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Ultra-fast frequency-swept reflectometry (UFSR) enables one to provide information about the turbulence radial wave-number spectrum and perturbation amplitude with good spatial and temporal resolutions. However, a data interpretation of USFR is quiet tricky. An iterative algorithm to solve this inverse problem was used in past works, Gerbaud (2006 Rev. Sci. Instrum. 77 10E928). For a direct solution, a fast 1D Helmholtz solver was used. Twodimensional effects are strong and should be taken into account during data interpretation. As 2D full-wave codes are still too time consuming for systematic application, fast 2D approaches based on the Born approximation are of prime interest. Such methods gives good results in the case of small turbulence levels. However in tokamak plasmas, edge turbulence is usually very strong and can distort and broaden the probing beam Sysoeva et al (2015 Nucl. Fusion 55 033016). It was shown that this can change reflectometer phase response from the plasma core. Comparison between 2D full wave computation and the simplified Born approximation was done. The approximated method can provide a right spectral shape, but it is unable to describe a change of the spectral amplitude with an edge turbulence level. Computation for the O-mode wave with the linear density profile in the slab geometry and for realistic Tore-Supra density profile, based on the experimental data turbulence amplitude and spectrum, were performed to investigate the role of strong edge turbulence. It is shown that the spectral peak in the signal amplitude variation spectrum which rises with edge turbulence can be a signature of strong edge turbulence. Moreover, computations for misaligned receiving and emitting antennas were performed. It was found that the signal amplitude variation peak changes its position with a receiving antenna poloidal displacement.

Introduction

To identify the physical mechanism behind the turbulence which drives the transport in fusion plasma as ITER, accurate characterization of the turbulence required. One possible diagnostic to provide data is the reflectometry. Recent progress in this field has been obtained with the development of ultra fast swept reflectometry (UFSR) [1]. This kind of reflectometer was initially developed for density profile reconstruction [2], which permits the measurement of turbulence wave-number spectrum (k-spectrum). This is mainly due to the fact that the sweeping time is now much shorter than the typical turbulence time scale. The link between the phase measurements and the density fluctuations is based on the analytical expression obtained for an ordinary wave with wave electric field directed parallel to external magnetic field [3]. Thus, it is possible to extract the radial wave-number spectrum from the UFSR data. However, the application of this formula is quite limited. As it gives the right result only when the turbulence level is small and when 2D effects do not play a major role. Other techniques to extract density perturbation properties from the fluctuation of the signal phase were developed and applied to analyze experimental data [4]. These methods are based on an iterative solution of the inverse problem with the assumption that the main part of the information is coming from the cut-off layer vicinity. Usually, due to simplicity and very high speed, inside this algorithm, the direct problem is solved with a 1D Helmholtz equation solver [5]. This calculation does not take into account 2D effects such as real beam geometry or the poloidal turbulence spectrum [START_REF] Zadvitskiy | 43rd EPS Conf. on Plasma Physics proceeding[END_REF]. Instead of the 1D code, one can use an approximate solution based on the reciprocity theorem [START_REF] Piliya | [END_REF]. This method can provide good accuracy in the case of the small turbulence level. However, as usual for tokamak discharges, strong edge turbulence can significantly change the reflectometer response [START_REF] Zadvitskiy | 43rd EPS Conf. on Plasma Physics proceeding[END_REF]. When the probing beam crosses the density perturbation region it distorts poloidal and radial wave phase fronts and suffers widening [8,9]. However, influence of the edge turbulence on core measurements has been little studied [10]. The aim of this paper is to analyze edge turbulence effects on core measurements, to find typical parameters of edge turbulence when spectrum is significantly changed, to analyze the signature of high level edge turbulence presence, and look on the possibility to use simplified weighting function approach. In section 2 we will introduce the simplified weighting function approach. We will show results of reflectometry simulation in slab geometry for plasmas with edge turbulence in section 3. The reflectometer phase fluctuation spectrum computed with IPF-FD3D code [11] will be compared with the simplified one based on the reciprocity theorem model. In section 4 we investigate the possibility to detect coherent turbulence mode in the plasma core in the case of strong edge turbulence presence. Finally, in section 5, simulations for Tore-Supra tokamak with real 2D geometry will be performed. In this part we will use experimental turbulence level and spectrum as-well as the density profile.

