PPPL-3197, Preprint: October 1996, UC-420, 421, 424, 425, 426REVIEW OF D-T RESULTS FROM TFTRR.J. Hawryluk, Cris W.˚Barnes,1 S.˚Batha,2 M. Beer, M.G.˚Bell, R.˚Bell, H. Berk,3 M.˚Bitter, N.L.˚Bretz,R.˚Budny, C.E.˚Bush,4 S.˚Cauffman, C. S. Chang5, Z.˚Chang, C.Z.˚Cheng, D.S.˚Darrow, R. Dendy,6W.˚Dorland, L.˚Dudek, H. Duong,7 R.˚Durst,8 P.C.˚Efthimion, H.˚Evenson8 N. Fisch, R.˚Fisher,7 R.J.˚Fonck,8C. Forrest,7 E.˚Fredrickson, G.Y.˚Fu, H.P.˚Furth, N.˚Gorelenkov,9 B.˚Grek, L.R.˚Grisham, G.˚Hammett,W.˚Heidbrink,10 H.W.˚Herrmann, M. Herrmann, K.W.˚Hill, B. Hooper,15 J. Hosea, W.A. Houlberg,4M.˚Hughes,11 D.L.˚Jassby, F.C.˚Jobes, D.W.˚Johnson, R. Kaita, J.˚Kamperschroer, J.˚Kesner,12A.˚Krazilniknov,9 H.˚Kugel, A. Kumar13 P.H. LaMarche, B.˚LeBlanc, J.˚Levine, F.M.˚Levinton,2 Z. Lin,J.˚Machuzak,12 R.˚Majeski, D.K.˚Mansfield, E.˚Mazzucato, M.˚Mauel,14 J. McChesney,7 K.M.˚McGuire,G.˚McKee,8 D.M.˚Meade, S.S.˚Medley, D.R.˚Mikkelsen, S.V. Mirnov,9 D.˚Mueller, G. Navratil,14 R.˚Nazikian,B.˚Nevins15 M.˚Okabayashi, M.˚Osakabe,16 D.K.˚Owens, H.˚Park, W.˚Park, S.F.˚Paul, M.˚Petrov,17C.K.˚Phillips, M.˚Phillips,11 P. Phillips,3 A.˚Ramsey, M.H.˚Redi, G.˚Rewoldt, B. Rice,15 J.˚Rogers,A.L.˚Roquemore, E.˚Ruskov,10 S.A.˚Sabbagh,14 M.˚Sasao,16 G.˚Schilling, G.L.˚Schmidt, S.D.˚Scott,I.˚Semenov,9 C.H.˚Skinner, D. Spong,4 J.D.˚Strachan, E.J. Strait,7 B.C.˚Stratton, E.˚Synakowski,H.˚Takahashi, W.˚Tang, G.˚Taylor, S. von Goeler, A.˚von˚Halle, R.B.˚White, M.D. Williams, J.R.˚Wilson,K.L.˚Wong, G.A.˚Wurden,1 K.M.˚Young, M.C.˚Zarnstorff, and S.J.˚ZwebenPlasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543 USA

1 Los Alamos National Laboratory, Los Alamos, New Mexico2 Fusion Physics and Technology, Torrance, California3 University of Texas, Fusion Research Center, Austin, Texas4 Oak Ridge National Laboratory, Oak Ridge, Tennessee5 Courant Institute, New York University, New York, New York6 Culham Laboratory, Abingdon, Oxford, England7 General Atomics, San Diego, California8 University of Wisconsin, Madison, Wisconsin9 TRINITI, Moscow, Russia10 University of California, Irvine, California11 Grumman Corporation, Princeton, New Jersey12 Massachusetts Institute of Technology, Cambridge, Massachusetts13 University of CA, Los Angeles, CA14 Columbia University, New York, New York15 Lawrence Livermore National Laboratory, Livermore, CA16 National Institute of Fusion Studies, Nagoya, Japan17 Ioffe Physical-Technical Institute, St. Petersburg, Russia

