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Simultaneous detection of CH4 and CO, through dual modulation

off-axis integrated cavity output spectroscopy
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Jing-Jing Wang(E##)", Xin Meng(#%%), and Gui-Lin Mao(E L)

School of Physics and Electronic Engineering, Jiangsu Normal University, Xuzhou 221116, China
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This study established a novel method for the simultaneous detection of two-component gases. Radio frequency
(RF) white noise disturbance laser current and wavelength modulation were simultaneously used to improve the off-axis
integrated cavity output spectroscopy technique, and a high-precision dual modulation OA-ICOS (RF-WM-OA-ICOS)
system was established. The two laser beams were coupled into one laser beam that was applied incident to the cavity of
RF-WM-OA-ICOS system. The second harmonic signals of CHy and CO, gas simultaneously appeared in the rising or
falling edge of a triangular wave. This method was used to measure CH4 and CO, with different concentrations. The results
indicated that the proposed system has high stability and can accurately and simultaneously measure the concentrations of
CHy and CO,, with an optimal integration time of 220 s. The minimum detection limit was 10 ppb for CH4 and 1.5 ppm for
CO,. The corresponding noise equivalent absorption sensitivity values were calculated as 2.67 x 1013 cm™1-Hz /2 and
5.18x 107! cm~!-Hz /2, respectively. The proposed dual-component gas simultaneous detection method can also be
used for high-precision simultaneous detection of other gases. Therefore, this study may serve as a reference for developing
portable multicomponent gas analyzers.

Keywords: off-axis integrated cavity output spectroscopy, wavelength modulation, radio frequency (RF) white

noise, simultaneous detection
PACS: 42.68.Ca, 07.88.+y, 42.62.Fi, 95.85.Jq

1. Introduction

Climate change is a major global issue and can be at-
tributed to global warming, primarily caused by greenhouse
gas emissions from human activities. According to the “State
of the Global Climate 2021 report released by the World Me-
teorological Organization (WMO), the atmospheric concentra-
tions of CO,, N,O, and especially CHy reached record highs
in 2021 and continued to rise in 2022.1Y CH4 and CO, are
the critical greenhouse gases. The WMO has continuously
measured their atmospheric concentrations at more than 100
monitoring sites worldwide over many years. The findings in-
dicated that CO, concentration has increased since 1750, with
an increase of 2.5 ppm to 415.5 ppm only in 2021. Further-
more, CHy increased by 18 ppb to 1908 ppb in 2021, more
than 2.5 times the pre-industrial level.!”! Accurately detect-
ing atmospheric greenhouse gases is crucial to environmental
monitoring and sustainable human development. In particular,
highly sensitive, multi-component, real-time in-situ detection
technologies will contribute to the research and management
of environmental problems in local areas.

Off-axis integrated cavity output spectroscopy (OA-
ICOS)4 is a notable method used for the detection of trace
gases. It has attracted considerable research attention recently
because of its simple structure, high system stability, and abil-

ity to be easily integrated. In OA-ICOS, light is reflected
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multiple times between mirrors by injecting an off-axis beam
into a high-precision optical resonance cavity with an effec-
tive optical absorption path of 1 km-30 km. This method
can effectively enhance absorption signals but introduces cav-
ity mode noise, which is the primary noise in an OA-ICOS
system. In theory, cavity mode noise decreases with the dis-
tance of the incident beam from the cavity axis. Therefore,
cavity mode noise can be eliminated by using a sufficiently
large high-reflection lens to build an optical cavity; however,
this solution is not feasible in practical applications. In recent
years, some studies have injected radio frequency (RF) white
noise into laser beams to achieve current disturbance, effec-
tively suppressing cavity mode noise; this method has increas-
ingly attracted research attention. Ciaffoni et al.>! injected fil-
tered 30-MHz RF noise into a 764-nm vertical-cavity surface-
emitting laser, resulting in a fourfold increase in the sensitivity
of the oxygen sensor and an average minimum detectable ab-
sorption of 4.3 x 10~ within a sampling time of 1 s. Manfred
et al.'®! increased the laser linewidth effectively by applying a
broadband RF noise into a mid-infrared quantum cascade laser
to observe CO, absorption near 1890 cm~! with an average
minimum detectable absorption of 5.5 x 1073 Hz /2 within
a sampling time of 100 ms. Shao et al.!”l used —25-dBm RF
white noise to achieve laser current disturbance for the simul-
taneous detection of N»,O and CO with 350-ppb concentra-
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tions. The standard deviation (SD) of the direct absorption
spectra after noise addition was improved by approximately
1.6 times compared with that without RF noise.

