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ZusammenfassungIn zukünftigen Fusionsexperimenten, wie ITER, wird erwartet, dass das Auftreten von neo-klassishen Tearing Moden (NTM) den Betrieb und den Einshluss des Plasmas stark ein-shränken wird. NTMs entstehen als Folge einer initialen Störung, auh Trigger-Instabilitätgenannt, welhe zur Ausbildung magnetisher Inseln führt. NTMs werden vom helikalenStromverlust innerenhalb der Insel getrieben und haben einen Drukverlust des gesamtenPlasmas zur Folge. Zusätzlih können NTMs die Plasmarotation zum erliegen bringen,sih an die Wand heften (�loken�) und letztendlih die Entladung mittels einer �Disrup-tion� beenden. In ITER wird der Drukverlust die möglihe Fusionsleistung limitieren,wohingegen eine NTM induzierte �Disruption� höhstwahrsheinlih die Gefäÿwand beshädi-gen wird. Um NTMs in ITER verhindern oder zumindest kontrollieren zu können, müssenheutige Beobahtungen und Erkenntnisse im Hinblik auf ITER extrapoliert werden. Einwihtiger Aspekt diesbezüglih ist die Rotationsabhängigkeit von NTMs, vor allem beideren Entstehung, da ITER voraussihtlih, im Vergleih zu heutigen Experimenten, beisehr niedriger Rotation betrieben wird. Bis jetzt existiert noh keine Theorie, die diesenZusammenhang beshreiben kann. Aus diesem Grund müssen die heutigen ExperimenteAnhaltspunkte für die korrekte Beshreibung der Physik liefern. Aus den im Experimentgewonnenen Daten können auh Skalierungen entwikelt werden, mit Hilfe derer das Verhal-ten in ITER vorhergesagt werden kann. Ein weiterer wihtiger Punkt ist die Untersuhungdes Ein�usses von extern angelegten magnetishen Störfeldern (MS-Felder) auf die Stabil-ität und Rotationsfrequenz von NTMs. Diese MS-Felder werden in ITER in erster Liniezur Unterdrükung von Randinstabilitäten verwendet. Als Nebene�ekt können diese Felderjedoh auh zum Abbremsen von NTMs führen. Dies wiederum kann das Auftreten vonniht rotierenden NTMs unterstützen. Zusätzlih können diese Störfelder auh die Stabilitätvon NTMs beein�ussen. Es ist wihtig, diese Wehselwirkung mithilfe von Modellen, die anheutigen Experimenten bestätigt wurden, für ITER vorherzusagen.Der Ein�uss der Plasmarotation auf die Entstehung von NTMs wird am Tokamak ASDEXUpgrade (AUG) untersuht. Es wurde eine Datenbank erstellt, in der jedem NTM- Entste-hungspunkt die zugehörige Trigger-Instabilität zugeordnet wurde. Darauf basierend wirdniht nur der Ein�uss der Rotation auf die Entstehung von NTMs untersuht, sondern auhder des Rotationsgradienten und der der di�erentiellen Rotation, bezüglih des Ortes derInsel und der Trigger-Instabilität. In Abhängigkeit von der Plasmarotation, normiert auf dieAlfvén Geshwindigkeit, wird die Ausbildung einer oberen Grenze für die Entstehung vonNTMs in Abhängigkeit vom Plasmadruk beobahtet. Dieser Grenzwert steigt mit wah-sender normierter Rotation und ist unabhängig von der Rotationsrihtung. Diese Beobah-tung impliziert, dass NTMs bei niedriger Rotation, wie in ITER, leihter destabilisiert werdenkönnen. Steile Rotationspro�le hingegen sheinen die Entstehung von NTMs zu ershweren.Als weiterer Aspekt wird der Ein�uss von extern angelegten Störfeldern auf NTMs und diePlasmarotation an AUG untersuht. Die Störfelder werden von Spulen am Rand des Plas-magefäÿes erzeugt. Die Theorie sagt vorher, dass die resonanten Komponenten des Störfeldesein lokales Drehmoment im Bereih der Insel induzieren und zusätzlih die Amplitude dieserInsel beein�ussen. Die niht resonanten Komponenten führen zu einem Abbremsen desgesamten Plasmas, beein�ussen jedoh die Stabilität der Insel niht. Im Experiment wirddas Abbremsen und �loken� von NTMs, jedoh nur ein geringer Ein�uss auf die Inselampli-



tude, beobahtet. Diese experimentellen Beobahtungen können mit den Ergebnissen einerModellierung basierend auf der Theorie verglihen werden. Die resonanten E�ekte sheinenüber die niht resonanten E�ekte zu dominieren, wobei die niht Resonanten in den unter-suhten Entladungen vernahlässigbar klein zu sein sheinen. Berüksihtigt man jedoh inder Modellierung nur die resonanten Komponenten am Ort der Insel, so kann die Entwik-lung der Insel niht beshrieben werden. Die Modellierung zeigt, dass die resonanten E�ektean vershiedenen Flähen berüksihtigt werden müssen. Diese E�ekte summieren sih aufund führen in ihrer Gesamtheit zum Abbremsen des Plasmas und begleitend auh der Insel.Somit müssen, um die Entwiklung einer einzelnen Insel zu beshreiben, alle Flähen unddie dazugehörigen resonanten E�ekte mitberüksihtigt werden.



AbstratNeolassial tearing modes (NTM) are one of the most serious performane limiting insta-bilities in next-step fusion devies like ITER. NTMs are destabilised as a onsequene of aseed perturbation (trigger) and are driven by a loss of helial bootstrap urrent inside theisland. The appearane of these instabilities is aompanied with a loss of on�ned plasmaenergy. Additionally, these modes an stop the plasma rotation, lok to the vessel wall, �ushout all plasma energy and terminate a disharge via a disruption. In ITER the on�nementredution will limit the ahievable fusion power, whereas a disruption is likely to damage thevessel wall. In order to mitigate and ontrol NTMs in ITER, extrapolations based on thepresent understanding and observations must be made. One key issue is the rotation depen-dene of NTMs, espeially at the NTM onset. ITER will be operated at low plasma rotation,whih is di�erent from most present day experiments. No theory is urrently available todesribe this dependene. Experiments are therefore required to provide a basis for the the-ory to desribe the physis. Additionally from the experiments salings an be developedand extrapolated in order to predit the NTM behaviour in the parameter range relevant forITER. Another important issue is the in�uene of externally applied magneti perturbation(MP) �elds on the NTM stability and frequeny. These �elds will be used in ITER primarilyfor the mitigation of edge instabilities. As a side e�et they an slow down an NTM andthe plasma rotation, whih supports the appearane of loked modes. Additionally, they analso in�uene the stability of an NTM. This interation has to be predited for ITER, basedon models validated at present day devies.In this work the in�uene of plasma rotation on the NTM onset at the ASDEX Upgradetokamak (AUG) is investigated. An onset database has been reated in whih the di�erenttrigger mehanisms have been identi�ed. Based on this, the in�uene not only of the plasmarotation, but also of the rotation gradient and the di�erential rotation between the NTMand the radial loation of the trigger perturbation, on the NTM stability is analysed. Theformation of an upper NTM onset threshold, whih depends on the plasma pressure, is ob-served in orrelation with a plasma rotation normalised to the Alfvén veloity. This NTMonset threshold inreases with normalised rotation and is independent of the diretion of theplasma rotation. NTMs an therefore be more easily triggered at low plasma rotation, likein ITER. However, steeper rotation pro�les seem to hamper the appearane of NTMs.The e�et of externally applied MPs on NTMs and the plasma rotation is investigated usingoils mounted at the outboard side of AUG. Theory predits that the resonant omponentsof the applied MP �eld exert loal torques and in�uene the stability of NTMs. The non-resonant omponents of the MP �eld do not in�uene NTMs diretly but slow down theplasma rotation globally. In experiment the slowing down and loking of NTMs is observed.However, the mode amplitude remains almost unhanged. These experimental observationsare ompared to modelling results. The resonant e�ets seem to dominate over the non-resonant e�ets for the investigated disharges but the evolution of an island an not bedesribed if only the resonant e�ets at the NTM surfae are taken into aount. The mod-elling reveals that the resonant torques at di�erent surfaes at together as a global resonanttorque that is responsible for the slowing down of the NTM. In oder to desribe the evolu-tion of a single NTM all instabilities present in the plasma and the impat of all resonantontributions at several surfaes must be taken into aount.
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Chapter 1Introdution
1.1 Nulear fusionNulear fusion is the merging of light atoms, whih ollide at very high speed and form a newheavier atom. In this reation the mass of the atoms is not onserved and energy is releasedaording to E = mc2, where m is the mass and c the speed of light. This energy release isaused by an interplay of the nulear fore, whih keeps together the atomi nulei, and theCoulomb fore. The fusion of atoms with an atomi nuleus smaller than iron (58Fe/56Fe)has a positive energy balane. In ontrast the more familiar, opposite proess is the �ssion(splitting) of atoms with a mass higher than iron, whih also releases energy.Nulear fusion is the proess whih powers the stars and also takes plae in our sun. Thefusion reation in stars is the proton (p) - proton (p) hain, whih onverts hydrogen intohelium and releases in total 26.7MeV of energy [1℄.

1H + 1H → 2D + e+ + νe + 1.44 MeV (1.1)
2D + 1H → 3He + γ + 5.49 MeV (1.2)

3He + 3He → 4He + 1H + 1H + 12.86 MeV (1.3)The biggest limitation of a fusion proess is the ross setion (σ), whih is a measure forthe probability of a fusion reation. The ross setion of the whole p-p hain is limited dueto the small reation rate of reation (1.1) to take plae. The neutron is produed via theweak fore, whih does not depend on the temperature and is very unlikely. Therefore, inthe sun it takes around 1.4 · 1010 years until two protons fuse. Hene, this reation an notbe used to realise fusion on earth and another reation has to be used. In general σ dependsstrongly on the temperature, whih orresponds to the energy and veloity of the atoms.High temperatures (veloities) are needed to overome the repelling Coulomb fore of twonulei, in order to bring them lose enough together to make fusion possible. The reationwith the highest σ at the ahievable temperatures on earth, is the fusion of deuterium (D)and tritium (T) (�gure 1.1).
2D + 3T → 4He + n + 17.6 MeV (1.4)This reation releases an energy of 17.6MeV in total, whih is arried by a neutron n andan α-partile (4He) in the form of kineti energy. Deuterium an be extrated in unlimited1



1 Introdution
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Figure 1.1: Fusion of deuterium (D) and tritium (T) whih produes a 4He (α-partile), a neutronand 17.6MeV.quantities from water, whereas tritium is not available naturally. In a future fusion devie Tan be made from the reation of lithium (Li, 7.5%6Li+92.5%7Li) using the released neutronfrom the fusion of D-T in the breeding proess:
n + 6Li → 4He + T + 4.8 MeV (1.5)
n + 7Li → 4He + T + n′ − 2.5 MeV (1.6)In future fusion devies this proess takes plae in the `breeding' blankets, whih will beinstalled diretly behind the �rst wall. While D is not radioative, T is a radioative atomwith a half-life of around 12.3 years.1.2 Tokamak oneptAt the high temperatures (10-100 keV) required to reah the maximal reation rate for thefusion of D-T, all hydrogen atoms are fully stripped and form a plasma. Due to the high massof the sun the plasma is on�ned via gravity. In a fusion reator one possibility to on�nea plasma is to use magneti �elds. In a plasma all partiles are harged and gyrate in theapplied magneti �eld due to the Lorentz fore. In this way, the transport perpendiularto the �eld lines an be redued and the plasma an be on�ned. One onept to on�neplasmas by imposing magneti �elds is the tokamak1 on�guration, illustrated in �gure 1.2.In a tokamak a toroidal (Btor) and a poloidal (Bpol) magneti �eld are superimposed, whihleads to a helial magneti �eld struture of the total magneti �eld (Btot). The toroidalmagneti �eld is reated by external magneti �eld oils, whih are distributed around thetokamak torus. The poloidal magneti �eld is about one order of magnitude smaller thanthe toroidal �eld and it is produed by a toroidal urrent (Ip) �owing inside the plasma.This toroidal urrent is indued by ramping the �ux in a transformer oil, whih is situatedin the entre of the torus. The diretion of the toroidal and the poloidal magneti �eldin a tokamak geometry, as it is normally used in the ASDEX Upgrade tokamak (AUG)(desribed in more detail in setion 2.1) [2℄, as well as the radial pro�les in a poloidal planeare illustrated in �gure 1.3. Additionally, a tokamak oordinate system is shown in �gure1Russian abbreviation for `toroidal hamber with magneti oils'2



1.2. Tokamak onept
Tokamak

OH-transformer

toroidal �eld coils
plasmaplasma current

magnetic �eld line
vertical �eld coilFigure 1.2: Shemati of a tokamak.1.3 (a). The superposition of Btor and Bpol results in an axisymmetri equilibrium, whihonsists of nested magneti �ux surfaes, as illustrated in �gure 1.4 (a). This equilibriumis sustained when the magneti fore and the kineti pressure gradient (~∇p) (�gure 1.3 (b))balane eah other:

~j × ~B = ~∇p (1.7)This ondition implies that the plasma (kineti) pressure is onstant on a magneti surfaeand that also the urrent sheets lie within a magneti surfae. In a tokamak equilibriumit is ommon to introdue the poloidal magneti �ux funtion Ψ, whih is onstant on a
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Figure 1.3: (a) Illustration of a typial AUG (tokamak) oordinate system, where all importantdiretions are indiated, inluding the toroidal, the poloidal and the total magneti �eld diretion.The angle φ indiates the toroidal and θ the poloidal and r the radial diretion. (b) Shematiradial pro�les of Btor, Bpol and the kineti pressure p. 3



1 Introdutionmagneti �ux surfae. The poloidal magneti �ux through a surfae (dS) an be alulatedfrom ∫

BpoldS. In a tokamak equilibrium the �ux surfaes an be labelled with a normalisedpoloidal �ux label ρpol, whih also serves as radial oordinate, and is de�ned to be zero inthe plasma ore and one at the last losed �ux surfae (separatrix)
ρpol =

√

Ψ − Ψcore

Ψsep − Ψcore

. (1.8)The heliity (pith) of the magneti �eld lines on a �ux surfae an be desribed by thesafety fator q, whih is de�ned as the number of toroidal turns per poloidal turn of one �eldline [3℄. Using a ylindrial approximation this an be expressed as a ratio of the toroidaland poloidal magneti �eld
q ≈ rBtor

R0Bpol
, (1.9)with R0 the major radius at the magneti axis (�gure 1.3). In standard operation q inreasesfrom the ore (q ≈ 1) towards the plasma edge (q → ∞), whih is denoted as `positive shear'.From the stability point of view the rational q surfaes play an important role. At thesesurfaes a �eld line loses onto itself after m toroidal and n poloidal turns. At these surfaes

q an be written as q = m/n, with m and n integers. At rational q surfaes a variety ofmagneto hydrodynami (MHD) instabilities an develop, whih break down the magnetistruture of nested �ux surfaes and onsequently enhane the radial transport of heat andpartiles.
X-point

O-point

a) b)  

Magnetic field line

Magnetic flux surfaces

Figure 1.4: Magneti �ux surfaes and �eld lines in a tokamak geometry for two ases: (a)unperturbed equilibrium with nested �ux surfaes and (b) perturbed equilibrium due to the preseneof two magneti islands at the q=2 and q=1 surfae.1.3 Magneti islandsOne prominent group of MHD instabilities are tearing modes. These are resistive MHDinstabilities in that they grow slowly ompared to ideal instabilities on the resistive time4



1.3. Magneti islandssale of the plasma. In the presene of tearing modes the topology of nested �ux surfaesbreaks down and, due to magneti reonnetion, island strutures with its harateristi X-and O-points are formed. A magneti island has a helial struture, whih is entred at aresonant surfae rres and loses onto itself after n poloidal and m toroidal turns. This leadsto the lassi�ation of an island aording to its helial struture and loation with respetto q, via m the poloidal and n the toroidal mode number. In �gure 1.4 (b) a perturbedequilibrium is shown, with two reonneted �ux surfaes in the presene of an (m/n)=(1/1)and (2/1) island.Tearing modes are urrent driven instabilities. They are formed due to a urrent perturbationwhih hanges the equilibrium in a way that the reonnetion of �eld lines is energetiallyfavourable. Classial tearing modes are driven by the gradient of the equilibrium urrentpro�le, haraterised by the ∆′ term, de�ned in hapter 3, equation (3.19). The formation ofa magneti island is aompanied by an enhaned radial transport aross the island region.Partiles and heat radially transit the island region by rapidly �owing along the �eld linesrather then slowly di�using aross the �ux surfaes. This is equal to a short-iruit, whihleads to a on�nement degradation and a �attening of the pressure pro�le inside the island.In a plasma with low pressure the �attening of the pressure pro�le aross the island leadsonly to a negligible loss of pressure and on�nement, whih has no further onsequenes. Theplasma β is a typial parameter to haraterise a plasma and the pressure therein present.The plasma β is de�ned as the ratio of kineti to magneti pressure β = p/(2µ0B
2). So thelassial tearing modes are present in low β plasmas.In a plasma with high β the situation is di�erent. In these plasmas the �attening of thepressure pro�le aross the island leads to a loss of `bootstrap' urrent inside the island. Thebootstrap urrent is a urrent whih is proportional to the gradient of the pressure and has aneolassial origin [4, 5℄. This helial urrent hole perturbation exists only inside the islandand leads to an additional drive of the mode, whih now depends on β. These modes arealled neolassial tearing modes. NTMs are typially ∆′ stable. Consequently, they shouldonly our growing out of a lassial tearing mode. However, an initial trigger instabilityan perturb the equilibrium pressure pro�le at a resonant surfae and generate a so-alledseed island there. If this seed island and β are large enough the pressure pro�le is �attenedinitially, bootstrap urrent is lost and an NTM an be destabilised. The drive of an NTM isa non-linear proess, whih results in a rapid growth of the island. A bigger island leads to alarger region of �at pressure, therefore, more bootstrap urrent is lost, whih inreases againthe island size. For an NTM both the triggering proess as well as the NTM drive dependson the plasma β. The higher the β the stronger the NTM drive and therefore, NTMs growfast in plasmas with high β. Additionally, at higher β even a weak trigger perturbation,produing a small seed island, an destabilise an NTM. As a onsequene the NTM onsetthreshold dereases with inreasing β.The problem of NTMs is that every formation of an NTM in a high β plasma is aompaniedwith a substantial on�nement degradation. The in�uene of an NTM with moderate sizeon an experimental temperature pro�le at AUG is shown in �gure 1.5. The NTM leads toa redution of Te and also of the energy on�nement time τe of around 20%. The energy5
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1.4. Fous of this thesis1.4 Fous of this thesisTo be able to ontrol NTMs and predit their behaviour it is neessary to extrapolate thepresent understanding to larger devies like ITER, whih will be operated under di�erentonditions. A key parameter for the NTM physis and preditions for ITER is the rotationdependene. Compared to present day devies with typially substantial rotation, ITERwill be operated at low plasma rotation due to a low applied torque ompared to the plasmavisosity. With these di�erenes the question arises, how the NTM behaviour hanges withrotation and if preditions an be made from present experiments? Espeially the under-standing of the seeding mehanism and the in�uene of rotation on the NTM onset thresholdare an essential part for the ontrol and avoidane of NTMs.Another important issue is the in�uene of externally applied magneti perturbation �elds onthe NTM stability and rotation frequeny. In ITER external saddle oils are planned, nees-sary for the mitigation of instabilities at the edge (ELMs) [7℄ whih would otherwise damagethe wall. These oils produe magneti perturbation (MP) �elds onsisting of resonant andnon-resonant omponents. The resonant MP omponents penetrate the plasma and an re-ate magneti islands at the orresponding resonant surfaes. In addition, previously existingrotating modes an be in�uened. They are slowed down and lok to the MP �eld. Thenon-resonant omponents mainly in�uene the plasma rotation via the neolassial toroidalvisous torque (NTV), whih further slows down the plasma rotation. Consequently, statiMP �elds support the appearane of loked modes, whih in most ases lead to a disruption.In addition to the intrinsi behaviour of NTMs, also the in�uene of those external perturba-tion �elds on NTMs has to be inluded in the preditions. The best way to ahieve reliablepreditions is a ombination of an extrapolation of present data, by means of normalisedquantities, and modelling results based on theoretial understanding. In this thesis boththe in�uene of rotation on the NTM onset and the interation of a rotating mode withexternally applied error �elds have been analysed.In the �rst part of this thesis the in�uene of rotation on the NTM onset is studied, inludinga database onsisting of around 70 data points for the NTM onset. The general dependeneof the NTM onset threshold on rotation is analysed, where one fous is on the lari�ationof the origin of this dependene. Is it aused by an in�uene of rotation on the island sta-bility or does the trigger mehanism depend on rotation? Furthermore, the in�uene of theharateristis of the rotation pro�le (like gradients or the di�erential rotation of di�erentsurfaes) has been analysed. Di�erenes and agreements between the AUG results and otherdevies are pointed out and preditions and suggestions for ITER are made. To summarisethe key questions addressed in this thesis:
• How does the plasma rotation in�uene the NTM onset?
• Is the dependene of the NTM onset threshold on rotation aused by the intrinsi NTMstability or the triggering proess?
• How does the rotation pro�le in general, like the rotation gradient and di�erentialrotation of di�erent surfaes, in�uene the NTM threshold? 7



