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First principles uid modelling of magnetic island stabilization by ECCD

Tearing modes are MHD instabilities that reduce the performances of fusion devices. They can however be controlled and suppressed using Electron Cyclotron Current Drive (ECCD) as demonstrated in various tokamaks. In this work, simulations of islands stabilization by ECCD-driven current have been carried out using the toroidal nonlinear 3D full MHD code XTOR-2F, in which a current-source term modeling the ECCD has been implemented. The eciency parameter, RF , is computed and its variations with respect to source width and location are computed. Inuence of parameters such as current intensity, source width and position with respect to the island is evaluated and compared to the Modied Rutherford Equation. We retrieve a good agreement between the simulations and the analytical predictions concerning the variations of control eciency with source width and position. We also show that the 3D nature of the current source term can lead to the onset of an island if the source term is precisely applied on a rational surface. We report the observation of a ip phenomenon in which the O-and X-Points of the island rapidly switch their position in order for the island to take advantage of the current drive to grow.
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Introduction

he energy onnement time in tokmks is ritil issue for hieving the performnes required for fusion retorF st is however limited y tering modes tht form mgneti islnds in the plsmF fy lolly ttening the pressure prole nd ting s trnsport shortEiruitD these modes limit the mximum hievle a P 0 p 2 =B 2 @with p the kineti pressure nd B the mgneti eldA nd hene the fusion performneF hey n however e ontrolled nd suppressed using dioEprequene @pA wves suh s iletron gylotron gurrent hrive @igghA s demonstrted in vrious tokmksD suh s eqID hsssEhPD tETHQD nd gRF rmeters suh s the totl urrent injeted @nd hene the totl power required y the iggh systemAD the need for preise loliztion of the mode nd urrent deposition pper to e ritilF he width of the urrent deposition is lso n importnt riterionD s it ppers in the gure of merit I RF = 2 I tht hrterizes oth the equilirium S nd Qh T impt of the p urrent on the islnd dynmisF frod depositions led to poor eienyD tht must e lned usingD for exmpleD higher urrent density nd hene higher injetion powerF uh riteri will therefore guide the ontrol system for the hoie of the orienttion of the mirrors of the iggh systemF roweverD the mehnisms of the mode intertion with the injeted urrent still need to e speied @more preiselyA in order to extrpolte present ontrol systems to the next genertion of tokmksD nd rst priniple modeling is required to go eyond the simplied frmework of the utherford equtionF revious modeling works hve een done in the frmework of redued wrhD with the modeling of the igr eet on the maP tering mode U nd iggh stiliztion VD oth in ylindril geometriesF sn the ltter workD the pEdriven urrent density propgtes long mgneti eld lines in similr mnner to wht will e presented in this pperF wodeling in toroidl geometries hs lso e done in W nd the eets on equilirium hs een investigted in IHF hese works however dier from the one presented in this pper y the wy the urrent soure term is propgted long the mgneti elds linesF sn the present rtileD we report on the implementtion of p urrent soure in the Qh full wrh ode XTOR-2FD tht is then enhmrked ginst theoretil preditions for the islnd dynmisF por the rst timeD the p eienyD s desried in TD is ompred with nlytil preditionsF e do reover similr vritions with respet to soure widthD intensity nd mislignment to wht theory preditsD while possile role of the islnd deformtion on the overll vlue of the eieny is foundF he Qh p soure is shown to drive islndsD lso giving new insights on the ip instility II X we oserve fst phseEhnge of the islnd yE nd Eoints positions through rief trnsition of the islnd9s struture to higher hrmoni islndF he rtile is orgnized s follows X in rst prtD we disuss the model retined for the modeling of the urrent deposition in the plsm nd its homogeniztion long the mgneti elds lines @setion PAD dopting n estlished model of urrent evolutionF e then riey desrie the nlytil model ommonly used to model tering modes stiliztion y iggh @setion QAD nd desrie the oneEuid wrh model tht is First principles uid modelling of magnetic island stabilization by ECCD Q employedD s well s the equilirium tht is used s test se for the numeril simultions @setion RAF henD we report on the simultions using the urrent soureD where we hek the inuene of prmeters suh s the widthD position nd intensity of the urrent soure termF he simultions re ompred with the nlytil modelD showing good greement @setion SAF sn lst setionD we disuss two eets tht re spei of Qh lolized soure term X the rst one leding to