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A highly sensitive acetylene (C,H,) sensor system was demonstrated using tunable diode laser absorption
spectroscopy (TDLAS) based on a compact multi-pass gas cell with a 10 m optical path. The sensor system can
work in two measurement modes: direct measurements and wavelength modulation (WMS). The incident laser
beam with a small spot radius (0.5 mm) effectively eliminated interference fringes and improved the signal-to-
noise ratio. The minimum detection limit (MDL) of the direct detection mode was 4.9 ppm. As for the wavelength

modulation method, after optimization the modulation depth, a MDL of 14.3 ppb was obtained. The corre-
sponding noise-equivalent absorbance (NEA) was calculated and obtained an excellent value of 1.8 x 10 cm”
1 Hz~'/2, An Allan deviation analysis was used to analyze the system stability. The MDL was improved to 1.3 ppb
when the averaging time was 270s.

1. Introduction

Acetylene (CoH,) is an important industrial raw material and is
widely used in welding, metal cutting and chemical synthesis. However,
C,H,, with properties of active chemistry and low explosive limit, can
threaten people's health and lives as well as the safety of the public
property [1,2]. Therefore, it is important to develop a highly sensitive
sensor system for trace CoH, detection.

There are various techniques that has been designed for C,H, de-
tection, such as photothermal spectroscopy [3], photoacoustic spec-
troscopy [4,5] and absorption spectroscopy [6]. Among them, tunable
diode laser absorption spectroscopy (TDLAS) has the advantages of the
high sensitivity, highly selective and a fast response time [7-9].
Without any manual sample treatment, TDLAS is suitable for online
monitoring of the target gas. Based on Beer-Lambert’s theory, the de-
tection sensitivity of absorption spectroscopy is proportional to the
absorption path [10]. A multi-pass gas cell (MGC) was designed ac-
cording to Beer-Lambert’s law. The long multiple folded path of the
MGC is conducive to reduce the volume of the gas sensor system and
improve the detection sensitivity [11-13]. Laser sources with single
mode play an essential role in the TDLAS technology. A distributed
feedback (DFB) laser with a built-in Bragg grating can results in a single
mode laser. Due to the excellent monochromaticity and side-mode
suppress ratio, the DFB laser is widely in gas detection [14-17].
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Compared with other laser sources, it possesses the characteristics of
small size, low power consumption and a low cost.

In this paper, a highly sensitive CoH, sensor system based on MGC
was demonstrated. Two methods of direct measurements and wave-
length modulation spectroscopy (WMS) were studied systematically.
The modulation depth of WMS was optimized experimentally.
Compared with direct measurements, WMS can reduce the interference
of low frequency noise in a gas sensor system [18-21]. The sensor
performance for different detect methods including detection limits and
linearity were measured and calculated respectively.

2. Analysis of the C,H, sensor system
2.1. Selection of absorption line

Contrary to symmetric diatomic and inert gases, C;H, with a polar
structure has various absorption capabilities at different wavelengths.
According to the high resolution transmission molecular spectroscopic
database (HITRAN), the absorption spectrums of C,H,, H,O and CO,
from 6520 cm ~ ! to 6550 cm ™! were calculated and shown in Fig. 1. We
can observe a strong absorption peak at 6534.37 cm ™' and the ab-
sorption intensity is 1.211 x 102°cm™'/(mol x cm~2). The absorp-
tion line width was 0.082cm™'. The absorption intensity of C,H, is
much higher (four orders of magnitude) than that of water and CO,.
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Fig. 1. Absorption lines of C;H,, CO, and H,O from 6520 cm ™! to 6550 cm ™™

Therefore, CO, and water has little influence on the detection of C,Hs.

A continuous wave (CW) DFB diode laser with a single mode output
was used as the laser source to cover this absorption line. The re-
lationship between wavelength, temperature and current of the diode
laser was measured and shown in Fig. 2. The selected absorption line
(6534.37 cm ™ 1) plotted as a dotted line was in the wavelength tuning
range. In order to ensure the suitable wavelength tuning range and
working current of the laser source, the operating temperature of 23 °C
was selected. When the operating temperature was 23 °C, the wave-
length of the output laser can varies from 6535.4 cm ™! to 6532.8 cm ™!
with injected current increasing from 20 mA to 120 mA.

