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Abstract

:

This paper presents experimental evidence regarding a novel switchable dual-wavelength thulium-doped fiber laser (TDFL). Wavelength switching is achieved by combining a polarization-maintaining fiber Bragg grating (PM-FBG) with a polarization controller (PC). The three-coupler double-ring compound cavity (TC-DRC) structure, acting as a mode-selection filter, is designed to select a single longitudinal mode (SLM) from the dense longitudinal modes. This paper introduces the design and fabrication method of the TC-DRC filter and analyzes, in detail, the mechanism for SLM selection. The experimental results demonstrate that the designed filter exhibits excellent performance. By adjusting the PC, the TDFL achieves stable SLM operation at the wavelengths of 1940.54 nm and 1941.06 nm, respectively. The optical signal-to-noise ratio (OSNR) is superior to 65 dB. When the TDFL is tested at room temperature, there is no significant wavelength drift, and power fluctuations are less than 1.5 dB. The operation of the SLM is verified through the self-heterodyne method, and the laser maintains stable SLM states for both wavelengths after continuous operation for an hour. Furthermore, based on the phase noise demodulation method, the linewidths of both wavelengths are measured to be less than 10 kHz at the integration time of 0.001 s.
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1. Introduction


Thulium ions possess multiple excitation and emission energy levels, enabling the realization of a wide wavelength range for laser output [1,2]. The operational principle of a thulium-doped fiber laser (TDFL) involves exciting thulium ions to higher energy levels through either electrical heating or optical pumping, leading to transitions between lower and upper energy levels and the emission of laser light [3]. With technological advancements, TDFLs have been adopted in various fields. In telecommunication, they can be used for signal amplification in optical communication systems and as light sources in optical fiber sensors [4,5,6]. In laser processing, TDFLs find applications in cutting, welding, hole drilling, and other machining processes [7,8,9]. In the medical field, these lasers are employed in laser surgery, skin treatments, and ophthalmic surgeries [10,11,12,13,14,15,16,17,18]. They also offer advantages such as a broad wavelength range (1660–2200 nm), high efficiency, and versatility across multiple application domains, making them a significant area of research in recent years.



The single-longitudinal-mode (SLM) TDFL, due to its excellent SLM oscillation characteristics and narrow linewidth, is a preferred light source for various applications, including optical measurement, coherent optical communication, and optical fiber sensing. Given the demand for ultra-high spatial resolution in these fields, we have created and employed various narrowband filters to optimize the longitudinal mode interval. Compared to conventional distributed feedback (DFB) fiber lasers and distributed Bragg reflector (DBR) fiber lasers [19,20], the SLM thulium-doped ring-cavity fiber laser offers advantages such as high output power and no spatial hole burning [21]. However, the overall cavity length of the ring cavity is relatively long, leading to small longitudinal mode spacing. Appropriate filters need to be designed in the cavity to increase the effective longitudinal mode spacing further and reduce the longitudinal density. Due to the stringent requirements of ultra-narrowband filter bandwidths, the manufacturing process becomes more complex. Therefore, achieving SLM operation using only polarization-maintaining fiber Bragg grating (PM-FBG) is challenging. While using a saturable absorber (SA) for SLM operation is an option, it requires a sufficiently long length, leading to lower slope efficiency [22]. Critical filtering components are also relatively scarce and expensive in the 2 μm band. Thus, manufacturing a sub-ring cavity filter, such as a multi-ring compound ring cavity filter, becomes an easily implementable, cost-effective, and flexible solution. A multi-ring compound cavity filter typically consists of a main cavity providing gain combined with one or more passive sub-cavities filters. The passive sub-ring cavity filter usually comprises one or more 2 × 2 optical couplers (OCs) that serve as filters for longitudinal mode selection in the main cavity. Based on the above analysis, a combination of PM-FBG and a three-coupler double-ring compound (TC-DRC) cavity filter is employed to achieve mode selection within the main ring cavity.



