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In this paper, an on-beam quartz-enhanced photoacoustic spectroscopy (QEPAS) sensor based on a custom quartz
tuning fork (QTF) acting as a photoacoustic transducer, was realized and tested. The QTF is characterized by a
resonance frequency of 28 kHz, ~15% lower than that of a commercially available 32.7 kHz standard QTF. One-
dimensional acoustic micro resonator (AmR) was designed and optimized by using stainless-steel capillaries. The
28 kHz QTF and AmRs are assembled in on-beam QEPAS configuration. The AmR geometrical parameters have
been optimized in terms of length and internal diameter. The laser beam focus position and the AmR coupling
distance were also adjusted to maximize the coupling efficiency. For comparison, QEPAS on-beam configurations
based on a standard QTF and on the 28 kHz QTF were compared in terms of H,O and CO, detection sensitivity. In
order to better characterize the performance of the system, Hy0, CoHz and CO2 were detected for a long time and
the long-term stability was analyzed by an Allan variance analysis. With the integration time of 1 s, the detection
limits for H20, CoHy and CO4 are 1.2 ppm, 28.8 ppb and 2.4 ppm, respectively. The detection limits for H»0,
CoH; and CO; can be further improved to 325 ppb, 10.3 ppb and 318 ppb by increasing the integration time to
521 s,183sand 116 s

normalized noise equivalent absorption coefficient up to ~1071'w
em ™! Hz™Y/?, offering in addition immunity to ambient acoustic noise

1. Introduction

Quartz-enhance photoacoustic spectroscopy (QEPAS), as a variant of
photoacoustic spectroscopy (PAS), has been boomingly developed for
trace gas detection during the past two decades [1]. The principle of PAS
is that light sources were modulated to excite the molecules from ground
state to excited states periodically. The deexcitation of molecules by
vibration-translation (V-T) relaxation generates a periodical heating
which further translates to acoustic waves [2]. A microphone was
typically used as a transducer to convert acoustic waves to electrical
signals. In QEPAS, a quartz tuning fork is employed as a highly sensitive
optoacoustic transducer to detect the sound waves generated by the
modulated excitation of the gas sample [3]. Indeed, as a piezoelectric
acoustic transducer, QTF can convert the acoustic waves into electrical
signals by the piezoelectric effect [4]. The employing of QTF results in
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and capability to operate with acoustic detection modules having vol-
ume of a few mm°® [5-7].
The QEPAS signal is given by the following equation:

Q-P-a

Sox=—
Jo

@

where S, P and «a are the signal amplitude, laser power and absorption
coefficient of molecules, respectively [8]. Q and fy are the quality factor
and resonance frequency of the QTF. Since 2002, most of the QEPAS
sensing demonstrations have been performed using a standard QTF with
a resonance frequency of 32768 Hz, the one used in clocks or watches
for timing purposes. Operating at this high resonance frequency makes
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Fig. 1. Resonance curves measured for the 28 kHz QTF and a standard QTF.

Table 1
The electrical parameters of the 28 kHz QTF and standard QTF.

Type Resonance (Hz) Q factor Resistance (kQ)
28k QTF 27,988.6 7730 202.5
Standard QTF 32,757.5 9726 130.7

Gas in l

MFC ’—«

Gas out I

Pressure
control

(o)

- I e

| QTF

/L NN BT <.

Ramp Sine PC
Function ﬂ
generator

Fig. 2. QEPAS experimental setup based on 28 kHz QTF. DFB: distributed
feedback; MFC: mass flow controller; QTF: quartz tuning fork; TA: tran-
simpedance amplifier.

Reference

the QEPAS technique almost immune to 1/f noise and environmental
acoustic noise. However, a stringent condition for PAS which has to be
taken into account is that the molecular relaxation time t should be
much shorter than the modulation period, i.e., T < 1/f [9], otherwise a
signal amplitude reduction or phase shifts of the photoacoustic signal is
expected. Indeed, when using a standard QTF for detection of molecules
with a slow V-T relaxation, a signal amplitude reduction or phase shift
always occurs [5].

