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Abstract

The first measurements of energetic particle-driven ion cyclotron emission (ICE) in the Mega-Amp
Spherical Tokamak Upgrade (MAST-U) have been obtained by adding a high sampling rate
(250MHz) capability to one coil of the existing OMAHA array, oriented to measure fluctuations in
the toroidal magnetic field component. All these measurements were carried out in pulses with either
on-axis neutral beam injection (NBI) only, or a combination of on-axis and off-axis NBI. Two types
of energetic particle-driven ICE have been detected: a narrow band emission with some frequency
splitting at harmonics of the on-axis deuterium cyclotron frequency, £.” , and a broader-band emission
harmonically-structured with peak frequencies corresponding to the harmonics of £:° at the outboard
(low field side) plasma edge.

1. Introduction

Diagnosis of fast ion populations will be crucial in magnetic fusion machines, and specifically
—in future DT fusion reactors based on plasma heating by alpha-particles. One promising method of
the fast ions distribution diagnosis is an analysis of ion cyclotron emission (ICE)—a collective
process in which spectral peaks are generated at harmonics of the ion cyclotron frequency (fci). The
ICE excited by energetic ions such as fusion products or beam-injected ions could potentially deliver
important information on the types of ions, their distribution function in velocity space, and spatial
localization. The relationship between ICE spectra and the underlying fast ion distribution remains
insufficiently understood, however, thus highlighting the need for an improved theory/modelling,
together with dedicated ICE diagnostics and targeted experimental studies. Sometimes ICE is
observed at the outer edge of the plasma in tokamaks such as JET [1, 2], TFTR [3, 4], JT-60U [5],
ASDEX Upgrade [6], DIII-D [7], KSTAR [8, 9], EAST [10] and stellarators such as LHD [11] and
W7-X[12]. This type of ICE is characterized by broader-band but still harmonically-structured
emission with peak frequencies corresponding to harmonics of 7:° closer to the outboard plasma edge,
and with the dominant polarization of the wave corresponding to compressional Alfvén perturbations.
This type of emission can be considered as a broadband continuum-like emission without discrete
eigenmodes. ICE from the plasma core has been also described more recently on DIII-D [13-15],
ASDEX Upgrade [6, 16-19], EAST [20] , TUMAN-3M [21], and JT-60U [22,23] and TCV [24]. In
the spherical tokamaks NSTX and NSTX-U, where the plasma conditions are closest to those in
MAST-U, ICE has been observed at mid-radius [25], exhibiting a strongly chirping character [26].
The core ICE is of narrower-band in frequency and it differs from the broadband edge ICE in several
aspects: a) the very close proximity of the mode frequencies to the on-axis ion cyclotron harmonics,



b) fine splitting of the modes, c) the excellent tracking of the magnetic field variation by the mode
frequency. These narrower-band ICE perturbations evidently indicate they originate from
corresponding eigenmodes like, e.g., described in [27].

Most of the theories and modeling developed for ICE interpretation so far were using the
assumption that the ICE were compressional Alfvén eigenmodes (CAEs). However, dedicated CAE
experiments on MAST [28] exhibited a fairly broad-band CAE spectrum, but without any clearly
peaked amplitudes near the ion cyclotron harmonics. Further studies of the discrete core ICE
developed recently an alternative theory [27] to be further validated in future experiments.

