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The expressions of the second harmonic (2f) signal are derived on the basis of absorption spectral and lock-in theories.
A parametric study indicates that the phase shift between the intensity and wavelength modulation makes a great contribu-
tion to the 2f signal. A self-calibration wavelength modulation spectroscopy (WMS) method based on tunable diode laser
absorption spectroscopy (TDLAS) is applied, combining the advantages of ambient pressure, temperature suppression, and
phase-shift influences elimination. Species concentration is retrieved simultaneously from selected 2f signal pairs of mea-
sured and reference WMS-2f spectra. The absorption line of acetylene (CoHjy) at 1530.36 nm near-infrared is selected to
detect CoH; concentrations in the range of 0—400 ppmv. System sensitivity, detection precision and limit are markedly
improved, demonstrating that the self-calibration method has better detecting performance than the conventional WMS.
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1. Introduction

C,H,, a species of toxic gases, has strong chemical ac-
tivity and is easy to be decomposed, burn, and explode. In
modern energy systems, CoH, is one of the main components
of the oil-decomposed fault gases in transformer.!":?! During
the research of plant growth, C;H; can be used as a kind of
plant hormone to ripen the fruits or wither the flowers. There-
fore, there is a demand for the trace CoH, detection in some
practical applications.

Designing rapid and accurate trace gas measurements has
become a hot topic. Numerous efforts have been contributed,
such as photoacoustic spectrometry (PAS),1?] QEPAS (quartz-
enhanced) with a new PAS technique,*! metal oxide semicon-
ductor (MOS),! and TDLAS,®7 among these methods, the
TDLAS technique has been frequently used due to its high
sensitivity and accuracy. In order to further improve the sig-
nal to noise rate (SNR), WMS with 2f signals is employed to
TDLAS!®!!l technique. There is now a general consensus that
the first harmonic (1f) signal can be used to normalize the 2f
signal to improve accuracy.!'>!3] In these studies, the phase
shift (PS) between the intensity and the wavelength modula-
tion has been demodulated to optimize the 2f/1f fitting.[!? Al-
though this method can reduce the detection error, it is intricate
to demodulate the phase shift and use the simulated line shape
to satisfy the best fitting.

In this paper, we derive the expressions of the 2f sig-
nal according to the absorption spectral and lock-in theories.
By analyzing the expression of 2f signal with a different way
of Fourier expansion (by putting the PS to the wavelength
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modulation and separating it from wavelength modulation fre-
quency without as a whole in the process of Fourier expan-
sion), we will research the influence factors of a 2f signal. In
particular, the influences of PS (varies from 0.57 to 7) and
pressure are analyzed and simulated. The scope of this re-
search lies in ambient pressure, temperature suppression, and
phase shift effects elimination. Therefore, we have utilized
a self-calibration WMS measurement method based on TD-
LAS with an advanced gas flow cell and a reference cell to
detect the gas concentration. The selected 2f signal pairs of
measured and reference WMS-2f spectra are used for 2f peak
calibration, combining the advantage of concentration least-
squares algorithm optimization, leading to high accuracy and
linearity concentration detection. In addition, the transition of
CyH; at 1530.36 nm is selected based on the Pacific North-
west National Laboratory (PNNL) spectra database and spec-
tral data from experiment. The numerical results calculated by
new method are compared with conventional results (extract
concentration from 2f signal peak without reference 2f signal
calibration). The accuracy and linearity, precision and stabil-
ity, detection limit and sensitivity are evaluated to verify the
performance of the self-calibration system for simultaneous
measurements of CoH».

2. Measurement principles
2.1. Theoretical principles

Once the monochromatic radiation of the light source
overlaps with a rotation transition of a gas species, absorption
will occur, resulting in the attenuation of light intensity. The
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transmitted intensity /(v) at simultaneous time ¢ associated
with a rotation transition in a gas cell is given by the Beer—

Lambert law, when the absorbance is lower than 5%, 13!

