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This work is devoted to the development of a compact source of coherent radiation with frequency-energy characteristics and a spectral generation range that allows remote determination of background concentrations of greenhouse gases in the atmosphere. The aim of this work was to create a frequency parametric converter based on ZGP, pumped by Ho:YAG laser radiation. For use as a source in a mobile lidar for remote determination of the concentration of greenhouse gases in the atmosphere. In the course of the research, a layout of an Optical parametric oscillator OPO based on a ZGP crystal with Ho:YAG laser radiation pumping was developed. The system’s continuous failure-free operation time was 1.5 h at a pulse repetition rate of 10 kHz and a pulse energy of the generated radiation of 0.08 mJ. The tuning range of the OPO was from 3.3 to 5 μm when using a Lyot filter. The losses from the average generation power when the Lyot filter was introduced into the resonator were 30%. At the same time, it was possible to achieve a linewidth of the generated radiation of 0.7 nm. The divergence of the generated radiation did not exceed 1.5 mrad.The absorption spectrum of gases CO2, CH4, N2O, CO in a gas cell was simulated for the entire generation range of the ZnGeP2-based OPO. As a result of the simulation, the most intense absorption lines of gases CO2, CH4, N2O, CO in the OPO tuning range were revealed, the central wavelengths of the absorption lines and their spectral width were determined.
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1 INTRODUCTION
The problem of mitigating the effects of climate change caused by the greenhouse effect is becoming one of the defining factors of both foreign and domestic policy in most countries in the world. The main contribution to climate change is made by emissions of such greenhouse gases as: carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). Among the instruments aimed at limiting and reducing greenhouse gas emissions, the most flexible and effective are considered to be economic (market) instruments, that is, those that create a de facto “carbon price.” The most popular of such instruments are carbon taxes and emissions trading systems (ETS). In the near future, the share of global emissions covered by quotas will increase. These instruments for stimulating the reduction of greenhouse gas emissions are enshrined in the UN Framework Convention on Climate Change, the Kyoto Protocol and the Paris Agreement.
The above circumstances require the creation of an effective technological base for the production of instruments for continuous monitoring of the distribution and dynamics of the concentration of background greenhouse gas components to observe the increase in the total content of these gas components over large areas with the possibility of determining the contribution to the emission of each specific industrial enterprise. The use of spectroscopic probing methods for solving the problem of greenhouse gas emission control, in contrast to standard gas analysis methods, has several undoubted advantages in the rapid non-contact acquisition of the necessary data for studying the composition and physical parameters of the atmosphere. Laser locators (lidars) allow confident detection of local gas formations, plumes of industrial emissions, and the identification of increased content of organic and other hazardous impurities, which pose a potential threat of an environmental catastrophe. The infrared (IR) spectral range is of considerable interest in terms of detecting increased levels of greenhouse and technogenic gases in the atmosphere, since it is in this range that the vibrational-rotational spectra of the main atmospheric pollutants have specific features, which facilitates their identification. In particular, the vibrational-rotational spectra of greenhouse gas components have fairly intense absorption lines in the wavelength range from 1.5 to 5 μm, corresponding to the near and mid-IR region of the optical spectrum. In this regard, the need for developing an IR laser-location system in this wavelength range for solving the problems of sounding one or several gases is greatly increasing.
