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Sub-Kilohertz Narrow Linewidth Fiber Laser Based on Nanoparticles Doped Self-Injection Module

Jiahao Luo, Xujia Zhang, Shichao Yang, Wilfried Blanc, Zhijun Yan, Xia Yu * Senior Member, IEEE Abstract-Fiber lasers with narrow linewidth are essential light sources for many prospects in advanced scientific fields. In this article, we proposed a scheme of self-injection locked singlefrequency fiber laser based on a hybrid cavity configuration and a novel type of nanoparticles doped fiber. The newly proposed hybrid cavity was applied to achieve mode selection in the case of a long cavity which helped increase output power without sacrificing mode instability and single frequency performance. The nanoparticles doped self-injection module helped achieve a fiber laser with 3dB linewidth compressed from 16 kHz to 497 Hz and side mode suppression ratio of more than 60 dB. Furthermore, the sub-kilohertz fiber laser was amplified to more than 1 W with the polarization extinction ratio of ~30 dB. Throughout the work, experimental verification and analysis have been carried out to confirm the single frequency lasing performance, including center wavelength drift and slope efficiency variation. The demonstrated watt-level narrow linewidth fiber laser with low RIN and frequency noise has full potential for practical applications.

Index Terms-Fiber laser, hybrid cavity, narrow linewidth, nanoparticles doped fiber, self-injection locked.

I. INTRODUCTION

IBER lasers featuring narrow linewidth, low noise performance and high output power have great prospects in many fields, such as gravitational wave detection, optical communications, remote sensing and so on [START_REF] Diaz | Stable multiwavelength erbium fiber ring laser with optical feedback for remote sensing[END_REF][START_REF] Varona | Single-frequency fiber amplifier at 1.5 μm with 100 W in the linearly-polarized TEM00 mode for next-generation gravitational wave detectors[END_REF][START_REF] Zhou | kHz-order linewidth controllable 1550 nm singlefrequency fiber laser for coherent optical communication[END_REF]. High output power often helps improve operating ranges and sensitivities in these application scenarios. The most straightforward method to increase output power is to apply long gain fibers in laser cavity. However, it will lead to a narrow longitudinal mode spacing, which is not conducive to achieve single frequency output. Consequently, ring cavity fiber lasers with long cavities need stable narrow band filters which are often hard to obtain. From this point of view, fiber lasers with linear cavity might be regarded to achieve single frequency output at the cost of low output power because of short cavity. In order to overcome the contradiction, many kinds of hybrid cavities were proposed to achieve stable single frequency output in long linear cavities [START_REF] Zhao | Research on a novel composite structure Er 3+ -doped DBR fiber laser with a pi-phase shifted FBG[END_REF]. The hybrid cavities are usually composed of three or more gratings. Based on the Vernier effect, the longitudinal mode spacing of the hybrid cavity is determined by the length difference of sub-cavities. However, the use of many gratings may cause trouble when splicing fibers and aligning center wavelength. It is worth exploring a simplified structure of the hybrid linear cavity.

