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CrossMark
Abstract
Measurements are reported of electromagnetic emission close to the cyclotron frequency
of energetic ions in JET plasmas heated by waves in the ion cylotron range of frequencies
(ICRF). Hydrogen was the majority ion species in all of these plasmas. The measurements
were obtained using a sub-harmonic arc detection system in the transmission lines of one of
the ICRF antennas. The measured ion cyclotron emission spectra were strongly filtered by
the antenna system, and typically contained sub-structure, consisting of sets of peaks with
a separation of a few kHz, suggesting the excitation of compressional Alfvén eigenmodes
closely spaced in frequency. In most cases the energetic ions can be clearly identified as ICRF
wave-accelerated *He minority ions, although in two pulses the emission may have been
produced by energetic *He ions, originating from third harmonic ICRF wave acceleration. It
is proposed that the emission close to the *He cyclotron frequency was produced by energetic
ions of this species undergoing drift orbit excursions to the outer midplane plasma edge.
Particle-in-cell and hybrid (kinetic ion, fluid electron) simulations using plasma parameters
corresponding to edge plasma conditions in these JET pulses, and energetic particle
parameters inferred from the cyclotron resonance location, indicate strong excitation of waves
at multiple *He cyclotron harmonics, including the fundamental, which is identified with the
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observed emission. These results underline the potential importance of ICE measurements as a
method of studying confined fast particles that are strongly suprathermal but have insufficient
energies or are not present in sufficient numbers to excite detectable levels of «-ray emission

or other collective instabilities.

Keywords: energetic particles, ion cyclotron resonance heating, ion cyclotron emission,

particle-in-cell simulations

(Some figures may appear in colour only in the online journal)

1. Introduction

Spontaneous emission of electromagnetic radiation in the
ion cyclotron range of frequencies, usually referred to as ion
cyclotron emission (ICE), is a frequently-observed property
of tokamak plasmas containing suprathermal ion populations
[1-4]. Links between such emissions and suprathermal ions
have also been identified in the large helical device (LHD)
stellarator [5] and in the Earth’s radiation belts [6-8], indi-
cating that the phenomenon is not confined to one specific
magnetic configuration. ICE measurements, in combination
with appropriate modelling, can be used to obtain diagnostic
information on the behaviour of confined fast ions, including
charged fusion products, ions accelerated by waves in the ion
cyclotron range of frequencies (ICRF), and, in some devices,
beam-injected ions. It has been proposed that ICE could be
used to study fusion a-particles in the burning plasma ITER
device [9]. Various types of ICE detector have been used [9],
including detectors that are incorporated into ion cyclotron
resonance heating (ICRH) antenna systems: this approach
has been used successfully in the ASDEX Upgrade [10] and
JET [11] tokamaks. With the use of suitable filters to suppress
signals corresponding to the launched ICRH frequencies,
ICE detection is possible in this case during radio-frequency
heating, thereby making it possible to detect emission excited
by ICRH fast ions. Another important advantage of this tech-
nique is that it does not require the installation of any addi-
tional hardware inside the vacuum vessel [11]. Dedicated
probes have also been used to detect ICE driven by ICRH fast
ions in both ASDEX Upgrade [10] and JET [12].

First principles-based modelling of ICE in full toroidal
geometry is challenging, since the emission frequencies are
too high for the wave-particle interaction to be represented
accurately in terms of a guiding centre approximation for the
energetic ion orbits. However at least some of the features
of ICE can be captured by a first principles, fully nonlinear,
numerical solution of the Maxwell-Lorentz system of equa-
tions which evolves hundreds of millions of electrons and
ions, including an unstable energetic ion population, together
with the self-consistent electric and magnetic fields, in a
locally uniform equilibrium plasma. One-dimensional (1D)
codes that co-evolve the fields and the full orbits of the ions,
while employing either a kinetic or a fluid description of the
electrons, have been used to model the nonlinear evolution of
ICE excited by fusion a-particles in JET [13, 14], and of ICE
observed during edge localised modes in the medium-sized

tokamak KSTAR [15, 16, 17]. Notably, this approach has
reproduced an observed linear scaling of fusion product-
driven ICE intensity with neutron flux [14]. Linear model-
ling of fundamental and second harmonic ICE driven by *He
fusion products in the large tokamak JT-60U has yielded esti-
mates of the frequencies and toroidal mode numbers of the
most rapidly growing modes which are in good agreement
with measured values for ICE in this device [18]. In this case
the growth rates were obtained using a model fast ion distribu-
tion in the ICE source region (the low field side plasma edge)
which was based on calculated guiding centre orbits of *He
fusion products arising from beam-thermal reactions. These
orbit calculations showed that *He nuclei reaching the low
field side edge had a narrow range of pitch angles and a non-
monotonic distribution of energies, peaking at a value close to
the birth energy (0.82 MeV).

In this paper we present a more detailed analysis of the
ICE measurements from JET first reported in [11], and
also modelling of these measurements carried out using the
EPOCH full particle-in-cell (PIC) code [19] and a hybrid code
which treats ions kinetically and the electrons as a fluid [20].
Following a brief description of the ICE detection system in
JET ICRH antennas (section 2), measurements of ICE in a
series of hydrogen pulses with ICRH are discussed in sec-
tion 3. In most of these pulses the species of fast ions driving
the emission can be clearly identified as *He, but in two pulses
it is more likely to have been “He. In section 4 we present
calculations of the *He distribution in a particular pulse, which
indicate the presence of multi-MeV fast ions with orbits that
traverse the low field side plasma edge. Results of 1D PIC and
hybrid simulations, showing excitation of emission at the *He
cyclotron frequency and its harmonics due to the presence of
such ions, are then presented. The successes and limitations of
the 1D PIC and hybrid techniques as ICE modelling tools, and
the possible exploitation of ICE as a fast particle diagnostic in
future experiments, are discussed in section 5.