There are several methods for studying and detecting atmospheric gases, among which a special place is occupied by the method of remote detection and identification of gas traces using selective absorption of laser radiation, which has maximum sensitivity when probing gas components over long distances (differential absorption method or DIAL) [1–4]. The main problem with the practical implementation of DIAL—Differential Absorption Lidar today is the lack of highly monochromatic laser sources of sufficient power in the near and mid-IR ranges, which allow smooth and/or discrete frequency tuning of the radiation. Modern sources of laser radiation for solving atmospheric problems are created based on wide-range IR molecular lasers, as well as parametric frequency converters based on nonlinear crystals, which allow, by generating overtones, harmonics, sum and difference frequencies of laser radiation, to cover the spectral range from 2 to 18 μm. The development of this range, as the most promising for controlling almost all gas components of the atmosphere by the differential absorption method, is currently an urgent task, since the radiation spectra of existing lasers with energy parameters acceptable for use in remote sensing cover only some parts of the specified range. One of the possibilities for obtaining tunable laser radiation in these ranges is to use tunable sources of coherent radiation based on optical parametric oscillator (OPO) using nonlinear crystals. Important parameters of OPO for implementation in remote sensing are low angular divergence of radiation, narrow spectral width, and high output radiation energy. Advances in the research and production of optical crystals allow the development of more and more new gas analysis systems, implemented in the works [5–16], and thereby expand the possibilities of remote monitoring of the environmental state. Let us consider the currently relevant issue of laser remote monitoring of CH4. There are four main absorption bands of methane: near 1.65 μm, 2.3 μm, 3.3–3.4 μm, and 7.7 μm [17]. The most commonly used for laser remote sensing of methane are the methane absorption bands near 1.65 and 3.3 μm, and the sensing technologies in these wavelength ranges are the most developed. The systems discussed in [18–21] operate at λ = 1.65 μm, while those in [22, 23] operate at λ = 3.3–3.4 μm.
The authors of the work [17] found that the productivity of any DIAL system depends on the observation scenario. In general, systems at wavelengths near 3.3 μm can detect smaller methane leaks with higher precision than in the 1.65 μm region.
Accordingly, it is preferable to use absorption lines lying in the three-micron region and falling within the atmospheric transparency window to create a radiation source for a lidar. The acceptable probing height for airborne lidar systems is determined by the safe flight altitude of the aircraft on which the system is mounted and is between 50 and 600 m. Nowadays, lidar complexes have been created to determine the natural gas leaks with an operating wavelength of 3.3922 μm (methane absorption line) and an auxiliary 3.3919 [24] based on commercially produced He-Ne lasers. The disadvantages of these devices include the low average power of the radiation source ∼20 mW, providing a probing height of 40–60 m. Lidars based on chemical, CO-, and CO2-lasers are also known [25, 26]. The disadvantages of these lasers are the need for periodic reloading of the working mixture and large dimensions. In many countries, attempts are being made to create powerful semiconductor lasers operating in the mid-IR range [27]. However, at present, the energy characteristics of such lasers in the wavelength range ∼2–4 μm are rather low (average power ∼100 mW), which prevents their use in remote methane concentration determination. For this reason, the development of a compact source with energy and spectral characteristics that allow for monitoring greenhouse gas emissions at heights of ∼ several hundred metres is a relevant task. One of the possible ways to solve this problem is to develop a source based on the principle of OPO in nonlinear crystals.
For effective operation of the OPO, it is necessary to use crystals with high optical transparency in the given wavelength range, a large value of quadratic nonlinear susceptibility, a high optical breakdown threshold, and good spatial homogeneity. Some of the popular nonlinear materials suitable for generating radiation in the wavelength range of 2–5 μm using OPO are ferroelectric oxides such as lithium niobate (LiNbO3), potassium titanyl phosphate (KTP), potassium titanyl arsenate (KTA), and rubidium titanyl arsenate (RTA). OPO in such structures is achieved through quasi-phase matching, obtained due to the periodically polarized structure of these materials. This, in particular, allows the use of the largest nonlinear optical tensor element d33 for nonlinear conversion, however, the nonlinearity of these materials is still lower than that of ternary compounds with a chalcopyrite crystal lattice type [28].