ABSTRACTDuring the D-T campaign on TFTR, safe andsuccessful operation has been demonstrated withtritium fuel enabling a broad range of physicsstudies. Transport studies have focused on theformation of internal transport barriers in theenhanced reversed shear regime. Current profilemodification has been employed to study MHDstability in both reversed shear and high lidischarges. Several important alpha physics topicshave been studied including the confinement andloss of alpha particles in both quiescent and MHDactive discharges and the effect of alpha-particleheating and alpha-particle destabilizationof TAE modes. Plans for future experiments arebeing discussed.IINTRODUCTIONThe integration of tokamak fusion physics andtechnology is not only critical to the execution ofcurrent experiments but even more important in thedesign of a reactor in which cost, availability, andsafety are of paramount concern. Extensivedeuterium-tritium (D-T) operations on the TokamakFusion Test Reactor (TFTR) have provided valuableexperience for the fusion community in the areas oflicensing, tritium handling, operations andmaintenance. Furthermore, successful and safeoperation of TFTR has enabled the exploration andunderstanding of the underlying plasma science of thecore of a reactor. The key physics issues in a reactorcore which are being studied on TFTR are:understanding of the plasma transport mechanisms toimprove confinement and control the pressure profileevolution; understanding and control of themechanisms responsible for magnetohydrodynamic(MHD) stability limits and improvement of bN* atlow n* and r*; and understanding alpha-particlephysics and control of alpha-particle interactionsincluding alpha power channeling to ions andelectrons and alpha ash removal. By improvingplasma confinement and simultaneously increasingthe MHD stability limits in advanced tokamakregimes, a broader range of alpha-particle physicsissues can be addressed in TFTR.IIMACHINE CONFIGURATIONSince the beginning of the D-T campaign onTFTR in November 1993, the machine capability hasbeen significantly enhanced.1,2 The maximumtoroidal field was increased from 5.2 to 6.0 T at R =2.48 m. This entailed reconfiguring the powersupplies, increasing the maximum power extractedfrom the motor generator sets from 950 MVA to1200 MVA and performing a comprehensiveintegrated system test to operate the coils beyondtheir nominal design point.The nearly circular TFTR plasma is limited byan inboard limiter composed of graphite and carbonfiber composite tiles mounted on a water-cooledinconnel backing plate. A set of outboard poloidallimiters composed of carbon fiber composite tiles isused to protect the RF launchers. The limiters cansustain heat fluxes of ~ 30 MW for 1 second. Athigher power and/or longer pulse durations carbonblooms occur.During the D-T experiments, neutral beamheating and RF heating in the ion cyclotron range offrequencies (ICRF) have been used on TFTR. TheTFTR neutral beam system is composed of fourbeams, each with three ion sources. The ion sourcescan operate either in deuterium or in tritium. Themaximum operating voltage is 120 kV and amaximum injected power into a D-T discharge hasbeen increased to 40 MW, compared to a designrating of 33 MW. 3,4The TFTR ICRF system utilizes four antennasto launch a fast magnetosonic wave into the plasma.The operating frequency has been varied in support ofdifferent experiments. Fast wave experiments wereconducted at 43 MHz utilizing 3He minority heatingand at 64 MHz utilizing hydrogen minority heating.Operation at 30 MHz is in support of modeconversion experiments in D-T plasmas in which thefast wave is converted into an ion Bernstein wave. Inaddition, mode conversion experiments have beenperformed at 43 MHz in deuterium-3He-tritiumplasmas.IIITRITIUM PROCESSINGDeuterium-tritium experiments imposeadditional requirements on the facility toaccommodate the use of tritium and the increasedmachine activation from D-T reactions.The TFTR tritium gas handling system isrestricted to 50 kCi in-process tritium.5 Byrestricting the tritium inventory, the accidentpotential is reduced to personnel working on-site aswell as to the general public. The tritium gas is brought on-site in an approved shipping canister andtransferred to a uranium bed, where it is stored. Theuranium bed is heated to transfer the gas to the neutralbeam or torus injection systems. The tritium is theninjected into the torus or neutral beam ion sources,and pumped by the cryopanels in the beam boxes.The gas on the cryopanels is transferred to the GasHolding Tank. The gas in the Gas Holding Tank isoxidized by the Torus Cleanup System and absorbedonto molecular sieve beds. These beds are shipped forreprocessing. More than 780 kCi of tritium havebeen processed from November 1993 to June 1996.Recently, a low-inventory cryodistillation system wasdeveloped to repurify the tritium on-site and decreasethe number of off-site shipments of oxidized tritium.This system is in the process of beingcommissioned.6,7Some of the tritium introduced into thevacuum vessel is retained on the graphite limiter andco-deposited layers on the walls. Retention of tritiumin the vacuum vessel walls and components isimportant for two reasons. The first is associatedwith regulatory considerations.8 The quantity oftritium retained must be accounted for since specialcontrols are imposed on the handling of tritium.9 OnTFTR, the quantity of tritium permitted in the vesselis restricted to < 20 kCi to limit release to theenvironment in the event of a major vacuum leak andsimultaneous failure of tritium containment systems.The second reason is that the interaction of theplasma with the limiter and walls results in theexchange of the hydrogenic species in the plasmawith the species embedded in the limiters and walls.This can affect the concentration of tritium anddeuterium in the discharge.Since the beginning of D-T operation, a largenumber of high power D-T (> 786) and D discharges(>17000) were performed. Removal of tritium fromthe vessel was accomplished by glow dischargecleaning with deuterium and He-O2 mixtures followedby a moist air purge of the vessel. The tritiumretention was reduced from 16.4 kCi to about 8.1kCi. It would have been possible to reduce thetritium further with additional time. The release oftritium due to exposure to air has also been studied.In a planned moist air purge experiment about 10% ofthe tritium was released from the vessel surfaces andsubsequently processed by the cleanup system.10Thus, the experience on TFTR has shown that it ispossible to control the quantity of tritium in thevessel within stringent regulatory requirements.IVD-T NEUTRONICSThe production of D-T neutrons has been usedto study effectiveness of shielding and machineactivation. Apart from its practical importance topresent operation, this is important to the design offuture D-T tokamak reactors.Due to the complexity of the tokamakstructure and the surrounding hardware, including theneutral beamlines and diagnostics, accuratesimulations of the effectiveness of machine shieldingare difficult to perform. The approach taken onTFTR was to augment the shielding calculationswith an extensive set of measurements duringdeuterium operation to characterize the shielding andthe consequent dose both within the facility and at thesite boundary.11 The results were then compared withexisting shielding calculations assuming a relativelysimple model for the machine structure which wasthen revised to take into account the additionalequipment in the Test Cell. The results of thecomparison of the original neutronics modeling withthe experimental measurements indicated that thecalculations were conservative.12 Prior to the D-Texperiments, supplementary local shielding(especially for sensitive diagnostic equipment) wasinstalled; however, the installation of a complex�igloo� shield around the tokamak was found to beunnecessary, resulting in significant cost savings aswell as facilitating maintenance of the machine. Therequirement for the design of the shielding on TFTRis that the dose at the site boundary from all sources(direct dose due to gammas and neutrons as well asfrom tritium and activated air) be less than 100 mSvper year. The dose from all pathways has been < 3mSv per year.Activation of the machine by high energyneutrons imposes operational constraints in presentmachines on maintenance and machinemodification.13,14 In TFTR, the level decreasesrapidly with distance from the vacuum vesselenabling routine hands-on maintenance on nearly allcomponents in the Test Cell except those very closeto the vessel. From November 1993 to September1995, 4.4x1020 neutrons were produced on TFTRresulting in a integrated yield of 1.2 GJ. After aweek of cooldown for the short lived isotopes in thestainless steel vessel, the contact dose of the vacuumvessel decreased to 1-2 mSv/hour. Neutronicssimulations of the activation of the vessel are inagreement (within a factor of 2) with the measuredactivation level and have provided a reliable guide forplanning and design. This level of machineactivation in TFTR experiments has enabled limitedhands-on maintenance with considerable attentionbeing given to reducing the duration of the task andproviding local shielding.For the long-term, one of the mostchallenging tasks for fusion energy development will be to develop low activation materials for a reactor.It is difficult to obtain reliable calculations of thenuclear cross-sections for reactions producing longlived half-life isotopes due to large uncertainties onfitted nuclear-model parameters. Present ex-perimentshave benchmarked the codes used to predict the levelof activation and specific experiments have beenperformed to document the activation of otherpossibly lower activation materials for the future.14,15VFUSION POWER PRODUCTIONOperation in both enhanced performanceregimes (supershots, high li as well as enhancedreverse shear) and L-mode have been conducted tostudy a wide range of physics topics. Theexperimental program has focused on operatingconditions which produce substantial fusion power,and hence can be used to study alpha and other D-Trelated issues in reactor relevant conditions. Thefollowing is a brief description of these enhancedperformance regimes and recent results.Strachan et al.16 demonstrated that byaggressively conditioning the walls to decrease therecycling of deuterium and carbon from the limiters,enhanced confinement discharges (supershots)characterized by peaked density profiles, with Ti > Teare obtained. Recently more aggressive wallconditioning techniques employing lithium pelletinjection have been used to further suppress theinflux of deuterium and carbon and to extend therange of operation. By means of lithiumconditioning, the plasma current in supershots hasbeen increased to 2.7 MA, the energy confinementtime to ~ 330 msec and values of nHYD (0)tE TI (0) of8.8 x 1020m-3 ¥s¥ keV have been achieved where tE* =WTOT/PTOT.17Enhanced confinement is important sincefusion power increases with the stored energy in theplasma as shown in Fig. 1. The maximum fusionpower which has been obtained is 10.7 MW in 2.7MA discharges at Bt = 5.5 T. 18 The total fusionyield from a single plasma pulse has reached 6.5 MJ.The fusion power densities achieved in highperformance TFTR supershots, 2.8 MW/m3, arecomparable to or greater than those expected in theInternational Thermonuclear Experimental Reactor(ITER). The highest value of Pfusion/Paux = 0.27. Themeasured fusion power is in good agreement withTRANSP analyses which are based on the measuredplasma profiles and beam parameters.048Etot (MJ)

