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Aabstract

Next-generation fusion power plants will operate in burning plasma regimes characterized by high β and dominant heating
by fusion-born α particles. In such conditions, the core plasma dynamics are governed by the nonlinear interplay of MeV-range
ions, Alfvénic instabilities, microturbulence, and strong electromagnetic fluctuations. The paper integrates recent experimental
and theoretical results to show that turbulence suppression triggered by fast ions and the emergence of high-β KBM-induced
distortions in the electron distribution function (EDF) are two facets of a strongly coupled system. Evidence from various
tokamak experiments and advanced numerical modelling demonstrates how fast-ion-driven Alfvén modes regulate turbulence
through zonal structures, while high-β KBMs lead to bipolar perturbations in the EDF that may affect the measurement of key
diagnostics such as the electron cyclotron emission (ECE) radiometers. The coexistence and mutual reinforcement of these
mechanisms have profound implications for confinement optimization, performance assessment, and diagnostic interpretation
in future fusion reactors.

1. INTRODUCTION

The fusion of deuterium and tritium in magnetically confined plasmas offers a path to clean, virtually limitless
energy. Among confinement device concepts, tokamaks are the most advanced, using toroidal and poloidal mag-
netic fields to sustain high-temperature plasmas. Achieving ignition conditions in magnetically confined plasmas
requires external heating sources such as Neutral Beam Injection (NBI) and Ion Cyclotron Resonance Heating
(ICRH). These mechanisms generate fast ions, i.e. particles with energies significantly exceeding those of the bulk
plasma. In addition, fusion reactions themselves produce energetic alpha particles. While fast ions play a crucial
role in plasma heating and to sustain the fusion reaction, they can also excite high-frequency instabilities, such as
Alfvén eigenmodes (AEs) and Energetic Particle Modes (EPMs), which may lead to confinement degradation [1].

External heating also produces steep temperature and density gradients, which can destabilize microinstabili-
ties at the ion Larmor radius scale, particularly ion temperature gradient (ITG) modes and the Kinetic Ballooning
Modes (KBMs), driving turbulence and anomalous transport that limits energy confinement. Interestingly, ex-
periments and simulations have shown that fast ions can suppress ion-scale turbulence, mainly driven by ITG,
enhancing confinement and performances through many different mechanisms (see [2–5]). In particular, a multi-
scale nonlinear mechanism involving fast-ion-driven AEs have been recently reported to strongly affect the core-
turbulence intensity by suppressing it and achieve optimum confinement [6], also in DT plasmas [7]. Gyrokinetic
simulations unveiled the fine underlying physics of such a beneficial mechanism [8–11], including the coupling
to an enhanced zonal flow activity. This latter point has also been recently demonstrated experimentally [12],
corroborating thus once more the validity of the first-principle numerical analysis. Moreover, this mechanism is
not reserved only to AEs, but also EPMs, such as fishbones, can generate strong zonal flow activity impacting
therefore on the plasma performances [13].

Understanding fast-ion–turbulence interactions is critical for future burning plasma scenarios, where MeV-
range alpha particles dominate the core dynamics, and such improved confinement may be reached by exploiting
the fast-ion-triggered beneficial mechanism. Connected to this, high-performance plasmas, with high pressure
in the plasma core (and thereby high β, where β is the ratio between the thermodynamical and the magnetic
pressure) are also frequently obtained in current tokamaks, both in DD and DT plasmas. The same kind of results
are envisaged for the next-generation tokamaks, and hence it is of paramount importance to determine the physical
properties of the deep-core under high-performance plasma conditions. Due to the difficulties in reaching these
internal positions of the plasma through routinely used diagnostics, advanced numerical simulations represents
a crucial tool to explore the deep-core of the high-performance plasmas. In these conditions, KBMs have been
found unstable, possibly determining the pressure profile shapes [14–16].

In this manuscript, these findings are reconciled an synthesized into a coherent picture of the nonlinear plasma
core dynamics, focusing on two tightly intertwined aspects: (i) the confinement properties regulation by MeV-
range ions destabilizing AEs and their coupling to zonal structures, and (ii) the destabilization of KBMs at high β,
which deform the EDF and bias specific diagnostic measurements. These two aspects cannot be separated into a
linear chain of causes and effects, but instead form a nonlinear set of interactions, where fast-ion-driven instabili-
ties, turbulence, and electromagnetic fluctuations coexist and evolve consistently.
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2. NONLINEAR FAST-ION-TRIGGERED REGULATION OF TURBULENCE PROPERTIES

This section addresses how fast-ion-driven AEs interact with zonal flows and structures to influence turbulence and
improve plasma confinement in tokamaks. Motivated by experimental observations from JET showing unexpected
reduction of thermal ion transport, theoretical and numerical analyses have focused on the role of fast ions in
regulating background turbulence.

