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Simultaneous dual-gas QEPAS detection based on a fundamental
and overtone combined vibration of quartz tuning fork
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A dual-gas quartz-enhanced photoacoustic spectroscopy (QEPAS) sensor system based on a frequency
division multiplexing technique of a quartz tuning fork (QTF) was developed and experimentally dem-
onstrated. Two beams from two independently modulated lasers are focused at two different positions
between the QTF prongs to excite both the QTF fundamental and 1st overtone flexural modes simulta-
neously. The 2f-wavelength modulation technique is employed by applying two sinusoidal dithers,
whose frequencies are equal to a half of the QTF fundamental and 1st overtone frequencies, respec-
tively, to the currents of two excitation lasers. The resonance frequency difference between two
flexural modes ensures that the correlated photoacoustic signals generated by different target gases do
not interfere with each other. The proposed QEPAS methodology realizes a continuous real-time
dual-gas monitoring with a simple setup and small sensor size compared with previous multi-gas

QEPAS sensors. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979085]

Multi-gas on-line detection is a topic of considerable
interest in recent years because of its important applications
in environmental monitoring, medical diagnosis, industrial
process control, food industry, and pollution monitoring.'™
Photoacoustic spectroscopy (PAS), which offers many
advantages in terms of sensitivity, selectivity, and stability is
a widely recognized technique for multi-gas analysis.”™’ In
the traditional PAS technique, modulated excitation light is
selectively absorbed by a target gas inside the photoacoustic
cell and results in the generation of an acoustic wave by non-
radiative energy relaxation processes. Trace gas concentra-
tion levels can be obtained by detecting the intensity of
the acoustic wave via a broadband microphone.” Quartz
enhanced photoacoustic spectroscopy (QEPAS) is a modifi-
cation of the traditional PAS, in which a quartz tuning fork
(QTF) is utilized as a sharp acousto-electrical transducer,
instead of broadband microphones, to detect the photoacous-
tic excitation, thus providing a robust, compact, and cost-
effective sensor.®!°

A QEPAS sensor requires a judicious design to perform
chemical analysis of a multi-component gas mixture due to
the fact that a force sensing based QTF cannot recognize the
molecular source of an induced acoustic wave. To date, three
different configurations of multi-gas QEPAS sensors have
been reported. The first design employs an acoustic detection
module (ADM) and a single laser source with an emission
spectral range capable to cover all the selected absorption
lines of the target gases.'® As a result, this type of QEPAS
sensor cannot be used to detect multi-gas species when there
are large spectral gaps between their target absorption lines,
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due to the wavelength tuning limitation of a single laser
source. To address this issue, a second approach has been
proposed, in which several laser sources resonant with
absorption lines belonging to different target gases are used
in conjunction with a single QEPAS ADM. Optical switches
are equipped to control these laser beams to pass in turn
through the QEPAS ADM.'” The two abovementioned
configurations are based on a time division multiplexing
(TDM) technique and hence cannot offer continuous real-
time multi-gas monitoring. A third straightforward approach
for real-time, multi-gas detection is to integrate several
QEPAS sensors into one.'® Each sensor targets a different
gas. However, this makes the sensor complex, bulky, and not
cost-effective.