L(v) =I(v)exp(—a(v)PCL), (1)

where Io(v) is the incident laser intensity at the laser center fre-
quency v (cm™!), P (atm) is the total measurement gas pres-
sure, C is the mole fraction of the absorbing gases, L (cm)
is the absorption path length, a(v) is the absorption coeffi-
cient which is related to line-strength S(7)(cm~2-atm~') and
line-shape g(v) (cm). Therefore, the Beer—Lambert law can be
written as

I (v) = Io(v) exp(=S(T)PCLg(v)), 2)

where o/(v) has been replaced by S(T)g(v). In the case of low-
concentration detection, S(7)PCLg(v) < 1, equation (2) can
be expanded by a first-order Taylor series, as follows:

L(v) = Ih(v)(1—-S(T)PCLg(v))
= I(v)(1 —eCg(v)), )

where € = S(T)PL. For a gas absorption line under regular
pressure and temperature, the Lorentz line-shape function is
adopted as!!#

1 Av
g(v) = T+ A2 “)
where vo and Av are the center wavelength and the half width
at half-maximum (HWHM) of specific absorption line, respec-
tively.

Compared with direct absorption measurements, WMS
can improve the SNR and is less influenced by non-absorption
transmission losses. In this paper, a saw tooth wave signal
as well as a sine wave signal is injected into the distributed
feedback laser (DFB) to tune the output wavelength. Get-
ting the instantaneous center wavelength and laser intensity

as follows: 1%

v=v| +acos(wt+ y), (5)
Ip =I(v1)[1 +ipcos(wr)], (6)

where v; and I(v;) are the center wavelength and laser inten-
sity of the passed light beam without modulation, respectively,
a is the modulation depth, iy is the amplitude of linear laser in-
tensity modulation, and y is the PS. Thus, equation (3) can be
rewritten as

I = Ip(1+ipcos(wt+yy))[1 — eCg(vi +acos(wt + y))]
= Ip(1+ipcos(@t + 1))

X

1—¢eC (Ho + Z Hyacos(not) + Hyp sin(nwt))] ,

n=1
@)

where g(v) +acos(wr+ y)) has been expanded in Fourier
series.!!3] Here, we do not treat (wr¢+ y) as a whole dur-
ing the Fourier expansion, as in previous Fourier analysis, so
cos(@t + y) is not an even function of time ¢, and there will
be two kinds of Fourier coefficients Hy, and H,,. However, it
is less complicated when extracting the 2f components in Sec-
tion 2.2, without decomposing cos(n(t + y)) parts. Fourier
coefficients of Hy, Hy,, and Hyyp, are given by

Hy = i/” 1 Av o, (8)
2% J_z 7 [vi +acos(@t + w) —vo2 +AVZ
L1 o
" w Jog w [vi +acos(@f 4+ ) —vo]?2 + Av?
x cos(nwt)tdw, 9
PR &
"7 7 ) a 7 [vi +acos(of + y) — vo]2 + A2
x sin(not)tdw. (10)

According to the statement of basic measurement prin-
ciples, various influence factors of 2f signals including the
pressure and PS y are investigated. This will be followed by
descriptions of Simulink results and detailed presentations of
how the 2f signals are affected.

2.2. Influence factors of 2f signals

Wavelength-scanned and wavelength-modulation spec-
troscopy with 2f signal detection is used to determine the ab-
sorption magnitude and gas concentration in actual measure-
ments. To find out the influence factors of 2f signals’ peaks,
the expressions of the 2f signals are further derived by Eq. (7).
Therefore, assuming that the expression of the second compo-
nents of the transmitted intensity /; can be written as

by = Fj cos(20t) + P sin(2or), (11)

where F1 and F3; are given by
iy
Py = —¢€Cly {HZa‘F 2 (Hia +H3a):| ;
io
Iy = —€eCly {sz +3 (Hip +H3b):| . (12)

A lock-in amplifier (LIA) is used to shift the 2f signal compo-
nents from 2f frequency to zero frequency, by multiplying the
transmitted laser intensities ; by cos(2wr) for the X, compo-
nent and sin(2wr) for the Y>¢ component. A numerical low-
pass filter with a bandwidth less than f/2 is then used to extract
these components. As a result, the alternating current (AC)
signals are removed and the direct current (DC) signals are
remained as follows:

{X2f:GRF217 (13)

Yot = GRI2,

where G is the electro—optical gain of the measurement sys-
tem and R is the amplification factor of the reference signals.
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According to Ref. [13], we know that the values of odd har-

monics at the line center are always approximately zero and

the values of even harmonics are always maxima. Consider-

ing that the influences of PS y to odd harmonics are extremely

small, we regard that Hy, = Hy, = H3y = H3p, =~ 0. Therefore,

the X»r and Y,¢ components can be simplified as follows:
{ Xor = —GRIyeCHa,,

Yot = —GRIyeCHyy,. (14)

