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Abstract: Infrared laser photo-acoustic spectroscopy provides very high sensitivity of a gas sample
analysis when high-power tunable laser radiation sources and resonant photo-acoustic detectors
(PADs) are used. In the resonant PAD, the acoustic signal generated by absorbed laser radiation
in a measurement chamber is amplified proportionally to a Q-factor of the acoustic resonator. But,
compact tunable high-power lasers (with power above 100 mW) still are not widely spread in the
terahertz spectral range. One of the ways to achieve an acceptable sensitivity of terahertz photo-
acoustic spectroscopy is using PADs with a very high Q-factor. The latter can be achieved using PAD
with a quartz tuning fork. The current state in this field is presented in the review.

Keywords: photo-acoustic spectroscopy; resonant photo-acoustic detector; Q-factor; quartz tuning
fork; quartz-enhanced photoacoustic spectroscopy

1. Introduction

An absorption spectroscopy is based on the effect of resonant absorption of optical
radiation by a target molecule. Among such methods, the laser photo-acoustic spectroscopy
(PAS) is one of the most sensitive ones. PAS is based on registering the acoustic wave
appearing in a measurement chamber with a studied gas sample absorbing the periodi-
cally modulated optical/laser light, either by amplitude or wavelength. By varying the
optical/laser light wavelength, we can measure an absorption spectrum shape of the gas
sample. The advantages of laser PAS compared to Bouguer’s law-based spectroscopy
are the following: low-cost and simple implementation; the useful signal registered by a
mechanical resonator not a photonic detector; and removing specific restrictions related
to the latter, such as nonuniform spectral response, shot noise, and flicker noise. Also,
amplitude of the acoustic wave registered by the mechanical resonator is defined by optical
radiation power that removes the requirement for measurement chamber length, which
is important for Bouguer’s law-based spectrometers [1]. These benefits make it attractive
to use infrared (IR) PAS for express local control of pollution or greenhouse gases in the
ground atmosphere [2]. Terahertz (THz) PAS also can be used for this goal. Presented
in the HITRAN [3] and GEISA spectroscopic databases [4], molecules of interest in the
atmosphere environmental monitoring tasks have absorption lines in the THz spectral
range are as follows [5]:

- Sulfur—containing compounds (carbonyl sulfide—COS, carbon disulfide—CS;, hy-
drogen sulfide—H,S, sulfur oxide—S0O,);

- Halocarbons (chloromethane—CH3Cl);

- Nitrogen—containing compounds (chlorine nitrate—CIONO,, ammonia—NH3, nitric
oxide—N,O, nitric acid—HNO3);

- Volatile organic compounds (methanol—CH3OH, methane—CHy, ethane—C,Hg).
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The outstanding measurements presented in the atmosphere with non-polar molecule
(CH4 and N;O) detection in the sub-THz spectral range by a Bouguer’s law-based spectrom-
eter with a multi-pass measurement chamber were conducted [6]. Methane was analyzed in
a White-type chamber with absorption path length of 20 m. A Chernin-type chamber with
a 200 m path length was used for N,O detection. To avoid absorption lines that overlap
owing to the impact broadening, the authors worked with mbar pressures in the chamber.
The adjustment of such a multi-pass measurement chamber is a non-trivial task.

PAS requires sources with periodically varied amplitude or frequency (wavelength) of
optical radiation. In the IR spectral range, two options of the photo-acoustic detector (PAD)
chamber design are used. In a non-resonant PAD, the frequency of optical wave amplitude
(or frequency) modulation is lower than the measurement chamber acoustic resonance
frequencies. In the resonant PAD, these frequencies coincide, the chamber works as an
acoustic resonator, and the acoustic signal is increased proportionally to the Q-factor of the
acoustic resonator. Helmholtz resonators, including differential Helmholtz resonators, one-
dimensional cylindrical resonators, and volumetric resonators, are often used in resonant
IR PADs [7-10]. The Q-factor of such PADs can achieve several hundred [9]. Since the
photo-acoustic (PA) signal is proportional to the optical radiation energy absorbed by the
gas sample, the powerful laser radiation sources are preferable. In the IR spectral range,
many powerful wavelength-tunable laser radiation sources are in the market. For example,
typical optical parametric oscillators provide optical power from several hundred mW
to units of watts and a spectral tuning range from about 2 pm to about 10 pm [11]. Fast
progress in semiconductor laser development makes them very attractive in spectroscopy
applications. Comparison of various types of such lasers in the IR and THz spectral ranges
is presented in Figure 1 [12-34].
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Figure 1. Comparison of power and spectral tunability of various types of semiconductor lasers
working in the IR (a) and THz (b) spectral ranges. Here, ICL means inter-band cascade laser, ECDL is
external-cavity diode laser, DBFL is distributed feedback diode laser, QCL is quantum cascade laser.

