applied sciences

State-of-the-art
Laser Gas Sensmg
Technologies

Edited by
Yufei Ma, Aurore Vicet and Karol Krzempek
Printed Edition of the Special Issue Published in Applied Sciences

=
www.mdpi.com/journal/applsci rM\D\Py



State-of-the-art Laser Gas
Sensing Technologies






State-of-the-art Laser Gas
Sensing Technologies

Special Issue Editors

Yufei Ma
Aurore Vicet
Karol Krzempek

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin



Special Issue Editors

Yufei Ma Aurore Vicet Karol Krzempek
Harbin Institute of Technology =~ University of Montpellier Wroclaw University of Science
China France and Technology
Poland
Editorial Office
MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Applied Sciences (ISSN 2076-3417) (available at: https://www.mdpi.com/journal/applsci/special-
issues/Laser_Gas_Sensing).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03928-398-9 (Pbk)
ISBN 978-3-03928-399-6 (PDF)

© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Special Issue Editors . . . . . ... ... ... .. ... .. L vii

Yufei Ma, Aurore Vicet and Karol Krzempek
State-of-the-Art Laser Gas Sensing Technologies
Reprinted from: Appl. Sci. 2020, 10, 433, d0i:10.3390/app10020433 . . . . . . . .. ... ... ... 1

Jiaqun Zhao, Ping Cheng, Feng Xu, Xiaofeng Zhou, Jun Tang, Yong Liu and Guodong Wang
Watt-Level Continuous-Wave Single-Frequency Mid-Infrared Optical Parametric Oscillator
Based on MgO:PPLN at 3.68 ym

Reprinted from: Appl. Sci. 2018, 8, 1345, d0i:10.3390/app8081345. . . . . .. ....... ... .. 5

Wei Wang, Linjun Li, Hongtian Zhang, Jinping Qin, Yuang Lu, Chong Xu, Shasha Li,

Yingjie Shen, Wenlong Yang, Yuqiang Yang and Xiaoyang Yu

Passively Q-Switched Operation of a Tm,Ho:LuVOy Laser with a Graphene Saturable Absorber
Reprinted from: Appl. Sci. 2018, 8, 954, d0i:10.3390/app8060954 . . . . . .. ... ... ... ... 13

Deyang Yu, Yang He, Kuo Zhang, Qikun Pan, Fei Chen and Lihong Guo
A Tunable Mid-Infrared Solid-State Laser with a Compact Thermal Control System

Reprinted from: Appl. Sci. 2018, 8, 878, d0i:10.3390/app8060878 . . . . . .. ... ... ... ... 21
Yufei Ma

Review of Recent Advances in QEPAS-Based Trace Gas Sensing

Reprinted from: Appl. Sci. 2018, 8, 1822, d0i:10.3390/app8101822.. . . . . .. ... ... ... ... 35

Karol Krzempek
A Review of Photothermal Detection Techniques for Gas Sensing Applications
Reprinted from: Appl. Sci. 2019, 9, 2826, d0i:10.3390/app9142826 . . . . . . . ... ... ... ... 51

Bo Li, Dayuan Zhang, Jixu Liu, Yifu Tian, Qiang Gao and Zhongshan Li

A Review of Femtosecond Laser-Induced Emission Techniques for Combustion and Flow
Field Diagnostics

Reprinted from: Appl. Sci. 2019, 9, 1906, d0i:10.3390/app9091906 . . . . . .. ... ... ... ... 71

Zhenhui Du, Shuai Zhang, Jinyi Li, Nan Gao and Kebin Tong

Mid-Infrared Tunable Laser-Based Broadband Fingerprint Absorption Spectroscopy for Trace

Gas Sensing: A Review

Reprinted from: Appl. Sci. 2019, 9, 338, d0i:10.3390/app9020338 . . . . . .. ... ... ... ... 97

Zhenhai Wang, Pengfei Fu and Xing Chao
Laser Absorption Sensing Systems: Challenges, Modeling, and Design Optimization
Reprinted from: Appl. Sci. 2019, 9, 2723, d0i:10.3390/app9132723 . . . . . . . . ... ... ... .. 131

Fei Wang, Shuhai Jia, Yonglin Wang and Zhenhua Tang

Recent Developments in Modulation Spectroscopy for Methane Detection Based on Tunable
Diode Laser

Reprinted from: Appl. Sci. 2019, 9, 2816, d0i:10.3390/app9142816.. . . . . . . ... ... ... ... 159

Biao Wang, Hongfei Lu, Chen Chen, Lei Chen, Houquan Lian, Tongxin Dai and Yue Chen
Near-Infrared C,H, Detection System Based on Single Optical Path Time Division Multiplexing
Differential Modulation Technique and Multi-Reflection Chamber

Reprinted from: Appl. Sci. 2019, 9, 2637, d0i:10.3390/app9132637 . . . . . . . ... ... ... ... 175



Zhifang Wang, Shutao Wang, Deming Kong and Shiyu Liu

Methane Detection Based on Improved Chicken Algorithm Optimization Support

Vector Machine

Reprinted from: Appl. Sci. 2019, 9, 1761, d0i:10.3390/app9091761 . . . . . . . . .. ... ... ...

Hanquan Zhang, Mingming Wen, Yonghang Li, Peng Wan and Chen Chen

High-Precision 13CO,/12CO, Isotopic Ratio Measurement Using Tunable Diode Laser
Absorption Spectroscopy at 4.3 um for Deep-Sea Natural Gas Hydrate Exploration

Reprinted from: Appl. Sci. 2019, 9, 3444, d0i:10.3390/app9173444 . . . . . ... ... ... ... ..

Xiaorui Zhu, Shunchun Yao, Wei Ren, Zhimin Lu and Zhenghui Li

TDLAS Monitoring of Carbon Dioxide with Temperature Compensation in Power

Plant Exhausts

Reprinted from: Appl. Sci. 2019, 9, 442, doi:10.3390/app9030442 . . . . . ... ... ... ... ..

Xue Zhou, Jia Yu, Lin Wang and Zhiguo Zhang

Investigating the Relation between Absorption and Gas Concentration in Gas Detection Using
a Diffuse Integrating Cavity

Reprinted from: Appl. Sci. 2018, 8, 1630, d0i:10.3390/app8091630 . . . . . . . ... ... ... ...

Chi Wang, Yue Zhang, Jianmei Sun, Jinhui Li, Xinqun Luan and Anand Asundi
High-Efficiency Coupling Method of the Gradient-Index Fiber Probe and Hollow-Core Photonic
Crystal Fiber

Reprinted from: Appl. Sci. 2019, 9, 2073, d0i:10.3390/app9102073 . . . . . . . . .. ... ... ...

Xinhua Wang, Jihong Ouyang, Yi Wei, Fei Liu and Guang Zhang
Real-Time Vision through Haze Based on Polarization Imaging
Reprinted from: Appl. Sci. 2019, 9, 142, d0i:10.3390/app9010142 . . . . . . . ... ... ... ...

vi



About the Special Issue Editors

Yufei Ma (Prof. Dr.) received his PhD degree in physical electronics from Harbin Institute of
Technology, China, in 2013. He was a Visiting Scholar at Rice University, USA, from September 2010 to
September 2011. He is currently Professor at the Harbin Institute of Technology, China. His research
interests include optical sensors, trace gas detection, laser spectroscopy, and optoelectronics. He has
published more than 100 publications and given more than 10 invited presentations at international
conferences.

Aurore Vicet (Associate Prof. Dr.) is Associate Professor at Montpellier University, France,
in charge of spectroscopic developments on tunable lasers. She is involved in the study, simulation,
and characterization of single-frequency semiconductor lasers based on distributed feedback for
spectroscopic applications. She is also involved in the study and development of tunable laser
spectroscopic systems based on resonant photoacoustic techniques, using both lasers or LEDs,
and relying on quartz-enhanced photoacoustic technique and Si-based oscillators.

Karol Krzempek (Dr.) obtained his PhD on Nonlinear Frequency Conversion-based Mid-
infrared Laser Sources at the Faculty of Electronics at Wroclaw University of Science and Technology
(WUST), in 2016. At present, he is continuing his research in this area at the WUST. His main
research contributions include the design and optimization of CW and pulsed fiber-based laser
sources working in the 1, 1.5, and 2 ym wavelength regions with subsequent nonlinear mixing of the
emission of such coherent sources. Other research interests include sensors relying on photothermal
gas detection techniques as well as efficient use of hollow-core fibers as low-volume gas cells in
laser spectroscopy applications. He has participated in 11 research grants and is co-author of 13
national patents. Throughout his academic career, Karol Krzempek has received numerous national
scholarships and awards. Recently, Karol Krzempek contributed as a co-editor for MDPI and
Frontiers in Physics. He has contributed to more than 70 scientific works and is actively involved
in development of the Laser Spectroscopy Group in WUST.

vii






friricd applied
A sciences

Editorial

State-of-the-Art Laser Gas Sensing Technologies

Yufei Ma 1*, Aurore Vicet ? and Karol Krzempek 3

1 National Key Laboratory of Science and Technology on Tunable Laser, Harbin Institute of Technology,

Harbin 150001, China

IES, Univ. Montpellier, CNRS, 34000 Montpellier, France; aurore.vicet@umontpellier.fr

Laser and Fiber Electronics Group, Wroclaw University of Science and Technology, 50-730 Wroclaw, Poland;
karol.krzempek@pwr.edu.pl

*  Correspondence: mayufei@hit.edu.cn; Tel.: +86-451-8641-3161

Received: 21 November 2019; Accepted: 6 January 2020; Published: 7 January 2020

1. Introduction

The increasing desire to detect and monitor in different fields [1-4] such as in environmental air,
life sciences, medical diagnostics, and planetary exploration demand the development of innovative
sensing systems. Laser spectroscopy-based techniques have the advantages of high sensitivity,
non-invasiveness and in situ, real-time observation [5-7]. Because of these merits, we introduced
state-of-the-art laser gas sensing technologies in this Special Issue. A total of 30 papers was received
for consideration of publication. Among them, six manuscripts were rejected by the editor in the initial
check process without peer review. The remaining manuscripts were all reviewed by at least two
reputed reviewers in related fields from the USA, France, Italy, Germany, Russia, and so on. Finally,
16 manuscripts were accepted for publication in Applied Sciences-Basel. We would like to thank all of
these numerous reviewers for their effort.

2. Main Content of the Special Issue

The recent advance in laser sources and detectors has opened up new opportunities for laser
spectroscopy-based sensing and detecting techniques. Furthermore, the new technique has helped
to promote its applications. Therefore, in this Special Issue, papers focus on novel laser sources and
advanced sensing methods and their applications.

With respect to the laser sources aspect, three papers are concerned. All of them are related
to mid-infrared lasers, which are beneficial to laser spectroscopy methods due to the strongest
fundamental absorption bands of gas molecules located in this wavelength region. The first paper,
authored by J. Zhao, P. Cheng, F. Xu, X. Zhou, J. Tang, Y. Liu, and G. Wang presents a continuous-
wave single-frequency singly-resonant mid-infrared optical parametric oscillator (OPO) with emission
wavelength at 3.68 pm [8]. The output power of more than 1 W indicated the high output level.
Therefore, such a source is especially beneficial to power related laser-based gas detection techniques,
such as photoacoustic and photothermal spectroscopy [9,10]. The second paper submitted by W.
Wang, L. Li, H. Zhang, J. Qin, Y. Lu, C. Xu, S. Li, Y. Shen, W. Yang, Y. Yang, and X. Yu reports a
pulsed Tm,Ho:LuVOy solid-state laser with a repetition rate of 54.5 kHz and an output power of
1034 mW. The emission wavelength shifted from 2075.02 nm to 2057.03 nm when the operation mode
was switched from continuous wave to Q-switched [11]. The last paper in this section, authored by
D. Yu, Y. He, K. Zhang, Q. Pan, F. Chen, and L. Guo, is about a compact thermal control system for a
tunable mid-infrared solid-state laser, which could be used to improve environmental temperature
adaptability and solve heat dissipation problems for mid-infrared lasers [12].

In the gas sensing aspect of this Special Issue, Y. F. Ma presents a review paper about recent advances
in the quartz tuning fork based on photoacoustic detection [13], while K. Krzempek summarizes the
research progress in gas sensing by photothermal spectroscopy [14]. Both techniques are based on
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the photoacoustic effect. Another review paper concerned with femtosecond laser-induced emission
spectroscopy and its application in combustion and flow field diagnostics was presented by B. Li,
D. Zhang, J. Liu, Y. Tian, Q. Gao, and Z. Li [15]. The last three review papers, authored by Z. Du,
F. Wang, and X. Chao, respectively, mainly focus on direct laser absorption spectroscopy, especially
in the mid-infrared region [16-18]. All the above review papers presented a full discussion with
regard to the related technical field of gas sensing. The remaining papers report on the technical
research of gas detection based on direct laser absorption spectroscopy [19-25]. The target analytes
were acetylene (CoHy) [19], methane (CHy) [20], oxygen (Oy) [21], and 13C0,/12C0, isotopic ratio [22].
The corresponding sensors were used for the monitoring of power plant exhausts [23] and vision
imaging [24].
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Abstract: We report a continuous-wave single-frequency singly-resonant mid-infrared optical
parametric oscillator (OPO). The OPO is based on 5 mol % MgO-doped periodically poled lithium
niobate (MgO:PPLN) pumped by a continuous-wave single-frequency Nd:YVO, laser at 1064 nm.
A four-mirror bow-tie ring cavity configuration is adopted. A low-finesse intracavity etalon is utilized
to compress the linewidth of the resonant signal. A single-frequency idler output power higher than
1 W at 3.68 um is obtained.

Keywords: mid-infrared; single-frequency; optical parametric oscillator (OPO); MgO:PPLN crystal;
continuous-wave (CW)

1. Introduction

Tunable laser sources in the mid-infrared range are widely used in laser spectroscopy,
atmospheric pollution monitoring, remote detection, and differential absorption lidar. In particular,
continuous-wave (CW) single-frequency mid-infrared laser sources with broad wavelength tunability
are more suitable for high-resolution spectral analysis [1-4] and atom physics [5]. Different techniques
have been applied to obtain a mid-infrared laser source. Quantum cascade lasers have been proved to
be a method to generate mid-infrared radiation and Razeghi et al. have done extensive work in this
area [6,7]. A solid-state laser based on metal-ion-doped crystals can directly generate mid-infrared
radiation; for example, research on a Fe:ZnSe laser has been reported [8,9]. An alternative method to
reach the mid-infrared wavelength range is to utilize nonlinear frequency downconversion devices
such as optical parametric oscillators (OPOs). OPOs with wide wavelength-tunability and a narrow
linewidth have become a very important mid-infrared laser source. Compared with birefringent
phase-matched (BPM) OPOs, quasi-phase-matched (QPM) OPOs can utilize the largest nonlinear
optical tensor element of nonlinear crystals, and make the three interacting waves (pump wy,
signal ws, and idler w;) collinearly propagate in nonlinear crystals so that the distance of nonlinear
interaction is largely enhanced. Many QPM nonlinear materials such as periodically poled LiTaO3
(PPLT), periodically poled LiNbO3 (PPLN), periodically poled KTiOPO,4 (PPKTP), periodically poled
RbTiOAsO4 (PPRTA), periodically poled GaAs, and periodically poled GaP have been studied.
Among these materials, PPLN is an excellent nonlinear crystal for QPM OPOs, having a relatively high
nonlinear coefficient (d33 ~27.2 pm/V) with a wide transparent range (0.35-5 um). Compared with
PPLN, MgO-doped periodically poled lithium niobate (MgO:PPLN) has a much higher photorefractive
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damage threshold. Therefore, MgO:PPLN is widely used as a QPM nonlinear crystal in mid-infrared
OPOs [10-15].

To obtain a narrow linewidth idler output from an OPO, a narrow linewidth pump laser source
is necessary in the OPO system. In addition, additional wavelength-selective elements are generally
utilized to suppress the linewidth of the oscillated signal in the OPO cavity. Peng et al. presented a
narrow linewidth PPMgLN OPO, and the linewidth of the 2.98 um idler was within 0.30-0.63 nm by
theoretical analysis [16]. Henderson et al., demonstrated a singly-resonant CW OPO pumped by an
all-fiber pump source, with a 3.17 um idler linewidth of 1 MHz [17]. Vainio et al., demonstrated a
singly-resonant CW OPO operating without mode hops for several hours due to the good thermal
control of the MgO:PPLN crystal [18]. Reflecting volume Bragg gratings (VBGs) have been widely
used in laser devices to obtain a narrow linewidth output. For example, Zeil et al., reported a
singly-resonant CW OPO with optimum extraction efficiency, in which a single-longitudinal-mode
signal output was obtained by employing a variable-reflectivity VBG as the output coupler of a ring
cavity [19]. In addition, Xing et al., devised self-seeding dual etalon-coupled cavities in the OPO
system pumped by a single-longitudinal-mode pulsed Yb-fiber laser. The linewidth of the oscillated
signal was suppressed and the linewidth of the idler was efficiently narrowed [20].

In this paper, we report our experimental work on a CW single-frequency MgO:PPLN OPO
pumped by a CW single-frequency Nd:YVOj laser at 1064 nm. We obtained a CW single-frequency
3.68 um idler laser with an output power higher than 1 W. Wavelength tuning can be achieved through
thermal control of the nonlinear crystal and use of the different grating periods.

2. Experimental Setup

The experimental configuration of the CW single-frequency MgO:PPLN OPO is shown schematically
in Figure 1. The nonlinear medium used for the OPO is 5 mol % MgO-doped periodically poled lithium
niobate (MgO:PPLN, HC Photonics) with a length of 50 mm and a laser aperture of 8 mm x 1 mm.
The MgO:PPLN crystal contains seven domain grating periods from 28.5 um to 31.5 pm with 0.5-pm
increments. The crystal is antireflection-coated for the signal wavelength (R < 1%@1.4-1.7 pm), idler
wavelength (R < 1%@3—4 um), and pump wavelength (R < 1%@1.064 um). The crystal is mounted in a
temperature-controlled oven, in which the crystal temperature can be adjusted in the range of 25-200 °C
with a temperature stability of £ 0.1 °C. A simple bow-tie ring cavity is used in the OPO system. The ring
cavity consists of two identical curved cavity mirrors (M; and My) and two flat mirrors (M3 and My), which
are all made of CaF; and are antireflection-coated at the pump wavelength (T > 98%@1064 nm) and idler
wavelength (T > 95%@3-5 um), and have high reflectivity at the signal wavelength (R > 99.8%@1.4-1.7 um).
The OPO configuration gives a singly resonant OPO, which is resonant for the signal frequency. The two
identical curved cavity mirrors (M; and M,), enclosing the MgO:PPLN crystal, have a 75-mm radius of
curvature and are separated by a distance of 120 mm. The nonlinear crystal is placed at the center between
the two curved mirrors (M; and My). The other two flat cavity mirrors (M3 and My) are separated by
35 mm. The total resonator length is about 325 mm.

Pump and signal

A2 M2
H H | m m MgO:PPLN
‘ | T _
D H ; N I Tler
Single-frequency Pelarizer Cc;{{ﬁié&’{éns M, M, Ms
Nd:YVO, laser
M; Etalon M,

Figure 1. Configuration of the continuous-wave (CW) single-frequency MgO-doped periodically poled
lithium niobate (MgO:PPLN) optical parametric oscillator (OPO).
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The pump source is a continuous-wave single-frequency Nd:YVOj laser that produces over 10 W
of radiation at 1064 nm. The Nd:YVOy laser has an excellent beam quality of M? ~1.1 and an output
of linear polarization, which was described in Reference [21]. When the power is changed, the laser
beam characteristics change significantly. In order to maintain a stable output, the Nd:YVOj laser is
operated at maximum output power in this experiment. A combination of a half-wave plate and a
polarizing beam splitter is used as a power attenuator to change the incident pump power. By using
the second half-wave plate, the pump polarization is aligned along the crystallographic z-axis of the
MgO:PPLN crystal to utilize the largest nonlinear coefficient d33. The pump beam is mode-matched
to the OPO cavity with a series of convex lenses, producing a 1/e? waist radius of 60 um at the
center of the MgO:PPLN crystal. Its waist yields a focusing parameter ¢, ~1.1. With the current
OPO cavity, the signal beam waist at the center of the MgO:PPLN crystal is about 70 um, resulting in
optimum mode-matching to the pump ({s ~Gp). To enhance the single-frequency operation of the OPO,
an uncoated 0.5-mm-thick yttrium aluminium garnet (YAG) plate is used as an intracavity etalon with
a free spectral range of 120 GHz. A 45° flat dichroic mirror M5 is utilized as a filter to separate the idler
from the output beams.

3. Experimental Results and Discussion

The wavelengths of the OPO signal and idler are recorded with a laser spectrum analyzer
(EXFO WA-650) combined with a wavelength meter (EXFO WA-1500). When the pump beam passes
through a 29.5 um grating period of the MgO:PPLN crystal and the crystal temperature is controlled at
120.0 £ 0.1 °C, the idler wavelength is 3.68 um (Figure 2) and the corresponding signal wavelength is
1.49 um (Figure 3). The wavelengths of the pump (A;), signal (As), and idler (;) waves are in accord
with the conservation of energy (1/ Ap=1 /As + 1/A)).
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Figure 2. Idler wavelength of the MgO:PPLN OPO at temperature T = 120 °C for the grating period A =29.5 um.
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Figure 3. Signal wavelength of the MgO:PPLN OPO at temperature T = 120 °C for the grating period A =29.5 pm.
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To investigate its longitudinal mode structure, the signal spectral information is monitored by
a 1.5 um scanning confocal Fabry-Perot (E-P) interferometer, with a free spectral range of 1.5 GHz.
As shown in Figure 4, the upper trace is the F-P ramp voltage and the lower trace is the voltage of the
signal transmission through the F-P interferometer. Figure 4a shows the F-P spectrum of the signal
from the MgO:PPLN OPO without the YAG etalon. To lock the cavity mode and reduce the spectral
noise, an uncoated 0.5-mm-thick YAG plate is used as an intracavity etalon inserted in the cavity.
By adjusting the angle of the etalon carefully, the signal spectral noise can be reduced. Figure 4b
shows the F-P spectrum of the signal from the MgO:PPLN OPO with the YAG etalon. As can be
seen, a single-frequency operation of the signal is presented in Figure 4b. According to the energy
conservation condition w; + ws = wy, the single-frequency operation of the idler from the MgO:PPLN
OPO can be confirmed.
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Figure 4. F-P spectrum of the signal from the MgO:PPLN OPO: (a) cavity without etalon; (b) cavity
with an uncoated yttrium aluminium garnet (YAG) etalon.

The idler output power, as a function of the incident pump power, is measured by a power
meter (Coherent PM2). Figure 5 shows the measured idler power versus incident pump power.
When the YAG etalon is inserted in the four-mirror ring cavity, the oscillated threshold of the OPO is
increased from 2 W to 5 W. Without the etalon in the OPO cavity, with a pump power of 10 W from the
single-frequency Nd:YVOy laser, the 3.68 um idler power is 1.3 W emitting from mirror M,. With an
intracavity etalon, the 3.68 pm idler power is 1.1 W, corresponding to an optical efficiency of 11%.

The idler beam quality is also measured as a function of the idler power. By making use of the
knife-edge method, the idler beam radius as a function of the distance from mirror Mj is achieved.
By using a nonlinear fitting method, the beam quality factor M? can be obtained. For a single-frequency
idler output power of 1 W at 3.68 um, the values of M? are measured to be about 1.3 and 1.2 in the
horizontal and vertical directions, respectively.
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Figure 5. Output power of the 3.68 um idler versus incident pump power.

We can tune the signal and idler wavelengths by changing the temperature of the MgO:PPLN
crystal. According to the Sellmeier equations [22], the theoretical tuning curves for the seven available
grating periods are shown in Figure 6. By shifting the MgO:PPLN crystal to keep the pump beam
passing through the different grating periods, and changing the nonlinear crystal temperature between
20 °C and 200 °C, the OPO is able to generate idler wavelengths ranging from 2.9 to 4.1 um.

45 T 3 T 3 T 3 T 3 T T T T
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20 40 60 80 100 120 140 160 180 200 220 240 260
Temperature of MgO:PPLN crystal (°C)

Figure 6. Theoretical tuning curves for eight periods of the MgO:PPLN crystal.

4. Conclusions

In conclusion, we have demonstrated a continuous-wave single-frequency mid-infrared
MgO:PPLN OPO pumped by a continuous-wave single-frequency Nd:YVO, laser at 1064 nm.
The symmetrical design of the system can easily achieve mode-matching. We used an uncoated
0.5-mm-thick YAG etalon to enhance the single-frequency operation of the MgO:PPLN OPO. With the
etalon in the cavity, the OPO produced a single-frequency output of 1.1 W at 3.68 um. By using
different grating periods and adjusting the nonlinear crystal temperature between 20 °C and 200 °C,
the idler wavelength of the OPO can be continuously tuned in the range of 2.9-4.1 um.
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Abstract: A passively Q-switched (PQS) operation of Tm,Ho:LuVOy laser is experimentally
demonstrated with a graphene saturable absorber (SA) mirror. An average output power of 1034
mW at 54.5 kHz is acquired with an 8% optical-optical conversion efficiency. The energy per pulse of
40.4 pJ and a peak power of 56.07 W are achieved; the narrowest pulse width of 300 ns is acquired,
and the output wavelengths of Tm,Ho:LuVOy are 2075.02 nm in a continuous wave (CW) regime and
2057.03 nm in a PQS regime.

Keywords: Tm,Ho:LuVOy laser; PQS; graphene saturable absorber

1. Introduction

Solid-state lasers emitting at 2 um with ultra-short pulses are used in many fields, such as
remote sensing, medicine, and gas detection, as well as frequency conversion of mid-IR wavelengths,
due to their high peak power and pulse energy [1-4]. A passively Q-switched (PQS) with a saturable
absorber (SA) is a compact way, in which microsecond (us) pulsed Q-switching operation in the mid-
Mid-infrared wavelength range can be achieved. Recently, many SAs, such as carbon nanotubes,
two-dimensional (2D) materials and ion-doped crystals, with broadband saturable absorption at
1-3 um, have been used for passive Q-switching operations [5-8]. The carbon nanotubes are typically
a one-dimensional (1D) SA material, which has been widely applied in fiber lasers emitting at
wavelengths of 1-2 um [5,9], but its performance is poor when used in solid-state lasers emitting
at 2 um, because its bandwidth is limited by the diameter of single-walled carbon nanotubes, and
its broadband saturable absorption characteristics rely on mixing single-walled carbon nanotubes with
different diameters [9]. 2D materials are low-cost materials offering excellent performance and are used
as the SA for PQS and mode-locked mode operations, due to their ultrafast recovery time, moderate
modulation depth, high nonlinear effects and broadband saturable absorption [10,11]. Compared with
the 1D and 2D SAs, ion-doped crystals, such as the Cr:ZnS crystal, have inherent defects which affect
the stability, electronic structures and optical properties of ion-doped crystals [8,12].
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Among the 2D materials, graphene is a 2D sheet of sp2-bonded carbon atoms with a honeycomb
lattice [13]: this has attracted attention from workers in many disciplines, especially as it has
special capabilities with regard to nonlinear saturable absorption. Graphene has very good thermal
conductivity and optical properties, due to its zero-bandgap structure, and pure non-defective
single-layer graphene with a thermal conductivity of up to 5300 W/m-K and its optical absorption
is decided, independent of optical frequencies and optical conductivity constants [14]. Therefore,
graphene is used as an SA in fiber and solid-state laser devices at a 1-2 pm wavelength range to
achieve stable PQS and mode-locked laser emissions, owning to its ultrafast recovery time and
moderate modulation depths [14-18]. Loiko et al. have demonstrated that a PQS mode of Ytterbium
lasers with a graphene SA possessing a 1.9-pJ pulse energy and a 190-ns pulse duration were achieved
from Yb-doped calcium niobium gallium garnet disordered garnet crystal [15]. Li et al. demonstrated
a PQS mode operation of Nd:LiF, laser with an SA of graphene in 2016. The output wavelengths of
1.31 and 1.32 um and an average output power of 1.33 W were acquired with the largest pulse energy
of 17.3 uJ [16]. Serres et al. demonstrated a Tm:KLu(WOQOy), laser with an SA in 2015, and a 310-mW
average output power was achieved [17]. Duan et al. demonstrated a PQS mode Ho:YVOy laser at
2052.1 nm with a graphene SA in 2016, and a 265.2-ns pulse width at 131.6 kHz was acquired [14].
Zhang et al. demonstrated a fiber laser operating at 1.94 um with a graphene SA in 2012, and a 3.6-ps
pulse width and a 0.4-n] energy at 6.46 MHz were obtained in a thulium-doped fiber laser [18].

Vanadate crystals are of particular interest as a potential laser host material, because they are
suitable for rare-earth ions doped or co-doped lasers, such as Nd:GdVOy, Nd:GdVOy, Tm,Ho:YVOy,
Tm,Ho:GdVO,, Ho:LVO4 and Tm,Ho:LuVOy [8,19-25]. Nd:GdVO,4 and Nd:YVOy lasers have been
demonstrated at 1 pm wavelength range [26,27]. Tm,Ho:YVO, and Tm,Ho:GdVO, have been
used as the laser crystal in continuous wave (CW), PQS, and acousto-optically (AO) Q-switched
mode operation, and PQS Tm,Ho:YVO, and Tm,Ho:GdVOy laser were demonstrated with an SA of
a 2 mm-thick Cr:ZnS crystal with a pulse width of less than 100 ns and a pulse energy over 100 pJ [8,28].
However, 2D materials were rarely used as an SA for Tm3* and Ho®* co-doped vanadate crystals in PQS
laser operations. Compared with other vanadate crystals, the LuVOy crystal has larger absorption and
emission cross-sections in the vicinity of 800 nm and 1.064 um, respectively [29]. In addition, various
Ho:LuVOy lasers (e.g., CW, Q-switched, actively mode-locked and single-longitudinal mode Ho:LuVOy,
laser) have been demonstrated [14,21-24], which show that the LuVOy, crystal is an attractive host
material at 2 um wavelength range. We demonstrated an AO Q-switched Tm,Ho:LuVOj, laser in 2018.
An average output power of 3.77 W was achieved at a pulse repetition frequency of 10 kHz with
an incident pump power of 14.7 W, and a pulse energy of 2.54 m] was obtained at 1 kHz with a pulse
duration of 69.9 ns [25]. However, the Tm,Ho:LuVOy crystal is a new laser crystal at 2 um wavelength
range, and its use therein has rarely been reported, and in particular, it has never been reported in use
in PQS-mode operation.

In this paper, We demonstrated a PQS-mode operation of Tm,Ho:LuVOy laser with a graphene
SA at 77 K. A Tm,Ho:LuVOy crystal was dual end-faces pumped by a laser diode (LD) with a center
wavelength of 798.6 nm and the output power of 13 W. A pulse energy of 40.4 yJ and an average
output power of 1034 mW were acquired at 2057.03 nm, and the narrowest pulse width was 300 ns.

2. Experimental Setup

The experimental setup for the PQS mode operation of a Tm,Ho:LuVOj laser is shown in Figure 1.
A 5I;—5]g laser transition of Ho®* in a Tm,Ho:LuVO, crystal was used to achieve a laser emission
with a 2 pm wavelength range. A Tm,Ho:LuVOy crystal was used in a resonator cavity with a 150-mm
physical cavity length, and the physical length from a dichroic mirror (M5) to a 300-mm concave
radius mirror (M6) was 60 mm. An LD (nLight Corp., Vancouver, WA, USA, NL-PPS50-10027) with
a center output wavelength of 798.6 nm, corresponding to the output power of 13 W, was used as
the pump source for the Tm,Ho:LuVOy laser. The temperature of the LD was selected at 298.15 K in
the experiment, and the output power of LD was coupled to a fiber (a core diameter was 400 um and
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numerical aperture (NA) was 0.22). Tm,Ho:LuVO, with the mass percentages of 5% and 0.5% for Tm
and Ho was cut along a-axis, of which the dimension was 4 mm x4 mm x8 mm. The end-faces of the
laser crystal were coated at pump wavelengths from 790 to 810 nm and its laser wavelength range
from 1.9 to 2.2 um with a transmission efficiency over 99.5% was used. The laser crystal was cooled at
77 K. In addition, the laser crystal was located in the middle of M5 and Mé.

Tm,Ho:LuVO,

Figure 1. Experimental setup of the passively Q-switched Tm,Ho:LuVOj laser.

A configuration with double-end pumping was chosen to relieve the thermal loading of the
laser crystal. The pumped laser from the LD was divided into two beams after being collimated by
a collimation lens (L1) and a split light mirror (M1). Then, One of the divided pumped laser was
refocused on one end-face of the laser crystal by a focusing lens (L2), and the other pumped laser
was reflected by the mirrors (M2, M3 and M4) and refocused on one end-face of the laser crystal by
a focusing lens (L3). The focal lengths of L1, L2 and L3 were 25, 50 and 50 mm, respectively, and
the pump spots with 800 um in diameter were placed at the input surfaces of the laser crystal.
A flat 45° mirror was used as a splitting light mirror (M1), which was coated at 790-810 nm
with a 50%-transmission-efficiency and 50%-reflection-efficiency material on one face and another
high-transmission material (T > 99.0%) on the other face. Three flat 45° mirrors were used as reflection
mirrors (M2, M3 and M4), which were coated at 790-810 nm with a high-reflectivity (R > 99.5) material
on one face. A dichroic mirror (M5) was a plano mirror placed at 45° with respect to the incident light,
and it was coated with a high-transmission material working at 798.6 nm on two faces and another
high-reflection material working at 2000-2100 nm on one face. A concave mirror with a radius of
300 mm (M6) was coated with a high-transmission material working at 798.6 nm on two faces, and
was coated at a high-reflectivity material working at 2000-2100 nm on its concave face. A plane mirror
coated with a 2% or 5% transmittance at 2000-2100 nm was used as an output coupler (OC) mirror of
the laser. The mirror made from a CaF; crystal was used as the substrate of the SA, and a graphene
crystal was chosen as the material for the SA. The graphene material dissolved in ethyl alcohol was
coated onto the surface of one face at the CaF, mirror with a spin coating machine (KW-4A, Chinese
Academy of Sciences, Beijing, China).

3. Experimental Results and Discussion

Two kinds of OC mirrors (with transmittances of 2% and 5%) were chosen in CW and PQS mode
operation of an a-cut Tm,Ho:LuVOj laser to achieved optimal output performances. In CW and
PQS mode operations, the output power and the average output power of the laser are shown in
Figure 2. Under the CW mode operation, output powers of 2310 and 2398 mW were achieved with
2% and 5% transmittances of the OC mirror, and optical-optical conversion efficiencies were 17.8%
and 18.5%, respectively. In the PQS mode operation, a graphene SA mirror placed between M5 and
OC mirror was located near the OC mirror. The transmittance of a few-layer graphene material at
2075.72 nm was measured and found to have been approximately 88.6%, and the modulation depths
were 69.0% (T = 2%) and 58.3% (T= 5%). The laser spot radii on the surface of M6, left end face of

15



Appl. Sci. 2018, 8, 954

laser crystal, right end face of laser crystal, M5, graphene SA and the OC mirror were calculated
to be approximately 445, 416, 395, 367, 310 and 310 pm, respectively, by the ABCD matrix without
considering the thermal lens effect. The average output powers of 604 and 1034 mW were achieved with
2% and 5% transmittances of the OC mirror, respectively, corresponding to optical-optical conversion
efficiencies of 6.0% and 8.0%. In the PQS mode operation of Tm,Ho:LuVOy laser, the pump threshold
power was approximately 5 W with a 2% or 5% transmittance of the OC mirror. The laser was operated
under a stable condition, and the pump power of 10.03 W or 13 W was injected into the laser cavity
with a 2% or 5% transmittance of the OC mirror to avoid the damage of the graphene SA. Compared
with the high transmittance of the OC mirror, a low transmittance of OC was chosen to acquire a stable
PQS mode operation, due to more energy being stored in the crystal, but the damage threshold of the
SA was easily reached, and the graphene SA was damaged at a peak power density of approximately
0.019 MW /cm? at 2057.03 nm with a 2% transmittance of the OC mirror in the experiment.
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Figure 2. Output power of Tm,Ho:LuVOy laser in CW and PQS mode operations verse the pump power.

Under the PQS mode operation, the pulse repetition frequency (PRF) of the Tm,Ho:LuVOj laser
is shown in Figure 3. As can be seen, the PRF increased with increasing pump power, and the highest
PRFs were 35.92 kHz (T = 2%) and 54.5 kHz (T = 5%), respectively, corresponding to energies per pulse
of 16.82 and 18.97 yJ. In addition, the maximum pulse energy of 40.4 puJ was achieved with a PRF of
24.01 kHz (T = 5%) and an average output power of 970 mW (T = 5%), corresponding a pulse width
of 1.429 ps. The pulse widths of Tm,Ho:LuVOy laser are shown in Figure 4, and the narrowest pulse
width of 300 ns was acquired under a 2% transmittance of the OC mirror. The pulse widths were
2.521 and 8.250 us with the pump powers of 6.96 and 5.01 W, respectively for a 5% transmittance of
the OC mirror. With a detector (Thorlabs, Newton, NJ, USA, PDA10PT-EC) and an oscilloscope with
a bandwidth of 1 GHz (Tektronix, Beaverton, OR, USA, DPO4104), the typical Q-switched pulse trains
were recorded in 40 and 200 ps time scales (Figure 5). Therefore, the highest pulse energy and the
peak power of the Tm,Ho:LuVOj laser were calculated to be 40.4 uJ and 56.07 W based on the findings
in Figure 2.

A 721A IR laser wavelength meter with a measuring range of 1300-5000 nm (Bristol Instruments
Inc., Victor, NY, USA) was used to obtain an output wavelength of Tm,Ho:LuVOy laser in CW and
PQS modes operations (Figure 6). An output wavelength of 2075.72 nm was achieved in the CW mode
operation, and 2057.03 nm was achieved in the PQS mode operation.
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A slit scanning beam profiler (BP109-IR2, Thorlabs Inc., Newton, NJ, USA) was used to acquire
beam quality factors of Tm,Ho:LuVOy laser. Output beam profiles of Tm,Ho:LuVOy laser were
measured, and 2D and 3D graphics are shown in Figure 7. In addition, beam quality factors M,? and
My2 were measured to be 1.19 and 1.19, respectively, at approximately 1-W average output power
from the PQS Tm,Ho:LuVOy laser.

Figure 7. 2D and 3D output beam profiles of Tm,Ho:LuVOy laser.

4. Conclusions

In conclusion, we have experimentally demonstrated a Tm,Ho:LuVOy laser under the PQS mode
operation with a graphene SA for the first time. A pulse energy of 40.4 uJ and an average output
power of 1034 mW were acquired at 2057.03 nm. In addition, the beam quality factors (M2 = 1.19 and
M; = 1.19) were obtained at about 1-W average output power from the PQS Tm,Ho:LuVOy laser.
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Abstract: Tunable mid-infrared lasers are widely used in laser spectroscopy, gas sensing and many
other related areas. In order to solve heat dissipation problems and improve the environmental
temperature adaptability of solid-state laser sources, a tunable all-fiber laser pumped optical
parametric oscillator (OPO) was established, and a compact thermal control system based on
thermoelectric coolers, an automatic temperature control circuit, cooling fins, fans and heat pipes was
integrated and designed for the laser. This system is compact, light and air-cooling which satisfies
the demand for miniaturization of lasers. A mathematical model and method was established to
estimate the cooling capacity of this thermal control system under different ambient environments.
A finite-element model was built and simulated to analyze the thermal transfer process. Experiments
in room and high temperature environments were carried out and showed that the substrate
temperature of a pump module could be maintained at a stable value with controlled precision
to 0.2 degrees, while the output power stability of the laser was within £1%. The experimental
results indicate that this compact air-cooling thermal control system could effectively solve the heat
dissipation problem of mid-infrared solid-state lasers with a one hundred watts level pump module
in room and high temperature environments.

Keywords: tunable mid-infrared solid-state laser; thermal control; all-fiber laser; thermoelectric
cooling; finite-element analysis; optical parametric oscillator

1. Introduction

Since mid-infrared lasers have minimum attenuation in atmospheric transmission and cover the
absorption peaks of many atoms and molecules, they are widely used in laser spectroscopy, atmosphere
monitoring, photoelectric detection, remote sensing survey and many other fields [1-4]. The pump
laser is one of the most important key modules in tunable mid-infrared solid-state lasers. It generates
a large amount of waste heat in the working process and needs to be dissipated in time, otherwise it
will cause wavelength shift, decrease of output power and even damage the laser [5,6]. Thus, it is of
vital importance to dissipate the waste heat and maintain the temperature of pump laser at a suitable
value. Various conventional cooling methods are used for lasers, such as water cooling, forced air
cooling, thermoelectric cooling, heat pipe cooling, micro-channel cooling, compressor refrigeration
and so on [7-9].

High power lasers mainly use the water cooling method to dissipate heat due to its advantages
of high heat transfer coefficient and heat flux density [10]. However, it requires the connection of an
external water cooler which causes the laser to have a large. Forced air cooling, heat pipe cooling,
micro-channel cooling and other passive cooling methods can only ensure the temperature of the laser
is higher than the ambient environment [11], while in some situations, the temperature of the laser
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needs to be controlled to be lower than the environment. Thermoelectric cooling, usually considered
using the thermoelectric cooler (TEC), has advantages over conventional cooling devices, including
being compact in size, having high reliability, no mechanical moving parts, no working liquid, light in
weight, being powered by direct current, and easily switching between cooling and heating modes [12].
Due to these advantages, TECs are widely used in many fields including electronic device cooling,
diode laser (LD) cooling and temperature control, domestic refrigeration, scientific equipment and so
on [13-15].

In recent years, many studies have reported TEC temperature control systems for laser cooling.
Jian Dong et al. [16] investigated a high power diode-side-pumped Q-switched Nd:YAG solid-state
laser under 808nm side-pumping without a water cooler. Two TECs were adopted to maintain the
temperature of the LD module, and it was observed that precision of the TEC controller impacted the
relative stability of the output energy. Wei Zhang et al. [11] used a finite-element analysis method to
study the performance of a micro semiconductor laser with TEC; the thermal cooling methods on the
hot side of TEC were also investigated. Hao Wang et al. [17] developed a dynamic thermal model for a
tunable laser module with a proportion-integration-differentiation (PID) temperature controller based
on finite-element analysis. Temperature variation and wavelength shift of the laser were simulated by
changing PID parameters and discussed. Limei Shen et al. [18] investigated a miniature thermoelectric
module for pulse laser cooling, and the effects of pulse and step variable voltage on the miniature TEC
module (TEM) were numerically and experimentally studied.

Recent studies of thermal management using TECs for lasers have mainly focused on single diode
lasers with medium and low output powers, while high output power pump lasers always use the
water cooling method to dissipate heat [11], which cannot satisfy the demand for miniaturization.
In this paper, an all-fiber laser pumped optical parametric oscillator (OPO) laser was established with a
compact thermal control system based on an automatic temperature control circuit, TEMs, cooling fins,
axial fans and heat pipes. This thermal control system was designed and analyzed in finite-element
method. A mathematical model to estimate the cooling capacity of the system under different ambient
environments was established. Experiments in room and high temperature environments were carried
out to validate the performance of the mid-infrared solid-state laser and the thermal control system.

2. Module Design

2.1. Design of a Tunable Mid-Infrared Solid-State Laser

The tunable mid-infrared solid-state laser that was investigated in the current study was an
all-fiber laser pumped OPO, made up of an all-fiber laser pump module, beam control module
and OPO module. The schematic diagram of the laser source is shown in Figure 1. The all-fiber
laser pump module is based on the structure of the master oscillator power amplifier (MOPA),
and includesmaster-oscillation and power-amplifier two parts. The master-oscillation stage uses
a linearly polarized DFB laser to produce seed light at 1064 nm.The power-amplifier is made up of
three-stages: linear, polarized and Yb doped fiber amplifier (YDFA) and can produce a 1064 nm laser at
maximum output power of 50 W. The facula and polarization-state of the fiber pump laser are adjusted
and isolated through a beam control module and then poured into OPO module on the MgO:PPLN
crystal. The optical parametric oscillation process happens through the feedback effect of resonant
cavity and obtains a near-infrared signal light and a mid-infrared idler. We used a dichroicmirror to
filter out the signal light and finally achieved a mid-infrared laser at maximum output power of 5 W.

There is a certain relationship between the polarization period and temperature of MgO:PPLN
crystal with the output wavelength of mid-infrared laser. The variation in the curve of the mid-infrared
laser wavelength with the temperature of the crystal during polarization periods of 29 um, 29.5 um
and 30 um is shown in Figure 2. In our design, the wavelength of the mid-infrared laser was tuned by
changing the temperature of the crystal. The MgO:PPLN crystal was fixed in the temperature control
furnace, a film heater was used to control the temperature of the crystal and a PT1000 temperature
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sensor was used to measure the temperature of the crystal. We were able to obtain a certain wavelength
from the mid-infrared laser by controlling the temperature of MgO:PPLN crystal at a specific value.

All-Fiber-Laser Pump Module  Fiber Collimation

/ Beam Control

Module
Faraday Isolator
-1 - araday 1507

Temperature Control
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Single-Mode
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Figure 1. The schematic diagram of the designed tunable all-fiber laser pumped optical parametric
oscillator (OPO).
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Figure 2. The variation in the curve of the laser wavelength with changes in the temperature of the
crystal at different polarization periods.

2.2. Design of the Thermal Control System

There were four high power 976 nm LD modules in the pump module and each had a maximum
output power of 30 W. The electro-optic conversion efficiency of this LD module is about 50%; thus,
the total heat generated from the LD modules was about 120 W. In addition, the maximum output
power of the fiber laser pump module was over 50W; thus, the maximum heat generated from the
fiber was no more than 70 W. The total heat generated in the all-fiber laser pump module was no more
than 200 W.

Each LD module was tightly fixed on the upper surface of a thin heat sink and fully contacted
through grease. The fiber was encircled into a round shape and tightly pasted on the heat sink. The thin
heat sink was made from molybdenum—copper material which has advantages of low density and
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high thermal conductivity. Thus, we were able to dissipate the waste heat generated from LD modules
and fibers by cooling and keeping the upper surface temperature of the heat sink at a suitable value.
A schematic diagram of the laser and thermal control system is shown in Figure 3.

OPO Module

oo

Heat pipes

Fiber Laser Pump Module

Figure 3. Schematic diagram of the laser and thermal control system.

2.2.1. Constitution of the Thermal Control System

To achieve a better automatic cooling ability for the mid-infrared laser, the thermal control system
was composed of an automatic temperature control circuit, TEMs, and an aluminum cabinet with
cooling fins, axial fans and heat pipes. The heat sink was stuck to the cold side of TECs through grease
and compressed tightly, allowing full contact and consequently, better heat transfer. The hot sides
of the TECs were positioned close to the bottom of the cabinet. Thus, when the laser was working,
the large amount of waste heat generated from the pump source module was absorbed by TECs and
dissipated to the bottom of cabinet. The cooling fins were distributed outside the bottom of the cabinet
to increase the heat transfer area. The axial fans were fixed on one side of the fins, increasing the heat
convection coefficient through forced convection cooling. There were also two heat pipes fixed at the
bottom of laser cabinet to improve heat transfer performance of the system.

The TEM used here was MCTE1-12712L-S, manufactured by Multicomp (Warsaw, Poland) with
parameters shown in Table 1. There were 16 pieces of TECs divided into 4 groups to cool the heat sink.
Each group was made up of 4 TECs with two pieces electrically connected in series and then electrically
connected in parallel together. As shown in Figures 4 and 5, two groups of TECs in a line were used
to cool the LD modules and the remaining two groups were used to cool the fiber. This electrical
connection and configuration mode improved the heat transfer efficiency by increasing the contact area
and simplified the circuit structure through one output channel to drive 4 TECs. The axial fan used
here was a pulse width modulation (PWM) speed controlled fan with 24 V direct current (DC) power
supply. The max rated speed of this fan was 18,000 r/min and the maximum airflow was 0.011 m3/s.
There were 7 fans parallel connected in a line to increase airflow.

Table 1. TEC parameters.

Parameters
Internal resistance 10 +10%
Imax 12A
Vmax 154V
- T, =27°C T, =50°C
Qmax 110W 134 W
ATmax 68 °C 75°C
Solder melting point 138 °C
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Figure 4. Diagrammatic sketch of the thermoelectric cooler (TEC) layout.

Figure 5. Picture of TEC layout.

2.2.2. Hardware Circuit Design of the Thermal Control System

The main function of the system hardware circuit was to realize automated thermal control for
the laser through exporting suitable drive power on the TECs. The diagram of the hardware circuit
is shown in Figure 6. The circuit consisted of a STM32 microcontroller as control core, two PT1000
platinum resistor sensors to measure the upper surface temperature of heat sink, one PT1000 to measure
the temperature of the MgO:PPLN crystal, an LCD12864 display to show the measuring temperature,
setting temperature and operating state of the laser, a 24V DC power supply for the PWM fans,
four H-bridges to drive the TECs, and a universal synchronous/asynchronous receiver/transmitter
(USART) interface to communicate with a personal computer. The platinum resistor is a kind of
temperature sensor with high stable performance and wide temperature measure ranging from
—200 to +650 °C. The PT1000 temperature characteristics can be approximately expressed with the
following equation:

Ry =1000+43.9 x t. (1)

Ry is the resistance value (Q2) at temperature of  (°C). An 0.1 mA precise constant current source flows
into the PT1000 resistor. The voltage on two sides of the resistor is amplified by an instrumentation
amplifier INA128 before entering the analog-to-digital converter (ADC) interface on STM32. Then,
the STM32 chip calculates the temperature value according to the conversion formula.
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Figure 6. Diagram of the hardware circuit.
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2.2.3. Software Design of the Thermal Control System

The software designed for the automated system was embedded in the STM32 microcontroller
and programmed in C programming language based on a Keil development environment. It was made
up of six function modules: a signal acquisition and process module for temperature measurement,
an LCD12864 display module, a PID temperature control module, a PWM fan control module, a serial
communicating module and a system monitoring and protecting module.

In the temperature control process, due to the time-varying, nonlinearity and uncertainty factors
of the laser and external environment, the voltage exerted on the TEMs was calculated based on a
parameter self-tuning incremental PID algorithm. The design of this PID algorithm is shown as below:

AU(K) = Kp x [e(k) — e(k — 1)] + K; x e(k) + Kgle(k) — 2 x e(k — 1) + e(k)] @)

(1) le| > Eq : Kp = Kp1, Ky = Ko, K; = 0;
(2)  Ep > le| > Eu : Kp = Ko, Ky = Ky, K; = Kip;
(3) le] < En:Kp=Kp, Ky =Ky, K =Kjq.

The relationships among the PID parameters are as follows: K1 > Kz >0, Ky1 > Kz2 > 0, Kj1 > Kip
>0, Eq1>Eq2>0. Kp1, Kpa, Kg1, Kgo, Ki1, Ki2, Eq1 and Egp are constants. When |el is larger, we choose a
larger K;, and smaller K; to promote the tracking performance of the system, setting K; = 0 to avoid
larger overshoot when the system responds. When lel is of medium size, we set smaller K, and K;
values to decrease the system response overshoot. When | el is smaller, we set larger K, and K; values
to decrease the steady error and a medium-sized K, to avoid system vibration near the set value.

3. Mathematical Model and Numerical Simulation

3.1. Thermal Analysis of TEM

The commercialized TEM is normally composed of a series of thermocouples electrically connected
in series and thermally converged in parallel. When direct current flows through a thermocouple
which is composed of an N semiconductor element and a P semiconductor element, the phenomenon
of heat absorption and release happens at the contact surface. The current flows from the N element
to the P element above the contact surface and the surface absorbs heat from the outside, becoming
the cold side. The current flows from the P element to the N element below the contact surface and
the surface releases heat to the outside, becoming the hot side [12]. The cooling capacity (Q., heat
absorption power on the cold side) of the TEM is
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1
Q¢ = SpulT. — EIZRm — Ky (T, — Tp). 3)

The quantity of heat production, Qj,, on the hot side of the TEM is
1
Qu = Sul Ty + 5 1R = Kn(Ty = Te)- (4)

In Equations (3) and (4), S, is the Seebeck coefficient of TEM, T, is the temperature of the cold
side of the TEM and T}, is the temperature of the hot side of the TEM, I is the direct current through the
module, R, is the electrical resistance of the TEM and K, is the thermal conductance of the TEM.

The performance parameters, S;;, R, and Kj;;, can be figured out by the TEM parameters of Imax,
ATmax, Ty, and Vimax given by the manufacturer through Equations (5)—(7) [19,20], of which Iiax is
the direct current flowing through TEM that causes the maximum temperature difference, ATmax.
ATmax is the maximum temperature difference between the cold and hot sides of the TEM at a certain
temperature, T),. Vmax is the direct voltage that diverges the AT max.

Th - ATmax) X Vmax
Ty X Imax

Ry =L 5)

_ (Th - ATmax) X Vmax X Imax
Kin = 2 % Ty X ATmax ©)

Vmax
Sm = 7
=7 @

3.2. Mathematical Model of the Thermal Control System

In order to estimate the performance of the thermal control system, a mathematical model of the
system was established to calculate the cooling capacity. The thermal resistance network diagram is
shown in Figure 7.

w
Qvump: Qe [ @ Qn :
Ri R2 Rs .
Heat Sink T — T TEC Th | . [ . Ta Ambient
Substrate — L ! L d Environment
Grease Grease Cabinet

Figure 7. The thermal resistance network diagram.

R; is the thermal resistance of the thermally conductive grease between the substrate of the heat
sink and the cold side of the TEMs. R; is the thermal resistance of the thermally conductive grease
between the hot side of the TEMs and the bottom inside of the cabinet. R; is approximately equal to R;.
Rj3 is the thermal resistance from the bottom inside of the cabinet to the ambient environment. T is the
upper surface temperature of heat sink, since the 4 LD modules and fibers are closely fixed on the heat
sink and they are the main heat sources. Thus, it is important to maintain T at a suitable and stable
temperature to ensure the pump laser module works reliably. T is the cold side temperature of the
TEMs, T}, is the hot side temperature of TEMs and T, is the temperature of the ambient environment.
Qpump is the heat generated by the pump laser module and Q. is the cooling capacity of the TEM,
since there are 16 pieces of TECs used in the system, and assuming each TEC hasthe same Q. it can be
deduced that the equation at the steady heat transfer state is

Qpump =16 x Q.. (8)
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The one-dimensional steady heat transfer equation of the thermal resistance, Ry, can be carried
out by thermal analysis as shown below:
N -T

Q=" ©)

Qy, is the heat release output at the hot side of TEM. Thus, we can determine the one-dimensional
steady heat transfer equation:
T, -T,
~ Ry+Rs’
From thermodynamic Equations (3), (4) and (8)—(10), the TEC cooling capacity (Q.) can be written
as the following expression:

Qn

(10)

(T, Toy 1) = [Sw*I?(Ry + R3) — Syl — K] Ty + Ky Ty + APPRyu[(2Kyn — SiI)(Ro + Rg) + 1] an
e [Sul(Ry+ R3) —1](SwIRy +1) — Ky (Ry 4 Ry + R3) :

From Equation (11), it can be deduced that Q. mainly depends on the TEM performance
parameters: Sy, Ry, Ky, TEC drive current I, the system thermal resistances (Rq, R, andR3), the upper
surface temperature of the heat sink (T7) and the ambient environment temperature (T,). If it is
assumed that Ty is 293.15 K at which the pump laser module could work steadily and normally, I
and T, are set to regular values, and S;;, R;; and K;;, are calculated according to the TEM parameters
of Imax, ATmax, Ty and Vimax (which are given by the manufacturer), then we just need to know the
system’s thermal resistances (R1, Ry and R3) to calculate Q.. If Q. multiplied by 16 is greater than
Qpump, we can make the conclusion that the pump laser module can work at a suitable and stable
temperature. The temperature of heat sink T can also be written as the following expression:

Sul(Ra+R3)—~1)(SmIR;+1)— K (Ry+Ra+R3) Qe — Ky Ta — 3 2Ry [ (2K =S 1) (Ry+R3) +1] (12)

_ 1
Tl(Qc/ Ta/ I) - szlz(RZJng)meIme .

If assuming Equation (8) is established and Qpymy is at its maximum value, then we can obtain
Q. as a fixed constant, setting I and T, at regular values, and calculate S, R;; and K;;;, allowing the
temperature (T1) to be calculated out by the expression. Finally, it can be concluded whether the
pump laser module is working at a suitable temperature by comparing T; with the normal operating
temperature range.

3.3. Numerical Simulation

A finjte-element model was established using COMSOL 4.4 software to estimate the cooling
capacity of the thermal control system, and the thermal transfer process was mainly analyzed to
simulate the temperature rise and the thermal distribution in the laser cabinet. The heat dissipation
of the mid-infrared OPO laser is a multi-physics field coupled process with heat conduction,
heat convection and gas turbulent flow.

The material properties and size of the finite-element model are shown in Table 2. The whole
laser cabinet structure including fins was made by aluminum material. The aluminum 6063-T83 with
thermal conductivity 201 W/(m-K) was defined as the cabinet material in the software. When the
thermal control system works, the cold side of the TEMs absorbs the heat produced by the pump laser
module, and releases heat at the hot side simultaneously. This heat quantity was taken as the heat
source in the model and delivered through thermal conduction to the laser cabinet. A 500 W boundary
heat source was defined to simulate the quantity of heat produced by the TEMs. There were 14 cooling
fins at the bottom of the laser cabinet. The shape of each fin was 300 x 50 x 2 mm 3 and the fin
spacing was 20 mm. Seven fans were defined in the software, and the flow rate was set at 0.011 m3/s.
The thermal conductivity of the heat pipe was set in segmented mode to make a closer equivalent
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simulation of its physical features. The thermal conductivity of the evaporation section was set at
2 x 10* W/(m-K), while the thermal conductivity of the condensation section was set at 500 W /(m-K).

Table 2. Material properties and sizesin the finite-element model.

Thermal Conductivity

i 3
(Wim-K) Size Number Flow Rate (m3/s)

Material

Aluminum 330 x 330 x 115 mm?
Cabinet 6063-T83 201 (L x W x H) / /
Wall thickness: 10mm

Aluminum 300 x 50 mm? (L x W)
Fin 201 Fin thickness: 2mm 14 /
6063-T83 - X
Fin spacing: 20mm

Heat pipe / Evaporation section:2 x 10* 280 x 12 x 5 mm? > /
pip Condensation section: 500 (L x W x H)
Fan / / 40 x 40 x 10 mm® 6 0.011

The finite-element mesh model is shown in Figure 8 and the size unit of this model is in millimeters,
the results for the temperature analysis of the model at ambient environment temperatures of 25 degrees
and 45 degrees are shown in Figure 9, and the temperature units are degrees. It can be deduced that
the highest temperature rise occurred at the left edge of the laser cabinet and with almost the same
value at the different ambient temperatures. It is assumed that the two groups of TEMs were close
to the left edge of the cabinet with the highest temperature at the hot side, since the simulated heat
source was 500 W and the temperature rise was almost 20 K, thus the thermal resistance (R3) for the
TEMs was 0.04 K/W. The other two groups of TEMs in the middle of the cabinet almost had a 15 K
temperature rise at the hot side and the thermal resistance (R3) for them was 0.03 K/W.

