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Abstract. Oneof the more ambitioususesof intensemicrowavesin tokamaksor in other
magneticconfinemenDT fusiondeviceswould beto divert power from enepgetic a-particles
to waves. This so-called’ a«-channelling”would be alarge steptowardsachiezing economical
fusionpower. Theintensewaves,amplified by the substantiafree enegy in the a-particles,
dampon fuelions,resultingin a hotion mode,doublingthe fusion power of the reactoratthe

sameconfinedpressurelf the wavesdamppreferentiallyon electronsor ionstravelingin one

direction,currentcanbe driven. This tutorial explainsthe key conceptsandrecentadvances
thatlead us to believe in the plausibility of suchan effect, at the sametime shoving how

experimentsto dategive us a measureof confidencean both the simulationsthemseles, the

underlyingphysicalassumptionsandultimatelythereasonablenesd theapplicationof these
ideasto a-channellingn atokamakreactor

1. Introduction

If only the cross-sectionfor fusion reactionswere larger, approachesto economical
thermonucleapower productionwould be easier Thereis, however, the possibility thatthe
effective reactvity at constantonfinedpressureanbe increasedy departingfrom thermal
equilibrium. For example thefuel mighthave ahighereffectivereactvity if thefuelionswere
“beamlike” ratherthanMaxwellian[1; 2], if the fuel ionswerepolarized[3], or if fuel ions
weremuchhotterthanthe electrong(the so-called‘hot-ion mode”)[4]. In eachcase while
morepoweris producedpoweris alsorequiredto maintainthe departurdrom equilibriumin
additionto thatto replenishthe power lost throughradiationandtransport.

If the power requiredto maintainthe departurefrom equilibrium is external, none of
thesewaysof increasinghereactvity is economicallyadvantageousThereis, however, the
possibility of usingthe free enegy in fusion byproductsextractableby waves[5]; 3.5MeV
a-particlesslow down on electrondn areactorplasmain severalhundredms,which provides
an opportunityto cornvert the a-particle power to wave power on a collisionlesstime scale.
Wavesarea usefulform of enegy that might thenmaintainthe departurgrom equilibrium.
Sincethe wavesare amplified at the expenseof the a-particles,the higherreactvity would
thenbe reachedvithout substantiakbxternalpower. The a-particle power is thuseffectively
“channelled”into a moreusefulform of power.

Theredirectionof power is doubly usefulin the caseof maintainingthe hot-ion mode,
since,in theabsencef thechannellingeffect, the a-particlepowernaturallyflows mainly into
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electrons,making electronsalwayshotter thanions. Powver channelledo waves, however,
could dampon ions, at oncereducingthe electronheatingand increasingthe ion heating.
ThismakesT; > T. possibleconservinghefuel pressurdor theions. The processs shavn
schematicallyn Fig 1.
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Figure 1. The a-channellingeffect is usedto redirectto theionsthe a-particlepower, which
normallyflows to electronsthusincreasinghe plasmareactvity.

For example,if 75% of the a-particle power could be divertedto the ions via waves,a
reactoroperatingat T; = T. = 20 keV could be operatednsteadat T, = 20 keV andT. =
12 keV [6]. This almostdoublesthe fusion power while retainingthe samemagneticfield
andpressure.Othercoincidentalbenefitsmight includeashremoval, a reductionin the fast
particlepressurdreducingthedrive for undesirablenstabilities),and,in principle,thewaves
usedo divertthepowermaydampin suchaway asto driveacurrent 7] or to controlpressure
or currentprofiles. Theseeffectsaretypically optimizedwhenthe electronconfinementime
is short,andtheion confinementimeis long. Suchconfigurationsnightbeattainedhaturally
for example,in enhancedeverseshearmplasmaswhereion confinemenis muchbetterthan
electronconfinemen{8], or purposefully for example,by injecting very high-Z impurities
into the plasmato increasethe radiatedpower, at the sametime decreasindhe heatload to
thedivertor.

