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Purely alpha-particle-driven toroidal Alfve´n eigenmodes~TAEs! with toroidal mode numbersn
51 – 6 have been observed in deuterium–tritium~D–T! plasmas on the tokamak fusion test reactor
@D. J. Grove and D. M. Meade, Nucl. Fusion25, 1167~1985!#. The appearance of mode activity
following termination of neutral beam injection in plasmas withq(0).1 is generally consistent
with theoretical predictions of TAE stability@G. Y. Fuet al.Phys. Plasmas3, 4036~1996!#. Internal
reflectometer measurements of TAE activity is compared with theoretical calculations of the radial
mode structure. Core localization of the modes to the region of reduced central magnetic shear is
confirmed, however the mode structure can deviate significantly from theoretical estimates. The
peak measured TAE amplitude ofdn/n;1024 at r /a;0.320.4 corresponds todB/B;1025, while
dB/B;1028 is measured at the plasma edge. Enhanced alpha particle loss associated with TAE
activity has not been observed. ©1998 American Institute of Physics.@S1070-664X~98!93205-0#

I. INTRODUCTION

Satisfying the dual requirement of good thermal and en-
ergetic particle confinement is crucial for an attractive reac-
tor concept. Optimal deuterium–tritium~D–T! reactor per-
formance requires that fusion alpha particles be confined on
the order of their slowing down time. Enhanced loss of par-
tially thermalized alpha particles from the reactor core may
lead to excessive heat load on the first wall and reduction of
central alpha heating efficiency. An important goal of the
tokamak fusion test reactor~TFTR! DT program was to in-
vestigate the behavior of 3.5 MeV fusion alpha particles un-
der reactor relevant conditions of high toroidal field (BT

;5 T), high plasma temperatures~Ti;20 keV, Te

;10 keV! and central alpha pressure in the rangeba

;0.1% – 0.3% ~compared to volume averagedba

;0.5% – 1.0% expected in a D–T reactor!. Early theoretical
analysis indicated that collective alpha particle phenomena
relevant to a D–T reactor may start to be observed for the
range ofba achieved in the TFTR.1

It has long been known that magnetohydrodynamic
~MHD! activity can enhance energetic particle loss, possibly
leading to localized heating and damage to plasma facing
components.2 Instabilities collectively excited by large popu-
lations of resonant particles are considered to be particularly
deleterious to energetic particle confinement. One instability
with the potential for strong interaction with energetic alpha
particles in a DT reactor is the toroidal Alfve´n eigenmode

~TAE!.3 These modes occur within toroidicity induced gaps
in the shear Alfve´n spectrum and have received considerable
attention in recent years due to their low instability threshold
and ability to resonate with alpha particles in a DT reactor.4

Initial DT experiments in TFTR showed no indication of
TAE activity even with the highest achieved fusion power
levels of 10.7 MW@ba(0);0.3%#. These early results on
TFTR lead to an intensive modeling effort, which ultimately
produced new predictions for further experiments. Motivated
by theoretical calculations of reduced instability threshold
for alpha-driven TAEs under conditions of low beam ion
Landau damping, weak magnetic shear and elevated central
safety factor,5,6,7 recent experiments led to the first observa-
tion of purely alpha-particle-driven TAEs in TFTR.8

In this paper we update experimental results on alpha-
particle-driven TAEs in TFTR. In particular, the internal
structure of alpha-driven TAEs is measured for the first time
and compared with theoretical calculations of the radial
eigenmode structure from theNOVA-K code.9 Section II pre-
sents the basic observation of toroidal Alfve´n eigenmodes in
a range of DT plasmas characterized by varying levels of
central q(0) and ba(0). Key factors which identify these
modes as TAEs are discussed~frequency, mode number, and
timing!. Statistical analysis of alpha-driven TAEs is pre-
sented in Sec. III. In Sec. IV we report the first detailed
internal measurements of the radial structure of alpha-
particle-driven TAEs in TFTR and compare results with the-
oretical calculations of the radial eigenfunction fromNOVA-K

using motional Stark effect~MSE! measurements of the
q-profile10 and TRANSP simulation of the alpha particle
distribution.11 Internal measurements confirm the core local-
ization of these modes. However discrepancies arise between
the observed and theoretically predicted mode frequency and
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mode structure for the lowest toroidal mode numbers. Alpha
particle loss measurements are present in Sec. V and results
summarized in Sec. VI.

