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The toroidal Alfven eigenmodesTAE) in the Tokamak Fusion Test Reactdf. Young et al,,

Plasma Phys. Controlled Fusi@6, 11 (1984] deuterium—tritium plasmas are analyzed using the
NOVA-K code[C. Z. Cheng, Phys. Re@11, 1 (1992]. The theoretical results are compared with the
experimental measurements in detail. In most cases, the theory agrees with the observations in terms
of mode frequency, mode structure and mode stability. However, one mode with toroidal mode
numbern=2 is observed to be poloidally localized on the high field side of the magnetic axis with

a mode frequency substantially below the TAE frequency.1998 American Institute of Physics.
[S1070-664%98)02412-4

I. INTRODUCTION atic comparison between theory and experimental measure-

o i . ments. The physics aspect of the alpha-driven TAE is em-

In a tokamak reactor with ignited deuterium—tritium ynaqized in the comparison. This paper is complementary to
(DT) plasma, the fusion product alpha particles are born withha \work of Nazikianet al,1s where detailed experimental

an energy of 3.5 MeV and a pressure profile highly peaked &j4t5 of alpha-driven TAEs in TFTR are presented along with
the center of the plasma. The energetic alpha particles cat}, initial comparison with theory.

heat the plgsma via c.ollis.ion wi_tr_] .thernjal electrons, but th_ey The paper is organized as follows. In Sec. II, essential
can also drive collective instabilities with the free energy iNphysics of this work is discussed. In Sec. II, the experimen-

the alpha particle pressure gradient. In particular, the toroidal| ghservations are briefly described. In Sec. IV we present a
Alfven eigenmode(TAE) can be destabilized by super- getajled comparison between theory and experiment. Finally,
Alfvenic alpha part|cles. via parg!lel wave parthle a discussion and conclusions are given in Sec. V.
resonance$.Such alpha-driven instability could cause sig-
mﬂcant alpha particle loss, serious dama_lge in the reactorﬁ_ THEORETICAL BACKGROUND
first wall, and degrade alpha particle heating. Previously, the
alpha particle destabilization of TAEs was simulated experi- The TAE modes are discrete shear Alivavaves with
mentally in nonfusion plasmas using energetic beam ionfrequencies located inside the continuum gaps in a toroidal
from neutral beam injectiofiNBI) heating* or fast hydro-  plasmat® In a cylindrical plasma, the shear Alfwespectrum
gen minority tail ions powered by ion cyclotron range of is given byw?=k{(r)vi(r), wherev,=B/\/p is the Alfven
frequency(ICRF) heating®~° Strong TAE activity and asso- speedk = (n—m/q)/R is the parallel wave number witB
ciated fast ion loss were observed in these experiments. being the magnetic field strength,, the mass densityn/n
Purely alpha-driven TAE instability was observed for the poloidal/toroidal mode number, amdthe safety factor.
the first time in the Tokamak Fusion Test ReadfBfTR)!®  The cylindrical continua are degenerategat (2m+1)/2n
DT plasmas with weak central magnetic shear antherekﬁ’m=kf]m+l and the mode frequency of harmomit
q(0)>112whereq(0) is the value of the safety factor at equals that oi+1. In a torus, however, the frequency de-
the magnetic axis. The mode activity appears after the termigeneracy is eliminated by the poloidal asymmeteyg., B
nation of NBI, as predicted by theoty}* Furthermore, the varies in poloidal angle due to toroidicjtyThe toroidal cou-
radial mode structure has been obtained with the core reflepling of m andm+1 creates a gap in the continuum spec-
tometer diagnosti¢® It was observed that the instability with trum at the radius ofj=(2m+ 1)/2n.1° More interestingly,
n>3 is core-localized and exhibits ballooning feature, i.e.,discrete eigenmodes have been shown to exist inside the con-
the mode is poloidally localized on the low field side of thetinuum gap'® These modes are called toroidicity-induced
magnetic axis on the plasma midplaffeeren denotes the shear Alfvan eigenmode(TAE)! or toroidal Alfven eigen-
toroidal mode number These results confirm the theoretical mode.
prediction of mode localizatidfiand the importance of weak In the original work of TAE® only one mode was
central sheaf and highq(0)!’ for mode excitation. How- shown to exist in a single continuum gap at zero beta. At
ever, then=2 mode is localized on the high field side of the finite plasma beta, the TAE mode can exist only below a
magnetic axis with a mode frequency inside the continuuncritical pressure gradient slightly below the first ballooning
spectrum. Both the low mode frequency and spatial structurstability boundaryf® Near the center of the plasma, the mag-
of the n=2 mode contradicts the usual expectation fornetic shear tends to be small, and the TAE mode is
TAEs. core-localized* at a single gap with only two appreciable
In the present work, we report on a detailed and systempoloidal components. The critical pressure gradient is
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giverf? by a=2s?+3e wherea=—Rg?(dp/dr)/B? is the  the change in particle radial position. Folw<0, a resonant
normalized pressure gradiemstthe magnetic sheag=r/R particle loses energy when it moves out in radius, and gains
the inverse aspect ratio. In addition to the usual Tigken energy when moves in. Alpha particles on the whole lose
parity with frequency near the lower bound of the continuumenergy to the TAE because there are more particles at
gap, it has been showfi that another TAE can also exist in smaller radii.

