Mid-infrared detection of atmospheric CH4, N2O and H2O based on a single continuous wave quantum cascade laser
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Abstract: A continuous wave, distributed feedback quantum cascade laser based absorption system was developed and demonstrated for simultaneous atmospheric CH4, N2O and H2O detection, with minimum detection limits below 2% of their typical atmospheric concentrations. 
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1. Introduction
CH4, N2O and H2O are three major atmospheric greenhouse gases, which influence global warming and climate change [1]. Therefore, high precision and sensitive concentration measurements of these gases are important. The most widely used technique for high sensitivity trace gas concentration measurement is tunable diode laser absorption spectroscopy. Based on this method, several groups have reported simultaneous detection of two or three gas species in the mid-infrared range, with detection limits below ppb concentration levels [2-4]. In this work, we report simultaneous mid-infrared detection of atmospheric CH4, N2O and H2O based on a single continuous wave (CW), distributed feedback (DFB) quantum cascade laser (QCL) operating at ~7.71 µm.
2.  Selection of optimum target absorption lines 
The absorption lines of CH4, N2O and H2O in the mid-infrared range from 3 to 8.5 µm are presented in Fig. 1(a) based on the HITRAN database. Fig. 1(a) shows that the absorption lines of these three gases overlap in a very narrow spectral range near 7.71 µm, which indicates the feasibility of simultaneous detection of these three species with a single CW, DFB QCL. A detailed plot including the individual absorption lines for CH4, N2O and H2O at specific concentrations is shown in Fig. 1(b). Three absorption lines, CH4 at 1297.486 cm-1, N2O at 1297.05 cm-1, and H2O at 1297.184 cm-1, were selected as the target lines for simultaneous detection of the three gas species due to their absorption line strength and spectral separation.
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Fig. 1. (a) Absorption line strength of CH4, N2O and H2O in the mid-infrared range; (b) absorption of CH4, N2O and H2O in a narrow wavenumber range centered at 1297.3 cm-1.
3.  Sensor system configuration and performance evaluation
The architecture of the trace gas sensor system used in this work is shown in Fig. 2(a). The output of the 7.71-µm CW DFB QCL was used to excite the gas absorption in a commercial multipass gas cell (MGC) with an effective path-length of 76-m. The QCL wavelength was swept and modulated, covering the three target absorption lines indicated in Fig. 1(b).  Two plano-convex lenses (f1=50 mm and f2=100 mm) and a pinhole spatial filter (D=400 µm) served to optimize the QCL beam prior to entering the MGC. The exit beam from the MGC was collected for second harmonic signal analysis. A visible laser was used for optical alignment, and the pressure in the MGC was kept constant using an oil-free vacuum pump and a pressure controller.
The three absorption lines were targeted using optimum wavelength modulation depth (4 mA) and pressure (100 Torr). Sensitivity calibration and noise evaluation of the trace gas sensor system were performed with standard commercial CH4 and N2O gas cylinders. Allan deviation plots for CH4, N2O and H2O are shown in Fig. 2(b), which indicate minimum detection limits of 23 ppb for CH4, 6.5 ppb for N2O, and 62 ppm for H2O with a 1-s integration time. These values are within 2% of the typical atmospheric concentrations of these species.
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Fig. 2. (a) Schematic of the trace gas sensor system. M: mirror, L: lens, Ph: pinhole, PM: parabolic mirror, TEC: thermoelectrically cooled, DAQ: data acquisition; (b) Allan deviation plot of the system performance for simultaneous CH4, N2O and H2O detection. 
4.  Atmospheric measurements of CH4, N2O and H2O

Simultaneous atmospheric measurements of CH4, N2O and H2O were performed with our trace gas sensor system (see Fig. 3(a)) on the Rice University campus. These measurements were carried out from 10:30 to 16:30 CDT on September 24, 2014, and the results are depicted in Fig. 3(b). The measured average concentrations are found to be 323±11 ppb for N2O and 0.99±0.039% for H2O. CH4 concentrations are observed to be of a higher value before 11:00 CDT and after that gradually approached its typical atmospheric concentration level of 1.87 ppm [1]. At the end of the measurements, pure N2 was passed into the MGC, and the concentration signals drop to zero, indicating a good zero background of the trace gas sensor system.
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Fig. 3. (a) Trace gas sensor system deployed at Rice University campus; (b) measured concentration levels of atmospheric CH4, N2O and H2O.

5.  Conclusions
Simultaneous detection of atmospheric CH4, N2O and H2O was demonstrated based on an absorption system using a single 7.71-µm CW DFB QCL. Minimum detection limits of 23 ppb for CH4, 6.5 ppb for N2O and 62 ppm for H2O were achieved with a 1-s data acquisition time. These values were found to be less than 2% of the concentration levels of these gases in the atmosphere. This work has led to the detection of three trace gas species with a corresponding reduction in cost and sensor system size.
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