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Abstract. Instabilities excited by the fast-ion population on NSTX [M. Ono, et al., Nucl.
Fusion 40 557 (2000)] extend from low frequency Energetic Particle Modes (EPMs) at 10's
of kHz, through Toroidal Alfvén Eigenmodes [TAE] in the range of 50kHz to 150kHz to
Global and Compressional Alfvén Eigenmodes [GAE and CAE] in the frequency range of
0.3MHz to 2.5MHz, or roughly 0.1w¢j to 0.7wcj. The GAE instabilities exhibit complex

non-linear behavior, including onset of strong growth above an amplitude threshold. This is
conjectured to occur when resonance regions in phase space start to overlap, resulting in
enhanced rapid growth and redistribution of energetic particles, a process referred to as an
'avalanche' [Berk, et al., Nucl. Fusion 35 (1995) 1661]. The GAE are suppressed following
the avalanche, suggesting depletion of the fast ion population resonantly driving the modes,
and in some instances the GAE bursts appear to trigger lower frequency TAE avalanches or
Energetic Particle Modes, suggesting some significant redistribution of fast ions in phase
space has occurred. These are the first observations of avalanching behavior for an
instability driven through the Doppler-shifted cyclotron resonance. This paper also
provides internal measurements of GAE mode structure showing that the mode amplitude

peaks towards the plasma core.
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I. INTRODUCTION

The National Spherical Torus Experiment (NSTX) [1] is a low aspect ratio (A = R/a = 1.5)
tokamak with maximum toroidal field of up to 5.5kG, plasma current of up to =1.2MA and
neutral beam injection (NBI) heating of up to = 6MW with 60kV to 90kV deuterium neutral
beams. The relatively low magnetic field and high beam voltage result in a population of super-
Alfvénic fast ions (ions with velocity greater than the Alfvén speed), much as is expected for
many fusion reactor concepts where the fusion-generated o's will be super-Alfvénic. A wide
range of instabilities excited by the fast ion population from neutral beam heating has been seen
on NSTX [2-15], and other low aspect ratio tokamaks like MAST [16-22] and START [23,24].

Instabilities excited by the fast-ion population in NSTX extend from low frequency Energetic
Particle Modes (EPMs) at 10's of kHz [25-28], through beta-induced Alfvén Acoustic
Eigenmodes (BAAE) [29-31], Toroidal Alfvén Eigenmodes (TAE), 50 kHz to 150 kHz [2-11] up
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Fig. 1. 2) Plasma CuH:LT:ﬂSileating boam power modes followed by a quiescent period [6,8,11,
profile, b) neutron rate. 45-47]).

Global and Compressional Alfvén Eigenmodes are of interest for their possible roles in
anomalous transport of fast ions, enhancement of electron thermal diffusivity [48,49], "alpha-
channeling" [50-53], or stochastic heating of thermal ions [54-65]. The Doppler-shifted
cyclotron resonance allows the modes to extract perpendicular energy from the fast ions,
possibly enhancing fast-ion confinement. The trapped electron bounce frequency can be
comparable to the GAE and CAE mode frequencies, resulting in the potential for resonantly-
enhanced trapped-electron transport. Stochastic heating of the thermal ions by large amplitude,
sub-cyclotron-frequency waves has been extensively investigated theoretically [54-59] and

references therein] and experimentally [60-64], and proposed as method for direct thermal ion

heating [65]. Above the amplitude for stochastic ion heating, the waves can very efficiently



transfer their energy to the thermal ion population, and the stochastic heating mechanism would

tend to clamp the mode amplitude near the stochastic heating threshold. The avalanche

mechanism can result in mode bursts with amplitudes much greater than the normal quasi-linear

saturation amplitude, thus give the best chance for beam driven modes to exceed stochastic

thresholds for thermal ion heating or trapped electron transport. Experimental measurements of

the dynamics of mode amplitude and structure evolution are thus of interest.

GAE are seen in most NSTX beam heated plasmas, but GAE avalanches are less common.

