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A B S T R A C T

A photoacoustic sensor system for the ppb-level CO detection of sulphur hexafluoride (SF6) decomposition was
developed by use of a 10 W fiber-amplified near-infrared (NIR) diode laser. A photoacoustic detection module
with symmetrical construction was designed to allow a high power laser beam and a large gas flow. A theoretical
model was developed to describe the dynamic equilibrium processes of CO molecular activation and deactiva-
tion in the presence of gas flow. The 10 W optical excitation power effectively compensates the CO weak ab-
sorption line strength in the NIR spectral region and realizes a saturation-free CO detection with the assistance of
the gas flow, resulting in a ppb-level CO detection sensitivity, which is comparable with the detection sensitivity
obtained using a mid-infrared CO sensor.

1. Introduction

Sulphur hexafluoride (SF6) has been selected as the industry’s pre-
ferred gas for electrical insulation, current interruption and arc
quenching in electric power transmission and distribution of electricity,
due to its thermal and chemical inertness, dielectric properties, non-
flammability and nontoxicity. However, SF6 can be decomposed into
lower fluorides of sulphur (SF2, SF3 and SF4) by three fundamental
processes: electronic, thermal and optical in the presence of an electric
arc, spark, partial corona discharge as well as superheating in high
voltage gas-insulated equipment [1,2]. The generated sulphur fluorides
will react with gas impurities and electrodes to form numerous che-
mically active gaseous by-products (such as CO, SO2, H2S, CF4 and
SOF2) and solid by-products (fluoride powder). Although the gaseous
by-products have little effect on the insulation strength, the presence
and accumulation of these corrosive gases can lead to a chemical attack
of solid insulating materials, posing a possible threat to personnel safety
and equipment compatibility problems. Furthermore, the decomposi-
tion rates and ratios of SF6, and compositions of these gaseous by-
products depend on the specific partial discharge insulating defect.
Therefore, it is necessary to establish a relationship between the SF6
decompositions and the internal condition of the gas-insulated

equipment in order to determine and confirm the causes and the fault
types [3–6]. Early detection of SF6 decompositions can provide a crucial
way to predict and avoid fatal failure. The ability to detect trace gas-
eous CO in SF6 is of interest because of recent measurements and cal-
culations which shows that CO can be produced during insulation aging
and other organic material decomposition reactions [7]. Therefore, it is
desirable to develop a compact, robust, cost-effective, highly reliable
and sensitive CO gas sensor with a minimum detection limit of< 1 ppm
for SF6 decomposition detection in electric power systems.

Up to now, various trace gas sensors for the detection of SF6 de-
composition have been reported, such as gas chromatography [4], ion
mobility spectrometers [5], detector nanotubes [6] and electrochemical
sensors [8]. However, most of these sensors have a long response time
and a short service life. Additionally, none of them is appropriate to be
used for online detection. Recently, laser-based absorption spectroscopy
for trace gas detection has been rapidly developed, which offers the
advantage of a faster response time (< 1 s), higher detection selectivity
and sensitivity as well as real time in-situ measurements [9–14]. In
2015, four characteristic gases (SOF2, SO2F2, SO2 and CO) were mea-
sured by a Fourier transform infrared spectroscopy (FTIR) spectrometer
but without a quantitative analysis [15]. The same year, a non-resonant
photoacoustic spectroscopy (PAS) sensor was developed to

https://doi.org/10.1016/j.snb.2018.11.100
Received 6 August 2018; Received in revised form 18 November 2018; Accepted 19 November 2018

⁎ Corresponding author at: State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy, Shanxi University, Taiyuan,
030006, China.

