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During the past 15 years since the first report of quartz enhanced photoacoustic spectroscopy (QEPAS),
QEPAS has become one of the leading optical techniques for trace chemical gas sensing. This paper is a
review of the current state-of-the art of QEPAS. QEPAS based spectrophones with different acoustic
micro-resonators (AmR) configurations employing both standard quartz tuning forks (QTFs) and
custom-made QTFs are summarized and discussed in detail.
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1. Introduction

Quartz tuning fork (QTF) oscillators were introduced in watches
and clocks in order to significantly improve the timekeeping accu-
racy in the 1960 s. A standard watch QTF has a resonance fre-
quency, f=2'"Hz (32,768 Hz) and a quality factor Q > 80,000 in a
metallic vacuum encapsulation, which is a high Q factor piezoelec-
tric element with a narrow full width at half maximum (FWHM)
passband of <1 Hz [1]. QTFs in watches and clocks are made to
vibrate by a small oscillating voltage applied to metal electrodes
deposited on the surface of the quartz crystal via an electronic
oscillator circuit. In 2002, a QTF was first used as the piezoelectric
transducer to detect the sound waves induced by the photoacous-
tic effect due to molecular absorption of light energy, which is
named quartz-enhanced photoacoustic spectroscopy (QEPAS) by
Kostever [2-4].

In photoacoustic spectroscopy, the signal amplitude S can be
expressed as:
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where Q is the Q factor of the spectrophone, P is the pressure, « is
the molecular absorption coefficient and f is the modulation fre-
quency [3]. The high detection sensitivity of QEPAS benefits from
the extremely high Q factor of the QTF, since a high Q factor corre-
sponds to a long energy accumulation time [2]. A condition to
ensure an optimum photoacoustic signal is that the vibrational to
translation (V-T) relaxation rates should follow the modulation fre-
quency f efficiently [5-7]. A significant advantage of QEPAS is the
capacity of environmental noise immunity, compared to conven-
tional photoacoustic spectroscopy (PAS) based on a wide band
microphone [8-12]. The QTF is an acoustic quadrupole, which
means that only the sound wave produced by the source located
between the QTF prong spacing can drive the QTF prongs to vibrate
in the opposite direction and produces an output electrical signal,
while an external sound wave that pushes the QTF prongs to vibrate
in the same direction produces no signals [2,3]. The QTF only
responds to a sound wave modulated with the identical frequency
as that of the QTF. The sampling gas volume required by the QEPAS
sensor is <1 cm? due to the small size of the QTF [4].

In order to enhance the QEPAS sensor performance, acoustic
micro-resonators (AmR) are configured with a QTF to confine the
sound waves and increase the signal amplitude [13]. Typically, a

Sx (1)
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QTF plus an AmR is referred to as a QEPAS spectrophone. Benefiting
from the continuous innovation and creativity of laser technology,
light sources ranging from the ultraviolet (UV) region to the near
infrared (NIR), mid infrared (MIR) and terahertz (THz) regions
[14-50] have been applied to QEPAS sensor systems for atmo-
spheric monitoring [51-58], medical diagnostics [59-61], acciden-
tal gas emissions [62-64], chemical analysis [65-72] and trace
detection [73-79]. Different kinds of QEPAS spectrophones have
been designed and developed to address various applications.

2. Typical QEPAS based sensor system

A typical QEPAS experimental sensor system based on a wave-
length modulation technique is shown in Fig. 1 [80]. Due to the
intrinsic QTF feature of a high Q factor, a slow ramp signal, typi-
cally ~10 to 100 mHz, was applied to the laser driver to tune the
laser emission wavelength to cover the absorption line of a tar-
geted analyte. A sinusoidal dither signal was added to the laser dri-
ver to modulate the laser wavelength with the modulation
frequency of fo/2, where f; was the QTF resonance frequency. The
laser emission was focused between the QTF prong spacing by a
fiber collimator or a focusing lens [81-83]. Any laser illumination
on the QTF surfaces or prongs results in undesirable background
noise. The QEPAS spectrophone was enclosed in a gas cell in which
both the pressure and the gas flow rate can be controlled. An
empirical gas flow rate in the QEPAS cell is <200 standard cubic
centimeter per minute (sccm) in order to avoid flow noise. The
sound wave, induced by the photoacoustic effect upon gas absorp-
tion, forces the QTF prongs to vibrate at its resonance frequency.
The QTF output signal was processed first by a transimpedance
pre-amplifier and then directed to a lock-in amplifier [81]. The
lock-in amplifier operated in the 2f mode to demodulate the sig-
nals which were related to the target analytes. The signals from
the lock-in amplifier can be collected by a DAQ (data acquisition)
card and recorded by a personal computer. For incoherent light
sources whose emission wavelength cannot be tuned, an ampli-
tude modulation technique was applied to the QEPAS system, in
which the light sources were modulated at the QTF resonance fre-
quency fo and the lock-in amplifier demodulated the QTF signal in
the 1f mode [14-17].

