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The development of reduced models provide efficient methods that can be used
to perform short term experimental data analysis or narrow down the parametric
range of more sophisticated numerical approaches. Reduced models are derived
by simplifying the physics description with the goal of retaining only the essential
ingredients required to reproduce the phenomena under study. This is the role of
the gyro-fluid code FAR3d, dedicated to analyze the linear and nonlinear stability
of Alfvén Eigenmodes (AE), Energetic Particle Modes (EPM) and magnetic-
hydrodynamic modes as pressure gradient driven mode (PGDM) and current
driven modes (CDM) in nuclear fusion devices. Such analysis is valuable for
improving the plasma heating efficiency and confinement; this can enhance
the overall device performance. The present review is dedicated to a description
of the most important contributions of the FAR3d code in the field of energetic
particles (EP) and AE/EPM stability. FAR3d is used to model and characterize the
AE/EPM activity measured in fusion devices as LHD, JET, DIII-D, EAST, TJ-II and
Heliotron J. In addition, the computational efficiency of FAR3d facilitates
performing massive parametric studies leading to the identification of
optimization trends with respect to the AE/EPM stability. This can aid in
identifying operational regimes where AE/EPM activity is avoided or
minimized. This technique is applied to the analysis of optimized
configurations with respect to the thermal plasma parameters, magnetic field
configuration, external actuators and the effect of multiple EP populations. In
addition, the AE/EPM saturation phase is analyzed, taking into account both
steady-state phases and bursting activity observed in LHD andDIII-D devices. The
nonlinear calculations provide: the induced EP transport, the generation of zonal
structures as well as the energy transfer towards the thermal plasma and between
different toroidal/helical families. Finally, FAR3d is used to forecast the AE/EPM
stability in operational scenarios of future devices as ITER, CFETR, JT60SA and
CFQS as well as possible approaches to optimization with respect to variations in
the most important plasma parameters.
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1 Introduction

Substantial efforts have been dedicated to analysis of the effects
of energetic particle components (EP) on plasma stability over
several decades, leading to a reasonably good understanding of
the phenomena in present day devices. Nevertheless, some open
questions still remain with respect to the EP driven instability in
burning plasmas, especially with multiple EP populations, as will be
present in future fusion reactors. Future fusion regimes will deviate
from existing experiments, such as the last Deuterium-Tritium JET
campaign, which had only a negligible density of alpha particles. In
addition, the consequences of Alfvén Eigenmodes (AE) on the
transport of fusion produced alpha particles, energetic hydrogen
neutral beams or particle heated using ion cyclotron resonance
heating (ICRF) is not well understood yet [1–3]. Experiments in
tokamaks as TFTR, JET and DIII-D or stellarators as LHD and W7-
AS measured the excitation of AE, leading to a drop of the device
performance [4–9]. The resonance of energetic particles with
velocities similar or a fraction of the Alfvén velocity can
destabilize the plasma driving instabilities that enhance particle
losses, leading to a lower heating efficiency, more restrictive
operation requirement for plasma ignition and also an
enhancement of the EP losses [10–14]. Future fusion devices will
require extrapolations to energetic particle distributions that may
deviate from present day experiments, with a special attention to the
EP gyroradius/minor radius, Alfvén Mach number
(< vEP > /vAlfven), and EP pressure gradient, placing an emphasis
on well-tested simulation methods.

The frequency of EP-driven modes depends on the drive
induced by the gradients of the EP distribution function,
particularly the density gradient; the dispersion relation of EP-
driven instabilities can be expressed by an implicit equation for ω +
iγ [15], with ω the frequency and γ the growth rate of the mode. The
resonance between EPs and plasma waves can exist even if the EP
density is low; that is, the EPs can affect the stability of the plasma
even though the amount of EPs in the system is not large enough to
overcome the threshold to trigger an EP-driven mode [16, 17].
Indeed, there can be an EP stabilizing effect on thermal plasma
instabilities caused by the non-reactive part of the resonance term in
the dispersion relation at low EP density. On the other hand, as the
EP density increases, the reactive and non-reactive elements
compete until the EP-driven branch is destabilized [18]. In case
of a resonance with a plasma instability, fish-bones [19, 20] or
ballooning modes [21] can be kinetically destabilized. AE modes can
also be destabilized in low magnetic field operational regimes if the
velocity of injected neutral beams particles or ICRF tails are in the
same range as the Alfvén velocity [22, 23], because the AEs
frequencies are proportional to the Alfvén velocity and the EP
bounce/transit and precessional frequencies scale with the EP
velocity. In addition, Alfvén-character oscillations can be induced
in tokamak plasmas during ohmic heating phases without NBI or
ICRH, presumably by the edge pressure gradient [24–26]. On top of
that, AEs can be triggered by electron cyclotron waves (ECW) by fast
electrons in the regimes with low collisionality, particularly at the
edge of low density plasma [27–31, 330, 331].

Alfvén Eigenmodes are driven in the spectral gaps of the shear
Alfvén continua [32, 33], destabilized by super-Alfvénic alpha
particles and energetic particles from external sources (e.g.,

beams, ICRF tails). AE activity has been observed in several
different discharge regimes and configurations [34–37]. The
different Alfvén eigenmode families (n is the toroidal mode and
m the poloidal mode) are linked to frequency gaps produced by
periodic variations of the Alfvén speed, for example: toroidicity
induced Alfvén Eigenmodes (TAE) couple m with m + 1 modes
[38–40], beta induced Alfvén Eigenmodes driven by compressibility
effects (BAE) [41], Reversed-shear Alfvén Eigenmodes (RSAE) due
to local minima in the safety factor q profile [42], Global Alfvén
Eigenmodes (GAE) observed in the minimum of the Alfvén
continua [14, 43], ellipticity induced Alfvén Eigenmodes (EAE)
coupling m with m + 2 modes [44, 45], noncircularity induced
Alfvén Eigenmodes (NAE) coupling m with m + 3 or higher [46,
47] and helical Alfvén Eigenmodes (HAE) where different toroidal
modes and helicities (m/n) are coupled [48]. In addition, energetic
particle modes (EPMs) can be unstable for frequencies that intersect
the shear Alfvén continua if the continuum damping is not strong
enough and/or the drive is strong enough to keep them above
marginal stability thresholds [49–53].

There are different strategies to improve the AE/EPM stability in
nuclear fusion devices. Towards that goal, the destabilizing effect of
the EPs can be analyzed with respect to the EP population features,
the thermal plasma parameters and the magnetic field configuration.
An example is the application of external actuators such as neutral
beams (NBI) that can alter the magnetic field topology through the
generation of non inductive currents [54, 55]. Neutral beam current
drive (NBCD) can be used to achieve steady state operation in
advanced tokamaks [56–58] or to modify the magnetic field
configuration [59–62]. NBCD can also affect the stability of AEs
[63, 64]. Another technique is the injection of ECW [65, 66] that also
generate non inductive currents in the plasma. In particular, the
electron cyclotron current drive (ECCD) [67–71] can improve the
stability of the pressure/current gradient driven modes and AEs in
tokamaks [72–77] and stellarators [78–82]. Regarding the thermal
plasma parameters, a modification of the thermal ion density
changes the plasma Alfvén velocity (defined as VA �
B/

��������
Nμ0mpni

√
with B the magnetic field intensity, μ0 the vacuum

magnetic permeability, ni the thermal ion number density, mp the
proton mass and N the ion species mass/proton ratio) and the AE/
EPM stability. The resonance induced by the EPs can be defined with
respect to the ratio between the velocity of the EP Vf �����������
Tf,i/Nmpni

√
and VA with Tf,i the energy of a given EP

population. If Vf/VA is near unity (or a fraction of) the EP
resonance is strong and the EP β AE stability threshold is lower
(defined as βf � 2μ0nfkbTf,i/B2 with nf the density of EPs and kb
the Boltzmann constant), leading to the AE destabilization if the EP
drive is strong enough (depending on the local gradient of the EP
distribution function). In addition, modifying the thermal plasma
density changes the EP β because the NBI deposition rate and EP
slowing down time are altered. Regarding the thermal plasma
temperature, the EP slowing down time (τep) is proportional to
T3/2
e /ne with Te (ne) is the thermal electron temperature (density)

[83]; this explains why EPMs such as the energetic-ion-driven
resistive interchange mode (EIC) are stabilized by off-axis ECH
injection, which increases the temperature in the plasma periphery
[84–86]. Another possibility is modify the operational regime of the
NBI by balancing the NBI voltage and power injection while keeping
the EP β constant [87, 88] or by displacing the NBI deposition region
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outwards [89, 90]. The application of resonant magnetic
perturbations (RMPs) in NSTX and LHD has also succeeded in
AE stability improvements [91, 92].

The coexistence of multiple EP species also affects the AE
stability of fusion devices. This effect was originally observed in
early DT experiments on the TFTR device, which had both fusion
alpha populations that coexisted with the neutral beam ions used for
heating. Alpha particle driven AEs were stabilized by the presence of
NBI driven EP species through Landau damping on the lower energy
NBI ions. Alpha-drive AEs were only measured at the end of the
discharge after the beam injection was turned off [93–95].
Numerical studies using the TAEFL gyrofluid model were used
to develop an optimization strategy for the TFTR DT plasma by
increasing q0, resulting in more strongly alpha-driven TAEs through
alignment of gap locations with regions of maximum alpha density
gradient [96, 97]. The application of this strategy led to discharges in
a new reversed shear confinement regime. Similar observations
indicating a stabilizing effect of NBI EPs on alpha particle driven
modes were reported in JET D-T campaigns [98, 99]. Consequently,
there is experimental evidence indicating the AE stability is affected
by the presence of multiple EP species. It should be noted that this is
not surprising from the theoretical point of view since EP mode
stability may depend on the combined contribution of all the EP
species, in particular the gradient sign and amplitude of each EP
distribution function in the vicinity of the wave-particle resonances
in phase space [100]. Numerical studies performed to analyze the AE
stability in ITER and CFETR including alpha particle and NBI EP
populations show a lower AE growth rate if multiple EP effects are
included in the simulations, as compared to single EP species cases
[101–103]. In addition, studies of the AE stability in the LHD and
DIII-D devices indicate that the combination of multi EP
populations (i.e., as generated by different beam line parameters)
can lead to important multiple EP effects, and identification of
operational scenarios with improved AE stability as the NBI voltage
and injection power are varied [104].

The present review is dedicated to summarizing the different
strategies that have been used to improve the AE stability in nuclear
fusion devices based on comparisons between experiment and
numerical models. In particular, the discussion is based on the
simulations performed by the gyro-fluid FAR3d code [97, 105–109].
The numerical model, with the appropriate Landau closure
relations, solves the reduced non-linear resistive MHD equations
including the linear wave-particle resonance effects required for
Landau damping/growth [110]. The code follows the evolution of
MHD and Alfvén frequency instabilities, based on starting from
equilibria, calculated by the VMEC or EFIT codes [111, 112].

The main motivation of performing the analysis with the gyro-
fluid code FAR3d is the computational efficiency; this is due to its
reduction of selected kinetic effects to a set of 3D fluid-like equations
rather than more complex approaches, for example initial value
gyrokinetic codes as EUTERPE [113], GEM [114], GYRO [115],
GTC [116], ORB5 [117] and GENE [118] or kinetic-MHD hybrid
codes as MEGA [119] and M3d-C1 [120]. FAR3d can be used for
rapid parameter/profile scans in order to perform optimization/
design studies, which are facilitated by the efficient evaluation of
physics target functions. Also, the code can be used to identify AE
stability trends since critical fast ion characteristics, such as the
density profile often cannot directly be measured. It should be noted

that the Landau closure model used in the FAR3d code leads to an
eigenmode equation, which can be analyzed in similarity to the
linear gyrokinetic code LIGKA [121] and the linear kinetic-MHD
code MARS-K [122]. Finally, in comparison to particle-based
methods, this approach has the advantages of zero noise levels,
exact implementation of boundary conditions and an improved
ability to include extended mode coupling effects. On the other
hand, the simplification of the kinetic effects can lead to a deviation
of FAR3d results compared to more complete approaches, although
a methodology has been developed for calibrating the Landau-
closure against more complete kinetic models through
optimization of the closure coefficients [110]. A detailed
comparison between FAR3d and other gyro-fluid, gyro-kinetic
and hybrid codes was recently performed [123]. Consequently,
FAR3d is a tool that complements more complex numerical
models by providing a first estimate of AE/EPM linear and non-
linear stability, helping to narrow down the parameter selection for
the resonance identification with respect to the experimental
observations [124]. In addition, the computationally efficient
analysis that FAR3d offers can provide a new tool for fast
experimental data interpretation and aid in the design of
future devices.

This paper is organized as follows. First, a description of the
numerical model and simulation parameters is given in Section 2. A
description of the research methodology is included in Section 3.
The analysis of the AE/EPM activity in different devices is discussed
in Section 4. Optimization strategies to minimize the AE/EPM
activity is introduced in Section 5. The analysis of the nonlinear
AE/EPM saturation phase is done in Section 6. Predictions of the
AE/EPM stability in future fusion devices is mentioned in Section 7.
The main finding of the FAR3d research lines, the discussion of
advantage and drawback of the model and bench-marking with
other codes are introduced in Section 8. Next, the conclusions of this
paper are presented in Section 9. Finally, ongoing and future
research topics as well as projected code updates are commented
in Section 10.

2 Numerical model

This section is dedicated to discuss the main features of the
FAR3d code. Details of the main model equations, EP distribution
function, damping effects and trapped EP operator are introduced.
Moreover, the numerical method used to solve FAR3d model is
briefly discussed. For a further detailed discussion of the FAR3d
code equations and derivation.

2.1 Model equations

The model is based on reduced MHD with acoustic couplings
for the thermal plasma and a two-pole (two moments) energetic ion
closure model, leading to a six evolution equations for the perturbed
poloidal magnetic flux (ψ), toroidal component of vorticity (U),
thermal plasma pressure (pth), thermal plasma parallel momentum
moment (ρmv‖th), perturbed energetic particle density (nf) and
energetic particle parallel momentum (mfnf0v‖f) moments. In the
following, the equations are expressed in the vector operator form,
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later transformed to Boozer coordinates and normalized for code
implementation. The model includes convective nonlinearities in
the vorticity, thermal plasma and energetic particle moment
equations, J × B nonlinearity in the vorticity equation, and a B ·
∇Φ nonlinearity in the magnetic flux evolution equation. These
nonlinearities generate effects such as zonal flows, zonal currents,
and modification/transport of the energetic particle density that are
important in establishing a nonlinear saturated state. The EP
destabilizing effect is introduced through the Landau closure
terms in the equation for the EP parallel velocity moment and
involves the absolute value of the parallel gradient of the parallel
velocity moment and the parallel gradient of the EP density. This
introduces the phase-mixing associated with the parallel linear
Landau resonance (ω � k‖v‖) leading to the destabilization of
neutrally stable Alfvén eigenmodes by the EPs. The absolute
value of the parallel gradient operator is simplified by the Fourier
series representation in toroidal/poloidal angles for all dynamical
variables; this allows the poloidal and toroidal gradients to be
reduced to a multiplication by mode numbers.

The model formulation assumes high aspect ratio, medium β (of
the order of the inverse aspect ratio ε � a/R0), small variation of the
fields and small resistivity. The fluctuating plasma velocity and
magnetic field are defined as:

v � b̂eq × ∇Φ

B
, ~B � ∇ζ × ∇~ψ (1)

where ζ is the toroidal angle, Φ the electrostatic potential, and ψ is
the perturbed poloidal flux.

The evolution equations of the perturbed quantities are:

∂~ψ

∂t
� R0

B
Beq · ∇Φ + ~B · ∇Φ( ) + ηJζ (2)

ρm��
g

√ ∂ ~U

∂t
� ρm

∂

∂t
∇ ×

��
g

√
v( )[ ]ζ � −ρmvζeq

∂ ~U

∂ζ

− ∇ × ρm
��
g

√
v · ∇v( )[ ]ζ + ∇ ×

��
g

√ ~J × Beq + Jeq × ~B([
+ ~J × ~B)]ζ − ∇

��
g

√
× ∇ pth + Tf~nf( )[ ]ζ +DU∇

2
⊥
~U (3)

∂~pth

∂t
� −vζeq

∂~pth

∂ζ
− v · ∇~pth − v · ∇pth,eq + Γpth,eq∇ · v +Dpth∇

2
⊥~pth

(4)

ρm
∂~v‖th
∂t

� −ρmvζeq
∂~v‖th
∂ζ

− ρmv · ∇~v‖th − b̂eq · ∇~pth −
~B
Beq

· pth,eq

+Dv‖th∇
2
⊥~v‖th (5)

∂~nf
∂t

� −vζeq
∂~nf
∂ζ

− v · ∇~nf −Ωd ~nf( ) − nf0∇‖~v‖f

−nf0Ωd
qfΦ
Tf

( ) + nf0Ω*
qfΦ
Tf

( ) +Dnf∇
2
⊥ñf

(6)

∂~v‖f
∂t

� − vζeq
∂~v|f
∂ζ

− v · ∇~v‖f −Ωd ~v‖f( )
− �

2
√

a1vth,f|∇‖|~v‖f − 2a0Tf∇‖~nf

− enf0Ω*
ψ

R0
( ) +Dv‖f∇

2
⊥~v‖f

(7)

Equation 2 is derived from Ohm’s law coupled with Faraday’s
law, Equation 3 is obtained from the toroidal component of the
momentum balance equation multiplied by the operator ∇ ×

��
g

√
,

Equation 4 is obtained from the thermal plasma continuity equation
with compressibility effects and Equation 5 is obtained from the
parallel component of the momentum balance, the Equations 6, 7
are moments of the gyro-kinetic equation for the energetic particles.
For more derivation details for the thermal plasma and EP
equations. Here ρm is the ion mass density, R0 is the device
major radius, η is the plasma resistivity, ρ � ���

ϕN
√

the effective
radius with ϕN the normalized toroidal flux and θ the poloidal
angle, ~J

ζ
is the perturbation of the toroidal current density, v‖th is the

parallel velocity moment of the thermal plasma and vζ ,eq is the
equilibrium toroidal rotation. nf0 is the EP radial density profile.
vth,f � ������

Tf/mf
√

is the radial profile of the energetic particle average
velocity. qf is the charge, Tf is the radial profile of the effective EP
temperature andmf is the mass of the EP. The parameters a0 and a1
are the closure coefficients of the gyro-fluid terms. Each equation has
a perpendicular dissipation term normalized to a2/τA0. The Ω
operators are defined as:

Ωd �
v2th,f
Ωc

b̂eq × ∇B0

B0
· ∇ (8)

Ωp � − Tf

qfB0nf0
∇nf0 · b̂eq × ∇ (9)

Here the Ωd � vd · ∇ operator models the average drift velocity of
passing particles (vd is the drift velocity) and Ω* models the
diamagnetic drift frequency. Here, v2th,f � Tf/Mf and Ωc � qfB/Mf.

