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Sharp waveguide bends induced by spatial solitons

The study of spatial optical solitons has become a major area in the field of nonlinear optics, as witness the numerous textbooks and the steady emulation of the scientific community in this field of research (see, e.g., Refs. [1][START_REF]Soliton-Driven Photonics[END_REF][START_REF]Spatial Solitons[END_REF][START_REF] Yu | Optical Solitons[END_REF]). Such an activity is firstly motivated by the fundamental aspects of the study on optical solitons and related instabilities for a better understanding of nonlinear dynamical systems, ubiquitous in nature. Besides, research on spatial optical solitons is also deeply stimulated by the promising benefits that could bring their use as the building blocks of future all-optical signal-processing devices [START_REF] Snyder | [END_REF]6]. This awaited breakthrough in engineering sciences stems from the concept of self-induced waveguide that is at the heart of the phenomenon of soliton-like beam propagation in optics. This explains why a significant experimental effort is aimed at demonstrating the practical feasibility of all-optical devices based on spatial solitons.

Owing to its numerous physical properties (e.g., electrooptic, ferroelectric, pyroelectric, or piezoelectric) and its availability in good optical quality, lithium niobate (LiNbO 3 ) is largely employed in optoelectronics. Moreover, at visible wavelengths LiNbO 3 exhibits a strong photorefractive (PR) effect which is already used for applications such as volume holographic data storage [7] or the realization of Bragg filters [8]. Currently, part of the research activity on LiNbO 3 is aimed at optically inscribing waveguides which constitutes an appealing alternative to existing complex technological process. For this purpose, techniques such as, e.g., UV-beam exposure [9] or the propagation of either 1-D or 2-D PR soliton-like beams can be used. The latter technique offers a very simple means for the inscription of unimodal waveguides without any deterioration in the crystalline quality of the host crystal [10]. Up to very recently, however, only dark or vortex spatial photovoltaic solitons were observed in LiNbO 3 [11,12]. Nevertheless, as regards waveguide-inscription purposes, bright soliton-like beams provide easier means of imprinting 2-D waveguides.

Fazio et al. recently demonstrated that LiNbO 3 is also able to support bright 2-D soliton-like beams when electrically biased [13], thus demonstrating generation of 2-D bright spatial solitons of screening-photovoltaic kind [14]. Realization of complex waveguides trajectory with zero-radius turns is a challenging goal which is crucial, particularly in the context of optical interconnects and high-density integrated optics. In this Letter we propose to use reflection of spatial solitons to create such complex waveguides in LiNbO 3 . To our best knowledge only a limited number of experimental works highlights the internal reflection of a spatial soliton at the interface between a nonlinear medium and a linear one [16,17]. In this work we first demonstrate that photovoltaic-screening photorefractive spatial solitons are robust against total internal reflection (TIR). Soliton-like beams are shown to be able to undergo stable 90 • abrupt turns inside a prismatic undoped photonic-grade LiNbO 3 crystal. We then demonstrate that the soliton leave place to an efficient waveguide with zero-radius bends. Evaluation of the guiding properties of the photo-induced waveguide reveals that the photo-induced waveguide supports transmission of higher-wavelength light with very low loss. We believe that such a technique to inscribe can be useful, for instance, for the development and integration of bulk all-optical interconnects and for high-density integrated optics.

The experimental set-up is depicted in Figure 1.a. To show that spatial soliton in LiNbO 3 is able to withstand TIR and, subsequently, to give rise to waveguides with zero-radius bends we use a LiNbO 3 right-angle isosceles prism as sketched in Figure 1.b. This prism which has a 10 mm base edge and 0.5 mm thickness is cut from a 0.5 mm-thick photonic-grade z-cut LiNbO 3 wafer. Electrodes are deposited on z-faces whereas other faces are optically polished.

A continuous-wave 532 nm beam is delivered from a frequency-doubled Nd:YAG laser. The beam is split into two parts, with 90 % reflected light being used as a background illumination (I b ) to artificially tune the dark intensity of the crystal. The remaining transmitted light is used to form a soliton beam, with a linear polarization parallel to the c-axis (optical z-axis). Both beams are made mutually incoherent by use of orthogonal linear-polarization states.

