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IntrodutionThis thesis reports the researh work performed during the three years of myPh.D. ourse at the Physis Department �Galileo Galilei� of the Università diPadova.Most of my researh ativity has been arried out at the Consorzio RFX [1℄,loated inside the Consiglio Nazionale delle Rierhe (CNR) area of Padova,where operates the Reversed Field eXperiment, namely RFX-mod, the largestfusion experiment urrently operating in the Reversed-Field Pinh (RFP) on-�guration.The RFP, together with the Tokamak and the Stellarator, is one of the mainon�gurations used to on�ne a plasma in a toroidal devie by means of a om-bination of magneti �elds, in order to study ontrolled thermonulear fusionas an energy soure.My researh ativity on the RFX-mod experiment is mainly foused on thestudy of high frequeny magneti �utuations ourring in the plasma.A plasma, indeed, onstitutes a strongly nonlinear system, haraterized byeletromagneti instabilities, waves and turbulent �utuations whih an auselosses of energy and partiles. For this reason the investigation of the meh-anisms underlying these proesses onstitutes a key topi in fusion researh.Understanding the origin of instabilities is expeted to ontribute to improveenergy and partile on�nement in experimental devies by taming the ausesor mitigating the assoiated losses. Moreover, progresses in this �eld an alsogive an important ontribution to the understanding of the origin and the fea-tures of instabilities in other magnetized plasmas, inluding astrophysial ones.In order to help the reader to better understand the ontext, the �rstthree hapters of my thesis give a brief overview of introdutive informationabout the plasma harateristis, the RFP on�guration and the experimentalsettings where my researh ativity has developed.In partiular, in Chapter 1 the onept of plasma and its dynamis areintroduted and the thermonulear fusion, a promising method to generateenergy, is presented. In order to ahieve a positive energy balane in a future1



Introdutionfusion reator, the plasma is on�ned by magneti �elds of toroidal topologyand the instabilities that an develop and, in some ases, ause partile losses,must be known and ontrolled: in this hapter magnetohydrodynami (MHD)equations and some magneti instabilities mentioned in the future hapters arepresented.In Chapter 2 a brief introdution to the Reversed-Field Pinh on�gurationand to the RFX-mod experiment and its typial plasma is given. The mainharateristis of the on�guration, suh as the reversal of the toroidal �eld atthe edge of the plasma olumn and the transition to a better-on�ned regime,with a helial-shaped plasma, are highlighted.A setion in this hapter desribes EXTRAP T2R , a RFP mahine loatedin Stokholm, where part of my researh has been arried out during an inter-esting experimental ampaign.Chapter 3 presents the systems of probes (the U-probe, the ISIS system,the Alfvén probe) used in RFX-mod and EXTRAP T2R plasmas to measureeletrostati and magneti �utuations desribed in the thesis. More in de-tail, the main experimental observations in RFX-mod have been obtained bymeans of two systems of in-vessel magneti sensors with high spae and timeresolution:
• the �rst one is an insertable edge probe alled U-probe, measuring the�utuations of the three omponents of the magneti �eld, and able toinvestigate high order toroidal harmonis and frequenies up to 5 MHz;
• the seond one onsists of a subset of the ISIS (Integrated System ofInternal Sensors) diagnostis, a omplex system of arrays of sensors ov-ering the whole toroidal and poloidal angles of the torus.Some information about the other diagnostis mentioned in the thesis in or-der to to give a physial interpretation to the observations is also reported.Chapter 3 is, moreover, dediated to the data analysis tehniques used for thedetermination of temporal and spatial periodiities assoiated to the phenom-ena observed, whih are essential for their haraterization.Several oherent magneti ativities have been observed, analyzed and, insome ases, reognized. The most interesting results obtained during the PhDare presented in the thesis, organized so that eah of the following three hap-ters desribes �utuations of di�erent nature, measured in RFX-mod plasma.In partiular, in Chapter 4, a strong ativity observed to arise at the plasmaedge at a frequeny of the order of 100 kHz is desribed.2



Various analyses performed in order to trae the dependene relations betweenthe harateristis of the ativity and the plasma parameters have been arriedout: the modes resonate at the edge of the plasma olumn, externally respetto the reversal surfae of the toroidal magneti �eld and the frequeny asso-iated with the mode has been found to be mainly due to a Doppler e�et,as they rotate with the plasma. An important ontribution on the physialinterpretation of the modes has been provided by a linear stability analysisperformed by means of the ode ETAW, solving the resistive MHD equationsin ylindrial approximation. The theoretial results have shown a good agree-ment with the features of the modes experimentally observed; thus, it has beenpossible to reognize them as belonging to the branh of the Resistive Inter-hange Modes, also known in astrophysis as g-modes.This result has been exposed in a paper published by Nulear Fusion in2010 [2℄.Chapter 5 shows the analysis of a relevant high frequeny magneti ativitydeteted in the poloidal omponent of the magneti �utuation measured bymeans of the mentioned U-probe, at a frequeny in the range 0.1 ÷ 1.2 MHz.Sine the beginning, the alfvéni nature of the these modes was lear. Inpartiular, their frequeny has been shown to be proportional to the Alfvénveloity. Two main di�erent kind of modes are observed with the features ofdisrete Alfvén Eigenmodes:
• the �rst kind onsists in two distint modes, both haraterized by lowpoloidal and toroidal periodiities, enduring all the disharge time. Theexperimental observations suggest an interpretation of these modes interms of Global Alfvén Eigenmodes. A paper on this topi has beenpublished by Nulear Fusion in 2011 [3℄.
• the seond kind appears only when the plasma undergoes a transition tostatees of helial equilibrium, alled Single Helial Axis states. Furtheranalyses are needed to understand the ause induing this branh ofAlfvén modes.The study of Alfvén eigenmodes has gained in importane, sine it has beenobserved that they are destabilized by energeti partiles; this means that ina fusion reator, the presene of α−partiles an make the modes to profuselyarise. In this piture, the experimental results presented in this thesis takeplae as the �rst observation of Alfvén Eigenmodes in RFX-mod plasma.Chapter 6 reports some experimental observations onerning a magnetiativity that seems to be assoiated to the presene of strong temperature3



Introdutiongradients. The preliminary analyses about these modes and the omparison oftheir harateristis with those predited by a gyrokineti ode, named GS2,would suggest an interpretation of the ativity in terms of mirotearing in-stabilities.During my Ph.D., I was also involved in the ollaboration between RFX-mod and the EXTRAP T2R RFP experiments. Chapter 7 is devoted to thedesription of this experiene: the experimental ampaign was mainly dedi-ated to the revamping of an insertable probe, the Alfvén probe, and the a-quisition of eletrostati and magneti measurements at di�erent radial inser-tions. A preliminary analysis of the data, inluded the appliation of Resonantand Non-Resonant Magneti Perturbations (RMP and NRMPs), is mentioned.
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IntroduzioneQuesta tesi desrive il lavoro di riera he ho svolto durante i tre anni diorso di Dottorato in Fisia presso il Dipartimento di Fisia �Galileo Galilei�dell'Universitá di Padova.La mia attività di riera si è sviluppata prinipalmente presso il ConsorzioRFX [1℄, he si trova all'interno dell'area del Consiglio Nazionale delle Rierhe(CNR) di Padova, dove opera l'esperimento RFX-mod, il più grande esperi-mento di fusione attualmente operante in on�gurazione Reversed-Field Pinh(RFP). L'RFP, insieme al Tokamak e allo Stellarator, è uno delle prinipalion�gurazioni usate per on�nare in strutture toroidali un plasma per mezzodi una ombinazione di ampi magnetii. Essi si propongono di studiare lafusione termonuleare ontrollata ome fonte di energia.L'attivitá di riera svolta presso l'esperimento RFX-mod è stata prinipal-mente foalizzata sullo studio delle �uttuazioni magnetihe ad alta frequenzahe si sviluppano nel plasma.Un plasma, infatti, ostituise un sistema fortemente non-lineare, aratteriz-zato da instabilità elettromagnetihe, onde e �uttuazioni della turbolenza hepossono ausare la perdita di energia e partielle. Per questa ragione l'indaginedei meanismi alla base di questi proessi ostituise uno dei temi hiave nellariera sulla fusione. Capire l'origine delle instabilitá si pensa possa ontribuirea migliorare il on�namento di energia e partielle nei dispositivi sperimentalierando di domare le ause satenanti o di attenuare le perdite assoiate.Inoltre, progressi in questo ampo possono dare anhe un importante ontrib-uto alla omprensione dell'origine e delle aratteristihe di instabilità in altriplasmi magnetizzati, inlusi quelli astro�sii.Per aiutare il lettore a omprendere meglio il ontesto in ui si sviluppaquesta tesi, i primi tre apitoli fanno una breve panoramia di informazioni dibase per quanto riguarda le aratteristihe del plasma, la on�gurazione RFPe il setting sperimentale presso ui si è sviluppata la mia attivitá di riera.In partiolare, nel Capitolo 1 vengono introdotti il onetto di plasma e la5



Introduzionesua dinamia e la fusione termonuleare, una promettente opportunitá per laproduzione di energia. Col �ne di raggiungere un bilanio energetio positivo inun futuro reattore a fusione, il plasma è on�nato da ampi magnetii di geome-tria toroidale e le instabilitá he possono svilupparsi e, in aluni asi, ausare laperdita di partielle, devono essere onosiute e ontrollate: in questo apitolosi introduono le equazioni della magnetoidrodinamia (MHD) e aluni tipi diinstabilità magnetihe a ui si farà riferimento nei apitoli suessivi.Nel Capitolo 2 sono proposte una breve introduzione sulla on�gurazioneReversed-Field Pinh e sull'esperimento RFX-mod e il suo plasma. Vengonomesse in lue le aratteristihe della on�gurazione, ome il rovesiamentodel ampo toroidale nella regione di bordo del plasma e la transizione ad unregime meglio on�nato, on un plasma di forma elioidale. Una sezione diquesto apitolo è dediata alla presentazione della mahina RFP EXTRAPT2R , he si trova a Stoolma, presso ui ho parteipato ad un interessanteampagna sperimentale.Il Capitolo 3 presenta i sistemi di sonde (la U-probe, ISIS, la sonda Alfvén)utilizzati nei plasmi di RFX-mod e EXTRAP T2R per investigare le �ut-tuazioni elettrostatihe e magnetihe desritte nella tesi. Più in dettaglio, leprinipali osservazioni sperimentali in RFX-mod sono state ottenute per mezzodi due sistemi di sensori magnetii olloati internamente alla amera da vuoto,altamente risolti in spazio e tempo.
• il primo è una sonda di bordo inseribile, hiamata U-probe, he misurale �uttuazioni delle tre omponenti di ampo magnetio ed è in grado diinvestigare alti ordini di armonihe toroidali e frequenze �no ai 5 MHz;
• il seondo onsiste in aluni sensori della diagnostia ISIS (IntegratedSystem of Internal Sensors), un omplesso sistema di sonde allineate inmodo da oprire interamente gli angoli toroidale e poloidale del toro.Sono riportate anhe alune informazioni sulle altre diagnostihe usate perdare un'interpretazione �sia alle osservazioni. Il Capitolo 3 è inoltre dediatoalle tenihe di analisi dati usate per la determinazione delle periodiitá tem-porali e spaziali assoiate ai fenomeni osservati, he sono essenziali per la loroaratterizzazione.Diverse attivitá magnetihe oerenti sono state osservate, analizzate e avolte rionusiute. I risultati piú interessanti ottenuti durante il dottoratosono presentati nella tesi, oraganizzati in modo he ognuno dei tre apitoli6



seguenti desriva �uttuazioni di diversa natura, misurate nel plasma di RFX-mod.In partiolare, nel Capitolo 4 è desritta una forte attivitá osservata sorgere abordo plasma ad una frequenza dell'ordine dei 100 kHz.Sono state e�ettuate varie analisi on lo sopo di rintraiare relazioni di dipen-denza tra le aratteristihe dell'attivitá ed i parametri di plasma: i modi risuo-nano a bordo plasma, esternamente rispetto alla super�ie di rovesiamentodel ampo magnetio toroidale, e la frequenza assoiata al modo è stata trovataessere dovuta prinipalmente all'e�etto Doppler, in quanto essi ruotano on ilplasma. Un importante ontributo all'interpretazione �sia dei modi è statafornita da un'analisi di stabilitá lineare e�ettuata per mezzo del odie ETAW,he risolve le equazioni MHD resistive in approssimazione ilindria. I risultatiteorii hanno mostrato un buon aordo on le aratteristihe dei modi osser-vate sperimentalmente; è stato quindi possibile rionoserli ome appartenentialla brana dei Resistive Interhange Modes, onosiuti anhe in ambitoastro�sio ome g-modes.Questo risultato è stato esposto in un artiolo pubbliato da Nulear Fusionnel 2010 [2℄.Il Capitolo 5 mostra l'analisi riguardante un altra attivitá magneti adalta frequenza rilevata sulla omponente poloidale della �uttuazione magnetiamisurata per mezzo della U-probe, ad una frequenza appartenente all'intervallo
0.1 ÷ 1.2 MHz. Sin dall'inizio, è risultata hiara la natura alfvénia di questimodi. In partiolare, la loro frequenza è stata mostrata essere proportionalealla veloitá di Alfvén. Sono stati osservati due diversi tipi di modi on learatteristihe di modi alfvénii:

• il primo tipo onsiste in due modi distinti, entrambi aratterizzati da baasperiodiitá poloidale e toroidale, e sono visibili per tutta la durata dellasaria. Le osservazioni sperimentali suggerisono un'interpretazione diquesti modi in termini di Global Alfvén Eigenmodes. Un artiolo a questoproposito è stato pubbliato da Nulear Fusion nel 2011 [3℄.
• il seondo tipo appare solo durante le fasi in ui il plasma assumes unequilibrio elioidale, detto stato a Singolo Asse Elioidale. Altre anal-isi sono neessarie per apire la ausa he indue questo tipo di modialfvénii.Lo studio dei modi alfvénii ha guadagnato importanza nelle ultime deadi, inquanto essi vengono destabilizzati da partielle energetihe; ió signi�a he inun reattore a fusione, la presenza di partielle α può far nasere modi a pro-fusione. In questo ontesto, i risultati sperimentali presentati in questa tesi si7



Introduzioneolloano ome la prima osservazione di modi alfvénii nel plasma di RFX-mod.IlCapitolo 6 riporta alune osservazioni sperimentali riguardanti un'attivitámagnetia he sembra essere assoiata alla presenza di forti gradienti di tem-peratura. Le analisi preliminari inerenti questi modi e il onfrontodelle loroaratteristihe on quelle previste da un odie giroinetio, hiamto GS2,suggerirebbero un'interpretazione dell'attivitá in termini di instabilitá mi-rotearing.Durante il mio dottorato ho parteipato ad una ollaborazione tra gli es-perimenti RFP RFX-mod e EXTRAP T2R. Il Capitolo 7 è si oupa della de-srizione di questa esperienza: la ampagna sperimentale è stata dediata prin-ipalmente al ripristino di una sonda inseribile, la sonda Alfvén , e all'aquisizionedi misure elettrostatihe e magnetihe a diverse inserzioni radiali. Nel apitoloè esposta un'analisi preliminare dei dati, inlusa l'appliazione di PerturbazioniMagnetihe Risonanti e Non-Risonanti (RMP and NRMPs).
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Plasma physis
1.1 Plasma and its dynamisA plasma is a speial kind of �uid in whih the onstituent partiles arepartially or totally ionized. A fully ionized plasma is a olletion of posi-tively harged ions and negatively harged eletrons, with approximately equalharge densities, so ni ≈ ne ≈ n (here and in the following the index i and erefer to the ion and the eletron partiles respetively), obtained by heating agas to very high temperatures or by passing an eletri urrent through it.Plasmas onstitute more than 99% of the visible universe [4℄. As shown in�g. 1.1, plasmas span a huge range in sale length, density and temperature.In plasma physis, density is usually indiated in terms of partiles per unity ofvolume (m−3) and temperature, T , in eletronvolt (eV ). The hoie of using eVis due to the fat that T is onsidered as average energy (T [eV ] = T [K] ·kB/e,where kB is the Boltzmann onstant and e the eletron harge). In this thesis,temperature is expressed in eV , unless di�erently indiated.The term plasma was oined in the twenties by Irving Langmuir, a pioneerin the study on ionized gases, but the interest on laboratory plasmas had animportant development only from the �fties, when the researh on ontrolledthermonulear fusion (see setion 1.2) took root; then, in the eighties, sev-eral plasma tenologies for industrial appliations arose. In partiular, in thisthesis, we are interested in fusion plasmas, haraterized by partile densi-ties of the order of n ≈ 1019 ÷ 1020 m−3 and temperatures in the range of
T ≈ 0.1 ÷ 10 keV .Plasma dynamis is dominated by a olletive behaviour, due to long-rangeeletromagneti interations, and by a global harge neutrality.The last property is assured by the low inertia of eletrons that rapidly �owto re-establish neutrality in the ase of a harge imbalane, so that any spatialharge inhomogeneity is shielded over a relatively restrited region. Solving thePoisson's equation onsidering the quasi-neutrality ondition, the eletrostati9



Chapter 1 - Plasma physis

Figure 1.1: Position of several kinds of plasmas in the temperature-densityhart. The onditions for a ionized gas to behave like a plasma are ful�lled ina wide range of parameters.potential φ of any harged partile an be derived:
φ(r) ∼ exp(−r/λD) where λD =

√

ε0kBTe

nee2
. (1.1)

λD is alled the Debye length and is the maximum typial distane up to whihan external eletrostati �eld an penetrate (ε0 is the vauum permittivity).The Debye length is an important plasma parameter, beause it gives the or-der of magnitude of the distane over whih the plasma presents a olletivebehaviour and so an be onsidered a highly ondutive �uid [5℄.In the ase of laboratory plasmas (whose size is tipially in the range 10−2 ÷
10 m), λD measures few mirons, so that the dynamis of the partiles an bedesribed using the hydrodynami equations, just adding the laws of eletro-magnetism: this representation is alled Magneto Hydro Dynamis (MHD).The formulation of the equations is here limited to the ase of Hydrogen plasma(but it is possible to extend it also to multiple speies plasmas) and the dis-plaement urrent term (∂E/∂t) in the Ampère's law is negleted.The system of equations onsidered is thus:

∂ρ

∂t
+ ∇(ρv) = 0 mass ontinuity (1.2)

ρ
dv

dt
= j × B −∇p momentum ontinuity (1.3)10



1.1 Plasma and its dynamis
E + v × B = ηj Ohm's law (1.4)
∇× B = µ0j Ampère's law (1.5)

∇× E = −∂B

∂t
Faraday's law (1.6)

∇ · B = 0 B solenoidality (1.7)
d

dt

(

p

ργ

)

= 0 state equation (1.8)(we remember that d
dt

= ∂
∂t

+ (v · ∇)).The MHD model provides a desription of a long-wavelength (length salelarger than the Debye one), low-frequeny (time sale larger than the inverseof plasma frequeny ωp = λD\vT , where vT is thermal speed of the ions),single-�uid (harge separation is negligible, the Gauss' law an be droppedfrom the system), homogeneous, isotropi (the pressure p = n(Te + Ti) is asalar) plasma; in these onditions it is possible to de�ne the mass densityas ρ = neme + nimi, the �uid veloity as v = (nimivi + nemeve)/ρ and theurrent density as j = e(nivi − neve); µ0 is the vauum permeability.The equation of state 1.8 is added in order to obtain the losure of the system ofequations: the exponent γ is hosen depending on the phenomena to desribe(γ = 1 and γ = 5/3 represents the isothermal and the adiabati ompressionrespetively).By ombining Ohm's law (eq. 1.4) with the equations 1.5, 1.6 and 1.7 andtaking a uniform resistivity η, the indution equation is derived:
∂B

∂t
= ∇× (v × B) +

η

µ0

∇2B (1.9)It is worth noting that the evolution of the magneti �eld B depends on theonvetion term (known also as dynamo term, see setion 2.1), representingthe oupling of the �eld with the plasma (�rst term on the right hand side ofeq. 1.9), and on the di�usion term, desribing the penetration of the magneti�eld aross the plasma (seond term).These two proesses work on di�erent time sales: onsidering a general mag-neti struture having a harateristi size L, we an respetively de�ne theAlfvén transit time
τA =

L

vA

, where vA =
B√
µ0ρ

(1.10)is the Alfvén veloity, the speed at whih magneti disturbanes propagate 1.4.2,and the resistive di�usion time
τR =

µ0

η
L2. (1.11)11



Chapter 1 - Plasma physisThe ratio between the harateristi times τA and τR is alled the Lundquistnumber
S =

τR

τA

∝ B

ηρ1/2
(1.12)and gives an indiation of the dominant dynamis.Typially τR ≫ τA (in the laboratory plasmas S ∼ 106 ÷ 108 [6℄, while in theastrophysial ones (solar orona) S ∼ 1012 [7℄), so the ideal MHD approxima-tion, where η is onsidered negligible, is usually reasonable.In this ase, the Alfvén's theorem of �ux-freezing [8℄ implies that the �ux of themagneti �eld is onserved over any surfae and its lines move with the plasma�ow. Nevertheless, some narrow plasma regions (resistive layers), where themagneti �eld lines an be broken and reonneted and resistive instabilitiesan grow (see Se. 1.4), an be present.1.2 Thermonulear fusionThermonulear fusion plays an essential role in the Universe, as it is the pro-ess whih powers the stars. A fusion reation onsists in two atomi nuleifusing to form a single heavier nuleus.When the partiles involved in the reation have a mass lower than that of

Figure 1.2: Binding energy per nuleon versus atomi mass A.Iron-57 (this isotope has the highest binding energy per nuleon as shown in�gure 1.2), the sum of the masses of the starting nulei is higher than the massof the �nal one, so the fusion proess releases energy aording to Einstein'sformula ∆E = mc2.The researh on ontrolled thermonulear fusion relies on the idea of reprodu-ing in the laboratory the onditions suitable to obtain a new onvenient energy12



1.2 Thermonulear fusionsoure, alternative to fossil fuels and �ssion reators. As an be seen from thementioned �gure, the fusion reation requires high energies to happen as theoulombian repulsion between the nulei must be overome; nevertheless, theenergies here reported are for monohromati beams of partiles, while in thease of a maxwellian distribution, that is in the plasma state, the requiredmean energy is signi�antly lower (around 10 keV ≈ 100 millions Kelvin).The most onvenient fusion reation in terms of ross-setion, σ, for ontrolledfusion in the laboratory involves two isotopes of hydrogen, namely deuteriumD and tritium T [7℄, haraterized by the lowest threshold energy (see �g. 1.3).The D − T fusion reation balane is
2
1D +3

1T −→ 4
2He (3.5 MeV ) +1

0n (14.1 MeV ) (1.13)The proess produes a Helium nuleus and a neutron, with WDT = 17.6 MeV

Figure 1.3: Cross setion for typial fusion reations: deuterium-tritium(D − T ), deuterium-deuterium (D − D) and deuterium-helium (D −3He).of exess energy in the form of kineti energy of the produts: whereas the
α−partiles are on�ned by the magneti �elds (see setion 1.3) and an on-tribute to heat the plasma itself, neutrons an be used both to produe ther-mal (and then eletrial) energy and tritium by the reations with the Lithiumblanket [9, 10℄.In general, in a fusion reator there will be a balane between heating andlosses. The time evolution of the plasma energy density W depends on thepower produed by the α-partiles Pα,

Pα =
n

2

2

〈σv〉WDT

5
, (1.14)13



Chapter 1 - Plasma physisthe power lost Pl beause of brehmsstrahlung radiation and transport meha-nisms
Pl =

3nkBT

τE

+ bn
√

T (1.15)(τE being the energy on�nement time and b a funtion of the e�etive harge
Zeff ) and the power of other possible external heatings Ph.The power belane, thus will be,

∂W

∂t
= Pα + Ph − Pl (1.16)It would be a very desirable goal if, in the regime of steady state (∂W

∂t
= 0),fusion power was produed with no external power required to sustain theplasma (Ph = 0): this ondition (Pα = Pl) is alled ignition.More in detail, it is easy to demonstrate that after some simple algebra oneobtains a ondition on the produt nτE as a funtion of T :

nτE =
3kBT

n2

20
〈σv〉WDT − b

√
T

(1.17)As it an be seen in �gure 1.4, the urve presents a minimum at about 20 keV .A more ompat expression to de�ne the ignition riterion is the so-alledfusion triple produt, taking into aount the minimum temperature value:
nτET > 3 × 1021 m−3 · s · keV (1.18)This means that a promising way to aess a positive power balane is toprodue a plasma with a density of the order of 1020 m−3 and a temperature of

20 keV ; moreover, the harateristi time for the thermal energy to esape tothe surrounding material surfaes must exeed about 3 seonds, in order thatthe power produed in α−partiles an sustain the temperature of the plasma.1.3 Magneti plasma on�nement: toroidal on-�gurationsAs mentioned in the previous setion, for a signi�ant fration of fusion rea-tions to our, the partiles have to ahieve high densities and temperaturesfor a su�iently long time.This ritial issue is easily overome by the Sun thanks to its huge mass andhene by gravitational on�nement.Clearly other solutions must be found to realize fusion onditions in the lab-oratory: urrently, the most promising methods are the so-alled inertial and14



1.3 Magneti plasma on�nement: toroidal on�gurations

Figure 1.4: Ignition riterion: nτE produt as funtion of T.magneti on�nement fusion.In inertial on�nement fusion experiments [7℄, small targets of deuterium andtritium are uniformly radiated by high power lasers in order to ompress themand to obtain the proper ondition of temperature and density. Pulsed rea-tors, however, are not very desirable beause ylial thermal and mehanialstresses on the struture lead to inreased maintenane and more frequent re-plaement of omponents due to fatigue failure.Magneti on�nement fusion [11℄, on whih this thesis is foused, invests strongmagneti �elds to on�ne partiles in the plasma state. It is well-known thatany partile of mass m and harge q is onstrained to spiral around the mag-neti �eld lines by the Lorentz fore (mr̈ = qṙ×B). If the magneti �eld B isonstant and uniform, the irular frequeny, named ylotron frequeny, andthe radius of the spiral, named Larmor radius, are respetively de�ned:
ωc =

| q | B

m
and rL =

v⊥
ωc

=
mv⊥
| q | B

, (1.19)where v⊥ is the omponent of the partile veloity perpendiular to B.The rL is inversely proportional to the strength of the magneti �eld, so in astrong �eld harged partiles are on�ned on a plane perpendiular to the �eld(in fusion devies, tipially rL ∼ 1 cm for ions), but not along the diretionparallel to B. In order to avoid parallel losses, fusion researh has been fousedon the on�gurations in whih the �eld lines are losed: the simplest one is atorus (see �g. 1.5b). 15



