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Following recent observations of unstable Toroidal Alfvén Eigenmodes (TAEs) in a
counter-current Neutral Beam Injection (NBI) scenario developed in TCV, an in-
depth analysis of the impact of such modes on the global confinement and
performance is carried out. The study shows experimental evidence of non-
degradation of ion thermal confinement despite the increasing of auxiliary power.
During such an improved confinement period, Toroidal Alfvén Eigenmodes (TAEs)
driven by fast ions generated through Neutral Beam Injection (NBI) are found
unstable. Together with the TAEs, various instabilities associated with the injection
of the fast neutrals are observed by multiple diagnostics, and a first
characterization is given. Nonlinear wave-wave couplings are also detected
through multi-mode analysis, revealing a complex picture of the stability
dynamics of the TCV scenario at hand. The measurements provided by a
short-pulse reflectometer corroborate the identification and radial localization
of the instabilities. A preliminary, but not conclusive, analysis of the impact of TAEs
on the amplitude of the electron density fluctuations is carried out. Local flux-tube
gyrokinetic simulations show that the dominant underlying instabilities in the
absence of fast ions are Trapped Electron Modes (TEM), and that these modes are
effectively suppressed by zonal flows. Attempts to simulate the simultaneous
presence of fast-ion driven TAEs and TEM turbulence show that elongated
streamers develop up to the full radial extent of the flux-tube domain, thereby
invalidating the local assumption and indicating that a global approach is
mandatory in these TCV plasmas.
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1 Introduction

In present and future tokamaks, the presence of a fast-ion population can destabilize
several kinds of instabilities [1], among which the fast-ion-driven Alfvén Eigenmodes (AEs)
are one of the most studied [2]. These instabilities are a major issue for fusion reactors since
they can cause anomalous radial transport of fast ions such as fusion born alpha particles,
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leading to losses of the main heating source and therefore to a
degradation of the plasma performance. Additionally, AEs and
especially Toroidal Alfvén Eigenmodes (TAEs) [3] are expected
to be destabilized in the next-generation tokamak device ITER [4],
and therefore it is crucial to determine their effects not only on the
fast-ion confinement, but also directly on the bulk plasma
characteristics.

Nevertheless, it has been pointed out that fast-ion-driven TAEs
can have a beneficial impact on the ion-scale turbulent transport [5]
by triggering a complex mechanism involving nonlinear coupling
between TAE waves and the zonal component of both the
electrostatic and magnetic potential [6, 7]. More recent studies
validated such a complex mechanism against JET experimental
results of improved ion thermal confinement in the three-ion
heating scheme scenario [8, 9]. Basically, fast ions destabilize the
TAEs by wave-particle resonant interaction, and subsequently the
TAEs nonlinearly couple to the zonal components of the
electrostatic potential whose effects on the saturation of the ion
temperature gradient (ITG)-driven turbulence is well-established
[10]. This evidence has been obtained through computationally
expensive nonlinear gyrokinetic simulations which have been
further validated against experimental outcomes [11, 12]. Recent
overviews on this topic are provided by Refs. [13, 14].

Such a result may pave the way towards a full exploitation of the
complex mechanism triggered by the fast ions destabilizing AEs also
in other devices beyond JET, and also in other plasma regimes. This is
a crucial question to be addressed, since the performance predictions
of future tokamaks with substantial populations of energetic particles,
such as JT-60SA [15–17] and ITER may be revised in the light of this
mechanism. For these reasons, the Tokamak à Configuration Variable
(TCV) [18] represents a suitable test-bed case for studying the impact
of fast-ion-driven AEs on the turbulence properties and transport
characteristics. Indeed, recent efforts through the efficient exploitation
of the tangential neutral beam injectors (NBIs) [19] allowed the
development of plasma scenarios with a rich variety of unstable
AEs [20, 21]. In particular, TAEs have been routinely observed in
such scenarios, offering the possibility to compare with the studies at
JET [11].

In this paper, we report extensive andmulti-diagnostic studies in
parallel with numerical efforts to investigate the impact of fast-ion-
driven modes at high frequency on the plasma characteristics, global
confinement and turbulent transport. The paper is organized as
follows: in Sections 2 and 3.1 the experimental setup, main
observations and analyses are reported in great detail by
comparing different diagnostic measurements and correlating
various experimental signals to infer the impact of the fast-ion-
driven modes on the plasma confinement. Further, in Section 3.2,
preliminary numerical analyses address such an impact in a
gyrokinetic framework, including the limitations of the numerical
model employed first and then drawing the path towards more
accurate approaches. In the end, the conclusions and perspectives
resulting from this work are summarised in Section 4.

2 Description of experimental setup

In this section, the TCV experimental scenario development, the
diagnostic capabilities and the main outcomes from the experiment

are reported and detailed. As mentioned previously, the developed
scenario has been previously described in Ref. [21], but for the sake
of clarity, the main characteristics of such a scenario are presented in
the following.

The plasma current Ip is set to 120 kA and chosen to be in the
opposite direction with respect to the NBI injection (counter-
current injection). The toroidal magnetic field is in the same
direction of Ip, that is counter-clock wise seen from the
top. Thus, a net NBI-driven current is computed by the TRANSP
integrated modelling [22] to be around 10% of the total current in
the plasma core. The tangentially positioned NBI used in this
scenario can reach up to 1.2 MW of input power, with a energy
of the injected deuterons up to 28 keV. The NBI voltage, and thereby
the energy of the injected neutrals, is varied when the NBI power
varies in TCV [19]. However, in the pulses reported in this paper, the
maximum NBI input power is 0.85 MW, corresponding to deuteron
energy of 25.6 keV. The NBI source injects horizontally at the centre
of the vessel (z = 0 cm), and therefore slightly off-axis since the
plasma center is up-shifted by around 5 cm in the vertical direction.
Different time-traces of the NBI input power have been investigated
in this scenario, in order to better understand the impact of specific
parameters − such as the fast ion energy − on the Alfvén mode
activity and to better characterize the power threshold for the
various observed instabilities. The toroidal magnetic field is kept
constant to B0 = 1.3 T during the pulses, whereas the plasma has an
elongation at the edge of around κedge = 1.35. As it is described in the
next few paragraphs, the plasma elongation is slightly modified (less
than 5%) during the shots of this scenario. The choice of the
magnetic field value followed previous indications, reported in
Ref. [20], of rich Alfvén activity with such reduced B0 due to a
smaller Alfvén velocity with respect to the NB-injected deuterons
velocity vFI. The beam velocity, calculated for the deuterium injected
at 25.6 keV for the toroidal magnetic field value of this scenario and
an ion density of 3 × 1019 m−3, is vFI = 0.32vA [21], with vA �
B0/

����
μ0ni

√
the Alfvén velocity. No other external heating sources,

apart from the ohmic heating, are used in this plasma scenario. All
the pulses are performed in L-mode confinement with a limited
configuration.

This article focuses on specific pulses of the scenario developed for
the study of energetic-particle-driven modes in TCV [21]. In Figure 1,
the radial profiles of relevant plasma parameters for two pulses of this
scenario, TCV pulses #74361 and #76361, are displayed for different
time instants. A Thomson scattering diagnostic measures the electron
density and temperature, whereas the charge exchange recombination
spectrometer quantifies the ion temperature. The safety factor profile is
determined through kinetic reconstruction with the code LIUQE [23].

The reproducibility of the scenario has been confirmed by
running multiple pulses in different sessions. In particular for
this study, the waveforms of the NBI input power have been
modified: in pulse #73461 the power has been injected constantly
at ~800 kW in two different time windows (see panel (a) of Figure 2),
while in pulses #76179 and #76180 the waveforms are linear ramps
of 1.2 s going from 0.3 MW to 1.1 MW and from 0.15 MW to
0.8 MW respectively. In all of the pulses of this scenario, the NB
injection onset is set at t = 0.4 s. It is worth to note that for pulse
#73461 the NB-injected fast ion energy is higher than the critical
energy, and therefore this plasma is mainly electron-heated. This is
confirmed by TRANSP modelling.

