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178-W picosecond green laser with active beam-pointing stabilization
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Picosecond lasers with high average power and high beam quality have been widely used for precision processing and space exploration. In this study, we report a high-power picosecond green laser using a multistage Yb-doped rod-shaped photonic crystal fiber as an amplifier combined with a beam combination. The single amplification module achieves a 1,030 nm laser output of 146.8 W, and the maximum second harmonic generation (SHG) power is 92 W with a frequency conversion efficiency of 63.5%. The combined beam of the two SHGs resulted in a final output of 178 W with a repetition frequency of 24.07 MHz, pulse width of 50.1 ps, and beam quality factor of M2 = 1.16. Furthermore, an adaptive filter control method of a two-axis fast-steering mirror was applied to suppress the beam jitter to up to 45 Hz.
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INTRODUCTION
High-power laser sources with high beam quality and spectral diversity are of broad interest for various applications [1–5]. Among them, ultrashort pulse (picosecond and femtosecond) lasers are widely used in industrial processing, precision manufacturing, and waveguide etching because of their negligible heat-affected zones [6–10]. Compared to nanosecond pulses, picosecond lasers have a higher peak power that can control the processing depth and precision more effectively and greatly improve the processing quality [11–13]. Meanwhile, compared to femtosecond pulses, picosecond lasers achieve high-power output with higher stability easier [14–17]. In addition to achieving a high-power output, short-pulse lasers at specific wavelengths are also necessary for various applications. For example, the need for green picosecond pulsed lasers is also more widespread, as many materials in industrial processes absorb visible light more significantly than infrared light and in marine and space exploration, where the transmission medium absorbs less of the green wavelength [18–21]. Currently, picosecond pulses can be amplified by rod-tape photonic crystal fibers (PCF), which can achieve extremely high amplification efficiency, polarization preservation, and excellent beam quality output [22–24]. Its difference from traditional optical fiber, with its characteristics of cut-off-free single-mode transmission, adjustable dispersion, high birefringence, large mode area, and high nonlinearity coefficient, realizes single-mode transmission in the large mode field of optical fiber, which makes a breakthrough in high peak power transmission and amplification of optical fiber [24–26]. In addition, beam jitter is an issue that must be addressed to extend the application of lasers to moving platforms such as aircraft, ships, vehicles, and satellites [27, 28]. Beam jitter caused by engine vibration, atmospheric turbulence, and attitude changes severely limits the pointing performance of laser beams on moving platforms [29].
In this study, we report a picosecond amplification structure using a multi-stage Yb-doped rod-shaped PCF, divided into a two-stage pre-amplification and a one-stage main amplification structure. The single main amplification module finally achieves a 1,030 nm laser output of 146.8 W. The frequency doubling crystal is an LiB3O5(LBO) crystal, and the output second harmonic generation (SHG) wavelength was 514.2 nm with a maximum output power of 92 W. The conversion efficiency from 1,030 nm to 514.2 nm was 63.5%. The two SHGs were combined to obtain a final output of 178 W at 514.2 nm. The repetition frequency of the laser is 24.07 MHz, pulse duration is 50.1 ps, and beam quality factor M2 is measured to be 1.16. An adaptive filtering control method is applied to suppress the beam jitter of a two-axis fast-steering mirror (FSM) to increase the output stability. The FSM, driven by a voice coil driver, is placed in the optical path in front of the laser exit to isolate the laser beam from the disturbance. Using a position-sensitive detector (PSD) as a beam deviation sensor, the system effectively suppresses laser beam jitter up to 45 Hz, resulting in a high pointing stability of 178 W green light output.
EXPERIMENT AND RESULTS
The laser amplification and frequency doubling experimental setup are shown in Figure 1, which consists of a pre-amplification module, main amplification module, frequency doubling module, and optical range compensation module. The mode-locked fiber laser (EOAS-MLFL-P-50-22-1,030-50) outputs seeds with a repetition frequency of 22 ± 2 MHz, pulse duration of 50 ± 2.5 ps, and central wavelength of 1,030 ± 1 nm. The output seed light is amplified by a primary fiber prevention module, which aims to increase the efficiency of the photonic crystal fiber amplifier (PCFA) afterward. The amplified seed light then passes through the optical isolator as signal light into the secondary PCF preamplifier. In secondary pre-amplification, the signal light is collimated and focused by a coupling lens set and then injected into a rod-taped PCF, where the PCF is pumped by a fiber-coupled diode with a central wavelength of 976 nm, and the pumped light is collimated and focused into the PCF.
[image: Figure 1]FIGURE 1 | Schematic showing the layout of the laser system. FOI, fiber optic isolator; HWP, half-wave plate; FR, Faraday rotator; M, mirrors; F, focus lens; PBS, polarizing beam splitter. FSM, fast steering mirror; PSD, position sensitive detector.
In the PCF (aeroGAIN-ROD-2.1, mode field diameter 65 ± 5 μm), the signal light receiving core diameter is approximately 85 μm, and after passing through the coupling lens set, the signal light matches the receiving core diameter by more than 90%. The pump light receiving diameter is 260 μm, and after passing through the coupling lens set, the pump light spot with a diameter of 200 μm and NA = 0.22 was injected into the PCF with a 1:1 coupling ratio to achieve 95% energy within 250 μm. After secondary pre-amplification, the 1,030 nm laser was split into two beams using a half-wave plate and a polarization splitting prism for respective amplification and frequency doubling. The split beam was first coupled through a coupling lens set to the PCF for single-pass amplification. The signal light and pump light coupling system of the rod-tape PCF was identical to that of the secondary preamplification module.
