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1. INTRODUCTION
Stochastic collisionlesstransportisknowntocontributesignificantlytothelossof

energeticionsin toroidalmagneticconfinementdeviceseveninthecaseofa tokamakwitha
weakaxialasymmetryofmagneticfield[1].Helicalripplesofa stellaratormagneticfield
considerablycomplicatethefastparticlemotionascomparedtothatinthe tokamak,andmay

causethestochastic  behaviourand stochasticityinduced collisionlesslossmechanismsof
highenergyparticlesinthehelicalconfinementsystemsaswell. Thusthemotionofenergetic
toroidallytrappedparticleswiththe toroidalprecessionbeingintheresonancewiththe
helicalrippleperturbationsbecomesstochasticduetothenon-conservationofthe
longitudinaladiabaticinvariant J = /Vds [2].
Themainpurposeofthepresentpaperisthestudyofthestochastictransportoffast
ionsin stellaratorsinducedbythenon-conservationofthemagneticmoment M. Theparticle
motionbecomesstochasticasaresultofthecyclotroninteractionoffastionswiththehelical
ripplesof stellaratormagneticfield. Theappropriateconsiderationfor tokamakshasbeen
donein[8].Thecontributionofthestochastictransporttothelossoffastionsinthe
stellaratorexperimentsisdiscussed.

2. CYCLOTRONINTERACTIONOFFASTIONSWITHHELICALRIPPLES
Thecyclotroninteractionofafastionwitharippledmagneticfieldmaybedescribed
bytheequations

H :VDQ/Z +V,,2)/(B,o)sina, a =~y (1)
Here u=V? / B isthemagneticmoment, athegyro-phaseand V theperpendicular

componentoftheparticlevelocity,  asijthecyclotronfrequencyand o isthecurvatureradius
ofthemagneticlineofforcedeterminedas

p =[0(P +B?/2)-B(x, M)B|/B?, 7, =B/B.(2)
Pisaplasmapressure.Forthecaseofaslowlyvaryingmagnitudeof [ ,i.efor
M EVD(\/2 +V”2)/(Bp) << uwy;, EQ.(1)yieldstheregulargyro-oscillationsofmagnetic
moment i = u — f givenby

B/ =M/(ue, )cosa O(p./ p)V Vo )cosa .(3)
with V, thelongitudinalcomponentoftheparticlevelocityand A=V /ayi thegyro-radius
and [ thegyro-averagedmagneticmoment.Inthiscase gyro-averagingoftherightsideof
(3)wouldyieldzeroimplyingtheconservationof [ .Typicaloscillationsof L fora
circulating38 keVdeuteroninCHSareshowninFig.1.Duetothehelicalnatureof stellarator
magneticfieldthemagnitude Mmaycontaintheoscillatoryterms  [exp[i(nd-Ng)]withrather
high toroidalmodenumbers N>> m,where misthe toroidalperiodnumberof stellarator, nis

poloidalmodenumber. Theyappearmainlyduetothedependenceof Monthecurvature
radius o(J,¢).Itshouldbepointedoutherethatthecurvatureradiusmaycontainhelical
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harmonicswithhigh Neveninthecasewhen  B(Z,¢)doesnot.Itisconfirmedbytheprofiles
ofthehelicalharmonics(4,16)and(6,24)ofthecurvatureradiusexpansion

(05) = Ko cos(nS = Ng), Koy =1)forCHSWith R=92  cmshowninFig.1.For
comparisoninFig.2alsotheradialprofilesofthecorrespondingharmonicsofmagneticfield

areshown.Thehigh- Nhelicalmodesof o, ¢@)willresultinthecyclotroninteractionofthe
particlegyrationandfastoscillationsof M.Toestimatetheeffectofnon-conservationof U

