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In this paper, a calculation model is proposed for the optical parametric oscillation (OPO) process considering the crystal thermal effects. Based on existing models, we combine a set of three-wave coupled equations with the Sellmeier equation. In order to optimize the calculation of the nonlinear process, a temperature variable t is introduced to describe the heat generated by the laser crystal during operation. The waveforms under different pump powers are analyzed. The effects of the reflectivity of the output mirror on the OPO threshold and inverse conversion are investigated. In addition, the optimal reflectivity under different pump powers can be estimated. Based on the simulation results, experiments are also performed in the near-infrared 1.57 µm band and mid-infrared 3.15 µm band. The experimental results are compared with the results of this model and a model that does not consider crystal thermal effects. The experimental results are consistent with the improved theoretical results, affirming that the proposed theoretical model can simulate the energy conversion process of OPO. This provides a theoretical basis for optimizing the parameters of the OPO output mirror and improving the efficiency of the parametric wave conversion.
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1 INTRODUCTION
The optical parametric oscillator based on periodically poled LiNbO3 crystals is an effective method to obtain coherent radiations in the eye-safe range of 1.5 µm and mid-infrared range of 3–5 μm, which has various applications in spectral analysis and remote sensing [1–4]. Optical parametric oscillation (OPO) uses the second-order nonlinear three-wave frequency mixing progress to realize the frequency conversion. During the conversion, each annihilation of a high-frequency photon simultaneously produces two low-frequency photons. The high-frequency wave is called “pump,” the higher low-frequency wave is called “signal,” and the other low-frequency wave is the “idler.” In an OPO process, when a strong pump beam is irradiated into the nonlinear crystal in the resonator, if the gain exceeds the loss, the signal and idler waves (parametric waves) are generated beyond the noise and amplified [5, 6]. When the power of the parametric waves reaches a certain value, the energy flows from the parametric waves to the pump wave, resulting in a decrease in the gain of the parametric wave. This phenomenon is called the inverse conversion [7]. Most of the current research focuses on how to improve the optical-to-optical conversion efficiency of OPO and beam quality.
In 2019, the Parsa S [8] team reported a continuously tunable laser with a tuning range of 2.198–4.028 μm, an average output power of 3.5 W, and a repetition rate of 80 MHz. In 2020, Guo et al. [9] used an acousto-optical Q-switched Tm:YAP laser, pumped by a PPLN-OPO, to obtain a laser with a wavelength of 3.87 μm. The pump source delivers a maximum output power of 6.17 W with a pulse duration of 45 ns and a repetition rate of 6 kHz. The maximum OPO output power is 1.2 W, corresponding to an optical–optical conversion efficiency of 19.4%.
Although OPO-related research has made rapid progress experimentally, there are not many theoretical models elucidating physical mechanisms related to OPO conversion efficiency. The first theoretical model was proposed by Brosnan et al. [10] and then improved by Guha [11] and Terry [12]. However, this model was based on the assumption that the pump power remained constant throughout the OPO process. As a result, some important OPO characteristics, such as optical-to-optical conversion efficiency and light intensity distribution, cannot be analyzed. Arlee et al. [13] added the consideration of group velocity and dispersion to the model, which further improved the theoretical model. Zhang et al. [14] considered the influence of the absorption of the idler wave on the conversion efficiency and ignored the lateral variation of the mixed wave to simplify the model calculation. Liu et al. [15] used a step-by-step integration to solve the five-wave coupling equations in their model and simulated the energy changes in the pump wave and parametric waves in the OPO process.
For the optical parametric oscillation model, the pump wave passes through the laser crystal continuously. The crystal accumulates heat in the laser-passing portion, which generates a temperature difference with the crystal edge position. This leads to different refractive indices at various points within the crystal, and the polarization period of the laser crystal drifts. It causes the optical parametric gain bandwidth spreading phenomenon [16], which affects the calculation of nonlinear processes in the optical parametric oscillator; thus, the influence of crystal thermal effects on the model results needs to be considered in the model.
In this paper, a calculation model is proposed for the optical parametric oscillation process considering the crystal thermal effects. It uses the step-by-step integration and Runge–Kutta methods to solve the linear and nonlinear terms in the three-wave coupling equation. Compared with the existing models, this model introduces the Sellmeier equation in the set of three-wave coupled equations. It is used to consider the influence of laser crystal thermal effects on the optical parametric oscillation process. The OPO output waveform and reflectivity of the output mirror under different pump powers are analyzed. The OPO threshold, inverse conversion, and the physical mechanism of the OPO conversion efficiency are discussed. Experiments are performed by pumping an MgO:PPLN crystal with different pump powers. The output powers of the near-infrared signal wave at a wavelength of 1.57 µm and the mid-infrared idler wave at a wavelength of 3.15 µm are measured. The effectiveness of the proposed improved OPO model in predicting energy conversion is verified by comparing theoretical and experimental results.
