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Spherical tokamaks have relatively low toroidal field which means that the fast-ion Larmor radius
is relatively large ps;>0.04a,) and the fast ion velocity is much greater than the Atfepeed
(V5i>2 Vamnen)- This regime of large Larmor radius and low Alfvepeed is a regime in which fast

ion driven instabilities are potentially virulent. 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 in a spherical tokamak
resulting from energetic particle driven modes. Two classes of instabilities are responsible for the
losses. Multiple, simultaneously bursting modes in the toroidal Alfeggenmode frequency gap
cause neutron drops of up to 15%. A bursting, chirping mode identified as precession and/or bounce
resonance fishbone also causes significant neutron drops. Both modes are usually present when the
losses are observed. @003 American Institute of Physic§DOI: 10.1063/1.1579493

I. INTRODUCTION ahertz*~*The Alfvenic modes are readily excited in NSTX
as the neutral beam full energy ion velocity is typically two

Irossg s of fast ions d‘g?zﬁ,o fishbone modb§,tor0|dal to four times the Alfve speed and because the Larmor ra-
Alfven eigenmode$TAE),> > and energetic particle modes . ; . : .
dius of the fast ions is large compared to the minor radius,

(rTAE/EPM)?~3! have been seen in many conventional as- ) > % . S
! : . enhancing mode—particle interactions. The situation in a ST
pect ratio tokamaks. In these experiments the fast ion popu=

lation is present for the purpose of heating the plasma, and Icéomlponer::] iﬁStffaqhty, or: rgacto.r ﬁOh(prlll .bel very
provided by either neutral beam injectiéNBI) or ion cy- simifar, Wi € Iusionx's having simiiar dimensioniess pa-

clotron range of frequencfiCRF) heating. These losses are rametgrs to the b.eam lons in NSTX. ) )
of concern in that the heating of deuterium—tritiu®—T) This paper will focus on two classes of fast ion driven

fusion plasmas is also expected to be primarily by fast iondnStabilities which have recently been discovered to cause
in the form of the super Alfusic fusion o’s. fast ion losses in NSTX. The first of these is the toroidal

In recognition of their potentially deleterious effects on Alf'ven eigenmod&TAE), first seen in conventional aspect
performance in proposed D—T fusion devices, fast ion driverfatio tokamaks during NBI and ICRF heated pIasr?uig.'
instabilities have been extensively studied in conventionall NS instability has been extensively studied over a wide
aspect ratio tokamaks. Any substantial loss of the fusisn ~ange in parameters in conventional tokamaks and in many
would either reduce the ignition margin, or, as importantly,cases implicated in enhanced transport of fast ions. The sec-
cause damage to plasma facing components. TheoreticQnd instability is different from, but appears related to, the
modeling of these instabilities and their impact on fast ionfishbone instability first discovered on the Poloidal Divertor
confinement, benchmarked against experimental observ&Xxperiment(PDX) tokamak~* and observed since on most
tions, has suggested that the large size and high field of mog€am heated conventional tokamaks?Fishbone-like insta-
envisioned conventional aspect ratio tokamak fusion reactorilities with similar characteristics to those seen on NSTX
will minimize the impact of fast ion driven instabilities. Con- have previously been observed on both DI and the
sistent with this picture, many of the observed fast ion instaSmall Tight Aspect Ratio Tokamak, STAR.Recently a
bilities in the present generation of large, high field tokamakgnodel for the instability, based on a bounce resonance, rather
were relatively benign. than a precession resonance, has been profdddw: goal

Spherical tokamak&STs, including the National Spheri- of the paper is to present an overview of some of the initial
cal Torus Experiment NSTX are particularly susceptible to experimental data.
fast ion driven instabilities, due primarily to their relatively In Sec. Il of this paper the experimental results on TAE
low toroidal field, but also in some instances due to the direcand fishbone induced fast ion losses will be reported. In Sec.
effect of the low aspect ratio. Indeed, a wide variety of beam| A examples of fast ion losses due predominantly to TAE
driven instabilities has already been seen in NSTX, at freinstabilities will be shown. Section |l B describes examples
guencies ranging from a few kilohertz to many meg-where losses are predominantly due to a bursting-chirping
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sists of four sets of three coils each, with relative toroidal

locations of 0°, 10°, and 30°. The data from these coils are
acquired at 500 kHz. The coil bandwidth is about 250 kHz. A
subset of the coil data is acquired at 1 MHz, and higher
bandwidth coils in similar locations are acquired at 5 MHz,

allowing for verification that the signals are not aliased.

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 as-
pect ratio tokamaks, where the TAE gaps are typically an

order of magnitude higher in frequency than the typical
G T — ) MHD frequencies. On NSTX central rotation rates can be up
TIME ' to 20—-30 kHz, while near the edge the rotation is typically
(s) 2-5 kHz. Thus, am=2 mode with zero frequency in the
FIG. 1. (Color) Spectrogram of the signal from a Mirnov coil on NSTX plasma frame can have a frequency in the lab frame from a
during neutral beam heating showing variety of coherent modes in plasmfew kilohertz to over 50 kHz. The higher end of this range,
discharge 109075. Plasma currenf00 kA, and toroidal field 4.9 kG, and  corresponding to a mode in the core, is comparable to the
neutral beam heating power 6.1 MW at 90-95 kV. Black contours indicateﬁrst off-axis TAE gap frequencies. The initial, high fre-
n=1 modes, rech=2, greenn=3, and bluen=4. ’ . . o )
quency, phase of the fishbone instabilities, which correspond
to the fast ion bounce or precession frequencies, also com-