The absolute peak Sy¢ of the 2f signal is then given as

Sor = £/ X5+ Y5 = GRIpeC\/ Hz, + H3, . (15)
Obviously, the absolute peak Sys is determined by the am-
bient pressure, temperature, laser intensity, H, and Hop. As
noted, Hp, and Hy, are much dependent on the PS between
the intensity and the wavelength modulation. The PS vy is
determined by contributions from two effects, namely: slow
thermal mechanisms and fast carrier injection effects.!'®! (I)
The thermal effect (the expansion of the optical path length
in the DFB laser grating period) produces an increase in the
wavelength with the current. At high modulation frequency,
thermal delay causes that the wavelength modulation progres-
sively lags the intensity modulation. (II) Carrier injection,
through plasma and band filling effects, decreases the wave-
length as the current increases. The wavelength modulation
from this effect is 7 out of phase from intensity modulation.
As illustrated in Fig. 1, the PS y can be any value from 0.57
to . This will make great changes to the values of H, and
Hyy, resulting in the fluctuation of Sy¢.

A

PS of high
modulation

frequency

carrier effect

phase of
thermal effect
wavelength
modulation >
phaseof o
intensity
modulation

Fig. 1. Illustration of PS in a DFB laser diode for high modulation fre-
quency.
Beyond that, the line-width of DFB laser also contributes

a lot to the 2f signal peak. The peak expressions of 2f signal
derived above have assumed that the line-width is zero, which
cannot describe how DFB laser line-width affects the 2f signal
peak. Here, we assume that the DFB line-width is v,07 and
then the output intensity of line-center vy is

vo+v/2
B = [

v)dv. (16)
0—v/2

In this way, the adjusted S»¢(vo) can be expressed as

vo+v/2
Sa¢(vo) = GReC ’ I(v)\/H3, + H3, dv. 17)
vo—v/2

Here, more than one wavelength is involved in the absorption
of the intensity when the line-width v exists. However, the ab-
sorption coefficients of the wavelengths on both sides of the
line-center are smaller than a(vy). Besides, when the line-
center of the wavelength is farther away, the absorption coef-
A /sza + szb of
the wavelengths on both sides of the line-center to be smaller.

ficient is smaller. Accordingly, this causes the

Therefore, for the same intensity of Io(vp), the peak of 2f sig-
nal increases as the line-width decreases. As a result, the mea-
surement results are more accurate with a narrower DFB laser
line-width. Practically, the DFB line-width utilized here is ap-
proximately 2 MHz (1.56 x 107> nm), which means that we
can treat it as a monochromatic light with zero line-width.

Moreover, temperature variation only affects the line-
strength S(T'), and line-strength has a negative linear correla-
tion relationship with temperature. According to this negative
linear correlation relationship and Eq. (15), the 2f signal peak
also has a negative linear correlation relationship with temper-
ature, which agrees very well with the conclusion in Ref. [18].
Hence, the issue of the effect of temperature on the measure-
ment results is not involved in this paper.

To verify the correctness of the proposed idea, a platform
based on Matlab Simulink is established and the effectiveness
of pressure and phase shift to peaks of 2f signals is analyzed.
Here, the parameters of simulation conditions are similar to
the parameters of the practical measurements. The gas tem-
perature and absorption path length are 296 K and 40 cm, re-
spectively. Meanwhile, the gas pressure varies from 0.8 atm to
1.2 atm,[!°! and the PS y varies from 0.57 to 7. The simula-
tion results are shown in Figs. 2 and 3.

The 2f signals under different pressures (assuming the PS
v =0, T =296 K) are shown in Fig. 2(a) and 2f signals under
different PSs (assuming the pressure P = 1.0 atm, 7' = 296 K)
are shown in Fig. 2(b). The absolute peaks of 2f signals are
shown in Fig. 3 to make the diagram more intuitive, where
peaks vary with pressure and PS y. The simulation results in-
dicate that the peaks of 2f signals decrease with the increase
of pressure. In contrast, the peaks may be unpredictable and
uncertain because the PS y might be any value from 0.57 to
7 and light intensity fluctuates during the measurement. In
consideration of this, self-calibration WMS with reference 2f
signal calibration is applied to TDLAS to improve the detec-

tion accuracy in the next section.
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Fig. 2. (color online) The 2f signals under different pressures (assum-

ing ¥y =0, T =296 K) (a) and under different phase shifts (assuming
p=1.0atm, T =296 K) (b).
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Fig. 3. (color online) Peaks of 2f signals under different pressures and
phase shifts.

