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Quartz-enhanced photoacoustic spectroscopy (QEPAS)
with a single-tube acoustic microresonator (AmR) inserted
between the prongs of a custom quartz tuning fork (QTF)
was developed, investigated, and optimized experimentally.
Due to the high acoustic coupling efficiency between the
AmR and the QTF, the single-tube on-beamQEPAS spectro-
phone configuration improves the detection sensitivity by 2
orders of magnitude compared to a bare QTF. This approach
significantly reduces the spectrophone size with respect to
the traditional on-beam spectrophone configuration, thereby
facilitating the laser beam alignment. A 1σ normalized noise
equivalent absorption coefficient of 1.21 × 10−8 cm−1 ·
W∕

�������

Hz
p

was obtained for dry CO2 detection at normal
atmospheric pressure. © 2016 Optical Society of America
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photothermal; (300.6260) Spectroscopy, diode lasers.
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Photoacoustic spectroscopy (PAS) is one of the most robust and
selective techniques for trace gas detection, capable of extremely
high detection sensitivities with a compact absorption detection
module (ADM) [1]. Quartz-enhanced photoacoustic spectros-
copy (QEPAS) is an alternative approach to photoacoustic
detection, using a quartz tuning fork (QTF) instead of a micro-
phone as a sharply resonant acoustic transducer [2–4]. It has
been widely used in atmospheric monitoring, industrial process
control, and agricultural biogas detection by means of light
sources spamming from violet light-emitting diodes (LEDs)
to the mid-infrared quantum cascade lasers (QCLs) [5–11].
To date, almost all the QEPAS sensors reported in the literature
exploit “standard” QTFs, such as those used in clocks and
watches. These QTFs have a resonance frequency of
∼32.76 kHz and are characterized by a small sensitive area be-
tween their prongs (300 μm spacing). This prevents the use of
light sources having a beam shape of poor quality, such as stripe

diode or fiber-amplified lasers, and radiation sources in the THz
spectral region (wavelength >30 μm), due to the difficulty in
adequate focalization of the excitation beam between the QTF
prongs. The incident radiation must not hit the QTF, as other-
wise an undesirable nonzero background arises, which can be
several times larger than the thermal noise level of the QEPAS
sensor, thereby strongly limiting the final detection sensitivity
[12,13]. QTFs with larger prong spacing are therefore manda-
tory to extend QEPAS operation in the THz range or with
poor beam quality lasers. Recently, custom QTFs with prong
spacing in the range of 600–800 μm were specially designed
and used to address these issues, allowing efficient light beam
focusing of THz quantum cascade [14,15] and erbium-doped
fiber-amplified lasers [16] through the two prongs of custom
QTFs.

Acoustic microresonators (AmRs) are important compo-
nents that are mounted together with a QTF to improve the
performance of QEPAS sensors [4]. An AmR-based QTF is
usually referred as a QEPAS spectrophone. To date, two differ-
ent QEPAS spectrophone configurations, off-beam and on-
beam configurations, have been developed [4,17,18]. The
on-beam spectrophone configuration has the stronger acoustic
coupling efficiency between the QTF and the AmR, offering an
optimum signal-to-noise (SNR) gain factor of ∼30 [17]. In the
on-beam spectrophone configuration, an AmR made of stain-
less steel tube is cut into two pieces and a QTF is inserted
between them. The two half-tubes, positioned on the two sides
of the QTF, confine the acoustic waves and drive the QTF
prongs to vibrate. However, the insertion of the QTF distorts
the resonance mode of acoustic standing waves in the AmR,
resulting in an optimal AmR length of λ∕2 < L < λ, where λ
is the acoustic wavelength [17,19]. Recently the on-beam con-
figuration was implemented with a custom QTF to enhance the
detection sensitivity [16]. The full length of the AmR reached
46 mm, and a SNR gain factor of 40 was achieved as compared
with a bare customQTF. Such a long AmR results in challenging
laser beam alignment and spectrophone assembly.
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In this Letter, we report what we believe is a novel QEPAS
technique called single-tube on-beam quartz enhanced photo-
acoustic spectroscopy (SO-QEPAS) employing a single-tube
AmR between the prongs of the custom tuning fork, as shown
in Fig. 1(a). The SO-QEPAS spectrophone configuration can
be realized due to the large prong spacing of the custom QTF,
allowing space of the AmR between the prongs, thus avoiding
the cutting of the AmR into two pieces. In this case, the behav-
ior of the single-tube on-beam AmR is similar to that of an ideal
1D acoustic resonator, resulting in a shorter AmR length and
further enhancement of the QEPAS signal. The symbols of the
geometrical parameters of the SO-QEPAS spectrophone are
shown in Figs. 1(b)–1(d), where g and T represent the prong
spacing of the employed custom QTF and the AmR waist
thickness, respectively. The prong spacing of the used custom
QTF is ∼800 μm and the waist of the AmRs is cut to satisfy the
condition: T < g . A sharp blade is used to open a pair of slits
on each side of the tube waist symmetrically in the middle of
the AmR where the acoustic pressure antinode is located. The
AmR is assembled at the optimum vertical position h corre-
sponding to a distance of 1.2 mm between the AmR center
and the QTF top (12% of the QTF prong length) [16].

