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We report on a Raman laser emitting in the yellow spectral range using a CO2-filled hollow-core photonic crystal fiber. Taking advantage of a state-of-art inhibited-coupling hollow-core photonic crystal fibre, exhibiting minimum transmission loss of ~1 dB/km in the 500-600 nm region, we were able to develop an extremely compact and simple yellow-Raman laser scheme, allowing to emit as much as 60 mW of average power at the 574.5 nm wavelength while using a compact, microchip laser as a pump source. This solution provides an innovative and scalable alternative for the other yellow laser schemes, which are of high demand in the field of biophotonics due to their effective interaction with hemoglobin and melanin.

INTRODUCTION

Lasers emitting in the so called yellow-range, which covers the 560-590 nm window, find use in applications such as astronomy [START_REF] Jason | Keck II laser guide star AO system and performance with the TOPTICA/MPBC laser[END_REF] and biomedicine [START_REF] Yepuri | Light-Based Devices for the Treatment of Facial Erythema and Telangiectasia[END_REF]- [START_REF] Mainster | Wavelength Selection in Macular Photocoagulation: Tissue Optics, Thermal Effects, and Laser Systems[END_REF]. In the latter sector, the interest is increasing due to a proven positive impact of 577 nm radiation in the treatment of dermatologic and ophthalmologic conditions such as facial erythema and telangiectasia [START_REF] Yepuri | Light-Based Devices for the Treatment of Facial Erythema and Telangiectasia[END_REF] or corneal neovascularization [START_REF] Baer | Corneal Laser Photocoagulation for Treatment of Neovascularization: Efficacy of 577 nm Yellow Dye Laser[END_REF]. Indeed, owing to a high photo-absorption at 577 nm wavelength by both oxygenated and reduced hemoglobin, targeting blood vessels with yellow laser light is highly efficient. Additionally, yellow light is poorly absorbed by xanthophyllmain dye of the macula, while its absorption by melanin is also reduced when compared with lasers emitting shorter wavelengths [START_REF] Mainster | Wavelength Selection in Macular Photocoagulation: Tissue Optics, Thermal Effects, and Laser Systems[END_REF]. Nevertheless, despite their benefits, yellow lasers still have not arrived at a point of wide-spread use. Since direct yellow-light gain medium has yet to be found, currently available solutions are based primarily on non-linear optical frequency conversion schemes in solid media, resulting in devices such as OPOs or sum-frequency lasers which, despite being highly capable in terms of the delivered power and beam quality, are often bulky, lack efficiency and come at a significant price [START_REF] Cai | Recent progress in yellow laser: Principles, status and perspectives[END_REF]. Solid-core fibre-Raman lasers offer means to circumvent those limitations with their flexible design and high output powers [START_REF] Cui | Development of fiber-based yellow laser for dermatological applications[END_REF], [START_REF] Yang | Sodium guide star laser pulsed at Larmor frequency[END_REF] but their gain may suffer from the detrimental effects such as SBS (Stimulated Brillouin Scattering) or ASE (Amplified Spontaneous Emission). A newly emerging solution are Dy 3+ doped fibres and those have been already shown to be capable of delivering 575 nm wavelength laser light with powers as high as 1.12 W and slope efficiencies exceeding 33% [START_REF] Zou | Direct generation of watt-level yellow Dy3+-doped fiber laser[END_REF]. However, this technology is still relatively immature, with soft-glass fibres constantly proving difficult to draw and handle.

