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Due to the extremely complex working conditions, various health and safety hazards are present in underground coal mines, which cause economic losses and heavy casualties. Among these hazards, methane gas explosion and coal combustion are recognized as the two major hazards to miners. Traditional electronic sensors in mine safety monitoring systems have problems such as low precision, a large amount of maintenance, and monitoring dead zones. In the past decade, gas sensors based on tunable diode laser absorption spectroscopy (TDLAS) have been extensively studied and tailored for use in the coal mine industry because of their advantages of high sensitivity, high stability, fast response, intrinsic safety, and remote monitoring. This invited paper introduces the recent progress and typical applications of TDLAS-based methane sensors, carbon monoxide sensors, and multi-gas monitoring systems in coal mine gas monitoring, fire prevention, and early warning in intelligent coal mines.
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INTRODUCTION
Currently, coal is one of the primary energy sources, and it will remain so in the near future. In 2021, 81.73 billion tons of coal were produced worldwide, which is 6.0% more than that in 2020. There are more than 5,000 coal mines in China, of which more than 95% are underground coal mines. Coal mine safety is a very serious issue. In the past decade, gas outbursts and explosions and coal combustion have been the two main hazards encountered in underground coal mines, among which gas explosions are the main cause of very serious accidents, where more than 10 people have died. With the rapid development of gas monitoring systems, coal mine safety has been consistently improved, which is signified by the decrease in casualties. In 2002, China produced 1.4 billion tons of coal with 6995 casualties [1]. In 2021, the casualties decreased to 178 and the production increased to 4.13 billion tons, corresponding to an improvement of 111 times in terms of the casualty rate per million tons of coal production (from 4.9 in 2002 to 0.044 in 2021). To further reduce the number of casualties in coal mines and ensure the safety of life and property, all the hazardous gases present in the mines need to be monitored online to prevent the potential accidents. With the rapid development of the Internet of Things (IoT), 5G communication technology, big data, and other new technologies, mine safety IoT and intelligent mines have gradually become a new trend. Different types of mine sensors, especially for methane, carbon monoxide, and other environmental gases, provide the essential environmental information and data basis for constructing mine safety IoT or intelligent mines. Among the requirements of intelligent mines, one of the most important aims is to reduce the workload of miners and realize intelligent sensing, comprehensive monitoring, autonomous analysis, early warning, and effective control. However, the traditional electronic sensors employed in mine safety monitoring systems cannot meet the key requirements of intelligent mines due to problems such as low precision, poor reliability, large amounts of maintenance, and monitoring dead zones.
For methane detection, the main sensors employed in coal mines are catalytic combustion methane sensors [2–4]. However, they have some unavoidable disadvantages, such as easy poisoning, poor selectivity, and regular calibration, which inevitably increase the workload on coal miners and increase the risk of death and injury to workers. Another methane sensor is the infrared gas sensor, which adopts a broadband infrared light source and an optical filter for differential photoelectric detection [5]. However, it is easily affected by humidity and temperature. Therefore, its reliability and stability are poor in the complex environment of underground coal mines. Additionally, electronic sensors are also employed that cannot be used in special hazard areas, such as goaf, which lead to blind areas in monitoring. In the past decades, with the rapid progress in modern optoelectronic technology, the spectral technology has become the focus of research teams at home and abroad [6, 7]. There are many gas detection methods based on spectroscopy, including cavity-enhanced absorption spectroscopy (CEAS) [8], cavity ring-down spectroscopy (CRDS) [9], photoacoustic spectroscopy (PAS) [10], photothermal spectroscopy (PTS) [11], laser Raman spectroscopy (LRS) [12], and tunable diode absorption spectroscopy (TDLAS) [13]. Because of their better environmental adaptability and reliability, gas sensors based on TDLAS are more and more widely used in the field of gas detection [14, 15]. TDLAS-based gas sensors utilize lasers instead of current and voltage to realize information perception and use optical fibers instead of cables as the information transmission medium. Therefore, laser gas sensors are more suitable for flammable, explosive, and humid coal mine environments. TDLAS technology has the great advantage of in situ online monitoring, and it has become an irreplaceable detection technology in intelligent mines [16–18]. In 1981, Reid J et al. reported the measurement of gas concentrations based on the second harmonic detection technique, which greatly promoted the development of high-precision TDLAS equipment [19]. Since 2017, laser methane sensors have been gradually employed in coal mines [20]. The maintenance period of methane sensors is extended from 2 weeks for the conventional catalytic combustion methane sensor to 6 months for the laser methane sensor. Consequently, it has significantly reduced the number of underground coal miners and improved the intelligence level of coal mines.