The schematic diagram of the experimental setup is depicted
in Fig. 2. A 40 mW distributed feedback (DFB) laser (FITEL
FRL15DCWD-A82), whose wavelength covers from 1562 nm
to 1582 nm, was employed as the excitation light source to
generate photoacoustic signals. The wavelength of the laser
can be coarsely and finely tuned by scanning its temperature
and the current, respectively. The current of the laser was sinus-
oidally modulated at f 0∕2, where f 0 was the resonance fre-
quency of the used QTF. The laser beam was collimated to
pass through the AmR by a fiber-coupled collimator (OZ optics
Ltd. Model LPC-01), which produces a collimated laser beam
diameter of ∼200 μm with a divergence angle of 9 mrad on the
QTF plane. A customQTF similar to those used in [15,16] was
employed to detect the PAS signal. The length, width, and
thickness of the used custom QTF prongs were 10 mm,

0.9 mm, and 0.25 mm, respectively. The resonance frequency,
Q factor, and equivalent resistance at atmospheric pressure were
7.207 kHz, 8406, and 299 kΩ, respectively. The custom QTF
behaved like a standard QTF transducer in terms of Q factor
and resonance frequency [14]. The piezoelectric signal from the
QTF was processed by a custom transimpedance amplifier with
a 10 MΩ feedback resistance and then applied to a lock-in am-
plifier (Stanford Research Systems, Model SR830) to demodu-
late the signal in 2f mode, with a time constant of 1 s and a
slope filter of 12 dB/octave, corresponding to a detection band-
width of Δf � 0.25 Hz.

CO2 gas was selected as the detection target in a dry stan-
dard gas mixture with 5% CO2 in N2. The CO2 absorption
line located at 6361.25 cm−1 with an intensity of 1.732 ×
10−23 cm ·mol−1 was selected as the target absorption line, us-
ing the HITRAN database. The gas flow rate was kept at 200
standard cubic centimeters per minute (sccm). The measure-
ments were carried out at atmospheric pressure and room tem-
perature. Three AmRs with different outer diameters (ODs)
and inner diameters (IDs) were chosen to realize the SO-
QEPAS spectrophone. The corresponding geometrical param-
eters of each AmR are listed in Table 1. AmR #1 has a 0.8 mm
OD which is equal to the prong spacing (g) of the custom
QTF, while AmR #2 and AmR #3 have a larger OD value,
but a smaller ID value compared to the prong spacing (g).
The waist thicknesses (T ) of the AmRs were polished to
∼760 μm, as close as possible to the prong spacing (g) of the
custom QTF to maximize the acoustic wave coupling effi-
ciency, while the waist length Δ is ∼3 mm. The slit width (w)
must be smaller than the QTF crystal thickness (250 μm) to
ensure that the generated acoustic waves can drive the prongs
effectively. The selected slit width (w) was ∼90 μm, consider-
ing that a larger slit width would disperse the acoustic energy,
while a smaller slit size would limit the coupling of the acoustic
energy. The optimum slit length (l ) for the AmR #1, #2, and #3
were experimentally determined to be 0.24 mm, 0.33 mm, and
0.33 mm, respectively.

