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Abstract

Fast particle-driven waves in the ion cyclotron frequency range (ion cyclotron emission or
ICE) have provided a valuable diagnostic of confined and escaping fast ions in many
tokamaks. This is a passive, non-invasive diagnostic that would be compatible with the high
radiation environment of deuterium-tritium plasmas in ITER, and could provide important
information on fusion o-particles and beam ions in that device. In JET, ICE from confined
fusion products scaled linearly with fusion reaction rate over six orders of magnitude and
provided evidence that a-particle confinement was close to classical. In TFTR, ICE was
observed from super-Alfvénic a-particles in the plasma edge. The intensity of beam-driven
ICE in DIII-D is more strongly correlated with drops in neutron rate during fishbone
excitation than signals from more direct beam ion loss diagnostics. In ASDEX Upgrade ICE
is produced by both super-Alfvénic DD fusion products and sub-Alfvénic deuterium beam
ions. The magnetoacoustic cyclotron instability (MCI), driven by the resonant interaction of
popul ation-inverted energetic ions with fast Alfvén waves, provides a credible explanation for
ICE. One-dimensional particle-in-cell (PIC) and hybrid simulations have been used to explore
the nonlinear stage of the MCI, thereby providing a more exact comparison with measured
ICE spectra and opening the prospect of exploiting ICE more fully as a fast ion diagnostic.
For redlistic values of fast ion concentration, nonlinearly saturated ICE spectra in these
simulations closely resemble measured spectra. The PIC/hybrid approach should soon make it
possible to simulate the nonlinear physics of ICE in full toroidal geometry. Emission has been
observed at a wide range of poloidal angles, so there is flexibility in the location of ICE
detectors. Such a detector could be implemented in ITER by installing a small toroidally-
orientated loop near the plasma edge or by adding a detection capability to the ICRH antennae.

1. Introduction

Electromagnetic emission from magnetically-confined plasmas in the ion cyclotron frequency

range is generaly categorised as ion cyclotron emission (ICE). This emission is invariably

driven by ions that are superthermal but not necessarily super-Alfvénic; ICE from deuterium

plasmas heated Ohmically or by hydrogen beams was reported in the early years of JET

operation [1,2]; here the emission intensity scaled with the deuterium-deuterium neutron rate
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and for this reason was attributed to the charged products of thermonuclear fusion reactions.
ICE is usualy detected using either an ion cyclotron resonance heating (ICRH) antenna in
receiver mode or a dedicated radio frequency probe (loop or dipole). Fusion experiments in
which emission identified as ICE has been detected include ASDEX Upgrade [3], DIII-D [4],
JET [1,2], JT-60U [5], LHD [6], PDX [7], and TFTR [8]. This is a passive, non-invasive
diagnostic measurement that would be compatible with the high radiation environment of DT
burning plasmas in ITER and could yield important information on the fusion a-particle and
beam ion populations in that device, complementing other diagnostics such as collective
Thomson scattering. In this paper we report on recent progress in the experimental (section 2)
and theoretical (section 3) study of ICE, and present the case for an ICE diagnostic in ITER
(section 4).

2. Observationsof ICE

2F Fulsa bo: 40051 ¢
In the 1991 JET Preliminary Tritium
Experiment (PTE), peaks in ICE intensity -

were observed in both pure deuterium and
DT pulses at frequencies close to the a-

particle/ deuterium cyclotron frequency wcep
in the outer midplane edge (17MHz) and at
cyclotron harmonics n up to n =10 [9];
higher harmonics appeared to merge into a
continuum. A linear relation was found
between ICE intensity and neutron rate in
JET over six orders of magnitude. The total
ICE power measured using the JET ICRH
antenna (a few uW a most) was many
orders of magnitude smaller than the radio
frequency power Pgre (severad MW) which
the antenna was capable of launching into
the plasma. ICE detected in the 1997 DT
experiments in JET provided evidence of
classical a-particle confinement [10].