2. Sub-harmonic arc detection system in JET

The measurements of ICE reported by Jacquet and co-
workers [11] were obtained using a sub-harmonic arc detec-
tion (SHAD) system in the JET ICRH antennas (see figure 1).
The SHAD method is based on the detection of signals in
the (2-20) MHz band, which in principle represent the sig-
nature of arc events in the ICRH antenna and transmission
line system. However, signals emitted by the plasma were
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Figure 1. Diagram showing the integration of SHAD in the

JET A2 C and D antenna system. C and D antennas can be fed
independently, or in the so-called conjugate T configuration where
C (shown in grey) and D antenna straps are fed in parallel.

also detected. The system was installed in the so-called A2
antenna D [21]. A low pass filter was applied to suppress
frequencies above 25 MHz. SHAD data acquisition was per-
formed using a digital oscilloscope with a sampling rate of
125 Msample s~!. The total acquisition time window was
typically 128 ms. Acquisition was triggered when the signal
intensity exceeded a certain threshold. The frequency content
of the recorded signals was further determined using numer-
ical fast Fourier transform analysis.

The radio-frequency (RF) signals are sampled in the ICRF
antenna transmission lines, which act as RF resonators. The
frequency response of these resonators has to be taken into
account when analysing the signals recorded by the SHAD
system. The form of the response in frequency depends on
the exact antenna configuration (in particular whether C and
D are fed independently or through the external conjugate-T
scheme), and on the length of the transmission line matching
elements, which are adjusted according to the ICRH frequency
used and the antenna-plasma coupling conditions. Figure 2
shows the calculated frequency response for signals entering
the transmission lines of antenna D (fed independently) when
tuned for ICRH operation at 51.53 MHz, which was used in
pulse #79363 described in section 3.

3. ICE measurements using the SHAD system

Hydrogen was the dominant ion species in all of the JET pulses
discussed in this paper: *He ions were present as a minority
species with a concentration of up to about 12%. The minority
concentration was determined by comparing the intensity of a
He emission line to that of Do emission in the outer divertor
region. This is a plasma edge measurement, but the concen-
tration estimated using this method is consistent with a com-
parison between experimental and modelled radio-frequency
heating efficiencies performed in these pulses [22], and there-
fore the divertor measurements are believed to provide a rea-
sonable estimate of the *He concentration in the plasma core.
The minority ions were accelerated by ICRF waves via the
second harmonic resonance. The detection of y-ray emission
and fast ion losses indicated the presence in these pulses of
3He ions with energies in the MeV range [23]. Trace quantities
of deuterium (D) and *He ions were also present, principally
due to the use of deuterium neutral beam injection and wall
recycling [23].

Table 1 lists some of the relevant parameters for ten shots
in which ICE was observed, including the vacuum toroidal
field at a reference major radius of 2.96 m (Br), and the ICRF
power (Prp) and neutral beam power (Pygy) at the time #icg
of ICE detection. In this table Ry is an estimate of the major
radius at which the measured ICE frequency vicg was equal to
the *He cyclotron frequency, based on the value of Br. In every
case Ry is comparable to or somewhat higher than the major
radius Ry rs of the low field side midplane plasma edge (typi-
cally Ryrs =~ 3.9 m for the pulses and times considered here).
The fact that ICE was detected at the same frequency (19.2
MHz) in seven pulses with ICRF wave-accelerated minority
3He ions and the same toroidal field (2.62 T) illustrates the
reproducibility of the phenomenon. JET had a carbon wall
at the time of these pulses, which were in the low confine-
ment mode of operation (‘L-mode’). Each of the pulses had
a plasma current of 1.4 MA, except for pulses #79364 and
#79365 which had a plasma current of 2.0 MA, and the cen-
tral electron density at the time of ICE detection ranged from
23 x10°”m3t03.4 x 10" m3,

Figure 3 shows the ICRH resonance layers for *He and
“He/D in two of the pulses, (a) #79363 and (b) #79365, over-
laid on equilibrium flux surfaces at the time of ICE excitation
(the equilibria discussed in this paper were computed from
current and coil measurements using the EFIT code [24]).
These pulses had different toroidal fields, but the ICRF fre-
quencies were also different, with the result that the resonance
layers almost coincided in the two cases. The key point to
note here is that while the second harmonic *He resonance lay
close to the magnetic axis, as required for efficient minority
heating, the second and third harmonic “He/D resonances also
lay well within the plasma, creating the possibility that ions
of these species could have been accelerated to high energies.

In several pulses the SHAD system was triggered by the
detection of ICE during or shortly after the ramp-up in Pgp,
suggesting a strong correlation between the *He fast ion popu-
lation and the ion cyclotron emission. In one pulse, #79358,
ICE was detected almost immediately after the start of the
ICRH ramp. The *He concentration was particularly low in
this case (approximately 1.5%), suggesting that higher ICRF
power per resonant particle could have resulted in faster for-
mation of a high-energy tail in the *He distribution function.
In some of the pulses the trigger for ICE was less obvious,
although the essential features of the emission were similar. In
pulse #79363 ICE was strongly excited during a period when
the ICRH power alternated between 5.4 MW and 0.5 MW,
with a frequency of 4 Hz. Detection was triggered approxi-
mately 400ms after Pygr power was stepped down from
6.6 MW to 1.3 MW, and, as shown in the lower frame of
figure 4, immediately after the disappearance of a coherent
magnetic fluctuation initially excited at a frequency of around
10kHz with a toroidal mode number n = 2. Charge exchange
and electron cyclotron emission data, combined with equi-
librium reconstructions based on magnetic coil data, indicate
that the mode was located just inside a flux surface with safety
factor ¢ = 2. This suggests that it was a neoclassical tearing
mode with dominant poloidal mode number m =3, ie. a
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Figure 2. (a) Calculated voltage in the transmission line for a 1V signal entering antenna D straps (C and D fed independently) with the
matching elements tuned for operation at 51.53 MHz. The green bars show the frequencies at which ion cyclotron emission was recorded in
a series of pulses with the same antenna system configuration. (») Zoom on the peak at 19.2 MHz. The width of the peak (which is related
to the quality factor of the RF cavity), ~80kHz in this case, depends essentially on the losses at the antenna straps.

