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Zonal flow relaxation in stellarators: theory and first
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Turbulence simulations in both tokamaks and stellarators show that the formation of zonal flows (i.e.
flows due to radially localised electrostatic potential perturbations that are constant on flux surfaces)
is an ubiquitous non-linear saturation mechanism with favourable transport regulation effects [1].
These electrostatic potential structures are robustly generated by drift-wave turbulence, yet their
saturated level and their effectiveness in regulating transport depends on the damping they undergo in
the toroidal magnetic surfaces. The collisionless relaxation mechanisms, associated to neoclassical
polarisation currents or the finite radial excursions of the particle orbits, were first studied in tokamaks
by Rosenbluth and Hinton in [2]. Their results showed that zonal structures are not completely damped
in axisymmetric systems and highlighted the importance of properly modelling, via kinetic theory, this
damping in turbulence codes to obtain meaningful non-linear energy fluxes. The kinetic treatment of
the problem of the collisionless, linear relaxation of an initial zonal electrostatic perturbation has
become a standard test of gyrokinetic codes.

During the last decade, the Rosenbluth-Hinton analysis has been extended to general three-dimensional
geometry [3,4,5,6]. First, it has been found that the collisionless relaxation of long-wavelength zonal
perturbations has a stronger damping at infinite time (or lower residual level) compared to tokamaks.
Second, the relaxation exhibits a low frequency oscillation as a specific feature of stellarator geometry.
The characteristics of this oscillation, besides arguably more relevant for turbulence regulation, lend
themselves to more straightforward experimental approaches. Recently, pellet injection experiments
in the TJ-II stellarator have shown that the sudden perturbation of the distribution functions caused by
the injection triggers a transient evolution of the zonal electrostatic potential with the oscillation
predicted by kinetic theory [7]. This constitutes the first experimental observation of the basic zonal
flow damping mechanisms.

In this talk we will review the basic theory of the collisionless relaxation of zonal electrostatic
perturbations, as well as these pioneering experiments, and will discuss their implications and prospects
for further research.
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