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We present a sensitive and compact quantum cascade laser-based photoacoustic greenhouse gas sensor for the
detection of CO2 CH4 and CO and discuss its applicability toward on-line real-time trace greenhouse gas analysis.
Differential photoacoustic resonators with different dimensions were used and optimized to balance sensitivity
with signal saturation. The effects of ambient parameters, gas flow rate, pressure and humidity on the photo-
acoustic signal and the spectral cross-interference were investigated. Thanks to the combined operation of in-

house designed laser control and lock-in amplifier, the gas detection sensitivities achieved were 5.6 ppb for
CHy4, 0.8 ppb for CO and 17.2 ppb for COy, signal averaging time 1 s and an excellent dynamic range beyond 6
orders of magnitude. A continuous outdoor five-day test was performed in an observation station in China’s
Qinling National Botanical Garden (E longitude 108°29°, N latitude 33°43’) which demonstrated the stability
and reliability of the greenhouse gas sensor.

1. Introduction

Reducing emissions from the extraction, transportation and burning
of fossils fuels is an important mechanism for many countries in order to
limit their greenhouse gas emissions by 2030 and thereby reduce the
impact of climate change [1]. Verification of reduction in emissions,
especially of the latent type, will become increasingly important in
assessing the effectiveness of low emission technologies and greenhouse
gas reduction strategies. Atmospheric monitoring technologies are an
ideal method for investigating latent emissions of greenhouse gases and
quantifications of leakage events [2]. High confidence in the accuracy of
the quantification methods employed is therefore essential and is a
legislative requirement of various governments [3]. CO5 and CHy are the
two most important greenhouse gases, reflecting infrared radiation, thus
some of the heat leaving the Earth bounces off the greenhouse gases in

the atmosphere and comes back to the Earth’s surface[4]. CO is iden-
tified as an important indirect greenhouse gas. Model calculations
indicate that the emission of 100 Mt (1 012 g) of CO stimulates an at-
mospheric chemistry perturbation that is equivalent to direct emission
of about 5 Mt of CH4[4].

There have been a number of recent attempts using optical detection
methods to improve atmospheric techniques for quantifying greenhouse
gas emissions, which can be applied for the monitoring of urban atmo-
spheric greenhouse gases and marine carbon sinks. Identification of
source gas location was accomplished by the atmospheric tomography
technique [5]. However, it was less successful with CO5 emissions due to
the lower signal-to-noise ratio (SNR). A good example for Tunable Diode
Laser Absorption Spectroscopy (TDLAS) was reported as an instrument
consisting of two gallium antimonide-based interband cascade lasers
and a compact multipass gas cell [6] with methane and ethane
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sensitivities 5 and 8 ppbv, respectively. Several variations of
Optical-Feedback Cavity Ring-Down Spectroscopy (CRDS) have also
been used to detect greenhouse gases with ppb level sensitivity [7,8].
Photoacoustic spectroscopy is recognized for its high sensitivity and
spectral selectivity [9-15].

Several photoacoustic systems addressing the detection of green-
house gases have been reported with limits down to 65 pptv for CHy
[10], 10 ppb for carbon dioxide and 1.5 ppb for CO [16]. However, most
of those reports used expensive high-power lasers or bulky laboratory
systems and detection was performed under laboratory measurement
conditions [17-21].

In the present work, a compact and sensitive greenhouse gas PAS
sensor was designed combined with three quantum cascade lasers
(QCLs) and an in-house designed field programmable gate array (FPGA)
based processing unit. The performance of the sensor was investigated
for the detection of greenhouse gases CH4, CO and CO; targeting ab-
sorption peaks at 1306.12 cm™!, 2172.76 cm™! and 2345.98 cm™!
respectively. This sensor prototype was field tested continuously at
China’s Qinling National Botanical Garden (E longitude 108°29°, N
latitude 33°43’) for five days and its reliability and feasibility for in-situ
greenhouse gas monitoring was demonstrated.

2. Photoacoustic sensor design
2.1. PAS system

The configuration of the designed wavelength-modulated (WM) PAS
sensor is depicted in Fig. 1. The black, blue and red lines represent the
circuit connections, the gas flow direction and the incident laser beam,
respectively. The PAS sensor is divided into three parts: Control and
Collection Unit (CCU), Photoacoustic Unit (PAU) and Gas Processing
Unit (GPU).

