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Fig. 1 Geometry of hard X-ray
camera viewing chordsfor a typi-
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1. Introduction

A multichannelhard X-ray (HXR) diagnosticsystemde-
velopedfor the Tore Supratokamak[1] hasbeenemployedon
the TCV tokamakwith the aim of characterisinghe spectral
and spatial distribution of fast-electronbremsstrahlungmis-
sionduring electroncyclotronheating(ECH) andcurrentdrive
(ECCD). The systemconsistsof a vertically viewing pinhole
cameraquippedvith anarrayof CdTe detectorsCdTetechnol-
ogy waschoserfor this systemin orderto satisfythecombined
requirementf good temporaland spatialresolution,of effi-
cienty—rayrejectionandof compactnesOn TCV, 14 partially
overlappedrsiewing chordsspantheentireouterminor radiusof
the plasmawith a radialresolutionof ~2 cm on the midplane
(Fig. 1). Theintrinsic enegy resolutionis ~5—-7keV. After am-
plification, eachsignalis distributedto 8 discriminatorcounter
chains,generatingpectran therangel0-150keV. Countrates
upto 1.5x10° s~! canbe detectecbeforethe onsetof pileup.
Thetimeresolutiondeterminedy therequiremenof arelative
statisticalnoise<10%,is in theorderof 1-5ms.

The ECH and ECCD experimentsdescribedin this pa-
per havebeencarriedout with up to three0.5 MW gyrotrons,
operatingin X-mode at the secondharmonic(82.7 GHz) [2].
Thelaunchingmirrorscanbeindependentlyotatedin boththe
poloidalandthetoroidaldirection,providing greatflexibility in
the choiceof heatinglocationsandparallelwavenumbers.The
cal EC-heated TCV plasma  HXR camereonstitutescrucialtool for investigatingheloca-
(R=88cm a=23cm). The tionofthepowerdepositiorndthedistributionanddynamicof
chordsare partially overlapped. suprathermaglectrons|nitial resultsarepresentedh thispaper

2. Suprathermal electron population during ECH and ECCD

Theparallelwavenumberof theelectroncyclotron(EC) wavewasscannedn asetof simi-
lar dischagesby varyingthetoroidallaunchingangle® from-35° to +35° (thisangleis defined
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atthelauncherthe0° casecorrespond- x 10"
ing to pure ECH). In thesedischages i
the plasmacurrentwas 170 kA, the gl |
toroidalfield 1.4 T, thepeakdensity2— — |
2.5x 10" cm™3, theplasmaelongation |
1.3andthe triangularity+0.3. A total £ 61 |
powerof 1.5MW wasinjectednearthe 3 |
plasmacenter °al |

Theintensityof hardX-ray brems- 5 |
strahlungemissionincreaseswith |®|, 2 |
in both the co- andcounterECCDdi- & 2} |
rections(Fig. 2). In theco-ECCDcase |
the current-drive efficiency has also 0 CNT_E—CCD CQ_ECCD
beenfoundto increasewith ®, andthe —40 -20 0 20 40
Iargestnon-inductivecurrentsin TCV Toroidal launching angle (degrees)
to datehavebeengeneratedtthemax- Fig. 2 Hard X-ray emission fromthe plasma center in the
imum toroidal angle exploredin this range40-50keV as a function of thetoroidal launching angle,
scan(35°). Thisis somewhain con- at constant current, density and plasma shape (central heat-
trastwith codepredictionswhich have ing, 1.5 MW).

generallyplacedheoptimumanglebe-

tween25and30° [3]. This scanhasprovenfruitful alsoin allowing usto identify a rangeof
angleg5-15) in thecounterECCDdirectionin whichvery high centralelectrontemperatures

(upto ~10keV) areobtained.

