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Spherical tokamaks, with their relatively low toroidal field, extend fast ion

driven instability physics to parameter ranges not normally accessed in

conventional tokamaks.  The low field means that both the fast-ion larmor

radius normalized to the plasma minor radius and the ratio of the fast ion

velocity to the Alfvén speed are relatively large.  The large Larmor radius of

the ions enhances their interaction with instability modes, influencing the

structure of the unstable mode spectrum.  The relatively large fast ion

velocity allows for a larger population of fast ions to be in resonance with the

mode, increasing the drive.  It is therefore an important goal of the present

proof-of-principle spherical tokamaks to evaluate the role of fast ion driven

instabilities in fast ion confinement.  This paper presents the first

observations of fast ion losses resulting from toroidal Alfvén eigenmodes and

a new, fishbone-like, energetic particle mode.
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I. INTRODUCTION

Losses of fast ions due to “fishbone” modes [1-4], toroidal Alfvén Eigenmodes (TAE) [5-

25] and Energetic Particle Modes (rTAE/EPM) [26-31] have been seen in many conventional

aspect ratio tokamaks.  In these experiments the fast-ion population is present for the purpose

of heating the plasma, and is provided by either neutral beam injection (NBI) or ion

cyclotron range of frequency (ICRF) heating. These losses are of concern in that the heating

of D-T fusion plasmas is also expected to be primarily by fast ions in the form of the super

Alfvénic fusion α’s.

In recognition of their potentially deleterious effects on performance in proposed D-T

fusion devices, fast ion driven instabilities have been extensively studied in conventional

aspect ratio tokamaks.  Any substantial loss of the fusion α’s would either reduce the ignition

margin, or, as importantly, cause damage to plasma facing components.  Theoretical

modeling of these instabilities and their impact on fast ion confinement, benchmarked

against experimental observations, has suggested that the large size and high field of most

envisioned fusion reactors will minimize the impact of fast ion driven instabilities.

Consistent with this picture, many of the observed fast ion instabilities in the present

generation of large, high field tokamaks were relatively benign.

Spherical tokamaks (ST’s), including the National Spherical Torus Experiment NSTX

[32], are particularly susceptible to fast ion driven instabilities, due primarily to their

relatively low toroidal field, but also in some instances due to the direct effect of the low

aspect ratio.  Indeed, a wide variety of beam driven instabilities has already been seen in

NSTX, at frequencies ranging from a few kHz to many MHz[33-36].  The Alfvénic modes

are readily excited in NSTX as the neutral beam full energy ion velocity is typically 2-4

times the Alfvén speed and because the Larmor radius of the fast ions is large compared to

the minor radius, enhancing mode-particle interactions.  The situation in an ST component

test facility (CTF) or reactor concept [37] will be very similar, with the fusion α’s having

similar dimensionless parameters to the beam ions in NSTX.

This paper will focus on two classes of fast ion driven instabilities which have recently

been discovered to cause fast ion losses in NSTX.  The first of these is the toroidal Alfvén

eigenmode (TAE), first seen in conventional aspect ratio tokamaks during Neutral Beam

Injection (NBI) and Ion Cyclotron Range of Frequency (ICRF) heated plasmas [5-25].  This

instability has been extensively studied over a wide range in parameters in conventional

tokamaks and in many cases implicated in enhanced transport of fast ions.  The second
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instability is different from, but appears related to, the fishbone instability first discovered on

the PDX tokamak [1-4] and observed since on most beam heated conventional tokamaks [38-

39].  Fishbone-like instabilities with similar characteristics to those seen on NSTX have

previously been observed on both DIII-D [40,41] and the Small Tight Aspect Ratio

Tokamak, START [42].  Recently a model for the instability, based on a bounce resonance,

rather than a precession resonance, has been proposed [43]. The goal of the paper is to

present an overview of some of the initial experimental data.

The NSTX is a low aspect ratio (R/a ≈ 1.3) toroidal device.  The plasma major and minor

radii are 0.87 m and 0.65 m respectively.  The operational parameters for beam heated

plasmas are up to 1.5 MA of plasma current, 3 to 6 kG toroidal field at the nominal plasma

major radius, central electron density is 0.5 - 8 x 10
19

/m
3
, central electron temperature of 0.3

– 1.5 keV.  The plasmas were heated with 0.5 to 6 MW of deuterium neutral beam injection

power at a voltage of up to 100 kV.