To obtain higher QEPAS signals, custom QTFs with lower resonance
frequencies were developed for QEPAS system since 2014 by Spagnolo
et al. [10-14]. The availability of custom QTFs with a large prong
spacing opened the way to the employment of high-power fiber--
amplified near-IR lasers and THz lasers in QEPAS system [15-17,26],
thanks to the reduction of the photothermal background noise caused by
portion of the laser beam hitting the QTF, due to the poor beam quality
of these laser sources. Several other breakthroughs in QEPAS develop-
ment have been demonstrated using custom QTFs. Borri et al. used a
distributed feedback quantum cascade laser for intracavity QEPAS
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sensor [18]. Patimisco et al. [19] and Sampaolo et al. [20] exploited
custom tuning fork overtone modes for QEPAS detection. Wu et al.
developed a sub-ppb level H,S sensor based on custom tuning fork with
large prong spacing [21]. Zheng et al. developed the single tube
on-beam QEPAS (SO-QEPAS) configuration to improve the detection
SNR by > 100 times for CO5 detection [22]. Wang et al. developed a
fiber-ring laser intracavity QEPAS gas sensor using a 7.2 kHz quartz
tuning fork [23]. Giglio et al. designed two highly sensitive and easily
interchangeable spectrophones based on custom quartz tuning forks
[24]. Sun et al. realized ppb-Level CO detection in a SFg gas matrix
exploiting a T-Grooved custom tuning fork [25]. Duquesnoy et al.
demonstrated a normalized noise equivalent absorption (NNEA) of
3.7 x 107° W ecm ™! Hz~'/2 for CO,, detection by using of custom tuning
fork [26]. Most recently, Zheng et al. reported that pilot line manufac-
tured custom quartz tuning forks with 28 kHz resonance frequency and
< 10 ppm frequency shift for gas detection [11].

In order to improve the QEPAS sensor performance, acoustic micro-
resonators (AmR) are configured with a QTF to confine the sound waves
and increase the signal amplitude [27]. AmR can be coupled with QTF in
different configurations [28], being on-beam QEPAS [29] and off-beam
QEPAS [30] the most commonly used configurations. The on-beam
configuration produces strong signal-to-noise enhancement, the
off-beam configuration avoids laser beam focusing through the QTF
prongs, making easier the alignment and removing any background
noise due to QTF illumination by the laser beam [31].

In this manuscript, an on-beam configuration was developed and
optimized for a 28 kHz custom QTF. A pair of thin stainless-steel cap-
illaries were assembled on each side of the QTF forming a one-
dimensional acoustic resonator [32]. The length, inner diameter, and
coupling position of the AmR were optimized in detail to improve the
QEPAS sensor performance. The QEPAS sensor performance basing on
standard 32.7 kHz QTF and 28 kHz QTF were compared by detecting
molecules (H;O and CO,) with different vibration-transition (V-T)
relaxation times. Finally, the developed QEPAS sensor based on 28 kHz
QTF was used for Hy0, CO2 and CyHs detection respectively. Allan
variance was carried out to demonstrate the good long-term stability of
the developed sensor.

2. Characterization of 28 kHz quartz tuning fork

Several 28 kHz QTFs were produced by custom pilot line as reported
in our most recent publication [11]. The prongs length and thickness are
3.3mm and 0.35 mm, respectively. The prongs spacing was set to
0.2 mm and the crystal thickness 0.4 mm. The electrical parameters of
custom made 28 kHz QTF and standard 32.7 kHz QTF were compared.
The electrical parameters were measured by using the system described
in our previous publication ref [4] with a dedicated LabVIEW program.
A sine signal with the bias voltage of 2 V and the peak-to-peak amplitude
of 0.317 V was generated by a function generator (AFG3102, Tektronix)
to drive the QTF. A lock-in amplifier (model SR830 DSP, SRS) was used
for demodulation of the QTF output signal. The frequency of the sine
signals was scanned from 27,970 Hz to 28,010 Hz and from 32,740 Hz
to 32,780 Hz with a step of 0.2 Hz for 28 kHz QTF and standard QTF,
respectively. Resonance curves of the 28 kHz QTF and standard QTF are
shown in Fig. 1. The resonance frequency fy, the quality factor Q and the
equivalent resistance R obtained from the Lorentz fitting are listed in
Table 1. The resonance frequency fy of 28 kHz QTF resulted 27,
988.6 Hz, ~14.5% lower than that of the standard QTF. Referring to Eq.
(1), this reduction of the resonance frequency should benefit the QEPAS
signal. The full width at half maximum (FWHM) of two QTFs’ resonance
curve are similar (~3.3 Hz), as a result the 28 kHz QTF shows a ~ 20%
lower Q factor with respect to the standard QTF.

