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Abstract: A quartz-enhanced photoacoustic spectroscopy (QEPAS) gas sensor exploiting a fast
and wideband electro-mechanical light modulator was developed. The modulator was designed
based on the electro-mechanical effect of a commercial quartz tuning fork (QTF). The laser beam
was directed on the edge surface of the QTF prongs. The configuration of the laser beam and the
QTF was optimized in detail in order to achieve a modulation efficiency of ~100%. The L-band
single wavelength laser diode and a C-band tunable continuous wave laser were used to verify the
performance of the developed QTF modulator, respectively, realizing a QEPAS sensor based on
amplitude modulation (AM). As proof of concept, the AM-based QEPAS sensor demonstrated a
detection limit of 45 ppm for H,O and 50 ppm for CO, with a 1 s integration time respectively.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical gas sensors based on laser spectroscopy have been increasing in recent decades due to the
development of laser technology [1-5]. Photoacoustic spectroscopy (PAS) is an advantageous
method with two merits: i) the signal amplitude of PAS is proportional to the excitation power
and ii) the detection module is not limited by the laser wavelength since a photoelectric detector
is not required. PAS has been widely used for environmental monitoring, industrial process
control and medical diagnostics [6—10]. As a variance of PAS, quartz-enhanced photoacoustic
spectroscopy (QEPAS), which was first demonstrated in 2002 [11] has proved to be a highly
sensitive and noise-immune spectroscopic technique for trace gas sensing. Different from
conventional PAS, the energy generated by molecular V-T relaxation upon laser absorption was
stored in a sharply resonant quartz tuning fork (QTF) [12-20]. The commercially available QTF
has a unique resonance frequency of 32,768 Hz, which was originally designed for time keeping
in electronics. Benefit from the unique resonance frequency, QEPAS demonstrated excellent
capacity of ambient acoustic noise immunity [21-23]. As a result QEPAS achieved a comparable
sensitivity as conventional PAS but provides the advantages of an ultra-compact sensor structure,
strong noise-immunity and a cost-effective price.
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QEPAS has been demonstrated for detecting dozens of kinds of gas molecules including both
resolved narrow-line absorption and unresolved broadband absorption [5,24-26]. For molecules
with well-resolved absorption lines, wavelength modulation (WM) and harmonic detection are
combined to improve the detection signal to the noise ratio (SNR) [27]. For molecular species
with unresolved broad absorption amplitude modulation (AM) and direct detection should be
used [28]. A commonly used AM method in PAS is the use of a chopper to modulate the laser
beam intensity. The chopper works well in PAS, since the modulation frequency in conventional
PAS is often <5 kHz in order to avoid the 1/f noise. However conventional AM technique fails
in QEPAS. A chopper offers a modulation frequency of < 10 kHz, such as the best-selling
high-speed optical chopper by Thorlabs MC2000 or the Stanford Research System SR540. The
modulation frequency of QEPAS reached as high as 32 kHz which is more than 6 times that of a
mechanical optical chopper. Electro-optical modulator (EOM) is an option for high-frequency
optical modulation. However the input optical power of the EOM is often limited to hundreds of
milliwatt due to the power-handling capacity of the associated crystal [29]. As the PAS signal
is proportional to the excitation power, the limited optical power will reduce the photoacoustic
detection sensitivity [30]. Moreover, the EOM usually has a specified working wavelength range
limit with several hundred nanometers. The much larger size of an EOM is not consistent with
the small QTF thereby destroying the compactness of QEPAS.

Although for light sources such as light emitting diodes (LEDs) or solid-state lasers, the AM
technique can be achieved by modulation of the injection current [31,32]. However, for many
other sources such as external-cavity lasers or optical parametric oscillator (OPO) lasers, the
high modulation frequency and large modulation depth are a big challenge for AM modulation
due to mode hopping.

In this paper, we introduced a novel and effective AM technique for quartz enhanced
photoacoustic spectroscopy. A fast and wideband electro-mechanical light modulator was
designed based on a commercially available QTF. A sine electrical signal was applied to the
QTF in order to drive its prongs to convert the continuous laser wave into pulses. The prong
displacement caused by the periodic electrical signal periodically blocks the light beam thereby
realizing AM modulation. The position effect in the configuration of the QTF modulator was
optimized to achieve a modulation efficiency of ~100%. A 1.57 um (L-band) single wavelength
laser diode and a 1.37 um (C-band) tunable distributed feedback (DFB) laser were used to
verify the AM modulation, respectively. Different concentrations of CO; and atmospheric H;O
detection confirmed the good performance of the reported novel AM technique.

