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Stabilized single-frequency sub-kHz linewidth Brillouin fiber laser cavity operating at 1 µm

We experimentally demonstrate a stabilized singlefrequency Brillouin fiber laser operating at 1.06 µm by means of a passive highly nonlinear fiber (HNLF) ring cavity combined with a phase-locking loop scheme. The stimulated Brillouin scattering efficiency is first investigated in distinct single-mode germanosilicate core fibers with increasing GeO 2 content. The most suitable fiber, namely 21 mol.% GeO 2 core fiber, is used as Brillouin gain medium in the laser cavity made with a 15-m-longsegment. A Stokes lasing threshold of 140 mW is reported. We also show significant linewidth narrowing (below 1-kHz) as well as frequency noise reduction compared to that of the initial pump in our mode-hop free Brillouin fiber laser.

INTRODUCTION

Stimulated Brillouin Scattering (SBS) in optical waveguides is 5 a nonlinear effect that occurs when the optical field interacts 6 with acoustic waves through electrostriction and photo-elastic 7 phenomena [START_REF] Kibler | Nonlinear Fiber Optics[END_REF][START_REF] Ippen | Stimulated Brillouin scattering in optical 316 fibers[END_REF]. Several studies based on the SBS process 8 have been extensively demonstrated for many important appli-9 cations [START_REF] Hill | cw Brillouin laser[END_REF][START_REF] Tow | Linewidth-narrowing and intensity 321 noise reduction of the 2nd order Stokes component of a low thresh-322 old Brillouin laser made of Ge10As22Se68 chalcogenide fiber[END_REF][START_REF] Merklein | A 325 chip-integrated coherent photonic-phononic memory[END_REF][START_REF] Foaleng | High Spatial 328 and Spectral Resolution Long-Range Sensing Using Brillouin Echoes[END_REF][START_REF] Galindez-Jamioy | Brillouin distributed 331 fiber sensors: an overview and applications[END_REF]. Among these, we distinguish the Brillouin lasers 10 which have attracted significant interest as ultra-high coherence 11 light sources with sub-Hertz linewidth in simple all-fiber pas-12 sive optical cavities [8] and in high-Q microresonators [START_REF] Loh | Dual-microcavity narrow-340 linewidth Brillouin laser[END_REF][START_REF] Loh | Ultra-narrow linewidth Brillouin laser with nanokelvin temperature self-343 referencing[END_REF] 13 suitable for applications in optical communications and LIDAR 14 systems. To date, most of Brillouin lasers have been designed 15 to operate in the telecom bands. However, there is a need to de-16 velop narrow-linewidth, low-noise and high-power laser sources 17 at shorter wavelengths for applications covering this spectral 18 region such as sensing, high-resolution metrology and developto ground communications [START_REF] Greenberg | High resolution 345 spectral metrology leveraging topologically enhanced optical activity in 346 fibers[END_REF][START_REF] Mazurenko | Implementation of a stable, high-power 349 optical lattice for quantum gas microscopy[END_REF][START_REF] Levine | High-353 Fidelity Control and Entanglement of Rydberg-Atom Qubits[END_REF].
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So far, only a few studies on Brillouin fiber lasers (BFLs) [START_REF] Shiraki | SBS threshold of a fiber with 384 a Brillouin frequency shift distribution[END_REF] have been reported around 1 µm. For instance, Wang et al.