To improve detection sensitivity, OA-ICOS is often com-
bined with wavelength modulation spectroscopy (WMS) as
WM-OA-ICOS to further reduce the noise related to low-
frequency fluctuation (1/f noise) in the laser intensity and in
the detection chain. Kasyutich ef al.!®¥! reported the detection
of the second harmonic (2f) signal of O, near 687.1 nm us-
ing the WM-OA-ICOS technique. The detection sensitivity
of this method was seven times higher than that achieved by
directly detecting the intensity of the integrated cavity out-
put signal. Zhao et al.l! reported that the signal-to-noise
ratio (SNR) of WM-OA-ICOS (with a detection sensitivity
of 3.6 ppmv-Hz '/2) was higher than that of OA-ICOS by
14 times. Wang et al.!'% simultaneously applied wavelength
modulation and RF white noise in OA-ICOS and improved the
system detection limit by more than six times. In addition, this
method eliminated cavity mode noise while suppressing back-
ground noise in the system, further improving the detection
limit for trace gases.

With the exacerbation of existing atmospheric problems,
detecting single gas components cannot satisfy research re-
quirements. To this end, the simultaneous detection of two-
component or multicomponent gases is crucial to advancing
existing environmental monitoring techniques. Dong et al.!'!]
used optical switching with membrane separation technology
to construct a set of test prototypes for the simultaneous mea-
surement of CHy and CO, dissolved in seawater, with detec-
tion limits of 0.56 ppb and 0.62 ppm, respectively. Wang et
al.'"?) realized the simultaneous measurement of atmospheric

s

CO; and CHy4 by using a “dual-channel laser” mechanical
structure combined with an off-axis integrated cavity. In ad-
dition, time-division multiplexing was used to separate the
signals emitted by the dual-channel laser light source. The
method required additional supporting hardware and software
design, and the SDs of the original concentrations of CO; and
CHy4 were 0.278 ppm and 1.794 ppb, respectively.

In the present study, high-precision simultaneous detec-
tion of two-component gases was realized by using OA-ICOS
combined with RF white noise modulation and wavelength
modulation (RF-WM-OA-ICOS) and a dual-channel beam
combiner. Accordingly, an RF-WM-OA-ICOS system was
constructed to detect CH4 and CO; simultaneously, and the
performance of the system was evaluated.

2. Basic principle of RF-WM-0OA-ICOS

Cavity mode noise in OA-ICOS is attributable to the co-

[13-15

herence of laser light. 1 The narrower the laser bandwidth,

the better the coherence of the laser. When a laser beam is

incident on a resonant cavity, it reflects multiple times be-
tween two highly reflective lenses, resulting in many concur-
rent beams in the cavity and an increase in effective optical
paths. If a laser beam is incident along the cavity axis, all re-
flected beams are aligned with the cavity axis. Thus, all the
reflected beams coincide with each other, resulting in coherent
superposition. Meanwhile, only a few cavity mode outputs,
with each cavity mode having high light intensity.!'3] These
cavity modes cause severe noise in the absorption spectrum. If
the laser is incident off-axis, the coincidence rate between the
reflected beams decreases, and the probability of correlated su-
perposition also decreases.!'#l More cavity mode outputs are
produced, decreasing the average energy of the cavity modes.
When the output cavity mode density is sufficiently high, the
energy of each cavity mode decreases to a considerably small
value, suppressing the cavity mode noise. The coherent super-
position effect and cavity mode noise also increase with the
coherence of the laser.'>) When the coherence of the laser is
low, the coherent superposition effect is not prominent, mean-
ing that the cavity mode noise is suppressed. When the control
current of the laser is interfered by RF white noise, the out-
put laser linewidth increases; simultaneously, the coherence of
the laser decreases.!'®!7! The mutual interference between the
laser beams decreases, and the cavity mode noise is suppressed
because of the reduced coherence of the laser beams. In par-
ticular, when the laser linewidth is larger than the free spectral
range, the cavity mode tends to disappear, and the output sig-
nal appears continuous, making the optical cavity equivalent
to the traditional optical multi-pass cell.[!3:1°]

