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Enhancing multi-gas detectability using photoacoustic spectroscopy capable of simultaneous detection, highly
selectivity and less cross-interference is essential for dissolved gas sensing application. A T-type photoacoustic
cell was designed and verified to be an appropriate sensor, due to the resonant frequencies of which are
determined jointly by absorption and resonant cylinders. The three designated resonance modes were investi-
gated from both simulation and experiments to present the comparable amplitude responses by introducing
excitation beam position optimization. The capability of multi-gas detection was demonstrated by measuring CO,
CH4 and CyHj simultaneously using QCL, ICL and DFB lasers as excitation sources respectively. The influence of
potential cross-sensitivity towards humidity have been examined in terms of multi-gas detection. The experi-
mentally determined minimum detection limits of CO, CH4 and C2H, were 89ppb, 80ppb and 664ppb respec-
tively, corresponding to the normalized noise equivalent absorption coefficients of 5.75 x 10~/ cm™* W Hz /2,
1.97 x 1078 em™ W Hz /2 and 4.23 x 1078 em™! W Hz /2,

1. Introduction

Oil-immersed power transformer is one of the most important insu-
lation equipment in modern power distribution and transmission sys-
tems. Simultaneous measurements of the dissolved gases in insulating
oil, such as carbon monoxide (CO), methane (CH4) and acetylene
(CoHy), can represent a suitable solution in early diagnosis of over-
heating, arcing and partial discharge failures of power transformers
[1-3]. Transformer fault can mainly be divided into overheating fault
and discharge fault. The content changes of CO, CHy, and CoH; are the
main indicators of transformer failure. Overheating fault includes bare
metal overheating, solid insulation overheating and low temperature
overheating. The bare metal overheating is characterized by the rising
concentration of hydrocarbon gas, such as CH4 and CoHg4. The sum of the
above two gases accounts for more than 80% of the total hydrocarbon
gas, and CH4 accounts for a larger proportion (>30 ppm). The concen-
tration of CO (>300 ppm) strongly indicates the solid insulation over-
heating and the low temperature overheating in the transformer failure.
When the transformer is in discharge fault, the CyHy will increase
dramatically (>5 ppm, 20%—70% of the total hydrocarbon gas) [4].
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Therefore, CO, CH4, and CyH> are selected as the target analytes in this
work.

The traditional quantitative detection of multiple analytes, such as
gas chromatographs, semiconductor gas sensors and electrochemical
sensors, were limited in terms of real time monitoring, recovery time,
poor selectivity and cross sensitivity [5]. Photoacoustic spectroscopy
(PAS)-based optical sensor platforms [6-11], which feature the advan-
tages of high sensitivity, high selectivity, fast response, long lifetime and
well-established sensing devices, have played an important role in the
field of multi-component gas sensing [12-18]. Various PAS-based mul-
ti-gas sensor modalities have been developed, such as Fourier transform
infrared PAS modality [19,20], broadband detection based thermal
emitters or blackbody radiators using several band-pass filters [21], the
use of multi-lasers combined time-division multiplexing (TDM) methods
[22-24], and multi-resonators with frequency-division multiplexing
(FDM) schemes [25]. Due to the relatively poor intensity of the broad-
band source, the weak photoacoustic (PA) signals were sensitively
affected by the background noise, which was a major obstacle to highly
sensitive detection [26]. The use of multiple lasers with TDM technology
needed to drive the laser sources by sending the modulation signals of
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different frequencies in time sequence, or to alternately switch the
excitation lasers. In this case, the measurement of multiple analytes
cannot be performed at the same time, which limited the time resolution
and the simultaneous detection capability. Generally, a single detector
cannot distinguish the acoustic signals produced by different gas mole-
cules at the same resonant frequency. The FDM technology can
demodulate PA signals in different frequency modes without beam
coupling and separation. However, multi-resonator structure composed
of cylindrical cavities of different sizes resulted in bulky devices, which
had complex manufacturing process and increased miniaturization dif-
ficulty [27]. Meanwhile, the use of acoustic guide tube would cause
energy loss.

Therefore, utilizing a single PA cell (PAC) coupled with a single
microphone can be an effective approach for simultaneous multi-gas
sensing, avoiding acoustic coupling of multiple resonators and the
increased optical elements required for laser beam alignment. H. Wu
et al. [28] combined the overtone vibration mode of the quartz tuning
fork (QTF) with the fundamental vibration mode to provide simulta-
neous dual-gas quartz-enhanced PAS detection using the FDM tech-
nique. A dual-gas quartz-enhanced photoacoustic (QEPAS) sensor
capable of simultaneous detection of water vapor and alternatively
methane or nitrous oxide was reported [29]. Q. Huang et al. [30]
designed a spherical PAC with multiple resonance modes, and evaluated
the capability for multi-component gas species analysis. However, the
less resonance modes and amplitude response differences in magnitudes
(more than 6 times) of resonant frequencies, which are intrinsic property
of the existing single-cavity cells or QTFs, resulted in large differences in
the detection precision for multi-component gases.

