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All-fiber source of 30 fs 24 nJ pulses at 1760 nm
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We propose an all-fiber scheme for temporal compression of picosecond pulses down to 30 fs durations based on solitonic effects and dedicated hollow-core fiber for in-line spectral filtering and soliton delivery. The setup can be used as a driver source for spectrum generation in the ultraviolet and infrared region of the electromagnetic spectrum.

INTRODUCTION

Since the invention of the laser, a longstanding challenge has been the extension of the laser light to new wavelengths. In particular, the nonlinear generation of ultraviolet and infrared radiation has been the subject of intense research in the last decades [START_REF] Sylvestre | Recent advances in supercontinuum generation in specialty optical fibers [Invited[END_REF]. However, generating a supercontinuum in these two regions with the current approaches is quite challenging [START_REF] Sylvestre | Recent advances in supercontinuum generation in specialty optical fibers [Invited[END_REF][START_REF] Travers | Blue extension of optical fiber supercontinuum generation[END_REF][START_REF] Becheker | Optical parametric generation in OP-GaAs waveguides pumped by a femtosecond fluoride fiber laser[END_REF]. Recently, systems based on the use of nonlinear crystals for spectrum extension has become a possible solution for supercontinuum generation in several regions using a common laser source [START_REF] Lesko | A six-octave optical frequency comb from a scalable few-cycle erbium fibre laser[END_REF]. In Ref. [START_REF] Lesko | A six-octave optical frequency comb from a scalable few-cycle erbium fibre laser[END_REF], a few-cycle pulse laser source with nJ energy and high repetition rate drives the nonlinear generation of a large spectrum from the UV to the MIR. The Er fiber laser source pumps solid crystals to generate high order harmonics covering the blue side of the spectrum or mid-infrared supercontinuum by difference frequency generation.

Along this line, we have recently demonstrated high-order harmonics generation in ZnO by means of a fiber laser at 1760 nm [START_REF] Jedidi | High-Energy Solitonic Source of High Harmonics[END_REF]. In fact, a chirped pulsed amplifier laser at 1560 nm was coupled to a large-mode-area (LMA) fiber, where nonlinear interactions induced multi-solitonic fission and self-frequency shift towards longer wavelengths. The HHG process took place in the ZnO film deposited directly onto the output facet of the compression fiber, in an attempt to produce an all-fiber source of high harmonics from longer driving wavelength. However, the residual picosecond pedestal was presumably disturbing the HHG process by heating the nonlinear semiconductor sample. The pedestal was filtered out by means of free space optics, thereby ruining the advantage of the all-fiber architecture. For this reason, the next step was to change the freespace setup used in our previous work to an all-fibered system. Hollow-core fiber holds potential for such application by allowing for both spectral filtering and dispersion-less soliton delivery through meter long pieces of fiber. In this communication, we introduce tubular inhibited-coupling (IC) hollow-core fiber for spectral filtering and soliton delivery. Finally, we demonstrate an all fiber-based compression ratio of 21 by splicing a highly nonlinear fiber at the output of the hollow-core fiber.

STUDY OF FILTERING STAGE

The setup is composed of a chirped-pulse amplifier erbium-doped fiber system delivering pulses with a duration of 650 fs, an energy up to 1 µJ at a repetition rate of 1 MHz (Fig. 1a). It is followed by a large mode area fiber with a core diameter D = 50 µm and a numerical aperture (NA) of 0.055. As the pulses propagate through the fiber, the interplay between anomalous dispersion and self-phase modulation leads to multi-solitonic compression and fission followed by soliton selffrequency shift (SSFS) under intrapulse stimulated Raman scattering.

Finally, a soliton is obtained at 1760 nm with a pulse duration of 68 fs and an energy up to 41 nJ corresponding to 0.5 MW peak power. The spectrum obtained after passing through a lumped longpass spectral filter with cut-on wavelength of 1580 nm is shown by the blue curve in Fig. 1b. It is worth noting that the obtained soliton is accompanied with residual light above 1580 nm, which disturbs its exploitation in downstream nonlinear stages.

To maintain an all-fiber setup, we must replace the lumped spectral filter by an optical fiber. The distributed fiber filter must also ensure undisturbed soliton propagation, hence the choice of a hollow core fiber. The idea is to match the transmission bandwidth of the fiber with the soliton bandwidth. Based on these requirements, hollow-core fibers using IC propagation mechanism are the suitable tool [START_REF] Couny | Generation and photonic guidance of multi-octave optical-frequency combs[END_REF]. For our specific case, the optimal choice was the use of tubular-lattice hollow-core fibers (T-HCF) [START_REF] Bufetov | Revolver Hollow Core Optical Fibers[END_REF][START_REF] Debord | Ultralow transmission loss in inhibited-coupling guiding hollow fibers[END_REF]. In comparison to other kind of hollow core fibers based on photonic bandgap guidance, T-HCF offers the advantage of strongly reduced the field overlap of the air-core mode with the cladding material and therefore reduced chromatic dispersion and nonlinearity. In such IC fiber, the transmission edges can be tuned by properly choosing the thickness of the cladding walls [START_REF] Février | Understanding origin of loss in large pitch hollow-core photonic crystal fibers and their design simplification[END_REF].

