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Abstract: In this paper, an all-fiber light-induced thermoelastic spectroscopy (LITES) sensor
based on hollow-core anti-resonant fiber (HC-ARF) and self-designed low-frequency quartz
tuning fork (QTF) is reported for the first time. By utilizing HC-ARF as both the transmis-
sion medium and gas chamber, the laser tail fiber was spatially coupled with the HC-AREF,
and the end of the HC-ARF was directly guided onto the QTF surface, resulting in an all-
fiber structure. This design eliminated the need for lens combinations, thereby enhancing
system stability and reducing cost and size. Additionally, a self-designed rectangular-tip
QTF with a low resonant frequency of 8.69 kHz was employed to improve the sensor’s de-
tection performance. Acetylene (C,H,), with an absorption line at 6534.37 cm~! (1.53 um),
was chosen as the target gas. Experimental results clearly demonstrated that the detection
performance of the rectangular-tip QTF system was 2.9-fold higher than that of a standard
commercial QTF system. Moreover, it exhibited an outstanding linear response to varying
C,H; concentrations, indicating its high sensitivity and reliability in detecting C,H,. The
Allan deviation analysis was used to assess the system’s stability, and the results indicated
that the system exhibits excellent long-term stability.

Keywords: all-fiber; light-induced thermoelastic spectroscopy (LITES); hollow-core
anti-resonant fiber (HC-ARF); self-designed low-frequency quartz tuning fork (QTF); sensor

1. Introduction

With the accelerating process of industrialization, environmental issues have increas-
ingly become a global focal point. In this context, the impact of trace gases cannot be
overlooked. These gases, including but not limited to methane (CHjy), carbon dioxide
(COy), carbon monoxide (CO), and acetylene (CyHy), not only play a pivotal role in indus-
trial production but also contribute to the greenhouse effect, climate change, and safety
risks. Therefore, the detection and quantification of trace gases have become crucial, as they
are not only related to environmental protection but also to human health and industrial
safety [1-9].

In the field of trace gas detection, laser absorption spectroscopy (LAS) technology
distinguishes itself with its high selectivity, high sensitivity, and real-time monitoring
capabilities [10-16]. LAS technology achieves precise detection of target gases by analyzing
the specific absorption characteristics of gas molecules at specific laser wavelengths. Among
these technologies, quartz-enhanced photoacoustic spectroscopy (QEPAS) stands out as
a subset of LAS. It utilizes quartz tuning forks (QTFs) to detect variations in acoustic
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signals, thereby inferring gas concentrations. This technology boasts advantages such as
high sensitivity and robust anti-interference capabilities [17-22]. However, QEPAS faces
practical challenges, particularly when detecting corrosive gases. This challenge arises from
the need to expose the QTF to the gas environment, which restricts its range of application.
To address this limitation, light-induced thermoelastic spectroscopy (LITES) technology
has emerged. In LITES, the laser beam passes through the target gas and directly irradiates
the surface of the QTF. By utilizing the thermal effect generated by the gas absorption
of laser energy, this method infers the gas concentration [23,24]. This approach not only
eliminates the need to directly immerse the QTF in the gas, but also offers significant
advantages, including non-contact detection, broadband detection capabilities, and high
sensitivity [25-35].

In traditional LITES technology, a multi-pass cell (MPC) is widely used to expand the
interaction pathways between the laser and gas, thereby enhancing detection sensitivity.
Although the use of an MPC has played a crucial role in boosting detection efficiency,
it also presents certain drawbacks, such as its large size and complex optical design, as
well as the need for numerous optical components to achieve beam coupling. To tackle
the aforementioned challenges, an alternative approach is to employ hollow-core fiber
(HCEF) for gas sensing applications. In 2020, Hu et al. established a near-infrared all-fiber
LITES system by utilizing a hollow-core photonic crystal fiber (HC-PCF) [36]. Nevertheless,
the detection performance of this system is constrained by the internal mode interference
within the HC-PCF. In 2022, Ma et al. constructed a near-infrared LITES sensing system
that was based on a lens set and made use of a hollow-core anti-resonant fiber (HC-
AREF) [37]. The distinctive circular structure inherent in the HC-ARF exhibits a remarkable
ability to suppress the mode interference noise present in the fiber [38—40]. However,
the incorporation of lenses brings about several adverse consequences. These include an
increase in system losses and size, as well as a decrease in system stability. In order to
overcome these limitations, an all-fiber structure in which the HC-ARF serves as both
the transmission medium and the gas chamber can be established. The all-fiber structure
founded on the HC-ARF offers a multitude of benefits. These advantages encompass
lower optical loss, simpler optical alignment procedures, reduced mode interference noise,
a smaller sensor size, and cost savings. This innovative design for the transmission medium
and gas chamber not only offers an extended absorption pathway but also effectively
mitigates some of the drawbacks associated with optical cells, such as bulky size, high cost,
and maintenance challenges. The introduction of HC-ARF provides new opportunities for
the advancement of LITES technology, promising more efficient, cost-effective, and stable
trace gas detection [41-45].

