26" EPS Conf. on Contr. Fusion and Plasma Physics, Maastricht, 14 - 18 June 1999 ECA Vol.23J(1999) 1- 4

Recent Results fom the TCV Tokamak
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INTRODUCTION The TCV tokamak (%1a388,1.0s #14443,1.0s#14801,0.8 S#15005,1.05 #15131,1.03
(B+<1.5T, R=0.89m, a<0.25m, | <1.2MA) |¢ N[ N f NN N
has produced a wide variety of plasma
configurations, both limited and diverted,
with elongations, k intherange 0.9 - 2.58
andtriangularitiesd from-0.7 —» 1.0.A few
recently produced plasma equilibria are
shownin Fig.1. Threegyrotronsat82.7GHz
and0.5MW eacharepresentlyinstalledand
have been used in the second harmonic X- | gy 74 4" 4 ’
mode (X2) for the ECH and ECCD k,=145 «,=135 K,=25 Kz=1.6 Ky=125
experiments described in this paper. These [0a=-045 6,=0.45 5,=04 5,=05 3,=0.5
sources are capable of apulse length of 25, [p = 250KA I = 270kAl, = 600KA I, = 290KA I, = 80KA
with the microwaves bei ng delivered to the |#15448,1.0s #15527,1.0s #15712,1.0s#16099,1.5s #16367,0.7s
plasma by poloidally and toroidally |f N f N\
steerable mirror systems for flexible power
deposition and current drive. The
implementation of another six gyrotrons (a
further three for X2 and three for X3 at 118
GHz) isin progress. The in-vessel graphite
armour has recently been upgraded for high
power ECH experiments, with new tiles on
the central column and low-field-side wall

~/

N 4

of the vacuum vessel providing aimost 90% |Ka=15 Ka=18 Ka=22 Ka=15 K,=19
( =0 = 0. . = 0. .= 0. = 0.
internal surface coverage. I = 345KA I = 380KA I, = 350KAI, = 125KA I = 280kA

TOKAMAK OPERATION AT HIGH ~ . —
ELONGATION Elongations up to 2.2 in Figure 1. IIIus_tratmg the ﬂeX|b|I|t)_/_of_TCV for plasma
singlenull (SN) divertor configurationsand “28% BEEITENS JTE O RE e e
up to 2.58 in limited plasmashave been : LT

obtainedon TCV. The highestelongations experiments described in this paper.
(k>2.2)areonly possiblefor gyz<3 andrequirethe useof fastfeedbackcoils insidethe vessel.
They correspondo stability maigins m0.08 (computedusing a variantof the rigid current
distribution model) and growth ratesup to 2000 s'[1]. Crossingdys=3 during dischage
formationis not obsenedto be associatedavith increasedisruptivity providedthata modest
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1.25

amountof shapingis alreadypresent(typically
kK=1.4p=0.3 [2]).

1 A series of SN diverted dischages with
1.6sk<2.2, 2.5<q<3.5and d > 0.45 hasbeen
1 developed with the goal of assessingtheir
confinement properties. For ohmic heating
| alone and sufiiciently high values of plasma
current and density thesedischages undego
H-modetransitiong3]. Thelatterareinvariably
| followed by ELM-free H-modes(especiallyfor
favourable ion [OB drift direction), rapidly
00012 14 1s 18 20 22 terminatedby adisruption.Confinementlatain
_ Elongation _stationary conditions are therefore available
Figure 2. Electron energy confinement time only in ohmic L-mode, as shavn for the
g.ompla'izedo RLWSCS‘“”%florl.higth'gelongl‘?‘tt)e.OSN'f‘ electronsin Fig. 2. In comparisorwith limited
ISCharges comparea wi imitea equilioria o . .
similar triangularity (ohmic L-mode only). Open g:fsf(é?gggs’s itnher(?onzlzli:]eemcekra]?rtl?;nenoat mhai-JOtI
symbols, g5>3, closed symbols gg<3. . . g 9
elongation and lav ggg in SN equlibria.