3. Experimental setup

To evaluate the gas sensing performance of 28 kHz QTF, we
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Fig. 3. (a) Position relationship between QTF and laser beam (b) Normalized QEPAS signal amplitude as the function of laser focus position depth.
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Fig. 4. The schematic diagram of on-beam QEPAS spectrophone.
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function of

employed the QEPAS experimental setup shown in Fig. 2. The second
harmonic modulation method was exploited to improve the detection
signal-to-noise ratio (SNR). The function generator (AFG3102) was used
to generate a sine frequency with a frequency of fo/2. A triangular signal
with the frequency of 0.02 Hz and the sine signal were fed to the laser
driver (Thorlabs CLD1015). The laser emission wavelength can be
changed by controlling the injection current and the heat sink temper-
ature. The modulated laser beam was focused by a fiber concentrator
(OZ Optics). The focal length was 1 cm with a beam waist of ~0.1 mm.
The laser beam passed through a window and focuses between the
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Fig. 6. Normalized QEPAS spectra obtained by using an AmR ID of 0.4 mm,
0.6 mm and 0.8 mm respectively.
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Fig. 7. Normalized signal amplitude as a function of the distance D between the
microresonator tubes and the QTF.

prongs of QTF. The acoustic waves generated by the photoacoustic effect
were collected by QTF and then converted into electrical signals [29].
The electrical signals passed to a custom made transimpedance pream-
plifier with a feedback resistance of 10 MQ, and the output signal was
finally demodulated by a lock-in amplifier (SR830). The filter slope and
time constant of the lock-in amplifier were set to 12 dB/Oct and 1 s,
respectively. The system control and data process were carried out by a
dedicated LabView program. All experiments in this work were carried
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Fig. 9. Comparison of QEPAS 2f signal based on 28 kHz QTF and standard QTF
when detecting CO».

out at room temperature and atmospheric pressure. The gas flow rate in
the system was set to 100 standard cubic centimeters per minute (SCCM)
by mass flow controller to avoid gas flow noise contributions.

4. Laser focus position effect of the 28 kHz QTF

The laser focus position with respect to QTF has significant impact on
signal amplitude, Q-factor and signal-to-noise ratio (SNR) in QEPAS
sensing [33,34]. Since 28 kHz QTF has a custom geometric size, the
optimal focus position needs to be identified to improve the sensor
performance. A DFB laser with a center wavelength of 1392 nm was
used to measure the water vapor QEPAS signal and optimize the laser
focus position. The laser temperature and injection current are set to
17.5 °C and 50 mA respectively to target the HyO absorption line at
7194.8 cm ™! with an absorption intensity of 3.07 x 10~2! cm/mol. The
water concentration was controlled at 1.8% by using Nafion humidifier
(PermaPure). The laser focus position was moved along the QTF sym-
metry axe, from the QTF prong top to its base. The relationship between
the normalized QEPAS signal amplitude and the laser focus position can
be seen in Fig. 3. The depth represented the distance of the laser focal
point from the QTF prong top, as shown in Fig. 3(a). As the depth
gradually increased from 0, the amplitude of the signal gradually
increased, then the QEPAS signal amplitude reached a maximum for a
depth of ~600 um. Since the laser beam must go through the AmR in
on-beam QEPAS configuration, the depth of 600 um was the height
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where we positioned the AmR.
5. Acoustic micro resonator design and optimization

