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A compact laser photo-acoustic (PA) methane sensor based on a quantum-cascade laser (~7.7 pm; 1750 Hz; 25 mW), a
resonant differential photo-acoustic detector (PAD), and a sealed-off gas-filled PA Ref-cell has been developed.
Normalization of the absorption signals in the PAD is carried out according to the absorption signals in the gas-filled
PA Ref-cell, which significantly reduces the measurement errors of the methane concentration in the case of instability
of the laser emission wavelength. The minimum measured background signal of the PA sensor (using high purity

nitrogen) is Ny, ~ (26.6 + 8.4) ppb CH4 (at a bandwidth of 20 Hz), the value of normalized noise equivalent
absorption (NNEA) = 8.22 x 1071% em~1.W/Hz!/2. A comparison of various research groups results with mid-IR PA
gas analyzers is carried out. The developed PA methane sensor is adapted for placement on the UAV’s board. Device
has dimensions of 315 x 165 x 110 mm, weight ~3.1 kg, power supply from an external source (9...60 VDC), power

consumption ~20 VA.

1. Introduction

Currently, various methods of remote sensing of the Earth using
unmanned aerial vehicles (UAVs) are widely used during geological and
geophysical works. Different indirect methods, such as aeromagnetic
survey, gamma spectrometry and others [1], are used to detect potential
deposits of oil and natural gas during exploration work. A promising
addition to traditional search methods is the direct measurement of the
CH4 concentration in the surface layer of the atmosphere above the
surveyed area, since natural gas (~90% methane) seeps through the soil
to the Earth’s surface under natural pressure. The average CH4 back-
ground concentration in the atmosphere is ~1.9 ppm [2,3]. A marked
excess of this average local CH4 concentration in the air will indicate the
location of a potential oil or gas field.

In this regard, the task of building a highly sensitive methane sensor
with small dimensions, weight and power consumption, which can be
installed on a UAV [4] to measure the background concentration of CHy4
in the air in the surface layer of the atmosphere over vast territories in
real time, becomes relevant. The main suitability parameter of such a

methane sensor is its threshold sensitivity, which should ensure reliable
registration of the average CH4 background concentration in the air
(from ~2 ppm and higher) with a signal-to-noise ratio (SNR) of at least
10...20.

The most sensitive modern methods of gas analysis are gas chro-
matography (GC) and mass spectrometry (MS), as well as their combi-
nation [5,6]. These methods are implemented mainly in laboratory
conditions, have unsurpassed sensitivity and selectivity. However, GC
and MS gas analyzers cannot operate in real time and in the field con-
ditions, which is often necessary in practice. Note that gas analyzers
using laser methods for detecting various gas impurities (for example,
the use of multipass cells [7], tunable diode laser spectroscopy (TDLS)
[8,9], cavity ring-down spectroscopy (CRDS) [10] and others [11,12])
can operate in real time, in the field conditions, and even remotely
(LIDAR systems) [13].

The method of laser photo-acoustic spectroscopy (LPAS) [14] is one
of the highly sensitive methods of laser gas analysis of the atmosphere
and other gas mixture, which makes it possible to locally measure the
microconcentrations of various impurity and pollutant gases in real
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time. It is based on the effect of absorption of modulated laser radiation
by the investigated gas impurity (marker gas). An important condition
for the implementation of the LPAS method is the coincidence of the
wavelength of the probing laser radiation and the absorption band of the
gas under study. Usually, laser radiation, modulated in amplitude or in
frequency of emission, passes through a photo-acoustic detector (PAD)
filled with a gas mixture with an admixture of the studied marker gas. As
a result of the absorption of the modulated probing radiation by the
marker gas molecules due to the photo-acoustic effect, pressure oscil-
lations are formed in the PAD, which are recorded by a microphone
located on the PAD’s wall. There are other schemes for measuring PA
signals using quartz tuning forks (QEPAS technology) [15] and canti-
levers (CEPAS technology) [16].

Methane has two strong absorption bands located in the mid-IR
spectral regions near ~3.3 pym and ~7.7 pm [17,18], as well as a
weak absorption band near ~1.65 pm (band overtone absorption at
~3.3 um). Various research groups in the world use all three absorption
bands of methane to build the laser gas analyzers of CH4 [19-31],
including for placement on UAVs and aircrafts [32-42]. In our experi-
mental works [30,31], both strong CH4 absorption bands (~3.3 and
~7.7 pm) were used to detect methane impurities in the air.

This work is a continuation of our studies of the CH, laser PA gas
analyzer [31] based on a quantum-cascade laser (~7.7 pm) and a
resonant differential PAD. The purpose of this work is to develop a
compact airborne highly sensitive laser PA methane sensor for its
installation on the UAV’s board in order to detect places with an
increased background concentration of CH4 during search operations in
the field conditions.

2. Experimental setup

The studies were carried out on the experimental setup shown in
Fig. 1. The main optical elements of the studied PA methane gas analyzer
are quantum cascade laser (QCL), resonant differential PAD, sealed-off
gas-filled PA Ref-cell, and pyrodetector. The absorption signals in the
measuring PAD were normalized according to the absorption signals in
the sealed-off gas-filled PA Ref-cell. Similar scheme for constructing a
laser photoacoustic gas analyzer using a gas-filled PA Ref-cell for
normalizing absorption signals in a resonant PAD was first used in [43],
where a sufficiently high accuracy (~5%) of measuring the concentra-
tion of the gas under study was noted.

2.1. Radiation source

In this work, we used mid-IR quantum-cascade laser (QD7500CM1
model, Thorlabs), which operates at A ~ 7.65 pm with a pulse repetition
frequency fpgrr (duty cycle 50%) equal to the lowest resonant frequency
of the differential PAD (f; =~ 1750...1780 Hz). The laser was housed in
the metal holder with temperature stabilization (own design; unit

Controller

Air

Gas mix

Fig. 1. Scheme of the experimental setup: QCL — quantum cascade laser; T° —
laser’s thermostat; LDTC - laser current and thermostat controller; L — lens; Ref
— sealed-off gas-filled PA cell; PAD - resonant differential photo-acoustic de-
tector; Pyro — pyrodetector; DA — differential amplifier; PC — computer.
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dimensions 70 x 70 x 38 mm; weight ~450 g). The QCL emission
wavelength depends on its operating temperature (see experimental
graph in [31]), which is maintained by the laser’s thermostat. The QCL
current and temperature are managed by a controller (own
development).

A beam of repetitively pulsed QCL’s radiation (see Fig. 1) passes
successively through a lens, sealed-off gas-filled PA Ref-cell, resonant
differential PAD, and incidents on pyrodetector (MG-30 model). The
QCL emission wavelength is tuned to the maximum of the CH4 absorp-
tion band near A ~ 7.652 pm according to the absorption signal in the
sealed-off gas-filled PA Ref-cell. The pyrodetector was used to adjust the
optical scheme of PA gas analyzer and control the QCL radiation power.

Electrical signals from the resonant differential PAD (U;), the sealed-
off gas-filled PA Ref-cell (Us), and the pyrodetector (Us) are fed to the
corresponding ADC inputs of the controller (see Fig. 1), which is con-
nected to the computer. Registration, processing and display of experi-
mental data is carried out on computer using the control program “ILPA”
(program and electronics was developed by V.A. Vasiliev; ILP SB RAS).