The most popular materials for OPOs in the wavelength range of 3–12 μm are nonlinear crystals based on ternary compounds: AgGaS2, AgGaSe2, ZnGeP2, and BaGa4Se7. In [29] was obtained OPO in the wavelength range of 3.26–5.34 μm with a pulse energy of the generated radiation of 0.65 μJ, a repetition rate of 50 Hz, and a conversion efficiency of ∼10% when pumping a LiNbO3 crystal with laser radiation from a Tm:YAG laser at 2.01 μm. In [30], OPO was obtained in the wavelength range of 1.8–2.39 μm at a pulse repetition rate of 20 Hz and an efficiency of ∼50% with a pulse energy of 1.8 μJ when pumping a KTP crystal with an Nd:YAG laser. In [31], OPO in KTA was implemented with pumping at a wavelength of 1.064 μm. OPO in the wavelength range of 3.47 μm was obtained in the idle channel with an average power of the generated radiation of ∼500 mW with a nanosecond pulse duration. In [32], OPO was obtained in the wavelength range of 3.9–11.3 μm with a pulse energy of ∼0.37 μJ/cm2 and a conversion efficiency of 22% on an AGS nonlinear crystal when pumped with radiation at ∼1 μm. OPO was also obtained in an AgGaSe2 single crystal in the wavelength range of 2.65–9.05 μm with a conversion efficiency of ∼18% when pumped with radiation at 2.05 μm [33]. It should be noted that the low thermal conductivity and low optical breakdown threshold ∼0.25 J/cm2 of AGS and AgGaSe2 single crystals limit their use as nonlinear elements for OPO of mid-IR radiation. In [34], an OPO based on a BaGa4Se7 crystal was implemented with pumping by pulsed radiation at a wavelength of 1.064 μm. The spectral range of the generated radiation was from 3.42–4.73 μm for the idle wave. The average power of the output radiation was 250 mW at a pulse repetition rate of 250 Hz. Notably, the low thermal conductivity of these crystals limits the repetition rate of OPOs developed on their basis, which is limited to a repetition rate of ∼200 Hz.
Among all the characteristics, the ZnGeP2 single crystal is one of the most effective for OPO in the wavelength range of 3–5 μm (out of a wide variety of nonlinear optical crystals) [28].
The ZnGeP2 single crystal has an absorption coefficient of <0.02 cm−1 in the spectral range of 2.05–8.3 μm [28]. The most powerful OPOs in the 3.3–5.5 μm wavelength range are based on ZnGeP2 (ZGP) single crystals [35]. ZGP-based OPOs generate radiation with an average power of up to 200 W and/or pulse energy of up to 200 mJ at pulse durations of 20–40 ns and repetition rates from a few hertz to hundreds of kilohertz [36–38]. However, the failure-free operation time of these OPOs under the above extreme pumping conditions has to be deliberately limited to a few seconds to avoid optical breakdown of the crystal surface caused by accumulation effects. These sources must be able to operate continuously for several hours at a time, and the total system failure-free operating time must be more than 1,000 h.
It is also worth noting that remote gas analysis requires laser systems with a spectral width of the generated radiation of ≤1 nm. As far as the authors are aware, despite all the advantages of the frequency-energy characteristics of ZGP-based OPOs over other sources of radiation in the 3–5 μm wavelength range, narrow-band generators in the 3–5 μm spectral range have not been created based on ZGP. Since ZGP-based OPOs without introducing selective elements into the resonator have a spectral width of the generated radiation in the range of several hundred nanometers, which does not allow these systems to be used directly for atmospheric sounding.
This work aims to develop and create a radiation source for a remote airborne lidar based on a ZnGeP2 crystal-based optical parametric frequency converter pumped by a Ho:YAG laser for remote monitoring of greenhouse gas emissions in the atmosphere. This will allow the outstanding frequency-energy characteristics of ZGP-based OPOs to be used to solve remote sensing tasks.
2 DEVELOPMENT AND CREATION OF A OPTICAL PARAMETRIC OSCILLATOR LAYOUT BASED ON A ZNGEP2 CRYSTAL
To create a OPO based on a ZnGeP2 crystal, a nonlinear ZGP crystal (manufactured by LLC “LOK,” Tomsk) with linear dimensions of 20 × 6 × 6 mm was fabricated, cut at angles θ = 54.5° and φ = 0°, with antireflection coatings applied to the working, ends at wavelengths λ = 2.097 μm and λ = 3–5 μm. The absorption of radiation at a wavelength of 2.097 μm of the sample was 0.025 cm–1.
A two-stage Lyot filter was used in the layout, located in the resonator of the OPO between the dichroic output mirror and the blind mirror. The Lyot filter was formed by a pair of birefringent plane-parallel plates with an aperture diameter of 30 mm, made of ZGP, cut parallel to the optical axis (100), with thicknesses d1 = 2 mm and d2 = 6 mm. The plates were placed in a frame fixed on a rotary table. The frequency tuning of the generation was carried out by rotating the frame with the plates around the normal to their faces.
