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Abstract

During auxiliary heating experiments in JET, periodic bursts of
oscillations resembling ’fishbones’ are observed in the signals of several
diagnostics. ‘I-lere the characteristics of these bursts are described and
the regime over which they occur is analysed. In addition, the evidence
for their interaction with high energy particles is considered and
discussed in the light of the theoretical models of the instability which

is believed to be responsible for the bursts.

1 - Introduction

Amongst the variety of MHD activity observed in JET during auxiliary
heating experiments, periodic bursts of oscillations detected by several
diagnostics show signatures similar to the fishbone instabilities observed

in PDX /1-3/. In JET, two methods of auxiliary heating are employed:



(co-directional) neutral beam injection (NBI), with up to 2IMW of 80keV
deuterons, and ion cyclotron resonance heating (ICRH) using mainly
fundamental heating of a minority species (H or 3He) at powers up to TIEBMW.
Both types of heating produce fishbone-like bursts /4/. We believe that
'this is the first observation of such bursts in radio-frequency heated

plasmas.

The term ’fishbone’ was first applied to describe the characteristic
signature of short bursts of mhd oscillations observed in the diagnostic
signals of high-8 PDX discharges, which were heated with mnearly
perpendicular NBI /1-3/. Synchronous bursts were apparent in several
signals, in particular soft X-ray emission (SXR) and magnetic pick-up
coils. The bursts were superimposed on sawteeth and had a duration much
sorter than the sawtooth period. The main component of the oscillations
was identified as having poloidal and torecidal mode numbers m=n=! in the
plasma centre. However, the frequency of the mode was found to be
significantly higher than that of the normal m=l precursor to sawteeth,

which had a frequency close to that of the bulk ion rotation frequency.

One of the most significant aspects of the activity was the observation of
a sharp drop in neutron emission, corresponding to a loss of as much as
one third of the beam injected ions, correlated with each burst. High time
resolution measurements of fast ion losses using a neutral particle

analyzer confirmed a substancial loss of f{ast particles at each burst.

This correlation stimulated an analysis of the influence of kinetic
effects on the stability of the m=1 mode /5,6/. Briefly, although -there
are differences between the two principal theories, it was proposed that a

population of energetic trapped particles could be responsible for



destabilizing such a mode. The m=n=! oscillations were predicted to occur
as a result of a resonance between the m=! mode and energetic trapped ions
within the g=1 surface. In addition, the characteristic growth and decay
of the bursts was explained by a self-regulating mechanism in whic'h the
mhd mede ccatiered the. fast particles required to drive the instability.
Near-perpendicular NBI was thought to be essential to the generation of
this instability as the proposed mechanism required a significant fraction

of the beam ions to be injected into trapped orbits /5/,

Subsequently, observation of similar bursts of mhd ativity were reported
from other tokamaks /7-12/ heated with either near-perpendicular _or
near-parallel NBI. In general, the bursts occurred in high-gB discharges.
In some cases 710,11/, a continuous m=] mode was observed under similar
conditions to those required for fishbone activity. In ASDEX, fishbones

were observed in H-mode discharges in the absence of sawteeth /11/.

These observations have bfurred the identity of fishbones. Strictly
speaking, the term could be restricted to phenomena where a clear
interaction with a fast particle populatioh is observed. However, the term
has come to be applied to all cases in which an m=n=] mode exhibits the
characteristic envelope of the type originally observed in PDX. The
extension of the usage to cases where a continuous m=n=] mode occurs is
more problematic, but as we shall show here, the two types of activity are
observed under identical conditions and the nature of the distinction

between the two is not always clear.

The remainder of this paper is concerned with an analysis of m=n=l
activity observed during additional heating (NB! and ICRH) experiments in

JET. We describe the characteristics of the mhd oscillations, discuss the



-

conditions under which they are observed and consider the evidence for

their interaction with the energetic ion population.

2 - Observations

a) Characteristics

Repetitive bursts of coherent oscillations in the signals of the electron
cyclotron emission (ECE), soft X-rays (SXR) and magnetics diagnostics are
commonly observed in JET discharges with auxiliary heating. The bursts
last for a few milliseconds and have =a repetition time of typically
x]10-20ms, although occasionally longer repetition times of 40ms were
observed. They are usually superimposed on sawtooth oscillations, however
in a few cases they have also been observed during sawteeth-free periods
/13/. Under some conditions continuous MHD oscillations are observed
instead. Figure 1 shows the ECE signals for a discharge with ICRH in which
both bursts and continucus oscillations where observed. The bursts are
associated with small drops in the central temperature resembling partial
sawteeth. The continuous oscillations sometimes cause large deformations
of thé sawtooth shape, clearly decreasing the ramp-up rate of the central

temperature.

