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In the Letter by A. Di Siena et al, Electromagnetic turbu-
lence suppression by energetic particle driven modes, pub-
lished in Nuclear Fusion 59 124001 (2019), turbulence simu-
lations were performed and compared with data from a number
of experimental discharges to corroborate the theoretical find-
ings. This set included ASDEX Upgrade H-mode discharge
31563, shown in table 1 and figures 1(a) and (d), without giv-
ing the due credit to: the EUROfusion Medium-Size-Tokamak
(MST1) team and the ASDEX Upgrade team who carried
out this discharge; M.J. Mantsinen who was the main pro-
ponent and the scientific coordinator of the MST1 experiment
on ASDEX Upgrade that produced this discharge; her former
team member F.N. deOliveira-Lopes who was involved in the
analysis and modelling of this discharge; and R. Bilato who
performed dedicated TORIC/SSFPQL [1] simulations for the
discharge and provided insights on the corresponding fast ion
properties. Furthermore, the Letter did not make a reference to
the paper by F.N. deOliveira-Lopes et al that was under prepar-
ation for publication in Nuclear Fusion on the aforementioned
analysis and modelling [2].

* See Labit et al 2019 (https://doi.org/10.1088/1741-4326/ab2211) for the
EUROfusion MST1 team.

® See Meyer et al 2019 (https://doi.org/10.1088/1741-4326/ab18b8) for the
ASDEX Upgrade team.

1741-4326/20/089501+1$33.00

These omissions are herewith corrected by extending the
author list correspondingly and adding the required acknow-
ledgments and references.
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Abstract

CrossMark

In recent years, a strong reduction of plasma turbulence in the presence of energetic particles
has been reported in a number of magnetic confinement experiments and corresponding
gyrokinetic simulations. While highly relevant to performance predictions for burning
plasmas, an explanation for this primarily nonlinear effect has so far remained elusive. A
thorough analysis finds that linearly marginally stable energetic particle driven modes are
excited nonlinearly, depleting the energy content of the turbulence and acting as an additional
catalyst for energy transfer to zonal modes (the dominant turbulence saturation channel).
Respective signatures are found in a number of simulations for different JET and ASDEX
Upgrade discharges with reduced transport levels attributed to energetic ion effects.

Keywords: energetic particles, plasma turbulence, nonlinear mode coupling,

marginally stable modes

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

Introduction

Being an almost ubiquitous phenomenon, turbulence with
its highly stochastic and nonlinear character is a subject of
active research in various fields. In magnetically confined
plasma physics, it is of particular interest since it largely
determines the radial heat and particle transport and thus the
overall confinement. Any insight on possible reductions of the
underlying micro-instabilities and/or on modifications of their
nonlinear saturation mechanisms can be considered crucial on
the way to self-sustained fusion power plants. A particularly
interesting example is the recent experimental and numerical
evidence suggesting a link between the presence of fast ions
and substantial improvement of energy confinement in pre-
dominantly ion temperature gradient (ITG) driven turbulence
[1-5]. Dedicated theoretical studies have already identified
a number of possible energetic ion effects on plasma turbu-
lence like dilution of the main ion species [1], Shafranov shift
stabilization [6] and resonance interaction with bulk species

1741-4326/19/124001+7$33.00

micro-instabilities in certain plasma regimes [7, 8]. They fur-
thermore contribute to the total plasma pressure and increase
the kinetic-to-magnetic pressure ratio, 3, which is a measure
for the relevance of electromagnetic fluctuations, known to
stabilize ITG modes. Such behaviour could indeed be con-
firmed in simulations [4, 9, 10] of JET hybrid discharges
[11, 12] with substantial fast ion effects that, however, also
identified an upper limit for this beneficial fast-ion-pressure
effect. If the total plasma pressure exceeds a critical value,
kinetic ballooning or Alfvénic ITG modes with smaller toroi-
dal mode numbers and frequencies higher than the ITG modes
are destabilized which increase particle/heat fluxes [13].
Although a possible relevance of the proximity to the onset
of these modes has been noted [4, 9], their role was not inves-
tigated in more detail. All of these effects mainly affect the
linear growth of the underlying micro-instability. A satisfac-
tory explanation for the particularly strong nonlinear reduc-
tion in electromagnetic flux-tube simulations with fast ions
[5, 10] still represents an outstanding issue. A substantially

