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In this paper, we demonstrated an efficient degenerate middle infrared (mid-IR) ZGP-OPO that is pumped by an electro-optically Q-switched diode-pumped Tm:YAP laser. The Tm:YAP laser, operating at a repetition rate of 1 kHz, produced a peak pulse energy of 9.66 mJ at 1.94 μm and a minimum pulse width of 25 ns. Utilizing the Tm:YAP laser as the pump source, a peak average output power of 3.14 W at 3.88 μm was achieved in the degenerate ZGP-OPO with an incident Tm power of 9.4 W, resulting in a slope efficiency of 62.7% and an optical conversion efficiency of 33.4%. The minimum pulse width was measured at 21 ns, leading to a peak power of 149.5 kW. Additionally, the beam quality factor of the degenerate mid-IR ZGP-OPO was evaluated to be approximately 2.7 at the maximum output power level.
Keywords: middle infrared lasers, Tm:YAP, EO Q-switched, degenerate OPO, ZGP
1 INTRODUCTION
Solid-state lasers operating in the mid-infrared (mid-IR) spectral range hold significant appeal for various applications, including remote sensing, spectroscopy, medical procedures, environmental monitoring, national defense, and more. Optical parametric oscillators (OPO) present an exceptional method for producing high-performance mid-IR laser radiation [1–3]. Among the myriad of OPO materials, ZnGeP2 (ZGP) crystal stands out due to its remarkable attributes, such as a large nonlinear coefficient, high thermal conductivity, and broad transmission range, thereby enabling high nonlinear conversion efficiency in the mid-IR spectral range [4–8]. The room-temperature high-performance Ho lasers operating at around 2.1 μm [9, 10] were good pump source for generation of mid-IR laser radiation. With Ho pumping, mid-IR ZGP-OPO has demonstrated the capability to achieve output powers in the hundreds of watts with high optical conversion efficiency [11, 12].
In addition to Ho lasers, Tm lasers operating at 1.9 μm serve as efficient pump sources for mid-IR ZGP-OPO. In 2003, a mid-IR ZGP-OPO, pumped by an acousto-optically (AO) Q-switched Tm:YAP laser at a repetition rate of 10 kHz, was reported to achieve a slope efficiency of 40%, an average output power of 3 W, and a pulse width of less than 50 ns [13]. Subsequently, in 2008, a pulse energy of 1 mJ at a repetition rate of 100 Hz was obtained in a mid-IR ZGP-OPO driven by an electro-optically (EO) Q-switched Tm:YAG laser at 2.02 μm [14]. In the same year, under the pumping of pulsed Tm fibers at 2 μm, the ZGP-OPO delivered 20 ns mid-IR pulses and 658 mW average output power at a repetition rate of 30 kHz [15]. In 2014, as a peak power of 27.9 kW was achieved in a mid-IR ZGP-OPO pumped by a Tm fiber laser with a repetition rate of 4 kHz [16]. Subsequently, in 2018, the utilization of a passively Q-switched Tm:YAP laser at 1.94 μm as the pump source resulted in an average output power of 2.3 W and an optical conversion efficiency of 58% in mid-IR ZGP-OPO at a repetition rate of 6.2 kHz [17]. Most recently, in 2023, an efficient mid-IR ZGP-OPO, pumped by an AO Q-switched Tm:YLF laser at 1908 nm, was demonstrated to achieve an average output power of 17.8 W and a pulse width of 197 ns at a repetition rate of 15 kHz [18].
While the Tm lasers can efficiently pump mid-IR ZGP-OPO systems, the wider pulse widths or lower pulse energies often lead to reduced peak power levels, limiting their suitability for certain technical applications. In contrast, electro-optic (EO) Q-switches offer rapid switching speeds and high extinction ratios, enabling the generation of narrower pulse widths and higher peak powers. In this study, we report, to the best of our knowledge, the first utilization of an EO Q-switched Tm:YAP laser as the pump source for a degenerate mid-IR ZGP-OPO. For the pump laser source, a maximum pulse energy of 9.66 mJ at 1.94 μm and a minimum pulse width of 25 ns was obtained with a repletion rate of 1 kHz. Under Tm:YAP pumping, a maximum average output power of 3.14 W at 3.88 μm was realized in the degenerate ZGP-OPO configuration, with an incident Tm power of 9.4 W, resulting in a slope efficiency of 62.7% and an optical conversion efficiency of 33.4%. Notably, the system achieved a minimum pulse width of 21 ns in the mid-IR ZGP-OPO, corresponding to a peak power of 149.5 kW. Additionally, the beam quality factor (M2) of the degenerate mid-IR ZGP-OPO was measured to be approximately 2.7 at the maximum output power level.
