1Alpha Particle Physics Experiments in the Tokamak Fusion Test ReactorS.J. Zweben, R.V. Budny, D.S. Darrow, S.S. Medley, R. Nazikian,B.C. Stratton, E.J. Synakowski, and G. Taylor for the TFTR groupPrinceton Plasma Physics LaboratoryP.O. Box 451, Princeton, NJ 08540 USAAbstractAlpha particle physics experiments were done on the TokamakFusion Test Reactor (TFTR) during its deuterium-tritium (DT) run from1993-1997. These experiments utilized several new alpha particlediagnostics and hundreds of DT discharges to characterize the alphaparticle confinement and wave-particle interactions. In general, theresults from the alpha particle diagnostics agreed with the classical single-particle confinement model in magnetohydrodynamic (MHD) quiescentdischarges. Also, the observed alpha particle interactions with sawteeth,toroidal Alfv�n eigenmodes (TAE), and ion cyclotron resonant frequency(ICRF) waves were roughly consistent with theoretical modeling. Thispaper reviews what was learned and identifies what remains to beunderstood.

21. IntroductionThe deuterium-tritium (DT) experiments on the Tokamak FusionTest Reactor (TFTR) were the first opportunity to observe the behavior of asubstantial population of alpha particles in a tokamak. A large number ofalpha particle measurements and physics experiments were performedduring the 1993-1997 DT run, based on many years of diagnosticdevelopment and hundreds of DT discharges.This review focuses specifically on the measurements and physics ofthe high energy (superthermal) alpha particle population created in theseTFTR DT experiments. A previous review can be consulted on the behaviorof other types of fast ions in tokamak experiments [1], and an extensivebibliography of reports and papers on alpha particle physics and fusionproducts measurements has also been compiled recently [2].The outline of this paper is as follows: Sec. 1describes themotivations, alpha confinement models, diagnostics, and experimentalconditions; Sec. 2 describes the lost alpha diagnostics and their results; Sec.3 describes the pellet charge exchange (PCX) diagnostic and its results; Sec.4 describes the a-CHERS diagnostic and its results; Sec. 5 reviews the alphaheating and ash buildup experiments; Sec. 6discusses the experiments onalpha-driven TAE modes; Sec. 7 discusses the RF-alpha particle interactionexperiments, and Sec. 8 summarizes the conclusions and open issues. 1.1 Motivation for Alpha Particle Experiments on TFTRThe obvious motivation for the alpha particle experiments on TFTRwas to make an initial assessment of the prospects for sustained alphaparticle heating of an ignited tokamak plasma. Ignition in a DT tokamak

3requires that a substantial fraction the 3.5 MeV alpha particles created inthe fusion reaction:D + T -> n (14.1 MeV) + � (3.5 MeV)[1]should remain confined sufficiently long for enough for them to thermalizewithin the plasma. Given the classical thermalization rate due to Coulombcollisions, this normally requires at least several hundred milliseconds in areactor-relevant tokamak, which corresponds to at least 105 alpha particletransits around the machine.The main goal of the TFTR alpha experiments was therefore todetermine whether these superthermal alphas were confined as expected,and also whether their presence had any new effect on the plasma, e.g. bythe creation of any alpha-driven instability. TFTR reached only a maximumof Q = fusion power output/auxiliary power input » 0.25, so the direct effectof alpha heating was small, as discussed in Sec. 5.The initial motivations for the alpha particle experiments in TFTRwere described before the start of the DT run [3,4]. The most importantresult of those calculations was that many of the alpha particle parametersin TFTR were similar to those expected in ignited plasmas, as confirmed inthe actual DT experiments and illustrated in Table 1. This occurs since thealpha particle density in DT plasmas depends only on the local plasmaparameters, and not on the fusion power gain Q (which depends on theplasma energy confinement time). The alpha pressure can be estimated asfollows [4]: for thermonuclear DT plasmas with Ti»Te»10-30 keV and Z=1,the local alpha production rate is Sa � n2Ti2, the local alpha thermalizationtime is �a � Te1.5/n, so the local alpha density is na = Sa �a � nTi2 Te1.5.Since the average alpha particle energy in a classical slowing-down

4spectrum is <Ea> » 1.3MeV (nearly independent of plasma parameters),the relative alpha beta with respect to the plasma beta is thus:ba/b � T5/2[2]Since the plasma temperatures are similar in TFTR (Ti»30 keV, Te»10keV)and, for example, ITER (Ti»Te»20 keV), the alpha beta relative to theplasma beta turns out to be nearly the same in the center of both machines,i.e. ba/b » 10%.Thus one motivation for the TFTR alpha particle experiments was toexamine the "collective" particle behavior of a reactor-relevant population ofalpha particles. This same motivation had previously led to a series of fastion experiments in D plasmas which aimed to simulate the behavior ofalpha particles in DT plasmas [1]. These D experiments revealed a strongfast ion driven instability called the toroidal Alfv�n eigenmode (TAE), whichoccurred above a critical fast ion beta when the fast ion speed wascomparable to or larger than the Alfv�n speed. Since the ratio of the alphaspeed to the Alfv�n speed was above one for both TFTR and reactor-leveltokamaks (Table 1), a specific focus of the TFTR alpha experiments was tolook for the alpha-driven TAE mode (Sec. 6).A less compelling, but still important, motivation for the TFTR alphaexperiments was to check the "single particle" confinement and loss ofalphas. Such experiments do not necessarily require a large population ofalphas since these single particle effects are due to the interactions with theintrinsic magnetic fields or waves in the background plasma, e.g. toroidalfield ripple loss, ICRF waves, or plasma-driven MHD activity. In fact, asubstantial body of information had already been obtained about singleparticle confinement of alpha-like energetic ions, for example from the"burnup" of the 1MeV tritons created in DD reactions [1,5]. However, the

5»100 times larger alpha populations in DT plasmas allowed directmeasurements of the confined alpha particle density which was valuablefor testing the single particle confinement models.1.2 Alpha Particle Confinement ModelsAlpha particle orbits in a tokamak resemble thermal ion orbits,except that the shifts of their drift surfaces from magnetic flux surfaces areabout 10 times larger than for thermal ions due to their » 100times higherenergy at birth. This causes some of the alphas to be lost to the chamberwall on their first poloidal transit of the tokamak. This "first-orbit loss" wasunderstood and calculated well before the construction of TFTR [6,7], andobserved using DD fusion products in lower current tokamaks [1].Examples of 3.5 MeV alpha particle orbits calculated using the exactequations of motion for a typical TFTR case are shown at the top of Fig. 1[8].These orbits are all started at the same point, but each has a different pitchangle with respect to the toroidal magnetic field B, and the finite gyroradiusof ra » 5 cm for birth-energy alphas can be seen for these orbits for a typicaltoroidal field of B=5 T. At low pitch angles the alpha orbits are passing andconfined on their first orbit, while at high pitch angles the alpha orbits aretrapped but still confined on their first orbit. However, in a narrow range ofpitch angles near the passing-trapped boundary the alphas are trapped andlost on their first orbit. At I= 2.5 MA in this case the range of pitch anglesfor this �first-orbit loss" is relatively small, but at lower current the first-orbit loss region increases due to the increase in banana width. A map ofthe first-orbit loss region for an I= 1.4 MA case is shown at the bottom of Fig.1, where the birth major radius (along the outer midplane) and pitch angleare varied systematically.

6Monte Carlo calculations were done before the start of TFTR toestimate the first-orbit loss fraction as a function of plasma current,assuming an alpha source and plasma current profile [6]. Those resultsshowed that this loss fraction is just a few percent at I = 2.5 MA, but couldbe substantial at lower plasma current of I = 1MA (»30%). Similar resultswere obtained from calculations based on actual TFTR plasma conditions,as summarized in Table 2.In the simplest alpha confinement model described above, all thealphas which were confined after their first orbit would remain confinedforever, at least in the absence of collisions or deviations from axisymmetryin the magnetic structure. However, it is obvious that classical Coulombcollisions will gradually thermalize the alphas as they heat the plasma [1].The effect of the collisions with electrons is to produce a friction whichresults in a velocity e-folding time of:�e (s) » 0.4 (Te /10 keV)3/2 / (ne /1020 m-3)[3]This e-folding time on electrons is typically �e » 0.4 s at the plasma centerof high performance TFTR shots in which Te(0) » 10 keV and ne(0) » 1020 m-3,corresponding to a few hundred thousand toroidal transits of themachine. The time required for alphas to reach thermal energy, includingion drag, is [1]:� = �ae/3 ln[1+(E�o/Ecrit)3/2][4]where E�o is the alpha birth energy and Ecrit is the alpha energy belowwhich ion drag dominates the thermalization process (typically Ecrit » 35Tefor alphas). For an idealized plasma small gyroradius without alpha loss,these collisions produce the well-known slowing-down distribution [1]:

7fa(Va) = S� (Va3+ Vcrit3)-1[5]where Ea= 1/2 maVa2 and Ecrit =1/2 maVcrit2 . The average alpha energy forthis ideal steady-state distribution function is <E�> » 1.3MeV, roughlyindependent of plasma temperature near 10 keV.The effect of collisional thermalization on alpha orbits is mainly tomove their drift surfaces closer to the magnetic flux surfaces, which tendsto improve their confinement and does not cause much additional alphaloss. However, collisions also cause pitch angle scattering of the alphas,which changes their magnetic moment and can cause some additionalalpha loss, mainly byconverting passing alphas to trapped alphas whoseorbits intersect the wall. The extent of this effect depends upon the ratio ofthe pitch angle scattering time to the slowing-down time, which for highenergy alphas is [9]:t�,�/t�e � 1/[50 Zeff (Te/E�)3/2][6]This ratio is typically large for alphas in TFTR, e.g. t�,�/t�e » 50at Te=10keV, so to a first approximation alphas thermalize without significant pitchangle scattering or collisional loss, except for alpha orbits very near a lossboundary in velocity space. Numerical and analytic calculations for alphasin the axisymmetric TFTR case (without TF ripple) showed that alpha lossdue to collisions in a typical TFTR case (I=1.6 MA) was only »1%, whichwas mainly due to marginally passing alphas scattered across the passing-trapped boundary and out to the wall [10,11]. This loss rate is smallcompared to first-orbit and TF ripple-induced loss (see Table 2).The remaining causes of alpha deconfinement are generally relatedto various non-axisymmetries in the magnetic field structure, such as the

8toroidal field (TF) ripple or the internal MHD activity. These effects aremainly due to random spatial movements of the alpha particle guidingcenter orbits, and not to changes in the magnetic moment, since theseperturbation frequencies are generally much smaller than the ion cyclotronfrequency. Even very small radial excursions can cause a significantradial diffusion; for example, a random radial step size of only 0.1 cm pertoroidal transit, given a toroidal transit time of �» 2pR/V� » 1ms for 3.5MeV alphas, would cause a radial diffusion coefficient of D»1 m2/s. Alphadiffusion at this rate would imply a significant loss of alpha energy beforethermalization in TFTR (which was actually not observed).The most predictable type of deviation from magnetic axisymmetry isdue to the toroidal magnetic field (TF) ripple associated with the finitenumber of TF coils. In TFTR with 20TF coils, this produces a maximumTF ripple (i.e. peak-to-average dBtor/Btor along a field line) of d » 2% at theouter limiter, but more typically d » 0.1% inside the plasma. This ripple cancause the radial location of the banana tips of trapped alpha orbits tobecome decorrelated above a TF ripple strength [12]:dGWB � (e/N„q)3/2 (1/rq’)[7]where dGWB is the Goldston-White-Boozer stochastic ripple loss threshold.Here e=r/R is the location of the alpha banana tip, N is the number of TFcoils, r is the orbit’s gyroradius, and qand q’ (=dq/dr) depend on themagnetic q(r) profile at the banana tip. The poloidal projection of an alphaparticle guiding center orbit under the influence of stochastic TF ripplediffusion in TFTR is shown in Fig. 2, and a typical ripple loss region inshown at the bottom of Fig. 1.Although this stochastic criterion and its recent generalizations [13]describe the basic physics of TF ripple-induced alpha transport, numerical

9calculations were necessary to evaluate the effect of TF ripple on alphaconfinement in the TFTR experiments. Extensive Monte Carlo guidingcenter code simulations have been done to evaluate the collisional rippleloss of alphas in TFTR [14,15] using either generalizations of the GWBcriterion or the ORBIT guiding center code [16]. As summarized in Table 2,the calculated alpha ripple loss was typically »10-20% for normal plasmaconditions on TFTR, about half of which was �collisionless� and half due topitch angle scattering during alpha thermalization [14]. The alpha rippleloss tends to be larger for plasmas of large major radius (R=2.6 m) whichextend into the high ripple region, and particularly large for plasmas withhigh q(0) for which the stochastic threshold is low [17]. At plasma currentsabove about I‡1.6 MA the calculated TF ripple loss is larger than the first-orbit loss, and so is the dominant "classical" alpha loss mechanism. At lowplasma currents I£1 MA most of the trapped alphas are lost on their firstorbits, so the TF ripple loss of alphas is relatively small.Most of the alpha particle physics above has been incorporated intothe TRANSP transport code, which is the standard vehicle for the analysisTFTR experiments. Alpha particle density profiles, energy spectra, heatingpower, loss fractions, etc. have been calculated as a function of time for mostTFTR DT discharges using TRANSP [18,19]. The alpha particle parametersfor the discharge with the highest fusion power (#80539) are shown in Table1, and TRANSP results for the time evolution and radial profiles of alphasin this discharge are illustrated in Figs. 3 and 4, respectively.Figure 3(a) shows the TRANSP-calculated central alpha heating rateof up to »0.3 MW/m3, which peaks about 0.1-0.2 s after the peak in fusionpower due to the finite thermalization time. The maximum global alphaheating power was » 1.2 MW at 3.7 s, i.e. less than the » 2 MW expected from1/5 of the total fusion power, since the calculated discharge was not inequilibrium at this time, and since the alpha loss fraction was 12.5% (10% ofwhich was TF ripple loss). The alpha particle thermalization time was ta»

100.5 s, as shown Fig. 3(b), and the central alpha birth speed Va was alwaysabove the central Alfv�n speed VA. The central alpha density na was a smallfraction of the central electron density, as shown in Fig. 3(c), while thecentral alpha beta ba(0) was over 0.3%, i.e. about 10% of the total central beta.The calculated radial profile of alpha density was more peaked than theelectron density due tothe highly peaked neutron source rate, as shown i n Fig. 4. The alpha distribution functions in pitch angle and energy weresimilar to those described previously for a 7.5 MW DT discharge [19].Deconfinement of alpha particles can also becaused byMHD activityof various types, such as coherent low m/n (poloidal/toroidal mode number)tearing modes, high-n ballooning modes, sawteeth, disruptions, or toroidalAlfv�n eigenmodes (TAEs). Each of these involves some form of non-axisymmetric magnetic perturbation for which there is a threshold forstochastic diffusion analogous tothat for TF ripple (Eq.7). However, forhelical low-n modes this threshold depends inversely on the toroidal modenumber [20], so for low-n, low frequency magnetic perturbations such astearing modes (n» 1-3, f » 1 kHz), the calculated alpha loss due tostochasticdiffusion is usually relatively small. An example of the calculated alphalosses for various stationary low-n helical magnetic perturbations in TFTRis shown in Fig. 5,based on simulations with the Monte Carlo ORBIT code(see Sec. 2.1.3). The resulting global alpha loss for this cases is smaller thanthe first-orbit loss except for very large island widths of ‡10 cm.However, for MHD reconnection events such as sawteeth anddisruptions, the magnetic perturbations are much more complex in spaceand transient in time (»100 ms), so the alpha transport needs tobecalculated using specialized and (generally) simplified models. The mostimportant issue is probably the redistribution of alphas during sawtoothevents, which could cause a broadening of the alpha heating profile and/oran increase in TF ripple loss of trapped alphas. The simplest models

11assume a radial "mixing" of alphas analogous to the Kadomtsev model forthermal plasma, while more detailed models also calculate the effect of thetime-dependent magnetic and/or induced electric fields on the alpha orbits.Discussion of these models as applied to the TFTR data is in Secs. 3 and 4.For higher frequency MHD perturbations such as high-n kineticballooning (KBM) or TAE modes (f»100-300 kHz), there is the additionaleffect of transit resonance between the waves and the alpha particles. Thiscan cause a change in the energy of the alpha particles and/or a convectiveradial transport, at least for some part of the alpha distribution. Forexample, TAE modes are driven by the free energy in the alpha particledistribution through such a wave-particle transit or bounce resonance.Many models for this type of interaction have been investigated for fast ionsin tokamaks [1], but only one example of alpha loss due to these highfrequency MHD events in TFTR has been observed (see Sec. 2.1.4). The effect of small-scale, high frequency plasma turbulence on alphaconfinement has been calculated in several papers [20-23]. The maintheoretical issue is to evaluate the effect of "orbit averaging"; that is, howalpha diffusion is affected by perturbations with size scales smaller thanthe alpha gyroradius and/or banana width. In general, the alpha transportis very much reduced when the radial size scale of the perturbation issmaller than the alpha gyroradius, both for electrostatic or magneticfluctuations. This occurs in TFTR since the typical alpha gyroradius is 5cm while the typical electrostatic turbulence radial size scale is most likely»1 cm [24]. This orbit averaging effect explains (at least qualitatively) whythe alpha diffusion rate is £ 0.1 m2/s, i.e. much smaller than thermal iondiffusion rate of » 1 m2/s [25].Finally, there can be a coupling between the alpha particles and RFwaves in the ion cyclotron range of frequencies. The fundamentalinteraction in this case is the alpha cyclotron resonance, which usually

12occurs in a narrow range of minor radii for alphas of given energy. Thisinteraction can increase the energy or magnetic moment of alphas, causingsome of them to be lost across the passing/trapped boundary. The alphascan also be cooled, at least in principle, by selective application of ICRF ormode-converted ion Bernstein waves in concert with another wave [26].Alphas can also emit ion cyclotron radiation, although with a negligibleenergy loss. These effects are discussed in Sec. 7.Details of the TFTR experimental results on alpha confinement aredescribed in the remaining sections of this review. Further generalinformation on alpha confinement models can be obtained from otherreviews [1,3,7,27-30]. A summary of the TFTR results, organized accordingto these various topics of alpha confinement physics, is given in Sec. 8.1.3 Alpha Particle Diagnostics for TFTREnergetic alpha particles are difficult to measure directly since theirdensity inside the plasma is very small n�/ne < 1%, (see Table 1), and theynormally do not emit atomic or nuclear radiation. However, a variety ofalpha particle diagnostics were investigated in the 1980’s for use in theTFTR and JET DT experiments, and several of these were used successfullyto measure alpha particles during the TFTR DT experiments.The main elements of alpha particle diagnostic coverage in TFTRwere measurements of the alpha birth rate and profile using 14MeVneutron detectors, of the confined fast alpha particle density and energyspectrum using charge exchange, and of the alpha loss using scintillationdetectors at the wall. In addition, the thermalized alpha density (i.e. alpha"ash") was measured using charge-exchange recombination spectroscopy,the alpha heating was detected using the standard electron temperature

13diagnostic, and the alpha ion cyclotron emission was detected with specialmagnetic loops near the wall.Table 3summarizes the main alpha diagnostics used in the TFTRDT experiments, and Fig. 6illustrates schematically their spatial andenergy coverage. The global neutron source rate, i.e. the alpha source rate,was measured using fission detectors to an absolute accuracy of about–15%, and a relative (shot-to-shot) accuracy of –5% and the neutron profilewas measured using a multichannel collimator array [31]. These neutronmeasurements were generally in good agreement with the calculatedneutron profiles from TRANSP (generally within –20%), which were basedon the measured temperature and density profiles and a Monte Carlocalculation of the spatial and energy distribution of the thermalizing fastions injected by the neutral beams.The alpha loss was measured using a poloidal array of fourscintillator detectors located at the bottom of the vessel in the ion grad-Bdrift direction. The confined alphas at the low energy end of the spectrum(E £ 0.7 MeV) were measured using an a-CHERS diagnostic based on thevisible light emission from alphas having a single-charge exchange withthe neutral beam ions. The confined alphas at the high energy end of thespectrum were measured using a pellet charge exchange (PCX) diagnosticin which the alphas were doubly charged exchanged in an injected pelletcloud and detected outside the plasma. Details of these three diagnosticsare covered in Secs. 2-4 below.Several other alpha particle diagnostics were tested on TFTR beforeand/or during the DT run, as summarized in Table 4. The most successfulof these was the alpha collector probe, which measured alphas depositedinto thin aluminum foils inside a removable probe at the vessel bottom, asdescribed in Sec. 2.2. Alphas were also detected using their ion cyclotronemission, although the interpretation of these signals was difficult, as

14described in Sec. 7.3. A diamond detector was installed which was able tomeasure charge exchange loss of minority heated hydrogen tail ions, butnot alphas in DT plasmas [32]. The visible helium light emitted by doublycharge exchanged alphas inside the pellet cloud was measured, but thesignal/background level was too low to detect alphas [33]. A system todetect fast ions via the scattering of microwaves was installed, butsignificant hardware and modeling difficulties were encountered [34]. Adetector was installed for measuring nuclear gamma emission fromresonant nuclear reactions [35], but the signal/background ratio was too lowto observe alphas in DT.Other ideas for alpha detection were developed or evaluated to alesser extent on TFTR, as also listed in Table 4. An alpha loss detectorbased on a Faraday cup design was shown to have an acceptably lowresponse to neutron/gamma radiation backgrounds just outside the vesselduring DT discharges [36]. A gel-based "bubble chamber" for detectingalphas using the high energy neutrons created by "knock-on" collisionsbetween alphas and fuel ions [37] was exposed to DT discharges, but anunexpected below-threshold response in the detectors did not allow clearobservation of the knock-on neutrons. The information learned in theseexperiments indicates that redesigned detectors should allow knock-on tailmeasurements. An IRTV system to detect the alpha heating of the firstwall limiters was designed for TFTR, similar to that used for beam ion lossin JT-60U [38], but was not implemented. Finally, a method for foilneutralization of alpha loss was developed [39], but never tried on TFTR.Further information about other proposed alpha diagnostics can befound in various diagnostic reviews and conference proceedings [40-43].References 42and 43contain papers and summaries from the two mostrecent IAEA Technical Committee Meetings on Alpha Particles in FusionResearch, which has been the main forum for international discussions ofalpha particle physics since 1986.

151.4 Overview of TFTR DT ExperimentsThere have been several reviews of the TFTR DT experiments [44-46]and machine operations [47-48]. Only a very brief summary of the overallTFTR DT experimental environment is given here for orientation.The first high powered DT discharges were made in December 1993,and the last were made April 1997. There were a total of 300DT dischargeswith a significant amount of alpha particle production, i.e. having at leastone tritium neutral beam source. A total of » 5grams of tritium wasintroduced into the TFTR vessel, and a total of » 1.5 GJ of fusion power wasmade. The maximum instantaneous DT fusion power was 10.7 MW (pulse#80539), and the maximum fusion energy yield per discharge was 7.6 MJ,or 2.7x1018 neutrons (#104382).The measured parameters for the DT discharge with the highestinstantaneous fusion power are shown in Table 5. The TRANSP analysis ofthe alpha particle parameters for this discharge was shown in Table 2, andthe time and radial dependence of some of these alpha parameters wereshown in Figs. 3and 4. The TRANSP analysis took into account the timedependence of the alpha source and thermalization process in computingthe alpha densities, alpha beta values, and alpha heating.A list of the main experiments on alpha particle physics done duringthe DT run is shown in Table 6. Several of these experiments were designedspecifically to accommodate the needs of the alpha diagnostics, e.g. the a-CHERS diagnostic measured alphas only during D-only beams after themain DT heating pulse. Most of these experiments required several rundays over several weeks or months. There was generally excellentreliability and reproducibility of the machine, diagnostics, and heatingsystems during the three years of the DT run.

162. Alpha Loss MeasurementsThe goal of the alpha loss measurements in TFTR was to checkwhether the alpha particle flux to the vessel wall was consistent with theclassical model for alpha particle confinement (Sec. 1.2), and if not, tounderstand the physical causes of any discrepancies. The ultimate goal ofthese experiments was to evaluate whether the alpha particle loss in atokamak reactor would significantly reduce the alpha heating power ordamage the first wall.The initial design of the alpha loss detectors for TFTR was based onDD fusion product work done on PLT, PBX, and TFTR by Strachan and hisstudents, as reviewed by Heidbrink and Sadler [1]. Most of these earliermeasurements were done using solid-state surface barrier diodes, whichcould identify the ion species by measuring the energy spectrum of the ionsin the pulse-height analysis mode. Such detectors successfully identifiedand studied the escaping 3MeV protons, 1MeV tritons, and 15MeVprotons, and were used to make the first comparisons with classicalconfinement models in TFTR D experiments [49]. In addition, the loss of 3.7MeV alphas from the D-3He reaction during ICRH minority heating wasmeasured in PLT by using a CR-39 plastic track detector, albeit withouttime resolution [50].Semiconductor detectors could not be used for DT alpha detection dueto their relatively low neutron damage threshold of »1012 neutron/cm2,which is the expected DT neutron fluence per shot for TFTR Q»1discharges. The plastic CR-39 track detectors could not be used in TFTR DTdue to their relatively low melting point and the difficulty of removing thedetectors for analysis. The search for appropriate DT alpha loss detectorsfor TFTR began in 1984 and continued through the late 1980’s.

