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We report on the dissipative soliton generation in a 1.7-μm net-normal dispersion Tm-doped fiber laser by 
nonlinear polarization rotation technique. An intra-cavity bandpass filter was employed to suppress the long-
wavelength emission, while the cavity dispersion was compensated by a segment of ultra-high numerical aperture 
(UHNA4) fiber. The dissipative soliton with a central wavelength of 1746 nm was obtained, covering a spectral 
range from 1737 nm to 1754 nm. The de-chirped duration and energy of the dissipative soliton were 370 fs and 0.2 
nJ, respectively. In addition, the dynamics of multiple dissipative solitons were also investigated. Through 
optimization of the cavity dispersion, the 50 nm broadband dissipative soliton with de-chirped pulse duration of 
230 fs could be achieved. The development of dissipative soliton seed laser represents the first step in achieving 
the chirped pulse amplification (CPA) system at 1.7-μm waveband, which would find potential applications in fields 
such as biomedical imaging and material processing. 
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1. INTRODUCTION Ultrafast fiber lasers represent an important tool in the two-way interface investigations of fundamental nonlinear optics and laser engineering, covering a wide range of scientific and technical fields [1]. With the rapid progress of fiber fabrication and laser technology, the investigations of ultrafast fiber lasers have been greatly stimulated in recent decades. So far, ultrafast fiber lasers have been applied to diverse fields such as laser micromachining [2], biomedicine [3], and optical communications [4]. In fact, the operation waveband of a fiber laser is critical to practical applications. Therefore, the development of fiber lasers at desirable waveband is strongly motivated by specific applications. Recent advances show that the 1.7-μm ultrafast fiber lasers could find important applications in biomedical imaging and spectroscopic analysis [5-7], owing to the deeper tissue penetration and abundant molecular absorption in this spectral waveband. Thus, developing high-performance 1.7-μm ultrafast fiber lasers could enable high-resolution biomedical imaging with deeper penetration depth and the spectroscopy of biological materials containing specific bonds. The great demand for 1.7-μm ultrafast fiber lasers has driven laser scientists to focus on efficient solutions to realize the ultrashort pulse in this waveband. In fact, owing to the lack of the effective gain medium, firstly the nonlinear frequency conversion, namely soliton self-frequency shift, was proposed to generate the ultrashort pulse at 1.7-

μm waveband [8,9]. However, the amount of frequency shift is dependent on the pulse peak power, resulting in the contradiction between the output pulse energy and the targeted waveband. Moreover, the temporal coherence of soliton might also degenerate during the conversion process, which will lead to the wave breaking of the input soliton. In addition to nonlinearly converted lasers, the 1.7-μm pulse can be directly generated with a proper gain fiber. A new gain medium bismuth-doped fiber [10] has been demonstrated to enable the 1.7-μm laser operation. Nevertheless, the currently reported bismuth-doped fiber is still in the early stages of research and is not commercially available. In fact, from the viewpoint of practical applications, the commercially available gain medium would be preferred. Recently, the commercial thulium-doped fiber (TDF), with its broad emission spanning from 1600 nm to 2100 nm in the 3F4-3H6 transition [11,12], has been proved to be an alternative way to produce effective optical gain in the 1.7-μm waveband [13,14]. However, due to the largely anomalous dispersion in silica-based TDF and single-mode fiber, to date the mode locking of 1.7-μm fiber lasers generally operated in the conventional soliton regime [15-18]. In this case, the wave breaking of conventional solitons owing to the overdriven nonlinear effect in optical fiber limits the achievable pulse energy [19]. Actually, for most applications such as brain imaging and medical surgery, the high-energy pulse is desirable. Thus, there is a strong motivation to develop the 1.7-μm high-energy pulse fiber laser systems. 



