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Abstract

An edge resonant transport layer has been found to explain many aspects of fast-ion confinement under symmetry breaking
3D edge perturbations, such as edge localized modes (ELMs) and externally applied magnetic perturbations (MPs).
Experimental measurements in the ASDEX Upgrade (AUG) tokamak show that fast-ion losses in the presence of symmetry
breaking 3D fields strongly depend on the poloidal spectra of the applied MPs. This fast-ion transport is explained in terms
of a resonant interaction between the perturbative fields and the particle orbital frequencies, which leads to the build-up of an
Edge Resonant Transport Layer (ERTL) in the vicinity of the separatrix. Full-orbit following simulations including the
plasma response have been performed to characterize the ERTL by means of the variation in the particle toroidal canonical
momentum. The combination of the poloidal spectra of the applied MPs and the relative phase of the particles with respect to
the perturbation determines the radial direction of the fast-ion transport, therefore degrading or improving the fast-ion
confinement. Consequently, an appropriate arrangement of the heating systems and externally applied 3D fields provides an
excellent tool to tailor the fast-ion distribution, thus modifying the drive/damping of electromagnetic instabilities through
local wave-particle interactions. In this regard, proof-of-principle experiments have been conducted in AUG, where NBI-
driven toroidal Alfvén eigenmodes (TAEs) were excited and suppressed on command using this technique.

The importance of the ERTL is extended to ELM-induced fast-ion losses, during which acceleration of beam ions has been
recently observed in AUG. Multiple velocity-space structures are observed to vary with the beam source and qos values. This
suggests that the acceleration results again from a resonant interaction between the beam ions and parallel electric fields
arising during ELM filament eruption.

The experimental results presented here may shed light on the physics underlying fast-ion confinement in the presence of
both self-generated and imposed edge 3D perturbations. In the case of externally applied MPs, experiments have
demonstrated the possibility of actuating on limited phase-space volumes of the fast-ion distribution to actively control
TAEs, which is of great interest for future burning plasma experiments like ITER.

1. INTRODUCTION

Edge localized modes (ELMs) are plasma instabilities closely linked to high-confinement operational regimes in
magnetically confined fusion devices. The large transient heat and particle losses that occur during type-1 ELMs
are thought to be intolerable for the plasma facing components of future burning plasma experiments [1,2].
Thus, the suppression — or at least the mitigation - of ELMs is mandatory. One of the most investigated
techniques is ELM control through the application of externally applied magnetic perturbations (MPs) [3]. The
application of externally applied MPs have been proven to successfully mitigate and suppress ELMs in several
machines [4-6], and the plasma response has been found to play an important role in determining the field
perturbation amplitude [7-10]. However, a deleterious effect is observed on the confinement of fast-ions due to
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both non-axisymmetric perturbations: externally applied MPs [11-14] and ELMs [11], although on different
time-scales.

In the paper, a candidate mechanism to explain the fast-ion transport and loss in the presence of 3D fields is
presented, which is based on a resonant interaction between the fast-ion orbits and the perturbation. In the case
of externally applied MPs, it is found that a number of geometrical resonances appear in a region of 5 cm within
the separatrix — the so called Edge Resonant Transport Layer (ERTL) — which gets activated in the presence of
3D perturbations [15]. Section 2 describes full-orbit simulations carried out with the ASCOT code in the
presence of externally applied MPs. These numerical simulations have been compared to experiments conducted
at ASDEX Upgrade and are supported by analytical calculation of linear and non-linear resonances. It is found
that the radial direction of the particle transport strongly depends on both, the poloidal spectrum of the applied
perturbation and the relative toroidal phase between the perturbation and the neutral beam injection (NBI). In
section 3, experiments carried out at ASDEX Upgrade aiming at controlling NBI-driven Alfvén Eigenmodes
[16] are described. A clear effect on the AE stability was observed, depending on the poloidal spectrum of the
applied perturbation, and leading to the mitigation, suppression or even drive of TAEs [17]. On the other hand,
section 4 describes the acceleration of beam ions during ELMs which has been reported for the first time in the
ASDEX Upgrade tokamak [18] through the measurement of ELM induced fast-ion losses. The acceleration
mechanism is proposed to be a resonant interaction between the fast-ions and the parallel electric fields
emerging during the ELM crash. Full-orbit following simulations, including a simple analytical model for the
3D parallel electric fields, reveal resonant structures similar to those appearing in the case of fast-ion transport
induced by externally imposed 3D fields. Finally, the results are discussed in section 5 and some conclusions are
drawn.

