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A high-sensitivity all-optical photoacoustic spectroscopy based on fast swept laser interferometry is proposed to
trace gas detection. The momentary cavity length of the fiber-optic Fabry—Perot microphone is demodulated by a
fast swept-laser interferometry with an instantaneous frequency demodulation algorithm. The all-optical pho-
toacoustic spectroscopy based on the designed microphone was tested for trace acetylene gas detection in the
near-infrared region. The normalized noise equivalent absorption coefficient for acetylene gas is achieved to be
1.06 x 107° em™! W Hz /2,

1. Introduction

Trace gas detection is crucial in a wide range of applications, such as
atmospheric environment [1,2], medical diagnosis [3,4] and industrial
processes [5,6]. Photoacoustic spectroscopy (PAS) has easy access to
achieve high sensitivity for trace gas detection due to its characteristic of
background-free absorption. Typically, photoacoustic (PA) signal is
excited by a modulated light source, and is detected by a microphone.
The concentration of a gas is proportional to the intensity of the PA
signal, so the gas can be quantified by a microphone. The performance of
microphone often determines the detection limit of PAS system.

Electric microphones [7,8] and quartz tuning forks [9,10] are often
used to measure PA pressure in PAS system. For the past few years, some
optical acoustic sensors such as interferometric cantilever [11-13] and
fiber-optic microphone [14-16] have been reported for PAS. In inter-
ferometric cantilever-based PAS system, the vibration of the
micro-mechanical cantilever caused by PA pressure is converted into the
phase change of the interference light by Michelson interferometer.
However, Michelson interferometer is bulky and hard to calibrate. In
addition, the demodulated result is affected by optical path changes
derived from temperature variation and vibration. Fiber-optic Fab-
ry-Perot interferometer (FFPI) acoustic sensors, as one of the most
reliable and compact optical acoustic sensors, have been used for PA
pressure detection. Signal demodulation method is the key technology
of FFPI acoustic sensors. Intensity-based quadrature point (Q point)
demodulation is a common method for FFPI acoustic sensor, with the
advantages of simplicity and high-speed. In our previous work, an
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all-optical photoacoustic spectrometer with a polyetherimide
diaphragm-based FFPI acoustic sensor as the core has been developed
for the detection of trace gases [14]. The detection limit of trace acet-
ylene (C2Hy) is demonstrated to be 1.3 parts-per-billion (ppb).

In all-optical photoacoustic spectrometer proposed previously by us,
the FFPI acoustic sensor employed a probe laser to track the Q point, at
which the sensor has maximum sensitivity and dynamic range. How-
ever, the Q point easily shifts as a result of environmental fluctuations
[17]. If the wavelength of the laser cannot keep track of this point in
time, the measured PA signal will be unstable. Spectral demodulation,
proved to be a very sensitive method with the capability of absolute
measurement, is another method of FFPI acoustic sensors demodulation
[18]. It is based on detection of the reflection spectrum of the FFPI
acoustic sensor with a white light interferometry (WLI) system. Once the
reflection spectrum is obtained, a variety of demodulation methods may
be used to recover the absolute cavity length. A conventional WLI sys-
tem comprises a broadband source and a spectrometer. However, this
combination then has low optical power density and wavelength reso-
lution, which will influence the signal-to-noise ratio (SNR) of the system.
Furthermore, high-speed spectrometers are expensive and bulky in the
near-infrared band in general.

In this paper, a fast swept laser interferometry (FSLI) based fiber-
optic PA spectrometer for trace gas detection is presented. The varia-
tion of absolute cavity length of the fiber-optic Fabry—Perot microphone
caused by photoacoustic signal is demodulated utilizing an interference
spectrum, which is captured by a high-speed swept-laser interferometer.
An instantaneous frequency demodulation algorithm based on Hilbert
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transformation that can eliminate the Doppler effect caused by fre-
quency sweep is illustrated. The performance of the proposed all-optical
PA spectrometer is demonstrated by trace CoH; detection.

