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Abstract. Oneof the moreambitioususesof intensemicrowavesin tokamaksor in other
magneticconfinementDT fusiondeviceswouldbeto divertpower from energetic � -particles
to waves.Thisso-called“ � -channelling”wouldbea largesteptowardsachieving economical
fusionpower. Theintensewaves,amplifiedby the substantialfreeenergy in the � -particles,
dampon fuel ions,resultingin a hot ion mode,doublingthefusionpowerof thereactorat the
sameconfinedpressure.If thewavesdamppreferentiallyon electronsor ionstraveling in one
direction,currentcanbedriven. This tutorial explainsthekey conceptsandrecentadvances
that lead us to believe in the plausibility of suchan effect, at the sametime showing how
experimentsto dategive usa measureof confidencein both the simulationsthemselves,the
underlyingphysicalassumptions,andultimatelythereasonablenessof theapplicationof these
ideasto � -channellingin a tokamakreactor.

1. Introduction

If only the cross-sectionfor fusion reactionswere larger, approachesto economical
thermonuclearpower productionwould beeasier. Thereis, however, thepossibility that the
effective reactivity at constantconfinedpressurecanbeincreasedby departingfrom thermal
equilibrium.Forexample,thefuel mighthaveahighereffectivereactivity if thefuel ionswere
“beamlike” ratherthanMaxwellian [1; 2], if the fuel ionswerepolarized[3], or if fuel ions
weremuchhotterthantheelectrons(theso-called“hot-ion mode”) [4]. In eachcase,while
morepower is produced,power is alsorequiredto maintainthedeparturefrom equilibriumin
additionto thatto replenishthepower lost throughradiationandtransport.

If the power requiredto maintainthe departurefrom equilibrium is external, noneof
thesewaysof increasingthereactivity is economicallyadvantageous.Thereis, however, the
possibilityof usingthefree energy in fusionbyproductsextractableby waves[5]; 3.5 MeV� -particlesslow down onelectronsin areactorplasmain severalhundredms,whichprovides
an opportunityto convert the � -particlepower to wave power on a collisionlesstime scale.
Wavesarea usefulform of energy thatmight thenmaintainthedeparturefrom equilibrium.
Sincethewavesareamplifiedat the expenseof the � -particles,the higherreactivity would
thenbereachedwithout substantialexternalpower. The � -particlepower is thuseffectively
“channelled”into a moreusefulform of power.

Theredirectionof power is doubly usefulin thecaseof maintainingthehot-ionmode,
since,in theabsenceof thechannellingeffect,the � -particlepowernaturallyflowsmainly into
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electrons,makingelectronsalwayshotter than ions. Power channelledto waves,however,
could dampon ions, at oncereducingthe electronheatingand increasingthe ion heating.
Thismakes�����	��
 possible,conservingthefuel pressurefor theions.Theprocessis shown
schematicallyin Fig 1.
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Figure 1. The � -channellingeffect is usedto redirectto theionsthe � -particlepower,which
normallyflows to electrons,thusincreasingtheplasmareactivity.

For example,if 75%of the � -particlepower couldbedivertedto the ions via waves,a
reactoroperatingat T � = T 
 = 20 keV could be operatedinsteadat T � = 20 keV andT 
 =
12 keV [6]. This almostdoublesthe fusion power while retainingthe samemagneticfield
andpressure.Othercoincidentalbenefitsmight includeashremoval, a reductionin the fast
particlepressure(reducingthedrivefor undesirableinstabilities),and,in principle,thewaves
usedto divert thepowermaydampin suchawayasto driveacurrent[7] or to controlpressure
or currentprofiles.Theseeffectsaretypically optimizedwhentheelectronconfinementtime
is short,andtheion confinementtimeis long. Suchconfigurationsmightbeattainednaturally,
for example,in enhancedreverseshearplasmas,whereion confinementis muchbetterthan
electronconfinement[8], or purposefully, for example,by injecting very high-Z impurities
into theplasmato increasethe radiatedpower, at thesametime decreasingthe heatload to
thedivertor.