With FPGA chip-based (Type EP4CE15F256, Altera®, US) in-house-
designed electronics, the CCU has achieved control of the QCLs
(customized from Ningbo Healthy Photon Technology Co., LTD, China),
lock-in  demodulation of photoacoustic signals and real-time-
concentration calculation and reporting. The system mainly consists of
two parts: laser controller and lock-in module. The sinusoidal dither and
ramp signals generated in the FPGA were used for the modulation of the
QCLs. A digital orthogonal vector type lock-in amplifier in the FPGA
chip was designed, which, unlike single phase sensitive lock-in de-
tectors, was unaffected from phase variation of the reference signal. The
frequency-doubling signal of the sinusoidal dither part was used as
reference for the acquisition of the in-phase (IP) photoacoustic signal
component. A simultaneous 90-degree phase shifted signal was gener-
ated through direct digital synthesis set as the reference for detection of
the quadrature photoacoustic signal. The in-phase and quadrature
photoacoustic components were summed up and averaged for the
removal of high frequency signals, and the cut-off frequency of the low-
pass filters was set as f;/2 N (f;: sampling frequency, set as 200 kHz; N:
summation accumulation number). The photoacoustic amplitude, Vpy,
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was calculated using Vpy = v/Ipa? + Qpa2, where Ipy and Qpy are the in-
phase and quadrature photoacoustic components after low-pass
filtering. For optimal SNR, the time constant of the lock-in amplifier
was continuously adjustable and it was equal to N/ f;.

There were three differential resonators with two different sizes in
the PAU for the purpose of three target gas detection simultaneously.
The resonator sizes for CH4 and CO detection were identical, but the
resonator used for CO, had a much shorter optical path to avoid satu-
ration due to the high CO; concentration in the atmosphere. More de-
tails of the photoacoustic resonator design and optimization are
discussed in Sect. 2.3 and in the Appendix. The modulation frequencies
(f1 and f5) of the sinusoidal waves were set to half the resonance fre-
quencies of the resonators due to 2 f wavelength modulation. The period
of the ramp signal was set as 1s when the WM-PAS system was
optimized.

In order to avoid particle and insect contamination in the outdoor
field tests, a copper pagoda filter joint and a 2 pm micro-pore PTFE
membrane were used at the inlet of the GPU as the first two filters of
ambient air. Due to the relaxation effects of photoacoustic signals for the
designated target gases, an electron cold trap and humidifier were
introduced to increase humidity or remove moisture. The buffers were
placed in front of the resonators to maintain gas mixing well and avoid
adverse noise of the humidifier (We used a gas washing bottle as the
humidifier in the practice. And the bubble from the bottle generates
extra noise). The flow rate was controlled with a needle valve and a
diaphragm pump which was connected to the outlets of the resonator
and the end of the gas flow tube. A pressure controller (LK2, Allcat
Scientific®, USA) was put in front of the resonators to control and
maintain the pressure in the resonators. Labview-based software was
developed to run the CCU and GPU remotely and perform both laser
control and photoacoustic measurements. The CCU could also commu-
nicate with external devices through a USB connection, receiving com-
mands and transmitting signal data. All sensitive cable connections were
designed as coaxial cables with grounded shielding to prevent possible
signal interferences.

The main components of the WM-PAS prototype including the QCLs,
photoacoustic resonators, electronics, power supply, diaphragm pump
and pressure controller were integrated into a box with of size
40x28x14 cm® and a weight of 3.2 kg. A photograph of the WM-PAS is
shown in Fig. 2.

Each QCL in turn was mounted onto an aluminum alloy shielding
and a heat dissipation module which was screwed onto a compact
photoacoustic resonator. The electronics integrated the functions of the
control of QCLs, system pressure, and lock-in demodulation of the PAS
signals were installed right above the resonators. There was a radiation
fin designed on the casing of the electronics. The power supply was
located next to the electronics to supply power for microphones, elec-
tronics, pump and pressure controller. The pump and pressure control
were fixed at the bottom of the sensor to control and maintain the
designated pressure for gas sample measurement. Also the humidity
control including the humidifier and the electronic cold trap were

| CCU: Control and || PAU: Photoacoustic Unit : | GPU: Gas Processing Unit |
| Collected Unit | CH, T < 1 Buffer |
| RAVas( i LA[ef s s Electron Pressure |||
||| Laser BEENANAY (|0, feo==n]]' _Cold Trap || | {-Centroller ]
| || controller 5 ’V\I+/L g Q %’h_}_ll 4 :
= I co, =~ [ Particle Filte
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Fig. 1. Structure of the greenhouse gas detection PAS sensor instrumentation.
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Fig. 2. The integrated WM-PAS prototype.

installed at the back of the sensor, connected to a particle filter as the gas
inlet. All the following optimization measurements were completed in
the experimental lab with a constant temperature as 25°C.

