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On The Anomalous Fast Ion Energy Di�usion in Toroidal PlasmasDue to Cavity Modes∗N. N. Gorelenkov, N. J. Fish, E. FredriksonPrineton Plasma Physis Laboratory,P.O. Box 451, Prineton, NJ, USA 08543-0451†AbstratAn enormous wave-partile di�usion oe�ient along paths suitable for alpha hanneling hadbeen dedued in mode onverted ion Bernstein wave experiments on Tokamak Fusion Test Reator(TFTR). The only plausible explanation advaned for suh a large di�usion oe�ient was theexitation of internal avity modes whih indue partile di�usion along idential di�usion paths,but at muh higher rates. Although suh a mode was onjetured, it was never observed. How-ever, reent detailed observations of high frequeny ompressional Alfvén eigenmodes (CAEs) onthe National Spherial Torus Experiment (NSTX) indiretly support the existene of the relatedonjetured modes on TFTR. The eigenmodes responsible for the high frequeny magneti ativityan be identi�ed as CAEs through the polarization of the observed magneti �eld osillations inNSTX and through a omparison with the theoretially derived frequeny dispersion relation. Here,we show how these reent observations of high frequeny CAEs lend support to this explanation ofthe long-standing puzzle of anomalous fast ion energy di�usion on TFTR. The support of the on-jeture that these internal modes ould have aused the remarkable ion energy di�usion on TFTRarries signi�ant and favorable impliations for the possibilities in ahieving the alpha hannelinge�et with small injeted power in a tokamak reator.

∗This work supported by DoE ontrat No. DE-AC02-09CH11466.
†Eletroni address: ngorelen�pppl.gov 1



I. INTRODUCTIONIn the �nal days of experimentation on the Tokamak Fusion Test Reator (TFTR) [1℄,a series of experiments was arried out to test ertain aspets of the predited but un-demonstrated alpha hanneling e�et [2℄. The alpha hanneling e�et was prediated onmehanisms whereby waves ould ool and extrat energy from alpha partiles, byprodutsof the DT (deuterium-tritium) fusion reation, on a time sale faster than the ollisionalslowing down of these partiles on eletrons. The same waves might then be damped bythe fuel ions, thereby allowing tokamaks to operate with ions hotter than eletrons, the so-alled "hot-ion mode" [3℄. This e�et exploits population inversions via areful phase spaeengineering of seleted partile di�usion paths that onnet energeti alpha partiles in theenter with old partiles on the periphery, thus ausing the alpha partiles in the enterto di�use to the periphery while at the same time losing energy to the wave. The e�et, ifrealized, ould result in a muh relaxed fusion ignition riterion and in signi�ant savings inthe ost of eletriity produed by fusion energy.Important to the viability of the alpha hanneling e�et was not only that suitable wavesmight be exited to produe the di�usion paths that aomplish the ooling, but also thatthe power required in exiting these waves not be too large. If the wave energy is toosmall, then the wave partile di�usion oe�ient might be too small to aomplish the e�eton the ollisionless time sale. The mode onverted ion Bernstein wave, whih ould beexited on the low-�eld side in TFTR in a D-He3 plasma, had many of the neessary waveharateristis to extrat energy from energeti ions [4℄. Moreover, this wave, after extratingenergy from alpha partiles, ould then damp on tritium ions [5℄. In a reator, this wavewould be used together with low frequeny waves to aomplish signi�ant diversion of alphapartile energy into the fuel ions [6, 7℄.The TFTR experiment ould not test the ooling onept diretly beause there were toofew alpha partiles to slow down by waves and be deteted. However, the key harateristisof the IBW wave were tested and validated. Enhaned losses of fast ions, determined tobe deuterium ions, were observed during ion heating experiments [8, 9℄. In the so-alled"alpha hanneling" experiments, the wave phase veloity was atually hosen to onnetold ions (deuterium 100KeV beam ions) in the tokamak enter with hot ions (2.2MeV ) atthe periphery [10℄. This is the opposite phasing to what would be required for the hanneling2



