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Abstract—Photoacoustic cell is an essential core com-
ponent in a photoacoustic spectroscopy (PAS) gas sens-
ing system, which is used to enhance and measure the
absorption-induced acoustic signal. For certain applications,
miniaturized photoacoustic cells with tiny inner volumes
are preferred to reduce gas consumption. In this article,
a photoacoustic cell with inner volume of only 0.5 mL is
designed based on differential Helmholtz resonators (DHRs).
After an initial simulation stage by the finite element analysis
(FEA) based on COMSOL software, the photoacoustic cell is
fabricated by 3-D printing. To facilitate laser power coupling,
a micro fiber collimator is customized and integrated with
photoacoustic cell to guide the laser beam. New concept of
photoacoustic detector is proposed and integrated to a PAS
system for trace acetylene detection. As a result, an excellent
linearity of 0.99999 is achieved in the concentration range of

Gasin— @

Gasin [ ® ) ® | Gasout

0-5000 ppm. A 1o sensitivity of 0.13 ppm is measured within a response time of 10 s, the minimum detection limit (MDL)
is evaluated to be 0.3 ppm. Allan deviation analysis indicate that the detection sensitivity can be improved to 16.6 ppb at

an integration time of 910 s.

Index Terms— 3-D printing, Helmholtz resonator, miniaturization, photoacoustic spectroscopy (PAS), trace gas sensor.
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|. INTRODUCTION

RACE gas detection plays an important role across a

broad range of applications in atmospheric monitoring,
industrial process control, combustion analysis, detection of
toxic, explosive gases, as well as medical diagnostics [1], [2].
Recently with the continuous development, optical absorption
spectroscopy has been widely used to realize gas detection
due to its high selectivity and sensitivity, such as tunable
diode laser absorption spectroscopy (TDLAS) [3], [4], cavity
ringdown spectroscopy (CRDS) [5], [6], photoacoustic spec-
troscopy (PAS) [7], [8], [9], [10], [11], [12], [13], photothermal
spectroscopy (PTS) [14], [15], [16], [17], and so on. As
an indirect absorption spectroscopy technique, PAS has been
developed rapidly in recent decades considering its advantages
of high sensitivity, high selectivity, and zero background. In
addition, PAS system usually uses a microphone or quartz
tuning fork (QTF) to measure the absorption-induced acoustic
signal to retrieve the gas concentration, instead of a photode-
tector. Thus, it breaks free from the limitations of light wave-
length on photodetectors, making the PAS system can operate
in a wide band from visible light, infrared region to terahertz
band as long as the light source is available [18]. Another
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unique characteristic of PAS technique is that photoacoustic
signal is proportional to the excitation optical power so that
high-power laser can directly increase the photoacoustic exci-
tation. It is also worthwhile to note that PAS is a baseline-free
technique where the absorbed energy is measured, rather
than the strong transmitted radiation background as in the
direct absorption spectroscopy (DAS) system, which means
the dynamic range of amplifier circuits can be fully exploited.
Thus, the influence of shot noise, flicker noise, and unwanted
optical fringe interferences can be avoided [19]. However,
the more attractive feature to us is that the PAS technique
greatly decreases the dependence on the optical absorption
path length in DAS technology. This allows us to design
miniaturized gas cells with a short absorption path-length,
meanwhile achieve an excellent detection limit by high-power
light sources. In some application scenarios requiring trace
sample detection, the PAS technique has been employed due
to such unique advantage of low gas consumption, such as
the dissolved gas measurement [20], [21], [22] and breath
analysis [23]. For example, a T-type resonant photoacoustic
cell with volume of 30 mL was reported recently to measure
the dissolved acetylene gas in oil [24]. The inner volume
can be further reduced to milliliter or sub-milliliter level if
non-resonant mode is used to design the photoacoustic cell
[25], [26]. In such a situation, a high-sensitive cantilever-
enhanced optical microphone is usually preferred which is
very complicated in manufacturing and signal demodulation.
In addition to the electric microphone and optical cantilever,
the QTF was also used to measure the absorption signal
based on photoacoustic and photothermal effect in the quartz-
enhanced PAS (QEPAS) [27] and light-induced thermoelastic
spectroscopy (LITES) [28], [29], [30] systems. The QTF is
not only small in size, but also has a high resonance frequency
which is beneficial for designing very shot acoustic resonators
to realize standing wave. As a result of the tiny dimension
of QTF and resonators, the photoacoustic cell volume can be
easily reduced to a milliliter level. For example, Lin et al.
developed a near-infrared (NIR) QEPAS sensor based on a
28 kHz QTF, in which the QTF, acoustic micro resonator, gas
cell, and laser fiber were integrated within a super compact
space [31]. Afterward in 2023, Zhao et al. developed a sub-
mL photoacoustic gas sensor based on QEPAS to measure the
dissolved CHy4 at the Haima Cold Spring Area in the South
China Sea [22]. An inner size of 12 x 6 x 4 mm was achieved
to reduce the total gas consumption to less than 0.3 mL.
Although QEPAS has the absolute advantage in miniaturizing
the gas cell, however, bare QTF is easily affected by factors
such as condensation of water vapor, dust, and corrosion from
acid samples, as a result, the long-term stability would be
deteriorated [32]. To give a brief summary, the photoacoustic
cell does not only provide a place where the laser beam
interacts with gas molecules for photoacoustic excitation, but
also acts as a loudspeaker for photoacoustic enhancement.
Specific geometric design of photoacoustic cell can enhance
the acoustic strength in specific frequency. Meanwhile, the
inner volume needs to be reduced by optimizing the geometric
dimension for trace gas consumption. So, the photoacoustic
cells are usually fabricated in a tiny size. As a result, the

