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SUMMARY

Understandingthe coupling betweenheat and particle transportin tokamakplasmaswith
elongated and shapedcross-sectionsis essentialfor fusion devices. A consequenceof the
couplingbetweenheatandparticletransportis thedropof thecentralline integrateddensity,

, (pump-out)which is observedduringElectronCyclotronHeating(ECH) in many tokamak
experiments[1]. Despitethe importanceof this effect, there is little understandingof the
underlying physical phenomena.
On TCV (Tokamak à Configuration Variable, m, m, vacuum vessel
elongation andvacuumcentralmagneticfield T) a seriesof experimentshas
been carried out to investigate the electron density pump-out in sawtoothing plasma
dischargesunderintenselocalisedECH. The steerabilityof the ECH launchingsystemand
the capability of TCV to producea large variety of plasmashapeshave allowed a detailed
study of the pump-outunderdifferent heatingscenarios.For theseexperiments,TCV was
operatedwith up to six 82.7GHz,500kWgyrotrons,with a 2spulselength,for heatingat the
secondcyclotron harmonic resonance(X2-mode). The 6 launchingmirrors are separately
orientablein the toroidalandpoloidaldirection.Theverticalmicrowave beamwidth nearthe
plasmacentreis cm in free-space(beamintensity , where is the
distancetransverseto the directionof the beampropagation). Local ECH power densitiesin
excess of 10MW/m3 have been obtained.
Theseexperimentsshowed that in sawtoothing discharges the electrondensity responseto
heatingconditionsis dependentbothontheplasmashapeandtheinjectedpower, . In low
triangularityplasmasfor centralECH andECCD,particlesareexpelledfrom theplasmacore
duringthesawtoothreheatingphaseresultingin aflatteningof theelectrondensityprofile.This
phenomenonproducesinvertedsawteeth[2] and is accompaniedby strong mode
activity. Hollow electrondensityprofilesaresustainedduringthewholesawtoothcycle in the
ECCDcase.Theparticleoutflux is terminatedby thesawtoothcrash,duringwhich thecentral
electrondensityrapidly recovers.Therelativeamplitudeof therecoverystronglydependsboth
onplasmashapeandheatingconditions,increasingwith injectedpoweranddecreasingwith the
plasmatriangularity. At high triangularity, no pump-outand no modeactivity are observed
during the sawtooth reheat phase.
Thecorrelationbetweenpump-outandthepresenceof centralmodeactivity suggeststhat the
mode activity is responsible for this coupled transport phenomenon.

EXPERIMENTAL OBSERVATIONS

Theelectrondensityandthesawtoothshaperesponseto a sweepof theEC injectionangleis
shown in Fig. 1. In what follows, the plasmaparametersare taken at the Last CloseFlux
Surface and in the presentcase are: , , kA, ,

kW. TheEC power absorptionlocationis scannedthroughtheplasmaalongthe
vertical resonanceposition for the X2-mode(Fig. 1a) at a velocity of 3.5cm/ 100ms.The
plasmashaperemainsconstant,albeit with a varying incidencepoloidal angle, , andbeam
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width. The time behaviour of the centralline integratedelectrondensity dependson the
ECH power deposition location. The interval [A,B] highlighted in yellow in Fig. 1e,
corresponds,within the experimentaluncertainties,to power depositioninside the sawtooth
inversionsurfaceasdeterminedfrom the tomographicinversionof soft X-ray measurements.
For injectionanglesoutsidetheinterval [A,B] , increasesduringthesawtoothrampandthen
dropsat the crashon a fast time scale(typically µs), Fig. 1g. The relative crash
amplitudeis %, where the brackets indicate the averageof a quantity
evaluatedbeforeandafterthesawtoothcrash(seeFig. 1g).During thesawtoothramp,thesoft
X-ray emissivity is poloidally symmetric with no detectableMHD mode activity. At the
sawtooth crash, precursoroscillations are seen~100µs before the sawtooth
crash, Fig. 1f.

WhentheECH power depositionmovesinsidethe interval [A,B] , particlesareexpelledfrom
the plasmacentre during the reheatphase,resulting in inverted sawteeth on the central
electrondensity, Fig. 1i. The centralsoft X-ray emissivity remainsalmostconstantor even
decreasesuntil thefollowing sawtoothcrash,Fig. 1h. This saturatedphaseis accompaniedby
a strong mode rotating in the electrondiamagneticdrift direction. The particle
outflux is terminatedby the sawtooth crash, during which the electron density rapidly
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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. (e) Relative variation of 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, i).
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recovers (typically ). The relative amplitude of the recovery,
%, is approximately constant for injection angles inside the interval [A,B] .

Thedependenceof sawtoothbehaviour on theinjectedECH power is presentedin Fig. 2. The
temporal evolution of the central electron density from Abel-inverted multichord
interferometermeasurements,Fig. 2(d, e, f), is shown togetherwith the centralsoft X-ray
emissivity, Fig. 2(g, h, i). Plasmaparametersare: , , kA,

. TheEC resonancepositionis locatedinsidethesawtooth inversionradius,Fig. 2a,
andPECH is increasedin threestepsfrom 0.5MW to 1.4MW, Fig. 2b. For this plasmashape,
the central ECH deposition strongly perturbs the triangular Ohmic sawteeth. With

MW, the sawtooth period, ms, is significantly longer than the Ohmic
sawtoothperiod msandthe behaviour changesfrom triangular(Fig. 2f) to inverted
(Fig. 2i). In theinvertedsawtoothcase,theelectrondensityrecovery increasesfrom
1.6% at MW to 2.3% at MW. During the associatedinverted
sawtoothramp,thedecreasein resultsfrom a flatteningof theelectrondensityprofile and
is correlatedwith the presenceof mode activity. With higher , partial
collapsesof thesoftX-ray emissivity areobservedduringtheparticlepump-outwhichresultin
a flattening of the soft X-ray emissivity profile.

An extreme example of electrondensity pump-outhas beenobtainedin the caseof full
current replacement[3] with Electron Cyclotron Co-CurrentDrive at an injected power

MW. In this case,hollow electrondensityprofilesaresustainedduringthewhole
sawtooth cycle. Figure3 shows the electrondensityprofile relative to a time just beforethe
sawtooth crashwhere . At the sawtooth crash,the densityrecovery is
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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)
Stepping up of the ECH power. (c) Relative variation of at sawtooth crash. Bottom: saw-
tooth shapes at different injected ECH power on local soft X-ray emissivity (g, h, i) and from
Abel-inverted central electron density (d, e, f).
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such that ~5.5% and results in
flatter profiles (not shown in the figure)
with .
The effect of the plasma shape on the
electrondensitybehaviour hasbeenstudied
by varyingtheelongationfrom 1.06to 2 and
the triangularity from -0.28 to 0.5. Since
high elongationandlow triangularityreduce
the sawtooth amplitude [4] resulting in
barely detectablesawteeth on the electron
density, thedatapresentedin Fig.4 arein the
following parameterrange:
and . 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 inversionradiusconstantandthus
the broadnessof the currentprofile [5]. The
ECHpowerwasincreasedin threesteps.For
all the discharges, the power deposition
region was inside the sawtooth inversion
surface.Figure 4 shows the dependenceof

as a function of for
different plasma shapes. In strongly
triangularplasmas(trianglesin Fig. 4), the

increases from ~2%, in the
Ohmicphase,to ~4%with MW
andno MHD activity is detectedduring the
sawtooth ramp. Low triangularity plasmas
(squaresin Fig. 4) show normal sawteeth
below MW and inverted
sawteeth above this threshold. In all this
situations, the relative amplitude of the
recovery increases with .
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