2. Design and optimization of QTF modulator

For the AM technique the modulation efficiency is an important characteristic of the modulator.
Here, we define the modulation efficiency as 7. Figure 1 shows the diagram of modulated sine
wave function in rectangular coordinates. The x-axis represents time and the y-axis represents
the light intensity. Point A and B are the peaks of the sine wave. The modulation efficiency
which describes the “depth” of the modulation can be given by the following equation:

n=Yo/y1 ()

where y; is the value of peak intensity and yy is the value of peak to peak intensity.

The schematic of the QTF modulator is shown in Fig. 2(a). Due to the electro-mechanical
effects of the quartz crystal, the prongs of the QTF will move back and forth to chop the continuous
laser beam when a driver voltage was applied to the QTFs pins. Equation (2) describes the point
displacement S of the QTF prongs [33]:

sin(kL) — sinh(kL)
cos(kh) + cosh(kh)

S=A {cosh(kh) — cos(kh) + [sinh(kh) — sin(kh)]} 2)
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Fig. 1. Definition of laser intensity modulation efficiency.

where A is the normalized amplitude, L is the prong length of the QTF, h is the distance from the
point to the QTF basis. The QTF prong length L as measured by a stereoscopic microscope is
~3.8 mm. With respect to its fundamental response frequency of 32768 Hz, the value of kL is
equal to 1.875.
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Fig. 2. Optimization of modulation efficiency of the QTF modulator. (a)schematic diagram;
(b), (¢), (d): modulation efficiency as the function of D, w and driven voltage, respectively.

In order to improve the modulation efficiency of the QTF modulator, the configuration of the
laser beam and the QTF was optimized. The laser beam spot position with respect to the QTF
prong top and edge, which was defined as D and w, are shown in Fig. 2(a). The normalized
modulation efficiency as a function of D and w was plotted in Figs. 2(b) and (c), respectively. The
normalized modulation efficiency increased dramatically from D=0 mm to D=0.15 mm. After
D=0.15 mm, the normalized modulation efficiency 1 decreased monotonously by increasing
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of D. For photoacoustic spectroscopy, the PAS signal was proportional to the modulated light
power, not the total power of the source [34]. In order to obtain higher modulation efficiency and
reduce the background noise, laser was completely switch off during the amplitude modulation.
As aresult, the laser beam was aligned to be blocked by the QTF prong in the initial position.
For the abovementioned reasons, the optimum value for D and w were determined by the beam
diameter of 0.15 mm. The electrical signal applied to the QTF pin was increased in order to
improve the excitation of the drive signal. With the drive voltage increasing from 1 V to 6 V, the
focused laser spot was positioned at the optimum position (D=0.15 mm w=0.15 mm) to achieve
a ~100% modulation efficiency. The laser beam went through the QTF modulator (QTF1 in
Fig. 4) and then collimated by the window embedded in the gas enclosure. The modulation
efficiency 7 increased from 42.4% to ~100%, indicating that the light beam was completely
cut off. With the drive voltage further increased to 10 V, the modulation efficiency 1 was kept
at ~100%. Figure 3 depicts the modulated signal waveform of the QTF modulator. With an
optimum configuration of D=0.15 mm, w=0.15 mm and voltage=6 V, a signal period of 30.52 ps
was obtained, corresponding to a frequency of 32765 Hz.
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Fig. 4. QEPAS sensor system based on the developed QTF modulator. MFC: mass flow
controller; EDFA: erbium doped optical fiber amplifier; PC: personal computer.
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3. Experimental setup

To verify the feasibility of the modulator, a QEPAS gas sensing system was set up by exploiting
the AM technique. As proof of concept, the L-band single wavelength laser and a C-band DFB
laser were used as excitation light sources to verify the sensor performance, respectively. The
schematic of QEPAS sensor system based on the developed QTF modulator is depicted in Fig. 4.
The gas stream from two cylinders was fed to the mass flow controller (MFC) system to obtain gas
mixture with different concentrations. Vacuum pump (KNF Laboport) and pressure controllers
(MKS Instruments) were used to control the pressure of the gas stream. The laser power of the
diode was boosted by an erbium doped optical fiber amplifier (EDFA). The amplified laser was
focused by a fiber focuser (OZ Optics). The spectrophone was formed by QTF2 and a pair of
acoustic micro resonators (AmRs).

