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Abstract

:

A novel mode-locking method based on nonlinear multimode interference (NLMI) using a distributed large-core (105 μm) graded-index multimode fiber (GIMF)-based saturable absorber (SA) capable of generating four pulse modes is proposed. The distributed SA geometry consists of two GIMFs located at different positions in the resonant cavity. The coupling and joint operation not only facilitate resistance to pulse fragmentation but also provide a sophisticated and widely tunable transmission with saturable and reverse saturable absorption phenomena. Based on this, dissipative soliton (DS), dissipative soliton resonance (DSR), wedge-shaped, and staircase pulses are achieved without additional filters. The DS has accessible output power, pulse energy, bandwidth, and duration of up to 15.33 mW, 2.02 nJ, 22.63 nm, and ~1.68 ps. The DSR has an achievable pulse duration and energy of ~32.39 ns, 30.3 nJ. The dispersion range that allows DS operation is studied, and the dynamics of the evolution from DS to DSR are observed. The versatility, flexibility, and simplicity of the SA device, combined with the possibility of scaling the pulse energy, make it highly attractive for ultrafast optics and nonlinear dynamics.
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1. Introduction


All fiber-format passively mode-locked (ML) laser systems have attracted considerable attention due to their wide range of applications in industry and scientific research [1]. Various material-based real SAs have been developed to actuate mode locking, such as semiconductor saturable absorption mirrors [2], single-walled carbon nanotubes [3], graphene [4], transition metal chalcogenides [5], topological insulators [6], black phosphorus [7], etc. However, these materials often have a fixed transmission and suffer from optical power-induced thermal damage and oxidation, which restricts the damage threshold and long-term stability. Physically, non-linear phenomena can also achieve intensity modulation, known as “saturable absorption”, which can discriminate against low-power signals and leave high-power ones with minimal influence [8]. One feasible option is to manipulate the nonlinear effects in the fiber to obtain an artificial SA, such as nonlinear polarization rotation (NPR) and nonlinear amplifying loop mirror (NALM) [9,10], etc. In fact, SAs with all-fiber structures have the advantage of being compact and less susceptible to damage than real SAs. Inspired by this vision, researchers from different communities are trying their best to further develop new types of SAs.



Recently, GIMFs with a larger mode area have experienced a strong resurgence as a scientific frontier due to higher power handling capabilities and intriguing nonlinear optical properties (e.g., self-phase modulation, cross-phase modulation, and four-wave mixing, etc.) [11,12]. This makes them an ideal platform for studying various complex nonlinear dynamics. Numerous nonlinear phenomena, such as spatial beam cleaning, spatiotemporal instability, especially the NLMI self-imaging effect, have been observed and studied [13]. As light is coupled from SMF into GIMF, multiple high-order modes will be excited in the GIMF. The multimode interference effect between modes leads to the self-imaging phenomenon. Around 2013, Mafi et al. theoretically proposed that the single-mode fiber (SMF)-GIMF-SMF structures, based on NLMI, have intensity discrimination of the modes due to different amounts of Kerr effect and can be used as an effective SA and filter [14]. Subsequently, such an approach has been demonstrated experimentally [15,16,17,18,19,20,21]. Researchers solved the problem of the strict length limitation through several innovative methods such as adding a segment of step-index multimode/no-core fiber ahead of the GIMF [22,23,24,25], introducing an inner micro-cavity in the GIMF [26], stretching the GIMF [27,28,29], offset-splicing the GIMF [30,31], coiling the GIMF [32], etc. Through these methods, more high-order modes in the GIMF can be excited, and the mode field distribution can also be reconstructed, both of which lead to a reshaping of the transmission, thus removing the length limitation of the GIMF. Among them, Li et al. experimentally confirmed that the GIMF–SA could be a perfect combination of SA and filter [20,21,28,29]. These results indicate that the possibility of strong spectral filtering arising from such an SA can provide suitable amplitude modulation in support of chirped pulses and play a vital role in managing competition without blocking components. Chen and Dong et al. experimentally demonstrated that the transmission curve of the GIMF-based SA has sinusoidal-like oscillatory properties with saturable and reverse saturable absorptions [16,30]. These findings suggest that the transmission characteristics of the GIMF-based schemes are rich, complex, and adjustable, thus facilitating versatile high-energy ML operations. Obviously, an NLMI-based modulator possesses the advantages of higher power tolerance, simplicity, and near-instantaneous response. Thus, NLMI lasers hold the promise to produce high-energy, highly chirped, DS, and dissipative-class rectangular pulses with an all-fiber architecture. Although the GIMF–SA is an effective method for soliton generation, research on NLMI-based all-fiber lasers is still in its infancy, and the performance is seriously deficient, with ML operations usually limited to no more than two kinds (N ≤ 2) and pulse energy in the sub-nJ level. To date, most studies have focused on condensed splice structures; the coupling characteristics and joint action of two discrete homogeneous GIMFs have not been addressed in previous reports. In addition, to the best of our knowledge, there are few reports on the operation of DSR within the communication window (1.55 μm) using the reverse saturable absorption phenomenon of distributed GIMF–SA.