2 THEORETICAL ANALYSIS
The propagation process of the beam in the nonlinear crystal is simulated using the step-by-step integration method [17]. The pump laser source in an OPO is usually a paraxial Gaussian beam with a pulse duration in the order of nanoseconds. First, when a slow-varying envelope approximation and a paraxial approximation are applied to the nonlinear wave equation, a coupled wave equation of the nanosecond pulsed light can be obtained [18]. Consequently, in the split-step Fourier transform, the linear and nonlinear components of the wave equation are decoupled with a sufficiently small propagation step size. Each component can be solved independently with a relatively small error.
The three-wave coupling equation [19] is shown as follows:
[image: image]
where [image: image], [image: image], En (n = p, s, and i) represents the electric field strength of the pump wave (p), signal wave (s), or idler wave (i), kn (n = p, s, and i) is the wave vector, c is the speed of light, [image: image] is the diffraction term, and [image: image] (n = p, s, i) is the loss.
When the pump wave passes through the crystal, the pump wave provides gain to the signal and idler waves. The interaction process obeys the three-wave coupled equations, in which the Sellmeier equation is introduced so that the phase mismatch quantity can be written as
[image: image]
where
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[image: image] represents the refractive index of the pump wave(p), signal wave(s), or idler wave (i). [image: image] represents the wavelength of the pump wave (p), signal wave (s), or idler wave (i). ‘T’ represents the temperature. t is the temperature variable at which the laser crystal is elevated by absorbing laser energy during operation.
Figure 1 shows the schematic diagram of an optical parametric oscillator. Mirrors M1 and M2 form a resonant cavity, the cavity length is L, and an MgO:PPLN crystal is placed into the cavity. The input electric field strength is Ein. After the beam enters the cavity from the first mirror M1, the electric field strength becomes Ecirc(0). The electric field strength turns to Ecirc(L) after reaching the other side of the cavity and then is divided into transmitted part Eout(L) and reflected part E’circ(L) by the second mirror M2. After the reflected beam returns to M1, the electric field strength is E’circ(2L). The electric field strength is reflected again by M1 and changes to E’’circ(2L). In this way, the beam travels back and forth in the cavity. RM1 and RM2 are the reflectances of M1 and M2, respectively. The following formulas are used to express the coupling effect of the cavity mirror on the pump and parametric waves:
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[image: Figure 1]FIGURE 1 | Schematic diagram of the optical parametric oscillator.
For the signal and idler waves, Ein = 0.
3 NUMERICAL SIMULATION AND ANALYSIS
The thermal effects of the MgO:PPLN crystal during operation were investigated in a previous report, and the results of the simulation of the previous study are directly quoted here [20]. As shown in Figure 2, the difference between the center and edge temperatures of the PPLN crystal at a pump power of 8 W is 1.7°C. The crystal temperature rise affects the calculation of nonlinear processes in OPO. Therefore, the OPO model is to be optimized based on the previously established simulation of the thermal effects of the MgO:PPLN crystal.
[image: Figure 2]FIGURE 2 | Temperature distribution of the MgO:PPLN crystal during operation at 0.5 mm spot radius.
The thermal effect model was established using finite element analysis. Moreover, the heat generated increases linearly as the pump power increases. In the low pump power range of 0–8 W, every 1 W increase can be approximated to correspond to a 0.21°C increase in crystal temperature. This is brought into the model as the crystal temperature rise coefficient ‘t’ for calculation.
The simulation parameters of OPO are as follows: the wavelength of the pump is 1,064 nm. The repetition rate is 30 kHz. The pulse duration is 50 ns. The cavity length is 70 mm. The effective nonlinear coefficient deff is 27.2 pm/V. The incident beam diameter is 1 mm.
