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Abstract. Corventionalelectroncyclotronheatingusingthe O- andX-modesto carryenegy from
theplasmaedgeto thecyclotronresonancéayeris not possiblefor high density low magnetidield
devices(RFPsandSTs,for example),sincethesemodesareevanescenin mostof the plasmaAs
analternatve,we considercouplingto theelectronBernsteinvave (EBW) with a singlewaveguide,
themouthof whichis insertedto thevicinity of the upperhybrid resonance.

INTRODUCTION

‘Conventional’ electroncyclotron heatingand currentdrive scenariosisethe two cold
plasmamodespropagatingat frequenciesabove the electroncyclotron resonancdre-
gueng, cornventionally referredto as“O” and“X” modes,to carry the wave enegy
from thevacuunmregion to thefundamentabr 2ndharmonicof the cyclotronresonance.
However, at the high densitiesandlow magneticfields characteristiof presenggenera-
tion sphericaltorusor reversed-field-pinctexperiments andthe correspondinglyarge
valuesof the plasmadielectricconstan(w%e/Qg > 1) in thecoreof theplasmaneither
cold plasmamodecanpropagateo the core.For thisreasona greatdealof interesthas
arisenin couplingto the electronBernsteinvave (EBW). This nearlyelectrostatianode
doesnot correspondo ary wave that propagatesn a cold plasma,hasa wavelength
acrossthe magneticfield on the order of the electrongyroradius,and experiencesno
high densitycutoff. Propagatiorof the EBW of interestbegins at densitieshigherthan
theupperhybrid resonancéUHR) densitywherew%eIUHR = o’ — Q2.

Previous calculationsof couplingto the EBW in this contet[1] have computedthe
efficiengy with which a launchedX- or O-mode propagatingfrom the low density
region canbe corvertedto the EBW nearthe UHR. Rangesof toroidal wavenumbers
in which efficient mode corversionto the EBW is obtainedhave beenidentified. For
the parametersharacteristiof thelow-field machinedeingconsideredere the UHR
layer can be at very low density- on the orderof 10° — 10'cm3. In this case the
distancebetweertheright-handcutoff for the X-modeandtheUHR, whichis thecritical
parameterdentifiedin the modecornversiontheory canbe very muchshorterthanthe
vacuumwavelength.The wave launchers nearfields canoverlapthe modecorversion
region in this case,so that effects of the mode corversionprocesson the obserable
coupling propertiesof the couplermight reasonablybe expected.In the presentwork,
the linear coupling to the EBW from an open-endedvaveguide coupleris calculated



in a slab geometry The calculationis closely relatedto the coupling problemin the
lower hybrid rangeof frequencies[23] andthealgorithmusedin thatwork carriesover
directly to the presenproblem.In this paperwe considera couplerconsistingof only a
singlewaveguide,orientedto excite the X-mode,andof infinite width sothatthe index
of refractionalongthe staticmagneticfield, n, is identically zero. Generalizatiorto a
phasedarrayof identicalwaveguidesof finite dimensionss straightforvard,andwill be
left to afuture paper

SOLUTION OF THE BRAMBILLA PROBLEM

The slab geometryof the problemis illustratedin Fig. 1. The waveguide mouth is
taken to form an aperturein an infinite, perfectly conductingground plane,and in
this paperis assumedo have an infinitely long dimensionalong the static magnetic
field, which definesthe z-direction. The densityincreasesn the dimensionnormalto
the ground planewith someprofile ne(x). The waveguide openingdimensionin the
directionorthogonalto x andz (the poloidal directionin tokamakgeometry)is a. We
neglectary variationin the direction or magnitudeof the static magneticfield, which
hasmagnitudeB,. The electricfield of the propagatingvaveguide modepointsacross
the shortdimensionof the waveguide, normalto By, thus exciting only the X-mode
or the EBW. Note that with n; = 0, the O- and X-modesare completelydecoupled.
Furthermorewe neglect all evanescentvaveguide modes.Carrying out the matching
betweenthe forward and reflectedmodesin the waveguide andthe trans\erseelectric
andmagneticfieldsin the plasmaat x = 0 accordingto the procedureof Brambilla[2],
we obtaintheintegral thatdetermineshereflectioncoeficientin thewaveguideas

in?
—E/\:T[—YSW/dny Y(W)W (1)

in which y = wa/(2c) andthe definition of the surfaceadmittanceY (ny) is the ratio
of the trarversemagneticandelectricfields of a planewave with wavenumbemy at x
= 0+, i.e.,, Y(ny) = B(ny)/Ey(ny)|x=0+. The secondfactorin the integrandrepresents
the spectralcharacteristicef the antennawhile thefirst factorhasembeddedll of the
informationaboutthe plasmathatis relevantto the couplingproblem.

