#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 12 (2023) 123301

I R A0 334 R RV L R M S 520
548 I R R A T R P SR

TV FREEDY

KDY #EEY

AR

1) (hERFEB BT, WS RGNS E A, JL 100190)
2) ("PEFBEERE R TRREZEE, L5 100049)
3) (IBHERFERES NN TRR, BHRGES LRI S0 LE R E S0 E, 65T 100084)
(2023 4 3 A 11 Hi®; 2023 4F 4 A 17 HUEEIEHR)

T T AR 1 0T 34950 A R e DR B R 5 T, R T SO WSO RS 1 S 5 B, 4R TR O
A3 R A G 535 B S 8L 3B 5 A5 5 528 A5 5 B TS 4 O R B ) R R D k. Mk
T Sk AL I 5% A I R 25 SR 5 R S 2 B S 00 R 55 2 R A 3 A A I A e A A B R o 0
BB R BR8N B A A5 81 0 10 3% 2 TR A R SR B, B VS 9 ok ) RIS 2 A B 3 o)
i oA A SR (1% Z2 0 8 I A T AR 22490 R 9 BRI G 2R W pR AR AR D T U T A
0B P A B 22 AR MRS 48 LA A 1 L S WS R R S i e AR T L, T R A D BN 2 AR Y
() R 2 B0k b o BRI R TE L. SR A LR R RE R ik 3 SR S0, A5 3] T AR ICIR B R CO
4300.700 cm ! % WACTE 28 114 W2 VAT R 50 48 58 IR ISCIR L R C O, 7E 6336 cm ! BRFIIT 2 2% W AL 2k A 1 AL B 15 5.

KR PR, BRI, WOk R, KRR

PACS: 42.62.Fi, 33.20.Ea, 42.55.Px

il

1 3

FEROCRMO G ) AR XSO K R T
JA, BEHCEA TP | S S R 10,
MR 110 kHz 13K 8§ 5005 R 10>—
10* kHz AT TR G L, A 7 0628 B A
T B S P L AN R A AR A g (1247,
AR, X A OGS I AR R AT 1—
10 kHz 2 A IE 5% I, N2 H 3O i i
R BAG B sh BRI, 1 HA 0 TR R AR
P14 ) U3 9 2y (14.6.8=12) 350 1 o 50 253050 7 £ 11 AR A
UK A B SO E IO S R FORA, A
TC SRR A5 W ST PR 50 T T K 52 4. el

t BIEYE#E. E-mail: qgsyang@imech.ac.cn
©2023 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.72.20230371

RO EIR ORI &b, AR O LAS R Bl e
WIE 52455 MR R 5 B 6 155 IR .
X T A A F JAE O i TARBOR A
i J5UR A G WA A R DX 30681011313 3o A5
b R B SO CRER [ 13, AT RIS 2R
AR AR PO T LN A B B 10891191 Hggh
BRI SEL, AT LM AU BT — 2L AR
ZH WL Ry | R 112468100205 i gy
I b 60325 565 D' ) B S 25 R AEO L A% 1Y
HARTAESRL, BRI B BOERE A R
TSN

JEO L, FEEHOCRIE B AL S T I ek Xk
N R BT AT IR SO T R, PR M7 R I A K af A 2
B2 FE I e 45 R A R R T

http://wulixb.iphy.ac.cn

123301-1


mailto:qsyang@imech.ac.cn
mailto:qsyang@imech.ac.cn

#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 12 (2023) 123301

YErh, TAT A B BBy B S angn] 72 53 F) T
AR AR B — e Em S, R T
WAL RS 1Y) o g (- 68161 — 3 gk Al D 1) 3 0 K
P A PR T AT AN I 208100 ORSE R, i
) ) 7 P A O A 5 WS R R K ) UK
DX Sl B A5 B, IBCREAE B S b e A TR B0 5, X
Lo AR Ak HBBTE = U I R B ok (6.9-14.06],
SRR A 2, TR BB R % I N A Y L
G588/ )N, RE L ARG P S AT, LSO Ak B Ao e Al
I 2 A0V by — S S 2 A R AR AR R
HOLA IS B 82 800 M 75 2R A X SE i)
TIERIR L R )2 78 A 0 WS AT R 50 g i AN
TR R 2SR AR B IE LT B-08-181 []
AsF, AR AR R IR I8 ) T 45 S ofe A 1 4 g B
B T S Bl W SRR R R R ARG T 0 3K P A
E [3,10,12,14,16,18]

