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Detailed gyrokinetic and magnetohydrodynamic (MHD) analyses show how a population of en-
ergetic ions in a tokamak reduces microturbulence and at the same time improves MHD stability
by significantly modifying the pressure profile in the plasma core. For the first time, the key role
of energetic particles for the establishment of a positive feedback between plasma core and edge is
demonstrated. This effect can enhance the energy confinement in both regions, aiding the further
development of advanced scenarios in tokamaks without significant rotation, as will be the case for
ITER.

Introduction.– Magnetically confined plasmas are com-
plex nonlinear systems which play a central role in fu-
sion energy research. The energy confinement of mag-
netic confinement fusion devices like tokamaks is limited
by small-scale instabilities (inducing cross-field transport
via microturbulence), and by large-scale instabilities that
can be described by magnetohydrodynamics (MHD). An
important driver of microturbulence is the ion temper-
ature gradient (ITG) mode [1], which becomes linearly
unstable if the logarithmic ion temperature gradient ex-
ceeds a certain threshold, i.e., for R/LTi > R/LTi,crit,
where LTi = Ti/|∇Ti| is a gradient length and R is the
tokamak major radius. Meanwhile, MHD modes signifi-
cantly restrict the access to high plasma pressure, break-
ing the magnetic topology at some critical pressure gra-
dient values. Therefore, reducing the impact of these
mechanisms is a key challenge in fusion research. Over
the years, several kinds of operational regimes (often also
referred to as “scenarios”) with reduced turbulence have
been developed. This includes plasmas with an Inter-
nal Transport Barrier (ITB), which have improved en-
ergy confinement obtained by the reduction of ITG tur-
bulence in the plasma core in magnetic configurations
with reversed safety factor profile or with high enough
rotational flow shear [2]. However, due to the large pres-
sure gradients at the ITB location, this scenario often
leads to deleterious MHD events. On the other hand,
hybrid or advanced inductive scenarios [3], characterized
by high confinement and a significant volume of low mag-
netic shear, have high pressure with limited or few MHD
events and therefore may extrapolate to future fusion re-
actors. The improved confinement is likely due to sta-
bility improvements both in the plasma core and at the
edge, where a higher pedestal confinement is obtained
compared to the standard inductive H-mode scenarios.
Improved edge confinement is particularly effective in in-
creasing global confinement, since the pressure peaking
factor is maintained due to the logarithmic gradient na-
ture of the critical instability thresholds, a characteristic
termed “profile stiffness”. Edge and core pressures are

thus highly correlated. The dominant impact of increased
edge pressure for leading to the high thermal pressure ob-
tained in advanced inductive scenarios has been demon-
strated in specific regimes [4]. However, the causality of
the process, i.e., whether increased edge stability leads to
a higher core pressure, or rather an increase in core pres-
sure induces improved edge stability, has not yet been
clarified [5].

While the importance of energetic particles for obtain-
ing advanced scenarios has already been pointed out [6],
their exact impact is still not properly understood. Previ-
ous linear microinstability analyses have shown that fast
ions can stabilize ITG modes in the plasma core due to
the dilution of the thermal ions [7], an enhancement of
the Shafranov shift [8], or the electromagnetic stabiliza-
tion due to a local increase of the pressure gradient [9],
which may be greatly increased nonlinearly [10]. The im-
pact of fast ion driven geodesic acoustic modes (GAM)
has also been highlighted [11]. However, none of these
effects can explain the improved confinement in the edge
region obtained in advanced inductive scenarios. In this
Letter, gyrokinetic and MHD simulations demonstrate,
for the first time, that a large population of fast ions is
a key ingredient for a positive feedback between plasma
core and edge which can improve thermal energy confine-
ment in both regions.

Modelling methodology.–A representative discharge of
advanced inductive scenarios from JET (#75225) [12] has
been analyzed. A summary of the main plasma parame-
ters is found in Tab. I. For this discharge, a high input
Neutral Beam Injection (NBI) power is combined with
low average density and Greenwald fraction for achieving
a high beta, β = 2µ0⟨P ⟩/B2, and a thermal energy en-
hancement factor relative to the IPB98(y,2) scaling [13],
H98(y, 2), above unity. ⟨P ⟩ is the volume averaged pres-
sure and B the magnetic field. The increase of the ion
temperature profile peaking in the core, which signifi-
cantly exceeds the electron temperature peaking, is a
common characteristic in this regime.