3. QEPAS spectrophone employing standard QTFs

Commercially available standard watch QTFs usually have the
resonance frequency of 32.7 kHz and are enclosed in two kinds
of metallic encapsulation in diameter x length: 3 x 8 mm and 2
x 6 mm. The 3 x 8 mm standard QTF with U-shaped crystal
dimensions of 6 mm (length) x 1.4 mm (width) x 0.2 mm (thick-
ness) and a QTF prong spacing of ~0.2 mm is widely used because
of its larger prong spacing. Another commercially available QTF
with lower resonance frequency of 30.72 kHz and nearly the same
geometry was also employed in a QEPAS system reported by Ma
[84-88]. The QEPAS signal is inversely proportional to the modula-
tion frequency according to Eq. (1). Hence the QEPAS detection
sensitivity can be improved by using QTFs with a lower frequency.

3.1. On-beam QEPAS configuration
The sound wave induced by the excitation of a laser beam is
cylindrical with a relatively small amplitude. A linear equation

can be used to describe the propagation of the photoacoustic sound
wave [89]:

O?p(r,t) — v*V2p(rt) = (6 — 1)9H(r,t) (2)
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Fig. 1. Schematic of a typical QEPAS sensor system.

where p, v, ¢ and H are the sound pressure, velocity, the adiabatic
coefficient of the gas, and the heat density deposited in the gas by
light absorption, respectively. The sound wave propagation under-
goes an attenuation of several centimetres due to air damping.
However when the gas is confined within an acoustic resonator,
the sound wave amplitude may increase considerably because of
the constructive interference caused by the boundaries. Cylindrical
micro tubes can be configured with the QTF acting as an AmR to
enhance the photoacoustic signal.

Fig. 2(a) depicts the combination of a QTF with an AmR con-
sisting of a pair of tubes made of stainless steel or silica [94].
The tubes are assembled perpendicularly to the QTF plane and
positioned as close to the QTF as possible, but avoiding touching
the QTF. Theoretical simulation and experimental studies verified
that the optimal distance between the end of the tube and the
QTF plane was ~20 pum [90]. The overall length of the AmR, con-
sisting of two tubes, separated by the QTF, was set to half of the
sound wavelength / in order to create a pressure antinode for the
QTF prong spacing [4]. However, the presence of a QTF between
the two 4/4 AmR tubes distorts the AmR acoustic resonances
and reduced the QEPAS signal amplitude [13]. The AmR with an
ideal but non-matched tube length acted simply as a confinement
of the sound wave and did not exhibit a pronounced resonant
behaviour. The pressure distribution profiles in AmRs are shown
in Fig. 3. Two perfect first longitudinal resonances for two inde-
pendent /2 tubes are generated when the two tubes are sepa-
rated and where each tube behaves as an independent
resonator, as shown in Fig. 3(a). When the two tubes are
attached, the tube pair behaves as a single half-wavelength
AmR with a full length of 1/2 (see Fig. 3(d)). Their gap is approx-
imately equal to the thickness of the QTF crystal, ~200 pm and
the two resonators become coupled and the pressure profiles
overlap (see Fig. 3(b)). Such an overlapped pressure profile corre-
sponds to a sound pressure distribution in the on-beam QEPAS
configuration. The optimum length of each tube is between /4
and 4/2. Therefore, an optimized AmR tube can produce quasi-
resonant standing sound waves in the AmR and significantly
improve the QEPAS spectrophone performance [91,95]. In an opti-
mized configuration, the QEPAS detection sensitivity in terms of
signal-to-noise ratio (SNR) increases ~30 times when the AmR
tubes with the inner diameter of 0.6 mm are cut to a 4.4 mm
length in order to match the QTF resonance frequency at pres-
sures between 400 and 800 Torr [13].

