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Abstract: A trace ammonia (NH;3) detection system based on the near-infrared fiber-optic
cantilever-enhanced photoacoustic spectroscopy (CEPAS) is proposed. A fiber-optic extrinsic
Fabry-Perot interferometer (EFPI) based cantilever microphone has been designed to detect the
photoacoustic pressure signal. The microphone has many advantages, such as small size and high
sensitivity. A near-infrared tunable erbium-doped fiber laser (EDFL) amplified by an erbium-doped
fiber amplifier (EDFA) is used as a photoacoustic excitation light source. To improve the sensitivity,
the photoacoustic signal is enhanced by a photoacoustic cell with a resonant frequency of 1624 Hz.
When the wavelength modulation spectroscopy (WMS) technique is applied, the weak photoacoustic
signal is detected by the second-harmonic detection technique. Trace NH3; measurement experiments
demonstrate that the designed fiber-optic CEPAS system has a linear response to concentrations in
the range of Oppm — 20ppm at the wavelength of 1522.448 nm. Moreover, the detection limit is
estimated to be 3.2 ppb for a lock-in integration time of 30s.
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1. Introduction

Trace ammonia (NH;) detection is important for
environment monitoring and medical diagnosis
[1-3]. Among the proposed trace gas detection
methods, laser photoacoustic (PA) spectroscopy
(PAS) shows many technical advantages, such as
small sample volume, high detection sensitivity, and
continuous measurement ability [4—6].

When the modulated excitation laser is tuned to
one of the vibrational-rotational transitions of
targeted gas molecules, a portion of the gas
molecules move up to the excited state. By
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nonradiative relaxation, the excited molecules move
down to the ground state. As a result, the gas in the
PA cell expands periodically and generates sound
pressure waves. The PA pressure wave can be
detected by an acoustic sensor, such as an electronic
microphone. Since the concentration of the target
gas is proportional to the amplitude of the PA
pressure wave, the target gas can be quantitatively
detected [7]. Webber et al. reported a PAS based
NH; gas detection system by interrogating a
transition near 1532nm with a 500mW power from
an erbium-doped fiber amplifier (EDFA) [8]. A
detection limit of 9 ppb was achieved with an
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integration time of 10s. If the microphone noise is
higher than the acoustic noise caused by the
environment, the sensitivity of the gas detection
system based on PAS can be effectively improved
by increasing the sensitivity of acoustic sensors.
Therefore, various high-sensitivity acoustic sensors
have been proposed in recent years, such as quartz
tuning fork [9-11], fiber-optic acoustic sensor
[12-15], and optical cantilever [16-18]. Wu et al.
developed a quartz-enhanced PAS (QEPAS) based
NH; gas detection system. A distributed feedback
(DFB) diode laser boosted by an EDFA combined
with a quartz tuning fork was used for trace NHj
detection. Experiments showed that the detection
limit could reach 52ppb [18]. Ma et al. reported a
sensitive  QEPAS based NH; sensor [20]. The
detection limit was achieved to be 418.4ppb with an
integration time of 1 s, and the corresponding
normalized noise equivalent absorption coefficient
(NNEA) was 3.83x10 cm™ - W-Hz ",

Since the working frequency of the non-resonant
PAS is usually lower than 200 Hz, a large-size
cantilever microphone with high sensitivity in the
low-frequency range is much more suitable for a
non-resonant PA cell. For the traditional
cantilever-enhanced PAS (CEPAS), a Michelson
interferometer is used to detect the dynamic
displacement of the cantilever [21]. For
low-frequency acoustic detection, a large-size
cantilever has higher response. Therefore, when
detecting trace gases, the CEPAS can be used to
improve the sensitivity. However, the Michelson
interferometer based optical cantilever sensor is
difficult to be installed in the PA cell due to its large
size and complex structure. Moreover, in the
reported CEPAS systems, the cantilever and the PA
cell both work in the non-resonant state. Therefore,
the gas detection sensitivity is limited by the large
1/f noise with low working frequency.

In this paper, a fiber-optic CEPAS based trace
NHj; gas detection system is presented. A fiber-optic
extrinsic Fabry-Perot (F-P) interferometer (EFPI)
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based cantilever microphone has been designed to
detect the PA pressure signal. A near-infrared
tunable erbium-doped fiber laser (EDFL) amplified
by an EDFA is used as a PA excitation light source.
To improve the sensitivity, the PA signal is enhanced
by a resonant PA cell. The ability to detect ultra-low
concentrations of NH; has been demonstrated at the
wavelength of 1522.448 nm.