2. Wave Characteristicsfor a-channelling

With the benefitsapparentthe challenges to identify the wavesby which the a-channelling
effect might berealized.Thebirth distribution of a-particlesis monoenegetic, but isotropic,
sowave interactionghatdrive particlesonly in velocity spacegendnotto extractmuchof the
recorerableenegy. Butthefreeenegy mightbetappedoy exploiting thepopulationinversion
alonga pathin bothenegy andspacg9]. The channellingoccurswhenthe diffusion path
connectsigh enegy a-particlesat the plasmacenterto low enegy a-particlesatthe plasma
peripheryfor example,asdepictedn Fig. 2.

Whenonewaveis utilized, therecanbeonly onediffusionpath,with stringentconstraints
on the a-particlemotion. The a-particle motionis constrainedo lie on a one dimensional
curve, aline. If the pathis chosenappropriatelythen,if an «-particlelosesenengy, it must
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Figure 2. A diffusionpathin enegy andreal space alongwhich enegy is extractedfrom

the a-particledistribution even thoughit is monotonicallydecreasingn enegy at ary fixed
radius.

diffuseto the tokamakperiphery;conversely if it gainsenegy in interactingwith the wave,
it mustdiffuseto thetokamakcenter Sincea-particlesexit only at the periphery eventually
they arediffusedby thewaveto thetokamakperipherywherethey give upapreciseamountof
enegy to thewave whichis proportionatto their distanceraveledin reachingthe periphery

Theeffectcanbeseemmosteasilyin aslabwith peripheryatz = « and“center’atz = 0,
sothat particlescanescapeonly at = = a. (Here,z playstherole of the minor radiusr in
atokamak.)Suppose magneticfield in the z-direction,with a-particlesexchangingenepgy
with wavestraveling in the y-direction. The ratio of displacemenbf the guiding centerin
the z-direction, Az, to (perpendiculargnegy absorbedAE, is Az = —k,AE/mQw. This
quantityis determinedby wave andparticleparametersnly; w is the wave frequeng, &, is
thewavenumbein they-direction,m is thea-particlemassand() = 2e¢ B/m is thea-particle
gyrofrequenyg. Uponrepeatednteractionsvith thewave,ana-particlewill tracealinein z-E
space.

For efficient channelling,onewould thenrequireAz/AE ~ a/E,, whereE, is the a-
particle birth enegy, 3.5 MeV. If insteadAz/AE > a/E,, thenthe a-particle would be
extractedfrom the centerwith almostall its enegy intact,whereasf Az/AE <« a/E,, then
the a-particlesarenot extractablefrom the plasmacenter In this case a populationinversion
is notlikely to occur andthewave will notbe amplified.

Thus,we searchfor waveswith the following characteristics(i) the wavesmustdiffuse
a-particlesalong a pathin phasespace,suchthat a-particlesat high enegy in the center
diffuseto low enegy nearthe edgeof the tokamak; (ii) the waves mustinteractstrongly
enoughwith the a-particlesthat the «-particle enegy is diverted before the «-particle
collisionally transfersits enepgy to the electrons;and (iii) to achiese the hot-ion mode,the
convectively amplifiedwave mustthendamponions. The necessaryvave characteristici)
is ratherdifficult to find in a singlewave in a tokamakreactor However, two waves might
indeedextractenegy from afull birth distribution of a-particles.
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A qualitatvely differentpicture emegeswhen more than one wave interactswith the
a-particles;the a-particlesare no longer constrainedo aline in z-E space.For example,
considertheinteractionof a-particleswith two wavesin a slab,assketchedn Fig. 3, where
x = 0 depictsthe plasmacenter andwherex = « depictsthe periphery with one wave
causingenegy diffusion only (horizontalpaths)and onewave causingdiffusionin position
only (vertical paths). Note that Az /A FE is no longerfixed; a particle could move from the
centerto the edgeand be cooled, even though neitherwave diffusion path hasthe correct
slope;but now it mightalsobe heatedsit is ejectedrom the plasma(Fig. 3a).

3.5 MeV 3.5 MeV
E E
() (b)

Figure 3. Diffusion pathsof two waves,onealongenegy only andonealongspaceonly. (a)
. pathsallow particlesto exit cooledor heated.(b) : pathsarrangedoy meansof resonance
conditionsandwave location,sothatsignificantenepy is extracted.