2. THE FAST ION EDGE RESONANT TRANSPORT LAYER

Experiments have been carried out in the ASDEX Upgrade tokamak (AUG) to investigate the effect of
externally applied 3D magnetic perturbations on fast-ion confinement. There was particular interest in the
dependence of fast-ion losses on the poloidal spectra of the applied perturbation, which also affects the plasma
response [15]. In AUG two sets of 8 MP coils — one above and one below the midplane — are installed,
providing considerable flexibility in the configuration of the applied perturbation. In these experiments a
magnetic perturbation with a dominant toroidal mode number of n=2 was applied in low collisionality
deuterium plasmas (v* = 0.2). 5 MW of NBI power were applied from two different NBI sources with a
primary injection energies of 93 keV and 60 keV. In order to scan the poloidal spectrum of the applied MPs, a
continuous differential phase (A¢,,;) scan was carried out. In the experiment this was done by keeping constant
the current flowing through the lower set of coils while varying the current flowing through the upper set of
coils with a slow frequency of 2 Hz. The fast-ion losses are monitored through the measurements of a
scintillator based fast-ion loss detector (FILD) located at the midplane. The measurements are illustrated in
Figure 1. The differential phase scan of the MPs modulates the density pump-out and fast-ion losses (a), in blue
and black respectively, and also the ELM size (b).
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Figure 1: (a) Temporal evolution of the plasma density (blue) and normalized fast-ion losses (black). (b) Divertor current
signal, which is used as an ELM monitor. (c) Differential phase between the upper and the lower set of MP coils. The time
intervals where fast-ion losses are observed are highlighted in grey. [15]
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In order to investigate the effect of externally applied 3D perturbation fields on fast-ion confinement, full orbit
following simulations have been carried out with the ASCOT code [19]. The perturbed fields were calculated
with the single fluid MHD code MARS-F [20]. In the simulations, a scan was performed in the particles’ initial
radial position (from 1.9 to 2.2 m) and energy (from 20 to 100 keV). The particles were started at Z=0 m and

with a pitch of A = % = —0.5 (where v is taken with respect to the magnetic field and therefore being co-going

particles since I, and B are antiparallel in these experiments), approximately corresponding to the NBI injection
angle at the low-field side. The transport is studied in terms of the variation of the toroidal canonical angular
momentum (P, = mRv, — Zey), which is a motion invariant in axisymmetric systems. A positive (negative)

variation of Py is related to an inwards (outwards) radial transport of the particle.

The results of the simulations are shown in Figure 2, where (a) corresponds to a case with A¢,,; = 40° and (b)
corresponds to a case with A¢,; = —100°. Blue-black (Yellow-white) regions correspond to an outward
(inward) radial transport of the particles. It can be observed that most of the transport is located in a region of ~5
cm around the separatrix. In the case of A¢,,; = 40° (a) mainly an outward transport of the particles is observed.
However, in the case of A¢,; = —100° (b) an inward transport of the particles is observed. This indicates that
the differential phase of the applied MP has an effect on the direction of the associated particle transport.
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Figure 2: (a) and (b) show a contour plot of the variation of the toroidal canonical angular momentum (Py) as a function of
the particles’ initial radial position and energy. An initial pitch of A= -0.5 was selected for this simulation. (a) A¢pu=40° and
(b) A¢u= -100°. The blue-black regions correspond to an outward radial transport of the particles, while the yellow-white
regions correspond to an inward radial transport of the particles. The white lines indicate rational contours of ww/wd which
fulfill the resonance condition. The separatrix is indicated by a dashed white line for reference. (c) shows the variation of Py
as a function of the particle initial radial position and pitch. Particles were launched with an energy of 60 keV. The
deposition of NBI source 8 is indicated for reference and the trapped passing boundary is also highlighted [15]

This transport can be explained in terms of a resonant interaction between the particle orbits and the
perturbation. Particles that are in phase with the perturbation are subject to radial transport. In general, the
condition for a particle to be in resonance with a perturbation can be derived analytically by applying a
projection of the perturbation into the particle’s motion [20]. If the particle’s motion is considered to be
unperturbed, the linear resonance condition is derived. If the particle’s motion is considered to be perturbed,
then the non-linear resonance condition is obtained. In this case, for trapped particle orbits, the non-linear
resonance condition is given by [13]:

Wy n(l+10

@g pPo(1+D+p

where w, is the bounce frequency, @, is the toroidal precessional frequency, and n,l,p, and p’ take integer
values being: n the toroidal mode number, I the non-linear harmonic, p, the primary bounce harmonic and p =
Do + p' is the non-linear bounce harmonic. In these plots, the white lines correspond to iso-values of the ratio
wp /w4 which fulfill the resonance condition for different values of [,p, and p'. It can be observed that these
resonance lines overlap with the regions of large values |8P¢|, thus suggesting that a resonant mechanism is
responsible for this kind of transport.
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Figure 3: Contour plot of the variation of toroidal canonical angular momentum (Py) as a function of the particles’ initial
radial and toroidal position. A pitch of 0.5 and energy of 40 keV was used in these simulations. The approximate birth
position of NBI fast-ions is indicated by a green dashed line, while the position of the FILD is indicated by a white circle.
[15]

Additional simulations have been carried out in which a scan in the initial particle radial and toroidal position
was performed, while keeping the same initial energy and pitch angle. The results are shown in Figure 3, where
the toroidal injection angle of the NBI system is indicated by a green dashed line and the FILD position is
indicated by a white circle. Plots (a), (b) and (c) show the results for different A¢,,; of 40°, 160° and -100°
respectively. It can be observed that varying the differential phase between the MP coils can change the
direction of the transport of the particles that are being deposited by the NBI at a fixed toroidal position.
Additionally, it can also be seen that the variation of P, shows a periodic behavior in the toroidal direction. This
indicates that the problem is twofold, and suggests that the confinement of the NBI ions could be improved by
an advantageous arrangement of both the poloidal spectrum of the perturbation — in practice, the differential
phase between the upper and lower set of coils — and the relative toroidal phase between the NBI injection and
the MP configuration.

3. APPLICATION TO ALFVEN ACTIVITY CONTROL

In light of these results, experiments were carried out in AUG aiming at controlling the Alfvén activity driven
by NBI fast-ions. The idea is that the application of the externally applied MPs could be used to remove/fill
specific regions of the fast-ion phase-space which are responsible for the drive of the Alfvén waves [17]. In
order to drive TAEs unstable using NBI fast-ions during the current flattop at AUG, the experiment was carried
out in a low density plasma n, < 4 - 1071 m~3 with an elevated go5~7 and applying 5 MW of NBI power
[16]. In the experiment, first, a continuous differential phase scan was carried out in this scenario to identify the
phases producing the maximum and minimum FILD signal, similar to the experiment described in Section 2.
Then, two different shots were carried out in which the MPs were applied intermittently with two differential
phases corresponding to the maximum (A¢pq,) and minimum (A¢,,;,) level of fast-ion losses measured by
FILD. The results of the experiment are shown in Figure 4. Figures (a) and (b) show the spectrograms obtained
from a magnetic pick-up coil, while (c) shows the modulation of the FILD signal in both cases. The white
timetraces indicate the time windows in which the MPs are applied. TAEs with frequencies between 70-120 kHz
are observed. A clear modulation of the TAE activity is observed correlated with the application of the MPs. In
the case in which Ag¢,,., is applied (a), the TAEs are mitigated until t=3.0s; afterwards, the TAEs are
suppressed. This time point coincides with a change from an on-axis to an off-axis NBI source. On the other
hand, in the case in which A¢,,;, is used (b), the TAESs are driven unstable when the MPs are applied. Figure (c)
shows how the modulation of the fast-ion loss level measured by FILD is larger in the A¢,,,, Case.
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Figure 4: Modulation of the NBI driven TAE activity by means of the externally applied MPs in AUG. (a) and (b) show
magnetics spectrograms corresponding to two different shots with different A¢p of the applied MP. (c) shows the modulation
of the fast-ion loss level obtained with the FILD diagnostic. [17]

