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Abstract Dual-comb spectroscopy is an important tool for performing high-resolution spectral analysis. However, its
coherence depends on complex and huge frequency-locking and feedback systems. Thus, the implementation of this
technique is expensive and the system is sensitive to environmental disturbances; consequently, the applications of this tool
are limited. A dual-comb system based on an electro-optic frequency comb has the advantages of a simple device, frequency
agility, high coherence, and conduciveness to field applications. However, its accuracy and real-time performance for
concentration inversion in gas detection applications still need to be verified. Therefore, a highly coherent electro-optic dual-
comb system was constructed in this study. The absorption spectra of CO and CO, were measured by using a multipass gas
cell. The results are consistent with the simulation data of the HITRAN database. The spectral resolution reaches
200 MHz, and the single refresh time is only 4 us. The concentration uncertainty of CO, absorption peaks is reduced to
2.86% by concentration inversion and multipeak fitting. In addition, the real-time performance of the system for monitoring
the concentration of a gas mixture is verified through the rapid detection of the CO absorption spectrum. The system is
expected to be applied to the real-time monitoring of the fault characteristic gases of power equipment.
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Fig. 3 Time and frequency domain characteristics of dual-comb

system. (a) Heterodyne interferograms in the time domain;

(b) Fourier-transformed radio frequency spectrum
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Comparision between normalized dual-comb spectra and the HITRAN simulation data of different gases.
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Table 1 Measured concentration of CO,

1

Absorption peak /cm L /em S /(10 *cem '+mol 'tem?) Ty /K Ay /em ! N /(10" mol-cm ) C
6327. 06 1000 1.29 296. 15 0. 1006 7.81 0.4913
6330. 82 1000 1.52 296. 15 0.1150 7.56 0.4751
6334. 46 1000 1.62 296. 15 0.1248 7.69 0. 4835
6337.99 1000 1.53 296. 15 0.1183 7.75 0. 4876
6341. 39 1000 1.20 296. 15 0.0939 7.82 0.4919
6355. 94 1000 1.55 296. 15 0.1142 7.36 0.4628
6362. 50 1000 1.64 296. 15 0.1291 7.87 0.4949
6363.72 1000 1.52 296. 15 0.1236 8.11 0.5102
6364.92 1000 1.38 296. 15 0.1042 7.53 0.4737
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Fig. 6 Concentration measurement of CO, different

absorption peaks

b MR T RS E 1000 Pa RS A4 & CO W Ik
Jeik & 7 Ca) JE 7(b) B, 8 B R A
CO FHAE A h 36 % A 74.5% . & R T 5
B O RARAR . BTSSR T AR R & 1 CO
H5NRASM, IFE X NS EE S 5SRIKES -
b B E A 0 — A6 F B g 7 (o) JE 7(d) B, AR
W W A FE B 4 mso BE & SCRE 9 T & (1000~
18000 Pa, S H v 42t {8 ) , 76 Alf 78 0 5 5% 0 &, Wi
LA RETREE COrFHON 2 B R TR, il
(7)) 2(8) MR & 7(c) [ 7(d) R R A CO KAk
SR 42.9% 45.0%

L o e e L N fnndie 2

0.8|@
id —— 1000 Pa_36.0%

0.4
L0
L 08
206
204

£ 10
808|©@
06
0.4
1.0
08|@
0.6
0.4

1 1 1 1 1 1

—— 1000 Pa_74.5%

—— 5300 Pa_42.9%

— 18000 Pa_45.0%

6364.5 6364.6 6364.7 63648 63649 63656.0 6365.1
Wavenumber /em™

K7 CO /& it A i 72

Fig. 7 Evolution of CO concentration

K,ELH T RSN, LR P WA CO, M9
Wl %, 2t A 5 & TS A5 B0 0 AR X
PrifE22 0 2.86%0 . BLAb, 38 3 X CO SR & & iy i
Bk T EODCS &R 48 % AR & 1 15 B 10 55 1 52 15t 4
RE L 0 HE HE W 2 FE OGR4 R A L IR A R AR
]2 4003 1 7 BRI TR S %

Z % x M

[1] Giaccari P, Deschénes J D, Saucier P, et al. Active
Fourier-transform spectroscopy combining the direct RF
beating of two fiber-based mode-locked lasers with a
novel referencing method[J]. Optics Express, 2008, 16
(6): 4347-4365.

