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The suppression and excitation of Alfvén eigenmodes have been experimentally obtained, for the first
time, by means of externally applied 3D perturbative fields with different spatial spectra in a tokamak
plasma. The applied perturbation causes an internal fast-ion redistribution that modifies the phase-space
gradients responsible for driving the modes, determining, ultimately their existence. Hybrid kinetic-
magnetohydrodynamic simulations reveal an edge resonant transport layer activated by the 3D perturbative
field as the responsible mechanism for the fast-ion redistribution. The results presented here may help to
control fast-ion driven Alfvénic instabilities in future burning plasmas with a significant fusion born alpha

particle population.
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Introduction.—Alfvén waves are electromagnetic fluc-
tuations inherent to a wide variety of laboratory and space
plasmas [1]. Their interaction with charged particles can
lead to a net wave-particle energy exchange with dramatic
consequences for the surroundings. In space plasmas, for
instance, kinetic Alfvén waves play a key role in the
heating of the solar corona [2,3], generation of the fast solar
wind [4,5], and propagation of cosmic rays in the inter-
stellar space [6,7]. On Earth, Alfvén waves are routinely
observed on magnetically confined fusion devices with a
significant population of energetic particles [8,9]. Indeed,
phase-space gradients in the energetic particle distribution
constitute an essential source of energy that can destabilize
a rich spectrum of Alfvén eigenmodes (AEs). If not
properly abated, AEs can lead to a radial energetic particle
transport in tokamaks and stellarators that can compromise
the realization of magnetically confined fusion. External
actuators to control the AE activity, and associated ener-
getic particle population, in a magnetically confined fusion
device might, thus, be mandatory. In tokamaks, externally
applied 3D fields commonly used to suppress edge local-
ized modes (ELMs) [10-12], resistive wall modes [13,14],
lock modes [15], and have been recently used to mitigate
AEs in the NSTX tokamak [16,17].
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In this Letter, we show, for the first time, the suppression
and excitation of AEs by means of externally applied 3D
fields with different spatial spectra. The results presented
here open a new avenue to an active AE control in a burning
plasma with a significant fusion born alpha particle
population by creating internal transport barriers for spe-
cific energetic particle populations.

Experiment.—The discharges discussed here were car-
ried out in the ASDEX Upgrade (AUG) tokamak in
matched ELMy H-mode plasmas with a toroidal magnetic
field on axis of B, = 2.5 T, a plasma current II7 = 0.6 MA,
a normalized ratio of plasma pressure to magnetic pressure
of fy = 1.2 and low collisionality (v = 0.2). Traces of
these discharges are depicted in Fig. 1. 1.5 MW of on-axis
counter electron cyclotron current drive (ECCD) [Fig. 1(a)]
together with two sources (2.5 MW each) of early neutral
beam injection (NBI) produced an elevated ¢ profile. Two
tangential sources are applied since the beginning of the
discharge, until one of the sources is replaced by a radial
one at 3.0 s. Resonant magnetic perturbations (RMPs) with
toroidicity n = 2 are applied by two sets of eight ELM
control coils, one above the midplane and one below [18].
The poloidal spectrum of the applied perturbation is tuned
by rotating the phase of the upper set (¢;) while fixing the

© 2023 American Physical Society
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FIG. 1. Temporal evolution of (a) auxiliary heating, (b) plasma
and ELM control current, (c) electron density, (d) electron
temperature, and (e) neutron flux. Black and blue traces corre-
spond to discharges #34570 and #34571, respectively, where MP
pulses with coil phasing Ay, = 100° and Agy; = —50° are
applied.

