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Introduction

Recent improved confinement experiments with significamtentprofile modificationin
full currentdrive Tore Supraoperationare describedn this papertogetherwith their detailed
modelling. Lower Hybrid (LH) plasmadriven dischargesavebeenrealisedduring the 1999
experimentatampaign: (i) to assesghe behaviourof a recently designedand installed LH
antennan this operationmode [1-2], and (ii) to further determinethe link betweenthe LH
power depositionthe g-profile evolutionandthe core electronconfinementindeed,sincethe
previousfull currentdrive experimentg3-4], a new hard x-ray (HXR) tomographysystem
with a high spatial resolutionin the plasmacore (4-5cm) has beeninstalled on Tore Supra
[1,5]. This diagnosticis well designedfor an accuratedeterminationof the LH power
deposition and current profiles dynamicghe zero-loopvoltageregimewherecurrentdensity
and pressure profiles are fully decoupled. The main experimental conditions andaresintts
briefly reportedin the first section.Then, the emphasiss laid on the analysisof the current
profile evolutiontowardsa steady-statequilibrium. In the secondsection,we reportthe self-
consistentpredictive electron transportmodelling of dischargescharacterisedy either the
absence or the occurrence of a spontaneous central electron temperature transition.

1) Description of the experimental scenarios and current diffusion analysis

Using a “constant-flux” feedbackscheme[4], fully non-inductive plasmashave been
obtained duringhe 1999 experimentatampaignin a reproducibleand systematianannerin a
regimewheremostof the non-inductivecurrentis driven by the Lower Hybrid (LH) waves
(n,,=2.510°m*, B,=3.9T, 1 =0.7-0.8MA, P, =4-4.7MW). Up to 4.7MW of LH power has
been coupled during up to 10s while the loop voltage was prescribed exactly to zero.

In this regime, we have simulatedthe resistive current profile evolution of a set of
discharges where the paralietiex at the peakof the launchedspectrumpn,,, hasbeenvaried
betweenl.65 and2.3. The codeCRONOSJ6] is usedto analysethe diffusion of the electric
field inside theplasmaandto assesshe evolutionof the currentprofile with differentantenna
phasing. The LH power is applied on steady ohmic plasma characterisedby a weak
sawtoothing activity inside r/a =0.15; this information is usepttherwith the measuredralue
of internalinductance),, andtotal plasmacurrentto constrainthe initial g-profile takenin the
codeasinitial condition. Thento simulatethe g-profile evolution after the applicationof the
additional power, the LH power depositiand currentprofiles havebeendirectly scaledfrom
the radial hard x-ray emissionprofiles deducedfrom the new HXR tomographysystem[5].
The scaling factors are respectivelyfixed by the total LH power and the LH current drive
efficiency of the order of 0.61%n*A/W. The non-inductivesourcesarethe LH andbootstrap
currentsand they add up to provide the total plasmacurrent. A complete current diffusion
analysisis presentedor a stable,steady-statelischargewith n,,=1.8. As shownon Fig. 1
(left) the measureddata (magnetic loops, internal inductance and polarimetry) are well
reproducedwhich provides a reasonableassessmentf the current profile evolution. The
currentdiffusion analysisshowsthat the electricfield becomesstationarywithin a time of the
order of 2s and the bootstrap current is of the order of 10%hidprecisecase,q-on axis (qd,)
risesaboveone and a steadyg-profile is reachedwith g, below two with a narrow region of
weak or slightly negative magnetic shear (Fig. 1 (right)).
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Fig. 1. Resigtive current diffusion simulation (CRONOS) using the experimental hard x-ray
profiles for the LH current profiles (#28342 with n,,=1.8); (left) Time evolution of T, LH power,
experimental and simulated Faraday rotation angles, |; and loop voltage; (right) g-profile
evolution (CRONOS) towards a fully non-inductive plasma state.
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Fig. 2: (left) Time evolution of T, at various positions showing a spontaneous transition in the
plasma core at t=7.3s and a collapse at t=8.2s (P ,=4MW); (right) Smulated g-profile evolution
(CRONOYS) using the hard x-ray profiles; the open circles correspond to the g-profile deduced
from the equilibrium reconstruction code (IDENT-D) (#28334 compound spectra n,,=1.65/2.3).
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By varying the antenna phasing slightlifferent g-profiles havebeenobtainedwhenthe
electricfield profile is closeto zero.Indeed,with a highern,, (n,;=2) the region with weak
magneticshearis extendedup to r/a=0.3 with the minimum q value closeto two. Detailed
evolution of the electrontemperatureand simulatedq-profiles s illustratedon Fig. 2. About
0.4s afterthe LH poweris applied,the currentdiffusion analysisindicatesthat g, risesabove
one in agreement with the rapid stabilisation of the sawtooth activity. @bhent1.3s (t=7.3s)
after the LH power is turned on, the central temperatygesiows a transitioto an improved
core confinementphase,when T, rises from 4.5keV up to 6.5keV. The spontaneousl,,
transition occurs when the magnetic shearis reducedclose to zero in the plasma core
(Fig 2 (right)). Thesetransitionsare consideredas a bifurcation of confinementsince during
the transitionthe hard x-profiles are constant(cf. section2) [1]. Finally lessthen one second
after the T, transition,MHD activity is triggeredwhenthe minimum g-valueapproacheswo.
This sharpMHD transition (collapseof T, in lessthan 100us) appearsas a global resistive
mode extending over thmreregioninside the g=2 surface.The simulatedg-profile evolution
is in agreement with the MHD analysis of the temperature collapse.

