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ABSTRACT

The objectivesof the ICRF heating programon TFTR are discussedalong
with a summary of the progressmade to date towards achievingthose goals.
A moredetailed analysisof experimentalobservationsof ICRF sawtoothsta-
bilizationis given along with a comparisonof the data to a theoretical model
based on energeticion stabilizationof m=l kink instabilities.A qualitativecor-
relation is observed between the experimental observationsand modelpre-
dictions,but furtherdevelopmentof the theory coupledwith more detailedex-
perimental measurements is required in order to gain a quantitativeunder-
standingof the phenomenon.

INTRODUCTION

The ICRF heatingsystem on TFTR has been designed to provideup to
12.5 MW of core plasma heating to complement the 35 MW of neutral beam
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injection heating whichwill be used to drive TFTR plasmas towards the Q=I
breakeven point during D-T operations. The ability to selectively heat core
electrons or ions is a key property of ICRF heating that will be utilized to opti-

mize fusion reactivity, QDT, and alpha particle beta, 13a, in the high density,

high temperature regimes expected during D-T operations on TFTR and ulti-
mately in BPX. By applying ICRF heating to high density pellet fueled
discharges in TFTR, it will be possible to directly test the ICRF heating sce-
narios which have been proposed for the BPX device under similar operating
conditions.

To date, ICRF power levels up to 6 MW at 47 MHz have been coupled into
the plasma in the out-of-phase launch mode with two out of the four antennas

whichwillcomprise the completedsystem1. The mostsignificantresultsob-
tained thus far includethe stabilizationof sawteeth in RF only as well as in

combined RF and NBI heated plasmas1_,the reductionof core transportas
well as the verificationof efficient core heating in RF-heated pellet-fueled

plasmas1,and the measurementof the diffusionratesof the RF-produceden-
ergeticminority ionswhichdemonstratesthat these hot ions experience very
littleradial transport in comparisonto the stronganomaloustransport of the

thermalplasma2. In addition,experimentsare in progressto determine if it is
possible to stabilize sawteeth in NBI-driven supershotsby applying high

power ICRF heating1,2. The mechanismis potentiallyimportant at highplas-
ma currentswhen NBI heatingalone is not sufficientto stabilize the sawtooth
oscillations.

Stabilizationof sawtoothoscillationsusingICRF heatingmay be of particu-
lar importance duringD-T operationson TFTR, if the accompanyingincrease
in the energy confinement time and strongpeakingof the core plasma tem-

peratures leads to an enhancementof the fusionreactivityor 13e¢.Theory4"7

suggeststhat the fast ionsproducedby the ICRF heatingsuppresssawteeth
by stabilizingthe m-1 instabilitieswhichare believedto be responsiblefor the
sawtoothoscillations. Details of the experimentalobservationson sawtooth
stabilizationas well as the co,npadsons with predictionsof the theoretical
modelwill be presentedin the remainderof thispaper.

ICRF SAWTOOTH STABILIZATION STUDIES

Observations of the Sawtooth Stabilization (SST) phenomenon in TFTR1

to date are comparableto those reported byJET3,4. SST has been observed

in both D and 4He majorityplasmas with minorityH heating, as well as wIth

3He minorityheating in D NBI-producedplasmas. In D(H) plasmas, stabiliza-
tion has been achieved for RF power levels as low as 2.2 MW with plasma
currentsranging from 1.0 to 1.8 MA. For operationnear the thresholdpower



in D(H) plasmas,stabilizationis observedonlywithon-axis heating,as shown

in Fig. 1. The power threshold for stabilizationin 4He majorityplasmas has
empiricallybeen found to be higher than the thresholdfor stabilizationin D
majorityplasmasfor reasons whichare notwell understood. In addition,the

thresholdpower in 4He majorityplasmasis dependent on plasmacurrent,as
seen in Fig. 2. A higherthresholdpower for stabilizationat the lowerplasma
current is consistentwith theoretical models4,5,6,7, which suggest that the
stabilizinginfluence of energetic trapped hot ions decreases if the hot ion
pressureprofile is not peaked and well-containedwithinthe q=l volume. At
1.2 MA, approximately75% of the RF power is depositedwithinthe q=l vol-
ume, while at 1.4 MA, as muchas 90% of the power is depositedwithinthe
q=l volume.
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The ICRF sawtooth stabilized phase in TFI R experiments has been ob-
served to last up to manytimes the energy confinementtime, as indicatedin
Fig. 3. The stabilized phase typicallyterminates with a very rapidgrowth of
the m=l island, leading into a large sawtoothcrash. The growth rate is so
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rapid that the plasma does not rotate significantly prior to the actual crash.
Hence, the ;rowth of the m=l perturbation is detectable only with the two
channel x-ray viewing system on TFTR, which does not require plasma
rotation to be present in order to detect the m=l MHD oscillations.
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During the stabilized period, the electron temperature profilepeaks signifi-
cantly relative to the OH phase profile• The sawtooth inversion radius mea-
sured at the terminationof the stabilized phase is also significantly largerthan
the correspondingradius during the OH phase, as shown in Fig. 3, implying
that the current profile has also peaked up as a result of the stabilization.