lower (¢ ), inducing a phase shift between both coil sets
(Ady = ¢y — ¢r). Figure 1(b) shows how consecutive
RMP blips of 200 ms are applied in two comparable
discharges [Fig. 1(b)] whose main difference is the applied
coil phasing, previously selected by scanning A¢y; to
maximize (A@g; = 100°) and minimize (Agy; = —50°)
the signal on the fast-ion loss detector (FILD) [19].
Figure 1(c) illustrates how the same line integrated den-
sities are measured in both discharges. The same density
pump out is produced by both poloidal spectrums, giving
confidence that the neutral beam deposition profile is not
affected by the coil phasing of the applied perturbation. In
these two pulses, the ELMs are mitigated to half of their
natural amplitude regardless of the poloidal spectrum of the
applied perturbation. On the other hand, despite the fact
that Fig. 1(d) shows that electron temperature is sightly
higher on discharge #34571 before the RMPs pulses are
applied (attributed to a small difference in wall condition-
ing and recycling), it is clear that the same relative variation
on the temperature profile is induced by the MP pulses in
both discharges. Similar behavior is reflected on the
measured neutron yield [Fig. 1(e)], revealing that the
applied MPs produce the same level of global fast-ion
(FD) redistribution in both discharges.

During the flattop phase, the suprathermal population of
deuterium ions injected by the NBI destabilizes different
branches of Alfvén eigenmodes, including toroidicity-
induced AEs (TAEs) with frequencies 80-110 kHz and
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FIG. 2. Color-coded spectrogram showing TAE activity in the
range n = 2 — 5. Overplayed white traces represent the MP coil
current with coil phasing Ay, = 100° (a) and Agy; = —50°
(b). Temporal evolution of the fast-ion losses measured by the
FILD diagnostic (c).

toroidal mode numbers n = 2 — 5. The amplitude evolution
of these modes is depicted on the Mirnov coil spectrograms
in Figs. 2(a) and 2(b) for coil phasing A¢;; = 100° and
Ay = —50°, respectively. NBI blips on similar dis-
charges reveal that a fully relaxed FI slowed-down dis-
tribution is needed to overcome marginal stability,
confirming that the mode drive of these low frequency
Alfvén instabilities is dominated by the fast-ion spatial
gradient.

As soon as the RMP blips with Agy, = 100° are
applied, the TAEs are clearly mitigated. Later in time, as
the safety factor relaxes producing TAEs closer to marginal
stability and the tangential beam source is replaced by a
radial one, the RMP blips achieve a full suppression of the
TAESs. An abrupt increase in the fast channel of the fast-ion
loss detector is observed each time this coil phasing is
applied, as depicted in Fig. 2(c). On shot #34571, con-
trarily, the TAEs are virtually not observed when the RMPs
are not applied due to the slightly higher radiative damping
induced by the larger electron temperature. When the RMP
blips of Agy;; = —50° are applied, the FILD signal suffers
a much smaller increase and the TAEs are amplified
becoming visible on the spectrogram of the Mirnov coil
signal. This enhancing effect induced by the Agy; =
—50° MP blips indicate an increase in the fast-ion drive
with respect to the poloidal spectrum applied by the
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FIG. 3. (a) Velocity-space pattern of the measured losses when
MP are active. (b) Poloidal projection of the trajectory of the
measured lost ions overlapping the imposed MP fields. (c) MP
induced drop on the fast-ion profile measured by FIDA. Inte-
grated (d) and pitch-filtered (e) FI radial profile simulated with
the AscoT code for both coil phasing.

Ay = 100° MP blips. This complete control of the TAE
amplitude occurs within ~0.1 ms, a typical orbital time-
scale. In contrast, when the RMP blips are turned off, the
bursting persists, at sightly smaller amplitude for several
milliseconds, indicating the collisional timescale that the
entire fast-ion distribution function needs to evolve.
Signature of internal phase-space redistribution.—
Figure 3(a) shows the velocity-space pattern measured
by the FILD diagnostic. One can identify the injected full
and half energies, ELM-induced high energy tail [20]
induced by the tangential source and an additional spot
that corresponds to the injected main energy of the radial
source. Figure 3(b) shows the poloidal projection of the FI
orbits of the MP-induced spot and prompt losses captured
by FILD. These spots correspond to trapped orbits that
explore the applied MP fields on their outer banana leg. The
shape of the measured velocity-space pattern is identical
in both discharges, indicating that the same geometrical
resonances are responsible of the FI radial transport for
both coil phasing. This agrees with previous experimental
and numerical investigations on the edge resonant transport
layer (ERTL) [21] that explain how an injected FI might
suffer inward and outward transport depending upon the
applied poloidal spectrum. Unlike the shape of the velocity-
space pattern of the losses, as shown in Fig. 2(a), the
magnitude of the fast-ion flux of the measured velocity-
space is strongly affected by the applied coil phasing. This
variation of the measured fast-ion flux can be interpreted as
a signature of the internal FI redistribution in phase space.