Flux-tube gyrokinetic simulations with the GENE code [17] on selected L-mode JET pulses demonstrated that
introducing fast ions in nonlinear electromagnetic simulations significantly reduces the thermal ion heat flux [18],
predominantly affecting nonlinear dynamics and ruling out thus purely linear mechanisms. Subsequent studies
on JET H-mode pulses examined how fast-ion content can affect the thermal transport but also influence the
critical β threshold for high-frequency pressure-driven modes (such as KBMs and/or Beta Alfvén Eigenmodes)
[19]. Nonlinear simulations showed that turbulence reduction arises from a synergy between fast-ion pressure
effects and electromagnetic stabilization, particularly close to marginality of the onset of fast-ion-driven high-
frequency modes [19]. As in those plasma no high frequency modes destabilized by fast ions were observed
experimentally (and also to avoid flux runaway in the gyrokinetic simulations), the fast-ion pressure gradients
were ad-hoc modified below the critical value.

Such a near-marginality of the fast-ion-driven modes was fundamental to explain the underlying physics lead-
ing to the reduced ion turbulent fluxes. Indeed, the linearly stable Toroidal Alfvén Eigenmodes (TAEs) are desta-
bilized nonlinearly by energy depletion from the ITG scales toward the large fast-ion scales [8]. The TAEs, in turn,
couple and transfer energy to the zonal components of the electrostatic potential. Such an enhanced zonal flow ac-
tivity counteracts on the ITG-driven turbulent fluxes, reducing their saturation toward very low levels, compatible
with the experimentally-inferred thermal transport ones.

It was however observed that a runaway character of the energy fluxes (mainly for the electron and fast ion
components) appears when the TAEs are linearly unstable, limiting their beneficial impact up to the critical desta-
bilizing β [8]. The experimental demonstration of this numerical study was thereby missing, as no TAEs were
experimentally detected in the analyzed JET pulse #73224.

FIG. 1. The relative reduction of the 3He electrostatic
heat diffusivities with respect to the case without fast ions
is plotted as a function of the fast ion pressure gradient
R/LpFD from GENE simulations for JET pulse #94701.

The experimental demonstration of such a beneficial
mechanism triggered by fast-ion-driven TAEs has been re-
cently provided in the 3-ion heating scheme scenario at JET
[20], in which an efficient combination of NBI (8 MW) and
ICRH (6 MW) leads to the generation of a significant pop-
ulation of MeV-range ions in the deep plasma core of pulse
#94701 [21]. Those ions, thanks to their high energy, desta-
bilize a rich activity of high-frequency instabilities, among
which the TAEs are present in the plasma core, where a clear
enhanced confinement, especially for the thermal ions, is
measured [6]. Gyrokinetic flux-tube simulations with the
GENE code reveal the underlying complex mechanism, de-
scribing cross-scale multi-mode interactions leading to such
an improved thermal ion confinement. Interestingly, in this
specific study, the maximum of the turbulence reduction is
obtained in conditions with linearly unstable TAEs, as can
be observed in Fig. 1 for the cases with fast ion pressure
gradients large enough to destabilize the TAEs. The almost
complete suppression of the thermal ion fluxes (with respect
to the artificial case without including fast ions) is reached due to a strong zonal flow activity, which acts as a
reservoir of energy and also as a shearing turbulence medium. The enhanced amplitude of the zonal structures,
for both the electrostatic and the magnetic potential, is directly caused by the multi-scale energy transfer from the
TAE to their meso-scale. Bispectral analysis, whose main results are illustrated in Fig. 2, is defined as:

bW (f ′, f ′′) =

∣∣∣∣ ∫ dt
∑

(ϕky (f, t))
† × ϕk′

y
(f ′, t)ϕk′′

y
(f ′′, t)

∣∣∣∣ (1)

with ϕ the electrostatic potential, ky the selected binormal wavenumber and † representing the complex conjugate.
It can, thus, highlight such an interaction occurring at the intersection of the zonal flow frequency (i.e. f=0) and
the TAE frequency (f ∼200 kHz). This coupling has also been validated experimentally in a recent study, in
which the Doppler Backscattering reflectometer measurements of density fluctuations clearly unveiled a wave-
wave coupling between the zero-frequency zonal flows and the TAEs (and all the harmonics) in the same 3-ion
scheme scenario at JET [12].
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FIG. 2. Bispectrum of the electrostatic potential fluctuations
for the triad of the most destabilized TAE mode (k′

y = 0.05),
the zonal components (k′′

y = 0) and the modes completing the
triplets (ky = 0.05), for the case with R/LpFD = 13.6. The
TAE experimental range of frequencies is highlighted with red
horizontal dotted lines.