mode(fishbone and some data on the structure of the modegnonly begin near the TAE gap range of frequencies. This
is presented. In Sec. Il C some examples of the more confverlap of lab-frame frequency ranges makes identification
mon situation, where losses occur in the presence of botAf modes, based on frequency alone, problematic.
modes, are shown. In Sec. IV the results are discussed and The TAE are a natural, weakly damped resonant oscilla-
areas for further experimental and theoretical work identition of the plasma. The frequency of TAE is determined by
fied. The implications for future machines are briefly dis-Plasma parameters such as the Atfwelocity (a function of
cussed. density and magnetic field strengtand magnetic field ge-
The NSTX is a low aspect ratidcRf{a~1.3) toroidal de- 0ometry through the TAE-gap structure. For TAE instabilities
vice. The plasma major and minor radii are 0.87 and 0.65 mlocalized outside thej=1 surface(to exclude fast profile
respectively. The operational parameters for beam heatedhanges due to sawtegththe mode frequencies should
plasmas are up to 1.5 MA of plasma current, 3—6 kG toroidafhange only slowly with time, i.e., on current diffusion or
field at the nominal plasma major radius, central electrorflensity confinement time scales. Thus modes with frequen-
density is 0.5-8& 10'%m?, central electron temperature of Ci€S in the first TAE gap frequency range and whose fre-
0.3-1.5 keV. The plasmas were heated with 0.5—6 MW ofiuency changes slowly have been tentatively identified as
deuterium neutral beam injection power at a voltage of up tofAE instabilities. The TAE can have either a strongly burst-
100 kV. ing character, i.e., the mode periodically grows quickly, then
disappears, or reach a quasi-saturated state where the mode
amplitude evolves on equilibrium evolution time scales. This
Il EXPERIMENTAL RESULTS difference in behavior has been studied in the context of
An example of a typical spectrum of magnetohydrody-TAEs in conventional aspect ratio tokamaks and can be mod-
namic (MHD) activity during NBI heating on NSTX is eled by a predator—prey type relationsHipTheoretical
shown in Fig. 1. The frequency range below 150 kHz in-modeling of these modes using the best available measure-
cludes the resonant toroidal AlfaeeigenmodesrTAE) or  ments of plasma equilibria have begtin.
other energetic particle modé8PM), toroidal Alfven eigen- In this same frequency range, modes which rapidly
modes (TAE), fishbone, and other current and pressure‘chirp” (sweep downwardin frequency have also been
driven MHD modes, but excludes the “compressional” seen. As changes in mode frequency on this time scale are
Alfvénic mode(CAE) activity.>3-3644-48The higher Alfven  very unlikely to represent changes in equilibrium plasma
gaps are also not included, but modes in the frequency rangmnditions, these modes are believed to be of the generic
of these higher gaps have not yet been observed, consisteriass of energetic particle modésPM). For these modes,
with theoretical prediction®® The fishbone and TAE bursts the frequency is determined by the resonance condition with
are often correlated with fast drops in the neutron rate anthe fast ion distribution; the fastest mode growth rate is at the
bursts in the D-alpha emissiofFigs. 4b) and 2c)] on  frequency that maximizes the energy transfer rate from the
NSTX. These observations are taken to indicate losses of fafdst ions to the mode. As the mode grows and modifies the
ions. fast ion distribution, the mode frequency evolves to keep the
The toroidal mode numbers in the spectrogram shown imrive at a maximum. The strong chirping of these particular
Fig. 1 and in other spectrograms are determined througmodes on NSTX is suggestive of the fishbone instability dis-
phase analysis of a toroidal array of twelve Mirnov coils.covered on PDX. While these modes are clearly not exactly
The coils are mounted on the outboard vacuum vessel walthe same, we refer to them here generically as fishbones.
approximately 0.48 m below the midplane. The array con-These modes will be discussed in more detail in Sec. Il B.
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0. 8FF I e e e) more precise correlation of the timing of the neutron drop
“F Plasma 1(a) with mode growth).
O_4f_8le‘”ent ER The drop in the neutron rate is10%-15% for each
: Pnbi (MW) E burst. The neutron productio§, is mostly from beam—target
0.0 d bl g uQ reactions (=75% beam-target~25% beam-beam, and
0.0 0.1 0.2 0.3 0.4 <0.1% thermagl Assuming that the lost ions are the most
10 I energetic, this drop corresponds to a similar drop in the

H-alph'a (a.u.) ' (b) population of the most energetic ioftee neutron production

3 is a very steep function of the fast ion enexgyhe drop in

E fast ion density is slightly less than linear in the drop in
L L i L E neutron ratg because of the contribution of the beam-beam
E—Nelutlrolnsl ('10'121/5)' LR RN RN ) neutrong, and for small perturbations in these plasmas
3 ONtast/ Nease= 0.8 6S/S. Estimating the fast ion slowing down
time to berg,,~55 ms, the average period between bursts
to be aboutr,,~6 ms and the average neutron rate drop to
be §S~12% (i.e., dns,sr~10%), it can be estimated that the
effect, in equilibrium, of such modes would be to drop the
fast ion population by approximately 50%%°? (This as-