Frontiers in Physics frontiersin.org02

Mazzi et al. 10.3389/fphy.2023.1225787

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1225787


The NBI waveform of pulse #76180 is displayed in panel (a) of
Figure 3. It must be noted that in order to ramp up the NBI input
power, the NBI voltage is modified accordingly (more details in Ref.
[19]), which is related to the fast ion energy. This influences the
injected fast-ion population characteristics, and it may thereby
impact on the plasma stability especially concerning the fast-ion-
driven instabilities.

Hence, these latter two pulses have been carried out as part of a
series to evaluate the possible power thresholds for the fast-ion-driven
modes observed in such a scenario. However, it is possible, only
empirically, to correlate the appearance of the instabilities to the
power input from NBI. For the sake of clarity, we recall that the
presence of a fast-ion driven AE instability depends on many factors,
among which the following: (i) the fast ions must have a sufficiently
high velocity compared to the Alfvén velocity (vFI > = vA/3); (ii) the fast
ion pressure gradient |∇PFI| must be sufficiently large so that the drive
exceeds the sum of dampings on all plasma species. Condition (ii)
depends on several factors, in particular the relative radial positions of
maximum |∇PFI| and AE, which itself depends among others on the q-
profile. Hence, the observed instability thresholds could also be related
to the fast-ion total pressure, and in particular to the fast-ion density,
and not only to the energy of the injected neutrals.

After this specific study on the instability thresholds, the shape of
the waveforms of the NBI has been furthermodified. Steps of increasing
NBI input power have been designed in order to have quasi-steady

plasma conditions in between relevant power thresholds. In transients
following the power steps the fast ion distribution can deviate from its
assumed slowing-down quasi-steady state and may present potentially
destabilizing bump-on-tail features. This type of consideration is not
central to the paper (except to be aware of a possible delay after the
power steps) and is left to future studies. As an example of such a pulse
series, the NBI waveforms of pulse #76361 are displayed in panel (c) of
Figure 3. The quasi-steady plasma conditions for several confinement
times allow us to determine a possible impact of the various instabilities
developed at the corresponding power threshold on the global plasma
characteristics.

To analyze the specific impact of the fast-ion-driven instabilities
on the plasma properties, dedicated diagnostics have been exploited
to study the turbulence characteristics. TCV is equipped with a
short-pulse reflectometer (SPR) [24] and a correlation electron
cyclotron emission (C-ECE) [25] diagnostic able to measure,
respectively, the electron density and temperature fluctuations
down to the microturbulent scales. The SPR measures the round
trip times-of-flight by injecting broadband microwave pulses, with
carrier frequencies in the range of 50–75 GHz, being thus capable of
measuring the density profile with sub-centimeter spatial resolution
and microsecond temporal resolution and resolving its fluctuations.
The C-ECE, on the other hand, correlates the signals of different
ECE radiometer channels to strongly decrease the noise and thereby
measure the local electron temperature fluctuation amplitude. Since

FIGURE 1
Experimentally measured radial profiles of TCV pulses #73461 (at t =0.6 s) and #76361 (at two time instants, t =0.6 s and t =1.1 s).
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the two diagnostics can simultaneously analyze multiple frequencies,
a radially extended profile of the detected instabilities can in some
cases be provided. This may allow us to localize the various
instabilities even radially. In addition, and specifically for the goal
of this study, the electron density and temperature fluctuations can
be used as a proxy of the turbulence properties of the background
plasmas. Hence, the impact of the fast-ion-driven instabilities on the
plasma turbulence can be studied in great detail in TCV.

2.1 Observation of high-frequency fast-ion-
driven instabilities

Using such an experimental setup, a rich variety of Alfvén activity
up to around 250 kHz is observed thanks to the set of magnetic LTCC-
3D diagnostic with an acquisition frequency of 2MHz [26, 27]. The
spectrogram computed from the magnetic coil signals measured for the
TCV pulse #73461 is shown in panel (b) of Figure 2 together with the

NBI input power time-trace (in panel (a)). Several different modes can
be observed, clearly associatedwith the presence ofNB-injected fast ions
from t≈ 0.4 s, i.e., when the NBI is applied. As amatter of fact, when the
NBI system is turned off in the timewindow 0.95 < t< 1.05 s, the signals
of the unstable modes in the spectrogram disappear. In order to
characterize the instabilities, a study on the toroidal mode numbers
n has been carried out by inspecting the toroidal shape of the magnetic
perturbation measured from the toroidal pick-up coils in the low field
side of the vessel. Those are 16, and they are equally distributed along
the toroidal direction, with an additional coil interposed at the half of
the distance between a couple of coils. Positive toroidal mode numbers
mean that the mode propagates in the same direction of the plasma
current, while vice versa for negative toroidal mode numbers. Whereas
themode observed around f ≈ 90–100 kHz has been labelled with n = 1,
and the instability at f ≈ 50 kHz with n = 0, identifying the toroidal
mode numbers of the remaining signals is less straightforward, due to
the weak amplitude of the corresponding magnetic signals. The TAE
toroidal mode number n = 1 is also corroborated by the linear analysis

FIGURE 2
(A) Time trace of the NBI input power with indication of the beam injected particle energy and (B) spectrogram of themagnetic signal from the LTCC
coils of TCV pulse #73461. (C) Zoom of the spectrogram of panel (B), where the relevant mode frequencies fa, fb, fc and fd are highlighted with arrows.
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performedwith the LIGKA code [28] reported in a previous publication
about this TCV scenario [21].

A more attentive inspection of the spectrogram reveals that
some possible wave-wave coupling is occurring. This can be
observed, for instance, in panel (c) of Figure 2, where a zoom of
the LTCC spectrogram over a representative time window is
reported. The arrows with the corresponding frequencies
facilitate the identification of such coupling between different
instabilities. Indeed, it is observed that a three-wave coupling is
likely to occur, fa + fb = fc (fa = 55.2 kHz, fb = 94.7 kHz and
fc = 149.9 kHz). In order to corroborate such a finding, bicoherence
analyses on the data collected by the magnetic coils have been
carried out. The bicoherence bx is calculated as:

bx f1, f2( ) � |〈x̂ f1( )x̂ f2( )x̂† f1 + f2( )〉|����������������������������
〈|x̂ f1( )x̂ f2( )|2〉 · 〈|x̂ f1 + f2( )|2〉√ (1)

where x̂ indicates that the signal x has been Fourier-transformed to
the frequency domain and the brackets 〈·〉 represents an average

over multiple time windows. Essentially, such a multi-mode analysis
allows us to determine whether two modes at frequencies f1 and f2
can interact with a mode at frequency f1 + f2. Relation 1 is built to
obtain values bx ≤ 1, where high bicoherence means that the modes
are effectively coupled. In particular, not only an intense signal is
measured at the corresponding frequencies, but there is also a
constant relative phase between the various modes involved in
the coupling. The bicoherence is thus computed for the magnetic
coil signal of the TCV pulse #73461 in the time window 0.795 < t <
0.82 s. Coherent structures with a value of bx = 0.63 ± 0.01 appear at
the intersection between the frequencies fa = 55.2 kHz, fb = 94.7 kHz
and fc = 149.9 kHz. The uncertainties on such a result are mainly due
to the propagation of the magnetic probe experimental error of
±0.5 mT [29] in the computation of the bicoherence. Thus, this
result corroborates the previous findings and suggests that a
three-wave coupling is occurring between the modes with such
frequencies. Similar nonlinear coupling with Alfvén Eigenmodes
and other fast-ion-driven modes have already been observed in
previous studies, see e.g., [30], but also in recent experiments at JET

FIGURE 3
(A) and (C) Time traces of the NBI input power with beam injected particle energy indicated at relevant time instants/windows. (B) and (D)
spectrogram of the magnetic signal from the LTCC coils of TCV pulse #76180 and #76361, respectively. The vertical dashed lines in panels (A) and (B)
indicate the identified various thresholds for the various modes destabilization.
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[31]. The detailed study of the detected wave-wave couplings
between the TAE branch and the other high-frequency modes
will be, however, carried out in the near future through
gyrokinetic simulations with the ORB5 code [32], possibly
unveiling complex mechanisms leading to such an interaction.