T AV ] A W SO R £ b, 3 S R G
149325 5 i AN B A ROG AR AR5 10 2 5 i ol
R AT Ak I B2 e AR 0 I S 58l . FE R RS ]
AR E SR EIE S H R AR AR S, AT
St % JE S 10 00T W2 AN £ 1) 52 i T 4% 1 T
B, IR FR RIS i B R 7 91 AT LA 46y
53 DABO G 15 5 48 U 104 v R PRk 3
il %) JE S AR A5 Sy VR A %) Bt e 5 R B . Bl
WA g TR SRS AR X 38 47 5 0 R PR ] 301 0 o] 7
WA T A 20 T 308 e X 5 e A A ) L
TRERAE, RIVAT A1 B3 IE 5% PR 98 il A AR ik, T
D3R P o 38 o ik R B A0 AR B O sk X B
FERE RS 22k, AR SRR Y H I 7E T R 495 2]
T I S PR AR . A SCTE iR NS, — T
T S FE A, AR T X il e Ab 35 6 1
IERAPERAT AT o — 7, R Bk, FIH
BEHOE S R A s SO A, HER I IE
Wi CO SAKIY 4300.700 cm ! 154E Fl CO, S AR
1 6335.797 cm ' Fl1 6336.242 cm ! % 2 1 T I pRi
BAOR AT 52 IR ] %) B S5 2L

2 REMPFLELE

AR SR A9 S 4 AR PR ] S 30 il A
HEE O R, SRR T RO
A TAEREE: —J7 0, 1 2) AR A TE A LR AR
E T OGP OB R 202k, BRI 2128 1k

AR TR Z A D B B R 3 SO s 79
—J7 T, FEVE AL Z bt it bR i S 3 ] e
i, RO A8 AR LR Bl SEO LA 1 ol
VERUIN AL, H MK B A 2 A 5 ol
PR BRI R, AR—elE, BOLR TR K
(), ATRAFIR N
AE) =Ac () +F (1) = A (0) + %t + (), (1)
T, Ae () MBOCAH OB, f () B
SRR, XA R T, A (0) 9T HRIS
Z O 2 T T PR 3 P M B2/ NN, B
T2 By Bl ) TESZ IR . 1 ] S0 R ] P ) i
BERF) —REMRBERS, PR A d] AR I SL P A
B IOk, A Ay BEATURT LA AN B A B ) AN [ By
TESZ YR ) 2 i, JHG e %) AT Ay 9 i P U AR
AT — etk ST RHIA BT, f ()T LAF]
FH =4 AU TT
f@)=f@t—nT)= Z ansin (2nmfut + dn) . (2)
n=1
SO fo B, il 6 4 B TR T I
A8 7 98D AR AL
3 3 W AT A Jo ) D' B i T [R) B AR T () L 2
s Lo (t) WO BE A TSR PREL o (M) 1Y)
KERTLIRARN
Ap () + 1 (8) =~ L () To ()] (3)
S0 (3) 2 et oL L8 7
HIRET, (3) ST ELE
Ap A, f (1)) = —In[L, (¢) /1o (t)] - (4)
DRI, S04 3] i B0 B A oy — 2 A BCHE AR
W — A>T 1) Ry Xk 07 2 A [ w8 1 A ]
T3 A5 1) Xof L 8 g A [ 0] et e 221 8 8 il AR 7
ARG TCIE Tt A eT, e VA AR A2 AH [ Y
TEOLT , PO T ) 0 8 B X LS ) %
LML BRI, 33k S A A R XS IO P 1K 22 o B e
2 AE AT AR . B2, 75 f (t) = O, Bodlade
JER AL SRR O KA R R S, R
AR AT DR D7 (5 A 252 S ek B AR T, X
BT R R R AR S5 A, AT LA L
45 R O 0 90l ST 0] At e ) A A A R A 22

