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Spatially engineered optical–acoustic matching in quartz-enhanced photoacoustic spectroscopy
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A B S T R A C T

Quartz-enhanced photoacoustic spectroscopy (QEPAS) offers high sensitivity for trace-gas detection, but its 
performance is often limited by a spatial mismatch between distributed photoacoustic excitation and the intrinsic 
sensitivity region of the quartz tuning fork (QTF). In many multi-pass QEPAS configurations, extending the 
optical path length alone does not ensure efficient signal enhancement. Here, we present a spatially engineered 
optical–acoustic matching strategy for QEPAS. A confocal-like multi-pass cell folds the excitation beam multiple 
times while spatially confining optical absorption within the intrinsic high-sensitivity region of the QTF. In 
parallel, non-resonant conical acoustic collectors (CACs) geometrically match and efficiently collect the resulting 
distributed photoacoustic waves. Experimental validation using water vapor detection demonstrates an 
approximately 42-fold signal enhancement compared with a conventional single-pass QEPAS configuration 
under identical conditions. The enhancement is achieved without relying on narrowband acoustic resonance or 
stringent optical alignment, establishing spatial engineering as a robust and general framework for improving 
QEPAS performance.

1. Introduction

Photoacoustic spectroscopy (PAS) has emerged as a powerful tech
nique for trace-gas detection owing to its capability to directly convert 
absorbed optical energy into acoustic signals [1–17]. Among various 
PAS implementations, quartz-enhanced photoacoustic spectroscopy 
(QEPAS) employs a quartz tuning fork (QTF) as a high-Q piezoelectric 
acoustic transducer, offering intrinsic advantages including compact
ness, strong immunity to environmental noise, and high detection 
sensitivity [18–25]. These features make QEPAS particularly attractive 
for portable and field-deployable gas-sensing applications. Conse
quently, substantial efforts have been devoted over the past decade to 
further improving the sensitivity of QEPAS-based sensors [26–28].

Most reported QEPAS enhancement strategies can be broadly clas
sified into two categories: acoustic-field enhancement and optical- 
excitation enhancement. Acoustic-field enhancement typically relies 
on auxiliary resonant structure, such as micro-resonators or acoustic 
tubes placed near the QTF, to increase sound-energy coupling efficiency 
[29–32]. Optical enhancement, on the other hand, aims to increase the 
absorbed optical energy by extending the effective light–matter inter
action length, for example through multi-pass or multi-beam excitation 
schemes. While these approaches have demonstrated notable signal 
improvements, they predominantly focus on increasing either acoustic 
resonance strength on optical path length [33–36]. In addition, alter
native QEPAS transduction schemes have been explored recently, for 
example through optical readout of the quartz tuning fork, further 
reflecting ongoing efforts to enhance QEPAS sensitivity [37,38].

However, a fundamental aspect that has received far less attention in 
existing QEPAS enhancement schemes is the intrinsic spatial response 
characteristics of the QTF, which governs how efficiently photoacoustic 
waves generated at different spatial locations are transduced into an 
electrical signal. In many multi-pass QEPAS (MP-QEPAS) 

configurations, optical absorption occurs over an extended spatial re
gion that only partially overlaps with this intrinsic sensitivity zone. As a 
result, a significant fraction of the generated photoacoustic waves is 
produced outside the effective detection region and dissipates before 
being efficiently transduced by the QTF, fundamentally limiting the 
achievable signal enhancement. As a consequence, increasing optical 
path length alone does not necessarily translate into proportional signal 
enhancement, revealing a fundamental limitation of many MP-QEPAS 
configurations.

Recent optical-excitation enhancement schemes, such as MP-QEPAS 
[36] and dual-antinode excitation [39], exemplify this limitation. 
Although multiple excitation beams are introduced, their spatial distri
bution is often dictated by optical folding constraints rather than by the 
QTF’s acoustic response profile. Similarly, conventional cylindrical 
acoustic resonators are primarily designed for localized or quasi-point 
acoustic sources and exhibit poor geometric compatibility with the 
distributed, fan-shaped photoacoustic sources generated by multi-pass 
excitation. This spatial mismatch between optical excitation, acoustic 
wave generation, and QTF sensitivity represents a key bottleneck for 
further performance improvement.

