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Introduction

In thehighpowerexperimentsatW7-AS theECRHbeamis launchedalmostperpendicularto
themagneticfield in sucha way that thecyclotronresonanceabsorptionzoneis locatedvery
nearto the magneticfield extremumalongthe magneticfield line. For this case,quasilinear
theorypredictsthatasignificantamountof theenergy is absorbedby thetrappedparticleswith
small parallelvelocitiesinsidethe resonancezone. However, for typical parametersof high
power experiments,i.e., a beamwith 400 kW, secondharmonicX-mode,launchedfrom the
low field side,theassumptionsof quasilineartheoryarenotvalid any moreandthereforeboth,
thekineticdescriptionof ECRHheatingaswell asthewaveabsorptionmechanismitself should
be modifiedto take into accountnonlinearwave-particleinteraction. Sucheffectshave been
extensively studiedin the past,mainly in analyticalform. On the otherhand,in the typical
rangeof experimentalparameters,the expansionparameterusedin analyticaltheory varies
from small to even large valuesin velocity space.In the presentcontribution, the nonlinear
particledynamicsin theelectromagneticfield of the2� 	 harmonicECRH(X-mode)in W7-AS
is studiednumerically.

The Model

For thenumericaltreatmentof theproblemasimplifiedmodelis usedin which themainmag-
netic field neartheextremumis assumedto beuniform alongthe 
 -axis, �
��������� , andthe
radiationbeamwith Gaussianshapepropagatesalong the � -axis, i.e., the correspondingX-
modeelectricfield is ����������� �"!$#&%'�)(+*-,/.10�21354�(768
 �:9<;'= . TheHamiltonianfor thisproblem
is expandedupto linearorderin thewavefield vectorpotential,and,in Besselexpansion,only
theresonanttermis retainedwhich correspondsto thesecondharmonicresonance,*?> ;A@ *8B @ ,
(see,e.g.,[1]) C ��DE�GF �IHKJML; %ON�P8Q�RTSVU'W �YX[Z � � �"!]\_^ (1)

whereH � L J LD �� F � #a` �� ( ; DE�b*cBd� Q�RT.�^ \?e ;"f (g*-, J \8�h^ *cBi�j�kSh�7� 9 #iDE�GF�.mlon1^
and NVPp�MSh� 9 #dDE�/*q. . Thepositive perpendicularinvariant Q�R is relatedto theperpendicular
kinematicmomentum̀rR through Q�R+�s(-` �R 9 # ; DE�/*cBd��. and

f
is thegyrophase.Thecanonical

conjugatevariablesare(
f ^ Q�R ) and( 
1^t`r� ).u
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The changeof parallelenergy vxwK�y` �� 9 # ; DE�G. during the interactionwith the beamis
smallandthereforeonecanneglectthevariationof theparallelvelocityduringtheinteraction
processandapproximatewith goodaccuracy 
z�sN w , with N w �{`r� 9 # H D+._�|� �"}1!/~ . With this
assumptionandwith thedimensionlesstimeandenergy variables,� � � 6 ; @ N w @ ,�^ v�� � ;6 @ *cBd� @ ` � R@ N w @ D �� F � ^ (2)

only thefollowing two equationsremain,� v� � �{�8v�S U�� X !/��}�\_^ � \� � �k�7(�v J ��S U�� X � �"!r\_^ (3)

with theparameters��� � ;6�� @ *cBd� @@ N�w @ ��7� ^ ��� � ;6 @ *cBd� @@ N�w @�� ; ( *@ *cBd� @ ( N �wF ��� ^ (4)

where � ��%1F 9 * . This reducedsetof two equationsfor theparticledynamicswith just two
free parametersallows for a parametricnumericalstudyof the given problem. On the other
hand,if thedimensionlessparameter�I�r� ��v���� ; � * �Bi� N �R �6cN �w F � ��� � ; � * �Bd�6cF � ���� ~G�V} �]� (5)

is sufficiently small, theseequationcanbe solvedby an expansionof v in a seriesusingthe
fact that ��� L (typically v�� L ) andthe resultsof quasilineartheoryarerecovered. Note
that this parameterdoesnot dependon the temperatureandif this parameterbecomeslarge,
quasilineartheorywill beinvalid for all energiessimultaneously.