reported a high-power all-fiber cavity laser with high slope ef-24 ficiency at 1 µm wavelength [START_REF] Wang | High-power, high signal-to-noise ratio single-frequency 1 µm Brillouin 357 all-fiber laser[END_REF]. In particular, they showed based on a larger mode area polarization-maintaining fiber [START_REF] Tao | Single-polarization single-frequency Brillouin fiber laser that emits 360 almost 5 W of power at 1 µm[END_REF].
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A maximum output BFL power of 4.9 W was achieved, while 30 the linewidth was 170 kHz. In the same way, a high-power 31 all-polarization-maintaining hybrid Brillouin/ytterbium fiber 32 laser operating at 1064 nm was demonstrated by adopting large-33 mode-area fiber with core/cladding diameter of 20/400 µm [START_REF] Tao | More 362 than 20 W, high signal-to-noise ratio single-frequency all-polarization-363 maintaining hybrid Brillouin/Ytterbium fiber laser[END_REF]. the following equation [START_REF] Kibler | Nonlinear Fiber Optics[END_REF][START_REF] Shiraki | SBS threshold of a fiber with 384 a Brillouin frequency shift distribution[END_REF][START_REF] Kobyakov | Com-390 plete experimental characterization of stimulated Brillouin scattering in 391 photonic crystal fiber[END_REF]:

EXPERIMENTAL SETUP

133 P th = 21A eff K g B L eff , (1) 
where, K = 1.5 is the polarization factor, L eff = (1e -αL )/α the 134 effective fiber length, α the linear fiber loss, A eff the effective 135 mode area, and g B is the Brillouin gain coefficient. 

157 g B = 2πn 7 eff p 2 12 cλ 2 ρv A ∆ν B , (2) 
where c is the velocity of light, p 12 is the photo-elastic constant 

BRILLOUIN LASER RESULTS
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Next, we implemented the BFL cavity with a 15-m-long segment 177 of HNLF-1 fiber. The fiber length was chosen as a trade-off be- single-frequency lasing emission. We underline that, in our ex-211 periment, no mode hopping was observed at any injected pump 212 power during the measurement [START_REF] Danion | Mode-hopping 367 suppression in long Brillouin fiber laser with non-resonant pumping[END_REF]. We further investigated 213 the coherence properties of our BFL. The linewidth of a BFL can 214 be theoretically estimated using the following equation [START_REF] Debut | Linewidth narrowing in 398 Brillouin lasers: Theoretical analysis[END_REF]:

215 ∆ν BFL = ∆ν Pump (1 + π∆ν B c nL ln( 1 R ) ) 2 (3) 
where ∆ν BFL , ∆ν Pump , ∆ν B , c, n, L and R are the linewidths of the spectral density (PSD) using RF analyzer. The frequency noises 11) in [START_REF] Li | Characterization of a high 418 coherence, Brillouin microcavity laser on silicon[END_REF], also used in [START_REF] Loh | Ultra-narrow linewidth Brillouin laser with nanokelvin temperature self-343 referencing[END_REF]) is estimated at 279 28 mHz, which suggests that our system is still limited by the 280 pump noise.
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We used the low-noise features of our BFL laser as an optical hop free BFL is tunable over the full wavelength range of the 302 pump laser (here, nearly 40 nm). We believe that this low-noise, 303 narrow-linewidth BFL is a promising laser source to provide 304 low-noise reference laser in the spectral region near 1-µm us-305 ing affordable fiber components and to generate Brillouin-Kerr 306 frequency comb [START_REF] Lucas | Dynamic Interplay Be-429 tween Kerr Combs and Brillouin Lasing in Fiber Cavities[END_REF]. 