causedbythisinteractionweexpand  Minaseriesofhelicalharmonics
M(S,¢)=2 M, expi(ng - Ng)].(4)
andrewriteequationfor  jzas
f1=-051% M, [expliwn,)-expliwn, )} i =n9-Ng+a.(5)
Fromtheaboveequationitfollowsthatinthepresenceofhigh- Nharmonicscorrespondingto
thecyclotronresonance ¢y, =nd — Ng + ¢ =0, 7 willnotbeconserved. Inthelowestorder
ofdriftapproximationtheresonantconditionisgivenby
Vi(B) = R, /(N =) =V, (r).(6)
Wherefrom,itfollowsthatthecyclotroninteractionisonlypossibleforfast ionswhich
satisfy
V> Ro%o/(N -m), p. >R /(N-m).(7)
Nextweconsidertheimportantfeatureofthelocalcharacterofthecyclotronresonance,i.e.
thatitispossibleonlyinthevicinityofthe toroidalposition ¢ = ¢, (r,V, ) alongtheorbit

satisfyingthecondition V,(B(9,)) =V, (r) (seeFig.5).Inaconventional stellarator
configuration (£, << meg, )theresonantregionin  toroidalcoordinate &¢(correspondingwith

s, =y (o, )-ws (#) <1),thatcontributesmainlytothevariationof 1 ,issmall

3 =|(a/g). [ D\/”/(\/\/eh(N —m)(m—m))<<1,here(...) 'denotesthederivativewith

respectto @.Thisconfirmsthelocalcharacterofcyclotronresonance.Withthehelpof Eq.
(5),inthelowestorderofthestationaryphasemethod,wearriveforthevariation Aprof
magneticmoment,causedbythecyclotronresonanceat ¢ = ¢, ,attheexpression

Ay, Dousinl, (8,) +song (8) /4], du= /(N = A[uB @, )M R, .6)
Thentheevolutionofmagneticmomentmaybedescribedbythefollowingmapping

s~ 1y = Bl 87 (11, ))cos W, W, =W, = (-1)'G(u,.,) + P(1..) (9)
Here W =y (@,) +sany) (8, ) 1/4; w,and W, arethevaluesof tand  Watsomepass

n.

throughtheresonantpoint  ¢,'; .., , ..., arethevaluesofthesamevariablesduringthepass
ofpoint ¢ G(u)= (N =1¢) [ dgMi N, =1; P(u)=-p RN/ (@2riv) | dgv;" oB/or

Mapping(9)issimilartotheone,whichdescribesthestochasticdiffusioninducedby
cyclotroninteractionoffastparticleswithTFripplesin tokamaks[3].1tdiffers,however,
from tokamakmappingbytheexistenceofaseveralresonantpointsalongtheorbit(Fig.5),
whichformtheeffectiveresonantregions(Fig.6). Thenext stellaratorpeculiarityisthe
existenceofresonantlevelswithdifferent ~ poloidalmodenumbers(Fig.6)thatdecreasesthe
distancebetweentheneighboringresonantlevelsbyafactor m/ ¢ . Thereforeasa
stochasticitycriterionwecanuse |A,uaG/ 6,u| > t/mwhichyieldsthefollowingqualitative

evaluationof stochasticitythresholdforthehelicalharmonicsof o
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Koy > Ky = T PRI &, (m=A) (N =) o7 O 7t (=) (N —m) ™ .(10)
Itfollowsfrom(10)thatfor38 keV untrappeddeuteronsresonatingwith N=3m=24
harmonicsinCHS( 1=2, m=8, R =92 cm, B =0.9 T)at r/a=0.8( +=0.7, & =0.17 )the
criticalvalueof & 4islessthen1%.Therefore,atleastattheCHSplasmaperiphery,where
Ks 24(r=a)=0.3%,0nemayexpectthestochasticdiffusionoffastco-circulatingionswith

D,U (A,u)za)o,here w, =,/ Risthebouncefrequency.Thisdiffusioncorrespondstothe
followingeffectivepitchanglescatteringinnormalizedmagneticmoment A=1Bo/V?

