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Abstract Dedicated experiments were conducted on Alfvénic instabilities in the ion
sub-cyclotron frequency range excited via Doppler-shifted ion-cyclotron-
resonances by energetic beam ions in the MAST-Upgrade tokamak. Losses of the
energetic ions associated with plasma instabilities were measured with a scintillator-
type fast-ion lost detector (FILD), which provided a 2D image of the losses as
functions of their pitch angle and energy. The data acquisition of the FILD allowed,
for the first time, detection of fast-ion losses at frequencies up to half the ion
cyclotron frequency. This made it possible to identify the source of the losses as
global Alfvén eigenmodes (GAEs), excited via fast-ion cyclotron resonances. The
Doppler-shifted cyclotron resonance interaction with counter-propagating GAE
results mainly in redistribution of the fast ions in pitch angle. Linear modelling
indicates that the wave-particle energy transfer leads to changes in the pitch angle
that are proportionally larger than the net energy lost by the fast ions. The results
concerning the pitch-angle redistribution indicate that neutral beam current drive

in future magnetically confined fusion devices could be significantly degraded by

Alfvenic modes in the ion-cyclotron range.



Introduction. Interactions of shear Alfvén and compressional Alfvén waves with
energetic ions via Doppler-shifted ion-cyclotron-resonances is a fundamental topic
of interest for magnetic nuclear fusion [1-7], laboratory [8-11] and space plasmas
[12-14]. The similarities between these plasma phenomena provide an opportunity
to study space plasmas effects in the laboratory, while the observation of large-scale
space plasmas provide inspiration and context. The key issues to be studied in the
physics of Doppler-shifted ion-cyclotron resonances are the wave-particle power
transfer and its effect on the temporal evolution of the energetic ions’ kinetic energy
and magnetic moment. Such an ion-cyclotron interaction with electromagnetic
waves has been proposed to explain the accelerated proton distributions measured
near Jupiter’s ionosphere [12] and enhanced heating in the solar wind [14]. The
redistribution associated with the cyclotron resonances have been experimentally
observed in the large plasma device (LAPD) [8, 9] by determining the properties of
beam ions in the presence of well-controlled Alfvén waves launched with an
external antenna. Such a redistribution was leveraged in JET, where ].P. Graves et
al. used ion-cyclotron resonance heating to tune the fast-ion distribution and
control the onset of deleterious magneto-hydro-dynamic (MHD) instabilities [7]. A
similar approach has been considered to depopulate Earth's radiation belts of
energetic protons by using satellite-launched waves to scatter protons in the Solar
wind [11]. However, energetic ions themselves may excite Alfvén cyclotron
instabilities if they have the sources of free energy associated with a bump-on-tail
in the energy distribution and/or anisotropy [1,2]. In such cases a nonlinear
description of the coupled wave-particle system is used for assessing the saturation
amplitude of the Alfvén wave together with the fast-ion relaxation. The relaxation
of the fast-ion distribution in velocity space can also cause some important physics
effects in magnetically confined fusion: In the National Spherical Torus Experiment
(NSTX), the excitation of many compressional Alfvén eigenmodes (CAEs) in the

sub-cyclotron frequency range, followed by the fast-ion diffusion in velocity space,



transferred wave energy to thermal ions, causing anomalous heating [3]. Also,
nonlinear simulations have shown that counter-current propagating global Alfvén
eigenmodes (GAEs) in NSTX can redistribute beam energetic ions, causing changes
in the fast ion’s perpendicular and parallel energies that are several times larger than
the total particle energy change [4]. This leads mainly to a fast-ion redistribution in
pitch angle that flattens the fast-ion profiles. Such a fast-ion redistribution is a key
issue in magnetic nuclear fusion. Fast-ion redistribution induced by Alfvén
eigenmodes have been observed to eject fast ions onto the tokamak’s wall, increasing
the heat load on plasma facing components [15-20]. Also, fast-ion redistribution
can limit the effectiveness of neutral beam current drive (NBCD) in future burning
plasmas [5]. Moreover, the beam injection energies required in future burning
plasmas to penetrate the dense plasma core will lead to super-Alfvenic fast ions, -
i.e. ions with speeds above the Alfvén speed -, that will likely excite Alfvenic modes
in the ion cyclotron range. Therefore, characterising the fast-ion redistribution
caused by Alfvén modes in the ion cyclotron range becomes necessary to quantify
the heat load on plasma facing components and to assess the feasibility of NBCD on
future fusion devices.

