skewness. The

deviation from Gaussian behaviour at different scale and time shift can be verified

with the ’Local Intermittency Measure’ (LIM) [73]:

l(τ, t0) =
|W (τ, t0)|2

〈|W (τ, t0)|2〉t0
(4.36)

Where 〈...〉 stands for time average over the translation parameter t0. Deviations

a pure Gaussian distribution start becoming relevant for: l(τ, t0) > 1. Besides, the

flatness is defined defines as :

F (τ) =
〈|W (τ, t0)|〉4t0
〈|W (τ, t0)|2〉2t0

(4.37)

where pure Gaussian distribution exhibits flatness (or kurtosis) equal to 3.

Filaments can be detected unambiguously by combining the LIM with the flat-

ness. Intermittent events at a given scale is defined as l(τ, t0) > S(τ), where S(τ)
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is the minimum threshold for which the selected ensemble of events departure from

a distribution characterized by F (τ) = 3, i.e. pure Gaussian. The process is done

iteratively starting from a high S(τ) value that typically gives F (τ) > 3. In addition,

in order to avoid redundancy at a given scale, only the local maximum is considered.

4.3.6 Conditional average

Conditional sampling average is a statistical technique that has been used to charac-

terize turbulent structures presented in fluids and plasmas [5, 132, 125]. Considering

a signal a(r, t) measured at a certain position r over time t. The conditional sampling

average is defined as:

δa = 〈a(r, t)|b(r′, t′) > b∗〉 (4.38)

where the brackets mean ensemble average and b(r′, t′) is a second signal measuring

the same or a different quantity used as a reference and subjected to a condition

b∗ valid over the time sampling t′. Therefore, the conditional δa is performed in the

time intervals corresponding to a trigger in the signal b(r, t). One can easily generalize

equation 4.38 by adding time delays τ , i.e., δa(τ). Note that the reference signal can

also be the conditional signal which is usually called auto-conditional average. This

technique will be used in this thesis to characterize blobs in the chapters 7 and 8.
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Chapter 5

Turbulence Spreading in the TJ-II

stellarator

In this chapter, it is discussed the phenomenon of turbulence spreading and its role in

setting and modifying the scrape-off layer (SOL) profiles in fusion devices. Owing to

the importance of cross-field transport in determining the heat flux width in future

fusion devices, the findings presented here can contribute to a better comprehension

of the plasma nature in the edge and SOL.

5.1 Local mixing paradigm

In chapter 2, it has been discussed that the microinstabilities arise naturally in fusion

devices, at different scale and location. The growth of instability is responsible for

releasing free energy into the plasma that, in turns, is translated in fluctuating quanti-

ties, e.g. electric or magnetic field δE and δB, respectively, and then into a turbulent

state. Turbulent fields are related to transport, either cross-field, where fluctuation

is responsible for a net flux of particle and energy through E × B drift, or parallel

(along the field lines), due to field line stochastization. The quasi-linear approach

is the most simplified way to treat a system far from equilibrium. This refers to an
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approximation where the fluxes are calculated considering the linear response of the

fluctuating quantities, i.e. neglecting higher-order fluctuating terms [15]. More pre-

cisely [58], quasi-linear means that the mean distribution function (〈f〉) of a system

described by the Vlasov equation (Section 2.1) evolves slowly compared to the linear

grow rate of an instability:

1

〈f〉
d 〈f〉
dt
� γk (5.1)

where γk = γk(〈f〉). The quasi-linear theory essentially deals with the slow depletion

of the free energy by microinstabilities (resulting in turbulence) and the relaxation

of 〈f〉 back to a marginally stable state. The common procedure following the quasi-

linear approximation is [58]: (1) 〈f〉 is obtained from the Vlasov equation considering

f = 〈f〉 + δf , where δf is the perturbed probability function, from a given plasma

initial condition; (2) the linear growth rate (γk) is found from the wave dispersion

relation using the linear dialectic function, i.e. ε(k, ω) = 0; (3) the radial electric

field energy is evolved (∂t|Ek|2 = 2γk|Ek|) by plugging γk on it; (4) assuming linear

response of δf , the diffusion coefficient (D(|Ek|2)) is calculated considering the current

(iteration) values of |Ek|2; (5) 〈f〉 is evolved until γk → 0 (the system becomes

marginally stable). In the quasi-linear approach, fluctuations are ω = ω(k) (i.e.

eigenmode type), and, therefore, non-linear coupling is neglected; the saturation of

the system happens by depletion of free energy source 〈f〉 for all modes.

A more general turbulence model takes into account the non-linear coupling be-

tween all modes that compose a system and the scale energy transfer between them,

i.e. direct energy cascade - from bigger to small scales. This eventually leads to dis-

sipation in the critical scale (Kolmogorov like dissipation scale [211]), where viscous

damping becomes relevant, and then to the turbulence saturation. The nonlinear

process occurs by nonlinear wave-wave and wave-particle interaction [58]. In addi-

82



tion, turbulence decorrelation by mean E × B sheared flow or fluctuating flow (see

chapter 2), e.g. zonal flows [59], act as local saturation mechanism [21, 139], and so

they must be included self-consistently in a more complete model.

According to the local mixing paradigm [58], turbulence is generated locally quasi-

linearly and saturates as the result of the competition between linear growth (or

damping) and nonlinear damping. This result is based on the Prandtl’s mixing length

hypothesis introduced in the context of pipe flow studies [211]. Gradients are sources

of fluctuation (e.g. drift wave type of instability) that, in turns, try to reduce the gra-

dient increasing the transport. The mixing length predicts that the local turbulence

saturation happens when the growth rate of a gradient induced instability increases

up to the gradient length since the induced modes try to mix (e.g. temperature hot

and cold mix), causing the relaxation of the corresponding gradient (e.g. tempera-

ture profile becomes flat). By balancing the linear and non-linear terms in the density

continuity equation for drift wave type of instability, one can demonstrate [58]:

ñ

〈n〉
∼ l⊥
Ln

(5.2)

where Ln = −n/∇n and l⊥ is the mixing length. The previous formula provides

an estimative for the saturation of the density fluctuation based on mixing length

similar to the Prandtl’s hypothesis. The free energy is assumed to be provided by the

density gradient, but a similar approach can be done for the temperature gradient as

well. A fair question would be, what is the nature of l⊥? Typically l⊥ is a complex

function of nonlinear parameters and the intricate relation between damping and

drive. While in the core ñ/ 〈n〉 � 1, so l⊥ � Ln, the correlation length of turbulent

eddies is much smaller than the plasma extend size. In the edge and SOL one can

often find ñ/ 〈n〉 > 1 which represents a broken of the local mixing length hypothesis,

since turbulent structure becomes comparable to the plasma characteristic size (e.g.
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gradient length) and so non-local interaction is expected to happen [30]. Indeed,

the strong intermittency observed in the far SOL of fusion devices is an example of

that [305]. In this case, non-local mixing models are required [282] and so a nonlocal

length.

The diffusion coefficient related to drift-wave type of instability from the mixing

length rule is D = γ/k2
⊥ [134] (Kadomtsev 1965), where γ is the growth rate and k⊥

is cross-field wavenumber of turbulence. The linear growth is balanced by diffusion at

the length∼ 1/k⊥. Typically, the correlation length (or turbulent cell size) is a few ion

Larmor radii (ρi). However, in some cases mesoscale events, that is, scales that lie into

the interval ρi � l < a, where a is the system size, might be important. Mesoscale

phenomenons include transport barriers [28, 259], avalanching [193], streamers and

blobs [63], zonal flows, and GAMs [85]. Long-range responses, faster than the diffusion

response, i.e. before diffusive transport connects two separate plasma region have been

observed experimentally [94, 164, 253]. They are clear examples of mesoscale or even

macroscale events and, consequently, violate the local closure view [128] and the local

mixing length hypothesis.

5.2 Turbulence Spreading

Turbulence spreading is the spatial-temporal propagation of turbulence from unstable

to stable regions. Turbulence propagation is an intrinsic mesoscale phenomenon, and

so turbulence spreading has been pointed out as a viable explanation for the break

of the local closure schemes [128, 108]. The local growth of turbulence tends to

be redistributed radially (nonlinear radial scattering) until being damped and then

fades away. Global gyrokinetic simulation shows that turbulence can travel from

its birth location a distance of about 25ρi, while the eddy correlation length (from

the two-point correlation analysis) is ∼ 7ρi, that is, almost 4 times the correlation
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length [157]. In addition, simulations have shown that the spreading extension does

not depend on the system size (ρ∗ = a/ρi) [157]. Clear evidence of spreading is

the high level of transport found in regions of flat gradients, where linear instability

should be absent or weak, above what would be expected from neoclassical theory

[192, 138]. A direct consequence of this is that the local growth rate predicted from

linear theory overestimates the actual fluctuations values obtained experimentally

[120, 119, 213, 163, 49], while it underestimates in weakly linear drive regions [192,

250]. This ultimately results in a breakdown of the gyro-Bohm scaling and Fick’s

Law, since the local quasi-linear approach does not hold anymore and so the simple

gradient-driven transport view [157, 108]. The majority of turbulent transport models

rely on the local competition between linear growth rate and linear damping and

nonlinear dissipation [109]. Typically, the diffusion coefficient is given by the gyro-

Bohm scale according to the mixing length estimate, D ∼ (ρi/a)DB, where DB for

the Bohm scale, ρi is the ion Larmor radius, and a is a characteristic machine size.

However, experimental results indicate that D ∼ (ρi/a)αDB, being α a constant

usually found within the interval 0.6-0.7. The fundamental factor is the dynamics

of mesoscale. Avalanching phenomenons together with turbulence spreading appear

as a natural candidate for explaining this discrepancy since they are recognized as

mesoscale events and so naturally yield a larger effective mixing length.

Earlier studies have shown that drift waves were able to mediate the propagation

of turbulence from the core to external regions, acting as a source of edge fluctua-

tion [172]. The larger fluctuation in the edge with respect to the core can be explained

by the ’beach effect’: fluctuations coming from the core looks stronger in the edge

because the background density is lower. In addition, toroidal coupling was demon-

strated by fluid simulations to be related to turbulence spreading by means of ballistic

propagation of a turbulent front [90], while non-linear mode coupling induces diffu-
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sion. These pioneer works pointed out for the importance of non-local effects on the

turbulence dynamics and its potential impact on the plasma confinement predictions.

Plenty evidence of turbulence spreading has been gathered from global nonlin-

ear gyrokinetic simulations over the last years [255, 204, 141, 156, 157, 154], with

turbulence profile extending beyond the driven region, up to several times the local

turbulent correlation length. Motivated by gyro-kinetic simulation, R. E. Waltz and

J. Candy [282] have proposed a heuristic model to account for the break of gyro-

Bohm scaling. The model incorporates an effective non-local linear growth rate that

successfully describes the observed turbulent behaviour, with intensity drainage in

strongly driven regions and turbulence enhancement in weakly driven regions. While

in unstable regions non-local effects push towards Bohm scaling (i.e. breaking the

gyro-Bohm), in stable (or less unstable) the breaking leads to super-gyro-Bohm since

the local increase of fluctuation by non-local channels yields a larger local trans-

port. T. S Hahm et al. [109] have proposed a simple reaction-diffusion nonlinear

model to explain the radial propagation of turbulence. The local turbulence intensity

I ≡ 〈(eφ/Te)2〉, spatial-temporal dependent, evolves under the influence of a local

linear growth rate and damping (γ(x), where positive stands for growth and negative

for damping) as well as non-linear spatial interactions that leads to dissipation and

scattering of turbulence energy:

∂I

∂t
=

∂

∂x

(
χ
∂I

∂x

)
+ γ(x)I − αNLI1+β (5.3)

where χ = χ0I
β is a turbulent effective diffusion coefficient, αNL is a nonlinear cou-

pling parameter, and β = 1 for weak turbulence. An equavalent equation was derived

using Fokker-Planck theory [106], which includes an effective radial convective term

with the fluctuation radial group velocity (vgr). It follows that an equivalent of equa-

tion 5.3 in a compact form is:
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∂I

∂t
+
∂ΓI
∂x

= SI (5.4)

where in this case,

ΓI = vgrI − χ0I
β ∂I

∂x
(5.5)

SI = [γ(x)− αNLIβ]I (5.6)

Here SI represents a local sink and source and ΓI the flux of the turbulence intensity

composed by a convective term (first on the RHS) and a nonlinear diffusion term

(second on the RHS), a Fick’s law equivalent for intensity flux. The model can be

extended by including explicit dependence on zonal or mean E × B flows on γ(x),

which acts as a saturation mechanism by feeding back on I. A remarkable result

from the equation 5.3 is the possible turbulent patch penetration into locally stable

or even damped regions. In this situation, a fluctuation front solution can be found

by neglecting the second and third term RHS of Eq. 5.3 [109]. Although these sim-

plifications are not realistic, the result highlights the role of the first term RHS of

Eq. 5.3 in scattering turbulence spatially. The turbulent front eventually stops when

local dissipation becomes comparable to the rate by which fluctuation is scattered

into there (intensity influx by spreading exceeds the rate of local growth). Consid-

ering the influence of γ and αNL, equation 5.3 becomes similar to the well known

Fisher-Kolmogorov-Petrovskii-Piskunov equation [106]. In this case, numerical so-

lution supported by semi-analytical results indicate that after the local turbulence

amplitude saturates (I = γ/αNL), due to damping and non-linear coupling, the tur-

bulence propagates ballistically with velocity v = (2γχ)1/2, where energy diffusion

coefficient is χ(x) ∝ I(x) for weak turbulence.
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The role of non-linear coupling and spatial scattering are nicely represented in

Fig. 5.1. While big radial elongated structures are formed through inverse cascade

process through kinetic energy transfer, internal energy tends to scatter to small scales

up to the critical scale, where viscosity dissipation becomes important. The forward

cascade then generates turbulence spreading until the local damping overcomes the

non-linear transfer of energy. The model [105] considers similar diffusion-reaction

equations 5.4, 5.5, and 5.6 for the internal and kinetic energy in the framework of

Hasegawa-Wakatani approach. However, different from [109] that treats turbulent

energy as single field, in this ’Two Field Model’ both kinetic (∼ 〈∇φ2〉) and internal

energy (〈(ñ/n0)2〉) are considered self-consistently. It is worth note that this picture

is analogous to what is usually observed in the edge of fusion devices, where stream-

ers (radially elongated structures) are broken into blobs that then travel into the

SOL [195] (stable region!). V. Naulin et al. [190] have proposed a model that couples

the turbulence spreading equation for the turbulent energy (reaction-diffusion type)

with a transport equation for the mean density (〈n〉), where, by comparing with a 2D

interchange model, they pointed to the role of convective blob-like structure as agent

of spreading.

The radial propagation of turbulence has been shown to slow down or even com-

pletely blocked by negative magnetic shear [294], while parallel flow shear can enhance

the effect [295]. These results highlight the impact of magnetic shear in decoupling

the core from turbulence coming from the edge, being the internal transport barrier

(ITB) a limit case of this phenomenon [295]. The E × B shear flow, on the other

hand, is a well known mechanism for stabilizing turbulence locally [259], inhibiting

the local grow of turbulence [28], decorrelating turbulent cells [21], and tearing apart

blobs [24]. Global gyrokinetic simulations in tokamak geometry has addressed the

effect of transport barriers on turbulence spreading [285]. For this purpose, a trans-

port barrier was placed close to the linear unstable zone (Fig. 5.2). The strength of
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Figure 5.1: While the inverse cascade of the kinetic energy tends to concentrate in
elongated cells, the forward cascade of the internal energy spreads radially easily,
being damped later in the stable regions [105].

the E×B shearing rate was varied by externally modifying the radial electric profile.

They have considered three configurations (Fig. 5.2, bottom), a flat profile (black),

a mild well (blue), and a deep well (red). Turbulence was generated by the ion tem-

perature gradient (ITG) instability, where its intensity was defined as 〈δφ2〉, with

the brackets meaning zonal average for steady-state fluctuation. The results show

strong turbulence penetration in the linear stable zone in the absence of the trans-

port barrier, where non-linear coupling eventually leads to turbulence saturation. In

the non-negligible shear case, turbulence propagation becomes restricted, thus, re-

ducing its penetration into the unstable zone. By increasing the shear further, the

propagation is virtually quenched. In this case, the turbulence radial extension can be

determined by local mixing rules. These simulations highlight an important property

of transport barriers: their ability in radially decoupling turbulence. Similar results

are found elsewhere [20].
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Figure 5.2: Gyrokinetic simulation showing (top) turbulence amplitude (〈δφ2〉) ex-
tending radially around the linear unstable zone, where ion temperature gradient
(ITG) instability dominates. Three artificial radial electric field equilibrium pro-
files are imposed (bottom). The corresponding effect of the three cases on turbu-
lence penetration shows that the deeper the radial electric well (or the E × B shear
strength, ωE ∝ dEr/dr) the weaker is the turbulence penetration into the linearly
stable zone [285].

Turbulence spreading has been observed to increase in the proximity of magnetic

islands [127]. Typically, the electron temperature and density profiles are flat inside an

island (in the O-point) due to the dominant parallel transport along the reconnected

field lines [191]. Hence, this region is thought to be linearly stable since there is no

free energy to feed instabilities. However, turbulence propagation into the O-point

has been observed in simulations [210] with ballistic propagation. Non-linear mode

coupling inside the island enhances the large scales energy, while reduces the energy

content of small scales (microinstabilities). This results in a rise of the local ion
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thermal diffusion coefficient around the island and flux surface breaking, leading to

spreading [130].

Understanding the role of zonal flows and Geodesic Acoustic Mode (GAM) in the

propagation of turbulence can be challenging since they are inherently coupled with

turbulence [85]. Studies of the relation of turbulence spreading and zonal flows [44]

have suggested that the latter is responsible for the growth of spreading. However,

Ö.D. Gürcan et al [105] have shown that zonal flows, although connected with spread-

ing, is not the principal agent of turbulence propagation. Alternatively, radial enve-

lope solitons solution (traveling as a coherent structure) was shown to be able to

enhance spreading. The result was obtained in a two-field drift wave zonal flow

model (DW-ZF) in slab geometry [104]. While zonal flows can suppress turbulence

spreading rather than generates it (this remains a discussion), GAM seems to directly

mediate spreading [180].

Lastly, the modern view tends to treat turbulence spreading and avalanching

as connected phenomenons, although they are conceptually different [108]. While

turbulence spreading refers to turbulent front propagation, this effect happens nat-

urally as a result of an avalanching (i.e. avalanching induces spreading). They are

the most prominent approaches in dealing with non-local transport towards a more

extensive global model. Avalanching is a non-linear spatial coupling phenomenon,

where gradient toppling connects space-separated regions, making the transport scale-

independent with typically power-law flux spectrum (∼ 1/f). The concept emerges

from the self-organized critically (SOC) theory [14] as explosive relaxation that allows

the system to return to a self-organized state by generating transient flux (intermit-

tency). SOC transport models have the advantage of not relying on the properties of

local instability to generate fluctuations, so they are more general and fundamental

approaches.
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5.3 Experimental observations of turbulence spread-

ing

As mentioned before, the concept of turbulence spreading in magnetically confined

plasma arises from the empirical evidence of the presence fluctuations in linear stable

zones and the breakdown of Fickian local transport that ties gradient and flux. Non

local effects have been observed in perturbative experiments: by laser ablation [94],

pellet [164], and supersonic molecular beam injection (SMBI) [253] in the plasma

periphery. The common feature of these experiments is an increase of the tempera-

ture in the plasma core and a decrease in the edge, with non-perturbed intermediate

zone. The phenomenon was interpreted as non-local, since local models based on

thermodynamic approach (i.e. the transport coefficients depend on the local thermo-

dynamic variables) was not able to explain the global plasma changed observed, with

higher thermal diffusivity in the edge and lower in the core. The large temperature

gradient in the core was interpreted as an internal transport barrier-like phenomenon

that decouples turbulence from the core to the edge and vice versa. Similarly, the

phenomenon was also observed in LHD [129], suggesting that it is a more general

feature of magnetized plasma rather than an exclusive tokamak property [164]. The

effect was observed to nearly cease completely once the electron density rises beyond

a critical limit [253]. It should be noticed that the local transport can be non-diffusive

(e.g. convective), as well as non-local diffusive and non-local non-diffusive. Local here

means that the transport (particle, momentum or energy) can be determined by local

plasma parameters. The rise of the temperature in the core that follows the external

perturbation in the plasma periphery is usually understood as a non-local diffusive

phenomenon since the changes in the core happens faster than any local model can

predict [128]. This result suggests that mesoscale and even macro-scales events might
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be involved. Simulations considering a reaction-diffusion type model have shown that

turbulence spreading can explain this effect [110].

Another evidence of turbulence spreading is shown in Fig. 5.3. The density rela-

tive fluctuation (ñ/n) measured by reflectometry is compared with linear growth rate

predictions from a local microinstability code [192]. The experiment indicates that

fluctuations and anomalous transport appear in stable regions. Fig. 5.3 (b) shows the

density profile for a plasma with an internal transport barrier. One can see that even

in this case, fluctuations are found in the inner zone of the barrier, where microinsta-

bilities are linearly stable. These results show that the local mixing paradigm that

usually assumes that the turbulence correlation length is shorter than the density or

temperature gradient is not suitable here.

Figure 5.3: Density profile (red) and relative fluctuation (blue) from microwave re-
flectometer measurements in regular (a) and in the internal transport barrier plasmas
(b) in reversed shear plasma in the JT-60U tokamak. On bottom, (c) and (d), are
shown the linear growth rate predictions from the FULL code for both scenarios,
respectively, with (green) and without (purple) E ×B shear effects [192].
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Experimental evidence of turbulence spreading in the proximity of transport bar-

rier has been observed in TJ-II during spontaneous L-H transition [72]. Density fluc-

tuations measured with Doppler reflectometry around a transport barrier has been

shown to increase prior to the H-L back transition and barrier collapse, mainly in the

regions where the shear was not so intense. This increase was almost synchronized

with the relaxation of the shear layer, re-forcing the role of E ×B in blocking turbu-

lence spreading [285]. Another piece of evidence of spreading and transport barrier

has been reported in DIII-D during the L-H transition [174]. Density fluctuation

measured with Beam Emission Spectroscopy (BES) at the core reduces faster than

the transition time. This result points out to the core-edge turbulence coupling and

the role of sheared layers in cutting the non-local turbulence channel.

Spreading through magnetic islands has been observed in KSTAR from the X-

point to the O-point when temperature gradient and fluctuation exceed a limit. In

the opposite direction, if the limit is not overcome a convective cell around the O-

point prevents cross-field transport into the center of the island [46]. Turbulence

propagation (ñ) from the island X-point to the O-point has been observed to be faster

than thermal diffusion in external ECH modulated experiments performed in DIII-

D [127]. Density fluctuation was measured using Beam Emission Spectroscopy (BES),

while the temperature was measured with Electron Cyclotron Emission (ECE). This

effect might be particularly relevant for divertor configuration in stellarators, where

magnetic islands are employed [206].

Turbulence is strong in the SOL even though profiles are usually flat, thus linear

stabilities are expected to be weak. Therefore, turbulence spreading and edge-SOL

coupling are natural and expected phenomenons in fusion devices. The SOL has some

peculiarity which distinguishes it from other regions of plasma, namely the open field

lines set a channel for energy dissipation along the field lines up to the wall (sheath

dissipation). This region is usually dominated by blobs or turbulent filaments, pres-
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sure structure larger than the surrounding plasma and aligned to the magnetic field

(see chapter 3). Local polarization generated by interchange instability produces a

potential structure (usually dipole) that propels the blob radially outward. As pointed

out [166], blobs are the main candidates for being the ’agent’ of turbulence spreading

and edge-SOL coupling. Some preliminary analysis has shown that their dynamics

are the main source of turbulence in the far SOL (by means of turbulence spread-

ing) [201]. Global turbulence simulation, coupling the physics of the edge and SOL,

have indicated the leader role of turbulence spreading [43, 154], from the pedestal to

the SOL region, and how this effect can be crucial to set the SOL width in future

fusion reactors [42, 154]. In TJ-II, the role of spreading and local turbulence drive

was widely explored in different plasma regime and varied background shear [103].

Those results are the main subject of the next sections.

5.4 Edge-SOL model for Turbulence Spreading

A model for turbulence spreading in the edge and SOL was proposed by P. Manz

et al. [166]. Based on K − ε type of model [211], the time evolution of the mean

background (〈n〉2) and turbulent free energy (〈ñ2〉) are derived, where they are shown

to be coupled by a background-turbulence energy exchange term. Starting from the

density continuity equation:

∂n

∂t
+∇.(nv) = Sn (5.7)

where v is the fluid velocity and Sn the density source. Neglecting Sn and considering

incompressible plasma in the cross-filed plane (∇.v⊥ = 0), the radial part of the

continuity equation, assuming that density variation in the bi-normal direction is

negligible, becomes:
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∂n

∂t
= −vr

∂n

∂r
(5.8)

Considering now that the density can be written in terms of the its mean and fluctu-

ating part, n = 〈n〉 + ñ, where 〈...〉 =
∫
dSdt is the zonal and time average, and the

background flow velocity is negligible (〈vr〉 = 0), it follows that the time evolution of

the mean density is:

∂ 〈n〉
∂t

= −
〈
ṽr
∂ñ

∂r

〉
= − ∂

∂r
〈ṽrñ〉 (5.9)

where one can recognize Γr = 〈ṽrñ〉, the radial turbulent particle flux. The time

evolution of the background flow energy
(

1
2
∂〈n〉2
∂t

= 〈n〉 ∂〈n〉
∂t

)
, considering the previous

expression is easy obtained:

1

2

∂ 〈n〉2

∂t
= −〈n〉 ∂

∂r
〈ṽrñ〉 = − ∂

∂r
[〈n〉 〈ṽrñ〉] +

〈
∂n

∂r

〉
〈ṽrñ〉 (5.10)

Analogously, the evolution of the total energy
(

1
2
∂[ñ+〈n〉]2

∂t

)
is given by:

1
2

∂〈[ñ+〈n〉]2〉
∂t

= −
〈
[〈n〉+ ñ]ṽr

∂
∂r

[〈n〉+ ñ]
〉

=

−〈n〉 ∂
∂r
〈ṽrñ〉 −

〈
∂n
∂r

〉
〈ṽrñ〉 −

〈
ñṽr

∂ñ
∂r

〉 (5.11)

Where the evolution of the turbulent energy is found by subtracting Eq. 5.10 in

Eq. 5.11:

∂

∂t

〈
ñ2
〉

= −
〈
∂n

∂r

〉
〈ṽrñ〉 −

〈
ṽrñ

∂ñ

∂r

〉
(5.12)
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Alternatively, considering: ∂r 〈ṽrñ2〉 = 2 〈ṽrñ∂rñ〉, it follows that:

∂

∂t

〈
ñ2
〉

= −
〈
∂n

∂r

〉
〈ṽrñ〉 −

∂

∂r

〈
ṽrñ

2
〉

(5.13)

In paper by P. Manz et al. [166], they defined two convenient parameters based on

Eq. 5.12. The rate of turbulence drive by the background (ωD) is obtained from the

first term RHS of 5.12 normalised by the local turbulence energy (ñ2):

ωD = −
2〈∂n

∂r
〉〈ṽrñ〉
〈ñ2〉

(5.14)

Note that this term appears in the background energy equation with opposite sign,

suggesting that this an exchange or transfer term between the two fields. The rate

of turbulence spreading (ωS) is defined from the second term RHS (Eq. 5.12), again

normalized by the local turbulence energy:

ωS = −
∂
∂r
〈ṽrñ2〉
〈ñ2〉

(5.15)

At this point, it is natural to compare the equations 5.4 and 5.12 (reaction-diffusion

model). Assuming that I = 〈ñ2〉 /2 and considering weak turbulence (β = 1), it

follows that γL = −2〈 ∂n
∂r
〉〈ṽrñ〉
〈ñ2〉 = IωD and ΓI = 2IωS, where it is neglected the

linear and non-linear dissipation as well as the diffusion of the turbulence energy

(which are indeed the assumptions of the model [166]). One can argue that, although

dissipation is not included explicitly, it likely acts on ωD, e.g. by inhibiting the local

growth of turbulence in the light of decorrelation model [28]. In addition, turbulence

propagation has been observed in simulations to be blocked by E×B shear flow [285]

and by magnetic shear and toroidal flow shear [295], which in this case would act on
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ωS. The diffusion term is likely important in the edge where most of the instabilities

are driven and so ∂I/∂x can be important (i.e. the radial gradient of turbulent energy

in the vicinity of a strongly driven zone towards a weaker driven region is, likely, not

negligible).

Figure 5.4: Radial profile of the rate of turbulence drive by the background gradient
(ωD) and turbulence spreading (ωS), the latter compared to the blob death-birth rate
(red curve). Results obtained self-consistently using the GEMR code [166].

The model was confronted with simulations carried out with GEMR [227], a three-

dimensional gyrofluid turbulence code, where blobs are generated self-consistently.

Interchange and drift waves instabilities are included in an ASDEX-Upgrade configu-

ration. The SOL region was modeled by considering a proper current closure scheme

based on perturbed Debye sheath current to take into account the effect of Conduct

Wall Instabilities (CWI), which might no be negligible in ASDEX-Upgrade. Besides,

the model considers finite ion temperature as well as the impact of the background,
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such as shear flows (mean, zonal flows and GAM) and electromagnetic effects. In the

ref. [166], they compared blob dynamics with a self-consistent calculation of ωD and

ωS. While most of the blobs are generated in the vicinity of the E × B shear layer,

the vast majority disappear in the far SOL. The blob death-birth trend resembles

the turbulence spreading rate profile (Fig. 5.4), suggesting a link between them. The

effective linear growth rate of turbulence represented by the ωD parameter is higher in

the edge and lower in the SOL, compatible with the density gradient variations. On

the other hand, ωS is mainly activated in the SOL, highlighting the role of spreading

as a source of turbulence in this region. An interesting output of the simulations

is seen in Fig. 5.4, where ωS and ωD become comparable in the far SOL, which

strongly suggests that turbulence spreading is the dominant source of fluctuation in

this location and the blobs are the main responsible for ’carrying’ turbulence up to

there. A drawback of this model, as discussed previously, is to neglect the turbulence

diffusivity term. As discussed in section 5.2, the non-linear spatial scattering term

can produce ballistic turbulence propagation into the stable zone where linear and

non-linear dissipation is stronger [109, 106]. Therefore, this term is able to enhance

the radial propagation of turbulence, especially close to LCFS where the gradient of

fluctuation is expected to be larger.

5.5 Turbulence Spreading in the TJ-II

In this section, it is reported measurements of turbulence drive and spreading in the

edge region and scrape-off layer (SOL) of the TJ-II stellarator for plasmas heated by

electron cyclotron resonance heating (ECRH) and neutral beam injectors (NBI). The

turbulence spreading rate (ωS) and the rate of turbulence drive (ωD) from the edge

to the SOL were measured with a set of electrostatic probes following the technique

introduced by P. Manz et al. [166]. In addition, it is shown how an external modulated
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biasing can actively modifying those parameters and other plasma relevant quantities.

These findings are reported elsewhere [103].

The experiment discussed here was carried out in TJ-II standard configuration

(see chapter 4), i.e. with edge rotational transform n/m = 8/5 at ρ ' 0.8, where

ρ =
√
ψN with ψN = ψ/ψLCFS (ψN - normalized magnetic flux and ψLCFS - flux

at the LCFS). Hydrogen plasma was initially heated by two ECRH and sustained

later by NBI co-injection. The total ECRH power delivered was PECRH ≤ 200 kW at

frequency of 53.2 GHz (X-mode), while the NBI power was PECRH ≤ 500 kW. The

switch of heating is characterized by a changed of the central line averaged density

from about 0.6 × 1019 m−3 to 1.0 × 1019 m−3 (Fig. 5.5) while the central electron

temperature was in the range 300 < Te(0) < 400 eV. In addition, an electrode

biased placed in TJ-II periphery was used to modulate the edge radial electric field.

Fig. 5.5, right side, shows a reference shot where a square 40 Hz biasing was applied

at r/a ≈ 0.88. Note that the modulation of the Hα only occurs during the NBI phase,

suggesting an impact on the radial particle transport. The biasing scenario will be

discussed in the section 5.5.2.

The plasma edge in this experiment was monitored with the probe D (Fig. 5.6).

This probe is composed of a two-dimension array of electrostatic sensors (5 × 4),

with five rows radially displaced ∼ 5 mm, 4 tips each, having a mutual bi-normal

separation of ∼ 3 mm. The probe was configured to measure floating potential (φf )

and ion saturation current (Is) with three working tips in each row set as: [φf ,

Is, φf ]. Signals were acquired at 2 MHz. With this configuration, it is possible

to estimate the radial turbulent particle flux, Γr ' 〈ñeṽr〉 ∝ 〈ĨsẼθ〉/B, where the

brackets mean time averaging. Note that it was considered ṽr = Ẽθ/B, i.e. the radial

projection of the E ×B drift. The fluctuating poloidal electric field is approximated

by Ẽθ ≈ −∆φ̃f/∆θ, where the electron temperature fluctuation was neglected and

∆θ is the tips poloidal separation. In addition, the effective radial velocity was
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Figure 5.5: Two plasma scenarios considered in this experiment. On the left: plasma
heating power in arbitrary units (top) and line averaged density and Hα (bottom)
during the transition from ECRH to NBI. On the right: similar plasma scenario, but
with an external square wave biasing applied in the TJ-II periphery.

defined as veff
r = 〈ĨsẼθ〉/IsB. This a convenient manner to investigate the statistical

properties of the particle radial propagation in the edge and SOL, since it is not

affected by uncertainties in the probe area. The turbulence phase velocity in the bi-

normal direction (≈ poloidal direction) was obtained from the two-point correlation

technique [217], considering two poloidally spaced floating potential signals. The

technique is explained in detail in chapter 4. The experimental configuration permits

to compute both the turbulence spreading rate (ωS) and the local effective turbulence

growth rate (ωD). Again, neglecting the electron temperature fluctuation, one obtains

ωD ' −2〈∂Is/∂r〉〈ẼθĨs〉/(BT 〈Ĩ2
s 〉) and ωS = −∂/∂r〈ẼθĨ2

s 〉/(BT 〈Ĩ2
s 〉). Therefore, to

obtain ωD and ωS it is necessary the simultaneous measurement of Ĩs and Ẽθ at least

two radial separated positions, apart from the mean value of Is. The radial derivative

is approximated by first order divided difference, i.e. df/dx ≈ (f(x1)− f(x0))/(x1 −

x0).
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Figure 5.6: Probe D inserted from the top of TJ-II.

