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ABSTRACT

We propose an elliptical-tube off-beam quartz-enhanced photoacoustic spectroscopy (EO-QEPAS) method in which an elliptical tube is
employed as an acoustic resonator, instead of a circular resonator in QEPAS, to match the stripe-like beam emitted from a high-power multi-
mode laser diode (MLD). A lower noise level than that of conventional QEPAS is achieved due to the optimal matching between the elliptical
resonator and the beam profile, hence resulting in a ~3 times higher signal-to-noise ratio gain factor compared with the circular resonator. The
parameters of the elliptical resonator are optimized, and a 16 normalized noise equivalent absorption coefficient of 3.4 x 10 *cm™" W/Hz"? is
obtained for dry NO, detection at normal atmospheric pressure. EO-QEPAS paves the way for developing compact, cost-effective, and highly

sensitive gas sensors based on the combination of MLDs and QEPAS.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086697

Trace gas sensing based on photoacoustic spectroscopy (PAS) is
widely used in many fields, such as atmospheric environment moni-
toring, industrial process control, and medical diagnosis due to its
high sensitivity and compact structure." © Quartz-enhanced photoa-
coustic spectroscopy (QEPAS), which was first proposed in 2002,
retains the inherent zero-background and laser wavelength indepen-
dence of PAS.”"” The key innovation of QEPAS is the use of a small-
sized, high-Q-factor quartz tuning fork (QTF) as a piezoelectric acoustic
transducer offering a high immunity to environmental noise.

Multimode laser diodes (MLDs) are small-sized, inexpensive,
and high-power laser sources, which are available from both single
emitters and diode arrays at power output levels ranging from tens of
milliwatts to hundreds of watts and come in either free space or fiber
coupled configurations. Combination of MLDs and QEPAS has the
potential to realize a compact, cost-effective, and highly sensitive gas
sensor, since the detection sensitivity of QEPAS is proportional to its
optical excitation power. However, a QEPAS system has strict require-
ments on its laser beam quality due to the gap limit of ~0.3 mm
between commercial QTF prongs, which cannot be usually met by
MLDs characterized by large divergence angles and stripe-like emis-
sion spots. When the stray light from a MLD irradiates an acoustic
transducer, intense noise interference can be introduced.

Electrical/optical modulation cancellation methods (E/O-MOCAMs)
and custom QTFs with large prong spacing had been proposed to address
the issue of the noise interference.”®”* Nevertheless, E/O-MOCAMs
require an additional electrical/optical noise cancellation system,
which results in a degraded long-term stability'® as well as a large
and complex system.'” These custom QTFs with large geometric
dimensions normally have a low resonant frequency, which must be
paired with a long acoustic resonator. As a result, the design of the
custom QTFs with large prong gap does not allow reaching the min-
iaturization characteristics of the traditional QEPAS sensor.

An alternative approach to reducing the background noise is to
use the off-beam configuration of acoustic resonators in which a thin
stainless-steel tube with a slit in the middle as the acoustic resonator is
placed on the side of a QTF.”* A laser beam passes through the inside
of the acoustic resonator, instead of passing through the QTF prongs
gap in the on-beam configuration, thus removing the restriction of the
QTF prong gap. The generated sound wave diffuses into the QTF’s
prongs through the slit of the acoustic resonator and then excites the
QTF and generates the photoacoustic signal. In this off-beam configu-
rations, the optical alignment becomes simple and the noise interfer-
ence is effectively suppressed. However, the laser beams emitted from
MLDs are stripe-like beams, which have a mismatch problem with the
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circular resonator,” > resulting in unwanted background noise.
In fact, acoustic modes of sound waves can be excited in an elliptical
tube,” which can be used as an appropriate resonator for MLDs,
instead of a conventional circular resonator.

In this Letter, we reported elliptical-tube off-beam QEPAS (EO-
QEPAS), which is proposed for MLDs as excitation laser sources in
QEPAS. An elliptical resonator is designed to work together with the
stripe-like beam emitted from a MLD and is assembled with a QTF in
the off-beam configurations as an acoustic detection module (ADM).
The optimal matching between the elliptical resonator and the beam
profile ultimately results in higher signal-to-noise ratio (SNR) gain fac-
tor than achievable with the traditional QEPAS system based on the
circular resonator.

