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The key result of the present work is the theoretical prediction and observation of the formation of a new
type of transport barrier in fusion plasmas, called F-ATB (fast ion-induced anomalous transport barrier).
As demonstrated through state-of-the-art global electrostatic and electromagnetic simulations, the F-ATB is
characterized by a full suppression of the turbulent transport—caused by strongly sheared, axisymmetric
E × B flows—and an increase of the neoclassical counterpart, albeit keeping the overall fluxes at
significantly reduced levels. The trigger mechanism is shown to be a mainly electrostatic resonant interaction
between suprathermal particles, generated via ion-cyclotron-resonance heating, and plasma microturbulence.
These findings are obtained by realistic simulations of the ASDEX Upgrade discharge No. 36637—properly
designed to maximized the beneficial role of the wave-particle resonance interaction—which exhibits the
expected properties of improved confinement produced by energetic particles.
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Introduction.—The performance of present-day and
future fusion devices is largely determined by turbulent
transport. Turbulence is inevitably driven by gradients in
the plasma pressure profiles above a critical threshold, and
it is the primary source of energy and particle losses.
Therefore, a long-standing challenge in magnetic fusion
research is the identification of mechanisms able to control
turbulence with the ultimate goal of improving reactor
performances.
In this context, a fascinating result is the possibility of

forming a narrow core region of reduced turbulent trans-
port, commonly called internal transport barrier (ITB) [1,2].
ITBs are characterized by large poloidal shear flows
localized at the radial boundaries of the barrier, acting
on turbulent transport through a combination of linear and
nonlinear effects [3,4]. The formation of an ITB has been
observed in both tokamaks (DIII-D [5], ASDEX Upgrade
[6,7], JT60-U [8], TFTR [9], Tore Supra [10], Alcator
C-Mod [11,12], JET [13]) and stellarators (LHD [14],
CHS [15], TJ-II [16], and W7-AS [17]). In these experi-
ments, a ubiquitous observation—associated with the ITB
formation—is the increase of the fusion triple product. The
main mechanisms proposed to explain the formation of
ITBs in tokamaks ware (i) the impact of large-scale
electromagnetic activity at low-order rational surfaces in
the safety factor [18], often associated to reversed-shear
configurations [18–20] and (ii) electromagnetic suprather-
mal ion effects [21].
In this Letter, we present a novel type of transport barrier

induced by fast ions created with ion-cyclotron-resonance-
heating (ICRH) called F-ATB (fast ion-induced anomalous

transport barrier). The F-ATB is characterized by a full
suppression of the turbulent heat transport and an increase
in the neoclassical counterpart—driven by the large pres-
sure gradients of the suprathermal particles. The resulting
overall turbulence levels are reduced and the transition
from anomalous to neoclassical transport (within the
barrier) leads to a substantial destiffening of the bulk
profiles. In contrast to ITBs reported in literature, this
new type of transport barrier is stable and easily control-
lable with the ion-cyclotron-resonance-heating (ICRH).
The F-ATB trigger mechanism is identified as the (mainly

electrostatic) resonant interaction between ion-driven turbu-
lence and suprathermal particles, recently discovered via
analytic calculations and corroborated by (flux-tube) numeri-
cal simulations [22–24]. The impact of this resonance
mechanism on plasma turbulence is determined mainly by
the local values of the fast particle temperature, density, and
their gradients [22]. Therefore, stabilizing and destabilizing
energetic particle effects on plasma turbulence might occur
at different radial positions—depending on the local fast
particle parameters—thus strongly affecting the bulk ion
energy fluxes. This characteristic radial dependence has been
carefully optimized with gyrokinetic and ICRH-full-wave
simulations, allowing us to identify the main experimental
actuators to maximize this resonant mechanism. This effort
guided us in designing and performing a proof-of-principle
ASDEX Upgrade discharge showing features of transport
reduction and the formation of a central region of improved
confinement produced by energetic particles. On this plasma
discharge we then performed state-of-the-art global electro-
magnetic GENE [25,26] simulations, demonstrating—for the
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first time—an anomalous transport barrier in these theory-
guided plasma conditions, thus providing the numerical
confirmation of the existence of this new type of ITB.
Experimental setup.—The ASDEX Upgrade H-mode