2) Predictive modelling of improved core electron confinement

For the predictivesimulationswe haveusedthe mixed Bohm and gyro-Bohmelectron
transportmodelwhich has beensuccessfuin simulating variousregimesin JET [7, 8] and
Tore Supra[9-10]. To link the electronheatdiffusivity, x., to the magneticshear,the Bohm
term isreducedn the regionof weak or negativemagneticshear[11]. Simulationshavebeen
performedwith the CRONOScodein which the coupledheatand currenttransportequations
are evolvedself-consistentlyusing the shapeof the measurediX profiles for the LH power
and currenprofiles. Fig. 3 showsthe predictivetime evolutionof T, by including or not the
magnetic sheatorrectionin the transportmodel. The increaseof T(r/a) is correctly simulated
because of theeductionof ¥, insider/a<0.35. Indeed,whenthe magneticshearis reducedn
the plasmacore, x, self-consistentlydecreasegrom typically 1.5nt/s down to 0.6nf/s to
recover the ohmic level despitethe applicationof 4.6MW of LHCD power. The power
depositionprofiles, measuredby the HXR-tomographysystem, are broad and centeredat
r/a=0.3 and do not evolve when the electron temperature profiles peak in the core
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Fig. 3 : Transport simulation of steady-state experiments (P,,=4.6MW): (left) The experimental
(dashed line) and the simulated (full line) time evolution of T,. The dotted line corresponds to a
simulation performed without including the magnetic shear dependence in the transport model.
(middle) The experimental and simulated T, profiles (full lines). (right) The corresponding x.
profiles and the measured power deposition profile. (#28348 compound spectra n,,=1.8/2.3).
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Fig. 4 : Smulated T,, (CRONOS) versus the
experimental values. Each point corresponds
to one pulse of the n, scan. The dark
triangles (respectively the open circles)
correspond to the transport simulations
performed with (respectively without) the
magnetic shear dependence in the transport

Similar predictive transport
modelling has been performedfor a large
number of zero-loop voltage discharges
where the LH antennaphasing has been
varied, i.e. corresponding to various
formationsof g-profileswith monotonicor
non-monotonicshapes.The results of the
simulationsare summarisedn Fig.4 where
the simulatedcore temperaturehave been
plotted versus their experimentalcounter-
parts for each pulse. A better agreement
with the experimentadlatais obtainedwhen
the magneticsheardependences included
in our modelling,in particularto reproduce
the phasewhen the electron temperature
profiles peak in the plasma core
(T.,= 5keV in Fig. 4).For dischargeswith
monotonicq-profiles where T, transitions
are not observed,the simulationswith or
without the magneticshearcorrection give
similar results.

Conclusion

Currentdiffusion and local transport
analyses using the most accurate
experimental determination of the LH

current and power deposition profiles provided by the HXR tomography system dbUjora,
show that the core temperature transitions should be interpreted as a reafuitt@@nomalous
electron transport. The electrﬁTrermaIdiffusivriTt%/, X IS reducedfrom the Bohmto the gyro-
Bohm level [7] (from 1-2rfis down t00.4-0.5n4/s) in the weak magneticshearregion. In the
predictive transportmodelling, the non-linear coupling betweenthe magneticshearand X,
should betakeninto accountto reproducethe emergencef different thermalstatesduring the
currentprofile evolutiontowardsa genuinesteady-statequilibrium. The future challengefor
steady-state@perationof Tore Supraconsistsin the extensionof the region with a weak
magnetic shear at higher density and bootstrap current fraction while avibidimgrurrenceof

sudden pressure collapses at the vicinity of low order rational g-surfaces (e.g. q=2) [12].
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