PATAVAVAVAVAVAVAVAYA

Figure 8. Finite-element mesh model of the system.

The cooling capacity of the system is discussed in two situations—at 25 °C (room temperature) and
45 °C (high temperature). From the temperature rising simulation results in Figure 9, we approximately
calculated the TEC performance parameters, R;;, Ky and S, for T, = 50 °C and the following
parameters were obtained: R,, = 0.985 (), K;;, = 0.946 K/W and S, = 0.048 V/K. Using Equation
(11), in the first situation, T, = 298.15 K (25 °C), the TEC drive current (I) was defined as 5A, and it was
assumed that Ry = Ry = 0.1 K/W and Ty =293.15 K (20 °C) at which the pump source can work stably.
For the two groups of TEMs with R3 = 0.04 K/W, the cooling output of each TEM was Q1 =39.5W,
and for the other two groups of TEMs with R3 = 0.03 K/W, the cooling output of each TEM was
Qc2 =40 W. Consequently, the total cooling output (Q.) of the 16 TEMs was about 636W.
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Figure 9. Finite-element analysis results: (a) in 25 degrees and (b) in 45 degrees.

When T, = 318.15 K (45 °C) with the same other parameters, the two groups of TEMs with
R3=0.04 K/W had Q¢ = 24 W, and the other two groups of TEMs with Rz = 0.03 K/W had
Qc2 =244 W. Thus, the total cooling output (Q.) of the 16 TEMs was about 387.2W. The calculated
results indicate that the temperature of the LD modules and the fiber in the pump source can be
controlled at the setting value in the ambient temperatures of 25 °C and 45 °C. The estimated cooling
capacity of the system in different ambient environments is shown in Table 3.

Table 3. The estimated cooling capacity of the system in different ambient environments.

Ambient

Environment T TEC Driving Current Position of TEMs R3 TOEu]\:I Sto ;)ém% Sés:e:“co:)él [;g
Temperature (T,) P = pacity (K
° 293.15K (20 TEMSs near the edge 0.04 K/W 395W
BIKE5°0) °C 5A TEMs in the middle ~ 0.03 K/W 0w 36w
o 293.15K (20 TEMs near the edge 0.04 K/W 24 K/W
318.15K (45°0) °C) 5A TEMs in the middle ~ 0.03 K/W 214W 3872W

4. Experiment Results and Discussion

Experiments in room and high temperature environments were conducted to verify the actual
cooling capacity of the thermal control system and the performance of the mid-infrared OPO laser.
The output power of OPO laser was measured using the laser power meter in 25 °C and 45 °C
temperature environments. The laser controlling temperature was set to 20 °C. The near-field pattern of
the laser was analyzed through the laser beam quality analyzer (PY3) in room temperature. The picture
of the mid-infrared OPO laser is shown in Figure 10. The black case on the left side is the electrical
control unit, and the case with fans on the right side is the optical unit.

Figure 10. Picture of the mid-infrared OPO laser.
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In the room temperature environment, when the electrical control unit was powered on,
the thermal control system began to control the refrigeration of the TEMs to reduce the temperature of
the laser. About 4 min later, the upper surface temperature of heat sink was reduced and stabilized
at about 20.1 °C. Then the pump source was turned on and the laser began to output light. Since the
pump source generated heat and transferred it to the heat sink, the temperature rose to about 20.6 °C.
The temperature control circuit acquired rose in temperature and calculated the PWM control variable
based on the PID algorithm. Then the output voltage exerted on TEMs was increased appropriately
and the cooling output was amplified. About 1 min later, the temperature was reduced and stabilized
at about 20.1 °C. The temperature variation of the pump laser over time is shown in Figure 11.

44 4 — m— High Temperature Environment
A —®— Room Temperature Environment|

404 \
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5 36 \.
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= 324
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g 284 \
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Figure 11. Temperature variation of the pump laser.

In the high temperature experiment, the mid-infrared OPO laser was put in the high and low
temperature test boxes, as shown in Figure 12, and the environment temperature was set to 45 °C.
About 10 min after the electrical control unit was powered on, the temperature was reduced and
stabilized at about 20.1 °C. Then, the pump source was turned on and the laser began to output
light, and the temperature rose to about 20.7 °C. About 1 min later, the temperature was reduced and
stabilized at about 20.1 °C, as shown in Figure 11.

Figure 12. Experiment in the high temperature environment.
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The output power variation of the mid-infrared OPO laser with 70% maximum pump power in
room and high temperature environments is shown in Figure 13. The near-field pattern of the OPO
laser at room temperature was also measured and is shown in Figure 13. The following formula was
used to calculate the output power stability (S) of the OPO laser:

Pmax_Pmin
§ = 4 Max -mm 13
2 X Payr (13)

Pmax, Pmin and Payr are the maximum, minimum and average output powers of the OPO laser
with the measured values. The calculated output power stability values of the laser in room and high
temperature environment were £0.7% and 41%, respectively. The one-hour output power stability of
the laser in room temperature environment was within £1%. The experimental results above show
that the thermal control system has a strong cooling capacity to keep the substrate temperature of the
pump laser module at the setting value.The laser was able to work normally in both the room and
high temperature environments, and when pump power of the laser changed, the temperature control
circuit was able to adjust the output drive voltage on TEMs according to the measured temperature
value, keeping the temperature of the pump laser at a stable and suitable value.

4.0 1
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Figure 13. Output power variation and near-field pattern of the OPO laser.

5. Conclusions

In this paper, a tunable all-fiber laser pumped OPO was established, and a thermal control system
based on TEMs, automatic temperature control circuit, PID algorithm, cooling fins, fans and heat pipes
was integrated and designed for the laser. This system is compact, light, air-cooling and has automatic
temperature control. A finite-element model of the cooling system was built and simulated in the
COMSOL 4.4 software to analyze the thermal transfer process. A mathematical model and method
were established to estimate the cooling capacity of the system under different ambient environments.
The estimated maximum cooling capacity of this system was approximately 636 W in 25 °C and 387 W
in 45 °C. The substrate temperature of the pump laser module was able to be maintained at a stable
value with a steady state error of no more than 0.2 °C in room and high temperatures when the OPO
laser was working. The output power stability of the OPO laser in room and high temperatures were
+0.7% and £1% respectively. The experimental results indicate that this compact air-cooling thermal
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control system can effectively solve the heat dissipation problem of mid-infrared solid-state lasers with
a one hundred watts level pump module in room and high temperature environments.

Author Contributions: F.C., Y.H. and D.Y. conceived, designed and performed the experiment; Y.H. and Q.P.
contributed the all-fiber laser pump module design and the OPO module design, K.Z. established the finite-element
model of the cooling system, D.Y. contributed to the thermal control system design and wrote the paper, EC. and
L.G. supervised the whole work.

Acknowledgments: The authors acknowledge the financial support of the Open Fund Project of the State Key
Laboratory of Laser and Material Interaction (No.SKLLIM1713), the National Natural Science Foundation of China
(61705219), the National Defense Science and Technology Innovation Fund of the Chinese Academy of Sciences
(No. CXJJ-16M228), the Major Science and Technology Biding Project of Jilin Province (No. 20160203016GX),
the Young and Middle-Aged Science and Technology Innovation Leader and Team Project of Jilin Province
(No. 20170519012JH), and the Youth Innovation Promotion Association of CAS.

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

References

1. Jin, YW, Cristescu, S.M.; Harren, EJ.; Mandon, J. Two-crystal mid-infrared optical parametric oscillator for
absorption and dispersion dual-comb spectroscopy. Opt. Lett. 2014, 39, 3270-3273. [CrossRef] [PubMed]

2. Liu,J; Tang, PH,; Chen, Y;; Zhao, C.J.; Shen, D.Y.; Wen, S.C.; Fan, D.Y. Highly efficient tunable mid-infrared
optical parametric oscillator pumped by a wavelength locked, Q-switched Er:YAG laser. Opt. Express. 2015,
23,20812-20819. [CrossRef] [PubMed]

3. Steinle, T.; Kumar, V,; Floess, M.; Steinmann, A.; Marangoni, M.; Koch, C.; Wege, C.; Gerullo, G.; Giessen, H.
Synchronization-free all-solid-state laser system for stimulated Raman scattering microscopy. Light Sci. Appl.
2016, 5, €16149. [CrossRef]

4. Yan, M.; Luo, PL.; Iwakuni, K.; Millot, G.; Hansch, T.W.; Picque, N. Mid-infrared dual-comb spectroscopy
with electro-optic modulators. Light Sci. Appl. 2017, 6, €17076. [CrossRef]

5. Darvish, G.; Moravvej-Farshi, M.K.; Zarifkar, A.; Saghafi, K. Pre-compensation techniques to suppress the
thermally induced wavelength drift in tunable DBR lasers. IEEE |. Quantum Electron. 2008, 44, 958-965.
[CrossRef]

6. Andreoni, E.; Xu, ].H; Cartaleva, S.; Celli, R M.; Mango, F.; Gozzini, S. A simple system of thermal control
and frequency stabilization of solitary diode lasers. Rev. Sci. Instrum. 2000, 71, 3648-3652. [CrossRef]

7. Datta, M.; Choi, H.W. Microheat exchanger for cooling high power laser diodes. Appl. Therm. Eng. 2015, 90,
266-273. [CrossRef]

8. Shu, SL.; Hou, G.Y;; Wang, L] Tian, S.C.; Vassiliev, L.L.; Tong, C.Z. Heat dissipation in high-power
semiconductor lasers with heat pipe cooling system. J. Mech. Sci. Technol. 2017, 31, 2607-2612. [CrossRef]

9.  Jia, G.N,; Qiu, Y.T,; Yan, A.R.; Yao, S.; Wang, Z.Y. Laser three-dimensional printing microchannel heat sink
for high-power diode laser array. Opt. Eng. 2016, 55, 096105. [CrossRef]

10. Mu, J.; Feng, G.J.; Yang, H.M.; Zhang, H.; Zhou, S.H. Research on multiannular channel liquid cooling
method for thin disk laser. Opt. Eng. 2014, 53, 056110. [CrossRef]

11.  Zhang, W.; Shen, L.M.; Yang, Y.X.; Chen, H.X. Thermal management for a micro semiconductor laser based
on thermoelectric cooling. Appl. Therm. Eng. 2015, 90, 664-673. [CrossRef]

12. Zhao, D.L; Tan, G. A review of thermoelectric cooling: Materials, modeling and applications.
Appl. Therm. Eng. 2014, 66, 15-24. [CrossRef]

13. Li, C;Jiao, D.; Jia, J.Z.; Guo, F; Wang, ]. Thermoelectric cooling for power electronics circuits: Modeling and
active temperature control. IEEE Trans. Ind. Appl. 2014, 50, 3995-4005. [CrossRef]

14. Li, J.H.; Zhang, X.R.; Zhou, C.; Zheng, ].G.; Ge, D.S.; Zhu, W.H. New application of an automated system for
high-power LEDs. IEEE/ASME Trans. Mechatron. 2016, 21, 1035-1042. [CrossRef]

15.  Noguchi, N.; Okuchi, T. A peltiercooling diamond anvil cell for low-temperature Raman spectroscopic
measurements. Rev. Sci. Instrum. 2016, 87, 125107. [CrossRef] [PubMed]

16. Dong, J.; Liu, X.S.; Peng, C.; Liu, Y.Q.; Wang, Z.Y. High Power Diode-Side-Pumped Q-Switch Nd:YAG
Solid-State Laser with a Thermoelectric Cooler. Appl. Sci. 2015, 5, 1837-1845. [CrossRef]

17. Wang, H.; Yu, Y.L. Dynamic modeling of PID temperature controller in a tunable laser module and
wavelength transients of the controlled laser. IEEE |. Quantum Electron. 2012, 48, 1424-1431. [CrossRef]

33



Appl. Sci. 2018, 8, 878

18. Shen, L.M.; Chen, H.X,; Xiao, E; Yang, Y.X.; Wang, S.W. The step-change cooling performance of miniature
thermoelectric module for pulse laser. Energy Convers. Manag. 2014, 80, 39-45. [CrossRef]

19. Lineykin, S.; Ben-Yaakov, S. Analysis of thermoelectric coolers by a spice-compatible equivalent-circuit
model. IEEE Power Electron. Lett. 2005, 3, 63—66. [CrossRef]

20. Lineykin, S.; Ben-Yaakov, S. Modeling and analysis of thermoelectric modules. IEEE Trans. Ind. Appl. 2007,
43,505-512. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).

34



friricd applied
A sciences

Review

Review of Recent Advances in QEPAS-Based Trace
Gas Sensing

Yufei Ma

National Key Laboratory of Science and Technology on Tunable Laser, Harbin Institute of Technology,
Harbin 150001, China; mayufei@hit.edu.cn; Tel.: +86-451-86413161

Received: 5 September 2018; Accepted: 28 September 2018; Published: 4 October 2018

Abstract: Quartz-enhanced photoacoustic spectroscopy (QEPAS) is an improvement of the
conventional microphone-based photoacoustic spectroscopy. In the QEPAS technique, a commercially
available millimeter-sized piezoelectric element quartz tuning fork (QTF) is used as an acoustic
wave transducer. With the merits of high sensitivity and selectivity, low cost, compactness, and a
large dynamic range, QEPAS sensors have been applied widely in gas detection. In this review,
recent developments in state-of-the-art QEPAS-based trace gas sensing technique over the past five
years are summarized and discussed. The prospect of QEPAS-based gas sensing is also presented.

Keywords: quartz-enhanced photoacoustic spectroscopy; quartz tuning fork; gas sensing; detection limit;
laser spectroscopy; practical applications

1. Introduction

Photoacoustic spectroscopy (PAS) is an indirect absorption spectroscopy. It is based on the
photoacoustic effect, which was first discovered by Alexander Graham Bell in 1880 [1]. The principle
of PAS is shown in Figure 1. When the laser output is absorbed by a gas sample, the absorbed laser
energy is converted to heat energy by the non-radiative relaxation processes of gas molecules, and will
subsequently result in an increase in the local temperature and pressure in the sample. If the laser
is modulated, the absorption of laser energy in a gas sample leads to the generation of an acoustic
wave. The intensity of the produced acoustic wave is related to the sample concentration. The signal
amplitude S of PAS is expressed as in Equations (1) and (2) [2]:

aQP
S ~ 1
7 1)
«=0N ()

where a is the absorption coefficient, Q is the quality factor of spectrophone, P is the optical power
of excitation source, f is the resonance frequency, ¢ is the absorption cross section, and N is the
gas molecular concentration. From Equation (1), it can be seen that the signal amplitude of PAS
sensor is inversely proportional to the resonance frequency of the photo-acoustic cell. However, if the
resonance frequency is too low, it makes the PAS sensor more sensitive to 1/f noise, environmental
noise, and sample gas flow noise. Finally, it will result in a low signal-to-noise ratio (SNR) for the PAS
sensor [3].

Unlike an optical detector used in direct absorption spectroscopy, in traditional PAS, a sensitive
microphone is employed to detect the acoustic wave. PAS has the advantages of low cost and signal
enhancement on increasing the laser excitation power. However, for the microphone-based PAS,
the low value of Q factor (<100) and the large size of the photoacoustic cell limit its performance and
actual applications [4-8]. Quartz-enhanced photoacoustic spectroscopy (QEPAS) is a modification of
the conventional microphone-based PAS, which was first reported in 2002 [9].
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Figure 1. The principle of the PAS technique.

In the QEPAS technique, a quartz tuning fork (QTF) is used as an acoustic wave transducer.
The QTF is a commercially available millimeter-sized piezoelectric element, which is usually used
in watches, clocks, and electronic circuits to provide clock rate [10-12]. The high Q-factor (~100,000
in a vacuum and ~10,000 in a standard atmosphere pressure) and narrow resonance frequency band
(<1 Hz) of QTF improve the QEPAS selectivity and immunity to environmental acoustic noise [13-19].
Due to the merits of high selectivity and sensitivity, low cost, compactness, and a large dynamic
range, QEPAS sensors have been widely applied in gas detection for atmospheric monitoring [20-27],
chemical analysis [28-32], biomedical diagnostics [33-36], and trace gas sensing [37-44]. Different
QEPAS sensor architectures were developed to meet the requirements of a large number of applications.

2. Standard QEPAS-Based Gas Sensor System

A standard QEPAS-based gas sensor system is shown in Figure 2. A diode laser or quantum
cascade laser (QCL) is often used as a gas sample excitation source. For a diode laser, the emission
wavelength is less than 3 um. Usually it is a fiber-coupled output. The gas analytes flow into an
acoustic detection module (ADM) with a slow flow rate to avoid flow noise. Usually the rate is
smaller than 200 mL/min. In order to increase the Q factor of QTF and narrow the gas absorption line
width, a pressure controller is adopted to reduce the gas pressure. The laser wavelength is modulated
through employing a sinusoidal dither at frequency f (f = fo/2, where f is the resonance frequency
of QTF). The QTF in QEPAS sensor converts the acoustic wave into an electrical signal due to the
piezoelectric effect, and the resonant property of QTF enhances the signal amplitude. Commercially
available QTFs with a f( of ~32.76 kHz are typically employed. An obvious enhancement of the QTF
current signal can be obtained after adding two metallic tubes (mRs) to the QTF sensor architecture.
The mRs act as micro-resonators [45]. To obtain a strong acoustic wave coupling, the length L of
mR should be optimized. Typically, the optimum L is in the range of As/4 < L < As/2, where A; is
the acoustic wave wavelength [46]. The weak current signal of QTF (in the scale of nanoampere) is
amplified and converted into voltage by a transimpedance amplifier (TA) with a resistance of ~MQ).
The lock-in amplifier is used to demodulate the second harmonic component (2f) generated by the
QTE. To improve the slow vibrational-translational (V-T) relaxation processes of the target analyte,
H,O vapor is usually added to the target trace gas. The presence of H,O vapor in the analyzed gas
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increases the V-T relaxation process, which results in a higher detected amplitude of the QEPAS signal.
Furthermore, the excitation laser wavelengths and absorption lines of the target analyte should avoid
overlap with the metastable vibrational transitions of atmospheric nitrogen (N,) and oxygen (O,) to
ensure efficient V-T relaxation of the target molecule, thus contributing to the QEPAS signal.

Needle
Gas flow [ rlowme[er _ [ Pressure | <! V Valve . Gas out
I Controller

Gas in

Laser source | Ll

A FC L L

Pyroelectric
detector

Figure 2. Schematic of the QEPAS sensor. TA: transimpedance amplifier; mR: micro-resonator; ADM:
acoustic detection module; L: plano-convex lens; FC: fiber collimator.

3. QEPAS Sensor with High-Power Excitation Source

When a laser source with a higher optical power is used in the QEPAS sensor, more molecules
are excited, which results in a stronger acoustic wave. Therefore, different from tunable diode laser
absorption spectroscopy (TDLAS) and other laser absorption spectroscopy, a distinct merit of the
QEPAS sensor is that its performance can be improved when the excitation laser power is increased.
As shown in Equation (1), QEPAS detection sensitivity is proportional to the excitation laser power P.

3.1. QEPAS Sensor Based on an EDFA-Amplified Diode Laser

Single-mode diode lasers with a butterfly package or transistor outline (TO) package are usually
used in QEPAS sensor system due to their low cost and compactness [47-49]. However, the output
power of the diode laser is low, typically in the range of several milliwatts (<50 mW), which significantly
limits the QEPAS sensor sensitivity. An optical fiber amplifier is usually used for optical signal
amplification. With the advantage of high-power output (which easily reaches watt level), it is used
extensively in optical communications. In a commercially available optical fiber amplifier, an optical
fiber with a single-mode structure (and doped with rare-earth ions such as erbium and ytterbium) is
used as the active medium. The fiber is pumped by diode lasers. The optical fiber amplifier usually
used is an erbium-doped fiber amplifier (EDFA). EDFA has many obvious advantages, such as fiber
compatibility, low noise, high gain, and polarization independence [50,51]. When an appropriate
seed diode laser is injected, an EDFA can be used to obtain an amplification gain of more than
30 decibel (dB). Three operating wavelength bands (L band: 1565-1610 nm, C band: 1520-1570 nm,
and S band: 1450-1550 nm) of EDFA are commercially available.

Recently, a QEPAS sensor system based on an EDFA-amplified diode laser was successfully
used in acetylene (CyHy), hydrogen sulfide (H,S), and ammonia (NHj3) detection [52-54]. In [52],
a near-infrared, continuous-wave diode laser with emitting power of 6.7 mW served as the seed laser.
The output of this laser was sent to an EDFA for power amplification. The maximum output power
of the EDFA was 1500 mW. The emission spectra for the seed laser and the EDFA-amplified diode
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laser are shown in Figure 3. The amplified diode laser with high output power of 1500 mW had the
same signal-to-noise ratio as the seed laser (~30 dB). Due to the fact that with high power intensity
it is easy to attain high gain, compared to the seed laser, the line width of the amplified diode laser
was compressed (see Figure 3a,b). Narrower line width represents better spectral resolution and is

beneficial for improving the sensor’s selectivity.

The schematic of an EDFA-based QEPAS sensor is shown in Figure 4. After being amplified by an
EDFA, the laser beam of a diode laser was injected into an acoustic detection module (ADM). For C,Hj,
H,S, and NHj sensing, the detection limits of EDFA-QEPAS sensors were 33.2 ppb (parts per billion
by volume) [52], 142 ppb [53], and 418.4 ppb [54], respectively. No signal saturation was observed in
these investigations, which means that an EDFA with higher output power can be adopted to further
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Figure 3. Emission spectra for a seed laser and an EDFA-amplified diode laser.

improve the QEPAS sensor performance.
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3.2. Intra-Cavity QEPAS Sensor

An intra-cavity QEPAS (I-QEPAS) sensor was first reported by Vincenzo Spagnolo [55] and was
further developed for sensitive carbon dioxide (CO;) and nitric oxide (NO) detection [56-58]. Due to
the output coupling loss, the laser power intensity in the intra-cavity is much higher than outside.
In [55], a bow-tie type optical resonator with a high finesse (>1500) was developed, which is shown
in Figure 5. A distributed feedback quantum cascade laser (QCL) emitting at 4.33 um was used
as the excitation source for carbon dioxide (CO,) detection. Compare to the incident laser power,
the intra-cavity optical power was boosted by a factor of ~250. Finally, a ppt (parts per trillion) level
detection limit and a normalized noise equivalent absorption (NNEA) of 3.2 x 1079 em~! W/,/Hz
were achieved.

Laser beam

Figure 5. Schematic of the optical resonator.

An I-QEPAS sensor based on fiber-ring laser was reported by Ren [59]. The schematic of the
experimental setup is shown in Figure 6. An erbium-doped fiber laser with a ring cavity structure was
adopted. A fiber coupler #1 with a ratio of 1:9 was used to ensure that the laser power intensity within
the cavity was much higher than outside. Hence, it would make maximum use of the laser power for
the I-QEPAS. A fiber Bragg grating (FBG) was used to modulate the laser wavelength. CoH, detection
at the wavelength of 1531.6 nm was performed to evaluate the fiber-ring laser based I-QEPAS sensor
performance. A minimum detection limit of C;H; of 29 ppb at 300 s integration time was achieved
when the optimized laser modulation depth and gas pressure were selected. The linear dynamic range
of the fiber-ring laser-based I-QEPAS sensor was on the order of 10°.
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Figure 6. Schematic of the I-QEPAS sensor based on fiber-ring laser.
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4. QEPAS Sensor Based on Custom QTF

A commercially available, low-cost QTF (<$1) with a resonance frequency f( of ~32.76 kHz is
usually used in the QEPAS sensor system [60-62]. Typically, the dimension of the two prongs of the
QTF is 3.6 mm in length, 0.6 mm in width, and 0.36 mm in thickness, and the gap between the two
prongs is 300 pum [63]. As shown in Equation (1), the signal amplitude of the QEPAS sensor is inversely
proportional to the QTF resonance frequency. A QTF with a smaller f( will result in a longer integration
time, which is an advantage for increasing the QEPAS sensor signal level [64—66].

4.1. QEPAS Sensor Employing a Custom QTF with a Large Prong Gap

When excitation sources with bad beam quality such as light-emitting diodes (LEDs), vertical cavity
surface emitting lasers (VCSELs), and terahertz (Thz) QCLs are used in QEPAS sensors, the large beam
diameter and divergence angle make the light beam unable to pass through the micro-resonators and
the 300 um gap between the two prongs of usually used standard QTF totally, resulting in obvious
optical noise. Custom QTFs with a large prong gap can solve this issue [67-69]. The first custom-made
QTF employed in a QEPAS sensor combining a 3.93 THz QCL was reported by Spagnolo [70]. The gap
between the two QTF prongs was 1 mm. The fundamental resonance frequency and Q factor at
atmospheric pressure of this custom QTF were 4246 Hz and 9930, respectively. The comparison of
parameters of geometries for a standard QTF and the custom QTF is shown in Table 1. Methanol
detection was performed to verify the performance of this THz-QEPAS sensor with custom QTE.
The obtained detection limit was 7 ppm at 4 s integration time and the corresponding NNEA was
2 x 10710 cm”W/\/Hz,

Table 1. Parameters for standard and custom QTFs.

QTF fo (kHz) Length (mm) Width (mm) Thickness (mm) Gap (mm)
Standard 32.768 3.6 0.6 0.36 0.3
Custom 4.246 20 14 0.8 1

4.2. QEPAS Sensor Employing Overtone Flexural Mode of Custom QTF

If the fundamental resonance frequency of custom QTF is small (a few kHz), the resonance
frequency of the first overtone flexural mode should not be too high. Therefore, the first overtone
flexural mode of QTF can be used in a QEPAS sensor [71-74]. The schematic of the fundamental
flexural mode and the first overtone flexural mode of QTF is shown in Figure 7. In [71], a custom QTF
with fundamental mode resonance ~2.87 kHz was adopted and the first overtone at ~17.7 kHz was
utilized. The measured Q factor for the first overtone resonance was 31,373.81, which is ~2.6 times
higher than when it operated in fundamental flexural resonance mode (12,098.97). A high Q factor is
beneficial to improve the QEPAS signal level. To evaluate the sensor performance, a near infrared (IR)
diode laser emitting at 1.37 um and water vapor (H,O) as the target gas were selected. The comparison
of the first overtone mode and the fundamental mode was carried out at the same conditions, in terms
of a 1.7% water concentration, a pressure of 75 Torr, an optimized laser wavelength modulation depth,
and laser beam focusing point. The normalized peak value of measured second harmonics for the first
overtone mode is ~5.3 times higher than that achieved using the fundamental mode.
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Figure 7. Schematic of the custom QTF, fundamental flexural mode, and the first overtone
flexural mode.

4.3. QEPAS Sensor Employing a Custom Small-Gap QTF

In the QEPAS technique, the acoustic wave generated by the reaction between gas molecules
and laser at the gap of the two prongs can be regarded as spherical wave oscillation. The spherical
wave propagation decreases with the cube of the distance, which means that the energy of the acoustic
wave will attenuate rapidly as the distance from the generation point of the acoustic wave increases.
Based on the above analysis, employing a QTF with a small gap will increase the strength of the
acoustic wave acting on the prongs of QTF. Therefore, the signal level of QEPAS would be enhanced.
The schematic of the laser beam, a QTE, and the generated acoustic wave is shown in Figure 8. The first
custom QTF with a small gap of 200 pm used in the QEPAS sensor was reported by Ma [75]. Using the
COMSOL software, a finite element modeling (FEM) was constructed, and the displacement of QTF
with different micro-resonators (mR) was calculated theoretically. For comparison, a standard QTF
with a 300-um gap was also investigated. The calculated results are shown in Figure 9. An experimental
evaluation was carried out by employing a distributed feedback diode laser with emitting wavelength
of 1.39 um and choosing water vapor (H,O) as the target analyte. The detailed parameters of QTF and
experimental results are displayed in Table 2. It can be seen that using a custom QTF with a small gap
of 200 um improved the QEPAS sensor performance significantly. This improvement can be explained
as follows. Firstly, due to a lower energy loss of propagation, the QTF with a small gap of 200 um
allowed the acoustic wave to push the fork prongs more efficiently. Secondly, a decrease of QTF mass
compared to that of a standard QTF would result in bigger displacement.

Table 2. Dimensions and parameters of two QTFs.

Parameter Unit Small-Gap QTF Standard QTF [63]
Length mm 3.42 3.6
Width mm 0.3 0.6
Thickness mm 0.44 0.36
Gap um 200 300
Detection limit ppm 1.85 5.9
NNEA cm~'W//Hz 2,02 x 1078 7.73 x 1078
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Figure 9. Calculated displacement for two different QTFs with various lengths of micro-resonators
(mRs): (a—c) for the QTF with a 200 um gap; (d—f) for the standard QTF with a 300 um gap.

5. FEW-QEPAS Sensor for Long-Distance and Distributed Gas Detection

Usually the QEPAS sensor is applied to gas concentration measurement for one point. It is hard
for it to realize distributed gas sensing. Fiber evanescent wave (FEW) technology has the advantages
of anti-adverse environment, anti-electromagnetic interference, low transmission loss, flexible in
operation, and on-line measurement. In 2017, Ma combined the QEPAS and FEW techniques and
proposed a new FEW-QEPAS method for long-distance and distributed gas sensing [76]. Due to the
fact that the power of the FEW increases with decreasing diameter of the micro-nano fiber, the diameter
of the tapered fiber should be small enough (<2 um) to get a strong FEW. Using the flame-brushing
method, the tapered fibers were fabricated from a standard single-mode fiber (SMF). To evaluate the
FEW sensor performance, a single mode fiber with a length of 3 km was used to deliver the laser,
and three tapers were fabricated as sensing units. The measured diameters of the three tapered fibers
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were ~1.67 um, 1.77 um, and 1.12 pm, respectively. The power percentage of FEW for the three tapers
was calculated by a finite element method (FEM) of COMSOL Multiphysics (COMSOL Inc., Stockholm,
Sweden) and is depicted in Figure 10.
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Figure 10. FEW power as a function of fiber diameter for three tapers (inset: optical field distribution
for fiber taper).

The schematic of the experimental setup for FEW-QEPAS sensor is depicted in Figure 11.
An experimental evaluation was carried out by employing a distributed feedback diode laser with
emitting wavelength of 1.53 um and choosing acetylene (C,Hy) as the target analyte. The detection limit
of 30 ppm, 51 ppm and 13 ppm at 1 s integration time was obtained for the three tapers, respectively.
The corresponding NNEA were 3.55 x 107°, 3.52 x 107, and 3.66 x 107® em~! W/Hz 1/,
respectively. Further improvement of the performance of FEW-sensor can be achieved by using
a fiber taper with a smaller diameter and lower transmission loss.

Lock-in
Amplifier

Figure 11. Schematic of the FEW-QEPAS sensor.

6. 3D-Printed QEPAS Sensor

To be useful in practical applications, a QEPAS sensor should be portable and small in terms
of size, weight, and power consumption. Typically, a group of block-shaped lenses is used for laser
beam propagating and transforming [77,78]. As a consequence, it results in unstable configuration
and large size and therefore limits the sensor’s performance and real applications. The 3D printing
technique does not need traditional machine tools and multi-machining process. It holds the merits of
“free manufacturing”, reduction in processing time and procedure, high integration and stability, and
so on. A 3D-printed QEPAS acoustic detection module (ADM) was first demonstrated by Ma [79,80].
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The designed 3D model of ADM and the 3D-printed product are displayed in Figure 12. A UV-curable
resin was used as the processing material for the 3D printing. The 3D-printed ADM had dimensions of
29 mm in length, 15 mm in width, and 8 mm in thickness, and was sealed by a quartz glass window.
A fiber-coupled grin lens with a diameter of 1.8 mm was adopted for laser focusing. The optical
components of fiber and grin lens and the photoacoustic detection components of QTF and a pair of
micro-resonators (mRs) were assembled together. The total weight of the 3D-printed ADM, including
all the above components, was ~5 g.
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Figure 12. Schematic of the 3D-printed ADM (a) Designed 3D model; (b) 3D-printed ADM with optical
and photoacoustic detection components; (c) the flow field within the ADM.

A portable QEPAS sensor was further developed based on the above 3D-printed ADM. The QEPAS
system contains two floors, in which Floor I is for the circuitry section, including a diode laser driver,
a custom lock-in amplifier, and a transimpedance amplifier. In order to facilitate its usage outside,
a rechargeable battery with running time of 8 h was used as the power supply. Floor Il is for the optical
section, in which a fiber beam splitter (FBS) with a splitting ratio of 1:9, an integrated ADM, and a
reference cell were assembled. The portable QEPAS sensor had a dimension of 250 x 250 x 50 mm?3.
The weight of it was ~3.5 kg.

7. Conclusions and Future Outlook

In this review, recent developments of the QEPAS-based trace gas sensing technique in the
past five years are summarized and discussed. Compared to other absorption spectroscopy such
as tunable diode laser absorption spectroscopy (TDLAS), a distinct advantage of the QEPAS sensor
is that its performance can be improved when the output power of the excitation laser source is
increased. Based on this feature, the near-infrared light source of diode laser was power amplified
by an erbium-doped fiber amplifier in the communications bands to improve the QEPAS sensor
performance. Due to the output coupling loss, the laser power intensity in the intra-cavity is much
higher than outside. Therefore, placing a QTF into the intra-cavity can enhance the signal level of
QEPAS. When excitation sources such as LEDs, VCSELSs, and terahertz (Thz) QCLs are used in QEPAS
sensors, the bad beam quality of large beam diameter and divergence angle make the light beam unable
to pass through the micro-resonators and the 300 um gap between the two prongs of standard QTFs,
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resulting in obvious optical noise. A custom QTF with a large prong gap of ~1 mm can solve this issue
well. If the fundamental resonance frequency of the custom QTF is small (a few kHz), the resonance
frequency of the first overtone flexural mode should not be too high (<20 kHz). Therefore, the first
overtone flexural mode of QTF can be used in the QEPAS sensor. The several-fold increase in the
Q factor of the first overtone mode improved the QEPAS sensor detection sensitivity significantly.
Unlike the custom QTF with a large prong gap, a custom QTF with a small gap of 200 um with the
merit of lower energy loss of propagation allowed the acoustic wave to push the fork prongs more
efficiently. A decrease of QTF mass compared to a standard QTF would result in bigger displacement.
Therefore, employing a QTF with a small gap of 200 um in QEPAS is another way to improve the
detection limit. Fiber evanescent wave (FEW) has the advantages of being flexible in operation
and on-line measurement. By combining FEW and QEPAS techniques together, a long distance of
3 km and distributed gas sensing were achieved. The 3D printing technique has the merits of “free
manufacturing”, reduction in processing time and procedure, high integration, and stability. A portable,
small QEPAS sensor was obtained using a 3D-printed QEPAS acoustic detection module with a weight
of ~5 g. Further improvement of the QEPAS sensor detection sensitivity can be obtained by using a
THz laser source with high output power in order to achieve the minimum detectable concentration
at the ppb or sub-ppb level. Furthermore, the intra-cavity QEPAS sensor can be realized in the novel
mid-infrared solid-state laser oscillations with the merits of high laser power intensity and excellent
beam quality [81,82]. Unlike optical detectors used in other laser spectroscopy such as TDLAS, QTF is
immune to the laser wavelength. This feature is especially attractive for QEPAS gas sensing in the
>10 um region, where the availability of optical detectors is limited and the strong absorption band of
gas molecules exist. The overall size of a typical QEPAS sensor platform can be significantly reduced
to a size that makes this device suitable for applications requiring lightweight and compact sensors
such as balloon- or miniature unmanned aerial vehicle (UAV)-based atmospheric measurements or
portable low-cost sensors for first responders, such as in mining accidents or forest fires near urban
centers. The QEPAS-based sensor has a wide range of applications in environmental monitoring,
atmospheric chemistry, industrial chemical analysis, and medical and biomedical diagnostics, as well
as in law enforcement.
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Abstract: Photothermal spectroscopy (PTS) is a technique used for determining the composition of
liquids, solids and gases. In PTS, the sample is illuminated with a radiation source, and the thermal
response of the analyte (e.g., refractive index) is analyzed to gain information about its content.
Recent advances in this unique method of detecting gaseous samples show that photothermal gas
spectroscopy can be an interesting alternative to commonly used absorption techniques. Moreover,
if designed properly, sensors using PTS detection technique can not only reach sensitivities comparable
with other, more complex techniques, but can significantly simplify the design of the sensor. In this
review, recent developments in photothermal spectroscopy of gases will be summarized and discussed.

Keywords: photothermal spectroscopy; gas sensing; detection limit; laser spectroscopy; practical
applications; intracavity gas detection; interferometric gas detection

1. Introduction

Photothermal spectroscopy (PTS) is a group of spectroscopy techniques commonly used to measure
thermal characteristics and optical absorption of samples (solids, liquids or gases) [1-3]. Photothermal
techniques were investigated already in the 80s’, mainly as a method for measuring the absorption of
thin samples and liquids. Generally, in PTS, the analyte is illuminated with a radiation source (e.g.,
a laser beam) and the change in the thermal state of the sample (or the consequences of the change)
is monitored. A portion of the light absorbed by the sample is lost to emission, the remaining part
contributes to a temperature raise of the sample. This in turn influences the thermodynamic properties
of the sample (or particles adjacent to it), which can be observed as temperature, density or pressure
change. In PTS, those three parameters are most commonly monitored to determine the composition
of the target analyte. PTS is in principle similar to photoacoustic spectroscopy (PAS) [4-6] and relies
on an indirect method of measuring the absorption of the sample, which is the key distinction when
compared to traditional absorption spectroscopy techniques. In absorption spectroscopy techniques
e.g., tunable diode laser absorption spectroscopy (TDLAS), a basic setup consists of a tunable diode
laser light source and a suitable detector [7,8]. The laser source used in the experiment is tuned
across the characteristic absorption lines of the targeted gas in the path-length of the laser beam.
Absorption of the molecules causes a reduction of the intensity, which is detected by a photodiode
and signal-processed to determine the gas concentration or other properties of the gas (e.g., pressure,
temperature, velocity) [9]. As this method usually relies on calculating the difference between the input
light intensity and the light absorbed by the sample, the performance and accuracy of the sensor is
limited especially in the case of small absorption and by reflections and scattering effects usually present
in such systems. Moreover, accessing strong absorption features of numerous gas molecules requires
using mid-infrared laser sources. In TDLAS, this implies incorporating expensive detectors (e.g.,
based on mercury cadmium telluride material). Unlike traditional absorption spectroscopy techniques,
in PTS and PAS, the sensor does not rely on quantifying the signal directly involved in the absorption,
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but rather on the influence of the absorbed energy on the gas particles. Therefore, the amplitude of
the registered PTS signal is proportional to the absorption, but the measurement does not require
monitoring the parameters of the laser radiation exciting the gas molecules. Moreover, performed in
a properly designed sensor, PTS is a zero-background measurement—no absorption equals to zero
registered signal, thus PTS sensors require minimal calibration. Photothermal spectroscopy has been
successfully employed in commercial lab-grade apparatus commonly used for analyzing solid samples.
In such devices, photothermal deflection (PDS) or photothermal lens spectroscopy (TLS) effects are
used [10-13].
PTS of gas samples is usually performed in a scheme as presented in Figure 1.

Modulated
light source *
—_—

xT x* — x*)

Targeted gas Gas excitation Periodic gas fiensﬂy
molecules modulation

¢ b
\f‘\f — ADC — +
Fe [V
Data Signal Probing refractive
processing acquisition index variations

Figure 1. The principle of the photothermal spectroscopy techniques.

To perform PTS, the gas molecules have to be excited by an energy source. This is commonly
accomplished by illuminating the gas sample with a laser source—pump laser. Similarly to traditional
absorption spectroscopy, the wavelength of the light has to be appropriately chosen to target strong
transitions of the molecules; thus, a significant portion of the light will be absorbed. Part of the
absorbed energy will locally heat the sample (due to non-radiative relaxation of the molecules), causing
a change in the density, which in turn modulates the refractive index (RI) of the gas. Because the
variations of the RI are small (An ~ 107%), most PTS gas sensors rely on an interferometric signal
retrieval sensor configuration (e.g., a Mach-Zehnder interferometer). In such a case, the interferometer
is constructed to have one of the measurement beams interact with the excited gas sample. The induced
RI modulation will result in a change in the optical paths of one arm of the interferometer and thus
produce a signal which can be easily detected. The pump wavelength can be additionally modulated
by a sinewave-function in the vicinity of the absorption line, causing a periodic RI modulation and can
simplify the absorption signal retrieval by employing commonly used techniques e.g., wavelength
modulation spectroscopy (WMS) [14,15].

The PTS-induced RI change in the gas sample can be estimated based on Equation (1) [16].

(1’1—1) aPexc

An = _Wexe
" To 4ma®pC,f

M

where a is the absorption coefficient of the targeted gas; f is the excitation beam modulation frequency;
Cy is the specific heat of the gas mixture; p is the density of the gas mixture; P,y is the pump beam
power, T is the absolute temperature and 7 is the refractive index of the gas mixture; and a is the pump
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beam radius. If required, the calculated photothermal-induced RI change can be converted to a phase
shift of the probe beam, according to equation

A = (2nlAn) /A

where [ is the laser-gas interaction length, and A is the wavelength of the probe beam.

Although using multimode radiation in a Mach-Zehnder interferometer has been presented,
this requires additional signal processing methods or using a bulky and expensive optical spectrum
analyzer for calculating the induced phase shift. Therefore, in each of the presented PT gas spectrometers,
a single mode and single frequency laser beam is used as the probe. From equation (1), it can be seen
that the RI change and thus the resulting PTS signal is proportional to the absorption coefficient and
the pump laser power. On the other hand, it is inversely proportional to the pump beam cross-section
and the frequency of modulation. Hence, increasing the amplitude of the registered PTS signal can be
conveniently achieved by utilizing a laser source capable of delivering high output powers and good
beam quality (preferably with parameters M? close to 1, or with TEM00 mode for Gaussian beams,
which permits tight focusing). Moreover, similarly to PAS, the PTS signal decreases with higher pump
laser modulation frequencies [17]. This is a direct result of the limited thermal response time of the gas
molecules and has been thoroughly explained in Reference [18]. This requires fine-tuning of the pump
laser modulation frequency of each PTS sensor to optimize the signal-to-noise ratio (SNR), so a tradeoff
between 1/f noise and registered signal is reached. Moreover, with a proper design, PTS gas sensors
can have direct frequency readout of the induced RI modulation. The principle is similar to dispersion
spectroscopy [19], where the gas concentration can be encoded into frequency deviation of the beat
note. In such configurations, the PTS sensors represent excellent immunity to any variations of the
signal amplitude. Moreover, PAS, PTS and CLADS are inherently baseline-free detection methods.
If no targeted gas particles are present in the sensor, no signal is observed. This severely simplifies
signal processing and limits the requirements for calibration and periodic re-adjustments of the sensor.

The main aim of this work is to present several interesting and unique approaches to photothermal
gas sensing. The configurations will be discussed and their performance will be compared.

2. First Experimental Verification of PTS Gas Sensors

Because the PT-induced RI modulation is inherently small, researchers developed several methods
to enable relatively non-complex retrieval of the signals. One of the methods uses interferometric
signal retrieval. Although usually requiring several bulk optics-based components to set-up the
interferometer, with careful design such PT sensors yield an acceptable SNR.

2.1. Optical Heterodyne Gas Spectrometer

One of the first attempts to use PT-induced effects for measuring highly diluted gas samples was
proposed by Davis et al. in 1981 [18]. The method was adopted from PT techniques used in probing
highly diluted liquid samples [20]. The Authors proposed to use a modified homodyne Mach-Zehnder
(MZ) interferometer as a method of measuring the PT-induced RI modulation. The setup is depicted in
Figure 2.

A single mode, single frequency beam of an HeNe laser was split into two arms to form an MZ
interferometer (probe). A glass sample cell fitted with appropriate windows was inserted into the
optical path of one of the interferometer arms. One of the mirrors (M on the schematic in Figure 2) was
mounted on a piezoelectric transducer. By driving the position of the mirror, the MZ interferometer
was stabilized in quadrature (in the middle between interference maximum and minimum), preventing
long-term thermal variations affecting the signal readout. In this experiment, a CO; laser with a
maximum output power of 20 W was used as the pump source. The sensor performance was evaluated
by measuring methanol vapors (CH3OH). Authors calculated the detection limit at a level of 3 ppb
(part per billion). The achieved detection limit was excellent, proving that photothermal detection
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trace concentrations of gases can be an interesting alternative to commonly used methods. Although
the sensors proposed by Davis reached sensitivity close to photon-noise-limited values (1071° cm™),
this was possible only by employing a very powerful pump laser (~20 W CW). Moreover, because the
thermal response of the gas sample is limited, it is beneficial to work with low pump laser modulation
frequencies. Davis used an optimal modulation frequency of 23 Hz, but found that due to the increased
1/f noise components, the sensor had to be secured on a highly stable optical table and enclosed in an
additional enclosure, dampening acoustic noise. Although sensitive, this sensor layout is complex and
implementing it in out-of-lab applications would be complicated. The publication by Davis et al. [18]
is particularly interesting due to the extensive investigation of the thermal effects occurring in gases
excited by optical beams. A detailed description is included in the appendix of the publication.

Acoustic Isolation Enclosure

Excitation

Single
Frequency
He-Ne Laser

Figure 2. Schematic of the Mach-Zehnder interferometer-type photothermal gas sensor. BS—beam
splitter, Ge—germanium window, M—mirror, ZnSe—zinc selenide window, E—beam polarization
vector direction, M-Ge—germanium mirror. Reprinted with permission from [18] C The Optical Society.

2.2. Homodyne Hydrazine Detector with Folded Jamin Interferometer

One of the first attempts to use a modified Jamin interferometer [21] configuration to detect
PT-induced RI changes was presented by Owens et al. in 1999 [22]. The schematic of the sensor is
presented in Figure 3.
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Modulated Grating-Tuned Carbon | \ 23
Dioxide Laser @
To Pump
A
V‘Q "g\u
4
- LA
/ Sample Cell 5\ -
Plexiglas Box
?.I::: \ Stark Electrodes
PAS Cell S Is\cid-(ltolalled
and ample Inlet
Power Meter
Lockin Sample Flow
Amplifier In

Figure 3. Schematic diagram of the unfolded Jamin interferometer PT ammonia detector. A single-mode
He-Ne laser is used to form the interferometer. A 7 W modulated CO, laser beam is used as the pump
source. Laser beam and gas interaction path length is 38 cm. Reprinted with permission from [22].

The proof-of-concept experiment used a single-mode He-Ne laser with an output power of 1 mW
as the probe laser. The beam was split into two independent arms using two etalons oriented at a
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45° angle. The etalons were appropriately coated to achieve a nearly even split ratio, forming an
unfolded Jamin interferometer with a total optical path ~50 cm. Beams exiting the interferometer were
focused onto two independent photodiodes. In this experiment, a static phase difference between
the signal and the reference beam was maintained (at zero) by driving a piezoelectric transducer on
which one of the etalons was mounted. This allowed for compensating any thermal drifts of the sensor
(similarly to work by Davis). The core of the sensor was enclosed in plexiglass housing and the gas was
delivered to the sensor via an inlet near the center of the interferometer. In this experiment, the detected
gas sample was ammonia (NHj3). The gas particles were excited by an auxiliary, high-power (7 W),
tunable CO; laser-pump laser. The emission of the pump laser was co-aligned with one of the arms
of the interferometer, forming a 38 cm-long gas-laser interaction length. The laser was capable of
reaching a strong NHj transition centered at 9.22 pm and was modulated at 1.2 kHz with a sinewave
signal. By exciting the gas particles in one arm of the interferometer, a change in the refractive index
was obtained. This imbalance was easily detected as a phase shift between both beams forming
the interferometer. The signal analysis was simplified by using a lock-in amplifier (LIA) which was
referenced by the 1.2 kHz modulation delivered to the pump laser. This NH3 PTS detector was capable
of reaching a detection limit of 250 ppt and 33 ppt for 1 s and 100 s integration time, respectively. Worth
noting is the fact that the sensor had a linear response of over 5 orders of magnitude of the analyte
concentration. Although reaching promising results, the proposed sensor configuration is rather bulky,
requires precise alignment and reaching the detection limit is possible only in lab environment using a
high-power excitation laser.

3. Fiber-Based Photothermal Gas Sensors

Although the preliminary experiments have proven that PT spectroscopy can with ease compete
with traditional absorption gas detection techniques, the implementation of such sensors was
significantly more complex compared to TDLAS or WMS approaches, even considering the fact
that achieving results comparable to PTS requires implementing multipass gas absorption cells [23].
The limitations were mainly connected with the number of bulk optics required to set-up the sensor.
The overall complexity limited out-of-lab applications and thus PT gas sensors were not extensively
researched for years. This changed with the implementation of inexpensive, reliable and widely
available fiber-based components.

3.1. Fiber-Based Heterodyne Detection of PTS Signals

The idea of using inexpensive and reliable fiber-based components in a PTS gas sensor was for
example presented in Reference [24]. In this work, the PTS signal was registered in a Mach-Zehnder
interferometer which was constructed based on telecom-wavelength (1550 nm) fiber technology.
The schematic of the setup is presented in Figure 4.

1550 nm
probe source

FM demodulator
with band pass
filter at 2x f,

1573 nm
pump source

Figure 4. Schematic diagram of PAS measurement using a 2 um tunable fiber laser as the pump
source, and a Mach-Zehnder fiber interferometer at 1.55 pum for path-length modulation signal retrieval.
TDFA—thulium doped fiber amplifier, DM—dichroic mirror, AOM—acousto-optical modulator
() = 40 MHz), PD—photodiode. Reprinted with permission from [24] C The Optical Society.
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The base of the sensor was formed using a low-power singlemode 1.55 um laser diode-probe.
The radiation of the probe laser was split using a 3 dB fiber coupler to form two independent arms of
the interferometer—reference and probe beams. The probe beam was launched into a 20 cm-long gas
absorption cell filled with pure carbon dioxide (CO;) gas at 740 Torr pressure. The reference beam
was up-shifted by 40 MHz in frequency using an acousto-optic modulator (AOM). After passing the
cell, the probe beam was combined by a second coupler with the reference beam and delivered to
a photodiode to create a beatnote. The AOM frequency shift of the reference beam was necessary
to move the beatnote to a higher frequency, limiting the 1/f noise of the sensor. In this experiment,
a singlemode laser diode with emission wavelength of 1573 nm was used as a pump source, targeting
a weak absorption line of CO; (R-branch of the 2v1+2v2+v3 combination band of CO,). Additional
erbium-doped fiber amplifier [25] boosted the pump radiation output power to approximately 300 mW.
The pump beam was additionally modulated by a sinewave signal with frequency f,, and swept
across the CO, absorption line using a triangular current ramp, similar to the traditional WMS gas
detection technique. The effect of the PT-induced RI modulation was clearly observable as a frequency
modulation of the beatnote. By incorporating an FM demodulator [26] and filtering the signal at 2xf;;,
the PTS signal could be resolved by techniques commonly used in WMS. This proof-of-concept PTS
sensor reached an NEC of 400 ppm. Note, that the sensor had only a 20-cm-long gas-laser interaction
length and a reasonable pump power intensity with a relatively large beam diameter (~3 mm).

3.2. Spatial Gas Sample Localization in an Fiber-Based PTS Sensor

Some practical applications of laser-based gas spectrometers e.g., at gas or oil processing plants,
require to exactly localize the position of a gas leak [27-29]. This requires using open-path gas sensing
techniques where the laser beam is transmitted in air and only the back reflected or scattered light is
gathered for analysis [30,31]. Standard open-path absorption-based implementations of gas sensors
do not allow to precisely define the position of the gas particles being measured, as the registered
signal is averaged over the entire length of the interaction between the gas sample and the laser beam.
This problem was also addressed in Reference [24]. The proposed configuration of a PTS spatially
resolved gas detection is presented in Figure 5.
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Figure 5. (a) PAS configuration for spatially resolved measurement. AOM—acousto optical modulator,
PD—photodiode. Gas cell filled with pure CO, at atmospheric pressure was placed in the optical path
of the fiber-based 1.55 um Mach-Zehnder interferometer. (b) By scanning the position of the probe beam,
a clear PT signal was registered only at a point, where the 2 pm beam intersected the gas-filled cell.
Reprinted with permission from [24] C The Optical Society.

In this unique configuration, the PTS-induced RI modulation is probed similarly as in the
configuration shown in Figure 4—using a fiber-based Mach-Zehnder interferometer working at 1.55 um.
Here, the pump laser was not collinearly aligned with the probe laser beam. Instead, the collimator
outputting the 2 um radiation was mounted on a mechanized optical rail and aligned to cross the probe
beam at an angle (see Figure 5). By moving the stage, the pump beam could be positioned at a given
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point along the path-length of the probe beam with high precision, with only one intersection point.
The proof-of-concept experiment was carried out by inserting a transparent gas cell filled with pure
CO, into the path-length of the probe beam. In this configuration, the PTS signal was registered only at
a certain position of the pump beam, where it coincided with the CO,-filled gas cell. This experiment
proved that appropriately designed PTS sensors are capable of resolving the position of the measured
gas sample with reasonable precision.

3.3. PTS Signal Enhancement using Multipass Cells

According to the equation A® = (2nlAn)/A, the registered signal is linearly dependent on the
length of the interaction between the gas sample and the beam that excites the molecules—similarly
to standard absorption techniques. Therefore, a straightforward way to increase the sensitivity of a
PTS sensor would be to maximize the this parameter. In Reference [32], a first demonstration of using
commercially available multipass gas absorption cells to increase the gas-laser interaction length was
presented. The layout of the setup is presented in Figure 6.
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Figure 6. (a) Schematic of the experimental layout incorporating a multi-pass cell for interferometric
detection of a PA signal. X0/YO—fiber couplers with specified splitting ratio, DM—dichroic mirror,
F—filter, FC—fiber collimator, PD—photodiode, QCL—quantum cascade laser, DFB—distributed
feedback telecom laser diode. (b) 2f PTS signal amplitude in function of the laser-gas interaction length.
Reprinted with permission from [32].

The base of the multipass-cell-assisted PTS sensor was a fiber-based Mach-Zehnder interferometer
designed based on telecom wavelength components (1.55 um). To increase the gas-laser interaction
length, and thus achieve a higher PTS signal, a Herriot multipass cell was incorporated into the
measurement arm of the interferometer. The Authors used a 50 mW quantum cascade laser (QCL) [33]
as a pump source and targeted a strong absorption line of methane located in the v4 band near 1389 cm™!.
The pump beam was spatially overlapped with the probe beam and launched into the multipass (MP)
cell. The optical path in the MP cell was changed in steps, achieving 19 cm, 83 cm and 364 cm (1, 7
and 33 passes, respectively, obtained through axial rotation of the exit mirror). The results of the
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measurements presented as an inset in Figure 6 clearly demonstrated that the PTS signal scaled linearly
with the increasing interaction length. Additionally, spherical mirrors used in the MP cell assured that
both beams are traveling co-linearly (any misalignment would result in one of the beams not exiting
the MP cell due to improper angular alignment) and are periodically re-focused in the center of the MP
cell, thus keeping optimal beam spots of both the pump and the probe beams.

Interestingly, although the registered PTS signal was enhanced by the longer gas-laser interaction
length, the sensitivity of the sensor estimated based on the Allan deviation plot was limited to an
NEC of 10 ppmv of CHy. According to the research, the main limitation of the MP cell-assisted PTS
gas sensor was connected with mechanical and acoustic noise. In this configuration, the constructed
MZ interferometer readout acts as a traditional vibrometer, picking-up all unwanted background
signals. To fully exploit the multipass-cell-assisted enhancement of the PT signal, a different technique
of detecting the RI modulation has to be adopted.

3.4. PTS in Hollow-Core Fibers

Hollow core fibers (HCF) have attracted much attention from researchers working on laser-based
gas sensors [34]. Numerous experiments were published demonstrating the usefulness of such
structures in gas sensors [34—40]. The problem of achieving reasonable PTS sensor performance was
investigated by several Groups worldwide. Some researchers addressed the issue of PTS sensitivity
by incorporating hollow-core fibers into the gas sensors. The appropriate design of an HCF-based
PTS sensor addresses several crucial issues: optimized pump and probe beam overlap and beam size
throughout the entire gas-laser path-length, limited gas volume required for the analysis and overall
stability of the system. One of the most interesting experiments was presented by Jin et al. [41].
The schematic of the setup is presented in Figure 7.
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Figure 7. (a) HC-PCF-based PTS gas sensor. FC—fiber coupler, PZT—piezoceramic transducer,
OC—optical circulator, EDFA—erbium doped fiber amplifier, LPF—low-pass filter, HPF—high-pass
filter DAQ—digital acquisition card, DFB—distributed feedback laser diode. (b) Amplitude of the
second harmonic signal in function of gas concentration. Reprinted with permission from [41].
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The base of the presented sensor was a fiber-based MZ interferometer, similar to the ones explained
in the previous experiments. A singlemode external cavity diode laser with a wavelength of 1556.59 nm
was used as the probe laser. Here, the Authors decided to use phase detection for the PT-induced RI
modulation. This method is significantly more sensitive compared to pure frequency demodulation,
but requires using a piezo ceramic transducer (PZT) [42] in order to enable quadrature detection
of the phase variations. The probe radiation was split into two arms—reference and measurement.
The reference arm fiber was coiled around a PZT and stretched to maintain a 90 degree phase difference
between the interfering beams. The measurement beam was coupled into a 0.62-m-long commercially
available hollow-core photonic bandgap fiber (HC-PBF) [43,44], manufactured by NKT Photonics
(HC-1550-02). The fiber had a core diameter of only 11 um. Authors used but-coupling between
the SMF28 standard fiber and the HC-PBE. A distributed feedback (DFB) semiconductor laser diode
was used as the pump source which targeted the P (9) line of acetylene (C,Hj) located at 1530.37 nm.
The pump laser was modulated at f,, = 50 kHz and the resulting PT-induced phase-shift signal detected
by the MZ interferometer was analyzed by an LIA at the second harmonic of the f;,. The Authors
achieved an NEC of 2 ppb. Moreover, the sensor had a very wide dynamic range, nearly six orders
of magnitude (5.3 x 10°), which was superior to any previously reported fiber-based gas sensor at
that time (inset in Figure 7). Nevertheless, the Authors admitted that the achieved results would be
unobtainable in out-of-lab applications. The main identified issue was the feed-back loop controlling
the quadrature operation of the MZ interferometer. In-lab experiments were conducted in an controlled
environment, with limited mechanical and acoustic noise. Real-world applications would suffer from
all sorts of disturbances influencing the MZ interferometer, and this would affect the stability of the
quadrature phase feed-back loop and thus significantly increase the overall noise floor of the sensor.

3.5. Pulsed PTS in Hollow-Core Fibers

The HC-PBF-based PT gas layout was additionally investigated by Lin et al. in a an excellent
paper published in 2016 [45]. This work not only presents a novel approach to PT gas sensing but
also clearly describes the thermal properties of gas particles excited in an HCE. All experimental data
were confronted with numerical models. Moreover, Authors analyzed drawbacks pointed out in the
work by Jin et al. [41] and proposed an improved configuration of an HC-BPF-based photothermal gas
sensor. The layout of the sensor is represented in Figure 8.

