1PPPL-3217, Preprint: November 1996, UC-420, 426PHYSICS OF HIGH PERFORMANCE DEUTERIUM-TRITIUMPLASMAS IN TFTR*K.M.˚MCGUIRE, C.W.˚BARNES,1 S.˚BATHA,2 M.˚BEER, M.G.˚BELL, R.E.˚BELL, A. BELOV,3 H. BERK,4S.˚BERNABEI, M.˚BITTER, B. BREIZMAN,4 N.L.˚BRETZ, R.˚BUDNY, C.E.˚BUSH,5 J. CALLEN,6 S.˚CAUFFMAN,C.S.˚CHANG,7 Z.˚CHANG, C.Z.˚CHENG, G.A.˚COTTRELL,8 D.S.˚DARROW, R.O.˚DENDY,9 W.˚DORLAND,4H.˚DUONG,10 P.C.˚EFTHIMION, D.˚ERNST,11 H.˚EVENSON, 6 N.J.˚FISCH, R.˚FISHER,10 R.J.˚FONCK,6 C.FOREST,10 E.D.˚FREDRICKSON, G.Y.˚FU, H.P.˚FURTH, N.N.˚GORELENKOV,3 V.Ya. GOLOBOROD�KO,12B.˚GREK, L.R.˚GRISHAM, G.W.˚HAMMETT, G.R.˚HANSON,5 R.J.˚HAWRYLUK, W.˚HEIDBRINK,13H.W.˚HERRMANN, M. HERRMANN,5, K.W.˚HILL, J. HOGAN,5 B.˚HOOPER,14 J.C.˚HOSEA, W.A.HOULBERG,5M.˚HUGHES,15 R.A.˚HULSE, D.L.˚JASSBY, F.C.˚JOBES, D.W.˚JOHNSON, R.˚KAITA, S.˚KAYE, J.˚KESNER,11J.S.˚KIM,7 M. KISSICK,6 A.V.˚KRASILNIKOV,3 H.˚KUGEL, A.˚KUMAR,16 N.T.˚LAM,7 P.˚LAMARCHE,B.˚LEBLANC, F.M.˚LEVINTON,2 C.˚LUDESCHER, J. MACHUZAK,11 R.P.˚MAJESKI, J.˚MANICKAM,D.K.˚MANSFIELD, M.˚MAUEL,17 E.˚MAZZUCATO, J.˚MCCHESNEY,11 D.C.˚MCCUNE, G.˚MCKEE,6D.M.˚MEADE, S.S.˚MEDLEY, R.˚MIKA, D.R.˚MIKKELSEN, S.V.˚MIRNOV,3 D.˚MUELLER, Y.˚NAGAYAMA,180G.A.˚NAVRATIL,17 R.˚NAZIKIAN, M.˚OKABAYASHI, D.K.˚OWENS, H.K.˚PARK, W.˚PARK, P.˚PARKS,10S.F.˚PAUL, M.P.˚PETROV,19 C.K.˚PHILLIPS, M.˚PHILLIPS,15 P.˚PHILLIPS,4 A.T.˚RAMSEY, M.H.˚REDI,G.˚REWOLDT, S. REZNIK,12 A.L.˚ROQUEMORE, J.˚ROGERS, E.˚RUSKOV,13 S.A.˚SABBAGH,17 M.˚SASAO,18G.˚SCHILLING, J.˚SCHIVELL, G.L.˚SCHMIDT, S.D.˚SCOTT, I.˚SEMENOV,3 T.˚SENKO, S.˚SESNIC,C.H.˚SKINNER, T.˚STEVENSON, E. J. STRAIT,10 B.C.˚STRATTON, J.D.˚STRACHAN, W.˚STODIEK,E.˚SYNAKOWSKI, H.˚TAKAHASHI, W.˚TANG, G.˚TAYLOR, J.˚TERRY, 11 M.E.˚THOMPSON, S.˚VON˚GOELER,A.˚VON HALLE, R.T.˚WALTERS, S.˚WANG,20 R.˚WHITE, R.M.˚WIELAND, M.˚WILLIAMS, J.R.˚WILSON,K.L.˚WONG, G.A.˚WURDEN,1 M.˚YAMADA, V.˚YAVORSKI,12 K.M.˚YOUNG, L.˚ZAKHAROV,M.C.˚ZARNSTORFF, S.J.˚ZWEBENPlasma Physics Laboratory, Princeton University, Princeton, New Jersey, 08543, USAAbstractDuring the past two years, deuterium-tritium (D-T) plasmas in the Tokamak Fusion TestReactor (TFTR) have been used to study fusion power production, isotope effects associated withtritium fueling, and alpha-particle physics in several operational regimes. The peak fusion powerhas been increased to 10.7˚MW in the supershot mode through the use of increased plasma currentand toroidal magnetic field and extensive lithium wall conditioning. The high-internal-inductance(high -li) regime in TFTR has been extended in plasma current and has achieved 8.7˚MW of fusionpower. Studies of the effects of tritium on confinement have now been carried out in ohmic, NBI-and ICRF- heated L-mode and reversed-shear plasmas. In general, there is an enhancement inconfinement time in D-T plasmas which is most pronounced in supershot and high-li discharges,weaker in L-mode plasmas with NBI and ICRF heating and smaller still in ohmic plasmas. Inreversed-shear discharges with sufficient deuterium-NBI heating power, internal transport barriershave been observed to form, leading to enhanced confinement. Large decreases in the ion heatconductivity and particle transport are inferred within the transport barrier. It appears that higherheating power is required to trigger the formation of a transport barrier with D-T NBI and theisotope effect on energy confinement is nearly absent in these enhanced reverse-shear plasmas.Many alpha-particle physics issues have been studied in the various operating regimes includingconfinement of the alpha particles, their redistribution by sawteeth, and their loss due to MHDinstabilities with low toroidal mode numbers. In weak-shear plasmas, alpha-particle destabilizationof a toroidal Alfv�n eigenmode has been observed.