1 Introdution
• Is the behaviour at AUG in agreement with observations at other devies?
• What do the salings predit for ITER?In the seond part of this thesis the in�uene of externally applied MP �elds on pre-existingrotating NTMs is investigated. The interation of a rotating island with the MP �eld inexperiments is analysed in detail. These observations are ompared to the theoretial pre-ditions of the in�uene of the resonant and non-resonant omponents. The in�uene ofthe resonant and non-resonant e�ets are estimated and ompared. Additionally, the islandfrequeny and width evolution are modelled. From the omparison of the modelling and theexperiment, e�ets aused by the B-oils that are missing in the modelling are identi�ed. Tosummarised the questions the thesis will address:
• How does a rotating island interat with an externally applied perturbation �eld inthe experiment? What is observed?
• Whih e�ets are dominant, resonant or non-resonant ones?
• Are the observations in agreement with theory and an they be modelled properly?
• What an be onluded from this omparison and are there e�ets aused by theperturbation �elds missing in the modelling based on urrent theory?To address these questions this thesis is strutured as follows. In hapter 2 the AUG tokamakis presented, with its external heating systems and the diagnostis used for this thesis.In hapter 3 the basi tearing mode theory is desribed, inluding the formulae for theisland stability and the equation of motion. In addition the theory of the externally appliedmagneti perturbation �eld is introdued. Chapter 4 ontains the results of the experimentalstudies onerning the in�uene of rotation on the NTM onset. In hapter 5 the in�ueneof externally applied magneti perturbations on NTMs is disussed. Finally in hapter 6 ageneral summary is given and an outlook is presented.
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Chapter 2ASDEX Upgrade, Heating systems andDiagnostis
2.1 The ASDEX Ugrade tokamakThis thesis was arried out at the ASDEX Upgrade tokamak (AUG) (Axial SymmetriDivertor EXperiment) [2℄. AUG is a medium size divertor tokamak with a major radiusof R0 = 1.65m and a minor radius of a = 0.5m. It went in operation in 1990 at the MaxPlank-Institut für Plasmaphysik (IPP) in Garhing. AUG enables the study of experimentsthat meet future fusion requirements. Typially the plasmas in AUG are plasmas, whihhave an elliptial shape and form an X-point, as shown in �gure 2.1. In Table 2.1 the mainparameters are listed for standard operation senarios.At ASDEX Upgrade the toroidal omponent of the magneti �eld is produed by 16 toroidalmajor radius R0 1.65mminor radius a 0.5mworking gas deuteriumtor. magneti �eld Btor 1.8 - 2.6Tplasma urrent Ip 0.6 - 1.2MApulse length ≤ 10 senergy on�nement time τe up to 0.2 seletron density ne 3 - 10·1019 m−3plasma temperature T 5 keVauxiliary heating max. NBI 20MWmax. ECRH 4MWmax. ICRH 7MWohmi≤1MWTable 2.1: Basi parameters of ASDEX Upgrade during normal operation9
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∑

n,mBn,m. Due to10



2.1. The ASDEX Ugrade tokamak
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2 ASDEX Upgrade, Heating systems and Diagnostis2.2 Plasma heatingThe plasma urrent, whih is indued by a transformer oil in the middle of the torus andis harateristi for a tokamak on�guration, produes a poloidal magneti �eld and alsoontributes to the plasma heating, through the ohmi resistane of the plasma [3℄. Theohmi heating power density Poh depends on the plasma resistivity η and the plasma urrentdensity ~j via Poh = ηj2. The resistivity in a plasma sales with T−3/2
e . Consequently, theohmi heating is strongest at low temperatures. Additionally, ~j is limited due to stabilityrequirements. In order to inrease the temperature in a tokamak signi�antly, auxiliaryheating methods have to be used.Three di�erent auxiliary heating systems are available at AUG: the neutral beam injetion(NBI), the eletron ylotron resonane heating (ECRH) and the ion ylotron resonaneheating (ICRH). Depending on the requirements, a ombination of these heating methodsis used in the standard AUG operation. In order to vary the input torque for example aombination of di�erent heating mixes was used in the dediated disharges that were arriedout for the investigation desribed in setion 4. Low input torque and, onsequently, lowplasma rotation was ahieved by ombining ECRH and ICRH, while high plasma rotationand ounter-urrent rotation was obtained by applying NBI. An overview of the three heatingsystems in the AUG geometry is shown in �gure 2.3.2.2.1 Neutral beam injetion (NBI)This heating method is based on the injetion of neutral atoms into the plasma. Theseatoms are ionised due to ollisions with plasma partiles and are bound to the magneti�eld. While gyrating along the �eld lines the ions, whih arry most of the energy, transfertheir energy to plasma eletrons and ions due to Coulomb ollisions. As a onsequene theinjeted ions are slowed down until they are thermalised. This heating method dominantlyheats the plasma, but, depending on the injetion geometry, it also exerts a torque in thetoroidal diretion. For the temperature ranges, of ions and eletrons, at ASDEX Upgrade,the NBI transfers its energy mainly to the plasma ions due to harge exhange ollisions.Two NBI systems are installed at AUG (see �gure 2.3). Eah onsists of 4 neutral beamsoures, whih deliver typially in deuterium a total heating power of 20MW. Both NBIboxes have a similar set up, however, with di�erent extration voltages and urrents, whihleads to a full injetion energy Eb of 60 keV for box 1 and 93 keV for box 2. Eah systemTable 2.2: Important parameters of the NBI system at ASDEX UpgradeInjetor 1 Injetor 2max. extration voltage (kV) 60 93max. extration urrent (A) 77 63max. injetion energy Eb (keV) 60 93

Rtang(m) 0.54 / 0.93 0.84 / 1.2912
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is equipped with two beams, whih injet the neutral atoms more radially and two whihinjet more tangentially. The total input torque per beam is around 1-2Nm depending onthe injetion angle. Combining di�erent beams of box 1 and 2, the toroidal input torquean be varied depending on the injetion angle and the deposition loation. An importantparameter for the desription of the beams, whih is needed in setion 4.3.1 to alulate theNBI input torque, is the tangential radius, Rtang, of eah beam whih is indiated for onebeam in �gure 2.3 (a). Rtang has the same value for two radial and tangential beams of eahinjetor. All important parameters of the ASDEX Upgrade NBI system are summarised intable 2.2. The NBI soure 3 of box 1 is additionally used as a diagnosti beam for hargeexhange reombination spetrosopy illustrated in �gure 2.4 (ompare also setion 2.3.7).In the toroidal plane the NBI is injeted ounter-lokwise, whih is in standard operation(ompare �gure 1.3) in the diretion of the plasma urrent, de�ned as o-urrent diretion.Reversing the plasma urrent and the magneti �eld (reversed Ip/Btor operation), the NBIis injeted in ounter-urrent diretion. With this ounter-urrent rotation an be ahieved.13



2 ASDEX Upgrade, Heating systems and Diagnostis2.2.2 Eletron ylotron resonane heating (ECRH)Eletron ylotron resonane heating (ECRH) is a wave heating method for eletrons. Radiofrequeny waves in the frequeny range of 140GHz (105GHz) are launhed into the plasma,whih aelerate the plasma eletrons. These eletrons then heat the plasma, due to ollisionswith the plasma partiles. The resonane loation is determined by the eletron ylotronfrequeny ωce, whih depends on the magneti �eld
ωce =

eBtot

me
. (2.1)Here e is the elementary harge, Btot the total magneti �eld (≃ Btor) and me the eletronmass. In a tokamak Btor dereases with 1/R, R being the major radius, from the plasmaentre to the edge (see �gure 1.3 (b)), whih results in a loal deposition of the ECRH heatingpower. At AUG the seond harmoni in X-mode is used. At 2.5T and a given frequeny of140GHz, the ECRH resonane is lose to the magneti axis at around R=1.65m, as shown in�gure 2.3 (b). Similar to the ECE diagnosti, the ECRH operation is limited by the `ut-o�'and the `shine through' (see setion 2.3.2), whih, in the worst ase, damage the in-vesselomponents.To date, the ECRH onsists of two systems. The old system uses 2 pairs of eah twogyrotrons at 140GHz whih deliver 2MW for 2 s. The new system onsists of 4 individualgyrotrons whih an be used at 140GHz and 105GHz for 10 s with around 1MW eah. Theangle under whih the power is injeted into the plasma an be adjusted in the poloidaland toroidal diretion for eah transition line. This provides the opportunity to deposit theheating power at di�erent radial loations at the same time. An advantage of the ECRHsystem is that the heating power an be deposited loally. In ontrast to the NBI heatingthe ECRH heats the plasma without any torque input. However, applying ECRH leadsto a derease of the plasma rotation [13, 14, 15, 16℄, aused by hanges in the eletronand ion temperature pro�les whih lead to a hange in the turbulent transport. Similaronsiderations hold for the ICRH.2.2.3 Ion ylotron resonane heating (ICRH)A seond wave heating method is the ion ylotron resonane heating whih heats the plasmawith frequenies in the ion ylotron frequeny regime. The ion ylotron waves at a fre-queny of around 30 to 120MHz are oupled via antennas into the plasma. The wavespropagate through the plasma and are absorbed at the position of the resonane dependingon the ion ylotron frequeny

ωci =
ZeBtot

mi
, (2.2)with Z the atomi number and mi the mass of the main ions. At ASDEX Upgrade theICRH system onsists of 4 generators. These generators are onneted to 4 2-strap-antennaswhih are operated in pairs. The system an launh a heating power of up to 7MW into theplasma. The ICRH heats the plasma ions and eletrons, and, like the ECRH, it exerts notorque onto the plasma.14



2.3. Diagnostis2.3 DiagnostisIn this setion the basi priniples of the diagnostis used in this thesis are presented. Radialpro�les of harateristi parameters like the eletron and ion temperature (Te and Ti), theeletron density ne and the toroidal plasma rotation vtor have been used to investigate theparameter dependenes of NTMs in setion 4. Diagnostis like the magneti measurements(pik-up oils), the Soft X-Ray diagnosti and the eletron ylotron emission radiometry areuseful tools to detet MHD events and afterwards analyse their struture like the toroidaland poloidal mode number or to determine their radial loation. In �gure 2.4 a poloidal anda toroidal ross setion of AUG is shown, where the measurement position of the diagnostisused are indiated.
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ω = nωce = n

eBtot

me
. (2.3)Sine Btot is dominated by the toroidal magneti �eld Btor, whih depends on 1/R, theemitted frequeny an be assoiated with a distint radial position R and a spatially resolvedmeasurement is possible

ω ≈ n
eB0R0

meR
. (2.4)16



2.3. DiagnostisThe magneti �eld B0 is the toroidal magneti �eld at the plasma entre R0.Normally the plasma is optially thik for the eletron ylotron frequeny and its lowharmonis. Then it behaves like a blak body and follows the Plank urve. The eletronemission in plasmas ours at long wave length, therefore, the intensity distribution In(ω)an be desribed by the Rayleigh-Jeans law. In this ase, the radiation temperature re�etsthe eletron temperature
In(ω) =

ω2Te
8π3c2

, (2.5)where c is the speed of light. At low densities espeially at the edge, the plasma is optiallythin and the assumption of a blak body is not valid. Aording to this, the measured ra-diation temperature is not the loal eletron temperature anymore [19℄. This phenomenonis alled `shine-through'. Another limitation of the ECE is the so-alled `ut-o�' [20℄. Onlywaves with a frequeny higher than the ut-o� frequeny an propagate in the plasma other-wise they are re�eted inside the plasma volume and do not reah the reeiver at the plasmaedge. Sine the ut-o� density (for extraordinary modes (X-mode)) depends on ωce and theplasma frequeny ωp (=√
nee2/ǫ0me), this sets an upper limit for the density and a lowerlimit for the magneti �eld.At AUG the seond harmoni extraordinary mode (X-mode) is used for the Te measurements.The diagnosti system is a multihannel heterodyne reeiver whih allows ECE measurementsat frequenies between 89GHz and 187GHz, orresponding to loal magneti �elds from1.6T to 3.4T. It has 60 hannels, whih measure at di�erent frequenies and deliver radiallydistributed measurements, as shown in �gures 2.4 and 2.5. The standard time resolutionis 32 kHz with a spatial resolution of around 1 m. A newly installed aquisition systemprovides an even higher time resolution of up to 1MHz.2.3.3 Thomson sattering diagnosti (TS)Another routinely used diagnosti at ASDEX Upgrade is the Thomson sattering (TS) di-agnosti, shown in �gure 2.4. With this ative method the eletron temperature Te anddensity an be measured, as illustrated in �gure 2.5. A laser beam is launhed through theplasma. The laser light aelerates free eletrons in the plasma, due to mi >> me, whihat as dipoles and radiate. The sattered laser wave is two times Doppler shifted due to themovement of the free eletrons relative to the inident wave (~kin) and the sattered wave(~kout)

∆ω = (~kin − ~kout)~v. (2.6)From the degree of Doppler broadening of this inoherent sattered light Te an be deter-mined. Additionally, the intensity is proportional to the eletron density ne, whih enablesa simultaneous measurement of Te and ne. In tokamaks the TS detetors are usually loatedat a sattering angle of 90◦. At ASDEX Upgrade a ore and an edge TS system are installed(�gure 2.4) [21℄. Both systems (ore (edge)) use a multi pulse Nd:YAG laser (neodymiumyttrium aluminium garnet) whih is vertially launhed through the plasma with a repetition17



2 ASDEX Upgrade, Heating systems and Diagnostisrate of 20Hz. The sattered light is spetrally analysed and deteted by 16 (10) four hannelpolyhromators equipped with avalanhe photo diodes. Interferene �lters are additionallyinstalled in front of the detetors, whih suppress e�iently the diret laser light. The TSsystems deliver Te and ne pro�les every 12.5ms (8.3ms) with a radial resolution of 25mm(3mm).2.3.4 Lithium Beam (LIB)The eletron density pro�le (ne pro�le) at the edge an be measured with the lithium beamimpat exitation spetrosopy diagnosti (�gure 2.5 (b)). A neutral lithium beam is injetedhorizontally into the plasma and the LiI(2p→2s) resonane line at 670.8 nm is measured[22, 23℄. The injeted lithium atoms ollide with the plasma partiles and the lithium atomsget exited. As a onsequene, the measured line emission intensity depends on the plasmadensity. However, the beam is additionally attenuated due to ionisation and harge exhangeproesses, whih leads to a restrition of this method to the edge region (ρpol>0.95). Theeletron density an be alulated from the emission pro�le via a ollisional-radiative model.This model inludes eletron-impat exitation, ionisation and harge exhange proesses.At ASDEX Upgrade the lithium atoms are injeted into the plasma near the horizontal midplane (�gure 2.4) with an energy of 30-60 keV and a urrent of around 2-4mA. The spatialresolution of around 5mm is determined by the aperture of the optial setup. Optial �brestransfer the light to the aquisition system whih onsists of interferene �lters and photomultipliers. Usually a temporal resolution of 5-20ms is hosen. In speial ases, for exampleto measure fast transient events, the time resolution an be inreased to 50µs. To subtratthe bakground radiation from the measured signal the beam is hopped periodially, 56msbeam on and 24ms beam o� [24℄.2.3.5 InterferometryA third method to measure the eletron density ne is laser interferometry (�gure 2.5 (b)).This method is based on the interation of an eletromagneti wave with the plasma eletronsdue to refration. If the frequeny of the laser ω0 is higher than the plasma frequeny ωp,the refration index N of the plasma depends on the density
N =

√

1 −
ω2

p

ω2
0

≈ 1 −
ω2

p

2ω2
0

= 1 − e2

2ǫ0meω0
ne, (2.7)A laser rossing the plasma undergoes a phase shift (∆φ) along its way l through the plasma,depending on the line integrated density

∆φ ≈ e2

2cǫ0meω0

∫

l

nedl. (2.8)The phase di�erene ∆φ an be determined, via interferometry, by omparing the phaseof a wave, whih propagates through the plasma, to the phase of a wave whih propagatesthrough vauum. As shown in 2.8, the density measured with interferometry is not spatially18



2.3. Diagnostis

0 0.2 0.4 0.6 0.8 1 1.2
0

1

2

3

4

5
T

i (k
e

V
)

ρ
pol

 

 
CXRS core
CXRS edge
!t to exp. data

0 0.2 0.4 0.6 0.8 1 1.2
0

20

40

60

80

100

120

v to
r (k

m
/s

)

ρ
pol

 
CXRS core
CXRS edge
!t to exp. data

#28282 ∆t=0.015sa)  #28282 ∆t=0.015sb)Figure 2.6: (a) Ion temperature and (b) toroidal veloity pro�le of the impurity ions measuredwith CRXS.resolved. However, using di�erent lines of sight the density pro�le an be reonstrutedvia inversion algorithms. At AUG a DCN laser at 195µm is used and a phase modulatedMah-Zehnder-type interferometer with a heterodyne detetion system to measure the phaseshift [25℄. Five lines of sight are installed at di�erent radial loations as illustrated in �gure2.4. The beams ross the plasma, are re�eted at mirrors at the inner olumn, ross theplasma again and leave the vessel at almost the same position as they entered. The temporalresolution of the system is 300µs. This diagnosti is often used to get a quik overview ofthe temporal evolution of the density and espeially of di�erenes in the temporal behaviourof the ore and the edge region using di�erent lines of sight.2.3.6 Integrated data analysis (IDA)At AUG also a ombined analysis of the ECE, the TS, the LIB and the interferometry datais possible [26℄. This integrated data analysis (IDA) provides Te and ne pro�les via forwardmodelling with the onstrain to math the raw measured signals of the inluded oherentdiagnostis. With this analysis method the individual interpretation and analysis of alldi�erent measured data an be replaed by one ombined analysis. Additionally the pro�lequality an be improve.2.3.7 Charge exhange reombination spetrosopy (CXRS)A ommon method to measure the ion temperature Ti and the rotation veloity of impurityions in the toroidal and poloidal diretion (vtor and vpol) is harge exhange reombinationspetrosopy (CXRS) (�gure 2.6). This diagnosti uses the analysis of spetral light emittedby low Z impurity ions (Z is the atom number) due to harge exhange ollisions with aneutral ion in the plasma.In a typial fusion plasma low Z impurity ions are fully stripped and do not emit lineradiation. In the ross-setion with a neutral beam, whih is one of the heating beams19



2 ASDEX Upgrade, Heating systems and Diagnostisat ASDEX Upgrade (see �gure 2.4), these low Z impurity ions ollide with the neutralions and reeive an eletron. The reombined impurity ions are in an exited state andin the following subsequent de-exitation, they emit line radiation at a harateristi wavelength, whih an be observed with spetrometers. These measured spetra ontain loalinformation on the impurity ions. The Doppler width of the measured spetra is proportionalto the ion temperature while the rotation veloity of the impurity ions an be obtained fromthe Doppler shift. Additionally, the density of the impurities an be determined from theradiane of the measured spetral line.At ASDEX Upgrade several harge exhange systems with poloidal and toroidal views areinstalled at the high and at the low �eld side [27℄. In this work mainly one of the toroidalore systems was used with a radial and temporal resolution of about 2.0 m and up to3.5ms, respetively.2.4 Analysis tools for MHD ativities2.4.1 NTM detetion and mode number analysis with Soft X-rayradiation (SXR)
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Figure 2.7: Poloidal ross setion, where all lines of sight of the SXR ameras are indiated.The Soft X-ray (SXR) diagnosti is an ideal tool to investigate MHD ativities in the plasma,espeially in the ore. MHD instabilities in the plasma ause hanges in the emitted SXRradiation, whih an be deteted via pinhole SXR ameras. At ASDEX Upgrade 8 pinholeameras are installed, whih are equipped with 75µm urved beryllium �lters. The installed20



