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Abstract: In this study, a method for double-beam quantum cascade laser absorption spectroscopy
(DB-QCLAS) was developed. Two mid-infrared distributed feedback quantum cascade laser beams
were coupled in an optical cavity for the monitoring of NO and NO, (NO at 5.26 um; NO; at 6.13 um).
Appropriate lines in the absorption spectra were selected, and the influence of common gases in the
atmosphere, such as H,O and CO,, was avoided. By analyzing the spectral lines under different
pressure conditions, the appropriate measurement pressure of 111 mbar was selected. Under this
pressure, the interference between adjacent spectral lines could be effectively distinguished. The
experimental results show that the standard deviations for NO and NO, were 1.57 ppm and 2.67 ppm,
respectively. Moreover, in order to improve the feasibility of this technology for detecting chemical
reactions between NO and O,, the standard gases of NO and O, were used to fill the cavity. A
chemical reaction instantaneously began, and the concentrations of the two gases were immediately
changed. Through this experiment, we hope to develop new ideas for the accurate and rapid analysis
of the process of NOx conversion and to lay a foundation for a deeper understanding of the chemical

changes in atmospheric environments.

Keywords: nitrogen oxides; conversion process; chemical reaction of gas; laser spectroscopy; quantum
cascade laser

1. Introduction

NO and NO, are the primary pollutants in the atmosphere, and they mainly result
from the burning of fossil fuels, such as during fuel combustion in thermal power plants,
exhaust emissions from coal-fired boilers, and vehicle exhaust emissions [1-4]. Coal com-
bustion exhaust gas is the most important source of NO; in the atmosphere, and it is the
focus of environmental monitoring. The organic nitrogen in coal fuels is easily decomposed
and oxidized, leading to higher levels of NO;, during combustion, and NO is also produced
during the combustion process [5]. With the increase in the NO concentration in the at-
mosphere, free radical reactions occur in the stratosphere and destroy the ozone [6,7]. In
addition, nitric acid is generated at the bottom of the stratosphere and enters the clouds to
form acid precipitation [8,9]. Moreover, it enters the troposphere after atmospheric trans-
mission, and the tropospheric ozone concentration increases after photochemical reactions.
Therefore, NO is also an important and easily neglected greenhouse gas [10,11]. NO, is also
one of the causes of acid rain, which leads to surface water acidification, eutrophication,
and an increase in contents that are toxic for fish and other aquatic organisms [12,13]. These
chemical processes can be described as follows: O, in the upper atmosphere can become
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ozone (O3) after absorbing ultraviolet light, O3 can be decomposed (O3 — O, + O), and O3
reacts with NO (NO + O3 — NO, + 20, NO, + O — NO + Oy) [14-16]. In order to control
the emission of pollutants and deeply understand the actual process of their conversion,
it is necessary to simultaneously and rapidly monitor the dynamic changes in NO and
NO, concentrations.

Non-dispersive infrared (NDIR) and differential optical absorption spectroscopy
(DOAS) are common measurement methods for the simultaneous measurement of the
two gases [17-19]. However, the process of measuring NO is highly dependent on the
algorithm and is subject to many interfering factors. There are also different problems in
the application of the direct measurement of NO; in different industries. Laser absorption
spectroscopy technology is based on the Lambert—Beer law, and it is a common method
for the detection of trace gases [20-22]. With the continuous development of laser tech-
nology, the quantum cascade laser (QCL) has extended the measurement band of gas to
the mid-infrared region, where there is a stronger absorption strength and more spectral
lines [23-27]. Based on these advantages, quantum cascade laser absorption spectroscopy
(QCLAS) can provide faster and more accurate monitoring capabilities, and it has become
a research hotspot [28]. It has been applied in the fields of environmental monitoring,
industrial processes, respiratory gases, and so on [29-32].

In this study, a gas detection system, based on the mid-infrared quantum cascade
absorption spectrum, was developed for the simultaneous analysis of NO and NO,. By
setting the pressure and different gas concentration ratios in the gas cell, the changes in
NOx absorption spectra under different conditions were obtained through experimental
analysis. The stability of the system was also analyzed. Finally, we simply analyzed the
reaction process of NO and O, to verify the feasibility of using QCLAS for realizing the
detection of chemical reactions between gases.

