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Abstract In mass flow measurement system, harmonic component of wavelength modulation spectroscopy signal,
especially the second harmonic component is commonly used as test object, it is used for the inversion of gas
concentration, velocity and other information. Based on the principle of wavelength modulation, using oxygen (O,)
molecules in the vicinity of 764.28 nm absorption lines. the full width at half maximum (FWHM) of common line
profiles is analyzed, and the range of application of the Lorentzian line profiles at different temperature and pressure
is obtained; absorption spectral lines of O, molecules are studied under different conditions of temperature, pressure,
and the second harmonic peak change relation between them is studied as well; the error of the second harmonic peak
inversion is analyzed under different temperatures and pressures, and error correction methods are put forward; in
the experiment, when the optimal modulation depth is impossible to immediately adjust with the temperature and
pressure changes, the optimal modulation coefficient application range under different temperatures and pressures is
analyzed, and the error correction method is given.

Key words spectroscopy; wavelength modulation; tunable diode laser absorption spectroscopy; second harmonics;
modulation coefficient

OCIS codes 300.1030 3;300.3700; 300.6260 3300.6380; 300.6365

KRB 2014-06-10; YRS B : 2014-07-28

ELTWH: HXARB EE LS HHE R ¥ E 4L (61205151 . B K B K Bl 2 3 £ (61108034) . H [1 Bl 2% B 5& 7 L 5
(XDA05040102)

EB® A : B RAVA984—), I3 Wi 58 A, E 2N FE K A i TDLAS Jit &2 Jiit & I &t Jy 125 0 T A AP 5T
E-mail: lgjia@aiofm. ac. cn

SUBRE A XS0 (1954—) B Be b LA RN, FENF IR W B AR T 'Y . E-mail: wqliu@aiofm. ac. cn

* BISEK & Ao E-mail: jgliu@aiofm.ac.cn
AR SCHL T RRORS A8 R0 1 1R D0 b 1 2% 0 P www . opticsjournal. net

1215004-1



# ot

15 F

TR ] 1 B A L 3 3 A O IO
(TDLAS) HARAAES A I FHRCT B R 2 2 e —
UG AR TR R T i B AR A
pis =SS PN DV =g ) ANl TN P8 Rl B2
RSB AT By 2R R TR
KRR IR RIS

KPR § TDLAS AR, M & s Lt <
T8 AR O, 23 1 W 2R 9 — U 00 ok
TR o A e R 3 ) 45 £ 5L L 2 A
O, B i R TR

O3 TR SCHR P B DA oy B il L M 5 A A Rk
JEE P e 2% e A0 A A AR L R A TR T B R Y B
PRI JE O, 73 W WL 2 2 7Y 15 30 05 il J3E | s it 25
AR KRBT A TR L,

AL O, 43 FHE 764. 2 nm B3 B fe 2R
FAT HITRAN H4is /78 op 1) 335 2 4% 2 19 2 80 20 i
T Oy 7319 U B 2 7 e B, e o i JRE AR Ak
I 1) U8 D WA L I R R A 1R 2 DL R A S i ik
e o doe D0 81 R JEE AN AZ A B0 9 VS

2 O ZUIE AR T AT I
{243 b7 K3 - TDLAS(WMS-TDLAS) % A&

{18 S5 Bm W WA - B g 2 [) B 285 e AT 25 98 ol 0 W 2
TS SR ) 7 e & = & B 1 1)
AW (O Z BRI w. B IE5Z B G
(1) = iy + dicos(wnt) @b)
P2y e PRI L o Ay FRL U R AR R RE . R L
D R I AR R
v(1) = vy + dvcos(wnt) s (2)
b v Ay A4 IR A R v Sy i UGS I Y AR
o,
B WO AR R B G TGO R RIRIR N
I(t) = I, +i,cos(wnt) » (3)
b Io Sy A A0 N Y OG5 o [R) ER 2 A A 9
) R R R ) A s [ VR T AR O A 00 L R
I G R Sy
I [ve + dvcos(awnt) st ] = I, (yy) + 8Icos(wnt + @)
4
R ST Sy ol o o] ] W oo Sy AT 3 8 i) 0 W 0
MIAIALZE . RYE Lambert-Beer &, A
I(t) = Iyexp[— S(&)NLP$(v) ], (5
Ko S KWL 20 ¢ TR, N R IR IR Ak
JE L 2RO AR BE L POy 455 D0 WL AR 11 e 5
$(v) S IH— LA IR I 2 AL R E. e (D AR (B
Evt

I(t) = {I,[ vy + dvcos(wnt) st ]}exp{— SCT)NLP$[ v, (t) + dvcos(wnt) |} = EA,,(V())COS<7IC¢)",Z), (6)

KB =N

2! ”IoSn(;I‘)NLPSV“ d"i(”w N D
F 28 G0 i B R HE 3 A S g e S g W i £k
R RECE AR TR 25 0F T 1Y R e LI AS TR] 7T LR [R] 1
LRI R R IR — RE AR 25 T (IR 0. 02 atm,
1 atm=1. 01 X10° Pa) , 2 8 & 5 (i 4 T 20, b
I IR WAL 28 AT A v 30 (Gawss) £ TR A, )

1 /s (y—y)%ln 2
) = L rn 2) /x] Pexp| — YT w) In 27
$c (V) ” [(In 2)/x] exp[ v ]

A” (L/() ) -

(8)
A be o =TI T~ 1 TR G 7 =
[Z/QT(IH 2)/M]12V0/Cvk %ﬁmﬁ%@ﬁ’M IEIL:%
T

MR R B CRF 1 atm) . BN BT 28 &
FAER . ATRLHIE A8 2% (Lorentz) 2 B A L B

B S\ VR
() = r (v—w)’ + A

P b MBI ZE LR R B Ay = 27, (296/T)"P,
Yur WAEE N ETE R R n RIRJEREP RIER,
AT W R ] — 8 FIR BHER (VoigD £k AU IR L B

9

sy [ _exp(—y)
¢\7(V) ¢(,<lv‘()> an y2+(1_y)2dl-/9 (10)

itl:f:l by ﬂ\j Voigt éfﬂ]%[ﬁ,T = m(vil/())/)/(;a
y= VIn27./ven I 2E LT R T .