The laser focus position h (see Fig. 2(b)) has an impact on the
QEPAS signal amplitude and phase. In order to maximize
the moment of force but avoid that the sound waves leak from
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Fig. 2. Schematic diagram of an on-beam QEPAS spectrophone.
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Fig. 3. Sound wave pressure distribution profiles in the AmRs [110].

the QTF prong spacing, the optimal laser focus position with
respect to the QTF opening was investigated using a bare QTF with-
out an AmR, which shows an optimal h of ~0.7 mm [92]. However,
the coupling effect between the QTF and AmR changes the optimal
laser focus position h for a bare QTF. An experiment was imple-
mented to scan the AmR position of the on-beam QEPAS spectro-
phone along the QTF symmetry axis in order to study the
position effect of the AmR. The obtained QEPAS detection SNR indi-
cated that an optimal position to configure the AmR is not h = 0.7
mm, but a flat peak area between y=0.06 and y=1.36 mm, as
shown in Fig. 4 [93].

A double AmR QEPAS spectrophone was developed by Dong,
based on the fact that there is a wide sensitive area along the
QTF prong that is sufficient to accommodate two sets of AmRs
[96]. The double AmR spectrophone configuration employed two
AmRs to construct two detection channels according to the ‘on-
beam’ QEPAS approach, as depicted in Fig. 5. Each AmR was formed
by two thin stainless tubes and was coupled to the QTF via excited
sound waves in the gas contained inside the AmR tubes. The dou-
ble AmRs provided two independent detection channels that allow
optical signal addition or cancellation and facilitated rapid multi-
gas sensing measurements. Energy combination of two lasers
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Fig. 5. Schematic diagram of a double AmR QEPAS spectrophone [96].

was demonstrated by using two distributed feedback (DFB) lasers
to excite the two AmRs simultaneously for HO detection. Two
laser beams passed through the two AmRs from both sides, respec-
tively, thereby avoiding laser beam combination. The double AmR
spectrophone configuration exhibited a strong acoustic coupling
between the AmR and the QTF, which resulted in a lower Q factor
value. Since the QEPAS sensor response time t is proportional to the
Q factor t = Q/f, the double AmR QEPAS spectrophone resulted in a
~5 ms response time.
As a variation of the double AmR QEPAS spectrophone, a right-
angle prism was positioned behind the double AmR QEPAS spec-
trophone, reflecting the incident laser beam and doubling the opti-
cal pass through the QTF prongs to produce a second acoustic
excitation [97]. The resonance enhancement factor of each AmR
was 16 and 12, respectively, with an AmR inner diameter of 0.48
mm. The performance of the improved double AmR QEPAS spectro-
phone was enhanced by a factor of 22.4, compared to a bare QTF
without an AMR.

Position, mm

Fig. 4. QEPAS detection SNR as a function of the position y for different AmRs [96].

3.2. Off-beam QEPAS configuration

465

An off-beam QEPAS (OB-QEPAS) spectrophone configuration,
depicted in Fig. 6, was theoretically and experimentally investi-
gated by Liu and Yi [98-100]. In the OB-QEPAS spectrophone, the
laser beam is directed through a novel AmR with a slit in the mid-
dle and the QTF is placed adjacent to the AmR for the off-beam
detection of the sound waves induced by the photoacoustic effect
in the AmR. According to the one-dimensional sound wave theory,
the antinode of the sound wave longitudinal mode is located at the
middle of the AmR with respect to an ideal AmR length of ~4/2.
The QTF was placed as close as possible to the slit of the AmR,
but avoiding the QTF contacting the AmR in order to maximize

the coupling of the sound energy.

R=-0.04546 +0.232 x ID. A maximum QEPAS signal

Detection of water vapour absorption in air was performed for
optimization and evaluation of the OB-QEPAS spectrophone.
Dependence of the OB-QEPAS signal upon the AmR length L and
the inner diameter (ID) was experimentally investigated. The
AmR tubes with the ID ranging from 0.45 to 1.5 mm assembled
in the OB-QEPAS configuration were studied. The obtained optimal
ID-L ratio R can be calculated from the empirical expression
was

obtained when the AmR was positioned ~0.7 to 1 mm below the

infrared laser sources [31,37].