the onset of mode if the urrent soure is pplied on rtionl surfeD the seond oneD known s the ip instilityD leding to rpid swith of the positions of the yE nd Eoints @setion TAF 2. Current Source hue to its ility to drive preisely lolized urrentD iletron gylotron gurrent hrive @igghA is the method of hoie to ontrol tering modesF he wves lunhed y the ntennsD in frequeny rnge of out IHHEPHH qrzD propgte into the plsm where they resonte with the eletron ylotron motion t preise lotionF heir power is sored nd mostly perpendiulr momentum is trnsfered to popultion of eletronsF he resulting symmetri resistivity will generte urrent vi ollisions with ionsD proess known s the pishEfoozer mehnism IPF he trpping of some resonnt eletrons will led to redution of the totl urrent induedD nd n even led to the pperne of urrent in the opposite diretionD mehnism known s the ykhw urrent IQD IRF sn reent yersD signint extensions of wrh hve een introduedD with losure shemes emodying rdio frequeny power souresD in the form of qusiliner terms in the kineti equtions @for eh speiesAD nd dopting systemti ghpmnEinskogE like expnsion ISF por iletron gylotron ves @igA in prtiulrD this tretment produes dditionl terms in the uid moment equtionsD modifying the ollisionl frition terms to e used in the lultion of the kineti distortion nd susequent lultion of the losure moments nd of yhm9s lwF his would formlly modify our wrh equtions @see setion RFIAD ut here we present our results within more onventionl desription whih n e ompred with severl existing modelling worksF e propose simplied nd heuristi modeling of the p urrent density dynmis tking three phenomen into ount X he homogeniztion of the urrent long the mgneti eld lines due to the fst prllel ow of the eletronsF his n e modeled s the onvetive propgtion of two urrent density omponents long eld lines ITF sn the limit of slow rottion of the islnd with respet to the iggh soure termD single urrent representtion n e used ITD s desried in eqution @PAF sn the present work we neglet the eets of mgneti trppingD whih retes poloidl symmetry in the urrent IUD nd low ollisionlity regimesD whih tend to rndomize the poloidl lotion of urrent genertion vi ollisionsF e rise of the generted urrentD due to the uildEup of the symmetry in the eletron distriution funtionD whih ours on ollisionl timesle f a 1 f D where f is First principles uid modelling of magnetic island stabilization by ECCD R the ollision frequeny of the fst eletrons @expressed in eqution @IAD where ei is the therml ionsEeletrons ollisionlityD v th a q PT e =m e the veloity of the therml eletrons nd v res the resonnt eletrons veloityAF f a ei v th v res 3 @IA dil trnsport of fst eletrons due to ollisions nd turuleneD leding to the rodening of the urrent distriution IVF e perpendiulr diusion term is used to tke this phenomenon into ountF his term n lso e used to 9rtiilly9 widen the urrent soure distriutionD for instne to simulte the inuene of edge density ututions whih re known to roden the iggh deposition IWF e hose to retin only the temporl dynmis ssoited with the pishEfoozer mehnismF yur model does not pture the phenomen ourring on shorter timesleD for instne smll negtive urrent in the very rst moment of the urrent estlishment @see gure I of PH for instneA due to the trpping of resonnt eletronsF roweverD the eletron trpping n e inluded in the omputtion of J s D leding to nl vlue of the urrent tht tkes this phenomenon into ountD even if its dynmis is not desriedF por the vlues onsidered in the following simultionsD f is of the order of qurter of milliseondF pinllyD these three dynmis n e summrized in eqution @QAD whih reets the evolution of the driven urrent densityF @J RF @t a f @J s J RF A here e a P 0 p e =B 2 is the eletroni etD A the elfv en time nd denes the poloidl extension of the soureF his model leds to rpid homogeniztion of the urrent density on the ux surfes on time sle of h % S ¢ IH 4 ms for the plsm prmeters onsidered hereD where we hve set v res =v th a PF roweverD this dvetive model ppers to e diult to tret numerilly with our odeF e therefore show tht due to the short time sle of the homogeniztion ompred to the urrent riseD it n e repled y diusive modelD s done in PI for instneD without hnging the physis of p impt on mgneti islndsF his model is shown in eqution @RAF xote tht in this equtionD we onsider RF jj s free prmeterD tht we hoose so tht the homogeniztion is fst ompred to the islnd dynmis nd the urrent riseF he resulting urrent density is homogeneous on ux surfeD provided RF jj =L 2 f ( ID s explined in setion PFIF @J RF @t a f @J s J RF A C RF c r 2 J RF C RF jj r 2 jj J RF @RA First principles uid modelling of magnetic island stabilization by ECCD S 2.1. Parallel propagation sn this setionD we ompre the equilirtion timesles of the p urrent long the eld lines for the two models previously introduedF e onsider gussin soure on prtiulr eld lineD dened s