© EURATOM 2019 Printed in the UK
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stronger nonlinear transport reduction compared to linear
simulations is also found in electromagnetic studies without
fast ions. Here, a theoretical model [14] has recently been
proposed which suggests that electromagnetic fluctuations
strengthen the nonlinear interaction between a large variety of
unspecified stable and unstable modes with zonal flows (ZF)
by increasing the so-called triplet correlation time. The further
enhancement of this effect by fast ions was, however, not cov-
ered. This letter is therefore dedicated to filling the missing
gaps and to provide—for the first time—a consistent picture
of the nonlinear impact of fast ions on plasma turbulence. A
new approach based on a frequency-spectral decomposition
of the free-energy balance reveals that a central role is played
by the nonlinear excitation of subdominant, energetic particle
(EP) induced modes in regulating the turbulent energy.

Similarity of different discharges

A common picture emerges from the analysis of a number of
different scenarios where improved ion-energy confinement
was attributed to nonlinear electromagnetic EP effects [4, 5,
10, 15]. To provide corresponding evidence, three different
examples—the JET (carbon-wall) L-mode discharge #73224
with both neutral beam injection (NBI) and ion cyclotron
resonance heating (ICRH) minority heating [5], the ASDEX
Upgrade (AUG) H-mode discharge #31563 with ICRH [16]
and the AUG H-mode non-inductive discharge #32305 with
only NBI heating [10]—will be studied and presented in
the following. The gyrokinetic analyses are performed with
GENE [17] flux-tube turbulence simulations at the radial
position where the bulk ion temperature profile steepens. The
main plasma parameters are summarized in table 1—they and
the numerical grid resolutions are the same as employed in
[5, 10]. The only exceptions are the external £ x B shearing
rate, that it is set to zero and the absence of carbon impuri-
ties for the JET discharge #73224 to remove any turbulence
reduction not related to nonlinear electromagnetic fast ion
effects. A characteristic transition marked by a rather quick
increase in the zonal flow amplitude and a substantial turbu-
lence reduction before entering a long-term quasi-stationary
state is observed in each of these studies as shown in figure 1.
Moreover, a sticking observation concerns the existence of
frequency components larger than the corresponding ITG
(low frequency) ones in each of the considered scenarios, as
demonstrated by the frequency spectra of the electrostatic field
component presented in figure 1(d). These modes (associated
with high frequency components) agree well with the ana-
lytic prediction w = vy, jcs/(2gR+/(;) [18] for toroidal Alfvén
eigenmodes (TAE) which are, however, absent in linear simu-
lations and thus nonlinearly destabilized. Here, vy, ; represents
a dimensionless thermal velocity defined as vy, ; = +/27T;/T.,
¢s = /T./m; the ion sound speed and R the major radius of
the device. The differences in the bulk plasma parameters (e.g.
Be, T;/ T,, v*), energetic particle heating schemes (e.g. neutral
beam injection and/or ion-cyclotron resonance heating) and
magnetic configurations (e.g. ¢, 5, a, R/a) among the selected
discharges show that this phenomenology is not limited to a

single particular simulation setup but more universal. In this
letter we present a detailed analysis on the impact of these
high-frequency modes on the turbulent transport for the JET-
like scenario described below.

Simulations: setup and results

The impact of the fast ions on the electromagnetic nonlinear sta-
bilization of plasma turbulence is investigated with GENE [17]
flux-tube turbulence simulations. We analyze in detail a JET-like
scenario with deuterium, electrons and externally injected neu-
tral beam deuterium described in detail in [7, 19], with a reduced
safety factor of g = 1.2. The basic finding to be explained is
displayed in figure 2(a) where the flux surface averaged heat
fluxes—normalized to Q. = Uth,ipizneTi /R(z)—are shown for
different values of the electron thermal to magnetic pressure
ratio 3, = 87p, /B3 in simulations with/without energetic par-
ticles. To better isolate the /3, impact on the fast ion related tur-
bulence suppression, the magnetic geometry is kept fixed to the
experimental one in the following analyses. The grid resolution
in radial, binormal and parallel to the magnetic field line direc-
tions is (x,y,z) = (192,96, 32) points, while in the magnetic
moment and parallel velocity (u,v,) = (20,32) points. The
radial box size is 175p, and the minimum k,p,; = 0.025 with
thermal gyroradius p, = (T,/m;)'/? /. Here, ; = mic/q;By
denotes the gyro-frequency, 7; the main ion temperature, m; the
main ion mass, g; the main ion charge, By the magnetic field
on axis and c is the speed of light. The flux-tube description
appears justified given the small Larmor-to-minor-radius ratio
of p; = 1/450 for thermal ions and p, = 1/150 for the fast
deuterium and was employed in all preceding studies on this
subject [4, 5, 9, 10, 14, 15]. The energetic particles are model-
led with an equivalent Maxwellian distribution function. This
choice is not expected to change qualitatively the turbulence
results as compared to more realistic background distribution
functions. Reference [20] considered numerical fast ion back-
grounds from state-of-the-art heating codes for the same JET
reference discharge #73224 as in the present manuscript. The
more realistic shape of the NBI fast ion distribution was found
to be rather insignificant compared to equivalent Maxwellian
results. Similar findings were also found in [15, 21, 22].