II EXPERIMENTAL RESULTS

An example of a typical spectrum of magnetohydrodynamic (MHD) activity during NBI

heating on NSTX is shown in Fig. 1.  The frequency range up to 150 kHz includes the

resonant toroidal Alfvén eigenmodes (rTAE) or other energetic particle modes (EPM),

toroidal Alfvén eigenmodes (TAE), fishbone, and other current and pressure driven MHD

modes, but excludes the “compressional” Alfvénic mode (CAE) activity [33-36,44-48].  The

higher Alfvén gaps are also not included, but modes in the frequency range of these higher

gaps have not yet been observed.  The fishbone and TAE modes are often correlated with

fast drops in the neutron rate and bursts in the D-alpha emission (Figs. 1b and 1c) on NSTX.

These observations are taken to indicate losses of fast ions.

The low toroidal field on NSTX, as well as the relatively high rotation rates, result in a

spectrum that is not as well separated as is the case in large, high field conventional aspect

ratio tokamaks,  where the TAE gaps are typically an order of magnitude higher in frequency

than the typical MHD frequencies.  On NSTX central rotation rates can be up to 20 – 30 kHz,

while near the edge the rotation is typically 2 – 5 kHz.  Thus, an n=2 mode with zero

frequency in the plasma frame can have a frequency in the lab frame from a few kHz to over

50 kHz.  The higher end of this range, corresponding to a mode in the core, is comparable to

the first, off-axis TAE gap frequency’s.  The initial, high frequency, phase of the fishbone

instabilities, which correspond to the fast ion bounce or precession frequencies, also
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commonly begin near the TAE gap range of frequencies.  This overlap of lab-frame

frequency ranges makes identification of modes, based on frequency alone, problematic.

TAE modes are a natural, weakly damped resonant oscillation of the plasma.  The

frequency of TAE modes is determined by plasma parameters such as the Alfvén velocity (a

function of density and magnetic field strength) and magnetic field geometry through the

TAE-gap structure.  For TAE modes localized outside the q=1 surface (to exclude fast

profile changes due to sawteeth), the mode frequencies should change only slowly with time,

i.e., on current diffusion or density confinement timescales.  Thus modes with frequencies in

the first TAE gap frequency range and whose frequency changes slowly have been

tentatively identified as TAE modes.  The TAE can have either a strongly bursting character,

i.e., the mode periodically grows quickly, then disappears, or reach a quasi-saturated state

where the mode amplitude evolves on equilibrium evolution timescales.  This difference in

behavior has been studied in the context of TAEs in conventional aspect ratio tokamaks and

can be modeled by a predator-prey type relationship [16].  Theoretical modeling of these

modes using the best available measurements of plasma equilibria have begun.

In this same frequency range, modes which rapidly “chirp” (sweep downward) in

frequency have also been seen.  As changes in mode frequency on this timescale are very

unlikely to represent changes in equilibrium plasma conditions, these modes are believed to

be of the generic class of Energetic Particle Modes (EPM).  For these modes, the frequency

is determined by the resonance condition with the fast ion distribution, with the fastest mode

growth rate at the frequency that maximizes the energy transfer rate from the fast ions to the

mode.  As the mode grows and modifies the fast ion distribution, the mode frequency

evolves to keep the drive at a maximum.  The strong chirping of these particular modes on

NSTX is suggestive of the fishbone instability discovered on PDX.  While these modes are

clearly not exactly the same, we refer to them here generically as fishbones.  These modes

will be discussed in more detail in Sect. IIb.

IIa TAE-induced fast ion loss

For most NSTX beam heated plasmas, TAE modes, when present, are quasi-continuous

and have no detectable effect on plasma performance.  However, in experiments in which H-

modes, with broad density profiles, were created in plasmas with relatively high q on axis

(deduced with EFIT [49,50]) the TAE modes became strongly bursting.  Concurrently with
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the bursts,  fast drops in the neutron rate were observed as well as bursts of fast-ion losses

and D-alpha bursts.  These observations suggest substantial losses of fast beam ions.

An example of such a shot is shown in Fig. 2.  Figure 2a shows the time evolution of the

neutral beam heating power and the plasma current for a 650 kA shot.   Shortly after the

beam power is stepped up to 3.2 MW, the plasma goes into H-mode (evidenced by the drop

in D-alpha light at 0.232s in Fig. 2b).  Spikes in the D-alpha light are seen during the H-

mode phase, coincident with drops in the neutron rate (Fig. 2c).  These spikes are not ELMs,

since there is no drop in edge soft x-ray emission which occurs with ELMs.  These events are

correlated with strong bursts of coherent MHD activity (Fig. 2d).  (The neutron diagnostic

timing is uncertain to ≈1 ms, precluding a more detailed correlation of the timing of the

neutron drop with mode growth.)