In this letter, we propose and experimentally demonstrate a distributed 105 μm large-core GIMF architecture, which provides simultaneous SA and spectral filtering operation. The large-core GIMF device not only facilitates expansion of the model field and resistance to pulse fragmentation but, more interestingly, the coupling and joint action provide more complex, richer, and widely tunable transmission properties with saturable and reverse saturable absorption. Using such a device, a simple and compact all-fiber passive ML laser can be built without bulk filters, and in addition, four (N = 4) ML operations, including DS, DSR, wedge-shaped, and staircase pulses are generated. The DS has an accessible output power, pulse energy, bandwidth, and duration of up to 15.33 mW, 2.02 nJ, 22.63 nm, and ~1.68 ps. The DSR has an achievable pulse duration and energy of ~32.39 ns, 30.3 nJ. Furthermore, the evolution from DS to DSR is also observed, similar to the theoretical work in refs [33,34,35]. The distributed GIMF scheme is essentially a new way of achieving a stable, compact, high-power, multifunctional laser source that can be used in sensing, communications, etc. [36,37,38].




2. Experimental Setup and Principles


The experimental setup, as presented in Figure 1, is in a ring configuration. An 18 m erbium-doped fiber (EDF: absorption coefficient of 4.71 dB/m at 980 nm, OFS, MP980) is utilized as the gain medium and is core-pumped by a 976 nm laser diode (LD: maximum power 1039 mW) via a 980/1550 nm wavelength division multiplexer. A dispersion-compensated fiber (DCF: dispersion parameter of ~−38 ps/nm/km; length: 1.38 m; THORLABS, DCF38) is employed to manage the dispersion. A polarization controller (PC) is used to carefully optimize the cavity birefringence, while a polarization-insensitive isolator (PI-ISO) maintains the unidirectional operation. The distributed GIMF–SA, responsible for high multimode excitation, mode-locking, and filtering, is located upstream of the PC and downstream of the PI-ISO. Additional stretches of SMF/DCF are added in the cavity to compensate for cavity dispersion and non-linearity and a 20:80 coupler with 20% output. The initial length is approximately 27.16 m, yielding an estimated net cavity dispersion of ~0.28 ps2 and a fundamental repetition of ~7.58 MHz. The main instruments used are an optical spectrum analyzer (OSA, YOKOGAWA AQ6370D, Tokyo, Japan), oscilloscope (OSC, Agilent-DSO925A, PaloAlto, Santa Clara, CA, USA), detector (Agilent, 8163B, PaloAlto, Santa Clara, CA, USA), RF spectrum analyzer (ESA, Agilent, N9030A, PaloAlto, Santa Clara, CA, USA), and autocorrelator (Femtochrome, FR-103XL, Berkeley, CA, USA).