To overcome the problems of cylindrical longitudinal resonance
modes and frequency response differences, a T-type PAC with three
resonant frequencies was designed and employed for simultaneous
detection of CO, CH4 and CoHy in this paper. The resonance modes were
increased by adding the buffer cavities to change PA field distribution,
and the acoustic sensitivity differences in various resonant frequencies
were compensated by adjusting the vertical resonance cylinders. The
incident excitation beams were optimized to irradiate to positions of T-
type PAC for multiple resonance modes, which were verified by simu-
lation and experimental investigation. A fixed concentration of water
(H20) vapor was added in the PAS sensor system to increase the
vibrational-translational (V-T) relaxation rates of CO molecules. This
configuration of utilizing a single PAC and a single microphone can
break through the limitations existing in previous multi-gas sensors, and
result in an effective sensor architecture.
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2. Methods

2.1. Absorption cross-section characteristic analysis and laser source
selection

Validation of the developed multi-wavelength and multi-resonance
PAS-based sensor was carried out by the measurements of three
typical dissolved gases of CO, CH4 and CyHs. The selected absorption
cross-sections are given in Fig. 1, according to the HITRAN (2020)
database [31]. The peak absorption coefficient was determined by
simulation of the HITRAN data for a pressure of 1 atm. at 296 K.
Quantitative measurements of CO in the vl fundamental rotational
vibrational band located at 2176.3 cm™! were carried out using a
distributed feedback (DFB) quantum cascade laser (QCL). H2O vapor has
less absorption lines in this spectral band, and would not cause spectral
interference for CO detection. A DFB interband cascade laser (ICL)
emitting at 3.37 um was implemented as the excitation light source to
target the asymmetric stretching vibration v3 CH4 band in the MIR
spectral range from 2968 cm™! to 2970 cm ™. Then several weak ab-
sorption lines of HoO vapor were found in the ICL tuning range from
2960 cm ™! to 2972 em ™!, which could cause spectral interference in
subsequent experiments. The DFB laser diode operating at 6578.6 cm ™!
in the NIR band with a narrow linewidth of 2 MHz was chosen to excite
the CaHy molecules. These devices can also provide about single mode
operation, laser modulation capability, low source noise and low
amplitude fluctuations for highly sensitive and selective PAS
applications.

2.2. Design and finite element analysis of the T-type PAC

The conventional H-type cylindrical PAC has fewer available reso-
nance modes, and the acoustic sensitivity responses vary greatly at
different resonant frequencies. These are inherent characteristics of the
single-cylinder structure, which are not suitable for the simultaneous
detection of multiple analytes [32]. The T-type longitudinal resonant
PAC, which can be regarded as an extension of the Helmholtz resonator
composed of absorption and resonance cylinders, takes the advantages
of fast response time, high PAC constant, and simple manufacturing
process [33,34]. Due to the perpendicular structure of T-type PAC, the
acoustic sensitivities and resonant frequencies of different order reso-
nance modes are mainly determined by the length of the vertical reso-
nant cylinder [35,36]. The T-type PAC structure can be expected to
realize simultaneous detection of multiple gases by multi-frequency
responses. To suppress ambient noise and balance frequency responses
in different modes, two buffer cavities were further added at both ends
of the absorption cavity.
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Fig. 1. Simulated spectral distribution characteristics of CO, CH4 and C;H, based on HITRAN Database. Temperature and pressure: 296 K and 1 atm respectively.
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By comprehensively considering the resonant frequency respon-
siveness, the sizes of the resonant cavity and the buffer cavities were
jointly optimized to compensate the acoustic sensitivity differences
among resonance modes. The schematic of the home-made T-type PAC is
shown in Fig. 2. This T-type PAC consists of a vertical resonant cavity
with dimensions of 45 mm length and 8 mm diameter, a horizontal
absorption cavity with dimensions of 60 mm length and 10 mm diam-
eter, in addition two buffer cavities with 40 mm length and 44 mm
diameter were set on both ends of the absorption cavity. The PAC was
made of stainless steel with two calcium fluoride (CaF;) windows
located at the ends of the buffer cavities for incident light beam. A single
microphone was placed in the top of the resonant cavity for PA signal
detection. Compared with the H-type cylindrical PACs, this T-type PAC
has the lower resonance frequency and more measurement modes,
which are helpful for compactness and miniaturization in limited spaces
[371.

