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Intr oduction

The1/� neoclassicaltransportregimeis a consequenceof thestellaratormagneticfield asym-
metry. Oneof the key issuesin stellaratoroptimizationis the minimization of neoclassical
transportin this regime. In general,this is ahugenumericaleffort and,therefore,aconvenient
techniqueis proposedin the presentcontribution to calculatethe neoclassicaltransportcoef-
ficients. Using this technique,the transportcoefficientsareexpressedin termsof a weighted
integralof thegeodesiccurvaturealongthemagneticfield line. Thus,it takesinto accountnot
only the particlestrappedwithin onemagneticfield periodbut alsothosewhich aretrapped
within severalmagneticfield periods.Themethodis appliedto severalstellarator-typeconfig-
urationsandthe resultsarecomparedto resultsfrom Monte-Carlocalculationsperformedin
this context.

Theoretical Background

Thestartingpoint is theexpressionfor theparticleflux densityof trappedparticlesthroughthe
magneticsurface
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for passingparticles,leadsto�
� � ^  � ! � "# $ �%'& � % /1243 $ � 5 7�9;:=<1

5 > :A@4BED7p9;F G
$ 	�� % � N %p� � � � | � �N�� %�& � %'�;��[� � H �� 	�� P (3)�

This work waspartly supportedby the AssociationEURATOM-OEAW undercontractnumberERB 5004
CT 960020.



26th EPS CCFPP 1999 ; V.V.Nemov et al.: Calculation of asymmetric neoclassical transport coefficient...

1622

Becauseaveragesover thevolumebetweentwo neighboringmagneticsurfacesareequivalent
to averagesalongthefield lines,this canbewrittenas�
� � ^  � ! ������p�C� /

�� � �1 s $��� %�& � % ���� � � �1 s $��� /1243 $ �w5 7p9;:=<1
5 > :A@CB D7�9;F G

$ 	�� % � N %p� � � � | � �N�� %�& � %��;��[� � H �� 	;� (4)

� ^  � ! ������ � � /
�� ���1 s $��� %�& � % ���� � /12�3 $ � 5?> :A@CBED7�9;:=<1

5 > :A@CBED7�9;F G
$ 	��¢¡ 9;:=<( ¡ + �¤£ > 9;:=<4D

¥1
£ > 9;F G¦D¥ $�� % � N %p� � � � | � � N�� %'& � %��;�� ��� � H�e ¡ j�� 	;� P

Here, 	[egfCh�i=j�`k f4n �Q� � ��� e fCh�i=jk�l'm and � e fCh�i=jk�l'm is theminimummagneticfield moduleon thegivenmag-
neticsurface.In thelastexpressionof (4), theintegrationalongthefield line andthevelocity
spaceintegrationhave beeninterchanged.Theindex § numberstheintervals ¨ � e k�l'm j¡ � � e k f4n�j¡ © of
trappedparticlemotionwith � � \ 	�� �«ª y for agiven 	�� and � (seeFigure1).
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Thesolutionof thebananakineticequationwith theLorenzcollisionoperatoris usedto evalu-
ate

�
�
. This solutionmustsatisfythefollowing conditionsat theboundarywhich corresponds

to somelocal maximum � k f4n separatingdifferentclassesof particlestrappedwithin oneor
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Thesubscripts� indicateclassesof trappedparticleswith � � � 	;�áñ � k f4n and � � � 	�� ªò� k f4n ,respectively. In the1/� regime,thebananakineticequationcanbewrittenasó � e ¡ j � H?s� � �rô��}õ �� 	;��ö 	;� ï e ¡ j � H e ¡ j�� 	��M÷ � (7)
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andthereforethederivativeof H e ¡ j� satisfying(6) is obtainedfrom (7),� H e ¡ j�� 	�� � \ ü e ¡ j�d^æ�OõU	�� ï e ¡ j � H?s� � P (9)

Substituting(9) into (4) and introducing insteadof 	;� the new integration variable þ�ÿ �� � � R½	;� � sÂV ( � s is somereferencemagneticfield) onefinally finds,��� � \ Z ��  ��� � � ���� ���	� ��
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Here, � � �! ^#" � ! is the thermalvelocity, � � � !%$ � � � R a � sËV is thetypical Larmorradius,� is thebig radiusof thegeometricalaxis,and � Hds � �&� is theaveragednormalderivative. An
equationfor theenergy flux densitycanbeobtainedanalogouslyanddiffersfrom (10)by factor� " in thesub-integrand.Theresult(10)differsfromthecorrespondingformulafor thestandard
stellarator(seeEq. (2.16)of [1]) by a simplereplacementof thehelicalmodulationamplitude
(' throughthe effective ripple modulationamplitude 
 ��
 givenexplicitly by (11). The factor
 ��� ���
 dependson themagneticfield geometryandnaturallytakesinto accountcontributionsto
the � � � transportarisingfrom all classesof trappedparticles,i.e. particlestrappednot only
within one magneticfield period but also within several magneticfield periods. For exact
quasi-helicalsymmetryit canbe shown that

�ü ¡ =0. In order to performthe actualtransport
calculation,(11) mustbesupplementedby themagneticfield line equationsandtheequations
for the

& �
calculation(see[2]).

Results

The derived formulaehave beenappliedto study the � � � transportof differentHelias-type
magneticconfigurations(originalHelias[3] andthequasi-helicallysymmetric(QHS)stellara-
tor [4]) aswell astheU-3M [5] configurationin zero-) limit. In this limit, themagneticfield
canberepresentedin theform of asuperpositionof toroidalharmonicfunctionscontainingthe
associatedLegendrefunctions. For U-3M a simplified magneticfield with onetoroidal har-
monichasbeenconsidered.Theresultsfor 
 ��� ���
 areshown in Figure2 andcomparedto Monte
Carlo(MC) calculationsof 
 ��� ���
+*-, for Helias[3] andU-3M in Figure3.

It canbe seenthat the resultsof the proposedtechniqueare in goodagreementwith results
obtainedby MC in the � � � regime.Thediscrepancy of theresultsfor U-3M in thehighplasma
densityregion might be explainedby the fact that 
 ��� ��.
 correspondsto the transportpurely
associatedwith themagneticfield asymmetrywhereastheMC calculationstake into account
alsotheaxisymmetricandhelicallysymmetricpartsof thetransportandthey stronglyincrease
with collision frequency.
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Theresultsshow that in the1/� transportregime theneoclassicaltransportpropertiesfor the
originalHelias[3] magneticfield areonly slightly betterthanthosefor thestandardstellarator
(with the same
(' ). For the magneticfield of the QHS stellarator[4], the contribution of the
magneticfield asymmetryto neoclassicaltransportis approximately100 times lessthanthe
correspondingcontribution in Helias[3].

Summary

Using an analyticsolutionof the bananakinetic equationin the � � � regime, a new formula
for the neoclassicaltransportcoefficients is obtainedwhich takes into accountall classesof
trappedparticles.This formulaholdsin any coordinatesystemandnosimplifying assumptions
aboutthe magneticfield areneeded.The result is expressedthrougha setof integralsof the
geodesiccurvaturealongthemagneticfield lines. Thecomputertime neededto computethe
transportcoefficientsis practicallythesameasthetime neededto computethemagneticsur-
faceof interestthroughanintegrationof themagneticfield line equations.In the1/� regime,
the resultsof the field line integrationtechniquearein satisfactoryagreementwith resultsof
Monte-Carlocalculations. For the QHS stellaratormagneticfield [4], the 1/� neoclassical
transportcoefficientsareapproximately100timeslessthanthoseof Helias[3].
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