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I. INTRODUCTION

Strong magnetic fields are created during the interaction of laser beams with solid targets. Theoretical 1 , numerical [START_REF] Pérez | Deflection of mev electrons by self-generated magnetic fields in intense laser-solid interactions[END_REF][START_REF] Adam | Dispersion and transport of energetic particules due to the interaction of intense laser pulses with overdense plasmas[END_REF] and experimental studies [START_REF] Borghesi | Large quasistatic magnetic fields generated by a relativistically intense laser pulse propagating in a preionized plasma[END_REF][START_REF] Tatarakis | Measurements of ultrastrong magnetic fields during relativistic laser-plasma interactions[END_REF][START_REF] Sarri | Dynamics of self-generated, large amplitude magnetic fields following high-intensity laser matter interaction[END_REF] were performed in the past 40 years to understand the creation mechanisms and the impact of these fields on plasma dynamics. More recently, many researches have focused on fast electron beam generation in ultra-highintensity laser interaction (for instance in the context of fast ignition) and on magnetic field effects in this regime [START_REF] Gibbon | Short Pulse Laser Interactions with Matter: An Introduction[END_REF] . It was shown that the magnetic field at the surface of the target can impact the fast electron beam propagation and it is probably at the origin of the large initial divergence of the electron beam [START_REF] Adam | Dispersion and transport of energetic particules due to the interaction of intense laser pulses with overdense plasmas[END_REF] .

Several experiments were performed in order to characterize these magnetic fields. Borghesi et al. [START_REF] Borghesi | Large quasistatic magnetic fields generated by a relativistically intense laser pulse propagating in a preionized plasma[END_REF] measured the magnetic field at the surface of the irradiated target by looking at the change of polarization of a probe beam at grazing incidence to the target. This change of polarization is induced by the magnetic field, created by the thermoelectric effect, parallel to the propagation of the probe beam. Unfortunately, the grazing incidence angle did not allow measuring the magnetic field closer than 40 µm from the target surface.

A more recent study by Pisarczyk et al. [START_REF] Pisarczyk | Kinetic magnetization by fast electrons in laser-produced plasmas at sub-relativistic intensities[END_REF] used interferopolarimetric measurements (Faraday rotation) to assess the impact of fast electrons on the generation of a spontaneous magnetic field in a laser-driven plasma. They observed a magnetic field up to 20 MG inside the pre-plasma and inferred the fast electron beam current responsible for this magnetic field.

Tatarakis et al. [START_REF] Tatarakis | Measurements of ultrastrong magnetic fields during relativistic laser-plasma interactions[END_REF] and Gopal et al. [START_REF] Gopal | Megagauss magnetic field generation by ultra-short pulses at relativistic intensities[END_REF] measured the change of polarization produced by the Faraday effect on the selfgenerated harmonics of the laser. This allowed to obtain information about the magnetic field deeper inside the plasma, a) Also at National Research Nuclear University MEPhI, Department of Plasma Physics -Moscow, Russia. b) Electronic mail: joao.santos@u-bordeaux.fr but without information about the path of the harmonics inside the plasma (i.e. the exact position of harmonics generation).

Laser produced protons were used by Sarri et al. [START_REF] Sarri | Dynamics of self-generated, large amplitude magnetic fields following high-intensity laser matter interaction[END_REF] . They observed the deflection of protons by magnetic fields at both surfaces of foil targets. In their case, the geometry of sheath electric fields did not affect protons probing the surfaces perpendicularly. The geometry of such fields was known from previous measurements from the same group. In a general case, without such extra knowledge, it may be difficult to discriminate deflections due to magnetic fields from those due to electric fields. In addition, proton deflectrometry results provide only information integrated along the whole proton path.