Figure 3 shows the output waveforms of the optical parametric oscillator with an RM2 of 75% at 1,570 nm under different pump powers. When the input pump power is 1.7 W, the pulse energy density is low, and the parameter conversion process has not occurred. When the power is increased to 2.2 W, the pulse energy density reaches the threshold, and the optical parametric conversion process starts. As shown in Figure 3B, the signal and idler waves appear in the later stages of the pump pulse. This is because it takes time to accumulate enough energy to reach the threshold. When input pump power reaches 2.7 W, parameter conversion quickly occurs due to the high pump pulse energy. No inverse conversion phenomenon is observed. The optical-to-optical conversion efficiency reaches its maximum. Continuing to increase the pump power to 3.7 W (Figure 3D), the inverse conversion process occurs in the middle and late stages of the pump pulse, in which signal and idler waves convert to the pump wave. As we know, when OPO starts, the pump energy is dissipated rapidly. As a result, the optical energy density of the pump wave decreases, while the energy density of the signal and idler waves increases. As the OPO process continues to occur, the energy densities of the signal and idler waves exceed the optical energy density of the pump wave. Therefore, the inverse conversion phenomenon starts, in which the power of signal and idler waves decreases and the power of pump waves increases. It is worth noting that the inverse conversion phenomenon is dynamic throughout the nonlinear conversion process. There is an interconversion between the pump wave and the parametric waves. When the pump wave energy is higher than the parametric waves, the energy flows from the pump wave to the parametric waves. However, a small part of the energy flows from the parametric waves to the pump wave. However, because more energy is converted in the forward direction, the inverse conversion phenomenon is not observed. The inverse conversion phenomenon is observed when the parametric wave energy is higher than the pump wave, but the inverse conversion process happens through the whole nonlinear conversion.
[image: Figure 3]FIGURE 3 | Output waveforms of the optical parametric oscillator under different pump powers: (A) 1.7 W, (B) 2.2 W, (C) 2.7 W, and (D) 3.7 W.
In order to study the influence of the reflectivity of M2 on the OPO threshold and the inverse conversion phenomenon, M2 with RM2 of 65%, 75%, 85%, and 95% (at 1,570 nm) are simulated. At RM2 of 65% (Figure 4A), the OPO threshold is 2.7 W and the inverse conversion threshold is 4.2 W. When RM2 increases to 95% (Figure 4D), the OPO occurs earlier, which means that increasing the reflectivity of the output mirror can effectively reduce the threshold of OPO. At the same time, the inverse conversion also happens earlier. When the pump power is 2.2 W, the inverse conversion has already appeared. As the pump power increases, inverse conversion becomes more and more obvious, and more parametric wave power is transferred to the pump wave power. As a result, the optical-to-optical conversion efficiency is rapidly decreased.
[image: Figure 4]FIGURE 4 | Energy distribution of the optical parametric oscillator under different input powers at RM2 of (A) 65%, (B) 75%, (C) 85%, and (D) 95%.
The simulation results show that an output mirror with higher reflectivity is beneficial in reducing the OPO threshold. However, it also increases the risk of the inverse conversion. In order to obtain high optical-to-optical conversion efficiency, it is necessary to perform numerical simulation through this model to optimize the reflectance value of the output mirror and obtain the optimal OPO design.
In order to find the optimal RM2 value of the signal wave band at a pump power of 4 W, the optical-to-optical conversion efficiency is simulated using this model and the model that does not consider crystal thermal effects. As shown in Figure 5, the optical-to-optical conversion efficiency does not simply increase with the increase in RM2. When the pump power is 4 W, the optical-to-optical conversion efficiency of the signal wave reaches the first peak at RM2 of 63% and then the second peak at RM2 of 95%. With low RM2, most of the signal wave exits the cavity from M2, which suppresses the occurrence of the inverse conversion. When RM2 is high, a large amount of the signal wave is accumulated in the resonator, which leads to the inverse conversion and reduces the optical-to-optical conversion efficiency. When the inverse conversion continues to happen, the energy density of the pump wave will be greater than that of the parametric wave, which weakens the inverse conversion phenomenon. Therefore, the optical-to-optical conversion efficiency reaches its second peak. However, the second peak value cannot be larger than the first peak value.
[image: Figure 5]FIGURE 5 | Relationship between RM2 of the signal wave band and conversion efficiency at a pump power of 4 W.
In addition, comparing the curves of the two models, it is found that the optimal transmittance of the improved curve is approximately 1% higher than that of the pre-improved curve. This is due to the fact that, considering the crystal thermal effects, the crystal period drift leads to a reduction in gain. Thus, higher output mirror reflectivity is required to achieve high conversion efficiency. This phenomenon becomes more pronounced at high pump power, where the crystal thermal effects intensify.
In order to study the optimal reflectivity of the signal wave band on different pump powers, the dependence of the optimal RM2 at 1.57 μm on different pump powers is analyzed, as shown in Figure 6. When the pump power is low, a high RM2 can easily reach the OPO threshold. With the increase in pump power, the optimal RM2 presents a downward trend. This is because a low RM2 can reduce the influence of the inverse conversion under high pump power.
[image: Figure 6]FIGURE 6 | Dependence of the optimal RM2 at 1.57 μm on different pump powers.