An interpretative simulation of the selected discharge
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TABLE I. Main characteristics of the discharges analyzed in this
letter. Ip is the total current, Bt the toroidal magnetic field, κ the
elongation, δ the triangularity, βN ≡ βaB/Ip the normalized beta
(with a the plasma minor radius), βN,th the normalized thermal
beta, H98(y, 2) the thermal confinement factor, Ptot the injected
power, and ωtor the toroidal rotation. The JET discharge was
analyzed at t = 6.03s.

Shot Ip (MA) Bt (T) q95 κ/δ βN/βN,th H98(y, 2) Ptot (MW) ωtor (krad/s)
JET 75225 1.7 2.0 4.0 1.64/0.23 3.0/2.13 1.30 17 76.7

ITER 12 5.3 4.30 1.80/0.40 3.0/2.5 1.30 73 ∼0
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FIG. 1. Total (Ptot), thermal (Pth), and fast ion (Pf ) pressure
profiles; electron (ne) and fast ion (nf ) density profiles (left);
magnetic equilibrium without (solid) and with (dot) fast ion
content (right) in the JET discharge #75225.

was carried out with the CRONOS [14] suite of integrated
modeling codes. The fast ion content for NBI-driven fast
ions was calculated by an orbit following Monte Carlo
code NEMO/SPOT [15]. The q profile used for the calcu-
lations was obtained by equilibrium reconstruction con-
strained by Motional Stark Effect angles and total pres-
sure. In Fig. 1, the total, thermal, and fast ion pres-
sures, as well as the fast ion and electron density pro-
files, and the magnetic equilibrium are shown. The fast
ions change the total plasma energy content by chang-
ing the core pressure profile, which modifies the normal-
ized beta from β75225

N,th = 2.13 to β75225
N = 3.0 . This

has a strong impact on the magnetic equilibrium and,
in particular, on the Shafranov shift which increases to
∆Shafranov−Shift

75225 ≈ 4.0 cm. The ratio of thermal and
fast ion densities is also modified as nfast/ne ∼ 0.13
at ρ = 0.33. Finally, the pressure gradient in the
core region is strongly modified. A parameter of merit
of the local pressure modification is α ≡ −Rq2dβ/dr,
which increases from α75225

th (ρ = 0.33) = 0.35 up to
α75225(ρ = 0.33) = 0.52.

In order to analyze the impact of fast ions, the gyroki-
netic code Gene [16] and the MHD code MISHKA [17]
were used to compute, respectively, microturbulence in
the core and ideal MHD stability at the edge. The MHD
equilibrium code HELENA [18] was used to solve the
Grad-Shafranov equation with and without fast ions. For
the gyrokinetic analysis, all simulations included kinetic
electrons, collisions, electromagnetic effects, and the fast
ions as a separate active species. The geometry used
was calculated by HELENA based on the interpretative
analysis of the discharge. The instability linear growth

TABLE II. Discharge dimensionless parameters at ρ = 0.33.

Shot ŝ q Te/Ti R/LTi R/LTe R/Lne

75225 0.15 1.16 0.67 6.0 4.3 2.6
ITER 0.24 1.17 1.09 3.4 2.9 1.9

rates γ and flow shear rate, γE , are in units of cs/R, with
cs ≡

√
Te/mi and mi the main ion mass. Both δB⊥ and

δB∥ fluctuations were computed as they can both play
a significant role in high β discharges [19]. The fast ion
distribution function was approximated as a Maxwellian,
taking the average energy of the fast ion slowing-down
distribution as the temperature, which is found to be
Tfast = 35 keV. For the gyrokinetic calculations exclud-
ing the fast ions, the equilibrium was recalculated with
only the thermal pressure. The peeling-ballooning dia-
gram was calculated following the procedure detailed in
Ref. [20]. In this case, as previously, the equilibrium was
calculated with and without fast ions in order to analyze
the ideal MHD modes for both cases. The dimension-
less parameters of the discharge at ρ = 0.33 fed into
the gyrokinetic calculations are summarized in Tab. II.
The selected time for the discharge 75225 is t=6.03s, in
which the performance is maximized and no deleterious
core MHD is detected [12].