II. ALPHA PARTICLE DRIVEN TAES IN TFTR

The purpose of this section is to present the basic mode
observations on TFTR and to indicate that necessary criteria
are indeed satisfied for alpha-particle-driven TAE instability.
Comparison to linear TAE theory has been published
elsewhere.12

A. Background

In general, the calculation of TAE stability is very com-
plex and involves a formidable range of possible damping
mechanisms including~but not restricted to! thermal/neutral
beam ion Landau damping, electron Landau damping, radia-
tive damping due to coupling to kinetic Alfve´n waves, con-
tinuum damping, etc.9,13,14However, the fundamental ingre-
dient for destabilizing these modes is a reservoir of
sufficiently energetic particles which can resonate with the
mode. For a slowing down distribution of energetic particles,
the pressure gradient must exceed a critical value, and this
condition is usually given byv* ia

.vTAE , wherev* ia
is

the diamagnetic frequency of the energetic ions andvTAE is
the TAE frequency.15,16

The mode itself satisfies the dispersion relation for Al-
fvén waves vTAE5kiVA , where ki'1/2qR and VA

5B/A4pr is the Alfvén velocity,r is the ion mass density,
andB is the magnetic field strength. For passing alpha par-
ticles to resonate with the TAE, the conditionVa'VA and/or
VA/3 must be satisfied, whereas for trapped particles, the
precession frequency must match the mode frequency. In a
DT reactor, the birth velocity of alpha particlesVa

5A2Ea /ma'1.33109 cm s21 will be close to the Alfve´n
velocity, so that these particles can resonate with TAEs and
possibly lead to enhanced alpha particle loss. However the
same resonance condition can lead to damping by thermal
and neutral beam ions when their diamagnetic frequency is
well below the TAE frequency.9 In a typical high perfor-
mance hot ion mode plasma on TFTR the thermal and beam
ion diamagnetic frequencies are of the order 10–20 kHz in
the core for toroidal mode numbern51, and the beam ion
birth velocity is close to the sideband resonance condition
VA/3, satisfying the condition for mode damping.

For typical TFTR DT plasmas the alpha particle diamag-
netic frequency can exceed 1 MHz for toroidal mode num-
bersn.1 and this can be maintained up to 300–400 ms after
termination of neutral beam injection, compared to the char-
acteristic TAE frequency which is in the range 150–250
kHz. Because of the rapid slowing down of neutral beam
ions relative to the alpha particles, it was recognized early on
that optimal conditions for observing TAEs in the TFTR
would be 100–200 ms after termination of neutral beam
injection.11,14 The nonobservation of TAEs in the afterglow
of even the highest fusion power plasmas withba(0)
;0.3% suggested that factors other than beam and ion Lan-
dau damping were affecting mode stability.

Based on these early TFTR results, theoretical analysis
indicated that reducing the central magnetic shear and raising
q(0) to align low-n modes with the peak in the alpha particle
pressure gradient would excite TAEs in TFTR following the
termination of DT beam injection.6,7 In particular, the damp-
ing on kinetic Alfvén waves~radiative damping! decreases
with increasing mode width and decreasing magnetic shear.13

Raisingq(0).1 to align low-n gaps to the peak of the alpha
pressure gradient also reduces radiative damping due to its
toroidal mode number dependence.

B. Observation

By using full radius plasmas during current ramp-up on
TFTR the central safety factor can be raised above 1 and
broad regions of reduced central magnetic shear can be ob-
tained in the plasma core. Purely alpha-particle-driven TAEs
were first observed on the TFTR using this plasma startup
procedure.8 Alpha-driven TAEs have only been observed in
a transient phase 100–300 ms following the end of DT neu-
tral beam injection in reduced magnetic shear DT-plasmas
on TFTR.