In a multi-component Lyot filter (consisting of N elementary Lyot filters), its free dispersion region is determined by the thickness of the thickest filter plate as shown in Eq. 1 [39].
[image: image]
Where c—speed of light, L—the thickness of the plate, [image: image], [image: image]—the refractive indices for the ordinary and extraordinary waves, respectively.
The transmittance T(λ) of a single-stage Lyot filter is given by Eq. 2
[image: image]
For a multi-stage Lyot filter consisting of plates with different thicknesses Lm, the total transmittance T(λ) will be equal to the sum of the individual transmittances Tm(λ) by Eq. 3.
[image: image]
Thicknesses [image: image] of the plates in a multi-stage Lyot filter are chosen to be multiples of a certain value. Rotating the plates of the Lyot filter around an axis perpendicular to the filter surface leads to a shift in the wavelength of the laser radiation. Based on the presented expressions, the Lyot filter used in this work allowed for the guaranteed generation of a single OPO generation peak without parasitic maxima with a linewidth of ∼1 nm.
A pulsed-periodic laser based on Ho:YAG crystals pumped by a thulium fiber laser was used as a pump source for the OPO based on a ZGP single crystal. The Ho:YAG laser had the following energy characteristics: maximum average output power in pulsed mode—15 W, pulse repetition rate—10 kHz, pulse duration at half height—26 ns. The wavelength of the radiation generated by the Ho:YAG laser was 2.097 µm. The amplitude, duration, and energy of the nanosecond pulses of the Ho:YAG laser, as well as the beam diameter, were stable under constant pumping (random fluctuations in the pulse amplitude did not exceed 5%) [40]. The total number of pulses was determined by their repetition rate and exposure time. For each individual series of measurements at the same repetition rate, the number of pulses during the exposure time remained unchanged. To avoid changes in the pulse duration and shape of the generated beam of the Ho:YAG laser, the average power of the pump radiation from the thulium fiber laser was kept the same in all experiments and was equal to ∼30 W. The maximum average power of the radiation generated by the Ho:YAG laser was 15 W in a linearly polarized high-quality Gaussian beam (M2 parameter = 1.2). The L-shaped OPO resonator was formed by a mirror M1 with a radius of curvature R- 300 mm with a transmission of ∼99% at the pump wavelength and a reflection of ∼99% at the generated wavelength. The dichroic plane-parallel mirror M2 with a transmission of ∼99% at the pump wavelength and a transmission of 50% at the generation wavelength was placed at an angle of 450 relative to the incident radiation. The blind mirror M3 had a gold coating. This resonator scheme allowed for single-pass pumping. A ZGP single crystal was placed in the resonator. The Lyot filter ¬– F.L. was placed in the part of the resonator where there was no pump radiation, which significantly reduced the optical and thermal load on this selective element, which allowed achieving stable operation of the filter without the use of cooling systems. Figure 1 shows a photo of the resonator of the OPO, and its diagram in Figure 2.
[image: Figure 1]FIGURE 1 | Photograph of the resonator of the OPO. T, Telescope formed by two lenses; M1, resonator mirror; ZGP, nonlinear element; M2, dichroic mirror; F.L., interference-polarization filter; M3, blind mirror; λp, λs, λi., pump, signal and idler wavelengths, respectively.
[image: Figure 2]FIGURE 2 | Scheme of the setup: T, Telescope formed by two lenses; M1, resonator mirror; ZGP, nonlinear element; M2, dichroic mirror; F.L., interference-polarization filter; M3, blind mirror; λp, λs, λi., pump, signal and idler wavelengths, respectively.
The generated radiation spectrum was measured using an MDR-21 monochromatic (input and output slit width—100 μm, with a diffraction grating of 150 lines/mm and a Hamamatsu photodiode operating in the range of 2.5–4.2 μm.
Figures 3, 4 show the results obtained when measuring the energy characteristics of the OPO layout with a Lyot filter introduced into the resonator (curves −1 Figures 3A, B) and without it, the scheme of which is shown in Figure 2.