Also, the zonal components of the magnetic po-
tential are enhanced by such an interaction with the
TAE scales; nonetheless their impact on the turbu-
lence properties is not fully understood, although an
enhanced zonal field activity may act on the local mag-
netic profile characteristics, modifying the safety fac-
tor and/or the magnetic shear affecting thereby the
whole stability picture.

An additional analysis unveil the role of the cross-
phase angle among the main plasma parameters com-
posing the kernel of the energy flux calculation, i.e. the
electrostatic potential ϕ and the ion temperature fluc-
tuations T̃∥ and T̃⊥. The definition of the cross-phase
angle is:

α(A×B) = tan−1
(
Im(A/B)/Re(A/B)

)
(2)

with A and B thereby representing a combination of
the three parameters listed above. For the sake of clar-
ity, when the two parameters are out-of-phase (α =
±π/2) the fluxes are maximized, with respect to the
in-phase cases (α = ±π or 0). It is observed in the

gyrokinetic simulations that, when the TAEs trigger the complex multi-scale interaction, a signature in the cross-
phase structures is clearly visible. This is shown in Fig. 3, for simplicity only for the α(ϕ × T̃∥), in which the
TAE destabilization leads to a regime transition from a ITG- to a TAE-scale structure, and more importantly from
an out-of-phase structure to a in-phase one. This picture is therefore consistent with the suppressed thermal ion
flux obtained in the simulations, despite the general increased amplitude of the electro-magnetic field fluctua-
tions. Similar effects are also observed in other study cases [11, 22], and could open the way to an additional
experimental validation method for such a beneficial mechanism.

FIG. 3. Simulated cross phase between electro-
static potential and parallel ion temperature fluctua-
tions without fast ions (a) and with unstable TAE (b).

Following these results, a dedicated scenario with domi-
nant ICRH minority heating (∼1% H in 50-50% DT fuel) in
the DTE2 campaign has been designed and performed in or-
der to exploit the improved confinement previously observed
in plasmas with fast-ion-driven TAEs. This configuration suc-
cessfully reproduced rich AE activity, dominant electron heat-
ing, and low torque, similarly to the previous 3-ion scheme sce-
nario [7]. Nevertheless, the DT plasmas exhibited richer MHD
dynamics, including TAEs, Fishbones, and NTMs, with clear
nonlinear interactions. Despite these instabilities, the reference
pulse (#99896) achieved a better confinement than the matched
(from the engineering parameters) DD case (#100871), with the
formation of an edge pedestal without ELMs and evidence of an
isotope effect from tritium, manifesting as reduced core diffu-
sivity and enhanced pedestal height with respect to the DD case.

Extensive simulations confirmed that TAEs were not driven
by fusion-born alphas but by ICRH-generated ions. FAR3D
[23] modelling showed that TAEs efficiently transfer energy to
zonal flows, reinforcing turbulence suppression. Gyrokinetic
CGYRO [24] analyses confirmed the FAR3D results and addi-
tionally revealed that turbulence stabilization was highly sensi-
tive to fast-ion parameters: reducing the Tfast/Te ratio or re-
ducing R/LpFD

significantly weakened the turbulence reduc-
tion [7]. Thus, linearly unstable TAEs were identified as a nec-
essary condition for reproducing experimentally observed trans-
port levels.

Recent experiments, following the sparked interest of the JET results, corroborate these observations of im-
proved confinement in the presence of fast-ion-driven TAEs (in those experiments the fast ion are generated by
the NBI) [25, 26].
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3. KBM SHAPING THE CHARACTERISTICS OF HIGH BETA DEEP-CORE PLASMAS

FIG. 4. Electron (blue) and thermal ion Deuterium (red) heat
flux for different values of the normalized ion temperature gra-
dient R/LTi , in the configurations with (dashed) and without
(solid) E ×B and parallel velocity gradient PVG.