PDT (MW)1050

Supershots

High li (expansion)

High li (ramp-down)

Rp = 2.52m0.35 £ PT-NB/PNB £ 0.85

� Etot1.7

Fig. 1 Dependence of the peak D-Tfusion power on total plasma energy in high-current (‡ 2.2 MA) supershots [squares], high-li(internal inductance) plasmas produced bycurrent rampdown from 2.3 MA to 1.5 MA[triangles] and high-li plasmas at 2.3 MAproduced by cross-section expansion of low-q(qa » 2.5) ohmically heated discharges[diamonds]. All plasmas have the same volumeand a near optimal mixture of D and T in thereactive region. The 2.3 MA high-li plasmasare calculated to have a stored energy limitagainst pressure-driven MHD instabilitiescomparable to the highest current supershots(2.7 MA) at higher toroidal field (5.5 T cf. 5.1T).In high-current, high-field supershot dischargesthe maximum stored plasma energy, and hence fusionpower, is now limited by the onset of a rapidlygrowing ballooning instability.19,20 The distortionsto the plasmas caused by a large ideal mode appear topush the plasma over the ballooning mode stabilityboundary. A three dimensional nonlinear MHD codehas successfully modeled the observed electrontemperature fluctuations.21 These simulationsindicate that the high n-mode becomes even morelocalized and produces a strong pressure bulge thatdestroys the flux surface, resulting in a thermalquench. This instability limits the maximum fusionpower achieved in supershots on TFTR.Since MHD stability at present limits themaximum fusion power attainable in TFTR, currentprofile modification has been used to increase theoperational parameter range. Two different operatingregimes, high-li and reversed shear, have been studied.In present high performance plasmas, thedischarge duration is less than the current relaxationtime. Thus by varying the time evolution of theplasma current, it is possible to change the current

profile within the plasma and experimentally evaluatethe effect of the current profile on confinement andstability. On TFTR, two approaches have been usedto obtain high li discharges. By ramping down theplasma current, it is possible to transiently increasethe peakedness of the current profile and increase theplasma internal inductance. Using this technique, theenergy confinement and plasma stability is increasedrelative to a discharge with a relaxed current profileand the same plasma current. This regime ofoperation on TFTR is called the high-li (or high bp)regime and has been studied in D-T discharges.22More recently another operational approach has beendeveloped in which the plasma is formed on the outerlimiter. The minor radius is restricted such that theedge q is ~ 2.5. The plasma is moved rapidly to theinner limiter and then allowed to expand to a near fullaperture discharge. This is similar to the k -expansion technique developed on DIII-D.23 Thecurrent profile expands relatively slowly and, duringthis phase, the internal inductance is higher. Thistechnique has the advantage that it is not necessary toachieve currents substantially greater than the finalcurrent to attain higher values of the internalinductance.At present, the maximum fusion powerproduced in the high-li regime is 8.2 MW with astored energy of 6 MJ, which is comparable to thatachieved in supershots with similar neutral beampowers as shown in Fig. 1. At this time, themaximum performance is not limited by stability,but by the confinement time. Further developmentof limiter wall coating techniques will enable a testof the stability limits.Theoretical studies including those in supportof the design of the Tokamak Physics Experimentpredicted that by creating a plasma core with reversedmagnetic shear it would be possible to reduce plasmatransport as well as to increase MHD stability.24,25The recent development of operational techniques tocreate this magnetic configuration coupled with newdiagnostics to measure the pitch of the magnetic fieldlines have resulted in rapid progress and exciting newresults on TFTR26, DIII-D27, and JT-60U.28To create reversed shear, the TFTR plasma isstarted at full size and the current is ramped up,forcing the current to form at the edge. Since thecurrent diffusion time is slower than the rise time ofthe total plasma current, the current density profile,j(r), is hollow during the ramp. A low power preludeheating phase raises the electron temperature from 2to 5 keV, decreasing the plasma resistivity andslowing the inward diffusion of current. This isfollowed by the main heating phase of up to 28 MWof beam injection. With variations of beam timingand total current, a range of configurations has beenproduced, with q(0) in the range from 2 to 5 and qminfrom 1.8 to 3 according to Motional Stark Effect(MSE) measurements.The confinement characteristics of reversedshear shots with less than Pinj~18 MW in the mainheating phase resemble supershots with the samemachine parameters. However, above a powerthreshold of 18 - 20 MW, the core transport changesabruptly at 0.2 - 0.3 sec into the main heating phasewithin the region of reversed shear. Originally theeffect was most clearly seen on the central densityevolution which rose by more than a factor of 2 in0.3 sec. Since the density outside the reversed shearregion changed little, the density profile following thetransition became very peaked, reaching values ofne(0)/<ne> ~ 4.2. The core electron temperatureincreased by 25%, and the ion temperature profilebroadened. In recent experiments, very sharp electrontemperature gradients (dTe/dr > 50 keV/m) have beenachieved in the region of the transport barrier asshown in Fig. 2.MAJOR RADIUS (m)