QTF opening. The distance between the AmR and the QTF and
the tube shape are optimized for detection sensitivity enhance-
ment. The OB-QEPAS has a 1.6-1.7 times lower detection sensitiv-
ity than that of the on-beam QEPAS [99]. However the OB-QEPAS
configuration is more flexible in terms of the QTF geometry. The
OB-QEPAS spectrophone is usually used in the application of
broadband laser diodes (LDs) or light emitting diodes (LEDs) [14-
16], fibre erbium doped fibre amplifier (EDFA) [101], and mid-
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Fig. 6. Schematic diagram of an off-beam QEPAS spectrophone [13].

The off-beam QEPAS configuration has an alternative T-shape
QEPAS spectrophone configuration, which was theoretically anal-
ysed and experimentally investigated by Yi [102,103]. The T-
shape QEPAS spectrophone consists of a long main tube and a short
branch tube as shown in Fig. 7. The short branch tube is perpendic-
ularly intersected by the main tube in the middle. The QTF is
placed at the end of the branch tube to acquire the photoacoustic
waves in the off-beam configuration. An optimized geometry
design of the T-shape AmR produced a high acoustic coupling effi-
ciency, with the Q factor of the QEPAS spectrophone decreasing
from ~10,000 (for a bare QTF) to ~5000 (for the T shape QEPAS
spectrophone). The QEPAS spectrophone based on a T-shape AmR
improves the detection sensitivity by a factor of >30 with respect
to a bare QTF, which is comparable to the on-beam QEPAS spectro-
phone, while keeping the advantages of the off-beam QEPAS spec-
trophone. A 3.38 um distributed feedback laser in combination
with a QEPAS spectrophone based on T-shape AmR, capable of
simultaneous monitoring of multi-species, was reported by Yi
[103].

3.3. Multi-QTF QEPAS configuration

A multi-QTF enhanced QEPAS (M-QEPAS) spectrophone,
depicted in Fig. 8, consisting of two QTFs was first reported by
Ma [104]. Instead of a single QTF in traditional QEPAS spectro-
phone, an M-QEPAS spectrophone was developed to increase the
signal strength by the superposition of QEPAS signals obtained
by each QTF. In the M-QEPAS spectrophone, the two QTFs were
mounted in parallel and in opposite directions for a convenient
spatial arrangement. In order to evaluate the performance of the
M-QEPAS spectrophone, a 1.39 um DFB laser was used to target a
H,0 absorption line. The resonance frequency of the multi-QTF is
32757.3 Hz which is the compromise between QTF; ~ 32756.9 Hz
and QTF, ~ 32757.9 Hz. The Q factors of QTF;, QTF, and multi-
QTF spectrophone are 5939, 5898 and 5327, respectively.

The impact of distance between the two QTFs on the QEPAS sig-
nal amplitude and phase was studied and shown in Fig. 9. With
increasing distance between the two QTFs, the QEPAS signal ampli-
tude and phase increase. When the distance was >600 pm, the
QEPAS signal was no longer impacted by the distance between
the two QTFs. The observed phase shift can be attributed to the
coupling of the acoustic wave fields between the two QTFs. The
optimized M-QEPAS spectrophone demonstrated a signal ampli-
tude of 1.32 mV which is 1.7 times higher than that of QTF; and
QTF>.

The M-QEPAS spectrophone with an on-beam configuration
was reported by Zheng et al. [105]. Two types of AmRs were added
to the multi-QTF based QEPAS spectrophone to enhance the signal
amplitude and were experimentally investigated as shown in

Fig. 7. Schematic diagram of the T-shape QEPAS spectrophone.

Fig. 8. Schematic diagram of the multi-QTF enhanced QEPAS spectrophone.

Fig. 10. In Fig. 10(a), two QTFs were positioned in parallel with a
gap distance of 20 pm. Two stainless steel tubes were positioned
closely on the one side of each QTF assembled in the on-beam con-
figuration. The distance from each QTF opening to the center of the
AmR was 0.7 mm. In Fig. 10(b), an additional QTF was added to a
traditional on-beam spectrophone. The two kinds of QEPAS spec-
trophone based on multi-QTF show comparable performance when
detecting atmospheric H,O and a signal enhancement of 1.6 times
compared to the traditional on-beam QEPAS spectrophone based
on a single QTF.