In our experiments, we utilized a T-HCF with a core diameter of 36 µm, a cladding composed of eight tubes with a pitch of 20 µm, an average diameter of 13.5 µm. The average tube wall thickness of 756 nm (Fig. 1c) fixes the blue edge of the transmission band at approximately 1660 nm (at -10 dB). One interesting feature of this type of fiber is summarized as follows. First, the guided field is concentrated in the hollow region. Secondly, each tube has a fixed number of modes, responsible for efficiently guiding light in the central fiber section in case these modes are not phase-matched to the core mode. This anti-resonance condition takes place at the interfaces of each tube. As an approximation, the tubes can be described as Fabry Perot resonators. When the condition of resonance is met due to an angle at almost 𝜋/2, the reflection coefficient is almost zero, leading to large losses in the cladding. On the other hand, when there is anti-resonance, the mode is guided through the air core of the fiber with a strong enhancement of the confinement driven by the IC [START_REF] Debord | Hollow-Core Fiber Technology: The Rising of "Gas Photonics[END_REF]. This resonance effect is strongly wavelength dependent, and results in a long-pass filter behavior as shown in Fig. 1c. Fig. 2a shows that the transmission window observed in experiments is well reproduced by the numerical simulations. The fiber presents a low anomalous chromatic dispersion in the transmission band above 1835 nm. As shown in Fig. 2b, the dispersion at 1760 nm around the soliton central wavelength is 𝐷 = -3. 

EXPERIMENTAL RESULTS

The output signal from the LMA fiber was launched into the T-HCF (Fig. 3a). The spectrum measured after 1 m of HCF was recorded and displayed in Fig. 3b, blue. The fiber filters out the residual pump while preserving the power spectral density of the soliton. The output energy level is around E = 32 nJ corresponding to an insertion loss of 1 dB (including launching efficiency and transmission loss). The temporal characteristics of the soliton were studied by second-harmonic generation frequency resolved optical gating (SHG-FROG). The FROG trace recorded for a 1760 nm central wavelength is shown in Fig. 4a. The retrieved pulse duration of the soliton centered at 1760 nm is 200 fs, while its duration was measured to 68 fs after the LMA fiber. From the temporal durations and fiber length, we deduced an absolute value of the chromatic dispersion of 2.84 ps.nm -1 .km -1 , in qualitative agreement with the computed value. The central wavelength of the soliton was tuned by varying the launched power. The higher the launched power, the higher the energy of the shifted soliton and therefore the longer the soliton shift. For a soliton centered at 1688 nm, the measured pulse duration is 560 fs (Fig. 4b), while for a soliton centered at 1840 nm, the measured pulse duration is 80 fs (Fig. 4c). These measurements were used to deduce the absolute value of the chromatic dispersion at various wavelengths. The results overlaid in Fig. 2b agree well with the modelling results and confirm that the zero-dispersion wavelength is around 1835 nm. In order to enhance the temporal compression, and based on the solitonic compression, the output of the HCF was spliced to 4 cm of a single mode fiber (SMF) of 8 µm core diameter with an anomalous dispersion of 30 ps.nm -1 .km -1 at 1760 nm. The pulse duration of 200 fs was compressed down to 30 fs with an energy level up to 24 nJ corresponding to a peak power of 0.7 MW. The corresponding FROG spectrogram is shown in Fig. 5a while the spectra before and after the compression stage, displayed in Fig. 5b. 

CONCLUSION

In summary, we have demonstrated a new way to filter signal at the output of a temporal compression setup by maintaining an all fiber system and controlling the nonlinear response of the medium by using a hollow core fiber. The experiments show that the impact of the chromatic dispersion on the pulse can be mitigated by tuning the central wavelength close to the zero-dispersion wavelength. Pulse duration of 80 fs at 1835 nm central wavelength are obtained at the output of the system. A second stage was added to the system, allowing an optimization of the compression to around 30 fs. The setup can be used as a driver source for spectrum generation in the ultraviolet and infrared region of the electromagnetic spectrum.
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 1 Figure 1. (a) Setup for production of high-energy soliton at 1760 nm. (b) Spectrum recorded before (black) and after (blue) the lumped long-pass filter. (c) Transmission curve of the HCF, 5 m length. Insert: Scanning electron microscope image of the fiber facet.
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 2 Figure 2. (a) Transmission for 1 m and (b) chromatic dispersion computed for the HCF. Black dots are the dispersion values deduced from the temporal measurements.
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 3 Figure 3. (a) All fiber setup for production of high-energy solitons at 1760 nm. (b) Spectra recorded after the LMA fiber (black) and after the hollow core fiber (blue).
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 4 Figure 4. FROG spectrograms of soliton centered at (a) 1760 nm, (b) 1688 nm, (c) 1835 nm
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 5 Figure 5. (a) FROG spectrogram of compressed pulse centered at 1760 nm. (b) spectrum of the pulse before (blue) and after (black) the compression fiber.