26" EPS Conf. on Contr. Fusion and Plasma Physics, Maastricht, 14 - 18 June 1999  ECA Vol.23J (1999) 925 - 928

Self-consistent Properties of Tokamak Plasmasin a State of Turbulent
Equipartition

Igor A.lvonin,b? Vladimir PPavlenko ' andHansPerssoh?®

!Departmenbf Spaceand PlasmaPhysics,
UppsalaUniversity, S-75591 Uppsala,Sweden
2RRCKurchatov Institutg 123182Moscow Russia
3StudsvikEcosafeAB, S- 61132 Nykdping Sweden

TheTEPdistribution of theplasmadensityandtemperatureanbeconsideredsanattractor
of all possiblesteadydistributionsof the plasmain tokamak. This is becausehe unique TEP
distribution correspondso distribution of adiabaticallyconseredinvariantsof motionwhichis
constantin tokamakvolume. Namely the turbulent perturbationf the electronmotion will
sooneror late provide a constantvolumedistribution of their adiabatianvariants.No detailsof
theturbulenceareimportant,exceptthe requiremenbf a quick rateof the turbulentmixing in
comparisorwith therateof theviolation of the adiabatianvariants(dueto collisions,resonant
interactionwith high-frequeng waves,etc.).In this casethe TEP distribution maybe steadyon
thetimescaleof theenegy confinementime. Thisis themainideaof theglobal TEP approach
(Yankov V.V.).

The experimentallyobsened quick responsgwithin 10 <+ 20ms) of a plasmaon exter-
nal perturbationand the experimentalobsenations of canonicalprofiles of plasmadensity
(D.R.Baler, 1997-1998)temperaturgT.C.Luce,1992),radial electricfield (R.A.Moyer et.al.,
1995),plasmarotationandturbulence(J.Kim et.al.,1994)speaksn favor of asthe causeof the
establishmenof aglobal TEP distribution.

In somebasicideal casest is possibleto obtainthe TEP distribution of the electronsfrom
theiradiabatidnvariants-theperpendiculaadiabatidnvarianty, = mV?2/(2B) andthegeneal
longitudinalinvariantJo = § £l with P, = mV — ¢ A andtheintegrationalongthefrozen-
in field G, = rotP, is assumed.Accordingto the TEP conceptthis givesa uniform volume
distribution of the adiabaticinvariantsfor every group of electronswith the samevaluesof
adiabaticinvariants. Eachelectronfrom this groupis a passingonein the internaltokamak
region andhasthe possibilityto betrappedn the outsideregion.

For example the TEP profilesof theelectrondensitycanbeobtainedn thefollowing simple
way. Let us considerthe closedfrozen-infield tube of the trapped(bananallectrons. The
knowledgeof thelength L,(r) = 2w Rgq(r) of this tubegivesthe profile of the densityof the
banangparticlesn,(r) ~ 1/Ly ~ 1/q(r) (Yankov V.V., 1994)throughthe safetyfactorprofile
q(r) averagenthemagneticsurfacer. Thisis becauseheinvariantvalueof thetotal number
of the bananeelectronsn this tubeis a constanin the whole tokamakvolume accordingthe
TEP idea. (Herewe usedalsothe conseration of the frozen-infield flux dF' = Q.dS). The
effective length of the infinite contourfor the passingelectrons(the relatve distancealong
the infinite magnetictube betweenwo Lagrangeparticles)canbe obtainedfrom the constant
distribution of thegeneralongitudinalinvariant. In this casehemechanicapartof thisintegral
is negligible in comparisorwith themagneticone,hence,J; ~ [(AB)dl which givesn,(r) ~
1/L,(r) ~ (AB)(r), i.e. theprofile of thedensityof only passingelectrongollows the helicity
profile (Ivonin ILA., Pavlenko V.P, PerssorH., 1998). On Fig.1 we presentthe normalized
profilesof thevaluesl /¢(r), (AB)(r) for thetypical plasmaparametersf the DIII-D tokamak
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(ap = 60cm, Ry = 180cm, g, = 4, B4(0) = 0.01) and numerically calculatedcombined
profile n(r) of thedensityof boththetrappedandthe passingelectrons.The bestpower fitting
givesn(r) ~ 1/q(r)%°+%6 in accordancevith the usualexperimentalkcaling.