It follows that compact tunable high-power lasers (with power above 100 mW) still
are not widely spread in the THz spectral range. One of the ways to improve the sensitivity
of a THz PAD is to increase the Q-factor of the resonator. The drawback of standard IR
PAD constructions is a relatively small Q-factor value [35]. An alternative is the quartz
tuning fork (QTF). Quartz has been widely used for resonant acoustic transduction because
it combines good mechanical properties and displays a strong piezoelectric effect. The
latter provides a high efficiency of conversion of an acoustic signal to an electrical current.
QTF is a base of quartz enhanced photo-acoustic spectroscopy (QEPAS). The independence
of the QTF converter from the optical radiation wavelength makes QEPAS rather universal,
which makes it possible to explore different spectral ranges by simply replacing the optical
radiation source. QEPAS THz devices can possess the following benefits: compactness,
sensitivity, the ability to work in a wide spectral range, and the ability to work in the field.

Another benefit of using QTF in the THz spectral range is associated with a fast trans-
formation of absorbed energy of optical radiation into the heat: The rotational-translation re-
laxation time is up to three orders of magnitude smaller compared to vibrational-translation
relaxation time [36]. The latter is the key factor of the efficiency of QEPAS because faster
relaxation often means a higher signal while it allows working at a low pressure. Benefits
of the latter are described below.

This review presents the current state in the development of QTF-based THz PADs, as
well as the design and technical parameters of THz QEPAS devices.

2. QTF-Based THz PAD Design

The main element of the QEPAS is a QTF placed inside a measurement chamber, which
can have an open construction. A typical QTF design is presented in Figure 2.
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Figure 2. Typical QTF design. Here, L, W, T are the prong length, width, and thickness, correspondingly.

Such QTF operates like a standard tuning fork in regard to the acoustic resonance
frequency and Q-factor [37,38]. Owing to the piezoelectric effect, the QTF prongs oscillate
when an external alternating voltage is applied. An inverse piezoelectric effect is used in a
gas sample spectral analysis with QTF when the following conditions are fulfilled:

- The optical radiation wave is focused between QTF prongs;

- The wavelength of optical radiation is close to the wavelength of an absorption line of
a molecular component of a studied gas sample;

- The optical radiation wave amplitude (or wavelength) is modulated with a frequency
coinciding with the frequency of an acoustic resonance of QTF;

Then, the temperature of the gas sample is changed periodically, and an acoustic
wave appears, providing forced fluctuations of the QTF prongs with a “large” amplitude
owing to the resonance condition. In the result, owing to the inverse piezoelectric effect,
the QTF generates alternating current proportional to the absorbing molecular component
concentration. When an optical radiation wave is focused between QTF prongs, an acoustic
noise does not affect essentially on the useful signal. The reasons are a 1/ f noise is very
low at typical frequencies of the QTF acoustic resonances (several kHz), and a narrow peak
of the acoustic resonance curve allows one to select useful spectral components in a total
electrical signal on the QTF output [39].

The most important features of QTF are the frequency of acoustic resonance wy and
the Q-factor, which determines the acoustic resonance width Aw:

_ wWo
Q=42 M

The Q-factor value is defined by the several physical effects:

l — L + i + i + i (2)
Q Qv Qr Qs Qa
where Qy describes viscosity dissipation, Qr, Qs, and Q4 describe thermoelastic, a fork
support system, and acoustic losses, respectively [40]. The authors pointed out the following:

- Using the isothermal regime for “thin” prongs and using the adiabatic regime for
“thick” prongs reduces Qr;
- Qa increases with the prong width T increasing and the thickness W decreasing;
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- Qg isinversely proportional to (L/ w)?;
- Q, is defined by the friction force arising at the prong-ambient gas boundary, which
depends on the prong shape.