This redistribution is strongly dependent on the particle
orbit, given by its energy and local pitch angle, and hence
cannot be captured by diagnostics that integrate over a
large region of velocity-space such as neutron detector or
fast-ion D, (FIDA) spectroscopy [22]. Indeed, as shown in
Fig. 1(e), the neutron flux decays identically in both dis-
charges independently of the applied coil phasing. Similar
observations are performed by the FIDA diagnostic:
Fig. 3(c) depicts the measured level of FI drop induced
by the MPs, which is larger at the core due to the higher FI
density. One can observe that the FI drop induced by the
MPs is within the error bars for both coil phasing along the
entire minor radius.

Modeling.—The impact of the MP fields on the fast-ion
population is investigated by employing the full-orbit
ASCOT code [23], which includes a realistic NBI birth
profile, collisions, a 3D wall for numerical particles and has
been validated against FI diagnostics on multiple occasions
[21,24,25]. The radial profile of the resulting steady state FI
distribution function is depicted in Fig. 3(d) for both coil
phasing and without MPs. A small and similar FI drop is
found for both coil phasing, being the one induced by
Agy . = 100° higher by a very small amount, in agreement
with the inferred drop in the global FI profiles captured by
FIDA. On the other hand, Fig. 3(e) shows the FI radial
profiles calculated by AsScoT, including only the particles
with a pitch angle in a small range around the pitch injected
by the NBI source and captured by the FILD diagnostic. A
more significant difference is found to be induced by the
applied coil phasing at the edge of these pitch-filtered
profiles, explaining the observed effect that the applied
poloidal spectrum has on the FI loss flux measured by
FILD [Fig. 2(c)]. The difference between pitch-filtered and
pitch-integrated profiles confirms that the MP-induced
redistribution has a velocity-space localized nature, clearly
captured by FILD, yet blurred on the global FIDA and
neutron flux measurements.

The 3D nonlinear hybrid kinetic-magnetohydrodynamic
(MHD) MEGA code [26-29] is employed to understand the
underlying mechanisms connecting the internal velocity-
space localised FI redistribution induced by the MPs and
the dependence of the TAE amplitude on the applied
poloidal spectrum. Figure 4(a) depicts the measured elec-
tron density and temperature profiles that are employed in
the simulations, together with the safety factor of the
CLISTE equilibrium reconstruction [30] used as the initial
condition for the electromagnetic background. The equi-
librium has a reversed shear with two ¢ = 3 rational
surfaces at normalized minor radius p,,; = 0.3 and p,q =
0.5 constrained by MHD markers and motional stark effect
(MSE) measurements. The magnetic shear is significant in
the region pp, > 0.6. Figure 4(b) shows the space-
integrated velocity-space of the anisotropic slowing-down
FI distribution (similar to [31-33]) employed in the
simulation. This model captures the main features of the
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FIG. 4. (a) Kinetic profiles and safety factor inferred from the
experiment and employed on the MEGA simulation. (b) Space-
integrated velocity-space of the employed anisotropic slowing
down FI distribution employed in MEGA. (c) Location of the
simulated TAE on the shear Alvén wave continuum. (d) Poloidal
structure of the simulated TAE.

distribution calculated by the NUBEAM module of
TRANSP [34]. TAEs are destabilized in the same n =
2 — 5 range observed in the experiment, propagating along
the ion-diamagnetic drift direction and saturating within
~0.1 ms. The radial location and frequency of one of these
TAEs (n =4) is depicted on the shear Alfvén wave
continuum in Fig. 4(c), showing that the mode is located
in the TAE gap at the same frequency as observed in the
experiment. These simulations also reproduce the radial
location of pp, ~ 0.7 observed by the electron cyclotron
emission diagnostic [35] and the frequency of the toroidal
harmonics observed in the experiment. Figure 4(d) shows
the poloidal structure of the radial velocity associated with
the instability, which, as to the toroidal electric field, has the
expected ballooning structure.