J s a J 0 s exp @L L 0 A 2 P 2 L ! @SA
where L is the oordinte long the eld lineF his simple Ih model orresponds to the projetion of equtions @PA nd @RA on losed eld lineF por the soure termD this givesD using pourier representtion @where k is the wveEvetorA Js @kA a J 0

s s I 2 L e 1 2 2
L k 2 +iL 0 k @TA hen the p urrent is estlishedD one hsD with the onvetive modelD v res r jj J RF a f @J s J RF AF sing pourier representtionD this gives JRF @kA a Js @kA I C i vres f k @UA sn our exmpleD this leds to JRF @kA a J 0

s s I 2 L e 1 2 2 L k 2 +iL 0 k I C i vres f k @VA
e n distinguish two symptoti regimesF sf v res =@L f A ( ID JRF @kA % Js @kA D nd the generted urrent reprodues the soureF sf v res =@L f A ) ID JRF @kA % HD exept for k a HD where JRF @HA a Js @HAD nd thereforeD ginD the urrent is homogeneous on mgneti eld lineF his sitution is the one enountered for typil plsm prmetersF roeding the sme wyD one hsD for the diusive modelD RF jj r 2 jj J RF a res @J s J RF A nd therefore JRF @kA a J 0

s s I 2 L e 1 2 2 L k 2 +iL 0 k I C RF jj f k 2 @WA
eginD we hve two symptoti regimes depending on the vlues of RF jj =@L 2 f AF sf RF jj =@L 2 f A ( ID JRF @kA % Js @kA D nd the generted urrent reprodues the soureF sf RF jj =@L 2 f A ) ID JRF @kA % HD exept for k a HD where JRF @HA a Js @HAD nd thereforeD the urrent is homogeneous on mgneti eld lineF he two pnel of gure I show the urrent distriution long the eld line t dierent time stepsD normlized to its nl vlueD for qussin soure entered in the middle of the eld lineD with L a PRm where R a I:S m nd m a PD ei % Q:R ¢ IH 3 s 1 D v th % P:U ¢ IH 7 m:s 1 D v res =v th a PD nd RF jj % P:U ¢ IH 7 m 2 :s 1 F yn very short timesleD one n see the dierene of propgtion etween the two models @gure ID ottom pnelAF xeverthelessD the nl urrent density is lmost homogeneous on eld lineD nd the disrepny etween the two models is smll @gure ID top pnelAF he urrent density is lmost onstnt long mgneti eld lineD equl to the men vlue of the urrent soure on this eld lineF 

Perpendicular propagation

e projet equtions @PA nd @RA on the perpendiulr diretionD on rdil ord rnging from P I; IF hen the p urrent is estlishedD one hs RF c r 2 c J RF a res @J s J RF AF e onsider the soure to e homogenized on the ux surfesD nd thereforeD J s @A a J s @ AF hue to the symmetry of the prolemD we then hve J RF @ IA a J RF @IA nd therefore we tret the prolem s eing PEperiodi @L a PAF e therefore n perform pourier nlysis nd hveD t equilirium JRF @kA a Js @kA I C RF c f k 2 @IHA sf c =L 2 f ( ID JRF @kA % Js @kA D nd the resulting urrent density is similr to the soure in the perpendiulr diretionD with little to no perpendiulr rodeningF sf RF c =R f ) ID JRF @kA % HD exept for k a HD where JRF @HA a Js @HAD nd thereforeD the urrent is homogeneous in the perpendiulr diretionF 3. Modeling of island dynamic 3.1. 3D localized source he temporl evolution of the islnd widthD here denoted W a w=aD n e desried y the soElled qenerlized utherford iqution @qiA equtionF por the lssil tering modes onsidered in this pperD we n restrin this eqution to

H:VP R dW dt a a¡ H @W A C ¡ curv C ¡ RF @IIA
First principles uid modelling of magnetic island stabilization by ECCD U where ¡ curv a T:QS D R = q W 2 C W 2 ounts for the urvture eets PPF he expression of W n e found in PQF ¡ H D the tering mode stility indexD depends on the islnd widthD espeilly during the nonliner stge of its growthF R is the resistive timesleD dened s R a 0 a 2 = a S A where S is the vundquist numerF he eet of n externl urrent soure on the islnd n e modeled y ddingD s done in TD term p +cos(m) @IRA is ux lel dened s a V @x x s A 2 W 2 os @mA @ISA sn eqution @ISAD a n m F sn this modelD the urrent soure is ssumed to e perfetly homogenized on the ux surfes where it is depositedF e hve set up ode tht evlutes eqution @IQA fter verging n ritrry soure term over the ux surfesD using expression @IRAF st hs een enhmrked ginst the nlytil results of TF yn the left pnel of gure PD the eieny for soure dened s