Linewidth is also an important indicator for evaluating the performance of fiber lasers. It is relatively easy to obtain fiber lasers with narrow linewidth on the order of several kilohertz. For linear cavity fiber lasers, methods like slow light effects and virtual-folded-ring resonator can be used to compress laser linewidth to sub-kilohertz level [START_REF] Mo | 600-Hz linewidth short-linear-cavity fiber laser[END_REF][START_REF] Mo | Compact slow-light single-frequency fiber laser at 1550 nm[END_REF]. Self-injection locked effect is an effective method to achieve narrow linewidth output. In 2016, Huang et al. applied 101-meterlong single mode fiber as the delay fiber in the self-injection locked system to achieve a narrow linewidth fiber laser with 3dB linewidth of 200 Hz [START_REF] Huang | Linewidth suppression mechanism of self-injection locked single-frequency fiber laser[END_REF]. Recently, researchers set up selfinjection locked fiber lasers based on high-Q external structure, such as fiber ring, whispering gallery mode resonator to achieve an instantaneous ultra-narrow linewidth [START_REF] Hao | Narrow-linewidth single-polarization fiber laser using non-polarization optics[END_REF][START_REF] Ji | Narrow linewidth self-injection locked fiber laser based on a crystalline resonator in add-drop configuration[END_REF]. The essence of these methods is to increase photon lifetime in resonator cavity but requires additional effort to obtain the high-Q devices. Rayleigh scattering effect is alternative approach to increase photon lifetime, and the linewidth of the coherent scattering light is extremely narrow. Those scattering fibers can be regarded as reflective filters with ultra-narrow bandwidth which can be helpful to achieve narrow linewidth output [START_REF] Li | Rayleigh scattering assisted ultra-narrow linewidth linearcavity laser[END_REF][START_REF] Dang | A longitude-purification mechanism for tunable fiber laser based on distributed feedback[END_REF]. Li et al. used 5 km long Rayleigh scattering fiber to accumulate feedback light to realize a narrow linewidth output of 210 Hz [START_REF] Li | Rayleigh scattering assisted ultra-narrow linewidth linearcavity laser[END_REF]. Recently, Dang et al. used a distributed self-injection feedback structure to realize a tunable fiber laser with narrow linewidth of 855 Hz [START_REF] Dang | A longitude-purification mechanism for tunable fiber laser based on distributed feedback[END_REF]. We applied just three-meter-long specialty fiber to replace hundred-meter-long single mode fiber to achieve linewidth compression. The volume and stability of laser system could be improved. Specialty optical fibers with high Rayleigh scattering coefficient in self-injection locked lasers have not been demonstrated yet.

In this letter, we proposed a new scheme of self-injection locked fiber laser based on simplified hybrid cavity and specialty nanoparticles doped fiber (NPDF) to achieve narrow linewidth output on the order of sub-kilohertz. The experimental setup of the proposed fiber laser system is illustrated in Fig. 1, including three modules, the hybrid cavity, the amplifier and the self-injection locked module (SIL module). The hybrid cavity module consisted of a three-cmlong phase-shift fiber Bragg grating (PSFBG) engraved on Erbium-Ytterbium co-doped fiber with reflectivity of around 87% and a uniform fiber Bragg grating (FBG) with reflectivity of 99.9% on single mode fiber. The 3dB reflection bandwidth of the phase-shift FBG was about 0.1 nm. The hybrid cavity could be considered to be the combination of two sub-cavities with different free spectral range (FSR), as shown in Fig. 1(c). The equivalent FSR of the hybrid cavity was greatly increased which was the least common multiple of FSR1 and FSR2. In our experiments, the lengths of the two sub-cavities were about 30 cm and 31.5 cm. The corresponding FSR for hybrid cavity and two sub-cavities were around 109 GHz, 676 MHz and 644 MHz. Based on the mode selection effect, we achieved single frequency output in a 30-cm-long cavity. This is an effective method to obtain high output power for traditional DFB fiber lasers limited to the short cavity. Pump light from 976-nm single mode laser diode (SM-LD) was injected to the hybrid cavity from the wavelength division multiplexer (WDM), and laser generated in resonant cavity passed through the WDM to an optical coupler (OC). The saturation output power of the hybrid cavity reached about 60 mW, and the 3dB linewidth was about 16 kHz when pump power was set to 756 mW (1200 mA)

The SIL module included several-meter-long NPDF, a variable optical attenuator (VOA) and a uniform FBG. As shown in Fig. 1(b), NPDF was doped with La nanoparticles to achieve much higher Rayleigh scattering coefficient compared with single mode fibers [START_REF] Blanc | Formation and applications of nanoparticles in silica optical fibers[END_REF], a few meters fibers are sufficient as scattering medium. By tuning the bending radius of NPDF, we made sure the single wavelength lasing. The VOA was used to adjust the feedback intensity to achieve better linewidth compression, as given in Table I. It shows the 3dB linewidth of the hybrid cavity with SIL module (SIL hybrid cavity) that three-meter-long NPDF was used. Besides, the narrowest linewidth of SIL hybrid cavity for different length NPDF is given in Table Ⅱ. The experimental results revealed that linewidth became narrower with longer NPDF, which was corresponding to the theoretical results [START_REF] Huang | Linewidth suppression mechanism of self-injection locked single-frequency fiber laser[END_REF][START_REF] Dang | Ultra-high spectral purity laser derived from weak external distributed perturbation[END_REF]. And we thought it was the combined effects introduced by SIL and Rayleigh scattering effect. In the following experiments, we adjusted the VOA to obtain the narrowest linewidth for three-meter-long SIL hybrid cavity when pump power was 756 mW, then fixed the knob of the VOA and took measurements.

