) 32 3R Acta Phys. Sin. Vol. 74, No. 6 (2025) 064209

HEF T £EL% wm-NICE-OHMS #J14CO,
FIENEF AR BIEHAR

FH2 R

SRS ERE

D2t
I 4 02

7 %0

1) (PR, S FHEAR S EE 02, K 030006)
2) (IIPHRE:, MG pNm AT G, K 030006)
(2024 4£ 10 H 22 HUk#; 2024 4£ 12 A 17 HUEESH)

HUCO, TR I 7E RS S5 2 R R A 38 AF S el v LA S 2, (Rl T A AR F K OGS &
TV G A K. 3T 2 W O i ) M R R Y SO A0 25 4 T OIS (NICE-OHMS) AR I H A
A R AR e PR AR T — R MCO, R . AR SCEIE A AT T W £ 3 8 NICE-OHMS Y6 i I &
FooAR . AR S0 KOG, HEHBE 2209.108 cm ! AR 1 HCO, BRITZAE e A2l 2 B A5, 852 T “CO, W £ 3%
F AT NICE-OHMS #78 | If 5 22 3 8 J|& S8 S5 7% L, B8 E T % K] (wm-) W23 ) NICE-OHMS
FARTTA SO EDCRE TS T, SEHE 20 PRI UCO, M . fe 2, i i AL BT T FR 38 A il 2 %k
ESPOHE T IRE R, B T RS 444, o m RAECMCO, i 2 i B K 4.

KR MR SR AN 25 TOLRE, BSOS R A R AR

PACS: 42.60.Fc, 42.62.Fi, 95.85.Hp
CSTR: 32037.14.aps.74.20241482

Tolb K, R (FrnliE CO,) R
HERCS | & B 2500, X R AR A8 R B 3 ™
IR, ™ I N SR AT D RO X — PR,
£ FE 2y Gy 4 D e e A 90 )l 2 5800, e M ) 2
i Dol PO ER AT e e S R Mt A AR
A DURSEAZ SRR AR SR, il U HE IR
A ZREE, AR AV S (s ) Mfes
WORMIRGESE, sl A R A b R Dk Y 3 2L

DOI: 10.7498/aps.74.20241482

it 2 —. B R HEBOR IR, FEAE A I A
T ARG BRI = SRR 5Tk,
BT Sy e M0 0 L SRR, B B b R Bk
W™ (ARG TSI 131 SR EL 400 i 12C O, (CO, Y
FEFE M FE 5T, HRFERE 2C/C H 98.9%) A
RELX T CO AFHERCIR.

UC R R 2, Hk 2408 5730
A, BRI S R RN ROV AR . 8
1 EARFERL, BRI O 1 AR FERERRAE 1.2
102 (1.2 ppt)Pl. TSGR, ARF P Y
PRI 1C S5 T ASRFE . SR, b BORHE

* EFE SR S 2023YFF0614000, 2022YFC3703900) ., EIFR H ARSI 4 (LS 62327813, 62175139, 62375161,
61975103) . LLVG2 B2 A ARG SRR B0 0 @EAES: 20220001) FITLIHERTHSBA BE B35 0B 254 (S 2023-

ZMO01C007) %% Bhiys.
t BIE1E#E . E-mail: gangzhao@sxu.edu.cn
T BIEYEE. E-mail: mwg@sxu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

064209-1


http://doi.org/10.7498/aps.74.20241482
https://cstr.cn/32037.14.aps.74.20241482
mailto:gangzhao@sxu.edu.cn
mailto:gangzhao@sxu.edu.cn
mailto:mwg@sxu.edu.cn
mailto:mwg@sxu.edu.cn
http://wulixb.iphy.ac.cn
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

) 32 3R Acta Phys. Sin. Vol. 74, No. 6 (2025) 064209

bR HERCE T AR, MO BTN RERR Y. ARk
PREEAUREIOR i 12C0,, 64 SHCY HFREE 140
FREERYREAR. P, & X CO, /9 14C [H]
P ERE, 7T DUEWT A Bk e L = A HE K
f14 TRk 161,

FEGE 1 CO, KM B BT (AMS)
AR TN BRI 50 (LSO, Hirfr AMS 4% 28
Wi B 5, R BRI T ST A, MO
EREE S B EIN L | BUAS 5 | AR R AR AR B
1 LSC ] A 5 FE R AR BT, AELIE A7 A6 T ]
HA DL B it oK KA [ R 3k P e A g
TR AL 1O, T2 AR AL 1 .