2.53.03.5Te(R)(keV)093260/93259ERSRS

DTe/dR > 50 keV/m

246Time = 2.497 sFig. 2The electron temperature is observed to developsharp gradients in enhanced reverse sheardischarges.At the transition, the inferred electron particlediffusivity in the region of the steepest gradient dropsby a factor of 10 - 50 to near neoclassical levels,while the ion thermal diffusivity falls to levels wellbelow predictions from conventional neoclassicaltheory.26 Possible explanations for the inferred sub-neoclassical ion thermal diffusivity are the violationof the assumptions of standard neoclassical theory,the presence of anomalous electron-ion coupling, or athermal pinch. Recent calculations by Lin et al.29indicate that a more comprehensive analysis ofneoclassical transport which considers orbitdimensions compared with pressure scale lengths is inbetter agreement with the data in the enhancedconfinement regime. Inasmuch as neoclassicaltransport is usually thought to be the minimum

transport possible, these results represent a dramaticimprovement in confinement and performance. Thelocal pressure gradient in flux coordinates in enhancedreversed shear (ERS) discharges is larger, by a factorof 3-5, than that in typical supershots withmonotonic q profiles, which very often have low-nMHD modes in the core. In the region of reversedshear, MHD activity is absent in ERS discharges asmeasured by the four channel reflectometer,suggesting that, as predicted by theory, reversed shearplasmas may indeed have greater local MHD stability.However, as the transport barrier moves into the weakor positive shear region, a rapidly growing MHDinstability is observed. The maximum pressureappears to be limited in this region by the infernalmode. Comparison of the structure of the observedand calculated mode are in good agreement, and thethreshold is in reasonable agreement.Theories developed to explain the transportbarrier formation in H-mode discharges30 are beinginvestigated to understand the formation of thetransport barrier in ERS discharges.31 The inferredshear in the radial electric field increases in the regionof the transport barrier after the transitions. Thegrowth in the shear is driven by the increasingpressure gradient in this region. A model forenhanced core confinement is being investigatedwhose central features are positive feedback betweenincreased pressure gradients, the accompanyinggrowth in electric field shear, and subsequentturbulence decorrelation and confinementimprovement. A competing hypothesis suggests thatgradients in the Shafranov shift of reversed shearplasmas lead to favorable drift precession of trappedelectrons, and subsequent reduction of turbulence-induced flows. The ERS transition has beencorrelated with the suppression of turbulence by theExB shear flow; that is when the shearing rate gs ”| Bo