Gas inlet Gas outlet
AOM
Isolator 7
Filter3

ECDL

Figure 8. Pulsed PT gas sensor employing an HC-PCF as a gas cell. HC-PBF—hollow core photonic
bandgap fiber, ECDL—external-cavity diode laser with wavelength around 1530.371 nm, EDFA—erbium
doped fiber amplifier, AOM—acoustic-optic modulator, BD—balanced detector, BS—broadband source,
PC—polarization controller. Reprinted with permission from [45].

Here, the Authors targeted the same gas as in the previous experiment using an ECDL exciting
the P (9) absorption line of C;H, at 1530.37 nm. The emission of the diode was amplified by a
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standard EDFA and additionally intensity modulated using an AOM. The pulse repetition rate was
experimentally chosen and set to 500 Hz. Authors used the same 0.62-m-long HC-1550-02 fiber from
NKT Photonics, which was filled with 7500 ppm C,H in nitrogen. The PT-induced phase modulation
was detected using an all-fiber Sagnac interferometer which was probed by a super-luminescent
light emitting diode (SLED) [46] with a bandwidth of 41 nm centered around 1545 nm. The Sagnac
interferometer was configured so that the SLED radiation is divided into a 3 X 3 coupler and travels
a common loop in opposite directions. The gas filled HC-PCF was inserted into the interferometer
with an offset to its center. Authors used a 2-km-long single mode fiber as an optical delay line to
ensure a constant, 10 ps delay between the light traveling clockwise (CW) and counterclockwise
(CCW) through the HC-PCF. The CW and CCW beams are combined at the 3 X 3 coupler after
traveling the interferometer and analyzed by a balanced photodetector. Compared to the experiment
with the traditional MZ interferometer, both beams in the Sagnac interferometer travel through the
same fiber-based loop. This limits the influence of environmental disturbances observed in previous
experiments. The PT-induced phase shift was registered using a boxcar averager and analyzed for
with different values of sample averaging. Ultimately, this configuration of a PT gas sensor reaches an
NEC of 3.3 ppm of C,Hj, but was mainly limited by the number of times the registered signal was
averaged (in this case 10,000).

Both papers [41,45] show that integrating HCF into PT gas sensors gives excellent results and
should be further explored as an interesting alternative for other commonly used detection techniques.
Unfortunately, currently commercially available HCF’s have two main drawbacks which severely limit
their implementation in PTS sensors and laser-based gas sensors in general. The first limitation is
connected with the wavelength-dependent attenuation of such fibers. Drawn from standard silica
glass, HCF’s suffer from tremendous attenuation in the mid-IR wavelength region, especially above
3.5 um, mainly due to two photon absorption effects [47]. Transmission of a 1-cm-long fused silica
glass has been plotted in Figure 9 in the function of a wavelength.
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Figure 9. Transmission of 1-cm-thick fused silica glass in function of wavelength.

This limitation is clearly pointed out by most of the researchers working on the implementation
of HCF in laser-based gas spectrometers. Moreover, currently available HCF’s suffer from several
additional drawbacks, severely limiting their out-of-lab application not only in PTS gas sensors, but any
mid-IR laser-based sensors. The issues are connected with small inner core diameters and not purely
single-mode operation. Multimode transmission of the light taking part in the sensing results in modal
interferences, which are susceptible to bending of the fiber and mechanical and acoustic disturbances.
In most cases, modal interferences significantly decrease the SNR. Moreover, small diameters of the
hollow core drastically increase the time required to exchange the measured gas sample, and hence
the response time of the sensor [48]. Fortunately, these issues have been perceived by researchers
working on novel structures of HCFs. The result is the currently observed struggle to design and draw
HCFs with low attenuation in the mid-IR wavelength region [49-51]. Preliminary experimental results
have been published, validating the possibility of using e.g., antiresonant hollow-core fibers in the
3-4 um wavelength region for various optical applications [52-54], which gives perspective for novel
configurations of absorption and PT gas sensors.
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4. Intra-Cavity PTS Gas Sensors

Several dissimilar configurations for registering the PT-induced RI modulation have been
developed over the years. One of the approaches involves inserting the gas sample into the resonator
of a probe laser. By exciting the gas sample via an auxiliary pump source, the resulting RI change would
directly influence the parameters of the probe laser e.g., its output beam intensity or frequency.

4.1. PTS in an Intracavity He-Ne Laser Configuration

One of the first attempts to utilize an intracavity photothermal gas detection configuration was
reported in the work by Fung et al. in 1986 [55]. The core of the sensors was a linear cavity HeNe laser
operating at ~638.8 nm, with a layout as depicted in Figure 10.

CO2
EXCITATION
LASER
POWER
-—
METER C 8s

——T——— CHOPPER
LIS
M2 ST §AM Mi
PuT (S — !

3
He-Ne LASER Ifl
PLASMA TUBE AM  saMPLE

S

LOCK-IN
AMPLIFIER

RECORDER

Figure 10. Schematic of an HeNe-based intracavity photothermal gas sensor. BS—beam splitter,
AM—aluminum mirror, M1; M2—laser resonator mirrors, PMT—photomultiplier tube, S—beam stop,
ST—gas sample cell. Reprinted with permission from [55] C The Optical Society.

The probe laser resonator was formed by two mirrors—M1 and M2, producing a cavity length of
50 cm. The gas sample was delivered with an open-ended gas cell (ST on the schematic) directly to
the probe laser resonator. The cell was 20 cm long. In this experiment, a tunable 0.8 W CO, laser was
used as a pump source to excite sulfur hexafluoride (SFq). The beam of the pump source was aligned to
coincide with the HeNe beam at a single point in the resonator. The PT effect induced by the pump laser
was deflecting the beam of the HeNe laser and thus causing a change in the output power. The pump
laser was chopper-modulated at 42.7 Hz and the PT signal was registered using an LIA. Authors
calculated an NEC of 3 ppb. Although reaching a very good sensitivity, this configuration of a PT
gas sensor would not have any particular applications in out-of-lab sensors, mainly due to the severe
sensitivity to mechanical and acoustic noise.

4.2. All-Fiber Intracavity PT Gas Sensor

In the work by Zhao et al. [56], the authors used a very similar configuration to the one presented
in Reference [45]. The schematic of the layout is presented in Figure 11.

The same 0.62-m-long HC-PCF was used as the gas cell and a Sagnac interferometer readout as
proposed in Reference [45]. Here, the pump laser beam exciting the acetylene particles was additionally
amplified in an Erbium-doped loop resonator built around the gas-filled hollow core fiber. By significantly
boosting the pump power, an NEC of 0.176 ppm was achieved. This result is 2.6 times better than that
previously reported for a non-intracavity configuration [45].
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Figure 11. Experimental setup of the intracavity PT gas sensor. TC—temperature controller, CC—current
controller, DAQ—data acquisition, EDF—erbium-doped fiber, WDM—wavelength division multiplexer,
ISO—optical isolator, PLS—probe light source, HC-PBF IC—hollow core photonic bandgap fiber gas
cell, BD—balanced detector, PC—polarization controller. Reprinted with permission from [56] C The
Optical Society.

4.3. Intracavity PT Detection in a Mode-Locked Laser Configuration

An interesting approach to intracavity PT detection was proposed in Reference [16]. In this work,
the Authors investigated the possibility of translating the PT-induced RI modulation directly into
frequency deviation of a mode-locked laser. The schematic of the sensor is presented in Figure 12.
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Figure 12. Experimental setup of the ML intracavity PT gas sensor. PD—photodiode, FC—fiber coupler
with 1% out-coupling ratio, Er**—80-cm-long erbium doped fiber, WDM—wavelength division
multiplexer, PUMP—980 nm singlemode pump laser, CIR—fiber circulator, SESAM—fiber pigtailed
semiconductor saturable absorber mirror, COLL—fiber collimator, F—filter, DM—dichroic mirror.
The gas absorption cell is 10 cm long. Reprinted with permission from [16] C The Optical Society.

The base of the sensor had standard configuration for a ring cavity Erbium-doped laser
mode-locked by incorporating a semiconductor saturable absorber mirror (SESAM) [57]. The gain
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section was an 80-cm-long piece of erbium-doped fiber, which is optically pumped by a singlemode
laser diode (A = 980 nm) via a fiber wavelength division multiplexer (WDM). The fiber pigtailed
SESAM was coupled to the cavity via a fiber circulator (CIR), which additionally ensured unidirectional
operation of the laser. Parameters of the ML laser were monitored via a 1% fiber coupler with a
photodiode. The gas sample was introduced into the ML laser via a 20-cm-long free-space open-path
which was formed in the cavity with two fiber collimators. The gas under testing was carbon dioxide
(COy) and was pumped into a 10-cm-long absorption cell. The gas sample was excited via an auxiliary
100 mW laser (DFB diode with an additional thulium doped fiber amplifier) targeting an isolated
absorption line located at ~2003.5 nm. The pump beam was co-aligned with the probe beam of the ML
laser using a dichroic mirror (DM). The ML laser had a pulse repetition frequency of f, ~ 21.226 MHz.
Exciting the CO, molecules in the path-length of the probe beam of the ML laser resulted in modulation
of the optical path-length, and hence a slight change in the repetition frequency. PT signal analysis was
simplified by modulating the pump laser and registering the resulting repetition frequency deviation
via an FM demodulator and an LIA. In this simplified PT gas sensor, the Authors were able to achieve
an NEC of 311 ppmv for CO, at ambient pressure. It is worth noting that compared to other fiber-based
sensors, no interferometric read-out of the signal is required and due to its configuration it is possible
to use mid-IR wavelength pump sources to excite gas molecules.

5. Fabry-Perot-Based PTS Gas Sensors

Inspired by work done in the field of PT gas sensors, researchers investigated the possibility
of designing unique configurations in which the induced RI modulation would be probed using a
Fabry-Perot (FP) cavity. As described before, variations of the RI of a sample (not only gaseous) are
primarily connected with changes in the density of the sample. A gas sample excited by the pump laser
experiences a localized heat gradient, and thus the refractive index decreases. The idea of using an FP
cavity as a PT effect readout is directly connected with the physics underlying the principle of their
operation. FP interferometers are constructed using two partially reflecting parallel mirrors separated
by a certain distance. The intensity of light transmitted I; through such a cavity is described by [58]

1
— @
1+ (%) sin?(42)
where I is the intensity of the incident light, F is the cavity finesse, and Ag is the phase difference.
Finesse of the cavity can be calculated as a function of the reflectivity of the mirrors R, F = 1 VR(1 - R) -
Whereas the phase difference is given by:

Ap =Ap = i—Zan cos © 3)

where, 1 is the refractive index, A is the wavelength of the incident light in vacuum, and cos® is the
angle of incidence. Based on the formulas described above, one can clearly see that a change in the
refractive index inside the cavity will have a direct influence on the intensity of light transmitted
through the FP interferometer, which can be conveniently detected. This approach was adopted in
several PT gas sensors with great success.

5.1. Fabry-Perot PT Gas Sensor with 2f Modulation

In Ref [59]., Waclawek et al. proposed an FP-based PT gas with the layout shown in Figure 13.

The FP interferometer was based on two dielectrically-coated silica mirrors with reflectivity
R = 0.85, which resulted in a finesse of the cavity of 19.3. The probe laser in this experiment was a
single-mode tunable fiber-pigtailed DFB laser diode with a wavelength of 1600 nm. The radiation
was injected into the FP cavity after focusing by a lens, and the beam exiting the interferometer was
collected with a second lens onto a gallium indium arsenide (GalnAs) photodiode. In this experiment,
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a sulfur dioxide (SO,) absorption line located at 1379.78 em~! was targeted with a QCL laser source
providing up to 173 mW of CW power. The beam from the QCL was coupled perpendicularly into
the FP cavity, coinciding with the probe beam. The QCL emission was wavelength modulated with a
sinewave function to employ WMS detection at second harmonic using an LIA. To ensure a stable
operation and linear response to the PT-induced RI changes, the wavelength of the probe laser was
locked to one of the steep slopes of the FP cavity resonance by a slow feedback loop, which monitored
the DC output of the photodiode. The proposed FP-based PT gas detection setup is simple, inexpensive
and requires minimum alignment. The calculated NEC of this sensor reached 1.1 ppmv of SO, and an
excellent linearity of the senor response (R-square value of 0.9998). This work clearly illustrates the
high potential for further development of FP-based PT sensors for sensitive and selective gas detection.
Moreover, optimized dimensions of the sensor limit the volume of gas required for measurements
(0.7 cmd).
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Figure 13. Schematic of the Fabry-Perot interferometer-based photothermal gas sensor. Reprinted with
permission from [59] C The Optical Society.

5.2. Balanced Detection Fabry-Perot PT Gas Sensor

The work presented in Reference [59] was quickly followed by a second publication by the same
Authors. In Reference [60], Waclawek et al. addressed the main issues of their previous sensor and
proposed a similar configuration, but enriched with balanced detection of the PT-induced intensity
modulation of the beam leaking from the FP cavity. The modified sensor layout is presented in
Figure 14.

Compared to the previous configuration, in this improved version of the FP-based PT gas sensor,
the probe beam is split into a reference beam and probing beam before entering the interferometer
cavity (both beams travel through the same mirrors). The beam separation was 10 mm. Here, only one
of the beams was intersected with the pump beam injected into the cavity perpendicularly to the probe
beams. Both beams are detected by separate photodiodes after exiting the FP cavity, and the signals
are subtracted using a differential amplifier. Both probe beams experience common noise and therefore
can be easily cancelled out. In FP interferometers, the registered noise is enhanced proportionally
to the finesse of the cavity. Balanced detection significantly limited the registered noise; therefore,
this simple improvement allowed the authors to use higher reflectivity mirrors to achieve higher
finesse of the cavity and increase the overall sensitivity of the sensor. In this experiment, mirrors
with reflectivity R = 0.985 were used, forming a cavity with a finesse of ~89. The pump laser and the
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signal processing part of the sensor was identical to the previously reported, and was based on WMS
detection technique via modulating the QCL laser with sinusoidal waveform in the vicinity of SO,
absorption line (1390.93 cm™!) and a LIA-based signal retrieval. This improved version of the sensor
reached an NEC of 5 ppbv at an acquisition time of 1 s. This result is 240 times better than reported in
the previous version of the sensor.
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Figure 14. Balanced-detection Fabry-Perot interferometer PT gas sensor. Reprinted with permission
from [60] C The Optical Society.

6. Conclusions

In this review, progresses in PT gas spectroscopy have been presented and discussed based on
several sensor layouts and signal retrieval techniques. As presented in this review, PT gas detection
can be accomplished in numerous dissimilar configurations, thus encouraging researchers to search for
novel, yet unpublished, methods of utilizing the PT effect for precise and selective trace gas analysis.
An appropriately designed PT gas sensor can reach sensitivities comparable with WMS or TDLAS
techniques, without the necessity of using bulky and fragile multipass cells. Basic parameters of the
sensors described in this review are summarized in Table 1.

Based on the summary provided in Table 1, the most promising PT gas detection techniques are the
FP interferometer-based technique and the ones based on a hollow-core fiber. FP interferometric readout
of the PT-induced RI modulation has proven to be very sensitive and foremost miniature. Moreover,
with proper design, this configuration is capable of reaching strong absorption lines of molecules
located in the mid-infrared wavelength region. Similar results, in terms of sensitivity, were achieved in
HC-PCF-based PT sensors. This configuration is particularly interesting due to the fact that the sensors
were constructed all in fiber, thus having limited susceptibility to environmental noise. The only
limitation is the wavelength of operation. Currently available HC fibers have tremendous attenuation
in the mid-IR wavelength region, therefore restricting the implementation of such PT sensors to gases
having absorption lines in the near infrared. This configuration will surely be further investigated and
improved based on novel antiresonant hollow-core fibers with limited losses in the 3-7 um wavelength
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region. An interesting approach to PTS as proposed in Reference [16], where the induced RI modulation
was directly translated to frequency variation of an ML laser repetition rate. This ensured non-complex
signal processing and versatility of the constructed sensor. The most pronounced drawback of the
sensor was the necessity of combining fiber-based components with bulk optics-based gas absorption
cell. This issue could be easily mitigated by incorporating a section of a hollow-core fiber-based gas cell
into the ML laser resonator. This would limit the influence of environmental noise and considerably
improve the robustness and compactness of the sensor. Significant improvement in terms of the
registered signal would also be possible in the least complicated, yet very sensitive FP-based PTS gas
sensor. This would require designing the FP resonator to utilize an additional acoustic resonance inside
the gas cell, similar to configurations used in quartz-enhanced photoacoustic spectroscopy technique
(QEPAS) [17]. The acoustic resonance should increase the registered signal several times, making
the sensor configuration sensitive, selective and miniaturized. Nevertheless, similar to PAS, in PTS,
the sensor can be designed to target strong particle transitions in the mid-IR, but at the same time have
signal readout based on inexpensive fiber components. Considering the fact that the PT-induced RI
modulation can be probed in numerous different ways (e.g., as variations in laser intensity, frequency
or in a interferometric configuration), there is there is still plenty of space for further development of
these techniques, which will surely be perused by researchers working on laser-based gas sensing.

Table 1. Summarized sensitivities of PT gas sensors described in this review.

Pump Laser Type; Pump Laser

Configuration Detected Gas Wavelength Power NEC Reference
Bulk-optics based HeNe
Mach-Zehnder interferometer CH;0H CO; laser, 9.64 pm 20w 3 ppbv (18]
Unfolded Jamin HeNe
interferometer NHj CO; laser, 9.22 pm 7W 250 pptv [22]
Open-path fiber-based Amplified DFB diode,
Mach-Zehnder interferometer €O, 1573 nm 300 mw 400 ppmv 124]
Fiber-based multipass-assisted
Mach-Zehnder interferometer CHy QCL, 7.2 um 50 mW 10 ppmv 132]
HC-PCF-based Mach-Zehnder Amplified DFB diode,
interferometer Coly 1530.37 nm 25mW 2 ppbv [41]
HC-PCF-based pulsed PT Amplified DFB diode,
sensor with Sagnac loop CoH, 222 mW 3.3 ppmv [45]
. 1530.37 nm
interferometer
Intracavity PT sensor based on
2 HeNe laser SFe CO,, 10,560 nm 0.8W 3 ppbv [55]
PT sensor with intracavity .
pump signal enhancement CoHy DFB diode, 1530.37 nm 20 mW 0.176 ppm [56]
PT gas sensor in a intracavity i .
mode-locked fiber laser CO, Amphle(e)g;)nlz? diode, 100 mW 311 ppmv [16]
configuration
Fabry-Perot
interferometer-based PT gas SO, QCL, 7246 nm 173 mW 1.1 ppmv [59]
sensor
Balanced detection
Fabry-Perot S0, QCL, 7246 nm 174 mW 5 ppbv [60]

interferometer-based PT gas
sensor
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Abstract: The applications of femtosecond lasers to the diagnostics of combustion and flow field
have recently attracted increasing interest. Many novel spectroscopic methods have been developed
in obtaining non-intrusive measurements of temperature, velocity, and species concentrations with
unprecedented possibilities. In this paper, several applications of femtosecond-laser-based incoherent
techniques in the field of combustion diagnostics were reviewed, including two-photon femtosecond
laser-induced fluorescence (fs-TPLIF), femtosecond laser-induced breakdown spectroscopy (fs-LIBS),
filament-induced nonlinear spectroscopy (FINS), femtosecond laser-induced plasma spectroscopy
(FLIPS), femtosecond laser electronic excitation tagging velocimetry (FLEET), femtosecond
laser-induced cyano chemiluminescence (FLICC), and filamentary anemometry using femtosecond
laser-extended electric discharge (FALED). Furthermore, prospects of the femtosecond-laser-based
combustion diagnostic techniques in the future were analyzed and discussed to provide a reference
for the relevant researchers.

Keywords: combustion diagnostic; femtosecond laser; two-photon femtosecond laser-induced
fluorescence; femtosecond laser-induced breakdown spectroscopy; femtosecond laser electronic excitation
tagging; filament-induced nonlinear spectroscopy; femtosecond laser-induced plasma spectroscopy

1. Introduction

Development of advanced combustion technologies with high efficiency and low emission requires
an understanding of the complex processes involving multi-scale kinetic reactions and turbulent flows.
Numerous key parameters and information rely on accurate diagnostics techniques. Conventional
diagnostic techniques include pressure measurement with sensors [1], velocity measurement with pitot
tubes [2], and temperature measurement with thermocouples [3]. These methods, however, are all
intrusive and have profound interference to combustion and flow fields, and the information extracted
might be invalid, especially when high turbulence gets involved, so instantaneous measurements are
needed. The advent of laser-based techniques dramatically promotes the development of diagnostic
tools in these fields [4,5], which provides more reliable and new information to support further
research. Compared with intrusive techniques, laser-based techniques can prominently reduce or
even avoid the interference. In addition, high sensitivity, high temporal, and spatial resolution can
be obtained in real time, and simultaneous multi-parameter measurements can also be achieved.
Aldén [4] mentioned that “laser diagnostic techniques have for more than 30 years added very valuable
input for a deepened understanding of combustion processes”. Kohse-Hoinghaus [5] further stated
that laser-based diagnostic technique “is the only way to 'spy’ on the fundamentals of combustion
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inside”. The light source is the core component of laser diagnostic techniques, a typical example
of which is nanosecond (ns) lasers. Over recent decades, ns-laser diagnostics have been widely
adopted in characterizing many aspects of combustion and flow fields, e.g., flow and flame structure
visualization [6], species measurement [7], temperature measurement [8], velocity measurement [9], and
soot characteristics analysis [10]. Various ns-laser diagnostics, however, all have their own limitations.
For example, in two-photon laser-induced fluorescence (TPLIF), it is hard to find the balance between
high laser fluence, which is needed to compensate for the reduced absorption cross-section, and the
laser-induced photolysis, which is proportional to laser fluence and is something we would like to
avoid. Other challenges faced by ns-laser techniques include measuring in the near-wall region and
in the sooty environment, and so on. Hence, it is necessary to develop new techniques to solve the
problems mentioned above.

The advent of femtosecond (fs) lasers [11] has significantly enriched the laser-based diagnostic
techniques. At present, there are many commercial fs lasers, and the average power of the fs laser
pulse could reach the order of tens of watts, and the repetition rate can reach the order of GHz. Among
them, the most commonly used fs laser for diagnostics in combustion and flow field is the Ti:sapphire
laser system, whose wavelength centered at ~800 nm with a pulse duration of ~45 fs, a pulse energy of
8 mJ, and a repetition rate of 1 kHz. Compared with ns lasers, fs lasers have the characteristics of a
narrower pulse duration, a higher peak power, and a broader line width. Hence, when fs lasers interact
with gases, different behaviors and phenomena will be observed, such as fs laser filamentation [12,13].
To understand these behaviors and phenomena, a direct and convenient way is to monitor the emission
that arises from the volume of the fs laser-gas interaction. By doing so, we can extract information
from the gas field of interest, which will not be stimulated by ns lasers. Hopefully, this will shed
light on solving the difficulties faced by ns-laser diagnostic techniques. For instance, femtosecond
multiphoton laser-induced fluorescence (fs-MPLIF) has the advantages of high multiphoton excitation
efficiency and, at the same time, low photolysis interference. Hence, the primary purpose of this paper
is to discuss in detail these advantages along with the emerging diagnostic techniques based on them
and to introduce the applications of fs laser-induced emission techniques for combustion and flow
field diagnostics.

In this paper, we put these incoherent techniques based on fs laser-induced emission into four
categories. In Section 2, we focus on a resonant excitation technique: Femtosecond two-photon
laser-induced fluorescence (fs-TPLIF). In Section 3, we introduce a non-resonant excitation technique:
Femtosecond laser-induced breakdown spectroscopy (fs-LIBS). In Section 4, we describe techniques that
rely on fs laser-induced filamentation: Filament-induced nonlinear spectroscopy (FINS), femtosecond
laser-induced plasma spectroscopy (FLIPS), femtosecond laser electronic excitation tagging (FLEET)
and femtosecond laser-induced cyano chemiluminescence (FLICC). In Section 5, we outline a technique
based on fslaser-guiding electric discharge: Filamentary anemometry using femtosecond laser-extended
electric discharge (FALED). The paper is closed with a summary in Section 6.

2. Femtosecond Two-Photon Laser-Induced Fluorescence (fs-TPLIF)

Laser-induced fluorescence (LIF) is one of the most common techniques for combustion
diagnostics [7], which uses a resonant laser beam to excite a selected transition from a special
molecule (or atom) to a higher excited state and detects the induced fluorescence. Various combustion
intermediate species can be measured by LIF [14,15]. Based on fluorescence imaging, two-dimensional
visualization can also be achieved by planner LIF [16].

For LIF measurements, one-photon excitation is preferred, since it has a linear response and high
absorption cross-section. However, many key combustion intermediates, such as atomic hydrogen
(H) [17], atomic oxygen (O) [18] and carbon dioxide (CO) [19], have a large energy gap between
the ground and the first excited electronic states, which makes one-photon LIF impossible as the
wavelength falls into the region of vacuum-ultraviolet (VUV). To address this complication, researchers
developed a two-photon excitation scheme. Two-photon laser-induced fluorescence (TPLIF) was first
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demonstrated for H and deuterium measurements by Bokor et al. [20], and then it was applied to detect
many other species, including O [21-23] and N [22]. A limitation of two-photon excitation is that high
laser fluence is required in order to overcome the issue of small absorption cross-section. The high laser
fluence could cause significant photo-dissociation. For example, in TPLIF detection of H, a substantial
amount of additional H can be produced via photodissociation [24] of some hydrogen-containing
radicals, such as HyO, [25] and CHj [26], which makes it difficult to distinguish the natively generated
H in the flame and the photolytic H. Even if the photolytic products are different from the species of
interest, they may also cause interference. For example, when performing CO-TPLIF measurements in
a sooty flame, the ns-laser at 230 nm, which is used to excite CO molecules, will generate photolytic C,
radicals. Moreover, the so-called Swan-band emissions from C, will interfere with the CO detection,
since they partially overlap with the CO fluorescence.

To circumvent the above-mentioned issues, researchers use fs lasers in place of ns lasers.
By assuming that the molecular transitions have a linewidth much narrower than the excitation
laser energy distribution [27], the efficiency of two-photon excitation can be expressed as

1

’
Cw * Ct

Sur o 0o - 1§ (1)
where Sy jr is the fluorescence signal, oy is the two-photon rate coefficient, Ij is the laser pulse energy
of the excitation laser, c, is the laser spectral linewidth of the laser, and ¢; is the laser pulse duration,
so the relative TPLIF efficiency can be estimated by the product of cy-c, of the excitation laser pulse.
For a Fourier transform limited (FTL) laser pulse, c¢-c(, is a constant and has the smallest value, which
is the most favorable for the two-photon excitation. Most fs laser pulses are close to FTL, while for
most ns or picosecond (ps) laser pulses, the ci-cy, values are generally larger by a factor of around 100.
For detection of molecular species, the possibility of a simultaneous excitation of the whole vibration
band (or even including some hot bands) forms another extra advantage of fs-TPLIF in contrast to the
ns and ps cases, where only a couple of rotational lines can be excited. This effect will be more evident
in flames, where much more rotational lines and even hot vibrational bands can be populated.

Therefore, even if the pulse energy of an fs laser is two orders of magnitude lower than that of a
typical ns laser, the fluorescence intensity is similar to that in ns or ps TPLIF measurements [28,29].
Considering that the photolytic interferences are often linearly proportional to the laser pulse energy,
the photodissociation problem will be mitigated to a large extent for fs-TPLIF. Besides the advantage of
photolytic interference suppression, the effective utilization of the whole broadband profile of the fs
laser pulse due to the existence of multi photon-pairs in matching the two-photon resonant excitation
has also been mentioned by Kulatilaka et al. [30].

So far, fs-TPLIF has been applied to measure various combustion intermediates and products,
including molecules (e.g., CO), atoms (e.g., H and O), and radicals (e.g., OH). Inert gases (e.g., Kr
and Xe) are also of interest because crucial parameters, like mixing fraction, could be extracted by
measuring them. The excitation and detection strategies of the abovementioned species are listed in
Table 1.
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Table 1. Excitation and detection strategies of various species by multi-photo femtosecond laser
induced fluorescence.

Excitation Detection

Species Ref.
Wavelength Transition Wavelength Transition
OH 620 nm*2 A?E e X211 ~310 nm A28t - X211 [31,32]
co 230 nm*2 Bt « X!t 400-600 nm B'Et — AllTH [27,33-38]
230 nm*2 BIEZ* « X'+t 280-380 nm Lt - aP11 [34]
205 nm*2 n=3n=1 656 nm n=3-n=2 [30,39-50]
H 307 nm*3 n=3«n=1 656 nm n=3-n=2 [40,47]
243 nm*2 + 486 nm n=4<n=1 656 nm n=3-n=2 [51]
(@) 226 nm*2 3p3P « 2p°P 845 nm 3p3P — 3s%S [49,52,53]
204.1 nm*2 5p(3/2], « 4p°['so] 826 nm 5p'[3/2], = 55'[1/2],  [49,50,54]
Kr 204.1 nm*2 5p(3/2], « 4p°['so] 750-840 nm [55,56]
212.6 nm*2 45%4p°5p /452 4p55p’ — 4sP4p® 759 nm [571
Xe 225 nm*2 6p[3/2], « 5p°1Sy 835 nm 6p'[3/2], « 6s'[1/2];  [49,53]

Note: Refs. [50-52,55] are measured in plasma.

The measurement of CO by fs-TPLIF was first performed by Richardson et al. [37] in a steady
flame. In their research, excitation wavelength at 230.1 nm was used to induce two-photon transition
(B'Z+ « X'£%) of CO, and fluorescence in the range of 362-516 nm was captured. Later on, this
excitation scheme has been extended into high-pressure flames [34], sooty flames [34], and piloted
liquid-spray flames [33]. Our group also employed this scheme in a premixed laminar jet flame [27].
Ahotband (1,n) together with the conventional band (0,n) of B'2t — AT transitions were observed
in the burned zone of the flame. As shown in Figure 1b, the B'E " « X!%%(1,1) band was excited due
to the broadband nature of the fs laser pulse. We have seen that the two vibrational bands are sensitive
to temperature and can potentially be used for accurate flame temperature measurements. In addition,
the CO fs-TPLIF signal recorded across the focal point of the excitation beam shows a relatively flat
intensity distribution despite the steep laser intensity variation, which is beneficial for CO imaging in
contrast to ns and ps TPLIF.

For atomic intermediates in combustion, fs-TPLIF has been applied to H and O measurements.
Atomic hydrogen is a critical species in the combustion of hydrogen or hydrocarbon fuels [58], which
gets involved in flame ignition, propagation, and extinction. The H fs-TPLIF technique was first
demonstrated in combustion by Kulatilaka et al. [30,46]. In their scheme, H was excited by a 205 nm fs
laser, and the subsequent H, fluorescence at 656 nm from the transition n = 3 — n = 2 was detected,
as shown by the red line in Figure 2. This excitation scheme has also been adopted for quantitative
measurements [44] and 2D imaging [45]. Another extinction scheme, shown as the blue line in Figure 2,
was proposed by our group [51]. In the scheme, H is electronically excited through a two-photon
process by a 243 nm laser from the ground state to its first excited state (n = 3 < n = 1), where the
excited H is instantaneously re-excited through another one-photon process by a relay laser (486 nm)
to excited state of n = 3. In order to avoid the stray light interference from the 486 nm laser, the
secondary fluorescence at 656 nm (1 = 3 — n = 2) was collected. Consequently, interference-free H
imaging was achieved in a laminar jet flame. Furthermore, a three-photon (307.7 nm) excitation scheme
(n =3 « n = 1) with detection fluorescence at 656 nm was demonstrated by Jain et al. [40], as shown
by the green line in Figure 2.
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Kulatilaka et al. [52] also performed an fs-TPLIF diagnosis for O in premixed laminar flame. An fs
laser at 226 nm was used for two-photon excitation of O to its excited state (3p>P « 2p°P), and the
subsequent O fluorescence at 845 nm from the transition 3p>P — 3s°S was detected. The advantage of
fs lasers excitation over traditional ns lasers excitation in O measurements is that the photolysis of
vibrationally excited CO,, known as the main interference that produces additional O atoms [59], can
be eliminated.

Combustion radicals can also be measured by fs-TPLIF. Hydroxyl (OH) is one of the essential
combustion radicals, and OH-PLIF is widely used to visualize the reaction zone and product zone
of a flame [60-63]. Different from CO, H, and O, OH can be excited with single-photon strategy.
A typical single-photon OH-LIF uses an ns laser at ~283 nm to excite OH through a transition line in
AZYF « X2I1 (0, 1) band, which allows observation of the fluorescence emission from the (1, 1) and
(0, 0) bands at ~310 nm [64]. There are many researches of OH-LIF, including ns-laser excitation [62,63]
and ps-laser excitation [65]. Stauffer et al. [31,32] performed the fs-TPLIF of OH measurements with
two-photon excitation at 620 nm. However, they did not directly observe any obvious advantages of
two-photon fs-laser excitation relative to single-photon ns- or ps-laser excitation.

Femtosecond-TPLIF has also been used to measure inert gases such as Kr [54-57] and Xe [49].
Although these studies do not directly measure the combustion species, they are still relevant to
combustion research. For example, fs-TPLIF imaging of Kr was achieved to measure the mixture fraction
in gaseous flows [57], which is a crucial parameter in the combustion flow field. Femtosecond-TPLIF
measurement of Xe was demonstrated in the plasma induced by discharges [49], which might be useful
for studying the ignition behavior of flammable gases.

In summary, fs-TPLIF has shown great potential for combustion species measurements, owing to
its advantages of high multi-photon efficiency and little photolysis interference. More studies are yet to
be performed. For example, fs-TPLIF can be further used to measure other combustion intermediates
such as atomic C [66,67] and N [22]. In addition, the technique has not been applied to measure any
polyatomic molecule, such as NHj [68], which is also of great interest to the combustion community.
Furthermore, two-color fs-TPLIF is another strategy that is worth trying. For single-color fs-TPLIF,
only one tunable UV laser is needed, but the problem is that its pulse energy is quite limited, while for
the two-color strategy, we could use two lasers at two wavelengths. Hence, we have the flexibility to
choose at least one laser with strong pulse energy, e.g., from the fourth-harmonic output (200 nm) of
an fs Ti:sapphire laser, and then select a tunable UV laser to match the strong laser. In doing so, the
excitation efficiency might be improved.

3. Femtosecond Laser-Induced Breakdown Spectroscopy (fs-LIBS)

Laser-induced breakdown spectroscopy (LIBS) is broadly applied to combustion diagnostics, largely
encouraged by its simplicity in terms of both experimental setup and data evaluation, which have
been applied to many fields such as industry [69], chemistry [70], biology [71,72], nuclear [73], earth
sciences [74-76], and cultural heritage [77]. Different from LIF, LIBS technique involves non-resonant
excitation, and an ns laser with a fixed wavelength meets the demand. For the current development
of ns-LIBS, readers can refer to [78,79]. In the field of combustion, LIBS is mainly used to measure
the equivalence ratio. When a pulsed laser is focused at a premixed fuel/air mixture, a breakdown
will be generated, which acts as a virtual measurement probe. When the assumptions of local thermal
equilibrium (LTE) and optically thin plasma are satisfied [80,81], the intensities of the spectral emission
lines of the plasma can be used to determine the equivalence ratio quantitatively. In most of the previous
studies, the ratios of certain spectral lines of LIBS could be used to correlate and quantify mixture fraction
including H (656 nm)/O (777 nm) [82-84], H (656 nm)/N (568 nm) [85], C (833 nm)/N (744 nm) [86],
C (833 nm)/O (777 nm) [86], C (711 nm)/(N (745 nm)+O (777 nm)) [87], and C, (516.5 nm)/CN (388 nm) [88].

With the development of ultrafast lasers, LIBS with fs lasers as a light source (fs-LIBS) was
introduced [89]. In recent years, fs-LIBS has been applied to combustion diagnostics, and it was
also mainly used to measure equivalence ratio. Femtosecond-LIBS is similar to ns-LIBS. The fs laser
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is focused by a spherical lens with short focal length (e.g., 65 mm focal length [90]) to generate a
breakdown (or plasma) in the flow field. By measuring and analyzing the emission spectrum of the
plasma, the parameters, such as equivalence ratio, can be obtained. Femtosecond-LIBS has the potential
to solve some technical defects faced by traditional ns-LIBS. For example, in ns-LIBS measurements,
the intrinsic unstable character of avalanche ionization will lead to volatile signal and hence, result in
the instability of the equivalence ratio measurements. The situation will be even worse under high
pressure or with the presence of a high level of soot [91]. Femtosecond-LIBS, on the other hand, can
avoid the problem to some extent [92].

For the first time, Kotzagianni et al. [90,93] performed fs-LIBS technique in a premixed CHy/air
flame. They used the spectral intensity of CN at 388 nm to calibrate equivalence ratio, as shown in
Figure 3, and in situ equivalent ratio measurements were realized. In addition, fs-LIBS was also applied
by Couris et al. [94]. They used the intensity ratio of H (656 nm)/O (777 nm) and C, (516.5 nm)/CN
(388 nm) to calibrate the fuel concentration in flames. Patnaik et al. [95] developed a multivariate
analysis to understand and mitigate the measurement instability by varying the pulse duration of the
light source from ns to fs. The results indicated that LIBS measurements with fs pulse excitation could
reduce the instability in equivalence ratio measurements under high pressure.
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Figure 3. Intensity variation of the CN (388.3 nm) band as a function of the equivalence ratio at different
delay times in a CHy/air flame [93]. (Reproduced from Kotzagianni M., and Couris S., Femtosecond
laser induced breakdown for combustion diagnostics. Appl. Phys. Lett. 2012, 100, 264104, with the
permission of AIP Publishing).

Although its feasibility in equivalence ratio measurements has been confirmed, more works are
yet to be done to fully exploit the advantages of fs-LIBS, e.g., its capability for one-dimensional or
high spatial resolution measurements. In addition, similar to ns-LIBS, drastic breakdown happens
in fs-LIBS based on tight focusing of the fs laser. Therefore, the spectrum of fs-LIBS is dominated
by atomic emissions, which might miss some crucial information related to molecules. Furthermore,
fs-LIBS has continuum background interference [90,93], which may disturb the measurements. If using
a spherical lens with long focal length, this issue will be reduced. Hence, many techniques depending
on femtosecond laser-induced emission have been developed.

4. Femtosecond Laser-Induced Filament Emission

Different from the strong focusing in fs-LIBS, when an fs laser is focused with a longer focal length
lens, the focused femtosecond laser can form a stable plasma channel in the optical medium. This
phenomenon is also known as filamentation, and the plasma channel is called a filament. Femtosecond
laser-induced filamentation is a unique phenomenon that appears during the propagation of a
high-intensity ultrashort laser in a transparent medium. This phenomenon was first observed by Braun
et al. [96] in 1995. The appearance of fs filament is due to the dynamic balance between the optical Kerr
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effect-induced self-focusing and the defocusing effect of the self-generated plasma. Chin et al. [13]
suggested that filament could be defined as the propagation zone where there is intensity clamping,
and its length is at least several times longer than Rayleigh range.

The clamping intensity inside the plasma channel induced by fs laser is up to 10'3~10'* W/cm? [13],
which is intense enough to excite atoms/molecules into higher excited states through photolysis,
ionization, dissociation, and collision. Then, the excited atoms/molecules release characteristic
fluorescence. Therefore, the emission spectra of the plasma channel are rich in information, and the
component information of the measured flow field can be obtained qualitatively or quantitatively through
spectral analysis. Such non-resonant spectroscopy techniques include filament-induced nonlinear
spectroscopy (FINS) and femtosecond laser-induced plasma spectroscopy (FLIPS). In addition, the
plasma channel can also excite molecules into higher excited states through laser-induced photochemical
reactions, which can extend the fluorescence “lifetime”. These long-life signals can be used to measure
the velocity of the flow field. Such tagging velocimetry includes femtosecond laser electronic excitation
tagging (FLEET) and femtosecond laser-induced cyano chemiluminescence (FLICC).

4.1. Spectroscopy Techniques Based on Femtosecond Laser-Induced Filament Emission

Filament-induced nonlinear spectroscopy (FINS) is a non-resonant spectroscopy technique,
which utilizes the short-lifetime signal of the fs laser-induced filament. FINS technique has already
demonstrated its potential application prospect in many fields [97,98], such as remote sensing of
greenhouse gases [99], pollutants measurements in atmosphere [100], humidity monitoring [101], and
heavy-metal contaminants detection in water [102]. The applications of FINS in combustion diagnostics
have emerged in recent years.

In 2013, Li et. al. [103] demonstrated the proof-of-concept for FINS in combustion diagnostics, and
simultaneous monitoring of multiple combustion intermediates was realized in ethanol/air flame. They
compared the emission spectra obtained by FINS, ns-LIBS and spontaneous emission of ethanol/air
flame [104], as shown in Figure 4. They found that the signal of FINS in flame mainly results from
the interaction between fs laser pulses and the combustion intermediates, such as OH, CH, and C.
They expanded the application of FINS into different alkanol/air flames [105], i.e., methanol (CH3OH),
ethanol (CH3CH,OH), n-propanol (CH3(CH;),OH), n-butanol (CH3(CH;);0H), and n-pentanol
(CH3(CHy)4OH). Li et al. [106] also demonstrated that FINS could be utilized to sense the combustion
intermediates by measuring the backward fluorescence spectra of filament emission in the flame.
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Figure 4. A comparison of emission spectra obtained by (a) femtosecond filament excitation,
(b) nanosecond laser-induced breakdown excitation, and (c) without any laser excitation [104]. (Reprinted
from Sensors and Actuators: B Chemical, 203, Li H., Wei X., Xu H., Chin S., Yamanouchi K., and Sun
H., femtosecond laser filamentation for sensing combustion intermediates: A comparative study, 887,
2014, with permission from Elsevier; Reprinted from The Lancet, 203, Li H., Wei X., Xu H., Chin S.,
Yamanouchi K., and Sun H., femtosecond laser filamentation for sensing combustion intermediates:
A comparative study, 887, 2014, with permission from Elsevier).

Li et al. [107] also obtained critical power and clamping intensity of filament in the combustion
flow field. The results indicate that the critical power in the flame is 4-5 times smaller than the usually
quoted one in air, and the clamping intensity inside the filament is roughly half of that in the air.
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They also found the lasing action [108] and third-harmonic generation [109] in flame. These results
and observations can provide insights into the understanding of FINS for practical applications in
combustion diagnostics.

There are some advantages of FINS in the application of combustion diagnostics. First of all, FINS
can measure multiple combustion intermediates simultaneously with a simple optical setup, which
is based on the unique nonlinear optical phenomenon of the filament. Compared with the ns-LIBS
technique, the spectra of FINS consist of not only atoms but also molecules, which provide more
valuable information. Consequently, FINS can reflect the composition of the measured flow field more
realistically. However, the current exploitation of FINS is not complete. For example, previous works
have focused on FINS in an alcohol burner array, as shown in Figure 5, which lacks standard data such
as temperature or component concentration for comparison. It is thus more meaningful to perform
FINS in a standard burner, such as a McKenna burner [110].

Figure 5. The photo of the flame on the alcohol burner array together with the femtosecond laser-induced
filament [108]. (Reproduced from Chu W., Li H., NiJ., Zeng B., Yao J., Zhang H., Li G., Jing C., Xie
H., Xu H.; Yamanouchi K, and Cheng Y, Lasing action induced by femtosecond laser filamentation in
ethanol flame for combustion diagnosis, with the permission of AIP Publishing).

Besides FINS, another technique called femtosecond laser-induced plasma spectroscopy (FLIPS)
should also fall in this category. FLIPS can acquire component information based on quantitative
spectral analysis of the plasma emission. As mentioned above, different from fs-LIBS, FLIPS generally
uses an fs pulse focused lens with a longer focal length, and the clamping intensity of the generated
filament is about 1013~10'* W/cm? [12,13]. By contrast, the breakdown threshold of fs-LIBS is about
2~4 x 10 W/ecm? in air at A = 800 nm [89,111]. As a consequence, FLIPS does not suffer from
interference of continuous background and contains substantial molecular bands, which can provide
more information for spectral analysis.

Hsu et al. [112] used FLIPS to achieve a stable and reliable gas sensing at elevated pressures.
The results showed that the signal level of FLIPS increases with the increase of pressure while
maintaining the stability in the pressure range of 1-40 bar.

Our group [113] developed FLIPS for instantaneous one-dimensional equivalence ratio
measurement in a free jet with non-reacting premixed CHy/air. By measuring the spatially resolved
spectra of FLIPS, we found that the spectral peak area ratios of CH (431 nm)/N;, (337 nm), CH
(431 nm)/N, (357 nm), and CH (431 nm)/O (777 nm) can be utilized to achieve one-dimensional
local equivalence ratio measurement. Among them, the CH peak at ~431 nm and the O peak at
~777 nm is strong enough to be used to achieve single-shot measurements, and a spatial resolution of
150 pm was achieved, which is important for turbulent flow fields. Figure 6 indicates the results of
FLIPS technique used in both laminar and turbulent flow fields for instantaneous one-dimensional
equivalence ratio measurement.
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The main advantages of FLIPS are as follows. Firstly, FLIPS can achieve instantaneous one-dimensional
measurement with a simple experimental setup. Secondly, the spatial resolution of FLIPS is on the order
of 100 microns, which is at least one order of magnitude lower than that of ns-LIBS. Thirdly, compared
with traditional ns-LIBS, FLIPS technique is free from broadband bremsstrahlung interference. Fourthly,
FLIPS technique also has feasibility under high-pressure conditions.

Femtosecond laser-induced emissions can last for a while, and the filament offers a one-dimensional
spatial resolution. Combining these two features, researches established another application to achieve
velocity measurements in the flow field.

4.2. Tagging Velocimetry Based on Femtosecond Laser-Induced Emission

Velocity measurement in the flow field is another important application of fs laser-induced
filament emission. Velocity is one of the most significant parameters in the combustion flow field.
Techniques that can be used for velocity measurements include invasive techniques, such as pitot
tube [2] and hot wire anemometer [114], and non-invasive techniques, such as particle imaging
velocimetry (PIV) [115,116], laser Doppler velocimetry (LDV) [117], and molecular tagging velocimetry
(MTV) [118]. Asa cutting-edge technique, MTV has developed rapidly in recent decades, and it has been
extensively studied in the combustion flow field. MTV measures flow field velocity by time-of-flight
analysis. The molecules in the flow field are tagged through a “write” process, which is followed
by a “read” process in order to probe the tagged molecules at a known delay time. Consequently,
the movement of the tagged molecules gives the velocity. MTV techniques can be categorized by
whether the atomic/molecular tracer is “seeded” or “unseeded”. In “seeded” MTV methods, the flow
is seeded with molecules (or atoms) such as ketone [119,120], ester [121], nitric oxide [122,123], and
metal atoms [124,125]. Different atomic/molecular tracers are seeded in terms of different flow fields.
Therefore, these methods have a wide scope of applications and high accuracy. However, seeding of
these atomic/molecular tracers is often undesirable due to expense, toxicity, corrosivity, and so on.
Furthermore, when these methods are applied in the combustion flow field, it is necessary to consider
whether the additional tracers have effects on the combustion reactions. Various “unseeded” MTV
methods were developed as well, e.g., Raman excitation plus laser-induced electronic fluorescence
(RELIEF) with O, as tracer [126,127], air photolysis and recombination tracking (APART) with NO
as tracer [128], ozone tagging velocimetry (OTV) with Os as tracer [129,130], and hydroxyl tagging
velocimetry (HTV) with OH as tracer [131-133]. For detailed information about MTV, readers can refer
to a review [118].

Traditional MTV techniques use ns lasers as the light source. With the evolution of fs lasers and
their gradual applications to the field of combustion, some velocity measurement techniques based on
fs lasers have been developed, including femtosecond laser electronic excitation tagging (FLEET) and
femtosecond laser-induced cyano chemiluminescence (FLICC).

FLEET is a recently developed fs-laser-based tagging velocimetry in nitrogen-containing flow field,
which was proposed by Michael et al. [134]. It is the first attempt of an fs laser in gaseous flow field
velocity measurement. The FLEET nitrogen tagging mechanism is shown in Figure 7. When an fs laser
with a wavelength of 800 nm was focused at the nitrogen-containing flow field, the laser pulse ionized
and dissociated molecular nitrogen into atomic nitrogen, which produced long-lived fluorescence as
the nitrogen atoms recombined into excited electronic states of molecular nitrogen. Through imaging
N fluorescence of first positive band (B3I, — A%SL) at different delays and analyzing, the flow field
velocity can be obtained. However, FLEET is a non-resonant process, as shown by the red transition of
Figure 8. FLEET process requires absorption of at least eight photons to overcome the 9.8 eV [135]
dissociation energy of Ny. As a result, in order to induce multi-photon dissociation, the femtosecond
laser with an energy of several m] is needed, which can photo-dissociate many other species, heat the
probing volume, or alter local chemistry. One way to avoid these problems is to use low laser pulse
energy. Therefore, selective two-photon absorptive resonance FLEET (STARFLEET) approach was
developed by Jiang et al. [135-138], which significantly reduces the per-pulse energy to 30 pJ. As shown
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by the blue transition in Figure 8, STARFLEET is designed to exploit the resonant excitation of the N,
a” 12;,’ — XlZ; transition via two-photon absorption at ~202.25 nm. Then the pre-dissociated N, at

a” 12; absorbs the third photon, and dissociation of N, molecule happens. STARFLEET approach has
the same capabilities as FLEET, but is more efficient than FLEET.
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Figure 8. The nitrogen excitation strategy of FLEET and selective two-photon absorptive resonance
FLEET (STARFLEET).

FLEET is used in a wide range of applications, including subsonic [134,139-141], transonic [136,
142-144], and hypersonic [145-148] flow fields. At present, FLEET has been successfully applied in
nitrogen [134,140,141,149-152], argon [139,153-155], air [141,147,156,157],1,1,1,2-Tetrafluoroethane [158],
helium [159], carbon dioxide [159], oxygen [159], and combustion [141,148,160] flow fields. Since the
advent of FLEET, its measurement potential has been fully explored. FLEET can be used not only for
velocity measurement but also for measurements of other parameters in the flow field. For example,
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by measuring the FLEET spectra, based on two-line thermometry, the flow field temperature can be
obtained [150,157]. By analyzing the FLEET images, the boundary layer [146,161], shear layer [147,162],
vorticity [163], and mixture fraction [156] can be obtained. By analyzing the FLEET signal intensity and
lifetime, the pressure information of the flow field can be inverted [164].

The FLEET technique has the following advantages. Firstly, FLEET can achieve velocity
measurement with only one fs laser, whose experimental system is simple. Secondly, FLEET uses fs
laser as a light source, which can induce efficient multi-photon photolysis, therefore, it can be used to
realize multi-dimensional measurement [140,153,165]. Thirdly, FLEET uses molecular nitrogen as a
tracer, so the interference on the reactions of the flow field can be minimized. Fourthly, FLEET enables
the measurement of other parameters in the flow field. However, there are still some technical defects
in the current FLEET technique, such as poor signal-to-noise ratio (SNR). Many researchers have tried
to enhance the signal intensity by using different wavelengths or adding inert gases [139]. At present,
the most effective way to enhance signal intensity is using laser-induced chemiluminescence of the
radicals that have strong emission intensity.

Another fs-laser-based tagging velocimetry is femtosecond laser-induced cyano chemiluminescence
(FLICC) [166], which is proposed by our group. When an fs laser focused at methane-seeded nitrogen
gas flows, the high-intensity emission originating from CN (B2L+ — X2%.*) fluorescence was observed.
The emission is strong and can last for hundreds of microseconds with a proper methane concentration.
Therefore, velocity measurement can be achieved through CN fluorescence imaging. As shown in
Figure 9, FLICC is an ideal tool for near-wall velocity measurements, which can be used to study, e.g.,
the boundary layer structure in supersonic flows. Although the FLICC technique requires hydrocarbons
to be seeded in the measured flow field, it has a natural advantage when it comes to combustion
flow fields.
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Figure 9. Following the movement of femtosecond laser-induced cyano chemiluminescence (FLICC)

signal using a single lens reflex camera (left) and an ICCD camera in the on-chip multi-exposure mode
(right).

5. Femtosecond Lasers Guided High Voltage Electric Discharges

In addition to the above-mentioned fs-laser-based techniques, fs lasers can also be used to
guide high voltage electric discharges, which can be used for flow field measurements and plasma
applications. Plasma is widely used in the fields of industry [167], environment [168], and medical
science [169,170] due to its conductive and germicidal properties. High voltage discharges are the most
commonly used methods to generate plasma, such as corona discharge [171,172], spark discharge [173],
and dielectric barrier discharge [174,175]. Under atmospheric or high pressures, electric discharge
in the air can form a long thin filamentary volume of ionized plasma [176]. However, no matter the
kind of discharges, they are all based on a strong electrical field, which suffers the problem of random
discharges in both time and space. Controlling the time and space of discharges simultaneously and
accurately is so hard that it brings many limitations to its practical applications.

In the 1970s-1990s, researches on controlling high voltage discharges using pulse lasers have
been reported [177]. The high voltage discharge can be well controlled in the air through nanosecond
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laser guiding [178]. Due to the limitation of the Rayleigh range of the focused laser beam, discharge
guidance over the range of about 1 m was achieved. The fs laser-induced filament appears to be ideally
suitable for guiding a long-range atmospheric discharge.

Femtosecond laser-induced filament is the result of a dynamical competition between the Kerr
effect and plasma defocus effect. The length of the filament depends on the femtosecond laser pulse
energy and can be extended to several kilometers [13] when the laser energy is high enough. The
long-distance transmission of the filament offers many potential applications. Wolf et al. [179] reported
a free space laser telecommunication through the fog. They use a filament-induced shock wave to
radially expel the droplets out of the beam from the air it sweeps, then providing a clean channel for
telecom laser transmission, which has the potential to be applied to Earth-satellite free-space optical
communications and secure ground-based optical communications.

The fs laser-induced filament is a weakly ionized plasma channel with a diameter of ~100 um
and an electron density of ~10'® cm~3 [180]. This plasma channel is weakly conductive and can be
used for guiding high voltage discharges. The most practical application of fs laser-induced filament
is laser-triggered switching. Many applications rely on the initiation of a well-controlled discharge
between two charged electrodes, especially for high current equipment, where a gas-filled trigger is
necessary. Since the first laser-triggered switching experiment in the early 1960s, a wide variety of spark
gap geometries and laser types have been investigated. Using ns lasers to trigger discharges can achieve
an excellent temporal stability of switched pulse with a jitter time of one nanosecond [181]. Better
temporal stability, within picoseconds, was achieved by using an fs laser to trigger discharges [182,183],
and the discharge path is strictly defined along the filament. Femtosecond laser-induced filament
guiding discharge provides a safe, remote, and highly accurate controllable switch for high current
equipment [184], which perfectly solves the problem of random discharges in both time and space.

Since the time and space of discharges can be accurately controlled, many applications based on
laser-induced filament were developed [185,186]. Polynkin et al. [187] reported a multi-pulse scheme
for laser-guided electrical breakdown of air, which is shown to be suitable for guiding discharges
propagating in either direction or along curved paths. An example of curved discharges guided by
timed sequences of three laser filaments in the dome and zigzag formations is shown in Figure 10, and a
scheme for the guidance of natural lightning based on the application of multiple chirped femtosecond
laser pulses was proposed.

Our group developed an fs laser-induced filament guiding discharges tagging velocimetry [188],
named filamentary anemometry using femtosecond laser-extended electric discharge (FALED). FALED
technique uses the filament to ignite a pulsed electric discharge between two electrodes. The
laser-guided thin filamentary discharge plasma column was blown up perpendicularly by an air jet
placed beneath in-between the two electrodes. The conductivity of the plasma channel was observed
to sustain much longer so that a sequence of discharge filaments was generated as the plasma channel
was blown up by the jet flow. The sequential bright thin discharge filaments can be photographed using
a household camera to calculate the flow velocity distribution of the jet flow, as shown in Figure 11.
The velocity measured by FALED agrees well with that measured by FLEET [188], and FALED has
a better signal to noise ratio and a thinner tagged line. Compared with FLEET and FLICC, FALED
largely extends the application scenario and does not suffer from quenching. Furthermore, it should be
emphasized that the discharge current is supposed to be extremely low in order to reduce intrusiveness.
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Figure 10. Examples of curved discharges guided by timed sequences of three laser filaments in the dome
and zigzag formations. (A), (C) Photographs of fluorescence by the filament plasmas, averaged over
100 laser shots. (B), (D) Single-shot images of the corresponding guided discharges [187]. (Reproduced
from Polynkin P, Multi-pulse scheme for laser-guided electrical breakdown of air. Appl. Phys. Lett. 2017,
111, 161102, with the permission of AIP Publishing).

2 mm

Figure 11. Filamentary anemometry using femtosecond laser-extended electric discharge (FALED)
photo taken by the single lens reflex (SLR) camera of four sequential discharges with a separation of
40 ps and a gas flow speed of 35 m/s.
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In summary, fs laser guiding discharges can have a lot of applications, such as laser-triggered
switching, guiding natural lightning, and velocity measurements. There are many exciting phenomena
that are worthy of examination. Shown in Figure 12 are spatially resolved plasma spectra of fs
laser-induced filament guiding discharges. The plasma spectra indicate that the species in the
discharged filament are totally different when the discharge current is changed by varying current
limiting resistors. This phenomenon may be used to develop a method for species measurement with
the potential to achieve one-dimensional measurement. The accurate controlling of discharges in
both time and space also provides a possible way to study the spatiotemporal evolution processes of
discharges plasma.
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Figure 12. Emission spectra from the filamentary column of different plasmas collected with spectrometer

slit, vertically orientated perpendicular to the thin plasma columns. (a) Imaging spectra of FALED

with a resistance of 0 kQ); (b) Imaging spectra of FALED along the jet flow with a resistance of 1 kQ);

(c) Spectral curve of emission from the filamentary plasma with the resistances of 0 k() (black line) and

1 kQ) (red line).

6. Conclusions

In summary, the development and application of a number of fs laser-based techniques for
combustion and flow field diagnostics are reviewed. These novel techniques include fs two-photon
laser-induced fluorescence (fs-TPLIF), fs laser-induced breakdown spectroscopy (fs-LIBS), fs laser
electronic excitation tagging (FLEET), filament-induced nonlinear spectroscopy (FINS) and fs
laser-induced plasma spectroscopy (FLIPS). In spite of their relatively short history, significant impacts
of these techniques have been demonstrated in measuring velocity, temperature and intermediates in
combustion and flow field.

However, there is still plenty of space for further development of these techniques, as all the
techniques mentioned above have the temporal-resolved measurement capability, and the time
resolution is in the range of nanosecond to sub-microsecond level. The fundamental mechanisms
governing the chemical and physical processes introduced by the ultra-short laser pulse and ultra-high
peak power are still to be investigated to form a knowledge-based understanding of the interaction
between the fs laser and the combustion flow field and the mechanisms of filamentary electric discharge
guided by fs lasers. It is predicted that the fs laser-based technologies will play an important role in
combustion and flow field diagnostics in the near future.
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Abstract: The vast majority of gaseous chemical substances exhibit fundamental rovibrational
absorption bands in the mid-infrared spectral region (2.5-25 um), and the absorption of light by
these fundamental bands provides a nearly universal means for their detection. A main feature
of optical techniques is the non-intrusive in situ detection of trace gases. We reviewed primarily
mid-infrared tunable laser-based broadband absorption spectroscopy for trace gas detection, focusing
on 2008-2018. The scope of this paper is to discuss recent developments of system configuration,
tunable lasers, detectors, broadband spectroscopic techniques, and their applications for sensitive,
selective, and quantitative trace gas detection.