The used micro tubes are 4.4 mm in length, 0.6 mm in inner diameter and coupled in an
on-beam configuration to enhance the photoacoustic signal amplitude [35]. The sine electric
excitation from a function generator (Standford Research System DS345) with an optimized
voltage of 6 V was introduced to QTF1 in order to drive its motion. A custom transimpedance
preamplifier with a feedback resistance of 10 MQ was employed to amplify the signals from
the QTF2. A lock-in amplifier (Stanford Research Systems, SR830) was operated in the first
harmonic mode to demodulate the signal processed by the preamplifier. QTF1 and QTF2 have
the same resonance frequency of 32765 Hz. Since the QTF parameters as a mechanical oscillator
can be corresponded to equivalent electrical parameters of a series RLC circuit [36]. The
slight divergency in resonance frequency can be compensated by adding adjustable capacitors or
inductors to the QTF pins. The synchronous port of lock-in amplifier was connected to the TTL
output of the function generator. A personal computer (PC) with LabView-based software was
used for data processing and retrieving the gas concentrations.

4. Sensor evaluation

4.1. Single wavelength laser diode

An 1.57 um (L-band) single wavelength laser diode was used to target a CO, absorption line.
According to the HITRAN database [37], a CO, absorption line located at 6361.25 cm™! with
the intensity of 1.74x1072 cm/molecule can be targeted. CO, with concentrations ranging from
10% to 100% were fed to the QEPAS sensor. The gas stream was controlled at a flow rate of
100 (standard cubic centimeter per minute) SCCM and pressure of 762 Torr. The QEPAS signal
amplitudes as the function of CO, concentrations were plotted in Fig. 5(a). Each concentration of
CO, was measured 5 times to evaluate the stability of the sensor system. The noise was measured
by filling the gas cell with pure Ny, obtaining an averaged noise level of 8.12x107° V with a 1o
standard deviation of 1.91x107® V. Considering 10% CO, with a signal level of 3.82x1073 V,
the detection SNR was calculated to be ~2000. As a result, the detection limit for CO, was 50
ppm with a 1 s integration time. Linear fitting was performed with the data averaged by each
concentration as shown in Fig. 5(b). The obtained R square value of 0.996 confirms the good
linearity of the developed sensor system.

4.2. Tunable distributed feedback laser

A 1.37 um (C-band) tunable distributed feedback (DFB) laser was used to detect H,O in ambient
air. Due to the small difference in laser beam spot with 1.57 um, the laser should be aligned
carefully. With the laser temperature controlled at 17.5 °C, the laser injection current was
scanned from 42 mA to 58 mA and the H,O absorption line located at 7194.8 cm~! with an
intensity of 3.07x1072! cm/molecule was covered. The H,O concentration in ambient air of
1.8% was verified by direct absorption spectroscopy as reported in our previous publication [38].
According to the plotted curve depicted in Fig. 6(a) a signal peak of 9.37x10™* V was obtained.
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Fig. 5. (a) QEPAS signal as the function of CO, concentrations, (b) Linearity of the sensor.

The noise level of the sensor was obtained with a laser injection current of 30~33 mA, where the
laser wavelength was far away from the H, O absorption line. According to Fig. 6(b), a standard
deviation of 2.3x107° V was obtained, corresponding to a detection SNR of ~ 400. As a result,

a detection limit of 45 ppm for H,O was achieved with anl s integration time.
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5. Conclusions

In this paper a novel AM technique for QEPAS was realized based on a QTF modulator. The QTF
modulator shows the characteristics of a fast, high extinction ratio and wideband. The modulation
frequency of the QTF modulator reached 32 kHz, which is three times faster than that of the
mechanical chopper. With an optimized configuration, the maximum extinction ratio was ~100%.
Compared to the ultra-fast modulators based on electrical-optical effects and acousto-optical
effects, the developed QTF modulator has wider working wavelength range and higher saturation
optical power.

AM-based QEPAS sensors were verified by employing the L-band 1.57 pm single wavelength
laser diode and a C-band 1.37 pm tunable distributed feedback laser, respectively. As compared
with previous publications on CO, and H,O detection based on a QEPAS sensor by using of a
wavelength modulation technique [5], the obtained detection sensitivity was comparable. The
noise can be attributed to the interference from the leaking chopping noise and the stray light
modulated in intensity. However, for light sources where WM modulation cannot be used, such
as a QTF modulator opens new horizons. Further improvement can be done by using QTFs with
different resonance frequencies from several kHz to hundreds of kHz.
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