In this Letter we present measurements of lost fast ion’s pitch-angle redistribution
induced by Alfvén eigenmodes close to half the ion-cyclotron frequency, measured
for the first time at the Mega Amp Spherical Tokamak Upgrade (MAST-U). Detailed
simulations identify the Alfvén modes as GAEs close to minima and maxima of the
Alfvén continuum [6]. The observed pitch-angle redistribution agrees with an ion-
cyclotron resonant wave-particle interaction where the fast ions transfer energy to

the Alfvén wave.

The Experiment. MAST-U is a low aspect ratio tokamak with typical major and
minor radii of 0.8 m and 0.5 m, respectively. The on-axis neutral beam injector
(NBI), - with a tangency radius of 0.7 m and injecting horizontally at the machine

midplane -, and the off-axis NBI, - with a tangency radius of 0.8 m and injecting



horizontally 0.65 m above the machine midplane -, provide the only confined fast-
ion population in MAST-U. So far, the plasma current is counter-clockwise as seen
from above and the toroidal magnetic field is clockwise in all MAST-U experiments.
To detect electromagnetic fluctuations, an outboard Mirnov array for high
frequency acquisition coils, digitised up to a 10 MHz sampling rate, are used, making
it possible to perform measurements up to 5 MHz [21]. To determine electron
density and electron temperature profiles, the Thomson scattering diagnostic [22]
with high temporal resolution (33 ms) is employed, and a motional Stark effect
(MSE) diagnostic is used for measuring the magnetic field pitch [23]. Fast-ion losses
are directly measured with a scintillator-based Fast-Ion Loss Detector (FILD) [24-
26]. The FILD data make it possible to infer the velocity space of the fast-ion losses,
i.e., Larmor radius (p;, = (mv,)/(qB)) and pitch angle (A = cos™*(—v,/v)); where
m and q are the mass and charge of the measured fast ion; B is the local magnetic
field; vy and vy are the velocity components parallel and perpendicular to the
magnetic field and vis the total velocity. 4 is defined positive for fast ions moving
in the direction of the plasma current. FILD detects only fast-ion losses with
positive pitch angles, meaning particles moving in the direction of the plasma
current and the beam injection, and opposite to the magnetic field. The fast-ion loss
fluctuation is measured with a maximum sampling frequency of 4 MHz. Therefore,
the Nyquist frequency of the FILD measurements is 2 MHz.

The MAST-U FILD routinely measures fast-ion losses coherent with bursting modes
with frequencies in the MHz range excited by on-axis NBI. For simplicity, two types
of discharges are considered here, one with higher plasma current and the waves
propagating co-beam, and the other one with lower plasma current and the waves
propagating counter-beam. In the experiment, deuterium (D) with maximum
energy Emax =63 keV is injected into D plasma with the on-axis beam thus generating
a D beam fast-ion distribution function with maximum velocity of Vmax = 2.5-10°
km/s, which is the only confined fast-ion population in MAST-U. The ratio of beam

velocity to Alfvén velocity was in the range between 1.76 and 2.25, meaning that



the fast-ion distributions were super-Alfvénic. Figure 1 shows the main waveforms
of example MAST-U discharges of the two types. The MAST-U discharges operated
predominantly in H-mode, characterized by the consistent presence throughout the
experiment of type-III ELMs, which are evidenced by the rapid sequence of spikes
in the D-a emission (figure 1(c)), and sawtooth instabilities, which are observed as

cyclic drops in the neutron rate (figure 1(e)) [27].
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FIG.1. Time evolution of MAST-U discharges, #48714 (blue) and
#48884 (red). From top to bottom, plasma current, line-integrated density,
D-a emission, on-axis beam injected power, neutron rate measured with a

fission chamber (FC) and fast-ion losses measured with FILD.