2.4. Analysis tools for MHD ativitieslines of sight over the whole plasma volume as illustrated in �gure 2.7. This diagnosti anbe used to determine the mode frequeny and the poloidal mode number, but it also providesinformation on the radial loation of MHD events. A tomographi reonstrution additionallyprovides further information on the mode struture [28℄. The poloidal mode number andthe loation of the modes an be determined from the signal of only one amera. In thisthesis the SXR diagnosti is mainly used to analyse 1/1 modes. In �gure 2.8, an exampleis illustrated for the I-amera. The I-amera is situated at the low �eld side and overs thewhole plasma, but it is mainly foused on the entral region of the plasma, as illustrated in�gure 2.7 (red). The 1/1 mode an be deteted via a spetrogram of one entral hannel ofthe I-amera, as illustrated in �gure 2.8 (a). The raw SXR signal is Fourier deomposed. In�gure 2.8 the spetrum ontains only one dominating frequeny and some harmonis, whihorrespond to the analysed 1/1 mode (�g. 2.8 ()). The FFT amplitude of the seletedfrequeny has a modulation minimum around the entre (�gure 2.8 (d)) and two maximaon the left and the right hand side. At the same time a phase jump of π is observed at theloation of the minimum in the amplitude (�gure 2.8 (e)). This is the typial signature ofan m = 1 mode [29℄, whih passes the lines of sight with its single O- and single X-point. In�gure 2.8 (b) a 1/1 mode is illustrated in three di�erent phases together with three examplelines of sight of amera I. From �gure 2.8 (b) it is obvious that the blue and green line deteta large amplitude osillation due to the rotating mode, whih orresponds to a maximum inthe amplitude modulation (2.8 (d)). Additionally, when the blue line detets a maximumthe green line sits in an emissivity minimum, whih orresponds to a phase shift of thosetwo lines of around π, shown in 2.8 (e). At the same time the red line measures almostthe same emissivity during all three phases, whih orresponds to an amplitude modulationof almost zero (�g. 2.8 (d)). As indiated in �gure 2.8 (d), the edges of the amplitudedistribution determine the position of the mode, whih is the q = 1 surfae in this example.This explains the harateristi signals of a 1/1 mode, whereas for higher mode numberssimilar onsiderations an be made. In general, for peaked emissivity pro�les, the numberof minima in the FFT amplitude orresponds to the poloidal mode number, if at the sameposition a phase jump is observed. The toroidal mode number was on�rmed using themagneti signals (ompare next setion 2.4.2).
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2.4. Analysis tools for MHD ativities2.4.2 NTM detetion and mode number analysis with magnetimeasurementsAUG is equipped with a large set of pik-up oils (38 Mirnov and 36 ballooning oils) loatedall around the torus. These oils detet hanges in the poloidal (Ḃpol) and radial (Ḃr)magneti �eld, respetively. The loations of the Mirnov and ballooning oils in the toroidaland poloidal plane are indiated in �gure 2.4. These oils are able to detet even small B-�eldperturbations everywhere inside the plasma, provided they rotate in the laboratory framefast enough. Therefore, these oils are an ideal tool to detet and study MHD ativities.From a single oil signal the mode frequeny and amplitude an be determined. The timeevolution of a mode amplitude an be depited in a spetrogram, illustrated in �gure 2.9(a). This is an easy way to get an overview of the MHD ativity present in the plasma.A Fourier deomposition of the raw data, as shown in �gure 2.9 (d), gives informationabout the di�erent modes present in the plasma at one spei� short time interval. In thisshort time interval (�gure 2.9 ()) for one seleted frequeny (�gure 2.9 (d)) the toroidal(n) and poloidal (m) mode numbers an be determined, via the phase di�erenes of severaloil signals, whih are distributed in toroidal or poloidal diretion. The measured phasedi�erene of a mode ∆α in toroidal diretion is n∆φ. For given oil positions the toroidalmode number n an be determined via n = ∆α/∆φcoil, and similarly for the poloidal modenumber m. This is shown shematially in �gure 2.9 (e).Taking the �ltered oil signal, whih ontains the information of only one seleted frequeny,and following the points of similar phase, e.g. the minima, from oil to oil gives informationon the toroidal mode number (n). The number of minima, in this ase 2, whih �t into onetoroidal turn (360◦), determine n. The same priniple holds for m, whih an be determinedfrom di�erent poloidally distributed pik-up oils. However, the determination of m is notas robust as the one of n, due to the di�erent �eld line angles along the poloidal angle θ.This has to be taken into aount in the analysis in order to get orret results, whih atthe same time implies that the equilibrium reonstrution has to be reliable.2.4.3 NTM loalisation due to Te �utuationsIn setion 2.3.2 the basi priniple of the Te measurements via the ECE diagnostis has beendisussed. The ECE an additionally be used to determine the loation of MHD events inthe plasma and is espeially used for the loalisation of NTMs.Normally an island is rotating in the toroidal diretion with respet to the loation of theloally �xed ECE resonanes. This leads to a Te pro�le �attening inside the island whenthe O-point is passing, while Te is almost unperturbed, with normal gradients, at the X-point. The ECE hannels detet these Te �utuations due to the island's X- and O-pointspassing by. The �utuation amplitude is di�erent for every radial hannel aross the islandand has two maxima lose to the island's separatries (see �gure 3.1). Additionally, a phasereversal is observed at the position of the �utuation minimum. So the island loation an bedetermined by the position of the �attening in the Te pro�le, aompanied with a minimumin the Te �utuations and a phase shift of π at the same position, illustrated in �gure 2.10.23
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2 ASDEX Upgrade, Heating systems and Diagnostis2.4.4 NTM loalisation with a orrelation of Te and dBpol/dtA more advaned method to determine the NTM loation is the ECE orrelation analysis.This method is based on the same idea as desribed in setion 2.4.3. It was mainly developedfor the NTM stabilisation experiments with ECCD (eletron ylotron urrent drive) [30℄.This method is based on the ross orrelation of a ombined signal of di�erent toroidallydistributed Mirnov oils (Ḃpol) and the radial hannels of the fast ECE with a sampling rateof 1 MHz, as introdued in setion 2.3.2. The ross orrelation of the magneti signal andthe ECE hannels detets a phase jump of π in between the island's separatries, while atthe same position a loal minimum in the ECE �utuations is deteted. The used orrelationtehnique is very robust and the NTM loalisation an be reliably determined despite addi-tional noise, that an arise due to radiation or other perturbations and �utuations presentin the plasma. The results delivered by this method are presented in �gure 2.11.
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Figure 2.11: (a) Correlation amplitude of the Mirnov oil signal and the ECE. The loal minimumis learly visible. (b) Phase between the ECE and the Mirnov oil signals. The loation of the phasejump of π agrees with the loation of the loal minimum in (a). () Estimation of the island size ofa n=2 NTM via a ombined Mirnov signal.
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2.4. Analysis tools for MHD ativities2.4.5 Loked mode detetionLoked NTMs whih are not rotating anymore an no longer be deteted with the standardpik-up oils at the plasma edge. For this purpose two independent systems of saddle oilsare installed at the high �eld side of AUG, whih are able to detet loked n = 1 modes(�gure 2.4) [31℄. These systems are mainly used as loked mode detetors, to be able toramp down the plasma before a disruption ours. The new system onsists of two pairs ofsaddle oils shifted around 90◦ with respet to eah other. The old system onsists of onlyone pair, as illustrated in �gure 2.4 (yellow and blak). The time-integrated signal of eahoil orresponds to the temporal variation of the radial magneti �eld perturbation. Thedi�erene of the signal of two opposite oils anels out the n = 2 omponents and givesinformation about the radial perturbation �eld of the n = 1 modes. With the ombinedsignal of two oil pairs ('ew' east-west oil signal and 'ns' north-south oil signal) [31℄
Bew

r =

∫
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dBe
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dt
− dBw
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dt

)

dt (2.9)
Bns
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∫
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dBn
r

dt
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r
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)

dt, (2.10)the amplitude δBn=1
r and the position/phase α of a loked mode at the high �eld side (HFS)an be determined [31℄
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Chapter 3Theory of magneti islandsIn magnetially on�ned plasmas a large set of instabilities is observed. One group is themagneto hydrodynami (MHD) instabilities. In MHD theory the plasma is desribed as agas of harged partiles. These partiles are reating to magneti ( ~B) and eletri ( ~E) �eldsaording to Ampère's and Faraday's law, respetively:
∇× ~B = µ0

~j (3.1)
∇× ~E = −∂

~B

∂t
, (3.2)with µ0 the magneti onstant and ~j the urrent density. The plasma �uid an thus be de-sribed by the balane of the pressure gradient and the Lorentz fore, yielding the momentumequation:

ρ

(

d~v

dt

)

= −~∇p+~j × ~B, (3.3)with ρ the mass density of the plasma, ~v the veloity of the plasma �uid and d/dt thederivation ∂/∂t + ~v · ∇. The eletri �eld ~E an be linked to the other variables via Ohm'slaw
~E + ~v × ~B = η~j, (3.4)with η the plasma resistivity. In the ideal MHD theory the plasma is assumed to be ideallyonduting and η is set to zero.Aording to this, MHD instabilities in partiular an be lassi�ed into ideal and resistiveMHD instabilities, where only the latter ones are aompanied with hanges in the magnetitopology due to �nite resistivity. One of the most ommon resistive MHD instabilitiy in atokamak is the tearing mode. Due to their harateristi hanges in topology these insta-bilities are also alled magneti islands. Magneti islands are urrent driven instabilities2,whose evolution an be desribed by the modi�ed Rutherford equation, resulting from MHDtheory. They grow slowly ompared to ideal instabilities on the resistive time-sale τres,whih is in the range of ms in ASDEX Upgrade.2In a tokamak, (part of) the drive is also given by the non-linear pressure perturbation in fat by theisland itself, as explained in setion 3.2.2 29



3 Theory of magneti islands
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Figure 3.1: Flux funtion of an m = 2 island plotted as a funtion of the helial angle ξ and thedistane from the rational surfae. The island width, X- and O-points are indiated.3.1 Magneti reonnetion and island topologyThe formation of a magneti island with mode number (m,n) is aused by a helial urrentperturbation with the same heliity. When an island forms, the geometry of nested �uxsurfaes breaks down and, due to magneti reonnetion, the typial island struture forms.This is aompanied by the formation of X- and O-points, as illustrated in �gure 3.1. Themagneti island has a helial struture, whih is entred at the resonant surfae rres andloses into itself after n poloidal and m toroidal turns. To desribe the island geometry itis useful to introdue a helial oordinate ξ, whih follows the helial mode struture and isde�ned as
ξ = θ − q(rres)φ, (3.5)with θ and φ the poloidal and toroidal angle, respetively and q(rres) = m/n. This oordinateis perpendiular to the equilibrium �eld line, whih onnets the island O-points. Togetherwith the radial omponent r and the poloidal angle θ a new oordinate system is thusprovided (r, θ, ξ), whih is suitable to desribe the magneti island topology.Resistive MHD instabilities in general are assoiated with hanges in the plasma topology.In a region where opposing magneti �elds meet (B∗ < 0 and B∗ > 0), the intrinsi energyof the system an be redued due to reonnetion of �eld lines. Along B∗ = 0 a hain ofmagneti islands forms. This is aompanied by the formation of topologially separatedregions, where the plasma streams into, at the X-points. This is shematially illustrated in�gure 3.2. In the on�ned plasma region of a tokamak (inside the separatrix) no loationof opposing magneti �elds exists. Nevertheless, reonnetion takes plae at the resonantsurfaes, due to the fat that the superposition of the toroidal and the poloidal magneti30



3.1. Magneti reonnetion and island topology
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Figure 3.2: Shemati illustration of magneti reonnetion in the region of opposite magneti�elds�eld leads to a shearing of the total magneti �eld, whih generates a similar situation [32℄.A quantity to desribe this shearing is q, de�ned in equation (1.9), whih desribes the �uxsurfae averaged pith of the �eld lines. In the following a monotonially inreasing q pro�leis assumed. As stated before, following a helial �eld line at a resonant surfae, this �eld lineloses onto itself after m toroidal and n poloidal turns at the same (initial) poloidal angle(starting point). This is illustrated for the q = 2 surfae in �gure 3.3 (a) by the blue line.After two poloidal turns a �eld line loser to the ore at a lower q, ends at a larger poloidalangle (green line). In ontrast the �eld line further outside, at a higher q, has a smallerpith and, thus, ends at a smaller poloidal angle (red line) ompared to the starting point.This onsideration shows that in a helial oordinate system entred on a rational surfaea poloidal omponent of the magneti �eld B∗ exists, whih hanges sign at the resonantsurfae due to the di�erent �eld line pith (�gure 3.3 (b)). This enables reonnetion at theresonant surfaes. This helial �eld B∗, aording to the above onsiderations, is mainlyin the poloidal diretion and an be approximated by B∗ ≈ Bpol(r) − Bpol(rres)(r/rres) [32℄.In the following, the hanges in the topology of the magneti �ux due to reonnetion arealulated. In this alulation all equilibrium �elds are denoted with 0. The perturbedparameters are indiated with 1.The topologial hanges of the magneti �ux in the presene of a magneti island an bealulated by superimposing the equilibrium �ux Ψ0 and the perturbed �ux Ψ1 in the viinityof the resonant surfae. In the following all �uxes Ψ are normalised to R and, hene, are�uxes per unit length. The perturbed �ux an be de�ned as follows:
Ψ1 = Ψ̂1 cos(mξ) (3.6)Assuming Ψ̂1 to be onstant over the island region, whih is the so alled `onstant Ψapproximation' [33℄ and valid to some extent for islands with m > 1, the total helialmagneti �ux an be de�ned as the sum of the equilibrium and the perturbed �ux [32, 34℄

Ψ∗ = Ψ0(rres) + Ψ1. (3.7)In the shifted helial oordinate system the equilibrium helial �eld B∗ is set to 0 at theresonant surfae, whih implies that ∂Ψ0/∂r is zero at the resonant surfae. Therefore, theequilibrium �ux Ψ0 an be approximated by a parabola [32℄. This results in the following31
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Ψ∗ = Ψ0(rres) +

1

2
Ψ

′′

0(r − rres)
2 + Ψ̂1 cos(mξ) (3.8)The equation for the new �ux surfaes an be derived by reforming equation (3.8)

x =

√

2

Ψ
′′

0

(Ψ∗ − Ψ0(rres) − Ψ̂1 cos(mξ)), (3.9)with x = r− rres. This expression is similar to the expressions derived in [35℄ and [36℄. The�ux surfaes in the viinity of the resonant surfae for anm = 2 island are illustrated in �gure3.1, where the island struture, inluding the X- and O-points and the island separatrix, arevisible. The �ux is most strongly perturbed lose to the loation of the island. For positiveshear (dq/dΨ = q′ > 0) the minimum in the perturbed �ux Ψ∗ is found at the O-point(ξ = π/2), where the perturbed urrent �ows opposite to the equilibrium urrent and theisland has its full width W . In the X-points the �ux perturbation is maximal (ξ = 0). Theisland width an be determined by alulating the island separatrix at the X- and O-pointswhere (ξ, x) are (0,0) and (π/2,W ), respetively. Identifying both expressions delivers anequation for W [32, 34℄
W = 4

√

Ψ1

Ψ
′′

0

. (3.10)Using the relation Ψ1 = −B1(rres)rres/m and the approximation Ψ
′′

0 ≈ −B0,polq
′/q [34℄ theisland width an be alulated using parameters whih an be gained from the experiment(ompare also [35℄ and [36℄)

W = 4

√

B1(rres)rresq

mB0,polq′
. (3.11)32



3.2. Island evolution equation3.2 Island evolution equationIn ylindrial geometry the tearing mode equation for the linear growth of an island an bederived. Using the large aspet ratio approximation (ǫ = a/R << 1, with a the minor and
R the major plasma radius) the perturbed magneti �eld an be written as ~B1 = ~∇Ψ × ~eφ,with ~eφ being the unit vetor in toroidal diretion. It is additionally assumed that thehelial diretion is almost toroidally, hene ~eξ ≈ ~eφ. In the ideal region plasma inertia anbe negleted, whih results in ~∇p = ~j × ~B aording to equation (3.3). Using the identitythat the url of a gradient is zero (∇×~j× ~B=0), expressing ~B in terms of Ψ and linearisingthe toroidal omponent of the resulting equation yields: [37, 3℄

∂

r∂r

(

r
∂Ψ1

∂r

)

− m2

r2
Ψ1 +

µ0j
′
0,φ

B0,pol(1 − q(r)n/m)
Ψ1 = 0, (3.12)with j0,φ the equilibrium urrent in toroidal diretion. This tearing mode equation desribesthe perturbation of the plasma equilibrium due to a perturbed �ux at r = rres in the linearregime. This is valid if the island is small ompared to the linear layer width δlayer (W <<

δlayer), de�ned as the region in whih non-ideal e�ets are negligible. The island is drivenby the gradient of the perturbed equilibrium urrent. The perturbed equilibrium �ux Ψ1in the linear regime an be determined by integrating equation (3.12) for (rcore → rres − ε)and (rwall → rres + ε), using appropriate boundary onditions for the plasma ore and thewall. Equation (3.12) has a singularity at qres = m/n, sine the resistivity is negleted inthis ase. Nevertheless ontinuous solutions an be found, and the step in dΨ1/dr at rresorresponds to a urrent �owing at the resonant surfae, whih orresponds to the de�nitionof ∆′
0 [38, 36, 35, 32℄

∆′
0 = lim

ε→0

[

1

Ψ1

dΨ1

dr

]rres+ε

rres−ε

. (3.13)Using this equation the urrent �owing at the resonant surfae for a in�nitesimal smallisland, whih grows linearly an be determined. The parameter ∆′
0 is the so alled `Deltaprime' and is a property of the plasma equilibrium. It is a measure for the total perturbedparallel urrent inside the island. The ∆′

0 an be seen as the free energy whih is availablefor supporting magneti reonnetion and generating a magneti island [39℄. If ∆′
0>0 thenthe growth of a tearing mode is supported by the plasma equilibrium.The evolution equation for the island width, in terms of the poloidal �ux Ψ, for a largeisland, whih grows non-linearly, an be alulated on the basis of the expressions derivedin setion 3.1 and Ohm's law (equation 3.4) whih takes into aount the resistivity η in theviinity of an island in a layer with width W . Based on this, an expression for the perturbed�ux, in the non-linear regime an be found [35, 36, 32℄

∂Ψ1

∂t
= Eξ + ∇ξϕ = ηjξ − (~v × ~B)ξ + ∇ξϕ, (3.14)in terms of Eξ the indutive eletri �eld and ϕ the eletrostati potential with ∇ξ thederivation in helial diretion. Assuming that the dominant ontribution is due to urrents33



3 Theory of magneti islands�owing along the �eld lines, (~v × ~B) an be negleted. Additionally, the dependene on ϕan be eliminated by averaging over the �ux surfaes, denoted with 〈〉

〈X〉 =

∫ ∫

XJdθdφ
∫ ∫

Jdθdφ
, (3.15)with J the Jaobian of the system and X an example variable. This yields

∂Ψ1

∂t
= 〈Eξ〉 = 〈ηjξ〉. (3.16)Aording to Ampère's law (equation (3.1)) the helial urrent jξ an be determined fromthe jump of the tangential omponent of the perturbed helial �eld B∗ aross the island,assuming a small island, and the urrent to be loalised inside this small layer [32℄

jξ =
1

µ0W
(B∗(r−res) − B∗(r+

res)) (3.17)
=

1

µ0W
(Ψ′

1(r
+
res) − Ψ′

1(r
−
res)) =

Ψ1(rres)

µ0W
∆′(W ). (3.18)As in the linear ase, the parameter ∆′Ψ1 de�nes the jump in dΨ1/dr aross the island with

r−res = rres −W/2 and r+
res = rres +W/2, mathing the solution for Ψ1 for r < r−res and r > r+

resat the island separatrix, whih an be alulated assuming an ideal plasma [38, 36, 35, 32℄.This leads to the expression for ∆′ in the non-linear regime
∆′ =

[

1

Ψ1

dΨ1

dr

]r+res

r−res

. (3.19)Together with equation (3.16) this leads to the equation for the perturbed �ux [32℄
∂Ψ1

∂t
=

η

µ0

Ψ1(rres)

W
∆′(W ) (3.20)This mathing ondition an also be expressed as an integral over the island region [35, 36℄

∆′Ψ̂1 = 2µ0R

∫ r+res

r−res

dx

∮

〈jξ〉dξ = 2µ0R

∫ ∞

−∞

dx

∮

j||〈cos(mξ)〉dξ. (3.21)The parameter x is again de�ned as r− rres. Here is important to note, that only the helialomponent of the urrent, whih is the cos(mξ) omponent of the urrent parallel to the�eld lines j||, ontributes to the tearing mode evolution.3.2.1 Rutherford equationRutherford introdued a simple model to alulate the island evolution, where the indutiveontribution to j|| is assumed to be the dominant one [38℄, as already assumed in the previoussetion. The orresponding eletri �eld and urrent are generated by the time dependentgrowth of the island and are proportional to dΨ1/dt, aording to equation (3.16) [35℄. The34



3.2. Island evolution equationlassial Rutherford equation for the tearing mode evolution in terms of the island width Wis obtained, substituting the relation for W and Ψ aording to equation (3.10), in equation(3.20) [38℄
a1τres

dW

dt
= r2

res∆
′. (3.22)The urrent di�usion time or resistive time-sale τres is de�ned as µ0r

2
res/η. The parameter

a1 ≈ 0.82 results from the integration and is onneted to the island geometry. Aording toequation (3.22), for positive ∆′ a tearing mode is destabilised and is growing. Negative ∆′implies that the plasma is stable against tearing modes, hene, no free energy is available tosupport magneti reonnetion. For small islands ∆′ is assumed to not depend on the islandwidth as assumed in equation (3.13). Bigger islands with width W in�uene the toroidalurrent distribution and hange ∆′ itself, suh that ∆′ dereases with inreasing island width.This leads to an island growth until it reahes the saturated island width W = Wsat. Thise�et is inluded in the following approximation for ∆′ [32, 40℄
∆′ = ∆′

0

(

1 − W

Wsat

)

, (3.23)and desribes the evolution of a lassial tearing mode.3.2.2 Modi�ed Rutherford equationIn general not only the indutive ontribution in�uene the island evolution. All urrentswhih exist in the island region and ontain a helial omponent in the cos(mξ) diretionontribute to the parallel urrent j|| and alter the island evolution equation (equation (3.21)).In a tokamak the �ux surfae averaged perturbed parallel urrent (j||) onsists of an indu-tive part (ηE||), a neolassial ontribution (jneo) and an also ontain diverse internally orexternally driven ontributions (jdiv) [36℄
〈j||〉 =

1

η
〈E||〉 + 〈jneo〉 + 〈jdiv〉. (3.24)These urrents stabilise the mode when they are direted parallel to the perturbed urrent,and destabilise the mode when they are direted in opposite diretion. In the following someof those urrents are presented.One important ontribution to the evolution of magneti islands is the perturbation of thebootstrap urrent. This urrent is a neolassial e�et, already indiated in equation (3.24).This ontribution drives the neolassial tearing modes (NTMs) [41, 42℄. Another helialurrent perturbation, important for this work, is the urrent indued by external magnetiperturbation oils whih also an alter the island evolution. This ontribution is disussed indetail in setion 3.4. Another ontribution, also disussed in the following, is indued by theresistive wall, desribed in setion 3.6.2. Both these ontributions enter in jdiv in equation(3.24). A variety of further ontributions exist, whih are not disussed here. 35



3 Theory of magneti islandsPerturbed bootstrap urrentIn a tokamak the toroidal magneti �eld dereases with 1/R. A partile following a �eldline enounters regions of higher magneti �eld. In these regions the veloity omponentperpendiular to the �eld lines v⊥ is inreased and, in order to onserve magneti moment,the parallel veloity v|| of the partile is dereased. Partiles with a su�iently high veloityparallel to the �eld line, still follow the �eld lines and irulate around the torus. These arealled passing partiles. All other partiles with a smaller initial parallel veloity, return at aertain position (v|| = 0) and are trapped at the outboard side (low �eld side) in the so-alledmagneti mirrors for v|| ≤ ǫ1/2v⊥ [3℄. The superposition of several drifts (i.e the urvatureand ~∇B drift) leads to trapped partile obits whih, mapped to the poloidal plane, have abanana shape (banana orbits). The bootstrap urrent hene is a non-indutive urrent, whiharises from ollisions of trapped partiles, that are on�ned on banana orbits, with passingpartiles. It is proportional to a linear ombination of the radial gradient of temperature anddensity, whih an be simpli�ed as a dependene on the pressure gradient, and the frationof trapped partiles (ǫ1/2). In the limit of a small inverse aspet ratio (ǫ=rres/R) this urrentan be written as [35, 43℄
jbs ≈ − ǫ1/2

