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Thestandardmodelof turbulencein tokamakplasmasis oftenconnectedwith thedevelop-
mentof variousplasmainstabilities. Theseinstabilitiesaredriven by the releaseof the local
freeenergy associatedwith theplasmapressure,temperatureandothergradients.However, if
the equilibrium stateof a plasmais not static,for exampledueto plasmarotation,thenthere
existsanothermechanismof excitationof wave motion in theplasmawhich is differentfrom
instabilities. The sourceof the wave motion in this caseis somestaticobstacle.Suchwaves
areknown in hydrodynamicsaswavesproducedby flow pastsolid bodies,e.g. shipwaves. If
thevelocity of theflow is equalto ��� , thentheconditionof shipwave excitationcorresponds
to theconditionof theCherenkov radiation,����� �
	 ������
 , where ��� is theeigenfrequency
and

�
is thewave vector. Thus,in thelaboratoryframe(or in thecoordinatesystemrelatedto

theobstacle)theshipwavehaszerofrequency. We proposethatshipwavesexcitedat theedge
of therotatingtokamakplasmaarea sourceof plasmaturbulencewhich is linkedin theradial
directiondueto toroidicity. If theradialextentionof a shipwave structureis muchlarger than
the ion Larmor radius,thensuchwavescanbe responsiblefor nonlocalpropertiesof plasma
transportat L-H transitions.

We considera toroidal rotatingplasmaandsupposethat the plasmarotation is driven by
stationaryinhomogeneouselectrostaticpotential � � . For thecaseof low- � plasmaof a large-
aspect-ratiotokamakwith concentricandcircular magneticsurfacesthe low-frequency, �������� , drift modesarecollisionlesselectrostaticoscillationsandthemagneticfield perturbations
arenegligible. The smallnessof electroninertia, ��� ��������� , allows us to neglect the charge
separationandto usethequasineutralityconditioninsteadof thePoissonequation.In this limit
theelectronsarethermalizedalongthemagneticfield line andobey theBoltzmanndistribution.

Thefluid equationsfor thefluctuatingpotential, � andparallelion velocity, ��� arereduced
in theaboveassumptionsto thefollowing set �"!$# � �%'&&)( * �+��!,# � �-  /.1032 ( &&)( � 2 #54 ( * ��� � � #567 ��8 %  &&)( � #59 8 * � (1) �:!;# � �%'&&<( *>= �?�A@CBD� B���  & �& % !FE%G& �& % ! E% B & B �&)( B !,H�I54J9 �H % & �& % *LK �#5@ B D����� % = � �% � E% H � �H % � H B � �H % B ! H�IM4J9 �H %  �����/� � �% � H � �H % *NK & �& % � (2)O #P@ B D����� - = 2 #54 ( & �& % !  E% ! EO HQI54J9 �H % � �����5� �O @ B D * .10R2 ( & �& % K ! #MS �6 8 -  &&)( � #59 8 * � � �T

where� �VUW%3XY� @1Z\[^] U H � � Z\H %3X is thepoloidalrotationvelocity, 8 UW%3X_�T% [L]WZ - [G` Ua%RX is thesafety
factorand @ D �>b S<cdZ 7fe is thesoundvelocity.

Drift modesareknown to belongwavelengthalongthemagneticfield lines,but shortwave-
length in the radial direction. Let us considerthe solutionsof Eqs(1) and(2) for the mode
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localisedon therationalsurface %g�T%1� , definedby 7h� � 9 8 Ua%i�jXk�l
 , where 7h� is thepoloidal
modenumberat the referencerational surfacearoundwhich the modeis centred. It should
benotedthat 7h�nm E for thedrift modesof principal interest.Theexcitationof the 7h� mode
results,dueto toroidalmodecoupling,in achainexcitationof themodeswith poloidalnumbers7h�Qoqp , whicharelocatedontheneighbouringrationalsurfaces.Supposingthattherelationship
of amagneticsurfaceto its neighboursis differentfor differentsurfacesdueto thestronginho-
mogeneityof theequilibriumradialelectricfield andthepoloidal rotationvelocity, we search
for thesolutionsof Eqs(1) and(2) in theform of Fourierdecompositions� UW%�r ( X_� 6js�t U # 7h� ( X/u�v � v UW%3X 6js�t U # p ( X� � UW%�r ( X_� 6js�t U # 7h� ( X u�v � v UW%3X 6js�t U # p ( X (3)