We also define the parallel gradient, perpendicular gradient
squared (lowest order) and curvature operators as

∇‖ � b̂eq · ∇, (10)
∇2
⊥ � ∇ − ∇‖( )2 (11)

with the Jacobian of the transformation,��
g

√ � B0

R0

J − ι− I

B2
. (12)

with iota the rotational transformation profile.
Equations 4, 5 introduce the parallel momentum response of the

thermal plasma. These are required for coupling to the geodesic
acoustic waves, accounting for the geodesic compressibility in the
frequency range of the geodesic acoustic mode (GAM) [110]. The
coupling between the equations of the EP and thermal plasma is
done in the equation of the perturbation of the toroidal component
of the vorticity (Equation 3) introducing the EP destabilizing effect
caused by the gradient of the fluctuating EP density/pressure.

Equilibrium flux coordinates (ρ, θ, ζ) are used. Here, ρ is a
generalized radial coordinate proportional to the square root of the
toroidal flux function, and normalized to the unity at the edge. The
flux coordinates used in the code are those described by Boozer
[125], and

��
g

√
is the Jacobian of the coordinate transformation. All

functions have equilibrium and perturbation components
represented as: A � Aeq + ~A.

Two versions of the FAR3d code have been developed: nonlinear
and linear. The linear version is designed to solve the linearized
system of equations, facilitating the study of linear phases of
different instabilities and phenomena (e.g., determining growth
rates, spatial scales, and frequencies), and enabling rapid
parametric studies to explore the parameter space associated with
each magnetic equilibrium computed via equilibrium codes. The
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nonlinear version is dedicated to study the instabilities saturation
phase and their long-term behavior, providing information of the EP
transport induced by AEs and thermal plasma instabilities, the
generation of zonal structures as well as nonlinear couplings
between perturbations and thermal plasma, different toroidal
mode families and EP species. The nonlinear version utilizes MPI
parallelization over toroidal mode groups for the linear solver and
over radial domains for the nonlinear convolution products coupled
with OpenMP parallelization over loops; a GPU-based version has
also been recently developed.

Two numerical schemes to solve the linear equations can be used
in the code: a semi-implicit initial value or an eigenvalue solver. The
initial value solver calculates the mode with the largest growth rate
(dominant mode) and the eigen-solver provides both the stable and
unstable modes (sub-dominant modes). The eigensolver uses a
Jacobi-Davidson algorithm, which allows solutions near targeted
values of frequency/growth rate. The analysis of the sub-dominant
modes is required to calculate the growth rate of the multiple AE
families that can be unstable or marginally unstable during the
discharge. In addition, the study of the sub-dominant modes is
motivated by the fact that the equilibrium profiles are not known
precisely from the experiment. This can result in a more close
correspondence of sub-dominant modes with the experimentally
observed modes than the fastest growing mode. In this way, the
eigenmode can provide an uncertainty characterization both in the
modeling and the measurements.

A finite difference method is applied for the radial discretization,
while Fourier expansions are used for poloidal and toroidal
directions. The numerical scheme employs semi-implicit
discretization for linear terms and explicit one for nonlinear
terms using a two semi-step method to ensure (Δt)3 accuracy
(Adams-Moulton predictor-corrector method [126]).

2.2 Trapped EP approximation

The effect of helically or toroidally trapped EPs are introduced in
the model through modification of the average drift velocity
operator normally designed to model passing EP average drifts).
Using the expressions 6.72, 6.77 and 6.83 of the Ref. [127], the
trapped EP trajectory can be derived in the ρ − θ plane, described by
the period of the guiding center motion in the helical or toroidal
ripple (T) and the second adiabatic invariant Λ, called action in
classical mechanics and defined as the integral of the Poisson
brackets of the canonical conjugate position and momentum
vectors of the EP guiding center along the magnetic field line:

Λ � ∫ζ+

ζ−
b̂eq,ζ · pdζ � 2Beq,ζ∫ζ+

ζ−

mv‖
B0

dζ � 4~ψ
a2

��
g

√ ∫ζ+

ζ−

mv‖
B0

dζ (13)

Here, Beq,ζ � 2~ψ/(a2 ��
g

√ ). Thus, the averaged drift equations of
the trapped EP can be derived from the expression:

m
dρ

dt
� 1
R0

∂Λ
∂θ

� 1
R0

4~ψ
a2

∂

∂θ

1��
g

√ ∫ζ+

ζ−

mv‖
B0

dζ( ) (14)

mR0
dθ

dt
� −∂Λ

∂ρ
� 1
R0

4~ψ
a2

∂

∂ρ

1��
g

√ ∫ζ+

ζ−

mv‖
B0

dζ( ) (15)

The bounce length of the guiding center (db) is defined as:

db � 4~ψ
a2ωb

∫ζ+

ζ−
v‖
B0

dζ � 4~ψ
a2ωb

lim
Δζ→∞

∑ζ+
ζ−

v‖
B0

dζ (16)

Here, ωb � 1/2πT is the bounce frequency of the guiding center.
The experimental data indicates that the EP participating in the
resonance have specific velocity-space characteristics. Thus, for
simplicity we assume that the velocity-space properties of the EP
involved in the resonance can be modeled by the guiding center
bounce frequency and length. The trapped EP orbit topology can be
determined by the variables (p‖, μ, E), the canonical momentum
along the magnetic field line, the magnetic moment and the kinetic
energy, respectively. The present approximation assumes the kinetic
energy of the trapped EP integrated along the path is conserved. In
addition, because the EPs participating in the resonance have
specific velocity-phase properties, the model only considers EPs
with a given EP velocity and pitch. The trapped EP velocity is
functionally related to the bounce velocity and the pitch angle by the
bounce distance. Consequently, the approximation is based in the
following transformation:

p‖, μ, E( ) → vb, db,∫T

0
∫db

0
Edζdt( ) (17)

fixed the canonical and magnetic momentum of the trapped EP
participating in the resonance. The bounce velocity and distance are
linked to the parallel canonical and magnetic momentum as:

v2b � v2‖ + v2⊥ � 2μB
m

+ p‖B
mBζ

( ) (18)

db � d‖
cos α( ) �

2πv‖
ωbcos α( ) (19)

with the pitch angle of the trapped EP defined as α � tan−1(v⊥/v‖).
Consequently, the magnetic momentum and kinetic energy of the
trapped EP analyzed can be parameterized in terms of the bounce
distance and frequency as:

μ � d2
bω

2
bm

2π2

B
− Bcos2 α( )

8π2B2
ζ

( ) (20)

Now, the expression of the bounce length is replaced in the
Equations 14, 15, extracted from the integral by assuming, as first
order approximation, no radial or angular dependency of the bounce
length is included in the model, thus:

dρ

dt
� ωbdb

∂

∂θ

1��
g

√( ) � vb
2π

∂

∂θ

1��
g

√( ) (21)

dθ

dt
� −ωbdb

∂

∂ψ

1��
g

√( ) � − vb
2π

∂

∂ψ

1��
g

√( ) (22)

defining the bounce velocity of the guiding center as vb � 2πωbdb,
the drift equations can be reformulated as:

vb � 2πρ ∫t+

t−

∂

∂θ

1��
g

√( )dt[ ]−1
� −2πθ ∫t+

t−

∂

∂ρ

1��
g

√( )dt[ ]−1
(23)

Next, the Jacobian is extracted from the integral because it is an
equilibrium variable independent of the time. Consequently:
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∫t+

t−

∂

∂θ

1��
g

√( )dt � ∂

∂θ

1��
g

√( )∫t+

t−
dt � ∂

∂θ

1��
g

√( )T (24)

The modified operator to describe the averaged drift velocity of
the trapped particles (Ωd,trap) is defined by taking the ratio of the
bounce frequency of the trapped particles with respect to the
averaged frequency of the passing particle orbit along the
torus ω‖ � vth,f/(2πR0):

Ωd,trap � ωb

ω‖
Ωd � vb

2πdb

2πR0

vth,f
Ωd

� 2πρ
2πdb

2πωb
2πR0

vth,f

∂

∂θ

1��
g

√( )[ ]−1
Ωd (25)

thus, the modified operator of the drift velocity of the trapped
particles is (after normalization):

Ωd,trap � 4π2ρωb

vth,fdb

∂

∂θ

1��
g

√( )[ ]−1
Ωd (26)

The new drift velocity operator includes information of the
bounce frequency and length of the guiding center of the trapped EP.
Using the correct set of bounce frequency and length values the
resonance induced by barely or deeply trapped EP can be
approximated. In addition, a first order estimation of the
resonance caused by EPs with different pitch angles can be obtained.

2.3 EP distribution function

The FAR3d two-moment gyro-fluid model is based on a two-
pole approximation to the resonant response function (equivalent to
a Lorentzian distribution function) that can be approximately
matched to a Maxwellian or to a slowing-down distribution by
choosing an equivalent average energy. The EP distribution in the
model is a Maxwellian which has the same second moment, the
effective EP temperature, as that of the equivalent slowing-down
distribution defined below [128, 129]:

fSD � τs
v3 + v3c

v3

v3 + v3c
( )b/3

∫v

∞
v′3

v′3 + v3c
( )−b/3

S v′( )dv′3 (27)

and the Maxwellian distribution as:

fMax � NMe
−mv2
KBT (28)

where vc � (3 ��
π

√
me/4mi)1/3 · ve, with me the electron mass, mi the

ion mass and ve the electron velocity, and vEP,NBI ���������������
2EEP,NBI/mEP,NBI

√
the beam particles velocity with EEP,NBI the

beam particles energy andmEP,NBI the beam particles mass. τs is the
slowing down time, b is a dimensionless parameter that indicates the
effect of transport, NM is defined as (m/2πKT)3/2 and S(v) is the
source term of the EPs. For simplicity, we consider the effect of the
transport negligible, a mono-energetic source and an isotropic
distribution function, thus:

fSD � S0τs
4π

1
v3 + v3c

H v − vEP,NBI( ) (29)

with H(v − vEP,NBI) Heaviside function. The averaged square
velocity of the slowing down and Maxwellian distribution is
selected to be the same (〈v2〉Max � 〈v2〉SD), where the averaged
square velocity is defined as:

〈v2〉 � ∫
V
fv2dv3∫
V
fdv3

(30)

The assumption of the model is that the averaged Maxwellian
energy can be matched to the thermalized energy of the EP, thus:

〈v2〉Max �
KBTf

mf
( )5/2∫∞

0
e−x

2
x5/2dx

KBTf

mf
( )3/2∫∞

0
e−x

2
x3/2dx

≈
KBTf

mf
≈ v2th,f

(31)

with x2 � mfv2

KBTf
, where:

〈v2〉SD � ∫vEP,NBI

0
v4dv
v3+v3c∫vEP,NBI

0
v2dv
v3+v3c

� v2c
∫vEP,NBI/vc
0

x4dx
x3+1∫vEP,NBI/vc

0
x2dx
x3+1

(32)

with x � v/vc. Consequently, if the electron temperature is 1 keV:

Tf � 0.573ENBI (33)

Here, Tf is a radial profile. The consequence of these
simplifications is that the EP model requires performing
parametric studies with respect to the EP energy and β to
reproduce the resonances triggered by a slowing down or any
other kind of EP distribution function. Consequently, a set of
Maxwellian EP distributions is used to approach the resonance
induced by a given EP distribution function. It should be noted
that not all the resonances identified by the simulations may be
equivalent to the destabilization of AEs in the experiment, because the
drive is determined by the gradient of the phase space distribution and
the gradient depends on the phase space shape of the distribution
function of the EP. Nevertheless, this information is useful for
optimization studies and a first characterization of the AE/EPM
activity measured in the experiments. In addition, the simulations
cannot distinguish co- and ctr-EP using a single Maxwellian because
the Maxwellian distribution function is symmetric and the reduced
MHD model contains AEs propagating in both directions along
magnetic field lines. This leads to an equal destabilization of
modes with the same growth rate and frequency although opposite
propagation directions. Again, this limitation is approximately
corrected by performing parametric studies.

2.4 Damping effects

EP FLR effects in the gyrokinetic equation and gyro-Landau
closure model enter in through the functions Γ and 1 − Γ with:

Γ � e−k
2
⊥ρ

2
i I0 k2⊥ρ

2
i( ) (34)

here, ρi is the gyro-radius, k⊥ the perpendicular wavenumber
((which is treated in this model as a differential operator) and I0
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the modified Bessel function. Using Padé approximations, these can
be approximated for k⊥ρi ≤ 1 as [108, 130]:

Γ � 1

1 + k2⊥ρ
2
i

(35)

1 − Γ � k2⊥ρ
2
i

1 + k2⊥ρ
2
i

(36)

These operators can be inverted by identifying k2⊥ρ
2
i as -ρ2i ∇

2
⊥,

defining functions Q and W as (based on how the FLR terms occur
in the evolution equations):

Q � Γψ (37)
W � 1 − Γ( )ϕ (38)

Then, after multiplying through by 1 + k2⊥ρ
2
i two auxiliary

equations can be added:

0 � 1 − ρ2i ∇
2
⊥( )W + ∇2

⊥ϕ (39)
0 � 1 − ρ2i ∇

2
⊥( )Q − ψ (40)

that define the functions W and Q in terms of the evolving
dynamical variable ϕ and ψ. The contribution of the thermal ion
FLR damping effect is included in the equations of the poloidal flux
(~ψ) and the vorticity ( ~U) following the derivation in the references:

∂~ψ

∂t
� . . . + ρ2i

��
π

2

√
v2A
vTe

|∇‖|∇2
⊥ ~ψ (41)

∂ ~U

∂t
� . . . + ωrρ

2
i ∇

2
⊥
~U (42)

with ρi normalized to the minor radius, the Alfvén velocity (vA) and
thermal velocity (vTe) normalized to the Alfvén velocity at the
magnetic axis and the ωr the target AE frequency normalized to the
Alfvén time. The contribution of the EP FLR effect is included in the
equations of the EP density (~nf) and parallel velocity (~v‖,f):

∂~nf
∂t

� . . . + ϵ2ωrωcy
nf0
v2th,f

W − nf0Ω* W( ) (43)

The EP FLR term in the parallel velocity moment equation is:

∂~v‖,f
∂t

� . . . + v2th,f
1

J − ι− I

1
nf0

1
ρ

dnf0
dρ

IX1 − JX2( ) (44)

with J the poloidal current, I the toroidal current, −ι the rotational
transform and X1, X2 the auxiliary variables given by the Pade
approximation. Thus, two new equations are added to the
numerical model:

1 − ρ2f∇
2
⊥( )X1 − ∂~ψ

∂ζ
� 0 (45)

1 − ρ2f∇
2
⊥( )X2 − ∂~ψ

∂θ
� 0 (46)

The contribution of the electron-ion Landau damping effect is
included in the vorticity equation through a term of the form:

∂ ~U

∂t
� . . . − β0i

2ϵ2ωr

Ti

Te
pi,eq Sei( )imagΩ2

d Φ( ) (47)

with β0i the thermal ion β at the magnetic axis, Ti/Te the ratio of the
ion and electron temperature, pi,eq the equilibrium pressure of the

thermal ions and (Sei)imag the imaginary component of the e-i
damping term. The complete definition of (Sei)imag is written
in [108].

2.5 Simulation equilibria and parameters

FAR3d can use equilibria calculated by either the VMEC or EFIT
codes [111, 112]. VMEC and EFIT data is first transformed to
Boozer coordinates; then, the metric elements and various
combinations of equilibrium magnetic data are produced as input
to FAR3d.

The main profiles of the model require an initial input that can
be introduced using analytical expressions or experimental data,
particularly the thermal electron/ion density and temperature, EP
density and energy as well as the equilibrium toroidal plasma
rotation (Doppler effect).

The dynamic and equilibrium toroidal and poloidal modes used
in the simulations are chosen to resolve the range of surfaces that
characterize the instability of interest. In linear simulations, the
equilibriummodes (n � 0 + iNwithN the number of device periods
and i an integer) represent the magnetic steady-state configuration
and do not evolve in time. On the other hand, the equilibrium
components in nonlinear simulations can be allowed to evolve,
capturing the feedback between thermal plasma and EP profiles
required to study the generation of profile flattening effects, and
zonal structures during the saturation phase of AE/EPM. Dynamic
modes represent the perturbations evolving in time in both linear
and nonlinear simulations.

The dynamic variables add both mode parities because the
moments of the gyro-kinetic equation break the MHD symmetry.
The convention used by the code for the Fourier decomposition is,
taking the example of the pressure: n> 0 represents the
cos(mθ + nζ) and n< 0 the sin(mθ + nζ). The eigenfunctions (f)
representation is done with respect to the sine and cosine
components:

f ρ, θ, ζ , t( ) � ∑
m,n

fs
mn ρ, t( )sin mθ + nζ( )

+∑
m,n

fc
mn ρ, t( )cos mθ + nζ( ) (48)

The same way, the eigenfunction can be also expressed in terms
of real (R) and imaginary (I) components:

Re f ρ, θ, ζ , t( )[ ] � Re ∑
m,n

fR
mn ρ( ) + ifI

mn ρ( )( )⎡⎣ cosωRt − isinωRt( )ei mθ+nζ( )]
(49)

Equilibrium variables also may include both parities if up-down
asymmetric configurations are analyzed (e.g., a tokamak with a
single-null divertor).