Keywords: tunable laser absorption spectroscopy; mid-infrared fingerprint spectrum; broadband
spectrum; trace gas detection; wavelength modulation spectroscopy; quantum cascade lasers;
interband cascade lasers

1. Introduction

Laser-based trace gas sensing is becoming more popular in a wide variety of areas including
urban and industrial emission measurement [1,2], environmental and pollution monitoring [3,4],
chemical analysis and industrial process control [5,6], medical diagnostics [7,8], homeland security [9],
and scientific research [10,11]. With the increase in global environmental, ecological, and energy
issues, laser-based trace gas detection technology has attracted unprecedented attention. Laser gas
sensing is based on the analysis of characteristic spectra of molecules, mostly known as tunable
diode laser absorption spectroscopy (TDLAS) or tunable laser absorption spectroscopy (TLAS).
Laser absorption spectrometers (LAS), also known laser gas analyzers (LGA), enjoy the merits of
non-contact, fast response time, high sensitivity and selectivity, the potential to be calibration-free, low
maintenance requirements, and a long life cycle. LAS is particularly suitable for in situ, online analysis,
and real-time detection.

Laser gas sensing has undergone tremendous progress along with the advancement in tunable
semiconductor lasers in the last few decades. Direct absorption spectroscopy (DAS) is the most common
technique for simple optical configuration, signal processing, and potential absolute measurement.
DAS often suffers from low sensitivity (absorbance ~1073) due to the interference from 1/f noise
in the system and laser power fluctuation. There are basically two ways to improve the sensitivity
in this situation: (1) reduce the noise in the signal; or (2) increase the absorption. The former can
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be achieved by using modulation technique, e.g., wavelength modulation spectroscopy (WMS) and
frequency modulation spectroscopy (FMS), with a typical sensitivity of absorbance ~10~>. The latter
can be obtained by placing the gas inside a cavity in which the light passes through multiple times to
increase the interaction length, e.g., multiple-pass or long path absorption cells, and cavity enhanced
absorption spectroscopy (CEAS) [12,13]. Both ways of reducing noise and increasing absorption can
be applied to a same system, e.g., cavity enhanced wavelength modulation spectrometry [13] and
noise-immune cavity-enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) [14,15].

FMS is a method of optical heterodyne spectroscopy capable of rapid measurement of the
absorption or dispersion associated with narrow spectral features. The absorption or dispersion
is measured by detecting the heterodyne beat signal that occurs when the FMS optical spectrum of
the probe wave is distorted by the spectral feature of interest. Recently, dispersion spectroscopy,
namely chirped laser dispersion spectroscopy (CLaDS) [16] or heterodyne phase sensitive dispersion
spectroscopy (HPSDS) [17], has attracted attention for its immunity to optical intensity changes and
superb linearity in the measurement of concentration.

CEAS and its new versions, e.g., cavity ring-down spectroscopy (CRDS) [18], broadband cavity
ring-down spectroscopy [19], phase-shift cavity ring-down spectroscopy [20], integrated cavity
output spectroscopy (ICOS) [21], and continuous wave cavity enhanced absorption spectrometry
(cw-CEAS) [22], provide much larger pathlength enhancement by using a resonant cavity, and thus
have highly sensitive absorbance ~1077-107°.

Practically, the simplest and most promising method to enhance the signal of trace gas detection
is to perform the detection at wavelengths where the transitions have larger line strengths, e.g., using
fundamental rovibrational bands or electronic transitions. The fundamental rovibrational bands of
a vast majority of gaseous chemical substances, located at the mid-infrared spectral region (MIR,
2.5-25 um), are due to the transitions of molecular rovibrational energy states. In general, these bands
have stronger line strengths than the overtone and combination bands typically used in the visible
and near-IR regions. The MIR spectrum depends on the physical properties of the molecule such
as the number and type of atoms, the bond angles, and the bond strength. Thus, the MIR spectrum
is uniquely characterized by highly specific spectroscopic features and is considered the molecular
signature, which allows both the identification and quantification of the molecular species, especially
suitable for larger molecules, e.g., volatile organic compounds (VOCs) [23].

VOCs are gaseous organic chemicals at the conditions of normal temperature and pressure (NTP,
293.15 K and 101.325 kPa). There are several hundred types of VOCs, some of which are dangerous to
human health or cause harm to the environment. VOCs monitoring has attracted attention for long
time. Commonly used spectroscopic techniques for VOCs detection are Fourier-transform infrared
spectroscopy (FTIR) and differential optical absorption spectroscopy (DOAS) [24]; however, their
sensitivity, selectivity, and fragile optical setup are not always sufficient for harsh applications.

Recently, newly commercialized MIR detectors and lasers, especially quantum cascade
lasers (QCLs) [25] and interband cascade lasers (ICLs) [26], have stimulated the development of
high-performance, compact, and rugged gas sensors. Traditionally, TLAS use a discrete narrow
absorption lines of small molecules for gas sensing. For larger molecules, however, so many lines
overlapping with each other results in the spectral features being broad and smooth, except for
occasional spikes [23,27]. These spectral features are distinct from those of the discrete narrow
absorption lines with a Lorentzian, Gaussian, or Voigt profile. Detection of trace gas with broadband
absorption is much more difficult than with an isolated narrow spectral line. Extra effort should be
made to cope with the challenges of the broadband of larger molecules.

In this paper, we primarily review tunable laser-based broadband absorption spectroscopy for
trace gas detection in 2008-2018. After a brief overview of the principle (Section 2), we discuss the
system configuration, including MIR tunable lasers, detectors, and optical configuration in Section 3.
We discuss broadband spectroscopic techniques concerning derivative spectroscopy (Section 4), WMS
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(Section 5), and optical frequency comb spectroscopy (Section 6). Section 7 is a collection of MIR gas
sensing applications. Section 8 gives conclusions and prospects.

2. Principle

Quantitative spectral analysis is based on the Beer-Lambert law, which gives the relationship
between the incident and the transmitted radiation through a gas cell filled with a molecular
gas sample:

I(v) = Ip(v) x exp{—c(v) x L x C}, 1)

where [) and I are the incident and transmitted radiant powers, respectively; ¢ is absorption cross
section of the molecule in cm?/molecule; L is absorption pathlength in cm; C is the density of the
molecule in molecule/cm?. Usually, the absorption cross section ¢ is also used to describe the
absorption intensity. The line strength is retrieved by spectrally integrating the absorption line shape

and applying the ideal gas law:
KpTA
S(T) = XLPry’ @
where Kg, T (K), and P (Pa) are the Boltzmann constant, gas temperature, and total pressure of the gas
sample, respectively; X; is the amount fraction of i species; A (em™1yis integral absorbance; rj, is a
correction factor for isotopic fractionation of the gas sample.

WMS is commonly used to improve the sensitivity of gas sensing. The WMS theory and signal
model have been detailed previously [28], and so are only briefly reviewed here. A periodic sawtooth
ramp ridden by a high-frequency sinusoidal is applied to the laser injection current, thus the laser
wavenumber v () = v + v, cos wt is scanned across the transition of gas to be detected, where v, and
Vq, are the laser center wavenumber and modulation depth, respectively; w is the radian frequency.
In case of ideal conditions, ignoring all kinds of interference, the modulated absorption signal is
detected by a photodiode and then processed using a lock-in amplifier to demodulate the signal at the
harmonics (1f, 2f, 3f, etc.). The second harmonic component (WMS-2f) is commonly used for calculating
the concentration of target gas. In the case of optically thin (¢(v) - L - C < 0.05), the ideal 2f signal is

modeled as:
21,CL

s

T
Ajdeal 2f = /0 — (Ve 4 vac080)c0s20d60 « IhCL, 3)

where « is the absorption coefficient and 6 = wt is the phase angle. When the incident laser intensity I,
and optical path L are constant, the amplitude of WMS-2f signal is proportional to the gas concentration.
Practically, apart from the 2f signal descript in Equation (3), the detected signal consists of random
noise and the derivation of optical fringes [29,30]. The optical fringes appear as unpleasant spectral
features that are usually mixed with the target absorption, and constitute one of the major obstacles in
the gas detection. In a well-designed and -fabricated system, the optical fringes should be reduced,
and only small residual fringes remain with sinusoidal waveforms, while random noise is seen as small
time-varying wiggles superimposed on the true underlying signal, with small standard deviation.
Thus, the detected signal could be described as:

Adetected 2f = €n + Ell](t) X COS(uJ]'(t) X t) + Aideal 2fs 4)

where o;(t) and wj(t) are the instantaneous amplitude and frequency of jth fringe component,
respectively; Ajgeq) 2f is the WMS-2f signal modeled by Equation (3). The profiles of second harmonic
of absorption, fringes, and noise will inherit the featuresof their origination. These profile differences
among WMS-2f, harmonic of optical fringes, and noise will be a novel breakthrough point to distinguish
and eliminate the interference from the signal (details in Section 5.3).
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3. System Configuration

A typical LAS consists of a laser, a photodetector, and an optical configuration for light interaction
with gas. For WMS-based LAS, there are, additionally, a laser modulator and a signal demodulator,
the latter usually by a lock-in amplifier (LIA).

The laser is the LAS’s key component; it usually needs to be continuously tunable mode-hop-free,
reliable, single frequency with narrow linewidth (typically <1 MHz), and to have low noise intensity.
Historically, lead-salt diode lasers have been developed in a MIR gas sensor. However, these lasers
require cooling to liquid nitrogen temperatures and present problems for mode hops and multi-mode
operation. Recently, great progress in laser technology has brought many types of excellent lasers, e.g.,
QCLs and ICLs.

High-sensitive and low-noise detectors are essential for trace gas detection. The most popular
commercial infrared detector is a mercury-cadmium-telluride (MCT, or HgCdTe) photoconductive
semiconductor-based detector. The MCT detector enjoys a very wide spectral response (2 to 25 um)
and higher speed of detection. Its main limitation is that it needs cooling to reduce noise due to the
thermally excited current carriers. Alternatively, newly developed quantum heterostructure detectors
could play a vital role in future infrared detection [31].

The optical configuration provides interaction between light and gas’ the interaction length
directly relates with the sensitivity of gas detection. Thus, a long interaction length is desired to
achieve high sensitivity. Multiple-pass cells (MPCs) and open long path are commonly used in LAS
to measure low-concentration components or to observe weak spectra in gas. The requirements of
compactness, small sample volume, and fast response time stimulated the development of a new
type of gas cell. Recently, a hollow waveguide (HWG)-based gas cell has been found to boast the
advantages of small sample volume and fast response time [8,32], whereas substrate-integrated hollow
waveguides iIHWG) are compact integrated sensors [33]. On the other hand, the need for non-fixed
open-path gas detection, e.g., leak detection, aroused the development of standoff remote sensing
without a retroreflector [34-36].

3.1. Mid-Infrared Tunable Lasers

MIR tunable laser technology has undergone tremendous development in the past decade, which
involves QCL, ICL, difference frequency generator (DFG) [37], optical parametric oscillator (OPO) [38],
fluoride fiber lasers [39], hollow-core fiber gas laser [40], VCSEL [41], and II-VI chalcogenides-based
MIR lasers [42]. As there have been many excellent reviews of MIR light sources [25,43—45], here
we present only a brief overview of the newly developed, highly reliable, and most widely used in
spectroscopy, focusing on QCL, ICL, VCSEL, and optical frequency comb (OFC).

3.1.1. Quantum Cascade Lasers

QCL, first demonstrated by Faist et al. in 1994 [46], emits by intersubband transitions between
energy levels inside superlattice quantum wells rather than the material bandgap energies in
conventional lasers. The most attractive distributed feedback (DFB) QCLs were commercialized
in 2004. Now, many commercial providers offer cw- and RT-operated QCLs in different configurations
ranging from Fabry-Perot devices, to DFB resonators, to external cavities-based (EC-) QCLs,
as well as high-power devices (with watts) in the infrared to terahertz spectral region. QCLs are
attractive for infrared countermeasure, metrology, high-resolution spectroscopy, and chemical sensing
applications [7,47-53].

QCLs enjoy a broad gain profile of hundreds of wavenumbers and a narrow linewidth about
0.5 MHz by providing monochromatic feedback, i.e., DFB and EC [54]. The natural linewidth can
be as low as a few hundred hertz. The emission wavelength of DFB-QCLs can be tuned only a
couple of wavenumbers, whereas EC-QCLs can provide hundreds of wavenumbers of coverage with
drawbacks of slow mechanical speed, instability, alignment of multiple optical components, and high
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price. Broadband QCLs have been also built by an array of DFB QCLs with closely spaced emission
wavelengths and fabricated monolithically with wavelength coverage of several micrometers [55].
QCL arrays enjoy broad tuning and high spectral resolution, which opens up a wide range of new
possibilities for fast, compact, and mechanically robust solutions with high customizability [56].

Overall, QCLs have been greatly improved, but many challenges remain, such as intervalley
scattering, heat removal from the core region, and interface scattering, which limit the performance
of QCLs, especially at short wavelengths [57]. Although InP-based QCLs emitting at wavelengths of
3—4 um have been demonstrated recently [58,59], they are still not commercially available.

3.1.2. Interband Cascade Lasers

ICL was presented by Yang in 1995 [60]. RT-cw operation of ICL was first demonstrated in
2008 [61]. Only a few years ago, DFB-ICLs became commercially available with an optical power of
milliwatts and a spectral tuning range of a few wavenumbers by Nanoplus GmbH [26]. Like QCLs,
ICLs employ the concept of bandstructure engineering to achieve an optimized laser design and reuse
injected electrons to emit multiple photons. However, ICLs’ photons are generated by interband
transitions rather than the intersubband transitions used in QCLs, which allows ICLs to achieve lower
input powers than is possible with QCLs.

DFB-ICLs provide single mode, narrow linewidth (~0.7 MHz) [62], low power consumption
(hundreds of milliwatts), a compact system solution, and RT-cw emission in the 3-6 pum range,
which fill the MIR gap perfectly. DFB-ICLs have been used for the ppb-level detection of many
important gases, especially hydrocarbon species [63—69], which leads to many important applications
in various areas, for example, clinical diagnostics [70,71], combustion probing [72], environmental
monitoring [73,74], and remote sensing.

3.1.3. Mid-Infrared Vertical-Cavity Surface-Emitting Lasers

MIR VCSELs have been paid great attention in the past decade for their advantages of low power
consumption, low beam divergence, narrow and single-fundamental-mode, high wavelength tunability,
and on-wafer testing capability [45]. The buried tunnel junction (BTJ) concept yields high-performance
VCSELSs in the wavelength ranges of 1.3-2.6 um [75] and 2.3-3.0 um [76], respectively. An interband
cascade VCSEL has achieved lasing to A~3.4 pm in pulsed mode at temperatures up to 70 °C [77], and a
4 pm VCSEL has been developed by using a single-stage active region with eight type-II quantum
wells combined with BT] technology [78]. VCSELs operate with very low threshold currents of several
mA and very low power consumption of milliwatts. They provide a single mode by distributed Bragg
reflector with a moderate linewidth of tens of MHz. VCSELs are particularly suited for compact and
battery-powered sensors.

3.1.4. Mid-Infrared Optical Frequency Comb

OFCs consist of a series of discrete, narrow, stable, equally spaced spectral lines that have a
fixed phase relationship between them. These combs can span a broadband of frequency range
that have found important applications in areas such as metrology, spectroscopy, and optical
communications [79]. To date, OFC sources have extended from the ultraviolet, visible, infrared,
and terahertz spectral regions [80]. We only focus on the MIR-OFC, including mode-locked, difference
frequency generators (DFG), optical parametric oscillation (OPO), and direct modulation OFC.

Mode-Locked Laser. The most popular way of generating a frequency comb is with a
mode-locked laser. Mode-locked lasers produce a series of optical pulses separated in time by the
round-trip time of the laser cavity. The spectrum of such a pulse train approximates a series of Dirac
delta functions separated by the repetition rate of the laser. In the past decade, there have been
hundreds of demonstrations of generating OFC with various lasers including Ti: sapphire solid-state
lasers [81], Er: fiber lasers [82], Kerr-lens mode-locked lasers [83], QCLs [84], and ICLs [85] with
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repetition rates typically between to MHz to 10 GHz. The issues with mode-locked OFC are lower
output power, still experimental, and not commercially available.

Difference Frequency Generators. DFG is the most versatile method to generate mode-hop-free
tunable broad laser by a nonlinear optical process. The two necessary conditions to achieve MIR OFC
output are high-coherence pump lasers and a suitable order nonlinear crystal. There are more than a
dozen demonstrated crystals, among which LiNbO3 and ZnGeP2 are the most popular. DFG-based
OFC have more power and stability and do not require an oscillating cavity or a high threshold of the
optical parametric process [86], whereas the drawbacks are high cost and a relatively low conversion
efficiency [37,86,87].

Optical parametric oscillator. An OPO is another parametric nonlinear optical process used to
provide a high output power and versatile sources of coherent radiation for spectral regions inaccessible
to lasers. OPO has been shown providing high power OFCs based on Yb: fiber laser covering several
micrometers [88,89]. Researchers have not only shown that degenerate synchronously OPOs are
efficient tools to transfer near-infrared (NIR) frequency combs to the mid-infrared; also, they can utilize
pump lasers in NIR and expand the spectrum to the mid-infrared [38,90]. OPO offer high output power
with broad spectral coverage, but require a free-space resonator, external pumping sources, and many
optical components [91]. This makes OPO sources bulky, vulnerable to any external disturbances,
and very impractical in field applications.

Direct Frequency-Modulation Combs.  Direct FM combs have been experimentally
demonstrated in semiconductor lasers, such as QCLs [91-97], ICLs [85], quantum dot (QD) [98],
and quantum dash lasers [99]. These lasers are passively mode-locked with cw or quasi-cw output.
Direct FM combs enjoy broadband, wide repetition frequency from kHz to THz [100] with line width
of kHz to MHz level. Direct FM comb offers the possibility of a portable, chip-scale device with low
power consumption, which are desired in spectroscopic trace gas sensing.

3.2. Infrared Detector

There has been exciting progress in MCT junction technology, which could design and fabricate a
high-performance MCT photovoltaic detector for operation in RT and in situ applications [101]. The
commercialized detector benefits from the use of optimized material, device architecture, concentrators
of radiation, enhanced absorption, and shields against thermal radiation, and can achieve directivity
as high as 10!! cm-/Hz-W~! in RT conditions [102]. Alternatively, more progress has been noted in
quantum engineering-based detectors.

3.2.1. Quantum Heterostructure Detector

Quantum heterostructure-based infrared detectors, including quantum cascade (QC), quantum
well (QW), quantum dot, and combinations of both QDs and QWs in a dot-in-a-well (DWELL) strategy
detectors, have high detectivity and low dark currents [31,103,104]. QC detectors have low noise
due to their low interference of background radiation. QW detectors are characterized by a narrow
spectral band and are easily fabricated. However, the disadvantages of QW detectors include low
operating temperatures and the requirement of a scattering filter to adjust the incident light angle [105].
QD detectors have higher operating temperatures and are capable of absorbing normally incident
photons. However, they have much lower quantum efficiency due to the lower absorption and capture
probabilities of incident light [104,106]. DWELL devices have shown promise in terms of detectivity
and spectral range, though their operating temperatures remained fairly low.

Most quantum heterostructure detectors are still at the experimental stage, with different
fabrication technologies and materials being used. Few commercial products have been reported,
which leads to the restriction of such detectors’ application in MIR detection. However, recent
advances in this field such as new device-chip hybridization [107], antimonide-based membrane
synthesis integration, and strain engineering [108] may be scalable methods for the fabrication of
commercially available heterostructure detectors.
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3.2.2. Infrared Avalanche Photodiodes

An avalanche photodiode (APD) provides an internal multiplication necessary to achieving high
avalanche gain at low bias with low noise and high bandwidth [109]. Presently, MCT APD is the most
promising for trace gases in standoff remote sensing with high sensitivity. The demands of night vision
and LIDAR systems stimulate the development of MCT APD arrays [110]. Overall, commercialized
high-sensitive and bandwidth MCT APD would play a vital role in many areas.

3.3. New Types of Gas Cells

Recently, new types of gas cells have been developed to achieve long optical path in a smaller
volume, including modified MPCs [111-116], circular multi-reflection (CMR) cells [117-124], and
HWG [32,63,69,125-128]. Guo and Sun reviewed the progress in modified MPCs and CMR cells and
compared them in terms of optical pathlength (OPL), volume, and path-to-volume ratio (PVR) [116].
HWG-based gas cells have been discussed in detail in books and reviews [129-131]. We compared the
main features among the modified MPCs, CMR cells and HWG, as shown in Table 1.

Table 1. Comparison of different types of gas cells.

Type Ref. OPL/m Volume/L PVR/m/L ADs DADs
2 mirrors [111] 22 0.55 40 (0) (d) (e) @06
6 mirrors [112] 314 1.25 2512 () (c) (e) 01016)
Modified 3 mirrors [113] 1.46 0.33 4.4 (c) (d) OOG
MPCs 2 mirrors [114] 57.6 0.225 256 (a) (b) (d) (e) @l6)
2 mirrors [115] 26.4 0.28 94.3 (b) (¢) (e) @G
6 mirrors [116] 324 0.48 67.5 (c) (d) (e) [OA6)
1 mirrors [117] 1.05 0.078 13.5 (c) (d) (e) [©10)
6 mirrors [118] 3.1 0.024 129.2 (a) (c) (d) (e) ®®
1 mirrors [119] 2.16 0.04 54 (a) (c) (d) (e) ®®
CMR cells 1 mirrors [120] 4.08 0.04 102 (@) (c) (d) (e) ®®
6 mirrors [121] 0.69 0.013 53.1 (@) (c) (d) (e) ®®
1 mirrors [122] 12.24 / / (@) (c) (d) (e) [©O)
1 mirrors [123] 9.9 0.05 198 (@) (c) (d) (e) ®
65 mirrors [124] 10 0.14 714 (a) (c) (d) (e) ®®
Ag/AgI-HWG [32,69] 5 0.004 1250 (@) (d) (e) o)
iHWG [126] 0.25 0.001 250 (@) (d) (e) ®
HWGs iHWG [63] 0.075 0.0003 250 (@) (d) (e) ®
PBE-HWG [127] 1 5x10°° 200,000 (a) (d) (e) @G
PBE-HWG  [128] 0.08 45%x 1077 177,778 @ @) (e) @6
Advantages index ‘ Disadvantage index

(D multiple components (>3 optical elements) and
requiring adjustment

@ large volume (>0.1 L)

@ hard to align, sensitive to vibrations or input
conditions

@ spot diffusion introduced by aberrations

® slow gas exchanging

(a) easy configurations, fewer than three
components

(b) ultra-long pathlength (>50 m)

(c) keeping focal properties, low-aberrations
(d) compact structure

(e) suitable for MIR

There are three categories of HWG employed in spectroscopic gas sensing, namely Ag/Agl-coated
HWG (Ag/Agl-HWG), photonic bandgaps HWG (PBG-HWG), and iHWG [131], and the comparison
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of them is as shown in Table 1. HWGs work as both an optical waveguide and gas transmission cell
that provide an extended OPL yielding high sensitivity measurements [69]. It is worth noting that
filling PBG-HWG with analyte gas for sensing is difficult owing to the considerable back-pressure
building up in the hollow structure. HWGs are ideal candidates for gas cells due to their high PVR
and ability to transmit light at a fairly wide wavelength range, which means building a MIR sensor
platform is feasible.

3.4. Fully Integrated Sensors

Profiting from the development of MIR lasers, detectors, and gas cells, as described above, the
laser spectrometer can be potentially integrated into a miniaturized and compact system for gas
sensing, as shown in Figure 1, maintaining or even enhancing the achievable sensitivity [132]. In this
subsection, we introduce the progress and applications of the fully integrated MIR laser spectrometer,
focusing on QCL or ICL-coupled HWG gas sensors.
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Figure 1. Overview of the recently emerging gas cell-based laser gas sensing principles. A gas cell
with small volume and easy integration includes: Ag/Agl-HWG-Ag/Agl-coated hollow waveguides,
PBG-HWG-photonic bandgaps hollow waveguides, iHWG-substrate-integrated hollow waveguides
and CMRC-circular multi-reflection cell. The laser source includes: ICL—interband cascade laser,
QCL—quantum cascade laser, EC-QCL—external cavity coupled QCL. The detector includes: Pyroel.
—pyroelectric detector, DTGS—deuterated triglycine sulfate detector, Thermo. —thermopile detector,
MCT—mercury cadmium telluride semiconductor detector, QCD—quantum cascade detector.

An integrated sensor consists of a compact MIR laser, a new gas cell, and a detector, as shown in
Figure 1. The configuration provides an attractive solution for miniaturized and practical applications.
The laser should be a QCL, ICL, EC-QCL, or VECSEL. The miniaturized gas cells, i.e., HWG or iHWG,
cover the wavelength range of 3.0-11.0 um, and provide a response time as fast as seconds [32]
and a sample volume of sub-milliliter [131]. iHWG-based cells provide excellent modularity and
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mechanical stability, with effective OPL of hundreds of millimeters and larger losses per unit length
than Ag/Agl-HWG-based cells [32], which could achieve an effective OPL of several meters. The
sensor could operate in the DAS, WMS, or intrapulse modulation regime as well [33,133-136].

3.5. Open Path Detection without Retroreflectors

The requirements of non-fixed open-path gas detection, e.g., the atmospheric environmental
monitoring, leak detection, security early warning, etc., promoted the standoff remote sensing.
We focus on the open-path-averaged gas concentrations by the backscatter light from a remote hard
target or topographic target. Other open-path systems that are deployed as point samplers or long-path
with retroreflectors are beyond the scope of this review.

In order to realize standoff gas detection, a number of laser-based techniques are available, such
as TDLAS [34,35,137,138], PAS [139], differential absorption lidar (DIAL) [140], CLaDS [141], and more
recently active coherent laser spectrometers (ACLaS) [36]. The basic architectures of these techniques
are shown in Figure 2. The OPL is often variable and unknown; therefore, performance is often
quoted in a similar fashion to that of open path gas detectors, using the pathlength-integrated unit
of ppm-m [142]. The detection limits for such systems commonly range from sub ppm-m to several
hundred ppm-m [35,36,141], typically over distances of open path from several meters to hundreds of
meters or even kilometers. The performance of this system is typically limited by the level of received
laser power, which is dependent on the incident laser power, distance between receiver and scattering
target, type of scattering materials, and size of the receiver aperture [142-144]. High-power and
broadband tuning lasers, such as OPO and EC-QCLs, are desired to achieve a higher signal-to-noise
ratio (SNR) [145-147]. However, high-sensitive and low-noise detectors are particularly important for
applications in public areas where eye safety should be considered.

Recently, standoff trace detection has achieved tremendous progress and been applied in leaks [35],
environmental monitoring [141], explosives [148,149], combustion [147], unmanned aerial vehicles
(UAV) [150,151], and many other promising applications as well.
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Figure 2. Diagrams of the basic architectures of standoff gas detection techniques with non-cooperators:
(a) TDLAS [35], (b) DIAL [149], (c) PAS [139], (d) ACLaS [36].

105



Appl. Sci. 2019, 9, 338

4. Detection Methods: Derivative Spectroscopy

MIR spectroscopy is attractive for the strong fingerprint signature, and the commonly used DAS
often suffers from low selectivity for the spectra overlapping of broadband absorption. Derivative
spectroscopy uses first or higher derivatives of absorbance with respect to wavelength for qualitative
analysis and for quantification with higher selectivity [152]. The derivatization of zero-order spectrum
can lead to separation of overlapped signals or elimination of background caused by other compounds
in a sample [153,154].

Derivative spectra could be obtained by the Savitzky-Golay (SG) smoothing/differentiation
procedure, which is widely implemented in instrumental software or in packages for spectral data
processing. The resolution enhancement in the second derivative spectrum depends on the data spacing
in original spectra, absorption peak profile, parameters of SG (i.e., window size and polynomial order).
To maximize the separation of the peaks in a second derivative spectrum, the original spectra should be
recorded at high resolution and using appropriate parameters [155]. Other methods used to calculate
the derivative spectra include numerical differentiation [156] and continuous wavelet transform [157].
The latter has been proven to be efficient in the analysis of overlapping spectra and is advantageous
for providing higher SNR and flexibility in searching for absorption peaks.

Derivative spectroscopy can be used in various spectral region including UV [158], visible [159],
NIR [160,161], and MIR. The method has a close dependence on instrumental parameters, like speed
of scan, the linewidth, and SNR. The derivatization can amplify the noise signals in the resulting
curves, which normally leads to a higher SNR. Another disadvantage is the non-robust character
of the selected parameters of the elaborated methods. The selected parameters of this method are
applicable only for the studied system and every change in composition requires re-optimization
and the selection of new parameters of derivatization [153]. Without a homogeneous protocol of
optimization, the parameters of the method vary, and most researchers did not describe the parameter
selection in their published articles.

5. Detection Methods: Modulation Spectroscopy for Wideband Absorption

WMS has been demonstrated to have high sensitivity for sensing gas with an isolated spectral
line. When the modulation index is small, WMS is approximately expressed as derivative spectroscopy.
For the MIR spectral region, however, the fingerprint spectra are often broad, serried, crowded,
and even overlap within the coverage of a tunable laser. To ensure the detection sensitivity
and selectivity, the essential procedures include optimizing modulation index, varied modulation
amplitude, removing fringes and noise interference, and multicomponent spectral fitting.

5.1. Optimizing the Modulation Index

Since the recorded harmonic signals used in WMS are heavily dependent on the spectral line
profile and modulation index adopted in the WMS system, the situation for sensing a larger molecular
gas with a broadband spectrum is quite different. Moreover, the similarity of signal waveform between
a broadband spectrum and the intrinsic optical fringes interference will seriously complicate the signal
processing [30] and deteriorate the sensing sensitivity and precision.

The modulation index always plays a pivotal role in WMS-based measurement. A modulation
index of 2.2 is recognized as the optimum to achieve the maximum SNR with isolated Gaussian or
Lorentzian line profile. For broadband spectrum, however, the reordered harmonic signal would
broaden to overlap with the adjacent spectrum, interference, and optical fringes with the so-called
modulation index optimum. The overlapping may deteriorate and even disable the WMS measurement.
So the modulation index determination should balance the spectra discrimination and the SNR in
WMS with broadband spectrum.
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We investigated the determination of modulation index for the broadband absorption, taking
the carbon disulfide (CS;) spectrum around 2177.6 cm~! as an example. To evaluate the spectra
discrimination of the WMS-2f signal, we particularly defined a parameter, SD [27]:

hep
Sb= 0.5 x (hA+h3)’ (5)
where A and B are the adjacent valleys of neighboring WMS-2f signals, C is the middle point of the
line connecting A and B, point D at the signal curve is vertical to point C, h4 and hp are the amplitude
of absorption valley A and B, respectively. hcp is the height difference between point C and D. The
parameter SD is a constant from 0 to 1, which represents the WMS-2f completely overlapping and
parting, respectively, as shown in the insert panel of Figure 3b.
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Figure 3. (a) broadband spectra of CS; around 2176 cm~! with 30.5 ppm x 5 m; (b) simulated WMS-2f
signals of Figure 1la with modulation index 0.2 to 2.2, the insert panel describing the definition of
spectrum discrimination (SD); (c) the SD and normalized WMS-2f signals amplitude under various
modulation index [27].

The parameter SD and normalized amplitude of WMS-2f signals under different modulation index
was plotted in Figure 3c, which reverse with the modulation index. To balance the SD and normalized
amplitude of WMS-2f signals, the modulation index around 1.0 should be a good compromise for
optimizing WMS with the band spectrum of CS, detection.

5.2. Varied Modulation Amplitude

A modulation amplitude setting always confronts multi-spectrum with different widths, which
creates a significant dilemma. Any single modulation amplitude cannot cover a large spectral width
difference, e.g., a difference of the half width at half maximum is more than 50%. A practical way to
achieve this is to use a varied modulation amplitude for multi-spectrum detection, namely WMS with
varied modulation amplitude (WMS-VMA) [162].

The WMS-VMA was realized mainly by a homemade digital lock-in amplifier (DLIA), which
performs the modulation, demodulation of WMS-1f and WMS-2f, and generation of reference signal
by an integrated field-programmable gate array-based circuit. The DLIA generates an arbitrary
waveform signal by direct digital frequency synthesis. The sine waveform with varied amplitude is
prepared in advance and stored in the DLIA’s random access memory, and then read out to control the
sequence using the frequency controller integrated in the DLIA. The method has been verified by a
multiparameter optical sensor with typical broadband spectroscopy [162].

5.3. Removing Fringes and Noise Interference

LAS always suffers interference from electric noise and optical fringes; the latter are caused by
multiple reflections upon optical interface, i.e., the so-called “etalon effect.” The interference causes
low sensitivity and precision in the spectrometers. Since the optical fringes are small and sine-like in
a well-designed and -fabricated system, the signal profiles of molecular absorption always exhibit
distinct differences to those of optical fringes and electric noise. The WMS-2f signal profile would
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inherit their difference with an optimized modulation index. So, the molecular absorption can be
distinguished from optical fringes and electric noise by the signal profile.

An empirical mode decomposition (EMD) algorithm has been successfully used in WMS to
remove optical fringes [27] and noise [163] by characterization of the signal profile. The procedure
for employing EMD to decompose and reconstruct the WMS-2f signal is described in Figure 4a.
The detected 2f signal was decomposed into intrinsic mode functions (IMF), which have a specific
physical source and are meaningful. The simplest criterion, whether IMF from molecular absorption
or interference is the correlation coefficient (R) between an IMF and the reference 2f signal, is shown in
Figure 4b,c.
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Figure 4. Schematic of removing optical fringes and noise with the empirical mode decomposition
(EMD) algorithm. (a) flow chart of the algorithm; (b) WMS-2f signal: recorded in the upper panel,
the reconstructed and simulated in lower panel; (c) the intrinsic mode functions (IMF) decomposed
from the recorded WMS-2f [27].

The components with lower R most likely come from fringes or noise, while components with
larger R with reference absorption must be the absorption. All these components with higher R can be
added together to reconstruct a WMS-2f free from the interference of fringes and noise. Generally, this
method can improve the sensor sensitivity by about 30% [164].

5.4. Multicomponent Spectral Fitting

Multicomponent spectral fitting is mainly used to eliminate spectral interference, which commonly
occurs in MIR detection. Furthermore, benefitting from the use of multivariate regression and
nonlinear least square fitting, it can calculate the multi-component concentration in a gas mixture,
i.e., achieving multiple component detection simultaneously using a single DFB ICL [164,165]. The
Levenberg-Marquardt (LM) algorithm, also known as the damped least-squares method, was applied
for the data fitting. Reference WMS-2f signals of all the components were obtained beforehand. The
concentrations of all components in the mixture comply with the constraint condition of non-negative
parameters. In each iteration of the fitting routine, the WMS-2f signal of the mixture was simulated
with the updated parameters. Once the routine converged, the best fitting parameters were determined
as the concentrations of the components.

Multicomponent spectral detection could benefit from the redundancy of the multiple spectra,
not only in the magnitude of the absorption but also in the line shape related to temperature and
pressure broadening. To make full use of the information buried in the detected spectral lines,
we presented an improved multicomponent spectral fitting algorithm for the sensor. We also applied
the method of normalizedWMS-2f by 1f for the sensor immunity of laser energy fluctuation [162].

6. Detection Methods: Optical Frequency Comb Spectroscopy

Frequency combs enjoy high spectral resolution and broad spectral coverage that make them a
unique spectroscopic tool for precision spectroscopy and for multi-species detection [80,166]. Direct
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frequency comb spectroscopy (DFCS) employs optical frequency combs to probe spectral features in a
parallel fashion [167]. We briefly review the DFCS including frequency comb-based Fourier transform
spectroscopy (FC-FTS), cavity-enhanced direct frequency comb spectroscopy (CE-DFCS), and virtual
imaging phased array spectroscopy (VIPAS).

6.1. Frequency Comb Fourier Transform Spectroscopy

FC-FTS is the measurement of the Fourier transform of the interferogram based on frequency
combs source, which offers excellent spectral brightness and spatial coherence. There are two
implementations of FC-FTS: Michelson interferometer-based Fourier transform spectroscopy and
dual-comb spectroscopy (DCS) [168]. Each presents its own distinct advantages, but both rely on the
same physical principle.

Michelson interferometer-based FC-FTS. In FC-FTS, OFC works as the light source for Fourier
transform spectrometers (FTS). The high spectral brightness, together with the spatial and temporal
coherence of the combs, enable acquisition times orders of magnitude shorter than in conventional
FTIR spectroscopy. Thus, FC-FTS could be promising in standoff chemical sensing of transient,
non-repeatable phenomenal like combustion, plasmas, and explosions [169]. Presently, the applications
of FC-FTS is still limited by spectral width, lower comb intensities, mechanically scanned mirrors to
record the interferogram, placing limits on the acquisition of spectra [170]. The interferometer records
the interference pattern between two combs as slightly different because the light reflected by the
moving mirror of the interferometer is Doppler shifted [171,172].

Dual comb spectroscopy. DCS uses two frequency combs of slightly differing line spacing, one
for reference and the other for sample detection [168]. From each pair of optical lines, one from each
comb, a radio frequency beat note is generated on a detector. In this way, optical frequencies are
converted into radio frequencies such that the amplitude and phase changes caused by the interaction
of one of the combs with a sample can be detected. DCS has an advantage similar to a Michelson
interferometer but without moving parts and employing a single point detector, in which case a
minimum detectable absorption ~1 X 108 cm ™! has been demonstrated [173].

Despite an intriguing potential for the measurement of molecular spectra spanning tens of
nanometers within tens of microseconds at Doppler-limited resolution, the development of dual-comb
spectroscopy is hindered by the demanding stability requirements of the laser combs [168,174,175].
For an ideal, the interference sampled waveform can be Fourier transformed to display the signal
spectrum. In reality, the main difficulty comes from the time and phase fluctuations of the frequency
comb. However, we experimentally demonstrate that the means of real-time dual-comb spectroscopy
can be used to overcome this problem [176]. The true value of DCS for sensitive molecular detection
lies in the MIR [177,178], and compact design will be obtained using the semiconductor laser comb
technology in the future [179-181].

6.2. Cavity-Enhanced Direct Frequency Comb Spectroscopy

CE-DFCS combines broad spectral bandwidth, high spectral resolution, precise frequency
calibration, and ultrahigh detection sensitivity all in one experimental platform based on an optical
frequency comb interacting with a high-finesse optical cavity [166,182]. Michael et al. demonstrate
a minimum detectable absorption of 8 x 10710 cm~!, a spectral resolution of 800 MHz, and 200 nm
of spectral coverage [183]. Moreover, combined with VIPA technology, the minimum detectable
concentration is 1.7 x 10" em ™3 [184]. Whereas, a great deal of CE-DFCS applications are in the visible
and NIR spectral region, MIR CE-DFCS is attracting a lot of attention [182,185,186]. It is noteworthy
that the mode spacing between the cavity and comb should be well matched, or the operation will
always too be complicated [186,187].
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6.3. Virtual Imaging Phased Array Spectroscopy

VIPAS provides alternative approaches that circumvent this problem by directly measuring the
power or phase of individual comb teeth that have interacted with the molecular gas [188]. In this case,
a novel high-resolution crossed spectral disperser is employed to project the various frequency comb
modes onto a two-dimensional digital camera. The distinguishing feature of the present approach is
the use of a side-entrance etalon called a VIPA disperser in the visible spectral range. The multiple
reflections within the VIPA etalon interfere such that the exiting beam has different frequencies
emerging at different angles. Sensing with a broadband comb directly interrogates an absorbing
sample, after which the spectrum is dispersed in two dimensions and sensed with detector arrays.
Thus, the spectrometer transforms the one-dimensional comb into something more reminiscent of a
two-dimensional ‘brush’.

With the VIPA method, Diddams et al. [189] resolved 2200 comb modes covering a 6.5 THz span
with resolution 1.2 GHz, while Gohle et al. [190] resolved 4000 modes covering a 4 THz span with
resolution 1 GHz. However, due to the limitations in optical coating and array detector technology,
VIPA is available in the visible and NIR ranges. Proof-of-principle demonstrations have been carried
out in the MIR wavelength region spectral resolution 600 MHz (0.02 cm 1) [191], and resolution 1 GHz
(0.03 cm™~1) [192]. MID APD arrays may change this situation in the near future.

7. Summary of MIR Gas Sensing

MIR trace gas sensing in the molecular fingerprint region developed rapidly in the near decade
mostly due to the commercialization of MIR tunable lasers, i.e., DFB-QCL and DFB-ICL, which could
be proven by rough statistics on the number of studies published annually on TOPIC: (Mid-Infrared
Lasers) AND TOPIC: (Sensing) in the Web of Science, as shown in Figure 5. Though many prominent
works on MIR trace gas sensing were performed before 2008, NO was detected through the vq band
near 1875 cm ™! with limit of detection (LOD) of ppb level by DAS [193] and WMS [194], respectively,
for industrial processes and vehicle emissions monitoring. We only summarize gas detection based on
MIR absorption spectroscopy with tunable lasers in the near decade for the last 10 years; see Table 2
for single component detection and Table 3 for multi-component detection.

Number of documents

Figure 5. Census on mid-infrared lasers AND sensing (TOPIC) in the Web of Science.
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Table 2. Summary of single component detection by MIR spectroscopy (2008-2018).

Species Bands Wavelength/nm  Laser Type Techniques LOD '/ppb Refs Applications
3392 ICcL WMS-2f 48@0.1 s (g ~ Dxhaledbreath
" analysis
3451.9 DFG HPSDS 2 250 [195] Technique
research
SA-DAS 6.3@240's; [196,
2001 DAS 225@25s 197]
DAS 1.4@60 s [198] Atmospheric
WMS 13.07@2 s [199]
ICL
3300 DAS 15@60 s [73]
3240 OF-CEAS 3 3@2s [200] Technique
research
Industrial
CHy vs 3366 DAS 3.8 x 10* [63] emission and
process control
3260 QW-DFB-DL * PAS;WMS 1.5 x 10*@12s  [201]  Environmental
3200 DFG FCS 60@80 ms [202] Atmospheric
3250 DROPO ® FCS 4@15 ms [203]
3390 OPO FCS / [204] Technique
research
Ultrasensitive
3270 OPO NICE-OHMS 6 0.09@20 s [205] detection
research
GaSb laser WMS 13 [150] Atmospheric
vy 7791 QCL CLaDS 7 60 ppb@100s  [141]
Technique
3330 oL WMS 1.5@23 s [206] research
WMS-2f; 1.2@4s; (65
CH v 3340 WMS-2f/1f 1.0@4 s; 6 6], Atmospheric
216 10 DAS; 7.92@1 s
3360 LD WMS 0.13@1 s [207]  Environmental
LD WMS-2f 024@1s  [0g] ~ Technique
research
CoHy " 3266 ICL WMS-2f 53@24 s [64] Industrial
emission
Exhaled breath
CoHj Vg Vs 7263 EC-QCL WMS-2f/1f 3@110's [53] analysis
C5Hg v 33704 ICL WMS-2f 460@1 s [209] Leakage
monitoring
CsHg / 3333.3 OPO FCS 7@30's [210] Technique
research
CgHg V14 9640 QCL DAS 12@200 s [211] Atmospheric
CioHz / 3380 IcL PAS 03 [p12]  Industrial
process
3493 DAS 108 i3] Workplace
v ICL monitoring
4
Combustion
3356 WMS-2f 73@40 s [214] o
emission
H,CO DAS; 026@300s; ). Technique
WMS 0.069@90 s research
%] 3599 ICL WMS-2f 1.5@140 s [216] Atmospheric
DF-RFM 8 25@1 s [67] Technique
research
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Table 2. Cont.

Species Bands Wavelength/nm  Laser Type Techniques  LOD '/ppb Refs Applications
CH,OH vo 3390 oPO FCS 40@30s 1o rechnique
research
C,H50H / 3367 OPO FCS 40@30 s [210] Technique
research
3380 VECSEL ? DAS 13@300 s [217]  Breath VOCs
Vg detection
3389.8 orPo FCS 91@30s  [210] Tf;ehr:r‘i‘}lf
CH3COCH;3
Spoilage
s 8000 ECQCL WMS-2f 15@10's (527  Monitoring of
agricultural
products
vy 3300 OPO DIAL 10 1.2 x 10° [140] Atmospheric
I-QEPAS Technique
4330 QCL 1 300 ppt@4s  [218] research
CO, V3 4 i
4200 ICL DAS 5x 10 [72] Cgrir;bgzt;:n
4172 / [219] &
Exhaled breath
4691.2 L WMS 9@0.07 s [71] analysis
CcO %1 4600 DAS 500@14 s [220] Atmospheric
4764 QcL WMS 26@1 s [221] Indoor air
1980 WMS / [220] ~ Combustion
diagnose
" Combustion
5184 ICL DAS 3 x 10'@10ms  [223] o
emission
5200 QEPAS 12 120 [224] ngineexhaust
monitoring
NO " 5250 WMS-2f / [225] Tre;:‘e’;‘r‘i‘ﬁe
QCL
Gas sensing in
5030 DAS / [226] high
temperature
I-QEPAS; .
5263 WMS-2f 4.8@30 ms [227]  Environmental
i Gas sensing in
Vs 6250 QcL WMS 372% iggg % [228] high
NO, temperature
Vi s 3250-3550 OPO PAS 14@170 s (3  Pnvironmental
pollution
Toxic industrial
v3 7782 ECQCL DAS 7.36 x 10° [229] chemical
N,O detection
vy 8600 QCL/DFG FCS 0.3 [230] Atmospheric
vy 4530 QCL CLaDS 1.2 x 10° [231] Atmospheric
10,400 ECQCL PAS 1 [49] Atmospheric
vy 10,340 QEPAS; 6@ls [232] Exhaled b?eath
QcL 2f-WMS analysis
NH; 9560 DAS 17.3@3 s [233]  Atmospheric
9060 WMS 0.3 [2] Atmospheric
" 2958.5 OPO FCS 25@30 s [210 [xhaled breath
analysis
Chemical
NoHy V1o 10,363 LD DAS 400 [234] analysis
O3 V3 9697 QCL DIAS 13 300 [235] Atmospheric
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Table 2. Cont.

Species Bands Wavelength/nm  Laser Type Techniques LOD /ppb Refs Applications
vy 6700 QcL OA-ICOS 14 280 [21] Chemical
analysis
H,0 :
Vs 2666.7 oro FCS 53@30 s [210] Technique
research
Vg 7730 QCL QEPAS 12@100 s [236]  Breath diagnosis
HyO,
vs 3760 oPO FCS 8 (171 [Fxhaledbreath
analysis
450@3 s Environmental
H,S v 7900 QCL QEPAS 230030 & [237] pollution
[238, Technique
SFg V3 10,540 QCL QEPAS 0.05@1 s 239] research
QEPAS 28@1 s [0  Industrial
process
CS vt 4590 QcL DOAS; 105; 7, simosoheric
WMS 60@240 s 241] P
ocs Vs 4860 QcL DAS 12@04s  [p4p] [xhaledbreath
analysis
3393 DAS 25@1.84 s [68] Industrial
emission
CH3SH v ICL 165
3392 WMS 7.1@295 s 5 42]' Atmospheric
3370 ICL WMS-2f/1f 2.8@125s [69] Environmental
CHsSCHs Vi 3337 IcL WMS 96@l64s  [164]  Atmospheric

1 LOD: Limit of Detection; 2 HPSDS: Heterodyne phase sensitive dispersion spectroscopy; 3 OF-CEAS: Optical
feedback cavity-enhanced absorption spectroscopy; 4 QW-DFB-DL: Quantum wells distributed feedback diode
laser; > DROPO: Doubly resonant optical parametric oscillator; 6 NICE-OHMS: Noise-immune cavity-enhanced
optical heterodyne molecular spectrometry; 7 CLaDS: Chirped laser dispersion spectroscopy; 8 DF-RFM:
Dual-feedback RF modulation; ¥ VECSEL: Vertical-external cavity surface-emitting laser; 10 DIAL: Differential
absorption lidar; '! I-QEPAS: Intracavity Quartz-Enhanced Photoacoustic Spectroscopy; '2 QEPAS: Quartz-enhanced
photoacoustic spectroscopy; '* DIAS: Differential absorption spectroscopy; '* OA-ICOS: Off-axis integrated cavity
output spectroscopy;

Table 3. Summary of information on multi-component simultaneous detection in the last 10 years.

Species Bands Wavelength/nm ;;;e: Techniques LOD/ppb Refs Applications
CHy/CHg v3/vig 3291 ICL DAS Sels [244]  Atmospheric
3337 8@l s
CH,/CyHs v3/vi0 3291 ICL DAS 27@1s [245]  Atmospheric
3337 WMS-2f 2.6@3.4s
17.4@4.6 s .
ICL WMS 246,247]  Atmospheric
CHy/GH, v3/v10 3337 raatss | : ?
360@1 s;
3404 . Technique
60@100 24
CHy/CoHg v3/v1 bre CLabs s [248] research
3335.5 /
90@1 s Oil and gas
249 industr;
CH4/CoHe/CsHg  va/vio/va 3345 ICL QEPAS 7@ls el monitorii,\g
3 x 10%@1s
7880/4633 0.5 for Hy .
CH4/CO/H,CO v4/v1/vo 5683 QCL WMS-2f Co@2 s [250] Atmospheric
3 % 104 35 Remote gas
CH4/N20 va/vs 7700 QCL DOAS 33 % 10° (351 leakage
' detection
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Table 3. Cont.

Species Bands Wavelength/nm I%aser Techniques LOD/ppb Refs Applications
59@1 s )
CH4/N,O va/v3 7800 QCL WMS-2f "7 [114] Atmospheric
26@1 s
17
310
CH4/HyCO/CoHy/ 320 Technique
" 251
CyH,/CO v3/v1/vi1/va/vi  2500-5000 OoPO FCS — [251] rosearch
270
Y ;
CHy/NO Va1 3000-5400  DROPO s 20 pyy Technique
15 research
23@1 s
CH4/N,O/H,0O va/v3/vo 7710 QCL DAS 6.5@1 s [252] Atmospheric
6.2 x 10*'@1 s
48@1s
CH4/N,O/H,O v4/v3/vo 8000 ECQCL WMS-2f 0.9@1 s [50] Atmospheric
3.1 x 10*@1 s
130@1 s [146] Atmospheric
CH;30H/C,H50H vg 10,100 ECQCL DAS 12 x 10°@ls VOCs
157
C,Hs0H/(CoHs),0/ / Atmospheric
CH,COCH; 3800 QCL CRDS 60 [i8] VOCs
280
5 Exhaled
C0,/CO va/vy 4730 ECQCL  wmsaf 02 * 10 7] -
9 analysi:
€0,/CO va/in 420 L wws 100 [ Cqmoustion
4860 en
C0,/CO v/t 4193 ICL DAS / [253] Cgriralbuztslsn
4979 QCL en
CO,/N;0 v/ 4466 QcL DAS 27,02 [g)  Technique
WMS 43@1s;/ researc
2551 LD 1.4 x 107
H,0/CO,/CO  wafua 4176 ICL  WMS-2f/1f 6 x 10° [147] C‘;‘i‘;‘g’;lzts‘:“
4865 QCL 4 x 10°
Exhaled
NCI)\I/(Cj)O/ " 5263 ocL DAS 0.5@1 s [254] ]:rezti
2 4566 0.8@1s .
analysis
CO/N2O 41 4500 QCL WMS 086 [255] Atmospheric
0.15
CO/N,O vy 4610 QcL QEPAS 0.09@5s [256]  Atmospheric
0.05@5 s
NO/NO, vi/vs 5263 QcL pas  _P73@1s sy Atmospheric
6135 4383@1 s
NO/NO, vi/v3 5263 QcL PMs  _ 4@1s o Technique
6134 9@1 s research
NO/NO; v1/v3 5263 QCL WMDM-2f w [259] Atmospheric
6134 0.9@200 s
Vehicl
NO/NO, vi/vs 5263 QcL pas . 15@100s ey exhast
6250 0.5@100 s emission
NO/NO, vi/vs 5250 QcL DAS 1.5@100 s 1261] Erzzgﬁzzr;mtal
6250 0.5@100 s &
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Table 3. Cont.

Laser

Species Bands Wavelength/nm Type Techniques ~ LOD/ppb Refs Applications
0.2@100 s;
5263 0.96@1 s
NO/NO,/NH;  v1/u/vs QcL WMS 012@100s5;  [262,263] ~ [ndustrial
6250 0.94@1 s emission
0.1@100 s;
9063 0.86@1 s
Technique
2 q
NH;/C4Hyg Va/vy 8500 QCL MHS / [48] research
NO,/ 6234 0.03 Atmospheric
JEE L 3 . 0 264 .
HONO w 6024 Qc TILDAS 03 [264] pollution
50,/50; vy 0 oo DAS (1-2) x 10°  [265]  |ndustrial
7160 emission
4
CoH5Cl/CH,Cly / 3 Atmospheric
CHCl, //va 7949 EC-QCL DAS 7 x 10 [266] VOCs
11

1 WMDM-2f: Wavelength modulation-division multiplexing-2f; > MHS: Multiheterodyne spectroscopy; > TILDAS:
Tunable infrared laser differential absorption spectroscopy.

8. Conclusions and Future Prospects

MIR spectral trace gas sensing is particularly attractive for its unique and strong fingerprint
absorption. Higher sensitivity has been achieved by solving all the challenges of the spectral feature,
i.e., broad, serried, crowding, and even overlapping in the MIR region. Benefiting from the methods
mentioned above, multicomponent simultaneous detection is an expected achievement.

The invention and commercialization of high-performance MIR lasers, i.e., DFB-QCL and
DEFB-ICL, promoted the development and application of MIR tunable laser-based trace gas sensors,
especially in miniaturized and portable applications. Though more than 100 types of gas have been
detected by tunable laser-based sensors, there are huge demands for higher detection sensitivity, or,
in extreme conditions or scientific exploration, more other types of gas need to be detected. Thus,
we believe greater progress will be achieved in the next decade, which may include:

(1) Compact integrated gas sensors. Compact sensors with lower power consumption or
battery power could benefit from VCSEL, DFB-ICL, and iHWG. Even a sensor system on a chip
will become possible using integrated optics with the fabrication of miniaturized devices integrating
the electronics and optics. These sensors could play a vital role in portable and wearable applications
that could be applied for breath analysis, diagnostics, metabolomics, environmental safety detection,
and related applications.

(2) Multicomponent gas sensors. Multicomponent sensors will achieve more progress, benefiting
from the wider wavelength coverage by integrated laser arrays, OFC, or EC-QCL. More species could
be detected simultaneously by a particularly devised broadband laser, which could expand their
applications in scientific research, including combustion diagnosis, chemical reaction process dynamics,
exhaled breath analysis, and metabolomics.

(3) Standoff remote sensing. The techniques of open-path standoff detection by backscattered
MIR light provide a promising method of prompt and flexible assessment of atmospheric
environmental, leaks, explosive, and security in handheld devices or UAV. The detection sensitivity
could be substantially improved by newly developed high-performance MIR detectors and progress
in high-power DFB-QCL.

(4) Ultra-sensitive sensing. With the development of a mid-infrared laser source and
high-performance detector, combined with cavity enhancement technology and noise immunity
technology, ultra-high detection sensitivity becomes possible.
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Abstract: Laser absorption spectroscopy (LAS) is a promising diagnostic method capable of providing
high-bandwidth, species-specific sensing, and highly quantitative measurements. This review
aims at providing general guidelines from the perspective of LAS sensor system design for
realizing quantitative species diagnostics in combustion-related environments. A brief overview of
representative detection limits and bandwidths achieved in different measurement scenarios is first
provided to understand measurement needs and identify design targets. Different measurement
schemes including direct absorption spectroscopy (DAS), wavelength modulation spectroscopy
(WMS), and their variations are discussed and compared in terms of advantages and limitations.
Based on the analysis of the major sources of noise including electronic, optical, and environmental
noises, strategies of noise reduction and design optimization are categorized and compared.
This addresses various means of laser control parameter optimization and data processing algorithms
such as baseline extraction, in situ laser characterization, and wavelet analysis. There is still a large
gap between the current sensor capabilities and the demands of combustion and engine diagnostic
research. This calls for a profound understanding of the underlying fundamentals of a LAS sensing
system in terms of optics, spectroscopy, and signal processing.

Keywords: laser absorption spectroscopy (LAS); combustion sensing; direct absorption spectroscopy
(DAS); wavelength modulation spectroscopy (WMS); design optimization; noise reduction algorithms

1. Introduction

1.1. Overview of Laser Absorption Sensor Developments and Applications

Laser absorption spectroscopy (LAS) has served as a useful tool for both fundamental and
practical studies in energy and power systems since its earliest demonstration as a species diagnostic
method in combustion-related environments over forty years ago [1,2]. In addition to the non-contact
characteristics of most optically based methods (e.g., emission, Schlieren imaging, laser-induced
fluorescence, particle image velocimetry), LAS benefits from the species-specific nature of molecular
spectroscopy, therefore is capable of achieving highly quantitative and selective measurements
of a number of important species parameters including gas composition, temperature, pressure,
and velocity. The use of narrow-linewidth, tunable, low-power semiconductor lasers, on the other
hand, offers the opportunity for real-time, time-resolved, and long-term stable field monitoring systems
that can be realized under various measurement scenarios.

Up towards the early 2000s, gas sensors based on tunable diode laser absorption spectroscopy
(TDLAS) were extensively applied in continuous emission monitoring and process controls and
diffused in process industries as an accepted technique [3,4]. The maturity and commercialization
of opto-electronic devices, thanks to the booming telecommunication industry, has allowed TDLAS
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sensors to evolve from laboratory-scale benchtop experimental tools to a robust industrial technology.
With further reduction in cost and size, portable and field-deployable systems can be made. Using smart
optical-mechanical designs and sophisticated signal processing schemes, some of these sensors are
able to operate in the field without operator intervention for over 10 years [5].

Today, the design, control, and optimization of complex energy and propulsion systems poses
unprecedented challenges for sensor technology. The extreme conditions associated with combustion
that are typically unfriendly for optical systems, such as high temperature, pressure, and velocity,
mechanical vibrations, high dust levels, and corrosiveness, make LAS still one of the best available
contactless sensor techniques for harsh environments. However, extraction and interpretation of
high-quality, quantitative information under such complicated, demanding conditions requires deeper
understanding of the target environments and tailoring the sensor design to specific measurement
goals. While state-of-the-art laser technology for novel single-mode mid-infrared and hyperspectral
laser sources continues to offer much more freedom in choosing the spectral features and designing
LAS sensors, much remains to be studied in improving their reliability, accuracy, and precision.