[2] Ideguchi T, Poisson A, Guelachvili G, et al. Adaptive real-
time dual-comb spectroscopy[J]. Nature Communications,
2014, 5(1): 3375.

[3] Okubo S, Iwakuni K, Inaba H, et al. Ultra-broadband
dual-comb spectroscopy across 1.0—-1.9 pum[J]. Applied
Physics Express, 2015, 8(8): 082402.

[4] Schroeder P J, Wright R J, Coburn S, et al. Dual
frequency comb laser absorption spectroscopy in a 16 MW
gas turbine exhaust[J]. Proceedings of the Combustion
Institute, 2017, 36(3): 4565-4573.

[5] B&FF, mhy, BIKA . BUCH OGS H AR D5 3 R [T
FE Ot 2018, 45(4): 0400001,

Lu Q, Shi L, Mao Q H. Research advances in dual-
comb spectroscopy[J]. Chinese Journal of Lasers, 2018,
45(4): 0400001.

(6] #EHE, BER, Wi, & FEIOLRBEEL 0L

i M Fow H F 5T kR [T b Ok, 2021, 48(15):
1501001.
Yang C X, Zhao K J, Cao B, et al. Recent progress of
single-cavity dual-comb mode-locked fiber lasers and
their applications[J]. Chinese Journal of Lasers, 2021, 48
(15): 1501001.

1730002-5



F£ 6055 17H/2023 F£ 9 B/BAERBEFZHE

(7]

(8]

(9]

[12]

Ycas G, Giorgetta F R, Cossel K C, et al. Mid-infrared
dual-comb spectroscopy of volatile organic compounds
across long open-air paths[J]. Optica, 2019, 6(2): 165-168.
Bustamante S, Manana M, Arroyo A, et al. Dissolved
gas analysis equipment for online monitoring of
transformer oil: a review[J]. Sensors, 2019, 19(19): 4057.
de Faria H, Jr, CostaJ G S, Olivas J L M. A review of
monitoring methods for predictive maintenance of electric
power transformers based on dissolved gas analysis[J].
Renewable and Sustainable Energy Reviews, 2015, 46:
201-209.

EASE AR TR il R ORI DN R SR N D]
Jest: fedt g Jy ke, 2017: 1-5.

Li M X. Research and application of transformer oil
dissolved gas monitoring system[D]. Beijing: North
China Electric Power University, 2017: 1-5.

Fan J M, Wang F, Sun Q Q, et al. SOFC detector for
portable gas chromatography: high-sensitivity detection of
dissolved gases in transformer oil[J]. IEEE Transactions
on Dielectrics and Electrical Insulation, 2017, 24(5):
2854-2863.

Fan J M, Liu Z, Meng A B, et al. Characteristics of tin
oxide chromatographic detector for dissolved gases
analysis of transformer oil[J]. IEEE Access, 2019, 7:
94012-94020.

BOEWE, RILYT, L, 4 R TR gl b i i R T 4
W0 e I e g 7 R R WF S 0], R AL O H R
2019, 40(7): 43-46.

Zhao J J, Yuan T Z, Tang H, et al. Research on field
accuracy calibration method of transformer chromatography
on-line monitoring device[J]. Northeast Electric Power
Technology, 2019, 40(7): 43-46.

Adler F, Mastowski P, Foltynowicz A, et al. Mid-
infrared Fourier transform spectroscopy with a broadband
frequency comb[J]. Optics Express, 2010, 18(21): 21861-
21872.