It should be noted that for all of the cases discussed it is assumed
that the AE/EPM are destabilized by passing EP, that is to say, the
pitch angle of the EPs is assumed to be zero. The only exception is
the analysis of the EIC in LHD plasma including the trapped EP
approximation. A detail analysis of the EP-driven mode stability
with respect to the EP bounce distance and frequency is performed
in Ref. [131]. The analysis identifies a resonance leading to the
destabilization of a 1/1 instability in the plasma periphery with a
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frequency around 4 kHz if the EP bounce distance is db/R0 > 0.01
and the bounce frequency is ωb < 80 kHz (vb < 2.3 · 103 m s−1).
Studies using the 3D Monte Carlo code GCR [132], tracking the
guiding center of the helically trapped EP, show the bounce length is
several centimeters and the bounce frequency is ≤ 100 kHz, thus
vb ≈ 2.3 · 103 m s−1, consistent with the resonance regime of helically
trapped EP, not deeply helically trapped EP. In the analysis of the
linear and nonlinear stability of the EICs, the parameters selected for
the hellicaly trapped EP are: ωb < 40 kHz, db � 0.072 m and
vth,f/vA0 � 0.25.

3 Analysis methodology

Fast tools dedicated to analyze the AE/EPM stability are
required to provide timely support/interpretation during and in
between experimental campaigns. It is well know there is a time gap
between theoretical analysis and experimental results caused by the
large computational demand of gyro-kinetic and hybrid codes as
well as the accuracy of the input data (profiles, equilibrium, realistic
EP distributions, etc), leading to a time-lag between experimental
group observations and theory attainments. Reduced models can
cover this gap providing a first characterization of the AE/EPM
activity observed in the experiment as well as useful information of
the AE/EPM stability trend with respect to the main operation
parameters of the device.

The FAR3d code is routinely used in several research institutions
as a means to provide theoretical support for experimental groups in
the analysis of the AE/EPM activity. FAR3d studies consist in
identifying the EP resonance that causes the destabilization of the
AE/EPM by comparing code output and experimental data. A
successful instability identification requires the dominant modes,
frequency range, radial location and eigenfunction structure
obtained in the linear simulations must be consistent with the
experimental observations. Towards that aim, the simulation
results are compared with the magnetic fluctuations measured by
Mirnov coils or Langmuir probes (~B), electron density (~ne) and
temperature fluctuations (~Te) from electron cyclotron emission
(ECE) plus Thomson scattering diagnostics, heavy ion beam
probe diagnostic measurements of the plasma electrostatic
potential (~Φ) and tomographic reconstructions of the instability
using soft X-ray diagnostics. Several examples are provided in
the Section 4.

Once the AE/EPM activity in the experiment is reproduced, the
next step of the analysis consist in the identification of operation
scenarios with reduced AE/EPM activity. On that aim, parametric
studies are performed to identify optimization trends with respect to
different simulation variables directly connected to experimental
parameters. The analysis provides information about configurations
that may show improved AE/EPM stability. Promising operational
scenarios that can be explored in the device are suggested and
dedicated experiments are performed. Some examples of these
studies are discussed in Section 5.

Linear simulations are useful to identify the instabilities that can
be triggered in a given configuration but not how such perturbations
will evolve in time, that is to say, no information of the instability
saturation is provided. Consequently, it is mandatory performing
nonlinear simulations to study the saturation phase of AE/EPM, in

particular the induced EP transport, the energy exchange between
different toroidal/helical families and the thermal plasma as well as
the generation of zonal structures. There is experimental evidence of
the important effects of the AE/EPM saturation on the confinement
of nuclear fusion devices, in particular the bursting activity which is
characterized by transitory strong magnetic fluctuations and large
EP losses. Such instabilities are caused by presence of a wide single
AE/EPM or the overlapping of individual AEs/EPMs. This kind of
analysis is included in Section 6.

Another topic to study is forecasting possible AE/EPM stability
issues of future devices, in particular if the device is able to explore
reactor relevant configurations. This is the case of devices as JT60SA,
ITER or DEMO. In addition, smaller devices dedicated to explore
interesting magnetic field symmetries are also explored, identifying
the benefits of such symmetries on the plasma AE/EPM stability.
Such studies are introduced in Section 7.

4 Identification of AE/EPM

The first applications of the FAR3d code were dedicated to
analyze the AE stability in the stellarators LHD and TJ-II. These
devices use tangential NBIs to heat the plasma by injecting neutrals
up to 180 keV in the case of LHD and 40 keV in the case of the TJ-II
plasma [133, 134]. In addition, LHD can also heat the plasma
periphery using perpendicular NBIs by injecting 32 keV neutrals.
Strong NBI injection leads to the destabilization of AE/EPM in LHD
[53, 135–137] and in TJ-II discharges [138, 139]. In the following, a
mode is identified as a AE if the perturbation eigenfunction is fully
located in the frequency range and radial location of an Alfvén
gap. On the other hand, a mode is identified as an EPM if the
perturbation eigenfunction crosses the continuum and the
maximum of the mode amplitude is located inside the continuum.

4.1 Stellarator: large helical device

The EP resonance is particularly intense in LHD operation
scenarios with low magnetic field and density, leading to the
destabilization of AEs if the plasma is strongly heated by the
tangential NBIs. Particularly, high thermal β discharges in the
LHD inward shifted configurations with low magnetic fields
(≈ 0.5 T) show a sudden increase of the MHD activity measured
by the Mirnov coils in the frequency range of the 40 − 80 kHz,
combined with an enhancement of the EP fluxes measured by the
tangential neutral particle analyzer (NPA) (see Figure 9 of Ref.
[140]), particularly EPs with energies around 135 keV. Such MHD
activity is identified with the destabilization of a AE burst. The
analysis of the continuum gap structure and EP distribution
function indicates the destabilization of an n/m � 1/1 − 1/2 TAE
in the middle-outer plasma region (see Figure 10 of Ref. [140]). In
addition, the frequency spectra show multiple signals pointing out
the destabilization of several AEs. TAE bursts were originally
observed in hydrogen plasma heated by hydrogen NBIs, although
recent experiments showed the destabilization of TAE burst in
deuterium plasma [141]. The FAR3d study was dedicated to
analyze the modes destabilized in the experiment, identifying
unstable n � 1 and 2 TAEs in the frequency range of 50–80 kHz,

Frontiers in Physics frontiersin.org08

Varela et al. 10.3389/fphy.2024.1422411

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1422411


consistent with the experimental observations [109]. Figure 1, panels
a and b, indicates the growth rate and frequency of n � 1 and n � 2
TAEs in the range of βf values similar to the experiment, indicating
a critical EP β � 0.012 for n � 1 TAE and 0.01 for n � 2 TAE. Similar
results are obtained in simulations performed by the MEGA code
[142, 143]. Panels c and d indicate the transition from a n � 1
pressure gradient driven mode (PGDM) to a TAE as the EP β of the
simulation increases. The TAE destabilization leads to a wider
perturbation, up-down asymmetric patterns and the poloidal
rotation of the mode. Panels e and f show wide Alfvén
continuum gaps covering all the normalized plasma radius in the
frequency range of 58–84 kHz for the n � 1 toroidal mode family,
displaced to the middle-outer plasma region and the frequency
range of 72–109 kHz for the n � 2 toroidal mode family, consistent
with the radial location and frequency range of the TAEs calculated
by FAR3d. Alfvén continuum gaps are calculated using the Stellgap
code [144]. It should be noted that Stellgap simulations are
performed from the first to the last flux surface of the
equilibrium. No extrapolations are applied between the magnetic
axis and the first flux surface; for this reason no information on the
radial gap structure is included in the figures between the magnetic
axis and the first flux surface.

Another dangerous instability observed in LHD plasma is the
energetic-ion-driven resistive interchange mode (EIC), destabilized
in discharges with low density and high ion temperature if the
plasma is heated by perpendicular and tangential NBIs; these show

magnetic fluctuations similar to the fishbone oscillations [84, 145].
In these discharges, the β of the thermal plasma is small due to the
low electron density and the large magnetic field strength,
comparable with the β of the EP injected by the perpendicular
NBI (βf,⊥). EIC events are observed as a bursting instability with a
frequency around 9 kHz triggered nearby the rational surface n/m �
1/1 at the plasma periphery if the perpendicular NBI injection
overcomes some threshold, chirping down to 4 kHz before
stabilization [85]. Additionally, previous studies pointed out that
the resistive interchange modes (RIC) are unstable in the magnetic
hill region of LHD [1, 146–149]. The RIC can resonate with the
precessional motion of the helically trapped EP generated by the
perpendicular NBI in the range of f � 10 kHz, leading to the
enhancement of the EP radial transport [150, 151]. Such an
instability was identified as the trigger of the EIC events [84, 85].
Consequently, EIC events can be grouped into the family of the
energetic partile modes (EPM). The FAR3d code was used to analyze
the destabilizing effect of helically trapped EPs during an EIC event,
identifying the threshold of the perpendicular NBI injection
intensity required to destabilize the EIC [131]. Figure 2, panel a,
shows the frequency of the perturbation driven by the n � 1 toroidal
family (black line) and the helical family n � 1, 9, 11 (red line),
identifying the βf,⊥ threshold to destabilize the EIC as 0.0028 for
n � 1 toroidal family, although it is 0.0032 for the helical family
n � 1, 9, 11, pointing out that EIC could be first destabilized by the
1/1 mode and, if βf,⊥ further increases, the n � 1, 9, 11 helical family

FIGURE 1
Analysis of TAE stability in LHDplasma. Growth rate (A) and frequency (B) of n � 1 and n � 2 TAEs for different EP β values. 2D plots of the electrostatic
potential of n � 1 perturbation if the EP β is (C) 0.005 and (D) 0.018. Alfvén gaps of (E) n � 1 and (F) n � 2 toroidal modes. Reproduced courtesy of IAEA,
IOPScience, Nuclear Fusion journal. Figure adapted from [109]. Copyright (2017) IAEA.
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is unstable with the n/m � 11/13 mode dominating. The normalized
width of the perturbed eigen-function (pink triangles) increases with
βf,⊥. Below the βf,⊥ threshold to destabilize the 1/1 EIC the
normalized eigen-function width of the 1/1 RIC is r/a � 0.04,
similar to the instability width measured in the experiment
during the phase I and early phase II (please see Figure 7 of
[85]). Above the 1/1 EIC βf,⊥ threshold the eigen-function width
keeps increasing, up to Δrp/a � 0.07 for βf,⊥ � 0.0036, consistent
with the inward extension of the instability observed in the
experiment during the late phase II and the transition to the
phase III. In addition, the radial location of the EIC in the
simulations, around r/a � 0.88, and the frequency range of the
perturbation, f � 4 kHz for the 1/1 EIC and f � 8.5 kHz after
the helical family n � 1, 9, 11 destabilization, is consistent with the
EIC phases observed in the experiment.

4.2 Stellarator: TJ-II

TJ-II plasmas heated by “co-/counter-” injected NBI along/
against the toroidal field show an increase/decrease of the
rotational transform by the NBI driven currents. The NBIs
destabilize multiple AEs in the range of 150–300 kHz, resulting
in frequency sweeps that are connected to the evolution of the iota
profile [138, 139]. The FAR3d code was used to analyze the AE
destabilization by EPs in different TJ-II configurations, comparing

simulation results and experimental observations, reproducing the
AE frequency sweeping as the rotational transform profile is
modified by the current induced by the NBI [152]. Figure 3,
panels a, indicates that the dominant mode in the simulation
changes as the iota profile is modified, showing an anti-
correlation between the growth rate of different helical families.
Panel b shows the sweeping of the mode frequency as the iota profile
is displaced, similar to the experiment observations. Panels c to f
indicate the radial displacement, frequency range variation and
opening/closing of the Alfvén continuum gaps as the iota profile
is displaced. The evolution of the gaps may explain the modification
of the AE stability observed in the experiment. Panels g to i show the
destabilization of 9/6, 11/7 and 13/8 dominant modes as the iota is
displaced from Δ − ι � −0.03 to 0.08. It should be noted that the
analysis reveals the essential role of the helical couplings in the
analysis of the AE stability in TJ-II plasma, predicting the
destabilization of helical AEs (HAE) by NBI EPs.

The combination of NBI heating with electron cyclotron heating
(ECH) and electron cyclotron current drive (ECCD) in TJ-II plasma
lead to a modification of the AE activity observed in the experiments
[153]. Several TJ-II operational scenarios are explored using FAR3d
to identify and characterize the unstable AEs for discharges
combining NBI with ECH/ECCD injection. Figure 4, panels a to
d, shows the AE activity measured in the discharge 44,257 heated
only by the NBI. AEs are triggered in a rather narrow frequency
range around 100 and 200 kHz as well as chirping AE activity

FIGURE 2
Analysis of the EIC stability in the LHDplasma. (A) Perturbation frequency for different values of the EP β linked to the perpendicular NBI injector (βf ,⊥)
near the transition between RIC and EIC for the n � 1 toroidal family (black line) and helical family n � 1,9, 11 (red line). The pink triangles show the
instability eigen-functionwidth (normalized to theminor radius). Eigenfunction of the n � 1 electrostatic potential perturbation if (B) βf ,⊥ � 0.0025 and (C)
βf ,⊥ � 0.005. (D) Eigenfunction of the n � 1,9, 11 electrostatic potential perturbation if βf ,⊥ � 0.005. Reproduced courtesy of IAEA, IOPScience,
Nuclear Fusion journal. Figure adapted from [131]. Copyright (2019) IAEA.
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between 160 and 210 kHz observed from t � 1210 ms. Panels e to j
show the AEs calculated by FAR3d with respect to the Alfvén
continuum gaps, indicating the destabilization of HAEs and EPM
in a frequency range (Mirnov coil data) and radial location (HIBP
diagnostic) consistent with the experimental observations (see
Figures 19, 20, 22 of Ref. [153]). The analysis confirms the
important effect of the neutral beam current drive (NBCD) and
ECCD on the Alfvén continuum and AE stability. In addition, the
application of ECCD is shown as an efficient actuator to control the
AE stability in TJ-II plasma.

The effect of the iota profile evolution on the AE stability is
further analyzed in TJ-II plasma by modifying the current flowing in
the vertical field coils of the device, performing experiments that
show oscillating patterns of the AE frequency [154]. FAR3d is used

to reproduce the AE frequency sweeping as the current in the
vertical field coils changes and modifys the iota profile. Figure 5,
panel a, shows the sweeping of the measured AE frequency along the
discharge as successive maxima and minima correlated with the up
or down-shift of the iota profile. Panel b indicates the AE frequency
sweeping calculated by FAR3d approximately reproduces the
experimental observation. Panel c shows the n/m � 8/5 mode
identified at the plasma periphery. Panels d to g indicate the
evolution of the Alfvén continuum as the iota profile evolves,
showing the 8/5 mode is nearby the radial location and
frequency range of a continuum gap minimum at the plasma
periphery, pointing out the mode can be classified as a GAE. The
modeled plasma potential perturbations show reasonable
similarities to the measurements by the dual HIBP (see

FIGURE 3
Analysis of HAE stability in the TJ-II plasma. (A) Growth rate and (B) frequency of the simulation dominant modes if the iota profile is displaced by
−ι ± Δ − ι · i with Δ − ι � 0.01 and i � [1, 10]. Alfvén gaps evolution for different iota profile displacements: (C) Δ − ι � −0.04, (D) 0.0, (E) 0.05 and (F) 0.07.
The gaps where the dominant mode is triggered are highlighted by an oval solid line color coded by the mode number. The black arrow indicate a
transition between different helical families. The color arrows at the right side of the panels indicate the frequency range of themode identified in the
simulations for each iota profile displacement and helical family (blue for n � 7, 11, 15 and red for n � 9, 13, 17 helical families). 2D plots of the electrostatic
potential perturbation for different iota profile displacements (G) Δ − ι � −0.03, (H) 0.04 and (I) 0.08. Reproduced courtesy of IAEA, IOPScience, Nuclear
Fusion journal. Figure adapted from [152]. Copyright (2017) IAEA.
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Figure 7 of Ref. [154]; Figure 21 of Ref. [155]); this is the only
method allowing non-perturbative direct measurements of the
electric potential in the hot plasma core [156–158].