discharge No. 36637 was the result of a careful optimiza-
tion procedure based on theoretical predictions [22,23].
A deuterium plasma is heated with 2.5 MW of neutral-
beam-injected (NBI) and 2.5 MW of electron-cyclotron-
resonance-heating (ECRH) power. An additional
ion-cyclotron-resonance heating is applied with four
steady-state phases at constant power [Fig. 1(a)]. The
ICRH is deposited on axis (ρtor ¼ 0) on a large hydrogen
minority density at a roughly constant concentration of
nH=ne ≈ 0.11, inferred from neutral-particle-analyzer
measurements, resulting in Thð0Þ ∼ 110 keV [Fig. 1(f)].
The magnetic field is B0 ¼ 2.38 T, the plasma current
Ip ¼ 0.8 MA and the midradius electron density, temper-
ature, and gyroradius, respectively, ne ¼ 5.2 × 1019 m−3,
Te ¼ 1.8 keV, and ρ� ¼ ρ=a ¼ 1=385. Despite most of the
external NBIþ ICRF power being absorbed by electrons
[Fig. 1(c)], only the main ion temperature profile (measured
by IDI [27]) develops a substantial peaking, up to 80%
[from Tið0Þ ¼ 1.9 keV to Tið0Þ ¼ 3.4 keV] for PICRH ¼
3.5 MW, while the overall core electron temperature profile
is upshifted by 20% while keeping a similar shape and the
density profile remains almost unaffected.
No significant degradation of the energy confinement

is observed during the ramp-up of the ICRH power
[Fig. 1(b)]. Interestingly, the power balance computed by
ASTRA [28] [Fig. 1(d)] shows that (i) the ion conductivity
at t ¼ 4.1 s (compared to t ¼ 1.4 s) is reduced up to ∼50%
at ρtor ¼ 0.2 despite an increase of ∼40% of the auxiliary
heating. It increases for ρtor > 0.3; (ii) the electron con-
ductivity measured at t ¼ 1.4 and t ¼ 4.1 s increases,
leading to a further reduction in the ratio χi=χe [Fig. 1(e)].
These findings suggest a substantial ion-scale turbulence
suppression. Additional dedicated experiments on ASDEX
Upgrade are presently in progress [29].
Numerical setup.—The ICRH fast particles role in

improving the plasma confinement is investigated with

the global gyrokinetic code GENE [25,26]. The experimental
plasma equilibrium is reconstructed by CLISTE [30], which
predicts a monotoric q profile above one [31] and the bulk
profiles extracted from IDA [32]. Kinetic electrons with
realistic ion-to-electron mass ratio are retained and collisions
modeled with a linearized Landau operator with energy and
momentum conserving terms [33]. A local Maxwellian is
employed to model the thermal species backgrounds, while a
bi-Maxwellian distribution [34–36] describes the hydrogen
minority. The parallel and perpendicular temperature profiles
are consistently computed with the full-wave TORIC code
interfaced with the SSFPQL FokkerPlanck solver [37,38].
Electromagnetic fluctuations are retained throughout this
Letter (unless stated otherwise) and a realistic profile for the
electron kinetic-to-magnetic pressure ratio βe is considered,
namely, βe ¼ 0.8% on axis. A Krook-type operator on both
heat and particles is employed to keep the kinetic profiles—
on average—fixed at the initial ones. Dirichlet boundary
conditions are applied on the perturbed quantities. The radial
domain of the GENE simulations covers the region
ρtor ¼ ½0.05; 0.55�, where the thermal ion profile and con-
ductivities are mostly affected by the presence of energetic
particles. An optimized radially dependent velocity space
grid [39] is employed to reduce the resolution requirements
needed to capture the sharp changes in the energetic particle
temperature profile. Numerical convergence, over the grid
resolution and different velocity space grids, has been
carefully checked.
Global turbulence results.—We begin by showing,