[image: Figure 3]FIGURE 3 | (A) Dependence of the OPO generation power on the pump radiation power; (B) Efficiency of the generated radiation on the pump radiation energy density. Curves 1—energy parameters of generation with a Lyot filter introduced into the resonator, curves 2—energy parameters of generation in the absence of Lyot filters in the OPO resonator.
[image: Figure 4]FIGURE 4 | Violet curve—spectrum of the generated radiation when the Lyot filter is introduced into the resonator, blue curve—spectrum of the generated radiation when the Lyot filter is removed from the resonator.
The maximum value of the generation efficiency achieved in the experiment with the Lyot filter introduced into the resonator was 28%. The maximum value of the average power of the generated OPO radiation was 1.6 W at a pulse repetition rate of 10 kHz and with the Lyot filter introduced into the resonator. Measurements carried out with a filter that cuts off the idle radiation showed that there is a uniform distribution of intensity between the signal and idle waves.
Figure 4 shows the spectrum of the signal wave of the generated radiation with the Lyot filter removed from the resonator, the spectral width is ∼250 nm. The spectrum of the generated radiation with the Lyot filter introduced into the resonator is shown in Figure 8. The width of the generated line at half height was 0.7 nm. The losses from the average generation power when the Lyot filter was introduced into the resonator were 30%.
Figure 5 demonstrates the possibility of tuning narrowband radiation by adjusting the Lyot Filter within the range of signal wave generation while maintaining a constant angle θ between the axis C of the ZGP crystal and the direction of incidence of the Ho:YAG laser pump radiation. Figure 5 also includes an enlarged inset to demonstrate the linewidth of the generated OPO lines with the Lyot filter inserted into the resonator. As can be seen from the inset in Figure 5, the linewidth of the generated lines is 0.7 nm at the base.
[image: Figure 5]FIGURE 5 | Dependence of the intensity of the generated OPO radiation on the wavelength obtained using the MDR-23 monochromator. Blue curve—without the Lyot Filter inserted into the resonator, violet curve, green curve, red curve—generation lines with the Lyot Filter inserted into the OPO resonator at different positions of the filter plates.
Tuning of narrowband radiation within the spectral range of 3.3–5 μm was carried out by changing the rotation angle of the ZGP crystal (the angle θ between the axis C of the crystal and the direction of incidence of the pump radiation) and adjusting the Lyot filter. Information on the angles θ and wavelengths of the generated OPO radiation is presented in Figure 6. Figure 6 also shows the calculated tuning curve as a function of the change in angle θ, calculated using the SNLO software package.
[image: Figure 6]FIGURE 6 | Dependence of the wavelength of the generated OPO radiation on the angle θ. Blue dots—experimentally obtained values, insets show experimental spectra of the generated OPO radiation without the Lyot Filter and with the filter inserted into the resonator, red dots—theoretical values obtained using the SNLO software product.
The discrepancies between the theoretical values of the synchronization conditions and the experimentally obtained values can be explained by inaccuracies in determining the angle between the direction of incidence of the pump radiation and the axis of the ZGP crystal C. Also, the discrepancies may be due to differences in the refractive index values of the ZGP crystals used in the experiment from the tabular values used in SNLO to calculate the phase-matching conditions.
The tuning range of the narrow-band radiation in the region of the signal and idle waves was from 3.3 to 5 μm depending on the rotation angle of the crystal, while the pulse energy of the radiation in the entire tuning range was not less than 0.08 mJ. In the wavelength range of 3.5–5 μm, the pulse energy of the radiation was not less than 0.15 mJ. The divergence of the generated radiation did not exceed 1.5 mrad.
A housing for the OPO layout based on a ZnGeP2 crystal was developed, which is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Photograph of the housing of the layout of the Optical parametric oscillator based on the ZnGeP2 crystal with intra-resonator radiation selection.
Pulse duration measurements of the OPO output in the 3.3–5 μm wavelength range were also performed. The results are presented in Figure 8.
[image: Figure 8]FIGURE 8 | Oscillogram of the duration of the radiation pulses generated by the OPO.