4.3 Tokamak: DIII-D

The FAR3d code is also used for analyzing AE instabilities in
tokamak devices. AE activity induced by strong NBI heating has
been extensively studied in the DIII-D device, detecting a large
variety of Alfvénic instabilities as GAE [159], TAE [160], RSAE
[161], BAE [162], EAE [163] and NAE [32]. The NBI system in
DIII-D can provide up to 20 MW of injection heating power with
EPs in the energy range of 40–85 keV. AE instabilities caused by
the NBIs reduce DIII-D performance, increasing the EP transport
and enhancing energetic particle losses [164–166]. FAR3d was
applied to study the AEs destabilized at the DIII-D pedestal during
transient thermal β drops in high poloidal β discharges with
internal transport barriers (ITBs), driven by n � 1 external kink
modes [167]. The stability of AEs in this DIII-D configuration is an
important topic because high poloidal β discharges are required for
tokamak steady state operation [168–170], in order to achieve

adquate bootstrap current and non inductive current drive [171,
172]. In particular, AE activity is enhanced after the onset of the
external kink, inducing larger fast-ion transport losses and
inhibiting or even preventing the recovery of the thermal β,
resulting in a deterioration of the DIII-D performance. Two
scenarios were observed after the collapse: discharges with
bifurcation (two instability branches with different frequencies
driven in the middle plasma and at the pedestal) and without
bifurcation (single instability branch). The energetic particle losses
driven by the destabilized AEs lead to a decrease of the expected
neutron measurements up to a 50% in the bifurcation case and up
to 60% in the non bifurcation case after the collapse of the thermal
β [173]. FAR3d is applied to study the stability properties of AE
and ballooning modes in both scenarios. Figure 6 compares the
growth rate and frequency of the dominant modes in the
simulations, panel a and b, with the instabilities measured in
the discharge using the CO2 interferometer data, panel c.
Before the collapse (A1) n � 2 to 6 AEs are unstable showing
frequencies between 15 and 20 kHz for n � 2 to 4 AEs, 75 kHz for
n � 5 AE and 90 for n � 6 AE. On the other hand, the dominant
n � 1 perturbation is the external kink. During the collapse phase
(A2), the dominant n � 1 perturbation is an AE with a frequency of

FIGURE 4
Analysis of AEs destabilized in NBI heated TJ-II plasma. Magnetic fluctuations spectrograms in the 150 − −250 kHz frequency range and mode
amplitude δB(t) measured by the magnetic coils (A) MIR5C and (B) MID5P13. Magnetic fluctuation spectrograms in the 80 − −120 kHz frequency range
andmode amplitude δB(t)measured by themagnetic coils (C)MIR5C and (D)MID5P13. Alfvén wave continua for the helical families (E) n � 5,9, 13, 17, (F)
n � 7, 11, 15 and (G) n � 6, 10, 14. Eigenfunctions of the electrostatic potential perturbation triggered by the helical families (H) n � 5,9, 13, 17, (I)
n � 7, 11, 15 and (J) n � 6, 10, 14. Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [153]. Copyright (2021) IAEA.
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20 kHz. The other mode frequencies increase, particularly n � 4,
reaching the same frequency range as the n � 5 and 6 AEs, around
125 kHz. After the collapse (A3), the AEs frequency further
increases up to 125–225 kHz. On the other hand, if the
simulations are limited to the plasma pedestal, the frequency of
high n modes ranges from 25 to 40 kHz, consistent with the two
instability branches observed in the bifurcation case.
Consequently, the low frequency instability branch is linked to
the destabilization of the pedestal region, while the high frequency
instability branch is linked to AEs destabilized between the middle
plasma and the pedestal. Panels d and e show the eigenfunction of
the TAEs triggered in the middle-outer plasma region and the
ballooning modes nearby the plasma periphery. Consequently, the
analysis may indicate the bifurcation case is driven if the plasma
pedestal (r/a> 0.9) is decoupled from the rest of the plasma, due to
the large thermal ion density and temperature gradient near the
periphery, as well as a local maximum of the plasma toroidal
rotation near the pedestal.

AE destabilization in advanced DIII-D high poloidal β discharges
causes a deterioration of the device performance due to the strong NBI
injection [174]. This configuration was tested as a candidate for the
steady state operational scenarios in ITER [175] and CFETR [176, 177].
In particular, the regimes that were explored show an improved energy
confinement due to the generation of a robust internal transport barrier
and a wide region with negative magnetic shear. FAR3d has been
applied to calculate the AE activity in the reference shot 173,880 [178].
Figure 7, panel a, indicates the destabilization of several AEs at various
frequency ranges between 60 and 200 kHz. Panel b shows several gaps
in the Alfvén continuum for n � 1 to 6 toroidal mode families,
particularly wide TAE and EAE gaps covering the main part of the
plasma radius. Panel c indicates the destabilization of different AE
families including the BAE, TAE, EAE and NAE. Introducing FLR
effects in the simulations results in a strong stabilizing effect on high
frequency AEs, such as the EAE and NAE modes. The eigenfuction of
the fastest growing AEs in the simulation are shown in the panels d to
h; these are generally localized in the inner plasma region.

FIGURE 5
Analysis of AEs frequency sweeping in TJ-II plasma. (A) Power spectrogram of magnetic fluctuations measured by the Mirnov probes. The blue and
yellow lines indicate the analytical prediction of n/m � 13/8 and 8/5 GAM frequency evolution (see Equations 1–3 of Ref. [154]). The pink stars show the
frequency of themode calculated by FAR3d. (B) Frequency of the 8/5 GAE calculated by FAR3d along the discharge. (C) Eigenfunction of the electrostatic
potential perturbation of 8/5 GAE at t � 1128 ms. Alfvén gaps structure at (D) t � 1130, (E) t � 1150, (F) t � 1165 and (G) t � 1180ms. The colored lines
indicate the n � 3 to 17 toroidal mode numbers. The gray lines show the GAM frequency, the pink line the radial location and frequency range of the 8/5
GAE. Reproduced courtesy of AIP Publishing, Physics of Plasma journal. Figure adapted from [154]. Copyright (2019) AIP Publishing.
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4.4 Tokamak: EAST

Another example dedicated to tokamaks is the study of the
AE activity in the Experimental Advanced Superconducting
tokamak (EAST) discharges with high thermal β and low
toroidal magnetic field; this operational scenario is intended to
explore the ITER baseline scenario [180]. EAST plasmas are
heated by two NBIs providing 4 MW power with a voltage
about 80 kV [181] leading to the destabilization of AE activity
only in particular operational scenarios [182, 183]. In particular,
FAR3d is used to study the AE activity observed after an
accidental plasma contamination with Tungsten [184, 185].
Figure 8 shows the destabilization of AEs after the Tungsten
contamination around t � 6 seconds in the magnetic and ECE
data, panels a and c. The strongest AE activity is divided in two
branches. The first branch has almost constant frequency around
90 kHz and there is a second branch showing a frequency up-shift
from 60 kHz to 90 kHz. In addition, there is another instability

around 60 kHz. The analysis of the magnetic perturbation shows
the AE activity is mainly linked to an n � 2 perturbation [186]
(see panel b). The modes with the largest growth rate calculated
by FAR3d are the n � 2 and 3 modes in the frequency range of
55 and 85 kHz, panel d. Panels e to h indicate the perturbations
include an m/n � 3/2 − 4/2 TAE, a 4/2 EPM and a mix between a
6/3 EPM and a 6/3 − 7/3 TAE. Consequently, the frequency range,
radial location and mode numbers of the identified n � 2
perturbation are consistent with the observations.

FAR3d has also participated in other research efforts dedicated
to identify AE activity in the LHD [92, 187], TJ-II [188, 189], JET
[190], EAST [191] and Heliotron J [192] plasmas; the simulations
show a reasonable agreement with the experimental data. Once the
AE activity is validated with the code, optimization studies can be
performed to identify operational scenarios resulting in reduced AE
activity which may lead to reduced EP transport and improved
plasma heating performance. Such analysis is the topic of the
next section.

FIGURE 6
Analysis of the AEs destabilized in DIII-D high poloidal β discharges. Instability growth rates (A) and frequencies (B) in the bifurcation case at different
discharge phases: before the collapse (A1), during the collapse (A2) and after the collapse (A3). The solid lines indicate the simulations that include all the
modes and the dashed lines the simulations limited to the pedestal. The solid italic symbols indicate the mode number of the simulations limited to the
pedestal. Panel (C) shows the CO2 interferometer data (sub-panels indicate the ECE data at different chords and the gray arrows the instability
analyzed). Eigenfucntions of the electrostatic potential perturbation of (D) n � 2 TAE and (E) n � 6 ballooning mode. Reproduced courtesy of IAEA,
IOPScience, Nuclear Fusion journal. Figure adapted from [138]. Copyright (2018) IAEA.
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5 Optimization studies

There are different techniques to reduce the AE/EPM activity in
fusion devices, for example, modifying the properties of the thermal
plasma andmagnetic field configuration, applying external actuators
(NBI, ECH, ECCD) or the interaction between different EP species
present in the plasma [193]. This section is dedicated to a discussion
of the application of FAR3d to explore different optimization
strategies.

5.1 Effect of the thermal plasma

Modifying the thermal plasma properties can influence AE
stability through various channels. A change of the thermal
plasma density and temperature modifies the EP resonance
energy (through changes in the Alfvén velocity), EP slowing
down time, plasma resistivity as well as continuum, FLR and
electron-ion Landau damping effects. Consequently, an optimized
selection of the thermal plasma properties may lead to
configurations with reduced AE activity. It must be recalled the
EP resonance associated with EPM destabilization is not affected by
a modification of the thermal plasma density/temperature; however,

the Alfvén gap structure, FLR and electron-ion Landau damping
effects will change. For this reason the EPM growth rate and
frequency can also depend on thermal plasma properties.

In the LHD stellarator, several stabilization strategies to mitigate
the 1/1 EIC have been identified experimentally, for example,
increasing the thermal plasma temperature above a given
threshold through the application of ECH at the plasma
periphery [86] or the modification of the magnetic field topology
using resonant magnetic perturbations (RMP) [194]. An analysis of
the 1/1 EIC stability in different LHD operational scenarios was
performed using the FAR3d code [179], identifying optimization
trends with respect to the thermal plasma parameters, the
operational regime of the tangential and perpendicular NBIs as
well as the magnetic field topology and strength. Figure 9, panels a
and b, indicate regimes where the 1/1 EIC is stable if the thermal β is
≥ 0.25% for a Hydrogen plasma (dotted purple lines). The EIC is
unstable up to a thermal plasma β of almost 0.2% if the thermal ion
density is ≤ 0.15 · 1020 m−3 and the electron temperature is
≥ 1.5 keV. The EIC is also unstable if the thermal ion density is
≤ 0.25 · 1020 m−3 and if the electron temperature is ≤ 0.5 keV. The
dashed white line indicates the transition between unstable 1/1 EIC
and unstable RIC, calculated by fitting the simulation data of the
parametric studies with respect to the thermal ion density/electron

FIGURE 7
Analysis of EIC stability trends in LHD plasma. (A)Growth rate and (B) frequency of the instabilities in simulations with different values of the thermal
plasma ion density and electron temperature at the −ι � 1 rational surface. The dashed purple lines indicate the iso-lines of the simulations with the same
thermal β. The dashed white line shows the transition between scenarios with dominant 1/1 EIC and RIC fitted by the non-linear curve n � aTb. The stars
show the EIC destabilized in LHD discharges with respect to the thermal plasma density and temperature at the −ι � 1 rational surface. The pink
diamonds indicate the reference case. (C) Growth rate and (D) frequency of the 1/1 EIC for different thermal plasma densities (βf � 0.01) in Hydrogen
plasmawithHydrogenNBI (red line and dots), Helium+Hydrogen plasmawith HydrogenNBI (orange line and circles), Deuterium plasmawith Deuterium
NBI (green line and stars) and Deuterium + Helium plasma with Deuterium NBI (dark green line and stars). Reproduced courtesy of IAEA, IOPScience,
Nuclear Fusion journal. Figure adapted from [179]. Copyright (2020) IAEA.
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temperature using the non-linear curve n � aTb. The stars indicate
the parametric range where the 1/1 EIC are destabilized in LHD
discharges, showing a reasonable agreement with the 1/1 EIC
threshold predicted by the simulations. Panels c and d indicate
the thermal ion density threshold to stabilize 1/1 EIC in a deuterium
plasma is ni � 0.25 · 1020 m−3, smaller compared to density required
for hydrogen plasma, ni � 0.5 · 1020 m−3. In addition, if a Hydrogen
or Deuterium plasma is mixed with Helium, 1/1 EIC growth rate is
smaller for all the thermal ion densities tested and the stabilization
threshold decreases, ni � 0.2 · 1020 m−3 for a Deuterium + Helium
plasma. Also, 1/1 EIC frequency decreases in a Deuterium plasma
compared with a Hydrogen plasma, just as for a Hydrogen or
Deuterium plasma mixed with Helium, a reasonable result
because the EP poloidal bounce/transit frequency and Alfvén
velocity scale as (Nmi)−1/2, with N the ion atomic mass and mi

the ion mass. This results are consistent with the experimental
observations.

5.2 Effect of themagnetic field configuration

The analysis of the plasma and EP stability for stellarator fusion
devices with different magnetic field configurations (i.e., types of
quasi-symmetry) is essential for the design and optimization of
future stellarator reactors. Examples of devices taking advantage of
quasi-symmetries are the Chinese First Quasi-Axisymmetric
stellarator (CFQS) [195–197] and National Compact stellarator
Experiment (NCSX) [198], the Quasi Poloidal stellarator (QPS)
[199] and the Helically Symmetric Experiment (HSX) [200]. In
addition, there are generalized symmetries such as omnigenity
where the mean radial collisionless guiding center magnetic drift
is minimized, leading to good collisionless orbit confinement [201].
The optimization of the AE stability in these configurations is
important in order to attain efficient plasma heating, reduce

operational power requirements and improve the economic
viability of reactor devices.

The CFQS plasma will be heated by a tangential neutral beam
injector (NBI) with an injection energy of 30 keV and a power of
0.9 MW that may lead to the destabilization of AEs [202]. FAR3d
was applied to study the AE destabilization threshold of n � 1 to
4 toroidal mode families triggered by EPs with energies between
10 and 30 keV [203]. In addition, the effect of the NBI deposition
region, finite thermal β, helical couplings, Finite Larmor Radius
(FLR) and electron-ion Landau damping on the AE stability was
analyzed. Figure 10, panel a, shows an example of the CFQS Alfvén
continuum gaps if the thermal β is 0.01, indicating a TAE gap in the
frequency range of 160–210 kHz that covers the entire plasma
radius. Panel b shows an unstable 1/2 − 1/3 TAE with
f � 208 kHz triggered in the inner plasma region if βf � 0.005
and EP energy is 17 keV. The analysis concludes that the heating
efficiency of a CFQS plasma heated by tangential NBI can decrease
due to the destabilization of n � 1 to 4 BAE/TAEs and n � 2, 4 HAEs
above a given injection intensity threshold, particularly if the
thermal β of the discharge is low.

Another example is the QPS design that combines quasipoloidal
symmetry and low aspect ratio [204, 205] to achieve particle and
energy confinement at high β, second ballooning stability [206], low
damping of poloidal flows [207] and potential stabilization of drift/
trapped particle instabilities [208]. The AE stability of QPS plasma
heated by a NBI identical to LHD device is analyzed for QPS
configurations with different number of magnetic field periods
for vacuum and finite thermal β cases [209]. Figure 11 shows an
example of the AE stability in the configuration with two magnetic
field periods and finite thermal β. Panel a indicates a wide EAE gap
covering all the plasma radius although the TAE gap is only
observed between the middle-outer plasma region. The narrow
width of the TAE gap is caused by the near quasi-poloidal
symmetry of this device; i.e., the TAE gaps are produced by the

FIGURE 8
Analysis of the AE stability in DIII-D high poloidal β discharges with an internal transport barrier. (A) Cross-power density fluctuation spectra from
CO2 interferometer. (B) Alfvén gaps and (C) growth rate/frequency of the AEs calculated in the simulation with (circle) and without (star) FLR effects.
Eigenfunction of the electrostatic potential perturbation of the (D) n � 6 NAE, (E) n � 5 NAEs, (F) n � 3 EAE, (G) n � 2 EAE, and (H) n � 2 TAE. The radial
location and frequency range of the dominant modes identified in the simulations are included in the Alfvén gaps. Reproduced courtesy of IAEA,
IOPScience, Nuclear Fusion journal. Figure adapted from [178]. Copyright (2020) IAEA.
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poloidal variation of the magnetic field strength, and this variation is
minimized in the QPS configuration. Panels b and c indicate the βf
threshold of n � 1 AE is 0.01, n � 2 and 3 AE is 0.015 and larger than
0.2 for n � 4 and 5 AEs. Panels d to f show some example of AEs
destabilized in the middle-outer plasma region, identified as a 1/3 −
1/5 EAE with 245 kHz, 1/3 − 3/9 HAE with 98 kHz and 2/6 − 2/7
TAE with 113 kHz. The analysis also indicates the AE stability
improves in the configuration with three magnetic field periods,
showing a growth rate five times smaller compared with the two field
period configuration. In addition, the finite β case shows a higher βf
threshold compared to the vacuum case.

Advanced tokamak operation scenarios can be attained by
modifying the magnetic field configuration, for example
generating wide reverse magnetic shear regions in the plasma
[210, 211]. Nevertheless, AE stability in such configurations
could be unfavorable for an efficient plasma heating. Reverse

magnetic shear discharges are extensively studied in the DIII-D
device [212–214] showing a large fraction of bootstrap current [215,
216] and improved MHD stability [217–219]. These configurations
have been selected as a base line scenario for ITER and DEMO
[220–222], although an enhancement of the energetic particle
transport by unstable AEs was measured [42, 165, 223]. FAR3d
is used to explore optimization pathways to improve thermal plasma
and AE linear stability of DIII-D reverse magnetic shear discharges
[224]. It has identified configurations that minimize the growth rate
of AE/thermal plasma instabilities for DIII-D discharges with
different magnetic configurations and NBI operation regimes.
This approach can be useful for optimizing device performance.
Figure 12, panel a, indicate AE activity throughout the discharge
measured by CO2 interferometry: burst activity at M10, constant
frequency AE at M1A, up-sweeping frequency AE at M1B and
weaker steady frequency AEs at M1C. In addition, magnetic

FIGURE 9
Analysis of AE/EPM destabilization in EAST after Tungsten plasma contamination. (A)Magnetic perturbations measured by Mirnov coils, (B) toroidal
mode number of the instability and (C) ECE diagnostic data at r/a � 0.46. (D) Growth rate and frequency of the n � 2 dominant mode (purple box), n � 2
sub-dominant mode with the largest growth rate (pink box) and n � 3 dominant mode (orange box). (E)Continuum gaps including the radial location and
frequency range of the modes highlighted in panel (D). Black line for n � 1, red for n � 2, blue for n � 3 and cyan for n � 4 toroidal mode family.
Eigenfuntions of the electrostatic potential perturbation of (F) dominant n � 2 mode, (G) sub-dominant n � 2 mode and (H) n � 3 dominant mode.
Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [185]. Copyright (2024) IAEA.
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diagnostic data in panel b shows n � 1 to 4 low frequency
instabilities in the range of 5–40 kHz. Panels c to f indicate the
unstable MHD modes and AEs (BAE, TAE, EAE and RSAE)
calculated by FAR3d in the different discharge phases analyzed,
consistent with the frequency range, radial location and dominant
modes measured in the experiment. Panels g and h show the
eigenfunction of the 13/5 − 14/5 TAE unstable in the M10 phase
and the 12/6 RSAE destabilized during M1B phase, respectively,
both located in the inner-middle plasma region.

