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The high beam fill factor of the flat-top laser can effectively increase the output power of the laser without damaging the components. A fiber-solid hybrid high-energy picosecond pulsed laser system was studied, which realized the gain bandwidth matching between the fiber laser and the solid-state regeneration amplifier. In order to achieve the effective amplification of laser energy, the laser beam expander system and the serrated aperture were used to realize the conversion of Gaussian beam to flat-top beam, and a single-pass amplifier was used to generate a picosecond pulse laser output with a single pulse energy of 2.94 mJ. The front-end of the laser system is a Gaussian picosecond all-polarization-maintaining-fiber laser with an average output power of 400 mW, which is injected into the concave-convex cavity regeneration amplifier for power amplification, and the picosecond pulse laser output with a single pulse energy of 1.73 mJ and a repetition rate of 1 kHz is obtained when the pump current is 50 A. Then, using the laser beam expander system and the serrated aperture, a laser pulse with a flat-top beam energy distribution of 0.9 mJ was obtained, which can maintain a high fill factor within a transmission distance of 200 mm. Finally, a 4 mm diameter Nd:YAG gain module was used for single-pass power amplification to achieve a high-energy picosecond pulse laser output of 2.94 mJ, which has a broad application prospect in the field of laser manufacturing.
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1 INTRODUCTION
In recent years, high-power fiber solid-state coupled picosecond lasers have shown significant advantages in fields such as strong field physics, laser ranging, biomedical, high-precision material processing, and nonlinear optics due to the superior performance [1–5]. Lu et al. developed a fiber solid-state picosecond laser of 1.5 MW high peak power using a high repetition rate fiber seed source and a four-stage end pumped Nd:YVO4 amplifier, providing an ideal laser source for the field of material processing and handling [6]. Zhao et al. reported a continuously adjustable fiber solid picosecond laser source, which could obtain 2.34 mJ laser output at 1 kHz repetition rate, giving a stable front-end solution for subsequent high-energy disk amplifier [7]. However, the output energy of lasers usually had a Gaussian distribution, which not only suppressed further increase in laser power, but also easily caused damage to laser components due to the high power at the center of the laser spot [8, 9]. On the contrary, flat-top laser beams possessed high fill factor and relatively low power density, which were beneficial for laser power amplification efficiently [10, 11]. With the increasing requirements for the output power, energy and other performance of lasers in the field of laser manufacturing, it was of great significance to carry out high-energy picosecond laser flat-top beams conversion to achieve high-efficiency amplification of laser energy [12, 13]. At present, the main methods for generating flat-top laser beams included aperture shaping [14], spatial beam shaping [15, 16], non-spherical lens shaping [17], and programmable beam control system shaping [18]. Researchers also applied flat-top beams generation technology to high-energy picosecond lasers, further improving the performance of ultra-fast lasers. Daniel et al. used a 5.5 mm circular aperture to shape a 1.2 mJ laser pulse into a flat-top beam, and then obtained a laser output with a single pulse energy of 130 mJ and a pulse width of 64 ps through a two-stage side pumped Nd:YAG module [19]. Bahk et al. significantly improved the performance of liquid crystal spatial laser modulators by utilizing a programmable beam shaping system. After passing through rod-shaped crystals and disk amplifiers, they achieved laser output with a single pulse energy of 39 J, a repetition rate of 5 Hz, and a square-shaped flat-top beam profile [18]. Meijer et al. used a 4f system with a spatial filter to achieve flat-top laser output, and then realized laser output with a single pulse energy greater than 440 mJ, a pulse width of 430 ps, and a repetition rate of 100 Hz through a grazing incidence slatted amplifier and a dual-pass module amplifier [9]. Recently, Li et al. used a laser beam expander to control the beam size and adjust the fundamental laser intensity, transforming the initial Gaussian beam into an intensity distribution with a flat-top center or even a saddle-shaped concave center. Ultimately, they achieved a pulsed laser output with a single pulse energy of 172 mJ at 355 nm [20]. Compared to the above methods, serrated aperture beam shaping was undoubtedly a simple and cost-effective approach [21, 22]. Especially, the serrated design of the soft edge aperture could significantly reduce the energy loss by the beam passing through a finite aperture, which improved the efficiency of the laser. By employing a mode-locked fiber oscillator as a laser seed source and Nd:YLF crystal as a regenerative amplifier gain medium, Peng et al. acquired a flat-top beam laser output with a diameter of 3 mm using a laser beam expander combined with a serrated aperture. After shaping, the laser was injected into a four-pass amplifier, resulting in a pulsed laser output with a repetition rate of 1 Hz, a pulse width of 8.6 ps, and a single pulse energy of 6.2 mJ [8]. Su et al. obtained a single pulse energy of 316.5 mJ, a repetition rate of 100 Hz, a pulse width of 50 ps, and a center wavelength of 1,064 nm through two-stage dual pass amplification by using a serrated aperture with a diameter of 6 mm to shape a 6.5 mm Gaussian beam into a flat-top beam, with a shaping efficiency of about 72% [23].