2. Fiber-optic microphone based on FSLI

A highly sensitive fiber-optic microphone has been specially
designed for all-optical PA spectrometer. Fig. 1 shows a general
configuration of a fiber-optic microphone based on FSLI. It consists of a
swept laser, a coupler, an etalon (FSR=50 GHz), a circulator, a sensor
head, two photodiodes, high-speed data acquisition card with max
sampling rate 80 MHz (PCIe8514, ART Technology), a computer, and
optical fibers to connect all the optics. The key parameters of the swept
lase are wavelength scanning speed, which determines the upper limit of
the frequency of the detected acoustics signal. In this paper, a swept
laser is fabricated based on a sampled grating distributed Bragg reflector
(SG-DBR, Photonteck) laser diode with a tuning range of 1528-1568 nm,
a wavelength tuning speed of up 80,000 nm/s, and a linewidth of less-
than 5 MHz. The wavelength information can be acquired simulta-
neously through a wavelength calibration channel by the etalon. The
sampling of the spectrum and the wavelength is synchronously triggered
by an external square wave signal of a laser controller. The sensor head
of the FFPI acoustic sensor whose Fabry—Perot cavity is formed by the
fiber end face and the diaphragm is made up of a silica tube, a silica
ferrule, and a polyethylene terephthalate (PET) film. The detailed
description of the sensor head can be found in reference [19].

Theoretically, as long as the frequency of the laser scanning entire
spectrum is greater than twice the frequency of the PA signal, this signal
can be restored. Many WLI demodulation algorithms have been devel-
oped for spectral demodulation. Unfortunately, it is not suitable for WLI
system based on swept-lasers. In the process of spectrum acquisition,
Doppler phenomena will give birth to distort the interference spectrum
and lead to the demodulation error [20]. To overcome the Doppler
induced demodulation error, an instantaneous frequency (IF) demodu-
lation algorithm is proposed for the single frequency PA signal collected
by the all-optical PA spectrometer. The interference spectrum of a
low-finesse FFPI sensor can be expressed as

47va+%>} o)

c

I(v) =1 {1+ycos(

where I is the output intensity of the laser source, y is the fringe visi-
bility of the FFPI sensor, n is the refractive index of the cavity, L is the
cavity length, c is the speed of light in vacuum, v is the frequency of the
laser, ¢ is the initial phase. Then, after filtering out the DC component
and normalization, (1) can be rewritten as

I(v) = cos (4;[an v+ (po> )
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Hilbert transformation of Eq. (2) can be expressed as

. (4mnL

i) = sin(*E v ) ®
where H is the Hilbert transform. According to Egs. 2 and 3, the total

phase @ of the interference spectrum can be expressed as

4znL H|I
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‘ I(v)
Therefore, the transient cavity length L can be obtained by taking
any two frequency values and substituting them into Eq. 4. Then, the
absolute value of instantaneous cavity length can be expressed as

L arctan(H[I(v,)]/1(v2)) — arctan(H[I(v1)]/I(v1)) ¢
Vo — 1 4zn

)

The limit sensitivity of a PAS spectrometer is influenced by the length
resolution of the cavity. So, the cavity length resolution of the acoustic
sensor is tested first. No acoustic pressure acted on the FFPI sensor,
which means the cavity length was fixed. The interference spectrum
measured by the FSLI system is shown in Fig. 2 and the SNR is calculated
to be 34.2 dB. To shorten the time of one round-trip scanning, the
scanning range of 5 nm (1545-1550 nm) is actually used, as shown in
the illustration of Fig. 2. At 5-nm-range full speed scan, more than 16k
data points were recorded in barely more than 1 s. The absolute cavity
length was calculated to be 1305 pm by the high-speed demodulation
algorithm. The standard deviation of the entire data set was calculated
to be 66 pm. The high resolution derives from the high SNR of the
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Fig. 2. Interference spectrum of the designed fiber-optic microphone.