The radial profiles of the mentioned plasma parameters were obtained in a shot

by shot basis, owing to TJ-II good reproducibility. Global parameters were kept

approximately steady far from the heating overlap (Fig. 5.5, left).

5.5.1 Electron to the ion root transition

Different from tokamak, the ambipolar condition for the neoclassical electron and

ion particle fluxes (i.e. Γe = Γi ) imposes in stellarators specific radial electric field

solutions [274]. While for the so-called electron root solution the radial electric field is

negative (Er < 0), for the ion root, the ambipolar condition imposes a positive radial

electric field solution (Er > 0). The electron to the ion root transition typically

happens when the neoclassical viscosity increases above a certain limit. The effect

is described by neoclassical theory, where one can show that the transition happens

spontaneously when density increases above a critical value [275]. In TJ-II, a global

potential signal is observed when the plasma heating is switched from ECRH to NBI

or/and when the line average density overcomes a limit [177]. As a consequence of

that, the energy confinament time increases [13], likely because of the establishment

of a stepper radial electric field profile in the plasma boundary [275], resulting into a

E ×B shear layer and turbulence suppression [103].
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Figure 5.7 shows the spatial-temporal evolution of some plasma quantities: a)

floating potential (φf ), ion saturation current (Is), radial turbulent particle flux (Γr)

and the projection of the turbulence phase velocity in the poloidal direction (vph
θ ) when

plasma heating was switched from ECRH to NBI. The profiles were built considering

data from eleven shots, where the probe was moved from the SOL to the edge in a

shot by shot basis. The signals were time-averaged in 2 ms time slices. The results

presented in Fig. 5.7 shows how fast is the modification in the plasma edge induced by

the electron-ion root transition when NBI is switched on. The change of the plasma

potential (Fig. 5.7 a), ion saturation current (Fig. 5.7 b), and particle flux (Fig. 5.7 c)

happen in a comparable time scale, while the poloidal phase velocity shear becomes

stronger slightly later. This might be related to the enhancement of the background

flow by the diamagnetic drift once the pressure gradient becomes further steeper. The

floating potential (φf ) changes signal in the edge (r−r0 ≤ 0), becoming less negative,

while the scrape-off layer values do not change significantly (Fig. 5.7 a). The profile

is roughly flat in the ECRH phase, but becomes steeper during NBI, with higher

positive gradient near the edge. The transition is also followed by an enhancement

of the poloidal phase velocity absolute value (Fig. 5.7 d), resulting in a shear layer in

the near edge. Concomitantly, the turbulent particle flux decreases (Fig. 5.7 c) in the

edge, roughly around the shear layer (in agreement with turbulence decorrelation by

sheared flow [28]), but also further outside in the SOL. In addition, the ion saturation

current slightly decreases in the edge and SOL.

Figure 5.8 displays time averages, ECRH (1100− 1140 ms) and NBI (1180− 1220

ms), of the parameters shown in Fig. 5.7 and a few other quantities. One can see here

that the φf profile becomes steeper in the edge, while Is SOL baseline drops during

NBI with respect to ECRH, with a longer ’tail’ that extends to the far SOL. The

effective radial velocity supports this result, veffr increases stronger in the SOL during

ECRH, suggesting that turbulence structures penetrate easier during this phase.
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ECRH NBI

Figure 5.7: Transition from ECRH to NBI; a) the radial profile of floating potential,
b) ion saturation current, c) turbulent particle flux and d) turbulence phase velocity
in the TJ-II plasma boundary region. The vertical axis shows the radial position (r)
relative to the the location of the Last Closed Flux Surface (LCFS, r0). Negative
values of r − r0 correspond to the plasma edge, positive values to the SOL. The
horizontal black lines indicate the locations of probe pins.

As noted, a shear layer develops near the edge around r − r0 ' −15 mm during

the NBI phase, as represented in the graph of vph
θ Fig. 5.8 f). The shear in the

poloidal phase velocity (dvθ/dr) increaes up to 4·105 s−1 during this phase, in contrast

with ECRH where the maximum value achieved is about 0.3 · 105 s−1 at the same

position. The time evolution of the poloidal phase velocity is closed connected to the

E × B poloidal rotation [117], i.e. vE×Bθ = Er/B ≈ −∇rφf/B, in agreement with

results reported elsewhere [215, 216, 115]. This notable difference impacts the radial

turbulent particle flux shown in Fig. 5.8 c) in the shear layer region (in the near

edge, −15 ≤ r − r0 ≤ 0) and indirectly in the SOL, by slowing down the turbulent

velocity in this region and, thus, the plasma penetration (Fig. 5.8 c). The shear

strongly impacts the turbulence correlation time (τturb - computed from the auto-
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correlation of the floating potential) in the edge Fig. 5.8, possibly due to the increase

of rotation in this region (Fig. 5.8 d), as seen in the laboratory frame, while the

effect is less pronounced in the SOL. Considering this low rotation in the SOL, the

radial correlation length of turbulence can be obtained by considering the Taylor’s

frozen turbulence hypothesis lr ≈ τbv
eff
r [259], yielding in this case lECRHr ≈ 4 mm

(for veffr = 0.2 km/s and τb ≈ 18 µs) and lNBIr ≈ 1 mm (for veffr = 0.05 km/s

and τb ≈ 18 µs), suggesting the presence of small travelling structures in the SOL

during NBI (possibly due to fragmentation) [54]. One has to note, however, that

veffr represents a mean velocity based on the effective turbulent flux and its value

is substantially smaller than typical blobs velocity in TJ-II SOL [10]. Nevertheless,

this result gives some import insights regarding the nature of turbulence in plasmas

heated by ECRH and NBI. The larger and faster structures observed during ECRH

have a direct impact on the SOL ion saturation current baseline and decay length,

in agreement with stochastic models predictions [92, 181], and experimental findings

in tokamaks [36]. This intuitive result, i.e. the bigger and faster (cross-field velocity)

the filaments are, the further they will penetrate into SOL, assuming that the parallel

transport does not change appreciably. This hypothesis does not hold, for instance,

during the onset of the shoulder formation in tokamaks, where an increase of the

collisionality along the field lines reduces the parallel dissipation, favoring, thus, the

radial propagation of fast and big filaments [36]. In the current experiment, however,

there are not strong reasons to think that a similar effect might have happened:

neither the density nor the temperature change that much. In short, the spontaneous

establishment of the edge poloidal velocity shear layer during NBI (ion root) affects

all the monitored fluctuating and mean parameters not only locally (where the shear

layer is formed), but also further outer, in the SOL region, where the E×B shearing

rate is weaker.
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Figure 5.8: Edge radial profiles during ECRH (1100-1140 ms) and NBI (1180-1220
ms): (a) floating potential, (b) ion saturation current, (c) radial effective velocity, (d)
poloidal phase velocity of the fluctuations, (e) turbulent transport, and (f) turbulence
correlation time.

The turbulence drive (ωD) and spreading (ωS) were calculated using signals from

probe D (Fig. 5.9) assuming n ∝ Is and Eθ ' −∆φf/d, where d is the poloidal

displacement between the two corresponding pins measuring floating potential. The

time average was running over an interval much larger than the turbulence correlation

time. Their calculation was performed in 2 ms time slices and fluctuation was taken

in the range 5-700 kHz to avoid low frequency oscillations (e.g. zonal flows) and high

frequency noise.

From Fig. 5.9, one can see that the local linear growth term (ωD) is high in the

edge and lower in the SOL during ECRH, roughly consistent with ∇rn (high in the

edge and low in the SOL). During NBI, ωD strongly reduces in the edge region,

around the location of the poloidal velocity shear layer, and slightly in the SOL.

On the other hand, the turbulence spreading rate (ωS) is much higher in the SOL

than in the edge (especially during ECRH), reducing during the NBI heating phase.

Interestingly, ωD and ωS become comparable in the far SOL suggesting that the

turbulence spreading becomes important in this region. This result is in agreement
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Figure 5.9: Local turbulence drive a) and b) (ωD) and turbulence spreading c) and
d) (ωS) during the transition from ECRH to NBI. The horizontal black lines indicate
the locations of the probe pins.

with the view of turbulent front penetrating in stable regions causing the enhancement

of the local anomalous transport [108]. This effect is also observed during NBI,

although both parameters are lower, suggesting that the spreading is fundamental in

setting the far SOL, even for a stronger shear scenario.

5.5.2 NBI + biasing

In this section, it is studied the influence of an external electrode biasing during the

NBI phase, in a similar plasma condition as in the previous section (Fig. 5.5). The

electrode is made of graphite, with 25 mm diameter in mushroom-shaped, and 12 mm

height, inserted in a boron nitride insulating body. This technique has been shown to

107

a) 

E 20 

E .__. 

1 

L... 

O 100 200 300 

b) 

300 
N' 
~ 200 .__. 

o 
:3 100 

... 
& , 

SOL 

-.-ECRH 
... .&., .. NBI 

··~ .. -~.--~···•····•····· 
O~-~--''---~-_._j 

-200 O 200 u:5 [kHz] -40 -20 o 20 40 
--~-~ 

d) 200 

N 100 
I 
~ 

(/) o 
3 

: . ........... .... . 
• .. · 

···~ 

-100 

-40 -20 O 20 40 
r- r

0 
[mm] 



successfully modulate the plasma periphery of TJ-II [233], generating in some cases

an edge transport barrier, with an improved plasma confinement. In the presented

experiment, the electrode was inserted into the plasma edge ρ ' 0.85 from the top,

delivering −350 V in a duty cycle of 50% with a 40 Hz square signal.

The plasma profiles were built (as before) in a shot by shot basis, in this case

from twelve reproducible shots. Fig. 5.10 shows the evolution (1 ms time averaging)

of floating potential (φf ), ion saturation current (Is), radial turbulent particle flux

(Γr), and the poloidal projection of the turbulence phase velocity. As biasing is

switched from 0 to -350 V (Fig. 5.10 a), a fast profile readjustment is observed. The

negative biasing induces a φf well in the near edge (Fig. 5.10 b) and an increase of

the turbulent poloidal phase rotation at the same interval (Fig. 5.10 e). In addition,

turbulent particle flux strongly reduces in the shear layer and slightly in the SOL

(Fig. 5.10 d). The Is amplitude increases in the edge and reduces in the SOL at -350

V, suggesting a rise of edge transport barrier at this voltage. Notice that Vb = 0 does

not mean unbiasing or floating potential.

These results can be summarized by taking the average over time windows at 0

and -350 V (Fig. 5.11). At -350 V, the profiles of the floating potential (Fig. 5.11 a)

and ion saturation current (Fig. 5.11 b) steepen in the plasma edge region, while φf

SOL values do not change much, but the Is baseline and its decay length slightly drop.

The turbulent particle flux (Fig. 5.11 d) and the effective radial turbulence velocity

(Fig. 5.11 c) are reduced in both edge and SOL (r − r0 > −30 mm), concomitant

with a slight reduction of the turbulent correlation time (from the autocorrelation of

the φf ).

The phase velocity of the fluctuations vph
θ indicates that the plasma rotation en-

hances during the negative biasing phase. The radial gradient in floating potential

profiles reaches values up to ∼ -8 kV/m (vθ = Er/B ≈ −∆φf/∆rB, where B ≈ 1 T),

while the polidal phase velocity increases up to ∼ -9 km/s, showing that the measured
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Figure 5.10: Biasing impact during NBI: a) biasing voltage, b) the radial profile of
floating potential, c) ion saturation current, d) turbulent particle flux and e) turbu-
lence phase velocity. The vertical axis shows the radial position (r) relative to the the
location of the Last Closed Flux Surface (LCFS, r0), where negative values of r − r0

correspond to the plasma edge and positive to the SOL. The horizontal black lines
indicate the locations of probe pins.

phase velocity is closed connected to the imposed Er ×B drift [117]. The maximum

shear in the perpendicular velocity (dvθ/dr) is of the order of 5 · 105 s−1, i.e., close to

the inverse of the turbulence decorrelation time (Fig. 5.11e). The shear reaches its

maximum near r− r0 ' −10 mm. This result agrees with [222], where limiter biasing

in the LAPD device have been shown to control the turbulent particle flux, with

values going to near zero when the shearing rate get close to the inverse of correlation

time measured at zero shearing rate.

The local turbulence drive (ωD) and the turbulence spreading rate (ωS) are shown

in Fig. 5.12. At 0 V biasing, ωD is high in the edge and low in the SOL, roughly
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Figure 5.11: Radial profiles during biasing 0 V (up triangle) and -350 V (down trian-
gle) of: (a) floating potential, (b) ion saturation current, (c) radial effective velocity,
(d) phase velocity of the fluctuations, (e) turbulent transport, and (f) turbulence
correlation time.

consistent with ∇rn radial variation (that is, high in the edge and low in the SOL,

where the profile is flatter Fig. 5.11 b). On the other hand, at -350 V, ωD strongly

reduces around the shear layer (Fig. 5.11f), consistent with turbulence stabilization

induced by the E × B sheared flow [28]. The rate of turbulence spreading (ωS) is

mainly activated in the SOL at 0 V biasing, reducing at -350 V biasing (Fig. 5.12 b)

and d). As observed in Fig. 5.12, both ωD and ωS become comparable in the SOL,

suggesting that spreading becomes more relevant in the far SOL.

In short, the poloidal velocity shear layer that forms in the near edge region at -350

V (Fig. 5.11 f) establishes a transport barrier that leads to the edge-SOL decoupling

[20, 295]. This is done by the combination of local turbulence suppression (represented

by ωD) and the block of turbulence propagation (ωS). A similar conclusion can be

drawn in the plasma heating transition from ECRH to NBI (Fig. 5.8 and Fig. 5.9). In

this case, the radial electric field profile is modified spontaneously due to the electron

to the ion root transition [177]. A shear layer is also formed in the ion root phase,
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similar (although less intense) to the negative biasing case. Note that the zero-bias

has a deleterious effect on the plasma confinement compared to the unbiasing case

(pure NBI) or -350 V bias. Since the edge potential in the ion root phase is typically

negative, increasing towards the plasma boundary, the imposed zero biasing makes the

potential profile flatter. This ultimately has an impact on the E×B poloidal rotation

and so the shear flow. Naturally, one can expect that the edge-SOL decoupling leads

to a reduction of the SOL width (the SOL decay length), assuming that the parallel

transport remains constant.

Figure 5.12: Local turbulence drive a) and b) (ωD) and turbulence spreading c) and
d) (ωS) at 0 and -350 V electrode biasing. The horizontal black lines indicate the
locations of the probe pins.
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5.6 Conclusion

This chapter addressed one of the most challenging and fundamental questions re-

garding turbulence in fusion devices: its nonlocal nature and the impact of this effect

in the scrape-off layer (SOL). Although the classical turbulence quasilinear approach,

where gradients are assumed to evolve slowly and so microinstabilities growth lin-

early until the free gradient energy becomes depleted, is able to explain the growth

of turbulence observed experimentally fairly well. Important disagreements suggest

that this approach has limitations. Non-linear models are more successful to describe

the transport in fusion devices since they take into account the self-organized behav-

ior of turbulence. However, most of them rely on local assumptions, i.e. turbulence

saturates by local linear and non-linear damping. Mixing length rules [134] predict

that turbulence correlation length is typically a few ion Larmor radii (ρi) and, thus,

the diffusion coefficient scales as gyro-Bohm. Experimental results, however, indicate

that turbulence tends to scale as Bohm in a strongly driven region and super-gyro-

Bohm in weakly driven [108]. The most prominent explanation for this discrepancy

relies on the fact that turbulence tends to propagate radially. Indeed, predictions

from reaction-diffusion models based on turbulence spreading seem to agree very well

with both experiment and global simulations [109, 190, 106]. In short, the propaga-

tion of turbulence decreases the level of fluctuation locally, affecting the predictions

from linear theories, while increases the level of turbulence in regions linearly stable.

Therefore, the turbulence in fusion devices is intrinsically non-linear and non-local,

where non-linear dissipation and spatial mixing are key elements. Therefore, turbu-

lence spreading demands global models.

The main focus of this chapter was to present some novel experimental findings

on turbulence spreading in the edge-SOL region of TJ-II [103]. Since the near edge is

linearly unstable, while the SOL, where gradients are flatter, is thought to be stable,

turbulence spreading is believed to be important. This potentially has an impact on
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the SOL width (a crucial parameter for the future fusion reactors) as spreading can

feed cross-field transport that, together with parallel transport, is responsible for the

SOL maintenance. In this scenario, edge-SOL turbulence is thought to be coupled.

A dedicated experiment was carried in TJ-II to address this point. Two plasma

conditions were considered 1) plasma started with ECRH and then sustained with

NBI; 2) NBI + biasing. The latter is based on the electrode biasing technique [258,

116]. The experimental results are in good agreement simulations from a three-

dimensional gyro fluid turbulence model [166]. In both cases, the rate of turbulence

spreading (ωS) is mainly activated in the SOL region. It was observed that the ECRH

to NBI transition is characterized by a reduction of the spreading in the SOL, while

the rate of turbulence drive (ωD) strongly reduces in the near edge where a poloidal

shear flow layer was established. In addition, it was shown how both ωD and ωS

can be controlled with an external edge biasing. Particularly, when biasing turned

negative, a shear layer was formed in the plasma edge, followed by the reduction

of ωD and ωS (in the SOL). At zero biasing, however, the background E × B flow

reduces compared to the pure NBI case (i.e. without biasing) and so both ωD and

ωS increase. The edge-SOL decoupling was observed to happen when the Er × B

shearing rate reaches values comparable to the inverse of the turbulence correlation

time in the vicinity of the LCFS [96].

Therefore, these findings indicate that sheared radial electric fields are able not

only to suppress turbulence locally (a well know result), but also to reduce non-local

effects (i.e. turbulence spreading). Although a similar effect has bee seen in global

gyrokinetic simulations [285], this is the first time it was demonstrated experimentally.
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Chapter 6

Edge-SOL turbulence coupling

The propagation of turbulence from unstable locations to stable ones, a phenomenon

known as turbulence spreading, was discussed in chapter 5. In the referred chapter,

the rate of turbulence spreading [166] was measured in the plasma edge and scrape-off

layer (SOL) of TJ-II in different regimes. This quantity has shown to be mainly acti-

vated in the SOL and being impacted by E ×B shear flows. Particularly, high shear

levels achieved with the aid of an external electrode biasing has led to a partial edge-

SOL decoupling, as well as local turbulence suppression around the shear layer. These

results further confirm that sheared radial electric fields suppress turbulence locally,

but also indicates that the rise of an edge transport barrier prevents the propagation

of turbulence from the edge to the SOL in agreement with simulations [285, 43]. In

addition, a growth piece of evidences from simulations [42, 43, 154] have pointed out

for the leading role of turbulence spreading in setting the SOL width in ITER and be-

yond. The power fall-off length is defined from: q(r) = q‖e
−r/λq , where r = R−Rsep,

with Rsep the separatrix position at the outboard midplane. Turbulence propagation

from the pedestal and near edge regions can provoke an increase of λq [43, 154], by

enhancing the turbulent cross-field transport in the SOL, beyond predictions from

data-based regression [67]. Therefore, the proper understanding of the underlying
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mechanisms that set the SOL became an important requirement for future fusion de-

vices. Although the great development of turbulence codes (coupling with transport

codes) has permitted to study turbulence properties in the edge and SOL with an

unprecedented level of detail. Experimental validations necessary. This is important

in order to make reliable predictions for ITER. In this chapter, the propagation of

turbulence will be studied by a novel technique called transfer entropy [270] applied

to floating potential signals from a multi-pins probe placed in the TJ-II boundary.

The impact of radial electric fields (Er) on edge-SOL coupling will be investigated

in TJ-II by relying on a fundamental property of stellarators: the neoclassical root

transition, in which Er changes its sign in a controlled and continuously way. In

addition, the role of self-organized phenomenons will be also addressed.

6.1 Statistical tools

Before discussing the main experimental results of this chapter, this section introduces

some of the statistical tools employed. The techniques are: the mutual information,

the transfer entropy, and the biorthogonal decomposition. Since they are not so

widespread among the fusion community, they were introduced in this chapter instead

of 4, where some general techniques were discussed. Their applications in this thesis

were also restricted to the present chapter.

6.1.1 Mutual information

Entropy is a fundamental concept in physics, historically related to the study of

thermodynamics and statistical mechanics, and commonly understood as the amount

of disorder in a system [264]. The concept is particularly important in the field

of information theory. In this context, entropy can also be viewed as the amount of

information stored in a time series with a defined probability distribution (PDF) [137].
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The Shannon entropy [231] measures the number of bits required to encode a signal

represented by a PDF p(i):

HI =
∑

p(i)log2 p(i) (6.1)

The mutual information (MI), on the other hand, is a non-linear technique that

measures the amount of information shared between two signals or the quantity of in-

formation generated by (naively) assuming that the two signals are independent [226].

MI can be seen as a non-linear extension of the linear correlation [137]. Roughly

speaking, MI measures how much one can know about a signal x(t) by using infor-

mation from a second signal y(t) or vice versa. If p(i) and p(j) are the probability

distribution function of two processes and p(i, j) is the joint probability, the mutual

information is defined as [2]:

MIJ =
∑

p(i, j)log2

p(i, j)

p(i)p(j)
(6.2)

Equivalently, the mutual information can be written as: MIJ ≡ HI +HJ−HIJ , where

HI =
∑
p(i)log2 p(i) is the Shannon entropy and HIJ =

∑∑
p(i, j)log2 p(i, j) is the

joint entropy [231]. It follows that MII = HI , since HII = HJJ = 0, i.e. the auto

mutual information is equal to the single entropy. Note that MIJ = MJI , i.e., the

mutual information is symmetric.

6.1.2 Transfer Entropy

Although very powerful, the mutual information technique does not deal with dynam-

ics - it is not possible to know the direction by which information flows between two

processes by knowing only the mutual information between them. Worth noting that

time lags can also be introduced in the mutual information [226]. On this purpose, a
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more powerful technique for studying Edge-SOL coupling in plasmas is the Transfer

Entropy (TE) [270]. First introduced in the Information Theory context [226], this

technique allows studying the causal relationship between two signals by measuring

the amount of information exchanged between them in a defined direction and time

delay. The transfer entropy of two processes, e.g. X and Y, measures in bits how

much they are causal connected or how much X depends on Y or Y depends on X

(they are nonsymmetric by construction). A time-series x(t) has a causal relation

with y(t) if it is possible to predict its next step by using the history of both signals:

the auto-transfer entropy is zero by definition. In this case, the transfer entropy can

be defined in a simplified version as [226]:

TX→Y =
∑

p(xn+1, xn−k, yn−k)log2

p(xn+1|xn−k, yn−k)
p(xn+1|xn−k)

(6.3)

Where p(...) is the probability density function and p(a|b) = p(a, b)/p(b) is the con-

ditional version a on b. The probability density function is built by using ’course

graining’, that is, by selecting a low bin number ’m’ that gives statistically significant

results. The number of points necessary to build the PDF is then md, where d is the

PDF dimension or the number of arguments. Typically, the transfer entropy values

are significant if they are larger then the values assumed by considering two random

noises at the same bin m (see Fig. 1 of reference [271]).

6.1.3 TE and blob ’toy model’

The edge and SOL of fusion devices are dominated by filaments or blobs, coherent

pressure structures align to the magnetic field and propelled by E×B drift. Blobs are

mesoscale phenomenons, which means that their size is typically substantially larger

than the local ion Larmor radius but shorter than the machine characteristic size

(e.g. minor radius). Typical blob size is ∼ 1 cm. In addition, those structures can be
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tilted with respect to the propagation direction due to magnetic and/or E ×B shear

flow [76]. These two ingredients (finite size and tilt) make difficult the measurement

of cross-field velocity based on 2-points correlation technique. Travelling structures

with cross-field extension larger than the distance between pins can yield a fictitious

projected velocity. In a limit case, a rotating blob in the bi-normal direction, but

almost completely aligned radially, can yield an almost infinite ’radial’ velocity when

measured by two probes radially displaced a distance shorter than the blob radial

projection length.

Since blobs are stochastic [92] and time-prolonged phenomenon with a well-defined

velocity distribution function at a given position, one can study their dynamics by

using transfer entropy (TE). As discussed in section 6.1, TE measures the amount

of information flowing between two signals. Blobs are sustained memory events

or, in statistical terms, a time series (X(t)) in a interval T dominated by bursts

(related to blobs) has Hurst exponent in the interval 1/2 < H < 1 [108], where

〈[X(t+ T )−X(t)]2〉 = T 2H .

To verify the robustness of using TE to study the dynamics of coherent structures

travelling ballistically, periodic elliptical shape blobs were artificially created with a

well-defined velocity and shape. Merge and suppression are not allowed. An artificial

one dimension probe in a slab geometry (X-Y plane) was set to measure the signal

in time. Apart from the simplifications involved, the aim of this ’toy model’ is to

demonstrate that TE is indeed able to perceive the dynamics of coherent structures.

The TE technique can also be used to detect ballistic events as well as diffusion

ones [269]. The simulated blobs are described by a two-dimension Gaussian function:

Z(t) = Z0e
−[(x′)2/a2+(y′)2/b2] + Znoise(x, y) (6.4)
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with

x′ = [(x− x0)− vxt] cos(α)− [(y − y0)− vyt] sin(α)

y′ = [(x− x0)− vxt] sin(α) + [(y − y0)− vyt] cos(α) (6.5)

where α is a tilt angle with respect to the horizontal direction, vx and vy are, respec-

tively, the horizontal and vertical velocities, and Znoise is a random noise set to be

ten percent of the maximum amplitude of the generated blob to avoid the long tail

reminiscence that might influence in the TE calculation. The time coordinate was

set as sawtooth wave to generate repetitive blobs and, thus, increasing the sampling

for computing TE with more precession. Fig. 6.1 shows on the left a 45◦ tilted blob

travelling along the x-axis together with the set of artificial probes all aligned along

the horizontal direction at y = 25. On the right is shown the transfer entropy start-

ing from the reference signal (the leftest, indicated by an open circle) to the other

signals. The long-time correlation due to the periodicity of the generated signal, i.e.

the correlation between two successive events, are not shown. A TE plume with an

almost constant positive slope indicates that the propagation is towards increasing x

(outward considering that x is equivalent to the radial coordinate). Note that TE is

almost zero close to the reference point around xp = 24. Therefore, as pointed out

before, the transfer entropy, different from the 2-point cross-correlation, is zero when

there is not propagation and so time delay is null. This effect happens here because

the coherent structure is larger than the distance between two close artificial probes.

As a second example, Fig. 6.2 shows coherent structures travelling perpendicularly

with respect to the artificial probe pins disposition. This example is particularly

common in experimental situations, where rake or reciprocating probes measure the
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Figure 6.1: Gaussian shape blob travelling outward (increasing x) in a ’toy model’.
The transfer entropy (TE) capture the blob dynamics, where the plume slope gives
the correct blob velocity.

plasma boundary in several radial positions simultaneously in a region where the

plasma poloidal rotation is typically larger than the radial one. Again, the reference

is chosen to be leftest indicate by an open circle. Fig. 6.2 a) shows a coherent tilted

structure travelling downwardly (decreasing y). The corresponding transfer entropy

is shown in Fig. 6.2 b), where one can see a less intense plume of propagation with

a positive slope as before. Hence, the plume shape suggests that the propagation is

outward, i.e. increasing x, although the velocity is vertical downward by definition.

This spurious effect is due to the combination of a tilted structure and the short

distance between probes (smaller than the structure characteristic size). These two

conditions are sufficient to yield a time delay and so a not negligible TE. The effect

is absent for 0 or 90◦ tilted structure or for a distance between probe larger than the

blob size (e.g. beyond the probe at xp ≈ 34, where TE drops sharply). Fig. 6.2 c)

and d) show again a 45◦ tilted structure, but travelling upward (increasing y). Note

that in this case, the delay leads to the misinterpretation of a structure travelling

inwardly (decreasing x). A similar conclusion could be drawn from the first example,
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i.e. structure travelling downward, but with a negative tilt. In short, these simple

examples help obtaining some intuition on practical experimental examples when only

one-dimension set of probes is available, besides of showing that the TE is a suitable

to detect coherent structures with ballistic propagation.

Figure 6.2: Two examples of Gaussian shape blobs travelling vertically downward
(a) and upward (c). The transfer entropy, in this case, yields a plume that might be
interpreted as if the blob was propagating outwardly (b) or inwardly (d).

6.1.4 Biorthogonal decomposition

The biorthogonal decomposition (BOD) is a convenient way to extract informations

regarding the spatial and temporal behaviour of a set of signals displaced in the

space and measuring the same quantity simultaneously (e.g. plasma potential or
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temperature). The method was pioneered used in fusion plasmas by Dudok de Wit,

T., et al. [64] and is based on the decomposition of an array of signals in orthogonal

spatial-temporal functions. Given a matrix of data Y (i, j), where i = 1, ..., N stands

for time and the index j = 1, ...,M represents the number of detectors in different

positions, the decomposition is given by:

Y (i, j) =
K∑
k

λkψh(i)φk(i) (6.6)

Where K is the number of modes, K = min(N,M). The temporal function ψk is

called ’chrono’, while the spatial function φk is known as ’topo’. The functions are

orthogonal:

∑
i

ψk(i)ψl(i) =
∑
j

φk(j)φl(j) = δkl (6.7)

The mode amplitude λk is given in the signal units or, alternatively, one can normalize

it as: λ∗k = λk/
√
NM . Worth noting that time is acquired experimentally at a

constant sampling rate, while the sensors can be displaced in an irregular grid.

The decomposition can be done by using the single value decomposition

(SVD) [263]. The method consists in decomposing a m× n matrix in the product of

three matrices of the same dimension:

Y = USV † (6.8)

Where S is a diagonal matrix composed of real positive values in descending order,

and U and S are unity matrix: V V † = I = UU †, where I is the identity matrix.

Following the SVD approach, the matrix U can be identified as the ’chrono’ functions
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in the BOD analysis and V the ’topo’ one, while S is the eigenvalue matrix of the

amplitude of the modes (λk). Therefore, the BOD and SVD are formally equivalent.

Given two displaced signals, the covariance between them is:

Cov(j1, j2) =
1

N

∑
i

Y (i, j1)Y (i, j2) (6.9)

substituting Y (i, j) by its decomposed form (6.6) and considering the orthogonal

condition (6.7), it follows that:

Cov(j1, j2) =
1

N

∑
k

λ2
kφk(j1)φk(j2) (6.10)

The covariance between two displaced signals measuring the same quantity at the

same time interval is the sum of the product of their topos for each mode weighted by

the corresponding mode amplitude. A more relevant quantity for the purpose of this

chapter, the correlation between the same two signals, measured by two displaced

sensors, can be easily obtained from the covariance function defined in (6.10):

C12(j1, j2) =
Cov(j1, j2)√

Cov(j1, j1)Cov(j2, j2)
(6.11)

By substituting Eq. 6.10 into 6.11, it is clear that the correlation function depends

only on the topos. If the two sensors are remotely separated, one can calculate the

long-range correlation (LRC) between them [9]. Particularly, the correlation for a

given mode is simply:

Ck
12(j1, j2) =

λ2
kφk(j1)φk(j2)√

Cov(j1, j1)Cov(j2, j2)
(6.12)
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The method has been used in TJ-II to detect zonal flows unambiguously [272].

Those are characterized global oscillations with very long (poloidal and toroidal)

wavelengths, typically associated with low-frequency oscillation (f < 1 kHz). While

the standard two-point cross-correlation method [150] requires that the mode stays

roughly stationary since any movement might result in a loss of correlation. The

BOD analysis, on the other hand, extracts information of a single dominant global

mode by decomposing it spatial-temporally with contribution from multiple signals.

6.2 Divertor heat flux width (λq) in fusion devices

One of the most relevant issues nowadays that will potentially have an impact on the

feasibility of ITER and beyond is the heat flux width (λq) and the mechanism that

set it. In the ITER standard configuration (Q = 10), the heat power from the bulk

plasma to the SOL is foreseen to be ∼ 100 MW (Ptotal − Prad,core, where Ptotal is the

total input power into the plasma and Prad,core is the core radiated power) [158]. Such

high power level has to be exhausted somewhere. While a substantial part will be

irradiated by impurity seeding [158], some will end up in the plasma wall, and the

remaining will be conducted along the field lines onto the divertor plates. The power

that will arrive at the wall has to be controlled to avoid overload, which might cause

wall contamination as well as its damage. The power load on the wall must be below

4.7 MW/m2 in steady state condition [121]. Such an important requirement set a limit

for the intensity of the SOL cross-field transport. However, the most critical point

is the power that will arrive on the divertor. It is not clear yet whether the divertor

targets will be able to withstand the coming power in steady-state condition for a long

period. The material power threshold is ≈ 10 MW/m2, which reduces drastically the
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operating margins for ITER. A possible solution for that is to increase the impurity

irradiation contribution by impurity seeding up to the so-called detachment or partial

detachment regime [135], where the heat flux and pressure along the field lines up

to the divertor reduce strongly. However, the impurity seeding has to be carefully

tailored to avoid that density increases beyond the limit where radiative collapse

might be activated [148].

Experimental results from several machines, including JET, DIII-D, ASDEX Up-

grade, C-Mod, NSTX and MAST, indicate that λq ∼ B−γp , where γ ≈ 1.1 − 1.3,

or equivalently λq ∼ I−γp since Bp ∝ Ip [67]. This result was obtained by infrared

tomography. Typically, this diagnostic is composed of a set of cameras designed to

measure the infrared radiation coming from the divertor plates that, in turns, allows

to measure the surface temperature and so the heat flux (by assuming stationary

condition) with a good spatial-temporal resolution. The footprint of the power over

the divertor has a characteristic pattern during inter-ELM H-mode as observed in

several machines, with a heat flux peak at the target position that faster decreases

towards the private zone than to the flux expansion direction. This motivated a fit-

ting formula first proposed by Eich T. [68] that successfully describes the data of

several machines. Fig. 6.3 shows λq as a function of the poloidal magnetic field at

the midplane, clearly indicating that the heat flux becomes narrower regardless of the

machine size. The dependence λ ∼ 1/Bp suggests that the heat flux width in ITER

baseline H-mode (Q = 10), Ip = 15 mA with q95 = 3, in attached condition will be

λq ≤ 1 mm.

The ’Eich scale’ is largely supported by the Goldston heuristic model [97]. R.J.