2.2. Absorption line selection of greenhouse gases

In order to achieve the optimal sensitivities of target gases, the ab-
sorption lines considered were optimized within the tunable spectral
ranges of the three QCLs. The absorption cross-section simulation results
of the three target gases and vapor background given in Hitran2012 [22]
at room temperature and atmospheric pressure are presented in Fig. 3.
The red lines represent the absorption intensities of the target gases,
while the blue lines show the vapor absorption spectra. CH4 exhibits an
uneven absorption spectrum composed of several lines differing both in
line-strength and in wavenumber spacing in the 1100 ~ 1500 cm™!
region. These absorptions are generated by the energetical dyad v,
including the v and v4 bending modes. The strongest peak at
1306.12 cm ™! (line strength is 6.7 x 1071° cm/mol) was selected for CHy4
detection. The absorption line located at 2172.76 cm ™! corresponding
to the R-12 branch of the fundamental (Av = 1) vibrational transition of
CO with a line-strength of 2.9x10~!° cm/mol was used for CO detection
[23]. The characteristic spectral signatures of asymmetric stretching
mode (v3) of CO, [24] generate the absorption around 2347 cm ™! shown
in Fig. 3(c). For the purpose of balancing sensitivity and saturation
concentration, the relatively weak absorption peak at 2345.98 cm™!
with a line-strength of 3.8x107!® cm/mol was chosen as the target
wavenumber for CO, detection. All the designated absorption peaks for
the three targets were far away from the strong absorption region of
water vapor as depicted in Fig. 3. The other two targets are transparent
at the selected absorption line of any detected greenhouse gas. In terms
of optical power, we obtained 143 mW at 1306.12 cm! (CHy), 175 mW
at 2172.76 cm ™! (CO) and 56 mW at 2345.98 cm ™! (COy) for the three
QCLs, respectively.
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2.3. Photoacoustic resonator design and optimization

Fig. 4 depicts a cross-section of one of the three greenhouse gas
detection sensors. Its main components are the QCLs, the resonator and
the optical source collection cylinder. The beam outlets of the QCLs are
conical, therefore there is a distance (~10 mm) between the beam outlet
and the resonator window. In order to avoid the adverse effects of
ambient air, especially for CO, detection, a Ny filled tube with the
diameter of 3 mm was introduced into that space between the beam
outlet and the resonator window for air isolation in the optical path. The
differential resonator is made up of two resonance cylinders and buffer
volumes located at both ends. Buffer volumes were designed and man-
ufactured with rounded edges and smooth surfaces to avoid dead vol-
umes or local turbulence. The internal face of the resonator was treated
by a lapping rod and polishing paste in order to improve its surface
quality. The CaFy windows (37.8 mm in diameter and 3 mm in depth)
were screw fixed between the pressure plates and the buffer volume
wall, and sealed by gaskets and O-rings. Two small openings (1.5 mm in
diameter) in the middle of the two identical resonator cylinders were
drilled for the mounts of the two electret condenser microphones (Type
BO6027, Shenzhen Yingge Acoustics Technology®, 115.5 mV/Pa,
—19 dB). In order to monitor the humidity and temperature of the
resonator, an Omega® (Type HX94) sensor was integrated on the wall of
the buffer volume immediately beside the gas outlet. An optical
collection cylinder with conical inner shape was located immediately
after the resonator for the collection of transmitted optical intensities.

The geometry for the two types differential resonators is shown in
Table 1. We use R1 and R2 to represent the two type resonators
respectively. The corresponding measured resonant frequencies are
821 Hz (fi, for CH4 and CO detection) and 3756 Hz (f», for CO; detec-
tion) respectively, as shown Fig. 5. The details for the geometry opti-
mization design of the resonators are discussed in the Appendix.

Fig. 4. Cross section of the WM-PAS sensor instrumentation. [1] QCL source,
[2] N, filled tube, [3] pressure plate, [4] M3 screws, [5] gaskets, [6] CaFa
windows, [7] O-rings, [8] buffer volume, [9] resonance cylinders, [10] M6
threaded holes, [11] microphones, [12] gas inlet, [13] gas outlet, [14] humidity
and temperature sensor, [15] Optical collection cylinder.
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Fig. 3. The absorption characteristics of the three target gases.
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Table 1
Parameters of the two differential resonators.
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Type Resonance cylinder

Length Diameter

Buffer volume

Resonance frequency Target gas

Length

Diameter

8 mm
8 mm

140 mm
40 mm

R1 Resonator 1
R2 Resonator 2

30 mm
10 mm

32 mm
20 mm

821 Hz (f1) CH4, CO
3756 Hz (f2) CO,

£=3756.0 Hz

=
©
1

£i=821.0 Hz

&
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w
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Normalized photoacoustic signal (a.u.)
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Frequency (Hz)

Fig. 5. Resonance frequency responses of the two types of differen-
tial resonators.

3. Optimization and evaluation of the photoacoustic sensor
3.1. Optimization of CCU

The selected absorption lines of the three greenhouse gases were
targeted by the CCU to operate the QCLs at 28°C (CHy), 31°C (CO), and
31°C (COy), with injection currents 226.0 mA (CHg), 226.1 mA (CO)
and 95.6 mA (CO3). The modulation depth optimization of the three
target gases was implemented by sinusoidal modulation of the three QCL
currents at frequencies fj/2 (425.5Hz) for CH4 and CO or fp/2
(1878 Hz) for CO,. The PA amplitude signals could achieve maximum
values when the modulation depths of the beams were close to the
widths of the absorption lines. The PA amplitude signal responses vs.
modulation depths are shown in Fig. 6 which were obtained by
measuring the gas samples of 50 ppm CHy, 15 ppm CO and 200 ppm
CO4 respectively. The optimal modulation depths at the designated
wavenumbers were 160 mV (CH4 at 1306.12 cm’l), 110 mV (CO at
2172.76 cm ™) and 255 mV (CO; at 2345.98 cm™1).

