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Abstract

In plasmas in the National Spherical Torus Experiment (NSTX) [Ono et al., 

Nucl. Fusion 40 (2000) 557] heated with neutral beams, the beam ions typically 

excite Energetic Particle Modes (EPMs or fishbones), and Toroidal, Global or Com-

pressional Alfvén Eigenmodes (TAE, GAE, CAE).  These modes can redistribute the 

energetic beam ions, altering the beam driven current profile and the plasma heating 

profile, or they may affect electron thermal transport or cause losses of the beam ions.  

In this paper we present experimental results where these instabilities, driven by the 

super-thermal beam ions, are suppressed with the application of High Harmonic Fast 

Wave heating.
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I. Introduction

Many methods, ranging from plasma shaping [1] or application of non-axisymmetric fields 

[2] to using RF heating to directly affect the fast ion distribution [3], have been proposed or ob-

served to modify fast particle driven instabilities.  In previous experiments on NSTX [3], High 

Harmonic Fast Wave (HHFW) heating at 30 MHz was used in an attempt to increase fast-ion 

phase-space diffusivity through heating of the energetic beam ions, thereby suppressing the 

chirping of Toroidal Alfvén Eigenmodes (TAE).  Some success was achieved in the suppression 

of chirping of the higher frequency Global Alfvén Eigenmodes (GAE) and there was suggestive 

evidence that HHFW could suppress the TAE under some circumstances (c.f., Figs. 8 & 9, ref. 

3).  Here we report on experiments [4] where not only the TAE, but also GAE and fishbone ac-

tivity, was suppressed with higher power HHFW.  In these experiments, typically more HHFW 

power was applied, for longer intervals, than in the previous experiments.  Additionally, the tar-

get plasma had significantly lower plasma current.  What is particularly interesting about these 

experiments is that the TAE are excited through a broad range of resonances [5,6], the GAE 

through a Doppler-shifted cyclotron resonance [7,8] and the fishbones through precession drift 

or bounce resonance [9,10], yet the HHFW apparently suppressed all of these instabilities.

II. Experimental Results.

In this experiment there are thirteen shots with 

various combinations of HHFW and NBI heating in-

cluding one shot with only 2MW of NBI heating, no 

HHFW (Figs. 1a and 2a).  The other twelve shots all 

had 2MW of NBI with between 1.5 MW and 3 MW 

of HHFW heating.  There were also a number of shots 

with 1.5  MW to 2 MW of HHFW heating and no 

beams, thus no beam-ion driven modes.  All shots 

were Helium target plasmas with a toroidal field of 

3.8 kG, and a plasma current of 0.3 MA.   This was 

not an experiment dedicated to TAE stabilization and 

in this dataset the HHFW antenna phasing has been 
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varied.

	
 In Fig. 1 are shown spectrograms from two simi-

lar NSTX shots, both with 2 MW of neutral beam 

heating from 0.15s to 0.6s.  The first two panels of 

Fig. 1 compare spectrograms covering the GAE fre-

quency range for a shot with (a) only NBI and, (b) 

with 3  MW of HHFW and 2  MW of NBI heating.  

GAE activity is seen shortly after beam injection 

starts for both shots, but is suppressed during the 

HHFW heating in the second shot.  The GAE activity 

returns in the second shot following the cessation of 

HHFW 

h e a t-

ing.

	


Spectrograms for the TAE and fishbone fre-

quency ranges are shown in panels (a) and (b) of 

Fig. 2.  Again, TAE are present for both shots 

prior to the HHFW heating, but both TAE and 

fishbones are suppressed during the HHFW heat-

ing pulse (pink shaded area).  The TAE and fish-

bones reappear after the end of the HHFW heat-

ing. The fishbones are weaker following the 

HHFW in the second shot than in the same time 

range in the beam-only shot. 

The timescales for mode suppression after 

HHFW onset, and for the modes to recover fol-

lowing HHFW heating could provide information 

on the mechanism of mode suppression.  If we 

expand the spectrograms from Figs. 1 and 2 
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around the start of HHFW heating (Fig. 3), it is 

seen that both the GAE and TAE activity persist 

for 40 to 50 ms after the start of HHFW heating.  

