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We demonstrate a high repetition rate, high average power narrow-linewidth fiber amplifier at 1.55 μm eye-safe waveband by using a very-large-mode-area active fiber doping Er and Yb, having a 60-μm-diameter core and a 600-μm-diameter inner cladding. A maximum average power reaches 16 W at a 10 kHz repetition rate for 600 ns pulses in the stimulated Brillouin scattering (SBS) free operation, which calculates to a 1.6 mJ pulse energy and 2.7 kW peak power. In addition, the peak power rises to 4.9 kW with 148 ns pulses at the onset of SBS. The signal peak is located at 1,551.15 nm with a 36 dB signal-to-noise ratio (SNR). In order to eliminate the pulse steepening, the pulse shaping technology using a triangular-like wave with a slower rising edge is applied on the input pulses. The half-width of the frequency-intensity spectrum from high-average-power fiber amplifier is about 1.02 MHz, approaching the Fourier transform limit.
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1 INTRODUCTION
High energy single-frequency fiber light sources at 1.5 µm eye-safe region, with MHz linewidth and several nanoseconds pulse duration, have become powerful means for laser lidars [1–5], remote sensing [6–8], and optical communication [9] due to their high efficiency, low power consumption, high compactness, high stability features, and mature device technologies. Especially in coherent wind lidars, 1.5 µm narrow linewidth fiber amplifiers have been applied in airport windshear detection to ensure the safety of aircraft takeoff and landing [10–12], wake vortices observing of wind turbine blades to improve wind energy utilization [13], and high-altitude turbulence to guarantee aircraft flight safety [14]. In 2002, Pearson et al. reported a 1.5 µm short-range pulsed wind lidar for a range of 300 m [15], whose light source employed a master oscillator power amplifier (MOPA) structure with a 50 µJ pulse energy for 50 ns pulse duration at 20 kHz by using Er, Yb co-doped fibers (EYDFs) with a 20 µm core diameter. In 2009, Dolfi-Bouteyre et al. demonstrated a 1.5 µm pulsed wind lidar to detect the aircraft wake vortex [16]. A range of 1.2 km was realized by using a multi-stage fiber amplifier with 120 µJ output energy for 800 ns pulses at 12 kHz. The last stage amplifier is composed of a large mode area (LMA) fiber that possesses a core/cladding diameter of 25/300 µm. In 2015, Lombard et al. proposed a 1.5 µm long-distance wind lidar with a record range of 16 km [17]. The pulse energy of fiber light source is up to 450 μJ, corresponding to a 650 ns pulse duration under a 10 kHz repetition rate by utilizing special phosphoaluminosilicate glass fibers with a 30 µm diameter core. To further increase the detection range of coherent laser lidars, the energy of the fiber light sources needs to be increased on the basis of high repetition frequency. However, the stimulated Brillouin scattering (SBS) effect is an insurmountable barrier in the process of boosting energy in narrow-linewidth pulsed fiber lasers.
The SBS threshold power is referred to effective mode area and fiber length [18, 19], which is inversely proportional to the fiber length and proportional to the effective mode area. Consequently, based on sufficient gain, there are two simple and efficient approaches to restrain the SBS effect, one is to expand fiber core diameter to enhance the mode area, the other is to adopting heavy doping concentration and short length gain fiber. The way to enhance the mode area can be summarized from the above-mentioned research advances in coherent laser lidar systems. In terms of the way of using heavy doping concentration and short length gain fiber, Akbulut et al. proposed a 1.55 µm light source of coherent laser lidar, producing high average power, without SBS [20]. Up to 1.3 mJ pulse energy was generated from the EYDF amplification structure by adopting short-length (20–30 cm) and high-gain phosphate-glass fibers with about 1,000 μm2 mode field area, corresponding to a 23 W average power for 600 ns pulses at 18 kHz. In other emitting wavebands of Er-doped fibers, the 1.57 µm high-energy narrow-linewidth fiber amplification system is the most suitable candidate of space-borne laser lidar for CO2 sensing due to its robustness and low consumption. In 2018, Lee et al. achieved 1.8 mJ, 510 ns narrow-linewidth pulses at 2.5 kHz generated from a multi-stage fiber amplifier system by adapting a custom large-core EYDF based on silicate glass with 45 µm diameter core and 55 cm length [21]. Through the above progresses, the core diameter of current Er-doped gain fiber applied in the 1.55 µm single-frequency fiber amplifiers is no more than 30 µm. In millijoule level Er-doped fiber amplifiers whether at 1.55 or 1.57 µm, the doping fibers are all specially customized, and the fabricating progress and technique are facing certain challenges.