ICE was aso detected in JET using a
dedicated probe mounted on the inner side
of vacuum vessdl, in particular during (H)D
minority ICRH [11]. In these pulses the
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Figure 1. Lower plot: radio frequency emission
spectrum during four-frequency H minority
ICRH in JET pulse 40051. |CE peaks
corresponding to the H cyclotron frequency and
its second harmonic in the outer plasma edge
(indicated by the upper plot) can be seen [11].

minority protons typicaly had a temperature perpendicular to the magnetic field of around 2
MeV. The lower plot in figure 1 shows the radio frequency (RF) spectrum during a pulse with
Pre = 5.6 MW, in which four radio frequency generators were tuned to frequencies clustered
around 50 MHz. In addition to peaks associated with ICRH, two additional peaks
corresponding to the hydrogen cyclotron frequency wcy and its second harmonic in the outer
midplane (see upper plot) are clearly visible. A key point here is that the very large disparity
between the transmitted and received RF power does not prevent ICE from being detected.
More recently, ICE driven by *He minority fast ions (accelerated by ICRH) was detected
using a sub-harmonic arc detection system on the JET ICRH antennas[12].



In recent years ICE has been observed in ASDEX Upgrade [3], DIII-D [4], JT-60U [5] and
LHD [6]. In ASDEX Upgrade ICE is detected using a dedicated probe (consisting of two
cross-dipole antennae) and a voltage probe inside the ICRH antenna on the high and low field
sides of the plasma respectively. ICE has been observed at wcp in the plasma centre (plus its
second and third harmonics) during deuterium NBI and at w4 in the outer plasma edge during
minority hydrogen ICRH. In pulses with high power (> 5SMW) deuterium beam injection into
deuterium target plasmas, transient |CE has been detected at the second harmonic of the *He
cyclotron frequency in the plasma edge (probably driven by *He fusion products), along with
longer-lasting emission at several deuterium harmonics (figure 2). While *He fusion products
are born with speeds v significantly greater than the Alfvén speed ca in these plasmas,
deuterium beam ions have v of the order of ca or less, from which one may conclude that ICE
does not require the fast ion population to be strongly super-Alfvénic. This was also found to
bethecasein TFTR [13].
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Figure 2. High field side spectrogram from Figure 3. Mirnov coil signal (top) and ICE
ASDEX Upgrade discharge 26915, aD plasma  signalsin two frequency bands (bottom) during
with toroidd field 2.5T, centra density fishbone in DIII-D. The lower and higher bands

6x10"°m™ and NBI power 10MW. Thedashed  include, respectively, the deuterium cyclotron
lines indicate cyclotron harmonics of D/H and frequency at the plasma edge and the second
®*He at normalised minor radiusr/a = 0.95a. and third harmonics of this[4].

In DIII-D a magnetic loop on the low field side[14] filters the ICE signa into a lower
band, which includes wp at the plasma edge, and a higher band which covers 2o and 3wep.
Bursting beam ion-driven ICE is observed in both frequency bands during fishbone
excitation, but with a phase lag relative to the fishbone signal (figure 3) [4]. In this case the
ICE appears to be driven by the fishbone-induced expulsion of beam ions to the plasma edge;
as in other conventiona tokamaks, the beam ions are sub-Alfvénic. In fact ICE in DIII-D is
found to be correlated more strongly with drops in neutron flux during fishbone excitation
than are signals from more direct measurements of beam ion losses.