Weighting function method

Working with a closed-loop method requires high performance computational resources to ensure the convergence of the solution [12]. Full wave 2D codes [11,13] are quite demanding in term of computing resources so the use for closed-loop methods are still limited. However, in the scope of the Born approximation one can use the so called weighting function method (WG) based on the reciprocity theorem approach [START_REF] Piliya | [END_REF][START_REF] Bulanin | Consideration Doppler Reflectometry in Born Approximation IRW[END_REF][START_REF] Holzhauer | [END_REF]. Using this method one can calculate scattered by plasma turbulence from the incident beam field then received by reflectometer's antenna. For the UFSR phase variation it is very important to compute total signal.
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is the total signal with angular probing beam frequency ω which is composed of I in -the unperturbed reflected signal (computed without turbulence) and I s -the field scattered from the turbulence received by antenna. In a tokamak, the turbulent modes are elongated along the magnetic field lines in the toroidal direction. Neglecting the toroidal curvature effects, which is often assumed in a tokamak, computations in the 2D poloidal plane can be considered. We will use the Cartesian coordinates system with the tokamak magnetic field   B x 0 , z is the radial direction, and ^ y B 0 is the poloidal direction.
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where z a is the antenna position in the radial direction, G -the antenna pattern, and E in is the unperturbed field of the reflected wave. According to the weighting function method, in the case of O-mode the field scattered by the turbulence and received by the antenna can then be expressed as:
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where E out 0 is an electric field of wave-guide fundamental mode propagating from the plasma normalized to power unit, dn is the variation of the plasma density, e-the electron charge, m e is the electron mass, and W is the weighting function [START_REF] Holzhauer | [END_REF]. Similar expression for X-mode can be achieved using general reciprocity theorem formalism [START_REF] Piliya | [END_REF]. As one can see, I s is a complex number.
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Here, t is the time, E i and E a are the complex electrical field of emitting antenna and fictional field of the receiving antenna computed with a transposed dielectric tensor, respectively. Sources of both fields should also be normalized to the power unit. Let us first consider the mono static antenna case with both the received and the emitted waves as plan waves. This is possible in the slab geometry with smooth plasma profile.

Under such conditions we will express incident electric field in the vacuum region.
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where k is a probing beam vacuum wavenumber, E in and E out are incident and reflected waves. E a can be expressed in the same way. Under current assumptions
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Consequently, the total field will have a form of standing wave

f w f = + + ( ) ( ) E kz t sin cos i k 0 .
In this case, weighting function will look like:
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The phase f 1 is defined by initial conditions. However the difference between the weighting function phase f 0 and received field phase f 1 is not fixed and should be taken into account when phase variation is computed. To simplify the computation, we will use expression for the phase variation written under conditions of
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but to compensate effects of different phases between scattered field and unperturbed field as well as beam wave-front curvature we have introduced parameter h w ( )
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η is a normalization coefficient which has to be computed for each density profile. For the UFSR phase response, it was found that the coefficient η is proportional to the square root of the unperturbed reflected signal amplitude received by the reflectometer antenna.
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To use this method one should precompute the unperturbed field maps. This can be done analytically [START_REF] Bulanin | Consideration Doppler Reflectometry in Born Approximation IRW[END_REF] or using full wave codes [11,13]. In the next sections, we will show comparison of the phase spectrum computed with the full wave IPF-FD3D code and the simplified weighting function approach. This method is expected to give good results when the root mean square value (RMS) of density variations is below a few percents of the probing wave cut-off density. These values are typical of turbulence level in the plasma core region. On the other hand in the plasma edge region, the density perturbation level can reach values up to 15%-25% from the local density [12]. Even in the case when this edge density perturbation layer is far from the cut-off layer position, it can lead to significant changes of the received signal [START_REF] Zadvitskiy | 43rd EPS Conf. on Plasma Physics proceeding[END_REF].