In addition, the significant pulse steepening produced by the massive depletion of the population inversion over the timescale is often occurred in a mJ-level high gain fiber amplification system [22]. This steepening results in an extremely dominant peak power at the leading edge of pulse profile and a very slow descent along the falling edge, limiting the pulse energy boosting of the narrow linewidth laser amplifier due to SBS caused by the steep leading edge. Therefore, it is critical to mitigate the pulse steepening for high-energy narrow linewidth fiber amplifier. One effective way is to pre-shape the input pulse signal of the modulator to compensate the pulse steepening from the gain saturation. And different pulse shapes have different compensation effects. In addition, the pulse pre-shape method can also suppress the linewidth of the single-frequency pulsed lasers [23, 24].
In this paper, the pulse shaping, high average power single-frequency pulsed light delivered from a multi-stage fiber amplification system is obtained by employing a commercial very-large-mode-area EYDF based on silica substrate with 60 µm diameter and 600 µm cladding. The largest average power at the repetition rate of 10 kHz is up to 16 W for a 600 ns pulse, which corresponds to a 1.6 mJ pulse energy and 2.7 kW peak power. When the pulse duration is reduced to 148 ns, the peak power increases to 4.9 kW at the onset of SBS. By shaping the input pulse with a triangular-like wave, the pulse rising edge is relatively slow and pulse profile becomes symmetrical. The signal is located at 1,551.15 nm with a signal-to-noise ratio (SNR) of 36 dB. The half width of the frequency-intensity spectrum from the amplifier system is approximately 1.02 MHz at the highest average power.
2 EXPERIMENTAL SETUP
The whole 1.55 µm high-energy narrow-linewidth EYDF laser amplification system consists of a pulsed seed source, two-stage preamplifier, and main amplifier, as illustrated in Figure 1A. Continuous-wave (CW) narrow-linewidth seed light is delivered from the distributed feedback (DFB) fiber amplifier (Connet Laser Technology Ltd.) with launching power of approximately 100 mW, a 3 dB spectral bandwidth of 3 kHz, a peak wavelength of 1,551.1 nm. The output light of DFB laser is modulated into 10 kHz pulsed light at the level of hundreds of microwatts through an analog-modulated acousto-optic modulator (AOM) triggered by a pulse-shaping electrical signal with an amplitude of 1 V. A section of polarization maintaining (PM) single-mode Er-doped fiber with the core/cladding diameter of 8/125 μm, pumped by a LD at 976 nm through a wavelength division multiplexer (WDM), is used to improve small signal power after modulation to 20 mW. The first-stage preamplifier employs a PM EYDF with core diameter, cladding diameter, and length of 10 μm, 125 μm, and 1.5 m, respectively. The 976 nm pumping light and signal light are mixed into the active fiber through a beam combiner with a front signal fiber of 8-μm-diameter core and rear signal fiber of 10-μm-diameter core. The second-stage preamplifier emitting a 2.8 W average signal power is composed of a 1.2 m long PM EYDF with core/cladding diameter of 25/300 μm, a 976 nm LD pumping source and a (2 + 1) × 1 signal-pump PM combiner. Band-pass (BP) filters (BP1 and BP2 with 3 dB bandwidths of 1.2 and 2 nm) and isolators (ISO 1–4) are added in the amplification system to remove the amplified spontaneous emissions (ASEs) that are generated during the amplifying process, and to block the backward light caused by SBS, fiber splicing or undesirable fiber end face. A commercial very-large-mode-area non-PM EYDF (MM-EYDF-60/600, Nufern), with core/cladding diameter of 60/600 µm and a length of 1.2 m, and the corresponding numerical aperture (NA) of 0.2 for the core and 0.46 for the cladding, is used in the main power amplifier. The cladding absorption coefficient is approximately 3.2 dB/m. We have chosen a low-temperature, high-efficiency, and damage-resistant fiber butting method between the 50/400 µm non-PM passive optical fiber possessing core/cladding NA of 0.1/0.46 from the output signal fiber of (6 + 1) × 1 combiner and the 60/600 µm gain fiber to achieve high energy pulse light because the space coupling is from small NA to big NA. The two butt ends and one output end are cleaved to 15°, and butt ends are fixed on the precise three-dimensional adjustment structure. The three-dimensional adjustment structure is first adjusted to minimize the signal light power passing through the gain fiber, ensuring that the signal light is coupled into the core of the gain fiber. Then, during the amplification process, the three-dimensional adjustment structure is further finely adjusted to maximize the signal optical power. The butt ends are cooled to 10°C by a cooler water. The photograph of the fiber butting and enlargement of the butt ends from microscope are shown in Figures 1B, C. The lights launched from the tail of the fiber is collimated by a short focal length lens and separated by two dichroic mirrors, thus the pure signal light is obtained.
