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INTRODUCTION

Although sawtooth(ST) instabilities have beenobservedand studiedfor many yearsin all

tokamaks, the understandingof the underlying physical mechanismis still incomplete.
Furthermorerecentexperimenthiaveshownthattheusual triangularshapedQhmicsawteeth
canexhibitarangeof shapesluringauxiliary ElectronCyclotronResonancéleating(ECRH).

Different typesof sawtoothshapeshave beenobservedon TCV (Tokamaka Coniguration
Variable) with ECRH dependingon the plasmaand ECRH launching configuration and
parameters [1].

The TCV is currently equippedwith 3 secondharmonicgyrotrons(82.7GHz,500kW each).
Both the poloidal andtoroidal mirror anglescan be sweptfor EC heatingand non-inductve

currentdrive. This systemjogethemwith theuniqueability of TCV to produceawide variety of

plasmashapesallows adetailedstudyof theinfluenceof variousheatingscenario®n savteeth.
High temporalresolutionis requiredto resolhe thedynamicsof the ST collapsephaseawvhich,in

TCV plasmas,can be fasterthan 10Qus. The TCV soft X-ray tomographicsystem,which

consistf ten 20 channepinholecameras(47um Be filter), placedin a singlepoloidalplane,
has beenrecently upgradedwith a fastacquisitionsystemwith 13us time resolution.This
diagnostictogethemwith 4 toroidally equispace®i photodiodeg50um Be filter, 250kHztime

resolution)js usedto monitorthepoloidalstructureof the soft X-ray emissiorandto determine
thetoroidalmodenumber(n = 1, 2). MHD actwity is alsomonitoredby toroidalandpoloidal
arrays of Mirne coils, with sampling rate up to 1MHz.

In thispaperwereportobsenationsof non-standardavtoothbehaiour duringECRHobtained
with thesehigh temporalresolutiondiagnostics. A tentatve interpretationof the resultsis

presented on the basis of a recentlyetigped theoretical model [2].

SAWTOOTH BEHAVIOUR RESPONSE TO ECRH POWER DEPOSITION

Thesoft X-ray andelectrondensityresponséo a sweepof the EC injectionangleareshownin
Fig. 1. Plasmaparametersire: 8gs = 0.15,Kg5 = 1.28,1, = 192kA, Pgcry = S00kW. The EC
resonanceositionis movedthroughthe plasmaalong a vertical directionwith a velocity of
3.5cm/ 100mswith a constanplasmashapealbeitwith a varying resonancéncidenceangle
and beam width.

The sawtooth shapeand period are seento dependon the sweepposition with the longest
savtooth periodobtainedwith power depositioncloseto the q = 1 surface.The EC resonance
locationis calculateusingthe TORAY ray tracingcode,while the positionof theq = 1 surface
Is obtainedfrom the TCV magneticequilibriumreconstructionA large differencein boththe

1069



26" EPSCCFPP 1999 ; I.Furno et al.: X-Ray Tomography of Sawtooth Activity During Intense Electro...

savtooth periodand shapeis obsered betweenheatingon the g = 1 surfaceeitherabove or
belowv the magneticaxis. This up-davn asymmetrycan be attributedto the differencein the
local ECRH paver density near the q =1 sack caused by theame beam diergence [3].

Central soft X-ray line integrated signal
T T T T T T UL

Fig.1: TCV Shot#16061.Top: a) central
line integratedsoft X-ray signal, b) saw-
tooth period, ¢) central line integratec
density from single-chord interferometry
at 2 mmwavelengthgd) relative variation
of ng, at ST crash. Bottom: different
typesof sawtoothshapesfrom a central
line integratedsoft X-ray channel(g, f, g)
and from central line integratedelectror

0.9 s 1 s H

L L | L . -
R:elflative variation at sawtooth crash:AﬁeJ Tieo density(h, i, I).
I o T T A -
0.04f - OO A B
T 002k o oIl ol : : 1.2
-0.02}- - - . . X & R RTFTER
-0.04 s 10 s Il i .\ s
20, \25 30~ _ 35 40" — 45
. ™ Injection angle[degrees] ~ T -
AN ~ ~
/ N N ~ ~
/ Normal Sawteeth .\ Giant Sawteeth — __ ™
00— ] TR EEE TR
155 150 .
ol 145} -l 140 1 Dgyr[ WM
135 S v.f: 4 130
1.04 " " " ‘ ; ‘ ;
0.98 | 0.96 -
LO3f M xS | 0.95 1 Medm /1019
h' | 0.96 Y 0.04 /
1.02
0 2 4 6 0 3 6 9 12 15 0 5 10

time[ms] time[ms] time[ms]

Thetime behaiour of the centralline integratedelectrondensity n,, (monitoredby a 2 mm
single-chordinterferometer)strongly dependson the EC resonanceposition. For injection
anglesin the interval [A ,B] on Fig. 1.d, correspondingwithin experimentaluncertaintiesto
power depositioninside the ST inversionradius, n,, decreasebetweentwo subsequengT
crasheqFig. 1.1), resultingin centralline-integratedsoft X-ray traceswhich shav partial, or
even inverted, ST behaiour. The decreaseof n,, resultsfrom a flattening of the electron
density profile, which is measuredoy multichord FIR interferometer With ECRH power
depositionoutside the ST inversion radius, n,, shavs normal (i.e. triangular) sawvtooth
behaiour.

