1PPPL-3253, Preprint: June 1997, UC-420, 426, 427Alpha Particle Loss in TFTR Deuterium-Tritium Plasmaswith Reversed Magnetic ShearM. H. Redi, S. H. Batha, R. V. Budny, D. S. Darrow, F. M. Levinton, D. C. McCune,S. S. Medley, M. P. Petrov, E. Ruskov, S. von Goeler, R. B. White, M. C. Zarnstorff,S. J. Zweben and the TFTR TeamPrinceton Plasma Physics Laboratory, Princeton University, Princeton, NJ 085431 . IntroductionThe confinement and loss of fusion alpha particles are examined for reversed magnetic shearplasmas in TFTR. Such plasmas, with high central q and non-monotonic q profiles can exhibitremarkably reduced energy and particle transport of the thermal ions. However, these sameconditions are theoretically predicted to produce high levels of stochastic ripple loss ofsuprathermal particles, which may reduce the efficiency of plasma heating by the alpha particlesand other heating schemes involving fast ions. This paper presents calculations of guiding-centercode alpha particle orbit loss from deuterium-tritium (DT) simulations of TFTR deuterium-onlyexperiments. They are compared to results of measurements made in DT reversed shear plasmasof both the confined alpha particle distribution and the alpha particles lost from the plasma. Largefast particle losses have also been found in reversed shear ITER simulations (up to 20%)1,2 andfrom measurements of triton burnup in reversed shear experiments on JT-60U (12%)3.2 . Guiding-Center Code MethodA new, fast, Hamiltonian-coordinate guiding center code, ORBIT4, has been used for thesimulations which makes use of a rapid accurate algorithm for the stochastic-free, confinementdomain. Figure 1 shows the confinement domains for alpha particles in reversed and monotonicshear as a function of energy5. In the reversed shear plasma, the entire plasma is above thresholdfor stochastic ripple loss of trapped alpha particles at the birth energy, 3.5 MeV. All of the 33%trapped alphas are lost rapidly through unconfined orbit losses or stochastic ripple loss, as q(r)

>2 throughout the plasma. Pitch angle scattering of passing particles refills the trapped distributionand leads to continued alpha loss throughout the slowing down process.In Table 1 are shown results for reversed shear plasmas with large major radius wheretoroidal magnetic field ripple is most significant. They are compared to those previouslypublished6 for similar experiments on TFTR but with a monotonic shear profile, at both high andlow current. The predicted losses for reversed shear (~40%) are about twice the total alpha lossespredicted for the high current plasma with a monotonic shear profile.It is found that the simple renormalized Goldston, White, Boozer7 ripple loss model8 used inthe TRANSP code for TFTR leads to alpha ripple losses in agreement with the guiding centercode simulations for both the reversed shear and monotonic shear cases. The simulations showthat transport due to TF ripple, for both monotonic and reversed shear q profiles, lies primarilywithin r/a = 0.5. Ripple loss is not greatest at the plasma edge, nor is there enhanced ripplebroadening of the alpha profile toward minimum q in the reversed shear region. Includingradially-varying collision rates or increased alpha profile peakedness does not significantly changethe predicted losses. Strong synergism between collisions and ripple transport, predicted for highcurrent, monotonic shear plasmas, is not found in reversed shear because of high first orbit lossand strong collisionless ripple diffusion.

23 . Comparison with Confined Alpha Particle DataORBIT was used to model the observations of the pellet charge exchange diagnostic(PCX)9. Alpha particles with initial profiles consistent with Abel-inverted neutron profilesmeasured on TFTR, were followed for ts and 2ts in monotonic and reversed shear magneticgeometries. Because the PCX diagnostic has an observation window which detects only verydeeply trapped alphas with pitch v///v =-0.05 at the midplane (q =0), it was necessary to follow avery large initial ensemble of alpha particles to obtain adequate statistics within a window ofconstrained pitch and poloidal angle to model the diagnostic. For simulations of PCX inmonotonic shear plasmas an initial ensemble of 50,000 alphas was sufficient (as compared to 256alphas for global estimates of alpha loss rates which takes ~4 hours Cray C90 cpu time). Inreversed shear on TFTR, however, because only passing, neo-natal alphas pitch-angle scatteredinto trapped orbits can be seen by PCX, it was necessary to simulate ~2,000,000 alpha particlesto obtain adequate statistics of ~400 alphas, within the simulated PCX window having v///v =-0.15 to +.05 and |q |