The drop in the neutron rate is ≈ 10 – 15% for each burst.  The neutron production, S, is

mostly from beam-target reactions ( ≈ 75% beam-target, ≈ 25% beam-beam and < 0.1%

thermal).  Assuming that the lost ions are the most energetic, this drop corresponds to a

similar drop in the population of the most energetic ions (the neutron production is a very

steep function of the fast ion energy).  The drop in fast ion density is slightly less than linear

in the drop in neutron rate (because of the contribution of the beam-beam neutrons), and for

small perturbations in these plasmas  δnfast / nfast ≈ 0.8 δS / S.  Estimating the fast ion

slowing down time to be τslow ≈ 55 ms, the average period between bursts to be about τburst ≈

6 ms and the average neutron rate drop to be δS ≈ 12%, or the drop in nfast δnfast ≈ 10%, it

can be roughly estimated that the effect, in equilibrium, of such modes would be to drop the

fast ion population by approximately 50% [13,51].  (This assumes a constant source and the

dominant fast ion energy loss mechanism, excepting the TAE bursts, to be classical slowing

down.)  In practice, of course, if the instabilities can cause substantial losses, they will keep

the fast ion beta near the threshold for excitation.

Bursts of D-alpha light correlated with each TAE burst and neutron drop are evidence

that the fast ions expelled from the plasma are striking the divertor plates.  The loss of fast

ions has also been independently confirmed by direct measurement of ion losses with a fast-

ion loss probe [52].  The probe is mounted on the outboard vacuum vessel midplane.  The

present detectors do not resolve pitch angle or energy, but do detect bursts of loss coinciding

with each TAE burst.
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In Figure 2d is a graph of the time evolution of the rms magnetic fluctuation level

integrated over the frequency range from 80 to 150 kHz.  The modes have a roughly

exponential growth in the time period between the bursts.  The approximate average growth

rate, as indicated for a couple of bursts, is about 500 s
-1

, or γ/ω ≈ 1.6 x 10
-3

.  There is

significant variation in this estimated growth rate, and the final growth rate at the end of each

period does appear to be significantly larger, with γ/ω ≈ 6 x 10
-3

.   The peak rms TAE mode

amplitude has reached nearly 1 G when the neutron drop occurs.

The effect of fast ion losses on other fast ion driven modes is also of interest.  The rms

magnetic fluctuation levels in two other frequency bands; 10 – 40 kHz corresponding to the

fishbone modes discussed below, and 500 – 1500 kHz corresponding to the CAE frequency

band are shown in Fig. 2e and 2f, respectively.  Three strong fishbone bursts are seen in this

time period, indicated by the bold vertical lines in the figure.  Interestingly, there is no

apparent effect on the TAE amplitude for the first two bursts, and none of the fishbone bursts

is correlated with particularly large drops in the neutron rate.  However, the drop in the CAE

amplitude following each fishbone is evidence that the fishbones modify the fast ion

population (Fig. 2f).  There is no similar effect of the TAE bursts on the CAE, despite the

drops in neutron emission correlated with the TAE bursts. These observations suggest that

the TAE are excited by, and cause loss of, a different population of fast ions from those

which drive the CAE, separated either in physical or phase space.  The fishbones, however,

interact with populations driving both CAE and TAE.  These observations are consistent, for

example, with a model that the CAE are localized far off-axis and the TAE are primarily

driven by, and cause the loss of, core fast ions.

In Fig 3 is shown a spectrogram of the Mirnov data shown in Fig. 2c.  The frequency of

the modes in the MHD bursts is seen to be roughly in the range from 80 – 130 kHz.  The

toroidal mode numbers of each of the bursts are indicated by colors as described in the figure

caption.  The mode numbers are calculated from Fourier transform phases on ≈ 0.5 ms

intervals using a toroidal array of 12 Mirnov coils.  Also shown is the time evolution of the

estimated core TAE frequency, VAlfvén(0)/4πqR, together with the approximate Doppler

shifted frequencies for the dominant toroidal mode numbers n = 2 and n = 3. Modes with

toroidal mode numbers ranging from n=2 up to n=5 are present.  The spacing of the

dominant TAEs is roughly consistent with the spacing expected from the Doppler shift.

