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Abstract
The impact of electron cyclotron current drive (ECCD)-driven current on toroidicity-induced
Alfvén eigenmodes (TAEs) in experiments on the AUG tokamak is investigated numerically.
The dynamical evolution of the plasma profiles and equilibria are modelled with European
transport solver, while ion cyclotron resonance heating-accelerated H-minority ions exciting
TAEs are assessed with the PION code. TAEs, their drive and damping are computed with the
codes CASTOR and CASTOR-K. In the set of discharges analysed, two groups of TAEs are
observed, differing in frequency and radial location. Experimental observations show that when
counter-ECCD is applied the higher frequency group of approximately 150 kHz is suppressed,
while the lower frequency modes of 125 kHz are amplified. When co-ECCD is applied,
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depending on the location of the ECCD current deposition layer, both groups of TAE can be
suppressed. Numerical calculations of energetic particle drive and thermal plasma damping
show that neither one effect could explain the variety of the experimental observations. The fine
balance between the drive, sensitive to the TAE position, and the radiative and continuum
damping effects could only explain the experiment if the effects are considered all together.

Keywords: tokamaks, Alfvén eigenmodes, energetic ions, ECCD

(Some figures may appear in colour only in the online journal)

1. Introduction

Supra thermal or energetic ion populations can resonantly
excite Alfvén waves in magnetic confinement fusion devices
[1, 2]. Those Alfvén instabilities may grow to high amplitudes
and result in a significant increase of the cross-filed transport
of the energetic ions, thus causing radial redistribution and
losses of the ions to the first wall. In future fusion reactors, the
most important of such populations will be fusion-born alpha-
particles and populations accelerated by auxiliary plasma heat-
ing mechanisms such as neutral beam injection (NBI) and
ion cyclotron resonance heating (ICRH) [3]. Alpha popula-
tions and auxiliary heating populations typically have distri-
butions peaked in the plasma core where they are needed to
keep the plasma burning.Whenwave-particle interaction leads
to substantial redistribution of core energy to outer regions of
the plasma, the temperature at the core may drop below the
requirements for sustained operation of the reactor.

Due to the existence of radial gradients in the plasma dens-
ity and the magnetic field, the dispersion relation of the shear
Alfvén wave is a function of the radius. The shear Alfvén spec-
trum then forms a continuum. Modes in the continuum range
of frequency are hard to excite due to a process known as con-
tinuum damping [4, 5]. There are, however, geometric effects
that introduce gaps in the Alfvén continuum. Inside these gaps,
a discrete spectrum of eigenmodes can exist, which are much
easier to excite given the absence of continuum damping. An
important example of such modes are the Toroidicity-induced
Alfvén Eigenmodes (TAEs) [6, 7], which reside in gaps cre-
ated by toroidicity effects. These modes can resonantly inter-
act with energetic ion populations and redistribute these ener-
getic ions to outer plasma regions, possibly leading to ion
losses [8, 9].

It is important to develop methods to mitigate Alfvén
instabilities in order to avoid core energy redestribution
and prevent the loss of energetic ions, which would col-
lide with and damage reactor walls and other plasma
facing components. Drive from energetic ions competes
against a variety of damping effects. To mitigate instabilit-
ies, one should search for mechanisms that either decrease
the drive or increase the damping of the wave (or both),
or that suppress entirely the existence of the discrete
spectrum. One way to control operational conditions is
by applying electron cyclotron resonant heating (ECRH)
that locally affects the plasma pressure and density
profiles [10].

Methods to control Alfvénic activities using ECRH and
ECCD (electron cyclotron current drive) are being developed
in AUG [11–13]. In a set of recent discharges employing
ECCD, distinct TAE groups were observed to be suppressed
when different ECCD configurations were applied [14]. A ref-
erence discharge was performed with ECRH so that no cur-
rent was driven. In this discharge, a higher frequency and a
lower frequency groups of TAEs were observed. The frequen-
cies of the first group are close to 150 kHz, and the second
group is characterised by frequencies around 125 kHz. In
following discharges, ECCD was configured to drive current
either opposite to or in the same direction as the plasma cur-
rent. In the former scenario, only the low frequency TAEs are
observed, whereas in the latter, only the high frequency modes
were unstable. ECCD has a localised effect on the current pro-
file and subsequently on the continuum spectrum, thereby pos-
sibly closing continuum gaps and modifying the position and
frequency of the modes. These effects impact TAEs’ drive and
dampingmechanisms andmay ultimately result in suppression
of the modes. In this work, the set of discharges is analysed in
order to understand the mitigation of the observed modes and
to establish a connection to the applied ECCD schemes.