3/2 mode. No sawtooth oscillations occurred during this
period, suggesting that ¢ in the plasma core remained above
unity. The drop in mode frequency apparent in figure 4 coin-
cided with a slowing down of the toroidal plasma rotation,
from about 120 km s~! to less than 60 km s~! in the plasma
core. The upper frame of figure 4 shows that ICE was first
detected as soon as the ICRH power was raised to its flat-top
value of 5.4 MW after the disappearance of the mode. During
the period of n = 2 mode excitation, high levels of fast particle
losses were found to be correlated with the peaks in ICRH
power, during a period in which the neutron rate remained
almost constant; for this reason the losses were believed to
be mainly *He ICRH fast ions. A much lower loss rate was

recorded during the ICRH peak that coincided with ICE exci-
tation (see figure 34 in [23]). At this time, no coherent low
frequency MHD modes were detected.

Figure 5(a) shows the temporal evolution of the ICE inten-
sity in pulse #79363 during the 60 ms after the initial detec-
tion at 6.9 s (the ICRH power remained close to its peak value
throughout this period), while figure 5(b) shows an example
of the recorded spectrum of this emission (at # ~ 6.94 ).
The intensity plot was obtained by integrating the emission
over the frequency interval 18.7 MHz to 19.7 MHz and time
windows of 100 us duration, and the spectrum was gener-
ated using data acquired over a 700 ps time interval. It can be
seen that the recorded intensity varies significantly between
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Table 1. Key parameters of JET hydrogen pulses in which ICE was detected using SHAD system.

Pulse Br(T) Prr(MW) Pxpr (MW) tice(s) vice (MHz) Ry (m)
79355 2.62 1.4 1.3 8.1 18.0 4.3
79356 2.62 1.7 6.6 4.6 19.2 4.1
79357 2.62 3.0 53 4.6 19.2 4.1
79358 2.62 1.3 53 4.0 19.2 4.1
79359 2.62 3.0 2.7 4.4 19.2 4.1
79361 2.62 4.5 2.6 4.4 19.2 4.1
79362 2.62 54 8.0 4.7 19.2 4.1
79363 2.62 5.0 1.3 6.9 19.2 4.1
79364 2.25 3.0 3.2 17.2 15.0 4.5
79365 2.25 5.7 7.2 16.5 14.8 4.5
20 20 | t=16.511s
(a) (b) | I
I
15 15 1
£ | Na
1.0 1.0 T T T
< o I
o I ol
n | upn |
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Figure 3. Radial loci corresponding to second harmonic *He (green dashed lines) and second/third harmonic “He/D ICRF resonances (red
dashed lines) in JET pulses (a) #79363 and (b) #79365. In both plots the equilibrium flux surfaces (blue curves) and separatrix (red solid

curves) correspond to the times of ICE detection in these pulses.

successive time windows. In figure 5(b) the emission peaks
at 19.25 MHz, which is close to but slightly lower than the
He cyclotron frequency Qsy/27 = 20.7 MHz on the low
field side plasma edge at this time (R ~ 3.86 m). This was
also found to be the case for *He ICE in JT-60U [18]. The
use of a linear scale, rather than the more conventional loga-
rithmic scale, makes it clear that there is sub-structure within
the envelope of emission. This sub-structure appears to be a
true feature of the emission rather than an instrumental effect
or noise: the frequency spacing of the individual sub-peaks
(a few kHz) is much smaller than the frequency separation of
the peaks in the response function of the antenna transmis-
sion lines (about 1.4 MHz: see figure 2), and smaller than the

full width at half maximum of these response function peaks
(about 80kHz). Moreover the frequencies of the most intense
sub-structure peaks in ICE spectra persist in successive time
slices for a given pulse, although the relative intensities of
these peaks change rapidly in time.

In the two pulses immediately following #79363, emis-
sion of a similar character was detected at significantly lower
frequencies, around 15 MHz. In these pulses the toroidal field
was slightly lower than in #79363, such that the *He cyclo-
tron frequency at the outer midplane plasma edge R = Ryps
at the time of ICE detection was approximately 17.4 MHz,
while Ry, was significantly higher than Ry s (see table 1). The
“He/D cyclotron frequency at R = Ryps was approximately
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Figure 4. (a) Coupled radio frequency power (blue) and neutral
beam power (red), and (b) spectrogram of magnetic fluctuations
shortly before and during the period of ICE in JET pulse #79363.
The colour scale in (b) provides a logarithmic measure of the
measured fluctuating field magnitude. The mode shown in this plot
had dominant toroidal mode number n = 2 and was located inside a
flux surface with safety factor g = 2.

13.1 MHz (as noted at the start of this section, trace quanti-
ties of both species were present in the plasma). The ICRH
frequencies were reduced in proportion to the toroidal field,
so that the second harmonic *He resonance was in approxi-
mately the same location as in pulse #79363 (R ~ 3.15 m).
In the case of pulse #79365, ICE detection was triggered at
t ~ 16.5 s, at the end of the ramp-up in ICRH power. Unlike
pulse #79363, the onset of ICE in this case was not correlated
with a change in low frequency MHD activity. Figure 6(a)
shows the temporal evolution of the recorded ICE intensity
in the 60 ms following the trigger, while figure 6(b) shows the
spectrum at t >~ 16.51 s). Sub-structure peaks in the spectrum
are again apparent, and again these peaks appear in successive
time slices.

The measured ICE frequency in pulse #79365 lies between
the *He and *He/D cyclotron frequency at the outer plasma
edge, although it is somewhat closer to the latter. It is thus
not clear from the SHAD data alone which fast ion species is
driving the ICE. However some information on the composi-
tion of the fast ion population in the edge plasma during this
pulse can be obtained from measurements of fast ion losses
obtained using a scintillator probe (SP) [23, 30]. Relatively
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Figure 5. (a) Temporal evolution of ICE intensity recorded using
the SHAD system following the triggering of ICE detection in
JET pulse #79363. Time is measured from the triggering of ICE
detection at 6.9 s. (b) ICE spectrum at r ~ 6.94 s.