21. INTRODUCTIONThe primary objective of TFTR has been to explore and understand the physics governingplasma confinement and stability under conditions approaching those in the core of a fusion powerreactor. Since operation with deuterium-tritium (D-T) fuel began in 1993, over 841 D-T dischargesproducing 1.2˚GJ of fusion energy have been made for systematic investigations of fusionperformance, effects associated with the use of tritium, and alpha-particle physics in a variety ofoperating regimes. These range from L-mode to enhanced performance regimes, includingsupershots, the high internal inductance (high-li) regime, the H-mode and the new enhancedreverse shear regime. These experiments have revealed important effects associated with the use oftritium and the behavior of alpha particles.We begin by describing the confinement and stability properties of the high-performanceoperational regimes used in the D-T campaigns on TFTR. This will be followed by discussions ofthe effects due to the tritium fuel and the physics of alpha particles.The plasmas in these experiments were run at a major radius of 2.45 — 2.62˚m, minor radius0.80˚— 0.97˚m, toroidal field at the plasma center 4.0 — 6.0˚Tesla, and plasma current 0.6 —2.7˚MA. The plasma boundary is defined by a large-area toroidal limiter composed of carbon-composite tiles in high heat flux regions and graphite tiles elsewhere. Deuterium and tritium neutralbeams with energies up to 115 keV were injected to heat and fuel the plasma with a total injectedpower up to 39.5˚MW. ICRF power up to 8˚MW has been used. A description of TFTR and of thetritium processing systems is given in [1] and references therein.2. FUSION POWER PRODUCTION2.1 Regimes of operations.The D-T experimental program in TFTR has focused on operating conditions which producesubstantial fusion power, and hence can be used to study alpha-particle and other D-T relatedissues in reactor relevant conditions.The first high-power D-T experiments were performed in supershot discharges [2]. Since then,the peak fusion power in TFTR has been extended to 10.7˚MW in supershot discharges [3], asshown in Fig. 1. In other discharges designed to extend the duration of the fusion pulse, 6.5˚MJ offusion energy per pulse has been obtained. The most significant change responsible for theincrease in peak fusion power has been increasing the toroidal magnetic field to 5.6˚T and theplasma current to 2.7˚MA in order to increase plasma stability [4]. To obtain supershots at this highcurrent requires coating the inner limiter with lithium to suppress recycling. New techniques oflithium deposition in situ have been developed [5]. Lithium pellet conditioning of the limiter hasnow produced a confinement time tE = 0.33˚s in a supershot with 17˚MW of tritium neutral beamheating, resulting in a record fusion triple product niÆTiÆtE* = 8.3˚· 1020˚m-3¥keV¥s, where tE* =Wtot/Pheat. A similar plasma with D-T neutral beam heating achieved a global Q (= Pfus/Pheat) of0.27 and a central Q of 0.6 — 0.7 with 21˚MW of neutral beam heating.As will be discussed below, the maximum stored energy and hence fusion power in supershotdischarges is limited by the onset of MHD instabilities. This has motivated the development ofother advanced tokamak regimes, in particular the high-li and reverse shear regimes, in which thecurrent and pressure profile are modified to improve MHD stability limits[6,7].Previously, Sabbagh et al. [8] reported the achievement of high values of normalized-b, bn,and fusion power at high li produced by ramping down the plasma current, demonstrating thepotential for increased stability. A new technique has been pioneered on TFTR [9] for generating

3high-li plasmas at high current, up to 2.3˚MA, by forming a plasma at low edge-q, < 2.5,increasing the current at constant q and then rapidly expanding the cross section at essentiallyconstant current to produce a final edge q of 4 - 4.5 at the start of high power NBI heating. Withextensive limiter conditioning by lithium pellet injection, confinement has been improved in theseplasmas such that Pfus = 8.7˚MW has been attained at modest parameters (2˚MA, 4.8˚T).Plasmas with reversed magnetic shear (¶q/¶r < 0) over the inner half of the minor radius havebeen produced in TFTR by rapidly ramping up the plasma current at maximum plasma cross-section while heating with NBI at power levels up to about 10˚MW to inhibit resistive penetrationof the current[10,11]. The co- and counter- tangential NBI during this �prelude� phase alsoprovides current drive for control of the final q-profile. After forming a reversed shear plasma, theNBI heating power is generally increased to study the confinement and stability properties. In thishigh-power phase, spontaneous transitions to a new enhanced confinement regime, the EnhancedReverse Shear (ERS) regime, have been observed when the NBI exceeds a power threshold,typically 18 - 20˚MW for deuterium NBI in 1.6˚MA plasmas. The ERS transition generally occursafter 0.2 — 0.3 s of high-power NBI. ERS plasmas exhibit a very rapid density increase in theshear-reversed region, achieving ne(0) = 1.2˚· 1020˚m-3 with Ti(0) » 24˚keV, Te(0)˚» 8˚keV, and apressure peaking factor, p(0)/Æpæ » 7, where Æpæ is the volume-average pressure. In recentexperiments, very steep electron temperature gradients (¶Te/¶r > 50˚keV/m) have also beenobserved in the region of the transport barrier in some conditions. The ERS plasmas have beenbrought to nearly steady-state conditions by reducing the NBI power to a low level, typically 5 —10˚MW, for up to 0.5˚s in what is termed the �postlude� NBI phase.Two interesting observations have been made concerning the threshold power for the ERStransition. The first is that injection of a lithium pellet before or coincidentally with the high-powerNBI can trigger an ERS transition at lower power. This technique has been used to triggertransitions in high-current, 2.2˚MA, reverse-shear discharges where the intrinsic threshold powerappears to be higher. The second is that the ERS threshold power for 1.6˚MA plasmas appears tobe much higher for tritium NBI than deuterium. This has so far limited the range of D:T mixtureaccessible for studying fusion power production in ERS plasmas, because of lithium dilution of thehydrogenic species in the plasma core. The profiles of q and plasma b for supershots, high-li andreverse shear modes are compared in Fig. 2. Table 1 gives a summary of a set of high performanceTFTR shots which include a supershot, lithium assisted supershot, high-li shot and an enhancedreversed shear plasma.2.2 Confinement

