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Introduction

The StochasticMappingTechnique(SMT) developedrecently[1], is usedfor Monte Carlo
(MC) modelingthe electrondistribution function of a stellaratorplasmawith 2

���
harmonic

X-modeECRH. This techniqueallows one to resolve the suprathermalelectrondistribution
functionin velocity andcoordinatespacewith sufficient statisticsfor realisticstellaratormag-
netic fields. The MC codehasbeentestedearlier for the caseof a point sourcein phase
space(Green’s function approach[2]) whereit is sufficient to model electrondrift motions
andCoulombcollisions.In thepresentreportthis methodis extendedby incorporatinga non-
localquasi-linear(QL) diffusionMC operatorinto SMT in orderto enablethestudyof theQL
interactionof electronswith anECRHbeam.

Nonlinear
���

method

In orderto separatetheproblemof finding thedistribution functionof suprathermalelectrons
generatedby localizedECRHfrom theproblemof computingtheparticleandenergy balance,
theelectrondistribution function 	 is formally split into two parts, 	�
�	�
�� � 	 , where 	�
 is
the unperturbeddistribution function of bulk electronsand

� 	 is the non-Maxwellianpart of
specialinterest.Thekineticequationfor theelectrondistribution 	 is� 	��� ����� � 	��� � 
����� 	�� ���!#" 	%$ (1)

where
��&

and � & areguidingcentervariablesandphasespacevelocity respectively, ���� is the
Coulombcollisionoperatordescribingcollisionswith backgroundionsandwith electronsand���!%" is thequasilinearoperator. Using theseparationof 	 into 	�
 and

� 	 in (1), theequation
for
� 	 is givenas ��� 	�#� ���'� �%� 	�%� �)( ���� � 	 ( ���!#" � 	���*�+-, � 	.
����!#" 	�
/$ (2)

where *0+-, is someeffectiveexchangefrequency which is takento besmallin thesuprathermal
rangeof energies. If the total amountof suprathermalelectronsis small, thekinetic equation
for 	�
 togetherwith theassumptionof a localMaxwelliandistributionfunctionleadsto asetof
one-dimensionalneoclassicaltransportequations,which containadditionalmagneticsurface
averaged,132/2/25476 , sourcetermsof particles8:9�; !%" andenergy 8:<:; !#" ,8:9=; !#" 
 >@?BADCFEHG ���� � 	���*�+-, � 	JILK 6 $ (3)8:<:; !#" 
 >@? A C EHG ���� � 	���*�+-, � 	JINM GPO (�Q 
SR � (UT�V 
WI K 6 2X
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Withoutthequasilinearoperatorontheleft handsideof (2), thisprocedurereducesto thelinear
Green’s functionapproachgivenin Ref. [2]. This approachis valid if

� 	ZY 	�
 in thewhole
phasespaceandleadsto a linearscalingof

� 	 with theECRHinput power.

Modeling of the perturbed distribution function

Equation(2) for theperturbationof thedistribution function is solvedusingtheMonte-Carlo
(MC) methodbasedon SMT [1,3]. Insteadof directly modelingthedrift orbitsof thetestpar-
ticles, [.
\[ G []
/$ � I , usingtheequationsof motionandlocal MC operatorsfor thedescription
of collisions,in SMT the testparticleorbitsarefollowedonly on Poincar̀e cuts,i.e., surfaces
wherethemagneticfield hasa minimumalongthemagneticfield lines.TheLagrangiancoor-
dinatesof thetestparticlesaredenotedwith ^`_ , whereQ labelsthecut. Eachnew position ^`a_
is obtainedfrom thestochasticmap, ^`a_ 
cb G ^`_NId� � ^`_ , where b G ^`_NI is the regularmap
reconstructedfrom theprecomputeddrift orbitsand

� ^`_ is a randomchange.Theserandom
changesaccumulatetheeffectsof Coulombcollisionsandrf diffusionduringonebouncepe-
riod, thetime betweensubsequentcrossingsof thecuts.Thecovariancesanddeviationsof the
displacements

� ^e_ mustsatisfyfg &ih_ 
kj ��l &_ ��l h _nmeoqp 
 fg &rh� � fg &rh!#" $ s &_ 
tj ��l &_um 2 (4)

TheSMT procedureis valid in theweakcollisionalregimeandwith sufficiently smalldisplace-
ments

� ^ inducedby rf wave-particleinteraction.

