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PhysicalSituationoftheTokamakEdge

•scaleratios:R�LT
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•gradientsandtranscollisionality(ionsmostlycollisionless)
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•adiabaticresponse:∇‖p̃e↔∇‖J̃‖↔nee∇‖φ̃

cannotbedescribedbyMHD
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Energy Transfer:  electromagnetic turbulence



L-ModeBaseCase

•genericASDEXUpgrade(AUG)L-Modeconditions

•ne=2.0×10
13

cm−3
,Te=Ti=100eV,B=2.5T,R=165cm,q=3.5

◦profilescaleL⊥=LT=3.5cmwithLn/LT=2

•setx-domainwidthLx=64ρs∼L⊥anddrift-directionextentLy=4Lx

•GEM:electromagnetic6-momentgyrofluidforbothelectrons,ions

(BScott,PhysPlasmasOct2005)—detailsatposter

•broadbandturbulence,energeticrange0.1<kyρs<1

•scalesandtransportcommensuratewithobservationsNB:noH-Mode

•DED:dynamicergodicdivertor(3-bandmagneticfieldperturbation)
◦maineffect:3Dperturbedequilibrium,strongerExBtransport

(DReiseretal,PhysPlasmas2005)—detailsatposter



BasicParameterScaling

•totalionExBthermaltransport(electronisverysimilar)

•mangeticflutter:smallandnegative—dynamicEM,transportES

•delta-fgyrokineticresultissimilarwithdifferences(IAEATMInstabilities,2005)

•ontopofthis:rho-starscalingD,χ∼ρ
2
scs/L⊥(nominal:0.66m

2
/sec)



FluxSurfaceShapingEffects

•ITGtransportversuselongationandtriangularity
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•elongation:directeffectonlocalandglobalshear,shortereffectivefieldlines

•triangularity:weakeffectassumingparametersandelongationheldfixed

(AKendletal,PhysPlasmas2006)



ZonalFlowEnergetics

•zonalpotentialfrequencyspectrumzonalvorticityradial-kspectrum

10
-4

10
-3

10
-2

10
-1

10
0

10
1

 ω Lp/cs

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

φ

ωDW

ωGAM

κ = 1

κ = 2

ITG

10
-1

10
0

10
1

kx

10
-1

10
0

10
1

10
2

<Ω
> / Γ

Ν

ITG

•elongation:sharperdecay,butstrongeratlowerfrequencies

•elongation:enhancementofzonalvorticityatallradialscales

•moredetail:poster
(AKendletal,PhysPlasmas2006)



Equilibrium

(BScott,ContribPlasmaPhys2006)

•descriptionbygyrofluidequations
◦sidebandsinquasistaticequilibriume.g.,〈psinθ〉and

〈
u‖cosθ

〉

◦dissipationfreeoverallfluxes,forcebalance
◦slowevolutionofzonalstatevariablese.g.,〈p〉and〈φ〉

•Braginskii(collisionalfluidequations)correspondenceincollisionallimit
◦collisionaldampingofheatfluxes:conduction
◦collisionaldampingofTanisotropy:parallelviscosity

•Braginskiibreakdownforω>cs/qR
◦affectszonalflowsandturbulence

mainpoint:zonalflowsarecompressible
evenequilibriumisoutsidetheBraginskiilimit



SelfConsistentEquilibrium—Logic

•turbulence,zonalprofiles,andzonalflows

•flowstogeodesiccurvaturetopoloidalsidebands(n=0andm=±1)

〈φ〉↔∇·vE↔〈psinθ〉

•sidebandpressureandzonalpressure(diamagneticcompression,“neoclassical”)

〈psinθ〉↔∇·u∗↔〈p〉

•sidebandpressureandsidebandcurrent(adiabaticcompression,“Pfirsch-Schlüter”)

〈pesinθ〉↔∇‖↔
〈
J‖cosθ

〉

keepevolvingprofiles,keepevolvingequilibrium
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Energy Transfer:  equilibrium



transport

φ∼
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<u cos s>
ion dissipation
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Energy Transfer:  flows and currents



BasicFlowEquilibriumStatements

•ioncontinuity→sidebanddivergenceequilibrium
◦(ωBsinθisgeodesiccurvature,Wiisionforcepotential)

(timedependence)+B∇‖(u‖/B)=K
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ΩG
2
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•parallelmomentum→sidebandforcebalance
◦(p=[p‖+2p⊥]/3andδp=p‖−p⊥withp=pi+pe)

〈
pi‖sinθ

〉
+〈φsinθ〉=(FLR,massratio)

〈psinθ〉=
2

3〈δpsinθ〉≡(parallelviscosity)

•requirement:ω�cs/qR



Pfirsch-SchlüterCurrents

•flowequilibriuminbothspecies,eventuallythevorticity,=(ne−ni)
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•hencethecurrentJ‖=(u‖−v‖)

〈
J‖cosθ

〉
=−

ωB
2

∂

∂x〈p〉+(FLR)

neitherflownorMHDequilibriumisassumedbyGEMequations
largestscalesfallintoequilibriumnaturally,whenωt∼ω∗�cs/qR