MHD actwity is differentwhenheatingeitherinsideor outsidethe g = 1 surface.With central
ECRH, partially saturated saturatedand inverted sawvteeth are obsered on the soft X-ray
traces.For thesesawvteeth,the reheatinglamp canbe partially or completelyinterruptedby a
phaseof oscillationswhich shav frequeng doubling on somephotodiodechannels These
oscillationsarecausedy am/n=1/1 mode rotatingin theelectrondiamagnetidrift direction
atafrequeng of ~6kHz (Fig. 2, SVD-Topos#2, 3), coupledto a m/n = 2/2 structure(Fig. 2,
SVD-Topos#4, 5), resultingin the frequeng doubling. During the saturatedohase coupled
m = 2, n=1modesarealsoseenby the Mirnov coils. With ECRHpower depositionoutsidethe
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Fig. 2: TCV Shot#14386.Shotparameters:dgs = 0.34,Kg5 = 1.33,qg5 = 3.4,
Neo = 1.1*10'° m?, Pgcry = 500 kW (on-axis heating). SVD analysis of
tomographically reconstructedsoft X-ray emissivity distribution during the
saturated phase. The figure showsthe Toposwith the LCFS (top) and the
correspondingChronos(bottom) SVD-Topos#2, 3 showthe m/n= 1/1 mode,
while SVD-Topos# 4, 5 show the coupled m/n = 2/2 rotating structure.

g = 1, modeactvity consistsof brief m/n = 1/1 precursorsor postcursorsof the ST crash,
which are not obseed during the satooth reheating ramp.
Highly pealed soft X-ray emissvity profilesat the end of the ST ramp have beenobsenred
with on-axisECRH power deposition(Fig. 3.a).Here,the fastrelaxationphasés precededy
am/n= 1/1 precursowhich typically grows over severalhundredsnicrosecondsAt the saw-
toothcrash the soft X-ray emissvity peakmovesoutwards(Fig. 3.c) andtendsto redistrilute
forming a hot ring localized near
t=0.718368 s a t=0.71842 s b t=0.718433 s c the in/ersion radius (F|g 3f)
Theformationof ahotring, andthe
subsequenhollow emissvity pro-
files, can be sustainedduring the
savtooth rampwith very localized
ECRH power depositionnearthe q
= 1 surface,asshowvn in Fig. 4 for

02 TCV Shot#15278.In this experi-

070809 1 1.1 070809 1 1.1 070809 111 mentthe EC '_'eson.anceis placed
R[m] R[m] R[m] nearthe high field side of the g=1
1=0.718446s ¢ t=0.718472s ¢ t=0.718537s  f gsurfacewhich resultsin the highest

ECRH power density The hollow
emissvity profile following the ST
crashis maintainedor ~3msuntil a
slow m/n= 1/1instability develops.

Fig. 3: For thesameTCVshotof Fig. 2 an
expandedriew of the sawtoothrelaxation
phase.The soft X-ray emissivityis shown
together with flux surfaces (in red).
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Fig. 4: TCV Shot#15278.Shotparameters:dgs = 0.4, Kgg = 1.42, g5 = 2.5, Ngg = 0.9*10°m2, Pgcry=
500kW.a) Rationalflux surfaceswith EC resonancepositionand STinversionradius. b) Giant sawteethon
a central soft X-ray channet) Reconstructed emissivity profiles along horizontal cut at different times.

This instability appeardo mix the plasmacloseto the g = 1 surfacewith the plasmacore,
resultingin a peakingof the soft X-ray emissvity profile, whilst the electrontemperaturgro-
file remains flat [4].

SAWTOOTH MODELLING

A numericalcode basednatheoreticaimodelrecentlydeveloped2], hasbeenusedto simu-
latethedifferentST behavioursThecombinecdeffectsof am/n= 1/1 magnetidslanddynamics,
alocalisedheatsource alargeparallelheatdiffusivity andplasmarotationareincluded.Non-
standard5T featuresl|ike theformationof a hotring neartheq = 1 surfaceandfrequencydou-
bling, are reproduced by the model, in qualitative agreement with the experimental data.
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Fig. 5: Simulationof saturatedpartially sawteethwith central ECRH
powerdepositior{5]. Right:temporalevolutionofthecentralelectron
temperature. Left:2D temperature profile after the ST crash.
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