Goldston has proposed a model that estimate the heat flux width for tokamaks in

inter-ELM H-mode regime based only on neoclassical drifts, i.e. neglecting the cross-

field transport contribution from turbulence. The basic idea behind this model is that

the magnetic curvature and ∇B make the gyro-center of ions and electrons to move
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Figure 6.3: Eich scale: heat flux width (λq) as function of the poloidal magnetic
field at the outer midplane (for several devices). The black line represents the data
fitting curve [67].

vertically. In average, some ions will escape the confinement region towards the SOL

with velocity 〈v∇B+curvB〉 = 2T/eZBR, where T is the temperature in eV. According

to the model, the effective cross-field drift is balanced in the SOL by parallel flows

into the divertors and also to counter Pfirsch-Schlüter parallel flow. By assuming

that Te = Ti = Tsep on the drift and by balancing with the parallel flow to the

divertor, and considering that the velocity is cs/2 (half of the total contribution),

one can demonstrate that λ ≈ 2aρ/R, where a is the minor radius and ρ is the ion

Larmor radius. This formula has been shown to agree very well with the data from

present operation tokamaks. Worth noting that the argument just described neglects

explicitly any contribution from turbulent transport, which might be fine at some

extend for inter-ELM H-mode, but is clearly not suitable for L-mode.
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Gyrokinetic simulations with XGC1 have shown that λq in ITER baseline configu-

ration might be λq ∼ 6 mm [42], therefore deviating from the Eich’s scale. This fortu-

itous result would give some margin for the ITER divertor design. Those simulations

neglect electromagnetic effects, i.e. consider that fluctuations are pure electrostatic.

Nevertheless, simulations have shown good agreement with experimental results and

the Eich’s scale for DIII-D, C-mod, and NSTX. XGC1 is a full −f particle in cell

gyrokinetic code, able to perform global plasma simulations in diverted geometry,

including plasma-wall physics [48].

Following this result, several simulations were carried out to verify the validity

and extension of those findings [290, 257, 214, 194]. As an example, BOUT++ is

a framework for non-linear fluid plasma simulations that can accommodate many

different models. Among them, a nonlinear three-dimensional turbulence code that

considers two-fluid and 6-fields has been used to simulate the physics of the edge and

SOL [290]. The code assumes that the plasma in this region can be described by a set

of Braginskii equations (i.e. plasma is treated as fluid), including also electromagnetic

effects and finite Larmor radius, gyro-Landau fluid. The code has been shown to

successfully predict the properties of the quasi-coherent mode observed in the EDA

H-mode in C-Mod [43]. This mode acts to enhance the cross-field transport in this

machine [151]. Such a result points out to the importance of the underlying instability

to the transport and, consequently, to the SOL width. Myra et al. [186] have further

confirmed the key role of the underlying instabilities and turbulent transport and

their impact on the SOL properties, as well as the role of the turbulence saturation

mechanism.

Some turbulence codes [214, 257, 251] consider that the turbulence that con-

tributes to the SOL anomalous cross-field transport is generated in the near edge and

scrape-off layer. Thus, those codes naturally neglect that a portion of the turbulence

in the SOL might actually come from the pedestal region. However, a growth piece
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Figure 6.4: Simulations from BOUT++ in ITER condition: root mean square of the
pressure perturbation shows as color map where the vertical axis is the normalized
flux coordinate and the horizontal axis represents the time evolution [154].

of evidence has shown that this effect might be presented and could be crucial for

ITER and beyond [42, 43, 154, 292]. Fig. 6.4 shows simulations from BOUT++ [154]

of the plasma edge and SOL in ITER baseline condition (Ip = 15 MA). Note that

most of the turbulence (represented by the root mean square of the pressure pertur-

bation) is generated at the maximum pedestal gradient region, but penetrates into

the SOL, affecting, thus, the local turbulence feature of this region. The simulations

reported in Ref. [154] have shown two cross-field transport regimes: a dominated by

neoclassical drift (in agreement with the heuristic model) and a turbulent dominant

regime. The parameter that yields this deviation was pointed out to be the level

of SOL thermal diffusivity χ⊥. The critical value (χ⊥,crit), however, depends on the

machine parameter. In relatively small machines (basically all the present tokamaks),

the threshold between the two regimes is larger than the expected anomalous cross-

field transport and, thus, the neoclassical drift dominates the cross-field transport.

In bigger machines, like ITER and CFETR [291], the turbulent cross-field transport

contribution becomes dominant, and, therefore, turbulence is expected to set λq. This
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result is likely related to the combination of the diminished importance of neoclassical

drifts, that decrease with the major radius and the magnetic field strength, with an

enhancement of turbulent transport (with a leading role of turbulence spreading).

The latter seems to be in accordance with a relaxed E × B shear layer. Indeed,

cross-field turbulence transport and turbulence spreading can be regulated by radial

electric field or its shear [285, 43]. The E×B shear in ITER and beyond is expected

to be weaker [143], and wider, ∆r ∼ (αaρi)
1/2 [42], where α depends on the magnetic

equilibrium. This favours the cross-field transport of bigger structures (streamer-

type) towards the SOL. Therefore, while SOL turbulence in the present tokamaks is

thought to be dominated by blob-type structures, streamers might be dominant in

ITER and beyond. These structures are more efficient to transport plasma outward

and, hence, might have a significant impact on the SOL width. Therefore, the divertor

heat flux width in ITER and beyond can be fully dominated by turbulence processes

with the combined contribution of local and non-local effects. Turbulence spreading

intensity and the edge-SOL coupling level are strongly dependent on sheared radial

electric fields as shown in [103] and discussed in the previous chapter. These results

were obtained with fast switch biasing experiments. In the next section, the prop-

agation of turbulence will be studied for slowly-varied radial electric fields in TJ-II

during the spontaneous electron-ion root transition. Although TJ-II is a stellarator,

the basic idea of the SOL been set by the competition of cross-field and parallel

transport remains. Therefore, turbulence spreading is also expected to be relevant in

stellarators.
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6.3 Slow electron-ion-electron root transition in

TJ-II

Radial electric fields in stellarator are set by the interplay between neoclassical and

turbulent mechanisms. The ambipolar condition requires a balance of the electrons

and ions flux (Γe = ZiΓi), that, in turns, is locally dependent on the density and

temperature gradients as well as on the radial electric field itself [274]. This stellara-

tor property differs profoundly from tokamaks, where the radial electric field is set

independently from the neoclassical ambipolar condition, that is, 〈jr〉 = 0 for any Er

solution. Deviations from the axisyemmetry (e.g. toroidal field ripples) in tokamaks

or turbulence effects can yield 〈jr〉 6= 0, turning the ambipolar flux tied to local Er

and vice versa. In stellarators, the electrons and ions mobility depends strongly on

the level of colissionality ν∗ (also called neoclassical viscosity), that defines different

plasma confinement regimes, e.g. banana, plateau or Pfirsch-Schlüter. But also on

the local radial electric field, which in turns, impacts on the ambipolar condition and

so back on Er. This makes the radial electric fields intrinsically non-linear in stel-

larators. Therefore, local ambipolarity in stellarator is only consistent with specific

Er solutions [112]. The so called electron root is the positive radial electric stable

solution (Er > 0) that typically appears in low collisionality regimes and for Te � Ti.

In higher density regimes and for Ti ∼ Te, negative stable solution (Er < 0), called ion

root, becomes dominant. In TJ-II, the ’root transition’, i.e. when the radial electric

field locally or globally flips the sign, typically happens when the central averaged

line density overcomes a critical value at constant heating rate [275]. The transition

has been observed experimentally in TJ-II with Heavy Ion Beam Probe (HIBP), as

global potential sign [177]. A stepper radial electric field profile in the plasma edge is

an observed consequence of the transition [71, 275]. Substantial improvement in the

plasma confinement time during the ion root phase [13] is consistent with an enhanced
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E×B shear layer in the plasma edge [275] that drives turbulence suppression [103]. In

addition, the radial electric field can also be set by turbulence mechanisms, although

there is some controversy regarding this point [112]. This because turbulent trans-

port is also ambipolar in stellarators, so the neoclassical transport, on scales larger

than gyroradius, is thought to be the dominant factor that sets the radial electric

field. The turbulence self-regulation acts to saturate turbulence locally by creating

fluxes through Reynolds stress mechanism [60] and thus inhibiting the further growth

of the turbulence. In this process, turbulence events feed the growth of low scales,

i.e. zonal structures, in an inverse cascade process [59]. The rise and fall of turbu-

lence amplitude occurs in low frequency (∼ 1kHz) in a limit cycle oscillation (LIM),

thought as a ’predator pray’ mechanism [139]. This self-regulation process generates

zonal flows that is characterized by larger m = n = 0 structures, which is commonly

observed experimentally in TJ-II with a high long-range correlation (LRC) (at zero

delay) [207] and as global slow oscillating mode [272]. In stellarators, zonal flows

become enhanced with the decrease of the neoclassical viscosity when the density

approaches the limit beyond the root transition [275]. The viscosity, that acts to

damp low-frequency oscillation, goes to zero in the transition, permitting the growth

of low-frequency modes such as zonal flows. Its contribution to the local flow can be

critical, beyond the neoclassical contribution, especially in high turbulent regions.

To study the impact of radial electric field on turbulence propagation, a dedicated

experiment was considered [102]. Thanks to the special root transition property in

stellarators, the radial electric field can be varied continuously and slowly, making

those devices ideal to study the relationship between turbulence and radial electric

fields. In chapter 5, it was demonstrated through the electrode biasing technique

that sheared radial electric fields are able to suppress turbulence locally (a well-

known result [28]), but also its radial propagation [103]. The consequences of this is

a partial turbulence edge-SOL decoupling, with a direct effect on the edge and SOL
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profiles, e.g. the ion saturation current SOL decay length becomes reduced. The root

transition can be achieved in TJ-II by varying the plasma density by external gas feed

control, keeping the heating rate constant. The heating here was provided by electron

resonance heating (ECRH) at a frequency of 53.2 GHz (X-mode). The transition

happens in this situation when density overcomes a critical value [275]. During this

process, the main instability that drives most of the turbulence remains the same,

as has been shown recently in global gyrokinetic simulations [219]. The dominant

microinstability in TJ-II is the trapped electron mode (TEM), mainly driven by the

electron temperature rather than density gradient. This is an important requirement

since one can guarantee that the modifications in the turbulence properties is mainly

provided by the varying radial electric field.

Deuterium plasmas with magnetic field on axis B0 < 1.2 T was initialized and

sustained by two gyrotron, delivering a total power of PECRH = 150 kW. The line

averaged density was varied in the range n̄e ≈ 0.3 − 1.0 × 1019 m−3. The empirical

critical density in this case is n̄ce ≈ 0.6 × 1019 m−3, beyond the electron-ion root

transition occurs. The core electron temperature was observed in the interval: 300 <

Te(0) < 400 eV.

The plasma edge and SOL were monitored with two electrostatic probes toroidally

displaced (Fig. 6.5). The probe B was inserted from the top vessel at the toroidal

cross-section φ = 195◦, while probe D was installed at the bottom at φ = 38◦. All the

eight radially aligned pins of probe B, with a radial mutual separation of ∼ 2 mm,

were set to measure floating potential (φf ). Probe D is composed of a two-dimension

array of tips (5x4), with five rows ∼ 5 mm radially separated and four tips by row,

having a mutual bi-normal (or approximately poloidal) separation of ∼ 3 mm. The

probe was set to measure at each row: [φ+, φf , Is, φf ], where Is is ion saturation

current and φ+ is a positive potential with respect to the wall (at ground connection).

The positive potential is set to have the same magnitude by opposite signal to φ−,
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the biasing potential for the ion saturation current measurement. Both potential

voltage were around ±150 eV and so φ+ − φ− � Te [eV]. With this configuration,

the electron temperature (Te) can be estimated, Te = (φ+ − φf )/log(2) [133], as

well as the radial turbulent particle flux Γr ' 〈ñeṽr〉 ∝ 〈ĨsẼθ〉/B, assuming that

ñe ∝ Ĩs and vr = Eθ/B ≈ −∇θφf/B [217]. The signals of both probes were acquired

at 2 MHz. In addition, the plasma boundary was monitored with two channels

of Doppler reflectometry [71]. The system permits to measure, with good spatial-

temporal resolution, the plasma cross-field velocity (u⊥) and the density fluctuation.

The perpendicular velocity in the plasma periphery is u⊥ = vE×B+vph, where vE×B =

B−2 ~E × ~B and vph is the intrinsic phase velocity of the fluctuation. By considering

that the poloidal E×B rotation is dominant over the phase velocity, which is a good

approximation for the plasma edge of TJ-II [71, 219], one can obtain the local radial

electric field Er ≈ u⊥/B.

Figure 6.6 shows: a) the time evolution of the central line averaged density to-

gether with the two gyrotron power (in arbitrary units); b) the radial electric field

at ρ = r/a ≈ 0.8 measure with Doppler reflectometry; c) averaged floating potential

profile (in sub-time windows of 2 ms). In the first phase (1100 ≤ t ≤ 1160 ms), the

plasma density increases slowly from around 0.4× 1019 m−3 to 0.6× 1019 m−3, while

Er reduces roughly following the density variation. The floating potential profile dur-

ing the same phase exhibits a peaked in the edge (r − r0 < 0) dropping towards the

SOL (r − r0 > 0). The slope of the profile is negative, suggesting that the radial

electric field is also positive, since Er = −∇rφp ≈ −∇rφf − 3∇rTe and ∇rTe > 0 in

the edge and SOL. In this phase, the plasma edge is in the electron root. Between

approximately 1160-1190 ms, the density increases over 0.6×1019 m−3 and the radial

electric changes sign, becoming negative. The floating potential profile now exhibits

a valley in the edge that increases towards the SOL. In this phase, the plasma edge is

consistent with the ion root solution that becomes dominant once the density over-
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Figure 6.5: Schematic view of the TJ-II last closed flux surface (LCFS) magnetic field
strength |B|, and the toroidal position of the two probes. The probes B and D are
shown in detail at the bottom.

comes its critical value [275]. In the latter phase (1190 ≤ t ≤ 1250 ms), the plasma

density decreases and the radial electric turns positive again. The floating potential

has the same peaked profile as in the first phase, but with larger values in the edge

than before. In this phase, the plasma returns to the electron root dominated solution

after the density decreases below the critical value.

Figure 6.7 shows some plasma relevant parameters during the electron-ion-electron

root transitions in the plasma edge (ρ ≈ 0.9) measured with the probe D. The radial
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Figure 6.6: Electron-ion-root transition in TJ-II: a) central line density and ECRH
power (arbitrary units); b) radial electric field (Er) measured with Doppler retometry
at ρ ≈ 0.8; c) spatiotemporal evolution of the floating potential, measured with the
probe B, where the innermost pin is placed at r− r0 ≈ −10 mm or ρ ≈ 0.9, where r0

is the LCFS position.

gradient of the floating potential (Fig. 6.7 a) exhibits a similar behaviour to the radial

electric field measured with Doppler reflectometry (Fig. 6.6), i.e. signal flip sign in

the ion root phase, suggesting that −∇rφf is a good proxy for Er. The ion saturation

current (Is) and the electron temperature (Te) show roughly opposite trend, while Is

slightly increases during the first phase (1100 ≤ t ≤ 1160 ms), Te decreases. Both

quantities are tied through the density, since Is ∝ ne/
√
Te. During the ion root phase,

the ion saturation current reaches its maximum value, while the electron temperature

reaches its minimum. After the back transition (ion to electron root), the situation

returns roughly to what it was before, −∇rφf , Is and Te assume similar values as in
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the first electron root phase, with the last two slightly lower and higher, respectively.

As has been shown in chapter 4, the turbulent particle flux can be computed from the

Is and Eθ fluctuations preferentially measured at the same location. This requirement

is necessary to avoid non-physical phase delay between the two quantities. In practical

situations, however, the poloidal electric field can be deduced from two tips measuring

plasma potential (or floating potential, by neglecting temperature fluctuation). Other

diagnostics, e.g. heavy ion beam probe (HIBP), one can measure the two quantities

simultaneously and at a close position [176]. Nevertheless, some precautions must

be taken by using probes in order to obtain good and reliable results. The most

Figure 6.7: Some plasma relevant parameters during the electron-ion-root transition
in TJ-II: a) minus the radial gradient of the floating potential; b) ion saturation
current; c) electron temperature; d) spectral contribution for the transport (T (f));
d) radial particle normalize by mean ion saturation current. All parameters are
measure at ρ ≈ 0.9.

critical one is that the distance between tips measuring potential must be shorter

than the eddy poloidal size [17], but larger than at least three Debye lengths to avoid

any cross-talk between pins. The tip measuring Is should be placed between the two

potential, which limits the achievement of this requirement. The poloidal electric

field was measured in this experiment with two floating potential signals, d ∼ 6 mm

136



poloidally displaced, where d is shorter than typical turbulence size ∼ 1 cm. The ion

saturation current was measured with a tip between them. From this configuration,

the turbulent particle flux is approximately Γr ∝
〈
Ĩs∆φ̃f

〉
/(Bd). As discussed in

the chapter 4, the turbulent flux can be decomposed in frequency: Γr =
∫∞

0
T (ω)dω,

with: T (ω) = 2/B|Pnφ(ω)|kθ(ω)sinαnφ(ω)dω, where Snφ and αnφ are, respectively, the

cross-power spectrum and the cross-phase between density and plasma potential (or

between ion saturation current and floating potential considering the approximations

above), and kθ = ∆α/d, where ∆α is the phase delay between the two floating

potential spaced d. Note that |kθ| ≤ π/d, where π/d ≈ 5.2 cm−1. In addition, as it

was defined in the previous chapter, the effective radial velocity is: veff
r = 〈ĨsẼθ〉/IsB.

Fig. 6.7 d) shows that the spectral contribution of transport comes mainly from

frequencies lower than 100 kHz, although the higher frequency contribution is not

negligible. The transport is essentially outward with some input of inward in low

frequency (< 10 kHz). The overall transport (averaged over all frequencies) is outward

in the first electron root phase, reducing sharply in the ion root phase due to a

combination of decreased high-frequency contribution and expansion of the inward

transport band in lower frequencies. In the last phase (electron root), the spectral

contribution of transport returns roughly as it was before, showing that the two-

electron root phases share similar transport properties. The normalized transport by

the background (〈ĨsẼθ〉/BIs) or effective radial velocity is nearly constant during the

two-electron root phase, with a value around ∼ 0.2 km/s, but reduces strongly in

the root phase to almost zero. This result suggests that the electron to the ion root

transition has a substantial impact on the turbulent transport, in accordance with

the ECRH to NBI root transition seen in chapter 5.

The cross-correlation is a linear technique that measures the level of similarity

between two signals at a given time delay (see chapter 4). The technique has been

used to characterize the properties of coherent structures both in the edge and SOL
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of plasma devices. The radial and poloidal correlation length of fluctuating plasma

density or potential are useful quantities to infer on the turbulence cross-field exten-

sion and the role of background flows. During the two transitions (Fig. 6.6), the edge

radial electric field is modified continuously, going from positive to negative and then

to positive again. The effect on the turbulence radial correlation length is obtained

here by using the auto and cross-correlation technique. The probe B, with 7 pins

∼ 2 mm radially spaced, was used for this purpose. The reference is a pin roughly

5 mm inside the plasma. The choice is convenient since this is the region where one

can usually observe the E × B shear layer in TJ-II [103] and, thus, the process of

streams turning into blobs is expected to happen [195]. Therefore, by measuring the

plasma simultaneously in the edge and SOL, it is possible to study how the effective

turbulent size changes when the plasma transits between different roots. The signals

were band-pass filtered (2− 600 kHz) to eliminate the signal trend, thus highlighting

its fluctuating part. The calculation was performed in 4 ms time slices in a long time

window covering the two transitions.

To study the radial correlation length, two approaches were considered. In the

first one, the turbulence extension is deduced from the cross-correlation at zero delay,

which can be thought as an averaged snapshot of the turbulence projected in the radial

direction. In the second approach, the maximum of cross-correlation is considered

instead, where the aim is to take into account for the fact that the turbulence might

be propagating. Note that the maximum can appear at any time delay. Fig. 6.8 a)

shows the spatiotemporal map of the maximum of correlation, where the reference

(auto-correlation) is indicated by the white dashed line. One can see that the high

correlation range get narrower in the ion root phase, becoming broader again in the

electron root back transition, with high correlated structures penetrating further the

SOL. The map can be fitted in time by two exponential functions starting from the

reference position in the inner part towards the core, and towards the SOL. The final
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radial correlation length is defined as the sum of the two exponential coefficients.

Fig. 6.8 b) shows the radial correlation defined from the maximum correlation (Lmaxr )

and at zero time delay (L0
r, where the corresponding map is not shown here); the

former is larger by definition. Both Lmaxr and L0
r slowly decrease as the electron-

ion root transition approaches. The result suggests that not only the local size of

turbulence (represented by the correlation at zero delay) is affected by the transition

or the evolution of the radial electric field, but also the turbulence radial spread (Lmaxr )

becomes more restricted. During the electron root after the back transition, both

quantities increase again, reaching values comparable to the first electron root phase.

Although both quantities become comparable in some time interval, suggesting that

either the propagation becomes less important or the turbulence radial size largely

overcomes the pins separation, in most of the time, Lmaxr > L0
r. This result indicates

that the propagation yields an effective correlation length larger than the standard

local correlation length. One can argue that travelling coherent structures make the

correlation length non-local. This can ultimately affect the SOL profiles [181].

Turbulence self-regulation benefits from the turbulence-free energy, by creating

bigger structures such as zonal flows in inverse cascades. In this process, turbulence

can feedback the flow thus altering the radial force balance and ultimately the local

radial electric field. Zonal flows traces are identified here by two methods: long-range

correlation (LRC) based on two-point cross-correlation and biorthogonal decomposi-

tion (BOD).

LRC refers to the cross-correlation between two signals (measuring the same quan-

tity) that are far enough spaced in the plasma (several correlation lengths), but pref-

erentially at the same magnetic surface. A typical length for the LRC is the device

characteristic size. In TJ-II, high levels of LRC have been observed between two

remote toroidal spaced probes measuring floating potential [207]. The same is not

observed for ion saturation current measurement. Those results have shown that the
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Figure 6.8: Turbulence correlation length during the electron-ion-electron transition:
a) spatiotemporal map of the maximum of correlation; b) radial correlation length for
the maximum correlation (Lmaxr ) and at zero time delay (L0

r) defined from the sum
of decay coefficients of two exponential functions starting from the reference.

radial electric field evolution is connected with the rise and fall of the potential LRC.

To verify the role of LRC in the edge-SOL turbulence coupling during the electron-

ion-electron root transition, the probes B and D (see Fig. 6.5), remotely separated

∆φ ≈ 157◦ (toroidal angle), were used to compute the floating potential LRC over

time. The typical global potential structure that yields a significant LRC is thought

to be the zonal flows. The structure is characterized by m = n = 0 and low frequency

oscillation (typically f ≤ 1 kHz). Fig. 6.9 a) shows the radial derivative of two radial

spaced φf signals in the probe D located at ρ ≈ 0.9. Note that −∇rφf time evolution

is similar to Er, measured using Doppler reflectometry (Fig. 6.6), particularly, both

flip sign from about 1160 to 1190 ms. Hence, −∇rφf is a good ’proxy’ for edge radial
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electric field in this experiment. Fig. 6.9 b) shows the LRC between a fixed pin in the

probe D with the eight pins of probe B, with mutual radial separation of ∼ 2 mm.

The LRC is defined here as the cross-correlation between remotely separated probes

at zero delay. One can see that the largest long-range correlation is with the pins

located in the near edge during the electron root phase. Near the transition, from

1150-1160 ms, the LRC reaches its maximum value (∼ 0.8), dropping sharply later

during the ion root phase (1160-1190 ms). Note the LRC pattern has a clear radial

profile. After the back transition, LRC increases again in the edge, but with lower

values than before. Taking the innermost pin of the probe B and performing the

cross-correlation with the reference pin in the probe D, the result in time is shown

in Fig. 6.9 c) for a wide range of time delays. Note that in the first electron root

phase there is a plume of high correlation around the zero delay, suggesting that the

two remote separated potential is roughly synchronized. The correlation intensifies

close to the transition and then decreases in the ion root phase. The plume returns

strong in the second electron root phase but slightly shifted towards positive delay.

Fig. 6.9 d) shows the time evolution of the LRC between the two pins in c). It is

interesting to note that the LRC is over 1/e almost all the time (used as a lower limit

for long-range correlation [162]). In the ion root phase, LRC drops by a combination

of lower amplitude and shift to τ 6= 0. Therefore, the long-range correlation effect is

more intense in the electron root phase, reaching its maximum during the electron to

the ion root transition, in agreement with theoretical predictions [275]. This effect is

likely related to zonal flows.

The identification of global structures can be done by using the biorthogonal de-

composition, as described in section 6.1. It has been shown in TJ-II, from measure-

ments of two remote probes [272] in the plasma edge, that this technique can identify

global structures presenting high levels of long-range correlation and low frequency

(∼ 1 kHz) oscillation. Given that those are precisely the properties of zonal flows,
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Figure 6.9: Long distance correlation during the electron-ion-electron root transition.
The radial gradient of the floating potential (−∇rφf ), considered as proxy for Er
in this experiment, is shown in a), while the cross-correlation at zero time delay
between a reference pin in the probe D with al the pins in the probe B is shown b)
as time evolution. The correlation between the innermost pin in the probe B with
the reference in the probe D is shown in time for wide range of time delay. The LRC
between these two pins is shown in d).

they were identified as such. In Fig. 6.9 is shown that the LRC is higher in the electron

root phase and becomes further amplified in the electron-ion root transition. Besides,

the high LRC range has a clear radial dependence, therefore, any radial displacement

of the global structure can yield a lower LRC if one considers the correlation between

only 2-points, as shown in Fig. 6.9 c and d). The BOD extracts information from

all signals included in the analysis, thus, it is less depended on whether the structure

moves or not, as long as this displacement is covered by the probe resolution. The

biorthogonal decomposition is built here by considering all the signals in the probe

B, covering a range of about 1.5 cm, and 6 pins in the probe D, two per row with

mutual separation of 5 mm. The radial range covered by the two probes presents

some overlap. All pins were set to measure floating potential φf . The array of signals

in a long time window: 1100-1250 ms, is subdivided into smaller time windows of 4

ms where, by using SVD, the ’topo’ and ’chrono’ functions for all modes and their
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respective coefficients are obtained. It has been shown in section 6.1 that the cor-

relation, or the LRC, can be obtained directly from the topos of remotely separated

signals.Fig. 6.10 shows the result of this procedure. For sake of comparison, −∇rφf ,

a proxy for the local radial electric field, was plotted again. Fig. 6.10 b) shows the

amplitude of the three most dominant modes in time. The λs are normalized by the

square root of the product between the chromo and topo dimensions. Note that λ1

sharply drops in the ion root phase (−∇rφf < 0). The long-range correlation for

the three modes is shown in Fig. 6.10 c). Mode 1 presents the largest LRC, with

higher values in the electron than the ion root phase. Note that the Cλ1
LRC peaks

in the electron-ion root transition, dropping later, and increasing again in the ion

root phase. The time behaviour of the three modes is depicted by the corresponding

chrono functions. Fig. 6.10 d) shows the spectrogram of the three modes. Note that

a high spectrum contribution appears for low-frequency ∼ 1 kHz near the transition,

as seen by the chrono of the mode 1. Similar behaviour is observed in the mode 2,

but with higher frequency (around 5 kHz) and lower amplitude, while it is virtually

absent in the mode 3. The combination of low-frequency oscillation with a relatively

high long-range correlation are strong signatures of zonal flows. Therefore, the results

present in the graphs of Fig. 6.10 indicate that zonal flows are amplified in the tran-

sitions, but it is more intense during the electron-ion root transition, in agreement

with theoretical predictions [275]. Note that the time evolution of λ1 is a good proxy

for zonal flows strength, it peaks in regions where both Cλ1
LRC and the low-frequency

spectrum are significant.

Following the approach presented in the Fig. 6.8, one can also study the turbu-

lence extension and how it evolves in time during the roots transitions by using the

mutual information (MI), discussed in section 6.1. The technique quantifies the level

of dependency or shared information between two process. Different from the cor-

relation that is based on linear dependency, MI is nonlinear and based on Shannon
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Figure 6.10: Biorthogonal analysis: time evolution of a) −∇rφf , b) amplitude of the
three most dominant modes, and c) long range correlation. The spectrogram of the
chronos corresponding to the three dominant modes is shown in d).

entropy [137]. Given that the plasma edge is a strong nonlinear environment, where

different processes, such as mode coupling and self regulation, together with breaking

of streamers [195] and merging/breaking of blobs, all happen simultaneously, this

technique can provide some complementary knowledge about the turbulent coupling

between the edge and SOL. The MI was computed by considering the same reference

in the probe B as before: r−r0 ≈ −5 mm, around the TJ-II shear layer location. The

result is shown in Fig. 6.11, where is plotted the maximum MI value (on logarithmic

scale) at any delay. The MI single contribution from the raw floating potential signals

over the time window: 1100 − 1250 ms was evaluated in 4 ms time slices. The MI

radially extension reduces in the ion root phase (1150 ≤ t ≤ 1190 ms) when the

highest values of MI become constrained in a short radial range around the refer-

ence location. In the electron root phases, this range becomes extended up to near

SOL. The depicted behaviour is similar to the correlation maps shown in Fig. 6.11,
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where they all follow roughly the density time evolution and the correspondent root

transitions. The result suggests that during the ion root, the structures become less

nonlinear dependent over the correlation length, possibly due to the E × B break of

turbulent cells (Fig. 6.7 d) and e).

Figure 6.11: Mutual information (MI) on logarithm scale over time during the
electron-ion-electron transitions. The dashed white line indicates the reference loca-
tion while the thick black line represents the level log(MI) = −2.

As discussed in section 6.1, the mutual information technique does not tell any

information regarding propagation. Transfer Entropy (TE), on the other hand, offers

a way to compute the information flowing between two signals [270]. This can be

a powerful tool for studying the turbulent edge-SOL coupling. TE provides a novel

way to directly quantify the propagation of turbulence, or turbulence spreading, with-

out relying on the mechanisms that might drive this propagation [101]. Turbulence

spreading has been observed in global simulations [255, 204, 141, 156, 157, 43, 154],

but experimental evidences of the phenomena are still scares [72, 127, 101]. Global

simulations coupling the plasma edge and SOL [43, 154] suggest that turbulence that

arises and growths in the region of maximum pedestal pressure spreads towards the

SOL. The increase of turbulence level in the SOL can enhance the cross-field transport
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in this region and ultimately the SOL width. As discussed in section 6.1, although

in most of the present tokamaks the heat flux width seems to be mainly set by neo-

classical effects [67, 97], in ITER and beyond turbulence is expected to play a leading

role [42, 154]. The strength of the E × B shear layer, that depends on ρi/R, where

ρi is the ion Larmor radius and R is the major radius, seems to be the key factor.

In chapter 5, it has been shown that the turbulence can control the level of local

turbulence (represented by the ωD parameter) and the level of turbulence spreading

(ωS). This effect is studied here by using the transfer entropy technique during the

spontaneous electron-ion-root transition using probe B measuring floating potential.

Figure 6.12 shows the transfer entropy between two pins (2 and 4), ∼ 5 mm

radially displaced and located in the plasma edge (r − r0 ≈ −5 mm). According to

the adopted reference, T2−4 refers to propagation from the pin 2 to 4, while T4−2 is

the opposite, i.e. from 4 to 2. The analysis was done in sub-time windows of 10 ms

and bin number m = 5. The radial gradient between the two potentials is shown at

the top of Fig. 6.12, where the flip of signal characterizing the root transitions is well

depicted. In the first electron root phase (1100 ≤ t ≤ 1150 ms), the net propagation

is outwards, i.e. the information flows predominately from the pin 2 (inner) to the 4

(outer) at∼ 1 km/s (deduced from the probe separation and the TE time delay). Near

the transition, T2−4 reduces, but T4−2 exhibits an increment in long time delays. This

effect happens concomitantly with the observed enhancement of zonal flows (Fig. 6.9

and 6.10). But, the TE technique requires long roughly stationary time windows,

thus, one has to be careful drawing any conclusion from transient events. In the ion

root phase (1160 ≤ t ≤ 1190 ms) the propagation ceases nearly completely in both

directions. In the back transition, T2−4 increases again, initially in a wider range of

time delay, similar to the first transition. The maximum TE shifts from higher to

lower time delays, suggesting a variation of velocity. In the electron root, far from
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the transition (1200 ≤ t ≤ 1250 ms), the pattern of propagation resembles to the first

phase, with an effective radial propagation of about 1 km/s.

Figure 6.12: At the top: ∇rφf between the pin 2 (inner) and 4 (outer) in the probe B,
placed at the plasma edge r − r0 ≈ −5 mm and with mutual separation of ∼ 5 mm.
At the bottom is shown respectively, the transfer entropy from 2 to 4 (T2−4), and
from 4 to 2 (T4−2).
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The extension of propagation in the three phases can be better visualized by

computing the TE from a reference signal with the remaining. Taking the innermost

pin in the probe B (r− r0 ≈ −10 mm) as the reference, the outward TE propagation

is shown in Fig. 6.12 in three-time slices corresponding, respectively, the electron-ion-

electron root phases (also shown in the time evolution of central line averaged density).

The vertical axis of the three frames shows the probe position with respect to the

LCFS and the horizontal one the time delay. In the first phase, electron root, a plume

of propagation starting from the reference is evident, extending up to the near SOL.

Note that the slope of the plume gives the velocity of propagation in each position

and that seems to slow down near the plasma boundary (r − r0 = 0). During the

ion root, frame number 2, the plume almost disappears, being restricted to a narrow

range around the reference. In frame 3, the plasma edge returns to the electron root

again, the plume comes back even more intense than before, penetrating further into

the SOL. Near the plasma boundary, the plume is broader in the horizontal axis,

suggesting the presence of a transport barrier in this region that slows down the

propagation and reduces its amplitude.

The results obtained through the transfer entropy indicate a strong reduction of

turbulence propagation during the ion root phase (Er < 0). In the electron root

(Er > 0) phases, a plume of propagation of about ∼1 km/s from the edge towards

the SOL suggests that the turbulence in this two regions is connected. The partial

decoupling during the ion root seems to be related to the time evolution of the radial

electric field. Since the level of turbulent transport in the SOL impacts on the SOL

width and consequently on the heat flux width (λq), those finds provide an important

piece of information to better understand the mechanisms that set the SOL in fusion

devices.
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Figure 6.13: At the top: time evolution of the central line averaged density. At the
bottom: radial profile of the transfer entropy (on logarithm scale) starting from a
reference at r − r0 ≈ −10 mm in three time moments shown at ne at the top.