The acoustic micro resonator (AmR) is a key component of the
QEPAS spectrophone [27]. The schematic diagram of on-beam QEPAS
spectrophone is shown in Fig. 4, where L is the length of each tube, ID is
the tubes inner diameter, OD is the tubes outer diameter, H is the dis-
tance of the AmR symmetry axe from the prongs base and D is the AmR
coupling distance. The coupling efficiency of AmRs and QTF strongly
influences the Q factor and resonance frequency of the QEPAS spec-
trophone, as well as determines the signal amplitude and phase of the
sensor.

According to the one-dimension acoustic resonator theory, the
geometrical parameters of pipe resonator determines standing wave
modes in the AmR [32]. In this section, the AmR length was optimized
firstly. The AmR length should be an integer multiple of the
half-wavelength of the sound wave. In this approximation, a nearly
complete reflection of a dominant mode sound wave occurs at the open
end of the resonator. However, in a resonator with an open end the
antinode of a standing sound wave is located slightly outside the tubes
end. The distance between the antinode and the tubes end is called
open-end correction (OEC). The OEC is due to the effect of the air sur-
rounding the resonator on the pressure field inside the tube [35]. As a
result, the optimal on-beam AmR length, made up by two single
stainless-steel capillary, should be < A/2. The exact value has been
determined experimentally. The AmR length was cut from 6 mm (1/2) to
3 mm (4/4) by numerical control machine tool. Each AmR was evaluate
in terms of the signal amplitude and the QTF quality factor Q. The
QEPAS signal amplitude and Q factor as the function of AmR length
obtained are shown in Fig. 5. For a length of AmR of 5.4 mm, the quality
factor Q decreased from 5978 to 2170, i.e., by more than 60%. A QTF is a
high-Q resonator, however, is not used as a standalone sound wave
detector, while it is acoustically coupled with an AmR. The acoustic
coupling of the QTF with low-Q resonator tubes leads to a reduction of
the overall spectrophone Q-factor due to an acoustic energy transfer
between the QTF and AmR, but also to a strong enhance in QEPAS signal
[29,36]. Under this condition, the QEPAS signal amplitude reached its
maximum value, 5.33 times and 1.6 times larger than that measured for
a length of 3 mm (4/4) and 6 mm (4/2), respectively.

With the AmR length of 5.4 mm, the distance D of ~ 20 ym and the
QTF thickness of ~0.35 mm, the total length of the on-beam spec-
trophone is determined to be ~11.2 mm. In order to allow the laser
beam to pass through the QEPAS spectrophone without touching the
QTF and AmR, the inner diameter (ID) of AmR needs to be large enough.
However, a too large resonator ID will reduce the sound enhancement
effect. As a result, there is an optimum AmR ID. The influence of the
AmR ID on the QEPAS signal amplitude can be seen in Fig. 6. For an
optimized tube length of 5.4 mm and coupling distance D of 20 um, the
signal amplitude obtained by an AmR ID of 0.6 mm was 15% higher than
the one measured for an ID = 0.4 mm and 45% higher than that ob-
tained for ID = 0.8 mm.

The coupling distance D between the QTF plane and AmR has also an
important influence on the QEPAS spectrophone performance. If AmR is
too close to QTF, the amplitude of the signal will decrease due to the
viscous damping. However, as the distance D increased, acoustic energy
would leak from the gap and weaken the acoustic coupling of AmR with
the QTF [37]. The optimized coupling effect can be achieved by finely
tuning the distance D. The relationship between the normalized signal
amplitude and the distance D can be observed in Fig. 7. The AmR length
and ID were set at the optimized values of 5.4 mm and 0.6 mm,
respectively. According to Fig. 7, when the coupling distance increased
from 40 ym to 80 um, the QEPAS signal amplitude also increases
reaching a peak value. Indeed, at larger distances 80 um the signal
amplitude decreased. With an optimum coupling distance D= 80 pm,
the obtained normalized amplitude was 8.7% higher than that measured