@

Circulator

ocC
C

1

Laser
controller

Computer PD 2

Synchronization e

AFTETR N

— | acquisition c:

Sensor
head

Fiber

| P01

2d data

d

Fig. 1. Schematic diagram of a fiber-optic microphone based a fast swept laser interferometry.



X. Mao et al.

interference spectrum caused by the laser’s high power and narrow
linewidth. The first 1k demodulated OPD data points and the frequency
count of the data are shown in Fig. 3.

As sine wave acoustic signals were applied to the head sensor,
modulations were observed on the demodulated OPD of the FFPI cavity.
The time domain responses of the FFPI acoustic sensor were tested when
the acoustic pressure and frequency were set to be 25 mPa and 1 kHz,
2 kHz, 4 kHz, respectively. The first 100 data points of the demodulated
OPD recorded in the 1 kHz, 2 kHz and 4 kHz tests are shown in Fig. 4. It
is worth noting that every point in these data sets actually represents an
independent absolute measurement of deviation from the static cavity
length. The demodulated static cavity length as a function of tempera-
ture is plotted in Fig. 5. Owe to the IF demodulation method, the cavity
length demodulation is free from temperature variation.

To compare the performance of the proposed IF demodulation and
the quadrature demodulation, a comparison experiment was carried out.
The two demodulation schemes shared the experimental apparatus and
faced the same acoustic pressure. In the quadrature demodulation, the Q
point was locked by tuning wavelength to obtain high sensitivity. When
an acoustic pressure of 20 mPa is applied at 1 kHz, the spectrogram of
the acoustic pressure signals was recorded by two methods of demod-
ulation respectively, as shown in Fig. 6 (Ref. 20 pPa). The noise floors
are about 17.81 and 4.9 dB respectively for the same FFPI sensor with
1 Hz resolution bandwidth. This implies that the SNR of the IF demod-
ulation is over 3 times higher than the quadrature demodulation.

3. Experimental system and results

The schematic diagram of the experimental system based on PAS is
shown in Fig. 7. It consists of a NIR tunable fiber laser (NIR-TFL), an
erbium-doped fiber amplifier (EDFA), an optical fiber collimator, a first-
order longitudinal resonant PA cell, a PA demodulator and a computer.
The NIR-TLS has built-in wavelength modulation and scanning func-
tions, and the real-time wavelength of the laser can be transmitted to the
computer. The detailed description of the NIR-TLS can be got in
Ref. [14]. The high-power laser light is collimated into the first-order
longitudinal resonant PA cell, which is composed of a cylindrical
acoustic resonant tube, two buffer volumes, and a gold coated mirror.
The length and the inner diameter of the brass resonant tube are 120 mm
and 8 mm, respectively. In addition, the quality factor of the PA cell is
calculated to be 28.2. The acquired interference spectrum containing
second-harmonic PA signal is first processed by the IF demodulation
algorithm with high sensitivity. Then the demodulated dynamic cavity
length of the fiber-optic Fabry—Perot microphone is input to a virtual
lock-in amplifier implemented by LabView, which can promote the SNR.
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Fig. 3. (a) First 1k data points of the demodulated OPD change in the fixed
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Fig. 4. First 100 data points of the demodulated OPD in 1 kHz, 2 kHz and
4 kHz tests.
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Fig. 7. Schematic diagram of the PA system for trace C;H; detection.

The acoustic resonance frequency of the first-order resonant PA cell
was measured experimentally. The CyHy with the concentration of
100 ppm was filled into the PA cell, and the modulation frequencies
were scanned from 500 Hz to 800 Hz with the wavelength of the laser
light is locked to 1531.59 nm at 30 °C. With the second-harmonic
wavelength modulation spectroscopy (2 f-WMS) technique, the fre-
quency response of the PA system is shown in Fig. 8. The resonant fre-
quency peak can be obtained to be 1332 Hz. As a consequence, the
frequency of the sinusoidal modulation signal is set to be 666 Hz. As
mentioned earlier, the laser scan frequency in the PA demodulator is
16 kHz which is much higher than the frequency of the 2f PA signal.

