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Folded-optics-based quartz-enhanced photoacoustic and photothermal hybrid spectroscopy (FO-QEPA-PTS) is
reported for the first time. In FO-QEPA-PTS, the detection of the photoacoustic and photothermal hybrid signal is
achieved through the use of a custom quartz tuning fork (QTF), thereby mitigating the issue of resonant fre-
quency mismatch typically encountered in quartz-enhanced photoacoustic-photothermal spectroscopy employ-
ing multiple QTFs. A multi-laser beam, created by a multi-pass cell (MPC) with a designed single-line spot
pattern, partially strikes the inner edge of the QTF and partially passes through the prong of the QTF, thereby
generating photoacoustic and photothermal hybrid signals. To assess the performance of FO-QEPA-PTS, 1 %
acetylene is selected as the analyte gas and the 2f signals produced by the photoacoustic, the photothermal, and
their hybrid effects are measured. Comparative analysis against QEPAS and QEPTS reveals signal gain factors of
~ 79 and ~ 14, respectively, when these laser beams created by MPC excite the QTF operating at fundamental
resonance mode in phase. In the FO-QEPA-PTS signal, the proportions of the photoacoustic and the photothermal

effects induced by the multiple beams are ~7 % and 93 %, respectively.

1. Introduction

Cost-effective gas sensing systems play critical roles in numerous
field applications, such as environmental monitoring, medical diag-
nostic, and homeland security, due to their ability to identify target trace
gases with high sensitivities [1-4]. Quartz tuning fork (QTF)-based
sensors offer great promise for such gas sensing systems, thanks to their
small size, simple design, and potentially low cost [5-7]. In particular,
quartz-enhanced photoacoustic spectroscopy (QEPAS) has gained sig-
nificant popularity as a well-established technique that utilizes a QTF. In
QEPAS, a modulated laser beam is directed through the QTF prongs
where it interacts with the target analyte surrounding the QTF. This
interaction leads to cyclic heating and cooling of the analyte. Subse-
quently, thermal disturbances induce the generation of an acoustic
pressure wave through vibration-to-translational (V-T) relaxation pro-
cesses, thereby causing the QTF tines to oscillate reciprocally [8,9].
Notably, this excitation induces an in-lane anti-symmetrical vibration
mode in the QTF [10]. As a result, the QTF can be characterized as an
acoustic quadrupole exhibiting robust immunity to external environ-
mental sounds [11-13]. The other QTF-based sensing technique is called
by quartz-enhanced photothermal spectroscopy (QEPTS) [14-16]. In
QEPTS, the QTF serves as a photothermal detector, which is distinct
from QEPAS [17-19]. The absorption of laser energy by the QTF leads to
a conversion of light energy to photothermal energy, causing thermo-
elastic expansion and deformation of the QTF. When the laser is
modulated, the thermoelastic expansion induces mechanical vibration
in the QTF. Furthermore, the resonant characteristic of the QTF causes
the mechanical vibration to be resonant-enhanced when the modulation
frequency matches the intrinsic frequency of the QTF. As a result of the
piezoelectric effect, the light-induced mechanical vibration generates
piezoelectric charges on the surface of the QTF, which are then con-
verted to a piezoelectric signal [20].

https://doi.org/10.1016/j.pacs.2023.100580

To enhance the signal intensity of QEPTS, Ma et al. introduced multi-
quartz-enhanced photothermal spectroscopy (M-QEPTS) in 2020 [21] .
This technique utilizes two QTFs as photothermal detectors to amplify
the photothermal signal generated within a 20-cm optical gas cell. To
maximize the photothermal effects, two lenses are employed to focus the
transmitted energy of the laser beam on the surface of the QTFs. The
application of this high-energy-density irradiation effectively catalyzes
the production of more robust optothermal effects. Nonetheless, chal-
lenges arise from the potential frequency deviations between the two
QTFs and the intricacies inherent in the focusing system. These factors
collectively impose limitations on the progression of this gas-sensing
technique. In 2019, Zheng et al. proposed quartz-enhanced photo-
thermal-acoustic spectroscopy, which attempted to combine QEPAS and
QEPTS to make them work simultaneously and enhance signal intensity
[14]. A QTF simultaneously measured the sound signals generated
nearby through the photoacoustic effect and the photothermal signals
excited by the light beam, which interacts with the analyte at an
open-path length of 2-m from the laser source to the QTF. The appli-
cation of this technique is greatly restricted due to the requirement of
immersing the setup with a 2-m open length in the measurement
environment.

