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Introduction. An experimental campaign with Electron Cyclotron ResonanceHeating
(ECRH) [1] during the current ramp-up has been performedin FTU with the purposeof
studying the core energy transportin sawtooth-freeplasmas.In the early phaseof the
dischargepeforethe onsetof sawteetha variety of shapesof the currentdensity profile are
produced,dependingmainly on the plasmastart-up characteristic§gas pre-filling, light and
heavyimpurity content). The onsetof sawtoothactivity has been delayedsignificantly by
controlling the current profile modification induced by localized ECRHtdJ®00 kW of radio
frequencypowerat 140 GHz, correspondindo 5T fundamentaklectroncyclotronfrequency,
was injected from the low field side. Polarization was ordinary with perpendiaulach.High
temperatures (12-13 keV) have badainedwith centraldeposition;the electron-ioncoupling
is very weakin theseconditions,so that electronheattransportcan be studiedaccurately.No
evidenceof electronsuprathermapopulation(energetictail) has been detected,but at high
temperature and low plasnd@nsityexperimentaindicationof a low energy(E~E;,) distortion
of the Maxwellian distributionhasbeenfound. The analysisof MHD free phaseshas shown

that the central electron thermal diffusivity is comparable thigtOhmic one (0.2 + 0.4 m2/s),

even at high temperature and high temperature gradient, botmaitbtonicand with reversed
g profiles. Simulationwith the mixed Bohm-gyroBohm[2] modelhasshownthatthe central
temperature can be predicted only by neglecting the gyroBohm term.

Revisiting temperature measurements. Electrontemperatureon FTU is measuredby
Thomsonscattering(TS) and electroncyclotron emission.The first one hasbeendesignedto
work at relatively low temperature, so thaisitaffectedby significanterror barsat temperature
Te>10 keV.

At high centraltemperaturethe ECE temperaturgorofiles show a hump at the low field side
(i.e. low frequencies) due to the relativistic down shifted emission éentralelectronsthatis
not reabsorbed by the plasma periphery. SimulatiosCé spectrawith the measurectentral
temperaturd~13.5 keV) predicta very high humpat low frequency(six times the measured
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one) and a higher emission at
third and fourth harmonic. The
spectrum, not including the

14 second harmonic central

A " 415500 emission, can be reproduced
Bl .. ) with a peaktemperatureof about
11 keV. Recently, it has been
10l i pointed out [3,4] that in
— _ presenceof high ECRH power
> sl © used In the ] density, similar discrepancies
3 simutation between the second harmonic
o 6f / § and other parts of the ECE
— spectrum can arise, due to a
4t . distortion in the electron
distribution function at low
2 %oeee, energy. The distribution
- ey function, calculatedusing a high
0 et poloidal resolution Fokker-
08 0.2 -0.1 0 01 02 03 Planck code, has an isotropic
Minor radius (m) non-Maxwellian populationyith
Fig.1 Temperature profiles from ECE(o) and TS(), energy dependent slope
comparedwith the interpolation usedin the power balance. temperaturepeaked between 10
Shaded area indicatebe ECE temperaturemeasurementased and 20 keV This distortionalso
in the interpolation. affects TS temperature by a

smalleramount. The amplitude
of this effect dependson severalparametersas plasmadensity (ng), ECRH power (P),

temperatureand N, wave spectrumand eachexperimentatasemust be analyzedseparately.
For fixed conditions(centraldepositionand perpendiculadaunching), the following scalings
havebeenfound for the differencebetweenthe apparentemperatureand the minimum slope
temperatureATece ~ (P>, ATrs ~ P/,

This non-Maxwellian contribution to the ECE is important only inE@RH depositionregion,
thatfor centraldepositionis just in a small region at plasmaaxis. As it doesnot affect the
evolution of the global confinement and of the diffusivity at larger radii we have considased
an error bandon the centerquantities.Within this frame,we still can get a good temperature
measuremenfrom the high field side of the ECE secondharmonic, not affected by the
relativistic down shift, from few centimeterdrom the centerto half plasmaradius wherethe
overlap with the thircharmonictakesplace.The centraltemperaturdhasbeenreducedn order
to take accountof the non-Maxwellianeffect, and the externalpart of the profile has been
obtained by a linear interpolation, according with the TS data (fig 1). We are conifidesuch
a profile provides a good basis for the evolutdrihe local and global energyconfinementas
the estimatedoop voltageis in good agreementvith the experimentalvalue, using Zg¢ from
visible bremsstrahlung.

Power balance analysis. The powerbalanceanalysishasbeencarried out by the EVITA

code, which allows both interpretative goredictivetime-dependenanalysis.The codesolves
the diffusion equationfor the poloidal magneticfield and for the ion temperatureusing the
geometry obtained by the equilibrium reconstructiémput and output dataare interfacedwith

the FTU databasdor direct comparisorwith experimentatesults. The input dataare: a) the
ECE temperatureprofile, b) 5 chords DCN interferometerfor plasma density, c) visible
bremsstrahlundgor Z ., d) 12 chordsbolometerfor radiationlosses,e) the ECRH deposition

profile from ray-tracing.Neutronyield is usedto adjust the anomaly factor in thermal ion
transportcoefficient. The code assumeghat the electric field is completely diffused at the
starting time, that is a good approximation, as at this time the temperature is low.

