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Introduction
Zonal (i.e. axisymmetric) radial electric fields, associated to zonal poloidal flows, are known
to develop in tokamak plasmas in the presence of turbulence. These zonal structures (ZS), are
observed as zero frequency zonal flows (ZFZF), nearly stationary, or finite-frequency geodesic
acoustic modes (GAM) [1, 2]. In the presence of energetic particles (EP), ZS can also be excited
by inverse Landau damping, as EP-driven GAMs (EGAM) [3, 4, 5, 6, 7].
Here, we investigate the nonlinear dynamics of EGAMs, in the absence and in the presence
of turbulence (see also Ref. [8]). The global gyrokinetic (GK) particle-in-cell code ORB5 is
used. ORB5 was originally developed for ITG turbulence studies [9] and has more recently
been extended to an electromagnetic multispecies version [10]. Here, we focus on linear and
nonlinear electrostatic collisionless simulations, where kinetic electron effects are neglected.
Equilibrium
We use the same equil. as in Ref. [11]. The major radius is R0 = 1.0 m, the minor radius
is a = 0.3125 m, and the toroidal magnetic field at the axis is B0 = 1.9 T. In Ref. [11], flat q,
n, T profiles were considered. Here, the safety factor q is given by q(ρ ) = 1.74 + 1.3 ρ 2, with
p
q(ρr = 0.45) = 2 at the reference radial position, corresponding to sr = ψr /ψedge = 0.5 (with

ψ being the poloidal magnetic flux).
The ion and electron temperatures are equal, with ρ ∗ = ρs /a = 0.00571 and ρs = cs /Ωi being
p
the sound Larmor radius (and with cs = Te /mi being the sound velocity). Times are normalized to the ion cyclotron frequency Ω−1
i . The temperature and density gradients normalized to
the minor radius a are κT = 3.7 and κn = 0.8 at s=0.5.
The EP temperature profile is flat. The EP density will be considered either flat or with a
gaussian shape centered at the reference radius sr , with width δ /a = 0.1, where a is the minor
radius. In velocity space, the EP has a double bump-on-tail distribution in parallel velocity, as in
Ref. [5, 11] with the same normalized temperature T̂h = Th /Ti = 1 and normalized mean parallel
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velocity ζ̄ = vk /vti = 4. Neumann and Dirichlet boundary conditions are imposed to the scalar
potential, respectively at the inner and outer boundaries, s = 0 and s = 1.
Linear dynamics
For the equilibrium described in the previous section, and for a EP concentration of nEP /ne =
0.08, linear EGAMs simulations are performed. The linear frequency and growth rate of the
EGAM for this EP concentration is ωEGAM = 2.36 · 10−3Ωi = 0.94 ωs = 4.3 · 105 rad/s, γEGAM =
0.31 · 10−3Ωi = 0.12 ωs = 0.56 · 105 rad/s.
A study of the radial structure is also performed with linear EGAM simulations in the absence of turbulence. Firstly, flat equilibrium radial profiles are considered for all species, like
in the previous papers where EGAMs were studied with ORB5. The localized initial EGAM
perturbation is observed to evolve in time, with decreasing value of kr . On the contrary, when a
radially localized EP density profile is introduced, the EGAM radial structure forms with characteristic width given by the EP profile (see Fig. 1). This behavior reflects the nature of EGAMs
as forced modes, analogously to EPM for Alfvén-type modes.
When we introduce non-flat density and temperature profiles of the thermal ions and electrons, the EGAM remains localized near the mid-radius, with some changes in the structure and
some oscillations of the position of the peak in time, between s=0.4 and s=0.6.
E

E

r

t=0
t=9720
t=19440
t=30820

0.8

t=0
t=9280
t=20200
t=29020
t=37820

0.6
0.4
grad(phibar)

0.5
grad(phibar)

r

1

1

0

0.2
0
−0.2
−0.4

−0.5
−0.6
−0.8
−1
0

0.2

0.4

0.6
s

0.8

1

−1
0

0.2

0.4

0.6

0.8

1

s

Figure 1: Radial structure of the linear EGAM electric field where all gradients are zero. On the
left, a flat EP density profile is initialized. On the right, the localized EP density profile is used.

Nonlinear dynamics
In this section, we discuss the results of nonlinear simulations of EGAMs, where a radially
localized EP density profile is initialized. A Krook-like operator acting as a heat source, modified to conserve particles, momentum and zonal flows [12], is used for the thermal ions, whose
function is to maintain the ion temperature profile close to the original one. At the same time,
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the Krook operator acts as noise control. No source is applied to the EP, because we want to investigate the effect of their nonlinear relaxation. For the selected EP density, i.e. nEP /ne = 0.08,
the Krook operator used is found not to modify the EGAM linear growth rate and nonlinear
saturation level.
Firstly, we investigate nonlinear EGAM simulations without turbulence (see Fig. 2-left), by
filtering out all non-zonal perturbations at every time step. The EGAM is observed to grow linearly and then saturate, then entering a deep nonlinear phase where the mode initially decays,
then oscillations in amplitude occur. Here, we are not interested in the deep nonlinear phase, but
only in the level of the first saturation. Simulations with wave-particle + wave-wave nonlinearity are observed to saturate at a lower level with respect to simulations where the wave-particle
nonlinearity only is switched on. Nevertheless, for the case of interest, the wave-particle nonlinearity is shown not to be negligible, and provide at least 50% of the saturation mechanism.
Secondly, we study the evolution in time of the zonal radial electric field in simulations
of turbulence, without and with EP (see Fig. 2-right). In the simulation without EP, the ZS
is observed to grow due to the nonlinear drive of the ITG turbulence, then saturate. In the
simulation with EP, after the turbulence saturates, the EGAM starts growing on top of that, and
saturates at a higher level. The growth rate of the ZS due to the turbulence is also higher when
EP are present.
Comparisons with the GK codes GENE and GYSELA are also performed in the absence
of turbulence. A good agreement of the linear and nonlinear dynamics is found, and a lower
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Figure 2: On the left, simulations of EGAMs without turbulence, with wave-particle nonlinearity only (red line) and wave-particle + wave-wave nonlinearity (blue line). The maximum value
of the radial zonal electric field calculated in the radial domain 0.25 < s < 0.75 is shown. On
the right, simulations with turbulence, without EP (red line) and with EP (black line).
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saturation level of EGAMs is confirmed when the wave-wave nonlinearity is switched on.
Conclusion and discussion
The linear and nonlinear dynamics of EGAMs is studied here, in the presence and absence
of turbulence. Several nonlinear mechanisms are studied separately, and in particular the waveparticle and wave-wave nonlinearities. Comparing the first saturation level of the simulations
with and without turbulence, we note that it does not depend on the presence of turbulence, for
the case of interest, being δ Er,max = 1.0 · 105 V/m (whereas it can change in the deep nonlinear
phase). This means that the EGAM saturation mechanism for the case of interest is not the
wave-wave nonlinearity between EGAM and ITG. We deduce that the EGAM saturates here
for a combined effect of wave-particle nonlinearity (i.e. EP redistribution in velocity space, and
resonance detuning due to the EGAM frequency chirping) and wave-wave nonlinearity (ZFZF
and second-harmonic generation [7]). A comparison of the saturated level with the reduced
model provided in Ref. [11] is also done. We find a good agreement of the order of magnitude
of the saturated electric field.
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