17Secs. 2.1 and 2.2 discuss results from the two lost alpha diagnosticsused on TFTR, namely, the scintillator detectors and alpha collector probe,respectively. Sec. 2.3 summarizes the experimental conclusions from theseresults, Sec. 2.4 describes status of the theoretical interpretation of theseresults, and Sec. 2.5 reviews the needs and challenges for future alpha lossmeasurements in tokamaks.2.1 Scintillator DetectorsThe idea of using a thin scintillator (i.e. phosphor screen) to measurealpha loss in DT tokamaks was proposed by several groups in the early1980’s [51-53]. The main advantages of these detectors for a DT tokamakdiagnostic are: (1) the relatively low neutron and gamma backgrounds dueto the thinness of the scintillator needed to stop 3.5 MeV alphas (a few mm),(2) the good radiation damage resistance of the microcrystalline phosphors,and (3) the ease with which the output signals could be optically transferredfrom inside to outside the tokamak without using solid state electronicsnear the tokamak. The main disadvantage of this method is its relativelypoor intrinsic energy resolution compared with semiconductor detectors,which led to its being used in the flux collection rather than the pulsecounting mode on TFTR.2.1.1 Scintillator Diagnostic Development on TFTRThe basic design of the scintillator detectors used for the TFTR DTexperiments is shown in Fig. 7. The detector element is a 1"x1" scintillatorscreen inside a light-tight box located inside the TFTR vacuum vessel, butwell outside the plasma edge. A combination of a pinhole and slit is used todisperse the alphas in pitch angle and gyroradius, thus allowing ameasurement of their magnetic moment and energy distributions. A

18similar geometrical design was used with a plastic track detector on PLT tomeasure 3.7 MeV alphas [50]. The 2-D image of the visible light fluxproduced by the alpha impacts on the screen is transferred to cameras andphototubes in the shielded basement using quartz lenses and coherent fiberoptic bundles.These detectors were developed between 1986 and 1992 to measure DDfusion products, namely the 3MeV proton and the 1MeV triton (the 0.8MeV 3He ion did not penetrate the 3mm aluminum foil used to block lightand stray plasma from the scintillator). The main problem was how toposition the detector as close as possible to the plasma edge withoutexcessive heating caused by the plasma and/or beams in the scrape-offlayer (the fusion product heat flux was negligible). The eventual solutionwas to house the detector head inside a water-cooled 30cm diameter"mushroom" shaped protective shield, which was carefully designed toallow the escaping alpha orbits to freely enter the detector aperture [54].The same basic detector design illustrated in Fig. 7was used for DTalphas [55], since the gyroradius of the alphas is only »10% larger than thatof these DD fusion products. There were eventually four alpha lossdetectors at poloidal angles 20�, 45�, 60�, and 90� below the outer midplane inthe ion grad-B drift direction. Only the detector at 20� was radially movablefor the DT run; the other three detectors were fixed such that their pinholeapertures were »1 cm radially behind the geometrical shadow of thepoloidal ring limiters, which were about 100� toroidally from the alphadetectors. Essentially all of the calculated first-orbit alpha loss could enterthe apertures »1 cm behind the limiter shadow, since these orbits have arelatively large radial velocity component near the wall. However, thealpha orbits very nearly perpendicular to the magnetic field were blocked bythe detector itself; thus these detectors could not measure any alphas whichwere trapped inside the local TF ripple well (this type of loss was calculatedto be a small fraction of the total TF ripple loss).

19Two main diagnostic modifications made for DT operation toaccommodate the »100 times larger alpha fluxes and fluences [55]. Thefirst was to switch the scintillator material from P31 (ZnS:Cu) to the morerugged P46 (Yttrium Aluminate:Cerium), because of the non-linearity andalpha-induced damage threshold for the P31 phosphor [56]. This resultedin a lower light output signal level (per ion) due to the »10x lower brightnessof P46. The second modification was to add a large lead/epoxy shieldaround the quartz fiberoptic bundle underneath the vacuum vessel toreduce the background from the gamma-induced visible fluorescence. Thenet result was still a 10times smaller signal/background ratio for DTalphas compared with DD fusion products; however, the since thesignal/background ratio was usually ‡1, and since the background wasuniform across the fiberoptic bundle, the background could be easily androutinely subtracted out.An absolute calibration of the P46 scintillators was made frommeasurements made at LANL using a known 3.5 MeV alpha beam from avan de Graaf generator [56]. This calibration was transferred to the TFTRdetectors using an optical standard which was mounted in place of thescintillator plate during a machine opening [55]. A relative in situcalibration was also done by normalizing the measured alpha loss to thatobserved at the lowest possible plasma current, where the alpha loss wasdominated by the relatively well understood first-orbit loss process.2.1.2 First-Orbit Alpha LossThe simplest mechanism of alpha loss is first-orbit loss, whichoccurs when the alpha trajectory hits the wall before completing its firstpoloidal transit. The theory for first-orbit alpha loss was well known beforeTFTR [6-8], and it was expected that the alpha loss due to this process would

20be large at low plasma currents (i.e. >50% globally at I<0.5 MA), and smallat high plasma currents (i.e. <5% globally at I>2.5 MA).The alpha loss measured by the scintillator detector 90� below theouter midplane in MHD-quiescent discharges agreed well with the expectedfirst-orbit loss calculated using the Lorentz orbit code [57], as illustrated inFig. 8. The vertical axis is the neutron-normalized alpha particle lossintegrated over pitch angle and gyroradius, and the modeling results(hatched region) were calculated by integrating the alpha source profileover the alpha trajectories calculated backwards in time from the detectorinto the plasma using the measured plasma current and alpha (i.e.neutron) source profiles. The data was normalized to the model at I= 0.6MA, where the first-orbit loss was dominant, and all data up to I= 2.7 MA fitthe expected first-orbit loss model within the error bars. In addition, theabsolute alpha loss flux also agreed with the a priori calculations withintheir joint uncertainty (about a factor-of-two). Similar results werepreviously obtained in TFTR using DD fusion products in D discharges (ascited in Ref. 8).The pitch angle and gyroradius distributions of the alpha lossmeasured 90� below the outer midplane also agreed well with the first-orbitloss model, as shown in Fig. 9. The peak pitch angle of the alpha lossincreased significantly from high to low plasma current, as expected, andthe gyroradius distribution was in both cases consistent with the first-orbitloss of 3.5–0.5 MeV alphas (given the Doppler spread from the beam-targetreactions). Except for MHD-active DT discharges (see Sec. 2.1.4), the timedependence of the alpha loss in all the scintillator detectors followed thetime dependence of the alpha (i.e. neutron) source rate to within about –10-20%, as would be expected for first-orbit loss. Thus there was no sign of any"delayed" alpha loss such as previously seen in the 90� detector for DD

21fusion products. This absence of a delayed loss is consistent with the smalllevel of the calculated axisymmetric collisional loss [10,11] due to collisionaldiffusion of partially thermalized alphas across the passing-trappedboundary. An attempt was made to directly measure the collisionaldiffusion of passing alphas near the plasma center using a plasma-shiftexperiment, but the results were difficult to interpret due to changes in theorbits due to the electric field generated by the transient inward shift [58].2.1.3 Toroidal Field Ripple-Induced Alpha LossThe other classical alpha particle loss mechanism in tokamaks isdue to the toroidal field (TF) ripple, which can cause trapped alpha orbits todiffuse radially to the wall [12-15]. This could be a concern for future DTexperiments such as ITER where such alpha loss could cause localizedoverheating of the first wall [28]. In TFTR this TF ripple loss was expectedto be localized just below the outer midplane due to the relatively slowdiffusion of these trapped particle orbits and the large radial excursion ofthe trapped orbits near the outer midplane.The first TFTR measurements of the TF ripple loss of fusion productswere made in D plasmas using the radially movable 20� "midplane"scintillator detector [59]. The results clearly showed a non-first-orbit losscomponent of DD fusion product loss at a relatively large pitch angle, whichwas approximately that expected from the modeling of collisionlessstochastic ripple diffusion (SRD). The plasma current dependence of themidplane alpha loss was clearly different from that calculated for first-orbitloss, and similar to that expected from SRD. Direct measurements of theradial diffusion of DD fusion products were made in the shadow of smalland large obstacles, and showed a diffusion step size per bounce similar tothat expected from the SRD mechanism (i.e. » 1 cm) [60].

22Analogous measurements were made using the 20� scintillatordetector for DT alphas, resulting in qualitatively similar pitch angle,plasma current, and radial dependencies [61]. This was not too surprising,since the TF ripple loss process depends mainly on the ion gyroradius,which is only 10% higher for alphas than for DD fusion products. Forexample, the measured radial dependence of the DT alpha loss on thedetector aperture position near the outer limiter shadow was similar for DDand DT fusion products, as shown in Fig. 10. These results were highlyreproducible, indicating that they were not due to the variable MHD activity,and the alpha loss rates were far larger than the expected first-orbit loss[62], suggesting that these signals were due to TF ripple loss. The modeling and interpretation of these midplane alpha lossmeasurements was, however, much more difficult than initially expected.The Monte Carlo ORBIT code, which incorporates collisions and realisticmagnetic geometry, could calculate the poloidal distribution of thecollisional ripple loss, but not the radial distributions of their impact at thewall. The observed radial e-folding lengths of the measured alpha signalswere very short (»1 cm), as shown in Fig. 10, and were most likely affectedby the physical obstruction of the outer midplane limiters on the other sideof the machine or by the detector probe itself [62]. To model the very smallaperture (»0.1 cm2) with a realistic 3-D wall geometry requires a very largenumber of test particles (»106), which is presently well beyond the availablecomputing capability of Monte Carlo calculations which follow thecollisional slowing-down process (»103).This difficulty is illustrated in Fig. 11, which shows a comparison ofthe relative alpha loss (per DT neutron) at a fixed radial position for variouscases, along with Monte Carlo modeling of the global collisional ripple loss.As the q(r) profile and toroidal field are varied from one shot to another, themeasured signals do not follow the calculated global ripple loss fraction,showing that the present modeling of TF ripple loss is inadequate to explain

23the midplane alpha loss data. Each of these calculated points represents1000 alpha particles followed for 75,000 toroidal transits, which took severalhundred hours on a fast workstation. Thus the alpha ripple loss to thesmall detector aperture could not be calculated accurately enough tocompare with the alpha loss data. However, significant progress hasrecently been made using a Fokker-Planck model to calculate the polodialdistribution of the alpha ripple loss [63], although still without a realisticmodel of the 3-D limiter geometry.The data from the alpha scintillator detector at 45� below the outermidplane also showed signals which can not be explained by first-orbit lossalone. For example, the alpha loss versus plasma current in this detectorwas observed to peak at I=1.8 MA [64], and not at the I=0.9 MA as expectedfor first-orbit loss, as shown in Fig. 12. The same type of behavior isobtained for DD fusion products, so is not a collective alpha effect, and thegood shot-to-shot reproducibility excludes an MHD-induced source. Themost likely cause is again TF ripple loss, but it was somewhat surprisingthat TF ripple loss extends so far below the outer midplane. However, recent calculations which include an improved model forthe vacuum fields have showed that alpha ripple loss can extend fartherbelow the outer midplane than previously thought, particularly for highplasma currents and partially thermalized (collisional) alphas [65]. Thisincreased inward shift of the vacuum flux surfaces does not change thetotal TF ripple loss, but makes the shapes of the alpha orbits near the outermidplane to flattened and shifted inward, causing the marginally confinedalpha orbits to hit the limiter at larger poloidal angles. The strongest effectcomes at high currents (I‡1.4 MA) and for partially thermalized alphas,since these alpha orbits most closely follow the magnetic flux surfaces.Calculations based on a 3-D Fokker Planck model successfully predict aplasma current dependence at the 45� detector which is at least qualitativelysimilar to the data, as also shown in Fig. 12.

242.1.4 MHD-Induced Alpha LossPlasma-driven low frequency MHD activity causes fluctuatinginternal magnetic perturbations which can deteriorate fast particleconfinement, even without any "collective" instability driven by the fastparticles themselves. Many examples of such MHD-induced loss of DDfusion products in D plasmas were seen in the scintillator detector data onTFTR, and modeling was done to calculate the expected ion loss versus thesize and mode number of these perturbations [66]. The MHD activity observed in TFTR was qualitatively similar in DTand D plasmas, and MHD-induced alpha loss was seen in about 10-20% ofthe TFTR DT plasmas [67]. Examples of MHD-induced alpha loss wereseen in all four of the scintillator detectors with every type of conventionalMHD activity, as summarized in Table 7, e.g. low frequency coherent modes,high frequency kinetic ballooning modes (KBM), sawtooth crashes, andminor and major disruptions. One example of MHD-induced alpha loss is shown in Fig. 13for a DTplasma with I=2.3 MA and 27MW of NBI. In this case there was a globalmode with m=2, n=1 at a frequency of » 300Hz. This mode caused up to afactor of 2 increase in the alpha loss in the 60� scintillator detector, but verylittle increase occurred in the 90� or 45� degree detectors. Evidently theMHD-induced loss can be very localized poloidally (and most likely alsotoroidally), causing the strong modulations in time. These alpha losses canoccur even without a significant degradation in plasma confinement, asseen in the unperturbed neutron rate versus time. Other examples showsimilar behavior for different frequencies and mode numbers, but thelargest MHD-induced alpha loss can occur at other detector locations.

25By far the largest MHD-induced alpha loss occurred during thethermal quench just prior to major plasma current disruptions, when therate of alpha loss often increased by up to a factor of »1000 for a fewmilliseconds [8, 68]. It was estimated that about 10% of the confined alphapopulation could be lost before the current began to decay, with the largestloss measured at the 90� detector. All other MHD-induced losses in highcurrent plasmas, such as those associated with ELMs in limiter H-modes[69], were comparable to first-orbit loss, i.e. a few percent globally. Therelative MHD-induced alpha loss appears to be somewhat less than thatwhich occurred for DD fusion products, possibly due to the shorter slowing-down time for alphas compared with 1MeV tritons, which result in asmaller confined alpha population which is susceptible to loss via MHDactivity.The theory of MHD-induced alpha loss is fairly well developed [70],and calculations of global alpha loss can be made using Monte Carlo codes,as illustrated in Fig. 5. There are two general mechanisms for coherentMHD-induced alpha loss. First, both passing and trapped alphas canundergo radial transport to the wall due to the internal field perturbations.Second, passing alphas near the plasma center can undergo radialdiffusion and become converted to trapped alphas which are promptly lostthe wall. Since the MHD frequency is low, both these mechanisms conservemagnetic moment and energy.An analysis of the MHD-induced alpha loss data was done for a DTexperiment in which there was high frequency activity identified as kineticballooning modes (KBM) near the beta limit [71]. The alpha loss asmeasured in the 90� detector increased by a factor of two during these highfrequency (f»150 kHz), high n (n=6-10) magnetic fluctuations, and the pitchangle of the observed MHD-induced alpha loss was localized at the passing-trapped boundary. The ORBIT code was used to show that there was aresonant alpha interaction near the mode rational surface which pushed

26counter-passing alphas across the passing-trapped boundary and out to thewall on the first trapped orbit. The code was able to predict the approximatemagnitude of this loss based on the measured fluctuation level.A somewhat similar process is likely to cause the sawtooth-inducedloss, which also appears at the pitch angle of the passing-trapped boundary[72]. However, the alpha loss due to low frequency modes (such as in Fig.13) does not always occur at the passing-trapped boundary, and is probablydue to an increased diffusion of trapped alphas, perhaps in conjunctionwith TF ripple loss.In MHD-quiescent plasmas the radial diffusion of alphas is verysmall (D<0.1 m2/s), indicating that their interaction with the ever-presentsmall-scale turbulent fluctuations is very weak [30]. This can be deducedfrom the measured decrease in the alpha loss with increasing plasmacurrent, as shown in Fig. 8, and from the confined alpha measurementsdescribed in Secs. 3and 4. The standard explanation for this is the "orbit-averaging" effect expected when the alpha gyroradius is larger than theturbulence size-scale [20-23]. However, no direct correlation has yet beenestablished between the level or structure of the turbulence withmeasurements of alpha particle transport (see Sec. 8.1).Toroidal Alfv�n Eigenmodes (TAEs) with high frequency (»100-300kHz) and low n (n»1-5) are global MHD instabilities driven by fast ionsresonant with the shear Alfv�n waves in a toroidal plasma. There wereseveral experiments in which TAEs were generated in DT plasmas (seeSec. 6), but there was never any observable alpha particle loss associatedwith these TAE modes. Similarly, there was no alpha loss associated withobservations of Alfv�n Frequency Modes [71], or ion cyclotron wave emission(see Sec. 7).

272.2 Alpha Collector ProbeA different type of alpha loss diagnostic based on the deposition ofalphas in a stack of thin metal foils was tested for the first time on TFTR, incollaboration with the University of Toronto. This detector was installed ona movable probe inserted 90� below the outer midplane about 18� toroidallyaway from the 90� scintillator detector. This technique was based on an idea by Langley [73] to use the wellknown range-energy relation for alphas in metal foils to make an energyresolved, absolutely calibrated alpha loss measurement. The TFTR detectorhad 16separate stacks of ten 1mm thick aluminum foils, each locatedbehind its own collimated port cut into the top of a radially movable probehead [74]. These ports were aligned to view 8 different poloidal angle rangesin each of two vertical rows separated by about 1cm. The absolute flux ofalphas was measured by removing the foils from the vessel, vaporizingthem, and measuring their He content using a sensitive mass spectrometerat Toronto. For each DT discharge of interest, the probe was moved into thevessel for only one DT discharge, and the alpha loss was integrated over theduration of this discharge. Two slightly different port designs were tried,and one exposure was made with each, both at a low plasma current (I=1.0MA) and a high plasma current (I=1.8 MA).Data and modeling of the total alpha loss to the detector (integratedover alpha energy) as a function of the port orientation for two cases isshown in Fig. 14[75].˚ For the low current I=1.0 MA cases the absolutelymeasured alpha loss agreed very well with the first-orbit loss modelcalculation, as expected from the scintillator measurements (see Sec. 2.1.2).However, for the higher current case at I=1.8 MA there was a significantlylarger alpha loss than expected from the first-orbit loss model for the portorientations between 20� and 80�. This discrepancy is typically a factor of 5-7

28for the upper row of ports (radially inside the limiter shadow), but only afactor of typically 2-3 for the lower ports (roughly at the limiter shadow).Such a discrepancy was not observed in the 90� scintillator detector for thesedischarges, the aperture of which was » 1 cm behind the limiter shadow.Other data from the foils support the conclusion that it is detecting an"anomalous" alpha loss at I=1.8 MA. The average energy of the alpha lossin the ports with the anomalously large flux was only »2.5–0.3 MeV,whereas at I=1.0 MA it is close to 3.5 MeV, as expected for first-orbit loss.The pitch angle distributions at I=1.0 MA were consistent with first-orbitloss model, but those at I=1.8 MA appeared to occur in a narrow region justabove the pitch angle of the passing-trapped boundary. Only four useful foilexposures was made, so the data set is limited to these two cases.Taken together, these observations of anomalous alpha loss in thecollector foils at high current are qualitatively similar to the "delayed loss"seen in the 90� scintillator detector in D plasmas (but not seen in thescintillator for DT plasmas). In both cases the anomaly involved a loss ofpartially thermalized trapped fusion products at a pitch angles above thenormal first-orbit loss in high current plasmas. The most likely cause fordifferent behavior in the collector foils and the scintillator is their differentradial positions, since the upper row of foils showed a much larger level ofanomalous loss, and the scintillator aperture was below the lower row offoils. The most likely explanation for this delayed loss in both cases isclassical collisional TF ripple loss, which can potentially reach the vesselbottom due to the influence of the vacuum fields on the marginally confinedorbits (see Sec. 2.4).

292.3 Summary of Experimental ResultsThe main conclusions from these alpha loss measurements are:¥ the alpha loss measured by the scintillator detector 90� below theouter midplane agreed well with the first-orbit loss model in all MHD-quiescent DT discharges,¥ the alpha loss measured by the 20� and 45� scintillators nearer theouter midplane was not consistent with first-orbit loss alone, but was atleast partially consistent with models of collisional TF ripple loss,¥ the alpha loss measured by a foil detector 90� below the outermidplane agreed with the first-orbit loss model at low plasma current, butshowed an anomalous alpha loss at high plasma current, particularly inthe ports located inside the limiter shadow, and,¥ plasma-driven MHD activity sometimes caused the alpha lossmeasured by the scintillators to increase by up to about a factor of two, butno measurable alpha loss was observed due to any collective alpha effects.2.4 Theoretical InterpretationsThese results present a fairly complex pattern which is not fullyunderstood at this time. The largest uncertainty - and the most likelyexplanation for many of the observed anomalies - involves the calculation ofthe expected poloidal and radial distributions of the collisional TF rippleloss, which turned out to be far more difficult than initially supposed. Until recently, calculations of the alpha TF ripple loss indicated thatit was localized to within about 20� of the outer midplane, due to the

30relatively small radial step per bounce of ripple-diffusing trapped alphas[59-61]. However, a more realistic model for the vacuum magnetic fieldshas shown that collisional alpha ripple loss can actually reach up to 90�below the outer midplane [63,65], which explains at least qualitatively thepreviously observed delayed loss of DD fusion products in D plasmas andthe qualitatively-similar anomalous alpha loss observed by the alphacollector probe. This effect is important in TFTR since most of the high-powered DT plasmas had R=2.52 m, so had 20cm vacuum region betweenthe outer midplane plasma edge and the outer midplane limiter. Thepoloidal angle of the loss is thus determined by the shape of the outerbanana orbits with respect to the wall, such that lower energy (partiallythermalized) alphas in higher current discharges tend to be lost nearer thebottom of the vessel, consistent with the "anomalous" losses seen there.This improved model also explained at least qualitatively the plasmacurrent dependences of the alpha loss measured in the 45� and 20� detectors[65], which were clearly not consistent with first-orbit loss [61,64]. Theinterpretation of the data based on this model is that for R=2.52 m plasmasthe collisional TF ripple loss dominated the alpha loss observed in the 45�detector above I=1.4 MA, and in the 20� detector above I=0.7 MA.However, it is still surprising that there was a clear differencebetween the delayed loss signatures for D and DT fusion products measuredat the 90� scintillator detector, since the gyroradii of the relevant fusionproducts differ by only »10%, and the range of plasma current variationswas enough to compensate for this. A recent calculation shows that thisdifference may be due to the higher ratio of pitch angle scattering tothermalization rate for 1 MeV tritons with respect to 3.5 MeV alphas, whichtends to increase the collisional ripple loss of the tritons [65]. However,there is no direct experimental evidence for this, in part due to the difficultyof separating the effects of tritons and protons in D plasmas.

31Another generic problem in interpreting the lost alpha results is thecomplexity of the actual outer wall structure, combined with the relativelysmall size of the detector apertures. This makes the calculation of the localalpha loss through the detector aperture prohibitively difficult, except forthe simple first-orbit loss which is unshadowed by the limiters. An attemptto calculate the collisional TF ripple loss to the midplane detector wasunsuccessful due to this problem [62], as illustrated in Fig. 11.The measured MHD-induced alpha loss in DT was at leastqualitatively similar to that observed for DD fusion products, and is mostlikely due to the internal magnetic perturbations and reconnection.Modeling of such losses has been done for idealized mode structures[41,66,67], but a quantitative evaluation of the measurements is complicatedby the variability of the MHD activity from shot-to-shot, and by lack ofknowledge of the internal magnetic structure. The simplest MHD-inducedalpha loss mechanism involves movement of counter-passing alphasacross the passing-trapped boundary directly to the wall, but the MHD-induced diffusion of trapped alphas involves the same difficulty ofcalculating the poloidal and radial distributions as the TF ripple loss. 2.5 Directions for Future ResearchThe most important need for further data concerns the spatialdistribution of the alpha loss to the wall, since any highly localized alphaloss in a large DT reactor might cause impurity flux or even damage to anyinsufficiently protected first-wall components. The lost alpha detectors inTFTR provided very detailed information useful for identifying variousalpha loss mechanisms, but they were like "microscopes" which coveredonly a very small fraction (»10-8) of the vessel wall area.

32Thus there is a need to develop large-area alpha detectors whichcould directly evaluate the alpha loss fraction and location over a largefraction of the vessel wall. The simplest system would be an infraredimaging system to measure the heat load to the wall, as was done for beamion and RF tail ion loss in JT-60U [38]. However, this method has nointrinsic species, pitch angle, or energy resolution, and would most likelywork only for DT plasmas which have a reasonably high Q » 1.Alternatively, a large-area alpha collector panel might be inserted at thewall, but it would have to withstand high heat flux to measure the mostinteresting regions of alpha loss, and would probably need to be remotelyremoved for analysis. Localized alpha loss detectors could still be useful for "spot checks" ofthe pitch angle, energy, and time dependencies. Possible detectors includeFaraday cups [36,76], diamond detectors [32], solid target deposition samples[77], or high temperature scintillators. However, such detectors wouldprobably need to be removable to accommodate radiation damage to thedetector elements and signal transmission components.Finally, there is a need for improved numerical modeling of thealpha particle TF ripple and MHD-induced loss which takes into accountthe detailed 3-D geometry of the outer magnetic flux surfaces and thetokamak first wall, including the alpha detectors themselves. This does notnecessarily involve new physics, but does require new ways to speed upMonte Carlo calculations and to make analytic estimates for the finite-gyroradius effects. Only with such improvements in modeling will it bepossible to understand the data from localized alpha loss detectors, andthen to make realistic predictions of the first wall heat load due to alphaloss in a tokamak reactor.