The paper is organised as follows. In section 2, the experi-
ments are described and the observations that led to the work
are presented. The ensuing modelling work is presented in
section 3, with three discharges being analysed in detail. The
results obtained are discussed and conclusions are drawn in
section 4.

2. Experimental observations

In order to study the effects of ECCD on the TAEs, three dif-
ferent scenarios were devised. The first scenario is an ECRH
scenario with no ECCD driven current. It was thus a refer-
ence scenario where the TAE activity in the absence of ECCD
effects was identified. This scenario was explored in discharge
No 38012. After that, the following dischargeswere performed
with two different ECCD configurations. In discharge No
38017, ECCDwas configured to generate current in the oppos-
ite direction of the plasma current. In contrast, in discharge
No 38019 ECCD generated current in the same direction as
the plasma current. In this manuscript, we refer to these con-
figurations as counter-ECCD and co-ECCD, respectively. The
ECCD channels where tuned to generate current at different
radial locations. The channels were successively turned on in
a step fashion in order to identify the ECCD power threshold
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Figure 1. Power waveforms of the different ECCD channels, ICRH
and NBI from discharges No. (a) 38017; (b) 38019.

for mode suppression and investigate the effect of current
generation at different locations. The power waveforms of the
different ECCD channels, ICRH and NBI during the counter-
ECCD and co-ECCD discharges are shown in figure 1. NBI
was injected tangentially in blips for diagnostics purposes. The
current deposition profiles from the different channels in both
discharges are shown in figure 2. They are shown as a function
of the square root of the normalised poloidal flux, s=

√
Ψnorm.

The negative sign of the current in discharge 38017 repres-
ents the opposite direction of the driven current relative to the
plasma current. In both scenarios, channel 4 has the strongest
effect on the current and has a deposition profile peaked around
s≈ 0.2. The effect from other channels is farther from the axis
in the s= 0.4 0.6 range.

Figure 3 shows spectrograms in the TAE range of frequen-
cies corresponding to discharges No (a) 38012, (b) 38017
and (c) 38019. In the reference discharge both lower (120–
130 kHz) and higher (140–150 kHz) frequency TAEs were
observed in the interval t= 1.75 3.5 s. Multi-coil analysis
allows the identification of the toroidal mode numbers of the
lower frequency modes as n= 2,3 while the higher frequency
mode has n= 2. Additional signals observed in the spectro-
grams represent the result of the interference of the high fre-
quency n= 2mode and the harmonics of an n= 1Neoclassical
Tearing Mode (NTM). The radial localisation of the TAE
modes was estimated using ECE data. The higher frequency

Figure 2. ECCD current deposition profile of: (a) discharge 38017
at t= 3.6 s; (b) discharge 38019 at t= 2.25 s.

Figure 3. Spectrograms of discharges No. (a) 38012; (b) 38017; (c)
38019.

3



Nucl. Fusion 64 (2024) 016039 R. Calado et al

Figure 4. NPA measurements of H and D ions during discharge
38017.

modes were found to reside near s= 0.4, and the lower fre-
quency modes were localised close to s= 0.6, where s is the
square root of the normalised poloidal flux. When counter-
ECCD was applied to the plasma, only modes in the lower
frequency range were observed, as figure 3(b) shows. The
observed modes have toroidal mode numbers n= 2,3,4 dur-
ing the interval t= 2 5.4 s, after which the n= 2 becomes
stable and an n= 5 mode emerges. They are localised close
to the s= 0.6 surface. Frequency range, mode localisation
and toroidal mode numbers agree with the observations for
the lower frequency modes of the reference discharge. In
the co-ECCD discharge only modes in the higher frequency
range are observed throughout the discharge up until shortly
after t= 2 s. Toroidal mode analysis shows that these modes
are characterised by n= 2,3. The other signals observed in
figure 3(c) are once again the result of the beating of the n
= 2 and n = 3 TAEs with the harmonics of an n = 1 NTM.
ECE diagnostics localise the TAE modes between s= 0.4
and s= 0.6.