Fire is one of the major hazards in coal mines. Coal spontaneous combustion stems from coal residues in the goaf being oxidized and heat being accumulated, which consequently accelerates the combustion and causes fire [21, 22]. The presence and increase of CO are typical characteristics during the early stages of oxidation. When the oxidation becomes severe, the temperature starts to increase, and C2H4 appears. C2H2 is the final warning indicator; its presence signifies that fire is imminent. Therefore, for the early detection of coal combustion, CO is the most important characteristic gas to monitor. Carbon dioxide (CO2), ethylene (C2H4), acetylene (C2H2), and other landmark gases are also important for monitoring spontaneous combustion hazards. Typically, the required detection sensitivity for CO is 1 ppm, and for C2H4 and C2H2, it is 0.1 ppm. Conventional monitoring technology is based on tubing bundle gas sampling systems and chromatography-based gas monitoring instruments [23], which are typically located at the ground monitor center and suffer from long delay times, cumbersome maintenance, and inaccuracy due to possible tubing leakage.
Based on the demands of intelligent coal mines, our group has developed various gas sensors based on TDLAS technology, which have been successfully demonstrated and applied in the construction of mine safety IoT and intelligent coal mines. In this invited paper, the principle, advantages, applications, and recent progress in TDLAS-based gas sensors used for coal mine safety are comprehensively introduced.
PRINCIPLES OF LASER ABSORPTION SPECTROSCOPY
The physical basis of TDLAS technology is the absorption of light energy of a specific frequency by gas molecules. When the frequency of incident light is the same as the vibration frequency inside a molecule, the two resonantly couple, and the molecule absorbs light energy and produces a transition. When the vibration level transits from the ground state to the first excited state, the absorption is the fundamental frequency absorption. When the molecular vibrational level transitions from the ground state to the second excited state and above, the resulting absorption is overtone absorption [24, 25]. The absorption peaks have significant characteristics, which can be used as a basis for determining the molecular type or atomic group of gas and can be used for the qualitative and quantitative analyses of gas.
The intensity of infrared light absorbed by gas molecules is related to not only the optical path of light in the material but also the concentration of gas. The Beer–Lambert law of absorption is satisfied between the initial and outgoing light intensities [26]:
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where [image: image] is the input light power, [image: image] is the outgoing light intensity, [image: image] is the volume concentration of the gas, [image: image] is the length of the gas absorption path, and [image: image] is the gas absorption coefficient, which is affected by the temperature and pressure as gas is compressible and which satisfies
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where [image: image] is the temperature dependence of the absorption coefficient, P is the ambient pressure, and [image: image] is the line-shape function. The three commonly used line-shape functions are the Lorentzian function, the Gaussian function, and the Voigt function. In the measurement environment of coal mines, the collision broadening of gas molecules is dominant. Therefore, the Lorentzian function is selected to describe the line-shape function of the absorption spectrum, which satisfies
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where [image: image] is the central frequency of the absorption spectrum line and [image: image] is the full width at half height of the spectral line caused by collision widening. The integral value of the line-shape function [image: image] in the full frequency domain is 1 unit. By carrying out logarithm calculations on both sides of Eq. 1 followed by integration, we have
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Then, the volume concentration of the gas can be expressed as follows:
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TDLAS technology mainly uses the narrow line width and tunability of tunable semiconductor lasers to measure one or several close absorption lines of gas molecules. Gas sensors based on TDLAS technology are highly sensitive and stable due to the tunable semiconductor laser’s narrow line width, controllable operating temperature, and optical power output, which is the reason for the rapid development of this technology.
LASER METHANE SENSOR AND APPLICATIONS TO ON-LINE MONITORING OF COAL MINE GAS
Laser methane sensor