the core of the plasma with frequency slightly below the  For TAE excitation, alpha particles must overcome the
upper bound of the gap. This mode is called odd TAE besum of all background damping due to kinetic effects of
cause the phases of the two dominant poloidal harmonics atbermal electrons and ions, such as electron/ion Landau
opposite. The corresponding critical pressure gradient islamping, collisional damping, continuum damping, and ra-
given by a=3e—2s?. These core-localized modes can existdiative damping. For typical parameters of TFTR DT experi-
at finite beta because of finite aspect ratio effects which wergents, the main damping mechanisms are radiative damping
neglected in previous studies. The analytic results are validnd beam ion Landau damping. The thermal ion Landau
when s>~ e<1. More recently, it has been shoffirthat damping and the collisional damping are negligible. The
more than two TAES can exist in a single gap whegis  continuum damping is not important in most cases and is not
~0(1). considered in our model.

Besides core-localized modes, global TAE modes also The term of radiative damping was coined by Mett and
exist with multiple poloidal harmonics radially spanning Mahajar® who pictured the damping process as the TAE
multiple continuum gap¥? mode “radiating” away kinetic Alfve waves. Physically,

When kinetic effects of thermal electrons and ions, suclthe damping is caused by dissipation of short wave length
as Finite lon Larmor Radiué~LR) and finite electron mass, kinetic Alfven waves that are coupled to the usual magneto-
are taken into account, the continuum spectrum is dishydrodynamic(MHD) TAE mode. In the ideal MHD limit,
cretized. In particular, the kinetic toroidal Affaeeigenmode the TAE mode has a characteristic radial wavelengti of
(KTAE) can exist with frequency just above the upper bound~ er/ns. However, when finite Larmor radiu§LR) effects
of the gap?® The KTAE is a radially standing wave formed are taken into account, the TAE branch is coupled to the
due to the toroidal coupling of two kinetic Alffmewaves KAW branch with a short wave length on the order)of
having poloidal mode numben andm+ 1, respectively. ~(p?ring9)*® with p; being the ion gyroradius. This small