/B) d/dr (Er/Bo

) | exceeds the linear growth rate ofthe turbulence. After the ERS transition, thefluctuation level in the core is dramatically suppressedaccording to reflectometer measurements.32Recent experiments on TFTR have extendedERS operational regimes from 1.6 MA to 2.2 MAand the region of reversed shear from rmin/a ~ 0.35 to~ 0.55 where rmin is the minor radius of the minimumvalue of q(r). Future experiments will extend theoperating regimes to higher pressure by controllingthe evolution of the current and pressure profile.Modification to the existing RF antennae are plannedfor installation later this year to provide such control.Mode conversion current drive from two four-strapantennae will be used to tailor the current profile andion Bernstein waves from a direct launch antenna tocontrol the transport barrier and hence the pressureprofile.VIICRF HEATING AND CURRENT DRIVEOn TFTR, ICRF heating and current drivehave been studied in D-T plasmas. ICRF wavephysics in D-T plasmas is complicated by thepossibility of multiple, spatially separated resonancesand by alpha particle damping which can competewith electron absorption in the fast-wave current-driveregime. A promising scenario for heating D-Tplasmas is fast wave absorption at the secondharmonic of the tritium cyclotron frequency, which isdegenerate with the 3He fundamental. Though coredamping is predicted to be acceptable, off-axisabsorption near the deuterium fundamental and ion-ion hybrid layer is predicted to compete with thesecond harmonic tritium core damping in tokamakswith moderate aspect ratio. In TFTR supershotplasmas, with the second harmonic tritium (2WT)layer coincident with the Shafranov-shifted axis at2.82 m, the 2WD/WH layer is out of the plasma onthe low field side, but the WD layer is in the plasmaon the high field side at 5.66 T, or R ~2.1 m.Experiments have been performed utilizing combinedICRF heating and neutral beam injection in D-Tplasmas.33,34 Second harmonic tritium heating with~5.5 MW (with a 2% 3He minority) in a plasma with23.5 MW of neutral beam injection (60% in T) hasresulted in an increase of the ion temperature from 26to 36 keV. The electron temperature increased from 8to 10.5 keV due to direct electron damping and 3Heminority tail heating. Similar results were obtainedin discharges in which no 3He was added. Because ofsignificant D (and minimal T) wall recycling, nT/newas only ~25% -30% in these plasmas. Despite thisrelatively low T concentration as much as 70% of theRF power was absorbed by the ions. Comparisonswith two independent full wave codes (PICES andTRANSP) show reasonable agreement with theobserved ratio of ion to electron absorption as deducedby power modulation techniques.35Majeski et al.36 proposed a novel techniqueusing the mode-converted ion Bernstein wave (IBW)excited at the ion-ion hybrid layer in a multiple ionspecies plasma (such as D-T) for electron heating orfor localized electron currents. In more conventionalICRF heating schemes, fast magnetosonic waveslaunched by antennas on the low-field side of themagnetic axis propagate into the core, whereabsorption by minority and/or majority ions occurs aswell as some mode conversion to IBW. In plasmasconsisting of a majority ion species plus a lowconcentration minority ion species, RF powerabsorbed by ions near the cyclotron resonance isenhanced by the presence of a nearby ion-ion hybridlayer. Experiments on TFTR have demonstrated strong highly localized electron heating in multipleion species plasmas with >80% of the ICRF powercoupled to electrons near the mode conversion surface,achieving electron temperatures of ~ 10 keV.Electron current drive has been demonstratedusing the mode-converted ion Bernstein wave byphasing the antenna. This technique has been used todrive 130 kA of on-axis and off-axis current. Theexperimentally observed RF driven current37 is ingood agreement with the predicted driven currentbased on the Ehst-Karney parametrization. Thecombination of high single pass absorption and theability to drive localized off-axis currents, makesmode conversion current drive a potentially attractivecurrent drive technique which can be used to modifythe current in the enhanced performance regimes.VIIALPHA PARTICLE STUDIESThe behavior of alpha particles from D-Treactions is a fundamental consideration for theperformance of a future D-T reactor. If a significantfraction of the alpha particles is not confined, thenthe nTt requirements for ignition will increase;however, the confinement of the resultant alpha ashmust be sufficiently short to avoid quenching thereaction. Also, if a small unanticipated fraction (afew percent) of the alpha particles is lost in a reactorsuch as ITER and the resulting heat flux is localized,damage to first-wall components could result. Thus,a detailed knowledge of alpha particle loss processesis vital to design the plasma facing components toavoid damage by energetic alpha particles.The loss of alpha particles to the plasmafacing components can be due to three genericmechanisms: first, single particle effects due to thestructure of the confining magnetic fields; second,alpha particle interactions with MHD instabilities andradio frequency waves; and third, alpha particleinteractions with instabilities which are driven by thepresence of alpha particles. The main examples ofsingle particle losses are first orbit losses, due toparticles born on fat banana orbits which intersect thewall, ripple trapping losses, where particles aremirror trapped between toroidal field coils and driftout of the confinement region, and stochastic toroidalfield ripple diffusion, where trapped particles withtheir banana tips in certain regions can diffuse to thewall due to stochasticity brought on by toroidal fieldripple.An extensive study of fusion product losseshas been performed. The results from the detector atthe bottom of the vessel (90o detector) duringquiescent D-T discharges match the predictions of thefirst orbit loss model in magnitude, Ip dependence,and in pitch angle distribution.38,39 Global first orbitlosses in TFTR are calculated to vary from 3% of thetotal source rate at Ip = 2.7 MA to about 50% at Ip=0.6 MA. Further analysis of the outer midplanedetectors is being performed to evaluate thecontribution from stochastic ripple diffusion.In major disruptions, losses of energetic alphasestimated to be up to 10% of the alpha populationhave been observed to occur in ~2˚ms during thethermal quench phase while the total current is stillunperturbed. Such losses, which are observed mainlyon the 90ß-detector and hence localized, couldpotentially have an impact on first-wall componentsin a reactor.The first direct evidence of alpha particle lossinduced by an MHD mode was due to a kineticballooning mode (KBM) in TFTR D-Texperiments.40 The kinetic ballooning modes aredriven by the sharp gradients in the plasma pressureprofile. These modes are localized around the peakplasma pressure gradient and have ballooningcharacteristics. An enhancement of up to a factor ofthree in the alpha particle loss to the 90o detector wascorrelated with a bursting kinetic ballooning mode.The resonant interaction of the waves with the alphaparticles results in the increased alpha particle loss.This has been simulated using a guiding center code.Similar KBMs are observed in D discharges; so themodes are not driven by the alpha particles but by thepressure gradients in the plasma.The distribution function of theconfined alpha particles on TFTR has been measuredusing the pellet-charge-exchange diagnostic andcharge exchange recombination spectroscopy. Thepellet-charge exchange diagnostic has obtained datawhen lithium or boron pellets was fired into 2.5 MAD-T shots, after the neutral beams had been turnedoff. The measured shape of the energy spectrum ofthe alphas in the range from 3.5 MeV down to 0.5MeV is in good agreement with a TRANSPcalculation of the predicted spectrum.41,42 The alphapopulation in the lower energy range, 0.1 - 0.6 MeV,has been detected by absolutely-calibratedspectrometry of charge-exchange recombinationemission. The measured spectrum agrees withTRANSP predictions both in the absolute intensities(within experimental error of 30%) and the spectraldependence, assuming classical collisional slowingdown and neoclassical confinement.43 Measurementsof the spatial profile agree with TRANSP, andconstrain the value of any anomalous radial diffusioncoefficient to less than 0.03 m2/sec, in addition tothe neoclassical coefficient which is estimated to be0.01-0.05 m2/sec.

Comparison of pellet charge exchange (PCX)measurements in the presence and absence of sawteethin the period following the D-T heating phase indicatethat the sawtooth activity transports trapped fastalphas radially outward as shown in Fig. 3.44 In thesesawtooth cases, no enhanced alpha loss appears on theedge scintillator probes, but the range in pitch angleswhich these detectors view does not include thenarrow range viewed by PCX. In addition, charge-exchange-recombination-spectroscopy has been usedto measure the alpha particles with energies up to 600keV in a D-T pulse soon after the T-beams have beenturned off, but with D-beams remaining on to allowthe measurement. The signal from these intermediateenergy alpha particles is observed to be smaller in adischarge where a sawtooth occurred prior to theobservation compared to one with a sawtooth after theobservation period.45 The effect of the sawtooth onthe alpha particles has been modeled and found to bein reasonable agreement with the measurements.RippleLossBoundary

q = 1

Major Radius (m)

AlphaDensity (a. u.)3.13.02.92.82.72.60.00.10.20.3

Ea= 1.21 MeV

Normalization

FPPTSimulation

Fig. 3 Pellet charge exchange measurements of thealpha distribution before and after a sawtoothcrash show a large radial redistribution of thealpha particles. The radius of the q = 1 surfaceis indicated as well as the ripple loss boundary.the measurements are in reasonable agreementwith the Fokker-Planck-Post TRANSP(FPPT) simulation which imports the alphadistribution from TRANSP and calculates theenergy distribution matching the pitch angleappropriate for PCX.The PCX diagnostic has also been used to testthe predictions of the stochastic ripple diffusionmodels which predict that in certain regions of theplasma the nearly perpendicular particles, which PCXmeasures, will be lost. As shown in Fig. 4, PCXresults are consistent with the energy and q scaling ofthe Goldston-White-Boozer formalism for the rippleloss threshold.46 Work is in progress to comparePCX data with the predictions of orbit followingcodes47 which in turn are used to specify the toroidalfield ripple requirements on ITER and other tokamakreactors.