Methane (CH4) is the most important gas in coal mine safety monitoring. When CH4 in the concentration range of 5%–16% meets an open flame, it will immediately explode. By pressurizing fresh air flow from the ground to the coal mine, O2 can be supplied underground, and the CH4 concentration can be reduced. Methane gas has absorption peaks around the 3.3 μm and 1.65 μm bands. However, the mid-infrared (MIR) laser is very expensive and needs to be cooled. The 1.65 μm band is similar to an optical fiber communication band, and the photoelectric device is mature and cheap. Therefore, laser methane sensors usually choose the absorption peak near 1.65 μm for detection. Direct absorption spectroscopy (DAS) and wavelength modulation spectroscopy (WMS) are two signal processing methods widely used in TDLAS [27, 28]. Direct absorption detection can be realized by scanning the gas absorption signal with sawtooth current modulation laser wavelength. When the laser passes through the target gas, a curve rising with the laser wavelength is detected using the photodetector. The curve has a depression at the corresponding absorption peak. The gas absorption characteristic line can be obtained by normalizing the detection curve. The DAS system inverts the gas concentration by directly monitoring the attenuation of light intensity, and its experimental device and scheme are relatively simple. For the WMS system, the high-frequency modulated signal is superimposed on the low-frequency scanning signal as the driving signal of the laser. Then, the harmonic signal of the absorption spectrum is obtained by using the phase-locked amplification technology, and the gas concentration is detected according to the peak value of the harmonic signal. Most of the background noise, especially the 1/f noise, has the characteristics of high intensity in the low-frequency band and is greatly reduced in the high frequency. Therefore, the WMS system can effectively suppress the background noise introduced into the spectrum by circuit systems, optical devices, and optical–mechanical systems. It can effectively extract weak signals from noise and improve the detection sensitivity of spectral signals. Inaba H et al. first used the spectral absorption method to conduct long-distance air pollution monitoring [29]. Uehara K and Tai H used a 1.6-μm single-mode distributed feedback laser (DFB-LD) to detect methane gas concentration at room temperature [30]. The system used the harmonic method with wavelength modulation, and its minimum detectable sensitivity is 20 ppm. The system achieved high detection sensitivity due to the combination of DFB-LD, wavelength modulation harmonic detection technology, and optical fiber technology. Zhang et al. proposed a single-channel direct absorption methane measurement system with a 1.33-μm DFB-LD and an optical power meter with a response sensitivity of 1 nW [31]. They verified the linear relationship between the output electrical signal and the concentration when the concentration was less than 15%. Iseki et al. designed a portable methane telemetry sensor with a 1.65-μm DFB-LD and a measuring distance of 10 m and a measuring accuracy of 5 ppm [32]. The aforementioned studies greatly promoted the advancement of laser methane sensing technology.
Reducing the overall power consumption of laser methane sensors is important for application in underground coal mines. When the power consumption of a CH4 sensor is too high, the number of sensors that can be supplied by an intrinsically safe power supply cannot meet the requirements of coal mine gas detection. Additionally, to meet the 6 km transmission distance requirement stipulated by the coal mine safety monitoring system, the sensor current and power consumption need to be reduced as much as possible to increase the detection distance between the sensor probe and the power supply substation. A vertical-cavity surface-emitting laser (VCSEL) has a considerably lower threshold current, operating current, and operating power consumption than the distributed feedback (DFB) laser [33, 34]. Generally, the current modulation regime of the DFB laser is about 10 p.m/mA and that of VCSEL is up to 400 p.m/mA. Thus, VCSEL has higher current-wavelength tuning characteristics than the DFB laser. Moreover, the wavelength modulation coefficient of VCSEL is smaller by temperature modulation and larger by current modulation [35]. With the development of long-wavelength VCSEL technology, the research on gas detection technology based on low-power VCSEL has become very attractive [36, 37].
In order to ensure that the laser output wavelength can lock the gas absorption peak stably, the conventional laser gas detection technology usually uses a semiconductor cooler to control the laser temperature within a certain range and uses the method of current trimming to measure the absorption spectrum line. The temperature control system of the laser increases the overall power consumption of the gas detection system. Our group developed a laser methane detection system based on VCSEL without a thermoelectric cooler (TEC). The system realized gas detection without a temperature control system, thus effectively reducing system power consumption. Based on the wide wavelength range of VCSEL, the multi-absorption peak intelligent tracking technology has been successfully developed. Figure 1 shows the absorption spectrum of methane gas in the near-infrared range. The wavelengths we selected to detect the absorption lines are 1642.9 nm, 1645.5 nm, 1650.9 nm, and 1653.7 nm. According to the absorption information of the reference gas chamber, the current feedback technology was used to control the laser to work on one of the aforementioned absorption peaks. According to the wavelength variation law of VCSEL with temperature, a dynamic adjustment relationship had been established between the gas detection absorption peak and temperature. The system realized methane detection by adaptively tracking the methane absorption line. Furthermore, the temperature and pressure characteristics of different absorption peaks have been studied. Subsequently, a laser methane-sensing module has been successfully developed with a power consumption of less than 100 mW at an ambient temperature of −20 to 60°C.
[image: Figure 1]FIGURE 1 | Absorption spectra of methane gas in the 1650 nm region.
Applications of the laser methane sensor in coal mine on-line monitoring
