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Abstract The effects ofplasmashapeon confinementand sawtoothstability are studiedfor
positive and negative dischargetriangularity and for different elongationswith 1.5 MW
centrally deposited ECH power.

Introduction After extensive studies of Ohmic confinement as a function of plasma shape [1]
and initial studies of confinement with additional EC heating at a plewelrof 0.5-1 MW [2],
extensive studies afonfinementwith ECH startedin 1998at the 1.5 MW powerlevel, using

the first clusterof threegyrotronsat secondharmonic,82.7 GHz [3]. During the initial ECH
campaignin 1997, the effect of the power depositionlocationon confinementwas studiedat

low power [4]. The location of the power depositionwas obtainedfrom power modulationor

power shut-off techniques, from ray traciagd qualitatively from sawtoothshaped5]. These

low power studiesconfirmedthe good confinementpropertiesof power depositedinside the

g = 1 surface, relative to outside.

Studiesof energy confinementtime in EC heateddischargeshave been startedas a
function of plasmashapein TCV (Tokamaka ConfigurationVariable, achievedparameters:
k=2.58, -0.7<3<0.9, | =1MA). The elongationsand triangularitiesexploredwith additional
heating to date are in thlangel 1<k<2.15 and-0.6%0<0.5. For thesestudies,an additional
power of 1.5MW ECHs injectedat the secondharmonic,which typically represents power
ratio of P./P,,,~2-3 during ECH, up to tenin extremecases.CentraIpower deposition,well
inside theg=1 surface, is used in this campaign as a e valuesof the engineeringsafety
factor geng (deng = 5abB/RL— 1.7 and3) wereused(2.3 <Qa < 6; 0.2 <Ip < 0.7 MA).
Malntalnlngqen constantkeepsthe normalisedradiusof q = 1 apprOX|materconstan1wh|Ie
changingthe p? asmashape[6]. The electron energy contentis obtainedduring stationary
periodsfrom repetitive Thomsonscatteringmeasurement§-150 Hz), averagedypically over
10 time-slices to reduce the influence of MHD fluctuations.

Confinement Analysis To obtain a simple generalpower law over the full data set
describingthe dependencef the electronconfinementtime 1., on averageline densityn, ,
total powerP, edge elongatior, edge triangularity) and plasma curreht, we haveapplieda
multi-variable regression. The dependences andl, cannot be separatetieterminedpwing
to the strong correlationbetweenthesequantitiesin the presentdata. The power law must
therefore contain a free parameter, and takes the following form:

o PP (6 Ip)"I K™ (1+0)® [m3, MW, MA] (1)
with  a,=0.46t0.2, oa,=-0.7#0.1, a;=-0.3%0.3, a,=1.4(1a)*0.4 and a, remains

undeterminedThe uncertaintiehave beenestimatedassuminga 25% error on 1. Good fits
are obtained witha, in the range & a, < 0.7, an example at,=0.5 is shown irFig. 1.
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Empirical Scaling Law
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Fig. 1. Empirical scaling law for TCV ECRH Fig. 2. Fit to ITER-98-L mode scaling law. Since
data set, seeequation(1), in the representative triangularity does not appear in ITER-98-L, it is
case,=0.5. explicitly indicatedby the symbols:negative d appear

favourable(red squares:<0, greentriangles: 0<<0.3,
blue hexagonsd>0.3).

In spite of the unresolved confinement dependence on currestarghtion this scaling
appearsfavourable,as the main motivation for creating elongateddischargess indeedto
increasethe plasmacurrentwith the aim of increasingthe energyconfinementand pressure
limits. Furtherdataare neededat moderateclongationto separatethe contributionsof plasma
current and elongation.

The general scaling (1) displays qualitative similariig the recentscalinglaws found
using a multi-tokamak database such as the ITER-98-L mode scaling, where a,=0.40,
a,=-0.73,0,=0.96,0,=0.64 [7]. Clearly, ther, anda, exponents are igood agreementvith
our scalingwithin the uncertaintieshowever,a, and a, are not both compatiblewith our
scaling. Plotting our data against ITER-98-L highlights the beneficial effect of negative
triangularities,particularly at low powers,i.e. at the large confinementtimes, as shown in
Fig. 2 [3].

The TCV confinementtime in ECRH

Confinement time versus triangularity conditions shows good agreementwith the

‘ ‘ ‘ ‘ ‘ Rebut-Lallia-Watkinscritical gradientconfine-

mentscaling[3], asalreadyshown earlier for
ohmic TCV conditions.
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Naturally, thegeneralscaling(1), which
OH is based on thentire dataset, overlooksmore
260 detailed effects in specific regions of the

40 m parameter space.
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1.5

k=1.5 (P/Poy~3-9), the confinementtime is

largerat small or negativetriangularities. This

Y I E—— o0 o0z  oa effectis particularly visible at low total input
Triangularity power, as shown ifrig. 3.
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Fig. 3. Triangularity dependenc®f confinementtime for different total power classeswith centrally EC
depositecdbower, normalisedto n, ,~=2x10*m* (densityrange: 1.3<n,,,<3). The power range for the low
power0.3 MW class, the largest, is +16% wide; the higher confinementat negativetriangularity reflects
therefore predominantly an effect of plasma shape.
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Within the presentavailable power range, it cannot be stated clearly whether the
confinementpower degradationis more pronouncedat negativetriangularity than at positive
triangularity in these central power deposition conditidite addition of the secondclusterof
1.5 MW will help to see whether the present trend is maintained.