333. Pellet Charge Exchange Diagnostic MeasurementsConfined trapped-alpha energy spectra and differential radialdensity profiles in TFTR DT plasmas were obtained with the Pellet Charge-eXchange (PCX) diagnostic [78] which measured high energy (Ea = 0.5 - 3.5MeV), trapped alphas (V||/V = - 0.048) at a single time slice (Dt ~ 1 ms) with aspatial resolution of Dr ~ 0.05 m. A brief description of the measurementtechnique and instrumentation is given in Sec. 3.1. A review of the PCXmeasurements is given for MHD-quiescent plasmas in Sec. 3.2 and forMHD-active plasmas in Sec. 3.3. Applications of the PCX diagnostic tomeasurement of ICRF-driven energetic minority H [79, 80], 3He [81] and T[82] ions, which were useful in validating the diagnostic technique andanalysis procedure, are not reviewed here. A summary of the PCXmeasurements and suggested directions for future work is given in Sec. 3.4. 3.1 PCX Measurement Technique and InstrumentationIn the PCX diagnostic on TFTR [83], low-Z impurity pellets wereinjected along a midplane major radius. For most experiments, cylindricalLi or Boron pellets of 2.0 mm diameter by ~ 2.0 mm length were injectedwith velocities in the range of 400 - 600m/s and typically penetrated to r/a ~0.2 during the post-beam phase. Upon entering the plasma, the pelletproduced a toroidally elongated ablation cloud. Using lithium pellets as anexample, a small fraction of the alphas incident on the ablation cloud isneutralized either by sequential single electron capture,He2+ + Li+ => He+ + Li2+[8]He++ Li+ => Heo + Li2+or by double electron captureHe2+ + Li+ => Heo + Li3+.[9]

34If the line integral target density for particles traversing the cloud issufficiently large, then the fraction of particles emerging from the cloud asneutrals approaches the equilibrium fraction, F¥0(E) , which is independentof the linear density of the cloud. Pitch angle scattering and energy loss arenot important at the pellet ablation cloud densities expected in TFTR [84].By measuring the energy distribution, dno/dE, of the resultant heliumneutrals escaping from the plasma, the energy distribution of the incidentalpha particles, dna/dE, can be determined using:dna/dE � K(E) dno/dE [10]whereK(E) = {F¥0(E) va W4p

h(E) DE}-1 [11]andF¥0(E) = neutral equilibrium fraction, v a = ion velocity associated with energy E, W4p

= solid angle of the analyzer, h(E) = calibrated analyzer detection efficiency,and DE = energy resolution of the analyzer.The neutral equilibrium fractions, F¥0(E) , used for alphas and tritons areobtained from modeling calculations [84,85]. The neutral particle analyzer(NPA) detection efficiency, h(E),was calibrated [86] for alphas using MeVhelium ion beams generated by a cyclotron accelerator and was derived fortritons using hydrogen ions.The escaping helium neutrals were mass and energy analyzed usinga high energy (0.3 - 3.7 MeV for 4He) neutral particle analyzer [86]. The

35neutral particle analyzer viewed the cloud surrounding the radiallyinjected pellet from behind at a toroidal angle of 2.75o to the trajectory of thepellet. As a result, only near perpendicular energetic ions with velocitiesclose to v||/v = - 0.048 were detected by the PCX diagnostic. The radialposition of the pellet as a function of time was measured using a linearphoto diode array situated on the top of the vacuum vessel. By combiningthis measurement with the time dependence of the PCX signal, radiallyresolved fast ion energy spectra and radial profiles of the alpha signal werederived with a radial resolution of ~ 0.05 m.In the TFTR DT experiments, pellets typically were injected 0.1 - 0.3 safter termination of the neutral beam heating. This timing delay led todeeper penetration of the pellet as result of decay of the plasma electrontemperature and density, as well as to enhanced signal-to-noise ratiosbecause the neutron and gamma ray induced background decayedsignificantly faster than the confined alpha particle population [83].Because of the long alpha slowing down time of 0.3 - 0.5 s in TFTR DTdischarges, alphas observed at the pellet injection time are representative ofthe alphas during the DT beam phase.The PCX alpha profiles are relative measurements, since thediagnostic is not absolutely calibrated. While the instrumental response ofthe NPA was absolutely calibrated, the absolute efficiency for neutralizationof the measured ions by the pellet ablation cloud is uncertain due touncertainties in the spatial distribution of ionization states in the cloud. Ithas been shown that provided the line integral pellet density in the cloud issufficiently high that the charge changing reactions are independent of thedensity and attain an equilibrium fraction, as expected in the TFTRapplications, the details of the pellet ablation cloud have little effect on themeasured energy distribution but do have a strong effect on the absolutealpha density measurements [84].

36The experimental data were compared with modeling resultsobtained using TRANSP which is a 11/2-dimensional transport code(calculations of magnetic equilibrium are two-dimensional) that usesmeasured plasma parameters along with some additional assumptions tomodel plasma discharges. While TRANSP provides a good calculation ofthe alpha and triton distributions integrated over all pitch angles, forproper simulation of the PCX measurements the pitch angle should beconstrained to account for only the deeply trapped particles. For thispurpose, a Fokker-Planck Post-TRANSP (FPPT) processor code [87] wasdeveloped which is based on a numerical solution of the drift-averagedFokker-Planck equation. FPPT uses the radial and energy profiles of thepitch angle integrated alpha source from TRANSP to calculate alphadistributions for experimental conditions specific to the PCXmeasurements.3.2 PCX Measurements in MHD-Quiescent PlasmasThe alpha particle distributions measured by the PCX diagnostic canbe influenced by the effects of classical slowing down and pitch anglescattering, stochastic diffusion associated with toroidal magnetic fieldripple [88], and MHD activity [85]. In order to separate the classicalbehavior from the other effects, PCX measurements were obtained duringMHD-quiescent discharges in the plasma core region where stochasticripple diffusion effects are negligible. This �plasma core� is taken to be theregion well inside the boundary determined using the expression providedby the Goldston-White-Boozer (GWB) theory in Eq. 7.

373.2.1 Monotonic Shear DischargesThe alpha distribution from 1.0 - 3.5 MeV was obtained using a singleboron pellet injected 200ms after termination of a 1.0 s beam pulse in asupershot discharge, as shown by the solid circles in Fig. 15a, withparameters: major radius R = 2.52 m, minor radius a = 0.8 m, plasmacurrent I = 1.5 MA, toroidal field B = 5.2 T and neutral beam heating powerPNBI = 16 MW. Also shown (solid squares) is the energy spectrum measuredfor a "beam blip" case (PNBI = 20 MW), where the boron pellet was injected 20ms after a beam pulse of only 100ms duration. The curves are the FPPTsimulations of the PCX measurements. Reasonable agreement is seenbetween the data and the FPPT code results, which indicates that the alphaparticles slow down classically.The alpha slowing down spectrum for the 1.0 s beam pulse case inFig. 15a was modeled to derive information on the global alpha confinementtime, tca, as shown in Fig. 15b. The dashed curves show the FPPTcalculations where the alpha velocity e-folding time is taken from TRANSPto be tae = 0.32 s for cases where tca/tae = 3.0, 1.5, 0.8 and 0.4 are assumed.The solid curve shows the FPPT calculation assuming that tca >> tae, i.e.tca = 300tae. In comparison with the FPPT simulation, the PCX alphaslowing down spectrum is consistent with an alpha confinement time oftca/tae > 3.0. This further supports the assertion that the alpha particlesthermalize classically [89], which is important for good alpha heating in afusion reactor.The PCX diagnostic measures trapped alpha particles at themidplane with small pitch angle (v||/v = - 0.048), which are very sensitive totoroidal magnetic field ripple. During pellet penetration, the rise of the PCXalpha signal was delayed relative to the pellet light emission. The delayed

38rise of the alpha signal correlated with the pellet crossing inside the rippleloss boundary for the trapped ions viewed by the PCX. This signal behaviorwas used in a study to examine the scaling of the GWB theory (Eq. 7) withthe q-profile and energy [88, 90]. Over the range of q-profiles variations andalpha energies available in this study, the PCX measured ripple boundaryscaled with qand Ein a manner consistent with the GWB ripple theory.However, the PCX measured boundaries consistently occurred at smallermajor radii than predicted by GWB theory, with an average difference of ~0.06 m. Such a difference is not too surprising, since the GWB theory doesnot include finite banana width and Larmor orbit effects. The shape of the alpha density profile was measured in the core ofMHD-quiescent supershot discharges using the PCX diagnostic. Fig. 16apresents radial profiles of alphas with energies of 0.64, 0.80, 1.0, 1.2 and 1.4MeV measured 0.3 s after termination of 20 MW beam injection, normalizedat R = 2.65 m. Also shown is the Goldston-White-Boozer [12] stochasticripple diffusion radial boundary corresponding to an alpha energy of 3.5MeV. Alphas born outside this boundary are rapidly lost as a result ofstochastic ripple diffusion. Only the 3.5 MeV trapped alphas born inside thestochastic ripple boundary for are confined and can slow down to producethe measured profiles. The self-similarity of the profiles as the alphas slowdown is further evidence that significant radial transport does not occur.The PCX radial profiles of the alpha signal such as those shown inFig. 16a were analyzed to obtain information on the radial transport oftrapped alpha particles using the FPPT code. However, the FPPT code isbased on the method of integration over the particle characteristics, whichdoes not allow inclusion of the second derivative operator. Thus, FPPT doesnot have pitch angle scattering in the collisional operator, which results inradial transport, and therefore the FPPT code cannot treat the diffusion selfconsistently. Nevertheless, a diffusive type equation can be constructedwithin the FPPT formalism to model radial diffusion [87]. The results ofthis procedure are shown in Fig. 16b for a fixed alpha particle energy of Ea

39= 1.2 MeV. It can be seen that the best fit to the measured PCX profileoccurs for the smallest diffusion value, Da < 0.01 m2s-1, which iscomparable to the neoclassical diffusivity and indicates that there is nosignificant radial transport.3.2.2 Reversed Shear DischargesIn monotonic shear q(r) profiles, in the absence of any MHD activity,the radial profiles of alphas measured by the PCX have shapes similar tothose shown in Fig. 16, which are defined by the source function and theripple losses for newly born alphas. In reversed shear discharges whichare characterized by an elevated central q-factor, the measured alpha radialprofiles of higher energy (~ 1.7 MeV) alphas were observed to besignificantly broader than for lower energy (~ 0.5 MeV), as shown in Fig. 17.Enhanced collisional stochastic ripple loss due to the high q(0) of reversedshear discharges appeared to be the cause of this behavior. Calculations ofthe toroidal ripple loss were made for alpha particles in a reversed shearplasma [17] using an enhanced version of the ORBIT code [13] whichutilizes a rapid, accurate algorithm for the stochastic free domain andincludes pitch angle scattering and slowing down. ORBIT modeling ofreversed shear discharges was in agreement with the q-dependent alphaprofiles observed [90] and predicted the general characteristics of alpha lossin reversed shear which clarified how a hollow profile could arise.3.3 PCX Measurements in the Presence of MHD ActivityMHD activity (e.g. sawtooth oscillations and TAE activity) cantransport alphas from the plasma core which might affect ignition and/ordamage of the first-wall components of the vessel by feeding the alphas intothe stochastic ripple loss region. In D-T experiments on TFTR, the behaviorof fast confined alphas in the presence of sawtooth activity was measured

40using the PCX diagnostic which showed a strong depletion of the alpha coredensity and transport of the alphas radially outwards well beyond q= 1surface after a sawtooth crash, as discussed in Sec. 3.3.1. In addition, PCXmeasurements have been obtained in discharges in which TAE activityoccurs in conjunction with reduced shear operation, as discussed in Sec.3.3.2. 3.3.1 Alpha Redistribution due to Sawtooth OscillationsPCX measurements and modeling of alpha redistribution due tosawtooth oscillations were performed in standard TFTR DT supershots [91],with a I= 2.0 MA, a B= 5T, R = 2.52 m, a = 0.87 m, and PNBI= 20MW of DTneutral beam power injection. Sawteeth did not normally occur duringbeam injection in supershots. However, large sawteeth began to develop 0.2- 0.3 s after the termination of beam injection when the plasma b droppedbelow the level required to suppress sawteeth. To obtain PCX data, a Lipellet was injected before and after the sawtooth crashes in sequentialsimilar discharges. Measured radial profiles for alpha energies of 0.8 MeVand 1.2 MeV before and after the crash are shown in Fig. 18. The alphaswere depleted in the core and redistributed to well outside the q= 1radius,but were not observed beyond the stochastic ripple loss boundarycorresponding to the alpha energy being measured. The broadeningdecreased with increasing energy, as did the radius of the stochastic rippleloss boundary. A model based on generation of a helical electric field during thecrash time scale, tcr ~ 10-5 - 10-4 s, was incorporated in the FPPT code forsimulation of the sawtooth redistribution observed by the PCX diagnostic[87]. This electric field leads to a change of the alpha energy due to thistoroidal drift motion. In FPPT, we introduced a simple analyticaltransformation formula for alpha particle energy redistribution, which was

41previously shown to obey a diffusion type of equation [92]. In this approach,particles can undergo significant displacement within the alpha mixingradius during the crash. The interaction of the fast particles with theperturbed electric field can be considered as resonant, even though themode itself has very low frequency and was assumed not to be rotatingduring the short crash. Therefore, particles with energy higher than somecritical value, Ecr, perform toroidal precession during the crash and do notinteract with perturbed electric field. This critical energy, Ecr =2wcmarR/tcr, is defined [92,93] from comparison of the particle toroidalprecession time and the sawtooth crash time, where wc is the cyclotronfrequency, ma is the alpha particle mass, and r, R are the minor and majorradii, respectively. Ecr plays the role of an adjustable parameter insimulations of the experimental data as discussed below and avoids theneed for precise knowledge of the crash time tcr. Figure 18shows thecomparison of the PCX data with the sawtooth redistribution model formeasured alpha energies of 0.8 and 1.2 MeV. Within the accuracy of thePCX measurements and the model, good agreement was observed incomparisons of the experimental alpha radial profile and the model.Comparison of the PCX and a-CHERS data with lost alphameasurements showed that in the sawtooth crashes, radial redistributionof the alphas occurs without significant ripple losses of particles. Thesawtooth oscillations effectively transport the alphas outward along themajor radius close to the stochastic ripple domain. Under conditions oflarger mixing radius than occurs in TFTR, this transport might lead toenhanced ripple loss of fusion alpha particles in tokamaks.

423.3.2 Alpha Redistribution in the Presence of TAE ActivityPurely alpha-particle-driven TAEs with toroidal mode numbers n=1-6were observed in DT plasmas on the TFTR (see Sec. 5). The peakmeasured TAE amplitude of ‘~n/n ~ 10-4 at r/a ~ 0.3 - 0.4, which correspondedto an estimated peak internal amplitude ~B/B ~ 10-5, whereas ~B/B ~ 10-8 wasmeasured at the plasma edge, confirming the core localization of the modeactivity.PCX radial profiles of the alpha signal at different energies in thepresence of a TAE (n = 3, ~~B/B ~ 10-5) are shown in Fig. 19. These were takenin a single shot (#94001) having plasma current 1.7 MA, NB power 25MW,q(0) = 2.35 and a flat q(r/a) profile as measured by MSE in the plasma core.These measurements were performed 150ms after the TAE activity ended.The solid curves are experimental data, while the dashed curves showclassical predictions (without TAE activity). With TAE activity, theredistribution becomes broader and more depleted in the core withincreasing alpha energy. In addition, deviation of the alpha energy spectrafrom classical behavior was observed.In view of the weak magnetic fluctuation levels attending the coreTAE activity, it is natural to question how this could produce the significantmodifications of the alpha energy spectra and radial distribution observedby the PCX diagnostic. Analysis of the resonance condition of trappedalphas during their interaction with TAEs, which included finite bananawidth effects, showed that near the plasma center the resonance was verybroad for trapped alphas in terms of their vertical displacement. Thismeant that trapped particles in the resonance zone could be displacedvertically and lost from the PCX pitch angle viewing window. Only a verysmall change in the alpha energy due to interaction with the TAEs wouldbe needed to cause displacement of the trapped alpha orbit from the narrowpitch angle window viewed by the PCX diagnostic to produce the observed

43redistribution. On the other hand, analysis indicated that the elevatedcentral qwhich leads to destabilization of the TAEs by alphas also leads tosignificant ripple-induced redistribution of trapped alpha particles, whichin itself is a plausible explanation for the PCX data for discharges with q(0)> 2and low shear. Thus an ambiguity remains about the cause of theredistribution shown in Fig. 19, since the analysis could not clearly separatethe high qand low shear effect from the TAE effect. For medium qdischarges (1.4 < q(0) < 2.0), uncertainties in the measured values of centralqand shear did not allow definite conclusions regarding ripple-inducedredistribution. In order for the TAE-particle interaction modeling of alpharedistribution to be consistent with the PCX measurements in thesedischarges, the TAE amplitude needed to be at least an order of magnitudehigher than was measured. Further experiments and modeling will beneeded to understand the relative importance of these two mechanisms inredistribution of trapped alpha particles.3.4 Summary of PCX Measurements and Directions for Future WorkUsing the PCX diagnostic, the first measurement of the alphaslowing down distribution up to the 3.5 MeV birth energy was obtainedusing boron pellet injection. In the core of MHD-quiescent DT supershotdischarges in TFTR, good agreement was obtained between the PCXmeasurements of the confined trapped alpha particles (and tritons) andTRANSP and FPPT model predictions. This agreement implies that thealphas and tritons are well confined and slowing down classically. In these monotonic shear supershots, the radial profiles of the alphasignal were centrally peaked and their shape did not depend on energy.However, in sawtooth-free discharge scenarios with reversed shearoperation, the PCX diagnostic revealed radial profiles of the alpha signalthat were significantly broader than those for monotonic q(r) supershots.

44ORBIT modeling of reversed shear and monotonic shear discharges wereboth in agreement with the q-dependent alpha profiles observed.In the presence of strong sawtooth activity, the PCX diagnosticobserved significant redistribution of the alpha radial profile, whereinalphas were depleted in the core and redistributed to well outside the q= 1radius, but apparently not beyond the energy-dependent stochastic rippleloss boundary. The helical electric field produced during the sawtoothcrash played an essential role in the successful modeling the sawtoothredistribution data (Sec. 3.3.1), and redistribution of trapped alpha particlesin the presence of core localized TAE activity was observed (Sec. 3.3.2).However, ambiguity remains about the cause of this redistribution, sincethe analysis could not clearly separate the ripple-induced redistribution dueto the high qand low shear in such discharges from the TAE-alphainteraction effect.Although the PCX diagnostic yielded an extensive set of alphaparticle measurements during the TFTR DT experiments, application ofthe diagnostic was constrained by several factors. First, the strongperturbation of the plasma discharge due to injection of impurity pelletslimited its application to judiciously selected discharges or to experimentsdesigned specifically for PCX purposes. Second, adequate pellet penetrationwas not obtained during high power neutral beam operation, so the PCXmeasurements had to be made 0.1 - 0.3 s after termination of beam injection[83]. More advanced injectors with pellet velocities approaching an order ofmagnitude greater than available on TFTR now exist and should beconsidered in any potential future application of this diagnostic technique,such as on ITER [94]. Third, absolute measurement of the alpha densitywas not possible since the absolute efficiency for alpha by the pellet ablationcloud was unknown due to uncertainties in the spatial distribution ofionization state mix in the cloud. Finally, for the TFTR DT experiments thePCX sightline was fixed at an angle of 2.75� to the major radius viewing in

45the co-direction. This constrained the diagnostic to view trapped alphaparticles on the inner leg of their banana orbits with pitch angles in anarrow range around v||/v = - 0.048. A diagnostic arrangement capable ofscanning say – 10� to measure alphas on both inner and outer legs of thebanana orbits over a significant pitch angle range would provide access to avery rich variety of confined trapped alpha phenomena. Ideally, theimpurity pellet injector should be scanned together with the diagnostic inorder to minimize data interpretation issues that could be expected to arisedue to viewing different regions of the ablation cloud when scanning.4. Alpha Charge Exchange Recombination SpectroscopyMeasurementsThe a-CHERS (Alpha CHarge Exchange RecombinationSpectroscopy) diagnostic was implemented for DT operation of TFTR toobserve nonthermal confined alpha particles in the low-energy range ofEa£0.7 MeV. A brief description of the measurement technique andinstrumentation is given in Section 4.1, followed by a summary of the alphaphysics results obtained during DT operation of TFTR in Section 4.2. Initialmeasurements of energetic 3He ions produced by ICRF heating in TFTR[95], which were important in developing the instrumentation and dataanalysis algorithms, are not reviewed here. Possibilities for furtherdevelopment and application of the a-CHERS diagnostic are discussed inSection 4.3.

464.1. a-CHERS Measurement Technique and InstrumentationThe a-CHERS diagnostic measured visible light emission excited bycharge exchange between alpha particles and deuterium atoms injected bythe TFTR heating neutral beams: He2+ + D0 fi (He+)* + D+ fi He+ + D+ + g (n=4-3). [12]The He+ ion can be created in an excited state, which stabilizes by emittingline radiation appearing as a Doppler-shifted wing on the thermal line.The TFTR a-CHERS system observed the He+ 468.6 nm line, and the viewinggeometry was chosen to view the red side of the Doppler shifted emissionspectrum of the energetic alphas to avoid the intense carbon edge lines onthe short wavelength side of the He+ 468.6 nm line. The charge exchangecross-section peaks at low relative collision energy (~30 keV/amu), limitingthe alpha energy range observable with the TFTR heating beams (~50keV/amu) to Ea£0.7 MeV. The energetic alpha signal was less than 1% ofthe bremsstrahlung background signal, so a high-throughput opticalsystem with low-noise detectors was required to observe it.The a-CHERS instrumentation as used during the TFTR DT run [96]had an array of five spatial channels which viewed the beams from a singleTFTR beam line in the toroidal midplane, as shown in Fig. 20. Thesesightlines intersected the beams at major radii in the range R=2.72-3.13 m,corresponding to r/a»0.05-0.6 in a high-power DT discharge. The sightlineswere deployed in this way because the nonthermal alpha signals were tooweak to be observed at larger radii due to the very peaked alpha densityprofiles. The sightlines were nearly tangent to the flux surfaces at theirintersection with the beams, resulting in radial resolution of 0.02-0.03 m foran individual spatial channel. The light from each channel was brought tothe remotely-located spectrometers by 10optical fibers (1 mm diameter)

47filled at f/2. The light from one spatial channel was coupled to one of three0.275 m, f/3.8 Czerny-Turner spectrometers with 0.7 · 40mm entrance slits.The 3600 lines/mm gratings that were used resulted in ~0.5 nm spectralresolution.Remotely-controlled input optics coupled the light from the fibers tothe spectrometers and allowed selection of the spatial channel to be viewedby each spectrometer. Three radii could be observed in a single discharge,making it necessary to combine data from two similar shots to obtain a five-point radial profile. Each spectrometer was equipped with a low-readoutnoise, back-illuminated CCD camera. As a result of the high opticalthroughput and low-noise detection, the noise on the signal was determinedby photon statistics. Since the alpha signal was a small fraction of thebremsstrahlung background, the noise on the alpha signal was dominatedby the photon statistics of the bremsstrahlung signal. The cameras wereread out at 0.05 s intervals, but the data were averaged over 0.1-0.4 sintervals to improve the signal-to-noise ratio. The entire system wasradiometrically calibrated, so absolute measurements of the alpha densitywere possible.The energetic alpha signal was extracted from the spectrum in thefollowing way, described in detail in [97]. For each shot in which the alphasignal was to be measured, a background shot was performed with thesame total beam power, but with the beams observed by a-CHERS off duringthe period of interest. This �background� shot had a similarbremsstrahlung spectrum to that of the �signal� shot, but without the alphasignal. The edge impurity lines were fitted and removed from the spectrafrom both shots. This line removal procedure was done carefully to avoidintroduction of significant systematic errors. The data were then averagedover 0.8 nm spectral bins, resulting in alpha energy resolution of 0.03 - 0.09MeV per bin. The spectra were normalized to each other in the region of thespectrum corresponding to alpha energies of 0.7-1.0 MeV, where the alpha

48signal was negligible due to the small charge exchange cross-section. Thenormalized background spectrum was then subtracted from the signalspectrum, resulting in the alpha signal. This procedure was effectivebecause the spectral dependence of the bremsstrahlung background wasinsensitive to modest variations in plasma parameters between the signaland background shots, and variations in the intensity of thebremsstrahlung background were compensated for by the normalizationprocedure. Alpha signal extraction was successfully performed with bothDT and D background shots, although DT background shots usually yieldedbetter results because the fluorescence of the optical fibers due to gammaradiation, which was typically 10-20% of the bremsstrahlung background atthe end of beam injection, was present in the background signal and wastherefore corrected by the subtraction procedure.The most reliable extraction of the nonthermal alpha signal wasobtained for measurements during a D beam-only phase following the endof the DT beam period of the shot. There were three reasons for this: 1) thebremsstrahlung background was significantly lower during the lower-power D beam-only phase due to the electron density drop when the Tbeams were turned off; 2) beam penetration was better due to the lowerplasma density; and 3) the contribution of fiber fluorescence rapidly becamenegligible after beam turn-off and could be neglected, simplifying the signalextraction. A correction for the contribution of fiber fluorescence to thesignal was successfully used at times immediately following the end of theT beams, but it introduced an additional uncertainty in the extracted signal.Note that, as a result of the long alpha slowing down time of 0.3-0.5 sin TFTR DT discharges, measurements of the lower energy alphas observedby a-CHERS made immediately after the main DT beam period of the shotare representative of the alphas during the DT phase.

