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I ntroduction

In the high power experimentsat W7-AS the ECRHbeamis launchedalmostperpendiculato
the magneticfield in sucha way thatthe cyclotronresonanceabsorptiornzoneis locatedvery
nearto the magneticfield extremumalongthe magneticfield line. For this case,quasilinear
theorypredictsthata significantamountof theenengy is absorbedy thetrappedparticleswith
small parallelvelocitiesinside the resonanceone. However, for typical parameter®f high
power experimentsj.e., a beamwith 400 kW, secondharmonicX-mode, launchedfrom the
low field side,theassumptionsf quasilineatheoryarenotvalid any moreandthereforeboth,
thekineticdescriptiorof ECRHheatingaswell asthewave absorptiormechanisnitself should
be modifiedto take into accountnonlinearwave-particleinteraction. Sucheffectshave been
extensiely studiedin the past,mainly in analyticalform. On the otherhand,in the typical
rangeof experimentalparametersthe expansionparametemusedin analyticaltheory varies
from small to even large valuesin velocity space.In the presentcontribution, the nonlinear
particledynamicsin theelectromagnetifield of the 2"¢ harmonicECRH (X-mode)in W7-AS
is studiednumerically

The Mod€

For the numericaltreatmenbof the problema simplified modelis usedin which the mainmag-
neticfield nearthe extremumis assumedo be uniform alongthe z-axis, B = e, By, andthe
radiationbeamwith Gaussiarshapepropagateslongthe z-axis, i.e., the correspondingX-

modeelectricfield is E = e, F cos(kz — wt) exp{—a2z?/2}. TheHamiltonianfor this problem
is expandedupto linearorderin thewavefield vectorpotential,and,in Bessekxpansionponly
theresonantermis retainedwhich correspondso the seconcharmonicresonancey = 2|w.|,

(seee.q.[1])

—az?/2

1
H = myc*y + EkvEJLe cos Y, (2)

where

1
v = \/1 + o~y (p? — 2moweod), Y = 2¢ — wt + g, weo = eBy/(myc) < 0,
0

andvr = eE/(mow). The positive perpendiculainvariant.J, is relatedto the perpendicular
kinematicmomentunyp, throughJ, = —p?% /(2mew.) andé¢ is thegyrophaseThecanonical
conjugatevariablesare(¢, J,) and(z, p,).

*This work was partly supportedby the AssociationEURATOM-OEAW undercontractnumberERB 5004
CT 96 0020.

1625



26" EPS CCFPP 1999 ; M.F.Heyn et al.: Nonlinear Absorption of 2nd Harmonic X-Mode ECRH at W7-AS ...

The changeof parallelenegy w; = p2/(2my) during the interactionwith the beamis
smallandthereforeonecanneglectthe variationof the parallelvelocity duringthe interaction
processandapproximatewith goodaccurag z = vt with v = p,/(ym) = const. With this
assumptiorandwith the dimensionleséime andenegy variables,

o 2 |weo|P?
T = \/j‘?)||t, w = e 2J‘2, (2)
2 a |vy|mge

only thefollowing two equationgemain,

dw dvy

—=swe‘72sin1/), —=5—w+ee‘72cos1/), 3)
dr dr
with the parameters
2
a |v| By’ a |yl lweo| 2]

whereN = kc¢/w. Thisreducedsetof two equationdor the particle dynamicswith just two
free parameterallows for a parametricnumericalstudy of the given problem. On the other
hand,if thedimensionlesparameter

2NwiviE  2Nw} E 9

€0 = WE = = — tan 5
QL avﬁcZBo ac? B X )

is sufficiently small, theseequationcanbe solved by an expansionof w in a seriesusingthe
factthate < 1 (typically w > 1) andthe resultsof quasilineartheoryarerecovered. Note
that this parametedoesnot dependon the temperatureandif this parametebecomedarge,
guasilineatheorywill beinvalid for all enegiessimultaneously

In the derivation of the equationof the slow evolution of the electrondistribution func-
tion, theparallelmotionof electronss assumedo be periodicin the z coordinatewith a period
L,. For alocalizedbeamconsideredhere,L2a < 1. Also, thebeamis centeredatz = L, /2
so that electronspassthe beamonceafter having traveledthe distanceL,. At the periodic
boundaryz = 0 aPoincaé cutis introducedandthekinetic equationbecomesn equationfor
the consenrationof the particleflux throughthis cut. Sincethe wave-particlephasds random-
izedbetweersuccessie passe®f the particlethroughthe beamby collisions,the particleflux
densityl" doesnotdependenbn ) andis givenby