2 EXPERIMENTAL SETUP
The schematic diagram of the degenerate mid-IR ZGP-OPO setup, driven by an electro-optically Q-switched Tm:YAP laser, is illustrated in Figure 1. The Tm:YAP laser utilized a fiber-coupled LD (nLight Corp.) with a maximum output power of 80 W, featuring a core diameter and numerical aperture of 200 μm and 0.22, respectively. The LD’s central wavelength at maximum output was 795 nm. The pump beam was evenly split into two beams, constituting a dual-end-pumping configuration. By employing a 1:4 telescope comprising two lenses, the pump spot diameter on the Tm:YAP crystal was focused to approximately 800 μm. The Tm:YAP crystal (Dientech Corp.), with dimensions of 2 × 6 × 12 mm³ (length), was cut along its b-axis and had a Tm ion doping concentration of 3.5 at%. Both end faces of the Tm:YAP crystal were coated with antireflection coatings for 795 nm and 1.94 μm. A water-cooled copper heatsink, equipped with a 0.05-mm-thick indium foil, was employed to mount the Tm:YAP crystal. The operating temperature of the heatsink was rigorously controlled at approximately 15°C.
[image: Figure 1]FIGURE 1 | The schematic of experimental setup of degenerate mid-IR ZGP-OPO pumped by an electro-optically Q-switched Tm:YAP laser.
The Tm:YAP laser cavity comprised several components, including a volume Bragg grating (VBG), (OptiGrate Corp.), a flat 45° dichromatic mirror M, a 45° thin-film polarizer (TFP), and an output coupler M1. The VBG exhibited a diffraction efficiency of over 99% at 1940.2 nm. Mirror M was coated to achieve high transmission at 795 nm and high reflectivity at 1.94 μm. The TFP had high reflectivity for s-polarized 1.94-μm light, high transmission for p-polarized 1.94-μm light, and high transmission for 795 nm. The output coupler M1 was a plano-concave mirror with a radius of curvature of 200 mm and an output transmittance of 15%. To alter the polarization of the oscillating beam, an uncoated quarter-wave plate was integrated into the setup. A z-cut uncoated LGS Q-switch (Dientech Corp.) with a length of 48 mm was utilized, with an electro-driver (homemade) featuring a rise time of 10 ns driving the Q-switch. The quarter-wave voltage applied to the Q-switch was set at 2500 V. The EO Q-switch operated in the pulse-on mode. The physical length of the cavity was approximately 90 mm.
A type I ZGP crystal (Dientech Corp.) measuring 6 × 6 × 20 mm³ in length was employed as the optical parametric conversion medium, with a cutting angle of 61° to the c-axis, yielding a degenerate wavelength of 3.88 μm when pumped at 1.94 μm. Both end faces of the ZGP crystal were anti-reflection coated for 1.94 μm and 3.88 μm wavelengths. The ZGP crystal was mounted in a copper heatsink. The Tm pump beam was focused onto the ZGP crystal using a lens F with a focal length of 100 mm, resulting in a spot diameter of 1.2 mm. A simple linear cavity composed of two flat mirrors, M2 and M3, was utilized. Mirror M2 served as the input mirror with high transmission for 1.94 μm and high reflectivity for 3.88 μm. The output mirror M3 had a transmittance of 50% at 3.88 μm and high transmission for 1.94 μm. The physical length of the OPO cavity was set at 100 mm to ensure good beam quality. A flat 45° dichromatic mirror, M4, was employed to separate residual pump and mid-IR laser beams, featuring high reflectivity at 3.88 μm and high transmission at 1.94 μm.
3 EXPERIMENTAL RESULTS
A Coherent PM 30 power meter was utilized to measure the power during the experiment. Initially, the continuous wave (CW) output power of the Tm:YAP laser was recorded, as depicted in Figure 2A. Upon switching off the electro-driver and removing the quarter-wave plate, a peak output power of 16.2 W was obtained with an incident LD power of 61.5 W, resulting in a slope efficiency of 36.1% and an optical conversion efficiency of 26.3%. Subsequently, upon switching on the electro-driver and inserting the quarter-wave plate, the output characteristics of the EO Q-switched Tm:YAP laser were investigated, as illustrated in Figure 2A. At a repetition rate of 2 kHz, a maximum average output power of 10.6 W was achieved under the same pump power, corresponding to a slope efficiency of 23.4% and an optical conversion efficiency of 17.2%. In another case, at a repetition rate of 1 kHz, both the maximum average output power and slope efficiency decreased to 9.66 W and 21.3%, respectively. The thermal effect of Tm:YAP crystal can be analyzed by a thermal analysis model [19, 20]. Dual end-pumping architecture balanced the thermal distribution in Tm:YAP crystal under strong pumping conditions, which was beneficial for high-performance output of EO Q-switched Tm:YAP laser. Compared with reported works on the diode-pumped Tm:YAP lasers, the slope efficiency is not high. Un-coated quarter-wave plate and LGS Q-switch were used in this experiment, leading to relatively high insert loss. The output performance of Tm:YAP laser could be increased by employing AR-coated quarter-wave plate and LGS Q-switch. Moreover, the optimal cavity length and output transmittance could improve the output power and slope efficiency.