494.2 Confined Alpha Slowing Down and TransportThe first a-CHERS measurement of a nonthermal DT alphaspectrum is shown in Fig. 21[98]. The discharge was a DT supershot [99]with R=2.52 m, a=0.87 m, I=2.0 MA, and B=5.1 T. The total beam power wasPNBI~22 MW during the main DT heating phase, which lasted 1.3 s; the Dbeams, including those viewed by a-CHERS, were kept on for an additional0.7 s at a power level of ~12 MW. The spectrum shown in Fig. 21corresponds to r/a»0.3 and the signal was averaged over 0.4 s (4.3-4.7 s) ofthe D beam-only phase.The spectrum was modeled using TRANSP code [19] predictions ofthe alpha distribution function at 4.5 s and r/a=0.3 for this discharge, beamatom densities calculated by a beam attenuation code [100], and cascade-corrected line excitation cross-sections [101]. The model included threesources of signal: direct alpha-beam atom charge exchange, chargeexchange between alphas and halo thermal neutrals (define halos) in thebeam volume and immediate vicinity of the beam, and electron-impact andion-impact excitation of alpha plume He+ ions, which were created bycharge exchange with the neutral beam atoms outside the line of sight ?and could follow field lines into the spectrometer sightlines. Fig. 21showsthat direct alpha-beam atom charge exchange was the dominant source ofsignal, but that halo atom charge exchange contributed significantly to thesignal at alpha energies below approximately 0.2 MeV. The contribution ofplume ion emission to the signal was negligible at all alpha energiesbecause the alpha density was small at the large radii which are connectedby field lines to the a-CHERS observation radii.Agreement between the measured and calculated signals is quitegood, indicating that the measured alpha energy distribution was close tothe TRANSP prediction, which assumed classical slowing down,

50neoclassical alpha transport, and stochastic magnetic field ripple effects.There was no normalization of the measured and predicted spectra in Fig.21. The absolute intensity of the predicted signal, as well as its energydependence, is quite sensitive to the slowing down time and radial transportof the alphas. Thus, the good agreement between the measured andpredicted signals is strong evidence that the TRANSP model accuratelydescribed the behavior of the class of alphas observed by a-CHERS.Examination of the relative contributions of passing and trapped alphas tothe a-CHERS signal in this and other similar cases showed that the signalwas dominated by passing alphas, but that trapped alphas contributed 1/4-1/3 of the total signal.Further evidence for classical slowing down is seen in Fig. 22, whichshows the time evolution of measured and predicted a-CHERS signals atr/a»0.3 from the same experiment as in Fig. 21integrated over successive0.1 s periods. Agreement between the measured and predicted spectra isgood, and the effect of the contraction of the alpha distribution function tolow energies at this late time in the discharge is clearly seen, providingadditional evidence that classical slowing down accurately describes thealpha behavior.Following these initial measurements at a single radial location, five-point radial profiles of the nonthermal alpha signal were measured insimilar supershot discharges in two experiments [97] in which R, a, I, andBwere the same as for the measurements shown in Figs. 21and 22. Aresult from this alpha particle radial profile measurement is shown in Fig.23. As before, the observations were made during a D beam-only phasefollowing the main DT beam heating phase. In the case shown in Fig. 23,the D beams were left on for an additional 0.7 s following turn-off of the Tbeams. The D beam power was ~20 MW during this observation phase,comparable to the power of ~22 MW during the DT phase, to prevent the

51occurrence of sawteeth caused by a large drop in beam power following theturn-off of the T beams. In the second experiment, the measurements weremade earlier in the D-beam-only phase at a somewhat lower beam power of~15 MW. The results of these two experiments were similar [97] so only thefirst one will be discussed in detail here.The measured signals at each radius were averaged over alphaenergies of 0.15-0.6 MW to improve the statistics. The lower end of this rangewas chosen to exclude contributions from thermal alphas and the upperend was the highest observable alpha energy in these discharges. The errorbars shown on the measurements in Fig. 23 were based on the one standarddeviation statistical uncertainty of the signals and estimates of thesystematic uncertainty in the alpha signal extraction process.The calculated signals shown in Fig. 23were based on TRANSPcalculations of the alpha distribution function at each radius, as describedabove. The calculated signals are shown as one standard deviationuncertainty bands. The uncertainties were based on the combineduncertainties of the neutral beam stopping cross-sections, cascade-corrected line excitation cross-sections, and the TRANSP calculation of thealpha distribution. In order to set an upper bound on any anomalous radialdiffusion of the alphas that could be present, the TRANSP simulations werealso performed with an anomalous radial diffusivity in addition to thecollisional neoclassical transport included in the basic TRANSP model.This anomalous diffusivity, Da,anom, was assumed to be radially constant.In addition to the base case with Da,anom=0, simulations were alsoperformed with Da,anom values of 0.03m2/s and 0.10m2/s. The calculatedsignals were integrated over the same alpha energy range, 0.15-0.6 MeV asfor the measurements. Again, there is no normalization between themeasured and calculated signals in Fig. 23.

52In Fig. 23, the best agreement between the measured and calculatedsignals is seen for Da,anom=0.03 m2/s, although the Da,anom=0 predictiongenerally falls within the error bars on the measurements. Overall, the twomeasurements of the alpha signal radial profiles, combined with theiruncertainties and those in the calculated signals are consistent with valuesof Da,anom in the range 0-0.1 m2/s, with the lower values Da,anom£0.03 m2/sbeing most likely. Similar results were also obtained in DT plasmas usingthe PCX diagnostic, which measured only deeply trapped alphas (see Fig.16). These values are one to two orders of magnitude smaller than ionthermal diffusivities in these discharges and indicate excellent energeticalpha confinement. For comparison, the neoclassical alpha particlediffusivity was in the range 0.01-0.05 m2/s, depending on alpha energy andradial location.4.3 Observation of Nonthermal Alpha Redistribution Due to SawteethEarly a-CHERS measurements [98] showed evidence of weakersignals following sawtooth crashes, indicating that sawteeth causeredistribution of nonthermal confined alphas. To investigate this in moredetail, an experiment was performed to make a-CHERS measurements ofthe radial profiles of the alpha density before and after sawtooth crashes[102].The experiment was performed in DT supershot discharges with thesame plasma parameters as those described in Section 4.2.1. The timeevolution of the injected neutral beam power, neutron source strength, andcore electron temperature, Te(0), are shown in Fig. 24. Five deuterium andthree tritium beams were injected at energies of 100 keV for a period of 1.3 sto establish a nearly steady-state alpha population in the intermediateenergy range observed by a-CHERS. The 95keV deuterium beams viewed

53by a-CHERS were injected for an additional 0.7 s period, during which thealpha density radial profile was measured.Sawteeth did not normally occur during the beam injection phase ofsupershots, so it was necessary to induce them by dropping the beam power0.2 s after the end of the DT beam phase, as seen in Fig. 24a. This causedthe plasma b to drop below the level required to suppress sawteeth and asawtooth usually occurred within 0.25 s of the beam power drop, abouthalfway through the a-CHERS observation period. As seen in Fig. 24c, therewas only one sawtooth before the end of beam injection. By inducing thesawtooth in this way, the alpha density profile could be measured beforeand after the sawtooth crash. The alpha density profiles were obtained bycombining data from two similar shots of this type. The sawteeth weresimilar in both shots, with Te(0)= 7.3 keV and ne(0)= 5.0 · 1019 m-3 before thesawtooth crash, and Dte(0)= 1.5 keV and Dne(0)= 1.0 · 1019 m-3 at thesawtooth crash.The measured alpha spectra were modeled from TRANSP codepredictions of the alpha distribution function at each time and radial pointin these specific discharges as described above. For the purpose ofcomparison with the sawtooth model, it was desirable to deduce alphadensities from the measured spectra. To do this, the measured andpredicted spectra and TRANSP alpha density at each time and radial pointwere integrated over the 0.15-0.6 MeV alpha energy range to improvestatistics, and the integrated TRANSP alpha density was then normalizedby the ratio of the measured alpha spectral signal to the predicted alphasignal. This process was appropriate because the shape of the measuredalpha spectrum did not change within the noise on the signal during thesawtooth crash, and it was therefore just a direct normalization of themeasured and predicted signals to obtain a measured alpha density.

54The alpha density profiles measured at one time before the sawtoothcrash (t1) and at two times after it (t2 and t3) are shown in Fig. 25a; theintegration time was 0.2 s. The sawtooth crash occurred early in the t2 timeperiod. Several features of the effect of the sawtooth crash on the alphadensity are clearly seen in Fig. 25a. There was a sharp drop in the corealpha density following the sawtooth crash, followed by partial recoveryapproximately 0.2 s later. Full recovery of the alpha signal was not expectedbecause the source of 3.5 MeV alphas dropped strongly at the end of DTbeam injection, well before the sawtooth crash. Electron cyclotron emission(ECE) measurements of the Te profile as a function of time yielded aninversion radius of r/a=0.25 during this sawtooth crash, which is consistentwith the point at which the profiles t1 and t2 in Fig. 25a cross. There was asmall increase in the alpha density at r/a=0.3, which was just outside theinversion radius, although it was comparable to the size of the error bars.A large increase was not expected due to the long integration time of themeasurements, since particles from the volume inside the inversion radiuswere displaced to a much larger volume outside it and the effect of post-crash radial diffusion is significant, as discussed below. There was nosignificant change in the alpha density at the two outer-most radii. The lost-alpha detectors showed no expulsion of alphas from the plasma during thissawtooth crash, indicating internal redistribution only.The observed changes in the alpha density profiles shown in Fig. 25awere simulated with the sawtooth model of Kolesnichenko [103]. This modelis based on a Kadomtsev-like [104] rigid shift of the core plasma due to am=n=1 kink instability combined with a quasi-interchange influx ofexternal plasma to the core, as in the Wesson model [105]. This is expressedthrough conservation equations for particles, energy, and magnetic flux,and, unlike the Kadomtsev model, it allows q(0)<1 following the crash due tothe existence of two reconnection layers. Finite orbit width effects were not

55included in this model but were estimated to be small for the lower energy,predominantly co-going passing alphas observed by a-CHERS [102].The post-crash alpha density profile was predicted by atransformation of the measured pre-crash profile based on input qprofilesbefore and after the sawtooth crash. Measurements of the q profile were notavailable in these discharges, so q profiles similar to those measured beforeand after sawtooth crashes in other TFTR discharges were used [106]. Theplasma redistribution was most sensitive to the values of the radius of theq=1 surface, rs, and the mixing radius, rmix, and it was relativelyinsensitive to the detailed shape of the qprofile. The qprofile parametersused before the crash were q(0)=0.87, rs/a=0.25, and rmix/a=�2·rs/a=0.35, andafter the crash: q(0)=0.90 and rs/a=0.24. These values of rmix/a and rs/a wereconsistent with ECE Te profile measurements.Figure 25(b) shows the results of this model overlaid on the measuredpost-crash alpha density profile from the second time point in Fig. 25a, t2.The four model curves correspond to different assumed values of the alpharadial diffusion coefficient, Da, in the range 0to 0.1m2/s. The radialdiffusion was allowed to act for 0.2 s, corresponding to the signal integrationtime. The role of Da was to simulate the radial motion of the alphas duringthe integration period following the sawtooth crash. This integration periodwas long compared to the time scale of the sawtooth crash itself, andsignificant radial motion of the alphas could occur during this time; thus,simulation of this effect was required for comparison with themeasurements. It is clear from Fig. 25b that the observed large drop in thecore alpha density was reproduced well by all values of Da in this range, butthat the relatively small increase in the alpha density outside the inversionradius was reproduced best byDa=0.03 m2/s. This value is in the range ofvalues for the neoclassical diffusion coefficient in these discharges, as

56discussed in Section 4.2.1, and it is consistent with the observed upper limiton anomalous radial diffusion of Da,anom=0-0.03 m2/s.4.4 Summary and Directions for Future WorkThe experiments performed with the a-CHERS diagnostic on TFTRwere the first charge exchange recombination spectroscopy measurementsin a tokamak plasma of nonthermal, confined alpha particles produced byDT fusion reactions. It is remarkable that these measurements could bemade, given the difficulty of observing the weak alpha signal in thepresence of the much brighter bremsstrahlung background. The a-CHERSmeasurements showed that confined alpha behavior in supershot plasmaswas well described by classical slowing down and neoclassical transport,and that sawteeth caused significant redistribution of confined alphas, inagreement with theory.Despite these successful measurements, there were limitations to thea-CHERS technique on TFTR [107]. It is useful to briefly discuss theselimitations with possible future use of this diagnostic technique in mind.One limitation of the TFTR a-CHERS measurements was that the lowenergy (50 keV/amu) D heating neutral beams restricted the maximumalpha energy that could be observed to approximately 0.7 MeV. Higherenergy beams would allow higher energy alphas to be observed; inprinciple, alphas with energies up to the 3.5 MeV birth energy could beobserved with an ~880 keV/amu beam. However, high beam intensity wouldbe required to observe the high energy alpha signal against thebremsstrahlung background because the alpha density, and thus the a-CHERS signal, decreases with increasing alpha energy. As a result, themaximum alpha energy observable using such a beam would bedetermined by the ability to extract the weak signal from thebremsstrahlung background.

57Another limitation was that it was difficult to reliably measure thealpha signal during the DT heating phase of TFTR discharges because thebremsstrahlung background was high, which increased the noise on thealpha signal, and fiber fluorescence was a significant contribution to thesignal. The best way of making reliable measurements during the DTphase of the discharge would be to modulate the beams observed by a-CHERS during this period. This would allow accurate correction for boththe bremsstrahlung background and fiber fluorescence. Such anexperiment was planned for the final TFTR run, but was not performed dueto lack of time.In general, useful a-CHERS data were only obtained from dedicatedexperiments where the timing and species selection for each beam could betailored to the needs of a-CHERS measurements. As a result, a-CHERSmeasurements were not made in the interesting reversed shear andenhanced reverse shear regimes due to lack of time in the two final TFTRruns. Making such measurements would certainly be a high priority in anyfuture a-CHERS measurements on other tokamaks. Clearly, a modulateddiagnostic neutral beam that can be controlled independently of the mainheating beams is required for routine a-CHERS measurements.Finally, it is worthwhile to briefly speculate [107] on the possibility ofmaking a-CHERS measurements on a future DT reactor such as ITER.Given the high radiation levels in the vicinity of ITER, the viewing opticsand light transmission system would have to be designed to eliminatefluorescence and transmission losses due to radiation [108]. This wouldrequire the use of high-throughput reflective optics to bring the light to ashielded area where optical fibers could be used. This would be difficult butnot be impossible. Assuming this could be done, the primary issues are

58beam penetration in the large, dense ITER plasma and extraction of thesmall alpha signal from the intense bremsstrahlung background. Thissituation is helped to some extent by the higher alpha density in ITERcompared to that in TFTR. Calculations of the expected a-CHERS signalsin ITER show that a 5MW, 200keV/amu beam focused to 0.1 m height inthe plasma core would allow a-CHERS measurements at signal-to-noiseratios similar to those achieved on TFTR. Integration times of severalseconds would be required. Such a beam would permit measurements overa range of alpha energies similar to that observed on TFTR; going to higherbeam energy would not significantly increase this range because the alphadensity drops faster with increasing alpha energy than the increase inbeam penetration achieved by a higher energy beam. However, the a-CHERS signal in ITER would be 10-5-10-6 times the bremsstrahlungbackground, while this ratio was 10-2-10-3 in TFTR. Thus, the primarydifficulty in making a-CHERS measurements on ITER is that a majoradvance in the ability to extract the weak alpha signal from thebremsstrahlung background would be needed. Rapid modulation of theneutral beam would aid the signal extraction process, but it is not clear atthis point whether or not it would be sufficient to allow the a-CHERS signalto be clearly observed.5. Alpha Particle Heating and Alpha Ash BuildupThe alpha particle densities in TFTR were up to 0.3% of the totalplasma ion density, a fraction similar to that expected in a reactor (Table 1).Since the alpha particle birth energy is typically 2orders of magnitudehigher than the temperature of the DT fuel ions, they slow downpredominantly on electrons. The direct observations, discussed earlier inthis review paper, of well confined alpha particles which slow classically in

59TFTR DT plasmas, motivated experiments to look for direct evidence forcore alpha particle heating of electrons. These experiments, discussed inSection 5.1, yielded the first evidence for self-heating of a tokamak plasma[109].DT operation on TFTR also provided the first opportunity to observethe helium ash which arises from thermalizing the fusion-generated alphaparticles. This is important since the accumulation of helium ash in thecore of a DT reactor can quench thermonuclear ignition. Although thefusion power in TFTR DT plasmas was relatively low by reactor standards,typically about 5 MW, the on-axis source of helium ash from alpha particleslowing was comparable to that expected for a reactor (Table 1). Also,although TFTR did not have a reactor-relevant helium pumping scheme,the TFTR carbon limiter has been shown to effectively pump helium andother noble gases. This situation enabled the first study of a reactor-likehelium ash environment in a DT tokamak plasma [110]. Theseexperiments, discussed in Sec. 5.2, showed that the helium ash confinementwas compatible with sustained ignition in a reactor, and that the ashconfinement is dominated by edge pumping rather than core transport.5.1 Alpha Particle HeatingAlpha particle heating of electrons in TFTR DT discharges accountedfor only about 5% of the global power flow to electrons. However, in theplasma core (r/a £ 0.25) the electron heating fraction reached 15%, asdeduced from TRANSP simulations. A systematic study to look fordifferences in the electron temperature profile was performed for TFTR DTneutral-beam-heated plasmas, and for comparable D-only and T-onlydischarges.

60Although the central electron temperature (Te(0)) in the DT plasmas wasfound to be systematically higher than in the D or T plasmas, attempts toobserve clear evidence for alpha particle heating by comparing the Te(0) risein D and DT plasmas were challenged by several factors. First, there was areduction in the direct beam heating of electrons in going from D to Tneutral beam injection at the same neutral beam injection power, and therewere uncertainties in calculating the neutral beam deposition profile.Second, an apparent dependence of the energy confinement on the mixtureof hydrogenic isotopes was observed in TFTR [111-114], and this contributedto the rise in Te(0) in going from D to DT. Finally, inherent performancevariations due to magnetohydrodynamic (MHD) instabilities and limiterconditioning resulted in Te(0) changes which competed with the rise inTe(0) due to alpha particle heating. For high performance discharges, withsimilar beam heating powers and plasma operating parameters, TRANSPmodeling [114] indicated that approximately half of the 2keV Te(0)difference between DT and D plasmas could be attributed to alpha-particleheating.In order to demonstrate the presence of alpha particle heating, it wasnecessary to show that there is an additional Te(0) rise in DT plasmaswhich is not measured in similar D or T plasmas. Experiments specificallyto study alpha particle heating were performed in TFTR, but these studieswere frustrated by significant deuterium recycling from the carbon limitertiles [99]. As a result of this deuterium influx, the discharges which werenominally only fueled by tritium neutral beams had a significant level of DTfusion power production and hence alpha particle heating (i.e. about 1/3 to2/3 of the fusion power of a plasma with an optimum species mix).An alternative approach was to utilize the considerable database ofexisting plasmas from the TFTR DT campaign and to look for statisticallysignificant systematic trends which supported the existence of core alphaparticle heating of electrons. An empirical study of Te(0) scaling in 380

61TFTR deuterium-beam-fueled plasmas from the 1990 TFTR experimentalcampaign [115] had exhibited a clear dependence of Te(0) on global energyconfinement time (tE), with Te(0) ~ tE0.5 under otherwise fixed conditions.The 1990 database also showed a significant dependence on toroidalmagnetic field and the average neutral beam energy. There was, however,no significant dependence on injected neutral beam power in the 1990database, and this was probably the result of choosing to use data fromplasmas with no less than 15 MW of neutral beam heating power.All the discharges from the 1993-5 TFTR DT campaigns wereexamined, and the cases with the largest number of DT and T plasmaswithin a narrow range of toroidal magnetic field and average neutral beamvoltage was identified. The resulting database included R = 2.52 – 0.01 mmajor radius plasmas with toroidal fields of B= 4.85 - 5T and averageneutral beam voltages of 98- 107kV. Neutral beam power in the databaseranged from 15 to 34 MW. There were 67deuterium-beam-heated plasmas,and 22DT beam-heated plasmas with about 60% of the beam power intritium and fusion powers (Pfus) up to 7.5 MW. There were also four tritiumbeam-heated plasmas with fusion powers of about 2MW, due to deuteriumrecycling from the carbon limiter. The plasma parameters in the databasewere evaluated 0.7 s into the neutral beam heating pulse, which was lateenough for the alpha particle population to build up, but early enough toavoid �rollover� of plasma performance or turn-off of the heating beams.Plasmas with sawteeth or significant impurity influxes (from the start ofbeam injection until the time of interest) were removed from the database.The evolution of the electron temperature profile was obtained from electroncyclotron emission (ECE) spectrometry [116, 117]. In this study, electrontemperature data from Thomson scattering was not included since it wasunavailable for many of the plasmas in the database.Figure 26shows a plot of Te(0) versus tE for the constrained TFTRdatabase. The empirical scaling for Te(0) obtained from the 1990 TFTR D

62plasmas is shown by the shaded region. The width of this region indicatesthe standard deviation in the scaling. Most of the DT discharges (opencircles and triangles) lie on or slightly above the 1990 empirical scaling. Itshould be noted that the 1990 empirical scaling was derived from plasmaswith a major radius of 2.45 m, somewhat smaller than the discharges inthe present study. The DT plasmas with Pfus < 6MW (solid circles) onaverage deviate further from the 1990 scaling, and the DT plasmas withPfus > 6MW (shade filled circles) show the greatest deviation from theempirical scaling. Since DT plasmas with the highest Pfus attain a muchhigher Te(0) than D plasmas with similar energy confinement times, it wasconcluded that heating by alpha particles was the most likely explanationfor the rise in Te(0).Further evidence for alpha heating was found when the timeevolution and the radial profile of the electron temperature were comparedbetween sets of D and DT plasmas with closely matched neutral beampower and tE. The time evolution of the incremental electron temperaturerise was similar to that predicted by the TRANSP time dependent analysiscode [18,19], assuming only classical alpha particle orbit losses. Theelectron temperature rise due to alpha particle heating was determined byturning alpha heating on or off in the TRANSP code, and by using athermal diffusivity from either one of the D or one of the DT dischargesfrom the ensemble of plasmas used for the comparison. This resulted in arange of uncertainty in the predicted temperature rise due to alpha particleheating which was typically – 50% of the measured temperature rise.Fig 27(a) shows an overlay of the average electron temperatureprofiles for the sets of D and DT plasmas at a time 0.6 s after the start ofneutral beam heating [109]. The temperature difference, as shown in Fig27(b), is localized to a region within 0.3 m of the magnetic axis. Themagnitude and localization of the temperature rise is consistent with thatpredicted for alpha particle heating of electrons by the TRANSP analysis

63code. The localization of the temperature increase in the DT plasmasrelative to the D plasmas is consistent with the source profile of DT fusion-generated neutrons, as measured by a multichannel neutron collimator[118] and shown in Fig. 27(c). The profile shape of the alpha particle densityand heating are computed to be close to the DT fusion reaction source.In summary, the electron temperature increase in the DT plasmasrelative to the D discharges is primarily in the core region where the alphaparticles are born and are expected to provide heating. Because the DTplasmas in the TFTR study had fusion powers which were less than onequarter of the total heating power, the power flow to the core electrons wasdominated by beam heating and thermal ion-electron coupling. However,for the plasmas with the highest fusion power in the database, alphaparticle heating accounts for about 15% of the electron power flow withinr/a = 0.25, while Ohmic heating accounts for less than 2% of the power flowwithin r/a = 0.25 in these discharges. There were several complications with the alpha heating study onTFTR. Because the database covered two years of TFTR operation therewere variations in confinement resulting from changes in carbon limiterconditioning and MHD behavior. Although there was an attempt tominimize these effects in the study, the causes of the intrinsic variability inTe(0) were not explicitly understood. Another issue is that althoughThomson scattering electron temperature profile data were available formost of the shots in the database, it was only available at one time andgenerally that time was either too early in the neutral beam heating pulseor after a major MHD event. There has been a long standing, unresolved,disagreement between ECE and Thomson scattering measurements of theelectron temperature profile on TFTR [119]. The final complication in thestudy is that the temperature rise due to the isotope effect in TFTR wascomparable to the rise due to alpha heating. Some of these issues can be

64resolved by an experiment which includes plasmas at higher fusion powerand tritium plasmas with much reduced deuterium recycling.Such an experiment has recently been performed on the JETtokamak [120] in which alpha heating was unambiguously observed andthe effects of alpha heating and any potential isotopic dependence of theenergy confinement time were successfully separated. A scan of DTconcentration was employed to separate the effects of alpha heating and anyisotopic dependence of the energy confinement. In contrast to theexperiments on TFTR, no isotopic dependence was found withinmeasurement uncertainties, so that the observed increase in Te(0), 1.3 – 0.23keV in 12.2 keV, was determined to be due entirely to alpha particle heating.Further, the measured alpha particle heating was determined to be aseffective as heating by an energetic RF driven hydrogen minority tail inJET.5.2 Alpha Ash Buildup and TransportHelium ash studies in TFTR employed pairs of similar deuteriumand DT plasmas. Charge exchange recombination spectroscopy (CHERS)[121] was used to infer the thermal helium density by observing the Dopplerbroadening emission from the 468.6 nm, n = 4- 3He+ line, which wasexcited by charge exchange between deuterium heating beam neutrals andHe2+. These were difficult and challenging measurements since carbonlines, excited by electron impact and charge exchange, had a similarwavelength and brightness.Fig. 28shows the neutral beam heating pulse shape and timing inthese experiments [110]. For both the deuterium and DT discharges, 21-22MW of neutral beam power was injected between 2.8 and 4.1 s, followed by aphase with only 12 MW of deuterium beam heating from 4.1 to 4.8 s. The DT

65plasmas had a flat-top fusion power of about 4.5 MW. Sawteeth were absentfrom the plasmas heated by deuterium neutral beams, and no sawteethwere seen in the DT plasmas until 20 ms prior to the end of beam injection.The alpha particle slowing-down time was calculated to be 0.5 to 0.7 s andthe alpha particles continued to thermalize in the core throughout thelower power, deuterium-only, heating period.The measured neutron emission and the volume-integrated thermalhelium source due to the thermalizing confined alpha particles are alsoshown in Fig. 28. The thermal helium source was calculated with theTRANSP code using measured plasma profiles and calculated beamdeposition, alpha particle source and transport. Classical transport wasassumed for the fast alpha particles until they reached an energy whichwas 3/2 of the local ion temperature. Below this energy the alphas weretreated as helium ash, i.e. thermal helium. The measured heliumdiffusivity and convective velocity from an earlier helium transport study[122] were used to model the helium ash behavior in these discharges. TheTRANSP modeling implied that helium ash source profile was similar tothe TRANSP neutron emission profile since the energetic alpha particleswere well confined.The helium ash profile was measured by taking the differencebetween the total beam-induced line brightnesses observed in the deuteriumand DT plasma just before beam turn-off, and subtracting the edgeemission just after the beam turn-off. The ash profile was obtained byinitially using a trial helium density profile in a code which calculates thebeam deposition, charge exchange emissivity, and the parallel transportand emission of plume ions. The total helium ash line brightness wascalculated for each sightline by calculating the toroidal and radial velocitydistribution of the He+ charge exchange products. The trial helium ashprofile was iterated until there was agreement between the measured andcalculated beam-induced brightness profiles.

