PPPL-3175 - Preprint Date: May 1996, UC-420, 426Measurements of Confined Alphas and Tritonsin the MHD Quiescent Core of TFTR PlasmasUsing the Pellet Charge Exchange DiagnosticS. S. Medley, R. V. Budny, D. K. Mansfield, M. H. Redi, A. L. RoquemorePrinceton Plasma Physics Laboratory, P. O. Box 451, Princeton, New Jersey 08543 USAR. K. Fisher, H. H. Duong+, J. M. McChesney, P. B. ParksGeneral Atomics, San Diego, California 92186 USA+ General Atomics ORAU FellowM. P. PetrovA. F. Ioffe Physical-Technical Institute, St Petersburg, 194021 RussiaN. N. GorelenkovTRINITI, Troisk 142092 RussiaAbstractThe energy distributions and radial density profiles of the fast confined trapped alphaparticles in DT experiments on TFTR are being measured in the energy range 0.5 - 3.5 MeV usinga Pellet Charge eXchange (PCX) diagnostic. A brief description of the measurement techniquewhich involves active neutral particle analysis using the ablation cloud surrounding an injectedimpurity pellet as the neutralizer is presented. This paper focuses on alpha and tritonmeasurements in the core of MHD quiescent TFTR discharges where the expected classicalslowing down and pitch angle scattering effects are not complicated by stochastic ripple diffusionand sawtooth activity. In particular, the first measurement of the alpha slowing down distributionup to the birth energy, obtained using boron pellet injection, is presented. The measurements arecompared with predictions using either the TRANSP Monte-Carlo code and/or a Fokker-PlanckPost-TRANSP processor code, which assumes that the alphas and tritons are well confined andslow down classically. Both the shape of the measured alpha and triton energy distributions andtheir density ratios are in good agreement with the code calculations. We conclude that the PCXmeasurements are consistent with classical thermalization of the fusion-generated alphas andtritons.

S. S. Medley, et al.Measurements of Confined Alphas21.0 IntroductionThe effective operation of a D-T fusion reactor requires that the alpha particles generated inD-T fusion reactions be well confined to allow deposition of most of the alpha energy in the plasmabefore they are lost. Based on extensive observations of fast ion behavior in tokamaks [1], alphaparticles generated in D-T plasmas can be expected to thermalize classically under quiescentdischarge conditions (i.e. in the absence of MHD activity and collective particle effects.) The goalof this paper is to advance the state of knowledge of alpha particles in tokamaks by presenting thefirst direct experimental observations showing the classical thermalization of alphas in MHDquiescent plasmas.Several diagnostics designed to measure confined alphas in large tokamaks recently beganoperation in the tokamak experiments; namely, charge exchange spectroscopy [2] microwavescattering [3], and energetic neutral particle analysis with the use of low-Z impurity pellets [4,5].The last method, which we call Pellet Charge Exchange (PCX), is now operated routinely onTFTR during D-T experiments. PCX diagnostic results have been reported on measurements ofRF-driven energetic H, 3He and T minority ion tails [6-8], the energy distribution fast confinedalpha particles [9], and the influence of magnetic field ripple and sawtooth oscillations on thebehavior of the alpha energy spectra and radial density distributions [10-12]. This publicationexpands on work [13] presented at the 22nd EPS Conference (Bournemouth, UK, 1995).2.0 Pellet Charge Exchange Diagnostic and Data AnalysisIn the PCX diagnostic on TFTR, low-Z impurity pellets are injected along a midplanemajor radius. Upon entering the plasma, the pellet forms a toroidally elongated ablation cloud, asillustrated in Fig. 1. Using lithium pellets as an example, a small fraction of the alphas incident onthe ablation cloud is neutralized either by sequential single electron capture,He2+ + Li+ => He+ + Li2+He++ Li+ => Heo + Li2+or by double electron captureHe2+ + Li+ => Heo + Li3+.

