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Abstract

:

Nonlinear compression, as a newly developed post-processing technique, holds the potential to overcome the limitations of gain media and significantly reduce the pulse width of emitted laser pulses. While most existing research has focused on the compression of femtosecond pulses, the methods employed differ substantially from those used for picosecond laser nonlinear compression. In this study, we experimentally investigated the high-ratio nonlinear compression of a picosecond laser using a thin-plate-based approach. A 1 ps, 0.55 mJ laser pulse was successfully compressed to 69.6 fs with an energy of 0.26 mJ through a two-stage nonlinear compression process. Beam spatial quality was well preserved by employing apertures to eliminate conical emissions. These results pave the way for advancements in high-peak-power, high-repetition-rate laser systems, offering a promising route for future applications.
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1. Introduction


High-power, high-repetition-rate lasers have promising applications in cutting-edge science and technology, including high-energy particle beam generation and novel X/γ-ray sources [1,2], laser-based precision micromachining [3,4], ultrafast spectroscopy [5,6,7], infrared and terahertz radiation sources [8,9], air pollution monitoring [10], advanced sensor technologies [11,12], weather control [13,14,15], space communication [16,17], among others. Yb3⁺-doped solid-state lasers have emerged as a leading platform for developing high-power, high-repetition-rate lasers due to their high quantum efficiency and excellent thermal conductivity. To date, the average output power of Yb3⁺-doped Innoslab [18], thin-disk [19], and fiber [20] lasers has reached the kilowatt level. However, the relatively narrow gain bandwidth of Yb3⁺ ions constrains the achievable pulse duration to the picosecond regime. Compressing the pulse duration to the femtosecond scale would significantly enhance the peak power, thereby broadening their application potential across a range of advanced scientific and technological fields.



The pulse duration of a laser is fundamentally constrained by the time–frequency relationship described by Fourier transform principles, which dictate that a minimum pulse width requires a correspondingly broad spectral bandwidth. To achieve the shortest possible pulses, nonlinear compression techniques have been developed. These techniques exploit the interaction between laser pulses and nonlinear media, leveraging the self-phase modulation (SPM) effect to broaden the pulse spectrum. Subsequently, dispersion compensation is applied to counteract the temporal broadening introduced during spectral expansion, enabling the compression of pulse duration. Initially, optical fibers were commonly used as the medium for producing the SPM effect. However, the self-focusing threshold and material damage limits of optical fibers rendered them unsuitable for high-power, high-energy ultrashort pulse compression. To enable spectral broadening at higher energy levels, researchers have explored the use of thin plates as the broadening medium. In 2013, Aleksandr A. Voronin et al. [21] proposed the use of fused silica thin plates to broaden laser spectrums, with simulation results demonstrating that cycle-level broadband laser pulses can be achieved. Subsequently, in 2016, Philippe Lassonde et al. [22] focused a 30 mJ, 40 fs laser pulse onto a 3 mm thick fused silica or TF12 glass plate. The broadened laser pulse was then compressed to 25.5 mJ, 16 fs using chirp mirrors with a total dispersion of −220 fs2. The energy transmission rate was 85%. Since then, other groups have reported nonlinear compression results by directly focusing on thin plates.



Another efficient nonlinear compression method is based on the multi-pass cell (MPC) technique. When a laser pulse traverses the MPC multiple times, with thin plates or inert gas serving as Kerr media, the laser pulse gradually accumulates the B-integral through repeated nonlinear interactions with the Kerr medium. In 2006, Jan Schulte et al. [23] applied the MPC technique for nonlinear compression. They inserted a fused silica plate at the center of the MPC. After 18 reflections, a 53 μJ, 850 fs laser pulse was spectrally broadened from 1.6 nm to >13.5 nm bandwidth and then compressed to 45 μJ, 170 fs using two chirped mirrors. In 2018, Moritz Ueffing et al. [24] injected neon, argon, or nitrogen gas into the MPC as a Kerr medium, compressing the 2 mJ, 210 fs laser pulse to 1.86 mJ, 37 fs. In the same year, L. Lavenu et al. [25] demonstrated nonlinear compression of a Yb-doped fiber laser source in an MPC filled with 7 atm argon gas. The 160 μJ, 275 fs input pulses were compressed down to 135 μJ, 33 fs at the output. Other groups have also demonstrated nonlinear compression results based on the MPC technique.