In LITES technology, QTF serves as the core component, influencing the detection
performance of sensors. Typically, QTF with a resonant frequency (f() of 32.768 kHz is
employed as the detection element. However, the energy accumulation time is inversely
proportional to the fy. Therefore, to enhance the energy accumulation time of QTF and
thereby convert stronger piezoelectric signals, it is imperative to design a QTF with low
frequency [46-49].

In this paper, an all-fiber LITES sensor based on HC-ARF and self-designed low-
frequency QTF was proposed. This all-fiber structure eliminated the need for lens combina-
tions, enhancing the stability and sensitivity of the sensor. HC-ARF served as both the light
transmission medium and the gas chamber, while a QTF with a f of 8690.76 Hz was utilized
as the detection element to further improve the sensor’s detection capabilities. Acetylene
(CoHy) was employed as the target gas to validate the sensor’s detection performance.
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2. Experimental Setup
2.1. Characteristics of HC-ARF and Self-Designed QTF

In this paper, an all-fiber LITES sensor that makes use of a HC-ARF is presented.
The employed HC-AREF is 10 cm in length with a numerical aperture (NA) of 0.02. It is
constructed from a single layer of seven non-contacting silica capillaries. The HC-ARF has
an outer diameter of 220 um and features a hollow core with an inscribed inner diameter
of 57 um. The glass wall of the HC-ARF has a thickness of 0.63 um, which guarantees its
functionality within the first anti-resonance band that spans from 1.45 um to at least 2.4 um.
This wavelength range encompasses all the wavelengths utilized in the experimental study
conducted here. Compared with the commonly used HCF in all-fiber structures, the unique
circular structure in the HC-ARF demonstrates a remarkable ability to suppress mode
interference noise in the fiber. The thickness of the cladding capillary wall plays a crucial
role in determining the wavelength order, which can effectively suppress the coupling
between the core mode and the cladding mode, thereby confining the majority of the light to
propagate within the air core. This characteristic not only significantly mitigates the impact
of the substrate material but also substantially reduces the material loss. Furthermore, the
laser that excites the vibration of the QTF was directly channeled from the terminal end of
the HC-AREF to the surface of the QTF, eliminating the necessity of lens-based focusing. The
developed all-fiber structure offers multiple advantages, such as low optical loss, simplified
optical alignment, enhanced system stability, compact sensor size, and cost efficiency.

In LITES technology, the QTF functions as the core component, exerting an influence
on the detection performance of sensors. Conventionally, a QTF with a f( of 32.768 kHz is
employed as the detection element. However, the energy accumulation time is inversely
proportional to fo. Thus, to augment the energy accumulation time of the QTF and thereby
convert stronger piezoelectric signals, it is essential to design a low frequency QTE. Simula-
tion models of a commercial QTF and a self-designed rectangular-tip QTF were established.
The commercial QTF has the following dimensions: 3.6 mm (length), 0.6 mm (width),
and 0.25 mm (thickness). The remaining size details of the commercial QTF employed
in the experiment are illustrated in Figure 1a. The self-designed rectangular-tip QTF has
undergone appearance optimization. Finite element analysis was utilized to explore fac-
tors of the self-designed rectangular-tip QTF, such as length, finger width, and thickness,
with the aim of attaining a stronger average surface charge density, a higher maximum
stress distribution, and a lower f(. The length, width, and thickness of the self-designed
rectangular-tip QTF are 9.4 mm, 5.2 mm, and 0.25 mm, respectively. The other dimensional
aspects of the self-designed rectangular-tip QTF are depicted in Figure 1b.

The f of the commercial QTF and the rectangular-tip QTF were determined to be
32,769.42 Hz and 8987.53 Hz, respectively. The surface charge density of the two different
QTFs is presented in Figure 2a,b. The stress distribution of the two different QTFs is
shown in Figure 2¢,d. The average surface charge density and maximum stress distribution
of the commercial QTF were 3.28 x 107 C/m? and 1.72 x 107 N/m?, respectively. In
comparison with the commercial QTF, the self-designed rectangular-tip QTF demonstrates
an increase in average surface charge density and maximum stress distribution. The average
surface charge density and maximum stress distribution of the self-designed rectangular-
tip QTF were 7.87 x 107% C/m? and 1.07 x 10® N/m?, respectively. The average surface
charge density and maximum stress distribution were enhanced by 2.4-fold and 6.22-fold,
respectively, relative to the commercial one. The unique rectangular tip of the self-designed
rectangular-tip QTF elevates the center of gravity, thereby enabling the QTF to generate
more robust piezoelectric signals during vibration.
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Figure 1. Sizes of two QTFs employed in the experiment. (a) The commercial QTE. (b) The self-