Up to 800 kW of ECRH havebeenappliedduring currentramp-up. Densityincreasedalong

with the current,from 3 to 5x10"° m™ during the entire currentramp. The centraltemperature
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roll over after t=0.09 s occurred at constant central presBbeeECRH beamwaist was about
2 cm. The e-i coupling was weak and ion temperatemainedat aboutl keV. Neutronyields
werein agreementvith X;=1+3%X; chang-intonin all cases.The evolution of somerelevant
guantities of a typical discharge with 800 kW of ECRH on-dxisng the fast currentramp, is

shown in fig 2. The global confinemetirhe (1¢) is showntogetherwith the ITER89Pandthe
Lackner-Gottardi (LGxcalings;the betteragreements found with the latter. This is the same
situation as in low density Ohmic discharges (Linear Ohmic Confinemeni){bjle the global
confinementfollows L-mode scalings,the thermaldiffusivity in the plasmacore remainslow
even at high temperature gradient, as ghownin fig 3, wherethe heatflux is plottedversus
the temperaturgradientfor two dischargeswith 0.8 MW of ECRH, and comparedwith 0.35
MW caseand with OH discharges.lt can be seenthat the temperaturegradient has been

increased by a factor 10 without producing any appreciable incregse in
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Fig.2. Time behaviour of some relevant quantities

Comparison with BgB model. The central value oj(e(~0.2+0.4m2/s) hasbeencompared
with the values predicted by the mixed Bohm-gyroBohm model [2],

a
Xe = aBDB T qu (S) + agBDB L
Te LTe
where, Dg=Tg/16Br, LTe=Te/Te,p is the electronLarmor radiusand ag and agg are two

constants. f(s) =241+s3) for s>0, and 0 elsewhere; s is the magnetic shear.
It has been found that the gyroBolienm, dueto the high temperaturegradientvalue, predicts

Xe~ 5 m?/s, while the Bohm term, owing to the strongreductionat low magneticshear,gives
valuesthat are closeto the experimental ones. The shearfactor has beentestedon two
dischargewith differentq profile evolution, as inferred by the diffusion calculationand the
MHD activity, but with identical macroscopic parameters. One ofdisisharge$#15500),had
a broadpre-ECRHtemperatureprofile and developeda Double Tearing reconnectionDTM)
that is a cleasymptomof a reversedshearprofile, in qualitativeagreementvith the calculated
g(0). The otherdischargg#15020),had a more peakedpre-ECRHtemperaturgrofile, and a
very low MHD activity. The calculatedq profiles were narrower than that of the previous
discharge. The two temperatureprofiles at the maximum of T,0) (before the DTM

reconnection) are very similar. The simulation with the Bohm term predigtedktemperature
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of 9 keV and 8 keV for the cases
with reversed and monotonic q,
S respectively, while the measured
#15020 peaktemperaturef both discharges
was 11 keV. However, due to the
T uncertainty affecting the central q
profile we cannotgive a definitive
answeraboutthe sheareffecton the
transport,but we have an indication
that it doesnot always accountfor
] the low coretransportat leastin the
framework of the BgB model.
Applying 0.8 MW of ECRH off-
1 axis on an initially peaked
temperatureprofile, the temperature
e profiles remainedpeakedduring all
0 510 11¢ 151 216 the ECRH period. A central
temperatureof 8 keV was obtained,
until the sawteeth start up. The

_ _ centralXe remainedbelow 0.5 m2/s
Fig 3. The electron thermal flux is plotted versus the up to half radius, notwithstanding
tgmperaturegradient,_for_ high temperatureplasmas.Ohmic the global energy ésonfinementwas
discharges are also indicated for comparison still close to the LG scaling. This

probablyis due to the fact that the
input power is negligible in that region where the diffusion is [0Mithin the resonanceadius
the conductivity became slightly negative, the uncertaintyon the Ohmic input in thatregion
doesnot allow to draw final conclusionson the existenceof a non diffusive term. The
simulationwith Bohm term of BgB modeldoesnot reproducehe peakedprofile, andgivesa
central temperature of 4.5 keV.
The centraldiffusion during the currentramp with a strong ECRH heatingcan be compared
with that of the flat—top phasewhen the sawteethare stabilizedby the off-axis ECRH. In the

last case, the experimengglhas the same values that on the currentramp, within half minor

radius. The full BgB model gives a good descriptionof the temperatureevolution of the
sawteeth stabilized discharges, buthis casethe temperaturgyradientis low, so the gB term
gives a negligible contribution. The global confinement time of this discheuagaindescribed
by the LG scaling both in th®H andthe heatedphase but the ITER89P scalingin the heated
phase is very close to the LG one.
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Conclusion. High temperatureeCRH dischargekeephavinglow centralheatdiffusion, as
Ohmic discharges, and their global confinement time follows the L-mode LG scaling.

The BgB model can describe temperature profiles in almost all condition provided the gB term
is neglected. It can not reproduce the evolution of the off-axis heating when the profiles remain
peaked. The shear factor of BgB is important in depressing the central diffusion but it can’t
account for the transport in discharges with different shear profile.
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