Finite element analysis (FEA) of the developed T-type PAC with
COMSOL Multiphysics 6.0 was employed to evaluate the resonance
modes in various frequencies. Thermo-viscous acoustic interface was
used to obtain the accurate acoustic characteristics of PAC. Fig. 3 shows
the simulated sound pressure distribution of the three selected longitu-
dinal resonance modes (F1, F2, and F3) at different frequencies (corre-
sponding to the second-, third- and sixth-order resonance modes in
simulation) of T-type PAC. In the FEA model, the temperature and the
pressure were set at 298.15 K (25 °C) and 1 atm respectively. The used
material of the gas sample was Ny. As a criterion for selecting these
resonance modes to achieve multi-gas simultaneous detection, the an-
tinodes of the standing waves at different frequencies are always located
at the end of the resonant cavity, where the maximum sound pressure
exists. The resonant frequencies obtained from the simulation were
about 1515 Hz (F1), 2962 Hz (F2) and 5625 Hz (F3), respectively. Ac-
cording to the FEA simulation, the Q factors and full widths at half
maximum (FWHMs) of the resonance curves of F1, F2 and F3 can be
calculated as Q; = 31.6, FWHM; = 48 Hz; Q, = 70.5, FWHM, = 42 Hz;
and Q3 = 68.6, FWHM3 = 82 Hz.

Conventional PAS technology tends to pass the incident beam
through the PACs to obtain the maximum optical absorption path, which
can improve the signal to noise ratio (SNR). J. M. Rey et al. [38-40] have
demonstrated that the PA amplitude ratios varied with the excitation
beam positions based on differential mode excitation technique. This
phenomenon that the sound pressure amplification gain changes with
the optimization of excitation beam position is based on the principle of
Helmholtz amplification and changed acoustic impedance [28]. There-
fore, our developed T-type PAC can also improve the acoustic perfor-
mance by optimizing the incident excitation beam position. As shown in
Fig. 4(a) and (b), two incident ways of the excitation beam, which
represent the heat source domains that generate sound waves in COM-
SOL simulation, are presented to explore the PA coupling optimization.
The simulation results of the sound pressure vs. frequency for the three
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Fig. 2. Schematic structure of the developed T-type PAC.
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selected resonance modes of T-type PAC are shown in Fig. 4(c)-(e). For
F1 mode at 1515 Hz, the second excitation method only excited the PA
signals in one of the buffers without the maximum absorption optical
path, resulting in a larger sound pressure than that of the first incident
way. This phenomenon did not exist in F2 and F3 mode results. The
reason is that the Helmholtz amplification is related to the acoustic
wavelength [41]. The condition for acoustic Helmholtz amplification
requires that the acoustic wavelength is comparable with the di-
mensions of the resonator. Since rising the frequency, the acoustic
wavelength will be shorter. The higher frequencies of F2 and F3 modes
cannot produce Helmholtz amplification. The acoustic amplification at
the resonant frequency depends on the losses (viscous and thermal los-
ses) on the walls of the Helmholtz resonator. The theories of the acoustic
amplification and the PA Helmholtz detector sensitivity are detailed in
Ref. [40]. When the hole depth and aperture of the cavity were much
smaller than the acoustic wave wavelength, the air column of the cavity
was equivalent to a mass block. As the cavity volume was much larger
than the aperture at Helmholtz resonant frequency, the effect of acoustic
amplification was equivalent to the air spring, resulting in a '"reso-
nance-spring and mass block system" [32]. When the air plug in the
buffer moves outward the pressure inside the cavity decreases, resulting
in an inward-directed force, which tries to restore the original state.

3. Experimental setup

A schematic diagram of PAS-based multi-component gas sensor
configuration equipped with the developed T-type PAC is shown in
Fig. 5. Three excitation laser sources, including a DFB ICL (Health-
yPhoton, model HPQCL-Q), a DFB QCL (HealthyPhoton, model QC-
Qube) and an NIR laser diode (NEL) emitting at 2968 cm’l,
2176.3 cm™! and 6578.6 cm ™}, were employed to realize the simulta-
neous detection of CHy4, CO and CoHj,. The optical powers of the ICL, QCL
and NIR laser diode measured by a thermal power meter (Ophir
Optronics 3 A) at the target absorption lines were 8 mW, 44 mW and
32 mW, respectively. All the laser sources were driven by tuning the
current and temperature control. The two MIR sources have been
collimated and packaged, and the NIR laser diode was collimated by the
optical fiber collimator. All the measurements were performed in 2f-
wavelength modulation spectroscopy (WMS) technique. To simulta-
neously detect the PA signals of CH4, CO and CoHp, the three lasers were
modulated by sinusoidal signals to match with half of the three reso-
nance frequencies of the T-type PAC, respectively. A low-frequency
triangular wave with 0.03 Hz was used to perform spectral scans and
to realize the laser wavelength tuning and PA spectra acquisition. All the
digital triangular ramp and sinusoidal modulation signals were gener-
ated by waveform generators (Tektronix, model AFG3021C). In partic-
ular, the QCL was radiated to the buffer cavity wall to excite CO
molecules for F1 detection, while the ICL and NIR laser diode were
transmitted along the axial center of the PAC to excite CH4 and CoH> for
F2 and F3 detection. These beam positions can also be exchanged ac-
cording to the detection sensitivity required for practical applications.

