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An all-fiber photonic microcell (PMC) is a length of hollowcore photonic crystal fiber (HCPCF) filled with a given gas and whose ends are sealed in hermetic fashion to a solid optical fiber [1]. This new type of gas cell was used to generate sub-Doppler spectral line via electromagnetically induced transparency (EIT) or saturated absorption (SA) in acetylene gas despite the weak strength of its optical transitions [1][2][3][4][5][6][7][8], and to act as an all-fiber optical frequency reference for telecom [1][2][3] or as a device for slow light applications [9]. Several assembly and sealing techniques were reported [3][4][5]10]. The initial fabrication method, which the most commonly used, relies on splicing all-solid optical fibers (e.g. SMF or LMA fiber) to the tips of a gas-filled HCPCF. Such a process allows the PMC to be FC/APC connected for an easy integration. Achieving such low gas pressure cells is made possible by the use of above atmospheric-pressure helium (He) during the splicing process to avoid air pollution in the fiber core. The buffer gas is then evacuated from the fiber core by diffusion through the silica walls of the fiber cladding [4]. However, this technique is not immune from residual gas contamination due to the exposure to the ambient air during splicing. Additionally, the splicing based all-fiber PMC technique is not adapted to all types of fibers. It requires prior fiber-post-processing to match the mode-fielddiameters (MFD) of the two fibers. Indeed, whilst the technique achieves good PMCs with photonic bandgap (PBG) guiding HCPCF (PBG-HCPCF) [11] spliced to SMF, it proved more challenging with inhibited-coupling (IC) guiding HCPCF (IC-HCPCF) [11] because of their larger fiber core and fiber outer-diameter. A reported example of such a postprocessing was Kagome IC-HCPCF tapering to adapt its MFD to that of solid-core fiber [8]. This additional step complicates the PMC assembly process, and induces higher and asymmetric splice-loss. Recently, Curtis et al. [6] devised the insertion of LMA fiber between an IC-HCPCF and an SMF to form a CO2 PMC operating at 2 µm. However, the insertion loss was found to be 8.5 dB. An alternative to the above splicing technique is based on encapsulating the HCPCF ends in a small chamber made from borosilicate capillary [3]. Here, He gas is not required but this PMC assembly process uses epoxy glue, which is a source of contamination through outgassing, and limit its operating temperature. This limit is exemplified by the observed line broadening from 37 MHz to 77 MHz after 230 days from the PMC assembly [3]. Furthermore, capillary chamber remains relatively bulky and requires free-space optics for light in-and out-coupling. Here, we report on an acetylene PMC assembly technique that is contaminant-free and without the need for the use of He gas or gluing. The resulted PMC, equipped with standard fiber connectors for integration, shows a total and symmetric insertion loss of 1.5 dB, and robust single-mode behavior. The PMC airtightness was tested by inspecting SA linewidth and contrast over more than 3 months. Its potential for coherent optics and frequency standards applications was demonstrated by generating EIT and SA, along with laser frequency stabilization. Figure 1(a) schematically summarizes part of the PMC assembly process. A 30 µm core-diameter and 220 µm outerdiameter IC-HCPCF, and exhibiting a transmission loss of 10 dB/km in 1500-1550 nm wavelength range, was, at first, baked and pumped to remove any residual gas from the fiber fabrication process. Both ends of a 7 m long section of the IC-HCPCF were then tightly sleeved with a 650 µm outerdiameter borosilicate capillary in a manner where the capillary extends by a few mm from the IC-HCPCF end. This was achieved by fusion splicing the capillary with IC-HCPCF at a short section (~1 mm) located at the fiber end (see the diagram in Fig. 1(b)). The choice of the borosilicate was motivated by its lower softening temperature compared to the fiber silica, and thus to keep the IC-HCPCF physical integrity during the splicing process. The long fiber length is motivated to ensure sufficiently high contrast of the Doppler broaden line with relatively low pressure (10 µbar level). After the above, one sleeved fiber-end is collapsed by fusion to form an end-cap. The latter is cleaved and then etched to a thickness of ~100 µm and polished (Fig. 1(b)) after having been mounted on FC/APC connector. The light coupling through this end-cap was found to be 75%, and the light output intensity profile from it shows a Gaussian-like shape. The second sleeved fiber-end is mounted in a manner schematically presented by Fig. 1(a). A length of the same IC-HCPCF is attached to a mechanical cell for gas loading and vacuum pumping from one end. The second end is inserted into the capillary of the non-capped end of the 7 m long IC-HCPCF, and spliced to the sleeve in similar