High level edge turbulence effects

After crossing the edge turbulence region, the probing beam suffers some radial and poloidal change of the phase and widening. To investigate how the edge turbulence region affects core reflectometry measurements and to find a way to identify in which cases the edge turbulence plays a role we will study the reflectometer responses for the linear plasma density profile (see figure 1) and realistic density fluctuation spectrum and amplitude in slab geometry. Computation was performed using the ordinary mode wave. In these computations, the density fluctuations are created by superimposing two different turbulence maps. First, there is background turbulence (red curve in figure 1) which is distributed everywhere in the plasma. This turbulence is homogeneous, isotropic and has a Gaussian k-spectrum with a correlation length of 3.4 cm. In our work, the correlation length is defined as spatial separation for which the turbulence auto-correlation function is equal to the half of its maximum value [16]. The RMS amplitude of these perturbations is equal to 0.5% of the maximum swept frequency cut-off density n c . An edge turbulence map with a Gaussian amplitude envelop centered in the edge region is added to the background turbulence (blue curve in figure 1). The edge turbulence spectrum also has a Gaussian shape. Its correlation length is of 1.7 cm. The correlation length values were chosen in agreement with the range of possible correlation lengths typically measured in Tore-Supra plasmas [16]. Turbulence maps are generated using inverse Fourier transform of a 2D spectrum with random phase for each mode. To adjust 2D wave-number spectra of isotropic turbulence to 1D turbulence spectrum, an iterative method was used. To see the effect of the edge turbulence level, the reflectometer response was computed in 2D toroidal cross-section with the IPF-FD3D full wave code [11] for different edge turbulence levels. In this code, the signal source does not do a frequency sweep. Instead, this many waves with different frequencies from the sweep are superimposed on the emitting antenna. After the code reaches stationary solution, it record time-series of a received signal and separate the signal back to initial frequencies using Fourier transform. The same signal was computed with the simplified weighting function approach (presented in section 2). Here, we probe the region around = R 75 cm. With a maximum frequency = F 26 GHz max . First, we will compute a phase fluctuation spectrum. Further by spectrum we will mean modulus of the spectrum. where f is a received signal phase, k is a wave-number value, á ñ ... R and á ñ ... t are averaging over the radial cut-off position and over the time (in the case of computation, over turbulence realizations series). In figure 2, one can see the phase fluctuation spectrum which is specifically analyzed for turbulence k-spectrum reconstruction. Here, k 0 is a maximum frequency vacuum wave-number. The spectra were averaged over 50 computations with different turbulence realizations. The number of 50 was chosen as a good compromise to extract the relevant information while keeping the computation time acceptable. We can see that the phase fluctuation spectrum carried out with the simplified weighting function approach does not change very much as long as the edge turbulence peak amplitude is below 7.5%. When the maximum of the edge turbulence reaches 10% of the cut-off density, the phase fluctuation spectrum amplitude computed with the full-wave code is more than two times higher then the same signal without edge turbulence. However, the shape of the spectrum does not change significantly and the simplified weighting function method represents it well. Here, one can see that nonlinear edge turbulence effects play a major role in the signal phase variations, and the simplified weighting function method is unable to describe these effects. This result means that assuming that the phase spectrum is connected only to the cut-off vicinity, this leads to an overestimation of the turbulence level, while it is impossible to see any signature of the strong edge turbulence.
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Using an USFR signal amplitude (A) analysis, it is possible to extract more information about turbulence level and correlation length. For these analyses, we use a technique based on receiving the signal simultaneously in a poloidal array of antennas. Such a technique has been applied on TEXTOR and ASDEX-Upgrade tokamaks for the measurements of the poloidal plasma rotation and turbulence correlation time with a fixed frequency reflectometry diagnostic [START_REF] Prisiazhniuk | Magnetic field pitch angle and perpendicular velocity measurements from multi-point timedelay estimation of poloidal correlation reflectometry Plasma[END_REF]18]. With this setup we can look on the average received signal amplitude decay for the maximum swept frequency (as shown in figure 3). The widening of the probing beam in that case can be estimated from the theory [9]. Another way to extract an information about the edge turbulence using multiantenna configuration is to look at the UFSR signal amplitude variation spectrum.
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Such spectra are illustrated in figure 4. When the receiving antenna stays at the same place than the emitting one we can see a peak (figure 4). This peak near = k k 0 is a signature of the edge turbulence effects. When edge turbulence is absent, this peak is not observed. Following the Bragg rule
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t u r b , we can see that the peak close to = k k 0 is connected to enhanced scattering in the edge region. With the receiving antenna shift, we also see a shift of this peak in the direction of smaller wave-numbers. To efficiently receive the back-scattering signal with a misaligned receiving antenna, the probing beam should make a turn. As the beam propagates deeper through the strong edge turbulence layer, the probability to get stronger probing beam deviation from the edge turbulence poloidal spectrum increases. Deeper in the plasma means smaller probing wave-numbers which we see with the antenna shift. These peaks also appear in the amplitude variation spectrum when the edge turbulence reaches a d = ( ) RMS n n 7.5% c but they are smaller and don't move much with the receiving antenna poloidal shift.

