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We describe an efficient long-wave infrared optical parametric oscillator based on ZnGeP2 crystal pumped by a diode-pumped AO Q-switched Ho:YAG laser in this paper. The wavelength of the laser pulse generated by Ho:YAG laser is 2.09-μm, and the maximum output average power is 25.3 W at repetition rate of 10 kHz. When pumped by such Ho:YAG laser, the maximum average output power of 0.66 W at 9.8 μm is achieved, corresponding to slope efficiency of 5.0% and optical efficiency of 2.6%. Furthermore, the beam quality factor of the long-wave infrared beam is measured to be approximately 1.3. To the authors’ best knowledge, this is the best performance reported for a long-wave infrared ZGP-OPO pumped by a diode-pumped AO Q-switched Ho:YAG laser.
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1 INTRODUCTION
The solid-state laser sources working in the long-wave infrared spectral region (8–12 μm) have important applications in many technical fields, such as environmental monitoring, chemical remote sensing, and national security etc. [1–3]. At present, the optical parametric oscillator (OPO) provides a good way for generating long-wave infrared laser radiation. In recent years, long-wave OPOs have been widely demonstrated with the crystals of AgGaSe2 (AGSe), BaGa4Se7 (BGSe), CdSe, OP-GaAs and ZnGeP2 (ZGP). A continuous-wave (CW) tunable OPO based on a whispering gallery resonator of AGSe was reported [4]. Under the pump wavelength of 1.57-μm, the output spectrum tunable range of the OPO from 2 μm to 8 µm was achieved. A widely tunable BGSe OPO was demonstrated by utilizing a Q-switched Nd:YLF laser as the pump source, enabling tuning capabilities ranging from 2.6 μm to 10.4 μm [5]. In a CdSe OPO pumped by a Tm:YLF-pumped Ho:YAG MOPA system at repletion rate of 1 kHz, the average output power of 1.03 W and 1.18 W were obtained at 10.15 μm and 11 μm respectively [6]. When pumped by a 1.95-μm pulsed thulium fiber laser, the long-wave infrared OP-GaAs OPO achieved an average output power of 0.8 W at 10.6 μm [7]. ZGP is an excellent nonlinear crystal for producing long-wave infrared laser radiation, as it possesses a unique combination of advantages, including a large nonlinear coefficient, high damage threshold, and excellent thermal conductivity. Due to its exceptional properties, the ZGP crystal has found extensive use in nonlinear optical frequency conversions for long-wave infrared generation. With optical parametric amplifier (OPA) method, average output power of 11.4 W at 8.3 μm was achieved by using ZGP crystal, corresponding to an optical efficiency of 9.8% under the pump power of 116.0 W [8]. The output power of 3.5 W at 9.8 μm was also reported in a ZGP OPO pumped by a 90-W Tm:YLF-pumped Ho:YAG laser [9]. It can be seen that, the Tm:YLF-pumped Ho:YAG laser is a good pump source for long-wave ZGP OPO. However, this system is complex due to the conversion way of diode-Tm-Ho. The high-power Tm laser also resulted in significant thermal loading, which affected the overall stability of the long-wave laser system. Diode -pumped Ho lasers exhibit notable characteristics of high efficiency, high power and simple structure [10–16], which are promising pump source for compact long-wave ZGP OPO systems. In this paper, we demonstrated a high power long-wave infrared ZGP OPO system at 9.8 μm based on type-I phase matching ZGP crystal pumped by a diode-pumped AO Q-switched Ho:YAG laser. To the best of our knowledge, such a long-wave infrared laser is reported for the first time. The maximum average output power of the laser pulse is 0.66 W, and the central wavelength is 9.8 μm with repetition rate of 10 kHz. The beam quality factor M2 is measured to be 1.3, with a corresponding optical efficiency of 2.6%.
2 EXPERIMENTAL SETUP
The experimental setup is schematically shown in Figure 1. A dual end-pumping AO Q-switched Ho:YAG laser was used as the pump source in this work in order to obtain high efficiency and high power of long-wave ZGP OPO. The maximum output power of the fiber-coupled laser diode (LD) (QPC, Ultra-500) is 40 W with wavelength of 1910 nm, and the core diameter and NA of the fiber are 0.6 mm and 0.22, respectively. The electrical-to-optical power efficiency of LD was about 10%. A 1:1 telescope was employed to focus the pump beam into laser crystal. Ho:YAG crystal with doped concentration of 1.0 at.% was cut to dimensions of 25 mm in length and 4 mm in diameter. The end-faces of the crystal were polished and coated with spectral range of 1.9–2.1 µm. The single-pass absorption of Ho:YAG was measured to be about 87%. In order to obtain better heat dissipation effect, the laser crystal was set in a copper heat-sink cooled by circulating water. The M1 mirror served as the input mirror, featuring high transmission for 1.9 µm and high reflectivity for 2.1 µm. The M2 was a dichroic mirror with high transmission for 1.9 µm, designed to operate as a polarizer with high transmission for p-polarized oscillating light and high reflective s-polarized oscillating light. The M3 mirror, acting as the output coupler, had a curvature of 500 mm and a transmittance of 50%. An air-cooled acousto-optic Q-switch (CETC, SGQ41-2000-1QC) with 20 W RF power at 41 MHz was placed between M2 and M3, and the loss modulation is more than 70%. The whole cavity length of Ho:YAG laser was about 90 mm.