LLk LAY LAY LLRE LRLS

0 TAE 70 - 150 kHz sumes a constant source and the dominant fast ion energy
z’“m 5. 10-40 lez loss mechanism, excepting the TAE bursts, to be classical
an) 103g - (e) 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
(f) and neutron drop are evidence that the fast ions expelled
from the plasma are striking the divertor plates. The loss of

rms
=)
=~ N
2l nmé v Lol |§lm‘ sosund oo |

1005' CAE 500 - 1500 kHz fast ions has als_o been mde_pendently_ confirmed by direct
10-1 . . measurement of ion losses with a fast-ion loss probghe
0.20 0.25 0.30 probe is mounted on the outboard vacuum vessel midplane.
TIME (s) The present detectors do not resolve pitch angle or energy,
but do detect bursts of loss coinciding with each TAE burst.
FIG. 2. Typical evolution of a NSTX dischargwroidal field is 4.5 kG. (a) In Fig. 2d) is a graph of the time evolution of the rms

Plasma current and neutral beam heating wavefébinD-alpha light from tic fluctuati | | int ted the f
the upper divertor plate(c) volume neutron emissior(d) rms magnetic magnetc Tluctuaton level Integrated over € lrequency

fluctuations in the 70-150 kHz ban@AE), (e) rms magnetic fluctuation —range from 80 to 150 kHz. The modes have a roughly expo-
level in the frequency band 10-40 kHizshbones, (f) rms magnetic flue-  nential growth in the time period between the bursts. The
tuation level in the 5001500 kHz baGAE modes approximate average growth rate, as indicated for a couple of
bursts, is about 50078, or y/w~1.6x10 3. There is sig-
nificant variation in this estimated growth rate, and the final
For most NSTX beam heated plasmas, TAE, whengrowth rate at the end of each period does appear to be
present, are quasi-continuous and have no detectable effeignificantly larger, withy/w~6x10"3. The large final
on plasma performance. However, in experiments in whictgrowth rate may be an example of the “domino” effect
H modes, with broad density profiles, were created in plaswhere many modes can be nonlinearly destabilized allowing
mas with relatively highg on axis(deduced with EFIT®)  access to more of the fast ion distribution free enéfgghe
the TAE became strongly bursting. Concurrently with thepeak rms TAE mode amplitudémeasured at the vacuum
bursts, fast drops in the neutron rate were observed as well agssel wall on the outboard midplaneas reached nearly 1
bursts of fast-ion losses and D-alpha bursts. These observ& when the neutron drop occurs.
tions suggest substantial losses of fast beam ions. The effect of fast ion losses on other fast ion driven
An example of such a shot is shown in Fig. 2. Figuremodes is also of interest. The rms magnetic fluctuation levels
2(a) shows the time evolution of the neutral beam heatingn two other frequency bands; 10—40 kHz corresponding to
power and the plasma current for a 650 kA shot. Shortly aftethe fishbone modes discussed in the following, and 500—
the beam power is stepped up to 3.2 MW, the plasma goes500 kHz corresponding to the CAE frequency band are
into H mode[evidenced by the drop in D-alpha light at 0.232 shown in Figs. &) and Zf), respectively. Three strong fish-
s in Fig. 2b)]. Spikes in the D-alpha light are seen during thebone bursts are seen in this time period, indicated by the bold
H-mode phase, coincident with drops in the neutron ratevertical lines in the figure. Interestingly, there is no apparent
[Fig. 2c)]. These spikes are not edge-localized modesffect on the TAE amplitude for the first two bursts, and none
(ELMs), since there is no drop in edge soft x-ray emissionof the fishbone bursts is correlated with particularly large
which occurs with ELMs. These events are correlated withdrops in the neutron rate. However, the drop in the CAE
strong bursts of coherent MHD activifiig. 2(d)]. (The neu-  amplitude following each fishbone is evidence that the fish-
tron diagnostic timing is uncertain t&1 ms, precluding a bones modify the fast ion populatigfrig. 2(f)]. There is no

A. TAE-induced fast ion loss
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tosop Wy Ny ) ! T ——
L | L % ( ]
LR ‘ \ ﬁ ] Each final burst is seen to consist of several modes with
A toroidal mode numbers ranging from=2 to n=6. This is
a e ey e ey shown more clearly for the burst at 0.283 s in Fig. 4. The
ml;_{b} Nalitrors (.1"314:,5] R spectrum of the time derivative of the magnetic fluctuation
3 contains at least six modes. The mode numbers of the pri-
P mary spectral components are indicated in the figure. Note
3

that at least two peaks share the same mode numbet,
o The shortness of the burst precludes better spectral resolu-
0.22 0.24 0.26 0.28 0.30 tion, and there could be additional unresolved modes in the
TIME (s) large peaks. The presence of multiple modes may also en-

coon hance the fast ion transpdt>
FIG. 3. (Color) Spectragram of magnetic fluctuations showing correlation of ;
TAE and fishbone instability bursts with neutron drggame shot as in Fig. Figure 5 shows the gap structure for the=2 mode,

2). (a) Spectrogram of a Mirnov coil signal arid) neutron emissivity. calculated with NOVA® based on the measured density pro-
file and theq profile inferred fromerIT. The gap is very wide

at large minor radius, as is characteristic for low aspect ratio
tokamaks. In this example the gap becomes quite narrow
near the axis a®(0)~2. However, there is considerable

