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Alpha particle physics in a tokamak burning plasma experiment a…

W. W. Heidbrinkb)

University of California, Irvine, California 92697

~Received 2 November 2001; accepted 21 January 2002!

Much is known about the behavior of energetic ions in tokamak devices but much remains to be
understood. Single-particle effects are well understood and provide a firm basis for extrapolation to
a burning plasma. In contrast, collective effects involving fast ions are more poorly understood and
extrapolations are unreliable. Collective modes of concern include toroidicity-induced and
ellipticity-induced Alfvén eigenmodes, kinetic ballooning modes, and internal kink modes. In
addition to these magnetohydrodynamic normal modes, there are also energetic particle modes
characterized by strong dependence on the fast-ion distribution function. Although many issues are
important areas of study in current experiments, five issues distinguish burning plasma experiments.
First, the energetic alphas are not the dominant source of free energy for the instabilities unless the
fusion power exceeds the heating power by a factor of 10. Second, the damping of the instabilities
depends sensitively on mode coupling to other heavily-damped waves. The magnitude of this
coupling is expected to depend on the normalized thermal gyroradius, which is much smaller in a
reactor. Third, in a reactor, both the radial extent of the instabilities and the fast-ion orbit contract
relative to current experiments, so the fast-ion transport will change. Fourth, when instability occurs,
a larger number of modes are unstable, so the mechanism of nonlinear saturation could shift from
fast-ion transport to mode coupling. Fifth, because of the extreme sensitivity of energetic particle
modes to the distribution function, an isotropic alpha particle distribution function differs from
anisotropic fast-ion populations. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1461383#

I. INTRODUCTION

A typical tokamak plasma contains thermal electrons,
thermal ions, and a population of suprathermal fast ions pro-
duced by fusion reactions, neutral-beam heating, or radio-
frequency heating in the ion cyclotron range of frequencies
~ICRF!. The results from 30 years of study are summarized
in review papers by Heidbrink and Sadler1 and the Interna-
tional Thermonuclear Experimental Reactor~ITER! Ener-
getic Particle Expert Group.2 Other noteworthy review pa-
pers include a summary of alpha-particle experiments on the
Tokamak Fusion Test Reactor~TFTR! by Zwebenet al.3 and
a summary of experimental observations of the toroidicity-
induced Alfvén eigenmode~TAE! by Wong.4 The goal of this
paper is to use this extensive knowledge base to identify key
alpha-particle physics issues that require a ‘‘burning’’ plasma
experiment for clarification. By assumption, the alpha par-
ticles are produced in a deuterium–tritium~DT! tokamak
plasma with a ratio of fusion power to heating power (Q)
that exceeds 10. After a status report on our understanding of
alpha-particle physics based on current experiments in Sec.
II, the paper discusses five issues involving fast-ion driven
instabilities that require a reactor-scale experiment for defini-
tive testing.

II. FAST-ION PHYSICS IN CURRENT DEVICES

On the eve of high-power DT experiments in TFTR and
the Joint European Torus~JET!, Heidbrink and Sadler re-

viewed the previous experimental studies of fast ions in
tokamaks.1 Their paper contains a number of summary fig-
ures on topics such as the effective diffusion of fast ions. In
every case where a definitive prediction based on prior ex-
periments was made, the prediction was confirmed by the
subsequent DT experiments. Indeed, in his review of the
TFTR DT experiments, Strachan overlaid the new alpha-
particle data on the previous summary figures.5 Figure 1
shows one example. Because these predictions were already
vindicated in the first DT experiments, they also apply with a
high degree of confidence to the next generation of burning
plasma experiments.