The modes were excited by an ICRH accelerated H minor-
ity population. Evidence of this population was collected by
NPA measurements as shown in figure 4 for discharge 38017.

3. Modelling

Numerical modelling was employed to understand the sup-
pression of the TAEs in the different ECCD scenarios. With
this purpose in mind, drive from the energetic ions population
and damping from relevant damping mechanisms were cal-
culated. The time evolving equilibria of the discharges were
computed with European transport solver (ETS) [15, 16] and
the straight field line coordinate system representation for
these equilibria was obtained with HELENA [17]. Alfvén con-
tinuum and eigenmode calculations were carried out with the
resistiveMHD codes CSCAS [18] and CASTOR [19], respect-
ively, to identify the modes observed in the spectrograms.
Drive from the ICRH excited fast H population as well as
Landau damping from the bulk D plasma was then assessed

for each mode with CASTOR-K [20]. In this code, each ion
species is described by a distribution function in the (E,s,Λ)
phase space, assumed to be factorable as

f(E,s,Λ) = n(s) fE (E) fΛ (Λ) ,

which the code converts to the equivalent distribution in
the phase space of the constants of motion (E,Pϕ,Λ), where
E, Pϕ ≡ ZeΦ+mRv∥Bϕ/B and Λ≡ µB0/E are the particle’s
energy, toroidal canonical momentum and normalised mag-
netic moment, respectively. It was assumed for both species
that fE is described by a Maxwellian distribution, where for
the radial temperature profile T(s) an 8th order polynomial
was considered. The density profile n(s) was also described
by an 8th order polynomial in the case of the fast H popula-
tion, whereas in the case of the bulk D population the density
profile was taken to be in the form:

n(s) = [c1 + s(c2 + s(c3 + c4s))] · [1− tanh((s− c5)/c6)] .

Fast H density and temperature radial profiles were fitted to
data from PION [21] runs, and the bulk D profiles were fit-
ted to ETS data. As for fΛ, a boxcar function was used, where
fΛ(Λ) is constant in a given Λ range and 0 elsewhere. The
bulk D ions were assumed to be distributed isotropically. Since
ICRH was configured for on-axis heating of the H population,
Λ ranges close to unity were considered for this population.
Figure 5 illustrates the procedure to identify the best suiting
range for Λ. From the figure, it is clear that depending on the
value of Λ considered the population provides drive (posit-
ive γ) or damping (negative γ) to the mode. A wide range
is first considered, from which the Λ interval that matches
the requirements in terms of drive for both modes is selected.
The example shown here corresponds to the counter-ECCD
discharge, where drive of the low frequency mode should be
stronger than damping, and the opposite for the high frequency
mode. The interval selected maximizes drive of the low fre-
quency mode while constraining the high frequency mode to
medium drive. Moving the interval to minimize the high fre-
quency mode drive would also decrease drive of the low fre-
quencymode, which is not desirable as the mode should have a
positive net growth rate. A note should also be made on fast H
drive and Landau damping calculations when the modes inter-
sect the continuum at locations where mode amplitude is sig-
nificant. That is the case of the low frequency modes observed
in the experiments. To avoid spurious energy exchange con-
tributions arising from the sharp singular behaviour of the
eigenfunction where crossing the Alfvén continuum, a radial
range restricted version of the eigenfunction was considered
in CASTOR-K calculations.

Aside from ion Landau damping, two additional sources of
damping were also considered: continuum damping and radi-
ative damping. Both continuum and radiative damping were
computed with CASTOR. Continuum damping was computed
based on the results of [5]. Resistivity (η) scans on the vanish-
ing resistivity limit η → 0 show the oscillatory and damping
parts of the resistive MHD eigenmode converging to finite,
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Figure 5. Growth rate γ dependence on Λ of the fast H ions. From
the wide range calculations (blue crosses and green circles for the
high and low frequency modes, respectively) the best suiting
interval is selected, here Λ = [0.99;1.00] (orange Xs and red
triangles for the high and low frequency modes, respectively).