[image: Figure 2]FIGURE 2 | The output characteristics of EO Q-switched Tm:YAP laser, (A) powers (B) pulse widths at repletion rate of 1 kHz.
To measure the pulse width of the EO Q-switched Tm:YAP laser, a high-speed InGaAs photodiode (EOT, ET-5000) connected to an oscilloscope (Lecroy, T3DSO2354A) was utilized. At a repetition rate of 1 kHz, as the incident LD power increased from 16.1 W to 61.5 W, the pulse width decreased from 86 ns to 25 ns. The pulse profile corresponding to the minimum pulse width is displayed in the inset of Figure 2B. By calculating the peak power, it can be observed that it increased from 0.7 kW to 386.4 kW.
The output power of the degenerate mid-IR ZGP-OPO is displayed in Figure 3A. The threshold pump power was approximately 4.77 W, and a maximum average output power of 3.14 W was achieved with an incident Tm power of 9.4 W, resulting in a slope efficiency of 62.7% and an optical conversion efficiency of 33.4%, respectively. With a period of 1 hour, the power stability of degenerate mid-IR ZGP-OPO was approximately 2.3%. To measure the laser pulse of the degenerate mid-IR ZGP-OPO, a HgCdTe detector (Vigo, PVM-10.6) connecting with an oscilloscope (Tektronix, DPO5204B) was employed. At the maximum output level, a minimum pulse width of 21 ns was obtained, corresponding to a calculated peak power of 149.5 kW. The pulse-to-pulse stability of degenerate mid-IR ZGP-OPO was about 10%. Additionally, a monochromator (WDG30P) was utilized to record the degenerate spectrum, as depicted in Figure 3B. A broad oscillating spectrum with a full width at half maximum linewidth of approximately 140 nm was observed. The central wavelength was measured to be around 3,886 nm, indicating the degenerate operation of the mid-IR ZGP-OPO.
[image: Figure 3]FIGURE 3 | The output characteristics of degenerate mid-IR ZGP-OPO, (A) power (B) spectrum.
To measure the beam mode and beam quality of the mid-IR beam, a lens with a focal length of 100 mm was utilized. The beam radii along the beam propagation direction were measured using the 90/10 knife-edge method, as illustrated in Figure 4. The beam parameters were fitted based on the propagation equation of a Gaussian beam. The calculated M2-factor was approximately 2.7. In addition, a picture of far-field beam spot was taken by a camera (Ophir-spiricon Pyrocam IV), which was inserted in Figure 4. The TEM00 beam propagation was verified.
[image: Figure 4]FIGURE 4 | The measurement of beam quality factor of degenerate mid-IR ZGP-OPO.
4 CONCLUSION
In conclusion, we successfully demonstrated an efficient degenerate mid-IR ZGP-OPO pumped by an electro-optically Q-switched diode-pumped Tm:YAP laser. Our experiment yielded remarkable results, including a maximum pulse energy of 9.66 mJ at 1.94 μm and a minimum pulse width of 25 ns at a repetition rate of 1 kHz. Moreover, under Tm:YAP pumping, we achieved a maximum average output power of 3.14 W at 3.88 μm in the degenerate ZGP-OPO. This result corresponds to a slope efficiency of 62.7% and an optical conversion efficiency of 33.4% with an incident Tm power of 9.4 W. Additionally, we observed a minimum pulse width of 21 ns, resulting in a peak power of 149.5 kW. Furthermore, the M2-factor of the degenerate mid-IR ZGP-OPO was measured to be approximately 2.7 at maximum output power. Limiting by Tm pump level and possibility of coating on the ZGP crystal, more high average output power was not achieved. We believe that more high output power of degenerate mid-IR ZGP-OPO could be reached with higher pump power and larger pump spot diameter. In addition, a longer cavity length would be better for improving the b M2-factor. These results indicate that the degenerate mid-IR ZGP-OPO, pumped by an electro-optically Q-switched diode-pumped Tm:YAP laser, is a promising candidate for high-peak-power all solid-state laser sources in the mid-IR spectral region.
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