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a  b  s  t  r  a  c  t

A  novel  trace  gas  sensor  exploiting  fiber-ring  laser intracavity  quartz-enhanced  photoacoustic  spec-
troscopy  (FLI-QEPAS)  is  reported.  The  gas  sensor  system  couples  an erbium-doped  fiber-ring  laser  with  a
custom-designed  quartz  tuning  fork (QTF)  operating  at 7.2 kHz. The  QTF  is  placed  in  the  fiber  cavity  to fully
utilize  intracavity  optical  power  for photoacoustic  excitation.  We  obtained  a short  intracavity  absorption
vailable online 25 April 2018
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length  of  1.5  cm,  significantly  extending  the  linear  dynamic  range  of  the  gas  sensor  to  an  order  of  105.
As  a proof  of principle,  the  fiber  laser  was  tuned  to the  C2H2 absorption  line at  1531.6  nm.  Operating
at the  optimal  gas  pressure  and  modulation  depth  selected  for  wavelength  modulation  spectroscopy,  a
minimum  detectable  C2H2 concentration  of  29 ppbv  at 300-s  integration  time  has  been  achieved.

© 2018  Elsevier  B.V.  All  rights  reserved.

uartz tuning fork

. Introduction

Photoacoustic spectroscopy (PAS) is a trace gas detection tech-
ique that plays an important role in food safety, atmospheric
hemistry and breath analysis applications [1–3]. It is a well-
stablished spectroscopic technique with many advantages such
s high sensitivity, high selectivity and fast time response [4,5]. In
AS, a sensitive microphone directly measures laser-absorption-

nduced acoustic waves without the need of photodetectors, which
liminates unwanted optical fringe interferences from windows,
onnectors and joints in the optical path [6–8] and allows for vari-
us types of laser sources from ultraviolet to terahertz.

Many recent researches focused on compact sensor design, cost
ffectiveness, and sensitivity enhancement by improving effective
ignals or/and suppressing optoelectronic noises. One attractive
eature of PAS is that the photoacoustic signal is proportional to the
ncident laser power, so a higher laser power is always preferred
n practical applications of PAS-based sensors. The laser power of

 tunable seed laser can be boosted by a commercially available
ptical amplifier [9], which however has a capped ultimate power

utput. An alternative approach to build up the optical power is the
mployment of high-finesse optical cavity configurations, i.e., bow-
ie [10], V-shaped [11] and Fabry-Perot [12]. However, an efficient

∗ Corresponding author.
E-mail address: renwei@mae.cuhk.edu.hk (W.  Ren).

ttps://doi.org/10.1016/j.snb.2018.04.139
925-4005/© 2018 Elsevier B.V. All rights reserved.
coupling of the laser beam into the external optical cavity requires a
narrow laser linewidth and full overlap of laser frequency with the
cavity transmission mode. All these conditions can be only achieved
using sophisticated passive or active locking techniques. To fully
exploit the laser power enhancement, the sensing element can be
positioned directly inside the laser cavity, allowing an intracavity
PAS detection [13–15]. We  recently reported a novel fiber-ring laser
intracavity PAS (or FLI-PAS) sensor by integrating a fiber-ring laser
with a conventional PAS cell with a Q-factor of 4.9 [16].

Photoacoustic cell is a key element used in PAS for acoustic
wave accumulation and amplification. Conventional PAS cells are
sensitive to ambient background noises due to the wide response
bandwidth of commercial microphones (several kHz). In compar-
ison, a sharply resonant acoustic actuator with a response width
below 1 Hz at low pressures, such as quartz tuning fork (QTF), can
be used to replace microphones for photoacoustic detection. The
QTF detection is immune to external sound sources, leading to the
invention of quartz-enhanced photoacoustic spectroscopy (QEPAS)
[17]. Commercial QTFs operating at a resonance frequency of
∼32 kHz have been widely implemented in QEPAS sensors because
of their low cost and commercial availability [1–3,18–25]. However,
collimated laser beams with spot sizes of 2–3 mm or larger must
be properly focused through the 300 �m spacing gap of the 32 kHz-

QTF prongs. Thus, a focusing lens combined with spatial filters is
frequently used for beam shaping before directing the laser beam
into the QEPAS gas cell. Recently, new types of QTFs with lower
resonance frequencies (below 10 kHz) and larger prong spacing of

https://doi.org/10.1016/j.snb.2018.04.139
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.04.139&domain=pdf
mailto:renwei@mae.cuhk.edu.hk
https://doi.org/10.1016/j.snb.2018.04.139
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ig 1. Schematic of the FLI-QEPAS C2H2 sensor. WDM,  wavelength division multiple
ZT,  piezoelectric transducer; DAQ, data acquisition card.