Simulation results.– In Fig. 2, the linear growth rates
and frequencies are shown for the nominal experimental
value of R/LTi = 6.0 as well as for an increased value of
R/LTi = 7.2 to test the sensitivity within the confidence
interval. In order to identify the nature of the underlying
modes, the flow shear rate was set to zero. ITG modes
are found over a wide wavenumber range at R/LTi = 6.0,
whose maximum growth rate is reduced by 32% when
including the fast ions.

The influence of electromagnetic effects, which can sta-
bilize ITG modes [21], was analyzed. This was confirmed
by performing an electrostatic simulation, reducing the
electron beta, βe = 2µ0⟨Pe⟩/B2, from the nominal value
of 1.6% to zero, which lead to a significant increase of
the linear growth rates. For R/LTi = 7.2, in addition
to ITG modes, modes drifting in the ion diamagnetic di-
rection but possessing a higher frequency, cs/R = 2.5,
appear for 0 < ky < 0.25. These modes can correspond
to β-induced Alfvén Eigenmodes (BAEs) [22], which os-
cillates with the GAM frequency, and which are known
to be destabilized by the presence of high energetic par-
ticles pressure gradients [23]. Therefore, at this ra-
dial position, the turbulence regime is found to be in
the direct vicinity of the ITG-BAE boundary. Next,
we carried out a nonlinear R/LTi scan with and with-
out fast ions. The experimental toroidal rotation was
taken into account by including the E × B flow shear
rate, γE = 0.2. The heat flux obtained is normalized
by the factor qGB = Ti

2.5nimi
0.5/e2B2R2, where ni is

the ion density. The experimental ion heat flux, ob-
tained by power balance, is found to be consistent with
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FIG. 2. Linear growth rates and frequencies for discharge 75225 (a,b) Ion heat flux and fast ions particle flux from nonlinear
gyrokinetic simulations (c,d). The analysis was carried out at ρ = 0.33.

the calculations. Here, the fast ions provide an improve-
ment of ∼ 10 − 20% on R/LTi for the same heat flux.
When R/LTi > 7.2, the heat flux rapidly increases be-
yond the experimental value, and the fast ions are no
longer stabilizing. At that moment, the fast ion trans-
port also rapidly increases, something that confirms the
fact that the high frequency electromagnetic modes found
at R/LTi = 7.2 are BAE as they have a strong resonant
interaction with both thermal ions and energetic parti-
cles. It is worth pointing out that since the BAE limit
depends also on the fast ion pressure gradients, this fast
ion transport increase in the BAE regime may lead to a
self-limitation mechanism whereby the fast ion pressure
gradient is maintained at a level consistent with BAE
marginality. However, flux-driven simulations with self-
consistent profile evolution would be necessary to ascer-
tain this conjecture.

We now analyze the edge stability. In the peeling-
ballooning diagram shown in Fig. 3, the boundary of the
stable region is extended by including the fast ions which
leads to a pedestal pressure increase of ∼10% in the bal-
looning region (i.e. the region limited by the pressure
gradient in which the experimental pressure is obtained).
This shows the favorable impact of β on the edge stability
through the Shafranov shift, as obtained from the anal-
ysis of DIII-D and JT-60U [4, 24]. It is worth pointing
out that, due to the plasma stiffness, even a modest im-
provement of the pedestal can lead to a higher overall
improved thermal confinement compared with solely im-
proving the core microturbulence as the volume affected
is much higher. Since the nonlinear electromagnetic sta-
bilization is expected to be stronger than its linear coun-
terpart due to increased coupling to zonal flows [25], the
impact of higher electron core pressure (or βe) in the
core turbulence, due to a change in the pressure pedestal,
can be quite important. A rough analysis of the inter-
play between core and edge has been studied by perform-
ing again the nonlinear simulations at R/LTi = 6.0 and
R/LTi = 7.2 without the fast ion population but con-
sidering 5% lower βe, assuming that the 10% reduction
of pedestal pressure obtained by removing the fast ion
content leads to a 5% less electron pressure in the core

through stiffness. As shown in Fig. 2, atR/LTi = 6.0, the
heat flux increases by 25% due to lower electromagnetic
stabilization of ITG modes, however, at R/LTi = 7.2,
the flux actually decreases since the lower pressure leads
to the stabilization of BAE.

