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Kerr optical frequency comb generation in strontium fluoride whispering-gallery mode resonators with billion quality factor

We report the fabrication for the first time of a strontium fluoride (SrF 2 ) whispering-gallery mode resonator with quality factor in excess of 1 billion. The millimeter-size disk-resonator is polished until the surface roughness decreases down to a root-mean square value of 1.2 nm, as measured with a vertical scanning profilometer. We also demonstrate that this ultrahigh Q resonator allows for the generation of a normal-dispersion Kerr optical frequency comb at 1550 nm.

Whispering-gallery mode (WGM) resonators have attracted significant attention in recent years, since they provide an interesting platform to explore the nonlinear applications of various optical crystals [1][2][3]. Among these resonators, mm-size disk-resonators fabricated with mechanical polishing are of particular interest because they can feature ultrahigh Q factors, as high as ∼10 11 at 1550 nm (see Ref. [4]). Another interesting property is that their free spectral range (FSR) is of the order of 10 GHz, and this frequency allows for a wide variety of applications in microwave photonics and optical telecommunications.

With the noticeable exception of crystalline quartz [5], only fluorite crystals have allowed for Q factors in excess of 10 9 in mm-size disk resonators. These fluorite materials are namely calcium fluoride (CaF 2 , see [4,[6][7][8]), magnesium fluoride (MgF 2 , see [9][10][11]), and barium fluoride (BaF 2 , see [12]). These crystals belong to the chemical family of metal difluorides, and they share similar optical properties to a large extent. An open point is therefore to investigate if other metal difluorides can feature ultra-high-Q factors as well in the near-infrared frequency range.

In this Letter, we demonstrate for the first time that SrF 2 is a metal difluoride that can be used for the fabrication of whispering-gallery mode resonators with Q factors of 10 9 at 1550 nm. The surface profile of the rim has been studied using vertical-scanning optical profilometry, and our fabrication method allows to obtain a surface roughness of 1.2 nm in root-mean square (rms) value at the rim of the disk. Kerr frequency comb generation in the SrF 2 resonator is also reported around 1550 nm, despite the fact that it has a normal material dispersion at this wavelength.

Strontium is an alkaline earth metal located below calcium and above barium in the periodic table, and therefore, the properties of its fluoride counterpart are intermediately between those of CaF 2 and BaF 2 . In particular, SrF 2 is a cubic crystal with fluorite structure and lattice constant 0.580 nm, while CaF 2 and BaF 2 are also both cubic crystals with lattice constants 0.546 nm and 0.62 nm, respectively [START_REF] Weber | Handbook of Optical Materials[END_REF]. Strontium fluoride has a large transparency window, ranging from 130 nm to 11 μm, allowing for a wide variety of optical applications. For instance, its ceramic can be doped with neodymium ions with rather high absorption and emission cross-sections, and a weaker quenching compared to CaF 2 :Nd 3 crystals [START_REF] Basiev | [END_REF]. Such ceramics could have interesting applications for laser and amplifiers in the near-infrared. Similarly to CaF 2 and BaF 2 , the thermo-optic coefficient of strontium fluoride is negative, with a value dn∕dT 12.6× 10 -6 K -1 , giving it interesting athermal properties.

Related to its crystal structure, and of great interest for the fabrication of resonators, is the hardness of SrF 2 . Its value is 130 kg∕mm 2 , a relatively low value compared to other fluoride crystals-CaF 2 is 158 kg∕mm 2 , MgF 2 is 415 kg∕mm 2 , albeit not as low as barium fluoride (82 kg∕mm 2 ) [12]. The relative softness of SrF 2 allows for a very fast shaping and polishing, while remaining hard enough for our tools and technique to be efficient.

We make a whispering-gallery mode resonator using a grinding and polishing approach [8]. The rim of a commercially available optical window of SrF 2 is first shaped into a sharp "V", where the whispering gallery modes will propagate. For that purpose, an air-bearing spindle motor spins the disk, while an abrasive-coated support is brought in contact with the disk. This first step uses silicon carbide powders of large sizes (typically 15 μm) to grind the disk and remove material. Owing to the relative softness of SrF 2 , this step can be achieved in less than 1 h when it takes up to 4 h for a much harder crystal such as magnesium fluoride. The subsequent steps consist in repeating this process with decreasing size of abrasive particles, down to 100 nm.