Bpol

dp

dr
. (3.25)A more aurate expression was introdued in [44℄, where the atual dependenes on thegradients of the ion and eletron temperature and the eletron density are onsidered sepa-rately:

δjbs,Sauter = RBtorpe

[

(−0.5) p
pe

∂ ln p
∂ψ

+ 0.2∂ lnTe
∂ψ

+ (−0.25)∂ lnTi

∂ψ

]

√

〈B2〉
. (3.26)When a su�iently large island forms, the heat �ux aross the island is enhaned due toan e�etive short-iruit of the �eld lines indiated in �gure 3.1. Partiles and heat rossthe island by rapidly �owing along the �eld lines. Sine the pressure an be seen as a�ux surfae quantity, the pressure pro�le will �atten inside the island and the pressuregradient is removed. Aording to equations (3.25) and (3.26) this leads to a loss of bootstrapurrent inside the island. This `helial hole' in the bootstrap urrent in the viinity ofthe island exhibits the required cos(mξ) omponent to ontribute to the perturbed parallelurrent j|| and in�uenes the island width evolution. Taking the indutive and neolassialontributions (jneo=̂jbs) into aount and substituting this expression for j|| in equation(3.21) and using the expression for the island width (equation (3.10)) gives the modi�edRutherford equation [35, 43, 45, 46, 35, 41, 42℄:

a1τres
dW

dt
= r2

res∆
′(W ) + r2

res∆bs (3.27)
∆bs = a2ǫ

1/2Lq
Lp

βpol

W
(3.28)36



3.2. Island evolution equationThe plasma β in this formula is the βpol de�ned as (2µ0〈p〉/B2
pol) with p the total pressureand 〈Bpol〉 the �ux- surfae averaged poloidal magneti �eld strength at the resonant surfae.The magneti shear length is de�ned as Lq = q/q′, while the gradient length of the pressureis Lp = −p/p′, due to the negative pressure gradient. In normal operation this leads to

Lq/Lp > 0. So the loss of bootstrap urrent ontributes to the drive of NTMs, whereas forNTMs the e�et of the equilibrium urrent (∆′) is normally assumed to be stabilising. Theparameter a2 is a left over from the spatial integral in equation (3.21) and of the order ofunity.Small island e�etsAording to equation (3.27) all islands whose resonant surfae is present in the plasmawould be unstable and grow. Sine this is not observed in experiment, additional e�ets,whih are mainly important at small island size, must play a role. These e�ets lead to athreshold for the island growth (NTM threshold).The �rst important e�et is a transport e�et due to radial di�usion [45℄. For large islandsthe �attening of the temperature T for example an be desribed by the following equation
χ||∇2

||T + χ⊥∇2
⊥T = 0, (3.29)with χ|| and χ⊥ being the parallel and perpendiular heat ondutivities. For these islandsthe ratio of χ||/χ⊥ an be seen as in�nite and T is a �ux surfae funtion. This is not truefor small islands. Approximating ∇|| with ∼W and ∇⊥ with∼ 1/W yields a dependene of

χ||/χ⊥ on W 4. Hene, for islands smaller than a ritial island width Wχ the ratio of χ||/χ⊥is �nite. This means that the parallel transport does not dominate over the perpendiularone and both are of the same order of magnitude. This leads to an inomplete temperature(pressure) �attening inside the island and redues the drive due to the loss of bootstrapurrent.The seond small island e�et is a �nite orbit width e�et [46, 47, 48℄. In general, a smallisland is rotating with respet to the surrounding plasma, due to torques ating on theisland. These torques are aused by urrents in the viinity of the island, whih have aomponent proportional to sin(mξ), ompared to urrents ontributing to the island growthdepending on cos(mξ). The resulting di�erential rotation is onneted with an eletrostatipotential in order to satisfy the ideal MHD ondition E|| = 0. This leads to an ~E × ~B�ow along the magneti surfae. This �ow is faster around the island's O-points, whihleads to an aeleration of the plasma around the island from the X-point to the O-point.Aording to equation (3.3), this plasma �ow is balaned by a urrent perpendiular tothe magneti surfae, the polarisation urrent. The polarisation urrent is mainly arriedby the ions due to a smaller ylotron frequeny. Sine the plasma is inompressible (~∇ ·
~j = 0) this perpendiular polarisation urrent gives rise to a urrent streaming parallel tothe magneti surfae, whih varies with cos(mξ) and thus, alters the modi�ed Rutherfordequation (3.21). This e�et is proportional to 1/W 3 (ompare equation (3.33)) and, hene,is mainly important for small islands. The polarisation urrent e�et depends strongly onollisionality [46, 49℄ and is enhaned for high ion ollision frequenies with respet to the37



3 Theory of magneti islandsmode rotation νii/ω > 1. In this work the following expression for the ion-ion ollision time
τii is used [5℄

τii = 1/νii =
12π3/2

√
2

m
1/2
i T

3/2
i ǫ20

ni(eZ)4) lnΛ
, (3.30)with ln Λ the Coulomb logarithm. Depending on the island rotation frequeny ω this ontri-bution an be stabilising or destabilising. In most of the ases it is assumed to be stabilising,in order to explain the stability of small islands refereed to above whih leads to a thresholdin the island growth. Inluding both of these small island e�ets in the island evolutionequation leads to a �nal expression for the modi�ed Rutherford equation [35℄:

a1τres
dW

dt
= r2

res∆
′(W ) + r2

res∆bs + r2
res∆pol (3.31)

∆bs = a2ǫ
2Lq
Lp

βpol

W

[

W 2

W 2 +W 2
χ

] (3.32)
∆pol = −a3g(ǫ, νii)

(

ρθi
Lq
Lp

)2
1

W 3
(3.33)The parameter ρθi =

√
2mikBTi/eBpol is the ion poloidal gyro radius, with kB the Boltzmannonstant. The ollisionality dependene of the ion polarisation urrent is inluded via thefator g(ǫ, νii) [50℄ whih is ǫ3/2 for `ollisionless' plasmas (νii/ǫΩ

∗
e << 1) and equal to 1 inthe `ollisional' ase. The frequeny Ω∗

e is the eletron diamagneti drift frequeny de�nedlater on in equation (3.54). The oe�ient a3 is again onneted to the integral in equation(3.21) and is of the order of unity.3Stability diagramIn �gure 3.4 the dependene of the island growth rate dW/dt on the island width W , a-ording to equation (3.31), is illustrated for three di�erent βpol values assuming a stabilisingontribution of ∆′.For high βpol, shown in red, the evolution shows two zeros (dW/dt = 0). The �rst one isdue to the small island e�ets, whih lead to a threshold for the island onset. The growthrate is positive only if W exeeds a ritial island width Wcrit. Thus, a `seed' perturbationis needed, whih indues a seed island with Wseed ≥ Wcrit to destabilise an NTM. As βpolinreases, Wcrit(βpol) dereases. Therefore, destabilising an NTM requires a smaller Wseed athigher βpol. IfW exeedsWcrit the island will grow until it reahes the saturated island width
Wsat, whih orresponds to the seond zero of dW/dt. Also Wsat inreases with inreasing
βpol. However, Wsat an inrease suh that any further rise in βpol, e.g. due to an inreaseof heating power, leads to island growth. This �attens the pressure over a larger region andresults in a on�nement degradation, thus anels the initial inrease in βpol. It is thereforenot possible to inrease βpol further, whih an be seen as a `soft β-limit' [46℄. For very large3More reent results have shown that the polarisation urrent is likely smaller than expeted from equation(3.33), see referenes [51, 52, 48℄38



3.3. Trigger mehanisms
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Figure 3.4: Island growth rate (inluding the ∆′ , the bootstrap urrent and the ion polarisationurrent term) aording to equation (3.31), versus the island width for three di�erent βpol.islands the whole proess an also terminate in a disruption (`hard β limit').The island an be stabilised by dereasing βpol, e.g. ramping down the heating power, to-wards the marginal point (βmarg). One βmarg is reahed (blue urve in �gure 3.4), the islanddeays rapidly independently of βpol.For βpol < βmarg, shown in green, no W exists for whih dW/dt is positive and the plasma isstable against NTMs.To onlude, the NTM growth requires a βpol larger than βmarg and a `seed' island with awidth Wseed that exeeds Wcrit(βpol). These are the reasons why NTMs mainly appear inplasmas with high pressure.3.3 Trigger mehanismsAording to equation (3.31), the plasma is linearly stable against NTMs if no seed pertur-bation is present whih leads to a seed island with Wseed > Wcrit(βpol) Only the appearaneof a seed perturbation leads to a nonlinearly unstable situation and the onset of an NTM.Typially, the trigger mehanisms of the most ommon m/n=3/2 and 2/1 NTMs are MHDinstabilities with di�erent mode numbers. These instabilities, or their harmonis, oupletoroidally to the resonant surfae and indue a seed perturbation at this loation. For ex-ample, the m ∓ 1 omponent of (the seond harmoni of) a 1/1 instability at the q = 1surfae, an indue a seed perturbation at the q=2/1 or q=3/2 surfae. This an lead tothe onset of a 2/1 or 3/2 NTM, respetively [43℄. Flat rotation pro�les between the trig-gering and the island surfae support the triggering proess due to the absene of shieldinge�ets, whih are more pronouned for a high shear in rotation and in the magneti �eld.At ASDEX Upgrade the typial trigger mehanisms are sawtooth rashes, �shbones and39



3 Theory of magneti islandsedge loalised modes (ELMs) [53℄. NTMs, whih appear without any visible trigger, startas lassial tearing mode but later on evolve into an NTM driven additionally by the lossof bootstrap urrent. In priniple, externally applied magneti perturbations an also leadto the seeding of an NTMs, see next setion 3.4. The three triggering proesses mentioned
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Figure 3.5: (3,2) Neolassial tearing modes at ASDEX Upgrade triggered by (a) a sawtoothrash (b) a �shbone and () an ELM with orresponding typial time traes to illustrate the onsetevaluation and the trigger orrelationabove are illustrated in �gure 3.5. Here the typial time traes, whih are used to identify theorresponding trigger mehanism at the NTM onset are illustrated for (a) a sawtooth rash,(b) a �shbone and () an ELM. The onset of eah NTM is learly visible in the inrease ofthe amplitude of a pik-up oil signal (dB/dt) (seond row from top) and in the aordingspetrograms (bottom row). All NTMs are aompanied by a loss in the normalised plasma
βN = βtor/(Ip(MA)/(a(m)Btor(T))), shown in the topmost row. The toroidal βtor is de�nedlike βpol but using the toroidal magneti �eld. In �gure 3.5 (a) the onset of a 3/2 and a 2/1NTM is shown, both of whih are triggered by a sawtooth rash. A sawtooth is a (resistive)1/1 MHD instability in the plasma ore and haraterised by a ollapse of the entral pres-sure and temperature. Figure 3.5 (b) shows a 3/2 NTM triggered by a �shbone rash. The�shbone instability, driven by a fast ion population whih then gets lost during the rash, isidenti�ed with the typial `�shbone' pattern in the Soft X-Ray signal and the harateristidown shifting frequeny evolution visible in the spetrogram. Figure 3.5 () illustrates thetriggering by an ELM, whih is haraterised by a ollapse of the density and temperaturepedestal and the orresponding �ushing out of partiles and heat into the srape-o� layer,whih is then deteted by divertor shunt urrents (ELM monitor).40



3.4. External perturbation �elds3.4 External perturbation �eldsIn addition to perturbations inside the plasma, NTMs an also be in�uened by externallyapplied magneti perturbations (MPs). These perturbation �elds are, for example, gener-ated by urrents �owing in external oils. At ASDEX Upgrade these perturbation oils arealled B-oils (setion 2.1) and are installed inside the vessel. The B-oils an be used in`resonant' and `non-resonant' on�gurations, adjusted by the phasing of the upper and loweroil row. Both on�gurations ontain resonant and non-resonant magneti �eld omponents,whih at di�erently on the plasma and mode stability.The resonant omponents of the MP �eld an penetrate into the plasma and provoke mag-neti reonnetion at a resonant surfae whih is aompanied by the generation of a smallmagneti island at this surfae. This small island an at as seed island for a neolassialtearing mode. Stati resonant magneti perturbations an, therefore, produe a loked modewhih, in most ases, leads to a disruption. Pre-existing rotating modes an also interatwith the resonant MP �elds. They are slowed down and lok to the MP �eld. The non-resonant omponents of the error �eld do not in�uene MHD modes diretly but insteadindue a global torque, the neolassial toroidal visous torque, and thus also support theappearane of loked modes [54℄. Both e�ets are present in every B-oil on�guration. Thedi�erene is that in a `non-resonant' on�guration the resonant omponents are minimisedwhile in a `resonant' on�guration they are maximised. This is illustrated in �gure 3.6,where the perturbed magneti �elds (vauum plots) of an n = 2 `non-resonant' (a) and`resonant' (b) on�guration in a poloidal ross setion are shown. These vauum plots arethe result of a superposition of the perturbation �eld, aused by the B-oils and alulatedusing the vauum �eld approximation, and the equilibrium �eld. This superposition leads tothe formation of vauum islands at the various resonant surfaes. The size of these vauumislands depends on the magnitude of the resonant omponents of the perturbed �ux Ψvac,aording to equation (3.10) [37℄. Hene, the magnitude of a resonant MP �eld omponentan be parametrised via the size of the vauum island
Wvac = 4

(
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∣

∣
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. (3.34)In both �gures vauum islands are visible, hene, resonant omponents are present, but thevauum islands are onsiderably larger in the `resonant' ase (�g. 3.6 (b)), espeially at the
q=3/2 and 4/2 surfae.3.4.1 Resonant magneti �eld omponentsThe resonant omponent of the perturbation �eld exhibits a disontinuity in the perturbedhelial poloidal �ux at a resonant surfae, whih implies the existene of a helial urrentbeing present at this surfae [37℄. This approah is analogue to a more ompat desrip-tion based on the formation of an island at a resonant surfae in the vauum magneti �eld(superposition of the equilibrium and the perturbation �eld) indued by the resonant om-ponent of the magneti perturbation �eld. The plasma response to the formation of this41
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3.4. External perturbation �eldsresonant MPs on the island stability in a ylindri geometry [37℄
∆ext =

2m

rres

(

Wvac

W

)2

cos(∆φ), (3.35)and the extended modi�ed Rutherford equation:
a1τres

dW

dt
= r2

res∆
′(W ) + r2

res∆bs + r2
res∆pol + r2

res∆ext (3.36)The toroidal perturbation aused by the externally applied magneti �elds is parametrisedby the size of the vauum island Wvac. The width Wvac an diretly be alulated from theperturbed magneti �ux ψvac via equation (3.34) and an therefore be linked to the perturbedradial magneti �eld at the resonant surfae (Br = −mψvac)/r). In addition to the in�ueneon the island evolution, the resonant MPs exert a (~j× ~B) torque in the viinity of the island,whih tries to alter the mode frequeny ω to math that of the MPs [37℄. The toroidalomponent of this torque is
Tφ,jxB,non−linear = −4π2R0

mn

µ0
C2 W 2

vac W
2 sin(∆φ). (3.37)The parameter C ontains equilibrium quantities and is de�ned as:

C =
rresBtor |q′|

16q2R0
. (3.38)Equation (3.35) and (3.37) predit that the larger and the slower the island is, the strongeris the e�et of the MPs on the island. Additionally, the in�uene on a rotating island inthe non-linear phase is modulated. Assuming a large rotating island with initial size W0and initial frequeny ω0, �gure 3.7 illustrates the modulation of dW/dt and dω/dt aordingto the external �eld desribed by equations (3.35) and (3.37). It is visible in �gure 3.7that, due to the `non-slip' ondition for large islands, the mode frequeny and width varyperiodially and not in phase, whih leads to the following situation: During the phases inwhih the mode is slowed down (�gure 3.7 (b), red shadowed region), the island width islarger ompared to W0, whereas during the phases in whih the mode is aelerated (�gure3.7 (b), orange shadowed region) the island is smaller ompared to W0. At the same time, inthe phases where the mode is stabilised (�gure 3.7 (a), green shadowed region), it is slowerompared to the initial frequeny ω0. Therefore, the island stays longer in the region where itis stabilised. Aording to the applied theory, a rotating island experienes a net stabilisinge�et and is slowed down due to the MPs. Both e�ets are linked. Therefore, without themodulation of the island width no braking takes plae and vie versa. As soon as the islandloks (∆φ=onstant) this theory predits a strong inrease of the island width.In order to alulate a time averaged (~j × ~B) torque, whih is ating on the island in thenon-linear regime, it an be assumed that the modulation of the island frequeny is small.Hene, the island is rotating almost uniformly, whih is valid in any ase for substantiallyfast rotating islands. Additionally, it is assumed that the ontribution of the perturbation�eld (equation (3.35)) is the dominant term in the modi�ed Rutherford equation. In this43
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b)Figure 3.7: Modulation of the island width and phase evolution due to MPs as a funtion of thephase di�erene ∆φ of the magneti and the vauum island. In (a) the evolution of the island widthin terms of dW/dt ∼ ∆ext is shown in blak. The resulting island width W with respet to theinitial island width W0 is shown in blue (dashed line). In (b) the evolution of the island frequenyin terms of dω/dt ∼ Tj×B is shown in blak. The resulting island frequeny ω with respet to theinitial island frequeny ω0 is shown in red (dashed line).limit the modi�ed Rutherford equation an be integrated analytially whih yields for statiperturbation �elds [55℄
W (t) ≃ W̃0| sin(ωt)|1/3 (3.39)
W̃0 = 1.939 m1/3

(

W 2
vac/r

2
res

ωτres

)1/3

rres, (3.40)with ω the atual mode frequeny (almost onstant in time) and W̃0 the maximal islandwidth during one period (for ∆φ = π/2). The steady (~j × ~B) torque in toroidal diretion ishene given by: [55℄
〈Tφ,jxB,non−linear〉 = −4π2R0

mn

µ0
0.05356 C2 W 2

vac W̃
2
0 (ω) (3.41)Linear regimeThis work is mainly foused on the interation of externally applied MPs with pre-existinglarge rotating modes. Therefore the linear theory, valid for small islands e.g. in the aseof mode penetration, is only brie�y disussed for the partiular ase of stati perturbation�elds.The linear theory applies for islands smaller than the linear layer width. These small islandsare allowed to `slip' through the plasma frame and do not neessarily rotate with the eletron44



3.4. External perturbation �elds
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∆φ for the linear and non-linear theory at a q = 2 surfae. The input parameters are listed in table5.3.�uid (see setion 3.5). In the following the rotation of small modes in the unperturbed ase(without B-oils) is de�ned as the unperturbed tearing frequeny ω0,MHD [37℄. Hene, statiMPs indue a small island whih is also not rotating but has a onstant phase shift (∆φ)with respet to the vauum island due to the plasma �owing around it. This phase shiftdepends on ω0,MHD and due to the fat that it is onstant the MPs exert a steady (~j × ~B)torque in the viinity of the resonant surfaes.In the following, the formulae for the viso-resistive limit are presented. This limit is validfor ω0,MHD << τ

1/3
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H τ
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res with [37, 40℄

τV =
r2
res

Dφ
(3.42)

τH =
R0

√

µ0ρ(rres)

Btorn(rres/Lq(rres))
, (3.43)where D is the momentum di�usion oe�ient, ρ the ion mass density, τH the loal hydro-magneti time-sale and τV the visous di�usion time-sale at the orresponding resonantsurfae. In this limit the visosity and the resistivity play the dominant role in the islandregion, while the inertia is negleted. When the island is smaller than the viso-resistive lin-ear layer width (W < δVR = (τ

1/3
H τ

−1/6
res τ

−1/6
V rres)) the steady torque Tφ,jxB,linear, the indued45



3 Theory of magneti islandsisland width W and the phase shift ∆φ are given by [37, 40℄
Tφ,jxB,linear = −4π2R0

2m2n

µ0|∆′
0rres|

ω0,MHD τrec
1 + (ω0,MHD τrec)2

C2 W 2
vac (3.44)

W 2 =
1

√

1 + (ω0,MHD τrec)2

2m

|∆′
0rres|

W 2
vac (3.45)

∆φ = arctan(ω0,MHD τrec), (3.46)with ∆′
0 the stability parameter in the linear regime, desribed by equation (3.13), and τrecthe reonnetion time-sale in the viso-resistive limit de�ned as

τrec =
2.1036

|∆′
0rres|

τ
1/3
H τ

5/6
res

τ
1/6
V

. (3.47)In �gure 3.8 the torque Tφ,jxB, the island evolutionW and the phase shift ∆φ at a q=2 surfaeaording to an n=2, m=4 MP �eld in the linear ase with respet to fMHD = ω0,MHD/(2π)are illustrated. The phase shift ∆φ inreases with inreasing tearing frequeny (for statiMPs) whih aordingly leads to a strong derease in Tφ,jxB and W . The time averagednon-linear torque and the non-linear island width evolution, aording to equation (3.41)and (3.40), with respet to the NTM frequeny (=̂fMHD ), are also shown. The linear andnon-linear torque are of the same order of magnitude and show a similar behaviour. In boththeories the island width and torque are largest if fMHD is lose to the MP �eld frequeny(fB−coils) whih is zero at AUG. When fMHD di�ers from fB−coils the torque ats in thediretion to adapt fMHD to fB−coils.3.4.2 Non-resonant magneti �eld omponentsThe non-resonant omponents of the MPs only give rise to the neolassial toroidal visoustorque (NTV) and do not in�uene the island stability diretly. The NTV torque ontributesto the plasma rotation damping generated by a non-ambipolar radial �ow of trapped par-tiles indued by the error �eld. The externally applied magneti perturbations break theaxisymmetry of the magneti �eld, whih leads to a distortion of the �ux tubes [56℄. How-ever, the �ux onservation leads to a modulation of the magneti �eld; an inreased magneti�eld exists in regions with a dereased ross-setion and vie versa. This modulation of themagneti �eld in turn leads to a modulation of the ratio of parallel to perpendiular pressure.Due to ollisions, the modulation of the �ux tube and the pressure are not in phase and aradial drift of trapped partile arises. This leads to a radial urrent and hene, a (~j × ~B)torque aused by the non-resonant omponents of the error �eld arises. The NTV torquean be alulated in the relevant ollisionality regime from the relation between the radialion partile �ux and the toroidal fores. In partiular, the toroidal (~eφ diretion) visousstress 〈~eφ∇· ↔
π i〉 is important [57, 58℄, with ↔