ALPHA ENERGY (MeV)

0.000.501.001.502.002.503.003.504.00

THEORY

2.82.93.03.13.23.3

PCX DATAMAJOR RADIUS (cm)

2.702.752.802.852.902.953.00

CALCULATED RIPPLEBOUNDARY(m)

2.72.752.802.852.902.953.00

2.2-1.4 MA

0.6-1.4 MA

1.3 MA1.5 MA

2.0 MAEa = 3.5 MeVMEASUREDRIPPLEBOUNDARY (m)(a)(b)Fig. 4The pellet charge measurements of thestochastic ripple boundary are compared withthe predictions of the GWB stochastic ripplediffusion model. The data in (a) is consistentwith the predicted energy dependence and in (b)with the predicted variation with q.The production, transport, and removal ofhelium ash are issues that have a large impact indetermining both the size and cost of a future reactorsuch as ITER. D-T operation provides a uniqueopportunity to measure alpha ash production andtransport. Radial ash profiles have been made usingcharge-exchange recombination spectroscopy.Differences of the time history and amplitude of thethermal helium spectrum between similar D and D-Tsupershots allow the alpha ash profile to be deduced.These measurements have been compared topredictions from the TRANSP code, using transportcoefficients from earlier gas puffing experiments indeuterium plasmas and the TRANSP calculation ofalpha particle slowing-down and transport uponthermalization. The ash profiles are consistent withthe TRANSP modeling, indicating that the ashreadily transports from the central source region to theplasma edge. These measurements provide evidencethat, in the presence of a central helium ash source,the ash transport and confinement time are roughlyconsistent with gas puffing measurements, and

indicate that helium transport in the plasma core willnot be a fundamental limiting factor for heliumexhaust in a reactor with supershot-like transport.48Experiments are being performed to evaluate theconfinement of He and impurities within the transportbarrier in ERS discharges.Previous experiments in TFTR, JET, JT-60Uand DIII-D have shown that the toroidal Alfv�neigenmode (TAE) could be destabilized by theenergetic ion populations created either by neutralbeam injection (NBI) or ICRF heating.49 Theseinstabilities can be sufficiently strong to eject a largefraction of the fast particles and to damage first wallcomponents. The initial D-T experiments in TFTR,however, showed no signs of instability in the TAEfrequency range, and the alpha-particle loss rateremained a constant fraction of the alpha productionrate as the alpha pressure increased, suggesting thatdeleterious collective alpha instabilities were notbeing excited. Theory has since shown that, althoughTFTR achieves levels of the alpha-particle drivingterms nearly comparable to those of a reactor, thedamping of the mode in TFTR is generally strongerthan the alpha-particle drive. Experiments with ICRFhave found that the RF power threshold for the TAEinstability is 20% lower in D-T plasmas comparedwith similar D shots.50 Analysis suggests that this isdue to the fusion alpha particles.Recent theoretical calculations have shownthat the predicted alpha-driven TAE threshold issensitive to the q-profile and the plasma b. Verypreliminary results indicate the presence of a weaktoroidal Alfv�n eigenmode driven by alpha particlesjust after the high power heating phase has ended.During this phase, the beam ion density and plasmapressure is decaying more rapidly than the alphapressure. These interesting results are being studiedfurther to confirm the identity of this mode.In the highest performance supershots producedso far, the alpha-particle heating of the electronsamounts to only about 1˚MW out of a total of about10˚MW to the electrons, making its detectiondifficult. Nevertheless, the electron temperature risein D-T shots during beam injection is greater than inD-only or T-only shots.2,51,52 Recent analysisindicates that the change in electron temperature canbe attributed to both a-heating and isotope effects.52However, when the database is constrained to takeinto account the change in electron temperatureassociated with confinement, the residual change hasbeen determined to be in reasonable agreement withthe predicted alpha heating. Further experiments witha higher ratio of alpha heating to beam heating powerwill be required to evaluate the efficiency of alphaheating.Several techniques have been proposed to usealpha particle-wave interactions to more effectivelyutilize the alpha particles in a reactor.53,54,55,56 Bycoupling the alpha particles to a plasma wave whichthen deposits its energy in the plasma it istheoretically possible to: transfer the energy of alphaparticles preferentially to the ions and increase theplasma reactivity and reduce the alpha pressure;radially redistribute the alpha particles for alpha-ashcontrol; control the alpha-heating profile which mayenable pressure profile control in a tokamak; controlthe alpha-pressure profile which may further reducethe drive for adverse alpha particle instabilities; andtransfer momentum to the electrons for current drive.While it may not be possible to achieve all of theseobjectives simultaneously in a reactor, this approachoffers additional flexibility which may be importantto the operation of an advanced tokamak reactor whichrequires pressure and current profile control whileusing as little auxiliary power as possible.Experiments on TFTR have focused on understandingthe physics of energetic particle interaction withplasma waves which is a central issue for theseapproaches. The experiments have utilized a modeconverted fast wave. In D-3He plasmas, stronginteraction between the mode converted wave andbeam ions has resulted in strong beam ion heating.The pitch angle and energy of escaping energetic ionsare in reasonable agreement with alpha particle-wavemodel. In addition, experiments in D-3He with T gaspuffs have demonstrated strong interaction with alphaparticles. The recently modified 30 MHz ICRFsystem enables operation in D-T plasma without thecomplicating presence of 3He. Recent experimentshave demonstrated electron heating in a D-T plasmato establish the wave physics in this regime. Furtherexperiments will aim at demonstrating extraction ofenergy from the particles to the wave using amodified ICRF launcher with a more directed wavespectrum. These experiments are necessary to studythe physics required to establish the feasibility ofalpha channeling.VIIICONCLUSIONSSafe and successful operation of a D-Ttokamak has been demonstrated. During the 2 1/2years of operation with D-T, the TFTR device hasmet and exceeded the design requirements for thedevice, as well as fully satisfying the stringent safetyrequirements of the Department of Energy. This haspermitted the study of transport, MHD stability andalpha-particle physics in high performance and noveloperating regimes.The formation of an internal transport barrierin the enhanced reverse shear regime has dramaticallyreduced the ion heat and particle flux from the core.This is accompanied by a substantial reduction in core plasma fluctuations and a steepening of the plasmapressure gradients. Future experiments willconcentrate on understanding the physics of the barrierand on controlling the barrier by IBW.Recent results in the high li regime havedemonstrated good energy confinement and favorableMHD stability enabling the achievement of fusionpower production comparable to that achieved insupershots at similar powers. By means of moreaggressive wall conditioning techniques, it should bepossible to increase the energy confinement time andchallenge the MHD stability limits.Experiments in the reversed shear regime findthat ballooning modes are stable as predicted.However, as the transport barrier moves out towardthe region of weak or positive shear, infernal modesare observed. Future experiments will emphasizeimplementing techniques to control the pressure andcurrent profile using ion Bernstein waves to generatea transport barrier and mode conversion current drive.New and novel operating modes have advancedour understanding of alpha-particle physics. In thesupershot regime, the first indications of alphaheating have been observed. By increasing the MHDstability limits while simultaneously achievingenhanced confinement, these new operating regimeswill enable extension of the study of alpha heating.Furthermore in the weak shear regime, preliminaryresults indicate the onset of the alpha driven ToroidalAlfv�n Eigenmodes. Further experiments are plannedto validate the identification of these modes.Modification of the ICRF frequency to 30MHz has enabled the study of alpha particle-waveinteraction in a D-T plasma in order to test theunderlying physics concepts associated with alphachanneling.ACKNOWLEDGMENTSThe successful experiments on TFTR are theproduct of the hard work, creativity and dedication ofmany individuals not only at PPPL, but also fromcollaborating institutions. We are also grateful forthe encouragement and support by R.C. Davidson andR.J. Goldston. Work supported by the U. S.Department of Energy Contract No. DE-AC02-76-CH0-3073.REFERENCES1 J.D. Strachan, et al., �Deuterium and TritiumExperiments on TFTR,� Phys. Rev. Lett., 72, 3526(1994).2 R.J. Hawryluk, et al., �Review of Recent D-TExperiments from TFTR,� Phy. Rev. Lett., 72,3530 (1994).3 L. Grisham, et al., �Operations with Tritium NeutralBeams on the Tokamak Fusion Test Reactor,�Nuclear Instruments and Methods in Phys. Res.,B 9 9 , 353, 13th International Conference onApplication of Accelerators in Research and Industry,Denton, Texas (1995).4 T. Stevenson, et al., �The TFTR 40 MW NeutralBeam Injection System and D-T Operations,� 16thIEEE/NPSS Symposium on Fusion Engineering,Champaign, IL. Oct. 2-6 (1995).5 J.L. Anderson, et al., �Tritium Handling Experienceat TFTR,� IAEA, Fifteenth International Conferenceon Plasma Physics and Controlled Nuclear FusionResearch, Seville, Spain, Sept. 26 - Oct. 1, 1994, 2,681, IAEA, Vienna, Austria (1995).6 A. Busigin, et al., �Installation and Early Operationof a Complex Low Inventory Cryogenic DistillationSystem for the Princeton TFTR,� F u s i o n Technology, 28, 1312 (1995).7 S. Raftopoulos, et al., �Integration of the TritiumPurification System (TPS) into TFTR Operations,�16th IEEE/NPSS Symposium on FusionEngineering, Champaign, IL Oct. 2-6 (1995).8 J. DeLooper, �Fusion Safety Regulations in the US:Progress and Trends,� 11th Topical Meeting on theTechnology of Fusion Energy, New Orleans, LAJune 19-23, 1994, Fusion Technology, 26, 1051,(1994).9 P.H. LaMarche, et al., �Tritium Processing andManagement During D-T Experiments on TFTR,�11th Topical Meeting on the Technology of FusionEnergy, June 19 - 23, 1994, Fusion Technology,26, 427, New Orleans, LA (1994).10 C.H. Skinner, et al., �Measurements of TritiumRetention and Removal on TFTR,� to be publishedin J. Vac. Sci. Technol., PPPL Report 3172 (1996).11 H.W. Kugel, et al., �Measurements of TFTR D-TRadiation Shielding Efficiency,� Third InternationalSymposium on Fusion Nuclear Technology, LosAngeles, CA, June 27 - July 1, 1994, FusionEngineering and Design, 28, 534 (1995).12 L.P. Ku, S.L. Liew, �A Semi-Empirical AlgorithmFor Determining Radiation Field Characteristics inTFTR,� American Nuclear Society, Inc., 1062(1994).

