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We present a diode-pumped Yb:YLF laser system generating 100-mJ sub-ps pulses at a 1 kHz repetition rate (100 W 
average power) by chirped-pulse amplification. The laser consists of cryogenically-cooled 78K, regenerative, and 8-pass 
booster amplifier seeded by an all-fiber front end. The output pulses are compressed to 980 fs in a single grating Treacy 
compressor with a throughput of 89%. The laser will be applied to multi-cycle THz generation and pumping of high-
average power parametric amplifiers. © 2023 Optica Publishing Group

Numerous scientific and technological applications demand high-energy and high-average power lasers as enabling tool. Especially optical parametric chirped-pulse amplifiers (OPCPA) providing sub-femtosecond pulses [1,2], THz generation [3,4], spectral broadening followed by pulse compression [5–7] and high harmonic generation (HHG) [8] enormously benefit from a reliable laser source with output pulse durations below 1 ps. All these applications request very similar laser parameters to enable high efficiency and performance: pulse durations shorter than 1 ps., and good beam quality. However, pulse energy requirements could vary from tens to hundreds of millijoules at kilohertz repetition rates. As a result, the average power could reach challenging kilowatt levels, which makes a thermoptical design of the lasers crucial. The classical engineering response is the increase of the gain medium cooling surface–volume ratio, employ of Yb3+ as an active laser dopant due to its low quantum defect and availability of industrial-grade high-brilliance laser diodes. The result is ytterbium-based room-temperature laser technologies such as thin-disk, Innoslab, and coherently combined fiber systems. The thin-disk and Innoslab approach are to change the geometry of the gain medium to increase the cooling surface while reducing the overall volume. Although this makes it possible to achieve an average power of kW and an output of hundreds of millijoules,  it requests highly-engineered multi-pass construction of the laser pump and laser pulse propagation design [9,10]. Unfortunately, further steps to increase output energy and average power may eventually bring those technologies to their limits and excessively complicates the laser design. In coherently combined fiber laser systems where the heat is distributed along the fiber, non-linear effects limit the stretched pulse energy to ~100s microjoules per large mode area 

fiber and currently, 12 large-core fibers have now been coherently combined to increase power to 10.4 kW at 80 MHz [11]. So far, the maximum energy achieved with this technology is 10 mJ [12]. Although coherent fiber combining technology has reached an average output power level of ten kilowatts, the next step in increasing the output pulse energy beyond tens of millijoules requires further comprehensive development with significant challenges in fiber combining and production [13]. Operating ytterbium lasers at cryogenic temperatures further improves the thermo-optical strength of the host and increases emission cross section and gain at the expense of reduced gain bandwidth[14–16]. That allows reaching comparable output parameters with significantly simplified laser geometries. Unfortunately, the best effort in Yb:YAG high-energy cryogenic amplifiers has an output pulse duration of around 5 ps due to strong spectral narrowing at cryogenic temperatures.  Despite a more than 8-fold drop in thermo-optic effect, due to the positive thermo-optic coefficient of Yb:YAG, the realization of more than 50 W of average output power in rod-type geometries at cryogenic temperatures is difficult. This leads to introducing of more advanced Yb:YAG amplification elements with composite discs, complicating the overall amplifier structure [17,18]. One possible step for further development of cryogenic ytterbium lasers is to find another host crystal with more acceptable laser characteristics. Recent research shows different gain material, Yb:YLF, with more than 10 nm gain bandwidth and a negative thermo-optic effect at cryogenic temperatures, making it an attractive alternative to reach sub-picosecond pulses at high average output power levels [19,20]. Yb:YLF is a uniaxial crystal, that exhibits the different spectral and thermoptical properties for E//a and E//c axes, opening up exciting 







amplifiers. The system delivers more than 100 mJ of laser pulses with pristine beam quality at a repetition rate of 1 kHz. We have compressed the output pulse to 980 fs in the Treacy compressor.  The laser system is planned to be used as a pumping source for THz generation, OPCPA pumping, and multi-pass cell pulse compression experiments, where the level of technology is approaching pulse energies above 100 mJ [24]. The results achieved give confidence in the significant scalability potential of cryogenic Yb:YLF laser technology. However, there are two main factors limiting the system development. Firstly, the observed threshold for laser induced damage under vacuum cryogenic conditions is about 3 J/cm2 for a 1 ns pulse, which limits the extraction of the amplifier at low repetition rates. The second issue is the rod geometry which can only effectively absorb 600 W of average pump power, reaching its cooling capacity limit. As a solution, we are currently preparing a new seeder source for the system, providing 10 nm spectral bandwidth, centered at 1016 nm. This seed pulse at the same 0.4 ns/nm chirp rate will have a duration of about 4 ns and allow for high fluences and more efficient extraction.  In addition, this bandwidth is necessary to utilize the full Yb:YLF gain and can lead to compressed output pulse duration of about 300 fs.  Detailed thermal simulation shows that changing the crystal geometry to a slab will extend the pump's absorbed power limit to 1 kW average power. Overall, we hope to achieve at least a 3-fold increase in output energy and average power in future studies.
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