2.2.1

Confinement in supershots and high-li plasmas.The supershot regime is characterized by peaked density and pressure profiles, andconfinement enhancements up to ~3 times ITER-89P scaling. To obtain supershot confinement, itis essential to maintain low edge recycling and neutral beam deposition in the plasma center. In thecore of supershots, the apparent thermal diffusivity is reduced and thermal transport becomesdominated by convective losses due to the radial particle flux which remains significantly largerthan neoclassical theory. [12]The confinement characteristics of the high-li plasmas are quite similar to those of supershots.In particular, it is necessary to control recycling to achieve good confinement in this regime also. Inthe 1996 experiments, attempts to extend the fusion performance further were constrained by thepower handling capability of the bumper limiter. With the level of limiter conditioning achieved in1996, at NBI powers in excess of 30˚MW and stored energies above about 6˚MJ the recycling ofhydrogen isotopes increased dramatically during the NBI heating pulse, causing a reversion to L-mode confinement. We have begun to explore the use of krypton or xenon puffing to form a

4radiating layer at boundary in order to distribute the heat load on the limiter, thereby increasing itspower handling ability.

2.2.2

Confinement in reverse shear.The confinement characteristics of reversed shear plasmas with modest heating power alsoresemble supershots with the same machine parameters. In ERS plasmas, however, the inferredelectron particle diffusivity in the region of the steepest gradient drops by a factor of 10 - 50 tonear-neoclassical levels, while the ion thermal diffusivity falls to levels well below predictionsfrom conventional neoclassical theory [10,13]. The likely explanation for the inferred sub-neoclassical ion thermal diffusivity is the violation of the assumptions of standard neoclassicaltheory. Recent calculations by Lin et al. [14] indicate that a more comprehensive analysis ofneoclassical transport which considers orbit dimensions comparable with pressure scale lengths isin better agreement with the data in the enhanced confinement regime. In addition, ion orbitsqueezing, due to the large inferred radial electric fields, has recently been calculated to reduce theneoclassical ion transport.[15] Inasmuch as neoclassical transport is usually considered to be theminimum transport possible in a tokamak, these results represent a dramatic improvement inconfinement and performance.The present necessity of injecting lithium pellets at the start of high-power NBI in order toproduce ERS transitions in high-current reverse-shear plasmas, coupled with the excellent particleconfinement following the transition, has caused significant dilution of the hydrogenic species in2.2MA ERS plasmas. As a result, the DD neutron rate for these plasmas is significantly depressedcompared to supershots at similar parameters. Consequently, tritium NBI has not yet been used inhigh-current (2.2MA) ERS plasmas.2.3 Stability

2.3.1

Stability in Supershot plasmasThe D-T fusion power in TFTR supershots is limited by pressure driven instabilities which cancause major or minor disruptions. At high plasma currents, > 2˚MA, and toroidal magnetic field,>5˚T, the limiting value of bn is ~1.9. A weak inverse scaling of this limit with toroidal field isseen; bn � Btor-(0.2-0.4). The neoclassical tearing modes which limited operation at lower current [16]have been largely absent at higher current, and are thus not responsible for this dependence of thebeta limit on the toroidal field. The stability limit in supershot plasmas appears to be set by acombination of global kink modes which may be coupled to toroidally localized ballooning modes[17,18,19]. The kink mode can locally decrease the magnetic shear and increase the local pressuregradient so that the ballooning mode becomes destabilized. While this phase can be well modeledby a 3-dimensional MHD code, MH3D, the stability of the n=1 ideal kink with q(0)<1 is still notunderstood.

2.3.2

Stability in High-li

(internal inductance) plasmasThe high-li plasma producing 8.7˚MW of fusion power disrupted at bN = 2.35, significantlyhigher than in supershots at similar parameters. This limit is in good agreement with PESTmodeling. The stability of these plasmas is discussed in papers by Sabbagh [20] and Manickam[21]. If the influx from the limiter can be controlled and adequate confinement maintained, it shouldbe possible to increase the fusion performance of the 2.3MA, high-li plasmas substantially.

2.3.3

Stability in Reversed Shear plasmasThe investigation of reversed shear plasmas was originally motivated in part by theoreticalpredictions that such plasmas would have improved stability [22]. In these experiments, a new

