

[image: image1]
Experimental Investigation of Power-Scaled Dissipative Soliton Generation












	
	ORIGINAL RESEARCH
published: 20 March 2020
doi: 10.3389/fphy.2020.00048






[image: image2]

Experimental Investigation of Power-Scaled Dissipative Soliton Generation

Zhiguo Lv*, Zhi Yang, Feng Li, Qianglong Li, Xiaojun Yang, Yishan Wang and Wei Zhao

State Key Laboratory of Transient Optics and Photonics, Xi'an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi'an, China

Edited by:
Meng Pang, Max Planck Institute for the Science of Light, Germany

Reviewed by:
Wenbin He, Max Planck Institute for the Science of Light, Germany
 Han Zhang, Shenzhen University, China
 Yudong Cui, Zhejiang University, China
 Chengbo Mou, Shanghai University, China

*Correspondence: Zhiguo Lv, lvzhiguo@opt.ac.cn

Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics

Received: 24 October 2019
 Accepted: 20 February 2020
 Published: 20 March 2020

Citation: Lv Z, Yang Z, Li F, Li Q, Yang X, Wang Y and Zhao W (2020) Experimental Investigation of Power-Scaled Dissipative Soliton Generation. Front. Phys. 8:48. doi: 10.3389/fphy.2020.00048



We conduct a power scaling study for the femtosecond dissipative soliton generation with a 10-μm core diameter, fiber-based, compact-sized, and low-cost all-normal-dispersion laser configuration. Laser performance, in terms of spectra distribution, temporal characteristic, average power, and stability in 8 h, for different filtering bandwidths has been, respectively, investigated. In the experiment, the obtainable highest output power and shortest pulse duration are 4.5 W and 85 fs, respectively. To our best knowledge, this is the shortest pulse duration among the reported all-fiber pumped Watt-level mode-locked fiber lasers.
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INTRODUCTION

Benefiting from the extensive applications in fundamental science and application areas [1, 2], mode-locked laser sources have been one of the most important research subjects [3–5]. High-average-power and high-pulse-energy mode-locked oscillators contribute to increase the signal to noise ratio (SNR) and reduce the non-linear dispersion of amplified pulses. Not only that, but the powerful and energetic seed pulses are also beneficial for the extraction of the laser gain and the improvement of the amplification efficiency. In practice, the compact-sized and low-cost, power-scaled dissipative soliton fiber laser can also be widely used for two-photon polymerization, non-linear microscopy, and as pump source of femtosecond optical parametric amplification. Consequently, these research works on carrying out the generation of high-average-power and high-pulse-energy ultrashort pulse mode-locking fiber laser have important research significance. Up to now, in the reported literature, bulk solid-state crystals, and flexible fibers are frequently used gain media. In particular, the mode-locked fiber lasers, due to excellent thermo-optical effect, diffraction-limited beam quality, and broad emission bandwidth, have been extensively studied in different wavelength regimes (1, 1.5, 2, and 2.8 μm) [6–9]. For conventional single-mode fiber-based mode-locked oscillators, the main restrictions for power scaling and energy improvement are limited pump power and excessive non-linear phase accumulation-induced pulse splitting. Nevertheless, in some potential application fields, such as biomedical and optical coherence tomography, femtosecond laser sources with medium power, and moderate pulse energy can effectively degrade the optical damage and increase the tissue penetration depth. Thus, extremely cumbersome multistage fiber amplifiers with precise dispersion management and non-linearity control are frequently used to scale the power of the conventional mode-locked fiber oscillators to the desired level and simultaneously ensure the compressible clean temporal profile [10, 11].

As we know, pulse shaping mechanism plays a crucial role for the generation of ultrashort pulse mode-locking fiber laser, and thus various types of solitons have been generated over the past decades, such as high-order soliton [12], induced soliton [13], and so on. Therefore, a problem arises as to whether a low-cost and compact-sized mode-locking fiber laser scheme used to directly generate Watt-level ultrashort pulses exists rather than the complicated chirped pulse amplification [10, 11]. Compared with other mode-locking schemes (such as soliton formation, stretched-pulse, and similariton evolution), the all-normal-dispersion mode-locking scheme has attracted much attention due to the chirped pulse spectral filtering-based dissipative soliton-forming mechanism and the corresponding extremely large non-linear phase tolerance capacity, which theoretically supports the generation of power-scaled and energetic mode-locked pulses [14, 15]. Meanwhile, due to the large core diameter and the resultant low non-linearity, large-mode-area (LMA) fibers also have important significance in promoting power scaling and energy increment [16]. Therefore, with further study on the mode-locking technique and the soliton buildup theory, large-mode-area photonic crystal fibers (LMA-PCFs) have been successfully utilized in the all-normal-dispersion mode-locked laser configurations, and as a result, researchers have achieved a more powerful output based on the free-space pumping coupling techniques [17–20].

