PPPL-3119 - Preprint: July 1995, UC-426Alfv�nic Behavior of Alpha Particle Driven Ion CyclotronEmission in TFTRS. Cauffman and R. MajeskiPrinceton Plasma Physics Laboratory, P.O. Box 451, Princeton, New Jersey 08543K. G. McClements and R. O. DendyUKAEA Government Divison, Fusion, Culham, Abingdon, Oxfordshire, OX14 3DB UK(Euratom/UKAEA Fusion Association)ABSTRACTIon cyclotron emission (ICE) has been observed duringD-T discharges in the Tokamak Fusion Test Reactor (TFTR),using rf probes located near the top and bottom of the vacuumvessel. Harmonics of the alpha cyclotron frequency (W a )evaluated at the outer midplane plasma edge are observed at theonset of the beam injection phase of TFTR supershots, andpersist for approximately 100-250 ms. These results are incontrast with observations of ICE in JET, in which harmonics ofWa evolve with the alpha population in the plasma edge. Suchdifferences are believed to be due to the fact that newly-bornfusion alpha particles are super-Alfv�nic near the edge of JETplasmas, while they are sub-Alfv�nic near the edge of TFTRsupershot plasmas. In TFTR discharges with edge densities suchthat newly-born alpha particles are super-Alfv�nic, alphacyclotron harmonics are observed to persist. These results are inqualitative agreement with numerical calculations of growthrates due to the magnetoacoustic cyclotron instability.

INTRODUCTIONCyclotronic emission has been observed during deuterium-tritium operation in both JET1 and TFTR.2,3 In both cases, multipleharmonics of W a (the alpha cyclotron frequency evaluated near theouter midplane edge of the plasma) are observed. On JET, theevolution of these harmonics follows that of the edge alpha particlepopulation, and shows clear correlations with MHD events. On TFTR,emission at harmonics of W a is also observed, but its temporalevolution is very different. In a typical TFTR supershot, W aharmonics are observed within 50 ms of beam injection, but thendisappear within 100-250 ms. These modes are then replaced by anew, distinct set of harmonics of W D and W T, the cyclotron frequenciesof the injected species. Like the W a emission, these frequenciescorrespond to a locus of emission near the outer midplane plasmaedge, but at a slightly smaller major radius. While the magnetic fieldinferred from W a (neglecting the Doppler shift) corresponds to alocation slightly beyond the plasma edge (in the vacuum region), thefield inferred from W D and W T corresponds to a location just insidethe plasma edge. Typical early (W a) and late (W D and W T) spectra, aswell as the locations of cyclotron resonances within the plasma, arepresented in figure 1. For comparison, ICE observations during DDplasmas in TFTR are described elsewhere.2,3,4Before discussing measurements of alpha particle driven ICE inTFTR in further detail, we present a brief description of themagnetoacoustic (or Alfv�n) cyclotron instability (MCI), and itsimplications for expected emission in TFTR and in JET.THE MAGNETOACOUSTIC CYCLOTRON INSTABILITYThe MCI has been identified as the probable mechanism behindfusion product driven ICE in both JET and TFTR.5,6,7 While ICE can bemodelled with varying degrees of sophistication, much of therelevant physics is captured by simply solving the local dispersionrelation for a uniform plasma with conditions comparable to those inthe plasma edge. Such a treatment verifies that ICE can, under theright conditions, be excited by fusion products5,6 or by beam ions.8We limit the present discussion to the issue of alpha particle drivenICE. At the onset of neutral beam injection, the alpha particlepopulation in the plasma edge is initially dominated by barelytrapped particles born near the core on very wide banana orbits.