We have also built a fiber amplifier to obtain watt-level output. The length of the commercial double cladding gain fiber used was optimized to improve efficiency and avoid nonlinear effects. The max output power reached about 1.5 W, and we observed a slight linewidth broaden due to additional frequency noise and ASE during amplification.

III. EXPERIMENTAL RESULTS AND DISCUSSION

By tuning bending radius of the fiber in SIL module to achieve single frequency output, the spectrum of our laser with threemeter-long NPDF was recorded by an optical spectrum analyzer 2(a) compares optical spectrum before and after amplification. The side mode suppression ratio (SMSR) decreased due to the spontaneous emission light during amplification which occupied a very small proportion in the overall output power. Furthermore, we studied the variation of center wavelength when pump power increased, as shown in Fig. 2(c). The discrete points of same color were the multiple measurement results in 30 seconds, showing good shortterm stability. The points with different color represent measurement results at different date. When pump power gradually increased, center wavelength moved to long wavelength direction. This is because the resonant frequency is inversely proportional to the effective cavity length which is the product of the cavity length and the fiber refractive index. The temperature in laser cavity usually increases with the rise of the pump, resulting in the increase of the effective cavity length. However, when pump power increased to about 756 mW, we observed a drift of central wavelength for about 0.03 nm. Repeat experiments at different date were carried out to eliminate erroneous operations during the experiment, as shown in Fig. 2(c). Early research provided a reasonable explanation [START_REF] Lang | External optical feedback effects on semiconductor injection laser properties[END_REF]. The drift came from the walking-off effect between the resonant cavity and external cavity modes. In fact, if we set the refractive index and center wavelength to 1.48 and 1548 nm, the cavity length of the laser resonator can be calculated to be 0.027 m, according to equation: L=λ 2 /2n∆λ. The result is corresponding to our three-cm-long phase shift grating. Considering the resolution of the OSA, more detailed research requires high-precision device. In addition, it is pointed that the drift of the center wavelength is usually accompanied by the variation of slope efficiency, which is also observed in our experiments in Fig. 2(b).

We used delayed self-heterodyne system to evaluate linewidth of our laser with 30 km delay fiber and a 40 MHz frequency shift. The beat signal was then collected an electronic spectrum analyzer (ESA, Rohde & Schwarz, FSCV3004). During the experiments, we measured the linewidth for several times to get the average value. The 20-dB linewidth of the hybrid cavity was measured to be 320 kHz, thus 3dB linewidth was 16 kHz. Fig. 3(b) shows the test beat spectrum of the SIL hybrid cavity using 2 km delay fiber. The average 3dB linewidth was calculated to be 497 Hz [START_REF] Wang | Ultra-narrow-linewidth measurement utilizing dualparameter acquisition through a partially coherent light interference[END_REF]. Fig. 3(c) shows change tendency of linewidth at different pump power, linewidth of the hybrid cavity was nearly linearly broadened. That was the result of additional frequency noise came from the pump-noise-induced fiber temperature fluctuations [START_REF] Zhao | Frequency noise of distributed bragg reflector singlefrequency fiber laser[END_REF]. The resonant frequency varies with fiber temperature due to the thermal expansion (cavity length) and the thermo-optic effect (refractive index). Then additional pump induced frequency noise is introduced and shown as the linewidth broaden phenomenon with pump power. The relationship between frequency noise power spectral density and pump RIN noise can be expressed as the following equation [START_REF] Zhao | Frequency noise of distributed bragg reflector singlefrequency fiber laser[END_REF]: 

        = - - 
Then we apply the method in [START_REF] Domenico | Simple approach to the relation between laser frequency noise and laser line shape[END_REF] to calculate linewidth from frequency noise power spectral density. The calculated slope is accorded with experimental results of about 23 kHz/W. However, linewidth of the SIL hybrid cavity changed in a different way.

From 250 to 500 mW, the linewidth also linearly broadened in a slope similar with the hybrid cavity. Low pump power limited feedback power, and the pump-noise-induced effect dominated.