8
TEROCA ) TAEBAH R R 2T, T LIS
C= )\c,l +f(t1) = >\c,2+f(t2) == >\c,n+f(tn)a

()

123301-2



¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 12 (2023)

123301

XBRAEF BRI ZAIEZ, b1, te, - e, TETARBAK
*HHE’J SET, BOBERR OB BEA 4 HE.
H, X B I R B Ag (C )ﬁﬂﬂﬁi‘ﬁlﬁllﬁ’ﬂ[ﬁﬂ
1H, @,Tﬂi‘ 2SR ) B g U A

F—J7 i, T (2) Xrp, %ﬂ:lﬁﬁ%/l\
AR FNEL. AT LURFHTEARTR] A (Ao, f (0189 25 1F T,
tista, ot RERIFZIRY £ (t1), f(ty), -+ s f(tn) oRIF
s an M p1, b2, b

XTI AR E sz PG, B f (¢) = agsin(2nfnt+
o1), A PG

Ac2 = Ac1 = [ (t1) — f(t2)

= ay[sin (2nfimts + ¢1) — sin (2afmt2 + é1)].  (6)

Mty—t1=T/2, H aysin(2nfnts+¢1) =ay sin(2nfinto
+¢1) = O, XFRiA
Ae2=Ac,1, Ap[Ae, f(t1)]=Ap[Ac, f(t2)] = Ap[Ac, 0],
ISR 2nfnts + @1 =0 Fl 2nfuts + 1 =m, M
WERT LUK M 6 Rl o, AT R ATE AR PER E A (e, 0]
TEBAE P ) P KE IR AL E . 5 —Jr T, 4
2 fnl + ¢ = £1/20F, Ap [N, £a1] Fl Ap [Ao, O] (i1 5%
e W IS P A 25 4 £, R O P DA DS 7 )
WAV i R

X AR IE XY 2280 ], T AR s 30 8ds
R % 1 B K B T A A b (o i N A o e
[B]) )i 6 Y T ok T A R I AL PRER: 1k
B R ELEAA AR RIS s ] o) b 3 HE
LR PR B KB SR, AR AR R AR I g
SR I TR A9 57 5, R FH 8 0 a8 i ) s
IR mT LA (o 4t N7 3 S e ek 8. ekt e T 2
RS BRI I — 7 T, A SRS
AR AT 3 P W B ) A A 6 AR LA A . AR
Fie FRAEO G T AR [R] 09 D DU S TR i, XoF T
SRR SEER RS, AT DA e/ N ek ok S, T
SR AN TO TR X e 24k, X BURF Rk, iR
RE R R il b B g 20 B, BV E 4
TP FINAATE 2 AW, H 2 W TR 1800
J3F 25 it DR B WA R G T R L R (1819240 i
WAL PRI B AR 25 S WA ESCHI R v B i 1k, [
I 2 AN e A A A TR T PN B 35 R e Y X
S YR, X R RS R T
PR ORE RE: B SO CA S G55 0m B2 BEIT 1] 1Y) 7 £k
Bds, Horh F 2000 PR E SR i & SRS
75 158 LUV (] ey 1A B, 8 A0 38— A G R
AR AR, RZO0H I 1R 22 (1 FE MR 570N

ay, @z, -

AL

FI BB AL, AT B 3E b 3R 77 vk 10 T A7 M 0 E
Bt W — AR, RI6 em™ AL I,
A 3 RWEL, HA min s

(A—1.6)2 (A—2.6)2
Ap(A\)=04xe 022 +06xe 03
(A—4.6)2
+02xe” 047 (7)

HARGE L Wl s B L &L 1(a) Bz FIH
7EZ£<T A B AR A R R L S i O S PR
A, g WOLAE—A 51 RE B 6] [l P 1 a4 2
Elni6cm 1500&&{&@ T,H\H?”Jifrﬂ‘ nﬁJZT