S. S. Medley, et al.Measurements of Confined Alphas3If the line integral target density for particles traversing the cloud is sufficiently large, then thefraction of particles emerging from the cloud as neutrals approaches the equilibrium fraction,F¥0(E), which is independent of the linear density of the cloud. Pitch angle scattering and energyloss are not important at the pellet ablation cloud densities expected in TFTR [14].By measuring the energy distribution, dno/dE, of the resultant helium neutrals escapingfrom the plasma, the energy distribution of the incident alpha particles, dna/dE, can be determinedusingdna/dE � K(E) dno/dE (1)whereK(E) = {F¥0(E) va W4p

h(E) DE}-1 (2)anddna/dE = ion distribution in the plasma in the direction of observation,dno/dE = measured signal,F¥0(E) = neutral equilibrium fraction, v a = ion velocity associated with energy E, W4p

= solid angle of the analyzer, h(E) = calibrated analyzer detection efficiency, and DE = energy resolution of the analyzer.Note that K(E) must be evaluated for the individual NPA channels. The neutral equilibriumfractions, F¥0(E), used for alphas and tritons are obtained from modeling calculations [9,14]. TheNPA analyzer detection efficiency, h(E),was calibrated [15] for alphas using megavolt helium ionbeams generated by a cyclotron accelerator and was derived for tritons using hydrogen ions.The escaping helium neutrals are mass and energy analyzed using a high energy (0.3 - 3.7MeV for 4He) neutral particle analyzer [15]. The neutral particle analyzer views the cloudsurrounding the radially injected pellet from behind at a toroidal angle of 2.75o to the trajectory ofthe pellet. As a result, only near perpendicular energetic ions with velocities close to v||/v = - 0.048are detected by the PCX diagnostic. The radial position of the pellet as a function of time ismeasured using a linear photodiode array situated on the top of the vacuum vessel. By combiningthis measurement with the time dependence of the PCX signal, radially resolved fast ion energy

S. S. Medley, et al.Measurements of Confined Alphas4spectra and density radial profiles can be derived with a radial resolution of ~ 5 cm. A moredetailed description of the Pellet Charge Exchange technique and apparatus will be presentedelsewhere [16].The experimental data are compared with modeling results obtained using TRANSP [17]which is a 112

-dimensional transport code (calculations of magnetic equilibrium are two-dimensional) that takes into account the spatial and temporal distributions of background plasmaparameters and includes modeling of stochastic ripple diffusion of alphas [18]. Monte Carlotechniques are used to follow energetic alphas and tritons ion orbits as they thermalize and is thenused to deduce the full energy and radial distribution of each species. The code assumes the alphaparticles and tritons are well confined and slow down classically and includes the effects ofCoulomb pitch angle scattering and velocity diffusion, but does not account for broadening offusion-generated particles about their birth energy due to the kinetic energy of the reacting ions[19]. TRANSP provides a good calculation of the alpha and triton distributions integrated over allpitch angles. For proper simulation of the PCX measurements, however, the pitch angle should beconstrained to account for only the deeply trapped particles.TRANSP divides the pitch angle range of – 1 into 50 equally spaced bins, giving a pitchangle resolution of 0.04. The instrumental resolution is approximately – 10-5 around the meanpitch angle value of v||/v = - 0.048. In order to reduce the Monte-Carlo statistical noise on thecomputed alpha spectra to an acceptable level, the pitch angle window in the TRANSP outputcannot be constrained to less than -0.2 <v||/v < 0.2, which is large compared to the narrowinstrumental window . Fortunately, the alpha distribution has a weak dependence on pitch angle inthis range and does not exhibit any fine grain structure. The radial averaging used in TRANSP is0.05r/a for thermal particles and 0.1r/a for fast ions. For the discharges used in this paper, a = 80cm. Thus the radial averaging in TRANSP for energetic alphas and tritons is ~8 cm compared withthe instrumental value of ~5 cmAlthough the TRANSP code is a powerful tool for analyzing experimental results, it iscomputationally intensive and has some severe limitations for modeling the PCX measurements.For this reason, we developed a Fokker-Planck Post-TRANSP (FPPT) processor code based ona numerical solution of the drift-averaged Fokker-Planck equation [20]. The code uses the radialand energy profiles of the pitch angle integrated alpha source from TRANSP to calculate alphadistributions for experimental conditions specific to the PCX measurements. This code includes apreliminary model for kinetic broadening of the alpha birth energy distribution, stochastic ripplediffusion effects, and sawtooth mixing of energetic particles [21]. Test calculations were made tobenchmark the TRANSP and FPPT codes under conditions where stochastic ripple diffusion andMHD activity can be neglected. Good agreement was observed. The numerical FPPT code is fastand has become the standard tool for analysis of the PCX data.

