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characteristiof the Taylor state.If atechnique Figyre 1: Charactensndﬁegquenuesn the the
suchasrf currentdrive canbedevelopedo non-  gjectroncyclotron rangeof frequencieson MST.

mductwely sustaina Taylor state,the confine- This correspondgo an RFP plasmacurrentin
mentof the RFP andits potentialas a reactor MST (R =1.5m,a =0.5m).
concepiarelikely to increase.

Two rf experimentshigh-n), lowerhybrid (LH) wavesandelectronBernsteinvaves(EBWs),
have beenshown to betheoreticallyfeasibleandarebeinginitiatedto investigatecurrentdrive
andheatingon the MadisonSymmetricTorus(MST)[1].

AN EXPERIMENT TO TEST THE VIABILITY OF HIGH-n, LOWER HYBRID
HEATING AND CURRENT DRIVE IN THE RFP

For frequenciesbove thelowerhybrid resonancehelower hybridwave propagates[2pnly
if theparallelindex of refractlonsatlsflem|| > 1+2 w’”’ In highfield tokamaksthesecond

term on the right handsideis small, which |mpI|es that Iower hybrid waveswith n| ~ 1.5
andthus high parallel phasevelocitiescanbe launched(the last term on the right handside
dependsonly upondensity). For MST parameterg f;, ~ 250 MHz in the core)this second
term dominateg(as seenin Figure 1) and requiresthat propagatingdower hybrid waves will
have relatively slow parallelphasevelocities! This restrictionimplies thatthe power will be
absorbedy electronsat lower velocitiesthan otherwisepossiblewhich impactsthe current
drive efficiengy.

Ray-tracingstudiesusingthe codeGENRAY have confirmedthatwaveswith n > 7 can
propagateand be absorbedn the core or edgeof the MST plasmas.Absorptionand current
drive arecomputedusingthe Fokker-PlanckcodeCQL3D. An exampleof a propagatingvave
is shovn in Figure2. Thewave propagatepredominantlyparallelto the magnetidield (which
is poloidalin the RFP)in the edgeregion, spiralingin until it is absorbed Also shavn is the

1The magnetidield strengthin the RFPis to lowestorderin aspectatio only a functionof minor radius.
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driven currentprofile which is mostly in the poloidal direction. The simulationsindicatethat
nI¢RB

the currentdrive figure of merit7,; = g, = ;’j—’"B'j is low comparedo tokamakstypically

n ~5 x 1017A/Watt - m?2, aresultof thelow electrontemperatures the RFP[3,4].

The first experimentalgoal will be to demon-
strate that the power can be coupledto the LH h
wave, and that the wave propagatesccordingto
the predictionsof ray tracing theory Thereare "
a numberof limitations of the ray tracingtheory
eachof which canonly beresohedthroughexper 200 : : Y
imentation. Of primary concernare the issuesof 7 poloidal] BOOMHZ n =75 1MW
the LH densitylimit andthe role of fastelectron =~ 190 (=l | theta=150deg. 4
diffusion[1]. 800 MHz hasbeenchoserfor anini- |
tial experimenton MST primarily to bewell above
the lower hybrid frequeny (f;, < 250M Hz) and
to satisfya criteriaproposedy SverdrupandBel-
lan[5] for adensityn, < 10" m=3, 0

An n); = 8, inter-digital, comb-lineantennéas ' ot/
beendevelopedto launcha traveling, electrostatic FIgure2: Top: poloidalprojectionof ray tra-
LH wave. The close fitting vacuumvesseland Iectoriescalculatedor an800MHz LH wave
conductingshell on MST rendersa corventional with oy = 7.5 in MST. Bottom: drivencurrent
phasedarray of waveguideslik e the onesusedon gfé)::;gggﬁré)giggmputemQngthe Fokker
tokamaksinfeasible,while the low radial build of '
the comb-lineantennaallows it to fit betweenthe vesselandthe plasma(asshowvn in Figure
3). It hasthe additionalfeaturethatonly two coaxialpenetrationshroughthe vesselwall are
required.Theinter-digital comb-lineis baseduponwell establishednicrowavefilter designs|[6]
andis motivatedin partby experimentausinga comb-lineantenndor launchingthefastwave
onthe JFTF2M tokamak.

Theinitial experimentswill beperformedwith a P,y ~ 200 kW, f = 800 MHz klystronon
loanfrom PPPL.Theklystron hasbeentestedandis readyfor experimentgo begin in thefall
of 1999.
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Figure3: A prototypecomb-lineantennavhich hasbeenconstructedindtested.The slow-wave struc-
ture consistsof rodsspaced=1 cm appart,and groundedat alternatingends. The individual rods are
resonanat800MHz, andsupporta propagatingvave throughtheir mutualcapicitancesindinductances.
Themeasured| spectrumat 800MHz is shavn on theright.
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wherethe wave frequeny is equalto the local 0z [\ /
electroncyclotron frequeny (w,; = Qg(r)). 1) oo
Unfortunately it is well known that corven- | U \/
tional electromagnetigvavessuchasthe X and 0 10 20 30 40 50 60 70
the O modedo not propagatén the electroncy- >(em
clotronrangeof frequenciesvhenw,. >> Q... Figure 4: Ray trajectoriesfor a 6 GHz EBW
However, the electrostaticelectron Bernstein rayin MST, launchedn a500kA, andcyclotron
wave (EBW) does. Indeed,it hasbeenshavn dampedatr/a= 0.6. T.(0) = 1 keV, n.(0) = 1.5
both experimentallyand theoreticallypossible x 10" m—3. GENRAY follows the O moderoot
to coupleto thesewaves[7,8]. onto the EBW root smoothlyas predictedby the

Thedispersiorof theEBW is acomplicated OXB theory
function of magneticfield, densityandelectrontemperaturewhich canonly be addressedu-
merically For this purpose,a new hot plasmadispersionsolver (non-relatvistic) hasbeen
written to find rootsfor the EBW and coupledto the GENRAY ray-tracingcode (previously
usedfor LH waves). Theraysarelaunchedaselectromagneti©-modedrom the outsideof the
plasmaat the optimal anglefor mode-comersionto the EBW; theray naturallymodecorverts
into the EBW asshown in Figure4.

