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Abstract

:

In order to reduce the pumping threshold and achieve a short-cavity single-mode transmission with a narrow-linewidth random fiber laser, we propose a tunable random fiber laser based on the combination of random grating and highly reflective fiber Bragg grating (FBG). Theoretical modeling of a random refractive index-modulated fiber grating was carried out. Random grating is regarded as a linear combination of uniform fiber gratings with different periods. Simulation calculations were performed using the transfer matrix method to determine the preparation parameters. Under the premise of satisfying light localization, a point-by-point method was used to write a random grating in a single-mode fiber using a femtosecond laser according to the simulated parameters. We constructed a random fiber laser with a linewidth of 1.68 kHz and a threshold of 29.2 mW using a random grating and a highly reflective FBG combined with an erbium-doped fiber. Due to the broad scattered wavelength range of the random grating, by changing the central wavelength of the high-reflection FBG, the tunable wavelength of the output laser was realized, and the tunable range was 0.847 nm (1549.110–1549.957 nm). Moreover, the laser’s central wavelength and output power are stable for a long time. Compared with other lasers, the proposed laser has the advantages of a lower threshold, shorter cavity length, narrower linewidth, and a relatively simple structure.
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1. Introduction


Since the first realization of the laser output in a random structure by R. V. Ambartsumyan et al. in 1966 [1], the advantage that random lasers can generate laser light by relying only on a disordered medium has led to extensive research and development of random lasers. During this research, various random media have been used to achieve random lasers [2,3,4,5,6,7,8,9,10], including nanoparticle laser dyes, metal nanoparticle polymer films, semiconductor powders, rare earth powders, crystalline powder materials, and even dye-treated human tissues. With the development of the fiber manufacturing process and in-depth research on fiber structure, De Matos, Christiano J. S. et al. [11] built a random fiber laser system for the first time in 2007. The fiber’s unique one-dimensional structure confines the fiber’s light and provides effective one-dimensional random feedback, enabling the laser to achieve higher conversion efficiency. With its simple structure, low coherence, and high cost performance, the random fiber laser has excellent prospects for applications in remote sensing [12], optical imaging [13], medical diagnosis [14], and optical sensing [15].



Random fiber lasers can be broadly classified into three categories based how gain is obtained, which are the stimulated Raman scattering (SRS) effect [16], the stimulated Brillouin scattering (SBS) effect [17,18,19], and the active fiber gain effect [20]. Rayleigh scattering with the disordered refractive index at the center of the fiber provides distributed random feedback to the random fiber laser system. It is, therefore, also known as a random distributed feedback fiber laser (RDFB-FL) [21]. Sergei K. Turitsyn et al. [16] designed mirrorless open cavities to generate laser output by coupling two 1455 nm pump waves of the same power in opposite directions into a conventional fiber of 83 km and using the intrinsic Rayleigh backscattering effect in the fiber to guide the photons to achieve excited Raman amplification. Liang Zhang et al. [22] used a method to enhance the Rayleigh scattering intensity in optical fibers by inscribing random refractive index-modulated points on the fibers and combining them with 25 km single-mode fibers as a Brillouin gain medium to achieve random laser output. However, the cavity length of the laser was still long. Haiyang Wang et al. [23] enhanced the Rayleigh scattering intensity in the fiber by writing a random grating array on the polarization-maintaining fiber to improve the random distribution feedback for the laser system. They used a ring cavity structure to build a laser system. The system uses an NKT laser with a linewidth of 100 Hz as the pump light and a 2 km panda-shaped polarization-maintaining fiber as the Brillouin gain medium, combined with a random grating array to achieve stable laser output. Liang Zhang et al. [24] developed an erbium gain random fiber laser based on a strong random grating, which reduces the cavity length greatly but has a high threshold of about 90 mW. Because random fiber lasers based on Raman gain and Brillouin gain have higher fiber length and pump laser requirements, the structure of random fiber lasers combining active fiber and Rayleigh scattering is simpler.



