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Abstract

:

A high-power, narrow-linewidth, continuous-wave, thulium-doped fiber laser (TDFL) based on a master-oscillator power-amplifier (MOPA) was experimentally demonstrated. The main oscillator (seed source) yielded 0.64 W of narrow-linewidth laser output at a central wavelength of 1940.32 nm and a 3 dB spectral bandwidth of 0.05 nm. The output narrow-linewidth laser from the main oscillator was amplified by two-stage, cladding-pumped, thulium-doped, all-fiber amplifiers. The main amplifier yielded 26 W of narrow-linewidth laser at a central wavelength of 1940.33 nm. The slope efficiency of the main amplifier was approximately 55.6%. Significant residual pumping light component in the output laser was not observed. During the amplification process, no stimulated Brillouin scattering (SBS) effect, strong amplified spontaneous emission (ASE) effect, and parasitic lasers were observed at the reverse monitoring end. Moreover, the output power was only limited by the incident pump power and the output power had a good stability in a 50 min monitoring period.
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1. Introduction


It has been verified that the 1.6~2.1 μm band is the output spectral range of a thulium-doped fiber laser (TDFL). Lasers in this wavelength range have good application prospects in the fields of biomedicine, industrial processing, laser radar, and laser communication [1,2,3]. Due to its enclosed waveguide structure, high beam quality, wide laser oscillation bandwidth, low pump threshold power, and good stability, TDFL has attracted more and more attention from the international academic community [4,5]. Nowadays, the research on high-power, narrow-linewidth, all-fiber TDFLs with 2 μm bands is an active research direction in various industries. Whether it is a laser manufacturer, a laser equipment manufacturer, or an end user, they are part of a competition to increase the output power of the TDFL [6,7,8].



The absorption peak of Ho: YLF and most Ho-doped vanadate crystals is 1.94 μm, and the laser conversion slope efficiency is more than 50%. TDFLs operated at 1.94 μm can be used as a pump source for a Ho-doped solid laser and it has great significance in the mid-infrared band [9,10,11,12]. This TDFL is the second-stage pump source of mid-infrared wave 3~5 μm lasers. An TDFL with an output wavelength of less than 1.95 μm is a quasi-three-level system, so there is a phenomenon of base-level reabsorption, and the shorter the wavelength, the stronger the base-level reabsorption effect. It is not easy to generate a higher power laser [13,14,15].



Limited by the mode volume, fiber laser oscillators usually cannot obtain high-power lasers while outputting high-quality lasers [16]. To achieve high-power laser output in the 1.94 μm band, the master-oscillator power-amplifier (MOPA) structure is mainly used to amplify the power and energy of the low-power laser seed source. Notably, the characteristics of the seed light in the time and frequency domain are retained to the greatest extent during the amplification. Additionally, the beam quality is taken into account during the amplification, and only the power and energy of the seed source is amplified. Such a structure is conducive to solving the problems of thermal management and beam quality [17,18,19,20,21]. Liu et al. proposed a single-mode ZBLAN fiber with average output power of 21.8 W, with a slope efficiency of 11% [14]. Yin et al. presented an all-fiber MOPA emitting high-energy pulses and obtained an output power of 6.28 W with a slope efficiency of 32.1% [22]. Note that experimental results were unable to obtain high output power and a slope efficiency of more than half. Therefore, it is significant to investigate the effect of pumping mode to further increase power and improve the slope efficiency.



In this paper, a high-power TDFL with an all-fiber MOPA structure has been proposed and demonstrated experimentally. The seed source is a self-made, 1940 nm narrow-linewidth, continuous-wave TDFL. A narrow-linewidth, continuous-wave laser output with a center wavelength of 1940.3 nm was obtained. The 3 dB spectral bandwidth was only 0.05 nm, the maximum output power was 26 W, and the slope efficiency was 55.6%. The output power could not be further improved only using the maximum pumping power. The SBS effect, parasitic laser, and strong ASE effect were not observed in the entire system. Furthermore, the effect of the pump excitation mode on the slope efficiency was investigated and demonstrated by three structures under the same seed source.




2. Experimental Setup


The absorption spectrum of thulium ions is shown in Figure 1 [23]. Thulium ions have a variety of pumping methods, and the absorption peak near 790 nm is the largest peak. At present, multimode 793 nm laser diode (LD) technology is very mature, compared with single-mode lasers; the price of the multimode laser is only one-tenth of the single-mode lasers. In this experiment, we used 105/125 μm pigtailed 793 nm laser diodes as the pump sources to achieve full fiberization. The maximum output power was 12 W.



