| 4202 Vol. 54, No. 13 / May 1 2015 / Applied Optics

Research Article

applied optics

Modeling and implementation of a fiber-based
quartz-enhanced photoacoustic spectroscopy

system

YonaJiang Dong,">T Jian CHEN,"*' LonGalang Luo,"? ERik FORSBERG,'?

SaILING HE,"? AND CHUNSHENG YAN'?*

'State Key Laboratory for Modern Optical Instrumentation, Centre for Optical and Electromagnetic Research, Zhejiang University, Zhejiang, China
2Provincial Key Laboratory for Sensing Technologies, JORCEP [Joint Research Center of Photonics of the Royal Institute
of Technology, Lund University and Zhejiang University], Zhejiang University, Hangzhou 310058, China

*Corresponding author: yancs@zju.edu.cn

Received 28 January 2015; revised 1 April 2015; accepted 6 April 2015; posted 9 April 2015 (Doc. ID 233394); published 29 April 2015

A compact fiber-based quartz-enhanced photoacoustic spectroscopy system requiring no extra optical lens has
been developed for the detection of acetylene. The system is based on a common fiber or an axicon fiber to
conduct the light. Experimental results show comparable detection sensitivity to that of tapered fiber-based
photoacoustic spectroscopy systems. The system is easy to adjust and has low insertion loss and is thus well suited
for small portable sensor applications in the future. A numerical model based on actual beam profiles was
furthermore developed as part of the study to investigate the optimal positions of the fibers and to verify

the experimental results.

© 2015 Optical Society of America

OCIS codes: (060.2370) Fiber optics sensors; (300.1030) Absorption; (120.4820) Optical systems.

http://dx.doi.org/10.1364/A0.54.004202

1. INTRODUCTION

Photoacoustic spectroscopy (PAS) uses an acoustic transducer
to detect ultrasonic signals produced by light absorptions of
gas molecules under investigation and is an effective method
for trace gas detection with high sensitivity and selectivity
[1-3]. Compared with traditional PAS, which usually uses a
microphone with a large resonant acoustic cell [4,5], quartz-
enhanced photoacoustic spectroscopy (QEPAS), first reported
by Kosterev ez al. [6], has been proved to be a more compact
and robust technique with comparable sensitivity [7-9]. In a
QEPAS system, a quartz tuning fork (QTF) with small size,
low cost, and extremely high Q factor is used as an acoustic
transducer [10]. A QTF is immune to ambient noise due to
its high resonant frequency, and is because of this able to
detect very small gas samples (few cubic millimeters in volume).
Thus QEPAS has been widely used for all kinds of trace gas
detection with on-beam or off-beam configurations in recent
years [11-10].

However, the QEPAS systems reported to date are almost all
based on open free-space path configurations, which require
complex and precise optical collimation and focus systems
to obtain high photoaoustic generation efficiency. Recently,
a compact evanescent-wave PAS (EPAS) gas detection system
based on a tapered optical fiber (TOF) was developed, which

showed lower insertion loss while at the same time being easier
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to align [17]. In EPAS, photoacoustic pressure is excited by the
evanescent wave of the micro/nano fiber. However, the TOFs
need to be fabricated through a complex flame-brushing tech-
nique [18], and fiber tapers with subwavelength diameters are
also quite fragile. In this work, a QEPAS system based on
common single-mode fibers, which has the same advantages
as and comparable sensitivity to EPAS systems while being
more stable and flexible, has been developed. The same system
was also studied having replaced the common fiber with an
axicon fiber [19] to investigate whether this could increase
the systems’ photoacoustic excitation efficiency while retaining
its easily adjustable configuration.

For the purpose of system optimization and validation of
experimental results our work also includes the extension of
previous numerical studies of QEPAS systems. Petra er 4.
[20] developed an analytical model of the QTF by which
the optimal position of the laser source to induce the strongest
photoacoustic signal was investigated. Numerical simulations
of a similar structure using the COMSOL Multiphysics soft-
ware were performed by Cao er al. [21]. Related studies on
modeling of QEPAS have been performed by Firebaugh ez /.
[22], Petra ez al. [23], and Yi ez al. [24]. However, an approxi-
mation was made, or a simplistic model used, of the laser beam
profiles in all previous studies. By contrast, in this paper, a
numerical model that considers the actual emergent light beam
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profile from the fibers is developed and used. Using this model
the optimal three-dimensional fiber location relative to the
QTF has been studied and compared to the corresponding

experiment results.