In this paper, a fiber solid-state hybrid high-energy picosecond pulse laser system based on serrated aperture beam shaping was designed, which used fiber laser source as the front-end of solid-state regenerative amplifier. The matching of gain bandwidth between fiber laser and solid-state laser was realized by broadening the spectrum through the self-phase modulation effect of single-mode fiber. In order to effectively suppress the strong point at the center of the laser spot and amplify laser energy, a serrated aperture was used to shape the Gaussian laser into a flat-top beam energy distribution, and finally the output energy of the laser system was further improved by using the Nd:YAG gain module. In the experiment, a MOPA laser amplifier with an all-polarization-maintaining-fiber structure was used as the front-end of the laser system, which could fully leverage the advantages of fiber lasers, such as small size and stable mode locking. The output spectral center wavelength of the fiber laser source was 1,064.1 nm with a 3 dB spectral width of approximately 1.48 nm. The output power was 400 mW, with beam quality of Mx2 = 1.359 and My2 = 1.259. Subsequently, a Z-shaped folded concave convex cavity Nd:YAG regenerative amplifier was employed to further increase the output energy to 1.73 mJ. The Galileo beam expander system was adopted in conjunction with a serrated aperture to achieve the transformation of Gaussian beams into flat-top beams, and high-frequency components in the laser spot were filtered out using an adjustable aperture circular aperture. Although the pulse energy of the laser in this process is reduced to 0.9 mJ, the generated flat-top laser beam could maintain a high fill factor within a transmission distance of 200 mm. Finally, a single pulse energy of 2.94 mJ ps pulse laser output was achieved using a side pumped Nd:YAG main amplifier with a diameter of 4 mm.
2 EXPERIMENTAL SETUP
The laser system mainly consisted of fiber laser source, regenerative amplifier, and main amplifier. The fiber laser source adopted an ytterbium doped all-polarization-maintaining-fiber structure, as shown in Figure 1, which was divided into four parts: fiber oscillator, fiber preamplifier, single-mode fiber stretcher and fiber master amplifier. The fiber oscillator used semiconductor saturable absorber mirrors (SESAM) passively mode-locking to generate a picosecond pulsed laser with a center wavelength of 1,064.1 nm, a spectral width of approximately 0.1 nm, and an average output power of 12 mW. The laser output could be increased to 400 mW with conversion efficiency of 43.8% by using 6/125 μm single-mode gain fiber (SM-YDF) and 10/130 μm double clad fiber (10/130-YDF). In order to match the output spectrum of the fiber laser source with the gain bandwidth of the Nd:YAG crystal, the self-phase modulation effect of single-mode fiber stretcher was utilized to broaden the spectrum, resulting in a laser output with a spectral width of 1.48 nm at 3 dB. The pulse width of the laser was displayed as 456 ps measured by a high-speed photodetector with a bandwidth of 10 GHz and a LyCroy high-speed oscilloscope with a bandwidth of 13 GHz. The M2 factors of the fiber laser source measured after the fiber collimator were Mx2 = 1.359, My2 = 1.259.
[image: Figure 1]FIGURE 1 | Structure diagram of fiber laser source.