Possibility to detect coherent modes in the core region in presence of strong edge turbulence

To understand how the wave behavior between the cut-off and edge turbulence layers and check the possibility to detect single mode structures such as GAM [19] through strong edge ), simulations were carried out in the same conditions than in the previous section replacing the core turbulence by a localized single mode with the same size as the edge turbulence envelope and maximum value of 0.5%. It is situated between the highest frequency cut-off position and the edge turbulence with the center near = n n 0.75 c (see figure 5). This turbulence has a single wavenumber chosen to fulfill the Bragg scattering condition ( = k k 0.9 0 ). This mode is tilted with an arbitrary angle of 15 o with respect to the probing beam direction. In figure 6, phase fluctuation spectra for different poloidal positions of the antenna are depicted. It shows that it is possible to detect the coherent mode through a strong turbulence layer in the edge region. To get a more smoother curve here, 100 runs with different turbulence realizations were used. It can be noticed from the equation (4) that the diagnostic is more sensitive to core turbulence comparing to the edge turbulence with the receiving antenna shift. As receiving and emitting antennas electric fields has stronger overlap at the core region then at the edge when antennas are not aligned. The spectral peak associated with the coherent mode is double. Figure 7 shows the amplitude fluctuation spectrum for different edge turbulence amplitudes. We can see that the coherent mode is clearly observed on the spectrogram even through very high levels of turbulence. One can notice that the coherent peak in the amplitude variation spectrum is doubled as for the phase variation spectrum. First, the smallest wave-number peak does not change much in amplitude and position with the antenna shift. Second, higher wave-number peaks decreases in amplitude and moves towards the direction of higher wavenumbers with the antenna misalignment. To analyze the nature of this peak behaviour, let us look at the complex signal spectrum: associated wavenumber k at which it is observed in the spectrum. In figure 8, we can see a large doubled central peak (noted as 1 in figure 8) and two smaller ones on both sides (noted as 2 and 3 in figure 8). The big peak corresponds to main scattering from the cut-off region. As the coherent turbulence is situated between the edge turbulence and the cutoff layer, it generates smaller peaks on the sides of the spectrogram. The right peak (noted as 2 in figure 8) results from the first time the probing beam crosses the coherent turbulent layer. It is also possible to see smaller peaks from the edge turbulence as in previous section. The left peak comes from scattering after reflection by the cut-off layer. This makes us understand the nature of the two peaks observed in the amplitude and phase variation spectra. It is clear that the peak at fixed position (figure 7) corresponds to the second scattering and that the 'moving' peak results from the first scattering. The peak displacement can be explained by the Bragg scattering rule. During the second scattering occurrence the probing beam has a much wider direction range. This contributes to an increase in the wave scattering efficiency and make the peak visible even when probing wave amplitude is much smaller after cut-off reflection. For the first scattering occurrence, as the turbulence wave-number is fixed, the Bragg scattering rule is satisfied for slightly higher wavenumbers. When the receiving antenna is shifted, the effective direction to receive the scattered signal changes and the scattering wave-number value increases. However, absence of the unique beam direction after the cut-off reflection makes the second scattering spectral peak to be stationary.