in Fig. 2, the time evolution of the radial profile of the
total ion (deuteriumþ hydrogen) flux-surface-averaged
heat flux for the simulations with [Fig. 2(a)] and without
[Fig. 2(b)] energetic particles. Turbulent avalanches propa-
gate throughout the radial domain when only thermal
particles are retained. In the presence of fast particles, these
structures break in the region ρtor ¼ ½0.2; 0.3�—where the
temperature profile of the bulk ion peaks. Within this radial
domain, a full suppression of the heat transport is observed,
leading to the formation of the F-ATB. Interestingly, the
turbulence reduction extends to ρtor∼0.1 [Fig. 2(c)–2(d)].

0

2

4

[M
W

]

P
ICRH

P
NBI

P
ECRH

2 3 4 5 6
t [sec]

55

60

65

[m
s]

E

(a)

(b)

0 0.2 0.4 0.6
tor

0

1

2

3

[M
W

 / 
m

3 ]

electrons
deuterium
hydrogen

t = 4.1s

electrons
deuterium
hydrogen

t = 1.4s(c)

0 0.2 0.4 0.6 0.8 1
tor

0

1

2

3

T
 [

ke
V

]

T
i
 @ 1.4s

T
i
 @ 4.1s

T
h
/50 @ 4.1s

AUG #36637(f)(d) (e)

FIG. 1. Time history of (a) injected power and (b) confinement time for the ASDEX Upgrade discharge No. 36637; (c) Power
repartition (NBIþ ICRF) among the different plasma species at t ¼ 1.4 and t ¼ 4.1 s as computed by TORIC/SSFPQL by retaining the
effect of collisions; (d) Ion and electron thermal conductivities (χi and χe, expressed in SI units) computed by ASTRA at t ¼ 1.4 and
t ¼ 4.1 s; (e) Ratio between χi=χe; (f) Main ion temperature profiles ðTiÞ at t ¼ 1.4 (blue) and t ¼ 4.1 s (red) and equivalent fast-ion
temperature of distribution function of the hydrogen minority (Th rescaled by a factor of 50), computed by TORIC-SSFPQL at t ¼ 4.1 s
(black). The vertical black lines denote the region where the logarithmic temperature gradients deviate the most.
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These findings are consistent with the modifications in the
ion conductivity due to the ramp-up of the ICRF power
[Fig. 1(d)], where χi drops in the region ρtor ¼ ½0.1; 0.3�.
The heat flux contribution of each plasma species is shown
in Fig. 2(c). In the absence of energetic ions, the overall
heat flux is largely overpredicted as compared to the volume
integral of the injected heating sources computed by
ASTRA. A quantitative agreement is obtained outside the
barrier only by including the hydrogen minority and
electromagnetic fluctuations [Fig. 2(d)], thus revealing that
the numerical (gradient-driven) GENE setup is already close
to the (unfeasible) flux-driven solution. The missing flux
within the barrier is likely provided by the neoclassical
component [Fig. 4(a)]. It is worth mentioning that the F-ATB
formation is not an artifact of the specific plasma profiles
employed, but a pervasive observation in our GENE

simulations that include the hydrogen minority with suffi-
ciently peaked temperature profiles.
A peculiarity of the F-ATB is the spontaneous self-

regulation of persistent, localized shearing layers in corre-
spondence to the radial boundaries of the barrier. As
observed by looking at the radial profile evolution of the
surface-averaged E × B velocity (vE×B ¼ ∂ρtorϕr=ρtorB0,
where ϕr represents the flux-surface-averaged electrostatic
potential) of Fig. 3, an oscillatory pattern develops around
ρtor ¼ 0.3 which is reminiscent of the results found in
Refs. [40,41]. These characteristic features disappear when
the hydrogen minority is excluded from the simulations.
As the turbulent heat flux drops in the F-ATB region, a