We propose a distributed structure with two GIMFs of unequal length located at different positions in the resonant cavity, which introduces a variable mode field distribution and associated mode coupling ratio through an intermediate SMF that could remove the length constraint by the fusion splicer and is a variant of the offset-spliced SA in refs [30,31]. As illustrated in Figure 2a, the distributed GIMF1–GIMF2 (Fibestar: GI105/125-AC; diameter: 105 μm; numerical aperture: 0.24; and lengths: 0.6, 0.2 m), although located at different positions in the resonant cavity, act as an integral SA device. According to the theoretical model and experimental research [14,16,21,30], the transmission can be described as   T =   c   0   +   c   1     s i n   2   ( I /   I   s a t   )  , where     c   0    ,     c   1    ,   I  , and     I   s a t     denote the minimum transmission, modulation depth, instantaneous, and saturation power, respectively. In our measurement setup, a home-made NPR ML 1.56 µm pulsed laser (bandwidth of 3.77 nm and repetition rate of 17.96 MHz) is injected into the integral SA after amplification, and the transmission properties can be obtained in detail by recording the power change before and after passing through the SA in small steps. As can be seen in Figure 2b, under certain conditions, the transmission has a pronounced oscillation with saturable and reverse saturable absorption phenomena. The SA can be switched between the saturable and reverse saturable absorption regions by changing the intensity of the input light. The modulation depth is approximately 18.91% and the reverse saturable absorption power density is ~7.58 MW/cm2. It should be noted that the transmission can vary greatly depending on the polarization state and bending pattern of the distributed SA, so this flexibility has the potential to cater to various customizations. To achieve this, a set of heat shrink tubes of different diameters has been jacketed in the middle of GIMF1 and GIMF2, respectively. These tubes can be easily, flexibly, and finely moved, rotated, and twisted when both sides of GIMF1/GIMF2 are attached to the optical platform with adhesive tape.




3. Experimental Results


Initially, to verify the performance of this SA and optimize the ML state, we conducted a large-scale survey on dozens of sample sets. Figure 3 illustrates the comparative results of variable control after some rough screening. Firstly, when the length of GIMF1 is set to 0.6 m, Figure 3a shows the ML operations under the maximum lasing without pulse splitting that can be obtained by gradually cutting back GIMF2 from 1 to 0.012 m. As can be seen, mode-locking can be achieved within any length setting in this range. All spectra share the DS signature of a rectangular profile with a flat top and steep edges. The optical spectrum edge-to-edge bandwidths and signal-to-noise ratios (OSNR) range from 10.31 to 20.58 nm and 29.07 to 34.83 dB, respectively. It should be noted that the spectrum reaches its maximum bandwidth when the length of GIMF2 is in the range of 0.15–0.4 m. The insets represent the corresponding autocorrelation (AC) traces with durations ranging from 1.08 to 2.18 ps. Similarly, by gradually cutting back GIMF1 from 1.25 to 0.05 m, Figure 3b presents the accessible spectrum of ML operations at maximum pumping intensity without suffering from pulse fragmentation, with GIMF2 fixed at 0.2 m. The bandwidth and OSNR range from 11.05 to 20.58 nm and 29.82 to 35.06 dB, respectively. As can be seen, the spectrum reaches its maximum bandwidth when the length of GIMF1 is in the range of 0.85–0.45 m. The insets also illustrate the corresponding AC traces with durations ranging from 1.12 to 2.32 ps. These achievements suggest that there is essentially no limit to the length of the distributed GIMF–SA device. It should be noted, however, that an excessively long GIMF will result in increased losses and lower output, while an ultra-short GIMF will degrade stability and have low splitting thresholds. Therefore, we believe that setting the SA near ~0.6@0.2 m should be a compromise for the system and is conducive to optimizing the ML operation.



