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I NTRODUCTI ON The TCV tokamak
(BT<1.5T, R≈0.89m,a<0.25m, Ip<1.2MA)
has produced a wide variety of plasma
configurations, both limited and diverted,
with elongations, κ in the range 0.9 → 2.58
andtriangularities,δ from -0.7→ 1.0.A few
recently produced plasma equi l ibria are
shownin Fig.1.Threegyrotronsat82.7GHz
and0.5MW eacharepresentlyinstalledand
have been used in the second harmonic X-
mode (X 2) f or the ECH and ECCD
experiments described in this paper. These
sources are capable of a pulse length of 2 s,
with the microwaves being delivered to the
pl asma by pol oi dal l y and toroi dal l y
steerable mirror systems for flexible power
deposi t i on and cur rent dr i ve. The
implementation of another six gyrotrons (a
further three for X2 and three for X3 at 118
GHz) is in 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
of the vacuum vessel providing almost 90%
internal surface coverage.

TOKAMAK OPERATION AT HIGH
ELONGATION Elongations up to 2.2 in
singlenull (SN) divertor configurationsand
up to 2.58 in limited plasmashave been
obtainedon TCV. The highestelongations
(κ>2.2)areonly possiblefor q95<3 andrequiretheuseof fastfeedbackcoils insidethevessel.
They correspondto stability margins ms≥0.08 (computedusinga variantof the rigid current
distribution model) and growth rates up to 2000 s-1[1]. Crossingq95=3 during discharge
formationis not observed to beassociatedwith increaseddisruptivity provided thata modest

Figure 1: Illustrating the flexibility of TCV for plasma
shape experiments. The equilibria above are
representativeof the range of shapes used in the
experiments described in this paper.
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amountof shapingis alreadypresent(typically
κ=1.4,δ=0.3 [2]).

A series of SN diverted discharges with
1.6≤κ≤2.2, 2.5<q95<3.5 and δ > 0.45 hasbeen
developed with the goal of assessingtheir
confinement properties. For ohmic heating
alone and sufficiently high values of plasma
current and density, thesedischarges undergo
H-modetransitions[3]. Thelatterareinvariably
followed by ELM-free H-modes(especiallyfor
favourable ion ∇B drift direction), rapidly
terminatedby a disruption.Confinementdatain
stationary conditions are therefore available
only in ohmic L-mode, as shown for the
electronsin Fig. 2. In comparisonwith limited
discharges, there are clearly no major
differences in confinement time at high
elongation and low q95 in SN equlibria.

DIVERTOR DETACHMENT Despite its small size, the possibility for plasma shape
variation in TCV permitsthe creationof magneticequilibria allowing the detacheddivertor
state to be accessed,even in completely open geometries[4]. Long midplane to target
connectionlengths,Lc, canbegeneratedin SN configurationswith theinterestingfeaturethat
most of Lc appears in the poloidal
distancebetweenX-point and targetand
not betweenmidplaneand X-point as in
more conventional geometries. Two
examplesare shownin Fig. 3 where,for
fixed plasmacurrent, the X-point height
is varied for fixed main plasma
parameters, reducing Lc near the
separatrixfrom 20 m to 13 m, of which
only ≈5 m is above the X-point.
Detachmentat the outer target is clearly
seen in both cases (reduction of ion
current,jsat) with simultaneousincreasein
divertor Dα intensity. For higher Lc,
detachmentoccursat lower densitiesand
theabsoluteparticleflux is lower thanfor
shorterconnectionlength. In eachcase,
the electron temperaturein the divertor
reacheslow values(≈5 eV) at detachment
and,at high Lc, the divertor is alreadyin
the high recycling regime, even when is low at the start of the discharge.

H-MODE TRANSITIONS WITH ECRH Below a densityof = 3.5x1019 m-3 for the ion
∇B drift directiontowardsthe X-point andelongationin the range1.5<κ≤2, ohmic H-mode
transitionsarenot obtainedin TCV. Recentexperiments[3] usingECRH (for which cut-off
occursat a local density of = 4.3x1019 m-3) have shown that this thresholddensity is
significantly reducedin the presenceof heating.Figure4 showsthat transitionsdo not occur
for < 2.5x1019 m-3 with the 1.5 MW of power currently available. No systematic
dependenceof thresholdpower,Pthr, on elongationhasbeenobservedin thesepreliminary
experiments.In ECH plasmas,Pthr increasessharplyasthedensityis reduced,in contrastwith
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Figure 2: Electron energy confinement time
normalizedto RLWscalingfor highlyelongatedSNL
discharges compared with limited equilibria of
similar triangularity (ohmic L-mode only). Open
symbols, q95>3, closed symbols, q95<3.
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Figure 3: Identical ohmic densityramp dischargesfor two
equilibria with varying X-point height and thus connection
length.Both haveradiation fractionsapproaching75% and
low Zeff at the highest densities. Ip = 340 kA in each case.
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thescaling(Pthr ∝ approximately[5])
generallyobservedwith heatingsystems
other than ECRH. The decouplingof the
ion populationfrom the electronsat low
densityandhighelectrontemperaturemay
be the cause of this behaviour.