low levels of fast ion losses were recorded until ¢ >~ 20.0 s
(approximately 3.5 s after the start of ICE detection), when
there was a five-fold increase in the total loss rate. At this time
the ICRH power was increased from 3 MW to 5 MW; an addi-
tional, more modest rise in fast particle losses was recorded
when the neutral beam power was increased from 4 MW
to 10 MW at 60.5 s. Figure 7 shows the footprint of losses
on the SP at this time. The red lines indicate the local pitch
angles of protons, *He ions and “He/D ions accelerated by the
applied ICRF waves at, respectively, the fundamental, second
harmonic and third harmonic resonances. This footprint
shows very clearly that the pitch angles of the lost fast ions
are those expected of deuterons and “He ions. The gyro-radii
of the lost particles recorded in figure 7 suggest the presence
of either deuterons with energies of around 1.1 MeV or “He
ions with energies of around 2.2 MeV. However y-rays pro-
duced in the reactions 12C(d,pfy)BC and 9Be(“He,nv)lZC were
not observed. It is possible that the losses shown in figure 7
could be due to singly-ionised “He ions with energies around
0.55MeV, arising from the slowing down and charge-exchange
of doubly-ionised 1.3 MeV “He ions at the probe entrance,
where a 1 m Au foil was used to attenuate the flux of neutral
beam ions and heavy impurity ions [23]. The energies of such
ions would be too low for them to produce ~-ray emission, but
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Figure 6. (a) Temporal evolution of ICE intensity recorded using
the SHAD system following the triggering of ICE detection in
JET pulse #79365. Time is measured from the triggering of ICE
detection at 16.5 s. (b) ICE spectrum at t >~ 16.51 s.

they could still excite ICE, provided that the local *He velocity
distribution satisfied the relevant instability criteria, discussed
in the next section.

The absence of the v-ray lines mentioned above, combined
with the SP footprint shown in figure 7 and the fact that the
ICE frequency in pulse #79365 was somewhat closer to the
“He/D cyclotron frequency than the *He cyclotron frequency
at the low field side plasma edge, suggests that the cyclotron
emission in this case may have been driven by trace ICRF
wave-accelerated “He ions. This is not certain, since the fast
ions that are lost at a particular poloidal location (and recorded
in SP footprints) are not necessarily of the same species as
fast ions that are marginally confined in the plasma (and thus
capable in principle of exciting ICE). Moreover it should be
noted that there was a delay of 3.5 s between the time of ICE
detection and the time of strong fast ion losses in this pulse.
Nevertheless it is most likely that the ICE in this pulse was
driven by “He fast ions. The absence of y-ray emission makes
it unlikely that significant numbers of “He nuclei resulting
from the deuterium->He fusion reaction were present, since
these have birth energies of around 3.7 MeV, and so it appears
that a possible source of “He fast ions was third harmonic

Pitch-angle

40 50 60 70 80

Fast D- or *He-ions

Figure 7. Footprint of fast particle losses recorded using the
Scintillator Probe plate in JET pulse #79365 approximately 4 s
after the initial detection of ICE in this pulse. The red lines indicate
the pitch angles of hydrogen, *He ions and “He/D ions accelerated
by the applied ICRF waves via the fundamental, second harmonic
and third harmonic resonances respectively.
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Figure 8. Radial profiles of total (solid curve) and parallel (dashed
curve) *He fast ion energy density (top), and fast ion number
density (bottom), computed using PION for JET pulse #79363,

t = 6.9 s. The total *He density was assumed to be 7.1% of the
electron density, .

ICRH. As shown in figure 3(b), the third harmonic “He reso-
nance was located well within the plasma, on the low field
side of the magnetic axis, suggesting that this explanation of
the ICE detected in pulse #79365 is credible.
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Figure 9. *He energy distributions for assumed total *He
concentrations of 4.3% (red curve) and 7.1% (black curve)
computed using PTON for JET pulse #79363, 1 = 6.9 s, at
normalised minor radius s ~ 0.2.

4. Interpretation and modelling

It is generally accepted that ICE in tokamak plasmas results
from the excitation of waves on the fast Alfvén/ion Bernstein
branches via the magnetoacoustic cyclotron instability (MCI),
driven by energetic ions that are characterised by some form
of population inversion, for example a velocity distribution
perpendicular to the magnetic field that is not monotonic
decreasing [2, 25, 26]. Such distributions can arise in the low
field side plasma edge of a tokamak plasma due to large drift
orbit excursions of trapped energetic ions originating from the
plasma core region (due to either fusion products or ICRH).
Since the magnitude of the drift orbit excursion increases with
particle energy and is pitch angle-dependent, it is possible for
the local energetic ion velocity distribution in the low field
side plasma edge to be highly singular, thereby providing
strong drive for the MCL

4.1. Fast ion distribution

Energetic ion distributions resulting from ICRH can be
modelled for JET pulses using the Fokker—Planck PTON code,
which employs a quasi-linear operator to describe the absorp-
tion by resonant particles of radio-frequency wave power and
computes also the effects of collisions on these particles [27].
Drift orbit excursions of the particles are taken into account.
Figure 8 shows profiles obtained using PTON for the total and
parallel energy density (top) and number density (bottom) of
energetic *He ions in JET pulse #79363,1 = 6.9s, i.e. the time
at which ICE was detected in this pulse. The radial coordinate
s in these profiles is defined as the square root of the poloidal
flux 9, (set to zero at the magnetic axis) normalised to its
value 1y, at the plasma edge. One of the input parameters for

this simulation is the *He concentration 7 (the ratio of total
He density to electron density). In the case of figure 8 the
concentration was assumed to be 7.1%, which is close to the
best estimate of the measured value for this pulse and time.
Two important points to note from this figure are, first, that
the fast ion energy is almost entirely represented by motion
perpendicular to the magnetic field, as is usually the case for
ICRF-wave accelerated fast ions, and, second, that the fast ion
number density ny falls off more rapidly than the energy den-
sity e in the outer regions of the plasma (s > 0.4). This is a
consequence of the energy-dependence of fast ion drift orbit
excursions noted above, and illustrates the point that the local
fast ion distribution close to the plasma edge is likely to be
non-monotonic decreasing in energy.

Figure 9 shows the *He energy distribution obtained using
PION close to the peak of the profiles shown in figure 8
(s ~0.2) for two different values of 7. It can be seen that
the distribution extends to energies of about 10 MeV, and is
insensitive to 7. The weakness of this dependence on minority
ion concentration is due to the fact that the damping of wave
power at the second harmonic ICRF resonance is a finite
Larmor radius effect, which effectively determines the details
of the resulting fast ion distribution function [28, 29]. Based
on modelling of ~-ray emission detected in pulse #79363 and
similar pulses, Kiptily and co-workers [23] inferred that the
3He fast ions in these pulses had energies below approximately
2 MeV, suggesting that in fact there were few if any confined
3He ions in this pulse with energies in the range 2—-10 MeV. It
should be noted that non-classical transport of energetic ions
resulting from MHD activity is not modelled by PTON. As
noted in the previous section, a large amplitude n = 2 mode,
correlated with a high level of fast ion losses, had disappeared
by the time of ICE excitation in pulse #79363. This suggests
that the *He fast ions were being transported radially by the
n =2 mode, and that the disappearance of this mode led to
a restoration of classical fast ion confinement. When this
occurred, the fast ion population in the outer midplane edge
(the most probable region of MCI excitation) is likely to have
been dominated by *He nuclei with the highest energies, since
these would have undergone the largest orbit excursions.