6.4 Conclusion

Propagation of turbulence from the pedestal or near the edge to the SOL region is

one of the candidate for the larger λq observed in some recent simulations for ITER

condition [42, 43, 154]. In this chapter, it was discussed the impact of a varied

radial electric field on turbulence propagation in TJ-II. The results presented here

were based on spontaneous electron-ion-electron root transition, where the edge ra-

dial electric field flips sign slowing from positive to negative, and back to positive

again. From the biorthogonal analysis, considering multiple floating potential sig-

nals from two remotely separated probes, it was shown that the amplitude of the

dominant global mode is related to zonal flows [272] and becomes amplified in the

transitions, in agreement with simulations [275]. In the ion root phase (where an
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enhanced shear layer has been observed [101]) the turbulent particle flux and ra-

dial correlation length reduced compared to the electron root phase. While these

results indicate that turbulence is locally affected in the ion root phase, the transfer

entropy [226] applied to radially spaced signals around the LCFS gives information

on the turbulence propagation. This analysis shows that turbulence propagation is

predominant outward with a typical velocity of 1 km/s in the electron root phase,

but it nearly ceases completely during the ion root phase, suggesting the edge-SOL

turbulence becomes decoupled. These findings present an experimental validation of

the turbulence spreading phenomenon and how radial electric fields could impact its

velocity and intensity.
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Chapter 7

Cross Field Transport in the

RFX-mod tokamak

The RFX-mod is a Reversed Field Pinch (RFP) device that started operating in

Padova, Italy, in 1992, and it has been through major updates since then [239]. The

machine has major radius R0 = 2.0 m and minor radius a = 0.46 m, and maxi-

mum plasma current up to 2 MA. Owing to its peculiar configuration in which the

plasma confinement relies strongly on self-organization properties [161], the device

is a formidable laboratory for studying MHD instabilities. A variety of magnetic

perturbations (e.g. tearing/resistive kink mode) are found in the RFP standard con-

figuration. While their growth can induce line stochastization and chaos [70], their

presence is determinant for the Dynamo Effect [32]. Besides, the machine typically

operates in very high plasma current (up to 2 MA) that, in turns, yields high plasma

betas that ultimately drives resistive wall mode (RWM) [16]. Given these drawbacks

of the reversed field configuration in terms of performance, active control of magnetic

boundary is necessary to avoid that the instabilities take over rapidly and lead to the

plasma disruption. On this purpose, RFX-mod is equipped with external magnetic

coils (192: 48 toroidally by 4 poloidally) installed on the plasma wall, covering the
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full torus. This system permits the MHD active control in real-time. In addition to

the actuator coils, the machine is also composed of saddle coils that are aimed to

monitor the plasma current and magnetic field, i.e., they are the sensors of the MHD

feedback control system of RFX-mod [299].

Thanks to its flexibility, RFX-mod can also operate as low current tokamak in

both circular and single null configuration. In this chapter and the subsequent one,

the focus will be on RFX-mod operating as single-null tokamak with plasma current

Ip ≤ 50 kA, toroidal magnetic field B0 ≤ 0.55 T, and deuterium as working gas. In

this configuration, the edge safety factor is q0 = 3 − 4 and the central line averaged

density is within the range (2-6)×1018 m3.

As discussed in the chapter 2, the biasing electrode technique has been used in

tokamaks and stellarators to induce high confinement regime, however the application

of this technique on a D-shaped tokamak plasma represents a novelty. The method

relies on the key role played by radial electric fields (or its shear) in suppressing

turbulent transport that is the main obstacle for the further growth of the pressure

gradient in the plasma edge. The induced radial current by the electrode is able to

enhance the radial electric field in a short time scale, before the radial force balance

and ambipolar condition take over [52]. Even in bigger machines where H-mode is

achieved by external heating, a minimum value of radial electric field is necessary to

trigger the transition [221]. The electrode used in this experiment is made of graphite

in an ellipsoid shaped (115 x 25 x 65 mm3). It was inserted into the plasma from

the bottom (Fig. 7.1). The bias is applied with respect to the plasma wall, that

is in ground connection, in a squared 200 ms pulse. The electrode biasing circuit

is shown in Fig. 7.1 b). In addition, the biasing power was real time controlled

to avoid overload and transient effects such as electric arcs. Fig. 7.1 a) shows the

electrode characteristic curve (Langmuir curve) as measured accounting for several

shots with similar parameters in single-null configuration. One can recognize the ion
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saturation current branch for voltage lower than -200 V and the exponential growth up

to positive voltage where the electron saturation current begins to settle. The biasing

configuration with positive voltage was not able to induce a substantial improvement

in the plasma confinement within the performed experimental campaign. A similar

effect was observed in TJ-II in NBI plasmas [103]. The most plausible explanation

is that the biasing in those cases act to reduce the local or ambipolar radial electric

field [52], making the Er profile less steep and thus reducing the E×B shearing rate.

The negative biasing, on the other hand, makes the radial electric field profile even

more stepper (increasing the plasma poloidal rotation), which enhances the shearing

rate leading to turbulence suppression. Positive biasing can yield improved plasma

confinement as well, depending on the background radial electric field [26, 101]. The

results presented in this chapter is for biasing at -400 V with electrode inserted 8 cm

at the plasma edge (ρ ≈ 0.83, with ρ = r/a, where r is the radial position from the

plasma center). Such experimental condition has been shown to induce a stable and

reproducible H-mode transition in RFX-mod [243].

The plasma periphery was monitored with the U-probe (Fig. 7.2). This probe is

composed of a set of electrostatic and magnetic sensors displayed in a two-dimension

array covering 88 × 20 mm in the cross-field plane. Each tower is equipped with 40

graphite tips (5x8 array), 5 per row roughly aligned poloidally (or in the bi-normal

direction) and displaced 3 mm from each other, and 8 tips each column roughly

aligned in the radial direction with mutual separation of 6 mm. The probe is also

equipped with seven 3-axial magnetic coils installed in each tower, with radial and

poloidal separation of about 6 mm and 88 mm, respectively, allowing the simultane-

ous measurement of the fluctuation of three components of the local magnetic field.

Based on the filamentary probe concept analogous probes have been built and used in

TORPEX [87], TJ-II [247], COMPASS [144, 244], and more recently in Wendelstein

7-X [6, 240]. The U-probe probe was inserted into the plasma edge of RFX-mod from
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Figure 7.1: Schematic view of RFX-mod a), showing the toroidal magnetic field
(counter-clockwise by looking from the top), the U-probe (inserted from the equa-
torial plane) and the electrode biasing (inserted into the plasma from the bottom).
The correspondent electric circuit of the external electrode is shown in b), with its
characteristic curve (or Langmuir curve) at the bottom for similar shots in RFX-mod
operating as tokamak in single null configuration. Figure adapted from [243].

the midplane in a shot by shot basis. In the configuration reported in this chapter,

the U-probe was set to measure simultaneously floating potential (φf ), ion saturation

current (Is), and the positive potential (φ+, with φ+ = -φ−, where φ− is the biased

voltage for measuring the ion saturation current) in the 5-pins balanced triple probe

(see chapter 4). Fig. 7.2 shows in more detail the measured signals and how they

were arranged in the two towers. In addition, the simultaneous measurement of the

cross-field components of the magnetic field B̃r and B̃θ permit to calculate the local

parallel current density in different positions as will be discussed in section 7.5. The

data were acquired at 2 MHz sampling rate.

7.1 L-H transition in the RFX-mod tokamak

High confinement mode (H-mode) induced by an external electrode biasing in ohmic

discharges in the RFX-mod operating as tokamak has been reported recently [243].
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Figure 7.2: U-probe: a) picture showing the two towers with 40 graphite tips installed
in each and one of the fourteen 3-axial coils; b) experimental configuration to measure
floating potential (φf ), ion saturation current (Is), and the positive potential for
measuring the electron temperature according to the 5-pins balanced triple probe
configuration.

Different from the classic H-mode obtained when the external power heating over-

comes a threshold [279], that in turns, depends on the characteristics of the plasma

and the confinement fields, in biasing experiments the plasma is not necessarily

heated [258, 101]. This technique relies on the key role of edge radial electric fields on

induce L-H transition [221], by stabilizing turbulence in this region and thus allowing

the steepness of the pressure profile and the enhancement of the energy confinement

time [273, 116]. The typical feature of this experiment is a fast and intense drop of

the Dα line (midplane) followed by an increase of the central line density. Fig. 7.3

shows three similar shots. The maximum achieved density is below 0.8nG, where nG

is the Greenwald density, which provides a relatively safe margin for high triangular-

ity below the limit for triggering MARFE [100]. In the shot #39140, however, the

density increases beyond 0.8nG, which is the possible reason for a disruption around

750 ms. Similar behaviour is also seen in the #39143, but the price to pay in this
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Figure 7.3: L-H transition in RFX-mod running as tokamak induced by an external
electrode biased inserted 8 cm into the plasma edge. a) biasing voltage and drained
current, b) edge safety factor, c) Dα line signal, and d) central line averaged density
for three shots: #39136,#39140 and #39143. The two colourful areas behind each
graph represent the time windows considered in the following analysis of filaments
dynamics.

case was the rise of an ELM-like instability. This shot will be studied in more detail

in the next chapter.

The effect of biasing on some of the electrostatic signals of the U-probe can be

seen in Fig. 7.2. When biasing is applied around 600 ms, Is increases in the edge

(r− r0 ≈ −2.9 mm, where r0 is the last closed flux surface position), and decreases in

the near SOL (r− r0 ≈ 0.5 mm), suggesting that the plasma density profile becomes

steeper, since Is ∝ ne
√
Te. The floating potential, φf ≈ φp − αTe, where φp is the

plasma potential and α is a constant that is approximately 3 for deuterium plasmas,

becomes less negative in the edge (reaching values similar to the biasing voltage)

and varies slightly in the SOL. When biasing is switched off, around 1000 ms, the

parameters return as they were before biasing, i.e. the plasma returns to L-mode.

The radial and poloidal magnetic field fluctuation are shown in Fig. 7.4 within

the range 20-1000 kHz. These signals were obtained by numerically integrating the
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Figure 7.4: Ion saturation current (Is) and floating potential (φf ) time series in the
edge and SOL during the biasing transition.

coil signals in time, Bi = 1/Ai
∫
Ḃidt, where Ai is the coil effective area orthogonal

to the magnetic field component corresponding to the index i. Fig. 7.4 shows B̃r and

B̃θ in time for a coil in the edge and SOL before and during biasing. In addition, it is

shown the corresponding spectrogram computed in time slices of 2 ms. During biasing

(600 ≤ t ≤ 1000 ms), the spectral contribution of the magnetic field fluctuation in

high-frequency becomes further enhanced, particularly one can see some traces of

high-frequency bands in the poloidal component of the coil in the edge. The signals

of the coil placed in the SOL also presents some high-frequency activities (lower than

the one in the edge), with both components behaving quite similarly. As shown in

the Ref. [243], the enhancement of high-frequency activities during biasing is very

reproducible over several shots (even in circular configuration). As will be discussed

in the next chapter, such behaviour is likely related to electromagnetic instabilities.

The main goal of using a biasing electrode is to modify the radial electric field and

ultimately the level of E×B shear flow. In Fig. 7.6 a), it is shown the floating potential

represented as a two-dimension map in L and H-mode. The signals were averaged

in time windows before and during biasing (shaded area shown in the Figures 7.3

and 7.4), and the graph was built by using 2D quadratic interpolation to make the

data visualization clearer. The dashed lines in both figures represent the last closed

flux surface (LCFS) position, separating the plasma edge (lower part) from the SOL
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Figure 7.5: Radial (left panel) and poloidal magnetic (right panel) field fluctuation:
time series and spectrogram for a coil placed in the edge (top) and in the SOL
(bottom).

(upper part). In addition, the white arrows represent the E × B flow deduced from

~vE×B = ~E× ~B/B2 ∼= −~∇φf× ~B/B, i.e. neglecting the temperature contribution. One

can see clearly from the absolute values that the floating potential change strongly

in the edge. The already presented potential well becomes further enhanced while in

far SOL the values do not change much. The arrows pattern indicates that the flow

in both cases is mainly downward and stronger around the LCFS. Fig. 7.6 b) shows

the radial profile of the floating potential before (L-mode) and during biasing (ELM-

free H-mode). One can see the strong impact induced by the biasing on the profile,

especially near the plasma boundary where it becomes much steeper. In the far SOL,
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beyond r− r0 = 20 mm, the potential is similar in both regimes. This result suggests

that this range is already located in the wall shadow (or limiter shadow) region. This

point will be further discussed later. The φf data in both cases is interpolated with a

third order Savitsky-Golay filter [137]. The steeper potential profile indicates larger

radial electric field or poloidal rotation since vE×Bθ = Er/B. Fig. 7.6 c) confirms

that, where vE×Bθ is obtained from the derivative of the interpolated curves. The

errors are estimated from the derivative operation, i.e., propagation of uncertainty,

where the error of the position was neglected, together with the ensemble error since

the derivative was performed in ever 2 ms. In Fig. 7.6 c) is shown that during H-

mode, vE×Bθ becomes enhanced around the LCFS, with values up to −20 km/s. It is

worth noting that this values is overestimated due to the absence of the temperature

correction that yields −3∇rTe/B > 0. Following the same procedure, the E × B

shearing rate can be obtained from the derivative of vE×Bθ , γE×B ≈ dvE×Bθ /dr. One

can note in this case a shear layer around the LCFS, with a positive and negative

shear zone with values up to |γE×B| ≈ 1× 106 s−1.

In chapter 4, it was discussed how one can evaluate the wavenumber-frequency

spectrum (S(k, ω)) from the measurements of two displaced signals. S(k, ω) is a fun-

damental quantity that provides information on the dispersion of waves in a medium

that not necessarily obeys k = k(ω), i.e., with a deterministic dispersion relation. In

a turbulent medium, the dispersion relation is typically broader, that is, one might

have several ω’s for a single k and vice versa. Intuitively, the broader is the S(k, ω)

spectrum, more turbulent the medium is. The difference of phase between two dis-

placed signals is: α12 = phase(P12), where P12 is the cross-power spectrum between

them. Therefore, the wavenumber is defined in the range: |k| ≤ α12/d, where d is the

distance between the two signals. Fig. 7.7 a) and b) show the wavenumber-frequency

spectrum for two poloidal displaced signals in the near edge (r − r0 ≈ −2 mm),

measuring floating potential before (a) and during biasing (b). The calculations were
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Figure 7.6: Two-dimension floating potential map in a) L and H-mode. The arrows
represents the E × B flow, vE×B = −∇φf × B/B2. The φf radial profile in both
scenario are shown in b), together with c) the poloidal projection of the E × B flow
and d) the shearing rate.

restricted to the fluctuations of φf in the range 20-700 kHz to avoid the influence

of low-frequency modes and high-frequency noise. The poloidal projection of pins

equally displaced at the same tower depends on the radial position with respect to

LCFS since the magnetic curvature is not negligible (Fig. 7.14): it varies within the

range dθ ≈ 1.7−2.7 cm. Besides, to avoid spatial aliasing, the maximum wavenumber

kmax = π/dθ ≈ 1.0− 1.4 cm−1 should be greater than the largest possible wavenum-

ber found in the system. Although in H-mode (Fig. 7.7 b) the criterion is fairly

satisfied, in L-mode the spectrum is broader in kθ and so the requirement is not so

easily matched. The wave phase velocity (vph = ω/k), as discussed in chapter 4, can

be deduced from S(k, ω). Each point in the maps of Fig. 7.7 a) and b) corresponds

to a phase velocity (poloidal projection) that, in turns, is weighted by S(k, ω). The

160

a) 
L-mode H-mode 100 b) LCFs : 

o 1 
1 

20 - 0.2 - 55.0 -100 s ~ 
s o 24.2 -147.0 ~ 
N 

-200 

-20 - 48.2 -239.0 

-300 

·40 
-72.2 -331.0 

-400 
410 415 420 425 430 410 415 420 425 430 -20 o 20 

R - Ro [mm] R - Ro [mm] r- r0 (mm] 

e) d) 2 

o 
--;-

vi fJ) 

E w 
-10 o 

e!:. 
CJl X 
X CJl 

o 
UJ><t> -20 " UJ 

~ 

-1 
-30 

-20 o 20 ·20 o 20 
r-r

0
[mm] r- r

0
[mm] 



Figure 7.7: Wavenumber-frequency spectrum analysis: a) S(k, f) in L-mode, b)
S(k, f) in ELM-free H-mode, c) poloidal phase velocity in time (r − r0 ≈ −2 mm),
and d) vphθ radial profile in L-mode (blue) and H-mode (red). The ion diamagnetic
direction (IDD) and the electron diamagnetic direction (EDD) are indicated in the
graph.

mean phase velocity is: v̄ph =
∫ ∫

(ω/k)S(k, ω)dkdω/
∫ ∫

S(k, ω)dkdω, where k 6= 0

and ω = 2πf . Fig. 7.7 c) shows the mean poloidal phase velocity (vphθ ) in time be-

fore, during, and after the external biasing (applied approximately in the interval

∼ 600− 1000 ms). The analysis was performed ever 5 ms, split into sub-windows of

0.5 ms with 50% of overlap to increase the robustness. The absolute value of the phase

velocity increases sharply during biasing, from around 1 to 5 km/s. The phase veloc-

ity as seen from the laboratory frame is thought to be set by E×B and diamagnetic

drifts. In some cases, the poloidal projection of the phase velocity agrees very well

with the Er×B drift, where Er is main radial electric field [215, 115], indicating that

the turbulence intrinsic velocity is negligible compared the background velocity. The

radial profile of the poloidal phase velocity in L and H-mode are shown in Fig. 7.7

d). For sake of comparison, the ion diamagnetic velocity (viD = b̂ × ∇pi/(eniB))

was also plotted in both regimes, but only in the edge region where temperature
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measurements were available. During H-mode, a clear shear layer in the phase ve-

locity is formed around the LCFS (red curve). As seen before, the poloidal pro-

jection of the E × B velocity around the last closed flux surface during H-mode is

vE×Bθ
∼= −∇rφf/B ≈ −[80 V/(10 mm × 0.5 T)] ≈ −16 km/s. Since the average

temperature profile decays towards the SOL in this range, the contribution from the

temperature for the E×B flow is ∼ −3∇rTe/B > 0. Therefore, it acts to reduce the

−∇rφf/B term. Considering that the phase velocity shown in Fig. 7.7 could be set

solely by E×B flow, i.e. vphθ ≈ −∇rφ/B−3∇rTe/B. The gap of ∼ 10 km/s between

the two velocities (the largest difference) would require a temperature variation of

∆Te ≈ 16 eV in 10 mm, which is not so easy satisfied (Fig. 7.8 b). Therefore, the

poloidal phase velocity is possibly set by other mechanisms, e.g., by a turbulence in-

trinsic phase velocity. The ion diamagnetic drift is a natural candidate together with

the E × B flow, as has been observed for specific turbulent modes elsewhere [262].

Although the non-negligible difference between the E × B flow (without taking into

account temperature corrections) and the phase velocity, they could be comparable

elsewhere. This point will be further explored later in the section in 7.5.

The radial profile of Is becomes steeper in the edge during the biasing H-mode

(Fig. 7.8 a), with the innermost point reaching values almost three times larger than in

L-mode. Around the LCFS, however, Is barely change, while in the SOL its baseline

drops significantly with respect to the L-mode. This reflects in a faster decay of Is

towards the wall. The electron temperature (Te) was calculated by using the five pins

balanced triple probe and the result is shown in Fig. 7.8 b). Due to technical problems,

it was not possible to measure Te in the SOL. The temperature does change much

during biasing, even in regions where the Is changes dramatically: Te slightly drops

in H-mode. Since ne ∝ Is/
√
Te, one can conclude that the biasing induces an increase

of the plasma density in the edge, suggesting the rise of a particle transport barrier in

this region. The mild effect on the temperature profile compared to density is quite
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Figure 7.8: Mean profiles in L and H-mode: a) ion saturation current; b) electron
temperature.

recurrent in biasing experiments [26, 116, 101] and it is often related to radiation

losses and impurity contamination.

Figure 7.9 shows the radial profile of the Is spectral decomposition in the range

1-300 kHz. The graphs a) and b) of Fig. 7.9 shows the power spectrum of Is in L-mode

and H-mode, respectively, from the edge to the SOL. One can see that fluctuations are

higher in the edge than in the SOL in both cases and concentrated in low frequency

range (f ≤ 100 kHz). In H-mode, the level of fluctuation in the SOL reduces compared

to L-mode over the whole spectrum range, with dominant low-frequency activities.

However, in the plasma edge, the level of fluctuation does not change much. Fig. 7.9

c) shows the radial profile of the ion saturation current relative fluctuation (δIs/ 〈Is〉)

in L and H-mode, where δIs and 〈Is〉 are, respectively the sampling standard deviation

and mean. While in the edge the fluctuation normalized by the mean is higher in

L-mode than H-mode, in the SOL this trend is reversed. Worth noting that δIs/ 〈Is〉

is substantially larger near the LCFS in L-mode, with spectral contribution from

a broad frequency range. This seems to be a region of strong turbulence driven

that, however, reduces during H-mode, possibly because of the larger E ×B shear in

163

200 ~--------- --T- L-mode 

LCFS -A- H-mode 
--- LCFS 

150 · b) 

"' 

o'----~~----___¡ 
a) 

o _.~-~--~----~-....: 

-30 -20 -10 O 10 20 

r • r0 [mm] 

-30 -20 -10 o 10 20 
r-r

0
[mm] 



Figure 7.9: Radial profiles of the power spectrum of the ion saturation current fluctu-
ation (a, L-mode and b, H-mode) and c) the relative fluctuation (δIs/ 〈Is〉) in L and
H-mode.

this phase. Besides, the reduced Is SOL baseline during H-mode results in a larger

δIs/ 〈Is〉 in this phase.

As discussed in the chapter 4, the turbulent particle flux can be estimated con-

sidering three probes, with one measuring the Is fluctuation (used as proxy for the

density fluctuation) and the other two displaced poloidally measuring the plasma po-

tential where one can deduce the poloidal electric field (Eθ = −∇θφp). The reference

potential here is the floating potential, where it is assumed that ∇θTe is negligible

over ∇θφf . It follows that the turbulent radial particle flux is: Γr ∝
〈
ĨsẼθ

〉
, where

the brackets means time averaging. Equivalently, one can demonstrate (see chap-

ter 4) that Γr(t) ∝
∫∞

0
T (t, f)df , where T (t, f) = Re (PIE), with PIE the cross-power

spectrum between the ion saturation current signal and the poloidal electric field.

Fig. 7.10 a) shows the spectrum contribution for the transport (T (t, f)) before and

during biasing at the position r − r0 ≈ −5 mm. The graph at the bottom shows

the total turbulent flux (integral over all the frequencies at a given time) in arbitrary

units computed in 2 ms time slices. Before biasing, the transport is predominant

outward and concentrated in frequencies below 100 kHz. When biasing is switched

on, the turbulent transport reduces over the whole spectrum, impacting on the total

flux that drops sharply in this phase. Fig. 7.10 b) shows the radial profile of the tur-
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bulent particle flux decomposed in frequency and averaged over a time window before

biasing (L-mode) and during biasing (H-mode). The dashed white line represents the

LCFS position, while the magenta one indicates the position of the signal showed in

Fig. 7.10 a). The effect of the biasing on the transport is clearer in the range that

goes from the near edge (−10 mm ≤ r − r0 ≤ 0 mm) up to the far SOL. The level

of transport decreases mainly in the range of steeper floating potential profile. The

reduction happens especially in the low-frequency range (f ≤ 100 kHz) where the

contribution for the total flux is dominant. Note that the fluctuation for the inner-

most point is virtually unchanged. The total flux profile is shown in Fig. 7.10 c). The

strong reduction is indeed confirmed in the interval from the near edge to the SOL.

Fig. 7.10 d) shows the total flux normalized by the mean Is, which, as discussed in

chapter 4, can be interpreted as effective turbulent radial velocity. The normalization

by the background rules out the geometry dependence on the density from the ion

saturation current. In H-mode, the effective radial velocity reduces in almost ever

radial position, tending to zero near the LCFS.

The reduction of the turbulent transport around the LCFS followed by a decreas-

ing of the Is SOL baseline in the H-mode, with a faster profile decay towards the

wall, suggest a reduction of the edge-SOL coupling during this phase. As has been

demonstrated in TJ-II recently [103], sheared radial electric fields are able not only

to suppress turbulence locally but also to reduce its propagation. This has an effect

on the SOL turbulence characteristic and, ultimately, on the SOL profiles. The level

of turbulence penetration into the SOL can be studied by using the cross-correlation

technique. On this purpose, five pins located in the SOL all measuring floating po-

tential were considered, where the innermost one (about 6 mm outer from the LCFS)

was chosen as reference. Typically, the turbulent correlation length is usually defined

as the interval where the correlation is higher than 1/e from the reference (auto-

correlation) at zero delay, i.e. it is a snapshot of the turbulent fluctuation projected
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Figure 7.10: Turbulent transport in L and H-mode: a) spectral contribution for the
transport (T (t, f)) at top and total flux at the bottom at the position r−r0 ≈ −5 mm;
b) radial profile of radial flux decomposed in frequency in L and H-mode (the dashed
and dotted lines are, respectively, the LCFS position and the position of the signal
shown in a); c) radial profile of the total flux and d) effective radial velocity in L and
H-mode.

in the radial direction. Since the SOL is dominated by travelling structures, the max-

imum correlation captures better the properties of this region because it takes into

account for the fact that the turbulence might be propagating. Note that the maxi-

mum correlation might occur at different time delay, including, of course, zero time

lag. The signals were bandpass filtered (15 < f < 800 kHz) to eliminate the influence

of high-frequency noise as well as low-frequency modes, e.g., tearing mode. The cal-

culation was performed in a large time window that covers the entire transition and

divided into time slices of 4 ms. The result is shown in the top graph of Fig. 7.11.

Before biasing, the high-correlation band extends up to the far SOL, with visible in-

termittent events. When biasing is switched on around 600 ms, the high-correlation
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Figure 7.11: Top: maximum φ̃f correlation where the reference is located in the SOL
(r − r0 = 6 mm). The full line represents the correlation at 0.5, while the doted 1/e.
Bottom: correlation length (L∗r) calculated from an exponential fitting starting from
the reference position.

range becomes reduced to a short interval around the reference. The effective radial

correlation length was calculated from an exponential fitting function starting from

the reference, where L∗r was defined as the exponent parameters. Fig. 7.11 (bottom)

shows that after the transition, L∗r goes from around 20 mm to about 8 mm. This

result suggests that the turbulence does not penetrate the SOL so freely as in L-mode.

The stronger flow during the biasing H-mode creates a transport barrier that prevents

the propagation from the near edge and SOL into the far SOL.
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7.1.1 Plasma-wall interaction

The Internal System of Sensor (ISIS) is composed of electrostatic and magnetic sen-

sors, toroidally and poloidally spaced, installed on the wall of the RFX-mod [228] (see

chapter 4). The focus here was, however, the poloidal electrostatic array composed

of 7 tungsten pins with 2 mm of diameter, Fig. 7.14 a). All the pins are set to mea-

sure floating potential, which can be used for monitoring the plasma-wall interaction.

Fig. 7.12 shows an example of how ISIS poloidal array can perceive the column shape

evolution up to the null point formation. The red lines in the four small charts rep-

resent the LCFS reconstruction obtained in the RFX-mod tokamak in real-time (∼1

ms) by extrapolating both poloidal magnetic flux and magnetic field measurements in

the vacuum region [147]. In the middle graphs are shown the mean floating potential

time evolution (top) and its standard deviation (bottom) as a function of the poloidal

angle as defined in Fig. 7.14 a). Both quantities were computed in 4 ms time slices.

In the two first frames (1 and 2), the plasma column is approximately circular, but in

the second one the LCFS intercepts the wall in two regions, at the top and bottom.

At θ ≈ 100◦ and θ ≈ −100◦ the ISIS detects an increase of φf and δφf . In the frame

3, the plasma shape changes, with the null point starting to emerge, but the LCFS at

the bottom still intercepts the wall, which is detected by ISIS. The higher φf and δφf

are likely related to a hotter plasma (with higher plasma current) in this phase (not

shown here). In 4, the null point is already formed and the LCFS does not intercept

the wall anymore (within the reconstruction error bar). However, a strong point of

interaction appears at the outboard middle plane. As will be further discussed next,

the emergence of this point is likely related to a combination of cross-field and parallel

transport.

The full equilibrium reconstruction has been calculated in RFX-mod operating

as tokamak with a free boundary version of the IET code [3] The estimation of IET

free parameters was performed by using an iterative scheme trying to minimize the
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Figure 7.12: The last closed flux surfaced (LCFS) reconstruction in four moments
(or phases) prior to the null point formation. At the middle, mean (top) and stan-
dard (bottom) floating potential in time (4 ms time slices) from ISIS poloidal array
as function of the poloidal angle, counter-clockwise from the equatorial plane (see
Fig. 7.14 a).

discrepancy between the poloidal magnetic field experimentally measured by pick-

up coils and the simulated one [1]. The reconstruction provides results in a good

agreement with the real time reconstruction [147]: less than 1 cm of disagreement at

the outboard midplane. From the full reconstruction, the SOL parallel connection

length (L‖ )was obtained with the field line integration code NEMATO [81]. L‖ is

defined from the sum of the forward and backward field line integration starting from

a location at the SOL up to the field line intercepts a material surface. Fig. 7.13 a)

shows the result of this procedure iteratively over a cross-field section at the outboard

midplane near where the U-probe was placed during the experiment. The L‖ radial

profile at the equatorial plane (Z = 0) is shown in Fig. 7.13, left, together with the

2D map of L‖ over the full cross-section. As a peculiar result of this experiment, the

connection length varies strongly over a relatively short range near the LCFS. The

map of Fig. 7.13 shows that L‖ varies from about 30 m neat the LCFS (dark red) to

10 m further outer (light red). The two clearly distinguishable layers are related to

the fact that field lines are connected to the strike point like at the top vessel, near
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Figure 7.13: On the left, parallel connection length (L‖) represented as 2D map at the
outboard midplane region. On the right, L‖ radial profile at the outboard midplane
(Z = 0). The small chart show the 2D map over the entire cross-section.

the LCFS, and to the outboard midplane wall (and still at the top vessel) in the far

SOL - wall or limiter shadow region. The L‖ radial profiles show that the change of

layers occurs in a short-range that is comparable to the range covered by the U-probe.

This likely affects the properties of turbulence in the SOL [250]. However, one has to

note that since the error in the LCFS reconstruction can be up to 1 cm, the thickness

of the two layers can be different. Note that the tokamak configuration here differs

from standard tokamaks [36, 265], where the gap between the LCFS and the wall at

the outboard midplane is larger.

The scrape-off layer is typically established from the net result of the competition

between cross-field and parallel transport [250]. While the cross-field transport tends

to enlarge the SOL, the parallel dissipation goes to the opposite direction. The parallel

dissipation occurs typically at the time scale τ‖ = L‖/v‖, where v‖ is in the sound

speed range (cs =
√
Te/mi, where mi is the mass of the ion specie). Fig. 7.13 shows

that the field lines intercept the wall at outboard midplane, opening a new channel for

parallel dissipation in a range where turbulent cross-field transport is still expected to

170



be important. Fig. 7.14 b) and c) shows the time evolution of the mean and standard

floating potential measured with the ISIS poloidal array during the biasing transition

(calculated in 4 ms time slices). TheDα line is plotted at the top as a proxy for the L-H

transition. Before and after biasing, in the ohmic L-mode phases, a strong plasma-

wall interaction is observed at the outboard midplane (θ ≈ −10◦). During biasing,

however, this level of interaction decreases significantly. As observed before (Fig. 7.10

and 7.11), during L-mode the turbulent cross-field transport is higher, therefore, the

larger interaction in this phase can be due to the simple fact that the plasma is cross-

field transported to that point. Competing with that, the parallel transport can carry

plasma along the field lines up to that point as well. Hence, in any case, cross-field

transport seems to be the key ingredient for the plasma-wall interaction. Therefore,

the reduction of the wall floating potential observed during biasing is likely due to

the partial turbulence suppression in this phase and the consequent decreases of the

cross-field transport. Nevertheless, as will be discussed in section 7.5, if the parallel

collisionality increases, that can affect the parallel transport, which in turns might

have an impact on the plasma-wall interaction.