TAE/KTAE are two types of many Alfue Eigenmodes. wavelength component of FLR-modified TAE leads to finite
Other types include the beta-induced Alveeigenmode damping caused by dissipations such as collision and elec-
(BAE),?® the ellipticity-induced Alfve eigenmoddEAE),?”  tron Landau damping. It should be pointed out that although
the noncircularity triangularity-induced Alfve eigenmode nonzero dissipation is required for having finite radiative
(NAE),?" the global Alfven eigenmode$ (GAE) or the dis-  damping, the magnitude of the radiative damping is indepen-
crete Alfven wave€® (DAW), the kinetic Alfven waveé®  dent of dissipation when it is small. This is because the range
(KAW), the energetic particle-induced Alfwe modé®  of radial wave numbek, of the TAE depends on the mag-
(EPM) or the resonant Alfue eigenmod® (RTAE). How-  nitude of the dissipation. The smaller the dissipation, the
ever, TAE/KTAE are most susceptible to alpha particle dedargerk,. For this reason, the radiative damping is nonper-
stabilization for two reasons. First, the background dampindurbative.
of the mode is relatively low due to lack of continuum damp-  In the present work, the alpha drive and damping terms
ing. Second, the mode frequency is relatively small so thaére calculated perturbatively using the kinetic-MHD stability
the conditionw, ,> w is well satisfied, whereo, , is the — codeNovak.'**>It should be noted that our perturbative
alpha particle diamagnetic drift frequency. method is valid for the parameters of TFTR DT experiments

The alpha-particle destabilization of shear Aliveaves since the calculated drive and damping rates are smaller than
was first considered by Rosenbluth and Rutherfdrdnd  the distance between the real frequency and the nearest edge
Mikhalovaskii®* Since the alpha particle’s speed is compa-of the continuum gap. The nonperturbative radiative damp-
rable to the Alfve speed for typical fusion plasma param-ing is calculated semi-analytically using a WKB
eters, they can resonantly interact with shear Aifweaves approximationl.“

(w=Kkjv). The instability drive comes from the free energy

assqqated with 'Fhe alpha particle pressure gra@ent. Thg N EXPERIMENTAL OBSERVATIONS

stability mechanism can be understood from single particle

motion in the presence of a shear Alfvevave with fre- Purely alpha particle-driven TAEs were observed in
quencyw. Using the drift-kinetic equation, the rate of change TFTR DT plasmas!!?1°The TAE instability occurs only

in the particle kinetic energ¥, is dE,/dt~vy4-E, and the for weak central magnetic shear agD)>1 achieved using
rate of change in the toroidal angular momentBpis given  full radius plasmas during current ramp-up on TFTR. The
by dP,/dt=(n/w)dE/dt, wherevy is the drift velocity,E modes, with toroidal mode number in the rangenef2-5,

is the electric field of the Alfve wave and P,=eV appear in a transient phase 100—-300 ms following the end of
+Mv R with e the ion charge¥ the radial variable of DT neutral beam injection. Sometimes~=1 and n=6
poloidal flux, M the ion massy , the toroidal component of modes are also seen.

the particle velocity andR the major radius. SincP ,~eW¥ Figure 1 shows time traces of relevant plasma param-
for small orbit width,P , can be thought of as a radial vari- eters for a typical DT plasma witlg(0)~1.6 (discharge
able. Thus, the change in particle energy is proportional t@10310) in which TAEs were observed. After the termina-
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FIG. 1. Evolution of DT neutral beam power, volume-averaged alpha par- O bbbl b b
ticle betd3,,) and volumed-averaged plasma bgg of a TFTR discharge -1 06 -02 02 06 1
(#103101). The shaded region denotes the time of TAE activity. r/a

FIG. 3. Collection of the phase magnitude observed on the reflectometer for
tion of NBI, the plasma density, alpha beta, as well ashe(a n=4 mode andb) n=2 mode taken over a range of similar plasmas
p|asma beta decay in time. The mode activity is C|ear|y SeeMIith ~10% variation in the toroidal field keeping(a) constant. These