In this work, we address this challenge by spatially engineering the 
optical excitation and acoustic collection to match the intrinsic spatial 
response of the QTF. The central idea is not to maximize optical or 
acoustic enhancement independently, but to maximize the effective 
spatial overlap between the distributed photoacoustic source volume 
and the intrinsic sensitivity region of the QTF. A confocal-like multi-pass 
cell (MPC) is designed to fold the excitation beam multiple times while 
tightly confining all optical trajectories within the QTF’s high-sensitivity 
region. This ensures that virtually all photoacoustic sources contribute 
effectively to the QTF response. In parallel, a pair of non-resonant 
conical acoustic collectors (CACs) is introduced to geometrically 
match the spatial distribution of the distributed photoacoustic sources 
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produced by the multi-pass excitation. Unlike conventional cylindrical 
resonators, the CACs function as broadband acoustic funnels that effi
ciently collect and guide sound energy toward the QTF without 
imposing stringent resonance-matching or alignment requirements. 
Through this coordinated optical–acoustic spatial matching, substantial 
signal enhancement is achieved while maintaining system robustness 
and experimental simplicity. The proposed approach is experimentally 
validated using trace-gas detection under ambient conditions, demon
strating its potential as a robust and general route for enhancing QEPAS 
performance.

2. Principle and design

2.1. Spatially confined multi-pass optical excitation

To maximize the effective contribution of optical excitation to the 
QTF response, the optical field must be spatially confined within the 
intrinsic high-sensitivity region of the QTF rather than merely extended 
along the optical path. Unlike conventional multi-pass QEPAS configu
rations, which primarily aim at increasing the optical path length, the 
MPC in this work is deliberately designed to control the spatial distri
bution of optical absorption. The key objective is to ensure that all fol
ded excitation beams generate photoacoustic sources entirely inside the 
QTF effective response region, thereby maximizing the transduction 
efficiency of each excitation pass. To this end, a near-confocal multi-pass 
optical configuration is employed to produce a fan-shaped beam dis
tribution that converges within a well-defined spatial region matched to 
the QTF sensitivity profile. Ray-tracing simulations are used as a prac
tical tool to identify representative optical parameters that simulta
neously satisfy multi-pass stability and spatial confinement 
requirements.

The MPC consists of two identical spherical concave mirrors (Mirror I 
and Mirror II) [40,41], mounted on parallel cage plates connected by 
rigid cage rods. This configuration allows precise adjustment of the 
mirror separation distance d, which governs the stability and folding 
behavior of the optical trajectories. A collimated excitation beam is 
injected into the MPC with finite angular components along both the y- 
and z-axes, where the z-axis coincides with the MPC optical axis and the 
y-axis is aligned with the symmetry axis of the QTF. By carefully 
selecting the injection position and angle, the beam undergoes multiple 
reflections between the two mirrors, forming a stable and reproducible 
multi-pass trajectory. Importantly, the MPC is not designed solely to 
increase optical path length. Instead, the optical parameters are chosen 
to satisfy the near-confocal stability condition 4f/d≈ 1, where f is the 
mirror focal length. Under this condition, the folded beams form a 
symmetric, fan-shaped distribution in the y–z plane, while the corre
sponding reflection spots appear as a linear array on the mirror surfaces. 
This geometric folding behavior enables controlled convergence of all 
excitation beams within a well-defined spatial region.

As illustrated in Fig. 1, the fan-shaped beam bundle converges within 
the QTF prong gap and is tightly confined to the QTF’s intrinsic high- 
sensitivity region. The vertical extent of the convergence region, 

denoted by D, is governed by the geometry of the folded trajectories and 
satisfies the constraint: 

D≤ |L1− L2|                                                                                         

where L1 and L2 represent the distances from the upper and lower 
boundaries of the QTF optimal response region to the top of the QTF, 
respectively. This condition ensures that all folded beams generate 
photoacoustic excitation within the effective detection zone of the QTF, 
thereby maximizing the utilization of the QTF spatial response function. 
To avoid optical clipping, the QTF prong spacing is chosen to be larger 
than the beam diameter, allowing loss-free transmission of all folded 
beams through the prong gap.