< 0.1 . Time dependence of the initial distributions was not modelled.To minimize computational run time, ORBIT used the new stochastic loss algorithm andaccelerated collision rates, nPA and ns. This method of speeding up the loss calculations givesgood global loss estimates even for reversed shear equilibria. Use of conservation laws for ionenergy and magnetic moment were also used to project the final orbits to q = 0 to further improvestatistics. Without the rapid calculation features of the new code the simulations would not havebeen possible and even so are just at the edge of present computational resources.In Figure 2 the simulated profiles are compared to PCX analysed data for monotonic andreversed shear plasmas. In monotonic shear, at one slowing down time (1.3 MeV) and at twoslowing down times (0.5 MeV) the profiles are similar to those observed with PCX. Thesimulated profile at 0.5 MeV extends over a larger region in r/a as expected from the largerstochastic free region at lower energy.In reversed shear two features of the PCX analysed data are distinctly different from themonotonic shear case: 1) a flat or hollow distribution at 1.71 MeV, which appears to be filled asthe energy of observed alphas decreases to 1.3 MeV and 0.5 MeV; 2) a very steep profile at 0.5MeV. The model predicts the general characteristics of alpha loss in reversed shear which clarifyhow a hollow profile could arise. In reversed shear no trapped alphas would be observed at 3.5MeV, while at lower energies a peaked, flat or hollow profile can result depending on pitch anglescattering and the passing alpha distribution. The simulated profiles for reversed shear wereobtained with a pitch angle scattering rate twice that of the experiment for which data is presented.50,000 particle simulations with various collision rates indicate that agreement with PCX wouldbe achieved with a reduction in nPA. At 0.5 MeV, ORBIT results are in good agreement with thedata, showing a steep profile obtained after 2ts.4 . Lost Alpha Particle DataMeasurements of alpha loss 90 degrees below the midplane during I=1.6 MA RS/ERSdischarges showed an alpha loss per DT neutron to be about three times larger than duringstandard 1.6 MA DT supershots, roughly consistent with the expected increase in first orbit lossat the vessel bottom due to the higher q(r) near the center. Measurements of alpha ripple loss tothe outer midplane could not be made due to the large minor radius of the RS/ERS plasmas andthe shadowing effect of the outer limiters.5 . Neutral Beam Ion Ripple Loss in Reversed ShearDT reversed shear plasmas exhibit neutron levels a factor of 2-3 lower than expected fromextrapolation of the neutron emission from DD plasmas with similar confinement. The effects ofripple diffusion of neutral beam ions and the Maxwellian tail of thermal ions on the neutron rate