Chapter 1 - Plasma physisIn �g. 1.5a the oordinate system usually adopted to desribe suh a geometryis shown: θ and ϕ are the poloidal and toroidal angles, respetively, and r isthe minor radial oordinate, whih spans from the entre of the plasma to theboundary (0 ≤ r ≤ a).In a system with purely toroidal magneti �eld Bϕ, a magneti �eld gradient

Figure 1.5: a) The system of toroidal (r, θ, ϕ) and ylindrial oordinates(R, ϕ, Z). b) A harged partile orbits around a helial magneti �eld line andit is thus on�ned within the toroidal devie.(B(R) ∝ R−1, where R is the major radius of the torus) and the urvature ofthe lines result in a vertial drift with opposite diretions for ions and eletrons;the eletri �eld resulting by harge separation auses an outward E ×B driftof the whole plasma, damaging the on�nement. This ompliation is solvedtwisting the magneti �eld lines by adding a poloidal magneti �eld, Bθ: themagneti �eld lines are helial, wound around the torus lying over toroidalsurfaes alled magneti surfaes.Helial magneti �eld lines are usually desribed in terms of the so-alled safetyfator q, de�ned as the number of toroidal turns ompleted by a magneti linefor the whole poloidal turn:
q(r) ≡ rBϕ

RBθ

. (1.20)Another useful parameter, stritly linked to safety fator q is the magnetishear s de�ned as:
s(r) ≡ r

q(r)

dq(r)

dr
. (1.21)The presene of a not null magneti shear plays an important role in stabilizingMHD instabilities, partiularly those driven by the pressure gradient (as willbe seen in setion 1.4.1).Finally, to quantify the e�ieny of plasma on�nement in a magneti16



1.3 Magneti plasma on�nement: toroidal on�gurationson�nement on�guration, it is useful to introdue the parameter beta:
β ≡ 〈p〉

B2/2µ0

(1.22)It represents the ratio between kineti (p ∝ nT ) and magneti pressure andgives an indiation of the on�nement properties: for stability reasons andtehnologial limitations, in present mahines, it an usually not exeed valuesof some perent. The magneti on�gurations having a relatively high β valueare thus the most onvenient, beause in this ase the magneti �eld on�nesthe plasma more e�iently.Di�erent magneti on�gurations have been investigated in fusion researh:in this thesis we will mention the tokamak, haraterized by a dominant toroidalmagneti �eld and we will fous on the reversed-�eld pinh, where Bϕ and Bθare of the same order. In both devies, a toroidal urrent Ip, indutively drivenby an external iruit, �ows through the plasma and generates a poloidal mag-neti �eld Bθ that on�nes and ompresses the plasma. Moreover, the toroidalmagneti �eld is in part generated by a system of external oils enirlingpoloidally the mahine.The tokamak [11℄ is, at present, the most promising fusion devie: this is in-deed the on�guration hosen for the world's largest and most advaned exper-iment, alled International Thermonulear Experimental Reator (ITER) [12℄.ITER is expeted to demonstrate the priniple of extrating more energy outof the fusion proess than that used to initiate it.The tokamak is haraterized by a relatively high toroidal magneti �eld, thatan reah values of several Tesla in high �eld mahine, and a muh weaker(about one order of magnitude) poloidal one (see �gure 1.6b). The ondi-tion Bϕ ≫ Bθ limits the toroidal urrent and, hene, the Ohmi heating ofthe plasma. In this on�guration, only the Bθ omponent ontributes to theradial on�nement of the plasma, so the β parameter value is usually small(≈ 0.01): only a small fration of the magneti energy is used to on�ne andohmially heat the plasma, while the most is required to stabilize it. For thisreason, additional omplex heating methods, e.g. neutral beam injetion andradio-frequeny heating, are needed to reah thermonulear onditions.The reversed-�eld pinh (RFP) on�guration is extensively desribed insetion 2.1; we will here just mention the main di�erenes with respet to thetokamaks.In RFP devies, Bθ is generated by the toroidal plasma urrent, as for toka-maks, while part of Bϕ is reated by the plasma itself, by means of a dynamoproess. As seen �gure 1.6a, poloidal and toroidal magneti �eld omponentsare omparable. 17
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Figure 1.6: RFP (a) and tokamak (b) typial radial pro�les.Moreover, the peuliar q pro�le of RFP on�gurations (see �g. 1.6) generatesa wide spetrum of MHD modes, whih makes the RFP plasmas more turbu-lent than those on�ned in tokamak on�gurations. Nevertheless at equivalentvalue of externally applied magneti �eld, RFP an, in priniple, ahieve higherplasma urrent allowing the reahing of ignition ondition by means of ohmiheating only. Thus, higher values of β with respet to the tokamaks an beobtained (β ≈ 0.1). All these onsiderations make the RFP an interestingalternative to tokamaks as magneti on�nement devie.1.4 Instabilities in magnetized plasmasVarious types of instabilities an our in a plasma system: in the literatureseveral di�erent lassi�ation shemes have been introdued to distinguish oneto the other.A ommon way to lassify plasma instabilities is by the driving soure. Sine
∇p = J×B in equilibrium (fore balane equation, eq. 1.3 in steady state on-ditions), instabilities driven by urrents perpendiular to the main magneti�eld are often alled "pressure-driven" modes, while instabilities driven by theparallel urrents are often alled "urrent-driven" modes.Another important lassi�ation diserns between ideal and resistive instabili-ties: the �rst ones would develop even if the plasma were perfetly ondutingand an be very violent, the seond ones depend on the presene of a not nullplasma resistivity.Both ideal and resistive instabilities have an in�nite spetrum of possiblemodes, eah one haraterized by its mode numbers: a small perturbation Ãof any quantity A, in a toroidal plasma, whih is approximated by a periodi18



1.4 Instabilities in magnetized plasmasylinder, may be Fourier deomposed as
Ã(r) =

∑

k

Ãk(r)e
i(k·x−ωt) =

∑

k

Ãk(r)e
i(mθ+nϕ−ωt) (1.23)where k = (kr, kθ, kϕ) = (kr,m/r, n/R) is the wave-vetor in toroidal oordi-nates, x is the position vetor and m and n are the poloidal and the toroidalmode numbers, respetively. Thus, eah pair (m,n) represents a helial per-turbation, a mode.For spatially uniform plasmas, small perturbations will generally have awave-like spatial struture. In suh ases, as disussed in setion 1.4.2, a planewave with a single wave-vetor k generally has a single frequeny ω: this planewave is known as normal mode.For non-uniform plasmas, e.g. those onsidered in the setion 1.4.1, it is ne-essary to �nd the eigenfuntions of the normal modes of the perturbations,desribing the spatial struture in the diretion of non-uniformity; these modeshave a single, usually omplex, frequeny ω = ωR+ıωI , the real part desribingthe propagation veloity and the imaginary part the growth (ωI > 0) or thedamping (ωI < 0) of the mode amplitude [5℄.Generally, a plasma perturbation auses a bending of magneti �eld linesand the instability is further stabilized by the natural behaviour of the plasmathat reats almost elastially to this bending. This stabilizing e�et vanisheson the surfae where the wave-front of the perturbation is parallel to the equi-librium magneti �eld, B = (0, Bθ, Bϕ) in toroidal oordinates:

k · B = 0 −→ m

r
Bθ +

n

R
Bφ = 0 (1.24)Remembering the de�nition 1.20, the previous equation is equivalent to

| q |= m

n
(1.25)This means that the most unstable helial instabilities are loalized at radialpositions where the safety fator assumes rational values. For this reason, thesurfaes satisfying the eq. 1.25 are alled rational surfaes and the instabilitiesde�ned by an (m,n) pair are alled resonant modes. Di�erent driving soures,generally the gradient of any physial quantity, an provide the neessary free-energy for a whatever small perturbation to grow unstable.In the following subsetions, some quite ommon instabilities are brie�ydesribed: they are not an exhaustive list of the main phenomena ouringin a plasma, but rather some theorial onstruts about the modes that areinvestigated in this thesis. 19



Chapter 1 - Plasma physis1.4.1 Interhange modesInterhange instabilities are ideal instabilities driven prinipally by the relax-ation of pressure gradients or by expansion. The harateristi feature of theperturbation is the interhange of magneti �eld lines without bending or oth-erwise distorting them in suh a way as to produe a restoring magneti fore.A simple example of interhange instability, with a hydrodynamial nature,ours when a heavier �uid is above a lighter one, i.e ρ1 > ρ2. Suh an equi-librium is intuitively unstable and this is mathematially demonstrated by alinear stability theory [7℄. Considering a small perturbation of the interfaebetween the two �uids, whose omplex frequeny an be written as
ω2

I = −kg(ρ1 − ρ2)

ρ1 + ρ2

, (1.26)it an be seen that ω has a positive, imaginary solution when the denser �uidis above the thiner. The instability that arises is known as the Rayleigh-Taylorinstability. Whereas Rayleigh's analysis [13℄ was for �uids in a gravitational�eld, Taylor [14℄ adapted the problem to the situation of aelerating �uids,thus these modes are also known as g-modes, where g stays for gravity.In astrophysial plasmas, it is ommon to �nd a �uid aelerating against

Figure 1.7: Optial photo of the Crab Nebula: it shows an intriguing �la-mentary struture. 20



1.4 Instabilities in magnetized plasmasa heavier one [15℄, for example in a supernova explosion, at the interfae be-tween the hot gas ejeted in the explosion and the surrounding interstellarmedium. Gull's studies [16℄ showed that the ejeted gas, piled up in a thinshell behind the interfae, gives rise to the Rayleigh-Taylor instability and leadto the formation of �laments growing in the outward diretion. Figure 1.7 isa photograph of the Crab Nebula (the remnant of a supernova observed fromthe Earth in 1054) presenting the �lamentary struture mentioned.The MHD analogue of the Rayleigh-Taylor instability ours when a plasma issupported against gravity by a magneti �eld. In laboratory plasmas, gravityis of no signi�ane, but partiles moving in urved magneti �elds are a�etedby a entrifugal fore whih ats like an equivalent gravitational fore. To dis-uss the instability qualitatively we refer to �gure 1.8a that is haraterizedby a plane geometry: this minimizes the algebra without losing the essentialphysis.Any harged partile, with mass M , moving along a urved �eld line withveloity v‖, feels a entrifugal fore F = Mv2
‖Rc/R

2
c , where Rc is a vetorfrom the loal entre of urvature to the position of the harge. Moreover,it is simple to demonstrate [7℄ that the partile, in the presene of a fore Fperpendiular to the main magneti �eld, is subjet to a drift veloity, that inour ase is the so-alled urvature drift,

vc =
F × B

eB2
=

Mv2
‖

e

Rc × B

R2B2
. (1.27)Consider a small wave-like ripple developing on the interfae between the twoplasmas having di�erent densities, as shown in �gure 1.8b; then, sine vc ∝ M ,the ions in the plasma are evidently more a�eted by the drift than eletrons.This auses positive harge to build up on one side of the ripple, as illustratedin the piture, while the depletion of ions auses a negative harge to build upon the other side of the ripple (obviously the drift operates on both plasmasides of the interfae, but being ρ1 > ρ2, we onsider the net e�et). Due tothis harge separation, a small eletri �eld E develops, having di�erent signgoing from the rest to the trough of the perturbation. It is evident that theresulting vE = E × B/B2 is direted so that the initial ripple grows larger:

E × B drifts are phased so as to amplify the initial perturbation [7℄.Conluding, if the �eld lines urve towards the surfae of the plasma, thisorresponds to unfavourable urvature: beause of the urvature diretion anoutward bulge on the surfae plaes the plasma in a lower-�eld region, whihtends to enhane the bulge. Conversely, when the �eld lines urve away fromthe surfae of the plasma, the urvature is favourable: in this ase an outwardbulge of the surfae plaes the plasma in a region of higher magneti �eld, thattends to restore the plasma to its equilibrium position and it is thus stabilizing.21



Chapter 1 - Plasma physis

Figure 1.8: a) A denser plasma (ρ1) is supported against entrifugal fore by amagneti �eld B perpendiular to the urved interfae; b) A small perturbationand the urvature drift vc generate a harge separation, ausing the drift vEthat enhanes the perturbation.1.4.2 Alfvén wavesEletromagneti waves in a highly onduting �uid in a uniform magneti �eldwere �rst investigated by Alfvén [17℄. Alfvén waves are found to be hara-terized by a ontinuous spetrum of frequenies and some disrete solutionswhih onstitute the Alfvén eigenmodes.In this hapter, a brief review of the theory of Alfvén waves is presented [18, 9℄.The ideal MHD stability theory shows that the plasma an support three dif-ferent types of stable waves: the Shear Alfvén Waves, SAW, the Compres-sional Alfvén Waves, CAW (sometimes alled the fast magnetosoni waves),and the Sound Waves, SW, (sometimes alled the slow magnetosoni waves).We an take into aount the MHD equations (1.2-1.8), in the ase ofan in�nite homogeneous non-ondutive plasma: they are non-linear, but in22



1.4 Instabilities in magnetized plasmasorder to simplify them, it is possible to analytially treat only the ase of linearstability, i.e. stability against in�nitesimally small disturbanes, in relativelysimple geometries. For this purpose, any quantity f is written as the sumof an equilibrium time-independent term, f0, and of a small �rst-order time-dependent perturbation, f̃ :
f(r, t) = f0(r) + f̃(r, t) (1.28)Without losing in generality, we an hoose B ‖ êz and the wave-vetor klying in the y − z plane: thus, the omponent of the wave-vetor k parallel tothe main magneti �eld B0 is k‖ = k · B0/ | B0 |= kz and the perpendiularone is k⊥ = ky, being | k |=

√

k2
‖ + k2

⊥ =
√

k2
z + k2

y). Moreover, sine theequilibrium is stati, v0 = 0.The linearized equations of ideal MHD, then, beome
∂ρ̃

∂t
+ ∇ · (ρ0ṽ) = 0 (1.29)

ρ0
∂ṽ

∂t
= j̃ × B0 + j0 × B̃ −∇p̃ (1.30)
Ẽ + ṽ × B0 = 0 (1.31)
∇× B̃ = µ0̃j (1.32)
∇× Ẽ = −∂B̃

∂t
(1.33)

∇ · B̃ = 0 (1.34)
∂p̃

∂t
= −ṽ · ∇p0 − γp0∇ · ṽ. (1.35)The last relation arises from ∂p/∂t = −γp∇·v, that an be easily derived fromthe state equation 1.8, using the mass ontinuity 1.2, in the ase of uniformplasma.At this point we introdue the displaement vetor �eld, ξ, representing theperturbed shift of the plasma away from its equilibrium position, for whih is

ṽ =
∂ξ

∂t
. (1.36)Substituting 1.36 in the equations 1.29, 1.33 (ombined with 1.31) and 1.35and integrating them in time, we obtain respetively:

ρ̃ = −∇ · (ρ0ξ) (1.37)23



Chapter 1 - Plasma physis̃
B = ∇× (ξ × B0) (1.38)

p̃ = −ξ · ∇p0 − γp0∇ · ξ (1.39)Inserting the above relations into the equation of motion 1.30 and supposingthat at equilibrium j0 = 0 and p0, ρ0 and B0 are onstants, we obtain the foreoperator formulation:
ρ0

∂2ξ

∂t2
=

∇× [∇× (ξ × B0)]

µ0

× B0 + γp0∇(∇ · ξ) (1.40)The most general form of the perturbation for the in�nite homogeneous plasmaan be written as
ξ(r, t) = ξ̂ eı(k·r−ωt) (1.41)where ξ̂ is a omplex amplitude. The 1.41 are exat solutions to the linearizedpartial di�erential equations: by using it, the 1.40 is easily derived by notingthat eah time derivative and eah gradient operator produe respetively themultipliative fators:

∂

∂t
→ −ıω ∇ → ık = ık‖êz + ık⊥êy (1.42)and the exponential fator an be aneled from eah term.Thus, the Fourier trasformed fore operator is:

ρ0ω
2ξ̂ =

1

µ0

k × [k × (ξ̂ × B0)] × B0 + γp0k(k · ξ̂) (1.43)The equation 1.43 an be rewritten as a set of salar equations for the threevetor omponents. The resulting terms an be ast in matrix form:




ω2 − k2
‖v

2
A 0 0

0 ω2 − k2
‖v

2
A − k2

⊥v2
S − k‖k

2
⊥v2

S −k‖k
2
⊥v2

S

0 −k‖k
2
⊥v2

S ω2 − k2
‖v

2
S









ξ̂x

ξ̂y

ξ̂z



 = 0.(1.44)It is useful to remind that
vA =

B0√
µ0ρ

(1.45)is the Alfvén veloity and
vS =

√

γp0

ρ
(1.46)is the adiabati sound speed.Non-trivial solutions exist only when the determinant of the matrix is zero,whih leads to the equation:

(ω2 − k2
‖v

2
A)
[

(ω2 − k2v2
A − k2

⊥v2
S)(ω2 − k2

‖v
2
S) − (k‖k⊥v2

S)2
]

= 0 (1.47)24



1.4 Instabilities in magnetized plasmasIt is lear from a simple investigation that the determinant is ubi in ω2. Thisimplies that there are three separate roots for ω2, orresponding to the threeMHD waves previously mentioned:
• The Shear Alfvén waves (SAW) orresponding to a stable osillatorywave.

ω2 = k2
‖v

2
A (1.48)The dispersion relation 1.48 is independent of the perpendiular ompo-nent of the wave-vetor omponent perpendiular to the magneti �eld

k⊥ and of the sound veloity vS.The fast and slow magnetosoni waves are two further branhes arising fromeq. 1.47:
ω2 =

k2

2
(v2

A + v2
S)
[

1 ±
√

1 − α̃
] where α̃ =

k2
‖

k2

4v2
Av2

S

(v2
A + v2

S)
≤ 1 (1.49)

• The fast magnetosoni wave orresponds to the + sign in eq. 1.49. Thephysis an be pointed out by noting that v2
S/v2

A = γµ0p0/B
2
0 ≈ β (de-�ned in 1.22) and then onsidering the limit β ≪ 1: this is equivalent toassuming that α̃ ≪ 1. The eigenfrequeny in this ase redues to

ω2 = k2v2
A , (1.50)i.e. the dispersion relation of the so-alled Compressional AlfvénWaves (CAW) [19℄. It is very stable for k‖ << k⊥ and therefore isonly weakly exited in most plasma onditions.

• The negative root in 1.49 gives rise to the slow magnetosoni wave: inthe low−β limit it beomes
ω2 = k2

‖v
2
S , (1.51)desribing the Sound Waves, that are not usually strongly exited inmost of the plasmas.1.4.3 Tearing modesThe theory of resistive tearing instabilities, inluding their surprisinglylarge growth rates with respet to the harateristi time for resistive di�usionof plasma aross a magneti �eld, was developed �rst in a paper by H.P. Furth,25



Chapter 1 - Plasma physisJ. Killeen and M.N. Rosenbluth (1963) [20℄.The tearing modes are driven unstable by the radial gradient of the equilibriumurrent density parallel to the magneti �eld [11, 5℄. The name of this instabil-ity omes from the fat that the magneti �eld lines tear and reonnet duringtheir evolution as a onsequene of �nite resistivity. This our when, some-where in the plasma, the onvetion term in eq. 1.9 vanishes and the di�usionterm, however small, omes loally into play: the resistivity an be destabi-lizing sine it frees the plasma from the onstraint to remain �frozen� to themagneti �eld. The simplest magneti on�guration in whih a resistive tear-

Figure 1.9: (a) Magneti �eld lines for the �plasma urrent sheet� equilib-rium. (b) Perturbed �eld line on�guration of magneti islands produed bya resistive tearing instability.ing instability an our is the �plasma urrent slab�. Spei�ally, an in�niteplasma that ontains a �nite slab of urrent, direted parallel to the surfaeof the slab is onsidered. Solving Ampère's law, the sheared magneti �eldshown in �gure 1.9a, is obtained: suh a magneti on�guration is produedby the urrent pro�le with the gradient loalized where the By(x) omponenthanges its sign at xr.Negleting the plasma resistivity, this �eld on�guration represents a stableequilibrium state, assuming that we have normal pressure balane aross theinterfae, by means of the ourene of a suitable pressure pro�le or of a strongperpendiular magneti �eld, Bz.On the ontrary, the presene of resistivity in the slab makes the destabiliza-tion of tearing modes possible. In partiular, by using a perturbative approahas in the previous setion, 1.4.2, it an be seen that the x-omponent of theindution equation 1.9 an be written as
∂B̃x

∂t
= [∇× (ṽ × B)]x +

η

µ0

∇2B̃x (1.52)26



1.4 Instabilities in magnetized plasmasin the system here onsidered. In partiular, sine resistivity is important onlyin a narrow region around xr, within whih B is relatively sharply varying, and,on the other hand the tearing instability, in ontrast to the resistive interhangeinstability, is related to long wavelength [21℄, the 1.52 an be approximated to
−ıωB̃x =

η

µ0

∂2B̃x

∂x2
. (1.53)where the same approah of the previous setion (in partiular, eq. 1.42) hasbeen used.Although By is ontinuous aross the boundary layer (By(xr) = By(x

−
r ) =

By(x
+
r )), its gradient in xr is not. Thus, in order to obtain a stability relation,it is useful to onsider the quantity

∆′ =
1

B̃x

(

∂B̃x

∂x

∣

∣

x−

r
− ∂B̃x

∂x

∣

∣

x+
r

)

. (1.54)
∆′ is the lassial stability index de�ned as the logarithmi jump of the ra-dial magneti �eld perturbation aross the rational surfae. So, sine ∂2B̃x/∂x2 ≈
(∆′B̃x)/(ǫL), where ǫ represents a unitary x oordinate inside the layer and Lindiates the size, substituting into formula 1.53, yields

−ıω ≈ η

µ0

∆′

ǫL
=

∆′L

ǫτR

. (1.55)This means that the tearing instability appears when ∆′ > 0.The inlusion of plasma resistivity allows the negative By �eld to di�useinto the region of positive By �eld, thereby annihilating it. It is easy to seethat this annihilation of magneti �eld is energetially favored: if we onsiderthe modi�ation of By(x) that would result from anellation of the positiveand negative omponents in some small region loalized around xr, it is learthat the magneti energy, ∫ (B2
y/2)dV , would be redued. The magneti en-ergy released during the reonnetion proess eventually appears as plasmathermal energy. The magneti on�guration resulting from the breaking andthe reonnetion of the magneti �eld lines, is haraterized by the formationof a so-alled magneti island, as represented in �gure 1.9b.Suh fast reonnetions (on time sales between τA and τR) taking plae aturrent sheets are important for violent events like solar �ares on the one handand major disruptions in tokamaks on the other.27
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The RFP on�guration and theRFX-mod experimentIn this hapter an introdution about the RFP on�guration and its mainfeatures is presented. In partiular, the experiment RFX-mod operating inPadova, the devie where the bulk of the experimental results presented inthis thesis has been obtained, is desribed. The last setion (2.3) onernsEXTRAP T2R, an RFP mahine operating in Stokholm, where I have beenengaged for a two-months experimental ampaign performed in Marh andApril 2011.2.1 The dynamo e�et and the RFP on�gura-tionThe Reversed Field Pinh (RFP) [22℄ is a toroidal axisymmetri on�guration,in whih plasma on�nement arises from a ombination of a poloidal magneti�eld, reated by the toroidal plasma urrent, and a toroidal magneti �eld,generated by both the plasma urrent and external oils.The term pinh de�nes any linear or toroidal plasma where the plasma olumnshrinks due to the Lorentz fore generated by the interation of a urrent ar-ried by the plasma and the magneti �eld it indues. The RFP is haraterizedby its natural tendeny to relax in a on�guration in whih the toroidal �eldomponent reverses near the plasma edge, as the name reversed-�eld suggests.This phenomenon was observed for the �rst time on the experiment ZETA atHarwell in the middle of the sixties [23℄, but a theory for relaxed states wasgiven only in 1974 by J.B. Taylor [24℄ and in a more preise form in 1986 [25℄.This theory is based on a variational priniple.The main onstruts about this historial theory are given in the follow. Asmentioned at the end of the setion 1.1, in the ase of ideal MHD approxima-tion, the magneti topology is preserved in a magneto�uid. Thus, we expet29



Chapter 2 - The RFP on�guration and the RFX-mod experimentthat the magneti heliity, de�ned as
H =

∫

V

A · Bd3x, (2.1)where A is the vetor potential of the magneti �eld (B = ∇×A) and V is theplasma volume, would be an invariant for an ideal plasma: dH/dt = 0. Thiswas demonstrated by Woltjer in 1958 [26℄. Moreover, Woltjer showed thatthe magneti on�guration that minimizes the magneti energy preserving theheliity, is a fore-free magneti �eld satis�ng the equation
∇× B = µB (2.2)with µ neessarily uniform along the magneti �eld lines.In real plasmas, µ is not uniform, but presents a radial pro�le and the mag-neti distribution is not purely fore-free (∇p 6= 0).Taylor's theory is based on the onjeture that, in low-β plasmas, the magnetiheliity is onstant (or it does not hange muh) during plasma relaxation tothe equilibrium.In the limit of large aspet ratio (the ratio between the major and the minor ra-dius, R/a), a good approximation for toroidal geometry will be the ylindrialone with periodi boundary ondition. Thus, in a ylindrial approximation,it is straightforward to demonstrate that a solution for the linear equation 2.2beomes:

Br(r) = 0, Bθ(r) = Bθ0J1(µr), Bϕ(r) = Bϕ0J0(µr) (2.3)where J0 and J1 are the Bessel funtions of zero and �rst order respetively;this model is known as the Bessel funtion model (BFM). Taylor gives an ex-planation for the �nal relaxed state, but does not speify the nature of therelaxation. Moreover, it has been demonstrated [27℄ that the µ pro�le in aturbulent plasma is uniform even without the neessity of Taylor's teory.Aording to the linear MHD theory, in a resistive plasma the urrentswould deay with the harateristi resistive time τR (de�ned in 1.11), whihwould �atten the toroidal �eld pro�le and lose the magneti reversal. On theother hand, the experimental evidene demonstrates that, generally, the RFPon�guration lasts as long as the plasma urrent is sustained, thus longer thanthe preditive resistive di�usion time.This suggests that some mehanism is neessary to regenerate the positivetoroidal �eld in the entre and to maintain the on�guration against resistivedi�usion: it must onvert the poloidal magneti �ux, produed by the external30