We considerp 9wv harmonicX-modeECRH assumingthat the rf field amplitudeis highly lo-
calizedin spaceandhasa Gaussianshapealongthemagneticfield lines, xzy Tw{ EHG ( ���| �3} � I ,where } is thedistancealongthefield line and | � is theinverseareaof thebeam.In this case,
thevarianceanddeviationof theparticleenergy afteronepassthroughthebeamis givenasfg�~L~!#" 
 � p T �q� ����� �Q �
7� ���

���� �� +P�| � � � E���E � �n�S�D� G (�� IW$ � 
 Q �
 � �| � E � ���D� ( �� � +�� ( � �
E �
Q 
 ���

� $ (5)

s ~!#" 
 � �� O � �� � +P� ��#� � fg�~w~!%" (6)

with

O $ � theenergy andmagneticmoment,

E � $ E � theperpendicularandparallelmomentumin
thebeamcenter,

���
theright-polarizedcomponentof thewave electricfield, � themagnetic

field in thebeamcenter, � � +P��
 Q 
SR oqp T � , Q 
 theelectronmass,� thewave frequency, � � $ � �
the perpendicularand parallel wave number, and � the relativistic factor. With (5) and (6)
known, thecomponentsof

fg &rh_ and s &_ canbeobtainedfromfg &rh_ 
�� & � h fg�~L~!#" $ s &_ 
�� & s ~!#" $ � ~ 
 � $ �e��
 �� � +P� 2 (7)

For slow particleswith  ¡
 E � o E Y � thequasilineartheoryis violated.Thenonlineareffects
during the wave-particleinteractionwill reducethe energy absorptionby thoseparticles. In
orderto describethis reductionqualitatively,

fg ~w~!#"
, is replacedby themodelcoefficient¢ fg£~w~!#"¥¤w¦ 
 fg ~L~!#"§ � �k¨ | fg ~w~!%"ª© � $ | 
 � � �� O � 2 (8)

Sucha model assumes’heating out of resonance’[4] when the energy gain by the particle
passingthroughthebeamis assumedto stopoutsidetheresonancezone( �£« � ).
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Results

Thecomputationis performedfor a mediumsizestellaratorwith ã =2, five magneticfield pe-
riods, ä = 2 m, � = 2.5 T, anda constantplasmadensity å:æ = 10

��ç
m
� C

andtemperatureè:æ
= 3 keV. A localizedECRHbeamwith é = 100kW and | � = p 2²ê'ë �0ì C m

�ª�
is assumedto be

perpendicularlyinjectedinto the magneticfield minimum. The variationof the beamampli-
tudedueto absorptionis not taken into account.Thedistribution of theabsorbedpower over
the poloidal crosssectionis shown in Fig. 1. The cold resonanceposition is exactly on the
magneticaxis. Onemagneticsurfaceis shown andthreepoints(1, 2, 3) areindicated,where
thedistribution function is reconstructed.Thedirectionof theelectrondrift is downwards.In
Fig. 2 theeffectiveenergy diffusioncoefficient(8) is shown. Comparedto theconventionalQL
diffusionoperator, theabsorptionregionin phasespaceis shiftedtowardstheregionof passing
particlesbecausethis coefficient is reducedfor slow trappedparticlesdueto nonlineareffects.
In Fig. 3 thetotal distribution functionis shown for point1 (insidetheabsorptionregion). The
formationof aquasilinearplateauin canbeobservedmainly in thepassingparticleregion. The
perturbeddistribution functionin Fig. 4 correspondsto thepoint below thebeam(in thedirec-
tion of thedrift). It is formedmainlyby rippletrappedparticles,whichcontributeto convective
particleandenergy losses.In turn, theperturbeddistribution functionabove thebeam(Fig. 5)
is formedmainly by passingparticlesdetrappedin thelower regionof theconfiguration.Note
that despitethe peaked perturbeddistribution function

� 	 , the total distribution function for
this parametersethasnegativederivativesoverperpendicularenergy everywhere.

In Fig. 6 the radial profiles of particle (dashed)and energy (solid) sourcedensities(3) are
shown. Therf beamregioncorrespondsto íïîðê cm. About30% of theenergy of suprathermal
particlesis depositedoutsidetheheatingregion. Also, theconvectionof electronsaway from
the heatingregion is clearly observed. In the presentcomputationthereis no radial electric
field included. In thepresenceof sucha field, the lossesof energy outsidetheheatingregion
will bereduced[2].

Summary

The stochasticmappingtechniquetogetherwith the nonlinear
� 	 methodhasbeenapplied

to model the electrondistribution function during ECRH in a stellarator. With this method,
thedistribution functioncanberesolvedvery well bothin coordinateandvelocity space.The
ECRHmodelingshowssignificantconvectiveenergy lossesfrom theheatingregiondespitethe
factthatmostof theenergy first goesto thepassingparticles.Thelatterfollows from thenon-
linearreductionof theenergy absorptionby slow trappedparticleswhich is takeninto account
only qualitatively. A properaccountof nonlinearwave-particleinteraction[5] is required.
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