S. S. Medley, et al.Measurements of Confined Alphas53.0 Alpha Particle and Triton MeasurementsThe alpha particle distributions measured by the PCX diagnostic can be influenced by theeffects of classical slowing down and pitch angle scattering, stochastic diffusion associated withtoroidal magnetic field ripple, and sawtooth activity. In order to separate the classical behaviorfrom the other effects, PCX measurements were obtained during MHD quiescent discharges in theplasma core region where stochastic ripple diffusion effects are negligible. This "plasma core" istaken to be the region well inside the boundary determined using the following expressionprovided by the Goldston-White-Boozer [22] theory: dTFrq’ (pNq/e)3/2 >1, where dTF istoroidal field ripple, r is the alpha gyro radius, N is the number of toroidal field coils, q is thesafety factor, q’ = dq/dr, and e is the inverse aspect ratio. The alpha slowing down spectrum for aD-T discharge (#78607) and the triton spectrum from a similar DD discharge (#78601) are shownin Fig. 2. The basic discharge parameters were: Rmaj = 2.52 m, a = 0.8 m, Pb ~ 20 MW with Ipramped down from 1.7 MA to 1.0 MA during the 1.3 s duration NBI pulse. Although notspecifically requested for these PCX measurements, the current ramp down scenario proved to befavorable because sawtooth-free discharges occurred at reduced neutral beam power which aidedthe pellet penetration. In going from alphas to tritons, the relevant values of the neutral equilibriumfraction, the ion velocity, and the analyzer detection efficiency associated with K(E) in Eq. 2 wereemployed using the sources given in Sec. 2. Additional plasma parameters provided by theTRANSP output immediately prior to the pellet injection time, tPCX(s), are given in Table I, wheretNBI(s) is the neutral beam injection period, SN(s-1) is the neutron yield and tsl(s) is the slowingdown time. The midplane ripple diffusion boundaries for both 3.5 the MeV alphas and the 1.0MeV tritons were identical to within 5% in these discharges, with a value of Rrip = 2.76 m. Theenergy spectra were measured in the ripple-free region inboard of this boundary. Note that theerror bars in Fig. 2 only reflect the statistical errors due to the counting statistics.Also shown are TRANSP (solid curves) and FPPT (dashed curves) predictions of thealpha and triton energy spectra. The absolute scale for dn/dE was derived from normalization ofthe PCX data with the TRANSP modeling results and was made only once for the alpha data asnoted in the figure. The same normalization is used for the triton spectrum. Agreement betweenthe PCX measurements and the spectra calculated by TRANSP is quite good, indicating that thealpha and triton energy distributions and their density ratio is close to the TRANSP prediction,which assumes classical slowing down and neoclassical alpha and triton confinement. For theFPPT simulations, the shape of the energy spectra is similar, but differences occur due to the factthat Coulomb scattering is included in TRANSP but not in FPPT, which has an effect that isparticularly evident toward lower energies in the slowing down distributions. For the triton spectranear the birth energy, the inclusion of a preliminary model for kinetic broadening in FPPT but notin TRANSP is the cause of the difference between the two simulations. Based on the agreement