_ T - . lasmas showed nearly identical TAE activity. The data were taken at the
50-100 ms after the end of NBI as indicated in Fig. 2 by thegeak of the edge magnetic signal for eagh made.
amplitude of edge magnetic fluctuations. The modes have

toroidal numbers ranging from=2-5 and frequencies on

order of f~150-250 kHz. No TAE activity was observed numbers. The density fluctuation level of TAEs is measured
during NBI heating. It should be pointed out that the alphaysing the X-mode core reflectometer diagnostic. This diag-
particle slowing-down time £300—-400 msis sufficiently  nostic measures phase fluctuations induced on a probing mi-
long so that the alpha particles can still resonate with TAEgrowave beam reflected from density variations in the
at the time of the observed mode activity. In contrast, theylasma. This measurement is nearly local because the phase
plasma density and beta decay on a much shorter time scafigctuations are mainly determined by the density variation
(~100 ms. near the cut-off layer of the X-mode Because of the strong
The TAE activity is detected using both external anddependence of the cutoff position on the radially decreasing
internal measurements. The edge magnetic fluctuatiods  toroidal magnetic field strength, a radial scan of the mode
loidal magnetic fieldl associated with the modes are mea-structure can be obtained using the three fixed frequency
sured by the Mirnov coils which determines the mode am-—hannels (170 GHz, 143 GHz, and 135 GHm TFTR by
plitude evolution, mode frequencies and the toroidal modentroducing a small (10%) variation in the toroidal field
strength keepingj(a) constant. Figure 3 shows the radial
320 @ structure of the phase fluctuations obtained from the radial
scan of the cut-off layers using a succession of plasmas with
reproducible mode activity as measured on external Mirnov
220 TAE / ; coils. Two key results emerge from this figure. First, the
] n=4 ..~h=2 modes are core localized at abadt=0.3. Second, the
120 - - ' =4 mode exhibits a ballooning mode structgliecalized on
' ' low field side as expected for the usual TAE whereas the
(b) n=2 mode has a strong anti-ballooning structdre., the
mode amplitude at the high field side is much larger than that
] on the low field sidg
24 n=5 M\’« n=3 The plasma parameters and profiles at the time of mode
, A activity (t=2.92 9 are: major radiu®k=253 cm, minor ra-
4 28 2.9 3.0 dius a=88 cm, toroidal magnetic fiel®=5.08 T, plasma
Time (s) currentl ,=2.0 MA, central plasma betg(0)=1.0%, vol-
ume averaged plasma betg3)=0.19%, central alpha beta
FIG. 2. Evolution of (a) frequency andb) amplitude of edge magnetic Ba(0)=0.06%, central electron density,(0)=3.98x 10°
fluctuations on the outer midplane in the TFTR discharge (#103101).  cm S, ion temperaturel;(0)=11.3 keV, electron tempera-
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FIG. 4. The plasma profiles &&2.92 s in the DT discharge #10310&)
electron density, and safety factog; (b) plasma betg8 and alpha particle
beta3,; (c) electron and ion temperatures. Hele is the poloidal flux
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FIG. 5. The shear Alfue continuum frequency/ w, versus the normalized
minor radiusr/a for (a) n=2, (b) n=3 and(c) n=4. The measured fre-
guencies are indicated by the dotted lines.

zero at the magnetic axigg=1.59,q,=4.93,q,=0.42 and
g;=12.5. Theq profile is measured using the motional Stark
effect (MSE) diagnostic.

These parameters and profiles are obtained from
TRANSP' simulations, which are based on the experimental

tive chargeZ.¢;=2.44. In the calculations, alpha particles measurements of plasma density, temperature and safety fac-
are modeled with an isotropic slowing-down distribution. tor, etc. In particular, theransp code calculates the alpha
Figure 4 shows the profiles of electron density, safety factotistribution from the measured neutron rate and profile, us-
q, total plasma beta, alpha beta, and ion and electron teming a Monte Carlo analysis with collisional slowing-down.