In addition, multi-wavelength lasers with switchable characteristics have broad applications in wavelength-division multiplexing systems, microwave signal generation, high-resolution spectrometers, optical fiber sensing, and other fields. In recent years, various wavelength-tuning techniques have been reported, including multi-wavelength lasers based on all-fiber Mach–Zehnder interferometers with 3 dB OCs [23]; introducing polarization-dependent components such as few-mode or multi-mode fiber gratings to weaken the competition among different wavelengths through polarization hole burning effects [24], achieving multi-wavelength output; and utilizing the intensity-dependent balanced effect of nonlinear polarization rotation to achieve multiple-wavelength lasing [25]. Among these methods, the PM-FBG allows for advanced knowledge of the reflection wavelength and bandwidth positions, facilitating parameter selection and numerical simulation. By adjusting the state of the polarization controller (PC), the birefringence state inside the cavity can be changed, causing variations in the intensity of the two reflection peaks of PM-FBG. Compared to other methods, a wavelength-switchable dual-wavelength TDFL designed with PM-FBG exhibits advantages such as a simple structure, stable output, and ease of control.



In this work, a dual-wavelength tunable SLM TDFL is proposed and demonstrated experimentally. The TDFL achieves SLM operation using a laboratory-made PM-FBG and a TC-DRC cavity filter. Firstly, the transmission spectrum of the PM-FBG is measured, and a numerical simulation analysis of the TD-DRC cavity filter is conducted, laying the foundation for further experiments. The basic principles and mode-selection mechanism of achieving SLM inside the ring cavity are analyzed. Subsequently, the output optical spectra, wavelength drift, and power fluctuations of the two wavelengths are measured at room temperature over 60 min, along with the spectra used to confirm SLM operation. Finally, based on a phase noise demodulation method, the laser linewidth measurement system is employed to measure the linewidth of the two output wavelengths at different integration times. The experimental results indicate that the TDFL exhibits stable output performance.




2. Experimental Instrument and Principles


As shown in Figure 1a, a 793 nm laser diode (LD) (K793DA3RN12.00W, BWT Beijing Ltd., Beijing, China) with a maximum output power of 12 W was employed to provide pump energy to the gain fiber through a 790/2000 nm coupler (FC, Light Comm Technology). The gain fiber was a 4.5 m long Tm3+-doped double-clad fiber with a core/cladding diameter of 10/130 μm and a numerical aperture (NA) of 0.15 (Nufern, thulium-doped, TDF). The absorption coefficient of the thulium-doped fiber at 793 nm was 4.5 dB/m. The other end of the thulium-doped fiber (TDFL) was connected to port 1 of the circulator (CIR), ensuring unidirectional laser operation within the cavity. Port 2 of the CIR was connected to a PM-FBG for initial wavelength selection. To avoid the impact of reflections from the free-end pigtail of the PM-FBG, the pigtail fiber of the PM-FBG was spliced to a FC/APC connector. The PM-FBG, serving as a dual-channel filter, was fabricated in a polarization-preserving fiber using the phase mask method. Compared with a three-ring PC, a drop-in PC with low loss in the 2 μm band was selected to adjust the polarization state. A TC-DRC cavity filter implemented the mode selection mechanism, with the reflected light signal from the PM-FBG entering the passive TC-DRC cavity filter through port 3 of the CIR. The TC-DRC cavity filter, as shown in Figure 1b, consisted of three OCs (OC1, OC2, and OC3): OC1 was a 90:10 2 × 2 coupler, while OC2 and OC3 were 50:50 2 × 2 homemade couplers. Additionally, L1 + L4 + L2 formed the large ring (Ring-1), and L2 + L3 composed the small ring (Ring-2), where L1 = L2 = L4 = 1 m and L3 = 2.05 m. The final 1 × 2 OC outputted 10% of the laser from the main cavity. The total cavity length of the constructed laser was ~16.48 m, resulting in longitudinal mode spacing of ~12.7 MHz in the main cavity.



The PM-FBG has high birefringence, and its transmission modes are the two fundamental modes with mutually perpendicular polarization directions. It has two optical axes, so the refractive indices for the two polarization directions differ. The limited refractive indices in the slow and fast axis directions of the polarization-maintaining fiber are denoted as    n  e f f x     and    n  e f f y    , respectively. Reflection occurs on both optical axes due to the grating, and the peak reflection wavelengths of the two spectra (λx and λy) satisfy the following grating peak wavelength formula:


   λ x  =  2  n e f f x   Λ  



(1)






   λ y  =  2  n e f f y   Λ  



(2)




where Λ is the grating period. The separation (ΔλB) between the two reflection wavelengths is given by the following:


   L B  = λ /    n  e f f x   −  n  e f f y      



(3)






  △  λ B  = 2 Λ △  n  e f f    



(4)







In the given expressions, LB denotes the beat length of the polarization-maintaining fiber, λ is the operating wavelength,   △  λ B    represents the difference between the two Bragg wavelengths of the grating, and  Λ  is the grating period [26,27].