DIVERTOR DETACHMENT Despite its small size, the possibility for plasmashape
variationin TCV permitsthe creationof magneticequilibria allowing the detachedlivertor
stateto be accessedgven in completely open geometries[4]. Long midplaneto target
connectiorlengths L., canbegeneratedn SN configurationswith theinterestingfeaturethat
most of L. appearsin the poloidal
distancebetweenX-point and targetand
not betweenmidplaneand X-point asin s
more conventional geometries. Two L Seivaattlll

examplesare shownin Fig. 3 where,for SM ]
fixed plasmacurrent,the X-point height > { { ]
is varied for fixed main plasma I , <L |

parameters, reducing L. near the I | ‘ ]
0.2 Dq (div) - ‘ M“

Limited A
SNL [ |

#15448

#15448 #15521
e [10%m] S

separatrixfrom 20 m to 13 m, of which
only =5 m is above the X-point. 0.1 . - s
Detachmentat the outer targetis clearly 2o (0IV) [ACMIZ], + 1ot

seen in both cases (reduction of ion 10} S —

current,j9) With simultaneousncreasen 9 O T (@div) [ov].
divertor D, intensity. For higher L, R alhe NV ~
detachmenbccursat lower densitiesand L_# '5¢ ‘ ‘ |
the absoluteparticleflux is lowerthanfor _#15521 % Timefs] L
shorter connectionlength. In each case, F|ggre 3 Id_ent|cal phmlcde_nsnyramp dischargesfor tv_vo
the electrontemperaturein the divertor equilibria with varying ?(-pomt helghtand thugconnecﬂon
reachesow values(=5 eV) at detaChmemIength.Both haveradiation fractionsapproaching75% and

and, at high L, the divertor is alreadyin low Z at the highest densities, + 340 kA in each case.
the high recycling regime, even whegis low at the start of the discharge.

H-MODE TRANSITIONS WITH ECRH Below adensityof n, = 3.5x10*® m for theion
(OB drift directiontowardsthe X-point and elongationin the rangel.5<k<2, ohmic H-mode
transitionsare not obtainedin TCV. Recentexgeriments[S] using ECRH (for which cut-off
occursat a local density of n, = 4.3x10° m ) have shown that this thresholddensity is
significantly reducedn the presenceof heating.Figure4 showsthat transitionsdo not occur
for n, < 2.5x13*® m™ with the 1.5 MW of power currently available. No systematic
dependencef thresholdpower, Py, on elongationhasbeenobservedn thesepreliminary
experimentsin ECH plasmasPy,, increasesharplyasthe densityis reducedjn contrastwith
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the scaling(Py,, O P37 approximately{5])
generally observedwith heatingsystems
otherthan ECRH. The decouplingof the
ion populationfrom the electronsat low
densityandhigh electrontemperaturenay
be the cause of this behaviour.

ECCD EXPERIMENTS The ability to
changeboth the poloidal (real time) and
toroidal (betweendischarges)angles at
which ECH power is injected permits a
wide variety of experimentsaimed at
investigatingoothpureECRHandECCD. ‘ ‘ ‘
In one suchstudy, the toroidal launching 25 83 35 4 45

angle, ¢, has beenvaried from -35° to Line average density [#n~]
+35° with a total of 1.5 MW of power Figure 4: Powerat the L-H transition for ohmicand ECR

beinginjectednearthe plasmacenter(the heatedSN diverted plasmasof varying elongationand the

0° case correspondingto pure ECH). :JnLDE' ?rgfrt];ci)t\i/(\;i;ds the X-pointy: Q-H transitions,
Figure 5 showsthe ¢ dependencef the

fast-electronbremsstrahlungmissionfrom the plasmacentrein the photon energyrange
40<E,,<50keV measuredisingamultichannehardX-ray cameraonloanfrom the Tore Supra
tokamak{6]. For ¢ = 0°, thereis no measurablsuprathermagbopulationandthe photonenergy
spectraareconsistentvith aMaxwelliandistributionatatemperatureloseto thatmeasuredby
Thomsonscattering During ECCD, photoncountratesincreasewith increasingp in bothco-
andcounter-ECCDdirections.The highestvaluesof T, evermeasuredn TCV (T¢511 keV)
[7] were obtainedwith counter-ECCDat ¢ = -7° and -14°, for which electron energy
confinementtimes up to twice RLW are obtained,indicating that improved confinement
related to shear modification is occurring in the plasma centre under these conditions.
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As alsoshownin Fig. 5, the highestcurrentdrive
efficiencieshave beenmeasuredor ¢ = +35°.
Under theseconditions, stationary,full current
Largest current replacemenhasbeenachievedsustaininghearly
driven | 125KkA for 1.9 s, limited only by the gyrotron
pulselength[8]. Figure 6 showshow the ohmic
}1} | transformer current reachesa constant value