Discharge #48714 has toroidal field at the magnetic axis By = 0.64 T and plasma
current [, = 750 KA. The relatively high plasma current improves the confinement
of fast-ion drift orbits. The Mirnov coils detect beam-driven modes between 1.6
MHz and 2.4 MHz, as shown in figure 2(a). This is between 0.3 and 0.5 times the
beam cyclotron frequency at the magnetic axis (4.9 MHz). The modes are
interrupted by sawtooth crashes that reduce the radial gradient of the fast-ion
profile, and the modes reappear when the fast-ion gradient is recovered. The modes

propagate counter-clockwise as seen from above, in the direction of the current and



the beam injection, which corresponds to positive toroidal mode numbers (n > 0)
in figure 2(a). The modes appear in frequency sidebands, with toroidal mode
numbers n = 5 — 13. Modes with increasing n are separated 10 kHz from each
other, while modes with the same n are separated around 100 kHz from each other.
The fast-ion losses are measured with FILD, which has Nyquist frequency of 2 MHz,
so figure 2(b) shows some aliased frequencies up to 520 ms. The measured losses on
FILD correlate with the modes from figure 2(a), and they are mostly coherent with
n = 7,9 in the lower frequency band and n = 9,11 in the upper band. Thus,
MAST-U discharge #48714 reveals interactions between lost fast ions and co-

propagating modes with frequencies of around half the ion-cyclotron frequency.
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FIG. 2. MAST-U shot #48714. (a) Spectrograms of the magnetic

perturbation measured by the Mirnov coils, with toroidal mode numbers

shown in colours. (b) Fast-ion losses measured by FILD.

In contrast, shot #48884 has B, = 0.5 T and I, = 450 KA, increasing the widths of
fast-ion orbits and reducing their confinement. Thus, the FILD signal is higher and

more sensitive to the detection of fast-ion redistribution. For instance, it can be



observed in figure 1(f) that sawtooth-induced losses are high in the 450 kA shot but
hardly observed in the 750 kA shot. The beam-driven modes now appear in the
frequency range of 1.2 — 2 MHz in a similar pattern as shot #48714, as observed in
figure 3(a). Furthermore, the frequency of the modes is again between 0.3 and 0.5
times the beam cyclotron frequency at the magnetic axis (3.8 MHz). However, in
shot #48884 the toroidal mode numbers are negative, between n = —5and n =
—10, meaning that the modes propagate counter-current and counter-beam. The
modes appear in frequency sidebands as in shot #48714 but in this case the absolute
value of the toroidal number n decreases as frequency rises. Fast-ion losses
correlated with counter-current modes can be seen in the frequency range of 1.5 to
2 MHz, as shown in figure 3(b). These losses are coherent withn = —6andn =
—7 modes. Discharge #48884 thus reveals the interactions between lost fast ions
and counter-propagating modes in the range of half the ion-cyclotron frequency. It
can be observed that, in both #48714 and #48884, the fast-ion losses are not coherent
with all the detected modes but only to specific frequencies and mode numbers,
suggesting that specific resonance conditions between the fast-ion orbits and the

waves need to be met for the modulation to occur.
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FIG. 3. MAST-U shot #48884. (a) Spectrograms of the magnetic

perturbation measured by the Mirnov coils, with toroidal mode numbers

shown in colours. (b) Fast-ion losses measured by FILD.