2. THEORY AND NUMERICAL MODELING

The pressure p of the acoustic wave generated by the interaction
between trace gas and laser beams satisfies the acoustic wave
equation
*p
o
where 7 is the time, and ¢ is the speed of sound. S is the acoustic
intensity, which relates to the laser intensity / according to

AVip =, (1)
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where a is the absorption coefficient and y is the adiabatic co-
efficient. Thus, in frequency space, the distribution of the
acoustic source power is proportional to that of the laser power.
For a common single-mode fiber with a flat end the output
optical intensity distribution 7 can be expressed as [25]
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where p and / are the cylindrical coordinates of the output light.
P and 2 represent the total power and wavelength of the laser,
respectively, while W denotes the Gaussian beam waist. The
emergent beam from axicon fiber with a focusing effect can be
expressed as [20]
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where # is angular wavenumber and a; is the polar angle of the
axicon.

The numerical simulation is based on the finite element
method, which utilizes the Acoustic-Structure Interaction mod-
ule of COMSOL Multiphysics to simulate the generation and
coupling of photoacoustic waves as well as the displacement of
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Fig. 1. Schematics of the quartz tuning fork (QTF) and fiber con-
figuration; (a) transverse and (b) flank side of the QTF. L, w, and ¢
represent the length, width, and thickness of the QTF prong and g the

QTF gap.
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Fig. 2. Schematic diagram of the geometry of the numerical model
for the fiber-based quartz-enhanced photoacoustic spectroscopy sys-
tem. The external cylinder represents the gas domain, the horizontal
(blue) cylinder the acoustic source, and the rectangular shape (half of)
the tuning fork.

the piezoelectric solid. The configuration of the QTF and the
fiber is shown in Fig. 1. The three-dimensional position of
the fiber is varied by the vertical offset along the z axis, and
the horizontal offset along the y axis. In the three-dimensional
model, only half of the tuning fork needs to be considered due to
structural symmetry as indicated in Fig. 2. The dimensions of
the QTF are similar to those in previous works [16,19], each
prong being 3.8 mm x 0.6 mm x 0.34 mm with the gap be-
tween the prongs being 0.3 mm and the base length being
2.33 mm. The external cylinder in Fig. 2 represents the gas do-
main, in which an outer shell is designed as a perfectly matched
layer (PML) to prevent boundary reflections; this domain is kept
small in size to preserve memory space. The two overlapping
(blue) cylinders in Fig. 2 represent the acoustic source corre-
sponding to the light field generated at the tip of the fiber.
For the inner cylinder, which has a radius of 40 pm, a self-
defined extremely refined mesh is needed for the analysis.
The radius of the outer cylinder is set to 0.13 mm, slightly
smaller than half of the tuning fork gap. The height of the acous-
tic source is chosen to be 2 mm to ensure that most of the energy
of the light beam emitted from the fiber is included in the model.
As only a qualitative analysis is needed in this simulation, the
proportionality coefficient between the self-defined acoustic
source and the power distribution, 7, can be chosen arbitrarily.
All dimensions and parameters in the respective models of a
common fiber and an axicon fiber are kept the same for the
convenience of comparison.

3. EXPERIMENTAL SETUP

The experimental setup is depicted in Fig. 3. A tunable laser
(Agilent, Inc., 81940A) serves as the light source, and an optical
amplifier (Amonics, Ltd., AEDFA-33-B) is used to amplify the
light power up to 40 mW. In the experiments, the wavelength
and modulation frequency of the laser are set at 1530.368 nm
in an absorption line of C,H, and 32.75 kHz in the measured
resonant frequency of QTF in pure nitrogen, respectively. The
frequency of QTF at its first flexion resonance mode has no

change when C,H, is added. The Q value of QTF, defined
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Fig. 3. Schematic diagram of the fiber-based QEPAS system.

