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We report on a continuous-wave (CW) pumped cryogenically cooled rod Yb:YAG regenerative amplifier delivering uncompressed 12-mJ, 90-ps, 1030-nm pulses at a 1-kHz repetition rate. The amplifier demonstrates an efficiency of 31.7%. A symmetric cavity design was utilized to compensate for the substantial thermal lensing effect, yielding a final measured beam quality of 1.1 in both horizontal and vertical directions. After significant gain narrowing, the measured spectra exhibit a bandwidth of 0.3 nm corresponding to an approximately 5 ps transform-limited pulse.
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1 INTRODUCTION
Ultrafast laser science has grown substantially in recent decades, catalyzed by progress in ultrashort laser technology. Ultrashort lasers possessing millijoule-level energies facilitate investigations of ultrafast phenomena on extremely short timescales, with diverse applications spanning attosecond science [1, 2], strong-field physics [3, 4], nonlinear optics [5, 6], and materials processing [7, 8]. However, these emerging research areas demand laser sources with higher pulse energies and average powers than currently available. Despite their wide tunability and short pulse durations, titanium-sapphire femtosecond lasers struggle to achieve average power outputs above 10 W, limiting their utility in high-power applications and experiments requiring higher photon flux [9, 10]. Currently, pulse compression technology, leveraging stimulated Brillouin scattering, is capable of compressing nanosecond pulses directly down to the picosecond scale [11, 12]. This enables the achievement of high-energy picosecond outputs reaching up to 100 mJ and even joules. However, the output pulse width typically falls within the range of hundreds of picoseconds. In contrast, ytterbium-doped femtosecond lasers are progressing towards millijoule-level energy with an average power of 10 W. Among Yb-doped materials, Yb:YAG lasers have advanced in the picosecond domain [13–15], featuring high thermal conductivity (8.2 W/m/K at 300 K, 25 W/m/K at 101 K), high emission cross-section (2.3 × 10−20 cm2 at 300 K, 10.9 × 10−20 cm2 at 70 K), and long lifetime (1.3 ms at 292 K, 1 ms at 73 K). However, their relatively narrow emission spectrum bandwidth (Δλe ∼8.85 nm at 293 K, Δλe ∼ 1.44 nm at 70 K) and gain narrowing limit pulse durations to below 500 fs [16–19]. Recent works have demonstrated joule-level energies with kW average power utilizing cryogenically Yb:YAG disk. Cryogenically cooled Yb:YAG multipass amplifiers have demonstrated the generation of 1.1 J pulse energy with a duration of 4.5 ps at 1 kHz [20]. However, thin-disk processing is challenging due to its complex techniques, in comparison to bulk crystals. Here, we report on a compact, diode pumped, cryogenically cooled rod Yb:YAG regenerative amplifier that produces 12 mJ pulses, 90 ps pulse duration with excellent beam quality of 1.1 in both directions.
2 YB:YAG ROD-CRYSTAL REGENERATIVE AMPLIFIER ARCHITECTURE
Figure 1A illustrates a schematic of a 12-mJ, 90-ps, cryogenically cooled, single Yb:YAG regenerative amplifier. This amplifier is seeded by pulses from a custom broadband seed laser (EKSPLA LightWire FF100CHI-L3-M1-C21), featuring a full width at half maximum (FWHM) bandwidth of 8.4 nm centered at 1,030 nm, and it delivers consistent 1.1 nJ pulses at a 53.6 MHz repetition rate. Seed pulses are first stretched to approximately 1.2 ns with about 34% efficiency using a fiber Bragg grating stretcher (TeraXion). This duration is inferred from the measured chirp rate (300 ps/nm) of the stretcher and the bandwidth (4 nm) of the stretcher. To counteract thermal lensing variations with pump power, the amplifier employs a symmetric cavity design for enhanced stability. Thermal lensing effects are analyzed by comparing simulated cavity parameters with measured ones, ensuring cavity stability across thermal lens variations. The total length of the cavity is 2.1 m, yielding a round trip time of ∼14 ns. The gain medium of the regenerative amplifier is a 5% doped, 10 mm thick, 10 mm diameter Yb:YAG crystal provided by the Shanghai Institute of Ceramics, Chinese Academy of Sciences, which is mounted on a cryogenically cooled copper holder soldered with indium foil. The Cryogenic Refrigerator (Cryomech) has a cooling power of 500 W at 70 K under no load. A Pockels cell with a 20 mm long BBO crystal and a quarter-wave plate are used as a polarization switch to trap and extract the pulses. To decrease the accumulated nonlinear phase shift during amplification, the beam diameter is enlarged to ∼1.56 mm on the Pockels cell with about 30 W pump power. On the pump side, the laser diode provides up to 120 W pump power at 940 nm with a 105 μm fiber diameter, and the pump beam is collimated and focused by the pumping object into the crystal with a diameter of 1.7 mm. The number of amplification round-trips is approximately 33. The amplified laser output is characterized by an optical spectral analyzer (Yokogawa AQ6374), a power meter (COHERENT PM USB PM-30), a digital oscilloscope (Tektronix MDO4104C), and a beam profiler (Spiricon BSQ-SP920).