InitialTimeTraces—L-ModeBaseCase

•globalAlfvénoscillation

•stabletransientrelaxingto
MHD(P-Scurrent)equilibrium

•necessaryingredientofany
electromagneticcomputation



BasicEdge/SOLSituation

•profiles,equilibriumExBshearlayer,radialedge/SOLmodestructuretransition

EdgeSOLEdgeSOLEdgeSOL

•shearlayer:neoclassicalbalancesinedge,DebyesheathcouplinginSOL

•turbulence:ITG(seeT̃i)inedge,interchange(seeφ̃)inSOL

•edge/SOLtransition:about10ρs

•moredetail:poster
(TRibeiroetal,PlasmaPhysContrFusion2005)



GlobalBurstsintheSelfConsistentEquilibrium

•ionheatfluxtimetraces,fixedsourceoninner(radial)boundary

•totalrunlength8000L⊥/cs(gyro-Bohmtimes)orabout4msec

•burstyturbulenceformoderatedrivelevels,globalburstsforstrongerones

•manyfullcycles,comparetosaturationtimeca.200L⊥/cs



TurbulenceSpectra

•between(left)andduring(right)globalburstsforS0=3.0

•n,t,i,p,wareñe,T̃e,T̃i,φ̃andvorticityΩ̃,extendingtoiongyroradius

•spectra(especiallyΩ̃)flatterinbursts,reflectsbasicnonlinearity

•nosignatureof“newmode”(wouldaffectrelativeamplitudes)



TurbulenceParallelEnvelopes

•between(left)andduring(right)globalburstsforS0=3.0

•n,t,i,p,Hareñe,T̃e,T̃i,φ̃andnonadiabaticityh̃e

•ITGsignature:T̃ilargest,moststronglyballooned
◦shearAlfvénsignature:flatφ̃curve

•nosignatureof“newmode”(onlystrongernonadiabaticity)



SidebandDivergenceandPotentialProfiles

•between(top)andduring(bottom)globalburstsforS0=3.0



SidebandDivergenceandPotentialProfiles

•(top)quiescent:slowgrowth,wellformedequilibriuminφ(shearlayer)andWi

•(bottom)bursts:collapseofequilibrium,largedivergence,noshearlayer
◦basicstrengthofturbulencesuddenlyovershootsascompensationdisappears

thisisthemaincauseoftheglobalburst



quiescentstructure

•betweenbursts
(fullflxsfccase,1024y-nodes)
(equiv3600poloidalnodes)

•profile/turbulencemostly
onedgeregion(inwardofLCFS)

•weakfingersontoSOL

•rememberthisisstill
strongEM-ITGturbulence

p̃e/pe∼5%



burststructure

•globalburstsreachacrossSOL

•“fluctuation”amplitudeO(1)

•Alfvéndynamics(φ̃)carry
bursttohigh-fieldside
(burststillmorestrongly
balloonedthanisapparent)

•rememberallthisis
isstrongerEM-ITGturbulence



IBMBlowoutCase

•standardcase:AUG#17151H-modedeuterium

(LHortonetal,NuclFusion2005)

ne=2.5×10
13

cm−3
Te=300eVTi=360eV

B=2TR=165cmL⊥=3cmq=5

•mid-pedestalvaluesforparameters,pedestalwidthis3cm=24ρs

•setx-domainwidthLx=L⊥=3cmanduseentirefluxsurface

•mainlinearmodeneartoroidalmode9−10

•violentovershoot,cascade,crash

•atnopointistheremorethanalinearinstability
◦(thensegueintoremnantturbulence)



EquilibriumStructure

•neoclassicalstructure:
denseontop,hotonbottom

•instabilityrocketingup,
yetunseen



Blowout

•20µsecafterpreviousframe

•profileblownaway

•fingerstructureobvious
(andtrivial)



BlowoutTimeTraces

•energy,ca.2/3lostinblowout

•flux,shortevent(<40µsec)

•growthrateasperflux,
linearthensegueinto
turbulentaftermath



BlowoutSpectra

•lineargrowth(left)andpeak-flux(right)phases

•lineargrowth:peakmodesaren=9and10(MHD:eφ̃/Telargest)

•peak-flux:vorticityalreadyflattoiongyroradiusscale

crashphaseisoutsidenotonlyMHDbutalsoBraginskiiregime



MainPoints

•BasicNatureofedgeturbulence:electromagneticiongrad-T
◦basicscalingincompatiblewithH-Mode(nolocalexplanationistenable)

•ZonalFlowEnergetics:influenceofgeodesiccurvature
◦energytransfermechanism,not“GAMs”

•ErgodicFieldPerturbations—3Dequilibrium

•SelfConsistentEquilibrium:flows,heatfluxes,currents,MHDstructure
◦globalAlfvénoscillation,timedependentShafranovshiftasprofilesevolve

••BurstyTurbulence(basic)andthenGlobalBursts(equilibriumbreakdown)
◦lossofshearlayerleadstoverystrongovershoot

•IBMBlowout:perhapsnotasgoodanELMmodelastheburststhemselves
◦basicMHDinstability,butlackingpre-state,andH-Modeisnotthatquiescent

•Development:nonlocalgyrofluid(GEMX)andgyrokinetic(FEFI)codes
◦GEMX:basicturbulenceplusequilibriumOK,includingAlfvénoscillation

currentlydevelopingtemperaturephysics
◦FEFI:stilltroublewithAlfvénoscillation,investigatingsymplecticmethods