The presence of fast ions yields a substantial stabilization
compared to electromagnetic simulations without, e.g. 95% at
B. = 0.012. Considering the heat flux time traces of the higher
B. simulations with strong transport reduction in more detail,
two nonlinear phases can usually be observed as shown in fig-
ure 2(b). A striking observation during the first phase are high-
frequency modulations of the heat fluxes in the presence of
fast ions. They can be attributed to linearly marginally stable
EP-driven modes. Further analysis shows, analogously as the
results of figure 1(d), that they lie at the center of the toroidic-
ity-induced gap of the shear Alfvén wave continuous spectrum
[18, 23] and exhibit the TAE frequency w = vy ¢,/ (2gR/B:)
for each value of 3, and become unstable at 3, ~ 0.013. Here,
Be = BiT.n,./(Tin;). The appropriateness of a local flux-tube
description to treat energetic particle modes was partially
discussed in [24, 25] and can be shown to be valid for the
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Table 1. Parameters for the JET (carbon-wall) L-mode discharge #73224 at py,, = 0.33, the AUG H-mode discharge #31563 with
ICRH at py,; = 0.21 and the AUG H-mode non inductive discharge #32305 at p,, = 0.4. Here, T denotes the temperature normalized
to the electron one, R/Ly,, the normalized logarithmic temperature and density gradients, § the magnetic shear § = (pir/q)(dg/dpior), V*

the electron-ion collision frequency normalized to the trapped electron bounce frequency, 3, = 87n,T,/B3 the ratio between the thermal
electron and magnetic pressure and p* = p;/a the Larmor-to-minor-radius.

JET L-mode #73224
Ria ; g TJT.  R/Ly R/, R/L,  B%) v ot
3.1 0.52 1.74 1.0 9.3 6.8 0.02 0.33 0.038 1/450
M3hHe " T3He/Te TfD/Te R/LT3He R/LTﬂ) R/anHE R/Lnﬂ; p;He p}‘D
0.07 0.06 6.9 9.8 23.1 32 1.6 14.8 1/200 1/150
AUG H-mode #31563
Ria ; g T)T.  R/Ly R/l RiL, A% v ot
34 0.32 1.4 1.2 14.1 8.5 1.7 0.5 0.06 1/263
MHe nmp Tine /T T/ T, R/Ly, . R/Ly, R/ Lo, R/Ly,, Pt Pp
0.023 0 9.1 0 23.9 0 1.7 0 1/90 0
AUG H-mode #32305
Ria ; g T)T. R/l Rl RiL, A% v o
3.7 0.44 1.34 0.98 8.09 6.73 3.63 1.43 0.02 1/300
M3he i T»‘He/Te TfD/Te R/LTsHC R/LTfD R/Lnch R/Lnﬂ) P?He P;«kD
0 0.14 0 7.90 0 1.39 0 4.86 1/100
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Figure 1. Nonlinear (a)—(c) main ion heat flux time trace (in GyroBohm units) and zonal shearing rate (magenta lines) for the (a) AUG
H-mode discharge #31563, (b) JET L-mode discharge #73224, (c) AUG H-mode discharge #32305 and (d) k, and z-averaged ¢,
frequency spectra for each discharge of table 1 at the k,p, corresponding to the maximum of the TAE peak, identified by analyzing the
frequency spectra ¢ (ky,w), i.e. kyp; = 0.125 for the AUG H-mode discharge #32305, kyp; = 0.1 for the JET L-mode discharge #73224
and kyp; = 0.175 for the AUG H-mode discharge #31563. For each of these discharges the dimensionless TAE frequency reads as
follows, wrag = 2.1 for the AUG H-mode discharge #31563, wag = 2.5 for the JET L-mode discharge #73224 and wrag = 1.3 for the
AUG H-mode discharge #32305. The gray area denotes the experimental values within error bars normalized to Q. = vth,,-p,-zngT,- /R%. To
reduce the computational cost of the nonlinear AUG H-mode #32305 and JET L-mode #73224 simulations, the heat flux output has been
calculated by the GENE code only every 500 time steps. High-frequency oscillations which occur on shorter time scales are hence not

visible in this figure.