Two different modelsof the plasmas dielectric propertieshave beennumerically
integratedto obtain the surface admittanceln the first, the GLOSI code[4] is used,
in which the finite differencemethodis usedto solve a sixth-orderwave equation
incorporatinga secondorderFLR expansionto modelthe Bernsteinwave. Thoughthis
codewasinitially writtento studymodecorversionproblemsor theion cyclotronrange
of frequenciesit canbe equallywell usedin the electroncyclotronrange.The density
profileis takento be of the form ne(X) = (Nmax/2){1— tanh[xn — x| /L) }, in which the
densitygradientscalelengthis L, the asymptoticdensityfor large x is npax andthe
distancefrom the wall to the point of inflectionis x;,. We choosen sy to belargerthan
theleft-handcutoff density sothatthe only wave thatcancarryenegy to higherdensity
regionsis the Bernsteinwave.
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FIGURE 1. Slab geometryof the coupling FIGURE 2. The squareof the wavenumber
cglcul_atlon; density varies only in the x- ny (for ny = n, = 0) asa function of density
direction. for f =7GHz,Bo=0.13 T, Te= 10 eV.

In the secondmodel,we usethe cold plasmatheory Justasin the modecorversion
theoriese.g.Ref.[1], the additionof weakcollisionsto the modelpermitsintegration
throughthe upperhybrid resonanceat which all of the power that hasnot reflected
back at the right-handcutoff is then dissipatedby collisions. It hasbeenshavn in
previouswork[1, 5] thatthe power dissipatedn the cold plasmamodelwith collisions
is very nearly equalto the power mode corvertedto the Bernsteinwave in a kinetic
model.To assesthedifferencedetweerthe predictionsof thetwo modelswe compare
thesetwo calculationsof the surfaceadmittancefor a specificcase,with parameters
chosento be relevantto CDX-U experiments[f The static magneticfield (in the z-
direction)is 0.13 T andthe frequeng is 7 GHz (w/Qe = 1.92) so that coupling to
the lowest order EBW (the only one includedin the presentversion of GLOSI) is
possiblenearthe upperhybrid resonanceThe density profile parametersre taken to
be Nmax = 2.0 x 102 cm 3, the gradientscalelength L = 0.5 c¢m, and the position
of the inflection point xin = 1 cm (ng[x = 0] = 3.6 x 10'% cm™3). For the GLOSI
model, the electrontemperaturas relevant, andis taken to be 10 eV. The dispersion
characteristicof the X-mode and EBW for theseparametersver the densityrange
from 1 x 10 cm~3 to 1 x 102 cm2 is shawn in Fig. 2. For theseparametergheright-
handcutof for the X-modeoccursat a densityof 2.92 x 101 cm=3, the upperhybrid
resonancelensityoccursat 4.43 x 10! cm~3 andthe left-handcutoff for the “slow”
X-modeis at9.23 x 10 cm 3.

Thesurfaceadmittancesalculatedisingthetwo differentmodelsfor thisexampleare
comparedn the leftmostandcenterpanelsof Fig. 3. The two modelsagreequite well
despitethe substantiatlifferencesn the behaior of the wave fields at densitiesaround
and higherthanthe upperhybrid resonancealensity thus shaving that the differences
in the reactve fields in the two modelsdo not strongly affect the fields at the plasma
surfaceafew millimetersaway. A pronounce@symmetnbetweerpositve andnegative
ny resultsfrom stronggradientsn theoff-diagonalelement®f thedielectrictensor This
asymmetryimplies thatimproved coupling canbe obtainedwith a more sophisticated
launchingstructure,such as a phasedarray with the phasingin the y-direction with
which wavescouldbelaunchedn the‘preferred’ direction.
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FIGURE 3. Comparisonof the real (left panel) and imaginary (centerpanel) parts of the surface
admittancdor the CDX-U-relevantcasein the GLOSI model(dashecturves)andthe cold plasmamodel
(solid curves). The rightmostpanelshows the reflectioncoeficient (amplitudeand phase)for a single
waveguideof variableopeningheighta calculatedrom thesesurfaceadmittancesvith thetwo models.

Thespectrunof thesurfaceadmittancas notadirectly obsenablequantity—only the
convolution of theadmittancewith thespectrumaunchedy acouplingstructurecanbe
measuredn the caseof awaveguidelauncheytheamplitudeandphaseof thereflection
coeficient, p, thatcanbereadily obsenred. For a single,infinitely wide waveguide,this
quantityis calculatedfrom Eq. 1. The comparisorbetweenthe reflectioncoeficients
obtainedusingthetwo differentsurfaceadmittancess alsoshovn in therightmostpanel
of Fig. 3, in which theextentin the y-directionof the waveguideopeningis varied.The
integrationwashesut the alreadysmall differencedetweenthe two models.The fact
thatthe minimumreflectioncoeficientis greaterthan0.5 (power reflectioncoeficient
> 25%, maginally practicalwithoutanimpedance-matchingetwork) suggestshatthe
following options might be consideredn the searchfor a launcherwhich would not
requirea matchingnetwork for a high power experiment:(1) an ny-selectve launcher
to capitalizeon the significantstructurein the surfaceadmittancespectrum(2) a more
complicatedchoiceof the waveguidemode[3, suchasTM13, mightyield animproved
coupling for steepdensity gradients,(3) O-modelaunchmight be consideredWhile
the resultsof the simpletheory describedhereare promising,the evaluationof these
possibleimprovementsequiresa morecomplex model. Theseextensionsof thetheory
areunderstudyin our ongoingwork.
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