The Q-factor depends on QTF geometrical parameters as follows [41]:

WT
Q=37810°— ®)
Combining the ideal gas law, the kinetic theory of gases, and the Bouguer’s law, the
pressure change Ap near the prong per optical radiation variation period can be presented

in the form [42]:
Ap = Pypxal _ Poapy
3Vfm  3mrify

where Py is the power of the optical wave at the input of the measurement chamber, o is the
absorption coefficient, f;; is the frequency of an optical radiation amplitude modulation,
px is the partial pressure of the gas component under study, /, r, V are the length, radius,
and volume of the measurement chamber, correspondingly. This formula emphasizes an
importance of using high-power radiation sources. But, there are other ways to enhance
an electrical signal on the PAD output. In common, the PA signal is defined by QAp
multiplication [43,44]. Therefore, the efficiency of transformation of optical radiation
energy into an electrical signal by PAD is directly related to the Q-factor value.

The frequency of the prong acoustic resonance can be evaluated by modeling its
vibrations by a harmonic oscillator with damping and external harmonic forces using
the Newton’s second law for stationary conditions when all internal and external forces
acting on the prong are balanced [45]. However, considering the prong as a system with
distributed parameters allows taking into account the peculiarities of action of inertial,
elastic, and dissipative forces in the PA effect [41]. The Euler-Bernoulli theory gives a fork
prong resonance frequency in vacuum fy v, as follows [46,47]:

T E ,
novac — — —_~A| ~Yn 5
fuane = g o (5)

where T, L are the prong thickness and length, p = 2650 kg/m? is the quartz den-
sity, E = 72 GPa is the quartz Young’s modulus, and the n index enumerates vibration
modes: vy = 1.194 for the lowest bending vibration mode (the fundamental mode) and
v; = 2.988 for the first overtone mode (see Figure 3). The accuracy of Equation (5) is quite
high; the discrepancy between calculated and measured v,, values was below 3.2% [36].

)

Fundamental mode First overtone mode

Figure 3. QTF fundamental and the first overtone flexural modes [35].
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Validation of this approach was conducted with a custom fork manufactured using a
silicon plate on an insulator (silicon on insulator, SOI) [41]. The Plasma-Therm Versaline
deep reactive ion etch system was used to etch gaps of 3-8 pm in the layer of the SOI sample
to form the fork. A reflective Ti/Au layer (20/100 nm) was deposited at the end of the
prong to provide interferometric measurements of the PA signal. The authors recorded the
absorption spectrum of methyl cyanide in the 311.72-312.79 GHz range at a pressure varied
from 13 to 400 mTorr. The Q-factor of the created QEPAS was ~2500 for 13 mTorr. The ratio
of the acoustic signals at pressures 400 and 13 mTorr was approximately equal to 15.

Many QEPAS devices use commercial QTFs having the fundamental bending mode
equal to ~32.76 kHz. These QTFs are oriented on the electronics market with specific
requirements, which are not very optimal for gas sensing [40]. For example, they are
characterized by a small volume (typical quartz crystal prong length L = 3.0 mm, thickness
T = 0.35 mm, and width W = 0.34 mm) and a distance between the prongs of 300 pm [48].
The latter plays a crucial role in the acoustic—electrical conversion efficiency, since the
amplitude of the pressure on the QTF prongs produced by the acoustic wave decreases
with increasing the distance between the focus of the optical beam and the inner surface of
the prongs. Thus, the distance between prongs should be chosen as small as possible, but
simultaneously, hitting the prongs by the optical beam should be avoided. This obstacle
restricts the usefulness of commercial QTFs in the THz spectral range owing to the difficulty
of a suitable focus of the THz wave between the prongs [46] and stimulates creation of
custom QTFs.

To produce a QTF, the authors [38] used a photolithographic method of etching a
quartz plate. Chrome/gold contacts were deposited on both sides of the QTFE. The overall
size of the QTF was 3.3 cm x 0.4 cm x 0.8 cm. The gap between the prongs was ~1 mm.
The first QTF bend frequency (fy) was near 4246 Hz. At atmospheric pressure, the first (f1)
and third (f3) bending modes of the QTF were equal to f; = 4.245 kHz and f3 = 25.4 kHz;
the Q-factor was Q1 = 13,100, Q3 = 9800, respectively.

A custom QTF enclosed in a cylindrical acoustic cavity with longitudinal acoustic
micro-resonators was created (see Figure 4) [49]. The QTF had a 2 mm gap between prongs,
quite a low frequency of the acoustic resonance (21.23 kHz), and the high Q-factor: 7.32 x
103 (without the acoustic cavity) and 1.27 x 10° (with the acoustic cavity). The normalized
noise equivalent absorption (NNEA) was 3.7 x 10° cm!-W/,/Hz for CO, detection at an
atmospheric pressure. NNEA is defined as:

NNEA = a,,;, PVt (6)

where o, is the minimum detectable absorption coefficient, P is the optical radiation
source power, and ¢ is the time of accumulation of measurements [42,50].