AR — ﬂﬁ@, b’?ﬁj‘é#ﬁﬂﬁﬁkﬁﬁﬁﬂﬂ E’J{fiﬂJCTU%é
R
A(t) = A (0) + vt + ay sin (2nfut + ¢1) . (8)
FIEF) AR, PN 5 A A AP I
LS
A(n) = A (0) +0.5 x 1075

onn
0.3 i . 9
+ X sin (1000 + gbl) (9)
06 F(a)
ER [\
S oaf i
s osf P
2 02f \
g
a 0.1F
L / /\
0
0 6

Centerwave/cm 1

-1

Centerwave/cm

200 400 600 800 1000
Modulation time (time unit)

B1 o (a) 3 W £ 0 O PR () ) B K A 48 5k
TS A RS BRI % A5 B B Ao B R4 o PR
Fig. 1. (a) Absorption function of three absorption lines;
(b) the contour image of the data matrix for Ay with a
slow uniform scanning of the center wavelength and a fast

sinusoidal modulation.
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Fig. 2. (a) Evolution curve of the difference of the absolute
values of the areas of two absorption function with a half-
period interval; (b) the two standard absorption function
curves and the absorption function curves with an offset of
1/4 period; (c) the residuals of the two standard absorption
functions in panel (b) and theoretical values.
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Abstract

Based on the tested data of laser absorption spectra, a matrix slicing method is proposed to invert the
absorption function of spectral lines by using the two parameters of laser modulation frequency and laser
scanning range as well as transmitted wave signal and reference wave signal under the condition of slow uniform
scanning wavelength and fast periodic modulation wavelength. When the modulation is single frequency
sinusoidal modulation, an accurate contour of the spectral line absorption function can be obtained by using the
matrix data consisting of the values of the transmitted wave signal by the reference wave signal through the
minimum value of two slice integrals with the interval of half modulation period, and the amplitude of
modulation can be estimated. When the fast modulation of the wavelength is distorted to the multi-frequency
superposition modulation, the absorption function is also formed by using the complementarity of multiple
slices. The method above is utilized for investigating a real absorption function inversion process involving
multiple overlapping absorption lines in the range of the scanning wavelengths. Moreover, the scanning range of
laser wavelength can be calibrated by the interval parameters of several spectral lines in the scanning
wavelength range. The absorption function of CO at 4300.700 cm ' and CO, at 6336 cm ' are successfully

obtained by using this matrix slice method for experimental verification.
Keywords: wavelength modulation, wavelength scanning, absorption function, data matrix