For the gas path, the system was composed of certified concentration
gas cylinders, a mass flow controller (MFC), a humidifier, a flow meter, a
system of needle valves and a vacuum pump. The sensor calibrations
were performed using the following certified concentrations: 100 ppm
CH4/N3, 1000 ppm CO/N3 and 100 ppm CyHy/Na. The sample gas cyl-
inders were connected to the inlet of the MFC, together with a cylinder
containing pure nitrogen for successive dilutions. The MFC (MCQ In-
struments, model Gas Blender 100 plus) was used to mix the gas sample
ratios and to set a total flow rate of 400 standard cubic centimeters per
minute (sccm). A humidifier was placed after the gas mixer to humidify
the gas samples, fixing the water vapor concentration for all measure-
ments. The unchanged humidity can avoid the various cross sensitivities
in the gas mixtures, and can promote the V-T relaxation rates of CO
molecules. Before entering the PAC, the humidified gases passed
through a flow meter (ALICAT, model LLF4), which was employed to
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monitor flow rate and suppress pressure fluctuations. A humidity level of
2.42% within the gas line was tested in the outlet using a capacitive
hygrometer (HonryTech Science and Technology Co., Ltd, model HT-
LH362).

A high-sensitive microphone (BSWA, model MPA201, 51.2 mV/Pa)
was inserted into the top of T-type PAC. Then the simultaneous detected
PA signals were sent to three lock-in amplifiers (Stanford Research
Systems, USA, model SR850) to be demodulated at the corresponding
resonance frequencies of T-type PAC. The filter slope and time constant
of the lock-in amplifiers were set to 12 dB/oct and 1 s, respectively,
which corresponds to a 0.125 Hz detection bandwidth. The PAS mea-
surements were carried out at a room temperature in the lab (22 °C) and
a working pressure of 760 Torr.

4. Beam position optimization and resonant frequency
responsiveness

After determining the gas samples and laser sources, a series of ex-
periments can be performed to verify the incident beam position opti-
mization and resonant frequency responses of T-type PAC. To show that
the acoustic characteristics of T-type PAC are independent of changes in
light sources and gas species, the gas samples of 100 ppm CO, 50 ppm
CH4 and 50 ppm CyH; were tested successively using QCL, ICL and DFB

laser diode respectively. The experimental results of the PA signals for
different resonance modes by scanning the incident excitation beam
position are given in Fig. 6. The spot diameters of QCL source, ICL source
and DFB laser diode were about 3 mm, 3.5 mm and 1.2 mm. The scan-
ning steps of QCL and ICL for CH4 was 0.5 mm, and that of DFB laser
diode was 1 mm. As shown in Fig. 6(a), the beam was incident into the
PAC in parallel, which scanned from the upper edge of the buffer cavity,
to passing through the PAC, and finally to the lower edge of the buffer
cavity. Fig. 6(b)-(d) show the PA signals of 100 ppm CO, 50 ppm CH4
and 50 ppm CyoH; with beam scanning displacements. The PA ampli-
tudes of F1 mode with the beam irradiating in the buffer cylinder are
much greater than that with passing through absorption cylinder. Note
that the F1 mode amplitudes of CO, CH4 and CyHy are 0.2307 mV,
0.033mV and 0.0075mV at O mm, and increase to 3.9599 mV,
0.203 mV and 0.045 mV at — 7.5 mm, respectively. Nevertheless, the
PA signals of F2 and F3 mode obtain the maximum amplitude with the
beam passing through the absorption cylinder at 0 mm. The gradual
changes and abrupt changes of curves in the three figures are caused by
the different proportion of buffer and absorption cavity due to the spot
sizes. For the QCL and the ICL with wide spot diameters, the amplitudes
change slightly after deviation from the central axis, and the sudden
changes occur when the part of beam is irradiated on the wall.
Considering the signal enhancement of F1 mode and the interference
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among the beams to avoid direct relative irradiation, we finally deter-
mined that the beam positions of three lasers were — 7.5 mm, — 1 mm
and 3.5 mm for QCL, ICL and DFB laser diode, respectively.