3.2. Optimization of the GPU

In this section we aim to discuss the influence of pressure, gas flow

rate and humidity on the photoacoustic signal, all of which are
controlled by the GPU in Fig. 1. All optimization measurements were
acquired with the target gases diluted in Nj.

3.2.1. Pressure effects on signal

The Q-factor of the resonators, the absorption spectrum of the target
gases and the V-T relaxation rates vary with pressure, so the pressure
optimization in the resonators is a key parameter for PA sensor perfor-
mance optimization. The two resonator photoacoustic signal depen-
dence on gas pressure were evaluated by measuring the response of R1
to 7 ppm CHy4 and that of R2 to 215 ppm CO,. The pressure dependence
results shown in Fig. 7 were obtained after the modulation depths and
modulation frequencies of QCLs were optimized at each designated
pressure. The photoacoustic signal of R1 increases nonlinearly with CHy
pressure as shown in Fig. 7(a). However, as depicted in Fig. 7(b), the
photoacoustic signal of R2 rises when the CO; pressure is less than 14
PSIG, then the signal reaches a maximum and starts decreasing at higher
pressures. Only one pressure controller was used in the WM-PAS sensor,
so pressures in Resonators 1 and 2 were certainly identical. As a result, a
gas pressure of 14 PSIG was used as the operating pressure for all three
target gas detection measurements.

3.2.2. Gas flow rate effects on signal

The PA signal dependence on gas flow rate was investigated in a
range between 0 and 800 sccm, with all other parameters remaining
unchanged. The noise levels of the two types of resonators were recor-
ded by measuring signals with Ny as a reference gas. Fig. 8 shows both
PA signals and noise levels. The PA signal response as a function of flow
rate was measured using 2 ppm CO, 15 ppm CHy4 and 24 ppm CO». It was
observed that the PA signal is much less affected by flow rate than by
pressure. The CO signal increases with increasing flow rate and reaches a
maximum at 600 sccm. A slight monotonic drop occurs with respect to
the CHy4 signal with rising flow rate, with total decrease of only 1%
signal at 500 sccm compared with that under static conditions. The flow
rate has barely any impact on the CO; signal with less than 1% deviation
between 0 and 800 sccm. The noise level of R1 remained almost un-
changed at flow rates smaller than 500 sccm and increased dramatically
beyond 600 sccm. R2 shows a similar constant noise level below 700
sccm which increased rapidly to 14 times at 900 sccm. Considering the
influence of flow rate on the foregoing PA signals and noise levels of the
two resonators, 500 sccm was selected as optimal for the simultaneous
measurement of the three greenhouse gases.
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Fig. 6. Modulation depth optimization of the PAS sensor. (a), (b) and (c) PA amplitude signal responses vs. modulation depths for three target gases.
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Fig. 7. The relationship between PA signals and gas pressure of the two resonators.
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3.2.3. Water vapor impact on target gases

Humidity effects on the PA signals of the three greenhouse gases
were investigated by measuring the amplitude dependence of 25 ppm
CHy, 10 ppm CO and 432 ppm CO, on absolute humidity. Regarding
trace concentrations of the three greenhouse gases, their V-T collisions
and any vibrational energy back transfer can be neglected.

The results shown in Fig. 9(a) illustrate a signal rise in CH4 with
increased water vapor of 4.2% to reach the maximum at the concen-
tration of 0.36% absolute humidity. This effect was caused by the fact
that not all vibrational states excited of CHy4 at the target wavenumber
were able to relax completely during one modulation period [9,25,26]
without the catalytic effects of water vapor. The collisional relaxation
delay is retarded by humidification which partially explains the increase
signal in CHy4 at the lower water vapor concentration. The rise in CHy
signal is also attributed to a fast V-V transition from CH4(1p,) to HoO(v2)

with subsequent V-T-relaxation of water [27]. However, the rising water
concentration changes the heat capacity ratio of the gases and de-
teriorates the Q-factors of the resonators, leading to decreasing signal for
CH,4 detection.

CO is a typically slow relaxer and the PA signal is strongly affected by
the presence of relaxation promoters in the mixture. Considering CO
diluted in Np as a first stage, the fastest relaxation process
(& _n, ~ 1.4 x 105 tatm™) is generated by the V-V collision with Ny
since the V-T relaxation of CO into a lower CO energy level is neglected
at CO concentrations below 100 ppm [28]. The vibrational energy of CO
excited to the v; (around 2172.76 cm™ 1) state is transferred to Ny, which
has a higher resonant v; (2330 cm™Y) vibrational level, leading to an
endothermic process [23,24]. This relaxation path is promoted by the
presence of water vapor. Therefore, a slight decrease for the CO signal
occurs first, reaches a minimum at 0.19% humidity, then it increases

45
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& 228 —e—25 ppm CH4 2 2 1
]
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Fig. 9. The influence of humidity on PA signals. (a), (b), (c) represent the PA signal response of CH4, CO, CO, to absolute humidity.
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approximately linearly by 14 times up to 2.3% humidity. The reason for
the progressive increase is that another new exothermic relaxation
process V-V como with a rate of 7%7}120 ~ 5.5 x 10%s1atm1[28]
dominates as the humidity increases [29].