In order to demonstrate this technique, a commercial high-
power long-stripe 450 nm MLD (ORSAM, Model PLTB450) was used
to detect NO,. The MLD has beam divergence of 0, ~ 25°, 0 ~15°.
A quartz lens with a focal length of 60 mm was utilized to converge
the laser beam. An image of the laser spot shape captured at a distance
of ~15cm from the lens as shown in Fig. 1(a). The laser spot size at a
different distance from the lens was measured by a beam profiling
camera (Ophir, Model Pyrocam IITHR), and the obtained results are
shown in Fig. 1(b). All measurements were operated along the axis of
the beam propagation, and the center of the MLD emitter was defined
as the zero point of the x-axis and y-axis. The minimum length and
width of the laser spot were located at the focal point of the lens, which
were 490 and 270 pm, respectively.

The structure of an ADM is shown in Fig. 2. A standard
32.7-kHz QTF is placed on the outside of a 3D-printed elliptical reso-
nator to probe acoustic vibration energy via a slit. The symbols of the
main geometrical parameters of the elliptical resonator are shown in
Figs. 2(b)-2(d). L and w represent the length of the elliptical resonator
and the width of the slit, respectively, and 2a and 2b represent the
major and minor axis lengths of the resonator cross section, respec-
tively. The acoustic resonator was made of stainless-steel elliptical
tube. The slit width w was set to 0.4 mm due to the restrictions of our
processing technology, although a slimmer slit is beneficial to excite
the one-dimensional longitudinal mode in the elliptical resonator.
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The gap u between QTF and resonator was set as small as possible,'”
which is generally ~50 um. The distance from the QTF tips to the res-
onator’ axis was set to 0.7 mm.

In the off-beam configurations, detailed studies”* showed that the
optimum length of a resonator is between /4/2 and /, where / is the
sound wavelength. With the resonant frequency f of 32.7kHz and
the sound speed of 347 m/s, the sound wavelength is 1.14cm.
According to Fig. 1(b), the length and width of the spot at the entry
and exit points of the A-long resonator are 730 and 480 um, respec-
tively. In order to allow the laser beam to clearly pass through all tested
elliptical resonators, the elliptical tube of 2a=09mm and
2b=0.6 mm was used with the beam waist located in the middle of
the elliptical resonator.

The sound pressure distribution inside the ADM was subse-
quently simulated using COMSOL Multiphysics software based on
finite element analysis (FEM) method, in order to determine the opti-
mum resonator length. In our 3D model, the pressure acoustics mod-
ule and the structural mechanics module were implemented. A
spherical air domain was established, and its shell was set as a spherical
perfectly matched layer (PML) to avoid the reflection of sound waves
at the boundary. The laser power absorption was modeled as a line
source through the center of the elliptical resonator. The eigenfre-
quency of the simulated QTF was 34.6kHz. The sound source was
mechanically coupled to the resonator and the QTF using fluid load
boundary conditions. With the parameters of 2a, 2b, w, u, and f fixed,
Fig. 3(a) depicts the sound pressure distribution inside the ADM when
L = 8.5cm. Figure 3(b) plots the values of the sound pressure along
the center axis of the elliptical resonator for the different resonator
lengths (L = 5.5, 6.5, 7.5, 8.5, 9.5, 10.5mm). When L= 5.5mm close
to the half-wavelength of the sound waves, the simplest standing wave
forms, whose only antinode is located in the middle of the elliptical
resonator. However, its values of the sound pressure are the lowest in
all resonators since the slit causes the leakage of the energy. When
L =10.5mm close to a wavelength, the standing wave with two antin-
odes forms. A M-shape sound pressure distribution is observed.
Compared with L =5.5 mm, the higher values of the sound pressure
can be obtained, as the node of the sound pressure is located in middle
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FIG. 1. (a) Snapshot of the used MLD emission profile. (b) Laser spot sizes at different distances from the lens.
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FIG. 3. (a) Sound pressure distribution of the ADM (L = 8.5 cm) simulated by COMSOL Multiphysics software. (b) Simulated sound pressures along the center axis of the res-

onator for the different resonator lengths.

of the resonator and the slit does not act as an energy relief hole. The
curves for L=6.5,7.5, 8.5, and 9.5 mm are the transition zone between
half and a wavelength of the sound waves. According to Fig. 3(b), the
maximum sound pressure in the middle of the resonator can be
reached when L= 9.5 mm.