η independent values as η decreases. The damping obtained
in this limit corresponds to the continuum damping due to
coupling to ideal MHD continuummodes. Radiative damping,
on the other hand, comes from coupling of the TAEs to kinetic
Alfvén waves (KAWs). These waves propagate in the radial
direction and carry energy away from the TAE, effectively
damping it. Comprehensive descriptions of the approach fol-
lowed to estimate radiative damping can be found in [22, 23].
It is based on the formal equivalence between a non-ideal
MHD model accounting for finite parallel electric field and
first-order ion gyroradius effects, which give rise to KAWs,
and the resistive MHD model of CASTOR, if η is extended to
the complex plane. The imaginary part of η introduces coup-
ling to KAWs, while the real part is connected to collisional
damping, an effect much stronger for KAWs than for TAEs.
From scans performed on the real part of η it is possible to
identify the point where all KAW energy is damped, provid-
ing an estimation for the radiative damping of the TAE.

3.1. Reference ECRH—discharge 38012

Figure 6 exhibits the spectrogram and the ECRH, NBI and
ICRH power waveforms of discharge 38012. ECRH channels
during the interval t= 1.0 3.5 s were configured to have no
effect on the current. However, channel 4 was not correctly
configured and at t= 3.5 s, when it was turned on, it star-
ted driving significant current opposite to the plasma current.
Shortly after the modes were suppressed. Thus, the reference
discharge was considered only until t= 3.5 s in our analysis.

During the time interval under consideration, the q profile
of the equilibrium was monotonic. Figure 7 shows the q pro-
file at t= 3.41 s and the n= 2 and n= 3 Alfvén continua com-
puted with CSCAS at the same instant. ECE analysis located
the higher and lower frequency n= 2 modes at s≈ 0.4 and

Figure 6. Spectrogram (top) and ECCD (solid), NBI (dashed) and
ICRH (dash-dotted) power waveforms (bottom) from the reference
discharge. NBI has a strong effect on the observed frequency of the
modes. Shortly after ECCD channel 4 (red solid curve) is
accidentally turned on at t= 3.5 s the modes are suppressed.

s≈ 0.6, respectively. From figure 7 one can observe that these
locations correspond to local extrema of the Alfvén continuum
where a gap is formed.

Frequencies corresponding to the bottom of the gaps at
s≈ {0.4;0.6}were scanned for TAEs with CASTOR. Amode
was found at each gap. The computed radial structures and fre-
quencies are shown in figure 8. To the frequencies computed
by CASTOR a Doppler shift of ∆f = n× 6 kHz is added to
take into account plasma rotation. The 6 kHz plasma rota-
tion frequency was estimated from the frequency separation
observed between the n= 2 and n= 3 modes observed in the
low frequency range. The frequencies thus obtained (137 kHz
and 106 kHz) are lower than those observed in the experiments
(145 kHz and 121 kHz), especially for the lower frequency
mode, whereas the position of the modes is in good agreement
with ECE measurements. The higher frequency mode only
intersects the continuum at a location where its amplitude is
low, and as such this mode is not expected to suffer significant
continuum damping. As for the lower frequency mode, there
is an intersection with the continuum at a location where the
mode’s amplitude is still significant. The mode was, however,
clearly observed in the experiments, indicating that continuum
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Figure 7. q profile (solid blue) and the n= 2 (orange dashed) and
n= 3 (green dotted) Alfvén continua of the reference discharge
38012 at t= 3.41 s, before ECCD channel 4 is active. The n= 2
higher and lower frequency modes sit at the two leftmost continuum
gaps. The location of these gaps matches the location of the
observed modes. The frequencies of the TAEs found at the bottom
of these gaps by CASTOR are marked by the horizontal black and
grey lines.

Figure 8. n = 2 Alfvén continuum and eigenmodes obtained with
CASTOR in discharge 38012 at t= 3.41 s.

damping should not be enough to overrule the fast H popula-
tion drive.