Since 2013, custom made QTFs with few kHz funda-
mental resonance frequencies f, have been reported for
QEPAS trace-gas detection.'”?° These custom QTFs have a
similar geometrical design to a standard QTF but are larger in
size and with the prongs spaced by up to 1 mm, thereby facili-
tating optical alignment. Furthermore, the lower f, values of
the custom QTFs are not only beneficial to detect gases with
slow vibration-translation (V-T) relaxation rates, such as NO,
CO, and CH4,17‘21 but also allow the implementation of their
1st overtone flexural modes for QEPAS trace-gas detection.?
It has been demonstrated theoretically and experimentally
that the custom QTF behaves like a standard QTF transducer
in terms of mechanical properties and electricity proper-
ties.”* % The standard QTF can be replaced with a custom
QTF in a QEPAS sensing system, maintaining the compact
size and the robustness of the system. To-date, all QEPAS
sensors reported in the literature operate in either the funda-
mental or 1st overtone flexural modes.?® 22 In this letter, we
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report a dual-gas QEPAS sensing approach based on a QTF
frequency division multiplexing (FDM) technique. The QTF
in a dual-gas QEPAS sensor is excited simultaneously in the
fundamental and 1st overtone flexural modes by two indepen-
dently modulated lasers. The two target gases are detected
via demodulation of the custom QTF piezoelectric signal at
the fundamental frequency f, and the 1st overtone frequency
f1, respectively, by means of two lock-in amplifiers (LIAs).
This approach overcomes the limitations existing in previous
multi-gas QEPAS sensors and results in a compact and cost-
effective sensor architecture.

A QTF in the form of a two-pronged fork with the
prongs connected at one end can be modeled as two single
cantilevers when the coupling between the two prongs can
be neglected.”® The resonance frequencies f, of the QTF nth
flexural mode can be expressed as

fu=K Xx L—T2 X n?,

where n=1.194 for the fundamental flexural mode and
n=2.988 for the 1st overtone flexural mode, K is a constant
which is determined by the QTF material (Young modulus
and density), T is the prong width, and L its length, as sche-
matically depicted in Fig. 1(a).?"** It has been demonstrated
theoretically and experimentally that the nth-overtone flex-
ural mode can be considered as n-coupled point-masses
subsystems, each one located at an antinode.?! As a result,
the exciting laser beam must be focused at an antinode in
order to maximize the QEPAS signal. The simulated motions
of the fundamental and 1st overtone flexural modes are
shown in Figs. 1(b) and 1(c), respectively. A combined vibra-
tion of both flexural modes mentioned above was also simu-
lated, as shown in Fig. 1(d), which can be implemented by
placing two independently modulated beams at the corre-
sponding antinodes to excite simultaneously both flexural
modes, thus providing two detection channels of the funda-
mental and 1st overtone frequencies. The custom QTF
employed in this work is ~4.6 times larger than the standard
32kHz-QTF and has a prong length-to-width ratio of 17. The
distance between the single antinode of the fundamental
mode and the second antinode of the overtone mode is 9 mm,
large enough to accommodate two laser beams for indepen-
dent mode excitation for dual-gas sensing measurements.**

A schematic of the sensor setup is shown in Fig. 2. Two
DFB lasers (DL1 and DL2) were used as excitation sources
for the fundamental and 1st overtone flexural modes, respec-
tively. The lasers were mounted onto two driver boards (DB 1
and DB2), which can control the temperature and current of
both lasers. Ramp signals generated from the DB1 and DB2
driver boards are used to scan the two laser wavelengths
across the corresponding target absorption lines. Furthermore,
two sine wave signals generated from two function generators
(FG1 and FG2) modulate the wavelengths of the DL1 and
DL2 at half of the fundamental frequency f=fy/2 and 1st
overtone frequency f' =f,/2, respectively, for second har-
monic (2f) detection.”**>

The QTF was enclosed inside a gas cell with two CaF,
windows for optical access. The DL1 and DL2 laser beams
were focused down to ~0.25mm on the QTF plane, using
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FIG. 1. (a) Custom QTF with two exciting laser beams. 7= 1mm is the
prong width. L =17 mm is the prong length and g=0.7 mm is the spacing
between the prongs. The red and blue circles are the positions of the two
exciting laser beam spots. /,(/;) is the distance from the custom QTF open-
ing to the two laser beam circles (blue and red). (b)—(d) Illustrations repre-
senting the deformation of the QTF prongs vibrating in the fundamental
flexural mode, the 1st overtone flexural mode, and the combined vibration of
both modes, respectively. The illustrations were obtained using SolidWorks
software. The original shape of the QTF prongs appears in gray in (b) and
(c). The gold dashed line in (d) represents the QTF prong deformation when
the QTF is excited only in the Ist overtone flexural mode. A color scale was
used ranging from blue to red, representing the deformation degree of the
QTF prongs.

