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Heat Transport Barriersin RTP: Diffusive or Convective?
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In Rijnhuizen Tokamak Project (RTP, R/a=0.72m/0.16m,B,<2.4 T, 1<150 KA),
experiments in conditionsf dominant ElectronCyclotron Heating (P, /P, >3) haveshown
that the centralelectrontemperaturgT,y) reactsdiscontinuouslyto continuouschangesof the
ECH resonancéocation, p, (Fig.1) [1]. RegionswhereT,, showslittle variationswith p,
have been labelled with letters from A to E, and the rapid transitions from one plateanext the
havebeenobservedo be correlatedwith the loss from the plasmaof one low order rational
magneticsurface(in A the innermostmagneticsurfaceis g=1, in A’ g=1.5,in B g=2,in C
g=2.5, in D g=3, in E g=3.5). This evidence has been interpreted in termseafstencan the
plasma of layers of reduced electron thermal trangftoeinsportbarriers”)associatedvith the
main rational magneticsurfacesand whosewidth is determinedby the local magneticshear
(shell model) [2].

Modulated ECH (MECH) has beappliedto theseplasmaswith the purposeof probing
the transportpropertiesof suchbarriers,as a complementto the steady-stateevidence.Since
only one gyrotron (110 Ghz, 350 kW' Barmonic X-mode, perpendicular launch from ldve
field side) was available both for sustainingthe heating and for the perturbativetransport
studies this experimentwas performedby applying high duty-cycle MECH (®w/2r=310 Hz,
d.=0.87) at different valuesof pgep SuchMECH shotsare markedin Fig.1. By applying
standard Fourieanalysisto the T, time traces(about50 cycles)measuredy the 15 channels
ECE heterodyne radiometer, ooktainsthe radial profiles of the amplitude(A) and phase(o)
of the induced Jperturbation at 3 harmonics of the MECH frequency.

FIG.1. Central electron
temperaturevs pgepfor a
set of similar discharges
e (I =80 kA, g,~5, n (0)=4
| 16°m?) in which pgep is
increasedin small steps
from shot toshot. Thefull
dots mark the discharges
where the ECH power
wasmodulated (dutgycle
| D e d.=0.87, modulation
0 | | | | | E frequencyw/27=310 Hz).
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These experiments have provided unexpected experinesidahcehatwaspreliminarily
presented in [3].et usfirst compare (Fig.2jwo MECH dischargesvith identicaparameters,
but witha verydifferentMECH d, (d, =0.15andd, =0.85).1n both case,, =0.25. The low
d. case is a standard off-axis ME@kperimenin a quasiOhmicplasma, thel, =0.85 caseis
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off-axis MECH in a ECH dominated plasma in sub-plateau A’ (see Fig.1). Piotted.2 are
for the two cases:a) the steady-stateT, and q profiles (the latter calculated assuming
neoclassicalresistivity and correcting for the bootstrap current); b) the A profiles at 3

harmonics; c) the profiles at 3 harmonics. Thei® a cleardifferencein the T, andq profiles,

as expected. The striking point is however the difference in MECH data.

FIG.2. Te and g profiles

and MECH amplitudeand
phase profiles at 3
harmonicsfor two similar
discharges with different
MECH d. d.=0.85
(r19980616.024, right
column) and d=0.15
(r19980616.025, left
column). Plasma
parameters: 1,=80 KA,
q,~5, n(0)=5 10°m?, p wep
=0.25

In the lowd, casethe behavioof A andg haghe usual ‘diffusivefeatures: theamplitude
decaysandthe modulation phaselag increasesnoving away fromthe heatsource(pgep SO
thatthelocations ofthe peakamplitude and minimum phaseoincide. Inthe high d; case,jn
contrastthe datashow an inward shift of the amplitudepeakat 1* harmonic.This feature
graduallydisappears at highbarmonics, th8® one presentinga standarddiffusive’ pattern.
Eventhe 1% harmonicphaseprofile is not immune from non-diffusivefeatures:diffusive
transportrequirese to increasewith frequencyat pqep, and elsewhereinstead,a larger 1°
harmonicg value relative to the other harmonicsis found in the regionjust outsidepgep
Theseobservations ana qualitativeagreement with thegresencef a heatpinch (convective)
componentn the modulatedheatflux [4]. Alternative explanationeavebeenconsidered:
spuriousECH powerinside pqe, has beenexcludedas it would affectin the sameway all
harmonics;a strong ye gradientwould yield convective-like featuresin MECH datal[4],
howevelquantitativesimulations have showthata ye gradient still compatible witthe high
harmonicdatawould vyield a much lower convective-like effect at low harmonicsthan
measured. The causetlé heatpinchdoes not seemto be the ECH powersincethelow d.
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caseis immune from the effect. Rather,there are important modificationsinduced by ECH
power in the plasma parameters that may be respofsitilee heatpinch; in particular,the Te
and g profiles are rather flat insipgep The time evolution of thecloscillations afteswitch on
of the MECH shows that the time scale for the onset of the heatipitarigerthanthe energy
confinement time~<3 ms) but comparable to the current diffusion tirtE)(ms).This suggests
that the magnetic shear may in fact be a key factor for the onset of the heat pinch.