In the pureECH casethe shapeof the measuredpectrums consistentvith the emission
from a Maxwellian plasmaof temperaturequalto that measuredy the Thomsonscattering
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Fig. 3  Comparison between central electron temperature mea-
sured by Thomson scattering (solid line) and effective temperature
obtained by a 3-point exponential fit to the hard X-ray spectrumfrom
the plasma center (circles), with 1.5 MW of EC heating (off-axisin
the middle part of the discharge, on-axis elsewhere).
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diagnostic;this comparisoncan be
guantifiedby calculatingan effec-
tive photontemperatureghroughan
exponentialffit to the spectrum:an
exampleis shownin Fig. 3. Rough
analyticalestimate®f the expected
absolute photon emission from a
Maxwellianplasmaarealsoin good
agreemenivith the measurement.

In the ECCD cases,not only
is the intensity considerablyhigher
thanin theECH caseatall enegies,
buttheeffectivephotontemperature
is typically in the rangefrom 20 to
60 keV (seeFig. 4), clearlyreveal-
ing the presenceof a suprathermal
tail in the electronvelocity distribu-
tion.

The dissimilarity betweenthe
ECH andECCD casesfurtherseen
in the integratedspatial profilesin
Fig. 5, is in qualitative agreement
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with numericalsimulationscarriedout with the CQL3D FokkerPlanckcode[4]. In thepure
heatingcaseheeffectof theEC waveis to increaseéhetemperaturef thebulk plasmawithout
appreciablenodificationof theshapeof thedistributionfunction,owingto rapidthermalisation
of the heatecelectrons.By contrastthe preferentiaheatingof suprathermag¢lectronson the
low-field sideof the resonancén the ECCD casepermitsthe generatiorandsustainmenof a
non-Maxwelliantail, which carriesthe non-inductivecurrent.

3. Investigation of fast electron dynamics

Studiesof fast electrondynamicsin large tokamakshavegenerallyindicated[5,6] that
collisional slowing-down(momentumdestructionandpitch-anglescattering)s the dominant
relaxationmechanismwhereagadial
diffusionplaysonly a secondaryole. 10°

In the TCV tokamakthe charac- =8
teristictimesfor thesephenomenare &
comparablewith the temporalresolu- )
tion of the HXR camera. In order
to study the responseand relaxation
phenomenan detail, we havecarried
out anexperimentwith modulatedeC
power Under stable plasmacondi-
tions, the excellentrepeatabilityand
localisationof EC-wave—plasmaou- _
pling have allowed a substantialen- Teo = 26.2keV
hancemendf theeffectivetimeresolu- Tent = 51.2 keV
tion (downto ~300 xs) throughsum- T =51 keV
mationof the photoncountsovermul- 10° EcH -

tiple modulationperiods.Themodula- 0 20 40 60
Energy (keV)

Fig. 4 Central hard X-ray emissivity for similar shotswith co-
ECCD (® = 21°), counter-ECCD (® = 21°), and pure ECH,
respectively (central heating, 1.5 MW). In the exponential fits
inthe ECCD cases the lowest energy point was ignored, asitis
influenced by the bulk Maxwellian distribution.
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tion periodmustof coursebeamultiple of thesam-
pling intervalfor the HXR diagnostic. In the ex-
ample shownin Fig. 6, 1 MW of ECCD power
wasmodulatedat 100%with a periodof 9.36ms;
theHXR samplingtime was585 ;:s andthe counts

Emissivity (cm? sterad 5 )
[ N

oL Feo-e 0 | werethensummedover 10 periods. The resulting

5 10 15 signalis shownin Fig. 6 for a centralchordand

Chord number four differentenegy levels. Therelaxatiordynam-

Fig. 5 Spatial profilesof line-integrated hard icsatturn-onandturn-off areclearlyadequatelye-
X-ray emissivity (24—-32 keV), for the same con- solved.

ditions asin Fig. 4. The chords are numbered . .
fromthe pl edge to the center, with a ra- To extractthe essentiaphysicsof the supra

dial separation of ~2 cm. thermalelectrondynamics,we haveemployeda
simplemodelconsistingof a source(thelocalised
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Fig. 6 HardX-ray emissionfromthe plasmacenter, for four different en-
ergies, and EC power vs. time (central co-ECCD, ® = 21°). The photon
counts are summed over 10 successive EC modulation periods.
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EC power),a Krook collision
operatoyanda radialdiffusiv-
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