CO», is another typical slow relaxer gas and its signal is also promoted
by the efficient catalyst HyO. The vibrational energy of CO; excited to
the v (around 2345.98 em™)) state respectively is transferred to the v;
(2330 cm ') vibrational level of N,. The collisional relaxation time of
N, level is relatively long, that is to say that a partial energy transfer
from the v3 state of CO, to Ny is subsequently trapped in a metastable
vibrational excited state of Ny [30]. Therefore, the relaxation process
G&,—m,0 ~ 8.5 x 10%tatm™) in a dry CO, mixture is relatively slow,
resulting in a weak PA signal [31]. The presence of water vapor adds an
additional relaxation path [32] which is generated by the V-V collisional
energy exchange between COz and H20O molecules (v& 4 o~ 2.3 X
107s'atm™!) and is proportional to the humidity level [33]. This
mechanism can explain the fact that the CO5 PA signal in Fig. 9(c) shows
a linear response to the absolute humidity and becomes enhanced by 4.4
times under 2.3% humidity.

3.3. Performance evaluation of photoacoustic sensor

3.3.1. PA setup simplification and sensitivity evaluation

For the purpose of PA noise level evaluation, the two types of reso-
nators were filled up with N3 and the PA responses were measured under
incident radiation as shown in Fig. 1. The noise levels at the resonators
shown in Fig. 10 were calculated as the standard deviation (6) of
collected PA data over 150 s. The first and second numbers shown in the
insets of Fig. 10 represent the accumulation number and averaging time,
respectively. The noise level magnitudes of both resonators were on the
order of 1073 (a.u.).

As compactness and less complexity is an essential step toward
greenhouse gas detection in ambient air for real world PA applications,
it was inconvenient to install humidity control equipment in the gas
monitoring sensor compartment. So, we simplified the experimental
apparatus, and only used an electronic cold trap and washing bottle to
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achieve gas drying and humidification as shown in Fig. 1. The washing
bottle was in a temperature-controlled water bath (25°C). Such design
contributes a constant humidity in the resonators, resulting in the
enhancement of PA signals and instability suppression due to the ach-
ieved absence of humidity variations: It was found that the water con-
centration of the sample filtered by the electronic cold trap was
maintained unchanged at 0.29%. After the gas sample was passed
through distilled water in the washing bottle, the humidity was 2.3%
and the water vapor concentration generated by such humidification
method was dependent on the ambient dew point and saturation vapor
pressure.

Fig. 9 shows that the CHy4 PA signal value with 0.29% humidity is
somewhat greater than that with the absolute humidity at 2.3%. And
obviously, the photoacoustic signals of CO and CO, are enhanced by
introducing humidification as shown in Fig. 9(b) and (c). Therefore, for
practical field use, the CH4 gas sample was dried by the electronic cold
trap, while CO and CO, gases were passed through a gas washing bottle
filled with distilled water before letting into the resonators.

To evaluate the performance of the WM-PAS sensor, the system was
operated with the foregoing optimized parameters. Samples of 25 ppm
CHy4, 15 ppm CO and 100 ppm diluted in Ny were measured after
introducing humidification by passage (bubbling) through distilled
water. Then the humidified samples were dried by the electronic cold
trap and the photoacoustic signals of the humidified and dried samples
were detected. As shown in Fig. 11(a), the signal from 25 ppm CHy4 dried
in the electronic cold trap is 10% greater than the humidified value as
marked by the dashed ellipse. The signals from 15 ppm CO and 100 ppm
CO; are improved by 11.2 and 6.7 times, respectively, under humidity
conditions, Fig. 11(b) and (c).

The results shown in Fig. 11 were observed with an averaging time of
1 s after removing the constant background signal with Na. The PA
amplitude values from 25 ppm CHy, 15 ppm CO and 100 ppm CO; at the
target wavenumbers were 23.156 (a.u.), 94.921 (a.u.) and 11.421 (a.u.),
respectively. With an averaging time as 1 s, the noise floors of the two
resonators were found to be 5.517x10~3 (R1) and 1.914x 1073 (R2) as
shown in Fig. 10. Therefore, the limits of detection (LoD) of the WM-PAS
sensor were 5.6 ppb for CHy, 0.8 ppb for CO and 17.2 ppb for CO, with 1-
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Fig. 10. Photoacoustic noise level analysis of the two resonators.
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Fig. 11. The 2 f spectra of the three target gases. (a), (b), (c) are the PA signals of the three target gases filtered with electron cold trap and humified with washing

bottle, respectively.

s averaging time.

With the longer averaging time, the noise level of the two types of
resonators dramatically decreased as expected. Longer averaging times
can be set by the CCU integrated in this sensor, if sensitive LoDs are
required in specific cases. For example, with an averaging time of 5s,
the LoDs will be 2.3 ppb (CHy4), 0.4 ppb (CO) and 7.1 ppb (COy),
respectively.