∼1 mm)  have been designed and realized [26,27]. These custom-
esigned QTFs have been successfully applied in QEPAS sensors
sing light sources with low-quality beam shapes such as fiber
mplified lasers and THz lasers [9,26].

In this paper, a novel fiber-ring laser intracavity QEPAS (FLI-
EPAS) sensor for acetylene (C2H2) detection is reported. The

ensor implements a custom-made QTF positioned inside a fiber-
ing laser cavity. The QTF has a prong spacing of 800 �m,  allowing

 proper intracavity laser alignment using only one pair of C-lens
ingle-mode fiber collimators. A continuous-wave fiber-ring tun-
ble laser was developed using a fiber Bragg grating (FBG) to target
he P(11) line of C2H2 at 1531.6 nm [28]. The small size of the
mployed QTF crystal allowed a short-path intracavity gas absorp-
ion length (1.5 cm), leading to a reduction of cavity losses induced
y gas absorption, if compared with the previously developed FLI-
AS sensor [29]. The operating parameters of the developed sensor,
uch as gas pressure and modulation depth that can affect the
etection sensitivity and linearity, have been systematically inves-
igated.

. Sensor configuration

Fig. 1 depicts the schematic of the FLI-QEPAS sensor for
2H2 detection. A fiber-ring laser with a spectral emission range
520–1570 nm was realized using a single-mode erbium doped
ber (EDF) as the gain medium. The EDF was backwardly pumped
y a 980-nm laser with a maximum emission power of 710 mW
ia a wavelength division multiplexer (WDM). A circulator was

dopted to guarantee the backward propagation of laser light inside
he fiber ring. The intracavity laser wavelength was selected by tun-
ng a piezoelectric transducer (PZT) coupled with a FBG wavelength
elector. A QEPAS sensing module employing the custom-made QTF
DF, erbium doped fiber; FBG, fiber Bragg grating; FBGA, FBG interrogation analyzer;

was placed in the laser cavity for photoacoustic detection. About
10% of the intracavity laser power was separated by coupler #1 for
the purpose of optical power monitoring and wavelength calibra-
tion.

The compact QEPAS module shown in Fig. 2(a)
(3 cm × 3 cm × 5 cm)  was designed for FLI-QEPAS detection. A
pair of C-lens single-mode fiber collimators were employed for
intracavity laser coupling, reaching an efficiency of 80%. The colli-
mated laser beam inside the cell has a diameter of 0.3 mm and thus
can easily pass through the gap (0.8 mm)  between the QTF prongs.
The custom-made QTF was fabricated from a z-cut quartz wafer
using photolithographic techniques, with chromium/gold contacts
deposited on both sides of the QTF. The QTF used in this study
has the same geometry of those employed in [9,27]; the prong
length, width, and thickness are 10 mm,  0.9 mm,  and 0.25 mm,
respectively. It behaves like a standard 32-kHz QTF transducer but
with a different Q factor and resonance frequency [27]. The QTF
characterization is discussed in the next section.

The gas cell has a wall thickness of 6.5 mm to allow an easy
mounting of the fiber collimators. The distance between the two
C-lens collimators, corresponding to the effective gas absorption
pathlength, is only 1.5 cm.  Such a short absorption length miti-
gates the non-linear behavior of the intracavity gas sensor response
induced by absorption losses occurring at higher gas concentrations
[29]. The entire sampling volume was  measured to be ∼10 mL. The
vertical position of the collimated laser beam along the QTF axis
between the prongs needs to be optimized in order to maximize
the acoustic wave detection. When operating at the fundamental

mode of the 7.2-kHz QTF, the optimal position of the laser beam
was identified to be 1.2 mm below the free-end top of the prong, as
shown by the red dot in Fig. 2(b) [30].
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Fig. 2. (a) Schematic 3D view of the QEPAS sensing module implementing a custom-
made QTF. 1, pins to be connected with the preamplifier; 2, QTF holder; 3, custom
QTF  operating at ∼7.2 kHz; 4, C-lens collimator; 5, gas inlet; 6, bottom cover; 7,
single mode fiber; 8, sealed gas cell; 9, gas outlet; 10, top cover. (b) In-plane view of
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he custom QTF with the laser beam positioned at h = 1.2 mm,  as marked by the red
ot.  (For interpretation of the references to colour in this figure legend, the reader

s  referred to the web version of this article.)