To further prove that the measured PA signals were the sound waves
generated by the target gas molecules, rather than the thermal signal
and background noise caused by the light beam irradiating on the buffer
walls, a set of CHy4 detection experiments were implemented as shown in
Fig. 7. Two different ways (I3, Iz) of incident beam were performed
successively to excite the CH4 molecules by ICL at different locations as
shown in Fig. 7(a). The PA amplitude vs. frequency responses of F1 for
the two incident ways are given in Fig. 7(b). The resonant frequencies of
the PAC were scanned with a step of 1 Hz between 800 Hz and 1200 Hz.
As a result, the maximum PA amplitudes were acquired at the same
resonant frequency (1413 Hz) for both incidence ways, and the PA
amplitudes of I were greater than that of I;. By sending a 0.03 Hz ramp
signal to the laser controller, the PA spectra of 100 ppm CHj, in the ICL
tunning range using both incidence ways are presented in Fig. 7(c). The
amplitude is increased by a factor of 5 for the second incidence approach
(from 0.067 mV to 0.406 mV). The PA signal amplitude responses with
the concentrations of CHy4 for two incidence ways are given in Fig. 7(d).
The concentration responses for both incidence ways showed the good
linearities.

After determining the beam positions (—7.5 mm, —1 mm, and
3.5 mm for QCL, ICL, and DFB), the noise levels are shown in Fig. 8. For
each of the three analytes, the noise level was estimated as the 1lo-
fluctuation of the PA signal acquired while pure No was flowing (400
sccm), and the sine-modulated injection current was fixed at absorption
peak for the three lasers. These results show that the noise levels of I, are
slightly larger than that of I, which are resulted from laser interacting
with buffer-cylinder walls and windows due to the light scattering and
reflection. The change of irradiation modes causes a little effect on noise
amplitudes. The noise levels of two incidence ways prove that the signal
enhancement on F1 mode is generated by target gas molecules.
Compared with the first approach, the SNR of PA signal for the second
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incidence way was improved by 4.5 times. These experimental results
demonstrated that the optimization of excitation beam position can
improve the PA coupling degree and the detection sensitivity for F1
mode of T-type PAC without the maximum absorption optical path,
which was consistent with the FEA simulation results. With rising the
resonant frequency, the background noise and ambient noise and 1/f
noise are suppressed more obviously. Due to the selection of three laser
excitation modes, the noise levels were found to be ~3.51pV, ~0.77pV
and ~0.334pV for F1, F2 and F3 detection, respectively.

Based on the above simulation and experimental results of T-type
PAC, the resonant frequency responses in the range of 300-2000 Hz
with a step of 1 Hz were finally measured by testing the 100 ppm CHs/
Ny with ICL source. As shown in Fig. 9, there were three resonant fre-
quencies for this developed PAC, corresponding to the F1, F2, and F3
respectively. This acoustic characteristic combined with the FDM tech-
nology is feasible and effective for simultaneously multi-component
detection using a single resonator and a single microphone.

For the home-made T-type PAC used in the experiments, the tested
resonant frequencies were about 1413 Hz (F1), 2912 Hz (F2) and
5310 Hz (F3), respectively. The Q factors and FWHMs of the resonance
curves of F1, F2 and F3 can be calculated as Q; = 21, FWHM; = 67 Hz;
Q, = 43, FWHM, = 68 Hz; and Q3 = 28, FWHM; = 192 Hz. The blue
shift occurred in the three resonant frequencies of home-made PAC, and
the Q factors decreased compared with the simulation results. This
phenomenon is mainly due to the machining errors during production.
The materials used to make the PAC, the wall rigidity, and the changes in
the acoustic velocity and the environmental factors can all contribute to
these differences.

The highest signal amplitude can be achieved when the laser mod-
ulation amplitude is close to the absorption line width. Fig. 10 shows the
relationship between the PA signals and modulation amplitude at
100 ppm CHy, 400 ppm CO and 100 ppm CoH,. The optimal modulation
amplitudes of ICL (CH4), QCL (CO) and NIR laser diode (CoH3) resulted
to be 55 mV, 1.5 V and 290 mV, respectively.
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incidence ways; (d) The PA signal amplitude of CH, vs. gas concentration for two incidence ways.
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Fig. 8. Noise level analysis of F1, F2 and F3 modes for two incidence ways.
2912 simultaneously measured PA spectra of 2f harmonic signal with
e . different concentrations of CO, CH4 and CyHj, respectively.