2. Experimental System and Methods
2.1. Theory

For laser absorption spectroscopy, the absorption at frequency v is given by the Beer—
Lambert law,
Iy = Ipexp[—S(T)CPL¢(v)], 1)

where Iy and I; are the incident and transmitted laser intensity, respectively. v [em~!] is
the wave number corresponding to the absorption line, C is the volume concentration
fraction of gas, L [cm] is the optical path, P [atm] is the gas pressure, T [K] is the gas
temperature during the measurement, ¢(v) is the absorption linear function normalized by
the integral area, and S(T) [cm~2atm~!] is the line intensity of the absorption line when the
gas temperature is T.

2.2. Experimental Setup

Figure 1 shows the QCLAS gas detection system. Two room-temperature QCL lasers
were controlled by homemade low-noise mid-infrared laser controllers, and the output
wavelengths were 5.26 um for NO and 6.13 um for NO,. The two collimated laser beams
were coupled in the gas cell by using mirrors. The material of the gas cell was corundum,
and both sides were sealed with CaF, window pieces. The interior of the gas cell was
cylindrical with a length of 70 cm and a diameter of 3 cm, and the volume of the gas cell
was 490 mL. Then, the absorption spectra were focused on a thermoelectrically cooled
mercury cadmium telluride photodetector. The two detectors were internally integrated
with a multistage semiconductor refrigeration sheet (TEC) and a wedge-shaped zinc se-
lenide window with antireflection film, which could effectively prevent optical interference.
Finally, the spectral signals were acquired by using a data acquisition (DAQ) card and
processed by a PC with software. The gas distribution system had two gas inlets and one
gas outlet, which were connected to pipes. The system was able to control the gas flow
and gas mixture ratio to achieve a good gas distribution effect. In addition, the cavity was
connected to a mass flowmeter and pump, and the PID control method was adopted for
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high-precision pressure control. The pressure control circuit controlled the mass flowmeter
and cooperated with the vacuum pump to achieve high-precision pressure control, with
a control accuracy of £0.01 mbar. Therefore, we were able to analyze the changes in NO
and NO; gas concentrations in the conversion process under different concentration ratios

and pressures.
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Figure 1. Schematic of the QCLAS gas detection system.

2.3. Transition Selection

For NO and NO; molecules, there is a strong line strength in the mid infrared band. In
this study, the transitions of NO at 5261.7233 nm, 5261.7235 nm, 5261.7237 nm, 5261.7254 nm,
5261.7256 nm, and 5261.7259 nm were selected based on the HITRAN database. However,
because the wavelengths of these six groups were close and exceeded the resolution of
the QCL bandwidth, they could be regarded as one group of absorption lines. Similarly,
the transitions of NO; at 6131.1097 nm and 6131.1232 nm were selected, and they were
regarded as one group of absorption lines. Figure 2 shows the two gas absorption spectra.
The data were derived from the HITRAN 2012 database and calculated for pressures of
1013 mbar (1 atm) and 101.3 mabr (0.1 atm), respectively, at room temperature and with
an optical path length of 70 cm [33]. These spectral lines of the gases were selected to
avoid the strong spectral lines of other gases, such as HyO and CO,, thus reducing the
impact of cross-absorption. The relationship between the wavelength and driving current
of the laser at the selected temperature is shown in Figure 2. This was measured by using a
wavelength meter, and the wavelength range was able to cover the target wavelength. The
drive currents of the lasers for NO and NO; were 145 mA and 260 mA, respectively. The
scanning frequency was 10 Hz.
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Figure 2. Absorption lines that were simulated based on the HITRAN database. (a) NO spectrum;
(b) NO, spectrum.
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3. Results and Discussion