2.2. Block of photo-acoustic detectors

A resonant differential PAD with a small length of buffer cavities
(Sherstov’s scheme [48]; OAD-90 model) was used as a measuring de-
tector applied in a number of works by various authors
[25,27,31,44-53]. The first version of this detector (prototype, 2007)
was used in our work [54].

The structure diagram of the resonant differential OAD-90 detector
and its appearance are shown in Fig. 2a, b. In 2007-2012, a series of
these detectors was manufactured for use as part of a highly sensitive SFg
laser PA leak detector [46,47,50]. The detectors are made of a hard
aluminum alloy and contain two parallel acoustic resonators (@9 x 90
mm) separated by a thin partition (thickness 1 mm). The ends of the
acoustic resonators exit from both sides into buffer cavities (320 x 8...
10 mm), which are closed by flanges with transparent anti-reflective
windows (ZnSe; AR 7.7 pm). The walls of acoustic resonators and
buffer cavities of the detector are polished.

Note that, in contrast to paper [55] (the original Miklos’s scheme), in
the resonant differential OAD-90 detector, the length of buffer cavities
(8...10 mm) is small and comparable to the diameter of acoustic reso-
nators (@9 mm), which has its advantages (see [48]). The gas input/
output is carried out through hoses (inner @2 mm) installed on the side
walls of the buffer cavities symmetrically with respect to the PAD’s
acoustic resonators. When developing and manufacturing the resonant
differential OAD-90 detector, some recommendations from paper [56]
were taken into account.

In the middle of each acoustic resonator of the differential OAD-90
detector, there is one electret microphone, matched in pairs with a
response imbalance of ~2...3%. The microphones are connected to the
inputs of a gain-balanced differential amplifier separately per channel
(for precise balancing of microphone responses). In the middle of one of
the acoustic resonators of differential OAD-90 detector, opposite the
microphone, a small-sized piezoelectric sound emitter (CPE-171 model)
is installed, which is used for short-term pulsed excitation of the de-
tector’s own acoustic oscillations and determining its lowest resonant
frequency (f1). The measurement of the PAD’s lowest resonant fre-
quency is carried out practically in real time (for ~0.1 s) with an error of
no more than +0.1 Hz, as described in our paper [44].

The lowest resonant frequency of resonant differential OAD-90 de-
tector is f; = 1750 Hz (when filled with air) or fi* ~ 1780 Hz (when
filled with nitrogen), the quality factor of the resonances is Q =~ 54. As
shown in papers [21,48], at the lowest resonant frequency (f;) of dif-
ferential OAD-90 detector, an acoustic mode (standing wave) is formed
with the ring trajectory of pressure oscillations propagation, covering
both acoustic resonators of the detector. At the same time, at the lowest
resonant frequency f, antinodes of pressure oscillations (in antiphase)
are located in the middle of both acoustic resonators of the differential
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(b) (c)

Fig. 2. (a) - Scheme of resonant differential PAD with a small length of buffer cavities (Sherstov’s scheme): 1 — PAD’s body; 2 — acoustic resonators; 3 — microphones;
4 — enlightened windows; 5 — buffer cavities; 6 — rubber seals, 7 — holes for gas input-output; 8 — sound emitter; (b) — Photo of the resonant differential OAD-90
detector; (c¢) — Photo of the sealed-off gas-filled PA Ref-cell.
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Fig. 3. Bandwidth of the electronic signal registration system.
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Fig. 4. Methane absorption measurement in a sealed-off gas-filled PA Ref-cell (normalized by QCL power) with a stepwise change in QCL temperature: (a) - in the
range of 10...46 °C, step 1 °C; (b) - in the range of 27...29 °C, step 0.2 °C.
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PAD, and the nodes of pressure oscillations are located in buffer cavities,
protruding slightly from the acoustic resonators of the detector by 1...
1.5 mm [48]. We note a very important property of the described
resonant ring acoustic mode of the differential PAD: the propagation
trajectory of pressure oscillations does not reach the detector’s windows,
which significantly increases the immunity of this differential PAD from
the parasitic effect of absorption in the detector’s windows.

Looking a little ahead (see Fig. 5a), we can calculate that at average
QCL radiation power of Py = 25 mW (A = 7.652 pm) and filling the
differential OAD-90 detector with the Ny + 9.7 ppm CHy4 test gas mixture
(which corresponds to the absorption parameter a = 1.7 x 10 cm ™),
the response of the OAD-90 detector at lowest resonant frequency f; is
U; ~ 115 pV (with one connected microphone), which corresponds to
the detector conversion coefficient 1 &~ 27 V/W-cm™!. When two mi-
crophones of the differential OAD-90 detector are connected, the con-
version coefficient is ny ~ 54 V/W-cm L.

The sealed-off gas-filled Ref-cell is a nonresonant PA cell. It is made
in the form of a hermetic glass flask @12 x 12 mm in size (see Fig. 2¢), to
the ends of which the transparent ZnSe windows with AR coating (7.7
pm) are glued. A microphone is glued to the side wall of the cell, con-
nected by a hole to the inner volume of the flask. The cell was filled with
a gas mixture of Ny + 1% CHj4 to atmospheric pressure, after which it
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Fig. 5. Experimental recordings of signals of the PA methane sensor when the
resonant differential OAD-90 detector was equipped with microphones of
HBO1003D-46,/1342 model (¥9.7 mm): (a) — response from one of detector’s
microphones; (b) - response from the sealed-off gas-filled PA Ref-cell; (¢) —
calibrated readings of the PA methane sensor. The measuring OAD-90 detector
was sequentially filled with high-purity nitrogen, a test gas mixture (N + 9.7
ppm CHy), room air, and street air (fragments lasting 1 min each).

was sealed off. Similar sealed-off gas-filled PA Ref-cells were previously
successfully used in our works [31,45-47,50].

Note that in the measuring resonant differential OAD-90 detector
and the sealed-off gas-filled PA Ref-cell, volumetric absorption of
probing laser radiation occurs, which does not require the use of lasers
with a high beam quality (TEMyy mode or similar), as, for example, in
the case of QEPAS sensors [15] or other methods.

Infrared Physics and Technology 133 (2023) 104865
2.3. Measurement of methane concentration

The essence of the optical scheme of a laser PA gas analyzer using a
sealed-off gas-filled PA Ref-cell is that, upon random tuning of the laser
emission wavelength (A; == AL), the absorption cross section of the tracer
gas impurity (6();) £ Ao) filling the measuring PAD (with concentration
n;) and the PA Ref-cell (with concentration ny) will change synchro-
nously in the PAD and the PA Ref-cell. Therefore, when normalizing the
absorption signals in the measuring PAD (U;) by the absorption signals
in the gas-filled PA Ref-cell (Uz), not only normalization by the laser
radiation power (as usual when using a power meter) is possible, but
also a significant compensation of the influence of the wavelength
instability (A; £ AA) on the result of measuring the concentration of the
gas under study (n;). In our work [46], we present an analysis of various
schemes for constructing the laser PA SFg gas analyzer using sealed-off
gas-filled PA Ref-cells, as well as the results of experimental studies of
these optical schemes.