Nowadays, the pulse energy directly emitted from the fiber lasers could be greatly enhanced by skillfully engineering the cavity dispersion to normal/net-normal ones, which refers to dissipative solitons [20,21]. Besides, dissipative solitons are beneficial for further amplification by subsequent chirped-pulse amplification (CPA) systems as a seeding source [22-24]. Therefore, a question naturally arises as to whether the dissipative soliton can be realized in a 1.7-μm thulium-doped fiber laser through the dispersion engineering approach. In this work, we report on the dissipative soliton generation in a net-normal dispersion mode-locked Tm-doped fiber laser operating at 1.7-μm waveband. The mode-locking was realized via the nonlinear polarization rotation (NPR) technique, and the cavity dispersion was controlled by adjusting the length of the ultra-high numerical aperture (UHNA4) fiber [25,26]. The mode-locked spectrum shows a rectangular profile, which is the typical feature of dissipative soliton. The de-chirped pulse duration could reach 230 fs when the cavity dispersion was optimized. Additionally, the multi-soliton patterns were also discussed. It is believed that the results would be meaningful for obtaining the high-energy pulse from the fiber laser systems at 1.7-μm waveband. 
2. EXPERIMENTAL SETUP 

 
Fig. 1. Schematic of the dissipative soliton Tm-doped fiber laser. The schematic of the Tm-doped mode-locked fiber laser is shown in Fig. 1. A 3.3-m long single-mode Tm-doped fiber (SM-TSF-9/125, Nufern) was severed as the gain medium, which was core-pumped by an erbium-doped fiber amplifier (EDFA) operating at 1560 nm. The polarization-dependent isolator (PD-ISO) ensure the unidirectional operation and provide polarization selectivity. An in-line polarization controller (PC) is included to adjust the polarization state of the propagation light. A 20/80 optical coupler (OC) with the 80% port guiding the laser output. At 1.7-μm waveband, silica-based thulium-doped fibers require large inversion to achieve short-wavelength gain due to quasi-three-level nature. Large population inversion leads to amplified spontaneous emission (ASE) at long wavelengths. Thus, a bandpass filter (BPF) with a center wavelength of 1740 nm and a bandwidth of 25 nm was inserted between two collimators to suppress ASE at the long wavelength and stabilize the dissipative soliton operation [27]. The BPF we used is an interference filter, which has a maximum transmittance of 75%. The net cavity dispersion was compensated by using a segment of UHNA4 fiber (Nufern). The cavity length is about 11.5 m, corresponding to the 17.84 MHz fundamental repetition rate. The length, group velocity dispersion (GVD) and group delay dispersion (GDD) of TDF, SMF, and UHNA4 fiber are listed in table 1. The dispersion values are given for the central wavelength of 1750 nm [28]. Note that the pigtails of all optical devices are SMF-28e. Thus, the total net cavity dispersion is about 0.26 ps2, showing that the laser operates in the net-normal dispersion region. The laser spectrum and the mode-locked pulse were measured by a spectral analyzer 

(Yokogawa, AQ6375B) and an oscilloscope (Tektronix, DSA71604B, 16 GHz) with a photodetector (New Focus P818-BB-35F, 12.5 GHz). Moreover, a commercial autocorrelator (Femtochrome, FR-103WS) was used to measure the pulse duration. 
Table 1. Fiber dispersion values Fiber type SMF-28e TDF UHNA4GVD (ps2/m) -0.045 -0.045 0.085Length (m) 2.3 3.2 6GDD (ps2) -0.104 -0.144 0.510

3. EXPERIMENTAL RESULTS 

 
Fig. 2. Single pulse operation. (a) Mode-locked spectrum; (b) Pulse train, inset: pulse train over 60 μs; (c) The measured autocorrelation trace of the uncompressed output pulse (blue) and the compressed pulse (red); (d) RF spectrum; (e) Averaged shot-to-shot spectrum, inset: single-shot spectrum of 200th roundtrip; (f) Shot-to-shot spectrum with 350 roundtrips; (g) Real-time spectral evolution by DFT. As we know, the NPR-based saturable absorption effect is related to the polarization state and pump power level [29]. Therefore, with the proper rotation of the PC, the single-pulse operation could be obtained at a pump power of 1.04 W. Figure 2 shows the typical mode-locked operation with the fundamental repetition rate at 1.7-μm waveband. As illustrated in Fig. 2(a), the mode-locked spectrum shows a quasi-rectangular profile with steep spectral edges on both sides under the logarithmic coordinates, which are the typical characteristics of dissipative soliton (DS). For better clarity, the linear coordinate of the mode-locked spectrum was also plotted with a blue dotted curve in Fig. 