π i the visosity tensor. This onnetion an bemade by solving the �ux surfae averaged ion momentum equation in the toroidal diretion:[58℄ [49℄
〈~eφ

∂

∂t
ρ~vi〉 = −〈~eφ∇· ↔

π i〉 + ..., (3.48)46



3.5. Mode rotationwith ρ the ion mass density and ~vi the rotation veloity of the ion �uid, and the fore-fritionrelation:
ZeΓi = 〈~eφ∇· ↔

π i〉 = −tNTV (3.49)yielding the NTV torque density tNTV with Γi a radial non-ambipolar ion partile �ux, de-�ned as 〈ni~vi~er〉.In the ore region plasmas are mainly in the low-ollisitionality banana regime. In thisregime the partiles �nish at least one banana orbit before they ollide with another par-tile and therefore, the e�etive ion-ion ollision frequeny is less than the banana bounefrequeny (ν∗i = νii/(ǫωb) ≪ 1, with ωb = ǫ1/2vth/(qR) and vth the thermal veloity). In thebanana regime trapped partiles dominate the transport. Two ollisionality regimes existwithin the banana regime. These two sub-regimes are: the 1/ν regime for (νii/ǫ > qωExB)and the ν regime for (νii/ǫ < qωExB) with ωExB the ~E× ~B drift frequeny de�ned as Er/rBtor,with Er the radial eletri �eld. In the investigated plasmas, the ore region is mainly nearthe transition from the 1/ν and ν regime. In the following and in setion 5.3 the formu-lae and parameter de�nitions for the 1/ν regime are used. In the regimes valid for higherollisionality for example at the edge, like the plateau and P�rsh-Shlüter regime [3℄, thedrift of trapped partiles is redued - due to less trapped partiles. Therefore, the presentedalulation, valid for the banana regime, provides an upper limit for the NTV torque.The radial ion �ux Γi an be alulated in the relevant ollisionality regime. It is onnetedto the toroidal visous stress and the orresponding NTV torque density tNTV. Calulatingthe radial ion partile �ux for the 1/ν regime leads to the generi formulation for the toroidalNTV torque density [59, 60, 49℄
tNTV ≃ mini

ǫ3/2vth,i

νii〈R2〉

(

δB

B0

)2

〈R2〉 (Ωφ − Ω∗
NC) , (3.50)with mi and ni the ion mass and density, vth,i the thermal ion veloity (√2Ti/mi), νii theion-ion ollision frequeny, Ωφ the plasma rotation frequeny and Ω∗

NC a neolassial o�setfrequeny. Additionally the NTV depends on the ratio of the perturbation �eld (δB) andthe equilibrium �eld (B0). The NTV ats as drag and tries to slow down the plasma rotation
Ωφ towards Ω∗

NC. The o�set rotation Ω∗
NC is in the ounter-urrent diretion for stati MPsand depends on the ion temperature gradient [61, 62℄. The detailed dependene is given inequation (5.26). The total torque an be alulated by integrating tNTV over the plasmavolume V . A detailed alulation of the NTV an be found in setion 5.3. This is done bytaking into aount that the B-oils produe a perturbation �eld whih is loated mainly atthe low �eld side and that the plasmas are divertor plasmas. This is not taken into aountin most of the alulations at other devies, where a helial perturbation and a ylindrialplasma is assumed.3.5 Mode rotationIn addition to the evolution of the island width, the evolution of the phase of a modeis also important. In the laboratory frame an island struture rotates with the eletron47



3 Theory of magneti islands�uid, whih di�ers in rotation frequeny from the main plasma rotation frequeny Ωi. Theplasma rotation in the ase of AUG is dominated by the toroidal ion rotation frequeny
Ωi,φ (=vtor/R) whih an be measured by means of the CXRS diagnosti (f. setion 2.3.7).It is assumed that the poloidal ion plasma rotation is strongly damped [63℄ and that onlythe toroidal plasma rotation is important. In ontrast, the poloidal and toroidal rotationof a magneti island are always oupled via the safety fator q. At the resonant surfaethe balane between the eletromagneti �eld and the pressure gradient leads to a rotationof the magneti island with the eletron perpendiular veloity v⊥,e. In general, for boththe eletron and ion �uids, only the rotation perpendiular to the magneti �eld lines areimportant. v⊥,e is the sum of the ~E × ~B drift veloity ~vExB = ~E × ~B/B2 and the eletrondiamagneti drift veloity ~v∗e , whih leads to the following relation for the mode frequeny

ω ≈ ~k(~vExB + ~v∗e ) (3.51)(3.52)with the wave vetor ~k de�ned as (n/R~eφ + m/r~eθ). The diamagneti drifts are aused bythe existene of a pressure gradient (~v∗ = ~∇p × ~B/(qnB2)) and give rise to a diamagnetiurrent via ~jdia = ne(~v∗i − ~v∗e ). Negleting the poloidal omponent of the plasma rotationand assuming that the diamagneti drift frequeny Ω∗
i,e for ions and eletrons is mainly inthe poloidal diretion yields

ω = nΩi,φ −mΩ∗
i (3.53)

Ω∗
i = −Ω∗

e = − ∇pe,i

|qe,i|ne,iBtorr
. (3.54)The rotation ω of a small magneti island in the laboratory frame, where the loal radialmagneti �eld is zero, di�ers from Ωi,φ by about the poloidal omponent of the ion dia-magneti drift frequeny Ω∗

i = v∗i /r [64℄. For normal operation, with a o-urrent rotatingplasma, the ion diamagneti frequeny is positive and the mode rotates slower ompared tothe plasma. The propagation of a small island with respet to the plasma frame is the samemehanism that gives rise to the polarisation urrent, whih in�uenes the island stabilityas already disussed in setion 3.2.2. For large islands the pressure gradient at the resonantsurfae vanishes and, hene, Ω∗
i = 0. So large islands rotate with the plasma and do not`slip' trough the plasma.3.6 Equation of motionThe time evolution of the island frequeny an be desribed by the equation of motion,inluding all torques ating on the island. Assuming that the Ω∗

i is onstant, hanges in theisland rotation are aused by hanges in the plasma rotation at the resonant surfae. Again,assuming poloidal �ow damping [63℄, the poloidal omponent of the equation of motion anbe negleted and from the toroidal omponent of the equation of motion, the mode rotationan be derived:
I
dω

dt
=

∑

Tφ (3.55)48



3.6. Equation of motionAny torque whih is not balaned by other torques ontributes to the inertia I = mplasmaR
2
0,whih gives rise to a hange in the mode frequeny, with mplasma the mass of the plasma.3.6.1 Visous torqueIn addition to the (~j × ~B) and NTV torques aused by the externally applied magnetiperturbations (setion 3.4), the visous torque Tvs and the NBI input torque TNBI (see setion2.2.1) also strongly in�uene the island rotation.The plasma ross-setions (referred to as `plasma shells' with volume dV and width dr) areradially oupled via a perpendiular plasma visosity. This gives rise to a visous torque,where the toroidal omponent an be desribed as [37, 40℄

Tφ,vs|dV = 4π2R0

[

(DφρrR
2
0)
∂Ω

∂r

]r+dr/2

r−dr/2

, (3.56)with Dφ the momentum di�usion oe�ient and ρ the mass density, where the produt ofboth is proportional to the perpendiular visosity. A radial gradient in the rotation pro�legives rise to a restoring torque between the di�erent plasma shells along r with the Volume
dV = V (r + dr/2) − V (r − dr/2). For a large island, whih is not allowed to `slip' throughthe plasma (Ω∗

i ≈ 0), only the deviation from its natural frequeny ω0 is important. Thenatural frequeny is de�ned as the mode rotation in a steady-state situation where the globalvisous and NBI input torque balane eah other. Every deviation of ω from ω0 is opposedby the perpendiular visosity whih gives rise to the orresponding restoring torque. Thetorque an be derived from the following approximation, assuming that hanges in the moderotation are aused by hanges in the toroidal plasma rotation Ωφ [40℄
Tφ,vs = A∆Ωφ = A

1

n
(ω − ω0). (3.57)The parameter A depends on visosity and properties of the natural veloity pro�le.3.6.2 Resistive wall torqueIn addition also the existene of a resistive wall an in�uene a magneti island. Thisin�uene is desribed in this setion, following the derivation in [65℄. The resistive wall isimportant mainly for slowly rotating islands. The presene of a resistive wall results in a

~jwall × ~B(rwall) torque. The wall is loated at r = rwall with a �nite ondutivity σ. At theresonant surfae, inside a magneti island, a perturbed helial urrent j1 is �owing. Its phasevaries in time (∼ ei(mξ−ωt)) with respet to the wall, aording to the mode frequeny ω, with
m the poloidal mode number. Outside the resonant surfae the perturbed urrent is zero.Consequently, the perturbed �eld in these regions (r 6= rres) an be desribed by Ampère'slaw (see equation (3.1)). The poloidal and radial omponent of ~B1 an be alulated byinluding the orret boundary onditions for the radial and tangential omponent of ~B1 inthe three regions (0 < r < rres), (rres < r < rwall) and (rwall < r < ∞). Here, additionally,the perturbed urrent �owing at the resonant surfae has to be taken into aount. In order49



3 Theory of magneti islandsto determine the shielding urrent jwall indued in the wall by the rotating mode, the tearingmode equation has to be solved, aounting for the above desribed boundary onditions.An approximation for jwall an be alulated from Faraday's law, using the perturbed radialmagneti �eld B1r∞ in the outer region rwall < r <∞:
jwall =

rwallωσwall

m
B1r∞ (3.58)

B1r∞ = − B1

iωτwall

(rres
r

)m+1

ei(mξ−ωt) (3.59)The time τwall is the resistive time of the wall with width d, de�ned as τwall = µ0drwallσwall/(2m).The ASDEX Upgrade vessel wall is made out of steel (σwall = 107 1/mΩ) and loated at aminimum radius rwall of 0.5m with a thikness of around d = 15mm on average. In a irularapproximation this results in τwall of 50ms for a mode with m = 1.The fore ating on the island an be alulated using equation (3.58) and (3.59) via
Fwall = ~j × ~B =

1

2
jwallB

∗
1r∞, (3.60)with B∗

1r∞ the onjugated of B1r∞. This results in the equation for the toroidal omponentof the resistive wall torque Tφ,rw [65, 34, 37℄
Tφ,rw = −4π2R2

0

m2

µ0rres

(

rres
rwall

)2m
(ωτwall)

1 + (ωτwall)2
C2W 4 1

√

(ǫ/q)2 + 1
. (3.61)The parameter C is de�ned in equation (3.38). The last term in equation (3.61) results fromthe extration of the toroidal omponent from the total helial torque, whih ontains botha poloidal and a toroidal omponent.Sine the helial urrent �owing in the wall ontains a omponent whih is in phase (cos(mξ)omponent) with the perturbed �ux, the resistive wall an also ontribute to the islandevolution [37℄

∆rw = −2m

rres
(ωτwall)

2u
[1 − u]

1 + (ωτwall)2[1 − u]
. (3.62)The parameter u is de�ned as u = (r+

res/rwall)
2m. This ontribution adds to the modi�edRutherford equation:

a1τres
dW

dt
= r2

res∆
′(W ) + r2

res∆bs + r2
res∆pol + r2

res∆ext + r2
res∆rw (3.63)3.7 SummaryThe evolution of a magneti island an be haraterised by the evolution of the islandwidth and its phase. The evolution of the island width an be desribed by the modi�edRutherford equation. Every parallel urrent with a cos(mξ) omponent an in�uene theisland evolution, either stabilising or destabilising. Modes that are driven by the equilibrium50



3.7. Summaryurrent pro�le (∆′ unstable) are alled lassial tearing modes. Neolassial tearing modesare typially ∆′ stable, and are driven by the loss of bootstrap urrent. Additionally, dueto small island e�ets a threshold for the mode onset exists. This implies the requirementof a `seed' island at the resonant surfae, whih an be indued by a trigger instabilityat a di�erent surfae. Inluding all ontributions disussed in the previous setions in themodi�ed Rutherford equation that desribes the evolution of the island width W yields:
0.82τres

dW

dt
= r2

res∆
′(W ) + r2

res∆bs + r2
res∆pol + r2

res∆ext + r2
res∆rw (3.64)The frequeny evolution of a magneti island an be derived from the equation of motionby inluding all torques ating on the island. Assuming poloidal �ow damping, only thetoroidal omponents of the torques in�uene the island evolution. These are summarised inthe following equation of motion for the island frequeny ω:

I
dω

dt
= Tφ,vs + Tφ,NBI + Tφ,jxB + TNTV + Tφ,rw (3.65)These equations are used in the following to disuss the in�uene of rotation on the NTMonset (hapter 4) and to model the in�uene of MPs on the NTM evolution (hapter 5).
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3 Theory of magneti islands
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Chapter 4In�uene of rotation on the NTM onset
4.1 IntrodutionAs already introdued in hapter 3 neolassial tearing modes (NTMs) are resistive MHD-instabilities. They are driven by a loss of helial bootstrap urrent whih is aused by a�attening of the pressure pro�le aross the magneti island due to enhaned transport aroundthe island. One a seed island of su�ient size is generated, this mehanism reinfores itselfand the NTM grows. In present devies the ourrene of NTMs degrades the on�nementand limits the maximal ahievable β. NTMs an derease the plasma rotation and aneven lead to disruptions in partiular at low q95, deifned as q at 95% of the poloidal �ux
Ψ. In large devies like ITER NTMs are likely to be performane limiting if they are notmitigated or avoided. To be able to ontrol NTMs it is neessary to extrapolate the presentunderstanding to larger devies with di�erent onditions. A key parameter for the NTMphysis and extrapolation is the rotation dependene. Compared to present devies, whihtypially have substantial rotation, ITER will be operated at low plasma rotation due to a lowapplied torque ompared to the plasma visosity. With these di�erenes the question arises,how the NTM behaviour hanges with rotation and, if preditions an be made from presentunderstanding. In addition to this, the general dependene of NTMs on di�erent plasmaparameters, espeially the understanding of the seeding mehanism and the dependenes atthe NTM onset are an essential part for the ontrol and avoidane of NTMs. The main partof this hapter has already been published in [66℄.4.2 Role of rotation and previous workIn the following, the question of how the plasma rotation in�uenes the onset and the triggerproess of NTMs is adressed. Several possibilities of how plasma rotation an in�uene theNTM behaviour.

• It has been proposed that hanges in rotation or rotation shear an redue the normallystabilising e�et of the lassial tearing stability index ∆′, due to a hange in theinteration of the resonant surfaes or redution of rotation shear in the viinity of theresonant surfae [67℄. 53



4 In�uene of rotation on the NTM onset
• Rotation an also in�uene the stability of NTMs by means of small island e�ets.The ion polarisation urrent for example depends expliitly on rotation and an bein�uened by hanges of the mode rotation in the plasma frame, to either stabilise ordestabilise the island [68, 50℄. Of ourse this rotation e�et depends strongly on thegeneral impat of the ion polarisation urrent on the mode stability ompared to othersmall island e�ets.
• A further important issue is the e�et of rotation on the trigger mehanism. Onthe one hand, the trigger instability itself an depend on plasma rotation as alreadyfound for the sawtooth instability [69, 70℄. On the other hand the seeding proessdue to magneti oupling an be in�uened by the di�erential rotation between thetwo resonant surfaes [71℄. The formation of a seed island will be hampered at highdi�erential rotation beause the seed perturbation is shielded.
• Finally, rotation an in�uene the island stability due to hanges of the impat of error�elds on the island or due to hanges in the interation between the island and thevessel wall, as already introdued in setion 3.4 and setion 3.6.2, respetively. Changesin the island struture due to rotation are also possible.Studies onerning the rotation dependene of NTMs have already been performed at severalother fusion experiments e.g. DIII-D [73℄, NSTX [74℄, JET [72, 67℄.At DIII-D, experiments with o- and ounter-urrent injeted beam torque were done. AtNSTX only o-rotation data are available, whih were obtained from experiments in whihthe plasma rotation was varied via di�erent o-injeted beam torques and with an externallyapplied error �eld that ats as a drag on the plasma rotation. The JET database also ontainsonly o-rotation data ahieved with a mix of NBI and ICR heating. In all three devies it wasfound that with dereasing o-rotation or rotation shear the NTM onset threshold dereasesand that the role of rotation shear on the NTM stability is more important than thatof rotation alone. At DIII-D, the NTM onset threshold dereases further with inreasingounter-rotation, shown in �gure 4.1. Similarly, for dereasing rotation shear, the onsetthreshold dereases ontinuously, also when entering the region of negative rotation shear,

[Buttery IAEA 2008]

Figure 4.1: Figure taken from Buttery IAEA 2008 [72℄. Rotation dependene of 2/1 NTM βNlimit.54



4.3. Experimental approahwhih is related to ounter-rotation. This raised the question of whether a sign e�et isresponsible for the di�erent behaviour with o- and ounter-rotation or, if the minimumonset threshold is shifted towards negative rotation whih would indiate that an `o�set'exists whih is aused by diamagneti drifts [67℄. If this is the ase, it is possible that thisminimum in rotation has not been reahed yet at DIII-D. Even stronger ounter-urrentrotation data are needed to ross this minimum. Further, in [73℄ and [74℄ experiments wereperformed whih exlude the in�uene on the ion polarisation urrent on the NTM onsetthreshold. Results from DIII-D and NSTX suggest that an in�uene of rotation or rotationshear on the underlying tearing stability (∆′) exists whih is responsible for the rotationdependene of the NTM onset threshold [73, 67℄.In the following the orresponding results from AUG for the (3,2) NTM onset are presentedwhih di�er in some respet from those at DIII-D and NSTX.4.3 Experimental approahThe growth of an NTM an be desribed by the modi�ed Rutherford equation [38, 75℄as already introdued in setion 3.2.2. The drive of the NTMs, whih determines the NTMthreshold, is mainly aused by the loss of bootstrap urrent inside the island. In the followinganalysis an NTM threshold is de�ned with respet to µ0Lqδjbs/Bpol aording to [74℄. Sineat AUG the q pro�le measurements are insu�ient to reliably detet hanges in dq/dr, thedependenes on q(r) are not inluded in all following de�nitions (meaning Lq=onstant).Aording to equation (3.31), exept for the ion polarisation urrent, whih is not responsiblefor the rotation dependene at the mode onset as already mentioned and disussed in [73, 67℄,no expliit rotation dependene is inluded in the modi�ed Rutherford equation.In the experimental analysis di�erent trigger mehanisms have been distinguished whih,due to magneti oupling, indue a seed island at the resonant surfae (see setion 3.3). Formost of the disharges the trigger mehanism ould be identi�ed unmistakably as either anELM, a �shbone or a sawtooth rash. This was extended to larify if there exists a learorrelation between the NTM onset and the harateristi features of eah trigger mehanism(see �gure 3.5). The ases, in whih the mode grows without any visible trigger, possiblydestabilised by the Te gradient [76℄, are also ommon. For some NTM onsets (1,1) ativitywas observed but the trigger mehanism ould not be spei�ed. In those ases in whihmultiple events took plae at the mode onset the trigger mehanism is labelled as `unlear'.For some islands also the marginal point ould be determined (�gure 3.4). Dependenesat the marginal point are exlusively aused by e�ets inluded in the modi�ed Rutherfordequation and are therefore independent from the seeding physis. The trigger mehanismdoes not in�uene the behaviour at the marginal point. In onsequene by analysing theNTM behaviour at the marginal point e�ets attributed to the trigger mehanism and theNTM stability an be disentangled.During the deay phase of stored energy and hene βpol, e.g. due to ramping down theheating power, also the island width dereases, as illustrated in �gure 3.4. At the marginalpoint the island width evolution deouples from βpol and deays away independent of βpol.55
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Figure 4.2: Illustration of the marginal point determination of a (3,2) neolassial tearing modeby the deoupling of βpol and the island width evolutionThis is illustrated for one ase in �gure 4.2. For simpliity in this investigation the timeevolution of the global βpol is used and not the loal one at the resonant surfae like in allother analyses.The marginal point an be determined best, when βpol dereases very slowly. Therefore inall dediated experiments a slow power ramp down was inluded.At AUG the (m,n)=(3,2) NTM is the most ommon NTM and hene a large data setof (3,2) NTM onset points with a wide range of plasma rotation is available. To extendthe database, espeially in the low rotation regime and with ounter-rotation, dediatedexperiments have been arried out. In these experiments the plasma rotation was variedby using di�erent heating mixes. Two wave heating methods, ECRH (eletron ylotronresonane heating max. 4MW) and ICRH (ion ylotron resonane heating max. 6MW)are available, neither of whih apply a diret torque on the plasma. The torque input anbe varied by using the neutral beam injetion (NBI max. 20MW) and ombining radial andtangential beams. The experiments arried out to ahieve the lowest possible rotation weredone with a dominant fration of wave heating and only one neutral beam that is neessaryfor rotation measurements. The beam was operated at redued beam voltage, whih reduesthe input power and also the input torque. In standard operation the NBI is oriented inthe o-diretion relative to the plasma urrent. Experiments with ounter-rotation an beobtained by reversing the plasma urrent and the magneti �eld diretion. In this setup theNBI is oriented in the ounter-urrent diretion. The experiments with ounter-rotation werelimited in NBI heating power due to impurity in�ux reated by enhaned �rst orbit lossesin reversed Ip/Btor operation. This is aused by the fat, that in ounter-urrent diretion56



