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HIGHLIGHTS

« Near-infrared ppm-level C;H, detection with 15 cm absorption length.

« Self-developed DFB laser driver with similar characteristics to commercial ones.
« Self-developed small size digital orthogonal lock-in amplifier.

« Potential ability of being integrated with small size and low price.

« Suitable for the in-suit detection of acetylene gas in industrial field.
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A near-infrared (NIR) dual-channel differential acetylene (C;H,) detection system was experimentally
demonstrated based on tunable diode laser absorption spectroscopy (TDLAS) technique and wavelength
modulation spectroscopy (WMS) technique. A distributed feedback (DFB) laser modulated by a self-
developed driver around 1.534 pm is used as light source. A miniature gas chamber with 15 cm path
length is adopted as absorption pool, and an orthogonal lock-in amplifier is developed to extract the sec-
ond harmonic (2f) signal. Sufficient standard C,H, samples with different concentrations were prepared,
and detailed measurements were carried out to study the detection performance. A good linear
relationship is observed between the amplitude of the 2f signal and C;H, concentration within the range
of 200-10,000 ppm, and the relative measurement error is less than 5% within the whole range. A
long-term monitoring lasting for 20 h on a 1000 ppm C,H, sample was carried out, and the maximum
concentration fluctuation is less than 2%. Due to the capability of using long-distance and low-loss optical
fiber, the gas-cell can be placed in the filed for remote monitoring, which enables the system to have good
prospects in industrial field.
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1. Introduction spectroscopy is the most popular one, owning to the advantages

including high detection precision, good selectivity, fast response,

Acetylene (C,H;) is an important organic raw material, which is
widely used in industrial field. For example, the burning of C;H,
can be adopted to cut or weld metals. However, acetylene is also
an inflammable and explosive gas, whose explosion limit in air is
within the range of 2.3-72.3%. Therefore, sensitive and real-
time detection on acetylene is extremely important [1,2]. There
are many techniques to detect C;H,, and infrared absorption

* Corresponding authors at: State Key Laboratory on Integrated Optoelectronics,
College of Electronic Science and Engineering, Jilin University, 2699 Qianjin Street,
Changchun 130012, PR China (C. Zheng).

E-mail addresses: zhengchuantao@jlu.edu.cn (C. Zheng), ydwang@jlu.edu.cn
(Y. Wang).

http://dx.doi.org/10.1016/j.infrared.2016.01.006
1350-4495/© 2016 Elsevier B.V. All rights reserved.

non-contact measurement and long life [3-7].

Commonly used infrared C,H, sensing techniques can be
divided into three types, including direct absorption spectroscopy
(DAS) [8-10], photoacoustic spectroscopy (PAS) [11,12], and tun-
able diode laser absorption spectroscopy (TDLAS) [13-15]. Among
the above three techniques, DAS-based system has low accuracy
and poor stability, because it is easily affected by background noise
and light intensity fluctuations; PAS-based system is unsuitable for
in-suit detection, because of its complicated optical gas cell struc-
ture [16]. Compared with these two techniques, TDLAS-based sys-
tem has high sensitivity, good selectivity and fast response. As the
laser beam can be guided and transmitted by optical fiber, the opti-
cal part (e.g. absorption pool, laser beam splitting component) of
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such system is usually simple, and this will be beneficial for long-
distance in-suit gas detection. Consequently, TDLAS is widely used
in trace gas detection in the fields of environmental monitoring,
industrial production safety, etc. [17].

In this paper, we demonstrate the detection of C;H, using
TDLAS technique with a distribute feedback (DFB) laser centered
at 1533.456 nm in the near-infrared region. A laser temperature
controller adopting digital proportional integration differential
(PID) algorithm is developed to keep the operation temperature
of the DFB laser stabilized, and a higher control accuracy (—0.01
to +0.01 °C) and a shorter response time (7 s) are achieved, com-
pared with the DFB laser temperature controller in our earlier work
[18]. The wavelength modulation spectroscopy (WMS) technology
is also employed to improve the signal to noise ratio (SNR) of the
system. In order to get gas concentration, a digital orthogonal
lock-in amplifier is developed to extract the first harmonic (1f)
and second harmonic (2f) signal from the differential absorption
signal, which has simple hardware structure and is easy to be inte-
grated [2,19]. Gas detection experiments are carried out and the
performances of the system are achieved. The linearity of the sys-
tem is verified by measurements under different C;H, concentra-
tions. In addition, response time and detection error of the
system are studied. Finally, some conclusions are reached.