66Before alpha particles were expected to thermalize, i.e. at 3.45 s, therewas no difference in the spectra in the deuterium and DT plasmas, and theemission was predominantly from carbon. Later in time, the brightness ofthe thermal portion of the CHERS spectrum was observed to increase in theDT plasmas, relative to the deuterium comparison plasmas. This increasewas seen on all CHERS sightlines and was shown not to be due to anincrease in carbon, since the 529.2 nm C5+ line brightness in other similardischarge pairs was found to be the same within a few per cent throughoutthe pulse. Also, a change in carbon density that would result in thisincreased brightness would have increased the measured Zeff deduced fromthe visible bremmstrahlung levels by about 0.3 and this was not observed.The inferred He ash profile late in time is shown in Fig. 29[110]. Therelatively flat helium ash profile and the total ash content at this timeindicate that the helium ash transports rapidly from the core to the edgeand is subsequently recycled back to the plasma from the vessel wall, asexpected for thermal helium ions. If there were no radial transport ofthermalized helium, the resulting profile would be much more peaked, asshown in Fig. 29(a), and there would be about twice as many ash particlesas were measured. The lower edge of the shaded region in Fig. 29(a) showsthe effect of turning off the central source in the code, which implies thatthe ash profile shape at late times was dominated by radial transport ofthermalized helium. The alpha-generated helium ash resides in thevacuum vessel for 1.2 – 0.4 s, or about 6to 10global energy confinementtimes, which is consistent with sustained ignition in a DT fusion reactor[123]. The intrinsic helium particle confinement time (i.e. excluding theeffect of limiter recycling), is only about 0.3 s, so edge recycling, rather thancore transport, dominate helium ash removal, as illustrated in Fig. 29(b).The time evolution of the measured and modeled helium ash contentfor two radii in this experiment is shown in Fig. 30[110]. The modeled

67helium ash time evolution indicates that both the classical alpha particleslowing-down calculation and the nominal anomalous thermal heliumtransport assumptions in TRANSP are consistent with the measurements.The sensitivity of the modeling results to variations in the thermal diffusionand pinch terms is shown in Figs. 30(a) and 30(c), and the sensitivity to theassumed alpha particle slowing-down rate is shown in Figs. 30(b) and 30(d).The time behavior of the measured helium ash implies an alpha slowing-down time within a factor-of-two of the classical model, and the amplitudeof the ash content is not consistent with the prompt loss and burial of anysignificant fraction of the fast alpha particles.6. Alpha-particle-driven Toroidal Alfv�n Eigenmodes in TFTRIt has long been known that magnetohydrodynamic (MHD) activitycan enhance energetic particle loss, possibly leading to localized heatingand damage to plasma facing components [124]. Instabilities collectivelyexcited by large populations of resonant particles are considered to beparticularly deleterious to energetic particle confinement. One instabilitywith the potential for strong interaction with energetic alpha particles in aDT reactor is the Toroidal Alfv�n Eigenmode (TAE) [125, 126]. These modesoccur within toroidicity induced gaps in the shear Alfv�n spectrum andhave received considerable attention in recent years due to their lowinstability threshold and ability to resonate with alpha particles in a DTreactor [127].Early theoretical analysis of the anticipated TFTR DT plasmas usingthe NOVA-K code suggested that alpha-driven TAEs would be mostunstable in a narrow time window following termination of neutral beaminjection [126, 128], as illustrated in Fig. 31. The anticipated threshold foralpha-driven TAE excitation was predicted to be as low as <ba>»0.5x10-4 fornormal (positive) shear discharges with q(0)<1 and Va/VA » 1,which was

68well below the expected alpha pressure levels. The most unstable modeswere calculated to be global low-n eigenfunctions occupying a large radialextent in the outer region of the discharge at r/a>0.5. The dominantstabilizing term for the TAE was considered to be thermal ion Landaudamping, so that termination of neutral beam injection was expected todecrease this damping term relative to the alpha particle drive 100-300 m s following the end of beam injection.6.1 Initial Attempts to Study Alpha-Driven InstabilitiesThe initial high-powered DT experiments in TFTR did not show anyevidence for alpha-driven TAEs, either during or after termination ofneutral beam injection [99]. This absence of TAE activity during standard�supershot� plasmas persisted through the TFTR DT run [44-46], includingthe highest fusion power discharges which reached up to ba(0)~0.3%, i.e.about ten times the level of the initially expected theoretical threshold. Thenon-observation of TAEs in these DT plasmas in TFTR presented asignificant challenge to theory. The discrepancy between theoreticalpredictions of TAEs and the absence of TAE activity in the experiments ledto specific attempts to excite alpha-driven TAE modes and to betterunderstand the theory, which ultimately produced new predictions andmotivated a successful experiment.One experiment was motivated by the initial theoretical predictionthat the dominant damping of TAE modes in high powered DT plasmaswas due to thermal ion Landau damping. Helium gas puffs and lithiumpellet injection were used to transiently cool a standard supershot plasmawith ba(0)~0.2% to reduce ion Landau damping and excite TAEs [129].Although the ion temperature clearly decreased before the alpha populationthermalized, no TAE modes were seen in the reflectometer, beam emissionspectroscopy, or magnetic diagnostics. Detailed analysis of these

69discharges using the NOVA-K code showed that the total TAE dampingwas greater than the total alpha drive for this experiment, as shown in Fig.32. The dominant TAE damping was created by non-thermalized neutralbeam ions with Vbeam/VA»1/3, and not by thermal ions.Another experiment was done to create TAE modes in D dischargesusing an ICRH-driven minority tail, and then to compare the ICRF powerthreshold for TAE instability with similar DT discharges which had anadditional alpha particle pressure drive [130]. A lower ICRH powerthreshold for TAEs was found for the DT discharges, as illustrated in Fig.33, suggesting that the presence of alphas could have caused 10-30% of thetotal drive for TAEs in the DT discharges. However, it was difficult toisolate the possible effects of other differences between the D and DTdischarges on the TAE damping processes, e.g. the effect of different beamspecies.A third experiment to destabilize alpha-driven Alfv�n instabilities inTFTR DT discharges was made by creating high beta plasmas in lowcurrent discharges to find a �beta-induced Alfv�n eigenmode� (BAE) [131],as previously observed in DIII-D using NBI. This TFTR experimentcreated DT plasmas near the beta limit with ba(0)~0.1%, but the observedMHD activity was common to both DT and D discharges, i.e. it was notsignificantly driven by alphas. It was estimated that the alpha drive wasmuch smaller than the beam drive and nearly an order of magnitude lessthan needed for excitation of the BAE. This result was similar to thatobtained from the analysis of the KBM activity observed in other high betaDT TFTR discharges [71], in which it was concluded that the alpha drivedid not contribute significantly to the observed instability.Finally, an experiment was done to decrease the alpha drive neededto destabilize TAEs by increasing the central q(0), thereby better aligning theradial location of the alpha pressure gradient with the TAE location [132].

70Discharges with ba(0)~0.1% were created with q(0)»1.5, with positive sheareverywhere, but no signs of TAEs were observed. The theoretical analysisin that paper by Spong indicated that the TAEs were close to the instabilitythreshold, but still not unstable when all of the damping mechanisms wereincluded.6.2 Theoretical Developments Concerning TAE InstabilityThe net result of these early efforts was the sense that some otherfactors may be contributing to the stability of these modes, particularly inthe afterglow of DT plasmas when ion and beam Landau damping wereexpected to be small. A number of seminal contributions to the theoreticalunderstanding TAEs quickly followed, which eventually lead the firstexperimental observation of alpha-driven TAEs. First, a revised non-perturbative kinetic analysis of TAE damping onelectrons revealed the surprising result that modes within the toroidicityinduced gap could still be strongly damped by coupling to Kinetic Alfv�nWaves (KAWs) [133]. It was proposed in the original work that thisdamping mechanism (called radiative damping) could account for thehigher than expected damping rates observed in low toroidal fieldexperiments where TAEs were excited with neutral beam ions. Howeverthe full significance of this work to alpha particle excited TAEs in TFTRplasmas was recognized only later with the second key discovery of corelocalized TAEs. This second breakthrough was the recognition that a new form ofTAE, the core localized mode, could exist in the central weak magneticshear region of TFTR DT plasmas [134,135]. Unlike the global TAEs whichwere previously expected to be unstable in the outer region (r/a>0.5) of DTplasmas (as described in Sec. 6.1), the core modes were calculated to be

71unstable inside the half minor radius. These modes could occur in thesteep gradient region of the alpha particle distribution, potentially loweringthe threshold for exciting alpha particle driven TAEs provided radiativedamping and ion Landau damping could be reduced. Detailed theoreticalanalysis revealed that reduced central magnetic shear near the core regionof the discharge could dramatically lower radiative damping and hencesignificantly lower the critical ba required for excitation of alpha-drivenTAEs provided beam and thermal ion Landau damping could bereduced.The anomalously high calculated TAE damping rates after the terminationof neutral beam injection in DT plasmas was now recognized as due toradiative damping, and the prescription for exciting these modes was toreduce the magnetic shear.Finally, as noted at the end of Sec. 6.2, it was pointed out that elevatingthe central safety factor would allow low-n TAE resonances tomove closerinto the core of the discharge where they could sample more of the energeticalpha particle distribution [136, 137]. Lower toroidal mode numbers tend tohave lower net damping rates provided the eigenfunction does not intersectthe Alfv�n continuum. The importance of this work is that the reduction ofthe central magnetic shear could only beachieved byelevating the centralsafety factor in TFTR, so that reducing the magnetic shear also leads tolowering toroidal mode numbers for core localized modes.6.3 Experimental Observations of Alpha-Driven TAEs in TFTR DT PlasmasMotivated bythese predictions for alpha-driven TAEs underconditions of low beam-ion Landau damping, weak magnetic shear andelevated central safety factor, an experiment was done which led tothe firstobservation of purely alpha-particle-driven TAEs in TFTR [138]. Furtherinvestigations led tothe first ever mapping of the internal structure of

72alpha-driven TAEs, confirming their core localization and also revealing asignificant anti-ballooning feature not predicted by theory [139].In these experiments the central safety factor was raised above unityby use of a fully grown plasmas during current ramp up, similar to thestartup used for reverse shear plasmas [46], but without neutral beam pre-heat. Alpha-driven TAEs were then observed in a transient phase 100-300ms following the end of DT neutral beam injection. Figure 34 shows q(r) andba profiles 150ms after neutral beam injection for a discharge in whichrelatively strong alpha-driven TAE activity is observed. The central safetyfactor of q(0)»1.5 was measured using the Motional Stark Effect (MSE)diagnostic and is consistent with the absence of sawteeth in thesedischarges [140].A necessary criterion for these modes to be TAEs is that theirfrequency falls into the toroidicity induced gap in the shear Alfv�nspectrum. Shown in Fig. 34is the radial gap structure calculated usingNOVA-K for the n=4 mode. The gaps are all radially very well aligned andthe measured mode frequency occurs inside the gap. The core localized gapat r/a » 0.35resides in the region of weak central magnetic shear with alarge radial separation to the next gap position at r/a»0.6. Under theseconditions, theory predicts the core TAEs (localized to the region around asingle gap) will be most unstable in TFTR DT plasmas. In general, theobserved mode frequencies fall within the gap width, for all except some n=1and n=2 modes.Figure 35 shows the time traces of the central ba and plasma beta aswell as contours of magnetic fluctuations versus frequency and time in aDT plasma with q(0)>1. Theory indicates that Landau damping (boththermal and beam ion) and radiative damping are dominant stabilizingterms during high power neutral beam injection, so that the only windowfor observing TAEs is in the narrow time slice following the end of beam

73injection as shown in Figure 35. Typical deuterium or tritium beam ionslowing down times are of order 80- 100ms, and the decay of the plasmabeta occurs on a similar time scale after termination of neutral beaminjection as indicated by the trace of the central plasma beta. However,energetic alpha particles have a slowing down time considerably longer(300-500 ms depending on the plasma conditions in the afterglow) asindicated by the ba trace. Thus, one of the key factors in exciting TAEs inTFTR is the decay of the plasma beta on a time scale short compared to thealpha particle slowing down time.The TAE mode activity is clearly seen after termination of neutralbeam injection as indicated bythe amplitude of magnetic fluctuations. Asequence of short bursts 50-100ms in duration are observed with toroidalmode numbers ranging from n=2 to 4. At the time of mode activity, q(0)»1.5as obtained from MSE measurements, and ba(0)»0.05% as obtained fromTRANSP code kinetic analysis. Mode activity appears after the slowingdown of neutral beam ions (tBeam~80-100 ms), but before the thermalizationof 3.5MeV alphas (ta~300-400ms), and in the TAE range of frequency~TAE~200-250 kHz. The level of magnetic activity observed at the plasmaedge is typically very small (~B/B ~10-8), however the internal level ofmagnetic fluctuations as inferred from reflectometer measurements of thedensity is considerably higher.Figure 36displays the theoretical predictions of the critical ba forTAE instability at 150ms after termination of neutral beam injection for anormal (positive) shear discharge with q(0)<1, compared with three q(0)>1reduced shear discharges which exhibit TAE activity. Also shown is theexperimental range of q(0) and ba in these plasmas. No alpha-driven TAEactivity has been observed in q(0)<1 plasmas following the end of neutralbeam injection, consistent with the much larger calculated critical ba

74required for TAE excitation. The theoretically expected trend of decreasingcritical ba with increasing q(0) is qualitatively consistent with theexperimental observation of alpha-driven TAEs in TFTR.6.4 Radial Structure of Alpha-Particle-Driven TAEsInternal measurements of the alpha-driven TAEs were obtainedusing the X-mode core reflectometer diagnostic on TFTR [141,142]. Thisdiagnostic measures phase fluctuations induced on a probing microwavebeam reflected from its cutoff layer as the layer moves due to densityvariations in the plasma. A surprising result from the reflectometer measurements is that thestructure of the low frequency n=2 mode in Fig. 35is strongly anti-ballooning, i.e. has a larger amplitude on the low field side of the plasma, asshown in Fig. 37. The reflectometer measurements clearly indicate astrong n=2 mode on the high field side of the magnetic axis, with weak or noactivity on the low field side of the magnetic axis, counter to the theoreticallypredicted radial eigenfunction. This mode is also observed at a frequency~30% below the expected TAE frequency, and the mode is calculated tointersect the Alfv�n continuum [135]. The reflectometer data is consistentwith an anti-ballooning mode structure with a peak amplitude ‘~n/n~1.5x10-4, which corresponds to a peak magnetic field fluctuation level ~B/B~1.5x10-5 in the plasma core. This should be compared to the peak magneticsignal on the outer midplane of ~B/B ~2x10-9 for the same mode, indicatingit is highly core localized. Calculations indicate that these levels are tooweak to induce significant loss of alpha particles from the plasma.In contrast, the radial mode structure of the n=4 mode at the time ofpeak magnetic activity on the outer midplane is also shown Fig. 37. The core

75localization, narrow mode width and frequency of the n=4 mode is generallyconsistent with core localized alpha-driven TAEs as predicted by theory[135]. However the anti-ballooning structure of the n=2 mode and its lowfrequency is difficult to explain using current TAE theory which predictsthat higher frequency outwardly ballooning modes should be unstable [135]. The density fluctuation level of all these modes is small (‘~n/n ~ 0.6-0.8x10-4) and corresponds to ~B/B ~10-5, as estimated from theoreticalcalculations of the radial eigenfunction. Preliminary analysis indicatesthat the peak density fluctuation level is of the order expected from non-linear theory for single mode saturation [143-145]. However, these estimatesdepend strongly on the value of the linear growth rate, such as calculated byNOVA-K.At present no alpha particle loss associated with these modes hasbeen observed on the lost alpha detectors, consistent with the weak modeamplitudes. Internal measurements of deeply trapped alpha-particles inDT plasmas with TAE activity indicate possible redistribution of alpha-particles (Sec. 3.3.1). The relative role of TAEs and toroidal field ripple inthe redistribution of alpha particles is still under investigation.The implications of these findings for a future tokamak reactor withadvanced plasma shaping and reversed magnetic shear are still underinvestigation. However, the identification of the dominant damping anddrive terms in current experiments provides an improved foundation forprojecting TAE behavior in future fusion devices (see Sec. 8.3).7. RF-Alpha InteractionsRadiofrequency waves, and especially ICRF waves, can interact withfusion product ions in a plasma [146-148]. The first potential consequence is

76that RF power which is intended to be absorbed on other species for heatingor current drive can be absorbed by alphas, thereby reducing the heating orcurrent drive efficiency. The second is that absorption of RF power by thealphas can cause them to escape from the plasma. Although this has thenegative potential to put an additional heat load on the wall, it is alsoconceivable that this mechanism could be used for alpha ash removal [149].Thirdly, measurement of low-power ICRF absorption by alpha particles incertain harmonic number ranges may become a possible technique fordiagnosing the alpha particle density profile.In the same way that alpha particles can absorb RF wave power, theycan also radiate it. This can result in so-called ion cyclotron emission (ICE)from the alphas in the plasma, as observed JET and TFTR [150-152]. I n another application of wave emission, radiation or amplification of RFwaves by alphas with subsequent damping on other plasma species hasbeen suggested as a means of harnessing alpha particle energy for plasmaheating or current drive [26,153,154]. This has been termed �alpha energychanneling.�7.1 Historical Background and Previous WorkA number of authors have made calculations of the expected rate ofRF wave damping on alpha particles, and the rates of transport expectedfrom such wave-particle interactions [155-157]. RF-induced loss of fast ionshas been observed in several tokamaks: TFTR [148], JT-60U [158,159], ToreSupra [160], and Textor [161]. This arises from RF-induced transport of thealphas in velocity space, typically to more perpendicular velocities, thatconvects them into an existing loss cone. Experimentally observed rates ofRF induced velocity space transport can equal or exceed those due tocollisions with plasma particles. In present devices, the measured loss

77rates of fusion products to the wall associated with RF-induced transportare tolerable.The ICRF fast wave induced losses of DD fusion products wasmeasured in TFTR [148], using the escaping fast ion loss diagnosticdescribed in Sec. 2. With 3MW of applied ICRF power, the loss rate at thedetector was observed to be ~1.8 times the baseline first orbit loss rate. TheRF-induced loss was concentrated at the pitch angle of the passing-trappedboundary, consistent with a process of perpendicular heating of marginallypassing counter-going fusion products such that they converted to �fattestbanana� (i.e. just barely trapped) orbits and were lost to the wall. The RF-induced loss rate scaled as PRF0.6, roughly consistent with a diffusivemodel, which predicted a loss rate proportional to PRF0.5. In addition, it wasfound that the rate of RF-induced diffusion, at the power levels used, wascomparable to that induced by collisions.ICE from fusion products has been observed in JET [150] and TFTR[151,152]. There have also been a number of theoretical efforts to explain theobserved frequency spectrum and amplitude over a range of conditions anddevices [162-167]. A number of theoretical papers detail the conditions under whichalpha channeling could occur and improve the efficiency of a reactor[26,168]. In general, that improvement in efficiency arises readily if thealpha energy can be applied to current drive. However, plasma heating byalpha channeling is most advantageous if the electrons and ions do notundergo rapid thermal equilibration�otherwise heating energy depositedin one selected species is quickly shared among all and the advantages ofselective heating are lost.ICRF heating in the H minority regime can produce an energeticproton tail, and this energetic tail can be used to study some aspects of

78alpha particle physics without the actual presence of alphas. In TFTR, thistechnique has been used principally to study TAEs [169]. In one condition,such TAEs caused sufficient losses of tail ions to the wall that the TFTRvacuum vessel was damaged [170].7.2 ICRF-Induced Loss of Alpha ParticlesICRF fast wave induced loss of alpha particles has been observed inTFTR [148]. Figure 38shows the loss rate of alpha particles to the 90� fastion loss detector from a DT shot with modulated ICRF power. This is for aplasma with R=2.61 m, a=0.99 m, B=4.4 T, and I=1.75 MA. The rate of alphaparticle loss shows modulation coincident with that of the RF power,indicating that the losses result from interactions between the alphaparticles and the waves, since the RF did not change the backgroundplasma properties on the modulation timescale. For this shot, the appliedRF power of 5 MW caused an increase of the detected signal level (first orbitloss) of ~50%.Figure 39displays pitch angle distributions observed in the samedetector during the same shot. One distribution is taken during an intervalof low RF power (labeled �ICRF Off�), and the other is taken during andinterval of high RF power (labeled �ICRF On�). It is apparent that theadditional losses due to the RF waves are centered at a pitch angle of ~64�,which is very close to the pitch angle of the passing-trapped boundary atthis detector, 62�. As with DD fusion products [148], the loss appears to bedue to conversion of marginally-passing particles to fattest banana lossorbits.The RF-induced loss has been measured as a function of the toroidalfield, as shown in Fig. 40. The RF-induced loss is seen only at B values above3.4 T and below 4.8 T, with the strongest loss arising at ~4.1 T. The range of

79Bover which a marginally-passing alpha particle at r/a~0.2 could interactwith the ICRF wave can be readily calculated from the Doppler-shiftedcyclotron resonance condition,

w aRF kV= -W || ||

. Here wRF is the frequencyof the ICRF wave, Wa is the local cyclotron frequency ofalpha particles, k|| i s the parallel wavenumber of the ICRF wave, and V|| is the parallel velocityoftheparticle. The r a n g e ofpotential interaction derived from this f o r m u l a agrees well with ther a n g e over w h i c h loss is observed, as s h o w n bytheshaded region in Fig. 40.7.3 Ion Cyclotron Emission from DT PlasmasICE from TFTR DT p l a s m a s was m e a s u r e d with a setofs i n g l e - t u r n loops inside theTFTR v a c u u m vessel [151-152]. Ordinarily, h a r m o n i c s ofthecyclotron frequencies offast ions attheouter m i d p l a n e edge ofthep l a s m a were observed. For typical TFTR s u p e r s h o t s in DT,e m i s s i o n atalpha particle cyclotron h a r m o n i c s arises atthestart ofneutral b e a m injection, and then vanishes within 100-250ms. Thereafter, h a r m o n i c s ofthe injected beam species are observed, until NBI ceases.C h a r a c t e r i s t i c � e a r l y� and � l a t e� ICE spectra from one s u c h DTsupershot are shown in Fig. 41, along with a plotofthecyclotron h a r m o n i c frequencies versus m a j o r radius. It is clear thattheobserved f r e q u e n c i e s match those expected in the vicinity oftheoutboard edge ofthep l a s m a . A t 66ms after thestart ofbeam injection, four h a r m o n i c s offa are c l e a r l y visible, with no clear evidence of e m i s s i o n from beam species. Later, at243ms after thestart ofNBI, thes i g n a l s atn f a have vanished and b r o a d e r peaks at the first and second harmonics of the deuterium and tritium b e a m ions have appeared. The time history ofthef i r s t - h a r m o n i c fa e m i s s i o n i s shown in Fig. 42. In contrast to the results from TFTR supershots, JET I C E

80persisted throughout NBI. Emission at fa h a r m o n i c s also p e r s i s t s throughout NBI in TFTR L-mode DT shots, as shown in Fig. 43.The observed features ofICE agree well with those predicted bythem e c h a n i s m o f t h e m a g n e t o a c o u s t i c cyclotron instability (MCI), also k n o w n as the Alfv�n Cyclotron Instability ( A C I ) [162-167]. This is an Alfv�n w a v e which can be destabilized bya population ofenergetic ions. The d i f f e r e n c e s between the behavior in JET and TFTR L-mode and supershot p l a s m a s a r e now understood tobedetermined bythedifference in growth rates f o u n d when theM C I is driven bys u b - A l f v� n i c versus s u p e r - A l f v� n i c p a r t i c l e s . A l p h a particles in theedge ofTFTR s u p e r s h o t s are s u b - A l f v� n i c w h i l e those in JET and in TFTR L-mode shots are super-Alfv�nic. The MCI has apositive growth rate for a r a n g e offast ion distributions when theions a r e super-Alfv�nic, as they are in JET and in TFTR L-mode plasmas. However,when theions are sub-Alfv�nic, a strongly anisotropic fast ion distributionis required toproduce instability atall, and thegrowth rates tend tobes m a l l e r than for s u p e r - A l f v� n i c ions. I n TFTR supershots, thatsort ofunstable anisotropic distribution is present for thefirst 100-250ms ofNBI,butisotropy i n d u c e d bys l o w i n g down and pitch angle scattering as t i m e passes eventually converts thedistribution into one w h i c h is stable,atwhich point the ICE subsides. In all cases, a sufficient degree ofa n i s o t r o p y is present in the alpha distribution only near the plasma edge, and theM C I is not unstable in the p l a s m a interior, a c c o u n t i n g for why only e m i s s i o n athe edge cyclotron harmonics was seen.7.4 Search for Alpha Channeling in DT PlasmasA s noted above,ithas beenc o n j e c t u r e d thatICRF waves could beused toextract energy from thealpha particle population in a DTp l a s m a and deposit that energy in bulk electrons or ions for thepurpose ofp l a s m a heating or c u r r e n t drive, a process termed �alpha c h a n n e l i n g�

81[26,153,154,168,171]. Under some plasma conditions, alpha channelingcould improve the performance of a fusion reactor. Although it isconceivable that alpha channeling could result from random fluctuations,it would be more controllable if an externally-launched wave is applied tothe plasma which then extracts energy from the alphas and damps it onanother species. Theoretical considerations, namely the need to move alphaparticles a large distance in minor radius as their energy is absorbed by thewave, and a desire to interact with the widest possible range of alphavelocities, dictate that waves with a large k� are best for alpha channeling.The ion Bernstein wave (IBW) is such a wave in the ICRF, and it was mostreadily generated in TFTR through the process of mode conversion of fastwaves in a two-species plasma. Such waves were used for electron heatingand current drive in D3He plasmas in TFTR [172] and, to a limited extent, inDTp l a s m a s . For complete alpha c h a n n e l i n g in TFTR or a r e a c t o r - s c a l e tokamak, a second wave would be required to assure that low-energy a l p h a s were completely removed from the plasma [168].Some e x p e r i m e n t s were r u n in DTp l a s m a s in order tolook f o r signatures of alpha channeling or related effects. These were done with theICRF system operating at30MHz. P l a s m a s were made with B~6Ta n d with n T / ( n T + n D) ~ 0.5 (about the maximum concentration of tritiumattainable in TFTR, given the rate of deuterium recycling from the limiters)in order to locate the mode conversion layer at or just outside of themagnetic axis position. This latter constraint should have provided thewidest spectrum of k|| in theresultant IBW, therebym a x i m i z i n g thelikelihood ofinteracting with alpha particles. N u m e r i c a l m o d e l i n g predicted that the IBW should have caused ~13% of alpha particles to belostnear them i d p l a n e ate n e r g i e s well below their birth energy [171]. Only afew DTshots under these conditions were attempted. However, none ofthese showed any measurable signal that could be attributed to cooled a l p h a particles in any ofthefast ion loss detectors, i n c l u d i n g thedetector at20�below the midplane.