4.3. Experimental approahmore ions are born at non-on�ned orbits. In reversed Ip/Btor operation the drift diretionof trapped partiles is hanged towards the outboard side, while in normal operation thesedrifts are towards the plasma ore. As a onsequene, the range of ahievable ounter-rotation data was limited. For the following investigations all parameters are taken at theloation of the magneti island. The radial island loation has been determined by using theSXR diagnosti (setion 2.4.1) and a loalisation method, whih is based on the orrelationof the ECE hannels measuring the eletron temperature Te with a sampling rate of 1MHzand the magneti signals dB/dt [30℄ (setion 2.4.4). The seond method is very reliable andaurate and works satisfatorily for most of the disharges. The toroidal plasma rotation
vtor is measured via harge exhange reombination spetrosopy (CXRS) (setion 2.3.7).4.3.1 Mahine limitIn one of the following analysis the normalised βN threshold at the NTM onset is omparedto the maximal ahievable βN, whih is only limited by the ahievable heating power andother plasma parameters, like Ip, Bt and ne whih are all set as input to the experiment.Sine the used heating power does not only in�uene βN, but also determines the plasmarotation, a trivial dependene of both parameters ould be expeted.Therefore, the mahine limit is introdued, whih in this ontext is the hypothetial ahiev-able data range of βN and plasma rotation. This predited limit an hene be omparedto the analysis result in order to exlude trivial dependenes and to illustrate the in�ueneof NTMs on the overall plasma performane. The hypothetial data range is predited bytaking into aount salings and simple formulae depending only on parameters whih areset from outside, suh as the available heating power Pheat, Ip, Btor and density ne.The ahievable βN is de�ned as [3℄:

βN =
βtor

Ip(MA)/(a(m)Btor(T ))
=

1

Ip(MA)/(a(m)Btor(T ))

< ptot >

B2
tor/2µ0

(4.1)where the de�nition of βtor, de�ned as < p > /(B2
tor/2µ0), has been used. The pressure

< ptot > an be determined from the stored energy Wtot, whih on the other hand dependson the total power and the energy on�nement time τe [3℄:
Wtot = τePtot =

∫

3/2ptotdV (4.2)The ITERH-98P(y,2) on�nement saling [77℄ is used to determine the energy on�nementtime, assuming an H98 fator of 1 (H98 = τe/τscal).
τscal = 0.0526P−0.69

tot B0.15
tor I

0.93
p κ0.78n0.41

e ǫ0.58R1.97M0.19 (4.3)For the elongation κ (=0.74), the inverse aspet ratio ǫ (=a/R=0.3), and the mass number
M (=2), typial AUG values are used, indiated in brakets. The total power Ptot is assumedto be dominated by the total externally applied heating power Pheat = PNBI+PICRH +PECRH.57



4 In�uene of rotation on the NTM onsetCombining equation (4.1), (4.2) and (4.3) leads to a predition for βN depending only onparameters, whih an be set in the experiment
βN =

2/3 τscalPheat

Ip[mA]Btor/(a2µ0)

1

V
. (4.4)The plasma rotation is determined by the intrinsi rotation and the applied torque. It isassumed that the intrinsi rotation is negligible and that only the NBI applies a torque tothe plasma. The derease of rotation due to ECRH and ICRH observed in experiment is notinluded expliitly, but the trend of dereasing plasma rotation with inreasing wave heatingpower is taken into aount, as will be desribed later. The torque balane equation deliversan expression for the plasma rotation frequeny ω, whih depends on the NBI input torqueand the momentum on�nement time τΦ:

TNBI =
mplasmaR

2ω

τΦ
(4.5)The NBI input torque is the sum of the individual beams i with power PNBI,i whih an beapproximated aording to [78℄ and [79℄

TNBI = PNBI,i

√

2mbeam

Eb
Rtang, (4.6)with Eb the injetion energy, mbeam the mass of the beam speies and Rtang the tangentialradius of the NBI beams. Detailed information on the AUG NBI system is given in setion2.2. Combining equation (4.5) and (4.6) delivers a predition for the toroidal plasma rotationat the position 〈R(q = 3/2)〉, with the pro�le fator c=1.23 for the q=3/2 surfae determinedin previous studies by H. Zohm [78℄

vtor = c
TNBIτe
mplasmaR

. (4.7)For this alulation it is assumed that τΦ is equal to τe, whih an be alulated using equation(4.3). As mentioned before, in this expression the trend of dereasing plasma rotation withinreasing wave heating power is inluded impliitly in the following way: inreasing thewave heating power, and leaving all other input quantities onstant, yields a lower vtor dueto a lower τe ∝ P−0.69
tot whereas the βN inreases due to the diret dependene on Ptot.Using equation (4.4) and (4.7) the mahine limit an be determined, sanning through theahievable parameter range in βN and vtor varying the heating power while using di�erentombinations of wave and NBI heating power. The maximal heating power onsists of 20MWNBI and additionally 10MW delivered by ICRH and ECRH together. Additionally di�erentombination of Btor (T ) = [2.0, 2.5], Ip (MA) = [0.8, 1.0] and ne (1019m−3) = [4, 7, 10] areused.4.4 Experimental resultsIn this setion the in�uene of the toroidal rotation veloity on the NTM onset thresholdis investigated, based on a data set inluding around 70 disharges. A statistial analysis58
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Figure 4.3: Normalised βN at the onset of (3,2) NTMs versus the toroidal rotation veloitynormalised to the Alfvén veloity at the resonant surfae. The symbols indiate the di�erent triggermehanisms. The mahine limit, indiating the hypothetial experimentally ahievable data rangeis also shown. The grey-blue boxes indiate the experimentally possible data range.of all dependenies shown in this setion is presented in table 4.1, where all the orrelationoe�ients are listed for omparison. A orrelation oe�ient of 1 is the result of a learlinear dependene, whih is represented by a straight line. A orrelation oe�ient of zeroharaterises a sattered loud of points, hene indiates that no dependene exists. But,if the data set ontains a too small amount of data points or if the data range is too smallno statement from the orrelation analysis an be made, hene the orrelation analysis is`insigni�ant'.In the following, similar to studies at other devies, the rotation veloity is normalised tothe Alfvén veloity (vA ∼ 〈Btor〉 /
√
µ0nimi, with Btor the toroidal magneti �eld, ni theion density, mi the ion mass and µ0 the magneti vauum permeability), due to the largersatter in the dependene of the NTM onset threshold on toroidal rotation alone. Thisnormalised quantity is de�ned as the Alvén Mah number MaA. In �gure 4.3 the global βNat the NTM onset is plotted against the normalised rotation. The hypothetial ahievableparameter range in βN and MaA (area below the mahine limit), whih is estimated aordingto setion 4.3.1 is also indiated . The alulated data points are shown as grey-blue boxes in�gure 4.3 whih indiates the hypothetial experimentally ahievable data range. In �gure4.3 the βN at the NTM onset inreases linearly with inreasing normalised plasma rotationfor o- and ounter-rotation. This is more distint for the o-urrent rotation data, whihan also be seen from the orrelation analysis presented in table 4.1, but however, the trendis also visible for ounter-urrent rotation. Additionally, it is learly visible that the NTMslimit the maximal ahievable βN and hene, limit the plasma operation below the mahinelimit. Heating with NBI not only inreases βN, but also exerts a torque on the plasma andinreases plasma rotation. The fat that the mahine limit is higher than the ahievable

βN indiates that the linear dependene of the rotation veloity on βN at the NTM onset is59
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Ωφ(rres) by the ion diamagneti drift frequeny Ω∗

i , de�ned in equation (3.54). Consideringthis orreted island rotation, an o�set as observed at DIII-D, an be explained. The islandrotation frequeny in the laboratory frame is de�ned in equation (3.55). As disussed in [67℄this expression leads to a �nite ω in ounter urrent diretion, even if Ωφ(rres) is zero and inonsequene for ω = 0 an o�set in the ounter diretion at Ωφ(rres) ≈ Ω∗
i (rres) exists.In �gure 4.5 the mode frequeny ω at the onset is plotted against the toroidal plasma rotationfrequeny Ωφ at the resonant surfae at the time of the NTM onset. A linear regression �tis also indiated together with the orresponding standard deviation (grey shaded area).Referred to theory the di�erene of this �t and the assumption ω = n ·Ωφ(rres) is due to theion diamagneti drift frequeny (p. equation 3.55). For o-urrent rotation the diamagnetiontribution leads to slower mode rotation ompared to plasma rotation, whereas for ounter-urrent rotation the mode would rotate faster than the plasma. Sine the di�erene of themode and the plasma rotation is within the standard deviation, as shown in �gure 4.5, theion diamagneti drift frequeny is smaller than the error bars of the analysis at least for theo-urrent rotation data. For the ounter-urrent rotation points a small ion diamagnetidrift frequeny ould exist, but due to the small amount of data points here this observationis marginal and it is hard to draw any onlusion. Conluding from the observations ofthe o-urrent data the ion diamagneti drift frequeny is smaller than the unertainties ofthe frequeny measurements and no obvious o�set of the threshold minimum in �gure 4.4is expeted. The data show a lear linear dependene of the onset threshold with o- and61
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4 In�uene of rotation on the NTM onsetTable 4.1: Analysis of the statistial dependene of the NTM onset threshold on the normalisedrotation at the NTM onset (�gure 4.3 and 4.4) and the marginal point (�gure 4.6), the normalisedrotation gradient (�gure 4.7 (a)) and the di�erential rotation (�gure 4.7 (b)) at the NTM onset.Additionally the orrelation parameter for the dependene of the NTM onset threshold on simplythe rotation and for the dependene of MaA on the onset threshold de�nition developed by Sauter(equation 3.26) is indiated. The orrelation parameter is shown for the whole data set in o- andounter-urrent diretion. For some dependenes also the orrelation parameters for the di�erenttrigger sub-sets are shown. If there are too few data points, or the data range is too small, theorrelation is not signi�ant. This is indiated with an x. The abbreviation n.v.t. stands for `novisible trigger'. o ounter ELM Fishbone Sawtooth n.v.t. 1/1
vtor vs. βN 0.47 -0.63 - - - - -
MaA vs. βN 0.71 x - - - - -
MaA vs. βpol/Lp 0.60 -0.68 0.46 0.65 0.56 0.72 x
MaA vs. δjBS,Sauter 0.45 x - - - - -
MaA vs. βpol/Lp (marginal) x (0.13) - - x - 0.92 -
(−dvtor/dr)/vA vs. βpol/Lp 0.50 -0.7 x 0.58 0.56 0.46 x
∆vtor(rres, rtrigger)/vA vs. βpol/Lp 0.26 - 0.47 0.56 x - xor any other mode ativity at the q=1 surfae. The NTM onset threshold inreases withdi�erential rotation for the ELM and �shbone triggered ases whereas no dependene ondi�erential rotation is seen for the sawtooth triggered ases. This means that ELMs and�shbones an more easily lead to a su�iently large perturbation at the resonant surfaewhen the rotation pro�le is �at, whereas for sawtooth rashes the rotation pro�le seemsto have no impat on the triggering mehanism. This is an indiation that the magnetireonnetion fored by a sawtooth rash at the resonant surfae is strong enough to indue asu�iently large seed island independent of the rotation pro�le. This is also in line with theobservation that NTMs triggered by a sawtooth rash an appear at a low onset threshold.4.5 ConlusionsIn this setion, the rotation dependene of (3,2) NTMs at AUG has been analysed. Theinvestigated database inludes around 70 disharges with o- and ounter-urrent rotationand di�erent heating mixes. Additionally, the di�erent trigger mehanisms at the NTM onsethave been identi�ed. These analyses show an inreasing onset threshold with inreasing(normalised) o and ounter rotation. Compared to investigations at DIII-D where a furtherderease of the onset threshold with ounter rotation was found, at AUG the region ofminimum onset threshold ould be reahed and the trend with ounter rotation learlyveri�ed. As a onsequene the onset threshold inreases with positive and negative rotationgradient as well. The analysis of the mode frequeny indiates that at AUG no o�set of thethreshold minimum towards negative rotation exists. This is due to a small ion diamagnetidrift frequeny whih is of the order of the unertainties of the analyses. It is still possiblethat at DIII-D the ion diamagneti drift is larger and an o�set exists and the minimum has64



4.5. Conlusionsjust not been reahed yet. Hene, the results from DIII-D and AUG are not ontraditory.Nevertheless, the AUG results show a lear trend and on the bases of these observations, itwould be worth to estimate the possible o�set at DIII-D and think about a new interpretationof the DIII-D data. At AUG a range of onset β-values is found where the upper limitsales linearly with rotation. This formation of an upper NTM threshold limits the plasmaoperation below the mahine limit. In the region of low rotation the upper threshold nolonger depends on rotation whih indiates that in this region the NTM behaviour or thetriggering proess is di�erent. At the marginal point no dependene of the NTM thresholdon rotation is found. This leads to the assumption that the trigger mehanism dependson rotation whih then leads to a rotation dependene at the NTM onset. On the otherhand from the sattered data it is hard to onlude that no in�uene of rotation on theequilibrium stability index (∆′) exists. It is still possible that this in�uene is hidden independenies that have not been taken into aount in the presented analysis. Additionallythe observation of NTMs without any trigger appearing at a low NTM threshold and lowrotation reveals that the underlying ∆′ is less negative (stabilising) at low rotation. Furtherit was identi�ed that in ontrast to the ELM and �shbone triggered ases the triggering of anNTM via a sawtooth rash is independent of the rotation pro�le and an therefore our alsoat low onset threshold. This leads to the assumption that the perturbation at the resonantsurfae indued by a sawtooth rash is always strong (Wseed >> Wcrit) or that the triggermehanism di�ers from the others.For ITER, whih will be operated at low rotation, the results presented in this setion alsoreveal a low beta limit due to NTMs. The analysis shows that in the range of low rotationthe appearane of NTMs is possible even at low β-values. From this point of view it willbe ruial to further investigate the NTM parameter dependenies in order to learn how toavoid NTMs best in ITER suh that the desired performane an be attained.
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Chapter 5In�uene of externally applied magnetiperturbations on neolassial tearingmodes at ASDEX UpgradeExternally applied magneti perturbations (MPs) are of great interest for the operation offuture fusion devies. They are used for ative MHD ontrol, espeially for the mitigation ofedge instabilities, like the edge loalised modes (ELMs) [81, 12, 82℄. Additionally, also theative stabilisation of resistive wall modes [83℄ and NTMs [84℄ has already been shown. Forthese reasons magneti perturbation oils are also planned to be part of the ITER design.However, these atively applied 3D �elds have typially also negative side-e�ets suh asdensity pump out [85, 86, 87, 88℄ and an inrease of fast-ion losses [89, 88℄. Additionally,they an at on the plasma stability in an unfavourable way.The applied resonant MP omponents an penetrate into the plasma and provoke magnetireonnetion at the orresponding resonant surfaes. This is aompanied by the generationof magneti islands there. These small islands an at as a seed island for an NTM [81, 90, 91℄.Stati resonant MPs an hene produe a loked mode, whih in most of the ases evenleads to a disruption. Also pre-existing rotating modes an interat with the resonant MPomponents [81, 84℄. They an be slowed down and an be loked to the MP �eld. Thenon-resonant omponents of the MP �eld do not in�uene MHD modes diretly but induea global braking torque, the neolassial toroidal visous (NTV) torque. This also supportsthe appearane of loked modes [54℄. Due to the negative e�et of NTMs on the plasmaon�nement the avoidane, or at least the loking, of NTMs is aimed for. In this regard, theappliation of MP oils may be aompanied with some problems. Thus, the interation ofan NTM with the MP �elds is an important subjet, also with regard to ITER.To study the in�uene of suh externally applied MPs, the B-oils, desribed in setion 2.1.1,are an ideal tool. They generate MP �elds with low n mode spetra, mainly n = 1, 2 and
4. These spetra are perfetly suitable to study the in�uene of those MP �elds on the
(m/n)=(3/2) and (2/1) NTMs, whih are the most ommon and on�nement degradingNTMs in AUG.In this hapter two di�erent disharges are presented in whih an in�uene of the B-oils onNTMs is observed. It is shown that the in�uene of the B-oils on the mode frequeny and67



5 In�uene of MPs on NTMsthe island width evolution of NTMs an be modelled using a oupled equation system basedon the modi�ed Rutherford equation, and the equation of motion, de�ned in equations (3.64)and (3.65), respetively. Here only the resonant ontributions are taken into aount. TheNTV is negleted in this modelling. To on�rm this assumption, the alulation of the NTVtorque pro�le for one disharge is presented aounting for the real perturbation �eld andplasma geometry. Additionally, the evolution of the entire rotation pro�le an be alulatedinluding the non-resonant and resonant e�ets of the MPs.Experimental observations and the omparison with modelling results show that the resonante�ets play the dominant role and the non-resonant ontributions of the B-oils, like the NTV[57, 59℄, seem to be rather negligible under these onditions (relatively high ν∗ < 1 omparedto ITER). Further it is shown that to fully desribe the evolution of one island, all resonanttorques at di�erent resonant surfaes have to be taken into aount. Parts of this hapterhave been already presented in [92℄ and [93℄.
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5.1. Experimental observations5.1 Experimental observationsAt AUG an in�uene of the MPs on NTMs is observed only in very few disharges so far.Two of them are illustrated in �gure 5.1. Eah disharge orresponds to one of the two limitswhere the in�uene of the MPs on NTMs is predited to be strongest: low plasma rotationand medium plasma on�nement, βN = 1.35 or a dediated plasma shape with low q95, high
βN = 2.1, low density ne = 6 · 1019 m−3 but substantial plasma rotation. In the �rst asea 2/1 NTM is slowed down and loks to the MP �eld, shown in �gure 5.1 (a)-(e). In theseond ase a 3/2 NTM is slowed down during two B-oil phases, as illustrated in �gure 5.1(f)-(j).In both disharges the plasma rotation (panel (d) and (i)) dereases together with the modefrequeny (panel (a) and (f)) with a delay of around 50ms after swithing on the B-oilsand it inreases again with the same delay after ramping down the B-oils. In the lokedmode disharge (#28765) the plasma rotation dereases gradually and hanges into ounter-urrent diretion for ρpol < 0.7 during the loking phase, whereas at the mode position thetoroidal plasma rotation stays zero (panel (e)). In the braking ase (#28061) the toroidalrotation pro�le is almost �at from the mode loation towards the ore (panel (i) and (j)).In both disharges the plasma rotation dereases over the entire plasma radius.Analysing the mode amplitudes (panel (b) and (g)) an other small di�erene of the twoases beomes obvious. Whereas the amplitude of the 2/1 NTM, whih is loking, is nothanging, neither in the rotating nor in the loking phase, the 3/2 NTM amplitude, in termsof the perturbed radial magneti �eld Br(t), hanges slightly orrelated with the B-oils.The 3/2 NTM, whih is strongly rotating at around 15 kHz, is growing for about 150msthen the mode amplitude is dereasing again. Despite the derease of the island's amplitudea on�nement redution during the B-oil phases is observed orrelated with a density pumpout [87℄. In the loking ase an enhanement of the higher harmonis, learly orrelated withthe B-oils, an be observe, as shown in the spetrogram of one pik-up oil in �gure 5.2 (a).This is aused by a distortion of the magneti signals, whih is even visible diretly in the
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5 In�uene of MPs on NTMs
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5 In�uene of MPs on NTMsurrent (bs) defet, and the in�uene of the resonant MP omponents.
0.82

τR
rres

dW

dt
= ∆′rres + ∆bsrres + ∆extrres (5.1)

∆′ = −m/rres (5.2)
∆bs =

cbs

W
(5.3)The �t parameter cbs is adjusted to ful�l dW/dt = 0 before swithing on the B-oils with

∆ext = 0, in a phase where the island width is onstant. The in�uene of the stabilising e�etof the wall [37℄, introdued in equation (3.62) has also been investigated. This e�et is smallfor the investigated disharges and has therefore not been taken into aount in the analysisof the island growth in the following setion. In setion 5.4 the EOM is evaluated loally,at the position of a mode, hene ω orresponds to the mode frequeny. This delivers theloal mode frequeny evolution and thus, all torques have to be evaluated at the resonantsurfae. In a loal evaluation only the deviation of the mode frequeny from its naturalfrequeny is important. Hene, the visous torque an be desribed by equation (3.57). Inthis approah the NBI input torque is already inluded and thus, it is not taken into aountexpliitly. The NTV torque is small ompared to the resonant ontribution and thus, it anbe negleted in the modelling of the island rotation. This is motivated in more detail insetion 5.3 and setion 5.5.In setion 5.5 the evolution of the entire rotation pro�le is modelled, aounting for theradial dependene of all torques and a onstant momentum di�usion oe�ient Dφ. In thisanalysis also the in�uene of the NTV torque on the rotation pro�le is modelled.5.3 Neolassial toroidal visosityThe non-resonant omponents of the external MP �eld an a�et the plasma rotation viathe neolassial toroidal visous torque (NTV), as already disussed in setion 3.4. ThisNTV ontributes to the plasma rotation damping via a non-ambipolar radial �ux of trappedpartiles Γi indued by the error �eld:
−tNTV = ZeΓi (5.4)The derivation of the NTV torque is quite ompliated. It an not be expressed in a formula,whih an be handled as simple as the one for the resonant ontributions. Therefore, in thefollowing setion the alulation of the NTV pro�le for the braking ase is disussed in detail.In [57℄ an expression for the NTV for ylindrial plasmas with helial perturbation �elds inlow ollisionality plasmas (banana regime) is developed. Though, the B-oils, whih areloated only at the low �eld side, produe an MP �eld whih is strongest at the edge in frontof the oils. Hene, the B-oils produe an MP �eld whih is not at all helial, as shownin �gure 5.7. Additionally, the plasmas in ASDEX Upgrade are not ylindrial. Sine thee�et of the assumptions used in [57℄ an not be estimated, the formulae derived in [57℄ annot be used.74
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√

B2
tor +B2

pol, the equilibriummagneti �eld, in a torus oordinate system (φ,θ,r) (�gure 1.3 (a))
B = B0 + δB

=
√

(Btor + δBtor)2 + (Bpol + δBpol)2 + (δBr)2 (5.5)
= B0 ·

√

1 +
2BtorδBtor

B2
0

+
2BpolδBpol

B2
0

+
δB2

tor + δB2
pol + δB2

r

B2
0

.This expression an be Taylor expanded via √
1 + x ≈ 1 + x/2. Taking into aount onlythe �rst order omponents yields:

δB = B0 ·
(

BtorδBtor

B2
0

+
BpolδBpol

B2
0

) (5.6)The experimental perturbation �eld an be Fourier deomposed in toroidal diretion for themain toroidal mode number(s), whih delivers the ovariant omponents of the perturbation75
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δBi = Ri(r, θ) cos(q(r)nθ − nβ) + Ii(r, θ) sin(q(r)nθ − nβ) (5.8)A new ordering of this expression results in the formulae below with the new argument (nβ)
δBi = ai cos(nβ) + bi sin(nβ) (5.9)
ai = Ri cos(q(r)nθ) + Ii sin(q(r)nθ) (5.10)
bi = Ri sin(q(r)nθ) − Ii cos(q(r)nθ). (5.11)In [58℄ the magneti �eld in the presene of the MP �eld is deomposed in the following way:

B = B0(θ) − B0

∑

n

Dn(θ, β) (5.12)
Dn(θ, β) = An(θ) cos(nβ) +Bn(θ) sin(nβ) (5.13)with n the toroidal mode number. For the later alulations, and sine the deompositionis only done in toroidal diretion, equation (5.5), (5.6) and (5.9) have to be ombined and76



5.3. Neolassial toroidal visosityonformed to �nd the orresponding expression for the oe�ients An and Bn, whih areneeded in the later alulation.
Dn =

∑

i

−δBi/B0 (5.14)
⇓

An(θ)=̂ − Btor

B2
0

aφ −
Bpol

B2
0

aθ (5.15)
Bn(θ)=̂ − Btor

B2
0

bφ −
Bpol

B2
0

bθ (5.16)with An(θ) and Bn(θ) the real and imaginary perturbation �eld amplitudes. The pertur-bation �eld amplitudes in the poloidal plane for the deomposition introdued in equation(5.13) are illustrated in �gure 5.8 (a) and (b), aounting for the poloidal and toroidal per-turbation �eld omponents. Figure 5.8 () shows four radial pro�les of the perturbation �eldamplitudes for onstant θ∗ taken at four di�erent angles, whih are indiated by blak linesin �gure 5.8 (a) and (b). The perturbation �eld amplitudes are in the order of 0.1mT andare peaked towards the edge.5.3.2 Estimation of the partile �uxAording to equation (5.4) the NTV torque an be alulated from the radial non-ambipolarpartile �ux Γ in the relevant ollisionality regime. In the ore region the investigatedplasmas are mainly in the low ollisional banana regime (νii/ǫ < ωb). Within this regimethey are in-between the 1/ν and ν regime. For the following estimation the formulae andparameter dependenes valid for the 1/ν banana regime are used for the entire plasma.At higher ollisionality, for example towards the edge or at higher densities, the �ux oftrapped partiles is redued and onomitant also the NTV torque. Hene, the NTV torquealulated in the following represents an upper limit.The radial partile �ux in the 1/ν regime an be determined solving the boune averageddrift-kineti equation and taking the veloity momentum of the distribution funtion.Using the Ansatz as alulated in [58℄ the �ux an be desribed as a produt
ZeΓi = nimiµ||Iλ

(

〈R2~vi~eφ〉 − 〈R2Ω∗
NC〉

)

, (5.17)of the ion massmi and density ni, the toroidal visosity frequeny µ||, the pith angle integral
Iλ and the di�erene of the rotation veloity of the ion �uid ~vi~eφ and a neolassial o�setfrequeny Ω∗

NC.The pro�les of the four di�erent ontributions are shown in �gure 5.9.Toroidal visosity frequeny µ||The toroidal visosity frequeny µ|| [59, 96℄, is also known as the NTV damping frequeny.It depends on the ion transit frequeny ωti, hene, on the thermal ion veloity vth,i and the77



5 In�uene of MPs on NTMs

0

1

2

3

4

5

x 
1

0
−

7

 

 

I λ

−20

0

20

40

60

 Ω
  

(k
H

z)

 

 

∆Ω 
Ω

Φ

Ω
*
NC

0 0.5 1
0

2

4

6

8

x 
1

0
   

  (
m

  /
s)

6

ρ
pol

 

 

µ
||
<

R
  >

0 0.5 1
2

3

4

5

6

7

   
(1

0
   

  1
/m

  )
1

9

ρ
pol

 

 

n
i

3

2
2

a) #28061 3.1s b)

c) d)

Figure 5.9: Pro�les whih ontribute to the partile �ux: (a) pith angle integral (b) di�erene oftoroidal and o�set frequeny, () toroidal visosity frequeny and (d) density.ion-ion ollision frequeny νii [5℄, whih are de�ned below and illustrated in �gure 5.10
µ|| = 0.84ǫ3/2q2ω2

ti/νii (5.18)
ωti ≃ vth,i/(〈R〉q) (5.19)
vth,i =

√

2Ti/mi (5.20)The resulting toroidal visosity frequeny pro�le (�gure 5.9 ()) is hollow towards the ore.This is aused by the dependene on the fration of trapped partiles, whih is proportionalto √
ǫ, so it is zero in the ore and inreases towards the edge.Pith angle integral IλThe parameter Iλ (�gure 5.9 (a)) is the integral over the perturbed magneti �eld harmonis

Iλ =
16π2

A

∫ 1

0

dκ2[Ĵ(κ)]−1
∑

n

n2[ã2
n + b̃2n] (5.21)

A =

∫ 2π

0

∫ 2π

0

−Jdθdβ ∼= 2π

∫ 2π

0

−Jdθ (5.22)
Ĵ(κ) =

∮

−Jdθ
√

κ2 − sin2(θ/2) (5.23)78
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dθ =
∮ θb

−θb

dθ is taken between symmetri boune points θb =

2 arcsin (κ) [57℄ whih depends on κ. The parameter κ2 is within [0, 1℄, whih representsthe veloity spae of trapped partiles. The boune integral oe�ients are de�ned in thefollowing way:
ãn =

∮

−Jdθ
√

κ2 − sin2(θ/2)An(θ) (5.24)
b̃n =

∮

−Jdθ
√

κ2 − sin2(θ/2)Bn(θ) (5.25)The di�erent omponents whih ontribute to the pith angle integral are shown in �gure5.11 for κ values from 0 to 1.
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〈Ω∗

NC〉 ≈
cp + ct
eZ

dTi

dψ
(5.26)The oe�ient ct and cp are around 2.4 and 1 respetively [59℄, in the relevant low olli-sionality regime. In �gure 5.9 〈Ω∗

NC〉 is shown whih is always in ounter-urrent diretionfor a stati perturbation. 〈Ω∗
NC〉 is mainly determined by dTi/dψ. In the alulation thederivative with respet to ψ an be substituted with dρpol(dψ/dρpol) using equation (1.8).NTV torque pro�leAssuming that the toroidal rotation frequeny and also the neolassial o�set frequeny areonstant on a �ux surfae, the value for 〈R2〉 an be extrated from 〈R2Ωφ〉 = 〈R2〉〈Ωt〉 andredued with the one in µ|| (f. equation (5.18)), whih further simpli�es the alulation.

ZeΓi = nimiµ1/||Iλ〈R2〉 (〈Ωφ〉 − 〈Ω∗
NC〉) (5.27)The torque density tNTV is hene given by (−ZeΓi) and the total torque TNTV via ∫

tNTVdV .A total torque pro�le TNTV(r), whih is needed for the alulation of the hange in rotationdue to the NTV, is obtained by multiplying tNTV with the Volume of a small plasma shellde�ned by the distane of the radial grid. The resulting �ux pro�le and the NTV torquepro�le are illustrated in �gure 5.12. Both pro�les are peaked entrally with only a small80



5.3. Neolassial toroidal visosityhump near the edge. In fat one would expet to get a pro�le whih is peaked at the edge,beause of the biggest in�uene of the MPs there, like the Iλ pro�le. However, the radialdependene of the other ontributions (�gure 5.9) leads to a redution of the NTV at theedge and leads to a maximum at mid radius.5.3.3 InterpretationThe total alulated NTV torque is around 0.023Nm, whih is around 100 times smaller,than the input torque of one NBI beam. This revels that at least in this disharge the NTVappears to be rather negligible. Nevertheless the question arises if the alulated NTV torqueis of the right order of magnitude. The theory predits a strong dependene of the NTV onthe ion temperature T
7/2
i . This an be reprodued in the alulation. In the alulation afator of two higher Ti leads to an inrease of the total TNTV by a fator of 10. From thispoint of view the parameter dependene is implemented orretly. Unfortunately no otheralulation exists to ompare the results with. However, aslo the omparison with otherexperiments gives no information on the orretness: at DIII-D [62, 61℄, JET [99℄ and NSTX[97℄ it is observed that the NTV has a signi�ant in�uene, whih an be partly reproduedby the models. However, for example at TEXTOR [99℄ the alulated and observed NTV isvery small.At least also in the experiments at AUG no indiation for a big impat of the NTV isobserved. In general in the experiment it is di�ult to disentangle resonant and non-resonante�ets, if the rotation is a�eted. However if one assumes that the resonant e�ets areminimised in a `non-resonant' on�guration, the impat of the non-resonant omponentsshould be dominant. And if further, in a disharge with a `non-resonant' MP on�gurationthe rotation is not a�eted, it an be onluded that the NTV is small.Hene, the evolution of the rotation pro�le of suh a disharge is presented in �gure 5.13 as aontour plot. The kineti pro�les (ne, Te and Ti) of this disharge are similar to the brakingase but the plasma rotation and the toroidal magneti �eld (Btor = 2.5 T ) are higher.Additionally the B-oil on�guration is slightly di�erent. The alulated total NTV torqueis around 0.0031Nm, whih is even smaller than in the braking ase. In this disharge the B-oils are swithed on 4 times in an n=2 on�guration but with di�erent phasing of the upperand lower row. This results in two phases with a `resonant' and two with a `non-resonant'on�guration, where ELM mitigation ours during the `non-resonant' B-oil phases. Inthis disharge only a 3/2 NTM is present, but the mode frequeny and amplitude are nota�eted, hene the resonant omponents seem to be shielded. This is in agreement with thehigh plasma rotation. Aordingly, in the ontour plot also no impat on the rotation in thephases with a `resonant' B-oil on�guration is observed. However, also in the phases with anon-resonant on�guration the rotation is not a�eted. If the NTV would be signi�ant atleast in these phases an in�uene should be visible. This reveals that also in experiment theNTV is small, whih is in good agreement with the predited small torque resulting fromthe alulation, whih validates the alulation.The alulated total NTV torque for the loking ase is around 0.0002Nm. This is around81



5 In�uene of MPs on NTMs
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Figure 5.13: Contour plot of the toroidal plasma rotation of a disharge with four B-oils, two ina resonant and two in a non-resonant on�guration.two orders of magnitude smaller ompared to the braking ase, but an be explained bythe very low plasma rotation (�gure 5.1 (e)), whih redues the drive of the NTV, and asigni�antly smaller perturbation �eld amplitude. In summary, the alulation of the NTVtorque an be on�rmed with experimental observations. It seems to depend strongly on theMP �eld on�guration. The alulated NTV is small for the braking ase and even smallerfor the loking ase. Hene, it an be negleted in both ases. This is additionally on�rmedfor the braking ase by modelling the in�uene of the NTV torque on the entire rotationpro�le presented in setion 5.5.5.4 Modelling of the island stability and rotationThe interation of a saturated, rotating magneti island with the externally applied MPsan be alulated, solving the oupled equation system for the mode amplitude and phase,de�ned in equation (5.1) and (3.65), simultaneously [37℄. The initial island width W0 istaken from the �attening of the Te pro�le measured at the low �eld side (LFS) of AUG(ompare �gure 1.5). The width of the vauum island Wvac is determined from the vauumapproximation (�g. 5.6). An averaged vauum island width on a �ux surfae is used, totake into aount the elongated plasma shape and di�erenes of the high and low �eld sidein the ylindri approah. The equilibrium reonstrution (setion 2.3.1) provides q pro�les,whih are onsistent with the experimental determination of the loation of the resonantsurfae rres. All input parameters for the alulations are summarised in table 5.1. Theoe�ient A in equation (3.57) is adjusted in a way, that after swithing o� the B-oilsthe mode spins up to its natural frequeny ω0 onsistent with the timesale observed in theexperiment. This parameter A in the presene of an island is of the order of 10−5 kg m2/s for82



5.4. Modelling of the island stability and rotationTable 5.1: Modelling parameters.
rres (m) q q′ (1/m) Btor (T) C (T/m) W0 (m) Wvac (m)#28061 braking 0.27 3/2 3.62 1.73 0.038 0.05 0.043#28765 loking 0.29 2/1 7.44 2.5 0.0486 0.06 0.049the investigated disharges. Another way to determine the parameterA is to assume, that theplasma rotation measured in the experiment is only aused by the applied NBI input torque.This method an only be applied when no mode is present due to the unknown torquethe presene of the mode would ause. Knowing the rotation pro�le and the loal inputtorque via TNBI = −A/n〈Ωφ〉 the parameter A an be determined. The estimated total NBIinput torque is around 1-2Nm per beam, depending on the injetion angle. One example NBIinput torque pro�le for the braking ase (#28061) is shown in blue in �gure 5.19 () togetherwith the orresponding unperturbed rotation pro�le in �gure 5.19 (a) in blue. Aording tothese pro�les this method delivers a parameter A of around 0.5 · 10−5 kg m2/s whih is ingood agreement with the values of the �rst method listed in table 5.1. The orrespondingmomentum di�usion oe�ient Dφ alulated in setion 5.5 is around 0.4m/s2.Solving the EOM and the MRE inluding the e�et of only the resonant MPs leads to aslowing down of the island, whih is far too small in both investigated ases.To math the frequeny evolution of the modes in experiment two �t parameters, cvac and

cext, had to be introdued in equation (5.1) and (3.65). The vauum island width is multipliedby the parameter cvac to adjust the in�uene of the B-oils in the EOM and the MRE. Thisis equal to introduing an e�etive vauum island width Weffective = Wvac · cvac. By adjusting
cvac in the alulation a shielding or an ampli�ation of the perturbation �eld omparedwith the vauum ase an be inluded. The seond parameter cext is used to diminish themodulation of the islands amplitude diretly and hene, the resulting e�et on the islandwidth via a multipliation of ∆ext with cext. This results in the following equations, aordingto equation (3.35) and (3.37):

∆ext =
2m

rres

(

cvacWvac

W

)2

cos(∆φ) (5.28)
Tφ,jxB = −4π2cext

mn

µ0
C2 (cvacWvac)

2 W 2 sin(∆φ) (5.29)All adjusted �t parameters are summarised in table 5.2. Additionally in the alulation,the B-oils are swithed on immediately and are not ramped up as in the experiment. Toorret this and the orresponding delay of the response of the mode during the ramp upTable 5.2: Fit parameters.
A (kg m2/s) cvac cext#28061 braking (1st/2nd phase) 0.5 · 10−5 / 0.9 · 10−5 4.06 / 4.0 1 / 1#28765 loking 1.1 · 10−5 2.2 0.65 83



5 In�uene of MPs on NTMsof the B-oils, the B-oils in the modelling are swithed on 0.05 s later with respet to theexperiment.5.4.1 Mode lokingThe modelling results for the island width and the rotation frequeny for the loking ase(#28765) and the omparison to the experimental values are shown in �gure 5.14. Theexperimental mode frequeny and island width evolution are determined from magneti oilsignals. The experimental island width resulting from magneti measurements are not ab-solutely alibrated, therefore the evolution is saled to math the unperturbed island width
W0 before swithing on the B-oils.The best agreement of experiment and alulation for the frequeny evolution is ahieved byinreasing the vauum island size by a fator of 2.2. This enhanement additionally leadsto a stabilisation of the island before it is loking. Sine this is not observed in experimentthe in�uene of the B-oils on the island width evolution had to be dereased diretly by afator (cext) of 0.65.Despite the adjustments desribed above the island is still strongly stabilised in the alu-lation while it is rotating. During the loking the island grows strongly whih is also notin agreement with the experiment. Additionally, in the alulation the atual loking of themode an only be reprodued by inluding the resistive wall term. By de�nition, ompareequation (3.61), Tφ,rw depends on W 4, hene it will grow rapidly during the loking phaseusing the alulated island width W and the restoring visous torque will not be able to un-lok the island after swithing o� the B-oils. Sine unloking is observed in experiment andalso the island width is not inreasing, in the alulation the dependene on W is replaedby Tφ,rw(W0), in order to adjust the modelling to the experimental observations.In addition, the mode is loking earlier in the modelling than in experiment. All these as-sumptions, whih have to be made in order to desribe the measurements, reveal that the
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5.4. Modelling of the island stability and rotation
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5 In�uene of MPs on NTMs
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5.4. Modelling of the island stability and rotationthe oils shown in �gure 5.15 and 5.3 are indiated in �gure 5.18. The resulting error �elddiretion an then be ompared to the position of the loked mode in experiment and theposition of the 2/1 vauum �eld diretion, whih is assumed to have the dominating impaton the mode in the modelling in setion 5.4.1.The position of the loked mode in experiment is determined with saddle oils loated at thehigh �eld side introdued in setion 2.4.5. The 2/1 vauum �eld diretion is identi�ed fromthe position of the 2/1 vauum island. The resulting error �eld diretion in the toroidal planeis indiated in �gure 5.18 in orange. Additionally the experimental loked mode position inthe toroidal plane (dark blue) and the position of the 2/1 vauum island (red) is indiated.The experimental loked mode loation is shifted about 40◦ in ounter-urrent diretionompared to the error �eld diretion determined from the modelling (orange). The islanddoes not lok (∆φ = 0) in the minimum of the error �eld potential (∼ − cos(∆φ)) butis slightly driven, `up the hill'. This is aused by the driving torque due to the plasmarotation and the visous oupling to the island. Therefore a phase shift of less than 90◦ inounter-urrent diretion on the basis of a ounter rotating plasma (ompare �gure 5.1 (e)) isreasonable. However the 2/1 vauum �eld loation (red) does not agree with the determinederror �eld diretion. This implies that not only the 2/1 omponent of the MP �eld ontributesto the slowing down and loking of the NTM but also other resonant omponents and theintrinsi error �eld. This means that a ombination of resonant ontributions at di�erentresonant surfaes, aused by the external or intrinsi error �eld, at on the plasma. Thesetorques together lead to a slowing down of the plasma and onomitant to a slowing downof the island. The interplay of these torques ould lead to a deviation of the loking positionfrom the single 2/1 vauum �eld diretion.
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5 In�uene of MPs on NTMs5.5 Reonstrution of the entire rotation pro�le duringRMPsIn order to investigate the in�uene of di�erent ombination of torques, also at several ratio-nal surfaes, the evolution of the entire rotation pro�le (�gure 5.19 (b)) is modelled for thebraking ase. The equation of motion is solved aounting for the radial dependene of alltorques. The modelling results an then be ompared to the experimentally observed pro�leevolution.For this analysis the visous torque Tvs with a onstant momentum di�usion oe�ient, de-sribed by equation (3.56), the resonant (~j × ~B) torque Tj×B, the non-resonant NTV torque
TNTV and the NBI input torque TNBI with their radial dependenes are inluded in the EOM.Additionally, the oupling of the (2/2) omponent of the 1/1 mode and the 3/2 NTM via
Tcpl, observed in experiment are quantitatively taken into aount [40℄. In �gure 5.19 theexperimental rotation pro�les from CXRS (panel (a)), the torques used for the modelling(panel (b)), and the modelled rotation pro�les (panel () and (d)) are shown.First of all the rotation pro�le at the beginning of the disharge without any big modeand external perturbation �eld being present is simulated (panel () blue). This is doneby balaning the toroidal omponent of TNBI and the visous torque by adjusting the mo-mentum di�usion oe�ient Dφ in oder to ahieve the red pro�le. The adjustment of themodelled pro�le (panel () blue) to the experimental pro�le yields a Dφ of around 0.4m2/s.Example torque pro�les of TNBI and Tvs orresponding to a later time point (3.5 s) are shownin panel (b) in dark blue and light blue, respetively. The NBI deposition pro�le is takenfrom TRANSP simulations [100℄. In the next step the green rotation pro�le (panel (a)),present shortly before the B-oils are swithed on at 2.8 s is reprodued. At this time pointalready the 1/1 and the 3/2 NTM are present. To reprodue this �at pro�le mode ouplingis inluded qualitatively, by introduing opposite torques Tcpl at the q=1, q=3/2 surfae andin-between. These loal torques are shown in green in panel (b) [40℄. These torques areadjusted manually to reprodue the pro�le �attening observed in experiment. The modelledpro�le is shown in dark green in panel (). Starting from the green rotation pro�le, where
Tφ,vs and Tcpl are now adjusted for, the in�uene of the alulated resonant (~j × ~B) andnon-resonant (NTV) torques on the rotation pro�le an be investigated and ompared tothe experiment. To reprodue the derease of the rotation pro�le observed in experimentdue to the B-oils (green to red pro�le panel (a)), a loal (~j × ~B) torque of 0.18Nm at the
q=3/2 surfae has to be introdued. This is in good agreement with the 0.1Nm alulatedin setion 5.4.2. The rotation dereases globally in the modelling, also when exerting a loaltorque, whih agrees with the experimental pro�le evolution. This loal torque is shown inred in panel (b). Almost the same rotation pro�le an be ahieved, exerting smaller torquesat di�erent radial positions. For example exerting a torque of 0.07Nm at eah of the q=1,
q=3/2 and q=2 surfaes, delivers almost the same rotation pro�le than in the previous ase(light blue panel (d)). In the modelling of the entire rotation pro�le also the NTV torquepro�le, alulated in setion 5.3 and shown in panel (b) in orange, an be inluded. Inlud-ing TNTV in the torque balane equation results in a derease of rotation of around 0.4 kHz88