According to the safety regulations in coal mines, fixed or mobile methane sensors need to be installed in key areas of the mining face and return air roadways. When the methane concentration reaches 1.0%, a sound and light alarm will be set off, and when the methane concentration reaches 1.5%, power will be cut off for equipment in the related area [38]. Based on the high humidity and dust environment of coal mines, laser methane sensors need to conduct the engineering design of waterproof, dustproof, impact-resistant, anti-electromagnetic interference, and other necessary coal mine electrical equipment. Figure 2 displays the developed laser methane sensor products. These are the optical fiber methane sensor, the second-generation laser methane sensor, the latest miniaturization laser methane sensor, and the portable methane sensor. Currently, laser methane sensors are used in more than 1,000 coal mines in China. This application shows that their advantages, such as stability and moisture resistance, have been recognized by the coal mine industry. Laser methane sensors do not need to be recalibrated, which significantly reduces the workload of equipment maintenance personnel. With its low power consumption characteristics, the module can be used as a wireless sensor for remote detection in the upper corner of coal mines or gas drainage pipelines.
[image: Figure 2]FIGURE 2 | The developed laser methane sensor products.
Figure 3 shows the continuous monitoring data of methane gas in 10,307 working faces of the Xinlongzhuang coal mine from 12 July to 13 July 2018. The results show that the monitoring curve of the laser methane sensor has a smaller fluctuation and a faster response than that of the traditional catalytic combustion methane sensor. Moreover, it verifies that the laser methane sensor is not easily affected by moisture, in contrast to the traditional catalytic element and infrared methane sensor, which are easily affected by moisture. Thus, laser methane sensors provide an effective way for methane monitoring in intelligent coal mines.
[image: Figure 3]FIGURE 3 | The methane monitoring data in 10307 working face.
COAL MINE FIRE MONITORING AND EARLY WARNING
In China, 95% of the coal mines are well coal mines, and more than 60% have a spontaneous combustion tendency. In goaf, coal can easily oxidize spontaneously and even develop into fire. In the early stage, the oxidation reaction mainly produces CO, and as the temperature increases, the oxidation reaction becomes violent and yields C2H4 and C2H2. Therefore, the presence of CO, C2H4, and C2H2 can be used for fire warning. Additionally, O2, CH4, and CO2 are important gases that need to be monitored for the spontaneous combustion control of coal.
Laser CO sensor
Accurate measurement of CO, the signature gas of early fire, is of decisive significance for the early diagnosis of fire and for providing sufficient time for prevention and control. The real-time monitoring of the CO concentration should be performed in coal seams that are prone to spontaneous combustion, such as return air lanes in mining areas, firewalls in closed fire areas, and spontaneous combustion observation points. The alarm trigger of the CO sensor is the CO concentration of 24 ppm. As depicted in Figure 4, CO affords absorption lines in the infrared region: the weak second overtone band (∼1.56 μm), the first overtone band (∼2.3 μm), and the strongest fundamental vibration band (∼4.6 μm) [39]. According to the Beer–Lambert law, the performance of the laser CO sensors is closely related to the strength of the absorption lines. The figure shows that the near-infrared (NIR) absorption is about four magnitudes weaker than that around 4.6 μm. However, to use telecommunication laser devices and standard single-mode optical fibers, the harmonic absorption spectra in the NIR region are of interest. Xia et al. realized a detection sensitivity of 0.25 ppm in the 1566.6 nm band using the 56 m optical path and second harmonic technique [40]. Owing to the advantage of intrinsic safety, this sensor scheme can be successfully applied in coal mines. However, a long-path-length multi-pass gas cell must be employed in the developed NIR CO sensors. Therefore, complex structures and large volumes may be unavoidable for the NIR CO sensors.
[image: Figure 4]FIGURE 4 | Absorption lines of CO from 1.5 μm to 5 μm.
As shown in Figure 4, the absorption lines of CO have coefficients of 3.47 × 10−21 (cm−1/mol cm−2) at 2.3 μm, which is about two magnitudes stronger than NIR absorption. Therefore, a highly sensitive CO sensor can be realized using a 2.3-μm laser. CO sensors with increasing sensitivity have been reported using a 2.3-μm laser diode. Dang et al. achieved a detection sensitivity of 0.06 ppm for CO monitoring with a 2334 nm absorption peak, which is therefore attractive for coal mining applications [41]. Chen et al. adopted a 2.3-μm VCSEL as the light source and realized the detection of trace CO using wavelength modulation and by introducing a reference chamber [42]. Wang et al. presented a stable and reliable CO monitoring system with high sensitivity for use in the mining industry in particular, tailoring the design specifically for forecasting spontaneous combustion [43]. Their results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | The typical measurement data of CO monitoring system.
