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Fig. 1 Geometry of hard X-ray
camera viewing chords for a typi-
cal EC-heated TCV plasma
(R = 88 cm, a = 23 cm). The
chords are partially overlapped.

1. Introduction

A multichannelhardX–ray (HXR) diagnosticsystemde-
velopedfor theToreSupratokamak[1] hasbeenemployedon
the TCV tokamakwith the aim of characterisingthe spectral
and spatialdistribution of fast-electronbremsstrahlungemis-
sionduringelectroncyclotronheating(ECH) andcurrentdrive
(ECCD). The systemconsistsof a vertically viewing pinhole
cameraequippedwith anarrayof CdTedetectors.CdTetechnol-
ogy waschosenfor this systemin orderto satisfythecombined
requirementsof good temporaland spatialresolution,of effi-
cient � –rayrejectionandof compactness.OnTCV, 14 partially
overlappedviewingchordsspantheentireouterminor radiusof
the plasma,with a radial resolutionof � 2 cm on the midplane
(Fig. 1). Theintrinsicenergy resolutionis � 5–7keV. After am-
plification, eachsignalis distributedto 8 discriminator-counter
chains,generatingspectrain therange10–150keV. Countrates
up to 1.5 � 10� s��� canbe detectedbeforethe onsetof pileup.
Thetimeresolution,determinedby therequirementof a relative
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].
The launchingmirrorscanbeindependentlyrotatedin boththe
poloidalandthetoroidaldirection,providinggreatflexibility in
thechoiceof heatinglocationsandparallelwavenumbers.The
HXR cameraconstitutesacrucialtool for investigatingtheloca-
tionof thepowerdepositionandthedistributionanddynamicsof
suprathermalelectrons.Initial resultsarepresentedin thispaper.

2. Suprathermal electron population during ECH and ECCD

Theparallelwavenumberof theelectroncyclotron(EC)wavewasscannedin asetof simi-
lar dischargesby varyingthetoroidallaunchingangle	 from -35
 to+35
 (thisangleisdefined
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Fig. 2 Hard X-ray emission from the plasma center in the
range 40–50 keV as a function of the toroidal launching angle,
at constant current, density and plasma shape (central heat-
ing, 1.5 MW).
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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 spectrum from
the plasma center (circles), with 1.5 MW of EC heating (off-axis in
the middle part of the discharge, on-axis elsewhere).

at thelauncher, the0 
 casecorrespond-
ing to pureECH). In thesedischarges
the
�

plasmacurrent was 170 kA, the
toroidalfield 1.4T, thepeakdensity2–
2.5 � 10�
� cm��� , theplasmaelongation
1.3 andthe triangularity+0.3. A total
powerof 1.5MW wasinjectednearthe
plasmacenter.

Theintensityof hardX-raybrems-
strahlungemissionincreaseswith ��	�� ,
in both the co- andcounter-ECCD di-
rections(Fig. 2). In theco-ECCDcase
the current-drive efficiency has also
beenfoundto increasewith 	 , andthe
largestnon-inductivecurrentsin TCV
to datehavebeengeneratedat themax-
imum toroidal angle explored in this
scan(35
 ). This is somewhatin con-
trastwith codepredictions,whichhave
generallyplacedtheoptimumanglebe-
tween25 and30
 [3]. This scanhasprovenfruitful alsoin allowing us to identify a rangeof
angles(5–15
 ) in thecounter-ECCDdirectionin whichveryhighcentralelectrontemperatures
(up to � 10keV) areobtained.

In thepureECH casetheshapeof themeasuredspectrumis consistentwith theemission
from a Maxwellianplasmaof temperatureequalto thatmeasuredby the Thomsonscattering

diagnostic;this comparisoncanbe
quantifiedby calculatingan effec-
tive photontemperaturethroughan
exponentialfit to the spectrum:an
exampleis shownin Fig. 3. Rough
analyticalestimatesof theexpected
absolutephoton emission from a
Maxwellianplasmaarealsoin good
agreementwith themeasurement.