Another example of optimization in tokamak devices are
operational scenarios using negative triangularity plasma shaping
(NT). NT configurations can reach a rather large thermal β and
improved energy confinement compared with positive triangularity
(PT) configurations. NT configurations have been explored in the
TCV device indicating a reduction of turbulence and transport [225,
226] as well as in the DIII-D device; DIII-D reached a reactor
relevant thermal β and a confinement level similar to the H-mode in
an L-mode plasma [227, 228]. Experiments in DIII-D were

FIGURE 10
Analysis of the AE stability of CFQS plasma. (A) Alfvén continuum for the CFQS configurations if the thermal β is 0.01. (B) Eigenfunction of the
electrostatic potential perturbation for the 1/2 − 1/3 TAE destabilized if EP β � 0.005 and Tf � 17 keV. Reproduced courtesy of IAEA, IOPScience, Nuclear
Fusion journal. Figure adapted from [203]. Copyright (2021) IAEA.

FIGURE 11
Analysis of the AE stability inQPS plasma. (A)Alfvén continuumof the configurationwith twomagnetic field periods and finite thermal β case for n � 1
to 6 toroidal families. The horizontal dashed lines indicate the radial location and frequency range of the AEs triggered by n � 1,3, 5 and n � 2,4,6 helical
families, the pink star represents the radial location of the AE amplitude maximum. (B) Growth rate and (C) frequency of the AEs triggered by the n � 1 to
5 toroidal mode families for different βf values fixed the EP energy to 90 keV. Eigenfunction of the electrostatic perturbation of (D) 1/3 − 1/5 EAE, (E)
1/3 − 3/9 HAE and (F) 2/6 − 2/7 TAE. Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [209]. Copyright (2023) IAEA.
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performed to analyze the reduction of the microturbulence in NT
shaped plasma resulting in a lower level of EP transport [229].
FAR3d is applied to study the AE stability in reference discharges
with negative and positive triangularity [230]. Figure 13, panel a and
b, indicate several AEs triggered in PT and NT discharges,
respectively. The Alfvén continuum for the NT configuration,
panels e and f, show a frequency up-shift around 10–20 kHz and
wider gaps in the inner plasma compared to PT configurations,
panels c and d. Panels g and h indicate the destabilization of n � 1 to
6 TAEs in the frequency range of 40–110 kHz for the PT case. n � 1
to 6 TAEs are also observed in the NT case at the same frequency
range, although the growth rate is almost half compared to the PT,
indicating the NT configuration is less unstable with respect to the
AEs. The analysis also indicate TAEs in the NT case are destabilized
radially outwards compared to the PT case, in a plasma region with
lower EP density, possibly leading to better EP confinement and
plasma heating efficiency.

5.3 Effect of external actuators

Neutral beam injectors or RF wave launchers required to heat
the plasma can cause the destabilization of AEs. Nevertheless, the
operational regime of any external actuators can be adapted to
minimize such destabilizing effects. For example, AEs can be
stabilized by modifying the actuator injected power to keep EP

populations in the plasma below the AE destabilization threshold.
Other options are weakening the EP resonance by modifying the EP
energy or optimizing the NBI deposition to reduce the EP density
gradients. In addition, the generation of non inductive currents can
reduce the AE activity by locally modifying the magnetic field
helicity, e.g., by increasing the magnetic shear and closing/
narrowing the continuum gaps. Such mechanisms can be active
with NBCD and ECCD. Additionally, actuators as ECW can locally
modify the thermal plasma profiles leading to a reduction of the
AE activity.

A set of experiments were performed in DIII-D investigating the
NBI destabilizing effect by keeping the injected power fixed while
changing the NBI voltage and current. This is equivalent to varying
the EP energy and density, respectively [231–233]. This method
provides a path to modify the EP distribution and reduce AE activity
without requiring a change in the NBI injection geometry. FAR3d is
used to calculate the AE stability as a function of the NBI voltage by
analyzing the destabilizing effect of EP populations with different
energies [87]. Figure 14, panels a and b, indicate a larger AE activity
in the discharge 169,129 compared to the discharge 169,128 for the
same total beam power. The NBI voltage increases in the discharge
169,128 from 60 to 80 keV although decreases in the discharge
169,129 from 80 to 60 keV. That implies that the higher NBI energy
at the beginning of the discharge 169,129 causes a stronger EP
resonance and larger AE activity. Panels c and d indicate n � 3 and
4 AEs are stable (black circles) below a given EP energy although

FIGURE 12
Stability of AEs in DIII-D reverse shear configurations. Instabilities measured along the shot 164,841 by (A) CO2 interferometer and (B)Mirnov coils:
M10 (t � 1740 ms, white dotted line), M1A (t � 2400 ms, red dotted line), M1B (t � 1560 ms, blue dotted line) and M1C (t � 2700 ms, cyan dotted line). The
colored stars indicate the dominant modes calculated in FAR3d simulations. The black dashed line indicates the transition between TAE and EAE families.
Growth rate and frequency of the dominant and subdominant modes (n � 1 to 6) at (C) M10, (D) M1A, (E) M1B and (F) M1C discharge phases. The
modes below the solid black line are stable damped modes. The solid green line separates MHD-like modes and Alfvén Eigenmodes. The dashed black
lines separate different AE families (TAE/EAE/NAE). Eigenfunctions of the electrostatic potential perturbation of (G) n � 5 TAE and (H) n � 6 RSAE.
Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [224]. Copyright (2019) IAEA.
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destabilized (red circles) above a given threshold. It should be noted
that the EP energy is expressed in the graph with respect to the EP
velocity, proportional to the square root of the EP energy. Thus, the
simulations show the same trends compared to the experiments.
Panels e and f indicate the AE perturbation is wider as the EP energy
increases. Consequently, it is possible to improve the plasma heating
by optimizing the operational regime of the NBI.

Non inductive current drive generated by ECCD and NBCD
locally modifies the magnetic field configuration, affecting the
stability of pressure gradient and current driven modes [72–75,
234] as well as AEs [63, 64]. There are several examples of ECCD
injection in stellarators [69, 70, 235, 236] leading to an improved
stability of pressure gradient drivenmodes and AE [78, 79, 237, 238].
In particular, the effect of the ECCD and the NBCD was analyzed in
LHD and Heliotron J plasmas [239, 240] which attained a
stabilization of TAE, GAE and EPM [71] as well as pressure
gradient driven modes [241, 242]. The FAR3d code was used to
study the stability of pressure gradient driven modes and AEs in
LHD configurations for different locations of the vacuum magnetic
axis (Rax) with respect to the net plasma current generated by the
tangential NBIs [243] as well as the deposition region of the NBI.

Figure 15, panels a to c, show a rather large variation of the toroidal
current and AE activity along the discharge 147,288 caused by an
non-balanced NBI injection. Two discharge phases with dominant
counter-NBCD and co-NBCD are observed due to the injection of
beams oriented in opposite directions. There is an increase of the
frequency range of the AE families and a weaker magnetic probe
signal during the co-NBCD phase with respect to the ctr-NBCD
phase as well as the further destabilization of low (high) frequency
AEs during the co-(ctr-) NBCD phase. During the ctr-NBCD phase,
panels d, n/m � 1/2 mode with f< 80 kHz, 2/3 with f � 100 kHz,
3/4 with f � 140 kHz and 1/3 with f � 300 kHz are destabilized. In
the co-NBCD phase, panel e, n/m � 1/2 mode with f � 30 − 90 kHz
as well as 2/3 and 3/5 with f> 100 kHz are unstable. Panels f and g
show the variation of the continuum gap structure as the NBCD
increases for an inward shifted configuration with Rax � 3.6 m and
thermal β similar to 147,288 discharge, leading to an up-shift of the
Alfvén gaps frequency range and wider TAE/EAE gaps between the
magnetic axis and the middle plasma region, explaining the
variation of the AE activity along the discharge. Panel h shows
the growth rate and frequency of the modes calculated by FAR3d if
Ip � 0 kA/T, identifying unstable n � 1 modes with

FIGURE 13
Stability of AEs in DIII-D negative triangularity discharges. ECE spectrogram of DIII-D (A) PT discharge 170,660 and (B)NT discharge 170,680. Alfvén
continuum plots of PT discharge (no soundwave coupling) for (C) n � 1, 2, 3 and (D) n � 4,5,6 andNT discharge for (E) n � 1, 2, 3 and (F) n � 4, 5,6. Legend
indicates color coding corresponding to different poloidal mode numbers m in the Alfvén continuum. (G) Frequency and (H) growth rate of the n � 1 to
6 AEs calculated by FAR3d in the PT case for different EP β values. (I) Frequency and (J) growth rate of the n � 1 to 6 AEs calculated by FAR3d in theNT
case for different EP β values. Black line for EP β � 0.004, red line for 0.008 and blue line for 0.01. The AE family destabilized is indicated in the figure.
Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [230]. Copyright (2021) IAEA.
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f � 100 − 120 kHz and several marginally unstable n � 1 modes
with f< 100 kHz. Also, n � 2 and n � 3 modes are marginally
unstable in the range of 100 − 115 and 160 kHz, respectively. For
the case with Ip � 30 kA/T, panel i, n � 1 modes with f � 40 and
125 kHz, n � 2 with f � 60 and 120 kHz, n � 3 with f � 75 − −100
kHz and n � 4 with 105 kHz are unstable. FAR3d simulation results
show a reasonable agreement with the experimental data during co-
NBCD phase. Figure 15J shows the large distortion of the iota profile
caused by the co-NBCD for an inward shifted configuration with
Rax, leading to an up-shit of the profile and a modification of the
magnetic shear, consistent with the strong variation of the
continuum gaps and AE stability along the discharge.
Consequently, NBCD can be used as a mechanism to improve
the AE and pressure gradient driven mode stability by optimizing
the NBI operation pattern.

Another example is the analysis of the ECCD effect on LHD and
Heliotron J plasmas performed using FAR3d [192]. Figure 16, panels
a and b, indicates a larger AE activity in the co-ECCD discharge
compared to the counter-ECCD case even though other plasma
parameters such as the thermal plasma density and NBI heating
pattern are the same. Panels c and e show the ctr-ECCD case has
slender gaps with respect to the co-ECCD case, leading to a stronger
effect of the continuum damping and the stabilization of the modes
observed in the co-ECCD case, particularly a 1/2 EPM with 82 kHz,
2/3 − 2/4 TAE with 116 kHz and 3/7 − 3/8 TAE with 144 kHz
identified in the FAR3d simulations. Panels d and f indicate the ctr-
ECCD injection leads to lower AE activity; the 1/2 EPM and the
2/3 − 2/4 TAE (red triangles) are unstable in the co-ECCD and no-
ECCD cases although stable in the ctr-ECCD case. In addition, the
growth rate of the sub-dominant modes in the ctr-ECCD case is
lower compared to the co-ECCD and no-ECCD cases. Thus, ECCD
is an useful tool to stabilize or reduce the AE activity by narrowing

the Alfvén gaps and increasing the magnetic shear at a given
radial location.

Another option to modify the AE activity in fusion devices is
increasing the plasma temperature using ECH. This locally affects
the EP slowing-down distribution function and the AE damping
effects as the thermal β increases [80, 82, 92]. Heliotron J plasmas
can be heated by second-harmonic X-mode 70 GHz ECH and NBI.
ECH is applied with a 70 GHz 2nd X-mode configuration for a total
injection power of 0.4 MW [244]. Two NBI tangential hydrogen
beam lines, BL1 and BL2, have a maximum acceleration voltage of
30 keV and a maximum power of 0.8 MW [245]. The injected ECH
power is 0.3 MW, and the NBI power 1.3 MW. The experiments
show the application of ECH can lead to the stabilization or further
destabilization of the AE/EPM triggered by energetic ions in NBI
heated plasma depending on the ECH injection power and the
Heliotron J magnetic configuration [63, 71]. FAR3d is used to
calculate the AE stability in different Heliotron J configurations
heated by ECH and NBI [246]. Figure 17, panels a and b, show AE/
EPM are almost stabilized if the ECH power increases from 100 to
300 kW. Here, we consider the decrease of the magnetic field
perturbation measured by the Minov coils is a good proxy to
study the improvement of the AE/EPM stability because there is
no evidence of a significant displacement of the mode radial location
during the ECH injection. The radial position of the AE/EPM is
mainly determined by the radial location of the EP density gradient
and there is no evidence of a strong impact of the ECH injection, at
least in the power range explored, on the EP distribution function.
Nevertheless, exploring the AE/EPM stability with respect to
variations of the radial location and stiffness of the EP density
gradient may provide new insights about the ECH effect on the EPs
distribution function, although such analysis was out of the scope of
the study. The colored stars indicate the frequency range of the

FIGURE 14
Stability of AEs in DIII-D plasmawith respect to the NBI voltage and current. Cross-power of density fluctuations from two interferometer chords for
the shots (A) 169,129 and (B) 169,128. Frequency and growth rates of (C) n � 3 and (D) n � 4 AEs calculated by FAR3d. Unstable modes are identified with
red circles, and stable modes are represented by black circles. Poloidal contour of the electrostatic potential perturbation for the n � 3 AE if the velocity
ration is (E) 0.14 and (F) 0.06. Reproduced courtesy of AIP Publishing, Physics of Plasma journal. Figure adapted from [87]. Copyright (2018) AIP
Publishing.
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modes calculated by FAR3d. Panels c and d show the destabilization
of an n/m � 1/2 EPM with f � 81 kHz and and 2/4 GAE with
132 kHz at the plasma periphery. These modes are consistent with
the dominant modes, radial location and frequency range of the
instabilities observed in the experiment. Panels e and f show a
frequency up-shift of the Alfvén gaps as the electron temperature
increases and an outward displacement of the frequency minima of
the gaps. Panels g and h indicate the stabilization of the 1/2 EPM and
2/4 GAE as the electron temperature grows from 0.5 to 1 keV,
consistent with the experimental observations. The ECH stabilizing
effect is caused by the enhancement of the FLR and electron-ion
Landau damping as well as the variation of the EP slowing down
time, modifying the EP resonance features and EP β (please see
Figure 4 and discussion in [246] for further information.) The
analysis indicates that there is a complex interconnection
between AE/EPM stability and ECH injection power, leading to
the variety of experimental results obtained in Heliotron J and LHD.

5.4 Effect of multiple EP populations

The AE/EPM stability in reactor relevant plasmas must be
analyzed considering all the EP species that are present,

including fusion born alpha particles as well as the EPs generated
for plasma heating from NBI and ICRH. The closest examples of a
reactor relevant plasma to date are the experiments performed
during the second Deuterium Tritium campaign in JET, in
particular for the so called 3-ion radio-frequency (RF) heating
scenario [247–250]. This has revealed that the AE/EPM stability
and EP transport measured in these discharges can be only
reproduced using numeric models if the contribution of all the
EP populations is included in the analysis [99, 190].

There are several examples of multiple EP population effects that
have been analyzed using FAR3d code. For example, predicting the
consequences on the AE stability for ITER, DIII-D and CFETR
plasma [101, 103, 104] require multiple EP species, as well as in
reproducing experimental observations in LHD and JET plasmas
[179, 190]. Figure 18, panels a and b, show the growth rate and
frequency of the dominant modes calculated by FAR3d for the ITER
reverse shear operation scenario considering only the destabilizing
effect of the NBI EP (black line), only alpha particles (red line) and
simulations with both NBI EP + alpha particles (blue line). The AE
growth rate in the simulation with NBI EP + alpha particles is 10%
lower compared to simulations with only NBI EP or only alpha
particles for given range of EP β values, pointing out there is a cross-
stabilizing effect between alpha particles and NBI EP driven AE/

FIGURE 15
AE stability in LHD plasma with respect to the NBI current drive. Shot 147,288. (A) Averaged β, (B) toroidal current with the NBI injection pattern and
(C) raw signal of the magnetic probe. Instability mode number measured by the magnetic probe arrays in the (D) ctr-NBCD and (E) co-NBCD phases.
Continuum gaps in the configurationwith (F) Ip � 0 kA/T and (G) 30 kA/T. (H)Growth rate and (I) frequency of the unstablemodes calculated by FAR3d. (J)
Iota profile for different Ip values. Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [243]. Copyright
(2020) IAEA.
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EPM. The simulations with only alphas show a destabilization of
EPMs if the alpha β≥ 0.02 and EAEs if the alpha β> 0.02. The
simulations with only NBI EPs show the destabilization of EPMs if
the NBI EP β≥ 0.01 although low frequency modes similar to an
EPM are unstable if the NBI EP β> 0.02. In the multiple EP case, the
dominant modes are EPMs if the NBI EP and alpha β≥ 0.01,
although triggering a low frequency EPM for β> 0.01. Panels c to
e analyze the stabilizing effect of passing EPs injected by the
tangential NBI on the EIC stability, triggered by the trapped EPs
injected by the perpendicular NBI in LHD plasma. Consistent with
that goal, the EIC growth rate and frequency, panels c and d, are
calculated for a fixed β of the trapped EP while modifying the β of the
passing EP. These simulations indicate that the EIC growth rate
decreases as the β of the passing EP increases, i.e., increasing the
tangential NBI power injection has a stabilizing effect on the EIC.
Panel e shows the waiting time between EIC burst measured in LHD
discharges performed using a different power injection of the
tangential NBI for two perpendicular NBI configurations. The
waiting time is larger as the tangential NBI power increases, that
is to say the EIC are less unstable, consistent with the prediction of
the simulation.