When a laser beam with an intensity of Iy and a frequency
of v passes through an absorbing medium with a thickness of
L, the intensity of the transmitted beam is low because of the
partial absorption of light energy by the medium. The inten-
sity of light decreases with the concentration of the absorb-
ing medium. The intensity of the transmitted light can be ex-
pressed as follows:[13]

1(v) =Iye CWINEL, ()

where o(v) and N denote the absorption cross-section of the
absorbing molecules (cm?-molecule ') and molecular number
density (molecule-cm™?), respectively. When a laser beam is
incident off-axis on the cavity and the one-way absorption loss
is considerably smaller than the cavity lens loss (o (V) NL; <
1 — R), the effective absorption optical path (L) obtained can
be expressed as
LC

1-R

where L. denotes the distance between the lenses that consti-

@

Letr =

tute the cavity. A modulating current i(¢z) with a cosine signal

of frequency f on it can be expressed as follows:?"]

i(t) = ip + am cos(27ft), 3)
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where iy and ay, denote the center current and amplitude of the
modulating laser signal, respectively. The modulation of the
current results in a corresponding frequency modulation. The
instantaneous frequency of the output signal can be expressed
as

vV =Vy+aycos(wr), 4)

where Vg and a, denote the center frequency and amplitude
of the modulated signal, respectively. Because both the mod-
ulating current and the detection signal are periodic functions,
equation (4) can be expressed as a Fourier series,*!! and its
harmonic components V,, can be expressed as

2y [*
=0 (o +agpcosH)
T Jo

x e ONL(OL+a0c0s) one 00

Vp(@r) =

_ 2l [T —oNLioLta0e0s0) o g . (5)
T Jo

When the gas is weakly absorbed to the ppm scale and cNL <

1, equation (5) can be simplified as

2NL [7
Va(oL) = On_ /0 —o (o, +agpcos0)cosn6dO
2'""KNL , d"o
= Tawdw"‘w:wb (0)

According to Eq. (6), the amplitude of the harmonic com-
ponent 2[pNL/ is proportional to the absorption molecule
concentration when the effective absorption optical range L
is held constant. The harmonic amplitude decreases sharply
with the increase in the number of harmonics. The 2f sig-
nal has the highest amplitude among the even harmonic sig-
nals. The line shape is symmetrical with the absorption peak

as the center.['%21-23] The modulation depth is expressed as
m = 8V/Av, where Av denotes the half-width at half max-
imum (HWHM) of the absorption spectrum line. Thus, the
second harmonic component of the signal is often used for

concentration inversion.

3. Experimental setup

The structure of the proposed simultaneous two-
component gas detection RFE-WM-OA-ICOS system is shown
in Fig. 1. The system comprises an optical cavity composed of
a self-designed stainless-steel cavity and two built-in spherical
lenses with a reflectance of 99.999%, a diameter of 25.4 mm
and a curvature radius of 1 m. The off-axis incident opti-
cal fiber frame, focusing lens, high-pass filter, and detector
are integrated with a cage structure produced by Thorlabs.
The laser sources include 1603 nm and 1653 nm distributed
feedback (DFB) lasers, with the temperature and current con-
trolled using Thorlabs TED200C & LDC202C and SRS Model
LDC501 laser controllers, respectively. The two laser beams
are coupled into one laser beam using a 2x 1 fiber combiner
and applied incident to the 26-cm optical cavity using a fiber
collimator. The absorption lines corresponding to CH4 and
CO; are near 6046.96 cm ™! and 6243.91 cm™!, respectively.
The center temperature and current of the laser used for CO,
measurement are 21.5 °C and 72 mA, respectively. The op-
erating center temperature and current of the laser used for
CHy4 measurement are 19.5 °C and 77 mA, respectively. The