The optical propagation within the MPC was first analyzed using ray- 
tracing simulations (TracePro) to identify representative multi-pass 
configurations that simultaneously satisfy stability and spatial confine
ment requirement. One optimized configuration employs two mirrors 
with a focal length of 25 mm and a diameter of 25.4 mm, separated by 
approximately 98.1 mm. In this case, the excitation beam is injected 
with a lateral offset of 13.45 mm and an incidence angle of − 15.4◦ in the 
y − z plane, resulting in more than 20 reflections within the MPC while 
maintaining tight spatial confinement of the beam convergence region. 
It should be noted that this parameter set is not unique. Owing to the 
geometric nature of the confinement mechanism, a range of injection 
positions and angles can yield similar fan-shaped folding patterns with 
comparable convergence characteristics. Therefore, the simulated pa
rameters serve as practical guidelines for experimental alignment rather 
than strict design constraints. This tolerance highlights the robustness of 
the spatially confined multi-pass excitation scheme and its suitability for 
practical QEPAS implementations.

2.2. Geometry-matched conical acoustic collectors for distributed sound- 
energy collection

While the spatially confined multi-pass optical excitation ensures 
that photoacoustic waves are generated predominantly within the 
intrinsic high-sensitivity region of the QTF, the resulting acoustic field is 
inherently distributed in space due to the presence of multiple excitation 
beams. Efficient transduction of this distributed acoustic energy there
fore requires an acoustic collection scheme that is geometrically 
compatible with the spatial distribution of the photoacoustic sources, 
rather than one optimized for localized or quasi-point sources.

To address this requirement, a pair of identical CACs was designed 
and symmetrically positioned on both sides of the QTF along the optical 
axis. In contrast to conventional cylindrical acoustic resonators [32], 
which are primarily tailored to enhance specific resonance modes for 
localized excitation, the conical geometry provides a gradual spatial 
compression of sound energy, enabling efficient collection of acoustic 
waves generated over an extended region. This geometric feature makes 
the CACs particularly suitable for the fan-shaped distribution of photo
acoustic sources produced by the spatially confined multi-pass 
excitation.

The dimensions of the CACs were determined based on the spatial 
characteristics of the folded optical trajectories, including the beam 
offset, incidence angle, and convergence height. The entrance aperture 
of each CAC was chosen to fully accommodate the spatial extent of the 
distributed acoustic sources, while the tapering profile guides the 
acoustic waves toward the QTF prong gap with minimal reflection loss. 
As a result, the CACs function as broadband acoustic energy collectors, 
rather than frequency-selective resonators, and do not impose stringent 
resonance-matching conditions on the QTF, since no sharp resonance is 
involved and any geometry-induced frequency dependence is expected 
to be weak and smooth.

Finite-element simulations were performed using COMSOL Multi
physics to evaluate the effectiveness of the conical collectors in 
concentrating distributed acoustic energy near the QTF. In the 

Fig. 1. Simulated fan-shaped optical trajectories in the y–z plane, illustrating 
the spatially confined multi-pass excitation. All folded sub-beams converge 
within the intrinsic high-sensitivity region of the QTF, ensuring that photo
acoustic excitation occurs entirely inside the QTF prong gap.
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simulations, multiple line acoustic sources were introduced to emulate 
the spatially distributed photoacoustic excitation generated by the 
multi-pass optical field. This line-source model is an idealized repre
sentation of slender finite-volume photoacoustic sources. Using a finite 
source volume would mainly smooth local near-field features and is not 
expected to change the qualitative comparison between different col
lector geometries under identical distributed excitation. For compari
son, a cylindrical acoustic cavity with the same entrance diameter was 
also simulated. The results, shown in Fig. 2, indicate that each CAC 
produces a significantly higher sound-pressure concentration in the vi
cinity of the QTF prong gap, confirming its superior geometric 
compatibility with distributed acoustic sources. In addition to the field 
distributions shown in Fig. 2, quantitative analysis of the simulated axial 
acoustic pressure indicates that, at the QTF position, the peak pressure 
obtained with the CACs is approximately two times higher than that 
achieved with conventional cylindrical cavities of comparable size. 
Based on the simulation results, each CAC was fabricated as a truncated 
cone with an upper radius of 1.6 mm, a lower radius of 13 mm, and a 
height of 50 mm. The collectors were symmetrically aligned with respect 
to the QTF, with their narrow ends centered on the QTF prong gap. This 
geometry-matched acoustic collection scheme ensures that the spatially 
distributed photoacoustic waves generated by the confined multi-pass 
excitation are efficiently guided toward the region where the QTF ex
hibits maximum sensitivity.