One of the most robust and reliable diagnostic methods for detecting electromagnetic waves
in plasmas is the use of a B-dot probe, also known as a Mirnov coil or magnetic probe [29]. These
probes are widely employed to study various MHD modes in the low-frequency range. Dedicated B-
dot probes could be also employed for detecting high-frequency modes, such as ion cyclotron
emission (ICE) modes. To detect MHD modes, a set of OMAHA coils with a digitization rate of 10
MHz was used on MAST and MAST-U, enabling measurements up to 5 MHz [30]. These coils were
previously used in MAST for the characterization of compressional Alfvén eigenmodes (CAE) [31].
In the MAST-U tokamak, no energetic particle-driven emission has been detected so far at the
deuterium ion cyclotron frequency. This is consistent with the absence of instabilities observed
previously using OMAHA coils in the 1.0-2.5 MHz range, where global Alfvén eigenmodes are often
detected [25,26,31], and is also consistent with the system’s upper measurement limit of 5 MHz.
Although the bandwidth of the OMAHA coils is expected to be substantially higher than the 5 MHz
limitation imposed by the old data acquisition system, as suggested by Fig. 7 in Ref. [30], the data
acquisition frequency range limitation has constrained prior measurements. In our work, the first test
measurements of energetic particle-driven ion cyclotron emission (ICE) in MAST-U have been
obtained by adding a high sampling rate (250 MHz) capability to one coil of the existing OMAHA
array. One OMAHA coil, oriented to measure fluctuations in the toroidal magnetic field component,
was directly connected to the new ADC—bypassing the low-pass filter, preamplifier, and matching
circuit of the original system.

2. Experimental conditions and ICE modes observation in MAST-U

MAST Upgrade [32] (MAST-U) retains the same aspect ratio (R/a = 0.85/0.65 ~ 1.3) of MAST [33],
but has new capabilities, including a set of new poloidal field coils for highly flexible plasma shaping,
a higher toroidal field and plasma current. Looking down from above MAST-U, as well as MAST,
the equilibrium toroidal field is in the clockwise direction, while the inductive plasma current and
NBI are in the anti-clockwise direction. MAST-U is equipped with two NBI injection systems. One
of the MAST-U NBI “SS” systems deposits fast ions on-axis and the second “SW” system deposits
fast ions off-axis, ~65 cm above the equatorial plane [32]. This geometry allows us to tailor the fast
particle deposition profile to design studies of fast ions [34] and AEs excited by these fast ions. The
ICE modes under consideration are observed in MAST-U discharges with on-axis NBI injection and
combined on-axis and off-axis NBI discharges. These modes have been observed in low density, high
electron and ion temperature, and high fusion neutron rate discharges, in contrast to the higher density
discharges where the numerous GAEs were analyzed [31]. An overview of 0.75 MA MAST-U
discharge where ICE modes were observed is shown in Figure 1.
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Fig.1 Time traces of a) on-axis “SS” and of-axis “SW” NBI power, b) line-integrated density and
density at magnetic axis, c) electron and ion temperatures at the magnetic axis, d) temporal evolution
of fusion neutron rate, ¢) safety factor evolution at the magnetic axis, f) ratio between the “SS” beam
velocity and Alfvén velocity at the magnetic axis , g) magnetic spectrogram of conventional OMAHA
system in MAST-U discharge #52520, Bt=0.55T, 1,=0.75MA.

An overview of 1 MA MAST-U discharge where ICE modes were observed is shown in Figure 2.
The not-monotonic temporal evolution of such discharge parameters, such as the as neutron rate,
indicates that MHD instabilities such as the internal reconnection events prevent further
improvements of the plasma parameters.
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Fig.2 Time traces of a) on-axis “SS” and of-axis “SW” NBI power, b) line-integrated density and
density at the magnetic axis, c¢) electron and ion temperatures at the magnetic axis, d) temporal
evolution of the fusion neutron rate, e) temporal evolution of the safety factor at the magnetic axis,
f) ratio between the “SS” beam velocity and Alfvén velocity at the magnetic axis , g) magnetic
spectrogram of the conventional OMAHA system in MAST-U discharge #52591, B1=0.67T,
1,=1MA, for which equilibrium with MSE correction was reconstructed.

The radial profiles of the key plasma parameters in the 0.75 MA and 1 MA discharges of MAST-U
are shown in Fig.3. One can see that the density profile has rather significant “ears” (increases) at



the plasma edge, and both electron and ion temperatures are pretty high, ~1.5 keV and ~3 keV
correspondingly.
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Fig.3 (from left to right): Radial profiles of the electron density and temperature measured by
Thomson scattering; Ion temperature profioles measured via C>* impurity; The ion cyclotron

frequency profiles at 0.32 s in MAST-U discharge #52520 (in blue) and at 0.41 s in #52591 (in red).