3are being investigated. Preliminary guiding-center code simulations predict losses for tritiumbeams to be about the same as for deuterium beams at the same energy and pitch angle, althoughhigher triton loss rates are expected from the reduced stochastic threshold (20% lower due to thehigher Larmor radius). The TRANSP ripple loss model is being upgraded to make use of thenew confinement domain algorithm and may account satisfactorily for low DT reversed shearneutron emission. The present GWB ripple loss model predicts ~20% loss of D or T beams forR=2.6m TFTR supershots8 and in reversed shear. TRANSP simulations adjusted to match theneutron emission are found to have reduced tritium neutral beam ion heating corresponding to 20-30% additional tritium loss. TRANSP has been used to see if anomalous impurity accumulationto deplete reacting D and T ions would reduce predicted neutron emission while retaining goodconfinement and agreement with measurements of the perpendicular stored energy. Simulationsof RS plasmas into which short tritium beam pulses are injected show that the uncertainties inrecycling and Zeff are not sufficient to account for the DD/DT neutron discrepancy10.6 . ConclusionSimulations with a Hamiltonian coordinate guiding-center code of a reversed shear plasma inTFTR predict that alpha particle losses are near 40%, about double the total alpha losses from acomparable plasma with a monotonic shear profile5. In the reversed shear case, the entire plasmais above threshold for stochastic loss of trapped alpha particles at birth energy. Pitch anglescattering of passing particles refills the trapped distribution and leads to continued alpha lossthroughout the slowing down process.The simulations are in qualitative agreement with PCX confined alpha profile data formonotonic shear. In reversed shear at low energy, the ripple loss modelling and pitch anglescattering rates from DT simulations give profiles roughly consistent with PCX. At high energyagreement is less good. The simulations were based on a TFTR experiment having a pitch anglescattering rate twice that of the plasma in which the PCX data was taken. Predictions for thisprofile are most sensitive to the pitch angle scattering rate because of the loss of birth energytrapped alphas.Qualitative agreement of ORBIT simulations with measurements of confined alpha profilesand alpha loss data gives confidence in the simulation method for predicting the global losses ofTFTR and ITER (3-19% for some reversed shear configurations). Guiding center codesimulations of neutral beam ion ripple loss and TRANSP analysis of the effects on the DT neutronemission in reversed shear are also needed. The discovery of reversed shear plasmaconfigurations with dramatically improved transport holds promise for future applications ofcontrolled fusion. The high losses predicted for TFTR and ITER reversed shear scenariossupport new constraints on the allowed TF ripple for such reactors. The exploitation of reversedshear equilibria for reactor design will require minimal magnetic field ripple and impurity levels toreduce collisional ripple loss and to optimize alpha particle confinement and heating.AcknowledgmentWe are grateful to R. J. Hawryluk, W. M. Nevins and R. J. Goldston for their interest andencouragement. This research was supported by the U. S. Department of Energy Contract No.DE-AC02-76-CHO-3073.* Supported by the US Dept. of Energy Contract DE-AC02-76CH03073.References[1]M. H. Redi, et al., EPS, Kiev, Ukraine (1996).[2]S. Konovalov, ITER Phys. Report, 1996.[3]K. Tobita, et al., IAEA-CN-64/A5-6, Montreal (1996).[4]R. B. White, et al., Phys. Plas. 3, 3043 (1996).

4[5]M. H. Redi, et al., "Calculations of Alpha Particle Loss from Reversed Magnetic Shear inthe Tokamak Fusion Test Reactor", PPPL 3239, Princeton, NJ (1997).[6]M. H. Redi, et al., Nuclear Fusion 35, 1191 (1995).[7]R. J. Goldston, et al, Phys. Rev. Lett. 47 647 (1981).[8]M. H. Redi, et al., Nuclear Fusion 35, 1509 (1995).[9]R. A. Fisher, et al, Phys. Rev. Lett. 75 846 (1995).[10]E.Ruskov,et al., 5th IAEA TCM on Alpha-particles in Fusion Research, JET, UK (1997).

5Table 1. Guiding Center Code Alpha Losses (%) for R=2.6 m TFTR CasesReversed ShearMonotonic ShearMonotonic Shear(1.6 MA)(1.8 MA)(0.9 MA)First Orbit18621Delayed Particle Loss221713Total Particle Loss402334Total Energy Loss381932

6d)b)c)a)050-50Ea=1.75MeVEa=1.75MeVEa=3.5MeVEa=3.5MeVReversed Shear Monotonic Shear200250300350050-50200250300350Figure 1. Confinement region for alpha particles in reversed shear (1a,1c) andmonotonic shear (1b,1d) as a function of alpha energy.

7

Figure 2. Analysed data from pellet charge exchange diagnostic and simulated profiles for reversed shear (2a) and monotonic (2b) plasmas as a function of alpha energy. 10-410-310-210-1r/a

Alpha density

(a.u.)

00.10.20.30.40.5 b)00.10.20.30.40.5r/a

1.3 MeVSimulationPCX 0.5 MeV 1.0 MeV1.7 MeV 0.5 MeV a) 1.3 MeVSimulationPCX 0.6 MeV 1.0 MeV1.7 MeV 0.5 MeV normalization