Figure 1 shows time traces of relevant plasma param-
eters for a DT plasma in which TAE activity is observed.
Theory indicates that thermal and beam ion Landau damping
are dominant stabilizing terms during high power neutral
beam injection, so that the only window for observing TAEs

FIG. 1. Evolution of~a! DT neutral beam power,~b! centralba , ~c! cen-
tral plasma beta,~d! centralq(0) obtained from MSE, and~e! amplitude
envelope of edge magnetic fluctuations on outer midplane. Plasma param-
eters during mode activity are:~]103101! BT55 T, I p52.0 MA, R
52.52 m, ne(0)54.331019 cm. Te(0)56 keV, Ti(0)515 keV. Shaded
region denotes time of TAE. Mode activity appears after the slowing down
of neutral beam ions (tBeam;80–100 ms) but before the thermalization of
3.5 MeV alphas (ta;300– 400 ms), and in the TAE range of frequency,
f TAE;200–250 kHz.
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is in the narrow time slice following the end of beam
injection.6 The beam ion velocity is usually very close to
VA/3, which is expected to strongly damp the mode via the
sideband resonance. Typical deuterium or tritium beam ion
slowing down times are of order 80–100 ms. The decay of
the plasma beta occurs on a similar time scale, as indicated
by the trace of the central plasma beta in Fig. 1. However,
energetic alpha particles have a slowing down time consid-
erably longer~300–500 ms depending on the plasma condi-
tions in the afterglow! as indicated by theba trace in Fig. 1.
Thus, one of the key factors in exciting TAEs in TFTR is the
decay of the plasma beta on a time scale short compared to
the alpha particle slowing down time.

The mode activity is clearly seen after termination of
neutral beam injection as indicated by the amplitude of mag-
netic fluctuations. A sequence of short bursts 50–100 ms in
duration are observed with toroidal mode numbers ranging
from n52 to 6. At the time of mode activityq(0)'1.5 as
obtained from motional Stark effect measurements,17 and
ba(0);0.05% obtained from TRANSP code kinetic
analysis.11 TRANSP calculates the alpha distribution from the
measured neutron rate and profile, using a Monte Carlo
analysis with collisional slowing down. Mode activity ap-
pears after the slowing down of neutral beam ions
(tbeam;80–100 ms) but before the thermalization of 3.5
MeV alphas (ta;300– 400 ms), and in the TAE range of
frequency,f TAE;200–250 kHz. The level of magnetic activ-
ity observed at the plasma edge is typically very small
(dB/B;1028), however the internal level of magnetic fluc-
tuations as inferred from reflectometer measurements of the
density is considerably higher. Recent theoretical analysis
shows that alpha-driven TAEs should indeed be unstable in
these discharges in the period 100–300 ms following the
termination of neutral beams.8,12

As indicated earlier, elevated safety factor and reduced
central shear are necessary for exciting alpha-driven TAEs in
TFTR. Figure 2 below showsq(r ) and ba profiles 150 ms
after neutral beam injection for three cases of interest corre-
sponding to a standard supershot with no observed TAE, and
two discharges withq(0);1.5 and q(0);1.9 for which
TAE activity is observed. Note that the highestq(0) plasma
has ba(0);0.025% compared to 0.17% for the supershot
case. In cases~i! and~ii ! q(a)'4.8, whileq(a)'7.6 in ~iii !.
The magnetic shear atr /a'0.3 is ;0.3 for the supershot
case,;0.2 for the highq(0) case and;0.1 for the case with
q(0)'1.5. Figure 3 shows contours of constant magnetic
signal level as a function of frequency and time in the first
300 ms following termination of neutral beam injection for
the three discharges in Fig. 2. Figure 3~c! corresponds to the
lowestba case with the highestq(0) of Fig. 2. Shown are a
sequence ofn52,4,3 bursts up to 300 ms after the end of
beam injection.TRANSPcalculatesba;0.01% at the time of
the last observed mode with an alpha particle diamagnetic
frequency.1 MHz for n53. This is consistent with theo-
retical estimates of the minimumba required to destabilize
TAEs in the afterglow of highq(0) plasmas in TFTR.8 Note
that the TAE frequency evaluated atr /a50.3 increases in
time due to the decreasing plasma density after the end of
neutral beam injection. Each mode chirps up in frequency,

consistent with an increasing Alfve´n velocity. Also shown
for reference is the edge Alfve´n frequency relevant to the
Alfvén frequency mode~AFM! @ f AFM5VA(q0.95)/q0.95R#.18