Then with the increase of pump and feedback power, the selfinjection locked effect played a leading role. After that, the linewidth broadened again. The frequency noise spectrum was measured to estimate linewidth of lasers by a delayed self-heterodyne system with 200 m optical path difference. Fig. 4(a) shows the results the range of 10 Hz to 600 kHz. The blue line represents the β-line with the mathematical expression of S(f)=8*ln2*f/π 2 [START_REF] Domenico | Simple approach to the relation between laser frequency noise and laser line shape[END_REF]. The introduction of the SIL module helped reduce the frequency noise by nearly 20 dB. The 3dB linewidth was calculated to be 12 kHz for hybrid cavity and 353 Hz for SIL hybrid cavity.

The relative intensity noise (RIN) of the hybrid cavity was measured with and without SIL module, for comparison purpose. The optical power entering the photodetector with bandwidth of 125 MHz was attenuated to around 38 μW. The resolution bandwidth of the ESA was set to 200 Hz, and the results are shown in the Fig. 4(b). After introducing the SIL module, the overall RIN noise was raised for 5~10 dB, and the relaxation oscillation frequency (ROF) moved to the low frequency direction. The former mainly came from the intensity noise introduced by the SIL module. Both the VOA and scattered light resulted in the instability of the feedback power to the hybrid cavity, indirectly increasing intensity noise. The frequency shift of ROF was the result of both SIL effect and Rayleigh scattering [START_REF] Cranch | Intensity noise characteristics of erbium-doped distributed-feedback fiber lasers[END_REF][START_REF] Wu | Theoretical and experimental investigation of conversion of phase noise to intensity noise by Rayleigh scattering in optical fibers[END_REF]. SIL module helps to increase the photon lifetime of the laser cavity, which will cause the ROF move to the low frequency direction. Besides, the ROF of one-meter-long NPDF was 530 kHz, and it shifted to 476 kHz when three-meter-long NPDF was used. The photon life increased with the length of NPDF, which led to a larger frequency shift of the ROF.

To further verify the stability, we have measured center wavelength when pump power was 756 mW. The variation of center wavelength was less than 0.0169 nm, which was even smaller than the spectral resolution of our OSA. The PER of SIL hybrid cavity with in-line polarizer was measured by a polarization extinction ratio meter (ERM-202), and the damage threshold power was 10 mW. The PER fluctuation was less than 3.09 dB over 15 minutes, as shown in Fig. 4(c).

IV. CONCLUSION

In conclusion, we have demonstrated a watt-level narrow linewidth fiber laser by using a new type of hybrid cavity and nanoparticles doped fiber based self-injection locked module. The hybrid cavity was applied to achieve mode selection in a long cavity which helped to increase output power without sacrificing mode instability. We observed a simultaneous drift of center wavelength and slope efficiency variation due to the walking-off effect between the resonant cavity and external cavity modes, which was verified by the mode selection Vernier effect. The introduction of the SIL module compressed 3dB linewidth from 16 kHz to 497 Hz. The side mode suppression ratio was achieved beyond 60 dB. Low RIN was measured as -135 dB/Hz from 2~5 MHz and frequency noise smaller than 10 3 Hz 2 /Hz from 10 Hz to 500 kHz. 
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 1 Fig. 1. Experimental setup of the homemade narrow linewidth self-injection locked laser system. (a) Scheme of the hybrid cavity. (b) Scheme of the self-injection locked module (SIL-module). (c) Principles of the mode selection in the hybrid cavity.
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  IEEE PHOTONICS TECHNOLOGY LETTERS (OSA, Yokogawa, AQ6374) with spectrum resolution of 0.05 nm. Fig. 2(b) shows optical spectrum of the hybrid cavity with the SIL module at different pump power. Fig.
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 2 Fig. 2. Characteristics of the SIL hybrid cavity. (a) Optical spectrum before and after amplification (b) Optical spectrum at different pump power. (c) Output power and center wavelength with pump power increasing.
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 3 Fig. 3. (a) Beat spectrum of hybrid cavity collected by the ESA. (b) Beat spectrum of SIL hybrid cavity collected by the ESA. (c) Linewidth of the hybrid cavity with and without SIL module at different pump power and corresponding compression ratio.

Fig. 4 .

 4 Fig. 4. (a) Calculated frequency noise PSD of two different kinds of lasers. (b) Measured RIN noise of the hybrid cavity as well as the SIL hybrid cavity with different length of NPDF. (c) The stability performances of the center wavelength and PER.
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