13 J.R. Stencel, et al., �Radiation Protection Aspects ofFusion Reactors,� The Journal of Applied HealthPhysics, 11, 27 (1994).14 H.W. Kugel, et al., �Status of Tokamak Fusion TestReactor Neutron Activation,� Twelfth TopicalMeeting on the Technology of Fusion Energy, June16 - 20, Reno, NV (1996).15 A. Kumar, H.W. Kugel, G. Ascione, �ActivationExperiments at TFTR for Development of LowActivation Materials for ITER and DEMO,� TwelfthTopical Meeting on the Technology of FusionEnergy, June 16 - 20, Reno, NV (1996).16 J.D. Strachan, et al., �High-Temperature Plasmas inthe Tokamak Fusion Test Reactor,� Phys. Rev. Lett.,58, 1004 (1987).17 D. K. Mansfield, et al., �Enhanced Performance ofDeuterium-Tritium-Fueled Supershots UsingExtensive Lithium Conditioning in the TokamakFusion Test Reactor,� Physics of Plasmas, 2, 4252(1996).18 K.M. McGuire, et al., �Review of Deuterium-TritiumResults from the Tokamak Fusion Test Reactor,�Physics of Plasmas, 2, 2176 (1995).19 Y. Nagayama, et al., �Investigation of BallooningModes in High Poloidal Beta Plasmas in theTokamak Fusion Test Reactor,� Phys. Fluids, B5,2571 (1993).20 E.D. Fredrickson, et al., �Ballooning InstabilityPrecursors to High b Disruptions,� accepted forpublication in Phys. of Plasmas, PPPL Report 3149(1996).21 W. Park, et al., �High-b Disruption in Tokamaks,�Phys. Rev. Lett., 75, 1763 (1995).22 S.A. Sabbagh, et al., �Deuterium-Tritium TFTRPlasmas in the High Poloidal Beta Regime,� inIAEA, Fifteenth International Conference on PlasmaPhysics and Controlled Nuclear Fusion Research,Seville, Spain, Sept. 26 - Oct. 1, 1994, 1, 663,IAEA, Vienna, Austria (1995).23.L.L. Lao et al., �High Internal Inductance ImprovedConfinement H-mode Discharge Obtained with anElongation Ramp Technique in the DIII-D Tokamak,�Phys. Rev. Lett., 70, 3435 (1993).24 C. Kessel, et al., �Improved Plasma Performance inTokamaks with Negative Magnetic Shear,� Phys.Rev. Lett., 72, 1212 (1994).25 A.D. Turnbull, et al., �High Beta EnhancedConfinement in a Second Stable Core VH-ModeAdvanced Tokamak,� Phys. Rev. Lett., 74, 718(1995).26 F.M. Levinton, et al., �Improved Confinement withReversed Magnetic Shear in TFTR,� Phys. Rev.Lett., 75, 4417 (1995).27 E. J. Strait, et al., �Enhanced Confinement andStability in DIII-D Discharges with ReversedMagnetic Shear,� Phys. Rev. Lett., 75, 4421 (1996).28 T. Fujita, et al., �Internal Transport Barrier forElectrons in JT-60U Reversed Shear Discharges,�submitted for publication in Phys. Rev. Lett.,(1996).29 Z. Lin, W. Tang, W.W. Lee, �Neoclassical Transportin Enhanced Confinement Toroidal Plasmas,�Submitted for publication to Phys. Rev. Lett.,(1996).30T.S. Hahm and K. Burrell, �Flow Shear InducedFluctuation Suppression in Finite Aspect RatioShaped Tokamak Plasma,� Physics of Plasmas, 2,1648 (1995).31P.H. Diamond et al., �On the Transition to EnhancedConfinement in Reversed Magnetic Shear Discharge,�submitted for publication to Phys. Rev. Lett. (1996).32 E. Mazzucato, et al., �Turbulent Fluctuations inTFTR Configurations with Reversed MagneticShear,� accepted for publication in Phys. Rev. Lett.,(1996).33 G. Taylor, et al., �ICRF Heating of TFTR PlasmasFueled By Deuterium-Tritium Neutral BeamInjection,� Plasma Phys. Control Fusion , 38, 723(1996).34 J.R. Wilson, et al., �Ion Cyclotron Range ofFrequency Heating of a Deuterium-Tritium Plasmavia the Second-Harmonic Tritium CyclotronResonance, �Phys. Rev. Lett., 75, 842 (1995).35C.K. Phillips, et al., �Ion Cyclotron Range ofFrequencies Heating and Current Drive in Deuterium-Tritium Plasmas,� Physics of Plasmas, 2, 2429(1995).36 R. Majeski, et al., �Electron Heating and CurrentDrive by Mode Converted Slow Waves,� Phys. Rev.Lett., 73, 2204 (1994).