Once the polishing process is finished, the surface state of the guiding rim is observed using white light vertical-scanning interferometry: the disk is placed on a piezo-controlled stage and under a microscope equipped with a 40× magnification Mirau objective. This setup allows us to reconstruct the local 3D surface profile of the rim of the disk. Such a raw profile is shown on Fig. 1(a) and reveals the expected toroid shape of the whisperinggallery guide. The studied sample has a minor diameter of D m 920 μm and a major diameter of D M 10.6 mm, yielding a free spectral range FSR c∕πn g D M 6.3 GHz, with n g 1.43 being the group velocity index of SrF 2 at the telecom wavelength λ 1.55 μm. By removing the curvature of this toroidal surface, we obtain the corrected profile presented in Fig. 1(b), where we can measure the root-mean-square surface roughness. The measured value is R RMS 1.2 nm in the middle of the studied sample, where the propagating modes will be confined. The roughness increases away from the center of the rim, without influencing the transmission of the nearby optical guide. These measurements show that we can expect very low losses from this resonator. However, this procedure remains a local evaluation of the surface state, and an optical estimate of the quality factor is needed to confirm the good quality factor performance of the resonator.

The cavity ring-down measurement technique is an accurate method to measure the quality factor of an optical resonator, because it is independent of the thermal nonlinearity, and yields both the coupling and intrinsic quality factors [15]. In this method, the light from a continuous-wave laser is coupled to the previously fabricated resonator using the evanescent field of a tapered silica fiber, as shown on Fig. 2. Since the refractive index of SrF 2 (n 1.43 at the telecom wavelength) is slightly lower than the one of silica, a phase-matching position can be found, and the coupling can be very efficient. The wavelength of the input laser is then quickly swept across a resonance, with a timescale faster than the photon lifetime of the cavity. As a result, the exponential decay of the resonant light interferes with the input light, leading to measurable oscillations. A typical signal observed on the oscilloscope is shown on Fig. 3, where the interferences and exponential decay are clearly visible. By fitting the experimental data with the formula (13) of Ref. [15], one finds that the intrinsic and coupling quality-factors are Q 0 1.04 × 10 9 and Q e 1.64 × 10 10 , respectively, yielding a loaded Q factor of 9.76 × 10 8 .

The large value of the coupling Q factor as well as the small transmission dip show that the resonance is strongly undercoupled. This can however be easily overcome by moving the tapered fiber to a slightly smaller diameter, so that the phase-matching condition is better fulfilled.

One can therefore derive an upper bound of the absorption coefficient α of 5.8 × 10 -5 cm -1 for SrF 2 at 1550 nm, since it is related to the quality factor by Q 2πn∕αλ, where n is the refractive index of SrF 2 and λ is the wavelength. Such very high-Q factors make SrF 2 resonators an interesting candidate for nonlinear applications, where large field enhancement at resonance are needed.

WGM resonators are generally used to host enhanced nonlinear photonic interactions, like second-harmonic generation [16][17][18][19], or optical hyperparametric interactions (or Kerr comb generation, see [20]). Similarly to most of the fluoride crystals, strontium fluoride offers a wide wavelength range of transparency, from the ultraviolet to the long-wavelength infrared [START_REF] Palik | Handbook of Optical Constants of Solids[END_REF]. This property, combined with its low dispersion, makes it a very interesting material for infrared-range systems, and especially for Kerr frequency comb generation. It should be noted Fig. 1. Profiles of the rim of the disk as measured on a vertical scanning profilometer. In (a), the raw 3D reconstructed surface allows us to measure the major and minor diameter: D M 10.6 mm and D m 920 μm, respectively. This geometry has been corrected on the profile of (b), so that the surface roughness can be measured. The root-mean-square roughness is measured at R RMS 1.2 nm. Fig. 2. Experimental setup for the characterization and use of the SrF 2 WGM resonator. A continuous-wave laser light is coupled in the resonator via the evanescent coupling of a tapered fiber. For the determination of the Q factor of the disk, the laser frequency is swept, and the time-dependent transmission is detected on a slow photodiode (PD) and recorded on an oscilloscope. In the comb generation experiment, the laser frequency is fixed, and the amplification of the erbium-doped fiber amplifier (EDFA) is increased until a frequency comb is observed on the optical spectrum analyzer (OSA).

