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Fig. 1. Temporal variation in laser transmittance.
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Fig. 2. The 0th—5th order harmonic spectrum of transmit-

tance with periodic variations.
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Table 1. Spectral constants of the CO, molecule's spectral line at 6330.821 cm .

vo/cm'! S/(cm 2-atm )

Yair/ (cm-atm 1)

’Yself/ (Cm "-atm l) E”/Cm !

Line 6330.8212 1.522x10°%

0.0725 0.097 163.8684
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Table 2. Reconstruction error of transmittance at six modulation depths across four orders.

m=1.2 m= 14 m = 1.6 m=1.8 m = 2.0 m= 2.2
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Fig. 9. Experimental device schematic of a time-sharing measurement scheme.
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Fig. 10. Reconstruction of the absorption profile for the spectral line at 6330.821 cm ! of CO, standard gas following a single dilu-

tion: (a) The temporal evolution of transmittance; (b) harmonic signals from Hy to His; (c) reconstructed transmittance, absorb-

ance and its fitting residuals.

1.002
(a)
5 1.000
2 5
E 0.998 g
=1 B
s g
& 0.996 z
]
g
0.994 1 1 1 1 1 1
1.000 |
bT
n  0.998 [(®)
g Hy—H;; T
8 P 0 2 L o
£ 0.002} =
: QLN £
= of — At 5
'W“’C/' <
0
—0.002 } Q
00021 , . . . . o~
0 0.05 010 0.15 0.20 0.25
Time/s

11
(c) FEAGAF BN W) B LR WCR R LA 5k 2%

()
1.000 4 0.004
—— Transmission )
—— Absorbance o
0.998 L =" Fitting 0.002 _;
2
<
0.996 10
1.36 F X = 0.0514, RMSE = 1.666 x 10~3,
0.68 FSNR = 221.86
of MM AN AN
—0.68 |
_136 i 1 1 1 1 1 1 1
-0.3 -0.2 —-0.1 0 0.1 0.2 0.3

2 A RFE R I COy 17X 6330.821 o ' 1544 W AT ¢ vk B0 F 74 45 SR

Laser frequency/cm~1!

(a) i AR E) 922 4E 5 (b) Hy—Hyp YO AR 5

Fig. 11. Reconstruction of the absorption profile for the spectral line at 6330.821 cm ! of CO, standard gas after being diluted four

times: (a) The temporal evolution of transmittance; (b) harmonic signals from H, to H); (c) reconstructed transmittance, absorb-

ance and its fitting residuals.
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Fig. 12. Schematic representation of the experimental setup for beam splitting measurement scheme.
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Fig. 13. Results of 3000 continuous online concentration measurements of CO, standard gas diluted at a ratio of 1/16 and their

statistical distribution comparison: (a) The results of concentration measurements through DAS; (b) the results of concentration
measurements through Scan-WM-RAS; (c) the statistical distribution of concentration through DAS; (d) the statistical distribution

of concentration through Scan-WM-RAS.
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Fig. 14. Results of 3000 continuous online concentration measurements of low-concentration CO, standard gas and their statistical

distribution comparison: (a) The results of concentration measurements through WMS; (b) the results of concentration measure-

ments through Scan-WM-RAS; (c) the statistical distribution of concentration through WMS; (d) the statistical distribution of con-

centration through Scan-WM-RAS.
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Abstract

A high-precision, calibration-free method of reconstructing molecular absorbance profile is introduced in
this work. The method employs a scanning wavelength modulation strategy that integrates low-frequency
triangular wave scanning with high-frequency sine wave modulation. Specifically, it utilizes harmonic signals
corresponding to the spectral lines at the scanning frequency to reconstruct transmittance information centered
around that frequency, with the modulation depth used as the half-width frequency range. Combining low-
frequency scanning, the transmittance information of the spectral lines can be obtained accurately. Finally,
through interpolating and averaging the transmittance in overlapping frequency regions, the molecular
absorbance profile is reconstructed. The main content of this paper is divided into three key parts: theoretical
derivation of the harmonic reconstruction method, numerical simulation, and experimental validation. In the
theoretical derivation, the instantaneous laser frequency is represented as a parameter “z” by using a cosine
function and is subsequently substituted into the Fourier expansion of the laser transmittance. Then the
transmittance function is reconstructed based on Chebyshev polynomials. In the numerical simulation, we
illustrate the complete process of the harmonic reconstruction method, including harmonic detection, data
matrix reconstruction, and the interpolation and average of data matrix slices finally obtain the transmittance
function. Subsequently, through numerical simulations, the systematic errors in the reconstructed transmittance
functions with different harmonic orders and modulation depths are analyzed and compared. The results show
that the systematic error decreases with the harmonic order increasing and increases with the modulation depth
increasing. In the experimental verification, in order to evaluate the measurement accuracy of this method, we
reconstruct the absorbance profiles for different concentrations of CO, by using the 6330.821 cm! spectral line.
The standard deviation of the fitting residual of the absorbance profile is on the order of 10°. The signal-to-
noise ratios for the strong absorption and weak absorption, are 503 and 222, respectively. We conduct 3000

