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Tunable diode laser absorption spectroscopy
for simultaneous measurement
of ethylene and methane near 1. 626 um
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(1. School of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150001, China;
2. College of Electromechanical Engineering, Northeast Forestry University, Harbin 150040, China)

Abstract: A tunable diode laser absorption spectroscopy system with a multi pass cell and a DFB laser diode at wavelength
1.626 pum has been developed for simultaneous measurement of ethylene and methane. A line separation method based on
multi absorption peak using the least squares algorithm has been established. The characteristic peak positions and relative
intensities of ethylene and methane were determined by available spectral structures from previous investigations and availa-
ble databases. The accuracy of the measured concentration is within 5% comparing with the mass flow meter.
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Introduction

Ethylene and methane are inflammable and will

explode when mixed with air at certain concentration

[1]

and ignited by naked flame' '. They also play signifi-

cant roles in atmospheric chemistry'?', global cli-

mate"*! and biological metabolism'*'. Hence, ethylene
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and methane detection has developed its way for high
sensitivity in many application fields including atmos-

phere monitoring'>', coal mine fire forecasting'®

. 7
combustion process[ ]

[8]

and medical diagnosis for breath
analysis
Tunable diode laser absorption spectroscopy (TD-

LAS) is a valid method for non-invasive multi-compo-
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1] The tunable diode laser used in

nent gas analysis
TDLAS has a high spectral resolution which makes it
possible to scan a single absorption line of the mole-
cule. This specific line is clearly free from the interfer-
ence of other abundant species, also called “finger-
print”. The diode laser working in the middle infrared
range where most molecules have the fundamental vi-
bration bands, can be used to achieve the detection
limit of parts per billion (ppb) to parts per trillion
(ppt) level"™ . Commonly, it should be refrigerated
by liquid nitrogen and is expensive. The near infrared
(NIR) diode laser can only access the overtone or
combination bands of molecules, which are two or
three orders magnitude weaker than the fundamental
bands. However, a detection limit of parts per million

d"31* combined with

(ppm) level can still be attaine
long pass cell. It has the advantage of room tempera-
ture operation, low cost and is commercially available.
Additionally, it can be easily coupled to optical fibers,
which makes it ideal for in-situ remote monitoring un-
der many severe conditions' "',

In this work, we developed a TDLAS system using
a NIR diode laser near 1. 626 pm and measured the
cross section of ethylene with it. The cross section of
methane was derived from the high-resolution transmis-
sion molecular absorption database ( HITRAN) , where
the cross section of ethylene near 1. 626 pm is not re-
corded. Comparing the two cross sections and extrac-
ting the feature of the absorption lines, the line separa-
tion method was established based on absorption peaks
using the least squares algorithm. Finally, this method

was evaluated under the condition of different ratio of

mixed ethylene and methane.

1 Experiments

The experimental set-up is mainly comprised of
the NIR diode laser and a multi-pass cell. The scheme
of the apparatus is shown in Fig. 1. A butterfly type
DFB diode laser ( NEL, model NLKIUSEAAA) with
thermoelectric cooler inside, emitting single frequency
CW radiation at 1. 626 um, was employed as the spec-
troscopy source. The laser is attached to a laser mount
(Thorlabs, model LM1482) which is driven by a cur-

rent and temperature controller ( Thorlabs, model ITC

5000). The current can be modulated from 20 Hz to
20 kHz in order to adjust the wavelength scanning rate.
The laser has a pigtail fiber and its output power can
reach 10mW when working at 100mA. The fiber output
beam is split into two parts. One was focus on an In-
GaAs detector ( Thorlabs, model FGA10) directly to
monitor the fluctuation of laser power. The other is col-
limated and coupled into a multi-pass gas cell. The
multi-pass cell is a White type cell'' | consisting of
three spherical mirrors with same curvature radius of
200 mm. The total pass length can be adjusted by
turning the angle of the mirrors. The laser beam ab-
sorbed by the gas in the cell is finally focused on an-
other InGaAs detector. The outputs of detectors are
amplified and acquired by a data acquisition card (Na-
tional Instruments, model NI-DAQ 6034E) and stored
in a computer operated by a LabVIEW program.

Mass
meter
. . . Gas
Laser Fl_bi Fiber beam j—‘:berColllmator [] inlet
diode splitter e Ny S
Fiber: \\{‘~~\\‘ﬂ
InGaAs :——"—/‘
Detector 2 T ﬂ
Laser e
Controller Focus lens PEUE -
Amplifier <—Dj’ C
InGaAs Gas L‘J
l Detector 1 outlet
Computer NI DAQ
Fig.1 Scheme of the apparatus
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According to Beer-Lambert law, absorbed by a
gas concentration of C and total path length of L, the
intensity of the output beam /,(v) at wavelength v can
be expressed as

1,(0) =l () expl —a(v)CL] e
where /,(v) is the intensity of the input beam at wave-
length v and a(v) is the absorption coefficient at wave-
length v.

The threshold current of the DFB laser diode is
10mA. The fiber output power is 10 mW when the la-
ser diode is operated at 25 C and 100mA. The laser
wavelength can be modulated either by current or by

temperature. The wavelength is measured by Fourier
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transform infrared spectroscopy (JASCO, model FT/
IR-6000) and the wavelength error is small than 0. 005
nm. The current and temperature tuning coefficients of
the DFB laser diode are measured to be 0. 006 nm/mA
and 0.1 nm/°C respectively, shown in Fig. 2.
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Fig.2 Temperature and current tuning characteristics of
DFB laser diode
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There is none absorption data of ethylene near 1.
626 pm in HITRAN, so we measured it ourselves. A
frequency of 20Hz and amplitude of 20mA triangle
wave was applied as the scanning wave. Meanwhile,
the operation temperature of the laser diode was in-
creased with 2°C intervals from 20°C to 32°C. The sam-
pling rate was set to 200 kHz and integrating time 1s
for averaging the random noise. The concentration of
ethylene mixed with nitrogen was controlled to be 1%
by a gas mass flow meter and the total absorption length
was adjusted to 5Sm. The measured absorption coeffi-
cient of ethylene in the spectral range from 1. 626 um
to 1.627 pm is shown in Fig. 3.