To illustrate the magnitude of these excursions for *He fast
ions in pulse #79363, we have calculated the full orbits of
ions initially with pitch angles close to 90° at the major radius
corresponding to the cyclotron resonance, Rps ~ 3.1 m.
Figure 10 shows the orbits of ions with energies of (a) 2 MeV
and (b) 10 MeV, in line with the range of *He energies indi-
cated by PTION and v-ray modelling. The initial vertical posi-
tions were chosen to be such that the orbits intersected the
outer midplane edge. The 10 MeV ion was initially close to
the peak of the profiles shown in figure 8 (s = 0.16), whereas
the 2 MeV ion started its orbit at a point where the fast ion
density was relatively low (s = 0.66). On the other hand,
figure 9 suggests that 2 MeV ions were much more numerous
than 10 MeV ions (even without taking into account the evi-
dence from v-ray emission that few if any confined 10 MeV
ions were present). The approximate location of the g = 3/2
surface at the time of ICE excitation, estimated using EFIT,
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Figure 11. Thomson scattering measurements of electron density (left) and electron temperature (right) profiles close to the low field side
plasma edge in JET pulse #79363, t ~ 6.9. The measurements have been averaged over a 400 ms time interval to reduce noise.

is shown as green curves on figure 10. This lies close to the
plasma centre, lending weight to the suggestion above that the
large amplitude mode shown in figure 4 could have affected
the radial profile of core-localised ICRF fast ions.

4.2. Particle-in-cell simulations

We have used EPOCH to model the excitation and nonlinear
evolution of the MCI, using bulk plasma parameters compa-
rable to those in the plasma edge at the time of ICE detection
in JET pulse #79363, and fast ion parameters that are com-
patible with the calculations presented in the previous subsec-
tion. Figure 11 shows Thomson scattering measurements of
electron density (left) and electron temperature (right) profiles
for this pulse and time (the measurements have been averaged

over a 400ms time interval to reduce noise). As noted previ-
ously, this was an L-mode plasma, in which the density did
not have a steep gradient in the edge region, but the range
of densities shown in figure 11 nevertheless means that the
value chosen for this parameter in the EPOCH simulations
is somewhat arbitrary. In all of the simulations presented in
this paper, we chose the initial plasma density to be 10" m~3.
The magnetic field at the low field side plasma edge Bigs
was approximately 2.0 T in this pulse. For the case of a pure
hydrogen plasma, these figures indicate an Alfvén speed (and
hence the propagation speed of waves excited via the MCI) of
ca ~ 1.4 x 10" ms~!. We also adopt a value of 100eV for the
initial temperature of both the electrons and the bulk ions. The
fast ions were assumed to have an initial velocity distribution f
consisting of a monoenergetic ring-beam of the form
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where, as before, n¢ is the total fast ion density, 4l and v |
denote velocity components parallel and perpendicular to the
magnetic field, and 0)j0, VLo are constants. This choice of initial

10

distribution is motivated by the fact that the local *He distribu-
tion is likely to have been dominated by high energy ions with
a narrow range of pitch angles, as noted above. Here we make
the conservative assumption that the maximum energy of con-
fined 3He fast ions was 2 MeV, and make the reasonable fur-
ther assumption that the ions were accelerated to this energy
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Figure 13. Power of magnetic field (B;) fluctuations in wavenumber/frequency space (base 10 logarithmic scale, arbitrary units) obtained
by Fourier transforming EPOCH simulation results over the entire spatial domain and over ten *He cyclotron periods in the time domain.
Frequency is in units of the *He cyclotron frequency sy, highlighted by a horizontal dashed line, and wavenumber is in units of Qsp,/ca

where ¢, is the Alfvén speed.

perpendicular to the magnetic field in a region of the plasma
with magnetic field B = By satisfying the second harmonic
cyclotron resonance condition, i.e. 2muRp = 2 X 2eByes /3my
where vgp = 51 MHz is the ICRH frequency and e, m, are
proton charge and mass. We deduce from magnetic moment
conservation that the most energetic *He ions in the outer
midplane plasma edge had velocity components parallel and
perpendicular to the local magnetic field given by
) 1/2

1/2
) P V10 = Umax (
2

where v, 1S the speed of a 2.0 MeV 3He ion. Evaluating these
expressions, we deduce that appropriate values for the param-
eters v)p and v, in equation (1) are, respectively, 5 x 10°
ms~! and 10" ms~'.

Simulations in one space dimension and three velocity
dimensions (1D3V) were performed using EPOCH for a uni-
form equilibrium plasma with hydrogen bulk ions and ener-
getic *He minority ions with an assumed local concentration
of 1073: since we are assuming that the fast *He population
in the plasma edge is dominated by MeV energy ions with
large excursion orbits, the fast ion fraction is necessarily much
smaller than the total *He concentration in this pulse (~7%).
We will discuss later the effects on the MCI of varying the
fast ion concentration. The other initial parameters of each
simulation were those listed above. The equilibrium magnetic
field B, was either taken to be exactly orthogonal to the space
direction (i.e. the wavevector direction of any modes excited)
or offset from this by one degree. In all cases the simulation
box consisted of 70000 cells (with 900 particles per cell),

Birs
Bres

By ks
BI'CS

U0 = Umax <1 -

1

thereby making it possible to represent a very wide range of
wavenumbers. Periodic boundary conditions were used. The
duration of each simulation was ten *He cyclotron periods;
since this is much shorter than any collision time under these
conditions, there was no need to take collisional processes
into account.