The plasma current, beam heating profile in time and neutron rate from a representative shot with

GAE avalanches is shown in Fig. 1. The time history of beam voltage and power was optimized

to excite TAE avalanches, and both TAE and GAE avalanching behavior is present. In this

discharge, the GAE avalanches began around 0.23s
~0.38s. The first TAE
0.31s. The last, at

and continued until

~
=~

avalanche happened at
=~ 0.38s, triggered continuous n=1 activity. The
avalanching activity may be suppressed after 0.38s
due to an increase in density, the evolution of the g-
profile, or redistribution of fast ions by the low
frequency n=1 mode.

In the remainder of the paper, Sect. II will
present measurements of the GAE mode, beginning
with basic measurements of the mode wavelengths,
internal structure and amplitude. The evidence for
fast ion redistribution will be presented, followed
by a discussion evidence for three-wave coupling
of TAE and kinks, but not involving GAE. Section
IIT will discuss the physics and issues relating to
the resonant destabilization of the GAE and some

implications of the observed mode amplitudes.

II. Experimental Observations

The diagnostics on NSTX with the bandwidth
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Fig. 2. a) spectrogram showing GAE modes, b) rms
magnetic fluctuations 0.8MHz<freq<1.3MHz, c)
spectrogram showing TAE and low frequency kink
activity, d) rms magnetic fluctuations from
30kHz<freq< 200 kHz.
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and sensitivity to study modes in the MHz frequency range, for this shot, include the Mirnov coil
arrays (for detection and measurement of poloidal and toroidal wavelengths) and the
reflectometer arrays [66] (for measurement of the internal mode amplitude and radial structure).
The reflectometers provide the only measurement of internal mode structure and amplitude for
the experiments described here, but their use constrained the plasmas being studied to those with

peaked density profiles (L-mode), ideally with a peak density on axis of a little more than = 3.1 x

1019/m3, the cut-off density of the highest frequency reflectometer channel at this time. For the
2010 campaign, a Beam Emission Spectroscopy (BES) diagnostic [67, 68] was added with
requisite bandwidth and sensitivity to detect GAE modes, and the reflectometer array was
upgraded to 16 channels with the density cut-off for the highest frequency channel extended to
7 x 1019/m3.

GAE and TAE avalanches detected with a Mirnov coil are shown in Fig. 2. The spectrogram
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in Fig. 2a and rms fluctuation level in Fig. 2b show 3;7(1(“’[([\/[\/”’\/’\ ~11 us
GAE avalanches in an L-mode plasma. Similarly, v ~v1v UnnnAUnVnUA\’nW
Figs. 2c and 2d show a spectrogram with five TAE = 30 us

avalanches, and the rms fluctuations in the TAE

frequency band, respectively. The Ilast TAE

avalanche in these figures triggers a "saturated

fishbone", that is, an n=1 kink mode that chirps 13
down in frequency, but rather than decaying away, é
remains at nearly constant amplitude and ?
frequency. These modes are likely the same as the ;%—
"long-lived" modes reported on MAST [22,69]. L

The GAE avalanche period starts off short,

about 3 ms, and then beginning after 0.33s

lengthens to about 15 ms. The GAE amplitude 0'0%1_;364 0.368 0372 0376

Time (s)

] ) . . Fig. 3. a) final GAE avalanche burst measured with
after each avalanche (that is a linear increase in the yefiectometer with growth and decay rates of

increases exponentially for several milliseconds

= 0.9x10%/s indicated, b) longer time period showing
extended decay period, c) spectrogram over GAE
same amplitude in each of the avalanche periods avalanche cycle, rms amplitude evolution on semi-
logarithmic scale.

semi-logarithmic plot, Fig. 2b), reaching nearly the

before the rapid growth of the final burst is



triggered. This two-stage growth process provides strong evidence of avalanche behavior. In the
later, longer avalanche periods, the mode amplitude nearly saturates at a level below the apparent
threshold for rapid growth. There is a period of saturation or much slower growth following the

initial linear growth leading up to the rapid growth, or avalanche, phase. The peak amplitude of

the final avalanche bursts, which appear as  1go; T 0 s, PR

spikes in the rms plot (Fig. 2b), is relatively 90
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fluctuations are seen to be an almost 150 200 250 300 350
Toroidal Position (degrees)