The effects of the different drive and damping mechan-
isms were computed for the modes displayed in figure 8. The

Figure 9. Density and temperature profiles of the fast H population
in discharge 38012 at t= 3.41 s. Data points are obtained with PION
and the lines represent the fitted nfast(s) and T fast(s) that are
introduced in CASTOR-k.

Table 1. Drive and damping results at t= 3.41 s for the higher and
lower frequency n = 2 modes presented in figure 8.

Mode

γ/ω (%)

Fast H Bulk D Radiative Continuum

High f 9.24 −0.55 −2.45 −0.01
Low f 4.10 −0.98 −1.99 −0.67

fast H temperature and density radial profiles obtained with
PION are shown in figure 9. The Λ range considered was
Λ = [1.00;1.01]. These profiles were used in the calculation
of the drive from the fast H population. Data from ETS was
fitted and yielded the profiles for the bulk D plasma distribu-
tion that were assumed for the Landau damping calculations.
The drive and damping results are presented in table 1.

The results shown in table 1 agree with the experimental
observations. Both modes experience sufficient drive from the
interaction with the fast H population to sustain the com-
bined effects of Landau, radiative and continuum damping.
Additionally, the high frequency mode does not experience
strong continuum damping. The low frequency mode, on the
other hand, intersects the continuum at a location where its
amplitude is significant, and the corresponding continuum
damping is stronger.

3.2. Counter-ECCD—discharge 38017

In figure 10 the spectrogram of discharge 38017 is shown,
together with the power waveforms of ECCD and NBI. ECCD
is applied from the beginning, with the most significant chan-
nel in terms of current drive (channel 4) being active during the
interval t= 2.0 4.5 s. Modes in the lower frequency range are
present throughout the discharge, while the higher frequency
modes observed in the reference discharge are here suppressed
from the start. When ECCD channel 4 is powered, the modes
seem to be amplified.

Due to the current driven by channel 4 exhibiting a strongly
peaked deposition profile around s= 0.2, the q profile during
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Figure 10. Spectrogram (top) and ECCD (solid) and NBI (dashed)
power waveforms (bottom) from the counter-ECCD discharge. NBI
effects are reflected by the changes in the observed frequency of the
modes. The lower frequency modes are visible throughout the
discharge while different channels are being turned on and off.

the period of activity of this channel was no longer monotonic.
The continuum structure is consequently severely affected.
Figure 11 illustrates the effect of ECCD on both q and the
Alfvén continuum structure. A prominent bump arises in the
q profile close to the current deposition location of channel 4.
The elevated magnetic shear on the inner side of the bump res-
ults in a rapid change of the frequency of the continuum around
s= 0.2, closing the TAE gap at this location. At higher minor
radius, q decreases more slowly and the subsequent shear
reversal is smoother. There is a local minimum of q around
s= 0.3. The current generated by the other ECCD channels is
localised in the s= 0.5 0.6 region. The effect of this current
on q is also observed in figure 11 in the local increase of the
magnetic shear. However, the current is not enough to reverse
the shear as in the case of channel 4. The subsequent effect on
the Alfvén continuum structure is the inwards displacement of
the gap seen in the reference discharge slightly after s= 0.6.

Once again, frequencies at the bottom of the gaps at s≈
0.5;0.6 were numerically scanned for n= 2 TAEs. The scans
yielded modes centred at each of these locations, shown in
figure 12. We conclude from this result that the absence

Figure 11. q profile (solid blue) and the n= 2 (orange dashed) and
n= 3 (green dotted) Alfvén continua of the counter-ECCD
discharge 38017 at t= 3.60 s. The continuum gaps at s≈ 0.6 match
the location and frequency of the experimentally observed modes.
At s≈ 0.5 sits another gap corresponding to the leftmost gap of the
reference discharge, where the higher frequency mode was found.
At each of these gaps a TAE was found, marked here with black and
grey horizontal lines.