2.1 The dynamo e�et and the RFP on�gurationiruit, into toroidal �ux, by means of a poloidal urrent �owing in the plasma.The drive of this poloidal urrent is know as the lassial dynamo [28℄.The study of the dynamo e�et rose from the observation of an astrophysialphenomenon: the magneti �eld of elestial bodies presents a regeneration thatbalanes the resistive deay. The original mathematial treatment of Parker(1955) [29, 8℄ was improved by Steenbek, Krauser and Rädler (1966) [30℄:it is a statistial model based on the average proprieties of the turbulene,named the mean �eld magnetohydrodynamis theory. In this model, the dy-namo is originated by plasma turbulent motions (ṽ and B̃ are the �utuatingomponents of the veloity and of the magneti �eld respetively, as de�nedin eq. 1.23), from whih an additional soure of mean urrent omes to life inthe Ohm's law as written in eq. 1.4:
E + v × B + ED = ηj where ED = 〈ṽ × B̃〉. (2.4)

ED is the dynamo eletri �eld, generated by the orrelation between ṽ and
B̃.A bath of magneti turbulene was, thus, onsidered to be intrinsi to theRFP, being neessary for the dynamo. This was supported by the Taylor the-ory of magneti plasma relaxation and by numerial simulations of the MHstate [31℄. Nevertheless, it has been predited [32, 33℄ that the RFP on�g-uration an exist also in the haos-free single-heliity ondition, where onlyone of the ore-resonant resistive modes would provide the dynamo term. Ashort desription about the ourrene of a similar on�guration in RFX-modplasma is given in setion 2.2.2.The RFP on�gurations are ommonly desribed by two parameters: thereversal and the pinh parameters are respetively,

F =
Bϕ(a)

< Bϕ >
and Θ =

Bθ(a)

< Bϕ >
, (2.5)where the brakets 〈...〉 indiate the average over the plasma ross-setion:

〈Bϕ〉 =
1

πa2

∫ a

0

Bϕ2πrdr. (2.6)The most ommon way to display the BFM model preditions is the F − Θdiagram (�g. 2.1), in whih RFP states are supposed to exist for Θ > 1.2.The experimental points overplotted in the graph show a qualitatively reason-able agreement. However, other more sophistiate models an obtain a bettermathing: they are usually phenomenologial models taking into aount a31
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Figure 2.1: F −Θ diagram as predited by the BFM model (ontinuous line)and experimental values found in di�erent RFP devies.
µ = µ0j · B/B2 parameter having a radial dependene, e.g. [34℄.Nowadays, the operating RFP mahines are the Swedish, reently rebuilt,EXTRAP T2R (desribed more in detail in setion 2.3) and two mahinesomparable to a medium-sized tokamak: MST [35℄ and RFX-mod (see se-tion 2.2).In �g. 2.2a the typial magneti �eld pro�les for the RFP equilibrium areshown. As mentioned at the beginning of this setion, in this on�gurationthe poloidal urrent gives rise to the peuliar radial pro�le of the toroidal �eld,with a reversal in the outer plasma region. Moreover, from �g. 2.2b, it an benoted that the safety fator q(r) is everywhere lower than 1: the small valueof q(0) allows the destabilization of all the m = 1, | n |< n0 modes, where
n0 ≈ 2R/a [36℄ is the inner resonant mode (thus n0 ≈ 8 in RFX and n0 ≈ 13in EXTRAP T2R). Moreover, among all rational surfaes, we have to mentionthe reversal surfae where the toroidal magneti �eld anels out (thus, q = 0and F = 0): this surfae is naturally unstable to m = 0 modes.32



2.2 RFX-mod experiment
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Figure 2.2: Typial poloidal and toroidal magneti �elds (a) and q pro�les(b) in a RFP on�guration. Some resonant modes are also indiated: theonvention for the sign of the modes is that used in RFX-mod; at the reversalsurfae (q = 0) m = 0 modes arise.2.2 RFX-mod experiment2.2.1 The mahineThe work desribed in this thesis has been arried out on RFX-mod (ReversedField eXperiment modi�ed [37℄), the largest RFP devie urrently operating(see the photographi view in �gure 2.3).It is the upgraded version of the previous RFX [37℄, a toroidal devie for thestudy of the magnetially on�ned plasmas in the RFP on�guration.Loated at the Istituto Gas Ionizzati (IGI) [1℄, inside the italian ConsiglioNazionale delle Rierhe (CNR) area, in Padova, it is operational sine 2004under the management of the Consorzio RFX, a researh organization pro-moted by CNR [38℄, ENEA (the italian National Ageny for the new teh-nologies, Energy and sustainable eonomi development) [39℄, the Universityof Padova [40℄, INFN [41℄ (italian National Nulear Physis Institute) and33
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Figure 2.3: The RFX-mod mahine.Aiaierie Venete S.p.A.(a private partner) [42℄, within the framework of theEuratom-ENEA Assoiation.Consorzio RFX primary goals are foused on the sienti� and tehnologialresearh ativity in the �eld of ontrolled thermonulear fusion and the devel-opment of new equipment and diagnosti devies devoted to it.The main parameters of the mahine are listed in the Table 2.1. The aspetMajor radius = 2 mMinor radius = 0.459 mPlasma urrent ≤ 2 MADisharge duration ≤ 0.5 sPlasma density range ≈ 1 ÷ 10 × 1019 m−3Plasma volume ≈ 10 m3Working gas H, HeTable 2.1: Main parameters of RFX-mod devie.ratio for RFX-mod is relatively high (R/a ≈ 4), so the ylindrial approxima-tion an be applied, when it is helpful to simplify the geometry.34



2.2 RFX-mod experimentThe main omponents of the mahine, shematially shown in �gure 2.4, fol-low [1, 43℄:

Figure 2.4: Shemati poloidal setion of RFX-mod mahine
• the vauum vessel is a rigid toroidal struture, with major radius R =

1.995 m and minor radius a = 0.459 m, realized in a non-magnetialloy material, Inonel 625, whih has been hosen beause of its higheletrial resistivity and its mehanial proprieties. It is provided with12 pumping ports in the equatorial plane plus various other ports fordiagnosti aess;
• the �rst wall is omposed by 2016 trapezoidal graphite tiles, 18 mmthik in radial diretion, that protet the vauum vessel from the plasma.The hoie of graphite is due to the neessity of using low atomi numbermaterial, in order to keep the radiation as low as possible, and to have agood thermal shok resistane;
• the stabilizing shell is a opper struture, 3 mm thik, loated justoutside the vauum vessel. It has a toroidal gap, on the equatorial plane,and a poloidal one, in order to allow the magneti �ux and toroidaleletri �eld penetration respetively: the time onstant for penetrationof vertial magneti �eld is ≈ 50 ms;
• the toroidal �eld windings onsists of 48 oils evenly distributed andpartially inserted into grooves mahined in the stabilizing shell. The35
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Figure 2.5: Graphite tiles in RFX-mod mahinemaximum toroidal bias �eld is B0 = 0.7 T at the beginning of the plasmapulse and a reversed �eld at the wall Bw = 0.44 T during the plasmaurrent �at-top;
• themagnetizing winding provides the poloidal �ux swing whih ausesthe plasma urrent rise up to 2 MA. A number of 200 turns is wound toform 40 oils, eah arring a maximum urrent of 50 kA;
• the �eld shaping windings are 16 oils providing a vertial magneti�eld whih guarantees the orret plasma position inside the vauumvessel;
• the ative ontrol system is highly advaned: it is formed by 192 ativesaddle oils [37℄, overing the whole plasma boundary (see �gure 2.6),eah one operating indipendently. The Clean Mode Control algorithm(CMC) allows to mitigate the radial magneti �eld at the edge and, thus,to drastially improve the performane of the devie [44℄. This feedbaksystem is indeed essential to reah the improved-on�nement regimespresented in the following setion (2.2.2).2.2.2 The plasma oreIn the last years, the desription of an RFP as an axisymmetri on�guration,as reported in the previous setion, has been found to be not omplete. Spon-taneous transitions to di�erent equilibria, with a hange of magneti topologyand an improved on�nement, our as the plasma urrent is inreased. A36



2.2 RFX-mod experiment

Figure 2.6: Saddle oils in RFX-mod mahinebrief introdution to this topi and its e�ets on plasma ore features is heregiven.As previously mentioned, many modes with m = 1, n > 1/q(0) are suited tobe destabilized in an RFP devie. In partiular, in RFX-mod onvention, therelation 1.25 is written as q = −m/n; for this reason, in �g. 2.2b, the n valuesof the resonant modes are negative inside the reversal surfae and positive out-side: the reversal surfae represents a sort of limit whih separates the entral'ore' from the external region. It also onstitutes an aumulation surfaefor the m = 1 modes, generating a wide spetrum of MHD ativities. Thesemodes, on the one hand, sustain the RFP on�guration by the dynamo self-organization proess, on the other hand, they give rise to overlapping magnetiislands, due to the loseness of rational surfaes, whih result in a broad haotiregion. This ondition is generally dubbed as the multiple-heliity (MH) state.The MH state is haraterized by the presene of several (1, n) normal modes,named also heliities, with similar time-�utuating amplitudes in the magnetispetrum; this is evident from �gure 2.8, where a typial magneti spetrumof the m = 1 modes in MH state is shown. In this state, the magneti haos,a region of overlapping of many inoherent modes, reigns, sine the magnetisurfaes are suppressed in most of the plasma ore. Moreover, various heliitiesan lok in phase, produing a toroidally loalized deformation of the plasmaolumn, alled phase loking, as shown in �g. 2.7a. The loking proess ausesa disharge degradation beause of strong loalized plasma-wall interation,intense heating of the graphite tiles and unwanted in�ux of gas and impuritiesfrom the tiles. These features are not favourable to good on�nement.Nevertheless, as mentioned in Se. 2.1, it has been predited the existene of37
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Figure 2.7: a) In Multiple Heliity state, the modes an lok in phase ausingthe deformation of the plasma olumn. b) In Single Heliity state, a helialohmi equilibrium is self-sustained by a single mode.

Figure 2.8: Toroidal mode number spetra of m = 1 modes in a typialRFX-mod disharge in MH (a) and in QSH (b) states.a single-heliity (SH) on�guration, haraterized by the ourene of only oneresonant mode providing the dynamo term. Up to now, the best experimentalapproximation of single heliity is the quasi-single heliity (QSH) state, wherethe most inner resonant m = 1 mode dominates over the other, so-alled, se-ondary modes [45, 46℄. An example of the toroidal mode spetrum in QSHregime is shown in �g. 2.8b: it is worth noting that the dominant mode in theRFX-mod devie is the (m,n) = (1,−7).The ahievement of the QSH state has been made possible by the operationat higher plasma urrent levels. The novel results are that, as the urrentis raised, the plasma exhibits an inreasing probability of transition to theimproved-on�nement state (the normalized seondary modes amplitude is re-dued), with only oasional ourrenes of MH.An example of a high plasma urrent disharge is shown in �gure 2.9a; more-38
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Figure 2.9: a) Plasma urrent as a funtion of time. The vertial dashedlines delimit the urrent �at-top phase. b) Amplitude of the (m,n) = (1,−7)dominant mode (blak urve) and of the seondary modes (1, 8 ÷ 23) (redurve).over, the dominant and seondary modes are ompared during the �at-topphase of the urrent, in �gure 2.9b. The blak urve represents the normalizedamplitude of the dominant mode and the red one the normalized amplitude ofthe seondary modes, de�ned as
bΣ =

√

√

√

√

23
∑

i=8

b2
i . (2.7)The amplitudes are those of the toroidal magneti �eld omponent at theplasma surfae, as obtained with a Fourier transform in spae of the signalsgiven by a system of 48×4 pik-up oils loated outside the vauum vessel, andare normalized to the average poloidal magneti �eld measured at the sameloation.It is worth noting that the system osillates between two states, one whereall modes have similar amplitudes (MH) and another one where the dominantmode and seondary ones are learly distinguished (QSH).More in detail, two magneti topologies are distinguished in QSH states: the39



Chapter 2 - The RFP on�guration and the RFX-mod experimentDouble Axis (DAx) and the Single Helial Axis (SHAx) states. DAx states areharaterized by the presene of the resonant magneti surfae of the dominantmode torn into a magneti island entered around a seondary magneti axis(O-point), while the main magneti axis is still present and in ase shifted.Poloidally symmetri to the island O-point is an X-point, whih is related tothe island separatrix. Above a threshold of about 4% in the dominant modenormalized amplitude, the separatrix X-point merges with the main magnetiaxis, and the two annihilate. Thus, the former island O-point beomes theonly magneti axis, i.e. the Single Helial Axis, and the helial plasma olumnis shaped by the dominant mode as shown in �gure 2.7b. The DAx states arealso known as QSH with islands [47℄.In RFX-mod, the existene of di�erent plasma states has been indepen-dently proved by di�erent diagnostis. In partiular, the �gure 2.10 showseletron temperature radial pro�les obtained by the Thomson sattering sys-tem (see setion 3.1.3) in MH, DAx and SHAx states. As previously mentioned,
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Figure 2.10: Eletron temperature radial pro�les in MH, DAx and SHAxstates obtained by the Thomson sattering diagnostis.the energy on�nement properties of RFP plasmas in MH states are relativelypoor, with only the outer plasma layer being able to sustain temperature gra-dients (green points). The ourrene of a magneti island in DAx states givesrise to a thermal struture (violet points) over the nearly �at temperature levelof the stohasti MH plasma ore having a width of most 30% of the radius,always loated o� axis. Finally, the pro�les in SHAx states (orange points) are40



2.2 RFX-mod experimentharaterized by a temperature struture whih is muh larger than the DAxislands (more than 50% of the minor radius) extended to both sides of thegeometri axis. This enlargement orresponds to an inrease of the thermalenergy ontent of the plasma.The presene of strong gradients in the ase of QSH states, indiates the for-mation of transport barriers that de�ne a hot, bean-shaped region, entred o�the geometri axis, on the resonant surfae of the (m,n) = (1,−7) mode.2.2.3 The plasma edgeIn the previous setion (2.2.2), an introdution about the topologial and ther-mal properties of the di�erent states of the plasma equilibrium has been given.In the present one, some features regarding the edge plasma in the threeregimes are highlighted. The edge has a great importane in partile andenergy transport: �utuations driving anomalous transport are often the mainreason for the limited on�nement.As mentioned in Se. 2.1, the safety fator pro�le of an RFP on�guration

Figure 2.11: Poinaré plot of the magneti �eld lines on the outer equatorfor a SHAx state at a deep reversal (a) and at shallow reversal (b). The thikline marks the position of the LCFS, while the horizontal one indiates the�rst wall position (r/a = 1).is suh that the m = 0 modes are resonant at the reversal, where a hainof poloidally symmetri islands is reated. The radial position of the islandsan be externally imposed by setting the value of the F parameter, de�ned ineq. 2.5.In general, at more markedly negative F values (F < −0.15), the m = 041



Chapter 2 - The RFP on�guration and the RFX-mod experimentislands lose entirely into the hamber, so the the Last Closed Flux Surfae(LCFS) is between them and the wall. On the other hand, for shallow F val-ues (F > −0.05) the island �eld lines interept the �st wall, so the LCFS inthis ase is radially loated before the islands.This an be observed in �gure 2.11, where two Poinaré plots of the magneti�eld lines in the r − ϕ plane on the outer equator, realized at di�erent F val-ues, are shown. The �rst one has been obtained during a 1.5 MA SHAx stateat deep reversal (F = −0.18), while the seond depits a similar onditionobtained at shallow reversal (F = −0.02). A thik line is superposed on eahplot, depiting the position of the LCFS, omputed from the �eld line traing(FLiT) ode outputs [48℄ by looking at where, for eah toroidal and poloidalposition, the most internal open �eld line is found. The new and striking resultis that in the SHAx ondition obtained at shallow reversal the LCFS is wellseparated from the wall by the m = 0 islands, and that their X-points at soas to form a divertor-like on�guration. On the ontrary, at deep reversal theLCFS is loated beyond the m = 0 island hain and a limiter-like ondition isobtained [49℄.The topologial harateristis of the external region in MH regime is quiteompliated, with the large helial deformation due to phase and wall lokingof both the m = 0 and m = 1 modes. On this topi, the development of theCMC algorithm (see Se.2.2.1) and the onsequent ahievement of the QSHstates drastially hanged this piture. First of all, the loking of the modes issoftened sine the radial omponents of the seondary modes are muh lowerand the LCFS is interested by a uniform helial deformation, sine the dom-inant heliity (1,−7), imposes the same toroidal periodiity (n = −7) to the
m = 0 pattern. This on�guration is assoiated to a lower stress for the �rstwall beause of a lower power deposition.As result of the oupling of m = 0 and m = 1 modes, the external regionpresents a more regular behaviour, in whih the �eld lines of the islands aneventually at as a kind of divertor for the inner on�ned plasma, if operatingat shallow F values [49℄.Furthermore, as mentioned in the previous setion, the QSH states areharaterized by a transient behaviour, that is related to the dynamo relax-ation events that reurrently determine a temporary transition to the haotiMH regime, destroying the preast magneti order also at the edge.The time evolution of the F signal, as shown in �gure 2.12b, exhibits rapidhanges, being a sort of rearrangement of the magneti topology to a new MHDequilibrium state, through the reonnetion of the magneti �eld lines [50℄.42



2.2 RFX-mod experiment
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Figure 2.12: Time evolution of the dominant mode amplitude, bϕ(1,−7), (a)and of the reversal parameter, F (b): when a DRE our, the plasma has atransition from QSH to MH states.These phenomena are known as the Disrete Reonnetion Events (DRE). It isworth noting from �g. 2.12a that the amplitude of the dominant mode bϕ(1,−7),index of the equilibrium state, falls down in oinidene with the ourreneof a DRE.Finally, another feature of the plasma at the edge, is the presene of aradial eletri �eld, Er. Sine the main omponent of the magneti �eld in aRFP devie is poloidal, the relative drift veloity
vD =

E × B

B2
(2.8)is mostly toroidal. Moreover, sine Er is haraterized by a sign inversion, vDhanges diretion along the radial oordinate.43
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Figure 2.13: Radial pro�le of the E×B veloity evaluated by the eletrostatipins of the U-probe as an average of data from disharges with a shallow Fvalue. The red line represents the hamber wall.In �gure 2.13, the vD has been measured by means of the eletrostati pinsof an insertable probe, the U-probe (more details in Se. 3.1.1). Eah symbolhas been obtained averaging the data over the �at top phase of shallow Fdisharges. An inversion of the veloity diretion is observed at r/a ≈ 0.98.2.3 EXTRAP T2RThe EXTRAP T2R devie is a reversed-�eld pinh loated at the Alfvén Labo-ratory in the Royal Institute of Tehnology, Stokholm (Sweden), in operationsine 1994. A piture of the experiment is given in �gure 2.14.The EXTRAP T2R vauum hamber is overed with a set of sensor oilsand ative oils that make it an optimal faility, along with RFX-mod, for thestudy of ative feedbak ontrol. The main researh area is the developmentof ative feedbak tehnique for the ontrol of plasma instabilities using mod-ern ontrol theory tools [51℄ and the study of external magneti perturbatione�ets on the plasma dynamis [52℄.Resistive Wall Modes (RWM) and Edge-Loalized Modes (ELM) are a prob-lem for the suess of the international experiment ITER and the developmentof tehniques for their ontrol is mandatory. RWM an be suppressed by de-veloping feedbak algorithms, suh the intelligent shell. Among the tehniquesfor ELM suppression, a promising andidate is the appliation of externalmagneti perturbations resonant in the plasma (RMP). However, the ELM44



2.3 EXTRAP T2R

Figure 2.14: The EXTRAP T2R mahine.suppression mehanism via RMP and the external perturbation e�et on theplasma are not yet fully understood. EXTRAP T2R with its feedbak systemgives a good opportunity for the study of the underlying physial mehanismthat regulates the interation between RMP and the plasma. Regarding thestudy of RWM ontrol, that is a part of the European e�ort in the RWM area,the devie expedites the study of these stationary instabilities, sine they anbe easily distinguished from the rotating tearing modes.The dynamis of the rotating tearing modes is another important researh area,sine the RMP a�et the TM dynamis and the plasma �ow. In partiular,RMP an indue osillations in the TM amplitude, phase jumps and veloityredution [53℄. Finally, statistial studies of turbulene in the edge region ofEXTRAP T2R are arried out in ollaboration with the Consorzio RFX. Inthese ontexts, the experimental ampaigns performed during the last springand reported in the Chapter 7 are inluded.EXTRAP T2R is a medium-sized reversed �eld pinh devie with highaspet ratio and an iron ore. The main parameters of the experiment aresummarized in table 2.2. Operation of EXTRAP T2R resumed in September2000 after a major rebuilding [54℄, where the front-end system was ompletelyreplaed and equipped with a new resistive shell. Basi features of the newdevie are the following [54℄:
• The torus shaped vauum vessel is onstituted of 15 setions of bellows,45



Chapter 2 - The RFP on�guration and the RFX-mod experimentMajor radius = 1.24 mMinor radius = 0.183 mPlasma urrent ≈ 70 ÷ 100 kADisharge duration ≤ 100 msPlasma density range ≈ 0.5 ÷ 1.5 × 1019 m−3Plasma volume ≈ 1 m3Working gas HTable 2.2: Main parameters of EXTRAP T2R devie.joined by rigid �at setions supporting plasma limiters and port tubesfor diagnosti and pumping aess to the vessel. The material used is316L stainless steel: EXTRAP T2R is one of few devies in the EU withan all metal �rst wall
• Array of molybdenum limiters, having the shape of onvex disks, replaedgraphite tiles for �rst wall protetion (see �g. 2.15). There are a total of180 limiters installed in the �at vessel setions.
• The thin, opper double-layer shell, with four times longer time onstantthan the single-layer thin shell used in the earlier on�guration, reduesthe magneti �eld error at the poloidal gap. The new shell has a vertial�eld penetration time of 6.3 ms, to be ompared to the 1.5 ms of theprevious EXTRAP T2.
• Solenoid type toroidal �eld oil minimizes �eld ripple ompared to thehelial oil used before. The axis of the toroidal �eld oil is displaedoutward relative to the vauum vessel in order to ahieve the same �eldripple on inboard and outboard sides.In this on�guration, RFP disharges are sustained for more than three shelltimes and a high density shot-to-shot reproduibility is ahieved. Moreover,EXTRAP T2R plasma dynamis is in general dominated by the rotation [55℄of the internally resonating tearing modes, sine the �eld penetration time forthe shell is long ompared to the tearing mode relaxation yle time sale butshort ompared to the pulse length. This is re�eted in the low radial �eldamplitudes at the wall, whih remains low until the end of the �at-top phaseof the disharge, when the modes lok to the wall.46



2.3 EXTRAP T2R

Figure 2.15: Vauum vessel with Mo limiters in EXTRAP T2R devie.
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Diagnostis and data analysis
3.1 DiagnostisThe experimental results presented in this work have been ahieved using dif-ferent diagnostis. In partiular, in both RFX-mod and EXTRAP T2R de-vies, the study of the high frequeny oherent magneti ativities, whih arethe main topi of this thesis, has been performed using edge sensors measuringthe time derivative of the magneti �utuations. The �rst two, installed inRFX-mod devie, are:

• the insertable U-probe (Setion 3.1.1) and
• the Integrated System of Internal Sensors, ISIS, (Setion 3.1.2);The third, loated at the edge of EXTRAP T2R devie, is
• the insertable Alfvén probe (Setion 3.1.4).They all are highly spae- and time-resolved in-vessel systems: more detailsare in the following paragraphs. Some information about other RFX-moddiagnostis, mentioned in the thesis, are olleted in paragraph 3.1.3.Finally, the tehniques used to analyze the data are presented in setion 3.2.3.1.1 U-probeThe analysis of magneti �utuations at the edge of RFX-mod plasma is ex-tremely useful in order to investigate this omplex region, haraterized bya very fast dynamis and by the presene of strong gradients. The use of aprobe that an measure inside the plasma gives important ontributions onthis topi.An insertable probe, named U-probe for its shape (see piture 3.1), measur-ing eletrostati and magneti �utuations at the plasma edge is installed atRFX-mod devie. The probe is made of two boron nitride ases, toroidallyseparated by ∆x = 88 mm. 49
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Figure 3.1: Shemati view of the U-probe and pitures of the total assemblyand of a triaxial magneti oil.This diagnosti system is plaed on the equatorial plane on the low �eld sideof the mahine (θUp = 0◦) and, toroidally, at ϕUp = 217◦ 30′, aording to theRFX-mod notation.The signi�ant power loads delivered even during low plasma urrent dis-harges (Ip ≤ 500 kA) do not allow probe insertions deeper than the 10%of the minor radius. On the other hand, in higher plasma urrent disharges,the insertion of any solid objet inside the plasma an be very dangerous, so theprobe must be on�ned at the extreme edge of the vauum hamber (r/a ≈ 1).In this onditions, no remarkable perturbation of the plasma aused by theprobe insertion has been observed.As piture 3.1 shows, eah ase inludes 2D arrays of eletrostati sensors (40eletrostati pins, ombined in eight 5-pins balaned triple probes), spaed by
6 mm. Together with the eletrostati pins, a radial array of 7 triaxial mag-neti oils, 6 mm radially spaed, are loated in eah ase in order to measurethe time derivative of the three omponents of the �utuating magneti �eld.As above mentioned, the probe an be inserted up to ∆r = 50 mm inside theplasma. It an be useful to speify that the insertion ∆r is measured fromthe head of the ase to the level of the graphite tiles. The magneti sensorloser to the plasma is d = 13 mm far from the head of the probe and the�rst eletrostati pin at d = 7 mm; this means that to alulate their e�etiveradial position (in mm) the follow relation must be used:

rcoil = a − ∆r + d. (3.1)The eletrostati sensors have been extensively used in the last years inorder to delineate eletron density and temperature features at the edge [56℄.50



3.1 DiagnostisMoreover, various results regarding the haraterization of the toroidal plasma�ow at the edge have been ahieved [57, 58℄.Nevertheless, sine in this work, only the signals oming from the magnetisensors are onsidered, these are presented in more detail.In general, a simple way to measure the magneti �eld �utuations in theviinity of a point in spae is using a small oil. By means of the Faraday'slaw (1.6), it is easy to see that the voltage Vc indued on a oil endings by auniform, time-varying magneti �eld B(t) is
Vc =

dΦ

dt
= Ḃ · A (3.2)where A is the total area of the oil, given by A = NA1, being N the numberof turns of the wire and An the area of a single one [59℄.As shown in the small entral photo of piture 3.1, the magneti sensor onsistsin a ubi struture less than 1 cm large, thus the A1 areas are enough smallto onsider the �eld rossing them as uniform. Three opper wires are woundaround the support eah in a di�erent side. This on�guration allows, sinethe Vc signals an be normalized for the respetive area, to measure the timederivative of the three omponents of the magneti �eld in almost the sameposition: radial Ḃr, poloidal Ḃθ and toroidal Ḃφ.In most of the analysis presented in this thesis, it is possible to diretly usethe derivative signals, without integrating them in time, in order to avoid theintrodution of numerial errors, without losing the physial meaning. Thus,unless otherwise indiated, the magneti signals present in this work refer tothe derivative ones. An example of typial U-probe time derivative magnetisignals is displayed in 3.2a.The maximum sampling frequeny is 10 MHz, with a bandwidth up to

3 MHz; nevertheless in various experimental ampaigns this value had beenredued to 5 MHz, in order to ollet less data without losing important phys-ial information.In �gure 3.2b, the power spetra (see Se. 3.2.1) relative to the mentionedsignals are shown. The spetra show that the highest �utuation levels ourin the Ḃr and Ḃφ signals, whih orrespond to the perpendiular omponentsat the edge of the RFP on�guration, where the dominant magneti �eld isthe poloidal one.Moreover, the presene of two oils toroidally spaed enables to measurethe toroidal mode number n by means of the two-point tenique, brie�y il-lustrated in Se. 3.2.3. It will be see that a system haraterized by twosensors separated of an angle ∆ϕ, permits to investigate toroidal numbers upto | n |= π/∆ϕ ≈ 87. 51
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Figure 3.2: U-probe magneti signals (a) and relative power spetra (b) of atypial RFX-mod disharge.In the U-probe ase, the angular distane of the two oils an be roughly ap-proximated to ∆ϕ = ∆x/(R + a), sine the probe is loated at the edge ofthe outer side of the mahine. Moreover, some experimental ampaigns withthe probe turned of 90◦ has been performed: This allowed the measurementof the poloidal mode number m of the ativities under investigation for somedisharges. The maximum m that an be determined is | m |= πa/∆x ≈ 16.A further onsideration about the magneti probes is that the measurementperformed refers to an average value of plasma �utuations loalized in a radius52



3.1 Diagnostisof some entimeters. So we probably an observe also magneti perturbationsthat develop rather inside the plasma.