two fiber collimators (OZ optics, Ltd., Model LPC-01). The
DL1 beam was positioned at /; =2 mm below the QTF open-
ing near to the antinode point for the fundamental flexural
mode, while the DL2 beam was positioned at /; =9.5 mm
below the QTF opening close to the most efficient 1st over-
tone flexural mode antinode point.>> The QTF and the fiber
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FIG. 2. Schematic of a dual-gas QEPAS sensor system based on a QTF
combined vibration in fundamental and 1st overtone modes. TA: transimpe-
dance amplifier.
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collimators were fixed on the same holder to ensure the posi-
tion stability of the laser beam with respect to the QTF. The
QTF was connected to a custom transimpedance amplifier
(TA), which delivered the amplified signal to two LIAs
(LIA1 and LIA2) (Stanford Research Systems, Model
SR830) for 2f detection. The electrical parameters of the two
LIAs were the same, a 12dB/oct filter slope and a 300 ms
time constant, except for the demodulation frequencies
which were f;, and f}, respectively.

The DL1 and DL2 can be both tuned to a wavelength of
1368.6 nm, resonant with a water vapor absorption line. The
two lasers were used to detect the same H,O absorption line in
order to verify that there is no interference effect between the
fundamental and 1st overtone flexural modes, when the QTF
was operated in the combined vibration. The experiment was
performed using a gas mixture composed of 1.6% water vapor
in N», at a pressure of 700 Torr. With this condition, the f, and
f1 of the QTF were 2,868 Hz and 17 741 Hz, respectively. The
selected H,O absorption line is located at 7306.75 cm ™' with a
line intensity of 1.8 x 10>’ cm-mol~".?® The two lasers were
tuned to the selected absorption line by setting the laser tem-
perature. The output power of the DL1 and the DL2 was 21.2
mW and 19.6 mW, respectively.

The 2f spectral scans obtained from the dual-gas QEPAS
sensor for three different QTF vibration conditions are
depicted in Fig. 3. Figure 3(a) shows the signals measured by
LIA1 at fy when the QTF operates in the pure fundamental
flexural mode (A symbols) and when both fundamental and
1st overtone modes are simultaneously excited (@ symbols).
The overlap of the two curves indicates that when the QTF
oscillates in the fundamental mode, the simultaneous excita-
tion of the 1st overtone mode does not affect the fundamental
QEPAS signal, i.e., the fundamental flexural mode is inde-
pendent of the Ist overtone flexural mode. A similar
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FIG. 3. QEPAS spectral scans obtained for a 1.6% H,O:N, gas mixture at a
pressure of 700Torr, with the QTF vibrating in different modes. (a)
Triangles and circles represent 2f spectra measured by the detection channel
of the fundamental frequency, when the QTF operated in the pure funda-
mental flexural mode and fundamental-1st overtone combined vibrational
motion, respectively. (b) Rectangles and stars represent 2f spectra measured
by the detection channel of the 1* overtone frequency, when the QTF oper-
ated in the pure 1st overtone vibration mode and fundamental-1st overtone
combined vibrational motion, respectively.
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conclusion was obtained by analyzing the signals measured
by LIA2 at fi, shown in Fig. 3(b). When the QTF operates in
the 1st overtone flexural mode, no interference effects are
observed if the QTF fundamental mode is simultaneously
excited. Therefore, both the fundamental and 1st overtone
QTF signals can be separately extracted when both modes are
simultaneously excited.

