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Intr oduction

The 1/v neoclassicalransportregimeis a consequencef the stellaratormmagneticfield asym-
metry. Oneof the key issuesin stellaratoroptimizationis the minimization of neoclassical
transporin thisregime. In generalthisis ahugenumericaleffort and,therefore a corvenient
techniqueis proposedn the presentcontribution to calculatethe neoclassicatransportcoef-
ficients. Using this technique the transportcoeficientsare expressedn termsof a weighted
integral of the geodesicurvaturealongthe magnetidield line. Thus,it takesinto accouninot
only the particlestrappedwithin one magneticfield periodbut alsothosewhich are trapped
within severalmagnetidield periods.Themethodis appliedto severalstellaratostype config-
urationsandthe resultsare comparedo resultsfrom Monte-Carlocalculationsperformedin
this context.

Theoretical Background

Thestartingpointis the expressiorfor the particleflux densityof trappedparticlesthroughthe
magneticsurfacey=constof areas$ (in w, J, , o variablesw is thetotal enegy, J, = v? /B,
o= +1)
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Here,v(r,w, J.) = ov/v? — J B, v* = 2(w — eg)/m, J(f::jn = U2/Br:a,b)§ is the trapped-
passingooundary J, ,..x(r) = v?/B(r), and f; is a correctionto the Maxwellian distribution
fo = fo(¥h,w). Using the explicit expressionfor the guiding centerdrift velocity and the
propertyof the equilibriummagnetidield, (V x B) - V¢ = 0, oneobtains
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with k¢ = (h x (h-V)h) - V¢ /| V| the geodesiccurvatureof the magneticfield line. A
partialintegrationof (1) with respecto J, usingthe continuityof f; andthefactthat f; = 0
for passingparticles|eadsto
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Becausewveragesver the volumebetweertwo neighboringmagneticsurfacesare equivalent
to averageslongthefield lines,this canbewritten as
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Here,J®® = 2/ B®% and B is the minimummagnetidield moduleon the givenmag-

neticsurface.In thelastexpressmmf (4), theintegrationalongthefield line andthe velocity

spacentegrationhave beeninterchangedTheindex j numberstheintervals[sgmi“), sgma")] of

trappedparticlemotionwith v — J, B > 0 for agiven.J, andw (seeFigurel).

Figure 1. The magnetic field module as a func-
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- ' tion of the distance along the field line s. The
""""""" f_w)/ £62 dashed line corresponds to the boundary values
of v2/J1 = Bmax Separating different classes of

B(s)

particles. The turning points s m‘“ and s of
trapped particle with vZ/JL > Bmax are shown

S
Thesolutionof thebanan&inetic equationwith the Lorenzcollision operatoiis usedto evalu-
ate F},. This solutionmustsatisfythe following conditionsat the boundarywhich corresponds
to somelocal maximum B,,,,, separatinglifferentclassesf particlestrappedwithin one or
severalripple wells,
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Thesubscriptst indicateclasse®f trappedparticleswith v?/.J, < Bpa, andv?/J; > Buax,
respectrely. In the 1/v regime,the banan&inetic equationcanbewritten as
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wherev A(v?) is the pitch-anglescatteringrequeng. By definition of 41} andwith the help
of (2) it follows
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andthereforethe derivative of fl(j) satisfying(6) is obtainedfrom (7),
of _  HY  9f
0J,  120AJ 10 oy

Substituting(9) into (4) and introducing insteadof J, the new integration variabled’ =
v?/(J.By) (By is somereferencemagnetidield) onefinally finds,
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Here,ur = /2T /m is thethermalvelocity, p;, = mcvr/(eBy) is thetypical Larmorradius,
R is the big radiusof the geometricabxis,anddf, /0r is the averagedhormalderiative. An
equatiorfor theenengy flux densitycanbeobtainedanalogoushanddiffersfrom (10) by factor
2T in thesub-intgrand.Theresult(10) differsfrom thecorrespondindgormulafor thestandard
stellarator(seeEq. (2.16)of [1]) by a simplereplacemenbf the helicalmodulationamplitude
er, throughthe effective ripple modulationamplitudee.s givenexplicitly by (11). The factor

3/2 dependn the magneticfield geometryandnaturallytakesinto accountcontributionsto
the 1/v transportarisingfrom all classef trappedparticles,i.e. particlestrappednot only
within one magneticfield period but also within several magneticfield periods. For exact
guasi-helicalsymmetryit canbe shavn that ﬁj:O. In orderto performthe actualtransport
calculation,(11) mustbe supplementetly the magneticfield line equationsandthe equations
for the Vi calculation(seg[2]).

Results

The derived formulae have beenappliedto studythe 1/v transportof different Helias-type
magneticconfigurationgoriginal Helias[3] andthe quasi-helicallysymmetric(QHS) stellara-
tor [4]) aswell asthe U-3M [5] configurationin zero4 limit. In this limit, the magneticfield
canberepresented theform of asuperpositiorof toroidal harmonicfunctionscontainingthe
associated.egendrefunctions. For U-3M a simplified magneticfield with onetoroidal har
monichasbeenconsideredTheresultsfor 62142 areshavn in Figure2 andcomparedo Monte

Carlo(MC) calculationsof ezf/}%,lc for Helias[3] andU-3M in Figure3.

It canbe seenthat the resultsof the proposedechniqueare in good agreementvith results
obtainedoy MC in the 1 /v regime. Thediscrepang of theresultsfor U-3M in thehigh plasma
densityregion might be explainedby the fact that 63/2 correspondgo the transportpurely
associateavith the magneticfield asymmetrywhereasthe MC calculationgake into account
alsotheaxisymmetricandhelically symmetricpartsof thetransporiandthey stronglyincrease
with collision frequeng.
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Figure 2. Parameters 62142 for Helias (curve 1), Figure 3. Normalized results of MC calcula-
QHS stellarator (curve 2) and U-3M (curve 3); tions (solid lines) for Helias (curves 1) and U-3M
¢ is a dimensionless distance from the magnetic (curves 2); dashed lines show the level of ezf/f cal-
axis (£=1 corresponds to the boundaries). culated with the technique of integration along
the field line.

The resultsshow thatin the 1/v transportregime the neoclassicatransportpropertiesfor the
original Helias[3] magnetidield areonly slightly betterthanthosefor the standardstellarator
(with the samee;,). For the magneticfield of the QHS stellarator{4], the contrikbution of the
magneticfield asymmetryto neoclassicatransportis approximatelyl00 timeslessthanthe
correspondingontributionin Helias[3].

Summary

Using an analytic solution of the bananékinetic equationin the 1/v regime, a new formula
for the neoclassicatransportcoeficientsis obtainedwhich takesinto accountall classesf
trappedparticles.Thisformulaholdsin any coordinatesystemandno simplifying assumptions
aboutthe magneticfield areneeded.The resultis expressedhrougha setof integralsof the
geodesicurvaturealongthe magneticfield lines. The computertime neededo computethe
transportcoeficientsis practicallythe sameasthe time neededo computethe magneticsur
faceof interestthroughanintegrationof the magneticfield line equations.In the 1/v regime,
theresultsof the field line integrationtechniquearein satisactoryagreementvith resultsof
Monte-Carlocalculations. For the QHS stellaratormagneticfield [4], the 1/v neoclassical
transportcoeficientsareapproximatelyl00timeslessthanthoseof Helias[3].
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