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TheTEPdistributionof theplasmadensityandtemperaturecanbeconsideredasanattractor
of all possiblesteadydistributionsof theplasmain tokamak.This is becausetheuniqueTEP
distributioncorrespondsto distributionof adiabaticallyconservedinvariantsof motionwhich is
constantin tokamakvolume. Namely, the turbulentperturbationsof theelectronmotionwill
sooneror lateprovideaconstantvolumedistributionof theiradiabaticinvariants.No detailsof
theturbulenceareimportant,excepttherequirementof a quick rateof theturbulentmixing in
comparisonwith therateof theviolation of theadiabaticinvariants(dueto collisions,resonant
interactionwith high-frequency waves,etc.).In thiscasetheTEPdistributionmaybesteadyon
thetimescaleof theenergy confinementtime. This is themainideaof theglobalTEPapproach
(Yankov V.V.).

The experimentallyobserved quick response(within
� � ��� � � �

) of a plasmaon exter-
nal perturbationand the experimentalobservations of canonicalprofiles of plasmadensity
(D.R.Baker, 1997-1998),temperature(T.C.Luce,1992),radialelectricfield (R.A.Moyer et.al.,
1995),plasmarotationandturbulence(J.Kim et.al.,1994)speaksin favor of asthecauseof the
establishmentof a globalTEPdistribution.

In somebasicidealcasesit is possibleto obtaintheTEPdistribution of theelectronsfrom
theiradiabaticinvariants– theperpendicularadiabaticinvariant�
	 � ���
� ��� � � � andthegeneral

longitudinalinvariant ����	����� � �� �� �! #" with
�$ %'& � ��)( %* �+

andtheintegrationalongthefrozen-

in field
�, % 	 -/. 0 �$ % is assumed.Accordingto the TEP conceptthis givesa uniform volume

distribution of the adiabaticinvariantsfor every group of electronswith the samevaluesof
adiabaticinvariants. Eachelectronfrom this group is a passingone in the internal tokamak
region andhasthepossibilityto betrappedin theoutsideregion.

For example,theTEPprofilesof theelectrondensitycanbeobtainedin thefollowing simple
way. Let us considerthe closedfrozen-infield tubeof the trapped(banana)electrons. The
knowledgeof the length 1 2 � - � & �4365 �87 � - � of this tubegivestheprofile of thedensityof the
bananaparticles9 2 � - �;:<� � 1 2 :<� � 7 � - � (Yankov V.V., 1994)throughthesafetyfactorprofile7 � - � averagedon themagneticsurface- . This is becausetheinvariantvalueof thetotalnumber
of the bananaelectronsin this tubeis a constantin the whole tokamakvolumeaccordingthe
TEP idea. (Herewe usedalsothe conservation of the frozen-infield flux  = & , %  ?> ). The
effective length of the infinite contour for the passingelectrons(the relative distancealong
the infinite magnetictubebetweentwo Lagrangeparticles)canbeobtainedfrom theconstant
distributionof thegenerallongitudinalinvariant.In thiscasethemechanicalpartof this integral
is negligible in comparisonwith themagneticone,hence,���A@�B � �+ �� �  #" whichgives 9 C � - �D:� � 1 C � - �D: � �+ �� � � - � , i.e. theprofileof thedensityof only passingelectronsfollows thehelicity
profile (Ivonin I.A., Pavlenko V.P., PerssonH., 1998). On Fig.1 we presentthe normalized
profilesof thevalues

� � 7 � - � , � �+ �� � � - � for thetypicalplasmaparametersof theDIII-D tokamak
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( E � & F �/G � HI5 � & � J��/G � H 7 K &ML HONQP � � � & � R � �
) andnumericallycalculatedcombined

profile 9 � - � of thedensityof boththetrappedandthepassingelectrons.Thebestpower fitting
gives 9 � - �D:�� � 7 � - � �TS UWV��XS Y in accordancewith theusualexperimentalscaling.

For bananaelectronsfrom a particulargroup,thegeneral longitudinalinvariantis half the
mechanicalone. Its valuein TEPdistribution �[Z & �QZ � - H \ � � - �X� & G .]9 � 0 , doesnot dependon
themagneticsurface- . Thisgivesboththeenergy

\ � - � profile (andthetemperaturê � - � after
theaveragingoverall groupsof theelectrons)of thebananaelectrons.Thisprofile is ratherflat
in comparisonwith theexperimentallyobserveddata.