e�et in a reator, but was what ould be ahieved in a beam-driven experimental devie.Thus, in the presene of the ion Bernstein wave, the ions were expelled and heated. Theexpelled ions were deteted at the predited partile energy, partile veloity pith anglewith respet to the magneti �eld, and the poloidal angle of the detetor position. Thefat that the data ould orroborate the theoretial predition in suh detail meant that thedi�usion paths were indeed established preisely as predited.The unequivoal result that was ompletely unexpeted, however, was that the di�usionalong the predited di�usion paths was 25MeV 2/sec, whih was about a fator of 50 greaterthan what might be expeted with the 3MW of injeted power near the ion ylotron fre-queny. Suh an anomaly resisted all onventional explanations. Beause the theories ofwave propagation and quasilinear di�usion were well established, the largest possible di�u-sion oe�ient ould be predited, and the kinds of e�ets that would a�et this predition,suh as unintended re�etion or dissipation e�ets, would only lower the predited e�et,making the established result even more quizzial [11℄.What was left, when all onventional explanations were ruled out, was the remarkableexplanation that the tokamak might be ringing at an internal ontained mode. Suh a modewould have the same frequeny and toroidal mode number as the exited ion Bernstein wave,and therefore, upon the mode being exited resonantly to high amplitude, any interationwith partiles would retain the same di�usion paths. But if the mode were a high-Q avitymode, the wave amplitudes ould be far higher than for the mode onverted ion Bernsteinwave. Suh a mehanism was in fat shown to be plausible [12℄. However, if this in fat werethe operative mehanism, then the impliations for the alpha hanneling e�et in a reatorwould be signi�ant, sine the e�et ould be aomplished with far less injeted power (onthe order of the anomalous enhanement, or a fator of 50) than previously imagined. Amore detailed desription of these impliations is given elsewhere [13, 14℄. However, by thetime this onundrum was notied, and the theory of a ringing mode advaned as plausible,TFTR had already been shut down and thus no diret observation of the postulated internalmode ould be had. Thus the explanation of the ringing mode remained a remarkable,plausible, but in the end unsubstantiated onjeture, albeit with no alternative explanationeven remotely plausible.This paper provides arguments that support the onjeture that the remarkable, anoma-lously large (fator 50) di�usion oe�ient seen in the TFTR alpha hanneling experiments3



was in fat due to oupling to an internal mode. The support arises from reent observationsof CAE modes on the National Spherial Torus experiment (NSTX) [15℄. These observationslink the avity modes with the internal modes that were onjetured to have been on TFTRand ausing the anomalous di�usion. Thus, although the high toroidal mode number high-Qavity modes onjetured to explain the very high di�usion oe�ient in TFTR were neverstudied diretly, their likely presene an now be inferred by the data on related modes inNSTX.We emphasize that the experimental evidene o�ered here is only that the modes relatedto the onjetured high-Q avity modes on TFTR have in fat been observed on NSTX. Thereis no evidene yet that the observed modes on NSTX are responsible for huge anomalousdi�usion of fast ions. The high-Q avity modes in TFTR were driven to high amplitude bythe 3 MW of mode-onverted ion Bernstein waves at the same frequeny and at the sametoroidal mode number. There is no suh wave exitation in NSTX. What we do observeis that at a low amplitude level these modes do exist in NSTX � and that in itself is veryinteresting and revealing for it indiates that under proper exitation suh lightly modesould reah high amplitude, like as speulated on TFTR. RF in NSTX is applied at highharmonis of the thermal ion fundamental frequeny, known as HHFW (high harmonifast wave) heating. It is interesting though that the HHFW appliation did show powerabsorption by beam ions [16℄. However beause of the lak of fast diagnosti the timeresolution of the beam ion distribution was only 10msec, so that the low limit for the energydi�usion emerges at its value > 0.1MeV 2/sec. At present HHFW frequeny one an notexpet that the CAE eigenmodes are exited beause of the presene of multiple ylotronresonanes. Instead, a short wavevetor IBW waves are expeted in whih more ompliatedwave partile interation mehanism should be invoked.Both above and below the ion ylotron frequeny, instabilities of a ertain lass ofavity modes were observed in NSTX and were shown to be driven by fast beam ions[17�21℄. An initial study of these instabilities was based primarily on the analysis of thespetra of the magneti signal of these instabilities. It was shown experimentally that theinstability frequenies orrelate with the plasma Alfvén veloity, whih was used to identifythis magneti ativity as instabilities of Compressional branh of Alfvén Eigenmodes (CAEs,also alled fast Alfvén or magnetosoni eigenmodes). The instabilities of these modes weresuggested to be responsible for the Ion Cylotron Emission (ICE) in tokamaks [22�26℄,4