=
P
=

=
o
\

similar effect of the TAE bursts on the CAE, despite the

drops in neutron emission correlated with the TAE bursts, | certainty in they profile and as little as a 10% change in
These observations suggest that the TAE are excited by, a 0) will open the gap. Improved resolution will have to

cause Io;s of, a different populatiqn of fast ion.s from thos‘Ebvait for new diagnostics. The predicted range of TAE fre-
which drive the CAE, separated ellther in physmal or ph_as‘ta:]uencies(~40—70 kH2 is in reasonable agreement with the
space. The fishbones, however, interact with F_’Opu'at,'onabserved frequency range given the range of potential
driving both CAE and TAE(the TAE bursts often immedi- Doppler-shift corrections(codes which can predict the

ately precede the fishbone bursts, suggesting a correlation ;e shift in the presence of sheared rotation do not yet
These observations are consistent, for example, with a mOd@(ist)

where the CAE are localized far off-axis and the TAE are

primarily driven by, and cause the loss of, core fast ions. analyzed for stability to TAE and their effect on fast ion

¢ In .Fig. 3rims fshown a spfe;:]trogra(\jm ‘?f tEe Mirngv datfdtransport has been simulated with a guiding center code
rom Fig. 2. The frequency of the modes in the TAE bUrsts IS, 1 57 hstapility to multiple TAE was found for equilibria
seen to be roughly in the range from 80 to 130 kHz. Th

Swith q(0) ranging from less than 1 to greater than 2 and a
toroidal mode numbers of each of the bursts are indicated by a©) ging g

colors as described in the figure caption. The mode numbers
are calculated from Fourier transform phases~e®.5 ms
intervals using a toroidal array of 12 Mirnov coils. Also
shown is the time evolution of the estimated core TAE fre-
qguency, Vanen(0)/4mqR, together with the approximate >
Doppler shifted frequencies for the dominant toroidal mode ¢&
numbersn=2 andn=3. Modes with toroidal mode numbers 2100
ranging fromn=2 up ton=>5 are present. The Doppler shift S 50
is calculated from the interim charge exchange recombina- |
tion spectrum diagnosfic measurement of the plasma rota- 0 : ' :

tion near the core. The spacing of the dominant TAEs is 02 t 0.4 0.6 /0'8 1.0
roughly consistent with the spacing expected from the Dop- sqrt(psi) or approx. r/a

pl?r shift, alt_hO_Ugh the gap is calculated to be wide, and thig g, 5. Gap structure calculated with NOVA-K for the=2 modes and
might be coincidental. parameters from the same time in the discharge as in Fig. 4.

A wide range of NSTX equilibria has previously been
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range of density profile shapes. As suggested by the above-
mentioned experimental results, in the simulations the pres-

ence of multiple(2) modes and an elevatef{0) enhanced

the fast ion loss rate. The inferred levels of loss in the ex-
periment are, however, higher than in the simulations. The

OBTEY

guiding center approximation may not be adequate in the ST Iﬁ

geometry and a nonperturbative code may be necessary to 2 '%

properly model the TAE instability. Further, the effectiveness >

of the TAE in causing fast ion loss also depends on the radial %

extent of the modes; a “sea” of TAE extending across the %

full plasma cross section might be much more effective in & | 1
ejecting fast ions from the plasma than a few, more localized, % 50 -
modes. L

B. “Fishbone” induced losses

Chirping modes are seen in NSTX with frequencies be-
ginning at over 100 kHz and chirping down to a few kilo-
hertz on a time scale of milliseconds. The time scale 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
gualitatively similar to the behavior of the fishbone mode

seen in conventional-aspect ratio tokamaks. However, the 0.1 0.2 0.3
frequency range of the chirps can be much larger than for TIME (s)

conventional fishbone modes and the toroidal mode number

is not necessar"y unity, but can be as Iargenae%. FIG. 6. (Color) Mirnov coil spectrogram showing Types Il and Il fishbone

o s _activity, correlated with drops in the neutron emissiéh). Plasma current
The Chlrplng modes on NSTX can be qua“tatlvely sepa is 1 MA, toroidal field is 4.5 kG, neutral beam heating power 1.7 MW at 80

rated into two groups. The first group, herein refe_rred t0 @Ry, (The mode numbers are indicated by color, black=1, red—n=2,
Type Il (classic fishbones would be Type, lconsists of green—n=3, blue—n=4, and yellow—n=5.)

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 precebetween 0.1 and 0.2 s and roughly between 50 and 90 kHz.
sion, frequencies and approaches zero in the plasma frame Bhie individual bursts of these modes are so close together
the low frequency end. The downward chirp can be accomthat they are not resolved. The black dashed line shows the
panied by fast ion losses, inferred from a transient drop irplasma rotation measured by a charge-exchange recombina-
the neutron rate, directly measured increases in fast iotion diagnostié® at a major radius of 1.3 m, or about the
losses, and bursts of D-alpha as the fast ions hit the plasma 1.5 radius.

facing components. On NSTX, the repetition rate for this  The Type Il fishbone bursts occur less frequently and
type of mode can range from essentially isolated events toften evolve throughout the shot with the toroidal mode in-
periods as short as 5—-10 ms. Unlike the original fishbonereasing fromn=1 up ton=5. The first Type Il fishbone
instability, this mode often occurs when the infergg®) is  occurs between roughly 0.14 and 0.15 s. During this approxi-
well above unity. Further, the mode is not limited to a toroi- mately 10 ms interval, the mode frequency drops from about
dal mode number ofi=1, but ranges up to at least=5. 25 to about 5 kHz. The mode numberns-1. Theq(0) is