Due to reduced non-linearity and enhanced power tolerance capacity, the LMA-PCF-based mode-locked oscillators allow for significant increment in average power [21]. However, expensive price, environmentally sensitive pump coupling, and bulky size are the most severe defects of such lasers. In contrast, the off-the-shelf flexible double-clad fibers not only support fusion spliced combiner pumping in only fiber format but also ensure the flexibility and very high cost performance. Therefore, mode-locked oscillators with flexible double-clad fibers as gain media have vast development prospects in improving laser performance, reducing cost, and minimizing complexity. Additionally, this kind of mode-locked oscillator can also meet the highest beam quality demand, especially for the 10-μm core diameter, double-clad fibers, due to their easier single-mode operation than that of the LMA-PCFs, making them very favorable for use in practice.

In view of the inherent performance advantages and potential application values of the power-scaled mode-locked fiber lasers, in this paper we implement the power scaling study with a 10-μm core diameter, fiber-based, reliable, and low-cost laser configuration. With different filtering bandwidths, the obtainable highest average power and shortest pulse duration from the main port are 4.5 W and 85 fs, respectively. Moreover, the recorded power fluctuations are all better than 1.5% root mean square (RMS) in 8 h.



EXPERIMENTAL SETUP

The mode-locked fiber laser is schematically shown in Figure 1. It mainly consists of a multimode laser diode (LD), a pump-signal combiner, 1.2 m of Yb-doped flexible double-clad fiber (Liekki: Yb1200-10/125DC), a polarizing beam splitter (PBS), a polarization-sensitive isolator (PS-ISO), a half-wave plate (HWP), and two quarter-wave plates (QWP). The LD has 105 μm core diameter and can emit 29 W of output power. The total fiber length utilized in the experiment is ~3 m and the intra-cavity net dispersion is estimated to be 0.06 ps2. The overall optical cavity length is approximately 4.7 m. In the experiment, the pump power from the 976-nm LD is coupled into the highly doped, flexible, double-clad fiber through the pump-signal combiner with 10-μm core diameter and 125-μm cladding diameter. To reduce the intra-cavity losses as much as possible, a pair of low coupling loss fiber collimators is used. Additionally, the PBS, birefringent plate (BFP), and the following PS-ISO realize the chirped pulse spectral filtering-based dissipative soliton-forming mechanism in the presented laser configuration. The operating principle of the all-normal-dispersion mode-locking can be concisely described as follows: In spectrum domain, considering the spectrum-dependent birefringent effect-induced equivalent spectral filter mechanism, the intra-cavity pulses can be effectively spectra-filtered to the desired bandwidths. However, due to positive group velocity dispersion, the corresponding pulse duration in the temporal domain has also been shortened. After amplification in the Yb-doped fiber in a round trip, the pulses accumulate relatively high peak power and generate new frequency components as a result of the enhanced self-phase modulation. Meanwhile, the pulses broaden in temporal domain again due to the increased normal dispersion. As described above, after a number of round trips along the cavity, highly coherent and chirped dissipative soliton pulses can be generated from the initial noise and can reach the steady oscillated state. In the experiment, the former PBS as the main port provides the high-quality output pulses. Simultaneously in combination with the optimization of the thickness of the BFP, which corresponds to a different filtering bandwidth, the laser parameters from the main port, such as average power, spectrum distribution, pulse duration, and power stability in 8 h, are, respectively, investigated. In contrast, the ejection port of the PS-ISO outputs the poor-quality dissipative soliton, which has also been experimentally studied.


[image: Figure 1]
FIGURE 1. Schematic of the power-scaled dissipative soliton mode-locking fiber laser. QWP, quarter-wave plate; BFP, birefringent plate; PBS, polarizing beam splitter; HWP, half-wave plate; PS-ISO, polarization-sensitive isolator.




RESULTS AND DISCUSSION

Firstly, we conduct an experimental study for the generation of power-scaled dissipative soliton based on the BFP with 4.5 mm thickness and an estimated spectral bandwidth of 13 nm [22].

Under the pump power of 8.77 W, we can obtain the stable and self-started mode-locking operation, which corresponds to ~1.3 W of output power at 63.2 MHz repetition rates. For the maximal 29-W pump power, the obtainable mode-locked output power and single-pulse energy at the main port are 4.5 W and 71 nJ, respectively. In the process of pump power increment, the mode-locking state has always remained stable (Figure 2).


[image: Figure 2]
FIGURE 2. Linearly increased mode-locked average power as a function of pump power.


Due to chirped pulse spectral filtering-based dissipative mechanism in all-normal-dispersion-based mode-locked fiber laser, the mode-locked spectrum with steep-edge spectral distribution has been generated and shown in the inset of Figure 3B in green solid line. The mode-locked spectrum is ~27 nm wide and centered at 1053 nm. In the scanning range of 150 ps, the measured chirped pulse duration is 7.39 ps, assuming a sech2 pulse shape, which is shown in Figure 3A in red dashed line. After dispersion compensation via 1000 lines/mm transmission grating-pair, dissipative soliton with an average power of up to 3.6 W and pulse duration as short as 92 fs can be experimentally obtained from the compact-sized and low-cost mode-locking fiber laser. The corresponding compression efficiency is 80%.