6 Saturation of AE/EPM

The analysis of the nonlinear saturation phase of AE/EPM
provides information about the induced EP transport, energy
transfer towards the thermal plasma and redistribution between
different toroidal or helical mode families, generation of zonal
structures as shear flows and zonal current, nonlinear interaction
between the electromagnetic fields linked to different EP
populations in addition to other effects. It is mandatory to study
the saturation phase of AE/EPM to fully understand the effect of EP
driven modes on the plasma heating performance and thermal
plasma confinement. Nonlinear simulations performed using
FAR3d can explore the saturation phase of AE/EPM potentially
tracking the plasma evolution for dozens of milliseconds, providing
information of the late AE/EPM saturation phase that is rarely
analyzed by more sophisticated numerical models due to the large
computational cost.

There are several examples in LHD and DIII-D experiments
showing an important decrease of the devices performance
measured during the saturation phase of AE/EPM. In particular,
bursting events are linked to large EP losses and a deterioration of

FIGURE 16
AE stability in LHD plasma with respect to the ECCD injection. Time evolution of magnetic spectrogram, electron density, plasma current and
heating power in LHD discharged with (A) co-ECCD and (B) counter-ECCD. Alfvén gaps in the (C) co-ECCD and (E) ctr-ECCD cases. n � 1 (blue dots),
n � 2 (red dots) and n � 3 (green dots) modes. The cyan star indicates the frequency range of the 1/2 EPM, the orange star the 2/3 − 2/4 TAE and the purple
star the 3/7 − 3/8 TAE unstable in the co-ECCD case calculated using FAR3d. The solid color lines indicate the width of the modes eigen-function.
Growth rate and frequency of the dominant and sub-dominant modes in the co-ECCD (red dots), no-ECCD (blue dots) and ctr-ECCD (pink dots) cases
for (D) n � 2 and (F) n � 1 toroidal families. The solid line indicates the threshold between stable modes (negative growth rate) and unstable modes
(positive growth rate). The red triangles show the modes with the largest growth rate. The red star, diamond and square indicate the most unstable sub-
dominant modes in the co-ECCD case. The pink star and diamond show the most unstable sub-dominant modes in the ctr-ECCD case. Reproduced
courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [71, 192]. Copyright (2020) IAEA.
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the plasma heating efficiency. In the following, several examples that
have been analyzed using FAR3d are discussed.

The saturation of 1/1 EIC observed in LHD experiments has
different phases [85]. First, a RIC is destabilized in the plasma
periphery followed by the triggering of a 1/1 EIC once the
perpendicular NBI power injection is large enough to exceed a
given EP β threshold; this process is identified as Phase I, observed as
a perturbation in the frequency range of 4 kHz. Phase II is
characterized by a further destabilization of the EIC leading to an
increase of the perturbation radial width. In the phase III the EIC has
a bursting behavior and the perturbation frequency increases from
4 to 9 kHz, propagating inwards and showing a complex
perturbation structure. Finally, in phase IV, a 1/1 magnetic island
appears, the EIC stabilizes and the RIC is unstable again. FAR3d
nonlinear simulations are performed to reproduce the saturation of
the EIC [251]. Figure 19, panels a and b, show the perturbation of the
pressure and poloidal magnetic field component calculated in the
simulation, reproducing the phases I to III of the EIC observed in the
experiment, in particular the bursting EIC behavior, the inward
propagation of the perturbation and frequency range measured
during the phase III (please see Figure 3, panels a and b, in the
Ref. [84]). It should be noted that the aim of the study is to analyze
why the EIC bursting phase is triggered; for this reason the
simulation is terminated after the burst is observed. This is
identified in the simulation as the large magnetic field oscillation
in the panel b (highlighted by the vertical dashed yellow line). Panel
c to f show reasonable similarities between the eigenfunction of the

electrostatic potential perturbation with the electron temperature
perturbation measured in the experiment during the different EIC
phases (please see Figure 3, panels c to e, in the Ref. [84]). The
simulations suggest the decrease of the EP population observed
during the EIC burst event could be caused by the partial
overlapping between t1/1 EIC, 3/4 EPM and 2/3 EPM
resonances, leading to an enhancement of the outward transport
of the helically trapped EP population [252]. It should be noted that
The simulations show predominant horizontal contours and some
vertical mixing, although the experimental contours of the electron
temperature are predominatly vertical, i.e., the radial transport in the
experiment is stronger.

Another example is theMHD burst observed in the LHD plasma
[140]. The linear study discussed in previous sections is extended to
analyze the TAEs saturation phase and themechanism leading to the
MHD burst destabilization [253]. Figure 20, panels a, indicates
FAR3d nonlinear simulation reproduces the frequency range of
the TAE activity observed in the experiment during the MHD burst
(see Figure 10 of Ref. [140]), between 40 − −80 kHz. A pressure
gradient driven mode and zonal flow activity below 20 kHz as well as
an EAE in the frequency range of 110 − 150 kHz are destabilized by
the nonlinear energy transfer between modes at the end of the
bursting phase in the middle-outer plasma region. In addition, the
simulation shows how perturbations in the frequency range of
50 − 55 kHz later extend to the frequency range between 45 and
80 kHz, consistent with the experimental observations. Panel b
indicates the evolution of the poloidal magnetic field perturbation,

FIGURE 17
AE stability in Heliotron J plasma with respect to the ECH injection power. Magnetic spectrogram of discharges with an ECH injection power of (A)
100 kW and (B) 300 kW. The colored stars indicate the frequency range of the modes calculated by FAR3d (black n � 1 and red n � 2 modes). Mode
eigenfunction calculated by FAR3d: (C) 1/2 EPM and (D) 2/4 GAE. Alfvén gap structure for different electron temperatures of (E) n � 1 and (F) n � 2 toroidal
families. Te � 0.5 keV (black line), Te � 1.0 keV (red line), Te � 1.5 keV (blue line) and Te � 2.0 keV (cyan line). The dashed pink horizontal lines indicate
the frequency range and eigenfunction width of the AE/EPM if EP β � 0.01. (G) Growth rate and (H) frequency of the 1/2 EPM and 2/4 GAE for different
electron temperature values (EP β � 0.003). Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [246]. Copyright
(2023) IAEA.
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showing a local maximum once the MHD burst is triggered around
t � 320μs, comparable with the experimental trends. Panel c
indicates the perturbation eigenfunction once the MHD burst is
triggered, revealing an overlapping between n � 1 to 3 TAEs that
may explain the destabilization of theMHD burst. Panel d shows the
EP density perturbation caused by the combined effect of n � 1 to
3 TAEs, inducing a redistribution and EP population losses. Panel e
indicates the perturbation of the electrostatic potential linked to the
n � 1 to 3 TAEs that induce the radial electric field and the
generation of shear flows. Again, the simulation analysis indicate
the bursting activity could be caused by the overlapping between
n � 1 to 3 TAEs during the saturation phase of the modes.

FAR3d has also been used to study the saturation phase of AEs
in tokamak devices, for example, pulsed beam discharges in DIII-D
[254]. The DIII-D plasma in the discharge 176,523 is heated using a
pulsed tangential NBI leading to the periodic destabilization of AEs
[255]. The analysis of an isolated pulse has several advantages from
the point of view of modeling because the simulations do not require
source/sinks and the decay of the instability amplitude can be
directly compared with the experimental data. Figure 21, panels
a, shows the instability measured in the experiment at the frequency
range of 105 kHz. Panel b indicates the saturation of an AE with
f ≈ 100 kHz reproduced in the simulation. Panel c shows a toroidal
slice contour plot of the potential during the late saturation phase of
a TAE-like perturbation. Panel d indicates a decrease of the EP
density due to the EP transport induced by the TAE. The simulation
indicates that the AE saturation is connected to the flattening of the
EP density profile and gradient decay. A smooth relaxation of the
profile is not observed due to the effect of zonal structures, which
drive intermittent EP fluxes.

Optimization studies with respect to the AE saturation phase for
different NBI operational regimes were performed for the DIII-D
plasma using the FAR3d code, emphasizing the analysis of bursting
events [256]. External actuators are used in DIII-D plasma to
improve the AE stability, for example ECH [64, 257, 258], and
ECCD [63, 259], or by optimizing the NBI operational regime [87,
260–262]. Nevertheless, bursting activity is detected in DIII-D EP
diagnostics above a given threshold of the NBI injection power
linked to avalanche-like events [263]. Figure 22, panels a, shows a
chain of burst events triggered during the saturation phase of the
simulation observed as a local maximum of the poloidal magnetic
field perturbation. Panels b to g indicate that the burst events are
correlated with a maximum of 9/3-10/3 TAE and 18/6-20/6 EAEs
amplitude and the radial overlapping between the modes
(t � 1750τA0), that is to say, the bursts may be caused by the
radial overlapping of resonances induced by different toroidal
families. Panel h shows the excursion of the q profile in the
plasma region where the AEs are triggered, generated by zonal
currents during the mode saturation. Panel i shows a decrease of the
EP density linked to an enhanced EP transport induced by the AEs.
Panel j indicates that the pressure profile is also modified along the
simulation because the shear flows generated by the AEs during the
saturation modifies the plasma flux surfaces. The different
parametric studies performed analyzing the effect of the NBI
injection power, voltage and deposition region on the AE
saturation phase with FAR3d reproduce similar trends compared
to DIII-D experiments [60, 161, 263], in particular the critical
gradient behavior [264]. The spectrum of the poloidal magnetic
field perturbation (Figure 15, panels a and b in the Ref. [256]),
indicate a complex interplay between n = 3 and 6 AEs as well as with

FIGURE 18
AE stability in ITER and LHD plasmas with multiple EP populations. Growth rate (A) and frequency (B) of the dominant n � 15 AE in ITER revere shear
operation scenario for different β values of alpha particles and NBI EP in simulations with only NBI EP (black line), only alpha particles (red line) and NBI EP
+ alpha particles (blue line). Growth rate (C) and frequency (D) of the EIC triggered in LHD for different β values of passing EPs fixed the βof trapped EPs. (E)
Time interval between EIC events for different tangential NBI injection intensities at a fixed perpendicular NBI injection power: blue diamonds show
the discharges with a PP,NBI � 13.5 ± 0.5 MW and the red circles PP,NBI � 17.5 ± 0.5 MW. The plot includes the linear fit Δt � bPT ,NBI for a perpendicular NBI
injection of 13.5 ± 0.5 MW (dashed blue line) and 17.5 ± 0.5 MW (dashed red line). Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal.
Figure adapted from [101, 131, 179]. Copyright (2019 and 2020).
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the thermal plasma, leading to a large spreading of the AE activity in
frequency and the destabilization of multiple overtones,
particularly after the system enters in the bursting phase. The
strongest activity is observed in the frequency range of
150–400 kHz around r/a = 0.4.

The analysis of shear flows induced by AE/EPM is also
performed in LHD and JET plasmas; in particular such shear
flows can have consequences on the thermal plasma confinement
and plasma turbulence level. Numerical studies may indicate that
the plasma turbulence could be modified during the AEs
saturation phase although there are only indirect experimental
evidences of the shear flows generated by AEs [265–271]. For
example, shear flows induced by RSAEs in EAST experiments
may help in the generation of electron-internal transport
barriers, reducing the requirements for the L-H transition
[272]. In the JET experiment, shear flows induced by AE/
EPMs may improve the thermal plasma confinement [190].
FAR3d is applied to investigate the generation of shear flows
and the effect on the plasma turbulence and confinement in LHD,
JET and DIII-D devices [254, 273, 274]. Regarding LHD plasmas,
the analysis shows reasonable similarities between simulations

and experiments, reproducing at the same radial location shear
flows measured during EIC and MHD bursts by the charge
exchange spectroscopy diagnostic. Simulations dedicated to
JET DT discharges indicate shear flows linked to the
saturation of TAEs and fishbones may improve the thermal
plasma confinement.

7 Predictions

Another contribution of FAR3d is in the forecasting of AE/EPM
stability for future nuclear fusion devices, particularly ITER, CFETR
or reactor relevant experiments in JT60SA. Predicting the AE/EPM
stability may help to improve the plasma heating performance by
identifying unfavorable configurations or regimes that should be
avoided, as well as anticipating efficient methods for reducing AE/
EPM destabilization.

The ITER plasma will be heated by two NBIs providing 33 MW
of power, injecting a Deuterium beam with an energy of 1 MeV or a
Hydrogen beam of 0.85 MeV [275]. Extrapolations from present
experiments and numerical simulations predict the destabilization

FIGURE 19
Analysis of the saturation phase of EIC in LHD plasma. (A) Evolution of the pressure perturbation between r/a � 0.65 − 0.9. The orange dashed lines
indicate the transition between 1/1 EIC phases. The dotted white/gray lines indicate the counter-propagating perturbations during Phase II. The solid
yellow arrow indicates the burst event and the dotted yellow line the inward propagation of the 1/1 EIC perturbation during Phase III. (B) Time evolution of
the poloidal component of the magnetic field perturbation at r/a � 1.0 (pink line) and 0.8 (cyan line). Eigenfunctions of the electrostatic potential
perturbation at (C) t � 22000τA0, (D) 28000τA0, (E) 34000τA0 and (F) 40000τA0. Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure
adapted from [251]. Copyright (2021) IAEA.
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of AE/EPM by the NBI as well as fusion born alpha particles
[276–284]. FAR3d is used to calculate the linear stability of the
ITER plasma with respect to the NBI and alpha particle destabilizing
effects on reverse shear, hybrid and steady state configurations [101].
Figure 23 shows an example of the analysis dedicated to the reverse
shear scenario. Panel a indicates the Alfvén continuum of the n � 15
toroidal mode family, showing a BAE gap below 25 kHz, a TAE gap
at 40–100 kHz covering the middle-outer plasma region, and an
wide EAE gap from 100–230 kHz along all the plasma radius. Panels
b and c show the destabilization of n � 11 to 20 EPMs by alpha
particles in the frequency range of 40 − 50 kHz. Increasing the alpha
β leads to a transition from the EPMs to EAEs with 170 − 230 kHz.
Panels d and e indicate NBI EPs can destabilize n � 11 to 20 RSAEs
or BAEs, as well as EPMs with frequencies between 5 − 20 kHz as the
NBI EP β increases.

CFETR high poloidal β configurations are projected to be a
possible steady state operation scenario for future nuclear fusion
reactors [285–287]; although it is mandatory to achieve an efficient
plasma heating by the avoidance or minimization of AE/EPM

activity. The CFETR plasma will be heated by NBI, ECW and
lower hybrid waves (LHW). The tangential negative-ion-based
NBI will inject a power of 5 MW in a Deuterium beam with an
energy of 350 keV, leading to the possible destabilization of AE/EPM
in conjunction with the fusion born alpha particles. FAR3d has been
used to analyze the AE/EPM stability in two CFETR high poloidal β
configurations with respect to the radial location of the ITB, at r/a �
0.45 (case A) and 0.6 (case B) [103]. Figure 24, panels a and b,
indicate for both configurations the presence of a BAE gap in the
frequency range of 80 kHz in the inner plasma decreasing below
50 kHz at the plasma periphery. There is also a TAE gap in the
middle-outer plasma region between 50 and 120 kHz for case A,
only observed at the outer plasma in case B. Both cases show a wide
EAE gap at frequencies above 70 kHz, particularly in the inner
plasma region. Panels c and d indicate that the AEs growth rate in
case A is 3 times smaller compared to case B because the modes are
triggered in the inner plasma region where the magnetic shear is
stronger. On top of that, AEs triggered in case A are separated with
respect to the EP loss cone in phase space calculated using the code

FIGURE 20
Analysis of the MHD burst in LHD plasma. (A) Spectrogram of the poloidal component of the magnetic field perturbation during the nonlinear
simulation. (B) Evolution of the poloidal component of themagnetic field perturbation (C) Eigenfunction of the electrostatic potential perturbation during
the MHD burst. Poloidal contour of the perturbations of the (D) EP density and (E) electrostatic potential during the MHD burst. Reproduced courtesy of
IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [253]. Copyright (2021) IAEA.
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FIGURE 21
Analysis of the AEs saturation phase in DIII-D plasma heated using a pulsed tangential NBI. (A) Frequency vs. time spectrogram of magnetic probe
dB/dt data for DIII-D discharge 176,523 highlighting the simulation interval (black box). (B) Spectrogram of the poloidal component of the magnetic field
perturbation at r/a � 0.2 calculated by FAR3d. Dominant perturbation highlighted by a dashed white rectangle. (C) Poloidal contour of the electrostatic
potential perturbation at t � 2.24 ms in FAR3d simulation. (D) Initial and final EP density profiles in FAR3d simulation. Reproduced courtesy of IAEA,
IOPScience, Nuclear Fusion journal. Figure adapted from [254]. Copyright (2021) IAEA.

FIGURE 22
Analysis of the bursting activity in DIII-D plasma. (A) Perturbation of the poloidal component of the magnetic field in the nonlinear simulations with
an EP β of 0.02. The vertical bold green lines indicate the transition from the linear to the saturation phases. The vertical bold pink line indicates the
beginning of the bursting phase (the bursts are indexed as B + number). The vertical dashed pink line shows the bursting event analyzed. Eigenfunctions of
the density perturbation for n � 3 AE at (B) t � 1700τA0, (C) t � 1750τA0 and (D) t � 1800τA0. Eigenfunctions of the density perturbation for n � 6 AE at
(E) t � 1700τA0, (F) t � 1750τA0 and (G) t � 1800τA0. Evolution of the equilibrium profiles: (H) safety factor, (I) EP density and (J) pressure profiles.
Reproduced courtesy of IAEA, IOPScience, Plasma Phys. Control. Fusion journal. Figure adapted from [256]. Copyright (2023) IAEA.
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ORBIT [284], located at r/a � 0.7, although closer to the radial
locations of the AEs destabilized in case B [288]. The simulations
show the AEs are induced by the alpha particles drive, triggering
BAEs and EAEs at the inner-middle plasma region. On the other
hand, the destabilizing effect of the NBI EP is rather small. Low n
toroidal mode families show the fastest growing instabilities because
EP FLR effects cause a strong stabilizing effect on high n
perturbations. It should be noted that the simulations do not
identify EPMs as dominant modes. In summary, low n alpha
particle driven modes can reduce the operational performance of
CFETR high poloidal β configurations, particularly if the ITB is
located further away from the middle plasma region.