It must be reported that additional couplings may also be
ongoing. The bicoherence analysis revealed that, e.g., a mode at
~35 kHz couples with the modes at 55 kHz and 150 kHz (with a
bicoherence level of bx = 0.50 ± 0.01). This is consistent with the fact
that other faintly detected modes are present in the LTCC
spectrogram, and can lead to additional wave-wave couplings.
However, these are not the main purpose of the current
investigation and will be, thereby, left for future contributions.

Beyond the TAE, other relevant modes are identified and
characterized. A quite strong signal is visible in the spectrogram of
Figure 2 around f = 190 kHz, with a very similar temporal dynamic to
the n = 1 TAE at 90 kHz. This high-frequency mode has not yet been
identified with enough accuracy. However, the temporal dynamic of
thismode, as well as for the n= 1TAE, corroborates theAlfvénic nature;
indeed, the slowly decreasing frequency of the modes in the
spectrogram is attributed to the slowly increasing plasma density
throughout the pulses (see Figure 6). This is due to the inverse
proportionality between Alfvén velocity and plasma density.
Moreover, the reflectometer and the C-ECE measurements localize
such a high-frequency mode in the same radial location of the n = 1
TAE. Since the frequency of such a mode is essentially the double of the
frequency of the n = 1 TAE (in Figure 2, fd = 2fb), this suggests that the
high-frequency mode could be a product of a nonlinear three-wave
coupling. Indeed, the coupling of the n = 1 TAE with itself would give
rise to thismode. For this reason, this could be identified as amode lying
in the n = 2 Elliptic Alfvén Eigenmode (EAE) gap [33]. Moreover, it
could be localized within the same radial range (ρψ ≈ 0.6, where ρψ is the
square root of the normalized poloidal magnetic flux, as it will be shown
later) as observed by the SPRmeasurements. Such a nonlinear coupling
would then also suggest a coupling to the n = 0 zero-frequency modes,
that is the zonal flows [10]. To confirm these ideas, modelling studies
are required, and they will be carried out in the near future with the
state-of-the-art global gyrokinetic code ORB5 [32]. Although it will be
also treated in the following, an anticipation of the co-existence of
the twomodes at the same radial location can be seen in Figure 9, where
the spectrogram reveals the detection of the f ≈ 185 kHz mode
simultaneously with the f ≈ 95 kHz TAE.

Furthermore, the quasi-coherent mode appearing at ~15 kHz has
been systematically detected in this TCV scenario. The soft X-ray
(SXR) diagnostic in TCV [34] localizes this mode in the inner plasma
core (ρψ < 0.3), and hence at a different radial location of the n = 1
TAE mode. Studies on the magnetic signals determined that such a
mode likely has poloidal mode number m = −2 and toroidal n = −1,
localizing it at the rational surface q = 2, consistently with the SXR
localization. The identification of such a mode is still challenging,
although we speculate that it may be a precursor of q = 2 fishbone-like
instability. Additional analyses, outside the scope of the present work,
are required to better identify the nature of this instability, and any
possible nonlinear coupling with higher-frequency modes.

When the NBI waveform is modified, it is possible to determine
the power thresholds of the unstable modes. Hence, in Figure 3, one
can see for the pulse #76180 a first phase with low NBI input power
(PNBI < 300 kW) with no unstable high-frequency modes, and where

only the low frequency quasi-coherent mode at f ~15 kHz is detected
by the magnetic probes. In the same time window, a more faint mode
can be detected at f = 50 kHz, which is stabilized when the NBI input
power is increased at t = 0.7 s. When PNBI ≈ 300 kW, the n = 1 TAE is
destabilized around f = 95–100 kHz, with its higher harmonic also
faintly appearing at double of the frequency. Then,whenPNBI≈ 450 kWa
second phase occurs, with more modes appearing at the frequencies
f ≈ 50 kHz and f ≈ 150 kHz. A third and final phase of the pulse is then
observed beyond t ≈ 1.5 s, where the previous modes are not anymore
visible in the spectrogram and only a high-frequency instability
dominates at f ≈ 225 kHz.

Next we characterize the mode visible at f ≈ 50 kHz, which is
systematically observed in such a TCV scenario. Toroidalmode number
analysis determines that this instability is predominantly a n = 0 mode
and analysis of the poloidal mode numbers characterize this instability
as an m = 1 mode. Those magnetic fluctuations have been, thus,
identified as a geodesic acoustic mode (GAM) [35], which have been
already observed in multiple devices to present a magnetic fluctuation
component [36–38]. Furthermore, comparing the measured frequency
to the expected frequency of a GAM (see, e.g., relation (3) in [20]), a
good match is found. Since this instability is observed in the
spectrogram only concomitantly with the injection of NBI fast ions,
it is further suggested that it could represent an energetic particle driven
GAM, usually called EGAM [39–41]. Such an instability has already
been detected in previous studies at TCV [20]. By means of the short-
pulse reflectometer and also of the SXR detector, the radial localization
of this f ≈ 50 kHz mode appears to be in the broad range ρψ ≲ 0.5. The
SXR camera uses photodiodes placed behind a 47 μm Berylium filter,
such that they are most sensitive to soft X-ray photons with energies
between 1 keV and 10 keV. Nonetheless, due to the low plasma
temperature achieved in this scenario the emissivity in the periphal
regions of the plasma is inherently low and measurements are thereby
poor. This limits the radial domain of the soft X-ray measurements in
this specific scenario and thereby the accuracy of the mode radial
localization. Moreover, it has been suggested that the EGAMs may
couple with the n = 1 TAE, which would imply a spatial overlap of the
modes. This would additionally suggests that the EGAM localization
may be broader than the SXR measurements. This is, however,
reasonable due to the low sensitivity of the SXR camera for large ρψ
region with low temperature plasma.

The SPRmeasurements helped in assessing the radial correlation of
the turbulent density fluctuations over a wide radial range covered by
the SPR channels. In Figure 4, the cross-correlation function (CCF) of
the density fluctuations between various radial positions is presented
based on the SPR data. The relatively narrow structure of the spectrum
referring to the TAE range of frequencies (f ∈ [90–110] kHz) determines
that the TAE impact on the turbulent fluctuations is expected to be
restricted to a narrow region. For the sake of clarity, the same kind of
analysis performed on a borader range of frequency, i.e., not only
restricted to the frequency range f ∈ [90–110], presents very similar
structures, as the fluctuations are dominated by the TAE instability. The
latter consideration on the locality of the TAE would also imply that,
from amodelling point of view, flux-tube gyrokinetic simulations of the
TAE dynamics are possible and even reliable. Nevertheless, as will be
shown in the next Section 3.2, the local gyrokinetic approximation
reveals important limitations in this specific case likely due to
the inherently large ρ+ of the TCV device, where ρ+ is the ratio
between the ion Larmor radius and the minor radius of the machine.
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Once the thresholds have been identified, other shapes of NBI time-
trace have been exploited in TCV pulse #76361, where a ramp
composed of three discrete steps has been designed. The NBI input
power of each step has been chosen to be consistent with the observed
thresholds already explained for pulse #76180, and found in similar
pulses of the same experimental session. The same kind of correlation
between the NBI input power and the appearance of the modes in the
magnetic spectrogram is shown in Figures 3A,B. This configuration of
NBI time-trace allows us to better characterize, with dedicated
diagnostics and analyses, the impact of the TAE on the global
confinement of the plasma. In fact, it is thus possible to compare
different quasi-steady phases of the same pulse, differing only by the
input NBI and the related increase of plasma density due to NBI
fuelling. The outcomes of such analyses are reported in the following
section.