2. Sensing theory of C;H,

2.1. Absorption spectroscopy of CoH,

C,H, molecule has a fundamental vibration band near 3.0 pm,
and its absorption line intensity at this wavelength range is larger
than that at 1.53 pm. But a 1.53 pm DFB diode laser is commer-
cially cheaper and more reliable than a 3.0 pm one. According to
the high resolution transmission molecular absorption database
2012 (HITRAN 2012), the absorption spectrum of C;H, molecule
near 1.53 pm is plotted in Fig. 1(a), where the line intensity is at
the level of 10-2° cm/molecular. Those of CH4 and H,0 are at the
level of 1072 cm/molecule, and that of CO, is 10724 cm/molecule,
which can be found in Fig. 1(b). In order to select a suitable C,H,
absorption line, we simulated the absorption spectrum for typical
conditions (1 atm, 300K, 15 cm interaction length) at low C;H,
mole fraction (200 ppm, the MDL of this system) in combination
with the species that could possibly be found in industrial field
such as H,0 (10%), CHy4 (1%), CO, (1%), CoHy (1%) and CyHg (1%).
The result is shown in Fig. 2. In experiment, we select the absorp-
tion line located at 1534.095 nm for C;H, detection, where the line
strength of C,H, is 0.9 x 1072° cm/molecular. The emitting peak
wavelength of the DFB laser changes from 1533.95nm to
1534.18 nm. The maximum absorbance of 200 ppm C;H; and other
gases which could interfere the detection system in the spectral
region is shown in Table 1. In this region, the absorbance of
200 ppm C,H, absorption peak is 2.66 x 10~3, which is 23.5 times
higher than that of 10% H,0 (1.13 x 10~%) that could be the largest
interference to the system. We can conclude that when the C;H,
concentration is higher than 200 ppm, the interference of those
gases is so little that can be ignored. But at a lower C;H,concentra-
tion (for example 1 ppm), the interference of those gases can’t be
ignored. Extra measure is necessary to separate H,O before
detention.

When C;H, molecules are illuminated by a beam of infrared
light, they will absorb the infrared light with certain wavelength,
leading to light absorption. If an infrared beam with the initial
emitting light intensity of Io(v) and the wavelength of 4 (=1/v, v
is named wavenumber) propagates through the gas chamber filled
with C,H, molecules, the absorption obeys the Lambert-Beer law,
and the light intensity after absorption will becomes [20]
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Fig. 1. (a) C;H; absorption lines in the near-infrared band near 1.53 pm. (b) CHy4
(red), H,O (green) and CO, (blue) absorption lines in the near-infrared band around
1.53 pm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2. Simulation of the C,H, absorption spectrum and potential absorptions from
other atmospheric species. Conditions are 1atm pressure, 300 K temperature,
15 cm interaction length.

1(v) = Io(v) exp[—S(T)o(v)PLC], (1)

where S(T) is a time-dependent constant, o(v) is absorption line
shape function, P is gas pressure, L is absorption length, and C is
C,H, concentration.
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Table 1

Maximum absorbance of 200 ppm C,H; and other gases which could interfere the detection system in the spectral region of 1533.95-1534.18 nm based on HITRAN 2012.
Gas samples 200 ppm CzH; 10% H,0 1% CO, 1% CHy4 1% CoHy 1% CoHg
Maximum absorbance 2.66 x 1073 1.13 x 107 2.92 x107° 6.61 x 1077 0 0

2.2. Wavelength modulation

In order to increase SNR and improve the anti-interference
ability of the C;H, detection system, a 5 kHz-frequency sin-wave
signal is used to modulate the laser’s injection current. With mod-
ulation, the light wavenumber v and intensity I; are, respectively

L = Vg + Uy sin(wt), (2)
Iy = Io[1 + y sin(wt)], (3)

where vy is the central wavenumber of the emitting laser beam
without modulation, vy is a frequency modulation index, and # is
a light intensity modulation index.