7.2 Blobs detection and characterization

7.2.1 Threshold criterion

The positive bursts in the ion saturation current signal located in the SOL is a mark

of the intermittent behaviour of this region. Indeed, the cross-field transport in the

far SOL is widely dominated by convective transport provided by blobs or turbulent

filaments [63]. These structures are characterized by a higher density with respect to

the background with typical cross-field size of a few centimeters, i.e., several times

larger than the local ion Larmor radius, ρs =
√
Temi/eB ≈ 0.8 − 1.0 mm. Since

their size is typically smaller than the machine size, they are considered mesoscales
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Figure 7.14: On the left, the last closed flux surface (LCFS) reconstruction showing
the ISIS poloidally symmetric array. On the right, ISIS poloidally array measure-
ments: a) the Dα line (midplane) is shown as a proxy for the L-H transition together
with the time evolution of seven ISIS sensors measuring floating potential (φf ), show-
ing its b) mean, c) and standard deviation calculated in 4 ms time slices.

events [108]. The implications of mesoscales phenomenons on the transport were

discussed in chapter 5. As an example, Fig. 7.15 shows the ion saturation in time

(considered here as a proxy for the density fluctuation) for a probe located in the SOL

(approximately 6 mm outer from the LCFS). It is quite visible that the signal presents

larger positive bursts that occur randomly over time. Such behaviour can be better

visualized by looking at the (Is − 〈Is〉)/σ probability distribution function (PDF),

where 〈Is〉) is the sampling mean and σ is the standard deviation. The ’fat positive

tail’ is a sign of intermittency that yields to a deviation from a Gaussian distribution

towards power laws [108]. The skewness in the present case is S ≈ 1.5. The threshold

criterion (considered elsewhere [35, 265]) selects those extreme events that provoke

the large skewness of Is PDF. This is done by choosing a convenient threshold in

the Is amplitude. Several works have been demonstrated that the blob feature is not
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Figure 7.15: The ion saturation current signal in the SOL is mainly dominated by
positive bursts that skew its probability distribution function (PDF), creating a ’fat
tail’. S indicates the corresponding skewness and the red line represents a Gaussian
fit. The threshold criterion selects the extreme events in the ion saturation current
signal larger than 〈Is〉+ 2.5σ, where 〈Is〉 and σ are, respectively, the sampling mean
and standard deviation.

so sensitive to the threshold choice [63], as long as it is sufficiently larger than the

mean sampling. Here it is considered the threshold as the extreme events larger than

〈Is〉+ 2.5σ. Note from the PDF of (Is−〈Is〉)/σ that this threshold selects the points

that belong to the non-Gaussian long tail. Note that the criterion is applied only in the

amplitude of the signal, therefore it does not distinguish time scales. In the chapter,

it will be discussed a different criterion for detecting intermittent events based on

wavelet decomposition. The local intermittency measure (LIM) selects events based

on its amplitude (or wavelet power) and time scale.
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After selecting a reference signal convenient for detecting blobs (here an ion sat-

uration current signal located in the near SOL) and separating the extreme events

that cause the signal PDF to deviate from a Gaussian distribution, one can use sta-

tistical techniques to study those events in more detail. The conditional average (see

chapter 4) is a convenient tool for that. The technique is used to perform averages

in a portion of the signal subject to a criterion or condition [132]. It follows that the

conditional average of the ion saturation current signal shown in Fig. 7.15 subject to

the threshold criterion is given by:

δIs =
〈
Is(t)|Is(t′) > I thresholds

〉
(7.1)

The conditional average applied to the reference Is signal (r−r0 ≈ 6 mm) together

with two neighbor signals (radially outer and inner from the reference probe) in a time

slice of 40 µs around each peak is shown in Fig. 7.16. The three probes present a

peak (Fig. 7.16 a) but in different time instants. The inner probe in black perceives

the peak first than the reference one in red (τ = 0) and the outer (blue), that exhibits

a peak at τ ≈ 3 µs. Such behaviour can be better visualized in Fig. 7.16 b) where it

is shown a contour plot with the color indicating δIs, the x-axis the time delay, and

the y-axis the probe radial position with respect to the LCFS. One can see that the

hot color plume that characterizes the conditional average Is peak is slightly tilted,

which suggests radial propagation. The effective radial propagation can be deduced

from its slope. The term ’effective’ is more appropriated here because, as discussed in

chapter 6, tilted poloidal rotating structures can yield a fictitious radial propagation

that can be inward or outward depending on the poloidal velocity direction and tilt.

This effect becomes less important when the structure size is smaller than the distance

between probes. However, this does not seem to be the case here, Fig. 7.16 a) shows

an overlap between the detected δIs of all probes, that is especially accentuated for the

two innermost. Hence, the Is structure seems to be larger than the distance between
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Figure 7.16: Conditional average of ion saturation current (Is) for three probes in
the SOL: a) amplitude (δIs) as function of time delay, and b) contour plot showing
the amplitude in a color scheme as function of the time delay (x-axis) and the probe
position with respect to the LCFS (y-axis).

pins and, therefore, the velocity deduced from the slope of Fig. 7.16 b) is coupled

with the structure dimension and velocity. There are several ways to decouple the

system and, thus, obtain the proper radial velocity, but all techniques require at least

three measuring probes displaced radially and poloidally [35, 78].

The conditional average can be extended to other signals at different positions in

the plasma as well as to different quantities. Keeping the same reference, i.e. a probe

at near SOL measuring ion saturation current, and using the threshold criterion to

detect the blobs in Is, one can use the floating potential (φf ) signals to depict their

2D nature. The φf array is composed of 20 probes displaced in a cross-field plane

covering a range of 88x20 mm. The result is represented in a two-dimension map at

16-time frames (Fig. 7.17). The conditional averaged floating potential (δφf ) array

was interpolated with the two dimension quadratic interpolation technique, i.e. by

fitting a quadratic function (y = a + bx + cx2) in ever three neighbour points. The

white arrows represent the E × B flow, ~vE×B ≈ −~∇φf × ~B/B. One can see initially

a dipole potential structure arising near the LCFS (dashed line). The position of

the three ion saturation current signals of the Fig. 7.16 is represented in the map by
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filled circles with the corresponding color. At zero time lag, i.e. when the reference

signal shows a peak in δIs (at the red circle position), the potential structure exhibits

a dipole around the reference, with the dipole mid-distance lying roughly at the red

circle position. It is worth noting that this result is very similar to the classic view

of a density blob surrounded by a dipole potential [63]. In the subsequent frames,

the potential structure detaches from the plasma edge moving towards the SOL.

Therefore, both conditional Is and φf agree, indicating that the blob travels from

the edge to the SOL. In addition, the arrows pattern follows the potential suggesting

an enhanced vortex structure in the SOL. Note that the E × B velocity from the

dipole does not point in the radial direction, as one might expect from curvature

effects [146]. The background shear flow together with magnetic shear effects could

account for this apparent discrepancy [184, 76]. Besides, as discussed before, the

electron temperature fluctuation can modify the plasma potential and so altering the

dipole observed in Fig. 7.17. However, the reasonable agreement between the dipole

dynamics and the Is blob suggests that such correction might be small in L-mode.

7.2.2 2D cross correlation technique for cross-field filament

detection

The potential structure obtained from the conditional average exhibits a clear dipole

structure near the LCFS that later becomes a monopole in the SOL, possibly due to

the lack of spatial resolution. However, as will be discussed in section 7.5, constructive

and destructive interference with the background E × B flow is foreseen in some

cases, i.e. vortex selection [168]. Since the negative pole captures well the dynamics

of the potential structure and possibly the density blob (since they are believed to

be coupled) [63], the potential provides the boost for the density blob, the negative

pole was chosen as reference for the cross-field filament motion and shape. The two-

dimension cross-correlation technique was used for the image pattern recognition of

176



Figure 7.17: Two dimension map of the conditional average floating potential (δφf ) in
18 frames during L-mode. The dashed lines represent the LCFS, while the black, red,
and blue dots the position of the three ion saturation signals displayed in Fig. 7.16.
The white arrows represent the vE×B = −∇φf ×B/B2.

subsequent frames. The technique is based on computing the sum of the element-by-

element product of two superposed array of signals. The arrays do not need to have

the same size. When there is no overlap between the two arrays, the term is set to

zero and, therefore, does not contribute to the total correlation. Given two matrix, X

(M x N dimension), and Y (P x Q dimension), the correlation between them is given

by:

C(a, b) =
M−1∑
m=0

N−1∑
n=0

X(m,n)Y †(m− a, n− b) (7.2)

177

40 y,· SÓL 
20 ·,:',. ·. 

o 

-20 

-40 

·._ .·\.:..-· 

-- ----------- --~ 
L-mode: 

órf,¡ [V] 
40 

É 20 

5 o 
L......J 

N -20 

-40 ~ 
3.1 

2.1 
1 O 

0 0 

::.~ 
·3.1 

40 

20 

o 

-20 

-40 

. · .. -~~ 
' " ' . . 

' ,._. ,' 

' ' , · 

: .··¡ 
.1 
3 

. · . . 
.j 

·' , · 

410 420 430 410 420 430 410 420 430 410 420 430 410 420 430 410 420 430 410 420 430 410 420 430 

R - R0 [mm] 



Figure 7.18: Example of the calculation of one term of 2D cross-correltaion matrix.

Where −(P − 1) ≤ a ≤ (M − 1) and −(Q− 1) ≤ b ≤ (N − 1) and Y † is the complex

conjugate of Y. Alternatively, one can normalize C [254]:

c(a, b) =

〈[
X(m,n)− X̄

] [
Y †(m− a, n− b)− Ȳ

]〉√〈[
X(m,n)− X̄

]2〉〈[
Y (m,n)− Ȳ

]2〉 (7.3)

Where 〈...〉 =
∑M−1

m=0

∑N−1
n=0 [...]/(MN) with X̄ and Ȳ the mean matrix.

Figure 7.18 shows an example of the technique applied for two matrices of different

sizes (X: 4 × 4 and Y: 2 × 2), where the 2D correlation matrix dimension between

them is 5×5. In the Fig. 7.18 is shown how the term C−1,0 is calculated. The indexes

-1 and 0 indicate the corresponding shift of one matrix with respect to the other in

the horizontal and vertical direction, respectively. Note that the term C−1,2 is simply

C−1,2 = 1× 7 + 4× 0 = 7, since there is no overlap for the remaining terms of matrix

Y with respect to X.

Coming back to the blob potential structure, each frame can be represented by a

2D matrix M-by-N in which the elements are the potential at a given position. The
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2D cross-correlation (2D-CC) between two subsequent frames is then represented

by a matrix (2M − 1) × (2N − 1). The M and N dimension are provided by the

number of interpolated points, in the present case: M = N = 15. The technique

can be particularly useful for calculating the blob 2D displacement between frames.

Fig. 7.19 a) shows an example for two closed frames where the negative pole appears

clearly, and one can note a slight displacement. Fig. 7.19 b) shows the normalized

2D cross-correlation between them represented in a contour plot. The shift of one

frame with respect to the other was translated into the actual geometric scale in both

axes. The term C0,0 is represented by ∆R = ∆Z = 0, that is, the full superposition

between the two images. The cross-correlation indeed is able to perceive the motion

of the potential between frames: the maximum 2D-CC occurs for ∆R = ∆Z 6= 0

(yellow diamond). It should be noticed that this procedure is more reliable than

simply taking the extreme point of the map as the reference in each frame (the

minimum of the potential in this case). In the example shown in Fig. 7.19 a), the

minimum does not move between frames, although the structure is clearly shifted

(as the 2D-CC indicates). Knowing the structure displacement between subsequent

frames, the velocity is obtained straightforwardly. However, the probe is located in

a region where the LCFS is slanted, so the vertical and horizontal velocity in this

’geometric’ frame does not correspond to the radial and poloidal velocity in a proper

plasma frame. On this purpose, it was defined a new system of coordinate given by

r =
√

(R−R0)2 − (Z − Z0)2 and θ = tan−1[(Z − Z0)/(R−R0)], where (R,Z) is the

coordinates in the geometric frame and (R0,Z0) is the LCFS position that minimizes

r.

7.2.3 Eigendecomposition of a covariance matrix

The blob size is defined here from the 2D auto-cross correlation. This function is

easily obtained from Eq. 7.3 by replacing Y by X. The motivation in using the auto
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Figure 7.19: Two dimension map of the conditional average floating potential (φf ) in
18 frames.

instead of the cross-correlation function to determine the structure size is because in

the latter the blob motion can distort its shape. Considering that the potential blob

can be fitted by a two-dimension Gaussian function, it is natural to assume that the

blob extension is within the range 2D-AC≥ 0.5, i.e. larger than Full Width at Half

Maximum (FWHM) of 2D-AC. However, the constraint from the spatial frame size

does not allow to fully visualize the structure, i.e. up to the 2D-AC approaches to the

FWHM boundary layer. To deal with this issue, the blob extension was determined

from a 2D-AC value high enough to depict the blob shape entirely, avoiding eventual

distortions, e.g. from the boundary. Following this requirement, a convenient value

is 2D-AC = 0.8. The ’real’ size is then obtained by extrapolating the value from 0.8

to 0.5 (FWHM), assuming, therefore, a Gaussian decay, which in the practice yields

a factor
√

log(0.8)/log(0.5) on the blob size obtained at 0.8.

The points of the autocorrelation map that satisfy the criterion 2D-AC > 0.8

are converted from the geometric to the defined plasma frame (see Fig. 7.21 a).

The distribution of points can be fitted by an ellipse curve (red). The ellipse tilt

and ellipticity parameters are obtained by the eigendecomposition of the covariance

matrix from the distribution of points. The technique finds in the space the direction
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of the maximum covariance, which turns to be the principal axis of an ellipse. The

covariance matrix is given by:

Σ =

cxx cxy

cyx cyy

 (7.4)

where the sample covariance is cxy = 1/(N−1)
∑N

k=1(xk−x̄)(yk−ȳ), with N the num-

ber of point with the coordinates xk and yk (k = 1, 2..., N) and x̄(ȳ) =
∑N

k=1 xk(yk)/N .

Through a linear transformation, one can write Σ as:

ΣV = V L (7.5)

V and L are, respectively, the eigenvectors and the eigenvalues matrices of Σ. It

follows that the covariance matrix can be rewritten as:

Σ = V LV −1 (7.6)

By using now the single value decomposition (SVD) [263], one can recognize V as a

rotation matrix and
√
L as a scale matrix.

Fig. 7.20 shows an example of the technique apply to a generated Gaussian blob

with well-known tilt and ellipticity = (major axis)/(minor axis). The 2D auto-

correlation of the map of Fig. 7.20 a) is shown in b). The 2D-AC captures the

shape of the structure even for a limited range in both x and y-axis. Keeping only

the points that satisfy the criterion 2D-AC ≥ 0.8, the result is shown in Fig. 7.20

c), where the distribution of points is plot around the center of mass of the Fig. 7.20

a), i.e. (XCM , Y CM) ≈ (3, 3). The red curve is the fit by the eigendecomposition

method. The tilt and ellipticity are well captured and so the fitting function is:
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Figure 7.20: Test for the blob fitting method: a) generated 2D Gaussian blob, b)
2D autocorrelation, c) points that satisfy the criterion 2D-AC ≥ 0.8 are fitted by an
elliptic curve using the eigendecomposition method, and d) the test is extend to a
large range of tilt with constant ellipticity (Ellip. ≈ 2.6).

Z =
[
X∗sin(Tilt) + Y ∗cos(Tilt) +XCM , X∗cos(Tilt)− Y ∗sin(Tilt) + Y CM

]
where

X∗ =
√
L2cos(θ) and Y ∗ =

√
L1sin(θ), with θ ∈ [0, 2π], where

√
L1 and

√
L2 are,

respectively, the ellipse major and minor axis. Fig. 7.20 d) shows the sensibility of the

fitting at different tilt, keeping the ellipticity constant. The remarkable agreement

shows the reliability of the technique. Intuitively, the method is expected to fail when

the ellipticity approaches to the unity, i.e. for circular blob. However, it was observed

that even for ellipticity ≈ 1.1, the agreement is very good.

The eigendecomposition method applied to 10 subsequent frames of the potential

structure in Fig. 7.19 is shown in Fig. 7.21 from the edge to the SOL. Fig. 7.21 b)

shows the fitted ellipses at each frame from the points that satisfy the criterion 2D-AC

> 0.8. While in the edge region the potential structure is stretched in the poloidal

direction, near the transition to the SOL it becomes less wide and tilted with respect
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Figure 7.21: Points that satisfy the criterion 2D-AC > 0.8 are fitted by an ellipse, b)
ellipse fitting over time (radial position).

to the radial direction. The structure size and shape have a clear radial dependence,

which suggests an interplay between the blob and the background.

7.3 L-mode filaments

The combination of the 2D correlation with the ellipse fitting, through the eigende-

composition method, permits to track the conditional potential structure from the

plasma to the scrape-off layer. As said before, blobs are defined from the extreme

events of a reference ion saturation current located in the near SOL (see Fig. 7.16

and 7.17). A threshold criterion based on the Is amplitude was considered for distin-

guishing the blobs (intermittent events) from the Gaussian background. In this sec-

tion, the image pattern recognition introduced in the previous section will be further

explored to track filaments during the ohmic L-mode phase of RFX-mod operating as

a tokamak. Three reproducible shots were considered for this analysis in the time win-

dow 480-580 ms (Fig. 7.3 and 7.4), i.e. right before the biasing beginning. The blob

detection and tracking were performed in sub-windows of 50 ms with 50% of overlap
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for the three shots. In each time slice, the blob radial and poloidal velocity were eval-

uated from the 2D cross-correlation technique (as described in the previous section),

where the velocity was assumed to be at the center of mass position of the prior frame.

Hence, the position of the next frame is: (RCM(τ) + δτvR, Z
CM(τ) + δτvZ), where δτ

is the time between frames (sampling period ∼ 0.5 µs in this case), vR and vZ are the

blob velocity in the geometric frame, and RCM and ZCM are the blob position in the

previous frame obtained by the same procedure. However, the first reference position

(for the blob tracking) was obtained from the minimum of the potential. The time

reference for the first (RCM , ZCM) in all the shots during L-mode was τ = 1.0 µs

since at this time delay one can clearly distinguish the negative pole of the potential

structure. At each frame, the blob size is obtained from fitting an ellipse over the 2D

correlation points that satisfy 2D-AC ≥ 0.8. The radial and poloidal sizes are defined

as the maximum projection of the fitted ellipse over the radial and poloidal direction,

respectively. The final sizes are then corrected with the factor discussed in the pre-

vious section that corresponds to an extrapolation up to 2D-AC = 0.5 (Full-Width

Half Maximum - FWHM). Besides, another relevant parameter, the potential blob

amplitude, was obtained in each frame from the minimum potential. In the graph

of Fig. 7.22 is shown the blob: a) radial size, b) poloidal size, c) ratio between the

poloidal and radial sizes, d) minimum potential, e) radial velocity, and f) poloidal

velocity for the three reference shots. Each point (at a given position) is obtained by

averaging over the contribution from the sub-time windows at particularly time delay.

Hence, eventual radial displacement and variations on the measured parameter over

the sub-time windows is translated into the error bars (corresponding to the standard

deviation). The black thick line and the grey shadow area in each graph correspond,

respectively, the mean and the error of the parameter for all the shots along the blob

trajectory.
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Figure 7.22: Blob parameters from the edge to the SOL during L-mode: a) radial size,
b) poloidal size, c) ratio between the poloidal and radial size, d) potential amplitude,
e) radial velocity, and f) poloidal velocity. The full black line indicates the average
of the parameter over the three shots and the grey area the corresponding standard
deviation.

In the plasma edge (r−r0 < 0), the potential structure is rather aligned poloidallly

than radially (Lθ/Lr > 1). The blob poloidal size reaches values close to 70 mm, while

the radial at the same position is ∼ 30 mm. The poloidal rotation is in the electron

diamagnetic direction, veD = −b̂×∇pe/(eneB), where b̂ = B/B, the same direction

of the background E×B poloidal projection. As the structure approaches the LCFS,

its radial velocity increases from around 2 km/s to up to 4 km/s, where the structure

detaches from the plasma edge. During the transition to the SOL, both the radial and

poloidal sizes drop, becoming comparable in the SOL (Lθ/Lr ≈ 1). In addition, the

poloidal velocity approaches to zero. Further out, the radial size increases slightly,

while the poloidal size remains roughly the same. Concomitantly, the radial velocity

decreases, and the poloidal one turns negative again. The blob amplitude becomes

less negative, saturating later on.

The blob tilt (clockwise with respect to the radial direction), ellipticity, area, and

parallel vorticity (computed from ω‖ = ∇⊥×~vE×B, where ~vE×B = −∇⊥φf× ~B/B2) are
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shown in Fig. 7.23. While in the near edge the structure is mainly aligned poloidally

with a tilt closed to 90◦, the transition to the SOL is followed by a change of the

tilt that saturates roughly at 140◦, i.e. the structure becomes rather aligned radially

than poloidally in the SOL. The ellipticity is larger than 1 in the entire trajectory,

indicating that structure remains stretched on the way from the edge to the SOL.

In both near edge and far SOL, the ellipticity is slightly larger, which might suggest

a stronger impact of the background on the blob characteristic in these positions.

The two quantities: tilt and ellipticity are typically interpreted as the result of the

competition between several factors, from the drive turbulence mechanism to the one

responsible for its saturation, where the local E × B shear flow together with the

magnetic shear play a decisive role [31, 76]. Distortions in the blob potential struc-

ture can, under certain condition, induce residual Reynolds stress [184], where the

enhancement or not of the background flow depends on the eddy tilt orientation [77].

Fig. 7.23 c) shows how the blob area changes as the structure moves from the edge

to the SOL. The variations of the parallel vorticity (Fig. 7.23 d) roughly follow that

of the blob area in an inverse trend: the vorticity is lower in the edge when the area

is larger and high in the SOL when the area is smaller. The enhancement of the

vorticity that varies from 0.1×106 s−1 to 0.4×106 s−1 seems to be connected with

not only the area but also to the blob potential amplitude variation (Fig. 7.22). Be-

sides, variations on the cross-field blob shape has been show to impact on the blob

velocity [197].

7.4 H-mode filaments

As discussed in the section 7.1, the external electrode biasing deeply modifies the

radial floating potential profile (Fig. 7.6) that becomes further steeper around the

LCFS, thus, increasing the poloidal rotation (vE×Bθ ≈ −∇rφf ×B/B2). On the other
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Figure 7.23: Blob parameters from the edge to the SOL during L-mode: a) tilt (with
respect to the radial direction), b) ellipticity, c) area, and d) parallel vorticity. The
full black line indicates the average of the parameter over the three shots and the
grey area the corresponding standard deviation.

hand, the φf values remain roughly constant in the far SOL. As a consequence, the

stronger E ×B shear in this range is the main candidate for the observed turbulence

suppression that characterizes the H-mode. As a particular result corroborating with

that, Fig. 7.11 shows that the turbulence radial correlation length strongly drops

in the SOL region during biasing, suggesting that coherent structures do not easily

penetrate the SOL as in L-mode. Since cross-field transport is responsible for setting

the mean SOL profiles (together with parallel transport), the reduction of the SOL

baseline during biasing seems to be a direct consequence of that. In this section,

the focus is on the bloby or filamentary transport in the edge and SOL during the

biasing ELM-free H-mode. On this purpose, it was exploited the same blob detection

approach introduced in the previous section. Blobs or filaments were defined as the

extreme events from an ion saturation current time series located in the near SOL

(r − r0 ≈ 6 mm). The same threshold criterion employed in the previous section

was considered here, .i.e. blobs are defined as the events larger than 〈Is〉+ 2.5σ, 〈Is〉
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Figure 7.24: Ion saturation current conditional averaged (δIs) for three probes in the
SOL during H-mode: a) amplitude (δIs) as function of time delay, and b) contour
plot showing the amplitude in a color scheme as function of the time delay (x-axis)
and the probe position with respect to the LCFS (y-axis).

and σ are, respectively, the sampling mean and standard deviation. Applying the

conditional average on three Is located in the SOL, the result (Fig. 7.24) indicates

that the peaks are smaller and narrower in time with respect to the L-mode. The time

delay between the reference signal (in red) and the innermost one (in black) suggests

an effective radial propagation of about 5 km/s. The much smaller amplitude of the

third signal, the outermost one (in blue), implies that the structure either does not

reach that point with the same shape or its trajectory is deflected. In the first case,

the structure would be affected by the background shear flow (possibly suppressed by

it) before travelling up to the outermost point that is roughly 16 mm outer from the

LCFS. Fig. 7.24 b) shows the δIs structure projected over the radial direction for the

signals shown in a). The almost vertical strip could suggest fast propagation, however,

as discussed before, the combined effect of the blob size with poloidal rotation can

yield such high effective radial velocity.

With the same Is reference and criterion, the conditional floating potential (δφf )

can be calculated and the result is shown in Fig. 7.25. The 2D contour map captures

the potential structure dynamics shown in 23 frames, with the arrows indicating
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the E × B flow. The position of the three ion saturation current signals displayed

in Fig. 7.25 is represented by filled circles with the corresponding color. In the first

frames, from τ = −1 µs up to τ = 0, a dipole potential structure is evident, becoming

later a negative monopole. The transition from the reference frame (τ = 0) to the

next frame is marked by a fast ejection and to the detachment of the structure from

the plasma edge. In the subsequent frames, the dominant-negative pole takes over.

This indicates that either the positive pole becomes squeezed (because of the lack of

spatial resolution) or fades away. The implications of the second hypothesis for the

blob dynamics will be discussed in the next section. As evident from Fig. 7.25, the

potential structure does not propagate so ease as in L-mode. Instead, the structure

becomes nearly ’trapped’ in the SOL, remaining roughly at the same position over

several frames. The vortex flow is evident, especially from the fifth frame on. The

potential blob amplitude gradually decreases until fades away completely at τ ≈

13 µs. One can conclude that blobs exist during the ELM-free H-mode in RFX-mod,

but their properties are substantially different from those in L-mode. There are some

similarities, at least qualitatively, to the hot filaments observed during ELMs in the

KSTAR tokamak [297], measured with electron cyclotron emission imaging (ECEI).

Hot filaments can develop a finger shape [185] that, in turns, can be stabilized by

sheared flows. In this case, the blob would spin rather than propagate. This is in

qualitative agreement with the potential in Fig. 7.25, although the blob temperature

is unknown.

Considering as reference again the negative pole, the potential blob was tracked by

using the same image pattern recognition employed in the previous section. The same

three shots in Fig. 7.3 were considered, in the time window: 620-720 ms. Fig. 7.26

shows the blob: a) radial size, b) poloidal size, c) ratio between the poloidal and

radial sizes, d) minimum potential, e) radial velocity, and f) poloidal velocity. These

parameters were computed in time slices of 50 ms with 50% of overlap. Each point of
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Figure 7.25: Two dimension map of the conditional average floating potential (φf ) in
18 frames during H-mode. The dashed lines represent the LCFS, while the black, red,
and blue dots the position of the three ion saturation signals displayed in Fig. 7.24.
The white arrows represent the vE×B = −∇φf ×B/B2.

Fig. 7.26 is the result of the average of the corresponding parameter over the sub-time

windows at the same time delay. The tracking begins in the SOL, so the parameters

are constrained to this range. Near the LCFS, the structure appears more stretched

poloidally than radially, with (Lθ/Lr > 1). The poloidal size in this region reaches

values up to 60 mm, while the radial 40 mm. Further outside, the poloidal size drops

while the radial size slightly increases, yielding a more radially stretched structure in
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Figure 7.26: Blob parameters from the edge to the SOL during H-mode: a) radial size,
b) poloidal size, c) ratio between the poloidal and radial size, d) potential amplitude,
e) radial velocity, and f) poloidal velocity. The full black line indicates the average
of the parameter over the three shots and the grey area the corresponding standard
deviation.

this region. The blob poloidal rotation (Fig. 7.26 f) is positive close to the LCFS,

in the ion diamagnetic direction: viD = b̂ × ∇pi/(eniB) (opposite to the E × B

poloidal flow). The radial velocity is substantially larger near the LCFS, leading to

the observed blob ejection (Fig. 7.25), with values up to 5 km/s (equivalent to the

velocity deduced from the time delay and radial separation of the two innermost Is

in Fig. 7.24). However, the poloidal and notably the radial velocity go almost to zero

further outside, confirming the ’trapping’ effect observed in Fig. 7.25. The potential

amplitude gradually goes to zero (Fig. 7.26 d) after the structure stops to propagate,

suggesting its depletion. The steeper profiles and the larger Er × B shearing rate in

H-mode are likely that key ingredients that keep filaments restricted to the near SOL.

In Fig. 7.27 is shown the blob: a) tilt angle with respect to the radial direction

(clockwise), b) ellipticity, c) area and d) vorticity in ELM-free H-mode. The radial

variation of the tilt suggests that the structure is aligned poloidally near the LCFS,

becoming less tilted (or radially aligned) in the SOL. In this process, the ellipticity

changes from almost 6 in the near SOL, saturating around 2 in the trapping region.
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Figure 7.27: Blob parameters from the edge to the SOL during H-mode: a) tilt (with
respect to the radial direction), b) ellipticity, c) area, and d) parallel vorticity. The
full black line indicates the average of the parameter over the three shots and the
grey area the corresponding standard deviation.

After the structure being detached from the plasma edge, the vorticity increases

sharply, while the blob area decreases. Already in the trapping region, the area

starts to increase when the structure begins to fade away, with a slight variation of

the vorticity. Later on, the vorticity drops abruptly concomitantly with a strong

potential amplitude variation (Fig. 7.27 d) that leads to the blob suppression.

7.5 L-H mode filament comparison

Up to now, potential blobs in L and H-mode were tracked and characterized along

their trajectory from the edge to the SOL. Those structures are substantially different

in these two regimes, underlining the impact of the plasma environment on those

structures and, consequently, on the cross-field turbulent transport in these regions.

In this section, this comparison will be extended to include magnetic effects and the

role of parallel transport. In addition, it will be discussed the possible mechanism
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behind the ’trapping’ effect in H-mode that ultimately leads to blob depletion. Lastly,

the blobs velocity and size in both regimes will be compared with analytical models.

7.5.1 Magnetic fluctuations and parallel current density

The U-probe belongs to the category of the filamentary probes, i.e. probes that

allow measuring simultaneously the filament electrostatic and magnetic fluctuation.

In RFX-mod in the Reversed Field Pinch (RFP) configuration, the U-probe com-

bined with Gas-Puffing image (GPI) was used to correlated pressure blobs with mag-

netic fluctuations [245]. Particularly, it was observed a parallel current density (‖)

monopole associated with pressure blobs through conditional average. Further anal-

yses in different devices have revealed that the ‖ can be very complex [248, 144, 244].

In the TORPEX device, those analyses were extended to a 2D view, where current

density maps computed with a filamentary probe and with a 2D Langmuir probe

array [87] have shown a very good agreement.

In chapter 3, it was shown that the current divergent free condition leads to a

vorticity equation for filaments in the SOL. The parallel current closure set differ-

ent filament regimes [145, 91, 188]. Particularly, if the current flows freely up to

the sheath of a material surface, e.g. the divertor plates, the regime is called sheath-

limited (SL). In the closure region the current is given by Bohm’s boundary condition:

j‖ = js[1 − exp(−eφf/Te)], where js is the ion saturation current. On the opposite

direction, if the parallel resistivity becomes so high that the current along the field

lines becomes negligible, the closure happens by the ion polarization drift current (see

chapter 3). This regime called inertial (IN) typically happens when the collisionality

along the field lines (ν∗ ∝ nT−3/2) increases beyond a certain limit [188], while the

filament cross-field size plays a significant role since it influences on the dominant

current closure [65]. The two regimes are valid if the turbulent filaments are elec-

trostatic, i.e. magnetic fluctuations are negligible. Electromagnetic effects become
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important typically when β > (me/mi), where β = neTe/(B
2/2µ0) [146]. This is

thought to be the case of the filamentary phase of the edge-localized mode (see chap-

ter 8). In addition, high beta devices, e.g. reversed field pinches, can also exhibit

electromagnetic filaments [245]. In the present experiment, RFX-mod running as

low current tokamak, this effect is expected to be negligible. However, the condition

β � (me/mi) during ELM-free H-mode is not so easily satisfied since the magnetic

field is relatively low (∼ 0.5 T), while the plasma pressure can increase sharply during

biasing (Fig. 7.8).

The set of magnetic sensors installed in each tower of U-probe permits to measure

simultaneously Ḃr, Ḃθ and Ḃt, where the ’dot’ stands for the time derivative. The

sensors are displaced radially and poloidally (Fig. 7.28 a). The parallel current den-

sity fluctuation can be deduced from the magnetic field fluctuation according to the

Amperes’s Law in the slab geometry approximation:

j‖ ≈ jt = 1/µ0 [∂rBθ − ∂θBr] . (7.7)

This method was borrowed from atmospheric sciences, where it has been used

to measure the properties of the magnetosphere [268], and was first used in hotter

plasmas in the RFX-mod [246]. Besides, the probe has been used to study magnetic

reconnection in RFX-mod in RFP configuration [303]. As said before, the mag-

netic field fluctuation can be obtained by numerically integrating the coils signals,

Bi = 1/Ai
∫
Ḃidt, where Ai is the coil effective area orthogonal to the magnetic field

component of index i.

Figure 7.28 shows the magnetic perturbations related to the Is conditional aver-

aged blobs shown in Fig. 7.16. The circle shape depicted in the hodogram of B̃r-B̃θ

Fig. 7.28 b) is a signature of parallel current density perturbation [245]. The wider

is the circle the larger is the current flowing through the region. The parallel current

density fluctuation is shown in Fig. 7.28 c). One can see that the peak or valley of
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Figure 7.28: Magnetic fluctuations related to the Is conditional averaged blob of
Fig. 7.16. a) Cartoon showing the magnetic sensors, b) hodogram of the poloidal vs
radial magnetic field fluctuation, and c) parallel current density fluctuation (jt).

δjt does not appear at τ = 0, i.e. when the Is blob amplitude is maximum. This

not-synchronized behaviour is likely related to the displacement between the two sig-

nals, as will be discussed next. Besides, the presence of both positive and negative

oscillations suggest a multi-polar behaviour of δjt.

By combining the signals of the coils from the two towers in groups of three sensors

(see Fig. 7.28 a), radially and poloidally displaced, one can build a two-dimensional

map of the parallel current fluctuation. The reference position of each combination is

defined as the barycenter of the triangle formed by the coils. Five magnetic sensors in

each tower were considered, which results in a 4x2 grid. The current density signals

are related to Is blobs by means of conditional average. In the Fig. 7.29 are shown

the 2D maps of jt related through conditional average with the Is references shown
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Figure 7.29: Parallel current density map in L (top) and H-mode (bottom) related
to the conditional averaged Is shown in Fig. 7.12 and 7.24. The overplotted con-
tours represent the conditional averaged floating potential of Fig. 7.17 and Fig. 7.25.
According to the colorscheme, negative is represented by ’red’ and positive by ’black’..

in Fig. 7.17 and Fig. 7.25 in L (top) and H-mode (bottom). The corresponding φf

conditional averaged contour maps are over-plotted for each case, where, from the

color scheme, the negative potential is represented by ’red’ and positive by ’black’.

In L-mode (top panel of Fig. 7.29), the jt evolution seems to be connected with the

propagation of the floating potential structure. Both present an almost synchronized

negative structure that propagates radially outward towards the SOL. The result

seems to be in qualitative agreement with the sheath-connected regime [88, 205], in

which parallel transport is the main mechanism responsible for the filament depletion.

During H-mode, the parallel current density appears stronger near the edge, with

values almost five times larger than in L-mode. This result agrees with the higher

beta environment during H-mode [248]. In the first frame displayed in Fig. 7.29, jt

assumes its largest absolute value, with a wide structure that covers a range from the

edge up to the near SOL. In the next frame, the structure becomes more constrained
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in a narrower range around the edge. In the subsequent frames, the δjt decreases

sharply, roughly around the potential blob becomes trapped. The results indicate

that filaments in ELM-free H-mode emerge in a more intense magnetic fluctuation

environment with a larger parallel current density compared to the L-mode. However,

this current strongly reduces when the potential structure spreads out over the SOL

in a short time window.