In order to demonstrate that the fast ions are indeed a
key ingredient for both a microturbulence improvement
in the core and a pedestal pressure enhancement at the
edge, an alternative gyrokinetic calculation was carried
out. The fast ion content was removed and the thermal
electron and ion content and gradients were increased
such that βN and α are maintained, whereas the plasma
geometry is also kept constant. In these two cases, the
pedestal would behave exactly the same since the Shafra-
nov shift is the same. The new growth rates, shown in
Fig. 3, increase throughout the spectrum, and its maxi-
mum is 2.5 times higher compared to the case with fast
ions hence potentially resulting in a much larger heat
flux. The key point is that the fast ions, unlike ther-
mal particles, increase the pressure in the plasma core,
while simultaneously not contributing to the ITG drive
and even reducing it (which can lead to higher thermal
pressure as the ion temperature also increases). There-
fore under the same conditions, in particular for the same
input power, a particular level of Shafranov shift (or of
pedestal improvement) is achieved much more efficiently
in the presence of a high fast ion population than with
pure thermal particles. Increased thermal content also
increases core microturbulence limiting the global β ob-
tained and therefore also limiting the possible pedestal
pressure attained. This can also be part of the explana-
tion of the well-known improvement of the pedestal pres-
sure with power [26]. This mechanism is expected to be
efficient until the destabilization of BAE due to high core
pressure gradients. At that point, the core-edge feedback
is saturated from the core side.

With the aim of analyzing if the same effect can play a
role in tokamaks with low external torque, as ITER [27],
the same procedure has been applied to a typical ITER
hybrid scenario [28] with the characteristics shown in
Tab. I. Although the fast ion densities associated with
the fusion α-particles and with the NBI beams are low,
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FIG. 3. Peeling-ballooning boundaries for discharge 75225. The experimental value is marked with a star (a). Linear growth
rates with and without fast ions and with artificially increased thermal pressure (b). Linear growth rates with and without fast
ions for the ITER hybrid scenario at at ρ = 0.33 (c). Peeling-ballooning boundaries with and without fast ions for ITER (d).

nfast,α/ne ∼ 0.009 and nfast,beams/ne ∼ 0.006, their
pressure is not negligible as their energy is quite high,
Tfast,α = 1.1 MeV and Tfast,beams = 0.55 MeV which
increases βN,th = 2.5 up to βN = 3.0 . Microturbulence,
calculated at ρ = 0.33, is found to be ITG-driven (al-
though close to BAE modes) and also modified by these
fast ions with a growth rate reduction of up to 30%. The
increased β also expands the stable peeling-ballooning re-
gion at the edge in a similar way as obtained for JET (up
to 10%). This represents a significant increase of 18% in
the fusion power, which in turn increase β in a positive
feedback loop. This implies that, unlike rotational flow
shear, the role played by fast ions in ITER and future
tokamak reactors can have the same impact as in present
day experiments, primarily due to the α-particles, which
will be the main heating mechanism.

Summary.–We have presented evidence of the simulta-
neous modification by fast ions of core microturbulence
and edge MHD. The fast ions increase the total core
pressure without increasing the turbulence drive, and
can even reduce the ITG microturbulence. This leads
to an improved edge pedestal pressure by means of the
increased Shafranov shift in a manner unachievable by
pure thermal pressure, which is strongly limited by mi-
croturbulence. A positive core-edge feedback is therefore
established due to stiffness which increases central elec-
tron pressure and can stabilize even more ITG modes
because of the electromagnetic effects. This loop is ex-
pected to be efficient until the fast ion pressure gradient
destabilizes BAE which strongly increase both thermal
and fast ion transport. In ITER and fusion reactors, this
effect can play a similar role as in present day exper-
iments, owing to the high level of fast ions born from
fusion reactions, and therefore can compensate for the
low rotation expected due to the high density required
for producing sufficient fusion energy.
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