5regime of improved confinement was discovered. Reversed shear plasmas at a moderate plasmacurrent, 1.6MA, have been studied to test the theoretical modeling of stability. The core region ofthese plasmas does appear to be robustly stable to pressure driven modes. However, performanceis still limited by pressure driven modes in the weak shear region. This is particularly a problem inthe Enhanced Reverse Shear (ERS) discharges where the strong transport barrier creates a steeppressure gradient. This pressure gradient typically forms near the minimum in q, but during theevolution of the plasma the pressure gradient tends to propagate outwards while the low-shearregion moves inwards as the current profile evolves on a resistive timescale. In thesecircumstances, pressure driven modes can develop. These are believed to be infernal modes [21],but in at least one case the infernal mode was coupled to a moderate n, toroidally localizedballooning mode, similar to what occurs in supershot disruptions [23]. Theoretical modeling of thestability with the PEST code has suggested various approaches towards extending this regime tohigher currents and higher performance. The capability to control simultaneously the evolution ofthe q profile (through current drive) and the pressure profile (through manipulation of the transportbarrier) will be necessary to develop the full potential of this regime.2.4 Projection of D-T performanceThe expected fusion reactivity enhancement in D-T plasmas over their deuterium counterpartscan be estimated from the ratio of the velocity-weighted fusion cross-sections for DT and DDreactions. For fixed fuel density and temperatures the fusion power ratio, PD-T/PD-D, of purelythermal reactions reaches an idealized maximum of ~225 for Ti ~ 12 keV but the ratio falls to 150 atTi = 30 keV. In plasmas with a significant population of non-thermal fuel ions from neutral beaminjection, the beam-target reactivity enhancement also drops for Ti above 15 keV. The measuredratio of fusion power in TFTR supershots is ~115 if plasmas with the same stored energy arecompared. When comparing plasmas with the same heating power, the isotope effect onconfinement (Sec. 3.2) raises the DT fusion power and the fusion power ratio is ~140.Furthermore, the highest neutral beam power can be achieved with D-T operation due to the higherneutralization efficiency of tritium. As a result of this increase in power, the highest DT fusionpower is actually 165 times the highest DD fusion power achieved in TFTR. However, it shouldbe noted that to achieve this power ratio, the plasma energy increased from 5.6˚MJ in the D plasmato 7.0 MJ in the D-T plasma. This emphasizes the importance of improving stability limits toachieving high fusion performance and demonstrates that the extrapolation of the highestperformance D-only results, which are often stability or power handling limited, to D-T plasmas isnot a simple matter of species substitution in numerical simulation codes.3. EFFECTS DUE TO TRITIUM3.1 Tritium transportTritium operation on TFTR has allowed the measurement of the local tritium density from the14˚MeV t(d,n)a neutron emissivity profile measured with collimated neutron detectors [24,25].Tritium transport has been studied with this diagnostic technique by puffing a small amount oftritium gas into plasmas heated by deuterium NBI. Initially, tritium and helium transport werestudied in low-recycling, high-performance supershots [26]. The diffusivity profiles of helium,tritium and heat were observed to be of similar magnitude and shape. This is a prominentcharacteristic of transport due to drift-like microinstabilities. The same helium transport coefficientssuccessfully modeled the helium ash density in deuterium-tritium plasmas [27]. This similarity indiffusivities would allow helium ash removal in future reactors, such as ITER. Recently, heliumand tritium transport measurements were performed in the steady-state �postlude� phase of ERS

6plasmas. The tritium profile remains hollow for a long time, > 0.15˚s, and does not peak on axis.A transport barrier can be clearly observed that impedes tritium transport to the core. Helium has asimilar density evolution.3.2 Isotope effect on confinementThe first D-T experiments in TFTR showed that the overall energy confinement in D-Tsupershots was significantly better than in comparable D-only plasmas.[28,29] This improvement ismanifested by increased central ion and electron temperatures. In order to quantify theimprovement and determine its origins, experiments with different D:T ratios have been carriedout. The improvement in confinement, which is found to be primarily in the ion channel [30, 31], isassociated with a reduction in the calculated ion thermal diffusivity by as much as a factor two.Studies of the isotope effect have now also been carried out in ohmic, L-mode, reversed shear,and ICRF-heated plasmas.[32] The enhancement is most pronounced in supershot and high-lidischarges, tE � ÆAæ0.85, where ÆAæ is the average isotope mass of the plasma. NBI and ICRFheated L-mode plasmas show similar, weaker scaling: tE � ÆAæ0.3—0.5. In ohmic plasmas, thescaling is weak, tE � ÆAæ0.0—0.3, and it is essentially absent in ERS plasmas. Figure 3 shows acomparison of the isotope scaling in these TFTR regimes. Because of wall recycling, which ispredominantly deuterium, the maximum value of ÆAæ in these studies is 2.5. These results validatethe assumed tE˚� ÆAæ0.5 scaling in regimes closest to proposed ITER operation (Ti ~ Te, broad ne,and significant heating to the electrons). However, these results are not consistent with gyro-Bohm scaling which remains an outstanding issue.3.3 ICRF experimentsIon cyclotron heating at the tritium second-harmonic frequency has potential applications forITER. This scenario has been used previously to heat D-T supershots on TFTR [33,34,35,36]. Itseffectiveness for heating an ohmic D-T target plasma, containing only thermal tritium, in the L-mode regime has now been demonstrated [35]. Heating efficiency was comparable to that obtainedwith neutral beam injection. This result indicates that good second-harmonic tritium heating shouldoccur during the startup phase of ITER. In L-mode plasmas with Ti and Te approximately equal, afavorable isotope scaling ÆAæ0.5 was demonstrated going from D to D-T plasmas.Fast wave direct electron heating of the postlude phase of ERS discharges has also beendemonstrated [37]. ICRF power of 2˚MW increased the central electron temperature by 2˚keV.ICRF heating also sustained the highly peaked density and temperature profiles characteristic ofERS, delaying the transition out of ERS mode by approximately 100 ms. Electron heating and current drive have also been demonstrated using the mode-converted ionBernstein wave (IBW) in a mixed-species plasma [38]. This technique has been used to drive125˚kA on axis with 2˚MW, and 100˚kA off axis with 4˚MW of RF power in D-4He-3He plasmas.Mode conversion heating in a D-T plasma has been demonstrated for the first time on TFTR.However, parasitic minority-ion absorption by a dilute 7Li impurity introduced by wall coatingswas significant, reducing the power coupled to electrons to 20 - 30% of the input level, inagreement with modeling. This poses a potential problem in ITER and other devices which use 9Bewall facing materials.Experiments in alpha channeling have indicated coupling of the mode converted IBW to alphaparticles in D-T-3He plasmas. Investigations which utilize coupling of the IBW to beam injecteddeuterons have verified essential details of the wave propagation physics, including the firstevidence that the parallel propagation of the wave reverses away from the mode conversionsurface. Inferred velocity space diffusion coefficients are of the order needed to achieve cooling ofalpha particles [39].