2. Wave Characteristics for � -channelling

With thebenefitsapparent,thechallengeis to identify thewavesby which the � -channelling
effectmight berealized.Thebirth distribution of � -particlesis monoenergetic,but isotropic,
sowave interactionsthatdriveparticlesonly in velocity spacetendnot to extractmuchof the
recoverableenergy. But thefreeenergymightbetappedbyexploiting thepopulationinversion
alonga pathin both energy andspace[9]. The channellingoccurswhenthediffusionpath
connectshighenergy � -particlesat theplasmacenterto low energy � -particlesat theplasma
periphery, for example,asdepictedin Fig. 2.

Whenonewaveis utilized,therecanbeonlyonediffusionpath,with stringentconstraints
on the � -particlemotion. The � -particlemotion is constrainedto lie on a onedimensional
curve, a line. If thepathis chosenappropriately, then,if an � -particlelosesenergy, it must
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Figure 2. A diffusionpath in energy andreal space,alongwhich energy is extractedfrom
the � -particledistribution even thoughit is monotonicallydecreasingin energy at any fixed
radius.

diffuseto thetokamakperiphery;conversely, if it gainsenergy in interactingwith thewave,
it mustdiffuseto thetokamakcenter. Since � -particlesexit only at theperiphery, eventually
they arediffusedby thewaveto thetokamakperipherywherethey giveupapreciseamountof
energy to thewavewhich is proportionalto their distancetraveledin reachingtheperiphery.

Theeffectcanbeseenmosteasilyin aslabwith peripheryat ����� and“center”at ����� ,
so thatparticlescanescapeonly at ����� . (Here, � playsthe role of the minor radius � in
a tokamak.)Supposea magneticfield in the � -direction,with � -particlesexchangingenergy
with wavestraveling in the � -direction. The ratio of displacementof the guiding centerin
the � -direction, ��� , to (perpendicular)energy absorbed,��� , is � �!�#"%$'&(� �*),+�-/. . This
quantityis determinedby wave andparticleparametersonly; . is thewave frequency, $'& is
thewavenumberin the � -direction, + is the � -particlemassand -	0�132546),+ is the � -particle
gyrofrequency. Uponrepeatedinteractionswith thewave,an � -particlewill tracealine in � - �
space.

For efficient channelling,onewould thenrequire � �7),� �98:�;),�=< , where �=< is the � -
particlebirth energy, 3.5 MeV. If instead� �7),� �?> �@)5�=< , then the � -particle would be
extractedfrom thecenterwith almostall its energy intact,whereasif ���7)5���BA �@)5�=< , then
the � -particlesarenotextractablefrom theplasmacenter. In thiscase,apopulationinversion
is not likely to occur, andthewavewill notbeamplified.

Thus,we searchfor waveswith thefollowing characteristics:(i) thewavesmustdiffuse� -particlesalong a path in phasespace,suchthat � -particlesat high energy in the center
diffuse to low energy nearthe edgeof the tokamak; (ii) the waves must interactstrongly
enoughwith the � -particles that the � -particle energy is diverted before the � -particle
collisionally transfersits energy to the electrons;and(iii) to achieve the hot-ion mode,the
convectively amplifiedwave mustthendampon ions. Thenecessarywave characteristic(i)
is ratherdifficult to find in a singlewave in a tokamakreactor. However, two wavesmight
indeedextractenergy from afull birth distributionof � -particles.
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A qualitatively differentpictureemergeswhenmore thanonewave interactswith the� -particles;the � -particlesareno longerconstrainedto a line in � - � space.For example,
considertheinteractionof � -particleswith two wavesin a slab,assketchedin Fig. 3, where
�C�D� depictsthe plasmacenter, andwhere �C�E� depictsthe periphery, with onewave
causingenergy diffusiononly (horizontalpaths)andonewave causingdiffusion in position
only (vertical paths). Note that � �7),��F is no longerfixed; a particlecouldmove from the
centerto the edgeandbe cooled,even thoughneitherwave diffusion pathhasthe correct
slope;but now it mightalsobeheatedasit is ejectedfrom theplasma(Fig. 3a).
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Figure 3. Dif fusionpathsof two waves,onealongenergy only andonealongspaceonly. (a)
: pathsallow particlesto exit cooledor heated.(b) : pathsarrangedby meansof resonance
conditionsandwave location,sothatsignificantenergy is extracted.