2. Principles

2.1 Principle of the EFPI based cantilever
microphone

For an EFPI based cantilever microphone, the
extrinsic F-P cavity is formed by the air gap between
the free-vibration cantilever and the cleaved fiber
endface. When the PA pressure is applied to the
cantilever, the length of the F-P cavity will change
periodically as the sound pressure changes. The
EFPI can be regarded as a dual-beam interferometer.
Therefore, when the intensity of incident light with a
wavelength of 1 is /o, the reflected light intensity (/,)
can be expressed as [22, 23]

I =2, [1+ ;/cos(%[(do +Adsin((ut))+7rﬂ (1)

where y is the fringe visibility of the interference
fringe, d is the length of the F-P cavity in a static
state, Ad is the length variation of the F-P cavity, # is
the time, and w is the angle frequency of the sound
wave.

To achieve the highest sensitivity and maximum
linear operating range, the central wavelength of the
probe laser should be kept at the quadrature point
which lies at the maximum slope position of the
interference fringe [24, 25]. With this demodulation
method, the alternating-current (AC) component of
the reflected light intensity can be described as
follows:

I :210;/477[Adsin((0t). ()

From (2), the variation of the F-P cavity length
can be obtained by detecting the change in the
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reflected light intensity, and then the PA signal can
be demodulated.

2.2 Principle of the resonant PAS

Due to the

azimuthal, and radial eigenmodes, several resonant

superposition of longitudinal,

acoustic modes can exist in the PA cavity [26]. If the
modulation frequency of the light source coincides
with one of the resonance frequencies of the PA tube,
a standing acoustic wave is excited, and the PA tube
works as an acoustic amplifier. Currently, the
first-order longitudinal resonance PAS is one of the
most commonly used high-sensitivity trace gas
detection methods [27-30].

The combination of the wavelength modulation
(WMS) and
detection is the most effective way to eliminate the

spectroscopy second-harmonic
interference of wavelength-independent PA signals
from the absorptions of the optical window and
the «cell wall [8, 31]. The
wavelength-independent PA pressure may reach to

generated

mili-Pascal (mPa) level. Therefore, when the tunable
laser is wavelength modulated, the influence of
background noise on PA measurement can be almost
completely eliminated by the second-harmonic
detection technology.

3. Fiber-optic cantilever microphone
manufacturing method and its
characteristics

3.1 Manufacturing method of the -cantilever
microphone

Figure 1(a) shows the structure diagram of the
sensor head. The cleaved endface of the fiber and
the free-vibration cantilever together form an EFPI
[29, 30, 32, 33]. The stainless steel shell is used to
fix the ceramic ferrule and the cantilever diaphragm.
Figure 1(b) shows the finite element analysis model.
A rectangular stainless steel cantilever acts as an
acoustically sensitive component. The analysis
result shows that the width has little influence on the

natural frequency of the cantilever. Meanwhile,

when the cantilever thickness is 10 pum, the
relationship between the natural frequency and
cantilever length is analyzed by simulation, as
shown in Fig.2. In this paper, the cantilever with a
length of 2.1 mm is selected. The analysis result
shows that the natural frequency of the rectangular
stainless steel cantilever is 1811 Hz. Figures 1(c) and
1(d) present the side view and front view of the
cantilever microphone, respectively. A 1064 nm fiber
laser marker (YLP-F10, Han’s Laser) is used to
manufacture the cantilever on a thin stainless steel
diaphragm having a thickness of 10 pm.
The dimension of the rectangular cantilever is
2.1mmx 1 mm.
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% ‘ |
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Fig. 1 Schematic diagram of the cantilever microphone:
(a) structure diagram of the cantilever microphone, (b) finite
element analysis model, (c) side view, and (d) front view of the

cantilever microphone.
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—Spline interpolation
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Fig.2 Simulated relationship between the natural frequency
and the length of a rectangular cantilever with a thickness of
10 pm.
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3.2 Features of the cantilever microphone

The interference spectrum of the cantilever
sensor is measured by a wavelength interrogator
(si720, Micron Optics Inc.), as shown in Fig.3. The
F-P cavity length is demodulated to be 1305 pm
using the fast Fourier transform (FFT) based
demodulation method [34]. The PA pressure is
demodulated by  the
demodulation mechanism [24, 25]. For the long

interference-intensity

cavity length sensor, environmental perturbations to
the measurement can be eliminated by stabilizing
the working point.

Power (dBm)

-20 . L L .
1550 1551 1552 1553 1554 1555
Wavelength (mm)

Fig. 3 Reflection interference spectrum of the manufactured
cantilever sensor.