1977 4E LUK, T HOWEIEEAR BA 5L | 78
R JELA I et AR SR SO0 o, e FH S5 9 T [ o
FRIGTELAGI 18], SR, WO AR HF K
S HCO, M EAGHENIG S 2R, 55—, 1UC
() AR BEAAIR, BEROGTEACE A e e 1 R
T B R, B R BT R B
HEIETERAR, =6 (CRDS)!M20) FE 2 5t
Jis B R T USOGTHE (OF-CEAS)PU 45 ) 3 Bu 3y AR 3 1
T i v v SO B S RO 5 AR AR FH B AR,
NI HETE A . Galli 45 22 SR 1 Fl il 5 377 6 i
FR (SCAR), Jlad K EPFE, 4745 1 3% 10 1° (R
0.3 pMC (percent modern carbon)) FFRIN R A,
ERE S I I 1] 3% 4 by BRI T Hsemb k. 55—
Fe RN UCO, F=A: T ™ LR T4, :30m
EIRZER. RFFPIL ), I SRR A TR AL HE R
AT RIS N6 G R 7 R B 223 4 J
AR 5 | A S BN R GE A | IR TR E S
Z4BE 23 Ak, Jiang 5 24 B HOBUHIR I 5 35 i
HAR, ISR 28 R v, S = RAE T
HCO, Hik 1 = 2 A &, (FZ 4 AR 5 2N
A SRR B B, BN T REE AR

W S I 5RO h 22 01Ok (NICE-OHMS)
R B0, 7 s 3 g OGS AL E I AT SRR
PAHDERE (FMS), 3802 30 i (AT e 30— 254 e
= R E . NICE-OHMS i CRDS #1 OF-CEAS,
ELA T ) RO, R SRR 1C O, AR i S B
T RS B R A, NICE-OHMS 4% A 1 5
i 4 B B T L TR RO A O ETI R, Ak 4
FER 10" B, 2 R ASHEOGLE K
TR BN PO, IR SRS AR AT i, 38
X W 22 O I, B0 DS Y S T

K, 25T NICE-OHMS AR, BENgfEa IR~ mikst
PEHBIN 5 CO, ik, H AT JoH T NICE-OHMS
W 4CO, HE () AH A .

ASCNFE FMr T NICE-OHMS il 14CO,
SeiE R k. O, MGk E S AL T B
PRGIEIELE, SRJE R BTS00 E T iS4
HDRZ MM R, H2 4, 8 i 12 3 ok H5ORn 45
KPR AL HE ST T 1UCO, i wm-NICE-OHMS
AR W BRI T 28 G R AT AL
MEETH GRS E BN, 5, a0 TR SEEe S 00
wm-NICE-OHMS SEIEE 5 s m, h KSH &
15 RAFAEI 1CO, K MC ARFERE (MC/C) BET
S IR

2 LT

MU 1 1 C Oy GHENI T 2200 cm (4.5 pm)
BT, X I o34 A% BB ) MR BRAE, X
FRBLAHE AT T A 1 3R shiz sh = A T s
. ARE, BT A A2 AR R T T
UCO, JEils, MMk B R R PE. DRI, 1 S
T X0, A TS E S T, I
E HARMCO, BRiTZe. AR 45 #2200 cm
BiF IR MCO, BRITZ A 1], XF 1CO, S 44 BT AR
(FEH BCO,, 12CO,y, N,O) # A7 E W OGRS B
D5, AR LS E 1 PR, FPRIRE SRR
R Jy AR TR, MCO, IR IR AT 2 iR, HL
l 1(a). B 1(b). B 1(c). & 1(d) 43 BRI 11C0O,
7E 2209.108 cm'!, 2207.309 cm!, 2212.623 cm !,
2216.053 cm ' Ab Y ERIE LR 29 O TR EL SRR
WL, f5 L 1CO,, 1BCO,, 2CO, W F R E N
1.2x10 12, 1.1%, 98.9%, N,O MBS K 1x10 8,
HH13C0,, 2CO,, N,O HiEEdEk 3 Hitran £44E
Ji, D6 RGBS EAT A TA 1550 5 e 5,
AFERER R 150 em, 384 100 mTorr (1 Torr =
133 Pa). it} } 296 K.

M 1 RIEH, AT 2209.108 cm ! 4k (F] 1(a))
1 1CO, Z s S T I MR/, 16 1CO, BRiE
o ik, MCO, M F 5 M ST Ek B Kol 99.7%,
Fot 2% B2 43 48 o5 HACh 0.3%. X T oAt 2R
IFR, MCO, WA 578 Hr O 28 AL 1 BTk 53 51 A
11.1% (K 1(b)). 0.09% (& 1(c)). 10.2% (&l 1(d)),
T MCO, WU 54 58 4 W IR 7E T 4615 .