2(a). The central wavelength locates at 1746 nm, and the spectral width at 10-dB is about 17 nm. Note that the central wavelength can be slightly tuning by rotating the PC owing to the Lyot filtering effect in NPR mode-locked fiber lasers [30]. Figure 2(b) presents the mode-locked pulse-train. The pulse repetition rate, which is determined by the cavity length, is 17.84 MHz. Correspondingly, the output power is 3.55 mW, indicating that the pulse energy of ~0.2 nJ is obtained. Moreover, the measured pulse-train in a large temporal range is also presented in the inset of Fig. 2(b). The pulse duration was measured to be 3.9 ps, as shown in Fig. 2(c). Due to the net-normal dispersion of the laser cavity, the output dissipative solitons are chirped directly outside the cavity, which can be further compressed if the dispersion compensation component is employed. We recall that the conventional SMF can be used as pulse compressor at 1.7-μm waveband, provided that the dissipative soliton is generated from a normal or net-normal dispersion fiber laser. Therefore, the dissipative soliton was injected into a 25-m long SMF for pulse compression. After de-chirping, the autocorrelation trace of the mode-locked pulse is plotted with the red curve in Fig. 2(c). If the Gaussian profile is assumed, the pulse duration after compression is ~370 fs. Figure 2(d) shows the radio frequency (RF) spectrum of the mode-locked dissipative soliton with a resolution bandwidth of 1 kHz. As can be seen here, the frequency peak locates at 17.84 MHz, which corresponds to the fundamental repetition rate. In addition, the signal-to-noise ratio (SNR) is about 58 dB, demonstrating that the proposed fiber laser was operating in the stable single-pulse regime.  To further investigate the characteristics of the single-pulse operation in detail, the dispersive Fourier Transform (DFT) technique was used to capture the real-time spectral dynamics on oscilloscope based on frequency to time mapping [31,32]. Here, owing to the acceptable loss of SMF-28e at 1.7-μm waveband, the DFT was realized by injecting the mode-locked pulse into a 10 km SMF-28e. Therefore, the single-shot spectral profile of the dissipative soliton can be resolved by the DFT. As depicted in Fig. 2(g), the intensities and the shot-to-shot spectral profiles are nearly the same as each other along the cavity roundtrips. Thus, no instantaneous instability could be observed for the single pulse regime. Apart from that, the averaged shot-to-shot spectra as well as the single-shot spectrum of 200th roundtrip is plotted in Fig. 2(e). Here, the spectral profile measured by DFT is in agreement with the OSA recorded spectrum, confirming that no spectral information was lost during the DFT process. In order to check the long-term stability of the 1.7-μm dissipative soliton fiber laser, we repeatedly scanned the output spectrum at 5-minute intervals over 50 minutes. The results are plotted in Fig. 2(f). There is no obvious intensity fluctuation or wavelength drift on the mode-locked spectrum, which further verifies the stability of the proposed 1.7-μm ultrafast fiber laser. It has been well known that the pulse splitting effect owing to the overdriven nonlinear phase shift could be induced in a mode-locked fiber laser, if the pump power is high enough [33]. In this case, the fiber laser would step into the multi-soliton regime with more complex behavior. Thus, as the pump power was increased to ~1.15 W, the dissipative soliton was splitting into the double-soliton regime, as shown in Fig. 3(b). However, owing to the slight increase of the pump power, the mode-locked spectrum is similar to that of single-soliton one, which is plotted in Fig. 3(a). In fact, the mode-locked spectrum measured by OSA is the superposition of two solitons. Therefore, the spectrum of individual soliton cannot be identified. Note that the temporal interval of the two solitons is about 21 ns. Thus, it is possible to record the individual real-time spectrum of two solitons by using the DFT technique [34,35]. Figure 3(c) shows the shot-to-shot DFT spectra of two solitons with 350 roundtrips. It can be seen that the spectral profiles of the two solitons are almost identical, and the interval 

between them remains stable during propagation. In addition, we also provided the averaged shot-to-shot spectra of two solitons in Fig. 3(c), which shows the same spectral profile as each other. The above results confirm that the two solitons possess the same temporal and spectral features.  