Magnetic mode analysis both in ICRH and NB! discharges reveals an n=l
toroidal compenent with frequencies typically in the range 5-10 kHz. There
are howe_ver exceptions with very low frequencies of =« lkHz observed in
ICRH discharges, as in the example show in Figure 1, and frequencies as
high as 20kHz in NBI discharges. Frequencies up to SOkHZ can be measured
with the magnetic diagnostics and 100kHZ with SXR diagnostics. Within this

range, higher frequency precursors, as observed in PDX /2,3/, have not



been seen in JET,

The poloidal structure cannot be precisely determined from the m_a_gnetic
signals, probably due to a strong coupling between m=l and m=2 compbnents
which perturbs the phase. It can however be determined from tomegraphic
reconstruction of soft X-rays and from the projection of ECE signals in
the poloidal plane. These methods show an odd mode near the sawtooth
inversion radius, which is likely to be a m=l perturbation. Although the
m=1 is dominant, other, higher m number components, m=2 and m=3, are also
observed outside the sawtooth inversion radius. The ECE signals shown in
Figure 1, are out of phase on each side of the centre for both the bursts
and the continuous oscillations, indicating a m=l. Figure 2 shows the soft
X-ray tomographic reconstructions for a burst. An m=] perturbation
resembling an island is clearly seen around the q=l radius, which is
obtained by the calculation of the magnetic equilibrium /14/. A similar
picture is obtained during the continuous oscillations. The island widths
of around 10cm obtained from the SXR data are comparable to flattenings
around the g=! radius observed in the LIDAR temperature profiles /15/. S0
it becomes clear that the fishbones cbserved in JET have the same

structure as an m=l, n=l resistive kink mode.

When the frequency of the bursts is close to that of the plasma rotation,
the distinction between this type of activity and sawtooth-related
oscillations becomes less clear. In particular, the distinction becomes
difficult during JET high~-B operation, as will be discussed later.
However, in many discharges the frequency of the bursts is higher than the
frequency of oscillations associated with sawtooth activity. This is
illustrated in Figure 3, where the magnetic signals detected during an

ICRH heated discharge show the slow oscillations appearing after a



sawtooth collapse preceeded and followed by several higher frequency
bursts. This figure also shows that the fishbone oscillations rotate in
the direction of the plasma current, which is also equivalent to a

poloidal rotation in the direction of the ion diamagnetic drift.

In JET the oscillations around the sawtooth collapse, for either the
partial or the full sawtooth, are observed to rotate with the same
frequency as the plasma /16/, and therefore the example in Figure 3 shows
clearly that the fishbone bursts are an independent phenomena with a
frequency of their own and are distinet from the oscillations related to
sawtooth collapses. For a more detailed comparison between the two
phenomena, Figure 4 shows the soft X-ray emission at different radial
positions for the sawtooth postcursor and for one of the higher frequency
bursts. The sawtooth postcursor is an event of larger amplitude with a
heat pulse visible at the outer positions. The fishbone burst is visible
only inside the sawtooth inversion radius. The similarities are that both
the postcursor and the fishbones are m=]l, n=! modes (although the fishbone
has a broader mode spectrum) and both have their maximum amplitude around
the sawtooth inversion radius, Fishbone amplitudes obtained from magnetic
signals are low, typically the poloidal field fluctuations on the

mid-plane on the external side of the plasma are bp/Bp~ 10™*.3x107,

Both bursts and continuous oscillations may have frequencies up to 10
times the bulk plasma rotation frequency. At JET two techniques are used
to determine the plasma rotation: spectroscopy of Doppler-shifted emission
lines of heavy impurities in the X-ray domain; and charge exchange of
light impurities with NBI neutrals at the centre of the plasma. Figure 5
shows the frequency spectra of a sequence of fishbone bursts observed in a

NBI heated discharge, with the peak frequency in each spectrum 4kHZ higher




than the central plasma rotation. In this example, the increase in
frequency from 6.5KHz to 10KHz between the first and the last burst
reflects the same increase in the central plasma rotation,' showin_g that
the fishbone frequency has remained the same in the plasma rest ramt;,. The
increase in the maximum amplitude for each burst is also apparent.
Moreover, the figure shows the development of a continuous mode after the

amplitude of the last burst has saturated to a constant level.