Measurements of the beam intensity distribution across the diameter (Figure 9), OPO beam divergence, and pump radiation divergence were performed according to the method described in [41], using a PIROCAM III camera and an interference filter that reflected ∼99% of the pump radiation and transmitted ∼40–60% of the PG radiation. Initially, the diameter of the radiation—d1 was measured in the transverse cross-section of the far-field beam, then the Pirocam III was moved away to a distance—L and the diameter of the PG radiation - d2 was measured again. The divergence angle was calculated using Eq. 4:
[image: image]
[image: Figure 9]FIGURE 9 | (A) Intensity distribution of the pump radiation, (B) Intensity distribution of the generated OPO radiation.
The divergence angle of the pump radiation was ∼1.2 mrad. The divergence angle of the PG radiation was 1.5 mrad on the X-axis and 1.6 mrad on the Y-axis. The M2X,Y parameter for the pump radiation beam was 1.2, and for the PG radiation, the M2X parameter was ∼2.8 and the M2Y parameter was ∼2.5.
Power fluctuations of the ZGP OPO radiation were 7% (root mean square) when the OPO was operated for 1.5 h at maximum output power. The output power of the Ho:YAG laser was more stable with power fluctuations of 5% (root mean square), as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Stability of the output power of the Ho:YAG pump laser—blue line and OPO—red line at maximum power for 90 min of operation.
Power fluctuations of the ZGP OPO radiation and power fluctuations of the Ho:YAG laser are caused by the instability of the pumping diodes of the Tm:YLF laser, which pumps the Ho:YAG laser.
Phase noise is a critical performance parameter for both optoelectronic oscillators [42–44] and OPOs [45, 46].
It should be noted that an open resonator consisting of flat-spherical mirrors (total resonator length L = 101 mm) was used as the resonator of the OPO in this work. Based on Figures 9A, B, the intensity distribution of the pump radiation in the laser beam cross-section had a Gaussian shape, and the radiation generated by the OPO also had an intensity distribution close to Gaussian in the beam cross-section. This indicates that TEM00q longitudinal modes propagate in the OPO resonator. Based on the results presented in [45, 46], under these conditions, the main factor causing phase noise in the OPO is the variation of the resonator’s optical length due to mirror vibrations and thermal expansion of the nonlinear crystal due to the absorption of pump laser radiation. The parameters of the OPO presented in this work and in [45] are practically fully comparable. At the same time, the estimates presented in [45] show that under these pumping conditions and OPO parameters, the real fluctuations of the resonator length caused by the reasons mentioned earlier are ∼100 nm. The calculations and experimental data presented in [45] show that the average value of the phase noise power per longitudinal mode of the signal and idler waves of the OPO is 4∙10–10 W. In the approximation of equidistance of the longitudinal modes of the OPO resonator, based on the fact that the OPO resonator is flat-spherical, the distance between two neighboring longitudinal modes of the resonator is calculated according to the following expression (Eq. 5):
[image: image]
where [image: image]- spacing between two neighboring longitudinal modes, с—light speed, L-resonator length.
Based on expression (4), the spacing between two neighboring longitudinal modes for the OPO resonator presented in this work is 1.485 GHz. In this case, the spectral linewidth of the generated OPO radiation with a LiIO3 filter inserted into the resonator is ∼30 GHz (∼1 nm). Consequently, ∼20 longitudinal modes are formed in the OPO resonator considered in this work.
Thus, based on the presented estimates and results in [45], the maximum phase noise power within the OPO generation spectrum is ∼8∙10–9 W.
Based on the results presented in Figure 10, it is evident that the power fluctuations of the generated OPO radiation caused by the instability of the Tm:YLF laser pumping diodes, which pumps the Ho:YAG laser, are ∼1∙10–1 W and are eight orders of magnitude higher than the contribution to the power fluctuations of the generated radiation caused by phase noise. Thus, this allows us to neglect the contributions of this effect to the stability of the OPO operation under the pumping conditions presented in this work.
Thus, in the course of the research, it was possible to create a layout of an OPO based on a ZGP crystal that generates radiation with a spectral width of 0.7 nm and a pulse energy of 0.08 mJ at a pulse repetition rate of 10 kHz and a pulse duration of 20 ns. The tuning range was from 3.3 to 5 μm. The continuous operation time of the system was 1.5 h. The divergence of the generated radiation did not exceed 1.25 mrad.