7.5.2 Blob suppression

As discussed in chapter 3, sheared flows are the most important mechanism for sup-

pressing turbulence in plasma fusion devices. Analytical models suggest that blobs

can be destroyed by high E × B shear flows [95], result also observed in seed blob

simulations [296]. According to Ref. [23], radially elongated turbulent structures,

known as streamers, or blobs can be torn apart by an external shear if their effective

convective time exceeds the local shearing time:

τ blob = Lr/(|vr|) > Lθ/(Lr|γE×B|) (7.8)

where γE×B ∼= B−1dEr/dr and Lr and Lθ are, respectively, the blob radial and

poloidal size. The background shear flow selects structures based on its size and

velocity, analogous to the well-known eddy decorrelation criterion [21]. To verify this

effect, the E × B shearing rate was estimated from the floating potential (γE×B ≈

B−1∇2
rφf ) around the range where the filament is detected (Fig. 7.6). Considering the

blob side and velocity obtained in the previous sections, the criterion can be tested

for the L and ELM-free H-mode regimes.

Figure 7.30 compares the shearing rate profile in both scenarios with the inverse of

the effective turbulent characteristic time (1/τ turb = vrLθ/L
2
r). The blue dashed line
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Figure 7.30: Comparison of the E × B shearing rate and the blob effective time
(vrLθ/L

2
r) for a) L-mode, and b) H-mode scenario. The parameters are result of the

average over three shots (#39136, #39140 and #39143). The two colourful areas
represent the shearing rate uncertainty.

represents γE×B during L-mode while the red dashed line is for H-mode. In addition,

the up and low triangle curves represent 1/τ turb in L and H-mode, respectively. The

curves displayed in Fig. 7.30 a) and b) are the result of the average over the three

considered shots (Fig. 7.3) in L and H-mode. In L-mode, 1/τ turb is higher than the

background shear over the practically the whole trajectory, only in the outermost

regions, they become comparable. Therefore, according to the suppression criterion

(Eq. 7.8), the L-mode filaments are expected to withstand the background E × B

shear. On the other hand, during biasing the shear flow increases sharply, way above

the limit where the L-mode blobs would survive. In H-mode, filaments do not prop-

agate as in L-mode, instead the potential blob becomes trapped in the near SOL for

a relatively long period. The blob is not instantaneously suppressed as the criterion

(Eq. 7.8) might suggest.

Studies of vortex structures embedded in a sheared flow background indicate that

while the ’prograde’ (i.e., when vorticity and shear have the same sign) is stable,

the ’adverse’ (i.e., when vorticity and shear have an opposite sign) are unstable and

tend to fragment [168]. Therefore, the shear selects the vortex accordingly to the
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sign of its vorticity, changing then the relative population of positive and negative

pole [241]. Fig. 7.31 a) shows a cartoon of a background flow (vθ) represented by a

parabolic curve. The corresponding shearing rate is shown in Fig. 7.31 b) as a line,

with negative values for ρ < 0 and positive for ρ > 0. The shear selects the ’prograde’

vortexes in each region, resulting in vortexes with agreed vorticity signal with respect

to the background shear (Fig. 7.31 b)) [168]. This effect can change the turbulent

transport properties in regions where coherent structures exist, with superdiffusion

transport where the population of dipolar vortex structure is the dominant [242] and

subdiffusion where monopolar struct population is surplus [220]. Besides, in certain

conditions, a vortex can feed the background shear or been fed by it resulting in its

depletion in some cases, while background shear gets enhanced by enstrophy trans-

fer [77]. In Fig. 7.17, it was observed that the potential structure related to the blob in

L-mode has a dipole shape while in H-mode (Fig. 7.25) a monopole structure is more

evident. The monopole vorticity has the same sign with respect to the background

shear in the near SOL, suggesting that the vortex is ’prograde’. The positive vortex,

that supposedly should be unstable, it does not indeed appear in the frame. The

negative pole eventually becomes destabilized and disappear (Fig. 7.25). It is worth

noting that hot filaments are also expected to have a monopole potential structure

rather than a dipole [185], this can be the case of the H-mode filaments shown here,

as it is for ELM filaments [297]. However, since the blob internal temperature was

not measured in this experiment one can just speculate about that.

In the light of these results, one can conclude that the strong turbulence suppres-

sion observed in H-mode is mainly driven by E × B shear flow. This can happen

directly: the E × B shear effectively suppresses the structure (e.g. by torn it apart,

while the smaller structure is easily damped by the background), or indirectly: mod-

ifications in the potential structure (i.e. vortex selection by sheared flows) can lead

to trapping effects [185] and vortex destabilization.
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Figure 7.31: Cartoon illustrating the vortex selection mechanism. On the left:
parabolic radial poloidal flow profile and, on the right, the corresponding shearing
rate (dvθ/dρ). The negative shear branch selects structures with negative vorticity,
while the positive branch selects those with positive vorticity [168].

7.5.3 Filament velocity scaling

Filaments might be found in different regimes in the SOL depending on the level of

collisionality along the field lines and the magnetic topology [185, 146]. These param-

eters determine whether filaments at the outboard midplane are or not electrically

connected to a material surface elsewhere, e.g. divertor tiles or the wall.

The sheath connected or sheath-limited (SL) and the resistive balloning or inertial

(IN) regimes set, respectively, a lower and an upper boundary for the blob velocity in

the cold ions approximation (see chapter 3). The velocity scaling in these two regimes

are:

vSLb = 2cs
L‖
R

(
ρs
δb

)2

(7.9)

vINb = cs

√
2
δb
R

(7.10)
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Where δb is the blob size, ρs =
√
Temi/eB is the ion gyroradius, and cs =

√
Te/mi is

the sound speed. While in sheath-connected regime (as the name suggest) filaments

found in the midplane SOL are electricity connected to the divertor (or wall) sheath,

in the inertial regime they become disconnected (the closure current is through the

ion polarization drift).

Figure 7.32 shows the blob cross-field velocity (vb ∼ vr) normalized by the local

sound speed as function of the blob radius (δb ∼ Lθ/2) normalized by the local ion

gyroradius for L and H-mode scenario. The solid and dashed red lines represent,

respectively, the sheath-limited scale at L‖ = 10 m and L‖ = 30 m: approximately

the parallel connection lengths evaluated in the near and far SOL (Fig. 7.13). The

blue line represents the inertial regime. The electron temperature near the edge is

assumed to be 15 eV in L-mode and 10 eV in H-mode, hence, the ion Larmor radius

is ρs ≈ 0.8 − 1.0 mm, while the sounds speed in L and H-mode are, respectively,

cs = 22− 27 km/s.

In L-mode, two main trends are depicted (Fig. 7.32, left). Blobs located near

to the LCFS roughly scale as predicted by the sheath connected regime at L‖ =

30 m, compatible with the expected connection length in this region. However, blobs

detected farther tend to scale fairly well with the sheath connected regime at L‖ =

10 m. The result suggests that the blobs center of mass perceives the connection

length variation observed in Fig. 7.13. Intermediate regimes such as the resistive

X-point, ideal-interchange, or the neutral-friction [261] can also be important.

During the ELM-free H-mode phase (Fig. 7.32, right), two regions scaling in dif-

ferent way are observed. While close to the LCFS blobs seem to scale as the inertial

regime, further outside they approach to the sheath limited case, that is, they become

electrically connected to the wall. However, the impact of the background shear likely

plays a role in their dynamics (Fig. 7.30), which is not foreseen by the model [185].
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Figure 7.32: Blob normalized velocity as function of the normalized size in L (on the
left) and H-mode (on the right). The symbols represent the three reference shots:
circle (#39136), up-triangle (#39140), and down-triangle (#39143). The red lines
stands for the sheath limited velocity scale (SL) at L‖ = 10 m (full line) and L‖ = 30 m
(dashed line), the blue curve represents the inertial scale (IN). The colorbar refers the
position of the detected blob with respect to the separatrix position in millimetres.

The larger E × B shear during biasing acts as saturation mechanism. Filament ve-

locity scales that incorporate the blob amplitude with respect to the background

[260, 165] seem to be more appropriate for this case. However, how a sheared back-

ground flow impacts a potential structure and how this affects the blob motion and

so the velocity scaling prediction is not yet fully understood in the literature.

7.6 Conclusion

In this chapter, it was discussed the effect of a biasing electrode placed in the edge

of RFX-mod operating as a single-null tokamak. This technique has been shown to

induce H-mode in several devices [258, 26, 116, 101], and recently in RFX-mod toka-

mak in both single-null and circular configuration [243]. The biasing effect in the edge

and SOL of RFX-mod was studied with a set of electrostatic and magnetic sensors.

It was shown that the level fluctuation decreases in the biasing phase, when the ion
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saturation current and floating potential profiles become steeper (Fig. 7.6 and 7.8),

and, consequently, the plasma poloidal rotation (Fig. 7.6 c) and Fig. 7.7 d). The

Is fluctuation and the turbulent radial flux decrease in this phase around the LCFS

(Fig. 7.9), while the φf fluctuation level drops close to the wall (Fig. 7.14). This is

further corroborated by the smaller radial correlation length in the SOL (Fig. 7.11),

suggesting that the turbulence does not penetrate the SOL so easily in this phase.

Since transport in this region is dominated by filaments or blobs, the second part of

this chapter was dedicated to study of these structures in two scenarios in the RFX-

mod operating as tokamak: regular L-mode and ELM-free H-mode. In both cases,

potential coherent structures related to ion saturation current bursts by means of con-

ditional average were successfully detected, tracked, and characterized. 2D dynamic

pattern recognizing based on the combination of cross-correlation and eigenvalue de-

composition of the covariance matrix was applied in each time frame to depict the

blob velocity and shape. In L-mode, a dipole potential structure was perceived near

the edge (Fig. 7.17), becoming less evident further out, where the negative pole dom-

inates the frame. For that reason, the negative pole was considered as the reference

for the filament cross-field properties, e.g. shape and velocity. While this structure

was mainly aligned and stretched poloidally near the LCFS, in the SOL it becomes

more circular and less tilted. Fast radial ejection from the edge was observed. The

blob radial velocity increases as the structure approaches to the LCFS, decreasing

in the SOL where values were typically ∼ 2 km/s. Its amplitude and vorticity also

increase in this process, slightly reducing later in the far SOL. The blob poloidal

velocity was observed to be in the electron diamagnetic direction in the near edge,

the same direction of the E ×B background poloidal projection velocity.

On the other hand, in the high biasing scenario, ELM-free H-mode, blobs appear

mainly in the SOL. The potential in this case seems to be a negative monopole rather

than a dipole. Near the LCFS, the potential blob is stretched along the poloidal
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direction, reaching the highest radial velocity (∼ 4 km/s). The poloidal rotation is in

the ion diamagnetic direction in this region, in the opposite direction to the E × B

background drift. Further outside, the structure becomes trapped and its amplitude is

drastically reduced, which suggests its suppression. This result is supported through

the comparison of the inverse of the blob characteristic time (1/τ turb = vrLθ/L
2
r)

with the local E ×B shearing rate (γE×B = B−1dEr/dr ≈ B−1d2φf/dr
2) (Fig. 7.30).

According to [24], streamers or blobs are broken when γE×B > 1/τ turb, analagous to

the well known eddy decorrelation models [21, 28]. While during L-mode 1/τ turb is

always higher than γE×B, in ELM-free H-mode, γE×B increases way above the L-mode

values. In addition, it was pointed out that the vortex selection by the background

sheared flow [168] can yield the trapping effect observed in H-mode, since dipole

can turn into monopole by this process, which would make blob to spin rather than

radially propagate [185]. Therefore, the potential structure can either be suppressed

directly by means of the shear [24] or indirectly by vortex selection, in this case,

parallel loss would be the dominant dissipation mechanism. Besides, since blobs are

closely connected with turbulence spreading phenomenon in the edge and SOL, the

findings report here indirectly suggest similar edge-SOL decoupling effect discussed

in chapter 5.

Finally, blobs dynamics in the two scenarios were discussed in the framework of

analytical models and velocity scaling [146, 93, 188]. In the regime called sheath

connected, blobs are typically electrically connected to a sheath along the field lines,

where parallel dynamics are responsible for the potential depletion. On the other

hand, in the so-called inertial regime, blobs become disconnected, with the ion po-

larization current largely overcoming the parallel one. Blobs in RFX-mod tokamak

during L-mode were better described by the sheath connected regime (Fig. 7.32).

Besides, the parallel current density and potential structure are roughly synchronized

(Fig. 7.29, top). However, due to the strong variation of the parallel connection length
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over the radial range covered by the probe, filaments scale roughly in two regimes.

While near the LCFS they are better described by the sheath connected scale at

L‖ ≈ 30 m, in the far SOL the better match happens at L‖ ≈ 10 m, roughly in

accordance with the predicted L‖ in this region (Fig. 7.13). In the ELM-free H-mode,

however, filaments near the LCFS have a better agreement with the inertial regime.

Indeed, the SOL electron temperature is lower in this phase, suggesting an increase

in the collision factor. The parallel current density structure reaches its maximum

amplitude and size in the edge but nearly disappear later (Fig. 7.29, bottom). In the

SOL region, where filaments virtually stop propagating, the model does not seem to

fit properly. Models that take into account the blob relative fluctuation [260, 165] are

likely more appropriate in this case. Nevertheless, the impact of the background flow

on coherent potential structures (i.e. vortex selection) and how this affects the density

blob velocity and stability is overlooked. The biasing effect on the blobs dynamics

ultimately affects the SOL properties. The reduction of the radial turbulence correla-

tion length (Fig. 7.11), as well as the SOL ion saturation current baseline (Fig. 7.8),

and the plasma-wall interaction (Fig. 7.14) are examples of this behaviour.
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Chapter 8

ELMs filaments

The transition from low to high confinement in tokamaks happens as a result of

the rise of an edge transport barrier (ETB), with steeper edge pressure gradient

and strong E × B shear flow around the last closed flux surface (LCFS). The high

confinement mode (H-mode) is characterized by a substantial improvement in the

confinement of particles and energy [279]. The strong increase of pressure in H-mode

results into a ’pedestal’ region in the near edge and to even larger poloidal flow. The

further increase of pressure is, however, constrained by the MHD limit, that ultimately

leads to instabilities, being the Edge Localized Modes (ELMs) the most common

and potentially dangerous for the feasibility of the future fusion reactors [301, 153].

While the so-called spontaneous L-H transition typically happens after the injection of

additional heating, e.g. neutral beam injector (NBI) or electron cyclotron resonance

heating (ECRH) [279], edge transport barriers can also be induced via edge biasing

technique (chapter 2) [258, 273, 189]. The resulting H-mode in both cases exhibits a

similar feature, with steeper pressure gradient concomitantly with a strong turbulence

suppression, leading to an improvement of the stored plasma energy. Besides, edge

localized modes (ELMs) have been reported in biasing experiments [243].
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The aim of this chapter is to study edge-localized modes (ELMs) and their fila-

mentary trace in RFX-mod, running as tokamak, and the COMPASS tokamak.

8.1 Edge-Localized Modes (ELM)

The Edge-Localized Modes (ELMs) refer to a type of MHD instability in the plasma

edge of toroidal magnetic fusion devices that appear during the high confinement

mode (H-mode) in tokamaks [301, 50, 153], with also some evidence of their appear-

ance in stellarators [118, 93]. The phenomenon is usually accompanied by a fast loss

of energy and particles towards the SOL, in a millisecond time scale. A very similar

effect happens in the solar corona, characterized by relatively fast (in the order of min-

utes or hours) periodic solar flares, followed by a large ejection of energy [53, 212].

Therefore, this is a more general effect in nature with important implications for

telecommunications, in the latter case, and the device life-time in the case of ELMs.

The L-H transition is followed by the appearance of an edge transport barrier

(ETB), resulting in steeper density and temperature profiles and massive turbulence

suppression. When the pressure gradient increases beyond the ideal MHD limit, the

Edge Localized Modes (ELMs) can appear. The most accepted view considers that

the ELM is generated by a combination of peeling and ballooning instability, also

called peeling-ballooning mode [236]. While ballooning is a typical pressure-driven

instability that occurs in the ’bad curvature’ region (low field side) because the large

edge pressure gradient in H-mode is not proper balanced by the average curvature of

the magnetic field lines [287]. The peeling instability is a current-driven type, charac-

terized by an edge localized external kink mode [153]. The key element that couples

these two distinct instabilities is the bootstrap current. As discussed in chapter 7,

such current is predicted by neoclassical theory and it is related to the particle or-

bits at low collisionality, the so-called ’banana orbits’. When the pressure gradient
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becomes steeper, larger than the certain limit, and the collisionality is low enough,

then particles in a banana orbit can follow their trajectory without suffering collisions

with other closer particles, i.e. νei < νb (the local collision frequency is lower than

the banana bounce frequency). In this case, a projection of its trajectory along the

magnetic field lines yields an effective current proportional to the pressure gradient:

jb ∝ ∇rp. Since in H-mode the pressure gradient from the pedestal to outward be-

comes stronger, a large bootstrap current arises in this region. This phenomenon has

two effects: (1) to increase the free-current in this region, which favours the growth

of current-driven instabilities; (2) to make the magnetic shear profile less steep in the

edge, which has a destabilizing effect on ballooning instability [153]. Fig. 8.1 shows

the classical schematic diagram of the peeling-ballooning instability. The figure shows

at different plasma shaping (where strong and weak referred to high and low triangu-

larity, respectively) the boundary limit for activating the peeling and the ballooning

instabilities. In the graph, jped and p′ped are, respectively, the pedestal current density

and radial pressure gradient. Since jped ∝ p′ped, because the bootstrap current, both

quantities are coupled. However, the bootstrap current also depends on the level of

collisionality. For high density, the plasma edge becomes more collisional, making

difficult for a particle to complete a banana orbit without colliding with other parti-

cles. In those cases, the pressure gradient can rise without a significant increase in the

bootstrap current: the dominant instability becomes the ballooning. On the other

hand, in collisionless plasma, when, for instance, the plasma density is too low, the

bootstrap current increases unimpeded until reaches the peeling instability bound-

ary. In most cases, however, both quantities increase in a coupled way, reaching the

peeling-ballooning boundary, where both instabilities coexist and contribute to the

ELM formation and crash. Some alternative approaches consider the role of microin-

stabilities on driving ELMs [293]. In the EPED model [235], kinetic ballooning mode

(KBM) together with peeling ballooning (P-B) are the key ingredients that determine
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Figure 8.1: Schematic diagram illustrating the peeling-ballooning instability. The
color stands for different plasma shape: blue - weak shaping; black - intermediary
shaping; red - strong shaping, where strong and weak are for high and low triangu-
larity, respectively.

the ELM rise and growth. The model is able to predict the pedestal height and width,

which are important parameters for the plasma performance. Nevertheless, the non-

synchronous recover of density and temperature gradient after an ELM crash [27] is

not consistent with the KBM constraint in the EPED model.

Linear analysis can predict some features of the possible driven instability that

generates the ELM [237, 182]. Those analyses reveal that the ELM is composed of

several modes [235], characterized by a large toroidal number, with most of them

concentrated at the low-field side (due to the ballooning nature of the instability).

The largest mode sizes are found at the outboard midplane where the local magnetic

shear is less intense. There are several types of ELMs [153] observed in different

machines, but the most danger one for the plasma-facing components is the type

I [160]. The type III ELM is particularly interesting, because the ELM amplitude

is lower (compared to the type I), although its occurrence frequency is larger, and

usually it manifests in high collisional plasmas. Besides, quasi-coherent modes in the
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Figure 8.2: ELM energy normalized by the pedestal energy (∆WELM/Wped) as func-
tion of the neoclassical viscosity for type I ELM in several devices. Image reproduced
with permission from Reference [160]

.

inter-ELM phase observed during the EDA H-mode regime in Alcator C-mod [151]

and HRS in JFT-2M [136] reveal an interesting regimes where ELMs are absent but

particle transport is high. The amount of energy carried by a single ELM event

(δWELM) is typically normalized by the pedestal energy: Wped = 3/2 nped(Te,ped +

Ti,ped)/Vplasma, where nped, Te,ped, and Ti,ped are, respectively, the pedestal density,

electron and ion temperature. Vplasma represents the plasma volume inside the LCFS.

The relative ELM size (δWELM/Wped) has been observed to depend on the neoclassical

collisionality (see Fig. 8.2) for type I ELMs. At the expected ITER collisionality, the

ELM lost energy can be up to 20% of the pedestal energy, which for ITER scale

can represent a non-tolerable power load over the plasma-facing components [160].

Indeed, it can reduce substantially the machine life time [74].

However, once the instability arises and growths, a complex interaction between

modes and the background turns the system fully non-linear. A net result of this
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non-linear phase is the ejection of filamentary structures towards the SOL and wall.

Different from L-mode turbulent filaments that are typically thought to be electro-

static [63] since β < (me/mi) [165], where β = neTe/(B
2/2µ0). ELMs filaments

are electromagnetic [153] and carry a large amount of plasma current outward [244],

which can locally modify the magnetic field topology in some cases. In the SOL re-

gion, where the magnetic field lines are open, the ELMs are exhausted at sound speed

velocity along the field lines, but their large cross-field velocity makes the heat flux

width pattern at the divertor plates much broader than in H or even L-mode [66].

Those ELMs filaments can even enhance the level of plasma-wall interaction, which

can lead to erosion of the plasma wall and increase of impurities influx [208]. A

strong evidence in this direction is the ELM energy fraction on the divertor plates

that typically is lower than the energy lost by the pedestal. This effect intensifies

with the ELM size (δWELM/Wped), reducing to almost 40% at δWELM/Wped ≈ 0.3.

Although radiation loss can account for a significant part of the energy that leads to

this discrepancy [209, 84], most of the energy is lost on the wall through cross-field

transport [153].

8.2 Electromagnetic filaments

The presence of filaments associated with the ELM cycle was evident from early on.

Probes placed in the scrape-off layer often detect a rich and complex pattern of peaks

and valleys for the density and potential measurements, related to the ELM ’fine’

structure rather than a single big event [232]. Fast cameras in MAST (Fig. 8.3) have

shown large filaments during ELMs, aligned to the magnetic field with a typically

toroidal number in the range 5 ≤ n ≤ 15. In KSTAR tokamak, the filamentary

nature of ELMS is well captured through the electron cyclotron emission imaging
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Figure 8.3: Image of ELM filaments observed with fast cameras in the MAST toka-
mak [140].

(ECEI) technique [297], where high-temperature structures, with finger-like shape,

enhances the cross-field transport in the near edge and SOL.

ELMs are transient events related to periodic plasma relaxation, with a strong

ejection of particles and energy from the pedestal to the SOL. As a consequence of

that, the mean profiles, density, temperature, and potential become transiently flat-

ter. Since ELMs are related to filamentary transport and those are affected by the

plasma background (see chapter 7), it is natural to think that this relaxation favors

the propagation of a broad range of blobs, with different size and velocity. A funda-

mental question would be: is this relationship prior to the onset of the filamentary

transport or are the filaments that induce the relaxation? Field line stochastization

can enhance the parallel transport along reconnected field lines [238], leading to a

fast energy ejection. This process by itself can account for a large amount of energy

loss from the pedestal to the divertor [124]. As a result, the profiles become less

steep, reducing the E × B shearing rate, and thus enabling that filaments or blobs
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to easier cross-field propagate. Experimental data from electrostatic probes show

that the bursty oscillation related to the ELM fine structure occurs over a slower

envelope perturbation. The latest ELM activities happen when the radial profiles

are fully recovered, that is when the edge transport barrier becomes strong again.

Recent experiments results suggest that the ELMs filaments at high collisionality can

be mitigated by E × B shear flows [142]. This topic will be further discussed in

section 8.3.

Initial ELMs simulations have treated the related filaments as pure electrostatic

structures [86]. Experimental result comparing the ELMs parameters (size and ve-

locity) measured with an electrostatic probe with analytical filament velocity scaling

models in ASDEX Upgrade seems to agree inertial or restive ballooning regime [224].

However, there is plenty of evidence indicating that the ELM filaments are actually

electromagnetic [140, 179, 277]. The fact that those filaments arise as a result of the

non-linear saturation of an electromagnetic instability (peeling-ballooning) corrobo-

rates with that. In addition, ELM filaments are observed to carry a large amount

of current towards the SOL [244]. If this current is large enough, perturbations in

the magnetic topology can further enhance the cross-field and parallel transport [63].

This happens when the filament internal beta β = 8πp/B2, where p is the filament

peak pressure, induces field line bending (∆ ∼ L2
‖β/R, where L‖ is the parallel con-

nection length and R is the major radius) to such an extent that field lines become

short-circuited from the near edge and SOL to the wall at the midplane. Besides, a

pair of current-carrying filaments, with opposite direction, can mutual repeal, increas-

ing substantially its radial propagation [183]. This might explain the fast filament

ejection following an ELM event. Analytical models suggest that electromagnetic fil-

aments, such as the ELMs filaments, scale differently from an electrostatic filament,

but with similar dependency [165]. Indeed, experimental results suggest that the
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ELM filament velocity is proportional to the square root of its size [224], which is the

expected dependency for restive ballooning [188] and for electromagnetic blobs [165].

8.3 ELMs in RFX-mod tokamak

This section is devoted to the study of the ELM-like structure recently observed

in the RFX-mod operating as tokamak [243]. The RFX-mod is a Reversed Field

Pinch (RFP) device that has been recently operated as a low current tokamak (see

chapter 7). The toroidal magnetic field is B ≤ 0.55 T (counter-clockwise seen from

the top) and the plasma current Ip ≤ 50 kA. In this configuration, the edge safety

factor is within the range: qa = 3− 4. In the previous chapter, it was discussed how

an external electrode biasing can induce H-mode in RFX-mod. Particularly, it has

been shown that the biasing induces a large E × B shear flow in the plasma edge,

suppressing turbulence and enabling the rise of an edge transport barrier. Besides,

the biasing H-mode strongly affects the cross-field transport of coherent structures

in the SOL, which impacts on the mean profile of some plasma parameters and the

level of plasma-wall interaction. However, strong evidence toward a major role of

electromagnetic fluctuations during H-mode has been verified with the set of magnetic

pick-up coils installed in the U-probe (see chapter 4). But even in this case, potential

blobs were not able to propagate outwardly, being ’trapped’ in the near SOL. In some

discharges, however, bursty fluctuations measured by several diagnostics suggest the

appearance of strong filaments. Those events are usually correlated with a relaxation

of the density and potential profiles.

Figure 8.4 shows some plasma parameters during the biasing experiments in RFX-

mod operating as tokamak in single null configuration (Fig. 8.5) in a shot where these

strong fluctuations occurred. The figure displays the: a) biasing voltage, b) plasma

current, c) central line averaged density, d) edge safety factor, e) Dα line at the
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Figure 8.4: Global plasma parameters in a typical ELMy shot in RFX-mod running
as tokamak with external biasing. Shot: #39143.

equatorial plane, and f) beta poloidal from plasma equilibrium considerations [147].

The fast L-H transition is observed around 600 ms and, subsequently, a stable ELM-

free H-mode is formed, lasting until ∼ 700 ms: the plasma density increases, while the

Dα line drops, followed by an increase of the beta poloidal (βp = 2µ0 < p > /B2
θ [287]).

The latter is proportional to the plasma stored energy (βp ∝ W ) since the plasma

current does not vary much in this phase. Around 800 ms, both ne and βp decrease,

while Dα detects some large amplitude spikes. Later on, those spikes become more

frequents and the βp drops further, even with the plasma current increasing up to

70 kA. At this point, the improvement on the confinement achieved thanks to the

biasing is degraded on average, although it recovers in short time windows as will

be discussed later. These intermittent events are very similar to the ELMs cycles

observed elsewhere [301, 153]. Additional evidence of that it will be shown next.
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8.3.1 Experimental evidences of ELMs in RFX-mod

The fast and large spikes observed in the Dα line suggest strong recycling during the

ELMy phase, which is thought as a proxy for particle influx and plasma-wall inter-

action [38]. This effect is further confirmed with the ISIS poloidal array (Fig. 8.5).

As discussed in chapter 4, the ISIS system is composed of a set of electrostatic and

magnetic sensors installed on the wall of RFX-mod [228], covering the entire torus.

Fig. 8.5 shows the measurements from the poloidal array of probes set to measure

floating potential (φf ) and used here to monitor the level of plasma-wall interaction.

Fig. 8.5 a) shows a cross-field section of RFX-mod tokamak in single null configura-

tion superposed with the ISIS poloidal array (not to scale) for the shot in Fig. 8.4.

In Fig. 8.5 b) is shown the mean and standard deviation of the floating potential

measured in all seven sensors (y-axis) in time, where those parameters were calcu-

lated in sub-windows of 1 ms. Fig. 8.5 b) confirms that right after biasing is applied

(∼600-700 ms), H-mode is achieved, reflecting into a reduction of the mean potential

and standard deviation at θ ≈ −20◦, i.e. outboard midplane. During L-mode, both

< φf > and δφf are larger as measured through this sensor, which is likely due to the

combination of cross-field and parallel transport (see chapter 7). However, large fluc-

tuations are observed later on in the same position, suggesting a strong plasma-wall

interaction. Note, however, that this strong interaction is only perceived in the sensor

at θ ≈ −20◦, suggesting that the potential fluctuation has a ballooning behaviour in

both L and ELMy H-mode, i.e. they are stronger at the midplane low field side [302].

The effect of the biasing H-mode on the poloidal magnetic fluctuation at the wall

is shown in Fig. 8.6 for two magnetic sensors of the ISIS system placed at the low

(θ ≈ 19◦) and high field side (θ ≈ 161◦). In both cases, when the biasing is applied (∼

600-1000 ms), the time derivative of the poloidal magnetic field fluctuation (∂Bθ/∂t)

increases. From 600 to 800 ms, both signals detect an enhance of the fluctuation,

with the appearance of high-frequency bands. The spectrogram of the high field side
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Figure 8.5: On the right, cross-field section of RFX-mod operating as tokamak in
single null configuration. The ISIS electrostatic sensors are over-plotted (not to scale).
On left, the measurements of the seven sensors represented as mean and standart
deviation of floating potential. At he top, it is shown the Dα line (magenta) and an
ion saturation current signal (black) placed in the SOL. Shot: #39143.

coil shows a mode around 100 kHz, immersed in a broadband fluctuation, while the

one at the low field side exhibits high-frequency bands, from around 50 kHz up to

200 kHz. In the time interval between 800 and 900 ms, the amplitude of both signals

reduce, but the high-frequency mode at HFS remains with even higher frequency.

From 900 ms up to the end of the biasing phase (around 1000 ms), some enhanced

low-frequency activities emerge, particularly, the LFS coil detects some positive and

negative spikes in the same period when the ELM-like events are observed in Fig. 8.4

and 8.5.

The U-probe belongs to the category of filamentary probes (chapter 4). They are

composed of electrostatic and magnetic sensors, allowing the simultaneous measure-

ment of several parameters such as the electron density and temperature, as well as

the three components of the local magnetic field. As shown in the previous chapter,

one can estimate the local fluctuation of the parallel current density with the sig-

nals of spaced poloidal and radial 3-axial coils. Since ELMs are thought to be the
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Figure 8.6: Poloidal magnetic field fluctuation at wall low and high field side. Shot:
#39143.

result of an electromagnetic instability and the filaments that result from it are typ-

ically electromagnetic [63], thus, the U-probe can be a useful tool for detecting and

characterizing ELM-like instabilities observed in RFX-mod tokamak during biasing

experiments.

The U-probe during the reported experiment was placed in an intermediate posi-

tion between the plasma edge and SOL. The probe was set to measure simultaneously

the floating potential (φf ), ion saturation current (Is), and the three components of

the magnetic field arranged in 2D array. Fig. 8.7 shows the time evolution of two Is,

one located in the edge (r−r0 ≈ −28 mm) and the other at the SOL (r−r0 ≈ 6 mm).

The biasing was applied approximately from 600 to 1000 ms. In chapter 7, it was

shown that the temperature profile does not change much during biasing, thus the

ion Is ∝ ne
√
Te is a good proxy for the density variation. Fig. 8.7 shows that when

the biasing is applied, the ion saturation current in the edge increases at a level about

three times its pre-biasing value, while it decreases in the SOL. As discussed in chap-

ter 7, such behaviour is translated into a steeper density profile, as expected during

H-mode. Around 800 ms, when the first evidence of ELMs appears (Fig. 8.4), the
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Figure 8.7: Ion saturation current (Is) in the and edge and SOL during the L-H
biasing transition. Shot: #39143.

Is in the edge decreases on average, while the one in the SOL detects an increase

of large fluctuating events. From 900 to 1000 ms, strong fluctuations are observed

in both Is signals, with negative fluctuations in the edge (hole-like) and positive in

the SOL (blob-like). This result suggests a fast plasma ejection from the edge to the

SOL. As seen in Fig. 8.5, a similar fluctuation is observed near the plasma wall from

measurements of outboard the floating potential of ISIS poloidal array, and from the

Dα line at the equatorial plane.

Poloidal magnetic field fluctuation measured with the ISIS magnetic sensor at

the outboard midplane suggests that those ELMs events exhibit an electromagnetic

feature. Fig. 8.8 shows the poloidal and radial magnetic field fluctuation from two

pick-up coils from the U-probe located in the edge and SOL. In addition, the spec-
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trogram of the four signals, where the power spectrum was evaluated in ever 1 ms,

are shown below the corresponding signals. A band-pass filter was applied: 20-500

kHz, to keep only fluctuations that might be related to the ELM fine structure [152].

A broadband fluctuation right after the biasing starts is observed in the two compo-

nents of the edge coil, however, the poloidal one exhibits a more concentrated (and

perhaps lower) band of fluctuation. After a relatively short interval (from 800 to 900

ms), when the fluctuation from the two signals reduce over the entire spectrum, fast

and large amplitude oscillation emerges in the interval from 900 to 1000 ms - during

the ELMy phase. At this point, strong fluctuations are also observed from the coil

in the SOL. The spectrogram of the two components from the SOL coil is slightly

different from the one in the edge. In the latter case, both components exhibit a

similar trend, with a broadband fluctuation around 100 kHz, but with a second band

at larger frequency (slightly different for each component). This result might suggest

some radial dependency of the fluctuation prior to the ELMy phase, possibly related

to the nature of the driven instability [152]. The maximum magnetic field fluctuation

normalized by the equilibrium magnetic field is δB/B ≈ 8× 10−5.