3. Interpretation of ICE

ICE is generadly attributed to the magnetoacoustic cyclotron instability (MCI), which results
from the resonant interaction of energetic ions with fast Alfvén waves [15]. Instability can be
driven by anisotropy, population inversion perpendicular to the magnetic field or radial
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gradients. In the case of JET, inverted fusion a-particle distributions of the type required to
drive ICE arose in the outer midplane plasma edge due to the large radial excursions from the
core to the edge of marginally-trapped particles [9]. The local a-particle distribution in the
outer midplane f, was dominated by particles originating from the plasma core, and
consequently had a bump-in-tail determined by the fusion reaction rate in the core and the
usual constants of motion. Waves propagating obliquely with respect to the magnetic field B
have been shown to be linearly unstable when the energetic ion concentration is very low, due
to the Doppler shift term in the cyclotron resonance condition causing thermal cyclotron
damping to be decoupled from the drive. Nevertheless the growth rates in a uniform
equilibrium plasma are typicaly found to peak at propagation angles that are nearly
perpendicular to B [15]. The inclusion of grad-B and curvature drift terms in the cyclotron
resonance condition leads to prediction of higher growth rates, and the maximum drive is
again found for nearly perpendicular propagation [16]. Toroidal effects on the linear stability
of these modes are discussed further in [17]. Generdly, it is found that the linear drive falls
off fairly rapidly (but remains finite) as the energetic ion distribution broadens or the Alfvénic
Mach number falls below one.

It should be noted that there is no essential physical difference between ICE eigenmodes
and compressional Alfvén eigenmodes (CAES) in the ion cyclotron frequency range, which
have been observed in both spherical [18,19] and conventional [20] tokamaks and, like ICE,
have been attributed to fast Alfvén waves driven unstable due to cyclotron resonances with
energetic ions. The close connection between ICE and CAEs is particularly illustrated by
recent experiments at low toroidal magnetic field in the MAST spherical tokamak, where
multiple CAEs were excited by deuterium beam ions in the ion cyclotron range [19]. In the
spectrum shown in figure 4, three peaks occurring at frequencies close to wp (evaluated at the
magnetic axis) have amplitudes exceeding those of neighbouring peaks by a factor of 10% or
more.

The identification of ICE (and CAEs) with fast Alfvén waves has prompted severa
investigations of the global structure of these modes in tokamak geometry. Gorelenkov and
Cheng [21] developed an andytical theory of fast Alfvén eigenmode structure for circular
cross-section, finite aspect ratio cold plasmas. The modes were found to be localised radially
to minor radii r = ro such that

o 1 (23+ 1)—‘128/(1+S) (1)

0 __= _
2

a~ 1+s m(1l+s)

where m, s are poloidal and radial mode numbers, and c is a parameter controlling the density
profile n(r):
n(r) = no(l— rzlaz)'S . (2)

For flat profiles (c < 1), ICE eigenmodes are thus predicted to be localised near the plasma
edge. However eigenfunctions of modes in the ion cyclotron range computed numerically by
Smith and Verwichte [22] for a range of plasma shapes (but still using a cold plasma model)
have a more extended radial structure.



There has been significant recent
progress in the nonlinear modelling of
ICE [23,24]. Particle-in-cel (PIC)
simulations with one space and three
velocity dimensions have been used, for
thefirst time, to study self-consistently the
excitation of the MCI by a population-
inverted fast ion distribution and the
subsequent relaxation of this distribution
. [23]. Specificaly, the initia fast ion
frequency (kHz) distribution (o-particles) was modelled as
a monoenergetic gyrotropic ring. Fourier
anaysis of the results in the space and
time domains clearly shows the excitation
of waves on the fast Alfvén branch, with
the strongest growth occurring close to a-
particle cyclotron harmonics (figure 5).
_— — — Hybrid simulations, again in one space
i : .'. : dimension, which track full orbits of ions

_ ﬂ ' and treat electrons as a neutralising fluid,

: ‘L‘ ' ::' have been used to explore the later stages

o of the MCI [24], thereby providing amore
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concentration & a low cyclotron

harmonics, but only weakly on & at high harmonics (figure 6). For readistic & the nonlinearly-

saturated spectrum closely resembles the measured one. Using this hybrid approach in

combination with a finite orbit width Fokker-Planck code such as CQL 3D to generate redlistic

fast ion distributions [25], it will soon become possible to ssimulate nonlinearly ICE in full
toroidal geometry.
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4. Excitation and detection of ICE in ITER plasmas