To test the performance of the FSLI-based fiber-optic PA spectrom-
eter, CoHy gas with different concentrations were filled into the PA cell
successively. The gas mixing system was made up of a 1 ppm CaHa/Nj
gas mixture, a pure Ny gas, and two mass flow controllers (MFCs) with
an error of +£0.2 % (LF420-S and LF485-S, LF Technology). Various CoHy
concentrations gas can be obtained by controlling the volume ratios of
the two gases, and then flowed into the PA cell. The integration time of
the virtual lock-in amplifier was set to be 100 ms. The Fig. 9 shows the
denoised 2f-WMS signals for seven different CoHs concentration levels of
1, 5,10, 25, 50, 75 and 100 ppm, respectively. The linearity response of
the FSLI-based fiber-optic PA spectrometer is checked, and the result is
shown in Fig. 10. The linear fitting R2 is 0.996, which proves that the
PAS system has a good linear response at CoHy concentration from 0 to
100 ppm. The responsivity of the proposed PA system is estimated to be
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Fig. 8. Experimental frequency responses of the PA system.
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Fig. 10. The PA signals as a function of C;H, concentrations.

0.29 nm/ppm by linear fitting at C;Hy detection.

To further evaluate the performance of the FSLI-based fiber-optic PA
spectrometer, an Allan deviation analysis was performed to investigate
the limit of detection (LOD) and the stability. The background noise was
measured by the PA cell filled with pure Ny gas. The output of the PA
system is checked by the 2 f-WMS technique with the excitation light
source turned on, during the measurement process. The inset of the
Fig. 11 shows the background noise over 2000 s when the integration
time of the lock-in amplifier was 10 s. The standard deviation of noise is
estimated to be 0.19 pm. According to the responsivity of 0.29 nm/ppm,
the LOD can be calculated to be 0.66 ppb. The normalized noise
equivalent absorption (NNEA) coefficient can be calculated to be
1.06 x 10~ em~! W Hz /2, Fig. 11 shows the Allan deviation as a
function of the averaging time 7. It indicates that the Allan deviation
decreases as the averaging time decreases in the range less than 700 s,
which proves that the designed PA spectrometer is stable during the test
time. From Fig. 11, the Allan deviation is 0.013 pm with an averaging
time of 300 s. The corresponding estimated MDL is 45 ppt.

4. Conclusion

A fast swept-laser interferometry (FSLI) based fiber-optic PA
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Fig. 11. Allan deviation as a function of the data averaging period. Inset: The
measured background noise by filling the PA cell with pure N,

spectrometer is developed and experimentally demonstrated for trace
acetylene gas detection, with advantages of high sensitivity and high
stability. The cavity length of the fiber-optic Fabry—Perot microphone is
demodulated by a fast swept-laser interferometry with an instantaneous
frequency demodulation algorithm. Real-time cavity length demodula-
tion is successfully demonstrated by utilizing the instantaneous fre-
quency demodulation, which contributes to immune from the
fluctuation of the light source power and optical loss. Experimental
result verifies that the SNR of the instantaneous frequency demodulation
is over 3 times higher than the quadrature demodulation. Trace CoHs
gases of different concentrations were measured using the laser wave-
length of 1531.59 nm by the 2f-WMS detection method. Experimental
results show that the demodulated PA signal has an excellent linear
response to the concentration. The NNEA coefficient of CoHs is achieved
to be 1.06 x 10~° cm™! W Hz~'/? Furthermore, by using Allan variance
analysis, the LOD is estimated to be 45 ppt for an integration time of
300 s
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