Under normal conditions, the output wavelength of a QCL is determined according
to the driving current, TEC temperature, and scanning voltage. At room temperature, the
standard gas concentrations of 1032 ppm (NO) and 2000 ppm (NO;) were used to fill the
cavity, and the different cavity pressures were set. Then, the direct absorption signals,
shown in Figure 3a,b, were obtained. The decrease in pressure in the cavity affected the
broadening of the spectral lines and reduced the cross-interference between the spectral
lines. At the same time, the decrease in pressure also affected the intensity of the absorption
signal. Therefore, according to the above analysis, we selected a stable pressure of 111 mbar
for the following experiments.
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Figure 3. Direct absorption signals at different pressures: (a) NO signals; (b) NO, signals. (c) The
different direct absorption signals of NO. (d) Linear fit between the peak values and concentra-
tions. (e) The different direct absorption signals of NO;. (f) Linear fit between the peak values
and concentrations.

Before each experiment, the cavity and pipeline were purged with pure nitrogen to
eliminate the influence of interfering gas on the measurement results. In addition, various
concentrations of NO, and NO were configured with a high-performance gas distributor.
During the entire process, the air pressure in the cavity was kept at 111 mbar. The average
number of signals was eight. The direct absorption signals for NO and NO; at different
concentrations were measured, as shown in Figure 3c—f. By analyzing the relationships
between the concentrations and intensities of the two groups of results, we were able to
find that the fitting correlations were 0.993 and 0.998 for R?(NO) and R*(NO»), respectively.
They had good linear relationships.

Meanwhile, the detection limits of the system were found by calculating the signal-
to-noise ratio of the absorption signals. As shown in Figure 4a,b, the NO concentration
was 236 ppm and the signal-to-noise ratio was 22.5, so the detection limit of 10.5 ppm was
calculated. Similarly, the NO, concentration was 167 ppm and the signal-to-noise ratio
was 11.4, so the detection limit of 14.6 ppm was calculated. During the experiments, we
recorded the relationship between the measured data and time, as shown in Figure 4c,d.
We defined the response time of the system according to when the measured value reached
90% (Tgp) of the set value; this was Ty = 2.3 s for NO and Ty = 2 s for NO,.
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Figure 4. Direct absorption signals for (a) NO and (b) NO,. Response times for the QCLAS system
with (¢) NO and (d) NO,.

For the purpose of analyzing the system’s stability, a mixed gas, consisting of both NO
and NO,, was used to fill the absorption cell at a flow rate of 0.2 L/min; the concentration of
NO was 545 ppm and that of NO, was 770 ppm. The concentration data were continuously
measured for 40 min, and the results are shown in Figure 5. From the relative histograms
of each dataset, which are shown on the right side of Figure 5, it can be seen that the
measurement results had a good Gaussian fit. Thus, the standard deviations of NO and NO,
were 1.57 ppm and 2.67 ppm, respectively. It is worth noting that the experiment described
in this paper was intended to verify the feasibility of measuring the NOx conversion process.
If we would like to achieve a higher accuracy and a lower measurement limit, a longer
optical path or cavity ring-down spectroscopy (CRDS) and off-axis integrated cavity output
spectroscopy (OA-ICOS) could be used based on the QCL technology [34-36].
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Figure 5. Continuous measurement of the concentrations of NO and NO; for 40 min.