7 4. PHYSICS OF ALPHA PARTICLES4.1 Classical alpha confinement and thermalizationIn an ignited D-T plasma, the alpha-particle power must be transferred to the thermal plasmabefore it is lost to the vacuum vessel wall. Alpha-particle confinement and loss has been measuredin TFTR using several unique and novel alpha-particle diagnostics developed and implemented onTFTR [40].The energy distribution of the alpha particles confined in the plasma has been measured inTFTR [41]. Alphas in the energy range 0.5 — 3.5˚MeV have been detected through conversion toneutral helium by double charge-exchange in the high-density neutral cloud surrounding anablating lithium pellet [42]. The pellet was injected after the end of NBI, to improve its penetration,but before the alpha population had decayed. The measured spectrum is compared with theTRANSP calculation in Fig. 4 and found to be in good agreement. The alpha spectrum in the lowerenergy range, 0.1 — 0.6˚MeV, has been detected by absolutely calibrated spectrometry of charge-exchange recombination emission [43]. The intensities of the detected signals are within a factor 2of calculations by TRANSP, based on purely classical slowing down processes.4.2 Effects of sawteethMeasurements of the confined alpha distribution before and after a sawtooth crash were madewith both confined alpha diagnostics, and the results are shown in Fig. 4. The alpha density onaxis was reduced by as much as a factor 5 after the sawtooth crash [44]. The redistribution of thepassing a-particles at the sawtooth as measured by the alpha-CHERS diagnostic with energies upto 0.6˚MeV in a D-T plasma (Fig. 4a) was shown to be consistent with a relatively simple sawtoothmixing model which takes into account the reconnection of the magnetic flux which is presumed tooccur at the sawtooth crash. Comparison of pellet charge exchange (PCX) measurements in thepresence and absence of sawteeth in the period following the D-T heating phase indicate that thesawtooth activity transports trapped fast alphas radially outward as shown in Fig. 4b. This resultcannot be explained by the conventional magnetic reconnection model for sawtooth mixing. Onlythe introduction of a helical electric field produced by the crash can explain the experimentallyobserved alpha redistribution [45].4.3 Effects of MHD modes on the alpha particlesThe first direct evidence of alpha particle loss induced by an MHD mode was due to a kineticballooning mode (KBM) in TFTR D-T experiments. The kinetic ballooning modes are driven bythe sharp gradients in the plasma pressure profile and have localized ballooning characteristics. Asignificant enhancement, · 1.3 — 2, in alpha particle loss has been observed in some high-b D-Tdischarges. The loss enhancement correlates well with the appearance of high frequency (f » 100 -250˚kHz), high-n (» 6) KBM�s driven by the plasma pressure gradient [46]. Particle simulationshows that the observed alpha-loss is induced by the wave-particle resonance. Similar KBM�s areobserved in D discharges, so the modes are not themselves driven by the alpha particles but by thepressure gradients in the plasma.Enhancement in the loss of fusion alphas has been observed in high power D-T operation ofTFTR in the presence of MHD activity. Sawteeth cause a strong, transient enhancement in thealpha loss at the time of the central crash. While the loss rate is transiently high, the net loss issmall due to the short period of enhancement. Neoclassical tearing modes, as shown in Fig. 5, arealso seen to enhance the alpha loss-rate. On the 60ß alpha detector the loss may roughly double thefirst orbit loss. The detector signal itself is modulated at the frequency of the MHD mode,demonstrating that the loss is not toroidally symmetric; this may be important to ITER in designing

8plasma facing components. Stationary Magnetic Perturbations (SMP’s), which are similar tolocked modes, enhance the loss in a similar fashion to neoclassical tearing modes. The fusion alphalosses appear qualitatively similar to the fusion triton losses reported earlier. It is hoped to developa quantitative understanding of these phenomena which could be applied to ITER.4.4 Alpha driven TAE modeThe alpha-driven Toroidal Alfv�n Eigenmode (TAE) had not been previously observed insupershot discharges at the highest fusion power and alpha concentration, consistent with theory.Recent theoretical calculations have shown that the predicted alpha-driven TAE threshold issensitive to the q-profile and the plasma b. This is potentially important in advanced tokamakregimes in which the core current profile is being modified to achieve higher stability. In recentexperiments with weak magnetic shear, TAE�s driven by energetic alpha-particles have beenobserved in TFTR D-T plasmas [47]. In Fig. 6, it is shown that these modes occur 100 —˚300˚msfollowing the end of NBI in plasmas with elevated central safety factor, q(0) = 1.1 — 2.5, andreduced central magnetic shear. The fusion power threshold is ~1.5˚MW for q(0) » 2.4 whichcorresponds to ~300˚kW peak alpha power and ba(0) » 10-4. Modes appear in the range 150—˚250˚kHz with toroidal mode numbers n = 2, 3, 4, which are observed to propagate toroidally inthe direction of the plasma current. From core reflectometer measurements, the dominant n = 3mode is localized near r/a˚» 0.3 — 0.4, which also coincides with the region of peak �ba. Thecentral ba for the onset of mode activity is consistent with NOVA-K linear stability calculations[48] for alpha-driven TAE�s in discharges with elevated q(0), low ion temperature (10 — 15˚keV)and low beam-ion damping following the termination of neutral beam injection.5 . SUMMARY TFTR has explored a wide range of physics issues in plasmas with high concentrations oftritium. Several possible advanced confinement regimes, supershot, high-li, and reversed shear,have been investigated using D-T and shown to have significant potential for reactors. In general,D-T plasmas have shown improved confinement compared to similar deuterium plasmas.The fusion performance in TFTR supershots has been extended to 10.7˚MW of peak powerand 6.5˚MJ of fusion energy per pulse. The most significant change responsible for the increase infusion power has been operation at increased toroidal magnetic field, up to 5.5˚T, and plasmacurrent, up to 2.7˚MA and neutral beam heating power of 40MW . Conditioning of the inner wallwith lithium has improved the confinement to take advantage of the increased stability at higherfield.The high-current high-li regime has demonstrated good energy confinement and favorableMHD stability enabling the achievement of fusion power production comparable to that achieved insupershots at similar heating powers. The proven ability to achieve high values of bN offers thepotential of still higher values of fusion power in TFTR.The formation of an internal transport barrier in the enhanced reverse shear regime hasdramatically reduced the ion heat and particle flux from the core. This is accompanied by asubstantial reduction in core plasma fluctuations and a steeping of the plasma pressure gradients.Future experiments will concentrate on understanding the physics of the barrier formation and oncontrolling the evolution of the barrier and the current profile to maintain stability.ICRF heating schemes of importance to ITER have been validated and a new scheme for RFcurrent drive through mode-conversion in a mixed-species plasma has been demonstrated. ICRFheating has been shown to sustain the ERS mode without particle fueling, which is important to thedevelopment of this operational regime. The interactions of energetic ions, including fusion alphas,