The change of polarization of a probe beam at normal incidence on a planar foil induced by the Cotton-Mouton effect was used as a diagnostic by Sandhu et al. [START_REF] Sandhu | Laser-generated ultrashort multimegagauss magnetic pulses in plasmas[END_REF] . In their first experiment, they used a simple photo-diode as detector, thereby without spatial resolution. A following experiment [START_REF] Mondal | Measurement of hot electron transport in overdense plasma via self induced giant magnetic pulses[END_REF][START_REF] Kahaly | Polarimetric detection of laser induced ultrashort magnetic pulses in overdense plasma[END_REF] allowed to detect the spatial dependance of the magnetic field. Unfortunately, in this experiment the field of view of the diagnostic was smaller than the actual spatial extension of the magnetic field.

Chatterjee et al. [START_REF] Chatterjee | Micron-scale mapping of megagauss magnetic fields using optical polarimetry to probe hot electron transport in petawatt-class lasersolid interactions[END_REF] also measured the change of ellipticity of a probe beam created at the rear side of a CH target for laser intensity up to 10 20 W/cm 2 . They observed an annular magnetic field up to 50 MG created by the fast electron beam propagating through their target. They also measured the 2D map of the change of ellipticity of a probe beam at the third harmonic to infer the magnetic turbulence [START_REF] Chatterjee | Magnetic turbulence in a table-top laser-plasma relevant to astrophysical scenarios[END_REF] .

A critical point in most of these experiments is that the pre-plasma created by the pump laser pre-pulse was not always experimentally characterized. This is important because the change of polarization depends on both the plasma density and the magnetic field amplitude. Moreover, in analyzing results, the formalism which has normally been applied is valid only for electron density much smaller than the laser probe critical density (n e /n probe c 1) and when the electron cyclotron frequency is much smaller than the probe laser frequency (ω ce /ω probe 1). Such conditions do not always hold for a probe beam at normal incidence on target.

In this paper, we present results obtained from a spatially and temporally resolved Cotton-Mouton diagnostic coupled to interferometric measurements. The temporal and spatial evolution of the changes of polarization of the probe laser beam are related to the temporal and spatial evolution of the magnetic fields. Results are compared to PIC simulations allowing a quantitative estimation of the magnetic field. Finally, from our measurements we can estimate the plasma resistivity in presence of a strong magnetic field.

II. EXPERIMENTAL SET-UP

In the experiment we used the laser facility ECLIPSE at the CELIA Laboratory, Université de Bordeaux. This is a Ti-Sapphire laser (wavelength λ = 800 nm) delivering an energy up to 100 mJ on target within a duration of 27 fs (FWHM). The beam was focused by an off-axis parabola to a minimum size of 8 µm (FWHM), with an angle of 45 • with respect to the target normal (p-polarization), yielding a maximum intensity on target of ≈ 10 18 W/cm 2 . The laser intensity contrast was of 10 -6 . As targets, we used 0.8 µm Al-coated SiO 2 glass of optical quality (λ /5). The laser was incident on the Al coated side. Two probe beams were used with ≈ 5 mJ each, doubled in frequency with BBO (Beta-Barium Borate) crystals. The first probe beam was focused using a 220 mm focal length lens at normal incidence to obtain a focal spot on target of ≈ 200 µm. A delay line provided a time delay ∆t between this probing beam and the main beam within a range of -5 to 150 ps and with time steps of 30 fs. The probe beam was reflected at the cut-off density n co e defined by [START_REF] Heald | Plasma diagnostics with microwaves[END_REF] :

n co e n probe c + ω ce ω probe = 1. (1) 
This cut-off density is deeper in the target than the critical density for the pump beam (n probe c = 4n pump c

), where fast electrons are mainly generated. The reflected probe beam was collected into a polarimeter/imaging system with magnification × 10 and spatial resolution ≈ 12µm. Figure 1 shows the setup for the polarimetric measurements.