SubstitutingEqs(3) into Eqs(1) and(2) , we expandthecoefficientswhich arefunctionsof %
into theTaylor seriesin thevicinity of thereferencerationalsurface %w�;%i� . Keepingonly the
main terms,we neglect thesmall correctionswhich aremuchsmallerthan � Bx @ B D ( � x �y7h� Z %i�is the local poloidal wavenumberand z � @ D Z �|{ e is theLarmor radiusdefinedat the electron
temperature)andthetermswith secondderivativeof theequilibriumdensity, 9 �}UW%3X . As aresult,
we reduceEqs(1) and(2) to theform� x�~ � %i�O - U � v���� !�� v��/� X_� � 67fe 8 � -�� p ��� xC� UW% � %i�CX�� � v (4)

� x z B  ~ �% B� � ~n��%i� � ~ � �� * � v � � x z B%1� =3 �|{ e � ~ �%1� � ~ �� * � v !��|{ e %i�O - U � v���� !�� v��/� X K ! � x z @ D- ��� xC~ � %i�O - * U � v���� !�� v��/� X ! z @ D- && % U � v���� ��� v��/� X � S��6 8 � - � p ��� xC� UW% � %i�jX�� � v ��
 (5)

Here ~ ��� � �}UW%i�CX is the local rotationvelocity, ~ �� � U H � � Z\H %3X�� ���Q��� , ~ � �� � U H B � � Z\H % B X�� ���Q��� ,8 ��� 8 Ua%i�CX , % �/�� � � U HQI54J9 � Z}H %RXV� ���Q��� is theinversespatialscaleof thedensityinhomogeneity,� ��%i� 8 �� Z 8 � andtheDoppler-shiftedeigenfrequency, �:� � xC~ � , is takenequalto zero,sincewe
intendto studyshipwaveswhichhavezerofrequency in thelaboratoryframe.

The Strong Coupling Approximation

Eqs(4) and(5) arean infinite setof differential-differenceequationsfor the infinite numbers
of harmonics� v and � v . To solve them, we employ an assumptionwhich approximatesthe
differenceoperatorby a differentialoperator, therebyfurther reducethe setof equationsto a
readily solvablesecond-orderordinarydifferentialequation.This is the so calledstrongcou-
pling approximation.Thisapproximationis valid for thecase,whenasignificantnumber¡ v of
azimuthalharmonicsarecoupledthroughthetoroidaleffects.In thelimitE �'¡ v � 7h� (6)

we replacethe discretesetsof the functions � v Ua¢�X and � v Ua¢�X , with ¢�� UW% � %i�CX Z z , by the
continuousfunctionsof two variables� Ua¢£r�pWX and � Ua¢£r¤p�X , respectively, usingtheansatz¥ v§¦�� U�¢�X ��¨ ¥ U�¢£r�pWX�o & ¥ Ua¢£r�pWX& p ! EO & B ¥ U�¢£r�pWX& p B r ¥ � � r � (7)
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SubstitutingEq.(7)into Eqs(4) and(5) weobtaintheequations& B �& p B ! O � � � O 67fe 8 ��%1� � xC~ � UWp ��� x z � ¢�X � (8)

@ D � x z%1� = E ! %1�-  %i�%1� ! %i� ~ �z @ D *NK �©� O @ D- & B �& ¢ & p !@ D � x zO -  %i�%1� ! %i� ~ �z @ D * & B �& p B ! S<c6 8 � - UWp ��� x z � ¢�X � �ª
 (9)

wherethefollowing simplifying assumptionsz ~ � Z %i� @ D � E and %i� Z O %«�¬m E aremade.
Onecanreducethe setof Eqs (8) and(9) to oneequationby the methodof successive

approximations.Expandingthefunctions � and � over thesmallparameter%1� Z - � E� � �®­ ��¯ !���­ � ¯ !�°M°±° and � � ��­ ��¯ !���­ � ¯ !ª°±°M°
weobtainfrom Eq.(9)that @ D � x z%1� �®­ ��¯ � � S<c6 8 � - U�p ��� x z � ¢�X ��­ ��¯ (10)

Substitutionof Eq.(10)into thezero-orderEq.(8)givesusan equationthat canbe reducedto
the Hermiteequationby the variablesubstitution ² �´³ ��µ B U�p ��� x z � ¢�X where ³ B � @ D Z ~ � 	O %1� Z 8 B� � Bx z %1� - . Thesolutionsare ¶¸· U ² X 6js�t U �^² BjZ O X , where ¶¸· is theHermitepolynomialof
the ¹ :th order. Dif ferentiatingonly themostrapidly changingexponentialpartof thesolution,
we approximatethe secondderivative asfollows & B � ­ ��¯ Z & ² Bfº ³ B U�p � � x z � ¢�X B � ­ ��¯ . We can
theninsertthisapproximationinto Eq.(8)andobtainanalgebraicrelationbetweenthefunctions� and � . Puttingthis relationinto Eq.(9)andusing » � O ��µ B ³®¼ , we finally geta second-order
ordinarydifferentialequationof theSchr̈odingertypeH B �H » B !  /½ ��¾ » BE !�» B * � ��
 (11)