as FWHM divided by resonant frequency, is about 9600. The
QTF is mounted inside a self-made compact cuboid gas cham-
ber, which in turn is fixed on a three-dimensional compact
linear stage (Newport, Co., VP-25XA). The gas chamber size
is approximately 15 cm x 10 cm x 8 cm. The chamber con-
tains a gas inlet and a gas outlet, a fiber connector, and an elec-
tric signal interface. It has a hole on the left side of the chamber
sealed with a hollow balloon on a steady optical post, the pur-
pose of which is to allow the displacement of post in the hole
while maintaining good leakproofness. In the experiments the
fiber fixed on the platform by a self-made V groove and tape is
connected to the post and kept motionless while the position of
the QTF is controlled by the motion stage to obtain optimal
alignment. The output current signal from the QTF is ampli-
fied by a preamplifier (Hamamatsu Photonics, Led., C7319)
with a current-to-voltage conversion factor of 10 V/pA, and
is then detected by a lock-in amplifier (Stanford Research
System, Inc., Model SR 830) and recorded by a LABVIEW
(National Instrument, Inc., Labview 2011) based program.
The time constant of the lock-in amplifier is set to 100 ms with

a 6 dB/Oct slope filter.

4. RESULTS

A. Numerical Results

The resonant frequency of the QTF is calculated by the finite
element model to be 36.13 kHz and found to be in accordance
with the analytical result described in Ref. [18]. To produce the
strongest photoacoustic signal, we use simulations to find the
optimal light beam offset from the top of the QTF. The dis-
placement of the QTF is calculated with the acoustic source at
different positions along the perpendicular middle axis (z axis as
shown in Fig. 1(a)) of the QTF. The horizontal position of the
acoustic source cylinder along the y axis as shown in Fig. 1(b) is
fixed at 0.2 mm. Two kinds of acoustic sources are used, a
Gaussian beam from a common single-mode fiber with a flat
end and a Bessel beam from an axicon fiber, respectively.
Simulations using line sources [17] are also used for compar-
isons. In each case, all the displacements of the QTF are nor-
malized to the maximum displacement. The results are
depicted in Fig. 4. The optimal vertical offsets along the z axis
for the acoustic sources are all about 0.6 mm, which agrees well
with previous theoretical [20,21] and experimental results [4].
Thus the correctness of our simulation model has been verified.
It is indicated from Fig. 4 that using the light source with a
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Fig. 4. Normalized simulated displacements of the QTF as a func-
tion of vertical offsets (z in Fig. 1(a)) for three different light sources: a
simplified line source, a Gaussian light source from common a single-
mode fiber, and a Bessel light source from an axicon fiber.

simple line model instead of a complete beam profile model
is also valid, especially near the best vertical position.
However, in the vertical positions away from the optimal point,
the effect of beam profiles becomes more and more apparent.

To study the optimal three-dimensional position of the
fibers, the vertical offsets of the acoustic sources are fixed at
0.6 mm. The displacements of tuning fork prongs are then
simulated at varying horizontal distances between the QTF
and the fiber along the y axis. As shown in Fig. 5, the optimal
horizontal offset of the single-mode fiber is 0.6 mm, at which
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Fig. 5. Simulated tuning fork displacements on different horizontal
positions of two kinds of fibers: common single fiber and axicon fiber.
Insets show the output beam profile on the YZ view of common fiber
and axicon fiber, and color bars represent the beam intensity.
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distance approximately 60% of the QTF gap cross section is
covered by the Gaussian beam. The optimal offset of the axicon
fiber with the focus beam is -0.15 mm, indicating that the ax-
icon fiber should be placed between QTF prongs to place the
focused light in the center of the QTF. The tuning fork dis-
placement of axicon fiber decreases dramatically with distance
from the center because most of the output energy of the beam
is focused in a spot with a small focal depth. However, the beam
energy from a single-mode fiber changes slowly, so it has a
smooth curve. Beam profiles from the YZ view of two kinds
of fiber, which are calculated from Egs. (2) and (3), could
be seen from the insets of Fig. 5. The maximal displacement
of the QTF, i.e., the strongest photoacoustic signal, generated
by the axicon fiber is about 1.1 times larger than the strongest
signal generated by the common single-mode fiber, which
seems to suggest that a focused beam is a somewhat better
photoacoustic excitation source. The difference is, however,
not significant, which most likely can be attributed to the fact
that the output light power from the two types of fibers is es-
sentially the same albeit with different beam distributions.