The second probe beam, used for side-on interferometry measurements of the pre-plasma, allowed us to characterize its density profile which resulted to be approximately exponential. Figure 2 shows the results for the gradient length L ≡ (∇n e /n e ) -1 recorded 2 ps before the pump laser peak intensity, showing a linear dependence of L on the pre-pulse intensity. 1D simulations performed with the hydrodynamic code CHIC [START_REF] Breil | Multi-material ALE computation in inertial confinement fusion code CHIC[END_REF] reproduced the trend of experimental results. The quantitative difference between experimental and simulations results (a factor 2) is likely due to the fact that the equation of state model used in the simulations was not well adapted to the low-intensity regime typical of laser pedestal. The observed scale lengths L are compatible with electronic temperatures between 40 and 100 eV near the plasma critical density. This estimation directly coming from simulations is also compatible with what can be calculated from L = c s t, where c s is the ion-sound velocity in the plasma. x , E 2

y , E 2 a and E 2 l . E 2

x and E 2 y correspond to linear polarization along two perpendicular axis (x and y), E 2 a corresponds to 45 • rotation and E 2 l corresponds to (left) circular polarization. The four measurements allow constructing the Stokes vector S of the reflected beam and comparing it to the Stokes vector S 0 of the incoming linearly polarized probe.

The polarimeter is a home-made device that provides four reflectivity images of the target at different polarizations, allowing to obtain the Stokes vector (four Stokes parameters) of the probe beam, related to its polarization [START_REF] Segre | A review of plasma polarimetry -theory and methods[END_REF][START_REF] Mcmaster | Polarization and the stokes parameters[END_REF] :

S =    S 0 S 0 s 1 S 0 s 2 S 0 s 3    =     E 2 x + E 2 y E 2 x -E 2 y E 2 a -E 2 b E 2 r -E 2 l     , (2) 
where E x , E y , E a , E b ,E r and E l are the electric field projection on the directions defined in figure 1b. This device included two CCDs (one 16 bits and one 12 bits), each one capturing two images, as shown in figure 1b. The initial probe laser polarization was linear corresponding to the Stokes vector S 0 = (S 0 , S 0 , 0, 0). The maximum intensity of the main pulse used for this measurement was 1.5 × 10 17 W/cm 2 , corresponding indeed to a maximum pedestal intensity of 1.5 × 10 11 W/cm 2 . At higher intensity, the second harmonic generation from the interaction of the main pulse with the target was too strong, masking the interferometry probe beam signal.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS A. Probe beam polarization

The polarimeter allows to obtain the maps of Stokes parameters of the probe beam after reflection (figure 3). In order to superpose the images correctly we calculated the correlation of images at two different polarizations taken on the same object (a laser generated crater). The maximum of this correlation give us the horizontal and vertical shifts needed to superpose the two images. This correlation is performed for all images two-by-two allowing mathematical operations on polarization images and obtaining the Stokes parameters with a precision of 6 µm. The four images collected on the CCDs also allow detecting the changes of reflectivity of the target following laser irradiation. Figure 3 shows that the size of the region where the reflectivity decreases is smaller than the field of view and much bigger than the focal spot of the pump beam. For an easier visualization of polarization changes, we define two angles, χ and ψ:

χ = 1 2 tan -1   s 3 s 2 1 + s 2 2   (3) ψ = 1 2 tan -1 s 2 s 1 , (4) 
representing respectively the ellipticity of the polarization and the orientation of the main polarization axis. These angles allow decoupling the different effects of the magnetic field on polarization. The Faraday effect induces a rotation of polarization (i.e. change of ψ) if the magnetic field is parallel to the direction of light propagation k. The Cotton-Mouton effect induces a modification of the polarization ellipticity χ if the magnetic field is perpendicular to k. We observe that the region where the reflectivity decreases corresponds to the area where a change of polarization is observed. Because the Cotton-Mouton effect is due to the simultaneous presence of magnetic field and plasma, we see that the radial extension of the plasma (at least a tenuous one) and the extension of the magnetic field are much larger than the size of the focal spot of the pump beam. We observe no appreciable change of the principal direction of polarization (small ψ) on the back and forth path of the probe beam over the plasma length (figure 4). This implies that we can not infer the longitudinal component of the magnetic field. On the other hand, the change of ellipticity χ is important near the interaction region, showing a significant Cotton-Mouton effect (magnetic field perpendicular to the target normal). This corresponds to the presence of a strong azimuthal magnetic field in agreement with results al-ready presented in the literature. Figure 5a shows the change in time of the ellipticity χ averaged over the magnetized region. We observe a sharp variation at the time of arrival of the pump pulse on target followed by a slower decay (time scale ≈ 2 ps). Figure 5b shows the change in time of the radius of the magnetized region σ (at half-width at half-maximum, HWHM). This increases monotonically in time after the pulse interacts with the target (over our observation time range). The expansion velocity is there v Di f f = dσ /dt ≈ 2 µm/ps. Figure 5 shows that the ellipticity change and the size σ are non-null before 0 ps. This shows the presence of magnetic field before the interaction of the main pulse with the target. Which is likely produced by the laser pedestal, ionizing the target and finally producing a magnetic field by thermoelectric effect.

Figure 5c shows the variation in time of the size of the magnetised region for different values of the laser intensity. Unlike figure 5a and 5b, which were obtained with a good intensity contrast of the laser (≈ 10 -6 ), these data have been obtained with poorer contrast (≈ 10 -5 ) hence they cannot be related to data in figure 2. However, even in these conditions, data show that i) the size of the magnetized region increases with laser intensity, and ii) at zero time there is already a magnetised region with size larger than the focal spot dimension.

In order to extract the quantitative value of the field (from Fig. 5a and5b), we meet the problem that the relation between ellipticity change and magnetic field value is not bijective. The ellipticity χ is defined as tan χ = b/a, with a and b the big and small axis of elliptical polarization, and varies between 0 (for linear polarization b = 0) and π/4 (for circular polarization a = b)(equation 3). When the magnetic field is strong enough, the big axis a and small axis b reverse changing the polarization from circular polarization to linear (passing from linear to circular and then to linear again). This effect can be evidenced by explicitly solving the equations of the propagation of an electro-magnetic wave inside a magnetized plasma. Figure 6 shows the change in ellipticity after a back and forth path of an electromagnetic wave inside of a plasma with exponential profile, for different values of the characteristic gradient length L and of the magnetic field (azimuthal amplitude). We see that a measured ellipticity change can correspond to different values of magnetic field. We notice that when n e n c and ω ce ω, this ambiguity is removed and a bijective relation between ellipticity and magnetic field strength is obtained as it was assumed in 10 and 11 .

If the temporal variation of χ is slow, we can apply a continuity hypothesis and extract magnetic field values (for the measured density profiles) at a given time knowing the field at earlier times. This is certainly true for the slow decay observed in figure 5 for ∆t > 0. However at earlier times (i.e. at the beginning of the interaction) there is a quick jump of magnetic field from zero to a maximum value which cannot be extracted from experimental data only. For this reason, we needed to complement our measurements with results from 2D PIC simulations (figure 8) performed with the code PI-CLS [START_REF] Sentoku | Numerical methods for particle simulations at extreme densities and temperatures: Weighted particles, relativistic collisions and reduced currents[END_REF] . 5a). The maximum magnetic field amplitude has been matched to PIC simulation results. Crosses: The temporal evolution of the average magnetic field obtained from PIC simulation.

B. PIC simulation

The code used a simulation box of 60 × 20λ with a resolution of λ /25 in order to simulate the interaction of a laser at 4 × 10 17 W/cm 2 with a plasma of aluminum, with a preplasma characterized by an exponential profile (the gradient length is consistent with the experimental data shown in figure 2). A strong and filamented magnetic field is developing near the critical density (figure 8a) over a ≈ 50 µm region. It reaches a maximum of ≈ 15 MG at ≈ 150 fs and then decreases slowly, with a characteristic time of 150 fs, down to 1.3 MG (crosses in figure 7). The peak of magnetic field is created by the propagation of fast electrons near the critical density (figure 8b).