For passingelectronsthemechanicalpartof thegeneral longitudinalinvariantis negligible.
Moreover, it cannotbeappliedseparatelybecauseof thepossibilityof a toroidal(longitudinal)
deformationof thefrozenin field tube. Thus,no informationabouttheenergy profile of these
passingelectronscanbeobtainedfrom its secondadiabaticinvariant. To definetheprofile of
thekinetic energy

\ � - � for passingelectronswe mayusethe radial componentof thekinetic
equationof theelectronforceequilibriumwhich shouldbetreatedin anaveraged senseasthe
balanceof theimpulseor “pressure”of theelectronsfrom theparticulargroupon themagnetic
surface.Namely

_ �� Z 
?`badc e f � - � ( \ � - �Tgihj & e G _Xk ��
*

� Z 
ml �� n j `ba H (1)

wherebracketsdenotethe averagingover poloidal angle o , the potential f � - � representsthe
radial electric field,

\ � - � is the kinetic energy of electronand 9 � - H o � is the densityof the
electronsof particulargroup on the magneticsurface. From (1) one can seethat the force
equilibrium equationindeedcanbe appliedonly for the passingelectronsbecausethe value_ � � � Z 
 `Wa divergesfor thebananaparticles.

Similarto (1) theforceequilibriumequationwasused,for example,toobtaintheTEPprofile
of thedensityin theconvective zoneof theSolaratmosphere,(Yankov V.V., 1997)which is in
theforceequilibriumwith thegravity. Thephysicalsenseof (1) is thepossibility to transform
theenergy of thepoloidalmagneticfield into thekinetic andthepotentialenergy of electrons
(Kadomtsev B.B., 1992)andinto theenergy of turbulence.

Thecurrentvelocity of theparticulargroupof passingelectronscanbeobtainedfrom the
kinetic momentumequationwhich for eachgroupof passingelectronshasthesteadysolutions
in form:

� � 
 _ �
*qp
� Z 
?`ba & r � �tsvuxwiyzu{w 
 � � _ �� Z `ba H � � 
 _ �

*}|
� Z 
#`Wa & ~ y�u ~ 
 � � _ �� Z `ba H (2)

wherethe values
r � - �8H wiyb� 
 � - ��H ~ yb� 
 � - � areapproximatelythe samefor all passingelectrons.

Thevaluesw]y�� 
 and
~ yb� 
 aredeterminedby therotation �� of theionsandby thetoroidaldrift

�[��%
of thebananaelectrons

c \ � - � ( e f � - �tg hj & e G _ �[��% � a � � Z `ba_ � � � Z `ba (3)

The value
r

is mainly determinedby the loop voltage
�[����� C�	 ��3�5 � \ P andby the profile of

total density. The above solution for
_ �� * � � Z 
 `ba describesthe relative possibility to carry the

current. Namely, the only deeplypassingelectronscancarry large current,while the nearly
trappedpassingelectronscarryonly smallcurrentbecausethevalue

_ � � � Z 
 `ba divergesfor the
bananaelectrons. toroidal To determinethe radial profilesof plasmarotationwe usedusual
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drift equationsfor the radialequilibriumof the trappedandpassingions in thehydrodynamic
approximationtogetherwith the force balanceof the passingions along the magneticfield
directione� \ P ({� ��� � � � Z ( � � � � � (��/����% � �� � � Z (x� *W� � (�������% � �� � � Z (x����% � & � H

(4)

where� Z is thelongitudinalrotationvelocityof passingions, � � � � is thetoroidaldrift of trapped
ions and

� ��� �
is the collisional frequency of passingandbananaions. The averagedin time

toroidalcomponentof theMaxwell equation�
- c - 
7 5 � 5 � gihj &

5 �� 2 % � G � � C % � - ��� 
 c � � Z u � � ( � � � � � � p (�
9 � - � � �

_ 9 2 `_ � � � Z `ba _
�[��%� Z `ba (

�
9 � - � ���

_ 9 C `_ � � � Z `Wa 
 _
� *qp� Z 
 `ba g (5)

where � � - � is thefractionof thepassingions,givesthelastequationfor theself-consistentde-
terminationof theTEPdistributionandtheprofiles ^ � - �8H f � - ��H �� � - � from theEqs.