parameters under consideration by comparison with global
simulations [26]. Further signatures for the presence of these
modes are given in figure 3(a) where a Fourier transform has
been applied to the gyroaveraged electrostatic potential ¢; in
the first nearly-steady state time range (phase I). Clearly, a pro-
gressive destabilization of high-frequency components with 3,
can be seen (at kyp; = 0.1 in the plot) while no such signifi-
cant difference in the electrostatic potential frequency spectra
can be observed in the absence of EP in figure 3(b). Moreover,
figure 3(a) shows a corresponding reduction of the ITG peak
(w/[es/a) ~ 0.08) from about 30% for 5, = 0.003 to about
85% for B, = 0.012 with respect to the electrostatic limit, as

the high-frequency mode is destabilized. The presence of this
mode is observed in a wide spectral (k,p,) range which broad-
ens with increasing f3,. For the case 3, = 0.012, for instance,
high-frequency fluctuations are observed up to ITG relevant
binormal mode-numbers, namely 0.025 < k,p, < 0.2 with
a maximum at kyp; = 0.15. During the first nonlinear phase,
the energy enclosed in the TAE frequency range, namely
1.3 < w/[es/a] < 2.5, increases from about 0% to about 30%
as 3, is varied from O to 0.012, with a reduction in the ITG-
frequency free energy content. In this phase, the zonal flow lev-
els seem to be hardly affected by the EP presence such that the
overall EP induced transport reduction remains moderate. At
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Figure 2. Nonlinear main ion heat flux in GyroBohm units for (a)
different 3, and () time trace and zonal shearing rate at 8, = 0.012
with fast ions. The vertical black line marks the time of the
transition between phase I and II.
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Figure 3. Frequency spectra of ¢;—averaged over kp, and z—for
different 3, at kyp; = 0.1 for simulations (a) with (b) without fast
ions in the time range [50-340]a/c,. The plots share the same
legend. The ITG-frequency peaks at w/[cs/a] ~ 0.08, while the

TAE frequency follows the relation w/[c;/a] = vy /(2qRo+/B;) for
each value of j3,. Here 8; = . Tin;/(T,n.).

the beginning of a second phase, however, a significant increase
in zonal component of the potential is observed. It eventually
reaches a new quasi-stationary state with substantially reduced
ion-scale turbulence transport, which is not subject to long-time
secular [27, 28] zonal flow evolution. The statistical properties
of the heat flux, such as skewness and kurtosis, do not deviate
from the gaussian ones. It is remarked that the magnitude of the
heat flux during this phase depends on the simulation physical
parameters and does not imply necessarily proximity to margin-
ality, while the nonlinear coupling to a marginally stable high-
frequency mode remains an ubiquitous observation in all these
scenarios.

Nonlinear energy-transfer analysis

In order to understand the phenomenology described above,
the energy transfers are studied more closely, e.g. by moni-
toring the nonlinear mode-to-mode coupling term in the free
energy balance equation [29, 30, 31]

N = an/,k// = Z §Re{ /dzdvud;mBoh'f’s
Kk sk K7

(-0 B (et -atet) o)

with k= ff + q,0%Fo/T,. Here, s denotes the plasma
species with density n,, temperature 7,, and charge g¢;.

ngTy
F 0,s

Bo
|Bol

‘ ‘ 3 ‘ ‘ 1
os| a | b)
| 2 0.8
1 g2
" — 0.6
Nmo.a " o =
EY o
> | I a g ;
X | U ‘ Ifl 1“ ‘ J 13 1! 04
0.2 l \ \‘1 "\ -2
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Figure 4. Nonlinear transfer at 5, = 0.012—averaged over k. p;
and z—(a) in k,p, and in the time domain [100—-400]a/c, and (b) its
frequency spectra. Positive/negative values in the left plot indicate
that the given wave-vector is receiving/losing energy through
nonlinear coupling.