In order to realize a short-cavity narrow-linewidth random laser output, we propose a short-cavity, narrow-linewidth, tunable random fiber laser based on the combination of random grating and highly reflective FBG. The definition of a random grating is that a large number of refractive index-modulated points are written randomly on the optical fiber in the method of direct inscription. The random spacing points provide a high degree of randomness of the fiber grating. The fabrication parameters of the random grating were obtained by simulation design. The random grating was fabricated by the femtosecond laser point-by-point method, and finally, a narrow-linewidth random fiber laser was constructed with the ultra-narrow reflection peak of the random grating. The laser can generate a stable narrow-linewidth random laser output of 1.68 kHz, the pump threshold is approximately 29.2 mW, and the slope efficiency is approximately 2.3%. Furthermore, the tunability of the output laser wavelength was achieved by changing the central wavelength of the FBG using the water bath temperature.




2. Simulation and Fabrication


The stochastic grating modulates the refractive index of the optical fiber point by point with multiple random periods, so when describing it mathematically, the transfer matrix method, which mainly solves complex grating structures, is used for simulation analysis [25]. The relevant parameters of the random grating applicable to resonance generation in fiber lasers are obtained from the simulation analysis. For a grating with a uniformly varying refractive index, we can represent it as a 2 × 2 matrix, according to which we can find the reflectivity of the grating. For a grating with a nonuniform change in refractive index, we can divide it into multiple segments and consider it as a cascade superposition of multiple uniform gratings. In this way, the whole nonuniform grating can be expressed as a series of two-dimensional matrices in the form of concatenated multiplication. Then, the reflectance can be calculated from this matrix. The random grating is analyzed, as shown in Figure 1.   z i   is the length of the fiber between neighbor FBGs, which provides the randomness of the fiber. The random periods of the grating allow for the narrow peaks and broad wavelength range of the reflection spectrum. The narrow reflection peaks act as narrow filters, which select one mode and reduce the mode competition. The random grating is analyzed as a superposition of m-segments of uniform gratings with different random periods, with random intervals between gratings. The refractive index equation for each grating segment can be expressed as   n  ( y )  =  n  e f f   +  n 1  cos     2 π  Λ  y    , where    n  eff    =  n 0  +  n 1    is the effective refractive index of the grating,   n 0   is the effective refractive index of the fiber,   n 1   is the refractive index modulation, and  Λ  is the refractive index change period of the grating. When the incident beam with a wavelength of  λ  has a positive incidence, the mutual coupling coefficient can be expressed as   κ =  ω  2 c    n 1  =  π λ   n 1   . Then, the amplitudes of the forward and backward propagation modes before and after the ith uniform section are expressed as a matrix of the form   F  x i    [25].


       R  i + 1        S  i + 1       =  F  x i        R i       S i       



(1)






   F  x i   =      cosh    γ  B i   Δ  x i    − j    σ ^  i   γ  B i    sinh    γ  B i   Δ  x i        − j   κ i   γ  B i    sinh    γ  B i   Δ  x i          j   κ i   γ  B i    sinh    γ  B i   Δ  x i        cosh    γ  B i   Δ  x i    + j    σ ^  i   γ  B i    sinh    γ  B i   Δ  x i         ,  



(2)




where   R i   and   S i   are the amplitudes of the forward and backward waves at the   i  t h    cross section,   Δ  x i    is the length of the   i  t h    uniform cross section,    γ  B i   =       κ i    2  −   σ ^  i 2     ,     σ ^  i  =  σ ^  −  π  Λ i     is the normalized frequency detuning of the grating, indicating the magnitude of the optical frequency deviation from the Bragg frequency, which is independent of the direction of propagation along the grating for all gratings, and    σ ^  = 2  n  e f f   π / λ  . In addition,   P  x i    is the transfer matrix of single-mode fiber [25], and can be expressed by Equation (3):


   P  x i   =       e  − j  φ i                   0               0             e  j  φ i           ,  



(3)




where    ϕ i  = 2 π  n  e f f    z i  / λ  ,   z i   is the distance between two neighbor FBGs. Therefore, the transmission characteristic matrix of the whole grating can be expressed as


       R M       S M      = F      R 0       S 0       



(4)






  F =  F  x 1   ·  P  x 1   ·  F  x 2   ·    P  x 2      ⋯  F  x m   ·  P  x m   =      F 11     F 12       F 21     F 22      ,  



(5)




where   R 0   and   S 0   denote the amplitudes of the forward and backward waves input to the whole grating, and   R M   and   S M   indicate the amplitudes of the forward and backward waves passing through the entire grating, respectively. According to the transfer matrix  F , the reflection and transmission coefficients of the grating can be obtained, then the light intensity reflectance and light intensity transmittance can be obtained. In this paper, the periods of gratings and the spacings of refractive index-modulated points are changed randomly, and the rest of the parameters are kept the same.