¡ RF a D RF W 2 RF
J s @; A a exp @ 0 RF A 2 P 2 RF @ 0 RF A 2 P 2 RF ! @ITA
is plotted s funtion of the soure position @ 0 RF D 0 RF AD while the soure width is set to @ r a H:HI; a H:IAF he eieny is mximum for soure preisely lolized on the yEointD nd n e destilizing @ RF < HA for soure outside the islnd or lose to its seprtrixF he most destilizing lotion is t the Eoint where iggh tully destilizes the islndF his n e understood y the ft tht the mgneti islnd n e interpreted s urrent lment in the ounterEurrent diretionF hereforeD driving oEurrent in the yEoint ounterlnes this lmentD hene reduing the islnd growthF yn the ontrryD driving urrent on the Eoint enhnes the perturtion indued y the lment nd so drives the islnd growthF 

Rotating island

sf the islnd rottesD nd ssuming tht this rottion is fst enough nd is not inuened y the urrent soureD the resulting verge eieny is RF @A a I P Z RF @; A d @IUA his result is plotted s the red urve on the right pne of gure PF st oinides with the eieny omputed for soure term dened s J s @A a exp @ 0 RF A 2 P 2 RF ! @IVA hereforeD in ses where the islnd rottesD where the soure is xedD oth sptilly nd temporlly @eFgF no modultionA nd ssuming tht the soure does not impt muh the rottion of the islndD we n reple the @D A lolized soure y simple Ih @rA lolized soureF his will e relevnt for simultions where no momentum soure is ddedD leding to slower rottion of the mode thn in experiments where externl momentum soures suh s neutrl em injetion led to fst rottion of the plsmD nd hene of the islndF 3.3. Eect of misalignment and source width yn gure QD one n see the evolution of the eieny of Ih soure depending on its rdil width nd mislignmentF he eieny is mximum for nrrow urrent deposition preisely lolized on the rtionl surfeF roweverD it quikly drops with rdil mislignmentD nd n even e destilizingF ith roder soureD the eieny is smllerD ut less sensitive to mislignmentF his feture is importnt for experimentl situtionsD where preise lignment with the ux surfe of interest n e diult to hieveF 

@@ t C V ¡ rA C r ¡ V C r ¡ turb a S @IWA @@ t V C V ¡ rVA J ¢ B C rp a r 2 V @PHA E C V ¢ B J J CD J RF B jBj ! a H @PIA @ t B a r ¢ E @PPA @@ t C V ¡ rA p C pr ¡ V a P
Q fH r ¡ q g @PQA @J RF @t a f @J s J RF A C RF c r 2 J RF C RF jj r 2 jj J RF @PRA where V a V E C V jji F J CD D dened s J CD a Jj t=0 D is urrent soure intended to restore the equilirium urrent proleF he rtio of spei het is a S=QD r is the het soureD destined to restore equilirium pressure prole nd q a jj r jj T c r c T is the het uxD with T a p= nd jj nd c diusion oeients ounting for the prllel nd perpendiulr trnsportF c models oth the ollisionl nd turulent rdil trnsportsF S is prtile soure used to restore density proleF he turulentE dened gussins in speD s this llows more exiility nd simpliity for omprison with nlytil modelsF roweverD in tokmksD the shpeD mplitude nd lotion of the urrent deposition will e highly dependent on prmeters suh tht the wve frequenyD the lunher position nd orienttionD mgneti eldD temperture nd density prolesF hile it is possile to ompute urrent depositions with speilized iggh odeD nd use t of the results s soure term in yD we lso hve selfEonsistently oupled y with the rytring ode iwe PSF hetils nd results otined with this oupling re however left for future worksF 4.2. Equilibrium and current source por demonstrtion purposeD we use n ehiEpgrdeElike equilirium in the presented simultionsF por simpliityD the shpe of the seprtrix is modied to e upEdown symmetriD nd there is no EointF ressure nd density proles re tted from eq pulse 5PWTVP @gure SAF he entrl ion density is n 0 i a V:P ¢ IH 19 m 3 while the mgneti eld on the xis is B 0 a P:TS F he pressure is rtiilly redued so s to del with linerly unstle tering modesF sndeedD tering modes re eiently stilized y urvture eet PTD with n eetive ¡ H tht dereses linerly with PUF he gure T shows the evolution of liner growth rte of the @PDIA mode with respet to N F his mode is unstle for N < I:PF he originl equilirium hs N % PD nd First principles uid modelling of magnetic island stabilization by ECCD II therefore tering modes re linerly stilized y the urvtureF e therefore redue the pressure y ftor QD in order to reh N % H:UD for whih the @PDIAEmode is unstleF et sturtionD we oserve lrge @P; IAEmodeD whose size is W sat % H:IID expressed in squre root of the normlized @to the vlue on seprtrixA poloidl ux unitD r a p D nd lso W sat % H:II expressed in normlized toroidl ux unitsF he surfe q a P is loted on r s a p s a H:TVD orresponding to x a s =a a H:SHWVF c D the perpendiulr diusion oeient of the therml prtiles is hosen suh tht c = a ISHD nd jj is hosen suh tht jj = c a IH 8 F he vundquist numer is S a IH 7 F he entrl elfv en time is A a Q:TI ¢ IH [START_REF] Kurita | Eect of local heating on the m=2 tearing mode in a tokamak[END_REF] sD nd the rtio etween the rel resistivity nd the resistivity used in the ode is S real =S XT OR % ITF he time is therefore resled s t real a A S real =S XT OR t XT OR F he urrent soure term J s tht ppers in eqution @PRA is dened s J s @r; ; A a J 0 s exp @r r 0 RF A 2 P 2 r RF @ 0 RF A 2 P 2 RF @ 0 RF A 2 P 2 RF ! @PSA he soure width I is the rdil full width t hlf mximum of the soure nd is dened s I a P p Pln P r RF F pigure R shows the propgtion of urrent soure long the whole ux surfeD in the presene of @P; IA islndF he soure term is hosen s thin gussin @ r RF a H:HID RF a H:I nd RF a H:PSA whih is entered in the islnd9s yEoint on the left pnelF st will propgte long the eld line thnks to the RF jj termF yn right pnel is plotted the opposite situtionD where the soure term is entered preisely on n Eoint of this islndF ine it lies on the rtionl surfe @q a PAD it will propgte nd form @PDIAEurrent lmentF rnsverse diusion s well s nonEnull vlue of the soure9s width llow propgtion on the whole ux surfeF First principles uid modelling of magnetic island stabilization by ECCD IP Figure 6. Evolution of the (2,1)-tearing mode growth rate with N . The red star shows the reduced pressure case that has been chosen in the study.