1.0 - Y Peak of 2f'signal As H,0 . . ical
- s Hy0O vapor can cause serious measurement errors in practica
> applications, the potential cross-sensitivities of humidity and mixed
é 0.8 analytes need to be analyzed. This section is meant to further investigate
2 ) the impact of H20, thus affecting the PA signal due to energy relaxation.
= Q=43 The improved humidification system for humidity control is shown in
io.ﬁ- 1413Hz —| |~ Af,=68Hz Fig. 12. The used gas sample was the gas mixture of 100 ppm CO,
= % _ 100 ppm CH4 and 100 ppm CyH; diluted in Nj. To provide a defined
.2 53108z humidification of the gas mixture, the gas path before entering the
g 0.4+ photoacoustic cell was divided into two parts by a 3-way valve including
%‘) Q;=28 the humidification path and drying path. The humidification path
< 02- Af=192Hz —, passed through a humidifier with a fixed concentration of water
=5

T T El T T M T o T . T
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Fig. 9. Experimental frequency responses of the developed T-type PAC.

5. Multi-component gas sensing results and potential cross-
sensitivity analysis

In case of multi-gas calibration experiments, the gas mixtures were
diluted with highly purified N3 by the mass flow controller. The three
beams simultaneously transmitted into the PAC, and the mixed PA sig-
nals were demodulated using FDM technology. Fig. 11(a)-(c) show the

(2.42%), and was then mixed with another drying path by a confluence
valve. Both paths used a needle valve and a mass flow controller to
jointly regulate the flow rates. The total flow rate after the mixed path
was set to 400sccm, so as to suppress the adsorption-desorption effect of
H50. The total flow rate remains unchanged, which means that the flow
rate 1 (drying path) + flow rate 2 (humidification path) = 400sccm. By
changing the flow rates of the two paths at the same time, the volume
proportion of the HyO to the total gas would be changed. This setup
allows to change the humidity level, namely water vapor concentration.
For example, if the flow rate 1 was set to 300sccm and the flow rate 2
was set to 100scem, the concentration of H,O vapor can be calculated as
100sccm/400scem * 2.42% = 0.605%.

To verify the performance of the improved humidification system, a
single 1392 nm DFB laser diode modulated on F2 mode was used in
combination with a time division multiplexing approach to monitor the

(a) (b) (c)
—=— 100ppm CH 167 —a— 400 —=—100ppm C,H

1.00- ppm = WppmCO 0.050 PP aaea
— -y - - ~n -
> - S >
g E 5 E
3 v > 0.048
= 0.75- / E E /
= = =
£ 14 / i
g / E y E 0.046 /
< = <
gos0{ [ g 5 ./
; % 131 % 0.0441 /
A 1 o ;E A [

0.25 T T T T T T 12 T T T T T 0-042 T v T hd T v 1

20 30 40 50 60 70 08 10 12 14 16 200 240 280 320

Modulation amplitude (mV)

Modulation amplitude (V)

Modulation amplitude (mV)

Fig. 10. The PA signal amplitudes vs. laser modulation amplitudes for multi-component gas sensing. (a) The ICL modulation amplitudes for 100 ppm CH,4 detection;
(b) The QCL modulation amplitudes for 400 ppm CO detection; (c) The NIR laser diode modulation amplitudes for 100 ppm C,H, detection.
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Fig. 11. The experimental results for simultaneous detection of multi-component gases. (a), (b) and (c): Measured 2f-PAS spectral scans of the CO, CH,4 and C,H,

absorption features for F1, F2 and F3 modes, respectively.
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Fig. 12. Schematic of the improved humidification system for humidity control.

photoacoustic signal of water vapor. The recorded photoacoustic signal
amplitude of the HyO vapor vs. the humidity level (the proportion of
flow rate) is given in Fig. 13. The Calibration curve shows a good linear
concentration response of HyO, which proves that the improved hu-
midification system can be used to adjust the humidity level to study the
energy relaxation characteristics of the other three target gases.

®  Measued amplitude of H,O
Linear fit

w
1

R’~0.9985
»=1.3001x + 0.0095

(8]
1

PA signal amplitude (mV)
1

0- T
0.0

T

0.4

T T

T T T
0.8 1.2 1.6 2.0 24

abs. humidity (% V)

Fig. 13. Calibration curve of the measured amplitude of H,O vs. the humidi-
ty level.

Through the above frequency division multiplexing (FDM) method,
the relaxation characteristics of CO, CH4 and CyHy varying with the
humidity level can be detected. The initial states were set as the results
of drying measurement (i.e., flow rate 1 = 400sccm, flow rate 2 = 0).
Next, humidity level was increased successively (the flow rate 2 was
gradually increased while the flow rate 1 was gradually decreased), and
the photoacoustic amplitudes were recorded after the 2 f signals were
stabilized.

