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ABSTRACT

We report synchronous excitation of an acoustic mode in quartz-enhanced photoacoustic spectroscopy (QEPAS) enabled by an elliptical
acoustic resonator under multi-beam illumination. In this configuration, multiple laser beams distributed within the prong gap of a quartz
tuning fork (QTF) coherently excite the same acoustic mode, leading to efficient acoustic energy confinement and enhanced coupling to the
QTF. Finite-element simulations based on distributed line acoustic sources reveal that, compared with the resonator-free case, a half-
wavelength acoustic resonator enhances the effective acoustic excitation by a factor of approximately 4, while a three-quarter-wavelength
resonator provides a higher enhancement of about 7. These predictions are experimentally validated using a multi-pass cell-based QEPAS
system incorporating an elliptical acoustic resonator. The results demonstrate that resonator-enabled synchronous multi-beam excitation
reshapes the acoustic coupling behavior in QEPAS and provides a practical route toward high-sensitivity photoacoustic sensing beyond opti-

cal field-limited enhancement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0322692

Gas analysis plays an important role in atmospheric science,
space science, and medical diagnostics,'” driving sustained demand
for gas-sensing technologies with high sensitivity, good selectivity, and
low cost.”® Among various optical sensing techniques, quartz-
enhanced photoacoustic spectroscopy (QEPAS) has attracted signifi-
cant attention due to its high sensitivity, compact configuration, and
strong immunity to environmental noise.”” In QEPAS, a quartz tuning
fork (QTF) with a high-quality factor is employed as an acoustic-to-
electrical transducer to efficiently detect sound waves generated by the
photoacoustic effect.

The sensitivity of QEPAS is fundamentally governed by the
strength of the photoacoustic field and the efficiency of acoustic cou-
pling to the QTF.”'" Since photoacoustic waves are generated along
the excitation laser path, while the QTF is the most sensitive to acous-
tic fields confined within its prong gap,'' '’ enhancing the effective
photoacoustic excitation in this region has been a central strategy for
improving QEPAS performance. On this basis, multiple-sound-

source-excitation QEPAS (MSSE-QEPAS) schemes have been pro-
posed, in which multiple laser beams produced by multi-pass cell con-
figurations generate distributed photoacoustic sources within the QTF
prong gap, leading to significant signal enhancement.*

However, in MSSE-QEPAS systems, the effective acoustic sensing
volume of the QTF remains fundamentally constrained by the prong
thickness, which is typically on the order of 300 um. As a result, only
photoacoustic sources generated within this narrow region can be effi-
ciently detected, and further signal enhancement becomes increasingly
limited when relying solely on optical field manipulation,'"” " such
as increasing the number of laser passes. Since photoacoustic waves
are generated continuously along the excitation laser path, an effective
strategy to overcome this limitation is to collect and confine the dis-
tributed acoustic energy and subsequently couple it efficiently to the
QTF. Acoustic resonators provide a natural means to enhance acoustic
confinement and coupling in QEPAS systems.”’ While the coupling
mechanisms of cylindrical acoustic resonators have been extensively
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studied in conventional single-sound-source QEPAS configura-
tions,”" * recent studies have also explored multi-pass and multi-
source photoacoustic configurations with engineered acoustic
resonators, primarily in conventional PAS systems.”””° However, the
direct application of these mechanisms to MSSE-QEPAS is nontrivial
due to the more complex acoustic field distribution arising from multi-
ple distributed excitation beams. In particular, how to engineer the
resonator geometry to enable efficient and synchronous excitation of a
well-defined acoustic mode under multi-beam illumination remains
largely unexplored.

In this work, we report synchronous multi-beam excitation of an
acoustic mode in QEPAS enabled by an elliptical acoustic resonator.
By confining multiple coplanar photoacoustic sources within an ellipti-
cal resonator matched to the spatial distribution of the excitation
beams, the efficient acoustic energy confinement and the enhanced
coupling to the QTF are achieved. Finite-element simulations based on
distributed line acoustic sources are performed to analyze the acoustic
field distribution and resonator coupling behavior, and the numerical
predictions are validated experimentally using a multi-pass cell-based
QEPAS system. The results reveal that resonator geometry plays a crit-
ical role in governing acoustic coupling under multi-beam excitation
and provide new insight into acoustic mode engineering for advanced
QEPAS sensors.