In our case (see Fig. 1), to measure the concentration of CH, (n1) in
the analyzed gas sample, the absorption signals in the measuring dif-
ferential OAD-90 detector (U;) are normalized according to the ab-
sorption signals in the sealed-off gas-filled PA Ref-cell (Uy). In this case,
the ratio of measured signals (U;/Us) can be written as:

l—e™
0_psmfioc) o
U, S:(fi) |1 —e™

where 71 = n1-6(A;)-l; and 73 = np-6();)-lp are the optical thicknesses of
the PAD and the gas-filled PA Ref-cell, respectively; I; and I, are the
lengths of the PAD and the gas-filled PA Ref-cell, respectively; T,y is the
transparency of optical windows; S1(f;) and So(f1) are the sensitivity
(response) of the PAD and the gas-filled PA Ref-cell at the resonant
frequency fi, respectively.

In the weak absorption approximation (when 71, T2 <« 1) formula (1)
is noticeably simplified:

b g SO0 ot

= 2
Uz W SQ(f]) I’lz'()'(/li)'lz ( )

where we can determine the desired value n; of studied gas concentra-
tion filling the measuring PAD [46]:

n = Cip( 1)'%‘[1 + 72 (4i)] 3
S S2(fi) 1 mahy
Cn(fi) = {Sl(ﬂ)ﬁ L } “4)

where the factor C15(f) includes terms that depend only on the laser
pulse repetition rate.

As can be seen from expression (3), with an uncontrolled change in
the wavelength of the laser radiation ()\; = AA) the main contribution to
the measurement errors of the concentration value n; can be made by
the last factor [1 + t2(A; &= AN)]. Let us rewrite formula (3) in the form:

n = Clz(}‘])f%;[l +12(4) £ Az )

where At is the change in the optical thickness t2(2;) as the wavelength
changes by +AA\. By choosing the design parameters of the sealed-off
gas-filled PA Ref-cell and laser’s operating mode, it is possible to
ensure the condition Aty < [1 4 T2(2;)], when variations in +ATs during
tuning of the emission wavelength (A; = AA) will lead to relative vari-
ations in the measured value n; no more than +3...5%.

Let us give some examples. Earlier in our paper [46], we described the
development of PA SFg leak detector based on a waveguide CO; laser with
RF excitation, a resonant differential PAD and a sealed-off gas-filled PA
Ref-cell (the optical scheme of the SF¢ leak detector is similar to that in
Fig. 1). The CO4 laser operated in the free running mode with spontaneous
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tuning of the wavelength around A ~ 10.6 pm (10P(16)...10P(26) emission
lines; v ~ 938.69...947.74 cm™ 1), where is a strong broad SFg absorption
band centered at v=947.9 cm ' [17,18]. Normalization of the absorption
signals in the measuring differential PAD (OAD-90 model) was carried out
according to the absorption signals in the gas-filled PA Ref-cell. During
long-term experimental recordings (20 min), the signals from the micro-
phones of the measuring differential PAD (U;) and the gas-filled PA Ref-
cell (Uy), due to the instability of the laser emission wavelength (A; == AA)
and the change in absorption of the SFg impurity (6(A;) + Ac), experienced
large relative variations up to 50%. However, the signal ratio (U;/Us)
showed low level of relative variation of the measured SFg concentration
(n; = 40 ppm) not more than 3...4%.

In our work [31], we studied a bench version of a laser photoacoustic
methane sensor, the optical scheme of which corresponds to Fig. 1.
When the operating temperature of the QCL was changed in the range of
26...30 °C, the laser emission wavelength changed in the range of
~7651.5...7653.5 nm, passing through the absorption peak of methane
(see, for example, Fig. 4). When the CH4 absorption signals in the
measuring differential PAD (U;) were normalized to the QCL radiation
power (using a pyrodetector; Us), the relative variations in the measured
CH4 concentration (n; = 97 ppm) due to tuning of the laser emission
wavelength reached ~25%. When the CH,4 absorption signals in the
measuring differential PAD were normalized by the absorption signals in
the sealed-off gas-filled PA Ref-cell (Uy), the relative variations in the
measured methane concentration under the same conditions did not
exceed 3%.

Thus, in our works [31,46] it is experimentally shown that under
conditions of instability of the laser emission wavelength (A; = A}), the
relative error in measuring the concentration n; of the studied gas im-
purity (SFe, CH4) when normalizing the absorption signals in the
measuring PAD according to the absorption signals in the sealed-off gas-
filled PA Ref-cell decreases at least 10...15 times compared to the
traditional normalization by the laser radiation power.

3. Experimental results

3.1. Brief description of the operation of electronic signal registration
system

During the experiments, the signals of the resonant differential OAD-90
detector (Uy), the sealed-off gas-filled PA Ref-cell (Us), the pyrodetector
(Us), as well as the ratio of signals (U;/Us) with subsequent calibration of
this ratio by the known concentration of methane impurities (n;) in the test
gas mixtures were measured and recorded. When measuring and recording
these signals, a multichannel ADC board (24 bits; 4 channels) and the
“ILPA” control program were used.

The “ILPA” program carries out continuous simultaneous data
acquisition from all ADC channels. When the buffer in memory is full,
the information arrives for further processing. The data is multiplied by
a synthesized LO signal in the complex representation (in-phase and
quadrature components), whose frequency corresponds to the resonant
frequency f1, after which an 8th order digital Butterworth low-pass filter
with a user-defined bandwidth is applied to the data.

Thus, per-channel quadrature demodulation (I/Q downconvert) of
signals at the fundamental frequency f; is carried out. The complex data
obtained at this stage contain information about the amplitude and
phase of the signals at the operating frequency f; in each of the ADC
channels. Further, the data of the signal channel (response of resonant
differential PAD) is divided into the data of the reference channel
(response of gas-filled PA Ref-cell or pyrodetector), conversion to the
polar form of representation, averaging and decimation.

As aresult, from the original data stream with a frequency of 48 kHz,
an output signal with a lower sampling rate (10 Hz by default) is
generated, proportional to the ratio of signals at the fundamental fre-
quency fi in the signal and reference channels.

To calculate the threshold sensitivity of the PA methane sensor being
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developed (the NNEA parameter), it is necessary to determine the
bandwidth of the electronic registration system. To do this, a test signal
(sine, 1750 Hz, 100 mV) was sent to the input of the ADC board from a
sound oscillator. The detection frequency of the recording system was
discretely tuned manually by the operator in 1 Hz steps in the range of
1735...1765 Hz. The response of the registration system to the test
signal is shown in Fig. 3; the bandwidth is BP ~ 20 Hz (at -3 dB level).

3.2. Selecting the laser’s operating point

To fine-tune the laser emission wavelength to CH4 absorption peak
near A =~ 7.65 pm, the ratio (Uy/Us) of the signals from the sealed-off gas-
filled PA Ref-cell (Uy) and the pyrodetector (Us) was measured during
stepwise scanning of the QCL operating temperature in the range of 10...
46 °C in steps of 1 °C every 30 s (see Fig. 4a). It was found that the
absorption peak of methane is observed at a QCL temperature of about
Toct. = 28 °C. A similar stepwise scanning of the QCL temperature in the
range of 27...29 °C with a step of 0.2 °C (see Fig. 4b) showed that the
maximum absorption of methane is observed at the QCL temperature
TocL = 28.2 °C, which was entered into the memory of the control
program of the PA methane sensor being developed and subsequently
used in all experiments.