The humidification results of a gas sample containing 100 ppm CO,
100 ppm CH4 and 100 ppm CyHp diluted in Ny are presented respec-
tively. As shown in Fig. 14, the photoacoustic amplitude of CO increased
significantly by about 1.375 mV/%V-Hy0 above 0.3025% humidity
(flow rate 2 = 50sccm). The SNR at 2.42% humidity level is 8.4 times
higher than that under dry conditions. This indicates that acceleration of
relaxation causes the amplitude to increase. When the humidity level is
lower than 0.3025%, the CO signal do not increase significantly due to
its slow-relaxation. The result of CH4 measurement is presented in
Fig. 15. In the range of 0-0.1815% humidity level, the PA amplitude of
CH,4 increases approximately linearly by 0.42 mV/%V-H0. This rise in
amplitude is not only attributed to faster V-T relaxation of CHy4, but also
to a fast V-V transition from CH4 to HoO with subsequent V-T relaxation
of water. In the range of 0.1815-0.605% humidity level, the PA
amplitude increases gradually and then reaches saturation. The highest
CHj, signal is 1.052 mV at 0.605% humidity level, an increase of 14%
compared with the dry result of 0.9232 mV. With the humidity rises
above 0.605%, the measured signal amplitude would decrease. The
phenomenon of a decreasing amplitude by further humidification ap-
pears in both CH4 and CyH; measurements. Fig. 16 indicates the cross-
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Fig. 15. Measured PA amplitude of 100 ppm CH,; with rising HyO
concentration.

sensitivities of HoO that might affect PA detection of CyHy. With a
decrease in PA amplitude which is analogous to previous CH4 mea-

surements by approx. 0.264puV/%V-H30 above 0.3025% humidity. This
demonstrates that the fast relaxation molecule of CyH is almost not

0.060 —— Measured amplitude of 100ppm C,H,
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Fig. 16. Measured PA amplitude of 100 ppm CoH, with rising H,0
concentration.
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affected by the relaxation rate of water vapor. On the contrary, the rising
H20 concentration will cause the saturation effect and will change the
specific heat ratio of the PAC, resulting in the decrease for PA signal
[42].

Based on the above experimental results, we selected the humidity
level of 2.42% as the final parameter of wet experiments, so as to realize
the simultaneous measurement of three gases. Because the CO signal
was significantly increased at 2.42% humidity, compared to the small
increase for CHy4 signal and the less decrease for CoH» signal. Simulta-
neous PAS measurement of wet CO, CH4 and CoH, based on multi-
resonance modes compared with dry and humidified single-
component measurement, were experimentally evaluated as shown in
Figs. 17-19. Indeed, H2O vapor has a high density of vibrational levels
and fast relaxation rates, which creates multiple options for energy
transfer in collisions with well-known slow-relaxation CO molecules.
The presence of 2.42% H50 vapor in gas samples strongly increases the
PA signals from 0.42mV to 3.96 mV, resulting in an 8.4 times
improvement, compared with that of dry CO/N; (blue curve in Fig. 17).
The mixed CH4 and C3H; cause little spectral interference and relaxation
effects on the PA spectra of wet CO, as the red and black curves almost
overlapped. The spectral interference of HyO on the PA spectra of CHy in
the ICL tuning range of 75-80 mA is depicted in Fig. 18, which did not
affect the peak signal. Due to the relaxation rate enhancement of H»0,
the PA signal was increased from 0.9232 mV to 0.9961 mV for dry and
wet measurements. Fig. 19 shows that the peak amplitude of CoH, signal
drops from 57.9uV to 50.3pV because of the cross-sensitivity of HpO.
Any spectral impact on the peak amplitudes of target gases is not found
in our PAS system.

6. Multi-gas calibration and detection limits

The linear response characteristics of the developed gas sensor were
further evaluated with different sample concentrations compared with
dry and wet measurements. The multi-component gas calibration results
with different sample concentrations of CO, CH4 and CyHy are given in
Figs. 20-22, respectively. By linear regression analysis, the corre-
sponding regression coefficients R? for wet measurements were found to
be 0.99957, 0.99983 and 0.99972, respectively. The regression co-
efficients R? for dry measurements were 0.9985, 0.9998 and 0.99979,
respectively. Both results show the good linearity relationship. There-
fore, the experimental calibration results were reliable for the mixed
target gases humidified by the fixed concentration of HyO vapor. Among
them, the detection sensitivities of CO and CH4 are increased by adding
2.42% H0 vapor.