The second group of fishbone-type modeterred to as inferred by aneriT equilibrium calculation to be approxi-
Type lll) tends to have higher frequencies, is generally mately 1.8. Three or four fishbones with=2 (red) then
=1, and has a smaller frequency range in the chirps. Thejollow during the period from 0.18 to 0.21 s. This sequence
are also much more common, occurring in virtually everycontinues as the toroidal mode numbers increase through
NSTX NBI heated plasma. They begin shortly after the start=3 (green, n=4 (blue), andn=5 (yellow).
of NBI heating during the current ramp and end, typically, Below the spectrogram is shown the time evolution of
about the time the current flattop starts. As yet, there hathe neutron flux. The first Type Il fishbone results in a dis-
been no detected impact of these modes on fast ion confineernible pause in the rise of the neutron rate. Only this fish-
ment. As these modes overlap the first toroidal Afheégen-  bone, and the fishbones at 0.205 and 0.265 s cause measur-
mode gap, they may also be a form of resonant toroidahble drops in the neutron rate. Thus, many of these Type |l
Alfvén eigenmoddrTAE) or energetic particle mod&PM).  fishbones also had little impact on the neutron rate.

Most of the features of the above-described fishbone-  While the edge magnetic fluctuation level is at best an
type modes can be seen in the spectrogram shown in Fig. thdirect measure of the internal mode amplitude, there is a
Here the fitted toroidal mode numbers are again indicated bgorrelation between the impact on the neutron rate and the
colored contours. The Type lll fishbones are the black ban@dge magnetic fluctuation amplitude in this shot. In Fig. 7 is
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event shown in Figs. 6 and 7a) Auto-scaled soft x-ray camera traces
plotted at their approximate minor radius positions. Oval indicates Type Il
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FIG. 7. Waveforms showing the evolution of a NSTX discharge from Fig. Gd . - h . . . in th i
with fishbone activity(a) Plasma current and neutral beam heating power, rop in neutron emission. There is an inversion in the oscil-

(b) q(0) inferred fromeriT, (c) rms magnetic fluctuation level with the  lations between 0.2 and 0.25 m in minor radius which is
=1,n=2, andn=4 fishbones correlated with neutron drops indicatel, ~ most likely due to a hollow soft x-ray emissivity profile,
neutron emission(Fluctuation burst after 0.29 s is an IRE-like event, not peaked at this radius. The much weaker Type I fishbones
fishbone). . .
can also be seen in this figure before and after the Type Il
fishbone. The bandwidth of the soft x-ray camera>i$00
kHz, so the higher frequency modes are not suffering from
shown the rms magnetic fluctuation level and again the timattenuation. However, if the poloidal wavelength of the Type
evolution of the neutron rate. Clearly the two largest modeslll fishbones was much shorter than the Type I, the chord
as measured by Mirnov coils on the outboard midplane, arintegration could reduce the apparent amplitude.
those which result in two of the three significant neutron rate  Interpretation of soft x-ray data is difficult due to the
dips. Those fishbones which had the strongest effect wereomplicated dependence on plasma parameters and the chord
also those that swept to the lowest frequencies. While thermtegration. Figure &) shows the chord integrated soft x-ray
is some agreement between the low end of the fishbone chiggrofile. There is a strong gradient in the chord integrated
and the bulk plasma rotation frequency, it is clearly not ex-emissivity profile between roughlyr=0.15m and r
act. As there is substantial shear in the plasma rotation, ac=0.45 m. Within this range the soft x-ray data will be more
curate modeling of the expected mode frequencies wilkensitive to displacements than in regions where the emissiv-
present something of a challenge. ity profile is flatter.

During the sequential evolution of the toroidal mode For comparison, Fig. 9in the same format as Fig.) 8
number fromn=1 up ton=5 the current profile continues shows then=2 fishbone at 0.195 s. In this case the mode
to peak, withq(0) decreasing from somewhere negi0) amplitude in the soft x-ray signal appears much weaker than
~2 at the time of then=1 fishbone, ta)(0)~1 by the time  for the example in Fig. 8, while the amplitude on the Mirnov
of then=5 fishbones. During this time, the plasma densitycoil is only slightly smaller, suggesting that the radial struc-
increases from 2 to 810'%m®, which may affect the fast ture of the mode is different. The fluctuations from the fish-
ion distribution. Thus it is also possible that the mode num-bone are circled in red. The radial location of the mode ap-
ber evolution reflects an evolution in the fast ion distribution.pears similar; however, as the soft x-ray emissivity drops