E-mail address: donglei@sxu.edu.cn (L. Dong).
1 These authors contributed equally to the manuscript

Sensors & Actuators: B. Chemical 282 (2019) 567–573

Available online 22 November 2018
0925-4005/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2018.11.100
https://doi.org/10.1016/j.snb.2018.11.100
mailto:donglei@sxu.edu.cn
https://doi.org/10.1016/j.snb.2018.11.100
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.11.100&domain=pdf


continuously detect CO, SO2 and CF4 with detection limits of 5.9, 8.3
and 5.5 ppm, respectively [16]. In 2016, a cantilever enhanced photo-
acoustic spectrometry (CEPAS) platform was used to detect H2S in a SF6
buffer gas and a detection limit of 1.75 ppm was obtained [17]. In 2017,
a novel photoacoustic cell was used to detect trace H2S and SO2 and
after optimization the minimum detection limit of 109 ppb and 74 ppb
was achieved with an averaging time of 1 s [18,19]. These sensors were
functional in a particular application, but none of them could meet the
actual CO detection sensitivity requirement of< 1 ppm in a SF6 de-
composition analysis. Hence, there is a strong demand to develop a new
CO gas sensor capable of operating in a SF6 buffer gas environment to
predict and avoid the potential risk in electric power systems.

Numerous optical trace CO sensors based on PAS in N2 or air buffer
gases have been demonstrated mostly in the spectral region from 1 to
5 μm, which covers the fundamental, the first and the second overtone
absorption bands of CO. The fundamental ro-vibration band is actually
the strongest infrared absorption band of CO and a detection sensitivity
down to the ppb-level was achieved due to the strong absorption
coefficient [20–22]. However, SF6 possesses continuous unidentified
absorption spectra between 3.3 μm and 10 μm, and therefore it is not
possible to detect SF6 decompositions in this spectral region [15,19].
One of the significant advantages of PAS technique is that its sensitivity
is directly proportional to the optical excitation power, which implies
that the sensor’s performance can be improved with increased laser
excitation power. Although the absorption line intensity in the near-
infrared (NIR) spectral region is lower by 2–4 orders of magnitude than
that in the mid-infrared (MIR) region, NIR telecommunication diode
lasers can be attractive, since they can be easily operated at room
temperature with a long service life and low cost. Furthermore their
output power can be readily boosted up to the watt level or even higher
by use of commercially available optical fiber amplifier systems
[23–26].

High output power of the optical excitation source can compensate
the sensitivity loss of low absorption line intensity, but some inevitable
problems may appear in practical applications when the laser power
increases to the watt level, such as a degraded beam quality, severe
window noise, difficult optical alignment and potential saturation ef-
fects. Some measures have to be taken in order to address these issues.
In this paper, a ppb-level CO sensor system was developed, satisfying
the detection requirement of SF6 decomposition in electric power sys-
tems. A NIR telecommunication diode laser with an amplified optical
power of 10W was employed to compensate the CO weak absorption
line strength in the NIR spectral region and thereby obtain a compar-
able detection limit as in the MIR spectral region. A twin-channel dif-
ferential photoacoustic cell (DPAC) was designed to resolve the above
mentioned issues in the case of high optical excitation power. The de-
tection sensitivity of the CO sensor system was investigated and opti-
mized in terms of gas concentration, flow, pressure and activation-de-
activation processes of CO molecules at high optical excitation power
levels.

2. Selection of detection wavelength and optical excitation source

The SF6 concentration in an electric power system is usually>
99.8%, which means that the detection of the trace gaseous decom-
position is operated in a pure SF6 buffer gas rather than in N2 or air
environment as usual. Several SF6 physical constants such as the den-
sity, thermal conductivity, molar mass, specific heat and viscosity
strongly differ from those applicable to N2 or air. Moreover, the SF6
molecule has been proven to have an absorption spectrum in the MIR
spectral range, which may result in the unwanted signal interference
between the SF6 and its decomposition for PAS [19]. According to the
HITRAN database [27], SF6 absorption lines were calculated based
upon the global effective Hamiltonian (EH) parameters, which includes
the strong ν3 band and the hot band (ν4 and ν4+ν6-ν6). However, the
absorption line listed in the HITRAN database just covers the spectral

range from 10 to 17.2 μm [28]. Some unresolved SF6 absorbance
spectra were experimentally observed between 3.3 μm and 10 μm by a
FTIR spectrometer (Thermofisher Nicolet IS50) when pure SF6 gas
(> 99.99%) was analyzed, as shown in Fig. 1. The FTIR spectrometer
was equipped with a multipass gas cell of 9.5 m path length, which
allows the detection of the weak SF6 and CO absorption spectra within
the wavelength range of< 5 μmA flat and clear spectral region be-
tween 1 μm and 3.3 μm was obtained, which is an ideal region for SF6
composition detection.