1.2. Scope and Organization of the Paper

There has been a number of excellent reviews and books on the development and application of
LAS sensor technology. Even as early as in the late 1990s, several papers reviewed the fundamental
theories and early successes of laser-based spectroscopic methods in gas dynamics and combustion
flow measurements [6—8]. Nasim et al. illustrated the evolution of and confinement methods used
in semiconductor diode lasers and discussed different techniques used to convert free-running diode
lasers into true narrow linewidth tunable diode laser sources [9]. As lasers were much less mature at that
time, these papers also reviewed the available laser light sources as an important part of the diagnostics
development. More recently, several reviews reported the advances of the LAS technique and its
demonstration in various disciplines. Hanson et al. presented an overview of combustion kinetics,
propulsion, and combustion in practical systems and documented the impact of quantitative laser
diagnostics methods [10]. Bolshov etal. highlighted the temperature, concentrations, and flow velocities
in different combustion zones and emphasized the strategies and data processing algorithms for LAS
measurements [11]. Goldenstein et al. provided a thorough review of the underlying fundamentals,
design, and use of infrared LAS sensors for combustion gases and highlighted recent findings and
some of the remaining measurement opportunities, challenges, and needs [12]. Liu et al. summarized
the key principles and recent advances of line-of-sight (LOS) LAS techniques and then focused on
spatially resolved gas sensing with LAS tomography [13].

More specifically, a few papers have focused on reviewing signal-to-noise-ratio (SNR) enhancement
techniques to improve TDLAS performance. Li et al. summarized several commonly employed
noise reduction schemes including signal averaging, modulation techniques, balanced detection,
zero-background subtraction, and adaptive filtering [14]. Zhang et al. focused on the various
mathematical algorithms applied in TDLAS signal processing to enhance the accuracy and resolution
of the sensor [15].

As discussed above, sensing challenges vary largely with measurement targets and conditions.
The maturity of semiconductor lasers and photodetectors allows many researchers in relevant fields to
simply use LAS sensor as an established tool, whereas diagnosticians still strive to push the limit of this
technique. While previous papers have provided comprehensive reviews on all major elements of LAS
sensor systems including fundamental molecular spectroscopy, the development of opto-electronic
devices, and various measurement schemes and applications, we refer the readers to other works for
the fundamentals and will address the design perspectives of a LAS sensing system. Section 2 will
start by summarizing and identifying the measurement challenges and design targets under different
measurement conditions; Section 3 will follow by outlining the fundamentals of different diagnostic
strategies and their underlying models and control factors; Section 4 will then provide a systematic
analysis of approaches for noise reduction and signal optimization, so to extend the use of the LAS
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sensing technique to much more difficult measurement scenarios. In view of the urging demands
in both the use and development of this sensor technology, a goal of this manuscript is to provide
understanding and an overview of the key factors and considerations in the measurement targets, as
well as a reference and guidelines to a strategic design procedure appropriate for obtaining optimized
sensing results.

2. Sensor Design Targets and Measurement Challenges

The fundamental theory lying behind absorption spectroscopy is the Beer-Lambert law, presented
in Equation (1), with multiple forms of expressions. The fractional transmission of light, given by the
ratio between transmitted and incident light intensity, I [W/em?] and Iy [W/cm?], can be expressed
as an exponential function of absorbance «,, with k, [1/cm] being the spectral absorption coefficient,
L [cm] the absorption pathlength, n [molecule/cm®] the number density of the absorbing species, a,
[em?/molecule] the absorption cross section, S [em~2/atm] the absorption linestrength of an individual
transition line, ¢,, [cm] the frequency-dependent lineshape function, P [atm] the total pressure, and X;
the mole fraction of the absorbing species i. The subscript v is used to signify the spectral dependence
of the parameter on the light frequency v:

(It/Io)v = exp(-av)
=exp(-k/L)
= exp(-no,L) @
= exp(-S¢,PX;L)

This rather simple but nontrivial relationship roots from the energy balance derivation in the
equation of radiative transfer. In a typical absorption measurement, the total absorbance o, is the
ultimate “signal” to optimize, and the performance of LAS species sensor is commonly evaluated
through detection limits and detection bandwidth. The limits of detection can be quantified as the
noise-equivalent absorbance (NEA) or the minimal detectable concentration (e.g., in ppm), and the
measurement bandwidth (Hz) can be defined as half of the measurement temporal resolution taking
into account the Nyquist criterion.

To directly compare the detectivity of LAS sensors under different measurement conditions,
the pathlength-normalized detection limit (e.g., in ppm-m) is often used, on the basis of the fact that the
absorbance is linearly proportional to the absorption pathlength. Further normalization with bandwidth
renders a detection limit in the unit of ppm-m-Hz~? to account for the improvement of signal-to-noise
ratio (SNR) with averaging. However, it needs to be noted that this inverse square-root dependence on
averaging time can be applied if the signal carries only white noise. A more rigorous assessment of the
validity of such normalization can be done with Allan variance analysis, which analyzes a sequence of
data in the time domain. Although traditionally used as a measure of frequency stability of clocks and
oscillators in metrology, the Allan variance analysis can also be adopted as a useful tool to identify
and quantify different noise terms and indicate signal stability. As shown in the schematic of Figure 1,
the root Allan variance, aka Allan deviation, of a time domain signal is computed as a function of
different averaging times 7. By analyzing the characteristic regions and log-log scale slopes of the
Allan deviation curve, different noise processes and modes may be identified.
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Figure 1. Schematic of different noise processes on an Allan deviation plot.

Even limiting our discussion to combustion-related LAS diagnostic studies, the demands and
achieved performance of the laser sensors vary over a wide range. Figure 2 summarizes some
representative results from a number of sensor development and implementation studies in terms
of detection limits and bandwidths. It compares species concentration measurements in a variety of
combustion systems including laboratory environments [1,16-22], shock tube studies [23-28], industry
processes [29-33], and engines [34—46]. For the purpose of making a direct comparison between
different studies, the reported absolute minimal detection limits for several commonly probed species
in combustion, including CO, CO,, H,O, and C,Hj, are plotted on the same diagram against detection
bandwidths. It can be clearly observed that results from different applications naturally separate
into different regimes: the well-controlled laboratory environments allow lower absorbance to be
detected, where chemical kinetics studies in shock tubes typically demand for a much higher detection
bandwidth than stabilized laboratory flames or gas cell; larger scale, more “realistic” environments such
as industrial burners and engines present harsher conditions that lead to higher achievable minimal
detection limits, but industrial process monitoring typically involves stringent emission control targets
and trace species detection over continuous, long-term monitoring periods, whereas engine diagnostics
are usually associated with high-velocity or turbulent flow and reaction conditions.
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Figure 2. Representative detection limits and measurement bandwidths of laser absorption sensors
in various combustion-related systems.
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Despite its versatility in measuring temperature, pressure, and velocity, LAS is ultimately a species
diagnostic method. It utilizes the “fingerprint” molecular spectra and infer the parameters to be
measured on the basis of a correct interpretation of the recorded spectral feature. Figure 3 plots the
absorption linestrengths over the infrared wavelength range of 0.5-6 um of several of the representative
C-O, C-H, N-O, N-H, and H-O compound gaseous species commonly studied in combustion.
Today, with semiconductor laser technology, we are able to access almost any wavelength within this
region, so that there is no longer much constraint in making an optimized selection of absorption
transition, which can be solely based on appropriate strength level and minimal cross interference.
For fairly harmonic molecules such as CO, the advantage of using a lower-order vibrational band
at longer wavelength is more prominent in achieving lower detection limits as compared with
a less harmonic molecule such as NHj. One can also make the observation that high temperatures,
often associated with combustion-related sensing, would by themselves present greater challenges for
LAS sensors. The reasoning is twofold from the point of view of molecular spectroscopy: (1) the overall
band strength is approximately inversely proportional to temperature, so that absorption is generally
weaker at high temperatures, and (2) higher energy levels get more populated at higher temperatures,
so that the spectra may get more crowded with hot bands and high J-number lines, especially when
a multicomponent gas mixture is being studied. As will be reviewed in the following, many efforts
have been devoted to reducing a correct absorption-free background and discriminate the molecular
absorption by target species from a medley of various cross interference and noise processes.
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Figure 3. Absorption linestrengths for O,, CO, CO,, CH4, NO, NO,, NHj3, and H,O at (a) 650 K,
(b) 1800 K. Transitions with line strengths less than 1 x 10~2% cm/molecule are not shown. All data
taken from HITRAN2016 [47].

3. Fundamentals of Different LAS Measurement Schemes

Absorption is based on signal difference between the light intensities before and after propagation
through a medium. When the incident light source has a spectral linewidth much narrower than the
absorption transition feature, the so-gained spectral information can be regarded as single-wavelength
without the need for light dispersion elements which can potentially introduce a reduction in spectral
resolution. The use of semiconductor lasers which can be easily and fast tuned with injection current and
temperature also allows the access to a range of wavelengths and absorption feature profiles with a single
laser device. A detailed description of typical laser sources employed in LAS including distributed feedback
lasers (DFBs), vertical-cavity surface-emitting lasers (VCSELS), Fourier-domain mode-locked lasers (FDML),
quantum cascade lasers (QCLs), interband cascade lasers (ICLs), and their corresponding features, such as
linewidth, power, and tunability has been presented by Goldenstein et al. [12] and Liu et al. [13].

The two most commonly employed schemes in realizing a LAS sensor with wavelength-tunable,
narrow-linewidth lasers include direct absorption spectroscopy (DAS) and wavelength modulation
spectroscopy (WMS), and each can be further associated with fixed- or scanned-wavelength schemes.
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For fixed-wavelength DAS, as the laser wavelength is not tuned or modulated, the detection bandwidth
is solely limited by the detector bandwidth and the sampling rate of the data acquisition system.
Therefore, this scheme is often used in applications where an extremely high temporal resolution at
levels of 1 MHz or above is needed. However, it requires the absolute laser wavelength to be accurately
known and precisely controlled. In contrast, the scanned-wavelength scheme is widely used for its
higher robustness and better immunity against fluctuations in practical combustion system monitoring.

The basic principles of DAS and WMS have been detailed elsewhere [48]. Here, from a different
perspective, we will give a brief summary of each technique and elucidate the fitting algorithms used
to infer gas conditions.

3.1. Direct Absorption Spectrocopy

The direct absorption method infers gas properties directly from the fractional transmission
of light I;/Iy using the Beer-Lambert relation. One of the key problems to solve in DAS is thus to
determine the baseline, i.e., the light intensity Iy before absorption by the medium. Certain sensor
systems incorporate an additional reference signal with a non-resonant laser or a broadly tunable light
source to correct for the baseline [12]. However, this is at the expense of added components and may
introduce potential errors from additional optical etalons. The more commonly adopted approach is to
mathematically fit the baseline using non-absorbing portions within a scan.

Two background correction strategies are often adopted, namely, the Levenberg—-Marquardt
(LM) fitting algorithm [49-51], and the advanced integrative (Al) fitting algorithm [52]. Both fitting
algorithms involve an iterative process, and the major difference lies in the fitting speed and multi-line
fitting capability. More details are summarized in Table 1 below, and here we illustrate a typical fitting
procedure with an example of Al fitting algorithm.

Al fitting process:

Step 1: Background correction: a polynomial fit is applied to infer the background from the
non-absorbing portions;

Step 2: Retrieval of line center position vy, which is estimated from the two symmetrical intervals
from the maximum of background-corrected absorbance curve, thus no explicit initialization is needed;

Step 3: Retrieval of absorbance area: absorption linewidth is predetermined, and then the Voigt
function is calculated;

Step 4: Voigt fit: several numerical approaches can be used to approximate the Voigt function [53,54]
as no analytical form is available.

Most commonly, by using a low-order (order two to four) polynomial to fit the baseline and
subsequently fitting the absorbance curve with a Voigt profile through an iterative process, the gas
properties can be inferred. This works well for isolated or slightly overlapped features and if the
baseline is reasonably smooth and the raw spectrum has a good SNR. However, when noises from
harsh environments causing severe beam steering and baseline fluctuation carry frequency components
comparable to the scanning/detection bandwidth, uncertainties in the DAS detection will significantly
grow. Efforts to deal with such background drift will be detailed in Section 4.
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Table 1. Comparison of fitting algorithms in direct absorption spectroscopy (DAS) and wavelength

modulation spectroscopy (WMS) techniques. LM: Levenberg-Marquardt, Al: advanced integrative,

SNR: signal-to-noise-ratio.

Technique Parameter Initialization Parameter Predetermined Feature/Limitation
DAS LM algorithm vo, T, X no Easy to ﬁ.t mgltlple
absorption lines
Complicated to fit
. multiple absorption lines,
DAS Al algorithm no Av a factor of 3-4 faster than
the LM algorithm
P Calibrated on the basis of
2f-WMS T, X RAN y database, hard to
HIT /HITEMP database [47] calculate absolute T
Calibration-free Wavelength-dependent
WMS-2f/1f with v T X i1, o, P1, P2 laser characteristics may
fixed-wavelength 0% HITRAN/HITEMP database lead to
laser characterization measurement errors
Calibration-free Non-linear laser intensity
WMS-2f/1f with VT X v(t), MIo(t) variation along
scanned-wavelength 0% HITRAN/HITEMP database measurement beam path
laser characterization difficult to quantify
Recovery of Higher-order harmonics
DAS lineshapes vo.T, X 1 Xufs Yuf come with low SNR
Direct, on-the-fly
calibration,
DAS-calibrated WMS no PT increased precision and
SNR for trace

gas detection

3.2. 2f-WMS Method

By adding a high-frequency modulation to the laser injection current, the WMS scheme raises the
signal detection band to a designated frequency range and later extracts the signal with band-pass filtering
processes. This allows the method to have better noise rejection capability, and a 2~100 improvement in SNR
has been demonstrated over DAS [55].

When the absorption features introduce distortions to the sinusoidally modulated laser intensity,
harmonic components at integer multiples of the modulation frequency would appear. Due to the
symmetry of an absorption feature about its line center, even orders of harmonic signals would peak
near the line center position. For small modulation depths, the nonlinear laser intensity modulation
can be neglected, and the peak of the second harmonic signal, or the 2f peak height, is a function of
species concentration, pressure, and temperature and therefore can be taken as the target signal to
measure [56,57]. The dependence on multiple non-precalibrated parameters is the major limitation of
2f-WMS method, however, for two-line thermometry, the 2f peak height ratio of the two selected lines
can be directly reduced to linestrength ratio with the use of suitable modulation depth and line pair.
Figure 4 shows the flow chart of the fitting procedure of the 2f-WMS method, including 2f peak ratio
thermometry and species concentration extraction. To account for the unknown proportionality to
environmentally dependent factors such as transmission losses and instantaneous laser intensity, the 2f
peak magnitudes need to be pre-calibrated on the basis of HITRAN/HITEMP database line parameters
with known pressure and temperature conditions and a nominal value of gas concentration.

137



Appl. Sci. 2019, 9,2723

‘ Modulation depth a, line pair | ‘ Initial T, Nominal X, Measured P |

i Spectral database
Measured R,; Simulated Ry, e.5., HITRAN/HITEMP

L

Temperature

24 peak ratio

Figure 4. Flowchart of the 2f-WMS method.

3.3. Calibration-Free WMS-2f/1f Method

The calibration process needed for the WMS-2f method requires all environmental conditions
to remain the same between the calibration stage and the actual measurement stage. Apparently,
this luxury of having stable and known conditions is not always available, especially in practical
applications where laser transmission fluctuations are much more difficult to predict or monitor.
One solution is to normalize the 2f signal with the 1f component, referred to as the calibration-free
WMS-2f/1f method.

The normalization process cancels out the unknown or changing laser intensity. However,
to directly associate the measured WMS-2f/1f value with absolute gas conditions, laser intensity
and frequency tuning parameters need to be accurately characterized. Typically, this laser
characterization process identifies the first- and second-order laser intensity modulation indices (i1, i)
and intensity—frequency modulation phase shifts (@1, ) at a specific center frequency v, which are
sufficient to describe the intensity and frequency modulation behavior of a DFB semiconductor laser.

Rieker et al. summarized potential sources of uncertainty in calibration-free WMS, with particular
emphasis on the influence of pressure and optical depth in harsh environments [55]. Under such
conditions, measurement uncertainties induced by pressure deviation between the simulation and
the experimental conditions become more significant, and preference for stronger absorption features
voids the optical-thin assumption so that larger measurement errors may result.

In view of such problems, scanned-wavelength WMS with larger scan ranges and modulation
depths may be used. A modified calibration-free WMS scheme with an entirely different laser
characterization strategy is proposed to account for the time-variant and wavelength-dependent
change of the laser characteristic parameters [16,58,59]. The flow chart of this method is shown
in Figure 5. This analysis scheme differs from previous WMS strategies in two apparent ways:
(1) the use of measured intensity in real time avoids the need for a pre-determined analytic model to
describe laser intensity, and can at the same time account for the wavelength-dependent transmission
of optical components in the beam path, and (2) using the same data processing procedure for both
simulation and measurement introduces equal contributions from any potential non-ideal performance
of the lock-in and low-pass filter.
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Figure 5. Flow chart of a calibration-free WMS scheme with scanned-wavelength laser characterization.

This method is applicable without constraints on optical depth or modulation index, so that
pressure-broadened and blended absorption features can also be studied. However, nonlinear variations
in laser characteristics due to calibration drift, temperature variations, and laser aging that add to the
residual amplitude modulation (RAM) at different harmonic orders may introduce errors that mostly
occur over longer terms.

3.4. Recovery of the Absorbance Profile Based On Higher-Order Harmonic Signals

While previous WMS approaches use the harmonic signals directly, a phasor decomposition
method has been proposed to recover the absorbance profile from the first harmonic on the basis
of RAM [60,61]. However, these earlier attempts only worked well with small modulation indices
(m < 0.2) when the first-order harmonic shape is close to the first derivative of the absorbance
profile. Peng et al. employed additional higher odd harmonics (3rd, 5th, ... ) to enhance the recovery
accuracy with large modulation indices [62]. Figure 6 shows the flow chart of the recovery and data
reduction process. It is worth noting that while considering more harmonic components improves the
model recovery accuracy, these high-order terms usually have low SNRs and are difficult to detect
in practical measurements.
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Figure 6. Flow chart of the recovery process of the absorbance profile based on higher-order harmonic signals.

3.5. DAS-Calibrated WMS

From the discussion above, one may conclude that DAS and WMS have their own advantages and
limitations. While being more noise-immune in practical environments, calibration-free WMS methods
rely on extensive laser characterization, and the nonlinear response to the sinusoidal modulation over
the entire wavelength scan could lead to significant distortion in the 2f lineshape, especially with wide
wavelength scans. Klein et al. have thus proposed a DAS-calibrated WMS method, which combines
the simplicity and accuracy of the intrinsically calibration-free direct TDLAS (dTDLAS) with the
enhanced precision of WMS-2f [63]. A rapid (125 Hz) time-division multiplexed scheme alternating
between triangular scan and scanned modulation was used to realize quasi-simultaneous DAS and
WMS measurements. The concept of this on-the-fly calibration is illustrated in Figure 7. An absorbance
level of 0.1 was chosen as the decision criterion of whether DAS only or DAS-calibrated WMS will be
used. This largely extends the dynamic range of a single sensor and is especially advantageous for
in-field measurements without the need for reference gases or measurement interruption.
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Figure 7. Schematic of the on-the-fly WMS calibration using time-multiplexed direct tunable diode
laser absorption spectroscopy (dTDLAS) and WMS. Figure adapted from [63].
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3.6. Summary of Measurement Schemes

A summary of various scanned-wavelength LAS techniques discussed above is presented in Table 1.
For the purpose of comparison, fitting parameter initialization, parameter predetermination, as well as
features and limitations for each algorithm are listed.

DAS is preferred for its calibration-free detection capability and simplicity, for applications
where relatively isolated transitions are used. However, laser intensity fluctuations, excess noises,
and baseline fitting errors put limitations to the use of this method especially for difficult environments.
Thus, DAS is the method of choice for measurements with transitions of sufficient linestrength and
narrow linewidth to allow laser access with wavelength scanning.

By contrast, the WMS method is more promising for measurement systems with small absorbance,
high pressure broadening, or blended absorption features precluding a straightforward determination
of the non-absorbing baseline. With 1f normalization, the calibration-free WMS-2f/1f method can
account for variations in laser intensity such as non-absorption losses due to light scattering or
beam steering. This makes it advantageous for measurements in harsh environments involving high
pressures, high opacity, high emission levels, and high temperatures.

The accuracy of DAS lineshape recovery from harmonic signals is limited by the low-SNR high-order
terms, making this method unsuitable for practical measurements. A time-division multiplexed
spectroscopic scheme is applied by alternating laser modulation and allows the enhancement of precision
and dynamic range. This is an attractive strategy for in-field trace gas measurements without any need
for reference gases or measurement interruption.

The LAS techniques discussed above typically provide a path-averaged parameter measurement
over the zone of interest. Parameters including temperature, concentration, etc., are inferred by fitting
measured and simulated spectral profiles. On the other hand, strategies have been developed to
identify non-uniform characteristics in practical environments that commonly result from heat transfer,
flow mixing, and combustion.

Two types of approaches including single line-of-sight (LOS) absorption and tomography
have been proposed and experimentally demonstrated for the measurement of non-uniform zones.
The first approach is based on either the a priori temperature (concentration) distribution profile
or the probability density function along the LOS, namely, profile fitting and temperature binning,
respectively [64]. It depends on simultaneous measurements of multiple absorption transitions
with different temperature dependence. Tomography, on the other hand, relies on multiple LOS
measurements and computational reconstruction algorithms. It reduces the requirements for spatially
continuous optical access in traditional planar imaging and exhibits great potential for harsh and even
optically dense environments [65]. However, this may complicate the optical system design and data
processing of the experimental results.

Improvement in laser source and tomographic algorithms will contribute to greater accuracy in the
temperature and concentration distribution reconstruction, using either of the two approaches above.
Rieker et al. have extended the single LOS technique from advanced and expensive diode lasers with much
broader tuning range (up to 10-15 cm™') to a dual-frequency comb spectrometer [66,67]. The temperature
distribution reconstruction accuracies increase as more absorption lines are incorporated. In addition,
the development of hyperspectral laser sources enables measurements of a large number of absorption
transitions and thereby significantly reduces the number of projections [68,69]. A detailed summary of
laser absorption tomography (LAT) algorithms has been given by Cai et al. [65].

4. Strategies for Noise Reduction and Design Optimization

4.1. Souces of Noise

For any sensing system, the noise and uncertainty in the obtained results need to be assessed to
evaluate the performance of the sensor. High noise levels not only obscure the signal to be measured
but also make the data reduction process difficult and time-consuming. In the following, we will
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first discuss the several major sources of noise in a LAS system, including laser noise, detector
noise, analogue-to-digital conversion (ADC) noise, optical noise, and environmental noise [70,71].
Then, different approaches for noise reduction and signal optimization will be reviewed to guide future
design considerations.

4.1.1. Laser and Detector Noise

The laser and detector excess noise are both frequency-dependent and known to have a pink
noise spectrum. They are known as 1/f noise and are usually the dominant noise component at
low frequencies from 1 to 10 kHz. The detector shot noise and thermal noise, on the other hand,
are independent of frequency and known to have a white noise spectrum. Table 2 gives a brief summary
and comparison of the different laser and detector noises.

Table 2. Comparison of laser and detector noises.

Type of noise Cause Feature Frequency Range
Laser excess noise Intensity fluctuation ~ Frequency dependent 1-10 kHz
Detector thermal noise Thermal agltatlc'm of . Frequency 0.1-140 kHz
the charge carriers independent
Detector shot noise Dlscret? nature of . Frequency 0.1-140 kHz
electric charge independent
Detector excess noise Intensity fluctuation ~ Frequency dependent 1-10 kHz

4.1.2. Quantization Noise and ADC Resolution

The demands for accuracy and precision in trace species detection present great challenges for
DAS. Therefore, high-speed and high-resolution ADC is required to recover the analogue detector
signal with low quantization noise and to reduce the laser relative intensity noise (RIN, same as excess
noise) through fast sampling. The frequency filtering feature of WMS has been widely adopted as
it could improve the SNR by modulating and demodulating the absorption signal at an elevated
frequency band. On the other hand, Lins et al. pointed out that as long as RIN is the dominating noise,
the requirements for ADC resolution in 2f-WMS and DAS setups are in fact similar [72]. As suggested
by the simulation results, when the RIN is low and sufficient ADC resolution is provided, DAS can
provide higher SNR than WMS. In this case, with the advances of modern electronics and digital signal
processing, DAS can have more advantages over WMS [73].

4.1.3. Optical Interference Fringe Noise

In a multi-element optical system with coherent light source, many flat surfaces can lead to
optical interference fringes, often referred to as optical etalons. These optical fringes often exhibit
a free-spectral-range (FSR) comparable to the linewidth of the absorbing species, so that they are
difficult to be distinguished from target absorption features.

Various means have been attempted to minimize the influence of optical etalons, including careful
optical design [74-76], mechanical dithering of optics [77-79], balanced-ratio detection schemes [80,81],
calibration-free WMS [82-84], and digital filtering techniques [85-89]. A summary of these approaches
is given in Table 3 and briefly discussed in the following.
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Table 3. Comparison of strategies to minimize interference fringe noise. AR: anti-reflective, EMD:

empirical mode decomposition.

Strategy Solutions Feature
. . We(%ged‘ or AR-coated windows; Difficult to minimize etalon
Optical design Optical isolators;

Etalon immune distance

in complex optical systems

Mechanical modulation

Dithering or rotating of mirrors;
Brewster-plate spoiler

Increased system complexity;
Limited detection bandwidth

Split laser beam into the sample

Difficult to replicate all optical

Balanced detection schemes

beam and reference beam effects in reference path

Modulation index optimization;

WMS Use of higher harmonics

SNR sacrificed

Wavelet transform;
Kalman filtering;
EMD

Increasing computation cost;

Digital filtering technique Parameters need to be set carefully

Optical etalons essentially arise from the constructive and destructive interferences when light
bounces back and forth between parallel surfaces, similar to the way optical cavity modes are formed.
Optical designs to avoid etalons are therefore approaches to reduce reflections and to scramble these
standing-wave modes. This includes using wedged or anti-reflective (AR) -coated windows, optical
isolators, and placing the optical elements at “etalon-immune distances” to avoid etalon effects from
optical feedback. Collimated laser beams can be intentionally diverged before passing through optical
thins and re-collimated thereafter. In addition to these passive optical designs, an active control of
the optical system can be applied to effectively reduce etalons. Mechanical modulations, such as
dithering or rotation of the mirrors and use of a Brewster-plate spoiler, are active control approaches
taken in high-performance optical systems. However, these do largely increase the system’s cost and
complexity and may limit the achievable detection bandwidth.

Certain laser devices exhibit unsuppressed cavity mode noise or fiber-coupling noise due to
imperfect optical isolation, which appear as etalons on the output scans. Balanced-ratio detection
schemes, also known as common-mode rejection schemes, are commonly employed to reduce such
optical fringes. The laser beam is split into a measurement and a reference beam, and signals from the
two detectors are fed into a balanced-ratio detection circuit that automatically cancels out the noises
commonly present in the two signals. Etalons originated from the optical path external to the laser
cannot generally be canceled in this way, since it would be difficult to achieve exactly the same beam
path other than the portion being absorbed.

Etalon fringes often appear as low-frequency noises and can therefore be suppressed through the
band-pass filtering process of WMS. On the other hand, fringe noises may add to the RAM and put
additional constraint on selecting the optimal modulation parameters. This can lead to reduced SNR
and larger uncertainties, especially since the optical alignment and etalon fringe profiles may change
over time.

Digital filtering techniques are extensively investigated in absorption signal processing, including
wavelet transform, Kalman filter, and empirical mode decomposition (EMD). These methods are
purely from a standpoint of digital signal processing and frequency-domain analysis, thus require
no additional optical or mechanical components. However, these techniques will inevitably increase
the computation complexity, and the filter parameters need to be carefully designed on the basis of
an appropriate understanding of the signal and noise characteristics. The extent of improvement that
such techniques can achieve is ultimately limited by the quality of the light signal measured, so it is
still of utmost importance to devote the best effort in designing a better optical system.
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4.2. Strategies Based On Laser Control Parameter Optimization

The absorption signal can be enhanced by optimizing a number of laser control parameters
including scanning amplitude, scan rate, modulation depth and frequency, and time delay constant of
the lock-in amplifier.

A number of researchers have discussed parameter selection criteria for the WMS system.
Werle et al. conducted a comprehensive analysis of the modulation degree so as to obtain maximum
signal amplitude [8]; a Fourier series was utilized by Uehara et al. to analyze the relationship between
modulated signals and optical penetration depth in frequency modulation [90]; Kluczyrrski et al.
theoretically studied the effect of modulation frequency [91]; Neethu et al. studied the optimization of
a number of modulation parameters in realizing a LAS oxygen sensing system [92].

Table 4 summaries the effect of different control parameters on the 2f-signal waveforms including
maximum amplitude, SNR, peak width, and peak height ratio (PHR).

Table 4. Effects of different control parameters on 2f signals. PHR: peak height ratio.

Scanning Amplitude  Scanning Frequency =~ Modulation Depth ~ Modulation Frequency =~ Time Constant

Maximum 2f -1 13 T T 1
SNR - Torl T l -

Peak width 12 T - 1 -
PHR 1 ! - Tor-4

! no evident correlation, ? increase, > decrease, 4 unchanged.

Due to the complex intercorrelation between various laser characteristic parameters, no explicit
mathematical expressions generally exist to describe the dependence of the WMS signal on the laser
control parameters. Therefore, the selection and optimization of these control parameters usually
rely on empirical attempts and maximization of the target signal. The laser scan range, for example,
is simply set to cover the target absorption feature and just enough non-absorption portions for baseline
fitting, without leaving excessive margin which will decrease the detection bandwidth. For WMS
in general, the modulation depth is chosen so that the WMS-2f signal at absorption line center is
maximized. It has been demonstrated that for an isolated absorption feature, the highest peak value
can be achieved by selecting the modulation depth to be 1.1 times the full-width-at-half-maximum
(FWHM) Av of the absorption feature [55].

In conventional scanned-wavelength WMS, a high-frequency sinusoidal wave is superimposed on
a linear ramp of the laser injection current. As the laser tuning function can now readily be controlled
digitally, variation of this tuning waveform can bring increased flexibility to signal optimization.
Fried et al. employed a jump scanning function and dual fitting analysis to simultaneous optimize
signals from two selected absorption profiles [93]. Chen et al. modified the linear ramp function so
that the laser scanned more slowly near the line center ([94], Figure 8). The scan portion with stronger
absorption thus occupied a larger fraction of the scan, resulting in the improvement of the overall
SNR. Consequently, a factor of 1.8 improvement was observed with 2f detection, and an even higher
enhancement by a factor of 3.3 was obtained with direct absorption measurements.
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Figure 8. Schematic illustration of the wavelength scanning function: conventional (linear) (a) and
optimized (nonlinear) (d). The resulting spectrum waveform is shown for direct spectroscopy in (b) for
linear scanning and (e) for nonlinear scanning as well as for WMS (second harmonic detection) in (c,f).
Figure adapted from [94].

When multi-species detection is attempted by using closely spaced absorption lines accessible
with a single laser scan, the different widths and line profiles of the target species may impose
significantly different optimization targets according to the optimal modulation depth criteria stated
above. Du et al. demonstrated an in situ, multi-parameter LAS sensor during a selective catalytic
reduction (SCR) process by accessing four H,O spectral transitions and a group of NHj lines with
a single diode laser [95]. As can be seen in Figure 9, WMS with varied modulation amplitude
(WMS-VMA) and an optimized multispectral fitting algorithm was used to satisfy the optimization
targets for both the H,O and the NHj lines.
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Figure 9. Simulated WMS-2f signal with (a) modulation amplitude 0.065 cm™' and 0.24 cm™?,
respectively; (b) wavelength modulation spectroscopy with varied modulation amplitude (WMS-VMA).
Figure adapted from [95].

WMS-2f detection is sensitive to the curvature of the signal. When blending different spectral
features becomes more significant, absorption from the wings of adjacent lines would alter the curvature
at the target line center, so that maximizing the line center 2f magnitude of an individual transition
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no longer renders the optimum of overall signal. In such cases, the optimal modulation depth a;,
may largely deviate from the theoretical value of ~1.1 Av. Peng et al. proposed a novel procedure for
choosing an optimal WMS modulation depth in the presence of spectral interference by defining a new
figure of merit to account for the spectral interference [96,97].

As shown in Equations (2) and (3), F and o are defined to quantify the inverse magnitude of the
WMS-2f signal and the sensitivity to spectral interference, respectively:

SZf,mux
Flay,) = 2
(am) Say @) ()
S in m/_ =S m
olam) = 26/1f, tf(ﬂ ¢>) 26 /1f (@m) 3

Szf/lf(am)

where Sy is the total interference-free WMS-2f signal at the target transition line center, S, f, max 15 the
maximum possible interference-free WMS-2f signal, and Syy/1 ¢ is the WMS-2f/1f.

Ideally, a,, should be chosen so that both the inverse signal magnitude F and the perturbation
from interference o are simultaneously minimized. Such an a,, does not generally exist, so the strategy
is to select ay;, opr = argmin(C), where the cost function C = oF is now the target of optimization.
The so-obtained optimal modulation depth ay, o is indicated by the black dashed line in Figure 10 at
the minimum of C, where the value of F at this modulation depth is 1.5, indicating that 33% of the
potential SNR is sacrificed.
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Figure 10. Inverse WMS-2f signal strength (F, blue line), NHj interference sensitivity (o, red line),
and cost function (C, red line) vs modulation depth for a 3 ppm NHj3 mixture in CHy — air ¢ = 0.6
combustion exhaust at T = 600 K, P = 1 atm. The optimal modulation depth a,;, ot is shown in the
black/dashed line. Figure adapted from [96].

4.3. Strategies based On Signal Processing Schemes

4.3.1. Baseline Fitting for Blended Absorption Feature

As discussed above, using the Al or LM fitting algorithms to calculate the laser intensity baseline
requires proper identification of the absorption-free flanks. However, for spectra with low SNR,
distinguishing the non-absorption area using direct visual inspection (DVI) is hard. A new strategy was
proposed by Li et al. using wavelet decomposition and iteration to remove the background drift [98].
The application of wavelet transform (WT) for TDLAS signal denoising is based on finding the optimal
wavelet pairs to determine the baseline. Figure 11 shows effective nonlinear baseline correction and
denoising using discrete wavelet transform (DWT). Compared with the commonly used DVI method,
this DWT algorithm demonstrated potential for batch processing of TDLAS spectra. However, system
cost and complexity increased.
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Figure 11. Nonlinear baseline correction and denoising using discrete wavelet transform (DWT).
(a) Noisy signal with apparent baseline drift; (b) baseline drift-removed signal from (a) and noise-free
signal; (c) raw noise and wavelet-removed noise; (d) denoised signal from (a); (e) baseline drift-removed
signal from (d) and noise-free signal; (f) raw baseline and wavelet-removed baselines with different
iterations. Figure adapted from [98].

Weisberger et al. have developed a blended-feature baseline fitting method (BFBL) using a more
efficient iterative lookup table approach [99]. The baseline is estimated by coupling measured data
with simulated fractional transmission at the peaks between absorption features known as baseline
anchor points. Figure 12 illustrates the fitting procedure, and this technique was validated against
measurements in a static heated cell and a wood-fired two-stage hydronic heater. The results indicated
that it can be very useful with multiple overlapping absorption features.
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Vu vs. Time Known P, L. T. Xco, (1), Xi,0(/)
: 7
[CH3 - Etalon Data] Simulate HITRAN transmission spectrum (g vs. v) using
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v vs. Time 1
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-
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Fit baseline voltage (V5,) using Eq. 8 or Eq. 9 ]
+
Compute measured transmission spectrum l
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Figure 12. Flow chart for DAS baseline fitting data analysis. Figure adapted from [99].
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4.3.2. In Situ Parameter Fitting

In Section 3, we have discussed the limitation of calibration-free WMS when it is important
to perform accurate assessments of laser characteristics. It is often assumed that the magnitude
of wavelength modulation is constant over the entire scanning range [58] and the differential
current-to-wavelength tuning behavior is linear for small current variations around a bias point [100,101].
Such assumption may nevertheless introduce different degrees of uncertainty under different circumstances.
Zhao et al. presented an improved methodology for assessing the wavelength response of a DFB laser by
using a high-order empirical formula [102].

Although the laser characterization process is not difficult by itself, the task of accurately
tracking its variations in real time is nontrivial. More recently, Upadhyay et al. have proposed a new
calibration-free 2f-WMS technique to measure gas concentration and pressure without the need for laser
pre-characterization [103-106]. Similar to the idea of DAS baseline fitting, the harmonic backgrounds,
i.e., RAMs, are obtained by interpolating the non-absorbing wings of the X and Y components of the
demodulated 1f, 2f, and 3f signals (Figure 13). The intensity modulation indices i, can then be obtained
from the RAMs, whereas the intensity—frequency modulation phase shifts ¢, can be obtained by taking
the inverse tangent of the ratio of X and Ys.

The in situ and real-time characterization of relevant laser parameters ensures that the measurements
are not affected by rapid non-absorbing laser intensity variations such as those due to light scattering,
beam steering, vibrations, and window fouling or by slow variation effects such as temperature changes,
calibration drift, and aging of the devices. However, even if it has been demonstrated that higher-order
harmonic signals would have reduced spectral interference from neighboring lines, the requirement for
non-absorbing baseline portions for the fitting still puts limitations to the applicable scope of this method.
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Figure 13. The 1650 nm DFB laser was modulated at m = 2.2, and the transmitted light through a 1%
CHy sample at 1 bar pressure was demodulated by a lock-in amplifier (LIA) to obtain (a) 1f X-component
along I Hj, (b) 1f Y-component orthogonal to I Hj, (¢) magnitude of 1f Signal, (d) 2f X-component along
I Hy, (e) 2f Y-component orthogonal to I Hy, (f) magnitude of 2f Signal, (g) 3f X-component along I H3,
(h) 3f Y-component orthogonal to I H3, and (i) magnitude of 3f Signal. Figure adapted from [104].
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4.3.3. Harmonic Wavelet Analysis of Modulated TDLAS Signals

Calibration-free WMS is essentially a signal processing technique to extract information about
molecular absorption from a noisy environment with higher signal fidelity. In view of the unsolved issues
arising from potential uncertainties in laser characteristic parameters, spectroscopic constants, as well as
requirements for digital filter design in the digital lock-in amplification process [107-109], new signal
analysis methodologies have been proposed to better analyze the time-dependent signal harmonics.

Duan et al. have employed signal processing techniques based on wavelet analysis of modulated
signals obtained from TDLAS and demonstrated that wavelets have the potential to enable the detection
of signal harmonics [110]. In addition to a pure frequency domain analysis, windowed Fourier analysis
can provide information on the time dependence of the frequency components but will suffer from
substantial inaccuracy when the window width decreases. As an alternative, wavelet analyses can
provide more accurate information on this time-dependent evolution of different frequency components
and have become popular in recent years.

Figure 14 shows the comparison of wavelet analyses of level 8,9, and 10 with analytical predictions
from a Voigt absorption profile. Each level corresponds to a specific value related to scaling in DWT.
As the level increases, the frequency resolution of the wavelet analysis increases. With the shown
correlation between the two, it is apparent that wavelet analysis performed well in extracting the
1f and 2f harmonics. This work demonstrated the potential of wavelet analyses in yielding a new
methodology for the improvement of the conventional TDLAS system.
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Figure 14. Comparison of results from the wavelet analyses with (a) Hy, (b) H, and (c) Hj coefficients
obtained with a Voigt absorption profile. Figure adapted from [110].

5. Conclusions and Future Outlook

Efforts in improving LAS sensor performance suitable for practical environments have never
stopped attracting the attention of researchers and developers. By overviewing the achievements
of the developed sensors, particularly with sensor deployment in laboratory studies, industrial
processes, and engine diagnostics, it can be understood that different measurement applications
pose largely different demands in terms of detection limits and bandwidths. In this review, we have

149



Appl. Sci. 2019, 9,2723

attempted to establish a logical development from a system design perspective, for the purpose
of better understanding measurement needs and providing guidelines and insights for designing
a laser absorption sensing system. Understanding the different sources and processes of noise is the
prerequisite for proposing appropriate strategies for SNR amelioration. Under typical measurement
conditions, analogue and digital noise from opto-electronic devices, optical noise from the optical
system, and excess noise from the environment are the most relevant disturbances that contribute to
signal deterioration. In addition to designing a better optical system, strategies of noise reduction
and design optimization play important roles in improving a sensor performance and achieving
better adaptation to various environments. This can be done through either optimization of laser
control and tuning parameters or various algorithms for data processing, such as baseline extraction,
in situ laser characterization, and wavelet analysis. It is realized that the need for sensing technology
development is highly fragmented and demand-driven. While each measurement strategy has its
limitations and constraints in face of the challenges from complex environments, much needs to be
done from an engineering design perspective and to profoundly comprehend the underlying scientific
fundamentals in terms of optics, spectroscopy, and signal processing.
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Nomenclature

LAS Laser absorption spectroscopy

DAS Diode absorption spectroscopy

WMS Wavelength modulation spectroscopy
TDLAS Tunable diode laser absorption spectroscopy
LOS Line-of-sight

SNR Signal-to-noise ratio

I [W/em?] Transmitted light intensity

Iy [W/em?] Incident light intensity

o Absorbance

ky [1/em] Spectral absorption coefficient

L [cm] Absorption pathlength

n [molecule/cm?] Number density of the absorbing species
oy [ecm?Z/molecule] Absorption cross- section

S [em~%/atm] Absorption linestrength

¢y [cm] Frequency-dependent lineshape function
P [atm] Pressure

Xi Mole fraction of the absorbing species i
v Light frequency

NEA Noise equivalent absorbance

DFBs Distributed feedback lasers

VCSELs Vertical-cavity surface-emitting lasers
FDML Fourier-domain mode locked

QCLs Quantum cascade lasers

ICLs Interband cascade lasers

LM Levenberg -Marquardt

Al Advanced integrative

HITRAN High Resolution Transmission
HITEMP High Temperature

Rof 2f peak ratio

T Temperature
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Abstract: In this review, methane absorption characteristics mainly in the near-infrared region and
typical types of currently available semiconductor lasers are described. Wavelength modulation
spectroscopy (WMS), frequency modulation spectroscopy (FMS), and two-tone frequency modulation
spectroscopy (TTEMS), as major techniques in modulation spectroscopy, are presented in combination
with the application of methane detection.
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1. Introduction

Due to global warming and climate change, the monitoring and detection of atmospheric gas
concentration has come to be of great value. Although the average background level of methane (CHy)
(~1.89 ppm) in the earth’s atmosphere is roughly 200 times lower than that of CO, (~400 ppm), the
contribution of CHy to the greenhouse effect per mole is 25 times larger than CO; [1,2]. Therefore, a
fast, accurate, and precise monitoring of trace greenhouse gas of CHy is essential. There are some
methods for detecting methane, including chemical processes [3—6] and optical spectroscopy [7-9].
Optical spectroscopy for detecting gases is based on the Beer-Lambert law [10-12], in which the
light attenuation is related to the effective length of the sample in an absorbing medium, and to
the concentration of absorbing species, respectively. By this theory, the emission wavelength of
the narrow-linewidth diode laser is scanned over the target gas absorption line, and tunable diode
laser absorption spectroscopy (TDLAS) has become an effective technique for the rapid and online
analysis of gas component concentration, due to the advantage of high spectrum resolution [13-22].
Direct detection and wavelength modulation spectroscopy are the most common sensing methods
of TDLAS [23,24]. Comparatively speaking, wavelength/frequency modulation spectroscopy is less
vulnerable to the effects of background noise and more suitable for detecting trace gases. Moreover,
modulation spectroscopy is widely used for the detection of various gases with the advantage of
high signal-to-noise ratio (SNR) [25,26]. Wavelength modulation spectroscopy (WMS), frequency
modulation spectroscopy (FMS), and two-tone frequency modulation spectroscopy (TTEMS) are the
main techniques in modulation absorption spectroscopy. Since each technique has its strengths and
weaknesses, they have also been applied for detecting methane depending on the situation.

In this review, after introducing methane absorption characteristics and recent progress of
tunable diode lasers (TDLs), recent advances in methane detection using modulation spectroscopy
are presented.

2. Methane Absorption Lines

The CH4 molecule has a spherical top, and belongs to the tetrahedral point family. It exhibits
four fundamental vibration modes: v; = 2913 em™}, v, = 1533.3 cm™, v3 = 3018.9 cm~! and
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vg = 1305.9 cm™! [27]. Of these, the two bending vibrations are v, (asymmetric) and vy (symmetric),
while vy (symmetric) and v3 (asymmetric) are the two stretching vibrations [28]. The successive
resonance spacing is about 1500 cm~! [29]. In the near-infrared region (1100~1800 nm), the 2v;
band near 1670 nm and the v, + 2v3 band near 1300 nm are primary overtone rotational-vibrational
combination bands.

Based on the Beer-Lambert law (Equation (1)) [10,11], many laser absorption spectroscopy
techniques are applied to measure gas concentration, including WMS, FMS, and TTFMS.

’I(v) _ It(U) _ e—a(v)xL — efa(v) 1)

where, 7(v) represents the transmittance of light, I,(v) and I;(v) represent the incident and transmitted
intensities of a certain wavelength, respectively, o(v) represents the cross-section of gas absorption at a
certain wavelength, x represents the gas concentration, and L represents the length of the path that
the light travels through absorbing media, a(v) represents the transmission coefficient. In absorption
spectroscopy, the detection sensitivity is related to the length of the absorption path and the absorption
line intensity of molecule, respectively [2].

According to differences in measurement area and monitoring technique, different frequency
bands involving methane transitions from near infrared to mid infrared have been applied [30]. With
the development of near-infrared light sources and fiber technology, the corresponding test system
in the near infrared region is more mature [31-33]. Washenfelder et al. [34] investigated that the
absorption strengths of the 2v3 band were suitable for providing high sensitivity for ground-based
high-resolution spectrometry in the near-infrared spectrum. The absorption intensity of CHy in the
2v3 band is more than four orders of magnitude stronger than that of H,O and CO,, which can be
safely neglected [35]. The related spectroscopic parameters of 2v3 band, including line positions, line
intensities, line widths, line shifts, and line couplings are certain, as described in reference [36—41].

3. Tunable Diode Laser

Semiconductor diode lasers are mainly made of gallium arsenic (GaAs), aluminum (GaAlAs),
indium phosphite (InGaAlP, InGaAs or InGaP) and lead salt [42,43]. Moreover, diode lasers are
frequently used for modulation spectroscopy because of fast tunability of laser wavelength and fast
response times [44,45]. Compared with the spatial characteristics, the spectral characteristics of lasers,
such as linewidth and tunability, are more valuable in modulation spectroscopy. To ensure high-quality
measurement, narrow line widths, single frequency emission and the inherent stability of the laser are
of importance.

The longitudinal mode spacing is relatively narrow, and the oscillation bands of the laser exist in
many longitudinal modes. Therefore, the distributed Bragg reflection (DBR) and distributed feedback
(DFB) lasers are common diode lasers in the near-infrared spectral region, in which the feedback
necessary for the lasing action is distributed throughout the cavity length, and the longitudinal mode
selection is improved [46-48]. Such lasers covering the absorption bands of CHy at 1650 nm have been
applied for detecting methane gas [49]. Recently, quantum well (QW) DEFB lasers have generated the
emission wavelengths of 2.6 um [50] and 3.4 um [51,52]. Nevertheless, the overtone and combination
bands of many target molecules are in the near infrared region, which is strong enough to get ppm,
even ppb detection levels [13].

Depending on the laser materials, commercial diode lasers can be classified into two generic
groups: gallium arsenide-based lasers with wavelengths below 3 um, and lead salt-based lasers with
wavelengths above 3 pm, which are usually fabricated from semiconductor materials in groups of
II-V and IV-VI, respectively [53]. Among them, the laser beams of lead-salt diode lasers can range
from 3 to 30 pm, covering the fundamental transitions of most atmospheric trace gases, which is in the
mid-infrared region. Therefore, lead-salt diode lasers are appropriate for spectroscopic gas detection in
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theory. However, some drawbacks, such as instability in single mode operation, low output power,
and high costs, result in their limited practical application in comparison to GaAs lasers [54,55].

Mid-infrared wavelength band covers the fundamental bands of most gas molecules. Therefore,
many researchers are carrying out studies with the aim of improving the performance of mid-infrared
lasers or develop new type lasers for higher sensitivity. For example, a diode laser with the external
cavity (EC) (e.g., Littrow or Littman-Metcalf configuration) has been proposed to to be tuned over a
broad spectral range, which is called an external cavity diode laser (ECDL) [56]. However, mode hops
limit more improvements of spectral range in a single scan [57]. By contrast, Interband cascade lasers
(ICLs) [58] in the 2.5-4 pm wavelength range and quantum cascade lasers (QCLs) [59] in the 4-12 um
wavelength range can provide continuous-wave (CW) output power levels with low input powers.
Due to the use of interband transitions, the laser action of ICLs can be obtained at lower electrical input
powers than QCLs. However, the phonon interactions in ICLs typically occur on a much slow time scale,
which is slower than the longitudinal optical phonon interactions in QCLs. QCLs are widely used as the
convenient spectroscopic source to trace gas analysis. In addition, a significant advance in mid-infrared
spectroscopic detection has been made, due to their room temperature operation, inherently narrow
linewidth and high output power [60-63]. It is worth pointing out that the linewidth reduction of
QCLs is achieved by frequency locking to resonant cavities [64]. Recently, an EC configuration is
adopted to further improve the performance of QCLs [65,66], and rapid wavelength modulation can
be achieved by directly modulating the injection current of QCL chip. A wide tuning range between
7960 and 8840 nm can be performed by continuous-wave operation of EC QCL [67].

4. Application of Modulation Spectroscopy for Methane Detection

Due to the advantage of high spectral resolution, TDLAS has been widely used to measure
methane absorptions and concentrations in the applications of molecular spectroscopy [68], natural
gas leak detection [69], and trace greenhouse gas monitoring [70] and so on. With TDLAS, the laser
frequency is scanned across the absorption line of methane gas, by tuning the output wavelength of the
diode laser. Many methane sensor systems are developed utilizing modulation spectroscopy [71,72] to
improve the limits of methane detection. The modulation spectroscopy technique used for TDLAS
has been reviewed in detail elsewhere [29,44,73,74], and this section aims to bring relevant methane
detection based on modulation spectroscopy up to date with recent developments.

4.1. Wavelength Modulation Spectroscopy Applied for Methane Detection

4.1.1. Principle of Wavelength Modulation Spectroscopy

In a typical TDLAS with WMS, the laser frequency is modulated by applying a low-frequency
ramp and a high-frequency sine wave [23,70]. After interacting with the absorption line of the target
gas, the modulated light generates the signals at different harmonics of modulation frequency [75].
At a fixed harmonic, the amount of signal attenuation is proportional to the gas absorption, and
the modulated wavelength is demodulated by a phase-sensitive detector [76]. The demodulated
wavelength at a particular harmonic nf (n =2, 3, 4, etc.) is usually directed for the detection, and the
detection bandwidth is shifted to higher frequencies, where 1/f noise is smaller. The output spectrum
of the laser modulated by a radio frequency is shown in Figure 1 [77].
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Figure 1. The spectral output of the laser at a radio frequency: (a) unmodulated; (b) modulated with no
absorption; (c) modulated with absorption. w. and w, + Q) represent the carrier frequency and the side
band frequencies, respectively; () represents the frequency of the laser. Reproduced with permission
from [77], the Institute of Electrical and Electronics Engineers, 2008.

4.1.2. Near Infrared Methane Detection Systems Based on WMS

Based on TDLs with WMS, researchers have successfully studied many high-performance methane
detection systems in the near infrared region [71,72,78,79]. Typically, a DFB laser is often used as a
light source. A portable methane detection device was developed by using a DFB diode laser centered
at 1.654 um [71]. The second harmonic wavelength modulation spectroscopy (2f-WMS) was adopted.
Within the detection range of 0-10° ppm, the relative detection error was less than 7%. Liu et al. [72]
also designed a trace methane gas sensor. The frequency modulation technology was applied in WMS
to move the bandwidth of detection from low frequency to high frequency, to reduce 1/f noise. Zheng et
al. [78] described a portable CHy4 detection sensor. The temperature of the DFB laser was controlled by
a software-based proportion-integration-differentiation (PID) algorithm. In addition, the measurement
range was from 0 to 100%. Then, the absorption length was added from 0.2 m to 0.4 m, and an open
gas sensing probe was set in an improved system [79]. In the lab group’s previous reports, the two
mid-infrared detection sensors had been developed [80,81]. Though the near-infrared sensor has a
longer effective path length of the gas cell, the mid-infrared sensor has a higher MDL of 5 ppm. This
is due to the fact that the absorption line intensity at 3.31 um is stronger over two orders than that
at 1.65 pm. The wavelet-denoising (WD)-assisted wavelength modulation technique is successfully
suppressing the noise in mid-infrared detection sensors. A sequential multipoint sensor applying
2f-WMS technique was firstly developed by Shemshad [82]. The sensor did not use any multiplexing
techniques to distribute the laser intensity among a multitude of gas cells.

In some systems, the DFB laser is replaced with a vertical cavity laser (VCL) as a light source [83].
Paige et al. [69] developed a portable natural gas leak detector based on a VCL. The detector could
measure methane concentrations from ambient methane levels (1.8 ppm) to pure gas. In the detection
process, the response time of the detector was 1-2 s, and the detection precision was below 1%.

Due to the low cost of near-infrared laser and the development of optical communications
networks, some instruments in near infrared have been expanded into the commercialized application.
The LI-7700 Methane Analyzer (LI-COR Biosciences Lincoln, NE, USA) was developed for detecting
methane by eddy covariance method, which had the advantages of light weight, open path, and low
power requirement [84]. A tunable diode laser centered at 1.65 um and a Herriott cell with a 30 m
effective path length were employed. The wavelength was modulated across the absorption band at
the sub-MHz frequency. Pressure- and temperature-induced changes in line shape and population
distribution, changing in laser power and mirror reflectivity as well, were compensated by using
computational fitting algorithms. This ensured that measurements remained accurate over a wide
range of pressure and temperature conditions. The Laser Gas™ iQ2 analyzer (NEO, AS) was the
first all-in-one TDLAS analyzer to measure up to four gases (O,, CO, CHy, H,O) and temperature
depending on configuration, which eliminated the need for multiple units for combustion analysis.
Then the Laser Gas™ II Open Path (OP) Monitor (NEO, AS), a compact and high-performance gas
analyzer, was created for long-distance monitoring in ambient air.
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4.1.3. Mid Infrared Methane Detection Systems Based on WMS

Methane detection systems based on the mid-infrared laser have been researched for quite some
time. However, traditional mid-infrared sensors have some drawbacks, such as the low power of
the laser and the instability of a laser in single mode operation. QCL, as a convenient mid-infrared
laser source, is widely employed for methane monitoring at room temperature. A small in situ sensor
system was developed to monitor the concentration of CHy and N,O in real time [85]. The light source
was a QCL operating at 7.83 um. The wavelength was scanned over the absorption lines of CH, and
N,O at different operating temperatures, achieving simultaneous dual-species detection. The sampling
volume of the multipass cell was only 225 mL, resulting in the compact size of the system. Moreover,
an external cavity quantum cascade laser (EC-QCL), covering the absorption lines of four atmospheric
greenhouse gases, was applied in a sensor system [86]. Additionally, gallium antimonite (GaSb)-based
ICLs have been used for mid-infrared sensing [87,88]. In addition, the commercial availability of ICLs
was achieved in 2009. Ye et al. [87] demonstrated a mid-infrared dual-gas detection system (CH, and
C,Hg) based on a single ICL [87]. However, the power consumption of ~250 W was relatively high.
The weight of the oil-free vacuum pump and pressure controller and readout in the system was heavy.
To address the limitations, new portable sensor systems were developed [88,89], in which competitive
performances were revealed compared with other reported portable or handheld sensor devices.
Mid-infrared sources based on DFG effects are also employed for methane detection. Commercial
and off-the-shelf near-infrared lasers are purchased to act as the mixing sources. Armstrong et al. [90]
described a mid-infrared methane detection system using the difference frequency generation (DFG)
process in a periodically poled lithium niobate (PPLN) crystal. The DFG system was used to implement
TDLAS with WMS. The pump wavelength and the signal wavelength were provided by a fiber Bragg
grating diode laser and a DFB diode laser, respectively. The fundamental absorption line of methane
located around 3.4 um was addressed. Since then, several researchers have reported more absorption
detection applications using DFG processes. A system utilizing a dual-wavelength amplifier for DFG
process was firstly presented [91]. As shown in Figure 2, the dual-wavelength amplifier is used to
amplify both of pump wavelength and signal wavelength, and simple 2f methane detection is carried
out. However, the detectable concentration of methane at the same absorption line is less than achieved
by Armstrong I. et al. [90]. The minimum detectable methane concentration was at the level of 26 ppbv
for an open-path interaction length of 8 m [92]. Zhao et al. [93] described a single-frequency CW
difference-DFG source, which was tunable from 3.1 to 3.6 um. The output power of the source can
reach tens of milliwatts. Therefore, the wideband-tunable mid-infrared source has the potential in the
application of trace gas detection.

7
Lock-n amplifier @

detector

Figure 2. The methane detection system based on a dual-wavelength amplifier. Reproduced with
permission from [91], Optical Society of America, 2013.
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4.1.4. Multi-Mode Diode Laser Applied for Methane Detection Based on WMS

In the above research, almost every light source falls into a single-mode diode laser. The
multi-mode diode laser is also used as a light source in some systems. A tunable multi-mode diode
laser with a central wavelength of 1318 nm was applied for remote detection of methane by Gao et
al. [94]. In the experiment, the multi-mode laser modes merely depended on the input current and
temperature, and the tuning range was continual. The reliability of the data analysis process was
certificated. Later, Cai et al. [95] reported what was probably the first application of measuring CHy
and CO by using a multi-mode ECDL emitting around 2.33 um, as shown in Figure 3. Correlation
spectroscopy was used for signals identification and quantitative analysis. Although it is easier to
obtain the signal within the tuning range with a multi-mode diode laser than with a single-mode diode
laser due to its larger covering area, the mode-jump and mode competition, an intrinsic property of the
multi-mode laser, becomes an obstacle to further applications in trace gas detection.
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Figure 3. The experimental setup used for the simultaneous measurement of CHy and CO. Reproduced
with permission from [95], Optical Society of America, 2016.

4.1.5. Optimization of Methane Detection Based on WMS

Apart from high detection sensitivity, the capacity of suppressing 1/f noise makes WMS a widely
used technique [89,96]. However, optical interference fringe, the primary cause of background
fluctuation, has not been effectively suppressed in WMS. Many methods, including the adoption of
post-detection filtering and the improvement of the detection system, have been attempted to optimize
the optical interference fringe in methane sensors [97]. For example, recently, a method of combining
dual tone modulation (DTM) with vibration reflector (VR) was introduced, which decreased the
standard deviation (STD) value of the background signal to 0.0924 ppm [98].

