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Abstract: A crystal quartz tuning fork (QTF) was used as a detector to collect and amplify laser-induced
photoacoustic and photothermal waves simultaneously for trace chemical analysis. A wavelength
modulation technique was applied to the proposed quartz-enhanced photothermal-acoustic
spectroscopy (QEPTAS) to improve the detection signal-to-noise ratio. The QTF detector was exposed
to the illumination of a near-infrared distributed feedback laser at distances of 1 m and 2 m to evaluate
the QEPTAS sensor performance. The QEPTAS sensor performance was determined by detecting
water vapor in ambient air using a near-infrared distributed feedback laser with a power of ~10 mW
and a wavelength of 1.39 um. With an optimized modulation depth of 0.47 cm™, the normalized noise
equivalent absorption (NNEA) coefficients of 8.4 x 1077 W-cm™!-Hz"? and 3.7 X 107® W-cm™~!-Hz 1/
were achieved for a distance of 1 m and 2 m, respectively. The developed QEPTAS technique
reduces the requirements for laser beam quality, resulting in a simple but robust sensor structure
and demonstrates the ability of remote sensing of gas concentrations.
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1. Introduction

Photothermal spectroscopy (PTS) and photoacoustic spectroscopy (PAS) are well-established methods
for experimental physics, chemistry, and biology. The history, processes, and application of PTS and
PAS in gas phase analysis have previously been discussed in detail [1-3]. The photothermal and
the photoacoustic effects can be divided into three stages: (1) release of heat due to the vibration—translation
relaxation of molecules upon absorption of laser radiation; (2) generation of thermal and acoustic waves
due to periodically heating and expansion; (3) collection and amplification of thermal and acoustic signals.
According to the laws of fluid mechanics and thermodynamics, the laser-induced thermal and acoustic
wave pressure p in a gas can be determined by Equation (1) [3]:

Pp(r,t) —c*V?p(r,t) = (0 - 1)d:H(r,1t), 1)
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where ¢, 0, and H are the sound velocity, the adiabatic coefficient of the gas, and the heat density
deposited in the gas, respectively. Equation (1) has two independent solutions: Weakly damped
acoustic waves with the wavelength of approximately a few centimeters and heavily damped thermal
waves with the waves of approximately a few hundred micrometers [3]. The acoustic waves propagated
a few centimeters and accumulated in the PAS cells. However, the thermal waves can only be detected
in the vicinity of the laser beam. Usually, PAS and PTS are studied independently since the thermal
and acoustic waves are separated in space.

Photoacoustic spectroscopy is an optical detection method widely used for trace gas analysis.
Transducers such as microphones [4-6], cantilevers [7-10], or piezoelectric elements [11-13] were
used to detect acoustic waves and convert them into mechanical or electrical signals. As a significant
variant of PAS, quartz-enhanced photoacoustic spectroscopy (QEPAS) has been boomingly developed
in the past decades [14,15]. In QEPAS, a quartz tuning fork (QTF) with a specific resonance frequency
of ~32 kHz and an extremely high Q factor value of ~10, 000 was used to collect the acoustic waves
and accumulate the acoustic energy [16-18]. Because of the high resonance frequency of >10 kHz,
the narrow resonance spectra of ~4 Hz, and the quadrupole electrode pattern of the QTF, QEPAS is
immune to the background acoustic noise which results in a high detection signal-to-noise ratio
and sensitivity [15]. The gas sensor based on the QEPAS technique has been applied for chemical
analysis [19-22], atmospheric monitoring [23-27], and biological diagnostics [28-30].

As with photoacoustic spectroscopy, photothermal spectroscopy is an indirect method
for measuring the change in the thermal states of the sample that is induced by the absorption
of laser radiation. Examples of photothermal techniques include photothermal interferometry (PTI),
photothermal lensing (PTL), and photothermal deflection (PTD). With the merits of zero-reference and
laser power dependence, photothermal spectroscopy is highly sensitive. Traditional thermally sensitive
transducers include pyroelectric crystals, bolometers, and microelectromechanical systems (MEMS).
Most recently, a highly sensitive PTS technology called quartz-tuning-fork enhanced photothermal
spectroscopy (QEPTS) was developed for trace gas analysis by use of a QTF [31]. A QTF was used as
the high-performance transducer to convert the photothermal signals to electrical signals. The laser
beam passed through a 20 cm-long gas-sampling cell and then was focused on the QTF prong. The heat
released by the target molecules upon absorption of the laser radiation was collected by the QTF.
The heat expansion drove the QTF to vibrate. Then the resonance of the QTF amplified the signal.
In QEPAS, the laser beam must be collimated to pass through the spacing of ~300 um without touching
the QTF prongs. In QEPTS, the laser beam was focused on a spot with the diameter of ~36 um,
located in a particular area of the QTF prong where no silver layer was coated.