[image: Figure 1]FIGURE 1 | Schematic diagram of the Ho:YAG-pumped long-wave IR ZGP OPO.
[image: Figure 2]FIGURE 2 | The output spectrum of LD at maximum output and absorption spectrum of HoYAG crystal.
After passing through a lens F2 with a focal length of 150 mm, the Ho laser beam was focused into the ZGP crystal, resulting in a pump diameter of 2.0 mm. The ring cavity, composed of three 30° plane mirrors, was used to achieve singly signal beam resonant. Two M4 mirrors were coated with high reflection for signal beam (∼2.6 μm) and high transmission for pump wavelength and idler beam (∼10.0 μm). Mirror M5 had high transmission for pump wavelength, high reflective for idler beam and a transmittance of approximately 30% for the signal beam. The physical length of OPO cavity was about 110 mm. The ZGP crystal, with dimensions of 5 mm × 5 mm in cross-section and 25 mm in length, was cut at an angle of θ = 51.5° for type-I phase matching. Both end faces of the ZGP crystal were coated with high transmission for the pump, signal, and idler wavelengths. Additionally, the ZGP crystal was set in a copper heat-sink cooled by circulating water.
3 EXPERIMENTAL RESULTS
For the purpose of measuring the output powers, a power meter (Thorlabs, S425C-L) was utilized in this work. The output powers curve of diode-pumped Ho:YAG laser was shown in Figure 3A. When the RF power was off, the maximum CW output power of 27.8 W was obtained with incident LD power of 80 W, corresponding to the slope efficiency of 37.9% and the optical-to-optical conversion efficiency of 34.8%. Within a period of 1 h, a power stability of Ho:YAG laser was measured to be about 2.3%. Compared with Ho:YAG lasers pumped by Tm-lasers, the efficiency of diode-pumped Ho:YAG laser is not high. The main reason of this phenomenon is overlap efficiency between pump and oscillating beams. Tm lasers have good beam quality (M2<3), while fiber-coupled LD has poor beam quality (∼100). This results in a relatively low overlap efficiency under fiber-coupled LD pumping. Smaller core diameter of pigtail fiber could be improve the efficiency of diode-pumped Ho:YAG laser.
[image: Figure 3]FIGURE 3 | The output characteristics of diode-pumped Ho:YAG laser, (A) output powers (B) pulse width and pulse energy.
By turn on the RF power, the AO Q-switched Ho:YAG laser reached an average output power of 25.3 W, operating at repetition rate of 10 kHz under the incident LD power of 80 W. The slope efficiency and optical-to-optical conversion efficiency were 34.3% and 31.6%, respectively. A fast photodiode (EOT, ET-5000) and an oscilloscope (Tektronix, DPO 4000) were employed to measure the pulse width, as shown in Figure 3B. When the pump power was set as the maximum value, the shortest pulse width of 23 ns was achieved, leading to a calculating peak power of 110 kW.
The type-I ZGP crystal was employed to generate an idler beam at 9.8 μm, with a pump diameter of approximately 1.0 mm. The measured output power curves of long-wave IR ZGP OPO were shown in Figure 4A. At the maximum Ho pump power, an impressive signal power of 5.12 W was achieved, accompanied by a slope efficiency of 33.4%. Keep the pump power constant, an idler power of 0.66 W was also obtained, which corresponded to a slope efficiency of about 5.0%. Within a period of 1 h, a power stability of long-wave IR ZGP OPO was measured to be about 1.8%. The efficiency of long-wave ZGP OPO was Relatively low. This is mainly caused by the absorption at 9.8 μm of ZGP crystal.
[image: Figure 4]FIGURE 4 | The output characteristics of long-wave IR ZGP OPO, (A) output powers (B) output spectrum.
The idler spectrum was recorded using a monochromator (WDG30A) and an HgCdTe detector (Vigo, PVM-10.6), which were connected to an oscilloscope. The recorded spectrum is depicted in Figure 4B. The central wavelength of the generated idler beam was approximately 9,823 nm, while the full width at half maximum was measured to be approximately 133 nm. In addition, the shortest pulse width of idler was measured to be about 21.3 ns The beam quality factor (M2) of idler beam at maximum output level was obtained by 90/10 knife-edge method. Figure 5 illustrates the spot radii at various positions along the beam propagation direction. By fitting the beam propagation equation to these data, the M2 factor of approximately 1.3 was estimated.
[image: Figure 5]FIGURE 5 | Beam quality measurement of idler beam.
4 CONCLUSION
In summary, we have demonstrated an efficient long-wave infrared ZGP optical parametric oscillator. By using a dual end-pumping AO Q-switched Ho:YAG laser as the pump source, the maximum average output power of 0.66 W at 9.8 μm was obtained under the pump power of 25.3 W(in the Q-switching regimes). In addition, the Ho:LuAG laser also can operate in CW mode, corresponding to the output power of 27.8 W. The obtained slope efficiency and optical efficiency of the ZGP OPO were 5.0% and 2.6%, respectively. The M2 factor was measured to be approximately 1.3. These findings suggest that solid-state Ho lasers serve as a promising pump source for long-wave infrared OPO.
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