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Introduction

Experiments of localizeB@ CRH/ECCDhavebeenperformedon the FTU tokamakfor

shaping the temperature/currentlensity profile and controlling MHD activity. In
particular, m=1 mode dynamics and stability have been studied during the heating phase,
whenthe steady-statesawtoothingconditionsof the ohmic plasmaare modified by a

strong off-axis electroheating.Dependingon the positionof the absorbinglayer and

on the densityof the ohmic targetplasma,either sawteethare temporarily suppressed,

but a slowly growing m=1 oscillation persists,or a completequenchingof all m=1

activity can be achieved. When ECCD is added to the pure heating effect, various shapes
and periods of relaxation phenomendha plasmacore are observeddependingof the

sign of the driven current.Although low valuesof Igccp/lp are expectedbecauseof

rather high values ofef during heating, local changes in the magnetic shedhavght

to be responsible of these differences. Here we consider the possibility that the observed
very rapid variationsin the sawtoothactivity, may be due to local changesof the
magneticshearand the pressuregradientat the g=1 surface.Moreover a model is
developed for the nonlinear regime of thel modedominatedby magneticshearand
pressure modifications due to localized ECH power.

Experimental observations and sawteeth crash model

When the EC wave beams are launched perpendicularly torthdal directionandthe
main effect on sawteeth is dteelocalizedheating,the sawteethare modified as shown
in Fig.1 [1]. If on-axis heatingis applied, Te rise is faster and sawtooth period

decreased0n the contrary,stabilizationcanbe achievedf the absorptionlayer raps is
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close to the sawteethinversion radius riny. At this ECRH power level, however,
stabilizationis only temporarybut at high densityit can be complete.The following
experimentafeaturesi) internalrelaxationoscillationsare modified very rapidly after
the EC-powetturn-ontime (in period,amplitudeand shape)ji) the sensitivityto small
changesof raps nearriny suggesta model for sawtoothcrashthat dependson local
modifications of the shear and pressgradientsat the q=1 surface. We considerfirst
the linear regime to determine the plasma stability with respe&etonnectiorand,asa
consequencdp simulatethe sawtoothperiodsin FTU ECRH/ECCDdischargesThe
parameterangewe consideredneg=1x1020 cnt3, Te=2+5 keV, Tj=1 keV, 0.1<9<0.5)
is thatwhere p; >3y, > de, where pj is theion Larmorradius, de is the inertial skin

depthand o, = sl_l/ 351/ 3r1 Is the resistive kink layer (S being the Lundquist

number andssthe value of the magnetic shear,gthe g=1 radius).
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FIG. 1. Central electron temperature for different positions of the absorption layer r4ps With respect to
the sawtooth inversion radius rj,,. Theradii are computed at steady-state, accounting for Shafranov shift
and g-profile modifications during ECRH. Pecrn=800 KW; 15=350 kA; Pop=330->180 KW

The inclusion of diamagnetic effectstime dispersionrelationfor the growth rate leads
to a threshold for the sawtooth crash that can be trangtatetmsof a critical shearat
the g=1 surface [2] :

Sl = C*TAWG(wdia,e wdia,i)le(T[Ti /2(T| + -I-e))l/a(rl/pi)2/:{;(-"-re:s/TA)l“S (2)
where all quantities are to be evaluated at the q=1 surfageyg rZ /ang is the resistive

time, T 5 is the Alfven time and C* = 1. This condition (2) for the sawtoothcrashwas
included in a 1-D transport code, in which the profdesrelaxedat the sawtoothcrash
according to Kadomtsev reconnectimodel [3]. The codeallowedus to simulatewith
sufficient accuracy the sawteeth period also in cases alereor counter-currentvas
driven by the EC waves near the g=1 surface.