3. Scheme of the self-calibration WMS system

A self-calibration WMS experimental system is devel-
oped based on TDLAS, as shown in Fig. 4. For trace mea-
surement, a DFB diode laser with an emission wavelength
from 1529 nm to 1531 nm (customized by SCTG Company)
and a diode-laser controller (SDDT-T-x-MA) is used as a light
source. It is difficult to keep the optical wavelength of the
DFB at line center because of the fluctuation of outside tem-
perature and the slight drift of the oscillation current. The

wavelength-sweep technique and WMS are employed to de-
tect the absorption line with a low-frequency scanning signal
and high-frequency sinusoidal modulation signal, respectively,
as the laser drive current. Furthermore, a 1-in-2 (50:50) cou-
pler is applied to divide the transmission light from the DFB
into two equal parts. One passes through the measurement gas
cell (fiber-coupled flow-cell) which contains gases needed to
be measured, and the signal beam irradiated onto an InGaAs
photo-detector 1 (PD1). The other one passes through the ref-
erence gas cell (CoH; standard pressure cell), which contains
the same kind of gases with known concentration, and the sig-
nal beam is irradiated onto an InGaAs photo-detector 2 (PD2).
The outputs of PD1 and PD2 are connected to the LIA as in-
puts. With the help of the reference signal of sinusoidal wave
at 50 kHz, the LIA demodulates the input signals into 2f sig-
nals. Finally, the 2f signals are captured by a PC for data pro-
cessing.

A self-calibration scheme is introduced into the gas con-
centration experimental with a reference gas cell. The refer-
ence gas cell and the measurement gas cell share the same
kind gas but with different concentrations. They are placed
under the same ambient temperature and pressure. Referring
to Eq. (15), we known that

SZf,test o< IO,testPtestCtestLtestS(Ttest)( \/ H22a + szb)test; (18)
SZf,ref < IO,refI:’refCrefLrefS(]}ef)( \/ H22a + szb)refa (19)

where Sy tesc and I e are the 2f signal and input intensity of
measurement gas cell, Pegi, Ciest, and Lieg; are the pressure, gas
concentration, and absorption path length of measurement gas
cell respectively, S(Tiest) is the line-strength at the temperature

of Tiest, and (4 /H22a+H22b)[est is related to the PS y of mea-
surement gas cell. Similarly, the parameters of reference gas
cell in Eq. (19) are consistent with the parameters of measure-
ment gas cell in Eq. (18).

For an exact optical fiber gas concentration detection sys-
tem, the absorption path length is known. The light beams in
the two paths separated by the coupler are of the same inten-
sity and PS y between the wavelength modulation and inten-
sity modulation. Such an operation devotes the proportion of
(\/H3,+H3 )est and (\/H3, + H3, )ref is immune to fluctua-
tion caused by PS y. In order to minimize the influence of
temperature, the temperature of the measurement and refer-
ence cells are kept equal to room temperature during the ex-
periment. For pressure, the difference pressures between mea-
surement and reference gas cells will lead to different line-
broadenings and line shapes. In terms of the Lorentz line-
shape which is chosen for absorption principle analysis and
Fourier expansion above, the pressure for the best line-shape
fitting needs to be maintained between around 0.8 atm and
1.2 atm.['”1 Simulations in Fig. 2(a) demonstrate that the 2f
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signal peak decreases as the pressure increases. Here, an op-
timum pressure of 0.8 atm is selected for measurement and
reference gas cells. Hence, the influence of temperature and
pressure drift on the two light paths should be very similar.
The difference between the two light paths approaches zero.

Under these circumstances, the calculation method of gas con-

» DFB diode laser

centration can be expressed as

S 2f, 7telerefLref

Clest = (20)

SZf.rethest
This is able to efficiently suppress the peak fluctuations of 2f
signals induced by pressure, temperature, PS y, and light in-
tensity.

reference gas cell

]
f |
- measurement gas cell —» PD1 PD2
saw tooth wave sine wave | :
T F e e }
signal generato » reference signal » lock-in amplifer [«

PC data processing

[ Y

concentration output

Fig. 4. Scheme illustration of the self-calibration experimental system.

