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INTRODUCTION

Although sawtooth(ST) instabilitieshavebeenobservedand studiedfor many yearsin all
tokamaks,the understandingof the underlying physical mechanismis still incomplete.
Furthermore,recentexperimentshaveshownthattheusual,triangularshaped,Ohmicsawteeth
canexhibita rangeof shapesduringauxiliaryElectronCyclotronResonanceHeating(ECRH).
Different typesof sawtoothshapeshavebeenobservedon TCV (Tokamakà Configuration
Variable) with ECRH dependingon the plasmaand ECRH launching configuration and
parameters [1].
The TCV is currentlyequippedwith 3 secondharmonicgyrotrons(82.7GHz,500kW each).
Both the poloidal andtoroidal mirror anglescanbe sweptfor EC heatingandnon-inductive
currentdrive.Thissystem,togetherwith theuniqueability of TCV to produceawidevarietyof
plasmashapes,allowsadetailedstudyof theinfluenceof variousheatingscenariosonsawteeth.
High temporalresolutionis requiredto resolvethedynamicsof theSTcollapsephasewhich,in
TCV plasmas,can be fasterthan 100µs. The TCV soft X-ray tomographicsystem,which
consistsof ten20channelpinholecameras,(47µm Befilter), placedin asinglepoloidalplane,
hasbeenrecentlyupgradedwith a fast acquisitionsystemwith 13µs time resolution.This
diagnostic,togetherwith 4 toroidallyequispacedSi photodiodes(50µm Befilter, 250kHztime
resolution),is usedto monitorthepoloidalstructureof thesoftX-ray emissionandto determine
thetoroidalmodenumber(n = 1, 2). MHD activity is alsomonitoredby toroidalandpoloidal
arrays of Mirnov coils, with sampling rate up to 1MHz.
In thispaper, wereportobservationsof non-standardsawtoothbehaviourduringECRHobtained
with thesehigh temporalresolutiondiagnostics.A tentative interpretationof the resultsis
presented on the basis of a recently developed theoretical model [2].

SAWTOOTH BEHAVIOUR RESPONSE TO ECRH POWER DEPOSITION

ThesoftX-ray andelectrondensityresponseto asweepof theECinjectionangleareshownin
Fig. 1. Plasmaparametersare:δ95 = 0.15,κ95 = 1.28,Ip = 192kA, PECRH = 500kW.The EC
resonancepositionis movedthroughthe plasmaalonga vertical directionwith a velocity of
3.5cm/ 100mswith a constantplasmashape,albeitwith a varyingresonanceincidenceangle
and beam width.
The sawtooth shapeand period are seento dependon the sweepposition with the longest
sawtoothperiodobtainedwith power depositioncloseto theq = 1 surface.TheEC resonance
locationis calculateusingtheTORAY ray tracingcode,while thepositionof theq = 1 surface
is obtainedfrom theTCV magneticequilibriumreconstruction.A largedifferencein both the
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sawtooth periodandshapeis observed betweenheatingon the q = 1 surfaceeitherabove or
below the magneticaxis. This up-down asymmetrycanbe attributedto the differencein the
local ECRH power density near the q =1 surface caused by the wave beam divergence [3].

The time behaviour of the centralline integratedelectrondensity (monitoredby a 2 mm
single-chordinterferometer)strongly dependson the EC resonanceposition. For injection
anglesin the interval [A,B] on Fig. 1.d, corresponding,within experimentaluncertainties,to
power depositioninsidethe ST inversionradius, decreasesbetweentwo subsequentST
crashes(Fig. 1.l), resultingin centralline-integratedsoft X-ray traceswhich show partial,or
even inverted,ST behaviour. The decreaseof resultsfrom a flattening of the electron
density profile, which is measuredby multichord FIR interferometer. With ECRH power
depositionoutside the ST inversion radius, shows normal (i.e. triangular) sawtooth
behaviour.
MHD activity is differentwhenheatingeitherinsideor outsidetheq = 1 surface.With central
ECRH, partially saturated,saturatedand inverted sawteeth are observed on the soft X-ray
traces.For thesesawteeth,the reheatingrampcanbepartially or completelyinterruptedby a
phaseof oscillationswhich show frequency doubling on somephotodiodechannels.These
oscillationsarecausedby am/n= 1/1mode,rotatingin theelectrondiamagneticdrift direction
at a frequency of ~6kHz (Fig. 2, SVD-Topos#2, 3), coupledto a m/n = 2/2 structure(Fig. 2,
SVD-Topos#4, 5), resultingin the frequency doubling.During the saturatedphase,coupled

, n=1modesarealsoseenby theMirnov coils.With ECRHpowerdepositionoutsidethe
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q = 1, modeactivity consistsof brief m/n = 1/1 precursorsor postcursorsof the ST crash,
which are not observed during the sawtooth reheating ramp.
Highly peaked soft X-ray emissivity profilesat the endof the ST ramphave beenobserved
with on-axisECRHpower deposition(Fig. 3.a).Here,thefastrelaxationphaseis precededby
a m/n = 1/1 precursorwhich typically grows over severalhundredsmicroseconds.At thesaw-
toothcrash,thesoft X-ray emissivity peakmovesoutwards(Fig. 3.c)andtendsto redistribute

forming a hot ring localized near
the inversion radius (Fig. 3.f).
Theformationof ahot ring, andthe
subsequenthollow emissivity pro-
files, can be sustainedduring the
sawtooth rampwith very localized
ECRHpower depositionneartheq
= 1 surface,asshown in Fig. 4 for
TCV Shot#15278. In this experi-
ment the EC resonanceis placed
nearthe high field sideof the q=1
surfacewhich resultsin thehighest
ECRH power density. The hollow
emissivity profile following the ST
crashis maintainedfor ~3msuntil a
slow m/n= 1/1 instabilitydevelops.

Fig. 2: TCV Shot#14386.Shotparameters:δ95 = 0.34, κ95 = 1.33, q95 = 3.4,
ne0 = 1.1*1019 m-2, PECRH = 500 kW (on-axis heating). SVD analysis of
tomographically reconstructedsoft X-ray emissivity distribution during the
saturatedphase.The figure showsthe Topos with 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.
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Fig. 3: For thesameTCVshotof Fig. 2 an
expandedview of the sawtoothrelaxation
phase.Thesoft X-ray emissivityis shown
together with flux surfaces (in red).
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This instability appearsto mix the plasmacloseto the q = 1 surfacewith the plasmacore,
resultingin a peakingof thesoft X-ray emissivity profile,whilst theelectrontemperaturepro-
file remains flat [4].

SAWTOOTH MODELLING

A numericalcode,basedona theoreticalmodelrecentlydeveloped[2], hasbeenusedto simu-
latethedifferentSTbehaviours.Thecombinedeffectsof am/n= 1/1magneticislanddynamics,
a localisedheatsource,a largeparallelheatdiffusivity andplasmarotationareincluded.Non-
standardSTfeatures,like theformationof ahot ring neartheq = 1 surfaceandfrequencydou-
bling, are reproduced by the model, in qualitative agreement with the experimental data.
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500kW.a) Rationalflux surfaceswith EC resonancepositionand STinversionradius.b) Giant sawteethon
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Fig. 5: Simulationof saturatedpartially sawteethwith centralECRH
powerdeposition[5]. Right: temporalevolutionof thecentralelectron
temperature. Left:2D temperature profile after the ST crash.