turbulent spectrum of fluctuations in a Fig. 4. a) Relative phase data from Mirnov coil array. Red
frequency band about 100 kHz to 150 kHz gziri:fa?ir(fn“;ﬁ;;ﬂz;:Oirrileél}tael(ljssc,o cil)séclj:z;l;s?:)e}?jiizjgs figure
wide. These fluctuations are a mix of based onamplitude and phase data.
toroidal mode numbers, ranging from n = 7 to n = 11 (all counter propagating to the neutral
beams). The rms fluctuation amplitude is shown in Fig. 3d on a semi-logarithmic scale. The
GAE amplitude nearly saturates before the final order of magnitude jump in mode amplitude at
the end of the avalanche cycle. In Fig. 3b is shown a trace of the phase fluctuations from a
quadrature reflectometer signal showing the final, large burst, which is further expanded in Fig.
3a, where growth and decay times of = 11 us are seen. The final large burst consists of only
several 10's of wave cycles near the peak amplitude.
ITa Structure of GAE

The toroidal mode number and polarization of the magnetic fluctuations are measured with a
toroidal array of eight Mirnov coils, six oriented to measure the poloidal component and two
oriented to measure the toroidal component of the magnetic fluctuations (Fig. 4). As an example,
the best fit to the toroidal mode number of the dominant spectral peak of the magnetic
fluctuations in the final burst in a later avalanche (0.366s) is n = 7 (as it is in the other

avalanches). However, decomposing the signal into the n="odd' and n='even' components

demonstrates that there is a significant even component to the mode, and an additional n=7+2
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component may be inferred from the amplitude
modulation of the n='odd' component. The mode is
mostly compressional at the plasma edge; the
dominant magnetic perturbation is larger parallel to
the equilibrium magnetic field than in the transverse
direction.

The amplitude evolution and radial profile are
measured with a five-channel reflectometer system.
The displacement profile obtained from the
reflectometer array data is shown in Fig. 5a. The red
squares are the phase fluctuation amplitudes from the
quadrature reflectometer channels, converted by the
free-space wavelength to an effective displacement in
mm. The blue curve, Fig. 5a, is the effective
displacement of the equilibrium density profile (that is

assuming shear polarization for the wave with no

compressional terms) needed to reproduce the observed reflectometer data (red curve, Fig. 5a).

The solid black curve, Fig. 5c, is the density perturbation, correcting for interferometric

contributions, inferred from the reflectometer data, independent of the shear or compressional

nature of the wave. The inferred density perturbation
is multiplied by 50 (solid black curve) to be visible in
this figure, and the peak perturbed density is dn/n =
1%. The relative phases of the density fluctuations
measured by the five channels are shown in Fig. 5b.
The q-profiles deduced from equilibrium

reconstructions constrained with MSE data, starting
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20 ms after the GAE burst when MSE data becomes Fig. 6. RMS fluctuation levels in GAE frequency
band (red) and TAE frequency band (blue).
Relative fluctuation amplitudes between red/blue
curves is arbitrary; shown for timing only.

available, are shown in Fig. 5d. The mode amplitude

appears to peak near or inside of qmin.
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IIb GAE induced fast ion transport

Neutron rate drops, or evidence of fast ion
redistribution or loss in the Fast Ion D-Alpha (FIDA)
[70] or scintillator Fast Lost Ion Probe (sFLIP) [71]
data, are not seen to correlate with the GAE
avalanches. Indeed, as will be discussed later, the
interaction of the resonant fast ions exciting these
modes may actually improve their confinement.
However, the GAE-quiescent period following each
strong burst is consistent with a fast-ion redistribution
which reduces the free-energy available to drive the
modes. Additional indirect evidence of fast ion

redistribution is shown in Fig. 6, where the rms

fluctuation level for GAE (red) and TAE (blue) are shown. The three TAE avalanche events in

this time range, at 0.313s, 0.322s, and 0.331s, are seen as spikes in the blue curve. A GAE

avalanche precedes each of the three TAE avalanches by several hundred microseconds, although

not every GAE avalanche is followed by a corresponding TAE avalanche. The timing suggests

that the redistribution of fast ions from the GAE avalanche provided some of the impetus to

trigger the TAE avalanche.