The main difficulty in CO detection in underground coal mines is the elimination of the influence of CH4, CO2, and humidity on the measurement. The absorption lines of CH4, CO, CO2, and H2O at 2–3 μm are shown in Figure 6. Therefore, the problem of multi-gas cross-interference in the practical application of sensors in underground coal mines needs to be analyzed and solved. In the 2.33 μm band, CH4 has a serious effect on CO. Although it can be compensated by measuring the methane concentration, the compensation effect is limited due to the limitations of the methane measurement accuracy.
[image: Figure 6]FIGURE 6 | Absorption lines of CH4, CO, CO2, and H2O at 2-3 μm.
In the MIR band of 4.6 μm, several strong CO absorption peaks are present, which are not interfered by CH4 and CO2. With the rapid development of MIR laser technology, the TDLAS-based CO sensor has made a new breakthrough [44–46]. In recent years, compact CO sensors with ultra-high sensitivity have been reported using a room-temperature interband cascade laser or a quantum cascade laser (QCL) around 4.6 μm [47–49]. Our team developed a laser CO gas sensor with an optical path of 20 cm using a 4.6-μm QCL, and the measured results are shown in Figure 7. As shown in the figure, the detection sensitivity is greatly improved, even with short optical paths.
[image: Figure 7]FIGURE 7 | The typical measurement data.
Multi-gas monitoring system
For early warning of coal spontaneous combustion, high precision and a wide dynamic detection range for the gas concentrations of CH4, CO, CO2, C2H4, and C2H2 as well as other markers are required. The typical measurement requirements for multi-gas monitoring are shown in Table 1.
TABLE 1 | Measurement requirements of multi-gas monitoring.
[image: Table 1]In the recent years, considerable studies have been conducted on multi-gas monitoring [50–52]. Zhao et al. designed a detection system that can simultaneously detect CH4, CO, and C2H2 by multiplexing 1653.72 nm, 2326.82 nm, and 1531.59 nm light sources [53]. However, the field application environment of coal mines has not been well studied. Based on the typical demand for coal mine fire monitoring and early warning, our group developed a laser multi-gas sensing system based on a multi-band semiconductor laser array. The schematic of the multi-gas sensing device is shown in Figure 8. The monitoring system solves the problem of the measurement error caused by the spectral overlap in a multi-component gas environment and realizes the simultaneous high-precision detection of trace gases and high-concentration gases. The test data on the laser multi-gas sensing device are shown in Figure 9. As an effective technical solution, the combination of the TDLAS-based multi-gas monitoring system and the fiber optic Raman-scattering-based distributed temperature sensor (DTS) provides early warning information about both the oxidation status and the hot zone location, which are increasingly used for goaf combustion monitoring in coal mines.
[image: Figure 8]FIGURE 8 | Block diagram of TDLAS-based multi-gas sensor system.
[image: Figure 9]FIGURE 9 | The test data of laser multi-gas monitoring system.
CONCLUSION
In the next few decades, coal will still occupy an important position in the energy structure. Therefore, the study on coal mine safety is of great significance. Multi-parameter monitoring in coal mines is challenging as the monitoring area is large, the environment is complex and harsh, and the number of objects to monitor is vast. With the advances in laser absorption spectroscopy, an increasing number of TDLAS-based gas sensors are being developed and applied in coal mines because of their unique advantages, including intrinsic safety, online detection, high precision, and reliability.
Coal mines have many hidden dangers, such as gas explosions and coal spontaneous ignition. Based on the monitoring needs of coal mine safety hazards, this invited paper focused on the research on laser methane sensors, CO sensors, multi-gas sensors and the application progress in gas monitoring and fire prevention. The laser methane sensor has realized full-range measurements with high precision, and field applications have shown that it has a significantly higher moisture resistance than infrared sensors. Since they do not require calibration, laser gas sensors can greatly reduce the maintenance workload, false alarm, and human fault. Aiming at the typical demand for multi-gas monitoring for coal mine fire monitoring and early warning, laser CO sensors and laser multi-gas sensing systems were demonstrated herein. With the rapid development of MIR laser technology, miniaturized laser trace gas sensors are gradually expected to be widely used in the coal mining industry.
With increasing coal mine safety, the emphasis has shifted toward mine safety IoT. For the monitoring and prevention of all hazards, mine safety IoT will be realized through the development of IoT and intelligent big data analysis. It is hoped that this invited paper can promote the application and technical progress of laser sensing technologies for mine safety and advance the rapid development of intelligent mines.
AUTHOR CONTRIBUTIONS
WG: methodology and writing—original draft. JH: methodology and writing—original draft. WG, JU, and ZW: writing—reviewing and editing. YW: validation. QZ: formal analysis. TZ: project administration and supervision. KG: conceptualization. YL: discussion and suggestions. TL: discussion and suggestions. WZ: proofreading. YN: resources.
FUNDING
This work was supported by the National Key Research and Development Program of China (Grant No. 2021YFB3201904), Natural Science Foundation of Shandong Province (Grant Nos. ZR2020QF098, ZR2020KC012, and ZR2022QF035), Innovation Team Program of Jinan (Grant Nos. 2020GXRC032 and 2021GXRC037), and Program from Qilu University of Technology (Grant Nos. 2022JBZ01-04, 2022GH001, 2022PX045, and 2022PT029).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 1. Wang WC, Qiao W, Wang RZ. Prediction research of annual death numbers and annual coal production in chinas coal industry based on simple linear regression. Industry and Mine Automation (2010) 36(12):27–9. 