[image: Figure 1]FIGURE 1 | Structure of narrow-linewidth pulsed Er-doped fiber laser amplification. (A) Setup of the whole amplifier; (B) Photograph of the fiber butting; (C) Enlargement of the butt ends from microscope.
3 EXPERIMENTAL RESULTS AND DISCUSSION
The measured average power curve of the high repetition rate EYDF multi-stage amplification system at different pulse durations is illustrated in Figure 2A. The average power declines as the pulse duration decreases under the same pump power due to a decrease in the proportion of the modulated signal light. A 16 W highest average power delivered from the last stage amplifier is realized at a 10 kHz repetition rate for 600 ns pulses when the launching pump power reaches 72 W, which corresponds to a 1.6 mJ pulse energy, 2.7 kW peak power, and about 21.2% slope efficiency. The optical-to-optical conversion efficiency of the entire fiber amplification system at 600 ns pulse duration is approximately 17.8%. Keeping the repetition rate unchanged, when the pulse duration declines to 308 ns, the average power drops to 12 W, calculating to a 1.2 mJ energy and 3.9 kW peak power. The SBS-free operation occurs at pulse durations of 600 and 308 ns by monitoring the reverse spectra through one of the pump input ends of the (6 + 1) × 1 combiner. Continue to decrease the pulse width to 148 ns, the SBS phenomenon has just appeared at the output power of 6.9 W. Thus, a 0.69 mJ output energy and a 4.9 kW peak power are realized, indicating that the SBS threshold power is about 4.9 kW. The 10 kHz pulse sequence is shown in Figure 2B, the time interval between adjacent pulse peaks is 100 µs. The optical spectrum of the signal beam at the highest power is collected through an optical spectrum analyzer (Yakogawa, AQ6370D) with a resolution of 0.02 nm, as illustrated in Figure 3. The signal peak corresponds to 1,551.15 nm with a SNR of about 36 dB, and there are no out-of-band ASE peaks around the 1,535 nm during the process of raising power. The inset represents the linear spectrum of the signal light at the 1,551.15 nm signal peak. The spectral half width is approximately 0.02 nm, constrained by spectrum analyzer resolution.
[image: Figure 2]FIGURE 2 | (A) Average power of Er-Yb co-doped multi-stage fiber amplification system; (B) Pulse sequence at 10 kHz.
[image: Figure 3]FIGURE 3 | Signal spectra at the highest power. The inset is the linear spectrum of signal light at 1,551.1 nm.
When increasing average power to 6.9 W for a pulse duration of 148 ns at 10 kHz, the SBS effect is detected from the reverse spectrum, as displayed in Figure 4. It can be seen that the fundamental light wavelength and Stokes light wavelength emerge at 1,551.15 and 1,551.23 nm based on SBS effect. The corresponding frequency interval between the signal light and Stokes light is about 10 GHz, which is agreed with the Brillouin frequency shift of 1.55 µm laser in quartz fiber [25]. In addition, the onset of the SBS can be detected by the forward amplified pulse signal. The falling edge of the pulse begins to shake and becomes instable when SBS appears. A typical pulse profile at the onset of SBS is shown in the inset of Figure 4. In the experimental, the requirement for the power increase in the multi-stage amplifiers is the absence of the Stokes light wavelength at the reverse spectra and the pulse instability phenomenon.