In order to make the laser’s output wavelength sweep the
absorption peak of CH, molecule, a 10 Hz-frequency saw-wave
signal is used to modulate the laser’s injection current. The laser’s
light intensity with gas absorption is

I(v,t) = sly exp[—S(T)ou(vg + vy sin wt)PLC]
~ slp[1 — S(T)ou(vo + vy sin wt)PLC], (4)

where s is the attenuation coefficient of the gas cell. We then use
the Lorentz line shape function to describe the gas absorption coef-
ficient in a standard atmospheric pressure as

& 1
T AV + (0 —0.)

o(v) = (3)
where v, is the absorption peak wavenumber of C,H, molecule, and
Av is the half-width at half-peak of the absorption line. Under the
case of vg = v, , we have

I(v,t) = slo {1 (1) L }LC, m=J (6)

TAV 1 + m2(sin wt)? Av

After optical-to-electrical conversion and amplification, the out-
put signals from the two channels (i.e. detection channel and refer-
ence channel) can be expressed as

U (t) = snKl {1 —S(T) % Hmz(lsmwt)z} LC, (7)

Uy (t) = pnKI,LC, (8)

where n is the gain of detection circuit, and K is the optical-to-
electrical conversion factor of the photodetector.

Adjust the attenuation coefficient of the optical attenuator, and
make it be equal to the attenuation coefficient of the gas cell. The
differential signal between U, (t) and U,(t) is

1 1
AU(t) = Uy (t) — Uy (t) = snKIpS(T)LC —— ————.. 9

(0= Ua(t) = Us(0) = sTKRS(DIC s T s )

The amplitude of the 2f signal can be obtained by the Fourier
series expansion of AU(t), expressed as

KsKCLS(T)ly |, 2(~2 —m? 4 2T 1)
TAD T m2+v/1 + m2 ’

From Eq. (10), since m, L and I, are constant, Uy is proportional
to C. Then, C can be obtained according to U,. Practically, the
relation between Uy and C can be achieved through calibration
experiment (see Section 4.1).

2f =

(10)

3. System structure and performance of key modules
3.1. Structure and configuration

The structure of the C;H, gas detection system is shown in Fig. 3
(a), which consists of four modules, including a DFB laser, a DFB
laser driver, a fiber-based optical module (including gas cell, fiber
optical beam splitter (FOBS), fiber connectors, etc.), and a data pro-
cessing module.

(i) DFB laser. C;H, molecule has a vibration overtone absorp-
tion band at 1.53 um, so we select a single absorption line
located at 1534.095 nm, where less interference exists
caused by other gas absorption lines nearby. DFB lasers in
this wavelength region are commonly used in optical com-
munication with low price and mature fabrication technol-
ogy. A DFB laser, whose emitting peak wavelength is
1533.456 nm (Lasertron, model QLM715-5350), is selected,
whose photo is shown in Fig. 3(b).

(ii) DFB laser driver. The DFB laser is driven by a self-developed
driver, which can control the operation temperature of the
laser and generate a composite signal by imposing a sine-
wave signal (5 kHz) on a saw-wave signal (10 Hz) to drive
the laser. The waveform of the driving signal is shown in
Fig. 4. Via a voltage controlled constant-current sources cir-
cuit, a driving current from 50 mA to 80 mA will be gener-
ated and the emitting peak wavelength will change from
1534.04 nm to1534.18 nm (see Fig. 5).