4. QEPAS spectrophone employing a custom QTF

One of the technical issues of the QEPAS technique is that the
excitation laser beam must ‘clearly’ pass through the ~300 pum
prong spacing of commercially available standard QTFs. In 2013,
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Fig. 10. Schematic diagram of the multi-QTF enhanced on-beam QEPAS spectro-
phone [105].

a custom-made QTF with a prong spacing of 1 mm was employed
in a QEPAS sensor operated in the THz wavelength by Borri and
Spagnolo et al. [47]. Due to the long wavelength and the larger
beam spatial shape of THz laser sources, it was challenging to col-
limate the THz beam through the standard QTF prong spacing
without touching the QTF. Hence, custom QTFs with larger prong
spacing were designed to accommodate THz laser sources [106-
108].

4.1. On-beam QEPAS configuration for custom QTFs

A QEPAS spectrophone employing a custom QTF with a prong
spacing of ~800 um assembled in an on-beam configuration was
first reported by Wu et al. [109]. Standard photolithographic tech-
niques were used to etch the custom QTF, starting from z-cut
quartz wafer. Chromium/gold contacts were deposited on both
sides of the QTF. The custom QTF has similar geometry of standard
commercial QTF but possesses a ~5 times larger size. A comparison
of the QTF geometrical and electrical parameters is shown in
Table 1.

Similar to the traditional on-beam QEPAS spectrophone based
on a standard QTF (see Fig. 2(a)), a pair of stainless steel tubes with
an inner diameter of 1.3 mm was assembled with a custom QTF.
The optimum vertical working distance h from the QTF opening

to the center of the AmR (see Fig. 2(b)) was 1.2 mm. The expected
optimum AmR length was between the 2/4 and /2, where the
sound wavelength 4 is ~47 mm calculated from the custom QTF
resonance frequency of 7.2 kHz. The performance of a QEPAS spec-
trophone with an AmR length that varied from 8.4 mm to 23 mm
was evaluated. When the overall length of the AmR reached 46
mm, the detection sensitivity of the spectrophone was enhanced
~40-fold compared to a bare custom QTF without an AmR. How-
ever, the overall length of the AmR is close to ~4 =47 mm, which
is >5 times longer than the AmR used in the traditional on-beam
QEPAS spectrophone based on a standard QTF.

4.2. Single-tube on-beam QEPAS configuration for custom QTFs

A QEPAS spectrophone with a single-tube AmR inserted
between the prongs of the custom QTF was developed by Zheng
et al. [110]. The single-tube on-beam QEPAS (SO-QEPAS) configu-
ration is shown in Fig. 11. The SO-QEPAS spectrophone configura-
tion can be implemented because of the large prong spacing of the
custom QTF to accommodate the AmR and thus avoiding the cut-
ting of the AmR into two pieces. The prong spacing of the used
QTF was ~800 um and the waist of the AmR was machined to
<800 um. A sharp blade was used to open a pair of slits with a
width of ~90 pum on each side of the tube waist symmetrically in
the middle of the AmR where the acoustic pressure antinode is
located.

Fig. 3(c) depicts the pressure distribution profile of the SO-
QEPAS AmR. Compared to the on-beam QEPAS spectrophone with
the pressure distribution shown in Fig. 3(b), the behaviour of the
SO-QEPAS AmR is similar to that of an ideal one dimensional
acoustic resonator. By avoiding the use of two independent res-
onator tubes, a higher acoustic coupling efficiency and a higher
sound wave pressure in the QTF prong spacing were obtained.
The AmR outer/inner diameters and lengths were optimized for
three different resonators. An AmR with an outer diameter of 0.9
mm (which is larger than the QTF prong spacing), an inner diame-
ter of 0.65 mm (which is smaller than the QTF prong spacing) and a
length of 38 mm has the optimum sensor performance. The
obtained optimum detection SNR compared to the bare custom
QTF has a gain factor of 128. With respect to a traditional on-
beam spectrophone with a 46 mm AmR, the SO-QEPAS signifi-
cantly reduces the spectrophone size by 17%, thereby facilitating
the laser beam alignment.