The signaturesof the heatpinch in MECH data just discussedare presentin all four
dischargedn different plateauxmarkedin Fig.1, as was shown in [3]. Moreover, a closer
inspectionof the steady-statelT profiles (also reportedin [3]) revealsthat a heat pinch
componenimustbe presentalsoin the time averagedcheatflux. In fact in all T profiles the
maximum E value is always located insiggep (notethat pgep is determinedconsistentlyfrom
modulated ECE data, thus ruling out systematic errgrg.jrelative to the ECEprofile), which
cannot be accounted for by power balance analysis with diffusive transport only.

Quantitativesimulationsof the MECH experimentgresentechave beenperformedusing
the transportcode ASTRA [5]. Fig.3 showssucha simulationfor the MECH dischargein
Fig.1 with the innermost value pfe, (plateau A).
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FIG.3. Simulatedlines) and experimental(symbols)profiles of Te, MECH amplitudesand
phasesat 3 harmonicgor the pgep=0.24 (plateau A). Thge, U and R:c profiles (dashedn
a.u.)usedn the simulation aralso shown.

In the simulation weassumedhatthe electron hearansportconsistsof two components:
-ge=ngy VTetnUTe. For both componentsin empiricaldescription hadeenadoptedwhich
was optimizedo reproduceahe data(Fig.3). It is found thata heatpinchvelocity with peak
valueU=50 m/sandlocalized in arathernarrowregionof the plasmacan matchthe gross
features othe datahe most importawine beingheinward shiftof theamplitude peaktlow
frequency Similar agreement igbtained for the simulationof the other MECH discharges.
Note that some features in the data are not penfeptiyduced, iparticular théast decayof
the amplitudeat higher harmonics insidge, Thisis dueto therestrictive assumptiorin the
x. model that the ratjg*x™® =1 [6]: allowing moreelaborated modefsr y, would curethe
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discrepancy. This feature, however, is redatedto the heatpinch issueon which this paperis
focussedt is presentalsoal low d, seeFig.2). Thereforewe decidedto adoptthe simplest
model fory, yielding the heat pinch velocity profile.

Having shown that a strong and radially localibedtpinchis foundin RTP plasmaswith
high ECH power, we canow addresghe questionraisedin the title of this paper:whatis the
relation betweensuch heat pinch componentand the transport barriers evidencedby the
staircasebehaviourin Fig.1?In fact, the Gaussianshapedheat pinch componentrequiredto
reproduce the MECH data in Fig.3 acts as a powerful heat pump and can comgidelsthe
main diffusive transport barrier located in the low shear regéarpep in the shell model[2].
On the other hand, the diffusive barriers featured in the shell madebtaccountfor the non-
diffusive MECH evidence,but could accountfor the staircasebehavior of Fig.1 rather
accurately. The question then rises whether a shell model based onlage®ef strongheat
pinch embeddedn a smooth diffusive plasma backgroundcould reproducethe staircase
behaviorof Fig.1. It wasan obviousstepto testa simple model obtainedby replacingin the
shellmodelthe low y, regionswith layersof inward pinch (leaving all barrier prescriptions
untouched) and using fgg the profileshownin Fig.3. Indeed,it was possibleto recoverwith
such model the staircasebehaviourof T,, as function of pgep In fact, the mechanism
underlying the transitions is essentially the same as with the olchsbadll: a transitionoccurs
whena rational q valueand its accompanyingpinch layer are lost. Note that, evenif several
pinch layers are simultaneously present in the shell modisi the one nearpgep (Which is the
largest due to the low magnetic shear in that region) is responsible thstbatinuouplasma
response of Fig.1; it is also the only one detectable with MECH. Stesttaan be regardedas
a proof of principle thaa shell modelbasedon convectivebarrierscould indeedexplainat the
sametime the staircaseevidencein Fig.1 and the MECH evidencein Fig.2. However, an
optimizationof the model to fit quantitativelyall the experimentalobservationshas not been
attemptedasthe numberof free parametersn the modelis too large with respectto the small
data set of MECH dicharges available.

In summary, MECH experimentsin RTP dominant ECH plasmashave indicated the
presence of a significant heat pinch component pumping heat apeifisgradient.Suchheat
pinch is observed at different valuespgtp , andappeardo showup (or at leastbecomelarge
enough to be measurable) in the low magrehiearregion createdoy off-axis ECH nearpgep
Previous observations of a hgatch componenin off-axis ECH plasmaswere performedon
DIII-D [7], but in a quitedifferent plasmascenarioln orderto simultaneoushyaccountfor the
MECH evidence(Fig.2) and the steady-stateevidenceof discontinuousplasmaresponseto
variations ofpgep (Fig.1) one hasto assumethat the heattransportbarriersin RTP are mainly
of convectiveratherthandiffusive nature. This result opensa seriesof questionsregarding
what could be the physical mechanismunderlying the heat pinch, which have not been
addressedhere. It certainly constitutesa stimulating result for theoreticalresearchworking
towards a full understanding of electron heat transport.
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