However, by selectively choosingwherethe diffusion pathsexist in phasespace(by
meansof resonanceconditionsandspatiallocalizationof thewaves),configurationsof two
wavescanbecreatedsothatthe � -particlesarevastlypredisposedto loseenergy to thewaves
ratherthanto gain energy. To seethat this is in principle possible,considerFig. 3b, where
thediffusionin spaceis energy dependent,sothatsignificantspatialdiffusionoccursonly at
low energy. Clearly, all � -particlesmustleave theplasmaat low energy, so that thereis net
extractionof the � -particleenergy.

Toroidal geometryis morecomplicatedthana slab,but the considerationsaresimilar.
Particlesinteractingwith onewave tracea straightline in G - H - IKJ space,where H!��+MLONP )51Q4
is themagneticmoment,GR�SHT4VU	+MLONW )51 is thekinetic energy, and IKJ��#XZY[+\4]J^L W )'4_"`'a J^b , is thecanonicalangularmomentum,andwherec is thevectorpotential.Eachpoint in
G - H - I�J spacerepresentsa singleguidingcenterorbit for trappedparticles,and,for eachsign
of L W , apassingparticleorbit. Given G , H , and I J , andthesignof L W for passingorbits,it may
bedeterminedif theorbit intersectstheplasmaperiphery, indicatingthattheparticleexits.

Uponinteractionwith asinglewavewith toroidalmodenumberd7J , andabsorbingenergy
�eG , I�J changesby �eI�J �#Y[d7J3)f.gbh�eG . Assumethattheexchangeof energy occursonly for
particlessatisfyingtheresonancecondition .\"i$ W L W ��d7- , whered is aninteger;then,upon
absorbingenergy �eG , H changesby �jH#� Ykd�l%25)5+ .gbm��G , wherefor � -particles, ln�E1 .
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Thus,uponrepeatedinteractionwith onewave, theconstantsof motion, G , H , and I�J , tracea
straightline.

While onewavediffusesalongaline, severalwavesdiffusealongawebin G - H - I J space.
A goodstrategy for optimizingenergy extractionis to chooseonewave in the ion cyclotron
rangeof frequencies,suchasthemodeconvertedion Bernsteinwave(IBW) [10], in orderto
breaktheinvarianceof H andtherebyaccesstheparticle’sperpendicularenergy. TheIBW hasoMp -g<q)f. p:r )51 in deuterium-tritiumplasmas(seeFig. 4). Thesecondwave shouldbeat
a low frequency, suchasthetoroidalAlfv eneigenmode(TAE) [11; 12]. Thelow-frequency
wave preserves H , while moving the � -particleslargedistanceswith little energy exchange.
The ion Bernsteinwave maybe excited by launchinga fastwave thatmodeconvertsat the
ion-ionhybrid resonancelayer, or throughothermodeconversiontechniques.

ΩT ΩD
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t

Mode Conversion Layer

Alfven Eigenmode
u

Figure 4. Minor cross-sectionof tokamak,showing placementof IBW andTAE.

3. Cooling � -particles in a Tokamak Reactor

While a single � -particle can be very effectively cooled by a combinationof IBW and
TAE [13], thegoal is to cool substantiallythefull birth distribution.

Sucha cooling effect is simulatednumericallyin a reversesheartokamakreactorwitha � r , Xgvw�:xqy{z m, 4gv6�:| T, and }�~�� o |Oy r MA (this is a designwhich wasconsiderby
theARIES-RSteam).In this“advanced”reactor, 70%of theenergy of theejected� -particles
(73%of thoseborn)is divertedto waves,correspondingto 51%of the � -particlepower if we
usebothMCIBW andTAE [14]. In Fig. 5, thebirth locationsof 10003.5MeV � -particlesare
shown in a fixed-energy sliceof G - H - IKJ space.Particlesremainingin thetokamakareshown
in solidblack.Thosethateventuallyreachthetokamakperipheryarecolor-codedto show the
total lost energy to, for example,just the IBW. Note that the IBW extractsthe mostenergy
from particleswhichhavesignificantamountsof perpendicularenergy. TheTAE, whichmust
conserve H , extractsthemostenergy from thoseparticleswhichhavethemostparallelenergy.