Given that a significant static electric potential difference is applied to the prism, it is bathed into a silicon-oil-filled tank in order to avoid electrical arcing in the surrounding medium. LiNbO 3 has an extraordinary refractive index of 2.2 whereas the oil's one is about 1.4. These values of refractive indices give a critical incident angle for TIR of about 39.5 • , which a fortiori allows for TIR at 45 • , that is, for our experimental conditions of a light incidence normal to the prism's hypotenuse. Translation and rotation stages allow tuning of crystal position in all directions and its orientation to achieve normal incidence of incoming light. Similarly than in reference [13], conditions for soliton formation are the followings: The static bias electric field is 35 kV/cm, the background intensity is I b ≈ 0.4 mW/cm 2 , and the soliton power is P s ≈ 20 µW, so that, for our experimental beam widths, the corresponding peak intensity is 1500 times more intense than the background intensity. The high I s /I b ratio implies that the soliton beams form in quasi-steady-state regime. In this situation the soliton width is expected to be independent of the background intensity. In our experiment presence of the background irradiance is to prevent beam bending as it was observed in reference [18]. Figure 2 shows a typical observation of soliton formation and robustness to TIRs. The profiles are analyzed using a CCD camera in combination with imaging optics that allow the observation of the prism's base (i.e. the input and output beams at will) by simply translating an objective (see Fig. 1.a). The input beam is focused on the base of the prism to a 15 µm FWHM waist (Fig. 2.a). It then propagates perpendicular to the input face and experiences two TIRs at right angle before exiting the sample (Figs. 2.b andc). Note that although an illumination grating is present at each reflection site due to the interference between the incoming and reflected beams the associated photorefractive index grating can be neglected because of the an inadequate electro-optic configuration along with a small overlap region. In the linear regime, we first observe that the beam strongly diffracts during the five-diffraction-length-long (1 cm) trip inside the crystal but, in addition, beam distortion attributed to poorly polished faces is also visible (Fig. 2.b). Even so, once the bias electric field is applied the light gradually focuses to finally give rise to a solitonic beam (Fig. 2.c). The soliton-beam formation time is about 20 minutes which can be lowered, for example, by increasing the intensity or the applied bias [13]. Nevertheless, this result demonstrates that photorefractive spatial solitons in LiNbO 3 are robust against multiple internal reflections. We then check that the soliton-induced waveguide is able to guide light at a different wavelength. Figure 3 shows the linear guidance of a linearly polarized (along c-axis) 633 nm beam coming from a cw He:Ne laser in the complex waveguide previously inscribed inside the prism. Note that both the 532 nm soliton beam and the applied potential difference are switched off during the guiding test. It is clearly seen that the inscribed tubular waveguide allows efficient light transmission even in the two TIRs area. Thanks to the high value of the dielectric response time of LiNbO 3 inscribed waveguides can last up to months when illuminated with low intensity and/or long wavelength [13]. We observe that the guided mode at 633 nm (Fig. 3.d) is wider than for shorter wavelength (Fig. 3.b), as expected from theory. Thanks to the high purity of the undoped LiNbO 3 crystal, propagation loss in the waveguide is very low. We measured an overall light transmission in the waveguide of about 96 % taking into account Fresnel reflections and loss in silicon oil which gives an absorption coefficient of about 0.04 cm -1 (≃ 0.17 dB/cm). Moreover, the low light noise present in the vicinity of the waveguide at the exit face (see contour plot of Fig. 3.d) reveals that a very good coupling efficiency is achieved into the waveguide. Notwithstanding, we attribute most of this noise to scattering at the two TIR surfaces (some scattered light is indeed visible in the right-top side of the beam in Figure 2.c). Careful polishing should consequently reduce these imperfections and further improve light transmission in the waveguide.

In conclusion, we showed experimentally that a 2-D bright soliton-like beam is able to form a long-lived unimodal waveguide with two zero-radius 90 • turns using TIRs inside a LiNbO 3 crystal. Moreover, the light induced waveguide possesses excellent guiding properties. This result establishes that photorefractive solitons with complex trajectories offer an unique way to fabricate efficient waveguides with sharp direction changes, like zero-radius bends. Besides versatility and reconfigurability, self-guided beams do not necessitate costly equipment contrary to standard fabrication techniques commonly used for integrated-optics applications. Moreover, the tubular waveguides created are expected to be compatible with optical fiber without use of micro-lens. Finally we believe that the present study paves the way for the fabrication of volume soliton-based complex guiding integrated structures not only in lithium-niobate crystals but also more generally in PR host crystals.
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FIG. 1 :

 1 FIG. 1:Experimental arrangement. Thick line : background illumination, thin line : soliton beam, dashed line : soliton beam reflected at the prism input. -(a) Set-up (top view): O: microscope objectives, L: lenses, BS: beam-splitters, HWP: half-wave plates, GP: Glan polarizer, PBS: polarizing beam-splitter; (b) Sketch of the right-angle LiNbO 3 prism.

FIG. 2 :

 2 FIG. 2:Observation of the robustness of a soliton-like beam to two total internal reflections (experimental images and corresponding 3-D meshes and 2-D isoline projections) -(a) Input 15 µm FWHM beam; (b) Output beam in linear propagation regime (no applied field) after two total internal reflections; (c) Output beam in soliton regime (applied field).

FIG. 3 :

 3 FIG. 3:Guided propagation at 633 nm in a soliton inscribed waveguide with two 90 • turns. -(a) soliton beam (Nd:YAG) and probe beam(He:Ne) at the input; (b) Soliton beam at the output (applied field); (c) image and contour plot of the probe beam at the output when injected away from the inscribed waveguide and (d) when probe beam is injected in the soliton induced waveguide (no applied field).