In this experiment, with LB = 2.7 mm, the wavelength spacing between the two orthogonally polarized modes reflected by the grating was approximately 0.57 nm. Panda polarization-maintaining fiber was used to inscribe using the phase mask method with a length of 2 cm. The optical spectra of the PM-FBG were measured using an optical spectrum analyzer (OSA, Yokogawa, AQ6375B). The transmission spectra of the two wavelengths are shown in Figure 2, measured by the OSA with a resolution of 0.05 nm. The transmission depths at 1940.55 nm and 1941.07 nm were 11.02 dB and 11.65 dB, corresponding to reflectivity of approximately 91% and 93%, respectively. The 3 dB bandwidth of the reflection peak was 0.097 nm, corresponding to a frequency range of about 7.56 GHz.




3. SLM of Principle


Figure 1b shows the schematic diagram of the proposed passive TC-DRC cavity filter, consisting of three OCs (OC1, OC2, and OC3) forming two sub-rings. The working conditions of the laser inside the sub-cavity were analyzed using the signal flowchart initially proposed by Mason [28,29]. Here, E1–E12 represent the electric field amplitudes at the optical ports of the couplers, L1–L4 are the lengths of the optical fibers, κi(i = 1, 2, 3, 4) is the cross-coupling ratio, γi (i = 1, 2, 3, 4) is the insertion losses of the optical fibers, α is the fiber loss coefficient, δ is the splice and cleave loss,   β =   2 π  n  e f f    / λ    is the propagation constant of light,    n  e f f     is the effective refractive index, and λ is the wavelength. The signal flowchart and laser transmission for the sub-cavity consisting of 12 nodes are shown in Figure 3.



As shown in Figure 3, the transmission path gain coefficient Ci (i = 1, 2, 3, 4) for OCs is defined as follows:


   C i  =   1 −  κ i      1 −  γ i    ( i = 1 , 2 , 3 , 4 )  



(5)







The coupling path gain coefficient Yi for OC1 is defined as follows:


   Y i  = i    κ i      1 −  γ i    ( i = 1 , 2 , 3 , 4 )  



(6)







The transmission path gain coefficient Di for the optical fiber is the following:


   D i  =   1 − δ  e  ( − α + j β )  L i      ( i = 1 , 2 , 3 , 4 )  



(7)






      E 3  =  C 1   E 1  +  Y 1   E 2       E 4  =  C 1   E 2  +  Y 1   E 1       E 6  =  D 1   E 4       E 7  =  C 2   E 5  +  Y 2   E 6       E 9  =  D 2   E 7       E  11   =  C 3   E  10   +  Y 3   E 9       E  12   =  C 3   E 9  +  Y 3   E  10        E 5  =  D 3   E  12        E 2  =  D 4   E  11      ,  



(8)







As shown in Figure 1b, when the incident light passed through the TC-DRC cavity filter for the first time, the incident light intensity at port 2 of OC1, port 5 of OC3, and port 10 of OC2 were all equal to 0 (E2 = 0, E5 = 0, and E10 = 0). Equation (8) can be decomposed into matrix form for the ease of solving it, as follows:


  M =      1   0   0   0   0   0   0   0   0   0   0   0     0    − 1    0   0   0   0   0   0   0   0     D 4     0       C 1       Y 1     0   0   0   0   0   0   0   0   0   0       Y 1       C 1     0    − 1    0   0   0   0   0   0   0   0     0   0   0   0    − 1    0   0   0   0   0   0     D 3       0   0   0     D 1     0    − 1    0   0   0   0   0   0     0   0   0   0     C 3       Y 3      − 1    0   0   0   0   0     0   0   0   0     Y 3       C 3     0    − 1    0   0   0   0     0   0   0   0   0   0     D 2     0    − 1    0   0   0     0   0   0   0   0   0   0   0   0    − 1    0   0     0   0   0   0   0   0   0   0     Y 2       C 2      − 1    0     0   0   0   0   0   0   0   0     C 2       Y 2     0    − 1       , E =        E 1         E 2         E 3         E 4         E 5         E 6         E 7         E 8         E 9         E  10          E  11          E  12         , B =      1     0     0     0     0     0     0     0     0     0     0     0      , M E = B  



(9)







Numerical solutions can be obtained using the built-in algorithm of the program.