4 COMPARISON OF EXPERIMENTAL RESULTS AND SIMULATION DATA
Based on the simulation results, external cavity OPO experiments are performed to research the signal wave at the near-infrared 1.57 µm band and the idler wave at the mid-infrared 3.15 µm band. A schematic diagram of the experimental setup is shown in Figure 7. The pump source is a Q-switched Nd:YVO4 laser with an adjustable pulse frequency. A half-wave plate, a polarizer, and an optical isolator are placed on the optical path to protect the pump laser from back reflections. A focus lens F (f = 75 mm) focuses the pump laser into the center of the MgO:PPLN crystal. OPO adopts a plano–plano cavity. A filter is placed outside the cavity. The length of the MgO:PPLN crystal is 40 mm, and the length of the OPO resonant cavity is 70 mm. In the research of the signal wave, a pump source with a repetition rate of 30 kHz is used. In the research of the idler wave, the pump source with a repetition rate of 20 kHz is adopted. The parameters of the laparoscopic film system are as follows: M1 Plano mirror (S1: AR@1064 nm and S2: HT@1064 nm and HR@1570 nm), M2 Plano mirror (HR@1064 nm and R = 75%@ 1570 nm), M3 Plano mirror (HR@1064 nm and R = 90%@ 1570 nm), M4 Plano mirror (HT@1064 nm and HR@1220–1600 nm), and M5 Plano mirror (HT@1064 nm, HR@1250–1530 nm, and HT@3000–8000 nm).
[image: Figure 7]FIGURE 7 | Schematic diagram of the experimental light path. HWP, half-wave plate. (A) Signal band, (B) Idler band.
Figure 8 shows the experimental results of the output power and optical-to-optical conversion efficiency under different pump powers. With the pump power increasing, the output power of the signal wave and the optical-to-optical conversion efficiency first increase, then tend to be stable, and finally show a slight decrease. Comparing the output mirror reflectance at 75% and 90%, it can be found that higher output mirror reflectance can lower the threshold value. However, the signal wave output power and the optical-to-optical conversion efficiency do not increase with the increase in output mirror reflectivity. Optimal output mirror reflectivity exists for highest optical-to-optical conversion efficiency and maximum signal wave output power. The conclusions are consistent with the theoretical analysis in the previous section. The output power and conversion efficiency of the idler wave initially increase, stabilize in the middle, then increase again, and finally show a slight downward trend.
[image: Figure 8]FIGURE 8 | Dependence of the output power and conversion efficiency on pump power: (A) R = 75% signal wave band, (B) R = 90% signal wave band, and (C) idler wave band.
As shown in Figure 9, the experimental values are closer to the improved calculated results in both the signal and idler wave bands. Compared with the model that does not consider the crystal thermal effects, the improved model exhibits a higher threshold. This is because the increased crystal temperature changes the refractive index of the crystal. It causes the crystal polarization period to drift, resulting in the optical parametric gain bandwidth broadening phenomenon. This reduces the gain and increases the threshold. The calculation results that consider the crystal thermal effects agree with the trend of the experimental values, which proves that the model can calculate the optical parametric oscillation process more accurately after considering the crystal thermal effects.
[image: Figure 9]FIGURE 9 | Comparison of theoretical results with experimental results: (A) signal wave band and (B) idler wave band.
5 CONCLUSION
In this paper, a calculation model is proposed for the optical parametric oscillation process considering the crystal thermal effects. The model solves the linear and nonlinear terms of the three-wave coupled equations using the step-by-step integration and Runge–Kutta methods. The energy conversion model of the pump wave and parametric waves is established. The waveforms under different input pump powers are analyzed. The influence of reflectivity of the output mirror on the OPO threshold and inverse conversion is investigated. The simulation results show that the higher the reflectivity of the output mirror, the lower the OPO threshold is, and the earlier the inverse conversion phenomenon occurs. In addition, the optical-to-optical conversion efficiency does not increase linearly with the increase in the reflectivity of the output mirror. The optimal reflectivity at different pump powers is estimated. Experiments are also performed in the near-infrared 1.57 µm band and mid-infrared 3.15 µm band. The corresponding output power is measured under different pump powers using three sets of near-infrared and mid-infrared cavity mirrors. The experimental results are compared with the results of this model and the model that does not consider crystal thermal effects. The experimental results are consistent with the improved theoretical results. It is proved that the model that considers the crystal thermal effects can predict the energy change more accurately in the optical parametric process and provide a theoretical basis for optimizing the parameters of the OPO output mirror and improving the parametric wave conversion efficiency.
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