3 MODELING OF CO2, CH4, N2O, CO ABSORPTION SPECTRA IN A GAS CELL FOR THE GENERATION RANGE OF A ZNGEP2-BASED OPO WITH DIFFERENT RADIATION LINEWIDTHS
Modeling of the transmission spectra of CO2, CH4, N2O, and CO in the tuning range of the developed ZGP-based OPO 3.3–5 μm (2000–3,030 cm–1) was performed using the SPECTRA software [47] and the HITRAN spectroscopic database [48]. The modeling of the spectra is based on the method of poly-linear calculation of the spectral absorption contour of substances in the gas phase, which is a summation of the standard absorption contours of isolated lines. As a rule, the lines represent vibrational-rotational transitions grouped into separate vibrational bands. The positions of the line centers and their intensities are recorded under certain conditions with high-resolution spectrometers. When modeling the spectra, the data selection is carried out in the section molecule/isotope/spectral bands or a given frequency range for the selected molecule or for the selected or user-defined gas mixture.
As a result of the modeling, the transmission spectra of the atmosphere in the background conditions of mid-latitude summer were obtained for the wavelength range of the developed ZGP-based OPO. The analysis was carried out for CO2, CH4, N2O, and CO gases at a temperature of 292 C, a pressure of 1 atm, at different optical path lengths, and a laser generation line width of 0.7 nm. The results are presented in Figures 6–9. The black curves in Figures 11–14 represent the atmospheric transmission spectra under background summer conditions in mid-latitudes for the wavelength range of the ZGP-based OPO, and the red curves represent the transmission spectra for selected gases at a temperature of 292 C and a pressure of 1 atm. Accordingly, the results presented in Figures 11–14 show informative absorption lines of selected gases lying in the region of atmospheric transparency, which will allow them to be used for remote sensing of background concentrations of these greenhouse gases.
[image: Figure 11]FIGURE 11 | Transmission spectrum of the atmosphere in the wavelength range of tuning of the developed OPO based on the ZGP crystal for CO2 (path length 100 m).
[image: Figure 12]FIGURE 12 | Transmission spectrum of the atmosphere in the wavelength range of tuning of the developed OPO based on the ZGP crystal for CH4 (path length 1,000 m).
[image: Figure 13]FIGURE 13 | Transmission spectrum of the atmosphere in the wavelength range of tuning of the developed OPO based on the ZGP crystal for N2O (path length 500 m).
[image: Figure 14]FIGURE 14 | Transmission spectrum of the atmosphere in the wavelength range of tuning of the developed OPO based on the ZGP crystal for CO (path length 400 m).
From the results presented in Figures 11–14, it is seen that for each of the generation sub-ranges, with different lengths of the sounding path, it is possible to conduct a study of the background concentration of the target gas in the atmospheric transparency windows (Table 1).
TABLE 1 | Information on absorption lines for gases CO2, CH4, NO2, CO in the tuning range of the OPO, central wavelengths of absorption lines, absorption line widths.
[image: Table 1]4 CONCLUSION
In this work, a layout of a OPO based on a ZGP crystal pumped by Ho:YAG laser radiation was developed. The continuous operation time of the system without failure was 1.5 h at a pulse repetition rate of 10 kHz and a pulse energy of the generated radiation of 0.08 mJ. The tuning range of the OPO was from 3.3 to 5 μm when using a Lyot filter. When tuning the radiation generated in the OPO in the wavelength range of 3.5–5 μm, the pulse energy of the radiation was 0.15 mJ. The losses from the average generation power when the Lyot filter was introduced into the resonator were 30%. At the same time, it was possible to achieve a linewidth of the generated radiation of 0.7 nm. The divergence of the generated radiation did not exceed 1.5 mrad. The absorption spectrum of CO2, CH4, N2O, and CO gases in a gas cell was modeled for the entire generation range of the ZnGeP2-based OPO. As a result of the modeling, the most intense absorption lines of CO2, CH4, N2O, and CO gases in the OPO tuning range were identified, and the central wavelengths of the absorption lines and their spectral width were determined.
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