PPPL-3192 - Preprint: June 1996, UC-420, 426RF-driven Energetic Tritium Ion Tail Measurements in TFTRUsing the Pellet Charge Exchange DiagnosticH.H. Duong,* R.K. Fisher, J.M. McChesney, P.B. ParksGeneral Atomics, San Diego, California, 92186 USA *General Atomics ORAU FellowS.S. Medley, D.K. Mansfield, A.L. Roquemore,Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, NJ 08543 USAM.P. PetrovA.F. Ioffe Physical-Technical Institute, St. Petersburg, 194021 RussiaAbstractCharge exchange interactions of ions with the ablation cloud of an injected low-Z impurity pellet can be used to measure the energy spectrum and radial profile ofconfined fast ions in a fusion plasma. On TFTR, we use this technique to directlymeasure energetic alphas from D-T reactions, tritons from D-D reactions, and RF-driven minority tail ions (e.g., H, 3He, T). This paper describes the status of the PelletCharge Exchange (PCX) diagnostic including a brief description of the measurementtechnique and discussion of operational experience. PCX measurements of theenergy spectrum, radial density distribution, and heating deposition profile of RF-driven tritium ions during 2WT heating of L-mode plasmas are presented.

2I. INTRODUCTIONThe Pellet Charge eXchange (PCX) uses the technique of active neutral particleanalysis to measure the energy spectrum and radial distribution of confined fast ionswith energies in the mega-electron volt range [1,2]. This novel diagnostic is the resultof a collaboration involving General Atomics, the A.F. Ioffe Physical-Technical Institute,and the Princeton Plasma Physics Laboratory and is presently operated routinely onTFTR. Previous papers reported the first measurements of the energy distribution ofenergetic confined alpha particles [1], tritons [3], RF-driven energetic 3He [4] andhydrogen [5], and the influence of toroidal field ripple [6] and sawtooth instabilities [7]on the behavior of the alpha energy spectra and radial distribution. This paperdescribes the PCX instrument and focuses on results from recent RF experimentsinvestigating the heating of L-mode deuterium-tritium plasmas in the second harmonictritium cyclotron frequency regime [8].II. THE PELLET CHARGE EXCHANGE DIAGNOSTIC

Pellet Injector

PhotodiodeArrayPlasmaTorusKeithleyAmplifierModel 427

E || BNeutralParticleAnalyzer

LeCroyDigitizerModel 6810CAMAC Control andData Acquisition

Fig. 1 Schematic of the Pellet Charge eXchange(PCX) diagnostic on TFTR.An Impurity Pellet Injector (IPI) anda Neutral Particle Analyzer (NPA) are themain components of the PCX system onTFTR. A photodiode array at the top of thetokamak vacuum vessel measures thevelocity and radial position of the radiallyinjected pellet. The IPI is capable ofinjecting cylindrical lithium, boron, orcarbon pellets of dimension 2 mm(diameter) by 3 mm to velocities of £ 650m/s; the injector uses helium, hydrogenor deuterium propellant. Lithium pelletsare normally used in TFTR becauselithium possesses desirable wall conditioning properties [9]. Upon entering theplasma, the pellet ablates and forms a toroidally extended ablation cloud. The ablatedmaterial is ionized to successively higher charge states as it moves away from thepellet. The helium-like ionization state is expected to dominate a large toroidal regionof the cloud due to the large increase in ionization potential from the helium-like to

3hydrogen-like states. A small fraction of the fast ions incident on the ablation cloud isneutralized by electron capture processes. A detailed calculation of the particle-cloudinteractions, which includes the helical nature of the incident particle orbits, isdescribed in reference [10]. In the case of doubly charged fast ions, the particles areneutralized either by the double charge exchange reaction, or by two sequential singlecharge exchange reactions. The density of the helium-like region of the cloud shouldbe high enough so that the neutral fraction of particles exiting the cloud approaches anequilibrium fraction F¥0, which is independent of the cloud density [10]. The escapingneutrals are subsequently detected by an E || B NPA with eight discrete energychannels equipped with ZnS(Ag) scintillators. In the present configuration, the NPAsight line is fixed to view the injected pellets from behind at a toroidal angle of 2.75� tothe pellet trajectory. The light emission from each scintillator is measured by aphotomultiplier tube and then processed by a set of amplifiers and digitizers, as shownin Fig. 1. The measured neutral signal, dn0/dE, at each energy channel is related tothe incident fast ion distribution, dn+/dE, by the relationdn0dE