A database was compiled of the timing of 358 0 . esewe
[ ] 0.322s |
GAE avalanches and 51 TAE avalanches in shots i —=— ns8 ] ]
250 - —— s B 4

where GAE and TAE avalanches co-existed. In f <> 6 ]
§200— — n=5 . n
Fig. 7 it is seen that 50% of the TAE avalanches = s o]
occur within the first 10% of the GAE avalanche & Eii w 1 :j:
9_? n=3 [ n=3 |
cycle. If the timing of the TAE avalanches were “ - ] n=2]
n= n=1]
not correlated with the GAE avalanches, the . .
curve would be approximately linear, with =10% ot . . .~ . .. tex o
0.321 0.322 0.323 0.01 0.1 1.0 10

of the TAE avalanches in the first 10% of the Time (s)

Fig. 8. Spectrogram of Mirnov coil signal showing a)

GAE avalanche cycle. The occurrence of the multiple modes with toroidal mode numbers

TAE avalanches shortly after the GAE avalanche

suggests a causal relation.

identified, b) spectrum at 0.322s on logarithmic scale.
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The correlation of the TAE and GAE

avalanches is most likely to occur through changes

b) 180 -

. . . . T T
to the fast ion distribution, however, three-wave 300 kHz

coupling of TAE to a much lower frequency kink (.0

(and higher frequency modes) has been previously

0 ] . . . ]
observed on NSTX [72]. As is seen below, there is 6.

I T T T I
80 kHz

c) 60 -1

no apparent wave-wave coupling of the GAE and 0.0

TAE, leaving modifications to the fast ion

distribution as the most likely candidate for the 4.0
d) 10 - 60 kHz

triggering of the TAE avalanches by the GAE. 0.0

A spectrogram of the TAE avalanche at 0.322s _,

is shown in Fig. 8. There are n = 1 throughn=6 (3216 03|218 ' 03|220 T0.3002
TAE in the final TAE avalanche burst, with the two Time (S)

dominant modes being the n = 3 and n = 4. The Fig. 9. Mirnov coil digitally bandpass filtered
in three ranges showing a) GAE burst, b) TAE
frequency doubling, ¢c) TAE avalanche and d)
frequency, within the +3 kHz accuracy resulting n=1 internal kink, red curve is a simulation of
non-linear coupling, scaled to match the kink.

modes are approximately evenly spaced in

from the short, = 0.2 ms, period of the final TAE
avalanche burst. A second group of modes in a frequency band 180kHz to 300kHz have mode
numbers and frequencies which satisfy the non-linear mode coupling relations that f3 =
fi+f> and n3 = ni1+n; for the TAE modes in the frequency range 70 kHz to 180 kHz. For example,
the frequency of the n = 7 mode at 240 kHz is, within measurement accuracy, the sum of either
ofthen=3and n=4,then=2and n =5 or the n =1 and n = 6 mode frequencies. Similarly,
the n=1 mode at = 20 kHz is consistent with the difference frequency of the n =4 and n =3
modes [72].

The Mirnov signal through the GAE and TAE bursts is shown in more detail in Fig. 9. The
Mirnov coil signal is digitally filtered into four frequency bands. The GAE avalanche burst is
seen in the frequency band from 0.8 MHz to 1.2 MHz (Fig. 9a) and the TAE avalanche burst in
the range from 60 kHz to 180 kHz (Fig. 9¢). It's clear that the GAE burst precedes the onset of

the TAE avalanche. The amplitude modulation of the TAE-frequency fluctuations is due to the
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The non-linear coupling of the low and high

frequency bursts can be simulated by squaring the

curve is the simulated non-linear coupling, inverted

and scaled to match the measured n = 1 mode

amplitude [72]. The simulated and experimental

suggesting that an independent n = 1 mode was g 19 ) digitally filtered Mimov coil signal

excited at the difference frequency, which then from toroidal angle of 171.5% b) similar from

351.5° ¢) Odd component of final GAE
decayed When the non‘linear dere fI'OH’l the TAE avalanche burst Wlth growth rates Of IOS/S and
2x105/s indicated, d) even component (from
Mirnov coils).