37 R. Majeski, et al., �Mode Conversion Heating andCurrent Drive Experiments in TFTR,� Phys. Rev.Lett., 76, 764 (1996).38 D.S. Darrow, S.J. Zweben, S. Batha, et al., �AlphaParticle Losses from Tokamak Fusion Test ReactorDeuterium-Tritium Plasmas,� Phys Plasmas, 3,1875-1800 (1996).39 S.J. Zweben, et al., �Alpha Particle Loss in theTFTR D-T Experiments,� Nuclear Fusion, 35, 893(1995).40 Z. Chang, et al., �First Observation of Alpha ParticleLoss Induced by Kinetic Ballooning Modes in TFTRDeuterium-Tritium Experiments,� Phys. Rev. Lett.,76, 1071 (1996).41 R.K. Fisher, et al., �Measurements of Fast ConfinedAlphas on TFTR,� Phys. Rev. Lett., 75, 846(1995).42 S.S. Medley, �Measurements of Confined Alphas andTritons in the MHD Quiescent Core of TFTRPlasmas Using the Pellet Charge ExchangeDiagnostic,� Plasma Phys. Contr. Fusion 38, 1(1996).43 G.R. McKee, et al., �Confined Alpha DistributionMeasurements in a Deuterium-Tritium TokamakPlasma,� Phys. Rev. Lett., 75, 649 (1995).44 M.P. Petrov, et al., �Studies of Energetic ConfinedAlphas Using The Pellet Charge ExchangeDiagnostic on TFTR,� Nucl. Fusion, 35, 1437(1995).45 B. Stratton, et al., �Observation of a SawtoothRedistribution of Nonthermal Confined AlphaParticles in TFTR Discharges,� submitted to NuclearFusion, PPPL Report 3180 (1996).46H.H. Duong, et al., �Effects of Toroidal Field Rippleon Confined Alpha Particles in TFTR,� Submitted toNucl. Fusion, PPPL Report 3178 (1996).47R.B. White, et al., �Ripple Induced Energetic ParticleLoss in Tokamaks,� Physics of Plasmas, in press(1996).48 E.J. Synakowski, et al., �Measurements of theProduction and Transport of Helium Ash in theTFTR Tokamak,� Phys. Rev. Lett., 75, 3689(1995).49 W.W. Heidbrink, G.J. Sadler, �The Behaviour of FastIons in Tokamak Experiments,� Nuclear Fusion, 34,535 (1994).50 K.L. Wong, et al., �First Evidence of CollectiveAlpha Particle Effect on Toroidal Alfv�n Eigenmodesin the TFTR D-T Experiment,� Phys. Rev. Lett.,76, 2286 (1996).51 R.V. Budny, et al., �Isotopic Mass and AlphaHeating Effects in TFTR D-T Plasmas,� EuropeanPhysical Society Conference on Controlled Fusionand Plasma Physics, June 27 - July 1, 1994,Published by European Society, Cadarache, France(1994).52 G. Taylor, et al., �Fusion Heating in a Deuterium-Tritium Tokamak Plasma,� Phy. Rev. Lett., 76,2722 (1996).53 N.J. Fisch, et al., �Interaction of Energetic AlphaParticles with Intense Lower Hybrid Waves,� Phys.Rev. Lett., 69, 612 (1992).54 N.J. Fisch, �Alpha Power Channeling using Ion-Bernstein Waves,� Physics of Plasmas, 2, (6), 2375(1995).55 H. Mynick and N. Pomphery, �Frequency Sweeping:A New Technique for Energy-Selective Transport,�Nuclear Fusion, 34, (9), 1277 (1994).56 C.T. Hsu, et al., �Particle Dynamics in Chirped-Frequency Fluctuations,� Phys. Rev. Lett., 72, 2503(1994).