Some indication of the internal structure of the fishboneprecipitously toward the plasma periphery, it is not clear that
modes is visible in the soft x-ray data. In Fig. 8 are shownthere is sufficient sensitivity in the edge channels to conclude
the soft x-ray traces from a pinhole cant@rabserving the that the mode amplitude is weaker near the edge.
plasma in the nominal horizontal direction. In Figag the The fishbone event at 0.205 s is more complex. The
individual traces are auto-scaled and graphed at their agishbone appears to be triggered by a small sawtooth-like
proximate tangencymidplane minor radius through the event. In this case it is possible that some of the fast ion
time period of the fishbone which results in the first largelosses are due directly to the sawtooth event. The soft x-ray
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are shown in Fig. 1®). The emissivities are inferred by

inverting the chord integrated data as constrained bytme
equilibria. The inversions suggest that the emissivity drops in

i 'Qé?tg;f‘rtaef the core region and increases outside a minor radius of about

(a.u.) 0.28 m, i.e., consistent with a sawtooth-like evemr, how-
ever, calculateg(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 fish-
bones 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 andn=1 modes. The earlier fishbones, while reaching
similar fluctuation amplitudes on Mirnov coils and soft x
y rays, had a much smaller effect on the neutron rate. That
AN D T could mean either that the structure of tive 3 mode inter-

189 0.1%0 0.191 0.192 acted more effectively with the fast ion distribution or that

TIME (s) the n=2 modes interacted primarily with lower energy fast
ions whose loss did not 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. 11(c) is shown the D-alpha emission from the
upper divertor region. The drop in D-alpha at 0.26 s indicates
emissivity is flat or hollow in the core region, prec]uding an H-mode transition. In this ShOt, and many others, there is
detailed reconstruction of the event, however the sawtootR fishbone at or just preceding themode transition, sug-
event has a lower frequency precursor. In Fig. 10 are showgesting that fishbones could help to triggerrimode(e.g.,
the soft x-ray traces from the lower camera up to the onset dpy expelling fast ions which charges the plasma up and in-
the fishbone mode. A low frequency mode at 7 ktdndn duces rotatior?). This conjecture is bolstered by the obser-
=1 on the Mirnov arrayis growing until~0.2054 s. During ~ Vvations that the two fishbones preceding Htenode transi-

the final growth, an increase in the soft x-ray emissivity istion result in D-alpha drops, suggestive of ditheriky
seen on the soft x-ray chords betwee®20 and~40 cm. Mmodes. The fishbone following thé¢-mode transition is cor-

Soft x-ray emissivity profiles from before and after this eventrelated with a small spike in D-alpha, as in the bursting TAE

examples. However, fishbone bursts are not as clearly corre-
lated with D-alpha bursts, even fishbone bursts with large
neutron drops. This may indicate that the fast ions are lost to
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FIG. 9. Soft x-ray camera and Mirnov coil data showingren2 Type Il
fishbone event from Figs. 6 and (&) Soft x-ray traces at their approximate
radial locations showing a “weak” fishbone mod®) Soft x-ray profile at
0.1905 s.(c) Integrated signal from Mirnov coil over this time interval in
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a different, unobserved, part of the machine.

For many of the chirping modes seen in NSf% and
START (42) the fast ion precession frequency is too low to
effectively drive modes at the observed frequencies. As is
shown in Ref. 43, the drive for the mode can be through a
bounce, rather than precession resonance. In this paper a bal-
looning representation for the mode dispersion relation was
used to allow for an analytic solution. For the bounce reso-
nance drive to be effective, a large average bounce angle for
the fast ion distribution function is necessary, as is the case
for NSTX3*43For NSTX parameters, the bounce resonance
comes primarily with the intermediate energy40 kV)
beam ions, thus the small effect on neutron rate would not be
surprising. However, in a fusion reactor where the fast ion
source is more isotropic, the bounce resonance could occur
with, and transport the highest energy particles.

FIG. 10. Soft x-ray traces showing a sawtooth-like event, together with a

C. Induced losses in the presence of combined TAE

low frequency precursor followed by a fishbone butat.Auto-scaled soft
x-ray traces at their approximate minor radial positiofis, inverted soft ~ and fishbone modes
x-ray profiles from before and after the event at 0.205 s showing the soft
x-ray emissivity drops in the core and increases outsideyn-integrated
Mirnov coil signal through this event.

TAE instabilities often co-exist with fishbone modes,
and under some circumstances the TAE bursts also appear to
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FIG. 11. (Color Mirnov spectrogram showing fishbone bursts. Plasma cur- . = ey ' ’
rent 800 kA(\), (t)c:roiclial field 4 kG, neutral beam heating power 3.2 MW at 80 0.20 0.22 0.24 0.26
kV. Contour colors indicate inferred toroidal mode numbers; black is TIME (5)

=1, red isn=2, green isn=3, cyan isn=4, yellow isn=5, and blue is

n=6. (b) rms fluctuation level in gauss over the frequency range 10-90 kHzr 5 12 (Colon Effect of combined TAE and fishbone mode bursts on
showing the amplitude of the fishbone modes, rms fluctuation level in — po\t0n emissivity. Plasma current 800 KA, toroidal field 4.5 kG, neutral
gauss over the frequency range 500_—1_290 kHz showing compressional Ab’eam heating power 6.1 MW at 90 k¥&) Spectrogram of Mimov coil
fven eigenmode burstsd) neutron emissivity showing 20% dropsrat3 showing fishbones and bursting TABlack, red, green, blue, yellow corre-
fishbone bursts, but only weak drops at earlier bukgjsD-alpha emission spond ton=1, 2, 3, 4, 5, respectively(b) neutron emission showing up to
drops during fishbones. i_mmediately priorkemode transition, small spike 20% drops at the combined MHD bursts) rms magnetic fluctuation levels
for fishbone after transition. in the 5-10 kHz(blue) band and 70—-110 kHz barided) showing fishbone
amplitude and TAE amplitude evolution, respectively.