In each simulation the MCI was found to be excited at mul-
tiple harmonics of the *He cyclotron frequency, leading to a
relaxation of the energetic ion distribution, and a transfer of
energy from the energetic ions to the other plasma species and
the fields. This is shown in figure 12 for wave propagation
angles 6 of (a) 90° and (b) 89°. When 6 = 90° the energetic
ions (cyan curve) lose nearly 10% of their initial energy due to
the MCI, but regain most of this in the nonlinear phase of the
instability. The net energy lost from the energetic ions is trans-
ferred mainly to the bulk ions (red curve), with a smaller frac-
tion being channelled into fluctuating E, and B, fields (blue
and green curves respectively), and a smaller still fraction
being transferred to electrons (black curve). The x-direction
here is the single space direction of the simulation and the
equilibrium magnetic field lies in the z-direction; E, thus rep-
resents the electrostatic (ion Bernstein) component of the fluc-
tuations, while B, represents the electromagnetic (fast Alfvén)
component.

When the wave propagation angle with respect to the
magnetic field is 89° rather than being strictly perpendicular
to it (figure 12(b)), there is a greater transfer of energy late in
the simulation from energetic ions to bulk ions. The transfer
of energy to electrons is also somewhat greater in this case,
while asymptotically the fluctuating field energy is found to
be negligible. Stronger suppression of the fluctuations is to
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Figure 14. Power of magnetic field (B,) fluctuations in frequency space (arbitrary units) obtained by Fourier transforming field data over
four *He cyclotron periods in EPOCH simulations with (upper curve) and without (lower curve) a *He ring-beam. Frequency is in units of

Qs the fundamental is highlighted by a dashed line.

be expected in this case, since the presence of a finite parallel
wavenumber k| introduces the possibility of electron Landau
damping. Indeed we find that when 6 is reduced further the
MCI becomes progressively weaker due to electron damping,
thereby constraining the values of k)| that are compatible with
the occurrence of ICE.

Even in the case of oblique propagation, it is clear from
figure 12 that the energy transfer resulting from the MCI is
principally from suprathermal ions into bulk ions. In contrast,
a purely collisional interaction between the ring-beam and
bulk plasma used in these simulations would result in most
of the ring-beam energy being transferred to electrons, since
the ring-beam energy exceeds the critical value above which
fast ions collide more frequently with electrons than with bulk
ions [31]. The former process is one of the essential features
of proposed ‘a-channeling’ scenarios in which waves are
used to transmit energy from fusion a-particles directly into
fuel ions, while simultaneously transporting the a-particles
radially, thereby facilitating the removal of helium ash from
burning plasmas [32-34]. Figure 12 shows explicitly that
a process akin to a-channeling can occur spontaneously in
regions of the plasma with fast ion velocity distributions that
are not monotonic decreasing. The aymptotic change in bulk
ion energy shown in this figure corresponds to an ion temper-
ature increase of several tens of eV, which is a significant frac-
tion of the initial temperature (100eV). Such temperature rises
are in principle detectable, but unfortunately ion temperature
measurements are available only for the core plasma in JET
pulse #79363, out to a major radius (3.79 m) that lies several
cm inside the midplane separatrix. These measurements do
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not show any significant temperature increase at the time of
ICE detection. It is possible that bulk ion heating due to the
MCI could be occurring closer to the plasma edge. The den-
sity profile shown in figure 8 suggests that the fast ion frac-
tion (107%) in the EPOCH simulations is unrealistically high.
A lower fast ion fraction would reduce the MCI growth rate
and the absolute amount of energy transferred to the bulk ions,
but would not be expected to change significantly the partition
of free energy between particle species and fields. The rapid
growth resulting from the use of a high fast ion concentration
makes it possible to access the nonlinear regime in a relatively
short time, which in turn makes it possible to use very large
numbers of particles, providing a high signal-to-noise ratio.
The modes excited in the simulations can be clearly iden-
tified by Fourier transforming the fluctuating fields in both
space and time, thereby generating a dispersion plot. This is
shown in figure 13 for the case of perpendicular propagation
(the results for # = 89° are very similar). Specifically, this
figure shows the energy in magnetic field (B;) fluctuations,
Fourier transformed in space over the simulation domain and
in time over ten energetic ion cyclotron periods. The disper-
sion plot is dominated by a linear feature with phase velocity
close to ¢y, i.e. a fast Alfvén wave. Within this linear feature,
local maxima can be seen in the electrostatic field energy at
frequencies close to the *He cyclotron frequency (highlighted
by a dashed line) and many of its harmonics. Lines of approxi-
mately constant frequency close to the cyclotron harmonics
can be identified as ion Bernstein waves. The fluctuating
magnetic energy actually peaks at frequencies in the lower
hybrid range, which is not included in figure 13: this has been
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observed in earlier EPOCH simulations with similar initial
conditions [33, 35].

It was not possible to obtain wavenumber measurements
of the ICE described in section 2; spectral information is
available only in the frequency domain. For this reason it is
useful to plot the fluctuating magnetic field energy as a func-
tion of frequency alone, and to compare this quantity with the
corresponding results obtained in the absence of a ring-beam.
Such a comparison, which indicates the extent to which the
presence of the ring-beam boosts the wave energy above the
noise level across a range of frequencies, is made in figure 14.
The propagation angle was taken to be 90°. In the case of the
simulation with the ring-beam, the parallel drift was taken to
be zero, but for this propagation angle the results are essen-
tially independent of vjo. The He cyclotron frequency is
again highlighted by a dashed line. It is apparent from this
figure that the presence of the ring-beam boosts the fluctua-
tion power at *He cyclotron harmonics, including the fun-
damental (again highlighted by a dashed line) by a factor of
around two orders of magnitude. We note that the fluctuation
energy associated with the fundamental peaks at a frequency
slightly lower than {2y, which is consistent with the spec-
trum measured using the SHAD system in JET pulse #79363
if the excitation region is the low field side plasma edge. The
results obtained using this PIC simulation are thus broadly
consistent with the ICE data, insofar as they show wave exci-
tation at frequencies close to experimentally-measured values.
As noted in section 3, ICE was only detected in pulse #79363
after the disappearance of a large amplitude n = 2 mode and a
sharp drop in the rate of fast ion losses. It seems probable that
the orbits of high energy *He ions traversing the edge plasma
region were sufficiently perturbed by the n = 2 mode for the
ions to be deconfined, and that it was only after the disap-
pearance of this mode that the local distribution of confined
3He ions in the outer midplane edge could be approximated
by equations (1) and (2).