TABLE |
TECHNICAL INDEX REQUIREMENTS FOR TRANSFORMER OIL
DISSOLVED ACETYLENE DETECTION

Object Detection Precision Precision Precision
range Level A Level B Level C
0~ 10 ppm 0.5 ppm 1 ppm 3 ppm
GH 625000 ppm 15% 20% 30%

The degassing volume is estimated to ~ 20 mL, so the gas consumption
of developed gas sensor should be less than 20 mL, and less is better.

optical alignment and microphone installation become chal-
lenging in such small size. Based on this, we would like to
propose a new concept called photoacoustic detector which
integrates the optical coupling, photoacoustic cell, microphone
or QTF, and differential circuit together in a small size.
It would be very compact and easy-to-use for PAS-based
applications.

In this study, we aim to develop a high-sensitivity acetylene
sensor with characteristics of low gas consumption for trans-
former oil application. Table I gives a series of technical index
requirements from the end-user. The PAS technique is chosen
as our technical proposal due to its properties of low gas
consumption and zero background. To ensure the long-term
stability of the PAS-based sensor, the electric microphone
is chosen to measure the photoacoustic signal because its
stability has been verified in the consumer electronics industry.
As to the type of photoacoustic cell, a differential Helmholtz
resonator (DHR) is adopted because of its absence of a buffer
room which can significantly reduce the inner volume of the
gas cell. In addition, the differential structure can effectively
improve the signal-to-noise ratio (SNR) for photoacoustic
detection.

The rest of this study is organized as follows. Section II
introduces the detailed design process of the miniaturized
photoacoustic module, including the acoustic field simulation,
3-D modeling, and module integration. Section III demon-
strates the experiment setup. Section IV presents the exper-
imental results for acetylene detection and gives an analysis.
In the end, Section V concludes the study.