In the ECCD cases,not only
is the intensityconsiderablyhigher
thanin theECHcaseatall energies,
buttheeffectivephotontemperature
is typically in the rangefrom 20 to
60 keV (seeFig. 4), clearly reveal-
ing the presenceof a suprathermal
tail in theelectronvelocitydistribu-
tion.

The dissimilarity betweenthe
ECH andECCDcases,furtherseen
in the integratedspatialprofiles in
Fig. 5, is in qualitativeagreement
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Fig. 4 Central hard X-ray emissivity for similar shots with co-
ECCD ( � = 21 � ), counter-ECCD ( � = 21 � ), and pure ECH,
respectively (central heating, 1.5 MW). In the exponential fits
in the ECCD cases the lowest energy point was ignored, as it is
influenced by the bulk Maxwellian distribution.
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Fig. 5 Spatial profiles of line-integrated hard
X-ray emissivity (24–32 keV), for the same con-
ditions as in Fig. 4. The chords are numbered
from the plasma edge to the center, with a ra-
dial separation of � 2 cm.

with numericalsimulationscarriedout with theCQL3D Fokker–Planckcode[4]. In thepure
heatingcasetheeffectof theECwaveis to increasethetemperatureof thebulk plasmawithout
appreciable� modificationof theshapeof thedistributionfunction,owingto rapidthermalisation
of theheatedelectrons.By contrast,thepreferentialheatingof suprathermalelectronson the
low-field sideof theresonancein theECCDcasepermitsthegenerationandsustainmentof a
non-Maxwelliantail, which carriesthenon-inductivecurrent.

3. Investigation of fast electron dynamics

Studiesof fast electrondynamicsin large tokamakshavegenerallyindicated[5,6] that
collisionalslowing-down(momentumdestructionandpitch-anglescattering)is thedominant
relaxationmechanism,whereasradial
diffusionplaysonly a secondaryrole.

In the TCV tokamakthe charac-
teristic timesfor thesephenomenaare
comparablewith the temporalresolu-
tion of the HXR camera. In order
to study the responseand relaxation
phenomenain detail, we havecarried
out anexperimentwith modulatedEC
power. Under stableplasmacondi-
tions, the excellent repeatabilityand
localisationof EC-wave–plasmacou-
pling have allowed a substantialen-
hancementof theeffectivetimeresolu-
tion (downto � 300 � s) throughsum-
mationof thephotoncountsovermul-
tiple modulationperiods.Themodula-

tionperiodmustof coursebeamultipleof thesam-
pling interval for the HXR diagnostic. In the ex-
ampleshownin Fig. 6, 1 MW of ECCD power
wasmodulatedat 100%with a periodof 9.36ms;
theHXR samplingtimewas585 � sandthecounts
werethensummedover10 periods.Theresulting
signal is shownin Fig. 6 for a centralchordand
fourdifferentenergylevels.Therelaxationdynam-
icsatturn-onandturn-off areclearlyadequatelyre-
solved.

To extracttheessentialphysicsof thesupra-
thermalelectrondynamics,we haveemployeda
simplemodelconsistingof a source(thelocalised
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Fig. 6 Hard X-ray emission from the plasma center, 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.

EC power),a Krook collision
operator, anda radialdiffusiv-
ity. The characteristictimes
arevariedto simulatethetime
history of the experimental
HXR emissivity. In a pre-
liminary comparison,we have
found that satisfactoryagree-
ment is obtained only when
the collisional term is domi-
nant,with characteristicrelax-
ationtimesof theorderof 1–3
ms: thesevaluesareconsistent
with the collisional slowing-
downtimefor theenergyrange
underconsideration.

Under these conditions,
the spatialdistribution of the
HXR emissivity canbe taken
as a goodmeasureof the EC
power deposition profile.
More detailedstudiesarecur-
rently in progress. Compar-
isonsbetweenthe experimen-
tal local (Abel-inverted)emis-
sivity profileandthepowerde-
position profile calculatedby
ray tracingarealsounderway.
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