DM |](R/Iocurv)z gh_l(N _I'n)_l(m _'LI )_1KI2Na)D D (I'R/npcurv)2 (N _I'n)_z (m _I'I )_2% . (11)
Forthestochasticdiffusioninducedbycyclotroninteractionofdeuteronswith N=24
harmonics(11)yields D, [2+50 s thatsignificantlyexceedsthetypical collisionalpitch-
anglescatteringrates  v-[1L0™* s™. Thishighstochasticpitch-anglescatteringrateyieldsrather
lowconfinementtime 7,[1l/D,[20+500 msandmaybeconsideredasoneofthemechanisms
responsibleforlossofNBlionsonCHSinthecaseoftangentialinjection[4-7].

Letusestimatenowtherate ofstochasticradialdiffusionof  toroidallytrappedfast
particlesin stellaratorduetonon-conservationofthelongitudinaladiabaticinvariant[2]. The
corresponding stochasticitycriterionmaybewrittenasfollows

MoyJe, /(2reg) >, (12)
where I = In[16e(m -A)e,/ (met sin z9|)] >5+6 .Thusonemayexpectthat  toroidallytrapped

fastionswith alr =0.1 =+0.2willdiffusewithahighradialdiffusionrate
D 022V /|R(m - A)2 e, | resultinginthelowconfinementtimeofthem

r' =r?R(m —AI)Z\/Z/(FZ,O&N).(lS)
Forthetypical CHSparametersweobtain 7, [10+100 s.Notethatduetothehigh

probabilityofthe collisionlesstransformationoflocalizedorbitinto toroidallytrappedand
viceversathefastlossof  toroidallytrappedionsmaysignificantlyinfluencetheconfinement
of helicallytrappedionsinthecaseofperpendicularinjection.

3. SUMMARY
Theinvariancebreakdownofthemagneticmomentduetothecyclotroninteractionof
fastionswitharippledmagneticfieldina stellaratorisshowntooccurinthecaseofa
relativelylargeratioofgyro-tofluxsurfaceradius, o /r=>0.1+0.2.Non- adiabaticityof s
mainlyduetotheinteractionwithhelicalharmonicsofcurvatureradiuswithhigh toroidal
numbers N.Ifthemagnitudesofthesehigh- Nharmonicsexceedsomecriticalvaluesthe
transitiontothe  stochasticityresultingina  collisionlesspitch-anglescatteringoffastions
takesplace.This collisionlessscatteringmayevenexceedthe collisionalpitch-angle
scatteringrateandmaybeimportantforexplanationtheenhancedlossoftangentially
injecteddeuteronsonCHSinthecaseoflowmagneticfield[4].
Thenon-conservationofthelongitudinaladiabaticinvariant,resultinginstochastic
diffusionof toroidallytrappedfastions,isexpectedsignificantlytoweakentheconfinement
ofperpendicularinjectedionswith 0 /r=>0.1+0.2: Thismaybeimportantforinterpretingfast

ionlossmeasurementsinpresent-day  stellarators[4-7].Wenote,however,that r; strongly

dependsalsoonthenumberoffieldperiods m;hence,forinstance,theratioofconfinement
timesof toroidallytrappedNBlionsin Heliotron-E( m=19)[8]andCHSisratherhigh,

The I T s 2107 (inspitethat  pchs/oLHE=2). Thisisinqualitativeagreementwiththebetter
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confinementofionsinjectedperpendicularlyinto Heliotron-E.Notethattheweakeningof

non-adiabaticeffectswithdecreasing  p /rshouldimprovetheconfinementofhigh-energy
ionsinreactor-sizemachines.
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Fig.4Toroidalprojectionoforbitof38  keV
deuteronwithinitialpitchangle132.5 °inCHS
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Fig.3Gyrooscillationsof wfor38 keVdeuteron
withinitialpitchangle132.5 °inCHS
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Fig.6Resonantregionsfor38  keVdeuteronsin

Fig.5Resonantpointsintoroidalangle CHS
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