An experimental and theoretical analysis of the influence of a QTF dimensions on its
main physical parameters, including the Q-factor, the acoustic resonance frequency, and
electrical resistance, was conducted in [38,47]. The authors created several QTFs suitable
for the THz spectral range. These QTFs differed by the prong length (3.5 mm, 10 mm,
11 mm, 17 mm), thickness (0.2 mm, 0.9 mm, 0.5 mm, 1.0 mm), distance between prongs
(0.4 mm, 0.8 mm, 0.6 mm, 0.7 mm) for QTF#1-QTF#4, respectively. It is interesting to
compare the smallest QTF#1 and the largest QTF#4. The latter also had the largest distance
between the prongs. To evaluate parameters of the QTF#4, a special filter having a high
cutoff frequency of 50 kHz was used by authors, so only the first f; = 4.245 kHz and the
third f3 = 25.4 kHz bending modes were measured. The corresponding Q-factors were
Q1 =13,100 and Q3 = 9800 (at atmospheric pressure).
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Figure 4. A photo of the custom QTF within its cylindrical acoustic cavity with the micro-resonators
for acoustic amplification [49].

When using the QTF#4, the minimum detection limit of hydrogen sulfide (H,S) was
160 ppb. Here, the minimum detection limit corresponds to minimal concentration of
studied gas, which can be registered. A representative frequency response curve measured
for QTF#1 at a pressure of 100 Torr in air has the resonance frequency 14,020.14 Hz and
resonance curve half width at half maximum (HWHM)—about 1 Hz. At 500 Torr pressure,
the Q-factor decreases roughly twice [47]. But, it does not mean that the efficiency of
QEPAS increases monotonically with the pressure decreasing. We also should consider that
gas pressure p depends on its density. For example, a maximal PA signal dependent on
chamber pressure was at a pressure of about 125 mbar when the measurement of a C;Hjp
sample is conducted using a cantilever PAD [51].

To avoid overlapping in neighboring lines, we should bear in mind that the absorption
line impact broadening decreases with the pressure decreasing. The impact broadening of
an absorption line is described by a Lorentz curve with HWHM v(p, T) equal to

V(Pr T) = (TYTEf>nm (')’uir (Pref ,T) (P ~ Pself ) +'Yself (pref /Tref )Pself) @)

where p is measured in Atm, T(K) is the temperature in Kelvin, pg.¢ (Atm) is the partial
pressure of a definite component, n,;, is the coefficient describing the temperature depen-
dence of air broadening, s , Yair is the self-broadening and air-broadening HWHM,
respectively; and Tyr, prs is a normal temperature and pressure. Therefore, the opti-
mal choice of pressure in the measurement chamber is a multi-factor task, which needs
simulation analysis for a concrete situation.

Additional acoustic micro-resonators in a form of small metallic tubes are often used
to enhance the QTF response [35]. The optimum tube length L lies in the As/4 < L < As/2
range, where A; is the wavelength of the acoustic wave [52].

Another way to improve an efficiency of the conversion of optical radiation power
absorbed by the studied gas into the electrical signal is by combing optical and acoustical
resonances. Verstuyft M. and co-authors [53] proposed a detector based on a photonic
crystal resonator with a cylindrical cavity (modal volume 1.5 x 10* um?®). It is closed at
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mirror =

one end by a thin membrane so that it forms a semi-open acoustic resonator, the funda-
mental frequency of which was 720 kHz. In fact, this detector includes three resonators:
The photonic crystal cavity focuses the optical radiation in the cylindrical cavity, which
operates as a half-open acoustic resonator, covered by a membrane that functions as an
additional mechanical resonator. The concentration of a studied gas can be determined
by the amplitude of the membrane motion. Conducted simulation gave an estimate of
the detection limit for methanol equal to 1 ppm for the THz radiation source power of 1
mW and an integration time of 25 ms. The estimated 1/Q = 1/Qy +1/Qr value did not
exceeded 70.