As shown in the bottom part of Fig. 1, the CO molecule has three
main absorption bands in the infrared spectral region: a. the second
overtone band located near 1.56 μm, b. the first overtone band located
around 2.33 μm and c. the fundamental band located around 4.7 μm.
For a comparison, a 0.1% CO/N2 gas mixture was introduced into the
multipass gas cell. Continuous spectral scanning was carried out by the
FTIR spectrometer between 1 μm–10 μm, as depicted in the upper part
of Fig. 1. An unfamiliar absorption peak located at around 4.8 μm is due
to iron-pentacarbonyl (Fe(CO)5), which was formed by CO and the steel
cylinder at high pressures and which can be avoided by using an alu-
minum cylinder. Hence the fundamental band (4.7 μm) of CO was not
used to quantify the CO concentration since cross-talking occurs be-
tween the spectra of CO and SF6.

In the NIR spectral region, the absorption line intensity in the first
overtone band (2.33 μm) is stronger by two orders of magnitude than in
the second overtone band (1.56 μm). However, the output power of
commercially available lasers is at a few mW-level, which limits the gas
detection performance. Although the second overtone band (1.56 μm)
possesses the lowest absorption line strength in the three absorption
bands, it is located at the wavelength window for optical fiber com-
munication. Optical fiber communication equipment, such as an optical
fiber amplifier can be employed to provide significant optical signal
amplification. The boosted optical power is higher by 3–4 orders of
magnitude than the available optical power in the fundamental and the
first overtone bands and thereby readily compensates the weak ab-
sorption line strength in the second overtone band by means of the PAS
technique. In our sensor system, a continuous-wave fiber-coupled dis-
tributed feedback (CW-DFB) laser with a center wave-length of
1566.3 nm (Sichuan Tengguang Electronics and Technology Co., China,
Model 914010C) was chosen as the optical excitation source and a two-
stage erbium-doped fiber amplifier (EDFA) with an output power of
10W was employed to enhance the diode laser output power.

Fig. 1. Upper part: continuous pure SF6 [19] and 0.1% CO/N2 gas mixture
absorbance spectrum curves obtained by the FTIR spectrometer between
1 μm–10 μm; Bottom part: three main CO absorption bands falling in the in-
frared region according to the HITRAN database.
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3. Photoacoustic sensor system

3.1. Design of a photoacoustic detection module

In order to better match the high power diode laser beam, a pho-
toacoustic detection module (PADM) was designed as shown in
Fig. 2(a), which includes a DPAC, an embedded optical collimator
(Thorlabs, USA, Model F230FC-1550) and a custom reflected-light
beam dump. The DPAC has two identical parallel tube-shaped channels
with a length of 90mm and a diameter of 8mm, which has the same
two tube structure with the DPAC as described in Ref [29]. Two buffer
volumes (Φ20×10mm) connect to the two channels at both ends, thus
making the two channels act as acoustic open-open resonators. The
buffer volumes are sealed by two CaF2 windows coated with highly
anti-reflecting films, which effectively decrease the light absorption of
the CaF2 windows and thus reduces window noise. The diameter of the
windows is 25.4 mm. Two selected electret condenser cylindrical mi-
crophones are installed in the middle of each resonator, having the
same frequency response sensitivities. The current signals from these
two microphones are directed to a custom transimpedance differential

preamplifier to convert the current signal into a voltage signal. The
symmetrical resonator construction and differential signal output are
used to suppress the noise from the gas flow. The gas flow noise as a
function of the gas flows is shown in Fig. 2(b). The results show that the
noise levels remain constant with a SF6 gas flow of< 130 sccm or a N2