Various energetic particle-driven modes including modes in CAE/GAE frequency range are seen in
low density MAST-U discharges #52520 and #52591 by the conventional OMAHA system. In such
low or moderate density discharges, modes in the ICE frequency range is also seen, as Figure 4 shows.
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Fig.4 Magnetic spectrogram of the high-frequency test OMAHA system and the cyclotron harmonics
of deuterium ions at the magnetic axis in MAST-U discharge #52520.

Two distinctively different types of ICE perturbations in the frequency range of ion cyclotron
harmonics are observed almost simultaneously in MAST-U discharge #52420: one of them is a
broadband in frequency, while the other one is a narrowband. The frequency of the narrowband modes
appears slightly below (2-8%) the cyclotron harmonics of the deuterium ions at the magnetic axis. A
frequency shift of a few percent from the cyclotron harmonics at the magnetic axis indicates that these
modes are core ICE. The frequencies of these modes follow the harmonics of the cyclotron frequency
at the magnetic axis, as seen in the figure. Core ICE modes at the 2", 3" and 4™ harmonics are
observed between 0.2 and 0.3 s in Fig. 4. These modes are not observed at the 1 ion cyclotron
harmonic or below, and therefore cannot be detected by the conventional OMAHA system. The
second type of ICE is the broadband emission, observed near 0.2, 0.25, 0.35, and 0.4-0.45 s. The



low-frequency part of this ICE is slightly visible with the conventional OMAHA system in the 2.6—
2.8 MHz range (see Fig.1). This broadband ICE still exhibits a harmonically-structured frequency
emission, with the peak frequencies corresponding to harmonics of the deuterium cyclotron frequency
fep, but at the outboard plasma edge. Broadband modes below the 16" harmonics, with a maximum
amplitude below the 3™ and 1% harmonics, are seen in Fig.4. In spite of 250 MHz sampling rate of
the new OMAHA system, the bandwidth of the OMAHA coil itself can be limited [30]. Thus, we
cannot conclude that the modes above the 6 harmonics are absent. The frequencies of this ICE
emission bands do not follow the time variation of the cyclotron harmonics.

2. Experimental properties of broadband ICE

The frequency of the broadband modes is not only weakly sensitive to the cyclotron frequency,
but it also shows a rather weak dependence on other plasma parameters, such as density, temperature,
and equilibrium, as seen in Figs. 1 and 4. This weak sensitivity suggests that the broadband modes
are not associated with discrete eigenmodes, but may instead be formed by continuum modes. The
appearance of these broadband modes is determined primarily by the ratio of drive to damping, as no
well-defined eigenfunctions are involved. Very low plasma density appears to be a key condition for
the observation of this type of mode. So far, these modes have been observed only in combined NBI
discharges with both on-axis and off-axis injection. However, this is a preliminary conclusion due to
the rather limited number of MAST-U discharges with the high-frequency OMAHA diagnostics. It
looks likely that the excitation of these modes may strongly depend on the discharge conditions, in
contrast to their frequency, which remains almost constant. Indirect evidence of an interplay between
energetic particle redistribution, low-frequency modes, and a broadband ICE excitation is seen in the
simultaneous behavior of low-frequency modes and ICE. In particular, a rapid transition from LLM
modes to fishbone-like modes accompanied with excitation of the broadband ICE modes are
observed, as shown in Fig. 5.
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Fig.5 Magnetic spectrogram of a) new OMAHA system and cyclotron harmonics of deuterium ion at
magnetic axis, b) conventional OMAHA system and toroidal plasma rotation measured by carbon
impurity at magnetic axis in MAST-U discharge #52585 with SS and SW NBI.

In discharge #52585, the distribution of broadband ICE amplitudes around the cyclotron harmonics
differs from that observed in discharge #52520. This observation highlights the complex nature of the
broadband ICE drive and damping mechanisms. The appearance of 20 MHz modes prior to both the
fishbone activity and the emergence of other ICE harmonics in discharge #52585 further emphasizes
this complexity.