The individual behavior of dilute populations of alphas
~‘‘test particles’’! is well understood.1,2 The alpha production
rate, initial energy, and birth profile are governed by the DT
fusion reaction. Once they are born, the alphas decelerate
due to Coulomb collisions at the rate predicted by standard
small-angle scattering theory~Fig. 1!. The initial orbit is
given by drift–orbit theory. The toroidal field ripple associ-
ated with a discrete number of field coils causes additional
losses that are in reasonable agreement with the calculated
values. Background magnetohydrodynamic~MHD! activity
such as the sawtooth crash or large tearing modes also cause
fast-ion transport that has been successfully modeled. Turbu-
lent transport associated with short-wavelength fluctuations
is one-to-two orders of magnitude smaller than thermal
transport, presumably because the largefast-ion gyroradius
decorrelates the fast ions from fluctuations with a scale
length comparable to thethermal-iongyroradius. These find-
ings indicate that, in a burning plasma experiment, the nec-

a!Paper RI1 2, Bull. Am. Phys. Soc.46, 286 ~2001!.
b!Invited speaker. Electronic mail: wwheidbr@uci.edu
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essary conditions exist for producing a sufficiently intense
alpha-particle population to study collective modes that are
destabilized by the alpha particles.

In contrast, despite intensive study, fast-ion driven insta-
bilities are more poorly understood. One difficulty is the
large number of instabilities that have been observed~Fig.
2!. One family of instabilities are the Alfve´n eigenmodes
~AE!. Departures from cylindrical symmetry introduce gaps
in the shear Alfve´n continuum of ideal MHD.6 Unstable
eigenmodes exist in the gap caused by toroidicity, ellipticity,
and triangularity.7 There is also a core-localized version of
the TAE8 and a normal mode caused by finite Larmor radius
effects, the KTAE.9 Other instabilities at higher frequencies
include ion–cyclotron emission~ICE!1 and compressional
Alfvén eigenmodes.10 At low frequencies, there is the fish-
bone instability, which is an internal kink with a toroidal
mode number ofn51,1 and kinetic ballooning modes
~KBM !.11 All of these modes exist as stable waves even in
the absence of a plasma population. Indeed, many of these
modes have been studied with an internal antenna in ohmi-
cally heated plasmas.12 However, there is another class of
fast-ion driven instabilities, the energetic particle modes13

~Table I!. In contrast to the MHD modes, these only exist in
plasmas with a significant energetic ion population. The
mode structure resembles the eigenfunction of the related
MHD mode, but the energetic particle mode constitutes a
separate wave branch with a distinctive dispersion relation.
Both the frequency and growth rate depend sensitively on the
fast-ion distribution function, with the frequency usually cor-
responding to a characteristic frequency of the fast-ion mo-
tion. The most familiar example is the fishbone instability.
The first observation14 was the energetic particle mode
branch with a frequency close to the precession frequency of
the injected beam ions. Later, fishbones with a frequency
close to the frequency expected for the MHD wave were
observed~Table IV of Ref. 1!. Unstable energetic particle
mode branches have been observed for the KBM and the
TAE.15,16 These energetic particle modes are also called
r-KBM and r-TAE.17 ~The ‘‘r’’ stands for ‘‘resonant.’’!

In addition to the large number of instabilities, an addi-
tional complication is that a large number of properties are
required to specify completely the wave behavior. Basic
characteristics include the wave frequency and structure~in
all three dimensions! and the wave polarization~which has
an important effect on possible resonant transport!. Linear
stability depends on the competition between the damping
rate and the drive term. The damping rate is associated with
collisionless ~Landau! and collisional interaction with the
thermal plasma, as well as mode coupling to heavily damped

FIG. 1. Ratio of the measured slowing down time normalized to the classi-
cal Coulomb slowing down time versus the slowing-down time on electrons
tse for 16 tokamak fast-ion experiments.@Original figure from Ref. 1, with
additional TFTR DT alpha point added by Strachan~Ref. 5!.#

FIG. 2. Schematic illustration of the approximate frequency, radial location
and mode width of observed fast-ion driven normal modes~solid lines! and
energetic particle modes~dashed lines! versus poloidal flux for a monotoni-
cally increasingq profile. The n53 shear Alfvén frequency continuum
curves ~dotted curves! are also shown. From high frequency to low, the
acronyms stand for ion cyclotron emission~ICE!, compressional Alfve´n
eigenmode ~CAE!, triangularity-induced Alfve´n eigenmode ~NAE!,
ellipticity-induced Alfvén eigenmode~EAE!, kinetic toroidicity-induced
Alfvén eigenmode~KTAE!, toroidicity-induced Alfvén eigenmode, and ki-
netic ballooning mode~KBM !.