B. Experimental Results

To investigate the sensitivity of the fiber-based compact
QEPAS system we measure the photoacoustic signals generated
by the two different fibers at different C,H, concentrations. In
each case, the fiber is fixed on the platform inside the gas cham-
ber and C,H, mixed with N, is infused into the chamber.
Based on the optimal position of the QTF as calculated in
the simulations in the previous section, the location of the
QTF is adjusted together with the gas chamber by controlling
the three-dimensional motion stage to obtain the strongest
photoacoustic signal. The output signals of different gas con-
centrations are then recorded. The results for the single-mode
fiber and the axicon fiber are shown in Figs. 6 and 7, respec-
tively. In both cases the signals display a linear relationship with
the gas concentrations. The main experimental error is caused

280 T T T

8.05% |

240

220

180
250 ®  experimental result
e |inear fitting

200 b

signal [uV]

160

140

signal [uV]

120 y=28.41x+26.42

100 ) 2 4 6 3

concentration [%]

80

0 100 200 300 400 80 600 700 800 00
Time [s]

Fig. 6. Photoacoustic signals induced by the common single-

mode fiber repetitively recorded with different acetylene concentra-

tions. The inset shows the averaged signal as a function of acetylene

concentration.
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Fig. 7. Equivalent results to those in Fig. 6 for the axicon fiber.

by the mass flow meter used to control the acetylene concen-
tration in the gas mixture. The standard derivations of noises
are almost the same at different concentrations as shown in
Figs. 6 and 7. One thing to be mentioned is that diffraction
from the axicon fiber can cause a large noise when the fiber
is put farther away from the tuning fork than about 1 mm.
In the normal case, the noise is mainly due to thermal noise
of the QTF and noise in the electrical detection, and it is esti-
mated to be 1.1 pV from the data in Fig. 7, which yields a
signal-to-noise ratio (SNR) of about 95 at 2.44% acetylene.
We can thus derive the detection limit for the axicon fiber
to be 259 ppm, which is comparable to that reported for
TOFs [13]. We find the detected signal values for the common
fiber and the axicon fiber to be comparable, with the signal of
the axicon fiber being only 1.05 times larger than that of
common single-mode fiber. Considering that the best position
of axicon fiber requires very precise adjustment and that the
difference in detected signal values is small we can conclude
that for practical applications the common single-mode fiber
is preferable.

We note that the experimental results also agree well with
the results of our numerical simulations.

5. CONCLUSION

In this paper, we have reported the development of a finite
element model that simulates the deformation of a QTF photo-
acoustic sensor caused by light-induced sound waves. To our
knowledge, this is the first time that actual light beam profiles
(as opposed to a simplified line source) are used in simulations
of such a photoacoustic sensor. Based on this numerical model,
we calculated the optimal spatial position of the light beams in
three dimensions for a common single-mode fiber with a flat
end as well as for an axicon fiber. These results provide mean-
ingful input for experiments as well as for future applications to
obtain maximized photoacoustic signals.

We have furthermore reported on the development of a
novel compact fiber-based photoacoustic sensor that does
not require additional collimators or focus lenses. Unlike
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similar systems based on tapered fibers with diameters of the
order of 1 pm requiring sophisticated fabrication methods as
well as careful maintenance to avoid breaking, our system uses
a common single-mode fiber but is even so able to detect gas
concentrations with almost the same sensitivity while being
more stable and having an easier arrangement configuration.
For C,H,, the detection limit by our system is about
259 ppm, which suffices in practical cases.

An axicon fiber has also been tested in the system to verify
whether a focused beam is more effective for photoacoustic ex-
citation. We find our experimental results to be in good agree-
ment with those from our simulations. The two kinds of fibers
generate almost the same photoacoustic signals. Since the op-
timal location of the axicon fiber needs to be quite precisely
adjusted, the common single-mode fiber offers the better
choice for the development of a miniature, compact, stable,
and portable fiber-based QEPAS sensor for practical applica-

tion in future work.
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