Wavelength modulation and the second harmonic (2f) detec-
ion was used for QEPAS measurements, employing a FBG-based

odulator. A digital signal generated by a data acquisition card
DAQ), controlled by a LabView-based software, was fed to a voltage
mplifier, i.e. PZT driver (PiezoDrive, Au) driving the wavelength
odulator. The QTF signal was amplified by a low-noise voltage

mplifier (Sanford Research System, US) with a bandpass filter,
hich was further analyzed by a digital lock-in amplifier (LIA) to

xtract the 2f component.

. Results and discussion

.1. Tunable erbium doped fiber laser (EDFL)

Different from the previous study [29], a backward propaga-
ion configuration was implemented in this work to improve the
umping efficiency of the tunable EDFL. Fig. 3 depicts the ampli-
ed spontaneous emission (ASE) spectrum recorded by the FBGA.
he ASE spectrum spans from 1520 nm to 1570 nm,  wide enough to
arget the absorption features of several important molecules such
s C2H2, CO, and H2S [31]. As a proof of principle, we selected C2H2
or sensor demonstration, since it shows a strong absorption line-
trength in this wavelength range. The selection of the fiber laser
avelength inside the ring cavity was achieved using a uniform

BG as wavelength selector. Fig. 3 shows a representative emission

pectrum peaked at 1531.59 nm,  proving a side-mode suppression
atio (SMSR) of 34 dB.

The intracavity laser power was extrapolated by using a 1:9
ptical coupler [16] allowing to send ∼10% laser power to the
Fig. 3. Measured emission spectra of ASE (black solid line) and EDFL (red solid line).
The  y-axis refers to the EDFL spectrum. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)

power meter and FBGA system. The coupler #2 equally splits the
optical power into two paths for simultaneous power monitoring
and wavelength calibration. The results shown in Fig. 4(a) indi-
cates a linear relationship between the intracavity laser power and
the pump power. The threshold laser power was estimated to be
46 mW,  and no saturation was  observed at the highest available
pump power level, proving an intracavity laser power of 460 mW.
Higher intracavity laser power would require a stronger pump laser
intensity.

The FBG was  mounted on a high-speed PZT actuator to tune
the EDFL wavelength by adjusting the PZT voltage [29]. Fig. 4(b)
illustrates the tuning characteristics of EDFL wavelength and the
corresponding optical power level, obtained by tuning the PZT volt-
age from 10 V to 100 V. The tuning range allows to scan across the
P(11) line of C2H2 centered at 1531.59 nm.  Within this PZT tun-
ing range, the EDFL optical power remains approximately constant
shown in Fig. 4(b).

WMS-2f detection is usually performed by dithering the laser
current while slowly wavelength scanning across the selected
absorption feature. We  employed a different approach to achieve
WMS in our sensor system. The EDFL wavelength was  modulated
by applying a 3.6-kHz sinusoidal waveform (10 V amplitude) to the
PZT actuator, while tuned across the C2H2 absorption line by simul-
taneously feeding to the PZT a slow 100 mHz  triangle waveform
(56 V offset and 43 V amplitude). Fig. 5 depicts the measured laser
power using the photodetector (InGaAs, Thorlabs, U.S.) along with
the first half of the triangle waveform period. In the modulated EDFL
scanning range, the laser power remains fixed at 23.5 mW,  with a
small standard deviation (1�) of 0.016 mW.  Hence, the modulated
EDFL intracavity laser power is practically stable, with a noise level
<−30 dB.

3.2. QTF characterization

The main electromechanical parameters of the QTF, namely
the resonance frequency f0 and the Q-factor, must be determined
with high precision due to the ultra-narrow-band resonance mode
profile. Both parameters are mainly determined by the quartz

properties (Young modulus and density) and by the prong geome-
try [27], and also depending on the gas pressure. The resonance
frequency and Q-factor of the QTF were measured by using a
custom-designed control electronic unit, at different gas pressures
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Fig. 4. EDFL calibration: (a) intracavity laser power as a function of pump laser
power, and (b) tuning characteristics of laser wavelength and power.