The frequency slows down during a burst and has been observed to decrease
by up to a quarter of its initial value. It is found that the slowing down
of the frequency during a burst is faster for lower values of the edge
safety factor. A typical burst with a plot of the frequency evolution is
shown in figure 6. The spectral analysis normally reveals lower frequency
n=l modes rotating with the bulk plasma. These low frequency oscillations
are clearly seen in between the high frequency bursts and also in the form
of a modulation in the bursts’ envelopes. The frequency plot, in figure 6,
show the evolution of the frequency of the fast oscillation during a
burst, and for comparison, it also shows the frequency of the slower
oscillation. (The relationship of fishbones to the slower oscillations and
other mhd activity, which are sometimes seen overlapping with them will be
discussed later.) The burst frequency decreases rapidly while the
amplitude is rising, then locks to a value still higher than the plasma
rotation frequency. After the burst the frequency again increases to the

initial higher wvalue.

b) Conditions for the observation of ’fishbones’

Fishbones are observed over a wide range of the JET operating space with

auxiliary heating. A plot of the observations in a Hugill diagram, in




figure 7, shows that they cccur in a broad region, being common at low as
well as high values of q,- One notices, however an absence of points for
high wvalues of the Murakami parameter. In fact, neither bursts or
continuous oscillations were observed in discharges operated close t.o the

-density limit with either NBI or ICRH heating.

Apart from the absence in high densities, JET fishbones cccur in both the
L and H confinement regimes and have been observed over the whole range of
poloidal and toroidal B values. JET has been operated with values of
Bpsl.o and BTSS.SZ. Figure 8a shows observations of bursts in a diagram of
Bp versus the total input power. Figure 8b shows the same observatioﬁs in
a diagram of BN versus the total input power, where BN is the toroidal B

normalised to the Troyon limit (8

=2.8 1 (MA)/(B (T) alm}) /16/.
Troyon P

¢

While in other experiments fishbones are observed above very clear B
thresholds, at JET there seems toc be no lower B8 limit for their
appearance, The apparent lower limit in BP~ 0.1#0.4 {for an assumed error

in the measured diamagnetic flux of 20mVs) reflects only a lower limit on

the confinement time.

The continuous oscillations do not seem to occur for any particular values
of the input power, or of any other parameters. However, in ICRH heated
discharges their appearence seems to be affected by the choice of minority

gas, since they are seen more often with *He minority heating.

c) Fishbone activity during high 8 operation

JET has been mostly operated at values of beta toroidal well below the
Troyon limit, i.e. with B,0.7. For higher values some of the

fishbone~like characteristics described above are modified.




Toroidal beta values close to the Troyon limit were obtained in discharges
with B ¢<1.2T and Ip=2MA. A complex variety of mhd activity is observed in
that regime and it will be described elsewhere /18/. Here we concentrate
on the fishbone activity. As mentioned previously fishbones in JET are not
specificaliy a high B phenomena, however in this regime they have larger

amplitudes and seem to play an important role in limiting the toroidal B

values.

Figure 9, shows a discharge where during the saturation of BN fishbone
activity occuring alongside ELMS /19/ is observed. The larger amplitude
sawtooth event which finally reduces BN, bears a closer similarity to a
fishbone than was observed in low B regimes. The differences and
similarities are illustrated in Figure 10, which shows, for another
discharge with BN~1, the soft X-rays signals for a fishbone burst, i.e.
for a burst before a BN crash, and for a sawtooth responsible for a BN
relaxation. The sawtooth has a very fast heat-wave propagating outwards
(similar to but one order of magnitude faster than the one normally
observed in low B sawtooth collapses), which is not observed with the
fishbone. The frequency of the oscillations around the two events are
comparable. Charge exchange measurements available at different radii show
that both have the frequency of rotation of the plasma at the g=! surface.
Thus the higher frequency which clearly distinguished the fishbone from

other m=1, n=] oscillations is no longer observed.