indued

Impact of parallel homogenization and perpendicular diusion on island dynamics

por numeril resonsD we use the diusive model @eqution RA to simulte the estlishment of the urrentF yn gure U re plotted the initil vritions of the islnd size for dierent vlues of the prllel diusivityF por suiently lrge vlues of RF jj D there is no notle dierene on the islnd dey ehvior X in these sesD the urrent is lmost perfetly homogenized on the ux surfesD nd inresing RF jj hs no further eetF yn gure VD the results otined with the model implemented in y equtions @RA re plotted nd ompred to the urve otined with this simple nlytil modelD for qussin soure of width I F es one n seeD the rodening of the iggh urrent density due to the perpendiulr diusion implemented in y ehves s expetedF st n simply e tted y presented in this article. The ts proposed in equation 26 and the one proposed in [28, 29] are also shown.

W/W 0 χ || =10 2 χ || =5 ×10 2 χ || =10 3 χ || =10 4

The RF eciency: prediction and numerical results

sn this setionD we fous on the evlution of the p eienyD with omprison of numeril results with theoretil preditionsF huring the simultionsD the soure positions 0 RF nd 0 RF re hosen suh tht the pek of the gussin is inside the yEoint of the islndF he soure dimensions a H:IS rdD nd a H:R rdD re xedF e vry the width of the urrent deposition @y vrying r AD keeping onstnt totl driven urrent I RF % S:WkAF yn gure IID the eieny otined is shownF yne n see tht the eieny omputed with y is lower thn expeted from the theoryF imultions with irulr rossEsetion @not shown hereA do not exhiit this diereneF his result hs een heked with higher poloidl nd toroidl resolutionsD leding to the sme omputed eienyF yn top pnel of gure IP is plotted the islnd otined with irulr equiliriumD s well t using nlytil expression used in QHF yn the ottom pnel of gure IPD the islnd otined for the elongted plsm se is plottedF his suggests possile role of the islnd deformtionD whih n indeed modify the p eieny QID QHD QPF he rdil shift of the yEpoint @prmeter $ I in the nottions of QHA nd the insideGoutside symmetry @prmeter $ IA re quite lrge in oth the irulr nd elongted plsm sesF he poloidl deformtion of the islndD omined with these rdil deformtionsD might e t the origin of this hnge etween irulr nd elongted plsm shpesF enother possiility is the ft tht the soure shpe is dened using the geometri ngle in the poloidl diretionD while the islnd shpe should e onsidered using the intrinsi poloidl ngle £ F 5.2. Relative comparison of XTOR simulations with Rutherford equation sn this prtD we onsider tht the eieny RF n e written s RF a 0 RF F 1 @ I =W AF 2 @¡r=W A:::D where F 1 D F 2 D etF re form ftors hrterizing the evolution of RF for the relevnt prmeters of the prolemF e hve seen in the previous setion tht the eieny omputed with y is lower thn predited y the utherford theoryF hereforeD in order to ompre the utherford eqution nd the simultionsD we resle the eieny otined with y y the ftor 0 RF found in the previous setionF 5.2.1. Eect of total current injected and source width on island decay rate. snvestigting the impt of urrent density on islnd stiliztion is ruilD s it is diretly linked to the totl power required y the iggh systemD tht one would like to minimize in fusion retorF he denition of D RF @eqution IPA shows tht dW dt t=0 + depends linerly on I RF F es shown on gure IQD we retrieve this ehvior within our 13). The circles correspond to the values used to plot the square series, rescaled by a constant (common to all the points) so that they lie on the analytical curve.