that Kerr frequency comb generation has already been observed in magnesium fluoride and calcium fluoride WGM resonators. Nevertheless, many other crystalline materials have not yet been explored using the interesting WGM resonator platforms. The zero-dispersion wavelength of SrF 2 is at λ 1567 nm [START_REF] Feldman | Optical characterization final technical report[END_REF], so that the pump wavelength of λ 1550 nm corresponds to weakly normal group velocity dispersion. The theoretical analysis of Kerr frequency comb generation [START_REF] Godey | [END_REF] has shown that the normal regime of dispersion is less favorable for the generation of interesting states, with fewer dynamical states, smaller parameter space regions allowing these states, and more restrictive choice of initial conditions. Nevertheless, we were able to generate frequency combs in our SrF 2 disk resonator, as shown in Fig. 4(a). In this experiment, the light of a sub-kHz linewidth continuouswave laser is amplified to few hundreds of milliwatts and coupled in the resonator. Its frequency is tuned to one of the resonances of the disk, and the accurate adjustment of the detuning leads to the generation of a Kerr frequency comb. This comb is similar to other normal combs obtained in calcium fluoride resonators [10], or other normal dispersion materials [START_REF] Xue | Mode interaction aided soft excitation of dark solitons in normal dispersion microresonators and offset-frequency tunable kerr combs[END_REF][START_REF] Liang | [END_REF], and it can be interpreted as dark or gray solitons circulating inside the cavity.

The spectrum displayed in Fig. 4(b) is obtained through the numerical simulation of the dimensionless Lugiato-Lefever [26] equation:

∂ψ ∂τ -1 iαψ ijψj 2 ψ -i β 2 ∂ 2 ψ ∂θ 2 F; (1) 
where ψθ; τ is the slowly-varying complex envelope of the intra-cavity field in the co-moving frame, θ ∈ -π; π is the azimuthal angle along the circumference, and τ ω C t∕2Q is the dimensionless time, with ω C being the angular frequency of the resonant cavity mode pumped by the continuous-wave laser at frequency ω L . The various parameters of this equation are the frequency detuning α -2σ∕Δω tot where σ ω Lω C is the detuning between the angular frequencies of the pumping laser and the cold-cavity resonance; the overall dispersion parameter β -2ζ 2 ∕Δω tot , where ζ 2 is the second-order Taylor coefficient of the eigenfrequency expansion; the pump field intensity F 8n 2 cℏω 2 L Δω ext ∕n 2 0 V 0 Δω 3 tot 1∕2 P∕ℏω L 1∕2 where P is the intensity (in W) of the laser pump at the input of the resonator, n 0 and n 2 are, respectively, the linear and nonlinear refraction indices of the bulk material, V 0 is the effective volume of the pumped mode, and Δω ext (Δω tot ) being the extrinsic (total) modal linewidth [10,26]. The various dynamical states arising from this equation have been analyzed in detail in Ref. [START_REF] Godey | [END_REF].

In order to obtain the spectrum of Fig. 4(b), the parameters were taken as α 2.6, β 0.4, and F 2 2.7, and the initial condition was a negative Gaussian pulse standing on continuous background. It should be noted that while the agreement with the experimental data is good, only a full knowledge of the experimental waveform (including the optical phases) can determine the temporal waveform corresponding to this spectral signature. Nevertheless, the generation of a Kerr frequency comb proves the excellent quality of the SrF 2 resonator and its potential for nonlinear applications.

In conclusion, we have reported the fabrication of the first SrF 2 whispering-gallery mode resonator with a 10 9 quality-factor using a grinding and polishing approach. The reasonable material softness allows for a very fast fabrication process, and the surface state remains unaffected by the environment, with a roughness of 1.2 nm. The as-fabricated resonator was successfully used for the generation of Kerr frequency combs in the normal regime of dispersion. Fig. 3. Transmission of the resonator while the pump laser wavelength is quickly swept over the resonance at the rate of 1.1 MHz/μs. This cavity ring-down signal can be fitted with the theoretical expression (red), giving the values for the intrinsic and coupling Q factors: Q 0 1.04 × 10 9 and Q e 1.64 × 10 10 . The loaded Q factor for this resonance is therefore Q 9.76 × 10 8 . Fig. 4. Optical frequency comb generated in the SrF 2 WGM resonator. At a pump wavelength of 1550 nm, the dispersion of the disk is normal (ζ 2 ∕2π ∼ 1 kHz), and the generated comb shows similar features as other normal combs [10]. The mode "0" is the central (pumped) mode, and the modes with eigennumbers l have a spectral distance l × FSR with respect to the pump (FSR 6.3 GHz).
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