The experimental setup of the entire laser system is shown in Figure 2. The laser generated by the fiber laser output through a self-made fiber collimator, and then was led into a regenerative amplifier for power amplification. After beam shaping by a beam expander system and a serrated aperture, it was finally amplified using a 4 mm side pumped Nd:YAG gain module for single-pass power amplification. The Gaussian type fiber seed laser (as shown in Figure 2) was first optimized for laser polarization state through a half wave plate (HWP1), and then injected into a regenerative amplifier through a thin film polarizer (TFP1) and a two-stage Faraday isolator. The gain medium used in the amplification process of the laser was an Nd:YAG crystal with a diameter of 3 mm. The folded Z-shaped cavity structure was designed with a total length of 1.39 m. The laser system mainly consisted of two convex mirrors (M3 and M6) with a focal length of +1,000 mm, two concave mirrors (M4 and M5) with a focal length of −900 mm, a BBO (CASTECH Inc., Fuzhou, China) Pockels cell (PC), a quarter wave plate (QWP), two thin film polarizers (TFP3 and TFP4), a side pumped gain module (Nd:YAG, 808 nm, 25°C), and two 0°total reflection mirrors (HR1 and HR2). The PC and QWP formed an electro-optic Q-switch, which served as a polarization switch to control the amplification and output of the laser pulses. The PC used the BBO electro-optic crystal with an aperture size of 4 mm and a transmittance of 99.3% at 1,064 nm, which had a high damage threshold of 1 GW/cm2 and was suitable for high repetition rate and high-energy picosecond laser systems. After regenerative amplification, the pulsed laser output through the thin film polarizer (TFP3) and then reversed through a second stage isolation system before outputs from a 34 total mirror (M7). After above procedure, the Gaussian spot diameter output by the regenerative amplifier was about 2.1 mm. Then, a 2x Galilean beam expander was used to shape the laser using a flat concave lens with f = −100 mm and a flat convex lens with f = 200 mm. Due to the complementary relationship between the spherical aberration generated by the positive and negative lenses used in this process, the aberration in the laser system could be well corrected. Furthermore, after beam expander, the laser spot was shaped into a flat-top laser energy distribution using a serrated aperture (SA), and high-frequency components in the spot were filtered out with the aid of an adjustable aperture circular aperture. The serrated aperture, engineered by the Shanghai Institute of Optics and Fine Mechanics (SIOM), features precisely controlled geometric parameters with an inner diameter of 3.2 mm and outer diameter of 4 mm. This specialized component incorporates 128 uniformly distributed serrations, achieving micron-scale manufacturing precision as demonstrated by its 50 μm machining tolerance. The serrated aperture under the optical microscope is shown in Figure 3. Finally, the output energy of the laser system was further enhanced by an Nd:YAG gain module with a diameter of 4 mm, a length of 67 mm, and a doping concentration of 0.5%.
[image: Figure 2]FIGURE 2 | Diagram of the experimental setup of the laser system.
[image: Figure 3]FIGURE 3 | Serrated aperture under optical microscope.
3 RESULTS AND DISCUSSIONS
In the experiment, the matching of gain spectra between ytterbium-doped fiber laser source and Nd:YAG regenerative amplifier is one of the key factors for obtaining high-efficiency laser output. The spectral width generated by SESAM mode-locked ytterbium-doped fiber oscillator is about 0.1 nm, which is slightly narrower compared to the gain bandwidth of Nd:YAG crystal at 0.45 nm. Accordingly, in order to prevent the mismatch of gain spectral lines from affecting the amplification efficiency, a 450 m single-mode broadened fiber is used to broaden the 3 dB spectral width of the laser to 1.48 nm owing to the self-phase modulation effect, as shown in Figure 4a. Meanwhile, the pulse broadening can be accelerated by the combined effect of group velocity dispersion and self-phase modulation in single-mode fibers. The repetition rate of the fiber laser source is measured to be 20.89 MHz with the stable locking sequence, as shown in Figure 4b. The broadened pulse laser is then amplified using a polarization-maintaining 10/130 gain fiber. During the amplification process, no significant nonlinear effects are found to affect the spectrum and pulse width of the output laser. The output spectrum of the fiber laser source is measured to be consistent with that of the fiber stretcher, as shown in Figure 4a. Therefore, by employing this self-phase modulation effect to broaden the spectrum, the matching of gain spectral lines between fiber laser sources and solid-state regenerative amplifiers has been basically achieved. The advantages of compact size and stable mode locking of fiber laser sources can be fully utilized. Finally, the center wavelength of the pulsed laser generated by the fiber laser source is 1,064.1 nm with the output power of 400 mW. The single pulse energy is 19.14 nJ and the 3 dB spectral width is 1.48 nm, which is injected into a regenerative amplifier through a fiber collimator for power amplification.