Subsequently, a detailed investigation of ML operation is implemented by setting GIMF1 and GIMF2 to 0.6@0.2 m, respectively. With appropriate adjustment of the PC, SA, and pump intensity, the DS ML operation is observed in the range of 56 to 1039 mW pump power without fragmentation. The measured evolution of the optical spectrum is presented in Figure 4a, and the central wavelengths are ~1559.39−1559.46 nm (resolution: 0.02 nm). They all have a typical rectangular profile with a flat top and sharp edges, and the edge-to-edge spectral width ranges from 16.07 to 22.63 nm. Note that the OSNR varies from 28.21 to 33.65 dB, indicating a high quality of DS operation. The radio frequency (RF) measured with a resolution of 100 Hz without residual sidebands is located at ~7.58 MHz, which matches well with the cavity, as shown in Figure 4b. A signal-to-noise ratio (SNR) of ~60.76 dB confirms stable operation and low timing jitter. The inset exhibits a 300 MHz RF spectrum. Figure 4c exhibits the AC trace at ~1.68 ps duration for a Gaussian assumption. Thus, the time bandwidth product (TBP) is ~4.69, indicating that the DS ML pulses are highly chirped. The inset presents a pulse train with a separation of 131.93 ns. The linearly approximated varying output power given in Figure 4d ranges from 0.78 to 15.33 mW versus pump power, corresponding to a pulse energy range of 0.1–2.02 nJ and a peak power of ~1.2 kW. Thanks to the large-core GIMFs and associated coupled transmission, single-pulse operation can be maintained over such a wide range without suffering from pulse fragmentation. Physically, unlike conventional solitons that originate in a Hamiltonian system, DS is formed by a compromise of gain, loss, dispersion, non-linearity, and strong spectral filtering. As mentioned above, the TBP ranges from 2.33 to 5.59, indicating that the chirp is not only strong but also highly variable. In the present laser, the guiding of the pulse evolution by converting the pulse chirp into self-amplitude modulation can be attributed to the distributed GIMF structure with a filtering property, considering that no additional filter components are inserted [20,21,26,28]. Thus, the GIMF device functions as both SA and filter. In addition, during our experimental observations, the laser could achieve self-starting if the oscillator is undisturbed.



As a novel approach to mode locking, it would be interesting and worthwhile to investigate the performance of this distributed GIMF–SA at different dispersions and to find out the range of dispersions in which DS could exist. Therefore, we chose to determine the lower boundary of the dispersion by continuously increasing the length of the additional SMF step by step (step size: 0.5 m). When the SMF reaches 5 m, and the net cavity dispersion is ~0.18 ps2, the evolution from DS to DSR is observed as the pump power is successively increased. Figure 5a records the spectral dynamics of the whole process, similar to references [33,34,35]. At the beginning, when the pump intensity is in the range of ~120–336 mW, the laser operates in a single-DS state, and the spectrum has a rectangular profile with a flat peak and steep edges. As the pump intensity continues to increase (~336–493 mW), the pulse begins to fragment, showing emerging harmonics and chaos. The appearance of continuous components in the corresponding spectrum (spectral thickening), with a strong increase in the central part of the original spectrum and a softening of the edges due to the acquisition of a competitive advantage, is manifested by a gradual bulging at the top of the spectrum and a narrowing of the bandwidth. The pump intensity is then further adjusted from ~493 to 1039 mW, and by slightly adjusting PC and SA, the mode-locking is switched to a single-pulse state; while the spectrum already presents a clear triangular profile. The bandwidth ranges from ~2.76 to 3.81 nm, and the central wavelength is ~1563.25 nm. Figure 5b represents the temporal establishment of the DSR operation, where the pulse profile evolves from a Gaussian to a square case with a maximum duration of up to ~643.33 ps. To determine whether the ML operation is DSR, the AC trace is examined; no fine structure could be observed except for a constant level. For better clarity, we have also implemented a dispersive Fourier transform using 7 km DCF (YOFC, DM1010-E). As expected, the single-shot spectrum (Figure 5c) is in excellent agreement with the averaged spectrum. In this case, no highly structured spectra with drastic fluctuations or pronounced distortions are found, confirming the coherence and that the pulses should be DSR rather than noise-like pulse (NLP) [39,40,41]. Then, to determine the upper limit of dispersion, the additional SMF is replaced by DCF, and the length is increased in 0.25 m increments. When the DCF reaches 2.5 m (dispersion: ~0.37 ps2), the evolution from DS to DSR is also observed as the pump power is successively increased, as shown in Figure 5d. The difference is that, initially, although the spectrum has a flat top, both sides are gently edged, probably due to greater dispersion and weaker filtering. It then undergoes fine structure sub-pulses emergence, free movement, and degradation of ML operation, with the center of the spectrum booming and reconverting to a fundamental RP ML state. At the strongest pumping intensity, the spectrum exhibits a triangular profile with a center wavelength and bandwidth of ~1556.63 and 3.59 nm, respectively. At this point, it can be concluded that the dispersion range in which the DS–ML operation of the present laser can exist stably is approximately 0.18–0.37 ps2.