peratures. These profiles are fitted analytically by
Ne=Ne(0)(1—1.3%+ 1.44)%— 1.644°+ 1.724*

and

where W=(q;—0d1+0o)/(dp+0d;—20:+20g), ¥ is the

—0.944°),

aq=do+¥|d;—do+(g;— 091+ do)

B=B(0)(1—V¥)(1—2.20V +1.43V2),
Ba= Ba(0)(1—W12355,

(1-¥y(¥v-1)

V-

IV. COMPARISON BETWEEN THEORY AND
EXPERIMENTS

An essential feature of TAEs is that the mode frequency
lies inside the toroidicity-induced shear Alivecontinuum
gaps. Figure 5 shows the continuum spectrum and the corre-
sponding measured mode frequency for2, 3 and 4
modes, respectively. We observe that the experimental mode
frequencies fon=3 andn=4 are inside the continuum gaps
throughout the entire plasma. However, tie 2 mode fre-
quency is inside the continuum near the center of the plasma,
although the frequency does lie inside the gaps near the edge
of the plasma. Assuming the mode structure is core-localized

poloidal flux normalized to unity at the plasma edge and isat aboutr/a=0.3 as observed in the experiments, then the
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FIG. 6. A comparison between the calculated TAE frequency and the mea-
sured one fon=2-5 modes.

mode frequencies fon=3 andn=4 are indeed consistent
with TAE’s, but then=2 frequency is significantly lower
than the theoretical expectation.

A more precise comparison is given in Fig. 6, where the

calculated even core-localized TAE frequencies are com- 18 —— Bd)
pared with the measured values for2—5. It is clear that _ [o/o=183 1o} ]
the experimental frequencies exhibit a much stronger depen- Moe C 9

dence on mode number as compared to that of the calculated T 8 E
core TAE frequency. It is unclear how to resolve this dis- E 7

crepancy. Frequency corrections due to kinetic effects or 04 =1 .

plasma rotation are much too small to account for the differ- R
ence. For example, plasma rotation is on order of 1 kHz and : 6 o/o =1.84 g(e)
the diamagnetic drift frequency is 7.4 kHz dia~0.3 and Y * ]
t=2.92 s. The alpha particle effect on the real part of the 01 £ 5
mode frequency is also expected to be small. The frequency g \/7

correction due to the alpha particle kinetic effect is estimated -0.9 b~ ! L ! ! ]

to be about 1% of the mode frequency. 6 02 04 06 08 1

In addition to the even core-localized mode, the odd
core-localized modes and global modes can also exist in theG. 7. The perturbed plasma displacement versus radius fon five TAE
continuum gaps. Fon=4, there are a total of five modes modes. The mode frequency and poloidal harmonics are indicated in the
whose radial eigenmode structures are shown in Fig. 7. ThE*"
corresponding perturbed densities are shown in Fig. 8. Table
| lists the mode frequency, mode type and ratio of alpha
drive and damping for each of tme=4 modes. By compar- value, although the expected anti-ballooning structure is con-
ing the results of Fig. 8 and Table | with the experimentalsistent with the measurement.
measurements, we conclude that the results of the even core- From the above comparison of mode frequency, mode
localized mode are most consistent with the experimentastructure and mode stability, we can tentatively conclude that
data. In particular, the even core-localized mode has the larghe observesh=4 mode is probably a TAE, and the=2 is
esty,/vq, and has a radial structure core-localized on thenot. Our analysis fon=3 shows it is also a TAE mode.
low field side in agreement with the reflectometer data of We now compare the mode localization and stability in
Fig. 3. In contrast, all othen=4 modes are calculated to be more detail. The stability result of the=4 even core TAE
significantly stable. The global modes extend radially wellis obtained forq(0)=1.55, which corresponds to a radial
beyondr/a=0.5 as opposed to the observed localization tdocalization atr/a=0.3. This mode location is determined by
r/a<0.5. The odd mode is localized on the high field sidethe radius of the gap aj=13/8=1.625. Asq(0) changes,
and has a much higher frequency compared to that of ththe mode location also changes due to variation in the gap
experimental value. location. Experimentally, there is some uncertainty in the

