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We demonstrate a high-power Nd: YVO4 picosecond laser amplifier that is capable of generating 51.5 W of average output power at a wavelength of 1,064 nm, with a repetition rate of 70 MHz and a pulse duration of 8.5 ps. This system encompasses three stages of laser diode end-pumped Nd: YVO4 amplification including two double-pass amplifiers and a single-pass amplifier. Laser output with near-diffraction-limited beam quality (M2 < 1.1) was maintained throughout the entire power scaling range of the laser. The system exhibited very high output power stability with a root-mean-square amplitude fluctuation of less than 0.2% over a period of 15 h of continuous operation.
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INTRODUCTION
Lasers characterized by different duration of emission have shown different advantages in respective fields [1–5]. Short pulse lasers with high output power and high repetition rates have found significant application in fields such as nonlinear optical frequency conversion [6–8], precision materials processing [9–11], satellite ranging [12, 13], gas detection [14], and optoelectronic countermeasures [15]. The ultrashort pulse duration [typically in the range of picoseconds (ps)] of these lasers is shorter than the electron-lattice relaxation time of many materials [16, 17], allowing a significant reduction in heat transfer between the laser pulse and the material, during the interaction between the laser photons and the material molecules. As such, laser pulses in the ps-range are often used in applications such as precision laser machining, biomedicine, and laser cleaning (particularly of precious and historical artifacts). While femtosecond lasers offer even shorter pulse durations, it is typically easier to design and construct lasers which output ps-pulses with high pulse energy and high power output. As such, picosecond lasers are a powerful tool in the study of the interaction between light and matter [18].
One of the most commonly used methods to generate ps-pulse duration laser outputs is mode-locking. Mode-locking is capable of producing laser pulses down to ∼10 ps, however, this is typically accompanied by extremely low pulse energy (∼nJ) and low average power (∼mW). This therefore limits the range of applications of these laser sources. To address this shortcoming, laser amplifiers are often applied to increase the power scaling capabilities of these systems. These amplifiers are mainly divided into two categories: regenerative amplifiers and traveling-wave amplifiers. Regenerative amplifiers have the advantages of high gain, high stability, and low seed laser power requirements, and the amplification of a pulsed laser can be regulated by the pressurization time of the electro-optical crystal. However, due to its resonant cavity design, the amplification of spontaneous radiation can occur which reduces the pulse contrast. Furthermore, the electro-optical crystal needs to be driven using a high-frequency and high voltage signal which matches the seed laser frequency. Also, for high repetition rates (in the MHz-range), a frequency selection module also needs to be added [19] and this greatly increases the complexity of the overall system. Other deleterious effects which may occur during amplification include multiplicative period bifurcation effects and gain narrowing [20, 21]. In comparison, traveling wave amplifiers are more compact, comprising fewer optical components which also introduce fewer optical losses. Although the regenerative amplifier can achieve an amplification factor of over 106 times, high-power picosecond lasers based on the traveling-wave amplification process offers the advantages of higher stability and robustness, and is therefore more suitable for industrial applications. At present, Nd:YAG, Nd:YLF and Nd:YVO4 are commonly used gain media for 1 μm picos amplifiers. Among them, Nd:YVO4 has a large emission cross-section, which facilitates the gain of the system and thus achieves high optical conversion efficiency during the amplification.
In recent years, there have been numerous reports on picosecond amplifiers using traveling-wave configurations. In 2018, Cheng et. al. [22] demonstrated ps-pulsed output with an average power of 11.34 W using single-pass amplification of a self-developed picosecond seed source with a repetition rate of 3.2 GHz and an average power of 1.38 W. In 2019, Liu et. al. [23] demonstrated laser output with a maximum power of 16.19 W and an optical-optical conversion efficiency of 51.07% by double-pass amplifying a single pulse from a ps-pulsed seed laser. The seed laser had a repetition rate of 500 kHz and pulse energy of 7.68 μJ. Compared with regenerative amplification techniques, which are limited by the need for high-frequency voltage drivers, traveling-wave amplification techniques can directly amplify lasers with repetition rates from the kHz to GHz range. In 2020, Dong et. al. [24] demonstrated a two-stage amplification system to amplify the output from a seed laser with a pulse width of 10.2 ps and a repetition rate of 18.9 MHz. One of the most appealing advantages of the traveling wave amplification technique is that it can be used in a multi-pass and/or cascaded manner in order to make up for its shortcomings of low single-pass and double-pass amplification.