1 almostimmediatelyafter switch-onof 1.5 MW
| of co-ECCDyielding a currentdrive efficiency
| of Yepao= 0.01AW-1 m? for ngg= 1.5x10° m3,
Teg = 3.5keV and R = 0.88 m. Although full
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Figure 5: Toroidal angle variation of the hard X-
ray emissionfrom the plasmacentrein the energ
range 40-50 keV during a shot-to-shotangle scar
at constantl, = 170 kA, k = 1.3, 8 = 0.3 anc
n90:2-2.5X10{)9 s,

non-inductivecurrentdrive occursrapidly after
the applicationof heating,the time variation of
the plasmanductanceandelongationincludedin
Fig. 6 demonstratesthat the current profile
requiresabout500 ms to relax. Thesestationary
conditions are obtained only if the power
deposition of the three available sourcesis
distributed carefully over the minor radius,

leadingto broadercurrentand pressureprofiles
and avoiding the generationof MHD modes.The latter are at the origin of disruptionsin
alternativescenariosn which on-axisco-ECCDof all threesourcesproduceshighercurrent
drive efficiencies at the expenseof very peakedprofiles and susbsequentapid loss of
confinementA numberof experimentdhavealsobeenperformeddemonstratinghat evenin
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the case of pure ECH, sweeping the power 140 KA

depositionlocation off-axis can have considerable 120t ——
effect on MHD activity, notably sawtoothperiods 100/ H 1.5 MW Ca-ECCD
and amplitudes[9]. This is a result of local heat
depositionandfinite currentdrive componentglue  1s;
to a non-zeroprojectionof the parallelwavevector 14;
onto the local field when moving off-axis. The A oM
degreeto which sawteethbehaviouris modified | ¢
dependon the directionof this currentdrive, itself o5}
dependenton the toroidal field direction and

K * *
depositionlocation (aboveor below the magnetic 1-75/_/\'\\

Ohmic transfomer current [KA]

3

axis). With increasing central ECH power 1;22:

deposition, positive triangularity and low 1 ; % ; ;
elongation have a stabilising effect on sawteeth |’ |
leadingto longersawtoothperiodsandhighercrash 12|

amplitudesjn qualitativeagreementvith the effect 1 o : s 5 25
of triangularity on Mercier and resistive MHD ' Time [s] '
stability [10]. High k or negatived would therefore Figure 6: Steady-state full plasma current
appearto be attractive for the reduction of heat replacementor 1.9swith 1.5 MW of co-ECCD
pulses and seed islands which can follow high dlstnbute(_j over the minor radius in a limited
powersawtoothcrashesThereis alsoevidencefor PlASMa witho=0.3 and |, = 125 kA.

a marginal increasein electron energy confinementtime with negative triangularity at

absorbed ECH powers of up to 1.4 MW [10].

CONCLUSIONS The traditional capacityof TCV for creationof a wide rangeof plasma
shapedasled to a large databas@f equilibria showingthat, for stability marginsof current
interestthereshouldbeno difficulty with plasmacontrolusingexternalcoils only. In addition,
atleastin L-mode,SN dischargesvith k>2 andlow (q5 appeato havesimilar confinemento
limited equilibriaat lower elongation Divertor detachments now regularlyobtainedin TCV
andits characteristicare being studied,in particularwith respectto variableand extremely
openmagneticgeometriesWith the additionof thefirst third of aneventualh.5 MW of ECH,
importantnew ECRHandECCD studiesarenow beingpursuedThe high degreeof flexibility
in toroidal and poloidal launchingposition and high power density hasrevealedinteresting
featuresin the plasmaresponseto off-axis deposition,yielded new resultsregardingthe
characteristicef ECCDathightoroidalanglesandproducedhehighestelectrontemperatures
sofarobservedn TCV (T> 10keV). Steady-statdull currentreplacementf 125kA hasbeen
demonstratedor 1.9 s usingco-ECCDdistributedoverthe minor radius.This correspondso
more than 400 energy confinement times and 4 current diffusion times.
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