4.3. Hybrid simulations

Results very similar to those given by EPOCH have been
obtained in simulations performed using a 1D hybrid code
with identical initial conditions. The hybrid simulation boxes
consisted of 8192 cells, with 8000 bulk ions per cell and 8000
energetic ions per cell; the cell size was comparable to the
bulk ion Larmor radius. This code can be run with or without
electron inertial effects taken into account (the electron mass
is always finite in EPOCH simulations, of course, since this is
a full PIC code). The scheme used in the case of finite elec-
tron mass is similar to that described in [36]. It was found that
electron inertia had no significant effects on the results of the
simulations. We have also used this code to test the sensitivity
of the MCI to the initial spread of velocities in the *He fast ion
distribution. Instead of equation (1), the fast ions were pre-
scribed to have an initial distribution of the form
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Figure 15. (a) Changes in energy densities of particle species
(bulk protons in red, energetic *He ions in turquoise) and field
components (E, in blue, B, in magenta, B; in green) during hybrid
simulation with massless electrons, wavevector inclined at 90°
with respect to By and a 10% initial spread of velocities in the
3He distribution. Time is in units of the *He cyclotron period. (b)
Spectrum of fluctuations obtained by Fourier transforming B, over
the entire space and time domain of the simulation.

with v, and v, set equal to specified fractions of vy and
v10. Results from a simulation with massless electrons and
vy = 0.1v)9, v, = 0.1v ¢ are shown in figure 15. The upper
frame of this figure shows the temporal evolution of the energy
densities in the particle species and field components, while
the lower frame shows the spectrum of fluctuations obtained
by Fourier transforming the fields over the entire duration
of the simulation (twenty *He cyclotron periods). As in the
EPOCH simulation with a é-function initial fast ion distribu-
tion (figure 12), the energy components approach steady-state
values in the nonlinear phase of the MCI. The time taken for
this to happen is somewhat longer in the case of the hybrid
simulation, but the asymptotic energy densities of the fast
ions and bulk ions in figure 15(a) are remarkably close to
those in the upper frame of figure 12, indicating that the non-
linear evolution of the instability is insensitive to both elec-
tron dynamics and the initial velocity spread of the fast ions.
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The longer time required to reach saturation in the hybrid case
is due entirely to the choice of fast ion distribution rather than
the use of a fluid model for the electrons: in a hybrid simula-
tion with an initial fast ion distribution given by equation (1),
the energy components evolved on timescales that were essen-
tially identical to those in the equivalent EPOCH simulation
(figure 11(a)).

The finite bandwidths of the modes associated with
cyclotron harmonics are again apparent in the spectrum,
figure 15(b). Like figure 14, this plot shows the spectrum of
fluctuations in B,, and thus makes explicit the electromagnetic
character of the MCI. The mode at w ~ {)sy, in figure 15(b)
is about an order of magnitude more intense than it is in a
spectrum generated by using only data from the linear phase
of the instability. This illustrates the importance for ICE inter-
pretation of modelling the nonlinear stage of the MCI, a point
which has been noted in previous studies carried out using
the hybrid approach [20]. As in the case of the particle-in-cell
simulations, the excitation frequencies shown in figure 15(b)
are broadly consistent with the ICE observations reported in
section 3.

5. Conclusions and discussion

We have presented measurements of ion cyclotron emission
(ICE) from JET plasmas heated by a combination of ICRH and
neutral beams; the measurements were obtained using a detec-
tion system in the ICRH antenna transmission lines. Typically
the ICE was detected in plasmas with hydrogen as the domi-
nant ion species and *He as a minority species, the latter being
accelerated by ICRF waves via the second harmonic cyclo-
tron resonance. In most cases the detected ICE frequencies
are close to the *He cyclotron frequency at the outer midplane
plasma edge, and in several pulses ICE detection was trig-
gered during the ramp-up in ICRH power, strongly suggesting
that the emission was driven by ICRF-accelerated *He ions.
However in one pulse (#79363) excitation was delayed until
a reduction in the neutral beam power and the suppression of
a large amplitude n = 2 mode whose presence was correlated
with strong fast ion losses. In two other pulses the detected
ICE frequency (around 15 MHz) was intermediate between
the edge plasma *He cyclotron frequency (17.4 MHz) and
deuterium/*He cyclotron frequency (13.1 MHz), although it
was somewhat closer to the latter. In all cases the measured
spectra contain fine structure that appears to be intrinsic to the
plasma rather than being an instrumental effect.

PIC and hybrid simulations, performed using field, bulk
plasma and fast particle parameters corresponding to the low
field side plasma edge at the time of excitation of ICE in pulse
#79363, show wave excitation via the magnetoacoustic cyclo-
tron instability at many *He cyclotron harmonics, including
the fundamental, which we identify with the measured emis-
sion. In the PIC simulations the wave power is typically two
orders of magnitude above the noise level, the latter being
quantified by performing an identical simulation without the
ring-beam. The simulations also show a significant fraction
of the ring-beam energy being channeled into bulk ions, with
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a much smaller energy transfer into electrons and fluctuating
fields. The hybrid simulations demonstrate that the instability
is robust with respect to the initial spread of fast ion velocities.
In view of the gradients in background plasma density and
temperature close to the plasma edge shown in figure 11, it is
important to consider the sensitivity of the simulation results
to these parameters. As noted previously, the results are insen-
sitive to electron dynamics, and in fact they are also insensitive
to the background ion temperature, 7;: plots of the changes in
energy density of the particle species and fields in PIC simu-
lations with initial 7; = 50 eV, 100eV and 200eV are very
similar. The results are somewhat more sensitive to the bulk
ion density, since the Alfvén speed c4 and hence the ratio of
fast particle speed vy to cs depend on this parameter. When
vr/ca is reduced, the predicted growth rate of the MCI gener-
ally goes down, essentially because the fast particle terms in
the dielectric tensor elements contain Bessel function factors
whose arguments are proportional to this ratio [25]. However,
it is important to note that strong instability does not require
the fast ions to be super-Alfvénic (unlike, for example, the
excitation of toroidal Alfvén eigenmodes (TAEs) via the pri-
mary resonance, w = kjjca). This is demonstrated for example
by hybrid simulations of ICE driven by sub-Alfvénic beams
in LHD [37], and more recent unpublished simulations using
LHD parameters show that ICE can be excited in this device
for values of v¢/cp as low as 0.51.