It is known that the AmR length has a significant impact on
the photoacoustic signals [1,16–19]. Therefore, the lengths of
the AmRs were optimized. The AmR lengths were altered from
25 mm (∼λ∕2) to 46 mm (∼λ), according to the equation
λ � v∕f , where λ, v, and f represent the acoustic wavelength,

Fig. 1. (a) Schematic of the SO-QEPAS spectrophone; (b), (c),
(d) symbols of the geometric parameters of the SO-QEPAS spectrophone,
where g is the QTF prong spacing, l is the slit length, w is the slit width,
L is the acoustic resonator length, ID is the inner diameter, OD is the
outer diameter, T is the waist thickness, and Δ is the waist length.

Fig. 2. Schematic diagram of the experimental setup.
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velocity, and frequency, respectively. Figure 3 depicts the SO-
QEPAS signals, obtained by the three different spectrophones
listed in Table 1, in logarithmic form as a function of the
AmR lengths. The data points were fitted by a Lorentz line
shape. The SO-QEPAS spectrophone with AmR #2 demon-
strated the strongest signal compared to the other two AmRs,
as shown in Fig. 3. The maximum signal amplitudes for the
AmR #1, #2, and #3 were obtained at the length of 36 mm,
39 mm, and 38 mm, respectively. These lengths were longer
than the half-wavelength of acoustic wave, indicating that the
first harmonic acoustic standing waves in the 1D resonator were
partially distorted. This is attributed to the two slits present in
the resonator, which cause a diverging flow from the AmR. The
acoustic pressure distributions in the AmR as a function of the
gap of two separated tubes are schematically illustrated in Fig. 4.

The pressure profiles in Fig. 4(a) show that two perfect first
longitudinal resonances for two independent half-wavelength
solid tubes are generated when the two tubes are well separated.
Each tube behaves as an independent half-wavelength resona-
tor. Therefore, there is no acoustic coupling effect between the
two tubes. As the two tubes get closer until their gap is approx-
imately equal to the thickness of the QTF prongs, the two res-
onators become coupled, and, as a result, the two pressure
profiles overlap [see Fig. 4(b)]. This case corresponds to the
traditional on-beam QEPAS. The optimum full length of
the AmR is between λ∕2 and λ, but closer to λ. For example,
the acoustic wavelength λ for a custom 7.2 kHz QTF is

∼48 mm. The optimum full length of the AmR for the tradi-
tional on-beam spectrophone configuration is 46 mm [16].
Note also that the two tubes cannot be located near the
QTF; otherwise damping effects start to dominate. When
the two tubes are attached together, as shown in Fig. 4(d),
the complete system behaves as a single half-wavelength
AmR with a full length of λ∕2. For the SO-QEPAS system,
two small slits are added on the both sides of the AmR, as
shown in Fig. 4(c). Therefore, the resulting acoustic pressure
on the QTF is higher with respect to the traditional on-beam
spectrophone configuration of Fig. 4(b). Moreover, a shorter
AmR than that used in traditional on-beam QEPAS is required.

Figure 5(a) shows the 2f signals obtained at atmospheric
pressure and room temperature for three SO-QEPAS spectro-
phones when detecting a dry standard gas mixture with 5%
CO2 in N2. The three SO-QEPAS spectrophones were con-
structed with the optimized AmR parameters of ID �
0.55 mm L � 34 mm (AmR #1), ID � 0.65 mm L �
38 mm (AmR #2), and ID � 0.75 mm L � 38 mm (AmR
#3), respectively. The obtained Q factors, signal amplitudes,
noise (1σ), SNR, and corresponding normalized noise equiv-
alent absorption coefficient (NNEA) are listed in Table 1.
The background noise was measured by adjusting the temper-
ature and current of the laser to tune the wavelength far away

Table 1. Intercomparison of Three AmRs Used in the SO-QEPAS Spectrophonea

Geometrical Parameters (mm)

QTF AmR OD ID L T l
Q

factor
Signal
(μV)

1σ Noise
(μV) SNR

Gain
Factor

Power
(mW)

NNEA
(cm−1 ·W∕

�������

Hz
p

)