Most of the above experiments were aimed at compressing femtosecond pulses, and the overall schemes differed significantly from those used for picosecond laser compression. While some groups [26,27,28,29,30] reported results on picosecond laser compression, these studies were all based on the MPC technique or hollow-core fiber [31,32]. For high-energy picosecond lasers, the MPC technique needs a large space to place the MPC (for mJ-level laser pulses, the length of the MPC would be several meters). Fabrication, installation, and transportation of the MPC would be very inconvenient and uneconomical. Using hollow-core fiber may encounter more serious problems, such as thermal load, self-focusing, filamentation, and high-order mode conversion. Compressing picosecond lasers by directly focusing onto thin plates offers a compact and portable alternative, which has not been reported—to the best of our knowledge. Although there have been some numerical simulation works [33,34] discussing the possibility of thin-plate-based picosecond laser compression, all the experimental works have so far been carried out using femtosecond lasers. The widest laser pulse compressed by thin-plate-based nonlinear compression, as far as we know, was 350 fs [35] and was compressed to 124 fs. In this article, we report our experimental results on the nonlinear compression of a picosecond laser by directly focusing it onto thin plates. A 0.55 mJ, 1 ps laser was compressed to 0.26 mJ, 69.6 fs through a two-stage nonlinear compression process, with its spectral width broadened from 4 nm to 36 nm. The experimental results fit well with numerical simulation works [33,34] and our numerical simulation program. Section 3 shows our optical path design and simulation results. Section 3 also shows the experimental setup and compression results. Section 4 discusses the spatial beam quality of the compressed pulse. Finally, Section 5 gives the conclusions of the study.




2. Two-Stage Thin-Plate-Based Nonlinear Compression: Design


To explore the feasibility of high-ratio picosecond laser compression using the thin-plate-based nonlinear compression technique, we adopt a far-field focusing method based on the existing picosecond laser with parameters of 1030 nm/1 mJ/1 kHz/1 ps/φ2 mm in our laboratory, focusing the picosecond laser onto a fused silica thin plate. Through the Kerr effect in the thin plate, we can achieve a certain amount of spectral broadening. Additionally, the Kerr lens’ effect on the plate allows the laser to be refocused on the next plate. By using multiple plates, we can obtain a sufficiently broadened spectrum. Subsequently, compression is performed using a chirped mirror. Multiple plates are added until the laser spectrum no longer shows significant broadening, thus completing the design of the spectral broadening part of the nonlinear compression. We use our in-house numerical simulation program to simulate the nonlinear compression process and calculate the group delay dispersion (GDD) that needs to be compensated for. The pulse energy is limited to 0.5 mJ. The laser pulse is focused through a lens with a focal length of 300 mm, with the laser radius at the focal point being 0.188 mm. At this point, the energy flow density of the laser at the focal point is 0.9 J/cm2, which is far below the damage threshold of fused silica (about 3 J/cm2@1 ps). The first plate, with a thickness of 1 mm, is placed at the focal point. After passing through the first plate, the laser is refocused, as shown in Figure 1. After transmission through the air for 25 mm, the laser refocuses on the second focal point, with the laser intensity rising to a maximum of 1.62 TW/cm2 and an energy flow density of 1.72 J/cm2, which is still below the damage threshold of fused silica. The second plate is then placed in this position. Similarly, the distances between the third and fourth plates and the previous plate are 35 mm and 30 mm, respectively. The spectral and temporal profile of the laser pulse before and after spreading through the first stage of nonlinear compression are shown in Figure 2. The results show that the bottom width of the laser bandwidth expanded from 3.2 nm (10% width) to 11.6 nm, accompanied by a group delay dispersion of 61,328 fs2. After compensating for the group delay dispersion, the pulse width (full width at half maximum) of the laser was compressed from 1000 fs to 297 fs. Note that due to estimating the thickness of the focusing lens at about 1 cm, the lens also had a small contribution to the B-integral (~0.43), which was not included in the simulation.