Interestingly for rayslaunchedfrom the mid-planethe n, of the wave undegoesoscilla-
tions aboutn = 0, similar to the behaior of ion Bernsteinwaves[9]. This n variationis
disconcertingsinceit apparentlydestrgs the directionality of the wave (which would be bad
for currentdrive). However, following the IBW analog[10],we have discoveredthatfor EBW
rayslaunchedabove andbelow themid-plane ther, variationis unidirectionalandthe up-shift
is determinedy thelaunchposition. Theparallelindex of refractiondependsiponwhetherthe
ray is launchedn the upperor lower half of the torus, thusthe directionality of the wave for
currentdrive canbe controlledanddependsiponthe side of thetorusfrom which the wave is
launched.

The linear power depositionprofile is determinedoy the locationin the plasmaat which
Dopplershift cyclotronresonanceccurs,i.e. Qw—(f” ~ 1 — ny*L=; for low-n the Dopplershift
is only severalcm for MST parametershowever thelargen up-shiftfor abose anbelov mid-
planelaunchcanleadto a shift of upto 10 cm. For corecurrentdrive andheating,accessibility
dependgritically uponthe equilibrium magneticfield. Waveswhich areresonantt the core
may have to pasghroughaseconcharmonicresonancattheedge(seeFigurel); thecyclotron
dampingof EBWsis strongat all harmonicsandthereforethe wave will not propagatéeyond
this point, effectively imposingan overlapcriterionof |B(a)| > 2 |B(0)|. Thedrivencurrent
hasbeenestimatedandis comparabldo thatfoundnumericallyfor lower hybrid waves.Powver
depositionprofilesanddrivencurrentprofilesandarewell localized.

Two approachesre being investigatedfor launchingpower (and receving power) into
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(from) the EBW on MST. First, a direct launchusing a small electrostaticprobe, similar to
thatusedin doubleplasmadevicesis beingattempted[11]Thisis essentiallyalow impedance
co-axialline terminatedto act asan electrostaticantenna. The probeis placeddirectly into

the

plasmaandis designedwith an impedanceo matchthe wave impedance.Transmission

studieswill beusedto determinethe effective couplingto the EBW andthena radiometemiill

bei

nstalledto look for electroncyclotronemission.For heating,eitherOXB mode-cowmersion

and/orX-moderesonanmode-corersionwill beused.Initially, atwo waveguidephasedarray
antennawill be constructedn C-band,with the possibility of being rotatedto launcheither
polarization.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

ACKNOWLEDGEMENT
Thisis areportof work supportedy theU.S. Departmentf Enegy.

REFERENCES

C.B. Forest,PK. ChattopadhgyM.D. Nornbeg, S.C.Prager M.A. Thomas,E. Uchimoto, A.P.
Smirnos, R.W. Harwey, andA.K. Ram, Radio-frequeng wave experimentson the MST Reversed
Field Pinch, in Radio FrequencyPowerin Plasmas—Thirteentfiopical Confeence Annapolis,
MD, AIP Press1999.

A. Bers, Theoryof plasmaheatingn thelower hybrid rangeof frequenciegLHRF), in Proceeding
of the 3rd Topical Corverenceon Radio FrequencyPlasmaHeating PasedenaCA, Jan. 11-13
1978.

E. Uchimoto, M. Cekic, R. W. Harwy, C. Litwin, S. C. Prager J. S. Sarf, andC. R. Sovinec,
Lower-hybrid poloidal currentdrive for fluctuationreductionin areversedfield pinch, Phys.Plas-
masl, 3517(1994).

E. Uchimoto, R. W. Harwey, A. P. Smirnos, C. B. Forest,S. C. Prager J. S. Sarf, and M. R.
Stoneking, Optimizationstudy of slow wave currentdrive in the MST reversedfield pinch, in
Proceedingof the 1998International Sherwood~usion TheoryConfeence March 23-25,1998,
Atlanta, GA, 1998, paper2C11.

L. H. SverdrupandP. M. Bellan, Lower hybrid currentdrive on ENCORE, Phys.Rev. Lett. 59,
1197(1987).

R.J.Wenzel, Exacttheoryof interdigital band-pasdilters andrelatedcoupledstructures, IEEE
transaction®n microvave theoryandtechniquesM TT-13 (1965).

J.PreinhaelteandV. Kopeck, Penetratiomf high-frequeng wavesinto aweaklyinhomogeneous
magnetizedplasmaat obliqueincidenceandtheir transformatiorto Bernsteinmodes, J. Plasma
Physicg1973).

H. P. Laqua,V. ErckmannandH. J. Hartfu3, Resonanandnonresonarglectroncyclotronheating
at densitiesabore the plasmacutoff by O-X-B modecorversionat the W7—AS stellarator Phys.
Rev. Lett. 78, 3467(1997).

M. Ono, lon Bernsteirnwave researchPhys.FluidsB 5, 241 (1993).

A.K. RamandA. Bers, Propagatiorand dampingof mode corvertedion-Bernsteinwaves in
toroidalplasmasPhys.FluidsB 3, 1991(1991).

R. Armstrong,J.J.RasmusserR.L. StenzelandJ. Trulsen,Obsenrationsof obliquelypropagating
electronBernsteinwaves, Phys.Letters85, 281 (1981).

336