~ dn+dE

F¥0(E)(1)as discussed in reference [2]. Data from the NPA combined with the photodiode arrayprovide radially resolved energy spectra and density profiles of the confined energeticparticles.The introduction of tritium in TFTR greatly increases the fusion reaction rate aswell as the energy of the fusion products. Hence, the problems associated withradiation-induced background are a very serious issue for diagnostics on TFTR duringD-T experiments. To reduce the radiation background, the NPA, scintillator detectorsand photomultiplier tubes are housed inside a radiation shield consisting of lead andpolyethylene. The polyethylene contains approximately 5% boron and acts as aneutron attenuator and moderator. The lead is used to stop the gammas. For the PCXdiagnostic, the shielding factor is approximately 100 in D-T and 500 in D-Dexperiments [2]. These values are empirically obtained by comparing the signalresponse of a scintillator and photomultiplier tube outside the shield to a similar setinside the shield. In the RF-tritium experiments reported here, the D-T neutronemission reached 1015 s-1. Hence, the radiation shield was essential for obtaininggood PCX data.

4Another important issue associated with the PCX diagnostic is pelletpenetration. We empirically observe poorer pellet penetration at higher electrontemperature. However, there is only a weak correlation between pellet penetration andelectron density. These empirical observations are consistent with theory [11].Severalschemes were employed to enhance the pellet penetration. One of the most effectivemethods is to increase the pellet velocity; in TFTR, this is accomplished by usinghydrogen propellant instead of helium. When hydrogen was used, the average pelletvelocity increased from 500 m/s to 600 m/s and the pellet penetration increased by 10-20 cm compared to helium propellant. Another method is to use two pellets in astacked fashion. While the first pellet may penetrate poorly, it lowers the plasmatemperature to allows the second pellet to penetrate farther. Both schemes have beensuccessfully applied to RF discharges.

01201012345670123

Time (s)

Ip (MA)

Ne (1022 m-2)

Prf (MW)Li Pellet

III. Measurement of TritiumTail Ions in L-mode PlasmaIn most D-T experiments onTFTR the tritium is introduced vianeutral beam injection. However, in arecent campaign involving ICRFheating of a low beta, L-mode D-Tplasma, the tritium was delivered tothe plasma by the gas puffingtechnique [8]. In addition to gaspuffing, the experiment also relied ontritium recycling from the vessel wallto fuel the plasma. Tritium recyclingw a s a c c o m p l i s h e d b y f i r s t Fig. 2 Plasma waveforms during RF heating at the 2ndharmonic of the tritium cyclotron frequency.conditioning the machine to removeas much of the deuterium absorbed inthe limiter as possible. The limiter is then reloaded with tritium by gas puffing. Thisrecycling scheme resulted in a high fraction (~50%) of tritium content in the gasreleased from the limiter. One of the primary objectives of these experiments was thedemonstration of second harmonic heating of tritium in an L-mode plasma to simulatethe RF startup scenario for ITER [12].

52.602.732.862.993.1201012012Major Radius (m)