2.2. Theory of direct measurements and WMS technology

Direct measurements of the gas sensors are based on Beer-Lambert’s
theory. It can be expressed as follows [22,23]:

I, = Ipexp[—p-S(T)-¢ (v)-C-L] (€D

where I, is the incident light intensity, I, is the output light intensity, S
(T) is the absorption intensity, ¢(v) is the linear function related to
temperature, pressure and gas composition, C is the gas concentration,
p is the pressure intensity and L is the absorption path. Therefore, the
gas concentration C can be calculated from Eq. (2):

S —In(/L)dv
p-S(T)-L (@)

In direct measurements, the gas concentration C can be obtained by
reporting the absorbance. The technology without gas calibration is
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Fig. 2. The relationship between wavelength and current of the diode laser.
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featured by its ease of use. However, energy fluctuations of the laser
source and inherent noise of the system are fundamental problems. In
consideration of the spectral distribution of sensor system noise, WMS is
widely adopted to reduce low-frequency noise and improve signal to
noise ratio (SNR). A high frequency sine wave is used to modulate the
laser source. The wavelength of the DFB laser can be described as fol-
lows:

v(t) = + 8,cos(wpnt) 3

where 7 the wavelength of the scanning signal, §, is the modulation
depth, w,, is the modulation frequency. The absorption coefficient can
be described as follows:

1
L+ [ =vo)/yP ©)

where Nj is the total molecular density, v, is the center wavelength of
the absorption line. The linear function ¢ (v) is approximately expressed
as the Lorentzian linear function. Spectral line with Gaussian curve can
be used at low pressure. Voigt profile with a wide application range was
a convolution of a Gaussian with a Lorentzian. In our research, the
experiments were carried out at atmospheric pressure. In such condi-
tion, the contribution of Gaussian can be neglected and the Voigt line
can be properly approximated by a Lorentzian profile [18,24]. vy is the
absorption line width. a, is the absorption coefficient of the center
frequency. In order to simplify this calculation, we identified x = (v —
vp)/y and M = §,/y. X and M are the non-dimensional wavenumber
deviation from v, and the modulation depth coefficient, respectively.
Next, we can substitute the Eq. (3) into the Eq. (4) and expanded the
absorption coefficient into a Fourier series:

a(v) = CNySp(v) = ag

a(X) = ao[Ho(X) + Z H, (%) cos(nw,t + ne)]| ©
n=1 5

where n¢ is the delay angle of the WMS technique, Hy(X) andH,(X) are
the harmonic coefficients and can be expressed as:

D Y S S
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At the center frequency (x =0), the amplitude of odd harmonic is
zero. However, the amplitude of even harmonic reaches the highest
values. Because an even harmonic signal decays with the order number
and the second harmonic signal is used to retrieve the gas concentration
[25,26]. The signal of the sensor system can be expressed as follows:

SW)=kTW)PW) =kl —a@®))PW) 8)
P®) = P(1 + Pox + Bymcos(wpyt)) 9

where k is the conversion constant of the sensor system. P(v) was the
output power of the laser source. P, is the laser power at vy. Pg and P,,
are the laser power of the scanning signal and modulated signal, re-
spectively. The second harmonics signal of sensor system can be ex-
pressed as follows:

SW)ar = katoPo[(1 + poX)Hy cos(2wpt + 29)] (10)

The theoretical simulation for Sy of the C;H, sensor is showed in
Fig. 3. The maximum signal amplitude is obtained when the modulation
depth coefficient (M) is 2.2. According to the absorption line width
(0.82cm™Y) at 6534.37 cm ™!, the optimum modulation depth (8,) was

calculated to be 0.18 cm ™ *.

3. Experimental setup
The experimental schematic of the C,H, sensor system is shown in

Fig. 4. The system is made up of two parts: an electrical unit and an
optical unit. In the optical unit, the single mode laser with center
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Fig. 3. Second harmonics signal Sy as a function of wavenumber deviation.
Insert: Sy as a function of modulation depth coefficient M.

wavelength of 1530 nm was collimated to a parallel light beam. A
visible alignment laser assisted in the calibration of the optical system.
Two adjustable irises with a minimum aperture of 1 mm were used to
control the laser beam spot size and propagation direction of the in-
cident laser. The incident laser with a small spot radius can effectively
eliminate interference fringes and improve the signal-to-noise ratio
[27,28]. A 34-pass Herriot MGC with an optical length of 10m is
conducive to improve the sensor detection sensitivity. The 34-pass
Herriott cell contains two concave mirrors which were coated with gold
and protective hafnium oxide (HfO,) overcoat. The cell volume was
0.24 L, and the window was wedge mirror of calcium fluoride (GaF,).
Two flow controllers with uncertainty of 3% were used to adjust flow
rate of CoH, and N, respectively, which determined the concentration
of C,H, in the cell.