gas flow of< 180 sccm. In fact, the noise level shows no significant
variation when the gas flow rate is< 1200 sccm in N2 buffer gas for the
developed PADM. The higher flow noise measured for SF6 gas is due to
its five times heavier molecular weight with respect to N2 or air. In
order to reduce the difficulty and complexity of light path alignment, an
optical collimator is mechanically embedded into the photoacoustic
cell, in front of the entrance window. The output beam is in line with
the cylindrical centerline of one of two resonators. A beam dump is
placed behind the output window to collect and absorb the reflected
high power light, as shown in Fig. 2(a).

3.2. Setup of photoacoustic sensor system

A schematic of the PAS-based SF6 decomposition sensor system
consisting of the PADM, a CW-DFB laser and an EDFA is depicted in

Fig. 2. (a) Schematic of low gas flow noise photoacoustic detection module for the high power laser beam; (b) Gas flow noise as a function of the gas flow.
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Fig. 3. A computer-controlled digital function generator was employed
to generate a sinusoidal dither and a 50mHz ramp signal. The ramp
frequency was used to slowly change the laser wavenumber from
6383.3 cm−1 to 6382.9 cm−1. In order to realize 2f wavelength mod-
ulation spectroscopy, the modulation frequency of the sinusoidal wave
was set to one half of the DPAC resonance frequency (f = f0/2). The
two generated signals were superposed by an electronic adder and then
sent to a laser driver board (Wavelength Electronics, USA, Model
LDTC0520) to control the laser current. The laser temperature was
maintained at 22.0 deg C. The laser beam with an output power of
10mW was directed to the L-band EDFA with a two-stage amplifier.
When the modulated laser beam passed through the Erbium-doped
optical fiber, two pump lasers provided the amplified energy at the
Erbium absorption peaks of 980 nm, by using wavelength division
multiplex (WDM) couplers. Two optical isolators (Connect Laser
Technology Ltd., China, Model A12104132) were inserted upstream
and downstream to remove residual traces of the pump beam in order
to minimize back reflections and interferences with the reception of the
signal. The EDFA output power can be varied from 30mW to 10W
without changing the laser wavelength. The output laser from the EDFA
was collimated by an optical fiber collimator with a 1/e2 beam dia-
meter of 0.9 mm. A standard TEM00 Gaussian laser beam was obtained
without the out-of-band light, which allowed the laser beam to pass
easily through the 8mm diameter photoacoustic resonator without
touching any surfaces. The excited photoacoustic signal was detected
with the embedded microphone and amplified by a transimpedance
amplifier with a gain factor of 13. Then the amplified signal was di-
rected to a lock-in amplifier (Stanford Research Systems, USA, Model
SR830) to demodulate the photoacoustic signal in the 2f mode. A TTL
synchronous signal from the function generator was fed into the lock-in
amplifier as the reference input. The modulation signal was controlled
by the function generator and the data acquired by the sensor system
were processed by a computer running in a LabVIEW routine.

CO/SF6 gas mixtures with different concentration levels between
0–500 ppm were produced by a gas dilution system (Environics Inc.,
USA, Model EN 4000). A pressure controller (MKS Instrument, USA,
Model 649B) was placed upstream to control and maintain the sensor
system pressure. A needle valve and a diaphragm pump (KNF
Technology Co., Germany, Model N813.5) were placed downstream to
control the gas flow rate. All the sensor experiments were operated at
room temperature.

3.3. Frequency response of photoacoustic cell

With the resonant DPAC, the modulation frequency of laser wave-
length must be tuned to one of the eigenresonances so that the standing
waves can form in the resonator. Therefore, it is critical to measure
accurately the cell frequency response, determining the resonant fre-
quencies of the cell [30]. The CW-DFB laser wavelength was set at the
peak of the CO target line and the EDFA output power was adjusted to
10WA 500 ppm CO/SF6 gas mixture was fed into the gas sensor system.
At atmospheric pressure and room temperature, the laser modulation
frequency was slowly varied in steps of 0.1 Hz in order to obtain the
DPAC response curves as shown in Fig. 4. The fundamental (001) and
first (002) longitudinal vibrational frequencies of the designed DPAC
were found to be f001= 2f1 = 690.6 Hz and f002= 2f2 = 2055.2 Hz,
respectively, according to the measured signal amplitudes. The funda-
mental longitudinal mode was chosen for the following experiment.