Tritium Density (a.u.) ET= 0.40 MeVET= 0.61 MeVET= 0.86 MeV

01ET= 0.27 MeVDT#89059Fig. 3 Measured tritium energetic tail density at differentenergies.During RF heating experimentswhere the antennae were tuned at thesecond harmonic of the tritiumcyclotron frequency, the energyspectrum and radial profile of theeffective temperature of the tritium tailwere obtained using PCX. Theplasma current, central electrondensity, and launched RF power of arepresentative discharge for thesemeasurements are presented in Fig.2. The basic discharge parameterswere: Rmaj = 2.63 m, a = 0.9 m, Ip =1.8 MA and BT = 5 T. Tritium signalsfor four of the eight PCX channels asa function of major radius are shownin Fig. 3. The measurement was madeduring the 2.8 s flattop phase of the1.8 MA D-T discharge. The tritiumcontent of the target plasma wasabout 50%. The RF heating wasapplied from 2.8 - 4.5 s and reached alaunched power of Prf = 2.75 MW, butdropped to 1.5 MW from 3.2 - 4.5 sdue to a fault. The Li pellet wasinjected at 4.4 s near the end of theRF pulse. At the time of pelletinjection, the central electrontemperature and density wereapproximately 2.9 keV and 3.8 x 1019m-3, respectively. The pellet penetrated slightly beyond the magnetic axis (Raxis = 2.74m).

6

10110210300.20.40.60.811.2 dN(T)/dE (a.u.)Energy (MeV)DT# 89059R = 2.8 mTtail= 355 keVFig. 4 Energy spectrum of the tritium tail at R = 2.8 mA large increase in the signallevel occurred just inside R = 2.95 mwhich is about 15 cm outboard of theICRF resonance layer. The tailtemperature increases as the pelletmoves closer to the resonance layeras shown later in Fig. 5. Thefluctuations in the PCX signals in Fig.3 are observed on all energychannels. It is important to note thatthese fluctuations do not affect theenergy spectrum. We believe thatthese fluctuations may be the result ofthe spatial variation in the density ofthe RF-driven tritium tail. We alsocannot rule out the possibility thatfluctuations in the ablation cloudparameters associated with charge-exchange neutralization are responsible. Thesefluctuations have been observed in many pellet injection experiments in tokamaks andmay be due to a Rayleigh-Taylor cloud instability [13]. The PCX results to date showthat the peaks in the tritium tail signals seem to occur at the same radial locations ondifferent shots. This would seem to make cloud fluctuations, which would normally bethought to be uncorrelated shot to shot, a less likely explanation. Additionalexperiments under various discharge conditions using different pellet materials areneeded to verify this conclusion.The measured energy distribution function of the tritium tail near the resonancesurface is shown in Fig. 4. A straight line fit to the data yields an effective tritium tailtemperature of approximately 355 keV. Preliminary results indicate that the formationof the tail is quite fast; the energy spectrum of the tail is fully developed after the first100 ms of RF heating. Furthermore, the energy confinement time in these tritiumdischarges is similar to that seen in D-T plasmas heated by hydrogen minority ICRF.Figure 5 illustrates the radial profile of the effective tail temperature of the discharge.The tail temperature profile exhibits a transition near R = 3.0 m where the effectivetemperature increases by a factor of two. Additional experiments are needed toconfirm these preliminary observations. Among the effects that need to be studied in

7detail are the formation and evolution of the tail, density profile near the RF resonancesurface, and comparison between modeling and measurements.

01002003004005002.72.82.933.13.2Major Radius (m)

Tritium Ttail (keV)

Resonance LayerFig. 5. Radial profile of the tritium tail temperature.IV. SummaryThe PCX diagnostic has beentested on TFTR and is routinely usedto measure energetic confined alphasfrom D-T reactions, tritons from D-Dreactions, deuterium beam ions, andRF-accelerated tritons, 3 He andhydrogen ions. Measurements of theradial profile and energy spectrum ofthe tritium tail during ICRF heating ofan L-mode plasma at the secondharmonic tritium cyclotron frequencywere obtained. The tritium density andtail temperature radial profiles suggest that most the heating occurs within 20 cm fromthe resonance surface. The PCX data showing formation of an energetic tritium tailprovide evidence of ion heating, and in combination with diamagnetic data showing asubstantial increase in the thermal stored energy in TFTR [8], support the idea of usingsecond harmonic ion cyclotron heating as a viable technique for heating the relativelycold, low density ITER startup plasma [12].AcknowledgmentsThe authors gratefully acknowledge the contributions of the entire TFTRorganization.This work was supported by the U.S. Department of Energy under Grant No.DE-FG03-92ER54150 and Contract No DE-AC02-76-CHO-3073, and by anappointment to the Research Participation Program at General Atomics administeredby the Oak Ridge Associated Universities; such financial support does not constitutean endorsement by DoE of the views expressed herein.

