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Lasers operating around 2-µm have been extensively researched for various applications, such as LiDAR, remote sensing, optical communication, and medicine. One of the approaches to generate 2-µm emission is to employ an optical parametric oscillator pumped by 1-µm laser; however, improving the 2-µm laser conversion efficiency of optical parametric oscillators is still a challenge. In this study, we exploit the high nonlinear coefficient of the KTP crystal at the 2-µm band to realize a high-efficiency optical parametric oscillator. The OPO is driven by a laser diode (LD) side-pumped, electro-optic Q-modulated Nd:YAG laser. The cavity was designed and optimized based on mode matching to increase the peak power density of the pump laser. Different powers were obtained for different pump laser focusing conditions, and the maximum power was obtained when the KTP crystal was placed in front of the pump laser focus. The output characteristics of the KTP at different phase-matching angles were also investigated. An output power of 2.44 W and an output pulse width of 9.04 ns were obtained at 2154.4 nm with an optical-to-optical conversion efficiency of 23.39% and a slope efficiency of 36.09%.
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1 INTRODUCTION
The 2-μm laser owing to its wavelength in the high absorption band of water and atmospheric transmission window, finds various applications in material processing [1, 2], medical procedures [3, 4], and LiDAR [5–7]. It can also be used as the primary pump source for generating 3–5 μm laser optical parametric oscillators (OPOs) [8]. The main types of lasers generating 2-μm output include Ho3+ and Tm3+ doped solid-state lasers [9], fiber lasers, OPOs, Raman lasers, and waveguide lasers. The solid-state lasers produce 2-µm emission using 1.9-µm fiber laser or diode laser pump source, which is expensive. For fiber lasers, it is difficult to achieve high-energy operations. In contrast, OPOs pumped by well-developed 1-µm lasers have high conversion efficiency and wide tunable range in short pulses [10]. However, improving the 2-µm laser conversion efficiency of OPO is still a challenge.
In recent years, scholars have conducted several studies on OPO to generate 2-μm laser to improve conversion efficiency [11–17]. In 2013, Haiyong Zhu et al. achieved a 2-μm laser output of 1.01 W with an optical-to-optical conversion efficiency of 10.3% using a single KTA crystal [18]. Mei et al. investigated PPLN crystals with large nonlinear coefficients and achieved an optical-to-optical conversion efficiency of 18.5%, with a maximum power of 3.41 W [19]. In 2020, Da et al. investigated internal cavity OPOs to increase the peak power density in the cavity. The power of 4.7 W with a pulse duration of 8.55 ns and a conversion efficiency of 11.6% was achieved [20]. In 2021, Zhao et al. studied the pumping of a novel Nd: MgO: PPLN to achieve 2.1-μm output. A 1.21 W of 2.1-µm with a pulse width of 7.8 ns and a conversion efficiency of 15.1% was achieved [21]. Whether it is selecting a nonlinear crystal with superior performance or changing the structure of the OPO, the conversion efficiency of 2.1-µm OPOs needs further improvement.
In this study, the KTP crystal was placed in front of the focal point of the pump laser so that the pump laser reflected from the OPO output mirror could be focused on the KTP crystal, which further increased the conversion efficiency. Finally, a 2.44 W laser was obtained with a conversion efficiency of 36.09%.
2 EXPERIMENTAL SETUP AND MEASUREMENTS
In this study, a pulse-pumped high-efficiency OPO based on nonlinear optics is presented. As shown in Figure 1, the front part is the pump source of the OPO and the rear part is the OPO. In the experiment, The pump source for the OPO was a Nd: YAG solid-state laser. The Nd: YAG solid-state laser was pumped by an integrated Laser Diode (LD, Oriental OLM 22406), which had an output wavelength of 808 nm at 25°C. A simple linear cavity comprising of two flat mirrors was used in the Nd: YAG system. One has high reflectivity at a wavelength of 1,064 nm (R > 99.5% @1064 nm), and the other is the output coupler (OC), which has partial transmission at 1,064 nm (T = 80% @1064 nm). The 0.5 at% doped Nd: YAG crystal has dimensions of 3 × 3 × 60 mm3. Both end faces of the Nd: YAG are antireflective to the laser beam. The BBO crystal was 3 × 3 × 25 mm3 in size and coated with a 1064 high-transmittance coating at both cross-sections of the crystals, which was used as an electro-optic Q-switch.
[image: Figure 1]FIGURE 1 | Experimental setup for 2 μm generation pumped by a Nd: YAG laser. The Nd: YAG laser was designed for the pumping of KTP crystal. OC: output coupler.
As shown in Figure 1, the optical isolator was located in front of the OPO cavity to prevent the 1,064 nm return light from damaging the device. To make the nonlinear conversion in the OPO cavity more efficient, a half-wave plate was placed behind the isolator to change the polarization direction of the 1,064 nm light. A focusing lens was placed behind the half-wave plate. The OPO is a simple linear cavity consisting of two cavity mirrors and a KTP crystal. In the configuration, the one cavity mirror has high transmission at the pump laser wavelength and high reflectivity at oscillating light (T > 95% @1064 nm; R > 99.5% @2128 nm), the other is the OC, with high reflectivity at the fundamental laser wavelength and partial transmission at oscillating light (R > 99.5% @1064 nm; T = 25% ± 2% @2128 nm). The size of the KTP crystal is 5 × 5 × 15 mm3 and is cut along the x-axis (θ = 51.5°,ϕ = 0°). The films with high-transmittance at 1,064 nm and 2,128 nm wavelengths were coated on the KTP crystals. The crystal was wrapped in an indium foil and clamped to a copper heat sink. To increase the nonlinear conversion efficiency, the OPO cavity was placed in front of the fundamental laser focus, the fundamental laser beam reflected from the OC of the OPO was focused on the KTP crystal.