4. Concentration measurement results and dis-
cussion

4.1. Measurement of PS y

The PS y has been measured to proof and express the
correctness of the proposed theory in Section 2.2. A 0.016-
cm~! FSR etalon is utilized as the substitute of reference gas
cell to record the relative wavelength variation accurately. The
PS is extracted as shown in Fig. 5(a) from the measured mod-
ulation of wavelength and intensity. When the laser injection
current is sinusoidal-modulated, the light intensity is nearly si-
multaneously modulated, but some delay is observed in wave-
length response. As illustrated in Fig. 5(a), this PS between
wavelength and intensity modulation is 0.657 at a modulation
frequency of 25 kHz. More PSs that have been measured at
different modulation frequencies are shown in Fig. 5(b). As
the modulation frequency increases, the PS increases slowly,
this coincides with our theoretical analysis. Fortunately, the
PS influence can be eliminated by the self-calibration method
described below.

4.2. Selection of C,H; absorption line

The choice of C,H, absorption line needs to fulfill the
following requirements: (i) the absorption line is strong at the
measurement temperature (near 300 K), providing good SNR

2.0 T T T 2.0
(a) = wavelength response
1.5}F intensity response 41.5
f=25kHz g
1.0 1.0 E
> 05 05 8
~ =
2z g
g 0 0.0 &
8 LT g
2 —0.5 un” "ny 4—-0.5 %
- l.. .'. <
9]
1.0}k .-'. .'l. {—-1.0/
....Il l.......
1.5 1 1 1 —-1.5
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(b)
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= 0.65F . ]
n
~ n
0.60F = e
| |
0.55 1y i
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Fig. 5. Schematic for measuring wavelength and intensity modulation PS
at 25 kHz (a) and different frequencies (b).

114202-5



Chin. Phys. B  Vol. 25, No. 11 (2016) 114202

and measurement precision; (ii) the transition is well isolated
from neighbors and other gases; and (iii) the collisional width
is small, providing narrow line-shape to enhance WMS sig-
nals. The DFB diode laser applied here possesses an operat-
ing center wavelength near 1530 nm. It means that a C;H»
absorption line near 1530 nm needs to be chosen. Figure 6(a)
presents the CoH; absorption lines of PNNL database at 296 K
near 1530 nm. The figure suggests that the absorption line in
the red rectangular box with the maximum intensity should
be chosen. Here, we set the linear sweep wavelength from
1530.0 nm to 1530.8 nm with a precision of 0.004 nm/mA to
detect the absorption line in our experiment. Figure 6(b) shows
that the absorption line detected from the experiment without
wavelength modulation contains exactly one complete absorp-
tion line. Therefore, in our experiment, the absorption line
center at 1530.36 nm of the highest absorption point within
the spectral range of the DFB is chosen.

o

@

|
)

N)‘Lﬁ\\(\-

J

v

0

| |
MLINIYSIWAND

|
I
\“wfvl \w\.J WU

Absorbance(database at 296 K)/107°

cell is also kept at ~ 0.8 atm to minimize the line shape dis-
crepancies between the measurement and reference 2f signals.
The gas pressure of the measurement gas cell is measured and
controlled by vacuum pressure gauge (BST-111) with an accu-
racy uncertainty of 0.01%. The laser wavelength is driven by
a 30-Hz saw tooth wave summed in an adder with a 25-kHz
sine wave to provide the wavelength modulation. Before each
measurement, the gas sample was allowed to stabilize ther-
mally with enough time. In this way, the temperatures of the
two gas cells can be kept at room temperature and the influ-
ence of temperature can be minimized.

Examples of experiment measured 2f signals of detect-
ing the 50-ppmv and 100-ppmv C,H, standard gases under
the pressure of 0.8 atm are shown in Figs. 7(a) and 7(b). We
choose the 100-ppmv C,Hj standard gas as the reference gas.
Background measurements without CoH, absorption caused
by and directly proportional to the laser intensity and the elec-
tronic gain, are conducted to normalize and correct the 2f sig-
nals.
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0.08F (a) — — reference 2f signal 1
0.07 —— measured 2f signal ]
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Fig. 6. (color online) C,H, absorption lines of PNNL database at 296 K
(a) and experiment (b).