THz radiation should be located inside the resonator that limits the Q-factor of PAD
and sensitivity to the environment. Seems to be that the first off-beam scheme of a QTF
PAD, which overcame the standard scheme drawbacks, was suggested in [54]. The off-
beam scheme also removes limitations on an optical radiation beam diameter. This scheme
provided the NNEA equal to 5.9-10% cm~! W/Hz!/? for atmospheric water vapor detec-
tion [54]. Now, the one-side off-beam scheme is often used [55-57]. An obvious expanding
of this idea is to use a double off-beam scheme. The physical principle of operation of such
a QTF looks the same as in a standard QTF, where the longitudinal axis of the wave is
focused between two prongs. Here, the prongs move symmetrically when a cylindrical
acoustic wave is generated. A double off-beam scheme satisfied the same condition, if the
acoustic source acts symmetrically on the inner surfaces of both prongs [58]. This scheme is
more flexible owing to the absence of requirements on a diameter of optical wave beam but
has more complex implementation. This technical problem was solved in [58] using two
mirrors placed at an angle of 90 degrees regarding each other (see Figure 5).

§ 0.5

(a) (b)

Figure 5. QEPAS implementation with double off-beam scheme (a) and normalized acoustic pressure
generated near QTF for f = 32,815 Hz, corresponding to its acoustic resonant frequency (b) [58].

Vogt D.V. and co-authors [59,60] used an ultra-high-velocity disc-shape micro-resonator
manufactured from high-resistivity float-zone silicon. The disc had a diameter of 12 mm
and a thickness of 66 um. In this construction, the electromagnetic field is located outside
the disc in the shape of a damped distribution (Figure 6). This resonator was used for
water vapor detection. The measured Q-factor value was in the (120-70) x 10 interval
when water vapor concentration varied from 0 to 140 ppm. The estimated water vapor
limit of detection was less than 4 ppm for the measurements carried out at the atmospheric
pressure conditions.
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Figure 6. The disk micro-resonator (a); the simulation results of the corresponding normalized
intensity distribution in a logarithmic scale showing a large extent of the attenuated field (b). The
micro-resonator cross-section is indicated by gray lines [59]. Used under terms of the CC-BY license.
Copyright 2020. Published by Sensors.

Now, there is a discussion about the optimal material for the prong as a part of PAD.
Silicon is considered as the best choice for such devices due to better integration with
complementary metal-oxide semiconductor-based electronics and optics elements, for
example, lasers compared to quartz material [40]. Silicon-based micro-electromechanical
systems (MEMS) use piezoelectric, piezoresistive, or capacitive effects. The piezoresistivity
is also a property of semiconductors or metals. The capacitive effect is considered as more
suitable for the cantilever resonator fabrication compared to piezoelectric one because it
is not necessary to deposit a conducting layer on the cantilever. But, capacity response is
proportional to the cantilever surface, which causes viscous damping to increase and PAD
sensitivity to decrease [40,61,62]. A variant of a capacitive cantilever sensor implementation
is shown in Figure 7.

Light absorption
and acoustic wave generation

[ —
Laser beam

Figure 7. A variant of a capacitive cantilever sensor implementation [63]. Used under terms of the
license 5573380441735. Copyright 2019. Published by AIP.

A very fruitful idea is to use an optical interferometer for the measurement of cantilever
vibrations that provides a high sensitivity to small spatial shifts of a reflecting surface and
a fast response. Glauvitz N.E. and co-authors [64] created and tested a MEMS cantilever
pressure-sensor for THz spectroscopy. The THz source power was varied in the 0.6-1.4 mW
range and the tuning frequency range was 0.250-0.375 THz. The idea of the photoacoustic
signal detection using an “optical microphone” implemented by the authors is shown in
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Figure 8. A He-Ne laser beam was focused on the cantilever. The gold-plated surface of the
cantilever, facing away from the absorbing chamber, reflected the laser beam through a glass
window. The deflection of the cantilever caused the deflection of the reflected beam, which
was then cut off by the diaphragm located in front of the optical detector. The attenuation is
dependent on the deviation of the cantilever. The estimated sensitivity of this detector was
6.2 x 1075 cm~1/Hz'/2. At 30 mTorr, when the absorption line predominantly has Doppler
broadening, the Q-factor was approximately equal to 5000. The effective stiffness of the
cantilever used in this experiment was estimated to be 1.3 N/m at a resonant frequency
of 626 Hz. The analogous scheme was implemented in the IR spectral range [65]. A
commercial version of such an optical cantilever MEMS microphone is produced by Gasera
Ltd. (Finland). The comparative experimental study of interferometric and piezoelectric
systems of prong vibrations showed that the efficiency of every method depends on the
QTF geometry optimization for the specific method of acoustic wave registration [66].

He-Ne laser

AP

THz pulses

Detector,
Diaphragm

Figure 8. The idea of an “optical microphone” for detection of QTF vibrations.