Generally, high nonlinearity or a long cavity facilitates the formation and broadening of the DSR/NLP rectangular pulse (RP) with large dispersion [30,40]. Theoretically, the mechanism of NLMI mode-locking is different from NPR/NALM, both of which require a long fiber to accumulate an appropriate phase shift, which is not the case for NLMI. So, it is interesting and wonderful to study whether the long cavities have a similar effect on RP ML operation in NLMI mode-locked lasers. For this purpose, the additional SMF is extended to ~500 m (net dispersion: ~−10.23 ps2). By fine-tuning the PC and SAs, the highly stable RP can be achieved beyond 533 mW and could be maintained up to 1039 mW without suffering any pulse break-up. The generated RPs with almost constant peaks and increasing durations are shown in Figure 6a. The inset (top) presents the corresponding pulse train with a ~2.51 μs separation. The AC trace is also examined, no fine structure is found, and together with the DFT result (inset, bottom), the DSR property is identified. Figure 6b plots the spectrum with triangular profiles and bandwidths ranging from ~0.63 to 1.23 nm, centered at ~1558.21–1558.63 nm. As shown in Figure 6c, the RF without satellites has an SNR of ~60.33 dB and is located at ~0.398 MHz (resolution: 100 Hz). The inset is a 300 MHz RF spectrum showing the intrinsic characteristic of DSR with an amplitude modulation period of 109.05 MHz, corresponding to a pulse duration of ~9.17 ns. It can be seen from Figure 6d that the output power and pulse duration have a quasi-linear rise range of 3.58–12.06 mW and 9.17–32.39 ns, respectively, corresponding to a single pulse energy of 8.99–30.30 nJ. The peak power is almost fixed at a comparable level of ~0.95 W. In particular, a wedge-shaped pulse can be achieved with proper re-adjustment of the PC and SAs when the pump power exceeds 569 mW. Figure 6e presents the dynamics of the temporal evolution with increasing pump power. It can be seen that with increasing pump strength, the amplitude of the pulse is enhanced, the width is broadened, and the maximum duration is ~12 ns. The RF has an SNR of ~53.59 dB (see inset top). The inset (bottom) depicts a pulse train. Figure 6f shows the spectrum with center wavelengths of ~1559.71 nm and bandwidths ranging from ~2.86 to 3.62 nm. According to refs [30,40], the formation mechanism of this wedge-shaped pulse can be attributed to the fact that the leading and trailing edges operate at different positions of the sinusoidal transmittance curve. The above results demonstrate that the long cavity still plays a key role in the RP operation of NLMI, but its broadening efficiency is much lower than that of NPR/NALM. Therefore, the NLMI GIMF–SA-based fiber laser is promising for the generation of high peak DSR/NLP–RP.