3.3. Selecting microphones for the resonant differential OAD-90 detector

For a long time (2007-2020), resonant differential OAD-90 detectors
used as part of SFg laser PA leak detectors [46,47,50] based on a wave-
guide CO3 laser with RF pumping (average radiation power ~250 mW)
were equipped with inexpensive electret microphones (EM-6050,
WM-61, CME-1538 models, etc.), which have SNR ~60 dB (see Table 1,
pos. 1-3).

However, when developing PA gas analyzers using other types of
radiation sources with a lower average radiation power (for example,
OPO [30] or QCL [31]), the intrinsic noise of these microphones began
to limit the threshold sensitivity of the developed PA gas analyzers.
Therefore, several samples of the resonant differential OAD-90 detector
were modified to install and test other types of low-noise electret mi-
crophones with a higher SNR ~76...80 dB (see Table 1, pos. 4-8). In the
course of finalizing the design of OAD-90 detectors, the landing sockets
for installing the new electret microphones (¥8 mm and (9.7 mm) were
changed, the rest of the parameters remained unchanged.

3.4. Study of the threshold sensitivity of PA methane sensor

Comparative studies of the threshold sensitivity of PA methane
sensor being developed (see Fig. 1) were carried out using the same type
of OAD-90 detectors equipped with various low-noise electret micro-
phones (see Table 1, pos. 4-8). The experiments were carried out under
laboratory conditions at room temperature. During the experiments, one
OAD-90 detector in the optical scheme of the PA gas analyzer was suc-
cessively replaced by another, equipped with a different type of
microphones.

To select microphones, a sound microphone calibrator (NC-74
model) was used, which produced a standard sound signal (1 kHz fre-
quency; 1 Pa sound pressure). The most sensitive samples were pre-
liminarily selected from a series of studied microphones of various types
(6...9 pcs. in a series), which were then installed (2 pcs.) in several
modified OAD-90 detectors. For an objective assessment of the param-
eters of the studied microphones of various types, the measured signal
(U;) was recorded at the lowest resonant frequency (f;) from only one of
the microphones of differential OAD-90 detector; in this case, a differ-
ential amplifier was not used.

In the course of experiments with all OAD-90 detectors with various
microphones under study, four fragments of responses with 30...60 sec
duration each were sequentially recorded. First, the OAD-90 detector
was filled with high-purity nitrogen (grade 5.6; purity — not less than
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Table 1

Types and parameters of electret microphones used as part of the resonant differential OAD-90 detectors.
# Microphone’s model Dimensions Impedance Response SNR Manufacturer
1 CME-1538-100LB ?4 x 1.5 mm 2200 ohm -(38 £3)dB More than 58 dB CUI Devices
2 EM-6050 ?6 x 5 mm 2200 ohm -32...-44 dB More than 60 dB Soberton Inc.
3 WM-61A ?6 x 3.4 mm 2200 ohm —(35+4)dB More than 62 dB Panasonic Corporation
4 HBO0603H-50/1340 7?6 x 2.7 mm 2200 ohm —(30 £3)dB 76 dB BeStar Technologies, Inc.
5 HBOO0803A-48/1341 ?8 x 3 mm 2200 ohm -(28 +3) dB 78 dB BeStar Technologies, Inc.
6 HBO1003D-46/1342 9.7 x 5 mm 2200 ohm —(26 + 3) dB 80 dB BeStar Technologies, Inc.
7 DOM-3027L-HD-R ?8 x 3 mm 2200 ohm —(27 £ 3)dB 77 dB PUI Audio, Inc.
8 AOM-5024L-HD-R 9.7 x 5 mm 2200 ohm —(24 +3)dB 80 dB PUI Audio, Inc.

99.9996%; CH4 admixture — not more than 1 ppm; moisture admixture —
not more than 1.5 ppm), then with a test gas mixture (N2 + 9.7 ppm
CHy), then the detector was purged with room air, then the detector was
purged with air from the street. During the measurements, the pumping
and purge of gas through the OAD-90 detectors under study was turned
off, and the gas ports of the detectors (inlet/outlet) were closed. The QCL
operated at the optimum operating temperature Tocy, = 28.2 °C with a
pulse repetition frequency (fprr) equal to the lowest resonant frequency
f1 of the differential OAD-90 detector (measured automatically during
the experiment at the beginning of each recording fragments). The
average QCL radiation power was Po= 25 mW.

The best results in terms of the threshold sensitivity of the PA
methane sensor being developed were recorded when a microphone of
HBO1003D-46,/1342 model (see Table 1, pos. 6) was used as part of the
measuring OAD-90 detector. Fig. 5 shows experimental recordings of
signals from a microphone of this model (installed in one of the acoustic
resonators of the differential OAD-90 detector), a sealed-off gas-filled PA
Ref-cell, as well as readings of the PA methane sensor (ppm CH,4) when
the measuring detector is successively filled with highly pure nitrogen,
test gas mixture (N2 + 9.7 ppm CH,), room air and street air.

As can be seen from the graphs in Fig. 5a, when the resonant dif-
ferential OAD-90 detector is filled with highly pure nitrogen, the
average noise level of the PAD’s microphone is U;(N2) = (284.1 +
99.63) nV (at bandwidth BP = 20 Hz). When the OAD-90 detector is
filled with a test gas mixture (N3 + 9.7 ppm CH4) and then with room or
street air, the signal from the microphone (U;) increases by more than
100 times. It should be noted that in order to achieve the minimum level
of background absorption in the measuring OAD-90 detector, it was
necessary to blow it with pure nitrogen for a long time even after the
detector was briefly filled with room air.

The signal from the microphone of the sealed-off gas-filled PA Ref-
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cell (see Fig. 5b) is practically constant in all fragments of the experi-
mental recording and amounts to Uy ~ 1.5 mV. Calibration of readings
of the PA methane sensor against the test gas mixture Ny + 9.7 ppm CHy4
(see Fig. 5¢) showed that the recorded noise track when the measuring
OAD-90 detector is filled with highly pure nitrogen corresponds to the
equivalent background concentration ny(N2) = (24.14 + 8.46) ppb CH4
(see also a similar fragment of the record in Fig. 6a: np(N3) = (26.64 +
8.39) ppb CH4). When the measuring OAD-90 detector is filled with
room or street air, the background CH4 concentration is ny = 2.91 ppm
and n3 = 2.63 ppm, respectively.

The ADC board intrinsic noise measured during the experiments
was Upoise(ADC) =~ (140 + 44) nV (at bandwidth BP = 20 Hz; micro-
phone is muted), which corresponds to the equivalent concentration
Nmin(ADC) ~ (11.9 £ 3.7) ppb CHy, i.e. almost ~2.3 times lower than the
minimum background signal of the PA methane sensor (response to pure
No).

The results of experiments with the PA methane sensor, carried out
with the same type of measuring differential OAD-90 detectors, equip-
ped with other models of low-noise electret microphones (see Table 1,
pos. 4, 5, 8), are presented in Table 2.