Figure 2 depicts such an orbit in TFTR, while figure 3 presents thepitch angle distribution of alpha particles at the TFTR plasma edge, ascalculated by the ORBIT particle-following code,9 which integratesfusion source profiles (calculated by TRANSP10) over particle orbits.A simple but reasonable model for the distribution of birth alphaparticles at the plasma edge is thus~ a ˚� ˚exp{-(v ||˚-˚vd)2/vr||2 ˚-˚(v ^ ˚-˚u )2/vr^ 2 }, where vd2˚+˚u 2˚=˚v a o 2 (v a ois the alpha particle birth velocity) and u/vd˚=˚tan(q o) (q o is a pitchangle lying close to the trapped/passing boundary). Local dispersionrelations for such distributions can be solved numerically, and incertain limits, analytically.5,6 In particular, as was shown inreferences 5 and 6, if one lets ~a ˚� ˚exp{-(v ||˚-˚vd)2/vr2}d(v ^ ˚-˚u), takesthe electrostatic limit, ignores Landau damping (appropriate ifk ||˚˙˚k ^ ), and assumes n a ˚˙˚ni, one recovers, to lowest order, the fastAlfv�n wave dispersion relation:w2 =

12 cA2 k2 + k||2 + k2k||2 cA2Wi2 + cA2Wi22— 4k2k||2(1)with the first order correction yielding the growth rate:g = wpa2wpi2 Wi4 Wi + w — Wi N||2

Wi — w + Wi N||2 nWak||vr Mn —

2u2vr2 hnNn p2w e—hn2(2)where M n and Nn are given by:Mn = 2n wWi J ’n2

+ 1za2 n2 — za2 Jn2

— 2 w2 — Wi2Wi2

JnJ ’nza n2N^2 —

za2 — 2n2 N||2

+ 2JnJ ’nza za2 — 2n2(3)Nn = — 2

n wWi

JnJ ’nza + w2 — Wi2Wi2

N||2 n2Jn2za2 + J ’n2 + N^2

n2Jn2za2 +

n2Jn2za2 + J ’n2(4)and where N ||˚= ˚k ||c A /w , N ^ ˚= ˚k ^ c A /w , h n˚= ˚(w ˚-˚k ||v d ˚-˚nW a )/k ||v r, Jn isthe Bessel function of order n with argument za˚=˚k^ u /W a , and n is theinteger for which nW a lies closest to w. These equations can beexpressed in terms of the following dimensionless parameters: theratio of the alpha particle density to the background ion density(x˚”˚n a /ni), the mean alpha particle pitch angle (q o), the propagationangle (tan(qk)˚”˚k^ /k||), the ratio of the alpha birth velocity to theAlfv�n speed (z˚” ˚v a o/vA ), and the narrowness of ~a (s ˚” ˚vr/u) . Numerical calculations indicate that while the growth rate isproportional to x, the value of s required for instability is strongly dependent on z (see figures 4 and 5). If the alpha particles aresuper-Alfv�nic (e.g. z˚=˚1.5), the second alpha particle harmonic, forexample, can be destabilized for values of s below 0.14; if the alphaparticles are sub-Alfv�nic (e.g. z˚=˚0.5), the same harmonic isstabilized for values of s above 0.06.6 One would expect, therefore,that while the initial edge alpha particle population is narrowenough, ICE would be observed as x increases, but that as thedistribution widens, the ICE would eventually be stabilized.Furthermore, this stabilization would be more easily achieved forsmaller values of z.IMPLICATIONS FOR JET AND TFTRDue to the flatness of JET density profiles, 3.5 MeV alphaparticles are super-Alfv�nic even near the plasma edge.11 TFTRsupershots, on the other hand, are characterized by highly peakeddensity profiles, such as the one in figure 6. So while alpha particlesare born super-Alfv�nic in the core, they are sub-Alfv�nic near theplasma edge. MCI theory would thus suggest that alpha particledriven ICE harmonics would be more easily excited in JET than inTFTR (which, indeed, is the case). In addition, the excitation of theMCI in TFTR depends on two competing processes: the rapid growthof the alpha particle population once beam heating commences, andthe gradual widening of the alpha particle distribution function dueto collisions. When alpha particle production begins, the distributionfunction at the plasma edge is very narrow, because the alphaparticles have not yet slowed down and because only those with anarrow range of pitch angles (i.e. those that are barely trapped) willfollow orbits carrying them through the plasma edge. As the alphaparticle population continues to grow, however, the distributionfunction widens, eventually reaching the point at which theinstability can no longer be excited. A simple analytic model of theevolution of the alpha particle distribution function (see reference 6for a detailed description) predicts that for parameters appropriatefor the edge plasma in TFTR supershots, alpha particle driven ICEshould be observed during approximately the first 100 ms of beaminjection, with the growth rate peaking near 40 ms. This predictionis qualitatively consistent with experimental observations.ICE IN TFTR L-MODES