Hollow-core photonic crystal fibres (HCPCFs) are a remarkable concept which combines the best of the worlds of freespace and fibre optics by allowing the light to propagate within an air filled core but in a confined fashion, hence providing all the advantages of fibre light guidancemechanical flexibility, robustness and high beam quality [START_REF] Debord | Hollow-Core Fiber Technology: The Rising of "Gas Photonics[END_REF]. Ever since its discovery [START_REF] Cregan | Single-Mode Photonic Band Gap Guidance of Light in Air[END_REF], the technology of HCPCFs has been steadily developing, resulting in different fibre designs [START_REF] Amrani | Low-loss single-mode hybrid-lattice hollow-core photonic-crystal fibre[END_REF], [START_REF] Gao | Hollow-core conjoined-tube negative-curvature fibre with ultralow loss[END_REF] and loss figures rivaling those of their classic, silica-core counterparts [START_REF] Jasion | Hollow Core NANF with 0.28 dB/km Attenuation in the C and L Bands[END_REF]- [START_REF] Osório | Hollow-core fibers with reduced surface roughness and ultralow loss in the short-wavelength range[END_REF]. One of the earliest and most spectacular applications of those fibres is Stimulated Raman Scattering (SRS) in gases -a phenomenon which is considered as highly inefficient in the free-space optics conditions. However, soon after the appearance of the HCPCFs SRS was proven to be feasible with optical energies below 1 µJ and conversion efficiencies as high as 30% [START_REF] Benabid | Stimulated Raman Scattering in Hydrogen-Filled Hollow-Core Photonic Crystal Fiber[END_REF]. One of the gases that has only recently started to gain attention within the context of HCPCFs is CO2. Indeed, when compared with molecular hydrogenthe most popular choice within the HCPCF-gas experimental contextit holds certain advantages such as low linewidth of the first Stokes vibrational line (down to 300 MHz for pressures not exceeding 1 bar), small Stokes shift coefficient (1385 cm -1 ) and non-permeability by the silica [START_REF] Krupa | Intense stimulated Raman scattering in CO2-filled hollow-core fibers[END_REF], [START_REF] Wang | CO2-based hollow-core fiber Raman laser with high-pulse energy at 1.95 µm[END_REF]. So far, the topic of CO2 and HCPCFs has been studied only in the NIR-MIR regions. In our work we present a concept of an HCPCF-based, single-stage Raman laser emitting at the wavelength of 574.5 nm, well within the yellow-light region. By filling a 9mlong, 8-tube, single ring HCPCF with CO2 at different pressures we have successfully realized a simple Raman laser with power conversion efficiencies as high as 78%, output power of 60 mW and excellent, Gaussian-like output beam quality. The pump was a compact, microchip laser source emitting at 532 nm, which further reduces the complexity of the system and showcases its versatility. The system is highly scalable in power and size, depending on the pumping scheme. To the best of our knowledge, this is the first demonstration of an HCPCF-based, CO2-filled Raman laser emitting in the yellow-light region.

METHODS AND RESULTS

The HCPCF used in the experiment is presented in Figure 1. It is a well-known, single-ring cladding, 8-tube design, with a core diameter of about 40 µm and capillaries walls thickness of 890 nm. The fiber transmission band of interest covers a wavelength range of 500-600 nm wavelength with a minimum loss of 1.2dB/km at 565 nm. Moreover, the transmission loss were found to be 17 dB/km and 10.5 dB/km for the pump and Stokes wavelengths, respectively. Another important feature of this fibre cladding resonant spectral range (high loss region) was ~590-620 nm. This covers the wavelength of the second vibrational Raman line of the CO2, which has a Stokes shift of 2758 cm -1 and thus, for a 532 nm pump, appears at 624.5 nm. This allows to increase the conversion efficiency and power scalability of the investigated Raman laser by suppressing the Raman cascade to higher Stokes orders. The measurement setup is presented in Figure 2. A microchip, DPSS-type laser (SNG-100P-1X0, TEEM Photonics), emitting 5 uJ, 850 ps at 532 nm wavelength was used as a pump source. The pump's output beam was collimated with a plano-convex lens L1. In order to be able to control the fibre input power, a combination of a half-waveplate and a polarizing beamsplitter was used. The beam was coupled into the fibre via 2 steering mirrors (M1 and M2) and a coupling lens L2 with a focal length of 50 mm. A 9-m long piece of the HCPCF, coiled with a radius of 20 cm, was connected to custom-made fibre-gas cells via standard, SMA-type fibre connectors. The maximum fibre input power was 107 mW and the fibre (without the gas inside) coupling efficiency was 85%, with a Gaussian-like output mode quality. The fibre output beam power and beam quality were measured with a photodiode powermeter and a camera-type beam profiler, respectively. Additionally, during the systematic studies of Stokes power versus either CO2 pressure or pump input power, the fibre output beam was collimated with an achromatic lens (L3) and then split with a dichroic mirror (DM) in order to be detected simultaneously. Also, a low-pass optical filter (LPF) was used in front of the second powermeter in order to completely filter out and residual pump. The spectrum of the output beam was recorded with an optical spectrum analyser (OSA) via an multimode fibre patchcord. In order to determine the optimal gas pressure for the fibre length used in the setup, output power of the different spectral components, i.e. pump, 1 st order Stokes and 2 nd order Stokes, versus pressure measurement was conducted at the pump laser power settings of 107 mW. Gas pressure was changed within the 0-10 bar region, with a step of 1 bar and ~15 minutes waiting time between consecutive measurements in order to account for the pressure stabilisation time inside the fibre. The results are presented in Figure 3(a). As expected, the pump curve is a mirror image of the 1 st Stokes curve, with Stokes power reaching its maximum -60.2 mW -for 9 bars of CO2. As one can see, the optical power is converted almost exclusively into the 1 st Stokes line. Additionally, when compared with the total output power at 9 bars (82.5 mW), one obtains the optical power conversion efficiency of 78%, which compares very well with other yellow-lasers reported in the literature up to date [START_REF] Cai | Recent progress in yellow laser: Principles, status and perspectives[END_REF]. Even though the pump continues to be depleted as we increase the pressure to 10 bars it does not result in an increase of the 1 st Stokes line, but rather in a small decrease of its power. This is indicative of a cascaded Raman process where the the power of the 1 st order Stokes is converted to the 2 nd order Stokes, as confirmed by the power increase at the 2 nd Stokes wavelength (Figure 3(a), blue curve) and in the measured spectrum (Figure 3(b)). Since the 2 nd Stokes wavelength, centered at 624.5 nm, is positioned within the fibre's resonance (Fig. 1), the light is strongly coupled to the cladding, resulting in a deformed output beam. The optical power of this line was measured to be 0.7 mW for 10 bars pressure of CO2. Figure 4 shows the evolution of the power of the two main components of the output spectrum (pump and 1 st order Stokes) with the input pump power for a gas pressure of 9 bar and a fiber length of 9 m. The results show that the 1 st order Stokes starts to emit around ~16 mW of input pump power, corresponding to a coupled pump power of ~12 mW. The Stokes then increases linearly with input power, with a maximum power conversion ratio of 78% at the input power of 107 mW. Figure 4 : Output power of the pump (red curve) and 1 st Stokes (grey) wavelengths with respect to the fibre input power. The Raman emission starts around 16 mW and past that point rises linearly until its maximum at 61 mW. The blue curve shows the evolution of the power conversion ratio with respect to the input power.