9with ICRF waves have been investigated and support the development of the alpha-channelingconcept.Fusion alpha particles have behaved classically for quiescent MHD plasmas. Sawteeth havebeen shown to redistribute fusion alphas near the plasma core. In discharges with weak magneticshear, toroidal Alfv�n eigenmodes driven by fusion alpha-particles have now been observed andfound to be in accord with theoretical predictions.ACKNOWLEDGEMENTSTFTR has had many contributions from scientists and engineers both nationally andinternationally. The authors express their appreciation to the technical, engineering and scientificstaff who enabled the execution of these important D-T experiments on TFTR, and to R. C.Davidson for his support and encouragement.This work is supported by US Department of Energy Contract DE-AC02-76-CH03073.REFERENCES[1] Hawryluk, R. J., et al., in the Proceedings of the American Nuclear Society Meeting , Reno, Nevada, 1996and references therein.[2] Strachan, J.D., et al., Phys. Rev. Lett., 72, 3526 (1994).[3]McGuire, K.M., et al., Physics of Plasmas, 2, 2176 (1995).[4] Bell, M. G., et al., Nuclear Fusion, 35, 1429 (1996)[5]Mansfield, D. K., et al., Physics of Plasmas, 2, 4252 (1996).[6]Kikuchi, M., et al., in IAEA, Spain, 1994, 1, 31, IAEA, Vienna, Austria (1995).[7]Stork, D., et al., in IAEA, Spain, 1994, 1, 51, IAEA, Vienna, Austria (1995).[8] Sabbagh, S.A., et al., in IAEA, Fifteenth International Conference on Plasma Physics and ControlledNuclear Fusion Research, Seville, Spain, Sept. 26 - Oct. 1, 1994, 1, 663, IAEA, Vienna, Austria (1995).[9]Sabbagh, S. A., et al., IAEA-CN-64/AP2-16, this conference.[10] Levinton, F.M., et al., Phys. Rev. Lett., 75, 4417 (1995).[11]Navratil, G., 1996 to be published in Plas. Phys. and Controlled Fusion, presented at the EPS Meeting inKiev, Ukraine[12]Zarnstorff, M.C., et al., Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear Fusion Research,International Atomic Energy Agency, Seville, 1994, Vol. I, p. 183.[13]Strait, E. J. et al., Phys. Rev. Lett. 75, 4421 (1996)[14]Lin, Z., et al., Submitted for publication to Phys. Rev. Lett., (1996).[15]Shang, C. S. Private communication.[16]Chang, Z. et al., Phys. Rev. Lett. 74, 4663 (1995).[17]Fredrickson, E. D., et al., Phys. of Plasmas 2 4216 (1995).[18]Park, W., et al., Phys. Rev. Lett. 75, 1763 (1995).[19]Fredrickson, E. D., et al., Phys. of Plasmas 3, 2620 (1996).[20]Sabbagh, S. A., et al., IAEA-CN-64/AP2-16, this conference.[21]Manickam, J., et al., IAEA-CN-64/A5-2, this conference.

10[22]Kessel, C., et al., Phys. Rev. Lett., 72, 1212 (1994).[23]W. Park, et al., IAEA-CN-64/D2-2, this conference.[24]Efthimion, P. C., et al., Phys. Rev. Lett., 27, 85 (1995).[25]Efthimion, P. C., et al., in Plasma Physics and Controlled Nuclear Fusion Research (International AtomicEnergy Agency, Vienna, 1995), Vol. I, p. 289.[26]Synakowski, E. J., et al., Phys. Fluids B 5, 2215 (1993).[27]Synakowski, E. J., et al., Phys. Rev. Lett., 75, 3689 (1995).[28]Hawryluk, R. J. et al., Phys. Rev. Lett. 72, 3530 (1994).[29]Bush, C. E., et al., Phys. Plas. 2, 2366 (1995).[30]Zarnstorff, M. C., et al., Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear Fusion Research,International Atomic Energy Agency, Seville, 1994, Vol. I, p. 183.[31]Scott, S. D., et al., Phys. Plasmas 2, 2366 (1995).[32]Scott, S. D., et al., IAEA-CN-64/A6-6, this conference.[33]Taylor, G., et al., Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear Fusion Research,International Atomic Energy Agency, Seville, 1994, Vol. I, p. 431.[34]Majeski, R. P., et al., et al, Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear FusionResearch, International Atomic Energy Agency, Seville, 1994, Vol. I, p. 443.[35]Phillips, C.K., et al., Phys. Plas. 2, 2427 (1995).[36]Majeski, R. P., et al., Phys. Rev. Lett. 76, 764 (1996).[37]Rogers, J., et al., IAEA-CN-64/EP-2R, this conference.[38]Majeski, R. P., et al., Phys. Rev. Lett. 74, 2204 (1994).[39]Fisch, N., et al., IAEA-CN-64/A2-3, this conference.[40]Zweben, S., et al., in the Proceedings of the International Conference Plasma Physics in Japan. Sept. 9-131996.[41]Fisher, R. K., et al., Phys. Rev. Lett. 75, 846 (1995).[42]Petrov, M. P., et al, IAEA-CN-64/A2-2C, this conference.[43]McKee, G. R., et al., Phys. Rev. Lett. 75 (1995) 649.[44]Stratton, B., et al., submitted to Nuclear Fusion, PPPL Report 3180 (1996).[45]Gorelenkov, N., et al, IAEA-CN-64/A2-2C, this conference.[46]Chang, Z., et al., Phys. Rev. Lett., 76, 1071 (1996).[47]Nazikian, R., et al., IAEA-CN-64/A2-4, this conference.[48]Fu, G. Y., et al., IAEA-CN-64/D2-6, this conference.