Surprisingly, if the additional SMF is selected to be ~40 m (dispersion: ~−0.56 ps2), stable staircase pulse ML operation can be achieved with a pump intensity in the range of 298–1039 mW by carefully adjusting the PC and SA. The dependence of the temporal profiles on the pumping intensity is presented in Figure 7a. Clearly, the staircase pulse contains two rectangularly approximated sub-pulse components with significant differences in amplitude. The left component with the lower peak has gentle edges, while the right one with the higher peak has sharp edges. In addition, there is also an obvious difference in the evolutionary behavior: as the pumping increases, the amplitude of the leading sub-pulse not only increases but also expands its duration; conversely, the width of the trailing sub-pulse widens, yet the peak power remains almost constant (see inset on the right). The inset (left) depicts the pulse train with an absence of amplitude fluctuations and a uniform interval spacing of 347.70 ps. The fundamental peak is located at the repetition rate of 2.878 MHz, as shown in Figure 7b, with an SNR of 61.08 dB, indicating good ML stability. Probably due to the low intensity of the left component, a modulation period of only 101.52 MHz is clearly observed in the 300 MHz RF spectrum (top inset), corresponding to the 9.85 ns higher right sub-rectangular component. The inset (bottom) shows the corresponding spectrum with a certain number of sidebands, centered at ~1558.87–1560.18 nm and with a bandwidth of ~1.95–3.83 nm.




4. Discussion


Commonly, the usual ML pulses are produced by saturable absorption of an SA, and most NLMI-based studies have focused on this type of property. Conversely, the generation of RP is mainly attributed to the reverse saturation absorption in the transmission. This means that when the pulse intensity reaches this region, it is clamped due to the peak power clamping effect, preventing its amplitude from increasing further and forming a flat peak [10,30]. Unlike previous reports [20,21,22,23,24,25,26,27,28,29], the distributed large-core GIMF-based scheme not only facilitates the excitation of more higher-order modes and the removal of the length limitation, but more importantly, it can be beneficial in resisting fragmentation and providing a versatile transfer curve with a wide range of tuning capabilities. In principle, the coupling of two GIMF transfer functions can, under certain conditions, provide richer and more complex properties such as oscillations and associated saturation/reverse saturation absorption phenomena, expansion or contraction of the modulation period, and a wide range of tunability of the modulation depth. In our laser, thanks to the coupled transmission of the distributed GIMF structure, both DS with Gaussian shape, DSR with a typical rectangular profile, and resembling regime with wedge-shaped/staircase pulses are obtained without any additional filter component. These results are summarized in Table 1. The results indicate that, for the first time, we have exploited both the saturable and reverse saturable absorption of the NLMI–SA. According to [10,16,30,40], the formation mechanism of the wedge/staircase pulses may be attributed to the fact that the leading and trailing parts operate at different positions/stable regions of the modified sinusoidal transmittance curve. Furthermore, the strong amplitude modulation required to form the highly chirped dissipative category pulse must be provided by the distributed GIMF device with filtering properties, implying that the present device acts as both SA and filter [19,20,21]. It is believed that the performance could be further improved by optimizing the laser cavity; using a double clad gain fiber and a larger pump source. Finally, in order to verify that the mode locking indeed results from the distributed GIMF device, the two GIMFs are deliberately removed from the cavity, and no mode locking can be observed anymore. This verifies that the GIMF structure directly contributes to the mode-locking operation. On the other hand, if any segment of the GIMF is removed, only the DS operation can still be achieved, however, it is less stable, the splitting threshold is significantly reduced, the output single-pulse energy decreases rapidly, and the spectral bandwidth becomes much narrower. The series of comparative experiments show that the coupling and joint operation of two large-core GIMFs are not only beneficial in removing the length limitation, resisting pulse fragmentation, and increasing the single pulse energy, but more interestingly, this scheme provides the opportunity to reconstruct the transmission with sophisticated and intriguing features.