Other than the optical interference fringe, some kinds of MPCs, as well as the modulation
spectroscopy technique, have also been under study to improve the detection sensitivity, by increasing
the effective optical path while at the same time keeping the small size of methane sensor. White
cells [99], Herriott cells [100] and Chernin [101] are the three most common MPCs applied for detecting
gas, and variations on these have been developed. Liu et al. [2] studied a novel compact dense-pattern
multipass cell (DP-MPC). The cell was used to detect atmospheric methane in TDLAS with WMS.
Then, a confocal MPC was developed to build a compact and portable methane sensor [102]. The MPC
was mainly comprised of confocal mirrors, of which the radii of curvature were 500 mm. Compared to
the reported sensors, the sensitivity of ambient methane was improved. Additionally, many other
MPCs are also used for the detection of atmospheric trace species, such as a multiple-reflection optical
cell with three mirrors [103], the multipass cell formed by two twisted cylindrical mirrors [104] and
circular multireflection cell [105]. Some parameters of novel MPCs are listed in Table 1.
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Table 1. Some parameters of novel multipass cells.

Title of Multipass

Cells Components Path Length Detection Limit Taken from Refs.

T ilver-coated
Dense-pattern Wo stiver-coate

. concave spherical 26.4m <79 ppb [2]
multipass cell mirrors
Confocal multi A confocal
on ocacexlr;u 1pass configuration of six 290 m 1.2 ppb [102]
mirrors
Mm:)g)tlii:f S:ﬁtlon Three mirrors 140.3 m 128 ppb [103]
Two twisted
Multiple-pass cylindrical
optical cell high-reflectivity 25m ) (1041
mirrors
Circular A polished
multireflection cell spherical reflecting 105 cm 300 ppm [105]
surface

4.2. Frequency Modulation Spectroscopy Applied for Methane Detection

4.2.1. Principle of Frequency Modulation Spectroscopy

FMS is an offshoot of WMS, and the difference between WMS and FMS lies in the magnitude of
the modulation frequency. When modulation frequency is larger than the width of the absorption line
of interest, the technique is named by frequency modulation (FM). Compared with that of WMS in the
1/f noise dominated region (10 kHz), the modulation frequency of FMS is the 100 kHz range, which is
in a shot noise limited domain [29]. When detector quantum noise becomes the limiting factor for the
sensitivity of the detection system, the detection limit can be described by Equation (2).

Psigmll
(Pf/f +PZ%, +P?)

SNR = — @)

wherein, Pyjf represents the detector excess noise, Py, represents the shot noise of the detector, Py,
represents the detector thermal noise, and Pg;g,,q Tepresents the signal proportional to the incident laser
power on the detector.

4.2.2. Methane Detection Systems Based on FMS

Generally, FMS can be applied for the situation where WMS is applied in reference [106]. Compared
with that of WMS, processing electronics or detector of FMS should have a broader bandwidth in order
to generate higher frequencies [107]. This is a crucial limitation of FMS. Werle et al. [108] determined
that the absorbance of detection using one-tone FMS in a 1-Hz bandwidth could be 10~ when the
laser-induced shot noise of detector exceeded thermal noise. However, the power of many lead-salt
diode lasers is not sufficient to produce shot-noise-limited spectroscopy. Frequency modulation of
GaAlAs lasers was first demonstrated by Rickett et al. [109] in 1980. The method of FM-TDLAS was
used by Gulluk et al. [110] to measure CO,, CHy, NO, and CO in air samples of a few cm®. The
lead-salt diode laser was tuned at a typical frequency of 1 kHz, and the rf signal of 100-195 MHz was
superimposed on the laser current. Then, Pavone et al. [24] used a GaAlAs diode laser (DL) at 886 nm
to obtain the sensitivities of three detection techniques in methane sensor in order to more clearly
compare WMS and FMS with TTFMS. The laser was tuned on a third overtone methane transition for
measuring the minimum detectable absorption. The modulation frequency was 1 kHz, 100 MHz, and
390 + 5 MHz for WMS, FMS and TTEMS, and the minimum detectable absorptions were 4.5 X 1077,
9.7%x 1078 and 6.4 x 1078, respectively.
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Based on FMS, TDLs offer remote detection of methane gas the opportunity to operate over
distances of 10 m or more in high sensitivity [111]. In these systems, the laser beam aimed through
the probed region is collected after one-way transmission or further reflection from a topographic
target [112,113]. The ambient methane detection using the FM technique at a frequency of 5.35 MHz
was reported by Uehara et al. [112]. Then, Iseki et al. [113] described a portable methane detection
sensor with a 1.65-um InGaAsP DFB laser. The tuning range of wavelength was 14 cm™.

In addition to conventional lasers, new types of lasers such as QCL are also used for FMS in
methane detection. Gagliardi et al. [114] developed a novel laser spectrometer, which relied on a QCL
for detecting methane and nitrous oxide. Moreover, the research group firstly and thoroughly applied
single-tone FM technique to QCL, detecting the same components under low pressure, as shown in
Figure 4 [65]. Two QCLs of 8.06 ym and 7.3 pm are applied for FMS on N,O and TTFMS on CHy,
respectively. For methane gas, the minimum detectable concentration can reach up to 400 ppt Hz /2.
Due to the tunability and sensitivity characteristics of the system, a mixture of gases can be monitored.
As they summarized, QCL is an appropriate choice for frequency modulation spectroscopy in the
mid-infrared region.
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Figure 4. Schematic of the experimental set-up based on the FM technique. Reproduced with permission
from [65], Springer, 2006.
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4.2.3. Optimization of Methane Detection Based on FMS

Some researchers [115-117] have tried to improve the performance of methane sensors based
on QCLs in several ways. For example, a fast optical modulation was achieved by introducing an fs
NIR pulse train in a typical QCL, which was different from the traditional modulation method by
temperature tuning or current injection [115]. The FM was obtained at frequencies up to 1.67 GHz,
which was a benefit to get higher sensitivity of detection. Eichholz et al. [116] found out that the
FM technique with QCLs at terahertz (THz) frequencies was suitable for high-resolution molecular
spectroscopy. Then DFB QCLs, as the radiation source, were used to set up THz spectrometers [116,117].
The investigated molecular parameters such as transition frequency and pressure broadening of CH;OH
were presented.

4.3. Two-Tone Frequency Modulation Spectroscopy Applied for Methane Detection

4.3.1. Principle of Two-Tone Frequency Modulation Spectroscopy

The frequency modulation spectroscopy is called single-tone FMS (i.e., Standard FM) or two-tone
FMS, depending on the number of modulation tones [107]. The modulation of lasers in TTEMS is
completed by a pair of closely spaced frequencies simultaneously, which are w; = w: + ()/2 and
w1 = we — Q)2 respectively. Wherein w, is the center frequency and Q) is the difference frequency.
TTFMS has higher modulation frequencies in comparison with FMS. In the TTEM technique, the
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advantages of standard FM are used in conjunction with the benefits of a considerable reduction in
detection bandwidth, with additional improvement in SNR [107].

4.3.2. Methane Detection Systems Based on TTEMS

In 1982, the TTFM technique was first proposed by Janik et al. [118]. Then modulation frequencies
increased from the kHz range to the tens of GHz range due to using a CW dye laser source and an
electro-optic modulator [119]. In the same year, the frequency of hundreds of MHz was obtained by
using a lead-salt diode laser [120]. Modugno et al. [121] employed a DFB diode laser to develop a
TTEMS spectrometer for monitoring methane. A balanced homodyne detection technique was adopted
so that the spectrometer had high sensitivity. The modulation frequency and the rf frequency were
2 GHz and 5 MHz, respectively. The sensitivity of the spectrometer was up to 7(2) x 1078 at a 1-Hz
bandwidth. Recently, the TTEMS technique has been used in conjunction with a DFG radiation source.
Maddaloni et al. [122] developed a portable DFG spectrometer, as shown in Figure 5. Compared
with direct absorption, SNR has been enhanced by a factor of 100 by using TTFMS. Gagliardi et
al. [65] described another portable spectrometer based on QCLs and TTEMS for monitoring CHy. The
wavelength tunability vs. temperature was 2 GHz/K for QCL emitting at 7.3 um. The output SNR was
enhanced about six times than that of direct absorption.
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Figure 5. Schematic drawing of the experimental set-up of a portable spectrometer. Reproduced with
permission from [122], Springer, 2006.

4.3.3. Optimization of Methane Detection Based on TTEMS

In absorption systems based on TTEM technique, optical interference fringe is also a limiting
factor for detection sensitivity. A convenient fringe suppression method was employed to improve the
sensitivity in a CHy detection system, as shown in Figure 6 [70]. Modulation depth optimization and
TTEM technology is applied in this system. In addition, the MDL at 1.654 pum is enhanced to 130 ppb.m
for a 50-min period. Observed detection sensitivity is given in the conclusion in Table 2.
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Figure 6. Frame diagram of the CHy detection system. Reproduced with permission from [70], Elsevier
Science, 2017.

Table 2. Methane measurement characteristics for modulation spectroscopy techniques.

Spectroscopic Spectral Detection Sample/Path
1")1" scop Wavelength Limit/Measured  Source Type P References
echnique . Length
(nm) Concentration
1318 25 ppm.m DL 80 cm gas cell [94]
1650 1 ppm VCL 107 cm gas cell [69]
1651 1.2 ppb DFB 290 m gas cell [102]
1653 79 ppb DFB 26.4 m gas cell [2]
1654 130 ppb.m @ DFB Open path [70]
1654 11 ppm DFB 0.2 m gas cell [71]
1654 1.4 ppm DFB 76 m gas cell [72]
1654 11 ppm DFB 0.2 m gas cell [78]
Wavelength 1654 12 ppm.m P DFB 40 cm gas cell [79]
Modulation 1654 5 ppb DL 30 m open cell [84]
2330 81 ppb ECDL 100 m gas cell [95]
3100 5 ppm DFB 7.5 cm gas cell [81]
3291 2.1 ppmv € ICL 54.6 m gas cell [88]
3291 5 ppbv ICL 54.6 m gas cell [89]
3334 17.4 ppbv ICL 54.6 m gas cell [87]
3403 1.31 ppm.m DFB 30 mm gas cell [90]
3403 26 ppbv DFB Open path [91]
7800 2.2 ppbv ¢ QCL 57.6 m gas cell [86]
Frequenc 1654 450 ppb.m DFB 0.2 m gas cell [113]
Mo;ulatio}; 3357 20.3 ppbv DL 25 cm gas cell [110]
7658 20 ppm QCL 20 cm gas cell [114]
Two-Tone 886 - DL 1.5 m gas cell [24]
Frequency 3314 3 ppb Hz /2¢ ECDL 13 m gas cell [122]
Modulation 3428 30 ppt Hz ™2 ECDL 13 m gas cell [122]
7300 - QCL 20 cm gas cell [65]

2 Parts per billion meters (length normalized concentration unit); ® Parts per million meters; © Parts per million by
volume; 4 Parts per billion by volume; ¢ Parts per billion by the negative square root of Hertz.

5. Conclusions

The characteristics of modulation spectroscopy techniques, based on TDLs for detecting methane
in the last decade, have been typically reviewed and codified, as shown in Table 2. Recent developments
in semiconductor lasers and modulation spectroscopy techniques for methane detection have been
described throughout this article. Moreover, some other trends are becoming visible.

Firstly, although QCLs, as convenient mid-infrared laser sources, have not been widely used
for commercial detection systems, they may find broad application in mid-infrared modulation
spectroscopies in the near future. Then, other wideband-tunable room temperature mid-infrared
sources and corresponding mid-infrared technology, such as DFG sources, optical fiber, and detection
instruments, will be further developed for trace gas detection. Except for the development of TDLs and
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mid-infrared sources, the optimization of optical interference fringe and the formation of multipass
cells are observable factors in improving the detection performance. Better sensitivity for methane
detection system will be expected when new designs of lasers and multipass cells and methods of
suppressing noise are put in operation.
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Featured Application: Near-infrared ppm-level C;H; detection with time division multiplexing
differential modulation, suitable for the precision improvement of other near-infrared single
optical path gas detection systems.

Abstract: A time division multiplexing differential modulation technique is proposed to address
the interference problem caused by the fluctuation of laser light intensity in the single optical path
detection system. Simultaneously, a multi-reflection chamber is designed and manufactured to further
improve the system’s precision with an optical path length of 80 m. A near-infrared C;H, detection
system was developed. The absorption peak of the acetylene (C,H;) molecule near 1520 nm was
selected as the absorption line. A laser driver is developed, and a lock-in amplifier is used to extract
the second harmonic (2f) signal. A good linear relationship existed between C,H, concentration
and the 2f signal, and the correlation coefficient was 0.9997. In the detection range of 10-100 ppmv,
the minimum detection limit was 0.3 ppmv, and the precision was 2%. At 50 ppmv, C;H, and
continuous detection for 10 h, the data average was 50.03 ppmyv, and the fluctuation was less than
+1.2%. The Allan variance method was adopted to evaluate the long-term characteristic of the system.
At 1s of integration time, the Allan deviation was 0.3 ppmv. When the integration time reached 362 s,
the Allan deviation was 0.0018 ppmv, which indicates the good stability of the detection system.

Keywords: near-infrared; C;H; detection; TDLAS; time division multiplexing differential modulation;
a multi-reflection chamber

1. Introduction

Acetylene (C,H,) is one of the most basic raw materials for industrial production. C;Hj is burned
at high temperature to weld metals. C,H, is easily decomposed, burned, and exploded, because its
chemical character is very active. The explosion limit of CoHj in air is between 2.3% and 72.3%. C,H,
has a lower explosion limit and a wider explosion range than other flammable and explosive gases.
Therefore, highly sensitive and real-time detection of C;H, concentration is especially necessary [1-4].

In recent years, tunable diode laser absorption spectrometry (TDLAS) has been widely used as
a real-time and efficient online detection technique [5-9]. C;H, detection is mostly performed in
the near-infrared band because the laser process in the near-infrared band is mature. The reported
TDLAS-based C,H; detection system uses a wavelength modulation spectroscopy (WMS) technique

Appl. Sci. 2019, 9, 2637; doi:10.3390/app9132637 175 www.mdpi.com/journal/applsci
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to improve the signal-to-noise ratio (SNR) [10-12]. In 2018, Ming D et al. [13] developed a dual-optical
C,H, detection system near 1533 nm by using WMS, with minimum detection limit (MDL) of 7.9 ppmv
at 6 mand 4 ppmv at 20 m. In the actual detection, to further eliminate the influence of the fluctuation of
laser light intensity, the dual optical path differential method is used for detection [14,15]. For example,
in 2018, the CoHj, detection system near 1534 nm, which was developed by He Q X et al. [15], has low
MDL of 3.97 ppmv at 0.3 m and a precision of 3%. However, this dual optical path differential structure
reduces the final detected optical power and increases system complexity. This study proposes a time
division multiplexing differential modulation technique without changing the overall structure of the
single optical path detection system. The DFB laser is driven and modulated by superimposing a
high-frequency sine signal by a stair-stepping segmented low-frequency signal. Thus, it can eliminate
the background noise caused by the fluctuation of laser light intensity, which further improves the
detection precision. In addition, this study proposes the design and manufacture of a multi-reflection
chamber that increases the absorption optical path and further improves the detection precision.
The precision of the single-optical TDLAS gas detection system can be greatly improved by adopting a
time division multiplexing differential modulation technique and the multi-reflection chamber method.
It can better satisfy the high-precision detection requirements for C;Hj gas in practical applications
without increasing the complexity of the system.

A near-infrared DFB laser is used to detect concentrations of C;H; based on the TDLAS technique.
The emitting peak wavelength of the laser is 1520 nm. A laser driver, which uses a time division
multiplexing differential modulation technique to eliminate interference caused by the fluctuation of
laser light intensity in the single optical path detection system, is developed. A laser temperature
controller based on ARM was developed with a precision of 0.001 °C. The 2f signal’s amplitude (SA) is
extracted by the lock-in amplifier, and the experimental data can be processed by the algorithm to obtain
the detection result. Gas detection experiments are carried out to study the response performance
of the system. The system measures different concentrations of C,H, with good linearity, and the
MDL is 0.3 ppmv. In addition, the detection precision and stability of the system were analyzed
with a precision of 2% and ranged from 10 to 100 ppmv, and the detection data fluctuation was
less than +1.2%. Conclusions were drawn based on the experimental results. The stair-stepping
segmented a low-frequency signal that can be used to achieve high-precision C;H, detection in a
single optical path system, and there is no requirement for phase consistency compared with the
2f/1f normalization [16,17].

2. TDLAS-WMS Detection Theory

2.1. Absorption Line of CoH;

The transition between the ro-vibrational energy levels of a molecule need to absorb the energy of
the infrared region, and it will form an infrared spectrum [18]. From the point of view of quantum
mechanics, the transition between molecular energy levels satisfies the quantization conditions. Since
the energy of the ro-vibrational level is discontinuous, when a level transition occurs, a specific
molecule will only absorb a specific wavelength infrared light, which ensures the selectivity of the
infrared absorption spectrum gas detection technique. The absorption peak of the C,H; molecule in
the mid-infrared band is evidently stronger than in the near-infrared band [19]. However, the process
of the near-infrared laser is mature, widely used, and relatively inexpensive. In the actual detection
process, the optical path coupling of the mid-infrared laser is more difficult. Therefore, this study
selects the characteristic absorption line at the near-infrared band of the C;H; molecule to detect
its concentration.

The absorption spectrum of the C;H; molecule in the range of 1520.05 to 1520.15 nm is shown in
Figure 1, according to the high-resolution transmission molecular absorption database 2016 (HITRAN
2016). Evidently, the line intensity of the C;H, molecule is the largest near 1520 nm at 1072°. The line
intensity of common gas molecules, such as CO,, H,O, and CHy, is less than 10723 at 1520 nm, which is

176



Appl. Sci. 2019, 9, 2637

far less than that of the C,H; molecule. The interference generated can be ignored in the actual
detection. Therefore, these disturbances can be ignored in the actual detection. The absorption line at
1520 nm of the C,H, molecule is used comprehensively. The line intensity is set to 1.340 x 1020 to
obtain accurate detection results and avoid interference of other gas molecules as much as possible,
considering these factors.
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Figure 1. C,H; (blue) absorption line in the range of 1520.05-1520.15 nm. The absorption line strength
of CO,, HyO, and CHy is much smaller than that of C;H,.

2.2. Direct Absorption Spectroscopy

The Beer-Lambert law indicates that, when a beam of infrared light is transmitted through
the C,H; molecule, a specific wavelength of light is absorbed by the C,H, molecule. The selective
absorption of CoH, molecules causes the attenuation of light energy, and the energy of light attenuation
is proportional to the number of molecules of C;H; [20,21]. The light intensity after absorption is
obtained as follows.

Iy = Ipel (@)Ll 1)

where Ij is the initial emitting light intensity, L is the optical path length, C is the measured gas
concentration, and a(v) is the absorption line shape function. At a standard atmospheric pressure,
we use the Lorentz line shape function to describe the gas absorption coefficient, as follows.

ao

o) = —20— @

(UZI;m )2 + 1

where ay is the absorption coefficient at the center of the gas absorption line, vy, is the center frequency
of the gas absorption peak, and Av is the half-width at half-peak of the absorption line.

2.3. Single Optical Path Time Division Multiplexing Differential Modulation

We can tune the laser output wavelength by modulating the drive current based on WMS [22].
A stair-stepping segmented low-frequency signal (10 Hz) was used to modulate the laser’s injection
current to further eliminate the fluctuation of laser light intensity on the single-light path detection
system. As shown in Figure 2, the stair-stepping segmented low-frequency signal (10 Hz) is divided
into L, M, and H segments. The M segment is a sawtooth signal. This segment is used for C,H,
concentration detection. The laser injection current is modulated by superimposing a high-frequency
sine signal (5 kHz). Thus, the laser’s output wavelength sweeps the absorption peak of CyHj.
The currents of L and H segments are constant, and the laser’s output wavelength driven by the
currents is in the non-absorption region of the C;H; molecule. The laser’s mean value distribution
can be considered in the short single period detection time of 100 ms at 10 Hz because its intensity
fluctuation is mainly derived from its own background noise. Therefore, the average light intensity
corresponding to the L and H segment waveforms is obtained, and the data processing is performed
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as the inversion basis of the light intensity Iy of the M segment signal, which further eliminates the
interference caused by the laser light intensity fluctuation in the single optical path detection system.

H segment

M segment \

AN

|

L segment

Figure 2. Waveform of stair-stepping segmented low-frequency signal.

After modulation, the output frequency v and the output intensity Iy” are obtained as follows.
U = Uy + Uy, COS wt 3)

Iy = Ip(1 4 ncos wt) 4)

where vy is the center frequency of the laser’s output, v;, is the modulated SA, 1 is the light intensity
modulation index, and f = w/2m is the modulation frequency.
According to Equation (4) and Equation (1), the light intensity with gas absorption is the following.

I(v,t) = Ip(1 4 ncos wt)g[‘“(v)CL] 5)

The actual gas absorption and light intensity modulation are extremely small, i.e., a(v) << 1 and
1 << 1. The Taylor series expansion is performed, according to Equation (5). The light intensity is
obtained, ignoring the high-order terms, as follows.

I(v,t) = Ip[1 + ncos wt — a(vy + v cos wt)|CL (6)

From Equation (2), the center frequency vy of the laser is adjusted to coincide with the gas
absorption peak, i.e., v9 = vy Then, the light intensity with gas absorption is obtained as follows.

ap CL

I(v,t) = Ip(1+ - —
(@8) = Io(1+cos 1+ m2 cos? wt

@)

_ m
m= (8)

The detection signals Hy (t), Hy(t), and Hp(t) of the photodetector can be expressed as follows.

Hi (t) = splor.(1 + ncos wt) 9)

apCL
HM(i') = SPIOM(l +1coswt — m) (10)
HH(t) = SpIOH(l + ncos a)t) (11)

where s is the conversion factor of the photodetector, p is the amplification factor of the detection circuit,
and Iz, Iopm, Ion, and are the incident light intensity corresponding to the L, M, and H segments of
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the low-frequency signal that satisfy oy = w Differential signal H(t) = Iw —Hpm(t) is

obtained as follows.
ap CL

H(t) = splop(——————
®) Sp01\/1(1+mzcosza)t

) (12)

The Fourier series expansion is performed on Equation (12) to obtain the second harmonic
component coefficient Hy as follows.

kSpIOMCLDtO
2f = T

2(-2-m? +2V1 + m2)
m2 V1 +m?
From Equation (13), given that m, L, and Iy are constant, the gas concentration (C), and the
amplitude of the 2f signal (Hyy) are proportional. In the experiment, the 2f signal is extracted, and the
concentration of C;H, can be calculated. The relationship between Hyr and C can be obtained through
calibration experiments.

k=

(14)

3. System Configuration

The C,H, detection system is mainly divided into two components, which includes optical and
electrical modules. The system structure is shown in Figure 3a. The optical module includes a DFB laser,
a self-developed multi-reflection gas chamber, and a photodetector. The electrical module includes a
laser driver, a high-precision temperature controller, a lock-in amplifier, and a data processing module.
The design of the C,Hj, detection system is shown in Figure 3b.

Temperature controller

ecti
chamber

Trapezoidal wave |
signal generator | 1/ g
>

Master 1>

controller

Sine wave
i signal generator |

Photoelectric P,_O_,_{ Gas cell
detector

PM

Signal path  —— Laser path

lectrical module [ Optical module

SMF: Single mode fiber PM: Parabolic mirror (Converging lens) LIA: Lock-in amplifier

(a)

Figure 3. (a) Structure of the C,H, detection system. (b) CyH, concentration detection
experimental platform.

3.1. Testing of Laser Performance

The near-infrared DFB laser (1520 nm, Nanoplus) is driven by a self-developed driver. The output
wavelength of the laser is tuned by controlling the drive current and temperature, and the laser’s
temperature was set to 20 °C, 25 °C, and 30 °C by the self-developed temperature controller. As the
driving current increases (20 to 150 mA), the emitting peak wavelength gradually increases, and the
current tuning factor is approximately 0.011 nm/mA. At a stable driving current, the emitting peak
wavelength increases with temperature, and the temperature tuning factor is approximately 0.113 nm/°C.
The tuning characteristics of the laser are shown in Figure 4a.

The driving current is set to 80 mA, and the temperature is set to 25 °C with a monitoring
experiment for 4 h (8:30-12:30). The laser’s optical emission spectrometry is shown in Figure 4b.
The emitting peak wavelength varies by approximately 0.001 nm (between 1520.011 and 1520.012 nm).
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The monitoring experiment results show that the laser’s emission peak wavelength slightly changes,
and the working state is stable during a long-term continuous operation.
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Figure 4. (a) Curve of the laser’s emitting peak wavelength versus the driving current at 20 °C, 25 °C,
and 30 °C. (b) Curve of the laser’s emitting peak wavelength during four hours of continuous operation.

3.2. Multi-Reflection Chamber

The spots of the traditional optical chamber are roughly distributed in a circular shape on the
spherical mirror, as shown in Figure 5a. When the distance between the mirrors is extremely close
(i.e., the physical size is small), the optical path length cannot easily satisfy the detection requirements.
To improve the detection sensitivity, the proposed gas chamber uses three mirrors with a mirror
diameter of 60 mm. There are two semi-circular mirrors on the front and a circular mirror on the back.
The mirror surface is coated with a silver film by a vacuum coating process. The effective reflection
spectrum ranges from 450 nm to 20 um and the reflectance is greater than 95%. The optical path
length can be changed by manually adjusting the incident optical path. As shown in Figure 5b, the
reflected spots on the mirror surface of the gas chamber are distributed in 13 rows, which increases the
utilization of the mirror surface.

@ ee
[

Figure 5. (a) Mirror spots of the conventional optical chamber distributed in a circular shape. (b) Mirror
spots of a multi-reflection chamber distributed in 13 rows. (c) Photo of the multi-reflection chamber.

Since the mirror is made of fused silica (JGS1) material, and the main body of the gas chamber is
made of 316 steel. Therefore, the material is easy to obtain, and the cost is relatively low compared
with the products of the same market. The chamber adopts a ferrule connector/ asperity polishing
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connector (FC/APC) fiber coupling interface, the light is coupled into the gas chamber by the fiber,
and the docking is convenient. The chamber’s actual structure is shown in Figure 5c, and the optical
path length is set to 80 m with 250 reflections by adjusting the incident optical path.

4. Experimental Process and Discussion

In the experiment, the laser temperature is set to 25 °C, and the emission peak wavelength is near
1520 nm. The light is coupled through a fiber into a gas chamber. We used the Gas Dilution System
4040 gas distribution system. The precision and repeatability of the instrument are +1.0% and +0.05%.
The temperature and humidity of the laboratory are constant, and the precision of gas preparation can
be controlled at +1.2%.

4.1. Calibration Results and Response Time

To measure the relationship between the 2f SA and C,H; concentration, 10 C;H, samples with
concentrations of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 ppmv are prepared by dynamic gas preparation.
The prepared C,H; sample was sequentially introduced into the gas chamber at intervals of 5 min.
As shown in Figure 6a, the 2f SA obtained in the experiment was expressed as max (2f). The 2f SA is
linear with the C,H, concentration, and Equation (15) is obtained by linear fitting (where Ccypy» is the
measured C,H, concentration).

max(2f) = 0.0241Ccop — 0.0015 (15)
Then, Equation (16) is derived as follows.
Ceorp = 41.4938max(2f) + 0.0622 (16)

The 2f SA can be converted to CoH; concentration by using Equation (16) with a linear correlation
of 0.9997, and the fitted curve is shown in Figure 6b.

The response time of the system depends on the time of data processing and the speed of gas
diffusion. The detection system can obtain the concentration value in one stair-stepping segmented
signal cycle, and 10 concentration values are displayed after average processing. In the case of static
gas preparation (i.e., using an air bag to inject C;H, into the gas chamber), the response time is
approximately 2 s.
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Figure 6. (a) Relationship between 2f signal’s amplitude (SA) and concentration C;H, (60 samples per
group), and detection data recorded every 5 s. (b) Fitted curve of the 2f SA and concentration C;H.

4.2. Detection Limit and Precision

To test the minimum detection limit (MDL), 50 ppmv C,Hj is introduced into the gas chamber.
The 2f signal detected by the lock-in amplifier is shown in Figure 7a. When the C,H, concentration is
0 ppmv, the 2f signal is as shown in Figure 7b. The 2f SA is 1.206 V when the C,H; concentration is
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50 ppmv, and the system noise’s amplitude (NA) of 0 ppmv is 0.007 V. The SNR is 44.725 dB, and the
MDL is as follows: 50 ppmv x NA /SA = 0.3 ppmv.

He, Q.X. et al. used a 1.534-pum tunable diode laser and a miniature gas chamber to achieve
C,H, detection in Reference [19], and the minimum detectable absorption is 2.66 X 1073, In this paper,
different concentrations of C;H; were introduced into the gas chamber, and the minimum detectable
concentration is 0.3 ppmv. Therefore, the minimum detectable absorption is 3.01 x 1073.
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(a) (b)
Figure 7. (a) 2f SA of 50 ppmv CyHj. (b) 2f SA of 0 ppmv C,H,.

To test the precision of the detection system, nine Co;H, samples at 10, 15, 25, 35, 45, 55, 75, 95,
and 100 ppmv were prepared. The detection system calculated the concentration values according
to the fitting formula. The error analysis of the detection results is shown in Figure 8. The blue line
indicates the absolute error of the experimental results, and the red line reflects the relative error.
The maximum absolute error is 0.3 ppmv, and the maximum relative error is within +2%. Therefore,
the precision is 2% in the detection range from 10 to 100 ppmv.

* Maximum relative error = 2%
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Figure 8. Detection error of the system on nine C;H, samples with concentrations of 10, 15, 25, 35, 45,
55,75, 95, and 100 ppmv.

4.3. Stability Analysis of the System

To test the stability of the detection system, the C;H, sample at 50 ppmv was introduced into the
gas chamber, and the concentration value was recorded every second. The experiment was carried
out for 10 h. The result is shown in Figure 9a. The 2f SA ranged from 1.194 to 1.218 V, and the C;H,
concentration was between 49.6 and 50.6 ppmv. Therefore, the fluctuation was less than +1.2%, and the
average value of the data was 50.03 ppmv.
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Allan deviation was adopted to analyze the long-term characteristics of the detection system [23].
The result shown in Figure 9b indicates that the Allan deviation at the initial integration time of 1 s
is 0.3 ppmv. If the integration time continues to increase, then Allan deviation is greatly reduced.
Moreover, the Allan deviation can be reduced to 0.0018 ppmv when the integration time is increased to
362 s. The results indicate that the detection system has good stability.
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Figure 9. (a) Results of the stability test of 50 ppmv C,H,. (b) Analysis of Allan deviation for long-term
characteristics of the detection system.

4.4. Comparison

We conducted a large number of experiments using a 15-cm single-pass cell and an 80-m multi-pass
cell, which clarifies the increase in detection sensitivity caused by modulation and the increase in
sensitivity attributable to the multi-reflection cell. Many researchers have recently conducted in-depth
research on CoH, detection technology in the near-infrared band. The performance comparison
between the proposed C;H; detection system and the reported near-infrared C;H, detection system is
shown in Table 1. The C;H, detection system in References [13,15,19,24] uses the conventional driving
method of the TDLAS-WMS technique. The laser’s driving signal is generated by super-imposing
low-frequency sawtooth waves and high-frequency sine waves. Precision and error are greater than
3%. Time division multiplexing differential modulation is used to eliminate light intensity fluctuations,
and system stability has been further improved, with a lower detection limit and higher precision.

Table 1. Performance comparison between the proposed C,H, detection system and the reported C,H;
detection system.

Reference/Type Detection Detection Detection Detection System
Wavelength Technique Limit (ppmv) Error (%) Stability (%)

[13] 1533 nm TDLAS-WMS 4 - -
[15] 1530 nm TDLAS-WMS 3.97 3 3
[19] 1534 nm TDLAS-WMS 200 5 2
[24] 1530 nm TDLAS-WMS 1.46 - -
Single-pass un-modulation 1520 nm DAS 710 - -
Single-pass modulation 1520 nm TDLAS-WMS 142 - -
Multi-pass un-modulation 1520 nm DAS 15 - -

Multi-pass modulation 1520 nm TDLAS-WMS 0.3 +2 +1.2

5. Conclusions

A time division multiplexing differential modulation technique is proposed to eliminate the
interference caused by the fluctuation of laser source in a single optical path detection system.
A new multi-reflection chamber was designed to further improve the system detection precision.
A near-infrared C,H, detection system was developed based on TDLAS using a 1520 nm DFB laser.
A laser driver and a high-precision temperature controller were developed, and a lock-in amplifier is
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used to extract the 2f signal. A number of experiments were performed using the detection system
to study its performance. The experimental results indicated that the detection system has good
performance indicators. The MDL is 0.3 ppmyv, and the precision was 2% in the detection range of 10
to 100 ppmv and contains errors caused by dynamic gas preparation. A 10-h stability observation
experiment was performed on 50 ppmv CyHj, and the fluctuation was less than +1.2%. The Allan
deviation value was 0.3 ppmv when the initial integration time was 1 s, according to the Allan deviation
analysis experimental data. When the integration time increased to 362 s, Allan deviation value was
0.0018 ppmv, which indicated the system’s good stability. In addition, the time division multiplexing
differential modulation technique and the chamber structure adopted by the system were suitable for
the precision improvement of other near-infrared single optical path gas detection systems. Therefore,
the proposed approach was flexible and practical.
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Abstract: Methane, known as a flammable and explosion hazard gas, is the main component of marsh
gas, firedamp, and rock gas. Therefore, it is important to be able to detect methane concentration
safely and effectively. At present, many models have been proposed to enhance the performance
of methane predictions. However, the traditional models displayed inevitable shortcomings in
parameter optimization in our experiment, which resulted in their having poor prediction performance.
Accordingly, the improved chicken swarm algorithm optimized support vector machine (ICSO-SVM)
was proposed to predict the concentration of methane precisely. The traditional chicken swarm
optimization algorithm (CSO) easily falls into a local optimum due to its characteristics, so the ICSO
algorithm was developed. The formula for position updating of the chicks of the ICSO is not only
about the rooster of the same subgroup, but also about the roosters of other subgroups. Therefore,
the ICSO algorithm more easily avoids falling into the local extremum. In this paper, the following
work has been done. The sample data were obtained by using the methane detection system designed
by us; In order to verify the validity of the ICSO algorithm, the ICSO, CSO, genetic algorithm (GA),
and particle swarm optimization algorithm (PSO) algorithms were tested, and the four models were
applied for methane concentration prediction. The results showed that he ICSO algorithm had
the best convergence effect, relative error percentage, and average mean squared error, when the
four models were applied to predict methane concentration. The results showed that the average
mean squared error values of ICSO-SVM model were smaller than other three models, and that the
ICSO-SVM model has better stability, and the average recovery rate of the ICSO-SVM is much closer
to 100%. Therefore, the ICSO-SVM model can efficiently predict methane concentration.

Keywords: methane detection; support vector machine; chicken swarm optimization; algorithm;
concentration prediction

1. Introduction

Air pollution is a serious environmental issue that has attracted more and more attention globally
in recent years [1-3]. Methane is the main greenhouse pollutant, and also the main component of
mine gas, biogas, and various liquid fuels [4,5]. It is stipulated that the lowest limit of explosion in
air is 5.0%, the highest limit is 15.0%, and the explosive capacity is the strongest when the volume
fraction is 9.5% [6]. Methane in the atmosphere can also cause a greenhouse effect and accelerate
global warming [7,8]. It is for these reasons that methane detection is an indispensable field of
research. Traditional detection generally adopts chemical methods, which require chemical reagents.
These reagents have many disadvantages, such as danger, need to replace, and short life, and so these
methods are not conducive to online real-time detection. In addition, absorption spectroscopy is a
detection method that offers a rapid, direct, and selective technique to measure the concentration of
methane [9], and it has become the dominant detecting method [10,11]. Methane concentrations are
obtained through infrared spectroscopy with an appropriate forecasting model.
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Currently, it is urgent that an accurate and effective methane prediction model be developed,
such as least squares fit, multi-element linear regression, back propagation neural network, or support
vector machine (SVM). SVM, based on the principle of structural risk minimization, has higher
efficiency when the number of training samples is small [12,13]. The performance of SVM is highly
related to its kernel parameters and penalty factor, so choosing appropriate parameters is the key to
improving the prediction accuracy. At present, there are a lot of parameter optimization algorithms.
For example, Zhou and Lu used the genetic algorithm (GA) to select features and optimize the SVM
parameters to improve the prediction accuracy of a hospitalization expense model [14]. Wang and
Guan used the particle swarm optimization algorithm optimized support vector machine (PSO-SVM)
classifier to classify the maximum tensile shear strength of spot-welded joints; the results showed that
the PSO-SVM classifier had a good accuracy [15]. The PSO-SVM based on adaptive mutation was
used to classify the increased volume and complexity of flow cytometry (FCM) data by Wang [16].
Liu proposed a short-term wind speed forecasting method, which consists of ensemble empirical
mode decomposition (EEMD) for data preprocessing, and an SVM optimized by the cuckoo search
algorithm (CS). The experimental results indicated that the proposed model can not only improve
the forecasting accuracy, but also can be an effective tool in assisting the management of wind power
plants [17]. A new cuckoo search algorithm based on a chaotic catfish effect optimization of the SVM
was proposed by He and Xia, who applied it to oil layer recognition [18]. Dai and Niu proposed a
SVM optimization based on differential evolution and the grey wolf optimization (DE-GWO-SVM)
algorithm to predict power grid investment, which proved that the DE-GWO-SVM model had strong
generalization capacity and had a good prediction effect on power grid investment forecasting in
China [19].

The CSO algorithm, known as a novel nature-inspired algorithm, was proposed by Meng Xianbing
in 2014 [20]. CSO is a stochastic optimization method based on the search behavior of the chicken,
which simulates the hierarchy order and the behaviors of a chicken swarm. The chicken swarm is
divided into subgroups, and each subgroup consists of chicks, some hens, and a rooster. There is
competition between subgroups, that is to say, there is a global optimization result. However, in the
paper [18], it was indicated that CSO easily falls into a local optimum, and its progress and speed are
greatly influenced by initial values. To this end, an ICSO is proposed. In the ICSO algorithm, a position
update equation was added the chicks’ learning from the rooster, and learning factors of the chicks
were introduced. The convergence accuracy of ICSO is improved, and the ICSO algorithm can easily
jump out of the local optimal [21]. The ICSO algorithm has been applied variously in many fields.
In Reference [22], the ICSO algorithm was applied in tracking control of the maximum power point
of a photovoltaic system. Liang and Wang employed an ICSO algorithm to improve the efficiency
of synthetic aperture radar (SAR) image segmentation [23] and so on. However, no paper has yet
reported on the application of ICSO algorithm in gas detection.

Based on the above research, this paper proposes a prediction model for methane based on
ICSO and SVM. The methane concentration is predicted by SVM, and the ICSO is used to optimize
the penalty factor and kernel parameters of SVM. To validate the performance of ICSO-SVM model,
the parameters of SVM were also optimized by CSO, GA, and PSO. This paper is organized as follows:
Section 2 introduces the methodology, including the SVM, CSO, and ICSO algorithms, and proposes
the ICSO-SVM forecasting model. Section 3 gives a brief introduction to the evaluation criteria for
forecasting performance. The experiment device and its performance analysis are introduced in
Section 4. In Section 5, the results and the superiority of the ICSO-optimized SVM are discussed,
using comparisons with the CSO-, GA-, and PSO-optimized SVM. Finally, Section 6 summarizes
this paper.
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2. Methodology

2.1. SVM

The SVM was proposed by Vapnik in 1995 [24,25]. SVM, as a machine learning method, is
effective for small samples, nonlinear, high dimensional, etc. SVM is developed from solving linear
problems; it can construct an optimal hyperplane under the condition of linear and divisible. However,
in practical applications, most problems are nonlinear. Therefore, the nonlinear input data map to a
high-dimensional feature space. For example, given a set of array lengths n, which belong to R¥:

(1, 1), (%2, ¥2), .-, (X, yn)xi € Rd,yi e{-1,+1},i=1,...,n 1)

where x; € RY are input training samples, y; are training samples, and d is dimension.

If the samples are separable, there is a classification hyperplane that separates the two types of
samples. Crosses and open circles represent two types of samples in Figure 1, respectively. The nearest
points to the classified hyperplane are named the support vector. H is a classification hyperplane.
Hyperplanes H; and H; are linked to two types of support vectors and are parallel to H. The distance
between H; and H is equal to the distance between H, and H. The distance between H; and H; is
called the classification interval.

Support vectors

vt

Figure 1. Optimization classification of a hyperplane under a linear condition.
A hyperplane divides the data into two categories, as follows:

{ (wx;))+b=0, y=+1 @

(wx;))+b<0, yi=-1

where w is the vector of the hyperplane, x is the input vector of the training set, and b is the constant
term of the hyperplane. A hyperplane over two types of sample support vector is defined as:

(wx;) +b = +1 )
(wx;)+b=-1
The interval d between hyperplanes H; and H, can be obtained from Equation (3):
2
d=— 4
w0l ©)
The regression function of classification of the hyperplane is defined as:
f(x) = (wx) +b,weR)beR 5)
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The optimal hyperplane has a maximum margin between two classes. The optimal hyperplane
problem is transformed into solving the quadratic optimization, and the slack variable is introduced [26].
The quadratic form can be represented as:

min3|fw]|? + CZ &i4&

Yi— (wxi) = b<8+£, 6)
st (wxi) +b-yi<e+ &
&, &7 20

where &;, élf are relaxation factors, C is the penalty factor, ¢ is the insensitivity coefficient, and s.t.
is constraint.

Due to the complexity of the calculations of the quadratic optimization, the Equation (6) is
transformed into a dual problem with Lagrange duality theory, as Equation (7) and (8)

n
umasﬂﬂwmﬁv:amW+c§&+a
P

—i ai[(wx;) +b—y; + € + &
e (7)
=Y, a@yi— (wx;) =b + e + &

i=1

Zéw@+ﬁ@

where «;, a;*, B;, Bi* are all Lagrange multipliers.

max—ezl](alJra 1)+ Zl: yi(ai—a?)

1

l
_%”2:1(“1 0‘ ])(xl x]) ®)

=0

\M~

a,, a;€[0,C]
The expression of f(x) in Equation (5) is expressed as:

1

fx) =) Bilxix) +b ©

i=1

Bi is non-support vector. When the data set is certain, f; = 0. The f(x) is represented by the

remaining support vectors as:
xX) = Z Bi(xix) +b (10)
ieN
where N is a subset of the input data set. For a particular problem, a model for this problem can be
determined by a subset of given data. When the problem is nonlinear, Equation (10) cannot accurately
represent f(x). The nonlinear input data map to a high-dimensional feature space using nonlinear
mapping ®(x). In order to reduce the amount of calculation involved, the inner product operation of
the high-dimensional feature space is converted into a function transport of the input space by using
the kernel function K(x;, x).
K(xi,xj) = (@(x;)-P(x;))) (11

190



Appl. Sci. 2019, 9, 1761

The expression of f(x) of Equation (10) can be expressed as:

f@) =Y BiK(x,x) +b (12)

ieN
Common kernel functions include the linear kernel function, polynomial kernel function, sigmoid
kernel function, and Gaussian radical kernel function. The Gaussian radical kernel function is better
for problems with less a priori information [20]. The expression of the Gaussian radical kernel function

is expressed as:
[ x,-||2]

212 (13)

K(x;, %) = exp[

where 7 is the radius of radial basis kernel function, and g = 212 is the kernel parameter.
The values of g and penalty factor C heavily affect the performance of SVM. The ICSO algorithm

is intended to optimize the parameters of SVM rather than relying on random selection.

2.2. Chicken Swarm Optimization Algorithm (CSO)

The CSO algorithm is a kind of bionic random search algorithm, which imitates the foraging
behaviors of a chicken swarm. The CSO algorithm consists of several subgroups. Each subgroup
consists of a rooster, some hens, and several chicks. The roosters have the best fitness value, and the
chicks have the worst fitness value. The position of each individual (roosters, hens, and chicks)
represents a solution of the problem. The rooster has the best search ability compared to hens and
chicks in each subgroup.

The rooster is a leader of the subgroup, with its position update equation defined by the following:

xj(t+1) = x;5() - (1+ @(0,0%)) (14)
62 { 1Ifir < fkr (15)
= fkvffir
o ferk)

where x;(t + 1) is the position of the rooster at the time ¢ + 1. x; j(t) is the position of at the time ¢. 7 is
the subgroup number, j is the rooster index, (0, 02) is the Gaussian distribution with zero mean and
standard deviation o. f;- and fj, are the fitness value of rooster, which is randomly selected (k # i). ¢ is
the smallest constant that is not equal to 0.

The hens follow the rooster when foraging, so their position is affected by roosters in both the
same subgroup and other subgroups. Hens’ position update equation is as follows:

x;,j(t+1) = x;;(t) + Cy - rand - (xrl,j(t) - xi/j(t)) + Cy - rand - (x,z,j(t) - xi,j(t)) (16)
Cr = exp((fin = frn)/ (abs(fi + €))) (17)
Co = exp((fr, — 1)) (18)

where rand is a random number over [0, 1]. f;1 is the fitness value of the r;th rooster, which belongs to
the same subgroup as the ith hen. r; is an index of chicken (rooster or hen), which is randomly selected
and not equal to ;. C; and C, are the weight of the same subgroup and a different subgroup to the
hen, respectively.

The chicks follow their mothers when foraging; their position update equation is as follows:

Xi/]'(t + 1) = xilj(t) +F- (xmlj(t) - x,'lj(t)) (19)

where x;,; is the position of the ith chick’s mother. F (F € [0, 2]) is a following coefficient, which means
that the chick will follow its mother to go foraging.
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2.3. Improved Chicken Swarm Optimization (ICSO)

In the swarm, the chicks will follow their mother hen when foraging. The chicks have the worst
foraging, and have the smallest foraging range—that is to say, the chicks have the worst global search
ability. In the CSO algorithm, the number of hens is the largest. Therefore, the search ability of hens
has a great influence on the convergence of the CSO algorithm. From Equation (16), we can see that
the position of hens is affected by roosters in the same subgroup and other subgroups, and hens
have no self-learning ability. The roosters fall into the local optimum, which results in the hens and
chicks falling into the local optimum and affecting the convergence of the whole algorithm. In the
Improve Chicken Swarm Optimization (ICSO) algorithm, learning factors C3 and C, are introduced to
the chicks’ position equation to solve the above problem. The chicks’ position is not just about the
rooster of same subgroup, but the roosters of other subgroups. The chicks’ position update equation is
modified as follows:

X j(t4+1) = x;(t) + F- (xm,j(t) - xi,j(f)) +C3- (xr3,j(t) - xi,j(t)) +Cy- (xr4,j(t) - xi,j(t)) (20)

where C3 and Cy4 are constants, which are learning factors by which the chicks follow roosters of the
same subgroup and other subgroups, respectively. x,3 is position of the rooster in same subgroup as
the chicks. x4 is position of the rooster in other subgroups.

2.4. ICSO Optimized SVM Model
The steps of ICSO optimized SVM are as follows:

(1) Parameter setting. The population size pop: namely, the number of chickens (roosters, hens, and
chicks). The maximum number of iterations M: the chickens finish their forage after repeating
their search procedure M times. Reconstruction coefficient G: the role assignment of chickens
and the subgroup divisions will be done every G times. The numbers of roosters is denoted as
RP, hens are HP, mother hens are MP, and chicks are CP. The values of the learning factors are
denoted as C3 and Cy4. The penalty factor C and the kernel parameter g are set within a range.

(2) Calculate the best fitness of the individuals, and find the optimum position according to the value
of their fitness. Initialize the personal best position p best and the global best position g best.
Initialize the current iteration number ¢ = 1.

(3) If t% G =1, rank the fitness of chickens and sort chickens according to their fitness values in
descending order. Select the chickens with the best fitness values as roosters. Those chickens with
the worst fitness values are chicks, and the other chickens are hens. The chickens are divided into
subgroups, the number of subgroups equals to the number of roosters. The hens and chicks are
randomly assigned. The hens are assigned randomly as the chicks” mothers, and chicks are in the
same subgroup as their mothers.

(4) Update the position of each chicken with Equations (14), (16), and (20), and recalculate the fitness
values of the chickens. Update the value of p best and g best.

(5) Repeat steps (3) and (4) until the iteration stop condition is reached, and output the optimum value.

3. Performance Evaluation Criterion

For the spectral data of methane with large variations, pretreatment should be done before training.
Experimental data were given normalized treatment as follows:

y= _— 1)

where x is the raw data, y is the processed data, and x, y € R”. Xpjn = min (x). Xmax = max (x). The
fluctuation range of processed datais 0-1,and y; € [0,1],i=1,2,... n.
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The mean squared error (MSE), relative error (RE), and the recovery rate () were used to evaluate
the predictive effect of the model. Their values can be computed as follows:

N 2
2(v; - 1)
_ 1
MSE = +—— 22)
Vi
r= 2L x100% 23)
Yi
!y,
RE = % 100% (24)

1

where y; is the true concentration value, y;’ is the predicted concentration value, and N is the numbers
of the sample set.

4. Introduction of Datasets

The experiment was carried out using the methane detection system shown in Figure 2. Based on
the infrared spectrum absorption characterization of methane gas, the long optical distance differential
absorption method for methane detection was studied. The system is mainly composed of light source,
filter system, double-chamber, signal collector, and a processing part.

/" Air chambers ",

13___module K X
o 165 Signal processing
Light source module { module
/ I Low
10 > i} noise Dala.
12 17 amplifier processing

21,
> 2ZIpD
19| N

Figure 2. Structural diagram of methane gas detection system. 1—super light emitting diode light
source; 2—condensing mirror; 3, 9—slit; 4, 8, 11—plane mirror; 5—collimator; 6—grating; 7—focus
lens; 10—beam splitter; 12, 16, 18, 22—gradient index lens; 13, 14, 19, 20—spherical mirror; 15, 21—air
inlet; 17, 23—air outlet.

The light source uses a super light emitting diode (SLED). The power spectrum of the SLED was
obtained using the steady-state spectrograph (AQ6317C, YOKOGAWA, Tokyo, Japan), as shown in
Figure 3. The filter system uses slits, a collimator, a grating, a focus lens, and plane mirrors to obtain
the necessary experimental monochrome. The chamber consists of two parts: reference chamber I and
test chamber II. The length of chambers is 0.9 m. Reference chamber I is filled with nitrogen, and the
test chamber II. Is filled with the target gas (methane). As shown in Figure 2, the effective optical
path can be extended to 2.7 m because the light was reflected twice in chamber. Light from the light
source is scattered in the air inlet of the chamber, therefore, a graduated refractive index (GRIN) rod
lens is placed at the inlet and outlet of the chamber. The pigtail of the GRIN rod lens is fused with
transmission optical fiber.
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Figure 3. The power spectrum of SLED.

Nitrogen was used as the diluting gas to create concentration standards of methane gas.
Concentrations of methane at 2000 ppm, 3000 ppm, 4000 ppm, 5000 ppm, 6000 ppm, 7000 ppm,
8000 ppm, 9000 ppm, 10,000 ppm, 11,000 ppm, 12,000 ppm, 13,000 ppm, 14,000 ppm, 15,000 ppm,
16,000 ppm, 17,000 ppm, 18,000 ppm, 19,000 ppm, and 20,000 ppm were prepared. For each
concentration of gas, we made three repeated measurements. The measurement results are shown
in Table 1. Table 1 reveals that the maximum measuring error was 0.045, and the average error was
0.0075. The four-concentration absorption spectra of methane are shown in Figure 4. The linear
relationship between optical power and methane concentration is shown in Figure 5. The linear
correlation coefficient is 0.9888, and the linear equation is y = —0.2344 x — 41.41.

From the experimental results, we can see that the methane detection system shown in Figure 2 can
be used to detect methane. The data sets in this paper were obtained from the above detection system.
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Figure 4. Spectra of four concentrations of methane gas.
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Figure 5. Linear relationship between optical power and methane concentration.

Table 1. Methane gas test results and relative errors.

Detectable Concentration/ppm

Standard Ci ion of Mett 'ppm 1 2 3 Average Concentrations/ppm Relative Error
2000 2100 2010 2150 2090 0.0450
4000 3900 4070 3870 3970 -0.0075
6000 6110 6030 5900 6010 0.0017
8000 8060 8270 8100 8140 0.0175

10,000 10,110 9770 9960 9950 —0.0050
12,000 12,120 11,970 12,010 12,030 0.0025
14,000 14,240 14,170 14,050 14,150 0.0107
16,000 16,300 16,110 16,250 16,220 0.0138
18,000 17,950 17,870 18,130 17,980 —0.0011
20,000 19,860 19,930 20,020 19,940 —0.0030

5. Results and Analysis

The Windows 7 Ultimate operating system was used to perform the experiments. The specific
version of the software used to conduct the proposed model was Matlab2014a. The details of the
hardware are as follows: Intel(R) Core (TM) i3-4160 CPU (Fourth Generation Standard Edition,
Intel Corporation, Santa Clara, CA, USA and 2014), and 4 GB RAM. The effectiveness and superiority
of our method were verified through the following aspects.

The results of the ICSO algorithm were compared with the CSO, PSO, and GA algorithms.

5.1. Parameter Setting and Analysis

In this subsection, we give all parameter settings used in this paper and focus on analyzing some
parameters used in our method.

The parameters settings and analysis of ICSO, CSO, PSO, and GA are given after experimental
verification, as follows:

First, considering that the population size pop and the iterations M were small, it was difficult to
converge to a global optimum. If their values are too large, it will take much time. We set their values
to be 100 and 100, respectively, after experimental verification, and set the cross-validation value to be
3. Other parameters of the four algorithms are listed in Table 2. The four algorithms ran independently,
and the average convergence curve obtained is shown in Figures 6-9.

As can be seen from Figures 6-9, the ICSO algorithm found the optimal fitness value after the 4th
iteration, CSO after the 9th iteration, GA after about the 10th iteration, and PSO after about the 13th
iteration. The average fitness value of the ICSO algorithm began to converge after the 21st iteration,
the CSO after about the 22th iteration, and the GA after the 9th iteration, but it did not converge to the
optimal fitness. The average fitness value of PSO stabilized at the 3rd iteration, but it has a large gap
between the average fitness curve and optimal fitness curve.

195



Appl. Sci. 2019, 9, 1761

According to the above results, the ICSO algorithm is the fastest algorithm that is convergent to a
global optimum solution to solve optimization problems. The CSO algorithm is also convergent to a
global optimum solution, but the convergence speed is slower. The GA and PSO algorithms cannot
converge to the global optimum. Comprehensive comparison shows that the convergence effect of the

ICSO algorithm is the best.

Table 2. The parameters of the four algorithms.

The Algorithms Parameters
GA! C€10.1,1000], g € [0.001, 100]
PSO 2 C1=15C=17,w=0.7Ce[0.1,1000], g € [0.001, 100]
Ccso? RP = 0.15* pop, HP = 0.7 * pop, MP = 0.5 * HP, CP = pop — RP — HP — MP, G = 10, C € [0.1, 1000], g € [0.001, 100]
1CsO 4 RP =0.15* pop, HP = 0.7 * pop, MP = 0.5 * HP, CP = pop — RP — HP — MP, G =10, C € [0.1, 1000], g € [0.001, 100]

! genetic algorithm; 2 particle swarm optimization algorithm;  chicken swarm optimization algorithm; * improved

chicken swarm optimization algorithm.

fitness value

Figure 6. The fitness curve of improved chicken swarm optimization algorithm.
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Figure 7. The fitness curve of chicken swarm optimization algorithm.
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fitness curve MSE [GAmethod]
(termination generation = 100, pop = 100)
best ¢ = 197.8933 g = 0.042675 CVmse = 0.012321

optimal fitness value

—6— average fitness value

fitness value

evolution generations
Figure 8. The fitness curve of genetic algorithm.

fitness curve MSE[PSOmethod]
(cl = 1.5, ¢2 =1.7,termination generation = 100, pop = 100)
Best ¢ =553.1298 g = 0.057634 CVmse = 0.012602
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Figure 9. The fitness curve of particle swarm optimization algorithm.

5.2. Prediction Results

In our experiment, there were 40 concentrations (1000 ppm—40,000 ppm) of methane. We randomly
split the dataset into 80% training and 20% test sets. In other words, 32 samples were selected for
training the classifiers, while the rest of the samples were used to test the model. The training set and
testing set were randomly selected from the whole dataset. We repeated the train-test procedure five
times with four models (ICSO-SVM, CSO-SVM, GA-SVM, and PSO-SVM), and calculated the mean
value. The predicted results of the four models are shown in Table 3.

In order to analyze the performances of four models clearly, we calculated the relative error
percentages of the four models, as shown in Figure 10.

As shown in Figure 10, the fluctuations of the ICSO-SVM and CSO-SVM relative error lines are
stable, while the GA-SVM and PSO-SVM relative error lines are volatile. The maximum relative error
percentage of the ICSO-SVM model was 4%, which is obviously lower than the other three models.
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Table 3. The predicted results of the four models.

Samples Number Ture Value/ppm ICSO-SVM/ppm CSO-SVM/ppm GA-SVM/ppm  PSO-SVM/ppm

1 2000 2300 2300 2600 2800

2 7000 6900 7200 7400 7700

3 11,000 11,300 11,500 11,800 11,800
4 14,000 14,100 14,200 13,700 13,600
5 19,000 18,800 18,900 18,600 18,700
6 26,000 26,200 26,200 26,400 26,700
7 31,000 31,200 31,300 30,700 30,700
8 38,000 37,900 37,900 38,300 38,200

relative error percentage/%
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Figure 10. The relative error percentage for 8test samples.

To eliminate bias in the test results, we repeated this train—test procedure 50 times with different
random splits. We then averaged the recovery of each test to get the recovery rate and the mean
squared error for each model.

The recovery rate can be calculated with Equation (23), and the mean squared error with Equation
(22). The recovery rates for 50 repetitions of the four models are shown in Figures 11-14. The recovery
rates and the mean squared errors of ICSO-SVM, CSO-SVM, GA-SVM, and PSO-SVM models are
shown in Table 4.
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Figure 11. The recovery rate of ICSO-SVM.
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Figure 12. The recovery rate of CSO-SVM.
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Table 4. The recovery rates and the mean squared errors of four models.
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model within [75, 120]. The results of the stability study showed that the ICSO-SVM model has better
stability. From Table 4, the four models could be indexed on their average recovery rate, as follows:
ICSO-SVM > CSO-SVM > GA-SVM > PSO-SVM. The four models could also be indexed on their
average mean squared error, as follows: ICSO-SVM > CSO-SVM > PSO-SVM > GA-SVM. The results
from the experiments indicate that the ICSO-SVM has the best prediction performance.

6. Conclusions

In order to detect the concentration of methane accurately, the support vector machine optimized
by improved chicken swarm optimization (ICSO-SVM) was used in this paper. First, the data were
obtained by the methane detecting system. Next, in order to verify the validity of the ICSO-SVM
model for predicting methane, CSO-SVM, GA-SVM, and PSO-SVM were used for comparison.

This study draws the following conclusions:

(1) The mean squared error was adopted as the fitness function of the models. The experimental
results show that the ICSO algorithm more easily finds a global optimum, and can converge
more stably than the other three algorithms. The results also show that the ICSO algorithm has
satisfactory convergence, and that it is effective for the improvement of the CSO algorithm.