Figure 12. Comparison of the island shapes for a circular test case and the elongated AUG equilibrium, where £ is the intrinsic poloidal angle simultionsF he dt from gure II re then plotted on gure IRD ut resled with the eieny ftor 0 RF F es one n seeD the form ftor F 1 @ I =W A is very similr for the dierent urves nd in good greement with wht is expeted from the theoryF he First principles uid modelling of magnetic island stabilization by ECCD IU ehvior oserved in y is in good greement with the eqution @IQAD omputed for qussin soure termD dened s in eqution @ITAF e good t n e proposed in the spirit of wht is suggested in PD y using 5.2.2. Eect of misalignment his lignment of the pEurrent deposition with the rdil position of the mode is known to e ritil issueF fest eienies re otined for deposition entered on the islnd yEointD while deposition lose to the islnd seprtrix n led to islnd destiliztionF roweverD it might e experimentlly diult to lote preisely the resonnt surfe of interestF iven if preise determintion of the mode rdil position ws possileD orienting the iggh system to deliver urrent extly on the mode n e diult to hieveF st is therefore neessry to ssess the impt of mislignment on islnd evolution QQD QRF sn the following simultionsD we vry the position of the soure round the surfe r s D its width eing held onstntF he gure IT shows the omprison of the results otined with the y simultions nd the nlytil omputtionF he eieny is mximum when the soure hits the yEpointD t rdil position r O tht is inside the resonnt surfe position r s F ine in our nlytil modelD it is ssumed tht r s a r O D on gure ITD we hve shifted the urve orresponding to the regn9s model so tht its origin is on r O nd not on r s F por rdil positions inside the islndD we retrieve the stiliztion suggested y the omputtion of RF F he shpe of the urve otined is lso onsistent with the results otined y erkins in QSF e however oserve n symmetryD whih is not 
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Figure 14. Variation of the eciency RF with respect to the source radial size, as computed in XTOR simulations, and using analytical model developed by Hegna, as in equation (13).

present in the nlytil model we used to ompute the eienyF his symmetry is due to the symmetry of the shpe of the islnd @see gure ISAD whih is onsistent with QHF e reltively good tD though it does not exhiit the symmetryD n e suggested in the spirit of wht is proposed in QR using experimentl dtF his t is plotted on gure ITD nd orresponds to @¡r a r 0

RF r s A F 2 ¡r W a RF 0 RF G exp S Q P¡r W sat 2 ! @QHA
6. Eect of 3D localization of the source on island dynamics sn this setionD we study the longEtime response of the plsm to Qh lolized urrent soure termD in the sene of plsm rottionF es shown in the following susetionsD the islnd rrnges itself in sitution where the urrent perturtion indued y the soure is fvorle to its growthF sn the se of well lolized urrent deposition on n equiliriumD this mens tht n islnd will e genertedD while injeting urrent on n lredy existing islnd n led to phse shift of the ltter in order to fvor its growthF e show tht when the plsm ndGor the islnds rotteD these eets dispper s they ome from the ft tht in nonErotting plsmD driving ontinuous urrent t xed position retes privileged point for the islnd growth or ipF hen the plsm or the islnd rottesD there is no privileged point nymoreF Figure 16. Variation of the eciency RF with respect to source misalignment with resonant surface.