The characteristic filament sizes are 1 to 2 µm and hence cannot be resolved by our diagnostic which has a spatial resolution 10 µm. Using PIC results to estimate the value of the averaged magnetic field over the filament size at early times we retrieve the graph of figure 7. We notice that the PIC simulations underestimate the size of the magnetized region by a factor 2 (figure 5b). This is likely due to the presence of wings in the intensity distribution in the experimental focal spot, which could contain a non-negligible energy, and whose presence is not taken into account in PIC simulations. We also notice the different decay time of the magnetic field (figure 7). This difference comes from the incapacity of the PIC code to correctly describe the plasma resistivity created by the contrapropagating electrons inside the plasma.

C. Plasma resistivity

The spatial and temporal evolutions of the magnetic field (figure 5b) allow to retrieve the resistivity η of the plasma. In order to do an explicit analytical calculation we used here the ansatz B = B 0 exp(-t/τ 0r 2 /(2σ 2 )) [this corresponds to spatially averaging the many short-wavelength fluctuations of the magnetic field which are evident in the results of figure 4]. With this assumption we have solved the differential equation for the resistive diffusion of the magnetic field

∂ B ∂t = η µ 0 B.
The calculation brings to η ≈ µ 0 (σ 2 /τ 0 ) ≈ µ 0 σ dσ dt . Here the diffusion velocity v Di f f = dσ dt is the slope determined from figure 5b. This yields a resistivity η = (6 ± 3.5) × 10 -5 Ω.m. An even higher resistivity is obtained by inserting the decay time obtained from figure 5a.

The method gives an average resistivity higher than what is expected in a non-magnetized plasma, of η th = 5 × 10 -6 Ω.m according to the Eidmann-Huller-Chimmier model [START_REF] Chimier | Heating model for metals irradiated by a subpicosecond laser pulse[END_REF][START_REF] Eidmann | Hydrodynamic simulation of subpicosecond laser interaction with solid-density matter[END_REF] in the conditions of density (between n c and 4n c , maximum penetration of the probe beam) and plasma temperature inferred from interferometry measurements and hydrodynamic simulations (see figure 9).

The difference should be inferred from the presence of magnetic field and its influence on the collision frequency. This creates an anisotropy in the resistivity tensor as [START_REF] Stygar | Analytic electrical-conductivity tensor of a nondegenerate lorentz plasma[END_REF] :

η =   η ⊥ η ∧ 0 -η ∧ η ⊥ 0 0 0 η   , (5) 
where indicates the direction parallel to B, ⊥ the direction perpendicular to B and parallel to E and ∧ the direction perpendicular to B and perpendicular to E. In our case this leads to an increase of the resistivity η ⊥ , as [START_REF] Smirnov | Introduction to plasma physics[END_REF] :

η ⊥ = η 1 + ω 2 c τ 2 ω c τ , (6) 
with τ is the inverse of the collision frequency described by Eidmann et al. [START_REF] Eidmann | Hydrodynamic simulation of subpicosecond laser interaction with solid-density matter[END_REF] . Since our estimation of the resistivity is based on the variation of the magnetic-field radial extension σ , indeed we are measuring the perpendicular component of resistivity η ⊥ , the magnetic field being azymuthal. By assuming a magnetic field of 13 MG (from figure 7) the theoretical resistivity changes from η ⊥ = 5 × 10 -6 Ω.m to η ⊥ = 5 × 10 -5 Ω.m, which is consistent with our estimation from experimental results (figure 9). Let us notice that the temperature inferred from the interferometer measurement and hydrodynamic simulations (Figure 2) concerns the preplasma and can therefore be smaller than the actual temperature after the interaction of the main beam. On the other side, in our model, we have taken into account only the surface diffusion of the magnetic field. In reality the magnetic field will also diffuse inside the target, i.e. into layers characterized by bigger densities and lower temperatures. In any case, Fig. 9 shows that, even extending the range of densities and temperatures, the experimentally measured resistivity clearly indicates plasma magnetization, as it does not match the Eidemann-Huller-Chimier prediction for a non-magnetized plasma by about one order of magnitude.

