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SUMMARY

Understandinghe coupling betweenheat and particle transportin tokamak plasmaswith
elongated and shapedcross-sectionss essentialfor fusion devices. A consequencef the
couplingbetweerheatand particletransportis the drop of the centralline integrateddensity
Ne, (pump-out)whichis obsenedduring ElectronCyclotronHeating(ECH) in mary tokamak
experiments[1]. Despitethe importanceof this effect, thereis little understandingf the
underlying plysical phenomena.

On TCV (Tokamak a Configuration Variable, R = 0.88m, a = 0.25m, vacuum vessel
elongation Kk = 3 andvacuumcentralmagneticfield B < 1.43T) a seriesof experimentshas
been carried out to investigate the electron density pump-out in sawvtoothing plasma
dischagesunderintenselocalisedECH. The steerabilityof the ECH launchingsystemand
the capability of TCV to producea large variety of plasmashapeshave allowed a detailed
study of the pump-outunder different heatingscenariosFor theseexperiments, TCV was
operatedvith up to six 82.7GHz,500kW gyrotrons,with a 2s pulselength,for heatingat the
secondcyclotron harmonicresonancgX2-mode). The 6 launchingmirrors are separately
orientablein the toroidal andpoloidal direction. The vertical microwave beamwidth nearthe
plasmacentreis w = 2.5cmin free-spacébeamintensity O exp[—2(r/w)?2], wherer is the
distancetrans\erseto the direction of the beampropagtion). Local ECH power densitiesin
excess of 10MW/m have been obtained.

Theseexperimentsshaved that in savtoothing dischagesthe electrondensity responseo
heatingconditionsis dependenbothontheplasmashapeandtheinjectedpower, Pg, . In low
triangularity plasmador centralECH andECCD, particlesare expelledfrom the plasmacore
duringthesawtoothreheatingophaseesultingin aflatteningof theelectrondensityprofile. This
phenomenormproducesnvertedsavteeth[2] andis accompaniedy strongm/n = 1 mode
actiity. Hollow electrondensityprofilesaresustaineaiuring the whole savtooth cycle in the
ECCDcase.The particleoutflux is terminatedoy the sawtooth crash,duringwhich the central
electrondensityrapidly recovers.Therelatve amplitudeof therecovery stronglydepend$oth
onplasmashapeandheatingconditionsjncreasingvith injectedpoweranddecreasingvith the
plasmatriangularity At high triangularity no pump-outand no mode actvity are obsered
during the satooth reheat phase.

The correlationbetweerpump-outandthe presencef centralmodeactivity suggestshatthe
mode actrity is responsible for this coupled transport phenomenon.

EXPERIMENTAL OBSERVATIONS

The electrondensityandthe savtooth shaperesponseo a sweepof the EC injection angleis
shavn in Fig. 1. In what follows, the plasmaparametersare taken at the Last Close Flux
Surface and in the presentcaseare: o, = 0.18, k, = 1.3, I = 193kA, q, = 4.55,
Pecy = 500kW. The EC power absorptiorlocationis scannedhroughthe plasmaalongthe
vertical resonanceposition for the X2-mode (Fig. 1a) at a velocity of 3.5cm/ 100ms.The
plasmashaperemainsconstantalbeit with a varying incidencepoloidal angle,d , andbeam
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width. The time behaiour of the centralline integratedelectrondensity n, dependson the
ECH power deposition location. The intenal [A,B] highlighted in yellow in Fig. le,
correspondswithin the experimentaluncertaintiesto power depositioninside the savtooth
inversionsurfaceasdeterminedrom the tomographidanversionof soft X-ray measurements.
Forinjectionanglesoutsidetheintenval [A,B], n, increasesluringthe savtoothrampandthen
dropsat the crashon a fasttime scale(typically 1,4, < 100us), Fig. 1g. The relative crash
amplitudeis An./ [h OJ0-1%, wherethe braclets U L indicate the averageof a quantity
evaluatedbeforeandafterthe savtooth crash(seeFig. 1g). During the savtooth ramp,the soft
X-ray emissvity is poloidally symmetricwith no detectableMHD mode actvity. At the
savtooth crash, m/n = 1/1 precursoroscillations are seen~10Qus before the savtooth
crash, Fig. 1f.
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Fig. 1 Top: (a) Poloidal cross section of the plasma. The absorption layer for the X2-mode and
the ECH launching geometry are shown. (b) Central line integrated soft X-ray signal. (c) Saw-
tooth period. (d) Central line integrated density. (€) Relative variation of n,, at the sawtooth
crash. Bottom: two types of sawtooth shapes from a central line integrated soft X-ray channel
(f, h) and from a central line integrated electron density (g, 1).