Figure 3.3: Piture of the �naked� triaxial magneti oils installed on theGPI diagnostis.GPI diagnostis oils.Furthermore, a set of three magneti oils, totally similar to those installed onthe U-probe, have been plaed on the Gas Pu� Imaging (GPI) diagnostis. TheGPI is an optial, non-intrusive diagnostis, measuring visible light emitted,generally, by the neutral atoms present in the plasma edge [60℄.The toroidal position is φGPI = 322◦ 30′ and the magneti probes are nominallyradially loated at r/a = 1. The piture 3.3 shows the triaxial magneti oilswithout the boron nitride age that overs them as protetion from heat andpartile �ux. They are reognized simply by enumeration: the order 1− 2− 3follow the onventional diretion of the ϕ angle. The spae between two loseoils is ∆x = 22 mm, thus very high toroidal mode number values an bemeasured by this diagnostis: | n |≈ 351. The sampling frequeny is 10 MHz.3.1.2 ISISRFX-mod vauum hamber is equipped with a large set of alorimetri, eletro-stati and magneti probes loated inside the vauum vessel, whih onstitutethe Integrated System of Internal Sensors (ISIS) diagnosti. They are plaedat r/a ≈ 1, behind the graphite tiles whih over the �rst wall of the mahine53



Chapter 3 - Diagnostis and data analysisand protet the sensors from the plasma. This system is mainly devoted tothe aquisition of high frequeny data and in order to provide a thorough de-sription of �utuating quantities in the RFX-mod edge plasma.As above-mentioned, ISIS is omposed of three subsystems:

Figure 3.4: Shemati view of ISIS system: eletrostati and magnetitoroidal arrays and some alorimetri sensors are indiated.
• The thermal probes are thermoouples, measuring the average tem-perature of the whole tile, mounted on the bak of some of the �rst wallgraphite tiles. The system onsists in one partial toroidal array of 8probes, loated at the poloidal angle θ = 6.5◦, on the outboard side, andadjaent to the pumping ports, whih allow aess to them. A desriptionof the sensors is available in [61℄.
• The eletrostati sensors (Langmuir probes) are eletrodes, measuringthe �oating potential Vf , that is the potential of an eletrially insulatedobjet immersed into the plasma. Some hints about the basi Langmuirprobe theory are given in paragraph 3.1.4. The system is omposed of atoroidal array of 72 pins equally spaed loated at θ = 340.7◦, a poloidalarray of 8 triple probes at φ = 248.6◦ and of additional single and tripleprobes. A desription of the sensors is available in [62℄.
• The magneti sensors are saddle and pik-up oils loated on the bakof the �rst wall graphite tiles: the nominal radial position of the mea-surements is r/a = 1.03. 54



3.1 DiagnostisSine, in this thesis, the analysis of RFX-mod plasma edge is limited to thestudy of the high frequeny magneti ativities, only the magneti sensors ofthe ISIS system are onsidered. As previously for the U-probe, all the signalsinvestigated in the thesis represent the time derivatives of the magneti �elds.ISIS magneti system onsists in:
• two evenly spaed toroidal arrays, eah made of 48 pik-up oils measur-ing the toroidal magneti �eld Ḃϕ, loated at the top (θ = 70.7◦) andthe bottom (θ = 250.7◦) of the disharge hamber.
• a poloidal array of eight saddle probes measuring Ḃr and loated at

ϕ = 210◦,
• a poloidal array of eight pik-up oils measuring Ḃθ and loated at

ϕ = 216.2◦,
• a poloidal array of eight pik-up oils measuring Ḃϕ and loated at

ϕ = 208.7◦,
• a partial poloidal array of six pik-up oils measuring Ḃϕ and loated at

ϕ = 28.9◦,
• a luster of additional oils measuring Ḃϕ and Ḃθ in various poloidal andtoroidal positions.The sampling frequeny is 2 MHz, while the estimated bandwidth of the mea-surement is up to 400 kHz. Magneti pik-up probes are wound in two layers,for a total of 80 turns (see the piture 3.5). To obtain a reproduible andstable winding, speial ables with a very thin and resistive sheath, made ofInonel 600 were realized and an appropriate ellipti shape was studied for theMACOR ore [63℄.In this thesis, one of the toroidal and the poloidal arrays measuring Ḃϕ havebeen used for the analysis. The two arrays allow a resolution of the toroidaland poloidal mode numbers n and m up to 24 and 4, respetively due to theNyquist theorem (the study of the mode numbers by means of an array ofprobes is summarized in 3.2.3).Moreover, using two probes belonging to the luster, toroidally spaed by

∆ϕ = 3.2◦, toroidal mode numbers up to | n |≈ 56 an be measured by meansof the above-mentioned two-point tehnique.55



Chapter 3 - Diagnostis and data analysis

Figure 3.5: Three-dimensional model of the ISIS pik-up oils.3.1.3 Other diagnostis and radial pro�les reonstru-tionsSine eletron temperature, density and safety fator pro�les have been exten-sively used in the analyses presented in the following hapters, it is neessary tointrodue the relative diagnostis to the reader. Moreover, some informationabout the pellet injetors and the neutral partile analyzer, that are mentionedin the following hapters, are given.Eletron temperature pro�le, Te(r)RFX-mod is equipped sine 2005 with a multi-point Thomson sattering sys-tem, designed to provide a single-shot highly spatially resolved radial pro�leof plasma eletron temperature and, in priniple, density simultaneously [64℄.The laser beam passes through the plasma hamber along a diameter −0.94 ≤
r/a ≤ 0.84 in the equatorial plane. Sattered light is olleted at approx-imately 90◦ from the inident beam through 3 windows where 84 pairs ofoptial �bers are loated. The repetition rate is of about 25 ms, for a maxi-mum number of 10 pulses in a disharge.Reently some improvements in the Thomson diagnostis have been delivered.In partiular, a better beam pro�le has been installed and the repetition rateis of 10 ms for a maximum of 100 shots in a single disharge.Eletron density pro�le, ne(r) 56



3.1 DiagnostisA multi-hord infrared interferometer measures the line-integrated eletrondensity along 14 lines of sight plaed on the same poloidal plane. The sam-pling frequeny of the aquisition system is 1 MHz. The system is mountedat the toroidal angle φI = 22.5◦, on a granite struture C-shaped to be in-serted between the magnetizing and the �eld shaping oils of the mahine.The density is evaluated measuring the phase variation indued in a CO2 laserbeam (λ = 10.6 µm) by passing through the plasma. The pro�le is thus reon-struted by numerial invertion of the interferometer data [65℄.Safety fator pro�le, q(r), q(ρ)The safety fator pro�les q(r) are dedued by a suitable reonstrution of theequilibrium (e.g. [66℄), that must math the external magneti measurements,used as boundary onditions [67℄.In the ase of SHAx states, the equilibrium is modelled as a superposition ofthe zeroth-order axisymmetri equilibrium and of the dominant mode eigen-funtion. In this geometry the safety fator is resaled to the proper radialoordinate ρ, related to the helial �ux, χ:
ρ =

√

χ − χ0

χa − χ0

, (3.3)
χ0 being the helial �ux on the helial axis and χa at the outermost surfae [68℄.The more evident di�erent between the safety fator assoiated to the toroidalequilibrium, q(r), and that assoiated to the helial one, q(ρ), is the whilethe �rst is haraterized by a monotonous dereasing pro�le (see �g. 2.2b),the seond exhibits a maximum (see �g. 5.13) in orrespondene to the steepinternal temperature gradient haraterizing the plasma during SHAx states.Pellet injetorsA room temperature pellet injetor [69℄ has been installed in RFX-mod withthree aims: the �rst wall onditioning, impurity transport studies and themeasurement of the pith of the magneti �eld lines. The injetor uses pneu-matially aelerated sabots to launh the pellets. Pellets of di�erent sizes,speeds (50 ÷ 200 m/s) and materials an be injeted in the plasma; in par-tiular, up to now, experiments with Litium and Carbon pellet injetion havebeen performed.Furthermore, a ryogeni injetor for H and D pellets built at Riso NationalLaboratory is operating on RFX-mod [70℄. The injetor produes, by in-situsolidi�ation, 8 pellets with masses of 1.5÷ 5 × 1020 atoms and pneumatiallyaelerates them at veloities up to 1.5 km/s.57



Chapter 3 - Diagnostis and data analysisNeutral Partile AnalyzerA Neutral Partile Analyzer (NPA) of the ACORD series, developed by theIOFFE Institute of the Russian Aademy of Sienes has been reently put inoperation in the RFX-mod devie. The NPA is equipped with a Nitrogen gasstripping ell and with 22 hanneltron detetors (11 for Hydrogen, 11 for Deu-terium) and by a magneti de�etion system to resolve the energy distributionof the neutral H0 partiles produed by harge exhange (CX) proesses andleaving the plasma [71℄.3.1.4 Alfvén probeThe study of the edge properties of EXTRAP T2R developed during my workat the Alfvén Laboratoriet and presented in hapter 7, has been performed bymeans of an integrated probe system, dubbed the Alfvén probe. This systemonsists in various eletrostati and magneti probes, realized in order to studythe Alfvéni nature of the edge plasma and the orrelations between the E×Bveloity �eld and the magneti �eld.All the signals are sampled at a frequeny of 2 MHz, while the measured band-width is 1 MHz for the magneti oils and up to 700 kHz for the Langmuirprobes. The Alfvén probe is plaed in the equatorial plane on the outboardside of the mahine and it an be radially inserted up to r/a = 0.92. The inser-tion is strongly limited to the extreme edge when the eletrostati pins are setto ollet ion saturation urrent, beause the interation between biased ele-trodes and streaming plasma, espeially in low density disharges, an produesevere urrent ars, potentially dangerous for the experimental equipment.

Figure 3.6: Shemati view and photo of the top of the Alfvén probe.Eletrostati sensors 58



3.1 DiagnostisIn �gure 3.6, the sheme and a photo of the probe are shown.On the top 17 pins are visible. In partiular, the eletrodes loated in the in-ner row (the row loser to the plasma) are used as a ombined triple Langmuirprobe, allowing time resolved measurements of eletron density, eletron tem-perature and plasma potential, whereas all the other pins measure the �oatingpotential in di�erent positions.In the following, a general desription of Langmuir probe theory is given [72℄.A harateristi feature of the plasma, as explained in paragraph 1.1, is itsability to sreen out eletrial harge, by the attration of a loud of partilesof the opposite harge having the dimension of the Debye length, λD (eq. 1.1).A solid surfae in ontat with the plasma will be in general hit by eletronand ion �uxes, both drifting towards the probe with a veloity of the order ofthe ion sound veloity vS [59℄.It is easy to see that another way to write the 1.46 is
vS =

√

(Ti + Te)

mi

(3.4)Thus, on the one hand, it an be demonstrated that the ion saturationurrent density olleted by the eletrode is
jsat = ζ ni vS e (3.5)where the onstant ζ is linked to the ratio between the ion density at the Debyesheath edge and in the bakground plasma, and it is usually approximated to

1/2 [73℄.On the other hand, regarding to the eletrons, sine vS is muh smaller thanthe thermal one the eletron distribution funtion is still lose to a Maxwellianone. Their density an be written as:
ne = n0 exp[e(V − Vp)/Te] (3.6)where n0 is the density of the bakground plasma and Vp is the plasma potential.In the ase of a sensor eletrially isolated, thus �oating, the eletrodewill harge negatively relative to the plasma potential due to mass di�erenebetween ion and eletrons, so further olletion of eletrons is retarded andions are aelerated until the net urrent to the eletrode is zero and eletronand ion �uxes are equal. The main part of the harge di�erene between thesolid and the plasma will be on�ned to a narrow sheath region restrited tosome Debye lengths in thikness. It an be shown that Vp is related to the�oating potential Vf , whih is the potential adopted by a �oating probe, by

Vp = Vf + α Te (3.7)59



Chapter 3 - Diagnostis and data analysisThe voltage dropped in the plasma sheath is onsequently proportional to theeletron temperature. The oe�ient α an be alulated and varies generallybetween 2 ÷ 3 depending on probe geometry, type of plasmas et. [74℄.When a bias voltage VB applied on the probe is su�iently negative with re-spet to the plasma potential, the probe ollets only ion saturation urrent.Positive ions ontinue to be olleted by the probe until the bias voltage reahes
Vp, at whih point ions begin to be repelled by the probe. On the ontrary, for
VB >> Vp, all positive ions are repelled, and only the eletron �ux ahievesthe probe.The estimate of �oating and plasma potentials entails the measurement ofvarious plasma parameters.Di�erent on�gurations of Langmuir probes exist, that an be distinguishedin:

• single probe: from one single pin, with a sweeping bias and usingfor example the vauum vessel as referene potential, an be extratedthe eletron temperature and density by means of the aquired urrent-voltage harateristi.
• double probe: a bias is applied between two equal probe tips so thatall the system is �oating. The olleted urrent is proportional to thevoltage di�erene between the two probes.
• triple probe: Temperature measurements using the single and doubleprobe tehniques requires a sweeping bias whih limits the temporal res-olution of these methods; in the triple probe, instead, a �xed bias isused. The triple probe uses a �oating double probe biased to saturation,together with a single probe tip measuring the �oating potential. Thepotential of the positive leg [75, 11℄ is

V+ = Vf + ln(2)Te (3.8)A �ner sheme is the so-alled �ve-pin balaned triple probe [75℄, whihhas the advantage of reduing phase-shift problems between the signals.If this is the ase, in the previous formula (3.8), ln(3) instead of ln(2)must be used.Magneti sensorsTwo triaxial oils, very similar to those installed in the U-probe (setion 3.1.1)measuring the time-derivative of the three omponents of magneti �eld, areloated into the Alfvén probe at the same radial and poloidal position andtoroidally spaed of ∆x = 13 mm, so very high toroidal mode numbers an60



3.2 Data analysis tehniquesbe measured (| n |. 335). Their position is represented by the square dashedboxes in �g. 3.6.3.2 Data analysis tehniquesThe purpose of this hapter is to brie�y desribe the basi �utuation analysistehniques that have been applied to extrat the results presented afterwards.These tehniques are appliable to signals oming from sensors yielding loalmeasurements, suh as �oating potentials obtained by Langmuir probes andmagneti �eld �utuations measured by pik-up oils.In partiular, sine physial theories and models are often formulated in termsof frequeny rather than time, it is useful to transform the data from the timedomain to the frequeny domain e.g. to identify periodiities. This approahis known as spetral analysis. Single-point measurements yield informationabout the time behaviour of the �utuations (e.g. power spetrum, spetro-gram), but the minimum arrangement whih an give an indiation about theirspatial struture is that of two measurement points (e.g S(k, f) spetrum).It an be here spei�ed that spetrograms S(t, f) and wavenumber-frequenyspetra S(k, f), being three-dimensional, are graphially represented by aolour-oded ontour plot. Sine the spetra amplitude is generally expressedin �arbitrary units�, the absolute values are not indiated in the olour sale.3.2.1 The power spetrumIt is known from mathematial analysis ourses that, for a given funtion oftime x(t) de�ned in −∞ ≤ t ≤ +∞, the ontinuous Fourier transform (CFT)is a funtion of frequeny X(f). CFT and its inverse are respetively de�nedby the relations
X(f) =

∫ +∞

−∞

x(t) e−ı2πftdt x(t) =

∫ +∞

−∞

X(f)eı2πftdf (3.9)A useful property regarding the CTF is an energy onservation law for thetime and frequeny domain representations of a signal, the Parseval's theorem,asserting that
∫ +∞

−∞

| x(t) |2 dt = 2

∫ +∞

−∞

| X(f) |2 df. (3.10)61



Chapter 3 - Diagnostis and data analysisThe interpretation of this theorem is that the total energy ontained in awaveform x(t) summed aross all of time t is equal to the total energy ofthe waveform's Fourier Transform X(f) summed aross all of its frequenyomponents f . (The oe�ient 2 on the right side of the 3.10 is needed beingpositive and negative frequeny indistinguishable.)Nevertheless, in the pratial ase, experimental data are not ontinuous, butsampled, both in spae and time, so that the de�nitions given in eq. 3.9 haveto be revised. Thus, being xn = x(n∆t) , with n = 0, 1, ..., N − 1, a disreteand �nite sequene of real numbers obtained sampling every ∆t the ontinuousfuntion x(t) in the time range T = N∆t, the following de�nitions are given:
fs = 1

∆t
the sampling frequeny (3.11)

fN = 1
2∆t

Nyquist frequeny (3.12)The fN is the maximum frequeny that an be ahieved sampling every ∆t.It ensues from the so-alled Nyquist sampling theorem, whih states thata funtion x(t) suh that X(f) = 0 for | f |> fN is ompletely determinatedby its samples xn. Thus, generally, the sampling time is hosen in suh a waythat the maximum frequeny required to analyze a ertain phenomenon is theNyquist one.If frequenies larger than fN are present in the system, they would be seen

Figure 3.7: (a) The blue dots subsample the red signal, so they interpolatethe blue wrong signal. (b) Power spetrum of a signal with frequenies f > fN :they are shifted and/or folden bak to within the frequeny range 0 < f < fN .in the digitized signal as a spurious frequeny. A simple example is given inthe �gure 3.7a, where the red sine wave signal is sampled by the blue dots.Clearly they are not enough to reonstrut the original signal, so the blue sig-nal results from their interpolation. It follows that any spetral omponentwith frequeny fN < f < 2fN is �folden bak� into the spetrum, appearingat a frequeny fN − f . The shifting of high frequenies so that they appear62



3.2 Data analysis tehniquesbelow the Nyquist value, is the phenomenon known as aliasing. The meha-nism an be understood by looking at �gure 3.7b, where it is shown how thealiasing operates on the power spetrum at frequenies f >> fN . The inverseproess an be apply in order to orret the fration of spetra learly subjetto aliasing, by shifting them at proper frequeny values.Obviously, spatial aliasing an also our, as experimentally observed measur-ing high periodiity values in RFX-mod plasma.Suh kind of disrete signals an be desribed in the frequeny domain bymeans of the so-alled Disrete Fourier Transform (DFT). In partiular, asequene of N frequenies is de�ned, for whih fn = n∆f , where, in order toover the whole frequeny range allowed by the sampling theorem, it is hosen
∆f = 1/T (in this way −fN ≤ f ≤ fN). With this de�nitions, the �rst of thetwo relations 3.9 evaluated at fn beomes:

X(fn) =

∫ +∞

−∞

x(t)e−ı2πfntdt (3.13)Sine time is sampled, the integral is approximated to a disrete sum overthe samples tj = j∆t. Then, putting Xn = X(fn)∆f , the disrete FourierTransform and its inverse are de�ned:
Xn =

1

N

N−1
∑

j=0

xje
−ı2πjn/N xj =

N/2
∑

n=−N/2

Xneı2πjn/N (3.14)However, the DFT is not generally alulated using the expression 3.14, sinea more fast algorithm, the Fast Fourier Transform, proposed in 1965 by J.W.Cooley and J.W. Tukey, remarkably redues the number of operations.The power spetrum S(f), in the disrete ase, is the square of the magnitudeof the DFT. Here �power� an mean the atual physial power, or more often,for onveniene with abstrat signals, an be de�ned as the squared value ofthe signal.The signal x(t) an be treated as a stationary random proess, whose auto-orrelation funtion R(τ) is de�ned as
R(τ) = E[x(t)x(t − τ)] (3.15)being E[...] the expeted value, that is the average over the probability distri-bution funtion. It quanti�es how well orrelated are ouples of values of x(t)having a time distane of lag τ . 63



Chapter 3 - Diagnostis and data analysisThus, the power spetrum is the Fourier transform of the auto-orrelationfuntion:
S(f) =

∫ +∞

−∞

R(τ) e−ı2πfτdτ , thus R(τ) =

∫ +∞

−∞

S(f) eı2πfτdf (3.16)It is worth noting that in the ase τ = 0,
E[| x(t) |2] =

∫ +∞

−∞

S(f)df (3.17)whih means that S(f) desribes how the mean square value of x(t) is dis-tributed over frequenies.Typially, the problem of estimating the expeted value is e�etively overomeby ensemble averaging over M sample spetra. The approah used is to dividethe signal under analysis in M slies x
(k)
T (t), eah of lenght T , and treating eahslie as indipendent realization of the proess under study. In the ontinuousase, S(f) an be estimated using

ˆS(f) =
1

M

M
∑

k=1

S(k)(f) where S(k)(f) =
1

T
| X

(k)
T (f) |2 . (3.18)In the disrete ase, the power spetrum estimator is

Ŝn =
1

M

M
∑

k=1

| X(k)
n |2, (3.19)where X

(k)
n is the n-th element of the DFT of slie k. Thus, it is possible todemonstrate that the disrete analogous of eq. 3.17 is

1

N

N−1
∑

j=0

| xj |2≃
N−1
∑

n=0

Sn (3.20)To redue leakage, eah slie is multiplied by the Hanning window [76℄. Therelation 3.20 is then �nally omputed.3.2.2 SpetrogramA spetrogram is a time-varying spetral representation, that shows how thespetral density of a signal varies with time, S(t, f). The most ommon formatis a olour-ode ontour plot whose horizontal axis represents the time t, the64



3.2 Data analysis tehniquesvertial axis the frequeny f and a third dimension referring to the amplitudeof a partiular frequeny at a partiular time is indiated by a olour sale foreah point in the image.Spetrograms are usually alulated from the time signal using the short-timeFourier transform (STFT). Creating a spetrogram using the STFT is usually adigital proess, where the signal is broken up into hunks assoiated to the time
τ , whih usually overlap, and Fourier transformed to alulate the magnitudeof the frequeny spetrum for eah hunk. In the ontinuous-time ase, thesignal to be transformed is multiplied by a window funtion w(t) whih isnonzero for only a short period of time. Thus, the spetrogram of a signal x(t)an be estimated by omputing the squared magnitude of the STFT of thesignal, as the window moved along the time axis, as follows:

S(τ, f) = |STFT(τ, f)|2 =

∫ +∞

−∞

x(t)w(t − τ)e−ı2πftdt (3.21)Eah hunk orresponds to a vertial line in the image, that arries a measure-ment of power spetrum versus frequeny for a spei� moment in time. Thefrequeny spetra are �nally �laid side by side� to form the image.3.2.3 Wavenumber-frequeny spetrumThe analysis of the signals oming from di�erent measurement points, anprovide some information about the spatial struture along the diretion on-neting the points. In partiular, a wavenumber-frequeny power spetruman give a presention of the dispersion relation of the �utuating ativity un-der study, easy to read. Moreover, sine frequeny and wavenumber spetralindies are found independently, both frequeny-integrated wavenumber spe-trum S(n) and wavenumber-integrated frequeny spetrum S(f), that is anal-ogous to the power spetrum derived in se. 3.2.1 but for seleted wavenumbervalues, an be omputed.One method for the alulation of the S(k, f) spetrum has been devel-oped by Beall [77℄ and it is known as the two-point tehnique, sine it uses�xed probe pairs. An alternative method is the spatial Fourier deompositionof probes equally distributed along a irular (or periodi) array.Two-point tehniqueWe introdue the onept of the loal wavenumber and frequeny spetral den-sity, whih an be estimated using spatially �xed, point data soures (��xedprobe pairs�), and disuss the relationship of this spetral density to the on-ventional wavenumber and frequeny spetral density and the ross-power65



Chapter 3 - Diagnostis and data analysisspetral density. The loal wavenumber and frequeny spetral density isshown to be equivalent to the onventional wavenumber and frequeny spetraldensity when the �utuation is stationary and homogeneous and onsists of asuperposition of wave pakets; suh a �utuation is the basi model used inmany turbulene theories. A digital method for estimating the loal wavenum-ber spetrum is desribed and applied, in the ontext of this thesis, to themagneti signals oming from the oils of the U-probe, GPI diagnostis andAlfvén probe and furthermore from two ISIS magneti sensors belonging tothe luster of probes.Sine the relevant information is the phase di�erene between the two signals,in order to extrat a physially relevant measurement, the points must be loseenough to give orrelated measurements, but distant enough to yield a mea-surable phase di�erene.The ross-orrelation funtion of two signals x(t) and y(t) is de�ned, inanalogy to the auto-orrelation funtion 3.15, as
Ryx(τ) = E[y(t)x(t − τ)]. (3.22)It is related to the ross-ovariane funtion

Cyx(τ) = E[(y(t) − my)(x(t − τ) − mx)] (3.23)by Cyx(τ) = Ryx(τ) − mymx, with my = E[y(t)] and mx = E[x(t)].In analogy with the power spetrum of one signal (Se. 3.2.1), the ross-powerspetrum (CPS) of two signals is de�ned as the Fourier transform of theirross-orrelation funtion. CPS and its inverse are respetively
SY X(f) =

