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Abstract:

 We reported that the photonic crystal fiber (PCF) filled with TI:Bi2Te3 nanosheets solution could act as an effective saturable absorber (SA). Employing this TI-PCF SA device; we constructed an ytterbium-doped all-fiber laser oscillator and achieved the evanescent wave mode-locking operation. Due to the large cavity dispersion; the fundamental mode-locking pulse had the large full width at half maximum (FWHM) of 2.33 ns with the repetition rate of ~1.11 MHz; and the radio frequency (RF) spectrum with signal-to-noise ratio (SNR) of 61 dB. In addition; the transition dynamics from a bunched state of pulses to harmonic mode-locking (HML) was also observed; which was up to 26th order.
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1. Introduction

In the past decade, passively mode-locked fiber lasers have been extensively investigated due to its simplicity and compactness [1,2,3]. The high repetition rates of passively mode-locked fiber lasers with subnanosecond to picosecond pulses have potential applications in many fields, including high speed optical communication, optical frequency metrology [4,5]. As an important technique to increase the pulse repetition rate, the relevant harmonic mode locking (HML) fiber lasers have been a growing research region. To date, most of the previous works on HML were related to the nonlinear polarization rotation (NPR) [6,7,8,9] and nonlinear amplifying mirrors (NALMs) technique [10]. However, mode-locked fiber lasers based on NPR and the NALM technique are intrinsically environmentally unstable. Therefore, researchers have strong motivations investigate HML in passively mode-locked fiber lasers by real saturable absorbers (SAs) [11,12,13,14,15,16], such as semiconductor saturable absorbers (SESAM), single-walled carbon nanotube (SWNT) and graphene. However, these SAs also possess some inherent drawbacks. SESAMs have a narrow broadband response and require complex fabrication process and expensive equipment. SWNTs are also restricted by their diameter-dependent response spectral range, and suffered with a relatively high non-saturable loss for broadband operation. In addition, single-layer graphene is an intrinsic ultra-broadband SA, but its modulation depth is often low (typically <1% per layer [17]). Also, grapheme powder [18] and nanoscale charcoal powder [19] were employed as nano-scale saturable absorbers effectively achieve mode-locked.

Recently, another new type of Dirac material, topological insulators (TIs), which have become one of the most interesting research topics in condensed-matter physics [20,21]. At the same time, they have been successfully utilized as SA for the realization of mode-locking [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. TISA could be fabricated by the mechanical exfoliation, the molecular beam epitaxy (MBE) growth, the vapor-liquid-solid growth, chemical exfoliation, the mechanical triturating and the filmy method in polyvinyl alcohol [25,42,43,44]. In most of recent studies, the nanostructured TIs are typically deposited onto the fiber ferrule [23,28,29,45]. However, the interaction length of the nanostructured TI with light is limited due to large material losses. The SA device based on the evanescent wave interaction is another effective approach to achieve mode-locked fiber laser [22,32,46,47]. Nevertheless, the microfiber-based SAs are very frangible with the disadvantage of high insertion loss (IL) and short interaction length [27], the side-polished-fiber-based SAs exhibit polarization dependent loss due to centrosymmetric structure [48]. Photonic crystal fiber (PCF) [49], characterized with regular air holes along fiber length, has been utilized as platform of SA for evanescent wave interaction by filling the nanoparticles into cladding holes [50,51,52]. More recently, the HML erbium-doped fiber lasers based on TISA has also been investigated experimentally [27,53]. However, no previous experiments have reported the HML in an ytterbium-doped all-fiber laser oscillator in the all-normal dispersion regime based on TI-filled PCF (TI-PCF) SA. In addition, it has been demonstrated that introducing proper high nonlinear effect into the laser cavity was favorable for generating harmonic mode locking (HML) pulses [27]. The small-core PCF usually has a higher nonlinearity than conventional single mode fiber (SMF). Meanwhile, TIs possess giant third order nonlinear optical property (~10–14 m2/W) [54]. Therefore, the TI-PCF type of saturable absorber can introduce larger nonlinearity, benefiting for the generation of HML pulses.

In this paper, we reported that the PCF filled with TI:Bi2Te3 nanosheets solution could act as an effective SA. Employing this TI-PCF SA device, we constructed an ytterbium-doped all-fiber laser oscillator and achieved the evanescent wave mode-locking operation. Fundamental mode-locking and harmonic mode-locking (HML) up to 26th order were demonstrated.



2. Sample Preparation and Experimental Setup

The scanning electron micrographs (SEM) of the PCF were shown in Figure 1. The total outer diameter was measured about 127 μm. The central core, fabricated by replacing the central air hole with a silica rod, had a diameter of 9.5 μm. The diameter and pitch of air holes were 5.62 μm and 8.3 μm, respectively. The fundamental and 2nd mode distribution were calculated and shown in the insets of Figure 1b. The guided light in fundamental mode could interact with the TI:Bi2Te3 nanosheets in solution through the evanescent wave. Acting as the platform of SA, it should be pointed out that the PCF could eliminate the higher order mode in laser cavity under the following conditions: (1) the PCF was deliberately bent in our experiment tightly to suppress the high order modes; (2) Both ends of the PCF was spliced with SMF-28 fiber to avoid the excitation of high order mode. The mode field diameter (MFD) of the PCF was measured ~8.7 μm at 1310 nm. And its attenuation and dispersion parameter at 1060 nm were measured to be 2.2 dB/km and –20.5 ps/km/nm, respectively.