82A more extensive campaign to develop and test components of alphachanneling was conducted in D3Hep l a s m a s with neutral beam ions i n placeofalphaparticles[168,171,173].Thisc a m p a i g n demonstrated thattheIBW could cause s i g n i f i c a n t diffusion in energy and m i n o r ata rate l a r g e c o m p a r e d toc o l l i s i o n a l diffusion and s l o w i n g down. Evidence was a l s o obtained for reversal oftheIBW k|| while p r o p a g a t i n g in theinterior oftheplasma. Both these properties are required for alpha channeling.A m a j o r h i n d r a n c e in thealpha c h a n n e l i n g e x p e r i m e n t s on TFTRwas thelack ofknowledge aboutthep a r a m e t e r s oftheIBW. Its p r e s e n c e could beinferred only indirectly, from evidence ofelectron heating seen i n theelectron temperature profile. A direct m e a s u r e m e n t oftheIBW w o u l d have beenvaluable toc o n f i r m itspresence, amplitude, position within thep l a s m a , and w a v e n u m b e r s p e c t r u m . The m i c r o w a v e scattering d i a g n o s t i c on TFTR was tried, butitproved unable todetecttheIBW. Withoutm e a s u r e m e n t s ofthewave p a r a m e t e r s , m u c h ofthee x p e r i m e n t a l w o r k proceeded on thebasis ofa s s u m p t i o n s aboutthewave p a r a m e t e r s in thep l a s m a i n t e r i o r . 7.5 Open Issues and Future Work NeededFurther work is w a r r a n t e d in thearea ofalpha particle d a m p i n g ofICRF waves, as notm u c h time was devotedtothis issue on TFTR.C o n c e r n i n g R F - i n d u c e d alpha particle losses, a good c a l c u l a t i o n oftheexpected loss rate versus toroidal field is needed. I n addition,understanding of whether the pitch angle difference between the peak of thedistribution during RF and the computed fattest banana orbitis s i g n i f i c a n t , and a calculation of the average energy gain of alpha particles due to the RFwave fields in each condition would be valuable.

83At present, the theory and experimental results for ICE are in goodagreement. One area that could be further pursued here is the question ofwhether measurement of the absorption of low power ICRF waves could beused as a diagnostic of alpha particle density in a future DT tokamak.In the area of alpha energy channeling, there are many things thatcould be done to further the work. These include measuring the wave fieldsin the plasma, obtaining better control of the IBW parameters, anddeveloping more detailed measurements of the behavior of the confined fastions as they are acted upon by the IBW.8. Summary and ConclusionsThe TFTR DT experiments during 1993-1997 provided the mostextensive set of data so far on alpha particle behavior in tokamaks. Thissection summarizes the results discussed in Secs. 2-7 and outlines theneeds for future alpha diagnostics, modeling, and experiments. 8.1 Alpha Particle Behavior in MHD-quiescent DischargesThe general conclusion from these experiments is confinement andthermalization of 3.5 MeV alpha particles appears to be consistent withclassical models under normally MHD-quiescent plasma conditions.However, this general statement is based on a rather complex andincomplete set of data and modeling, and so is only an approximatedescription of the actual behavior of alpha particles in TFTR.The principal evidence for classical confinement and thermalizationof alpha particles in MHD-quiescent TFTR DT discharges consists of thefollowing (listed in order of the discussion within this paper):

84a) consistency between the relative alpha particle loss measured by thescintillator detector 90� below the outer midplane and the calculated first-orbit loss as a function of plasma current (Fig. 8), and agreement betweenthe measured and calculated loss vs. pitch angle and gyroradius (Fig. 9),b) consistency between the absolute magnitude, energy, and pitch angledistribution of the alpha particle loss measured by the alpha collector probeat I=1.0 MA and the calculated first orbit loss (Fig. 14),c) consistency between the shape of the alpha energy spectrum in theenergy range E » 1.0 - 3.5 MeV as measured by PCX near the plasma centerand the calculated classical slowing-down spectrum (Fig. 15),d) consistency between the radial alpha profiles measured by PCX and thecalculated profiles, including the approximate location of the stochastic TFripple diffusion boundary at large r/a (Fig. 16),e) consistency between the absolute magnitude and shape of the alphaenergy spectrum as measured by a-CHERS in the range E » 0.05 - 0.7 MeVnear the plasma center and the calculated classical spectrum (Fig. 21) andits time dependence after NBI turn-off (Fig. 22),f) consistency between the shape of the radial profile of the measured a-CHERS signals and calculated profiles from TRANSP modeling (Fig. 23),g) consistency between the measured central electron heating attributableto alpha particles and the calculated heating based on classical alphamodeling (Fig. 27),

85h) consistency between the measured thermal alpha ash (i.e. helium) levelsversus time and the calculated levels expected from classical fast alphaparticle confinement and the known anomalous radial transport of thermalhelium (Figs. 29 and 30).Among these various comparisons of data and modeling, the bestevidence for classical alpha confinement and thermalization in TFTRprobably comes from the comparisons of the a-CHERS measurements withTRANSP calculations, as discussed in Sec. 4.2. These measurementshowed absolute agreement with the classical model to within about – 20%.This is a rather remarkable level of agreement, given the uncertainties inthe alpha source and thermalization rates, and the great difficulty of thismeasurement. Note, however, that the classical alpha loss was small forthese experiments (< 10%), so these results do not accurately check themodeling of the alpha loss itself.Probably the next best evidence of classical alpha confinement andthermalization comes from comparisons of the energy spectra measured bythe PCX diagnostic with the classical slowing-down spectrum, as discussedin Sec. 3.2. The shape of the spectrum measured near the plasma centeragreed with the model to within the error bars of the measurement, whichare typically – 70% at each point. However, the PCX diagnostic was notabsolutely calibrated and viewed only a relatively small fraction theconfined alpha orbits.The lost alpha measurements yielded a mixture of agreement andapparent disagreement with classical model predictions. The scintillatordetector 90� below the outer midplane showed the classically-expecteddecrease in the alpha loss per neutron over a factor of about seven betweenI=0.6-2.7 MA, as described in Sec. 2.1.2. The alpha collector probe at 90�below the outer midplane showed an absolute agreement with the expectedfirst-orbit loss to within about – 50% at I=1.0 MA, as discussed in Sec. 2.2.

86However, the results from the scintillator detectors at poloidal anglesnearer to the outer midplane, and also the results from the 90� alphacollector at higher plasma current (I=1.8 MA), were both in cleardisagreement with the first-orbit loss model. As discussed in Sec. 2.4, theseresults are probably due to TF ripple loss, but the spatial distribution of thisloss can not yet be calculated accurately enough for a quantitativecomparison with the data, mainly due to the very small aperture whichcollects a only tiny fraction of the alpha particle source (»10-8).The experiments on alpha heating and helium ash content sampledthe largest fraction of the alpha distribution function (essentially all of it),but also gave the most indirect evidence for classical alpha confinementand thermalization. The uncertainty in these two measurements wereabout – 50% for the alpha heating and – 30% for the alpha ash content.However, both experiments rely on supplementary empirical information toinfer the classical alpha behavior, i.e. on the temperature scaling with �Efor the alpha heating measurement and on the anomalous thermal heliumdiffusivity for the helium ash measurement.The largest uncertainty concerning the classical alpha particlebehavior in TFTR involved the mechanism of alpha particle ripple loss.Since the calculated alpha ripple loss fraction is only » 10-20% for normalTFTR discharges, most of the alpha measurements were not sufficientlyaccurate to check these calculations. The best comparison for confinedalphas comes from the PCX measurements, which showed a depletion inthe trapped alpha density near the outer midplane where TF ripple losswas expected, and a larger central depletion at higher q(0) and reversedmagnetic shear, as expected from theory (Sec. 3). However, the cases withnormal shear were only compared with simplified stochastic ripple model(e.g. without collisions), and the reversed-shear cases had a very limiteddata set. A detailed search for alpha ripple loss in the midplane detectorshowed some qualitatively consistency with the TF ripple modeling, but a

87quantitative check of the theory was not possible due to difficulty of themodeling (Sec. 2.1.3). Therefore, a definitive verification of the classicalalpha ripple loss theory was not obtained on TFTR.One way to summarize the TFTR alpha confinement measurementsis to evaluate effective radial diffusion coefficients D� for the alphas inspecific experimental circumstances [44]. Three independent estimates ofthe alpha diffusion coefficients were made, each based on the a differentalpha diagnostics, as shown in Fig. 44; also shown are estimates of thecorresponding diffusion coefficients for 1 MeV tritons in TFTR [174], andinferences for thermal and beam ion diffusion coefficients. The alphaparticle diffusion coefficients are all in the range D� » 0.01- 0.1 m2 / s , although each diagnostic m e a s u r e d a different part ofphase space ( m i n o r radius and pitch angle). A s s u m i n g thatthealpha diffusion coefficients atheh i g h end ofthis range, theimplied global alpha c o n f i n e m e n t time i s r o u g h l y : �ca »a2/4D� » (1m)2 / (4*0.1m2/s) » 2 s [13]Since this time is considerably longer than the alpha thermalization time of� » 0.4s (Table 1),the overall alpha confinement should beverygood,which is consistent with the results obtained from the alpha heating a n d ash measurements. However, itis important tonote thatthis low effectivediffusion rate does not directly imply a negligible alpha loss, since specificparts of the alpha distribution function were not measured in theseexperiments, e.g. trapped high energy alphas which are sensitive tostochastic TF ripple diffusion could still be lost rapidly. It is interesting that the inferred alpha diffusion coefficients aresimilar to the 1 MeV triton diffusion coefficient obtained from the DD tritonburnup measurements on TFTR. This implies that this good alpha

88confinement is not just a property of DT plasmas, but is most likely aproperty of fast ions in all TFTR plasmas. The observed decrease of the fastion diffusion coefficients with increasing fast ion energy suggested by Fig.44 is at least qualitatively consistent with the model of spatial orbit-averaging (Sec. 1.2), but a quantitative test of this model has not yet beencarried out, in part due to large uncertainties about the structure of theinternal plasma turbulence.In cases where the alpha particle confinement was best, i.e. in MHD-quiescent plasmas, it was seen that the alpha thermalization process wasconsistent with the classical collisional models. This was most clearly seenfor alphas measured near the plasma center by both the PCX (e.g. Fig. 15)and a-CHERS (e.g. Fig. 22). Although there was also evidence for anunexpected loss of partially thermalized alphas at the vessel bottom (Sec.2.2), this was at least qualitatively explained as collisional TF ripple loss[65]. Thus there is no unambiguous evidence for any non-classical alphadiffusion or loss in MHD-quiescent TFTR DT discharges.8.2 Effects of MHD and RF Waves on Alpha BehaviorThe overall conclusion from these experiments is that MHD and RFwaves certainly did affect alpha particles in TFTR, but that these effects donot significantly degrade the normally good global alpha particleconfinement. However, it should be emphasized that this statement isbased on a limited set of data and modeling, and that all of theseinteractions depend strongly on the details of the MHD and RF waveamplitudes and spectra.A list of the various MHD and RF-alpha interactions studied in TFTRis shown in Table 7, ordered in terms of their characteristic frequency. The

89most complete data and analysis was done for the sawtooth crash effect,which was observed in all three alpha diagnostics. All the other MHD andRF interactions were observed only in the alpha loss detectors, with theexception of a possible TAE interaction seen in the PCX data (Sec. 3.3.2), andICE emission observed using magnetic pickup loops (Sec. 7.3). This waslargely because lost alpha detectors took data with good time resolution foralmost every DT discharge, whereas the other alpha diagnostics were onlyused under specific experimental circumstances, usually in the absence ofMHD or RF (see Sec. 8.3).An internal redistribution of confined alphas due to the sawtoothcrash was observed in both the PCX, which measured only deeply trappedalphas (Sec. 3.3.1), and a-CHERS, which was dominated by passing alphas(Sec. 4.3). In a few cases, alpha loss was also observed at sawtooth crashes(Sec. 2.1.4). In the best studied case (I=2.0 MA), the a-CHERS diagnosticshowed that alphas were significantly redistributed from inside to outsidethe q=1 surface with no apparent loss of alpha particle density (Fig. 25).This result was at least qualitatively consistent with both the PCX and lostalpha measurements, which showed a strong internal redistribution of thetrapped alphas (Fig. 18), and no significant alpha loss at the crash.Theoretical analysis and modeling of the sawtooth crash has beenapplied in various ways to explain this behavior. The data from a-CHERSwas successfully explained using a simple magnetic reconnection model inwhich the alpha density was moved radially along with the magnetic fluxsurfaces, without considering the detailed time evolution or alphadistribution function. The relatively larger radial redistribution seen in thePCX data for trapped alphas could not be explained by this simplereconnection model, but needed the addition of a model for the transienthelical electric field, which further changed the alpha particle energy andthe position of trapped orbits (Sec. 3.3.1). An analysis of this redistribution

90based on the time-dependent orbit dynamics was tried [175], but was limitedby a lack of knowledge of the actual internal perturbations. An analysis ofthe alpha loss data based on the energy and pitch angle dependentreconnection model is in progress [72]. In general, these models canexplain the existing data to within the joint uncertainty of the alpha particlemeasurements and the sawtooth dynamics, and so could be applied tofuture machines like ITER.The effects of the other types of MHD listed in Table 7 (and describedin Secs. 2, 6, and 7) were less well understood, since there were fewcontrolled experiments with these waves "on" and "off", such as were donefor the sawtooth crash effect. There was also limited knowledge of theinternal structure and amplitudes of the relevant waves, and an absence ofdata on the confined alpha populations.The best studied MHD-alpha interaction was for the KBM mode [176],and the best studied RF-fusion product interaction was for the ICRF fastwave [148]. In both cases a theoretical model was successful in explainingthe relative increase in the lost alpha signals to within about a factor of two.In most of the other cases an effect was seen in the lost alpha signals, butthe modeling is still incomplete [67]. Despite this lack of experimentalverification, the theory of MHD and RF effects on alphas is fairly welldeveloped and can serve as the basis for calculations of alpha effects infuture machines.The most important experiment on MHD-alpha interactions in theTFTR DT run was the observation of the alpha driven TAE mode (Sec. 6).However, there was only one piece of evidence for an effect of this wave onthe alpha particle behavior, as shown in the PCX data of Fig. 19. Nosystematic measurements were made using a-CHERS, and this TAE wasso small and transient that there was no significant alpha particle loss.

91Much more work is needed to evaluate the effect of collective alphainstability on alpha particle confinement.8.3 Alpha Particle Driven InstabilitiesThe DT experiments on TFTR greatly advanced our understanding oftoroidal Alfv�n eigenmodes (TAEs) and their interaction with fusion alphaparticles. These experiments demonstrated the value of TAE theory as apredictive tool for the stability analysis of tokamak plasmas.The observation of low-n alpha-driven TAEs in weak magnetic sheardischarges in TFTR confirmed the critical role of the q-profile in modestability. These experiments should be followed up on other tokamaksexperiments in which magnetic shear modification is used to accessregimes of enhanced plasma confinement. Other features of advancedtokamak performance such as strong flow shear, steep pressure gradientand large radial electric field should also be evaluated with respect to theireffect on fast ion-driven TAE stability.The most unstable TAE n-number is expected to increase withmachine size, since the most unstable modes are in the range kpolra~1,a n d since the alpha gyroradius is fixed by the toroidal field. Thus existing alphaparticle e x p e r i m e n t s can notdirectly s i m u l a t e theh i g h - n TAE s p e c t r u m expected in fusion reactors thesize ofITER (n=10-50). Also, thec e n t r a l l y peaked a l p h a - p a r t i c l e p r e s s u r e gradient in present p l a s m a s may notbeafeature of fusion reactors operating with broader p r e s s u r e profiles. Thus areactor-relevant goal offuture alpha particle s i m u l a t i o n e x p e r i m e n t s would betovary thetoroidal m a g n e t i c field and fast ion p r e s s u r e g r a d i e n t to verify the scalings of TAE instability.

92The reactor relevance of TAEs also needs to be assessed in alternateconfinement schemes such as spherical tokamaks and quasi-axisymmetrictokamaks. In spherical tokamaks such as NSTX and MAST, neutral beamions far exceed the Alfv�n velocity, implying the potential to excite TAEs.The small aspect ratio, high beta and low magnetic field of these devicesopens up an entirely new regimes for studying the basic physics of Alfv�neigenmodes and for assessing their reactor relevance in alternateconfinement schemes.It should be noted that there was no clear experimental evidence forany alpha-driven high-n kinetic ballooning modes (KBM) or beta-inducedAlfv�n eigenmodes (BAE) in TFTR, even though the effect of KBMs on alphaloss was seen in some high beta discharges [176]. Similar MHD activitywas observed in comparable DD discharges [131,176], and the presence ofany possible alpha drive was not isolated in the DT cases. However, earlytheoretical predictions for an alpha particle-induced reduction in the KBMinstability threshold [3,177,178] were not explicitly tested on TFTR, so it ispossible that such effects were simply unobservable in the DT discharges.8.4 Alpha Particle DiagnosticsThe alpha particle diagnostics on TFTR were very successful, giventhat they all involved substantial technical challenges and were tested inDT for the first time during these TFTR experiments. This section reviewsthe overall performance and limitations of these diagnostics, and points topotential improvements for future experiments.The main limitation of the confined alpha diagnostics (PCX, a-CHERS) was that each required very special plasma conditions to operate,so the confined alpha data was not available for most of the DT experiments.For example, the a-CHERS could only operate with a relatively low electron

93density and low neutron background, due to visible bremsstrahlung andfiberoptic flourescence, respectively, so most of its data was taken after themain DT source was turned off. This limitation could in principle beovercome with beam modulation and/or additional shielding on thefiberoptics of a-CHERS, but the PCX requirement for pellet penetration wasnot achievable during high power NBI on TFTR. However, passive double-charge exchange of alphas on intrinsic impurities has recently beendemonstrated on JET [179], and may be more suitable for futureexperiments.The main limitation of the alpha loss detectors was their very smallapertures (» 0.01 cm2), so they could only m e a s u r e thealpha loss t h r o u g h afew s m a l l " k e y h o l e s " atthewall. A l t h o u g h thescintillator detectors g a v e verydetailed local i n f o r m a t i o n on alpha loss for almost everyDTshot, itwas notpossible tor e c o n s t r u c t theglobal alpha loss from this data set.Ideally, a l a r g e - a r e a alpha loss m e a s u r e m e n t should also beavailable toevaluate thespatial distribution ofglobal loss, even if itlacks energy, t i m e , a n d / o r pitch angle resolution. This might bedone bym e a s u r i n g thew a l l s u r f a c e temperature rise due toalphas, or perhaps u s i n g a large a l p h a collector panel. However, s u c h a panel probablyneeds toberemovable f o r analysis, and also must withstand thehighest levelofalpha heat flux tomake the relevant measurements.The other alpha diagnostics which were either tried or considered f o r TFTR were listed in Table 4. Of these, perhaps the most effort was made o n thecollective T h o m s o n scattering u s i n g a gyrotron source. Ideally, t h i s could have provided a n o n - p e r t u r b i n g m e a s u r e m e n t oftheconfined a l p h a distribution function, butno alpha m e a s u r e m e n t s were made due toacombination of diagnostic and m o d e l i n g difficulties. Some p r o g r e s s in t h i s area has beenmade atJET[180],butas ofthis writing no a l p h a measurements have been made this way.

94The greatest need for improved alpha diagnostics is to evaluate theTF ripple and/or MHD/RF wave-induced alpha transport, since data onthese effects is presently very limited. Particularly useful would be a way toroutinely measure rapid time variations of the confined and lost alphapopulations, such as due to sawteeth or TAE modes. Such confined alphameasurements would need to be accurate to better than » 10% to identify theglobal loss due to these effects, and alpha loss measurements would need tomeasure a global alpha loss level of £10%.8.5 Alpha Particle ModelingThe basic features of classical alpha behavior in TFTR weresatisfactorily modeled in the TRANSP code [14,19], while more specializedcodes were used to treat specific physics issues, e.g. the Lorentz ORBIT codefor alpha loss [8,57], the ORBIT code for TF ripple loss [13,15,17], the FPPTcode for sawtooth redistribution [87,90], and the NOVA-K [126,134] andORNL [136] models for TAE instability studies. The analysis functions ofthese codes are summarized briefly in Table 8.There are a few classical effects which should be added into TRANSPand/or ORBIT alpha modeling codes used to interpret experimental data.For example, neither these codes nor the Fokker-Planck alpha modelingcodes [65,181] presently includes the Doppler broadening of the alpha birthenergy, which can be up to about – 0.5 MeV for beam-target reactions inTFTR. Also, neither TRANSP nor ORBIT have an accurate model of thevacuum region between the plasma boundary and the vessel wall, whichcan be important in determining the location of the alpha loss [65]. Finally,these codes do not calculate the charge exchange of alphas on impurityions, which is interesting for diagnostic purposes [32,179], nor do they havea realistic enough model the 3-D structure of the first wall to calculate thespatial location of the alpha ripple loss.

95There is a real need for a qualitative improvement in the speed of theMonte Carlo codes used for collisional TF ripple or MHD-induced alpha losscalculations. Progress has been made by following only those alphas whichare in sensitive regions of phase space [13,28], but many orders ofmagnitude higher computing speed is needed to calculate, for example, thelocal alpha heat load onto the first wall of a reactor to cm-scale accuracy.In the area of MHD- and RF-alpha interactions, the models generallyassume a simplified mode structure based on theory, since the internalfluctuating magnetic fields are not directly measured. However, thesemodels should be improved to match the available, but usually very complexdata, e.g. on the time evolution and structure of the sawtooth crash or thecoherent modes. Ideally, non-linear codes which include together both theMHD and the fast particle physics [182] should be used to interpret theexperimental data.Perhaps the greatest challenge for improved modeling is on the non-linear interactions between alpha-driven collective modes and alphaparticle transport, e.g. the effect of TAE modes on the internal redistributionof alphas in TFTR. Some progress has been made in the theory of thisinteraction [28,29,183-187], and in interpreting the TAE-induced transport ofNBI or RF tail ions due to TAE modes [188-191]. The results of such studieswould help to clarify the degree to which collective alpha effects will affectthe confinement of reactor-grade tokamak plasmas. 8.6 Implications for Future ExperimentsThis review of the TFTR alpha particle experiments leads to theoptimistic conclusion that, given this evidence for classical alpha behaviorin TFTR, it is very likely that efficient alpha particle heating will occur in

96future tokamak burning plasma experiments and reactors. This is largelydue to the general expectation that increased plasma size and current willtend to improve alpha confinement beyond the already good level seen inTFTR.However, there are also many open issues and uncertaintiesconcerning this assessment which motivate further research in this field.The leading issues in alpha particle physics which were left unresolved inthe TFTR DT experiments are:a) the potential non-linear consequences of alpha-driven instabilities suchas the TAE, particularly at the higher alpha pressure gradients and modenumbers expected in tokamak reactors, which could result in a significantloss of alpha confinement and perturbation of the background plasma,b) a quantitative understanding of the distribution of alpha ripple loss onthe first wall, particularly the effects of the vacuum fields and slightmisalignments in the surfaces, which could lead to overheating anddamage to the wall even at modest levels of global alpha ripple loss,c) an understanding of the effect of plasma turbulence on alpha transport,particularly the potential increase in alpha transport in future machineswhere the ratio of alpha orbit size to turbulence size scale decreases, as itmay in higher field and/or larger devices,d) development of active methods to control the profiles of alpha heatingand thermalized helium ash in future burning plasmas, particularly in"advanced" operating regimes in which these profiles may determineplasma confinement and stability.We hope these issues will be further explored in existing tokamakssuch as JET and JT-60U and also in some future tokamak ignition device.