4. Relationship between signal amplitude, flow rate and
concentration

In the case of high optical excitation power the saturation effect has
to be considered in which the signal amplitude depends not only on the
gas concentration, but also on the gas flow rate. In order to study the
activation-deactivation processes of CO molecules in the infrared

Fig. 3. Schematic of the PAS-based CO sensor system for the SF6 decomposition analysis based on a differential photoacoustic cell and a 10W fiber amplifier. EDFA:
erbium-doped fiber amplifier; PADM: photoacoustic detection module; BD: beam dump.

Fig. 4. The fundamental and first longitudinal vibrational signal response curve
of the DPAC as a function of frequencies.
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spectral region, a simplified two-level model of the absorption process
was used to describe the photoacoustic production due to photon ab-
sorption. Photons absorbed by molecules result in molecular energy
level transitions, such as rotational, vibrational and electronic transi-
tions. Molecules in the excited state lose their energy by radiation
processes (spontaneous, stimulated emission and/or collisional relaxa-
tion), in which the energy is transformed into translational energy.
Thus, the photoacoustic and thermal waves are generated due to lo-
calized transient heating and expansion.

We assume that the gas mixture contains target molecules, which
can resonantly absorb photons from the illuminating optics source. The
concentration of these molecules in the ground state and excited state
are represented by N1 and N2, respectively. The sum N of ground state
and excited state molecules is constant in the quasi-steady state. The
absorption of photons is governed by the rate equation of:

+ + + =dN
dt

k k k N k N(2 )st sp r st
2

2 (1)

where kst is the rate constant of the stimulated absorption and emission,
ksp represents the rate constants of spontaneous emission and kr denotes
the effect of all relaxation processes. The rate constant kst is propor-
tional to the absorption cross section of the excited molecular transition
σ and with the photon flux Φ. It can be expressed as:

= =k σΦ σI hν/st (2)

where I is the excitation light intensity, hν represents the energy of the
absorbed photons between the excited state and the ground state.

In the case of a low optical excitation power (small photon fluxΦ) in
the NIR or MIR spectral range, the rate constant kst and ksp are less than
the rate constants (kr). Therefore, with 2f based wavelength modulation
(WM), the photoacoustic signal SWM is linearly proportional to the in-
cident optical power Pi, the concentration of the absorbing molecule C
and the absorption cross section of the absorbing molecule σ , (i.e.,

∝ × ×S P C σWM i ) [31]. However, with a strong optical excitation
power (strong photon fluxΦ), a saturation effect may occur, which
implies that the depletion from the vibrational excited level slows with
respect to the pump rate and molecules are unable to be excited to
higher energy levels. In this case, reloading of ‘fresh’ ground state
molecules should be considered in order to improve the saturated
photoacoustic signal. The rate constant of the stimulated absorption-
emission kst is considerably greater than the other rate constants (ksp
and kr). Eq. (1) is simplified as:

+ =dN
dt

k N k N2 st st
2

2 (3)

In case of the 2f based WM technique, the laser wavelength can be
modulated by the laser current. The absorption cross section σ changes
with wavelength and is a function of the wavelength λ. Thus, the
photoacoustic signal is modulated by modulating the laser current. We
assume that the laser center wavelength remains at the peak of a target
absorption line and the laser wavelength dither is far less than the line
width of the target absorption line. Therefore the absorption cross
section σ λ( ) can be replaced with a constant σ0, which is the absorp-
tion cross section at the peak of the target absorption line. Thus, the
solution of Eq. (3) can be calculated as:

= ⎛
⎝

− ⎞
⎠

−N N e
2

1
σ I
hν t

2
2 0

(4)

With increasing time, the saturation effect dominates and the con-
centration of the excited state molecules N2 is almost half of all mole-
cules N in the DPAC. Consequently, the photoacoustic signal will not
benefit from further higher optical excitation power due to the defi-
ciency of ‘fresh’ ground state molecules [32–34].