3. Experimental properties of core ICE

The core ICE modes are not observed at the 1% ion cyclotron harmonic or below, and therefore
cannot be detected by the conventional OMAHA system. A similar absence of ICE emission near the
1% jon cyclotron harmonic in deuterium plasmas with deuterium NBI has been reported in other
tokamaks, such as ASDEX-U [16]. This appears to be one of the fundamental properties of core ICE
emission. Core ICE near 2" -6™ deuterium ion cyclotron harmonics is observed in Fig.6.
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Fig.6 Magnetic spectrogram of new OMAHA system and cyclotron harmonics of deuterium ions at
the magnetic axis in MAST-U discharge #52592 with SS and SW NBI.

We cannot analyze frequencies above 25 MHz due to the bandwidth limitations of the OMAHA coil,
as is also the case for the broadband modes. The appearance of different core ICE harmonics appears
to be largely independent from one another, as seen in Figs. 4 and 6. This observation underscores
the complex nature of the core ICE drive and damping mechanisms similar to what is observed for
the broadband ICE. Another notable feature of the core ICE in MAST-U is the absence of long-lasting
continuous ICE modes. In all observed MAST-U cases, core ICE consists of a series of short bursts.
These bursts are likely to be synchronized with certain core plasma events, consistent with their
localization in the plasma core. The interaction between ICE and sawtooth activity was observed in
JET [37]. An interplay between bursty MHD events and ICE was recently reported in LHD [38]. An
example of a single on-axis NBI discharge exhibiting core ICE bursts is shown in Fig. 7.
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Fig.7 a) Magnetic spectrogram of new OMAHA system and 2" cyclotron harmonic of deuterium
ions at the magnetic axis and b) an inversion of the amplitude of Soft X-ray emission seen from core
(red) and edge (blue) SXR channels in MAST-U discharge #52493 with SS NBI only.

These bursts are synchronized with the Sawtooth inversions’ times, as evidenced by the inversion of
the soft X-ray (SXR) emission shown in the figure. This provides an additional experimental evidence
supporting the core localization of the narrowband ICE modes, since the inversion region is confined
in the plasma core near the g=1 flux surface. The sawtooth inversions strongly affect the core region
inside the g=1 surface, while having a much weaker impact on the larger volume outer plasma.
Therefore, the observed correlation between core ICE and the Sawtooth instability cycle indicates
that the core ICE emission originates from a region near or inside the g=1 surface. The interplay
between the sawtooth inversion and ICE can be associated with modifications of the plasma
equilibrium, and in particular, with strong changes in the safety factor (q) profile. According to Ref.
[27], the ICE eigenmodes are sensitive to the g-profile. Another factor involved in this interaction is
the strong modification of the fast-ion distribution by sawteeth, which in turn affects the ICE drive
and/or damping. The problem of fast-ion redistribution by sawteeth and its interplay with the EAE
mode was recently investigated in JET [39]. In that study, the redistribution was found to excite EAEs
near the q = 1 surface, according to the experimental measurements reported. We expect a similar
impact of sawteeth on the core plasma region, and a weaker influence in the outer region, in the case
of ICE modes in MAST-U as well. A zoomed view of the sawtooth inversion and ICE emission near
the second harmonic is shown in Fig. 8.
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Fig.8 Zoomed figure 7. a) Magnetic spectrogram of new OMAHA system b) edge SXR signal,
showing the rise in emission at a sawtooth crash. The bold curve is a running average of the faint
curve. Times between the sawtooth inversion start, inversion end and ICE mode start are marked by
dashed lines. The time delays between these events are depicted in the picture. MAST-U discharge
#52493 with SS NBI only.



The ICE emission appears after the end of the inversion phase, with a short delay of about 150 ps.
Occasionally, the core ICE bursts can last longer, as Figure 9 shows.
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Fig.9 a) Magnetic spectrogram of new OMAHA system and the 2" cyclotron harmonic of deuterium
ions at the magnetic axis and b) an inversion of the amplitude of Soft X-ray emission seen from core
(red) and edge (blue) SXR channels in MAST-U discharge #52495 with SS and SW NBI.