ommonly aknowledged to be driven by fast ions suh as beam ions, ICRH minority ions,and fusion produts.The ICE was observed in tokamaks with spetrum peaks at the harmonis of the edgebakground ion ylotron frequeny. It had been theoretially predited and now observedthat many CAE instabilities with narrow spetrum peaks will overlap and form a broaderpeak near eah ion ylotron frequeny harmoni. The main di�erene between the morereent observations from STs and those of earlier studies is that the frequeny spetrumof the observed CAE instabilities in high toroidiity plasma is disrete, so that propertiesof eah mode an be measured separately. Eah CAE mode orresponds to a line in thespetrum of the magneti �eld osillations measured at the edge of the plasma and shouldhave three �quantum� mode numbers: toroidal, n, poloidal, m, and radial, s [18, 27℄. Theeigenfrequeny of the observed CAEs is primarily determined by the produt of the Alfvénveloity and the wavevetor, kmns, at the mode loation as ωCAE = kmnsvA, where kmnsorresponds to three mode numbers. From previous studies it is known that, due to highmagneti �elds in tokamaks, the ICE frequeny spetrum is populated more densely by theunstable modes, whih makes the ST plasma very attrative for studying the properties ofindividual CAE modes and for verifying the theoretial preditions. In partiular, NSTXpresents a unique possibility to study mode numbers, struture, polarization, amplitudeet. We note that, based on the CAE observations on NSTX, one would expet that ICEspetrum ontains more ompliated, �ne strutures than previously reported [28, 29℄. Thisan be investigated in plasmas with the intermediate values of the magneti �elds (andaspet ratios), for example, with the equilibrium magneti �eld B0 = 1 − 2T , in DIII-Dplasmas.Note that there are several mehanisms for slowing down energeti partiles by waves.The onept of alpha hanneling as originally envisioned supposed a large fration of energytransfer from alpha partiles to thermal ions [2℄. This required arranging di�usion pathsthat ould onnet from birth energy in the enter to small energy at the periphery. Otherinteresting mehanisms for releasing alpha partile energy (Ref. [30, 31℄), or foring themto be lost have also been proposed. The full bene�ial e�et, however, is only realized whenthe partiles are lost to the boundary onomitant with substantial loss of energy, whihrequires a very speial di�usion path with one wave [2℄ or a very speial set of waves [6℄. Thesubstantial loss of energy must our prior to energy being lost through ollisions, whih5



means that the wave di�usion oe�ients must be large enough to drive the partiles tothe periphery prior to a ollisional slowing down time. The remarkable possibility that wehek here is, of ourse, if oupling to an internal mode ould failitate suh a large di�usionoe�ient.Thus, the goal of the paper is to show that ICE in tokamaks and, in partiular fora ertain lass of high, sub ion ylotron, frequeny instabilities observed in NSTX, anin fat be desribed by the same theory of CAE instabilities driven by fast ions via theylotron resonane. This lends important support to the existene of the avity CAE modesonjetured to play a ritial role in TFTR by driving the apparantly enormous anomalousdi�usion [12℄. It should be emphasized that by linking the onjetured modes on TFTR tothe observed modes on NSTX, we have also for the �rst time a onrete desription in detailof what dispersion relation must govern these onjetured modes, and hene the onjeturenow has substantial preditive value.The paper is organized as follows: In Se. II, we review the observations of CAE ativityon NSTX. In Se. III, we review the theory, showing that related modes would be preditedto exist on TFTR. In Se. IV, we further disuss alpha hanneling, review the uses ofmultiple waves, inluding the use of low frequeny waves. In Se. V, we suggest what furtherexperiments might be made to validate the theories disussed here. Se. VI summarizes ourmain onlusions.II. HIGH FREQUENCY MODE OBSERVATIONS IN NSTXCoherent high frequeny modes have been observed in NSTX both with high bandwidthmagneti pik-up oils and with a re�etometer [17, 18℄. Similar observations were reportedfrom MAST [21, 32℄. Observations by edge Mirnov oils show a broad and ompliatedfrequeny spetrum of suh modes between 400kHz and up to 2.5MHz in a disharge withthe fundamental ylotron frequeny of bakground deuterium ions (and beam deuteriumions) to be fcD = ωcD/2π = 2.3MHz, alulated at the vauum magneti �eld at thegeometrial axis of NSTX for Bg0 = 3kGauss. A very rih spetrum of modes is typiallyobserved during the Neutral Beam Injetion (NBI). The mode frequenies orrelate with theAlfvén veloity as the magneti �eld and plasma density are varied. Typially the range ofoperational parameters for the experiments are: toroidal urrent Ip = 0.7 − 1MA, toroidal6