In order to increase the photoacoustic signal amplitude in the case
of high optical excitation power, more ground state molecules should
be supplemented into the DPAC and thus a part of the supplemented

‘fresh’ molecules will be excited constantly to the excited state with
strong optical excitation power. A qualitative theoretical model was
proposed to describe the dynamic equilibrium processes. Considering
the gas flow, the rate equation can be represented as:

+ = +dN
dt

k N k N R
V

Nst st
1

1 2 1 (5)

where R is the gas flow rate, V is the volume of DPAC. Substituting the
equation of = +N N N1 2, the concentration N1 in the ground state can
be eliminated:

+ ⎛
⎝

− ⎞
⎠

= ⎛
⎝

− ⎞
⎠

dN
dt

k R
V

N k R
V

N2 st st
2

2 (6)

The concentration of the excited state molecules N2 can be written
as:

=
⎛

⎝
⎜ −

−
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2
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(7)

With increasing time, the concentration of the excited state mole-
cules N2 can be expressed as:

=
⎛

⎝
⎜ −

−
⎞

⎠
⎟ <N N N1

2
1
2

σ I
hν

σ I
hν

R
V

2

0

0
(8)

The excited state molecules N2 remain less than half of all the mo-
lecules N in the DPAC in the presence of the gas flow (R V/ ). Therefore,
a large gas flow supply can effectively minimize the saturation effect.
Moreover, a large gas flow rate is advantageous to reduce the gas-ex-
change time, thereby improving the response time. However, the noise
level of the photoacoustic sensor system may increase sharply with an
increase of gas flow, especially for a SF6 buffer gas, which has a 5 times
heavier molecular weight than N2 or air [19]. In our photoacoustic cell
design, a symmetrical resonator construction and differential signal
output were employed to suppress the gas flow noise as described in
Section 3.1.

The following experiment was implemented to verify the theoretical
model established above. Three different concentration levels of CO/
SF6 gas mixtures, 100 ppm, 300 ppm and 500 ppm, were fed into the
DPAC sequentially. The amplitudes of the 2f photoacoustic signals were
recorded as a function of the gas flow rates as shown in Fig. 5. With an
increasing gas flow rate, the signal amplitude continuously increased
for the three different concentration CO levels. The ground state mo-
lecules were complemented and the saturation effect was reduced.
When the gas flow of the CO/SF6 gas mixture is> 18 sccm, the signal
amplitude of CO remains constant. This implies that enough ground

Fig. 5. Dependence of the saturated signal amplitude on the gas flow rate and
the gas concentration.
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state molecules are reloaded and the saturation effect is completely
eliminated. With the 100 ppm CO/SF6 gas mixture, the signal amplitude
above a gas flow of 18 sccm was ∼1.8 times larger than that at 5 sccm,
while the signal amplitude remains at a constant value from 5 sccm to
40 sccm when a 5% CO/SF6 gas mixture (the data is not shown in
Fig. 5) was fed in the DPAC. A same experimental phenomenon was
observed for NO2 detection with a 3.5W blue diode laser [29]. These
experimental results confirmed that an increase of the gas flow further
enhances the detection signal amplitude in the case of a high optical
excitation power. In a following experiment, a gas flow of 80 sccm was
selected to avoid saturated and intermediate zones and generating a
low noise based on Fig. 2(b).