∫ +∞

−∞

Ryx(τ) e−ı2πfτdτ and Ryx(τ) =

∫ +∞

−∞

SY X(f) eı2πfτdf.(3.24)But ontrary to the power spetrum, the CPS is omplex-valued:
SY X(f) = CY X(f) + ıQY X(f), (3.25)where CY X(f) is known as the o-spetrum and QY X(f) as the quad-spetrum.Using a polar representation,
SY X(f) =| SY X(f) | eıΘY X(f). (3.26)From the 3.26, two very important quantities are de�ned. On the one hand,

ΘY X(f), alled the phase spetrum, gives the average phase di�erene of theFourier omponents of the two signals, frequeny by frequeny. On the other66



3.2 Data analysis tehniqueshand, the amplitude | SY X(f) | of the CPS is generally expressed in the nor-malized form
γY X(f) =

| SY X(f) |
√

SY (f)SX(f)
(3.27)where SY (f) and SX(f) are the power spetra of the two signals. γY X(f) isalled oherene spetrum (or simply oherene) and gives the degree of linearorrelation of the signals frequeny by frequeny. A very important pointto keep in mind is that the phase spetrum is signi�ant only at frequenieswhere the oherene is not too low when the oherene is almost zero the twosignals are unorrelated at that given frequeny, so that their phase di�ereneis random.The pratial evaluation of the CPS proeeds along the same lines as the powerspetrum: the two signals are divided into M slies, multiplied by the Hanningwindow and Fourier transformed. So, analogously to eq. 3.19, the ross-powerestimator to be omputed is

ŜY X,n =
1

M

M
∑

k=1

Y (k)
n X∗(k)

n . (3.28)In order to determine the wavenumber k(f) as a funtion of the frequeny,it is useful to distinguish the ase of measured phenomena haraterized by adeterministi dispersion relations rather than by turbulently broadband ones.In the �rst ase,the �utuating quantity g(x, t) an be represented as a super-position of plane waves. Eah omponent, in travelling from one sensor (1) ofthe probe to the other (2) loated at a distane ∆x, undergoes a phase shift,so that
k̂(f) =

Θ̂12

∆x
. (3.29)In the general ase of turbulent phenomena, a well de�ned relationship be-tween frequeny and wavenumber does not exist. One should therefore aim atomputing a spetral density funtion giving the power present in the �utuat-ting �eld for eah ouple of frequeny and wavenumber values. For ontinuousspae and time and onsidering the �eld g(x, t) stationary and homogeneous,its spae-time orrelation funtion

R(χ, τ) = E[g(x, t)g(x − χ, t − τ)] (3.30)depends only on time and spae lags. The spae-time CFT of g(x, t) and itsinverse, in terms of k and of the angular frequeny ω = 2πf , are de�ned as
G(k, ω) =

∫∫ +∞

−∞
g(x, t) e−ı(ωt−kx)dxdt and

g(x, t) = 1
(2π)2

∫∫ +∞

−∞
G(ω, k) eı(ωt−kx)dkdω. (3.31)67



Chapter 3 - Diagnostis and data analysisThe wavenumber-frequeny spetrum is the extension to spae-time of thepower-spetrum. Thus, the CFT of the spae-time orrelation funtion 3.30and its inverse are
S(k, ω) =

∫∫ +∞

−∞
R(χ, τ) e−ı(ωτ−kx)dχdτ and

R(χ, τ) =
∫∫ +∞

−∞
S(k, ω) eı(ωτ−kx)dkdω. (3.32)It an be demonstrated that, for lenght (L) and time (T ) sales large enough,an appropriate estimator for the wavenumber-frequeny spetrum is

Ŝ(k, ω) =
1

LT
E[GLT (k, ω)G∗

LT (k, ω)] (3.33)Therefore, in the ase that only two measurement points are available, the two-point estimate of the wavenumber-frequeny spetrum uses the phase di�erenebetween the two signals as an estimate of the wavenumber at eah frequeny.In partiular, after the usual division of the signals xT (t) and yT (t) into Mslies, required for the omputation of the ensemble average, the DFT of theslies are used to built an histogram representing the S(k, f) : for eah j-thslie, a loal wavenumber is omputed as
k(j)

n =
arg(Y

∗(j)
n X

(j)
n )

∆x
(3.34)(n is the index running over the frequenies). The 2D-histogram of S(k, f) isthen inremented at the loations by a quantity equal to

S(j)
n =| Y ∗(j)

n X(j)
n | (3.35)that is the power at frequeny n and wavenumber k

(j)
n . This is repeated for allthe slies and the resulting histogram is divided by M .Keeping in mind the Nyquist theorem, it an be seen that the maximumwavenumber that an be deteted is π/∆x. If larger values are present inthe system under study, they will give rise to aliasing. Moreover, the probespaing must be large enough so that the phase di�erene orresponding to thewavenumber resolution that we want to obtain is large enough to be deteted,but, in ase of turbulent phenomena, it must be smaller than a oherenelength, sine, otherwise, the phase errors would be quite large in a low oher-ene situation.Cirular arrayThe previous disussion an be now extended to the ase of several spatial68



3.2 Data analysis tehniquespoints. In partiular, it an be taken into aount the situation where M mea-surement points are available and equally spaed in a irular array. Atually,the assumption here is that we are measuring the properties of our systemaround a symmetry axis. Thus, it is possible to estimate the wavenumber-frequeny spetrum without the statistial approah used in the two-pointtehnique, but rather by using a disrete version of the estimator derived inequation 3.33. Due to the fat that we are onsidering a set of probes arrangedin a periodi fashion, the Fourier transform in spae (at di�erent θ angles) isreally a determination of the oe�ients of a Fourier series. In pratie, am-plitudes and phases are omputed by applying the FFT algorithm to the Mmeasurements at eah time sample. The amplitudes am(t) and the phases
αm(t) are related to the measured �eld x(t) by

x(θ, t) =
∑

m=0,1...

am(t) cos[mθ + αm(t)] (3.36)Furthermore, the frequeny-wavenumber power spetrum is omputed as
S(m, f) = lim

T→∞

1

T
〈| XT (m, f) |2〉 (3.37)where the angular brakets represent an ensemble average omputed as anaverage over the time slies in whih the signals have been divided, whereas

XT (m, f) is the double Fourier transform of the array of signals x(θ, t), reordedfor a time T , over both time and angle.The maximum wavenumber value that an be measured by a irular array isestimated by means of the Nyquist theorem: | k |= M/(2R), where R is theradius of the array.
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Resistive Interhange Modes inRFX-modIn this hapter, the �rst diret experimental evidene of magneti �utuationsdue to unstable resistive interhange modes in RFX-mod plasma is presented.After an introdution about the features of these modes in fusion and, in par-tiular, in RFP plasmas (Se. 4.1), the experimental observations performed bymeans of a sophistiated setting of in-vessel detetors, are desribed. The insta-bilities deteted are haraterized by relatively high frequeny, high toroidalmode number (n > 20) and they resonate in the edge region of RFX-modplasma (Se. 4.2). A omparison with modelling predition has also been ex-posed in Se. 4.3.4.1 Resistive Interhange Modes theoryAs exposed in the introdutive setion dediated to Interhange modes (1.4.1),a plasma in a urved magneti �eld an exhibit the unstable growth of inter-hange perturbations when the radius of urvature vetor is direted oppositelyto the diretion of the pressure gradient. This an our whenever a plasma ison�ned in a magneti �eld that is onave towards the plasma itself.In a tokamak on�guration, the main magneti �eld is toroidal. Thus, as high-lighted in �g. 4.1a, the toroidal urvature is favourable (onvex towards theplasma) on the inner side of the mahine (small Rc) and unfavourable (onavetowards the plasma) on the outer side (large Rc). This means that the modesould appear in the outer side region of the plasma. Anyway, the 1/R weightof the small R-side is slightly greater than the weight of the large R-side, sothe net e�et is stabilizing. Regarding to a RFP on�guration, sine the mainmagneti �eld is poloidal, the situation is di�erent: as shown in piture 4.1b,only regions of unfavourable urvature are present.Nevertheless, the magneti �eld has two stabilizing roles: on the one hand,any bending of the �eld lines tends to oppose to the growth of the perturba-71



Chapter 4 - Resistive Interhange Modes in RFX-mod

Figure 4.1: a) In a tokamak on�guration the urvature of the main magneti�eld is favourable on the inner side and unfavourable on the outer side. b) Ina RFP on�guration the urvature is always unfavourable.tion with wavelengths below a ertain ritial value; on the other, the magnetishear s (de�ned in eq. 1.21) limits the region of instability when this ours.The presene of a shear of the magneti �eld lines ativates a mehanism thatinhibits the harge separation whih would otherwise build up. Sine a �eldline traed many times around the torus maps out a �ux surfae, harges arerapidly dispersed, being transported along the �eld lines. This is known asshear stabilization.The �rst linear stability analysis on this topi was presented by Bergen R. Suy-dam in 1958 [78℄ for a linear pinh (with Bz being the axial magneti �eld).The theory provides a neessary ondition for the m 6= 0 modes to be stable:
dp

dr
+

rB2
z

8µ0

(

1

q

dq

dr

)2

> 0 (4.1)where q is the safety fator (see de�nition 1.20). This relation is alled Suy-dam's riterion, whih asserts that to stabilize interhange modes the magnetishear must be large enough to overome the destabilizing e�et of the pressuregradient, i.e. dp/dr < 0. Two years later, in 1960, Claude Merier generalizedthe stabilization riterion for a toroidal plasma [79℄. Then further, more om-plete formulations followed (e.g. [80℄).The unique regions where the shear stabilization annot operate are the ra-tional surfaes (de�ned in 1.4), beause there the �eld lines lose upon them-selves and do not outline a �ux surfae, so harge build up is not inhibited. Ifa perturbation, having the same �eld line pith of a rational surfae, ours,72



4.2 Experimental observationsinterhange instabilities an loally grow.Thus, the interhange modes tend to be loalized around resonantsurfaes, where a small displaement of magneti �eld lines is possi-ble without distortion of the lines themselves, so as to minimize themagneti �eld line bending energy. The driving fore for these modesis the pressure gradient aross surfaes with average unfavourableurvature.In real plasmas, resistivity must be taken into aount. Indeed, the pres-ene of �nite resistivity favours the destabilization of the modes at pressuregradient values lower than those predited by ideal MHD theory [81℄. Therelation between the growth rates and the Lundquist number, that is inverselyproportional to the resistivity, is known to sale as ∼ S−1/3. This point is oneof the features that an help to distinguish between interhange and tearingmodes, the last being the most ommon resonant modes in fusion devies. Thetearing modes growth rate, indeed, sales with ∼ S−3/5 [82, 20℄.Moreover, resistivity gradients have been demonstrated to drive a di�erentkind of modes, named rippling modes, having features very similar to those ofthe pressure-gradient-driven interhange (they are resonant, loalized at theedge, they interhange internal to external plasma regions in a fusion devie),so to beome almost indistinguishable in our ase. Anyway, the ontributionsof pressure and resistivity gradients are summed [20℄, thus, in general, a u-mulative e�et an our. But, sine the possible presene of the mentionedrippling mode annot be veri�ed, we will not take into aount the previousonsiderations in the following analysis.4.2 Experimental observationsThe study of the modes, interpreted as belonging to the interhange branh,starts from the analysis of the magneti spetra measured by the insertableU-probe, presented in Se. 3.1.1. The spae-time properties of the magneti�utuations have been obtained by Fourier transforming the signals obtainedfrom the omplete toroidal array of oils measuring Bϕ of the ISIS system(Se. 3.1.2).The whole analysis overs a set of 200 disharges, performed in a relatively lowplasma urrent range (300 kA < Ip < 600 kA). This seletion is due, on theone hand, to the fat that the U-probe annot be inserted inside the plasmaduring high urrent disharges and, on the other hand, beause the magneti73



Chapter 4 - Resistive Interhange Modes in RFX-modspetra measured at high Ip levels by the ISIS system are a�eted by the pres-ene of various oherent �utuations, thus an analysis that an distinguish theontributions from di�erent modes would be more omplex.The spetra in �g. 4.2 show that large magneti �utuations are present for fre-quenies up to about 200 kHz, with about 60% of the total magneti �utuat-ing energy onentrated in the frequeny region spanning from 30 to 150 kHz.In partiular, it is observed that the magneti spetrum peaks around 100 kHz

Figure 4.2: Typial power spetra of the time derivative of the three ompo-nents of the magneti �eld, measured by the U-probeduring the disharges haraterized by a deep reversal of the toroidal magneti�eld. In this ontext, �deep reversal� means values of the parameter F < −0.1or, analogously, values of the safety fator pro�le at the edge q(a) < −0.025.Although in the RFP on�guration the parameter F is usually adopted torepresent the reversal depth, in this thesis I prefer to use the more ommon
q(a).Two S(n, f) spetra, obtained as a onditional average over disharges seletedat two di�erent q(a) values, are shown in �gure 4.3. Magneti ativities ex-hibiting di�erent harateristis (frequeny, periodiities, dispersion relations)are found in the two di�erent equilibria.Shallow reversal.Figure 4.3a shows the S(n, f) spetrum obtained as an average over dishargesharaterized by a shallow reversal of the toroidal magneti �eld, orrespond-ing to q(a) = −0.015. A oherent struture is observed at frequenies below74



4.2 Experimental observations
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Figure 4.3: Typial olour-oded ontour plot of the S(n, f) spetra of mag-neti �utuations for two di�erent experimental onditions: (a) S(n, f) spe-trum obtained at shallow reversal of the magneti �eld, q(a) = −0.015; (b)
S(n, f) spetrum obtained at deeper reversal, q(a) = −0.050; () the tworeferene q(r) pro�les. The vertial line marks the plasma wall.
50 kHz arranged on an almost ontinuous linear dispersion relation, in theform ω = (n/R)vph, with ω = 2πf , where f is the frequeny and vph is thephase veloity of the �utuations in the toroidal diretion. The measuredphase veloity is of the order of 20 ÷ 30 kms−1 in the ounter toroidal plasmaurrent diretion orresponding to the eletron diamagneti diretion, whih is75



Chapter 4 - Resistive Interhange Modes in RFX-modin good agreement with the plasma �ow veloity at the edge of the RFX-moddevie dedued by means of gas pu�ng imaging diagnostis [83℄ and is alsoonsistent with the E × B �ow measured by the Langmuir probes [84℄.The analysis of the poloidal periodiity, performed by means of the poloidalarray of ISIS sensors, reveals the main m = 0 nature of this magneti �u-tuation, whose origin is still under investigation. Thus, in shallow reversaldisharges, a m = 0 ativity, that is probably assoiated to the global�ow propagation, is measured. More information on this topi is providedin Se. 4.2.2.

Figure 4.4: S(m, f) spetrum from the ISIS poloidal array measuring Ḃϕobtained seleting in frequeny the magneti ativity observed at deep reversaldisharges: the poloidal mode number measured is m = 1.Deep reversal.The m = 0 �utuations are observed to beome of smaller amplitude in deeplyreversal disharges, as an be seen in �gure 4.3b, obtained by analyzing datataken seleting the disharges with q(a) ≈ −0.050. In this S(n, f) spetrum,a di�erent oherent struture at frequenies in the range 40 ÷ 100 kHz, is ob-served to dominate. The Fourier deomposition of the signals from the ISISpoloidal array of probes shows that its dominant periodiity is m = 1. This re-sult is exhibited by the urve in piture 4.4, obtained by integrating the S(m, f)spetrum provided by the ISIS array over the frequeny range spanned by themodes under investigation.In partiular, the mentioned S(n, f) spetrum (�g. 4.3b) exhibits the exitationof magneti �utuations in the form of a broad peak at high (n ≈ 35) posi-76



4.2 Experimental observationstive toroidal mode numbers (the modes resonate outside the reversal surfae,Se. 3.2.3). This value of the toroidal mode number results from a orretion

Figure 4.5: (a) S(n, f) spetrum obtained by means of the toroidal array ofISIS oils, measuring n up to 24. (b) S(n, f) spetrum obtained by means oftwo losely toroidally spaed array ISIS oils, measuring n up to 56.of the periodiity sale, that is neessary sine the spatial resolution of thetoroidal array of ISIS oils is limited (| n |≤ 24) and so the omputed S(n, f)spetra are a�eted by aliasing. As mentioned in 3.2.1, in some ases it ispossible to orret spetra a�eted by aliasing by means of a proper shift. Inthis ase, the orretion provides that eah negative n values, n<0, is substi-tuted by n<0 + ∆n, where ∆n = nmax − nmin is the width of the toroidalmode number sale i.e. ∆n = 48. The presene of an aliasing problem is sug-gested also by observing the 4.3a spetrum, where the right extremity of the
m = 0 struture is ut and reappears at negative values. For what onernes
m = 1 �utuations, the aliasing is on�rmed by a omparison with the S(n, f)spetra dedued by applying the two-point tehnique to the signals from twolosely spaed ISIS magneti oils. As it is lear observing the two spetra in�gure 4.5, the peak under investigation atually orresponds to high positive nvalues and the aliased toroidal mode number spetra, dedued by the toroidalarray must thus be orreted.Summarizing, a m = 1 magneti ativity, haraterized by high pos-itive mode numbers and frequeny around 70 kHz, arises in deeplyreversed disharges.In �gure 4.6, the gradual weakening of the m = 0 �utuations and theonurrent emersion of the m = 1 struture, moving towards deeper reversed77



Chapter 4 - Resistive Interhange Modes in RFX-moddisharges, are exhibited. The di�erent S(n, f) spetra are averaged over dis-harges assoiated to q(a) values entred around that one spei�ed above eahimage. The spetra of the sequene have been orreted for the aliasing as

Figure 4.6: Series of S(n, f) spetra obtained by ISIS toroidal array, assoi-ated to deresing q(a) values.explained above. Analyzing this piture, at least three important observationsarise. I will treat them in detail in the next three paragraphs.4.2.1 Externally resonant modesThe analysis of the magneti ativity under investigation at di�erent values of
q(a) reveals that the toroidal mode number n, orresponding to the maximumof the �utuation amplitude is inversely proportional, i.e. n· | q(a) |= 1.This point is exhibited in �gure 4.7. Sine the measured poloidal num-ber is m = 1, the relation indiates that the observed high frequeny modesorrespond to magneti perturbations resonating at the edge of the plasma78



4.2 Experimental observations

Figure 4.7: The toroidal mode number n referring to the maximum of theativity is inversely proportional to q(a), the value of the safety fator at theedge.olumn. Moreover, the determination of the diretion of the wave propaga-tion (desribed in the next setion 4.2.2) permits to assert that the modes areharaterized by high positive toroidal numbers. In aordane with the RFPnomenlature, these modes are alled externally resonant modes.4.2.2 Mode rotationIn �gure 4.6, it an be noted that the m = 1 peak in the (n, f) plane ap-pears to be almost aligned with the linear dispersion relation haraterizingthe ontinuum low frequeny m = 0 �utuation. In partiular, this an beobserved fousing on the spetra where both the ativities are present i.e.
q(a) = −0.27, −0.32.Anyway, �gure 4.8 highlights this observation. It shows the same S(n, f)spetra presented in �g. 4.3 after the orretion of the aliasing e�et. Thealignement of the two magneti ativities ould provide information about thenature of the frequeny of the m = 1 modes, sine the m = 0 �utuation anbe interpreted as the toroidal plasma �ow and, thus, the Doppler e�et ana�et the observations.The idea that the m = 0 ativity is assoiated to the plasma �ow is not onlydue to the fat that the �utuation phase veloity, vph, is omparable, both79



Chapter 4 - Resistive Interhange Modes in RFX-mod

Figure 4.8: S(n, f) spetra at shallow (a) and deep (b) reversal of the mag-neti �eld, after orretion of the aliasing e�et.in magnitude and diretion, to that of the rotating �ow (as mentioned in the�rst part of setion 4.2). Atually, an inversion of the phase veloity sign ofthe �utuation is observed when the radial position of the probe is hanged,similarly to that measured for the plasma �ow, as mentioned at the end of thesetion 2.2.3 (in partiular, �g. 2.13).In �gure 4.9, various S(n, f) spetra, realized by means of the insertableprobe at di�erent radial positions are shown. The vph is observed to exhibit apropagation reversal. The presene of the aliasing a�eting the S(n, f) spetramakes some of them di�ult to read, but it an be noted that the slope of theativity is direted towards positive n values at more external positions, whiletowards negative ones at innermost plasma layers.It is worth noting that in the last image a possible m = 1 ativity is slightlyvisible, being probably assoiated to very high n values sine the spetra isa�eted by aliasing.A on�rmation of the fat that the m = 1 mode frequeny is assoiated to theplasma �ow rotation is provided by the analysis represented in �g. 4.10. Thekey to understand the �gure is to keep in mind that the modes are resonant80
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Figure 4.10: Red points are the mode experimental frequenies measured atdi�erent q(a) values. Blak points are the extrapolated frequeny of Dopplera�eted modes that would grow in shallow reversal disharges.Summerazing, from this analysis it an be dedued that sine the m = 0�utuation has been interpreted as the toroidal plasma �ow, thealignement of the two modes is an indiation that the frequeny as-soiated with the m = 1 mode is mainly due to a Doppler e�et, asthe mode rotates with the plasma.4.2.3 The mode amplitudeThe third observation that an arise looking at �gure 4.6 is a relevant growthof the power spetrum amplitude of the m = 1 �utuation.The hromati sale used in the ontour plot, however, does not allow to aththe tendeny of the mode intensity at very deep reversal disharges, beausethe olor (red in the piture) is uniform (saturated) beyond a ertain thresholdamplitude.A more exahustive and quantitative information is given by �gure 4.11, wherethe experimental amplitude of the �utuations is plotted versus the value ofthe safety fator at the edge. Sine the signals used for this analysis measurethe time derivative of the magneti �eld, Ḃϕ, the amplitude of the modes hasbeen evaluated using the integrated signals and seleting the part of spetrumwhere the m = 1 mode is exited. A rapid growth of the amplitude of the82
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Figure 4.11: The amplitude of the mode �utuations grows while the safetyfator at edge beomes more negative.modes moving towards deeper reversal equilibria is learly visible.The amplitude of the total perturbation produed by these modes is observedto reah values up to almost 1% of the equilibrium magneti �eld at the edgein deeply reversed disharges.4.2.4 Radial eigenfuntionA omplementary analysis of the behaviour of the periodiities has been per-formed by means of the insertable U-probe. In this ase, a set of dishargeswith a safety fator at edge in the range −0.036 ≤ q(a) ≤ −0.030 has beenseleted. By inserting the U-probe at di�erent radial positions, the series of
S(n, f) spetra shown in �g. 4.12 has been produed. The numbers loatedabove eah spetrum indiate ∆r, the insertion of the probe inside the plasma,as de�ned in the paragraph 3.1.1. The blank spaes between the spetra aredue to the lak of disharges in the required onditions.In partiular, it is worth noting that the amplitude of the �utuation is mod-ulated along the radial oordinate. Thus, by measuring it as desribed in 4.2.3,it has been possible to reonstrut the radial eigenfuntion of the mode, ex-hibited in �g. 4.13. The shape of the eigenfuntion shows that the mode isloalized at the edge of the plasma olumn.In the �gure the maximum of the mode is loalized in orrispondene of the�rst wall of the vauum hamber. This an be explained by the fat that83
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Figure 4.12: Series of S(n, f) spetra obtained by the U-probe at di�erentprobe insertions. The q(a) value is inluded in a narrow range.