11TABLE 1Summary of high performance TFTR shotsParametersupershotLi assistedhigh liERS80539A1283546A1595603A0288170A51Ip (MA)2.72.32.01.6Bt (T)5.65.54.84.6PNB (MW)39.6 (DT)17.4 (T-only)35.5 (DT)28.1 (D-only)nT / (nD+nT)(0)0.470.580.420ne(0) (1019/m3)10.28.56.99.0nhyd(0) (1019/m3)6.76.66.07.0Zeff(0)2.42.01.62.1Te(0) (keV)13.012.08.08.0Ti(0) (keV)36434525W (MJ)6.94.95.73.9dW / dt (MW)0.03.08.53.0tE (s)0.1800.3400.1650.150tE* = W / PNB (s)0.1740.280.1610.139tITER89-P (s)0.0950.1190.0740.073tE / tITER89-P1.892.862.232.05nhyd(0)Ti(0)tE (1020/m3keVs)4.39.64.52.6nhyd(0)Ti(0)tE* (1020/m3keVs)4.28.04.42.4Pfusn (MW)10.72.88.70Pfusn / PNB0.270.160.250bnorm (mag) (%mT/MA)1.831.352.501.95bnorm (TRANSP)1.831.52.401.95bnorm* (TRANSP)2.993.03.93.7k1.11.10.9750.978qcycl3.073.613.575.0q*3.223.793.475.0

12Fig. 2. Experiments in 1995-96 have explored three high-confinement regimes. The solid curves arefor supershots with bnmax £ 2 which resulted in 10.7MW of fusion power. The short dashed curves are for high li discharges with bnmax ‡ 2.3 and PDT = 8.7MW and the long dashed curves arefor an enhanced reversed shear discharge with bnmax < 2.0. bNmax £ 2bNmax » 2bNmax > 2.3PDT £ 10.7 MWPDT £ 8.7 MWPDT £ 5 MW

00.5100.51Normalized minor radius

q

Total b0.060.040.020.000.010.030.05

5432

3.54.00510

Time (Seconds)10 MWNBI 39.5 MWFUSIONPOWER(MW)

00.10.20.3ba (0)%Pfus = 10.7 MW, QDT» 0.27, ba » 0.3%

13Fig.3. Comparison of the percentage increase in comparable D and D-T plasmas, for the confinement time in reverse shear, ICRF, OH L-mode, supershots and high li regimes .The results are shown for an average mass ofthe hydrogenic ion of 2.5.

0102030 ÆAhydæ = Average ion mass ÆAhydæ 0.85

OHSupershot/High liICRFL-modeNBIL-modeReverseShearÆAhydæ 0.0 tE - tE tE(% )DDDT

DDFig. 4. Radial profiles of confined alphas near the center of TFTR as measured by a) the Alpha-CHERS system for passing particles and b) the pellet charge exchange (PCX) diagnostic. The profile just before the sawtooth crash is very peaked. The sawtooth crash significantly redistributes the alphas from inside to outside the q = 1 sawtooth inversion radius.

024600.20.40.6

Alpha Density (x1016 m-3) r/aE

2.92.82.72.6

Ea= 1.21 MeVNormalization

0.00.10.20.3q=1

Passing alphasTrapped alphas

Plasmacenter

Alpha Density (a. u.)model(reconnectionwith E x B)After

BeforeAfter

14

15Fig. 5. With D-T operations,it isfound that the alpha particleloss can be significant due to the presence ofthe neo-classicalMHD modes. Fig.6. Alpha-drivenTAE mode in TFTR occuring » 0.1 sec after neutral beam injection in a D-T discharge with weak centralmagnetic shear. The frequency is consistent with the density-dependence TAE frequency, and mode timing is roughly consistent with theoretical prediction based on the beamion damping.

20101bNbaX10-326 MW NBI

3TIME (s)

Frequency (kHz)BTAE~(Gauss)0

4X10-4TIME (s)n=4n=3n=22.93.03.1260240220200nn~»10-4(Reflectometer)

2.53.33.63.93.53.63.720 0042

a-loss fraction (a.u.)