Figure 2 presents the experimental schematic of the proposed fiber laser. The experimental setup based on the all-fiber MOPA structure consisted of a low-power, narrow-linewidth main oscillator (seed source), and a two-stage, high-power, cladding-pumped, thulium-doped amplifier.



As shown in Figure 2a, the gain medium was a piece of 2 m double clad thulium-doped fiber (TDF, SM-TDF-10P-130M, Nufern) with a core/cladding diameter of 10/130 μm and the cladding absorption coefficient was 4.5 dB/m at 793 nm, which could provide sufficient gain for the proposed fiber laser. A pair of fiber Bragg gratings (FBGs) (with reflection ratios of 99 and 10%, respectively) were employed as the high-reflection and output ports to build the resonance cavity. Both the ports had a central wavelength of 1940 nm. The core/clad diameter for both input and output ports of FBG was 9/125 μm. The pump source was a multimode 793 nm LD and it was injected into the laser cavity through a (2 + 1) × 1 fiber combiner (FC). A cladding power stripper (CPS) (with a stripping efficiency of 20 dB) was spliced to the partial reflection fiber Bragg grating (PR FBG) to filter out the residual pump light, ASE, higher-order modes, and signal light leaked into the inner cladding of the fiber during splicing and bending.



In the pre-amplifier configuration, a 2.4 m-long double clad TDF (the same as that used in the main oscillator), two multimode 793 nm LDs, a (2 + 1) × 1 fiber combiner (FC), and a CPS were employed, as shown in Figure 2b. A polarization insensitive isolator (with the maximum isolation of 48 dB and a handing power of 2 W) was located between the main oscillator and the pre-amplifier. The function of this isolator was to isolate the reflected light signal at 1940 nm and keep the temperature and power of each stage of the system as independent as possible without being affected by the previous or next stage system. The maximum output power of the total pump sources was measured to be 21.6 W after being spliced to the FCs.



The main amplifier employs a 4 m-long double clad TDF (the same as that used in the previous two stage systems), four multimode 793 nm LDs, two (2 + 1) × 1 fiber combiners (FCs), and a CPS. A polarization insensitive isolator (with a maximum isolation of 30 dB and a handing power of 5 W) was located between the pre-amplifier and the main amplifier. The maximum output power of the total pump sources was measured to be 48 W after bring spliced to the FCs. The output end of the CPS was spliced with a 0.5 m-long matched passive fiber. The output end of the passive fiber was angle cleaved (8 degrees) to avoid the Fresnel reflection effect (resulting in parasitic oscillation).



Since the TDFL pumped by the 793 nm laser diodes belongs to a quasi-three-level system, the temperature of the gain medium has a great effect on the output power. Therefore, the TDF in the main amplifier was fixed on a water-cooled heat sink and maintained at a temperature of 15 °C to reduce quantum loss and improve slope efficiency. The spliced points were kept straight, and all the spliced points were coated with coating glue to avoid reflection. To obtain better laser beam quality, we reduced the coiling curvature radius of all gain fibers to ~50 mm to filter out higher-order mode lasers in the core fiber. Figure 3 shows the structures of three pumping modes.



There exists a rich absorption of CO2, H2O, N2O, and NH3 in the waveband of 2 μm [24]. As the absorption of OH− at 1.9 μm falls in the region, the laser source would be very useful for atmospheric LIDAR sensing, bio-medicine, and surgical applications [25,26,27]. Furthermore, the proposed laser realizes high power and exceptional stability with a compact structure, having potential applications in the field of material cutting, welding, and micromachining.




3. Experimental Results


Figure 4 shows the relationship between the output power of the main oscillator and the incident pump power. The pump threshold of the seed source laser was 1.4 W. The pump threshold of the seed source laser could be further reduced by reducing the loss of components. The output power of the main oscillator increased almost linearly with incident pump power. The maximum output power was 0.64 W with a slope efficiency of 14.3%.



The optical spectrum was measured with an optical spectrum analyzer (OSA, AQ6375 YOKOGAWA), and the result is shown in Figure 5. The center wavelength of the output laser was 1940.32 nm, which was the same as the reflection peak of FBGs. The 3 dB spectral bandwidth was 0.05 nm, and the optical signal-to-noise ratio (OSNR) was 58 dB.