Each final burst is seen to consist of several modes with toroidal mode numbers ranging

from n=2 to n=6.  This is shown more clearly for the burst at 0.283 s in Fig. 4.  The spectrum
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of the time derivative of the magnetic fluctuation contains at least six modes.  The mode

numbers of the primary spectral components are indicated in the figure.  Note that at least

two peaks share the same mode number, n=4.  The shortness of the burst precludes better

spectral resolution, and there could be additional unresolved modes in the large peaks.   The

presence of multiple modes may also enhance the fast ion transport [53].

Figure 5 shows the gap structure for the n=2 mode, calculated with NOVA [54] based on

the measured density profile and the q profile inferred from EFIT.  The gap becomes quite

narrow near the axis as q(0) approaches 2.  There is considerable uncertainty in the q profile;

even as little as a 10% change in q(0) will open the gap.  Nevertheless, the gap structure is

probably qualitatively correct, showing a quite wide gap away from the axis.  Improved

resolution will have to wait for new diagnostics.

IIb “Fishbone” induced losses

Chirping modes are seen in NSTX with frequencies beginning at over 100 kHz and

chirping down to a few kHz on a timescale of milliseconds.  The timescale for the chirping,

together with the short repetition time, suggests that these are fast ion driven instabilities

which are affecting the beam fast ion distribution.  The bursting and chirping are qualitatively

similar to the behavior of the fishbone mode seen in conventional-aspect ratio tokamaks.

However, the frequency range of the chirps can be much larger than for conventional

fishbone modes and the toroidal mode number is not necessarily unity, but can be as large as

n = 5.

The chirping modes on NSTX can be qualitatively separated into two groups.  The first

group, herein referred to as Type II (classic fishbones would be Type I), consists of modes

with frequency characteristics similar to those of the original fishbone mode. However, the

frequency chirp starts near the upper range of fast ion bounce, rather than precession,

frequencies and approaches zero in the plasma frame at the low frequency end.  The

downward chirp can be accompanied by fast ion losses, inferred from a transient drop in the

neutron rate, directly measured increases in fast ion losses and bursts of D-alpha as the fast

ions hit the plasma facing components.  On NSTX, the repetition rate for this type of mode

can range from essentially isolated events to periods as short as 5 – 10 ms.  Unlike the

original fishbone instability, this mode often occurs when the inferred q(0) is well above

unity.  Further, the mode is not limited to a toroidal mode number of n=1, but ranges up to at

least n=5.
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The second group of fishbone-type modes (referred to as Type III) tends to have higher

frequencies, is generally n=1, and has a smaller frequency range in the chirps.  They are also

much more common, occurring in virtually every NSTX NBI heated plasma.  They begin

shortly after the start of NBI heating during the current ramp and end, typically, about the

time the current flattop starts.  As yet, there has been no detected impact of these modes on

fast ion confinement.  As these modes overlap the first toroidal Alfvén eigenmode gap, they

may also be a form of resonant toroidal Alfvén Eigenmode (rTAE) or energetic particle mode

(EPM).

Most of the features of the fishbone-type modes described above can be seen in the

spectrogram shown in Fig. 6.  Here the fitted toroidal mode numbers are again indicated by

colored contours.  The Type III fishbones are the black band between 0.1 and 0.2 s and

roughly between 50 and 90 kHz.  The individual bursts of these modes are so close together

that they are not resolved.

The Type II fishbones bursts occur less frequently and often evolve throughout the shot

with the toroidal mode increasing from n=1 up to n=5.  The first Type II fishbone occurs

between roughly 0.14 and 0.15 s.  During this approximately 10 ms interval, the mode

frequency drops from about 25 kHz to about 5 kHz.  The mode number is n=1.  The q(0) is

inferred by an EFIT equilibrium calculation to be approximately 1.8.  Three or four fishbones

with n=2 (red) then follow during the period from 0.18 s to 0.21 s.  This sequence continues

as the toroidal mode numbers increase through n=3 (green), n=4 (blue) and n=5 (yellow).

Below the spectrogram is shown the time evolution of the neutron flux.  The first type II

fishbone results in a discernable pause in the rise of the neutron rate.  Only this fishbone, and

the fishbones at 0.205 s and 0.265 s cause a relatively small, drop in the neutron rate.  Thus,

many of these type II fishbones also had little impact on the neutron rate.

