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Abstract

Objective Methane (CH,) is the main component of natural gas; it is a kind of colorless, odorless, flammable, and
explosive gas. It has major safety hazards in natural gas transportation and coal mining. The demand for natural gas
has gradually increased recently. Generally, natural gas is transported to various areas through pipelines, and the
aging of pipelines may cause leakages, which will cause long-term CH, emissions, resulting in severe environmental
problems and huge energy waste. In a closed environment, CH, leakage is difficult to detect, which leads to potential
hazards, such as suffocation and explosion. For example, in factories, coal mines, and other places, when the CH,
concentration in the environment reaches a certain limit (5%-17%), an explosion will occur, leading to severe
safety accidents. Therefore, real-time and accurate CH, concentration detection in the production environment is
paramount to ensure life safety and reduce economic losses. In this study, a near-infrared sensor system based on the
open-path off-axis integrated cavity output spectroscopy (OA-ICOS) technique was proposed for fast and real-time
atmospheric CH, concentration detection. Further, simulated CH, leakage detection and the performance of the
sensor system were verified through gas sensing experiments.

Methods CH, detection methods include catalyst combustion, electrochemistry, and infrared laser absorption
spectroscopy. Infrared laser absorption spectroscopy is widely used because of its in situ quantification. OA-ICOS is
a type of laser absorption spectroscopy and has received enormous attention recently due to its long optical path
(OP), high robustness, and other advantages. In this experiment, the OA-ICOS technique was used to detect CH,
in real time based on an open OP design. A tunable semiconductor laser with a center wavelength of 1653 nm was
used as the light source, and a highly stable optical cavity with a cage structure was fabricated with two high
reflectance mirrors of 99.92% apart 35 cm. The optimal position of the off-axis integrated cavity output signal was
obtained by adjusting the incident OP. Exploiting the open OP, a CH, leakage simulation experiment was conducted,
which proved that the system had the ability for fast detection of CH, and natural gas leakage. Through the online
real-time Kalman filtering algorithm (KFA), the collected data were dynamically denoised. These experiments laid
the basis for further development of the rapid response and on-site use of the CH, leak detector.

Results and Discussions Compared with the effective integral area of atmospheric CH, in the reference gas cell,
the effective mirror reflectivity of the cavity was determined to be 99.93 %, which agreed with the reflectivity given
by the manufacturer, leading to a 516-m effective OP. The highest signal-to-noise ratio (SNR) of the system, 28,
was obtained after Voigt fitting, which indicated that the minimum detection limit of the system was ~64 X 10’
(Fig. 3). To measure the stability and minimum detection limit of the off-axis integrated cavity sensor system,
atmospheric CH, was measured continuously for ~90 min, and related data were analyzed by the Allan variance.
When the average time was 4 s, a minimum detection limit of 8 X 10 ° was achieved (Fig. 4). Using the KFA, the
stability of the system was increased 4.3 times compared with the original data (Table 1). Through Allan’s analysis,
the detection limit of the system was increased 20.5 times (Fig. 5). Further, a CH, cylinder with a concentration of
100 x 10 ° was employed to simulate natural gas leakage (Fig. 6), which verified that the sensor had the ability of
short response time and high detection sensitivity for natural gas leakage detection.

Conclusions Based on the high-stability cage-based integrated cavity, an off-axis cavity-enhanced CH, detection
system with an open OP was established. With reference to an absorption cell with a known OP, the OP of the cavity
was measured to be 516 m. At a concentration of 1.8 X 10 °, the SNR of the direct absorption signal was 28. Allan
variance showed that under 4-s averaging time, the minimum detection limit of the system was 8 X 10"*. The KFA
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was used to further depress the absorption signal noise, and concentration fluctuation range was reduced 4.3 times.
Through the actual measurement of atmospheric CH, and simulated CH, leakage experiment, it was proven that the
system had advantages of high sensitivity, high stability, and fast response, which laid the basis for further
integration of high-sensitivity sensors used in special fields.
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