The next experiment was carried out to verify that the system could monitor the
changes in gas concentrations during a chemical reaction. The system was set up by filling
it with NO gas at 1032 ppm: the gas flow rate was 0.2 L/min, the NO concentration was
stable at 1032 ppm, and the concentration of NO, was 0. After waiting for a period of time,
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O, was used to fill the cell at the time indicated by the purple dotted line. It was found that
when O, was added, it immediately reacted with NO to produce NO,. NO was consumed
in the reaction: its concentration decreased and the concentration of NO, increased, as
shown in Figure 6. Due to the slow gas flow, the limitation of the container’s volume
and insufficient gas contact, the reaction speed slowed down after a period of time, and
the reduction in the NO concentration and the increase in the NO, concentration tended
to become gentle. However, chemical reactions were still slowly occurring. Because the
system maintained a dynamic state of intake and exhaust, NO and O, remained present.
Therefore, NO was not completely consumed in the reaction, and the concentration did not
drop to 0. By analyzing the data, it was found that when O, was used to fill the container,
the chemical reaction occurred rapidly, and the measured concentrations of the two gases
also changed immediately. This was sufficient to prove that the system could quickly
monitor the changes in gas concentrations when the reaction began. Two tangent lines
were obtained at the inflection points of the two concentration—-time curves, as shown
in Figure 6, where the NO concentration started to decrease and the NO, concentration
started to increase. The ratio of the slopes of the two tangent lines was 1.058. With reference
to the chemical reaction equation (2NO + O, — 2NO,), the rate at the beginning of the
reaction had a certain correlation with the chemical formula, which was close to a 1:1
replacement. Therefore, the system was able to meet the requirements of simultaneous
and rapid measurement of changes in gas concentrations during chemical reactions or the
evolution of an atmospheric environment.

1200
y=1169.26495-0.28672x NO
——No,
£ Fill with oxygen Tangent NO
& 800 Tangent_NO,
=
=]
=
<
£ 400 -
)
o
=
=]
Q
0
y=—128.09602+0.27101x
T — T T T T T
0 5 10 15 20

Time/min
Figure 6. Changes in gas concentration when using O; to fill an area containing NO.

4. Conclusions

In this study, a dual-beam laser absorption spectroscopy gas detection system was
developed based on two QCLs, and it could be used to monitor the changes in the concen-
trations of NO and NO; in real time. The performance of the system was analyzed, and
there was a good linear relationship between the absorption peaks and the concentrations.
The experimental results showed that, for NO and NO;, the detection limits of the system
were 10.5 ppm and 14.6 ppm, respectively. To assess the stability of the system, the concen-
trations of NO and NO, were measured at the same time over 40 min, and the standard
deviations of the concentrations were 1.57 ppm and 2.67 ppm. Therefore, this system is very
helpful for monitoring the concentrations of NO and NO,, and it has positive significance
for analyzing the conversion of NOx. In the future, we hope to continuously optimize this
measurement system to achieve higher measurement accuracy and limits.



Sensors 2023, 23, 3885 70f8

Author Contributions: Methodology, X.Y., S.Y. and B.W,; software, P.S.; validation, X.Y.; formal analysis,
X.Y. and H.X; investigation, R.Y,; data curation, X.Y.; writing—original draft, X.Y.; writing—review and
editing, Z.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National High Technology Research and Development
Program of China (grant no. 2021YFB3201904), the National Natural Science Foundation of China
(grant no. 11874363, 41877311, 42005107), and the “Spark” Fund Project of Hefei Institutes of Physics
Science, Chinese Academy Sciences, China (grant no. YZJJ2020QNS8).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. De Foy, B.; Lu, Z,; Streets, D.G. Satellite NO, Retrievals Suggest China Has Exceeded Its NOx Reduction Goals from the Twelfth
Five-Year Plan. Sci. Rep. 2016, 6, 35912. [CrossRef] [PubMed]

2. Li ].S; Reiffs, A.; Parchatka, U.; Fischer, H. In Situ Measurements of Atmospheric CO and Its Correlation with NOx and O3 at a
Rural Mountain Site. Metrol. Meas. Syst. 2015, 22, 25-38. [CrossRef]

3.  Vander A, R],; Mijling, B.; Ding, J.; Koukouli, M.E.; Liu, F; Li, Q.; Mao, H.Q.; Theys, N. Cleaning up the Air: Effectiveness of Air
Quality Policy for SO, and NOx Emissions in China. Atmos. Chem. Phys. 2017, 17, 1775-1789. [CrossRef]

4. Lal, S, Patil, R.S. Monitoring of Atmospheric Behaviour of NOx from Vehicular Traffic. Environ. Monit. Assess. 2001, 68, 37-50.
[CrossRef] [PubMed]

5. Bian, X.G.; Zhou, S.; Sun, X.Y,; Yu, B.L.; Li, ].5. Continuous Measurement of NO; in Flue Gas Employing Cavity-Enhanced
Spectroscopy Sensing System. Measurement 2022, 201, 111729. [CrossRef]