In the derivationof theequationof the slow evolution of the electrondistribution func-
tion, theparallelmotionof electronsis assumedto beperiodicin the 
 coordinatewith aperiod� � . For a localizedbeamconsideredhere,

� �� 6�� L . Also, thebeamis centeredat 
�� � � 9";
so that electronspassthe beamonceafter having traveled the distance

� � . At the periodic
boundary
�� n a Poincaŕe cut is introducedandthekinetic equationbecomesanequationfor
theconservationof theparticleflux throughthis cut. Sincethewave-particlephaseis random-
izedbetweensuccessivepassesof theparticlethroughthebeamby collisions,theparticleflux
density ¡ doesnot dependenton \ andis givenby¡¢#d,�^bv£^IN w .-� L;$¤¦¥ � ,§� ¥ � v�� ¥ � \¢¨©�1#ª,�( ��« (�,§��./�O#iv¬(�­M#dv��®^I\-¨a.b.Y¡¢#d,§�®^Iv�� ^IN w .�¯ (6)

Here, ¡¢#d,�^Iv°^I\_^IN w .±e N w Q5²�#d,�^bv£^I\_^IN w .:^ Q�� � 6 ; @ N w @ DE�GF �³ * �Bi� ^ (7)

are the particlephasespaceflux densitytrough the unit areaof the Poincaŕe cut (note that
this cut is a 5D hyper-surface 
��y���"}�!Y~ in 6D phasespace)andtheJacobianof coordinates#dv£^I\_^G´µ�$^I¶·^&`r�®^G
�. respectively, ��« � � � 9A@ N�w @ is thebouncetime, ­M#iv��®^I\ ¨ . and ¸¹#dv��®^I\ ¨ . are
the valuesof v and \ at the Poincaŕe cut given by the solutionof the equationsof motion
with initial conditions v�� ^I\ ¨ on the previous intersectionof the orbit with the cut. Equation
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(6) is the desiredmappingequationdescribingthe electrondistribution function in presence
of thenonlinearwave-particleinteractionin simplemagneticgeometry. Thegeneralizationfor
thecaseof generalmagneticgeometryincludingtheeffectsof Coulombcollisionsandparticle
drift betweenthePoincaŕe cuts[2,3] follows in astraightforwardway.

The absorbedpower density integratedalong the magneticfield line is obtainedfrom
thedifferencebetweentheincomingandoutgoingenergy fluxes,(a similar expressionfor the
absorbedpowerdensityis givenin [4])º ´£»Y�q� ¥ � 
"´c¼¾½I¿À� ¤ 6cF �³ * �Bi��Á¥ � � v�� Á¥U Á

� `r� @ `r� @ � ²µÂÄÃ©Å®Æ ºtÇ ­M#iv�� ^t`r��./» (8)ºtÇ ­M#iv�� ^t`r�:.b»Èe L;�¤ É¥U É
� \-¨VÊË­M#iv���^I\-¨a.8(Ìv��bÍ�¯ (9)

Note that ­ dependson `r� throughthe parameters� and � as definedin (4). In order to
estimatetheeffectsof nonlinearityon thewaveabsorptionin a rarefiedplasma,theabsorption
coefficient is introducedas Î �yÏ � 
¢´c¼¾½I¿Ï � 
qÐ·Ñ ^ Ð·Ñx� F:� �Ò ¤ 0 U'W � X ^ (10)

where Ð·Ñ is thePoynting vector.

Results

In this reportthemappingequation(6) hasnotbeenactuallysolvedratherit hasbeenassumed
thatthedistributionof particlesenteringthebeamis Maxwellian.For thecomputation,typical
parametersof high power experimentsareused, �Ó� ;"Ô

kG, Õ×Ö¹� L keV, Ø�� L n �i� cmU � ,6Ù��n1¯ ;<Ô cmU � , and Ú��m� L ; n cm. Thebeaminput power is takento be ´Û�m� ³ n"n kW.

In Figures1, 2 and3 a comparisonbetweenthequasilinearandnonlinearmodelis given
for the case* 9 *cBd�¹� L ¯ÄÜ"Ü Ô . In this case,the resonantzoneis locatedin the thermalregion
of velocity spaceat No> ; N$Ý . For small andmediumpitch anglesthe energy 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 radius Ú . The
ECRH beamis launchedfrom the low field side. The L 9 Ú dependencein the magneticfield
is taken into account,whereasØ and Õ arekeptconstant.The resonancezone, *|� ; *cBd� , is
locatedat Ú��7� L ; n cm. It canbeseenthatthesinglepassabsorptionin thenonlinearcaseis
significantlylower thanin thequasilinearcase.

Conclusions

Nonlinearwave-particleinteractionsplayanimportantrole in highpowerECRHscenariiwith
perpendicularinjectiontypical for W7-AS.Theroleof thoseeffectsstronglydiffersin different
regionsof phasespace. They are strongfor particleswith pitch anglescloseto 90 degrees
representingtrappedparticleswhich areresponsiblefor convective radialenergy transport.At
thesametime,for passingparticlesthenonlineareffectsaremuchsmallerandthedynamicsof
suchparticlescanbedescribedby thequasilineartheory. Therfore,ECCDcomputationscan
beperformedwithin thequasilineartheoryusingconventionalFokker-Plancksolvers.
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