In the sametriangularity scan,the 3 valuesarealso higher at negativetriangularitiesin
both ohmic and ECH.

Confinement Transitions In the process of enlarging the database to decouple &nel k

dependencem the confinementscaling, we have startedto complementthe databasewith

elongatedow currentshots.Very high safetyfactor dischargegk~2, 1 ~80 kA, q~20) have
beensuccessfullyproducedand are vertically stabilisable.With the gyrotron frequency of

82.7 GHz andthe maximalnominalmagneticfield of 1.43T, however,the EC resonancas

locatedoff-axis on the high field side at mid normalisedradius. At the highestinjected EC

powers,dischargeshow spontaneousscillatingtransitionsin confinementpestrevealedby

changesn the the centralsoft X-ray emission.Drops in the central soft X-ray emissionare
associatedvith a flattening of the densityprofile reconstructedrom the fifteen interferometer
channels, presumably triggered by changes in the g-profile with off-axis heating [8].

Thesetransitionsraise the issueof the role of high power localised ECH heatingin
confinementexperimentsyhich canchangeshearand gradientprofiles relative to the ohmic
target plasma. Thus, the use of highly localised on-axis heatthgseexperimentsnay result
in a radial depositionprofile very differentfrom its Ohmic counterpartparticularly for highly
shapedplasmas,e.g. for strong negative triangularities or high elongations.In negative
triangularity discharges, the ohmic power is relatively reduced [1]. The effect of
localised/distributecheating needsin fact to be determinedexperimentally.In the case of
counter-ECCDdischargesvith centraldeposition,confinementabouttwice the Rebut-Lallia-
Watkins scaling has been measured.

Sawteeth Stability and Plasma Shape The effect of poweron the sawtoothperiodand
amplitude was studied in a triangularity scan (-0.3<0<0.5, q,,.~2, P¢J/P,<3) and an
elongation scan (1.2, q,,.~2) while keeping deposition well inside the |nverS|rad|us In
theseshapescansat constan?qen . the normalisedinversionradiusmeasuredrom soft X-ray
tomography varies by less than 5%.
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Fig. 4. Sawtooth period (4a) and relative crash amplitude (4b) stabilisation/destabilisation with increasing central
power deposition for different triangular plasma shap@s26<9<0.46,k=1.5+0.05,0,,4~2).

For 5>0.2, the sawtoothperiod and crashamplitude increasewith increasingheating
power, whereas fad<0.2 the sawtooth period decreases with increasing hgatiwgr, with a
smaller relative crash amplitude, 9eg. 4a, h Therefore, for positive triangularig>0.2,
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heating power shows a sawtooth stabilisation effect, associatechowever with large crash
amplitudes;on the contrary,increasingthe powerin negativetriangularity dischargesnduces
sawtooth destabilisation and relative smaller crash amplitudes. This hadvwamtagesfirst of

all, negativetriangularity dischargeseducethe amplitudeof the sawtoothheat pulse and can
help to reduce the amplitude of a possible seed island.

The effect of increasingthe plasmaelongationappearsvery similar to the effect of
increasingnegativetriangularities:when increasingthe power for elongationsabove k=1.5,
sawteeth are also destabilised, sawtooth periods becoming shorter and of smaller amplitude.

The stabilisation effect of positive triangularity and high elongation setbe experiment
is in qualitative accord with the effect triangularity and elongationon the Mercier stability of
the ideal internal kink mode or on the resistive MbtBbility of the m=1 mode, both stabilised
by positive triangularity and ellipticity (and destabilisedat negative triangularity and high
elongation [9].

Conclusions The dependence of the electmmergyconfinementime is studiedby varying
the density, power, triangularity, elongation and curr€hé electronenergyconfinementime
is found to increase with a combination of elongaiod plasmacurrent,two quantitieswhich
are still strongly correlated in the present study. The beneficial effect of trianguleexyously
observedn Ohmic dischargesgcontinuesto be seenat the power levelsusedhere. However,
the benefit of low or slightly negative triangularity on confinemsmhost effective at low total
poweranddecreasesyithout disappearingat the highestpowersusedso far. The specific
power scaling law obtainedby regressionon the TCV data for constanttriangularity very
closely fits the Rebut-Lallia-Watkins scaling and, over the parameter range sisigiadl|ar to
the ITER-98-L scaling when neglecting the ion contribution. Using these two scaling
representations, the beneficial effects of negative triangularity appear clearly.

Sawtoothstability is improvedat positive triangularityand at low elongation,producing
large sawtoothcrashesHigh elongationor negativetriangularity appearthereforeattractiveto
reduce the amplitude of heat pulses and seed islands which can follow large sawtoothncrashes
high power experiments. The strong effeEplasmashapeon the sawteethcharacteristicand
(de-)stabilisatiorwith power could also play a role in the presentconfinementexperiments,
sincesawteethare one of the major loss channeldn the plasmacore of thesecentrally heated
discharges.

The addition of the second cluster of ECRH power sources will be imptrtdatermine
more clearly the triangularity dependence at high power and will allow the ctuwidynfinement
in higher elongation discharges at a highefP,,, ratio.
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