consecutive on-line measurements and compare the harmonic reconstruction method with both the direct

* Project supported by the National Key R&D Program of China (Grant No. 2022YFB4100402) and the Natural Science
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absorption method and the second harmonic peak method. Statistical analyses are made regarding the standard
deviations and Gaussian distributions of the deduced concentration results. These results indicate that the
standard deviation from the harmonic reconstruction method is less than half of those from the direct
absorption method and the second harmonic peak method, demonstrating significantly superior measurement
stability. This method is expected to become a reliable new method to measure spectral line parameters with

high accuracy and monitor weakly absorbing gas parameters online in complex industrial environments.

Keywords: scanning wavelength modulation spectrum, harmonic detection, transmittance data matrix,

absorbance profile recovering
PACS: 42.62.Fi, 33.20.Ea, 42.55.Px DOI: 10.7498 /aps.74.20241468

CSTR: 32037.14.aps.74.20241468

064210-12


http://doi.org/10.7498/aps.74.20241468
https://cstr.cn/32037.14.aps.74.20241468
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

HHBEKRABLEREE RS TRIER RS

Fek FRBIE RKE LEK BHELH HARE

A method of high—precision reproduction of molecular absorbance profile by scanning wavelength modulation
spectroscopy

HUANG Zhiqgiu LI Qizheng ZHANG Meng  PENG Zhimin  YANG Qiansuo DU Yanjun

5] Fi{i5 &, Citation: Acta Physica Sinica, 74, 064210 (2025) DOI: 10.7498/aps.74.20241468

CSTR: 32037.14.aps.74.20241468

TELERE View online: https:/doi.org/10.7498/aps.74.20241468

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

TR P PRSI RO 3 S5 6 e S T 1 T AL PR A B S RIS B T 5
Theoretical and experimental study of inversion of spectral absorption function using experimental data of laser absorption spectrum

with slow scanning and fast modulation of wavelength

WIBEAEA. 2023, 72(12): 123301 hitps://doi.org/10.7498/aps.72.20230371

T IR R R B A A I e A

Measurement of methane gas with high absorbance based on modified wavelength modulation spectroscopy

PrPeEd. 2023, 72(1): 010701 https://doi.org/10.7498/aps.72.20221725

WA - MO (WM-DAS)7ELR W K L COMk 2
Monitoring of ambient carbon monoxide concentrations based on wavelength modulation direct absorption spectroscopy

PPz, 2022, 71(4): 044205 https://doi.org/10.7498/aps.71.20211772

LT B B2 100 2% 11 < s 2 TSR v

Measurement method of metal surface absorptivity based on physics—informed neural network

PyFEEEAR. 2024, 73(9): 094301  https:/doi.ore/10.7498/aps.73.20231453

BET A BR 28 73R A SE XU S A AR SURE SR S e T oA
Reversal behavior of optical absorption rate of bimetallic core—shell nanoparticles based on finite—difference time—domain method

PIFRZEAR. 2021, 70(20): 207801  https://doi.org/10.7498/aps.70.20210602

P e W B vk
Polarization modulation scanning optical microscopy method

YrHE2E 4. 2024, 73(15): 157801  https://doi.org/10.7498/aps.73.20240688


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20241468
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230371
https://doi.org/10.7498/aps.72.20221725
https://doi.org/10.7498/aps.71.20211772
https://doi.org/10.7498/aps.73.20231453
https://doi.org/10.7498/aps.70.20210602
https://doi.org/10.7498/aps.73.20240688

	1 引　言
	2 理论原理推导
	3 数值模拟
	4 实验验证
	5 结　论
	参考文献