While the edge magnetic fluctuation level is at best an indirect measure of the internal

mode amplitude, there is also a correlation between the impact on the neutron rate and the

edge magnetic fluctuation amplitude.  In Fig. 7 is shown the rms magnetic fluctuation level

and again the time evolution of the neutron rate.  Clearly the two largest modes, as measured

by Mirnov coils on the outboard midplane are those which result in two of the three

significant neutron rate dips.  This suggests that those fishbones which had the strongest

effect were also those that swept to the lowest frequencies.   While there is some agreement

between the low end of the fishbone chirp and the bulk plasma rotation frequency, it is
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clearly not exact.  As there is substantial shear in the plasma rotation, accurate modeling of

the expected mode frequencies will present something of a challenge.

During the sequential evolution of the toroidal mode number from n=1 up to n=5 the

current profile continues to peak, with q(0) decreasing from somewhere near q(0) ≈ 2 at the

time of the n=1 fishbone, to q(0) ≈ 1 by the time of the n=5 fishbones.  During this time, the

plasma density increases from 2 x 1019 /m3 to 3 x 1019 / m3, which may affect the fast ion

distribution.  Thus it is also possible that the mode number evolution reflects an evolution in

the fast ion distribution.

Some indication of the internal structure of the fishbone modes is also visible in the soft

x-ray data.  In Figure 8 are shown the soft x-ray traces from a pinhole camera [55] observing

the plasma in the nominal horizontal direction.  In Fig. 8a, the individual traces are auto-

scaled and graphed at their approximate tangency (midplane minor) radius through the time

period of the fishbone which results in the first large drop in neutron emission.  There is an

inversion in the oscillations between 0.2 m and 0.25 m in minor radius.  This inversion could

be either due to the presence of an island at this location or an effect of the chord integration.

The much weaker Type III fishbones can also be seen in this figure before and after the Type

II fishbone.  The bandwidth of the soft x-ray camera is > 100 kHz, so the higher frequency

modes are not suffering from attenuation.  However, if the poloidal wavelength of the Type

III fishbones was much shorter than the Type II, the chord integration could reduce the

apparent amplitude.

Interpretation of soft x-ray data is difficult due to the complicated dependence on plasma

parameters and the chord integration.  Figure 8b shows the chord integrated soft x-ray profile.

There is a strong gradient in the chord integrated emissivity profile between roughly r = 0.15

m and r = 0.45 m.  Within this range the soft x-ray data will be more sensitive to

displacements than in regions where the emissivity profile is flatter.

For comparison, Figure 9, (in the same format as Figure 8), shows the n=2 fishbone at

0.195 s.  In this case the mode amplitude in the soft x-ray signal appears much weaker than

for the example in Fig. 8, while the amplitude on the Mirnov coil is only slightly smaller,

suggesting that the radial structure of the mode is different.  The fluctuations from the

fishbone are circled in red.  The radial location of the mode appears similar; however, as the

soft x-ray emissivity drops precipitously towards the plasma periphery, it is not clear that

there is sufficient sensitivity in the edge channels to conclude that the mode amplitude is

weaker here.
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The fishbone event at 0.205 s is more complex.  The fishbone appears to be triggered by a

small sawtooth-like event.  In this case it is possible that some of the fast ion losses are due

directly to the sawtooth event.  The soft x-ray emissivity is flat or hollow in the core region,

precluding detailed reconstruction of the event, however the sawtooth event has a lower

frequency precursor.  In Fig. 10 are shown the soft x-ray traces from the lower camera up to

the onset of the fishbone mode.  A low frequency mode at 7 kHz (and n=1 on the Mirnov

array) is growing until ≈ 0.2054 s.  During the final growth, an increase in the soft x-ray

emissivity is seen on the soft x-ray chords between ≈ 20 and ≈ 40 cm.  Soft x-ray emissivity

profiles from before and after this event are shown in Fig. 10b. The emissivities are inferred

by inverting the chord integrated data as constrained by the EFIT equilibria.  The inversions

suggest that the emissivity drops in the core region and increases outside a minor radius of

about 0.28 m, i.e., consistent with a sawtooth-like event.  EFIT, however, calculates q(0) ≈

1.3 at this time and the event is much weaker than the sawteeth normally seen on NSTX.

In Fig. 11 is shown a spectrogram of a 0.8 MA shot with 6 MW (at 90 kV) of neutral

beam heating power.  Again, fishbones, with a somewhat longer period,  are causing 20%

transient drops in the neutron rate.  In this case the later fishbones between 0.24 and 0.29 s

have a toroidal mode number of n=3 whereas the earlier fishbones are a combination of n=2

and n=1 modes.  The earlier fishbones, while reaching similar fluctuation amplitudes on

Mirnov coils and soft x-rays,  had a much smaller effect on the neutron rate.  That could

mean either that the structure of the n=3 mode interacted more effectively with the fast ion

distribution or that the n=2 modes interacted primarily with lower energy fast ions whose loss

didn’t as seriously impact the neutron rate.  More detailed studies with improved diagnostics,

coupled with advanced theoretical models will be required to sort these issues out.