In this manuscript, quartz-enhanced photothermal-acoustic spectroscopy (QEPTAS) was developed
for trace gas analysis. In QEPTAS, the laser beam illuminates the QTF prong spacing and the prong
surface simultaneously. The excitation of a QTF consisted of two elements: Photoacoustic waves and
photothermal waves. A commercially available 32 kHz QTF was used as a detector to collect and amplify
the laser-induced acoustic waves and thermal waves simultaneously. There is no focus lens for laser
beam shaping in QEPATS, thus simplifying the gas sensor structure. QEPATS removes the requirement
for laser beam quality and provides the possibility of the remote sensing of gas concentrations.

2. Experiments and Results

The schematic diagram of the QEPTAS experimental setup is depicted in Figure 1. A 1.37 pm
near-infrared fiber-coupled distributed feedback (DFB) diode laser was employed as the excitation
source to detect water vapor (H,O) in ambient air. The temperature and current of the diode
laser can be controlled by a high-stability laser diode controller (ILX Lightwave). A two-channel
arbitrary waveform function generator (Tektronix AFG3102) was used to produce a ramp signal
with the frequency of 10 mHz and a sine signal with the frequency of f(/2, where fj corresponds
to the resonance frequency of the QTF. The 2f wavelength modulation technique has the advantage
of tunability and modulation capabilities of DFB lasers, improving the sensor performance [32].
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The QTF was fixed on an XYZ linear stage and positioned in a cap, not shown in Figure 1. The acoustic
and thermal waves induced by the laser radiation drove the QTF to vibrate. The electric signals
generated by the piezoelectric effect in quartz was processed by a custom transimpedance preamplifier
with a feedback resistance of 10 M() and then were fed to a lock-in amplifier (Standford SR830)
to demodulate the signal in 2f mode. A Labview™ program was used to control the experimental
system and retrieve the gas concentrations from the obtained 2f signal [24]. The experiment was
conducted at a local atmospheric pressure of ~933 hPa (700 Torr) and room temperature of ~25 °C.
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Figure 1. Experimental setup of quartz-enhanced photothermal-acoustic spectroscopy. }.: Adder, PC:
Personal computer, Preamp: Pre-amplifier; QTF: Quartz tuning fork. R5232: A standard protocol used
for serial communication.

As proof of concept, a pigtailed laser diode with the beam M? factor of 1.258 was used as
the excitation source. Compared to previous publications on QEPAS and QEPTS, a non-focusing light
source was firstly used in the experiment. The beam quality of the laser was analyzed by a dual
scanning slit beam profiler (Thorlabs BP209-IR/M) with a beam diameter error <10%. The beam
diameter as a function of laser head position is plotted in Figure 2. The distance between the laser head
and the slit of the beam profiler changed from 5 mm to up to ~1 m. The laser temperature and injection
current were set to 23 °C and 40 mA, respectively, corresponding to the emission power of 6.7 mW.
When the position of the beam profiler was 955 mm, the beam diameter reached ~10 mm, corresponding
to a beam spot about 100 times that used in the conventional QEPAS. The edge of the beam profile was
defined as the position where the intensity fell to 1/e? of the maximum value at the center.
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Figure 2. Laser beam quality analysis at a distance of up to 1 m. The beam diameter error of 10% was
determined by the beam profiler.
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In order to investigate the photothermal-acoustic response of the QTF surface to the laser beam,
the normalized QEPTAS signal amplitude, as a function of xy was researched. Figure 3a shows
the diagram of QEPTAS. The QTF was fixed at the position of 150 pm from the laser head; yg of the
laser spot was set to 0.7 mm from the QTF opening; xq of the laser spot was changed from 0 to 800 pm
by use of an XYZ translation stage with the precision of 10 um, as shown in Figure 3b. The prong
length of the QTF, defined as the distance from the QTF opening to the x-axis, was measured to be
~3.6 mm. The prong spacing of the QTF was measured to be ~0.3 mm. The QTF prong width,
defined as the distance from Line A to Line C, was measured to be ~0.6 mm. QEPTAS obtained
the maximum signal amplitude when the laser spot was positioned at the center of the QTF prong
spacing. When the position of the laser spot moved horizontally to the edge of the QTF prong (Line A),
the signal amplitude decreased by ~23%. The minimum signal amplitude was obtained when the laser
spot was positioned at the center of the QTF prong (Line B). For higher values, the signal amplitude
increased to ~40% of the maximum value at Line C. The signal variation is related to the electrode
layer pattern on the QTF surface. Most of the area of the QTF prong is coated with a silver layer,
which has a high reflectivity for the laser beam [31]. There was no coating In the vicinity of Line A
and Line C, which means that more photons were absorbed by the QTF, resulting in a higher signal
amplitude. The subsequent decrease beyond Line C was due to the decrease of photothermal effects
on the QTF surface.
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Figure 3. (a) Diagram of quartz-enhanced photothermal-acoustic spectroscopy. (b) Lines A, B,
C represent the edges and central line of the QTF prong, respectively. The values of xy and y, represent
the distance between the laser-spot center and the QTF y-axis and x-axis, respectively. (¢) The normalized
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quartz-enhanced photothermal-acoustic spectroscopy (QEPTAS) signal amplitude as a function of laser
spot position, xy. The error of amplitude was less than 1%.