The experimental setup is depicted in Fig. 4 to optimize the
parameters of the elliptical resonator and assess the performance of
the EO-QEPAS system. A commercial laser driver board (Wavelength
Electronic Device, Model LDTC2/2) was used to generate 1 A injection
current for the MLD. A function generator generated a square wave f
= 32.7kHz, corresponding to the resonant frequency of the QTF, to
modulate the amplitude of the laser current. The laser beam from the
MLD was focused by a lens with 60 mm focal length, and an ADM
was placed at the focal point. The photoacoustic signal output by the
ADM was amplified by a low-noise transimpedance amplifier with a
10 MQ feedback resistance and then directed to a lock-in amplifier

(Stanford Research Systems, Model SR830) for 1f demodulation proc-
essing. The time constant of the lock-in amplifier was set to 300 ms
combined with a 12 dB/oct filter slope corresponding to a detection
bandwidth Af of 0.833 Hz. The measurements were carried out at
atmospheric pressure and room temperature. The needle valve was
used to adjust the gas flow rate to a constant flow rate of 130 sccm to
avoid the flow noise.

The elliptical resonator tubes of different lengths were prepared
to experimentally compare their SNRs. The SNRs were calculated
according to the following equation: SNR = (Sqrpas — Sen)/10,
where Sogpas, Spn» and 1o are the QEPAS signal amplitude, the back-
ground noise and the standard deviation of the noise, respectively. A
sharp blade was used to make slits in the middle of these resonators.
The lengths of the major and minor axes of all resonator tubes were
0.9 and 0.6 mm, respectively, and the slit widths were set to 0.4 mm.
The MLD has an average output power of 176 mW after modulated
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FIG. 4. Schematic diagram of the EO-QEPAS system.

by a 50% duty cycle square wave. The experimental results are shown
in Fig. 5. The blue solid line plus circle symbols indicates the SNRs
obtained by eight resonator tubes of different lengths at atmospheric
pressure and room temperature when detecting a dry gas mixture with
1ppm NO, in N,. With the resonator length increasing, the corre-
sponding EO-QEPAS SNR increases, and when L = 9.5 mm, the SNR
reached the maximum value, which means that the strongest acoustic
coupling between the QTF and the resonator was obtained. The simu-
lated EO-QEPAS SNRs for nine resonators of different lengths was
shown as the red solid line plus circle symbols. This simulated and
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FIG. 5. Measured SNRs (blue circles) and simulated SNRs (red circles) as a func-
tion of the resonator length. The blue and red lines are the guide lines.

experimental results were in good agreement, which verifies the valid-
ity of our COMSOL model.

To assess the performance of EO-QEPAS, the measurement
results obtained employing a bare QTF, a circular-tube off-beam
QEPAS system (CO-QEPAS) and the EO-QEPAS system are sum-
marized in Table I. The CO-QEPAS system has the optimum con-
figuration of the circular resonator.”* The signal and noise level
were obtained by flushing the certified 1-ppm NO,:N, gas mixture
and pure N, into the ADM. Based on Table I, the bare QTF has a
large background noise due to the prong gap limit of the QTF. The
background noise in the EO-QEPAS system is significantly
reduced due to the optimal matching between the elliptical resona-
tor and the beam profile. The EO-QEPAS system has a SNR gain
factor of ~19 compared to the bare QTF, while the CO-QEPAS
system only has a SNR gain factor of ~6. With a 400 ppb NO,:N,
gas mixture, a SNR of 28 and a 1o detection limit of 14 ppb were
obtained, corresponding to a normalized noise equivalent absorp-
tion (NNEA) of 3.4 x 10 ®cm ™' W/Hz"2.

In conclusion, the EO-QEPAS technique was demonstrated to
efficiently operate with an MLD as the excitation light source in
QEPAS. It is well known that the value of SNR is determined by
signal amplitude together with noise level. Although the signal
amplitude can be significantly enhanced through the increase in
the optical power in QEPAS, the growing part of the signal ampli-
tude is usually balanced out by the noise that grows more due to
the mismatch between the resonator and beam shape. The elliptical
resonator is proposed specifically for a strip-shaped laser beam,
which allows us to fully utilize the optical power with a low noise
output. Further topics of interest include building the theoretical
model of the elliptical resonator and finding the analytical solu-
tions of acoustic modes, as well as developing the trace gas sensors
based on EO-QEPAS.
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TABLE I. Intercomparison of a bare QTF, a CO-QEPAS and EO-QEPAS systems. ID: inner diameter of circular resonator; 14 the standard deviation of the noise.

Resonator geometric parameters (mm)

ID 2a 2b Signal (mV) Background (mV) lo (uV) SNR
CO-QEPAS 0.8 9.5 141 0.93 2.8 169
EO-QEPAS s 0.9 0.6 9.5 1.65 0.33 2.3 575
Bare QTF 18.73 18.49 8.0 30
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