With such a gas flow rate, an experiment was carried out to check
the saturation level. A certified 500 ppm CO/SF6 gas mixture was used.
An experimental current modulation depth of 20mA was chosen to
obtain the optimal signal amplitudes. In order to measure the laser
output power, a thermopile laser power meter was placed behind the
DPAC instead of the beam dump mentioned above. As shown in Fig. 6,
the calculated signal-to-noise ratios (SNRs) were plotted as a function of
the actual output optical powers range from 30mW to 9.5W. The noise
levels were defined as the standard deviations (1σ) of the output signal
amplitudes with different powers in a pure SF6 buffer gas. A linear
fitting routine was implemented to verify the relationship between the
optical power and the SNR. The calculated R-Square of 0.9998 confirms
that our sensor system was not operated in saturation. Further eva-
luation tests were implemented with an actual mean power of 9.5W to
obtain an improved minimum detection limit.

5. Sensor performance optimization and assessment

For the PAS technique, the gas pressure is a critical parameter, since
the laser wavelength modulation depth, Q-factor of the cell, absorption
cross section of the absorbing molecular σ , and the total concentration
(number density) N of the absorbing molecules are pressure dependent
[30]. These pressure fluctuations may influence the precision of the
sensor system significantly. In order to obtain optimal sensor perfor-
mance, the gas pressure and modulation depth should be chosen ap-
propriately. Fig. 7 shows the relationship between the SNR and the gas
pressure from 230 Torr to 700 Torr. The concentration of the CO/SF6
gas mixture was 500 ppm. The wavelength modulation depth was ex-
perimentally optimized at each gas pressure. A linear increase of the
signal amplitude (R-Square ∼ 0.998) was observed with increasing gas
pressure. We selected atmospheric pressure as the operating pressure in
order to avoid a pressure controller.

Different concentrations of a CO/SF6 gas mixture range from

25 ppm to 500 ppm generated with a gas dilution system were fed into
the DPAC. A 1-s time constant was set for the lock-in amplifier. As
shown in Fig. 8, the mean signal amplitudes were recorded at different
concentration levels. The observed result confirmed the linear response
of this sensor system to the CO concentration in a SF6 buffer gas. For a
50 ppm CO/SF6 gas mixture, the SNR of 465 can be calculated from the
ratio of the signal amplitude of 512 μV and the noise level of 1.1 μV.
Thus, a minimum detection limit (1σ) of 110 ppb was obtained with a
9.5W optical excitation power, which corresponds to a normalized
noise equivalent absorption (NNEA) coefficient of 5.5 × 10−9 cm−1 W/
Hz1/2 with respect to the detection bandwidth and optical power.

6. Conclusions

In this work, a robust, compact and ppb level PAS-based CO sensor
system for SF6 decomposition detection was developed and demon-
strated. Between the three CO absorption bands, its second overtone
band is the weakest, which means the worst detection sensitivity.
However, the second overtone band located in the NIR spectral region is
interference-free from SF6. In fact, the interference from SF6 becomes
stronger when the wavelength moves from the NIR to the MIR spectral
region. We employed a two-stage fiber amplifier to amplify the optical
excitation power from 10mW to 10W, which effectively compensates
the weak absorption line strength. Moreover, we established a

Fig. 6. Power-boosted PAS signal-to-noise ratio as a function of the actual
powers measured range from 30mW to 9.5W.

Fig. 7. Relationship between the signal amplitude of a 500 ppm CO/SF6 gas
mixture and the gas pressure inside the differential photoacoustic cell in the
range of 230 Torr to 700 Torr.

Fig. 8. Response linearity of the PAS-based CO sensor system for the SF6 de-
composition analysis.
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theoretical model to describe and investigate the dynamic equilibrium
processes of CO molecular activation and deactivation in the presence
of the gas flow, which was verified experimentally. The results showed
that the signal amplitude can be further enhanced by increasing the gas
flow in the condition of high optical excitation power. With optimum
design of the photoacoustic cell and optimal gas flow, a ppb-level de-
tection sensitivity was achieved, which is comparable with that ob-
tained with a MIR CO sensor. The reported CO sensor system will be
deployed in an electric power system, together with our recently de-
veloped SO2 and H2S sensor systems [18,19] to further evaluate its
performance in field applications.
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