Now we turn to then=2 modes. Figure 9 shows the measured value af(0) (or the centralq profile in general
radial displacement af=2 even core-localized TAE and the and a typical error bar iq(0) is about 10%. Thus, the range
corresponding perturbed density. It is clear that the calcuef g(0) is q(0)=1.59+0.16. Assuming the profile shape is
latedn=2 mode has a ballooning mode structure localizedixed, the mode localization ranges fromfa~0 to r/a
on the low field side. In contrast, the measured2 mode ~0.5. For results of Fig. 7¢(0) is assumed to be(0)
shows a strong anti-ballooning featysee Fig. 8)]. Simi-  =1.55 so that thev=4 mode location can better match the
lar to n=4, we have ruled out the=2 odd mode because measured one. It is instructive to ask what is the expected
its calculated frequency is much higher than the measurethode location from stability consideration. In another words,
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We now compare the mode spectrum of unstable TAEs.
Figure 11 shows the ratio of alpha drive to the total damping
versus toroidal mode number assuming the modes are lo-
cated atr/a=0.3 as observed in the experiments. Thus, for
eachn, a value ofq(0) near 1.59 is chosen to fix the mode
location atr/a=0.3. The results show that the unstable mode
number ranges from=2 to n=5 approximately, again in
agreement with observations.

Finally, we consider the mode timing. Figure (&g
shows the ratio of alpha drive to the total damping versus
FIG. 8. The perturbed plasma densities correspond to thenfivé TAE time for then=4 even core-localized TAE and Fig. (@
modes shown in Fig. 7. shows separately the evolution of alpha driyg(solid dots,

the radiative dampingy,,q (solid triangleg, the electron
how sensitive is the mode stability to the mode location OrLe_mcljau dampingsolid squarg)sand the ion Landau_dampmg
q(0)? (circles. We see that the ratig, / v4 pez?\ks at apout— 2._9 s,
and the total damping rate versus the mode locationnfor 120 ms _after the end Of. NB" T.hls Is consistent with the

observations of TAE activity which appears 100—-150 ms

=4 _and n=3 even core-localized modes. The results arfter the end of NBI. Physically, the core-localized modes do
obtained by scanning(0) around the measured value of

. o , not exist inside the continuum gaps during the NBI because
1.59 while keeping fixed the value qf(0), q(1) andq’(1). the plasma pressure gradient isgtopo large gTws!y ~0 at
We see that the instability is maximized at abola=0.2, ' /d

and the modes are unstable in the core region ok0/a
<0.3. On the other hand, all the global modesich gen- 4

T T T T T
erally peak between the half minor radius and the ¢dge
calculated to be stable. These results are consistent with the st n=3 1
reflectometer’s observation of the mode location.
O
>~ [ ]
\5 2 L B
TABLE I. The calculated mode frequency, mode type, mode stability of the e [ n=4 ]
n=4 TAE modes. [
1L A
Mode Type wlwp f (kHz) Yol Vd
a Even core-localized 1.36 215 0.82 0 D
b Global 1.40 220 0.17 0 01 02 03 04 05 06
c Global 1.57 246 0.18 r/a
d Global 1.83 287 0.05
e Odd core-localized 1.84 289 0.63 FIG. 10. The ratio of alpha particle drive to the total damping as a function

of mode locatiorr/a for n=3 andn=4 even core-localized modes.