ECRH control of non-linear m=1 mode

The typical response of sawteeth to ECRH (Fig.1) shows that transient stabilkization
be immediatelyobtainedasthe ECRH is turnedon (the centralline in the figure) and
later a finite amplitude non-linear m=1 mode appearsaplying=700 kW of ECRH
power to a sawtoothindischargeat 350 kA, gs=6, Pohmic=200 kW, reconnection®f
the m=1 modearefrozenon a time scaleof =25 ms, much shorterthan the relevant
resistiveskin time scaleand slowly growing m=1 oscillationsat f=10 kHz appearand
eventually collapse after30 ms (Fig.2). A possible explanation to tieservedVIHD
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behaviour may be givelny a modelof transitionfrom the linear instability regimeto a
nonlinearone[4] dominatedby the modificationsof pressuregradientand resistivity
caused by the localized ECH power.
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Fig.2. Prompt stabilization lasts for =25 ms, << T, over the o<1 region. Coherent m=1 MHD
oscillations with variable amplitude devel op during the full ECRH pulse in shot #15536.

This, in fact, hasan impact on the structureand growth of the m=1 resistive mode
throughthe changesof Pfirsch-Schlitertoroidal return currentand of the magnetic
shear [5]. The evolution of the amplitude of the Lagrangian displacement
&, (t) = W(t)/2 canbe describedsymbolically by [5] &, =V, &0+ Y (§0)&0 F Vi6o-
The linear theory is valid for fluid displacemeiﬁg <p,(L+T,/T)"? and the nonlinear
term yy (§o) is meant tanclude and take over the linear onefor large displacements

[4]. The last term is the ideal kink growth rate, y, = q'(r.)A,T.1/~/3, relevant for
| S H*A

Ay = —(E’T“r%Rz)(Birit —B2) <0 [7]. The model developed here for thanlinear stageis
basedon Maxwell's equationsand a sufficiently generalOhm's law, in the RHMD
descriptionof fields in termsof flux andstreamfunctionsfor the single helicity m=1
perturbation. It is assumed that q(0)<1 arRiugherfordtype equationis deducedor a
finite amplitude(displacementin=1 mode [4-6]. A first elementof the model is the
assumed crescent-like structure of the m=1 helical flux contour

W = —(B,s,/2RK[ X* = XW cos?]H(-x) + x°H(x)} related to the rigid displacement

& =(W/2)H(-x)cosd, where x =1, —r [6]. The secondelementis the assumed
expansion of the resistivity:

3n P (r

) =N+ <> 1 + 3t = 1,- <02 5T (rl)jPEC(T)drl o g )
where ECW heating has been taken adiabatic with a power density
P*(r,t) = PS(1)f(r). An analogous expansion holds for the pressure:
p(¥) = p,+ <x>p, +dtp,. The EC driven perturbationsof n and p modify the
generalized Ohm'taw E, =nJ, + n%—nieﬂp andthe quasineutralitycondition

000 =0. Combiningtheseequatlonswlth Ampere’sand Faradaylaw and integrating

obtains the contributionsin the reconnectionprocess of aII the competlng and
concurring electromotivéorces.Theresultis anequationfor the islandwidth W and
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one for the rotation frequency heuristicallgducedrom momentumbalanceincluding
an anomalous viscosity coefficiepf; :

Odw a +a, (1) I r w
e 8 a0 0f Sf“()) s~ R0 =g, [+ RO —— )
1 [W+gy4 e] 0 [W+g, e]
l l
aoo _ dInW g
ot w—dt UDW(U) W)

where F(t), F,(t) and a,(t) arecontrol termsdependenbn the localizedRF power
pulse. Theparameterss, = g'r, and o = 8Mp'R/B’ arethe local shearand normalized
pressure gradient; the coefficiergg, = 0.3, gps=1, g, =10, g, = 6.3 are obtained by
non-linear averaging over the crescent-like m=1 island. The mode pulsatientaken
from the measurementdn Fig. 3 the model prediction of the m=1 fluctuations

tmzl/Te O&(t) areshownfor the dataof shot 15536. After turn-on of ECRH the
width W approaches a saturation value inversely proportional to the absorbed power.
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Fig.3. Qualitative reconstructlon with the parameters of Fig.2, of the dynamics of the coherent ad

slowly growing m=1 / T, oscillations compressed by change of shear due to the ECRH pulse.

em 1
As the plasma axis moves towards the resonance ancreases, the shearincreases
violating again the linear stability criterion, the m=1 mode grows unstable and
reconnection can take place again.

Conclusions

Experimental evidence and theoretical arguments support the view that the control of the
magnetic shear at q=1 by local EC power is a crucial mechanighefiinear and non-

linear behaviour of m=1 n=1 MHD perturbations.
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