k
(1) - (5)

n
for

givenmagneticfield geometrywith aseparatrix.After averagingoverall groupsof theelectrons
andeliminationof theelectricfield, this systemgivestheusualequationof thehydrodynamic
plasmaequilibrium(Grad-Shafranov Equation).Two typesof thepressureprofile arepossible
in this modelwhich is determinedby the critical value

N��P @ � E � 5�� 
 ��� 7 K ( �]� @ L �
for the

DIII-D parameters.On the Fig.2 we plot the profilesof the effective (longitudinal)electron
temperaturefor thevalues

NQP & � �
(typical experimentalvalue)andfor

NQP & � � �
. Onecan

seethat largervalueof
NQP

givessmall temperaturepinching,but the temperatureprofile hasa
sharpboundarysimilar to thatin theH-mode.

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0.0 0.2 0.4 0.6 0.8

n (1020m-3)

r/a

Fig.1

1/q(r)

(AB)(r)

0

1

2

3

4

5

0.0 0.2 0.4 0.6 0.8

T
e
 (keV)

r/a

Fig.2

β
φ
=0.1

β
φ
=0.01

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 constantprofilesof densityand temperature.Then, for eachparticle
from this distribution, the individual TEP distribution of the densityandthe energies(the to-
tal and in the longitudinal degreeof freedom)were calculatedaccordingto the description
above. Thus,after this first iteration, the new distribution function consistingof the sumof
theindividualelectronTEPwasdetermined.Thenwe calculatedthenew distribution function,
inhomogeneousin the tokamakvolume,andusedit for thenext groupof electronsinsteadof
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the initial uniform Maxwelliandistribution. Theconvergenceto theglobalTEPwasfound to
befast(1000particlesaresufficient).

It is importantthat the TEP distribution function found differs from a flux-surface-local
Maxwelliandistribution, becauseit hasdifferentlongitudinalandperpendiculartemperatures.
Thus,TEP may relax dueto kinetic instabilities. Someenergy may be transferredto the tur-
bulencein this relaxationprocess,which is neededfor the TEP establishment.This givesus
thepossibility to estimateboth the turbulencelevel � � - � andtherateof the turbulentmixing.
On Fig.3we plot thesteadylevel of theion-soundturbulencewhich canbegeneratedeasilyin
the DIII-D magnetizedplasma(with - ��� - � � ). Then,the rateof the turbulent mixing canbe
estimatedthroughthe valueof the turbulent diffusion coefficient �  ¢¡ j 2 : � (Isichenko M.B.
et.al., 1995),which gives the time £8¤ � ¥ ¦ � � � �

for the centralpart - � E � � R�§
. This may

suggestthevalidity of theglobalTEPapproachat leastin thecentralpartof thetokamakwhere
thecollision time £ * @ ¨ � � is not toosmall in comparisonwith themixing time.

The found level of the turbulenceis large in the centralpart of the tokamakbecauseof
large electrontemperatureandlarge currentvelocity (which canexceedthe marginally stable
velocity) of somegroupsof deeplypassingelectrons.Thelevel of theturbulenceis largealso
neartheseparatrix.This is becauseof thelarge(dueto 9 C�© j�ª KO« �

) currentvelocityof passing
electronsneartheseparatrixat theposition - & E .

Finally, it is interestingto notethatthenegativeradialelectricfield canbegeneratednearthe
separatrixby theinhomogeneouslevel of theturbulencesimilar to Miller forcegeneration.In-
deed,only thepassingelectronsmayproducetheturbulenceduringturbulentmovementtoward
theseparatrix.Thiscanbeconsideredastheradialturbulentforcethatpushespassingelectrons
from theseparatrix.This forcegeneratesa chargeseparation,andtheresultingnegative radial
electricfield shouldcompensatethe turbulent force. The potential ¬ � - � of this force canbe
introducesin thekinetic force-equilibriumEq.(1).OnFig.3wealsoplot thepreliminaryresults
of numericalcalculationof this negative radialelectricfield. It is importantthatthepositionof
thezeroof this field correspondsto thepositiontheturbulencesuppressionin agreementwith
theexperimentalresultsin DIII-D tokamak(R.A.Moyer et al., 1995).Finally, in Fig.4we plot
thepreliminaryresultsof theprofilesof theplasmarotationin 1 ( mode.
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