In order to gain a better understanding of the experiment, full-orbit following simulations were carried out with
ASCOT for three different cases: one in an axisymmetric magnetic equilibrium, and two including the MPs and
associated plasma responses at A¢,,; = 100° and A¢,,; = —50°. The particles were followed during 10 ms. The
resulting radial fast-ion profiles are shown in Figure 5. In (a) the radial profile integrated over the whole pitch
angle range is plotted, while in (b) only the particles with pitch between v /v = 0.7 and 0.8 are taken into
account. It can be seen that in the case where a maximum level of fast-ion losses is expected (A¢,,; = 100°), the
radial profile is below the axisymmetric case, which we use for reference. On the contrary, in the case in which
a lower level of fast-ion losses is expected (A¢,,; = —50°), the difference between this and the axisymmetric
case is smaller at p,,, > 0.8, while a slight increase of the fast-ion population is observed at p,, < 0.8.
Ongoing work is focused on the modelling of the NBI driven TAEs using the non-linear hybrid kinetic-MHD
code MEGA, including the perturbed magnetic field configuration, in order to assess the extent to which the
effect on the TAE stability is due to a redistribution of the fast-ion population in phase-space which impacts the
drive of the modes.
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Figure 5: Radial fast ion profile simulated with ASCOT for three different cases: axisymmetric
(black), A¢,; = 100° (blue) and A¢g,; = —50° (red). (a) shows the radial profile integrated over all
pitch angles, while (b) shows the same quantity but in a limited range of pitch angles, where the
effect of the MP coils is expected to be larger. [17]
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4. OBSERVATION OF BEAM ION ACCELERATION DURING EDGE LOCALIZED MODES

Fast-ion losses induced by ELMs are also observed in ASDEX Upgrade by means of FILD detectors. The
timetraces of these losses exhibit a filamentary-like behavior, showing multiple spikes in the FILD signal — so
called fast-ion filaments - for a single ELM crash [11,18]. Differences are observed in the signals measured by
two FILD detectors located at the same poloidal position, but different toroidal position, thus revealing the 3D
nature of the phenomenon. In recent experiments, a population of fast-ions, with energies well above the
primary NBI injection value, has been detected correlated with the application of NBI and the occurrence of
ELMs [18]. The experiments were carried out in low collisionality plasmas with NBI being the only source of
fast-ions to the plasma. This is illustrated in Figure 6, where (a) shows the velocity-space measured by FILD
during an ELM crash, (b) shows a tomographic inversion of the measurement, and (c) shows the synthetic FILD

signal recovered from the tomography. In (a), two main populations at pitch angles of arccos(— %) ~ 45° and

~ 60° are observed, which correspond to first orbit losses of NBI sources 7 and 8 respectively. For each of these
populations, different spots can be identified: the main one, at r,~4.1 cm which corresponds to the primary
energy of the NBI system; a second one, at r; ~2.9 cm, which corresponds to the half-energy of the NBI system;
and, more interestingly, an additional spot at r, > 5 cm — a high-energy feature - which corresponds to energies
well above the primary NBI injection value. The high energy feature is correlated with the application of the
NBI and the occurrence of ELMs. It has a pitch angle structure which varies with gq5. However, the velocity-
space measurement of FILD has a finite resolution in pitch angle and energy, meaning that the measurement is a
distortion of the velocity-space distribution of lost fast-ions which are reaching the detector pinhole [22]. In
order to overcome this limitation, the undistorted velocity-space measurement can be retrieved by means of
tomographic inversion techniques, taking into account the response of the detector. This is shown in (b),
revealing that the high-energy feature is well localized in energy. In (c) the synthetic FILD signal obtained from
the tomographic inverted distribution is shown for completeness. It can be seen that there is a good agreement
with the experimental signal.
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Figure 6: (a) Velocity-space measurement from FILD of beam-ion losses during an ELM. A population of beam-ions with
energies well above the main NBI injection is observed. (b) Tomographic inversion of the FILD signal, showing the
undistorted velocity-space measurement where the detector response has been taken into account. (c) Synthetic FILD signal
after applying a forward model to the inverted measurement. Good agreement is observed with the experimental signal. [23].

The acceleration mechanism leading to the high-energy feature is proposed to be a resonant interaction between
the fast-ions and the parallel electric fields emerging during the ELM crash. In order to investigate the ELM
induced fast-ion transport and beam-ion acceleration, two different kinds of simulations have been carried out,
results from which are shown in Figure 7. In the first case, simulations including only the magnetic field
perturbation during the ELM, provided by the non-linear resistive MHD code JOREK [24] have been carried out
with ASCOT. The results are shown in Figure 7 (a). In these simulations, a scan was performed in the initial
radial position and pitch angle of the particles. The transport of the particles is again evaluated through the
variation of the toroidal canonical angular momentum, as described in Section 2. Secondly, additional
simulations have been carried out with only a parallel electric field superimposed with the equilibrium field, in a
realistic AUG axisymmetric configuration. The parallel electric field is implemented through a simple analytical
model which encapsulates the 3D character of the perturbation:

(p = po)?