In this brief report, we demonstrate a stable picosecond laser amplifier that utilizes three fiber-coupled LD directly pumped Nd:YVO4 amplifier stages. Key to the efficient operation of this multi-stage amplification setup is the precise matching of the spatial modes of the pump laser and seed laser spatial profiles, and this is achieved by using a lens set for pump and seed light shaping, resulting in high pumping efficiency and high beam quality output. We observe that thermally-induced effects have little impact on the output laser beam quality, and thus high beam quality is maintained with efficient amplification. We use this design to amplify a seed laser which has an average power of 320 mW, a pulse duration of 8.2 ps and a repetition rate of 70 MHz to an output with an average power of 51.5 W, and a pulse duration of 8.5 ps.
EXPERIMENT AND RESULTS
The setup of the experimental laser system is shown in Figure 1. It consists of a laser oscillator, two double-pass amplifiers and a single-pass amplifier. The seed laser (FPS200-MO-70MHZ; EKSPLA, Lithuania) had an output wavelength of 1,064 nm, a repetition rate of 70 MHz, a pulse width of 8.2 ps and an average power of 320 mW. The seed was collimated and focused using lens sets F1 [radius of curvature (ROC) of 15.5 mm] and F2 (ROC = 93 mm), then passes a half-wave plate (HWP) to adjust its polarization angle. It then entered the first double-pass pre-amplification stage through an optical isolator consisting of a polarizing beam splitter and a Faraday rotator (HPDFSI-06-100-5-H-H-P; EMGO-TECH, ZhuHai, China), which serves to protect the optical components from being damaged by the amplified laser pulse. The first stage amplifier used a 0.7 at. % doped Nd:YVO4 crystal as the gain medium (with dimensions 4 mm × 4 mm × 30 mm). The crystal is wrapped by indium foil and then dissipated through a copper heat sink with cooling water temperature of 25°C. The crystal was end-pumped with a fiber-coupled LD pump source (NLIGHT; United States) with a central wavelength of 808 nm and a spectral width of 1.5 nm. The pump laser was collimated and focused by passing through a plano-convex lens set to achieve mode matching of the pump laser to that of the laser beam under amplification, thus maximizing the amplification efficiency. M3 and M4 are two 1,064 nm high-reflection (HR) convex mirrors with R = 1,500 mm. M3 also has anti-reflective (AR) coating at 808 nm wavelength. The seed laser was reflected from the polarizing beam splitter of the optical isolator after passing through the gain medium twice, at which point the laser was S-polarized. The S-polarized laser was then re-shaped and passed through the HWP, changing the polarization state of the laser to P-polarized. The P-polarized laser beam then passed through the optical isolator of the second stage amplifier and entered the second double-pass amplification stage. The structure of the second amplifier stage was the same as that of the first stage. The pre-amplified laser was amplified twice again in the second stage before being reflected by the polarizing beam splitter of the second optical isolator into the final (third-stage) single-pass amplifier. This single-pass amplification stage also used a 4 mm × 4 mm × 30 mm Nd:YVO4 crystal as the gain medium and was also end-pumped with a fiber-coupled LD pump source with a central wavelength of 808 nm. After the third single-pass amplification stage, the laser was collimated by a convex lens and then output.
[image: Figure 1]FIGURE 1 | Schematic showing the layout of the high-power, high-repetition rate picosecond laser amplifier system. HWP, half-wave plate; FR, Faraday rotator; M, mirrors; F, focus lens.