H. Lin et al.

Photoacoustics 25 (2022) 100321

6.0x10° — : . . . , , , .
E 18%H,0 :ﬂa | . 1.8% H,0
= 4.0x10° > PR ] =,
< " 1. & e ® ‘0.\ N
g [ 3 > .
2 B | g a1t i
@ 205107 ? 1 =
h or .lo 'E
L 0o . 1 X o
< r i . 1 /< White noise
- { % = ’
= ; = s
—] A A o N
<o, 3| | Optimum integration - _
20x10 (a) < 01k (d) Time=521s |
40 44 48 52 56 1 10 100 1000
Current (mA) Time (s)
100 | S ]
E 403107 49 6ppm C H, ‘f\. 1 = & 49.6 ppm C,H,
= 5% = .
= g * e 0
= 4 e b
202.0x107 - ¢ 1 § =
A 4 ' s
& $ ! =
7)) 0.0 e 0‘* | 5 10}
= f 1 a
hd —t tmum m[egrauon
= .’ % : Opti < {
Qom0+t (b) 1 = (e) Time =183 s
120 124 128 132 136 1 10 100
Current (mA) Time (5)
4:10‘ T T T T 10 T T T
~ 1000ppm CO,
= a0t O™, 1000ppmco, | F 2
& ' - =9 R
— ‘. X Q L N
S 2x10tf $ ° 1 =
20 $ j 2}
9 1x0tt I . 1 =
& ‘ * z
s o f 4 4
# =
= ¢ b = y o W
= 1x10t - .J . ] i- o1 Opn;num m;e;géranon
AT ime = s
o (o) N (®)
_leo-l L L L L L L L
120 124 128 132 136 1 10 100
Current (mA) Time (s)

Fig. 10. QEPAS 2f signals and Allan deviations measured for H,O, C;H, and CO, with the 28 kHz QTF-based QEPAS systems.

for D= 40 um. Thereby, the optimum AmR length, the ID and the
coupling distance for an on-beam QEPAS configuration based on a
28 kHz QTF resulted 5.4 mm, 0.6 mm and 80 um, respectively. With
these optimal parameters, a signal enhancement factor of ~28 was
achieved with respect to the bare 28 kHz QTF.

6. Comparison between 28 kHz QTF and standard QTF

When the modulation period is comparable with the molecular V-T
relaxation time, a reduction on signal amplitude or phase shift is ex-
pected [38]. Under this condition, QTFs with a lower resonance

frequency could improve the QEPAS performance. To compare the in-
fluence of the resonance frequency on QEPAS signal, QEPAS on-beam
configurations based on 28 kHz QTF and standard QTF have been
realized for the detection of Hy0 vapor and COg, i.e., a fast-and a slow-
relaxing molecule, respectively.
Fig. 8 shows the 2f signals of the QEPAS spectrophones based on
28 kHz QTF and standard QTF when detecting HoO. The injection cur-
rent of a 1.39 um DFB diode laser was tuned from 42 mA to 56 mA to
scan a HyO absorption. A function generator (Tektronix) was used to
modulate the laser while a lock-in amplifier (SRS) was used to retrieve
the QEPAS 2 f signal. The 28 kHz QTF was assembled in on-beam
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Table 2
The detection limit and NNEA of the CO,, CoH, and H,O based on different QTF
on-beam configuration QEPAS systems.