The strong frequency chirping of both the TAE 

and GAE appear to be quickly suppressed, al-

though in both cases, frequency chirps do reap-

pear.  The delay in suppression after the start of 

HHFW heating then suggests that it either takes 

some time to modify the fast ion distribution re-

sponsible for exciting the TAE and GAE, or there 

was some change in the equilibrium plasma pa-

rameters during this interval which affected the 

stability of the Alfvénic modes.

Expanding the spectrograms about the end of 

HHFW heating, both the TAE and GAE reappear 

within a few ms of the end of HHFW (Fig. 4).  

This is much shorter than the fast-ion slowing 

down time, suggesting that the perturbation to the 

fast ion distribution was relatively small, and/or 

that the HHFW in some way directly interfered 

with the resonant interaction of the fast ions with 

the mode.  The TAE appear to begin avalanching shortly after their reappearance and the peak 

amplitude of the bursts is comparable to that in the beam-only shot.  The TAE avalanches are 

correlated with a weak fishbone-like mode.  The reappearance of the TAE and GAE argue 

against an explanation that these discharges were evolving towards equilibrium conditions 

where the TAE and GAE were intrinsically stable.  

The threshold power for stabilization for the parameters in this experiment is about 1.5 MW 

of HHFW for the 2MW of NBI used in these shots.  In Figure 5 is shown a shot with 2 MW of 

NBI during which a shorter, 1.5 MW pulse of HHFW is applied.  As can be seen in Fig. 5a, the 

TAE activity is reduced, but not completely suppressed during the HHFW pulse, and returns 
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shortly after the end of HHFW heating.  The TAE 

amplitude following the HHFW is comparable to that 

in the pre-HHFW pulse.   

	
 In Fig. 3c an n=1 mode appears at about the same 

time the TAE and GAE are completely suppressed.  

An n=1 counter-propagating kink mode is commonly 

observed during HHFW heating, and often persists 

after HHFW heating ends (c.f., Figs. 3c, 4c, 5a). In 

Fig. 4c weaker fishbones co-exist with the counter-

propagating n=1 kink mode and it is possible that the 

kink is at least partially responsible for the suppres-

sion of the fishbones. In Fig. 5a the kink persists for 

≈ 25 ms after the end of the HHFW,  coexisting with 

the strong TAE bursts, but the fishbone activity 

doesn't return until the kink is gone.  The TAE activ-

ity co-exists with the n=1 kink at lower HHFW 

power, as in Fig. 5a, so it is not believed that the n=1 is responsible for suppressing the TAE or 

GAE, as is seen more clearly in Fig. 5. 

In Fig. 6 are shown the rms fluctuation levels for TAE and GAE activity against the average 

HHFW power (all shots here had 2 MW of NBI heat-

ing).  The rms fluctuation level for points with HHFW 

power is averaged over the HHFW heating period, 

excluding the first 50 ms, as suppression is typically 

delayed by up to 50 ms.  The no-HHFW power points 

all follow the HHFW heating period.  Initial beam 

heating periods before HHFW heating were excluded 

as the q-profile had typically not relaxed, and TAE 

activity was qualitatively different.   The HHFW 

power shown here is the source power, and is not 

necessarily the power coupled to the plasma.  Under 

some conditions significant power loss to the scrape-
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off layer is seen [11,12,13], which may have a de-

pendence on antenna phasing. The colors of the 

points in Fig. 6 indicate the phasing between an-

tenna straps.  There is not, however, sufficient data 

from this experiment to determine if there is a de-

pendence of the effect on antenna phasing.

	
 A later experiment, again at low current and 

plasma density but with Deuterium target plasmas, 

also found some indications of TAE suppression by 

HHFW heating.  In Fig. 7 is shown the spectrogram 

from a 300 kA, low density plasma heated with 

2MW of NBI and 1 MW of HHFW.  The toroidal 

field in this case was higher than the previous ex-

amples, 4.65 kG vs. 3.8 kG.  In this case an ≈ 80 

ms NBI pulse was added towards the end of an 

HHFW heating period, with about 30 ms of overlap.  