The parallel current density can be estimated through measurements of the mag-

netic field fluctuation from at least three coils of the U-probe arranged in the cross-

field plane (see chapter 4). Fig. 8.9 shows the parallel current density fluctuation

(j‖ ≈ jt) in the range: 20-500 kHz, where ∆r ≈ 6 mm and ∆θ ≈ 88 mm. The corre-

sponding spectrogram was calculated considering time slices of 1 ms (Fig. 8.9, below).

Before the biasing starts (t < 500 ms), the fluctuation is concentrated in low frequen-

cies, below 100 kHz. Some spikes are evident, possibly related to turbulent filaments.

During biasing, from 600 to 800 ms, the spectrum of jt becomes broader, although

the total amplitude does not vary much. An observed reduction of the fluctuation in

the interval 800-900 ms suggests damping of the current density fluctuation. At this

phase, the Is in the edge increases again. During the ELMy phase (900-1000 ms), jt
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Figure 8.8: Poloidal (∂Bθ/∂t) and radial (∂Br/∂t) magnetic field fluctuation in the
and SOL together with their corresponding spectrogram. Shot: #39143.

exhibits fast spikes (both positive and negative) with amplitude up to |jt| = 1 kA/m2.

This is compelling evidence of current-carrying filaments.

Figure 8.7 suggests that during the ELMy phase, a strong plasma ejection from the

edge towards the SOL occurs. This tends to make the Is profile flatter. By focusing

on the ELMy phase, the parallel current density (Fig. 8.10) is shown together with

the spatial-time evolution of Is and φf , evaluated as the average over 0.1 ms time

slices. The last closed flux surface position (LCFS) is represented as a dashed line in

green at r − r0 = 0. The plasma edge corresponds to the region where r − r0 < 0,

while the SOL to r−r0 > 0. The three graphs on the left of figure 8.10 (label 1) show

that the ELM events affect in a synchronized way all the three parameters. During

an ELM cycle, the parallel current density fluctuation increases, while the Is drops

in the edge and increases in the SOL: creating density holes in the edge and peaks in
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Figure 8.9: Parallel current density estimation from the magnietic sensors of the
U-probe. The corresponding spectrogram on logarithm scale is shown bellow.

the SOL. Concomitantly, the floating potential in the edge, that reaches values lower

than -300 V in ELM-free H-mode phase, goes to almost -200 V during the ELM cycle,

propagating towards the SOL as a fast transient event. On the right of figure 8.10,

it is shown two ELM cycles (zoom-in of the graphs shown on the left, grey dashed

rectangle). The Is is shown now on a logarithmic scale to highlight the impact of the

fluctuation in the SOL. Note that the plasma ejection happens in a very fast time

scale; the onset of the collapse of the Is in the edge occurs almost synchronized with an

increase of the Is SOL baseline. This might suggest a streamer forming initially and

then decoupling, rather than a single filament moving outwards. The same happens

in the floating potential profile that becomes flatter in a very short time scale. This

effect has an impact on the radial electric field profile, since Er ∝ −∇rφf and so

in the poloidal rotation. The propagation, in this case, seems to be restricted to a

narrower range in the SOL, up to r − r0 ≈ 10 mm, in the limit transition from the
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Figure 8.10: Some plasma parameters during the ELMy phase in RFX-mod tokamak:
1 - parallel current density fluctuation (jt) and radial profiles of the ion saturation
current (Is) and floating potential (φf ) in time, both calculated in time slices of 0.1
ms. 2 - it is shown a zoom in during two ELM cycles (grey dashed rectangle).

divertor like to the limiter shadow region (see chapter 7). The recover of both profiles

to H-mode, i.e. with steeper profiles, occurs in a longer time window compared to

the crash scale, remaining approximately steady until the next ELM event.

Figure 8.11 a) shows nine ELM events as seen from an ion saturation current

signal in the edge. In addition, it is shown the b) poloidal (∂tBθ) and d) radial

magnetic field (∂tBr) fluctuation measured in the plasma edge. One can observe a

correlation between the Is fluctuation with magnetic perturbations, that is stronger

for the radial component. Fig. 8.11 shows, respectively, the spectrogram of the c)

poloidal and e) radial magnetic fluctuation on logarithm scale. High-frequency bands

from 100-200 kHz and around 400 kHz is clear from the spectral decomposition of

the poloidal component between ELMs, but not in the radial one. Both components

present a broadband fluctuation during ELMs. Fig. 8.11 f) shows the spectrum of the

radial (blue) and poloidal (red) components calculated over the time window 890-900

ms before the ELM onset. The figure further confirms that the poloidal component
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Figure 8.11: ELMy phase fluctuation: a) ions saturation current, b) poloidal (∂tBθ)
and d) radial magnetic field (∂tBr) fluctuation measured in the plasma edge; spectro-
gram of c) poloidal and e) radial magnetic fluctuation on logarithm scale; f) spectrum
of the radial (blue) and poloidal (red) components calculated over the time window
890-900 ms.

is the one activated in the inter-ELM phase. Worthing noting that similar behaviour

has been observed elsewhere [152], suggesting that this might be related to a more

fundamental feature of this phase.

In Fig. 8.8, it was shown that when biasing is on, the magnetic field oscillation

becomes larger, with fluctuations in a wider frequency range. Particularly, a high-

frequency band appears around 100 kHz, which is likely a trace of the type of insta-

bility in this phase. Although in ELM-free H-mode strong turbulence suppression is

observed, which reflects in a less turbulent SOL environment, electromagnetic effects

become more important, especially in the plasma edge. To further investigate this ef-

fect, two coils (poloidal spaced) from the U-probe measuring the poloidal component

of the magnetic field fluctuation were used to compute the wavenumber-frequency
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spectrum (see chapter 4) trough the 2-point correlation technique [217]. This coil

pair does not lay exactly along the same poloidal surface nevertheless useful infor-

mation can be inferred accounting for their relative location. Considering that their

mutual distance is d ∼ 8.8 mm, the poloidal wavenumber is constrained within the

interval |kθ| < π/d ≈ 0.36 cm−1. The data of the two coils over a large time window,

400-1100 ms, were sub-dived in time slices of 5 ms where the cross-power spectrum is

evaluated over 0.1 ms with 75% of overlap. Finally, the wavenumber-frequency spec-

trum is obtained by considering the statistical contribution from all sub-windows with

5 ms time resolution. The spectrum in frequency, which is basically the cross-power

spectrum with a proper normalization, is obtained from S(k, f) by averaging it over

all the wavenumbers: Sf ∝
∫ kmax
kmin

S(k, f)dk. Similarly, the wavenumber spectrum

can be evaluated by averaging S(k, f) over all the frequencies: Sk ∝
∫ fmax

0
S(k, f)df .

Fig. 8.12 shows both spectrum in time on logarithm scale before and during biasing.

While before biasing, Sf is mainly concentrated in low frequency, during the ELM-

free H-mode, a broadband fluctuation appears clearly around 100 kHz, disappearing

right before the onset of the ELMy phase. By looking at the wavenumber spectrum

in time (Sk), a strong fluctuation is evident in the same time interval, i.e. when the

broadband fluctuation appears, with a dominant wavenumber of about kθ ≈ 0.1 cm−1.

One can calculate the fluctuation phase velocity (approximately poloidally) from the

wavenumber-frequency spectrum. The phase velocity increases when the biasing is

applied, reaching its maximum absolute value when the broadband fluctuation be-

comes more intense. The phase velocity is in the electron diamagnetic direction,

the same direction of the Er × B flow in the lab frame. During the ELMy phase,

vphθ reduces to values comparable to the L-mode phase, within the error bars. It is

worth to note the similarity between this broadband oscillation observed here with the

quasicoherent modes observed elsewhere [151]. Although the plasma environment is

dramatically different: the magnetic field and plasma current are substantially lower
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Figure 8.12: Poloidal magnetic fluctuation measured with two poloidal spaced coils
installed in the U-probe body. On the left is shown the relative position of the
two coils with respect to the LCFS. On the right, from the top to the bottom, are
shown the frequency and wavenumber spectrum, and the poloidal phase velocity
all obtained from the wavenumber-frequency spectrum (S(k, f)) with the 2-point
correlation technique [217].

here than those experiments, the leader role of electromagnetic oscillation seems to

connect all of them.

8.3.2 The ELM cycle

To study the properties of the ELM in more detail, it was defined four different

phases within one cycle. The aim is to investigate the interplay between the plasma

background evolution and electromagnetic fluctuation. A similar approach has been

proposed elsewhere [152]. The composite structure characterizing the ELM bursts,

ELM fine structure in the following, was reported in [232, 244]. In the RFX-mod

case the available diagnostic set could allow a deeper investigation of the features

and dynamics of the sub-structures populating the different phases of the ELM cycle,

with the possibility to evaluate the effect of the plasma background all along the cycle
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Figure 8.13: Four phases during the ELM-cycle: 1) inter-ELM phase, similar to the
ELM-free H-mode discussed in the previous chapter; 2) ELM crash phase (from the
fast mean growth to its saturation); 3) ELM middle phase (from the saturation up
to the beginning of the profile recover); 4) ELM tail (the final ELMy phase up to the
full profile recover).

itself. On this purpose four phases are defined within the ELM cycle based on the

time evolution of an ion saturation current signal placed at r−r0 ≈ 6 mm) (Fig. 8.13).

They are label as: 1) inter-ELM phase, similar to the ELM-free H-mode discussed

in the previous chapter; 2) ELM crash phase (from the fast mean growth up to its

saturation); 3) ELM middle phase (from the saturation up to the beginning of the

profile recover); 4) ELM tail (the final ELM phase up to the full profile recover).

The mean floating potential maps corresponding to the four phases are shown in

Fig. 8.14 a). The dashed line represents the last closed flux surface (LCFS) position,

with the upper part corresponding to the SOL and the lower one the plasma edge.

In phase-1 (inter-ELM phase), the floating potential map exhibits a negative well in
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the edge, with values around -300 V, and positive in the SOL (≈ 20 V). Such a

feature is analogous to what has been observed during the ELM-free H-mode regime

discussed in chapter 7, also characterized by a steeper floating potential profile around

the LCFS (see Fig. 7.6). During phase-2 (ELM crash phase), the φf values become

less negative in the edge, which makes the map and the radial profile flatter. In

this phase, the potential map is in an intermediate state between L and ELM-free

H-mode. In phase-3 (ELM middle phase), the profile has not fully recovered yet, but

it becomes further negative in the deeper edge as compared to phase-2. Finally, in

phase number 4 (the ELM tail), the profile is almost fully recovered, resembling the

one corresponding the phase 1. In this phase, the transport barrier is re-established.

Such a result can be seen in Fig. 8.14 b) where it is shown the poloidal projection

of the E ×B drift deduced from the radial derivative of the floating potential profile

(vE×Bθ ≈ −∇rφf ), smoothed with a third-order Savitsky-Golay filter [137]. Fig. 8.14

b) shows besides the profile of the four phases, the vE×Bθ L-mode profile. One can

see that the phases 2 and 3 are indeed in an intermediate state between L-mode

and the ELM-free H-mode, described by the phase 1 and roughly by the phase 4.

As discussed in chapter 7, the relaxation of the potential radial profile and, thus,

the radial electric field favors the emergence and propagation of slower and larger

filaments (in agreement with the blob suppression criterion [24]).

The ion saturation current fluctuation in the four phases is shown in Fig. 8.15.

The four maps on the left side of Fig. 8.15 show the radial profile of the Is power spec-

trum (on logarithm scale) in the frequency range: 20-500 kHz, to rule out the effect

of low-frequency modes and high-frequency noises. While in phase-1, the fluctuations

are concentrated in low frequencies (below 100 kHz) and the plasma edge (r−r0 < 0),

during the ELM crash phase (number 2), the level of fluctuation becomes further en-

hanced and spread over a wider range of frequency that penetrates (although with

lower amplitude) into the SOL. In this phase, it is observed a large plasma ejection
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Figure 8.14: a) mean floating potential map during the four phases defined in
Fig. 8.13; b) poloidal projection of the E × B background drift deduced from the
floating potential of the interpolated φf profiles.

from the edge towards the SOL. In phase-3, the level of fluctuation reduces compared

to phase-2, but it is still wider and stronger than phase-1. Fluctuations in this phase

are more concentrated in the edge and in the range: f < 200 kHz. One can note,

however, a frequency band around the LCFS. The phase number 4 approaches to

phase-1, but fluctuations are more intense in the edge and spreader to high frequen-

cies. Fig. 8.15, right side panel, shows the radial profiles of the Is mean and standard

deviation for the four phases. The phase-1 exhibits a radial profile of both Is and

σIs similar the one reported in chapter 7. In this phase, the average ion saturation
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current profile is the steepest (among the four phases) in the edge, with the lowest

baseline values in the SOL. The fluctuation, represented by the standard deviation,

is also the lowest over the whole profile compared to the other phases (as, indeed,

suggested in map 1 of Fig. 8.15). The standard deviation of a given quantity is re-

lated to its RMS: x2
RMS = σ2

x, if the mean is zero. The RMS in frequency domain can

be written according to the Parseval’s theorem as [200]: x2
RMS = 1/N

∑N−1
l=0 |X[l]|2,

where X[l] is the Fourier transform of x. Hence, the integral over all the frequencies

at a given position of the maps displayed on the left side of Fig. 8.15 is proportional

to the standard deviation shown on the right side. In phase-2, the radial profile of

Is becomes flatter, with larger SOL baselines values. This phase presents the largest

level of fluctuation over the whole profile, in agreement with Fig. 8.15, bottom right

side. During phase-3, the radial profile of Is becomes even flatter, although the fluc-

tuation in the edge and SOL is reduced. This behaviour seems to be tied with the

relaxation of the potential profile shown in Fig. 8.14, rather than the density profile

(roughly proportional to the Is), suggesting a leading role of the potential or radial

electric field in regulating the Is fluctuation. In the phase-4, the Is profile becomes

steeper again and the fluctuation reduces in the edge and SOL. This phase is similar

to the inter-ELM phase.

Both Fig. 8.6 and Fig. 8.8 show that during the biasing H-mode, the magnetic

fluctuation increases, with spectral contributions from the low and, mainly, high-

frequency branch. Particularly, Fig. 8.8 shows that magnetic field fluctuation has a

radial dependency, with higher fluctuation in the edge than in the SOL, and exhibits

a high-frequency broadband fluctuation that is more pronounced in the poloidal com-

ponent. From the data of 10 coils (5 in each tower), measuring the local poloidal and

radial components of the magnetic field, the spectral radial profile of these quantities

was evaluated. Fig. 8.16 shows the radial profile of the power spectrum of the poloidal

(∂B̃θ/∂t) and radial (∂B̃r/∂t) magnetic field fluctuation for the four phases. During
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Figure 8.15: Ion saturation current in the four phases. On the left side, radial profile
of the power spectrum of Is fluctuation (20-500 kHz) for the four phases. On the
right, from the top to the bottom, radial profile of the mean and standard deviation
of Is.

inter-ELM, both components present a lower fluctuation level, with the poloidal com-

ponent showing a clear broadband fluctuation (100-200 kHz) in the edge that extends

until roughly the LCFS. In the crash phase (number 2), the fluctuation in both com-

ponents increases sharply, with a high-frequency contribution (up to ∼300 kHz). The

dominant broadband fluctuation in the poloidal component is still presented, but it

extends further into the SOL, merging with a strong fluctuation that emerges near

the LCFS. In phase-3, the ELM middle phase, a similar trend of fluctuation as phase-

2 is observed but with lower amplitude. Finally, in phase-4, the spectrum of both

components become similar to phase-1, but with a slightly larger amplitude. It is in-

teresting to note that while the spectrum of the radial component exhibits an increase

of fluctuation in a wide range of frequency during the ELM phase, the poloidal one

exhibits a more localized fluctuation spectrum. In the four phases, it was possible to
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Figure 8.16: Radial profile of the power spectrum of magnetic field fluctuation:
poloidal (top) and radial (bottom), in the four phases.

distinguish a broadband fluctuation in the range: 100-200 kHz, which is more evident

in the plasma edge. This kind of fluctuation has been observed elsewhere [152], and

is likely related to the ELM driven instability. The novelty of the results presented

in Fig. 8.16 is that high-frequency mode is maintained even during the ELM ejection

phase. In addition, the strong fluctuation of the magnetic field in the phases 2 and 3

might suggest an increase of the Maxwell stress (∼< B̃rB̃θ >) and possibly field line

stochastization [182].

8.3.3 Filamentary transport during ELM cycle

Considering the four phases defined in the previous section, one can study the fila-

mentary transport in each of them. This is the aim of this section. Fig. 8.14 and 8.15

show that the background potential and ion saturation current profiles are distinct in

the four phases. Particularly, it has been demonstrated that while the phases 1 and

4 approach to the ELM-free H-mode observed in the previous chapter, with steeper
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profiles (Fig. 7.6 and 7.8) and reduced magnetic fluctuation (Fig. 7.5), the phases 1

and 2 exhibit a larger fluctuation (over a wider frequency range), and flatter profiles.

In this and the next section, the aim is to investigate the detected differences in terms

of filamentary transport.

The bursty behaviour of the ion saturation current signals in the SOL moti-

vated the use of the same threshold criterion considered in the previous chapter.

By choosing an Is in the SOL as reference, placed at r − r0 ≈ 6 mm, the thresh-

old is: Ipeaks ≥ 〈Is〉 + 2.5σ, where 〈Is〉 and σ are, respectively, the sampling mean

and standard deviation. After selecting the events that satisfy this criterion, the Is

used as reference together with two neighbourhood signals are conditional averaged:

δIs =
〈
Is(r, t)|Ireffs (r′, t′) > Ipeaks

〉
. The four phases result is shown in Fig. 8.17.

Note that the phases 1 and 4 present a similar behaviour as the ELM-free H-mode

discussed in chapter 7. The time delay between the two innermost pins (blue and

orange, respectively) suggests radial propagation; although, as discussed in the chap-

ter 6, poloidal rotating tilted structure can yield a similar result. The almost zero

amplitude in the third pin (the outermost one in yellow) is a strong indication that

the blobs do not propagate easily during these two phases. The phases 2 and 3,

on the other hand, exhibit clear δIs peaks (with slightly different amplitude) and

compatible mutual time delay. This might suggest that structure propagate in these

phases since the radial separation between the innermost and outermost pins is larger

than the typical blob radial size (∼ 1 cm). Comparing the amplitude and shape of

the reference conditional Is in the four phases, one can see that the amplitude in the

phases 2 and 3 is about twice higher than in the phases 1 and 4. However, the peak

in phase-2 is shown to be broader in time than phase-3. By assuming that the full

width at half maximum (FWHM) of each peak is related to the time that structure

pass completely through the pin (τb), and considering the Taylor frozen turbulence

hypothesis [155], the structure cross-field size can be estimated as lb = τbvb, where
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Figure 8.17: Threshold criterion: a) conditional ion saturation current (δIs), and b)
comparison of the reference peak in the four phases (Fig. 8.13).

vb is the blob cross-field velocity. Since the time delay between the two innermost

pins in the phases 2 and 3 are compatible, the cross-field velocity in both cases is

similar (assuming that the poloidal projection effect is negligible). Hence, blobs in

phase-2 are larger than those in phase-3. Since in the latter, the potential profile is

stepper, the E × B flow can play a role in selecting blobs based on their size and

velocity [24]. A similar difference is observed between phases 1 and 4, with the latter

being narrower in time, which suggests the presence of smaller structures.

Current-carrying filaments induce local perturbation of the magnetic field, which

is precisely how the current density is measured with the U-probe 4. Therefore, the

increase of the magnetic field fluctuation can be due to the presence of current-carry

filaments crossing the probe. However, the fluctuation in this case has a well defined

relation between the poloidal and radial magnetic field components (for toroidal cur-

rent fluctuation). Using a set of three coils from the U-probe, all placed in the SOL,

the parallel current density was estimated, and then conditional averaged where the

trigger was the extreme events of an Is signal also in the edge for the four phases 8.18.

While the phases 1 and 4 present a similar behaviour, with relatively low current den-

sity fluctuation, in the phases 2 and 3, i.e., when the background profiles are flatter,

a larger current density is observed. This result is in agreement with the ejection of
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Figure 8.18: Parallel current density during the ELM-cycle: a) inter-ELM phase,
b) ELM crash phase, c) ELM middle phase, and d) ELM tail obtained from the
conditional average by considering the extreme events an Is in the edge as reference.
The comparison between the four phases is shown in e) where the error bar was
omitted.

current-carrying filaments from the plasma in the ELM-cycle [277]. Therefore, the

larger magnetic field fluctuation observed in these two phases is partially due the

presence of filaments.

A noticeable piece of information is provided by the 2D array of φf collected

along the cross-field plane to study the filamentary transport in the four ELM-cycle

phases is by using the floating potential array. This system is composed of 20 tips

arranged in a cross-field plane, covering a range of 8.8 x 2.2 cm. The dynamics of
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the potential structure related to the ion saturation current peaks is obtained by

conditional averaging the φf array: δφf =
〈
φf (r, t)|Ireffs (r′, t′) > Ipeaks

〉
. The result

of this procedure is plotted as a 2D map, where each frame corresponds to a time

instant or time delay with respect to the reference at τ = 0. Fig. 8.19 shows 34 frames

of conditionally averaged floating potential map from τ ≈ −4 µs to τ ≈ 11 µs during

the phase-1, inter-ELM phase. Note that from τ ≈ −4 to −2 µs, a dipole is visible

and its negative pole (located in the plasma edge) seems to propagate upward, in

the ion diamagnetic direction (viD = b̂ × ∇pi/(eniB)) in the lab frame, opposite to

Er×B flow. At τ = −1.5 µs, the negative pole starts to detach from the plasma edge

and, concomitantly, its amplitude increases. At τ = 0, a dipole is observed in the

potential around the reference Is (its position in the map is displayed as a red circle).

In the following frames, a rapid ejection of the potential structure is observed, that

subsequently spread over the near SOL. However, as noted in the previous chapter

for ELM-free H-mode, the structure (negative pole) does not propagate but instead

becomes nearly ”trapped” until it finally fades away about τ ≈ 11µs.

During the ELM crash phase, a strong relaxation of the Is and φf radial profiles

happens, which ultimately impacts on the level of E × B shearing rate, favouring

the growth and propagation of turbulence. Indeed, Fig. 8.15 indicates that the Is

fluctuations become enhanced in the edge and SOL over a large frequency range in

this phase. In addition, a strong magnetic fluctuation in both radial and poloidal

components is observed (Fig. 8.16), suggesting a possible role of electromagnetic

effects. Fig. 8.17 shows that the conditional Is in the ELM crash is almost five times

larger than in phase-1, broader in time, and carry larger current parallel current

(Fig. 8.18). Differently from phase-1 where the δIs amplitude measured at the third

pin (the outermost) is almost zero, in phase-2 its amplitude is larger, suggesting the

radial propagation of the blob. This effect is further confirmed in Fig. 8.20. One can

see initially a dipole at τ = 0 that rapidly propagates as a monopole. Worth noting
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Figure 8.19: Conditional floating potential map as shown in 32 time frames during
the phase-1 (inter-ELM phase). The dashed black lines represent the last closed flux
surface (LCFS), separating the plasma edge (lower part) from the SOL (upper part).

that the potential increases when the structure is already in the SOL, which might

suggest some interaction with the background or the merging with small blobs. The

potential amplitude in this phase is almost twice with respect to phase-1, although

the background potential in the latter is more negative in the edge.

In phase-3, ELM-middle phase, the background profile starts to recover, but the

level of fluctuation is still high (Fig. 8.14 and 8.15), although less intense than phase-

2. The conditional Is presents a similar behavior as the phase-2, with maximum
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Figure 8.20: Conditional floating potential map as shown in 10 time frames during
the phase-2 (ELM crash). The dashed black lines represent the last closed flux surface
(LCFS), separating the plasma edge (lower part) from the SOL (upper part).

amplitude reaching δIs ≈ 20 mA and the combination time delay and amplitude in

the three pins compatible with radial propagation. The radial separation between

the innermost and outermost pins measuring Is is about 15 mm, which is typically

shorter than the blob radial size. Fig. 8.21 shows the conditional floating potential

represented in a 2D map in 10 frames. A clear dipole is observed at τ = −0.5 µs

and τ = 0. The subsequent frames suggest an outward radial propagation with some

poloidal component (in the electron diamagnetic direction). The positive pole is either

pushed outward or faded away. At τ ≈ 4 µs, the structure almost disappears from the

frame covered by the probe, suggesting that the outward propagation is quite high.

In phase-3 (similarly to phase-2), filaments propagate freely into the SOL which is

238

.--------------
' ' :Phase 2: 
' ----- ------- --

1" = o.o .us T = 0.5 .us 1: = 1.0 ¡,s 1' = 1.5 ¡,s ·t = 2.0 ,us 

40 
... .. · ..•... 

' . ' ·,. . : . . í "" 
20 ' ,. " 

, . 
" . ' ~-: , : · ._:,,. ...... ] .. , · ' o '\ ¡' ., ·: . •• '\ :' : . '" • l\,j 

-20 
. ···.{ ó<t, f [V] 

;j 5.3 ........ -40 s J s 
r' = 2.4 r' = 2.9 ,stS z = 3.9 µ S 1" = 4.4 ¡is -O.O .......... 

N .. . 40 

20 
-5.3 

o 

-20 '. '. · .. . ·:. 
.( , :·. 
: ~: . : ·. 

, , ·., .. 
-40 l 

410 420 430 410 420 430 410 420 430 410 420 430 410 420 430 

R- Ro [n1n1] 



Figure 8.21: Conditional floating potential map as shown in 32 time frames during the
phase-3 (ELM middle). The dashed black lines represent the last closed flux surface
(LCFS), separating the plasma edge (lower part) from the SOL (upper part).

compatible with the large plasma-wall interaction observed from the ISIS poloidal

array (Fig. 8.5). Note that the threshold criterion combined with the conditional

average yield the most likely filament amplitude and scale. It is expected, however,

a more complex and rich variety of filaments with different sizes and velocity. In the

next section, the local intermittency measurement (LIM) technique will be used to

address this point.

The background profiles are fully recovered in phase-4 (ELM tail) and the level

of electrostatic and magnetic fluctuation reduce strongly in the near edge and SOL.

The conditional Is has lower amplitude, compatible with phase-1, and almost zero

δIs at the pin 3 (the outermost). By looking at the potential maps (Fig. 8.22) in
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Figure 8.22: Conditional floating potential map as shown in 32 time frames during
the phase-4 (ELM tail). The dashed black lines represent the last closed flux surface
(LCFS), separating the plasma edge (lower part) from the SOL (upper part).

24 frames, one can see initially a dipole that rapidly turns into a spread monopole

in the subsequent frames. After a fast ejection of the potential from the edge, the

structure seems to be torn apart at τ = 1.5 µs. The larger E × B flow in this

phase likely plays a role here. The negative pole remains in the near SOL, without

propagating, until fades away at τ ≈ 11 µs. Such behavior of the potential is similar

to phase-1, but the δφf has lower absolute value. An important difference between

these two phases is the larger amplitude of the ∂Bθ/∂t in the range 100-200 kHz

observed in phase-1. This oscillation appears in the inter-ELM phase, prior to the

ELM crash. This seems to have some similarity with the quasicoherent oscillation

observed elsewhere [151, 57, 89].
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8.3.4 Scale dependence through the ELM cycle

The edge and SOL of fusion devices are dominated by coherent structures. They

manifest as intermittent events in the ion saturation current time series [63], yielding

a skewed probability distribution function. Intermittency in turbulence is identified as

a deviation of a pure self-similarity behaviour [34, 11], possibly due to avalanching [14],

i.e. spatially-extended excitations. While the transport resulting from avalanching is

ruled by multi-scale, shear layers tend to select a set of dominant scales and induce

fragmentation [195]. Therefore, the characteristic of turbulence in different scales

provides a rich portrayal of its underline mechanism. As introduced in chapter 4, the

wavelet decomposition technique permits to scrutinize a signal at different scales (τ)

along time. Consider as an example the ion saturation signal shown in Fig. 8.23. A

high-pass filter was applied to eliminate the signal trend. The continuous wavelet

transform is:

W (τ, t0) =
1√
τ

∫ +∞

−∞
ψ

(
t− t0
τ

)
Ĩs(t)dt (8.1)

Note that the wavelet coefficient at a given scale has the same size as the original

signal. Fig. 8.23 b), c), and d) show the PDF (on logarithm scale) of the wavelet

coefficient at three different scale, where f ∼ 1/τ . The black curves represent a

Gaussian fit. Note that the three cases show a skewed PDF (longer positive tail),

with the skewness (in red) increasing with the frequency scale. A similar trend has

been reported elsewhere [11]. This is a clear trace of intermittency as well as a

deviation from a self-similar turbulence behaviour (chapter 3).

As widely discussed in chapter 7, the threshold criterion is a reliable away to detect

intermittent events from a time series of a given signal, e.g. ion saturation current and

gas puffing imaging signal [35, 265]. By combining with statistical techniques such
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Figure 8.23: Wavelet decomposition: a) Ion saturation current signal and probability
distribution function (PDF) of the wavelet coefficient at b) fτ = 30 kHz, c) fτ =
100 kHz, d) fτ = 150 kHz. The chart in red indicates the skewness value. Here
x ≡ W (τ, t0), where < x > and σ are, respectively, the mean and standard deviation.

as the conditional average, one can study with a high degree of detail the properties

of these turbulent structures [87]. In chapter 7 and in the previous section, it was

shown how this procedure can be done for data of RFX-mod running as a tokamak.

Particularly, the properties of filaments in L and H-mode have been shown to be

quite different. More surprisingly, filaments during the ELM-cycle (the ELM fine

structure [244]) exhibit distinct properties, possibly related to the background profile

(density and potential) time evolution and the magnetic field fluctuation. In this

section, the focus is still on the ELMy phase (including the inter-ELM), more precisely,

the filamentary properties of the four phases by using a technique introduced in

chapter 4 called: Local Intermittency Measure (LIM). This technique is based on

wavelet decomposition and it has been used to select intermittent events from ion

saturation current [278], floating potential [11], and gas puffing imaging signal [7].
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The method selects the events, at a given time scale, that make the sampling flatness

(see chapter 4) higher than 3, i.e. larger than the expected flatness of a normal

distribution. Those events exhibit typically a LIM larger than 1. In addition, in

order to avoid redundancy at given scale (to count twice the same structure), only

the local maximum was considered. The great advantage of using this technique

over the threshold criterion to select intermittent events is the possibility of selecting

events based not only on their amplitude (or spectral power) but also on their time

scale. In a time series corresponding to real data, e.g. an ion saturation current in the

SOL, some scales can be dominant and, therefore, contribute more significantly to the

overall intermittency of the signal. The conditional average of an Is in the edge using

the threshold criterion is equivalent to the weighted average over the conditional Is

at different scales, as long as the range of scales is broad enough, i.e. it must cover

the maximum and minimum possible scales achieved by the time series. In other

words, the LIM corresponds to approximately a scale decomposition of the threshold

criterion.

It was considered again the same ion saturation current signal localized at the near

SOL (r− r0 ≈ 6 mm) as reference, in a position where it is expected that filamentary

transport becomes dominant [63]. Using the LIM in the four ELM phases, one can

study in more detail the scale contribution for the filamentary transport. Fig. 8.24

a) shows the maximum δIs from the reference signal as a function of the frequency

scale. In the inter-ELM (number 1) and ELM tail (number 4) phases, the amplitude is

lower and comparable between each other in all considered scales. In phase-2 (ELM

crash), δIs increases over the considered scales, saturating roughly at 300 kHz on.

Phase-3, ELMy middle phase, exhibits a similar trend as phase-2, but the amplitude

is lower for frequencies below 300 kHz and higher for frequencies above. The number

of detected events at each scale normalized by the corresponding time window ∆t

is shown in Fig. 8.24 b); note, for example, that the time window of phase-2 is
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shorter than the one of phase-4. In all the phases (except for 2) the number of events

increases with the frequency scale. In the ELM middle phase, the frequency range

80-150 kHz presents the larger number of events, reducing at larger frequencies. Both

phases 1 and 4 exhibit an increased number of events in high frequency, which might

indicate blob fragmentation, although their amplitude is low (Fig. 8.24 a). In the

ELM crash phase, the number of events for frequencies higher than 200 kHz is larger

than in phase-3 but lower than in phases 1 and 4. Since the δIs amplitude is large

in this range, it is expected an important contribution from high-frequency events

in the overall filamentary transport. Worth noting that the E × B shear might play

a role here. The phases 1 and 4 are more identified as pure or ELM-free H-mode,

where the larger E ×B shearing rate (as suggested from the steeper radial potential

profile Fig. 8.14) affects the turbulent in all scales, i.e. γE×B � γτ (f), where γτ (f) is

the turbulence growth rate [28]. The larger number of events in these phases (with

substantially lower amplitude) suggests the fragmentation of the potential structure.

The strong relaxation of the background potential profile also softens the previous

criterion, favoring the growth of filaments. Note that this effect is less intense in

low-frequency scales, but not as much as in L-mode, in qualitative agreement with

the decorrelation criterion [21]. The partial recovery of the transport barrier during

phase-3 is associated to a reduction of the low-frequency events at the inter-ELM

phase level, while it does not affect much the high-frequency events.

The filamentary transport within the ELM-cycle was studied using the LIM anal-

ysis during phases 1 and 3 since they are longer and, therefore, offer better robustness.

Fig. 8.24 shows that the majority of events during the phase 3 are concentrated in the

wavelet frequency range: 50-200 kHz, although they present lower amplitude com-

pared to the higher frequency events. On the other hand, most of the events detected

in the phase 1 have lower amplitude, and they are concentrated in higher wavelet fre-

quency range. Worth re-forcing that the frequency scale is related to events in time, as
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Figure 8.24: Local Intermittency Measurement (LIM) applied to an Is signal in the
SOL during the ELM-cycle: a) average δImaxs and b) number of events at different
frequency.

seen from a reference Is signal. However, by employing the Taylor’s frozen turbulence

hypothesis, one can translate the time to spatial scale. Nevertheless, if the structure

intrinsic phase velocity is larger or even comparable to the mean background veloc-

ity or if the structure is located in a strong shear flow region, this hypothesis might

fail [155]. Since the φf array allows to determine the structure size directly, from the

2D map, one can study the spatial scale in both phases. On this purpose, the same

Is reference (r − r0 ≈ 6 mm) was considered and the LIM was employed for a wide

frequency range, fτ = 50 − 600 kHz. The extreme events are conditional averaged,

and the δφf can be represented in a 2D map at different time delays, and so, at dif-

ferent time scale. By using the same pattern recognition technique introduced in the

previous chapter, based on image correlation, one can compute the potential blob size

and velocity. The negative pole was taken again as reference for the blob cross-field.