II. DESIGN OF MINIATURIZED
PHOTOACOUSTIC DETECTOR
A. Acoustic Field Simulation of DHR
Finite element analysis (FEA) was performed to simulate
the acoustic field distribution inside the DHR via COMSOL
software, the thermoviscous acoustics module was adopted
in the simulation whereby both viscous and thermal surface
loss were considered to attain accurate simulation results.
Furthermore, the mesh close to the boundaries was refined to
0.3 mm. In total, 47499 mesh elements are generated with a
maximum size of 2.4 mm and a minimum size of 0.3 mm. As
to the boundary condition, the DHR walls are totally reflected
in the acoustic wave which means no tangential component
of the acoustic velocity exists. The temperature boundary
condition of the DHR walls is set to be isothermal with
internal gas. An absorption-induced heat source was positioned
along the resonator center with a Gaussian distribution of
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Fig. 1. FEM simulation results of the DHR. (a) Acoustic field distribution
at the resonant frequency and (b) sound pressure frequency response
of two resonators.
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Fig. 2.  Different views of the DHR 3-D model designed by Solid-
Works software, red color indicates the acoustic resonators, blue color
indicates the linking tubes, green color indicates the gas inlet and
outlet holes, and yellow color indicates the locations for microphone
installation.

0.348 W/m?3. The simulated acoustic field inside the DHR is
displayed in Fig. 1, the DHR has a fully symmetrical configu-
ration, composed of two identical cylinders served as acoustic
resonators and two tubes to link the resonators. A large amount
of optimization was performed to reduce the dimensions of
two resonators and tubes so that the inner volume of DHR
can be compressed. At last, the lengths of two resonators
and two tubes were set at 30 and 16 mm respectively, their
diameters were both 2.8 mm, resulting in ~0.5 mL inner
volume. The acoustic field distribution at resonant frequency
is depicted in Fig. 1(a). In this resonance mode, the antinodes
of the acoustic waves are in the middle of two resonators
and the maximum sound pressure is 2.15 x 107 Pa based
on simulation. Furthermore, as illustrated in Fig. 1(b), the
frequency response of the DHR was calculated, according to
which the resonant frequency was determined to be 4616 Hz
and the full width at half maximum (FWHM) of frequency
response curve was obtained to be 313 Hz, resulting in a
Q-factor of 14.7.

B. Three-Dimensional Modeling of DHR

Based on the simulation results, the inner dimension of the
DHR was determined. Afterward, a 3-D model was designed
by SolidWorks software as shown in Fig. 2, overall dimension
of the DHR cell is 34 x 24 mm. A mounting hole was set at
the end of one resonator so that a micro fiber collimator can
directly insert into the resonator for coupling laser beam, the

(a) / DHR cell

Fiber collimator

Differential circuit

ol S ]

Fig. 3. (a) Photoacoustic detector assembly diagram. (b) and (c) Take
pictures on the developed photoacoustic detector.

other end was a CaF, window in diameter of 6 mm for optical
power monitoring. Another resonator was closed at both ends.
Gas inlet and outlet holes were located at the middle of two
linking tubes with an inner diameter of 1 mm. Two micro-
phones were installed at the middle of two acoustic resonators
to detect the acoustic signal. The diameters of mounting
hole and probe hole were 4.6 and 1.2 mm respectively,
which was related to the microphone’s size and its sensitive
surface. After that the 3-D model was finished, the DHR cell
was 3-D-printed with material of white resin in a precision
of £0.1 mm.

C. Photoacoustic Detector Integration

One of the highlights of this study is that we developed a
compact photoacoustic detector, which can be easily applied
to any PAS-based system for gas detection. The photoacoustic
detector was realized by integrating a microfiber collimator,
a DHR cell, and a mini differential circuit together as shown
in Fig. 3(a). A micro fiber collimator operating at 1531 nm
was customized for this study, it can provide a laser beam
with a diameter <1 mm in 80 mm working distance. The
collimator head was inserted in the mounting hole of DHR cell
and reinforced with the silicon rubber. A mini circuit board
was designed by ourselves for differential detection, which was
mounted with the DHR cell by four screw holes. As a result,
a so-called photoacoustic detector was achieved as displayed in
Fig. 3(b) and (c). The concept of photoacoustic detector is like
the widely used photodetector. For example, in a photoelectric
system, photodetector is necessary and used to convert the
optical signal into electrical current. Similarly, the proposed
photoacoustic detector in a PAS system is also used to convert
the optical signal into electrical voltage as well. You do not
need to pay attention to the process of optical alignment,
photoacoustic excitation, photoacoustic detection, and so on.
You just need to connect the photoacoustic detector as shown
in Fig. 4 to a probe laser by a FC/APC fiber connector, and
measure its output voltage for absorption-induced harmonic
demodulation. The detailed specification indicators are listed
in Table II.
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TABLE Il
DESIGN INDICATORS OF THE PA DETECTOR
Operating wavelength 1531 nm
Insert loss 0.37dB
Transmitted laser beam diameter <1mm
Fiber connector FC/APC
Resonance center frequency 4616 Hz
FWHM 313 Hz
Power supply DC:+5Vto+ I8V