The energies of 1-μm and 2-μm lasers were measured by an energy meter (Vega Pyroelectric PE50DIF-ER (s/n. 917,609), Ophir Optronics, Israel), and the pulse widths were measured using a photodetector (LSIPD-UL0.3, Light Sensing).
3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 The Nd: YAG laser system results
As shown in Figure 2A, when the output energy was 12.4 mJ with a LD current of 85 A, the pulse width was 9.4 ns. The laser spot shape, pulse width, and bandwidth for the LD current of 82 A are shown in Figure 2B. In addition, the 1,064 nm laser exhibited a high beam quality of 1.32, close to the fundamental transverse mode, and can be used to pump OPO with higher conversion efficiencies.
[image: Figure 2]FIGURE 2 | (A) The output energy and pulse width of the Nd: YAG laser. (B) The output spot shape, pulse width, and M2 for the LD current of 85 (A)
3.2 The OPO system results
We alter the beam waist radius of the pump light by incorporating convex lenses of varying focal lengths in front of the OPO cavity. The powers at different beam radius of the pump laser are shown in Figure 3. The maximum power was 2.44 W, with an optical-to-optical conversion efficiency of 23.39% and a slope efficiency of 36.09%. As shown in Figure 3A, we first focused the pump laser at the center of the KTP and tested the 2-μm power at different waist radius, with a higher conversion efficiency at a beam radius of 0.47 mm, but reached the damage threshold of the cavity mirror coating rapidly. The conversion efficiency is significantly lower at a waist radius of 0.54 mm. To maintain high conversion efficiency and avoid damage to the coating of the cavity mirror, we placed the OPO in front of the focal point of the pump laser. As shown in Figure 3B, the waist radius of the pump laser was 0.40 mm, and the power was measured by placing the OPO at different beam radii of the pump. At low pumping power, the conversion efficiency at a beam radius of 0.47 mm is higher than that at a beam radius of 0.54 mm, whereas at high pumping power, the conversion efficiency at latter is higher. The reason for this phenomenon may be that the coupling efficiency of the pump laser and oscillating light was higher when the beam radius was larger.
[image: Figure 3]FIGURE 3 | 2-µm power at different beam radius of pump: (A) pump laser is focused on the center of the KTP and (B) pump laser is not focused on the center of the KTP.
The temporal behavior and spectral characteristics of the output were also investigated. Different wavelengths of the output laser were obtained by adjusting the angle of the KTP crystal. When the KTP crystal was adjusted to degenerate, the maximum output power was 1.5 W, pulse width was 8.3 ns, the output center wavelength was 2127.4 nm, and the spectral width was 2.7 nm, as shown in Figures 4A, B. Adjusting the angle of the KTP crystal to an output wavelength of 2,154 nm gives a maximum output power of 2.44 W, pulse width of 9 ns and spectral width of 2.6 nm, as shown in Figures 5A, B. We observed a wider spectral width and lower power at the degeneracy, which may have been due to a larger phase mismatch. The higher the output energy, the longer the pulse width of the output. This is most likely because smaller losses allow the light to oscillate for a longer period. Another experimental phenomenon is involved in this argument.
[image: Figure 4]FIGURE 4 | Obtained characteristic curves of a 2-μm laser in the time and frequency domains: (A) pulse width and (B) linewidth at 2127.4 nm.
[image: Figure 5]FIGURE 5 | Obtained characteristic curves of a 2-μm laser in the time and frequency domains: (A) pulse width and (B) linewidth at 2154.4 nm.
We investigated the relationship between the pump and output pulse widths at different KTP phase-matching angles. As shown in Figure 6, as the pump pulse width decreases, the pulse of the output light increases at the output wavelength of 2127.4 nm. This is because when the pump energy is small, the nonlinear conversion efficiency is low; a longer time is required to generate oscillating light, which shortens the pulse time of the oscillating light. However, as the pump energy increased, the output pulse width stabilized at approximately 9 ns. The pump pulse width is 11 ns, which means that owing to the very small loss, the oscillation time of the oscillating light in the cavity is greatly improved, and the output pulse width is close to the pump pulse width.
[image: Figure 6]FIGURE 6 | Output pulse width and pump pulse width at the output wavelength of 2127.4 nm.
4 CONCLUSION
In conclusion, we developed an efficient and high-power OPO for 2-μm wavelength generation. By placing the OPO cavity in the Rayleigh region in front of the focal point of the pump laser, a maximum slope efficiency of 36.09%, and a conversion efficiency of 23.39% were obtained. The relationship between the pulse width and the pump power at different output wavelengths was investigated, with an output power of 1.5 W and a minimum output pulse width of 8.3 ns at an output wavelength of 2,127 nm. An output power of 2.44 W and an output pulse width of 9.04 ns at an output wavelength of 2,154 nm were realized: the higher the OPO intracavity gain, the closer the output pulse width was to the pump pulse width. The developed OPO system can be used in LiDAR, medicine, and other fields.
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