Fig. 8.25 shows the result of this procedure, where it is displayed the potential blob:

a) radial size, b) poloidal size, c) ration between poloidal and radial size, d) radial ve-

locity, e) poloidal velocity, and f) minimum amplitude as a function of the frequency

scale for phases 1 and 3. These parameters were calculated considering the frames
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where τ = −0.5, 0, and 0.5 µs and, thus, the plotted results with the corresponding

error shadow area at a given scale are the result of the mean and standard deviation

over those three frames. Since the reference is placed in the SOL, the average blob

potential position is around the reference position. Fig. 8.25 shows that the Taylor’s

hypothesis seems to hold for phase 3, both radial and poloidal size decrease with the

frequency scale, but not for the phase 1. The poloidal size is larger than the radial

one over the whole fτ , yielding Lθ/Lr > 1 in the phase 3, and Lθ/Lr ≈ 1 in the phase

1. Phase 1 confirms the trapping effect presented in the previous chapter, one can see

from Fig. 8.25 d) that such behaviour occurs for the whole range of frequency scale.

On the other hand, in phase 3, the radial velocity increases with the frequency scale

(∼size), showing that filaments at different sizes contribute to the transport in the

ELM-cycle. The poloidal rotation in this phase has also a strong dependency with

the scale. While filaments at low frequency scale (fτ < 100 kHz) rotate in the ion

diamagnetic direction, those with larger frequency rotate preferentially in the electron

diamagnetic direction (or the E ×B flow direction). The largest rotation is observed

in the range from 100 to 300 kHz. It is interesting to note that it occurs in the same

range where Lθ/Lr is maximum. The structure amplitude, depicted by its minimum

potential (δφminf ), increases (absolute value) with the scale until saturates around 300

kHz and then decreases for larger frequencies in phase 3, while it is much lower in

phase 1 for high frequency. This result shows how rich the dynamics of the ELM fine

structure can be. The variety of scales with different velocity suggests some degree of

filament fragmentation. The relaxation of the profiles (see Fig. 8.14) seems to favour

the propagation of high-frequency filaments, while steeper vE×Bθ lead to blob trapping

and dissipation.
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Figure 8.25: Floating potential structure at different frequency scale: a) radial size
(Lr), b) poloidal size (Lθ), c) ration of poloidal by the radial size (Lθ/Lr), d) radial
velocity (vr), e) poloidal velocity (vr), and d) minimum potential (δφminf ) for phase 1
(green) and phase 3 (blue).

8.4 ELMs in the COMPASS tokamak

In this section, it will be discussed some experimental results from the COMPASS

tokamak (see chapter 4) in NBI assisted H-mode. In the present experiment, the

plasma current was in the range 250-300 kA and the magnetic field 1.25 T (clockwise

from the top). The working gas was deuterium. External Co-NBI, delivering a total

power of up to 280 kW on-axis, was applied when the plasma current flattop was

established. Fig. 8.26 (left) shows some plasma parameter of a reference shot, where

the ELMy H-mode is depicted from the periodic high amplitude bursts in Dα line

signal. The plasma equilibrium is provided by EFIT and the central line averaged

density is measured by a single-channel interferometer. The intense ELMy activity

prevents the growth of the density, that remains approximately steady in the time

NBI is on. The focus is to investigate the electromagnetic feature of the ELM filament

fine structure [244]. On this purpose, a filamentary probe [144], based on the U-probe
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concept, was used (see chapter 4 for more detail). The probe is composed of magnetic

and electrostatic sensors, allowing the simultaneous measurement of several plasma

relevant parameters, such as the floating potential (φf ), ion saturation current (Is),

and the three components of the local magnetic field: B̃r, B̃θ, and B̃φ. These param-

eters are measured in two towers (Fig. 8.27 b), displaced 4.4 cm. Owing its design,

one can calculate the parallel current density from: j‖ ≈ (∇×B)‖/µ0, from Ampere’s

law. The probe was inserted near the outer divertor (Fig. 8.27). The raw data from

the filamentary probe are shown in Fig. 8.26 (right panel), from the top to the bot-

tom: Is, φf , ∂Bθ/∂t and ∂Br/∂t. Note that all four sensors detect clearly the ELMy

phase (1080 ≤ t ≤ 1170 ms). While Is is dominated by positive peaks, which make

the skewness of the corresponding PDF larger than 0, the potential and the magnetic

field fluctuation (both components) exhibit positive and negative oscillations, which

is a characteristic of a multi-pole structure. Besides, the strong magnetic fluctuation

confirms the electromagnetic nature of the ELMs, seen as traveling filaments by the

probes [244].

The parallel current deduced from measurements of three displaced coils is shown

in Fig. 8.28. Before the ELMy phase starts (t < 1080 ms) starts, jt oscillates in the

range: |jt| < 10 kA2/m2. In the ELMy phase (1080 ≤ t ≤ 1170 ms), periodic large

amplitude events appear, reaching values of about |jt| ≈ 50 kA2/m2. Note that the

amplitude of the jt oscillation is more than ten times the one reported in section 8.3

for the ELMy phase in the RFX-mod running as tokamak. Fig. 8.28 b) shows jt

spectrogram on logarithm scale. Most of oscillation is concentrated in low-frequency

before the ELMy phase (< 100 kHz), becoming spread over a wider frequency range

during the ELMs.

One advantage of the filamentary probe is the possibility to measure simultane-

ously electrostatic and magnetic oscillation at the same location. This is particularly

convenient to study electromagnetic structures as the ELMs. Fig. 8.29 shows a nar-
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Figure 8.26: ELMy H-mode in COMPASS. Left, from the top to the bottom, plasma
current (Ip), edge safety factor (q95), central line averaged density (ne), and Dα line.
On the right, data from the filamentary probe, from the top to the bottom: ion
saturation current (Is), floating potential (φf ), poloidal magnetic field oscillation
(∂Bθ/∂t) and radial magnetic field oscillation (∂Br/∂t). The probe was placed at
r − r0 ≈ −4 cm, where r0 is the last closed flux surface (LCFS) position. Shot:
#17596.

row time window of the shot depicted in Fig. 8.26, highlighting eight ELM events.

Fig. 8.29 shows Is signal placed at r − r0 ≈ 4 cm, where r0 is the LCFS position.

These events are related to type I ELMs [244]. Fig. 8.29 b) and c) show, respectively,

the poloidal magnetic field oscillation (∂tBθ) and its spectrogram on logarithm scale.

The peaks observed in Is are correlated with a strong ∂tBθ, re-forcing the electro-

magnetic nature of the ELM filaments. The spectral decomposition of the signal

shows wide broadband turbulence from about 100 to 250 kHz preceding each event.

In addition, a mode at f ∼ 50 kHz appears before the ELM-crash, disappearing

right after until appears again a few milliseconds later. A similar oscillation has been

observed elsewhere [57], recognized as an ELM precursor. One has to note that al-
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Figure 8.27: COMPASS cross-section showing (a) the U-probe inserted from a port in
the lower part of the vacuum vessel. The measurement configuration in the reported
experiment is shown in b).

Figure 8.28: (a) Parallel current density deduced from the filamentary probe mag-
netic sensors. (b) corresponding spectrogram on logarithm scale. The equilibrium is
provided by EFIT.

though the probe was placed in the SOL, it does not necessarily mean that the mode

observed in Fig. 8.29 is local since electromagnetic fluctuation can be observed even
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Figure 8.29: ELMy phase in COMPASS measured with the U-probe: a) ion saturation
current (Is), b) poloidal magnetic field oscillation (∂tBθ), c) spectrogram of ∂tBθ on
logarithm scale, d) radial magnetic field oscillation (∂tBr), and e) spectrogram of ∂tBr

on logarithm scale.

far from the source possibly related to toroidal coupling [56]. The radial magnetic

field oscillation (∂tBr) although lower exhibits a similar feature, with periodic strong

activities correlated with the peaks in Is and the perturbations in ∂tBθ. A mode

at f ∼ 50 kHz is also evident from the spectrogram of ∂tBθ together with a strong

broadband oscillation (100-250 kHz). Both, however, almost disappear right after

the ELM-crash. A similar mode also appears in ELM-free H-mode in COMPASS

and it has been identified as quasicoherent mode [178]. The maximum magnetic field

fluctuation normalized by the equilibrium magnetic field is δB/B ≈ 8× 10−4.

Fig. 8.28 indicates that the ELM filaments are able to carry a large current (up

to |jt| ≈ 40 kA2/m2) To compare the parallel current density carried by turbulent

filaments in L-mode with the one measured for the ELM filaments the Is signal

was used as a reference. As discussed in the previous chapter, the ion saturation

current fluctuation is a good proxy for the density fluctuation [196]. Besides, its high

temporal resolution (typically limited by the data acquisition sampling rate) makes

it ideal to study high-frequency turbulent events. Since blobs or filaments dominate
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Figure 8.30: At the top: an ion saturation current signal in the SOL (r− r0 ≈ 4 cm)
during the L-H transition. NBI was applied from 1080 ms. At the bottom are shown a
time window during L-mode (phase-1) and ELMy H-mode (phase-2). The red circles
indicate the peaks larger than 〈Is〉 + 2.5σ, where 〈Is〉 and σ are, respectively, the
sampling mean and standard deviation for each phase or time window.

the transport in the SOL, the time series of a pin measuring Is in this region is

dominated by positive oscillation that makes its probability density function (PDF)

skewed. Fig. 8.30 shows an Is signal measured at r − r0 ≈ 4 cm, i.e. in the far SOL.

The NBI assisted heating starts approximately at 1060 ms (Fig. 8.26), inducing strong

ELM filaments from 1080 ms on. The phase number 1, depicted in the bottom chart

of the Fig. 8.30 indicates a time window when the plasma is still in low confinement

(L-mode), while the phase number 2 indicates the ELMy phase. Filaments were

defined as the Is peaks (extreme events) that exceed a threshold. In both cases, the

threshold was Ipeaks > 〈Is〉 + 2.5σ, where 〈Is〉 and σ are, respectively, the sampling

mean and standard deviation for each phase. In the ELMy phase, only the maximum

peak for each ELM event was kept, as representative of the ELM cycle.

The peaks of Is in both phases are correlated with the maximum absolute value

of the parallel current density, deduced from signals of three closed magnetic sensors.

Since Is and jt are not measured at the same location and due to their complex

2D structure [87], their maxima typically do not occur at the same time instant.
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Figure 8.31: Burst events from the Is signal are correlated with |jt| maximum: a)
during L-mode (phase-1 Fig. 8.29) and ELMy H-mode (phase-2 Fig. 8.29), shot:
#17596. In b) is shown Ipeaks as function of jpeakt during the ELMy phase of five
similar shots.

Therefore, for each peak of Is, the maximum of |jt| was selected over a time window

around Ipeaks . In L-mode, this time window was of ∼ 8 µs, which is slightly larger than

the typical blob characteristic time. For the ELM filaments, the chosen time window

was of the order of an ELM event (∼ 800 µs). Fig. 8.31 a) shows the Ipeaks as function

of jpeakt (absolute value) in L-mode (blue circles) and during the ELMy phase (red

squares). One can see clearly that filaments in L-mode have lower Is amplitude and

carry substantially less current. ELM filaments exhibit a wider variation in Is and

jt, but the majority lie in the range jpeakt > 10 kA2/m2. Fig. 8.31 b) shows several

ELM events collected from five similar shots. The distribution of points is again

quite scattered, but with comparable values among shots. Note that since the probe

is placed in the far scrape-off layer, the filaments that arrive there could have been

impacted by the background, which might explain in part the scattering of the data

point. But, one can not neglect the fact that the instability itself after the non-linear

phase can yield filaments with different characteristic.
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8.4.1 Quasicoherent mode

ELM-free H-mode is frequently achieved in COMPASS, with or without auxiliary

heating. In this case, quasicoherent modes (QCMs) have been observed [178], with

frequency in the range 50 ≤ f ≤ 250 kHz (at low-field side) and strong electro-

magnetic feature. While those high frequency modes typically exhibits ballooning

structure, they are thought to have Alfvén nature, with frequency that roughly fol-

lows f ∼ n̄
−1/2
e , where n̄e is the central line averaged density, i.e. with Alfvén depen-

dency [99]. The existence of quasicoherent modes in ELM-free H-mode and inter-ELM

phases have been reported in several devices [151, 57, 284], they are observed in the

pedestal or the lower part of density gradient near the LCFS [262], typically rotating

in the electron diamagnetic direction in both plasma and laboratory frame. Those

structures are particularly important in regulating cross-field transport in ELM-free

H-mode. The enhanced Dα (EDA) H-mode observed in Alcator C-Mod is an ex-

ample of that, a QCM is responsible for enhancing the cross-field transport in the

pedestal region towards the SOL, preventing the further growth of the pedestal pres-

sure gradient and, thus, making the H-mode stable to ELMs [234, 43]. In this case,

the underline instability seems to be resistive-ballooning for x-point geometry [173]

and/or drift-Alfvén wave [187, 43].

Figure 8.32 shows some global parameter of an ELM-free H-mode shot in COM-

PASS. The applied NBI power (the time pulse length is indicated by the blue box)

was PNBI ≈ 0.3 MW. The H-mode is characterized by a fast drop of the Dα line

(Fig. 8.32 c), followed by an increase of central averaged density (Fig. 8.32 a, the

strong oscillation observed is related to uncertainties of the interferometer). The

transition occurs when the plasma current stabilizes around 300 kA (Fig. 8.32 b) and

the edge safety factor becomes about 2.5 (Fig. 8.32).

The filamentary probe was placed again at r − r0 ≈ 4 cm. The measurements of

the ion saturation current (Fig. 8.33 a) further confirm that the H-mode was achieved:
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Figure 8.32: ELM-free H-mode in COMPASS: a) central line averaged density, b)
plasma current, c) Dα line, and d) edge safety factor. The total NBI power was
PNBI ≈ 0.3 MW. Shot: #17598.

Is fluctuation nearly disappears in the time window 1070 < t < 1160 ms. However,

by looking at the magnetic field fluctuation (Fig. 8.33 b and d), a much more complex

behaviour is manifested. Right after NBI starts (t ≈ 1060 ms), large Is events appear

(similar to type III ELM [153]), also seen by the magnetic signals. Later, the ELM-

free H-mode starts, but high frequency bands are observed in the spectrogram of

both poloidal and radial magnetic field components (Fig. 8.33 c and e, respectively).

The oscillations appears with high frequency bands in the range: 50 < f < 150 kHz.

Those oscillations are similar to the one reported in the article [178], where they were

attributed to beta-induced Alfvén eigenmodes with ballooning character. Worth not-

ing that this oscillation seems to be modulated by the spikes observed in both B̃θ

and B̃r: when they occur, the frequency of each stripe, that was decreasing, begins

to increase. Around 1100 ms, a strong oscillation in the range: 50-70 kHz develops,

concomitantly with the disappearing of the high-frequency bands. Later on, however,

this mode disappears and a high-frequency mode around 100 kHz becomes dominant.

The low-frequency spikes are still presented, associated with a low frequency oscilla-
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Figure 8.33: U-probe data during ELM-free H-mode of fig. 8.31: a) ion saturation cur-
rent, b) poloidal magnetic field oscillation (∂tBθ), c) and corresponding spectrogram
on logarithm scale, d) radial magnetic field oscillation (∂tBr), and e) spectrogram
∂tBr on logarithm scale.

tion f < 50 kHz. The second mode also fades away, and the spikes reduce gradually

until the NBI being switched off.

To study with more detail the properties of these modes, signals of two coils, with

mutual poloidal distance of d = 4.4 cm, were used. Only the poloidal magnetic field

component was considered (∂tB̃θ). The 2-point correlation technique was applied

to extract the wavenumber-frequency spectrum [217]. The maximum wavenumber

detected with this method is: |kθ| ≤ π/d ≈ 0.7 cm−1. The frequency (Sf ) and

the wavenumber spectrum (Sk) can be obtained from S(k, f) by integrating over

the wavenumbers and frequencies, respectively (see chapter 4). S(k, f) was calcu-

lated in sub-windows of 4 ms with 50% of overlap. Sf and Sk in time are shown

in Fig. 8.34 a) and b), respectively, together with the corresponding poloidal phase

velocity (Fig. 8.33 c). The high frequency bands appear clearly, with a characteristic

wavenumber of about |kθ| ≈ 0.3 cm−1, and poloidal phase velocity vphθ ≈ 15 km/s

in the ion diamagnetic direction (IDD) in the laboratory frame. Around 1100 ms, a
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Figure 8.34: Quasicoherent mode: a) spectrogram of the frequency (Sf ) and
wavenumber (Sk) spectrum on logarithm scale and c) poloidal phase velocity, where
IDD is for ion diamagnetic direction and EDD electron diamagnetic direction. Shot:
#17598.

dominant mode in the range 50-70 kHz appears with wavenumber |kθ| ≈ 0.4 cm−1 and

opposite poloidal phase velocity vphθ ≈ −15 km/s in the electron diamagnetic direc-

tion (EDD) now. From about 1110 ms, a mode around 100 kHz appears with slightly

higher wave number. A mode of 50 kHz together with lower frequency oscillation

f < 50 kHz emerge, creating a new branch in the Sk spectrum with values around

|kθ| ≈ 0.2 cm−1. These finds suggest a very complex behaviour of the quasicoherent

modes in COMPASS that typically appear in the inter-ELM or ELM-free discharges.

8.5 Conclusion

In this chapter, it was discussed the ELM instability and its filamentary nature.

While this instability could allow steady-state H-mode, with periodic exhaustion of

energy, the presence of high amplitude events might represent a great risk for the

plasma face components in ITER and beyond [160] and, consequently, for the reactor
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life time [74]. The reported results in this thesis are from the RFX-mod running

as tokamak in single null configuration and the COMPASS tokamak. In RFX-mod,

ELMs have been recently observed in biasing experiments [243], while in COMPASS

this instability is driven with auxiliary heating and in simple ohmic discharges [202].

With a set of electrostatic and magnetic sensors, the instability and its filamentary

nature are characterized in detail. A clear trace of this instability is its electromag-

netic nature and the presence of current-carry filaments. In RFX-mod the parallel

current associated to ion saturation current peaks in the SOL (proxy for filament

density) is about 1 kA/m2, while in COMPASS > 10 kA/m2, i.e. more than 10

times larger. The same trend has been observed for the magnetic field fluctuation

δB/B, where B is equilibrium magnetic field. In RFX-mod the maximum fluctua-

tion was δB/B ≈ 8 × 10−5, while in COMPASS δB/B ≈ 8 × 10−4. This, of course,

reflects the different plasma environment in these two devices (Fig. 8.4 and 8.25), but

also the ELM nature: while the ELMs in COMPASS are interpreted as type I, in

RFX-mod they are more close to type III or grassy [153]. The U-probe in RFX-mod

allowed studying with an unprecedented level of detail the ELM-fine structure, i.e.

the filaments within the ELM-cycle. By looking at different phases, inter-ELM, ELM

crash, ELM middle, and ELM tail (Fig. 8.13) it became evident that the background

mean profiles (Fig. 8.14 and 8.15), and the magnetic field fluctuation (Fig. 8.16) play

a role in the filamentary transport. Particularly, a relaxation of the profiles and a

stochastization of the magnetic field are footprints of the ELM phases. The propa-

gation or not of filaments in these phases seems to be conditioned by the potential

profile, which is ultimately related to E × B flow. By using the local intermittency

measurement (LIM), it was possible to study the filaments in more detail during the

ELM middle phase at different time scale, which in this case can be translated in spa-

tial scale (from the potential map), in qualitative agreement with the Taylor’s frozen

turbulence hypothesis. This analysis reveals that most of the filaments in this phase
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are concentrated in high-frequency scales (small spatial scale), with velocities up to

8 km/s. Worth noting that since the these scales are related to the highest ampli-

tudes, the corresponding filaments contribute more significantly for the total particle

flux ΓELMr = 〈δImaxs vr〉, observed in the plasma wall (Fig. 8.5). In both COMPASS

and RFX-mod an ELM precursor were observed. They were more evident from the

magnetic sensors (confirming the electromagnetic nature of the driven instability),

with a broadband fluctuation around 100 kHz in both cases, but with a clear mode

around 50 kHz prior the ELM crash in COMPASS. A quasicoherent mode was ob-

served in RFX-mod (Fig. 8.12), with frequency around 100 kHz and wavenumber

|kθ| ≈ 0.1 cm−1, rotating in the electromagnetic direction as seen from the laboratory

frame. The quasicoherent mode in COMPASS has been reported before [178], with

a clear ballooning feature. The COMPASS filamentary probe allowed studying the

electromagnetic characteristic of this mode. The quasicoherent mode appeared in the

ELM-free H-mode with no clear enhancement of the cross-field transport (the probe in

the far SOL does not detect any strong fluctuation). However, the magnetic sensors

exhibit a very rich and complex spectrum, with high-frequency bands, and strong

high-frequency modes. The 2-point correlation technique applied for two poloidal

displaced coils measuring the poloidal magnetic field fluctuation (Fig. 8.34) shows

that the transition from the ballooning dominant to a more localized high-frequency

fluctuation is characterized by a flip of the poloidal phase velocity, from the ion to

the electron diamagnetic direction. In short, this chapter has provided some insights

on the ELM-cycle (in two devices: RFX-mod running as tokamak and COMPASS)

and on the electromagnetic filaments associated with it.
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Chapter 9

Final conclusion

Throughout this thesis, it was investigated the properties of turbulence in the plasma

edge and scrape-off layer (SOL) of TJ-II, RFX-mod, and COMPASS. Although the

difference between these devices, the universal nature of turbulence permits to cross-

compare their results.

The effect of turbulence propagation was studied in the TJ-II stellarator, as dis-

cussed in the chapters 5 and 6. In chapter 5, an edge-SOL turbulence spreading

model was considered [166] to quantify the turbulence spreading rate and the local

turbulence growth rate. These two quantities, together with some other plasma rel-

evant parameters, were measured with a two-dimension electrostatic probe inserted

into the plasma edge from the SOL on a shot-by-shot basis. TJ-II in this experiment

operated with hydrogen as working gas in two regimes 1) plasma started with ECRH

and then sustained with NBI; 2) NBI + external biasing (started with ECRH). The

main results are summarized as follows:

• The turbulence spreading rate (depicted by the ωS parameter) is mainly acti-

vated in the SOL region, while the local turbulence growth rate (ωD) is larger in

the edge, consistent with the steeper profiles in this region. These results are in
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good agreement with simulations from a three-dimensional gyro fluid turbulence

model [166];

• The ECRH to NBI transition is characterized by a reduction of the spreading

in the SOL, while the rate of turbulence drive (ωD) strongly reduces in the near

edge where a poloidal shear flow layer was established;

• Biasing modulation (square 40 Hz pulse in a duty cycle of 50% with -350 V)

was shown to modify the shear layer and impact on the ion saturation current,

floating potential, and radial particle flux profiles. Particularly, at -350 V, a

shear layer was formed in the plasma edge, followed by a reduction of ωD and

ωS (in the SOL). At zero biasing, however, the background E×B flow reduced

compared to the pure NBI case (i.e. without biasing) and so both ωD and ωS

increased;

• The edge-SOL decoupling was observed to happen when the Er × B shearing

rate reaches values comparable to the inverse of the turbulence correlation time

in the vicinity of the LCFS;

• In the far SOL, ωD and ωS were comparable in both regimes suggesting that

the spreading becomes an important source of fluctuation in this region.

The findings presented in chapter 5 indicate that sheared radial electric fields are

able not only to suppress turbulence locally but also to reduce its spreading that ulti-

mately leads to the edge-SOL turbulence decoupling. The effect of turbulence propa-

gation was further investigated in chapter 6 in spontaneous electron-ion-electron root

transition shots, where the edge radial electric field was slowly modified from posi-

tive to negative and then to positive again. Turbulence propagation was quantified

through the transfer entropy technique that measures the propagation of information

between two processes [226, 271, 102]. The main results of this chapter are:
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• During the transitions, zonal flows became amplified in agreement with simula-

tions [275]. This conclusion was based on biorthogonal analysis where data from

multiple floating potential signals, from two remotely separated electrostatic

probes, were decomposed in orthogonal spatio-temporal functions (modes). The

global dominant mode has been shown to exhibit high long-range correlation

and low-frequency oscillation (f ≤ 1 kHz), which are precisely the properties of

zonal flows [85, 59];

• The electron-ion root transition was characterized by a reduction of the tur-

bulent particle flux and radial correlation length around the LCFS, indicating

that turbulence is locally impacted;

• While during the electron root phases (Er > 0) turbulence propagated out-

wardly with a typical velocity of 1 km/s. In the ion root phase (Er < 0),

propagation ceased almost completely.

The results presented in chapter 6 confirms the role of radial electric fields in

regulating turbulence and cross-field transport. Turbulence in the plasma edge and

SOL is dominated by filaments. Hence, it is natural to think that these structures

are responsible for the turbulence spreading effect described in chapters 5 and 6.

The properties of filaments or blobs were studied in detail in RFX-mod running as

tokamak in Single-Null (SN) configuration. The results are presented in chapter 7.

In addition, biasing H-mode has been recently obtained in RFX-mod in the men-

tioned configuration [243]. This chapter is aimed to provide a comparison between

the properties of the filaments in L-mode and biasing H-mode. For this purpose, a

filamentary type of probe based on U-probe concept was used (see chapter 4). This

probe is equipped with a set of two-dimension electrostatic and magnetic sensors that

allows measuring the parallel current density. The main results of this chapter are:
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• During the biasing phase, turbulence decreased in the edge and SOL, while

the radial profiles of the ion saturation current and floating potential became

steeper. This had an impact on the turbulent particle flux around the enhanced

poloidal shear flow layer. Besides, the effective radial correlation length in the

SOL became shorter, suggesting that the turbulence does not penetrate the

SOL easily as in L-mode;

• Potential coherent structures related to ion saturation current bursts through

conditional average were successfully detected, tracked, and characterized. In

L-mode, a dipole potential structure was detected near the edge travelling with

radial velocity ∼ 2 km/s. While this structure was mainly aligned and stretched

poloidally near the LCFS, it became more circular and less tilted in the SOL.

Besides, its amplitude and vorticity also increased in the SOL, slightly reducing

later in the far SOL. The blob poloidal velocity was observed to be in the

electron diamagnetic direction in the near edge;

• In the biasing phase (ELM-free H-mode), potential blobs were detected mainly

in the SOL. The potential structure, in this case, seemed to be a negative

monopole rather than a dipole. Near the LCFS, the velocity was relatively high

(∼ 4 km/s), but it went almost to zero further outside. The potential structure

became nearly ’trapped’ in the SOL, disappearing later on;

• The blob suppression criterion discussed in chapter 3 predicts that streamers

or blobs are broken when γE×B > 1/τ turb. By comparing the inverse of the

blob characteristic time (1/τ turb = vrLθ/L
2
r) with the local E × B shearing

rate (γE×B = B−1dEr/dr ≈ B−1d2φf/dr
2) in both regimes it was shown: 1)

in L-mode 1/τ turb was always higher than γE×B, therefore blobs are expected

to ’survive’; 2) in ELM-free H-mode, γE×B increased way above the L-mode

values;
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• It was pointed out that the vortex selection by the background sheared flow [168]

can also yield the trapping effect observed in H-mode. More generally, any per-

turbation in the dipole that causes an unbalance between positive and negative

pole can yield similar effect, i.e., the blob would spin rather than radially prop-

agate. As suggested by [185, 281], non-thermalized blobs can produce a similar

effect;

• Blobs dynamics in the two scenarios were discussed in the framework of ana-

lytical models and velocity scaling [146, 93, 188]. During L-mode, blobs were

better described by the sheath connected regime, where the parallel current

density and potential structure were shown to be roughly synchronized. While

near the LCFS filaments are better described by the sheath connected scale at

L‖ ≈ 30 m, in the far SOL the better match happens at L‖ ≈ 10 m, roughly in

accordance with the predicted L‖ in these two regions. In the ELM-free H-mode,

however, filaments near the LCFS scale roughly as the inertial regime. In this

scenario, the parallel current density structure reaches its maximum amplitude

and size in the edge but nearly disappear later.

The chapter 7 presents measurements of potential blob around the LCFS. This

quantity is important for the blob motion and usually is not available experimentally

in fusion devices. While filaments described in chapter are thought to be electrostatic

since β < (me/mi), where β = neTe/(B
2/2µ0). Filaments during edge localized modes

(ELMs) are believed to be electromagnetic [153]. In the chapter 8 was discussed the

ELM filaments in RFX-mod running as tokamak in single null configuration [243]

and the COMPASS tokamak [202]. In both devices, a filamentary probe based on the

U-probe design was used, allowing the cross-comparison between them. The main

results are:
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• In RFX-mod the parallel current density associated to ion saturation current

peaks in the SOL, exhibiting amplitude of about 1 kA/m2, while in COMPASS

> 10 kA/m2, i.e. more than 10 times larger;

• In RFX-mod δB/B ≈ 8 × 10−5, while in COMPASS δB/B ≈ 8 × 10−4 during

the ELMy phase;

• ELM-fine structure in RFX-mod within the ELM-cycle showed that the back-

ground profiles and the magnetic field fluctuation play a role in the filamentary

transport. Particularly, a relaxation of the profiles with higher fluctuation of

the magnetic field were footprints of the ELM phases. The propagation or not

of ELM filaments seemed to be conditioned by the potential profile, which is

ultimately related to E ×B flow;

• By using the local intermittency measurement (LIM), it was possible to study

the filaments in more detail during the ELM phase at different time scale,

translated, in this case, in spatial scale (from the potential map), in qualitative

agreement with the Taylor’s frozen turbulence hypothesis [155]. This analysis

revealed that most of the filaments in this phase were concentrated in high-

frequency scales (small spatial scale), with velocities up to 8 km/s;

• In both COMPASS and RFX-mod an ELM precursor was observed. They were

more evident from the magnetic sensors (confirming the electromagnetic nature

of the driven instability [153]), with a broadband fluctuation around 100 kHz

in both cases, but with a clear mode around 50 kHz prior the ELM crash in

COMPASS;

• A quasicoherent mode was observed in both devices during the ELM-free H-

mode. In RFX-mod, it appeared with frequency around 100 kHz and wavenum-

ber |kθ| ≈ 0.1 cm−1, rotating in the electromagnetic direction as seen from the

laboratory frame. In COMPASS, this structure has been related to Alfvén in-
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stanilities [178], with a ballooning character. Measurements with the U-probe

in this device showed that the transition from high-frequency bands regime to

a more localized high-frequency fluctuation was characterized by a flip of the

poloidal phase velocity, from the ion to the electron diamagnetic direction;

Chapter 8 shows that filaments associated with ELM events share similar prop-

erties with turbulent filaments in L and ELM-free H-mode (chapter 7). Particularly,

they seem to be susceptible to sheared flows. Indeed, E × B shear flow has been

observed to inhibit ELM [142]. Besides, edge localized modes can be mitigated by

resonant magnetic perturbation [153]. However, the underlying physics behind this

process must be better understood. This is a requirement for ITER operation since

ELMs can reduce the machine life-time [74]. The new MHD control system in RFX-

mod 2 [169] will make this device a formidable laboratory for studying this instability.

In addition, preliminary results with the high resolution probe (HRP) [6, 240], a

filamentary-type of probe (as discussed in chapter 4), has shown the robustness of this

probe to investigate turbulent filaments in W7-X. These structures are thought to be

determinant in setting the SOL profiles in tokamaks and stellarators [63]. The new

divertor system in W7-X based on magnetic islands [206, 300] brings some physical ef-

fects that is not expected in tokamaks divertors. Particularly, the plasma-island inter-

action can yield a different type of turbulent filament. Besides, turbulence spreading

into the island O-point might also play a role [127].

In short, the results presented in this thesis shed light on important issues regard-

ing turbulence and its impact on cross-field transport in tokamak and stellarator.
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Appendix A

List of Symbols and Abbreviations

A.1 List of Symbols

R0 Major radius

a Minor radius

Is Ion saturation current

φf Floating potential

φp Plasma potential

Te Electron temperature

L‖ Parallel connection length

[Br, Bθ, Bφ] Respectively, radial, poloidal, and

toroidal magnetic field compo-

nents

k, k Wave vector, wavenumber

Γr Radial particle flux

mi,me Ion and electron mass

j‖ Parallel current density

ωS Rate of turbulence spreading

vphθ Poloidal phase velocity
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ωD Rate of turbulence drive

γE×B E ×B shearing rate

q Safety factor

ι Rotational transform

λq Power fall-off length

cs Sounds speed

ρs Ion Larmor radius

2D-AC Two-dimension auto-correlation

2D-CC Two-dimension cross-correlation
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A.2 List Abbreviations

LCFS: Last Closed Flux Surface

SOL: Scrape-Off Layer

ELM: Edge-Localized Mode

GAM: Geodesic Acoustic Mode

LoS: Line of sight

HFS: High Field Side

LFS: Low Field Side

NBI: Neutral Beam Injector

ECRH: Electron Cyclotron Resonance

Heating

BN: Boron Nitrite

EM: Electromagnetic

FFT: Fast Fourier Transform

MHD: Magnetohidrodynamics

PDF: Probability distribution function

RFP: Reversed field pinch

RMS: Root mean square

ZF: Zonal Flow

LHS: Left Hand Side

RHS: Right Hand Side

LIM: Local Intermittency Measure

MI Mutual information

TE: Transfer Entropy

BOD: Biorthogonal decomposition

SVD: Single value decomposition
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IDD: Ion diamagnetic direction

EDD: Electron diamagnetic direction

ISIS: Internal system of sensor

FWHM: Full Width at Half Maximum

ETB: Edge transport barrier
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I. Ďuran, L. Eliseev, J.P. Gunn, and M. et al. Hron. Turbulent transport reduc-
tion by e× b velocity shear during edge plasma biasing: recent experimental
results. Plasma Phys. Control. Fusion, 45(5):621, 2003.

[274] J. Velasco and F. Castejón. Study of the neoclassical radial electric field of the
TJ-II flexible heliac. Plasma Phys. Controll. Fusion, 54(1):015005, 2011.

[275] J.L. Velasco, J.A. Alonso, I. Calvo, and J. Arévalo. Vanishing neoclassi-
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