 
Fig. 3. Double pulse operation. (a) Spectrum with log and linear coordinates; (b) Pulse train; (c) Shot-to-shot spectrum over 350 roundtrips, inset: averaged shot-to-shot spectrum. By slightly adjusting the orientation of the PC, the output power and polarization states of two dissipative solitons shown in Fig. 3 will change. In this case, the phase delay between the two solitons might vary as well. Thus, it is possible to tune the interval of two solitons by rotating the PC. Correspondingly, the two solitons moved close to each other and eventually became indistinguishable on the oscilloscope trace, as presented in Fig. 4(b). Under this condition, it is evident that the periodic intensity modulation can be seen on the mode-locked spectrum, which is a typical characteristic of soliton molecules.  

 



Fig. 4. Soliton molecule. (a) Spectrum; (b) Pulse train; (c) Autocorrelation trace; (d) Single-shot spectrum of 100th roundtrip; (e) Shot-to-shot spectra of 350 roundtrips. To further confirm the operation regime of the fiber laser, the autocorrelation trace was measured to check the fine details of the pulse profile, as shown in Fig. 4(c). Here, the autocorrelation trace indicated that the soliton molecule consists of two solitons with 22 ps separation, where their intensities are almost the same. Note that the 22 ps temporal separation is consistent with the 0.46 nm spectral modulation period. To investigate the phase stability between two solitons inside the molecule, we recorded the shot-to-shot interference pattern of the mode-locked spectrum by the DFT technique and plotted it in Fig. 4(e). It can be seen that the interference pattern of the soliton molecule is almost the same versus propagation roundtrips, demonstrating that the soliton molecule is stable without any evolving phase relationship of two solitons [36,37]. In addition, the single-shot spectrum at 100th roundtrip is presented in Fig. 4(d), which also exhibits the evident interference pattern.  For a fiber laser, the mode-locked soliton will operate in a chaotic multi-pulse regime at a high pump power level, namely noise-like pulse [38]. Therefore, when the pump power was further increased to 1.3 W, the dissipative soliton evolved into the noise-like pulse regime. Figure 5(a) is the corresponding optical spectrum of noise-like pulse, where the center wavelength and 3-dB spectral bandwidth are 1746 nm and 16 nm, respectively. The mode-locked spectrum shows the typical characteristics of the noise-like pulse, such as broad bandwidth and Gaussian profile. Essentially, the noise-like pulse is a wave packet that consists of numerous ultrashort pulses with randomly varying amplitude and phase among them. Therefore, being different from the mode-locked soliton, the noise-like pulse train exhibits evident intensity fluctuations, as shown in Fig. 5(b). The autocorrelation trace in Fig. 5(c) shows a narrow coherent peak with broad shoulders, which is a typical feature of the noise-like pulse. Moreover, the corresponding RF spectrum further demonstrated that the fiber laser operated in the noise-like pulse regime, in which there is a pedestal on it, as depicted in Fig. 5(d).  

 
Fig. 5. Noise-like pulse. (a) Spectrum; (b) Pulse train; inset: pulse train over 4 μs; (c) Autocorrelation trace; (d) RF spectrum. As we all know, generally a broader bandwidth of the mode-locked spectrum will lead to a shorter pulse duration according to the time-bandwidth product theory. In addition, the bandwidth of the mode-locked spectrum has been demonstrated to be related to the net cavity dispersion value, where the near-zero net-normal dispersion favors the generation of the broadband mode-locked soliton [29]. Thus, we 

were able to push the pulse duration (spectral bandwidth) to a shorter (broader) one by further engineering the cavity dispersion. To this end, the cavity net-normal dispersion of the fiber laser was gradually decreased by cutting the length of the UHNA4 fiber, while keeping the length of other fiber segments fixed. In this case, we could achieve the mode-locked dissipative soliton under different values of the net-normal cavity dispersion. Meanwhile, the output pulses were compressed separately outside the laser cavity by using different lengths of SMF. The typical mode-locked spectra with four cavity dispersion values were presented in Figs. 6(a)-6(d). It is expected that the spectral bandwidth broadens with the decreasing cavity dispersion. Note that the central wavelength of the dissipative soliton was shifted here, which is also due to the Lyot filtering effect in NPR mode-locked fiber laser [30]. Figures 6(e)-6(h) show the four de-chirped pulse autocorrelation traces corresponding to mode-locking states in Figs. 6(a)-6(d). In our experiment, the broadest spectrum ranging from ~1720 nm to ~1770 nm could be achieved when the net cavity dispersion was adjusted to be 0.08 ps2. Correspondingly, the shortest de-chirped pulse duration is 230 fs. The pulse energy of 230 fs dissipative soliton was measured to be ~0.2 nJ. The time-bandwidth product is 0.497 for 230 fs pulse, indicating that the mode-locked soliton is almost transform-limited. Note that the pedestal on the autocorrelation trace in Fig. 6 may be caused by the nonlinear phase accumulation in the SMF for pulse compression. 