Fiaure 10 shows the calculated ratio of albnha drive
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dal mode numben. L
0.01 | .
. 0.005 | ]
t=2.72 s. After the NBI is turned off, the plasma pressure ]
decays on a time scale 6#100 ms and falls below the o b ... € . E
critical value so that the core-localized TAEs can exist. The 2.7 2.8 2.9 3 3.4
ratio y,,/ yq4 peaks around 120 ms after NBI due to the com- t (sec)

petition between rapidly changing drive and damping terms. ] ] . )
FIG. 12. (a) Evolution of the ratio of alpha particle drive to the total damp-

After the end of NBI, both the alpha particle drive and total ing; (b) evolution of alpha particle drive,, (solid dotg, radiative damping

damping decreasles in general. The alpha driy(? decreases W?a;, (solid triangle$, electron Landau dampingolid squaresand ion Lan-
cause alpha particles slow down due to collision with elecdau dampingcircles.

trons. Radiative damping, which is the dominant damping

mechanism, also decreases in time because the ion and elec- , . L
tron temperatures cool down. On the other hand, electroftrongly anti-ballooning structure and a frequency inside the

Landau damping increases in time. The ratio of drive tocalculated Alfve continuum at the observed mode radial

damping increases at first because the alpha drive decreadg§ation. L o

much slower than the damping. However, later on, the alpha Thes_e discrepancies might be resolved individually, but
drive decrease faster than the damping because of significalipt consistently as a whole. For example, the nei2 mode
slowing-down in alpha particle velocity. The results of Fig. €&" exp_laln the anti-ballooning mode sf[ructure, but it has a
12 are obtained for a fixed profile atq(0)=1.55. In the Much higher frequency than the experimental valugy a
actual experiment, the profile evolves in time which should factor of two. Also, the frequency of the evem=2 mode
contribute significantly to the evolution of mode stability as €0uld maich the experimental value by adjusto@) and
suggested by results of Fig. 10. Tyerofile evolution could plasma density within their uncertainties, but the calculated
also lead to sequential excitation of muitimodes as ob- mode is localized on low field side, which is opposite to the
served. However, a precise comparison with the experimerf?bserved anti-ballooning feature. It should also be pointed

tal observations is complicated by the experimental uncerOUt that the calculated mode frequency dependence on mode
tainty in the q profile (=10%), which is still sufficiently number is much too weak as compared to the observed one

large to obscure subtle changes related to the mode evol(&€€ Fig. %

tion. Thus, they profile is assumed to be fixed for simplicity. There are several possible candidates fomthe mode.
One is the energetic particle mode or EPM, which is intrin-

sically driven by energetic particles. The EPM's frequency is
generally inside the Alfve continuum and thus can explain
We have carried out a comprehensive study of alphathe low frequency observed. However, this mode usually re-
driven TAEs in TFTR DT plasmas with weak central shearquires a large drive to overcome the continuum damping.
andg(0)>1. In most cases, the observed alpha-driven Al-The alpha particle beta in the experiments seems to be too
fven frequency activity is consistent with the expected coresmall to make EPM a viable candidate. Another possibility is
localized TAEs withn>2. Several key observations can be the kinetic Alfven wave (KAW), which is localized at the
explained quantitatively by our theory. First, the modes araminimum of the m=3 shear Alfv@ continuum. This re-
core-localized to withinr/a=0.4. Second, the modes can quires a reversed shear profile with,;,~1.7 atr/a=0.3
only be excited by alpha particles after the termination ofwhich still lies within the experimental uncertainty of the
NBI. Third, the mode frequencies lie inside the continuumMSE measurement. However, the KAW is also unlikely be-
gaps(for n>2). Finally, the calculated stability threshold in cause it is expected to have a homogeneous poloidal mode
alpha particle beta agrees with the measurements within structure(neither ballooning or anti-ballooningwhich is not
factor of two. However, significant discrepancies remain. Inconsistent with the observed mode structure.
particular, the observed=2 mode appears to be “anoma- In summary, the detailed experimental observations of
lous” and has many features not understood by the presemtipha-driven TAE in TFTR puts a stringent test to the theory.
theory. Among them, the mode is observed to have &lthough the present model agrees reasonably well with the

V. DISCUSSIONS AND CONCLUSIONS
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