For bananaelectrondrom a particulargroup,the geneal longitudinalinvariantis half the
mechanicabne. Its valuein TEP distribution J = Jj(r, Ex(r)) = const, doesnot dependon
themagneticsurfacer. This givesboththeenegy E(r) profile (andthetemperaturd’(r) after
theaveragingover all groupsof theelectronspf thebananaelectronsThis profileis ratherflat
in comparisorwith the experimentallyobsereddata.

For passingelectronghe mechanicapartof the geneal longitudinalinvariantis negligible.
Moreover, it cannotbe appliedseparatelypecaus®f the possibility of a toroidal (longitudinal)
deformationof thefrozenin field tube. Thus,no informationaboutthe enegy profile of these
passingelectronscanbe obtainedfrom its secondadiabaticinvariant. To definethe profile of
the kinetic enegy E(r) for passingelectronswe may usethe radial componenof the kinetic
equationof the electronforce equilibriumwhich shouldbetreatedn anavelaged senseasthe
balanceof theimpulseor “pressure’of the electrondrom the particulargroupon the magnetic
surface.Namely
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wherebraclets denotethe averagingover poloidal angle#, the potential ¢(r) representshe
radial electricfield, E(r) is the kinetic enegy of electronandn(r, ) is the density of the
electronsof particulargroup on the magneticsurface. From (1) one can seethat the force
equilibrium equationindeedcan be appliedonly for the passingelectronsbecausehe value
(1/V;*)e divergesfor the banangarticles.

Similarto (1) theforceequilibriumequatiorwasused for example to obtainthe TEPprofile
of the densityin the corvective zoneof the Solaratmosphere,(@hkov V.V., 1997)whichis in
theforce equilibriumwith the gravity. The physicalsenseof (1) is the possibilityto transform
the enegy of the poloidal magneticfield into the kinetic andthe potentialenegy of electrons
(Kadomtse B.B., 1992)andinto theenegy of turbulence.

The currentvelocity of the particulargroupof passingelectronscanbe obtainedfrom the
kinetic momentumequationwhich for eachgroupof passingelectronshasthe steadysolutions
in form:

Vo, Vo2<ﬁ>9 =m+ ’Y2Vo<i>9, (2)
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wherethe valuesa(r), d12(r), 11,2(r) areapproximatelythe samefor all passingelectrons.
Thevaluess, » andy, » aredeterminedy therotation of theionsandby thetoroidaldrift V.
of thebananalectrons
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The value« is mainly determinedoy the loop voltageV,., = 2nRoE,; andby the profile of
total density The above solutionfor (17;/1/”2)9 describeghe relatve possibility to carry the
current. Namely the only deeplypassingelectronscan carry large current,while the nearly
trappedpassingelectronscarry only small currentbecausehe value (1/V}*), divergesfor the
bananaelectrons.toroidal To determinethe radial profiles of plasmarotationwe usedusual
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drift equationdor the radial equilibrium of the trappedandpassingonsin the hydrodynamic
approximationtogetherwith the force balanceof the passingions along the magneticfield
direction

e
ME¢ Vigy, u|| udzb Z Vez u|| c” Z Vez U” V:ie) = 07 (4)

wherey is thelongitudinalrotationvelocity of passingons,u;, is thetoroidaldrift of trapped
ions and v;;, is the collisional frequeng of passingand bananaions. The averagedin time
toroidalcomponenof the Maxwell equation