In high-β plasma regions, as the deep core of high-
performance plasmas, nonlinear flux-tube gyrokinetic
simulations have demonstrated that localized KBMs
can simultaneously determine the turbulent transport
threshold [14, 15] and strongly perturb the EDF [16].
Indeed, in high-performance JET pulses, KBMs were
found to dominate the transport when the electron β
(βe) exceeds a critical threshold, with their saturation
level determining the magnitude of turbulent total heat
fluxes. The KBMs are however destabilized only at
low magnetic shear, thereby demonstrating a clear im-
pact of the local magnetic equilibrium on the linear
growth rate [15, 16]. Concerning the nonlinearly com-
puted heat transport, a very large stiffness is observed,
with a clear implication on the local profile shape that
can be achieved. The stiffness of the heat fluxes de-
termined by the destabilization of the core-KBMs is
shown in Fig. 4.

Importantly, the gyrokinetic simulations of the high-temperature JET pulse #96994 [27] revealed that the
unstable KBMs have a clear impact on the linear EDF shape in the momentum p space. This is shown in the panels
Fig. 5, in which the GENE-computed perturbed EDFs are shown in the momentum space for a KBM-dominated
binormal wavenumber and for different electron profile local gradient configurations. A bipolar structure clearly
appears, determining a non-Maxwellian shape for the perturbed EDF.

It is also observed that the structure moves in the electron momentum space according to the normalized
electron diamagnetic frequency ω∗

e :

ω∗
e =

[
R/Lne

+R/LTe

(
p2∥ + p2⊥ − 3

2

)] Teky
eB0a

(3)

where R/Lne
and R/LTe

are the local normalized electron density and temperature gradients, respectively, and
a and R the minor and major radii, respectively. The mechanism underlying this EDF modification is a resonant
wave–particle interaction: electrons with diamagnetic frequency ω∗

e , determined by the local density and temper-
ature gradients, interact with KBMs at their characteristic frequency ωKBM. As a result, the EDF in momentum
space (p∥, p⊥) acquires a distinctive bipolar structure, centered at ω∗

e = 0 and peaking at ω∗
e ≈ ωKBM. Electrons

with orbits such that their diamagnetic drift matches the KBM frequency are selectively enhanced or depleted,
producing positive and negative deviations around the thermal momentum scale.

FIG. 5. Normalized linear perturbed electron distribution function δfe for the KBM-dominated
kyρs = 0.02 for different combinations of R/Lne and R/LTe . The black dashed lines represent
ω∗
e , the pink curve the normalized KBM frequency, while the green solid and yellow dashed

curves are respectively the position of δfe = 0 and the minimum of δfe.

This dependence is
displayed in the differ-
ent panels of Fig. 5, in
which the diamagnetic
frequency has been mod-
ified by varying R/Lne

and R/LTe
. It is

observed, hence, that
ω∗
e = 0 (represented

by the black dashed
contour lines) robustly
matches the localiza-
tion where the per-
turbed EDF is null (green
solid lines), while the
bump region of the dis-
tribution (bordered by
the yellow dotted lines)
clearly overlaps with
the value of ω∗

e =
ωKBM. And for the dif-
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ferent configurations of the electron profiles, the match is always fulfilled. Quantitatively, these bipolar perturba-
tions reach in the nonlinear phase a few percent of the equilibrium EDF (≈ 2–3% in analyzed JET conditions),
which is sufficiently large to modify radiative properties of the plasma core. Moreover, the amplitude of the bipo-
lar structure lobes and the radial localization of the KBM structure in the poloidal section strongly depend on the
KBM-induced turbulence intensity in the nonlinear phase. This is shown in Fig. 6, in which the radial extent of
the KBM-induced structure in the temperature fluctuations is enlarged with the increase of the KBM drive R/LTi ,
but are nonetheless still fairly localized (∼15 cm). Nevertheless, as discussed before, the KBM heat flux evolution
is very stiff, and thus a limitation to the reachable KBM drive is determined by the experimentally inferred levels
of radial transport. The spatial localization of KBMs ensures that the strongest EDF perturbations occur in the
inner radial region, where βe and pressure gradients are highest.

FIG. 6. The poloidal representation of KBM-induced temper-
ature fluctuations computed by the nonlinear code GENE for
two different KBM drives. The radial coordinate has been nor-
malized to be 0 at the inner boundary of the numerical box.