As can be seen from Table 2, the readings of the PA methane sensor
when the measuring OAD-90 detector is filled with street air for all the
studied types of microphones are in a narrow range (n3 = 2.61...2.66
ppm CHy4). At the same time, the background concentration of methane
in the room air in all cases has a higher value (ny = 2.85...3.19 ppm
CHj4), which can be explained by the presence of several people in the
laboratory, as well as by purging the test gas mixture (N2 + 9.7 ppm
CH,4) from the high pressure cylinder through the measuring detector
into the room atmosphere. It should be noted that the background
concentration of methane in the air in a ventilated room decreases.

Using the value of CH4 absorption coefficient measured earlier in our
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Fig. 6. (a) - Fragments of experimental records of the PA methane sensor readings for test gas mixtures with different concentrations of CH4 impurity; (b) —
Experimental dependence of PA sensor readings on test gas mixtures with different methane impurity contents in the range of ~10 ppm...1% CH,4, including high-

purity nitrogen.
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Table 2

Measured PA methane sensor data with using various models of low-noise
electret microphones as part of the differential OAD-90 detector (at band-
width BP = 20 Hz).

#  Microphone’s Resp to  Resp Resp Calibration
model high purity to room to street mixture (n;)
nitrogen air (ng) air (n3)
(ny)
1 HBOO0603H- (33.66 + 2.91 ppm 2.63 ppm Ny + 9.7
50/1340 (06 11.25) ppb ppm CH4
mm)
2 HBOO0803A-48/  (47.09 + 3.19 ppm 2.61 ppm Nz +9.7
1341 (@8 mm) 11.25) ppb ppm CH4
3 HBO1003D- (24.14 + 2.85 ppm 2.66 ppm N + 9.7
46/1342 (9.7  8.46) ppb ppm CH,4
mm) (see
Fig. 5¢)
(26.64 + - - N3 + 97 ppm
8.39) ppb CHy4
(see
Fig. 6a)
4  AOM-5024L- (38.43 + 2.89 ppm 2.64 ppm Ny + 9.7
HD-R (9.7 10.27) ppb ppm CHy
mm)

work [31] (kcua(7.652 pm) = 17.52 cm’l-atmfl), as well as the
experimental data of this work (P = 25 mW; (16) = 8.39 ppb CHy; BP =
20 Hz), it is possible to determine the value of the normalized noise
equivalent absorption of the developed PA methane sensor:

(NNEA) = 8.22 x 107! cm™'-W/HZ"2.

Note that the minimum value of the equivalent normalized param-
eter (NNEA), limited by the intrinsic noise of the ADC, in our case rea-
ches the value (NNEA)apc ~ 3.62 x 1071° em™1-W/Hz!/2.

Additionally, an experiment was carried out using a lock-in amplifier
(Stanford SR830 DSP model), to which a signal was applied from PAD’s
microphone (HBO1003D-46/1342 model; 9.7 mm) when the
measuring OAD-90 detector was filled with various gas mixtures (as in
Fig. 5). The microphone was powered from a battery (6 VDC), the load
resistance was 2.2 kOhm. The settings of the lock-in amplifier (inte-
gration time 1 s; filter slope 12 dB/octave; bandwidth BP = 0.25 Hz) are
the same as in similar papers of other authors [25,27,51-53]. In this
experiment, when the OAD-90 detector was filled with highly pure ni-
trogen, the minimum average level of the measured signal from the
microphone was U;*(N3) = (1151.7 + 38.6) nV, which significantly
exceeds the previously measured value of the background signal using
the “ILPA” program: U;(N2) ~ (284.1 + 99.63) nV (see Fig. 5a). After
calibrating of the PA sensor response using a Stanford SR830 DSP lock-in
amplifier, the measured background equivalent signal was np*(Ng; 1 5) =
(75.55 + 2.53) ppb CH4, which corresponds to the value of (NNEA)* =
2.2 x 10 em~ 1 W/Hz!/2. When the measuring OAD-90 detector was
filled with room or street air, the PA sensor readings were ny* = 3.10
ppm CH4 and ng* = 2.67 ppm CHy4, respectively.

We also note that earlier in our paper [31], the measuring resonant
differential OAD-90 detector was equipped with electret microphones of
CME-1538-100LB model (SNR ~ 58 dB; see Table 1, pos. 1). Under the
same experimental conditions, the average level of background
measured data of the PA methane gas analyzer was reached when the
measuring OAD-90 detector was filled with nitrogen n,(Ng; CME) =
(307 + 105) ppb CH4 [31]. In this work, when using a low-noise
HBO1003D-46,/1342 electret microphone (SNR ~ 80 dB; see Table 1,
pos. 6) as part of the OAD-90 detector, when the detector was filled with
highly pure nitrogen, the average level of background of the PA sensor
measured data was n,(N2) = (26.64 + 8.39) ppb CHy4. This value is
~11.5 times (by ~21 dB) lower than when using CME-1538-100LB
microphones. It can be seen that the increase in the threshold sensi-
tivity of the PA methane sensor occurred almost to the same extent as the
change in the SNR of the microphones used in both cases (difference
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~22 dB, see Table 1).

3.5. Determining the dynamic range of measurements

Experiments were carried out to determine the linear section of CHy
concentration dynamic range measurements of the developed PA
methane sensor using several nitrogen-based test gas mixtures with
different methane impurity concentrations: 9.7 ppm; 97 ppm; 954 ppm;
0.99% CHy4. All gas mixtures are certified and are contained in standard
high-pressure steel gas cylinders with a volume of 5 L.

Fig. 6a shows experimental recordings of readings fragments of the
PA methane sensor (each lasting 1 min) when the measuring detector is
filled with the test gas mixtures listed above, including high-purity ni-
trogen. The HBO1003D-46/1342 microphone (see Table 2, pos. 3) is
installed in the OAD-90 detector. The PA methane sensor measured data
were calibrated using a test gas mixture (N3 + 97 ppm CHy). The results
of experimental investigation of the PA methane sensor (see Fig. 6a) are
presented in Table 3, as well as in Fig. 6b in the form of a graph of the
experimental dependence of the PA methane sensor readings on the
concentration of CHy in the test gas mixtures.

The linear section of the experimental dependence of PA sensor
readings on methane concentration in test gas mixtures is observed
practically from ~25 ppb CH4 (minimum average background signal) to
~800 ppm CHy (see Fig. 6b; Table 3); for higher methane concentra-
tions, there is a noticeable deviation of PA sensor readings from the test
concentration. This can be seen already when using the test gas mixture
(N3 + 954 ppm CHy), for which the PA sensor readings are n; = (895.6
=+ 0.2) ppm CHy4, which is ~6.1% lower than the test methane concen-
tration. For another gas mixture (N2 + 0.99% CHy), this imbalance in the
values of the test and measured CH4 concentrations already reaches
almost 50%. Such a noticeable difference is associated with an increase
in the optical thickness of the measuring OAD-90 detector (t; > 0.2),
when the weak absorption condition is violated and the function exp
(—t1) leaves the linear function approximation ~(1 — t7).