(2) The samples were randomly selected from the whole dataset. The train-test procedure was
repeated five times with four models. Compared with the other three optimization algorithms,
the prediction values and predicted average relative error percentage of the ICSO-SVM model are
obviously superior.

(3) From the 50 train—test repeats experiment, we can see that the recovery rate of ICSO-SVM model
shows better stability than other three models. The average recovery rates of ICSO-SVM, CSO-SVM,
GA-5VM, and PSO-SVM were 101.23, 103.15, 113.58, and 125.61, respectively. The average mean
squared errors of the four models were 1.12 X 1075, 1.23 x 107>, 3.56 x 107, and 3.22 x 107>,
respectively. These experimental results verify the feasibility and validity of ICSO-SVM for
predicting the concentration of methane.

These are initial steps. Further research should focus on integrating the detection system
and algorithm into methane detection equipment, meaning it would be possible to detect methane
concentration and obtain a concentration value quickly. Finally, the equipment should be tested at in
civil, ambient, and industrial spaces.
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Abstract: For the detection of deep-sea natural gas hydrates, it is very important to accurately detect
the 13CO,/12CO, isotope ratio of dissolved gas in seawater. In this paper, a 3CO,/'2CO; isotope ratio
sensor is investigated, which uses a tunable diode laser absorption spectroscopy (TDLAS) technique
at 4.3 um. The proposed sensor consists of a mid-infrared interband cascade laser (ICL) operating in
continuous wave mode, a long optical path multi-pass gas cell (MPGC) of 24 m, and a mid-infrared
mercury cadmium telluride (MCT) detector. Aiming at the problem of the strong absorption intensity
of the two absorption lines of 13CO, and >CO, being affected by temperature, a high-precision
temperature control system for the MPGC was fabricated. Five different concentrations of CO, gas
were configured to calibrate the sensor, and the response linearity could reach 0.9992 for 2CO, and
0.9996 for '3CO,. The data show that the carbon isotope measurement precision was assessed to be
0.0139%0 when the integration time was 92 s and the optical path length was 24 m. The sensor is
combined with a gas-liquid separator to detect the 13CO,/>CO, isotope ratio of CO, gas extracted
from water. Results validate the reported sensor system’s potential application in deep-sea natural
gas hydrate exploration.

Keywords: deep-sea natural gas hydrate exploration; '3CO,/"?CO, isotope ratio detection;
TDLAS technique; mid-infrared ICL

1. Introduction

Natural gas hydrates (NGHs) are formed on the seabed under low-temperature and high-pressure
conditions [1]. Compared to traditional energy, such as coal and petroleum, NGHs as an alternative
energy source have the characteristics of clean, high-efficiency, and abundant reserves. To accelerate
the utilization rate of NGHs, many efforts were made in the exploration of such energy sources, and the
most important thing is to accurately identify the distribution area. Stable isotope compositions of
volatiles bound in the formation of NGHs are due to physical processes and chemical reactions [2,3].
Therefore, the isotope compositions can be used to identify and even quantitatively analyze the source
or settlement position of NGHs.

At present, a very effective method for detecting deep-sea natural gas hydrate is measuring the
gas dissolved in the seawater. The type of gas measured mainly includes carbon dioxide (CO;) and its
carbon isotope ratio. So far, high-precision chemical element measured methods mainly include mass
spectrometry [4], chromatography [5], flame ionization [6], etc. However, these detection methods
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are complex in structure and poor in long-term measurement stability, which are not suitable for
detection in a complex seabed environment. Recently, the tunable diode laser absorption spectroscopy
(TDLAS) [7-11] technique was applied in many non-contact gas detection applications, such as
environmental, industrial, biology, and safety applications, as a consequence of its high sensitivity
and high resolution. In 2006, Lau et al. measured the CO, isotopic ratio under the conditions of 45
Torr and a light path length of 100.9 m using a distributed feedback laser in the absorption spectrum
of 1.6 um, achieving the precision of +1.0%o at 3000 ppm [12]. In 2008, AERODYNE RESEARCH,
Inc. proposed a CO, isotope monitor using a mid-infrared absorption spectroscope with optical
path lengths up to 76 m to achieve 0.10%o precision for §'3C at 1 s [13]. In the same year, Tuzson
described in situ, continuous, and high-precision isotope ratio measurements of atmospheric CO, using
a quantum cascade laser-based absorption spectrometer, and achieved isotope ratios of ambient CO,
with precision of 0.03 at 100 s of integration time [14]. In 2012, Kasyutich illustrated a laser spectrometer
based on a continuous-wave thermoelectrically cooled distributed feedback quantum cascade laser
at 2308 cm™! for the measurement of 1*CO,/"2CO, isotopic ratio changes in exhaled breath samples.
Typical short-term 6'3C precisions of 1.1%o (1 s integration time) and 0.5%o (8 to 12 s integration time)
were estimated from the Allan variance plots of recorded data [15]. In 2018, a vertical cavity surface
emitting laser was utilized by Ghetti et al. in the detection of CO, isotopic ratio collected from exhaled
small samples of CO; (0.1 L) with a resolution of about 0.2% [16]. Although these instruments achieved
good carbon isotope detection performance, they cannot meet the requirement of deep-sea natural gas
hydrate exploration (5'3C of ~0.01%o). Moreover, these sensing systems are bulky, which makes them
unsuitable for CO, gas detection on the seabed with compact requirements.

Compared to state-of-the-art studies, this paper presents the following: (a) a high-precision
detection method for CO; isotopes applied for deep-sea NGHs, (b) a linear optical structure combined
with a multi-pass gas cell (MPGC) to overcome the challenges of a physically compact requirement
for NGH exploration, (c) a high-precision temperature control system for the MPGC to improve the
measurement precision of carbon isotopes, (d) a compact cylinder cell placed between the interband
cascade laser (ICL) and MPGC to remove the interference from CO; in the environment and to improve
the measurement accuracy, and (e) a prototype using a mid-infrared absorption spectroscope capable of
CO;, isotope detection in indoor experiments. In this study, a sensing system capable of highly precise
measurements of the 13C0O,/12CO, isotope ratio of CO; gas separated from seawater was developed.
The TDLAS technique is utilized to detect the carbon isotope absorption line which is located in
the strong spectrum band at 4.2 um. The described sensor utilizes a mid-infrared ICL operating in
continuous wave mode with low-temperature, long-path multi-reflection gas absorption chambers,
and a mid-infrared MCT detector with high responsivity. An indoor experiment was conducted to
verify the work performance and application feasibility of the proposed sensing system.

The remainder of this paper is organized as follows: Section 2 introduces the carbon isotope
detection principle and absorption line selection. Section 3 presents the system design architecture
that includes an optical part and electrical part. In addition, the sensor’s calibration and its response
combined with a gas-liquid separator were determined in an indoor experiment, which is described in
Section 4. Finally, the conclusions and future research prospects of carbon isotopic ratio measurement
are illustrated in Section 5.

2. Carbon Isotope Detection Principle and Absorption Line Selection

2.1. Carbon Isotope Detection Principle

The basic principle of the TDLAS technique for carbon isotope detection is the Beer-Lambert
law [17]. After passing through the MPGC filled with the measured gas, the laser measures the
absorption of specific gas molecules with a given optical path length to obtain the concentration
characteristics of the gas molecules. The Beer-Lambert law can be described by the following formula:
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I (v) = Ip(v)e L, (1)

where Iy(v) is the emitting light intensity of the laser, I;(v) is the light intensity after passing the
measured gas, L is the effective length of the absorption optical path, P is the pressure in the cell, C is
the gas concentration, and «(v) is the molecular absorption coefficient. Then, a(v) can be expressed
as follows:

a(v) =S(T)-g(v-7")-C, 2

where S(T) is the absorption intensity of gas at temperature T, g(v —v’) is the absorption line function
of measured gas, which relates to the concentration C and pressure P of the measured gas, and v’ is the
initial frequency of the energy level transition of gas molecule. To improve the minimum detection
limit (MDL) performance of the sensor, tunable diode laser absorption spectroscopy-wavelength
modulation spectroscopy (TDLAS-WMS) was adopted to eliminate the 1/f noise caused by the ICL or
external environmental disturbances [18]. The time-dependent wavelength of the ICL can be described
as follows:

v =1y + Acos(wt), 3)

where vy is the central frequency of the emitting light, which is determined by the low-frequency
component of the driving signal, and A and w are the amplitude and frequency of the high-frequency
component of the driving signal, respectively. By substituting Equation (3) into Equation (1) and
expanding it in the form of a cosine Fourier series, we get

L(v) = ZAH(U()) cos(nwt), 4)
n=0

where A is the amplitude of each harmonic component, which can be expressed as follows [19]:

Io(v) ~2,,,] -C-L AT d"a(v)

A = .
n(20) n! dv"  jo=v, ©)
According to Equation (5), the amplitude of the second harmonic component is
Ip(v)-C-L d’a
Ap(vp) = —— A% oz l=u- (6)

Based on the above formulas, the second harmonic components at the center frequency reach
maximum values, which are positively proportional to the gas concentration. In summary, TDLAS-WMS
is the optimum choice to analyze the measured gas concentration, which can effectively reduce the 1/f
noise, increase the signal-to-noise ratio, and improve the MDL performance of the sensor [18].

For carbon isotope detection, 6'3C is defined to represent the carbon isotope ratio, shown as
follows [20]:

[13COZ]/[12COZ]

RPDB -
where RPDB is the 13C/12C ratio of Pee Dee Belemnite (PDB), assumed to 0.01124 [21].

The parameters of spectral line absorption intensity are a function of temperature; therefore,
when the temperature of the measured gas changes, it will bring uncertainty to the measurement
results. The reason is that the temperature has different influences on the absorption intensity of the
two pair lines of the carbon isotope. In the detection of isotope §13C values, the effect of temperature
on abundance values can be described by

613C = 1000 x ( 1) , %o, @)

AT -AE

A~ ——
k-B-T?

% 1000%o, 8
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where A0 is the isotope ratio change, AT is the gas temperature change, B is the Boltzmann constant,
k is a constant, T is the absolute temperature, and AE is the low energy level difference between the
two absorption lines.

To reduce the effect of temperature change on carbon isotope detection, it is necessary to select
absorption line pairs with low energy levels as close as possible to each other. In addition, high-stability
temperature control is required for the MPGC.

2.2. Absorption Line Selection

The high-resolution transmission (HITRAN) molecular absorption database is a worldwide
standard for calculating or simulating atmospheric molecular transmission and radiation [22,23].
It covers a wide spectral region from microwave to ultraviolet radiation. In the infrared band,
the absorption spectra mainly comprise vibrational and rotational spectra, and each gas has multiple
absorption bands. The HITRAN absorption spectra of 10 ppmv CO, and 1% H,O at a gas pressure of
20 Torr with a 24-m effective optical path length are depicted in Figure 1.

1.2 Pco,@2315.19em™ =— ——CO, . 10 ppmv
Lo} ——H,0,1%

0.6 -
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Figure 1. The high-resolution transmission (HITRAN) absorption spectra of 10 ppmv CO; and 1%
H,0 at a gas pressure of 20 Torr with a 24-m effective optical path length.

The selection of the absorption line pair of 13CO,/'?CO; is especially critical for obtaining high
sensitivity and precision. The absorption line pair was chosen at 2315.10 cm™! and 2315.36 cm™
with appropriate spacing, as it does not overlap with other chemical substances, such as methane or
sulfuretted hydrogen. The absorption lines are strong, resulting in a better signal-to-noise ratio and
avoiding the need for a larger absorption cell, which is beneficial for the miniaturization of the sensing
system. Due to the similar low energy levels of absorption line pairs, the detected isotopic stability is
less dependent on temperature. In particular, there is no water vapor absorption line between the line
pairs; thus, the sensing system does not need to over-consider the influence of ubiquitous water vapor.

Using the selected absorption line pair, the parameters shown in Equation (8) can be determined
as follows: Boltzmann constant B = 1.328 x 10723 J.K~!, AE = 4.76 x 10> cm™}, k = 1.9865 x 1072 J-cm,
and the target temperature T = 300 K. For the target CO, isotope 6'3C value of 0.6%o, the temperature
change amount AT should be less than 0.127 K. If the calculation of the MDL according to Allan
variance can reach lower than ~0.01%o, it will meet the requirement of deep-sea NGH exploration.
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3. System Configuration

Using the above detection principle, the schematic block diagram and physical image of the
sensing system are shown in Figure 2a,b, respectively.

Temperature
Controller
T
Controller
Current

2 Y
Driver

\ ) x'
_ Electrical Part (Bottom Panel)

Trig Signal
E] RS-485 DSP283 Generator
(RN 35 2f | Lock-in | ]
Amplifier

Electrical Part

Figure 2. (a) Schematic block diagram of the sensing system including an optical part and an electrical
part. (b) Gas sensor physical image including an optical part and an electrical part. MPGC: multi-pass
gas cell; ICL: interband cascade laser; MCT: mercury cadmium telluride.

The sensing system mainly includes an optical part and an electrical part. In the optical part,
a continuous-wave ICL with a thermoelectric cooling function produced by Nanoplus was used as
a luminous source. In order to meet the compact requirements of the sensing system, the physical size
of the MPGC was 20 x 7.6 X 10.5 cm?, and the effective optical path was 24 m. The emitting light of the
ICL enters into the MPGC (custom design multi-pass White type absorption cell) with correct position
and angle, and exits to the mid-infrared MCT detector after 215 reflections in the interior of the MPGC.
The mid-infrared detector (PVI-4TE-5, VIGO, Ozaréw Mazowiecki, Poland) with a thermoelectric
cooling function was manufactured by VIGO Systems.

In the electrical part, a self-fabricated ICL driver and temperature controller were used to replace
commercial instruments, thereby reducing the size and cost of the proposed sensor. A low-power,
high-performance, floating-point digital signal processor (DSP, Texas Instruments, Dallas, TX, USA)
was used as the controller for the sensing system. Under the control of the DSP processor, a triangular
wave signal and a sine wave signal are superimposed by an adder and supplied to a current source
for scanning and modulating the ICL. The signal output from the mid-infrared MCT is demodulated
using a self-developed lock-in amplifier (LIA). The DSP processor uses an analog-to-digital converter
(ADC) to acquire the peak of secondary harmonic signal pairs, and then obtains the 13CO,/'2CO,
isotope ratio according to the calibration curve. A pressure controller (model IQ + Flow, 4 x 3 x 1 cm?)
manufactured by Bronkhorst was used to control the pressure of the MPGC at 20 Torr, while the
micro-DC pump (TOPSFLO, Changsha, China) manufactured by Knf Neuberger was used to extract
the separated gas into the MPGC.

As the absorption coefficient of the selected absorption line pairs to be measured can be affected
by the temperature of CO,, the temperature of CO, directly affects the accuracy and precision of
the sensing system. A high-precision temperature control system for the MPGC was designed and
developed in this paper. The schematic block diagram and physical image are shown in Figure 3a,b.

In terms of hardware in the circuit, a polyimide electrothermal film as a heating device and
a PT1000 platinum resistor with +0.03 °C accuracy (1/10 B Class) as a temperature sensor were used
to form a closed-loop temperature control system. The precision of the temperature measurement
could reach 10 mK. For software, the Ziegier-Nichols method was used to set the values of the three
proportional, integral, and difference parameters (P, I, and D) [24]. Aiming to address the temperature
overshoot caused by the complex structure and slow response of the controlled object, the integral
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separation PID control algorithm was used to rapidly control the temperature and avoid overshoot,
resulting in reliable performance for the 13CO,/'2CO, isotope sensing system.

Hardware Circuit

4
B3

- -4 b

Controlling Circuit

Controller

Figure 3. (a) Schematic block diagram of the temperature control system for the multi-pass gas cell
(MPGC), which includes a controller and hardware circuit. (b) Physical image of the temperature
control system including a PT1000 temperature sensor, flexible heating film, and controlling circuit.

4. Indoor Experiment

4.1. System Operating Temperature Control

The experiment for the MPGC working temperature was conducted to verify the performance of
the investigated temperature control system, and the experimental results are shown in Figure 4.
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Figure 4. The experimental results of the MPGC working temperature with 120 s of control time;
the temperature fluctuation results are inserted.

It can be seen from the above figure that the working temperature of the MPGC reached a stable
state after 15 s with no overshoot. In the stable state, the temperature fluctuation of 0.028 K was
less than 0.127 K. Before the set threshold of working temperature was reached, the PD algorithm
was utilized. Then, the PID algorithm was used during the stable state. As the mentioned integral
separation PID control algorithm was adopted, the working temperature of the MPGC increased
quickly with no overshoot. Thus, the problem of slow recovery following heating overshoot could be
avoided. As we used a polyimide electrothermal film wrapping with a cylindrical MPGC for heating,
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there was still a temperature gradient of 0.17 °C/cm in the radial direction of the MPGC. This is the
main limitation of the sensing system for carbon isotope detection accuracy.

4.2. System Response

Because the sensor uses the TDLAS technique, the signal-to-noise ratio of the output signal is
related to the modulation depth of the laser and the line width of the target gas molecular absorption
line. In general, the optimal modulation coefficient is 2.2, that is, the modulation depth is 2.2 times the
half-width at half-maximum of the absorption line peak. In the measurement, because the widths of
the absorption spectral lines of 13CO, and ?CO, s were not consistent, the tradeoff modulation depth
was 0.3 mA.

In the sensing system response experiment, the waveform of the second harmonic signal could
be obtained by subtracting the background signal represented by the non-absorbent wing. Then,
the relationship between the peak value of second harmonic signal and the carbon line pairs could
be obtained. The second harmonic signals obtained from five different concentrations (20, 30, 40, 50,
and 60 ppm) are shown in Figure 5.
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Figure 5. Second harmonic signals with the background absorption removed, obtained from five
different concentrations (20, 30, 40, 50, and 60 ppm).

As shown in the above figure, five different concentrations of CO, gas were separately arranged
using a gas dilution system with a concentration accuracy of +1% (Environics, 4040); they were
sequentially detected by the proposed carbon isotope sensing system. The peak value of the harmonic
signal corresponding to different concentrations of 3CO, and '>COj, can be acquired to calculate the
carbon isotope ratio R'3.

4.3. System Calibration

In order to accurately measure carbon isotopes, it is necessary to calibrate the sensing system
using known concentrations of gas. The five different concentrations of CO, (20 ppm, 30 ppm, 40 ppm,
50 ppm, and 60 ppm) configured above were pumped into the MPGC with 5 min of measurement and
a constant pressure of 20 Torr. The peak values of the second harmonic signal of '3CO, and 2CO, are
shown in Figure 6.
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Figure 6. Peak values of the second harmonic signal of 13CO, and 12CO; for five different concentration
levels of 20 ppm, 30 ppm, 40 ppm, 50 ppm, and 60 ppm.

The five datasets were averaged firstly, and then the relationship between the average voltage
and calibration concentration was obtained, as shown in Figure 7.
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Figure 7. Measured concentration data points and linear fitting curves of the CO, concentration versus
2f amplitude value.

In Figure 7, the blue data points indicate the relationship between peak values of the second
harmonic signal of 12CO, and the corresponding concentration. On the other hand, the red data
points indicate the relationship between peak values of the second harmonic signal of '3CO, and
the corresponding concentration. Using the acquired data, we can obtain the following formulas via
zero-crossing linear fitting:

12C0O, = 0.16 x max2f(12CO,) - 1.60, 9)

13C0O, = 0.002 x max2f(13CO,) - 0.128, (10)
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where max2f(12C) and max2f(*3C) are the peak values of the second harmonic signals of 1*CO, and
12CO,, respectively. The values of zero crossing shown in Equations (9) and (10) were —1.60 for 12CO,
and —0.128 for '3CO,, respectively. As the output response of the sensor was calibrated by linear
fitting, the response linearity could reach 0.9992 for 12C0O, and 0.9996 for 13CO,, as shown in Figure 7.
Calibrated errors were inevitably introduced to the equations. For 12CO,, the range of calibrated error
was between 12.5% and 4.94%. The calibration error decreased with the increase in concentration.
For 13CO,, the range of calibrated error was between 10.3% and 8.25%. In addition, with the increase
in concentration, the calibrated error decreased, and the trend was consistent with that of 12CO,.
The above two formulas can calculate the 13CO, and >CO, concentration by deriving the peak values
of the second harmonic signal; thus, the carbon isotope ratio can be obtained accurately.

The stability of the pressure control could reach ~0.2%, and the precision could reach +0.04 Torr.
The stability and precision of the pressure control affects the measurement performance of the sensing
system. The static gas distribution mode, which closes the valves at the front and back ends of the
MPGC (sealing the MPGC) when the gas pressure in the MPGC reaches the target value, was adopted
to stabilize the gas pressure and reduce calibration error.

4.4. Carbon Isotope Measurement Precision

Based on the selected absorption spectrum lines of 13CO,/'>COj,, the MDL concentration of the
carbon isotope could reach sub-ppmv levels. Thus, the obtained performance can fully meet the
requirements of NGH exploration, where the background value of CO, concentration in seawater
is several hundred ppmv. When measuring the isotope ratio of 13CO,/'2CO,, the measured data
drift over time. To test the measurement precision and long-term stability of the sensing system,
a configured concentration of 500 ppmv CO, was pumped into the MPGC. The Allen variance §'3C
calculated from the measured data is shown in Figure 8.
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Figure 8. Long-term measurement of a configured concentration of 500 ppmv CO, and the measured
Allan deviation analysis 3§ based on the data.

The experiment results show that the precision was 0.610%o with an integral time of 1 s. Moreover,
when the integral time was increased to 92 s, the corresponding precision could be significantly reduced
to 0.0139%o. Since white noise was the main component before 92 s, the precision decreased along
with the increase in integral time. After 92 s, drift became the dominant source of noise, and the
precision began increasing. The green dashed line in the figure describes the theoretical expectation of
the system response when white noise plays a dominant role.
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4.5. Working Performance with Gas—Liquid Separator

In order to test the measurement performance of the 13C0,/12C0O, isotope ratio of CO, gas
extracted from water, an experiment using the proposed sensing system connected with a gas-liquid
separator was conducted. The schematic block diagram of the system configuration and the physical
image are shown in Figure 9a,b.

Gas-liquid Flow
separator controller

13COZ/'ZCOZ isotopic Pressure
ratio sensor controller

Figure 9. (a) Schematic block diagram of system configuration, and (b) physical image of the sensing
system for deployment in the detection of dissolved CO; in water assisted by a gas-liquid separator

and carrier gas.

Using the gas-liquid separator, the dissolved CO; gas in the water was separated but had limited
degassing quality. In order to meet the gas pressure requirement of 20 Torr in the MPGC, N, was used
as a supplementary gas. In the experiment, two flow controllers were used to control the flow rate of
the dissolved CO, gas and Ny, at 2.5 sccm and 177.5 sccm, respectively. The separated CO, and the N,
carrier gas formed the mixed gas that was pumped into the MPGC with two hours of measurement.
The measured data are described in Figure 10.
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Figure 10. Carbon isotope measurement of mixed gas including the separated CO, and the N carrier

gas with two hours of measurement.

In two hours of testing, the carbon isotope ratio of the CO, gas separated from water was between
—8.351%o0 and —9.736%o, and the average value was —9.081%o; the largest fluctuation was 0.73%o,
and the standard deviation was as low as 0.2%o [25]. Since N carrier gas with a purity of 99.99%
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contained CO; in the order of ppm, the carbon isotope ratio was constant. During the long-term
experiment, there was a flow velocity fluctuation between the gas separated by the gas-liquid separator
and the pure N, carrier gas, which resulted in fluctuations of the carbon isotope ratio. The drift noise
of the sensing system was not shown here.

However, these measurements were conducted using a continuous-wave mid-infrared ICL,
a compact MPGC, a mid-infrared MCT detector, and optical and electrical components being exposed
to air. Here, it should be noted that there is no sequestration of CO, in exhaled air. The performances of
the accuracy and precision of carbon isotope measurements were worse than the results achieved in the
experimental measurement using a configured concentration of CO,. We expect that the accuracy and
precision of the 6'3C measurements performed in this work can be improved by adopting a cylinder
cavity to seal the entire sensing system with pure nitrogen. In addition, as the temperature gradient
exists in the radial direction and axial direction of the MPGC, the accuracy and precision of carbon
isotope measurement deteriorated. A smaller MPGC with the same effective optical path length will
be investigated, and the effect of the temperature gradient will be reduced. It is, therefore, expected
that an improvement of the accuracy and precision can be achieved.

5. Discussion and Conclusions

In this paper, we reported the design and performance of a 13CO,/'?CO, isotope ratio sensor based
on the TDLAS technique. The sensing system consisted of a mid-infrared ICL, a mid-infrared MCT
detector, and an MPGC with a physical size of 20 x 7.6 x 10.5 cm?. The ICL with a center wavelength
of 4.3 um covered the carbon isotope absorption line pairs located at 2314.36 cm™! and 2315.10 cm™.
In order to achieve high-precision measurements of carbon isotope ratio, a high-precision temperature
control system for MPGC was fabricated. In the indoor experiment, the response linearity of the
proposed system reached 0.9996%, and the MDL was as low as 0.0139%o0 when the integration time
was 92 s. Finally, the sensor was combined with a gas-liquid separator to measure the 13CO,/2CO,
isotope ratio of CO; gas extracted from water. In conclusion, although the performance of the proposed
sensor can meet the requirements of NGH exploration, this was only achieved in laboratory conditions,
which suggests the proposed prototype of the 13C0O,/'2CO, isotope sensor has potential application
in deep-sea natural gas hydrate exploration. Further research is needed before the sensors can really
be applied in NGH exploration. In terms of measurement technique, as 2f/1f WMS technique had
a negligible absorption-independent background and was immune to the absorption-independent
systematic losses. Thus, the 2f/1f WMS technique is a possible approach to reduce noise from mechanical
vibration and to make the sensor more robust when applied in NGH exploration. In terms of sensors,
cooling devices, antistatic devices, and shock absorption/isolation devices should be investigated.
In terms of loading equipment, a cylindrical deep-sea hull that can withstand tens of mega-pascals on
the sea floor is needed, as well as a mechanical fastening device and electrical interface cable.

Compared with the high-precision carbon isotope measured methods of mass spectrometry,
although the mass spectrometer can achieve MDL of ppt level for single chemical elements and ppm
level for isotopes, the requirements of a high vacuum and high stability make it more suitable for
ultra-high-performance detection in a laboratory environment, whereas it is not suitable for application
in complex environments. For chromatographic analysis, its advantages lie in the detection of a variety
of chemical components, and the MDL can reach to ppm level; however, it seems inadequate to
meet the MDL requirement of ppb level. As far as flame ionization is concerned, it is responsive to
almost all organic materials, and the response is proportional to the number of carbon atoms; however,
it is insensitive to inorganic substances such as CO,, H,O, CS,, etc. Based on the above discussion,
the mid-infrared TDLAS technique can realize the MDL of ppb level for single gas components, as well
as tens of ppm for isotopes, and it can be applied in complex environments.

In many practical applications, the ICL is subjected to low-frequency environmental perturbations
such as thermal fluctuations and mechanical vibrations, resulting in the laser wavelength fluctuating
slightly. A laser wavelength locking (LWL) technique is required to keep the operating point of the ICL
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constant, thereby reducing the fluctuation. Thus, the precision of the proposed sensing system can
be further improved by using the LWL technique, which requires a redesign of the system structure.
The stability of the system can be further improved by adding a damping and waterproof device to
strengthen the antijamming capability.
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Featured Application: Applying to complex industrial environment, TDLAS monitoring with
temperature compensation can come handy.

Abstract: Temperature variations of flue gas have an effect on carbon dioxide (CO,) emissions
monitoring. This paper demonstrates accurate CO, concentration measurement using tunable diode
laser absorption spectroscopy (TDLAS) with temperature compensation methods. A distributed
feedback diode laser at 1579 nm was chosen as the laser source for CO, measurements. A modeled
flue gas was made referring to CO, concentrations of 10-20% and temperatures of 298-338 K in
the exhaust of a power plant. Two temperature compensation methods based on direct absorption
(DA) and wavelength modulation (WMS) are presented to improve the accuracy of the concentration
measurement. The relative standard deviations of DA and WMS measurements of concentration
were reduced from 0.84% and 0.35% to 0.42% and 0.31%, respectively. Our experimental results have
validated the rationality of temperature compensations and can be further applied for high-precision
measurement of gas concentrations in industrial emission monitoring.

Keywords: carbon dioxide monitoring; absorption spectroscopy; temperature compensation;
wavelength modulation

1. Introduction

Carbon dioxide (CO,) is a major component of greenhouse gases. Measurements of CO,
in large emission sources such as coal-fired power plants provide an effective support of carbon
emission statistics. Outlet ducts in power plants provide a challenging detection environment for
gas absorption detection due to the instability and poor timeliness. Compared with the current
spectroscopic techniques such as Fourier transform infrared (FTIR) [1] and non-dispersive infrared
(NDIR) spectroscopy [2], tunable diode laser absorption spectroscopy (TDLAS) with high sensitivity
and short response time [3] offers significant advantages for in situ CO, measurements in the hot,
humid, and dusty environments of power plants. With the rapid advancements in semiconductor laser
industry, TDLAS has been widely applied in different fields such as combustion diagnostics [4-8],
isotopic analysis [9-13], and atmospheric gas detection [14-18]. Because of their exquisite constituents
and compact packaging, as well as low cost, tunable semiconductor diode lasers are nearly the
ideal source for highly-sensitive and highly-spectral-resolved measurements in industrial fields [19].
However, Doppler-broadening at high temperatures alters a larger portion of the integrated absorbance
for a particular transition to the far-wing region. For in-situ CO, measurements in outlet ducts,
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the temperature-varied absorption line intensity leads to measurement error in both direct absorption
(DA) and wavelength modulation spectroscopy (WMS) signals.

Numerous studies have been performed to investigate the influence of temperature variation on
TDLAS measurement. Many of them used spectroscopic parameters such as line intensity [20] from
databases like HITRAN (High Resolution Transmission) or HITEMP (High Temperature Molecular
Spectroscopic). Nevertheless, these databases, which mainly derive from theoretical calculation,
may have some uncertainty while applied in high-temperature measurement. Several of previous
studies [21-25] measured spectral parameters such as line intensity, line position, and broadening
coefficients in a harsh experimental condition. Under a certain range of pressure and temperature,
they employed these spectroscopic parameters for temperature compensation. Empirical corrections
to the temperature dependence of the absorption for CO,-CO,, CO;-N,, and CO,-O; at 193-300 K
and the wavelength near 4.3 um are discussed [26,27]. These corrections are applied via the corrective
shape x-function to the line shape function of individual absorption features. Perrin et al. [28]
continued the studies at 4.3 um to develop a temperature dependent x-function for corrections
of CO,—CO;, and CO,-N; collisions at temperatures up to 800 K. Additionally, Zhang et al. [29]
proposed a 1f ratio method to correct the harmonic signals affected by temperature fluctuations.
They employed a DFB (Distributed Feedback) laser at 760.77 nm to monitor 21% oxygen in the range
of 300900 K and the results showed that the proposed method was effective for minimizing the
influence of temperature changes. Shu et al. [30] introduced a temperature correction coefficient for
HCI concentration using TDLAS at 1.7 pum. Zhang et al. [31] studied the temperature influence on the
detection of ammonia slip based on TDLAS. The empirical formula for temperature compensation was
proposed and the error was reduced to about 5.1%. Qi et al. [32] simulated the process of direct TDLAS
measurement of H,O based on the HITRAN spectra database and gave the temperature correction
curve in atmosphere detection. A temperature correction function was optimized based on open-path
TDLAS for determining ammonia emission rules in soil environments [33]. Liu et al. [34] combined
regularization methods with TDLAS to measure non-uniform temperature distribution, relying on
the measurements of 12 absorption transitions of water vapor from 1300 nm to 1350 nm. The results
showed that regularization methods are less sensitive to the noise caused by temperature variation.

Despite some temperature compensation methods applied in industrial process monitoring, little
work is found in practical emission measurements of CO, at 1579 nm in power plants. In this paper,
TDLAS experiments were conducted in a temperature field simulating the outlet duct of a power
plant. Both DA and WMS methods are used to measure CO, concentrations at different temperatures.
Two temperature compensation methods are used to reduce the measurement errors.

2. Absorption Spectroscopy

2.1. Direct Absorption Spectroscopy

The fundamental theory that governs absorption spectroscopy for narrow-linewidth radiation
sources is embodied in the Beer-Lambert law (Equation (1)). The ratio of the transmitted intensity
I; and initial (reference) intensity I of laser radiation through an absorbing medium at a particular
frequency v is exponentially related to the transition line intensity S(T) (cm~2-atm™!), line-shape
function @(v) (cm), total pressure P (atm), volume concentration of the absorbing species X, and the
path length L (cm):

I
= epl-PS(T)p(o) XL O

If both sides of Equation (1) are computed logarithmically and integrated over the whole frequency

domain, the volume concentration X is described by [34]:

T Inkdo A
X= o @
PS(T)L PS(T)L
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If the minimum detectable integrated absorbance A, is known, i.e., SNR (signal-to-noise ratio)
=1, the detection limit Xj min of species j can be expressed as:

_ Amin
X],mm - PS(T)L (3)

The temperature-dependent line intensity for a particular transition is determined by its line
intensity S at a reference temperature T with the following equation:

- Q(Ty) heE! /11 1 —exp(—hcvy,;/kT)
sr) = s(r) (% )TD exp [— = (3- m)] et @

where Q(T) is the partition function of the absorbing molecule (CO,), vy, is the frequency of the
transition, E” is the lower-state energy of the transition, / is the Planck’s constant (6.626 x 10727 erg:s),
k is the Boltzmann'’s constant (1.38 x 1071¢ erg/K), and c is the speed of light in vacuum [35].
Temperature correction is required for TDLAS measurements in the environment with varying gas
temperatures. According to Equation (2), in the case of the constant optical path and pressure, the ratio
of integrated absorbance and line intensity, A/S(T) is theoretically proportional to gas concentration
X in the same system. Therefore, the linear correction between A/S(T) and gas concentration can be
applied to compensate the errors caused by temperature influence as shown in the Equation (5):

Yasser) = a+bxx 5)

In Equation (5), a and b are fitting coefficients. a is the background signal without absorption,
and b is the gradient of the linear correction.

2.2. Wavelength Modulation Spectroscopy

Wavelength modulation spectroscopy could be used to improve the sensitivity of measurement.
In WMS, the wavelength of the laser used is modulated by a combination of slow triangle wave and
a fast-sinusoidal signal while the transmitted light is demodulated at a harmonic of the modulation
frequency. For a sufficiently slow ramp, the frequency output of the laser can be expressed as [36]:

v(t) =V + vpcos(27ft) (6)

where 7 is the laser center frequency, v is the modulation amplitude, and f is the modulation frequency.
The transmitted laser intensity can be expanded in a Fourier cosine series as:

k=00
I(t) = Io(t) T[V + vp cos(27tft)] = Ip(t) Z Hi (v, vy) cos(27tk ft) (7)
k=0

where Hy(V, vp) is the kth harmonic Fourier component of the transmission coefficient. The second
harmonic Fourier coefficient which is given by:
2+ m?
* 1/2 -2 (8)
(1+m?)

Two dimensionless numbers x = 2(V — vo)/Ave, m = 2a/(Av.), Ave (cm™1) is the collisional
linewidth (half width at half maximum, HWHM) of the probed transition, respectively; m is the

Hy (e, m) = ZXLPS(T){ 2

AV, m2
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modulation index, a dimensionless parameter defined as the ratio of the wavelength-modulation
amplitude to the linewidth Av.. CO; concentration X is inferred explicitly from [37]:

2+ m? !
1/2 -2 (9)
(1+m?2)
where Py is the measured peak 2f signal at the line center vy; therefore, the measured column density

depends on the line intensity and linewidth of the transition, both of which vary with temperature.
For the optical thin condition due to the weak absorption in the near-infrared and low-gas

Iopzfﬂ'AUC 2
S(T)PL | m2

m2

concentration in industrial emissions, the peak 2f signal is linearly proportional to concentration:
yx = a+bxp, (10)

The variation of line intensity and collisional linewidth caused by temperature change introduces
errors to the above linear fitting. According to Equation (6), parameters like line intensity S(T) and
collisional linewidth Av, are considered in the correction of temperature influence, which is given by:

Yx =a + bezfAvc (11)

S(T)
3. Experiment Details

The exhaust of a power plant has a complicated composition, possibly including H,O, SO, Ny,
0, CO, and CO;. According to the HITRAN2012 database [38], O, and SO, have no transitions
near 1579 nm, and the strongest transition of H,O is up to 1072 in magnitude. Figure 1 shows the
simulated absorbance of H,O (0.8%), CO (0.001%), and CO, (10%) in the near-infrared at a typical
condition of the power plant exhaust from 1578 to 1580 nm (6330-6335.5 cm™!). The CO, absorbance
near 1579.12 nm (6332.7 cm~!) selected in this study is approximately 1000 times stronger than the
transitions of other gases and isolated from CO interference transitions, while it is still accessible by
distributed feedback diode lasers. Thus, this transition is sufficiently strong and ideal for in situ CO,
measurement in the outlet ducts.

0.35

0.30

0.25

0.20

Absorbance

0.15
0.10

0.05

0.00 T T T T T
6330 6331 6332 6333 6334 6335

Wavenumber/cm™

Figure 1. Simulated absorbance of CO, (10%), CO (0.001%), and H,O (0.8%) from 6330-6335.5 cm ™!
based on the HITRAN (High Resolution Transmission) database (298 K, 1 atm).

The experimental setup for CO, concentration measurement is schematically shown in Figure 2.
The setup consists of two main parts: gas preparation and laser detection. For the gas preparation,
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the CO, mixtures were generated by mixing the pure N, and CO; (0%-20%, interval of 2%) continuous
gas flows controlled by two mass flow controllers (Seven Stars, Beijing, China). A gas mixer was
used to obtain the uniform gas mixture. For the laser detection, the 1.58 um DFB laser with ~5 mW
output power was used as the laser source to exploit the CO, absorption line. A photodetector
(SMO5PD5A InGaAs Detector, THORLABS) was used to detect the transmitted laser beam through the
test gas. Laser intensity and wavelength were varied by a combination of temperature and injection
current using a commercial controller (PCI-1DA) with the real time spectrum display and capture
features. The electrical signals received by the controller were processed into real-time spectral images.
The wavelength was scanned (laser temperature at 35 °C, injection current scan between 30 and
120 mA) with a linear ramp of current from a function generator. The temperature and current
tuning coefficients were measured to be 0.413 cm~! /K and 0.049 cm~!/mA, respectively. For the
second harmonic signals, the laser controller contains lock-in amplification and demodulator for 2f
signal extraction.

Flow controller e Elcctrical signal

Gas

— Laser
Temperature controller

photodetector

Preamplifier

Figure 2. Schematic diagram of the experimental setup.

The laser beam was directed into a Herriot cell (29.5 cm long, 571 mL volume, effective optical
path length of 20 m) by a collimator and detected by the InGaAs detector. The 20-meter optical path
allowed the system to have sufficient detection sensitivity. The cell was mounted with two wedged
(1.5°) sapphire windows to avoid unwanted interference fringes. Three type-K thermocouples were
equally spaced along the center section of the Herriot cell to determine the temperature of CO,; the
maximum temperature difference observed among these thermocouples was <0.1 K from 298 K to
338 K. The gas pressure was continuously measured by a pressure gauge (YNG60, full range 0.6 MPa)
with an accuracy grade of +0.015 MPa.

Before each experiment, the Herriot cell was purged with pure N, for 5 minutes to remove the
residual gas. The cell was operated at 298-338 K (interval of 10 K) at an operational pressure of
1 atm. When a stabilized temperature was obtained, the test gases at six different CO, concentrations
(10%—-20%, interval of 2%) were measured with a single sweep of the laser. The continuous tuning
range (at constant temperature) was within 5 cm~!. The diode laser was scanned at a 5 Hz repetition
rate continuously, and the data were sampled at a frequency of 24 kHz to provide 4800 data
points/sweep. The response time of real-time online monitoring can be further reduced by decreasing
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the sampling frequency. Each measured spectrum was obtained with 20 averaged sweeps, yielding a
4 s measurement time that was fast enough to satisfy the industrial application. Experiments using
both direct absorption and wavelength modulation were repeated for three times to evaluate the
repeatability of the sensor system.

4. Direct Absorption Measurement and Correction

In this part, the direct absorption spectra with and without temperature corrections are compared
to analyze the measurement accuracy by relative errors. The x-axis of measured spectral data were
sampling points, which were time domain signals. The frequency calibration of the spectrum
was required to convert the time domain to the frequency domain. The simulations based on
HITRAN2012 were used to calibrate the frequency domain. As shown in Figure 3, three wavenumbers
in HITRAN2012 correspond to three points in measured spectral. Therefore, the curvilinear equation of
quadratic polynomial was obtained to convert the time domain to the frequency domain. Figure 4 plots
the measured incident signal Iy and the direct absorption signals I; for 10% CO, at 318 K. The incident
laser intensity Iy was inferred by third-order polynomial fit in the far-wing parts without absorption.
The Lorentz profile was chosen to fit the line shape for improving accuracy due to the domination
of Lorentzian component at 1 atm. After fitting, the logarithmic In (I;/Iy) was integrated over the
whole frequency domain to calculate the integrated absorbance A. Thus, the concentration X can be
calculated from Equation (2), with line intensity S(T) obtained from Equation (4), total pressure P,
and path length L as known parameters.

Figure 5 shows the measured absorption spectra of 16% CO, in the 6331.8-6333.6 cm ™! spectral
region at five different temperatures from 298 to 338K. The absorption signals in Figure 5 decrease
with the increased temperature. Figure 6 plots the CO, line shape near 6332.7 cm~! (P = latm, T =
298 K, 10% CO, in Np) well overlaid with the best-fit Lorentz profile. The obtained Lorentzian width
of 0.15412 + 0.0042 cm~! was broadened by pressure and temperature. The residuals of the curve
to data is shown in the bottom panel of Figure 6, showing that the fits are similar. Table 1 shows the
relative errors of direct absorption from 298 to 338 K. The error of inferred concentration obtained from
the spectroscopic measurement generally rises with the increase of temperature. At 308 K, the biggest
relative error was up to 5.66%, which cannot meet the requirement of industrial application.

To further explore the cause of measurement errors, line intensities from the HITRAN database
were compared with measured line intensities which are calculated by Equation (4). With a certain
S(T), the obtained integrated absorbance A varies linearly with P-X-L where is the product of total
pressure (P =1 atm), absorption length (L = 2000 cm), and concentration (X = 10-20%, interval 2%).
The relationship between A and P-X-L can be represented by a linear fitting and the slope of the
fitting line is the intensity of the spectral line at the corresponding temperature from 298 K to 338 K,
as depicted in Figure 7. Quality of the fit was very good in five temperatures, shown by R squared
values from 0.99354 to 0.99875. As shown in Table 2, the calculated values show good agreement
with the HITRAN values in variation tendency, but the former’s gradient decreases more with the
temperature rising. The discrepancy indicates that a 3-10% change of line intensity leads to 1-6%
change in the measured CO, concentration.

Figure 8 depicts that both the integrated absorbance and the line intensity of 14% CO, decrease
with the increase of temperature. The discrepancy leads to large errors in the concentration
measurement, when the total pressure P and path length L are invariable. This information can
be used to compensate these errors caused by change of temperature. According to the Equation (5),
the least squares method is used for linear fitting between A/S(T) and concentration X at different
temperatures. Figure 9 shows the result of linear fit between A/S(T) and concentration at T = 318 K.
The fitting results show that the R squared value reaches 0.999, indicating a good linear relationship
between A/S(T) and concentration.
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Figure 3. (a) Measured and (b) simulated absorbance of CO, at 296 K and 1 atm.

Signal/vV

T T T T T T T
6331 6332 6333 6334
Wavenumber/cm’

Figure 4. Direct absorption signals I; and baseline signal Iy (T = 318 K, 10% CO,, L = 20 m).

223



Appl. Sci. 2019, 9, 442

Absorbance

) T
6332 6333

Wavenumbers/cm’’

Figure 5. Absorption spectra of 16% CO, in the 6331.8 to 6333.6 cm ™! spectral region at T = 298-338 K.
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Figure 6. Measured CO, spectrum near 6332.7 cm ™! with Lorentz fitting (P = 1 atm, T = 338 K, 18% CO,).

Table 1. The relative errors of direct absorption results from 298 to 338 K.

True C . Inferred Concentration
rue Concentration 5951 308K 318K 328K 338K

10% 0.30% 5.66% 1.33% 2.51% —2.25%
12% —2.78%  —0.58% 1.35% —1.24%  —2.62%
14% 0.28% —0.60% —0.38% —2.88%  —3.35%
16% —1.24% 0.09% 0.65% —4.70%  —3.58%
18% 3.74% 1.52% 1.59% 1.56% —3.14%
20% —1.21% 3.54% 0.61% —3.72%  —2.83%

Table 2. Line intensity (10~* em~2-atm 1) values from database and calculated values.

S(D) 298 K 308 K 318K 328K 338 K

Database 3.8967 3.8147 3.7318 3.6483 3.5648
Calculated 4.0639 3.9329 3.8824 3.5011 3.2471
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Figure 7. Integrated absorbance as a function of P-X-L (T =298-338 K, P = 1 atm).
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Figure 8. Integrated absorbance and spectral intensity with temperature change (14% CO,).
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Figure 9. A linear fit between A/S(T) and concentration at T = 318 K.
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Figure 10 illustrates the absolute values of the relative error of the measured results before and
after the correction. As shown in Figure 10, after temperature compensation, the maximum relative
error is —2.57% corresponding to the measurement of 14% CO, at 318 K. However, the absolute
error was only 0.36% and the relative error of the mean square value was less than 3.5%. All these
measurements confirm that this temperature compensation enables the direct detection of CO, in outlet
ducts temperature with a detection limit of 8.4 x 10~ at SNR = 1. Measurements of CO, concentration

can be made for a variety of carbon emission sources, and the data are helpful for developing more
accurate detection mechanisms.
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Figure 10. Absolute value of the relative error changes with concentration and temperature. (a) Before
and (b) after compensation.

5. WMS-2f Measurement and Correction

Wavelength modulation spectroscopy (WMS) was applied to restrain a variety of background
noise during measurement. Due to the low absorption of CO; in the near-infrared, the second harmonic
(2f) signal was directly proportional to concentration [39]. When the optical path and pressure were
constant, the WMS-2f peak amplitude was related to gas concentration and the wavelength modulation

index m, which is dependent on the modulation current ;4. Therefore, an appropriate choice of I,,q
was required to improve the detection precision.
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The WMS-2f peak signals of CO, measured at different concentrations (10%-20%, interval 5%) and
modulation currents (0 mA-18 mA, interval 1mA) are plotted in Figure 11. These measurements were
conducted by controlling the gas flow controller and laser controller to maintain CO; concentrations
and modulation currents. According to the experimental results shown in Figure 11, with the choice of
Imod of ~15 mA, the WMS-2f peak signals are stable at all concentrations. Hence, I;;,o4 = 15 mA was
selected in this study.
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Figure 11. WMS (Wavelength modulation spectroscopy)-2f peak signals as a function of the laser
modulation current I,,,,q at different concentrations of CO5.

In this study, the experimental operation was the same as the direct absorption experiment except
a scanning frequency of 50 Hz and modulation frequency of 31.2 KHz were used. There was sufficient
time to stabilize the second harmonic peak before the second harmonic data were recorded. Because the
shape of the harmonic signal was affected by optical fringe noise and beam noise, the multi-sampling
average (40 times) were used to eliminate the negative influences. Gas concentrations and peaks of
second harmonic signals show good linear relationships at 298-338 K by employing the mean filtering
process. The relationships can be expressed as the fitting of X = a-Py¢ + b, as Equation (10), which
was obtained by the linear least squares method, and Py was the peak of the second harmonic (V),
and X was gas concentration (%). The R squared value for linear fitting was >0.99 and the system
reproducibility was tested after 60 min of continuous monitoring. In consideration of the temperature
effect on line intensity and linewidth, the compensation method can be used to improve the accuracy
of measurements. Following Equation (11), the linear relations between signals of Po¢-Av:/S(T) and
corresponding concentrations were worked out by the least squares method. The averaged fitting R
squared was improved up to 0.997, as shown in Figure 12. The peaks of WMS-2f signals at 6332.7 cm ™!
were plotted as a function of CO, concentration (linear fit equation: y = 0.4114 — 0.0167x, T = 318 K).
The results are shown in Tables 3 and 4. Compared with the results without correction, the averaged
relative error decreased by 0.24% and the total R squared value increased by 0.28%.

227



Appl. Sci. 2019, 9, 442

240 "
/.
] = 208K R°=0.99560 a
220 + + 308K R?=0.99625
k 4 318K R?=0.99741 B
200 4 v 328K R?=0.99830 e Y
- i 338K R’=0,99842 P T
& 180+ gt
B .
¥ 160
o _
140
120 gt
P > o /
1004 o
T T T T T T T T T T T
10 12 14 16 18 20

Concentration/%

Figure 12. A linear fit of between Pys-Av./S(T) and concentration at different temperatures (298-338 K).

Table 3. The relative errors of wavelength modulation results before correction (298-338 K).

True Concentration

Inferred Concentration

298 K 308 K 318 K 328 K 338 K
10% —2.86%  —3.02% —2.60% —2.62%  —2.67%
12% 1.49% 0.99% 0.43% 0.46% 1.04%
14% 0.68% 1.64% 1.84% 1.73% 1.31%
16% 2.89% 1.43% 1.15% 1.51% 1.06%
18% —1.50% 0.31% 0.54% 0.10% 0.32%
20% —-0.89%  —-1.64% —1.65% —148% —1.35%

Table 4. The relative errors of wavelength modulation results after correction (298-338 K).

True Concentration

Inferred Concentration

298 K 308 K 318 K 328 K 338 K
10% —230%  —258% —197% —1.94%  —2.25%
12% 1.52% 0.83% 0.11% 0.02% 0.66%
14% —0.16% 1.43% 1.56% 1.27% 1.17%
16% 2.85% 1.13% 0.82% 1.48% 1.14%
18% —1.34% 0.23% 0.66% 0.30% 0.25%
20% —0.73%  —1.32% —141% —140% —1.22%

Figure 13 merges the inferred concentration values of all measurements at temperature 298-338 K
and concentration 10-20%. The error bars represent the repeatability of three repeated experiments by
SD. After compensation, the normal repeatability of CO, values of DA and WMS were 5.55% and 1.79%
ata SD (1o). The mean relative error, which was caused by the uncertainties of temperature, pressure,
and absorption length measurements, decreased from 3.06% to 1.17%. For the wavelength modulation,
the mean relative errors were 1.44% and 1.20%, before and after compensation respectively. The relative
standard deviation (RSD) for DA and WMS were 0.42% and 0.31%, while the maximum relative errors
and detection limits (SNR = 1) for DA and WMS were 2.7% and 2.85%, 0.0084% and 0.0017%. It should
be noted that the experiment in this study examined only high CO, concentrations of 10-20%. As can

be seen from the data, the effect on the direct absorption method was more outstanding.
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Figure 13. Measured concentration of all four measurements at temperatures 298-338 K and
concentrations 10-20%.

6. Summary and Conclusions

Temperature compensations of CO, concentration measurements using TDLAS were reported.
Absorption spectra at different temperatures were derived from HITRAN to find suitable transitions
for in situ CO, measurements and recorded using DA and WMS. The temperature compensations
based on temperature influence of line intensity were then applied to reduce measurement errors.
Our experimental results show that there was an obvious decrease in the influence of temperature on
signals after temperature compensation, and the detection limits of both methods meet the needs of
the in situ CO, measurement. However, compared with WMS, DA is less sensitive to fluctuations of
temperature and pressure, resulting in a superior long-term stability. The DA measurement based
on temperature compensation has enough accuracy to be used for reliable determination of high
concentration CO, in power plant exhausts.
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Featured Application: The current work provides twofold benefits on using a diffuse integrating
cavity as a gas cell: (1) Understand the non-linear relation between absorption and gas
concentration; (2) Provide the experimental method for determining the transition point.

Abstract: The relationship between absorption and gas concentration was studied using a diffuse
integrating cavity as a gas cell. The light transmission process in an arbitrary diffuse cavity was
theoretically derived based on a beam reflection analysis. It was found that a weak absorption
condition must be satisfied to ensure a linear relationship between absorbance and gas concentration.
When the weak absorption condition is not satisfied, a non-linear relation will be observed.
A 35 x 35 x 35cm diffuse integrating cavity was used in the experiment. Different oxygen
concentrations were measured by detecting the P9 absorption line at 763.8 nm, based on tunable
diode laser absorption spectroscopy. The relationship between the absorption signals and oxygen
concentration was linear at low oxygen concentrations and became non-linear when oxygen
concentrations were higher than 21%. The absorbance value of this transition point was 0.17, which
was considered as the weak absorption condition for this system. This work studied the theoretical
reason for the non-linear phenomenon and provided an experimental method to determine the
transition point when using a diffuse integrating cavity as a gas cell.

Keywords: diffuse integrating cavity; TDLAS; gas detection; non-linearity

1. Introduction

The measurement of gas concentration using absorption spectroscopy is a technique with great
environmental adaptability and commercial potential. To improve the detection sensitivity, a long
optical path length is necessary for trace gas measurement because the signal to noise ratio (SNR)
improves with increasing optical path length in absorber [1]. Many methods have been developed to
extend the optical path length, such as multi-pass cells [2,3], cavity ring-down spectroscopy (CRDS) [4],
gas in media absorption spectroscopy (GASMAS) and applications of diffuse integrating cavities [5-7].
Among these methods, integrating cavities have proven advantageous in good stability, effortless laser
beam alignment, few interference fringes, and low cost [8,9]. Besides, a diffuse integrating cavity is
an attractive choice for spectral techniques with incoherent light sources, such as Fourier transform
infrared (FTIR) spectroscopy [10].

Many achievements have been obtained on the light transmission law of diffuse integrating
cavities [11,12]. The Beer-Lambert law is usually used to describe the output light radiation from a
diffuse cavity, where the effective optical path length (EOPL) is usually introduced to describe the
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equivalent path length of a photon in the cavity. From previous publications, the EOPL formula
has been presented as being related to the launch geometry condition, Ly, reflectivity, p, of the inner
surface, the single pass average path length, Lave, and the port fraction, f, of the cavity [13,14]. Thus,
the EOPL should be independent of the detected gas concentration. The experimental methods
used to measure the EOPL and its related parameters, such as p, Lave, and f have been established
and implemented [15,16]. However, detected absorption signals usually show a nonlinear relation
with gas concentration at high gas concentration values [17,18] in applications. To explain such
non-linear phenomenon, the EOPL was considered as a variation with gas concentration in some
previous research [19,20], in which an absorption term (including gas concentration information) was
introduced to describe the varied EOPL in a modified formula. Nevertheless, a varying EOPL makes
practical gas concentration measurements complicated. Hence, the EOPL should be independent of
the detected gas. That is, a restriction might exist while using the Beer-Lambert law to describe the
output radiance from a diffuse cavity, which has not been considered in previous research. If the
condition is not satisfied, a non-linear phenomenon will be observed. Thus, two concerns should be
addressed preferentially. Firstly, what is the restrictive condition? Secondly, how is the condition value
determined from an experiment?

In this study, the relation between absorbance and concentration in gas detection was investigated
when a diffuse integrating cavity was used as a gas cell. A beam reflection analysis was implemented
to analyze the light transmission process for an arbitrary-shaped diffuse cavity. An approximate
condition was proposed and used in the derivation to ensure that the output radiation as a form of
the Beer-Lambert law. When this condition was not satisfied, at high gas concentrations, a non-linear
phenomenon was observed. Different oxygen concentrations were detected by scanning the P9
absorption line at 763.8 nm based on tunable diode laser absorption spectroscopy (TDLAS). A
35 x 35 x 35 cm diffuse integrating cavity was designed and used as the gas cell. A relationship
between absorbance and gas concentration was obtained. The absorbance value at the non-linear
transition was determined by experiments.

2. Theory

To fundamentally understand the reason for the non-linear relationship between the absorption
signal and gas concentration, the reflection process for a light beam passing through a diffuse
integrating cavity was analyzed theoretically. In general, an ideal arbitrary integrating cavity is
defined as a cavity in which any two points on the inner wall can be connected to a segment inside the
cavity. The inner wall of an integrating cavity is covered with a highly diffuse reflective coating, which
can be considered as an ideal Lambertian radiation source. Thus, an incident beam could be diffused
continuously. A simplified model of the beam transmission process is shown in Figure 1. The input
light radiation flux is denoted by @y, and the first light path, Ly, is the distance between the entrance
aperture and the first reflection spot. Neglecting the radiation loss through the entrance and detection
windows, the radiant flux after the first reflection can be expressed by Equation (1), according to the
Beer-Lambert law:

1 = pPgexp(—aLy). (1)

Here, p is the reflectivity of the inner surface, « is the absorption coefficient, which is equal to the
product of the particle number density N and the absorption cross section o.
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Figure 1. Simplified model of the radiation transmission process in an arbitrary integrating cavity.

A single-pass average path length of Laye was introduced to describe the distance between
successive light reflections [21]. If the port fraction of the cavity is f, then light travels a distance Laye
and a portion exits from the output aperture. Light exiting the cavity is received by a detector:

Prout = fpPo exp(—a(Lo + Lave))- )
The remaining radiation flux is
@' = (1 - f)pPoexp(—a(Lo + Lave))- ®)

This light radiation is still transmitted in the integrating cavity and part of this light outputs again
after traveling Laye. The rest is reflected by the internal wall again. This process repeats continuously.
Table 1 shows the output radiation after each reflection from an arbitrary integrating cavity.

Table 1. Output light radiation after each reflection from an arbitrary diffuse integrating cavity.

Reflection Multiplier Output Radiation from the Aperture

1 fo®oexp(—a(Ly+ Lave))

2 f(l - f)p2q>0 eXp(—DL(LO + ZLave))
3 f(l *f)2P3¢’0 exp(fa(L0+3Lave))
11 f(l - f)nilpanO e.>;1'3(—0¢(L0 + nLave))

The total light radiation, ®qy;, received by the detector is proportional to the sum of the
output radiation:

n
1
Doyt =y P = fP —a(Lo+ L . 4
out ; nout f OeXP( ( 0 ave))l/p_ (1 _f) eXp(_“Lave) 4)
The absorbance, A, can be expressed as:
= Fout) _ _ 1
A=) = -mlreristot iz pee sl ®

We found that the absorbance, A, is a complicated expression here. However, a linear relationship
between absorbance and gas concentration was expected in gas detection for easy calibration. Thus,
some approximations should be introduced to express @yt in the form of the Beer-Lambert law:

ALave << 1, aLg << 1 (6)

1
:x<L0 + mLave> << 1 7)
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It was found that Equation (7) is a stricter condition compared to Equation (6). Once Equation (7)
is satisfied, Equation (6) must be followed. Thus, the following approximations were obtained
in mathematics:

exp(—aLave) & 1 — aLave, exp(—aLg) =~ 1 — aLy. (8)
1 1
1—afL — L ~ —ua| L — L .
ofto iyt ) = (o (10 gy 0e)) ©

Thus, Equation (4) can be expressed as:

Qout = fPo[1 —a(Lo+ Lave)] u}p//) 1-/) aig\f?we
~ 1 {1 i) g “<L0+ 1 p(ll %) Lave§ (10
= eXP[ Lo+ m Lave
Here,
Dy = 1/9%(1*1‘)% 1)

Detailed derivations for Equations (4)—-(10) are presented in “Appendix A”. These indicate
that Equation (10) is in the same form as the Beer-Lambert law. Comparing Equation (10) with the
Beer-Lambert law, the expression for the EOPL for an arbitrary diffuse cavity can be obtained as:

EOPL = Lo + (12)

1
—————Lave.
1—p(1—f)™°

Obviously, Equation (12) is similar to the previously reported EOPL expression [13,14]. The only
difference is the coefficient p in the numerator, which was replaced by 1 in the previous results. This
slight difference was usually smaller than measurement errors and could be ignored.