3. Experimental setup

Based on the spatially engineered optical and acoustic design, 
described above, an experimental QEPAS system was constructed to 
validate the proposed optical-acoustic matching strategy. A schematic of 
the experimental setup is shown in Fig. 3. Water vapor (H₂O) was 
selected as the target analyte; accordingly, a distributed-feedback (DFB) 
laser operating at a wavelength of 1.395 μm with an output power of 
16 mW was used as the excitation source. The laser was driven by a 
control electronics unit (CEU) and wavelength-modulated at half of the 
QTF resonance frequency to enable second-harmonic (2 f) detection. The 
laser beam was collimated and injected into the MPC consisting of two 
spherical concave mirrors with a diameter of 25.4 mm and a focal length 
of 25 mm, mounted on a rigid cage structure. During alignment, the 
beam injection position and angle were finely adjusted around the 
simulated values to achieve stable multi-pass operation while ensuring 
that the folded beams converged within the predefined spatial region 
corresponding to the QTF intrinsic sensitivity zone. A reproducible 
multi-pass configuration with approximately 20 reflections was ob
tained, as confirmed by the experimentally observed reflection-spot 
pattern on the mirror surfaces and the corresponding photograph of 
the MPC shown in Fig. 3. The convergence height of the folded-beam 
envelope was on the order of 3 mm and showed a small alignment- 

dependent variation. In practice, the injection parameters were 
adjusted to maximize the overlap between the multi-pass excitation and 
the high-response zone defined in Fig. 5 while maintaining loss-free 
transmission through the prong gap.

A custom QTF with a prong length of 10 mm and a prong spacing of 
800 μm was positioned at the center of the MPC. The prong spacing was 
chosen to be sufficiently larger than the laser beam diameter to ensure 
loss-free transmission of all folded beams through the QTF gap. Two 
CACs, fabricated from 100-μm-thick stainless steel with polished inner- 
wall surfaces, were symmetrically positioned on both sides of the QTF 
along the optical axis to collect and guide the distributed photoacoustic 
waves toward the QTF. The CACs were mechanically fixed by a circular- 
arc support underneath to ensure stable and reproducible alignment, 
with the collector apices centered on the QTF prong gap. Prior to gas- 
sensing measurements, the resonance characteristics of the QTF were 
experimentally characterized by electrical frequency sweeping. The 
measured resonance frequency was 7.209 kHz, and a Lorentzian fit 
yielded a quality factor of approximately 8500 under atmospheric 
conditions, as shown in Fig. 4. The photoacoustic signal generated by the 
QTF was amplified using a low-noise transimpedance preamplifier and 
subsequently demodulated by a lock-in amplifier. The demodulated 
signal was recorded for further analysis.

4. Results and discussion

The performance of the spatially engineered QEPAS system was 
experimentally evaluated under ambient laboratory conditions at room 
temperature and atmospheric pressure. Water vapor (H₂O) was selected 
as the target analyte, and the excitation wavelength was tuned to the 
absorption line centered at 7181 cm⁻¹ .

Before evaluating the enhancement mechanisms, the intrinsic spatial 
response of the QTF was experimentally characterized using a conven
tional single-beam QEPAS configuration. The excitation beam was 
vertically scanned along the y-axis of the QTF from the prong tips (point 
a) toward the prong base (point b), while all other experimental pa
rameters were kept constant. The normalized QEPAS signal as a function 
of beam position is shown in Fig. 5. A well-defined high-sensitivity re
gion is observed along the prong length. Although the maximum 
response occurs approximately 1.2 mm below the prong tips, the high- 
response zone, defined here as positions where the signal remains 
above ~80 % of its peak value, spans about 2.8 mm along the prong 
length. This result indicates that the custom QTF exhibits a finite-width 
spatial sensitivity profile with a well-defined maximum, rather than an 
idealized point-like response. From a physical perspective, this spatial 
response profile reflects the modal displacement distribution of the QTF 
prongs and defines the effective region where photoacoustic excitation 
can be most efficiently transduced into an electrical signal. This exper
imentally determined spatial response function provides a critical design 