4.3. Measurements of C,H; concentration

In the experiment, the reference gas cell (40-cm long with
a fixed pressure of 0.8 atm) is contained with standard C,H»
gas of 100-ppmv concentration. A fiber-coupled gas flow cell
(FC-16 FCM, 40-cm long) is employed as the measurement
gas cell. The measurement gas is CoH, with a concentration
range of 0 ppmv—400 ppmv. The total pressure in the gas flow

—0.04| ]

70.05 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Sampling points

0.09 [ T T T T T T T T T ]
0.08 F (b) — — reference 2f signal 1
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0.06 | -
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0.04 |
0.03 |
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0.01
0 F
—0.01 |
—0.02 |
—0.03 1
—0.04 | b
70.05 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Sampling points

2f signal intensity/V

Fig. 7. (color online) Measured and reference 2f signals of 50-ppmv C,H,
gases (a) and 100-ppmv CoH, gases (b).

To guarantee the extracted concentration accuracy of the
measurements, only 2f signal pairs with highly consistent line
shapes between measured and reference 2f signals are ap-
plied. The useful signal pairs are selected by comparing the
HWHMSs of measured and reference 2f absorbance spectra.
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The convenient and reliable data processing method is based
on peak-trough seeking algorithm, and then extracting the rel-
ative HWHMs through the difference sampling points between
peak and trough of measured and reference 2f signals. The se-
lected signal pairs can be used to derive the CoH, concentra-
tions in the measurement gas cell from the normalized mea-
sured and reference 2f signal intensities’ peak heights accord-
ing to Eq. (20). The measured concentrations are optimized by
linear-fitting between the measured and reference signal pairs
based on a least-squares algorithm. In Fig. 8, the slope of the
fitting line represents the concentration ratio of the gases in the
measurement and reference gas cells after normalizing their 2f
signal intensities’ peak heights. From the slope in Fig. 8, we
can calculate the optimized C,H; concentration in the mea-
surement gas cell is 50.36 ppmv. The high value of correlation
coefficient (R%) confirms the feasibility of the data processing
method.

5 T T T T T T T T T T T T T T T T T T r—
=B fitting om
5 m C,H, o
B 4f i
g ., slope = 0.5036-+0.00183 o
= R*=0.9956 ]
® .4 -7
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=] e
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0 .
0 1 2 3 4 5 6 7 8 9 10
Intensity of normalized reference signal/arb. units

Fig. 8. (color online) Selected data points (normalized intensities) of mea-
sured and reference signal pairs and linear fitting for CoH, concentration
optimization.

Besides, 100-ppmv, 200-ppmv, and 400-ppmv C,H,
standard gases are detected to verify the accuracy and linearity
of the self-calibration method. Figure 9 shows the scatter plot
and linear fitting of measured concentration of C;H, versus the

known concentration values in the range of 0—400 ppmv. The
figures demonstrate that the measured C,H; concentrations
from the self-calibration method are in good agreement with
the known concentrations over the entire concentration range.
The correlation coefficient (R? = 0.9983) of those measured
concentration points indicates the good linearity of this self-
calibration method. Table 1 shows the comparison of mea-
surement results obtained using self-calibration method and
conventional method. Table 1 reveals that the self-calibration
method has a lower error rate than the conventional method,
especially at low C,H; concentration conditions. For instance,
when measuring the 50-ppmv standard gases, the error rate
without reference gas cell is 7.36% but the self-calibration
method is only 0.72%, and then leads to a high measurement
accuracy with the advantages of ambient pressure, temperature
suppression, and phase shift influences elimination. The over-
all comparison demonstrates the feasibility of using the refer-
ence 2f signal-calibration method for determination of CoH»
concentration, which owns good accuracy and linearity with-
out the necessity of demodulating the PS y to improve the
detection precision.
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| ----fitting l’/ i
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2 350 P -
> slope = 0.99839+1.247 L7
§ 300 . -
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£ 2501 L7 .
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8 200 " 4
=} L7
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S 150 e -
g} e
£ 100 o= .
3 e
¢ 50 W B
= L
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Known concentration/ppmv

Fig. 9. (color online) Comparisons of the measured concentrations of
C,H; versus the known values in the range of 0—400 ppmv.

Table 1. Comparison of measurement results of self-calibration method and conventional method.

