
26th EPS Conf. on Contr. Fusion and Plasma Physics, Maastricht, 14 - 18 June 1999      ECA Vol.23J (1999) 333 - 336

333

Radio-frequency Wave Experiments on the MST Reversed Field Pinch
C.B.Forest,M.A. Thomas,M.D. Nornberg, P.K. Chattopadhyay, S.C.Prager,

J.S. Sarff
�
, E. Uchimoto

�
, A.P. Smirnov

�
, R.W. Harvey

�
, A.K. Ram

�
,�

PhysicsDepartment,Universityof Wisconsin,Madison,WI 53706,USA�
Departmentof PhysicsandAstronomy, Universityof Montana,Missoula,MT, 59812,USA�

Moscow StateUniversity, Moscow, Russia�
CompX,Del Mar, CA, 92014,USA	

PlasmaFusionCenter, MIT, 167Albany St,CambridgeMA, 02139,USA


��
= 300 kA


����

� 
 ���

 � �


��
����

r (m)
0.20.10.0 0.3 0.4 0.5

10

20

0

30

40

freq (GHZ)

� � (0) = 10 ��� m ���

Figure 1: Characteristicfrequenciesin the the
electroncyclotron rangeof frequencieson MST.
This correspondsto an RFP plasmacurrent in
MST ( � = 1.5m, � = 0.5m).

Experiments,simulations,andtheoryall in-
dicatethatthemagneticfluctuationsresponsible
for the poor confinementin the reversedfield
pinch(RFP)canbecontrolledbyalteringthera-
dial profileof thecurrentdensity. Themagnetic
fluctuationsin the RFParedueto MHD insta-
bilities causedby currentprofile peaking;thus
confinementin theRFPis ultimately the result
of a misalignmentbetweeninductively driven
currentprofiles and the stablecurrentprofiles
characteristicof theTaylor state.If a technique
suchasrf currentdrivecanbedevelopedto non-
inductively sustaina Taylor state,the confine-
ment of the RFPand its potentialasa reactor
conceptarelikely to increase.

Tworf experiments,high- "! lowerhybrid(LH) wavesandelectronBernsteinwaves(EBWs),
have beenshown to betheoreticallyfeasibleandarebeinginitiatedto investigatecurrentdrive
andheatingon theMadisonSymmetricTorus(MST)[1].

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

For frequenciesabovethelowerhybridresonancethelowerhybridwavepropagates[2]only

if theparallelindex of refractionsatisfies � !$#&%('*) +(,�
�- ,�.�0/ + ,�21+(,354 . In highfield tokamaks,thesecond

term on the right handside is small, which implies that lower hybrid waveswith  !76 %98;:
and thushigh parallelphasevelocitiescanbe launched(the last term on the right handside
dependsonly upondensity). For MST parameters( <>=@? 6 250 MHz in the core) this second
term dominates(asseenin Figure1) andrequiresthat propagatinglower hybrid waveswill
have relatively slow parallelphasevelocities.1 This restrictionimplies that the power will be
absorbedby electronsat lower velocitiesthan otherwisepossiblewhich impactsthe current
driveefficiency.

Ray-tracingstudiesusingthecodeGENRAY have confirmedthatwaveswith  ! #BA can
propagateandbe absorbedin the coreor edgeof the MST plasmas.Absorptionandcurrent
drive arecomputedusingtheFokker-PlanckcodeCQL3D.An exampleof a propagatingwave
is shown in Figure2. Thewavepropagatespredominantlyparallelto themagneticfield (which
is poloidal in theRFP)in theedgeregion, spiralingin until it is absorbed.Also shown is the

1Themagneticfield strengthin theRFPis to lowestorderin aspectratioonly a functionof minor radius.
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drivencurrentprofile which is mostly in the poloidaldirection. The simulationsindicatethat
thecurrentdrive figureof merit CED5FHG � 
JILKNMO 354 M IQP � 
SR2T�MO 354 M R is low comparedto tokamaks,typically

C 6 :VUW%YX �[Z]\_^>`Qa>bcbed�fg�
, a resultof thelow electrontemperaturesin theRFP[3,4].
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Figure2: Top: poloidalprojectionof ray tra-
jectoriescalculatedfor an800MHz LH wave
with £ !¥¤§¦E¨@© in MST. Bottom:drivencurrent
depositionprofilecomputedusingtheFokker-
PlanckcodeCQL3D.

The first experimentalgoal will be to demon-
strate that the power can be coupledto the LH
wave, and that the wave propagatesaccordingto
the predictionsof ray tracing theory. There are
a numberof limitations of the ray tracing theory,
eachof which canonly beresolvedthroughexper-
imentation. Of primary concernare the issuesof
the LH densitylimit and the role of fastelectron
diffusion[1]. 800MHz hasbeenchosenfor anini-
tial experimentonMST primarily to bewell above
the lower hybrid frequency ( <>=@?«ª )9:(X­¬&®°¯ ) and
to satisfya criteriaproposedby SverdrupandBel-
lan[5] for adensity s±²ª 10

�5³
m ´ � .

An  ! P¶µ , inter-digital, comb-lineantennahas
beendevelopedto launcha traveling, electrostatic
LH wave. The close fitting vacuumvesseland
conductingshell on MST rendersa conventional
phasedarrayof waveguideslike the onesusedon
tokamaksinfeasible,while the low radial build of
the comb-lineantennaallows it to fit betweenthe vesselandthe plasma(asshown in Figure
3). It hastheadditionalfeaturethatonly two coaxialpenetrationsthroughthevesselwall are
required.Theinter-digital comb-lineis baseduponwell establishedmicrowavefilter designs[6]
andis motivatedin partby experimentsusinga comb-lineantennafor launchingthefastwave
on theJFT-2M tokamak.