PACS: 42.62.Fi, 33.20.Ea, 42.55.Px DOI: 10.7498 /aps.72.20230371

1 Corresponding author. E-mail: gsyang@imech.ac.cn

123301-8


http://doi.org/10.1364/OE.20.011976
http://doi.org/10.1364/OE.20.011976
http://doi.org/10.1364/OE.20.011976
http://doi.org/10.1364/OE.20.011976
http://doi.org/10.1364/OE.26.009263
http://doi.org/10.1364/OE.26.009263
http://doi.org/10.1364/OE.26.009263
http://doi.org/10.1364/OE.26.009263
http://doi.org/10.1364/OE.26.009263
http://doi.org/10.3390/s20030616
http://doi.org/10.3390/s20030616
http://doi.org/10.3390/s20030616
http://doi.org/10.3390/s20030616
http://doi.org/10.3390/s20030616
http://doi.org/10.1364/OE.19.023104
http://doi.org/10.1364/OE.19.023104
http://doi.org/10.1364/OE.19.023104
http://doi.org/10.1364/OE.19.023104
http://doi.org/10.1364/OE.19.023104
http://doi.org/10.1007/s00340-019-7374-x
http://doi.org/10.1007/s00340-019-7374-x
http://doi.org/10.1007/s00340-019-7374-x
http://doi.org/10.1007/s00340-019-7374-x
http://doi.org/10.3390/s19040820
http://doi.org/10.3390/s19040820
http://doi.org/10.3390/s19040820
http://doi.org/10.3390/s19040820
http://doi.org/10.3390/s19040820
http://doi.org/10.1364/AO.45.001052
http://doi.org/10.1364/AO.45.001052
http://doi.org/10.1364/AO.45.001052
http://doi.org/10.1364/AO.45.001052
http://doi.org/10.1016/j.jqsrt.2018.11.014
http://doi.org/10.1016/j.jqsrt.2018.11.014
http://doi.org/10.1016/j.jqsrt.2018.11.014
http://doi.org/10.1016/j.jqsrt.2018.11.014
http://doi.org/10.1016/j.jqsrt.2018.11.014
http://doi.org/10.1016/j.fuel.2015.02.003
http://doi.org/10.1016/j.fuel.2015.02.003
http://doi.org/10.1016/j.fuel.2015.02.003
http://doi.org/10.1016/j.fuel.2015.02.003
http://doi.org/10.1007/s00340-008-3280-3 
http://doi.org/10.1007/s00340-008-3280-3 
http://doi.org/10.1007/s00340-008-3280-3 
http://doi.org/10.1007/s00340-008-3280-3 
http://doi.org/10.1016/j.jqsrt.2017.07.007 
http://doi.org/10.1016/j.jqsrt.2017.07.007 
http://doi.org/10.1016/j.jqsrt.2017.07.007 
http://doi.org/10.1016/j.jqsrt.2017.07.007 
http://doi.org/10.1016/j.jqsrt.2017.07.007 
http://doi.org/10.1016/j.jqsrt.2017.06.038
http://doi.org/10.1016/j.jqsrt.2017.06.038
http://doi.org/10.1016/j.jqsrt.2017.06.038
http://doi.org/10.1016/j.jqsrt.2017.06.038
http://doi.org/10.1016/j.jqsrt.2017.06.038
mailto:qsyang@imech.ac.cn
mailto:qsyang@imech.ac.cn

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

) PR B AR 13 1 A0 PR VR AR BO RO't S0 00 S IR VS IR M R S A B D SRR BT
FHk FRIE KE BEK W

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

Huang Zhi-Qiu  Li Qi-Zheng  Zhang Meng Peng Zhi-Min ~ Yang Qian-Suo

5] Fi{i5 &, Citation: Acta Physica Sinica, 72, 123301 (2023)  DOI: 10.7498/aps.72.20230371
TELR T2 View online: https://doi.org/10.7498/aps.72.20230371
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

PRI - B BO TS WM-DAS)7ELR W I AL COMRFE
Monitoring of ambient carbon monoxide concentrations based on wavelength modulation direct absorption spectroscopy

WFEEEAR. 2022, 71(4): 044205  hitps:/doi.org/10.7498/aps.71.20211772

FEF WA IR - EHER BOE RS 71 COZrF-1567 b ik R S AL ik B b

High precision calibration of spectral parameters of CO at 1567 nm based on wavelength modulation—direct absorption spectroscopy

YrE2E 4. 2020, 69(6): 064204 https://doi.org/10.7498/aps.69.20191865

FE TR A B v il s e S i R R 7 vk
Temperature measurement method of high temperature and high pressure flow field based on wavelength modulation spectroscopy

technology
YIFE2E4R. 2019, 68(23): 233301  hitps://doi.org/10.7498/aps.68.20190515

BT B AR e R R A s i
Wavelength—scanned cavity ring down spectroscopy based on Fourier transform

WAL 2019, 68(20): 204204 https://doi.org/10.7498/aps.68.20191062

e KT B A2 M I, FICO,
Monitoring of ambient methane and carbon dioxide concentrations based on wavelength modulation—direct ahsorption spectroscopy

WIFIEH. 2020, 69(6): 064205  hitps://doi.org/10.7498/aps.69.20191569

MR MACHE B R AT T 428 B AR AL
Metamaterial absorber with controllable absorption wavelength and absorption efficiency

PyFEEEAR. 2021, 70(2): 027804  hitps:/doi.org/10.7498/aps.70.20201173


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230371
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20211772
https://doi.org/10.7498/aps.69.20191865
https://doi.org/10.7498/aps.68.20190515
https://doi.org/10.7498/aps.68.20191062
https://doi.org/10.7498/aps.69.20191569
https://doi.org/10.7498/aps.70.20201173

	1 引　言
	2 原理和数据处理过程
	3 数值模拟
	4 实验验证
	5 结　论
	参考文献