3.3.2. Dynamic performance evaluation of the PA sensor

The dynamic range for greenhouse gas monitoring of the WM-PAS
sensor was identified by testing the PA response of the target gases
with different concentrations in the range of several ppb to a few hun-
dred ppm. The results are presented in Fig. 12. The signals from both
CH4 and CO gases exhibit a linear response in the concentration range
from ppb to tens of ppm. The signal from CO; increases linearly with
concentration in the range <350 ppm, but then it becomes nonlinear
with concentration increase without saturation. The saturation con-
centration occurred at the CO, concentration of 1000 ppm. A decreasing
signal appeared after the saturation effect and the detailed reason for
this phenomenon was given in Appendix. This sensor is suitable for the
CO4 detection in the range of 0-1000 ppm due to a non-monotonic
response throughout the entire range. The dynamic range of the WM-
PAS sensor for the detection of the three greenhouse gases was found
to be more than 6 orders of magnitude.

We also tested the PA signal responses with the target gas concen-
trations diluted in air with the designated humidity (0.29% for CH4 and
2.3% for CO and COy) for the purpose of atmospheric monitoring cali-
bration. With the ambient air as background gas, the resonance fre-
quencies of the R1 and R2 resonators moved lower to 805 Hz and
3686 Hz respectively. The detection results are shown in Fig. 13. The
CHj4 PA signals with the air with 0.29% humidity were almost identical
with the CHy data diluted in 0.29% humidity N, which were depicted in
Fig. 12(a). The CO PA signal diluted in air with the humidity of 2.3% is
about 12% lower than those values diluted by Ny with the same

humidity. The CO5 PA signals were enhanced approximately 26.3% by
the presence of 2.3% humidity air.

4. In situ monitoring of atmospheric greenhouse gases

The results of greenhouse gas monitoring in the field are presented in
Fig. 13 with the WM-PAS sensor located in an observation station in the
Qinling National Botanical Garden, which is the world’s largest with an
area of 639 square kilometers. Qinling National Botanical Garden is
located in the northern slope of Qinling Mountains, about 70 kilometers
south of downtown Xi’an and it is between 108° 13°'~108° 29’ E
longitude and 33° 43’~34° 04’ N latitude. With an altitude variation of
over 2500 m, Qinling National Botanical Garden is known as the “bio-
logical gene bank” of China, and has one of the most diversified plants
and clearest vegetation zones all over the world.

The observation station was located in a forested site in central
China. In order to quantify and address the adverse effects of local
human transportation activities and vehicles, gas samples were extrac-
ted in ambient air at an elevation of 15 m above ground by the tube
connection from a 30 m high tower. The designed WM-PAS sensor and a
commercial instrument (Model G2401, Picarro®, USA) which is based
on the Cavity Ring-Down Spectroscopy (CRDS) technology principle
[34] were placed together in an air-conditioned room maintained at the
constant temperature of 25°C. The atmospheric relative humidity was
about 71%. The extracted gas sample An electronic cold trap was also
placed upstream to the Picarro instrument for the purpose of dehu-
midification. CRDS provides a basic way to enhance the light-gas mo-
lecular interaction by at least thousand fold with a small sample length,
and it employs time-domain signals. Therefore, the CRDS signal is
insensitive to the laser intensity fluctuation [35]. Nevertheless, the
limitation of CRDS technique is the requirement of high-reflectivity
mirrors to form an optical cavity, but the reflectivity coatings are usu-
ally available in a short wave length range, which limits the working
spectral range for a particular configuration of mirror cavity [34].
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Moreover, precise alignment of the mirror cavity is required to achieve
the mode-matching condition. So the instability of the mode-matching
optics and electrical components may degrade CRDS signals [35].
Such high-quality demand of reflectivity coating indeed greatly in-
creases the difficulty and cost of CDRS based instrument. The minimal
averaging time available for G2401 used in our measurements was 1 s,
and the corresponding LODs (16) were 0.1 ppb (CHy), 3.5 ppb (CO) and
17 ppb (COy), respectively. With an averaging time of 5 s, the LoDs of
our PA sensor are 2.3 ppb (CHy4), 0.4 ppb (CO) and 7.1 ppb (COy),
respectively, with comparable detection sensitivities, the PA sensor has
demonstrated efficient multiple greenhouse gas monitoring capabilities.

With 1-s averaging time, the WM-PAS sensor performed in excellent
agreement with the results obtained from the CRDS based G2401 in-
strument as shown in Fig. 14. The concentration calibrations were
calculated with the concentration dependent PA signals of three target
greenhouse gases diluted in air with the optimized humidity. The
average ambient concentration of CHy, the gas with the minimal fluc-
tuation among the three greenhouse gases during the five days of trials,
was 2.1 ppm. Diurnal variations in CH4 emissions have been reported to
fluctuate significantly, depending on the mountain ecosystem [36]. The
maximum concentration of CH4 was registered at midnight while the
minimum was observed in the daytime. The mean CO observed during
the five days ranged between 302 ppb and 375 ppb. From midnight to
early morning, a sharp increase in CO was observed as the consequence
of CO emitting sources, like local traffic, as suggested by the

concomitant enhancements of black carbon and other combustion
products [37]. Mud carrying trailers are responsible for this phenome-
non because they are only allowed to drive on Chinese roads between
0:00-8:30 (local time) daily. The average concentration of CO; in the
five measurement days was 432 ppm. The daily cycle of CO5 was mostly
dominated by vegetation gas exchange activities [38].