RF noise source coupled with the DFB lasers using a Bias-T

Out Focus
Collimator T lIn lens Detector
- it
®
=)
®
Cavity mirror Filter
2X1
coupler ..
Laser Bias-T
01653 nn ooy | 1
— — .
n RF
| || noise AR—
--LDi Lock-in]amplifier l
Laser .
@1603 nm Laser controller W —
= LN
== = DAQ
m m
? —== Adder /\/ I_

Laser controller

Signal generator

Fig. 1. Structure of the as-designed RF-WM-OA-ICOS simultaneous two-component gas detection system.
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(Thorlabs, LM14S2-BT) to increase the linewidth of the out-
put laser. A high-frequency sine wave generated by a phase-
locked amplifier (SRS, SR830) and a low-frequency triangle
wave generated by a signal generator (REGOL, DG1062) are
superimposed using an adder and input to the laser controller
for wavelength scanning. The output spectral signal is col-
lected by a detector and transmitted to a lock-in amplifier for
signal demodulation. The demodulated 2 f signal is transmit-
ted to the computer by using a DAQ (National Instruments,
USB-6210) for gas concentration inversion. An experiment
was performed using the proposed system with a sample gas
mixture with gases of various concentrations prepared using a
gas distribution system with a volume fraction of 2 ppm for
CH, standard gas, 1020 ppm for CO, standard gas, and high-
purity N, gas.

4. Experimental results and discussion
4.1. Experimental of two-channel signal coupling

First, the superimposed signal composed of two direct ab-
sorption signals from the cavity were analyzed based on the
integrated cavity structure and optical path design. The di-
rect absorption signals of CH4 and CO; gases were measured
by simultaneously injecting 1.0-ppm CH4 and 510-ppm CO,
gas into the cavity using the gas distribution system while
maintaining the cavity pressure and temperature at 75 Torr
(1 Torr = 1.33322x 107 Pa) and 23 °C, respectively. The lasers
were scanned using a triangular wave with a frequency of
50 Hz and an amplitude of 1.5 V; the results are shown in
Fig. 2. The center currents of the two lasers were respectively
varied upward (CO,) and downward (CHy) to measure the off-
center wavelengths of the two gas-absorption signals and en-
sure that the two signals would not interfere with each other
upon superposition (as shown in Figs. 2(b) and 2(c)). Then, the
two laser signals were combined using the coupler and applied
incident to the OA-ICOS cavity; the output signal is shown in
Fig. 2(d). The two absorption peak positions in the output sig-
nal appeared in the first and second halves of the falling edge
of the same triangular wave, indicating that the absorption sig-
nals of the two gases did not interfere with each other. With
the modulation parameters used in the direct absorption signal
experiment held constant, a sine wave signal with a frequency
of 1.5 kHz was generated using a phase locked amplifier and
superimposed on a low-frequency triangular wave signal (as
shown in Fig. 2(e)) to conduct wavelength modulation experi-
ments. The 2 f signals of CHy and CO, after wavelength mod-
ulation were distributed at the left and right ends, as shown in
Figs. 2(f) and 2(g), respectively. The 2f signals of the com-
bined beam are shown in Fig. 2(h). Because the two lasers
were modulated at the same modulation parameters, the out-
put signal received by the detector was transmitted to the same

lock-in amplifier for demodulation, and the harmonic signals
of the two gases were obtained. The output signal was de-
modulated from the superposition of the two groups of absorp-
tion signals (as shown in Fig. 2(d)); thus, the two lasers were
equivalent to each other’s background signals. Therefore, the
intensities of the obtained absorption spectra signal and the 2 f
signal were halved. However, this change in signal intensity
did not affect the linear relationship between the intensity of
the 2 f signal and the concentrations of the two gases.