D(t, w,vy) = %/dto/dwo/dw’é(t—n — t0)8(w — W (wo, )T (o, wo, vy). (6)

Here,
a |v)|mec?
F(tawaw:vﬂ) = ,UHJf(tawawaUH)a J = _Higa (7)
2 4w,
are the particle phasespaceflux densitytroughthe unit areaof the Poincaé cut (note that
this cutis a 5D hypersurfacez = const in 6D phasespace)andthe Jacobiarof coordinates
(w,, Py,y, p, 2) respectiely, r, = L,/|v| is thebouncetime, W (wy, ¥') and ¥ (w,, ¥') are
the valuesof w and+ atthe Poincaé cut given by the solution of the equationsof motion
with initial conditionswy, 1" on the previous intersectionof the orbit with the cut. Equation
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(6) is the desiredmappingequationdescribingthe electrondistribution functionin presence
of thenonlinearwave-particleinteractionin simplemagneticgeometry The generalizatiorfor
the caseof generaimagnetiaqgeometryincludingtheeffectsof Coulombcollisionsandparticle
drift betweerthe Poincaé cuts[2,3] follows in a straightforvardway.

The absorbedoower density integratedalong the magneticfield line is obtainedfrom
the differencebetweentheincomingandoutgoingenengy fluxes, (a similar expressiorfor the
absorbegower densityis givenin [4])

4 o o0

<P>z:/dZPabs = Zzgo /dwo/dpz|pz|3f(i”)(AW(w0,pz)) (8)
0 —00

AW () = 5o [ 4 W (o o) = wi] ©

Note that W dependson p, throughthe parameterg and ¢ asdefinedin (4). In orderto
estimatehe effectsof nonlinearityon the wave absorptionn ararefiedplasmatheabsorption
coeficientis introducedas

. de Pabs
- [dzS,

whereS,, is the Poynting vector

E? 2
S, = S0z (10)

K —e
8 ’

Results

In this reportthe mappingequation(6) hasnot beenactuallysolvedratherit hasbeenassumed
thatthe distribution of particlesenteringthe beamis Maxwellian. For the computationtypical
parameter®f high power experimentsareused,B = 25 kG, T, = 1 keV, n = 10" cm™3,
a = 0.25 cm~2, and Ry = 120 cm. Thebeaminput power is takento be Py, = 400 kW.

In Figuresl, 2 and3 a comparisorbetweerthe quasilinearandnonlinearmodelis given
for the casew/wy, = 1.995. In this casethe resonantzoneis locatedin the thermalregion
of velocity spaceatv =~ 2v;. For small and mediumpitch anglesthe enegy absorptionis
well describedby quasilineartheory while for higher pitch anglesthe nonlineareffects are
dominant.

In Figure4 the power flux in the beamis given asa function of the big radiusR. The
ECRH beamis launchedfrom the low field side. The 1/R dependencé the magneticfield
is takeninto accountwhereas: and7" arekeptconstant.The resonanceone,w = 2w, IS
locatedat Ry = 120 cm. It canbe seenthatthe singlepassabsorptionn the nonlinearcaseis
significantlylowerthanin the quasilinearcase.

Conclusions

Nonlinearwave-particleinteractionglay animportantrole in high power ECRH scenariiwith
perpendiculamjectiontypical for W7-AS. Therole of thoseeffectsstronglydiffersin different
regions of phasespace. They are strongfor particleswith pitch anglescloseto 90 degrees
representingrappedparticleswhich areresponsibldor corvective radialenegy transport.At
thesametime, for passingparticlesthe nonlineareffectsaremuchsmallerandthe dynamicsof
suchparticlescanbe describedy the quasilineatheory Therfore,ECCD computationgan
be performedwithin the quasilineatheoryusingcorventionalFokker-Plancksolvers.
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Figure 1. The phase averaged change in particle Figure 2. Same as Figure 1 but for a pitch angle
energy (AW) after one pass through the beam of 70 degrees.
as a function of its initial velocity module for
a pitch angle of 60 degrees. Dashed line —
quasilinear, solid line — nonlinear model.
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Figure 3. Distribution of the absorbed power Figure 4. Fraction of transmitted power in the
over initial electron pitch angles. Dashed line - linear model (dashed) and in the nonlinear model
quasilinear, solid line - nonlinear model. (solid) with Py = 400 kW.
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