Gain bandwidth product 11 MHz

Optional gain 0dB, 20dB, 34dB, 40dB or

customized
Output mode Differential analog output

Electrical connector 2.54 mm Header or Soldering

Pressure Atmospheric pressure
Sample gas flow rate < 350 scem

scem: standard cubic centimeter per minute.
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Fig. 4. Schematic of experiment setup.

[1l. EXPERIMENT SYSTEM SETUP

An experiment system was set up as shown in Fig. 4
to test the developed photoacoustic detector for acety-
lene detection. A DFB laser operating at 1531 nm was
used to select the C,H, absorption line at 1531.58 nm
(6529.17 cm™'), where the molecular absorption line strength
is 1.16 x 1072° cm~!/(molec-cm™2). The laser temperature
was stabilized at 27.5 °C by a commercial laser driver
(LDC501, Stanford Research Systems, USA). Sawtooth wave
in frequency of 0.1 Hz and sine wave in high frequency f were
generated and added to drive the DFB laser by the LDC501
as well. The sinusoidal signal in the same frequency of f was
also generated and connected to a lock-in amplifier (MFLI,
Zurich Instrument, Zurich, Switzerland) as a reference. The
DFB laser output was coupled into the photoacoustic detector
by a FC/APC fiber connector. The voltage signal from the
photoacoustic detector was connected to the lock-in amplifier
for second harmonic detection, the gain of the photoacoustic
detector was set to 40 dB, and the bandwidth of the eight-order
lowpass filter of the MFLI was set 1 Hz to reduce noise
interference in the following experiments. A LabVIEW-based
program was performed on a personal computer to save the
second harmonic signals and calculate the amplitudes. Sample
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Fig. 5. (a) Measured frequency response curve of DHR and (b) wave-

length modulation amplitude optimization results. FWHM: full width at
half maximum.

acetylene in different concentrations was provided by a gas
mixing system, including two flowmeters, 0.5% C,H, and
99.999% pure nitrogen. All the experiments were carried out
at room temperature and atmospheric pressure.

IV. EXPERIMENT RESULTS
A. Parameters Optimization

The frequency response of the DHR has been simulated
in Fig. 1(b), the first step of our experiment is to measure
the realistic resonance frequency of the 3-D-printed DHR. In
the experiment, a C;H, sample in concentration of 5000 ppm
was introduced into the DHR cell for photoacoustic excita-
tion. Among the absorption-induced harmonics, the second
harmonic signal was chosen and measured in this study to
infer the gas concentration. So, the laser modulation frequency
f was changed from 1950 to 2700 Hz (half of the DHR
resonance frequency) and the absorption-induced second har-
monic amplitudes were measured and normalized as shown in
Fig. 5(a). The results indicate that the fabricated DHR has a
center frequency of 4579 Hz, which is slightly different from
the simulated result of 4616 Hz. Nonlinear fitting utilizing a
Lorentzian profile was performed on the frequency response
data, the FWHM was measured to be 450 Hz, resulting in
a Q-factor of 10.2. The difference between experiment and
simulated results may arise from fabrication error and test
conditions.