Fig. 5. EDFL power (black solid line) measured by the power meter with a modulated
triangle waveform (blue solid lines) fed to the PZT actuator. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of  this article.)
Fig. 6. Q-factor ( ) and resonance frequency (�) values measured for the QTF at
different gas pressures.

using N2 as the sample gas. Fig. 6 shows the QTF  Q-factor and reso-
nance frequency values, measured as a function of gas pressure. The
QTF has a Q-factor of 22,100 at 20 kPa, and then decreases with gas
pressures mainly because of the fluid damping influence [27,32].
Indeed, the fluid density increases with gas pressure, generating a
corresponding increase of the QTF energy dissipation via the fluid
damping effect in the vibrating prongs.

3.3. PZT modulation voltage and gas pressure selection

In QEPAS, the optimal wavelength modulation depth provid-
ing the highest QEPAS signal, in case of a Lorentzian absorption
lineshape, corresponds to ∼1.1 times the FWHM of the absorp-
tion profile [33]. In our experiment, this wavelength modulation
depth value was obtained by properly modulating the PZT voltage.
As the photoacoustic signal is directly proportional to the QTF Q fac-
tor, results are more beneficial to operate the QEPAS sensor at low
gas pressures. However, molecular collisions at low gas pressures
reduce the sound propagation efficiency [30]. Hence, a tradeoff gas
pressure has to be experimentally determined in order to maxi-
mize the QEPAS signal. For this purpose, QEPAS signals measured
for a gas mixture containing 900 part-per-million in volume (ppmv)
of C2H2 in N2 by changing the PZT modulation voltage from 3 to
10 V and the gas pressure in the range 20–101 kPa are shown in
Fig. 7. Here, QEPAS signals were normalized to the highest obtained
value. An almost identical trend is observed in the pressure range
40–60 kPa over the entire modulation voltage range. The sensor
noise level remains unchanged in all the investigated pressures, as
will be further discussed in Section 3.4. The optimal gas pressure
and PZT modulation voltage values are found to be 60 kPa and 10 V,
respectively.

3.4. Sensor linearity and stability

Using the optimal operating parameters for gas pressure and
PZT modulation voltage, we investigated the linearity and stabil-
ity of the FLI-QEPAS C2H2 sensor. A triangle signal (100 mHz, 54 V
offset and 40 V amplitude) was used to slowly scan the laser wave-
length across the selected C2H2 absorption line, while a sinusoidal
dither (f0/2 = 3604.14 Hz, 10 V amplitude) was used for wavelength
modulation. The amplified signal was subsequently demodulated

at the QTF resonance frequency f0 with a detection bandwidth of
1 Hz. Different C2H2 concentrations in N2 were generated using
a commercial certified gas mixer (Jinwei Inc.). The lower acety-
lene concentrations (<1000 ppmv) were prepared starting from a
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Fig. 7. Normalized QEPAS signals as a function of PZT modulation voltage for dif-
ferent gas pressures.

Fig. 8. (a) Representative QEPAS 2f signals measured at two different C2H2 concen-
trations; QEPAS signal acquired in pure N2 is also shown. (b) QEPAS signal plotted as
a  function of C2H2 concentration. Inset: expanded view for the C2H2 concentrations
<1000 ppmv.

Fig. 9. (a) Comparison of system background noise at different gas pressures with
the  fiber laser on and off. (b) Measured system noise (1 �) as a function of gas
pressure with the fiber laser on and off. (c) Comparison of the sensor noise with

fiber laser on while the PZT modulation is switched on and off.

certified 995 ppmv C2H2:N2 gas mixture, whereas the higher con-
centration levels were generated employing a 1% C2H2:N2 mixture.