To elucidate the mechanism of synchronous acoustic excitation
under multi-beam illumination, a finite-element model of a QEPAS
system incorporating an elliptical acoustic resonator was established,
as shown in Fig. 1. In the model, multiple coplanar line acoustic sour-
ces are introduced to represent distributed photoacoustic excitation
generated by multiple laser beams within the QTF prong gap
[Fig. 1(a)]. This line-source representation serves as an effective
approximation of the distributed volumetric photoacoustic excitation,

ARTICLE pubs.aip.org/aip/apl

given the small beam diameter relative to the acoustic wavelength and
the characteristic dimensions of the resonator. Since these sources pass
through the acoustically sensitive region of the QTF, the resulting
acoustic interaction is predominantly governed by the sound field in
the y-z plane. An elliptical acoustic resonator is, therefore, employed
[Fig. 1(b)] to spatially match the planar distribution of the photoacous-
tic sources. The major and minor axes of the elliptical resonator are
chosen to be slightly larger than the transverse extent of the excitation
beam distribution in the cross section, ensuring effective acoustic con-
finement without obstructing laser beam propagation. In addition, a
narrow slit is reserved at the center of the resonator cross section to
enable non-contact acoustic coupling between the QTF and the reso-
nator. Compared with conventional cylindrical resonators used in
single-beam QEPAS configurations, the elliptical geometry enables
more efficient confinement of acoustic energy generated by coplanar
sources and facilitates their synchronous coupling to a well-defined
acoustic mode. In contrast, conventional cylindrical resonators are pri-
marily optimized for single-beam excitation and do not provide spatial
matching for distributed multi-beam photoacoustic sources. A y-z
cross-sectional view of the coupled system is shown in Fig. 1(c), where
the resonator length L is varied to examine its role in establishing con-
structive acoustic coupling, while all other parameters are fixed.
Figures 1(d)-1(f) present the simulated acoustic pressure distri-
butions for three representative configurations: without a resonator,
with a half-wavelength resonator, and with a three-quarter-wavelength
resonator. Here, the wavelength corresponds to the acoustic wave-
length associated with the QTF resonance frequency (f,=7.2kHz).
Without an acoustic resonator, the acoustic field generated by distrib-
uted sources is weakly confined and spreads over a broad spatial
region, resulting in inefficient excitation of the QTF. In contrast, the
introduction of an elliptical resonator leads to pronounced acoustic

(©)  Resonator
V.

FIG. 1. Numerical model and simulated acoustic fields illustrating resonator-enabled synchronous excitation in a multi-beam QEPAS system. (a) Distributed coplanar line
acoustic sources representing photoacoustic excitation generated by multiple laser beams within the QTF prong gap. (b) Elliptical acoustic resonator designed to spatially match
the planar distribution of the photoacoustic sources and enable efficient acoustic confinement. (c) y-z cross-sectional view of the coupled QTF-resonator system, where the
resonator length L is varied while other geometric parameters are fixed. (d)—(f) Simulated acoustic pressure distributions in the y~z plane showing acoustic mode formation for
(d) the resonator-free configuration, (e) a half-wavelength resonator, and (f) a three-quarter-wavelength resonator.
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FIG. 2. Simulated acoustic pressure amplitude along the z axis at the center of the
QTF prong gap for different resonator configurations, illustrating resonator-enabled
synchronous excitation of distributed photoacoustic sources.

confinement within the prong gap. Notably, different resonator lengths
give rise to distinct acoustic mode structures, indicating that the reso-
nator geometry governs whether distributed photoacoustic sources can
synchronously excite the same acoustic mode.

To quantitatively assess the effectiveness of synchronous acoustic
excitation, the acoustic pressure amplitude along the z axis passing
through the center of the QTF prong gap was extracted, as shown in
Fig. 2. Owing to the geometric symmetry and coplanar source distribu-
tion, this profile provides a representative measure of effective acoustic
excitation experienced by the QTF. The results show that the three-
quarter-wavelength resonator produces the highest acoustic pressure
at the prong gap center, corresponding to the most efficient construc-
tive superposition of acoustic waves generated by distributed sources.

ARTICLE pubs.aip.org/aip/apl

This behavior indicates that appropriate resonator geometry enables
synchronous excitation of a single acoustic mode, rather than merely
increasing local acoustic intensity.

The experimental setup used to validate the numerical predic-
tions is shown in Fig. 3. A QTF with a resonance frequency of
7.205kHz and a quality factor of approximately 8500 was employed.
The QTF has a prong length of 10mm and a prong spacing of
800 pum, which is larger than the laser beam diameter of 600 um,
ensuring unobstructed laser propagation through the prong gap.
Multi-sound-source excitation was realized using a multi-pass cell
(MPC). A single laser beam was repeatedly reflected between two
spherical mirrors with curvature radii of 100 mm and a separation
of 36.6 mm. With an incident beam diameter of ~0.6 mm and an
injection angle of ~5°, a single-line beam pattern was formed and
confined within the QTF prong gap. Under this configuration, ~60
beam passes were achieved within a projected area of ~8mm?
resulting in spatially distributed photoacoustic excitation sources.
The QTF was positioned inside the MPC such that all laser passes
overlapped with its acoustically sensitive region. An elliptical acous-
tic resonator, fabricated according to the numerical model, was inte-
grated to enable synchronous acoustic coupling, which introduces
additional acoustic loading and leads to a slight reduction in the
effective Q-factor while improving the acoustic coupling effi-
ciency.”* The major axis of the resonator was 11.8 mm, slightly
exceeding the QTF prong length to fully cover the transverse distri-
bution of the multiple sound sources along the y direction, while the
minor axis was set to 1 mm, marginally larger than the prong spac-
ing to allow unobstructed laser transmission while maintaining
effective acoustic confinement. The resonator length was configured
to be either one-half or three-quarters of the acoustic wavelength,
with the acoustic resonance frequency matched to that of the QTF.
Due to the limited cavity length (36.6 mm) of the MPC configura-
tion, a full-wavelength resonator was not considered. A narrow slit
was machined at the center of the resonator to accommodate the
QTF without mechanical contact, enabling efficient acoustic