We defined the whole length and random spacing of the random grating and used the boundary conditions    R 0  = R  ( − L / 2 )  = 1   and    S 0  = S  ( L / 2 )  = 0   to calculate the transmission and reflection spectra of the random grating. In the simulation program, the whole grating length was set to 3.5 cm, the effective refractive index of the fiber was 1.4475, the refractive index modulation depth was   1 ×  10  − 3     [26], and the randomly generated modulation point spacing range was 1–5  μ m. The calculated reflectance spectra are shown in Figure 2a and the calculated transmission spectra are shown in Figure 2b. Figure 2c shows the reflectance spectrum of the random grating after converting the reflectance units for comparison with the test results after fabrication. Figure 2d shows that the average feedback intensity of the random grating increases with the number of grids.



According to the condition of realizing random laser, the relationship between the random medium length and the localization length is as follows:


  〈 T ( L ) 〉 ≈ exp ( − L / 2 ξ ) ,  



(6)




where L is the length of random grating,  ξ  is the light localization length, and   T ( L )   is the overall transmissivity of the random grating. After calculation according to Figure 2b, the average transmittance of the whole grating is 0.4189. The localization length is calculated to be 20.11 mm, which is smaller than the grating length and satisfies the photon localization condition. With the increase in pump light, a random laser can be obtained. Therefore, the grating can be prepared according to the parameters obtained from the simulation.



A femtosecond laser was used to achieve random grating fabrication [27], as is shown in Figure 3. Based on the simulation parameters, we used a point-by-point method to inscribe a grating with 11,700 refractive index-modulated points in a 3.5 cm single-mode fiber using a femtosecond laser. The random spacing ranges of the random grating are from 1–5  μ m, and the software generates the random numbers. The operating parameters of the femtosecond laser are a pulse peak power of 0.2 W, a minimum pulse width of fewer than 290 fs, and a second harmonic wavelength of 515 nm. After the laser passes through an attenuator and a diaphragm, the laser beam is focused into the fiber core by a 63× high-numerical-aperture oil immersion objective, which moves linearly along the Z axis by being fixed to the air-floating platform. The fiber to be fabricated is clamped on a precision air-bearing table with a position accuracy of   ± 100   nm. We used the CCD to observe the fiber in real time. By adjusting the attenuation of the laser energy to 7% and reducing the diameter of the spot, the grating width written by the point-by-point method was less than 1  μ m, and a random grating was obtained.



After the successful fabrication, the random grating was measured using an optical frequency domain reflectometer (OBR4600, LUNA, Roanoke, VA, USA), and the measurement results are shown in Figure 4. The OBR4600 backlight reflectometer has a spatial resolution of up to 10  μ m and can test the loss and distribution of the entire optical path of the fiber under test. Figure 4a shows the distance domain measurement of the grating. Figure 4b shows the wavelength domain measurement of the grating. The backscattering signals in the distance domain clearly show that the random grating is roughly written at 1.640–1.675 m of the fiber. The backscattering signals in the wavelength domain clearly show that the reflection spectrum in the random grating shows a large number of peaks with narrow linewidths. After several fabrication experiments, the optimal laser power parameters for preparing the random grating were obtained. The laser power and position focused on the core during the preparation process affect the refractive index modulation depth, so the intensity of the actual prepared random grating reflection spectra is lower than the simulated results compared with the simulated random grating reflection spectra. Multiple interference peaks are formed between the random grating’s different refractive index-modulated points in the measured random grating reflection spectrum. The narrow peaks act as narrow filters, suppressing random modes and achieving single-mode operation with narrow linewidth.