Theinitial experimentswill beperformedwith a · T�¸ 6 )(X9X kW, < P¶µ X9X MHz klystronon
loanfrom PPPL.Theklystronhasbeentestedandis readyfor experimentsto begin in thefall
of 1999.
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Figure3: A prototypecomb-lineantennawhichhasbeenconstructedandtested.Theslow-wave struc-
ture consistsof rodsspaced¹ 1 cm appart,andgroundedat alternatingends. The individual rodsare
resonantat800MHz, andsupportapropagatingwavethroughtheirmutualcapicitancesandinductances.
Themeasured£ ! spectrumat 800MHz is shown on theright.
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Figure 4: Ray trajectoriesfor a 6 GHz EBW
ray in MST, launchedin a 500kA, andcyclotron
dampedat r/a = 0.6. º ±~».¼>½ = 1 keV, £ ±¾».¼>½ = 1.5¿ 10

�5³
m ´ � . GENRAY follows theO moderoot

onto theEBW root smoothlyaspredictedby the
OXB theory.

ELECTRON BERNSTEIN WAVE HEAT-
ING AND CURRENT DRIVE IN THE RFP

For currentprofile control, onewould ide-
ally choosea current drive schemesimilar to
ECRH in tokamaks,where the power deposi-
tion is determinedlargelyby themagneticequi-
librium propertiesratherthandetailsof the ki-
neticprofiles.For ECRH,thepoweris absorbed
wherethe wave frequency is equalto the local
electroncyclotron frequency ( À T�¸ P Á DJ±¾Â5Ã(Ä ).
Unfortunately, it is well known that conven-
tional electromagneticwavessuchastheX and
theO modedonotpropagatein theelectroncy-
clotronrangeof frequencieswhen ÀsÅL± #Æ# Á DJ± .
However, the electrostaticelectron Bernstein
wave (EBW) does. Indeed,it hasbeenshown
both experimentallyand theoreticallypossible
to coupleto thesewaves[7,8].

Thedispersionof theEBW is acomplicated
functionof magneticfield, densityandelectrontemperature,which canonly beaddressednu-
merically. For this purpose,a new hot plasmadispersionsolver (non-relativistic) hasbeen
written to find roots for the EBW andcoupledto the GENRAY ray-tracingcode(previously
usedfor LH waves).TheraysarelaunchedaselectromagneticO-modesfrom theoutsideof the
plasmaat theoptimalanglefor mode-conversionto theEBW; theray naturallymodeconverts
into theEBW asshown in Figure4.

Interestingly, for rayslaunchedfrom the mid-planethe  ! of the wave undergoesoscilla-
tions about  Ç! P X , similar to the behavior of ion Bernsteinwaves[9]. This  Ç! variation is
disconcertingsinceit apparentlydestroys thedirectionalityof the wave (which would be bad
for currentdrive). However, following theIBW analog[10],we have discoveredthat for EBW
rayslaunchedaboveandbelow themid-plane,the  "! variationis unidirectionalandtheup-shift
is determinedby thelaunchposition.Theparallelindex of refractiondependsuponwhetherthe
ray is launchedin the upperor lower half of the torus,thusthe directionalityof the wave for
currentdrive canbecontrolledanddependsuponthesideof thetorusfrom which thewave is
launched.

The linear power depositionprofile is determinedby the location in the plasmaat which
Dopplershift cyclotronresonanceoccurs,i.e.

- ����È T�É+ 354 6 % /  !YÊxË �D ; for low-  ! theDopplershift
is only severalcm for MST parameters,however thelarge  ! up-shift for aboveanbelow mid-
planelaunchcanleadto ashift of up to 10cm. For corecurrentdriveandheating,accessibility
dependscritically upontheequilibrium magneticfield. Waveswhich areresonantat thecore
mayhaveto passthroughasecondharmonicresonanceat theedge(seeFigure1); thecyclotron
dampingof EBWsis strongat all harmonicsandthereforethewave will not propagatebeyond
this point, effectively imposingan overlapcriterionof Ì�ÍÎÂ5ÏzÄÐÌ #Ñ) Ì Í7Â X ÄYÌ . The drivencurrent
hasbeenestimatedandis comparableto thatfoundnumericallyfor lowerhybridwaves.Power
depositionprofilesanddrivencurrentprofilesandarewell localized.

Two approachesare being investigatedfor launchingpower (and receiving power) into
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(from) the EBW on MST. First, a direct launchusinga small electrostaticprobe,similar to
thatusedin doubleplasmadevicesis beingattempted[11].This is essentiallya low impedance
co-axial line terminatedto act asan electrostaticantenna.The probeis placeddirectly into
the plasmaand is designedwith an impedanceto matchthe wave impedance.Transmission
studieswill beusedto determinetheeffectivecouplingto theEBW andthena radiometerwill
beinstalledto look for electroncyclotronemission.For heating,eitherOXB mode-conversion
and/orX-moderesonantmode-conversionwill beused.Initially, a two waveguidephasedarray
antennawill be constructedin C-band,with the possibility of being rotatedto launcheither
polarization.
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