�eld Bg0 = 3 − 5kGauss, entral eletron density ne0 = 1 − 5 × 1013cm−3, entral eletrontemperature of up to Te0 = 1keV . The plasma is heated with deuterium beams whose totalpower is typially Pb = 1.5 − 3MW , but an be as high as 6MW . We use subsript b forbeam ions parameters.The instability is very sensitive to the distribution funtion of NBI ions. It was alsoobserved that the frequeny of high frequeny unstable modes does not hange due to thehange in the NBI injetion angle. It was onluded that CAEs are the plasma avity modes,i.e., CAEs are normal modes of the plasma and may exist without fast partiles. Typialmagnitude of the perturbed magneti �eld at the plasma edge is small δB‖/B ∼ 10−6 [17℄.In the identi�ation of CAE instabilities, two main harateristi properties are typiallyused: frequeny dispersion and a polarization. The latter is predited to be predominantlylinear and to have a magneti �eld omponent along the equilibrium �eld line δB‖ ≫ δB⊥.We show an example of the high frequeny spetrum in Fig. 1 in plasma with strongNBI heating. Figure 1 (b) shows a zoomed region of the spetrum with the toroidal modenumbers for eah line, ranging from 9 − 13. The perturbed magneti �eld of these modesis mostly in the diretion of the equilibrium magneti �eld, whih is onsistent with theidenti�ation of these modes to be of the ompressional branh. One example of the polar-ization measurements is shown in Fig.2. The angle of the perturbed magneti �eld, whihinludes independently measured poloidal and toroidal omponents, is lose to the angleof the equilibrium magneti �eld taken slightly inside the plasma from the edge. A moreaurate omparison requires additional detailed analysis and, most importantly, internalmode struture measurements, whih has not been published yet.It is di�ult to measure the poloidal wavelength, but the data show that the typialnumbers are in the right range with the preditions by theory m = 2 − 10 (for di�erentmodes), so that the simple CAE dispersion relation
ω = kmnsvA, (1)where

kmns ≃

√

(m/κr)2 + (n/R)2 + (sC/a)2, (2)gives a similar estimate for m, where κ ≃ 2 is the elliptiity, and C ≃ 2 − 3 aounts forthe density pro�le e�ets on the radial mode struture. The omparison with the theoryshows that in the frequeny range below fcD only the two lowest bands of radial solutions are7



typially observed, s = 1, 2, for the measured instabilities below the thermal ion ylotronfrequeny [27℄.The dispersion relation, Eq.(1), di�erentiates CAEs from another high frequeny branhknown as GAE (global AE), whih has the dispersion relation
ω = k‖vA. (3)Beause k‖ ≃ m/qR− n/R, the frequenies of GAEs evolve di�erently in time (for di�erent

m, n pairs) than do the frequenies for CAEs, for whih kmns remains approximately �xedover the plasma disharge evolution. The di�erene in frequeny evolution of CAE and GAEinstabilities is an important property whih an be used experimentally to identify the modebased on the frequeny spetrum evolution. In the spetrum of �gure 1 (b), CAE lines havesimilar evolution in time, whih is another important property used for their identi�ation.(a)   9Black
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Figure 1: Spetrum of the magneti �eld perturbation measured by the edge pik-up oils in NSTXdisharge #134851. Shown in (a) are the osillation spetrum and shown in (b) are the toroidalmode numbers for one luster of instabilities, whih are identi�ed as CAEs.
III. CAE THEORYOne of the main advantages of the low aspet ratio plasma experiments for CAE studiesis that the equilibrium magneti �eld is typially low at the expeted mode loation on thelow �eld side, whih means that the Alfvén veloity will be small ompared to the veloitiesof the super-thermal fast ions, suh as beam ions in NSTX. Suh onditions failitate adetailed study of individual CAE mode properties, whih are present in larger aspet ratio8
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#134851 at f = 1.7MHz, t = 0.285sec, and having n = 10. It is among the peaks shown in Fig.1.tokamaks as well, but where they typially muh more densely populate the magneti fre-queny spetrum. The distintion should be made here that in this setion we analyze thenaturally driven modes by the energeti ions, so the most likely driven modes are ones withsmallest damping rates.Reent more detailed numerial study of the CAE spetrum support the theoretial pi-ture of these modes as standing, avity modes in the poloidal and radial diretions hara-terized by the toroidal, poloidal and radial quantum numbers [27, 33℄. Beause of di�erentsales assoiated with those dimensions the radial mode separation in frequeny is preditedto be the largest∼ 1MHz, followed by the poloidal mode number separation∼ 100−200kHzand toroidal number separation up to 50 − 100kHz. This frequeny separation is in qual-itative agreement with the measurements [18℄. In the presented example, Fig.1, the radialnumber is expeted to separate two lusters of modes at 1MHz and 2MHz, poloidal modenumber separates modes by 150kHz (ould be learly seen in Fig.1(b)), and the toroidalmode number separation is expeted to be the �nest with ∆f ≃ 10kHz.Important for the spetrum and radial struture of CAEs is the Hall e�et, whih makesthe CAE struture more ompliated [33℄. One of the e�et due to the Hall term is thatCAE frequeny is split for the opposite signs of m values. It is degenerate with the m signin the ideal MHD theory.The allowed frequenies of the observable spetrum of CAE instabilities depend to a greatextent on the damping mehanisms, whih shape the spetrum due to typially exponentiallystrong dependenies on the plasma parameters [24, 34℄. Of partiular importane is the9