The SNRs of wet 100 ppm CO, 100 ppm CHg4, and 100 ppm CyHj are
calculated to be 1128.5, 1246.6, and 150.6. The minimum detection
limits (MDLs) (1c), which are the concentrations at which the SNR is
equal to 1, for each gas species, were evaluated as 89ppb for CO, 80ppb

——100ppm CO
——100ppm CO+2.42% H,0

4 —— 100ppm CO+2.42% H,0+
100ppm CH +100ppm C,H,

PA signal amplitude (mV)

<
n

253 259 265 271 277
Injection current (mA)

Fig. 17. Comparison of the measured PA spectra of CO for dry single-
component, humidified target gas and multi-component simulta-
neous detection.
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Fig. 18. Comparison of the measured PA spectra of CH4 for dry single-

component, humidified target gas and multi-component simulta-
neous detection.
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Fig. 19. Comparison of the measured PA spectra of CyH, for dry single-
component, humidified target gas and multi-component simulta-
neous detection.
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Fig. 20. Calibration curves of dry and wet CO for F1 detection.

for CH4 and 664ppb for CyHy, respectively. Taking into account the
corresponding lasers powers, the normalized noise equivalent absorp-
tion (NNEA) coefficients of 5.75 x 10~/ cm™ ' W Hz’l/z, 1.97 x 1078
em ' W Hz V2 and 4.23 x 1078 ecm™! W Hz /2 were achieved for CO,
CH4 and CyH; detection, respectively. In Table 1, a comparison was
presented between the proposed T-type PAC-based multi-resonance
system and previous PAS sensors. By comparing the MDLs and NNEA
coefficients, the results reported in this work show competitive perfor-
mance and better frequency responses on ppb-level multi-gas detection.
The NNEA coefficient difference between CH4 and CoHo was much lower
than the fundamental and overtone modes of QTF. For slow relaxation
molecule of CO, the similar MDL were achieved compared with that of
CH4, with an integration time of 1 s

10
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Fig. 21. Calibration curves of dry and wet CHys for F2 detection.
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Fig. 22. Calibration curves of dry and wet CoH, for F3 detection.

Thanks to the single T-type PAC and FDM method, the simultaneous
measurement of CO, CHs and CyH; based on the multiple resonance
modes was achieved. Combined with the optimization of the incident
excitation beam position, the multi-wavelength and multi-frequency
scheme can improve the space utilization efficiency and simultaneous
detection capability, resulting in a compact sensor for dissolved gas
application.

7. Conclusions

A T-type cell based multi-resonance PAS gas sensor was established
and verified to be capable of multi-component simultaneous ppb-level
detection. By the FEA simulation optimization and experimental beam
excitation position design, the PA responses of the three designated
resonant frequencies are comparable which guarantees the high per-
formance of multiple trace gas detection simultaneously. The three
combustible species of CO, CH4 and CaHy were selected as target gases
for the simultaneous detection verification using a QCL (4.59 um,
44 mW), an ICL (3.37 um, 8 mW) and a NIR laser diode (1.52 um,
32 mW) as incident beams. The SNR for F1 mode with the beam irra-
diating on the buffer wall was increased by 4.5 times than that of passing
through absorption cylinder. The experimental MDLs (16) were ach-
ieved as of 89ppb (CO), 80ppb (CH4) and 664ppb (CzHy) have been
acquired, respectively, corresponding to the NNEA coefficients of
575x 1077 em™' WHz % 197 x10® ecm™' WHz Y2 and
4.23 x 1078 em™! W Hz~'/2. An improved humidification investigation
regarding cross-sensitivity analysis provides a better understanding of
PAS sensors in humidity relaxation related effects. This developed PAS
modality of utilizing a single PAC and a single detector for multi-
component gas sensing exhibits unique potential for early diagnosis of
power transformer failures.
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Table 1
Comparison of detection sensitivity performance with previous PAS publications.
Species Wavelength Power Integration time MDL NNEA coefficient Ref.
(pm) (mW) (em™! WHz 3

co 1.567 <1mw 265 249.6 ppm 3.4 % 107° [18]
CH,4 1.617 <1mw 293.7 ppm 1.4 x 107°
C,H, 1.534 <1mwW 1.5 ppm 3.6 x107°

Cco 4.69 ~15 [W] (broadband) 1s 40 ppb \ [21]
CHy 3.22 ~15 [W] (broadband) 150 ppb
CoH, 1.533 15 mW 200 ppb

co 1.568 1000 (amplified by EDFA) 1s 4.6 ppm \ [23]
CH4 1.529 1000 (amplified by EDFA) 87 ppm
CoHy 1.532 1000 (amplified by EDFA) 1.3 ppb

H,0 1.368 21.2 300 ms 49 ppm 9.12 x 1077 [28]
CoHy 1.529 10 11 ppm 1.51 x 1077

H,0 1.392 6.2 100 ms 20 ppm \ [29]
CH,4 7.707 128 18 ppb
J\PYO) 7.71 128 5 ppb

H,0 1.396 7 181s 1.17 ppm 6.03 x 10710 [30]
CH4 1.653 2.1 195 s 1.76 ppm 2.36 x 107°
CO, 1.574 4 136's 83 ppm 5.46 x 10710

co 4.59 44 1s 89 ppb 5.3 x 1077 This paper
CH4 3.37 8 80 ppb 1.9x10°8
CoH, 1.52 32 664 ppb 4.2 %1078
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