TABLE I. Relationship between a normal mode of the background plasma
and the corresponding energetic particle mode.

Normal mode Energetic particle mode

nfast!ne b fast;b

Wave exists w/o Fast ions create a
fast ions new wave branch

Re(v) unaffected Re(v) depends on
by fast ions b fast

Fast ions resonate Fast ions resonate
with mode, with mode,
altering Im(v) altering Im(v)
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waves. The fast-ion drive term is associated with free energy
extracted from the fast-ion population. If the mode is linearly
unstable, the subsequent transport of fast ions is important.
Finally, knowledge of all of these factors is required for a
thorough understanding of nonlinear saturation of the insta-
bility.

Given the number of instabilities and the complexity of
the problem, it is not surprising that relatively few theoretical
predictions have been thoroughly benchmarked by experi-
ment. Table II provides an admittedly subjective assessment
of the status of the benchmarking for three important insta-
bilities: the fishbone~EPM branch!, the TAE, and the r-TAE.
Although much has been learned, it is evident that great
progress in understanding is still possible. Concerted effort
and diagnostic innovations in existing devices are as impor-
tant to the progress of the field as a burning plasma experi-
ment.

III. UNIQUE ISSUES IN A BURNING PLASMA
EXPERIMENT

A. Alphas dominate when Qœ10

By definition, fast-ion driven instabilities derive their
free energy from the fast-ion distribution function. In gen-
eral, gradients in both velocity space and configuration space
are important. Consider the simplified expression for the
alpha-particle drive of the TAE mode derived by Fu and
VanDam,18 which is proportional to

ba (v* a /v 2 1/2! F(va /vA)
alpha spatial velocity resonant
beta gradient space fraction

This expression illustrates several generic features of the
fast-particle drive.

The drive is proportional to the number of fast ions in
the plasma.

Thev* a term represents free energy associated with the
spatial gradient that is tapped by the wave. (v* a is the
alpha-particle diamagnetic drift.! For TAEs driven by circu-
lating fast ions, this occurs because the orbital shift of pass-
ing particles transfers energy from an interior flux surface to
a larger radius flux surface.19

Depending on the distribution function, the velocity
space term can be stabilizing or destabilizing. For the Max-
wellian isotropic distribution function considered by Fu and
VanDam, the wave Landau damps on the fast ions, so the

contribution is stabilizing. However, for anisotropic or non-
monotonic distribution functions, the velocity space term can
help drive the instability.

The strength of the drive term depends on the fraction of
the distribution function that satisfies a resonance condition
between the wave phase velocity and the particle velocity.
This is represented by the functionF for the particular dis-
tribution function considered by Fu and VanDam.

The alpha-particle distribution function in a reactor is a
nearly isotropic, slowing-down distribution. In contrast, the
distribution function produced by neutral-beam heating is an
anisotropic, slowing-down distribution function. The distri-
bution function produced by ICRF heating is an anisotropic,
Boltzmann distribution. Clearly, the fast-ion drive term asso-
ciated with alpha-particle heating differs considerably from
the fast-ion drive~or damping! term associated with auxil-
iary heating.

A high fusion power multiplication factorQ is necessary
to access a regime where the alpha-particle distribution pre-
dominates. In steady state,Q.~fusion power!/~heating
power!. By the nature of the DT fusion reaction, alphas only
obtain 20% of the released energy~with 80% carried by the
14-MeV neutron!. In most contemporary tokamak experi-
ments, fast ions constitute nearly 100% of the heating power.
Assume that all of the fast-ion species have similar spatial
profiles and are well confined. Then, after combining these
factors, we find that the ratio of the alpha-particle pressure to
the fast-ion pressure from auxiliary heating sources is

pa /pheat;
Q

5
. ~1!