H,0 CoH, CO>
15.2 kHz / 94 ppb[40] /
QTF 273 x 107% em™!
W Hz 1/2
32.7 kHz 1.058 ppm[41] 2 ppm|[42] 18 ppm[43]
QTF 6.16 x 1078 cm™! 89x10 % cmt
W Hz 1/2 W Hz 1/2
30.7 kHz 4.3 ppm[44] 33.2 ppb” [45] /
QTF 354 x10 % em W
Hz 1/2
28 kHz 1.2 ppm [This 28.8 ppb [This paper] 2.4 ppm [This
QTF paper]3.1 x 10~° 1.1x10° em™ ' W paper]8.3 x 10~°

cm™! WHz 12 Hz /2 cm™! W Hz 12

@ power boosted by EDFA.

configuration with AmR length of 5.4 mm, ID of 0.6 and D of 80 pm,
while the standard QTF was assembled in on-beam configuration with
AmR length of 4.4 mm and ID of 0.6 mm, which resulted to be its
optimal spectrophone configuration [29]. With 1.8% H,O, the signal
amplitude obtained with standard QTF was 5.67 x 103V, ~10% larger
than that measured for the 28 kHz QTF. Being Hy0 a very fast relaxing
molecule [2], the QEPAS signal is slightly influenced by the difference in
resonance frequency between the two QTFs and the larger signal
measured with the standard QTF can be attributed to its higher Q factor.

Fig. 9 shows the 2f QEPAS signals measured with the 28 kHz QTF
and standard QTF when detecting CO-. A field-programmable gate array
(FPGA) control electronics unit (CEU) was used to drive and modulate a
2 pm diode laser and retrieve the 2f signal [39]. The unit of signal value
was the analog-to-digital converter (ADC) counts (cnt). Each cnt in the
signal obtained from the transimpedance preamplifier was equal to 1.8
nV rms. For CO,, the obtained signal measured with the 28 kHz QTF
QEPAS spectrophone resulted ~15% higher than that obtained with the
standard QTF. The observed behavior is mostly due to difference in
resonance frequency. Indeed, CO, molecules have quite slow V-T
relaxation rate compared to the HoO molecules [5]. As a result, the
QEPAS signal benefits from lower modulation frequency required by the
28 kHz QTF. Our results confirm that the 28 kHz QTF could show better
performance when detecting molecules with low V-T relaxation rate
such as CO5, NO,, CO etc.

7. Detection of Hy0, CoHs and CO,

To evaluate the performance of the 28 kHz QTF with on-beam
configuration, HyO, CoHy and CO2 molecules in Ny were detected. A
1.39 um DFB diode laser was used as the light source to cover the H,O
absorption line falling at 7194.8 cm™! with a line intensity of
3.07 x 1072! cm/molecule. A 1.53 um DFB diode laser was used to
cover the CaHy absorption line falling at 6534.3 em™! with a line in-
tensity of 1.21 x 10~2° em/molecule cm/molecule. A 2 ym DFB diode
laser was used to cover the CO; absorption line falling at 4990.0 cm ™!
with a line intensity of 1.32 x 10~2! cm/molecule.The concentration of
H,O was controlled by a Nafion humidifier with a pure Ny stream.
Certified gas mixtures containing 49.6 ppm CyH; in N3 and 1000 ppm
CO4 in N were provided by Dalian Date Gas Co. Ltd. The laser injection
current was tuned from 40 mA to 55 mA, from 121 mA to 135 mA, and
from 122 mA to 136 mA, to target the H>O, CoHy and CO, absorption
line, respectively. Fig. 10 (a), (b), (c) shows the QEPAS 2f signals
measured for HyO, CoHy and COy, The measured signal amplitude
resulted 5.16 x 103 V, 4.18 x 10~* V, and 3.23 x 10* cnt, respec-
tively. The noise level was evaluated by tuning the laser wavelength
away from the absorption lines. The obtained noise level for H,O, CoHs
and CO resulted 3.39 x 1077 V, 2.42 x 1077 V and 7.81 x 10 cnt,
corresponding to a signal to noise ratio of about 15,220, 1720 and 414
respectively. SNR is obtained by dividing the 2 f signal peak value by 1c
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noise. The detection limit was calculated by converting the noise level
into a gas concentration. The detection sensitivities were also reported
in Table 2. With an integration time of 1 s, the detection sensitivity for
H30, CoHy and COg resulted 1.2 ppm, 28.8 ppb and 2.4 ppm respec-
tively. A comparison of the detection limits and normalized noise
equivalent absorption (NNEA) coefficients achieved by this work and
other similar QEPAS sensors were reported in Table 2.