To assess the performance of the dual-gas QEPAS
sensor, a noise-level analysis was performed. The QEPAS
sensor noise from the detection channel of the fundamental
frequency was measured when both QTF modes are simulta-
neously excited. The lasers wavelengths were locked onto
the target absorption line and the gas cell was filled
with pure N, at 700 Torr. A lo-noise level of 1.85 uV was
observed, comparable with 1.80 uV obtained when the
QTF was excited only in the fundamental mode, as shown in
Fig. 4. A similar result was also obtained for the detection
channel of the 1st overtone frequency. Therefore, no excess
noise was observed when the QTF operates in the combined
vibration motion with respect to the pure fundamental or 1st
overtone flexural mode for both detection channels.

To demonstrate the capability of the QEPAS sensor for
simultaneous dual-gas spectral detection, the DL2 was replaced
with a DFB laser (DL3) for acetylene (C,H,) detection in the
sensor. A C,H, absorption line located at 6541.96 cm' with a
line-strength of 3.5 x 107?°cm:mol ' was selected as the
target line.”® The temperature of the DL3 was set to 27 °C with
an output power of 10.0 mW, and the current was scanned
from 100mA to 140mA, corresponding to a tuning range
between 6542.63cm™ ' and 6541.29cm™'. A gas mixture of
500 ppm C,H, and 1.6% water vapor in pure N, at 700 Torr
pressure was used in the gas cell. The wavelengths of the DL1
and DL3 were spectrally scanned in periods of 60s and 100s
corresponding to scan rates of 0.024 cm™ /s and 0.0067 cm ™ '/s,
respectively. The LIAs settings were not altered. The detection
bandwidth of the QEPAS sensor system was 0.833 Hz. The
measured spectral scans are shown in Fig. 5. The 2f spectra of
H,O and C,H, were acquired every 60s and 100s, respec-
tively, without signal cross-talking. To compare the sensor
performance of both detection channels, we calculated the
normalized noise equivalent absorption (NNEA) coefficient
for H,O and C,H, to be 9.12x 10~ "cm™'-W/Hz'? and
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FIG. 4. Noise measurement of the QEPAS sensor operating in the pure fun-
damental flexural mode (blue triangle line) and in combined vibration
motion (red rectangle and lines).
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FIG. 5. Simultaneous dual-gas measurements using a QEPAS sensor based
on combined vibration motion of a QTF. The optimized modulation depths
for C,H, and H,O detection were 0.51 cm™' and 0.43cm ™, respectively.

1.51 x 107" em™"“W/Hz"?, respectively. The detection sensi-
tivity obtained from the detection channel of the 1st overtone
frequency is ~6 times higher than that obtained for the detec-
tion channel of the fundamental frequency, which is in good
agreement with previous reports on the single channel
measurement.”' %>

In conclusion, a dual-gas QEPAS sensor based on a
QTF combined excitation of the fundamental and 1st over-
tone flexural modes was realized and analyzed. Essentially,
the dual-gas signal measurements using the QTF combined
vibration can be considered as a frequency division multi-
plexing (FDM) technique, allowing continuous real-time
multi-gas monitoring with a compact sensor architecture.
The two independent detection channels in such a QEPAS
sensor permit optical signal addition or cancellation. This
makes this method suitable for applications in controlling
gas chemical reactions in order to optimize combustion pro-
cesses. The proposed dual-gas sensing approach can be
implemented when detecting gas with slow energy relaxation
rates (such as NO, CO, and CH,). Typically, to enhance the
QEPAS signals, relaxation promoters (H,O or SFg) are
added to the gas mixture, and thereby, it is also crucial to
control their concentration.”” In a future development, the
ratio between the detection sensitivities of the two indepen-
dent detection channels can be adjusted by means of an
appropriate design of the QTF prongs.”” Further improve-
ments of the detection sensitivity can be achieved by adding
dual- or single-tube acoustic micro-resonators (AmR) to
enhance the acoustic wave intensity.'”?** A wider wave-
length coverage can be realized when two widely tunable
sources, e.g., optical parametric oscillator, are equipped as
the exciting sources.>*!
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