Equation ~1! implies that, roughly speaking, alpha-particle
drive effects become twice as important as auxiliary heating
effects only forQ*10. In contrast, forQ;1 as in the TFTR
and JET DT experiments, the fast ions from auxiliary heating
play a dominant role. This is nicely illustrated by a TFTR
experiment that successfully observed alpha-particle driven
TAEs.11 During the main heating pulse, beam ions constitute
a significant fraction of the total plasma beta, which is an
order of magnitude larger than the alpha-particle beta~Fig.
3!. In order to isolate the alpha-particle effects, the neutral
beam injectors are turned off. In the ‘‘after-glow’’ phase of
the discharge, the beam ions decelerate faster than the alpha
particles, so a condition is transiently achieved where the
alpha-particle population is larger than the beam-ion popula-
tion. During this phase, the alpha-particle instability drive
overcomes ion Landau damping on the beam-ion population
and TAEs with toroidal mode numbersn of 2–5 are ob-
served. The limit implied by Eq.~1! is a severe restriction in
contemporary devices. All of the TFTR experiments on col-
lective alpha-particle effects required clever techniques to
isolate the relatively small alpha-particle contributions.3

B. Mode damping may change in reactor-scale
experiments

The second important difference between current experi-
ments and a burning plasma experiment concerns the damp-

TABLE II. ‘‘Report card’’ on the status of comparisons between theory and
experiment for the precessional-drift fishbone, the TAE, and the resonant-
TAE instabilities, rated on a traditionalA–B–C–D–F grading scale. The
grades are explained in the Appendix.

Property Fishbone TAE EPM

Frequency B A B
Eigenfunction C D F
Polarization F F F
Linear stability B B C
Resonant transport A F F
Nonlinear saturation B C F
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ing of fast-ion instabilities by the background plasma. A DT
plasma is not required to study this effect but a reactor-scale
experiment is.

Consider the linear damping of the TAE. The wave can
damp through collisional or collisionless~Landau! damping
on the electrons, through damping on thermal ions, or
through mode coupling to other damped waves. In current
experiments, calculations indicate that direct wave damping
on thermal particles is too small to account for the observed
damping rates.4 Coupling to other waves such as the kinetic
Alfvén wave is thought to dominate the damping rate in
most cases. Evidence in support of this view include the
observation of kinetic Alfve´n waves during TAE experiments
on TFTR20 and the agreement between JET damping mea-
surements and calculations of wave damping by a code that
includes coupling to other waves as a primary damping
mechanism.21 Theoretically, mode coupling rates depend
sensitively on the proximity of the dispersion relations of the
two waves in k–v space. Experimentally, the measured
damping rates often vary an order of magnitude for slight
changes in plasma parameters,22 in qualitative support of a
sensitive dependence.

Mode coupling of the TAE to kinetic Alfve´n waves was
called radiative damping by Mett and Mahajan.23 In their
theory, the damping rate depends on the gyroradiusrs

5ATemi /ZeB ~because kinetic Alfve´n waves are associated
with finite thermal Larmor radius effects!. Their prediction
that the damping should depend on the gyroradius normal-
ized to the plasma minor radius (rs* )2/3 is not in quantitative
agreement with experimental measurements24 but the general
expectation that the normalized gyroradius is an important
parameter in mode coupling calculations is widely accepted
theoretically.

In a reactor, the normalized gyroradius will decrease.

Other damping mechanisms have other scalings. For ex-
ample, ion Landau damping depends on the ratio of the ther-
mal ion velocity to the Alfve´n speed,v i /vA}AneTi /B, with
no explicit dependence on machine size. Thus, in reactor-
scale plasmas, the importance of mode coupling relative to
other damping mechanisms will shift.

C. Changes in fast-ion transport

Unstable fast-ion driven instabilities cause transport of
the fast ions. Whereas resonant convective transport to the
walls can occur in contemporary experiments, redistribution
is likely in a burning plasma experiment.