5. Conclusions

A robust and compact WM-PAS sensor for greenhouse gas monitoring
was established and tested in this work. Three QCLs designated for CHa,
CO and CO3, detection, respectively, were used as the excitation sources
and three differential resonators with two dimensions were optimally
designed in terms of gas detection sensitivity and saturation concen-
tration measurements. FPGA designed circuits integrated in this sensor
resulted in good performance with laser modulation and digital
orthogonal vector type lock-in demodulation. The integrated WM-PAS
sensor was demonstrated to be capable of high sensitivity and wide
dynamic range detection combined with QCLs and differential resona-
tors. Ambient parameters with the potential to cause cross-interference
(gas flow rate and pressure as well as humidity) were investigated and
optimized. With the optimal parameters, the integrated WM-PAS sensor
exhibited minimum LoDs: 5.6ppb for CHy, 0.8 ppb for CO and 17.2 ppb
for CO, with the averaging time as 1s. The dynamic range of this
portable greenhouse detection sensor was found to be greater than 6

»
N

£ July. 1 July. 2 July. 3 July. 4 July. 5 July. 6
e i | 4 Y A
§ 24 PI LN g
= r \,‘ g .7 R R I\
£ | T Y ! Vs, —— Picarro
8 2.0 ‘._,_imd\ﬂj\ L " L \ oy *, %, 4 —— PAS
E g A v SO & Foos)
° 00 08 16 00 08 16 00 08 16 00 08 16 00 08 16 00 08 16
_ " FiF
§_ 1.2 o July- 1 July. 2 i July. 3 g July. 4 July- 5 § \ July. 6
& I 4 t y; \ i ¥ \
< / P g { ! 1 P\ / \
8 ; \ F; 1 b \ X ¥ \
s 08/ \ ™ f [ \ / { | | —— Picarro
£ id 5 i \ ]
£ \ VA \ \ / \ | ——Pas
2 5 \ | \ \ \
S 0.4 , \ k ol $ |
o . \ $ | %, / § 3 |
8 Hn L ¢ S R el Tt

00 08 6 00 08 6 00 08 16 00 08 16 00 08 16 00 08 16
= i, 4 Py A
g ! il e e fly " il S el
- \ I f Y ¥ g ot
g @ f vl \\/ r/ —— Picarro
H v f ! J ——PAS
E 400 ‘\ / \!‘ I '“dl
8 \ A
S % July. 1 July. 2 July. 3 July. 4 July. 5§ July. 6
© 00 08 16 00 08 16 00 08 16 00 08 16 00 08 16 00 08 16

TIME (h)

Fig. 14. Continuous monitoring of greenhouse gases in Qinling National Botanical Garden, China.
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orders of magnitude. The continuous monitoring capability of the sensor
was demonstrated by continuously measuring the ambient air over one
week in an outdoors observation station. The results were validated and
showed excellent agreement with simultaneous data obtained using a
commercial CRDS based instrument (G2401, Picarro®), located at the
same site. Thanks to the advantages of high sensitivity, large dynamic
range and stable monitoring, the WM-PAS sensor with the three inte-
grated QCLs, three differential resonators, and FPGA based circuits, can
be employed in the field of greenhouse gas detection for real-time
monitoring of chemical reactions and gas pollutants in the atmosphere.
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Appendix

The differential resonators fabricated in the WM-PAS sensor were used for greenhouse gas monitoring. Therefore, the gas detection range was
determined by the concentrations of three target gases (CH,, CO and CO3) in the ambient air. The concentration of CH4 and CO is usually at ppm levels
in ambient air, therefore the optical absorption length of the incident beam had to be extended to achieve acceptable gas sensitivity. In terms of these
two-gas detection operations, the length and diameter of the resonant cylinders was 140 mm and 8 mm, respectively, while the length and diameter of
the buffer volumes at the two ends of the resonant cylinder was set at 30 mm and 32 mm, respectively. Figs. A1 and A2 show the PA responses vs. three
target gases by concentrations using Finite Element Method (FEM) software COMSOL Multiphysics ® v6.0. Fig. Al(a) and (b) show the simulated PA
signal results from CH,4 and CO at the designated wavenumbers of 1306.12 cm™* (CHy4) and 2172.76 cm ™! (CO), respectively. The PA signals from
both gases increase linearly with concentration without saturation appearance, so the simulated results show that such a dimensional differential
resonator is adequate for CH4 and CO detection in the atmosphere.
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Fig. Al. Simulated PA signal v.s. target gas concentration. (a): CH4 (b): CO.