In the high B regime fishbones have larger amplitudes everywhere in the
plasma as shown in Figure 10. When compared to the low-8 fishbones, as in
in Fig.4 where BN=0.18, the amplitude at the sawtooth inversion radius is
10 times larger. It is also clear that, at high-f, the mode activity is no

longer localised around the sawtooth inversion radius but extends to



larger plasma minor radii with a large asymmetry in the mid-plane between
the inner and the outer major radius. Figure 10 shows that the
oscillations are clearly visible up to the outside edge of the plasma,
indicating a Dballooning effect. Amplitudes obtained from magnetic
measurements, taken outside the plasma, are enhanced by the ballooning
effect and therefore are no longer a good indication of the fishbone
amplitude. A lower limit of bp/Bp~ 3x10™° is obtained from the magnetic
signals at the outer midplane for fishbones occuring at BN=O.7 (for higher

BN the magnetic signals are saturated}.

d) Interaction with the fast particle population

The MHD characteristics of fishbones in JET exhibit similarities with
those observed in PDX discharges, but the associated fast ion losses
observed so far seem to be significantly weaker. Five diagnostics are used
to observe the time dependence of the fast ion population: charge exchange
neutral particle detectors (NPA); neutron-detecting fission chambers; a
neutron profile monitor; a Nal{Tl)-scintillator which is sensitive to fast
neutrons and neutron capture g-rays, and hence to the total neutron
emission; and a cov;ered soft X-ray Si-diede, which is sensitive to
neutrons and hard X-rays. However, all of these diagnostics have, at

present, some limitations for the observation of fishbones.

The NPA shows fast ion losses following a sawtooth collapse. However, no
clear evidence is seen of losses during the fishbones. This is possibly

due to a limited time resolution.

During fishbone events, the changes in the neutron emission are within the

5-107% noise limit of the fission chambers if operated at the required fast
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time scale. However, the neutron-induced signals in the
Nal {Tl)-scintillator, when available on a fast time scale, show sudden
drops during fishbone bursts., This is shown in Figure 11 for a dig;f:harge
with BN=O.‘7, for which changes in the total global emission of abdut 97
were estimated. The covered soft X-ray Si-diode has also observed fishbone
events during high B operation. Figure 12 shows observations at BN=1,
where an estimated drop of 19% in the neutron rate is obtained. However,
even for the large amplitude fishbones seen in high-8 discharges, the
changes in the neutron rate are not as large as the ones observed during
sawtooth collapses. This is also illustrated in Figure 12, where the drop
in the Si-diode signal observed during the sawtooth crash is twice that

observed during the fishbone.

The lower rate of losses due to fishbones in JET, compared to PDX, may be
due to the large size of the JET plasma which leads to a better
confinement of the fast particles. In general, sawtooth collapses at JET
are observed both with the neutron fission chambers and the neutron
profile monitor. However, due to a redistribution of the fast particles,
changes in the global emission may be small and in some cases are not even
observed /20/. Similarly, the small changes in the global emission
observed during fishbone events could also be due to a redistribution of
fast ions. An alternative explanation might be the low amplitude of the
poloidal field fluctuation associated with the bursts., The highest
amplitudes observed in JET high-8 regimes, although just over the PDX
threshhold for observation of loss of energetic ions /3/, are still one
order of magnitude smaller than the largest amplitude events observed in

PDX.

As a further test on how the fishbone instability is affected by the

11




presence of fast particles, its occurrence was studied as a function of
the electron density. In discharges with an electron density close to the
density limit, i.e. with a very short slowing down time which implies a
low energy content in the fast particles, m=l, n=l1 oscillations with
frequencies higher than the frequency of rotation of the plasma were not

observed either in the magnetics, ECE or SXR signals.

e) Effect on plasma confinement

For the typical JET fishbone, observed at low—BN, no significant effect on
plasma confinement has been observed, Figure 13 shows no systematic
difference between the energy confinement times of fishbones-like events
and quiet sawteeth-free periods (H-modes have being exciuded from the
figure). At high—BN. the particle losses per fishbone event are still
smaller than those due to sawtooth collapses, as described above. However,
the associated loss of energy could be more significant on account of

their higher repetition rate.