designed rectangular-tip QTE.
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Figure 2. Simulation results of two QTFs. (a) Surface charge density of commercial QTE. (b) Sur-
face charge density of self-designed rectangular-tip QTF. (c) Stress distribution of commercial QTE.
(d) Stress distribution of self-designed rectangular-tip QTFE.
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The two QTFs utilized in this experiment are depicted in Figure 3a. QTF1 and QTF2
represent a commercial QTF and a self-designed rectangular-tip QTF, respectively. The
frequency response curves of the two QTFs are illustrated in Figure 3b, with Lorentz fitting
applied to the data. Experimental results indicate that the f of the commercial QTF and
the rectangular-tip QTF are 32,768.36 Hz and 8690.76 Hz, respectively, with response band-
widths (Af) of 3.67 Hz and 0.78 Hz, respectively. According to the formula Q = f(/Af, the
quality factor (Q) values of the commercial QTF and the rectangular-tip QTF are calculated
as 8929 and 11,142, respectively. Compared to the commercial QTF, the rectangular-tip QTF
exhibits a f( reduction of approximately 73%, which is advantageous for enhancing the
sensor’s detection performance. Additionally, the rectangular-tip QTF features gold-plated
electrodes, offering better oxidation and corrosion resistance, compared to the silver-plated
electrodes used in commercial QTFs.
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Figure 3. Characteristics of two QTFs. (a) Physical images of two QTFs. (b) Frequency response
curves of commercial QTF (in red) and rectangular-tip QTF (in blue).
2.2. HC-ARF-Based LITES Sensor Structure

The schematic diagram of the all-fiber LITES sensor based on HC-AREF is presented in
Figure 4. In the selection process of the target absorption line, the following three principles
should be followed. First, the absorption line must have sufficient intensity to obtain
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a strong enough signal. Second, the selected absorption line should be separated from the
spectral lines of background gases to avoid spectral interference. Lastly, the laser used in
the experimental conditions must be capable of achieving the required wavelength. Based
on these principles, in this experiment, C;Hj, featuring an absorption line at 6534.37 cm~1
(1.53 um), was chosen as the target gas to validate the sensor’s performance. A continuous
wave (CW), distributed-feedback (DFB) diode laser was selected as the excitation source.
The laser in this wavelength operates in the communication band, offering advantages
such as low cost and fiber-coupled output. The signal generator produced a low-frequency
sawtooth wave with a scanning period of 50 s to scan the gas absorption line, while the
lock-in amplifier generated a high-frequency sine wave to modulate the laser wavelength.
These two waves were superimposed and jointly affected the laser. During the experiment,
the integration time of the lock-in amplifier was set to 200 ms. The SMF used in the
experiment is SMPF0215-APC (Thorlabs) with an NA of 0.14. The laser tail fiber was
connected with the SMF and was spatially coupled with the HC-ARF using an optical
fiber fixture, and the coupling region was positioned within a 3D-printed gas chamber
with a size of 130 x 60 x 35 mm and a thickness of 3 mm, leaving a gap of ~500 um
between the two fibers to facilitate gas entry. Once the laser was coupled to the HC-ARF,
it underwent a thorough reaction with the gas and subsequently irradiated directly onto
the root of the QTF through the end of the HC-ARF, where the QTF underwent maximum
elastic deformation. The electrical signal generated by the QTF was demodulated by the
lock-in amplifier to retrieve gas concentration information. Additionally, the experiment
was conducted at room temperature. To increase the pressure inside the gas chamber and
facilitate the filling of the gas to be measured in the HC-AREF, the designed 3D-printed gas
chamber was equipped with only an inlet port, and the end of the HC-ARF served as the
outlet port. The air pressure at the inlet was 780 Torr, and the air pressure at the fiber output
end was 760 Torr. To adjust the concentration of the test gas in the experiment, two mass
flow controllers were used to regulate the flow rates from a bottle of pure nitrogen (N7) and
a bottle containing a 2% C,Hj:N» standard gas mixture. This all-fiber structure eliminated
the need for lens combinations, significantly reducing the system’s size and cost while
enhancing its stability.