In Fig. 10 the GAE burst of Fig. 8a is shown on

burst was gone.

an expanded timescale. Here the magnetic fluctuations as measured with two coils separated by
180° in the toroidal direction (Figs. 10a and 10b) are separated into the odd-n and even-n
components (Figs. 10c and 10d). The odd component still shows evidence of beating in the
amplitude evolution, consistent with an additional odd toroidal mode of smaller amplitude. The
even component is somewhat weaker, also with possibly some weak beating. The difference
frequency is about 100 kHz, as estimated by the beat period in Figs. 10c and 10d. This is
roughly equal to the TAE frequency, but apparently is not a non-linear 3-wave coupling with the
TAE as the TAE amplitude is small at this time (Figs. 9a and 9¢). Further, the mode number
difference for the GAE is 1 or 2, whereas the dominant TAE activity is n =3 and n = 4. Thus, it
appears that the GAE avalanche burst does not exhibit strong non-linear coupling to the TAE, but

rather involves two or more nearly independent modes.



I11. Discussion and analysis

100 LI B | ] T 17T ] T 113[54]1 9[A\0]2 l3'17$
These observations of GAE activity are L 5x1012/m3 - 2x1014/m3 -
O<rla<0.2
2<0<2

relevant to the physics of fast-ion avalanches,
stochastic ion heating, alpha-channeling, and fast
ion redistribution. In this section, the

measurements of mode structure and mode

Energy (keV)
3

amplitude evolutions are examined with respect to
these various areas of fast particle driven mode

physics. But first, the identification of the modes

and the resonant drive for the modes is discussed. 0 —

-1 0
Pitch

measured with the reflectometer array, and the Fig. 11. Distribution function calculated with the
’ TRANSP beam deposition code. Red curve

magnetic fluctuations are measured externally with indicates fast ions resonant with dominant n =9
mode. The red point indicates pitch and energy of

Mirnov coils. There are no reflectometer Particle whose trajectory is shown in Fig. 12.

The profile of the internal density fluctuation is

measurements for R < 1.2m, but this data indicates that the density fluctuations peak near or
inside the region of qmin. This would be consistent with identification of these modes as GAE,
rather than CAE, which should have had a peak in amplitude further out. The pitch of the
magnetic field perturbation measured at the plasma wall indicates that the mode has some
compressional component, whereas GAE are in principal shear Alfvén waves. However,
toroidicity, magnetic shear and finite beta are observed to introduce compressional components
in numerical simulations of GAE for NSTX parameters [43], thus edge polarization
measurements are inconclusive regarding mode identification.

The pitch of fast ions resonant with the mode can be estimated from the local GAE

dispersion relation @ = k|| Vs, and the Doppler-shifted cyclotron resonance condition,
@ = ;- k| Vp)|- The GAE dispersion relation is used to estimate k|| from the mode frequency in
the plasma frame and the local Alfvén velocity. The resonant pitch is then Vy /Vy, = (w; - w)/w
(Vaifpen/Vp).  For the dominant n = 9 mode in the avalanche burst, this gives a pitch of V) /

Vy = 0.7 for the resonant 80 keV fast ions. As the ion energy drops, the pitch required for

10



resonance increases, that is the parallel energy remains constant to satisfy the resonance
condition, but the perpendicular energy can be lower, resulting in higher pitch.

The fast ion distribution function calculated in TRANSP is shown in Fig. 11 and the resonant
condition as a function of energy, constant parallel velocity, is indicated by the red line. The

NSTX 135419 0.320s .
resonance curve sits on the side of a 'bump-on- 2T ] Resonant Ot b)

tail' in perpendicular energy, but a more
comprehensive analysis of the stability and

resonant drive physics are beyond the scope of

oF

this paper. Numerical simulations have been | ] A Eneray 684 kev
F q N Pitch  0.77
Rbirth 1.15m

done [43] and an analytic model of the Doppler-
shifted cyclotron resonance instability has been

developed [73]. AR A

One challenge for analytic models of the
Doppler-shifted cyclotron resonance in low

aspect ratio plasmas is that the orbits of most fast

ions move over a wide range of magnetic field 7 1

10 114 12 13 14 15
Major Radius (m)

