S Perret 
  
G Fanjoux 
  
L Bigot 
  
J Fatome 
  
G Millot 
  
J M Dudley 
  
T Sylvestre 
  
Two octave supercontinuum generation by cascaded intermodal four-wave mixing in a step-index few-mode fiber

Keywords: 

We demonstrate broadband supercontinuum generation from 560 nm to 2350 nm in a simple step-index few-mode fiber pumped with a microchip laser at 1064 nm through cascaded intermodal four-wave mixing and Raman scattering.

The study of intermodal nonlinear interactions in multimode fibers (MMFs) has recently seen greatly renewed interest because of a number of major experimental demonstrations in emerging key areas of laser physics and fiber optics [START_REF] Wright | Controllable spatiotemporal nonlinear effects in multimode fibres[END_REF]. Specifically, MMFs have been shown to possess specific modal properties that mediate a number of spatiotemporal nonlinear effects that are fundamentally different from those seen in standard single-mode fibers. These include the observation of multimode solitons [START_REF] Zhu | Observation of multimode solitons in few-mode fiber[END_REF], cascaded intermodal four-wave mixing (FWM) [START_REF] Demas | Broadband and wideband parametric gain via intermodal four-wave mixing in optical fiber[END_REF][START_REF] Dupiol | Far-detuned cascaded intermodal four-wave mixing in a multimode fiber[END_REF], geometric parametric instabilities [START_REF] Krupa | Observation of Geometric Parametric Instability Induced by the Periodic Spatial Self-Imaging of Multimode Waves[END_REF], spatial beam self-cleaning [START_REF] Krupa | Spatial beam self-cleaning in multimode fibres[END_REF], and multimode supercontinuum (SC) generation [START_REF] Eftekhar | Versatile supercontinuum generation in parabolic multimode optical fibers[END_REF][START_REF] Krupa | Spatiotemporal characterization of supercontinuum extending from the visible to the mid-infrared in a multimode gradedindex optical fiber[END_REF].

To date, most recent observations have been performed using graded-index MMFs featuring weak intermodal dispersion, although intermodal nonlinear mixing has also been reported in step-index fibers with Bessel beams [START_REF] Demas | Intermodal nonlinear mixing with Bessel beams in optical fiber[END_REF]. In this work, we extend the study of novel nonlinear effects to step-index few mode fibers to show that they can be conveniently applied to far-detuned (visible and mid-infrared) cascaded intermodal FWM and supercontinuum generation. We demonstrate in particular SC generation from 560-2350 nm by coupling a Q-switched picosecond microchip laser at 1064 nm into a 50-m long and 15 µm-core step-index germanium-doped silica fiber. Figure 1(a) shows the experimental setup and the main LP modes supported by the fiber at 1064 nm. The output SC light was measured using three different optical spectrometers to cover the full wavelength range, and the modal distribution of all generated FWM sidebands was imaged using a CCD camera and a diffraction grating. Figure 1(b) shows the output supercontinuum spectrum generated at a maximum coupling efficiency (average output power of 13 mW). The inset shows the far-field optical mode in the visible. Note that for this fiber, the zero dispersion wavelength is 1300 nm, and so the pump wavelength is in the normal dispersion regime of the fiber. SC generation in this case arises from cascaded stimulated Raman scattering for the broadening in the infrared, and far-detuned intermodal FWM for extension towards the visible. To obtain further insight into the underlying physical mechanisms, additional experiments were performed for a shorter fiber length of 5 m and for a range of pump powers. For this case, Fig. 2(a) shows the measured output spectra over the range 560-1200 nm as a function of pump power with the corresponding output far-field images of the generated modal sidebands. As well as the residual pump at 1064 nm (and microchip CW pump at 800 nm), we see the generation of a first-order Raman Stokes line at 1110 nm and two narrow parametric sidebands at 968 nm (a) (b) and 1174 nm, respectively. Those sidebands are generated in the LP01 and LP11 modes by intermodal FWM involving two photons in a mixed LP pump mode (see Fig. 2(b)). Interestingly, those two parametric sidebands are strongly enhanced by the Raman gain as the Stokes sideband falls in the gain region for secondorder Stokes Raman scattering. At higher power, intermodal FWM involving the pump at 1064 nm generates a signal at 948 nm and an idler at 1210 nm (not visible on Fig. 2(a)). The two signals at 948 and 968 nm are strong enough to generate two other parametric sidebands at 779 nm (LP01) and at 667 nm (LP02), respectively, by cascaded intermodal FWM. To confirm these experimental results, we numerically calculated (using COMSOL) the different phase-matching conditions using the effective indices and the dispersion coefficients of all interacting modes using a step-index fiber model. Good agreement was found between predicted and measured wavelengths of parametric sidebands. These results are significant in showing that wideband fiber-based SC generation spanning two octaves from 560-2350 nm can be achieved in simple step-index few-mode fiber pumped in the normal dispersion regime with a Q-switched microchip laser at 1064 nm. We have identified the spectral broadening as arising from cascaded Raman scattering and intermodal nonlinear four wave mixing. We anticipate that the results demonstrated in this work may provide a convenient and novel approach enabling efficient SC generation far from the zero-dispersion wavelength of optical fibers, and may stimulate new possibilities for technological applications of multimode and few-mode fibers.
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 1 Fig. 1. (a) Experimental setup and (b) supercontinuum spectrum generated in a few-mode step-index fiber from 560 nm to 2350 nm, measured with 3 different optical spectrometers to cover all the wavelength range (the dashed lines indicate the 3 measurement ranges used). The average output power is 13 mW.

Fig. 2 .

 2 Fig. 2. (a) Experimental output spectra for different output pump power of (from bottom to top) 0.85 mW, 1.6 mW, 2.6 mW, 3.5 mW and 8.1 mW at a fiber length of 5 m; (b) fiber output spectrum for the maximum mean power on which the FWM-wavelength and their associated LP modes are imaged with a CCD camera after passing through a diffraction grating.