In high current ICRH discharges the instabilities seem to be affected by
the choice of minority gas. Although (fishbone activity is found in
discharges heated with either *He or H minority gas, the relative
amplitude of the oscillations seen in the ECE signals is twice as large in
the 3I--Ins case. Also with 3I—le, continuous oscillations are observed more
frequently than bursts (see Figure 14). The discharges with *He minority
gas are found to have a confinement about 307 lower than that predicted by
the Goldsten L- mode scaling /21/. Recent studies /22/ have shown a
correlation between decreased confinement and large mhd activity observed
in JET. However, further studies are required to verify gquantitatively the

apparent correlation between the poor confinement and the enhanced
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fishbone activity observed in the ICRH discharges heated with ®He minority

gas.

f) Fishbones and other mhd activity

Fishbones in JET normally occur alongside other mhd activity. A typical
spectrum from magnetic signals reveals slower n=] oscillations, some
rotating in the same direction as the fishbones, others rotating in the
opposite direction. During the H-mode regime fishbone bursts and ELMs are
seen occurring independently of each other (as illustrated in Fig.9), as
may be expected because of their different spatial location. Higher n

numbers are also observed during high-g operation /18/.

From the point of view of the theory it is interesting to loock at the
relationship between fishbones and sawteeth. As mentioned before, the
fishbone and the sawtooth collapse can often be distinguished from one
another in low B regimes, however the differences become less clear for
values of B close to the Troyon limit. The sawtooth coliapse often occurs
during a fishbone burst, possibly because of the high frequency of
occurrence of fishbones. It should also be noticed that at JET fishbones
have been observed during sawtootlh-fr'ee regimes, although this is a much

rarer event.

(i) Sawtooth regimes

Fishbone activity is present during the whole of the sawtooth ramp. This
is quite clear in Fig. 3 which shows that the bursts reappear soon after
the sawtooth collapse (in this example it took 30ms), even before the
sawtooth postcursor has died away. If fishbones are present, the sawtooth

crash occurs very often during these oscillations, however it does not
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seem to be triggered by them. If a sawtooth collapse occurs during a
fishbone f{burst or continuous mode), the fast m=]1 mode does not survive

the collapse.

The frequency spectra in general reveals two distinct frequencies, both
corresponding to m=l,n=l perturbations. In some discharges the two

frequencies remain visible during the whole of the sawtooth ramp.

In Figure 15 we loock in more detail at the example shown in Figure 6. It
shows the magnetic signals observed during a combined NBI/ICRH heating
discharge. It displays two oscillations during the whole of the sawtooth
ramp, a low frequency oscillation of 1.2KHz comparable to the central
frequency of rotation of the plasma and a higher frequency oscillation of
8KHz. The amplitude of the slow oscillation remains constant, while the
amplitude of the fast oscillation rises and decreases periodically giving
rise to the fishbone bursts. During a burst the higher frequency slows
down to 3kHz as shown in figure 6. The slow oscillation is unaffected by
the burst and is observed as a modulation on the bursts envelop. Both
oscillations show an n=1 toroidal component, and soft X-ray signals show
that both have large m=1 components at the plasma centre. From soft X-ray
signals it has been seen that the slow oscillation is not a satellite of a

higher m oscillation.

The close-up of the sawtooth crash in the same figure, shows the fishbone
burst cut short by the sawtooth collapse and a postcursor oscillation with
a frequency close to the one of the preceeding slow oscillation which
overlaps the burst. Since the instability causing the collapse grows on a
time scale much shorter than any of the oscillations seen, it is not clear

whether the slow oscillation could be responsible for it. In this
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discharge all three oscillations, i.e. the sawtooth postcursor, the
preceeding slow oscillation and the Tfaster fishbone, rotate in the
direction of the ion diamagnetic drift. Although, in discharges heated

with ICRH only, as in the example in Figure 4, the sawtooth poscurso}' may

rotate in the opposite direction to the fishbone.

(ii) Sawtooth free-periods

In most cases, both the bursts and the continuous oscillations are seen
superimposed on the sawtooth oscillations. There are however a few
observations of bursts during sawtcoth-free periods. JET sawteeth-free
periods occur during ICRH heated discharges and less often during NBI and
combined heating discharges /13/. Fishbones were very occasionally
observed in both types of sawtooth-free periods. Although MHD activity is
more often seen during the rising phase of the sawtooth-free period, there
were also examples of X-point discharges which showed fishbone bursts
during the flat phase of sawtooth-free periods as illustrated in Tigure

16.