S. S. Medley, et al.Measurements of Confined Alphas6of the energy spectra and the alpha-to-triton ratio with TRANSP predictions, we infer that fusiongenerated-alphas and tritons in the core of MHD quiescent TFTR plasmas are well-confined andslow down classically.In the TFTR D-T experiments, pellets typically are injected 0.2 - 0.5 s after termination ofneutral beam heating. This timing delay leads to deeper penetration of the pellet as a result of decayof the plasma electron temperature as well as to an enhanced signal-to-noise ratio because theneutron background decays significantly faster than the confined alpha population. Even so,measurements with lithium pellets result in measurable alpha signals only at alpha energies lessthan ~ 2 MeV, as seen in Fig. 2. To enhance the pellet penetration and also to increase the signallevel at higher alpha energies, we investigated the use of boron pellets in place of lithium. As seenin Fig. 3, for alpha energies above ~ 2 MeV the calculated equilibrium fraction [14] for boron issignificantly higher than for lithium. The higher heat of ablation energy of 5.3 eV/atom for boroncompared with 1.6 eV/atom for lithium should increase the pellet penetration and consequentlyaccess a region of higher alpha density deeper in the plasma core. In practice, this gain is offset bylower pellet velocity from the injector due to the larger mass of boron relative to lithium.Nevertheless, under similar plasma discharge conditions an increase in the penetration for boronpellets ranging up to 20% (~ 12 cm) relative to lithium pellets of comparable mass is observed.In order to validate both the use of boron and the models used for alpha neutralization inpellet clouds, alpha energy spectra were compared for D-T discharges using both lithium (#86225)and boron (# 86228, 89, 81) pellets, as shown in Fig. 4. The basic discharge parameters were:Rmaj = 2.52 m, a = 0.8 m, Ip = 1.5 MA and BT = 5.2 T. Additional plasma parameters are givenin Table I. For this comparison, the spectra were taken near r/a ~ 0 with a spatial averaging of ~ 10cm and the boron spectra for the three discharges were normalized on the basis of the D-T neutronyield to account for differences in the plasma conditions. As can be seen, the shapes of themeasured alpha energy spectra for lithium and boron pellets are essentially the same, despite thevery different energy dependence of the neutralization fractions used in their respective dataanalysis calculations. These measurements also confirm that for alpha particle energies above ~ 2MeV, boron pellets provide a more effective neutralization target that lithium pellets. Theamplitude of the boron signal is approximately six times greater relative to lithium than expected onthe basis of the calculated equilibrium fractions. Most likely this is due to the lithium containing alarger fraction of higher ionization states than the helium-like ionization state assumed in theanalysis. Both pellet types are now routinely used in PCX diagnostic measurements.With the capability to measure alphas up to their birth energy, alpha spectra during the birthand slowing down phases were measured using single boron pellets. Selected plasma waveformsand pellet charge exchange signals for the slowing down case (#86291, Pb = 15 MW) arepresented in Fig. 5. The alpha distribution from 1.0 - 3.5 MeV was obtained using a single boronpellet injected 200 ms after termination of a 1.0 s beam pulse. The basic discharge parameters