The edge localized quasicoherent AFM is ubiquitous to all
discharges, Ohmic, deuterium, and DT, with an amplitude
which scales with the edge density. It is most easily seen in
high power supershot plasmas such as in Fig. 3~a!. Figure
3~b! shows a sequence of bursts in a DT discharge with
q(0);1.5. Note that then52 mode frequency falls some-
what below the TAE frequency. We will return to this mode
later when discussing the internal structure of alpha-driven
TAEs. Figure 3~c! for the q(0),1 DT supershot discharge
shows no indication of TAE activity although the AFM is
clearly visible throughout the period of beam injection and
into the afterglow.

A necessary criterion for these modes to be TAEs is that
their frequency falls inside the toroidicity induced gap in the
shear Alfvén spectrum. Shown in Fig. 4 is the gap structure
calculated usingNOVA-K for the n54 mode in Fig. 3~b! at
t52.92 s. Clearly the gaps are all radially very well aligned
and the frequency sits in the gap. The core localized gap at
r /a'0.35 resides in the region of weak central magnetic
shear with a large separation to the next gap position at
r /a'0.6. Under these conditions, theory predicts the core
localized TAEs~localized to the region around a single gap!
will be most unstable in TFTR DT plasmas. In general, the
observed mode frequency falls within the gap width, with the
exception of then52 mode. The largest uncertainty in the
gap position arises from the uncertainty in the measured
q-profile which is around 5%–10% forq(0);1.0 and in-
creases to;20% for q(0);2.0.

FIG. 2. Profiles of~a! ba and ~b! q(r ) for three different DT plasmas
;150 ms following turn off of neutral beam heating. These plasmas have
varying levels of TAE activity. The highestba in curve~I! corresponds to a
high performance hot ion mode plasma withq(0),1 and no alpha driven
TAEs. Curves~ii ! and~iii ! are for reduced central magnetic shear DT plas-
mas with lowerba than~I! but with observed TAE activity after the termi-
nation on neutral beam heating. Plasmas parameters for~I! and ~II ! are the
same as in the caption of Fig. 1. Parameters for~III ! with q(0);2 at
;150 ms following the end of DT neutral beams areBT55.3 T, I p

51.6 MA, R52.60 m, PNBI526 MW, Pfus52.5 MW, Pfus52.5 MW,
ne(0)53.531019 cm23, Te(0)55.3 keV, andTi(0)510 keV.
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III. STATISTICAL ANALYSIS

In this section we attempt to address general or common
characteristics of all the data collected on alpha-driven TAEs
in TFTR, as opposed to the detailed analysis of individual
discharges used to make detailed comparison to theory. Fig-
ure 5 shows the distribution of the measured mode frequency
compared to the TAE frequency atr /a50.3 for all the col-
lected data. The TAE frequency is estimated usingTRANSP

with actual MSE measuredq-profiles. An interesting charac-
teristic of the data is that the lowest toroidal mode numbers
~n51 andn52! consistently fall below the TAE frequency

by ;30%. Generally, then54,5,6 modes agree very well
with the estimated TAE frequency, with then53 mode fall-
ing somewhere between the two cases. Plasma diamagnetic
effects or rotation are insufficient to explain this frequency
discrepancy. In the afterglow of the discharge, toroidal rota-
tion is entirely negligible due to the absence of applied
torque, and the bulk ion diamagnetic frequency is below 10
kHz for n52. Nonetheless, the frequency of then51 and
n52 modes increase with decreasing density in the after-
glow as expected for Alfve´n modes.