As an illustrative example, we consider an ITER plasma in the baseline inductive mode of
operation with toroidal field By = 5.3T, electron density ne = 10°m™, equal concentrations of
deuterium and tritium, 2% helium, 2% beryllium and 0.1% argon [26]. In this case the Alfvén
speed ca will be approximately (5-6)x10°ms™ on the low field side of the plasma. As noted
previously, ICE can be strongly driven by ions with speeds v in excess of ca. Depending on
velocity-space gradients, fusion a-particles and IMeV beam deuterons, born respectively with
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v = 1.3x10'ms* and v = 10’ms™, are thus expected to provide strong drive for ICE in ITER,
particularly since they will have much higher densities than a-particles in JET DT plasmas.
However, compared to JET or TFTR, fusion a-particles in ITER will have smaler orbits
relative to the machine size and, in the absence of significant levels of non-classical transport,
will be better confined; beam ions are also expected to be well-confined. Centrally-born
trapped fusion a-particles will have a potato orbit width A, given by [10]

A a 1/3 v 2/3
B 8_8(_) m, G
n— — T T a R ZaefTM b

where R and a are major and minor
radii, my and Z,e are the a-particle mass
and charge, I, is the plasma current and
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expression yields A, = 0.4a and 0.5a for
lp, = 1I5SMA and 10MA respectively.
Trapped o-particles born further out
will have a maximum orbit width [27]

A, a 2Zpmyv
- = 12 . (4)
a  (Rr)'* Zeeml,
When r = a/2 this expression gives A, =
0.07a and 0O.1a for I, = 15MA and
10MA. Given that the a-particle density

profile ny in both scenarios is predicted
to be strongly peaked in the plasma
centre, it may be inferred from these
estimates that ring-like energetic ion
distributions of the type believed to
have driven ICE in JET are unlikely to
be found in the ITER edge plasma under
steady state conditions, athough they
could arise deeper inside the plasma,
depending on how steeply n, fals off
with radius.

The steady-state excitation of ICE in ITER would depend also on the structure of the
corresponding Alfvén eigenmodes, and, if excited deep inside the plasma, it is unclear that
ICE could propagate to a detector without being strongly absorbed en route, for example due
to the ion-ion hybrid resonances that exist in DT plasmas [28]. However, even if detectable
levels of ICE are not normally produced in steady state conditions in ITER, it islikely that it
could be used as an aternative method of studying fast ion redistribution and losses due to
MHD activity. In addition to the correlations between ICE and fishbones observed in DIII-D
[4], clear evidence has aso been found of links between this type of emission and both
sawteeth and ELMs in JET [9] and with TAEs in LHD [6]. The detection of ICE in ITER
would provide information on energetic ion behaviour supplementing that obtained using
other diagnostics, such as collective Thomson scattering and y-ray detectors. It should be
noted that the heat loads in the DT phase of ITER operation will make it impossible to use a
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Figure6. (a) Measured ICE spectrumin JET DT
pulse 26148. (b) MCI linear growth rates from
analytical theory (for & = 10°: black curve) and
hybrid smulations (for three values of &: coloured
points). (c) B, intensity in linear (dashed curve)
and nonlinear (solid curve) stages of instability in
hybrid simulation with & = 10°[22].



conventional fast ion loss detector unless a reciprocating drive system is used [29]. ICE
detection could provide an aternative method of studying a-particle and beam ion losses.