In this paper, we present, for the first time, a spectroscopic technique
called folded optics-based quartz-enhanced photoacoustic and photo-
thermal hybrid spectroscopy (FO-QEPA-PTS). The concept behind FO-
QEPA-PTS is to introduce folding in the optical path, allowing the
laser beam to traverse the prongs of the QTF multiple times. This
arrangement facilitates the creation of multiple detection points on the
QTF for both photoacoustic and photothermal effects. The incorporation
of a folded path allows for enhanced generation of photoacoustic and
photothermal signals within a compact volume. To implement this idea,
we require an optical cell that allows all light rays to remain within a
single plane while maximizing the number of optical reflections. A large-
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prong-spacing QTF is inserted into the optical cell with the response
positions of the QTF for FO-QEPA-PTS.

2. Experimental setup

The schematic diagram of the FO-QEPA-PTS gas sensing system is
illustrated in Fig. 1. A MPC featuring a single-line spot pattern was
designed, utilizing two spherical mirrors to refocus the beam shape
within this cavity. To achieve an optimal MPC featuring a single-line
spot pattern, the diameter and focal length of the spherical mirror of
MPC were consistently set at 10 mm and 50 mm, respectively. The laser
beam was incident on the input mirror at coordinates (0, 6.25 mm).
Maintaining a mirror spacing of 36.6 mm and an incident angle of 5
degrees for the initial beam, we captured a photograph illustrating the
designed single-line spot pattern, as shown in Fig. 1. The MPC facilitates
the presence of 60 laser beams within its cavity, thereby increasing the
absorbed energy of the analyte following Lambert-Beer Law. To reduce
the response time [7,22], the MPC was designed with a volume of ~3 mL
and a mirror spacing of 36.6 mm. A custom quartz tuning fork (QTF)
with a resonance frequency of 7.2 kHz was inserted into the MPC to
serve as a detector. The Q factor of the QTF was measured to be 6020.
The custom QTF utilized in this study had a prong length of 10 mm and a
spacing of 800 um. These dimensions were chosen to ensure that all ray
trajectories within the MPC remained partially within the gap of the QTF
and illuminated partially its inner edge. A continuous wave (CW)
fiber-coupled distributed feedback (DFB) diode laser was employed as a
probe light source. A CoHy absorption line located at 6529.17 cm™! was
selected when the operating current and temperature of this laser were
controlled at 189 mA and 35.5 °C by a custom laser control circuit board
(CCB) controller, respectively. The output power of the probe light
source is 24 mW. To enhance the performance of the FO-QEPA-PTS
sensing system, wavelength modulation spectroscopy with 2nd har-
monic detection was implemented. A ramp signal, generated from the
laptop, was used to scan the laser wavelength across the absorption line,
while a sine wave signal dithers the laser wavelength at a frequency of
7.2 kHz. The output laser beam from the DFB laser was coupled into the
designed MPC through a fiber collimator, which had a beam waist of
~500 pm at a working distance of 40 mm. The collimated laser beam
was directed into the MPC and the output electric signal, generated by
the piezoelectric effect in the QTF, was amplified using a low-noise
transimpedance amplifier. Subsequently, the signal was transferred to
a commercial lock-in amplifier (Stanford Research Systems, Model
SR830) for further processing. The lock-in amplifier demodulated the
signal in the 2 f mode relative to the sync signal, which was configured
with a 12 dB/oct filter slope and a time constant (t) of 1 s corresponding
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to a detection bandwidth of 0.25 Hz. A Labview™ program was
employed to control the experiment system, and the demodulated 2f
spectra was analyzed and displayed on the laptop.