  E =  M  − 1   B  



(10)







The transmittance of the TC-DRC filter can be expressed as follows:


  T =      E 3     E 1      .        E 3     E 1       ∗   



(11)







Based on the above analysis, MATLAB can be used for the transmission spectrum of the TC-DRC cavity filter. The 3 dB reflection bandwidth of both channels of PM-FBG was less than 0.097 nm, with main cavity longitudinal mode spacing of 12.7 MHz, where using the TC-DRC cavity filter as the mode-selection mechanism achieves the SLM operation of the laser. Two principles need to be satisfied. First, the effective free spectral range (FSR) of the TC-DRC cavity filter should be greater than 0.5 times and less than 1 times the bandwidth of PM-FBG. Secondly, the longitudinal mode spacing of the main ring cavity should be greater than 0.5 times and less than 1 times the full width at half maximum (FWHM) of the TC-DRC cavity filter’s main resonance peak. Only an SLM can be selected from the dense modes within the grating bandwidth through this method. While designing TC-DRC parameters, the fiber loss coefficient, fusion loss, effective refractive index of single-mode fiber (SMF), and the insertion loss of OCs are constants. By changing the lengths Li of the sub-ring cavities and the coupling ratio of OCs, the transmission performance of the TC-DRC cavity filter can be optimized. This primarily affects the Q value of the laser cavity, which is the laser cavity’s capacity for storing energy. In contrast, the cavity length Li determines the FSR of the TC-DRC filter. The formula for calculating FSR is as follows:


  F S R =  c   n  e f f    L  c a v i t y      



(12)







In this formula, c represents the speed of light in a vacuum. As the above equation indicates, sub-cavity FSR is inversely proportional to L.



As shown in Figure 4, the envelope of FSR of the TC-DRC filter was 4.08 GHz, and the measured peak transmission bandwidth was approximately 22.3 MHz, about 1.75 times the longitudinal mode spacing of the main cavity. Theoretically, the proposed TC-DRC cavity filter in the 16.48 m cavity length TDFL exhibited excellent SLM selection capability.




4. Experimental Results and Discussion


This experiment was conducted at normal room temperature, and the TDFL system was placed on an extremely stable optical platform. The laser threshold of TDFL was 2.6 W. Initially, an OSA was used to record the spectra of single-wavelength operation, as shown in Figure 5a,b, with center wavelengths of 1940.54 nm and 1941.06 nm, which coincided with the peak reflection wavelengths of PM-FBG. The optical signal-to-noise ratios (OSNRs) for the output wavelengths were 65 dB and 67 dB. To verify the stability of the output wavelengths, ten repeated OSA scans were performed for each wavelength over a time span of more than an hour (~60 min) with intervals of ~6 min, as shown in Figure 5c,d. Additionally, Table 1 presents the wavelength drift and power fluctuations of the laser output within 60 min, indicating wavelength drifts less than 0.03 nm (below the resolution of OSA) and power fluctuations below 1.5 dB. These results demonstrate that the proposed TDFL exhibits excellent stability.



The radio frequency (RF) spectrum of the laser was detected using a 12.5 GHz photodetector (PD, ET-5000F) and a 26.5 GHz signal analyzer (Keysight, N9020A). The RF spectrum scan range was set to 0–100 MHz with a resolution bandwidth (RBW) of 1 MHz. Figure 6a,c show the RF spectra for the laser output wavelengths of 1940.54 nm and 1941.06 nm, respectively. Figure 6b,d present the RF spectra for the two wavelengths measured every 6 min over 60 min, indicating that the proposed TDFL maintained stable SLM operation at both output wavelengths.