IV. CONCLUSIONS

To conclude, the optical polarimetry diagnostic used in this experiment is suited for measuring the evolution of plasma magnetic fields parallel to a foil-target surface generated during the interaction of a high intensity laser. Our measurements allow to characterize the temporal and spatial evolution of the magnetic fields, and from this estimate the induced anisotropy on the plasma resistivity due to the strong magnetization.Let us notice that a resistivity higher than expected for a non magnetized plasma was also observed in experimental conditions similar to ours in the works in references 10 and [START_REF] Kahaly | Polarimetric detection of laser induced ultrashort magnetic pulses in overdense plasma[END_REF] . In order to explain such results, the authors speculated that it could be due to Electro-Magnetic Hydrodynamic Dynamic Turbulence (which could not be characterised in their experiment). On the basis of our measurements and conclusions, we believe instead that a simpler explanation of the high resistivity is simply due to the presence of the magnetic field. 
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 1 FIG. 1: a) Scheme of the experimental set up showing the pump and the probe laser beams. b) Scheme of the polarimeter. The instrument allows measuring the intensity of the reflected probe laser for four different polarizations: E 2x , E 2 y , E 2 a and E 2 l . E 2x and E 2 y correspond to linear polarization along two perpendicular axis (x and y), E 2 a corresponds to 45 • rotation and E 2 l corresponds to (left) circular polarization. The four measurements allow constructing the Stokes vector S of the reflected beam and comparing it to the Stokes vector S 0 of the incoming linearly polarized probe.

FIG. 2 :

 2 FIG. 2: Plasma density scale-length L at t = 2 ps before the interaction of the main laser pulse, as a function of pedestal intensity. Triangles: experimental results from interferometry; continuous red line: linear fit of experimental results L = (2.7 ± 0.2) × 10 -10 I pre-pulse [W/cm 2 ] + (15 ± 2)[µm].
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 34 FIG. 3: Spatial mapping of the Stokes parameters of the reflected probe beam 1.5 ps after irradiation by the pump beam. a) S 0 in color scale. b) s 1 = S 1 /S 0 . c) s 2 = S 2 /S 0 . d) s 3 = S 3 /S 0 .

  FIG. 5: a) Spatially-averaged change of ellipticity versus time obtained during the interaction of a 4 × 10 17 W/cm 2 laser (10 -6 intensity contrast) with an Al coated target. b) Corresponding evolution of the radius of the magnetized region σ (at HWHM) with time. The evolution size of the PIC simulation is also shown. c) Evolution of σ for three laser intensities at low contrast, 10 -5 . To clarify visualisation, trend lines are plotted on the graphs.
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 67 FIG. 6: Calculated change in polarization ellipticity after the back and forth path in a non-uniform plasma with an exponential density profile of gradient length L and a constant magnetic field. Results are obtained by solving the equations for the propagation of an electromagnetic wave inside of a magnetized plasma 17 .

FIG. 8 :

 8 FIG. 8: a) PIC magnetic field map for the interaction of a 4 × 10 17 W/cm 2 laser with a 1 µm Al coating on a CH target, after 140 fs. b) Zoom of the interaction region.

FIG. 9 :

 9 FIG. 9: Plasma resistivity from Eidmann-Huller-Chimier's model (dashed curves) and the correction induced by the presence of a (13 MG) magnetic field inducing an anisotropy (full curves), for three different densities: n c /4, n c and 4n c . The vertical and horizontal bars identify the estimated experimental ranges of, respectively, temperature and resistivity.
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