3. Experimental results and discussions

Performances of the FO-QEPA-PTS sensor system were optimized by
detecting a fixed concentration of 1 % CoHj in nitrogen (N3) gas mixture
under atmospheric pressure and room temperature conditions. To avoid
an additional noise, the gas flow rate in this system was set to 50 SCCM.
Using 2f -WMS-based FO-QEPA-PTS gas sensing, the signal amplitude
was initially characterized by its dependence on the modulation depth of
the laser since the maximum peak of the 2f signal occurs at the optimal
modulation depth [23]. In this sensor system, the spherical mirrors of
the MPC were replaced with two high-transmission windows, forming a
gas chamber and allowing the laser beam to pass through the QTF only
once. The responses of the QEPAS and QEPA-PTS signals to different
positions of the QTF were investigated, respectively. The cartesian co-
ordinate system was established in Fig. 2, with the y-axis positioned at
the center of the QTF prong spacing and the x-axis at the top edge of the
QTF. A collimated laser beam was focused on point A, situated at the
center of the QTF prong spacing and positioned ~ 1.2 mm from the top
of the QTF. This specific point exhibited a peak QEPAS response
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Fig. 2. Wavelength modulation depth dependence.
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Fig. 1. FO-QEPA-PTS system configuration. Red lines: transmission of the laser beams between two identical spherical mirrors; QTF: quartz tuning fork; CCB: control
circuit board. Insert photograph: beam trajectories generated by MPC touching QTF and passing through it.
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attributed to the distinctive structure of the customized QTF [24]. Upon
translating the laser beam along the x-axis to point B, positioned at the
inner edge of the QTF prong and passing through it, the system exhibited
the generation of the QEPA-PTS signal. Consequently, a 2f peak signal
was observed, registering a 10 % reduction compared to the corre-
sponding QEPAS signal. When the laser beam along the x-axis to the
point C, positioned at the center of the QTF prong, a minimum signal
amplitude from QEPA-PTS was obtained, which aligns with the findings
of previous studies [14]. The variation in signal amplitude is attributed
to the electrode layer pattern on the surface of the QTF. A silver layer,
characterized by high reflectivity for the laser beam, coats most of the
area of the QTF prong [25]. However, there is no coating in the vicinity
of the QTF edge, causing more photons to be absorbed by the QTF and
resulting in a higher signal amplitude. These 2f peak signals as a function
of the modulation depth are presented in Fig. 2. The strongest 2f signals
for QEPAS and QEPA-PTS were observed when the modulation current
was set to 8 mA under normal temperature and pressure conditions. This
observation indicated the optimal optical modulation depth for the
measurement of CoHo.

Given that the FO-QEPA-PTS signal is derived from the photo-
acoustic and photothermal hybrid effect in the system, and that the
signals of QEPAS and QEPTS are dependent on the positioning of the
laser focal point along both the symmetry axis (y-axis) and the inner
edge of the QTF, respectively [26], it’s crucial to optimize the posi-
tioning based on the output signals of QEPAS, QEPTS, and
FO-QEPA-PTS. To achieve this, a three-dimensional linear stage with a
typical step size of 100 um was employed to precisely move the excited
laser beam along the symmetry axis (y-axis) or the inner edge of the QTF
in Fig. 2, spanning from the top (point a) to the bottom (point b), as
depicted in Fig. 3. The signal amplitudes of both QEPAS and QEPA-PTS
were plotted in Fig. 3 as a function of the vertical displacement of the
excited laser beam. The highest signal amplitude for QEPAS (1.06 mV)
and QEPA-PTS (6.10 mV) were obtained when the vertical displacement
was ~1.2 and 10mm, respectively. The highest signal amplitude of
QEPA-PTS was ~6 times higher than that of QEPAS signal, as illustrated
in Fig. 3.

To analyze the photothermal signal of the system, a reference cell
filled with a 1 % CyHp/Ny mixture was placed in front of the gas
chamber. The absorption path-length of the reference cell was half of the
mirror spacing of the MPC ~18 mm. The signal amplitudes of QEPTS
were also plotted in Fig. 3 as a function of the vertical displacement of
the excited laser beam when the gas chamber was filled with ambient
nitrogen gas. The highest signal amplitude of QEPTS (~6.10 mV) was
achieved at a vertical displacement of 10 mm. It is noteworthy that the
highest signal amplitude of QEPTS and the corresponding position of the
QTF were the same as those of QEPA-PTS. These findings confirm that
the QEPA-PTS signal is generated through a combination of the photo-
acoustic and photothermal hybrid effects. The signal amplitude of
QEPA-PTS is influenced by the photoacoustic effect at the top of the QTF
and the photothermal effect near the base of the QTF. Furthermore, the
signal amplitude of QEPA-PTS is equivalent to the addtion of QEPTS and
half of the QEPAS signal, as demonstrated in Fig. 3.