thermal ion ylotron damping, whih prevents CAE exitation when the mode frequenymathes the harmonis of bakground ion ylotron frequenies, so that at f < fcD CAEsavoid suh damping in toroidal plasmas in general. The CAE drive sensitively depends on
k⊥ρb, whih is su�iently large in STs in general due to the low equilibrium magneti �eld.Here ρb is the beam ion Larmor radius. A areful omparison of identi�ed CAE ativitiesin NSTX shows that theoretially predited exitation ondition, k⊥ρb > 1, orrelates withthe range of the observed frequenies [20℄ over the range of plasma parameters.Beause the CAE spetrum is typially rih, i.e. various modes with lose frequenies anbe unstable, we o�er a qualitative diagram for the expeted most unstable CAE frequenyin two devies, TFTR and NSTX (in the ase of TFTR we refer to fusion produt drivenICE instabilities). One of the most striking di�erenes between these two mahines is theratio of the fast ion veloity to the Alfvén veloity, whih in general is higher in STs due tothe low magneti �eld (low aspet ratio). To re�et this in the diagram, we hose the aspetratio for the absissa axis. It turns out that the ratio of fast ion to Alfvén veloity an beonneted for both experiments as v‖/vA ≃ 4a/R (this will reover both NSTX beam ionsand TFTR fusion alphas), so that x-axis is labeled with both and veloities ratio.First, we onsider the modes naturally driven by fast ions in tokamaks, that is the avitymodes with low damping. Based on the theoretial understanding, it seems plausible toexpet that the CAE spetra will be di�erent in plasmas with di�erent aspet ratios.
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It follows from the theory that fast ions exhange energy with CAEs under the ylotronresonane ondition with strong Doppler shift ω−ωc = k‖v‖ ≃ k‖v. The exitation onditionin whih fast ions transfer energy to the mode implies that k⊥ρb = O(1) (it should hangefrom 1 to 2 for CAEs to be unstable). This in turn implies that the frequeny of the modesof interest, i.e. those whih an be driven by fast ions, should satisfy ω ≃ ωc

(

1 −
∣

∣k‖

∣

∣ /k
).On the other hand, damping on eletrons an be minimized if the phase veloity of CAEsis either too small or too large in omparison with the thermal eletron veloity as in theexample in Ref. [18℄. In that example the damping rate was taken �xed at 1% to �ndthe ondition for k‖. This resulted in ζe =

(

k⊥/k‖

)
√

me/miβe > 1.5 (region above urve1 in Fig. 3) or ζe < 0.45 (region below urve 2 in Fig. 3). Note that, in plotting thesedependenies in �gure 3, we assumed that the nominal tokamak plasma beta sales with theaspet ratio, namely βe(%) ∼ 10/ (R/a), whih is at least empirially justi�ed based on theresults from TFTR [1℄ and NSTX [15℄. Beause of the weak dependene on eletron beta, amore aurate expression is not required.A seond important ondition restriting the mode frequeny follows from the ouplingto the kineti shear Alfvén wave (KAW) at the edge. Let us rewrite the resonane onditionin the form
ω = ωc − ω