Figure 6 shows the calculatedba(0) vs q(r /a5.3) in
DT plasmas with and without TAE activity. The radiusr /a
50.3 is used as this corresponds to the gradient region of the
alpha distribution where theory predicts unstable modes.6,7

The thresholdba can be very low for excitation of TAEs
after termination of neutral beams, and appears to be below
0.01% in weak central shear plasmas, consistent with theo-
retical estimates in similar weak shear discharges.8 For hot
ion mode plasmas with monotonicq-profiles we have
q(0.3),1.4 and no observed TAEs withba;0.2%. Note

FIG. 3. Evolution of magnetic fluctuations vs frequency and time after
termination of neutral beam injection for the three plasmas in Fig. 2. Over-
laid are the AFM frequency at the plasma edge and the TAE frequency at
r /a50.3. No TAEs are seen in~a! corresponding to the high performance
q(0),1 plasma in Fig. 2~I! with ba(0);0.15%. However the edge local-
ized quasicoherent AFM is observed. In~b! @corresponding toq(0);1.5
plasma of Fig. 2~II !# a sequence of TAEs with mode numbers fromn52 to
5 are observed following the end of neutral beam injection. In~c! @corre-
sponding to theq(0);1.8 plasma of Fig. 2~III !# a sequence of three modes
are observed up to 300 ms following termination of DT neutral beam injec-
tion.

FIG. 4. Toroidicity inducedn54 gap in the shear Alfve´n spectrum for the
case of Fig. 3~b! at the time of then54 mode activity. The gap structure is
radially well aligned and the mode frequency~marked by the dashed line!
occurs in the gap as expected for TAEs. Note that then52 mode of Fig.
3~b! appears to be below the bottom of the gap. The dominant uncertainty in
the gap frequency arises from the uncertainty in the central safety factor
obtained from MSE measurements (v;VA /q). For q(0);1.0, the uncer-
tainty is ;10% and increases to;20% for q(0);2.0. Nonetheless, it is
difficult to make both mode frequencies fit into the gap width.

FIG. 5. Observed frequency on Mirnov coils plotted against the estimated
TAE frequency atr /a50.3 as evaluated fromTRANSP using MSE measured
q-profiles. The lines represent linear fits to the data for each toroidal mode
number fromn52 to n56. Then52 andn51 modes occur;30% below
the estimated TAE frequency.

FIG. 6. Centralba(0) vsq at r /a50.3 taken;150 ms following the end of
neutral beam injection. Open circles refer to plasmas with no TAE activity,
while closed circles refer to plasmas with observed TAEs. The open circles
to the left are all for supershot plasmas. The uncertainty inq from MSE
measurements and uncertainty in the estimatedba from TRANSP analysis is
shown. The alpha particle birth rate is calculated from the measured 14 MeV
neutron emission profile and classical slowing down on the thermal plasma
is assumed.
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that for the highestba supershot plasmas,q(0.3);1. In this
case the dominant toroidal mode numbers are expected to be
high (n.5) with strong radiative damping.6

Finally, the question of continuum damping and the
critical pressure gradient for stabilizing the modes is ad-
dressed. An important question is whether the TAE fre-
quency is in the gap during beam injection or whether it is
forced into the continuum by the pressure gradients in hot
ion mode plasmas. If the latter were true, then the TAE could
not be excited during beam injection, even in the absence of
thermal and beam ion landau damping. The simplified local
theory for TAEs indicates that the critical beta for stabilizing
core localized modes is given bya.ac , where a
52(Rq2/B2)dp/dr, ac53e1s2, ande is the inverse aspect
ratio.6,9 It is interesting to note that reducing magnetic shear
and increasingq tends to reduce the pressure gradient re-
quired to stabilize the modes. An important consideration in
originally designing these experiments was whethera would
fall below ac fast enough for the alpha particles to excite the
mode after termination of DT neutral beams. Figure 7 shows
a vs ac at r /a50.3 during beam injection and during ob-
served TAE activity in the afterglow. These parameters were
calculated from TRANSP using measured pressure and
q-profiles. It would appear from the local analysis that con-
tinuum damping of the modes is only significant at the high-
est achieved pressures in these experiments, and that the
mode is most likely in the gap during beam injection and
stabilized by other damping terms such as beam ion Landau
damping. Unfortunately, the statistical variation of the ratio
Vb/3VA ~;0.9– 1.1, whereVb is the beam velocity! is not
sufficient to determine experimentally the relative impor-
tance of beam damping vs radiative and other damping terms
during beam injection.