Some weaker inversions are also visible in Fig. 9. The core ICE emission is observed during
certain periods following these inversions, although it still does not appear as continuous lines. This
observation suggests that ICE emission is influenced by additional factors beyond the sawtooth
inversions alone and/or some nonlinear effects.

Another characteristic feature of the core ICE is the fine splitting of the frequency into a set
of closely spaced narrowband branches, a phenomenon observed in various tokamaks [14—-16]. The
doublet splitting of the cyclotron harmonics and the resulting need to invoke nonlinear interactions
with lower harmonics of substantial amplitude were reported recently [35,36]. Another approach,
based on the coexistence of a set of eigenmodes considered in Ref. [27], can also explain multiple
splitting. This splitting is visible in Fig. 4. Two distinct sets of modes can also be seen at 0.43 s and

0.48 s in Fig. 9. An example of even more complex fine splitting in core ICE modes is shown in Fig.
10.
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Fig.10 Magnetic spectrogram of new OMAHA system and the 3" cyclotron harmonic of deuterium
ions at the magnetic axis in MAST-U discharge #52591 with SS and SW NBI.

Features of the core ICE such as its narrowband nature, fine spectral splitting, and alignment with
cyclotron harmonics indicate that this type of emission is determined by discrete eigenmodes—unlike
the broadband ICE case. Therefore, the ICE modes exist due to the thermal plasma, while excitation



of core ICE modes by energetic ions depends on the competition between the drive due to the fast
ions and damping due to the thermal plasma.

4. Summary and conclusions.

The first measurements of energetic particle-driven ion cyclotron emission (ICE) in the Mega-Amp
Spherical Tokamak Upgrade (MAST-U) have been obtained by adding a high-sampling-rate (250
MHZz) capability to one coil of the existing OMAHA array, which is oriented to measure fluctuations
in the toroidal component of the magnetic field. All measurements were carried out in pulses using
either pure on-axis neutral beam injection (NBI) or a combination of on-axis and off-axis NBI.

Two types of energetic particle-driven ICE have been detected so far:

1. Narrow-band emission, with some evidence of frequency splitting, at harmonics of the on-
axis deuterium cyclotron frequency, fp.

2. Broadband but still harmonically-structured emission, with peak frequencies
corresponding to harmonics of fcp near the outboard plasma edge.

The following features of the core ICE have been observed:

a) Very close alignment of mode frequencies with ion cyclotron harmonics
b) Fine splitting of the modes

c) Excellent tracking of magnetic field variations by the mode frequencies

The core ICE appears to correspond to discrete eigenmodes. In all observed MAST-U cases, core ICE
consists of a series of short bursts. These bursts are synchronized with certain core plasma events—
such as sawtooth inversions—consistent with localization in the plasma core. No core ICE has been
detected at the fundamental deuterium ion cyclotron frequency itself. This is consistent with the
absence of detected instabilities using OMAHA in the range 1.0-2.5 MHz (where global Alfvén
eigenmodes are often observed), and with the upper measurement limit of these coils, which is
typically 5 MHz.

The following features of the broadband ICE have been observed:

a) Broad peaks near harmonics of the edge cyclotron frequency

b) Weak sensitivity of the frequency spectra to variations in plasma parameters, including the on-
axis cyclotron frequency

Broadband ICE appears to be associated with continuum modes. Its appearance is linked to specific
discharge conditions. In one pulse, ICE was detected only during a large-amplitude fishbone event,
suggesting that the emission was triggered by energetic ion redistribution.

Both core ICE and broadband ICE have been observed in low-density discharges.

So far, measurements have only been taken at a single toroidal location. As a result, no information
is currently available regarding toroidal mode numbers. However, there are plans to upgrade the
system in the next MAST-U campaign—scheduled to begin in November 2025—to enable such
measurements.
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