5. Conclusions


In this paper, we have demonstrated a fiber laser based on NLMI-SA using a distributed large-core GIMF structure. This distributed SA device with controllable, widely tunable coupled transmission has the advantage of versatility, flexibility, simple structure, easy construction, non-performance degradation, high damage thresholds, and robustness. Based on this SA, the DS, DSR, wedge-shaped, and staircase ML operations (N = 4) have been experimentally realized without an additional filter. The DS has an output power, pulse energy, bandwidth, and duration of up to 15.33 mW, 2.02 nJ, 22. 63 nm, and ~1.68 ps. The DSR has a duration of ~32.39 ns and pulse energy of 30.3 nJ at ~1558.36 nm. The dispersion region (~0.18–0.37 ps2) that enables DS to exist is investigated, and the dynamics from DS to DSR are observed. Such a simple distributed GIMF–SA structure not only offers a new perspective on all-fiber multifunctional laser sources but may also shed some light on nonlinear science.
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Figure 1. Schematic diagram of the distributed GIMF NLMI-based fiber laser. 






Figure 1. Schematic diagram of the distributed GIMF NLMI-based fiber laser.



[image: Photonics 11 00216 g001]







[image: Photonics 11 00216 g002] 





Figure 2. (a) Schematic diagram of the distributed SA; (b) measured absorption property of the distributed GIMF device. 
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Figure 3. Characteristics of the DS operation of various samples. (a) The achievable spectrum versus GIMF2 when GIMF1 is fixed at 0.6 m. Insets present the corresponding AC traces; (b) the achievable spectrum versus GIMF1 when GIMF2 is fixed at 0.2 m. Insets present the corresponding AC traces. 
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Figure 4. Characteristics of the DS operation. (a) Optical spectrum; (b) RF spectrum at 1039 mW pump power. Inset: the RF spectrum for a 300 MHz span; (c) the corresponding AC trace. Inset presents a pulse train; (d) the output power and pulse energy versus the pump power. 
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Figure 5. Characteristic dynamics of the ML operation as a function of dispersion. (a) The spectrum evolution from DS to DSR operation when additional stretch of the SMF is 5 m; (b) the establishment of DSR of temporal profiles; (c) the result of DFT; (d) the spectrum evolution from DS to DSR operation when additional stretch of the DCF is 2.5 m. 
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Figure 6. Characteristics of the RP-case ML operations. (a) The temporal profiles of DSR ML operation when additional stretch of the SMF is ~500 m. Inset (top): a pulse train. Inset (bottom): the result of DFT; (b) the corresponding spectrum; (c) the RF spectrum. Inset: the corresponding RF spectrum for 300 MHz span; (d) the output power, pulse duration, and peak power versus the pump power; (e) the typical wedge-shaped ML pulse. Inset (top): the RF spectrum. Inset (bottom): a pulse train; (f) the corresponding spectrum. 






Figure 6. Characteristics of the RP-case ML operations. (a) The temporal profiles of DSR ML operation when additional stretch of the SMF is ~500 m. Inset (top): a pulse train. Inset (bottom): the result of DFT; (b) the corresponding spectrum; (c) the RF spectrum. Inset: the corresponding RF spectrum for 300 MHz span; (d) the output power, pulse duration, and peak power versus the pump power; (e) the typical wedge-shaped ML pulse. Inset (top): the RF spectrum. Inset (bottom): a pulse train; (f) the corresponding spectrum.



[image: Photonics 11 00216 g006]







[image: Photonics 11 00216 g007] 





Figure 7. Characteristics of the staircase pulse ML operation. (a) The temporal profiles of the staircase ML operation when additional stretch of the SMF is ~40 m. Inset (left): a pulse train. Inset (right): details of the trailing rectangular portion of the staircase pulse; (b) RF spectrum at 1039 mW pump power. Inset (top): the RF spectrum for a 300 MHz span. Inset (bottom): the optical spectrum. 
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Table 1. Basic parameters of the present distributed GIMF (0.6@0.2 m)-NLMI-based fiber laser.
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	ML Operation

Regime
	Dispersion

(ps2)
	Region of

Transmission
	Pump Intensity

Range (mW)





	DS
	~0.28
	Saturable
	56–1039



	DSR
	~−10.23
	Reverse saturable
	533–1039



	wedge-shaped
	~−10.23
	Reverse saturable
	569–1039



	staircase
	~−0.56
	Reverse saturable
	298–1039
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