4.3. Overtone resonance enhancement of custom QTFs

The resonance frequencies f, of a QTF in-plane flexural mode
can be related to its geometrical parameters and quartz properties
by the following equation:

nT E,
fn - SmLz \/;n (3)
where p, E, L, T are the density, Young’s modulus, length and width
of the QTF, respectively. When n is 1.194 and 2.988, f,, corresponds
to the fundamental and first overtone resonance frequency, respec-
tively. A QTF with a prong length L =17 mm and prong spacing of
700 pm was designed and the fundamental resonance frequency
of the QTF was reduced to ~3 kHz, which is one order of magni-
tude < the resonance frequency of a standard QTF. The ~3 kHz fun-
damental resonance frequency resulted in a low first overtone
resonance frequency of 17.7 kHz. Electro-elastic QTF characteriza-
tion showed that the QTF geometry design provides a high Q factor
of 31,373, when operating in the first overtone resonance, which is
~2.5 times higher than that when operating in fundamental reso-
nance. Based on the above-mentioned fact, a QEPAS spectrophone
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Table 1
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Geometrical and electrical parameters of a custom QTF and a standard QTF.

Prong parameters

Electrical parameters

Spacing (pm) Length (mm) Width (mm) Frequency (Hz) Q factor Resistance (kQ)
Standard QTF 0.3 3.8 0.6 32,768 12,000 120
Custom QTF 0.8 10 0.9 7205 8536 286

Fig. 11. Schematic diagram of the single tube on-beam QEPAS spectrophone [110].

based on a custom QTF operated in the first overtone resonance
mode was developed by Sampaolo et al. [111]. To evaluate the
QTF acousto-electric energy conversion efficiency, a DFB laser was
used to target the H,O absorption line in the near-IR wavelength
range. The laser beam was focused between the QTF prongs by a
lens with a focal length of 40 mm and the laser focal position was
scanned along the QTF symmetry axis. The obtained QEPAS signal
amplitude versus the laser focus position d is shown in Fig. 12.
For the fundamental resonance, the signal amplitude showed a nor-
malized peak value of ~0.18 at d = 15 mm. However, for the first

overtone resonance, the signal amplitude showed two peak values
at d =7.5 mm and 15 mm respectively and the amplitude obtained
at d = 7.5 mm was ~5.3 times larger than the peak value obtained
by the QTF fundamental resonance.

An overtone resonance enhanced single-tube on-beam QEPAS
was developed by Zheng et al. by assembling a single tube AmR
at the first overtone resonance antinodes of the custom QTF
[112]. Due to the high overtone resonance frequency, the optimal
AmR length was 14.5 mm, only 5 mm longer than that of a com-
mercial 32 kHz QTF.

A dual gas QEPAS spectrophone was developed by Wu et al. to
use only one QTF in order to detect two different gases simultane-
ously [113]. The realization of dual gas detection was based on the
frequency division multiplexing of the QTF fundamental and first
overtone resonance frequencies. As shown in Fig. 13, two lasers
whose emitting wavelength targeted C,H, and H,O respectively
was used to simultaneously excite a custom QTF. The two lasers
were focused at d = 15 mm and 7.5 mm which corresponds to the
two vibration antinode points for the fundamental resonance and
the first overtone resonance mode, respectively [114]. The output
of the QTF was directed to a transimpedance pre-amplifier with a
resistance of 10 MQ and then processed by two lock-in amplifiers
connected in parallel for 2f detection. The two lock-in amplifiers
demodulated the QEPAS signal in the fundamental resonance fre-
quency and first overtone resonance frequency, respectively, to
retrieve the information of the two absorbing gas analytes. As a
result, dual gas detection of 500 ppm C,H; and a 1.6% water vapour
gas mixture in pure N, was realized by the dual gas QEPAS spectro-
phone based on the frequency division multiplexing technique.

4.4. Double-antinode excitation for custom QTFs

A double antinode excited QEPAS (DAE-QEPAS) spectrophone
employing a custom QTF operated in the first overtone resonance
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Fig. 12. QEPAS signal amplitude as a function of laser focus distance d from the QTF support [111].
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Fig. 13. Schematic of a dual-gas QEPAS sensor system based on a QTF combined
vibration in fundamental and 1st overtone resonance modes. TA: transimpedance
amplifier [113].

mode was reported by Zheng [115]. Two sets of AmR were config-
ured at two antinodes of the QTF first overtone resonance. A reflec-
tor and an optical fibre circulator were employed to realize three
optical passes by using only a single laser source. The experimental
setup is depicted in Fig. 14.