After the first stage of compression, we add another stage of thin-plate compression to achieve cascaded high-ratio nonlinear compression. The energy transmittance rate of the laser pulse after the first stage of nonlinear compression is conservatively estimated to be 60%, with a pulse width of 300 fs; the diameter of the laser remains at 2 mm after collimation. When this laser pulse is focused through a lens with a focal length of 250 mm, the laser diameter at the focal point is 0.157 mm. The energy flux density of the laser pulse at the focal point is 0.77 J/cm2, which is less than the damage threshold of fused silica (about 2 J/cm2@300 fs), and the intensity is increased to 2.4 TW/cm2. Due to the higher intensity of the laser pulse at this stage of compression, it is expected that the laser pulse will achieve a greater compression ratio. The first thin plate, with a thickness of 1 mm, is placed at the focal point. After passing through this thin plate, the laser pulse propagates freely in the air, and the laser intensity first increases and then decreases, as shown in Figure 3. The light intensity decreases to 2.4 TW/cm2 at the 60 mm position; thus, the second thin plate is placed at this position. Similarly, the distances between the third and fourth thin plates and the previous plate are 40 mm and 40 mm, respectively. According to the figure, the distance required to decrease the laser intensity to its original value is too small, hence we do not insert the fifth plate. The spectrum and temporal profile of the laser pulse before and after spreading through the second stage of nonlinear compression are shown in Figure 4. The bottom width of the laser bandwidth expands from 11.76 nm to 63.86 nm, resulting in a group delay dispersion of 3004 fs2. After compensating for all group delay dispersions, the pulse width (full width at half maximum) of the laser is compressed from 300 fs to 49 fs. This way, through the second-stage compression, the laser pulse width is compressed by about 6 times, thus achieving a total compression ratio of 20 times.




3. Two-Stage Thin-Plate-Based Nonlinear Compression: Experiment


The laser system used in this work consists of a Yb-doped mode-locked fiber oscillator and a Yb:YAG regenerative amplifier, delivering 1 mJ, 1 ps, 1 kHz laser pulses with a central wavelength of 1030 nm. In the experiment, we set the maximum laser energy to 0.55 mJ. The experimental setup is shown in Figure 5. The laser pulse was first focused by a convex lens with a 300 mm focal length. Four 1 mm thick fused silica thin plates were used as Kerr medium and placed at focal points at 30 mm, 25 mm, and 25 mm distances. The laser pulse was then collimated by another convex lens with a 300 mm focal length after its spectrum was broadened. The spectrum-broadened laser was compressed using six chirped mirrors, which provided a total group delay dispersion of −48,000 fs2 through 24 reflections to compensate for the dispersion introduced by the thin plates. The compressed pulse then passed through the second stage of nonlinear compression, which had basically the same configuration as the first stage. The laser pulse was first focused by a convex lens with a 250 mm focal length. Four 1 mm thick fused silica thin plates were placed at focal points at 25 mm, 33 mm, and 27 mm distances. The laser pulse was then collimated by another convex lens with a 300 mm focal length, and then two chirped mirrors were used to provide a total group delay dispersion of −3000 fs2 through six reflections. Two apertures were placed at the end of each nonlinear compression module to cut off the conical emission. The sizes of the apertures were finely adjusted to 3.5 mm and 4.5 mm to precisely cut off the conical emission.



To reduce the laser reflections, all thin plates were coated with AR coatings to prevent them from rotating to Brewster’s angle. The incident angles were rotated slightly from 0° to avoid a backward-reflected laser. The spectra of the output pulses after the first and second stages of nonlinear compression are shown in Figure 6. At low energy, the spectral width of the input pulse was approximately 1029.1–1032.9 nm. When the laser energy was increased to 0.55 mJ, the laser spectrum was broadened to 1024.5–1037.8 nm in the first stage, and further to 1013–1047 nm in the second stage. When the laser energy increased from 0.37 mJ to 0.55 mJ, the spectral width significantly expanded in the first stage; however, in the second stage, the spectral shape changed significantly while the spectral width increased only slightly.