To illustrate this effect, consider the best documented
case of fast-ion transport caused by an instability, the
precessional-drift fishbone in the Poloidal Divertor Experi-
ment ~PDX!. The beam-ion losses were explained by the
‘‘mode-particle pumping’’ theory proposed by Whiteet al.25

This theory begins with an MHD calculation of the eigen-
function of then51 internal kink mode~Fig. 4!. The differ-
ent poloidal harmonics extend throughout the plasma vol-
ume. In the presence of this wave, both analytical theory and
numerical calculations show that a beam ion on an ordinary
banana orbit can remain in phase with the wave across the
entire plasma. A convectiveE3B drift to large major radius
occurs and the beam ion is lost to the wall after only a few
banana orbits. This theory was successfully compared with
measurements from an impressive suite of fast-ion diagnos-
tics including neutron detectors, several charge exchange
sightlines, a fast-response diamagnetic loop, a lost-ion detec-
tor, and a3He burnup diagnostic.1

Measurements in the DIII-D tokamak indicate that large
convective losses of beam ions can occur during TAE activ-
ity too.26 However, the relevance of these results to larger
devices is questionable for two reasons. First, as discussed in
the next section, the most unstable toroidal mode number for
the TAE is likely to shift to higher values in a burning
plasma experiment. Roughly speaking, the radial extent of a
TAE is inversely proportional ton, so the eigenfunction is
unlikely to extend completely across the plasma, as it did for
the PDX fishbone experiments~Fig. 4!. Second, the size of
the fast-ion orbit relative to the minor radius is smaller in a
burning-plasma experiment, which also tends to reduce the
magnitude of the transport. As shown in Table III, both the
expected orbit sizer/a and the radial mode extent are a
factor of ;5 smaller in a burning-plasma experiment. Con-
sequently, redistribution of the fast-ion population rather than
losses may occur.

D. Nonlinear saturation due to a ‘‘sea’’ of unstable
modes

In current experiments, the nonlinear saturation of fast-
ion driven instabilities is often controlled by the loss of fast
ions. For example, in both the PDX fishbone experiments
and the DIII-D TAE experiments, a repetitive pattern of in-
stability bursts and beam-ion losses were observed. This
burst cycle was successfully explained by a semiempirical
‘‘predator-prey’’ model, where the growth of the beam-ion
population is halted by the ‘‘death’’ of the fast ions when the

FIG. 3. Alpha-particle driven TAEs with toroidal mode numbersn52 –5 in
a weak shear DT TFTR plasma. During neutral beam injection the plasma
beta is large and the beam ions constitute a significant fraction of the total
plasma beta, while the alpha contribution is low. When the neutral beams
turn off, the beam ions decelerate more rapidly than the alphas, creating a
transient condition where the alpha population dominates the overall fast-ion
population~from Ref. 39!.
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mode expels them to the wall.27 Because of changes in fast-
ion transport and changes in the mode spectrum, this mecha-
nism is unlikely to govern nonlinear saturation in a burning
plasma experiment.

Consider the TAE. Theoretically, the alpha particle drive
increases with increasing mode number until the fast-ion gy-
roradius exceeds the width of the mode@Fig. 5~a!#. The most
unstable toroidal mode occurs near the maximum of the
growth rate for values ofkura;1. (ku is the poloidal wave
number of the TAE.! In the experiments, the toroidal mode
numbern is reliably measured. Reexpressing this prediction
in terms of n, the most unstable toroidal mode number is
approximately

n.aBT /~qZfA8Efmf !. ~2!

Comparison with observations from several tokamaks shows
that this expression is in rough agreement with experimental
observations@Fig. 5~b!#. The general trends thatn increases
with toroidal field and decreases with safety factor are also
observed for comparisons on individual tokamaks. Hence, in
a burning plasma experiment whereaBT is large, the most
unstable toroidal mode number is expected to shift to larger
mode numbers.

This has important implications for the number of modes
that are unstable. Figure 6 shows the calculated TAE growth

FIG. 4. Theoretical model of ‘‘mode-particle pumping’’ that successfully explained the loss of 45 keV beam ions during fishbone activity in the PDX tokamak.
The assumed eigenfunction of the instability as a function of minor radius is fit to the results of a linear MHD calculation of the internal kink mode. A
Hamiltonian guiding center code follows the beam orbits in the assumed MHD electric and magnetic fields. A typical loss orbit is shown. The banana orbit
of the beam ion appears to migrate to larger major radius as the ion convectivelyE3B drifts out of the machine~from Ref. 25!.