 2. Su J, Cao L, Li L, Wei J, Li G, Yuan Y. Highly sensitive methane catalytic combustion micro-sensor based on mesoporous structure and nano-catalyst. Nanoscale (2013) 5(20):9720–5. doi:10.1039/c3nr02916f
 3. Li Z, Ding X, Hu Y, Yu Y, Gao S. Research of methane measuring technique with full range by catalytic combustion. In: 2014 Fourth International Conference on Instrumentation and Measurement, Computer, Communication and Control;  (18-20 September 2014); Harbin, China (2014). 671–4. doi:10.1109/IMCCC.2014.143
 4. Wang Y, Tong MM, Zhang D, Gao Z. Improving the performance of catalytic combustion type methane gas sensors using nanostructure elements doped with rare Earth cocatalysts. Sensors (2010) 11(1):19–31. doi:10.3390/s110100019
 5. Wu YZ, Chen DY, Guo AF. Development of non-dispersive infrared methane gas transducer. J China Coal Soc (2007) 32(11):1224–7. doi:10.3321/j.issn:0253-9993.2007.11.022
 6. Bogue R. Detecting gases with light: A review of optical gas sensor technologies. Sensor Rev (2015) 35(2):133–40. doi:10.1108/SR-09-2014-696
 7. Zhang Z, Zhang F, Xu B, Xie H, Fu B Lu X, et al. High-sensitivity gas detection with air-lasing-assisted coherent Raman spectroscopy. Ultrafast Sci (2022) 2022:11–8. doi:10.34133/2022/9761458
 8. Amiot C, Aalto A, Ryczkowski P, Toivonen J, Genty G. Cavity enhanced absorption spectroscopy in the mid-infrared using a supercontinuum source. Appl Phys Lett (2017) 111(6):061103. doi:10.1063/1.4985263
 9. Hu M, Hu M, Wang W, Wang Q. Wavelength-scanned all-fiber cavity ring-down gas sensing using an L-band active fiber loop. Appl Phys B (2022) 128(2):30–7. doi:10.1007/s00340-022-07757-3
 10. Wang Z, Wang Q, Zhang H, Borri S, Galli I Sampaolo A, et al. Doubly resonant sub-ppt photoacoustic gas detection with eight decades dynamic range. Photoacoustics (2022) 27:100387. doi:10.1016/j.pacs.2022.100387
 11. Wang Q, Wang Z, Zhang H, Jiang S, Wang Y Jin W, et al. Dual-comb photothermal spectroscopy. Nat Commun (2022) 13:2181. doi:10.1038/s41467-022-29865-6
 12. Fu Y, Cao J, Yamanouchi K, Xu H. Air-laser-based standoff coherent Raman spectrometer. Ultrafast Sci (2022) 2022:1–9. doi:10.34133/2022/9867028
 13. Lackner M. Tunable diode laser absorption spectroscopy (TDLAS) in the process industries–a review. Rev Chem Eng (2007) 23(2):65–147. doi:10.1515/REVCE.2007.23.2.65
 14. Sun J, Chang J, Zhang Q, Xie Y, Zhang Z Feng Y, et al. Recent progress in research on TDLAS fiber optical gas sensor performance improvement. SPIE (2019) 11068:138–43. doi:10.1117/12.2523562
 15. Werle P, Slemr F, Maurer K, Kormann R, Mucke R, Janker B. Near- and mid-infrared laser-optical sensors for gas analysis. Opt Lasers Eng (2002) 37(2/3):101–14. doi:10.1016/S0143-8166(01)00092-6
 16. Dinh TV, Choi IY, Son YS, Kim JC. A review on non-dispersive infrared gas sensors: Improvement of sensor detection limit and interference correction. Sensors Actuators B: Chem (2016) 231:529–38. doi:10.1016/j.snb.2016.03.040
 17. Liu XN, Ma YF. Tunable diode laser absorption spectroscopy based temperature measurement with a single diode laser near 1.4 μm. Sensors (2022) 22:6095. doi:10.3390/S22166095
 18. Qiao SD, Sampaolo A, Patimisco P, Spagnolo V, Ma YF. Ultra-highly sensitive HCl-LITES sensor based on a low-frequency quartz tuning fork and a fiber-coupled multi-pass cell. Photoacoustics (2022) 27:100381. doi:10.1016/J.PACS.2022.100381
 19. Reid J, Labrie D. Second-harmonic detection with tunable diode lasers—comparison of experiment and theory. Appl Phys B (1981) 26(3):203–10. doi:10.1007/BF00692448
 20. Wei Y, Hu J, Zhang T, Fu X, Yang B Bi W, et al. Mine laser methane sensor and its application development. In: 2017 2nd International Conference for Fibre-optic and Photonic Sensors for Industrial and Safety Applications (OFSIS). IEEE;  (Jan 8-10); Brisbane,Australia (2017). 56–62. doi:10.1109/OFSIS.2017.15
 21. Lang L, Fu-Bao Z. A comprehensive hazard evaluation system for spontaneous combustion of coal in underground mining. Int J coal geology (2010) 82(1-2):27–36. doi:10.1016/j.coal.2010.01.014
 22. Deng J, Xu JC, Ruan GQ. Review of the prediction and forecasting techniques of coal self-heating both at home and abroad. J Xi′an Mining Inst (1999) 19(4):293–7. doi:10.13800/j.cnki.xakjdxxb.1999.04.002
 23. Cliff D. The ability of current gas monitoring techniques to adequately detect spontaneous combustion. Australia: University of Queensland (2005). 219–24. Available at: http://espace.library.uq.edu.au/view/UQ:102988. 
 24. Sonnenfroh DM, Allen MG. Absorption measurements of the second overtone band of NO in ambient and combustion gases with a 1.8-µm room-temperature diode laser. Appl Opt (1997) 36(30):7970–7. doi:10.1364/AO.36.007970
 25. Claps R, Englich FV, Leleux DP, Richter D, Tittel FK, Curl RF. Ammonia detection by use of near-infrared diode-laser-based overtone spectroscopy. Appl Opt (2001) 40(24):4387–94. doi:10.1364/AO.40.004387
 26. Abitan H, Bohr H, Buchhave P. Correction to the beer-lambert-bouguer law for optical absorption. Appl Opt (2008) 47(29):5354–7. doi:10.1364/AO.47.005354
 27. Liang R, Wang F, Xue Q, Wang Q, Wu J Cheng Y, et al. A Fourier-domain-based line shape recovery method used in direct absorption spectroscopy. Spectrochimica Acta A: Mol Biomol Spectrosc (2022) 275:121153. doi:10.1016/j.saa.2022.121153
