Mid–infrared cavity and quartz enhanced photoacoustic spectroscopy : recent advances and applications
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Recent advances of sensor systems, based on mid-infrared interband cascade lasers (ICLs) and quantum cascade lasers (QCLs) for the detection of trace gas species and their application in environmental monitoring, atmospheric chemistry, life sciences, and the petrochemical industry, will be reported[1] . 

The development of compact ICL and QCL based trace gas sensors will permit the targeting of strong fundamental rotational-vibrational transitions in the mid-infrared which are one to two orders of magnitude more intense than transitions in overtone and combination bands in the near-infrared. Specifically, the spectroscopic detection and monitoring of four molecular species, methane (CH4) [2], ethane (C2H6), formaldehyde (H2CO) and hydrogen sulphide (H2S) will be described.

CH4, C2H6 and H2CO can be detected using two detection techniques: mid-infrared tunable laser absorption spectroscopy (TDLAS) using a compact multi-pass gas cell and quartz enhanced photoacoustic spectroscopy (QEPAS). Both techniques utilize state-of-the-art mid-IR, continuous wave (CW), distributed feedback (DFB) ICLs and QCLs. TDLAS was performed with an ultra-compact 54.6m effective optical path length innovative spherical multipass gas cell capable of 435 passes between two concave mirrors separated by 12.5 cm. QEPAS used a small robust absorption detection module (ADM) which consists of a quartz tuning fork (QTF), two optical windows, gas inlet/outlet ports and a low noise frequency pre-amplifier.

TDLAS and QEPAS can achieve minimum detectable absorption losses in the range from 10-8 to 10-11cm-1/Hz1/2. Several recent examples of real world applications of field deployable gas sensors will be described. For example, an ICL based TDLAS sensor system is capable of detecting CH4 and C2H6 concentration levels of 1 ppb in a 1 sec. sampling time, using an ultra-compact, robust sensor architecture.

Future work will include the detection of other important target analytes. For example, H2S detection can be realized with a THz QEPAS sensor system using a custom quartz tuning fork (QTF) with a new geometry and a QCL emitting at 2.913 THz.[3] A continuous wave (CW) quantum cascade laser (QCL) based absorption sensor system was demonstrated and developed for simultaneous detection of atmospheric nitrous oxide (N2O), methane (CH4), and water vapor (H2O).  A 7.73-µm CW QCL with its wavelength scanned over a spectral range of 1296.9-1297.6 cm-1 was used to simultaneously target three neighboring strong absorption lines, N2O at 1297.05 cm-1, CH4 at 1297.486 cm-1, and H2O at 1297.184 cm-1. An astigmatic multipass Herriott cell with a 76-m path length was utilized for laser based gas absorption spectroscopy at an optimum pressure of 100 Torr. Wavelength modulation and second harmonic detection was employed for data processing.  Minimum detection limits (MDLs) of 1.7 ppb for N2O, 8.5 ppb for CH4, and 11 ppm for H2O were achieved with a 2-s integration time for individual gas detection. This single QCL based multi-gas detection system possesses applications in environmental monitoring and breath 
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analysis. Furthermore, two new approaches aimed to achieve enhanced detection sensitivities with QEPAS based sensing can be realized. The first approach will make use of an optical power buildup cavity, which will lead to significantly lower minimum detectable gas concentration levels of < 10 pptv. The second approach will use custom fabricated QTFs capable of improved detection sensitivity. 
[1] P. Patimisco, G. Scamarcio, F.K. Tittel, and V. Spagnolo, “Quartz-enhanced photoacoustic spectroscopy: a review” Sensor: Special Issue “Gas Sensors-2013”, 14, 6166206, 2014.

[2] W. Ren, W. Jiang, and F.K. Tittel,“Single-QCL-based absorption sensor for simultaneous trace-gas detection of CH4 and N2O” Appl. Phys B 117, 245-251 (2014)
[3] V. Spagnolo, P. Patimisco, R. Pennetta, A. Sampaolo, M. Vitiello, and F.K. Tittel, Opt. Exp. 23, 7574-7582, 2015
[4] 18.
L.S. Rothman, et al “The HITRAN 2012 molecular spectroscopic database,” J. Quant. Spectrosc. Radiat. Transfer 130, 4-50 (2013).
[5] Yingchun Cao,1,* Nancy P. Sanchez,2 Wenzhe Jiang,1 Robert J. Griffin,2 Feng Xie,3  Lawrence C. Hughes,3 Chung-en Zah,3 and Frank K. Tittel1 “Simultaneous atmospheric nitrous oxide, methane and water vapor detection with a single continuous wave quantum cascade laser” Opt. Ex. 23, 2121-2132, 2014
Acknowledgements 
F.K. Tittel acknowledges support by the National Science Foundation (NSF) ERC MIRTHE award, the Robert Welch Foundation (Grant C-0586), NSF Phase II SBIR (Grant No. IIP-1230427) NSF- NexCiLAS. L. Dong acknowledges support by NSF-China (Grant #s. 61275213, 61108030). A. Geras acknowledges support from the Kosciuszko Foundation. 
Fig. 2 Stick H2S spectrum as obtained from the Hitran database [4].








Fig. 1 NNEA results obtained with QEPAS sensor for the gas species reported versus employed laser wavelength, in the UV-Vis, near-IR, mid-IR and THz spectral ranges. The red star symbol (*) marks the result obtained with the custom QTF with new geometry.