In principle detection of ICE is possible using any technique for measuring magnetic,
electric or density fluctuations in the ion cyclotron range. Dedicated radio frequency probes
have been used at a wide range of poloidal locations, for example at the top of the vessel in
TFTR [30] and the high field side in JET [11]. The design requirements of an ICE diagnostic
system for ITER are thus flexible. Other detection possibilities include microwave
reflectometry, which is planned for ITER [31] and has been used to measure the spatial
structure of modes at frequencies up to the CAE range in NSTX [32]; this is not a passive
technique, however, since it requires microwaves to be launched into the plasma. Generally,
ICE detection in existing devices is a passive, non-invasive diagnostic technique. It should be
fully compatible with the high radiation environment of DT operation in ITER. For a
dedicated diagnostic, the detector could be a modified plasma-facing component, asin DIlI-D
[14]; this works well for modes with predominately compressional polarization, such as ICE.
If possible, the detector should be capable of detecting frequencies ranging up to around the
tenth harmonic of the a-particle cyclotron frequency, i.e. severa hundred MHz. It would be
particularly useful to have atoroidally-distributed array of detectors, since this would provide
wavevector information as well as spectra and thereby provide additional information on the
fast ion distribution that is exciting the emission. ICE measurements in JET and ASDEX
Upgrade show that a dedicated I CE probe can operate well during ICRH [3,11], in particular
that the ICE signal can be clearly distinguished from that due to the ICRH source, despite the
very large disparity noted previously between ICRH power coupled to the plasma and the
measured power in ICE.

Alternatively, or in addition to a dedicated diagnostic, a detection capability could be
added to the ITER ICRH antenna system (for atechnical description of this system, see[33]).
ICE measurements could be carried out with the antenna in passive reception mode, asin the
JET PTE experiment [9]. However the recent measurements in ASDEX Upgrade [3]
demonstrate that it is also possible to detect emission with ICRH antennae during active
operation of the same antennae for plasma heating: this in fact was how ICE in ASDEX
Upgrade was first observed, with a probe located inside the ICRH transmission line. For this
system to work it was necessary to ensure that the probe was located near a maximum voltage
point of the standing wave pattern in the transmission line. The frequency of the ICRH source
needed to be eliminated from the signa using a filter, with strong attenuation in a narrow
bandwidth around the rejected frequency. A low-noise amplifier was also required to extract
the ICE signal from the background. In a future system of this type on ITER, wavevector
information could be determined by comparing the phase of the emission in different straps of
the ICRH antennae; as noted above, such measurements are likely to enhance significantly the
utility of ICE as a fast particle diagnostic. On ASDEX Upgrade it was found that
measurements obtained using the dedicated ICE probe had a somewhat better signal-to-noise
ratio than those obtained using the probe in the ICRH system.

5. Summary

ICE was used to obtain valuable information on the behaviour of fusion a-particlesin the two
large tokamaks capable so far of DT operation (JET and TFTR), and continues to be a useful
diagnostic of confined and escaping fast ions in many fusion experiments. This is a passive,
non-invasive diagnostic that would be compatible with the high radiation environment of DT
plasmasin ITER, and could thus provide a valuable additional route to the experimental study
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of fusion a-particles and beam ionsin that device. In JET, ICE from confined fusion products
scaled linearly with the fusion reaction rate over six orders of magnitude, and provided
evidence that a-particle confinement was close to classical. More recently, the intensity of
beam-driven ICE in DIII-D has been found to be more strongly correlated with drops in
neutron rate during fishbone excitation than are signals from more direct beam ion loss
diagnostics. ICE in ASDEX Upgrade has been observed to be excited by both super-Alfvénic
DD fusion products and sub-Alfvénic deuterium beam ions. The MCI, driven by the resonant
interaction of population-inverted energetic ions with fast Alfvén waves, provides a credible
explanation for ICE. PIC and hybrid simulations have been used to explore the nonlinear
stage of the MCI, thereby providing a more exact comparison with measured |CE spectra and
opening the prospect of exploiting ICE more fully as a fast ion diagnostic; it should soon
become possible to simulate nonlinear physics of ICE in full toroidal geometry. Emission has
been observed at a wide range of poloidal locations, so there is considerable flexibility in the
requirements of an ICE detector. Such a system could be implemented in ITER by installing a
dedicated probe, for example a magnetic loop, or by adding a detection capability to the
ICRH antenna system. In the latter case measurements on ASDEX Upgrade demonstrate the
feasibility of using antennae simultaneously to heat plasma and to detect | CE.
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