∣

∣k‖

∣

∣

k⊥

v‖
vA

. (4)It is not straightforward to estimate the loal k‖ for CAEs, whih on average must besmaller than its value at the onversion region from CAE into KAW. The avoidane ofthe onversion requires k‖/k⊥ . vA/vAedge (typially less than 1), where vA is at the CAEloation and vAedge is at the last losed surfae of the plasma. Experiments in NSTX andTFTR di�er in v‖/vA ratio. We obtain the inequality desribing the limiting ondition forthe CAE mode frequeny
ω > ωc/(1 + Ca/R), (5)where C = 4k‖/k⊥. As we argued above to avoid strong ontinuum damping from KAW itis required that k‖ < k⊥, whih provides high limit for C. From the low end C is limited bysmall k‖. Thus, beause our diagram is rather qualitative it seams reasonable to use C = 1in the estimates. The parameter domain, whih follows from this ondition, is the regionabove urve 3 in Fig. 3 plotted for C = 1. If one is to onsider beam ion heating, insteadof urve 3 one needs to plot another urve, loser to ω/ωc = 1 at high v‖/vA ratio limit. In11



tokamaks with less energeti ions in omparison with fusion alphas in TFTR onstant C willbe less than unity. This means that the CAE instability frequeny and the urve 3 will beloser to the ylotron frequeny of the fast ions. We note that �gure 3 is rather shematiwithout any spei� plasma pro�les.Fig. 3 illustrates how NSTX and TFTR are related in terms of the regions of most likelyunstable CAE modes, based on minimizing the damping rates due to thermal partiles.The regions of allowed frequenies for CAEs are shown as shaded areas in Fig. 3 andare obtained by overlapping the three parameter domains. It is lear that in general inonventional tokamaks like in TFTR CAEs are not expeted to be exited far from theylotron frequeny due to rather high Alfvén veloity, i.e. low Doppler shift in omparisonwith the mode frequeny. Only by reating a speial ondition with signi�antly lowermagneti �eld (lowered from 2.1T to 0.6T ) in DIII-D in a similarity experiments a spetrumsimilar to that in NSTX was observed [35℄.Fig. 3 shows the regions in whih modes an be made unstable in the presene of energetiions, or, put di�erently, modes whih are high-Q avity modes. In the ase of the TFTRmodeonversion experiments in whih the ion Bernstein wave was exited, the driven frequeniesorresponded to the frequenies of high-Q avity CAEs, whih would be suseptible toreahing large amplitude either by being driven by resonant energeti ions or by a resonantwave suh as exited by the IBW antenna. CAEs with frequenies above the edge ylotronfrequeny have the same properties as CAEs exited by beam ions in NSTX. The internalmodes that may have been exited on TFTR would have resided above the shaded regionsin Fig. 3.IV. ALPHA CHANNELINGThe onjeture that high-Q eigenmodes were exited on TFTR was plausible only beauseno other explanation ould be o�ered to explain the very high di�usion oe�ient [11, 12℄.However, apart from this plausibility argument, no other evidene was o�ered, sine the on-tained modes were not diretly observed. Were a ontained mode exited, though, it wouldof neessity have the same frequeny as the Mode Conversion Ion Bernstein Wave (MCIBW)on TFTR. Similarly, sine a tokamak is axisymmetri, it would have the same toroidal modenumber. Sine the di�usion paths of resonant partiles are determined uniquely with spe-12