Spherical mirror II

Spherical mirror I

QTF

! DFB Laser
" Collimator
Laptop
Control
\/\/ e
Data ISync
/ \ \ acquisition| 1 ock.in
amplifier
—

Pre-amplifier

Signal

FIG. 3. Experimental setup enabling synchronous multi-beam acoustic excitation in QEPAS using a MPC and an elliptical acoustic resonator coupled to a QTF.
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coupling while avoiding mechanical interference. A continuous-
wave distributed feedback (DFB) laser operating at 1.395 um was
used as the excitation source, targeting a water vapor absorption line
at 7181.15cm ™', The optical output power was 16 mW, and the
ambient water vapor concentration during the experiments was
approximately 8500 ppm. Wavelength modulation spectroscopy
with the second harmonic (2f) detection was employed, and the
QTF signal was demodulated using a lock-in amplifier with a time
constant of 1s and a filter slope of 12 dB/octave.

Figure 4 compares the measured 2f photoacoustic signal ampli-
tudes obtained under four representative configurations: conventional
single-beam QEPAS, multi-beam QEPAS without an acoustic resona-
tor, and multi-beam QEPAS coupled with half-wavelength and three-
quarter-wavelength elliptical acoustic resonators. Compared with the
conventional single-beam configuration, multi-beam excitation yields
a signal enhancement factor of approximately 16.9, confirming that
distributed photoacoustic sources within the QTF prong gap signifi-
cantly increase the effective acoustic excitation. This enhancement
does not scale linearly with the number of beams due to the position-
dependent acoustic response of the QTE."°

Upon introducing the elliptical acoustic resonator, further signal
enhancement is observed, reflecting improved acoustic confinement
and coupling. Notably, the three-quarter-wavelength resonator produ-
ces a substantially higher enhancement (~6.8) than the half-
wavelength resonator (~3.6) relative to the resonator-free case. This
behavior is consistent with numerical predictions in Fig. 2, which indi-
cate that the three-quarter-wavelength geometry enables more efficient
constructive superposition of acoustic waves generated by distributed
coplanar sources. The experimentally measured enhancement factors
agree with simulated values (3.9 and 6.7, respectively) within 10%, con-
firming that the finite-element model captures the dominant acoustic
coupling behavior. These results demonstrate that, under multi-beam
excitation, the signal enhancement is governed not solely by the reso-
nator length but by the ability of the resonator geometry to enable

20 - Multi-beam QEPAS with a 3/4 A resonator
Multi-beam QEPAS with a 1/2 A resonator
15 4 Multi-beam QEPAS without an resonator
Single-beam QEPAS
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FIG. 4. Measured 2f photoacoustic signal amplitudes demonstrating resonator-
enabled synchronous excitation under multi-beam illumination in QEPAS.

pubs.aip.org/aip/apl

synchronous excitation of a well-defined acoustic mode. Although the
optimal resonator length lies within the range commonly reported for
conventional single-beam QEPAS systems, the underlying enhance-
ment mechanism in the present configuration arises from resonator-
enabled acoustic mode engineering rather than simple acoustic
amplification. As a result, the three-quarter-wavelength elliptical
resonator provides more favorable acoustic coupling than the
half-wavelength resonator, in agreement with both numerical and
experimental observations.

In conclusion, we demonstrate synchronous acoustic mode exci-
tation enabled by an elliptical resonator in a multi-beam QEPAS sys-
tem. By confining distributed photoacoustic sources within a resonator
geometry matched to their spatial distribution, enhanced acoustic cou-
pling to the QTF is achieved. The resulting signal enhancement, reach-
ing approximately sevenfold for a three-quarter-wavelength resonator,
arises from resonator-enabled mode synchronization rather than con-
ventional acoustic amplification. These findings highlight acoustic
mode engineering as a powerful approach for advancing multi-beam
photoacoustic spectroscopy.
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