Pitch-angle redistribution of the losses. The velocity space of the losses measured

by FILD in each discharge are processed with the FILDSIM code [28, 29] to plot the

losses in a Cartesian energy/pitch-angle grid, as shown in figure 4(a) and 4(b). In

both shots, the distribution in energy is centred on a value close to the NBI injection

energy, 63 keV. Given the finite resolution of the diagnostic in energy, this likely

corresponds to a monoenergetic fast-ion distribution reaching the FILD probe [30,

31]. In contrast, the pitch-angle resolution is significantly higher. The distribution

in pitch angle shows a single peak at approximately 57° in shot #48714, while the

distribution in #48884 is split in two local maxima between 55° and 60°.

Nevertheless, the pitch angle of the losses is similar in both shots.
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FIG. 4. Fast-ion losses measured with the
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excitation of high-frequency modes, integrated over all gyroradii. The grey

vertical lines mark the trapped-passing boundary pitch angle.

Figure 4(c) and 4(d) show the temporal evolution of the pitch-angle distribution in
pulses #48714 and #48884, respectively, between two sawtooth crashes and during
the excitation of high-frequency modes. In #48714, the losses are well above the
trapped-passing boundary pitch angle, marked by the grey dashed line. Comparison
of 3 frames integrated over all giroradii in figure 5(c) shows that the losses are nearly
constant in pitch angle, indicating that pitch-angle redistribution by co-current
modes is small. In contrast, the two peaks in the pitch-angle distribution of pulse
#48884 at t = 0.380 s (blue) are above and below the trapped-passing boundary pitch
angle, respectively. The pitch angle of lost ions evolves in time significantly towards
lower values. During the temporal evolution of the pitch angle, the trapped lost ion
distribution crosses the trapped-passing boundary, modifying the orbit topology of
the fast-ion losses from trapped to passing. This leads to a factor 2 increase in the
amplitude of the FILD signal. The pitch-angle descent occurs when high-frequency
losses are coherent with n = —6 modes, as can be observed in figure 5, indicating
a strong pitch-angle redistribution induced by counter-beam modes. The descent is
only interrupted by the burst of losses during the sawtooth crashes. This causes a
cyclic evolution of the pitch angle, where the n = —6 mode reduces it until the

sawtooth crash restores it to its original value.

The cyclic evolution of the fast-ion pitch angle observed in figure 5 is not correlated
with changes in the safety factor, g, through the sawtooth cycle. On the one hand,
FILDSIM corrects any changes in the local magnetic field pitch to calculate the lost
fast-ions pitch angle. On the other hand, MSE measurements show that even
though this cycle is observed in the safety factor at the magnetic axis, q,, which is
not explored by the lost fast-ion orbits, the rest of the g-profile does not reveal any

cyclic evolution that can explain the pitch-angle changes.



Note that while figures 2 and 3 showed fast-ion loss fluctuations at frequencies
coherent with Alfvén waves, figure 4 and 5 shows the slow temporal evolution of
the fast-ion loss velocity space. The former suggests resonance interactions between
the fast-ion orbits and the waves, the latter indicates a slow pitch-angle

redistribution induced by such an interaction.
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FIG. 5. (a) Spectrogram and (b) pitch angle of the fast-ion losses
in MAST-U discharge #48884. The red vertical lines mark each sawtooth

crash.

Wave-particle interaction. To determine the role of the n = —6 wave in the fast-
ion pitch-angle redistribution, full gyro-orbit calculations of linear wave-particle
interactions are carried out with the perturbative code HALO [32]. First, the
magnetic equilibrium of MAST-U discharge #48884 is reconstructed with EFIT++,
constrained with magnetics data and the magnetic field pitch measured with MSE.
The shear Alfvén continuum of MAST-U discharge #48884att = 0.365sforn =
—6 is calculated with the CSCAS code [33], solving the ideal, incompressible MHD