In Fig. 11c is shown the D-alpha emission from the upper divertor region.  The drop in D-

alpha at 0.26 s indicates an H-mode transition.  In this shot, and many others, there is a

fishbone at or just preceding the H-mode transition, suggesting that fishbones could help to

trigger an H-mode (e.g., by expelling fast ions which charges the plasma up and induces

rotation [56]).  This conjecture is bolstered by the observations that the two fishbones

preceding the H-mode transition result in D-alpha drops, suggestive of dithering H-modes.

The fishbone following the H-mode transition is correlated with a small spike in D-alpha, as

in the bursting TAE examples.  However, fishbone bursts are not as clearly correlated with

D-alpha bursts, even fishbone bursts with large neutron drops.  This may indicate that the fast

ions are lost to a different, unobserved, part of the machine.
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IIc Induced losses in the presence of multiple modes.

TAE modes often co-exist with fishbone modes, and under some circumstances the TAE

bursts also appear to trigger fishbones.  In Fig. 12a is shown a spectrogram of a shot in which

many of the fishbones are apparently triggered by TAE bursts.  Below the spectrogram is

shown the neutron evolution (Fig. 12b) and in Fig. 12c the envelope of the magnetic

fluctuation level for the frequency bands 5 – 50 kHz (fishbones) and 70 – 110 kHz (TAE).

The drop in the neutron rate is as large as 20% for the later bursts, and the repetition period is

approximately 10 ms, or roughly one third of the fast ion slowing down time.  The effect of

periodic losses of fast ions can be simply estimated, based on the assumption of short

periodic bursts of losses, a constant replenishment rate and exponential slowing down time

for the fast ions.  For the roughly 10 ms period of 15% losses,  the effect on the “steady state”

fast ion population suggests that in steady-state, such modes would reduce the fast ion

population by ≈ 40%.

In the latter phase of long pulse, high beta discharges, the fishbones often have multiple

toroidal mode numbers (n=1 through n=3 or 4).  The fast ion losses from these events can be

substantial; neutron drops as large as 25% have been seen (Fig. 13).  For these fishbones,

large bursts in the Neutral Particle Analyzer (NPA) [57,58] signal have been observed

coincident with the fishbone chirps on the Mirnov data.  An example, from the latter half of

the discharge shown in Fig. 12, is shown in Fig. 13.  Such bursts have been observed over a

wide range in the NPA tangency radii of Rtan = 15 - 92 cm.

The fishbone-induced bursts are observed at all energies in the neutral beam ion spectrum

“chirp” (sweep downward) in energy as illustrated in  Fig. 14.  Shown are the energetic ion

spectra with 1 ms time resolution for 1 ms before the fishbone (black curve), the first (red

curve) and second (blue curve) millisecond of the fishbone chirp and 1 ms after the end of the

fishbone (purple curve).  During the first millisecond of the fishbone, the entire energy

spectrum increases by approximately two e-foldings or a factor of 5 – 10.  During the

following millisecond, the spectrum above ~ Eb/2 approaches the pre-fishbone level (i.e., the

ion loss terminates) while ions below Eb/2 continue to be elevated (ion loss continues).  In the

millisecond after the fishbone, the spectrum above Eb/2 is depleted by ~ 25 % relative to the

pre-fishbone level, a loss in energetic ion population that is consistent with the observed drop

in the neutron yield.
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With occasional exceptions, bursts in the NPA signal due to fishbones are not correlated

with spikes in the D-alpha emission nor with features in the ion loss signal from the iFLIP

lost ion diagnostic.  In conjunction with observation of fishbone-induced enhancement of the

NPA signal at all energies, this argues that the fishbones cause redistribution of a fraction of

the NB ion distribution from the plasma core to more peripheral regions where the higher

background neutral signal leads to the observed burst in the NPA signal.  To date, no effect

has been observed on the thermal deuterium ion spectra due to fishbone activity.