Figure 4.13: The radial eigenfuntion of the mode.the measurement of the magneti sensors refers to an average value of plasma�utuations loalized in a radius of some entimeters. Thus, sine most of theontribution to the measurement omes from the region where the plasma isdenser, we an imagine the measurements to be radially shifted, so as to loal-ize the peak inside the plasma. Anyway, for disharges with this equilibrium,the reversal of the magneti �eld is loated at r/a ≈ 0.9. This is a furtheron�rmation that these modes resonate externally with respet to the positionof the reversal of the magneti �eld. 84



4.2 Experimental observations4.2.5 Fast dynamis of wavenumber and frequeny spe-traAn interesting orrelation of the toroidal mode number value and of the fre-queny of the mode with the fast time evolution of the safety fator at the edge,has been found. Figure 4.14a shows the time evolution of the wavenumber spe-

Figure 4.14: (a) Wavenumber sperogram for the toroidal mode number nin the time. (b) Frequeny spetrogram. The violet line represents the safetyfator at the edge q(a).trum of the Ḃϕ signal. It has been alulated by realizing, for suessive timelags, an integration of the S(n, f) spetrum over the frequenies relative to the�utuation under investigation. The relation between n and q(a) (representedby the violet line in 4.14b) is not surprising in the light of what exposed insetion 4.2.1, but a so rapid time response of both the modes to grow and theprobe system to measure the variation, was not a priori obvious.In �gure 4.14b a frequeny spetrogram (see se. 3.2.2) measured on somemilliseonds during the �at top phase of a single disharge is exhibited. The85



Chapter 4 - Resistive Interhange Modes in RFX-moddynamis of the mode frequeny is in turn involved in this fast evolution sinethe frequeny hanges in order to maintain the mode aligned with the disper-sion relation of the m = 0 ativity (i.e. to mantain the same phase veloity).4.2.6 Polarization measurement

Figure 4.15: Measurement of the phase di�erene between the radial andtoroidal omponents of the mode.A measurement of the relative phase (mode polarization) between Ḃϕ and
Ḃr �utuating omponents deteted by means of the U-probe oils has beenperformed.As shown in 4.15, the phases of the radial and toroidal omponents of themode are in quadrature, as expeted for a �utuation of the plasma urrentomponent aligned to the main magneti �eld (poloidal at the edge of a RFPplasma) that is toroidally propagating with the plasma �ow [85℄.Thus, the polarization measurement is in agreement with that expeted forresonant modes.4.3 Physial interpretationIn order to formulate a proposal for the physial interpretation of the modespresented in the previous setion, the measured spetra have been ompared to86



4.3 Physial interpretationthe predition of a linear stability analysis performed by means of the ylindri-al ode ETAW, already extensively used for RFP alulations [66℄ and, morereently, suessfully benhmarked against the MARS ode [86℄.The ode solves the linear ylindrial resistive inompressible and invisidsingle-�uid MHD equations, using a spetral formulation and a matrix shoot-ing eigenvalue sheme. Up to two resistive walls an be onsidered for theboundary onditions, with a thin shell approximation. The plasma model issolved inside the �rst wall and the solution is then mathed with the exter-nal solution of the vauum ylindrial Laplae equation, analytially known interms of modi�ed Bessel funtions.For the problem under onsideration we have assumed that only one wall ispresent, whih orresponds to a perfet ideal shell loated at r/a ≈ 1.05, i.e.
5% of the plasma minor radius. This hoie appears to be the most appropri-ate, sine, as it has been measured (Se. 4.2.2), the modes rotate at a relativelyhigh speed together with the plasma, and a metal liner with 1÷2 ms magneti�eld penetration time is present in the RFX-mod devie. Therefore, the linerats as a perfet ondutor for these fast rotating modes.It must be spei�ed that these instabilities evolve through a linear growthphase followed by a nonlinear one and that what we have observed are the sat-urated energy spetrum of the modes. Thus, it an be objeted that a linearmodel would not satisfy the requirements for a proper desription of the modesbehaviour. Nevertheless, it is found that the spetral mode properties are ingood agreement with the preditions of the linear stability analysis. This pointwill be more extensively addressed in setion 4.3.1.Figure 4.16 allows a omparison between the spetra of the growth ratesobtained by the ode (a) and the experimental ones (b). Theoretial growthrates γ (normalized to the Alfvén time) have been alulated for two di�erent
q pro�les, both deep enough to observe a fully developed m = 1 instability:in the ase of a deeper reversal, orresponding to q(a) = −0.05, the spetrumis peaked at a value n ≈ 25, while at a shallower reversal, q(a) = −0.03, themaximum of the spetrum is at n ≈ 40.The experimental data ensue from an average over 10 disharges, omparablein terms of Ip, ne and q(a), for eah of the two reversal values. The toroidalmode number spetra S(n) are obtained by seleting, in the (n, f) plane, thefrequenies where the m = 1 mode is mostly exited and taking an average ofthem (in order to obtain the value of the �utuating magneti �eld, magnetisignals have been numerially integrated).It is worth noting that the theoretial preditions are in good agreement withthe experimental S(n) spetra. On the one hand, the values of the toroidal87
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Figure 4.16: (a) Theoretial growth rate (normalized to the Alfvén time) fordi�erent toroidal mode numbers, orresponding to two di�erent q(a) values.Di�erent symbols mark the two di�erent plasma pressure pro�les used for thesimulation. (b) Experimental S(n) spetra under the same q(a) onditions of(a).mode number are onsistent in both equilibria; on the other hand, the relativeamplitude of the spetra is the same, i.e. both in the experiment and in thesimulation the maximum of the spetrum at shallower reversal is lower. More-over, similar to the experimental results, the toroidal mode number spetrafor a given equilibrium shows that the growth rate vanishes for modes thatresonate lose to the stabilizing wall (at low n's) and also for modes resonantlose to the reversal of the toroidal magneti �eld (at high n's), where thee�et of the magneti shear is stronger.The value of β (de�ned in 1.22) adopted in the simulation is 2%, ompara-ble to the experimental one for the onsidered ase. It must be added that dueto the rather narrow range of the explored β values, the role of this parame-88



4.3 Physial interpretation

Figure 4.17: The two di�erent radial pressure pro�les adopted in the theo-retial analysis (blak lines) ompared with a typial experimental pro�le (reddiamonds).ter in determining the di�erent dynamis at deep and shallow reversal annotbe experimentally determined. Nevertheless, a useful information an anywayarise by means of the simulations, where two di�erent pressure pro�les, shownin �gure 4.17, have been onsidered.The two pro�les for the theoretial estimations (blak lines in the piture)are atually intended to represent those orresponding to the minimum andmaximum edge gradients measured in the RFX-mod plasmas under the ex-perimental onditions explored here. The two hosen pro�les are omparedwith a typial experimental one in RFX-mod (red diamonds), obtained fromdensity and temperature pro�les published in [87, 64℄, respetively, measuredin almost idential disharges.In �gure 4.16a, the di�erent symbols distinguish the two di�erent pressure pro-�les: the spetra assoiated to the pressure pro�le indiated with a �star� isharaterized by a growth rate almost triple than those obtained in the ase ofthe �dot� pressure pro�le, as expeted for the interhange instability. Thus, wean infer that the theoretial growth rates at a given β are strongly in�uenedby the pressure pro�le. It an be learly seen that larger edge pressure gradi-ents are assoiated with larger γ values. Moreover, the results of simulationsperformed imposing a zero β show that the modes are linearly stable in theabsene of pressure.This observation an be related to what asserted in the setion 4.1,that the pressure gradient has a destabilizing e�et on the inter-89



Chapter 4 - Resistive Interhange Modes in RFX-modhange modes.

Figure 4.18: Total normalized amplitude of the magneti �utuation as afuntion of the Lundquist number, S, for a given plasma equilibrium (q(a) =
−0.03). Two theoretial S salings are overplotted: the S−1/3 saling, preditedfor interhange modes, and the S−3/5 saling, predited for tearing modes. Thedashed line, referring to the right-hand side y-axis, represents the dependeneon S of the growth rate predited by the ETAW ode for the same plasmaequilibrium.Another interesting observation arising from the omparison between ex-perimental results and the ode is that the amplitude of the modes on the onehand and the theoretial growth rate on the other sale in a omparable waywith the Lundquist number, S (de�ned in 1.12) and, in partiular, this salingis in agreement with what expeted for interhange modes.In �gure 4.18, the experimental normalized amplitude of the magneti �u-tuations, B̃ϕ/B(a), obtained by summing the ontribution from eah singletoroidal harmoni, are plotted versus the relative Lundquist number. Thedata are onsistent for a plasma equilibrium orresponding to q(a) = −0.03,hosen as equilibrium, exhibiting a lear m = 1 high frequeny ativity forwhih the largest range of S values is experimentally available.Sine, as mentioned in Se. 4.1, it an be seen that the S saling expetedfor the interhange modes is di�erent from that expeted for the tearing modes,90



4.3 Physial interpretationboth the relations are plotted in the �gure, in order to ompare them with theexperimental data and with the trend predited by the ETAW ode, indiatinga growth rate saling as S−0.3 (red dashed line referring to the right-hand sidey-axis).Despite the large dispersion of the experimental points, a saling lose to S−1/3is fully ompatible with the data. Furthermore, the results of the χ2 test ap-plied to the experimental data for the two theoretial salings are indiated inthe �gure: they state that the S−1/3 saling �ts the experimental data betterthan the S−3/5 one.Other onsiderations an be added in order to reasonably exlude an interpre-tation of the observed magneti �utuations in terms of tearing modes. Firstof all, they are generally observed to only slowly rotate in RFX-mod [88℄, sothat they are easily distinguishable from the high frequeny magneti ativityunder investigation here. Moreover, in the ase of tearing modes, any relationwith the pressure pro�le is not expeted and �nally, suh high n values areusually stable.4.3.1 Quasi-linear saturation modelAt this point, we want to address the problem of the nonlinear saturation ofthese modes.For this purpose, a nonlinear model would be required (see for example [89℄),and/or models taking into aount the e�ets whih ould a�et the stabilityproperties of interhange modes extensively desribed in the literature, e.g.�nite Larmor e�ets, parallel ion visosity and diamagnetis e�ets ([90, 91℄and referenes therein).However, we want to present here a simple quasi-linear model in whih thegrowth rate is balaned by a dissipation mehanism proportional to the squaredmode wave number, whih is the onsequene of having a Laplaian-like dis-sipation term in the equations. From the previous observations, it is expetedthat the measured �utuation amplitude orrelates with some quantity whihtakes into aount both the growth rate and the mode number.Visous dissipation operates more e�etively on high n, whih is the ase or-responding to less negative q(a).As shown in �gure 4.19, despite the simpliity of the model, a very good or-relation is found between the experimental amplitude of the �utuations and
γ/n2, that is the maximum growth rate divided by the square of the relativemode number, at di�erent q(a) values.Future studies are required to better understand why the �footprints� of thelinear stability properties are so learly impressed in the nonlinear saturated91
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Figure 4.19: The amplitude of the mode �utuations (blak points) and thegroth rates normalized to n2 (red points) towards deeper reversal equilibria.state of MHD interhange resistive turbulene in our devie.
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Alfvén Eigenmodes in RFX-modIn the last deades, Alfvén waves and in partiular Alfvén eigenmodes (AE)have been intensively studied by the fusion sienti� ommunity. The intereston this topi has grown sine wave-partile interations an have both harmfuland bene�ial impliations. On the one hand they an indue the loss of ener-geti ions, suh as alpha-partiles (see eq. 1.13), via diret or inverse Landaudamping, thus in�uening the performane of future reators [92, 19℄. On theother hand they an be used to hannel energy from the fast ion populationto the bakground one [93℄ or to diagnose fundamental plasma parameters [94℄.In setion 5.1, the theory of Alfvén Eigenmodes (AE) is brie�y presented.Then, the �rst experimental observation of Alfvén eigenmodes in RFX-mod isdesribed and a disussion about their physial interpretation is arried out.Some onsiderations about the driving mehanism are given in the last setion.5.1 Alfvén Eigenmodes theoryIn Se. 1.4.2, a general introdution about Alfvén waves in in�nite homoge-neous plasmas, has been given. Solving the MHD equations, three independentdispersion relations for hydromagneti waves were found (1.48, 1.49 and 1.51)in the axisymmetri ylindrial approximation.Sine it is known that in the RFX-mod plasma vS ≈ 15% vA, the equations totake into aount are
ω2

A = k2
‖v

2
A and ω2

A = k2v2
A , (5.1)desribing, respetively, the Shear and Compressional Alfvén Waves (SAW andCAW, respetively). In fusion devies SAW are more extensively studied beause they are ratherlikely to beome unstable, sine k‖ ≤ k =

√

k2
‖ + k2

⊥, and therefore, withrespet to CAW, less energy is needed to bend the magneti �eld lines [95℄.93



Chapter 5 - Alfvén Eigenmodes in RFX-modIt is worth spei�ng that in real plasmas the distintion between SAW andCAW is not so sharp: they an be oupled together mainly by perpendiularplasma non-uniformities [96℄. This topi will be onsidered in the next setion.The dispersion relations of the Alfvén waves, in a sheared magneti �eld, arepart of a ontinuous spetrum, alled Alfvén ontinuum. It is di�ult to exiteinstabilities in the Alfvén ontinuum, beause of a damping mehanism. Eahwave of a hypothetial wave-paket of �nite radial extent generally has di�erentveloities at di�erent radii, so the pulse rapidly disperses. This mehanism isknown as ontinuum damping. Nevertheless, in the radially loalized pointswhere the ontinuum damping is not e�etive, a large variety of disrete modesan be destabilized. In the ase of Shear waves, the modes, alled ShearAlfvén Eigenmodes (SAE), an be divided into two main lasses [97℄:
• the �rst one inludes disrete eigenmodes whih an develop where thedegeneray between two rational surfaes with the same toroidal numberis removed by the non-linear oupling of the two modes, reating a gapin the ontinuum spetrum (e.g. TAE, EAE, HAE).The Toroidal Alfvén Eigenmodes (TAE) are probably the most studiedAlfvén eigenmodes in toroidal devies: they were �rst omputed by C.Z.Cheng and M.S. Chane (1986) [98℄ and they are observed in essentiallyall toroidal on�nement on�gurations [99, 100, 101, 102℄; TAE an ap-pear when the degeneray between two modes with | ∆m |= 1 and same

n is removed by the toroidal oupling.In helial equilibrium plasmas, as in stellarators and, maybe, duringSHAx states of RFP devies, the symmetry of the on�guration is bro-ken in both poloidal and toroidal diretions, thus more varieties of AEshould exist [103℄. These modes are assoiated with the rossing of twoylindrial Alfvén branhes oupled by the helial equilibrium ompo-nent.
• the seond family an our near an extremum of the ontinuous spe-trum (e.g. GAE, RSAE).The Global Alfvén Eigenmodes (GAE), also known as "Disrete AlfvénWaves" or "Alfvén frequeny modes" [104℄, were at the beginning theo-retially studied by K. Appert (1982) [105℄ and experimentally observedby G.A. Collins (1986) [106℄; they an be exited at frequenies just be-low a minimum in the dispersion relation pro�le.Another example of SAE are the Reversed Shear Alfvén Eigenmodes(RSAE) that our in tokamak plasmas with a minimum in the q pro�le.The mode resides near the minimum and has a frequeny that is above94



5.2 Alfvén Eigenmodes: experimental observationsthe ontinuum frequeny, thus avoiding strong ontinuum damping.Similarly, the formation of potential wells in the CAW spetrum, due to aombination between the radial variation in density and the perpendiularwave number, allows the development of weakly damped Compressional AlfvénEigenmodes (CAE) [107℄.A �rst experimental study of Alfvén Eigenmodes (AE) in Reversed-FieldPinh (RFP) plasmas, in the form of small wavelength toroidally indued AE,was proposed by G. Regnoli et al. [102℄ in the EXTRAP T2R devie; as will berealled later, the modes desribed in the mentioned paper have some di�erentfeatures with respet to the ones observed in RFX-mod, in partiular, theyare haraterized by a ompletely di�erent toroidal periodiity. Moreover, onthe Madison Symmetri Torus (MST), interesting studies onerning AlfvénEigenmodes in RFP plasmas, driven by the fast ions produed with a NeutralBeam Injetor, are presently arried out [108℄.5.2 Alfvén Eigenmodes: experimental observa-tionsThe magneti ativity desribed in this hapter have been analysed mainly bymeans of the experimental observations obtained by inserting the U-probe atthe level of the graphite tiles, i.e at r/a = 1.03. The analysis performed bymeans of the U-probe data shows oherent magneti ativities at a frequenyin the range 0.1 ÷ 1.3 MHz, whih will be shown to depend on the Alfvénveloity.Two kinds of modes have been distinguished in the experimental observations.They an be observed in �gure 5.1, representing the spetrogram of the Ḃθsignal. In order to failitate the desription of the di�erent harateristis, thetwo modes at higher frequeny will be named �Type I� and the other three,intermittent in time, �Type II�.In �gure 5.2 we show an example of power spetra of the signals from threeU-probe oils measuring the radial, toroidal and poloidal magneti �elds timederivative, Ḃr, Ḃϕ and Ḃθ respetively, omputed in the �at-top phase of asingle disharge. Two broad peaks are present in the power spetrum of the
Ḃθ signal, at frequenies around 1000 kHz, in the region haraterised by apower law deay of the spetrum.The Ḃr and Ḃϕ spetra, instead, are quite di�erent with respet to the Ḃθ95
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Figure 5.1: Spetrogram of the Ḃθ signal. Two di�erent kinds of modesare observed: one, named 'Type I', at higher frequeny and enduring all thedishange time; the other, named �Type II� at lower frequeny and intermittentin time.one: their �utuations amplitude is muh higher and no oherent peaks arepresent, but a large bulge ours at the same frequeny of the modes underinvestigation.MHD theory requires that SAE would be haraterised by the ondition B̃⊥ >>
B̃‖, nevertheless they exhibit in general, elliptial polarization (both paralleland perpendiular omponents), while CAE are expeted to have a nearly lin-ear polarization aligned along the equilibrium �eld [100℄. Thus, sine in a RFPon�guration the magneti �eld at the edge of the plasma olumn is mainlypoloidal, a speedy reading of this experimental result would suggest an inter-pretation of the modes in terms of CAE. Nevertheless, a more areful study ofthe spetra annot exlude the SAE interpretation. In partiular, the spetrumamplitude of the peaks under investigation is about two orders of magnitudesmaller than that of the perpendiular omponents at the same frequenies:we wonder whether their highly �utuating and turbulent bakground, dueto di�erent instabilities (mainly resistive tearing and interhange [2℄ modes),would make it impossible to distinguish in these spetra the oherent, but rel-atively small, Alfvén modes. Atually, the little bulge ould be an indiation96



5.2 Alfvén Eigenmodes: experimental observations

Figure 5.2: Power spetra of Ḃr, Ḃϕ and Ḃθ signals measured at the position
r/a ≈ 1.03 by the insertable edge probe.of the presene of alfvéni peaks hidden by the large �utuation.Anyway, it is important to remark that in the existing literature it has beenproven that perpendiular non-uniformities an lead to the oupling of theShear and the Compressional Waves [96℄. For instane, in NSTX plasmas,some magneti perturbations haraterized by a SAW polarization in the oreand the ompressional omponent dominating at the edge, have been observed;these experimental results are in agreement with the simulations performed bythe hybrid 3D HYM ode (a non-linear, global stability ode in toroidal ge-ometry, inluding fully kineti ion desription) [109, 110℄. This means that inreal plasmas the SAE and CAE branhes are not mutually exlusive.The Alfvéni nature of the modes is on�rmed by an analysis performedin various experimental onditions, orresponding to di�erent plasma urrent(Ip) and density values and using di�erent working gases (H and He).As shown in �gure 5.3, a linear relation between mode frequeny and Alfvénveloity vA is found. In this analysis, the Alfvén veloity vA has been evaluatedonsidering the magneti �eld at the edge,

B(a) ≈ Bθ(a) = µ0Ip / 2πa, (5.2)and the ion mass density as
ρ ≡ ni mi = Z−1

eff 〈ne〉Amp (5.3)97
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Figure 5.3: Mode frequeny versus Alfvén veloity vA for a wide range ofexperimental onditions. Full points onern the Hydrogen disharges andopen ones the Helium disharges. Di�erent symbols distinguish the two modesnamed �Type I� (light and pine green irles) and the three modes named�Type II� (pink, orange and purple squares).where mp is the proton mass, A is the atomi mass and Zeff is the e�etiveion harge [111℄.The eletron density value, 〈ne〉, used in the omputation is atually a lineaveraged value, obtained from an internal hord of the interferometri diag-nostis. The Zeff value has been �xed to 1.5 for H disharges (full symbols inthe piture), whih is typial for RFX-mod H plasmas; the value of Zeff forHe shots (open symbols), being not measured in the set of disharges onsid-ered for the analysis, has atually been hosen in order to make the He urvesoiniding with the H ones: Zeff,He = 3.5.It is worth noting that the slopes of the urves onstitute distint experi-mental wave-vetors. The observed lear linear relation between themode frequeny and the Alfvén veloity for distint wave-vetors val-ues suggests that the modes under investigation are atually AlfvénEigenmodes. 98



5.3 Global Alfvén Eigenmodes (Type I)The experimental values of the so-dedued wave-vetors are reported in thefollow. For the Type I modes, they are kexp,1 ≈ 2.5 m−1 (pine green irlesin the piture) and kexp,2 ≈ 1.9 m−1 (light green irles). Please note that
kexp,2 ≈ 75 % kexp,1: this experimental observation will be used in setion5.3.4. The wave-vetor values dedued by the linear relation for the Type IImodes are: kexp,3 ≈ 0.75 m−1, kexp,4 ≈ 0.55 m−1 and kexp,5 ≈ 0.33 m−1.5.3 Global Alfvén Eigenmodes (Type I)Type I modes onsist in two oherent magneti �utuations lose in frequeny,lasting for the whole disharge at a frequeny in the range 600 ÷ 1200 kHz(higher order harmonis are also slightly seen).Their Alfvéni origin is learly seen in �gure 5.4, where the dynami evolutionof the mode frequeny (b) is ompared with the plasma urrent and densitytime behaviour (a) in a single disharge. In partiular, the mode frequenyslowly dereases following Ip and, on the other hand, has a sharp redution inorrispondene with a Lithium pellet injetion (at 190 ms), reognizable as asudden surge of the density measurement.5.3.1 Mode number measurementsBy means of two probes measuring the poloidal magneti �eld �utuations indi�erent toroidal positions and applying the two-point tehnique, the toroidalperiodiity assoiated with the two Type I modes has been estimated. Theresult is shown in �gure 5.5, where the frequeny power spetrum of eahtoroidal Fourier mode number n, S(n, f), is plotted in a olour-oded ontourplot. The modes are visible as two light broad peaks, entred roughly around
n = 0. The S(n) spetra, overplotted in the piture as ontinous lines, wereobtained by integrating the S(n, f) spetra over the frequeny range delimitedby the horizontal dashed lines in the �gure, orresponding to the two Alfvénipeaks. The lighter urve is assoiated to the higher frequeny peak and theother to the lower one: it must be pointed out that, despite in the exampleproposed in �gure 5.5, the higher frequeny peak has a larger amplitude thanthe one at smaller frequeny, this ondition is not always veri�ed.Despite the large width of the S(n) urves, imputable to the statistial ap-proah, both spetra are observed to have a maximum orresponding to a
n = 0 periodiity; it must be added that this estimate seems to be the mostfrequently measured value on a statistial basis over more than 50 disharges.99
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Figure 5.4: a) Plasma urrent Ip (left axis) and eletron density 〈ne〉 (rightaxis) time evolutions; b) spetrogram of a Ḃθ signal for the same disharge.Moreover, in some experimental ampaigns the U-probe has been rotatedin order to measure the poloidal periodiity assoiated with the AE under in-vestigation. An analysis similar to that desribed for the measurement of thetoloidal mode number gives a statistial evaluation of m. The poloidal modenumber value is onsistent with m = 1 for both peaks.Finally, the radial wave-vetor omponent kr has been estimated using100
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Chapter 5 - Alfvén Eigenmodes in RFX-modmodes and the radial wave-vetor has been observed. The average value of themeasurements gives kr & 5 m−1.5.3.2 Frequeny splitting
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Figure 5.7: a) Spetrogram of a Ḃθ signal. b) Power spetrum of Ḃθ evaluatedin the time range 217.5 ÷ 218.5 ms.An interesting phenomenon has been observed performing an analysis ofthe spetra in plasma onditions haraterized by a high Alfvén veloity, i.e. by102



5.3 Global Alfvén Eigenmodes (Type I)modes with a frequeny of the order of MHz: in some disharges it is possibleto reognize a splitting of the mode frequeny. In partiular, as anbe observed in the spetrogram of �gure 5.7a, the mode at higher frequeny ismainly involved in this phenomenon. A �ne struture an be, indeed resolvedobserving in detail the higher mode.By means of an integral of the spetrogram in the time range delimited by thetwo vertial dashed lines (217.5 ÷ 218.5 ms), the spetrum in �gure 5.7b hasbeen obtained: three thin peaks, omposing the higher frequeny mode, anbe distinguished.It is interesting to note that similar phenomena have been already observed toarise in TAE at JET [112℄ and in CAE at MAST [113℄. It has been shown [112℄that a non-linear model for kineti instabilities developed by Berk and Breiz-man [114℄ predits that a single-frequeny mode an split into multiple lineswhen the instability growth rate dominates the e�etive ollision frequeny ofthe resonant partiles.
5.3.3 The role of magneti reonnetionAs mentioned in setion 2.2.3, RFP plasmas are haraterized by quasi-periodispontaneous relaxation events, known as Disrete Reonnetion Events (DRE).Two interesting e�ets regarding the Alfvéni mode behaviour during theserapid events have been observed. The �rst one, onerning the enhanementof the amplitude of the spetrum assoiated to Type I AE in orrespondeneof a reonnetion event, is exposed in this setion; the seond e�et, by whihit has been possible to radially loalized the modes, is set out in next setion,devoted to the physial interpretation of the modes (Se. 5.3.4).Enhanement of the mode spetrum amplitude during DRE.In order to study the mode response during DRE dynamial phases, a statisti-al approah has been adopted, by means of a onditional averaging proedureover a number of single events: di�erent DRE, reognized by the rapid fall ofthe safety fator at the edge q(a), have been seleted from a disharge havinga quite uniform time evolution of Ip and 〈ne〉; then a new time base tc hasbeen de�ned �xing the zero at the instant when the q(a) has a minimum.In �gure 5.8b the evolutions of q(a) (solid line) and of the relative spetro-gram, both obtained by a onditional averaging proess over multiple events,are shown: the two modes an be reognized at 650 and 850 kHz and a globalinrease of the �utation amplitude is observed at tc ≈ 0. The last point be-omes evident in �gure 5.8a, where a omparison between the power spetra103
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Figure 5.8: a) Power spetra of a Ḃθ signal referring to three instants ofthe rash evolution. b) Spetrogram obtained by a onditional average overdi�erent time intervals entered on a single DRE (the solid line represents theaveraged q(a)). ) Time evolution of mode energy.referring to three di�erent moments of the q(a) dynamis is exhibited: thepower spetrum amplitude assoiated with the q(a) minimum instant is on-siderably larger.It is worth noting that not only the amplitude of the bakground spetrum(whose origin is still under debate) grows, but also the amplitude of the AEspetrum is partiularly enhaned. 104



5.3 Global Alfvén Eigenmodes (Type I)To estimate the energy stritly assoiated with the AE, we integrated the spe-trum over the frequenies in the range 500 ÷ 1050 kHz, after subtrating the�utuation bakground, represented by the dashed lines obtained interpolatingthe spetrum-broad-band in terms of a frequeny power law (�gure 5.8a). Itis worth noting that the evolution of the mode in �gure 5.8 shows that itsamplitude has pratially doubled during the reonnetion event.This observation an be a signi�ant starting point in the disussion aboutthe possible drive mehanisms of the Alfvén Eigenmodes under onsideration.In partiular, at this point we annot distinguish whether the inrease of thebakground and of the AE amplitude is aused by the same drive or not.This interesting subjet will be reovered in the setion 5.5, where some re-marks about the possible mehanisms driving the alfvéni modes are pointedout.
5.3.4 A possible physial interpretation: GAEGiven the experimental observations, it is now neessary to make some on-siderations in order to try to give a physial interpretation to suh AlfvénEigenmodes.As desribed in setion 5.2, the estimation of the wave-vetor has been ob-tained by the linear interpolation of the experimental frequenies at di�erentAlfvén veloities: in the ase of Type I modes, their value is around 2.As stated before, two main branhes of AE must be onsidered: the SAE,haraterized by a dispersion relation where only the parallel omponent ofthe wave-vetor appears (ωA = k‖vA) and the CAE, for whih the whole wave-vetor must be taken into aount (ωA = kvA).Therefore, an interpretation of the modes in terms of CAE would require arelation between the frequeny and the Alfvén veloity regulated by

k =
√

k2
r + k2

θ + k2
φ, (5.4)where kr, kθ and kϕ are the radial, poloidal and toroidal wave-vetor om-ponents respetively. The experimental measurements of the mode numbersreported in Se. 5.3.1, from whih kr & 5 m−1,kθ & 2 m−1 and kϕ ≈ 0, entaila total value to be at least k & 7 m−1. Suh a value seems probably too largeto be onsistent with the kexp values obtained by the relation of the measuredfrequeny with the Alfvén veloity of the various plasma onditions explored.On the other hand, aording to the SAE hypothesis, the wave-vetor ompo-105



Chapter 5 - Alfvén Eigenmodes in RFX-modnent a�eting the �rst dispersion relation of 5.1, is
k‖(r) =

k · B
| B | = [m + nq(r)]