JT-60SA is a critical milestone in nuclear fusion research,
designed to test ITER and DEMO operational scenarios
[289–292], for example the ITER-like inductive scenario [293].
The JT-60SA plasma will be heated using 34 MW of NBI power,
including 12 positive-ion-based and 2 negative-ion-based NBIs
(N-NBI). The N-NBI will inject a power of 10 MW using
Deuterium with an energy of 500 keV; injectors will be aimed at
the magnetic axis and middle plasma region [294, 295]. The
destabilizing effect of the N-NBI EP may cause a triggering of
AEs in the JT-60SA plasma [296–298]. FAR3d is used to forecast
the AE activity in the JT-60SA ITER-like inductive scenario [299].
Figure 25, panel a, shows rather wide TAE and EAE gaps covering
main part of the plasma radius. Panels b to g show n � 4 BAE and
TAE can be triggered by low energy EP at the end of the
thermalization process if the EP population is large enough. On
the other hand, an n � 2 TAE is destabilized by weakly thermalized
EP, even though the EP population is not large. Panels h to j indicate
that TAEs are triggered in the middle of the plasma although the
BAE is unstable near the magnetic axis. Consequently, JT-60SA
performance may be reduced by the destabilization of AEs in the
ITER-like inductive scenario.

8 Discussion

In this section the main findings of FAR3d are discussed and
contextualized. In addition, the main advantages and drawbacks of
the model are commented on. Next, FAR3d bench-marking studies
with other codes are summarized.

8.1 Summary of main findings

One of the early applications of FAR3d code was to reproduce
the AE activity measured in different devices, for example TAEs and
EIC in LHD, HAEs in TJ-II or GAE and EPM in Heliotron J plasma.
Some of these instabilities were reproduced for the first time. These
analyses also introduced parametric studies as a new tool to analyze
the AE/EPM stability with respect to the EP resonance features (as
determined by variations in the input EP profiles/parameters used in
the model).

Follow up studies were then dedicated to reproduce the AE
activity in high poloidal β and reverse shear configurations of DIII-
D, as well as the EIC activity in different LHD operational scenarios.
FAR3d was also used to perform optimization studies with respect to
the magnetic field configuration, NBI operational regime and
thermal plasma parameters. Consequently, FAR3d code is the
first tool used to identify configurations with optimized plasma
heating performance with respect to the linear and nonlinear
stability of AEs/EPMs.

It is important to mention FAR3d simulations were also used to
calibrate the EP profiles obtained from other codes. This technique
was applied to reproduce the AE activity measured in EAST
discharges after Tungsten plasma contamination and AE/EPM
observed in Heliotron J discharges. This implies that FAR3d can
be also used to calibrate the EP input profiles of more sophisticated

FIGURE 23
AE stability in ITER plasma including the effect of multiple EP populations (NBI EP + alpha particles). (A) Alfvén gaps of n � 15 toroidal mode family for
ITER reverse shear case. Growth rate (B) and frequency (C) of the dominant mode destabilized by the alphas particles for different EP β values and mode
numbers. Growth rate (D) and frequency (E) of the dominant mode destabilized by the NBI EP for different EP β values and mode numbers. Reproduced
courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [101]. Copyright (2019) IAEA.
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FIGURE 24
AE stability in CFETR plasma considering multiple EP populations (NBI EP + alpha particles). Continuum gaps of cases (A) A and (B) B for n � 1 to
6 toroidal mode families. Growth rate of n � 1 to 15 dominant modes in the case A (black stars) and Case B (red circles) for (C) non thermalized NBI EP with
350 keV and alpha particles with the an averaged energy of 1,090 keV, (D) thermalized NBI EP (below 250 keV) and alpha particles (below 800 keV). The
frequency of the mode is added in the graphs. The simulations are performed including both NBI EP and alpha particles populations. Reproduced
courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [103]. Copyright (2022) IAEA.

FIGURE 25
AE stability in JT60SA ITER-like inductive scenario. (A) Alfvén gaps of JT60SA ITER-like inductive scenario. The dashed lines indicate the width of the
unstable AEs and the triangles the eigenfunction maxima. (B) Growth rate and (E) frequency of n � 2 TAE, (C) growth rate and (F) frequency of n � 4 BAE,
(D) Growth rate and (G) frequency of n � 4 TAE for different NBI EP energies. Eigenfunctions of the electrostatic potential of (H) n � 2 TAE, (I) n � 4 BAE
and (J) n � 4 TAE. Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figure adapted from [299]. Copyright (2020) IAEA.
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models, providing a first guess of the EP characteristics that are
consistent with the AE/EPM activity observed in the experiment.
Through this approach, FAR3d can reduce the parametric range and
the computational cost of studies performed by gyro-kinetic and
hybrid codes.

Another topic covered by FAR3d simulations was reproducing
the AE/EPM/interchange mode stability trends observed in LHD,
Heliotron J and TJ-II discharges if external actuators as ECCD, ECH
or NBCD are applied. The reasonable success in reproducing such
trends opens the possibility of using the FAR3d code to predict
operational scenarios for future devices as JT60SA, ITER and
DEMO with optimized AE/EPM stability with assistance from
the application of external actuators.

Bursting activity in LHD and DIII-D plasmas was analyzed by
performing long term nonlinear simulation with the FAR3d code,
analyzing the AE/EPM saturation phase. The simulations show that
the destabilization of bursts may have common features in both
devices; these events could be triggered due to the overlapping of
resonances induced by different toroidal mode families. Moreover,
the analysis may indicate the bursting activity is a universal feature
of plasma systems undergoing a transition from the soft MHD limit,
with local relaxations, to the hard MHD limit, with global
relaxations. Another important conclusion comes from the EP
transport enhancement in the simulation bursting phase,
reproducing the critical gradient behaviour proposed to explain
the EP loss measurements in DIII-D bursting plasma. Furthermore,
nonlinear simulations dedicated to analyze the saturation phase of
interchange modes in LHD plasma may indicate, internal collapse
and sawtooth-like events are also caused by a transition from the soft
to the hard MHD limit, leading to a partial stochastization of the
magnetic field due to overlapping magnetic islands [300–302]. In
summary, operational scenarios with plasma in the hard MHD limit
must be avoided in future fusion reactors, leading to an important
reduction of the heating performance by massive EP losses and
damage to plasma facing components.

A crucial topic for fusion reactors explored by FAR3d linear and
nonlinear simulations is the AE/EPM stability in plasma with
multiple EP species. The analysis indicates the experimental
observation in the second JET DT campaign can only be
explained if multiple EP effects are included in the simulations,
in particular the alpha particle losses measured once fish-bones are
destabilized. Efficient plasma heating in future fusion reactors
requires the minimizing alpha particle losses, thus the nonlinear
destabilization of the alpha particle population by NBI and ICRH
EPs below the β threshold of alpha particle driven AEs is an
important issue that must be studied in detail. Other linear
studies were dedicated to analyze the AE stability in plasmas
with multiple EP populations in CFETR and ITER devices, as
well as multiple NBI driven EP plasmas in DIII-D and LHD
theoretical configurations.

FAR3d analysis dedicated to study shear flows generated during
the AE/EPM saturation phase may indicate important consequences
for thermal plasma confinement. The trends identified in
simulations comparing the intensity of the shear flows for
different JET DT discharges may support this possibility,
reproducing the improved thermal plasma confinement measured
in the experiments. This result may indicate that the thermal plasma
confinement in ITER and DEMO could be better than expected.

Another contribution of the FAR3d studies is to forecast the AE/
EPM stability in ITER, JT60SA and CFETR for different operational
scenarios. In addition, the AE/EPM stability has been studied in
stellarator devices exploring different magnetic configurational
symmetries. Operational scenarios and magnetic configurations
with strong AE/EPM activity could lead to fusion reactors with
poor plasma heating efficiency and must be avoided.

The analysis of the linear and nonlinear interaction between EPs
and and interchange, ballooning, kink and tearing modes may
indicate, EPs have a stabilizing effect below the β required to
destabilize AE/EPM. This result opens the possibility of using
EPs beneficial effects to improve the MHD stability of fusion
devices, reproducing experimental observations already reported
in LHD, TJ-II and DIII-D discharges.

8.2 Advantages and drawbacks of the FAR3d
gyro-fluid model

The main motivation of developing gyro-fluid models is the
computational efficiency. Thus, FAR3d allows the rapid
characterization of the AE/EPM activity measured experimental
studies. Examples of a reasonable agreement between simulations
and experimental observations has been obtained in studies
dedicated to JET, DIII-D, EAST, LHD, TJ-II and Heliotron J
discharges.

Developing reduced models while retaining the key elements for
a first order characterization of the AE/EPM linear and nonlinear
stability, opens the possibility of performing massive parametric
studies, providing useful information for optimization studies. Such
improved scenarios can be tested in experiments dedicated to
confirm theoretical optimization trends. These kind of
experiments were performed in LHD, leading to promising
results. Additionally, the model simplifications enable analysis of
the AE/EPM late nonlinear saturation phase including multiple EP
species and toroidal families, approaching the stability of reactor
relevant plasma. These studies may provide relevant information
about the induced EP transport, zonal structure generation and
nonlinear interactions between EP populations, thermal plasma and
different toroidal mode families in ITER and DEMO plasmas.

Besides these advantages of the FAR3d model, the limitations on
the model can be explicitly stated. The FAR3d two moment version
can only explore parallel and velocity-specific trapped resonances
induced by Maxwellian EP distribution functions. Introducing a
slowing down EP distribution function requires, at least a three
moment version of the code, including an evolution equation for the
EP energy moment perturbation. The three moment Landau
closure, that requires five parameters, is able to fit the gyro-
kinetic response function for an EP slowing down distribution
function, although benchmarking of the three moments version
of FAR3d against the twomoments version is still underway. Further
development and testing of both the three and a four moment
version of FAR3d (adds the parallel EP heat flux moment) is
ongoing. Additionally, versions of FAR3d are under development
based on perpendicular and parallel perturbed EP pressure
moments. This moment hierarchy should be especially
appropriate for anisotropic EP populations. It also allows a more
accurate treatment of the resonance contributions of the drift (also
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know as toroiddal) resonances. In the meanwhile, the resonance
induced by a slowing down EP distribution function can be
approximated performing parametric studies using multiple
Maxwellian distributions, fitted to the EP populations and
encompassing the key resonances in the experiment. It should be
noted that the results of the parametric studies must be analyzed
with care because not all the resonances identified reproduce the real
resonances in the experiment. On top of that, the Maxwellian is a
symmetric distribution function, thus FAR3d simulations cannot at
this time distinguish between co- and ctr-passing EPs.

The trapped EP approximation should be considered a first
order step in the analysis of resonances induced by toroidal and
helically trapped EP, thus the code predictions may deviate from the
parametric ranges of the experiment. An improved approximation
requires introducing the parallel and perpendicular components of
the pressure tensor, an active research topic in the FAR3d project.
However, the present trapped EP module provides a reasonable
approximation of the resonance induced by trapped helical particles
that can destabilize the EIC in the LHD device. The resonance
induced by particles with different pitch angles can be also
approximated by adapting the bounce distance and frequency of
the trapped EP in the model.

EP resonance effects and destabilization are approximated by
the parallel Landau closure coupled with the average drift velocity
and diamagnetic drift frequency operators. In addition, the fitted
Maxwellian EP distribution function used in the simulations is
allowed to deviate with respect to the real EP distribution in the
experiment. This is motivated by the hypothesis that the drive for AE
instabilities from configuration space gradients may dominate over
that from velocity space gradients (which may be resolved by higher
frequency activity). For this reason the analysis of the AE/EPM
stability trends can deviate from the experimental observations if the
parametric range of the resonance is not correctly identified. As a
consequence, the EP β threshold to trigger AE/EPMmay be different
in the simulations and the experiment. Performing parametric
studies may help to reduce discrepancies, by exploring a wide
parametric range to identify the model setup that better
approximates the real resonance. Consequently, the best FAR3d
performance is obtained in the identification of AE/EPM stability
trends, not in the accurate predictions of the AE/EPM stability
thresholds.

FAR3d results shows a large sensitivity to the EP configuration
introduced in the model. In general, EP profiles obtained from other
codes as TRANSP, ASCOT, ONETWO/NUBEAM or MORH have
to be calibrated by performing parametric studies to identify the
optimal configuration that better reproduces the EP resonance and
AE/EPM stability in the experiments.

The present version of the model does not include the parallel
magnetic field perturbation, leading to an artificial stabilizing effect
on ideal current driven modes and low frequency AEs [303–305].
This limitation causes the inability of the model to study ideal
internal kinks. Thus, an improved description of the fish-bone
stability requires introducing the parallel magnetic field
perturbation. The analysis of fish-bones is possible using FAR3d
code by including the effect of the resistivity in the simulations,
leading to the destabilization of resistive internal kink modes. The
growth rate of the mode is not as large as the ideal internal kink
calculated by full MHD codes as MISHKA [306] for the case of JET

discharges, although the simulation provides a first approach of the
phenomena. The consequence is, the EP β required to destabilize
fish-bones is higher compared to the experiment. For the case of the
EIC, the seed instability of the EPM is a resistivity interchange mode,
thus the lack of the parallel magnetic field perturbation is less
restrictive, reason why FAR3d code show reasonable similarities
between the EP β required to destabilize the EIC in the simulations
and in the experiment [327].

Neoclassical effects are not included in the model, consequently
the stability of neoclassical tearing mode cannot be analyzed.
Introducing the highly anisotropic thermal plasma heat transport
required for a correct description of the current depletion in the
island regions is a numerically challenging problem. A future FAR3d
module will explore possible implementations.

The numerical stability of nonlinear FAR3d simulations can
pose a limitation in configurations with strong drive, particularly if
rather large perturbations induced by multiple EP resonances and
pressure gradient/currents develop at the same time. Such
simulations show a strong overshot in the transition from the
linear to the saturation phase, leading to a large decrease of the
time step of the simulation, required by the code to channel the
energy/information flows in the system, leading eventually to ending
the run. In such circumstances, diffusive and damping terms must
be enhanced to reduce the free energy of the model and force a
smoother transition to the saturation phase. The other possible
strategy consists in including a larger number of stable toroidal
mode families that provides an energy sink at short wavelengths.

FAR3d simulations exploring the late saturation phase of AE/EPM
may show the destabilization of modes not observed in the experiment
or an overestimation of marginal unstable modes. This is caused by an
inaccurate nonlinear energy redistribution from the dominant
perturbation towards different toroidal mode families, other EP
populations and the thermal plasma. This is explained by the role of
the high n modes in the simulations, stabilized by the FLR effects, that
should participate as energy sinks. If the high nmodes are not included,
the fraction of the free energy that should be dissipated by the non
linearly energy cascade to high n modes is still available to trigger
instabilities. This issue is minimized by including a larger number of
toroidal modes families, equilibrium poloidal modes and EP species
with a non negligible population in the plasma.

The FAR3d model is based on perfect conducting fixed
boundary conditions at the plasma edge. Consequently, the
calculation of ballooning modes and AE/EPM at the pedestal of
tokamak plasma is problematical; free boundary conditions are
mandatory to avoid an overestimation of the growth rates for
such modes.

Single fluid models can only reproduce the stability of plasma in
the slow reconnection regime, that is to say, plasma with a non
negligible effect of the resistivity. Consequently, FAR3d simulations
do not make accurate descriptions of plasma relaxations induced in
the fast reconnection regime. For example, the plasmoid instability
cannot be reproduced, or events that significantly reduce the free
energy available to trigger other instabilities. Consequently, single
fluid simulations overestimate the growth rate of perturbations
triggered in high temperature plasma with low resistivity, that is
to say, instabilities triggered in the core of fusion devices. This
limitation particularly affects pressure gradient and current driven
modes, although the impact is smaller for AE/EPM. Two fluid
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modes are required for an improved description of the
system stability.

FAR3d studies performed for tokamaks including the pedestal
can show artificial modes with rather large growth rates at the
plasma edge. This is caused by spurious currents that can appear in
equilibria generated by the VMEC code nearby the outer model
boundary. This issue can be avoided in linear simulation using the
eigen-solver version of the code by excluding spurious modes and
retaining only the physically relevant modes. In addition, it is also
well known that the VMEC code provides a poor description of the
magnetic surfaces near the magnetic axis. This issue can be partially
resolved by the interpolations used nearby the magnetic axis. That
may cause an incorrect identification of the perturbation mode
number in the inner plasma region.

Non linear simulations performed using a large number of
toroidal modes families including multiple EP populations and
FLR damping effects require a large amount of RAM memory
due to the size of the matrix generated by the numerical model.
Thus, the range of poloidal modes must be limited by removing fluid
and wave-EP resonances that may not have an important impact on
the instability analyzed, for example, ignoring peripheral resonances
if the target modes are located in the inner plasma region.

The MPI parallelization of the nonlinear FAR3d version is
performed with respect to the number of toroidal/helical mode
families included in the simulation. Consequently, inputs keeping
the same range of resonances for low n and high n toroidal mode
families, that require extending the number of poloidal modes as the
toroidal mode number increases, lead to load inbalances and limit
the gains from parallelization. The code stepping speed is limited by
the number of poloidal modes of the highest toroidal mode family.
In addition, the eigen-solver version of the code is not yet
parallelized and can be rather slow compared to the initial value
solver, particularly for the analysis of high n toroidal mode families.

Thermal and EP FLR effects must be used with care because
activating these modules can lead to the destabilization of artificial
AEs if the Larmor radius is too large and the target mode is
marginally unstable. This issue is linked to the mathematical
expression used to implement the FLR effects, a power series
expansion for the thermal ion FLR terms and a Pade
approximation for EP FLR. If the effective k⊥ρ is outside the
range of validity of these approximations, it can lead to artificial
solutions that can result in mode destabilization instead of
stabilization. To avoid this issue, the simulations must be first
performed without FLR effects, identifying the frequency range
and growth rate of the target mode. Next, once the FLR effects
are included, the Larmor radius must be increased in several steps
until reaching a realistic value while tracking the growth rate
of the mode.

