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Introduction

Poloidal flows and avalanches are proved to participate in the tokamak plasma auto-organization and confinement through the turbulence suppression in sheared flow regions and therefore the establishment of weak transport barriers. A set of radially periodic transport barriers or E×B staircase was predicted by GYSELA simulations and indirectly observed in the Tore Supra tokamak by means of swept reflectometry [1]. However, the staircase detection remains challenging, since the shear regions size is of the order of a few millimeters, a spatial resolution inaccessible for the most part of measurement systems.

The Ultra-Fast-Swept Reflectometer (UFSR) system with probing frequencies of 50-105 GHz and the sweep time of 1 µs [START_REF] Clairet | Proc. 14th Intnl. Refl. Wksh. IRW[END_REF] has demonstrated a unique spatial resolution and a high signal-to-noise ratio during its operation on Tore Supra, ASDEX Upgrade and WEST tokamaks. These capacities have allowed to measure turbulence characteristics, such as the turbulence level, correlation and coherence lengths, at a millimeter scale covering core end edge plasma simultaneously [START_REF] Medvedeva | [END_REF]. Among other things, the UFSR measurements have provided a precise description of centimeter-size edge coherent modes (ECMs) in the sheared flow region and have shown an asymmetry in the signal frequency spectra [4]. High-frequency edge coherent modes have been detected during the experiments dedicated to the L-H transition studies on ASDEX Upgrade. They appear in different plasma confinement regimes, such as the I-phase or the H-mode with the mode frequency in the range of 40-200 kHz. UFSR frequency spectra with ECMs are highly asymmetrical in negative and positive frequencies which could be an indication of a sheared flow. This asymmetry was explained by a sawtooth-like perturbation of the cutoff [START_REF] Clairet | 45th EPS Conference on Plasma Physics[END_REF] and demonstrated this effect with synthetic signals reflected by periodic perturbations with positive and negative tilt.

The main objective of the current study is to analyze the effect of flows on the UFSR signal, frequency spectra and coherence using a reflectometry synthetic diagnostic FeDoT. If this effect is measurable, the analysis routines used in FeDoT will be integrated into an automatic tool for the staircase detection in tokamak experiments.

Reflectometry synthetic diagnostic FeDoT

The synthetic diagnostic FeDoT has been developed in particular for the UFSR X-mode data interpretation, although its modular structure is universal enough to be applied for other reflectometry systems. FeDoT includes Python routines which treat various experimental needs: from cutoff frequency visualization and analytical WKB calculation of the signal's phase to 2D full-wave simulations. As an input it uses a 2D electron density map in (R, z) coordinates which is taken either from an IMAS (ITER Integrated Modelling & Analysis Suite) shot file or a .hdf5 output of plasma simulation. The input preparation routine extracts a rectangular part of plasma poloidal cross-section of indicated size, typically of about 20 cm. In order to treat simplified models of turbulent structures, a fluid simulator has been developed, being able to study periodic structures evolving in an artificial radially localized flow. The synthetic phase can be calculated with the analytical WKB formula along the line of sight, with a 1D wave propagation code or a 2D wave propagation code FDTD-FW2D [START_REF] Medvedeva | Proc. 14th Intnl. Refl. Wksh. IRW[END_REF]. Further analysis consist of routines for frequency spectra, coherence and correlation computation as well as a standard Bottolier-Curtet profile reconstruction algorithm. The wave propagation 2D code FW2D-FDTD was developed and commissioned in 2018-2020. Based on the Yee discrete scheme of the Finite Difference Time Domain method (FDTD) [START_REF] Silva | Proc. 11th Intnl. Refl. Wksh. IRW[END_REF] the code simulates the propagation of an electromagnetic wave in 2D with X-mode polarization in the 2D computational grid. At each time step, the source beam at the antenna plane is added to the calculated field with forming a so-called soft source. The code efficiency has been studied and proved in terms of propagation, boundary absorption and cutoff reflection. The solution is easily destabilized when a strong density fluctuation is added or when the first cutoff is closer than 3 wave lengths to the wave source. The comparison between the simulated phase and an analytical solution for a linear density profile has shown a precision of 0.1 rad for a typical variation of the order of 1 000 rad along the plasma radius, which is acceptable for turbulence studies. Optimization of the numerical calculation through the Numba Python library led to a factor of hundred improvement of the simulation speed.

To mimic better the UFSR and to reduce the calculation time, we attempted to introduce a sweep of the frequency into the Yee scheme. Figure 1 shows an example of simulations for a probing wave of f 0 = 62 GHz which is stabilized at the time step 15 000 and then increasing its frequency by δf = 1, 10 or 100 MHz. The stationary regime is assumed reached when the variations of the signal amplitude at the antenna center become smaller than 1%. Then the phase and the amplitude of the reflectometer signal are extracted from the field values integrated over the antenna pattern. The largest possible frequency step is 10 MHz, as for higher frequency difference the signal stabilizes during more than 15 000 time steps and therefore the simulation takes longer than two parallel simulations with f 0 and f 0 + δf probing frequencies. The sweep used for the UFSR diagnostic (25 GHz sweep in 1µ s with 1 000 frequency points) would require 37 500 000 time steps with a change of frequency by 10 MHz every 15 000 steps. Moreover, for a fixed frequency the amplitude also starts to diverge after 25 000 time steps. Therefore, it was chosen to mimic a frequency sweep by a series of parallel simulations for 1 000 fixed frequencies. A typical grid of the order of 1 000×1 000 spatial points and 15 000 time steps is used for each frequency and turbulence map realization, which consumes about 20 CPU minutes per frequency. By the end of 2019, the FW2D-FDTD code, initially adapted to the CEA server environment, was modified to work on MARCONI HPC systems with 1024 parallel processors. The use of the MARCONI environment facilitates the coupling with gyrokinetic simulations, since GYSELA code runs on the same machines and exploits the shared data storage.