97Acknowledgements: This review was prepared by just a few of those whocreated and analyzed the TFTR alpha particle experiments. We thank all ofthe TFTR group for their contributions to this work, particularly those whocontributed specific comments to the present manuscript, namely: M. Bell,C.Z. Cheng, G. Fu, N.J. Fisch, R.K. Fisher (GA), W.W. Heidbrink (Irvine),J.D. Strachan, and R.B. White. We also thank those who whose work onalpha physics is reviewed here, namely: V. Arunasalam, C.W. Barnes(LANL), S.H. Batha (Fusion Physics and Technology), R. Boivin, H.L. Berk(Texas), B.N. Breizman (Texas), C.E. Bush (ORNL), S. Cauffman, C.S.Chang (NYU), Z. Chang, G. Cottrell (JET), R.O. Dendy (UKAEA Culham),H.H. Duong (GA), E.D. Fredrickson, R.J. Fonck (Wisconsin), V.Goloborod’ko (Kiev), N. Gorelenkov (Ioffe), R.J. Hawryluk, R. Heeter, H.W.Herrmann, M. Herrmann, J. Hosea, D.L. Jassby, D.W. Johnson, L.C.Johnson, A.V. Krasilinikov (Troitsk), Ya. Kolesnichenko (Kiev), F.M.Levinton (Fusion Physics and Technology) J. Machuzak (MIT), R. Majeski,J. McChesney (GA), K.M. McGuire, G. McKee (Wisconsin), D.K. Mansfield,D.R. Mikkelsen, H.E. Mynick, R. Nazikian, S.F. Paul, P. Parks (GA), M.P.Petrov (Ioffe), S. Pitcher (Toronto), M.H. Redi, S. Reznik (Kiev), J.H. Rogers,A.L. Roquemore, E. Ruskov (GA), M. Sasao (NIFS), G. Schilling, J. Schivell,S.D. Scott, D.A. Spong (ORNL), E.J. Strait (GA), T. Thorson (Wisconsin), K.Tobita (JAERI), S. von Goeler, S. Wang (Heifei), R.B. White, K.L. Wong, G.A.Wurden (LANL), Y. Yakovenko (Kiev), and V. Yavorski (Kiev). Finally, wethank R.C. Davidson, H.P. Furth, R.J. Goldston, J.C. Hosea, D.M. Meade,and D. J. Sigmar (MIT), and J. van Dam (Texas) and K.M. Young for theirsustained support for these experiments.

98Figure Captions1) Projections onto a poloidal plane of typical 3.5 MeV alpha particle orbitsin TFTR are shown for a standard plasma with I= 2.5 MA, B= 5 T, andR=2.52 m. Each of these orbits starts from the same minor radius (r/a » 0.3),but has a different pitch angle with respect to the toroidal field. The alphagyroradius is » 5 cm, and the direction of the ion grad-B drift is downward.At the bottom is a map of the first-orbit loss region for an I=1.4 MA, R=2.52m case, which also shows the TF ripple loss region.2) Projections onto a poloidal plane of the guiding center of a typical 3.5MeV alpha particle orbit undergoing collisionless stochastic TF ripplediffusion are shown for a TFTR plasma with I=1.4 MA and R=2.52 m. Thebanana tip of this orbit started in a high TF ripple region at large majorradius and diffused vertically until the particle hit the limiter just below theouter midplane.3) Time dependences of the alpha particle parameters calculated byTRANSP are shown for the highest fusion power discharge in TFTR(#80539). Panel (a) shows the total fusion power and the central alphaheating rate, panel (b) shows the central alpha birth normalized to thecentral Alfv�n speed and the alpha particle thermalization time, and panel(c) shows the central alpha density and beta. There was an MHD event at3.8 s which caused a large influx of impurities, which in turn caused thefusion power and the central temperature to drop.4) Radial dependences of the alpha particle beta and the alpha birth speedrelative to the Alfv�n speed are shown, as calculated by TRANSP at 3.8 s forthe highest fusion power discharge in TFTR (#80539). The alpha pressureprofile is more peaked than the electron density profile, and the alphas aresuper- Alfv�nic over essentially all of their density profile.

995) Calculated global alpha particle loss fraction versus the magnitude ofthe assumed stationary helical perturbations are shown for an I=1.4 MA,R=2.52 m plasma in TFTR, as calculated by the ORBIT Monte Carlo code.For example, the MHD-induced alpha loss is smaller than the calculatedfirst-orbit loss for m(poloidal) / n(toroidal) = 2/1 magnetic island sizes belowabout 10 cm, which is the normally the largest size of low-n MHD modes inTFTR. The island width shown at the top for the m/n=2/1 mode only.6) A schematic illustration of the alpha diagnostic coverage in TFTR.7) A schematic drawing of the lost alpha scintillator detector design. Theinternal design the four detectors is similar (90�, 60�, 45�, and 20� below theouter midplane in the ion grad B drift direction), but only the midplane (20�)detector was radially movable. The lost alpha collector probe, based onmeasuring the helium deposited in thin foils, was also radially movableand located near the 90� scintillator detector.8) Alpha loss measured at the scintillator detector located 90� below theouter midplane versus plasma current. Each data point represents theneutron-normalized alpha loss integrated over pitch angle and gyroradiusfor one DT discharge, and the shaded region represents modeling of theexpected first-orbit alpha loss without radial diffusion, normalized to thedata at I=0.6 MA. The vertical bar at I=2.5 MA represents the calculatedalpha loss for Da=0.1m 2 /s, i m p l y i n g thattheradial diffusion for c o u n t e r - p a s s i n g alphas near thep l a s m a center was considerably less than this.The vertical axis also represents thea p p r o x i m a t e global alpha loss %calculated for each plasma current.9) Typical time-averaged 2-D patterns of alpha loss versus pitch angle a n d g y r o r a d i u s as m e a s u r e d bythe90� scintillator detector in TFTR. At bothlow and high plasma currents the centroids of the data are consistent withthe first-orbit loss of alphas. The width of the pitch angle distributions are

100consistent with the width of the expected distributions; the width of thegyroradius distributions are dominated by the instrumental width, but arealso consistent with 3.5 –1 MeV alphas.10) Radial profiles of DT alpha and DD fusion product loss near the outerlimiter as measured by the 20� (�midplane�) scintillator detector at I=2.0MA. Each data point represents the neutron-normalized loss for onedischarge in these radial detector scans. The measured signals increase asthe detector aperture is moved inward through the geometrical shadow ofthe outer limiter, suggesting that the stochastic TF ripple diffusion loss ishighly modified by the limiter shadowing effect. The profiles of DT and DDfusion product signals are similar, as expected from their similargyroradii.11) Measurements of the relative variation of alpha loss at the midplaneprobe for controlled variations of the q(r) profiles and toroidal fields inTFTR. The data points �x� are the neutron-normalized alpha loss forvarious discharges for a fixed radial aperture position. The solid bullets arethe global collisional ripple loss as calculated by the ORBIT code,normalized to the baseline I=1.4 MA case, and the open circles are the�collisionless� ripple loss. The lack of correspondence between the data andthe modeling is attributed to difficulty in calculating the local alpha rippleloss to the detector aperture.12) Measurements of the neutron-normalized DT alpha (o) and DD fusionproduct (x) loss to the scintillator detector 45� below the outer midplaneversus plasma current. The loss for both DT and DD fusion products peaksat I=1.8 MA, but does not follow the expected dependence of the first-orbitloss model. The solid curve is based on a collisional ripple loss model whichincludes an improved vacuum model and the poloidal shadowing of thelimiter [65].

10113) An example of MHD-induced alpha loss in TFTR. This I=2.3 MAdischarge had an m=2, n=1 mode just after the start of 27 MW of NBI at 3.3s. The magnetic fluctuations measured at the wall are correlated withfluctuations in the alpha loss measured at the 60� scintillator detector; thedetectors at 90� and 45� show less MHD-induced alpha loss. The peak alphaloss at the 60� detector during this MHD activity is about double the losswithout MHD activity.14) Alpha loss measurements made by the alpha collector probe 90� belowthe outer midplane. The top part shows the measurements for a dischargeat I=1.0 MA, and the bottom shows the measurements at I=1.8 MA. At 1.0MA the alpha loss agrees with the first-orbit loss model (shaded region), butat 1.8 MA the loss is up to 5 - 7 times higher than the first-orbit modelpredictions. This anomaly decreases significantly for the lower row ofdetector apertures, most likely due to a the shadowing effect of the limiterson alphas approaching the bottom row of detectors.15) In the upper panel, PCX measured alpha energy spectra near theplasma core are compared with FPPT simulations during the fully sloweddown phase (circles and solid curve) and partially slowed down phase(squares and dashed curve). The lower panel shows FPPT modeling of thealpha slowing down spectrum for the 1.0 s beam pulse to derive informationon the global alpha confinement time, tca. I n c o m p a r i s o n with theFPPTs i m u l a t i o n , thePCX alpha s l o w i n g down s p e c t r u m is consistent with a n alpha c o n f i n e m e n t time oftca /ta e >3.0. The a g r e e m e n t betweenm e a s u r e m e n t s and m o d e l i n g in this figure indicates thatalpha p a r t i c l e s thermalize classically in the core of MHD-quiescent discharges.16) The upper panel s h o w s thatradial profiles oftheconfined alphas a s m e a s u r e d bythePCX diagnostic in a sawtooth-free d i s c h a r g e (#84550)agree well with FPPTm o d e l i n g w h i c h i n c l u d e s stochastic ripple d i f f u s i o n .

102The measured alpha profiles were similar for all energies and weredelimited spatially by the Goldston-White-Boozer (GWB) stochastic rippleloss boundary for Ea =3.5MeV. The solid curve s h o w s theFPPTp r o f i l e s i m u l a t i o n for Ea =1.0MeV. The lower panel s h o w s thatin c o m p a r i s o n with theFPPTs i m u l a t i o n , thePCX radial profiles ofthealpha s i g n a l a r e consistent with a diffusion rate ofDa <0.01m2s-1. This is c o m p a r a b l e tothe neoclassical diffusivity and indicates thatthere is no s i g n i f i c a n t r a d i a l t r a n s p o r t . 17) Redistribution oftrapped alpha particles was m e a s u r e d bytheP C X diagnostic in r e v e r s e d - s h e a r d i s c h a r g e s in w h i c h thep l a s m a core r e g i o n was c h a r a c t e r i z e d byan elevatedq-factor, q(0)~4and negative m a g n e t i c shear. Depletion ofalpha particles in thecore and i n c r e a s e d p r o f i l e b r o a d e n i n g w i t h i n c r e a s i n g a l p h a e n e r g y w a s m e a s u r e d . 18) In the presence of strong sawtooth activity,alphas were depleted in thecore and redistributed to well outside the q = 1 radius, butwere notobservedbeyondthestochastic ripple boundary for theassociated energy. T h e observed broadening decreased with i n c r e a s i n g alpha energy. R e a s o n a b l e agreement is seen between the PCX sawtooth redistribution m e a s u r e m e n t s and theFPPTs i m u l a t i o n for bothpre-sawtooth radial profiles (squares -#84550) and the post-sawtooth redistribution (circles - #84549).19) Redistribution oftrapped alpha particles was m e a s u r e d bytheP C X diagnostic in thep r e s e n c e ofTAEs w h i c h had veryweak fluctuation levels~B/B ~ 10-5 in thecore. The redistribution became broader and m o r e depleted in thecore with i n c r e a s i n g alpha energy. S i g n i f i c a n t redistribution occurred only in conjunction with an elevated central q-factorq(0) ~ 2 or higher.

10320) Schematic diagram of a-CHERS sightlines and neutral beamtrajectories on TFTR.21) a-CHERS spectrum at r/a»0.3 in a DT supershot averaged over 0.4 s:measured () and calculated (�). Contributions from beam-neutral chargeexchange, halo neutral charge exchange, and alpha plume ions are shown.The absolutely calibrated experimental signals and TRANSP calculationsare an shown on the vertical axis.22) Time evolution of measured (¥) and calculated (�) a-CHERS spectraaveraged over 0.1 s in same discharge as for Fig. 21. The T NBI was turnedoff at 4.1 s, so these distributions show the thermalization of the alphadistribution after the alpha source is largely turned off.23) Radial profile of a-CHERS signals averaged over 0.15-0.6 MeV in DTsupershot discharges (¥). The shaded bands are calculated signals basedon the TRANSP code calculations of the alpha distribution function forassumed anomalous diffusivities of Da, a n o m =0 (neoclassical transport only),0.03,and0.1m2/s.24)P l a s m a p a r a m e t e r s for a-CHERS measurements of sawtoothredistribution of alphas: (a) neutral beam power), (b) neutron rate, and (c)Te(0). The sawtooth crash occurs just after the end of the T-NBI at 4.3 s.25)(a) thea-CHERS measurements of alpha density profiles beforesawtooth crash (t1) and at twotimes after thesawtooth c r a s h (t2 and t3).(b)them e a s u r e d post-crash alpha density profile attime t2 c o m p a r e d w i t h model profiles assuming various values of the alpha diffusivity.

10426) Central electron temperature 0.7 s after the start of neutral beaminjection versus the global plasma confinement time for D, DT and Tplasmas with major radii of 2.52 – 0.01 m, a toroidal field of 4.85 - 5 T,neutral beam power of 15 - 34 MW, and beam voltage of 98 - 107 kV. Theempirical scaling for Te(0)obtained from the1990TFTR Dp l a s m a s w i t h m a j o r radii of2.45m is s h o w n bytheshaded region, and thewidth oftheshaded region indicates the standard deviation in the 1990 scaling.27) (a) are the electron temperature profiles versus m a j o r r a d i u s 0.6s afterthe start of neutral beam injection for six DT plasmas with tE =0.155s,P fus= 4.5 MW and PNBI =24.2MW (solid line), and seventeen Dp l a s m a s w i t h global energy c o n f i n e m e n t time tE =0.15s and PNBI =24.7MW ( d a s h e d line). (b)theelectron temperature difference between theDTp l a s m a s a n d theDp l a s m a s ofpart (a) versus m a j o r radius, c o m p a r e d tothep r e d i c t e d temperature increase due to alpha heating from the time dependent k i n e t i c code, TRANSP (shaded region). (c) them e a s u r e d neutron e m i s s i o n s o u r c e profile measured by a multi-channel neutron collimator for the DT plasmasin (a), which should be similar to the alpha heating profile.28) The measured total neutron rate versus time and the calculated rate atwhich alpha particles are joining the population of t h e r m a l particles in theDTp l a s m a used for theh e l i u m ash m e a s u r e m e n t s . The shaded r e g i o n s indicate therelative powers and duration ofthetwoneutral beam h e a t i n g p h a s e s .29) The top panel shows the measured and modeled helium ash profileshapes just prior to the end of beam injection in discharges like that for Fig.28. The errors include uncertainties in the plume correction, beamattenuation, background emission subtraction, charge exchange emissionrates, photon statistics, and reproducibility of background carbon levels. Theshaded region represents the difference between the profile shapes that are

105predicted with and without the central alpha source, but with transport inboth cases. The bottom panel shows the modeled total helium ash sourceprofiles with and without anomalous thermal helium transport.30) Measured helium ash density evolution versus time compared withmodeling results based on TRANSP simulations of the alpha particleslowing down and subsequent transport and wall pumping of thermalizedash. Panels (a) and (b) show the effect of varying the assumed values of theanomalous thermal helium transport rates and alpha particle slowingdown times, respectively, at r/a=0.22. Panels (c) and (d) are the same forr/a=0.78. These results are most consistent with the assumption of classicalalpha slowing down to within about a factor-of-two uncertainty.31) Original calculation of the boundary of the TAE instability region in thespace of volume averaged ba versus V a / V A . The ba was a s s u m e d tod e c a y exponentially in minor radius with a decay length of La/a = 0.25 or 0.35. T h e trajectory in time oftheTRANSP DTs i m u l a t i o n is shown, with thel a r g e cross indicating the end of NBI. 32) Ratio of the calculated alpha particle TAE drive divided by the total TAEdamping for n=1-3 modes for the small and large He puffs made at 3.6-3.7 sduring DT supershots. This ratio was calculated to be £1 for all cases,implying TAEs should be stable, consistent with the experimental results ofFig. 32.33) Variation of the edge magnetic fluctuations levels from TAE modesgenerated mainly by ICRH hydrogen minority tail ions in DT versus DDdischarges. The magnitude of these TAE modes is larger in DT comparedwith DD discharges at the same applied RF power, suggesting that alphaparticles in the DT discharges are contributing to the drive for these TAEs.34) In part (a) are the radial profiles of ba and q(r) at ~150 ms following t u r n offofneutral beam heating in weak central shear d i s c h a r g e with a l p h a - driven TAE activity.I n part (b)are thec o r r e s p o n d i n g toroidicity i n d u c e d n=4gap in theshear Alfv�n s p e c t r u m atthetime ofobserved n=4activity.

106The gap structure is radially well aligned and the mode frequency (markedby the dashed line) occurs in the gap, as expected for TAEs. The dominantuncertainty in the gap frequency arises from the uncertainty in the centralsafety factor obtained from MSE measurements (w~VA/ q R ) . 35) Evolution ofDTneutral beam power, central ba,and central p l a s m a beta for a discharge in w h i c h TAEs appear in a n a r r o w time w i n d o w afterthetermination ofneutral beam injection (#95796). The contour plotofm a g n e t i c fluctuations versus frequency and time indicate multiple m o d e s near thecalculated TAE frequency atr/a » 0.3. The plasma parametersduring mode activity are: B=5 T, I=2.0 MA, R=2.52 m, ne(0)=4.3x1019cm-3,Te(0)=6keV, Ti(0)=15keV. Mode activityappears after thes l o w i n g down ofneutral beam ions (tBeam~80-100ms) butbefore thet h e r m a l i z a t i o n of3.5MeV alphas (ta~300 - 400 ms), and in the TAE r a n g e offrequency: ~TAE~200-250kHz.36) Calculated critical

ba ( )0

from NOVA-K at »150 ms after the end ofneutral beam injection for a supershot plasma with

ba » 0 15. %

(triangles),low q(0) with

ba » 0 07. %

(circles), and high q(0) plasma with

ba »0 02. %

(squares). Point-like symbols refer to theoretically calculated TAEthresholds based on small parametric scans about the measured q(0). Theshaded regions indicate the range of

and q(0) computed by TRANSPfor these discharges. For the q(0) scan, the q-profile at r/a>0.5 is held fixedwhile the central q is varied monotonically over a range comparable to theexperimental uncertainty in the q-profile measurement.37) Map of the phase observed on the reflectometer (open circles) for the n=2mode in (a), and the n=4 mode in (b), taken over a range of similar plasmaswith ~10% variation in toroidal field keeping q(a) constant. These plasmasshowed essentially identical TAE activity. In (b) the data corresponds to thetime of peak magnetic fluctuation level on the outer midplane of theplasma. The simulation of the reflectometer response (solid line) to twoGaussian density perturbations (dashed) is also shown. In (a) the twoGaussians are centered at r/a=0.32 with half width of r/a=0.1, while in (b)the two Gaussian density perturbations are located at r/a=0.45. The radialmode structure of low frequency n=2 mode is clearly anti-ballooning while

107the n=4 mode is strongly ballooning at the time of peak magnetic fluctuationlevel on the outer midplane. The data confirms the core localization of themodes to the region of weak central magnetic shear.38) Alpha particle loss rate per neutron and applied ICRF power in a TFTRDT discharge. There is an additional loss of alpha particles which issynchronous with the applied ICRF power, indicating that the ICRF wavesare inducing the loss of alpha particles. The baseline level of loss is due tofirst orbit loss. The spike of loss just before 3.4 s arises from an MHDinstability in the plasma.39) Pitch angle distributions of the alpha particle loss during two timeslices of the discharge shown in Fig. 38. One time slice is during the low-power phase of the ICRF modulation, and the other is at the high-powerphase. The additional alpha particle loss produced by the ICRF isconcentrated around the pitch angle of the fattest banana orbit, indicatingthat it probably arises from conversion of marginally passing orbits into fatbanana orbits by the ICRF waves.40) Alpha particle loss rate to 90� detector during ICRF heating as afunction of B. Points show measurements from experiment, and theshaded region shows the range of B over which marginally passing alphasare in Doppler shifted cyclotron resonance with the ICRF wave. TheFWHM of the range of interaction corresponds to a motion of the resonancelocation by 29 cm.41) Early (66 ms) and late (243 ms) ICE spectra from a DT supershot.Curves in (a) show the cyclotron frequencies (and their harmonics) forseveral species as a function of major radius. The measured frequencyspectrum early during NBI, (b), shows multiple harmonics of alphaparticles at the outboard edge of the plasma. Later, only frequenciesassociated with injected beam species, (c), are seen, as the alpha particlehas isotropized.

10842) Measurement of the alpha particle driven ion cyclotron emission (ICE)during a typical DT supershot. The edge electron density and ICE power inthe fa f u n d a m e n t a l are plottedas f u n c t i o n s oftime. Birth alpha p a r t i c l e s are sub-Alfv�nic in the plasma edge, and the f a fundamental is only excitedbriefly at the onset ofNBI. The line marked �ne-crit� designates the densityat which the edge Alfv�n velocity equals the alpha particle birth velocity. Fordensities below that line, the alphas are sub-Alfv�nic.43) Measurement of the alpha particle driven ICE during a DT L-modeshot. The same quantities are shown as in Fig. 42. In this case, Va0 > VAthroughout the beam injection phase. The fundamental is excited at theonset of NBI and persists until the beams are turned off.44) Estimates of the radial fast ion diffusion coefficient at r/a » 0.3-0.5 forvarious types of ions in TFTR. Three independent measurements of theradial alpha diffusion coefficient give D»0.03 m2 /s (within a factor ofabout3),w h i c h is c o m p a r a b l e or slightly less than theinferred D»0.1 m2 /s for 1M e V tritons m e a s u r e d bytheir burnup [174].T h e r m a l ions atE»20-30 keVhave typically D»1 m2 /s [25],and beam ions 0.05-0.2m 2 /s, bothofw h i c h appear to have a D which increases with r/a.