Figure 7 shows the laboratory-made linewidth measurement system in the laboratory based on the phase noise demodulation method [30]. It employed a non-balanced Michelson interferometer (MI) linewidth measurement system consisting of a 3 × 3 coupler and two Faraday rotation mirrors (FRMs) to obtain the noise information. Compared to traditional linewidth measurement methods that use super-long delay lines, using a 50 m long SMF as the delay line helps reduce losses. The two FRMs reflected light with a time difference due to different transmission distances, and two identical PDs detected this light. The collected data were then processed to calculate the power spectral density (PSD) of the instantaneous phase and frequency fluctuations of the laser. Using the β-separation line method, the linewidths of four output wavelengths were measured at different integration times (0.001 s, 0.005 s, 0.01 s, 0.05 s, 0.1 s, 0.5 s, and 1 s). This linewidth measurement method increases linewidth with longer measurement times due to the 1/f noise in the PSD of frequency fluctuations. The measurements were conducted in a relatively quiet environment since linewidth is affected by temperature and vibration. The PSD of the frequency noise spectrum and linewidth of the laser, obtained through measurement and analysis, is shown in Figure 8. The linewidth increased with increasing integration time. Table 2 provides the measured linewidth results for the output wavelengths, and it can be concluded that the linewidths for the two wavelengths were 7.8 kHz and 8.06 kHz at 0.001 s, respectively.




5. Conclusions


A dual-wavelength tunable TDFL utilizing a PM-FBG and TC-DRC cavity filter was proposed and investigated experimentally. The PM-FBG, with a 3 dB bandwidth of ~0.097 nm, was combined with three fiber couplers in a TC-DRC structure for SLM selection. The laser operated in the SLM at different wavelengths by adjusting the PC at room temperature, achieving an OSNR greater than 65 dB. Over a continuous measurement period of 60 min, the laser exhibited a maximum wavelength drift of 0.03 nm and maximum power fluctuation of 1.5 dB, consistently maintaining a stable SLM output. The linewidth of the output laser, measured using a laboratory-made linewidth measurement system, was less than 10 kHz, comparable to SLM lasers reported in this wavelength range. This laser could be an ideal light source for spatial optical communication and optical measurement systems.
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Figure 1. (a) Configuration diagram of the proposed switchable dual-wavelength TDFL. (b) Schematic diagram of the proposed TC-DRC cavity filter. Ein–E12 represent the electric field amplitudes at the ports of OC; L1–L4 are the lengths of the optical fibers. 
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Figure 2. Transmission spectra of PM−FBG under (a) X−polarization and (b) Y-polarization. 
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Figure 3. Signal flowchart of the passive TC−DRC cavity filter. 
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Figure 4. Simulation results of the proposed passive TC-DRC cavity filter. 
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Figure 5. Laser spectra corresponding to PM−FBG, with wavelengths of (a) 1940.54 nm and (b) 1941.06 nm. (c,d) Stable spectra obtained from 10 consecutive scans with a 6 min interval. 
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Figure 6. Laser beat frequency results in the presence of the passive TC−DRC cavity filter with a frequency range of 0 to 100 MHz. The laser output wavelengths from the self-heterodyne method are (a) 1940.54 nm and (b) 1941.06 nm. (c,d) Beat frequency results measured at intervals of 6 min over a continuous one-hour period. 
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Figure 7. Configuration of the linewidth measurement system. FRM: Faraday rotation mirror, PD: photodetector, CH: channel. 
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Figure 8. Frequency noise PSD of the SLM laser at (a) 1941.06 nm and (b) 1940.54 nm. 
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Table 1. Wavelength drift and power fluctuations over 60 minutes.
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	Wavelength (nm)
	Wavelength Drift (nm)
	Power Fluctuations (dB)





	1940.54
	0.03
	0.8



	1941.06
	0.02
	1.3










 





Table 2. Laser linewidth measured at two wavelengths at different times.
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	T (s)
	0.001
	0.005
	0.01
	0.1
	1





	Linewidth at the wavelength 1940.54 nm (kHz)
	7.8
	21.444
	28.663
	160.425
	821.663



	Linewidth at the wavelength 1941.06 nm (kHz)
	8.06
	22.033
	28.058
	140.664
	880.623
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