3 Results

3.1 Experimental impact of fast-ion-driven
modes on plasma confinement

After having discussed about the dynamics of the fast-ion-
driven instabilities and identified the nature of the relevant ones, we
can now determine the impact of such modes on the confinement of
the plasma. It is shown that, despite the presence of the unstable
fast-ion-driven TAEs, the total energy confinement time is not
degraded with increasing power, but it remains stable even in the
time window with unstable TAE. As it will be presented below, this
is achieved until a rich variety of MHD modes degrade the global
plasma confinement, and the energy confinement time thus
decreases.

FIGURE 4
Cross-correlation function of the short-pulse reflectometer measurements of TCV pulse #76361, restricted to f =[90−110] kHz.
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A figure of merit for the evaluation of the global confinement of
the plasma is indeed the energy confinement time τtot. In this TCV
scenario, the energy confinement time is measured to be τtot < 5 ms,
which is a smaller value with respect to the routinely pursued L-mode
in TCV [18]. Such a poor confinement may have several different
causes, in first place, the low plasma current Ip. Nevertheless, the goal
of the here considered scenario is not the optimization of the plasma
confinement, but the destabilization of fast-ion-driven Alfvén modes
and the study of their impact on the plasma characteristics.

Thus, in the panels of Figure 5, the time-traces of the plasma
elongation at the separatrix κedge, the plasma energy contentWp and
the total energy confinement time τtot are shown. As a first
observation, the plasma elongation at the edge changes abruptly
when the current in the central solenoid changes direction, likely due
to a failure of the plasma shape control system. It must be
underlined, however, that the change is not dramatic (of the
order of 2%–3%), and so we do not expect a substantial change
in the transport and turbulence levels. Nevertheless, the total plasma
energy content seems to be affected by this change in κedge, almost
arresting its increase with the increase of the NBI input power. This
saturation may be due to a different confinement of the NBI fast
ions, although to our knowledge this is still to be assessed carefully in
TCV. The evolution of the energy confinement time is not correlated
with modifications of the edge plasma elongation. Indeed, the
eventual impact on the trend in time of such plasma parameters
occur after several confinement times with respect to t ≈ 1 s.

The vertical lines in the panels of Figure 5 delineate the time
window in which the n = 1 TAEs are observed in the magnetic
spectrogram, as can be inferred by comparing with, e.g., panels (b)
and (c) of Figure 3. The rightmost vertical cyan line delimiting the
end of the TAE activity for pulse #76361 is not visible since it
coincides with the right limit of the figures (and with the turn-off of

the NBI at t = 1.6 s). We remind that the pulses #76179 and
#76180 are heated by progressive ramp-ups of the NBI input
power, while pulse #76361 by step-wise increase. It can thus be
observed that, remarkably, the energy confinement time (panel (c) of
Figure 5) does not degrade in the time window when the n = 1 TAE
is clearly detected in the magnetics, although the input power is
increased, until the occurrence of a rich fast-ion-driven MHD
activity (including the n = 1 TAE) as reported below. It is,
indeed, well-established that the energy confinement time
inversely scales with the auxiliary input power, as it is reported
in various confinement scaling laws so far generated [42]. On the
contrary, in this TCV scenario, the energy confinement time is not
decreased, but rather it is stationary, when the NBI input power is
increased. Different factors can contribute to this inverse-scaling
other than the auxiliary input power, such as the unintended density
increase or the mild equilibriummodification. For the sake of clarity,
a degradation of τtot is observed when the NBI input power is high
enough to drive a very rich fast-ion-drivenMHD activity. This could
be seen by inspecting the magnetic spectrograms of the pulses here
reported.

The total energy confinement time τtot is not only dependent on
the bulk plasma transport, but also on the fast-ion one. This latter
component can significantly affect τtot [43]. In this TCV scenario,
Fast-Ion Loss Detector (FILD) [44] measurements have not shown
fast ion transport driven by the high-frequency modes, mainly due
to the geometry of the detector and its relative position with respect
to the plasma. Further improvement in this sense can be, hence,
pursued in future experimental studies. However, this lack of
measurements has been compensated by introducing a radially
homogeneous anomalous diffusivity χFD in TRANSP/NUBEAM
modelling. A maximum value of χFD = 2 m2/s is employed and
observed to match the experimentally measured neutron rate in the
phase of high NB input power (PNBI > 0.9 MW) of a representative
pulse of this scenario (see Figure 11 of Ref. [21]). For what concerns
the total bulk transport, predominantly driven by the
microturbulence, power balance analysis with TRANSP computes
it to be larger than the fast-ion counterpart. This is mostly due to the
electrons, whose heat diffusivity is computed to be χe > 5 m2/s, while
the thermal ion ones decreases in the phase with higher NBI input
power as discussed in the following of this paper (see Figure 8B).
Thus, the total energy confinement time in this TCV scenario is
predominantly determined by the electron turbulent transport.

As already noticed, the stationary phases of the energy
confinement time for the pulses #76180 and #76361 stops
respectively around t = 1.2 s and 1.25 s. After those time
instants, a decrease of τtot is observed. To those time instants we
can associate a more significant MHD activity, as observed in the
magnetic spectrograms of Figure 3. Multiple AEs are simultaneously
destabilized, and their overlapping in the whole phase space of the
energetic particles has been observed to lead to a strong increase of
fast ion losses [45, 46]. This could be the major cause of the decrease
of the confinement measured in the phase after those time instants.
In particular, for what concerns pulse #76180, indeed, around t =
1.2 s a mode at f ~ 160 kHz (and slowly chirping up) becomes clearly
visible in the spectrogram, and it may negatively impact on the
confinement. Moreover, the same occurs also for pulse #76361,
where the same bursting mode develops around 160 kHz. Such a
mode has also been observed in previous pulses of this scenario, also

FIGURE 5
Experimental time-traces of (A) the plasma elongation at the
separatrix κedge, (B) the plasma energy contentWp, (C) the total energy
confinement time τtot and (D) the RMS of the magnetic field
fluctuations ~b are shown. The vertical lines represent the start
and the end of the time windows with the n =1 TAE found unstable in
the corresponding pulse (rightmost cyan line not visible since it
coincides with the right limit of the figure).
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with inverse polarity of the toroidal magnetic field. This can be
appreciated in Figure 2C, where two signals are detected at very
similar frequencies, one determined by the wave-wave coupling
described earlier in this article, and the other, more faintly appearing
in the spectrogram, with a still unclear destabilizing mechanism.
Panel (d) of Figure 5 displays the root mean square (rms) of the
signals measured by the magnetic coils, showing that for the three
pulses the signal amplitude increases with the increase of the input
power fromNBI. This could be related to the increment of the MHD
activity.

It should also be stressed that, as already reported, the NBI
fuelling leads to a slow but constant increase of the plasma density
during the pulse. This can be observed in panel (a) of Figure 6, where
the electron density measured at the magnetic axis is plotted as a
function of the plasma duration for pulse #76179, #76180 and
#76361.

In Figure 6, the evolution of the electron (panel (b)) and ion
(panel (c)) temperature at the magnetic axis is displayed for the three
pulses also analyzed in Figure 5. The increase of the central ion
temperature Ti,0 is visible at the same time as the n = 1 TAE is found

unstable. It should also be stressed that the increase of Ti,0 for pulse
#76361 is almost linear until t ≈ 1.2 s, although the NBI input power
is injected constantly in the various time windows (see panel (c) of
Figure 3). Although the direct correlation between the onset of the
TAE and the Ti,0 increase cannot be determined from this, it is quite
relevant to observe that the unstable TAE does not impact negatively
on the ion thermal confinement in the plasma core.