10



equations [34]. The continuum is shown in figure 6(a) between frequencies 6 and
9 v,0/Ry, being v,49 = 1.3:10% km/s the Alfvén speed at the magnetic axis, R, =
1.0 m. The Alfvén continuum shows a maximum near 8.25v,,/R,, where a
potential well localises shear Alfven waves, creating a GAE. Among all the
eigenmodes obtained with the MISHKA stability code [35] near this maximum, the
mode with the highest growth rate (y/w=1.53 %) is shown in figure 6(b). The mode
has radial number / = 0, and poloidal mode numbers m = 10, 11, 12, 13. The
frequency of this mode, marked by the dashed red line in figure 6(a), is 8.27 v,44/R,.
This corresponds to 1.66 MHz in laboratory reference (accounting for the plasma
rotation) which is close to the experimental frequency of the n = —6 mode in pulse
#48884 (1.68 MHz). Thus, the counter-propagating wave that modulates the fast-
ion losses in MAST-U is confirmed to be a counter-propagating GAE formed just
above the maxima of the Alfvén continuum, usually referred to as non-conventional

GAE [36, 37].
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HALO computes the power transfer between the wave and the fast ions as the work
done by the fast ions on the wave, and vice versa, for the fast-ion orbits that satisfy
the ion-cyclotron resonance condition (w = nwg + py + lw;), where w is the
wave frequency, @4 and @y are the averaged toroidal and poloidal orbit frequencies,
w,; is the averaged ion-cyclotron frequency, and pand /are integers. The simulation
uses the mode structure estimated by MISHKA, and a distribution of 56 million
markers that mimic the steady-state fast-ion distribution in #48884 computed using
the full orbit code LOCUST-GPU [38, 39]. LOCUST followed a sample of beam
markers generated by TRANSP/NUBEAM [40, 41] at the time of ionisation until
thermalisation or loss to the first wall. The distribution function computed by
LOCUST is sufficiently smooth to use for stability studies without smoothing or
splining [42] due to the large number of particles followed. The beam distribution
function and eigenmode are used to compute the power transfer using the HALO
code. Figure 7 shows a histogram of the linear power transfer between the wave and
the steady-state fast-ion distribution over the constants of motion in unperturbed

fields (i.e. normalised toroidal canonical momentum, Py = mRvy + Zey, and
: . B
normalised magnetic moment, A = %). Energy transferred from the wave to the

fast ions (wave damping) is shown in blue, and energy transferred from the fast ions
to the wave (wave drive) is shown in red. The colour scale is normalised to the
maximum energy transferred to the wave. The losses detected experimentally by
FILD in #48884 (peaks in figure 4(d)) are marked with crosses in the figure. It can
be observed that most of the wave drive comes from co-passing orbits (Py =
[0.2,0.7], A < 0.8), meaning that the observed losses, even though they interact
with the wave, are not the main responsible for driving the GAE unstable. At the
region of the observed losses the power transferred to the wave is two orders of
magnitude lower than the maximum energy transferred to the wave. Therefore, the
results indicate that even though the fast-ion losses are most likely not the main
responsible for the wave drive, they are affected by the wave-particle resonant

interaction, losing net energy to the wave.

12



1.21
1071
1‘0' 1072
0.8 1073
. i
0.6 710*4
-3
0.4 —10
—1072
0.2
—1071
0.0 — , ; —
—0.50 —025 0.00 025 0.50 ) 1.00

Py [Ze(vr — 1o)]

FIG. 7. Histogram of power transferred from the wave to the
fast ions (blue) and from the fast ions to the wave (red). The colour scales are
normalised to the maximum energy transferred to the wave. The losses
measured in shot #48884 are marked by blue (t = 380 ms), red (t = 390 ms)

and black (t = 399 ms) crosses.