It must be noted the correct use of FAR3d code requires a
training period, particularly if the user wants to perform nonlinear
simulations. The FAR3d distribution includes a user guide and
several basic examples to speed up the learning process.

8.3 Bench-marking FAR3d with other codes

Bench-marking reduced models with more sophisticated codes
is mandatory to demonstrate the reliability of the approximations.

Towards that aim, the FAR3d code has been compared with five
initial value gyrokinetic codes (EUTERPE, GEM, GTC, GYRO,
ORB5), the initial value gyrokinetic-MHD code MEGA, and the
perturbative eigenvalue code NOVA-K [307] for a reference DIII-D
discharge 159,243 [123].

Figure 26, panels a and b, shows the destabilization of multiple
RSAEs with up-sweeping frequency from t � 770 ms, as well as
constant frequency TAEs. The instability with the largest amplitude
is the TAE. Panels c indicate the simulations performed using
different codes showing a reasonably good agreement with
respect to the frequency of the RSAE. On the other hand, panel
d indicates some deviations between the growth rate calculated by
FAR3d and gyro-kinetic simulations, particularly for n � 5 and
6 RSAEs, that could be explained by a weaker FLR damping
effect in the FAR3d simulations. Panels e to m show the good
agreement of the RSAE poloidal contour calculated by FAR3d with
the other models. The analysis of the TAE instability and
eigenfunctions also show similar results for FAR3d and the other
codes (data not shown). In summary, the output of FAR3d
simulations are comparable with the analysis performed by more
sophisticated models.

The analysis of MHD bursts in LHD plasma was also performed
using the MEGA code [143]. Both models show important EP losses
induced during the bursting phase of the instability. MEGA analysis
can track the evolution of the EP slowing down distribution function
along the simulation, providing useful information about the
resonance evolution that cannot be obtained by gyro-fluid
simulations, providing a more accurate description of the EP
losses during the bursting event.

The destabilization of EPM/GAE in Heliotron J discharges was
also explored using MEGA code in the linear and saturation phases
[64, 308]. MEGA and FAR3d simulations show a good agreement
with the experimental measurements, reproducing the same mode
structure, dominant mode number and frequency range. In
addition, MEGA simulations also reported the importance of
performing free boundary simulations to avoid the
underestimation of the linear growth rate by fixed boundary
condition. This issue is partially compensated in FAR3d
simulations by adapting the EP profiles in the plasma periphery,
particularly the gradient of the EP density profile. The MEGA code
was also applied to analyze the effect of ECCD injection on the AE
stability of Heliotron J plasma, leading to qualitatively similar results
compared to the FAR3d linear simulations and the experimental
observations [309].

The study of AE/EPMs triggered in the EAST discharge
93,910 after Tungsten plasma contamination was first explored
using the M3D-K/GTAW codes [184]. Both FAR3d and M3D-K/
GTAW codes simulations obtain consistent results, reproducing the
measure AE activity. The main discrepancy is the identification of
the 2/3 EPM by M3D-K/GTAW simulations as the fastest growing
mode, although FAR3d simulations identify the 6/3 EPM or 6/3 −
7/3 TAE as the fastest growing modes and the 2/3 − 2/4 TAE as the
second fastest growing mode. Such disagreement could be caused by
the lack of EP and thermal ion FLR damping effects in the
simulations. Introducing FLR effects leads to a stronger reduction
of the n � 3 growth rate as compared to n � 2 mode.

Simulations performed for JT60SA using the codes MEGA [296,
298] and MISHKA/CASTOR-K [297, 310–312] indicate the
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destabilization of AE/EPM in different operational scenarios. FAR3d
simulations also identified unstable AEs in JT60SA ITER-like
inductive scenario.

Simulations dedicated to forecast the AE stability in ITER
operation scenarios indicate TAEs of toroidal mode families
between n � 10 to 20 can be unstable [313–317]. FAR3d
simulations also indicate the destabilization of n � 10 to 20 AEs
in hybrid, reverse shear and steady state ITER configurations.

9 Conclusions

The gyro-fluid code FAR3d is a computationally efficient tool to
analyze the AE/EPM stability in nuclear fusion devices, filling the
gap between the short term analysis required during experimental

campaigns and long term studies complementing more
sophisticated gyrokinetic and kinetic-MHD hybrid codes.

FAR3d has been applied to reproduce the AE/EPM activity in
tokamaks such as JET, DIII-D and EAST as well as stellarators such
as LHD, TJ-II and Heliotron J, showing reasonable similarities
between simulations and experimental observations by identifying
the same radial location, dominant mode numbers, frequency range
and eigenfunction structure. In particular, the stability of TAEs and
EICs in LHD, HAEs and GAEs in TJ-II, TAEs and RSAEs in DIII-D,
TAEs and EPMs in EAST, GAEs and EPMs in Heliotron J and TAEs
and fish-bones in JET has been analyzed.

The rapid turn-around time of FAR3d simulations allow one to
perform parametric studies dedicated to the analysis of the linear
and non-linear stability of AE/EPM for different device
configurations. This opens up the possibility optimization studies

FIGURE 26
(A) ECE power spectrumwith RSAE time evolution fits from an ad hocmodel [40] and calculated GAM (solid white line) and TAE frequencies (dashed
white line, in plasma frame). (B) Time evolution of amplitudes determined from the kick model for DIII-D shot 159,243. Figures adapted from [88].
Copyright (2017) IAEA. Linear dispersion relation calculation for RSAE in DIII-D shot 158243 at 805 m. (C) Real frequencies. (D) Growth rates. The plot
markers are diamond, star, and circle for the gyrokinetic, kinetic-MHD hybrid, and perturbative eigenvalue codes, respectively. (E–M) n � 4 poloidal
cross section RSAE structures. Reproduced courtesy of IAEA, IOPScience, Nuclear Fusion journal. Figures adapted from [123]. Copyright (2019) IAEA.
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that can identify configurations with reduced AE/EPM activity.
Towards that goal, FAR3d analysis can explore optimal
configurations with respect to the thermal plasma properties,
magnetic field geometry, the effect of external actuators and the
impact of multiple EP populations. Such improved operational
scenarios were validated in dedicated experiments in devices as
LHD, TJ-II, Heliotron J, DIII-D and EAST.

The combination of experimental observations and FAR3d
optimization studies provided valuable information in the search
for optimal operational conditions to stabilize EICs in LHD with
respect to the thermal plasma configuration, the effect of AEs on ITB
for EAST discharges, as well as the impact of the magnetic field
topology on the AE stability for reverse shear and negative
triangularity discharges in DIII-D. In addition, the AE stability in
quasi-poloidal and quasi-axysymmetric stellarators has
been explored.

The effect of external actuators on the AE/EPM activity in LHD,
Heliotron J and DIII-D plasmas has also been analyzed. FAR3d can
reproduce and account for the effects of the application of ECCD,
the induction of currents by the NBI or the injection of ECH leading
to the stabilization or further destabilization of AE/EPMs in
different device configurations, providing useful information to
develop reliable techniques dedicated to improve the performance
of future nuclear fusion reactors.

The analysis of multiple EP population effects in LHD and JET
discharges provides a first approach to the AE/EPM stability issues
in reactor relevant plasmas, indicating its essential role in the
analysis of the EP transport. Linear and nonlinear feedback
between different EP population must be included in the studies
for a correct analysis of experimental observations. In addition,
multiple EP effects in future devices such as ITER and CFETR
are explored.

The analysis of the AE/EPM nonlinear saturation phase is
required to reproduce the experimental observation, in particular
the induced EP transport, profile flattening, generation of zonal
structures and the energy cascades between different toroidal or
helical families. In addition, nonlinear simulations can be used to
analyze the bursting phenomena observed in multiple fusion
devices, linked to an important deterioration of the operational
performance and large EP losses. FAR3d analysis suggests EIC and
MHD bursting activity in LHD as well as burst events in DIII-D
could be caused by resonance overlapping effects, leading to a
transition from the soft MHD limit (local plasma relaxation) to
the hard MHD limit (global plasma relaxation), inducing large EP
losses due to an abrupt increase of the EP transport. On top of that,
the shear flows caused by AE/EPM instabilities may have an
important role on the thermal plasma confinement and plasma
turbulent level as it is observed in LHD, JET, DIII-D and EAST
discharges and FAR3d simulations.

FAR3d can also provide a first approach of the AE/EPM linear and
nonlinear stability for future devices as ITER, CFETR and JT60SA.
Forecasting resonances that may induce the destabilization of AE/EPM
will be helpful to constrain the parametric space leading to operational
scenarios with an efficient plasma heating and optimal performance. In
addition, future analysis will be dedicated to explore how external
actuators may improve the AE/EPM stability in unfavorable
configurations, for example, by the injection of ECCD, ECH or due
to the generation of NBCD. Also, optimization trends with respect to

the thermal plasma parameters and external actuators operational
regime will be explored. On top of that, the saturation phase of AE/
EPM will be analyzed to predict the EP transport induced and the
generation of zonal structures.

10 Prospects and future plans

This section is dedicated to show ongoing and future research
topics of the FAR3d project. Also, future upgrades of the code
are discussed.

10.1 Ongoing research lines

The main topics of present FAR3d research lines are
dedicated to studies of the EP transport and the generation of
zonal structures during the AE/EPM nonlinear saturation phase.
A set of dedicated experiments were performed in LHD device to
measure shear flows using charge exchange spectroscopy,
comparing the radial electric field and thermal plasma
poloidal rotation with the output of nonlinear FAR3d
simulations [274]. The generation of shear flows by TAE and
fish-bones is also explored in the DT JET discharge 99,896.
Demonstrating the generation of shear flows during the
saturation phase of AE/EPM and their potential effect on the
thermal plasma confinement is a key topic for ITER and future
fusion reactors [318]. The instability-driven EP transport rates
are also an important consideration for future fusion reactors,
and can be inferred directly from profile flattening effects.

The study of the JET DT plasma is extended to analyze the EP
populations leading to the destabilization of TAEs and fish-bones in
the discharge 99,896. In addition, multiple EP nonlinear simulations
including ICRH EP + alpha particles are performed to investigate the
alpha particle losses induced by fish-bone. Understanding multiple
EP effects and the nonlinear destabilization of the alpha particle
population by NBI and ICRH EP populations is essential to forecast
correctly the alpha particle confinement in ITER and future fusion
reactors [273].

Another research line is dedicated to analyze the effect of the EPs
on the linear and nonlinear stability of kink, interchange and tearing
modes. In particular, such stability trends are analyzed in multiple
EP plasma including NBI EP and alpha particles. The analysis of
cross stabilizing/destabilizing effects between thermal plasma
instabilities and AE/EPM are important to predict the
confinement of both, thermal plasma and alpha particles, in
ITER and fusion reactors [319].

The saturation phase and extinction of EPMs in tokamak and
stellarator can be explored doing FAR3d nonlinear simulations. In
particular, the fish-bones and EIC frequency down-sweeping
observed in JET and LHD plasma have been analyzed, as well as
the destabilization of kink and interchange modes, respectively, after
fish-bones and EIC stabilize. This analysis is important to evaluate
how the EP losses affect the stability of EPMs and thermal plasma
instabilities in fusion devices.

A set of experiments in the LHD device were performed during
2021 and 2022 campaigns dedicated to identify operational scenarios
with improved performance by minimizing, at the same time, the
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activity of AEs and interchange modes. On that aim, discharges with
different heating patterns, magnetic field configurations and thermal
plasma parameters are tested, measuring the AE and interchange mode
activity with respect to the NBCD, thermal plasma density and NBI
operational regime. The optimization trends obtained in the
experiments were analyzed and reproduced by linear simulations
performed using the FAR3d code. Exploring operational scenarios
with reduced AE/interchange mode activity is important to optimize
the LHD device performance, improving the thermal plasma
confinement and the plasma heating efficiency [320].

The tracer code TAPAS has been coupled with FAR3d to study the
EP transport generated in DIII-D, JET and ITER plasmas using self-
consistent AE/EPM perturbations calculated by FAR3d non linear
simulations. The TAPAS/FAR3d model will be validated by
comparing simulation results and EP losses measured in DIII-D and
JET discharges. The next step is applying themodel to forecast the alpha
particle transport in different operational scenarios of ITER [321].

10.2 Future research lines

The analysis of the linear and nonlinear stability of AEsmeasured in
TJ-II plasma using HIBP will be one of the next research lines for the
FAR3d project. HIBP is a diagnostic that provides unique information
of the electrostatic potential perturbation induced byAEs. Such data can
be directly compared with the FAR3d output, providing an excellent
framework to test the accuracy of the simulations and analyze in detail
the saturation phase of AEs [82, 322–324].

The analysis of zonal structures generation during the AE/EPM
saturation phase will be extended to TJ-II, Heliotron J and DIII-D
devices by performing dedicated experiments that will be compared
to nonlinear FAR3d simulations.

A set of experiments were performed in 2024 LHD campaign
dedicated to analyze the bursting activity induced in discharges
combining tangential and perpendicular NBI injection with ICRH.
Multiple EP linear simulations will be performed to analyze the AEs
observed in the discharges, and how multiple EP effects can modify
the AE stability in LHD plasma.

Parametric studies will be performed to analyze the EP transport
in the DIII-D plasma using the nonlinear version of FAR3d. The aim
of the study is reproducing the EP losses measured in DIII-D
discharges as the NBI power increases. In particular, the abrupt
increase of the EP transport during bursting events will be main
target of the study, providing support to the soft to hard transition
caused by the overlapping of multiple resonances.

The linear stability of AEs in ITER plasma configuration including
RMPs will be analyzed. Forecasting the AE stability in ITER
configurations with and without RMPs is an essential topic to
understand the effect of the RMPs on plasma heating efficiency of
ITER plasma.

A set of linear and nonlinear studies will be dedicated to study
the AE stability in different KSTAR configurations. The methods
developed by KSTAR team to improve the AE stability and the
plasma heating efficiency are important to improve the performance
of ITER operation scenarios.

The linear and nonlinear stability of AE/EPM in different
configurations of JT60SA, ITER and DEMO will be explored,
emphasizing the analysis of the alpha particle transport and

zonal structure generation in multiple EP plasma. In addition,
the possibility of soft to hard transitions in reactor relevant
plasma and the consequences on the device performance will be
studied. Another part of the analysis will be dedicated to predict the
effects of external actuators to reduce or avoid the AE/EPM activity.

The linear stability of AEs and thermal plasma instabilities with
respect to the EP population at the plasma periphery of tokamak plasma
will be explored. Keeping aware of the FAR3d model limitations for
providing a correct description ofmodes destabilized at the pedestal, the
analysis will be limited to identify stability trends. That means, FAR3d
cannot provide the stability threshold of peripheral modes but it is
possible to explore configurations showing reduced mode growth rates
for optimization studies.

Another research line consists in analyzing the linear and
nonlinear AE/EPM stability in new designs of optimized
stellarators. This information may be useful to select the
magnetic configurations with optimal plasma heating efficiency
with respect to an improved AE/EPM stability.

FAR3d will be added to integrated modelling frameworks
dedicated to the design of fusion reactors. FAR3d may provide
information of the NBI EP, ICRH EP and alpha particle destabilizing
effects on reactor relevant plasma configurations, EP density
transport fluxes, identifying the parametric range with optimal
plasma heating. Integrated modeling workflows such as IMAS
(proposed) [312] and FREDA (ongoing) [325] are examples of
FAR3d implementations dedicated to explore AE/EPM stability
and EP transport [328, 329].

Future studies will be dedicated to compare the FAR3d and GENE
code simulations, analyzing the AE/EPM stability of different devices.

Finally, AI applications based on FAR3d nonlinear simulations will
be developed to predict the EP transport in different fusion devices.

10.3 Next code updates

A major updated version of the FAR3d distribution, the open
source version of the code, will be released during 2024. The FAR3d
2.0 distribution will include the linear and nonlinear versions of the
code allowing simulations with up to 3 EP populations at the same
time. This distribution will also include a new add-on dedicated
module to transform EFIT data to the FAR3d equilibrium input.

The implementation of GPU parallelization is ongoing. An early
version including GPU parallelization is being tested.

Different methods to introduce neoclassical effects into the
model are under review. Updating the code to analyze NTMs is
one of the priorities of the core development team.

Introduce the perturbation of the magnetic field along the
magnetic field line is another of the developing team priorities,
required to model ideal internal kinks, EPMs and low frequency AEs
in tokamak plasmas.

The development of the four moments version of the code
continues, with the goal of resolving issues identified in the
version with moments of the EP energy and EP parallel heat
flux, as well as the version with parallel ad perpendicular
components of the pressure tensor.

A new equation describing the evolution of the thermal plasma
density perturbation will be included in the nonlinear version of the
code. This upgrade will enable the analysis of ion temperature gradient
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instabilities (ITGs) during the saturation phase of AE/EPM, providing
further information of the thermal plasma turbulence and anomalous
transport and their coupling with the AE turbulence. ITGs are
connected to the grad B drift, proportional to the thermal ion’s
kinetic energy, thus thermal ions with larger energy show a larger
drift. If the thermal ion temperature gradient is aligned with a magnetic
field gradient, thermal ions with higher energy will drift faster. If there is
a perturbation in the temperature gradient, drift velocitie differences
create charge separation and, consequently, an electric field. The electric
field induces a drift that increases the perturbation’s amplitude.
Including an equation for the thermal ion density evolution allows
tracking the stability of ITGs because the model will include both,
thermal plasma pressure and the thermal ion density, that is to say, the
evolution of the thermal ion temperature. Reproducing the effect of the
charge separation will require adding some new terms in the vorticity
equation. The implementation will follow the theory developed in the
Ref. [326]. It should be noted that combining the very large number of
modes needed to do ITG turbulence + AE turbulence may be
computationally challenging.
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