As a reminder, the vertical lines delineate the time windows for
each pulse in which the n = 1 TAE is detected in the magnetics. The
readers should pay attention to the fact that the NBI time-traces for
the three pulses are different. Hence, a direct comparison of the
parameters at specific time instants is not entirely relevant. One may
however note that although the NBI input power is larger for pulses
#76179 and #76180 with respect to #76361 going towards the end of
the plasmas, Ti,0 is comparable if not higher for the latter pulse. This
may indicate that a degradation of the confinement occurs when the
MHD activity associated with large NBI input power is observed to
be stronger, as already reported before for the time traces in Figure 5.

On the other hand, the central electron temperature reaches very
similar values for the three analyzed pulses, that is Te,0 ≈ 425 eV, and

FIGURE 6
Time-traces of (A) the electron density ne,0, (B) the electron temperature Te,0 and (C) the ion temperature Ti,0 extrapolated to the magnetic axis
(ρψ =0) are shown. The vertical lines represent the start and the end of the time windows with the n =1 TAE found unstable in the corresponding pulse.
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remains roughly constant for the whole plasma duration. Moreover,
when the NBI input power overcomes the threshold for the TAE
destabilization, Te,0 stands at the same level for the three pulses in
panel (b) of Figure 6, as can be observed by comparing the value of
Te,0 at the time instants represented by the dashed vertical lines. It
should be noticed that the drop of the electron temperature mainly
concerns the inner core region (ρψ < 0.4), while the outer plasma is
less affected (see Figure 1B).

Other relevant measurements on the impact of the various
instabilities on the confinement properties have been provided by
the short-pulse reflectometer (SPR) diagnostic [24]. The spectrogram
of one specific channel of the SPR, associated thereby to one specific
frequency, is shown in Figure 7. As an important reminder, since the
density is increasing during the pulse due to the NBI fuelling, the cut-off
position of the reflectometer is continuously altered. Therefore, from
the spectrogram alone it is hard to determine the exact radial location of
the detected modes. However, by inspecting the signals coming from
various SPR channels, this allows us to restrict the TAE radial domain to
the region ρψ ≈ 0.55–0.65. In Figure 7 the spanned radial range for this
specific channel is going from ρψ = 0.5 to 0.6.

The spectrogram computed from the SPR measurements shows
strong similarities with the previously shown magnetic spectrogram
of Figure 3D. To start with, a low-frequency mode at f ~ 15 kHz is
observed to overlap the broader quasi-coherent instability at similar
frequencies in themagnetics, and in the SPR spectrogram it is indeed
detected consistently as well. Moreover, at f = 50 kHz another signal
is detected from t = 0.57 s, and when the NBI input power is
increased the mode chirps up and then it recovers the f = 50 kHz
frequency. This mode however disappears shortly after. Eventually,
consistently with the LTCC magnetic signal, SPR detects the TAE
around f = 100 kHz. This is important to identify the radial location
of the TAE, together with C-ECE measurements for which a good
agreement in radial range is observed. Previous analyses performed
with the LIGKA code [28] for a selected pulse of this scenario and
reported in Ref. [21] localized the peak of the n = 1 TAEs at ρψ ≈ 0.6,
thereby consistently with these experimental results.

An additional figure of merit to analyze the impact of the TAE
on the plasma thermal confinement is the normalized logarithmic
ion temperature gradient R/LTi, which can indicate the effect of the
instability on the temperature radial profile. In Figure 8A, we see
that within the radial region where the TAE activity is observed,
i.e., ρψ ≈ 0.55–0.65, R/LTi is on average much higher, indicating a
steeper radial profile for Ti. It is important to stress that the power
deposition to the bulk ions from the NBI fast ions peaks in the
plasma centre, as computed by NUBEAM [47] within the TRANSP
integrated modelling suite. Therefore, the steep ion temperature
gradient is not a direct consequence of the NB power injected.
However, the increase of the temperature gradient occurs also
before the onset of the TAE, as can be observed in the plot.
Therefore, it is not straightforward to determine the cause of
this gradient steepening because multiple effects, among which
any potential beneficial impact, could be underlying.

In the time windowwith the presence of AE activity, the TRANSP-
computed power balances reveal that the thermal ion diffusivity
decreases for a wide range of radial locations, in particular in the
plasma mid-radius region, i.e., roughly 0.3 < ρψ < 0.75. In the inner
core, where generally the neoclassical transport dominates over the
turbulent one, the thermal ion diffusivity is computed to be low and
steady throughout the pulse. In Figure 8B, the ion heat diffusivity for
three radial positions are plotted as a function of time. Such a result
indicates that there is an improved thermal confinement for the bulk
ions in a wide region of the plasma, despite the increase of the NBI
input power and subsequently the increase of the total ion heating.
Nevertheless, diverse mechanisms can lead to such an increase of
R/LTi, e.g., the dilution effect by the NBI fast ions [48–50]. Accurate
global modelling is required to address the majority of such
mechanisms and determine their contribution. Despite this
uncertainty on the physical cause, it is quite striking to observe the
overlap of the TAE radial range with the region of steeper temperature
profile, somehow reminiscent of an internal transport barrier.

Moreover, it could be noted that TCV pulse #76361 is mainly
electron-heated, being the highly NB-injected fast-ion energy above
the critical energy. Despite this, Ti,0 ≈ Te,0 at around t = 1.1 s (see
Figure 6). This is, thereby, consistent with the decreased ion heat
diffusivity picture that is displayed in Figure 8C.

As mentioned previously, SPR measurements allow us to
measure the amplitude of electron density fluctuations in different
phases of the TCV pulse #76361, reflecting the impact of the TAE on
transport. The turbulence spectrum obtained with SPR is displayed in
Figure 9, where the power spectral density is plotted against the
frequency for the pre-TAE phase and for the phase with TAE. It
should be noted that, due to NBI fuelling throughout the shot, the
electron density profile and consequently the position of SPR cut-offs
change in time. For Figure 9, different probing frequencies were
selected so that both measurements are localized around the same
radial range (ρψ = 0.58–0.62).

To analyze the amplitude of the density perturbations, following
the method introduced in [51], we would need to compute them
accounting for different values of density gradient scale length Ln at
the cut-off. Unfortunately, due to the variation of the density profile
in time, the large error in determining Ln at the cut-off position as
well as other experimental parameters rendered results of the
analysis inconclusive, preventing us from confirming the effect of
the TAE on the turbulence amplitude.

FIGURE 7
Short-pulse reflectometer spectrogram of the 64 GHz channel
for the TCV pulse #76361.
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Nevertheless, Figure 9 clearly shows the destabilization of TAE
in the spectrum, and the spectral power, which indirectly
corresponds to the turbulence amplitude, does not increase with
the appearance of TAE. It is, however, difficult to conclude about the
effect of TAEs on the plasma confinement previously discussed by
only analyzing such a spectral power.

3.2 Local gyrokinetic modelling

In this section, the results of the gyrokinetic modelling with
the GENE code, in the local (or flux-tube) limit [52], are reported.
The TCV pulse #73461 (see Figure 2 has been analyzed at the flux
surface ρψ = 0.65 for t = 0.6 s. This radial location has been
chosen since the destabilized high-frequency modes, identified
as TAEs [21], are peaking in the proximity of such a flux surface.
This is also confirmed by the SPR measurements shown in the
previous sections. The input parameters of the gyrokinetic
simulations are provided by the integrated modelling
TRANSP. The local values of the physical parameters that are
employed in the gyrokinetic flux-tube simulations are reported
in Table 1.