Baumann E, Giorgetta F R, Swann W C,

Spectroscopy of the methane v, band with an accurate

et al.

midinfrared coherent dual-comb spectrometer[J]. Physical
Review A, 2011, 84(6): 062513.

Coddington I, Swann W C, Newbury N R. Coherent
dual-comb spectroscopy at high signal-to-noise ratio[J].
Physical Review A, 2010, 82(4): 043817.

Bl vp R, Ao, B, SF . BT AR M IR B Y
2 PR Ot A e &R g T] R Bk, 2021, 48(21):
2101002.

Lu S'Y, Hao Q, Liu T T, et al. All polarization

(18]

[19]

[20]

(21]

[24]

(26]

[27]

(28]

[29]

1730002-6

comb

maintaining

fiber-based  optical system  with
nonlinear loop mirror mode-locking[J]. Chinese Journal of
Lasers, 2021, 48(21): 2102002.

K, Millot G.
frequency combs[J]. Advances in Optics and Photonics,
2020, 12(1): 223-287.

Long D A, Fleisher A J, Douglass K O,

Multiheterodyne spectroscopy with optical frequency

Parriaux A, Hammani Electro-optic

et al.

combs generated from a continuous-wave laser[J]. Optics
Letters, 2014, 39(9): 2688-2690.

Millot G, Pitois S, Yan M, et al. Frequency-agile dual-
comb spectroscopy[J]. Nature Photonics, 2016, 10(1):
27-30.

Yan M, Luo P L, Iwakuni K, et al. Mid-infrared dual-
comb spectroscopy with electro-optic modulators[J].
Light: Science &. Applications, 2017, 6(10): e17076.
Wang S, Fan X Y, Xu B X, et al. Fast MHz spectral-
resolution dual-comb spectroscopy with electro-optic
modulators[J]. Optics Letters, 2019, 44(1): 65-68.

Guay P, Genest J, Fleisher A J. Precision spectroscopy
of H®CN using a free-running, all-fiber dual electro-optic
frequency comb system[J]. Optics Letters, 2018, 43(6):
1407-1410.

Martin-Mateos P, Jerez B, Largo-lzquierdo P, et al.
Frequency accurate coherent electro-optic dual-comb
spectroscopy in real-time[J]. Optics Express, 2018, 26
(8): 9700-9713.

XUME ), AR MBS, 1, S5 4R O DB IR AR AT 5 R
(R[], 204N 5RO TR, 2022, 51(5): 20220381.
LiuP F, Ren L H, Wen H, et al. Progress in integrated
electro-optic frequency combs(Invited) [J]. Infrared and
Laser Engineering, 2022, 51(5): 20220381.

e, BB, TRITAE, AF T ORAR T 25 GHz BUEH
R T]. O, 2021, 48(11): 1116002.

Zhang X, Yin K, Zhang J H, et al. High bandwidth
25 GHz dual optical frequency comb source[J]. Chinese
Journal of Lasers, 2021, 48(11): 1116002.

LiD T, Ren X Y, Yan M, et al. Rapid and precise
partial pressure measurement of multiple gas species with
mid-infrared electro-optic dual-comb  spectroscopy[J].
Optik, 2021, 242: 167341.

Zolot A M, Giorgetta F R, Baumann E, et al. Direct-
comb molecular spectroscopy with accurate, resolved comb
teeth over 43 THz[J]. Optics Letters, 2012, 37(4): 638-640.
Chen Z J, Yan M, Hiansch T W, et al. A phase-stable
dual-comb interferometer[J]. Nature Communications,
2018, 9: 3035.



	1　引言
	2　基本原理
	2.1　双光梳光谱技术
	2.2　含量测量原理

	3　实验装置
	4　结果与分析
	4.1　系统特性
	4.2　分子光谱测量
	4.3　含量测量

	5　结论

