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Saturation of the Kerr effect in carbon disulfide

Accurate measurements of the nonlinear index in carbon disulfide shows an unusual saturation law of the Kerr effect which can be used to built a model of light propagation describing the filamentation in this liquid.

Introduction

Filamentation of a high intensity optical pulse was observed even before the concept of optical soliton was introduced [1]. The high intensities reached in filaments allow observing many nonlinear phenomena, such as high harmonic or supercontinuum generation [START_REF] Couairon | Femtosecond filamentation in transparent media[END_REF]… Recently two-dimensional spatial soliton propagation essentially stabilized due to χ (3) χ (5) balance in carbon disulfide (CS 2 ) at λ = 920 nm was reported [3], naturally paving the way to light filamentation in this liquid. However, at both wavelengths 1064 and 532 nm the standard model for the description of nonlinear dynamics of a light beam in this medium, which is based on the cubic nonlinear Schrodinger (NLS) equation, eventually refined by adding several terms to account for higher order nonlinear coefficients, does not remain valid as an accurate description of the saturation of the Kerr effect. We report in this paper on accurate measurements of effective n 2 really encountered by the material versus increasing intensities. These measurements lead to an alternative model in filamentation when combined to NLS equation [START_REF] Besse | Filamentation of light in carbon disulfide[END_REF].

Experiments: observation of the filamentation and nonlinear coefficient measurements

First we investigate the propagation of a laser beam in a cell filled with CS 2 , with thickness L = 10mm. The experimental setup is composed of a focusing lens (f = 20cm) into the entry of the cell and an imaging system (x10 magnification) that can be translated in order to image the entry and the output of the cell. The light source is an Nd: YAG laser, emitting at wavelength λ = 532 nm, 12 ps long pulses with Gaussian time profile, linearly polarized, operating at a repetition rate of 10 Hz. The output beam is acquired using a CCD sensor triggered with the laser. Beam shaping is achieved using a spatial filter, so that the spatial profile of the collimated beam is close to Gaussian at the input of the setup. By adjusting the beam waist at the focus ( 0 R z 13µm ω = λ π = ), we fixed z R , the Rayleigh distance to be one tenth of L. Above an input energy per pulse of 1.4 µJ, we observed the formation of filaments at the output of the cell. Changing the input intensity allows to increase the number of filaments (Fig 1-a). To give a theoretical account of these observations, an accurate measurement of the nonlinear parameters of CS 2 is required. We performed it using the well-known Z-scan method [5]. The standard model for the evolution of the light intensity I and the beam phase ϕ during propagation in a nonlinear medium, in the thin sample approximation can be set as:
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where z is the propagation direction, k the wave vector. α, β and γ are the linear, two-photon, and three-photon absorption coefficients, n 2 and n 4 the third-order and fifth-order nonlinear refraction indices, respectively. Measurements using a nonlinear fitting of the curve yielded by numerical solution of the differential evolution equation and analytical solutions of equations ( 1) and ( 2), with the necessary approximations, have been given [6]. Eqs. ( 1) and ( 2) can be solved analytically in special cases where some of the nonlinear coefficients vanish [7]. In the general case, an analytical expression of z versus I is found and inverted numerically [8]. It is known that CS 2 has neither linear nor two-photon absorption (α = 0, β = 0). Moreover, one of the absorption bands of CS 2 is centred at about 200 nm (see figure 1(a) in [3]), which is approximately the third harmonic λ/3 of the wavelength λ = 532 nm. This closeness to resonance increases the fifth order optical susceptibility, ( ) 5 χ ∝ γ . We used the recent D4σ-4f-Z-scan method [9], together with the numerical inversion related to the analytic solution of (1) and (2) (see [8] for details). The change in transmittance of the material is observed via a cooled CCD camera (-30 • C). For this, the used setup is a 4f system. A top-hat beam object is located in the front focal plane focus of the first lens, its Fourier transform is obtained in its rear focal plane, where is placed the sample, here a 1 mm thick cell filled with CS 2 . The same point is also the object plan of the second lens, which performs another Fourier transform into the CCD. A recent improvement of the technique allows to avoid the division of the two normalized Z-scan transmittances (closed and open aperture ones) by recording the beam waist relative variations according to the second order momentum. We measured the effective third-order refraction index n 2,eff with increasing intensity, for two wavelengths λ = 532 nm and λ = 1064 nm (see Fig. 1-b). We observe a steep increase of n 2 as the input central peak intensity I 0 increases. Then, after having reached a maximum value, n 2 decreases rapidly again. We observed the same evolution for both wavelengths, except that, at λ = 1064 nm, the variations are slower and the intensity range is wider. These results call into question the use of CS 2 as a reference material for calibrating nonlinearities measurement systems since it is not a constant even in the weakly nonlinear regime. The definition of n 4 is a fortiori problematic. 

Results and conclusions

The measurements show that the usual formula 2,eff In other words, n 4 is positive at the considered wavelengths, and not negative as in [3]. Indeed, measurements performed at moderate intensities have provided the values n 4 = (1.2 ± 0.3)×10 -32 m 4 /W 2 at λ = 532 nm, n 4 = (2.2 ± 0.4)×10 -33 m 4 /W 2 at λ = 1.064 µm [8], in contrast with n 4 = -2×10 -35 m 4 /W 2 at 800 nm [10], or n 4 = -5.2×10 -35 m 4 /W 2 at 920 nm [3]. The change in the sign of n 4 with wavelength is related to the location of the third harmonic with respect to the absorption bands of the material. The main point is that, in the present situation, the saturation of the Kerr effect cannot be accounted for by the n 4 term. One may consider the option of retaining more terms in the expansion of the response function of the material in a power series of the electric field (higher order nonlinear susceptibilities). However, a difficulty would arise then. From theoretical point of view, the expansion cannot remain valid when the higher order corrections get the same order of magnitude as the leading one. In [3], it was possible to have the n 4 term comparable to the n 2 one, because the third harmonic resonance increased considerably the former with respect to the latter, which was not resonant. Hence we decided to provide an empirical model which describes the experimentally observed variations of n 2 with intensity, by fitting the experimental curve with an adequate Ansatz. After several trials, we found that
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2,eff n allowed to correctly reproduce the data at 532 nm and 1064 nm. The best fit, for data at 532 nm, is obtained with the set of parameters a = 3.4×10 -32 m 4 /W 2 , b = 5.8×10 -15 m 2 /W; while at 1064 nm, a = 6.3×10 -33 m 4 /W 2 and b = 2.3×10 -15 m 2 /W as illustrated in Fig. 1-b. Numerical computations based on a NLS-type model using the above expression of the nonlinear index allowed to reproduce the experimental observations of the filamentation [START_REF] Besse | Filamentation of light in carbon disulfide[END_REF]. In conclusion accurate measurements of the nonlinear optical parameters have shown unexpected variations of the effective nonlinear index with intensity in CS 2 . The saturation of the Kerr effect, which is responsible for the formation of filaments, cannot be using the standard n 2 -n 4 model leading to an alternative model in filamentation when combined to NLS equation. 

Fig. 1 :

 1 Fig. 1: (a) Filamentation observed at the output of the CS2 cell, for value of the pulse energy 14.2 µJ, (b) 2,eff n versus 0 I at 532 nm (solid red line) and at 1064 nm (solid blue line). The dashed lines correspond to fitting taking into account the uncertainties.

  be used any more. The situation strongly differs from the experiments of[3] because the nonlinear index 2,eff n is here increasing with moderate intensity instead of being decreasing.