Recently, ICE data were obtained during several TFTRdischarges with edge densities high enough to ensure that 3.5 MeValpha particles were super-Alfv�nic even near the plasma edge. MCItheory suggests that alpha particle driven ICE should be more easilyexcited under such conditions, and, in fact, this turns out to be thecase. We present in figures 7, 8, and 9 a comparison of data fromthree different discharges. The first is a typical supershot, in whichedge alpha particles are sub-Alfv�nic throughout the discharge. Inthis case, alpha particle driven ICE is observed only at the onset ofbeams. The second is a supershot in which an L-mode transition isinduced by means of a large He puff. In this case, alpha particledriven ICE is observed briefly at the onset of beams, but alsoreappears after the puff, when the density is high enough that z˚>˚1.The final case is an L-mode discharge for which the alpha particlebirth speed is greater than the edge Alfv�n speed throughout thebeam phase. In this case, alpha particle driven ICE is observedimmediately after the onset of beams, but persists until the beamsare turned off. In all three cases, alpha particle driven ICE isobserved only when the edge alpha particles have a very narrowdistribution function, or when they are super-Alfv�nic.DISCUSSIONThe data presented above provide valuable support for theMCI theory of ion cyclotron emission. While the local treatmentdescribed above is simplistic by construction, it nevertheless isqualitatively consistent with empirical observation. More elaboratemodels (such as the global eigenmode calculation presented inreference 7) should lead to further improvements in ourunderstanding. At present, several aspects of ICE in TFTR remainpoorly understood. First, spatial localization to one region of theplasma seems insufficient, by itself, to account for the extremenarrowness of the observed modes. The alpha particle distributionfunction is described by a narrow drifting ring over a larger range ofradii than the spectral line widths would indicate. We should alsonote, however, that a small fraction of alpha particle orbits extendbeyond the outer midplane plasma edge. It may be that the leastdamped eigenmode is that with the lowest frequency accessible tothe energetic species. (Recall that the locus of emission, neglectingany Doppler shift, is consistent with magnetic fields in the vacuumregion beyond the plasma edge.) Second, the way in which theamplitude of alpha particle driven ICE in TFTR depends on global plasma parameters (e.g. fusion rate, beam power, plasma current)remains poorly understood. The ICE signal in JET, for example, hasbeen demonstrated to be linearly proportional to the fusion rate oversix orders of magnitude.1 On TFTR, while a comparison of the peakW a power with the peak D-T neutron rate also yields a regressioncoefficient close to unity, a large amount of scatter is also apparent.3Given that the excitation of ICE is much more sensitive to the shapeof the alpha particle distribution function in TFTR than it is in JET, itsdependence on plasma conditions might be more complex as well.Finally, alpha particle driven ICE in TFTR exhibits an extremely rapidturn off at the end of the beam phase during the L-mode discharge(figure 6) presented earlier. Additional measurements of ICE duringL-mode plasmas are planned.SUMMARYEmission at multiples of W a is observed during D-T dischargesin TFTR. While this emission is highly transient when vao˚<˚vA, itreappears (or persists) when va o˚>˚vA. These observations provideevidence for the Alfv�nic nature of ICE, and are consistent withpredictions based on local growth rate calculations for theMagnetoacoustic Cyclotron Instability.ACKNOWLEDGEMENTSThis work was supported by US DoE contract numberDE-AC02-76-CH03073, the United Kingdom Department of Trade andIndustry, and Euratom.REFERENCES[1 ]COTTRELL, G.A., et al., Nucl. Fusion 33 (1993) 1365.[2 ]CAUFFMAN, S., MAJESKI, R., Rev. Sci. Instrum. 66 (1995) 817.[3 ]CAUFFMAN, S., MAJESKI, R., Bull. Am. Phys. Soc. 39 (1994) 1675.[4 ]GREENE, G., et al., Proceedings of the Seventeenth EPS, Amsterdam, 14B-IV (1990) 1540.[5 ]DENDY, R.O., et al., Phys. Plasmas 1 (1994) 1918.[6 ]MCCLEMENTS, K.G., et al., An interpretation of ion cyclotron emission from sub-Alfv�nicfusion products in the Tokamak Fusion Test Reactor, submitted to Phys. Plasmas.[7 ]GORELENKOV, N., CHENG, C.Z., Phys. Plasmas 2 (1995) 1961.[8 ]DENDY, R.O., et al., Phys. Plasmas 1 (1994) 3407.[9 ]FELT, J., et al., Rev. Sci. Instrum. 61 (1990) 3262.[10 ]BUDNY, R., et al., Nucl. Fusion 34 (1994) 1247.[11 ]REBUT, P., et al., Nucl. Fusion 32 (1992) 187.