The minimum optical absorption coefficient detectable with a pho-
toacoustic sensor is determined by a photoacoustic signal to noise (SNR)
of 1. Usually, the noise is proportional to the detection bandwidth and
the photoacoustic signal is proportional to optical power, respectively.
As a result, the laser-independent value characterizing a photoacoustic
sensor is the NNEA, determined as the minimum optical absorption
coefficient multiplied by the optical excitation power and divided by the
detector bandwidth. NNEA can be expressed as [26]:

Pxa

NNEA =—"—°%
SNR x /AF

where P is the average optical power, « is the gas absorption coefficient,
Af is the detection bandwidth, and SNR is the detection signal to noise
ratio, respectively. Considering a detection bandwidth of 0.25 Hz, the
calculated NNEA of the developed sensor for HyO, CyHy and COs ,
result 3.1 x 1072 em™ WHz 2 1.1 x10™° em™! W Hz 2 and
83x10%em™W Hz’l/z, respectively.

Allan deviation was performed to evaluate the long-term stability of
the developed sensor. The standard deviation decreased as the integra-
tion time increased, indicating that the John White noise dominates in
the QEPAS system. The optimum integration time for HyO, CoHy and
CO3 detection resulted ~521's, ~183 s and ~116 s respectively. With
these optimal integration times, detection limits of ~325 ppb, ~10.3
ppb and ~318 ppb were achieved for HoO, CaHs and CO5 respectively.

8. Conclusions

In this paper, an on-beam quartz-enhanced photoacoustic spectros-
copy sensor based on a 28 kHz QTF was demonstrated. An optimal one-
dimensional longitudinal AmR was realized to improve the resonance
enhancement of acoustic waves. With an AmR length of 5.4 mm, ID of
0.6 mm, and coupling distance D of 80 um the optimized on-beam
QEPAS configuration achieved a signal enhancement factor of ~28,
compared to the bare QTF. The 28 kHz QTF was compared with a
standard 32 kHz QTF for the detection of fast (H,O) and slow (CO3)
relaxing molecules. When detecting H»O the standard QTF provides an
higher signal due to its larger Q factor. However, when targeting CO2
characterized by a large V-T relaxation time, the QEPAS signal obtained
with the 28 kHz QTF was 15% higher than that of the standard QTF. In
order to further test the performance of the 28 kHz QTF-based QEPAS
sensor, H,O, CoHs, and CO, in an Ny matrix were detected. With an
integration time of 1s, detection limits of 1.2 ppm, 28.8 ppb and
2.4 ppm were achieved for HyO, CoHs, and CO, detection, respectively.
The long-term stability of the 28 kHz QTF-based QEPAS sensor was
investigated by an Allan deviation analysis. With integration time of
~521 s, ~183 s and ~116 s, the detection limit for H,O, CoHs, and CO4
can be further improved up to ~325 ppb, ~10.3 ppb and ~318 ppb,
respectively. A comparison of the achieved results with data reported in
literature confirms the performances of the developed sensor system.
Compared to a standard 32 kHz QTF, the detectivity level for HyO is
comparable, however the 28 kHz QTF shows a better performance for
CO, detection. The reason can be attributed to that the different V-T
relaxation time of HoO and CO,. HyO is a fast-relaxing molecule, also
used as relaxation promoter for QEPAS, thereby a reduction of reso-
nance frequency does not affect its QEPAS response, while COs is a slow
relaxer and thereby a reduction of resonance frequency is helpful in
terms of energy transfer to N,. For example, around 2 ym wavelength
range Hy0-N3 and CO2-N3 show relaxation times of ~11 ps and ~110 ps
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respectively [5].

Further improvement can be made on the optimization of the AmR
length and corresponding coupling distance, since variation in coupling
distance may influence the optimal AmR length. The developed
configuration can also show advantages in the photothermal spectros-
copy [46] or light-induced thermoelastic spectroscopy [47].
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