Furthermore, F , represents the Maxwellian background, and
g1s = fis + qs0ms0.FosA1,/Ts a modified distribution with
the perturbed distribution function fi,, the thermal velocity
vm,s = \/ 2T/ mg, the gyroaveraged parallel component of the
vector potential A;, and the field & ; = ¢ — V50,41, The
symbol ’77!‘/”‘” represents the nonlinear energy transfer between
the modes k, k" and k. It is a cubic function of g; 4 and it can be
expressed as a triadic nonlinear coupling between the modes
k, k" and k”. Since the coupling condition k + k' + k" =0 is
satisfied, the triad transfer is a symmetric function of k' and
K, ie. TX¥" = TF'¥ Figure 4(a) shows the time evolution
of the nonlinear mode-to-mode coupling term N, (¢) in the
first nonlinear phase, summed over all radial wave-numbers
for the simulation at 8, = 0.012. A significant energy trans-
fer is observed from the ITG-relevant binormal wave-vectors
0.2 < kyp; < 0.45 (which supply a large amount of free
energy) to larger scales 0 < k,p; < 0.175 (which absorb the
free energy and channel it to zonal components). Negative
(respectively positive) values of A mean that a given spectral
component is giving (respectively receiving) energy through
the nonlinear coupling. Although its structure is not affected
by the amplitude of the magnetic fluctuations, the nonlinear
energy exchange rate N (w) significantly increases with £3,.
By performing a Fourier decomposition in time of N for each
kyps, fast oscillations are observed in figure 4(b) for the binor-
mal wave vector range 0.025 < k,p; < 0.2 at the specific TAE
mode frequency. The mode-to-mode coupling term transfers
energy from ITG- to TAE-scales and is strongly enhanced by
5. These results are consistent with the frequency peaking of
the electrostatic potential of figure 3(a).

It was noted previously that linear energy balance analyses
at kyps = 0.1 show that the EP-driven mode is linearly stable
for 5, < 0.013, being suppressed by Landau damping mech-
anisms. However, as 3, increases, the curvature term contrib-
ution to the linear instability increases significantly, with a
reduction of the linear damping from ~yrag = —0.124¢,/a
at B, = 0.003 to yrag = —0.005¢,/a at B, = 0.012. As this
mode becomes closer to the marginal stability, more and more
energy is exchanged nonlinearly with the dominant ion-scale
turbulence through mode-to-mode coupling. The interplay
between nonlinear drive and damping of the EP-driven mode
can be studied in detail by investigating the field component
of the free energy balance [32]
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Figure 5. Time trace of the field component of the curvature term
in the free energy balance for (a) thermal deuterium and (b) NBI—
averaged over k,p, and z—for different k, p, at 3. = 0.012. Positive/
negative values indicate a destabilizing/stabilising contribution to
the overall drive at the given wave number. The black lines mark the
time of the transition between phase I and II.

OEX et

This analysis is reduced to the study of the curvature term—
usually destabilizing—and parallel advection—related to
Landau damping mechanisms. Figure 5 reveals that, during
the first phase, significant energy is transferred from the main
deuterium to the EP curvature term, which reaches amplitudes
similar to the thermal species. This interaction, identified by
the oscillatory pattern of figure 5, occurs at the TAE scale,
namely k,p; ~ 0.15 and is modulated at the TAE frequency.
Moreover, figure 5 shows that EPs provide the dominant
contribution to the high-frequency mode, consistently with
the lack of turbulence stabilization observed in their absence
in figure 2(a). These results explain the progressive stabiliza-
tion observed in the first phases of the nonlinear simulations
with f3,. In correspondence with the second nonlinear phase,
the amplitude of the main deuterium curvature term decreases
significantly with non-negligible EP contributions. The lat-
ter, however, sustained only through nonlinear coupling with
ITG-scales, drops at a later time—t ~ 430a/c,—as well, as
a consequence of the lack of cross-scale transferred energy.
The ‘triad’ coupling function 7,;]‘/’]‘”, defined in equa-
tion (1), is employed to investigate in detail the difference
in the nonlinear interaction between EP-driven TAE and ZF
in the two phases of the nonlinear simulations with ener-
getic particles. Figure 6 shows the triad wave-number spec-
tra, normalized to the main ion heat flux, averaged over the
time domains of the two phases for (ky, ky) p; = (0.04,0), i.e.
for transfer to the zonal component. No significant differ-
ence is found if the radial wave-number k, is changed. In the
first phase, the selected triplet is interacting mainly with the
binormal mode numbers in the range 0.2 < k,p, < 0.4, as can
be seen in figure 6(a). At this scale, the ITG-drive peaks and
the time-averaged EP-driven mode contribution is negligible,
as confirmed by the frequency decomposition of the time
trace of the overall triplet. In the first nonlinear phase, the
TAE mode is not interacting significantly with zonal modes.
However, as the energy is nonlinearly transferred from
ITG to TAE scales, the amplitude of the EP-driven modes
increases significantly and ZFs are more and more affected
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Figure 6. Triad energy transfer to the zonal component