IV. RADIAL STRUCTURE OF ALPHA-PARTICLE-
DRIVEN TAES

Internal measurements of alpha-driven TAEs were ob-
tained using theX-mode core reflectometer diagnostic on

TFTR.19–22 This diagnostic measures phase fluctuations in-
duced on a probing microwave beam reflected from density
variations in the plasma. In this paper we use the assumption
of one dimensional geometric optics for the perturbed phase
of the reflected microwave beam,

w̃'2k0E Ae01 ẽdz22k0E Ae0dz,

where e0 is the unperturbed permittivity of the plasma for
X-mode propagation,ẽ is the perturbed permittivity due to
density fluctuations,k0 is the microwave radial wave number
in vacuum,w̃ is the perturbed phase of the reflected micro-
waves and the integration extends from the plasma edge
(e051) to the cutoff layer wheree050. This relation holds
so long as the plasma perturbation~such as TAEs! has a
wavelength much longer than the wavelength of the probing
microwaves. Although the integral starts from the plasma
edge, the dominant contribution tow̃ occurs near the reflect-
ing layer.

A plot of the radial variation of the microwave reflecting
layer (e050) as a function of the launch frequency is shown
in Fig. 8 for a typical plasma with alpha-driven TAEs. A
unique advantage of using the upperX-mode reflection in
most tokamaks is that it allows access to the high field side
of the magnetic axis for waves launched on the outer mid-
plane. This is due to the strong dependence of the cutoff
position on the radially decreasing toroidal field strength. A
radial scan of the mode structure can be obtained using the
three fixed frequency channels~170 GHz, 143 GHz, and 135
GHz! on TFTR by introducing a small~10%! variation in the
toroidal field strength keepingq(a) constant. By this proce-
dure, radial scans of the eigenmode structure were obtained
using a succession of plasmas with reproducible mode activ-
ity as measured on external Mirnov coils.

Reproducible plasma conditions were obtained for
q(0);1.5 plasmas withq-profile shown in Fig. 2. A simu-
lation of the reflectometer response vs reflecting layer posi-
tion is shown in Fig. 9 forn52 and n54 eigenfunctions
obtained fromNOVA-K analysis.9,12 It is apparent that the
ballooning structure of the eigenfunctions as calculated by
NOVA-K is well reproduced by the simulated reflectometer

FIG. 7. Plot of a vs acrit evaluated atr /a50.3 for all discharges where
TAEs are observed. The TAE frequency should occur in the toroidicity
induced gap whena,acrit . Open circles refer to the time during neutral
beam injection when no TAEs are observed, while closed circles are for
;150 ms following DT beam injection when mode activity occurs. The
dominant uncertainty arises from the error in theq-profile measurements
which is no more than 5%–10% atr /a50.3, although it increases towards
the magnetic axis.

FIG. 8. Right hand X-mode cutoff frequencyf rx vs major radius;150 ms
following termination of beam injection at the time of observed mode ac-
tivity ~]103101!. Also shown are the plasma frequencyf pe , and the first
and second harmonic cyclotron frequenciesf ce . The arrow indicates the
direction of launched waves, which are reflected from the plasma and carry
information on internal density fluctuations.

1707Phys. Plasmas, Vol. 5, No. 5, May 1998 Nazikian et al.



measurements. A basic prediction of TAE theory is that the
alpha driven TAEs in TFTR are core localized and balloon-
ing, i.e., that the modes are largest on the low field side of
the magnetic axis and localized to the region of weak central
magnetic shear.

A surprising result from the reflectometer measurements
is that the structure of the low frequencyn52 mode in Fig.
5 and Fig. 3~b! is strongly antiballooning, counter to the
predicted eigenfunction shown in Fig. 9. Figure 10 displays
four signals, three from the reflectometer and one from the
Mirnov coil situated on the outer midplane. One of the re-
flectometer channels is on the high field side of the magnetic
axis while the other two channels are on the low field side.
The reflectometer measurements clearly indicate a dominant
n52 mode on the high field side of the magnetic axis, but
there is no indication ofn52 activity on the two other re-
flectometer channels. Although then52 is clearly larger on
the high field side of the axis atr /a520.36, it has a lower
amplitude on the Mirnov coil on the outer midplane as com-
pared to then54 mode. This is qualitatively consistent with
reflectometer measurements which indicate that then54
mode is dominant on the outer midplane. Note also that the
in/out radial structure of then54 mode appears to be evolv-
ing as the magnetic signal increases on the outer midplane.