109Table 1: Alpha Particle Parameters in TFTR, JET, and ITERParameterTFTRJET*ITER [28] PFUS[MW]1 0 . 6 1 6 . 1 1 5 0 0 P�(0) [MW/m3]0.30.10.3� [s]0.40.71¤�/ a0.050.070.015n �(0) / ne(0) %0 . 3 0 . 4 0 . 3 ”� (0) %0.260.70.7ta[s]0 . 5 0 . 7 1 . 0 R�”�0.020.040.06V � / VA(0)1 . 6 1 . 6 1 . 9 * J. Cordey, private communication (1998)

110Table 2: Classical Alpha Confinement Calculations for TFTRI=1.0 MAI=2.0 MAFirst-orbit loss [8]» 10-15%» 3-5%TF ripple loss [15]» 5-10% » 10-20%

111Table 3 - Main Alpha Particle Diagnostics on TFTRMeasurementGeneral FeaturesTFTR SpecificationsAlpha source rate(14 MeV neutrons)[31]¥ fission detectors set forglobal neutron rate¥ global rate accurate to–15%¥ spatial resolution »10 cm,time resolution »20 kHzfor neutron fluctuations¥ 10 channel ZnS detectorsfor neutron profiles________________________________________________________________________Alpha loss(scintillators)[55]¥ P46 phosphor, opticalcoupling of images¥ 4 detectors, 20�, 45�, 60�and 90� below outermidplane¥ pitch/energy resolutionwith 0.02 cm2 apertures¥ » 1-4 MeV energy range¥ only midplane detectorwas radially movable¥ »100 kHz bandwidth fortotal loss , 60 Hz forimages________________________________________________________________________Fast confined alphas(pellet charge exchange)[90]¥ double charge exchangeon Li or B pellet cloud¥ » 0.5-4 MeV energy range¥ »10 cm spatial resolution¥1-2 pellets/shot,normally » 0.1-0.3 s afterNBI ends¥ pitch angle perpendicularto toroidal field________________________________________________________________________Slow confined alpha(a-CHERS)[97]¥ single charge exchangeon D NBI atoms¥ E £ 0.7 MeV energy range¥ 5 spatial channels withinr/a » 0.05-0.6¥ measures Doppler shiftedHe+ light (468.6 nm)¥ »0.1 s time resolution________________________________________________________________________

112...cont...Alpha ash(CHERS)[110]¥ single charge exchangeon D or T NBI¥ E£ 50 keV energy range¥ 17 spatial channels, 50ms time resolution¥ measures thermalHe+ light (468.6 nm)

113Table 4 - Additional Alpha Diagnostics Tested or Evaluated onTFTRAdvantagesDisadvantages Alpha collector foils[74]¥ radiation resistant¥ absolutely calibrated¥ needs ex vessel analysis¥ no intrinsic time resolutionIon cyclotron emission[152]¥ simple magnetic loops¥ signals difficult to interpretDiamond detectors [32]¥ good energy resolution¥ potential radiation damageHe � light emission[33]¥ potentially simpler thandouble charge exchange¥ requires impurity pellet topenetrate to region of interestMicrowave scattering [34]¥ potentially good spatialand energy resolution¥ needs high-poweredmicrowaves sourceAlpha nuclear reactions [35]¥ gamma radiation emittedfrom nuclei insideplasma¥ low signal/backgroundFaraday cup [36]¥ radiation resistant¥ small electrical signalsAlpha knock-on [37]¥ relatively simple detectorfor high energy neutrons¥ small signal in presentexperimentsAlpha heating of first wall[38]¥ large area coverage¥ simplicity¥ no pitch / energy resolution¥ backgrounds from plasmaFoil neutralization[39]¥ possible removal ofdetector to outside oftoroidal field¥ foil is fragile and can melt

114Table 5: TFTR Discharge with Highest Alpha Source Rate (#80539)Plasma current: I=2.7 MAToroidal field: B= 5.6 TMajor radius: R=2.52 mMinor radius: a=0.87 mPeak DT neutron rate SDT = 3.8 x 1018 n/sPeak fusion power: PFUS = 10.7 MWNeutral Beam power PNBI = 39.6 MWStoredenergy:W=6.9MJElectrondensity:ne(0)=1.0x1020m-3Electron temperature: Te(0) = 13 keVIon temperature: Ti(0) = 36 keVConfinement time: �E = 0.18 s<Zeff >=2.4bn = 1.8 (Troyon-normalized)

115Table 6: Main Alpha Particle Experiments in TFTR [reference]Sec. 2:Alpha Particle Loss versus Plasma Current [8]Search for Collisional Non-Prompt Alpha Loss [58]Effects of q(r) on Alpha Ripple Loss [62]Sec. 3:Pellet Charge Exchange Classical Measurements [89]Pellet Charge Exchange Sawtooth Measurement [91]Sec. 4:a -CHERS Slowing Down Measurement [98]a-CHERS Measurement with Sawteeth [102]Sec. 5:Alpha Particle Heating [119]Alpha Particle Ash Buildup [110]Sec. 6:Search for TAEs at Lowered Ion Temperature and Beta [129]Alpha Particle Effect on TAEs from ICRH Minority Tails [130]Search for Beta Induced Alfv�n Eigenmodes [131]Search for TAEs with High q(0) [132]Core Localized Alpha-Driven TAEs [139]Sec. 7:ICRH-Fusion Product Interactions [148]Fast Ion Channeling with IBW [173]

116Table 7 - Types of MHD- and RF-Alpha Interactions in TFTRInteractionFreq. Range (kHz)Relative Alpha Loss* locked modes<< 0.12tearing modes0.13ELMs [69]12fishbones [67]100.5disruptions [8,68]10100-1000sawtooth [67,91,102]10010BAE [131]100n.o.KBM [71,176]1002TAE [138]100<0.1AFM [711000IBW [173]105n.o.ICRF [148]1052ICE [152]> 105n.o.* maximum alpha loss in the scintillator detectors during these phenomena, normalized to alpha loss without these phenomenan.o. means not observed on TFTR DT discharges[ELM=edge localized mode, BAE= beta induced Alfven eigenmode, KBM=kineticballooning mode, TAE=toroidal Alfven eigenmode, AFM=Alfven frequency mode,IBW=ion Bernstein wave, ICE=ion cyclotron emission]

117 Table 8 - Some Alpha Particle Codes Used for TFTR DTExperimentsCodeName[ref]AnalysisFunctions TRANSP [14,19]classical calculation of time-dependent alphasource profiles, alpha pressure and distributionfunctions, and ripple loss (based on GWB model)ORBIT [13,17]guiding center calculations of alpha particleorbits with pitch angle scattering and slowing-down, TF ripple and MHD modes, for a steady-state magnetic equilibriumLorentz ORBIT [8,57]calculation of alpha first-orbit loss, finite-gyroradius effects, especially for the lost alphadetectorsFPPT [87,90]Fokker-Planck post-processor for TRANSP forcalculation of classical alpha particle distributionfunctions, especially for the PCX diagnosticNOVA-K [126,134]TAE stability analysis, including ideal MHDmode structure along with kinetic effectsORNL code [136]gyro-Landau fluid model of TAE stability alongwith model for fast ion population

118References1]HEIDBRINK, W.W., and SADLER, G., Nucl. Fusion 34 (1994) 535.2]BOSCH, H.-S., Fusion Products Bibliography, Max-Planck Institute ofPlasma Physics Report IPP 1/313, Feb. 1998.3]FURTH, H.P., GOLDSTON, R.J., ZWEBEN, S.J., and D.J. SIGMAR,Nucl. Fusion 30 (1990) 1799.4]ZWEBEN, S.J., FURTH, H.P., MIKKELSEN, D.R., REDI, M.H.,STRACHAN, J.D., Nucl. Fusion 28 (1988) 22305]STRACHAN, J.D., et al, Nucl Fusion 30 (1996) 11896]HIVELY, L.M. and MILEY, G.H., Nucl. Fusion 17 (1977) 10317]KOLESNICHENKO, YA. I., Nucl. Fusion 20 (1980) 7278]ZWEBEN, S.J., DARROW, D.S., HERRMANN, H.W., BATHA, S.H., etal, Nucl. Fusion 35 (1995) 8939]HUBA, J.D., NRL Plasma Formulary (1994), Office of Naval Research10]GOLOBOROD’KO, V. YA., et al, Nucl. Fusion 35 (1995) 152311]CHANG, C.S., et al, Phys. Plasmas 1 (1994) 385712]GOLDSTON, R.J., WHITE, R.B., BOOZER, A., Phys. Rev. Lett. 47 (1981)64713]WHITE, R.B., GOLDSTON, R.J., REDI, M.H., and BUDNY, R.V., Phys.Plasmas 3 (8) (1996) 3043; also WHITE, R.B. Phys. Rev. E 58 (1998) 177414]REDI, M.H., et al, Nucl. Fusion 35 (1995) 150915]REDI, M.H., et al, Nucl. Fusion 35 (1995) 119116]WHITE, R.B., and CHANCE, M.S., Phys. Fluids 27 (1984) 245517]REDI, M.H., et al , Phys. Plasmas 4 (1997) 400118]BUDNY, R.V., et al, Nucl. Fusion 32 (1992) 42919]BUDNY, R.V., et al, Nucl. Fusion 35 (1995) 149720]WHITE, R.B., MYNICK, H.E., Phys. Fluids B 1 (1989) 98021]MANFREDI, G., and DENDY, R.O., Phys. Rev. Lett. 76 (1990) 436022]MYRA, J., et al, Phys. Fluids B 5 (1993) 116023]MYNICK, H.E., ZWEBEN, S.J., Nucl. Fusion 32, (1992) 51824]FONCK, R.J., et al, Phys Rev. Letters 70 (1993) 3736

11925]EFTHIMION, P., et al, Phys. Rev. Lett. 75 (1995) 8526]HERRMANN, M., and FISCH, N.J., Phys. Rev. Lett. 79 (1997) 149527]SIGMAR, D.J., et al, Plasma Phys. Cont. Fusion 34 (1992) 184528]PUTVINSKI, S., Nucl. Fusion 38 (1998) 127529]ROMANELLI, F., et al, ITER �Energetic Particle Physics� in theITER Physics Basis Document, submitted to Nuclear Fusion (1998)30]ZWEBEN, S.J., et al, Plasma Phys. Controlled Fusion 39 (1997) A27531]VON GOELER, S., et al, Rev. Sci. Inst. 68 (1997) 54832]KRASILNIKOV, A.V., et al, to be published in Rev. Sci. Inst. (1998)33]SASAO, M., WURDEN, G.A., MANSFIELD, D.K., Fusion Engineeringand Design 34-35 (1197) 33334]MACHUZAK, J. S. et al, Rev. Sci. Inst. 68 (1997) 45835]CECIL, F.E., et al, Nucl. Inst. and Methods in Physics Research,A271 (1988) p. 54736]CECIL, F.E., et al, Rev. Sci. Inst. 68 (1997) 36137]FISHER, R.K., et al, Rev. Sci. Inst. 68 (1997) 110338]IKEDA, Y., et al, Nucl. Fusion 36 (1996) 75939]GERDIN, G., et al, Fusion Tech. 7 (1985) 18040]YOUNG, K.M., et al, Plasma Phys. and Contr. Fus. 34 (1992) 2000141]STRATTON, B.C., et al, paper IAEA-CN-69/OV4/2, 17th IAEA FusionEnergy Conference, Japan (1998)42]Proc. 4th IAEA Technical Committee Meeting on Alpha Particles inFusion Research 1995, Nucl. Fusion 35 Issue No. 12 (1995)43]Proc. 5th IAEA Technical Committee Meeting on Alpha Particles inFusion Research 1997, Nucl. Fusion 38 Issue No. 9 (1998)44]STRACHAN, J.D., et al, Plasma Phys. Control. Fusion 39 (1997) B10345]HAWRYLUK, R.J., Rev. Modern Physics 70 (1998) 53746]BELL, M.G., et al, Phys. Plasmas 4 (1997) 171447]MEADE, D., Fusion Eng. Des. 27 (1995) 1748]HOSEA, J., et al, Fusion Tech. 26 (1994) 38949]STRACHAN, J.D., et al, Nucl. Fusion 29 (1989) 16350]MURPHY, T.J., and STRACHAN, J.D., Nucl. Fusion 25 (1985) 383

12051]MILEY, G.H., KISLEV, H., Phys. Scripta T16 (1987) 15552]ELEVANT, T., A Preliminary Study of Charged Fusion ProductDiagnostics for JET, Royal Institute of Technology Report TRITA-PFU-84-04 (1984)53]SEILER, S., HENDEL, H., Bull. Am. Phys. Soc. 23, (1978) 70154]ZWEBEN, S.J., BOIVIN, R., DARROW, D., LOESER, D., MEDLEY,S.S., McSMITH, M., OWENS, D.K., ULRICKSON, M., Rev. Sci. Inst. 63(1992) 456555]DARROW, D.S., HERRMANN, H. W., JOHNSON, D. W., MARSALA,R. J., PALLADINO, R. W., ZWEBEN, S. J., Rev. Sci. Inst. 66 (1995) 47656]TUSZEWSKI, M., ZWEBEN, S.J., Rev. Sci. Inst. 64 (1993) 245957]FELT, J., et al, Rev. Sci. Instrum. 62 (1990) 326258]HERRMANN, H.W., Princeton Plasma Physics Laboratory Report#3214 (1996)59]BOIVIN, R., ZWEBEN, S.J., WHITE, R.B., Nucl. Fusion 33 (1993) 44960]BOIVIN, R., ZWEBEN, S.J., Phys. Fluids B 5 (1993) 155961]ZWEBEN, S.J., DARROW, D.S., HERRMANN, H.W., REDI, M.H.,SCHIVELL, J., WHITE, R.B., Nucl. Fusion 35 (1995) 144562]ZWEBEN, S.J., DARROW, D.S., et al, Nucl. Fusion 38 (1998) 73963]YAVORSKI, V., et al, Nucl. Fusion 38 (1998) 156564]ZWEBEN, S.J., et al, Proc. 21st EPS Conference on Cont. Fusion andPlasma Phys., Montpellier (1994) Vol. 18B part 1, p. 29065]YAVORSKI, V., et al, Proc. 17th IAEA Fusion Energy Conference,Yokohama, Japan (1998)66]ZWEBEN, S.J., BUSH, C.E., CHANG, C.S., CHANG, Z., et al, Phys.Plasmas 1 (1994) 146967]ZWEBEN, S.J., et al, �MHD-induced Alpha Loss in TFTR�, to besubmitted to Nuclear Fusion68]SEMENOV, I., et al, Physics of Plasmas (to be published, 1998)69]BUSH, C.E. et al, Phys. Plasmas 2 (1995) 236670]MYNICK, H.E., Phys. Fluids B 5 (1993) 246071]CHANG, Z., et al, Phys. Plasmas 4 (1997) 1610

12172]KOLESNICHENKO, Ya., et al, Proc. 17th IAEA Fusion EnergyConference, Yokohama, Japan (1998)73]LANGLEY, R.A., et al, Bull. Am. Phys. Soc. 29 (1984) 130974]HERRMANN, H.W., et al, Rev. Sci. Inst. 66 (1995) 35275]HERRMANN, H.W., et al, Nucl. Fusion 37 (1996) 29376]BASIUK, V., BECOULET, A., GRISOLIA, C., HUTTER, T.,MAYAUX, G., MARTIN, G., SAOUTIC, B., VARTANIAN, S., Nucl.Fusion 35 (1995) 159377]BASTASZ, R., BUCHENAUER, D., ZWEBEN, S.J., Rev. Sci. Inst. 61(1990) 319978]FISHER, R. K., et al., Rev. Sci. Instrum. 63 (1992) 4499.79]McCHESNEY, J. M., et al ., Rev. Sci. Instrum. 66 (1995) 348.80]PETROV, M. P., et al., Submitted to Physics of Plasmas (July, 1998).81]MEDLEY, S. S., et al., in Controlled Fusion and Plasma Physics (Proc.20th European. Conf. Lisbon, 1993), Vol. 17C, Part III, EuropeanPhysical Society, Geneva (1993) 1183.82]DUONG, H.H., et al., Rev. Sci. Instrum. 68 (1997) 340.83]MEDLEY, S. S., et al., Rev. Sci. Instrum. 67 (1996) 3122.84]McCHESNEY, J. M., et al., Phys. Plasmas 4 (1997) 381.85]FISHER, R. K., et al., Phys. Rev. Lett. 75 (1995) 846.86]KISLYAKOV, A. I., et al., Fusion Eng. and Design 34-35 (1997) 107.87]GORELENKOV, N. N., et al., Nucl. Fusion 37 (1997) 1053.88]DUONG, H. H., et al., Nucl. Fusion 37 (1997) 271.89]MEDLEY, S. S., et al., Plasma Phys. Control. Fusion 38 (1996) 1779.90]MEDLEY, S. S., et al., Nucl. Fusion 38, 1283 (1998).91]PETROV, M. P., et al ., Nucl. Fusion 35 (1995) 1437.92]KOLESNICHENKO, Ya. I., et al., Nucl. Fusion 32 (1992) 449.93] KOLESNICHENKO, Ya. I., et al., Phys. Plasmas 5 (1998) 296394]FISHER, R. K., et al., Rev. Sci. Instrum. 68 (1997) 336.95]STRATTON B.C., et al, Nucl. Fusion 34 (1994) 734.96]McKEE, G., et al, Rev. Sci. Instrum. 66 (1995) 643, and its references.97]McKEE, G., et al, Nucl. Fusion 37 (1997) 501.

12298]McKEE, G., et al, Phys. Rev. Lett. 75 (1995) 649.99]STRACHAN, J.D., et al. Phys. Rev. Lett. 72 (1994) 3526.100]JANEV, R.K., BOLEY, C.D., POST, D.E., Nucl. Fusion 29 (1989) 2125.101]VON HELLERMANN, M.G. et al., Plasma Phys. Controlled Fusion 33(1991) 1805.102]STRATTON, B.C., et al., Nucl. Fusion 36 (1996) 1586.103]KOLESNICHENKO, YA. I., et al., Phys. Rev. Lett. 68 (1992) 3881.104]KADOMTSEV, B.B., Sov. J. Plasma Phys. (Engl. Trans.) 1 (1976) 389.105]WESSON, J.A., Plasma Phys. Control. Fusion 28 (1986) 243.106]LEVINTON, F.M., et al., Phys. Fluids B 5 (1993) 2554.107]STRATTON, B.C., et al., Rev. Sci. Instrum. 68 (1997) 269.108]RAMSEY, A.T., et al., Rev. Sci. Instrum. 66 (1995) 871.109]TAYLOR, G., et al., Phys. Rev. Lett. 76 (1996) 2722.110]SYNAKOWSKI, E.J., et al., Phys. Rev. Lett. 75 (1995) 3689.111]SCOTT, S.D., et al., Phys. Scr. 51 (1995) 394.112]HAWRYLUK, R.J., et al., Phys. Rev. Lett. 72 (1994) 3530.113]SCOTT, S.D., et al., Phys. Plasmas 2 (1995) 2299.114] BUDNY, R.V., Nucl. Fusion 34 (1994) 1247.115]STRACHAN, J.D., et al., Nucl. Fusion 33 (1993) 991.116]STAUFFER, F.J., et al., Rev. Sci. Instrum. 56 (1985) 925.117] CAVALLO, A., et al., Rev. Sci. Instrum. 59 (1988) 889118]JOHNSON, L.C., et al., Rev. Sci. Instrum. 63 (1992) 4517.119]TAYLOR, G., et al., Plasma Phys. Controlled Fusion 34 (1994) 523.120]THOMAS, P.R., et al., Phys. Rev. Lett. 80 (1998) 5548.121]STRATTON, B.C., et al, in Proceedings of the IAEA TechnicalCommittee Meeting on Time Resolved Two- and Three- DimensionalPlasma Diagnostics, Nagoya, Japan (Internal Atomic EnergyAgency, Vienna, 1991), p.78.

123122]SYNAKOWSKI, E.J., et al., Phys. Fluids B5 (1993) 2215.123]REITER, D., et al., Nucl. Fusion 30 (1990) 2141.124]STRACHAN, J.D., ZWEBEN, S.J., BARNES, C.W., et al., in PlasmaPhysics and Controlled Nuclear Fusion Research 1988 (Proc. 12 Int.Conf. Nice, 1988), Vol. 1, International Atomic Energy Agency,Vienna (1989) 257.125]CHENG, C.Z., CHANCE, M.S., Phys. Fluids 29 (1986)126]CHENG, C.Z., FU, G.Y., MYNICK, H.E., et al., Plasma Physics andControlled Nuclear Fusion Research 1992 (Proc. 14th Int. Conf.Montreal, 1992), Vol. 2, IAEA, Vienna (1993) 51.127]CHENG, C.Z., FU, G.Y., VAN DAM, J.W., Proc of Joint Varenna-Lausanne Workshop on Theory of Fusion Plasmas, Lausanne,Switzerland; 1988 p. 259128]BUDNY, R.V., BELL, M.G., BIGLARI, H., et al., Nucl. Fusion 32 429(1992).129] ZWEBEN, S.J., BUDNY, R.V., CHENG, C.Z., et al., Nucl. Fusion 36(1997) 987.130]WONG, K.L., et al., Phys. Rev. Lett. 76 (1996) 2286.131]HEIDBRINK, W.W., et al, Nucl. Fusion 36 (1996) 1725132]BATHA, S.H., et al, Nucl. Fusion 35 (1995) 1463133]METT , R., MAHAJAN, S., Phys. Fluids B 4 (1992), 2885134]FU, G.Y., CHENG, C.Z., BUDNY, R.V., et al., Phys. Rev. Lett. 75 (1995)2336.135]FU, G.Y., NAZIKIAN, R., BUDNY, R.V., CHANG, Z., �Alpha ParticleDriven TAEs in TFTR DT Plasmas: Theory and Experiments� toappear in Phys. Plasmas (1998)136]SPONG, D., HEDRICK, C.L., CARRERAS, B.A., et al., Nucl. Fusion 35(1995) 1687.137]SPONG, D.A., et al., "Alpha-Driven Alfv�n Instabilities and VelocityShear Effect", 5th IAEA Technical Committee Meeting on AlphaParticles Sept. 8-11, 1997 Abingdon, UK.

124138]NAZIKIAN, R., FU, G.Y., BATHA, S.H., et al., Phys. Rev. Lett. 78(1997) 2976.139]NAZIKIAN, R., FU, G.Y., CHANG, Z., et al., Phys. Plasmas 5 (1998)1703.140]LEVINTON, F.M, FONCK, R.J., GAMMEL, G.M., et al., Phys. Rev.Lett. 63 (1989) 2060.141]MAZZUCATO, E., et al, Phys. Rev. Lett. 77 (1996) 3145.142]NAZIKIAN, R., MAZZUCATO, E., Rev. Sci. Instrum. 66 (1995) 392.143]SIGMAR, D.J., HSU, C.T., WHITE, R.B., CHENG, C.Z., Phys. Fluids B4 1506 (1992).144]BREIZMAN, B.N., BERK, H.L., PEKKER, M.S., PORCELLI, F.,STUPAKOV, G.V., WONG, K.L., et al., Phys. Plasmas 4 (1997) 1559.145]WU, Y., WHITE, R.B., CHEN, Y., ROSENBLUTH, M.N., Phys Plasmas2 (1995) 4555.146]ZWEBEN, S.J. et al., Nucl. Fusion 32(1992)1823147]LAM,N.T.,etal.,Nucl.Fusion 34 (1994) 1161148]DARROW, D.S., CHANG, C.-S., ZWEBEN, S.J., et al., Nucl. Fusion 36(1996) 1149]C. S., CHANG, S., COHEN, D., MAJESKI, M., REDI, S., ZWEBEN,Comments on Plasma Phys. and Cont. Fusion 18 (1997) 235.150]COTTRELL, G.A., et al., Nucl. Fusion 33 (1993) 1365151]GREENE, G. J., in Proceedings of the 17th International Conferenceon Controlled Fusion and Plasma Heating (European PhysicalSociety, Amsterdam, 1990), Vol. 14B(IV), p. 1540152]CAUFFMANN, S., MAJESKI, R., McCLEMENTS, K.G., DENDY, R.O.,Nucl. Fusion 35 (1995) 1597153] FISCH, N. J. and RAX, J.-M., Phys. Rev. Lett. 69, 612--615 (1992).154] FISCH, N. J. et al, Phys. Plasmas 2, (1995) 2375155]CHANG, C.S. et al., Phys. Fluids B 3 (1991) 3429156]CHEN, L., et al., Nucl. Fusion 28 (1988) 389157]YAMAGIWA, M., Phys. Plasmas 1 (1994) 205.

125158]KUSAMA, Y., TOBITA, K., KIMURA, H., et al., J. Nucl. Mat. 220-222(1995) 438159]IKEDA, Y., TOBITA, K., HAMAMATSU, K., et al., Nucl. Fusion 36(1996) 759160]DOLOC, C., MARTIN, G., in Proc. 20th EPS Conf. on ControlledFusion and Plasma Physics, Lisbon, July 1993 (EPS, Geneva: 1993)Vol. 17C, 893.161]FINKEN, K.H., et al., Phys. Rev. Lett. 73 (1994) 436162]McCLEMENTS, K. G., DENDY, R. O., LASHMORE-DAVIES, C. N.,COTTRELL, G. A., CAUFFMANN, S., MAJESKI, R., Phys. Plasmas3 (1996) 543163]DENDY, R. O., et al., Phys Plasmas 1 (1994) 1918164]GORELENKOV, N.N. CHENG, C.Z., Phys. Plasmas 2 (1995)165]GORELENKOV, N.N., CHENG, C.Z., Nucl. Fusion 35 (1995) 1743166]ARUNASALAM, V., J. Plasma Phys. 57 (1997) 523167]COPPI, B., Phys. Lett. 172A (1993) 439.168]FISCH, N. J. and HERRMANN, M. C., Plasma Phys. Controlled Nucl.Fusion (to appear, 1998).169]DARROW, D. S., ZWEBEN, S.J., CHANG, Z., et al., Nucl. Fusion 37(1997) 939.170]WHITE, R.B., FREDRICKSON, E., DARROW, D., et al., Phys. Plasmas2 (1995) 2871.171]HERRMANN, M.C., Ph.D. Thesis, Princeton University, May 1998.172]MAJESKI, R., et al., Phys. Rev. Lett. 76 (1996) 764173]DARROW, D. S. et al, Nuclear Fusion 35, 509--513 (1996).174]BARNES C.W., et al, Nucl. Fusion 38, (1998) 597175]ZHAO, Y., WHITE, R.B. Phys. Plasmas 4 (1997) 1103176]CHANG Z., et al, Phys. Rev. Letters 76 (1996) 1071177]SPONG, D. et al, Fusion Technology 18 (1990) 496178]REWOLDT, G., Nucl. Fusion 31 (1991) 2333179]KOROTKOV, A.A., GONDHALEKAR, A., STUART, A.J., Nucl. Fusion 3735 (1997)

126180]HOEKZEMA, J.A. et al, Rev. Sci. Inst. 68 (1998) 275181]O�BRIEN, M.R., COX, M., GARDNER, C.A., ZAJTSEV, F.S., Nucl. Fusion35, (1995) 1537182]PARK W., et al, Fusion Energy 1996, Vol. 2, p. 411, paper IAEA-CN-64/D-2-2183]SPONG, D. et al, Phys. Plasmas 1 (1994) 1503184]BREIZMAN, B.N., et al, Phys. Plasmas 4 (1997) 1559185]CANDY, J., et al, Phys. Plasmas 4 (1997) 2597186]BERK, H.L. et al, Phys. Rev. Lett. 76 (1996) 1256187]CHEN, Y. and WHITE, R.B., Phys. Plasmas 4 (1997) 3591188]WONG, K.L., et al, Phys. Plasmas 4 (1997) 393189]HEIDBRINK, W.W., DANIELSON, J.R., Jr., Phys. Plasmas 1 (1994)4120190]BERNABEI, S. et al, Proc. 17th IAEA Fusion Energy Conference,Yokohama, Japan (1998)191]KIMURA, H. et al, Nucl. Fusion 38 (1998) 1303