Whenthe ECH power depositionmovesinsidethe interval [A,B], particlesare expelledfrom
the plasmacentre during the reheatphase,resulting in inverted savteeth on the central
electrondensity Fig. 1i. The centralsoft X-ray emissvity remainsalmostconstantor even
decreaseantil thefollowing sawtooth crash,Fig. 1h. This saturategohaseas accompaniedby
a strongm/n = 1 mode rotating in the electrondiamagneticdrift direction. The particle
outflux is terminatedby the sawtooth crash, during which the electron density rapidly
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recorers (typically  T,ocover UTerasn)-  The relatve amplitude of the recovery,
Any/ [h 0= 2%, is approximately constant for injection angles inside the @itgkyB] .
Thedependencef savtoothbehaiour ontheinjectedECH power is presentedn Fig. 2. The
temporal evolution of the central electron density n,, from Abel-inverted multichord
interferometermeasurementdsig. 2(d, e, f), is shavn togetherwith the central soft X-ray
emissvity, Fig. 2(g, h, i). Plasmaparametersare: 5, = 0.23, K, = 1.54, |, = 393KA,
d, = 2.9. TheEC resonancgositionis locatedinsidethe sawvtooth inversionradius,Fig. 2a,
andPgcy is increasedn threestepsfrom 0.5MW to 1.4MW, Fig. 2b. For this plasmashape,
the central ECH deposition strongly perturbs the triangular Ohmic sawteeth. With
Pecy = 1.4MW, the sawtooth period, 15 13.9ms, is significantly longer than the Ohmic
sawvtoothperiodtg; D2 msandthe ng, behaiour changesrom triangular(Fig. 2f) to inverted
(Fig. 2i). In theinvertedsawvtoothcasetheelectrondensityrecovrery An./ [h [ increasegrom
1.6% at Pgcy = 0.8MW to 2.3% at Py = 1.4MW. During the associatedinverted
savtoothramp,thedecreasén n,, resultsfrom aflatteningof the electrondensityprofile and
is correlatedwith the presenceof m/n = 1 mode actiity. With higher Pgoy, partial
collapseof thesoft X-ray emissvity areobsenedduringtheparticlepump-outwhichresultin
a flattening of the soft X-ray emisgy profile.
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Fig. 2 Top: (a) Poloidal cross section of a plasma and ECH launching geometry for central
power deposition. The absorption layer for the X2-mode and the ECH beams are indicated. (b)
Sepping up of the ECH power. (c) Relative variation of n_ at sawtooth crash. Bottom: saw-
tooth shapes at different injected ECH power on local softe)(-ray emissivity (g, h, i) and from
Abel-inverted central electron density (d, €, f).

An extreme example of electrondensity pump-outhas beenobtainedin the caseof full
current replacement3] with Electron Cyclotron Co-CurrentDrive at an injected power
Pecy = 2.7MW. In this case hollow electrondensityprofilesaresustaineaiuringthe whole
sawvtooth cycle. Figure 3 shavs the electrondensityprofile relative to a time just beforethe
sawvtooth crashwhere ng(r;,,)/ n(0) 01.42. At the sawtooth crash,the densityrecovery is
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Dischage No. 18549, t = 2.6s
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Fig. 3 Electon density profile the TCV
discharge  No. 18549 (I, = 210KA,
o, = 0.42, K, = 1.62, 0, = 7.8,
Neo = 9.8 10 8m3. The profile is relative to
a time just before the cential election density
recovery at the sawtooth ash.
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Fig. 4 Relativevariation of n, at the sawtooth
crash for different plasmashapeand injected
ECH power Positive and negative An,/ [,
values indicate respectively inverted and
normal sawteeth.
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such that An,/ [h,[~5.5% and results in

flatter n, profiles (not shawvn in the figure)

with ng(r;,,)/ n.(0) 01.08.

The effect of the plasma shape on the

electrondensitybehaiour hasbeenstudied
by varyingthe elongationfrom 1.06to 2 and
the triangularity from -0.28 to 0.5. Since
high elongationandlow triangularityreduce
the sawtooth amplitude [4] resulting in

barely detectablesavteeth on the electron
density thedatapresentedh Fig. 4 arein the

following parameterrange: 0.2<9,<0.5

and 1.02<k,<1.62. In order to separate
the afore mentioned dependences,the

electron density temperatureand current
profiles have been kept similar. The last

condition was fulfilled by adjusting the

averagecurrentdensity in orderto keepthe

sawtooth inversionradiusconstantand thus
the broadnes®f the currentprofile [5]. The

ECH powerwasincreasedn threesteps For

all the dischages, the power deposition
region was inside the sawtooth inversion
surface.Figure 4 shows the dependencef

Any/ M [ as a function of Pgy for

different plasma shapes. In strongly
triangularplasmas(trianglesin Fig. 4), the

Any/ [ increasesfrom ~2%, in the

Ohmicphaseto ~4%with Py = 1.4MW

andno MHD actwity is detectedduring the

sawvtooth ramp. Low triangularity plasmas
(squaresin Fig. 4) shav normal savteeth
belov  Pgcy H0.6MW  and  inverted
sawteeth above this threshold.In all this

situations, the relatve amplitude of the

recovery increases WitlP gy .
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