25 a

 25 single-frequency BFL of 3 kHz operating at a maximum out-26 put power of 1.4 W. Very recently, Tao et al. demonstrated a 27 high-power single-polarization, single-frequency 1064 nm BFL 28
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  scheme to ensure stable and mode-hop free operation. Owing 54
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 3 BRILLOUIN SCATTERING CHARACTERIZATION99In order to optimize our fiber cavity, we present the character-100 ized SBS properties of three germanosilicate fibers compatible 101 for an all-fiber configuration with standard single-mode fiber 102 at 1 µm, namely a standard fiber (3.6% mol, SMF-28), a highly 103 nonlinear fiber from Sumitomo Electrics (21% mol, HNLF-1), 104 and a heavily doped-core fiber (75% mol, HNLF-2) from the 105 Fiber Optic Research Center (FORC, Russia).106We measured the experimental SBS threshold (P th ) at 1.06 µm 107 pump wavelength in two long fiber samples available, namely 108 a 1.5-km-long segment of SMF-28 fiber and a 0.38-km-long seg-109 ment of HNLF-1 fiber. The backscattered Stokes wave power as 110 a function of the injected pump power, are shown in Fig. 2(a). 111 In both cases, we first observe the spontaneous Brillouin scatter-112 ing regime, where the Stokes power increases linearly with the 113 pump power, followed by a transition to the stimulated regime, 114 characterized by a faster increase. We define the Brillouin thresh-115 old power as the input power for which the backscattered power 116 reaches 1% of the injected pump power [20], which is equal 117 to 17.2 dBm in the SMF-28 fiber and 15 dBm in the HNLF-1 118 fiber. These experimental data are very close to the analytically-119 estimated single-pass SBS threshold values (16.55 and 16.86 dBm 120 for SMF-28 and HNLF-1 fiber respectively, see Eq. 1). A clear 121 difference of 2.2 dB is experimentally observed, while the first 122 sample (SMF-28) is about 4 times longer than the second one 123 (HNLF-1) showing a better opto-acoustic coupling efficiency in 124 the latter case [21]. It worth noting that the Brillouin thresh-125 old could not be reached experimentally in the HNLF-2 fiber 126 (see Fig. 2 (a)). In fact, the short fiber length (20 m), implies a 127 high threshold power, which is beyond our maximum available 128 pump power of 250 mW (23.97 dBm, recorded after the port 129 2 of the optical circulator) at 1 µm wavelength. However, the 130 theoretical single-pass Brillouin threshold value of this specific 131 HNLF-2 fiber was estimated at 26.3 dBm (426.58 mW) based on 132

Fig. 2 .

 2 Fig. 2. (a) Experimental measurement backscattered Stokes powers as a function of the injected pump power for standard singlemode silica optical fiber (SMF-28) and high nonlinear silica fibers (HNLF-1, 21 mol. % GeO 2 and HNLF-2, 75 mol. % GeO 2 ). (b) Experimental Brillouin spectra measured at 1.06 µm in three single-mode germanosilicate core fibers namely SMF-28 (21 mol. % GeO 2 ), HNLF-1 (21 mol. % GeO 2 ) and HNLF-2 (75 mol. % GeO 2 ). Inset: Example of experimental spontaneous backward Brillouin spectrum (blue curve) measured in HNLF-1 fiber and corresponding fit with a Lorentzian curve. (c) SBS gain efficiency as a function of GeO 2 core content.
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 1 of the glass material, ρ is the material density, and ∆ν B is the 159 full width at half-maximum of the Brillouin gain spectrum. The 160 spectral width ∆ν B is related to the phonon lifetime T B = 1 π∆ν B . 161 Taking into account the effective mode area of the three dis-162 tinct fibers, the estimated SBS gain efficiency (g B /A eff ) increases 163 strongly from 0.59 W -1 m -1 (SMF-28 fiber) up to 4.62 W -1 m -HNLF-2 fiber) at 1-µm as shown in Fig. 2 (c), indicating better 165 opto-acoustic confinement in these fibers [21]. Indeed, increas-166 ing the core doping level significantly reduces the effective mode 167 area A eff , which increases the Brillouin gain into the fiber. Ta-168 ble 1 summarizes both opto-geometric and SBS characterization 169 results for all fiber samples under test. Taking into account the
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 433 Fig. 4 (a) shows the spectrogram of the beatnote frequency
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  of the pump laser and HNLF-1 BFL were added on the same 229 plot as described in Fig.4 (c). Importantly, the interferometer 230 frequency response on the phase noise PSD measurements was 231 removed by using a simple numerical filtering approach devel-232 oped in Ref[START_REF] Llopis | Phase 410 noise measurement of a narrow linewidth CW laser using delay line 411 approaches[END_REF]. The measurement noise floor was characterized 233 by measuring the frequency noise of the voltage-controlled oscil-234 lator driving the AOM (black curve). Across the measurement 235 range, the BFL frequency noise (blue curve) exhibits a stark re-236 duction compared to that of the pump laser (red curve), which 237 reflects the typical linewidth narrowing of the Brillouin effect. 238 Note that the pump laser noise was measured with the PLL 239 disabled. To estimate the integrated linewidth of the BFL and 240 pump laser from the noise measurements, we used the common 241 beta-separation line criterion [32]. This line separates high and 242 low modulation index areas in the frequency noise PSD, which 243 distinguishes contributions to the linewidth versus the wings of 244 the RF line shape. It worth noting that, the beta separation line 245 is an integrated linewidth method that accounts for the technical 246 noise. In that case, it is defined over the integration time of 247 the measurement, which was 10 ms corresponding to the low-248 est Fourier frequency of 100 Hz. An integrated linewidth of ∼ 249 10 kHz was obtained for the initial pump laser. This value was 250 confirmed by another measurement carried out with a 50-km 251 fiber for direct measurement of the spectral width of the pump 252 laser, which provided a value of 15-kHz. In the case of our BFL 253 output, the intersection between the beta-separation line and 254 the Stokes laser frequency noise yields a narrower integrated 255 linewidth of 1 kHz. Note that using Eq.