The FROG signals of the output pulse with 0.55 mJ laser energy are shown in Figure 7. When the input laser energy was set to 0.55 mJ, the pulse duration was compressed to 69.6 fs after two-stage nonlinear compression. The spectral phase curve was flat around the central wavelength, indicating that the dispersion of the laser pulse was precisely compensated for by the chirped mirrors. The duration of the output pulses after the first and the second stages of nonlinear compression are shown in Figure 8. It can be observed that in the first stage, the pulse duration decreased with increasing laser energy; however, in the second stage, the pulse duration remained unchanged with increasing laser energy. This is consistent with the spectrum measurement results.



When the incident laser energy was set to 0.55 mJ, the output laser energy decreased to 0.47 mJ after passing through the first four thin plates and to 0.43 mJ after passing through the first aperture. Although the reflection mirrors and the chirped mirrors have high reflection ratios, after multiple reflections and edge transmissions, the laser energy still decreased to 0.36 mJ when entering the second stage of nonlinear compression. The energy of the laser pulse decreased to 0.26 mJ upon being emitted from the second stage of nonlinear compression, resulting in a total transmission ratio of 47%.




4. Spatial Profile of the Laser Pulse


The near field and far field of the input pulse are shown in Figure 9. The far field was obtained by focusing the laser pulse using a convex lens with a 500 mm focal length. The near field of the input pulse was close to the ideal Gaussian distribution with small ovality. The diameter of the near field was 2 mm. After compression, the diameter of the far-field was 0.3 mm, close to the calculated value of 0.31 mm. The profile of the far field was very close to a perfect circle, indicating that the spatial beam quality is ideal. The near field and the far field of the output pulse after the nonlinear compression are shown in Figure 10. In the near field shown in Figure 10a, the main lobe is still close to the Gaussian distribution, but some conical emission circles exist outside the main lobe. The diameter of the main lobe was 3 mm, and the diameters of the first and second rings of conical emission were 5.5 mm and 8 mm, respectively. The far field of the output pulse after filtering out the conical emission is shown in Figure 10b. The diameter of the far field was 0.27 mm, larger than the calculated value of 0.21 mm. To avoid damaging the chirped mirrors, the output pulse of the second nonlinear compression stage was designed to have a smaller defocusing than collimated; hence, the real focal position was 600 mm away from the focusing lens. If the focal length is taken to be 600 mm, the calculated diameter of the focal spot will be 0.25 mm, close to the measured value. There was a bleak halo around the spot, and the spot itself had a little distortion, suggesting that the spatial beam quality may have undergone a minor degradation. By comparing the maximum value of the image data and the exposure times, and including the beam diameters at the focal points and the focal lengths, we find that the peak influence in the far field increased 6.39 times after the nonlinear compression, which is slightly lower than the maximum value of 6.79.