Given that the wavelength modulation spectroscopy (WMS)
technique was adopted in the PAS system, an optimization
experiment was carried out to determine the optimal mod-
ulation amplitude for the DFB laser. The measured second
harmonic amplitudes versus different modulation amplitudes
are plotted in Fig. 5(b), the second harmonic amplitude
increases as the modulation amplitude (sine wave amplitude)
increases. At last, the amplitude of the sinusoidal modulation
signal is measured to be 0.28 V to achieve a maximum second
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Fig. 7. Displayed second harmonic signals in different acetylene

harmonic signal. Thus, the optimized modulation amplitude
was determined and used in the following experiments.

Considering that there was no gas buffer chamber specially
designed for the DHR cell in this study, excessive airflow may
disturb the sound pressure field in the resonators and introduce
additional noise. So, the experiment was carried out to study
the influence of different gas flow rates on noise levels. In the
experiment, 5000 ppm C,H, was imported to the DHR cell in
different flow rates from 7.5 to 500 sccm, meanwhile the 1o
standard deviation was calculated based on the non-absorption
baseline of the second harmonic signal to represent the noise.
As shown in Fig. 6, the noise level does not change when
the flow rate is below 350 sccm, and then increases. When
the gas flow is set larger than 450 sccm, the background noise
increases rapidly. Thus, the total flow rate was controlled under
350 sccm in the following experiments.

B. Acetylene Concentration Detection

After the experiments of parameters optimization, the key
parameters of the experiment system were fixed, including the
sawtooth scanning frequency (0.1 Hz), wavelength modulation
frequency (2290 Hz), lowpass bandwidth of lock-in amplifier
(eight-order, 1 Hz), and laser modulation amplitude (0.28 V).
Afterward, sample C,H; in different concentrations from 10 to
5000 ppm was provided by the gas mixing system for the gas
detection test. The measured second harmonic curves below
1000 ppm were displayed in Fig. 7, to make the curves in
low concentrations easier for observation, the second harmonic
curves of 10, 20, 25, and 49.5 ppm were zoomed out as an
inset in Fig. 7. Afterward, the second harmonic amplitudes
were measured and plotted in Fig. 8, based on which linear
fitting was performed to achieve an efficiency of 2.05 uV/ppm
with an R? of 0.99999.

To evaluate the potential sensitivity for acetylene detection,
a long-term experiment of 2 h was carried out, during which
the acetylene sample in concentration of 20 ppm was provided
for measurement and the second harmonic amplitudes were
measured and saved at a sampling rate of one data point

concentration from 10 to 1000 ppm range.

12 T T T
Equation y=a+b* m  Measured data
Intercept 0 —— Linear fitting
10 1 Slope 0.00205 + 1.12674E-6
Pearson's r i 1
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E
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000 — o v .
0 20 40 60 80 100 120)
2 Concentration (ppm)

T T T T
2000 3000 4000 5000

Concentration (ppm)

T T
0 1000

Fig. 8. Linear fitting in a concentration range of 0-5000 ppm.

per 10 s. Afterward, the measured amplitudes in voltage unit
were converted into concentration unit based on the linear
equation in Fig. 8 and plotted in Fig. 9(a). Statistical analysis
was carried out on the data, a 1o sensitivity of 0.17 ppm was
achieved in a response time of 10 s. Considering that Allan
deviation was usually used to analyze the long-term stability
and determine the main sources of noise for a sensing system,
it can provide information about the optimal integration time
for averaging and allow the prediction of the best detection
sensitivity or detection limit. So, the Allan deviation analysis
has been widely applied to PAS-based gas sensors to explore
the potential performance for concentration detection [33],
[34]. In this study, the Allan deviation analysis was also
applied to the 2-h-measured data to evaluate the potential
sensitivity when we increased the integration time, the result
was displayed in Fig. 9(b). The detection sensitivity could be
improved to 58.2 ppb if the integration time was extended to
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100 s, and to 16.6 ppb if the integration time was extended
to 910 s.