Thus, for this PA methane sensor, a linear section of the dynamic
range of concentration measurement was obtained from ~25 ppb CHy4 to
~800 ppm CH4, which exceeds 4 decades (the ratio of the extreme
measured values of CH4 concentration in the linear mode is (Npax/
Mmin) & 3 x 10%).

3.6. Comparison of the obtained results with the parameters of other PA
methane gas analyzers

This section is devoted to compare the obtained results with the work

Table 3
PA methane sensor readings when using various test gas mixtures (at bandwidth
BP = 20 Hz).

#  Test gas PA methane Deviation from Note
mixture sensor CH, test
readings concentration
1 High (26.64 + - Minimum background
purity 8.39) ppb signal of the PA sensor
nitrogen CH4 readings
2 Ny + 9.7 (9.74 + +0.4% Linear section of the PA
ppm CHy4 0.02) ppm sensor calibration
CH4 dependence
3 N, + 97 (96.99 + +0% PA sensor calibration
ppm CH4 0.03) ppm point
CHy4
4 Ny + 954 (895.6 + —6.1% There is a slight
ppm CHy4 0.2) ppm deviation of PA sensor
CH,4 readings from the test
value n;
5 Ny + (5031.9 + —49.2% There is a strong
0.99% 10.8) ppm deviation of PA sensor
CH4 readings from the test

value n;
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of other groups that do research in the field of laser PA spectroscopy.
Table 4 presents the parameters of the best mid-IR laser PA gas analyzers
implemented over the past ~30 years in various laboratories around the
world using resonant longitudinal PADs (Harren’s scheme) [57-59],
resonant differential PADs (Miklos’s scheme, Sherstov’s scheme)
[24,25,27,28,30,31,44-53,55], quartz tuning forks (QEPAS sensors)
[60-64], cantilevers (CEPAS sensors) [65,66].

As can be seen from Table 4, the value of the normalized noise
equivalent absorption (NNEA) measured by various authors for PA gas
analyzers based on resonant differential PADs (OAD-90 detector) (see
pos. 11-18) is in the range (NNEA) ~ (0.83...3.32) x 10~ em~!.-W/Hz!/
2. For QEPAS sensors (see pos. 6, 8-10) the value of the normalized
parameter is (NNEA) = (2.9...29) x 10° em~W/Hz2

Separately, we note the value of the normalized parameter (NNEA)
=27 x 1071° cm™1-W/Hz!/2 (see Table 4, pos. 7), obtained in paper
[61] for the QEPAS SFg sensor, which is clearly out of the general range
of similar sensors based on quartz tuning forks. The article [61] de-
scribes in detail the conditions for the experiment on the detection of a
small SFe impurity (v = 948.62 cm_l; Py =18 mW (QCL); (16) = 50 ppt
SFe (1 s); BP = 0.16675 Hz); (NNEA) = 2.7 x 107% em™! W/Hz!/?), from
which it is clear that to calculate the parameter value (NNEA) the ab-
sorption coefficient ksps(948.62 em ) ~ 120 cm Y-atm™! was used
(probably taken from the HITRAN spectral database [18]: at the speci-
fied frequency ksps(HITRAN) =~ 100 cm’1~atm’1), which is an error. The
paper [67] presents the results of experimental measurement of SFg
absorption coefficient in the spectral range 936...954 em™!, where it is
shown that at a frequency v = 948.62 cm™! (as in article [61]) the ab-
sorption coefficient kgpe* ~ 322 cm ™ l-atm ™!, which differs from the data
of the HITRAN spectral database by more than 3 times. When using this
experimentally measured value of kgpg*(948.62 em™Y), the calculated
value of the normalized parameter in [61] (see Table 4, pos. 7) will be
(NNEA)* =~ 7.1 x 1071% em~1.w/Hz! 2, which is quite close to the value
of the parameter (NNEA) obtained in this paper (see Table 4, pos. 18).

Note that the placement of PA detectors inside high-Q optical cavities
noticeably increases the threshold sensitivity of PA gas analyzers (see
[57,58]). For example, in [68], a resonant longitudinal windowless PAS
cell (length 42 mm; f; = 3986 Hz; Q ~ 15.5) was placed in a high-Q
optical cavity for NH3 detection. A widely tunable EC-QCL (A ~ 10.35
um) was used. The radiation power inside the optical cavity reached 9.6
W. As aresult, the experimentally measured values of ny,;, ~ 10 ppb NH3
and (NNEA) = 1.1 x 107! em™! W/Hz!/? was achieved.

In [69], the high finesse bow-tie optical cavity coupled with CW-QCL
v = 2311 cm_l) and intra-cavity QEPAS sensor was used for ultra-
sensitive CO, detection. A power enhancement factor of 240 was ach-
ieved, corresponding to intra-cavity power of 0.72 W. A minimum
detection limit of 300 pptV CO» at a total gas pressure of 50 mbar was
measured with a 20 s integration time; parameter (NNEA) = 3.2 x 10710
em ™! W/HZY2,

In [70], for detecting CoHy using a DFB laser (A = 1530 nm), the
authors placed the CEPAS detector in a high-Q optical resonator to in-
crease the optical power (by about 100 times), which led to a sensitivity
of npyin = 75 ppt CoHs (10 s) and an exceptionally high value of (NNEA)
=1.75 x 102 W.cm™!/Hz"%

At the end of Table 4 (see pos. 21-28), the parameters of some
implemented airmobile methane sensors also shows, the sensitivity of
which is in the range of ~1...10 ppb CH4. These sensors use various
absorption detection methods (TDLS, ICOS, CRDS, multi-pass cells, etc.),
however, the methane sensor considered in this work is probably the
first of the photo-acoustic gas analyzers developed for use on UAVs.

Thus, the laser PA methane sensor based on QCL (~7.65 pm), reso-
nant differential detector (OAD-90), and sealed-off gas-filled PA Ref-cell
studied in this work is currently one of the highly sensitive CH4 PA gas
analyzers for use at UAVs. Comparison of the results of various papers
(see Table 4) showed that mid-IR laser PA gas analyzers based on the
resonant differential OAD-90 detector practically are in no way inferior,
and in some cases exceed the threshold sensitivity of PA methane sensors
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built using the QEPAS technology with quartz tuning forks, as was noted
in [27].

4. Development of airborne laser PA methane sensor

Based on the experimental results described above, an instrumental
version of the laser PA methane sensor has been developed, adapted for
installation on UAV’s board (like [32-42]). The structure of the devel-
oped PA methane sensor is shown in Fig. 7a. It practically repeats the
scheme of the experimental setup (see Fig. 1). The main optical units of
the PA methane sensor are QCL (A = 7.65 pm), resonant differential
detector (OAD-90 model), sealed-off gas-filled PA Ref-cell, and power
meter (MG-30 pyrodetector). The operating procedure of the PA
methane sensor and the algorithm for measuring the CH4 concentration
in the analyzed air sample pumped through the measuring OAD-90
detector are described above.

The QCL operates in a repetitively pulsed mode at a wavelength of A
= 7.652 um, corresponding to the CH,4 absorption peak near ~7.7 pm.
The QCL operating temperature is maintained by laser’s thermostat and
thermal controller. The operating current and repetition rate of QCL
radiation pulses are set by the laser power supply (see Fig. 7a). The
pump provides air pumping through the measuring OAD-90 detector at
arate of ~0.5 L/min (laminar flow). The acoustic muffler is designed to
suppress pressure fluctuations that occur when the air pump is operating
in the mode of pumping air through the measuring detector.