282 frequency reference to characterize an auxiliary laser operating 283 around 1 .292

 2831 06 µm (RIO 0075-5-08-1, 6-kHz linewidth). To this end, 284 an optical beat-note signal between the two lasers was generated, 285 as shown in Fig. 4 (d), and its phase noise was measured and 286 compared with the SHD measurement of the auxiliary laser. 287 Both measurements show a very similar level and evolution of 288 the frequency noise, indicating the heterodyne system validity 289 and that the noise of our BFL is lower and thus does not limit 290 the auxiliary laser characterization. To conclude, a stabilized single-frequency Brillouin narrow-293 linewidth laser has been demonstrated at 1.06 µm wavelength 294 using a short length of highly GeO 2 -doped-core silica fiber. The 295 SBS characterization shows a strong enhancement of the Bril-296 louin gain efficiency in such fibers, thus enabling a BFL thresh-297 old of 140 mW with our passive ring cavity, while the resulting 298 BFL linewidth is found to be sub-kHz. Moreover, the significant 299 phase noise reduction of the lasing Stokes component, compared 300to that of the initial pump laser, is also confirmed. Our mode-
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 4 Fig. 4. (a) Spectrogram of relative Stokes laser recorded with 51 kHz resolution bandwidth. (b) Excellent coherent single frequency Stokes emission in phase-locked configuration. (c) Frequency noise of the voltage-controlled reference oscillator (VCO) of AOM, pump source, BFL and auxiliary laser source. The β-separation (solid line, in yellow) shows the intersection with the frequency noise curves, useful for estimating the integrated linewidth. (d) Comparison of Stokes laser frequency noise with auxiliary laser and beat-note noise.
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Table 1 . SBS characterization of three distinct GeO 2 -doped core fibers at 1 µm wavelength

 1 

	Fiber (GeO 2 mol %)	SMF-28	HNLF-1	HNLF-2
	Core diameter, ϕ (µm)	8.2	3.6	2.3
	Fiber loss, α (dB km -1 )	1.1	4.8	100
	Effective area, A eff (µm 2 )	55	8.5	3.5
	Fiber length, L (m)	1500	380	20
	SBS freq. shift, ν B (GHz)	15.95	13.36	11.87
	SBS bandwidth, ∆ν B (MHz)	20.5	48.7	69.7
	SBS gain,	g B A eff	(W -1 m -1 )	0.59	1.85	4.62
	SBS threshold, P th (dBm)	17.2 (16.55 ⋆ ) 15 (16.86 ⋆ )	26.3 ⋆

⋆ Analytically-estimated single-pass SBS threshold

SBS characteristics and opto-geometric properties of the fibers