The CO» concentration in the ambient air is usually between 300 ppm ~ 1000 ppm (forest region: 300-450 ppm; city region: ~500 ppm; empty
room: 500-700 ppm; stuffy bedroom: 700-1000 ppm). Moreover, the infrared absorption line (the line-strength of 3.8x107® em/mol at
2345.98 cm™!) is about 5 times stronger than that of the other two target gases. Therefore, the shorter differential resonator is necessary in order to
avoid the absorption saturation occurrence. In the CO5 PA response simulation, the length and diameter of the buffer volume and the diameter of the
resonant cylinder were set as constants at 10 mm, 20 mm and 8 mm, respectively. The length of the resonant cylinder was varied from 30 mm to
70 mm. The various color curves in Fig. A2 represent the simulated PA response with different optical absorption lengths (the total length of the
resonant cylinder and buffer volume). The saturation concentrations for the optical absorption lengths of 90 mm, 80 mm and 70 mm are 750 ppm,
800 ppm and 930 ppm respectively, which are lower than or close to the upper concentration limit of CO; in the ambient environment to be tested.
The signal with 60 mm optical absorption length shows the maximal PA response and its saturation concentration is greater than 1000 ppm which can
be adequate for atmospheric COy detection. The saturation concentration with 50 mm optical absorption length is 1400 ppm, which is lower than the
PA value with 60 mm optical absorption length at the CO, range of ambient air. Therefore, the dimensions of the resonator (R2 for CO, detection in
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terms of length and diameter of buffer volume were set at 10 mm and 20 mm, and the length and diameter of the resonant cylinder at 40 mm and
8 mm, respectively. The simulated results showed a good agreement with the experimental dynamic range for CO, detection which was presented in
Fig. 12(c). Therefore, the simulated results regarding to the saturation concentration and resonance frequency exhibited a valuable evidence for the
optimization design of the resonators.
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Fig. A2. Determination of optimal resonator length for CO; detection.

Fig. A2 describes an interesting phenomenon for the decreasing PA signal with higher CO, concentration beyond the saturation concentration. The
effect can be explained by the effective coupling efficiency between the incident beam and normal node pressure [39]. The PA amplitude signal A(w)
can be represented as [39]

Alw) = 7%5,& = /p(?)[(?,m)dv (AD)

where @=2xf is the resonance angular frequency, « is the beam absorption coefficient (cm™!), Q is the quality factor of the resonator, y is the ratio of
specific heats of the target gas (y=C,/C,, C, and C, is the specific heat of the gas at constant pressure and volume, respectively), and V. is the resonator
volume. p; represents the effective coupling efficient, which is the integration of normal node pressure p(7") and beam distribution I(7, ) generated
by the target gas absorption. 7 represents coordinate location in the differential resonator.

Based on the full linearized Navier-Stokes (FLNS) formulation [40], the thermal-acoustic model of the differential resonators was solved using the
software COMSOL, which rigorously takes into account surfaces and volume losses, at the price of higher calculation cost. The geometrical parameters
were selected as the dimensions of the shortest absorption length shown in Fig. A2. The normal node pressure distribution of the differential resonator
could be calculated through the eigenfrequency choice in the COMSOL software and the results are shown in Fig. A3(a) with the simulated resonant
frequency. The left and right column illustrations of Fig. A3 show the 2-D and x-axis distributions of the normal node pressure, respectively.
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Within this framework, based on the Lambert-Beer law, a Gaussian thermal source I (shown in Eq. (A2)) was used to imitate the incident beam
through the differential resonator.

Iy = Iye %2 e ™ /e Ao, C (A2)

11
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where agog is the absorption coefficient (94.2 cm™1) at the target wavenumber 2345.98 cm ™! of pure CO, and ¢ is CO, concentration. The beam
propagates along the x-axis. a is the waist radius of the Gaussian beam, r represents the distance from the center axis along the beam cross-section. The
simulated results of the thermal source are depicted in Fig. A3(b) ~ (e) in with 100 ppm, 500 ppm, 1400 ppm and 10,000 ppm CO,, respectively. The
left and right column illustrations show the 2-D and x-axis distributions of the thermal source respectively. The beam distribution within the dif-
ferential resonator is seen to be significantly affected by the CO2 concentration. With 100 ppm CO,, the beam propagates across the entire resonator.
When the concentration increases to 500 ppm, the beam mainly focuses on the first buffer cylinder and resonance cylinder. It reaches 1400 ppm, with
almost only the first buffer cylinder excited. When the concentration reaches 10,000 ppm, only the target gas around the window is responsible for
light absorption.

The PA signal |A4(w)| (shown in Eq. (A3)) is proportional to the sum of the discrete values of normal node pressure p;(7;)and thermal beam I(7;,
w)shown in Fig. A3.

aQ(y —1) &
A0)] = "L S o (F () (a3)
Ve i=1
The calculated PA signal response to CO, concentration is shown in Fig. A4, which is consistent with Fig. A2. The effective coupling efficient
between the normal node pressure of the resonator and incident beam distribution as well as the dynamic ranges of the target gases are of great
importance to the measurements and need to be further considered in the resonator design.
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Fig. A4. The simulated PA response to CO, concentration.
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