The analyzed air sample enters the measuring OAD-90 detector
through a long sampling hose (up to ~3...6 m) with a filter and a sinker
at the end. Such scheme for delivering an air sample for analysis was
proposed to exclude the influence of a downward air flow from the
UAV’s propellers (see [71,72]). Note that in [73] the downdraft air field
of a UAV (JF01-10 model; 6 propellers) was simulated and showed that a
suitable operating hover height for this UAV is ~3 m. In extreme cases,
air for analysis can be taken from a region slightly above the plane of the
UAV propellers (see [74]).

The controller of PA methane sensor measures the lowest resonant
frequency (f;) of the OAD-90 detector, sets the QCL pulse repetition
frequency (fprr) equal to the resonant frequency fi, collects and pro-
cesses signals from the microphones of the differential OAD-90 detector,
sealed-off gas-filled PA Ref-cell, pyrodetector, calculates CH4 concen-
tration in the analyzed air sample, transmits the processed information
to the main controller, controls the on/off of the light indicators
informing the operator about the functional state of the PA methane
sensor during operation.

The PA methane sensor is controlled from the main controller (see
Fig. 7b) installed on the UAV’s board, which receives and transmits
information to the operator’s computer via a radio channel. Topo-
graphic reference to the terrain is carried out using a GLONASS/GPS
sensor. The PA methane sensor is powered from an external source
(battery) with a voltage of 9...60 VDC (optimally 24...27 VDC), power
consumption does not exceed 20 VA.

Note that the use of a small-sized sealed-off gas-filled PA Ref-cell
(external dimensions ~@#13 x 18 mm, including windows; see Fig. 2¢) in
the design of this PA methane sensor for normalization of absorption
signals in the measuring PAD practically replaces the auxiliary part of
some QEPAS sensors for tuning to the center of the absorption band of
the studied gas (see [60-62]), which includes a simple gas-filled Ref-cell
(5...10 cm long) and a photodetector. In our case, a small-sized sealed-
off gas-filled PA Ref-cell is a simpler and cheaper solution.

Fig. 8 shows photographs of the manufactured airborne laser PA
methane sensor. The hermetically sealed case of the rectangular device
has dimensions of 315 x 165 x 110 mm, assembled from aluminum
plates of various thicknesses, connected by screws, the joints between
the plates and the threads of the screws are treated with sealant during
assembly. Removable covers of the device (front and top) are sealed with
a rubber cord of round section, laid in technological grooves.

On the front panel of the PA methane sensor there are electrical and
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Table 4

Summary table of various mid-IR PA gas analyzers parameters.
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# Authors, year, Ref. Detector type Gas Radiation source Resonant NNEA Threshold sensitivity
frequency, f; [em™.W Hz~V/
bl
1 Harren, et al. (1990) [57] Harren’s C,H;  CO, laser 1653 Hz - (16) =1.8 x 10 cm™?
(@6 x 100 mm + @20 x 50 v =949.479 cm ! Q=32 (Mmin =~ 6 ppt CoHy)
mm) Pinra = 100 W
2 Fink, et al. (1996) [58] Harren’s CHy  CO, laser - - 16)=3x10cm™!
v =949.479 cm~! (Nmin ~ 11 ppt CoHy)
Pintra = 40 W
3 Herpen, et al. (2002) [59] Harren’s C,Hg  OPO (PPLN) 1653 Hz - (16) =3.3x 10 cm™!
(@6 x 100 mm + @20 x 50 v =2996.9 cm ! Q=32 (Mmin ~ 10 ppt CoHe)
mm) Py=22W
4 Miklos, et al. (2001) [55] Miclos’s CH; Py=1W ~4000 Hz - (16)=1x10°cm™!
(5.5 x 40 mm + @20 x 20  CyHy4 -
mm) NH3 -
5 Miclos, et al. (2002) [24] Miclos’s CH4 OPO (PPLN-GIOPO) 4100 Hz ~1.1x107°* (lo) =1 x 10° em™! 1s)
(5.5 x 40 mm + @20 x 20 v=2948 cm ! Q=17) (Nmin = 1.2 ppbV CHy4)
mm) Py = 60 mW
6 Kosterev, et al. (2008) [60] QEPAS CHy4 v=6057.1 cm™! 32 kHz 2.9 x 1078 Mmin(CHg) = 66 ppbV-W/
Hzl/2
7 Spagnolo, et al. (2012) [61] QEPAS SFe 948.62 cm ! (QCL) 32 kHz 2.7 x 1071° (1o) = 50 ppt SFe (1 s)
Py = 18 mW ~7.1 x 10710 * (BP = 0.16675 Hz)
8 Sampaolo, et al. (2016) [62] QEPAS SFg 947.93 cm ™t (QCL) 32 kHz ~2.5 x 107 * (16) = 2.75 ppb SFg (1 5)
Py =25 mW (BP = 0.16675 Hz)
9 Wu, et al. (2019) [63] QEPAS CH4 A2 = 3.3 pm (ICL) f1 = 2868 Hz 2.9 x 107° (1) = 50 ppb CH4 (1 5)
Py, =52mW f2=17741 Hz (BP = 0.833 Hz)
10 Menduni, et al. (2023) [64] QEPAS CHy4 1275.04 cm ™! (74 12.467 kHz ~6.4 x 107 * (10) = 28 ppb CH4 (0.1 s)
N0 mW) (Q =13180) ~3.8x107°* (1) = 9 ppb N5O (0.1 s)
NH;  1275.49 cm™* (77 ~21x107°* (16) = 6 ppb NH;3 (0.1 s)
mW)
1103.44 em ™ (59
mW)
11 Sherstov, et al. (2017) [46] OAD-90 SFg CO,, laser 1750 Hz ~2.9 x 107 * ny, ~ 100 ppt SFe (0.1 s)
(29 x 90 mm + @20 x 8 A~ 10.5...10.6 pm (Q~54)
mm) Py = 250 mW
12 Zheng, et al. (2017) [25] OAD-90 CHy4 A = 3.2 pm (ICLED) 1799 Hz ~1.5x 107 * (1o) = 3.6 ppmV CH,4 (1 s)
(?8 x 90 mm + @20 x 10 Py~ 0.7 mW (12 dB/oct; BP = 0.25 Hz)
mm)
13 Yin, et al. (2017) [51] OAD-90 NO, A =447 nm 1752 Hz 1.583 x 1077 (10) ~ 54 pptV NO; (1 s)
(@8 x 90 mm + @20 x 10 Py=35W (12 dB/oct; BP = 0.25 Hz)
mm)
14 Yin, et al. (2017) [52] OAD-90 SO, A =303.6 nm 1783 Hz (N3) 1.15 x 107 (16) = 74 ppbV SO> (1 s)
(@8 x 90 mm + ¥20 x 10 Py =5 mW 683.6 Hz (SF¢) (12 dB/oct; BP = 0.25 Hz)
mm)
15 Yin, et al. (2020) [53] OAD-90 SO, A =7.41 pm (QCL) 1780 Hz 3.32 x 107 (1o) = 2.45 ppb SO (1 s)
(@8 x 90 mm + @20 x 10 Py =~ 30 mW (12 dB/oct; BP = 0.25 Hz)
mm)
16 Zheng, et al. (2020) [27] OAD-90 CH4 A = 3.3 pm (ICL) 1800 Hz 1.23 x 107° (10) =~ 4.35 ppb CH4 (1 s)
(@8 x 90 mm + @20 x 10 Py = 9.6 mW (12 dB/oct; BP = 0.25 Hz)
mm) (16) = 0.6 ppb CH4 (90 5)
17 Sherstov, Vasiliev (2021) OAJ1-90 SFg CO,, laser 1750 I'y ~2.9 x 107 * np = (0.64 + 0.13) ppb SF¢
[50] (@9 x 90MM + A ~10.5...10.6 pm (Q=~54) (0.15)
?20 x 8MM) Py = 250 mW (1o) ~ 10 ppt SFe (10 s)
18  Sherstov, et al. (2023) [This ~ OAD-90 CHy A=7.652pum (QCL) 1750 Hz 8.22 x 10710 n, ~ (26.64 + 8.39) ppb CH,
article] (@9 x 90 mm + @20 x 8 Py =25 mW (Q~54) (BP = 20 Hz)
mm) (16) ~ 2.5 ppb CH4 (1 5)
19 Koskinen, et al. (2007) [65] CEPAS CO, A = 1572 nm (DFB) 20 Hz 1.7 x 1071 (16) = 1.9 ppm (2.6 5)
Po = 30mW
20 Tomberg, et al. (2018) [66] CEPAS HF PPLN-OPO - 5.19 x 1071° (1o) = 2.5 ppt (155)
(PA-201) A = 2475 nm
Py = 950 mW
21 Khan, et al. (2012) [32] ** TDLS (18 m) CH4 A =1653 nm - - (1) =~ 2 ppb CH4 (1 5)
22 Berman, et al. (2012) [33] ** 1COS CHy4 M = 1650 nm - - (1o) = 1.7 ppb CH4
CO, A2 = 1603 nm
H,0 A3 = 1603 nm
23 Nathan, et al. (2015) [34] ** Herriott (20 m) CHy4 A =1651 nm 50 kHz/50 Hz - (10) ~ 0.1 ppm CH,4 (1 s)
24 Golston, et al. (2017) [35] ** Herriott CHy4 A =3.27 pm - - (10) ~ 5-10 ppb CH4 (1 s)
25 Brosy, et al. (2017) [36] ** CRDS (Picarro) CH4 - - - (16) ~ 7 ppb CHy
26 Martinez, et al. (2020) [39] CRDS CH4 A =1651 nm 350-500 Hz - (16) ~ 10-30 ppb CH4 (1 5)
xx Pyp=5mW
27  Tuzson, et al. (2020) [40] ** Multipass cell CHy4 A = 7.83 pm (QCL) ~570 Hz - (1) =~ 1.1 ppb CH4 (1 5)
28 Shah, et al. (2020) [41] ** ICOS CHy4 A =1651 nm - - (16) =~ 0.71 ppb CH4 (1 5)