[image: Figure 3]
FIGURE 3. (A) Chirped pulse duration measured directly from the main port of the presented laser configuration. (B) Measured pulse duration after the 1000 lines/mm transmission grating-pair compressor. (C) Measured compressed pulse duration for pulses from the ejection port. The red dashed lines in correspond to the sech2 fitting of pulses. The insets in (B) and (C) correspond to the mode-locked spectra from the main port and the ejection port, respectively.


Beyond that, the laser parameters from the ejection port of the PS-ISO have also been carefully studied in terms of average power, spectrum distribution, and compressed pulse duration. In the experiment, pulses with up to 4.6 W average power and M-like spectral shape can be obtained from the ejection port. However, as shown in Figure 3C, due to the noticeable temporal side lobes around the main pulse, the compressed pulses are not applicable for most of the applications demanding clean pulse quality. Therefore, in this work, we only concentrate on the discussion of the output pulses at the main port.

In the applications of ultrashort pulse fiber lasers, power stability is also one of the most important performance metrics which determines the usability and reliability of fiber lasers to a large extent. Therefore, in order to quantify the operation performance of the compact, fiber-based, power-scaled dissipative soliton mode-locked fiber laser, the power fluctuations in 8 h have also been recorded, with sampling rates of 15 per second, and the RMS fluctuations are <1.5%. Figure 4 shows the measured result. The inset in Figure 4 represents the beam profile of the generated dissipative soliton and implies the excellent single-mode beam quality.


[image: Figure 4]
FIGURE 4. Measured power fluctuations over 8 h under the maximum output power of 4.5 W with sampling rates of 15 per second. The inset represents the beam profile of the generated dissipative soliton and implies the excellent single-mode beam quality.


In addition, BFP with 5.5 mm thicknesses have also been utilized in the power-scaled dissipative soliton mode-locking fiber laser in order to explore the influence of the filtering bandwidth on the laser performance. The BFP correspond to the estimated 11-nm spectral bandwidth [22].

In addition to the spectral bandwidth, the rest of the laser cavity parameters, such as fiber length and maximum pump power, remain constant. Figure 5 shows the variation tendency of the average output power corresponding to the pump power. The blue line represents the pump-signal function of the mode-locking laser cavity with 11 nm spectral shaping bandwidth. The experimentally measured mode-locking threshold is nearly 5.9 W. Under the maximum pump power of 29 W, the obtainable highest output power is 4 W from the main port.


[image: Figure 5]
FIGURE 5. Variation of average power for the mode-locked dissipative soliton fiber laser as a function of pump power.


For the mode-locking laser experiment with 5.5-mm thickness BFP as pulse-shaper, the stable mode-locked spectrum is centered at 1044 nm, with width from 1023.5 to 1064.5 nm. The measured shortest compressed pulse duration is 85 fs, assuming a sech2 pulse shape, which is shown in Figure 6A. The red dashed line in Figure 6A corresponds to the sech2 fitting of the pulse. At the same time, the experimentally recorded power fluctuations in 8 h are better than 1.1% RMS, which are shown in Figure 6B. In comparison with the mode-locked spectrum shown in the inset of Figure 3B, the 5.5-mm thickness BFP-based dissipative soliton laser presents a more pronounced spectral modulation and a much shorter pulse duration as a result of a much wider spectrum distribution. The spectral characteristics are attributed to the narrower spectral filtering and the resultant enhanced self-phase modulation-based broader highly coherent non-linear spectral broadening. In addition, due to the flexible double-clad fibers with 10 μm core diameter providing easier single-mode operation than LMA-PCFs, the presented laser oscillator can thus meet the highest beam quality demand, which has also been measured by the Spiricon M2-200 s and shown in Figure 7. The measured M2 factors are 1.11 and 1.28 in both the horizontal and the perpendicular directions, respectively.


[image: Figure 6]
FIGURE 6. (A) Measured compressed pulse duration and (B) power fluctuations under the maximum output power of 4 W. The red dashed line and the inset in (A) correspond to the sech2 fitting of the pulse and the stable mode-locking spectrum, respectively.
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FIGURE 7. M2 measurement of the power-scaled dissipative soliton pulses at the main port.




CONCLUSION

In this paper, power-scaled dissipative soliton generation has been experimentally studied with a compact fiber-based all-normal-dispersion mode-locking laser configuration. Through the optimization of the spectrum-dependent birefringent effect-induced shaping bandwidths, the average power of up to 4.5 W and the pulse duration as short as 85 fs have been experimentally generated, respectively. To our best knowledge, this is the shortest pulse duration ever achieved directly from this kind of compact fiber-based Watt-level mode-locked fiber oscillators. Additionally, it should be noted that advances in materials science also significantly promote the development of the mode-locked fiber lasers, which benefit from the availability of the novel saturable absorbers (SAs) [23–27]. For example, compared with the non-linear polarization rotation technique used here, the single-wall carbon nanotube and graphene can also serve as excellent SAs to realize mode-locking [28–32]. However, in practice, especially for the high-average-power mode-locking lasers, the applications of SAs are prone to thermal damage. With the further development and advancements in materials science, the novel SAs-based high-power mode-locked fiber lasers may be possible.
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