Measurement results of self-calibration method

Known concentrations of CoH,/ppmyv

Measurement results without reference gas cell

Concentration/ppmv Error/% Concentration/ppmv Error/%
400.00 401.13 0.283 405.31 1.327
200.00 198.94 0.53 194.87 2.565
100.00 100.65 0.65 104.14 4.14
50.00 50.36 0.72 53.68 7.36

4.4. System stability analysis

The stability of the instrument performance is analyzed
based on the standard deviation. When the standard deviation
is lower, instrument performance will be better. After over
3 h, 50-ppmv C,H, standard gas is measured to evaluate the
stability, as shown in Fig. 10. The standard deviation of 50-

ppmv C,H,; standard gas measured by self-calibration method
is 0.431 ppmv, which is smaller than the conventional method
of 1.415 ppmv. This suggests that the new self-calibration
method with reference 2f signal calibration owns a quite bet-
ter stability. The range of the results is 1.632—-10.325 ppmyv,

which predicates that the precision of self-calibration method
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is improved from around 10 ppmv to 1.6 ppmv. Obviously, the
1.6-ppmv precision is more accommodating for practical ap-
plications and the facility is equipped with an accurate CoH;
measurement for self-calibration.

80 T T T T T T T T T T T T T T T T T
—— self-calibration method
—— conventional method
[4Y) o — standard 50 ppmv C,H, b
conventional method, expectation: 49.744;
60+ standard deviation: 1.415; range: 10.325 -

50

40+ self-calibration method, expectation: 50.014; R
standard deviation: 0.431; range: 1.632

C,H, concentration/ppmv

30 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Time/min

Fig. 10. (color online) Measurement results of 50-ppmv C,H, standard
gas for 3 h using self-calibration method and conventional method.

4.5. System detection limit and sensitivity

The detection limit of self-calibration detection system
based on reference 2f signal calibration method is determined
by Allan analysis.!?°! Here, C;H,measurements with 5-ppmv
standard gas are performed during an estimated 1-h experi-
ment. An Allan variance is utilized to analyze the stability
and detection limit of the system. Figure 11(a) exhibits the
Allan variance as a function of the integration time ¢ from the
measurement concentrations. The Allan variance shows that a
minimum detection limit of 122 ppbv can be achieved using
an optimum integration time of 296 s. Hence, the high detec-
tion limit illustrates the high stability and performance of the
developed self-calibration method. Moreover, the measured
2f signal in the measurement gas cell filled with 5-ppmv C,H»
is shown in Fig. 11(b). With the noise level of 0.193 mV in
the base line and the peak heights of 6.3 mV of the measured
2f signal from the measurement gas cell, the SNR of approxi-
mately 32.6 is obtained.

Here, the sensitivity of self-calibration detection system
is determined by the ratio of variation in output light intensity
and variation in CoH, concentration. It can be described as

k=— 21
AC ey

where k is the system sensitivity, Al is the variation in output

light intensity, and AC is the variation in CoH; concentration.

According to Beer—Lambert law in Eq. (1),

I—AI = L[l — a(C+AC)L]

= I —I)aACL, (22)
and then the sensitivity can be written as
Al
k=— =DalL. 23
ac o (23)

The light intensity of the DFB laser at 1530.36 nm without gas
absorption is 4.316 mW. Under the pressure of 0.8 atm, the
absorption coefficient of C,H; gas molecule at the wavelength
of 1530.36 nm is 0.628 cm ™! and the absorption path length is
40 cm. Consequently, the system sensitivity of 0.11 uW/ppmv
is obtained from Eq. (23).
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Fig. 11. (color online) Allan variance from time series measurements for
5-ppmv C,H> (a) and measured 2f signal in the measurement gas cell (b).

5. Conclusion

In this paper, self-calibration wavelength modulation
spectroscopy for acetylene detection based on TDLAS has
been presented. The expressions of 2f signal are derived ac-
cording to the absorption spectral and lock-in theories, where
the 2f signal peak can be recurrently influenced by phase shift
between the wavelength modulation and intensity modulation.
Moreover, a self-calibration experimental system with refer-
ence 2f signal calibration method is designed. In our experi-
ment, the influences of pressure, temperature, and phase shift
on the measurement concentrations are suppressed markedly.
The numerical results indicate that the self-calibration system
performs better accuracy and stability than the conventional
one. The precision of the system can reach 1.6 ppmv through
standard deviation analysis. Furthermore, by conducting Al-
lan variance analysis and absorption principle discussion, the
detection limit and sensitivity of 122 ppbv and 0.11 pW/ppmv
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have been achieved, respectively. This is significant for prac-
tical applications in many other gases.
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