3. Laser Structure and Principle


Random lasers based on random gratings mostly use linear cavity structures. In the linear cavity structure, the beams transmitted in opposite directions are prone to form standing waves, which not only form a spatial hole-burning effect in the gain medium but also may form a mode competition. In addition, the conventional random laser based on random grating inscribes the grating on the erbium-doped fiber, resulting in a laser susceptible to temperature effects and unstable laser output. The proposed laser uses a ring resonator, and the resonant cavity structure is inscribed in a single-mode fiber, which alleviates the temperature effect in the cavity on the laser system. The erbium-doped fiber random laser structure is shown in Figure 5a. The pump laser is a 974 nm semiconductor laser (Pump LD, MCSPL-980-300-H1-1-FA-T1, MC Fiber Optics, Shenzhen, China); the pump light is injected into a 0.5 m long section of erbium-doped fiber (EDF, Er110-4/125, nLIGHT, Vancouver, WA, USA) with a peak core absorption of 110 dB/m at 1530 nm through a 1550 nm/974 nm wavelength division multiplexer (WDM, MCWDM-9855-P-00-10-L-FA, MC Fiber Optics, Shenzhen, China), and the pump light entering the gain medium achieves particle number inversion to produce excited radiation. The amplified light passes through the fiber circulator into the random grating and is propagated through the cavity by the scattering provided by it. The isolator allows only one-way light transmission in the annular cavity; when the light propagates to the output coupler, 90% of the light is sent back to the annular cavity, and 10% is used as the laser output. Combined with the device pigtail length, the overall cavity length of the laser is approximately 8.18 m. The selected highly doped active fiber effectively improves the gain effect on the pump light source and reduces the length of the ring cavity. Due to the broad gain bandwidth of EDF and the broad scattered wavelength range of random grating, we can achieve a wide tunable range.



The output of the erbium-doped fiber laser based on the random grating is detected and analyzed by a optical spectrum analyzer with a resolution of 0.05 nm (AQ6374, YOKOGAWA, Tokyo, Japan). Figure 5b shows the output spectrum of the laser, which is pure. The laser runs in a single wavelength state with a central wavelength of 1549.11 nm and an optical signal to noise ratio of 68 dB. The peak of the spectrum is narrow, with a 3 dB bandwidth of about 0.05 nm. Since the wavelength limit resolution of the spectrometer is 0.05 nm, the measured bandwidth of the spectrum cannot represent the true bandwidth of the laser, and further measurements are required. When the laser works, multiple interferences are formed in the random grating. The interference spectra overlap to produce sharp reflection peaks, which provide random feedback for the laser in the cavity. The photon localization effect of strongly reflective random grating and the high reflectivity of FBG provide conditions for the stable single-wavelength output of lasers.




4. Output Characteristics of Lasers


The laser output characteristics of this random fiber laser vary with the pump laser power, as shown in Figure 6. Figure 6a shows the measured laser spectrum as the pump laser increases when the central wavelength of the frequency-selective FBG is fixed at 1549.11 nm. It can be seen from the figure that when the threshold power is below 29.2 mW, the erbium-doped fiber laser generates a weak broadband spontaneous emission (ASE) spectrum. When the power of the pump light source reaches 29.2 mW, the laser is generated, and only one laser peak appears on the spectrometer. The relationship between the laser output power and the pump power is measured by an optical power meter (S144C, Thorlabs, Newtown, CT, USA). The output of the laser is directly connected to the optical power meter, and the power change of the optical power meter is observed while adjusting the power of the pump source to obtain the relationship graph shown in Figure 6b. The graph shows that the output power tends to increase linearly with a slope efficiency of about 2.3% when the pump power exceeds the threshold value.



To further investigate the output characteristics of this random laser, we conducted experiments at 17 °C in a laboratory environment. We turned on the pump source and set the pump power to 300 mW. In the first 6 min, the wavelength and output power of the spectral peak were measured every minute, and then the laser output spectrum was measured every 10 min, for a total of 12 measurements. We obtained 12 sets of data. The measurement results are shown in Figure 7, and it can be concluded that the wavelength and output power fluctuations are 0.05 nm and 0.94 dB, respectively. The filtering effect of the narrow broadband of the fiber Bragg grating can be seen, making the central wavelength of the output laser more stable. On the other hand, the mode competition in the laser cavity is relatively strong at this pump power. The power fluctuations are more obvious in the first 5 min and 5–10 min, and the fluctuations tend to slow down after 10 min. The experimental results show that the stability of the output laser can be guaranteed for a short time after startup.