Figure 1. The structure of PCF. (a) the whole cross section, (b) the enlarged microstructured region. The insets in (b) were calculated mode distribution of fundamental mode and 2nd mode.
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The TI:Bi2Te3 nanosheets were synthesized with a low cost and convenient approach based on the hydrothermal intercalation/exfoliation method. Figure 2a showed the SEM of TI:Bi2Te3 nanosheets. The TI solution was shown in the inset of Figure 2b, which fabricated by dispersing 0.25 mg samples into 4 mL deionized water, and homogenized with 30-minites ultrasonication. The transmission spectrum of the solution was measured from 1000 nm to 1700 nm using an optical spectrometer (Perkinelmer Lambda 7500), and the linear-transmission ratio was ~43% at 1060 nm, as shown in Figure 2b.

Figure 2. (a) SEM of TI:Bi2Te3 nanosheets; (b) The transmission spectrum of the solution.



[image: Photonics 02 00342 g002 1024]







The TI solution was pulled into the air holes of PCF by an injector. The TI-PCF SA device had a length of 8cm with each end spliced with SMF-28 fiber. The measured insertion loss (IL) was only ~0.45 dB. To check the TI nanosheets really modulated the guided light in PCF, the saturable absorption property of the TI-PCF SA was measured and shown in Figure 3.

Figure 3. Measured nonlinear absorbance of the TI-PCF SA device.



[image: Photonics 02 00342 g003 1024]







The laser source used was homebuilt mode-locked oscillator with 5 MHz repetition rate and 150 ps pulse duration, which operating at ~1064 nm. The date obtained from the experiment was then fitted according to
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(1)




where I was the input laser intensity, Isat was the saturable intensity, α(I) was the intensity-dependent absorption coefficient, and α0 and αns were the modulation depth and the non-saturable loss, respectively. The results gave a saturable intensity of ~15.4 MW/cm2, a modulation depth of ~17.5%, and a non-saturable loss of ~38.2%. The saturable intensity of the TI-PCF SA was comparative with 53 MW/cm2 of TI: Bi2Se3 deposited onto fiber end facet [24] and 12 MW/cm2 of TI: Bi2Se3 embedded into PVA film [30]. On the other hand, the modulation depth of the TI-PCF SA would be high enough for stable femtosecond pulse mode-locking, considering that another TI SA with 1.7% modulation depth has demonstrated the HML according to a recent report by Z. Luo et al. [27].


Our fiber laser was schematically shown in Figure 4. The laser was pumped by a 976 nm pump laser through a wavelength division multiplexer (WDM), and the output of the laser was coupled through a 10% fiber optical coupler (OC). A segment of ~3.4 m YDF with absorption of 250 dB/m@975 nm was used as the gain medium. A polarization independent isolator (ISO) was used to ensure the unidirectional operation of the ring laser cavity, and a three-spool polarization controller (PC) was employed to adjust the cavity birefringence. A bandwidth filter with a central wavelength of 1064 nm and 3 dB bandwidth of ~5 nm was inserted into the cavity. A total length of ~180 m HI-1060 Flex single mode fiber (SMF) was also incorporated to the cavity. The total cavity length was ~185 m. The monitoring of the output temporal pulse trains and optical spectrum were performed using a 20-GHz mixed signal oscilloscope (Tektronix MSO72004C) with a 45-GHz photo-detector (Newport 1014) and an optical spectrum analyzer (OSA, AQ6370B) with a minimum resolution of 0.02 nm, respectively. The pump power and output power were monitored by a photodiode power meter (COHERENT). In addition, the radio frequency (RF) spectrum of the fundamental mode-locking was measured by a Mixed Domain Oscilloscope (Tektronix MDO4034B-3).

Figure 4. Schematic diagram of the fiber ring laser.
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3. Experimental Results and Discussion


3.1. Fundamental Mode-Locking

Continuous wave operation occurred at a pump power of ~76 mW. The stable operation in fundamental mode locking was observed up to the ~112 mW of pump power after careful adjustment of the PC, as shown in Figure 5a. The pulse train had a fundamental cavity frequency ~1.11 MHz, which was determined by the ~185 m cavity length. As depicted in the inset of Figure 5a, the full width at half maximum (FWHM) of the single pulse was ~2.33 ns. Figure 5b showed the typical spectrum of mode-locked pulses, it was centered at ~1062.27 nm with a 3 dB bandwidth of ~0.80 nm. In addition, the typical characteristics of steep spectral edges indicated that the mode-locked pulses have been shaped to dissipative solitons, which are found exclusively in all normal-dispersion lasers, such as ytterbium-doped all-fiber laser [55]. The corresponding RF spectrum of the laser was shown Figure 5c, and it was clearly shown that the repetition rate of the pulse train was ~1.11 MHz. The electrical signal-to-noise ratio (SNR) was ~61 dB measured with 20 kHz resolution bandwidth (RBW). It was introduced more additional linear dispersion and nonlinearity into the all-normal-dispersion cavity due to the extra fiber of ~185 m, which required for the extreme pulse broadening [56,57]. Thus, it was reasonable that the single pulse here was larger than 2 ns.