Figure 12. n = 2 Alfvén continuum and eigenmodes obtained with
CASTOR in discharge 38017 at t= 3.60 s.

of higher frequency modes in discharge 38017 is not due
to continuum changes that disallow the existence of gap
modes, but rather to the increase/decrease of damping/drive.
In this discharge, a plasma rotation frequency of 7 kHz was
considered in the calculation of the Doppler shift to the

7
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Figure 13. Density and temperature profiles of the fast H
population in discharge 38017 at t= 3.60 s. Data points are obtained
with PION and the lines represent the fitted nfast(s) and T fast(s) that
are introduced in CASTOR-k.

Table 2. Drive and damping results at t= 3.60 s for the higher and
lower frequency n = 2 modes presented in figure 12.

Mode

γ/ω (%)

Fast H Bulk D Radiative Continuum

High f 5.84 −0.05 −3.45 −0.17
Low f 4.82 −0.21 −0.96 −2.5

frequencies computed with CASTOR. The frequency and loc-
ation of the TAE at the s≈ 0.6 gap match those of the exper-
imentally observed n= 2 mode. At the location of the inter-
section of the mode with the continuum the mode’s amplitude
is significant. The mode found at the s≈ 0.5 gap has a higher
frequency than that of the higher frequency modes observed
in the reference discharge. The case differs from the reference
scenario in that this mode intersects the continuum both at the
core and at outer regions, however at both locations the amp-
litude of the mode is low.

Drive and damping mechanisms were evaluated for both
modes. The density and temperature profiles of the fast H pop-
ulation used in the calculations were obtained with PION and
are shown in figure 13. They are very similar in shape to the
profiles in the reference case, but with slightly lower density
and slightly higher temperature. The Λ range considered for
this species was in this case Λ = [0.99;1.00]. The results are
shown in table 2.

In this discharge, the unstable nature of the low frequency
mode is compatible with drive and damping estimations, as the
computed drive from the fast H population is stronger than the
combined effect of the damping sources. However, our calcu-
lations do not explain the suppression of the high frequency
mode. It was expected that the high frequency mode experi-
ences in this discharge stronger continuum damping since in
this scenario the mode intersects the continuum at an addi-
tional location around s≈ 0.2. This in fact agrees with our cal-
culations. However, this effect, even combined with a decrease

Figure 14. Spectrogram (top) and ECCD (solid) and NBI (dashed)
power waveforms (bottom) from the co-ECCD discharge. The
higher frequency modes are present until shortly after t= 2 s, when
ECCD channel 4 is turned on. From t≈ 1.5 s onwards, two groups
of modes are observed. The lower and higher frequency groups are
dominated by the n= 2 and n= 3 mode, respectively, with the
neighbouring modes resulting from beatings with an NTM and its
harmonics.

in fast H drive and increase in radiative damping, was not
enough to obtain net mode damping.

3.3. Co-ECCD—discharge 38019

The spectrogram and the power waveforms of ECCD and NBI
of discharge 38019 are shown in figure 14. It is only shortly
after channel 4 is turned on that the higher frequency modes
are suppressed. This observation suggests that the current
deposition location impacts the suppression of the modes. As
for the lower frequencymodes, they are suppressed throughout
except for very brief periods.

Opposite to the counter-ECCD discharge, the driven cur-
rent increased the plasma current locally around s= 0.2. The
increase in current leads to a decrease in the local q value.
When ECCD channel 4 is active, the q profile becomes non-
monotonic as shown in figure 15. The figure also shows the
n= 2 and n= 3 continua at t= 2.25 s. In agreement with ECE
data localising the observed modes in the s= 0.4 0.6 region,
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Figure 15. q profile (solid blue) and the n= 2 (orange dashed) and
n= 3 (green dotted) Alfvén continua of the co-ECCD discharge
38019 at t= 2.25 s. The continuum gaps close to s= 0.55 are in
good agreement in terms of frequency and location with the
observed modes. At s≈ 0.7 a gap is found which, albeit slightly
deviated outwards, corresponds to the lower frequency gap of the
reference discharge. Once again, the eigenmodes found at each of
these gaps are marked by the horizontal black and grey lines.

