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Tunable source of infrared pulses in gas-filled hollow core capillary

We report a tunable source that generates pulses in the infrared from an optical parametric amplification in a gas-filled hollow core capillary based on four-wave mixing process, in which the phase matching strongly depends on the gas pressure and the pump. In our case, we have generated pulses from 1 to 1.6 𝜇m in the sub-µJ level together with a parametric amplification in the visible.

Introduction

Since these recent years, an interest is growing for new generator in the ultra-short pulse regime in the near-infrared with the capability to reach the mid-infrared for demanding applications as life and molecular sciences or lasermatter interaction experiment [START_REF] Wolter | Strong-field physics with Mid-IR fields[END_REF]. These pulses are often generated from a laser emission or nonlinear photonic processes to generate a down converted frequency. However, the energy of the incoming laser pulse can reach the limit imposed by an optical damage, thus strongly compromise the energy scalability. In addition, the spectral window and the tunability are limited by the transparency material [START_REF] Travers | Ultrafast nonlinear optics in gas-filled hollow-core photonic crystal fibers[END_REF]. Gas-filled hollow core capillary (HCC) brings several benefits from solid materials as a higher damage threshold. In addition, some configurations are very interesting to get low losses in the fundamental mode or to excite high-order modes to reach other phase matched processes. The gas pressure can be used as a tunable parameter since it modifies directly the nonlinearity and the group velocity dispersion. Therefore, four wave mixing (FWM) based parametric process in a HCC is a key process to enable the creation of ultra-fast sources with a very large tunability. For example, a source in the visible has been implemented at a level of 10 µJ [START_REF] Ciriolo | Generation of ultrashort pulses by four wave mixing in a gas-filled hollow core fiber[END_REF] and in the near infrared at 1.4 µm with an energy of 5 µJ and a duration of 45 fs [START_REF] Faccio | Optical amplification in the near-infrared in gas-filled hollow-core fibers[END_REF]. On the other hand, deep-ultraviolet ultrashort pulses have been generated using four-wave mixing in gas-filled Kagomé photonic crystal fiber with a conversion efficiency of 38% [START_REF] Belli | Highly efficient deep UV generation by four-wave mixing in gas-filled hollow-core photonic crystal fiber[END_REF]. Kida at al. [START_REF] Kida | Optical parametric amplification of a supercontinuum in a gas[END_REF] have been used FWM in combination with (OPA) in HCC to amplify a supercontinuum signal, with a amplification gain up to 100 times. In this work, we highlight the tunability of the FWM based source in the infrared from 1 µm to 1.6 µm together with a parametric amplification of a continuum in the visible.

Experimental arrangement and condition

The degenerated FWM is a process involving two optical fields at different frequencies to produce a third wave in a third-order nonlinearity medium. In the following, we consider one pump pulse and a signal (at the angular frequency 𝜔 1 and 𝜔 2 respectively), that co-propagate in the HCC. When a phase matching condition is achieved, part of the pump energy is transferred to the signal and create a new component at 𝜔 3 ; the idler, according to the energy conservation relation, 𝜔 3 = 2𝜔 1 -𝜔 2 . We firstly calculated the linear phase matching, given by 2𝛽(𝜔 1 ) -𝛽(𝜔 2 ) -𝛽(𝜔 3 ) with  is the wave vector that depends on the waveguide and the gas for our experimental condition; i.e a Argon filled capillary with a core diameter of 150 µm. Fig. 1.a shows that a phase matching condition can be obtained in the near infrared and the visible when the pressure is adjusted between 1 and 5 bar for a pump wavelength of 800 nm. The experimental set-up is displayed in Fig. 1. The pump pulses are directly provided by a 1 kHz Ti:Sappire (Ti:Sa) laser source (800 nm, 120 fs) in combination with a continuum signal (420-600 nm). This signal is generated from the remaining part of the pump pulse focused into a 5-mm thick sapphire plate. The two collinear beams were coupled in the 30 cm long HCC. Their relative delay was controlled by an optical delay line endowed with a translation stage. The HCC is place inside a chamber with two 5-mm-thick windows and filled it with Argon. At the output chamber, the beam was divided in the visible and infrared, and detected by specific spectrometers simultaneously. a) b) 

Results

When the seed is injected together with the pump pulse in the Argon filled HCC for a pump energy of 128 µJ and a pressure of 4 bar, the visible spectrum is amplified with a gain of 80 (Fig. 2.a). Due to the chirp imposed by the continuum, the tunability is achieved with the delay stage to overlap the targeted part of the seed with the pump. In addition to the seed amplification, pulses in the near infrared are generated and tuned from 1 to 1.6 µm (Fig. In conclusion, we implemented a tunable source in the infrared driven by a FWM based parametric process in a Argon filled HCC. We demonstrated a wide tunability from 1 to 1.6 µm together with the visible amplification. We are currently working to adjust the optimal conditions, which allow a best conversion efficiency and a wider tunability toward the mid-infrared by adjusting the pump pulse as [START_REF] Vanvincq | Ultrabroadband fiber optical parametric amplifiers pumped by chirped pulses. Part 1: analytical model[END_REF] and gas characteristic.

Fig. 1 a

 1 Fig. 1 a) Linear phase matching in HCC core diameter of 150 µm filled argon, pump energy 150 µJ at 120 fs. b) Experimental configuration. BS, beam splitter; MR mirror; ND neutral density filter; L lens; CM, Cold mirror cutoff 700 nm; SP sapphire plate; SF short-pass filter, DM dichroic mirror, SP-VIS Visible Optics Spectrometer, SP-IR Infra-red Spectrometer.

Fig. 2 a

 2 Fig. 2 a) Amplified signal spectra and b) generated infrared idler spectra at different time delays.