corresponding increase of the neoclassical transport to
the turbulent levels—dominated by the hydrogen minority
contribution—is observed. This is shown in Fig. 4(a),
where the time-averaged radial profile of the neoclassical
heat flux is illustrated for the electrostatic GENE simulation,
retaining both turbulence and neoclassical effects [42].
A similar behavior of the neoclassical fluxes is expected in
the more computationally expensive electromagnetic setup,
for which a full simulation up to the ion-ion collisional time
would be unfeasible.
Interestingly, Fig. 4(b) reveals that the localized turbu-

lence suppression, characteristic of the F-ATB, is largely
observed also by neglecting the electromagnetic fluctua-
tions, supporting the nature of this basically electrostatic
trigger mechanism. We note that these findings cannot
be explained in terms of rational surfaces in the safety

FIG. 2. Time evolution of the radial profile of the total ion heat
flux (thermal ionsþ hydrogen) in gyroBohm units. The same
magnetic equilibrium and kinetic bulk profiles are employed in
the simulations with (a) and without (b) the suprathermal ions.
Radial profile of the (c) different species and (d) total (thermal
ionsþ electrons + hydrogen) heat flux in MW averaged over
t½cs=a� ¼ ½400 − 600�. The red line in (d) represents the volume
integral of the injected sources computed by ASTRA. The
vertical black lines denote the radial position of the F-ATB,
while the shaded-gray areas, the buffer zones.

FIG. 3. Time evolution of the radial profile of vE×B obtained
with (a) or without (b) hydrogen minority. The vertical black lines
denote the radial position of the F-ATB.
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factor [18] (being the magnetic geometry fixed in the
simulations with or without fast particles) or by large-scale
electromagnetic activity triggered by the suprathermal
particles at the rational surfaces [18,43] (given the electro-
static nature of the F-ATB).
F-ATB trigger mechanism.—The fast ion physical

mechanism responsible for the F-ATB generation is iden-
tified as a resonant interaction between ion-driven turbulence
and suprathermal particles [22–24]. An energy redistribution
occurs between fast particles and plasma turbulence when
the fast ion magnetic-drift frequency (in GENE normalized
units) ωd;f¼−kyTfEfðB0×∇B0Þ · ŷ=ðqfB3

0Þ is close to the
frequency of the underlying ITG microinstability ωr. This
resonance condition is controlled by the energetic particle
equivalent temperature Tf. The quantity qf represents the
hydrogen charge (normalized to the bulk deuterium one), ky
the binormal mode number, while Ef ¼ ð2v2k þ μB0Þ.
The direction of this resonant energy exchange is

determined by the radial derivative of the suprathermal
ion distribution function. As shown with analytic theory

and nonlinear flux-tube simulations [22], an effective
turbulence suppression is achieved when (i) the fast particle
logarithmic temperature gradient overcomes the corre-
sponding density one and (ii) the resonance condition
ωd;f ¼ ωr is satisfied in the negative fast ion drive region
for those modes that contribute most to the transport.
When these two constraints are simultaneously fulfilled, a
stabilizing energetic particle effect on the ITG thermal drive
is maximized, leading to a turbulence suppression. The
resonance condition can also be satisfied in a velocity space
region where the fast particle drive is positive [23]. In such
cases, the wave-particle resonance amplifies a positive
(destabilizing) contribution of the suprathermal particles,
resulting in a destabilization of the ion-driven instability.
This interplay between ITG microinstability and the ener-
getic particles is well observed also in nonlinear studies.
Inward (outward) suprathermal ion particle and heat fluxes
are observed in correspondence with the strongest fast ion
stabilization (destabilization). Therefore, stabilizing and
destabilizing energetic particle effects on plasma turbulence
occur at different radial positions—depending on the local
values of the fast particle parameters.
These predictions are consistent with the GENE results.