Preliminary measurements of the q profile, obtained using Li pellet

injection8, indicate that q0 drops as low as 0.6 during the stabilized phase,

consistent with the JET measurements9 and with TRANSP calculations of the
magnetic diffusion. The technique involves obtaining a spatial profile of the
poloidal magnetic field by observing the orientation relative to the total mag-
netic field of the cigar-shaped emission cloud formed by the ablation of an in-
jected Li pellet. A q profile is inferred by combining the internal field profile
measurements with external magnetics data and using an iterative equilibrium
solver to find a least squares fit to the Grad-Shafranov equation. Figure 4

shows the inferred q profile for an 4He-D(H) plasma heated by 4 MW of ICRF
power. Because of the high electron temperature (Te(0)~6 keV) in this dis-
charge, the pellet penetrated to just inside the q=l radius. The inferred q0 is
based on an implicit assumption that q and q" are smooth, monotonically in-
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creasing functionsof the minor radiusfor r<r1, where q(r1)=1 . By repeating
the experiment underconditionswhichshouldlead to betterpellet penetration
and by comparingthe resultswithq measurementsobtainedwith a new diag-
nosticbased on the motionalStark effect, a more definitivemeasurement of
the q profile near the magneticaxisshouldbe obtained.
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Theory suggests that the fast ions produced by the ICRF heating suppress
sawteethby stabilizingm=l internalkink instabilitiesbelievedto be responsi-

ble for sawtooth oscillations4"7. Assumingthat the RF-driven energetic ions
can be adequately describedin terms of a tail distributionfunction, the dis-
persionrelation governing m=l ideal internal kink instabilitiescan be written
as:

" 1 _3/2 _1/2)yl+ i [ _(_-£4o)]1/2=_h[_1/2-2 Ak(0)] [ E + _2+ Z( ] (1)

where Z is the plasma dispersion function, Ak(0 ) represents the zero frequen-

cy response of the hot trapped ions4,6,7, Q=oY0od, O)d=CTh/(eBrlRZh)=the



precession frequency of a hot ion with effective temperature Th and charge

zh, _, = (o,i / o_d where (o*i is the ion diamagnetic frequency, "Yi= 71/ °°d, _h

is the hot ion beta (defined below), 13h= 13h O_A/¢(od , with E=rl/R, and mA is
the Alfven frequency. Comparison of the experimental stabilized discharge
parameters to the m=l ideal internal kink stability boundaries qualitatively
supports the interpretation that the stabilization is due to the pressure of the
hot ions. However, the experimental uncertainties and the theoretical
simplifications can lead to changes of factors of 2 to 3 in the location of either
the data points or the stability boundaries. A comparison of some TFTR data
points to the predicted stabilization boundaries is displayed in Figs. 5 and 6.
Since the boundaries depend sensitively on Ak(0), a parameter which is not

well determined 4,6,7, the stable regions-have been drawn for two

representative values of Ak(0). The ideal MHD growth rates for the data have

been evaluated with the ARES resistive MHD stability code10. Experimental
parameters are obtaineddirectly frommeasurementsor else are inferredfrom

SNAP or TRANSP analyses. Estimatesfor 13h have been evaluated in Fig. 5

usingthe integralformulationproposedby Coppiet.al.6:

<p_[= dr dr P.L where r=--rl (2)

and where Pik is the perpendicularpressureof the energetic ions,
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or else a volumeestimate"

LBJ

where W_Lh is the perpendicularstoredenergy inthe hot ions,as used in Fig.

6. The time evolutionfor one specificdischargethrough stabilityphasespace
has been indicatedin Figs. 5 and 6 with arrows.Throughoutthe SST phase,
the discharge evolves towards the region of phase space characterizedby
sawtoothoscillations.
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analyzed withTRANSP.

SUMMARY AND CONCLUSIONS

ICRF power levelsup to 6 MW have been coupled intoTFTR plasmas using
two antennas in the out of phase launch mode. Sawtooth stabilizationhas
been observed during ICRF heating of gas, beam, and pellet fueled discharg-
es. Experimentsare underway to determine if it is possibleto stabilizesaw-
teeth usingICRF in NBI-drivensupershotsat highplasmacurrent. Core heat-

ing of highdensity pellet-fueled discharges has been demonstrated1. Mea-
surements of the ICRF-generated fast ions indicate that these ions experi-
ence very littlecross field transportrelativeto the large anomalous transport

of the bulk species2. Characteristicsof ICRF sawtooth stabilizmionin TFTR
are comparable to those reportedon JET. A qualitativecorrelationhas been
found between the experimental observationsand the theoreticalpredictions,
given the large uncertainties in both the measurements and the theory.
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Further development of the theory coupledwith more precise measurements
shouldprovidea more reliablebasis on whichprojectionsfor usingthe stabili-
zation mechanismduring D-T operationsin TFTR and ultimatelyin BPX can
be made.
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