i�ation of the frequeny and toroidal mode number only, the di�usion paths aused bythe exited high-Q avity mode would be idential to those aused by the mode onvertedIBW wave. Only the magnitude of the di�usion oe�ient would di�er, in a way thatmight explain the anomalous di�usion oe�ient, while retaining agreement with the otherobservations on TFTR.What Fig. 3 tells us is that CAE modes likely exist at the same frequeny as the IBWwave. The shaded region at the upper part of Fig. 3 shows that CAE modes with frequenieson the order of (or higher) than the ylotron frequeny an exist at many di�erent minorradii. Why is this the frequeny needed? Sine after undergoing mode onversion, themode-onverted IBW wave in TFTR would be loally near the ion-ion hybrid resonane. Intraversing the hybrid resonant region, it would then approah from the low-�eld side thefrequeny of the ion speies with the lower gyro-frequeny � or in the ase of the "beam-blip"experiments in D-He3 in TFTR that would be deuterium. Thus, the mode onverted wavewould need to have frequeny somewhat higher than the loal deuterium gyro frequeny, andthrough Doppler e�ets ould interat resonantly with energeti ions. But this frequenyregion is exatly the upper shaded region of Fig.3, whih only bounds from below in frequenythe CAE region. The fat that high frequeny modes (onjetured here as CAEs in the TFTRase) were observed both on TFTR and on NSTX in the shaded regions lends on�dene tothis piture � and in turn lends on�dene to the likelihood of exitation within this upperregion on TFTR.Besides the frequeny, it is important that the CAE mode also exists with the requisitetoroidal n. Here, the fat that the upper region in �gure 3 is so dense in lightly dampedmodes means that both high n and high m modes might be found. The onjetured modeswould have n about 40 and m about 25, whih ould be aommodated. This is the keyresult of this paper: the fat that the ontained modes ould exist on TFTR near the exitedIBW frequeny and with the required mode number n lends support to the onjeture thatthey might have been exited as a high-Q avity mode.There are very signi�ant impliations for the prospets of using the alpha hannelingmehanism in a reator: Controlling the fast ion energy di�usion, thereby e�eting the energyhanneling, might be aomplished at ∼ 50 times less injeted power than what would havebeen neessary without the ontained mode exitation. This onlusion is based on theassumption that there is a linear relation between the injeted RF (radio frequeny) power13



and the energy ontained in the exited avity CAE modes, whih is in turn proportional tothe energy di�usion oe�ient [12℄. The signi�ant redution (order of magnitude or more)of the required ICRH power an be expeted, whih makes the idea of alpha hannelingmore attrative.Note that in a reator, as opposed to in TFTR, a 2-wave senario for ontrolling the alphapartiles would likely be used. In a 2-wave senario, one wave would be used for movingpartiles radially without muh energy loss, whereas the seond wave might move themradially only with signi�ant energy loss. The �rst wave ould be a low-frequeny Alfvénmode whih in any event would not draw the main power requirement. The seond wavewould likely be the MCIBW wave [7℄. If an internal mode ould be exited in the manneronjetured here, then the power requirements for exiting the MCIBW wave would besigni�antly less and hene the alpha hanneling e�et ould be aomplished with relativelysmall power investment.V. IMPLICATIONS FOR PRESENT DAY EXPERIMENTSAlthough the observations on TFTR and NSTX lend support to the high-Q eigenmodeexitation, the validity of the predition requires more omplete tests. It will be importantto test the interpretation supported here of the TFTR results on the anomalous fast ionenergy di�usion. We show here that de�nite preditions an be made and tested on existingtoroidal devies suh as NSTX as well as on more onventional tokamaks, suh as C-modand DIII-D.First, we identify the avity mode parameters, whih would allow lightly damped CAEexitations by fast ions. As a guidane for the experiments, we onsider two plasmas similarto NSTX and C-mod, whih di�er �rst of all by the value of the equilibrium magneti �eld,
0.5T and 5T , respetively. We also ompare them to the TFTR plasma (B = 4.8T ), wherethe energy di�usion of the fast beam ions was measured. Table I summarizes some relevantparameters of the envisaged experiments. When omputing the poloidal mode numbers weassumed that n ≪ m as required by edge antenna oupling. Obviously the magneti �eldparameters an be adjusted if required.We evaluate the poloidal mode number of CAEs with the frequeny taken at the edgeylotron frequeny of the fast ions. It is given in the table as an absolute value, |m|at fbc

be-14



devie plasma heating fast ions fbc, MHz energy, keV B, T vAκ
2πa |edge

, MHz |m||at fbcNSTX He3/D mix NBI/ICRH NBI ions, D 2.1 80 0.5 0.4 5C-mod He3 ICRH H-minority 57 50 5 3.6 16TFTR He3/D mix NBI/ICRH NBI ions, D 27.5 100 4.8 1.4 20Table I: NSTX and C-mod parameters for the proposed alpha-hanneling experiment. Note thatenergy of fast ions an be hanged from its nominal value given in the table. fbc is the ylotronfrequeny of fast ions.ause, for CAEs in STs that are standing waves in the poloidal diretion, there are two dom-inant poloidal harmonis with signs of poloidal mode numbers, ±m. However, in tokamaksone sign of m number dominates [27, 33℄. At higher ICRH frequeny |m| inreases linearlywith f . For exitation of the avity modes in tokamaks, one should plan to have the mode fre-queny near the edge fast ion ylotron frequeny to avoid ion ylotron absorption. Anotherway of exiting CAEs is through the mode onversion from IBW. In STs and NSTX in parti-ular, one an also try lower frequeny modes, suh as f = 700−1000[kHz] = (1/3 − 1/2) fbc,whih are already observed and are expeted to have good oupling. Thus, in tokamaks onean aim at small k‖ or n = m/q, where q is to be taken at the point of CAE loalization
r/a = 1/ (1 + σ), σ is a plasma density exponent ne = ne0 (1 + r2/a2)