Collecting all available data on then52 mode, Fig. 11
shows the fit to the reflectometer measurements using a

model double Gaussian density perturbation located atr /a
51/20.32. Note that then52 mode is identified from
measurements taken on the toroidal array of Mirnov coils
while the internal structure is determined from the radial ar-

FIG. 9. Simulation of reflectometer phase measurement~solid line! of TAE
radial eigenfunction obtained from theNOVA-K code ~dashed! for ~a! an n
54 mode and~b! an n52 mode,~Ref. 12!. Simulation indicates that the
general structure of the mode should be well reproduced by the reflectome-
ter measurement.

FIG. 10. Time evolution of the phase observed on the reflectometer chan-
nels at~a! r /a520.36, ~b! r /a50.25, ~c! r /a50.44, compared to~d! the
amplitude of magnetic fluctuations observed on the outboard midplane. Note
that the reflectometer does not observen52 activity on the low field side of
the magnetic axis, consistent with the relatively weak magnetic fluctuation
level of then52 signal on outboard midplane.

FIG. 11. ~a! Map of the phase magnitude observed on the reflectometer
~open circles! for then52 mode taken over a range of similar plasmas with
;10% variation in toroidal field keepingq(a) constant. These plasmas
showed identical TAE activity. In~b! the simulation of the reflectometer
response~solid line! to two Gaussian density perturbations~dashed! cen-
tered at r /a50.32 with half-width of r /a50.1. The simulation is also
shown in~a! overlaying the reflectometer data. The radial mode structure of
low frequencyn52 mode is clearly antiballooning.
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ray of reflectometer measurements at one toroidal location.
The reflectometer data is consistent with an antiballooning
mode structure with a peak amplitudedn/n;1.531024,
which corresponds to a peak magnetic field fluctuation level
dB/B;1.531025.8 This should be compared to the peak
magnetic signal on the outer midplane of;231029 for the
n52 mode. This result clearly indicates the core localization
of the mode. The antiballooning structure contrasts with that
expected theoretically from Fig. 9~b!. Furthermore, the low
mode frequency is also at variance with theoretical expecta-
tions which would put then52 TAE frequency close to the
measuredn54 frequency.

Figure 12 displays the normalized mode frequency and
magnetic signal level of then54 mode vs time for six dis-
charges for which reproduciblen54 activity was obtained
and for a range of toroidal field strengths with constantq(a).
The frequency normalization (f •An/B) takes into account
any variation of the toroidal field and plasma density among
the discharges. Two of the signals have been scaled in am-
plitude by a factor30.75 in order to bring them into the
range of the other signals. The reflectometer phase measure-
ments for these two discharges have also been scaled by the
same factor.

Figure 13 compares the radial mode structure of then
54 mode at 90% of the peak magnetic signal@Fig. 13~b!#
with the radial mode structure at the time of half the peak
magnetic signal@Fig. 13~a!#. The hint of a changing radial
mode structure indicated by Fig. 10 is indeed revealed from
the reflectometer measurements taken over a range of dis-
charges. Early in the mode evolution@Fig. 13~a!# the n54
mode is roughly symmetric on the high and low field side of
the magnetic axis, but transforms into an outward ballooning

structure at the end of the mode duration shown in Fig.
13~b!. The core localization, narrow width and frequency of
the n54 mode are generally consistent with core localized
TAEs predicted by theory and shown in Fig. 9. However the
changing radial symmetry of the mode is difficult to explain
using current TAE theory which predicts only outward bal-
looning modes should be unstable.