Figure 16. n= 2 Alfvén continuum evolution. At t= 2.0 s ECCD
channel 4 is powered on, and its effect on the current profile is
reflected on the evolution of the continuum through the safety
factor. As the q profile becomes non-monotonic, at the location of
its minimum, around s= 0.2, a bump in the continuum appears and
rises, a structure associated with the RSAE. Eventually, the bump
closes the TAE continuum gap from the inside.

there is a local maximum of the continuum close to s= 0.55.
This gap corresponds to the one at s≈ 0.4 in the reference dis-
charge. The direct match to the s≈ 0.6 gap of the reference
discharge is in this discharge located close to s= 0.7.

Figure 16 illustrates the evolution of the n= 2 continuum
when ECCD channel 4 is turned on, at t= 2.0 s. As q decreases
around s= 0.2 and the profile becomes non-monotonic, a
RSAE structure is formed. Following the decrease in q, the
bump in the continuum rises until it starts closing the TAE

Figure 17. n = 2 Alfvén continuum and eigenmodes obtained with
CASTOR in discharge 38019 at t= 2.25 s.

continuum gap from below. At t= 2.25 s the RSAE structure
closes the lower part of the gap at the inner side.

Figure 17 shows the radial structure and frequency of the
n= 2 modes found with CASTOR at the bottom of the gaps at
s≈ {0.4;0.6} in the instant t= 2.25 s. Here, a 3 kHz frequency
for the plasma rotation was assumed and hence a Doppler shift
of 6 kHz was added to the computed frequency of the n= 2
modes. Although only onemode is observed in the experiment,
a mode was found for each gap. The higher frequency mode’s
properties, namely frequency and radial location, match bet-
ter the experimental data. Analysing the evolution of the con-
tinuum shown in figure 16 we can see that the intersection
of the mode with the continuum in the inner side occurs at
positions of increasing amplitude as the bump at s≈ 0.2 rises.
Decrease of drive or increase of damping, or both, relative to
the reference discharge, is expected to be behind the suppres-
sion of the lower frequency modes, since an eigenmode solu-
tion is found at this frequency range. At the intersection of this
modewith the continuum its amplitude is high, which suggests
strong continuum damping effects.

Figure 18 shows the density and temperature profiles of
the fast H population at t= 1.945 s and t= 2.25 s. The plat-
eau observed in the fast H density profile of the reference
discharge is less pronounced in this discharge at t= 1.95 s,
and at t= 2.25 s it changes to a monotonically decreasing
region with much smaller slope than that observed around
s= 0.6. The temperature profile is again similar in shape to the
reference discharge but at slightly lower temperatures. In this
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Figure 18. Density and temperature profiles of the fast H
population in discharge 38019 at t= {1.95,2.25} s. Data points are
obtained with PION and the lines represent the fitted nfast(s) and
T fast(s) that are introduced in CASTOR-k.

Table 3. Drive and damping results for the higher and lower
frequency n = 2 modes of discharge 38019 at two different times,
t= 1.95,2.25 s. At t= 1.95 s the n= 2 higher frequency mode is
visible, but at t= 2.25 s it has been suppressed.

Time Mode

γ/ω (%)

Fast H Bulk D Rad Cont

1.95 High f 4.12 −0.05 −1.23 −0.21
Low f 1.49 −0.23 −3.08 −1.5

2.25 High f −1.00 −0.13 −0.94 −0.22
Low f 1.64 −0.94 — −1.98

discharge, the Λ intervals considered for the fast H population
were Λ = [1.00;1.01] at t= 1.945 s and Λ = [0.995;1.005] at
t= 2.25 s. The drive and damping results obtained are presen-
ted in table 3.

When co-ECCD was applied, a decrease of fast H drive
to the low frequency mode relative to the reference discharge
is observed. Additionally, radiative and continuum damping
increase. Decrease of drive and increase of damping explain
the suppression of the mode in this scenario. Regarding the
suppression of the high frequency mode, our results suggest
that it is due to decrease of the fast H drive, further enhanced
after ECCD channel 4 is powered where the fast H population
is expected to damp the mode according to our calculations.