III Discussion

The estimated impact on fast ion confinement of the strongly bursting TAE modes, the

fishbone-like instability, or a combination of these two modes can be quite significant.  For

the most extreme examples, the fishbone bursts, in steady state, would reduce the fast ion

population by 50% (c.f., Fig. 11 with 20% neutron drops every 10 ms).  Since fast ion loss

will directly impact the ignition margin in reactors, it is important to understand the scaling

of the loss.  Just as important as the impact on ignition margin is the impact of the fast ions

on the reactor first wall.  In reactors, the fast ion population is measured in 100’s of MJ, thus

it is also important to determine  how localized in time and space the power deposition is

from the fast ion loss.

The observation of bursting TAE causing fast ion losses is not new.  The first

observations of TAE modes in a conventional aspect ratio plasma were accompanied by fast

ion losses similar in magnitude to those observed here [2].  However, reactor versions of

conventional aspect ratio tokamaks are high field (5 – 10 T), high current (up to 20 MA) with

large minor radius (several meters).  In this regime, the TAE activity was predicted, at worst,

to affect the fast ion population diffusively.  This is not so clearly the case for a reactor

concept like ARIES-ST [37]. The normalized alpha larmor radius is somewhat smaller than

on NSTX (0.04 compared to 0.2), but not much smaller than that of conventional tokamaks

(0.06 - 0.09) where substantial TAE induced losses were seen[6,59]. Further, the parameter

regime  where the bursting TAE modes are observed in NSTX, i.e., with broad density

(pressure) profile and elevated q on axis, is the regime proposed for long pulse, high

bootstrap fraction ST operation.

The “fishbones” have been identified as a type of “energetic particle mode” (EPM), based

largely on the strong frequency chirping.  Energetic particle modes are strongly driven

instabilities whose frequency is determined by the optimized resonance condition with the
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fast ion distribution.  Because the mode frequency is not set by equilibrium plasma properties

(such as density or magnetic field strength), the frequency can change as quickly as the mode

can modify the fast ion distribution.  The original fishbone model, developed to fit the

observations made on PDX, was a resonance of the mode with the precession-drift of the fast

ions [1-4].  The peak in the energy transfer (from fast ions to mode) occurred at the highest

frequency with the most energetic ions.  As the most energetic ions were lost, the optimum

resonance frequency dropped, coupling to lower energy ions.  Thus, a characteristic of the

fishbones was a strong downward chirp in frequency.  The bursting character followed the

classic predator-prey relation[16].  Although the fishbones on NSTX have significant

differences from classic fishbones, they retain two features of the classic fishbones, namely

the strong chirping and the bursting character.

The classic fishbone (Type I) was a predominantly m=1, n=1 instability in plasmas with

q(0) < 1.  In NSTX the fishbones have been seen with toroidal mode numbers from n=1 to

n=5.  They are also most commonly seen in plasmas with q(0) well above unity, implying

m>1.  Because of the high beta and low aspect ratio the precession frequency in an ST can be

quite small, and in some cases reverses direction.  Thus, it is believed that the resonance drive

in NSTX is through the fast ion bounce resonance [34].  For this resonance condition to be

strong, the average bounce angle (angle of banana turning points) must be large.  For many

beam heated shots on NSTX there is a large population of fast ions, not necessarily the most

energetic, which have large bounce angles.  A similar situation is expected in fusion-alpha

heated reactors where the alpha population is intrinsically isotropic.  This resonance

condition should still retain the feature that the energy transfer rate is proportional to the

mode frequency; the modes should still appear first with high frequency, and chirp down as

the fast ions are lost.

The discovery of these bounce-resonance fishbones on NSTX is significant in that the

classic fishbones were predicted to be stable in conventional aspect ratio fusion reactors (and

NSTX) as the high beta resulted in small precession frequencies (i.e., weak drive).  The

proposed bounce-resonance drive model requires further comparison to NSTX results before

it can be applied to reactor-relevant conditions.  The observation of bursting TAE modes

correlated with fast ion losses also underscores the importance of extending TAE physics

models to the ST regime.
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Summary

Clear evidence of fast ion losses has been seen in conjunction with at least two forms of

fast ion driven instabilities in the spherical torus NSTX.  In H-mode plasmas with elevated q

on axis, bursting TAE modes causing 10-15% neutron drops were seen.  From the burst

frequency and estimated slowing down time, these modes in steady state would result in an

average 40% reduction of the fast ion population.  This regime is similar to that envisioned

for a bootstrap-current-driven ST reactor.  The dimensionless parameters of the alpha

particles are similar to those of the neutral beam ions in NSTX, although the beam ion

distribution also includes substantial half and third energy components, and is less isotropic

than the fusion alpha distribution is expected to be.  Further theoretical modeling is required

to evaluate the importance of TAE modes in ST reactors.