(iii) Fiber-based optical module. The light emitted by the DFB
laser passes through the fiber optical beam splitter (FOBS)
and is divided into two beams. One beam passes through
an optical fiber collimator (centered at 1550 nm) and will
be absorbed by C;H, in the gas cell with 15 cm path length
(shown in Fig. 3(c)). The other beam passes through the opti-
cal attenuator (OA) as the reference signal. The two output
beams reach to two InGaAs avalanche photodiode detectors
(Lignt Sensing, model LSIAPD-50, peak response wavelength
at 1550 nm), and then the detection electric signal and the
reference electric signal are generated.

(iv) Data processing module. The two signals generated by the two
photo detectors will be processed by a subtraction circuit, and
a differential signal will be produced. Then a self-developed
lock-in amplifier will be used to extract the 2f signal.

3.2. Tuning characteristics of the laser under the operation of the
driver

The wavelength tuning characteristics dependent on tempera-
ture and current are obtained and shown in Fig. 5. Set the driving
current to be 50 mA and tune the laser’s operation temperature
from 26 °C to 31 °C by the developed temperature controller, and
the measured emitting spectrum under different temperatures is
shown in Fig. 5(a). Under a stable driving current of 50 mA, the
emitting peak wavelength will increase with the increase of tem-
perature, as shown in Fig. 5(b). When the temperature is changed
by 1°C, the emitting peak wavelength will increase or decrease
by 0.1 nm. In Fig. 5(c) and (d), under the operation temperature
of 28 °C, the emitting peak wavelength increases as the driving
current increases from 50 mA to 80 mA, and the variation range
of the wavelength is 1534.04-1534.18 nm.
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Fig. 3. (a) Structure of the near-infrared C,H, detection system. The red line represents single mode fiber (SMF), the black line represents the electrical path, and the dashed
line represents the laser beam. (b) Photo of the used DFB laser. (c) Photo of the used gas chamber. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4. Waveform of the laser’s driving signal, which is generated by imposing a
sine-wave signal (5 kHz) on a saw-wave signal (10 Hz).

Set the driving current to be 50 mA and the operation temper-
ature to be 28 °C. From a long period (7:00-12:00) of monitoring,
the laser’s operation temperature is found to be in a stable state
and the emitting peak wavelength shows small drift, as shown in
Fig. 6. This is further illustrated in the inset of Fig. 6, where the
emitting peak wavelength varies within an extremely small range
of 0.001 nm (between 1534.065 nm and 1534.066 nm).

3.3. Performances of lock-in amplifier

Under the C,H, concentrations of 0 ppm and 5000 ppm, the
detection signal and the reference signal taken from an oscillo-
scope are shown in Fig.7(a) and (b). The differential signal

between the above two signals is shown in Fig. 7(c), and the
extracted 2f signal by the self-developed lock-in amplifier is shown
in Fig. 7(d). It can be found that the lock-in amplifier can extract
the harmonic signals normally.

4. Experiment and results

The photo of the developed system for C,H, detection is shown
in Fig. 8. In experiment, the operation temperature of the DFB laser
is set to be 28 °C, under which the emitting peak wavelength is
near 1.534 um. The volume of the used 15 cm-long gas cell is
600 mL. Via an injection needle, proper amount of pure C;H, was
injected into the gas cell full of pure N to obtain standard gas sam-
ples with different concentrations.

4.1. Calibration results and the MDL

With proper amount of pure C;H, injected into the gas cell,
C,H, samples within the concentration range of 0-10,000 ppm
were prepared. Calibration experiment was carried out to measure
the relation between the 2f signal’s amplitude and C,H, concentra-
tion. The result is shown in Fig. 9. A linear relationship is observed
between CH, concentration and the 2f signal’s amplitude
approximately. The obtained fitting equation is

C =4.7373 x 10°Uy — 2.4828 x 10°, (unit : ppm). (11)

The correlation coefficient of the curve is 0.998223, indicating
that high relationship between the 2f signal’'s amplitude and
C,H, concentration.