Bθ(r)

r | B(r) | . (5.5)Taking into aount the periodiity measurements, it is simple to verify thatthe kexp evaluated by the interpolation are in good agreement with the k‖ esti-mated. Indeed, the sum between squared brakets gives ≈ 1, being both n and
q(r) values very lose to zero, so that their produt an be negleted. Then, ifthe modes are loalized at the plasma edge, r ≈ a, the poloidal magneti �eldis omparable to the main one and their ratio is ≈ 1, so k‖ ≈ 2. Otherwise, ifthe modes reside more inside r . a, we an onsider the two magneti ompo-nents being similar, so Bθ/B . 1; thus the resulting k‖ is the same.It is therefore reasonable to assoiate the modes observed in RFX-mod plasmato the Shear branh.The following analysis is devoted to investigate the possible ourrene ofgaps in the ontinuum of Alfvén dispersion relation at the frequenies where themodes here desribed are observed. Both the gaps generated by the toroidaloupling (TAE ase) or by the presene of a minimum (GAE ase) in theAlfvén frequeny radial pro�le, fA(r), are onsidered. In the TAE ase, theproper orretion to the dispersion relation due to toroidiity and ausing themodes oupling has been derived for the RFP on�guration by G. Regnoli etal. (2005) [102℄; the dispersion relation takes the form:

ω2 = k2
‖(r)v

2
A(r)γ(r) (5.6)where

γ =
1 + σ ±

√

(1 − σ)2 + ǫ2
0σ

2 − ǫ2
0/2

and σ = k2
‖,m+1/k

2
‖,m ;the ǫ0 parameter, representing the gap width, is small but �nite at the edge ofa RFP plasma. In [102℄ it was estimated as ǫ0 ∼ 2 r/R.Regarding the Global Alfvén Eigenmodes, the presene of an extremum (e.g. aminimum) in the dispersion relation pro�le is an essential ingredient for theirdevelopment. The radial pro�les of the eletron density and of the safety fator(obtained as mentioned in Se. 3.1.3), representative of a general behaviour,are shown in the �gures 5.9a and 5.9b, respetively. By means of suh quanti-ties, the Alfvén frequeny pro�les have been simulated (�g. 5.9): the dashedurves refer to the ontinuum shear dispersion relation (the �rst of eq. 5.1), thesolid ones, taking into aount the toroidal oupling, refer to the expression 5.6.The k‖(r) pro�le used is de�ned in equation 5.5; di�erent poloidal (m = 0, 1)106



5.3 Global Alfvén Eigenmodes (Type I)
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Figure 5.9: Radial pro�les of the eletron density ne (a), of the safety fator
q (b) and of the Alfvén frequeny fA() for di�erent poloidal m = 0, 1 andtoroidal n = 0,−3,−4 periodiities, in ylindrial (dashed lines) and toroidal(solid lines) approximations. The two arrows on the left indiate the experi-mentally observed frequeny values (for the Type I modes).and toroidal (n = 0,−3,−4) mode numbers have been onsidered. The twoarrows on the left side of the piture indiate the frequenies of the modesexperimentally observed in the Ḃθ power spetrum of the same disharge atthe same instant.It is worth noting that the urves with a loal minimum at the edge represent107



Chapter 5 - Alfvén Eigenmodes in RFX-modthe m = 1 modes and that the rossing between modes with di�erent m andthe onsequent toroidiity-indued oupling our only for toroidal numbers
| n |≥ 4. The measurement of the toroidal periodiity would suggest an in-terpretation in terms of GAE, nevertheless, sine it is based on a statistialapproah (Se. 5.3.1), the TAE option annot be totally exluded.However, referring to �gure 5.9, it is possible to dedue that the disrim-inating fator an be the loalization of the modes: TAE develop inside theplasma, and GAE at the edge. A useful indiation in this sense emerged fromthe observation of the mode response during a single reonnetion event: themodes are loalized at the edge.The large and rapid variation of the safety fator at the edge q(a), sign ofa global relaxation, and the relative spetrogram of the modes are presentedin �gures 5.10a and 5.10b respetively. As desribed in the previous para-graph and observed in the mentioned spetrogram, a global inrease of themagneti �utuations at all frequenies ours during the DRE. Moreover, im-mediately after the �utuation growth, the modes exhibit a redued frequeny,that reovers its pre-reonnetion value in few milliseonds. The dashed urveoverplotted on the spetrogram represents the mode frequeny alulated usingthe plasma parameters presented above (Ip, Zeff and 〈ne〉, that, we remind, isestimated from an internal hord of the interferometri diagnostis, so it is anaverage value) and the experimentally obtained kexp,2 value. It is worth notingthat this estimate an not explain the rapid fall of the measured frequeny.On the other hand, the solid urve, obtained by plotting the frequeny valuesof the ontinuum minimum relative to the (m,n) = (1, 0) urve, whih takesinto aount the density radial pro�le, at di�erent time instants, mathes quitewell the experimental frequeny dynamis. The mode frequeny depends onthe value of the plasma density at the radial position where the modes areexited; in �gure 5.10, three 〈ne〉 radial pro�les in di�erent time instants areshown. The pro�le shape and espeially the density value in the edge region ex-hibit an interesting dynamis during the reonnetion proess: a rapid growthof the density ours mainly around r/a ≃ 0.8 ÷ 0.9 during the DRE, as al-ready more extensively doumented elsewhere [115℄. This observation seemsto on�rm that the modes are atually loalized at the very edge of the plasmaolumn.Conluding, sine the toroidal mode number values are entered around zeroand the mode has been loalized at the edge (Se. 5.3.3), it is evident that theexperimental observations are mainly onsistent with the minimumof the (m,n) = (1, 0) ontinuum, so with the Global Alfvén Eigen-mode interpretation. 108



5.3 Global Alfvén Eigenmodes (Type I)
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Figure 5.10: A reonnetion event is reognized by the abrupt fall of thesafety fator at the edge q(a) (a) and by the global inrease of the Ḃθ �utua-tions (b). The dashed line represents the mode frequeny as estimated by theplasma parameters (Ip, 〈ne〉, Zeff , k1,exp), the solid one is the time evolutionof the frequeny minimum of the ontinuum. ) ne radial pro�les at threedi�erent instants.Finally, an interesting element in the physial interpretation of the experi-mental results ould be the lose agreement of the experimental observationswith those, named Alfvén Frequeny Mode (AFM), obtained in TFTR and109



Chapter 5 - Alfvén Eigenmodes in RFX-moddesribed by Z. Chang et al. [104℄.In partiular, in both TFTR and RFX-mod devies, despite the largely dif-ferent magneti topologies, it has been observed that two modes are presentat a frequeny linearly depending on the Alfvén veloity and that they areseparated in frequeny by about 25% (see the setion 5.2 of this thesys andthe �gure 2 of [104℄).In TFTR ohmi plasmas, the estimation of the mode numbers by means ofMirnov oils gave (m,n) = (1, 0) for both peaks; these values are onsistentwith the mentioned possible interpretation of the modes in terms of GAE.Moreover, the ativity here investigated has been reorded in all the high den-sity disharges onsidered, while in low density regimes the modes seem toappear less frequently (at 〈ne〉 < 1 × 1019 m−3 the Alfvéni modes are ex-tremely weak); in the mentioned paper, above a threshold value, a lear lineardependene of the mode amplitude on the eletron density was exhibited (�g-ure 10 of [104℄). In both experiments it has been observed that an abruptinrease in 〈ne〉 (e.g. pellets) indues not only a sharp drop in the mode fre-queny, but also an enhanement of the mode amplitude (see �gure 5.4).A further similarity between the experimental observations of RFX-mod andTFTR is that the modes are loalized in both devies at the edge.Later on, AFMs have been theoretially explained in terms of n = 0 GlobalAlfvén eigenmodes [116℄. Aording to the mentioned paper, the presene of adouble (m,n) = (1, 0) mode is explained in term of the quantization onditionof the radial omponent of the wave-vetor, the two eigenfrequenies beingloalized in lose but di�erent radial positions.
5.4 Alfvén Eigenmodes during SHAx states(Type II)Di�erently from those of the Type I, Type II AE, haraterised by a frequenyin the range 100 ÷ 600kHz, have been found only in high plasma urrent dis-harges (Ip > 1.5MA). In partiular, the presene of the mode is disontinuousin time, being stritly related to the time evolution of magneti equilibrium.This is evident from �gure 5.11, representing a spetrogram of the U-probe Ḃθsignal for a Ip ≈ 1.8MA disharge. Some relatively weak, oherent peaks areseen to appear when the dominant tearing mode (m = 1, n = −7) amplitude(toroidal omponent), shown by the red ontinuous line referring to the right-side y axis, is very high.As previously mentioned (Se. 2.2.2), high plasma urrent disharges in RFX-110



5.4 Alfvén Eigenmodes during SHAx states(Type II)
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Figure 5.11: Spetrogram of U-probe Ḃθ signal. The red line is the(m,n)=(1,-7) toroidal magneti �eld omponent.mod are haraterised by the spontaneous transition to a helial equilibrium,the Single Helial Axis state (SHAx). The fat that SHAx states are inter-mittently interrupted by reonnetion events ausing rapid transitions to themultiple heliity regime, involves the disappearing of the Type II modes.In �gure 5.12 two power spetra of the Ḃθ signal, obtained seleting in thesame disharge, time instants haraterized by di�erent magneti topologies(MH and SHAx), are shown. It is worth noting that, while the Type I modes,interpreted as GAE, are ontinuously present during the disharge, the TypeII peaks (in this ase only one is visible, at about 400 kHz) appear only duringthe SHAx states.5.4.1 Mode number measurementsThe mode number measurements assoiated to the Type II �utuations arenot lear, beause of the di�ulty to isolate the ativity of interest by thebakground �utuation.Nevertheless, some preliminar evaluations of the toroidal mode numbers havebeen performed and they plae the n value roughly in the range n ≈ 0 ÷ 4.As regards to the poloidal mode number, we an say that long-wavelength111



Chapter 5 - Alfvén Eigenmodes in RFX-mod

Figure 5.12: Power spetra of Ḃθ signal for the di�erent topologies (MH andSHAx states).omponents has been observed.5.4.2 Possible physial interpretationsFurther analyses are needed to give a physial interpretation of Type II modes.Certainly, a fundamental information is that they arise only when the plasmaspontaneously organizes in a helial equilibrium.This observation brings to mind the huge literature on the the study of Alfvénmodes in stellarators. In partiular, in these devies the break of the axialsymmetry of the magneti on�guration auses the appearane of gaps in theAlfvén ontinuum whih are absent in tokamaks. Deriving a basi equation forthe SAE in �ux oordinates [103℄, it an be seen that two ylindrial Alfvénbranhes, interseting at the same frequeny ωA(m,n) = ωA(m + µ, n + νN),an be oupled by any given Fourier harmoni of the magneti �eld, ǫ(µ,ν),where the oupling numbers µ and ν are integers and N is the number of peri-ods of the equilibrium magneti �eld. In the ase where both oupling numbersare not null, the gap is said to be heliity-indued andHelial Alfvén Eigen-modes an develop. 112



5.4 Alfvén Eigenmodes during SHAx states(Type II)For the ase of the desribed observations about the Type II modes in RFX-mod devie, a ollaboration with the Oak Ridge National Laboratory (USA)is presently undergoing with the aim of studying the 3D e�ets of the helialequilibrium during SHAx states, on the Alfvén ontinuum and on the possibleouplings. In partiular, the AE3D ode is going to be applied to the peuliarRFX-mod magneti and pressure pro�les (in a self-organized N = 7 devie)in order to investigate the eigenfuntions and the stability properties of theAlfvén instabilities. An important point to be addressed is to verify if thefrequeny ordering presribing the HAE one to be fairly higher than that ofthe TAE [103℄, whih is known to be valid for stellarators, must apply also tothe RFX-mod ase. This would be an interesting analysis as seen in �g. 5.9,in RFX-mod TAE frequeny has been evaluated to be omparable to the GAEone while the frequeny of the Type II modes is generally lower by a fator 3.

Figure 5.13: Safety fator pro�le during a SHAx state in RFX-mod.A further interesting observation is that SHAx states are assoiated withthe presene of a maximum in the q pro�le, as shown in Fig. 5.13, where thesafety fator is plotted against the spatial oordinate in a helial equilibrium,
ρ, de�ned in eq. 3.3.The absene of magneti shear at the radius where q is maximum realls theondition of the reversed shear tokamak plasmas, where the q pro�le has a min-imum and Reversed Shear Alfvén Eigenmodes an be exited, as a hugeamount of experimental observations demonstrate [117, 97℄. In this respet, itmust be added that, in tokamaks, the frequeny of the RSAE is observed to be113



Chapter 5 - Alfvén Eigenmodes in RFX-modslightly lower than that of the toroidiity-indued AE, somehow onsistentlywith RFX-mod observations.A last onsideration is that in this ase the mode would be loalized fairly in-side the plasma, so that the possibility to measure it by using a probe loatedat the edge of the plasma olumn, would deserve a speial attention.5.5 Hints on possible driving mehanismsThe oherent magneti ativity here desribed has been reognized as the �rstlear evidene of Alfvén Eigenmodes in the RFX-mod plasma. In this setion,a disussion about the drive mehanism for these modes is arried out.Currently, the ommon interpretation about the exitation of AE in tokamaksis that they are driven by fast ions, produed by NBI or ICRH antennas,with veloities in the range of the Alfvén speed through the inverse Landaudamping mehanism. Nevertheless, AE have been also observed in ohmiallyheated plasmas (e.g. in ASDEX Upgrade [118℄, in TFTR [104℄, in TCA, �gure3 of [119℄). For the RFP ase, where only ohmi heating is present, a �rsthypothesis was proposed by Regnoli et al. [102℄. Toroidal Alfvén eigenmodesould tap free energy from partile soure via the diamagneti drift if
ωDRIFT =

k⊥

eB

1

ne

∇(neκBTe) ≥ ωTAE, (5.7)This ondition an be satis�ed at the edge, where the pressure gradients arethe highest, for the high toroidal mode number TAE there deteted.In EXTRAP T2R experiment, indeed, the observed high frequeny Alfvéni�utuation has a toroidal phase veloity of vph = ωTAER/n. For oupling, thefrequenies and toroidal phase veloities should be equal for the two waves,whih yields a relation between n and k⊥,
n

R
= k⊥

B0

Bθ

(5.8)and gives k⊥ ≈ kϕ at the edge as Bθ(a) ≈ B0. It an be veri�ed that themodes whih are suited to be destabilized by the eletron pressure pro�le atthe edge of EXTRAP T2R are high-n modes with | n |> 30 onsistently withthe high-n numbers observed in the experiment.However, suh an interpretation seems not to be appliable to the low-n modestruture assoiated to the modes observed in RFX-mod.The ωDRIFT ≥ ωTAE ondition is, moreover, almost never satis�ed in toka-maks, where the main magneti �eld is higher, so that Marashek et al. [118℄114



5.5 Hints on possible driving mehanismsproposed the role of the inverse energy asade on the oupled drift Alfvénsmall-sale turbulene to explain the observation of AE in ohmially heatedtokamak plasmas.It is worth mentioning that suh a oupling has reently been identi�ed inthe edge region of the RFX-mod plasmas in the form of drift Alfvén vortexstrutures [120℄, so that a role played by the inverse asade also for RFX-modplasmas annot be exluded.A "thermal", non-resonant driving mehanism, based on harge exhange pro-esses near the plasma edge, has also been proposed by Chang et al. (1995)[104℄: the model features, in addition, the mode amplitude enhanement whenthe edge density inreases, as experimentally observed also for AE in RFX-mod.Anyway, an important role in the exitation of AE in RFX-mod plasmaould be played by fast the partiles, having a veloity of the order of vA,whih ould be generated during the spontaneous reonnetion events. It isquite a ommon knowledge that fast partiles (ions) are aelerated during thereonnetion proess with a veloity omparable to the Alfvén speed, ross-ways to the urrent sheet where the magneti �eld lines reonnet [8℄.Suprathermal ion tails have been observed in the past in RFX plasmas, forwhih a wave partile interation model was proposed [121℄. Also reently inMST plasmas, a population of suprathermal ions, generated during magnetireonnetion, has been measured [122℄.This aspet is presently under investigation by means of the Neutral PartilesAnalyzer diagnostis reently installed in the RFX-mod devie (desribed inSe. 3.1.3). In �gure 5.14a, a ontour plot, obtained by a onditional aver-aging proess over about ten disharges, of the neutral hydrogen atoms H0�uxes olleted by the NPA during magneti reonnetion events (the greenurve represents q(a)) is shown. In partiular, the generation of a high energyions population in the distribution funtion of the H0 exiting the plasma isobserved. Piture 5.14b highlights this behaviour: at reonnetion, the lowestenergy �ux omponent (blak line) is redued, while a high energy (> 5 keV )population forms (red line). The origin of the generation of a non-Maxwellian
H0 fast population (deriving from harge-exhange proesses with aeleratedprotons), is still under debate, but it is worth noting that suh fast partiles,being in some ases super-Alfvéni, ould, in priniple, be able to indue aninverse Landau damping mehanism for AE destabilization.In this respet, it must be reminded that, as shown in setion 5.3.3, reon-netion events have been observed not only to have an in�uene on the modefrequeny, but also on their amplitude: the growth of AE energy, above the115



Chapter 5 - Alfvén Eigenmodes in RFX-mod

Figure 5.14: a) Event-averaged energy spetrum of the H0 �ux exiting theplasma versus the time resaled to the DRE minimum time: the generation of ahigh energy tail is observed. b) Time trae of the H0 �uxes at low (E = 1 keV )and high (E = 5.6 keV ) energy values.turbulent bakground, indiates that reonnetion is likely to stimulate a driv-ing mehanism for this kind of magneti instability. Further analysis andexperimental investigation of the neutral �uxes at higher energy levels, alongwith theoretial modelling, would be, however, mandatory in order to supportthis hypothesis and to investigate the relation of suh phenomenon with theion heating due to reonnetion observed in the RFP plasmas of the MST de-vie [123℄.Conluding, a last onsideration on this subjet an be added. At the end ofsetion 5.3.3 is mentioned that it annot be exluded the possibility that the116



5.5 Hints on possible driving mehanismsgrowth of the bakground �utuation and of the AE amplitude is aused bythe same drive, sine they both doubled at the reonnetion. During the DRE,a strong slap of magneti energy is distributed at all frequenies: we wonderwhether this ould be enough to exite AE at the frequenies at whih a gapis present.
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Mirotearing modes
6.1 Mirotearing mode introdutionThe MHD model provides a desription of plasma instabilities in the largelength sale approximation. Calulations inluding �nite Larmor radius andkineti dissipation e�ets indiate that a lass of instabilities with wavelengthsomparable to the ion/eletron Larmor radius, an our. They are namedmiroinstabilities.Themirotearing (MT) modes are miroinstabilities that attrated the inter-est of the tokamak ommunity sine the 1970s [124℄, as they are onsidered analternate soure of magneti �utuations whih ould enhane thermal trans-port.As the name suggests, mirotearing instabilities are similar to the more om-mon tearing modes, brie�y presented in setion 1.4.3, but they are harater-ized by a high poloidal mode number m and, onsequently, very high toroidalmode number n. For suh short wavelenght instability, the standard tear-ing mode theory predits stability. Nevertheless, mirotearing instabilities anbe driven unstable by the eletron temperature gradient, unlike their long-wavelength ounterpart whih is essentially urrent driven [11℄. The strongtemperature gradients, indeed, an be reservoirs of large amounts of free en-ergy available to trigger miroinstabilities, whose e�et is to inrease radialtransport and to damp a further inrease of the gradients by a self-regulatingproess. The physial ontribution made by steep gradients is to generateturbulene that short-iruit regions of plasma having di�erent temperatures,generating a heat �ux.RFP plasmas, more than tokamak ones, are an optimal environment for MTmodes to grow, sine they are haraterized by not low ollisionality and βplasmas, onditions favourable to destabilize MT [125℄.These instabilities have been reently predited to be linearly unstable in RFX-mod plasma by means of a gyrokineti ode by I. Predebon et al. (2010) [126℄.119
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Figure 6.1: a) U-probe Ḃθ spetrogram: a oherent magneti ativity isobserved at 200 ÷ 300 kHz around 144 ms. The white line represents thedominant mode amplitude. (b) Power spetra referring to the time instantsindiated: 129 ms (pine green urve), 144 ms (red urve) and 149 ms (violeturve).In �gure 6.1a, a spetrogram of Ḃθ signal in a high plasma urrent dishargeis shown. A magneti ativity, haraterized by a broad frequeny spetrum,is learly visible in the time range between 141 ÷ 146 ms, at a frequeny of120



6.2 Experimental observations
200 ÷ 300 kHz. (It is worth noting that some Type II AE are also slightlyvisible at 132 and 157 ms).The ativity has been observed only in disharges haraterized by long lastingQSH states, whih, for RFX-mod orresponds to high plasma urrent levelsand shallow reversal parameter. The white line, representing the amplitudeof the dominant mode magneti �eld, is overplotted to underline that themode under investigation ours in oinidene of the phases during whih the
Bϕ (1,−7) amplitude is relatively high.Moreover, as seen in setion 5.3.3, a global enhanement of the magneti �u-tuations at all the frequenies is seen to our during disrete reonnetionevents: in the spetrogram, they are reognized by the narrow vertial stripesin orrespondane of the fall of the dominant mode (for a reminder of the on-netion between DRE and the transition to MH states, see setion 2.2.2)In �gure 6.1b three power spetra realized at the three time instants indiatedin the spetrogram are shown. In partiular, the pine green power spetrumhas been alulated at 129 ms, that is when the dominant mode amplitude ishigh, but the magneti ativity under investigation is not observed. The redurve, referring to 144 ms, orresponds to an instant at whih the Bϕ(1,−7) ishigh and the ativity is present. Finally, the violet urve shows the magnetispetrum at 149 ms, that is during a disrete reonnetion event.The omparison of the spetra is useful, on the one hand, to show the appear-ane in the red urve of a pronouned broad peak entered around 200 kHz,while in the green spetrum, although the dominant mode is high, the ativitydoes not our; thus the presene of a QSH state is observed to be neessarybut not a su�ient ondition for the mode to develop.On the other hand, the spetra in piture 6.1b help to understand how todistinguish the mode spetrum (red urve) from that due to a reonnentionevent (violet urve), sine the two spetra are omparable at the frequeniesat whih the ativity under investigation our. Nevertheless, they exhibit amarked di�erene at the lowest frequenies. For this reason, in order to givea quantitative evaluation of the spetrum amplitude A of the ativity withoutonfusing it with the DRE ourrene, the following formula has been applied:

A =

∫

∆f1
S(f)df

∫

∆f2
S(f)df

(6.1)that is the integral of the power spetrum in the frequeny range ∆f1 = 100÷
300 kHz, indiative of the presene of the modes, normalized with respet tothe respetive low frequeny spetrum integral, in the range ∆f2 = 10÷50 kHz.As mentioned, the ourrene of QSH states is found to be not the onlyingredient neessary for the development of the �utuation under study.121



Chapter 6 - Mirotearing modes

Figure 6.2: U-probe Ḃθ spetrogram: the amplitude A of the ativity underinvestigation (white urve), the amplitude (red urve) and the phase (orangeurve) of the dominant mode are superimposed.An important role is atually played by the phase of the dominant mode itself,sine it has been experiened to rotate at a frequeny of about 30 Hz.This statement ensues from the observation of �gure 6.2 (the two oherentat 800 and 1000 kHz are the modes desribed in Chapter 5 and reognizedas Global Alfvén Eigenmodes). The time behaviour of the magneti ativityobserved to peak around 200 kHz in the spetrogram of the Ḃθ U-probe signal,is well desribed by the amplitude A, de�ned by the relation 6.1, representedby the white urve. Moreover, the amplitude (red urve) and the phase (orangeurve) of the dominant mode are superimposed, in order to investigate theirrole on the appearane of the ativity. In partiular, it an be observed thatthe amplitude A inreases when the dominant mode amplitude is high and, atthe same time, the phase value is roughly between π and 2π.In order to study the relation between the ativity amplitude and the phaseof the dominant mode, φ(1,−7), a statistial analysis performed over about 30high-urrent disharges has been arried out. Sine the quantities A and φ(1,−7)are both funtions of time, they have been divided in time intervals of some
ms and an average value for eah time interval of the two quantities has beenonsidered. The points plotted in �gure 6.3a, thus, show the relation betweenthe amplitude A and the phase φ(1,−7).It is lear from the �gure that high ativity amplitudes are assoiated to spei�phase values inluded in the range ∆φ = (0.9 ÷ 1.7)π (points highlighted byred olour).A parallel analysis is represented in �gure 6.3b, where the points have beenseleted distinguishing the ases when the phase belongs to ∆φ (red points) andthose with a di�erent phase (blak points). It an be observed that if the phase122



6.2 Experimental observations

Figure 6.3: a) The ativity amplitude A is shown to be high only withina ertain range of the dominant mode phase values. The �right� phase ishighlighted by the red points. b) The amplitude A of the modes with �right�phase inreases with the amplitude of the dominant mode.is the �right� one (the red points), the amplitude A depends (roughly linearly)on the amplitude of the dominant mode Bϕ(1,−7). On the ontrary, if the phaseis not inluded in the ∆φ range, A mantains a onstant low value both duringMH and QSH states. We an onlude that the magneti ativity underinvestigation is observed by the U-probe in onditions of high Bϕ(1,−7)(orresponding to QSH states) and at spei� phase values.Moreover, the analysis of the ativity amplitude A has been extended tothe data oming from two magneti oils belonging to a poloidal array of theISIS system measuring Ḃθ. In partiular, the mentioned array is loated atthe toroidal angle ϕ = 216.2◦, so, pratially, at the same toroidal position ofthe U-probe. The two oils used for the analysis has been hosen to be loatednear the equator, one on the outer side (at Θe = 19◦), the other on the innerside (at Θi = 161◦) of the mahine. In �gure 6.4a the time evolution of theamplitude A measured by the U-probe (orange urve), by the outer ISIS oil(red urve) and by the inner ISIS oil (blue urve) are plotted. The blak urverefers to the dominant mode amplitude.From the piture, it an be noted that, as above mentioned, the presene ofQSH state (high Bϕ(1,−7) amplitude) is a ondition neessary but not su�ientto observe high values of the ativitity amplitude A measured by the threedi�erent magneti sensors. Moreover, a very good agreement between the or-ange and the red urves that are quite lose, while the blue urve, oming froma probe diametrially opposed loated, is learly in antiphase with respet tothem. These observations suggest that the magneti ativity under study is123
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Figure 6.4: (a) Amplitude A of the modes plotted as measured by the U-probe (orange urve) and by the ISIS sensors loated at the internal (orange)and external (red urve) sides. The blak urve represents the dominant modeamplitude. (b) Eletron temperature pro�les measured by the Thomson sat-tering diagnostis at the time 110 ms (pine green symbols) and 185 ms (violetsymbols), as indiated in (a).alternately present on one side of the mahine or on the other.Futhermore, it has been observed that the amplitude A is high during QSHstates assoiated to the presene of a thermal struture i.e. a steep tempera-ture gradient, in orrespondene with the oil used for the measurement. In�gure 6.4b, the eletron temperature pro�les measured by the Thomson sat-tering diagnostis (see setion 3.1.3) aptured at 110 ms (pine green symbols)124