1.5} (a) I —Scanning signal
0 _\/\
~—~~ _1-5 E 1 1
Z b — COy signal
< 0.104 L (P)
g /
o0 0.052 . .
2 .
£ 0.126} (C)q CH, signal
o
g1 Ry
5 0.063 F o
0.92+(d) (‘Z — CH4+CO, signal
\
0.11k
Row numbers (103)

— Scanning signal
~ 04 — CQ> signal
Z 0
= —0.5F
50 (2) I I ICH si Inaul
m0.2F g 4 S1g
Sy
™

—0.2F . . . ,
0.2 | (h) — CH4+CQO3 signal
0
—0.3¢ , . / .
0 3 6 9 12

Row numbers (103)

Fig. 2. (a) Direct absorption scanning signal, (b) CO, single direct ab-
sorption signal, (¢) CHy single direct absorption signal, (d) CO, and
CH4 simultaneously absorb signals, (e) 2f scanning signal, (f) sepa-
rately detected 2f signal of CO,, (g) separately detected 2f signal of
CHy, (h) simultaneously detected 2 f signals of CO, and CHy.

4.2. Modulation signal parameters optimization

The spectral absorption signals of gases under the influ-
ence of different power RF noises were analyzed. Many ex-
perimental studies'?*! have reported that the maximum second
harmonic signal can be obtained when the modulation depth
is 2.2. The HWHM of absorption spectrum signals was calcu-
lated in the present study, and the best modulation amplitude
was 0.058212 cm ™.
laser and the current, the optimal modulation current and the

Based on the relationship between the

optimal modulation voltage were calculated as 6.0764 mA and
243.06 mV.

This study analyzed the 2f signals corresponding to the
simultaneous absorption of CO; and CH4 at 927 ppm and
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4.55 ppm, respectively, under the influence of RF noise signals
with different power values. The two laser controllers were
modulated simultaneously using a triangular wave with a fre-
quency of 1 Hz and amplitude of 2 V superimposed on a sine
wave with a frequency of 1.8 kHz and an amplitude of 0.243 V;
the RF noise was injected into the laser through the Bias-T.
The RF noise source was variable from —10 dBm to —40 dBm,
and the experimental design noise powers were —10 dBm,
—15 dBm, —20 dBm, —25 dBm, —30 dBm, —35 dBm, and
—40 dBm. The experimental results are shown in Fig. 3. Dur-
ing the measurements, the pressure and temperature in the cav-
ity were 75 Torr and 23 °C, respectively.

As illustrated in Fig. 3(a), the original 2f signals con-
tained a considerable amount of noise without RF noise pertur-
bation, and regular noise distribution indicated that the noises

originated from the cavity mode noise. This can be attributed
to the minimal integrated cavity design. When RF noise was
introduced, the cavity mode was notably suppressed. The
same phenomenon occurred in the 2f spectra of both CHy
and CO,. With the increase in the noise power, all the cavity
mode noises on the 2f spectra were notably suppressed, and
the baseline was smooth. However, with the increase in noise
power, the 2f peaks exhibited severe distortion, the spectral
peak value decreased gradually, and the spectral line widened
gradually. The deformation of the 2f peaks was not promi-
nent when the RF power was lower than —20 dBm. When
the noise power was higher than —20 dBm, the peak value de-
creased, and the trough value gradually increased and shifted

away from the peak center.