TABLE III. Comparison of the relative orbit and eigenfunction sizes for
DIII-D TAE experiments with anisotropic beam ions, for TFTR TAE experi-
ments with isotropic alphas, and for ITER alpha-driven TAE projections.

Device Fast ion r/a Mode width

DIII-D Beam ions 0.09 .0.5a
TFTR Alphas 0.05 .0.3a
ITER Alphas 0.015 .0.1a

FIG. 5. ~a! Numerical calculation of the linear alpha driveg/v versus the
product of the poloidal wave numberku and the alpha gyroradiusra ~from
Ref. 40!. For small orbit width, the drive term is linearly proportional to the
diamagnetic drift of the alpha particlesv* a ~which is proportional toku).
When the gyroradius exceeds the poloidal wavelength, the drive decreases.
The maximum growth rate occurs whenkura.1. ~b! Toroidal mode number
n observed on magnetics versus the toroidal mode that corresponds to
kur f51 for eight tokamak measurements of fast-ion driven TAEs. The ver-
tical error bar represents the range of toroidal mode numbers that were
typically excited. The expected toroidal mode number is approximatelyn
.aBT /(qZfA8Efmf) for passing particles, wherea is the minor radius,BT

is the toroidal field,q is an estimate of the safety factor nearr 5a/2, andZf

andmf are the charge and mass of the fast ions. For trapped particles, the
maximum drive occurs whenn is ;70% smaller~Ref. 40!. The fast-ion
energyEf is taken as the birth energy for alphas and beam ions and as the
energy of an ion out in the tail for ICRF~e.g., 1 MeV for H-minority heating
for the JET case in Ref. 41!. Data from Refs. 42, 43, 11, 44, 29, 41, 45, 28,
and 46.
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rate for TFTR and ITER as a function of toroidal mode num-
bern. For TFTR, only a few low-n modes are predicted to be
unstable, which is consistent with the experimental observa-
tions ~Fig. 3!. In contrast, in ITER, the most unstable mode
shifts to large values ofn and there is very little difference
between the stability of the various toroidal modes.

Experimentally, only the most unstable modes are ob-
served. Once the stability threshold is exceeded, the first un-
stable mode begins to grow and eventually saturates nonlin-
early, often by ‘‘clamping’’ the fast-ion drive near the point
of marginal stability. However, in a burning-plasma experi-
ment, where many modes have essentially the same stability
threshold, far more modes will be excited. This effect is al-
ready observed to some extent in existing devices. For ex-
ample, in JT-60U, TAE activity at low field during;350
keV injection is dominated by one or two lown modes,28

while ICRF-tail driven activity at higher toroidal field con-
tains a richer spectrum withn55 – 11.29

To summarize the predictions of the last two sections:
~1! fast-ion transport is likely to be less effective;~2! the
toroidal mode number will shift to higher values;~3! the
number of unstable toroidal modes will increase.

Taken together, these factors indicate that the relative
importance of fast-ion transport and mode overlap in the
nonlinear saturation of Alfve´n modes is likely to shift in a
burning plasma experiment.

E. Energetic particle modes

Energetic particle modes are often observed in current
experiments. For example, in JT-60U injection of;350 keV
neutral beams can drive r-TAE modes.15 In these experi-
ments, two of the dimensionless parameters that are impor-
tant in TAE theory, the ratio of the fast-ion velocity to the
Alfvén speedv f /vA and the normalized fast-particle pressure
b fast, are comparable to values predicted in ITER. Neverthe-
less, these results cannot be directly extrapolated to a burn-
ing plasma experiment.

Theoretically, the stability of energetic particle modes is
very sensitive to the details of the fast-ion distribution func-
tion. This predicted sensitivity is observed experimentally.
Figure 7 shows an example of a r-KBM observed in the
DIII-D tokamak. In two virtually identically discharges, the
r-KBM was strongly unstable when the beam distribution

function was peaked at a parallel velocity of^v i /v&50.61
but was barely observed when the angle of beam injection
was slightly altered tôv i /v&50.57.