A possible way of improving QTF efficiency is associated with the variation of its
prongs’ shape. The analysis of effect of quartz cantilever geometry is on the average strain,
the internal strain energy, and the stress distribution over the surface when a cantilever
oscillates was conducted [67]. The authors showed that stress distribution over the length
of a triangular cantilever is more compared to a rectangular one.

Wavelength modulation absorption spectroscopy is one to two orders of magni-
tude more sensitive compared to conventional Bouguer’s law-based absorption spec-
troscopy [68]. In the wavelength modulation spectroscopy, the optical radiation carrier
frequency v(t) varies in time so that

v(t) = vg + dv-cos(wt) (8)

where vg is the central frequency, év is the frequency modulation depth, and w is the
frequency of modulation. Using a lock-in-amplifier linked to the modulation frequency
allows restoring various harmonics of the detected signal.

A QEPAS system equipped with a Nanoplus Interband QCL (A = 3345 nm) that has
maximum power of ~8 mW and a standard 32 kHz QTF coupled with a pair of optimized
resonator tubes was created [44]. The authors implemented a 2 f-wavelength modulation
(WM) method for absorption spectrum detection based on the laser radiation wavelength
modulation with a frequency of f;/2 and the registration of the fy-oscillating component
of the spectrophone output signal. The wavelength modulation technique allows for
improving essentially the signal-to-noise-ratio. The same approach was used for molecular
oxygen detection [69]. A detection limit of 13 ppm was reached.
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3. THz QEPAS Applications

The combination of QTF with a modern THz QCL with a radiation power more than
100 mW [70] would make it possible to detect molecules, such as HF, H,S, OH, NH3, HCN,
etc., up to a concentration range of the order of ppt, when absorption line intensities of
more than 1071° cm/mol are used. When using similar QCL at a frequency of 3.9 THz, the
CH3O0H detection limit of 160 ppb was achieved with an integration time of 30 s [71].

Sensors based on photo-mixing in the spectral range of 0.5-1.5 THz were created,
which allowed detecting HCN, CO, and H,CO with a sensitivity of 9 ppm, 0.1%, and 114
ppm, respectively [72]. CH3OH sensors were also developed, using THz laser pulses, with
an equivalent noise concentration of several ppm [73]. The detection of methyl chloride at
the ppm level was conducted using a THz spectrometer with a long base [74].

Sampaolo A. and co-authors [75] created a QEPAS with liquid nitrogen-cooled THz
QCL to detect hydrogen sulfide (H,S). The detector was a special QTF with a large distance
between the prongs connecting with acoustic resonator tubes. A studied H,S rotational
transition occurs at 2.87 THz (95.626 cm ') with a line intensity of 5.53 x 1072 cm/mol.
The peak power of THz QCL was 150 mW at a temperature of 81 K, the pulse duration was
equal to 1 ps, and a repetition frequency was 15.8 kHz. The H;S detection sensitivity was
360 ppm at a gas pressure of 60 Torr and an integration time of 10 s. The scheme of the
experimental setup is shown in Figure 9.

Cryostat
Gas
mixer H.S
N;
‘ Golay cell
Pressure — -
ctrl
[ 4
e v/‘m
Lock-in
Pulser amplifier

Figure 9. The QEPAS sensor scheme. TEC—the thermoelectric cooler; pressure ctrl—the pressure
regulator; PM—the parabolic mirror; ADM—the acoustic detection module; DAQ—the data col-
lection board; PC—a personal computer [75]. Used under terms of the CC-BY-NC-ND 4.0 license
5570580201342. Copyright 2021. Published by Photoacoustics.

A THz QCL was used with a lattice coupler for efficient transmission of the THz
radiation and a distributed Bragg reflector for single-mode operation. The pulse frequency
and spectral width were set in an external signal generator that drives the pulse generator.
A Golay cell (Microtech) was used to measure optical power. The QCL radiation spectra

were recorded using a Fourier interferometer (Bruker 80 V) with a resolution of 0.1 cm~ L
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By adjusting the laser current from 3 to 4.1 A, which corresponds to a total wavelength
adjustment of ~0.07 cm~!, a complete scan of the 1f-QEPAS signal through the H,S ab-
sorption line was recorded. The signal measured for 20 ppm and 100 ppm of H,S in N is
shown in Figure 10.