These results underline the potential importance of ICE
measurements as a method of studying confined fast particles
that are strongly suprathermal but have insufficient energies or
are not present in sufficient numbers to excite detectable levels
of ~-ray emission or other collective instabilities. If, however,
the fast ion energies in the PIC and hybrid simulations had
been 10 MeV rather than 2 MeV, as suggested by the PTON
results (figure 9), we would have expected the MCI to be even
more strongly driven. The detection of ICE cannot therefore
be used on its own to determine the maximum fast ion energy.

There are significant differences between the measured ICE
spectrum in #79363 (figure 5(b)) and the simulated spectra
(figures 14 and 15(b)). First of all it should be recalled that
the measured frequencies are strongly filtered by the response
function of the SHAD system shown in figure 2: thus, in gen-
eral, the frequency of highest signal intensity in the measured
spectrum does not coincide with the peak emission frequency
in the plasma. As noted previously, the spectrum shown in
figure 5(b) peaks at a frequency (19.25 MHz) that is slightly
lower than the *He cyclotron frequency at the outer mid-
plane edge (20.7 MHz). However, as shown in figures 14 and
15(b), the instability at the fundamental observed in the PIC
and hybrid simulations has a finite bandwidth, which extends
down to the measured range. Given that *He ions acceler-
ated at the second harmonic resonance have a large parallel
velocity in the outer midplane, we might expect the instability
to be Doppler shifted from the fundamental, since the funda-
mental resonance condition for a uniform plasma is given by

“)

However, as noted in the previous section, our PIC simulations
show strong instability occurring only for wave propagation

w — k“ZJ“ - Q3He =0.
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angles close to 90°, and for the simulations with 6 = 89°
and v)p = 5 X 10° ms~' the Doppler shift indicated by equa-
tion (4) is about 125kHz, which is less than 1% of the emis-
sion frequency. The finite parallel velocities of the fast ions
are thus unlikely to produce significant deviations of the ICE
frequency from the fundamental resonance.

A rather larger frequency shift might be expected to arise
from modifications to the resonance condition resulting from
magnetic field gradients and curvature. In a toroidal plasma it
can be shown that equation (4) has the modified form [38, 39]

(&)

where wp is the fast ion grad-B/curvature drift frequency.
In the large aspect ratio limit this is equal to —movvg/r
where m is poloidal mode number, r is minor radius and

w — k”U” - Q3He —wp = 0.

vvs = (0] + 07 /2)/QneR, R being major radius. Evaluating
wp for 2 MeV He ions in the outer edge plasma of JET pulse
#79363, we obtain |wp|/27 ~ 40m kHz. As noted previously,
it was not possible to determine mode numbers from the SHAD
measurements in JET. However toroidal mode numbers n of
ICE have been obtained in JT-60U [3] and, more recently, in
the MAST spherical tokamak, where compressional Alfvén
eigenmodes (CAEs) with frequencies in the ion cyclotron
range (i.e. ICE eigenmodes) were found to have n ~8-12
[40]. In the case of fundamental *He ICE in JT-60U (R ~ 3.4
m), Ichimura and co-workers recorded toroidal wavenumbers
ky, = n/R~3 m~, i.e.n ~ 10. In this case the *He ions were
fusion products rather than ICRF-accelerated fast ions, but,
given the similarities in geometry and scale between JT-60U
and JET, it is reasonable to expect fundamental *He ICE in the
two devices to have similar mode numbers. Moreover, given
that we expect ICE to have parallel wavenumbers k| close to
zero, for the reasons discussed in section 4, it follows from the
large aspect ratio expression kj ~ (n —m/q)/R that m ~ nq
for these modes. Uncertainty in the precise location of the ICE
source region in JET pulse #79363, combined with the steep
profile of ¢ in the edge plasma, makes it difficult to estimate
the local value of this quantity, but one would expect g > 1
in this region and therefore that the ICE is characterised by
m>n, i.e. m> 10 if the mode numbers of fundamental
He ICE in JT-60U and JET are comparable. The expression
|wp|/2m ~ 40m kHz could thus yield frequency shifts of the
order of 1 MHz, significantly offsetting ICE frequencies from
those expected in the case of a uniform equilibrium plasma.
The possibility of such frequency shifts and the absence of
mode number measurements also complicate the interpreta-
tion of the ICE detected in pulse #79365. However, as dis-
cussed at the end of section 3, a possible explanation of the
emission in this case is that it was driven by “He ions acceler-
ated by ICRF waves via the third harmonic resonance.
Another significant difference between the measured and
modelled ICE spectra is the presence of fine structure in the
former and its absence from the latter. It is possible that the
peaks in the measured spectra could be due to the excitation
of separate CAEs, which cannot be captured by 1D3V PIC or
hybrid simulations. The frequency spacing of the peaks (of
the order of 10kHz) is very small compared to the emission
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frequency (~20 MHz). We note that CAEs with a similar
absolute frequency spacing have been detected in MAST
pulses with low toroidal field (see figure 5 in [40]). However
an unambiguous identification of the peaks in figures 5 and 6
as individual CAEs is again hampered by the lack of mode
number measurements.

The SHAD measurements demonstrate that ICE can
be detected at relatively low cost using hardware that lies
entirely outside the vacuum vessel. An alternative method
of detection, which is expected to be available in both forth-
coming JET campaigns and in ITER, is microwave reflec-
tometry [9]: the efficacy of this technique for studies of
CAEs in the ion cyclotron range has been demonstrated in
the NSTX spherical tokamak [41]. The measurements and
modelling presented above reinforce the important point
that ICE is a collective instability which is often driven by
highly suprathermal (but not necessarily super-Alfvénic)
fast ions in fusion plasmas. It provides an experimentally-
detectable signature of fusion a-particle effects in deute-
rium-tritium plasmas that is complementary to other such
signatures, for example a-particle-driven TAE excitation,
and for this reason should if possible be studied in future
deuterium-tritium campaigns.
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