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The standardnodelof turbulencein tokamakplasmasgs often connectedvith the develop-
mentof variousplasmainstabilities. Theseinstabilitiesare driven by the releaseof the local
free enegy associatedavith the plasmapressuretemperatur@ndothergradients.However, if
the equilibrium stateof a plasmais not static, for exampledueto plasmarotation,thenthere
exists anothemrmechanisnof excitation of wave motionin the plasmawhich is differentfrom
instabilities. The sourceof the wave motionin this caseis somestatic obstacle.Suchwaves
areknown in hydrodynamicaswavesproducedy flow pastsolid bodies,e.g. shipwaves. If
the velocity of the flow is equalto v, thenthe condition of ship wave excitation corresponds
to the conditionof the Cherenkv radiation,wy, — k - vy = 0, wherewy is the eigenfrequeng
andk is thewave vector Thus,in thelaboratoryframe(or in the coordinatesystemrelatedto
the obstacle}he shipwave haszerofrequeng. We proposethatshipwavesexcitedattheedge
of therotatingtokamakplasmaarea sourceof plasmaturbulencewhich is linkedin theradial
directiondueto toroidicity. If theradial extentionof a shipwave structureis muchlargerthan
theion Larmor radius,then suchwaves canbe responsibldor nonlocalpropertiesof plasma
transporatL-H transitions.

We considera toroidal rotating plasmaand supposethat the plasmarotationis driven by
stationaryinhomogeneouslectrostatiqpotential¢,. For the caseof low-5 plasmaof a large-
aspect-ratidokamakwith concentricand circular magneticsurfacesthe low-frequeny, w <«
we, drift modesarecollisionlesselectrostatimscillationsandthe magneticfield perturbations
arenegligible. The smallnesof electroninertia,w < kjvr., allows usto neglectthe chage
separatiorandto usethe quasineutralityiconditioninsteadof the Poissorequation.In this limit
theelectronsarethermalizedalongthe magnetidield line andobey the Boltzmanndistribution.

Thefluid equationdor the fluctuatingpotential,¢ andparallelion velocity, v, arereduced
in theabove assumption$o the following set
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wherev,(r) = ¢/B;(d¢y/dr) is thepoloidalrotationvelocity, ¢(r) = 7B,/ RB,(r) is thesafety

factorandc, = \/7T./m; is the soundvelocity.
Drift modesareknown to belong wavelengthalongthemagnetidield lines, but shortwave-
lengthin the radial direction. Let us considerthe solutionsof Eqs (1) and(2) for the mode
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localisedon therationalsurfacer = ry, definedby mqy — ng(r¢) = 0, wherem, is thepoloidal
mode numberat the referencerational surfacearoundwhich the modeis centred. It should
be notedthatmy > 1 for the drift modesof principalinterest. The excitation of the my; mode
resultsdueto toroidalmodecoupling,in achainexcitationof themodeswith poloidalnumbers
mg £, which arelocatedontheneighbouringationalsurfaces.Supposinghattherelationship
of amagneticsurfaceto its neighbourss differentfor differentsurfacesdueto the stronginho-
mogeneityof the equilibriumradial electricfield andthe poloidal rotationvelocity, we search
for the solutionsof Eqs(1) and(2) in theform of Fourierdecompositions

o(r,0) = exp(imgh) Z(bl r) exp(ilf)

v)(r,0) = exp(imgh) Z vi(r) exp(il0) (3)

l

SubstitutingEqs(3) into Egs(1) and(2) , we expandthe coeficientswhich arefunctionsof r
into the Taylor seriesin thevicinity of thereferenceaationalsurfacer = r,. Keepingonly the
mainterms,we neglectthe small correctionswhich aremuchsmallerthankic? (kg = mo/ro
is the local poloidal wavenumberandp = ¢;/w,; is the Larmor radiusdefinedat the electron
temperatureaindthetermswith seconderivative of theequilibriumdensity nq (r). As aresult,
we reduceEqgs(1l) and(2) totheform
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HereVy = wy(ro) is the local rotationvelocity, Vy = (dvo/dr)\ _ LV = (d?vp/dr?)]

q = q(ro), " = — (dlnng/dr)l,_, is theinversespatialscaleo?t%edensityinhomogen:eioty
s = 194/ qo andthe Dopplershiftedeigenfrequeng w — &y V%, is takenequalto zero,sincewe

intendto studyshipwaveswhich have zerofrequeng in thelaboratoryframe.