In its local version, the GENE code simulates only a flux-tube
centered around the selected radial localization and with extent
larger than the turbulent correlation length in the radial x and
binormal y directions, and follows the magnetic field lines along the
parallel coordinate z. Exploiting the periodic boundary conditions, the
perpendicular domain can be treated with a spectral approach, and we
will therefore make use of the wavenumbers kx and ky for respectively
the radial and binormal coordinates. Thus, the perturbed distribution
function is time-evolved in five dimensions, i.e., the aforementioned
three spatial dimensions and the velocity component parallel to the
magnetic field, v‖, and themagneticmoment, μ. The code can handle an
arbitrary number of fully gyrokinetic species, and in this work we have
used up to four species, which are electrons, thermal deuterium, carbon
impurity and fast deuterium. Numerical convergence studies, both
linearly and nonlinearly, have been performed, and the numerical
grid has been chosen as (nkx, nky, nz, nv‖, nμ) � (128, 96, 32, 48, 32).
The relatively high resolution in velocity space is required to accurately
resolve the resonances occurring at large energies. However, when the
fast deuterium is not included in the simulations, nμ = 16 has been set in
order to save computational time. The large number of binormal
wavenumbers is necessary to include as the minimum wavenumber
ky,minρs = 0.015, corresponding to the toroidal mode numbers n = 1

FIGURE 8
(A) Normalized logarithmic temperature gradient of the thermal ion R/LTi displayed as a function of ρψ and the time t for pulse #76361. The dashed
black vertical lines represent the plasma radial regionwhere the SPR has detected n=1 TAE fluctuations, while the cyan horizontal cruve indicates the time
fromwhich the TAE is observed. (B) The total ion heating power and (C) the thermal ion diffusivity computed by TRANSPmodelling for TCV pulse #76361
are plotted as a function of time for three radial positions.
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(with ρs the thermal ion Larmor radius at the sound speed). This is
because as shown in the previous section 2.1, the experimentally
detected TAE has toroidal mode number n = 1. The numerical box
is (Lx, Ly) = (119.7, 418.9)ρs in the perpendicular directions. Nonlinear
convergence tests on these parameters have been carried out, ensuring
their efficiency in the case without fast ions. Nevertheless, in the
simulations retaining fast ions, the radial domain has been extended
up to Lx = 688.4\ρs as it is shown in the following sections. The Sugama
collision operator [53] is employed and both parallel and perpendicular
perturbations of the magnetic potential are considered, except where
explicitly noted. The magnetic equilibrium, using a Miller
parametrization [54], is kept fixed throughout the simulations. The
plasma rotation, induced by the NBI input power, has been checked
with dedicated simulations: although the perpendicular [55, 56] and
parallel flow shear [57] are known to impact on the turbulence
saturation, preliminary analyses carried out in this framework
established that their effect is minor for these simulations. This is
likely due to the very low value of the shearing rate with respect to the
maximum linear growth rate, as will be discussed later in Section 3.2.3.
For the fast deuterium distribution function, an equivalent Maxwellian
has been employed. This choice may have a non-negligible effect on the

quantitative evaluation of the ion-scale turbulent fluxes, nonetheless the
global qualitative picture likely does not change [58, 59].

Therefore, in this section we will report firstly on the system
linear stability from the ion-scale down to the electron-scale
wavelengths without retaining the effects of the fast ions, and
subsequently on the effect of the NBI fast ions on the linear
microinstabilities and on the destabilization of fast-ion-driven
modes. These will be, respectively, shown in subsections
3.2.1 and 3.2.2. Then, the nonlinear dynamics and the possible
interactions between the various stable and unstable modes, as well
as the impact of the zonal flows on the turbulence, is analyzed in
subsection 3.2.3. The effects of the fast ions and of the fast-ion-
driven instabilities on the nonlinear dynamics of the ion-scale
turbulence is eventually discussed in subsection 3.2.4.

3.2.1 Linear simulations without fast ions
In Figure 10, the linear growth rate and the mode frequency

computed by GENE are displayed as a function of the binormal
wavenumber kyρs, respectively in panel (a) and (b). Different
simulation setups are analyzed, in particular to check the effect
of the carbon impurities on the system stability. The scope of such an
investigation is to determine whether the inclusion of the carbon
species would lead to substantial differences in the evaluation of the
transport levels and properties. The linear growth rate spectra in
Figure 10A do not show large differences, especially for what
concerns the kyρs ≲ 0.5, that is where the nonlinear heat flux
spectrum is expected to peak. Hence, the turbulent transport
level is not expected to be strongly affected by the presence of
the carbon species. Nevertheless, as it has already been shown for
gyrokinetic analyses of TCV plasmas [61], the turbulence
characteristics, such as the amplitude of the density fluctuations
induced by the turbulence, may largely vary from the experimental
measurements. A first signature is already visible in the linear mode
frequency spectra in panel (b), where the cases without and with
carbon present the same trend but different values of ω.

The low-ky region of the spectra (kyρs < 0.1) presents stable − or
marginally stable − modes rotating in the ion diamagnetic direction
(positive in the convention employed here). Hence, these are identified
as stable ion temperature gradient driven (ITG)modes [62], and are not
visible in the spectra of Figure 10. On the other hand, the ion-scale
region, that is roughly the region for 0.1 < kyρs < 2, is dominated by
trapped electron modes (TEMs) [63]. The TEMs extend up to kyρs ≈ 10
for the case without impurities, while in the case with impurities the
transition to electron temperature gradient (ETG) occurs before with a
smooth shift, as can be seen also in the zoom of panel (b) of Figure 10.
Such a transition is consistent with previous analyses of unstable TEMs

FIGURE 9
Signal from the short-pulse reflectometer channels integrated
over specific timewindow for the TCV pulse #76361. Since the density
varies along the pulse and thereby also the cut-off position of the SPR
channels, multiple channels have been selected and then
averaged to be within a very similar radial domain (ρψ =0.58−0.62).

TABLE 1 Plasma parameters considered in GENE simulations modelling TCV pulse #73461 at ρψ =0.65 and t ≈0.6 s. Here,  represents the inverse aspect ratio, n the
species density normalized to the electron density, R/Ln,T the logarithmic density and temperature gradient normalized to themajor radius R, βe the electron-beta,
and ν*”(ane/4|e|2ni)νei the normalized collision frequency, where a is theminor radius, e the electron charge and νei the Hinton-Hazeltine electron-ion collision rate
[60]. Eventually, the normalization factors in standard units are also reported, i.e., the on-axis magnetic field strength B0, the local electron temperature Te and
density ne, and the major radius R.

ϵ q ŝ Ti/Te R/Lne R/LTe nD/ne R/LnD R/LTi nC/ne

0.17 2.96 0.83 0.68 5.82 9.34 0.71 5.81 6.49 0.05

R/LnC nFD/ne TFD/Te βe [%] ]* B0 [T] Te [keV] ne [m−3] R [m] a [m]

5.83 0.04 57.14 0.08 0.38 · 10–2 1.31 0.19 1.76 · 1019 1.03 0.24
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with ηe > 1 [64], where ηe � (R/LTe)/(R/Lne). Interestingly, the
frequency of these electron-driven modes smoothly changes to
positive around kyρs = 3–4, denoting the presence of the so-called
ubiquitous mode [64, 65]. For the ETGs a scan of binormal
wavenumbers up to electron-scales is displayed in Figure 10. When
the collisionality is set to zero, the spectra match very well with the case
with collisionality (here displayed for the sake of simplicity only for the
case without carbon). This corroborates the identification of these
instabilities as ETGs, since TEMs would have been strongly affected
by the variation in collisionality. For the sake of clarity, the diffusion in

velocity space due to collisions is taken into account by the Sugama
collisional operator that has been employed.

Recent analyses showed that depending on the temperature ratio
between ions and electrons, the electron-scale microturbulence
could strongly influence also the transport at ion scales [66, 67].
However, in the nonlinear analyses, the dynamics of the ETGs are
not taken into account in order to limit the computational cost.
Future works should therefore address the complete multi-scale
dynamics, ideally with possible experimental validation [68, 69]. It is
to be noted, however, that retaining carbon impurities strongly

FIGURE 10
Linear growth rate γ (A) andmode frequency ω (B) computed by the GENE code are plotted as a function of the binormal wavenumbers kyρs up to the
electron scales. Note that both x- and y-axis are in logarithmic scales. The inset in panel (B) represents a zoomover the region of transition between TEM/
ubiquitous modes and ETG instabilities. These simulations do not include fast ions.
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decrease the ETG linear growth rate, and thereby further justifies the
choice of not including ETG scales in the system.