The designed cantilever microphone has been
tested by an acoustic pressure test system [35]. In
order to measure the sensitivity of the manufactured
cantilever sensor, the acoustic pressure is adjusted to
10mPa. Figure 4 shows the time domain response of
the detected acoustic signal at the frequency of
1624 Hz. The acoustic pressure response of the
designed cantilever microphone is measured in the
range from OPa to 0.2 Pa, as shown in Fig.5. It
indicates that when the acoustic pressure changes,
the response changes accordingly. A linear fitting of
the data points is applied. The fitting result shows
that the regression line is very close to the actual
data point. The calculated R-square value is equal to
0.9998, and the estimated acoustic pressure
1030 mV/Pa.
cantilever deflection can be calculated to be
2102 nm/Pa at 1624 Hz by using the method
described in our previous work [32].

sensitivity  is Furthermore, the
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Fig.4 Demodulated time-domain acoustic signal at 1624 Hz.
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Fig. 5 Measured acoustic pressure response of the fiber-optic
EFPI based cantilever microphone.

4. Photoacoustic experimental results

and discussion

4.1 Photoacoustic experimental setup

Figure 6 shows the experimental setup for the
fiber-optic CEPAS system. This system is comprised
of four modules: a near-infrared tunable laser source,
a PA cell, a PA signal detector, and a signal
processor. A near-infrared tunable EDFL is designed
as a PA excitation light source. Wavelength
modulation of the EDFL is realized by using a
tunable fiber-optic F-P filter (FFP-TF2, Micron
Optics), whose free spectral range (FSR) is 100nm.
A combined signal of sawtooth and sine waves,
which is supplied by a homemade lock-in amplifier
(LIA), is used to drive the tunable F-P filter. The
output light of the EDFL propagates to an EDFA. As
a result, a PA excitation light source with an output
power of 1000mW is obtained. The excitation light
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is then incident into the PA cell by a fiber collimator.
An acoustic resonant tube and two buffer chambers
the first-order
resonant PA cell. The acoustic resonance tube is a

together constitute longitudinal
cylindrical brass tube with a diameter of 10mm and
a length of 100 mm. On the one hand, in order to
reduce the NH; molecular adsorption and desorption
effects on the surface of the tube wall, the
temperature of the PA cell is maintained at 45 ‘C. On
the other hand, considering that the adsorption and
desorption during gas transport can be greatly
reduced by shortening the gas pipeline and
increasing the flow rate, the length of the inlet
pipeline is shortened to be ~50cm, and the flow rate
is set to be 2000 sccm. Moreover, the gas to be
measured flows in the measurement system for
3 minutes before the measurement, so that the gas
can be sufficiently balanced in the PA cell. As a
result, the error of the prepared NH;/N, gas
concentration can be dramatically reduced. A
gold-plated mirror is installed to reflect almost all of
the laser back to increase the intensity of the PA
signal. The air inlet and outlet, which are controlled
by two valves, are located in two buffer chambers,
respectively. The amplitude of the PA signal is the
largest at the antinode, and the antinode is located in
the middle of the resonant tube. Therefore, the
microphone is installed in the middle of the
resonator. The PA signal causes the vibration of the
cantilever. As a result, the length of the F-P cavity
changes periodically. The PA signal detection
module, which mainly consists of a DFB laser, a
fiber coupler, a fiber circulator and two photodiodes
(PDs), converts the variation of the F-P cavity length
to an alternate electrical signal by using the
interference-intensity demodulation method. To
keep track of the quadrature point, the wavelength of
the DFB laser is tuned by controlling its injection
current. However, the tuning range of the DFB laser
is limited from 1550.2 nm to 1550.7 nm. If the
operating point drifting out of the tuning range, the

wavelength of the DFB laser can be recycled to

continuously track the quadrature point [24].
Subsequently, the weak PA signal is extracted by the
LIA. A control and signal processing program is
developed by LabVIEW in a computer.

Module 3: PA signal detector ’
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Fig. 6 Schematic diagram of the experimental setup.

4.2 Photoacoustic experimental results

To select the optimal operating frequency, the
amplitude-frequency response of the PA system is
measured from 1520Hz to 1720Hz by scanning the
laser modulation frequency from 760Hz to 860 Hz,
when the PA cell is filled with a 20 ppm NH3/N, gas
mixture and the wavelength of the EDFL is
maintained at 1522.448 nm. Figure 7 shows the
amplitude-frequency response by using WMS and
the second harmonic detection techniques. As shown,
the resonant frequency is 1624 Hz. Since the natural
frequency of the cantilever is about 1.8 kHz, the
responsivities near
Therefore, the
response curve is asymmetric.

1.8 kHz are much higher.
measured amplitude-frequency

Experiments with different concentrations of
NH; measurements are carried out by the designed
fiber-optic CEPAS system. Two mass flow
controllers (MFCs) (D07-19, SevenStar Electronics),
a bottle of high purity N, gas and a bottle of 20ppm
NH3/N,
experimental gases. A variety of gas concentrations

gas are used for the preparation of

are obtained by controlling the flow rate ratio of the
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two MFCs. After filling the PA cell with the gas
mixture, the valves are closed to isolate the
environmental noise. In addition, the pressure in the
PA cell is maintained at 1 atm during the PA
measurement.  The  wavelength  modulation
frequency of the EDFL is 812Hz, which is half the
first-order resonant frequency of the PA cell. The
wavelength of the EDFL is scanned from 1522.1nm
to 1522.7nm with a scanning period of 30s. The
second-harmonic PA signals with different NH;
concentrations are measured by using the WMS
technique, as shown in Fig. 8.