Custom AmR #1 0.8 0.55 34 0.76 0.24 7681 232 1.21 191 44 32.2 3.02 × 10−8
AmR #2 0.9 0.65 38 0.76 0.33 6682 676 1.22 554 128 37.7 1.21 × 10−8
AmR #3 1 0.75 38 0.76 0.33 7528 517 1.34 385 90 38 1.75 × 10−8

Bare custom QTF 8406 5 1.16 4.3 1 38 1.59 × 10−6
Custom QTF with an optimal traditional

on-beam configuration
40 [16]

Standard Bare standard QTF 11327 25 1.35 18.5 1 38 3.7 × 10−7
Standard QTF with optimal traditional

on-beam configuration
5176 605 1.6 378 30 [17] 38 1.8 × 10−8

aThe gain factors are calculated as the ratios between the SNRs of the QTF spectrophone and that of a bare QTF, for both custom and standard QTFs.

Fig. 3. SO-QEPAS signals obtained by three different spectro-
phones as a function of AmR lengths.

Fig. 4. Schematic of the acoustic pressure distributions in different
spectrophone configurations. (a) Two tubes separated by a large gap;
(b) traditional on-beam spectrophone configuration; (c) SO-QEPAS
spectrophone configuration; (d) traditional acoustic cell.
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from the target CO2 absorption line. As shown in Table 1, the
SO-QEPAS spectrophone with AmR #2 demonstrated the
maximum signal amplitude of 676 μV, which is 135 times
higher than that of a bare custom QTF. Moreover, the noise
level of SO-QEPAS spectrophone with AmR #2, calculated
from the standard deviation (1σ), is 1.22 μV, which is compa-
rable to 1.16 μV obtained by the bare custom tuning fork, as
shown in Fig. 5(b). A 1σ detection limit of 90 ppm for dry CO2

detection was obtained by the SO-QEPAS spectrophone with
AmR #2 for a 1 s integration time. This detection limit corre-
sponds to a NNEA of 1.21 × 10−8 cm−1 ·W∕

ffiffiffiffiffiffi

Hz
p

.
The optimum signal obtained by the SO-QEPAS spectro-

phone with AmR #2 shows a SNR gain factor of 128 in com-
parison with the bare custom QTF, as listed in Table 1. This
gain factor was 3 times higher than that obtained by an optimal
traditional on-beam QEPAS spectrophone configuration with
an identical custom QTF [16]. The large SNR gain factor mea-
sured for the SO-QEPAS spectrophone is due to the higher
acoustic coupling efficiency between the single-tube AmR
and the QTF, making the inner resonant mode more similar
to first harmonic acoustic standing waves. Moreover, the SO-
QEPAS requires a shorter AmR length, thus facilitating the
light alignment and thereby lowering the background noise.
The SO-QEPAS with a 26 mm long AmR gives a detection
sensitivity comparable to the traditional on-beam QEPAS with
a 46 mm long AmR using identical custom QTFs. This means
that the spectrophone size can be reduced by 43%, without a
decrease of detection sensitivity. This can be crucial in term of
background noise reduction when laser beams with poor beam
quality or high beam divergence, such as a THz laser beam
[14,15] or beams in an intracavity-QEPAS configuration [20],
are used in the QEPAS-based sensor systems. The signal am-
plitude of the bare custom QTF is 5 times less than that of the
bare standard QTF due to its large prong spacing and the rapid
attenuation of the cylindrically symmetric pressure wave.
However, SO-QEPAS has a 4 times higher gain factor and
1.5 higher SNR than the traditional on-beam configuration us-
ing a standard QTF, as shown in Table 1.

In conclusion, we have demonstrated a novel QEPAS
spectrophone configuration using a single stainless tube and

a custom tuning fork, in which the single tube AmR is inserted
between the prongs of the QTF to enhance the detection SNR
by >100 times in comparison with the bare custom QTF and
reaching a sensitivity higher than the traditional on-beam con-
figuration using a standard QTF. Recently, the use of the first
overtone mode of custom QTFs, instead of the fundamental
mode, results in an enhancement factor of 5 in the detection
sensitivity [21]. As the wavelength of the acoustic wave is
shorter in the overtone modes, the combination of SO-QEPAS
and the overtone resonance modes of custom QTFs is expected
to further enhance the detection sensitivity and reduce the
QEPAS spectrophone size.
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