S. S. Medley, et al.Measurements of Confined Alphas7were: Rmaj = 2.52 m, a = 0.8 m, Ip = 1.5 MA and BT = 5.2 T. Additional plasma parameters aregiven in Table I. All waveforms are diagnostic measurements except for the central alpha density,which is a TRANSP calculation. Note that at the selected time of pellet injection, the D-T neutronyield which gives rise to PCX signal interference has decayed significantly while the alpha densityhas not. The delayed rise of the PCX alpha signal relative to the pellet light signal seen in thelower panels is characteristic of all energy channels. This behavior is attributed to stochastic rippleloss depletion effects [12] in the outboard region of the plasma which the pellet must penetratebeyond before a measurable alpha population exists at the pitch angle viewed by the PCXdiagnostic.The alpha energy spectrum obtained from the PCX measurements for this discharge using asingle boron pellet is shown by the solid circles in Fig. 6. Also shown (solid squares) is theenergy spectrum measured for a "beam blip" case (#86299, Pb = 20 MW), where the boron pelletwas injected 20 ms after a beam pulse of only 100 ms duration. The bold curves are the FPPTsimulations of the PCX measurements while the lighter curves illustrate the general evolution of thealpha energy distribution at the other noted times during the 1.0 s neutral beam pulse. Reasonableagreement is seen between the data and the FPPT code results, which indicates that the alphaparticles slow down classically. In addition, the absence of any peaking in the fully developedslowing down spectra in the region of 3.5 MeV indicates that massive prompt losses do not occur.This is consistent with the alpha particles being well confined. Experimental results from the a-CHERS [23] and the escaping alpha [24] diagnostics on TFTR, both of which are absolutelycalibrated, corroborate this classical picture of alpha behavior and also show that massive promptlosses of alphas do not occur in MHD quiescent plasma discharges.In the "beam blip" discharge, the alphas are created in a time interval short compared to thealpha slowing-down time. In principle, the measured energy spectrum for this short pulse neutralbeam injection scenario can potentially yield information on the alpha birth energy distribution.Unfortunately, the existing TRANSP code does not provide for modeling of the kinetic spreadingof the alpha birth energy spectra, which must include precise information about beam energiesspecies and injection angles, the computed thermonuclear beam-plasma and thermonuclear mix,and the ion temperature. In the FPPT code, a preliminary model of the "beam blip" data assumessimple thermonuclear Doppler broadening of the alpha particle birth energy, Ea, for which the fullwidth at half maximum is given approximately by DE(keV) = 182(Teff)0.5 where Teff = 30 keV,the mean effective temperature of the deuterium and tritium ions, is based on measurement of theD-T neutron broadening in TFTR using a natural diamond spectrometer [25]. The thermonuclearformula used in FPPT is a first order approximation to illustrate the importance of the birth energydistribution for this data.

S. S. Medley, et al.Measurements of Confined Alphas84.0 DiscussionThe PCX diagnostic does not provide absolute alpha density measurements, which is whyit is necessary to normalize the data to the TRANSP code results. While the instrumental responseof the NPA analyzer was absolutely calibrated, the absolute efficiency for neutralization of themeasured ions by the pellet ablation cloud is uncertain. It has been shown that provided the lineintegral cloud density is sufficiently high so that the charge changing reactions are independent ofthe density and attain an equilibrium fraction, as expected in the TFTR applications, the details ofthe pellet ablation cloud have little effect on the measured energy distribution but do have a strongeffect on the absolute alpha density measurements [14].The absolute magnitude of the PCX signals are well below estimates made from simpleanalytic calculations. A Monte-Carlo simulation of the interaction of alpha particles with pelletablation clouds [14] which accounts for gyro orbit effects as ions traverse a pellet ablation cloudreduced the disagreement by a geometrical factor of the order of 2p, but significant differencesremain. For boron pellets, the measured signals are at least an order of magnitude lower thancalculated and for lithium pellets the discrepancy is two orders of magnitude or more. We suspectthat the spatial distribution of ionization states in the cloud [26] may be play a key role in resolvingthis issue, and are configuring an array of line-filtered fiber optics to attempt measurement of thisvariation in the future. However, the observation that measured PCX signals are well belowexpectations is not yet understood.For the discharges used in this work, the alpha population is sufficiently dilute that single-particle behavior is expected, as can be seen from the na/ne ratios given in Table I. To date, no’anomalous’ alpha particle losses due to alpha-driven collective instabilities have be observed inTFTR NBI-heated D-T discharges without ICRH [24,27]. This fact supports the expectation ofclassical ion behavior for the PCX alpha and triton measurements reported in this paper.5.0 ConclusionWith the advent of D-T plasma operation on TFTR, a growing body of results from thePCX and other TFTR alpha particle diagnostics [25,26] is replacing prior speculation about alphaparticle behavior. Using the PCX diagnostic, the first measurement of the alpha slowing downdistribution up to the 3.5 MeV birth energy was obtained using boron pellet injection. In the coreof MHD quiescent D-T discharges in TFTR, the good agreement observed between the PCXmeasurements of the confined, trapped alpha particles and tritons and TRANSP and FPPT

S. S. Medley, et al.Measurements of Confined Alphas9predictions is consistent with the alphas and tritons being well confined and slowing downclassically.AcknowledgmentsThis work was supported by US DoE Contract DE-AC02-76-CHO-3073 and US DoEGrant DE-FG03-92ER54150.