Wavenumbers (cm™)
95.61 95.63 95.65 95.67
— 100 ppm H,S:N,
—— 20 ppm H,S:N,

o
o
]

1f-QEPAS Signal (mV)
o o o
N w NN

o
-

O
o

30 32 34 36 38 40
Injected current (A)

Figure 10. 1f-QEPAS signals for a mixture of 100 ppm and 20 ppm H;S in N [75]. Used under terms
of the CC-BY-NC-ND 4.0 license 5570580201342. Copyright 2021. Published by Photoacoustics.

The main source of a noise in QEPAS is a thermal noise. The latter for a QTF can be
expressed in terms of root mean square (RMS) voltage noise

Vrzms =Rg \/ M{TbT\/E )

where ky, is the Boltzmann constant, T is the temperature of the QTF, R, is the nominal value
of the feedback resistor of the operational amplifier, Af is the detection bandwidth, and R
is the QTF resistance [46]. According to data shown in Figure 9, for the 20 ppm mixture,
a signal-to-noise ratio was about 8, which corresponds to a minimum detection limit of
~2.5 ppm with an integration time of 300 ms. To determine how the sensitivity of the QEPAS
sensor improves as the integration time increases, an Allan-Werle deviation analysis of the
experimental data can be performed. This approach allows also for establishing the main
sources of noise of the experimental setup [76]. For example, the minimum detection limit
was shown to decrease from 1.6 to 0.53 ppm when the integration time increases from 0.1
to 10 s [75].

Zifarelli A. and co-authors [77] created a THz QEPAS based on a QTF with a distance
between the prongs of 1.5 mm for HyS detection. The experimental setup used pulsed
THz QCL and was the same as in [78]. This QCL was placed inside a cryostat with liquid
nitrogen, equipped with windows made of polymethylpentene. Fitting the QTF resonance
curve by the Lorentz profile gave the following estimates of the resonant frequency: fy =
15,831.1 Hz and a Q-factor of 25,400 at 60 Torr. The piezo-current generated by the QTF was
converted into a voltage signal using a trans-impedance amplifier (Rg, = 10 M(}) and then
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fed to a Stanford SR830 synchronous amplifier for demodulation. The QEPAS concentration
sensitivity was in the ppb range.

The authors of [76] compared the potential limit of detection of the same molecular
component in the THz and IR spectral ranges. The experimental absorption coefficients of
the HjS in the THz range were two orders of magnitude higher compared to the strongest
bands in the mid-IR range. The strongest absorption peak of 95.626 cm~! corresponds to
the absorption coefficient of 3 cm~! and the line strength of 5.53 x 102 cm/mol.

Wilke I. and co-authors [79] described the implementation of a THz spectrometer
operating in the 220-330 GHz spectral range. THz waves were generated using an elec-
tronic source that included a frequency multiplication chain combined with a GHz signal
generator. The THz waves were collimated with a Teflon lens, passed through a cuvette
made of high-density polyethylene with windows at an angle of 45° containing the gas
sample of interest (path length 21.59 cm), and focused on an electronic detector. The au-
thors used a commercial detector on a Schottky diode and a detector on a dual field-effect
transistor monolithically integrated with an antenna [80]. Rotational absorption spectra
were registered for four nitrogen-containing compounds of industrial importance (nitrous
oxide, acetonitrile, nitric acid, and nitromethane) at pressures from 0.25 to 16 Torr. The
authors demonstrated the ability of the selective measurement of these compounds with
detection limits of 10'2-10'3 cm~3 molecules per meter of path length in pure conditions
and 5-1000 ppm per meter of path length for dilute in the air gases at 1 atm.

The minimum detection limit and NNEA of the most effective QEPAS sensors operat-
ing in the near-medium IR and THz spectral ranges are shown in Table 1. In the last two
rows, a comparison is highlighted between the first THz sensor operating in continuous
mode and the sensor presented in [75]. The near-IR sensor had a detection limit below
ppm, using the very high power provided by an erbium-doped fiber connected to a laser
diode. However, photo-thermal noise caused by the powerful tails of the laser irradiating
the spectrophone affected the NNEA. The latter was ~10~8 cm~!-W//Hz. Currently, the
NNEA~8.9 x 10712 ecm~1 W/ /Hz for H,S detection was achieved [81].