While TAE activity isn't completely suppressed, the 

strong avalanches begin coincident with the end of 

the HHFW pulse.  This shot had only 1 MW of 

HHFW heating power, but the lower density or 

higher field may have improved the efficacy of the 

beam-ion heating by the HHFW power.

A similar shot with somewhat higher HHFW 

source power did not see complete suppression of the 

TAE avalanches (Fig. 8).  However, in this case the 

behavior was somewhat more complex.  During the 

HHFW pulse there were three strong bursts of 

multiple-mode (GAE/TAE/fishbone) activity, but 

again, regular TAE avalanching begins coincident 

with the end of HHFW heating. Close inspection 

each of the three TAE avalanche events during the 

6

Time (s)

Fr
eq

ue
nc

y 
(k

H
z)

0.35 0.40 0.45 0.50 0.55 0.60

n=1!
n=2!
n=3!
n=4!
n=5!
n=6

0

50

100

150

Neutron Rate (a.u.)

HHFW Power (MW)
NBI Power!

(MW)

2.0

1.0

0.0

a)

b)

c)

shot  140347

0.4150 0.4155 0.4160 0.4165

∂B/∂t (a.u.)

-0.4
0.0

0.4

0.8

GAE Fishbone TAE

Fig. 8. a) Spectrogram of magnetic fluctuations 
showing TAE and TAE avalanche activity, b) 
waveforms of NBI (black) and HHFW power 
(red), c) neutron rate with drops at TAE avalanche 
events.

Time (s)

Fr
eq

ue
nc

y 
(k

H
z)

shot  140298

0.44 0.46 0.48 0.50 0.52 0.54

0

50

100

150

2.0
1.0
0.0 HHFW Power (MW)

NBI Power (MW)

Neutron Rate (a.u.)

n=1!
n=2!
n=3!
n=4!
n=5

a)

b)

c)

Fig. 7. a) Spectrogram of magnetic fluctuations 
showing TAE and TAE avalanche activity, b) wave-
forms of NBI (black) and HHFW power (red), c) 
neutron rate with drops at TAE avalanche events.



HHFW pulse reveals that they were initiated by a 

Global Alfvén Eigenmode (GAE), which triggered 

fishbone activity [14,15] and the fishbone, in turn, 

triggered the TAE avalanche (Fig 8a), the reverse of 

the more common situation where the TAE ava-

lanches trigger the fishbones [15,16,17].  This shot 

was also a 300 kA, 4.65 kG plasma, but at ≈20% 

higher density (ne(0) ≈ 2x1013/cm3 vs. 1.6x1013/cm3).

	
 Possible correlations of thermal plasma parame-

ters with TAE presence were looked for by construct-

ing a database of plasma parameters in each 25 ms 

interval of the plasmas in this experiment.  In Fig. 9 

are shown the average density and the qmin for each 

of the 25 ms intervals.  The red points correspond to intervals where TAE were present with 

beams, but no HHFW heating.  The green points are intervals where TAE were present with 

beam and HHFW heating, mostly time intervals just after the start of HHFW heating, or inter-

vals with lower HHFW power (1.5 to 2 MW).  Finally, the blue points are intervals where TAE 

activity is absent, despite 2 MW of NBI heating, presumably suppressed by the HHFW heating.  

The TAE-quiescent parameters of electron density, qmin (as well as electron temperature, not 

shown) overlap the parameter ranges for shots where 

TAE were present with only NBI heating.

The normalized parameters βfast/βtotal and Vfast/

VAlfvén are found to be reasonable predictors for the 

occurence of avalanching TAE activity or TAE-

quiescent plasmas on NSTX [18].  The HHFW-

stabilized TAE-quiescent beam heated plasma pa-

rameters are compared to the TAE stability map for 

NSTX in Fig. 10.  Here, the HHFW-quiescent points 

are shown as black circles, overlaid on the broader, 

beam-heating only database from NSTX.  In this fig-

ure, parameters of  plasmas with TAE avalanches are 
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shown as red circles, and those with quiescent plas-

mas are shown as green circles.  Previous studies 

[18] of TAE activity scaling had found that TAE-

quiescent beam heated plasmas were only found 

when the ratio of βfast to βtotal was less than ≈ 0.3 

(green points, Fig. 10). The quiescent plasmas from 

this experiment, however, largely overlap the TAE 

avalanching region from NBI-only NSTX plasmas.