According to Equation (12), the approximate condition of Equation (7) can be transformed into

a-EOPL << 1. (13)

Here, we define Equation (13) as the weak absorption condition of the diffuse integrating cavity.
Thus, the absorbance can be expressed as Equation (14), according to Equation (10).

A=« <L0 + = ¢-N-EOPL. (14)

1
==t
Here, the particle number density, N, denotes the concentration of the test gas and o is the
absorption cross-section. In other words, the absorbance can be expressed as Equation (14) under
the weak absorption condition of Equation (13), where the absorbance depends linearly on the gas
concentration. On the contrary, if the weak absorption condition was not satisfied, the absorbance will
present non-linearly on the gas concentration.

3. Experimental Section

An experiment was designed and implemented to investigate the weak absorption condition
of a diffuse integrating cavity. Oxygen was chosen as the sample gas due to its non-toxicity and
easy accessibility. To achieve enough absorption for observing the non-linearity, the absorbance of
oxygen was estimated using the HITRAN-2016 database [22]. A 35 x 35 x 35 cm diffuse integrating
cavity was fabricated for this experiment. The diameters of the input and output light apertures
were both 2 mm. The inner surface of the cavity was coated with a 0.4 mm thickness of Avian-D
paint (Avian Technologies LLC, New London, NH, USA) and the painted surface was functioned
as an ideal Lambertian diffuse scatter. The reflectivity of the coating was 98.3-98.4% at 750-800 nm,
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according to the supplier [23]. To reduce the port fraction of the cavity, the input light aperture and
the gas inlet/outlet holes were combined with a T-junction. The light apertures were glued with a
wedge-shaped glass lens to eliminate interference effects. The structure of a cubic integrating cavity
is shown in Figure 2a, the in/out light aperture is labeled and an enlarged view of the T-junction is
shown. The cavity could be sealed after screwing and gluing the head cover.

(a) (b)

y2s[MFC}
‘ »&M?EQ — Gas |

! sample [ |
o, bag == Gas pumpi

2

(0]
o
[
o
o
3
=
K =
\ @
B 2 b
y. g
o Computer -
Gas in/out 2 = 174 —
@ . i |Diode
y 3 e L "
T N laser
0?"‘“" light Input light I3 & - S v
apertire aperture 2 1T
é PMT
I
A T-junction design @ | Tri. Ramp " Laser
' in gas in/out. 2 PAQ card; generator} |controller
3

Figure 2. (a) Structure of a cubic diffuse integrating cavity; (b) schematic of the gas-sampling system
and TDLAS (tunable diode laser absorption spectroscopy) for measuring the absorption of oxygen
with a cubic cavity as the gas cell.

The experimental setup, including a gas-sampling system and a gas-measuring system, is shown
in Figure 2b. Different oxygen concentrations were achieved by mixing different proportions of
oxygen and nitrogen with mass flow controllers (MFC D07-19C, Sevenstar, Beijing, China). Based on
TDLAS, a vertical-cavity surface-emitting tunable diode laser (Laser Components: Single Mode
VCSEL 763 nm TO46), with a free running output power of 0.3 mW, was used as the light source.
The laser temperature was controlled at 22.47 °C (Temperature Controller: TED 200C, Thorlabs,
Newton, MA, USA), and the laser injection current was 1.29 mA (VCSEL Laser Diode Controller:
LDC 200, Thorlabs, Newton, MA, USA). The injection current was modulated using a sawtooth wave
(10 Hz, 200 mV), corresponding to a current varying from 1.16 to 1.40 mA. The output light from the
integrating cavity was detected with a photomultiplier tube (PMTH-51-1P28, Hamamatsu, Japan).
Data were recorded using a data acquisition card (DAQ card: National Instrument Co., NI PCI-6133,
Austin, TX, USA). The sawtooth wave was simultaneously put into the DAQ card as the trigger signal.
The ambient temperature was controlled at 25 °C for the experiments. The center frequency of the laser
was used to scan over the oxygen-absorption P9 line in the A-band at 763.84 nm by comparing the
measured laser center wavelength with the calculated oxygen absorption line based on the HITRAN
data. Each oxygen concentration was measured 15 times to obtain the detection error. Each signal was
averaged 500 times per minute.

4. Results and Discussion

Figure 3 demonstrates the signal of 70% oxygen concentration in the 35 x 35 x 35 cm diffuse
integrating cavity. The red curve in Figure 3a denotes the detected signal, ®oy¢. The black baseline is
the incident light radiation, ®(, which was obtained by linear fitting based on the data points besides
the absorption signal in the red curve. Here, the data points in the range of 250-350 and 700-800 in
Figure 3a are used to linearly fit the baseline. Thus, the absorbance can be calculated as shown in
Figure 3b.
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Figure 3. (a) Direct scan PMT (photomultiplier tube) signal for 70% oxygen concentration in the
35 x 35 x 35 cm diffuse integrating cavity; (b) calculated result of the absorbance from the PMT signal.

Here, the peak value of the absorbance was defined as the optical parameter (OP), i.e., the
maximum value of In(®y/Poyt). According to Equation (14), the OP is proportional to the optical path
length, once the oxygen concentration is constant. Thus, because the oxygen concentration is stable in
air, the EOPL of the diffuse cavity was calibrated by comparing the oxygen absorption signal in the
cavity and in the air [14-16]. Based on this method, each optical path length was measured 15 times,
and the error bars are shown in Figure 4. The EOPL of the 35 x 35 x 35 cm diffuse integrating cavity
was 590 & 9 cm, i.e., the average value was 590 cm and the detection error was 9 cm. The detection
limit of this system was ~0.6% for oxygen measurement. Detailed continuous detection results and
Allen Variance are shown in Appendix B.

In 35 cm integrating cavity
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- Linear fit
3 :
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Figure 4. The EOPL (effective optical path length) calibration curve for the cubic integrating cavity

between the OP (optical parameter) and optical path lengths in the air.

Then, different oxygen concentrations were measured with the cubic diffuse cavity. The
relationship between the OP and oxygen concentration is shown in Figure 5a.
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Figure 5. (a) Relationship between the OP and oxygen concentration; the inset shows an enlarged view
of the low concentration range. (b) Residual error between the experimental data and the non-linear
fitting result. (c) Deviation between the linear and non-linear fitting results.

The black points show the OP values calculated using the detected spectra. It was found that the
OP values depended linearly on the concentrations in the low concentration range and were non-linear
when the concentration was relatively high. The blue line shows a linear fitting result using the OP
data in the 0-18% oxygen concentration range. Obviously, the data gradually diverge from the blue
line with an increasing oxygen concentration. The non-linear fitting result (the red curve) was obtained
for all absorption data using Equation (5) with the fitted Ly =39 £ 5 cm, p =0.98 == 1, Lave =22 =2 cm,
and f = 0.004 & 1. As shown in Figure 5b, the residual error between the non-linear fitting result and
the experimental data was lower than 2%. Thus, the Budget error of the gas sampling system was
lower than 2%, including errors of gas flow-rate mixing and gas cylinders. The error of the detection
system is analyzed in Appendix B. It indicates that the theoretical predictions by the beam reflection
analysis agreed with the experiments. In fact, the theoretical value of Ly and Laye were 35 and 23.3 cm
respectively for this cavity [21,24]. The fitting results agree with the theoretical values within the
measured error ranges. The fitting reflectivity of the inner coating was slightly lower than the value
provided by the supplier, which was caused by imperfections in the coating (pollution during drying
and a humidity difference).

To determine the non-linear transition point, the deviation between the linear (blue curve) and
nonlinear (red curve) fitting results was calculated and is shown as the green curve in Figure 5c.
The deviation increased with increasing oxygen concentration. We considered that the deviation
was resolved when it was larger than the system detection sensitivity. As the signal of each oxygen
concentration was measured 15 times, the detection error was obtained as the error bars shown in
Figure 5a. The average delta absorbance was 0.0045 for different oxygen concentrations. According to
the linear relationship, this detection error denoted a detection sensitivity of 0.6%, which is shown
as the dotted line in Figure 5c. Obviously, the deviation was smaller than the error bar value when
the oxygen concentration was lower than 21%. The deviation was larger than the error bar value and
could be resolved when the oxygen concentration was higher than 21%. Hence, we considered that the
transition point was an oxygen concentration of 21%. The absorbance value at the transition point was
0.17. Thus, a linear relationship between the absorbance and gas concentration could be ensured when
the absorbance was lower than 0.17 for this system. This result was universal for different gases in
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such a system. For other detection systems, the transition point is related to the detection error of the
system. We have provided an experimental method to determine the transition point of linear and
non-linear measurements for a diffused integrating cavity.

5. Conclusions

In summary, this study investigated the relationship between absorbance and gas concentration
when a diffuse integrating cavity was used as a gas cell. Theoretically, an approximation for weak
absorption was proposed. When the weak absorption condition was not satisfied, a non-linear relation
was be observed. Experimentally, different oxygen concentrations were measured by detecting the P9
absorption line at 763.84 nm using a cubic diffuse integrating cavity. A linear relationship between the
measured absorbance and the gas concentration was observed at low concentrations. The non-linear
transition point was confirmed as an oxygen concentration of 21%, based on experimental results. The
absorbance value of the transition point was 0.17. This transition point value was only applicable
to this system for oxygen detection. Thus, an approach to determine the applicable condition of
a diffuse cavity was proposed. For a different system, it was related to the detection sensitivity
and was measured using such method. This work studied the theoretical reason for the non-linear
phenomenon and provided an experimental method to determine the transition point when using a
diffuse integrating cavity as a gas cell.
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Appendix A. Detailed Derivation

The total light radiation, @y, received by the detector is proportional to the sum of the
output radiation:

Dot = Zlcp“"“t: Fo@gexp(—a(Lo + Laye))[14 (1 = floexp(—&Lave) + (1 — £)*0% exp(—2aLaye)
=

+(1— ) 0% exp(—2aLaye) + (1 — £)*03 exp(—3aLave) + - - - + (1 — £)"0" exp(—naLaye))]

1—p"(1—fF)" —naLaye
= fpPgexp(—a(Lo+ Lave)) ]Iip((]j{)) ;X}f((,;zve) )

= fPpexp(—a(Ly+ Lave))m-

(A1)
Here, p(1 — f) exp(—&Lave) is less than 1 and p"(1—f)" exp(—n&Lave)~0. Thus, we ignored it.
Then, aLave and ol are usually less than 1 in gas detection (Equation (6) in the main text).
The following approximation was obtained mathematically as Equation (A2) (same as Equation (8) in
the main text):
exp(—aLave) & 1 — aLave, exp(—aLg) =~ 1 —aLy. (A2)

Taking Equation (A2) into (A1), the expression can be written as follow:

Pout = fPo[1 — (Lo + Lave)l 175~y 7arme)

_ _ 1/p—(1—f)—aLave(1—f) (A3)
= f®olt =allo+ Lave) I, Rt i

240



Appl. Sci. 2018, 8, 1630

As &Laye is less than 1, «2Laye2(1 — f)2 was ignored. Then Equation (A3) can be converted into

Equation (A4).

e e T 2
- T[l (LO + Lave)} 1 ;L:K/pl (f) f)]
=~ fé) 1 —a(Lo + Lave) —ll/pp,(l,f)] (A4)
= 70-p 1—waly— aLavem]
— @/, {1 - zx<L0 + Tty Lave

Then, we defined a condition. If Equation (A5) (same as Equation (7) in the main text) is satisfied,

IX<L() + ﬁl*]")l‘ave> << 1 (A5)
Thus,
1 1
11—« (L() + mLave> ~ exp <—DC (LQ + mLaVQ> > . (A6)

Hence, @yt can be expressed as follows, which is same as the Equation (10) in the main text.

o _ 1
Dout = P oexp{ a(Lo + 1=p(1—/) Lave)}

(A7)

Thus, the output radiation can be expressed in the same form as the Beer-Lambert law.

Appendix B. Detection Error of the System

For each oxygen concentration, the signal was detected 15 times. Figure Al shows the continuous
detection results of the 10, 21, 40 and 60 oxygen concentrations. The detected OP fluctuation ranges for
different oxygen concentrations are shown in Table A1, which are plotted as the error bars in Figure 5a.
The Allen Variances of the OP for each concentration were calculated and are shown in Table A1. Thus,
the detection limit of oxygen was about 0.6% for this system.
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Figure A1. Fluctuations of the measured results under different oxygen concentrations.
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Table Al. Fluctuation ranges of the detected OP and Allen Variances for different oxygen concentrations.

Oxygen Concentration (%)  Fluctuated Ranges of OP (AOP)  Allen Variances of OP  Detection Limit (AC %)

5 0.0045 1.06 x 1072 0.53
10 0.0044 1.10 x 107° 0.52
15 0.0056 423 x 107° 0.65
21 0.0040 2.84 x 1075 0.47
25 0.0059 5.90 x 1075 0.69
30 0.0054 43 %1075 0.63
40 0.0052 251 x 1075 0.61
60 0.0046 1.09 x 1072 0.54
80 0.0034 32 %1075 0.40
100 0.0032 3.7 x 1075 0.38
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Featured Application: Supplying a high-efficiency coupling method of the gradient-index fiber
probe and hollow-core photonic crystal fiber for gas detection.

Abstract: A high-efficiency coupling method using the gradient-index (GRIN) fiber probe and
hollow-core photonic crystal fiber (HC-PCF) is proposed to improve the response time and the
sensitivity of gas sensors. A coupling efficiency model of the GRIN fiber probe coupled with
HC-PCF is analyzed. An optimization method is proposed to guide the design of the probe and five
samples of the GRIN fiber probe with different performances are designed, fabricated, and measured.
Next, a coupling efficiency experimental system is established. The coupling efficiencies of the probes
and single-mode fiber (SMF) are measured and compared. The experimental results corrected by
image processing show that the GRIN fiber probe can achieve a coupling efficiency of 80.22% at
distances up to 180 um, which is obviously superior to the value of 33.45% of SMF at the same
distance. Moreover, with the increase of the coupling distance, the coupling efficiency of the probe is
still higher than that of SME.

Keywords: hollow-core photonic crystal fiber; GRIN fiber probe; coupling efficiency; gas sensing

1. Introduction

A hollow-core photonic crystal fiber (HC-PCF) has periodical microstructures of air holes
surrounding a hollow core where light is confined [1]. Because the light is trapped in HC-PCF by a
photonic bandgap in the cladding that is made of spaced air holes instead of internal reflection, it is
possible to guide light in a gas-filled core [2]. In addition, its long interaction length can realize resonance
and near-resonance light-light and light-matter interactions [3]. Due to its excellent characteristics
in gas sensing, it has been extensively studied for gas detection. To realize an all-fiber gas sensor,
single-mode fiber (SMF) and HC-PCF are usually utilized for coupling, which has the advantages of a
compact structure, easy miniaturization, light weight, anti-interference, and long working range [4-6].
However, the assembly of SMF and HC-PCF has a low coupling efficiency, which will reduce the
output light intensity and thus reduce the sensitivity of the detection system according to Lambert-Beer
law [7].

Many efforts have been made to improve the coupling efficiency. In one proposed method,
the structure or fiber mode of HC-PCF [8,9] is specifically selected, or the micropore collapse effect [10]
is reduced, but with limited improvement of the coupling efficiency. In another proposal, the SMF is
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wedged into HC-PCF by special cutting, to ensure an ultra-high coupling efficiency [11]. However,
the structure is too compact and prevents the gas from entering the HC-PCEF, resulting in a poor
response time of the sensor. In view of this, the coupling efficiency can only be improved by shortening
the distance between HC-PCF and SMEF. In order to obtain a higher coupling efficiency, HC-PCF
should be as close as possible to SMF in consideration of the rapid divergence of SMF-emitted beams.
By controlling the distance between SMF and HC-PCEF, it is shown that the coupling efficiency is
highest when the coupling length is 7.618 um [12]. However, due to this short distance, the gas diffuses
into the HC-PCF very slowly [13], thereby reducing the response time of the sensor. Additionally,
the coupling gap is difficult to control for such a short distance.

In view of this, a coupling method that can achieve a high coupling efficiency at a long coupling
distance is proposed. By adding a GRIN fiber probe to the SMF, the coupling efficiency can be
substantially improved over the desired coupling distance. Compared to the all-fiber structure for gas
detection using a GRIN lens with a large volume [14], a GRIN fiber probe is an all-fiber optical lens
composed of a single-mode fiber, no-core fiber (NCF), and GRIN fiber. It has an ultra-small structure
size and good focusing performance [15]. It has been widely used in the field of optical coherent
tomography (OCT) [16-18] and interference sensing measurement [19,20]. The light emitted from
the GRIN fiber probe has the characteristics of focusing first and then diverging, which can obtain a
smaller beam waist spot at a longer distance, thus overcoming the shortcoming of the short working
distance of SME. This excellent characteristic can be used in the study of HC-PCF gas sensors: a smaller
beam waist size helps to improve the coupling efficiency of the probe and HC-PCF, while a longer
working distance can maintain a long gap between the two, which is conducive to the entry of gas into
HC-PCF, improving the response time of the sensor.

2. Coupling Model of the GRIN Fiber Probe and HC-PCF

The GRIN fiber probe is an all-fiber optical lens which is fused by a single-mode fiber, no-core
fiber, and GRIN fiber in turn. The coupling model of the HC-PCF and GRIN fiber probe is shown in
Figure 1.

Cross section
Single-mode fiber No-core fiber GRIN hberpq—n HC-PCF

=

Figure 1. Coupling model of the GRIN fiber probe and HC-PCE.

Symbols are set as follows: A is the light of the wavelength and w is the beam radius of the
Gaussian beam, the refraction index of the NCF is ny, the length of the NCF is L, the GRIN fiber lens
has the refractive index in the center 17 and the gradient constant g with length L, the refractive index
of the transmission medium in the application environment is 715, and z is the coupling distance or gap
width between the GRIN fiber probe and HC-PCF.

If light has no energy loss in the optical fibers, the working distance z,, and focusing spot size 2wy
of the GRIN fiber probe are expressed as [21]

S1cos(2gL) + Sy sin(2gL)

= 1

o So — S3cos(2gL) — Sy sin(2gL) @

where Sy = n2¢? + nig?Lia® + nla?, Sy = —2ngn,Loa®, Sy = nynag + mnaglia® — nynfa®/ (mg),
Sy = n2g* + n2g*L2a% — n2a?, Sy = 2ngmgloa®, a = A/ (ngnwy);
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205 = 2w [Py cos?(gL) + Prsin?(gL) - Py sin(2gL) @)

where Py = 1+ a?(Lo + noze /n2)%, Py = zin%gz/ng +a?(ng/ (n18) - nlza,Log/nz)z, Py = zymg/ny -
a®(Lo + nozw/12) (n0/ (mg) — mzwlog/n2).

w(z) is set as the radius of the beam from the GRIN fiber probe at distance z and can be given as

Mz = zw) 2
— ] ®)

w(z) = wy 1+ [ iy

The power of emitted light from the GRIN fiber probe is set to py. To avoid a large number of

complex calculations for coupling efficiency using an overlap integral [22], a simplified model that

only takes distributions of the input beam into consideration is adopted. The emitted light from the

GRIN fiber can be approximated as a Gaussian beam, so the power received at the receiving end can
be expressed as

8 2 272
pi(z) = f l exp(———)2mnrdr 4)
0

nw?(z) w?(z)
where d is the mode field diameter (MFD) of HC-PCF. From Equations (3) and (4), the coupling
efficiency of the GRIN fiber probe coupled with HC-PCF can be expressed as

d2/2
::—; = —EXP(—T)z) ®)
wp? + 5 ]

As a comparison, the spot size of the Gaussian beam after it is emitted from SMF [12] is

Az 2
w(z) = w1+ [—] ©6)
on
and the SMF coupling efficiency is expressed as
/2
n= Boa —eXP(—ﬁ @)
po (‘)02 + [F‘)O

Comparing Equations (5) and (7), the coupling efficiency of the GRIN fiber probe coupled with
HC-PCF in Equation (5) achieves the maximum value when the coupling distance z is equal to the
working distance z, of the probe, while the coupling efficiency of SMF coupled with HC-PCF in
Equation (7) achieves the maximum value when z is equal to zero; that is, a GRIN fiber probe can focus
an emitted spot at the working distance of the probe when the maximum coupling efficiency is achieved,
while SMF achieves the minimum spot and maximum coupling efficiency at zero distance. As a result,
the GRIN fiber probe achieves a higher coupling efficiency at a longer distance, which demonstrates
the superiority of the GRIN fiber probe over SMF when coupled with HC-PCE.

When the coupling distance zbetween the GRIN fiber probe and HC-PCF is equal to z,,, Equation (5)
shows that the maximum coupling efficiency is only related to the waist radius wy. If y is set as the ratio
of the waist diameter of the GRIN fiber probe to the MFD of HC-PCF wa/d, the maximum efficiency

can be expressed as
2

n=1 —exp[—z@) ] ®)

The coupling efficiency 1 becomes a function of the ratio y, and it is necessary to analyze
the relationship between the two. If the waist diameter is much smaller than MFD of HC-PCF,
higher order modes with higher transmission losses are excited and the simplified model may not
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suitable. The minimum y is set to 0.9 and changed from 0.9 to 2.5. The corresponding coupling
efficiency is shown in Figure 2.

907
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Figure 2. Theoretical coupling efficiency 1 versus y.

It can be concluded from Figure 2 that the coupling efficiency is 27.4% when the ratio y is 2.5,
and the coupling efficiency will gradually increase as the ratio decreases. When the ratio is 1,
the coupling efficiency reaches 86.5%, and the coupling efficiency reaches 91.5% when the ratio is 0.9.
The results show that reducing the waist radius helps to improve the coupling efficiency.

3. The Relationship between Waist Radius and Working Distance of the Probe

Figure 2 shows that the smaller the waist radius wy of the GRIN fiber probe is, the higher the
coupling efficiency is. However, Equation (8) is based on the premise that the coupling distance
between the probe and HC-PCF is equal to the working distance z,, of the GRIN fiber probe. Because
of this, it is necessary to analyze the relationship between the waist radius and working distance.
According to Equation (1) and Equation (2) and previous studies [18-20], the nonlinear relationship
between the waist radius wy and working distance z, is complex. Both of them are related to the
structural parameters of the GRIN fiber probe, such as the length L of the no-core fiber and the length
L of the GRIN fiber.

With the length of GRIN fiber increasing, the working distance and waist radius of the probe
change periodically, while both of them become larger with the increase of the length of the no-core
fiber. On one hand, to obtain a longer working distance and smaller waist radius, the length of the
no-core fiber should be weighed. Reference [21] pointed out that the length of the no-core fiber should
not be too long, otherwise the light beam may exceed the inner diameter of the GRIN fiber, which makes
the beam enter GRIN fiber cladding and reduces the spot quality. The maximum length Lopay of the
no-core fiber can be calculated when the parameters of the fibers and beam are known. On the other
hand, due to the periodicity pitch characteristics of the GRIN fiber, analysis of the first cycle is enough,
so the length of the GRIN fiber can be limited to the first cycle Lynax. However, previous works have
not studied how to design the length of fibers to ensure the longest working distance of the probe at a
specified waist radius. In view of this, an optimization solution was proposed to guide the design of
the probe.

For a probe with a specified waist radius wy, more than one set of no-core fibers and GRIN fibers (L,
L) is satisfactory because of the periodic property of the function. The set that can generate the largest
working distance needs to be identified. The problem above can be summarized as finding the optimal
solution (Lo, L)opt from all sets (Lo, L)m that satisfy a specified waist radius in Equation (2), where the
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optimal solution can acquire the longest working distance Max(z,) in Equation (1). The problem can
be converted to an optimization problem:
_ Sycos(2gL)+S; sin(2gL)

Zw = So—S3 cos(2gL)—S, sin(2gL)

st wp = wo \/Po cos?(gL) + Py sin®(gL) — P, sin(2gL)

0 < L < Lax )

0 <Ly < Lomax

Max(zg)

4. Fabrication and Measurement of GRIN Fiber Probe Samples

To study the coupling efficiency of a GRIN fiber probe coupled with HC-PCF further, and to
demonstrate the relationship between the waist radius and working distance of a GRIN fiber probe,
GRIN fiber probe samples that meet requirements should be fabricated first. Following the fabricated
steps of an ultra-small GRIN fiber probe in the author’s research group, samples can be fabricated and
measured using the fabricated system and measuring system [21]. The measuring system is the Beam
Analyzer produced by Duma Optronics, which has a beam width/position resolution of about 1 um
with a position accuracy of £15 um and power resolution of about 0.1 pW with a power measurement
accuracy of +£10%.

The parameters of materials are as follows. The center wavelength A of the light source beam is
1.55 um, and the SMF core radius wy is 4.5 um. The no-core fiber has a refractive index ny of 1.486.
The 50/125GRIN fiber core has a core diameter of 50 um, outer diameter of 125 um, refractive index 1,
at the axis of 1.497, and gradient constant g of 5.587 mm~!. The selected no-core fiber and GRIN fiber
are both produced by Prime Optical Fiber Corporation (POFC). The refractive index #; of air is set as 1.
The max length of Liax and Lomax can be calculated as 0.57 mm and 0.29 mm, respectively, according
to Section 3 under these parameters. NKT Photonics” HC19-1550-01 hollow core photonic crystal fiber
with a mode field diameter of 13 pum is used. Five probes with different waist radii wy were designed
and fabricated.

Theoretical and experimental parameters of the fabricated probes are shown in Table 1. The data
of No. 1~No. 5 in Table 1 is the theoretical value. The corresponding length of the no-core fiber Logpt
and length of the GRIN fiber Lopt can be calculated for each y according to Equation (9). The specified
lengths of no-core fibers and GRIN fibers were cut as calculated above and the actual length of fibers
was recorded in No. 6~No. 10. After that, GRIN fiber probe samples were fabricated with these cut
fibers added to SMF using the fabricated system and the beam of these samples was analyzed by
the measuring system. Then, the measured working distance z,, and the probe waist radius wy were
recorded in Table 1 from No. 6~No. 10.

Table 1. Parameters of the GRIN fiber probe with a specified waist radius.

Types No. y (L) opt (mm) (L)opt (mm) wy (um) Max(z,) (mm)

1 0.62 0.290 0.213 4.00 0.165

2 0.92 0.290 0.171 6.00 0.278

Theoretical results 3 1.23 0.290 0.151 8.00 0.376
4 1.54 0.290 0.139 10.00 0.463

5 1.85 0.290 0.131 12.00 0.538

6 0.95 0.290 0.213 6.15 0.188

7 1.35 0.290 0.171 8.80 0.270

Experimental results 8 1.56 0.290 0.151 10.14 0.320
9 1.82 0.290 0.139 11.80 0.400

10 2.33 0.290 0.131 15.16 0.530
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The data in Table 1 shows that the actual waist radius and working distance of the probe are slightly
different from the theoretical calculation. These errors may come from the error of the measuring
device, the limitation of the fabrication device, and human operation error.

5. Coupling Efficiency Experiment and Discussion

To measure the coupling efficiency of the GRIN fiber probe and HC-PCF, an experimental system
was built to test the probes above. Both the GRIN fiber probe and HC-PCF are fixed in a V-type
groove of micro-displacement platform. The coupling distance between two fibers can be adjusted by
a micro-displacement platform. An amplified spontaneous emission (ASE) laser is used as the light
source for the GRIN fiber probe and Beam Analyzer is used as a detector to measure the power of
emitted light from HC-PCF. The schematic of the experimental system is shown in Figure 3.

ASE-C-11-G of HOYATEK Company was adopted as the ASE light source, which has a central
wavelength ranging from 1527 nm to 1565 nm. We selected HC19-1550-01 of NKT Photonics
Company as HC-PCE. This fiber has a core radius of 10 um, outer cladding diameter of 115 um,
and attenuation <0.03 dB/m. We cut 5 cm of this fiber for the experiment to reduce the effect of
attenuation. XYZW?76H-25-0.25 and MGA2 micro-displacement platforms of Shanghai Lianyi Company
were used to adjusted the coupling distance between the two fibers, which can achieve a resolution of
1 pm displacement within 25 mm in the direction of the measurement axis. The experimental system
setup is shown in Figure 4a and the detail of the coupling part marked with a red frame is shown in
Figure 4b.

BeamAnalyzer
SMF GRIN fiber probe Vetype groove 1 b S

[N

ASE laser

Micro-displacement platform

Figure 3. Schematic of the experimental system.

(b

‘é‘iRlN fiber prob&3

Figure 4. Coupling efficiency testing system: (a) Experimental system setup; (b) detail of coupling part.

As shown in Figure 4a, the GRIN fiber probe connected to the ASE laser was mounted in the
V-groove of the micro-displacement platform, and the emitted power py was detected by the Beam
Analyzer. After that, the GRIN fiber probe and HC-PCF were installed according to the assembled
method in Figure 4b. The micro-displacement platform was adjusted to align two fibers until the
emitted power received by the Beam Analyzer was at the maximum.

The micro-displacement platform fixed with HC-PCF was moved from the position where the
distance between the GRIN fiber probe and HC-PCF was zero to 1 mm at intervals of 10 um. The emitted
power p; at each position was measured five times and the average value was used as the result. As a
comparison, the coupling efficiency between SMF and HC-PCF was also measured following the same
procedure as above by replacing the GRIN fiber probe with SMF.
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In fact, the start position can only make two fibers as close to each other as possible, but the
distance cannot be zero. It is difficult to tighten two fibers completely because it is likely to damage the
porous structure of HC-PCE. Therefore, coupling distance correction of the result is necessary. We used
a 40x magnifying glass to take pictures at the start position and measured the initial distance by image
processing. The image processing is shown in Figure 5.

HC-PCF GRIN fiber probe

Figure 5. Initial distance measurement between the GRIN fiber probe and HC-PCF: (a) original image,
(b) binarization processing, and (c) image in pixels.

Figure 5a is an original image taken by means of a magnifying glass. We extracted the pixel
value in a black channel and adopted binarization processing, and the result is showed in Figure 5b.
The detail in pixels marked with the frame is shown in Figure 5c. The outer diameter of 125 um of
the GRIN fiber probe that has a clear outline is used as the reference to calculate the initial distance.
The initial distance between the two can be calculated as 125*14/21 um, which is about 80 um. The initial
distance in a comparison experiment that used SMF is processed in the same way.

To avoid accumulative error due to the fabrication errors in Table 1, the actual waist radius and
working distance of GRIN fiber probes from No. 6~No. 10 were used as the input for calculation.
The theoretical coupling efficiency of the GRIN fiber probe with a ratio y of 0.95 according to Equation (5)
and the experimental results that have been corrected are shown in Figure 6. The theoretical and
experimental results of the SMF fiber are plotted in this figure as a comparison.

- Theoretical GRIN efficiency |
Experimental GRIN efficiency
-~ Theoretical SMF efficiency |4
Experimental SMF efficiency

80
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Coupling Efficiency /%
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Distance /mm

Figure 6. Theoretical and experimental values of coupling efficiency.
It can be seen from Figure 6 that the trend of experimental results is consistent with the theoretical
results, but there is little discrepancy between the experimental and theoretical results due to some

sources of error. The biggest reason for the discrepancy is that the simplified model only takes
distributions of the input beam into consideration, without the distributions of HC-PCF. The second
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reason is that the MFD of HC-PCF is used as the integral range and the contribution of other areas
within the core diameter is neglected. Fresnel reflection, operating error, and straightness error of
micro-displacement can also cause deviation.

Figure 6 shows that the coupling efficiency of the probe is lower than that of SMF when the
coupling distance is less than 0.1 mm. However, with the increase of coupling distance, the coupling
efficiency of SMF decreases gradually, while the coupling efficiency of the probe shows a trend of
increasing first and then decreasing. The coupling efficiency of the GRIN fiber probe reaches a
maximum value of 80.22% at 180 um, where the coupling distance is equal to the working distance
of the probe, which corresponds to the theoretical calculation in Equation (5). As a comparison,
the coupling efficiency of SMF at the same position has decreased to 33.45%. With the increase of
coupling distance, the probe can obtain a higher coupling efficiency than SMF and gain a similar value
when the distance is longer than 0.8 mm. Considering this, the incident end of HC-PCF can be placed
at the range of 0.1 mm to 0.8 mm for this GRIN fiber probe, where the GRIN fiber probe can acquire a
higher coupling efficiency than SMF when it is coupled with HC-PCF for gas sensing.

The experimental results show that the coupling model of the GRIN fiber probe can have a
much longer working distance than SMF, so a larger gap between two coupled fibers can be achieved.
The larger gap may make it easier for gas to enter the HC-PCF, so it takes less time to let the gas fill the
HC-PCF before measurement, thereby reducing the system response time. In addition, the model of
the GRIN fiber probe can obtain a higher coupling efficiency at the same distance, which can improve
the sensitivity of the system. The higher coupling efficiency of the model means the light entering
HC-PCF has a higher power, and the power of the output light from HC-PCF passing through the gas is
proportional to the power of input light if the gas concentration is constant according to Lambert-Beer
law. Therefore, the model of the GRIN fiber probe may display a bigger change in light power than the
model of SMF when the concentration changes the same value; that is, the model of the GRIN fiber
probe has a higher sensitivity.

The optimization problem used to obtain the maximum working distance for each specified
waist radius is proposed in Equation (9). To verify the relationship between the working distance
and maximum coupling efficiency, the coupling efficiency experiments for five fabricated fiber probes
in Table 1 have been conducted. Theoretical and experimental results are plotted in Figure 7 and
measurement errors are shown as error bars.
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Figure 7. Theoretical and experimental working distance and maximum coupling efficiency versus y.

The maximum coupling efficiency in Figure 7 is slightly different from theoretical value due to
similar errors in Figure 6, and the working distance of the probe is slightly less than the theoretical
value because of some errors expounded in Section 4. The results show that the maximum coupling
efficiency of the probe decreases and the working distance of the GRIN fiber probe increases with the
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increase of the coupling distance; that is, the maximum coupling efficiency and working distance are
contradictory. Both of them should be balanced according to the application and the optimal choice
should be studied in further experiments.

6. Conclusions

A coupling model of the GRIN fiber probe and HC-PCF has been established and a method
to calculate the coupling efficiency of the model has been deduced. An optimization problem was
proposed as a guideline for the design of the probe to obtain the longest working distance at a specified
waist radius. A series of specified probe samples were fabricated and a coupling efficiency experiment
was carried out. Image processing was implemented before the experiment to correct the results.
In addition, the relationship between the coupling efficiency and working distance was discussed.
The theoretical and experimental results show that the maximum coupling efficiency of the probe
is obtained when the coupling distance is equal to the working distance of the probe. Although
the coupling efficiency of the GRIN fiber probe at a very short distance is lower than that of SMF,
the coupling efficiency of the probe is obviously higher than that of SMF with the increase of coupling
distance. Therefore, the probe coupled with HC-PCF can obtain a higher coupling efficiency at a longer
distance. The longer distance can improve the response time of the system and the higher coupling
efficiency can improve the sensitivity of the system. Because of the contradictory relationship between
the maximum coupling efficiency and the working distance of the GRIN fiber probe, some theoretical
and experimental analyses are necessary in the future to select the optimized GRIN fiber probe for
gas sensing.
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Abstract: Various gases and aerosols in bad weather conditions can cause severe image degradation,
which will seriously affect the detection efficiency of optical monitoring stations for high pollutant
discharge systems. Thus, penetrating various gases and aerosols to sense and detect the discharge
of pollutants plays an important role in the pollutant emission detection system. Against this
backdrop, we recommend a real-time optical monitoring system based on the Stokes vectors through
analyzing the scattering characteristics and polarization characteristics of both gases and aerosols in
the atmosphere. This system is immune to the effects of various gases and aerosols on the target to
be detected and achieves the purpose of real-time sensing and detection of high pollutant discharge
systems under bad weather conditions. The imaging system is composed of four polarizers with
different polarization directions integrated into independent cameras aligned parallel to the optical
axis in order to acquire the Stokes vectors from various polarized azimuth images. Our results show
that this approach achieves high-contrast and high-definition images in real time without the loss of
spatial resolution in comparison with the performance of conventional imaging techniques.

Keywords: real-time observation; optical sensing; stokes vectors; information processing technology

1. Introduction

Environmental pollution has become a matter of great concern in recent years. In order to protect
the environment, the inspection of the environmental quality, especially the sensing and detection
of the emission of pollutants, is a problem that must be faced [1,2]. In view of this situation, many
countries have set up environmental stations to monitor companies with high pollutant emissions [3].
The optical sensing and detection method has become the most popular monitoring method owing to
its high resolution, abundant information, and use of simple equipment. However, in bad weather
conditions, such as hazy and rainy weather conditions, the atmospheric aerosols and various gases,
especially the haze particles, have a serious scattering effect on the light wave [4,5]. The image obtained
under these conditions will go through a serious degradation process, which will reduce the efficiency
of optical sensing and detecting, as well as the monitoring distance [6,7]. Therefore, without increasing
the number of monitoring stations, how to improve the sense and detect distance of the monitoring
station under the condition of bad weather and how to remove the influence of gases and aerosols on
the monitoring efficiency have become urgent problems to be solved.

This paper proposes a real-time optical sensing and detection system based on the Stokes vectors
through analyzing the scattering characteristics and polarization characteristics of gases and aerosols
in the atmosphere. This system can sense and detect the emission of pollutants in real time in bad
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weather and improve the monitoring distance of the environmental monitoring system. In this study,
we first analyzed the principles of polarization imaging algorithms and established a physical model
for polarization images through gases and aerosols in bad weather based on the Stokes vectors. Next,
we developed a real-time optical sensing and detection system with four cameras aligned parallel to the
optical axis. By solving the linear polarization parameters of the Stokes matrix, we achieved real-time
registration of different polarization images. Further, we achieved visual enhancement of polarization
degree images using an image registration algorithm based on the speeded up robust features (SURF)
algorithm and a bilinear interpolation based on the contrast-limited adaptive histogram equalization
(CLAHE) algorithm. Our results show that the proposed system can achieve real-time high-contrast,
high-definition imaging under bad weather conditions without a loss of spatial resolution.

2. Physical Model for Polarization Image

To construct our physical model, we consider the situation in which two degraded orthogonally
polarized azimuth images are first acquired by rotating the polarizer installed in front of the detector
in bad weather that has various gases and aerosols present. A clear scene is subsequently acquired by
effectively splitting the azimuth images based on the differences of polarization properties between
the atmospheric light and the target light [8]. The total intensity incident on the detector can be
expressed as:

Il = T+ A = Lopjeare P + A (1= e7F%) M

The total light intensity Iy, received by the detector consists of the target light T and the
atmospheric light A. Target light T is the target radiation Loy that reaches the detector after being
scattered by various gases and aerosols, and it exponentially decays during transmission [9], as shown
in the attenuation model in Figure 1a. Atmospheric light A refers to the sunlight received by the
detector after the scattering of various gases and aerosols, and it increases with the detection distance,
as shown in the atmospheric light model in Figure 1b. The relationship between Ity T, A, and Lopject
is given by Equation (1), where A, denotes the atmospheric light intensity from infinity, § denotes the
atmospheric attenuation coefficient, and z denotes the distance between the target and the detector.
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Figure 1. (a) Attenuation model, and (b) atmospheric light model.

During polarization imaging, two orthogonally polarized azimuth images are acquired at the
detector by rotating the polarizer. In particular, Iy, denotes the minimum atmospheric light intensity,
whereas its orthogonal counterpart, Imax, denotes the maximum atmospheric light intensity [6].
The expressions for Iiin, Imax, and Iy, are as follows:

Imax = IT/2+ Ianax @)
Iin = IT/2+ IIBnin

ITota1 = Imax + Imin (3)
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Upon selecting an area with uniform atmospheric light without targets and setting Amax(x, y) and
Amin(x, y), the polarization of the atmospheric light can be expressed as Equation (4), where Amax(x, )
and Apin (%, v) denotes the brightest and darkest atmospheric light, respectively, and (x, y) denotes
image pixel point coordinate:

Amax(%, ) — Amin (%, )

P= Amax(x/y) + Amin(xry) (4)

Substitution of Equations (2)-(4) into Equation (1) yields the mathematical model for a
high-definition scenario, as follows:

I — (1 — Imin)/
LObject _ (Itotal 1(_m;1x/A mm) }7) ®)

From Equation (5), we note that the polarization image model uses the vector vibration direction
difference between the target and the atmospheric light to filter the effects of the atmospheric
light. High-contrast and high-definition images of targets under smoggy conditions are acquired by
comparing the differences of the orthogonally linear-polarized azimuth images acquired by rotating
the polarizers.

3. Real-Time Optical Sensing and Detection System

The polarization image model primarily relies on the random rotation of the polarizer installed
in front of the detector for obtaining the maximum and minimum polarization azimuth images, thus
limiting its real-time detection results. In this study, we propose a polarization image acquisition
method based on the Stokes vectors. According to the Stokes principle, a real-time optical sensing and
detection system is designed, which is capable of acquiring the four Stokes parameters in real time,
which are then used to solve for the clear scene based on the polarization image model. In addition, to
ensure that all the Stokes vectors are targeting the same field of view, the system uses a calibration
platform based on a luminescence theodolite to complete the calibration of the common optical axis of
the four-camera array.

3.1. Polarization Image Acquisition Method Based on Stokes Vectors

In 1852, Stokes proposed a detection method that utilized light intensity to describe the
polarization characteristics. This method, known as the Stokes vector [10] method, allows for a
more intuitive and convenient observation and acquisition of the polarization information of light.
The Stokes matrix S =[Sy, S1, Sz, S3]7 is commonly used to describe the polarization state of a light
wave, where S\ denotes the total intensity of radiation, S; the intensity difference between vertically
and horizontally polarized light waves, S, the intensity difference between two 45°-polarized light
waves, and S3 the intensity difference between right-handed and left-handed circularly polarized light
waves. The expression S is as follows:

So Ioe + Igge

s— ||| bl ©)
52 Ly — Iz
S3 2Ly a5 — (I + Ioge)

where Ije, Iys50, Igpe, and I35> denote the intensities of light corresponding to polarization directions of
0°,45°,90°, and 135°; these intensities of light are obtained by installing polarizers that have different
light transmission directions (including 0°, 45°, 90°, and 135°) in front of the detector. I /4 450 means
the right-handed circularly polarized light. This is achieved by installing a polarizer that transmits 45°
light in front of the detector, and then installing a wave plate whose fast axis direction is 0° in front of
the polarizer.
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Under natural conditions, the circular component can be neglected because there is no circular
polarization properties in nature. Hence, the stokes vector can be reduced to a vector containing only
linear polarization components S =[Sy, S1, S»]7. Therefore, only the intensities of light corresponding
to different polarization directions, namely Iye, I450, Igge, and 1350, need to be measured. Subsequently,
linear components Sy, S1, and S; of the target-light Stokes matrix can be obtained using Equation (7).
The polarization state of the light wave can be expressed as follows:

) So Ipe + Iy
S=|68 |=| Iy Ly @)
52 Lis — I

After the polarization information of the light wave is obtained through measurement, it is
visualized using polarization degree images P or polarization angle images 6. In general, the degree of
polarization (DoP) can be calculated by means of the Stokes vectors, and the degree of polarization
of the actual measurement, that is, the degree of linear polarization (DoLP), can be calculated using

Equation (8):
\VSi+S3
DoLp= V1 2

So
Further, Imax and I, that is, the maximum and minimum light intensities, respectively, required
for the polarization-based imaging model, can be calculated using Equation (9):

®)

[ _ (1+DoLP)Sy

max — 3 9)
.. — (1=DiLP)Sy (
min — 3

3.2. Design of Real-Time Optical Sensing and Detection System

As per the polarization image model, the real-time optical sensing and detection system with four
cameras aligned parallel to the optical axis was designed. Analyzers were mounted and integrated
inside each lens at angles of 0°, 45°, 90°, and 135° relative to the polarization direction of the incident
light. The structure of our optical system is shown in Figure 2.

Figure 2. Real-time optical sensing and detection system.

A calibration platform, using a luminous theodolite, was adopted for the calibration of the
common optical axis of the four-camera array. During calibration, via controlling the linear motion of
a two-dimensional rail, the exit pupil of the theodolite was aligned with the entrance pupils of the
cameras separately. Next, with the crosshair lit, the orientation of the optical axis of each camera was
adjusted individually to center the crosshair image on the target surface of the camera. High-precision
calibration of the common optical axis was thereby completed, and the requirements for subsequent
image registration were fulfilled. According to the above analysis, we next constructed a four-axis
calibration platform, which was composed of the following elements: a luminous theodolite (1),
a horizontal rail (2), a vertical rail (3), a load platform (4), a right angle fixed block (5), and a servo
drive (6). Each part is marked on Figure 3.
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Figure 3. Four-axis calibration platform.

In addition, the cameras were equipped with external triggers for synchronized exposure (trigger
IN) and image capture (trigger OUT) from the four cameras. Transistor-transistor logic (TTL) levels
that had both trigger IN and OUT interfaces were employed such that one signal could be used to
trigger multiple cameras. That is, trigger OUT was enabled on the first camera, while the remaining
three were enabled with trigger IN, such that synchronized imaging using multiple cameras was
enabled. Compared with other polarization imaging systems, such as a focal-plane polarization
imaging system [11], micropolarizer arrays polarization imaging system [12], and so on [13-16],
the proposed system has the advantages of low cost and simple imaging system. This system can
obtain the polarization images without losing the light energy.

4. Target Enhancement Algorithms Based on Polarization Information

4.1. Polarization Image Registration Algorithm Based on SURF

The real-time optical sensing and detection system described in this study used four cameras
aligned parallel to the optical axis, which can cause misalignment and rotation of pixel units because
of different shooting positions and directions of the cameras. Because the solutions of intensity,
polarization difference, and polarization degree images are based on pixel units, misalignment of pixel
units between polarized azimuth images can result in false edges or blurring.

In our study, by the adoption of the SURF-based real-time image registration algorithm for
subpixel-precision registration of the acquired linear polarization degree images, the pixels between
the polarization images were aligned via the procedure shown in Figure 4, which constituted three
steps: feature detection and extraction, feature vector matching, and spatial transformation model
parameter estimation [17,18]. The detailed algorithm procedure is listed below.

Step 1: Use the high-precision four-dimensional calibration platform to pre-calibrate the
overlapping imaging areas of the adjacent cameras.

Step 2: Use fast Hessian detectors to extract the feature points of the reference image and the
image to be registered within the overlapping area, and generate SURF description vectors.

Step 3: Use the fast approximate nearest neighbors (FANN) algorithm to obtain the initial matching
point pair, and sort the Euclidean distance of the feature vectors of the pair.
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Step 4: Use the progressive sample consensus (PROSAC) algorithm to perform spatial
transformation model parameter estimation, which derives the geometric spatial transformation
relationship between the reference image and the image to be registered.

This algorithm is invariant to changes in image size, rotation, and illumination. The registration
speed is within milliseconds, and the accuracy is at the level of 0.1 pixel.

Reference image input Image to be registered
Image pre-processing Image pre-processing
SUREF feature detection SUREF feature detection

\/

Feature matching using FANN

v

Initial matching pair pre-filtering

v

PROSAC matrix-based parameter

v

Geometric spatial transformation model

v

Image stitching after registration

Figure 4. Flowchart of image registration algorithm.

4.2. CLAHE Image Enhancement Algorithm Based on Bilinear Interpolation

While the overall quality and contrast were significantly improved in the polarization
reconstructed scenes, local details were not adequately enhanced, and overexposure was noted in
the sky portion of the image [19]. To resolve these issues, we used a bilinear interpolation CLAHE
algorithm to further enhance the polarization reconstructed images via the following steps:

Step 1: Divide the image into several area blocks to perform individual contrast enhancement
based on the block’s histogram. The local contrast enhancement is represented by Equation (10):

xﬁl]v = m;; + k(x,‘,]' — mi,/-) (10)
where x;; and ] i denote the grayscale values before and after enhancement, respectively, and
mi; = ﬁ Y. x;; denotes the average grayscale value of the pixels in block W. Parameter k can be

(i,j)eW

represented as in Equation (11):

o2
k:k’[(g”{)l} (11)

where k' denotes the scale factor, o2 the noise variance of the whole image, and aiz’j the grayscale
variance of block W.

Step 2: Stitch neighboring regions by means of bilinear interpolation to effectively eliminate the
artifacts between neighboring regions introduced post local contrast enhancement. Assume that the
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values of four points K11 = (x1, ¥1), K12 = (x1, ¥2), K21 = (x2, ¥1), and Ky = (x2, y) of a function f(x) are
known; then, the value of a point H = (x, y) of the f(x) function can be derived by linear interpolation.

First, linear interpolation is performed along the x-direction to obtain the value as represented by
Equations (12) and (13):

f(Hh) ~ 325 f(Kn) + 35 f(Ka)

Hy = (x,y1) 2
f(H) = 725 f(Kip) + 55 f(K2) (13)
Hy = (x,12)

Subsequently, the same operation is performed along the y-direction as represented in Equation (14):

o2 y—hn
FUH) ~ S (e + L0 () (19

5. Results and Discussion

Testing Environment

All images in this study were acquired by use of a real-time optical sensing and detection system
with four cameras aligned parallel to the optical axis. Figure 5 shows the photograph of the imaging
system. The specifications of the cameras were as follows: 60° field of view, 8-mm focal length, and
4 million pixels. Different from other optical imaging systems, polarization imaging system only
requires the installation of a polarizer in front of ordinary industrial cameras to achieve clear scene
imaging. In this study, the type of camera is GS3-U3-41C6C-C, which is produced by Pointgrey
based in vancouver, Canada, and the type of polarizer mounted in front of the camera isLPVISC100,
this polarizer is produced by Thorlabs in the American state of New Jersey.

-

Figure 5. Real-time polarization dehazing imaging system.

MATLAB R2017b(developed by MathWorks in Massachusetts, America) was used to execute the
real-time polarization image processing and enhancement algorithm, and the program was run on
a computer with a Windows 7 (64-bit) operating system and an Intel Core i7-4790K processor with
32 GB RAM, this processor is produced by Dell based in Texas, America. The time required to process
a frame of image on the system was 30 ms.

The raw images obtained from the real-time optical sensing and detection system using four
cameras parallel to the optical axis are shown in Figure 6. These images were acquired under hazy
weather conditions, and the image quality was seriously degraded, and the presence of atmospheric
light, which was produced via haze particles, seriously reduced the image contrast and the detection
distance of the system. In our study, we first applied the conventional polarization image enhancement
algorithm proposed by Y.Y. Schechner [20], and the result is shown in Figure 6h. The algorithms
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proposed by Y.Y. Schechner are the most classical of all polarization imaging algorithms [21-23], and
their processing effect can represent the processing effect of most algorithms. When compared with
the raw images, the images reconstructed by the conventional algorithm showed obvious visual
enhancements as the atmospheric light at both the near and far ends of the images are removed, and
the contrast was also improved. However, this enhancement algorithm resulted in overexposure in
the sky region, thereby limiting the visual perception of the image. Figure 6i shows the reconstructed
image obtained by applying the registration and enhancement algorithm proposed in this study.
We first note that this algorithm effectively eliminates the effects of atmospheric light on the image
and improved the contrast of the image. Further, the proposed algorithm reduced not only the effects
of atmospheric light for objects at the near ends, but also for those at the far ends, thus creating a
perception of stereovision. In addition, a comparison of Figure 6h,i demonstrates that the proposed
algorithm not only avoided overexposure in the sky but also enriched the details of the image.

Figure 6. (a—d) Polarization images corresponding to polarization angles of 0°, 45°, 90°, and 135°;
(e) Polarization image with minimum airlight; (f) Polarization image with maximum airlight; (g) Total
intensity image; (h) Detection result obtained using the method of Schechner; (i) Detection result
obtained with proposed method; The zoomed-in view of the region of interest marked with a red
rectangle in (g) and (i) will be shown in Figure 7a,b.
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Figure 7. (a,b) The zoomed-in view of the region of interest marked with a red rectangle in Figure 6g,i;
A and B are two buildings with different distances from the detector in the scene.

The zoomed-in view of the region of interest marked with a red rectangle in Figure 6g,i is shown
in Figure 7a,b. The distance between building A and the detector was 1.6 km, and we can only observe
the outline of the building under the influence of haze, which means the spatial resolution of Figure 7a
at the detection distance of 1.6 km is 15 m. However, we can see two windows of building A in
Figure 7b, which means the spatial resolution of Figure 7b at the detection distance of 1.6 km was
2 m. Furthermore, building B, which is completely invisible in Figure 7a, is highlighted in Figure 7b.
These changes suggest that our imaging system can improve spatial resolution in severe weather
conditions. However, the limitation of the proposed method is also obvious. There was a large amount
of noise in the distant area. This was because when using Equation (1) to enhance the reflected light
energy of distant targets, the noise existing there also tended to be amplified in line with the same
trend [24].

Figure 8 shows the intensity distribution curve in the pixels of row 415 (counting from top
to bottom) across the background and the target from Figure 6g—i, which provides an intuitive
demonstration of the difference between the atmospheric light and the target light in the imaging
scene, as well as changes in the contrast. When compared with the results obtained with the Schechner
algorithm (red curve), the reconstruction result of our algorithm (blue curve) increases the atmospheric
light-target light difference to a certain extent and enhances the contrast of the image. In Figure 8,
the fluctuations of the blue curve are stronger than those of the red one, particularly at the target
location. The fluctuation of the pixel intensity curve after reconstruction using the proposed algorithm
increased significantly, which indicates that this algorithm is superior to that of the Schechner algorithm
in improving the image contrast.

Figure 9a—c shows the grayscale histograms corresponding to Figure 6g—i, respectively.
This rendering of information provides a more intuitive representation of the characteristics of
Figure 6g-i. When compared with the raw image that has its histogram concentrated in the right
half of the panel, the reconstructed image exhibited a wider and more evenly distributed histogram.
This result confirms that the proposed algorithm can effectively reduce the effects of scattering due to
aerosols and various gases to increase image contrast and enrich image details. Figure 9df illustrates
the pixel intensity distributions in the red, green and blue (RGB) channels of Figure 6g-i, respectively.
We note that the pixel intensity distribution in Figure 9f was optimized over the distributions of the
raw image and the image processed by means of the conventional polarization imaging algorithm.
In addition, the proposed algorithm increased the dynamic range and stereovision of the image.
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Figure 8. Horizontal line plot at vertical position pixel 415 in Figure 6g-i.
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Figure 9. (a—c) Gray histograms corresponding to Figure 6g—i; (d—f) Pixel intensity distributions of
channels R, G, and B of Figure 6g—i, respectively.

Figure 10 shows the results of the detection under different weather conditions. Figure 10a is the
total intensity image, which was captured under rainy and foggy weather. Figure 10b is the detection
result of Figure 10a using the proposed method, which proved the effectiveness of our method in this
weather condition. Figure 10c shows the total intensity image of contaminated polluted lake water,
which was captured under dense fog weather, where the pollution of the lake water was difficult
to be observed because of the influence of haze, the overall contrast of the image was low, and the
detection distance was limited. After the detection by our imaging system, as shown in Figure 10d, the
influence of aerosols and various gases was removed. This system could directly observe the pollution
of the lake, so that we could control the pollution of the lake. In addition, the detection distance of the
imaging system was improved, which greatly reduces the cost.
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Figure 10. (a) Total intensity image captured under rainy and foggy weather; (b) Detection result of (a)
using the proposed method; (c) Total intensity image of contaminated polluted lake water (the region
marked with a red circle) captured under dense fog weather; and (d) Detection result of (c) using the
proposed method, the region marked with a red circle shows that the pollution level of the lake can be
directly observed.

To validate the proposed algorithm, we selected multiple scenes for imaging, as shown in Figure 11.
When compared with the scenes processed by the Schechner algorithm [25], we note that the proposed
algorithm could effectively avoid overexposure in the blank regions of the sky and considerably
enhance the visual effect of the image. In addition, the proposed algorithm achieved far superior image
detail enhancement for both near and far objects in the image, consequently providing an improved
sense of stereovision.

To provide an objective evaluation of the effect of sensing and detection with various scenes,
we next adopted four commonly used image quality assessment metrics to compare algorithms; the
corresponding results are listed in Table 1. The mean gradient assesses high-frequency information
such as edges and details of the image; a higher gradient indicates an image with clearer edges and
more details. The edge strength is the amplitude of the edge point gradient. The image contrast
represents the ratio between the bright and dark areas of the general image; an image with a higher
contrast indicates more levels between bright/dark gradual changes, and thus, it contains more
information. Overall, the quality of the image processed by the proposed algorithm was significantly
improved. When compared with the raw image, the processed image generally had its contrast
increased by a factor of ~10, mean gradient increased by a factor of 4, and edge strength increased
by a factor of ~3. These results demonstrate that the processed images provided improved quality
in terms of contrast, details, and definition, which agrees well with the conclusion of the previous
subjective assessment.
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Figure 11. (a,d) Total intensity images of different scenes; (b,e) Detection results obtained by the
method of Schechner; and (c,f) Detection results obtained with the proposed method.

Table 1. Objective evaluation of dehazed images.

N Mean Gradient  Edge Strength Contrast
Image

Total light intensity image 0.0049 0.0523 1.3455

Figure 6g Result by the conventional algorithm 0.0084 0.0897 5.0434
Result by the proposed algorithm 0.0233 0.2443 17.5323

Total light intensity image 0.0066 0.07 1.9452

Figure 8a Result by the conventional algorithm 0.0095 0.101 5.3448
Result by the proposed algorithm 0.0245 0.2575 22.656

Total light intensity image 0.0048 0.0505 0.9295

Figure 8d Result by the conventional algorithm 0.0055 0.0589 1.6168
Result by the proposed algorithm 0.0155 0.165 9.1692

6. Conclusions

In this study, we proposed a real-time polarization imaging algorithm and investigated its
performance, both theoretically and experimentally. We designed and constructed a real-time optical
sensing and detection system based on the Stokes vectors underpinned by the principles of polarization
imaging, wherein optical analyzers at different angles relative to the polarization direction of the
incident light were integrated into four independent cameras individually. Linear polarization
components were calculated by use of the Stokes vectors, followed by real-time image registration
of images with different polarization components based on the SURF algorithm and subsequent
visualization of the polarization images. Finally, we adopted an improved image enhancement
algorithm using the CLAHE-based bilinear interpolation to generate real-time high-contrast and
high-definition images. Our experimental results further reinforce the conclusion that the proposed
method can acquire high-contrast and high-definition images in real time without loss of spatial
resolution, which improves the detection range of environmental monitoring stations in hazy
weather conditions
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