5. Discussion


The newly emerging nonlinear compression technique has the potential to significantly reduce the pulse widths of lasers, thereby greatly enhancing their peak power. However, achieving high-ratio compression of picosecond lasers remains a significant challenge. Existing reports on nonlinear compression of picosecond lasers are all based on multi-pass cells or hollow-core fibers. Nonlinear compression based on multi-pass cells can achieve a high compression ratio and a high energy transmission rate and has been demonstrated to compress a 112 mJ, 1.3 ps laser pulse to 37 fs using a 9 m long gas-filled multi-pass cell [28]. However, when applying a multi-pass cell to the compression of joule-level lasers, the length of the multi-pass cell needs to be at least tens of meters long, making it quite bulky. Moreover, high-energy picosecond lasers usually have a flat top spatial distribution, which makes the mode matching of multi-pass cells a problem. Nonlinear compression based on hollow-core fibers has achieved effective compression of tens of millijoules and hundreds of femtoseconds of laser pulses [34], but its energy transmission rate is low. This leads to another problem, i.e., a huge thermal load on the hollow-core fiber during the compression of joule-level lasers. Additionally, it faces other issues, such as self-focusing, filamentation, and high-order mode conversion, when the laser energy is high. Therefore, both of these technologies are not suitable for compressing high-energy picosecond lasers. As a result, the cascade nonlinear compression technique based on solid thin plates appears to be a more promising approach for compressing high-energy picosecond lasers. For millijoule lasers, one can use a focus lens to achieve sufficiently high intensity at the focal point. When the laser energy increases, the focal length of the lens becomes very long, at which point the lens can be replaced by a cylindrical mirror, a microlens array, or a beam-expender/reducing lens group to obtain a more compact optical path structure. Our experimental results show that although the compression ratio in the first stage of thin-plate-based nonlinear compression of picosecond laser is relatively low, one can increase the laser intensity at the focal point in the subsequent stages, thereby achieving a higher compression ratio in the subsequent stages of nonlinear compression. The distances between the thin plates in the experiment deviated slightly from the design values because the incident pulse of the first and second stages of compression had some focusing and divergence, respectively; thus, we adjusted the distances to get the best compression effect. After two stages of compression, the beam quality of the laser in both near and far fields remains high because the continuous focusing process plays a spatial filtering role. The energy loss of the laser is relatively high after two stages of compression. This is due to the conical radiation generated by the thin plates and the continuous reflection and edge incidence of the chirped mirrors. By optimizing the GDD compensation amount and the optical path structure of the chirped mirrors, the energy loss caused by the second factor is expected to be completely eliminated, thereby achieving a higher energy transmission rate. We experimentally verified the feasibility of high-ratio compression of millijoule-level picosecond lasers through cascade nonlinear compression based on thin plates, and when the laser energy increases, only slight modifications of the scheme are needed to scale up the scheme for effective compression of joule-level picosecond lasers.




6. Conclusions


This study experimentally investigated the process of nonlinear compression of picosecond lasers using thin plates. The experimental results showed that a picosecond laser with 0.55 mJ and 1 ps pulse duration was compressed to 0.26 mJ and 69.6 fs through two-stage, directly focusing, nonlinear compression, which, as far as we know, was the first demonstration of the method for picosecond pulses in the one-pass scheme (contrary to the multi-pass cell). The dispersion of the output pulse was precisely compensated for by the chirped mirrors, as measured by the FROG. Several rings of conical emission appeared in the near field of the output pulse; these were filtered out by the apertures. Some distortion and halos were also observed in the far field of the output pulse, suggesting a slight degradation of spatial beam quality. The laser energy decreased to about half after the nonlinear compression, mainly due to the conical emission and multiple reflections and edge transmissions of the chirp mirrors. The research results provide valuable insights into the high-ratio nonlinear compression of high-energy picosecond lasers.
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Figure 1. Changes in maximum laser intensity with position in the first stage of nonlinear compression. The black arrows indicate the positions of the thin plates. 
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Figure 2. (a) Spectrum and (b) temporal profile of the laser pulse before and after spreading through the first stage of nonlinear compression. 
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Figure 3. Changes in maximum laser intensity with position in the second stage of nonlinear compression. The black arrows indicate the positions of the thin plates. 
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Figure 4. (a) Spectrum and (b) temporal profile of the laser pulse before and after spreading through the second stage of nonlinear compression. 
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Figure 5. Schematic diagram of the nonlinear compression experimental setup. F: focusing lens, TP: fused silica plates, A: aperture, RM: reflecting mirrors, CM: chirped mirrors. 
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Figure 6. Spectrum of the output laser pulse after (a) the first stage and (b) the second stage of nonlinear compression. 
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Figure 7. The FROG signals of the output pulse when the laser energy is 0.55 mJ. (a) Measured FROG trace; (b) retrieved FROG trace; (c) temporal intensity and phase; (d) spectral intensity and phase. 
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Figure 8. Pulse widths of the compressed pulse after one (blue) and two (red) stages of nonlinear compression with different laser energies and different group delay dispersion compensation amounts. 
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Figure 9. (a) The near field and (b) the far field of the incident pulse. 
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Figure 10. (a) The near field and (b) the far field of the output pulse. 
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