As the Fig. 12. Orbit of a representative fast ion resonant with

the GAE, a) mapped to the poloidal cross-section, b)

plan view and ¢) mod(B) on midplane with shaded

region showing the range of the guiding center.

strengths, and thus the cyclotron frequency
changes significantly over the orbit.
resonance with the mode, ek Vs =Wmode,
depends on the cyclotron frequency, fast ions will move into and out of resonance on a timescale
short compared to a wave period. However, a numerical simulation of GAE with the initial
value code, HYM, has been able to demonstrate instability of both GAE and CAE through the
Doppler-shifted cyclotron resonance drive. The typical fast ions resonant with the GAE in the
HYM simulation have passing orbits constrained to the outboard midplane. An example orbit
calculated with the SPIRAL [74] code is mapped to a poloidal cross-section as shown in Fig. 12.
The radial extent of the orbit guiding center corresponds to a variation in cyclotron frequency of
only 5%, or a frequency modulation amplitude of =200 kHz (out of <f;> = 3.9 MHz). There
are approximately 16 gyro-periods in each poloidal transit, or fyo1 = 3.9 MHz/16 = 245 kHz. In

the resonant fast ion frame, the mode frequency is Doppler-shifted to match the cyclotron

11



frequency, as noted previously (w + k| |V = w.;). The relative phase variation between the

mode and the cyclotron gyrations over a poloidal transit can be estimated by integrating the
approximate modulation of the cyclotron frequency and parallel velocity. The approximate

formula for the phase variation is

kV, >el-p* . o,
<KV > € f’ sm(th)+< i =
w, 2 p (%

OP(t) =

esin(w, 1)

For the fast ion parameters shown in Fig. 12, the amplitude of the phase modulation over a
poloidal transit is = 65°; probably large enough to affect the mode drive and the fast ion trapping,
but probably not large enough to destroy the resonance.

The early GAE amplitude evolution is suggestive of avalanching behavior, with a slow
growth in mode amplitude as the fast ion population builds up, leading to a short, explosive
growth to much larger amplitude which is then followed by a quiescent period. After 0.33s,
however, the slow growth seems to saturate for an extensive period of time. This could be
explained if the mode amplitude saturated just below the threshold for triggering an avalanche.
An intriguing alternative explanation is that this represents the "stochastic thermal ion heating"
threshold. At this amplitude, there is an effective damping term increasing strongly with mode
amplitude as the wave dumps energy into the thermal ion population. In the 'linear' regime, the
mode drive is fixed or falling with mode amplitude and this quickly leads to saturation. The
potential effective heating power is estimated below, but depending upon how far below the
'natural' saturation amplitude the stochastic threshold is, a still substantial portion of the power
will go to the electrons through Landau damping.

The presence of multiple modes in the final, large bursts, is indicated by the amplitude
modulations of the even and odd signals. The presence of the multiple modes complicates the
measurement of the growth and damping rates in the final burst. However, the observed growth
and decay of the final bursts appears roughly symmetrical, with growth and damping times of

approximately 10 ps, or y/o = 3.4%. If the assumption is made that the drive is negligible during

12



the burst decay, Fig. 4a suggests that the peak drive, y4.ive 1S approximately twice the damping

rate, Ydamp, €.8-» Ygrowth = Vdrive - Ydamp = Ydamp = 10°/5.

The peak mode amplitude of on/n = 1% can be used to estimate the magnetic fluctuation
level, which together with the growth/damping rate estimate can be used to estimate the power
flow from the fast ion population through the mode and into the thermal plasma. For
compressional modes, the relation is 0B/B = dn/n, for shear modes, the relation is more
complicated, but roughly 0B/B = L,/Lg dn/n, where Lg is the relevant magnetic gradient scale
length. As the magnetic gradient scale length is typically greater than the density gradient scale
length, the magnetic perturbations for shear waves would generally be weaker, for a given
density perturbation, than for compressional waves. In the following discussion, we use the
larger estimate for magnetic fluctuations from the compressional approximation to give an upper
estimate for energy in the mode. The peak amplitude of dn/n = 1% implies dB/B < 1% or 0B
~ 40G.