8References1.R.K. Fisher, J.M. McChesney, P.B. Parks, H.H. Duong, S.S. Medley, A.L.Roquemore, D.K. Mansfield, R.V. Budny, M.P. Petrov, and R.E. Olson, Phys. Rev.Lett. 75, 846 (1995).2.S.S. Medley, H.H. Duong, R.K. Fisher, N.N. Gorelenkov, A.V. Khudoleev, D.K.Mansfield, J.M. McChesney, P.B. Parks, M.P. Petrov, and A.L. Roquemore, "Designand Operation of the Pellet Charge Exchange Diagnostic for Measurement ofEnergetic Confined Alphas and Tritons on TFTR," Princeton Plasma PhysicsLaboratory Report No. PPPL-3173 (April, 1996) 30 pp.; submitted to Rev. Sci.Instrum.3.S.S. Medley, R.V. Budny, D.K. Mansfield, M.H. Redi, A.L. Roquemore, R.K. Fisher,H.H. Duong, J.M. McChesney, P.B. Parks, M.P. Petrov, and N.N. Gorelenkov,Proceedings of the 22nd European Physical Society Conference on ControlledFusion and Plasma Physics, (Bournemouth, United Kingdom, 3-7 July 1995), Vol.19C, I-409.4.S.S. Medley, R.K. Fisher, A.V. Khudoleev, D.K. Mansfield, J.M. McChesney, P.B.Parks, M.P. Petrov, C.K. Phillips, A.L. Roquemore, and K.M. Young, Proceedings ofthe 20nd European Physical Society Conference on Controlled Fusion and PlasmaPhysics, (Lisbon, Portugal, July 1993), Vol. III, 1183-1186.5.J.M. McChesney, H.H. Duong, R.K. Fisher, A.V. Kudoleev, D.K. Mansfield, S.S.Medley, P.B. Parks, M.P. Petrov, and A.L. Roquemore, Rev. Sci. Instrum. 66, 348(1995).6.H.H. Duong, R.K. Fisher, S.S. Medley, M.P. Petrov, N.N. Gorelenkov, R.V. Budny,D.K. Mansfield, J.M. McChesney, P.B. Parks, A.L. Roquemore, R.B. White, and S.J.Zweben, "The Effect of Toroidal Field Ripple on Confined Alphas in TFTR D-TPlasmas," Princeton Plasma Physics Laboratory Report No. PPPL-3178 (February,1996); submitted to Nucl. Fusion.7.M.P. Petrov, R.V. Budny, H.H. Duong, et al., Nucl. Fusion 35, 1437 (1995).

98.R. Majeski, J.H. Rogers, S.H. Batha, et al., "ICRF Experiments in TFTR with FastWaves and Mode Converted Ion Bernstein Waves," accepted for publication inPhysics of Plasmas. (1996).9.D.K. Mansfield, J.D. Strachan, M.G. Bell, et al., Phys. Plasma 2, 4252-4256(November, 1995).10.J.M. McChesney, P.B. Parks, R.K. Fisher and R.E. Olson,"The interaction of FastAlpha Particles with Pellet Ablation Clouds," General Atomics Report, GA-A21958(December, 1995).11.P.B. Parks, J.S. Leffler, and R.K. Fisher, Nucl. Fusion 28, 477 (1988).12.D.D. Post, Plasma Physics and Controlled Nuclear Fusion Research, Proceedingsof the 13th International Conference, Washington DC, 1990 (International AtomicEnergy Agency, Vienna, 1991), Vol. 3, p.239.13.P.B. Parks, "Theory of Pellet Cloud Oscillation Striations," Rep. No. GA-A22005,General Atomics (1995), accepted for publication in Plasma Physics andControlled Fusion.