III. Simulation of fast ion losses from TAE ava-

lanches

In previous work it has been reported that rea-

sonable agreement is found between measured mode 

amplitudes and mode amplitudes needed to predict 

neutron drops consistent with experimental meas-

urements [19,20].  The predictions use eigenmode 

structures from the NOVA ideal code [21,22,23] in 

the guiding-center orbit following code ORBIT [24].  A similar analysis was done for a TAE 

avalanche at 0.23 s in the beam-only shot (Fig. 11).  Only one reflectometer channel [25] was 

available for internal measurement of the mode amplitude, and that channel's reflection layer 

was near the magnetic axis, so the mode amplitude 

was not as well constrained as in previous studies 

(Fig 11b, red points).  The ideal stability code, 

NOVA, is used to find the TAE eigenmodes, using 

equilibrium parameters.  The n=1 eigenmode, com-

bined with the measured electron density profile, is 

used to simulate the radial profile of the effective 

displacement as would be measured with a reflecto-

meter array.  In Fig. 12 the simulated reflectometer 

profile is scaled to the single measurement.  

	
 The eigenfunctions from NOVA, together with 
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the experimental amplitude and frequency evolution  

in time of the n=1 and n=2 largest modes are used in 

the ORBIT code to model the change in the fast ion 

distribution through this TAE burst.  Using the eigen-

functions normalized to the reflectometer measure-

ment of the mode amplitude evolution overestimates 

the measured neutron rate drop.  In Fig. 13 is shown 

the calculated neutron rate change through the TAE 

avalanche as a function of peak mode amplitude 

normalized to the measured amplitude.  Here it is 

found that the calculated neutron drop at a mode am-

plitude of ≈40% of the measured mode amplitude is 

in reasonable agreement with the experimental meas-

urement.  The target plasma for these experiments was Helium, so the neutron production calcu-

lated in TRANSP [26] with the NUBEAM beam deposition code [27] was mostly beam-beam 

(87%) with a relatively small amount of beam-target (≈13%).  Thermal neutron production was 

negligible.  In contrast to previous analysis of avalanches in higher current H-mode plasmas, the 

bulk of the neutron drop here is predicted to be from fast ion losses.

TAE drive

The ORBIT code can also be used to study the 

resonant drive of the TAE.  Simulations with ORBIT 

are run as above, but with amplitudes scaled from the 

nominal mode amplitude by a factor of 0.4% to 1% to 

make the result as close to a linear response as possi-

ble. By looking at the energy change for different 

ranges of the initial fast ion energy, it is found that 

the bulk of the drive for the TAE comes from fast 

ions with energies below 40 keV.  In Fig. 14a is 

shown the fast ion slowing-down distribution calcu-

lated in TRANSP and used in ORBIT.   Figure 14b 
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shows that fast ions with energies between 20 keV 

and 40  keV have contributed the most energy to 

the TAE.  The fast ions with energies above 40 

keV contribute little net drive within the statistical 

uncertainty although these more energetic fast ions 

can interact strongly with the TAE.  The error bars 

are found from multiple ORBIT runs with mode 

amplitude normalized from 0.4% to 1% of the peak 

measured amplitude.

	
 The only diagnostics on NSTX measuring the 

confined fast ions for these experiments were the 

Neutral Particle Analyzers (NPA) and neutron de-

tectors.  In Figure 15 are shown data from one of 

the four solid state NPA chords  (ssNPA) [28].  

This chord samples predominantly parallel going 

fast ions.  There are small differences between the 

NPA signals during HHFW and beam-only shots.  