In order to determine the optimum laser excitation of the QEPTAS system, the laser wavelength
modulation depth was varied from 0.2 cm~! to 0.65 cm™! to obtain a maximum 2f QEPTAS signal
amplitude. The experimental results shown in Figure 4 illustrate the influence of the laser modulation
depth on the QEPTAS signal. In the wavelength modulation, the theoretical modulation index m,
defined as the ratio between the modulation depth and the half width at half maximum of the absorption
profile, was ~2.2, violating the hypothesis of the Taylor series expansions [33]. However, the optimal
modulation depth to achieve the maximum signal needs to be optimized experimentally. The signal
amplitude increased monotonically with the laser modulation depth and, for values higher than
0.47 cm™, the signal amplitude increased only by <1%. The 2f signal amplitude started to decrease
when the modulation depth was larger than 0.55 cm~!. Therefore, the optimum laser modulation
depth was ~0.47 cm~ 1.
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Figure 4. Optimization of laser modulation depth.

The performance of the QEPTAS sensor was evaluated by detecting H,O in ambient air. The QEPTAS
acoustic detection module (ADM) was positioned at distances of 1 m and 2 m from the laser head.
The emission wavelength of the laser was tuned from 7306.31 cm™! to 7308.01 cm™! to target the H,O
absorption line at 7306.75 cm™!, with a line intensity of 1.8 x 1072 cm/molecule. Figure 5 shows
the QEPTAS signal amplitude of 1.25 X 103 Vand 24 x 1074V, corresponding to the QEPTAS ADM
distances of 1 m and 2 m, respectively. The 10 noise was obtained by changing the laser injection current
to tune the emission wavelength away from the H,O absorption line. The calculated 1o standard deviation
for distances of 1 m and 2 m were 1.19 uV and 1.02 pV, respectively. The ambient H,O concentration of 1.3%
was determined by direct absorption spectroscopy [34]. For Figure 5, the measurement took ~5 min.
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Figure 5. Optimized QEPTAS 2f signal obtained at distances of 1 m and 2 m.
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The calculation of the normalized noise equivalent absorption (NNEA) coefficient is given
by Equation (2):

NNEA = M, 2)

VAf

where amin, po, and Af are the minimum detectable absorption coefficient at an SNR = 1, the laser
optical power, and the equivalent noise detection bandwidth, respectively [35]. The detection limits
for H,O obtained by the QEPTAS sensor at distances of 1 m and 2 m were ~12 ppm and ~55 ppm,
corresponding to a NNEA coefficients of 8.4 x 1077 W-cm™1-Hz "2 and 3.7 x 107® W-cm~1-Hz 12,
respectively. Compared to other photothermal spectroscopy techniques based on a silicon resonator [36]
or a fiber-coupled Fabry-Pérot interferometer [37], the NNEA of QEPTAS is competitive. Yufei Ma et al.
give a brief qualitative description of the analysis of photothermal effects [31]. The detailed theoretical
analysis can be obtained from a theoretical model for resonant optothermoacoustic systems [38].

3. Conclusions

The proposed QEPTAS is a useful tool for the investigation of photoacoustic and photothermal
effects simultaneously. The commercially available QTF acted as a highly sensitive detector to collect
the acoustic and thermal waves upon the absorption of laser radiation by target molecules. The remote
sensing ability of the QEPTAS sensor was demonstrated by detecting H,O in ambient air. The feature
of non-contact detection and the lack of laser beam shaping components of the QEPTAS sensor
introduced a better error tolerance than that of QEPAS and QEPTS in sensor assembling. The QEPTAS
sensor shows great potential for application in the recently developed room-temperature continuous
terahertz quantum cascade lasers [39,40], which are not easily used in QEPAS or QEPTS, since in QEPAS
and QEPTS, the focused laser spot diameter 4 is limited by the diffraction limit 4 = A/2 X NA, where
NA represents the numerical aperture. The wavelength A can be up to centimeters. The advantage
of QTF is that the overall size of a typical sensor platform can be significantly reduced to a size that is
suitable for applications requiring lightweight and compact structures, such as balloons or unmanned
aerial vehicles (UAV) [41]. Further improvement can be made by utilizing custom tuning forks
made of materials with higher piezoelectric and thermoelectric coefficients than a commercial quartz
tuning fork.
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