Fig. 8(a) shows two  representative QEPAS 2f-spectra obtained
at two C2H2 concentrations, 60 ppmv and 875 ppmv; the sig-
nal measured for pure N2 is also plotted. The asymmetry of the
profile may  be caused by the PZT hysteresis when performing
wavelength modulation [34]. The sensor linearity was evaluated
by measuring the QEPAS signals for a series of C2H2:N2 mixtures at
different concentrations. These measurements were performed in
static state after pumping gas samples into the gas cell for about 2
mins. Fig. 8(b) plots the measured QEPAS signal amplitude (peak-
to-peak) as a function of C2H2 concentration, ranging from 60 to
9100 ppmv. A linear fit to the experimental data yields an R-square
value of 0.9998, indicating a good linear response with a slope
of 6.4 ppmv/mV. Compared with our previous study using a con-
ventional photoacoustic cell [29], the non-linearity behavior of the
sensor response as a function of the C2H2 concentration was  absent
when using the current FLI-QEPAS configuration. This is mainly
due to the reduced gas absorption length inside the laser cavity,

resulting in the negligible influence of the absorption-induced cav-
ity loss on the QEPAS signal. A wide linear dynamic range >105 was
achieved by the demonstrated FLI-QEPAS C2H2 sensor.
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quartz-enhanced photoacoustic spectroscopy using a distributed-feedback
Fig. 10. Allan deviation analysis in ppbv for the FLI-QEPAS C2H2 sensor.

We  also evaluated the dependence of sensor noise on gas pres-
ure and intracavity laser power. The QEPAS signal for pure N2
as recorded at different gas pressures from 20 kPa to 101 kPa

y switching the fiber laser on and off. The acquired QEPAS sig-
als are shown in Fig. 9(a). The standard deviation (1�)  values
xtracted from the QEPAS signals measured at different gas pres-
ures are reported in Fig. 9(b). A similar 1� noise level (∼75 �V) was
xtracted for all the investigated pressures, indicating no contribu-
ion to the noise level by the laser radiation and the gas pressure.
ote that the ultimate sensor noise level is determined by the ther-
al  noise of the QTF, where the root mean square value (VN) of

ts fluctuations is expressed as: VN = GRF
√

4KT
R �f  , where G is the

ain of the low-noise voltage amplifier, RF is the feedback resis-
or of the transimpedance preamplifier, K (1.38·10−23 m2kg/s2K)
s the Boltzmann constant, T (296 K) is the QTF temperature, R is
he QTF electrical resistance and �f  is the lock-in detection band-
idth. Considering G = 10, RF = 10 M�,  R = 346 k� and �f  = 1 Hz in

his study, we estimated a thermal noise of VN = 22 �V. Hence,
he other noise sources dominate the observed sensor noise level.
ndeed, the QTF may  be sensitive to the external noise at the reso-
ance frequency of 7.2 kHz. Fig. 9(c) presents the influence of PZT
odulation on system noise, showing a decrease of ∼35% with the

ZT modulation turned off.
To evaluate the long-term stability of the FLI-QEPAS sensor,

n Allan deviation analysis was performed by measuring the
EPAS signal in pure N2. A software-based wavelength stabiliza-

ion scheme [35] was used to lock the laser wavelength to the
2H2 absorption peak by employing a 20 cm-long reference gas
ell filled with 1% of C2H2:N2. Fig. 10 reports the Allan deviation
nalysis showing that the ultimate detection limit scales as 1/

√
t,

here t is the lock-in integration time [36]. The calibration curve
f the FLI-QEPAS sensor was used to convert the 1�-noise voltages

nto C2H2 concentrations. A detection sensitivity of 29 part-per-
illion in volume (ppbv) was achieved at 300 s, corresponding to

 normalized noise equivalent absorption (NNEA) coefficient of
.5 × 10−8 cm−1 W Hz−1/2.

. Conclusions

A novel gas sensor based on FLI-QEPAS technique was demon-

trated for sensitive C2H2 detection, providing a large linear
ynamic range in concentration. A backward pumped fiber-ring

aser was used as an exciting photoacoustic source coupled with a
ustom QTF, realizing a detection module able to fully exploit the

[
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intracavity laser power. A FBG-based modulator was designed to
modulate the intracavity laser wavelength at half of the QTF res-
onant frequency (7.2 kHz), while maintaining the intracavity laser
power constant over the entire wavelength scanning range. The FLI-
QEPAS sensor achieved an ultimate detection sensitivity of 29 ppbv
C2H2 in N2 at a lock-in integration time of 300 s. Future work will
be focused on implementing custom QTFs coupled with a single
tube micro-resonator system to obtain a further enhancement in
detection sensitivity [9,37–39].
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