trigger fishbones. In Fig. 13 is shown a spectrogram of a

shot in which many of the fishbones are apparently triggeredn=1 throughn=3 or 4). The fast ion losses from these

by TAE bursts. Below the spectrogram is shown the neutrorevents can be substantial; neutron drops as large as 25% have

evolution[Fig. 12b)] and in Fig. 12c) the envelope of the been seertFig. 13. For these fishbones, large bursts in the

magnetic fluctuation level for the frequency bands 5-50 kHmeutral particle analyzetNPA)®%®! signal have been ob-

(fishboneg and 70—110 kHZTAE). The drop in the neutron served coincident with the fishbone chirps on the Mirnov

rate is as large as 20% for the later bursts, and the repetitiotata. An example, from the latter half of the discharge shown

period is approximately 10 ms, or roughly one-third of thein Fig. 12, is shown in Fig. 13. Such bursts have been ob-

fast ion slowing down time. The effect of periodic losses ofserved over a wide range in the NPA tangency radiRgf,

fast ions can be simply estimated, based on the assumpticnl15—92 cm.

of short periodic bursts of losses, a constant replenishment The fishbone-induced bursts are observed at all energies

rate, and exponential slowing down time for the fast ions.in the neutral beam ion spectrum “chirgéweep downwarnd

For the roughly 10 ms period of 15% losses, the effect on thén energy as illustrated in Fig. 14. Shown are the energetic

“steady state” fast ion population suggests that in steadyon spectra with 1 ms time resolution for 1 ms before the

state, such modes would reduce the fast ion population bfishbone(black curve, the first(red curve and secondblue

~40%. curve millisecond of the fishbone chirp, and 1 ms after the
In the latter phase of long pulse, high beta dischargessend of the fishbonépurple curve. During the first millisec-

the fishbones often have multiple toroidal mode number®nd of the fishbone, the entire energy spectrum increases by
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i i IIl. DISCUSSION

[(©) NEUTRQN RATE . ] Previous studies had predicted that STs might be
_[d} ['E[J‘: kay: - o g aoow ) strongly unstable to TAE instabilities, so the observation of

TAE in NSTX was not a surprise. The discovery of signifi-
cant fast ion losses resulting from TAE instabilities provides
motivation to improve the theoretical tools for predicting the
impact of these modes in proposed ST reactors. Likewise,
the discovery that the fishbone-like bursts could cause sig-
- nificant fast ion transport should provide impetus to theoret-
o2 3 ical efforts to understand these modes. The realization that

0.3 0.35 TIME P.fiﬂ 0.45 these modes could be driven through a bounce, rather than

5} precession resonance in the ST implies that such a drive

FIG. 13. (Color) Fishbone modes with toroidal mode numbersisfl and meChan_lsm might also work in some operathnal reglmes of
n=2 in the latter half of the plasma discharge shown in Fig.(a2Spec- ~ conventional tokamak reactors. The observation of fishbone-
trogram of Mirnov coil, black contours are=1 modes, red ara=2. (b)  like modes withm, n#1 further suggests that the bounce-
rms fluctuation levels in the frequency bands 5-50 Kblack and 450— resonance drive might be quite effective.

1200 kHz(red) showing the amplitude evolution of the fishbone and CAE, : : - -
respectively(the CAE band is scaled by 1D0(c) Neutron rate showing The estimated impact on fast ion confinement of the

~25% drops in emissivity at each fishbone bufe, neutral particle ana- ~ Strongly bursting TAE, the fishbone-like instability, or a
lyzer signal showing 10 keV deuterium chanre),neutral particle analyzer ~combination of these two modes can be quite significant. For
signal showing 50 keV deuterium channel. the most extreme examples, the fishbone bursts, in steady

state, would reduce the fast ion population by 5@%b, Fig.
approximately two e-foldings or a factor of 5—10. During the 11 with 20% neutron drops every 10 mSince fast ion loss
following millisecond, the spectrum above-Ep/2 ap-  will directly impact the ignition margin in reactors, it is im-
proaches the pre-fishbone levek., the ion loss terminates portant to understand the scaling of the loss. Just as impor-
while ions belowE/2 continue to be elevatdibn loss con-  tant as the impact on ignition margin is the impact of the fast
tinueg. In the millisecond after the fishbone, the spectrumions on the reactor first wall. In reactors, the fast ion popu-
aboveE/2 is depleted by-25% relative to the pre-fishbone lation is measured in 100's of MJ, thus it is also important to
level, a loss in energetic ion population that is consistentletermine how localized in time and space the power depo-
with the observed drop in the neutron yield. sition is from the fast ion loss.