6.2 Experimental observationsand at 185 ms (violet symbols) are plotted as examples. A thermal struturetypial of QSH states (see Se. 2.2.2) is observed to be present in eah of thetwo pro�les. The hot region is observed to hange its position in time in a-ordane with the rotation of the helial struture measured by means of thephase of the dominant mode. In partiular, a relation is found between theappearane of the magneti ativity on the outer side of the mahine (orangeand red urves of �g. 6.4a) and the presene of a thermal struture in theinternal side, orresponding to negative r (pine green symbols in �g. 6.4b).On the other hand, the maximum ativity on the inner side (blue urve) isassoiated to a thermal struture arising on the external side of the mahine(violet symbols), at positive r values.In order to better understand the geometry of the experimental setup, �g-

Figure 6.5: Shemati view of the helial struture and the relative positionof the magneti probes (represented by the small ubes) and of the Thomsonsattering (in the sheme the two groups of diagnostis are only 1.5 pithes,instead of the 2.5 that should be).ure 6.5, whih omes from a simulation of the �ux surfaes during a SHAxstate, shows a fration of helial struture and the respetive position of themagneti oils and of the Thomson diagnostis at t = 185ms referring to thease onsidered in �g. 6.4.The relation between the thermal struture and the high magneti ativityan, thus, be explained �rst of all realling the ylial struture of the helix125



Chapter 6 - Mirotearing modesand presuming that its general features are almost spatially preserved. In thisway, it turned out that the ativity seems to rotate with the helial stru-ture, sine it an be observed only when the onvex side of the helix passesin front of the probe. This an be veri�ed onsidering that the helial pithis ph = 360◦/7 ≈ 51.4◦ and the magneti oils are ∆ϕ ≈ 135◦ apart from theThomson sattering diagnostis, thus the helial struture takes two turns anda half to over the distane between the two diagnostis. This implies that theexternal magneti probes fae a plasma on�guration similar to that rossedby the lines of sight loated on the inner side of the hamber and vie versa.From this analysis it an be onluded that the magneti ativity underinvestigation is observed to be loalized on the onvex side of thehelial struture haraterizing the RFX-mod plasmas during QSHstates. It is worth noting that the appearane of the ativity is as-soiated to the presene of strong temperature gradients. Anyway,up to now it is not lear whether the modes our only on the onvex sideof the helial struture or whether they are loated all along the boundaryof the helix, but the edge sensors annot measure the magneti �utuationsbelonging to the inner side of the helial struture sine they are probablytoo far for the probes themselves. Further investigations, involving dishargesspei�ally haraterized by SHAx states, i.e magneti on�gurations wherethe helial struture is large (see �g. 2.10), ould give an answer to this point.
6.2.1 Mode number measurementsAn essential information in order to try to interpret the magneti ativity un-der study is the measurement of the poloidal and toroidal mode numbers.The poloidal mode number m has been dedued by means of two oils loatedin the two ases of the U-probe. The �gure 6.6a shows the S(m, f) spetrumobtained by applying the two-point tehnique in a phase of a single dishargeharaterized by a strong ativity in the frequeny range under onsideration.The ativity is reognizable at 300 kHz and is atually slightly a�eted byspatial aliasing. The mentioned �gure is shown as an example, sine a largerange of values has been measured: m ≈ 13 ÷ 23.A measurement of the toroidal mode number is exhibited in �gure 6.6b. It hasbeen obtained using two of the oils installed on the GPI diagnostis, sine theU-probe one was heavily a�eted by spatial aliasing. The n value results, infat, to be very high, at the order of hundreds. In partiular, it has been seento span values in the range 100 ÷ 300.126



6.2 Experimental observations

Figure 6.6: a) S(m, f) spetrum obtained rotating the U-probe. b) S(n, f)spetrum obtained by using GPI oils.
6.2.2 Amplitude A as a funtion of the parameter βA further interesting observation is the lear relation between the amplitude
A of the modes under study and the parameter β, shown in �gure 6.7.Eah point has been obtained seleting time intervals haraterized by QSHstates (i.e. dominant mode high values) and the so-alled �right� phase.The piture shows that the amplitude of the magneti ativity learly growswith the β parameter. 127
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Figure 6.7: Ativity amplitude A plotted against the relative β values.6.3 Possible physial interpretationThe magneti ativity arising in the Ḃθ spetrum at ≈ 200 kHz is found tobe haraterized by spetral properties in good agreement with some fea-tures haraterizing mirotearing instabilities, as theoretially predited bygyrokineti odes: in partiular, the onnetion with strong temperature gra-dients (ahieved in RFX-mod plasma during QSH states), the high poloidaland toroidal mode numbers and the orrelation between the amplitude of themodes and the β parameter.More in detail, the high mode numbers measured suggest that we are deal-ing with a miroinstability. Moreover, the formation of Internal TransportBarriers (ITB) enlosing the high temperature ore in QSH states, observedin RFX-mod experiments [127℄, leading to the formation of high temperaturegradients, an supply the free energy neessary to trigger miroinstabilities asMT, enhaning energy transport.Furthermore, an interesting point onerns the frequeny of the modes. Mi-rotearing instabilities are expeted to be haraterized by a phase veloitylose to the eletron diamagneti veloity,
vde =

∇p × B

eneB2
. (6.2)128



6.3 Possible physial interpretationThe eletron diamagneti veloity in the region of the temperature gradient inRFX-mod plasmas an be evaluated as:
vde ≈ ∇Te/B ≈ 5000 eV m−1/0.5 T ≈ 104 ms−1. (6.3)where the density gradient has been negleted, sine it an be generally on-sidered small with respet to the temperature one at that radius. On theother hand, the experimental ativity is observed at a typial frequeny valueof 200kHz; so the toroidal phase veloity measures

vφ = (2πf)/(n/R) ≈ 104 ms−1. (6.4)Based on these onsiderations, a numerial investigation by means of the gy-rokineti GS2 ode [128, 129℄ has started with the aim of properly interpretthe measured ativity. The ode, modi�ed to inlude the RFP geometry, isspei�ally built to �nd out information about instabilities and turbuleneharaterized by k⊥rL ≈ 1, k⊥/k‖ << 1, ω/ωc << 1 It is based on the ele-tromagneti nonlinear gyrokineti equation, and it uses as input data pro�lesoming from RFX-mod experimental measurements.Simulations are, however,linear and the geometry is assumed axisymmetri for simpliity.These studies show that the dominant instabilities in the RFX-mod ITBs re-gion are predited to be of mirotearing (MT) kind, radially loalized aroundtheir resonant surfae and elongated along the magneti �eld diretion.The results of the GS2 ode indiate that, in the typial experimental ondi-tion met in QSH plasmas, MT are unstable.Moreover, their growth rate riseswith the normalized logarithmi temperature gradient, L/LTe
≡ −L∇Te/Te,(where L is a harateristi length) and with plasma β.As already mentioned, the �rst evident similarity between experimentalobservations and ode results is the high values of the periodiities. GS2provided important information about the poloidal wavenumber m, while theorresponding axial wavenumber n is obtained from the q pro�le. In �gure 6.8,the values theoretially expeted for typial RFX-mod disharges, are plotted.The periodiities assoiated to the modes under investigation are haraterizedby m values of the order of tens and n values of the order of hundreds, as de-sribed in 6.2.1; the values most frequently measured in RFX-mod plasma arerepresented in the piture by the large red point. Thus, it an be stated thatthe experimental values are ompatible with those expeted. The not perfetagreement ould be asribable to the fat that theoretial values are stritlyrelated to the radial extension of the temperature gradient (the peak of thespetrum moves towards larger n values as the gradient is inreased) and tothe beta parameter; moreover, it must be reminded that while the eigenfun-tion of MT are extremely radially loalized in the region where the gradient is129
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Figure 6.8: Perturbed modes amplitude ontour plot in the m − n plane(amplitude is dereasing from red to blue). The red point represents the valuesof the mode periodiities more frequently observed.steeper, the experimental measurements are taken at the plasma edge.The information oming from setion 6.2.2, where the lear relation be-tween the ativity amplitude and the parameter β [126℄ is desribed, mathesquite well with what predited by the ode [126℄, where large β values areseen to be assoiated to higher growth rates and wavenumbers. In partiular,similarly to what above desribed regarding the resistive interhange modes(Se. 4.3), in absene of a non-linear estimation of mirotearing's saturationamplitude, we an to a �rst approximation ompare theoretial growth rateevaluations with the measured amplitude of the modes (in this ase with theestimated A). The same behaviour with respet to the β parameter is foundfor these two quantities.Finally, the ode has been also spei�ally ran for some ases in whih themagneti ativity desribed in this hapter has been deteted. An example isgiven in �gure 6.9.The temperature gradient used for the analysis has been evaluated by an inter-130



6.3 Possible physial interpretation

Figure 6.9: a) Eletron temperature pro�le measured by the Thomson sat-tering diagnostis. The red urve represents an interpolation of the tempera-ture gradient, the green one indiates the radial position hosen for the anal-ysis. b) Growth rates of the instabilities assoiated to temperature gradients,from GS2 analysis, versus perpendiular periodiities: the blak urve refersto mirotearing modes, the green one to eletrostati modes.polation of the eletron temperature pro�le measured by the Thomson satter-ing diagnostis, as shown by the red urve in �g. 6.9a. In partiular the value ofthe gradient hosen is that at the radial position indiated by the green dashedline. At the same position, the safety fator (for an axisymmetri equilibrium)and the eletron density have been evaluated.The results of the analysis are shownd in �g. 6.9b, where the growth rate ofthe instabilities is shown as a funtion of the wavenumber kyρi, where
ky =

n

R

√

( r

R

)2

+ q2 (6.5)is the perpendiular wavenumber, as explained in the paper [130℄, and ρi is theion Larmor radius. By means of the analysis of the parity of the modes, it hasbeen demonstrated that the branh at higher wavenumber (green urve) refersto an instability having a not yet determinated eletrostati nature, while thebranh at lower wavenumber (blak urve) to a mirotearing instability.The eletrostati branh has been shown to be very important in orrispon-dene to strong temperature gradients: further theoretial and experimentalanalyses are neessary to ollet more information about this instability.Regarding the mirotearing instability, the maximum of the growth rate or-131



Chapter 6 - Mirotearing modesrespond to n ≈ 100 and, onsequently, to m ≈ 10, in good agreement withexperimental observations.
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Eletrostati and magnetimeasurements in Extrap-T2RThe researh ativity performed on the EXTRAP T2R Reversed-Field Pinhdevie (whih is desribed in some detail in setion 2.3) was devoted to thestudy of the plasma edge by means of an insertable probe, the Alfvén probe,provided with di�erent eletrostati pins and with triaxial magneti oils (seesetion 3.1.4).The main feature of the experimental setup is that eletrostati and magnetimeasurements an be obtained at di�erent radial positions, sine the Alfvénprobe an be radially inserted into the plasma up to r/a = 0.92.The experimental ampaigns were foused on two main topis. On the onehand, the e�et on the edge plasma pro�les of externally applied Resonant(RMP) or non-Resonant (nRMP) Magneti Perturbations, depending on thefat the perturbations are resonant or non-resonant in the plasma olumn,was investigated. In partiular, the e�et of RMP on the plasma �ow is aninteresting matter to delve [53℄. For this purpose, di�erent radial sans wereperformed applying di�erent resonant (n = −12,−13,−15) and non-resonant(n = −9,−8, +5) magneti perturbations.On the other hand, in order to investigate the features of the magneti ativitiesobserved to our in EXTRAP T2R plasmas, di�erent plasma onditions havebeen explored. In partiular, disharges with plasma urrent values in therange Ip = 30 ÷ 115kA and haraterized by values of the reversal parametervarying in the range F = −0.05 ÷−0.4, have been realized.In �gures 7.1a,b the time evolutions of the plasma urrent Ip and of thereversal parameter F for a typial disharge of EXTRAP T2R are shown. Inpartiular, the plasma urrent ahieves a value of 50kA that an be onsideredrelatively low: this hoie is made in order to prevent possible damages to theprobe. During the disharges realized at higher plasma urrent, the insertableprobe was loated at the level of the limiter (r/a = 1). Moreover, two signalsprovided by the eletrostati and magneti sensors of the Alfvén probe areplotted in �gures 7.1,d, respetively. In partiular, the �rst one shows a133
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Figure 7.1: Time evolution of plasma urrent (a), F (b), �oating potential() and magneti signal (d) for a typial EXTRAP T2R disharge.�oating potential signal, while the seond one represents a measurement of thetime derivative of the toroidal magneti �eld omponent.7.1 Eletrostati measurementsAs exposed in setion 3.1.4, the Alfvén probe is equipped with a ombination ofeletrostati pins in a balaned-triple Langmuir probe on�guration and witheletrostati sensors measuring the �oating potential.134



7.1 Eletrostati measurementsBy inserting the probe inside the plasma, the �oating potential, eletron tem-perature and eletron density radial pro�les at the edge an in priniple bemeasured (see Se. 3.1.4 again).7.1.1 Floating potential pro�le
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Figure 7.2: Floating potential pro�le measured by Alfvén probe.The �oating potential pro�le exhibited in �gure 7.2 has been obtained byusing the data from all the �oating pins of the Alfvén probe for a whole radialsan. In this way, measurements obtained at di�erent radial positions havebeen obtained. The resulting urve gives a reasonable idea of the �oating po-tential pro�le at the edge of EXTRAP T2R plasma.In �gure 7.3 di�erent �oating potential pro�les are plotted. In partiular,during the experimental ampaign di�erent radial sans have been performedby means of the insertable probe for a set of disharges for whih externalperturbations (RMP and nRMP) have been applied. The legend indiates thetoroidal mode number values of the perturbations applied to eah pro�le. Theamplitude of both resonant and non-resonant perturbations has been settedon 0.4 mT . The pro�le realized with disharges performed without any per-turbation (red urve) is plotted for omparison.From these preliminary results, it is not possible to reognize any partiularrelation between the perturbations and the relative pro�le. An exeption may135
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Figure 7.3: Floating potential edge pro�les performed during the appliationof RMP or nRMP.be the RMP n = −9, that exhibits a Vf pro�le more negative than the otherones, but the reason and the possible onsequenes are not lear.7.1.2 Eletron density and temperature pro�lesBy means of the balaned triple-probe loated on the Alfvén probe, it hasbeen possible to measure the eletron temperature and density pro�les (a briefintrodution on the measurement tehnique is given in 3.1.4), as shown in �g-ures 7.4a,b respetively.The temperature pro�le is rather di�erent from that expeted: it doesnot derease at the edge, on the ontrary it inreases; moreover, the values(Te & 80 eV ) are somewhat high, sine a temperature of about 20 eV has beenmeasured at the level of the limiter in previous experimental ampaigns [131℄.The ause an be related to the presene of suprathermal tails on the distri-bution funtion of the eletrons. As mentioned in the part of setion 3.1.4devoted to the eletrostati sensors, the theory of the triple probe applied inorder to evaluate the temperature values assumes a maxwellian distributionfuntion. The ourrene of suprathermal eletrons an thus invalidate themeasurement.On the other hand, the density pro�le results to be reasonable.136



7.2 Magneti measurements

Figure 7.4: Eletron temperature (a) and density (b) pro�les at the edge ofEXTRAP T2R plasma measured by means of a radial san of the triple-probehoused on the Alfvén probe.7.2 Magneti measurementsThe magneti measurements obtained by the two triaxial oils loated intothe Alfvén probe show various interesting magneti ativities to our on EX-TRAP T2R plasma edge.Preliminary analyses are presented in the following.7.2.1 High frequeny ativitiesIn �gure 7.5a, the frequeny spetra relative to the working magneti sig-nals obtained by the Alfvén oils for a typial EXTRAP T2R disharge, areshown. Similarly to what observed in the RFX-mod spetra (e.g. Fig. 3.2), thetoroidal and radial omponents of the �utuating magneti �eld are one orderof magnitude higher than the poloidal one, sine they are the omponents per-pendiular to the main one, that, in the edge region of a RFP on�gurationthe poloidal omponent.An imposing peak at a frequeny around 2 MHz is exhibited by all signals,althought in the poloidal omponent it is more evident. Moreover, a zoom ofthe peak (Fig. 7.5/b) highlights the ourene of a �ne struture, harater-ized by the presene of lose peaks, about 200 kHz apart from eah other.Preliminary onsiderations on the possible physial interpretation of thesemodes reveal that the order of magnitude of the shear Alfvén ontinuum fre-137
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Figure 7.5: (a) Frequeny spetra of the Alfvén probe magneti signals. Apeak at 2 MHz is observed to arise: a zoom (b) shows the �ne struture ofthe ativity.queny expeted for EXTRAP T2R disharges with these plasma onditions(vA ≈ 700 km/s) is evaluated at the edge as
fA ≈ 1

2π

m

a
vA ≈ m · 600 kHz, (7.1)depending on the poloidal mode number, m. Furthermore, it an be addedthat the ativity under investigation is observed at a frequeny higher thanthe ylotron frequeny relative to Hydrogen ions, extimated as ωc ≈ 800 kHz.138



7.2 Magneti measurementsThus, in ase this ativity will reveal an alfvéni nature, it must be take intoaount that only the ompressional branh, haraterized by the dispersionrelation ω = kvA, an develop at frequenies higher than the ylotroni one.On the other hand, an experimental relation between the mode frequeny andthe Alfvén veloity is not easy to �nd out sine the plasma urrent and theeletron density values result in general to be linearly dependent one to theother in EXTRAP T2R .Nevertheless, it is possible to reognize that, although the order of magnitudeof fA with a large enough wavenumber k is omparable to that of the modesobserved, their general behaviour is rather di�erent from that of the Alfvéneigenmodes reognized to our in RFX-mod plasmas (Chapter 5). For in-stane, they are not present for whole the disharge time duration, but areharaterized by a burst appearene of some ms. This is lear by observingthe spetrogram in �gure 7.6a, where the magneti ativity desribed appearsmore evident around 12 − 13 ms, haraterized by a rather broad frequenyspetrum.An evaluation of the toroidal mode number relative to this �utuation hasbeeen realized by appling the two-point tehnique between the two toroidallyspaed oils of the Alfvén probe. In �gure 7.6b, the S(n, f) spetrum relativeto the time interval inluded by the two blak lines in �g. 7.6a, is shown. Theativity is reognized at about 2000 kHz and exhibits long wavelength.7.2.2 Low frequeny ativitiesA lear magneti ativity at a frequeny of about 60 kHz and enduring forthe whole disharge time is observed to our in the frequeny spetrogramof the poloidal omponent of the �utuating magneti �eld measured by theinsertable Alfvén probe, shown in �g. 7.7a. Tearing modes in EXTRAP T2Rplasma are known to rotate rather fast with the plasma �ow at frequenies ofthe order of some tens of kHz. Thus, the observed ativity ould probably beinterpreted in terms of tearing modes.Moreover, in the EXTRAP T2R devie the dominant tearing mode duringQSH disharge is (m,n) = (1,−12) [132℄. We may expet that during MHstates the spetrum of the tearing modes would be rather broad, but en-tered around the dominant mode (for a omparison, see �gure 2.8, relative toRFX-mod). In �gure 7.7b, the S(n, f) spetrum relative to the time intervalinluded between the blak lines in �g. 7.7a, is shown. At frequenies lowerthan 100 kHz a magneti struture is measured, haraterized by mode num-ber values in the interval n = −20÷0. It is worth noting that the measurementis roughly onsistent with the values expeted.139
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Figure 7.6: (a) Spetrogram of the poloidal omponent of the Alfvén probemagneti signal. (b) S(n, f) spetrum of the poloidal omponent: the peak isvisible at 2 MHz.The same ativity is also slightly visible in the spetrogram of the toroidalomponent (Fig. 7.8/a), but the presene of �utuations of the same ampli-tude at higher frequenies, whose origin is not lear yet, somehow �atteningthe frequeny spetrum, makes these modes less distinguishable.Moreover, it is worth noting that the S(n, f) spetrum realized during the �attop phase of the disharge (10÷ 20 ms) and shown in �gure 7.8b, exhibits the140
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Figure 7.7: Low frequeny spetrogram (a) and S(n, f) spetrum (b) of thepoloidal �utuating magneti �eld measured by the Alfvén probe.same magneti struture observed in the �utuation of the poloidal magneti�eld omponent at negative wavenumbers (see �g. 7.7b) and an additional a-tivity at higher frequeny, assoiated to high positive n values (n ≈ 30).
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Figure 7.8: Low frequeny spetrogram (a) and S(n, f) spetrum (b) of thetoroidal �utuating magneti �eld measured by the Alfvén probe.
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ConlusionsIn this thesis a study of magneti �utuations, aimed at the understandingthe nature of the instabilities ourring in Reversed-Field Pinh plasmas, hasbeen presented. In partiular, the magneti (and, in part, eletrostati) ativ-ities, measured by means of in-vessel probes, observed to develop in two fusionplasma experiments, RFX-mod and EXTRAP T2R , are desribed.The magneti ativities observed in the RFX-mod plasma have been ex-tensively analyzed, fousing on the study of their temporal and spatial peri-odiities in di�erent plasma onditions. Thus, their experimental dispersionrelations have been determined, in order to proeed with a omparison withthe preditions of theoretial models for plasma dynamis.In partiular, the study presented in this thesis onsists in the �rst dete-tion and physial haraterization of the magneti instabilities ourring inRFX-mod plasmas. Three main branhes of magneti ativities have been re-ognized: the foremost results and the relative open issues are summarized inthe following.Resistive Interhange Modes. A quasi-oherent magneti ativity aris-ing at frequenies entered around 100 kHz, has been observed to over an im-portant fration of the total magneti �utuating energy spetrum. By meansof a study performed on a wide range of plasma onditions, it has been ob-served that the equilibrium plays an important role in the determination of the�utuation amplitude and of the periodiity values, sine the modes resonateat the edge of the RFX-mod plasma. These modes has been interpreted asResistive Interhange Modes (RIM). A good agreement with the theoret-ial preditions provided by a linear stability ode on�rms the interpretationproposed, highlighting their pressure-driven nature.The analysis of the frequeny assoiated to the observed interhange modesindiates that they are rotating along with the plasma in the toroidal diretion,i.e. oherently with the plasma �ow at the edge, turning the attention alsoon the topi of the �ow itself. The magneti �utuations ould, thus, be143



Chapter 8 - Conlusionsreognized as an important tool for future studies about the �ow behaviour indi�erent plasma onditions.An important issue to be overed in future is to understand the role ofRIM in determining the edge transport properties in RFP plasmas, for whihthe exat mehanism is still under debate. It will also be ruial to analyzepossible ways for the ontrol of these modes, as their importane is expetedto largely inrease in reator onditions, due to the steep pressure gradientswhih should haraterize burning plasmas.Alfvén Eigenmodes. Coherent �utuations haraterized by Alfvéninature have been deteted in a large interval of experimental onditions (interms of plasma urrent, densities, working gases, equilibrium). In partiular,the frequeny of these magneti ativities, haraterized by long-wavelengthperiodiities, has been shown to linearly depend on the Alfvén veloity. Adetailed analysis of the experimental observations has allowed to distinguishtwo kinds of Shear Alfvén Eigenmodes (SAE):
• a �rst kind of modes (indiated in the thesis as Type I ) present in al-most all the plasma onditions, has been reognized as Global AlfvénEigenmodes (GAE)
• a seond kind (Type II ) assoiated to the presene of a helial equilibrium(the so-alled Single Helial Axis state), spontaneously ourring duringhigh urrent disharges, is still under study.The role of the Disrete Reonnetion Events (DRE), reurrent quasi-periodi relaxation events haraterizing RFP plasmas, in assoiation withSAE has proved to be ruial for at least two reasons: on the one hand, theobservation of the frequeny evolution just after a DRE led to the loalizationof the GAE at the edge, on the other hand the enhanement of the powerspetrum amplitude of the modes observed during a DRE is investigated inorder to verify a possible involvement with the drive for Alfvén eigenmodes inOhmi plasmas.Moreover, it is under study the possibility to use the information of thefrequeny of Alfvén Eigenmodes as a diagnosti tool, a sort of MHD spe-trosopy [133℄. Indeed, it is worth noting that SAE frequeny is partiularlysensitive to the values of the magneti �eld omponents and plasma density atthe radial position where the modes are destabilized. Thus, using Bθ, Bϕ and

ne pro�les, it would be, in priniple, possible to exploit the frequeny measure-ment with diagnosti purposes, in order to give an estimation of a loal valueof the e�etive harge haraterizing the plasma.144



Mirotearing modes.More reently, the observation of magneti ativities, haraterized by ex-tremely high poloidal and toroidal periodiities assoiated to wavelengths ofthe same order of magnitude of the ion gyroradius, and arising in orrispon-dene of the presene of strong temperature gradients, has been identi�ed asa possible �rst detetion of mirotearing instabilities (MT) in RFP plas-mas. A omparison with the theoretial results from a gyrokineti ode seemto on�rm this interpretation.Furthermore, ode simulations predit that mirotearing modes, in present-day RFX-mod plasmas, may form hains of overlapping magneti island, on-tributing signi�antly to the stohastization of magneti �eld lines in the regionof the gradients. This strongly in�uenes energy transport in the plasma. Therelation between the ourrene of mirotearing instabilities and the energytransport measurements in RFX-mod plasma will be the fous of future ex-perimental investigations.Modes MP f [kHz] m n vph Ip [kA] FRIM Ḃθ, Ḃϕ, Ḃr 100 1 20 ÷ 80 vD all . −0.1AE I Ḃθ 100 ÷ 1300 1 0 vA all allAE II Ḃθ 100 ÷ 500 ≈ 1 ≈ 2 vA & 1000 >-0.05MT Ḃθ, Ḃϕ, Ḃr 200 ≈ 15 ≈ 200 vde & 1000 >-0.05Table 8.3: Sheme of the harateristis of the instabilities observed in RFX-mod plasmas.Summarizing, the main harateristis of the modes desribed in the presentthesis are shematized in table 8.3. Eah instability is, thus, assoiated to therelative magneti �eld omponent (MP) on whih it has been observed, thefrequeny f and the poloidal m and toroidal n periodiities measured, thephase veloity vph and the main features of the disharges for modes our-rene (plasma urrent Ip and reversal parameter F ).
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