where½ �l¿ ~ �@ D  -%1� ! %1� ~ �z @ D *� O � ! %i�O %1� ! %i� ~ �O z @ D *
�/�

, ¾ � ¿ -%1� ~ �@ D  O � ! %i�O %«� ! %i� ~ �O z @ D *
�/�

(12)

with ¿f�ª%1� Z O 8 B� - � Bx z %1� . Eq.(11)definesthedispersionpropertiesof theshipwaves
Beforeproceedingto thesolutionof Eq.(11),wecanseefrom Eqs(12) that

½>À ¾ . Hence
we look for solutionson theform,� � 6js�t  o #}Á�Â � Ua¢�X H ¢ * (13)

assumingthat � U » X is aslowly varyingfunction,i.e. � H � Z\H » � �'� B .
SubstitutingEq.(13)into Eq.(11),weobtainthedispersionequation� B U » X_� ½ ��¾ » BE !�» B (14)
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Eq.(14)definesacontinuousspectrumof shipwaveeigenvalues~ �VU � B X . In apparentform, after
thesubstitutionof Eqs(12),wefinally getthedispersionrelationfor theshipwaves.~ �@ D � � B ¿ %i�O z � -O %1� EE !�» B ! Ã  � B ¿ %i�O z � -O %«� EE !�» B * B ! O � B ¿  O � ! %i�O %1� *LÄ

��µ B (15)

Onecanfind the groupvelocity, ��Å � & � Z & � , of theseoscillationsusingthe definition �Æ�� xC~ ���ª
 of theshipwavesandtheirdispersionEq.(15)��Å � � x @ D � ¿  O � ! %i�O %1� ! %i� ~ �O z @ D * 	Ã  � B ¿ %i�O z � -O %«� EE !�» B * B ! O � B ¿  O � ! %i�O %1� *JÄ
�/��µ B (16)

It is easyto seefrom Eq.(15)that the productof the last two parenthesesin Eq.(16)is of the
orderof 1. So,Eq.(16)canbereducedto ��Å º � x @ D � ¿/%1� Z z . It shouldbe notedhere,that the
groupvelocity, ��Å , hasthedimensionof frequency, sinceit is definedthroughthedimensionless
wavenumber� . Further, usingtheassumptionsonpage3, wereduceEq.(14)for � B ontheform� B � O 8 B� - � Bx z ~ �@ D  -%«� EE !�» B ! %i� ~ �z @ D * (17)

In thelimit casesof large » B andof small » B weget,inserting ¿?�T%«� Z O 8 B� - � Bx z %i���Å U » B m E X º ~ �8 � %1�z B¸Ç %i�-
È
��µ B and ��Å U » B � E X º U ~ � @ D X ��µ B8 � z  %1�z *

��µ B (18)

It follows from theestimates(18) thatdrift shipwavesin a poloidally rotatingtokamakplasma
propagatewith a groupvelocity, which maysubstantiallyexceedthepoloidalplasmarotation
velocity.

Conclusions

In summary, we studytheshipwavesof a drift typewhich areexcitedin a poloidally rotating
tokamakplasmadueto the toroidal couplingof oscillationslocalisedat the neighbouringra-
tional magneticsurfaces.Theanalysisis basedon a simplemodelof a low- � tokamakplasma
with concentric,circularmagneticsurfacesanda largeaspectratio. Weassumethattheplasma
rotationis drivenby theradialelectrostaticelectricfield typical for theH-modeof plasmacon-
finementin tokamaks.Thelow-frequency electrostaticdrift oscillationsareinvestigatedusing
theassumptionsof adiabaticelectronsandplasmaquasineutrality.

It is shown thatwhenemploying thestrongcouplingapproximationwefind thatshipwaves
arefreepropagatingwaveswhichcantravel up to theplasmacore.

Sinceshipwavesarewavesof zeroenergy in thelaboratoryframe,their local frequency is
determinedby theplasmaflow velocity. The,to thedispersionequationconnected,wavenumber
of a shipwave propagatingwith theplasmarotationvelocity, is obtained.Simpleestimates,of
thegroupvelocityof theshipwavesbasedonthesolutionof thedispersionequation,show that
thegroupvelocity mayattainlargevalues,for instance,muchhigherthanthepoloidalrotation
velocity. Thus,propagatingshipwavesmayprovide a fastlink betweentheedgeandthecore
fluctuations.