ò f = - • ( ) ( ) ( ) S A i i k R R exp exp d . 11

Reflectometry simulation in real tokamak geometry

The poloidal plasma curvature and higher density slope in the edge region can change the typical influence of the edge turbulence on core radial wave-number measurements using UFSR. In this section, instead of slab geometry we perform simulation with a realistic 2D geometry of the Tore-Supra tokamak (see figure 9). We use a typical experimental density profile, and the turbulence spectrum and amplitude used are based on the calculations done with a Helmholtz equation solver in a closed loop algorithm [START_REF] Clairet | 12th International Congress on Plasma Physics[END_REF]. Figure 10 shows the turbulence spectrum that we used in these computations. To simulate realistic turbulence three isotropic homogeneous turbulence maps corresponding to different radial zones were mixed together using 2D shaped envelops for a smooth spectral transition. The 2D turbulence amplitude envelop depicted in figure 11, is based on experimental estimations has been fitted with the following function. where s s a b , , , 2 are fitting constants. The fitting function (12) allows us to choose the edge turbulence amplitude by changing parameter b. In the simulation presented here, the maximum edge RMS amplitude is equal to 1.9% from the highest probing frequency cut-off density which was chosen by us. The frequency sweep covers a radial zone of 12 cm in the plasma core. Another difference with the slab geometry computations is the turbulence correlation length. Here, the edge turbulence correlation length is 6 mm. Such a small correlation length can cause strong Bragg back-scattering. The poloidal plasma curvature makes the incident beam wider. The probing beam amplitude decays faster up to the cut-off vicinity region, which makes the diagnostic more sensitive to the edge turbulence with respect to core turbulence. In future large scale devices such as ITER, probing beam attenuation will be more pronounces what will increase even more sensitivity to the edge turbulence layer. Figure 12 represents the signal phase variation spectrum for different edge turbulence amplitudes computed in a 2D toroidal crosssection, both with the IPF-FD3D full-wave code and simplified weighting function approach. Here, we have the case of strong Bragg back-scattering. Scattering from the edge turbulence strongly changes phase variation spectral amplitude. The weighting function method fails to reliably describe the influence of the edge turbulence. Now let us see if it is possible to detect the presence of the edge turbulence amplitude peak in the reflectometer amplitude variation spectrum (see figure 13). We can note that even with small turbulence levels, it is possible to see a strong edge turbulence signature (the k-spectral peak observed in the spectrum) if on experimental setup we have small correlation lengths and poloidal plasma curvatures. With a receiving antenna poloidal shift, the k-spectral peak shifts towards the direction of smaller wave-numbers, as observed in previous cases. With such a correlation length and turbulence level the beam widening due to the turbulence is not significant. However the beam widening produced by the poloidal plasma curvature can also have the same effect on the peak movement then a widening of the turbulence poloidal spectrum. In this case, it is not possible to measure turbulence properties by looking on the averaged receiving amplitude in antennas at different poloidal positions. 