ECCD EXPERIMENTS The ability to
changeboth the poloidal (real time) and
toroidal (between discharges)angles at
which ECH power is injected permits a
wide variety of experimentsaimed at
investigatingbothpureECRHandECCD.
In one suchstudy, the toroidal launching
angle, ϕ, has been varied from -35° to
+35° with a total of 1.5 MW of power
beinginjectednearthe plasmacenter(the
0° case correspondingto pure ECH).
Figure 5 showsthe ϕ dependenceof the
fast-electronbremsstrahlungemissionfrom the plasmacentre in the photon energyrange
40<Eph<50keV measuredusingamultichannelhardX-ray cameraonloanfrom theToreSupra
tokamak[6]. For ϕ ≈ 0°, thereis nomeasurablesuprathermalpopulationandthephotonenergy
spectraareconsistentwith aMaxwelliandistributionatatemperaturecloseto thatmeasuredby
Thomsonscattering.During ECCD,photoncountratesincreasewith increasingϕ in bothco-
andcounter-ECCDdirections.Thehighestvaluesof Te evermeasuredon TCV (Te0≈11 keV)
[7] were obtainedwith counter-ECCDat ϕ = -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.

As alsoshownin Fig. 5, thehighestcurrentdrive
efficiencieshavebeenmeasuredfor ϕ = +35°.
Under theseconditions,stationary,full current
replacementhasbeenachieved,sustainingnearly
125 kA for 1.9 s, limited only by the gyrotron
pulselength[8]. Figure6 showshow the ohmic
transformer current reachesa constant value
almost immediatelyafter switch-onof 1.5 MW
of co-ECCDyielding a currentdrive efficiency
of γCD20 ≈ 0.01AW-1 m-2 for ne0 = 1.5x1019 m-3,
Te0 = 3.5 keV and R = 0.88 m. Although full
non-inductivecurrentdrive occursrapidly after
the applicationof heating,the time variation of
theplasmainductanceandelongationincludedin
Fig. 6 demonstratesthat the current profile
requiresabout500 ms to relax.Thesestationary
conditions are obtained only if the power
deposition of the three available sources is
distributed carefully over the minor radius,
leadingto broadercurrentand pressureprofiles

and avoiding the generationof MHD modes.The latter are at the origin of disruptionsin
alternativescenariosin which on-axisco-ECCDof all threesourcesproduceshighercurrent
drive efficiencies at the expenseof very peakedprofiles and susbsequentrapid loss of
confinement.A numberof experimentshavealsobeenperformeddemonstratingthatevenin
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Figure 4: Powerat the L-H transition for ohmicand ECR
heatedSN divertedplasmasof varying elongationand the
ion ∇B drift towards the X-point.▼: Ω−H transitions,
■: L-H transitions
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Figure 5: Toroidal angle variation of the hard X-
ray emissionfrom the plasmacentrein the energy
range 40-50 keV during a shot-to-shotangle scan
at constant Ip = 170 kA, κ = 1.3, δ = 0.3 and
ne0=2-2.5x1019 m-3.
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the case of pure ECH, sweeping the power
depositionlocation off-axis can haveconsiderable
effect on MHD activity, notably sawtoothperiods
and amplitudes[9]. This is a result of local heat
depositionandfinite currentdrive componentsdue
to a non-zeroprojectionof theparallelwavevector
onto the local field when moving off-axis. The
degreeto which sawteethbehaviour is modified
dependson thedirectionof this currentdrive, itself
dependenton the toroidal field direction and
depositionlocation (aboveor below the magnetic
axis). With increasing central ECH power
deposition, positive triangularity and low
elongation have a stabilising effect on sawteeth
leadingto longersawtoothperiodsandhighercrash
amplitudes,in qualitativeagreementwith theeffect
of triangularity on Mercier and resistive MHD
stability [10]. High κ or negativeδ would therefore
appearto be attractive for the reduction of heat
pulses and seed islands which can follow high
powersawtoothcrashes.Thereis alsoevidencefor
a marginal increasein electron energy confinement time 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
shapeshasled to a largedatabaseof equilibria showingthat, for stability marginsof current
interest,thereshouldbenodifficulty with plasmacontrolusingexternalcoilsonly. In addition,
at leastin L-mode,SN dischargeswith κ>2 andlow q95 appearto havesimilar confinementto
limited equilibriaat lower elongation.Divertor detachmentis now regularlyobtainedin TCV
andits characteristicsarebeingstudied,in particularwith respectto variableandextremely
openmagneticgeometries.With theadditionof thefirst third of aneventual4.5MW of ECH,
importantnewECRHandECCDstudiesarenowbeingpursued.Thehighdegreeof flexibility
in toroidal and poloidal launchingposition and high power densityhasrevealedinteresting
featuresin the plasmaresponseto off-axis deposition,yielded new results regardingthe
characteristicsof ECCDathightoroidalanglesandproducedthehighestelectrontemperatures
sofarobservedin TCV (Te> 10keV).Steady-state,full currentreplacementof 125kA hasbeen
demonstratedfor 1.9 s usingco-ECCDdistributedover theminor radius.This correspondsto
more than 400 energy confinement times and 4 current diffusion times.
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Figure 6: Steady-state,full plasma current
replacementfor 1.9 s with 1.5 MW of co-ECCD
distributed over the minor radius in a limited
plasma withδ=0.3 and Ip = 125 kA.
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