0.8
—— None
COQ (a)
—— —40 dBm CH
0.69__ _35dBm *
—— —30 dBm
—~ 049 __ _25dBm
Z —20 dBm
= 029 — —15dBm
B ol dBm |
n | | 7
N\ 1 T
N —0.2 1 \ ‘
_04_
_06 T T T T T T T T T
0 2 4 6 8 10 12
Row numbers (103)
2 0.454 (b_)i__gl_h_.\+ljeak = 064 (€) . _COZ . T Peak
v ~ v ) ’ T \'\
5 0.204 \ <04 \
A~ o 0.24
. ——SD o \ —— 8D
0.004 ~0.004
N a A
- JU— T . ‘/ ——a
9 0.002 \/\ e \ 2 0.003 \‘/‘ .

None —40 —-30 —-20 -—10
RF noise (—dBm)

None —40 —-30 —-20 -—10
RF noise (—dBm)

Fig. 3. (a) Simultaneous detection of 2f signals of CH4 and CO, with different noise power disturbances, (b) parameters of the CHy 2 f signal,

(c) parameters of the CO, 2f signal.

The peak amplitude, SNR, and SD corresponding to CHy
and CO; signals under the influence of different noise power
were calculated according to 2 f signals, as shown in Figs. 3(b)
and 3(c). The peak amplitude decreased gradually with the in-
crease in noise power. However, the SNR first increased and
then decreased with noise power. When the noise power was
—25 dBm, the SNR and SD reached the maximum and mini-
mum values, respectively. The SNRs of the two groups of gas
signals were approximately 174 and 231, respectively, which
were 1.8 times the values obtained when noise disturbance was
absent, and the corresponding SD values were small. There-

fore, —25 dBm was determined as the optimal RF level for
enhancing the system in the following experiment.

4.3. System concentration calibration experiment

The response relationship and measurement accuracy of
the RF-WM-OA-ICOS system to the concentrations of two
gases were evaluated through a series of measurements of
mixed gases of different concentrations. The gases included
2.0 ppm of CH4 standard gas, 1020 ppm of CO, standard
gas, and high-purity nitrogen gas. The 2f signals of the two
gases were evaluated simultaneously through continuous in-
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let and dynamic measurements. Data of the original signals
were recorded every 20 times on average. The relationship
between the concentrations of CHs and CO; and the 2f sig-
nal amplitude was investigated, and the results are shown in
Fig. 4(a). The left absorption spectrum peak corresponded to
CHy, and the right spectrum peak corresponded to CO;. The
peaks of the collected CHs and CO;, 2f signals indicated a
strong linear correlation of CH4 within a concentration of ap-
proximately 2.0 ppm. The square of the correlation coefficient
is 0.99979. The CH4 concentration (Ccps) and the peak am-
plitude of the 2 f signal (A1) exhibit a linear relationship as
follows:

Cch, = —0.01789+0.101013 - Ay ()

The square of the polynomial correlation coefficient
corresponding to a CO, concentration of approximately
1020 ppm is 0.99984, and CO; concentration (Cco2) and the
peak amplitude of the 2 f signal (A7) exhibit a nonlinear re-

lationship as follows:

Cco, = 0.02706+7.126 x 107+ A
— 177 x 1077 A3, ®)

The relationship between Ccoz and Az is nonlinear be-
cause the relationship between the absorption coefficient of
the gas and the single-pass absorption loss did not satisfy the
weak absorption conditions of the off-axis integration cavity.
In the measurement environment with a pressure and tempera-
ture of 75 Torr and 23 °C, respectively, the HITRAN database
was used to simulate the absorption coefficient of CO, at
6043.91 cm~!. The absorption coefficient for CO, with a vol-
ume fraction of 1020 ppm was 3.6 x 107> cm~!. The reflec-
tivity of the lens used was approximately 99.999%, and the
cavity mirror spacing (d) is approximately 26 cm. Therefore,
the one-way absorption loss is 0o, X 26 =9.36 x 1074, while
the single reflection loss of the mirrors is 1 — R = 1073, which
is not satisfied when dico, L. < 1 —R. Thus, a curved relation-
ship was observed within the concentration range.
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< 0
o
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T T T T T T
0 2 4 6 8 10
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(b) CH,4 0.6 © CO,
0.20 1 0.5
y=0.01789+0.10103z% :
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Fig. 4. (a) Simultaneous detection of 2 f signals for multiple groups of CH4 and CO,, (b) 2f signal for 0-2.0 ppm of CHy, (c) 2f signal for