 
Fig. 6. (a)-(d) Mode-locked spectra with different net-cavity GDD; (e)-(h) Corresponding autocorrelation traces. 
4. DISCUSSION It is important to note that the spectra we measured have some periodic modulation peaks. These modulation peaks are different from the periodic spectral fringes formed by the interference of two pulses in the soliton molecule. To understand the reason for this modulation peak, we tried to change the position of components in the cavity. Then, we find that those periodic modulation peaks are more obvious in the spectra when the UHNA4 fiber is located after the TDF gain fiber. 



In fact, when the fundamental mode from SMF couples into the UHNA4 fiber, higher-order modes can be excited due to the core diameter mismatching between the UHNA4 fiber (core diameter 2.2 μm) and SMF (core diameter 8.2 μm). When these excited modes with different effective refractive indexes are recoupled into SMF, they will interfere with each other if the interference condition is satisfied, resulting in a spectral filtering effect [39]. Note that the pulse is amplified to a higher power after the TDF. Thus, these excited modes can be transmitted over long distances and then coupled into the next segment of SMF. However, if the UHNA4 fiber is placed at other cavity positions, these excited modes cannot transmit over a long distance of UHNA4 fiber. This is why the modulation pattern is most pronounced when the UHNA4 fiber is located after the TDF gain fiber. In the experiment, the energy of the dissipative soliton was mostly limited by the wave-breaking effect. It should be also noted that the UHNA4 fiber with a smaller core diameter results in a higher nonlinear coefficient. In this case, a larger nonlinear phase shift is experienced by the dissipative soliton when passing through UHNA4 fiber. With excessive nonlinear phase, the pulse chirp becomes non-monotonic, leading to optical wave breakup and limiting the energy of the output dissipative soliton in our current setup [40].  It is also known that TDFs exhibit strong quasi-three-level system behavior in the shortwave emission region, which is characterized by the high pump power required and the reabsorption effect. For gain fiber with high dopant concentration, the reabsorption phenomenon is even more pronounced. Therefore, a relatively low dopant concentration gain fiber was chosen in our work. In addition, due to the low emission cross-section and strong reabsorption effect of the gain fiber at 1.7-μm waveband, the length of the gain fiber has a significant impact on the 1.7-μm gain. Thus, the dopant concentration and length of the gain fiber need to be carefully chosen to achieve better performance for 1.7-µm dissipative soliton lasers [14,41]. In fact, specially fabricated normal dispersion TDF [18] has been reported recently. This makes the proposed 1.7-µm dissipative soliton fiber laser ideal as a seed source for CPA amplification systems to further obtain high energy pulses in the 1.7-μm waveband.  
5. CONCLUSION In conclusion, we have experimentally demonstrated the 1.7-μm dissipative solitons from a mode-locked Tm-doped fiber laser. Thanks to UHNA4 fiber, we were able to achieve net-normal dispersion of the cavity and force the laser to operate in the dissipative soliton regime. The fiber oscillator delivered the dissipative soliton with a pulse duration of 3.9 ps, which could be further compressed to 370 fs. By increasing the pump power and adjusting the PC, multi-pulse patterns such as soliton molecules and noise-like pulses were also observed. After optimizing the cavity dispersion by reducing the length of UHNA4 fiber, the dissipative soliton with 50 nm spectral width and de-chirped 230 fs pulse duration was obtained. The experimental results would pave the way for further investigations of high-energy pulse generation at 1.7-μm waveband, which might be useful to the communities dealing with the laser technology and the related application fields such as biomedical imaging.  
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