σ. Typially in exper-iments a broad spetrum of n numbers is present in the antenna signal. Strong exitationis expeted of modes with small k‖ and weak eletron Landau damping.The toroidal anonial angular momentum is related to the energy hange in the ase ofthe axisymmetri plasma (see, for example, referene [36℄)
∆Pϕ

ω

n
= ∆E . (6)We an rewrite this ondition in a more simple approximate way
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, (7)where q is the safety fator on a partile orbit and the assumption that orbit width is smallin omparison with the plasma minor radius was made, whih requires ∆b ≪ a, where

∆b = qρb is the passing partile drift orbit width. If the di�usion step is given by Eq.(7) thetotal number of steps required for a fast partile to leave the plasma is
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where we used that ω ≃ ωbc. If a partile is aelerated strongly enough it an be lost evenfrom the inner plasma regions in whih ase for trapped partiles the following ondition issatis�ed qρb/a ≃
√

a/R.The typial toroidal mode number spetrum is, relatively wide in present day antennas.Hene, in order to demonstrate the energy di�usion we need to maximize the hange in theenergy at the point of partile impat on the plasma wall. If we allow for ∆Pϕ ∼ Pϕ forlost partile, strong energy di�usion would require high (ylotron) frequeny and moderate
n number ∼ 10. The next step ould be the ontrolling and optimizing of the fast iondi�usion paths in phase spae. The antenna would need to be phased appropriately toahieve n = 30 − 40 [12℄.Note that on C-mod, beause of the absene of the fast ions with �xed injetion energy,one would need to reate an H-minority at high energy �rst. But the experiments on C-mode ould be planned in analogy with TFTR, where the anomalous fast ion energy di�usionwas observed. On C-Mod, the mode onverted IBW ould be situated as it was in TFTR,somewhat on the low �eld side. On NSTX, further detailed study of suh di�usion is possibledue to a large frequeny separation between the CAE modes so that the resonant layer ouldbe shifted throughout the plasma.VI. SUMMARYWe demonstrated the lose onnetion between the observed CAE modes in NSTX andICE instabilities in TFTR. We argued that both belong to the same branh, whih may existat harmonis of the fundamental ion ylotron frequeny in TFTR and at its fration in STs.The new evidene of the CAE polarization together with the magneti spetrum strutureunambiguously identi�ed these modes as the ompressional Alfvén branh in NSTX.We demonstrated how the same fast ion driven CAE instability theory reoniles CAEexitation in both STs and TFTR with the above mentioned properties. The observations ofCAEs on NSTX, together with the agreement in essential details with theoretial preditions,substantiates their existene on TFTR. Moreover, these observations imply that CAEs havevery low exitation thresholds with very weak damping, whih makes them an ideal andidatefor the mehanism suggested by Clark et.al. [12℄.In addition to the important impliations for interpreting the TFTR data, it also follows16



from this onnetion that one might expet and should look for more ompliated �ne stru-tures in the ICE spetrum, perhaps in plasmas with intermediate values of the equilibriummagneti �elds. In addition one should look for the ICE - like high harmonis of the ionylotron frequeny features in the magneti ativity of NSTX.The CAE modes were suggested to be responsible for the anomalous energy di�usion ofbeam ions in TFTR experiments [10�12℄. Now, with the positive experimental identi�ationof the losely related CAEs, further evidene is o�ered that the onept of �alpha hanneling�may be greatly failitated by internal modes. These observations point naturally to furtherexperiments, even on existing devies, that might verify and further extend this very unusual,but possibly extremely useful, e�et. Moreover, the demonstration of the role played bythese modes, together with their theoretial desription, arries signi�ant impliations forhow this very unusual e�et might be extrapolated with on�dene to ahieve signi�antimprovements in the tokamak reator onept. Sine this mehanism if suessfully deployedan mean a dramati redution in the ost of eletriity produed by fusion, the newlyinspired on�dene in extrapolating these results may lead to extremely important followup experiments.
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