We chose the delayed self-heterodyne method to test the output linewidth of the laser, and the test structure is shown in Figure 8a. The random laser enters the test system and is first divided into two paths by a 50/50 coupler, one into a delayed standard single-mode fiber with a length of 22.2 km, and the other into an acousto-optic modulator (AOM; SFO5519-T-M080-0.4C2J-3-F2S-01, Gooch and Housego, Ilminster Somerset, Britain), which is frequency-shifted by 80 MHz. The two signals enter the coupler and are received by the photodetector (PD; PDB450C-AC, Thorlabs, Newtown, CT, USA). Finally, the spectrum analyzer (ESA; 4051-E-S, Ceyear, Qingdao, China) analyzes the beat frequency signal, and the detected beat frequency signal is shown in Figure 8b. From the figure, we can know that the beat frequency signal shows a good Lorentzian line pattern, and the spectral line width is about 1.68 kHz according to the Lorentzian approximation. The output linewidth is also tested when the resonant cavity structure of the laser is just an ordinary FBG. We obtain the beat frequency signal, as shown in Figure 8c, and the spectral linewidth is about 2.79 kHz. When the resonant cavity is a random grating combined with a highly reflective Bragg grating, the Lorentz line pattern is better, and has the effect of compressing the linewidth, which results in a narrow-linewidth random fiber laser.



Using the frequency-selective filtering characteristics of the highly reflective FBG, the wavelength tunability of the output laser can be achieved by changing the center wavelength of the FBG. The random grating and Bragg grating were placed in a water bath without any stress, and the pump power was maintained at 300 mW. After we added water to cover the random grating and Bragg grating in a laboratory environment at a temperature of 17 °C, we heated the water to boiling, and then stopped heating. The water temperature at boiling was 95 °C, and when the water temperature decreased to 90 °C, the laser spectrum at that temperature was recorded. Thereafter, the output spectrum of the laser was recorded once for every 10 °C decrease in the water temperature. The temperature ranged from 20 °C to 95 °C for a total of nine random laser output spectra recorded. The measurement results are shown in Figure 9, and it can be concluded that the wavelength drift is 0.847 nm (1549.110–1549.957 nm).




5. Conclusions


The proposed laser uses a random grating written point-by-point by a femtosecond laser as a random feedback medium, uses erbium-doped fiber for gain amplification, combines isolators and couplers to form a ring cavity structure, and uses a highly reflective Bragg grating to select the laser output at a wavelength of 1549.11 nm. Experimental results show that the linewidth is 1.68 kHz, the threshold of the laser is 29.2 mW, and the slope efficiency is 2.3%. The tunable output laser wavelength is achieved with the FBG tuning device with a tuning range of 0.847 nm (1549.110–1549.957 nm). Compared with the existing random fiber lasers, the proposed laser has the advantages of a relatively shorter laser cavity length, narrower linewidth, and simpler structure. During the experiment, the parameters in the laser structure were not strictly controlled to obtain the optimal threshold and slope. The next step is to optimize the cavity length of the resonator structure, reduce the loss, improve the slope efficiency, and realize the tunable design of tens of nm. On the premise of ensuring the stability of the laser, the parameters affecting the composing of gratings are further studied.
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Figure 1. Random gratings are represented as a linear combination of periodic gratings of different periods. 
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Figure 2. Simulation results of transfer matrix method. (a) Random grating reflection spectrum; (b) random grating transmission spectrum; (c) random grating reflection spectrum after conversion of units; (d) random grating average reflectance changes with the number of grids. 
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Figure 3. Diagram of femtosecond laser structure. 
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Figure 4. The backscattering signals of the random grating. (a) The backscattering signals in distance domain; (b) the backscattering signals in wavelength domain. 






Figure 4. The backscattering signals of the random grating. (a) The backscattering signals in distance domain; (b) the backscattering signals in wavelength domain.



[image: Photonics 10 00644 g004]







[image: Photonics 10 00644 g005 550] 





Figure 5. Random fiber laser. (a) Diagram of structure; (b) optical spectrum of laser output. 
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Figure 6. (a) The change in laser output spectrum with the pumped laser; (b) the change in laser output power with the pumped laser. 
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Figure 7. (a) Random laser output spectrum obtained from multiple measurements; (b) random laser wavelength and output power change with time. 
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Figure 8. Laser linewidth test. (a) Diagram of the delayed self-heterodyne method; (b) resonant cavity for random with FBG, beat frequency signal spectrum; (c) resonant cavity for FBG, beat frequency signal spectrum. 
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Figure 9. (a) The relation between the output spectrum of random laser and the temperature; (b) the wavelength changes during the cooling processes. 
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