Correlation between experimental observations and numerical results. The pitch-
angle redistribution observed experimentally agrees with the energy transfer
modelled by HALO. In an ion-cyclotron resonance, two constants of motion are

conserved, C; = F — %BO wand C, = E — % Py. The conservation of C; implies

that energy exchanged with a sub-cyclotron wave results in a change in
perpendicular energy (AE, ~ B,Au) that is several times the total energy change

(AE = wi AE), so it mainly leads to a redistribution in pitch angle [4]. Therefore,

a loss in total energy (as predicted by the modelling) will result in a decrease in

pitch-angle (as observed experimentally). In MAST-U shot #48884, where — =

Wi
0.43, the fast-ion distribution observed in figure 4(d) evolves from a pitch angle of
60° to 57°. Assuming an initial energy of 63 keV, by conservation of C;, a reduction
of 3° in pitch angle corresponds to 1.4 keV of total energy loss. While the pitch-
angle redistribution is clearly observed experimentally, the reason why the energy

loss cannot be distinguished in the FILD data is because it falls below the diagnostic
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energy resolution limit (~10 keV) [30]. In contrast, the observed pitch-angle change

is indeed above the pitch-angle resolution limit (0.6°).

Discussion. This Letter has presented the first direct measurements of fast-ion pitch-
angle redistribution caused by sub-cyclotron Global Alfvén Eigenmodes (GAEs).
Dedicated experiments on MAST-U employed a scintillator-based Fast-Ion Loss
Detector (FILD), which provided velocity-space measurements of beam ion losses
up to half the beam ion cyclotron frequency. This enabled a detailed assessment of
losses associated with bursting Alfvén eigenmodes excited by the on-axis NBI
observed at frequencies between 0.3 and 0.5 times the ion cyclotron frequency. The
modes were identified as GAEs propagating in both co- and counter-current
directions [6]. In contrast to co-current GAEs, which showed minor pitch-angle
changes, counter-current GAEs observed in lower plasma current discharges led to
a significant evolution of the lost ion distribution towards lower pitch angles. This
evolution implied trapped orbits crossing the trapped-passing boundary, increasing

the amplitude of the losses.

Full gyro-orbit simulations performed with the perturbative HALO code indicate
that the detected fast-ion losses transfer net energy to the wave via ion-cyclotron
resonance, even though they are likely not the primary drivers of the GAE
instability. Instead, they are modulated by the wave's presence, transferring energy
to it, which leads to significant changes in their orbits. By conservation of constants
of motion in an ion-cyclotron resonant interaction, the results show that such an
interaction will mainly lead to a redistribution in pitch angle, as observed

experimentally.

These results are crucial for advancing the understanding of wave-particle
interactions in magnetically confined fusion plasmas. The experimental evidence
from MAST-U shows that ion-cyclotron resonance can lead to significant pitch-
angle redistribution of super-Alfvénic fast ions. This confirms the results from

previous nonlinear simulations in NSTX [4], which predicted pitch-angle
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redistribution of the beam ions that drive counter-propagating GAEs. FILD probes
a localised region of the fast-ion phase space, making it possible to observe the
redistribution within it. However, it is very likely that the redistribution caused by
counter-current GAEs affect a wider phase space of the fast-ion distribution, as
indicated by the nonlinear simulations [4]. Given that negative ion beams in future
devices like ITER and JT-60SA will generate anisotropic super-Alfvénic fast-ion
distributions prone to driving GAEs and CAEs unstable, accurate modelling of
pitch-angle redistribution will be essential for predicting and optimizing heating
and current drive efficiency in these next-generation tokamaks. In particular, these
results call for an urgent assessment of NBCD effectiveness in future burning
plasmas, where pitch-angle redistribution can severely deteriorate it [5].
Furthermore, these findings contribute to a broader comprehension of analogous
electromagnetic wave effects observed in space plasmas, such as the scattering of
solar wind particles arriving at Earth's magnetosphere [11, 14] or the distribution of

accelerated protons observed near Jupiter’s ionosphere [12].
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