The signal light is amplified again and then passed through the focusing lens as the fundamental frequency light for frequency doubling. The frequency-doubling crystal was an LBO crystal (type Ι, 3 mm × 3 mm × 15 mm) with a combination of angle and temperature matching, a cut angle of θ = 90°, φ = 12.6°, and a corresponding temperature of 55°C. The advantage of this is that the best matching efficiency can be obtained while avoiding strong convection owing to large temperature gradients, which can affect the output light stability. A dichroic mirror was then used to separate 1,030 nm from the SHG, which was collected by a collector, and the SHG was then combined. Before the beam combining process, one of the beams needs to be compensated for the optical range to match the temporal overlap of the two beams. After passing through a collimating lens and half-wave, the two SHGs are combined in a polarizing beam-splitting prism and then collimated and expanded into the beam jitter suppression module.
Beam jitter suppression experiments were performed after the green laser was output. The experimental optical path is shown in Figure 1, where a two-axis FSM driven by a voice coil driver is placed in the optical path behind the laser exit, with the laser placed on a jitter platform. A small portion of the laser beam was split into the PSD by adding a semi-transparent and semi-reflective mirror to the beam path. By using the PSD as a beam deviation sensor, the FSM effectively suppresses laser beam dithering. The controller program design is shown in Figure 2. The principle is that when the system is switched on, the reference signal contains a large direct-current component, which can destabilize the adaptive filter. Therefore, a proportional-integral-derivative (PID) controller was adopted in parallel with the adaptive filter to stabilize the entire controller. As shown in Figure 2, once the PID controller is connected in parallel with the adaptive filter, the initial bias error is eliminated, and the adaptive filter works properly. In the experiment, the vibration platform generated a broadband disturbance signal with a frequency of 0–50 Hz to test the stabilization effect of the controller.
[image: Figure 2]FIGURE 2 | Controller schematic of adaptive in parallel with PID.
In our experiment, the signal power after the second-stage pre-amplification was 80 W, and the pump power was 162 W. In one of the main amplification stages, the output power increased linearly as the pump power increased, and the conversion efficiency first increased and then plateaued, as shown in Figure 3A. At the maximum pump power of 360 W, maximum power of 146.8 W was obtained for the 1,030 nm output with an optical-to-optical conversion efficiency of 29.7%. By designing the coupling lens set for the signal and pump lights, more signal light can enter the fiber bar core, which can effectively suppress amplified spontaneous emission (ASE) and enable the fiber bar to obtain a higher gain, while a good coupling spot can also effectively improve the quality of the amplified beam. The output power of the amplification device has not yet reached saturation, and there is room for further improvement owing to the pumping power of the diode. Figure 3B shows the output power curve of the SHG with the pump power. From the figure, it can be observed that the output power of the second harmonic increases as the pump power increases, and the maximum power of 92 W is obtained at the 1,030 nm power of 146.8 W for SHG output. The frequency conversion efficiency increases first, saturating at a 1,030 nm power of 104.1 W. The highest conversion efficiency occurs at the pumping power of 134.7 W, with a conversion efficiency of 63.5%. Subsequently, as the power increased, the efficiency decreased slightly, although the output power increased. This is partly due to the broadening of the 1,030 nm spectrum caused by the increase in laser power, partly due to the change in the divergence angle of the amplified beam, and partly due to the increased thermal effect of the doubled crystal caused by the increase in power. However, the results of the experiments were approximately the same as those mentioned above. At the maximum pump power of 360 W, 131 W of 1,030 nm laser output was output, and after the frequency-doubling crystal, 86 W of SHG was output, with a frequency doubling efficiency of 65.6%. The two frequency-doubled beams were combined to obtain a laser output of 178 W at 514 nm. The final output frequency of the SHG was 24.07 MHz with a pulse width of 50.1 ps, as shown in Figures 3C,D. The spectra measured using the spectrometer are shown in Figure 3E. The central wavelength was 514.2 nm. In the case of amplification, the fundamental mode signal light in the core is fully amplified owing to the cut-off-free single-mode characteristics of the fiber rod, whereas the light escaping into the cladding is not amplified. A larger core-cladding power ratio results in a higher beam quality of the output light, M2 = 1.16. The vibration platform generated a broadband disturbance signal with frequencies ranging from 0 Hz to 50 Hz. With the use of the jitter suppression system, the jitter was effectively suppressed by approximately 18.4 dB, as shown in Figure 3F.
[image: Figure 3]FIGURE 3 | Compilation of output characteristics of the green laser. (A) 1,030 nm output power plotted against the pump power; (B) output SHG power at 512 nm plotted against the 1,030 nm input power; (C) Normalized pulse characteristics of the output with a close-up shown inset; (D) temporal characteristic of a single output pulse with an autocorrelation trace; (E) normalized wavelength spectrum of the amplified laser output; (F) Beam jitter before and after control system turned on.
CONCLUSION
In this study, the seed light was amplified using a multi-stage rod-tape photonic crystal fiber, and a two-way amplification structure was incorporated to reduce the effect of thermal effects on the output light. The coupling system in the amplification module was designed independently to achieve mode-matching. The single amplification module achieves a 1,030 nm laser output of 146.8 W, and the maximum second harmonic generation (SHG) power is 92 W with a frequency conversion efficiency of 63.5%. After combining the beams, a green laser of 514.2 nm with a repetition frequency of 24.07 MHz, pulse width of 50.1 ps, and power of 178 W was output, with M2 = 1.16. An adaptive filter control method for beam jitter suppression with a two-axis FSM was also applied to suppress laser beam jitter up to 45 Hz. The results can be used as a reference for the future realization of highly stable and miniaturized green picosecond pulsed lasers in the 100 W or even kW class for stable operation on mobile platforms.
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