Mode onset by ECCD

sn this susetionD we onsider the equilirium desried in RFPD exept tht we do not redue the pressureD nd therefore tering modes re stleF e drive urrent on the rtionl surfe q a P in the form of nrrow soure @ r a IH 3 D a IH 1 nd a IH 1 AF sn rst seD the soure is only dened s Ih soure suh tht First principles uid modelling of magnetic island stabilization by ECCD PH J s a J s @ p AD orresponding to the se where the urrent is homogeneous on the equilirium ux surfesF sn tht seD we do not oserve the onset of modeF sf however we dene the soure term s Qh lolized soure termD its propgtion long eld line retes urrent lment with the heliity of the rtionl surfeD hene generting n islndF roweverD due to the nite extension of the soure in the poloidl nd rdil diretionsD even veryEwell lolized soure term on resonnt surfe will tend to homogenize on the ux surfeF hereforeD for iggh to e le to drive mgneti islndD it is neessry tht the hrteristi time of the urrent equilirtion long mgneti surfe is longer thn the time needed to rete the islnd from the urrent lmentD so tht the Qh eets nd urrent inhomogeneity long mgneti surfe n hve n imptF he gure IU shows the evolution of the @PDIA islnd width for the se with Ih nd Qh p soure entered on the resonnt surfe q a PF yn gure IVD the size of the resulting islnd is plotted with respet to the soure position ompred to the resonneF es one n seeD well lolized iggh deposition n generte n islnd on the viinity of the resonnt lyerF pinllyD the size of the resulting islnd is plotted ginst the totl urrent injeted with the soureD expressed s perentge of the plsm urrent @gure IWAF 

Flip instability

e now ome k to the low N ses with lrge sturted @PDIA islndF sn the presene of Qh lolized soureD pplied suh tht t the initil timeD it lies in the yEpoint of the islndD we oserveD fter phse of derese of the islnd sizeD n rupt hnge of the phse of the islnd in few tens of milliseondsD so tht the soure is now Width of the (2,1) mode depending on the total injected current ( I = 2:36 ¢ 10 3 ).

lolized lose to n EpointD leding to the growth of the islndF his is depited in gure PHD where the evolution of the size of the islnd is plotted for severl vlues of the totl injeted urrentF he gure PI shows the evolution of the Epoint poloidl position @EngleA during this proessF pirstD the two Epoints of the @P; IAEmode move stedilyD until the mode is redued enough so tht the @R; PAEmode domintesF he First principles uid modelling of magnetic island stabilization by ECCD PP soureD initilly loted on n yEpoint of the @PDIA modeD is now loted on one of the Eoints of this modeD whih leds to the regrowth of the @P; IAEmodeD whose nd yEpoints hve swithed positionsF yserving the oinre mps of the mgneti eld @gure PPA during the ipping period revels tht this phenomenon is not linked to rottion of the modeD ut to hnge of its struture nd phseF e lso oserve tht fter this proessD the mode ppers to e loked in ertin positionD s y nd Epoints lotions stop to evolveF he gure PI shows the nl position of the islnd Epoints with respet to the soure positionF he soure is in n intermedite position etween the yEpoint nd the EpointD where the eieny RF is negtiveD hene leding to the growth of the modeF his ip ours on SH ms timesle @gure PQAF his instility is desried in IID where it is referred s the 4ip4 instilityF e similr ehvior n e oserved when pplying mgneti perturtion @suh s wA to n islndD where in some sesD the islnd will lok in prtiulr phse with respet to the pplied perturtion QTF st should e noted tht dding further hrmonis in the simultion does not hnge signintly the ip ehviorF 3200 3400 3600 3800 4000 4200 4400 4600 t (ms) 6.3. Rotation of the source sn the simultions presented eforeD the islnd hs lmost zero rottionF sn relisti onditions howeverD dimgneti eets or momentum soureD due for instne to xeutrl fem snjetionD will use the islnds to rotteF ine we do not inlude these eets in our simultionsD we emulte them y imposing the soure term to rotteD dening the term 0 in eqution @PSA s 0 a 0 0 C !t where ! is the presried rottion frequeny @! a Pf where f a PSrzAF his pproh is vlid in the limit where we ssume tht the urrent soure nd the islnd redution will not et its rottion frequenyF yn gure PR the evolution of the islnd size for xed Qh soureD rotting Qh soure nd Ih soure term is plottedF es shown in the previous setionD the islnd under the inuene of Qh lolized urrent soure 4ips4D while the rotting Qh soure nd the Ih soure term do not show suh ehviorD nd give similr islnd dynmisD whih is onsistent with the nlytil results presented in setion QFPF

Conclusion

sn this workD we reported the implementtion of urrent soure term in view of the simultion of the islnd stiliztion proess with the ode XTOR-2FF efter relling the si priniples of iggh nd presenting the model we use to homogenize the urrent distriution long the eld linesD we performed oneEuid wrh simultions using n equilirium issued from n experimentl dishrge on esdexEpgrdeF snuene of prmeters suh s urrent intensityD soure width nd position with respet to the islnd hve een tested nd ompred to the wodied utherford iqutionF e retrieve good greement etween the simultions nd the nlytil preditions onerning the vritions of ontrol eieny with soure width nd positionF e lso show tht the Qh nture of the urrent soure term n led to the onset of n islnd if the soure term is preisely pplied on rtionl surfeF e report the oservtion of ip phenomenon in whih the yE nd Eoints of the islnd rpidly swith their position in order for the islnd to tke dvntge of the urrent drive to growF his work opens the route to simultions of xw stiliztion with the full neolssil model implemented in XTOR-2F QUD QV

First principles uid modelling of magnetic island stabilizationFigure 1 .