064209-2


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

) 32 3R Acta Phys. Sin. Vol. 74, No. 6 (2025) 064209
3 2
‘E 4}12209.108 cm ! (a) ‘S 412207.309 cm ! (b)
| 12CO, 3 .
. 13CO,, N,O . 1400, 13CO,, 1200,
£ 37 \ 2 37 ' ’
< of < of /
< 14002 o}
E 1t E 1t N,O
< A . . . . . A < . A A
0 02 04 06 08 10 12 14 0 0.5 1.0 1.5 2.0
Relative frequency/GHz Relative frequency/GHz
8 2
2 4]2212.623 cm-! (c) 2 4[2216.053 cm~! (d)
3 3
53 H1CO,, 3CO2 12C0O,, N2O 5 3l H1CO,, 3CO, 12C0,, N,O
3 3
32 5 2t
el ge]
R RN
£ 0 g0
< ) ) ) ) < ) ) ) )
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1.0

Relative frequency/GHz

B 1 AR 4C0,, N0, 12C0,, BCO, IRA A W (S &

Relative frequency/GHz

(FRZR), LR TF R MCO, H WIS (L14L)

Fig. 1. Directly absorbed analog signals for “CO,, N,O, 2CO,, ¥*CO, gas mixtures with different wave numbers (black line);

directly absorbed analog signals for 1*CO, with different wave numbers (red line).
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Table 1. Other parameters of 1CO,, N,O, 2CO, and ¥*CO, spectra.

W om 23 /(cm~-molccule!-cm~2) BRI A5 Al /om ! S S
14CO, 2209.107679 2.83x10718 163.8828 2033.395
2C0, 2209.124896 1.802x1072 5785.2772 286.09
13CO, 2209.115876 4.23x10°% 3394.9427 576.64
13CO, 2209.11747 1.54x107%7 3648.8668 576.64
N,O 2209.08543 3.41x10°% 1282.3324 4984.9
N,O 2209.11444 6.61x1072 654.1553 4984.9
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Theoretical study of *CO, spectrum measurement technology
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Abstract

The massive emission of greenhouse gases, particularly CO,, has led to severe damage to the Earth’s
ecological environment and poses a threat to human health. Many countries have therefore proposed policies to
curb the greenhouse effect. Carbon monitoring is a critical prerequisite for realizing these goals, and tracking
carbon emission sources can support the precise implementation and advancement of related policies more
effectively. The contribution of fossil fuel combustion to greenhouse gas emissions can be inferred by detecting
the abundance of ™C in carbon dioxide in a specific region. Conventional '“CO, detection methods have
significant drawbacks, including complicated operation, high cost and large equipment size. Laser absorption
spectroscopy (LAS) offers advantages such as real-time, online in-situ measurement and simple operation,
making it suitable for the online detection of isotopes. Among the various LAS techniques, noise immunity
cavity enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) is the most sensitive. This method
integrates frequency modulation spectroscopy (FMS) into cavity enhanced spectroscopy (CES) to suppress the
low-frequency noise while increasing the absorption paths, providing a minimum detectable absorption
coefficient as low as 10 3. Additionally, the accumulation of high intracavity laser power in NICE-OHMS can
stimulate saturation absorption, which has a narrow spectral width that can mitigate spectral overlap. In this
work, we model the spectral signals of “CO, at different locations and select the transition line of *CQO, at
2209.108 cm ! as an optimal measurement target based on the principles of high-intensity and well-resolution.
The theoretical analysis of the NICE-OHMS technique is then carried out, and theoretical simulations of a
mixed sample of “CO, and its nearby interfering gases (*CO,, '>CO,, and N,0), are performed under the
simulated experimental conditions. The results of the simulation show that the Doppler broadened spectral

signal of “CQO, is covered by the other gases’ signals with a very low amplitude, which is adverse to the
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detection of “CQO,. To eliminate the linear slope of the Doppler broadened signal and to further improve the
signal-to-noise ratio, we perform *CO, spectral measurements by using wavelength-modulated NICE-OHMS
(wm-NICE-OHMS). The results of the simulation show that the spectral lines are effectively separated, and the
detection accuracy of the “CO, ratio is greatly improved. Finally, the effects of pressure and modulation index
on the “CO, wm-NICE-OHMS signal are analyzed. The results show that when the pressure is 42 mTorr and
the modulation index is 1.07, the signal amplitude of wm-NICE-OHMS reaches its maximum. This work lays a
theoretical foundation for the high precision detection of *CO, in real-time environmental monitoring. The
potential for large-scale application of wm-NICE-OHMS in carbon emission tracking is highlighted, providing a
more cost-effective alternative to traditional detection methods. Furthermore, the technology is able to suppress
spectral interference from other gases and achieve high resolution in *CQO, measurements, which will greatly

help monitor and reduce greenhouse gas emissions.

Keywords: noise-immune cavity-enhanced optical heterodyne molecular spectroscopy, theoretical simulation,

radiocarbon isotope detection
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