The total energy density in the wave may be estimated as twice 4x1073 J/m3G? (40 G)>~ 13 J/
m3. The wave amplitude is small outside of R = 1.3m, thus the plasma volume where mode
amplitude is significant is ~ 3.2 m?, and the peak wave stored energy is ~ 40 J. These estimates
are very approximate, but suggest that = 40 J of energy is transferred from the fast ion population
to the thermal plasma at each GAE avalanche event. The ten avalanche events between 0.3 and
0.33s give an average heating power of = 13 kW. The peak heating power from the pre-
avalanche phase, assuming an effective damping rate of 10°/s, and roughly 10% of the amplitude
reached during the avalanche, is = 50kW, although the time average would be much less. Much
of this power, of course, goes to the electrons through electron Landau damping.

The estimated peak density fluctuation level reaches 6n/n of approximately 1%; a level which
might exceed the threshold for stochastic heating of thermal ions or transport of trapped
electrons. Simulations of thermal ion heating were performed with a fixed spectrum of 20
modes, each with amplitude of 6B/B = 0.13 %, or 20"23B/B = 0.6 %, gave heating rates of up to
50 eV/ms in perpendicular energy, and 17 eV/ms in parallel energy [75]. The estimated peak
GAE amplitude of dBms/B = 1 % during the avalanche burst is comparable, albeit comprised of

an unknown number of modes. The heating rate increases non-linearly with mode amplitude,
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but the typical burst duration of = 20 us would result in a thermal temperature rise of <1 eV per
GAE avalanche. Using the same formalism as above with an ion density of 2.4x10'%/m?3, predicts
a net increment to the ion thermal energy of = 4 J, compared to the estimate of 40 J of heating
made above. The thermal ion heating at the pre-avalanche level of 10 % of the avalanche peak
amplitude, or 0.02 %, is predicted to result in negligible heating of the thermal ions. Stochastic
ion heating may play a role in limiting the peak amplitude of the avalanche, but appears to play a
negligible role in the thermal ion power balance.

A broad spectrum of GAE activity has also been implicated in enhanced electron thermal
transport [48], most often correlated with a flattening of the electron temperature profile in the
core. Such flattening is associated with density fluctuation amplitudes of dn/n = 0.1%, which is
comparable to the pre-avalanche level, and much less than the peak amplitude of dn/n = 1 %.
Whether this interaction with the thermal electrons can provide some additional drive for the

GAE, and how this affects the avalanche model, will be the object of further research.

IV. Summary

A broad spectrum of modes in the frequency range from 0.5 MHz to 1.5 MHz is often seen in
NSTX beam heat plasmas. The modes are surmised to be Global Alfvén Eigenmodes based on
their spectrum and evolution of frequencies. The GAE are expected to be localized near the low
shear region of minimum q. Internal measurements show modes are indeed peaked toward the
magnetic axis, possibly near the off-axis minimum in q. The peak mode amplitude as measured

with the reflectometers reaches dn/n = 1%. The modes exhibit a range of behavior, including

chirping, bursting as well as more continuous activity. In this paper we have presented data
documenting behavior characterized as avalanching, a slow growth in mode amplitude following
a quiescent period, culminating in very rapid growth of multiple modes leading again to a
quiescent period. The avalanches are seen to involve multiple modes with toroidal mode
numbers from roughly n=7ton =11.

The modes are postulated to be excited through a Doppler-shifted cyclotron resonance with
beam ions, an assumption supported by numerical simulations. We have estimated the energy
dependence on pitch-angle for fast ions satisfying this resonance condition and have shown that

it aligns well with the distribution of fast ions calculated with the TRANSP code. We deduce that
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these avalanches redistribute fast ions from the quiescent period following the avalanche burst
and by the apparent triggering of TAE mode avalanches at lower frequency. So far, direct
measurements of fast ion population have been insufficiently sensitive to detect this implied
redistribution. However, it is quite possible that the fast ion redistribution results in improved
confinement, as the cyclotron resonance should increase the pitch of fast ions, making their

velocities more parallel and generally better confined.
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