However, by selectvely choosingwherethe diffusion pathsexist in phasespace(by
meansof resonanceonditionsand spatiallocalizationof the waves), configurationsof two
wavescanbecreatedsothatthe a-particlesarevastly predisposedo loseenegy to thewaves
ratherthanto gain enegy. To seethatthis is in principle possible,considerFig. 3b, where
thediffusionin spaces enegy dependentso thatsignificantspatialdiffusion occursonly at
low enegy. Clearly all a-particlesmustleave the plasmaat low enegy, sothatthereis net
extractionof the a-particleenepy.

Toroidal geometryis more complicatedthan a slab, but the considerationsre similar.
Particlesinteractingwith onewave tracea straightline in e-u- Py spacewherey = mv? /2B
is themagneticmoment,c = 1B + mujj/2 is thekinetic enegy, and P, = R(m Byv) /B —
qA,), is thecanonicabngulaiTmomentumandwhereA is thevectorpotential. Eachpointin
e-u- Py spacerepresents singleguiding centerorbit for trappedparticles,and,for eachsign
of v, apassingoarticleorbit. Givene, 1, and P;, andthesignof v for passingorbits, it may
bedeterminedf theorbit intersectghe plasmaperipheryindicatingthatthe particleexits.

Uponinteractiorwith asinglewavewith toroidalmodenumbernm ,, andabsorbingenegy
Ae, P, changedy APy = (ny/w)Ae. Assumethatthe exchangeof enegy occursonly for
particlessatisfyingtheresonanceonditionw — kv = nf2, wheren is aninteger;then,upon
absorbingenegy Ae, p changesby Ay = (nZe/mw)Ae, wherefor a-particles, 7 = 2.
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Thus,uponrepeatednteractionwith onewave, the constant®f motion, e, i, and P, tracea
straightline.

While onewave diffusesalongaline, severalwavesdiffusealongawebin e-u- P, space.
A goodstrategy for optimizingenegy extractionis to chooseonewave in theion cyclotron
rangeof frequenciessuchasthe modecorvertedion Bernsteinwave (IBW) [10], in orderto
breaktheinvarianceof i, andtherebyaccessheparticlesperpendiculaenegy. ThelBW has
1 < Q,/w < 3/2 in deuterium-tritiumplasmagseeFig. 4). The secondwvave shouldbe at
alow frequeng, suchasthetoroidal Alfv eneigenmod&TAE) [11; 12]. Thelow-frequeny
wave preseres ., while moving the a-particleslarge distancewwith little enegy exchange.
Theion Bernsteinwave may be excited by launchinga fast wave that modecorvertsat the
ion-ion hybrid resonancéayer, or throughothermodecorversiontechniques.

/7/ Mode Conversion Layer

IBW

i

Fastwave

Alfven Eigenmode

QT Qb

Figure 4. Minor cross-sectionf tokamak,shaving placementf IBW andTAE.

3. Cooling a-particlesin a Tokamak Reactor

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

Sucha cooling effect is simulatednumericallyin a reversesheartokamakreactorwith
A=3,R=54m, By, =6T,and/, = 16.3 MA (thisis a designwhich wasconsiderby
the ARIES-RSteam).In this“advanced’reactor 70%of theenepy of theejectedn-particles
(73%of thoseborn)is divertedto waves,correspondingo 51%of the a-particlepowerif we
usebothMCIBW andTAE [14]. In Fig. 5, thebirth locationsof 10003.5MeV «-patrticlesare
showvn in afixed-enegy sliceof e-u- Py space Particlesremainingin thetokamakareshowvn
in solid black. Thosethateventuallyreachthetokamakperipheryarecolor-codedto shav the
total lost enegy to, for example,just the IBW. Note thatthe IBW extractsthe mostenegy
from particleswhich have significantamountf perpendiculaenegy. The TAE, which must
consere u, extractsthemostenegy from thoseparticleswhich have themostparallelenegy.

Posingthe problemin e-p- P, spaceenableda highly efficientnumericalsimulation[ 15].
Only specificwave combinationsexhibit the cooling effect asopposedo heatingor ejecting
particleswithout cooling. Togetherwith isolatingandvisualizingthe effect of eachwave on
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eachparticle,thefastcodeenabledyood parameteregimesto be found, including thatwith
93% of the a-particlesejectedandcooledto 1/3their birth enegy!