5.5. Reonstrution of the entire rotation pro�le during RMPs(orange pro�le panel (d)). This orresponds to around 8% of the total derease of rotationobserved in experiment (≈5 kHz). This on�rms that the NTV is negligibly small.Therefore, the rotation damping and the onomitant slowing down of the NTM in the inves-tigated disharges, an be assumed to be dominantly indued by the resonant perturbation�eld omponents. Additionally, it is shown that in fat the same derease of rotation, also ata spei� resonant surfae, an be ahieved when exerting several smaller torques at di�erentresonant surfaes.
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5 In�uene of MPs on NTMs5.6 Summary and ConlusionsThe e�et of MP �elds on NTMs has been investigated in the AUG tokamak. Mode brak-ing and loking due to the MPs is observed, as well as the spinning up of the mode whenswithing o� the B-oils. In the investigated disharges the mode frequeny as well as theglobal plasma rotation both dereases. In ontrast, the mode amplitude is only slightlyin�uened. In the loking ase a strong modulation of the island width and frequeny isobserved, diretly via a distortion of the pik-up oil signals evolution and indiretly viathe enhanement of higher harmonis in the spetrograms. This is less pronouned in thebraking ase, due to a higher mode rotation.The NTV torque aused by the non-resonant MP omponents has been alulated aount-ing for the real perturbation �eld and plasma geometry. The alulation showed that theNTV torque is small and that its in�uene on the plasma rotation is negligible. Hene, theresonant MP omponents are dominant. Aounting only for the in�uene of the resonantMP �eld omponents the mode braking and loking, as well as the modulation of the islandwidth, an be reprodued by the modelling. However, in both modelling ases the in�ueneof the perturbation on the mode had to be inreased, ompared to the alulated vauumapproximations, to math the experimental frequeny evolution. As a onsequene, the e�eton the island width is overestimated. This ould be solved by inluding an additional torquein the modelling, whih dereases the mode frequeny but does not in�uene the island sta-bility. Espeially in the braking ase, the presene of a 1/1 mode with the orrespondinglarge resonant MP �eld omponent at the q = 1 surfae reveals, that the in�uene of the2/2 resonant omponent seems not to be insigni�ant.For the loking ase, the diretion of the resulting error �eld, whih is responsible for themodulation of the island width and frequeny depending on the phase of the mode, ouldbe determined from the modelling. The error �eld diretion is in good agreement with theatual experimental loked mode position but it does not agree with the 2/1 vauum islandposition. This leads to the assumption that the sum and interation of di�erent ontribu-tions, internal or external, in�uene the slowing down and loking of the mode and not onlyone dominant external omponent.The modelling of the entire rotation pro�le for the braking ase, aounting for the radialdependene of all torques and a onstant momentum di�usion oe�ient, reveals that aombination of smaller resonant torques at di�erent surfaes an lead to the same rotationderease at the mode surfae as a single large torque at the NTM surfae. This means thatit is possible that smaller (~j × ~B) torques at several surfaes sum up to a total torque,whih has the same e�et as one large loal one. This leads to a smaller in�uene on themode stability at one spei� resonant surfae. This an additionally be on�rmed with thefat that also in experiment (�gure 5.6) vauum islands indued by the external MP �eldappear at several di�erent surfaes. Most of them are smaller than the dominating one atthe position of the NTM but in sum they seem to have a signi�ant impat. Additionally,the v⊥,e for both disharges is small, whih reveals that these additional omponents ouldin�uene the plasma in the linear regime.90



5.6. Summary and Conlusions
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Figure 5.20: The linear torques (equation (3.46)) depending on the tearing frequeny f0,MHD atthe q=1, 3/2, 2 and 5/2 surfae indued by a stati MP �eld with n=2 and m= 2, 3, 4, 5 for thebraking ase are shown. The used input parameters are listed in table 5.3. A onstant resistivity
η has been assumed and rs∆

′
0 is estimated via −m. For the q=3/2 surfae also the time averagednon-linear torque (equation (3.41)) is shown depending on the atual mode frequeny in this aseand the parameters listed in table 5.1. The range of the tearing frequenies relevant for the lineartheory and the NTM frequeny relevant for the non-linear ase are also shown. Aording to theestimation of v⊥,e (∼=tearing frequeny) in �gure 5.5 the atual tearing frequeny for the q=1,2 and5/2 surfae is small ompared to the NTM frequeny.To estimate this in�uene the linear torques for the braking ase at the q=1, 3/2, 2 and 5/2surfaes are roughly estimated and shown in �gure 5.20. The input parameters are sum-marised in table 5.3. For the NTM surfae at q=3/2 also the non-linear torque is shown.The linear and non-linear torque are of the same order of magnitude. The linear torque atthe q=1 surfae is small due to an almost �at q pro�le towards the ore. However, aordingto the estimated tearing frequenies whih are assumed to be equal to v⊥,e, the linear torquesat these surfae are large. Therefore, even if these omponents are shielded, they are able toontribute signi�antly to the total torque as supposed before.In summary, the experimental observation and modelling results show that in the lokingase the sum of several small resonant ontributions in the linear phase, in addition to theTable 5.3: Input parameters for the alulation of the linear torque for #28061 at 3.2 s

q-surfaes rres (m) 〈Wvac〉 (m) τres (s) τrec (s) C (T/m)1 0.07 0.054 0.0419 0.0027 0.00373/2 0.28 0.043 0.3284 0.0022 0.08072 0.34 0.027 0.4842 0.0017 0.11035/2 0.37 0.04 0.5734 0.0014 0.1152 91
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92



Chapter 6Summary and Outlook
6.1 SummaryIn this thesis di�erent aspets onerning the stability and rotation dependene of neo-lassial tearing modes (NTMs) have been investigated. NTMs beome destabilised as aonsequene of a seed perturbation indued by a triggering instability. They are driven by aloss of helial bootstrap urrent and mainly develop in plasmas with high pressure. NTMsare resistive MHD instabilities and thus, they are aompanied by a hange in the plasmatopology due to the formation of magneti islands. Over the island region the plasma pres-sure is radially �attened, whih results in a loss of energy on�nement. Additionally, anNTM an slow down the plasma rotation, lok to the vessel wall, �ush out all the on�nedplasma energy and terminate a disharge via a disruption.In present day experiments operation is still possible in the presene of NTMs, whereas inlarger tokamaks the e�ets of NTMs will not be aeptable. In the next fusion devie ITER,the on�nement redution will limit the ahievable fusion power and a disruption aused byan NTM is even likely to damage the mahine. Therefore, in ITER these instabilities haveto be avoided or at least mitigated. Controlling these instabilities is based on a detailedunderstanding and preditions made from observations in present day devies.One key issue, onerning the preditions for ITER, is the in�uene of plasma rotation onNTMs, espeially at the NTM onset. ITER will be operated at low plasma rotation, whihis opposite to most present day experiments. No theory is urrently available to desribethe relation. Experiments are therefore required to provide a basis for the theory to desribethe physis. Additionally salings an be developed from the experiments and extrapolatedin order to predit the NTM behaviour in the parameter range relevant for ITER. Anotherimportant aspet is the e�et of externally applied magneti perturbation �elds on the NTMstability and rotation. These �elds will be used in ITER primarily for the mitigation of edgeinstabilities. As a side e�et, they an also slow down an NTM and the plasma rotation,whih enhanes the appearane of loked modes. Additionally, they an also in�uene theNTM stability. This interation has to be predited via modelling for ITER. The availablemodels and the aording theories have to be validated on present day experiments. Bothtopis have been studied within the sope of this thesis at the ASDEX Upgrade tokamak.93



6 Summary and Outlook
The in�uene of rotation on the NTM onset threshold has been investigated on the basis ofa database inluding around 70 disharges. This database has been built for (m/n)=(3/2)NTMs. For most of the NTM onsets, additionally, the trigger mehanism ould be identi�edeither as an ELM, �shbone, sawtooth rash, general 1/1 MHD, or `triggerless' ase. Basedon this database the in�uene of rotation, the rotation gradient and the di�erential rotationbetween the trigger and the NTM surfae, on the NTM onset threshold have been analysed.In all orrelations the satter ould be redued using quantities normalised to the Alfvénveloity, whih is in agreement with observations at other experiments. The work presentedin this thesis shows that the NTM onset threshold inreases with inreasing o- and ounter-urrent rotation. Hene, the NTM onset behaviour does not depend on the diretion of theplasma rotation and NTMs an more easily be triggered at low plasma rotation. This is on-trary to the results of DIII-D [73℄ where a further derease in the threshold with inreasingounter-urrent rotation was observed. However, the AUG results suggest to re-analyse theDIII-D data. Furthermore, the formation of an upper NTM onset threshold with normalisedrotation was observed. All NTM onset data points, as well as data points taken from dis-harges without any NTM ativity, are situated below this threshold. This shows that theappearane of NTMs learly limits the operational spae in terms of the plasma pressure.This upper onset threshold inreases with inreasing normalised plasma rotation but is lessdistint at low plasma rotation. This indiates that the NTM behaviour hanges at lowrotation. The observation that the triggerless ases appear mainly at low rotation furtheron�rm this. At low normalised rotation ∆′ is less stabilising, and hene, the equilibriumurrent pro�le appears to be di�erent.In ontrast, at the marginal point, shortly before the mode disappears and the trigger proessplays no role anymore, no dependene is observed so far. This indiates that the dependeneon rotation at the onset is aused by an in�uene of rotation on the trigger mehanism.Additionally, a linear dependene on the normalised rotation gradient at the resonant sur-fae is found, although the satter is inreased. This implies that steeper rotation pro�leshamper the appearane of NTMs. In addition, high di�erential rotation seems to impedethe triggering proess for ELMs and �shbones as a trigger, but not for sawtooth rashes.To summarise the main results of this study aording to the questions posed in the intro-dution:

• NTMs an more easily be triggered at low plasma rotation.
• Rotation seems to in�uene both the seeding proess as well as the intrinsi NTMstability via ∆′, whih appears to be less stabilising at low plasma rotation.
• The rotation gradient appears to be stabilising, as well as a high di�erential rota-tion between the triggering and the NTM surfae, at least for the �shbone and ELMtriggered ases.
• Contrary to results at DIII-D, at AUG the NTM onset threshold inreases with nor-malised rotation, independent of the plasma rotation diretion. This suggests to re-94



6.1. Summaryanalyse the DIII-D data.
• For ITER, this study indiates that NTMs will be less stable, most probably dueto a ombination of a less stabilising ∆′ term and a stronger impat of the triggerinstabilities at low rotation. To avoid the appearane of NTMs both e�ets have tobe ontrolled. The former ould be in�uened by ontrolling the equilibrium urrentpro�le, via loal urrent drive for example. For the latter the triggering proess has tobe hampered. For ELM and �shbone as trigger this may be realised by steepening therotation pro�les - although unfortunately it will not be able to ontrol the rotation inITER. This will not in�uene the triggering by a sawtooth rash, due to its immenseimpat. Nevertheless, one possibility lies in the avoidane of large sawtooth rashes.This an be obtained by driving urrent inside the q = 1 surfae, whih inreases thesawtooth frequeny and onsequently redues the size of the sawtooth rashes [102℄.The impat of externally applied magneti perturbation (MP) oils on already existing ro-tating NTMs has been studied using the 16 in-vessel saddle oils installed reently at thelow �eld side of AUG [8℄. This set of oils, alled B-oils, enables the generation of MP �eldswith a toroidal mode number of n ≤ 4. These low mode numbers are suitable for the studyof the in�uene of MPs on the (m/n)=(3/2) and (2/1) NTMs, whih are the most ommonon�nement degrading NTMs in AUG.The B-oils produe MP �elds ontaining resonant and non-resonant omponents. Theresonant omponents of the MP �eld an penetrate the plasma and provoke magneti re-onnetion at a resonant surfae. Additionally, it an lead to a modulation of the islandwidth and frequeny of a pre-existing rotating mode. The modulation of the island widthand frequeny is phase shifted whih, on average, leads to a slowing down and a shrinkingof a rotating mode as well as to a growth of a loked mode. The non-resonant omponentsof the MP �eld do not in�uene the NTM stability but they indue a global NTV brakingtorque. In summary, the B-oils an in�uene the island amplitude and phase evolution ofan NTM.Two disharges have been analysed in detail. In both, an in�uene of the MPs on alreadyexisting rotating NTMs has been observed. Mode braking of a 3/2 NTM and loking of a2/1 NTM due to the MPs is observed in eah of the disharges, as well as the spinning upof the mode when the B-oils are swithed o�. In the investigated disharges both the modefrequeny and the global plasma rotation dereases. The mode amplitudes are only slightlyin�uened. In the loking ase a strong modulation of the island width and frequeny isobserved diretly - via a distortion of the pik-up oil signal evolution, and indiretly - viathe enhanement of higher harmonis in its spetrogram. This is less pronouned in thebraking ase, due to a higher mode frequeny. Aording to theory most of the experimentalobservations an be explained by the in�uene of the resonant MP omponents.The non-resonant NTV torque has been alulated for the braking ase taking into aountthe real geometry of the perturbation �eld and the plasma. This alulation on�rmed thatthe NTV torque is small in the investigated disharges, whih supports that the in�ueneof the resonant MP omponents seems to be dominant. Aounting only for the resonant95



6 Summary and Outlooke�ets at the position of the mode, the mode braking and loking ould be modelled. Tomath the experimental mode frequeny the impat of the perturbation �eld on the modeevolution had to be inreased. At the same time, this leads to an overestimation of the e�eton the mode stability. This observation reveals that an additional ontribution is missing inthe model, whih slows down the mode but does not a�et the island stability, like severalresonant torques at other resonant surfaes would do. Nevertheless, the modulation of theisland frequeny and amplitude as observed experimentally is well reprodued.For the loking ase, additionally, the error �eld diretion ould be determined from themodelling. The resulting error �eld diretion is in good agreement with the atual lokedmode position determined experimentally. However, it does not agree with the 2/1 vauumisland position, whih is assumed to be the dominant ontribution in the modelling. Thissupports the hypothesis that di�erent ontributions in�uene the braking and loking of themode as well as the intrinsi error �eld.In addition, the entire rotation pro�le was modelled aounting for the radial dependene ofall torques and a onstant momentum di�usion oe�ient. It was observed that a ombina-tion of smaller resonant torques at di�erent surfaes an lead to the same rotation dereaseat the mode surfae as a single large torque. This would lead to a smaller e�et on the modeamplitude at one spei� resonant surfae. This is supported by the fat that for both asesvauum islands, indued by the external MP �eld, appear at several surfaes. They ouldin�uene the plasma rotation in the linear regime and it was shown that they appear to havea signi�ant impat.The experimental observations and the modelling results show that, in the loking ase, thesum of several resonant ontributions in the linear regime, in addition to the ontributionof the resonant omponent at the NTM surfae and the intrinsi error �eld seems to be re-sponsible for the slowing down and the loking of the NTM. In the braking ase, besides thelinear resonant ontributions at several surfaes and the bigger non-linear one at the NTMsurfae, the impat of the 2/2 MP omponent on the 1/1 mode appears to play a ruialrole. This ould explain the fator of 4 inrease of the single resonant omponent requiredin the modelling ompared to a fator of only 2 in the loking ase. The summary of thisanalysis leads to the following answers to the question posed in the introdution:
• Mode braking and loking due to the MPs is observed, as well as the spinning upof the modes when swithing o� the B-oils. The mode amplitudes are only slightlyin�uened. Additionally, a diret modulation of the island width and frequeny an bedeteted.
• The in�uene of the resonant MP omponents appears to be dominant.
• Most of the experimental observations an be explained by the resonant e�ets. Modebraking and loking an be modelled aounting only for those. However, taking onlythe resonant e�ets at the mode surfae into aount, mathing the island frequenyrequires an inrease of the resonant omponent of up to 4. This at the same time leadsto an overestimation of the in�uene on the island amplitude.96



6.2. Outlook
• This an be solved, when the resonant torques at di�erent resonant surfaes at to-gether as a global resonant torque, that appears to be responsible for the rotationdamping. Therefore, in order to model the evolution of one single NTM, all resonantomponents at several surfaes have to be inluded in the modelling in the linear regimeas well as in the non-linear regime, espeially for surfaes where additional islands arepresent. In addition, the torque indued by the loss of fast-ions, whih is stronglyenhaned during the B-oil phases [88, 89℄, ould be a further ontribution. The non-resonant NTV torque strongly depends on the ion temperature (T 7/2

i ) and the plasmaollisionality. Therefore, even if the NTV is small at AUG, for ITER, with its hightemperatures and low ollisionalities, the in�uene of the NTV an not be exluded.This ould lead to an additional e�et on the island frequeny evolution, whih has tobe taken into aount.6.2 OutlookIt is important to validate the presented alulation for the NTV with other independentalulations or odes. Furthermore, a more general estimation of the NTV, ombining theformulae valid in the 1/ν and ν regime, is needed. Both aspets are essential for the use ofthe alulation later on in order to examine the parameter regime of the NTV, its dependeneon kineti pro�les, and di�erent B-oils on�gurations both theoretially and experimentally.Aording to these alulations dediated experiments should be performed. Furthermore,experiments at low density, resulting in lower ollisionalities like in ITER, should be per-formed in order to predit the in�uene of the NTV in ITER. Additionally, the model forthe NTM evolution has to be extended to alulate the impat of the B-oils on one modeinluding all di�erent resonant surfaes and the aording resonant e�ets, in the linear andnon-linear regimes. Another important issue is the estimation of the torque aused by the lossof fast ions, whih is signi�antly enhaned during the B-oils phases. It has to be hekedif this torque also ontributes to the slowing down of the plasma. In addition, disrepan-ies between the vauum approximation for the island width and the VMEC ode, whihalulates the ideal plasma response, are observed but not disussed in this work. Thesedisrepanies onern the determination of resonant and non-resonant on�gurations, andthe orresponding expeted in�uene on the plasma. Dediated experiments are requiredto larify these disrepanies. Finally, it would be important to extend the experimentaldatabase in order to on�rm the present �ndings in omparison to other devies. First ofall it would be interesting to repeat the disharges presented in this work. In partiular itshould be investigated if the evolution of the island width and for example the developmentof the sidebands in the braking ase and the error �eld diretion in the loking ase, arereproduible and an be explained. Sine so far only a few ases exist, where an in�uene ofthe B-oils on NTMs is observed, further experiments in whih the in�uene of the resonantMPs is maximised have to be performed. Low density, a lear `resonant' on�guration, lowplasma rotation and also a lower magneti �eld are predited to maximise the e�et of theresonant MPs. 97
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Appendix ASummary of important parameters andabbreviations
A.1 List of important parameters
a plasma minor radius (m)
~B magneti �eld (T)
B0 toroidal magneti �eld at the magneti axis (T)
Bpol poloidal magneti �eld (T)
Br radial magneti �eld (T)
Btor toroidal magneti �eld (T)
Btot total magneti �eld (T)
c speed of light (2.9979· 108 m/s)
DΦ momentum di�usion oe�ient (m2/s)
~E eletri �eld (V/m)
e elementary harge (1.6022· 10−19 C)
I moment of inertia (kgm2)
Ip plasma urrent (A)
Iλ pith angle integral
J Jaobian
~j urrent density (A/m2)
~k wave vetor (1/m)
lnΛ Coulomb logarithm
MaA Alfvén Mah number
m poloidal mode number
me,i eletron, ion mass (kg)
n toroidal mode number I



A Summary of important parameters and abbreviations
ne,i eletron, ion density (1/m3)
P power (W)
p kineti plasma pressure (Pa=N/m2)
q safety fator
qe,i eletron, ion harge (C)
R major plasma radius (m)
R0 major plasma radius at the magneti axis (m)
Rtang NBI tangential radius (m)
r minor plasma radius - used as radial label (m)
~T torque (Nm)
Te,i eletron, ion temperature (K or eV)
~v plasma rotation veloity (m/s)
vA Alvén veloity (m/s)
vth thermal veloity (m/s)
v⊥e,i eletron, ion perpendiular veloity (m/s)
v∗e,i eletron, ion diamagneti drift veloity (m/s)
W island width (m)
Wtot total plasma energy (m)
Z atomi number
βpol poloidal plasma β
βN β normalized
ǫ inverse aspet ratio
ǫ0 dieletri onstant (8.85421· 10−12 C/(Vm))
η eletrial resistivity (Ωm)
θ poloidal oordinate
Γ partile �ux (T/(sm2))
µ0 magneti onstant (4π 10−7Vs/(Am))
µ|| toroidal visosity frequeny (1/s)
ρ mass density (kg/m3)
ρpol poloidal �ux oordinate
ρθ,i ion poloidal gyro radius (m)
σ eletrial ondutivity (1/(Ωm))
τe energy on�nement time (s)
τii ion-ion ollision time (s)
τH hydromagneti time-sale (s)
τrec reonnetion time-sale (s)II



A.1. List of important parameters
τres plasma resistive time-sale (s)
τV visous di�usion time-sale (s)
τwall resistive time sale of the wall (s)
τΦ momentum on�nement time (s)
φ toroidal oordinate
Ψ poloidal magneti �ux funtion (Vs)
Ωφ toroidal rotation frequeny (1/s)
Ω∗

e,i eletron, ion diamagneti drift frequeny (1/s)
Ω∗

NC neolassial o�set frequeny (1/s)
ω mode frequeny (1/s)
ωce,ci eletron, ion ylotron frequeny (1/s)
ωp plasma frequeny (1/s)
ωte,ti eletron, ion transit frequeny (1/s)

III



A Summary of important parameters and abbreviationsA.2 List of abbreviationsAUG ASDEX UpgradeCXRS harge exhange reombination spetrosopyECCD eletron ylotron urrent driveECE eletron ylotron emissionECRH eletron ylotron resonane heatingELM edge loalised modeEOM equation of motionICRH ion ylotron resonane heatingIDA integrated data analysisLIB lithium beamMHD magneto hydrodynamiMP magneti perturbationMRE modi�ed Rutherford equationNBI neutral beam injetionNTM neolassial tearing modeNTV neolassial toroidal visosityPSL passive stabilising loopSEP separatrixSOL srape o� layerSXR soft X-RayTS Thomson sattering

IV
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