[image: Figure 4]FIGURE 4 | The fiber laser source outputs (a) output spectrum; (b) pulse sequence.
In the regenerative amplifier, the process of establishing cavity emptying is stable and has good reproducibility as shown in Figure 5a. The output pulse of the regenerative amplifier is measured by a 2 GHz oscilloscope, which is clean and no pre-pulses observed in the temporal profile as shown in Figure 5b. The regenerative amplifier employs a three-sided side-pumping configuration, where 12 diode arrays are uniformly distributed at 120° intervals to ensure symmetric energy deposition. The pump radiation exhibits a triangular intensity profile within the Nd:YAG crystal, characterized by elevated power densities at both the central and peripheral regions, with an effective pump spot diameter of ∼1.2 mm. Thermal management is implemented via a copper water-cooled heat sink, maintaining the crystal temperature at 25.0 ± 0.5°C to minimize thermal lensing effects. Under optimized pumping conditions (50 A drive current, 120 W pump power, 1 kHz repetition rate), the system delivers a stable output pulse energy of 1.73 mJ, corresponding to a slope efficiency of 16.5% relative to the absorbed pump power. Long-term energy stability testing in 2 h reveals a root-mean-square (RMS) fluctuation of 1.22%, as quantified in Figure 5c. Spatial beam characterization, shown in the inset of Figure 2, confirms that the amplified output retains a near-Gaussian intensity profile, with minimal distortion induced by the amplification process. Recently, it was reported in the referenced literature demonstrates significant advantages in key parameters including single-pulse energy (316.5 mJ), pulse width (50 ps), and repetition rate (100 Hz) [23]. While the energy output of our fiber-solid hybrid architecture is comparatively lower, the integrated approach offers enhanced flexibility and greater potential for long-term operational stability. Furthermore, the spectral broadening effect induced by self-phase modulation (SPM) effectively addresses the matching issue between gain media, providing a viable methodology for advancing research on high-energy laser systems.
[image: Figure 5]FIGURE 5 | (a) The process of emptying the cavity of the regenerative amplifier; (b) the output pulse waveform; (c) The energy stability of regenerative amplifier in 2 h.
In order to further improve the amplification efficiency and prevent damage to the laser device caused by the nonlinear self-focusing effect of the laser, the serrated aperture is used to shape the spot into a flat-top intensity energy distribution. Firstly, the Galileo type beam expander system is used to adjust the spot size, to approximately 4.1 mm. Then, the Gaussian pulse laser is shaped into a flat-top beam energy distribution by a serrated aperture. The laser output with a spot size of approximately 3.4 mm is obtained after using an adjustable aperture circular aperture to filter out high-frequency components in the laser spot. The experiments were conducted in a strictly controlled ultra-clean laboratory environment, with temperature stabilized at 23°C via a thermostatic system and humidity maintained below 40%. The optical system was constructed on a vibration-isolated optical platform, utilizing low thermal expansion coefficient mounts to secure optical components. The power loss induced by the serrated aperture was measured using a laser spot detector (Ophir-SP920S CCD), revealing an approximate 25% energy attenuation through the beam shaping system, with the residual pulse energy stabilized at 0.9 mJ. This energy loss arises from three interconnected mechanisms. First, the geometric blocking effect of the serrated aperture’s non-transmissive regions physically obstructs 10%–15% of the incident beam energy, which dependents on serration parameters such as the number of teeth and tip length. Second, the phase modulation imposed by the serrated structure, governed by the transmission function in Formula 1:
[image: image]
where r and a are the radius of the serrated aperture and the flat-top region, respectively. n is the order of the super-Gaussian and ω0 is the beam waist radius. M is the number of serrations. This modulation distributes the Gaussian wavefront into a super-Gaussian profile while generating high-spatial-frequency sidelobe diffraction. These unwanted frequency components are subsequently filtered by a spatial aperture, introducing an additional 5%–10% energy loss. Third, numerical simulations attribute 3%–5% of the attenuation to transverse energy diffusion and edge scattering during the homogenization process as the beam transitions to a flat-top distribution. As shown in Figure 6, the reshaped flat-top beam maintains a high fill factor over a 200 mm propagation distance, a performance enabled by synergistic effects of diffraction suppression and beam quality optimization. The serrated aperture disrupts the phase coherence of Sommerfeld diffraction wavepackets, effectively mitigating near-field modulation, while the 2x Galilean beam expander reduces divergence angle to extend the effective Rayleigh length. Beyond 200 mm, the cumulative diffraction effect plays a dominant role, which transforms the beam from near-field to intermediate-field regime and degrades the fill factor. These findings highlight the critical balance between energy loss mechanisms and propagation stability. The future work will focus on serration parameter optimization and 4f spatial filtering enhancements to further improve system efficiency.