1 Ry
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wherep(r) is thefraction of the passingons, givesthelastequationfor the self-consistentle-
terminationof the TEP distribution andtheprofilesT'(r), ¢(r), u(r) fromtheEqgs|(1) - (5)] for

givenmagnetidield geometrywith aseparatrix After averagingoverall groupsof theelectrons
andeliminationof the electricfield, this systemgivesthe usualequationof the hydrodynamic
plasmaequilibrium (Grad-Shafrano Equation). Two typesof the pressurerofile arepossible
in this modelwhich is determinedby the critical value 8 ~ (a/R)*/(ga — 1) =~ 4% for the
DIII-D parameters.On the Fig.2 we plot the profiles of the effective (longitudinal) electron
temperaturdor thevaluesg, = 1% (typical experimentalvalue)andfor 3, = 10%. Onecan
seethatlargervalueof 3, givessmalltemperaturginching, but the temperaturerofile hasa
sharpboundarysimilar to thatin theH-mode.
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The numericalsimulationsof TEP distribution function were madeby the Monte-Carlo
method, by the iteration of the TEP distribution. The initial distribution function was the
Maxwell function with constantprofiles of densityandtemperature.Then,for eachparticle
from this distribution, the individual TEP distribution of the densityandthe enepies (the to-
tal andin the longitudinal degree of freedom)were calculatedaccordingto the description
aborve. Thus, after this first iteration, the new distribution function consistingof the sum of
theindividual electronTEP wasdetermined Thenwe calculatedhenew distribution function,
inhomogeneou the tokamakvolume,andusedit for the next groupof electronsinsteadof
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theinitial uniform Maxwellian distribution. The corvergenceto the global TEP wasfound to
befast(1000particlesaresuficient).

It is importantthat the TEP distribution function found differs from a flux-surface-local
Maxwellian distribution, becauset hasdifferentlongitudinalandperpendiculatemperatures.
Thus, TEP may relax dueto kinetic instabilities. Someenegy may be transferredo the tur-
bulencein this relaxationprocesswhich is neededor the TEP establishment.This givesus
the possibility to estimateboth the turbulencelevel U (r) andthe rateof the turbulent mixing.
OnFig.3we plot the steadylevel of theion-soundturbulencewhich canbe generateeasilyin
the DIlII-D magnetizelasma(with r, < r4 ). Then,therateof the turbulent mixing canbe
estimatedhroughthe value of the turbulent diffusion coeficient Dy,,, ~ U (Isichenlo M.B.
et.al., 1995), which givesthe time 7,,;,, < 20ms for the centralpartr/a < 0.7. This may
suggesthevalidity of theglobal TEP approactatleastin thecentralpartof thetokamakwhere
thecollisiontime 7. ~ 5ms is nottoo smallin comparisorwith the mixing time.

The found level of the turbulenceis large in the centralpart of the tokamakbecauseof
large electrontemperaturendlarge currentvelocity (which canexceedthe mamginally stable
velocity) of somegroupsof deeplypassingelectrons.The level of theturbulenceis large also
nearthe separatrix This is becaus®f thelarge (dueto n,|,.—, — 0) currentvelocity of passing
electronmearthe separatrivxat the positionr = a.

Finally, it isinterestingo notethatthenegative radialelectricfield canbegeneratedearthe
separatriXoy theinhomogeneoukevel of the turbulencesimilar to Miller force generationlIn-
deedonly thepassingelectrongmayproducetheturbulenceduringturbulentmovementioward
theseparatrix.This canbeconsideredstheradialturbulentforcethatpushegassingelectrons
from the separatrix.This force generates chage separationandthe resultingnegative radial
electricfield shouldcompensat¢he turbulentforce. The potential®(r) of this force canbe
introducesn thekineticforce-equilibriumEq.(1). On Fig.3we alsoplot the preliminaryresults
of numericalcalculationof this negative radial electricfield. It is importantthatthe positionof
the zeroof this field correspondso the positionthe turbulencesuppressioiin agreementvith
the experimentalresultsin DIlI-D tokamak(R.A.Moyer etal., 1995). Finally, in Fig.4 we plot
the preliminaryresultsof the profilesof the plasmarotationin ZL—mode.
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