Fig. 2. COMSOL-simulated sound pressure distributions for (a) conical and (b) cylindrical acoustic collectors under fan-shaped, spatially distributed acoustic sources 
generated by the multi-pass excitation. (c) Simulated acoustic pressure along the z-axis (optical axis) for the two geometries. The conical geometry provides more 
effective geometric concentration of acoustic energy toward the collector apex.
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reference for evaluating and interpreting enhancement strategies. In 
particular, it highlights that optical excitation occurring outside this 
region contributes disproportionately less to the detected signal, even if 
the total absorbed optical energy is increased.

Based on the spatial response characterization, a baseline measure
ment was performed using a conventional single-pass QEPAS configu
ration, in which only a single excitation beam traverses the QTF prong 
gap. The corresponding second-harmonic (2 f) photoacoustic spectrum 
is shown in Fig. 6. Under identical operating conditions, the peak signal 
amplitude obtained in the single-pass configuration was 0.106 mV. This 
measurement serves as a reference for assessing the effectiveness of 
subsequent enhancement schemes. Importantly, in this configuration, 
the photoacoustic source is spatially localized and only partially utilizes 
the intrinsic high-sensitivity region of the QTF.

Fig. 6 also compares the 2 f photoacoustic spectra obtained using MP- 
QEPAS (MPC only) and QEPAS incorporating both the MPC and CACs. In 
the MP-QEPAS configuration, multiple excitation beams are folded 
through the QTF prong gap, with their trajectories spatially confined 
within the intrinsic high-sensitivity region identified in Fig. 5. The peak 

signal amplitude increases to 1.44 mV, corresponding to an enhance
ment factor of approximately 13.6 relative to the single-pass QEPAS 
configuration. This enhancement can be attributed to the increased 
number of photoacoustic sources generated within the effective 
response region of the QTF. It is worth noting that the measured 
enhancement (~13.6) does not scale strictly with the nominal number of 
traversals (~20), because the optical power of different passes is not 
identical due to cumulative MPC losses. In addition, as implied by the 
QTF spatial-response map in Fig. 5, residual spatial-response weighting 
and non-identical acoustic coupling of the spatially distributed sources 
can further reduce the effective contribution of some passes. Unlike 
conventional MP-QEPAS schemes, where optical absorption may be 
distributed over regions with suboptimal sensitivity, the present 
configuration ensures that each excitation pass contributes effectively to 
the detected signal. These results demonstrate that extending the optical 
path length alone is insufficient to explain the observed enhancement. 
Instead, the key factor is the spatial confinement of optical absorption to 
the QTF intrinsic sensitivity region, which maximizes the transduction 
efficiency of the generated photoacoustic waves.

Fig. 3. Experimental setup of the spatially engineered QEPAS configuration. (a) Enlarged photograph of the optical layout showing the MPC and QTF region; the red 
beam is used only for alignment. (b) Photograph comparing the custom QTF used in this work with a conventional commercial QTF. (c) Schematic of the experi
mental system incorporating the MPC and CACs.

Fig. 4. Normalized frequency response of the custom QTF under electrical 
excitation, illustrating its intrinsic resonance characteristics. Discrete symbols 
denote the experimentally measured data, and the solid line represents a Lor
entzian fit.