fashion as above. The gap between the two IC-HCPCF ends is adjusted so to ensure sufficient light coupling between the two fibers and to later fusion-collapse the borosilicate without damaging the IC-HCPCF end. The fiber is then gone through a sequence of loading and pumping acetylene until the absorption line (here P9) has reached a Doppler linewidth and contrast that matches with the target pressure [4,12]. Once this is achieved, we proceed with the second end-capping following the same above-mentioned fusion-collapse procedure. Figure 2(a) shows the PMC typical transmission spectrum centered on P9 line C2H2 absorption at the vicinity of 1530 nm before (blue curve) and after (orange curve) the second end-capping. The oscillations in the blue curve are due to etalon effects from one of the free-space optics, which is corroborated by their disappearance in the PMC absorption trace. The dotted black curve corresponds to Hitran [12] simulated absorption line, giving a gas pressure of 80 µbar, in good agreement with the recorded pressure during the PMC assembly. Figure 2(b) shows a photography of the formed PMC once mounted on FC/APC connectors. We found the total insertion loss to be ~1.5 dB. Figure 2(c) summarizes the PMC output beam profile and its stability upon motion. The top of Fig. 2(c) shows the reconstructed near-field intensity, which shows a Gaussian-like shape. In order to test single mode operation of the PMC, we recorded the above intensity profile while hand-shaking the PMC (see visualization 1 in supplementary material). The extracted peak centroid position and full width at half maximum (FWHM) of the intensity profile show no measurable change to the peak center within the 0.5 µm pixel-size of our camera, and a FWHM of 19.6 µm compared to 22 µm for static position. Such a variation in FWHM correspond to the contribution of higher order modes (HOM) that are excited during the motion. According to [13], the measured relative FWHM difference suggests an HOM contribution to the modal content of less than -20 dB. The robustness of the PMC guided mode is very promising for onboard and mobile applications. Such a modal property is explained by the IC-HCPCF new cladding design reported in [13]. Figures 3 and4 show the developed PMC performance in sub-Doppler spectroscopy by generating EIT (Fig. 3) and SA (Fig. 4). The EIT was generated using a pump laser emitting at 1532.83 nm and resonant with P13 C2H2 v1+v3 rovibrational absorption line, and a probe laser with a frequency-sweeping centered at 1518.21 nm (R13 line). The pump and probe beam were injected in the PMC in a copropagation configuration. Figure 3(a) (blue curve) shows the typical measured PMC transmission spectrum of the probe for 100 mW of pump power. The dashed red curve is a fit of the measured Doppler-limited absorption profile. The trace clearly shows the EIT peak centered in the middle of the R13 absorption line, while Fig. 3(b) shows a close-up spectral trace. The EIT origin of this sub-Doppler signal is corroborated by observing its frequency shift when the pump frequency is shifted. The EIT contrast is defined by the ratio of the EIT peak height, H, (see Fig. 3(a)) over the Doppler R13 absorption depth, A. The EIT linewidth Δ𝜈 #$% , is taken to be the FWHM as shown in Fig. 3 (b). H and Δ𝜈 #$% were extracted by fitting them with the expressions reported in [14]. The evolution of the contrast and FWHM with pump power coupled into the HCPCF, Pc, has been recorded over a range of 40-205 mW. Here, the fiber loss is neglected and an in-fiber coupling efficiency of 75% was assumed. Figure 3(c) shows the measured contrast (solid orange diamond symbols) and FWHM (solid blue triangle symbols) versus Pc. Within the coupling power range, the contrast increases with the coupling power from 10% to 31%. The FWHM ranges from 17 MHz to 30 MHz. The measured data fit well with the theoretical expressions (solid lines) [14,15]. The minimum linewidth (FWHM) achievable is ∆𝜈 '' = (0.58 𝜋 ⁄ )(2𝑣 𝑑 4 ⁄ ) [16], set by the transit-time limit and where 𝑣 being the molecular most probable velocity and 𝑑 4 the guided MFD. The latter is related to the fiber geometrical diameter 𝑑 5 as 𝑑 4 ≈ 0.73𝑑 5 [17]. For the present acetylene-filled fiber, this linewidth limit due to the transit time is ~14.7 MHz (dashed blue horizontal line). The theoretical EIT linewidth expression can be written as Δ𝜈 #$% = 2Γ :; + 𝛼𝑃 ? , where 𝛼 is quantity related to the optical power broadening and the coupling transition dipole moment. Γ :; is the sum of all the decoherence terms of the two ground states of the EIT transitions. These are chiefly set by the pressure dependent collisions molecule-molecule, Γ ?ABB , molecule-wall, Γ CDBB , and by the laser linewidth broadening contribution, Γ BDEF; , i.e. Γ :; ≈ Γ CDBB + Γ ?ABB + Γ BDEF; . For a gas pressure of 80 µbar and using the expressions reported in [14], we have the following HWHM contribution Γ CDBB = 6.6 𝑀𝐻𝑧 ,Γ ?ABB = 0.5 𝑀𝐻𝑧 and