Here, we should notice the relationship and unit
conversion between the absorption coefficient o (v)
[ ppm” m" ] and the cross section o (v )
[ em’molecule™ ],

a(v) =No(v) , (2)
where N is the number density of the sample, and

N=nN,/V , (3)
where n is the amount of gas in mole, N, = 6. 022 X
107 [ molecules-mole "' ] is the Avegadro constant and
V is the volume of the gas. According to the Ideal Gas

Law,

PV =nRT , (4)

Absorption coefficient/(ppm'm™) x 10°

S N A

1.

(=)
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Fig.3 Absorption coefficient of ethylene from 1.626um to
1.627um
K3  ZJ&AE 1.626 pm F] 1. 627 wm &AM R 5L

where P, T are the gas pressure and temperature re-
spectively. When the measurement is taken at latm
pressure and 296K room temperature, the following re-
lationship can be derived,

a(v) [ppm'm™"] =0.24793 x 10" ¢ (v)
[ em’molecules ™" ] . (5)
HITRAN absorption spectra of CH,, H,0, CO,,
CO""" and measured C,H, in the range from 1. 6258
pm to 1.6273 pum are depicted in Fig. 4. These ab-
sorption spectra show that C,H, and CH, are interfer-
ence free from other molecules that are naturally exist
in the atmosphere (such as H,0 and CO,) in this
spectral range. The absorption intensity of C,H, is a-

bout an order magnitude stronger than that of CH,.
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Fig.4 Cross section of CH,, H,0, CO,, CO (from HIT-
RAN) and C,H, (measured).
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When measuring multi-component gas concentra-
tion, Eq. (1) should be expressed as

T(v) =1n[]0(1))/1t(1))] = [0‘1(”)01 +a, (v) G,
+-+a,(v)C,]L , (6)
where n is the number of different gas. T'(v) is the
transmission at wavelength v . All the gas shares the
same optical pass, so the L is equal. In order to get
the gas concentration, we pick out 13 characteristic
peaks of the absorption spectra of C,H, and CH, from
Fig. 4, which are listed in Table 1.

With these peak points, Eq. (6) can be trans-
formed into matrix form

T=AC , (1)
where T=[T(v,),--T(v,)]",C=[C,,-,C, 1", A
=[a, 0 ],a=[a(v ), a(v,)]". Inthis

Table 1 Characteristic peak positions and intensities
F1 FEEMENEE

Peak intensity x 102°/

Peak intensity x 102/
Peak position/ um (cm®molecule ') Peak position/ pm (em®molecule =)

C,H, CH, C,H, CH,

1.62600 0.397  0.0590 1.62659 0.313  0.0305
1.62604 0.633  0.0373 1.62676 0.228  0.0006
1.62613 0.503  0.0189 1.62697 0.159  0.0006
1.62622 0.322  0.0365 1.62715 0.073  0.0329
1.62626 0.462  0.0091 1.62720 0.137  0.0166
1.62640 0.333  0.0012 1.62729 0.040  0.0231
1.62657 0.367  0.0086

experiment, ¢ = 13 and n = 2. According to least
squares algorithm,

C=(A"A) AT . (8)
2 Results and discussion

The simultaneous measurement of ethylene and
methane was carried out at latm pressure and 296 K
room temperature. A multi pass cell was used with to-
tal absorption length of 5m. Before pumping the mixed
gas, we swept the cell with high purity nitrogen gas
(99% ) for about 15 minutes to make the cell clear.
The mixed gas of different concentration was controlled
by a mass flow meter at a constant rate also for 15 mi-
nutes to get a stable concentration matching with the
controller.

Figure 5 illustrates the measured and the calculat-
ed transmission together with the residual error of the
two. The concentration results are shown in Table 2
and the relative errors are within 5% . Using the char-

acteristic absorption peaks to fit the measured transmis-

sion of the multi-component gas is a simple and effi-

cient way to get the component concentration.
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Fig.5 The measured (open triangles) and the calculated
(open circles) transmission by multi-peak fit algorithm and
their residual error (open squares). ( a) The absorption
intensity of ethylene is much stronger than methane, (b)
The absorption intensity of ethylene and methane is equiva-
lent
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Table 2 Concentration measurement result and compari-
son with the mass flow meter
K2 RENELERRESREREBITHLLER

Controlled concentration /% Measured concentration /%

relative error /%

C,H, CH, CH, CH, C,H, CH,
0.55 03 0.5% 0.481 ~23  -3.86
0.53 1.1 0.520 1.054 -1.87 420
0.51 1.6 0.507 1.680 1.40 4.98
0.46 4 0,452 4,084 -1.83 2,10

3 Conclusions

This apparatus has been proved to be efficient for

simultaneous concentration measurement of ethylene
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and methane based on TDLAS near 1. 626 pm. The
determined characteristic peak positions from previous
investigations and available databases are reasonable
for separating the mixed gas absorption line. A meas-
urement accuracy of 5% can be achieved as verified
with the standard sample of mixed controlled concentra-

tions.
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