6.  Crutzen, P. The Role of NO and NO; in the Chemistry of the Troposphere and Stratosphere. Annu. Rev. Earth Planet. Sci. 2003, 7,
443-472. [CrossRef]

7. Monks, PS.; Archibald, A.T.; Colette, A.; Cooper, O.; Coyle, M.; Derwent, R.; Fowler, D.; Granier, C.; Law, K.S.; Mills, G.E.; et al.
Tropospheric Ozone and Its Precursors from the Urban to the Global Scale from Air Quality to Short-Lived Climate Forcer. Atmos.
Chem. Phys. 2015, 15, 8889-8973. [CrossRef]

8.  Lelieveld, J.; Gromov, S.; Pozzer, A.; Taraborrelli, D. Global Tropospheric Hydroxyl Distribution, Budget and Reactivity. Atmos.
Chem. Phys. 2016, 16, 12477-12493. [CrossRef]

9. Wayne, R.P; Barnes, L; Biggs, P.; Burrows, J.P.; Canosa-Mas, C.E.; Hjorth, J.; Bras, G.L.; Moortgat, G.K,; Perner, D.; Poulet, G.; et al.
The Nitrate Radical: Physics, Chemistry, and the Atmosphere. Atmos. Environ. Part A Gen. Top. 1991, 25, 1-203. [CrossRef]

10. Lammel, G.; Grassl, H. Greenhouse Effect of NOx. Environ. Sci. Pollut. Res. 1995, 2, 40-45. [CrossRef]

11.  Ji, X.; Chen, G. Unified Account of Gas Pollutants and Greenhouse Gas Emissions: Chinese Transportation 1978-2004. Commun.
Nonlinear Sci. Numer. Simul. 2010, 15, 2710-2722. [CrossRef]

12.  Papke, H.; Papen, H. Influence of Acid Rain and Liming on Fluxes of NO and NO; from Forest Soil. Plant Soil 1998, 199, 131-139.
[CrossRef]

13.  Mishra, J.; Mishra, K. Effect of SO, and NO, Generated Acidification on Nodulation of Alysicarpus monilifer and Phaseolus trilobus
(Linn) in Alluvials of UP, India. Natl. Acad. Sci. Lett. 2007, 30, 165-168.

14. Saiz-Lopez, A.; Notario, A.; Albaladejo, J.; McFiggans, G. Seasonal Variation of NOx Loss Processes Coupled to the HNO;
Formation in a Daytime Urban Atmosphere: A Model Study. Water Air Soil Pollut. 2007, 182, 197-206. [CrossRef]

15. Reed, C.; Evans, M.].; Di Carlo, P; Lee, ].D.; Carpenter, L.J. Interferences in Photolytic NO, Measurements: Explanation for an
Apparent Missing Oxidant? Atmos. Chem. Phys. 2016, 16, 4707-4724. [CrossRef]

16. Yau, Y.Y.Y;; Geeraert, N.; Baker, D.M.; Thibodeau, B. Elucidating Sources of Atmospheric NOX Pollution in a Heavily Urbanized
Environment Using Multiple Stable Isotopes. Sci. Total Environ. 2022, 832, 154781. [CrossRef]

17. De Castro, A.; Meneses, J.; Briz, S.; Lopez, F. Nondispersive Infrared Monitoring of NO Emissions in Exhaust Gases of Vehicles.
Rev. Sci. Instrum. 1999, 70, 3156-3159. [CrossRef]

18. Xu, C; Liu, J.; Ju, L; Lin, L.; Chao, Y.; Su, H.W. Research of NDIR Applied on Measuring NOx Emission from In-Use Diesel
Vehicles. Environ. Monit. China 2019, 35, 28-33.