 28. Wang F, Liang R, Xue Q, Wang Q, Wu J Cheng Y, et al. A novel wavelength modulation spectroscopy gas sensing technique with an ultra-compressed wavelength scanning bandwidth. Spectrochimica Acta Part A: Mol Biomol Spectrosc (2022) 280:121561. doi:10.1016/j.saa.2022.121561
 29. Inaba H, Kobayasi T, Hirama M, Hamza M. Optical-fibre network system for air-pollution monitoring over a wide area by optical absorption method. Electron Lett (1979) 15:749–51. doi:10.1049/el:19790536
 30. Uehara K, Tai H. Remote detection of methane with a 1.66-μm diode laser. Appl Opt (1992) 31(6):809–14. doi:10.1364/AO.31.000809
 31. Zhang Y, Wang HY, Gao XN. Methane sensing system based on infrared absorption. Piezoelectrics & Acoustooptics (2008) 30(2):156–8. doi:10.3969/j.issn.1004-2474.2008.02.010
 32. Iseki T, Tai H, Kimura K. A portable remote methane sensor using a tunable diode laser. Meas Sci Technol (2000) 11(6):594. doi:10.1088/0957-0233/11/6/302
 33. Lytkine A, Jaeger W, Tulip J. Multi-species gas detection with long-wavelength VCSEL. Proc SPIE (2004) 5594:155–63. doi:10.1117/12.570059
 34. Lytkine A, Lim A, Jaeger W, Tulip J. Tunable diode laser spectroscopy of benzene near 1684 nm with a low-temperature VCSEL. Appl Phys B (2010) 99(4):825–32. doi:10.1007/s00340-010-4024-8
 35. Li Y, Chang L, Zhao Y, Meng X, Wei Y Wang X, et al. A fiber optic methane sensor based on wavelength adaptive vertical cavity surface emitting laser without thermoelectric cooler. Measurement (2016) 79:211–5. doi:10.1016/j.measurement.2015.09.044
 36. Hangauer A, Chen J, Seemann K. Compact VCSEL based CO2 and H2O sensor with inherent wavelength calibration for safety and air-quality applications. In: Conference on Lasers and Electro-Optics: Applications;  (16-21 May); San Jose,California (2010). JThB3. doi:10.1364/CLEO.2010.JThB3
 37. Li YF, Yue JH, Meng H. Optic fiber sensing technology based safety monitoring system for coal mine gas drainage. Shandong Sci (2014) 27(3):51–6. doi:10.3976/j.issn.1002-4026.2014.03.010
 38. Sun JP. Proposal of revision for monitoring, communication and video surveillance of coal mine safety regulation. Industry and Mine Automation (2014) 40(3):1–6. doi:10.13272/j.issn.1671-251x.2014.03.001
 39. Rothman LS, Gordon IE, Babikov Y, Barbe A, Chris Benner D Bernath P, et al. The HITRAN2012 molecular spectroscopic database. J Quantitative Spectrosc Radiative Transfer (2013) 130:4–50. doi:10.1016/j.jqsrt.2013.07.002
 40. Xia H, Wu B, Zhang ZR, Pang T, Dong F-Z, Wang Y. Stability study on high sensitive CO monitoring in near-infrared. Acta Phys Sin (2013) 62(21):214208. doi:10.7498/aps.62.214208
 41. Dang JM, Yu HY, Song F, Wang YD, Sun YJ. Development of a CO sensor for early fire detection. Optics and Precision Engineering (2018) 26(8):1876–81. doi:10.3788/OPE.20182608.1876
 42. Chen J. Compact laser-spectroscopic gas sensors using vertical- cavity surface-emitting lasers. Munich: Technical University of Munich (2016). 
 43. Wang ZW, Li YF, Zhang TT, Hu J, Wei Y Liu T, et al. A long-term stable monitoring system for atmospheric carbon monoxide based on 2.3 μm laser absorption. J Phys : Conf Ser (2018) 1065(25):252017. doi:10.1088/1742.6596/1065/25/252017
 44. Li JS, Deng H, Sun J, Yu B, Fischer H. Simultaneous atmospheric CO N2O and H2O detection using a single quantum cascade laser sensor based on dual spectroscopy techniques. Sensors Actuators B: Chem (2016) 231:723–32. doi:10.1016/j.snb.2016.03.089
 45. Shen F, Akil J, Wang G, Poupin C, Cousin R Siffert S, et al. Real-time monitoring of N2O production in a catalytic reaction process using mid-infrared quantum cascade laser. J Quantitative Spectrosc Radiative Transfer (2018) 221:1–7. doi:10.1016/j.jqsrt.2018.09.022
 46. Liu NW, Xu LG, Zhou S, Zhang L, Li J. Soil respiration analysis using a mid-infrared quantum cascade laser and calibration-free WMS-based dual-gas sensor. Analyst (2021) 146(12):3841–51. doi:10.1039/D1AN00503K
 47. Ma Y, Lewicki R, Razeghi M, Tittel FK. QEPAS based ppb-level detection of CO and N_2O using a high power CW DFB-QCL. Opt Express (2013) 21(1):1008–19. doi:10.1364/OE.21.001008
 48. Du Z, Zhang S, Li J, Gao N, Tong K. Mid-infrared tunable laser-based broadband fingerprint absorption spectroscopy for trace gas sensing: a review. Appl Sci (2019) 9(2):338. doi:10.3390/app9020338
 49. Kosterev A, Wysocki G, Bakhirkin Y, So S, Lewicki R Fraser M, et al. Application of quantum cascade lasers to trace gas analysis. Appl Phys B (2008) 90(2):165–76. doi:10.1007/s00340-007-2846-9
 50. Sun J, Chang J, Wei Y, Zhang Z, Lin S Wang F, et al. Dual gas sensor with innovative signal analysis based on neural network. Sensors Actuators B: Chem (2022) 373:132697. doi:10.1016/j.snb.2022.132697
 51. Zhang T, Jiang T, Ning Y, Hu J, Liu T Sun T, et al. High precision synchronous detection method for multi-gas detection using a single laser. J Phys : Conf Ser (2018) 1065(25):252013. doi:10.1088/1742-6596/1065/25/252013
 52. Wang Z, Zhang H, Wang J, Jiang S, Gao S Wang Y, et al. Photothermal multi-species detection in a hollow-core fiber with frequency-division multiplexing. Sensors Actuators B: Chem (2022) 369:132333. doi:10.1016/j.snb.2022.132333
 53. Zhao XH, Sun PS, Zhang ZR. Wide-range multi-gas detection method based on wavelength modulation spectroscopy and direct absorption spectroscopy. Infrared Laser Eng (2022). doi:10.3788/IRLA20220248
Conflict of interest: JH, TL, and YN were employed by the company Shandong Micro-Sensor Photonics Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Gong, Hu, Wang, Wei, Li, Zhang, Zhang, Liu, Ning, Zhang and Grattan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Recent advances in laser gas sensors for applications to safety monitoring in intelligent coal mines		Introduction