Conclusions

Computations done both for slab geometry linear density profile and realistic Tore-Supra tokamak profile have shown the strong influence of the edge turbulence on core reflectometry measurements. This influence is expected to be even stronger in a large scale future devices as ITER. These effects are very complex and depend on the edge turbulence level, correlation length and plasma geometry. The simplified weighting function method is unable to describe phase variation spectrum change with edge turbulence level. The strong edge turbulence and the poloidal plasma curvature are possible application limitations of the method. It is impossible to measure strong edge turbulence directly with UFSR as in this case, probing beam behaviour is not proportional to the density variation and interpretation of such data is very complex. But it is still possible to detect strong edge turbulence by analyzing a reflectometer signal amplitude variation from the plasma core. Enhanced beam scattering from the strong edge turbulence form spectral peaks in the signal amplitude variation spectrum. It is also possible to see the displacement of these spectral peaks when the receiving antenna is shifted in the poloidal direction away from the emitting antenna. The nature of these displacements is connected to the beam widening inside the strong edge turbulence layer. However, it must be pointed out that the reflectometer signal was calculated differently than in real experiments. Using the IPF-FD3D code, we simultaneously launch from the antenna all frequencies within the probing band and once the stationary solution is reached signal time series used to calculate amplitude and phase of the signal for each frequency. This way, the simulated signal is sensitive to back-scattering from areas located far away from the cut-off layer region. In real experiments the main reflection usually is filtered and the influence of back-scattering is smaller. So, the detection of strong edge turbulence peaks which were observed in this work would require special analysis techniques for experimental signals. It was shown that coherent modes observed (characteristic peak appear in the phase variation spectrum) through strong edge turbulence. Moreover, it was found that this peak is more pronounced in the amplitude variation spectrum then in phase variation spectrum. The coherent mode spectral peak could be doubled resulting from the first scattering and second scattering after the cut-off reflection. With the receiving antenna poloidal misalignment a shift of the first scattering reflection peak in the direction of higher wave numbers was noticed. ).
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 1 Figure 1. Radial plasma density profile (green) and turbulence level, composed of edge turbulence root mean square value (blue) and background turbulence root mean square value (red).
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 2 Figure 2. Phase fluctuation spectrum computed using the simplified weighting function method (spread points) and the full wave code (continuous lines), k 0 is a maximum frequency vacuum wave-number.
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 3 Figure 3. Averaged signal amplitude received by the receiver antenna as function of the poloidal antenna positions. A 0 is the emitting antenna amplitude.

Figure 4 .

 4 Figure 4. Signal amplitude variation spectrum at different receiver poloidal positions. The maximum RMS edge turbulence amplitude is 10% of the cut-off density.

Figure 5 .

 5 Figure 5. RMS value amplitude envelops of edge turbulence (blue), and core turbulence (red). Maximal and minimal frequency cut-off position.

sig t Such spectra are shown in figure 8 .

 8 In the complex signal spectrum, it is possible to discriminate signals corresponding to different time of flights. In the same way that the phase time slope f w ( ) t d d allows to measure poloidal plasma velocity by Doppler reflectometry; here, f w w ( ) d d allows the separation of signals by the time of flight as this value grows with the time of flight. The larger the time of flight of the component of the reflected signal the smaller the
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 6 Figure 6. Signal phase fluctuation spectrum at different receiver antenna poloidal positions. The maximum RMS edge turbulence amplitude is 10% of the cut-off density.

Figure 7 .

 7 Figure 7. Signal amplitude fluctuation spectrum computed at different receiving antenna position. The maximum RMS edge turbulence amplitude is 10% of the cut-off density.
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 8 Figure 8. Complex signal fluctuation spectrum computed at different receiving antenna poloidal positions. The maximum RMS edge turbulence amplitude is 10% of the cut-off density.
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 9 Figure 9. Contour maps of the probing wave field superimposed with a 3D plot of the density profile.
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 10 Figure 10. Turbulence spectrum at different radial positions.
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 11 Figure 11. Spatial evolution the density fluctuations profiles used as input for different cases of simulation.
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 12 Figure 12. Signal phase variation spectrum computed for different edge turbulence amplitudes.
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 13 Figure 13. Signal amplitude variation spectrum computed at different receiving antenna poloidal positions in the case the highest edge turbulence level ( d = ( ) RMS n n 1.8% c