These insights extend the role of KBM beyond
its impact on transport: KBM can act as a ki-
netic agent that imprints non-Maxwellian signatures
in the EDF, bridging turbulence and diagnostic ob-
servables. In fact, the bipolar distortion of the EDF
aligns well in ampltiude, shape and position with the
heuristic model [28] previously proposed to explain
the long-standing discrepancy between Electron Cy-
clotron Emission (ECE) and Thomson Scattering (TS)
measurements. This discrepancy arises due to the ECE
sensitivity to the shape of the EDF [29], and the bipolar
structure characteristics can be fine-tuned to reconcile
the two measurements for different multiple scenarios
and pulses. This has been done for a substantial JET
database of recent high temperature plasmas, and the
reader is addressed to Ref. [28] for more details on the
database and on the heursitic model for reconciliation
of the ECE-TS discrepancy. Importantly, the shape of

the bipolar EDF perturbation produced by KBMs closely matches the bipolar form assumed in the heuristic model
for the JET pulse #96994, as shown in Fig. 7. In panel (a) of the figure, the ECE vs. TS measurements are
compared, clearly denoting a discrepancy between the two, mainly for Te > 4 − 5 keV. The heuristic model, by

FIG. 7. (a) Comparison between TS and ECE measurements for JET pulse #96994. The red squares represent the ECE-
measured Te including the perturbed EDF of the heuristic model displayed in panel (b), with the explicit parameters employed
in the heuristic model, i.e. p0 the center position, δ0 the extension along the total momentum and f0 the amplitude of the
perturbation. In (c) the KBM-induced perturbation as computed by GENE is compared to the one of the heuristic model.

introducing the pertubation illustrated in panel (b), clearly reconcile the discrepancy (red square in panel (a)). If
the same perturbation is compared to the one generated by the KBM in GENE calculations (panel(c)), a good
agreement is obtained, especially for the localization in the momentum space of the bipolar center around the
thermal velocity.

4. DISCUSSION AND WRAPPING UP

This work has highlighted two key ingredients that will shape the dynamics of reactor-relevant burning plasmas:
the role of MeV-range ions (a.k.a. fusion-born alpha particles) in regulating turbulence through the destabilization
of the Alfvénic activity, and the impact of KBMs on the EDF in the plasma core. Although presented in separate
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sections, these processes are not independent, but rather they represent two components of a nonlinear and self-
consistent deep-core plasma condition.

On one side, fast ions destabilize Toroidal Alfvén Eigenmodes (TAEs) which, through nonlinear multi-scale
and multi-mode interactions, transfer energy to the zonal structures. This enhanced zonal activity suppresses the
background ion-scale turbulence, leading to significantly reduced thermal transport and improved confinement, as
demonstrated in JET experiments and validated gyrokinetic simulations. The beneficial effect of fast-ion-driven
modes can steepen core pressure gradients and increase the overall β of the plasma, thereby leading the system
closer to the KBM threshold.

On the other side, once the plasma enters such high-β regimes, KBMs become linearly unstable and dominate
the transport, leading to a strong stiffness of the heat fluxes. Equally important, KBM-driven wave–particle
interactions with electrons modify the EDF in momentum space, generating a bipolar distortion localized around
the thermal velocity of the electrons. A clear dependence on the electron diamagnetic frequency is demonstrated,
with the structure moving in the momentum space accordingly to the relation:

p0 =

√
3

2
− R/Lne

R/LTe

(4)

which has been directly derived from Relation 3 and illustrates clearly the dependence of the center position of
the bipolar structure p0 in the momentum space on the local shape of the electron profiles. The KBM-induced
perturbations, although of only a few percent amplitude, are sufficient to alter the spectral properties of the ECE
and thus impair the temperature measurements with the ECE radiometers. The fact that the KBM-induced EDF
distortion closely reproduces the bipolar shape proposed in a recent heuristic model [28] to reconcile the ECE–TS
discrepancy provides a strong physical basis for understanding this long-standing issue, which is currently being
deeply investigated by a dedicated task-force under the ITPA framework [30]

The interplay between these two mechanisms is of particular importance for next-generation fusion reactors,
such as ITER, SPARC and DEMO for instance. Improved confinement via fast-ion-driven AEs increases the
pressure gradients in the plasma core, favoring the KBM destabilization and associated EDF perturbations. In turn,
these distortions directly affect the diagnostic measurements used to evaluate performance, which may introduce
large uncertainties in the evaluation of electron temperature profiles; nonetheless, it also open the path to the use of
the ECE as a tool to determine the KBM-induced turbulence properties in the plasma core through the evaluation
of the perturbation position in the momentum space combined with the measurement of the local electron profiles
via Relation 4.
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