Mass flow
controller

X %

N2 CQH2:N2

iGaS in QTF1 QTF2
- a
| | {1
| IR
e |
@ HC-ARF | <
| fTI R
. Gas chamber l—l—J |—|—J
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Sine amplifier

L
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Figure 4. Schematic diagram of all-fiber LITES sensor based on HC-ARF.
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3. Experimental Results and Discussion

In the experiment, wavelength modulation spectroscopy (WMS) and the second har-
monic (2f) demodulation techniques were used to suppress background noise. Modulation
depth is an important parameter that affects the signal amplitude of the sensing system.
Due to the use of two QTFs with different resonant frequencies, the laser modulation
frequencies corresponding to the two QTFs are also different, resulting in different optimal
current modulation depths. The relationship between the current modulation depth and
signal amplitude of QTF1 and QTF2 is shown in Figure 5. The experimental results indi-
cated that the optimal modulation depths for QTF1 and QTF2 were determined as 16.83 mA
and 12.66 mA, respectively. Therefore, in the following experiments these two values
are adopted.

Modulation depth = 12.66 mA Modulation depth = 16.83 mA

-
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o
oo
T

=
(o))
T

9
SN
T

o
N
T

10 15 20 25 30

.
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Normalized 2f sighal amplitude (a.u.)

o
(&)}

Injected current (mA)

Figure 5. The relationship between current modulation depth and signal amplitude of QTF1 (in red)
and QTF2 (in blue).

To verify the detection performance of the sensor, the 2f signals were detected by QTF1
and QTEF2 at different CoH, concentrations. The total flow rate controlled by two mass flow
controllers was set to 240 mL/min. Varying concentrations of C;H; were generated by
adjusting the flow rates of two mass flow controllers. The response speed of the all-fiber
LITES system is determined by the filling time of the gas. Under the given experimental
conditions, it took approximately 2 min for the gas to completely fill the entire HC-ARFE.
Figure 6a,b depict the 2f signals corresponding to different C;H, concentrations when
QTF1 and QTE2 serve as detection elements. At a 2% CyH; concentration, the peak value
of the 2f signal measured by QTF1 is 67.55 uV, whereas the peak value measured by QTF2
is 275.79 uV, which is 4.08 times higher than that of QTF1. This superior performance is
attributed to QTF2’s excellent energy accumulation time. Figure 6¢,d display the peak
values of 2f signals corresponding to varying C,Hj, concentrations. Through linear fitting,
it is evident that both sensors exhibit excellent linear concentration response to CoHj.
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Figure 6. (a) When using QTF1, the 2f signals corresponding to different concentrations of CoHy.
(b) When using QTE2, the 2f signals corresponding to different concentrations of C,H,. (c) The
relationship between different concentrations of C;H; and corresponding 2f signal peaks when using
QTF1. (d) The relationship between different concentrations of C;H; and corresponding 2f signal
peaks when using QTF2.

The experiment necessitates measuring system noise to ascertain the minimum detec-
tion limit (MDL) of the system. By setting the laser output wavelength at the gas absorption
peak and introducing pure N; gas, continuous monitoring of signal amplitude is achieved.
The system noise results for QTF1 and QTF2 are exhibited in Figure 7. The standard
deviations (10) for both QTFs are 53.14 nV and 74.85 nV, with signal-to-noise ratios (SNR)
of 1271 and 3685, respectively. Consequently, the MDLs for CoH; for QTF1 and QTF2 are
determined to be 15.74 ppm and 5.43 ppm, respectively. It is evident that the utilization of
the rectangular-tip QTF leads to a 2.9-fold improvement in the detection performance. This
compelling result serves as strong validation that our self-designed rectangular-tip QTF
possesses substantial performance superiority compared to the commercial QTF.

Figure 8 presents the Allan deviation result of the all-fiber LITES sensor system using
QTEF2. The result was obtained by setting the laser output wavelength at the absorption
peak, introducing pure N; gas, and continuously monitoring the signal for over 2.5 h.
Evidently, when the average time is set at 100 s, the MDL of the all-fiber LITES sensor
system can be improved to 1.67 ppm, indicating the system’s excellent stability.
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Figure 7. The noise of the all-fiber LITES sensor system when QTF1 and QTF2 are used as

detection elements.
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Figure 8. Allan deviation analysis for the all-fiber LITES sensor system.

4. Conclusions

In summary, this article presents an all-fiber LITES sensor based on HC-ARF and
arectangular-tip QTF. The HC-ARF was spatially coupled with the laser tail fiber at one
end, while the other end was directly guided to the QTF surface, resulting in an all-fiber
structure that enhances system stability. The QTF was optimized, and a rectangular-tip
QTF with a f( of 8690.76 Hz was realized. C,H; was selected as the target gas to evaluate
the sensor’s detection performance. Experimental results indicate that the MDLs of C;Hj
for commercial QTF and the rectangular-tip QTF are 15.74 ppm and 5.43 ppm, respectively,
with the latter showing a 2.9-fold improvement. The Allan deviation analysis shows that
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the all-fiber LITES sensor based on the rectangular-tip QTF achieves an MDL of 1.67 ppm
at an average time of 100 s.
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