3.2.2 Linear simulations with fast ions
In this subsection, we report the linear analyses of the TCV pulse

#73461 at ρψ = 0.65 retaining the fast deuterium introduced by NBI.
The distribution of the suprathermal ions has been computed
numerically with the Monte-Carlo module NUBEAM [47] of the
TRANSP integrated modelling. Thus, the distribution function at
the radial location ρψ = 0.65 has been extracted and approximated
with an equivalent Maxwellian by calculating an effective
temperature. It should be underlined that this procedure could
pose issues in accurately capturing the resonance in the fast-ion
parameter space destabilizing the various instabilities, and also
possibly affecting the growth rate of the ion-scale modes [70]. In
order to evaluate the radial gradients for both density and
temperature the same procedure has been performed for the
grid-points of the whole radial domain. The resulting normalized
gradients are R/LnFD � 20.20 and R/LTFD � 15.11 (the subscript FD
stands for Fast Deuterium). Since this procedure represents a strong
assumption and may lead to large errors, a scan over the fast ion
pressure gradient is displayed in Figure 11. In addition, to compute
such radial profiles, no fast-ion transport has been assumed in
TRANSP, and therefore the radial gradients may be largely
overestimated. For the sake of simplicity, the scan is displayed
for two values of fast ion normalized density gradient R/LnFD, i.e.
5.05 and 10.10, and for three binormal wavenumbers corresponding
to the toroidal mode numbers n = [1–3]. In these simulations, the
field-aligned system of coordinates has been chosen to be positive in
the direction of the plasma current. However, due to the reality
condition in flux-tube simulations, the evolved physical quantities
are computed only for one side of the (kx, ky) plane, with the
remaining side (kx, − ky) considered to be equal to the complex
conjugate of the (kx, ky) side. Hence, a direct comparison with the
experimental measurements in terms of mode propagation direction
is quite hard to establish.

The growth rate increases dramatically with increasing R/LTFD for
both configurations with R/LnFD � 5.05 and R/LnFD � 10.10.
Considering that the maximum growth rate for the TEMs at ion
scale is around γ = 0.2 cs/a, the growth rate of the fast-ion-driven
modes can overtake such a value even for much lower values than the
TRANSP-computed R/LTFD one. One thus expects that the nonlinear
dynamics would be strongly dominated by the large-scale instabilities
driven by the fast deuterium, consistently with that is observed
experimentally (see Section 2.1). It must also be noted that, for most
of the R/LTFD range considered in Figure 11, the growth rate for the n =
1 mode is lower than for n = 2, which may indicate a nonlinear
dynamics dominated by the n = 2 instability. Yet, the dominant signal
observed in the experiment is the n = 1. The parameter range where the
growth rate for the n = 1 mode is larger than the one for n = 2 is
observed for R/LTFD > 17. This latter value is even larger than the
TRANSP-computed one (R/LTFD � 15.11). Moreover, the n = 1 TAE
destabilized at this radial position with q ≈ 3 could be expected to sit in
the gap generated by the coupling between m = 2 and m = 3 poloidal
mode numbers, as it was also shown in [21]. The n = 2 EAE, on the
other hand, for m = 2 and m = 4. Nevertheless, this validation
assessment is out of the scope of the flux-tube simulations here
performed, and it must be assessed with a global approach.

The mode frequency displayed in panel (b) does not strongly
depend on the value of the fast ion pressure gradient, but more on
the toroidal wavenumber. The n = 1mode frequency slowly decrease
with increasing R/LTFD, approaching the experimentally measured
value represented by the horizontal green curve. The discrepancies
however are non-negligible, but it may be due to the sensitivity of the
results on the magnetic equilibrium.

3.2.3 Nonlinear local simulations without fast ions
The results of the nonlinear simulations with the gyrokinetic GENE

code in its local version are reported. As a first assessment, the effect of
the carbon impurities on the turbulent transport in the system without
retaining the supra-thermal ions is displayed in Figure 12. The TEM
instability is the main drive for the turbulent transport, and this is
reflected by amuch higher electron heat fluxwith respect to the ion heat
flux. The introduction of the carbon impurity in the system leads to a
relatively important decrease of the turbulent transport level. For the
electrons, the heat flux is decreased by a factor of 30% when the carbon
is retained. Such an impact on the heat flux and turbulent density/
temperature perturbations due to a more realistic modelling
assumption with impurities and full electromagnetic fluctuations has
also been observed in earlier TCV plasma simulations [61, 71]. It must
be noted, however, that the nonlinear heat flux spectrum in both
configurations peaks around kyρs ≈ 0.25–0.3 (not shown here for the
sake of simplicity). In this specific region, the difference between the
linear growth rates is less evident than at smaller-scales. As a matter of
fact, the linear phase of the nonlinear evolution shows a very similar
behaviour (see the time traces in Figure 12 for t≲ 50 a/cs).Moreover, the
main difference in the nonlinear spectra of the electrostatic potential
averaged over the radial and parallel directions

�������
〈ϕ2〉kx,z

√
is located in

the window kyρs ≤ 0.25. This decrease determines the lower total level of
turbulent transport and turbulent fluctuations amplitude in the
simulations with impurities.

Next, equilibrium sheared flows, in both parallel and
perpendicular components, have been applied in the GENE

simulations in order to evaluate its effect on the plasma stability
and turbulent transport. The value of the parallel γpfs and
perpendicular γE×B flow shear is γpfs = γE×B = 0.018 cs/a,
ensuring thus purely toroidal flow. It has been calculated from
the TRANSP-computed toroidal angular velocity, which in turn is
consistent with charge exchange experimental measurements. The
resulting effect on the transport level and turbulence dynamics is
very weak. The electron heat diffusivity is enhanced by only a factor
of 1.0% and 2.7% in the case without and with impurities,
respectively. Therefore, the impact of the E × B and of the
parallel flow shears is negligible on the nonlinear TEM-driven
fluxes. This is explained by the small flow shear rate value if
compared to the linear growth rate peak at the ion scale
(γTEM,peak ~ 0.2 cs/a vs γE×B = 0.018 cs/a).

We have also analyzed the effects of the zonal fluctuations of the
electrostatic potential, that are the zonal flows, on the saturated level
of the turbulent transport induced by TEMs. Whereas the impact of
the zonal flows on the Ion Temperature Gradient (ITG)-driven
turbulence is well-established [10], the saturation of the TEM-driven
turbulence is still debated [64, 72–75]. For this reason, we have
performed additional simplified simulations with only electrons and
main ion species and in the electrostatic regime, in which the
evolution of the zonal (ky = 0) potential fluctuations has been
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turned off. While the non-inclusion of the carbon impurities in the
system has already been demonstrated to modify the transport
fluxes, the here employed electrostatic approximation is not
expected to lead to a strong modification of the results. This is
because the electron beta is very low (βe = 0.08%) and the
electromagnetic fluxes are measured to be very low as well. As
can be seen in Figure 13, when the zonal fluctuation evolution is

zeroed out in the system the heat fluxes present a much larger
saturated level. This suggests that the zonal flows play an essential
role in the saturation of the TEM-induced fluxes in this TCV plasma.
Such a result is in agreement with previous analyses of collisionless-
TEM turbulence saturation [73, 74]. Indeed, the impact of the zonal
flows on the TEM transport is reported to be dependent on the ratio
Te/Ti [73]. In this TCV scenario, the electron temperature is around
1.5 times larger than the ion temperature at ρψ = 0.65. Such a
temperature ratio has been shown to fall within a positive
parameter-space region for the impact of zonal flows on TEM-
driven turbulent transport [73]. Therefore, if the same kind of
complex mechanism found in JET three-ion scheme scenario
[11] is also active in this TCV scenario, the strong impact of the
zonal flows on the TEM-saturation may be crucial for the reduction
of the ion-scale turbulent transport.