Results

The study of the sheared flow signatures in the reflectometer signal has been performed applying FeDoT to the GYSELA gyrokinetic simulation with staircases described in [1]. First we investigated the coherence length which can be reconstructed from the complex signal of the UFSR. Figure 2a depicts one of 1024 time slices of the density fluctuation map used as input for FW2D-FDTD simulation. The area marked in red corresponds to the cutoff positions of 28 probing frequencies in the range of 70-72.8 GHz, defined as the maximum of the wave electric field around the reflection region. This area contains one period of the radial electric field structure (Fig. 2c) with strong shear around 1.90 and 1.93 m, the coordinates R and Z are scaled to ASDEX Upgrade typical plasma dimensions. The coherence length is computed as a half width at half maximum of the coherence function both for the GYSELA density at Z = 0 and the cutoff position and the synthetic signal integrated over the antenna size with a Gaussian weight. Although the reflectometer coherence length (Fig. 2b in blue) is slightly lower than that of the turbulent structures, it follows the fine radial structure of the turbulent eddies size and can be used to detect the staircases. Same synthetic measurements were used to produce frequency spectra, trying to retrieve the flow signatures observed in the experiments. While a Doppler shift of the order of a kHz can exist in the UFSR signal and indicate a background flow direction, these indications are limited to the cases of the shift of the plasma in the vertical direction and consequently of the non-normal incidence of the wave. However, sheared flows might be detected through the asymmetry of the frequency spectra in negative and positive frequencies as it was shown for the ECMs. To prove this point, we performed simulations with a linear density profile and two ranges of modes (δn/n = 10%) with positive and negative tilt (Fig. 3a) moving downwards along the Z axis. The resulted frequency power spectra of the synthetic reflectometer signal (Fig. 3b) are compared for frequencies of 64 and 67 GHz probing the areas with positive and negative tilt angles. The asymmetry of the spectra of about 10-20% of the amplitude indicates the direction of the tilt and appears for the wide range of mode's frequency (1-400 kHz). The asymmetry has been quantified by introducing a spectral chirality which is the difference of a spectrum for positive and negative frequencies. A positive chirality, as for the probing wave of 64 GHz (Fig. 3b, solid blue), corresponds to a positive tilt angle counting from the Z axis. Therefore, the conventional reflectometer signal contains not only the information about the radial size of turbulent structures, but also an indication of the average tilt angle, which can be used to detect the relative flow velocity and the staircases. Quantitative analysis of the spectral chirality is a subject of future investigation. The chirality and the coherence length together might sufficiently describe the self-organized weak transport barriers and will be applied to the existing database of the UFSR measurements.

Conclusions

The synthetic diagnostic FeDoT is developed for an X-mode swept reflectometer and being updated to match ITER and community needs. The next steps will include a complete adaptation to IMAS, a simplified user interface and a possibility to use different reflectometer systems parameters through the ITER Machine Description database. An automatic tool will be created for the experimental data analysis, combining coherence and chirality. It has been shown that the coherence length periodic change created by staircase flows can be measured by a swept reflectometer. The chirality of frequency spectra indicates the direction of the tilt of turbulent structures and can be used to describe flows and staircases. The staircase dynamics will be studied with ASDEX Upgrade and WEST UFSR data in the nearest future. The identification of flows with a swept frequency reflectometer will allow to exploit fully the large database of reflectometry measurements and study the influence of the flows on the turbulent transport.
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 1 Figure. 1: Signal amplitude at the antenna center simulated with the FW2D-FDTD code for a fixed frequency of 62 GHz with a jump of frequency at t = 15000 by 1, 10 and 100 MHz

Figure. 2 :

 2 Figure. 2: The density fluctuation input for FW2D-FDTD code from GYSELA simulation for one time slice, the red area corresponds to one staircase period (a), the coherence length computed for the synthetic signal and GYSELA density around the cutoff position for frequencies 70-72.8 GHz (b), the average radial electric field of the GYSELA input (c)

Figure. 3 :

 3 Figure. 3: The density input for FW2D-FDTD code with cutoff frequencies and a contour plot of the electric field of the propagating wave at 64 GHz (a), frequency power spectra for the simulated reflectometer signal in the cases of positive (64 GHz, dashed blue) and negative (67 GHz, solid red) tilts of the turbulent structures and the chiral part for a positive tilt angle in solid blue (b)
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