Posingtheproblemin G - H - IKJ spaceenabledahighly efficientnumericalsimulation[15].
Only specificwave combinationsexhibit thecoolingeffect asopposedto heatingor ejecting
particleswithout cooling. Togetherwith isolatingandvisualizingtheeffect of eachwave on



A
�

Tutorial on � -channelling 6

eachparticle,thefastcodeenabledgoodparameterregimesto befound, includingthatwith
93%of the � -particlesejectedandcooledto 1/3 theirbirth energy!
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Figure 5. Energy extracted(MeV) by theIBW vs. initial locationof particlein � - � - �@� space.
The IBW aloneextractsan averageof 1.14MeV perejected� -particle,theTAE extractsan
averageof 1.30MeV.

4. Experimental Results

The numerical simulations that show significant alpha channellingrely on several key
assumptions,including that the IBW indeedpropagatesand interactswith � -particlesas
expectedfrom theory. The basicwave theoryof IBW andTAE have enjoyedexperimental
verification.ExperimentsonTFTRdemonstratedsignificantcontrolin placingtheIBW wave
[16], as well as significant interactionswith fast ions [17]. Experimentson JET include
direct excitation of the TAE [18] aswell as light dampingof the TAE mode[19]. There
are,however, other, moresubtle,but critical wave featuresthat theseexperimentshave also
elucidated.Oneis theso-called“ $ W –flip,” which hasbeenpredictedtheoretically[20].

The $ W –flip occursas follows: As the IBW emergesfrom the mode-conversionlayer,
there is a rapid increase,as a function of horizontal position, in $'� , the perpendicular
wavenumberin the direction of the magneticfield gradient (here, the horizontal or �� -
direction). Sincethepoloidalmagneticfield hasa componentin the �� -direction,theparallel
wavenumbercanbewritten as $ W ��d7J')�X�U	$'����M� �4 , where d7J')'X is the launched$ W , and
where �4 is thedirectionof themagneticfield. Notethateitherabove or below themidplane,
$ W maychangesignfrom thelaunched$ W .

Theflip is critical for two reasons:One,in flipping, theparallelphasevelocity becomes
infinite, so electrondampingcanbe avoided. Two, � -particleswill cool as they leave the
plasmaonly for d�Jj��� . Fromtheresonancecondition, L W �SY�.�"�-g<qb�),$ W �9� . Sincemode
conversionin DT plasmasoccursto thehighfield sideof thedeuteriumgyroresonancelayer,
. p -g< . Thus,to resonatewith cogoing� -particles,$ W mustbenegative,which is necessarily
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oppositein signto thelaunched$ W .
In TFTR, in a D � He plasma,large beamlossessometimesoccurredwhen cogoing

deuteriumbeamswere injectedalong with IBW phasedin the counterstreamingdirection,
but not in the costreamingdirection. In a D � He plasma,the deuteriumresonanceis on the
high field sideof themodeconversionlayer, so .:��-*� . Thus,to affect cogoingparticles,
$ W �B� , which is oppositein directionto d7J , hence“flipped” [21].

A secondcritical concernis theattainmentof thecollisionlesslimit in a reactor. A very
roughestimate,assuminguncorrelatedkicks by the IBW, predictsabout100 MW. Now in
TFTR,deuteriumbeamswith durationof only 50 mswerefired into dischargeswith varying
amountsof IBW power [22]. Thedata,composedfrom thedetectionof heatedbeamionsat
theperiphery, is rich in detail; in additionto thepoloidalangle,energy, andpitchangleof the
exiting ions, thereis now the time-historyof this dataasa function of rf power. The losses
asa functionof power shouldappearat a thresholdpower, relatedto overcomingcollisional
slowing down. Indeed,this is what is seenin simulations[15] andin theTFTR experiments
[21].
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Figure 6. Fraction of the injected energy impinging on wall. The solid dots are the
experimentaldata;theline connectsthesimulationresults.

Whatis remarkableis that in orderto getthesimulationto exhibit evennearlythesame
thresholdpower astheexperiment,asin Fig. 6, the wave diffusion coefficient mustbe 30–
70 timesthe quasilineartheory! The possibleexplanationsincludethe following: One,the
simulationrelieson1D ray-tracing,whichmaybeinaccurate(but it is hardto imaginesucha
largeeffect); two, kicks arenot random,but correlated(but that requirescorrelationsover at
least30 kicks); andthree,geometricalopticsis incorrectandtheplasmais, perhaps,ringing
at someinternaleigenmode[23]. In any event,thecollisionlesslimit is perhapsmoreeasily
accessedthanpreviously thought.
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