Nevertheless, it should be highlighted that, for properly
computing the radially extended structure of the zonal flows and
for correctly evaluating their dynamics, a global approach is
mandatory. This will be pursued in a future contribution.

3.2.4 Nonlinear local simulations with fast ions
Nonlinear flux-tube simulations including fast ions are then

performed to determine the impact of the fast-ion-driven modes,
found unstable in the linear simulations, on the local plasma
properties. However, due to the large ρ+ inherent in the small-
device TCV, the turbulent structures related to the low-ky
wavenumbers included in the simulations undermined the
reliability of the flux-tube − as well as the gyrokinetic −
approximation. Indeed, the radial length of the turbulent
structures induced by the fast-ion-driven modes was observed to
be comparable with the radial box domain. Passing-through, radially

FIGURE 11
Linear growth rate γ (A) and mode frequency ω (B) computed by the GENE code are plotted as a function of the normalized fast ion temperature
gradient R/LTFD for the toroidal mode numbers n =1 (blue), n =2 (red) and n =3 (black) for R/LnFD � 10.10 (solid curves and open symbols) and R/LnFD � 5.05
(dashed curves with filled symbols). The horizontal dotted green curve in panel (B) represents the experimentally measured frequency of the n =1 TAE in
TCV pulse #73461.

FIGURE 12
Total heat flux time traces for electrons (blue curves) and main
ions (red curves) in the simulations without fast ions are shown in MW
units. The solid lines and the dotted lines represent respectively the
simulations with and without including the carbon impurities.
The horizontal curves shows the averaged value of the heat fluxes over
a representative time window of each simulation.
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elongated eddies were even observed when the radial domain was
extended up to − and even beyond − the size of the machine. It
should be stressed that the increase of the radial width of the box
must be related to a corresponding increase of the considered radial
kxmodes in order to maintain the same radial resolution; hence, this
is followed by a dramatic increase of the numerical cost of the
simulation. An example of the radially elongated structures is
displayed in Figure 14, where the perpendicular extension of the
numerical box is reported in standard units allowing a direct
comparison with TCV size (a major radius R0 = 0.88 m). This
snapshot in time is plotted at the outboard mid-plane (z = 0) for the
simulations with R/LpFD � 16.8, for which the fast-ion-driven modes
are linearly unstable.

To conclude this section on the modelling, it has been observed
that the local gyrokinetic approximation employed in these
analyses with the GENE code is not sufficient to grasp the
accurate dynamics of the unstable fast-ion-driven modes.
Global simulations are therefore required, since firstly the
turbulence structures is way much larger than the few lowest
mode rational surfaces and, moreover, the non-local effects may
play an important role when evaluating the global level of
turbulent transport in TCV [76–78]. For these reasons, future
efforts will be dedicated to global modelling of the here discussed
TCV scenario including bulk and fast-ion transport in flux-driven
gyrokinetic simulations.

4 Discussion

The impact of TAEs destabilized by the NB-injected fast ions on
the plasma global confinement has been analyzed for a recently
developed TCV scenario [21]. Appropriate modulations of the

counter-current NBI input power allowed us to identify various
phases of the pulse in which the effects of the TAEs on the plasma
characteristics can be studied in detail. A first characterization of the
various high-frequency modes systematically detected in the
magnetic spectrogram has been carried out, including toroidal
mode numbers identification and mode radial localization
through multi-diagnostic analyses. The complex interaction
between the identified modes can be studied through bicoherence
analyses, revealing possible underlying three-wave couplings. This
opens up the route towards more exhaustive − and yet more
expensive − numerical simulations with global gyrokinetic
models, which may be a crucial tool to explore the complex
stability dynamics of this TCV scenario rich of fast-ion-driven
instabilities.

Parameters such as the energy confinement time and the ion
temperature are employed to determine the impact of the fast-ion-
driven TAEs on the plasma confinement and performance,
unveiling uncommon features. It is observed that the indicators
all point towards an improved confinement in presence of unstable
TAEs, with an increase of Ti and with no degradation of the total
energy confinement time in spite of the increase of the NBI input
power. Moreover detailed analysis reveals that a steep region of the
ion temperature gradient overlaps with the radial range where the
n = 1 TAE is experimentally detected. In order to determine whether
this correspondence is due to the beneficial impact of the TAE or to
other underlying mechanisms, more detailed analyses with
advanced numerical codes are strongly required. At this stage, a
clear conclusion on the beneficial impact of the TAE on the ion
thermal confinement cannot be drawn.

Although the analysis on the SPR power spectrum may
indicate that the electron density fluctuations are not
increased in the presence of the TAE instability − i.e., the
turbulent fluctuations are not increased − as shown in
Figure 9, the impact of such instability on the turbulence
cannot be easily inferred from this diagnostic alone. Indeed,
uncertainties on the density profile reconstruction do not allow a
good estimation of the density fluctuation amplitude. Therefore,
since the NBI fuelling continuously increases the plasma density
throughout the pulse, also the density gradients are expected to
change. This affects the calculation of the electron density

FIGURE 13
Time traces of the electron (blue) and main ion (red) heat fluxes.
The vertical dashed line indicates the time at which the zonal
fluctuations of the electrostatic potential ϕ are set to zero. To better
visualize the discrepancies between the two phases, the fluxes
are normalized to the average value of the electron heat flux for the
simulation phase accounting for zonal fluctuations of ϕ. Note that the
system considered here is in the electrostatic limit and does not
include the carbon impurities.

FIGURE 14
Contour plot of the electrostatic potential fluctuations ϕ as a
function of the radial x and binormal y coordinate, taken at the
outboard mid-plane at a specific timestep of the quasi-linear phase of
the gyrokinetic simulation. This snapshot is taken from the
simulation with fast ions with R/LpFD � 16.8 but without carbon
impurities.
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fluctuations measured by the SPR [79], and thereby the direct
impact of fast ions and TAEs on the electron density fluctuations
is not reported in this article.

Exploratory gyrokinetic simulations have been performed in
the flux-tube approximation with the GENE code for one particular
pulse of this TCV scenario at ρψ = 0.65, that is within the radial
region at which the TAEs are experimentally detected. TEMs are
identified as the dominant microinstability of the bulk plasma.
Long-tails at small scales of hybrid TEM-ETG instability are also
observed. The linear effect of the fast ions on the growth rate
spectra is restricted to the low-ky region, while it is negligible for
the rest of the spectrum. The saturation of the TEM-driven
turbulent fluxes is shown to be strongly influenced by the zonal
flows. Therefore, since the TAEs are expected to trigger a strong
zonal flow activity [7], the turbulence suppression by TAE-
generated zonal flows can be considered as a plausible
explanation of this TCV scenario improved confinement, as was
previously observed in other tokamaks [5, 11, 12, 80]. The linear
frequencies of the fast-ion-driven modes, which are destabilized
for the toroidal mode numbers n = 1, 2 and 3, are larger than the
experimentally observed frequency of the n = 1 TAE. Nevertheless,
large uncertainties especially on the fast-ion related parameters
employed in the gyrokinetic simulations may strongly affect the
results. Eventually, when retaining the fast ion species in the
nonlinear simulations, the unstable fast-ion modes form
streamer-like turbulent structures. These radially elongated
eddies are systematically observed in the nonlinear simulations
with fast ions, even when the radial box is enlarged up to almost the
TCV device size. This issue is mainly due to the relatively large ρ+

in TCV tokamak. This observation undermines the inherent
assumptions of the gyrokinetic and in particular of the local
approximation, thereby invalidating the results of such
nonlinear simulations with fast ions. More accurate global
analyses are required to model the dynamics of the fast-ion-
driven modes and their impact on the bulk turbulence in this
TCV scenario with sufficient accuracy. Due to the high complexity
and large computational cost of such analyses, this work is left for
future contributions.
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