19. Saiz-Lopez, A.; Adame, J.A.; Notario, A.; Poblete, J.; Bolivar, ].P.; Albaladejo, J. Year-Round Observations of NO, NO,, O3, SO,,
and Toluene Measured with a DOAS System in the Industrial Area of Puertollano, Spain. Water Air Soil Pollut. 2009, 200, 277-288.
[CrossRef]

20. Zhang, Z.R; Xia, H.; Dong, EZ.; Pang, T.; Wu, B. Simultaneous and On-Line Detection of Multiple Gas Concentration with
Tunable Diode Laser Absorption Spectroscopy. Opt. Precis. Eng. 2013, 21, 2771. [CrossRef]

21. Kan, R.F; Liu, W.Q.; Zhang, YJ.; Liu, ].G.; Dong, EZ.; Gao, S.H.; Wang, M.; Chen, ]J. Absorption Measurements of Ambient

Methane with Tunable Diode Laser. Acta Phys. Sin. 2005, 54, 1927.


https://doi.org/10.1038/srep35912
https://www.ncbi.nlm.nih.gov/pubmed/27786278
https://doi.org/10.1515/mms-2015-0001
https://doi.org/10.5194/acp-17-1775-2017
https://doi.org/10.1023/A:1010730821844
https://www.ncbi.nlm.nih.gov/pubmed/11336410
https://doi.org/10.1016/j.measurement.2022.111729
https://doi.org/10.1146/annurev.ea.07.050179.002303
https://doi.org/10.5194/acp-15-8889-2015
https://doi.org/10.5194/acp-16-12477-2016
https://doi.org/10.1016/0960-1686(91)90192-A
https://doi.org/10.1007/BF02987512
https://doi.org/10.1016/j.cnsns.2009.10.013
https://doi.org/10.1023/A:1004215421496
https://doi.org/10.1007/s11270-006-9332-6
https://doi.org/10.5194/acp-16-4707-2016
https://doi.org/10.1016/j.scitotenv.2022.154781
https://doi.org/10.1063/1.1149879
https://doi.org/10.1007/s11270-008-9912-8
https://doi.org/10.3788/OPE.20132111.2771

Sensors 2023, 23, 3885 8of8

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cui, R.; Dong, L.; Wu, H.; Ma, W.; Xiao, L Jia, S.; Chen, W.; Tittel, EK. Three-Dimensional Printed Miniature Fiber-Coupled
Multipass Cells with Dense Spot Patterns for Ppb-Level Methane Detection Using a Near-IR Diode Laser. Anal. Chem. 2020, 92,
13034-13041. [CrossRef] [PubMed]

Faist, J.; Capasso, F.; Sivco, D.L.; Sirtori, C.; Hutchinson, A.L.; Cho, A.Y. Quantum Cascade Laser. Science 1994, 264, 553-556.
[CrossRef] [PubMed]

Beck, M.; Hofstetter, D.; Aellen, T.; Faist, ].; Oesterle, U.; Ilegems, M.; Gini, E.; Melchior, H. Continuous Wave Operation of a
Mid-Infrared Semiconductor Laser at Room Temperature. Science 2002, 295, 301-305. [CrossRef] [PubMed]

Kohler, R.; Tredicucci, A.; Beltram, F.; Beere, H.E.; Linfield, E.H.; Davies, A.G.; Ritchie, D.A.; Iotti, R.C.; Rossi, F. Terahertz
Semiconductor-Heterostructure Laser. Nature 2002, 417, 156-159. [CrossRef]

McManus, J.B.; Shorter, J.H.; Nelson, D.D.; Zahniser, M.S.; Glenn, D.E.; McGovern, R M. Pulsed Quantum Cascade Laser
Instrument with Compact Design for Rapid, High Sensitivity Measurements of Trace Gases in Air. Appl. Phys. B 2008, 92, 387.
[CrossRef]

Yang, R.; Hill, C.J.; Wong, C.M. Recent Progress in Development of Mid-IR Interband Cascade Lasers. In Proceedings of the
Integrated Optoelectronic Devices 2004, San Jose, CA, USA, 26-29 January 2004; Volume 5365, pp. 218-227.