normalized to the main deuterium heat flux as function of (w, ky)
deep in the (a) first (r = 165-245 a/c,) and (b) second phase

(t = 470-550 a/c,). The black line denotes the dominant TAE scale
kyps = 0.15. Positive/negative values indicate that a given wave-
vector is receiving/losing energy through nonlinear coupling with
the resonant modes. Note the difference in the colorbar, i.e. in the
amplitudes in the two phases.

by the presence of these modes. In the second nonlinear
phase, the whole energy transfer to the specific triplet occurs
through the wave-vector k,p, = 0.15, where the TAE mode
is dominant and it overcomes the thermal ITG contribution.
The energy exchange increases by a factor of ~30. The TAE
mode therefore acts as an additional mediator of plasma tur-
bulence, catalyzing energy transfer to zonal modes, strongly
affecting the standard paradigm of ZF/ion-scale-turbulence
interaction [29, 33]. It should be mentioned at this point that
experimental signatures of the nonlinear coupling between
ion-scale turbulence and high-frequency Alfvénic instabili-
ties has also been recently observed at HL-2A in a strong NBI
heated discharge [34]. The physical mechanism described in
this letter may very well open ways for new physical inter-
pretations of more general turbulent systems well beyond
the scenarios which involve energetic ions and magnetically
confined plasmas [35, 36, 37, 38, 39]. In particular, similar
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nonlinear effects might be observed each time subdominant
modes approach the marginal stability threshold and are
allowed to couple with both the dominant instabilities and the
stable modes acting as main saturation players. Particularly
strong nonlinear reductions have, e.g. also been found in the
absence of energetic ions in transitions from trapped-electron
to ITG modes [40] and are an obvious subject for further
investigations along these lines.

Conclusions

The intriguing and particular strong transport reduction in the
presence of fast ions observed in several scenarios could—for
the first time—be explained by their ability to trigger margin-
ally stable modes which are nonlinearly excited and act as a
catalyst for the main turbulence saturation mechanisms. These
findings are not restricted only to TAEs and similar results
could be observed each time the linear excitation threshold of
subdominant modes (e.g. BAE, KBM, EPM) is approached.
While already being highly relevant to plasma physics with
strong heating, this study may furthermore motivate deliberate
‘design’ of marginally stable modes in order to exploit their
capability as mediators boosting nonlinear saturation mech-
anisms such as zonal flows.

In the case discussed in this paper—a strongly NBI-heated
JET discharge with fast ion related temperature profile steep-
ening—a two-phase process could be observed in nonlinear
gyrokinetic simulations and analyzed with new spectral analy-
ses techniques. The fast ions provide linearly marginally stable
TAE modes which are nonlinearly excited by an energy redis-
tribution from ITG to TAE spatio-temporal scales. As a result,
lower transport levels corresponding to the net reduction of
the ITG drive can be observed. If sufficiently populated, the
fast ion modes furthermore start to increasingly affect the ZF
levels which marks a second phase in the simulations. During
this phase, the energy being nonlinearly transferred to zonal
modes undergoes a substantial increase in magnitude and is
modulated at the TAE frequency. The increase in ZF levels
directly impacts the ion-scale turbulence, strongly suppress-
ing heat/particle fluxes. This in turns lowers the nonlinear
drive of the EP modes. The system finally finds an equilibrium
at a much reduced transport level. This mechanism with pos-
sibly high relevance to future plasma performance predictions
is not restricted to a specific scenario, but could also be identi-
fied in different JET and AUG discharges with strong heating
and moreover seems to be consistent with recent experimental
and analytic studies [34, 41].
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