A 1.37 um DFB laser was employed to target an H,O absorption
line to evaluate the spectrophone performance. A fiber coiled
piezoelectric transducer (PZT) was used to compensate the phase
shift between the two antinodes. Two thin stainless steel tubes
were assembled in an on-beam configuration at two antinodes of
the QTF first overtone resonance. With an AmR inner diameter of
1.3 mm, a length of 8.5 mm, the DAE-QEPAS spectrophone realized
a Q factor of 7790 with respect to the bare QTF Q factor of 12,770
and attained a detection sensitivity of ~100 times with respect to
that of a single antinode excited bare custom QTF without an AmR.
The DAE-QEPAS configuration minimized the spectrophone power
consumption as well as opened a new approach for optical bal-
anced detection.

5. Conclusions

This paper is a review of the development of QEPAS spectro-
phones employing both commercially available standard QTFs as
well as custom made QTFs. The review of the QEPAS spectrophone
employing standard QTFs focused on both on-beam and off-beam
mode AmR configurations. The on-beam spectrophone configura-
tion allowed the laser beam to pass through the QTF prong spacing
in order to produce a sound source between the QTF prongs. A pair
of AmR was assembled perpendicularly to the QTF plane to confine
the sound waves. Both the AmR diameters and length influenced
the spectrophone performance. The optimization was studied both
theoretically and experimentally in order to improve the on-beam
QEPAS spectrophone. For the off-beam spectrophone configuration
the advantage is that the QTF is positioned adjacent to the AmR.
The off-beam spectrophone configuration enables the laser pho-
toacoustic effect to generate sound waves to drive the QTF prongs
without passing through the QTF prong spacing and which there-
fore simplifies laser beam alignment. However the acoustic cou-
pling efficiency of the off-beam spectrophone configuration was
found to be lower than the on-beam spectrophone configuration.
Custom QTFs with >2 times larger prong spacing and lower reso-
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i 1
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Fig. 14. Schematic of the DAE-QEPAS experimental setup [115]. OC: optical
circulator; PZT: piezoelectric transducer; HVA: high voltage amplifier; PM: power
meter; PA: pre-amplifier.

nance frequency than standard QTFs were designed in order to
eliminate the requirement of high laser beam quality. By use of
custom QTFs, laser sources with limited beam quality, such as
THz laser sources and broadband laser diodes, were applied to
the QEPAS spectrophone. Benefiting from the large prong spacing
of the custom QTF, an AmR was assembled for the custom QTF in
the on-beam configuration in order to achieve a higher spectro-
phone performance. A challenge to the QEPAS spectrophone
employing custom QTFs was caused by the low resonance fre-
quency of custom QTFs. A lower resonance frequency f resulted
in a longer sound wavelength 4, which meant a longer AmR, which
reduced the advantage of a custom QTF in laser beam alignment.
The single-tube, on-beam QEPAS configuration effectively solved
the challenge of a large prong spacing and a lower resonance fre-
quency of a custom QTF. The large prong spacing of the custom
QTF accommodated a single tube AmR inserted between the QTF
prongs, avoiding separating a tube into pieces in a conventional
on-beam QEPAS configuration. Due to the more effective resonance
coupling effect between the QTF and the AmR, the use of a single
tube AmR not only reduces the AmR length but also enhances
the detection sensitivity of the QEPAS spectrophone. A new custom
QTF design enabled the use of a QTF overtone resonance vibration
resulting in improved QEPAS spectrophone performance. The
lower fundamental resonance frequency of a lower overtone reso-
nance of ~17 kHz was suitable for trace gas detection. The opti-
mized QTF geometry design made it possible that the Q factor of
the QTF’s first overtone resonance was two times higher than its
fundamental resonance. The combination of the single-tube on-
beam configuration and the QTF overtone resonance enhancement
resulted in an improved QEPAS detection sensitivity and a more
compact spectrophone structure. The excitation of two antinodes
of the QTF's first overtone resonance can further improve the
QEPAS spectrophone performance. A frequency division multiplex-
ing technique based on the QTF combined vibration of the funda-
mental and first overtone resonance modes was developed for
simultaneous dual gas detection. Another effective way to boost
the QEPAS detection sensitivity significantly is to couple the QTF
into a high-finesse power build-up cavity [116-118]. Improvement
in detection sensitive can be made by optimization of the octupole
gold pattern configuration of the QTF. Furthermore, an optimized
custom QTF can be used in calibration-free beat frequency QEPAS
for measuring ultra-low gas concentration levels with short aver-
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aging times by detecting the beat frequency signal of the QTF and
demodulating the signal at a non-resonance frequency of the QTF
[119].
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