Additionally, in order to better assess the application potential of the presented solution, a short term, i.e. 2h long endurance test has been conducted during which the stability of the output beams' power was observed (Figure 5). The laser was warmed-up for about 30 minutes before the test. The observed 1 mW drop of power when compared to the maximum obtained during the power vs pressure measurements is due to the slight mechanical drift of the coupling optics, resulting in a misalignment of the input beam. During the test only the yellow output has been monitored since the final goal would be to deplete the pump completely in favor of the 1 st Stokes order line. The yellow-light exhibits excellent output power stability, with a mean power of 59.49 mW and standard deviation of 0.03 mW, which is less than 0.1%.

Figure 5 : Output power stability of the generated 1 st Stokes line of CO2. The Raman laser exhibits excellent stability properties as presented in the inset table, with standard deviation of 0.03 mW which is less than 0.1% of the total output power.

CONCLUSIONS

Hollow-core photonic crystal fibres continue on proving their versatility and potential. The authors, by using the concept of an HCPCF filled with a Raman active gas, have proposed a new, versatile and potentially scalable way of obtaining high power and high quality yellow-light Raman lasers. Using 9 m of a single-ring cladding HCPCF and filling it with CO2 they obtained a 60 mW laser, with its emission line centered at the 574.5 nm wavelength. Due to the guided nature of the generated light, the output beam is of Gaussian-like shape and quality. A 2h endurance test has shown an output power variation of 0.1% and no signs of degradation. The solution is highly scalable, especially when one considers low loss of the used fibre (< 20 dB/km for the pump and 1 st Stokes wavelength) and a potential of changing the pump laser to a more powerful one. Future research will be concentrated on the measurements of temporal profiles of the generated Raman pulses as well as a more detailed verification of the 1 st Stokes linewidth, together with its dependence on the CO2 pressure inside the fibre.
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 1 Figure 1. Measured fibre loss spectrum in the 400-1000 nm region. Green, yellow and red dots indicate the position of the pump (532 nm), 1 st Stokes (574.5 nm) and 2 nd Stokes (624.5 nm) wavelengths, respectively. The presence of a resonant band covering the 2 nd Stokes wavelength allows to obtain a single-line laser and increases the efficiency of the setup. The inset shows the micrograph of the HCPCF used in the experiment. The core diameter and the thickness of the tube walls are 42 um and 800 nm, respectively.
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 2 Figure 2 : Optical setup used during the CO2-yellow laser measurements. L1laser collimation lens, λ/2half wave-plate, PBSpolarizing beamsplitter, M1, M2beam steering mirrors, L2collimation lens, SR-HCPCFsingle-ring, hollow-core photonic crystal fibre, L3output collimation lens, DMdichroic mirror, LPFlow-pass optical filter, PMphotodiode powermeter.
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 3 Figure 3. (a) Output optical power of the pump (black curve), 1 st order Stokes (red curve) and 2 nd order Stokes (blue curve) with respect to the CO2 pressure inside the HCPCF. One can clearly see that the drop of the pump power is reflected by the rise of the Stokes signal. The latter reaches its peak around 9 bars, even though the pump continues to be depleted as we increase the pressure to 10 bars, which indicates a presence of another Raman line in the output beam. (b) Optical spectrum measured at a pressure of 10 bar and pump input power of 106 mW. The insets represent far field beam profiles of each peak.