The Strong Coupling Approximation

Eqgs(4) and(5) areaninfinite setof differential-diferenceequationdor the infinite numbers
of harmonicsy; and ¢;. To solve them, we employ an assumptiorwhich approximateghe
differenceoperatorby a differential operatoy therebyfurther reducethe setof equationgo a

readily solvable second-ordeordinarydifferentialequation. This is the so called strongcou-

pling approximation.This approximations valid for the case whena significantnumberA; of

azimuthalharmonicsarecoupledthroughthetoroidal effects. In the limit

1 < Al < myo (6)

we replacethe discretesetsof the functionsv,(z) and ¢;(x), with z = (r — r¢)/p, by the
continuoudunctionsof two variablesu(z, I) and¢(z, [), respectiely, usingtheansatz
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Substitutingeq.(7)into Eqs(4) and(5) we obtaintheequations
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wherethefollowing simplifying assumptiongVy /rocs < 1 andry/2r, > 1 aremade.
Onecanreducethe setof Egs (8) and(9) to one equationby the methodof successie
approximationsExpandingthefunctions¢ andv overthesmallparameter,,/R < 1

=894+ + .. and v=0v0 40 4
we obtainfrom Eq.(9)that
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Substitutionof Eq.(10)into the zero-orderEq.(8) givesus an equationthat canbe reducedo
the Hermite equationby the variablesubstitutionz = o'/2(l — kypsz) whereo? = ¢,/Vj -
2r, /qakaproR. Thesolutionsare Hy (z) exp(—22%/2), whereHy is the Hermitepolynomialof
the N:th order Differentiatingonly the mostrapidly changingexponentialpartof the solution,
we approximatethe secondderivative asfollows 820(%) /922 ~ o2 (I — kgpsz)* v®. We can
theninsertthisapproximatiorinto Eq.(8)andobtainanalgebraiaelationbetweerthefunctions
v and¢. Puttingthis relationinto Eq.(9)andusing¢ = 220y, we finally geta second-order
ordinarydifferentialequationof the Schibdingertype
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with h = r,,/2q¢3 Rk} pro. Eq.(11)definesthedispersiorpropertieof the shipwaves
Beforeproceedingo thesolutionof Eq.(11),we canseefrom Egs(12)that £ > U. Hence
we look for solutionsontheform,

¢ = exp (ii / C k(x)dx) (13)

assuminghatk(¢) is aslowly varyingfunction,i.e. |dk/d¢| < k? .
SubstitutingEq.(13)into Eqg.(11),we obtainthe dispersiorequation
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Eqg.(14)definesa continuousspectrunof shipwave eigervaluesl, (£2). In apparenform, after
the substitutionof Eqs(12), we finally getthe dispersiorrelationfor the shipwaves.
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Onecanfind the groupvelocity, v, = 0w/0k, of theseoscillationsusingthe definitionw —
koVy = 0 of theshipwavesandtheir dispersiorEq.(15)
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It is easyto seefrom Eq.(15)thatthe productof the lasttwo parentheses EQ.(16)is of the
orderof 1. So,Eq.(16)canbereducedo v, &~ kyc;khro/p. It shouldbe notedhere,thatthe

groupvelocity, v,, hasthedimensiornof frequeng, sinceit is definedthroughthedimensionless
wavenumbelk. Further usingtheassumptionsn page3, we reducekEq.(14)for k2 ontheform
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It follows from the estimateg18) thatdrift shipwavesin a poloidally rotatingtokamakplasma
propagatewith a groupvelocity, which may substantiallyexceedthe poloidal plasmarotation
velocity.

Conclusions

In summarywe studythe ship wavesof a drift type which areexcitedin a poloidally rotating
tokamakplasmadueto the toroidal coupling of oscillationslocalisedat the neighbouringra-
tional magneticsurfaces.The analysisis basedon a simplemodelof alow-3 tokamakplasma
with concentriccircularmagneticsurfacesandalarge aspectatio. We assumehatthe plasma
rotationis drivenby theradialelectrostatielectricfield typical for the H-modeof plasmacon-
finementin tokamaks.The low-frequeng electrostatiarift oscillationsareinvestigatedising
theassumptionsf adiabaticelectronsandplasmaquasineutrality

It is shawvn thatwhenemplgying the strongcouplingapproximatiorwe find thatshipwaves
arefreepropagatingvaveswhich cantravel up to the plasmacore.

Sinceshipwavesarewavesof zeroenepy in the laboratoryframe,their local frequeng is
determinedy theplasmdlow velocity. The,to thedispersiorequatiorconnectedwavenumber
of ashipwave propagatingvith the plasmarotationvelocity, is obtained.Simpleestimatesof
thegroupvelocity of the shipwavesbasedn the solutionof thedispersiorequation show that
the groupvelocity mayattainlarge values for instancemuchhigherthanthe poloidalrotation
velocity. Thus,propagatingship wavesmay provide a fastlink betweerthe edgeandthe core
fluctuations.
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