0-1020 ppm of CO5.
4.4. System performance analysis

Through the gas distribution system, 2.0-ppm CH4 and
340-ppm CO, were injected into the cavity through the gas

distribution system to analyze the stability and measure-

ment accuracy of the system; continuous measurements were
recorded for approximately 40 min. The RF-WM-OA-ICOS
method with a noise disturbance of —25 dBm was adopted

for data acquisition. The amplitude value was substituted into
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the above fitting formula for concentration inversion. The sig-
nals for single data recording were acquired with an integra-
tion time of 1 s. The results for CH4 and CO, are shown
in Figs. 5(a) and 5(c), respectively. Data analysis and Al-
lan variance analysis!>! were performed using the results.
The average measured concentrations of CHy and CO, were
1.97 ppm and 340.58 ppm, respectively, indicating accuracies
of 1.5% and 0.17%, respectively, with standard deviations of
0.1424 ppm and 27.733 ppm, indicating that the differences
were within acceptable error limits.

As illustrated in Figs. 5(c) and 5(d), the minimum de-
tectable concentrations of CH4 and CO;, were 0.14 ppm and
27.2 ppm within an integration time of 1 s. When the sys-
tematic integration time was 1 min, the minimum detectable

CH,4 concentration (107%)

0 500 1000 1500 2000 25

00
Time (s)
CHy4 (b)

0.1 1

Allan deviation (1079)

0.014

1 10 ! mingg 1000

Time (s)

concentrations decreased to 19 ppb and 3.7 ppm, respectively.
The optimal integral times of the system for CHs and CO,
detection are 220 s and 458 s, respectively, with correspond-
ing minimum detectable concentration limits of 10 ppb and
1.345 ppm, respectively. For the entire system, 220 s can be
regarded as the optimal integration time. Within this integra-
tion time, the minimum detectable concentration limits of CHy
and CO, are 10 ppb and 1.50 ppm. Using the method pro-

1.2 based on the sampling integration

posed by Moyer et a
time and the corresponding minimum detectable absorption
factor, the corresponding noise equivalent absorption sensitiv-
ity (NEAS) was calculated as 2.67x 10713 cem Hz /2 and

5.18x10~ ! cm~!.-Hz /2,

CO,

450

350

CO; concentration (107%)

250
0 500 1000 1500 2000 2500
Time (s)
—~ 27.2
7
o
= 101
=]
2
2
8
>
[}
~ i
g 3.70;
< i
1 i
! 1.345
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Fig. 5. (a) Time-series measurements for CHy at a constant concentration of 2 ppm over approximately 40 min, (b) Allan variance of CHy,
(c) time-series measurements for CO; at a constant concentration of 340 ppm over approximately 40 min, (d) Allan variance of CO,.

5. Conclusions

This study designed a novel high-precision system for the
simultaneous detection of CH4 and CO, through RF-WM-OA-
ICOS with a beam combiner. The stability of the system was
investigated after the optimization of the modulation parame-
ters of the system and the calibration of the relationship be-
tween the 2 f signals and concentration. The results indicated
that the system has high stability and can be used to accurately
and simultaneously measure the concentrations of CHy and
CO;. The optimal integration time of the system is 220 s. The
minimum detection limit of CHy is 10 ppb, and that of CO;
is 1.5 ppm. The corresponding NEAS values were calculated
as 2.67x10713 em™!'-Hz /2 and 5.18x10~"! em™!-Hz~!/2,

respectively. Therefore, the proposed dual-component gas si-
multaneous detection method can achieve high measurement
accuracy, has a simple structure, and is easy to implement. It
can be used for high-precision simultaneous detection of other
gases and can serve as a basis for the development of portable
multicomponent gas analyzers.
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