S. S. Medley, et al.Measurements of Confined Alphas10References[1] Heidbrink W W and Sadler G, 1994 Nucl. Fusion 34 535[2] McKee G et al., 1995 Phys. Rev. Lett. 75 649.[3] Woskov P Pet al., 1988 Rev.Sci. Instrum. 59 1565.[4] Fisher R K et al., 1988 Fusion Technol. 13 536.[5] Fisher R K et al., 1992 Rev. Sci. Instrum. 63 4499.[6] Medley S S et al., 1993 Proc. 20th Euro. Conf. on Contr. Fusion and Plasma Phys., Lisbon,III 1183.[7] McChesney J M et al ., 1995 Rev. Sci. Instrum. 66 348.[8] Majeski R et al ., "ICRF Experiments in TFTR with Fast Waves and Mode Converted Ion Bernstein Waves, " Accepted for publication in Physics of Plasmas (May, 1996).[9] Fisher R K et al ., 1995 Phys. Rev. Lett. 75 846.[10] Petrov M P et al ., 1996 Nucl. Fusion 35 1437.[11] Johnson D W et al ., 1995 Plasma Phys. Contr. Fusion 37 A69.[12] Duong H H, et al., "The effects of Toroidal Field Ripple on Confined Alpha Measurements in TFTR D-T Plasmas," PPPL-3178 (March, 1996) 26 pp. Submitted to Nucl. Fusion. (February 1996).[13] Medley S S et al ., 1995 Proc. 22nd Euro. Conf. on Contr. Fusion and Plasma Phys. Bournemouth, 19C I-409.[14] McChesney J M et al ., 1996 General Atomics Report GA-A21958 to be submitted for publication in Nucl. Fusion..[15] Izvozchikov A B et al ., 1991 Report JET-R(91) 12.[16] Medley S S et al., "Design and Operation of the Pellet Charge Exchange Diagnostic for Measurement of Energetic Confined Alphas and Tritons on TFTR," PPPL-3173 (April, 1996) 31 pp. Accepted for publication in Rev. Sci. Instrum.[17] Budny R V 1994 Nucl. Fusion 34 1247.[18] Redi M H et al ., accepted for publication in Nucl. Fusion 1995.[19] Sadler G J and van Belle P, 1995 Proc. 22nd Euro. Conf. on Contr. Fusion and Plasma Phys. Bournemouth, 19C II-269.[20] Gorelenkov N N and Putvinskij S V 1989 Sov. J. Plasma Phys. 15 80.[21] Gorelenkov N N et al., "Modeling of a-Particle Redistribution by Sawteeth in TFTR,"PPPL-3184 (April, 1996) 17 pp. To be submitted to Nuclear Fusion.[22] Goldston R J et al., 1981 Phys. Rev. Lett. 47 647.[23] McKee G et al., 1995 Phys. Rev. Lett. 75 649.

S. S. Medley, et al.Measurements of Confined Alphas11[24] Zweben S J et al., 1995 Nucl. Fusion 35 893.[25] Krasilnikov A V et al., "TFTR Natural Diamond Detector Based D-T Neutron Spectrometry System," Submitted to Rev. Sci. Instrum.[26] Parks P B et al., 1988 Nucl. Fusion 28 477.[27] Bell M G et al., 1995 Nucl. Fusion 35 1429.