 1 Figure 1. Current density along a magnetic eld line, for homogeneization (bottom panel) and current-rise (top panel) timescales

FirstFigure 2 .

 2 Figure 2. RF as a function of source position. The black dotted line correspond to contour of negative values.

First 4 δFigure 3 .

 43 Figure 3. RF as a function of source width and misalignement. The black dotted line corresponds to contour of negative values.

  prtiles trnsport is modeled y ux turb a D c r where D c a 2 3 c F he urrent indued y the p soure is implemented s prllel term J RF a J RF B jBj in the First principles uid modelling of magnetic island stabilization by ECCD IH yhm9s lwD where the time evolution of the term J RF is hndled y the models disussed in setion PF xote tht in this workD we set up the urrent soures s nlytillyE

Figure 4 .

 4 Figure 4. Propagation of the RF current on the ux surfaces, depending on the initial localization of the source in presence of a (2,1) island. For the purpose of this gure, a thin source ( r = 0:01, = 0:05 and = 0:25) as well as a low RF c ( RF c = = 75)

Figure 5 .

 5 Figure 5. Pressure and density proles used in the simulations.

  rodening of the soure resulting from this perpendiulr diusion will led to derese of the stiliztion eienyF sn typil simultions where the perpendiulr diusion oeient of the therml prtiles is used s vlue for RF c D we hve RF c = f % I ¢ IH[START_REF] Isayama | Neoclassical tearing mode control using electron First principles uid modelling of magnetic island stabilization by ECCD PT cyclotron current drive and magnetic island evolution in JT-60[END_REF] First principles uid modelling of magnetic island stabilization by ECCD IQ 3.19 3.20 3.21 3.22 3.23 3.24 3.25 3.26 t

Figure 7 .

 7 Figure 7. Initial island decay under the inuence of an external 3D current source as dened in equation (25), for dierent values of RF jj , for the XTOR simulations presented in this article. Above a certain value of RF k the evolution is similar.

Figure 8 .

 8 Figure 8. Radial broadening of the initial current distribution due to RF c term in

FirstFigure 10 .

 10 Figure 10. Jump in the island's width derivative when RF-driven current is applied, at t % 3186 ms.
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Figure 11 .

 11 Figure 11. Variation of the eciency RF with respect to the source radial size, as computed in XTOR simulations, and using analytical model developed by Hegna, as expressed in equation (13). The circles correspond to the values used to plot the square series, rescaled by a constant (common to all the points) so that they lie on the analytical curve.

6 IFigure 13 .

 613 Figure 13. Variation of the initial decay rate of the island's size with respect to the total current, I RF , injected into the island.
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FirstFigure 15 .

 15 Figure 15. Poincar e plot of the island. The red ellipse shows the radial and poloidal extension of the current source.

Figure 17 .

 17 Figure 17. Energy of the (2,1) mode depending on the shape of the current source term (I RF =I P = 0:75%).

FirstFigure 18 .

 18 Figure 18. Size of the (2,1) mode depending on the radial position of the 3D current source (I RF =I p = 0:75%, I = 2:36 ¢ 10 3 ).

Figure 19 .

 19 Figure 19.

Figure 20 .

 20 Figure 20. Evolution of the size of the W (2;1) island for dierent values of the total injected current.

First principles uid modelling of magnetic island stabilizationFigure 21 .

 21 Figure 21. Evolution of the X-points poloidal position evolution, for I RF =I P = 1:5%.

  RF is the totl driven urrent in s unitsD x a s =aD where s is the rtionl surfe position in normlized toroidl ux unitsD s the mgneti sherD H s a d dx is the derivtive of the poloidl ux on the resonnt surfeD nd RF mesure of how eiently the urrent is used for islnd stiliztionF his eieny prmeter depends on the soure shpe nd positionD s well s on its width ompred to the islnd sizeD nd is dened s

			with D RF a	IT	0 R s H s	I RF	@IPA
	sn this equtionD I RF a where h: : :i is ux surfe verge opertorD dened s R d R d 2 os@mA hJ RF i R d R d 2 hJ RF i	@IQA
	h: : :i a	H d 2 H d 2	::: p +cos(m) 1		

  gure IHF es pointed out in @eqF PVAD the vlue of this jump n diretly e linked to the vlue of RF @W sat AF xote tht the term H D tht ppers in eqution IPD must e properly evluted from the toroidl equilirium X the ylindril pproximtion H a a 2 xB 0 =q is signintly lower nd would led to n underestimtion of RF in se of nonEirulr nd toroidl geometryD s plotted in gure WF
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