In the pre-amplifier stage, when the pump power was 24 W, the pre-amplifier generated 7.8 W of output power as shown in Figure 6, and the corresponding center wavelength and spectral bandwidth were consistent with the seed source. The slope efficiency was 37.1%, corresponding to an optical efficiency of 32.5%. The TDF in the pre-amplifier stage had no cooling measures. As a result, the output power of the pre-amplifier fluctuated greatly depending on the ambient temperature.



If the output power of the seed laser was low, the ASE effect was more likely to appear during amplification. Therefore, there must be a sufficient power of seed laser injection in the two amplifier stages to guide the signal laser amplification and suppress the ASE light. Figure 7 shows the performance of the main amplifier with a pre-amplified injection power of 7.8 W. The curves in the figure indicate that gain saturation did not occur. We monitored the output power in the three cases of forward-end pumping, back-end pumping, and two-end pumping separately. The output power of the main amplifier increased almost linearly with incident pump power. The output power achieved 26 W with a maximum two-end pumping power of ~48 W and slope efficiency of 55.6%, corresponding to an optical efficiency of 54.2%. It was obvious that we could obtain higher power and slope efficiency via the back-end pumping structure when the pumping power was lower than 24 W. If only by the forward-end or back-end pumping alone, the power of the front end or back end of the gain fiber would increase rapidly within a short distance. The corresponding temperature would also rise rapidly, resulting in unbalanced power and energy within the TDF. Therefore, in this experiment, two-end pumping was a proper choice.



Figure 8 shows the monitoring of the output power stability of the main amplifier. The output power was recorded using a power meter (StarLite Ophir) with a time interval of 2 min. We measured the power fluctuations of the all-fiber TDFL with an output power of 26 W. In the 50 min of running time, the output power had a fluctuation (fp) of ±0.4 W. This showed that the laser had good stability.



A technical indicator comparison of our work to other proposed high power TDFLs is shown in Table 1. The comparison for the lasers was mainly at 1900~2000 nm. The maximal output power in the TDFL proposed in this paper was 26 W, which is higher than that in [14,22,28,29]. Furthermore, compared with lasers in [14,22,28,29,30], the slope efficiency of the proposed TDFL can reach 55.6%. The comparable and even better results observed for our laser showed the exceptional performance of our proposed TDFL.




4. Conclusions


In conclusion, we proposed and demonstrated a 26 W all-fiber, narrow-linewidth, thulium-doped fiber MOPA at a central wavelength of 1940.33 nm and a 3 dB spectral bandwidth of 0.05 nm. The output power was only limited by the available pump source. During the amplification process, no SBS effect, a strong ASE effect, and parasitic lasers were observed at the reverse monitoring end. The comprehensive performance of the proposed fiber laser was satisfactory, and there is room for further improvement in single index, such as higher power, higher efficiency, narrower linewidth, etc.
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Figure 1. Absorption spectrum of thulium ions. 
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Figure 2. Schematic setup of the high-power narrow-linewidth thulium-doped all-fiber MOPA. (a) Seed source; (b) Amplification. HR: high-reflection, TDF: thulium-doped fiber, PR: partial reflection, CPS: cladding power stripper, LD: laser diode, and FC: fiber combiner. 
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Figure 3. Schematic diagram of (a) forward-end pump, (b) back-end pump, and (c) two-end pump. 
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Figure 4. Output power of the main oscillator with increasing incident pump power. 
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Figure 5. Optical spectrum of the thulium-doped fiber oscillator at an output power of 0.64 W. 
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Figure 6. Output power of the pre-amplifier with increasing incident pump power. 
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Figure 7. Output power of the main amplifier with increasing pump power. 
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Figure 8. Output power stability of the main amplifier for 50 min. 
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Table 1. Technical indicator comparison of our work with other proposed high power TDFLs.
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	Reference
	Wavelength/nm
	Maximal

Output Power/W
	Slope

Efficiency





	[14]
	1963
	21.8
	11%



	[22]
	1958
	6.28
	30.4%



	[28]
	2000.9
	6.42
	32.1%



	[29]
	1971.8
	24.8
	50.5%



	[30]
	1950
	28
	47.3%



	This work
	1940.33
	26
	55.6%
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