The externally applied 3D fields are superimposed to the
same axisymmetric background before the MHD force
balance is calculated as the initial simulation time step.
As a result, the TAEs are destabilized in a steady 3D
background. The resulting mode frequency, location, and
poloidal structure are not affected by the 3D fields.
However, the growth rates are dependent on the applied
coil phasing, producing Ag;; = —50° a slightly higher
linear growth rate than Agy; = 100° in line with the trend
observed in the experiment. The inclusion of plasma
response to the externally applied 3D fields does not
modify the obtained growth rate of the modes.

MEGA calculates the particle-wave energy exchange
during the linear phase of the destabilized TAEs, which
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FIG. 5. For particles with magnetic moment u =

2 x 107" kgm? s> T~!, ERTL induced by MPs for coil phasing
Agy; = 100° (a) and Agy; = —50° (b) producing a modifica-
tion of the total gradient. Predicted particle-wave energy ex-
change based on gradients of the FI distribution (c) and simulated
by MEGA (d) both overlaying the ERTL location.

is found to be located in the vicinity of magnetic mo-
ment y = 2 x 107 kgm? s72 T~!. Ascor simulations are
employed to visualize how the ERTL affect those particles
without the presence of TAEs. To do that, u is kept fixed
while the motion invariants energy (£) and toroidal
canonical momentum (Py) are varied, being Py = Zey+
mRuv,, with Ze the particle charge, y the poloidal flux, m
the particle mass, R the major radius, and Vg the toroidal
projection of the particle velocity. The time-integrated
variation of the toroidal canonical momentum (5Py) is
depicted for both coil phasing in Figs. 5(a) and 5(b). The
green lines represent the particles that overlap the TAEs
when crossing the midplane upward. The particles over-
lapping both TAE and ERTL suffer from a (6P,) of ~1%,
big enough to induce an internal redistribution affecting the
P, gradients, but too small to reach the plasma edge. One
can conclude that particles captured by FILD are initially
closer to the plasma edge, not exploring the TAE, explain-
ing the fact that FILD does not measure coherent losses at
the frequency of those TAEs.

The mode drive (and damping), Y74, induced by FI can
be located in phase space beforehand by taking the
gradients of the fast-ion distribution function (fr;) as
follows,

of r1

v ~n a)afFI
TAE 6P¢

3E (1)

The predicted drive for the simulated instabilities is
depicted in Fig. 5(c) and the calculated energy transfer
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during the linear phase of the hybrid simulation in Fig. 5(d).
The solid black lines represent the FI distribution for the
selected . Both predicted and simulated energy exchange
show the same location on phase space (about 60 keV),
giving confidence on the result. This fast-ion drive is
observed to overlap the ERTL location. The (6P,) induced
at the phase-space region driving the TAEs by the MPs with
Agyr = 100° is negative, producing a local flattering of the
FI distribution, while MPs with Ag,;; = —50° are positive,
increasing the gradient and therefore the drive. This explains
why the MP can cause a general loss of FI confinement
measured by neutrons and FIDA, while the applied poloidal
spectrum can induce different local redistributions over-
lapping the TAE drive, affecting the mode amplitude.

Summary and discussion.—The first experimental evi-
dence of suppression or excitation of the amplitude of TAEs
by modifying the poloidal spectrum of the externally
applied 3D fields is presented. An identical drop on the
global FI signals measured by FIDA and neutron diag-
nostics is observed regardless of the applied coil phasing
and TAE amplitude, while different levels on the FI loss
flux are recorded at selected velocity-space regions by the
FILD diagnostic. These losses are a signature of the ERTL,
which induces internal redistributions of the FI population,
that locally modify the P gradients of the FI distribution at
the phase-space location of the TAE drive. In devices such
as ITER that will already employ externally applied 3D
perturbations to suppress ELMs and other detrimental
instabilities, this mechanism might trigger AEs causing a
loss of confinement, while small modifications on the
applied poloidal spectrum could reverse this effect, locally
relaxing the FI gradients, and therefore suppressing the
AEs. This phase-space engineering technique opens the
door to a AE-induced transport suppression that might be
employed to improve the confinement of both alphas and
injected beam ions, while maintaining the same level of
pedestal degradation and ELM suppression in future
burning plasmas.
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