To estimate the minimum detection limit (MDL) of the
developed photoacoustic sensor for acetylene detection, the
second harmonic amplitudes were continuously measured
in 99.999% nitrogen over 3 h as plotted in Fig. 10. The
statistical analysis was performed on the measured data to
calculate the mean value, and use the mean value to represent
the non-absorption background of the photoacoustic sensor.
Results in Fig. 10 shows that the background is 0.61 'V which
cannot be reduced any more by increasing the integration
time. Furthermore, we repeatedly measured the background
for several times which indicated that the mean value was very
stable at 0.61 pV. This means any absorption-induced second

harmonic amplitude below 0.61 'V cannot be identified any
more. We substituted 0.61 pV into the linear fit equation
in Fig. 8, the MDL was determined to be 0.3 ppm. The lo
detection sensitivity was calculated to be 0.13 ppm in the pure
nitrogen environment, which was a litter better than the result
displayed in Fig. 9(a). The reason may be that the gas mixing
system introduces additional uncertainty when providing the
20 ppm sample acetylene, which was not the business of
the photoacoustic sensor itself. So, we think the detection
sensitivity of 0.13 ppm at a response time of 10 s is more
convincing.

To give a brief summary, the concept of a photoacoustic
detector was proposed by combining the optical coupling,
photoacoustic cell, and differential circuit together. In other
words, it was an attempt to the direction of high integration for
more convenient applications in engineering. Researchers from
the University Grenoble Alpes also did a series of such studies
on downsizing the photoacoustic trace gas sensors. Three
generations of components, namely a 40 mm?® 3-D-printed
cell, a 3.7 mm? silicon cell, and a 2.3 mm? silicon cell with
a built-in piezoresistive pressure sensor, had been designed
[35]. All three versions of photoacoustic cells have their own
domain of operation as each one has benefits and drawbacks,
regarding fabrication, implementation, and ease of use. We
share the same viewpoint that MEMS ON chip is a very
promising direction for the field of PAS-based gas detection.
In addition, photonic crystal fiber (PCF) has been developed
rapidly in recent years and used to develop various PCF-based
sensors which also have the characteristic of mini size [36],
[37], [38], [39], [40]. For gas detection, the hollow-core fiber
is also employed as the gas chamber in DAS [41] and PTS
[42] systems to reduce the volume of gas consumption. In such
applications, the fiber only provides a micro cavity for inter-
action between light and gas molecular, the optical coupling
and photodetector are still separated. Compared with the above
studies, we take a step forward by adding the parts of optical
coupling and differential detection to the photoacoustic module
instead of only designing the photoacoustic cell (gas cell)
itself. It is true that such design increases the dimension of the
entire module. However, it becomes easier for integration to
our opinion. That is why we design the photoacoustic detector
as a fiber coupled one. Of course, there are still challenges on
the path of miniaturizing the photoacoustic module, one of
which is the additional noise induced by gas flow as reported
in Section IV-A. To deal with such problem, some buffer
structures should be designed as well when optimizing the
photoacoustic cell. As to the parameters of detection sensitivity
and MDL, they have met the requirements of the technical
indicators in Table 1. The next step is the further integration
of the whole experiment system as depicted in Fig. 4 for field
test.

V. CONCLUSION
We developed a miniaturized photoacoustic cell DHR with
tiny inner volume of only 0.5 mL to improve the response
speed for trace gas detection, especially for conditions of
dissolved gas measurement. By virtue of the 3-D printing
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technology, the PA cell can be easily fabricated. Moreover,
a new concept of photoacoustic detector was proposed by inte-
grating the fiber collimator, photoacoustic cell and differential
circuit together, which was very compact and easy-to-use for
engineering application. Based on the photoacoustic detector,
a miniaturized photoacoustic sensor for acetylene measure-
ment was validated, the best sensitivity of 16.6 ppb and MDL
of 0.3 ppm were achieved in acetylene detection experiment.
After further integration, it would be applied to measure the
dissolved trace gas in transformer oil. In the next step, effort
will be made to further miniaturizing the DHR and differential
circuit to make the photoacoustic detector more like a sensor
chip.
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