As plasma and beam parameters were very similar 

between these shots, the measurements indicate that the fast ion population driving the TAE is 

not greatly changed in the HHFW shots, although it 

can't be ruled out that the affect of the TAE on the 

fast ions in the beam-only shot might be similar to 

the that of the HHFW.  This data is an indication 

only that the HHFW isn't strongly affecting the fast 

ion distribution driving the TAE, as the ssNPA only 

measures  down to ≈ 40 keV, which from Fig. 14 is 

still above the energy of fast ions most responsible 

for driving the TAE.  Simulations of the affect of 

HHFW on the fast ion population under different 

conditions show some heating [3] or fast ion redis-
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tribution and loss [29].

In Fig. 16 is shown the fast ion distribution in normalized-µ vs. canonical angular momen-

tum (P0) space.  Each point represents the initial position of a beam fast ion and the color of the 

point indicates whether the ion gained or lost energy to the mode.  The points in red indicate fast 

ions that lost the most energy, and in blue, those that gained the most energy.  At the end of the 

simulation, there was a net loss of energy (albeit, very small) from the total fast ion distribution, 

indicating that the fast ions had given energy to the modes.  The resonant fast ions (those with 

large energy changes) are distributed fairly isotropically throughout the initial distribution, with 

the exception of the 'gap' for ≈0.6 < µ/E < ≈0.8 and P0 > ≈0.2.  Gross distortions of the distribu-

tion function in this space seem unlikely to strongly influence the mode drive.  However, other 

representations of the distribution function, as yet undiscovered, might.

IV. Stability calculations

The modeling of the effect of the  HHFW heating on the fast ion population will be ad-

dressed in a future publication.  However, we can qualitatively examine the impact of some 

broad changes to the fast ion distribution on the TAE 

stability.  It is still important to understand whether the 

suppression of EPM, TAE and the higher frequency 

AE is coincidental, or reflect some broader, possibly 

more direct, mechanism applicable to all three forms 

of beam-ion driven instabilities. Previous HHFW 

modeling, albeit for different plasma conditions, has 

found that HHFW heats the beam ion distribution.  It 

might be assumed also that HHFW heating adds pri-

marily perpendicular energy to the beam ions.  Moti-

vated by these assumptions, the NOVA-k stability cal-

culations are done for a small scan in the initial pitch-

angle of the beam-ion population, and in the maxi-

mum energy.

In Fig. 17 is a representative comparison of the 

continuum plots at 0.45s for the two shots shown in 
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Fig. 2.  The equilibrium parameters are very similar, however, there are some minor differences 

in the shape of the q-profile near the axis (where the uncertainties are fairly large).  Additionally, 

the beam-only shot has some small toroidal rotation velocity whereas the beam+HHFW shot has 

nearly zero rotation.  The NOVA-k calculations of TAE growth rates, in terms of a model fast 

ion slowing down distribution find some evidence that lower pitch angle distribution (more per-

pendicular, as expected from HHFW heating), gives a lower drive.  Also, a more energetic fast 

ion distribution (again, as might be expected from HHFW heating of the beam ions) also re-

duces the growth rates.  While these results might be suggestive, much further work is planned 

towards modeling of the HHFW heating affect on the fast ion distribution.

V. Summary

In this paper we have presented for the first time experimental results where multiple in-

stabilities driven by the super-thermal beam ions, are seen to be suppressed with the application 

of High Harmonic Fast Wave heating.  Toroidal Alfvén Eigenmodes, Global Alfvén Eigenmodes 

and fishbones  were all suppressed, even though the resonant drive mechanisms for these classes 

of modes are very different.  The experiments described here are with relatively low plasma cur-

rent (300 kA), relatively low density and with neutral beam power of 2 MW.  It remains for fu-

ture experiments to determine whether this stabilization mechanism can be extended to more 

typical operational conditions, that is, higher currents, higher densities and more beam power.  

In these experiments, the modes were reproducibly stabilized for long periods of time.  A 

threshold power of about 1.5 MW was found for stabilization to occur, but that may scale with 

density and beam power.  The abrupt return of mode activity following HHFW heating suggests 

that the modifications to the fast ion distribution were relatively small, or that the HHFW more 

directly interferes with the resonant drive of the modes.  
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