With occasional exceptions, bursts in the NPA signal due  The present set of NSTX data is not adequate to address
to fishbones are not correlated with spikes in the D-alphadhe scaling of the losses to other.g., reactorregimes for
emission or with features in the ion loss signal from theseveral reasons. First, the present range of NSTX parameters
iFLIP lost ion diagnostic. In conjunction with observation of is relatively small, and the measurement of one of the most
fishbone-induced enhancement of the NPA signal at all eneimportant parameters, the current profile, is uncertain. Sec-
gies, this argues that the fishbones cause redistribution of @nd, the ability to directly measure the effect of the modes on
fraction of the NB ion distribution from the plasma core to the fast ion distribution is limited. The primary diagnostic at
more peripheral regions where the higher background neutrgresent is the measurement of the neutron flux, which only
signal leads to the observed burst in the NPA signal. To dateneasures loss of the most energetic fast ions and is not sen-
no effect has been observed on the thermal deuterium iositive to redistribution of fast ions within the plasma, or of
spectra due to fishbone activity. losses of intermediate energy fast ions. Finally, the TAE and

Snpa (109/s) (1013/s) (G)

O = MWD N RO
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fishbones generally co-exist, complicating the understandinthrough the fast ion bounce resonarit&For this resonance
of the mechanisms for fast ion loss. The principal diagnosticondition to be strong, the average bounce arigleggle of
for measuring the mode amplitude is the array of Mirnovbanana turning pointsnust be large. For many beam heated
coils, which provide at best an indirect measure of the modshots on NSTX there is a large population of fast ions, not
amplitude. Diagnostics which can measure the internal strugiecessarily the most energetic, which have large bounce
ture of the mode do not work well in plasmas where largeangles. A similar situation is expected in fusion-alpha heated
fast ion losses are most commonly seen, i.e.Himodes reactors where the alpha population is intrinsically isotropic.
with flat density profiles. Experiments are being planned toThis resonance condition should still retain the feature that
explicitly address the scaling issue, but must await run timethe energy transfer rate is proportional to the mode fre-
and would ideally be performed after the addition of a cur-quency; the modes should still appear first with high fre-
rent profile diagnostic. Scaling to other regimes must, aguency, and chirp down as the fast ions are lost.
present, rely on imperfect theoretical models for the instabili- ~ The discovery of these bounce-resonance fishbones on
ties and fast ion transport. NSTX is significant in that the classic fishbones were pre-

The observation of bursting TAE causing fast ion lossedlicted to be stable in conventional aspect ratio fusion reac-
is not new. The first observations of TAE in a conventionaltors(and NSTX as the high beta resulted in small precession
aspect ratio plasma were accompanied by fast ion lossdgequencies (i.e., weak drive. The proposed bounce-
similar in magnitude to those observed héidowever, re- resonance drive model requires further comparison to NSTX
actor versions of conventional aspect ratio tokamaks are higresults before it can be applied to reactor-relevant conditions.
field (5—10 T), high current(up to 20 MA) with large minor ~ The observation of bursting TAE correlated with fast ion
radius(several meteps In this regime, the TAE activity was losses also underscores the importance of extending TAE
predicted, at worst, to affect the fast ion population diffu- physics models to the ST regime.
sively. This is not so clearly the case for a reactor concept
like ARIES-ST® The normalized alpha Larmor radius is V- SUMMARY
somewhat smaller than on NST®.04 compared to 0)2but Clear evidence of fast ion losses has been seen in con-
not much smaller than that of conventional tokam&k§6—  junction with at least two forms of fast ion driven instabili-
0.09 where substantial TAE induced losses were $&8n. ties in the spherical torus NSTX. IH-mode plasmas with
Further, the parameter regime where the bursting TAE arelevatedy on axis, bursting TAE causing 10%—15% neutron
observed in NSTX, i.e., with broad densiyressurgprofile ~ drops were seen. From the burst frequency and estimated
and elevated) on axis, is the regime proposed for long pulse,slowing down time, these modes in steady state would result
high bootstrap fraction ST operation. in an average 40% reduction of the fast ion population. This

The “fishbones” have been identified as a type of “en- regime is similar to that envisioned for a bootstrap-current-
ergetic particle mode’(EPM), based largely on the strong driven ST reactor. The dimensionless parameters of the alpha
frequency chirping. Energetic particle modes are stronglyarticles are similar to those of the neutral beam ions in
driven instabilities whose frequency is determined by theNSTX, although the beam ion distribution also includes sub-
optimized resonance condition with the fast ion distribution.stantial half and third energy components, and is less isotro-
Because the mode frequency is not set by equilibrium plasmgic than the fusion alpha distribution is expected to be. Fur-
properties(such as density or magnetic field strengtthe  ther theoretical modeling is required to evaluate the
frequency can change as quickly as the mode can modify thienportance of TAE instabilities in ST reactors.
fast ion distribution. The original fishbone model, developed  Bursting, chirping modes were also seen to cause fast
to fit the observations made on PDX, was a resonance of thien losses at rates up to 20% fast ion loss per burst. This
mode with the precession-drift of the fast ioh4.The peak  would correspond to as much as a 50% reduction in fast ion
in the energy transfeffrom fast ions to modeoccurred at population in steady state. These modes differ substantially
the highest frequency with the most energetic ions. As thdrom the normal fishbone modes seen in conventional aspect
most energetic ions were lost, the optimum resonance freqdatio tokamaks. Toroidal mode numbers for these modes
guency dropped, coupling to lower energy ions. Thus, a chahave been seen betwear1 andn=>5. They are typically
acteristic of the fishbones was a fast downward chirp in freseen when the(0) is believed to be well above unity. Fi-
qguency. The bursting character followed the classicnally, the modes are often present when the beam-ion pre-
predator—prey relatiotf Although the fishbones on NSTX cession frequency is nearly zero—a condition generally as-
have significant differences from classic fishbones, they resumed to be stable to fishbones. A theoretical model for these
tain two features of the classic fishbones, namely the strongodes has been separately propo¥éd.
chirping and the bursting character.
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