Figure 5. (a) Fundamental mode-locking pulse train. Inset: single pulse width. (b) Corresponding spectrum. (c) Fundamental frequency signal.
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3.2. Harmonic Mode-Locking

For a passively harmonic mode-locked laser, splitting of pulses usually occurred before the attainment of nearly equal-spaced and self-organized pulse train. By increasing the pump power and adjusting the orientation of PC carefully, splitting of pulse occurred owing to the cavity pulse peak clamping effect. This process was similar to the soliton operation state in the fiber lasers with net negative cavity group-velocity dispersion [58]. The multiple pulses then rearranged themselves automatically, and all pulses were equally spaced in the cavity. Firstly, 2nd-order HML was observed at the pump power of ~127 mW by changing the PC, as shown in Figure 6a. The corresponding RF spectrum was measured, which was given in Figure 6e. It could be seen that the SNR of 2nd order HML was ~ 45 dB, and its repetition rate was ~2.21 MHz (RBW was 2.50 kHz). The harmonic number could also be enlarged only by increasing the pump power slightly in our experiment, the pulse trains of the 3rd (Figure 6b), 4th (Figure 6c) and 5th (Figure 6d) order HML could be obtained under the pump powers of ~131 mW, ~140 mW, ~149 mW, respectively. In addition, the corresponding RF spectra of the 3rd (the repetition rate of ~3.32 MHz), 4th (the repetition rate of ~4.42 MHz) and 5th (the repetition rate of ~5.53 MHz) order HML were given in Figure 6f–h with the corresponding SNRs of ~ 43 dB, ~ 42 dB and ~ 42 dB, respectively. Finally, an inverse progress was explored. When the pump power was decreased to ~137 mW, the 4th order HML appeared again, then the 3th and 2nd order HML appeared in turn under a little below the previous pump powers due to the hysteresis phenomena of HML [59]. Similar to the previous work [60], the multi-wavelength mode-locked pulses were also observed in the experiment.

Figure 6. Pulse trains for (a) 2nd HML, (b) 3rd HML, (c) 4th HML and (d) 5th HML as well as the corresponding RF-spectra for (e) 2nd HML, (f) 3rd HML, (g) 4th HML and (h) 5th HML, respectively.
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Further increasing the pump power to ~324 mW, a noticeable transition from a bunched state of pulses to high-order HML could be repeatedly achieved by tuning the orientation of PC, as illustrated in Figure 7a–e. It was clearly shown that the bunch of pulses expanded gradually and occupied the whole cavity regularly, leading to the formation of a high-order HML state eventually (shown in Figure 7e. The Figure 7f indicated that the FWHM of a single pulse in HML was ~575.80 ps. Figure 7g showed the typical output optical spectra of initial state (corresponding to the oscilloscope trace of Figure 7a and final state (corresponding to the oscilloscope trace of Figure 7e. The HML had a central wavelength of 1065.4 nm and a 3-dB spectral bandwidth of 1.51 nm. The corresponding RF spectrum was also measured, as shown in Figure 7h. The SNR of the high-order HML was ~ 38 dB, and the final repetition rate was ~28.73 MHz, corresponding to the 26th harmonic. Here we use photonic crystal fiber filled with TI:Bi2Te3 nanosheets solution as saturable absorber to achieve harmonic mode-locking. Another way [61] like single-wall carbon nanotube (SWCNT)-doped polyvinyl alcohol (PVA)-based as saturable absorber through using either all-physical-contact (PC) or all-angled-physical-contact (APC) connectors can also be used.

Figure 7. (a–e) the transition from a bunched state to the 26th-order HML. (f) the single pulse of 26th-order HML. (g) Optical spectra of initial and final state. (h) The corresponding RF spectrum of 26th-order HML.
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4. Conclusions

As a summary, a TI-PCF SA device was firstly demonstrated, which possessed some unique advantages, such as single mode operation, nonlinearity enhancement, low insertion loss, all-fiber configuration, longer action length. Employing this SA device, an ytterbium-doped all-fiber laser was constructed and the evanescent wave mode-locking operation was achieved. Not only stable fundamental mode-locking and low order HML, but also the transition dynamics from a bunched state of pulses to high order HML were demonstrated. Our experimental results demonstrate a new scheme for ultra-fast laser mode-locking application.
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