0.8

0.2

-1.25 -1 -0.75 -0.5 -0.25 0 0.25
c Py/€ Yyan

-18 -13 -08 -04 01 06 11 16 20 25

Figure 5. Enegy extracted(MeV) by the IBW vs.initial locationof particlein ¢-u-Py space.
The IBW aloneextractsan averageof 1.14 MeV per ejecteda-particle,the TAE extractsan
averageof 1.30MeV.

4. Experimental Results

The numerical simulationsthat shav significant alpha channellingrely on several key
assumptionsjncluding that the IBW indeedpropagatesand interactswith «-particlesas
expectedfrom theory The basicwave theoryof IBW and TAE have enjoyedexperimental
verification. Experiment®on TFTR demonstratedignificantcontrolin placingthe|IBW wave
[16], aswell as significantinteractionswith fastions[17]. Experimentson JET include
direct excitation of the TAE [18] aswell aslight dampingof the TAE mode[19]. There
are,however, other moresubtle,but critical wave featuresthat theseexperimentshave also
elucidated Oneis the so-called' k) —flip,” which hasbeenpredictedtheoretically[ 20].

The k—flip occursasfollows: As the IBW emegesfrom the mode-conersionlayer,
thereis a rapid increase,as a function of horizontal position, in k., the perpendicular
wavenumberin the direction of the magneticfield gradient (here, the horizontal or z-
direction). Sincethe poloidal magnetidfield hasa componentn the z-direction,the parallel
wavenumbercanbe written asky = n4/R + k& - B, whereny/ R is thelaunchedk, and
whereB is thedirectionof the magnetidield. Notethateitherabove or belov the midplane,
Kk maychangesignfrom thelaunched).

Theflip is critical for two reasonsOne,in flipping, the parallelphasevelocity becomes
infinite, so electrondampingcan be avoided. Two, «a-particleswill cool asthey leave the
plasmaonly for n, > 0. Fromtheresonanceondition,v = (w — Q,)/k > 0. Sincemode
conversionin DT plasmasccursto the highfield sideof the deuteriumgyroresonanctkayer,
w < Q,. Thus,to resonatavith cogoinga-particles k| mustbenegative, whichis necessarily
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oppositen signto thelaunchedk;.

In TFTR, in a D*He plasma, large beamlossessometimesoccurredwhen cogoing
deuteriumbeamswere injectedalongwith IBW phasedn the counterstreaminglirection,
but not in the costreamingdirection. In a D®*He plasma,the deuteriumresonanceés on the
high field side of the modecorversionlayer, sow > 1p. Thus,to affect cogoingpatrticles,
Ky > 0, whichis oppositein directionto n,, henceflipped” [21].

A secondcritical concernis the attainmenbf the collisionlesslimit in areactor A very
rough estimate assuminguncorrelatedicks by the IBW, predictsabout100 MW. Now in
TFTR, deuteriumbeamswith durationof only 50 mswerefired into dischageswith varying
amountsof IBW power [22]. Thedata,composedrom the detectionof heatedbeamionsat
theperipheryis rich in detail;in additionto the poloidalangle,enegy, andpitch angleof the
exiting ions, thereis now the time-historyof this dataasa function of rf power. The losses
asafunction of power shouldappearat a thresholdpower, relatedto overcomingcollisional
slowing down. Indeed thisis whatis seenin simulationg[15] andin the TFTR experiments
[21].
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Figure 6. Fraction of the injected enegy impinging on wall. The solid dots are the
experimentaldata;the line connectghe simulationresults.

Whatis remarkablas thatin orderto getthe simulationto exhibit evennearlythe same
thresholdpower asthe experiment,asin Fig. 6, the wave diffusion coeficient mustbe 30—
70 timesthe quasilineartheory! The possibleexplanationsincludethe following: One,the
simulationrelieson 1D ray-tracingwhich maybeinaccuratgbut it is hardto imaginesucha
large effect); two, kicks arenot random,but correlatedbut thatrequirescorrelationsover at
least30 kicks); andthree,geometricabpticsis incorrectandthe plasmais, perhapsringing
at someinternaleigenmodg23]. In ary event,the collisionlesdimit is perhapsnoreeasily
accessethanpreviously thought.
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