3 - Theoretical considerations

Theoretical models /5,6/ suggest that the fishbone instability is caused
by the resonance between an m=l, n=1 mode and trapped energetic ions
inside the g=1 sur‘f ace. More recently it has also been suggested that
fishbones and sawtooth supression in the presence of energetic ions may be
intrinsically related, as both phenomena would be explained in terms of a
single dispersion relation /23,24/. This dispersion relation, ‘which

inciudes the effects of the fast ions and of a finite Larmour radjus, has
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two roots, a slow mode with w<w:/2, and a fast mode with w>w:/2, where w
is the mode frequency in the plasma rest frame and w: is the ion
diamagnetic frequency of the bulk plasma. The slow mode is the internal
kink mode often suggested as a possible cause for the sawtooth inst'ability
/25/, while the fast mode is believed to be responsible for fishbone_s. The
presence of energetic ions has opposite effects on the two modes. They may
destabilize the fast mode, while damping the silow one. The pulsating
behaviour of the fishbone is explained as follows. Initially, a
mode-particle resonance occurs for ions with energies and magnetic moment.s
such that their drift velocity equals the mode phase velocity. At a later
time, scattering will reduce the number of resonanting particles within
the resonant region, letting the resistivity take over and .causing the

damping of the mode /6,23/.

The fishbone frequency is predicted to range between the ion diamagnetic
frequency, and the precession frequency of fast ions trapped inside the
g=1 surface. Two distinct fishbone regimes have been indicated. These are
characterised by different values of the beta poloidai of the bulk plasma,
B;, and the beta poloidal of the energetic ions, B;h, both calculated at
the g=l surface. At the higher end of the spectrum, fishbones with
frequencies of the order of the fast ion precession frequency occur for

high values of B:h /5/. Lower frequency fishbones with frequencies

comparable to the ion diamagnetic frequency would occur for low values of

B' and values of B*>B /6/, where B is the ideal MHD thresheold
ph PP p,mhd

mhd
/26/. In both regimes, fishbones are unstable outside the stable domain

associated with sawtooth supression.

Qualitatively, some of the JET observations of fishbones could be

explained by these models. There are clearly two m=l, n=l modes with
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distinct frequencies, the fast one with freguencies up to 10 times the
slower one. The fishbones rotate in the direction of the ion diamagnetic
drift, as is also predicted by the models. When a sawtooth crash occurs
during a fishbone, the large loss of fast ions caused by the collap.sje may
stabilize the fishbone explaining why the fishbone is observed to be

terminated by the sawtooth relaxation. It is, however, not clear whether

the models could explain the observation of fishbones during the

sawtooth-free periods, since this would require an overlapping between the -

regions for sawtooth stabilisation and for the existence of fishbones.

Detailed comparison between the theory and the experimental results is
complex because of the difficulties associated with: the determination of
the fast ion profile needed to calculate Bp: and the precession frequency
of the fast ions; the uncertanty in the shape of the q profile inside of

; the uncertainties in the

the g=1 surface needed to calculate B
p,mhd

plasma gradients at the q=! surface needed to calculate the ion
diamagnetic frequency. In addition, there is an uncertainty of ~ IkHz in
the central plasma rotation measurements, making it difficult to determine

the mode frequency in the rest frame for some ICRH discharges.

The observed initial mode frequency in the plasma rest frame varies
between the ion diamagnetic frequency for some ICRH discharges and the
fast ion precession frequency, mostly for NBI discharges. Thus, in
principle, the observed fishbones may fall in either predicted regime. One
possible difficulty in explaining the observations in the low {frequency
regime could be the low values of Bp observed. However, the low-Bp
discharges have also high values of the plasma current and consequently
the g=1 surface occur at large radii (>0.4a). As the g=l radius is

increased Bp mhd decreases /26/, it is therefore possible that even in the

*
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low-R regimes the condition B'>B is satisfied. A more detailed
P p p,mhd

analysis clearly requires calculation of the threshold for ideal

stability. In addition, for larger g=1 radii the stable domain shrinks

considerably, which may account for the increasing difficulty in

stabilising sawteeth and for the more likely occurrence of fishbones at

high currents. Further assessment of the models, also with respect to

sawtooth stabilisation, will be presented elsewhere.

