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I ntroduction

Zonal (i.e. axisymmetric) radial electric fields, assasibiio zonal poloidal flows, are known
to develop in tokamak plasmas in the presence of turbul@reese zonal structures (ZS), are
observed as zero frequency zonal flows (ZFZF), nearly statio or finite-frequency geodesic
acoustic modes (GAM) [1, 2]. In the presence of energetitqges (EP), ZS can also be excited
by inverse Landau damping, as EP-driven GAMs (EGAM) [3, 4,5]].

Here, we investigate the nonlinear dynamics of EGAMSs, inaghgence and in the presence
of turbulence (see also Ref. [8]). The global gyrokineticjarticle-in-cell code ORB5 is
used. ORB5 was originally developed for ITG turbulence &sid9] and has more recently
been extended to an electromagnetic multispecies ver&@n iHere, we focus on linear and

nonlinear electrostatic collisionless simulations, véhidnetic electron effects are neglected.

Equilibrium

We use the same equil. as in Ref. [11]. The major raditRyis= 1.0 m, the minor radius
isa=0.3125 m, and the toroidal magnetic field at the axiBjgs= 1.9 T. In Ref. [11], flatq,

n, T profiles were considered. Here, the safety facta given byq(p) = 1.74+ 1.3p?, with
d(pr = 0.45) = 2 at the reference radial position, corresponding te /U /edge= 0.5 (With
Y being the poloidal magnetic flux).

The ion and electron temperatures are equal, piite: ps/a= 0.00571 angbs = ¢s/Q; being
the sound Larmor radius (and wit = /Te/m; being the sound velocity). Times are normal-
ized to the ion cyclotron frequen@i‘l. The temperature and density gradients normalized to
the minor radius arekT = 3.7 andk, = 0.8 at s=0.5.

The EP temperature profile is flat. The EP density will be abergd either flat or with a
gaussian shape centered at the reference radiusth width 6 /a = 0.1, wherea is the minor
radius. In velocity space, the EP has a double bump-onisiriloution in parallel velocity, as in

Ref. [5, 11] with the same normalized temperafije- Th/Ti = 1 and normalized mean parallel
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velocity Z_: V|/ii = 4. Neumann and Dirichlet boundary conditions are imposehdscalar
potential, respectively at the inner and outer boundasies) ands= 1.

Linear dynamics

For the equilibrium described in the previous section, améfEP concentration okp/ne =
0.08, linear EGAMs simulations are performed. The linear dietpy and growth rate of the
EGAM for this EP concentration i®=gam = 2.36- 1073Q; = 0.94ws = 4.3- 10P rad/s,yecam =
0.31-1073Q; = 0.12ws = 0.56- 10° rad/s.

A study of the radial structure is also performed with linE&AM simulations in the ab-
sence of turbulence. Firstly, flat equilibrium radial predilare considered for all species, like
in the previous papers where EGAMs were studied with ORB® [Bkalized initial EGAM
perturbation is observed to evolve in time, with decreasalge ofk;. On the contrary, when a
radially localized EP density profile is introduced, the B@&Aadial structure forms with char-
acteristic width given by the EP profile (see Fig. 1). Thisdabr reflects the nature of EGAMs
as forced modes, analogously to EPM for Alfvén-type modes.

When we introduce non-flat density and temperature profiléeeothermal ions and elec-
trons, the EGAM remains localized near the mid-radius, witime changes in the structure and
some oscillations of the position of the peak in time, betwse0.4 and s=0.6.
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Figure 1: Radial structure of the linear EGAM electric fieldeve all gradients are zero. On the

left, a flat EP density profile is initialized. On the rightetiocalized EP density profile is used.

Nonlinear dynamics

In this section, we discuss the results of nonlinear sinariatof EGAMs, where a radially
localized EP density profile is initialized. A Krook-like epator acting as a heat source, modi-
fied to conserve particles, momentum and zonal flows [12]séldor the thermal ions, whose

function is to maintain the ion temperature profile closehi original one. At the same time,
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the Krook operator acts as noise control. No source is appdi¢he EP, because we want to in-
vestigate the effect of their nonlinear relaxation. Fordbkected EP density, i.egp/ne = 0.08,
the Krook operator used is found not to modify the EGAM lingaowth rate and nonlinear
saturation level.

Firstly, we investigate nonlinear EGAM simulations witlhidurbulence (see Fig. 2-left), by
filtering out all non-zonal perturbations at every time stEpe EGAM is observed to grow lin-
early and then saturate, then entering a deep nonlineae ptasre the mode initially decays,
then oscillations in amplitude occur. Here, we are not ggtxd in the deep nonlinear phase, but
only in the level of the first saturation. Simulations withwegparticle + wave-wave nonlinear-
ity are observed to saturate at a lower level with respeadntalations where the wave-particle
nonlinearity only is switched on. Nevertheless, for theecaiinterest, the wave-particle non-
linearity is shown not to be negligible, and provide at |&#3%b of the saturation mechanism.

Secondly, we study the evolution in time of the zonal radlat®ic field in simulations
of turbulence, without and with EP (see Fig. 2-right). In #imulation without EP, the ZS
is observed to grow due to the nonlinear drive of the ITG tlebee, then saturate. In the
simulation with EP, after the turbulence saturates, the EG#arts growing on top of that, and
saturates at a higher level. The growth rate of the ZS duesttutiibulence is also higher when
EP are present.

Comparisons with the GK codes GENE and GYSELA are also peddrin the absence

of turbulence. A good agreement of the linear and nonlingaanhics is found, and a lower
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Figure 2: On the left, simulations of EGAMs without turbuben with wave-particle nonlinear-
ity only (red line) and wave-particle + wave-wave nonlingafblue line). The maximum value
of the radial zonal electric field calculated in the radiaimdon 025 < s < 0.75 is shown. On
the right, simulations with turbulence, without EP (recelimnd with EP (black line).
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saturation level of EGAMs is confirmed when the wave-wavdinearity is switched on.

Conclusion and discussion

The linear and nonlinear dynamics of EGAMs is studied her¢hé presence and absence
of turbulence. Several nonlinear mechanisms are studptately, and in particular the wave-
particle and wave-wave nonlinearities. Comparing the §adtiration level of the simulations
with and without turbulence, we note that it does not depanthe presence of turbulence, for
the case of interest, beirlE, max= 1.0- 10° V/m (whereas it can change in the deep nonlinear
phase). This means that the EGAM saturation mechanism &calse of interest is not the
wave-wave nonlinearity between EGAM and ITG. We deduce tietEGAM saturates here
for a combined effect of wave-particle nonlinearity (i.€ Eedistribution in velocity space, and
resonance detuning due to the EGAM frequency chirping) aakewvave nonlinearity (ZFZF
and second-harmonic generation [7]). A comparison of therated level with the reduced
model provided in Ref. [11] is also done. We find a good agre¢mokthe order of magnitude
of the saturated electric field.
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