[image: Figure 6]FIGURE 6 | Laser energy distribution within a 200 mm range after beam shaping.
The last part of the article is the main amplifier of the laser system. The pulsed laser is directly injected into a single-pass power amplifier of Nd:YAG gain module with a diameter of 4 mm, a center wavelength of 808 nm, and an operating condition of 25°C. The repetition rate and pulse width of the pump module are set to 1 kHz and 250 μs, respectively. An acousto-optic Q-conversion driver (EO Q-SWITCH DRIVER) is used to control the timing synchronization. When the pump current in the single-pass Nd:YAG gain module is set to 76 A with pump power of 493 W, a flat-top laser beam with a single pulse energy of 0.9 mJ is amplified to 2.94 mJ, with an amplification factor of about 3.2 times. The variation curve of output energy with pump current measured is shown in Figure 7. The current water-cooling system exhibits inherent limitations due to the 4-mm Nd:YAG gain module operating at a coolant temperature of 25 ± 0.5°C with a fixed flow rate of 10 L min−1, without real-time crystal temperature monitoring. Experimental data indicate that when pump currents exceeds 70 A, thermal lensing-induced focal spot drift becames the dominant factor constraining output power scaling efficiency. To mitigate these effects, an optimized thermal management system will be implemented, incorporating real-time crystal temperature diagnostics (resolution: ±0.1°C) with PID-controlled adaptive cooling. Concurrently, an Nd:YAG module with a diameter of 6 mm will be used to increase laser efficiency and power scalability.
[image: Figure 7]FIGURE 7 | Laser energy distribution within a 200 mm range after beam shaping.
4 CONCLUSION
In this work, we demonstrate a fiber-solid hybrid picosecond laser system capable of generating a flat-top laser with a pulse energy of 2.94 mJ and maintaining a high fill factor at a distance of 200 mm, achieved by serrated aperture beam shaping and efficient spectral matching. The front-end of the laser system adopts an all-polarization-maintaining-fiber laser source with a center wavelength of 1,064.1 nm. The matching of gain bandwidth between fiber laser source and solid-state regenerative amplifier is achieved by utilizing the self-phase modulation effect of broadened fiber to widen the spectrum. Then the generated pulsed laser is injected into a Z-folded concave convex cavity Nd:YAG regenerative amplifier to further increase the output energy to 1.73 mJ. In order to effectively suppress the strong point at the center of the laser spot and amplify the laser energy, a Galilean beam expander system combined with a serrated aperture is used to achieve the conversion of Gaussian beams to flat-top beams. Although the single pulse energy of the pulsed laser is reduced to 0.9 mJ, the laser beam can maintain a high fill factor within a transmission distance of 200 mm. Finally, after single-pass power amplification of the picosecond laser with a repetition rate of 1 kHz by an Nd:YAG gain module with a diameter of 4 mm, the single pulse energy can reach 2.94 mJ. Future work will focus on developing an optimized serrated aperture to mitigate energy loss and extend transmission distance, coupled with a 4f spatial filter system to further enhance laser output energy.
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