The enhanced activity observed in ICRH discharges with °He minority gas,
can also be qualitatively understood from the models. With “He minority
the energy content of the fast icns inside the =1 surface is lower than
with H minority. The lower energy, means that more fast ions are available
to resonate with the mhd mode. If we consider "He and the H cases where
fishbones are observed in the low frequency regime, the smaller value of
the fast ion precession frequency obtained for “He gives a larger growth
rate /24/. One may therefore expect that the instability could grow to
large ampilitudes with 3He. The models, being linear, will not, however,
explain the mode saturation and the observation of continuous

oscillations.

4 - Conclusions

Fishbones are a common feature of JET discharges with auxiliary heating.
They are seen either as repetitive bursts, lasting a few milliseconds, or
as continuous oscillations. They are observed both in neutral beam and ion
cyclotron heated pulses, but their characteristics seem to be dependent on
the heating system and plasma conditions used. They are observed during

sawtooth and, occasionally, sawtooth-free regimes. Most JET discharges are
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operated at low values of the normalized toroidal beta, below 70% of the
Troyon limit, thus fishbones at JET are typically a low beta event. They
are very common at low values of the edge safety factor q, and there seems

to be no lower limit for their occurrence either in Bp or BT.

In the low-£ regimes, a high frequency, up to 10 times that of the central
plasma rotation, clearly distinguishes the bursts and the continuous
oscillations from other observed =1, =1 oscillations. For ICRH
discharges, the instability seems to be affected by the choice of minority
gas. For SMA discharges, the amplitude of the oscillations observed is
larger for He than for H minority. Also for SHe, the instability appears

mostly in the form of continuous oscillations.

As both the toroidal and poloidal beta values are increased, larger
amplitude oscillations are observed. For BT approaching the Troyon limit,
the amplitudes reach values comparable to the ones for which losses of
fast ions became important in PDX. These large amplitude oscillations are
seen during the saturation of BT. Measurements available on a fast time
scale indicate that the total neutron rate associated with the loss of
fast particles may fall by 9-197% during a burst in the high 8 regime. The
distinction between fishbone oscillations and the oscillations around a
sawtooth become unclear in the high-B regime as both have the same
frequency. A summary of the observed characteristics for either bursts or

continuous oscillations is given in table 1.

A preliminary comparison with the theoretical models shows that the
observed frequency in the rest frame varies between the ion diamagnetic
frequency and the fast ion precession frequency, thus both of the

predicted fishbone regimes are possible in JET. A more detailed comparison

18



between predictions and observations should take into account the

relationship between fishbones and other m=l, n=1 activity.

The distinct high frequency, plus some observed effect on the fast
_particle population, although smaller than in PDX, leads to the conclusion
that the instabilities observed in JET are indeed similar to the PDX

fishbones.
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Table 1

JET observed characleristics of fishbones

burst duraticn 2-10ms

burst repetition time 16-20ms

mode analysis m=1, n=1

typical frequencies v~6-10Khz

comparison with plasma bulk rotation v~1-10 Voot

mode rotates in the direction of the ion diamgnetic drift

amplitude of the poloidal field fluctuation be/89~10-4--3x153
maximum change in neutron rate 9-19% (for.BNZO.7)
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Figure 1 - Temperature and ICRH power versus time for an ICRH heated

discharge showing both bursts and continuous oscillations. Both types of

activity exhibit a phase inversion about the plasma centre' indicating an

odd mode, where detailed analysis confirms that the mode has an m=l

component.
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Figure 2 - Soft X-ray tomographic analysis for one of the bursts seen in
the discharge shown in figure 1. The position of the g=1 surface, as

determined from the magnetic equilibrium is indicated.
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Figure 3 - Magnetic signals from pick-up coils at a fixed poloidal
position (45° above the mid-plane on the lower field side) placed at
different octants,
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and succeeded by several higher frequency fishbone bursts.

b} fishbone oscillations showing a phase shift which

indicates rotaton in the direction of the plasma current.
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bursts superimposed on a sawtooth ramp for a discharge with combined
heating.

- (b} An enlargement of (a) showing one of the bursts far
from the sawtooth collapse and the burst immediately before the sawtooth
collapse,

(c) Power spectra showing two oscillations with distinct
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comparable to the frequency of rotation of the plasma. (The frequency
evolution of the fast oscillation during the burst is shown in Fig.6.)
Both oscillations are present up to the sawtooth crash, which cuts short

the burst duration.

After the collapse postcursor oscillations are also

observed.
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