[image: Figure 4]FIGURE 4 | Reverse spectrum of the amplifier at the onset of SBS. The inset is temporal trace.
Pulse shaping technology for input electrical pulses of the AOM is crucial to compensate pulse steepening to boost pulse energy. Different input pulse shapes have different compensation capabilities. The influence of three electrical pulse shapes on the shapes of the output pulses is investigated under almost identical optical pulse half widths, as illustrated in Figure 5. The left of Figure 5 represents the input electrical pulse, and the right represents the amplified optical pulse. When the input pulse is a square wave with a full width of 370 ns, the rising time of amplified optical pulse is 47 ns, as displayed in Figure 5A. It is obvious that the leading edge of the output pulse experiences severe steepening, limiting the output energy boosting of the amplifier due to SBS caused by a high peak power. When the input pulse shape is a square-like wave with a full width of 474 ns and rising time of 270 ns, the rising time of the amplified optical pulse is 91 ns, as shown in Figure 5B, indicating that the phenomenon of pulse steepening has been alleviated. To further compensate for pulse steepening, a triangular-like wave with a slower rising edge for a full width of 400 ns is applied in input pulse, as illustrated in Figure 5C. The rising time of the amplified optical pulse is 122 ns. As a result, the pulse profile becomes symmetrical and pulse steepening is almost eliminated. For a given peak power, the laser pulses with slower rising edge and more symmetrical profile can achieve higher energy output.
[image: Figure 5]FIGURE 5 | Input electrical pulses (left) with different shapes and the corresponding amplified light pulses (right). (A) Input square wave; (B) Input square-like wave; (C) Input triangular-like wave.
Since the optical spectrum analyzer cannot meet the measurement demand for single-frequency light linewidth with MHz level, a heterodyne system that combines the CW DFB light and frequency-shifted amplified output light is constructed to characterize the half width of frequency spectrum of main amplifier. The beating signal recorded by a 1.5 µm photodetector (Thorlabs, DET08C/M) and a digital oscillator (Teledyne LeCroy, 813Zi-A). By applying a signal processing of fast Fourier transform (FFT) on the beating signal, a frequency-intensity spectrum is acquired, as shown in Figure 6. Therefore, at the highest average power, the linewidth of the single-frequency pulsed amplifier calculated by fitting the Lorentz function is about 1.02 MHz.
[image: Figure 6]FIGURE 6 | Frequency-intensity spectrum of the single-frequency pulsed light.
Table 1 summarizes the research progress of single-frequency EYDF MOPA system at 1.5 µm eye-safe wavelength. Obviously, the energy enhancement of 1.5 µm fiber amplifiers mainly relies on increasing the mode field area of active fibers. In particular, the MOPA system with high-gain and short-length phosphate glass fiber can also achieve high energy laser output [20]. In terms of the output characteristics of the MOPA system, relatively high average power and peak power at 10 kHz are realized in this work by using very-large-mode-area fibers.
TABLE 1 | Advances research of 1.5 μm single-frequency pulsed EYDF MOPA system.
[image: Table 1]4 CONCLUSION
In conclusion, we have implemented a 1.55 µm EYDF single-frequency multi-stage amplifier system, the main amplifier is composed of a very-large-mode-area fiber to suppress SBS. A highest average power of 16 W is achieved for a 600 ns pulse duration at 10 kHz, the corresponding energy, peak power, and slope efficiency are 1.6 mJ, 2.7 kW, and 21.2%, respectively. The peak power is scaled up to 4.9 kW for a pulse duration of 148 ns at the onset of SBS. The signal light is located at 1,551.15 nm with a SNR of about 36 dB, which is separated from the Stokes light by 10 GHz. Pulse shaping technology using a triangular-like wave with a slower rising edge is applied on the modulator to compensate the pulse steepening. The spectral half width retrieved from the beat frequency signal is approximately 1.02 MHz. This high average power, high peak power fiber MOPA system at 1.55 µm will be an excellent light source for laser lidar applications.
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