Bursting, chirping modes were also seen to cause fast ion losses at rates up to 20% fast

ion loss per burst.  This would correspond to as much as a 50% reduction in fast ion

population in steady-state. These modes differ substantially from the normal fishbone modes

seen in conventional aspect ratio tokamaks.  Toroidal mode numbers for these modes have

been seen between n=1 and n=5.  They are typically seen when the q(0) is believed to be well

above unity.  Finally, the modes are often present when the beam-ion precession frequency is

nearly zero – a condition generally assumed to be stable to fishbones.  A theoretical model

for these modes has been separately proposed [34].
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Figure 1. Spectrogram of the signal from a Mirnov coil on NSTX during neutral beam

heating.    Black contours indicate roughly n=1 modes, red n=2, green n=3,

and blue n=4.
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Figure 2. Typical evolution of an NSTX discharge.  a)  plasma current and neutral

beam heating waveform, b)  D-alpha light from the upper divertor plate, c)

volume neutron emission, d) rms magnetic fluctuations in the 70 – 150 kHz

band (TAE modes), e) rms magnetic fluctuation level in the frequency band

10 – 40 kHz (fishbones), f) rms magnetic fluctuation level in the 500 – 1500

kHz band (CAE modes).
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Figure 3. Spectrogram of magnetic fluctuations, (a),  and neutron emissivity, (b),

showing correlation of MHD bursts with neutron drops.
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Figure 5. Gap structure calculated with NOVA-K for the n=2 modes.
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Figure 6. Mirnov coil spectrogram showing Type II and Type III fishbone activity,

correlated with drops in the neutron emission (6b).  (The mode numbers are

indicated by color, black – n=1, red – n=2, green n=3, blue – n=4 and

yellow – n=5.
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Figure 7. Waveforms showing the evolution of an NSTX discharge with fishbone

activity.  (a)  plasma current and neutral beam heating power, (b) q(0)

inferred from EFIT, (c) rms magnetic fluctuation level with the n=1,  n=2

and n=4 fishbones correlated with neutron drops indicated, (d) neutron

emission. (Fluctuation burst after 0.29 s is an MHD event, not fishbone.)
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Figure 8a. Auto-scaled soft x-ray camera traces plotted at there approximate minor

radius positions. Red circle indicates Type III fishbones.

Figure 8b. Chord integrated soft x-ray profile at 0.145s.

Figure 8c. Magnetic fluctuation level during this time period.
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Figure 9a. Soft x-ray traces at their approximate radial locations showing a “weak”

fishbone mode.

Figure 9b. Soft x-ray profile at 0.1905s.

Figure 9c. Integrated signal from Mirnov coil over this time interval.
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Figure 10a. Soft x-ray traces showing a sawtooth-like event, together with a low

frequency precursor followed by a fishbone burst.

Figure 10b. Inverted soft x-ray profiles from before and after the 0.205 s showing the

soft x-ray emissivity drops in the core and increases outside.

Figure 10c. Mirnov coil signal through this event.
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Figure 11a. Mirnov spectrogram showing fishbone bursts.  Countour colors indicate

inferred toroidal mode numbers; black – n=1, red – n=2, green – n=3, cyan –

n=4, yellow – n=5 and blue – n=6.

Figure 11b. Neutron emissivity showing 20 % drops at fishbone bursts.

Figure 11c. D-alpha emsission drops for fishbones immediately prior to H-mode

transition, small spike for fishbone after transition..
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Figure 12a. Spectrogram of Mirnov coil showing combined fishbones and bursting TAE

modes (black, red, green, blue, yellow correspond to n=1, 2, 3, 4, 5,

respectively).

Figure 12b. Neutron emission showing up to 20 % drops at the combined MHD bursts.

Figure 12c. RMS magnetic fluctuation levels in the 5 – 10 kHz (blue) band and 70 – 110

kHz band (red) showing fishbone amplitude and TAE amplitude evolution,

respectively.
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Figure 13a. Spectragram of Mirnov coil in latter half of discharge shown in Fig. 12.

Figure 13b. Neutron rate showing ≈ 25% drops in emissivity at each fishbone burst.

Figure 13c. Neutral particle analyzer signal showing 10 keVdeuterium channel.

Figure 13d. Neutral particle analyzer signal showing 50 keVdeuterium channel.
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Figure 14. Fast ion spectra with full, half and third energy levels marked.  Four time

intervals are shown through a single fishbone event.
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