		Principles of laser absorption spectroscopy

		Laser methane sensor and applications to on-line monitoring of coal mine gas		Laser methane sensor

		Applications of the laser methane sensor in coal mine on-line monitoring





		Coal mine fire monitoring and early warning		Laser CO sensor

		Multi-gas monitoring system





		Conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/inline_10.gif
g(v,v)





OPS/images/inline_4.gif





OPS/images/inline_3.gif





OPS/images/inline_1.gif
Iy (v)





OPS/images/fphy-10-1058475-t001.jpg
Gas Full-scale  Resolution Unit
co 0-1000 0-100 +4 10
100-500 £5% true value
500-1000 6% true value
CO, 0-5 0-05 0.1 %
05-5 £(0.08 + 5% true value)
CH,  0-100 0-2 0.5 10°
2-5 £1
5-10 £2
10-20 +3
20-100 £(1 + 10% true value)
CoHy 0-100 0-2 0.5
2-5 £1 10°
5-10 £2
10-20 +3
20-100 £(1 + 10% true value)
CH, 0-100 0-1 0.1 %
1-40 £10% true value

40-100

+10









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Physics





OPS/images/fphy-10-1058475-g005.gif
sem

R
H
7o § “

T






OPS/images/fphy-10-1058475-g006.gif





OPS/images/fphy-10-1058475-g003.gif





OPS/images/fphy-10-1058475-g004.gif





OPS/images/fphy-10-1058475-g009.gif





OPS/images/fphy-10-1058475-g007.gif
o]

Do Namber [rr——
(o Normalzed tsorpto secia o et (bTh elation e the (4.

coecetation CO® 461 ot O conouatatien.





OPS/images/fphy-10-1058475-g008.gif





OPS/images/math_4.gif
@






OPS/images/cover.jpg
& frontiers | Frontiers in Physics






OPS/images/math_3.gif
@





OPS/images/math_5.gif
A ©
S(TOPL  S(TPL





OPS/images/fphy-10-1058475-g001.gif
Wavelength (am)





OPS/images/inline_9.gif
Ay





OPS/images/fphy-10-1058475-g002.gif





OPS/images/math_2.gif
alv)=8(T)glv,






OPS/images/math_1.gif
dg(v)exp|-alv)CL|,





OPS/images/inline_6.gif





OPS/images/inline_5.gif





OPS/images/inline_8.gif
Yo





OPS/images/inline_7.gif
g(v,v)