Fig. 5. Normalized QEPAS signal as a function of excitation beam position 
along the QTF prongs, measured using single-beam excitation. The excitation 
beam was vertically scanned from the prong tips (point a) toward the prong 
base (point b), revealing the intrinsic spatial response of the QTF.
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When the CACs are further introduced, the peak signal amplitude 
increases to 4.45 mV, as shown in Fig. 6. Compared with the MPC-only 
configuration, this represents an additional enhancement factor of 
approximately 3.1. Corresponding simulations comparing the MPC 
configuration with and without CACs predict an acoustic pressure 
enhancement of approximately 3.4 times at the QTF location, which is in 
close agreement with the experimentally observed signal increase (~3.1 
times). Relative to the conventional single-pass QEPAS configuration, 
the overall enhancement factor reaches approximately 42. This addi
tional enhancement arises from the efficient collection and guidance of 
the spatially distributed photoacoustic waves generated by the confined 
multi-pass excitation. Owing to their conical geometry, the acoustic 
collectors provide a gradual spatial compression of sound energy toward 
the QTF prong gap, which is geometrically compatible with the fan- 
shaped distribution of photoacoustic sources. In contrast to frequency- 
selective acoustic resonators, this geometry-based collection mecha
nism operates over a broad bandwidth and does not rely on precise 
resonance matching. The combined effect of spatially confined optical 
excitation and geometry-matched acoustic collection confirms that 
effective spatial overlap between the photoacoustic source volume and 
the QTF intrinsic sensitivity region governs the achievable signal 
enhancement. Enhancing either the optical excitation or acoustic 
coupling alone is insufficient to fully exploit the QTF response when 
spatial mismatch persists. Unlike the dual-antinode and dual-beam 
excitation scheme combined with dual acoustic micro-resonators re
ported in Ref. [39], the present work emphasizes spatial opti
cal–acoustic matching by confining multi-pass absorption to the 
intrinsic high-response zone of the QTF and using broadband geometric 
collectors for distributed sound-energy collection.

In addition to the amplitude comparison, we assessed the overall 
sensing performance using the signal-to-noise ratio (SNR), defined as the 
peak 2 f amplitude divided by the 1σ standard deviation of the baseline 
noise obtained under the same measurement settings. Relative to the 
conventional single-pass QEPAS configuration, the SNR increases by 
approximately a factor of 10 for MP-QEPAS (MPC only) and by 
approximately a factor of 30 for the configuration incorporating both 
the MPC and CACs.

From a broader perspective, these results highlight a fundamental 
limitation of many previously reported QEPAS enhancement schemes, in 
which optical absorption and acoustic detection are optimized inde
pendently. The present study demonstrates that spatial matching 

constitutes a distinct and critical design dimension, complementary to 
optical path length extension and acoustic resonance enhancement. By 
explicitly engineering both the generation and collection of photo
acoustic waves to match the intrinsic spatial response of the QTF, sub
stantial signal enhancement can be achieved without relying on 
narrowband resonance effects or stringent alignment requirements. This 
spatially engineered optical–acoustic matching strategy provides a 
robust and general framework for improving QEPAS performance and 
can be readily extended to other QTF geometries, excitation wave
lengths, and multi-beam configurations.

5. Conclusion

In this work, we have demonstrated a spatially engineered 
enhancement strategy for QEPAS by explicitly matching the optical 
excitation and acoustic energy collection to the intrinsic spatial response 
of the QTF. Unlike conventional enhancement approaches that primarily 
focus on increasing optical path length or acoustic resonance strength, 
the proposed method addresses the spatial mismatch between distrib
uted photoacoustic sources and the QTF sensitivity profile. By employ
ing a spatially confined multi-pass optical configuration, optical 
absorption is restricted to the finite high-sensitivity region of the QTF, 
ensuring that all excitation passes contribute effectively to signal gen
eration. In parallel, geometry-matched conical acoustic collectors are 
introduced to efficiently collect and guide the spatially distributed 
photoacoustic waves toward the QTF prong gap without relying on 
narrowband resonance effects. The coordinated optical–acoustic spatial 
matching significantly improves the effective utilization of the QTF 
response region while maintaining alignment tolerance and experi
mental robustness. The experimental results obtained from water vapor 
detection under ambient conditions confirm that spatial matching con
stitutes a critical and previously underappreciated dimension in QEPAS 
enhancement. More broadly, this study demonstrates that spatial engi
neering of photoacoustic excitation and detection provides a general and 
practical framework for improving QEPAS performance beyond specific 
optical or acoustic implementations. Owing to its conceptual simplicity 
and geometric nature, the proposed approach can be readily extended to 
other QTF designs, excitation wavelengths, and multi-beam configura
tions, offering new opportunities for high-sensitivity and field- 
deployable photoacoustic gas sensing.
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