As shown in the inset of Fig. 9. Let the C;H, concentration
gradually increase from O ppm. As it increases to 200 ppm, the
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amplitude of the 2f signal begins to increase. So the MDL is esti-
mated to be 200 ppm. The MDL will also be limited by the noise
of the detection circuit, the absorption length and the absorption
coefficient of C,H,, which can be further improved by optimizing
the used lock-in amplifier.

4.2. Detection error

In order to test the detect error of the system, six standard C;H,
samples (500, 1000, 3000, 5000, 7000 and 9000 ppm) passed
through the gas cell respectively. Their concentrations were calcu-
lated according to the corresponding measured amplitude of the 2f
signal. The absolute error and the relative error of each gas sample

are obtained and shown in Fig. 10, by comparing the measurement
concentration and the standard value. We can conclude that,
within the concentration range of 200-10,000 ppm, the relative
measurement error is less than 5%.

4.3. Response time and precision

Response time depends on both the speed of gas diffusion and
the time of data processing. In the system, the data sampling rate
is 100 kHz, and we can get a concentration value by processing the
differential signal within one sawtooth wave cycle. Ten concentra-
tion values will be averaged and displayed through the LCD, so the
response time of the electrocircuit part is about 1 s. Under the case
of static gas preparation (i.e. injecting C;H, into the 600 mL gas cell
with a needle), the response time of the system is about 3s;
whereas under the case of dynamic gas preparation (i.e. filling
the 600 mL gas cell with CoH, using an evacuation flow rate of
1 L/min), the response time is about 30 s.

In order to test the system’s stability, the concentration of the
C,H, sample with a standard concentration of 1000 ppm was mea-
sured continuously for up to 20 h. The measured concentration
value was recorded every 10 min and the measured values were
averaged per one hour. The result is shown in Fig. 11. The detection
concentration range is 980-1020 ppm, indicating an absolute error
of less than +2%.

5. Comparison

There are other reported C,H, detection systems based on dif-
ferent or similar sensing techniques. As shown in Table 2, the
structure of this system is compared with other reported C,H;
detection systems. It can be found that other reported systems
usually use commercial laser driver and commercial lock-in
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Table 2

Comparison among this system and other reported C,H, detection systems. TECDL—tunable external cavity diode laser.

Refs.  Principal  Source type Laser driver

Lock-in amplifier ~ Optical path

[1] PAS DFB (1.53 pum) Commercial Commercial Not available

[21] TDLAS DFB (1.53 um) Commercial Commercial 10 cm

[22] PAS TECDL (1.53 pm) Commercial Commercial PA cell (diameter = 10 m, length = 100 mm)
[23] TDLAS GalnAsSb/AlGalnAsSb DFB (3.06 um)  ILXLDC-3724 Commercial 15cm

[24] TDLAS QCL (13.7 pum) Provided by the laser manufacturer =~ Commercial 14.13 cm

This TDLAS DFB (1.53 um) Self-developed Self-developed 15 cm

amplifier with large size and high price. So they can only be used in
laboratory environment. In contrast, in this paper, the laser driver
and the lock-in amplifier are both self-developed. Though the over-
all performance of the system is not as good as those of the system
based on commercial equipment, this system can be integrated
together with small size and low price, which is quite suitable
for the in-suit detection of C,H, in industrial field.

6. Conclusion

By using a modulated DFB laser whose emitting peak wave-
length around 1.534 pm, an NIR C;H, detection system is devel-
oped. A digital PID temperature controller as well as a
wavelength modulation module is developed to drive the DFB
laser, and a digital orthogonal lock-in amplifier is developed to
extract the 1f and 2f signals. A number of experiments have been
performed with this system to investigate the detection perfor-
mances. The experimental results indicate that the system has
good linearity and stability; the MDL is about 200 ppm and the
absolute detection error within the range of 200-10,000 ppm is
less than 5%. Long-term monitoring within 20h on the
1000 ppm-concentration gas sample indicates that the absolute
errors are less than 2%. The C;H, detection system has a simple
optical path and is cheap, so it has relatively good prospect in
industrial field for real-time online monitoring on CyH,
concentration.
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