4. Discussion and conclusions

An AUG experiment performed to investigate the TAE sup-
pression effect of ECCD was analysed in this work. The
goal was to understand and explain the suppression of TAEs
observed in the experiment’s discharges when different ECCD
schemes were employed. A reference discharge with ECRH
only and discharges with ECCD driving current either in
the same or in the opposite direction of the plasma current
where studied. In the reference discharge, where no ECCD

was applied, two groups of TAEs were observed. The n= 2
mode of each group was numerically computed and identified
with CASTOR,with good agreement with experimental obser-
vations both in frequency and location of the mode. Similar
numerical eigenmode solutions where found in the counter-
ECCD and co-ECCD scenarios, suggesting mode suppression
in the ECCD discharges to result from changes in the mag-
nitude of drive and damping effects that lead to dampingmech-
anisms exceeding the source of drive.

Mode drive due to interaction with an ICRH accelerated
H minority was evaluated with CASTOR-K. The results were
observed to be strongly dependent on the Λ interval of the
energetic ion population. Except for the counter-ECCD case,
an interval was found for the remaining discharges where the
results agreed with the observations, in the sense that the drive
obtained was stronger than damping sources when the cor-
responding mode is observed, and lower when the mode is
suppressed. Changes in drive magnitude are connected with
ECCD effects changing the radial position of the modes, tak-
ing them to regions of higher/lower energetic ion density and
radial density gradient.

Our calculations in the counter-ECCD discharge show a
decrease in the drive of the high frequency n= 2 TAE, as
well as an increase of total damping. The mitigating effect
of this counter-ECCD scheme is reflected in the decrease of
the net growth rate of the mode with respect to the reference
discharge. However, our calculations were unable to capture
the full extent of this effect since drive was estimated to be
stronger than damping even though the mode is suppressed in
the discharge. Inaccuracy of equilibrium reconstructions is a
source of uncertainty that may explain overestimation of the
drive and/or underestimation of damping effects. Calculations
for the low frequency yield a positive net growth rate, in agree-
ment with the observation of the mode during the discharge.
The computed growth rate for this mode was larger than in the
reference discharge. These results support the observation that
counter-ECCD has a mitigating effect on the high frequency
TAEs but an enhancing effect on the low frequency TAEs. The
location of the ECCD current deposition did not have a signi-
ficant impact on the stability of the modes, as the same modes
are observed before and after ECCD channel 4 is turned on.

In the co-ECCD discharge, two regimes with regard to
mode stability are clearly observed. When only the outermost
ECCD channels are active, the low frequency modes are sup-
pressed, while the high frequencymodes are unstable. Then, as
ECCD channel 4 is powered, with a current deposition location
close to the axis at s≈ 0.2, all modes are suppressed. The loc-
ation of current deposition seems to have a significant impact
on mode stability in the co-ECCD discharge, in particular to
the high frequency TAE. Drive and damping estimations are
in agreement with the observed mode suppression regimes.

The single, most impactful effect of ECCD on TAE sup-
pression is through the drive from the fast H population. Both
counter-ECCD and co-ECCD contribute to decrease in the
drive of the high frequency mode. In the case of the low
frequency mode, drive decreases when co-ECCD is applied,
which coincides with suppression of the modes, and slightly
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increases when counter-ECCD is applied and the modes are
observed in the discharge. The changes in drive are related
to the radial position of the modes. When ECCD is applied,
either co-ECCD or counter-ECCD, the high frequency modes
are pushed outwards to regions of lower fast H temperature
and weaker radial gradient, and drive decreases. In the case
of the low frequency modes, counter-ECCD moves the mode
inwards and drive increases, while co-ECCD moves the mode
outwards and drive decreases. The effect of ECCDon damping
also has a significant impact on the stability of the modes, par-
ticularly continuum damping. This damping source increases
for both modes when ECCD is applied, either counter-ECCD
or co-ECCD. This is due to changes in the continuum struc-
ture, either by partial closing of the TAE gap or by moving
the surface where continuum damping occurs to locations of
higher mode amplitude. Radiative damping follows the trend
of increasingwhenmodes are suppressed and decreasingwhen
they are unstable, except for the high frequency mode during
the co-ECCD discharge. A final word is directed to the impact
of the ECCD deposition location. TAE activity changes after
powering of channel 4, which affects the current profile at a
different location than the other channels. The difference is
most clear in the co-ECCD discharge where after this channel
is turned on the previously unstable modes are suppressed.
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