To enhance the hybrid photoacoustic and photothermal signal, the
QTF was coupled into the MPC. The insertion depth of the QTF into the
MPC was optimized by evaluating the output signal of FO-QEPA-PTS.
The normalized signal amplitudes of FO-QEPA-PTS were plotted in
Fig. 4 as a function of the vertical displacement of the MPC along the
inner edge of the QTF (Line A), ranging from the top (point a) to the
bottom (point b). The highest signal amplitude was achieved at a
displacement of ~ 11 mm. The corresponding 2f signal peak measured at
this position with a 1 % CoHy/N, mixture is presented in Fig. 5, showing
a value of 83.23mV. Therefore, the signal gain factors of FO-QEPA-PTS
compared to traditional QEPAS and QEPTS methods are ~ 79 and ~ 14,
respectively, as demonstrated in Fig. 3. Due to the fact there were no
beams from 0 to 1 mm on the symmetry axis of the MPC, as illustrated in
Fig. 4, the FO-QEPA-PTS peak signal was ~0 in the moving distance of
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Fig. 3. Signal amplitudes from QEPA-PTS (black line segment), QEPAS (blue
line), and QEPTS (red line) as functions of the laser focusing point from point a
to point b along the QTF, respectively. A theoretical addition (green line) of
QEPAS and QEPTS signal amplitudes.
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Fig. 4. Normalized FO-QEPA-PTS signal amplitudes as a function of the vertical
moving distance of the single-line spot pattern-MPC.

0-1 mm.

It’s crucial to investigate the contribution of the photoacoustic effect
and the photothermal effect in this FO-QEPA-PTS system, as the FO-
QEPA-PTS signal represents a hybrid of these two effects. In the FO-
QEPAS system, all 60 beams generated by this MPC are translated
along the y-axis without intersecting the surface of the QTF. Conse-
quently, the photoacoustic effect is selectively captured by the QTF, and
the corresponding 2 f spectrum is displayed in Fig. 5. The FO-QEPA-PTS
signal demonstrates a higher amplitude compared to FO-QEPAS, with a
gain factor of ~7. Due to an approximate 50 % power loss of the laser
beam when passing through the QTF for the first time, the actual gain
factor of the FO-QEPA-PTS signal compared to FO-QEPAS is ~14.
Therefore, in our proposed FO-QEPA-PTS system, the proportions of the
photoacoustic effect and the photothermal effect are estimated to be ~7
% and ~ 93 %, respectively.
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Fig. 5. 2f signals of conventional QEPAS (blue line), FO-QEPA-PTS (red line),
and FO-QEPAS (black line).

4. Conclusions

In conclusion, we have successfully developed a FO-QEPA-PTS
sensor utilizing a single-line pattern MPC and a custom QTF operating
at its fundamental resonance mode. Unlike previously reported dual-
tuning fork-based techniques such as QEPAS and QEPTS [26], our sys-
tem allows for simultaneous detection of photoacoustic and photo-
thermal signals generated by 60 sources. This eliminates the signal loss
associated with frequency deviation in dual-QTF configurations.
Consequently, we achieved remarkable signal gain factors of ~79 and ~
14 compared to traditional QEPAS and QEPTS, respectively. Our pro-
posed FO-QEPA-PTS system exhibits a distribution of ~7 % and ~93 %
for the contributions of the photoacoustic and photothermal effect
induced by the MPC, respectively. This signal amplitude of
FO-QEPA-PTS can be further improved through an increase in the op-
tical absorption length, as the photothermal signal is directly propor-
tional to the absorption length. Moreover, FO-QEPA-PTS is better suited
for operation at low pressure because the Q-factor of the QTF is higher at
low pressure [26], resulting in a stronger photothermal signal.
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