* Values calculated by the authors of this article.
** Laser gas analyzers placed on UAV or aircraft.
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— —
Y
MC PS

| CH4 Sen
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Fig. 7. (a) - The structure of laser PA methane sensor: PS — power supply; MC — main controller; I;-I4 — color light indicators; TC - thermal controller; LPS — laser
power supply; T — thermostat; QCL — quantum-cascade laser; L — lens; Ref — gas-filled cell; PAD - photo-acoustic detector; PM — power meter; AM — acoustic muffler;
AP — air pump; (b) — Scheme of practical use of PA methane sensor on UAV’s board: GPS — position sensor; RT — radio transceiver; CH4 Sen — laser PA methane sensor;

PC - operator’s computer; Probe — analyzed air sample.

We

(b)

(c)

Fig. 8. (a) - External view of the airborne laser PA methane sensor; (b) — The device of the input aerosol filter with a sinker; (¢) — PA methane sensor in the equipped
state with an attached sampling hose (up to 3...6 m long) with a filter and a sinker at the end. On the bottom of the PA methane sensor, special eyelets are installed

for attaching the device with straps to the bottom of the UAV.

gas connectors, toggle switches, light indicators. For carrying the device,
strong handles protruding forward are provided, which protect the
electrical connectors from mechanical damage. Excess heat generated by
the laser’s thermostat is removed to the rear wall of the instrument.
Rubber feet are installed on the bottom and rear wall of the case. Special
eyelets are also provided on the bottom of the device for fixing the PA
methane sensor on the UAV’s board using straps. The mass of the
assembled instrument is ~3.1 kg. In addition, the operation of this PA
methane sensor in manual mode is provided using a previously devel-
oped manual control panel from the SF¢ PA leak detector “KARAT” [50].

During preliminary tests, the developed PA methane sensor showed
operability in the temperature range of +5...4+45 °C. At present, the PA
methane sensor is being prepared for testing in the field conditions,
including when used on the UAV’s board, as well as in manual mode
using a remote hand-held control panel.

5. Conclusion

A compact highly sensitive laser PA methane sensor based on
quantum-cascade laser, resonant differential PAD, and sealed-off gas-
filled PA Ref-cell has been developed. The QCL operates in a repetitively
pulsed mode at a wavelength A = 7.652 pm corresponding to CHy4

10

absorption peak. The QCL pulse repetition frequency is equal to the
lowest resonant frequency of the differential PAD (~1750...1780 Hz).
The average QCL radiation power is 25 mW. The absorption signals in
the measuring PAD are normalized according to the absorption signals
in the sealed-off gas-filled PA Ref-cell, which significantly reduces the
measurement errors of the CH4 concentration when the laser radiation
wavelength is unstable.

The threshold sensitivity of the laser PA methane sensor was studied
using various types of low-noise electret microphones as part of a
resonant differential detector (OAD-90 model). During the experiments,
the minimum measured background signal of the PA sensor (with pure
nitrogen) reached ny(N3) = (26.64 + 8.39) ppb CHy (at a bandwidth of
20 Hz), which corresponds to the (NNEA) = 8.22 x 10719 emt.-w/Hz2.
It is shown that the intrinsic noise of the PA methane sensor (with pure
nitrogen) is only ~2.3 times higher than the intrinsic noise of the elec-
tronic acquisition system.

The laser PA methane sensor studied in this work is currently one of
the highly sensitive CH4 PA gas analyzers. It is shown that mid-IR laser
PA gas analyzers based on the resonant differential OAD-90 detector are
in no way inferior, and in some cases exceed the threshold sensitivity of
PA methane sensors built according to the QEPAS technology using
quartz tuning forks.
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An instrumental version of laser PA methane sensor adapted for
placement on the UAV’s board has been developed. The developed
airborne laser PA methane sensor has dimensions of 315 x 165 x 110
mm, weight ~3.1 kg, power supply from an external source (battery; 9...
60 VDC), power consumption ~20 VA. Currently, a prototype of PA
methane sensor is being prepared for testing in the field conditions,
including when used on the UAV’s board.
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