E=bh -4
I exp[ 202

] cos(np —mb* + a)

where b_”) is a unit vector parallel to the magnetic field, A is a parameter controlling the intensity of the electric
field, p, is the radial position of the perturbation, o is a parameter controlling the radial width of the
perturbation, ¢ is the toroidal angle, 8 is the poloidal angle, « is the phase of the perturbation, and n and m are
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the toroidal and poloidal mode numbers respectively. In this case the parameters of the parallel electric field
model were setto A = 2.0 kV/m, p, = 0.9, ¢ = 0.1, n = 10 and m = q - n, and the particles were followed for
50 us. The results are shown in Figure 7 (b), where again the energy gain of the particles is shown as a function
of the initial radial position and pitch angle. The energy gains obtained are of the order of tens of keV,
consistent with the FILD measurements. In both cases we observe resonant-like structures which are different
for passing (clear vertical structures in the plot) and trapped orbits. These features are similar to those of the
ERTL for the fast-ion transport in the presence of externally applied MPs, shown in Figure 2 (c).

0Py (a.u.) x10721 Energy gain (keV)
S 4

Separatrix

3> -0.2 = f
> > ‘
< .04 <
f{ i 1 § 10.0
‘a -0.6 a
® ©
2 -08 :
-1.0 e Sl o .0 HEE -30.0
1.95 2.05 2.15 1.8 1.9 2.0 2.1 2.2
R (m) R (m)

Figure 7: Full-orbit following simulations of beam-ions. (a) Simulation including only the magnetic field perturbation
provided by JOREK. The variation of toroidal canonical angular momentum is shown as a function of the initial particle
radial position and pitch. (b) Simulation including only a parallel electric field as provided by a simple analytical model. The
energy gain is shown as a function of the initial particle radial position and pitch. Similar resonant structures can be observed
in (a) and (b). [18,23]

5. CONCLUSIONS

Experiments at AUG have shown that fast-ion losses in the presence of externally applied MPs strongly depend
on the poloidal spectrum of the applied perturbation. The fast-ion transport is explained in terms of a resonant
interaction between the fast-ion orbits and the 3D perturbation. Orbit following simulations reveal the existence
of an edge resonant transport layer (ERTL) in a region of few cm around the separatrix, where the variation of
toroidal canonical angular momentum is used as a proxy for radial transport of the particles. The numerical
results are supported by analytical calculation of linear and non-linear resonances. These simulations indicate
that the radial direction of the fast-ion transport is determined by both the poloidal spectrum of the perturbation
and the relative toroidal phase between the perturbation and the fast-ion deposition profile. Therefore, an
appropriate arrangement of the heating systems together with the MP coil configuration provides an excellent
tool to tailor the fast-ion distribution, thus modifying the drive/damping of electromagnetic instabilities through
local wave-particle interactions. In this regard, proof-of-principle experiments have been carried out in AUG,
where the stability of NBI driven TAEs was shown to be affected using this technique. Depending on the
poloidal spectrum of the applied perturbations, TAEs were observed to be mitigated, suppressed or excited.
These results open the door towards the possibility of using MP coils as a tool to control AE activity by
actuating on limited phase-space volumes of the fast-ion distribution.

The concept of the ERTL has been extended to the study of ELM induced fast-ion losses, during which
acceleration of beam ions has been recently measured by means of fast-ion loss detectors in AUG. A resonant
interaction between the beam ion orbits and the parallel electric fields emerging during ELM filament eruption
has been proposed as a possible mechanism to explain the beam-ion acceleration. Full-orbit following
simulations have revealed features that are analogous to those observed in the case of externally applied MPs.
Resonant structures are observed in simulations including only the perturbed magnetic fields, and separately in
simulations including only the parallel electric field through an analytical 3D model. A topological difference
between passing and trapped particles is observed.

The experimental results presented here may contribute to a better understanding of the physics underlying fast-
ion confinement in the presence of both self-generated and imposed edge 3D perturbations.
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