In our experiments, the injection pump and amplified beam in each stage were shaped through the lens to achieve optimum mode matching. The spot diameter of the output seed is 1.2 mm. After shaping by the lens set at each stage, the spot diameter at the center of the crystal is set to be 1.3 mm, then is adjusted to be 1.4 mm at one-third of the crystal. In each amplification stage of the system, the Nd:YVO4 crystal was pumped with an incident diode pump power of 110 W. We also observed that the gain crystal absorbs ∼83% of the pump laser field. In the first amplifier stage, the power of the seed laser was amplified to ∼2.1 W in a single pass and then to ∼10 W in a double pass through the gain medium. We attribute the relatively low photo-optical conversion efficiency to the low power of the seed laser. Following amplification in the second stage double-pass amplifier, the optical power increased to ∼35 W. After amplification in the third stage, single-pass amplifier, the average output power rose to 51.5 W. The photo-optical conversion efficiency was ∼30.9%.
Shown in Figures 2A,B, the pulse characteristics of the amplified output. A photodiode (PulseCheck SM1600; Ape, Germany) was used to measure the pulse train. It can be seen that the frequency of the laser output after final amplification was 70.2 MHz, and the pulse width (as measured using a autocorrelator and normalized) was slightly broadened to 8.5 ps. We attribute the slight broadening of the output to the effects of dispersion and gain narrowing which occurs during the amplification process. The wavelength spectrum of the amplified output (as measured using a spectrometer and normalized) is shown in Figure 2C; the central wavelength was 1,064.4 nm, and the measured linewidth was 0.22 nm. Figure 2D shows the focusing characteristics of the output beam and the inset shows the near-field spatial profile of the output. The output beam had a radius of 1.2 mm and a beam pointing stability of 2.8 μrad. The beam quality factor (M2) of the output was measured to be 1.08 and 1.09 along the x and y axis directions, respectively. The experimental results indicate that thermally-induced effects do not appear to manifest in these amplifiers, both in the case of single-pass and double-pass amplification. Figure 2E shows a plot of the power stability of the laser output as measured over a period of 15 h (with the system at room temperature). This plot shows that the system had excellent output stability with a root-mean-square (RMS) power fluctuation of less than 0.2%. The polarization ratio of the output beam was measured to be 220:1. These results serve to demonstrate that through the application of a three-stage amplification setup, high average power, high repetition rate picosecond-pulse laser output with very high stability can be achieved.
[image: Figure 2]FIGURE 2 | Compilation of output characteristics of the amplified ps-pulse duration laser beam. (A) Normalized pulse characteristics of the output with a close-up shown inset; (B) temporal characteristic of a single output pulse with an autocorrelation trace; (C) normalized wavelength spectrum of the amplified laser output; (D) plot of the focusing characteristics of the output laser beam along with the near-field spatial profile (inset); (E) plot tracking the stability of the output power over a period of 15 h; and (F) photograph of the packaged picosecond laser amplifier.
CONCLUSION
In this study, a cascaded, picosecond laser amplifier utilizing both double-pass and single-pass configurations was constructed and characterized. This amplifier design was used to amplify a beam produced by a mode-locked laser which had an average power of 320 mW, a pulse duration of 8.2 ps and a repetition rate of 70 MHz. The resultant amplified output had an average power of 51.5 W, a pulse duration of 8.5 ps, a spectral width of 0.22 nm, and a repetition rate of 70.2 MHz. Notably the amplifier design ensured that the beam quality of the output was maintained (with a measured M2 value of 1.08 being recorded) and the output power was very stable, exhibiting the RMS fluctuation of less than 0.2%.
We believe that the results demonstrated in this work are of great significance for the future realization of practical and industrially-applied, high power, high repetition rate, high beam quality and stable picosecond pulsed laser sources. Furthermore, the moderate single pulse energy (∼μJ) of this system also makes it an ideal source for applications in nonlinear optics, such as second-order nonlinear frequency conversion [25, 26], and high-power crystalline-based wavelength convertors using the stimulated Raman/Brillouin scattering process [27–31].
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