S. S. Medley, et al.Measurements of Confined Alphas12Table ISelected Plasma Parameters for PCX Measurements of Tritons and Alphas.Discharge& TypetNBI(s)tPCX(s)T e( 0 ) (keV)n e( 0 ) (1019 m-3)na /neZ eff( 0 ) SN (s-1)tsl(s)

78601 D-D*2.4-3.23.436.02.701.3x10-53.14.0x10141.30

78607 D-T2.4-3.23.434.52.452.2x10-32.81.8x10160.60

86228 D-T3.0-4.04.227.02.374.6x10-33.18.0x10161.14

86289 D-T3.0-4.04.225.92.185.0x10-33.04.9x10161.03

86291 D-T3.0-4.04.225.82.004.9x10-33.05.0x10161.08

86299 D-T3.9-4.04.036.03.007.0x10-32.92.0x1014 NA

* Note that for this D-D discharge only, the table entries for na/ne and tsl (s) apply to tritons andSN (s-1) is the 2.5 MeV neutron rate. For the remaining discharges, entries correspond to alphasand 14 MeV neutrons in D-T plasmas.

S. S. Medley, et al.Measurements of Confined Alphas13

He0He2+He2+Li0Li+1Li+2Li+3

BMAGNETIC FIELDPELLET ABLATION CLOUD

LITHIUMPELLET

VPELLET (

< 1 km/s)NEUTRAL PARTICLEMASS/ENERGYANALYZER

SCINTILLATORSAND PHOTOMULTIPLIER TUBESHe2++ Li+ He0 + Li3+

He2++ Li+ He+ + Li+ He+ + Li2+ He0 + Li2+ orfollowed byFig. 1 Illustration of the Pellet Charge Exchange (PCX) concept using lithiumas an example of low-Z impurity pellet injection.

S. S. Medley, et al.Measurements of Confined Alphas14

2.52.01.51.00.50.0

10-410-310-210-1100

Energy (MeV)Triton Data TRANSPnormalizationAlpha Data

FPPT dn/dE (1017MeV-1m-3)Fig. 2 Comparison of the PCX measurements of the alpha and triton spectrawith TRANSP and FPPT predictions.

S. S. Medley, et al.Measurements of Confined Alphas15

10-510-410-310-210-1

Alpha Energy (MeV)

Equilibrium Fraction0.11.010

Li+B3+Fig. 3 Calculated neutral equilibrium fractions for alpha particleson helium-like lithium and boron.

S. S. Medley, et al.Measurements of Confined Alphas1643210

104105106107Alpha Energy (MeV)

dn/dE (a.u.)

Boron Pellets

Lithium Pellet(3 discharges)Fig. 4 Comparison of alpha spectra obtained using boron and lithium pellets.

S. S. Medley, et al.Measurements of Confined Alphas17 TIME (s)Ea = 1.2 MeV PCXNEUTRAL SIGNAL (VOLTS)PELLET LIGHTSIGNAL(VOLTS)2.0 ms

0.75 0.5 0.250.0r/a

PLASMA CENTER PLASMACURRENT(MA)NEUTRALBEAMHEATING(MW) NEUTRONRATE(1018 s-1)TIME (s)SHOT 86291

CENTRALALPHADENSITY(1011 cm-3)

1234560.00.51.0

0.00.51.0

0..1.510515105

Pellet Fired

1354.22154.22254.22350.00.1

Fig. 5 Selected plasma waveforms and PCX signals for measurement of the alpha spectrumup to the birth energy using single boron pellet injection.

S. S. Medley, et al.Measurements of Confined Alphas18

10-410-310-210-110001234Alpha Energy (MeV)1.0s1.2s0.35s0.12s0.07sNormalization "Beam Blip" @ 0.12 s dn/dE (1017MeV-1m-3)

Slowing Down @ 1.2 s

PCX Data

Fig. 6 Evolution of the alpha energy spectra computed using the FPPT code (curves) and comparison with the measured alpha spectra for two times: 1) during the slowing down phase shown as solid circles corresponding to 1.2 s, and 2) nearthe birth phase shown as solid squares corresponding to 0.12 s.