Sobanski, N.; Tuzson, B.; Scheidegger, P.; Looser, H.; Hiiglin, C.; Emmenegger, L. A High-Precision Mid-Infrared Spectrometer for
Ambient HNO3 Measurements. Sensors 2022, 22, 9158. [CrossRef]

Genner, A.; Martin-Mateos, P.; Moser, H.; Lendl, B. A Quantum Cascade Laser-Based Multi-Gas Sensor for Ambient Air
Monitoring. Sensors 2020, 20, 1850. [CrossRef]

Sobanski, N.; Tuzson, B.; Scheidegger, P.; Looser, H.; Kupferschmid, A.; Iturrate, M.; Pascale, C.; Hiiglin, C.; Emmenegger, L.
Advances in High-Precision NO2 Measurement by Quantum Cascade Laser Absorption Spectroscopy. Appl. Sci. 2021, 11, 1222.
[CrossRef]

Zhou, S.; Liu, N.; Shen, C.; Zhang, L.; He, T; Yu, B.; Li, J. An Adaptive Kalman Filtering Algorithm Based on Back-Propagation
(BP) Neural Network Applied for Simultaneously Detection of Exhaled CO and N,O. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2019, 223, 117332. [CrossRef]

Nelson, D.; McManus, J.; Herndon, S.; Shorter, J.; Zahniser, M.; Blaser, S.; Hvozdara, L.; Muller, A.; Giovannini, M.; Faist,
J. Characterization of a Near-Room-Temperature, Continuous-Wave Quantum Cascade Laser for Long-Term, Unattended
Monitoring of Nitric Oxide in the Atmosphere. Opt. Lett. 2006, 31, 2012-2014. [CrossRef]

Gordon, LE.; Rothman, L.S.; Hill, C.; Kochanov, R.V,; Tan, Y.; Bernath, P.F; Birk, M.; Boudon, V.; Campargue, A.; Chance, K.V,; et al.
The HITRAN2016 Molecular Spectroscopic Database. |. Quant. Spectrosc. Radiat. Transf. 2017, 203, 3-69. [CrossRef]

Yu, YJ.; Sanchez, N.P; Yi, F; Zheng, C.T.; Ye, W.; Wu, H.P; Griffin, R.J.; Tittel, EK. Dual Quantum Cascade Laser-Based Sensor for
Simultaneous NO and NO; Detection Using a Wavelength Modulation-Division Multiplexing Technique. Appl. Phys. B 2017,
123, 164. [CrossRef]

Kosterev, A.; Wysocki, G.; Bakhirkin, Y.; So, S.; Lewicki, R.; Fraser, M; Tittel, F,; Curl, R.E. Application of Quantum Cascade Lasers
to Trace Gas Analysis. Appl. Phys. B 2008, 90, 165-176. [CrossRef]

Ventrillard, I.; Gorrotxategi-Carbajo, P.; Romanini, D. Part per Trillion Nitric Oxide Measurement by Optical Feedback Cavity-
Enhanced Absorption Spectroscopy in the Mid-Infrared. Appl. Phys. B 2017, 123, 180. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.analchem.0c01931
https://www.ncbi.nlm.nih.gov/pubmed/32869639
https://doi.org/10.1126/science.264.5158.553
https://www.ncbi.nlm.nih.gov/pubmed/17732739
https://doi.org/10.1126/science.1066408
https://www.ncbi.nlm.nih.gov/pubmed/11786637
https://doi.org/10.1038/417156a
https://doi.org/10.1007/s00340-008-3129-9
https://doi.org/10.3390/s22239158
https://doi.org/10.3390/s20071850
https://doi.org/10.3390/app11031222
https://doi.org/10.1016/j.saa.2019.117332
https://doi.org/10.1364/OL.31.002012
https://doi.org/10.1016/j.jqsrt.2017.06.038
https://doi.org/10.1007/s00340-017-6742-7
https://doi.org/10.1007/s00340-007-2846-9
https://doi.org/10.1007/s00340-017-6750-7

	Introduction 
	Experimental System and Methods 
	Theory 
	Experimental Setup 
	Transition Selection 

	Results and Discussion 
	Conclusions 
	References