The density fluctuation level of all these modes is small
(dn/n;0.6– 0.831024) and corresponds todB/B;1025 as
estimated from theoretical calculations of the radial eigen-
function. Note that the peak internal fluctuation level does
not vary significantly at the two times of interest at the be-
ginning and end of the mode burst on the outer midplane
Mirnov coil, even though the magnetic signal level changes
almost 100%. This suggest an evolving internal mode struc-
ture, where the TAE progressively becomes radially more
ballooning and couples more strongly to the plasma edge
before dissipating. It is unclear whether this evolution is de-
termined by the nonlinear interaction of the alpha particles
with the mode or whether it is due to changing plasma con-
ditions such as an evolvingq-profile. Preliminary analysis

FIG. 12. Normalized mode frequency~a! and mode amplitude on the out-
board midplane Mirnov coil~b! for the n54 mode vs time for six dis-
charges, following termination of DT neutral beam injection. The shot to
shot reproducibility is very good after normalizing out the Alfve´n frequency
dependence on magnetic field strength and central density. The data repre-
sent a reproducible set of mode observations obtained by varying the toroi-
dal field strength fromBT54.5 to 5.3 T, keepingq(a) constant. In two of
the discharges, the mode amplitude was scaled by 0.75 in order to bring it
into the range of amplitude of the other signals.

FIG. 13. Plot of the phase magnitude obtained from local reflectometer
measurements taken over all the discharges in Fig. 12.~a! Corresponds to
the phase magnitude of the reflectometer measurements taken at the time of
half-peak magnetic signal on the rise of the data in Fig. 12, while~b! cor-
responds to the reflectometer phase level measured at the time correspond-
ing to 90% of the peak of the decaying magnetic signal in Fig. 12. The error
bar denotes the uncertainty in the measured phase magnitude determined
purely by the signal to noise ratio of the phase spectrum. The shot-to-shot
phase variation at a single radial location cannot be determined as each shot
represents a different radial location for the reflectometer measurements.
The solid line is the simulated reflectometer response to two Gaussian den-
sity perturbations located atr /a50.35 in ~a! and r /a50.45 in ~b!. The
model Gaussian density perturbations are indicated by the dashed curves
with axis to the right. The data confirms the core localization of the modes
to the region of weak central magnetic shear and also confirms the changing
ballooning structure of the mode.
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indicates that the peak density fluctuation level is of the or-
der expected from nonlinear theory for single mode
saturation.23 A detailed nonlinear analysis will be presented
in a future publication.

V. ALPHA LOSS MEASUREMENTS

At present no alpha particle loss has been observed on
the lost alpha detectors, consistent with the weak mode
amplitudes.24 Figure 14 illustrates a typical orbit o

f a 2 MeV

alpha particle near the trapped/passing boundary which inter-
cepts the midplane lost alpha probe and the region where the
TAEs are located. For weak mode amplitudes the dominant
loss is expected to be near the trapped counterpassing
boundary.25 Particles need only lose a small amount of their
energy to the mode to fall into these barely trapped orbits
and escape from the plasma. Figure 15 shows the time his-
tory of the neutron rate, alpha flux to the midplane probe,

and the time history of the magnetic signals on the outer
midplane, showing no evidence of enhanced alpha loss on
any of the lost alpha detectors. One possible reason for this is
that the alpha particles near the trapped passing boundary
may be lost before the mode activity appears. On the other
hand there is some evidence for the internal redistribution of
confined deeply trapped alpha particles in the presence of
even weak alpha-driven TAEs withq(0).2.26 These results
are currently being examined numerically using theORBIT

guide center code.27,28

VI. SUMMARY

In this paper we reported on recent developments in our
understanding of alpha-particle-drive toroidal Alfve´n eigen-
modes in the TFTR. Purely alpha-particle-driven toroidal Al-
fvén eigenmodes~TAEs! with toroidal mode numbersn
51 – 6 have been observed in DT plasmas after the termina-
tion of neutral beam injection. These observations are in gen-
eral agreement with theoretical predictions for the excitation
of alpha-driven TAEs. Internal reflectometer measurements
of TAE activity was obtained using theX-mode reflectome-
ter diagnostic. These measurements reveal the core localiza-
tion of the modes to the region of reduced magnetic shear.
The peak measured TAE amplitude ofdn/n;1024 at r /a
;0.3– 0.4 corresponds todB/B;1025, while dB/B;1028

is measured at the plasma edge. However the radial structure
and particularly the ballooning character of then52 mode
differs significantly from theoretical predictions for alpha-
driven TAEs. Enhanced alpha particle loss associated with
these modes has not been observed.
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