As illustrated in Fig. 5(a), the dominant local linear growth
rate of the n ¼ 21 toroidal-mode exhibits an almost full
suppression in the radial region ρtor ¼ ½0.2; 0.25�. In this
radial domain, the wave fast particle resonance interaction
is predicted to be more effective, and the hydrogen minority
contribution to the most unstable ITG mode is dominated
by the stabilizing region of velocity space. Because of
the local changes in the fast ion temperature and density
profiles, the effect of suprathermal particles on plasma
turbulence turns from stabilizing to destabilizing in
ρtor ¼ ½0.25; 0.3�. The ITG growth rate largely increases
compared to the reference case without the hydrogen
minority. No significant difference is observed by selecting
different toroidal mode numbers.
These flux-tube linear findings are in agreement with

the global electromagnetic nonlinear GENE simulations.

FIG. 4. Radial profile of the (a) electrostatic neoclassical heat
flux contribution of each species in MWaveraged over t½cs=a� ¼
½1250 − 1350� and (b) total heat flux (thermal ionsþ electronsþ
hydrogen) in MWaveraged over t½cs=a� ¼ ½400 − 600�. The blue
lines in (b) represent the electromagnetic results while the red
ones the electrostatic ones with (continuous) and without (dotted)
the hydrogen minority. The vertical black lines denote the
radial position of the F-ATB, while the shaded-gray areas, the
buffer zones.
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More precisely, the time-averaged heat flux profile of the
hydrogen minority goes from a negative (inward) flux—in
the region the fast particle stabilize the linear ITG growth
rates—to positive (outward)—where the ITG growth rates
are largely destabilized. This is shown in Fig. 5(a) [which
zooms on the black curve of Fig. 2(c)].
This physical interpretation is further supported by the

results of Figs. 5(b)–5(c), where the velocity space structure
of the energetic particle heat flux Qh is illustrated at
different ρtor. In particular,Qh exhibits only negative values
in Fig. 5(b) at the radial position where the largest
stabilizing effect is observed in Fig. 5(a) (ρtor ¼ 0.225).
Interestingly, this beneficial region is localized in phase-
space where the resonance condition of the most relevant
modes is matched [area delimited by the dotted black lines
in Fig. 5(b)]. Therefore, at ρtor ¼ 0.225, the resonance
interaction strongly affects the shape of Qh maximizing a
stabilizing fast ion contribution, leading to inward fast
particle fluxes and to a significant ITG stabilization. On the
contrary, the wave-particle resonance interaction enhances
the turbulence drive at ρtor ¼ 0.3, as shown in Fig. 5(c),
where a predominantly positive velocity space structure of
the fast ion heat flux is observed. The largest heat flux
contribution lies again within the area delimited by the
resonance conditions of the modes that drive most of the
turbulent transport. Interestingly, also at these radial posi-
tions a suppression of the heat fluxes associated with the
bulk species is observed, as shown in Fig. 2(c).
Conclusions.—This Letter presents direct evidence of a

predicted first energetic particle triggered turbulent trans-
port barrier. The existence of this new type of ITB is
demonstrated via global gyrokinetic simulations with
realistic ion-to-electron mass ratio, collisions, and fast ions
modeled with realistic background distributions. This is the
first time a gyrokinetic code captures the formation of an
ITB retaining all of these physical effects at once.
These findings are based on a realistic ASDEX Upgrade

plasma discharge carefully optimized to maximize the
beneficial role of suprathermal particles predicted
theoretically.
We provide a physics understanding of this effect,

demonstrating that the trigger mechanism responsible for
the generation of the F-ATB is a resonance interaction
between suprathermal particles—generated via ICRH—
and ITG microturbulence, whose overall effect is the
formation of localized layers in the E × B velocity and
thus to a transport barrier.
The results within this Letter may be applied regularly in

magnetic confinement experiments with significant ICRF
heating, such as envisioned for SPARC [44], to access new
types of high-performance discharges with reduced trans-
port levels and enhanced confinement.
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