In all current experiments where energetic particle
modes have been observed, the distribution function is
highly anisotropic. Experiments with an isotropic alpha
population in theQ*10 regime are essential for a thorough
understanding of the importance of the various energetic par-
ticle modes.

IV. CONCLUSIONS

The birth energy and distribution of alpha particles, their
deceleration by Coulomb scattering, and their spatial trans-
port in the ambient fields of the tokamak are well under-
stood. In the absence of alpha-driven collective instabilities,
alpha particles will effectively heat a burning plasma experi-
ment.

The study of fast-ion driven instabilities is a rich and
complex field. There are many potentially unstable modes
and, for each mode, a whole range of important properties to
measure and understand. This complexity has two implica-
tions. First, much remains to be learned in current devices.
Second, given the complexity of the problem, if a burning
plasma experiment is to yield useful information about
alpha-driven instabilities, it must have good diagnostics and
the experimental capability to vary important parameters
such asba and the magnetic shear.

There are five issues involving collective instabilities
that are unique to a burning plasma experiment.

~1! A pure fast-ion distribution function, which requiresQ
*10.

~2! Energetic particle modes with an isotropic slowing-down
distribution function.

~3! Plasma damping at low values of normalized gyroradius
r* .

~4! Alpha transport with smaller orbits and eigenfunctions.
~5! Nonlinear saturation with a sea of unstable modes.

FIG. 6. Normalized TAE growth rate versus toroidal mode numbern in
TFTR ~diamonds! and the International Tokamak Engineering Reactor
~ITER! (3). From Ref. 47. The theory of Ref. 47 neglects the reduction in
alpha drive associated with finite orbit width so, in a complete theory,g/v
in ITER peaks forn.25. FIG. 7. Spectra of magnetic activity for two nearly identical beam-heated

DIII-D discharges with negative central shear. For nearly identical beam
power injected, a slight reduction in the average injected pitch angle^v i /v&
virtually stabilized the r-KBM activity~from Ref. 44!.
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APPENDIX: JUSTIFICATION FOR THE GRADES IN
TABLE II

Precessional-drift fishbone. In PDX, the frequency was
approximately the precession frequency of the beam ions but
was about a factor of two smaller than expected.30 Soft x-ray
measurements of the eigenfunction had the expectedn51
structure but were not compared with theory. The polariza-
tion in the plasma has never been measured for any fast-ion
driven instabiity. With the neglect of a few important terms,
the linear stability agreed with theory.31 The mode-particle
pumping theory agreed well with numerous measurements.1

Nonlinear saturation was successfully explained by a semi-
empirical model27 but a complete theoretical treatment of
frequency chirping remains an outstanding problem.

TAE . The measured frequency agrees well with the ex-
pected frequency in many devices.32 The spatial structure is
in rough qualitative agreement with theory for some modes
in TFTR33,34 but agrees rather poorly with theory in
DIII-D. 35,36 There have been several notable successes of
linear TAE stability theory, particularly for alpha-driven
TAEs in TFTR34 and comparisons of JET antenna measure-
ments with calculations by the gyrokinetic PENN code.21

The only attempt to compare theoretical predictions of fast-
ion transport with measurements failed.36 Despite difficulties
in explaining the detailed mode structure and fast-ion trans-
port, partial models have successfully predicted some fea-
tures of nonlinear saturation, including the ‘‘predator-prey’’
model in DIII-D,27 qualitative differences between different
regimes in TFTR,37 and ‘‘pitch-fork’’ splitting of the spectral
lines in JET.38

EPM „r-TAE …. Quantitative comparisons of the fre-
quency for a few cases have been successful.15,16The eigen-
function has not been measured or realistically calculated.
Linear stability is in rough agreement with experiment.15,16

Resonant transport has never been calculated. The nonlinear
saturation is probably described by the ‘‘predator-prey’’
model in many cases.
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