* Measured data
— Spline interpolation
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Fig. 7 Frequency response of the PAS system.
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Fig. 8 Second harmonic signals of different concentrations of
NH; with the laser modulation frequency of 812 Hz.

Gaussian fitting is used to search the peak value
of the spectrum near the
wavelength of 1522.448nm. Figure 9 shows the PA
signals with different NH; concentrations. Each

measured central

point represents the average value of the peaks of

the second harmonic signal. The points
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corresponding to different concentrations of NHj
have good linearity. The results of the linear fitting
show that the R-square value is equal to 0.9997, and
the fiber-optic CEPAS system has a response of
660.5uV/ppm for trace NH; detection. By using the
interference-intensity demodulation method, the PA
demodulator works in the linear range when the
vibration amplitude of the cantilever is less than
100nm. According to Figs.5 and 9, the PA pressure
is less than 13.2 mPa, the maximum vibration
amplitude can be estimated to be 27.7nm with the
responsivity of 2102 nm/Pa. Therefore, the PA
demodulator works in the linear response range
when the NH; concentration ranges from Oppm to
20 ppm.

® Measured data
1ok —Linear fit

E o
& »=0.6605x +0.003924
s o R*=0.9997

0 5 10 15 20
Concentration (ppm)

Fig. 9 Measured photoacoustic signals of different NH;
concentrations.

To measure the background noise, high purity N,
gas is filled into the PA cell, and the noise signal is
recorded by the designed fiber-optic CEPAS system.
Both EDFL and EDFA are in the working state
during the experiment. The sawtooth signal becomes
and the
average wavelength of the laser is maintained at
1522.448 nm. The integration time of the lock-in
amplifier is set to be 30s. Figure 10 shows the

a fixed direct-current (DC) voltage,

recorded voltage of noise as a function of time. The
calculation result of the voltage noise level (lo) is
2.1pV. Combined with the responsivity of 660.5uV/ppm,
the detection limit is estimated to be 3.2 ppb.
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Fig. 10 Recorded voltage of noise as a function of time with
the cell filled with pure N,.

To further evaluate the performance of the
fiber-optic CEPAS system, it is worth to calculate
the NNEA

sensitivity performance of the gas detection system

coefficient, which normalizes the

to the excitation power and absorption line
strength [36, 37]. The NNEA coefficient can be
expressed as
o P
ENBW

where o, 1s the minimum detectable absorption

NNEA = (3

coefficient, P is the power of the laser light, and
ENBW is the equivalent noise detection bandwidth
of the signal detection system. For a 30s lock-in
integration time, the ENBW is equal to 0.00833 Hz.
obtained to be
2.35x10" em™, according to the detection limit
of 3.2 ppb. As a result, the NNEA coefficient
can be calculated to be 2.6x10°cm™-W-Hz ">,
In further research, in order to improve the

In addition, amn, can be

detection sensitivity, the photoacoustic cell and
cantilever with the similar resonance frequency
will be selected, and the photoacoustic signal
will be amplified by a dual resonance at this
frequency. When the cantilever works in the
resonant state, the Brown noise will increase greatly,
and we will improve the signal-to-noise ratio
by optimizing the operating parameters of the
system [38].

5. Conclusions

In this paper, we present a fiber-optic CEPAS for

trace NH; gas detection, which combines a
fiber-optic EFPI based cantilever microphone and a
first-order longitudinal resonant PA cell. A
near-infrared EDFL combined with an EDFA is
applied as the PA excitation light. The dimension
and the thickness of the cantilever are 2.1 mm %1 mm
and 10 um, respectively. At the frequency of 1624Hz,
the sensitivity of the designed cantilever sensor is
1030 mV/Pa. With the methods of WMS and
second-harmonic detection, different concentrations
of trace NH; gas have been measured around the
wavelength of 1522.448 nm. Experimental result
shows that the designed fiber-optic CEPAS system
has a linear response of 660.5 uV/ppm. Furthermore,
the detection limit (1o) is 3.2ppb for an integration
time of 30s. In addition, the NNEA coefficient for
NH; is calculated as 2.6x10”c¢cm™ -W-Hz™"?. In
this system, the cantilever does not work in the
resonant state. The PA signal can be further
enhanced by the dual resonance of the cantilever and
the PA cell. Moreover, in order to further reduce the
adsorption of ammonia gas, the PA cell can be made
of low surface energy materials, such as Teflon
polytetrafluoroethylene.
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