Γ BDEF; ≈ KLΔ𝜈 ? M + Δ𝜈 N M O 2 P ≈ QΔ𝜈 N R 2 ⁄ = 2𝑀𝐻𝑧.
Thus giving a contribution to the linewidth broadening of ~18 MHz. The linear fit shown in Fig. 3(c) shows a linewidth intercept of 18±3 MHz, which is in good agreement with Γ :; deduced above. Within the uncertainty of our measurements, this result is an indicator that the in-fiber gas pressure and content hasn't been altered during the PMC assembly.

The suitability of the PMC for coherent optics and frequency reference applications was further investigated by performing SAS (saturable absorption spectroscopy) on P9 absorption line, 29 days after closing the PMC. The experimental set-up to generate the SA sub-Doppler line is similar to the one described in [2]. A tunable laser is set so its frequency probes the P9 line, and is amplified with an EDFA. The laser beam is split into a pump and probe beams using 90/10 divider. The frequency of the probe is down converted by 55 MHz shift to avoid interference of the probe signal with the pump backscattered signal. Figure 4 (a) shows the typical measured PMC transmission spectrum of the probe for 145 mW of coupled pump power, Pp, (blue curve) and its theoretical fit (dashed red curve) [16]. Figure 4(b) shows the spectra close-up around the SAS sub-Doppler line. Figure 4(c) shows the measured SA line contrast and the FWHM (blue symbols) and their respective theoretical fits with Pp when it is increased from 23 mW to 145 mW. The contrast increases from 6% to 25%, and the FWHM ranged from 17 to 20 MHz.

Similar to EIT, the SA linewidth broadening is dominated by collisions, hence, the SA sub-Doppler linewidth evolution with the pump power follows the expression Δ𝜈 WX ≈ 2Γ :;Y 1 + 𝑃 N 𝑃 E ⁄ , where 𝑃 E is the saturation power [16]. The theoretical evolution of the linewidth is in a good agreement with the experimental data leading us to an intercept value of 17.5±3 MHz similar to the value found with EIT campaign. It is noteworthy, that with P14 line a contrast as high as 30% and a FWHM of 19 MHz was obtained with a pump power of 145 mW.

To ensure the PMC remains tightly sealed and that no contaminant is introduced, the SA FWHM measurements have been recorded until the 100 th day since the PMC full assembly. Figure 5(a) shows the measured P9 line SA FWHM from day 29 to day 100. Here, the pump power was set at 23 mW. The data shows an average FWHM of 17.2 MHz and standard deviation of 1 MHz, which is well within our measurement uncertainty, thus indicating a stable FWHM, and in turn, a constant gas pressure of the PMC. As a proof of concept, the developed acetylene PMC was used for laser frequency stabilization using the Pound-Drever-Hall technique. Here, an extended cavity diode laser was frequency tuned on the PMC acetylene P9 line exhibiting a free running fractional frequency instability (i.e. Allan variance) represented in fig. 5 (yellow curve) and compared when it is locked to the PMC P9 SA line (blue curve). The results show a factor 50 of improvement with an Allan variance of 2.10 -10 for 100s integration time proving the PMC is suitable for laser locking. In conclusion, we reported on a new end-cap technique to fabricate 7 meter long single mode PMC filled with 80 µbar of acetylene. The technique immunity from contamination and sealing power were demonstrated using sub-Doppler spectroscopy over a period of more than 3 months. The linewidth of the EIT and SA lines shows a FWHM of 18±2 MHz, in consistency with the gas pressure. We have used the PMC to frequency stabilize a laser, and achieved an Allan variance of 2.10 -10 at 100s integration time. The results indicate that this PMC assembly technique is ideal for compact and mobile frequency reference and quantum sensing applications.
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Fig. 1 .

 1 Fig. 1. (a) Set-up scheme of the gas injection into the HCPCF and encapsulation technique. (b) Microscope picture of the end-cap: sleeve during heating collapsing on the HCPCF (on the left), collapsed and cleaved glass sleeve at the end of the HCPCF (on the right).

Fig. 2 .

 2 Fig. 2. (a) Doppler limited spectrum before sealing (blue curve), after sealing (orange curve). Comparison with simulated curve (from Hitran database) for 80 µbar of acetylene (doted curve) and

Fig. 3 .

 3 Fig. 3. (a) EIT measurement for pump power of 100 mW with fit in dashed red line. A is the absorption depth and H is the EIT peak height. (b) Zoom on the EIT peak (c) Experimental EIT contrast (H #$% ) and EIT FWHM (Δ𝜈 𝐸𝐼𝑇 ) versus Rabi frequency (dots) and simulated curves (line). The dashed line correspond to the asymptote of the EIT FWHM.

Fig. 4 .

 4 Fig. 4. (a) Normalized SAS measurement on P9 absorption line of acetylene (full purple line), numerical calculation for a pressure of 80 µbar (dashed red line) for a pump power of 145 mW. (b) SA contrast zoomed on SA peak with the numerical calculation in dashed line. (c) Experimental (dots) and theoretical (line) SA transparency peak contrast and linewidth evolution with pump power. The dashed line corresponds to the transit time broadening.

Fig. 5 .

 5 Fig. 5. (a) Evolution of SA linewidth during 95 days with a pump power of 23 mW. Day zero corresponds to the day when the PMC is fully sealed. (b) Fractional frequency instability measurement for free running laser (yellow curve) and for locked laser with our PMC (blue curve).

7 m-long fiber. (b) Final PMC with polished FC/APC connectors. (c) Near field imaging of polished connectors of the PMC, FWHM of the Gaussian mode static (middle), with fiber motion (down).