In the electrical unit, the output wavelength of the laser source was
controlled by a temperature controller and a current driver. The tem-
perature of the DFB diode laser (Agilecom Fiber Solution Inc., China)
was set to 23 °C by TEC. The signal generator 1 produced a low fre-
quency (20 mHz) sawtooth wave used to scan across the C,H, absorp-
tion line. Signal generator 2 produced a high frequency (1 kHz) sine
wave used as the modulating signal. In the direct measurement, the low
frequency sawtooth wave was used as scanning signal and injected into
the current driver. An infrared detector converted the output laser from
MGC into a voltage signal. In the WMS measurement, low frequency
sawtooth and high frequency sine wave were combined by an adder and
injected into the laser current driver. The infrared detector converted
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the output laser into an electrical signal which was sent into the lock-in
amplifier. The sine wave also served as a synchronous signal for the
lock-in amplifier (Zurich Instruments, Switzerland).

4. Results and discussions
4.1. Direct measurement

C,H, gas with five concentration levels were used as the analyte.
The laser current was scanned from 40 mA to 95mA to cover the ab-
sorption line (6534.37 cm ™~ 1. The measured points were recorded and
shown in Fig. 5. When the laser current was 72.2 mA, there was a strong
absorption peak, which corresponds to 6534.37 cm™'. The absorption
peak was removed from the spectrum and the remaining data was
linearly fitted to obtain a baseline. According to the baseline, the ab-
sorbance can be deduced. As shown in Fig. 5(b), the Lorentzian line
shape was fitted to retrieve the concentration information. The mea-
sured concentration was calculated by the Eq. (2) in Section 2.2. The
integral area was depicted in Fig. 6. According to the fitting residual
and signal amplitude, the minimum detection limit (MDL) of the CoH,
direct sensor system was ~4.9 ppm.

The R squared value for the linear fit was ~0.987. The fitting error
and background noise are the main noise sources. WMS technology can
solve this problem efficiently and improve the sensor detection sensi-
tivity.

4.2. WMS technique

In the WMS technique, the modulation depth determined the 2f-
WMS signal from the lock-in amplifier. When the concentration of C,H,
was 510 ppm, the relationship between the modulation depth and the
2f-WMS signal was measured and showed shown in Fig. 7(a). The op-
timum modulation depth of the C,H, sensor system was ~0.182 cm 1.
To identify the precision of the sensor system, six different concentra-
tions of C,H, gas severed as analyte. The 2f-WMS signals with a mod-
ulation depth of 0.182cm ™! at different concentrations of C,H, were
depicted in Fig. 7(b). As shown in Fig. 8, the linear response of the 2f
signal to CoH, concentration was confirmed by fitting the data with a
linear slope. The R square value for the linear fit was 0.999. The noise
signal of the sensor system was measured in pure N, condition and is
also shown in Fig. 8. The standard deviation was 0.0011 pV. The de-
tection limit was calculated to be 14.3 ppb. The noise-equivalent ab-
sorbance (NEA) was calculated to be 1.8 x 10 em™ Hz~V/2.

The Allan deviation was used to evaluate the stability of the TDLAS
sensor system. In the pure N, condition, the signal from sensor system
was observed for a long period of time. The sampling time was set to 1 s

Alignment laser

Fig. 4. Experimental schematic of the C,H, sensor system.
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and 7000 experimental points were obtained during ~2h. The mea-
sured results are shown in Fig. 9. The white noise was the main noise
and it was also the random signal in the sensor system. With an increase
of the averaging time, the white noise decreased and the MDL was
improved to 1.3 ppb when the optimum averaging time was 270s. The
MDL in this research was much better than that of other reported C,H,
sensor system (2 ppm in [29] and 0.5 ppm in [30]). But after the op-
timum averaging time, the system drift noise became dominated and
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Fig. 8. Linearity and noise of the WMS technology. Insert: noise in a pure N,
condition.

resulted in degradation of the system stability.

5. Conclusions

In this paper, a highly sensitive and stable C,H; sensor system based
on a compact MGC with an optical length of 10 m was demonstrated.
The small laser beam spot radius (0.5 mm) of the incident laser was
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used to eliminated interference fringes and improve the signal-to-noise
ratio. In direct measurements, after Lorentzian line shape fitting, the
absorbance of the target gases was obtained. The MDL for the direct
detection was 4.9 ppm. In the WMS technique, the modulation depth of
the CoH, sensor system was optimized to be ~0.182 cm™ ! The R
square value of the line relationship between the peak value of the 2-f
signal and the gas concentration was 0.999, which indicated an ex-
cellent linear response of C,H, concentration. In the pure N, condition,
7000 measurement points were obtained to calculate the Allan devia-
tion of the TDLAS sensor system. A MDL of 1.3 ppb was obtained with
an averaging time of 270s. The corresponding noise-equivalent absor-
bance (NEA) was calculated and had an excellent value of 7.7 X 10
12em ™ Hz~ V2, The reported C,H, sensor system with high sensitivity
and compactness structure has a potential to be used in numerous real-
world applications.
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