In addition, unlike sinusoidal wavelength modulation (see Equation (8)), in which
the spectrum of the generated acoustic signal consists of the modulation frequency f,,;04
and its weak sub-harmonics, the acoustic spectrum of a sequence of pulses with a fast rise
and decay consists of many odd harmonics. If we divide the cross-section of the beam into
a series of concentric thin rings, then each ring generates an outgoing cylindrical sound
wave, and each wave reaches the QTF prong at different times. Thus, the duration Ts of
the resulting primary sound pulse on the QTF wave is Ty = Ty + r/vs, where Ty is the
duration of the thermal pulse, which is more than 1 ps, vs is the speed of sound (~340 m/s),
and r is the acoustic wave propagation distance. The strongest harmonic component of
fmax will be found at ~(Ty + 71/ 05)71. A rough calculation gives f;.x ~ 300 kHz, which
does not affect the overall QEPAS signal. At a laser repetition rate of the order of kHz, only
a small part of the total sound pressure contributes to the main component, thus affecting
the efficiency of sound detection.
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Table 1. Comparison of high-performance H,S QEPAS sensors, from near IR to THz [75]. Used under terms of the CC-BY-NC-ND 4.0 license 5570580201342.
Copyright 2021. Published by Photoacoustics.

Configuration of the
Acoustic Detection

Absorption Line Minimum Detection
Spectral Range Laser Source and Power Module, Acoustic Wavelength (um) P NNEA (cm!-W/,/Hz) Limit at ~10 s
Strength (cm/mol) .
Resonance Frequency; Averaging
on/off-Beam Scheme
. . Adjustable QTF
Fiber-reinforced laser 03 _8
Near IR diode, 1500 mW resonator, 7.2 kHz, 15 1.5 x 10 1.3 x 10 150 ppb
on-beam
External resonator of a
Medium IR quantum cascade laser, Standard QTF resonator, 8.1 7.77 x 10723 3.05 x 1077 40 ppb
32 kHz, off-beam
118 mW, constant power
Fabry-Perot quantum
Tunable QTF resonator, 103 23 10
THz cascade laser, 0.24 mW, 2.8 kHz, on-beam (2.91 THz) 1.13 x 10 4.4 x 10 20 ppm
constant power
Fabry-Perot quantum Adjustable QTF 1046
THz cascade laser, resonator, 15.8 kHz, (2.87 "l;HZ) 553 x 10~23 31x10°8 360 ppb
150 mW, pulsed on-beam ’
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4. Conclusions

A quartz-enhanced photoacoustic spectroscopy allows achieving acceptable sensitivity
in the THz spectral range with several tens of mW power THz wave sources. The Q-factor
of photo-acoustic detectors with a quartz tuning fork can reach several tens of thousands.
A huge advantage of quartz tuning fork detectors is that they can operate in an open
space that simplifies their operation in a wide spectral range. It opens a way of creation of
spectrometers operating in the THz-IR range.

A known drawback of PAS is that the signal-to- noise ratio falls at very low pressures,
which is sometimes necessary to reduce the absorption line impact broadening and achieve
high spectral resolution. This issue can be solved using the method of computer super-
resolution reconstruction developed by us, which improves spectral resolution of the
experimental spectra [82].

The increase in PAS sensitivity is possible by combining several of the following
resonances [83]:

- Resonant absorption by a target gas component in a sample when the optical radiation
source wavelength coincides with a central wavelength of an absorption line of this
component;

- Focusing the optical radiation in a small volume;

- Mechanical resonance in an acoustic transducer when a frequency of amplitude of
wavelength modulation of the optical radiation coincides with a resonance frequency
of the transducer.

The control of the simultaneous fulfillment of all these conditions is a nontrivial task
due to influence of physical parameters of the studied gas sample. The central wave-
length and shape of the absorption line depends on the studied gas sample temperature,
pressure, and buffer gas (collision partner) properties (see, for example, Equation (7)).
Acoustic resonances depend on the temperature [84,85], humidity [86], and the gas sample
composition [87,88].

The condition of exact resonance of optical radiation absorption can be checked when
the optical radiation source wavelength is tuned in the spectral interval of a measured
absorption line. For example, it can be implemented by the method of scanned-wavelength
absorption spectroscopy [89-91]. The temperature effects can be essentially decreased by
thermostating. A high humidity can affect dramatically on QTF acoustic resonance. It
especially concerns commercial devices [92].

The frequency of acoustic resonances in IR PADs can be tested using an additional
speaker placed in the measurement chamber and controlled by a sound generator. This
variant was used in the IR OPO-based PAS device “LaserBreeze” [8]. Also, a variation
of modulation frequency of an optical radiation source amplitude or frequency allows
checking the conditions of acoustic resonances by achieving the maximal electrical signal
on the detector output.
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