[image: Figure 1]FIGURE 1 | (A) Schematic of the high-power laser system includes Seed Laser, Stretcher, and Regenerative amplifier. HWP, half-wave plate; HR, high reflection mirror; TFP, thin film polarizer; FR, Faraday rotator; QWP, quarter-wave plate; PC, Pockels cell; DM, dichroic mirror; LD, laser diode (B) The CW output power as a function of the pump power. The slope efficiency is 57.7%. (C) The amplified output power as a function of the pump power at 1 kHz. The efficiency is 31.7%. (D) M2 measurement of the amplified beam with an output power of 10 W at 1 kHz in the horizontal and vertical axes. The near-field beam profile at an output of 10 mJ is shown as inset.
3 EXPERIMENT RESULTS
As depicted in Figure 1B, the Yb:YAG regenerative cavity outputs up to 121.3 W of continuous-wave (CW) laser with a pump power of 220 W, achieving a slope efficiency of 57.7%. The output power up to 30 W was measured using a 30-watt range power meter, as indicated by the red line. Power measurements between 30 and 125 W were conducted using a 1-kilowatt range power meter, as shown by the blue line. Further increasing the pump power resulted in fracture of the crystal. This occurs because the 10 mm crystal diameter significantly exceeds the 1.7 mm pump beam diameter leading to poorer cooling of the crystal. In Figure 1C, the Yb:YAG regenerative amplifier produces pulses up to 12 mJ with a pump power of 37.8 W, achieving an efficiency of 31.7%. Further increases in pump power led to optical damage to the thin-film polarizer (TFP). Enlarging the beam diameter and extending the pulse width of the seed pulses could mitigate this issue. Furthermore, the curve indicates no saturation in the regenerative amplifier, suggesting that higher pulse energies could be achieved if optical damage is avoided. Predictably, if we expand the laser beam spot by five times, assuming optical damage occurs under the same damage threshold, the maximum energy output from the regenerative cavity could increase by 25 times. This means the regenerative amplifier could then produce a laser with 300 mJ, at a 1 kHz repetition rate and a pulse duration of 90 ps. Concurrently, the pump beam spot would also expand fivefold to approximately 8.5 mm, nearing the 10 mm diameter size of the laser crystal. This expansion would significantly enhance the cooling efficiency, thus improving the beam quality. At an output of 10 mJ, as shown in Figure 1D, the amplifier exhibits beam qualities of M2 = 1.1 in both horizontal and vertical directions. The inset image displays the near-field beam profile of the amplified pulses. The beam quality of the amplified pulses may be compromised by the incongruity between the pump laser and the cavity resonator mode, or potentially by the inadequate alignment between the seed laser and the cavity resonator mode. Regarding thermal effects, crystal fragmentation was observed solely during laser operation at a maximum pump power of 220 W, resulting in an output of 121 W continuous laser. In contrast, the amplifier’s pump power amounts to merely 37.8 W when generating 12-mJ of energy, representing a reduction by a factor of 5.8 compared to the 220 W employed for continuous laser output. Therefore, the thermal effects of the amplifier can be considered negligible.
It is worth mentioning that the measured spectrum has a bandwidth of 0.3 nm which supports a transform-limited (TL) pulse of about 5 ps, assuming a Gaussian profile. The relationship between pulse width and spectral bandwidth can be expressed through the time-bandwidth product. The broader the spectrum of the pulse, the more likely it is to be compressed into shorter pulses once the chirp is eliminated. Although the bandwidth of the seed pulse is 8.4 nm, the bandwidth of the stretcher is only 4 nm. Therefore, after passing through the stretcher, the actual bandwidth of the seed pulse is reduced to 4 nm. Considering the chirp rate of the stretcher is 300 ps/nm, the pulse width of the seed pulse upon entering the amplifier is approximately 1.2 ns. On the other hand, when the crystal temperature is close to 100 K, the emission cross-section at a wavelength of 1,030 nm increases from 2.3 × 10−20 cm2 at room temperature to 9.3 × 10−20 cm2, while the bandwidth decreases from 9 nm to around 1.5 nm. Despite the seed pulse having a bandwidth of 4 nm upon entering the regenerative cavity, only wavelength components within the crystal emission bandwidth will be amplified. Due to significantly higher gain at 1,030 nm wavelength, a noticeable gain narrowing occurs. Components at 1030 nm will experience maximum amplification, while components around 1,030 nm will be significantly weaker. After multiple amplifications through the crystal, the spectral width of the amplified pulse will be noticeably narrower than 1.5 nm.
4 CONCLUSION
In conclusion, we demonstrated a compact cryogenically cooled rod Yb:YAG regenerative amplifier delivering 12 mJ energy with 495 ps duration at 1 kHz repetition rate, achieving an efficiency of 31.7%. The measured spectra of amplified pulses have a bandwidth of 0.3 nm supporting a transform-limited (TL) pulse duration of about 5 ps, assuming a Gaussian shape. The beam quality of the amplified pulse is 1.1 in both the horizontal and vertical directions.
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