1 fa2 fa3fa4fa1 fT2 fT2 fD1 fD

020406080100120Frequency (f=w/2p) [MHz]

ICE Signal[dB/MHz]Shot 73268

ICE Signal[dB/MHz]1 fa2 fa3fa4 fa1fT2 fT2fD1 fD

(b)(c)

Resonance Locations[m](a)

plasmalimitervessel wall t = 66 mst = 243 ms-55-60-70-75-65-55-60-70-75-653.02.01.52.53.5FIG. 1. Early and late ICE spectra from a DT supershot. The apparentlocus of emission (a) and the spectral structure at 66 ms (b) isdistinct from that at 243 ms (c) after the onset of neutral beaminjection.

RF Probe

04812180� — Pitch Angle [degrees]20304050607080

Fraction[10^-7]Shot 73255R=3.37 m

FIG. 3. Alpha pitch angle distribution at the plasma edge. Becausemost alpha particles are born near the core, their population near theedge will be dominated by those that are barely trapped.

1.90Vao/VA = 1.5g / Wa[10^-6](w-k||vd)/Wa0.140.130.12

s 0132541.841.861.881.921.941.96FIG. 4. MCI growth rates for super-Alfv�nic alpha particles. Shownhere are growth rates for n=2, x=10-4, qk=80�, qo=135�, z=1.5, andthree values of s: 0.12, 0.13, and 0.14.

1.990

Vao/VA = 0.5g / Wa[10^-6](w-k||vd)/Wa0.0600.0550.0500132541.9751.9801.9851.995

s FIG. 5. MCI growth rates for sub-Alfv�nic alpha particles. Shownhere are growth rates for the same parameters as in figure 4, exceptz=0.5, and s=0.050, 0.055, and 0.060.

190180170160150

DT Neutron Rate[10*log(neuts/sec)]Shot 73255DT Beams

Edge Density[10^13/cm^3]3.03.23.43.63.84.0R = 3.3 mTime [sec]ne-crit-40-50-60-70-80

ICE Signal[dB]1fa1.52.01.00.50.02.5neVao < VA(a)(b)(c)FIG. 7. Alpha particle driven ICE during a typical supershot. Theneutron source rate (a), edge electron density (b), and ICE power inthe W a fundamental (c) are plotted as functions of time. Birth alphaparticles are sub-Alfv�nic in the plasma edge, and the W a

fundamental is only excited briefly at the onset of neutral beaminjection.(c)

190180170160150

DT Neutron Rate[10*log(neuts/sec)]Shot 75932DT Beams

Edge Density[10^13/cm^3]3.03.23.43.63.84.0R = 3.3 mTime [sec]ne-crit

-40-50-60-70-80

ICE Signal[dB]1fa

1.52.01.00.50.02.5HeneVao < VAVao > VA(a)(b)FIG. 8. Alpha particle driven ICE during a supershot-to-L-modetransition. The same quantities are shown as in figure 7. The W a

fundamental is excited briefly at the onset of neutral beam injection,but reappears after a He puff raises the edge density so that va o>vA.(a)(b)(c)D Beams

170160150140130

DT Neutron Rate[10*log(neuts/sec)]Shot 82451DT Beams

Edge Density[10^13/cm^3]2.02.53.03.54.0R = 3.4 mTime [sec]ne-crit-40-50-60-70-80

ICE Signal[dB]1.52.01.00.50.02.5neVao < VAVao > VA

1faFIG. 9. Alpha particle driven ICE during an L-mode shot. The samequantities are shown as in figures 7 and 8. In this case, vao>vAthroughout the beam injection phase. The W a fundamental is excited

at the onset of neutral beam injection, and persists until the beamsare turned off.