Bq (Gauss)

~05

Fusion Power(MW)Without MHDm/n = 2/1 mode

28 MW NBI

Mode locksTIME (s)

16*Work supported by U.S.˚Department of Energy contract DE-AC02-76-CH030731Los Alamos National Laboratory, Los Alamos, New Mexico2Fusion Physics and Technology, Torrance, California3Troitsk Institute of Innovative and Thermonuclear Research, Moscow, Russia4University of Texas, Institute for Fusion Studies, Austin, Texas5Oak Ridge National Laboratory, Oak Ridge, Tennessee6University of Wisconsin, Madison Wisconsin7Courant Institute, New York University, New York, New York8Joint European Tokamak Joint Undertaking, Abingdon, United Kingdom9Culham Laboratory, Abingdon, Oxford, United Kingdom10General Atomics, San Diego, California11Massachusetts Institute of Technology, Cambridge, Massachusetts12Ukrainian Institute of Nuclear Research, Kiev, Ukraine13University of California, Irvine, California14Lawrence Livermore National Laboratory, Livermore, California15 Northrop-Grumman Corporation, Princeton, New Jersey16University of California, Los Angeles, California17Columbia University, New York, New York18National Institute for Fusion Science, Nagoya, Japan19Ioffe Physical-Technical Institute, St.˚Petersburg, Russia20Institute of Plasma Physics, Academy of Science, Hefei, China[1] Hawryluk, R. J., et al., in the Proceedings of the American Nuclear Society Meeting , Reno, Nevada, 1996and references therein.[2] Strachan, J.D., et al., Phys. Rev. Lett., 72, 3526 (1994).[3]McGuire, K.M., et al., Physics of Plasmas, 2, 2176 (1995).[4] Bell, M. G., et al., Nuclear Fusion, 35, 1429 (1996)[5]Mansfield, D. K., et al., Physics of Plasmas, 2, 4252 (1996).[6]Kikuchi, M., et al., in IAEA, Spain, 1994, 1, 31, IAEA, Vienna, Austria (1995).[7]Stork, D., et al., in IAEA, Spain, 1994, 1, 51, IAEA, Vienna, Austria (1995).[8] Sabbagh, S.A., et al., in IAEA, Fifteenth International Conference on Plasma Physics and ControlledNuclear Fusion Research, Seville, Spain, Sept. 26 - Oct. 1, 1994, 1, 663, IAEA, Vienna, Austria (1995).[9]Sabbagh, S. A., et al., IAEA-CN-64/AP2-16, this conference.[10] Levinton, F.M., et al., Phys. Rev. Lett., 75, 4417 (1995).[11]Navratil, G., 1996 to be published in Plas. Phys. and Controlled Fusion, presented at the EPS Meeting inKiev, Ukraine[12]Zarnstorff, M.C., et al., Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear Fusion Research,International Atomic Energy Agency, Seville, 1994, Vol. I, p. 183.[13]Strait, E. J. et al., Phys. Rev. Lett. 75, 4421 (1996)[14]Lin, Z., et al., Submitted for publication to Phys. Rev. Lett., (1996).[15]Shang, C. S. Private communication.

17[16]Chang, Z. et al., Phys. Rev. Lett. 74, 4663 (1995).[17]Fredrickson, E. D., et al., Phys. of Plasmas 2 4216 (1995).[18]Park, W., et al., Phys. Rev. Lett. 75, 1763 (1995).[19]Fredrickson, E. D., et al., Phys. of Plasmas 3, 2620 (1996).[20]Sabbagh, S. A., et al., IAEA-CN-64/AP2-16, this conference.[21]Manickam, J., et al., IAEA-CN-64/A5-2, this conference.[22]Kessel, C., et al., Phys. Rev. Lett., 72, 1212 (1994).[23]W. Park, et al., IAEA-CN-64/D2-2, this conference.[24]Efthimion, P. C., et al., Phys. Rev. Lett., 27, 85 (1995).[25]Efthimion, P. C., et al., in Plasma Physics and Controlled Nuclear Fusion Research (International AtomicEnergy Agency, Vienna, 1995), Vol. I, p. 289.[26]Synakowski, E. J., et al., Phys. Fluids B 5, 2215 (1993).[27]Synakowski, E. J., et al., Phys. Rev. Lett., 75, 3689 (1995).[28]Hawryluk, R. J. et al., Phys. Rev. Lett. 72, 3530 (1994).[29]Bush, C. E., et al., Phys. Plas. 2, 2366 (1995).[30]Zarnstorff, M. C., et al., Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear Fusion Research,International Atomic Energy Agency, Seville, 1994, Vol. I, p. 183.[31]Scott, S. D., et al., Phys. Plasmas 2, 2366 (1995).[32]Scott, S. D., et al., IAEA-CN-64/A6-6, this conference.[33]Taylor, G., et al., Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear Fusion Research,International Atomic Energy Agency, Seville, 1994, Vol. I, p. 431.[34]Majeski, R. P., et al., et al, Proc. 15th Intl. Conf. Plasma Physics and Controlled Nuclear FusionResearch, International Atomic Energy Agency, Seville, 1994, Vol. I, p. 443.[35]Phillips, C.K., et al., Phys. Plas. 2, 2427 (1995).[36]Majeski, R. P., et al., Phys. Rev. Lett. 76, 764 (1996).[37]Rogers, J., et al., IAEA-CN-64/EP-2R, this conference.[38]Majeski, R. P., et al., Phys. Rev. Lett. 74, 2204 (1994).[39]Fisch, N., et al., IAEA-CN-64/A2-3, this conference.[40]Zweben, S., et al., in the Proceedings of the International Conference Plasma Physics in Japan. Sept. 9-131996.[41]Fisher, R. K., et al., Phys. Rev. Lett. 75, 846 (1995).[42]Petrov, M. P., et al, IAEA-CN-64/A2-2C, this conference.[43]McKee, G. R., et al., Phys. Rev. Lett. 75 (1995) 649.[44]Stratton, B., et al., submitted to Nuclear Fusion, PPPL Report 3180 (1996).[45]Gorelenkov, N., et al, IAEA-CN-64/A2-2C, this conference.[46]Chang, Z., et al., Phys. Rev. Lett., 76, 1071 (1996).[47]Nazikian, R., et al., IAEA-CN-64/A2-4, this conference.[48]Fu, G. Y., et al., IAEA-CN-64/D2-6, this conference.