Whining"“" & T X F A «.y HEAM
Voigt £k B o BT T 0 2 3k 2, B

$y (V) = by (vy) {(1 — 2)exp(—0.693y*) +2/(1+ y*) +0.016(1 —2) X
wlexp(—0.0814y*%) —1/(1+0.21y*%) ]}, (D

1215004-2



B RLAS A -

U T 5 8 A R I OB S T 4 2R 1 5

X e=r/rv.y=lv—wl/rv.7v & Voigt &M
(2 1 4> 55 (FWHM) , 1] 3£ R
yv = 0.53467, + (0. 216671 + 75",
Voigt £k BITE H rh0 Ab A (8 7T o Hy
by (vy) = 1/[ 27y (1.065 4+ 0. 4472+ 0. 058x%) ].
(13)
A8 R i I R A S R U — R 1~
5 atm 22 JA] . i BE fec i T ik 2600 KDL b, H TR A A
JE 5 AR A B OR  ASEADL T B ) i SR FH e — b e A
R R 22 L BT LAAE AN [a] (8 U B2 5T 5 0 32 AR 4
RV P 2 o 5 118y EL A5 DL e 1 5 3 Y 2R A
WmE 1A RIE S T AR 296 K~2696 K, &
g% 1~5 atm |, Lorentz, Gauss, Voigt = 4> F B 2§
By FWHM, I 26 n] DLUE H L Bl E il RE 5 35
Gauss 25 Al 1 FWHM % ¥ % K, Lorentz 28 I

12

0.55¢ —— Gauss
0.50F -— Lorentz_1 atm
: +— Lorentz_2 atm
0.45¢ - Lorentz_3 atm
0.40F + Lorentz_4 atm
0.35} —— Lorentz_5 atm
s ——Voigt_1 atm
0.30¢ +—Voigt_2 atm
E 0.25F ——Voigt_3 atm
0.20 . . +—Voigt_4 atm
AYP LN Reoeie. . - Voigt_b atm
0.15¢ RS Sy D
0.10¢ e
0.05¢ == .
O0 500 1000 1500 2000 2500

Temperature /K

K1 SJELE 1~5 atm, 7 EALE 296 K~2696 K 22 [a] B,
O, 43 TAE 764. 2 nm [l 1Y Lorentz 2k A  Gauss £k

T Voigt 28 7 (1§ FWHM
Fig. 1 FWHM of Lorentz, Gauss, Voigt line profiles of O,
molecules in the vicinity of 764. 2 nm with pressure of

1~5 atm and temperature of 296 K~2696 K

By FWHM & #i %% . Voigt £k i) FWHM S A%
2 W T m . B CE R SR 9 3S , Gauss 2k Y (1)
FWHM R4 A 325200, Lorentz 28I fff FWHM #1
Voigt &Rl FWHM #38n,

FETRE 296 K~496 K Z[A] , filf 15 Ji2 55 o5 45 e 3
K Lorentz £ % s B4 A AR ] Voigt 26 7Y pR B4
WL HARZ Ly 8. 03% ~20. 73% B E— AL (OB 5T
W 2 fir s, b6 & I A T s Lorentz 2k B Fl Voigt
LR AN I (11 25 R TG T, PR 25 M0 1k 8 96 ~80 %0 5 i
R A 0 15 22 32 W AT o S AT DA 22 22 A A

Pi 2R R ] Lorentz 2 Y s B IA

- ®
S Ot ol &
A Ranaaansat

[
T

= DN W R gD
(Sl a
T*T T*T

Percentage rage /%
(%1

[l
T

|
[
T

200 800 1200 1600 2000 2400 2800
Temperature /K

S

€2 SRM Lorentz &AM Voigt £k BRIy IR 2 FEIR L |
JE 58 1 72 4k
Fig. 2 Errors of Lorentz and Voigt line profiles
changing with temperature and pressure

i T Voigt &R R 0 LE H50OUE A L 1 55 F6 1) 4
1 DR AE T3 A I Ak o 72— 8 A T RE T 5 51 1Rl P )
PIFH Lorentz &R RISk ITIiT5H, £ 1HHBT 1~
10 atmF .5 Y0 4% BE P i BE AR AL B, SR ] Lorentz 2%
R B0 0 TS L 3R b L3RR A b il B2 5
W& Lorentz £ Ui iA

# 1 R Lorentz Z& B3 B30 14 1 38 H

Table 1 Scope of application of the Lorentz line profile approximation
1 atm 2 atm 3 atm 4 atm 5 atm 6 atm 7 atm 8 atm 9 atm 10 atm
296 K L L L L L L L L L
396 K L L L L L L L L L
496 K L L L L L L L L
596 K L L L L L L L
696 K L L L L L L L
796 K L L L L L L
896 K L L L L L
996 K L L L L L
1096 K L L L L
1196 K L L L
1296 K L L L
1396 K L L
1496 K L
1596 K L
1696 K L
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Table 2 Relationship of second harmonic peak with temperature and pressure

1 atm 2 atm 2.5 atm 3 atm 4 atm 5 atm

296 K 0. 33539 0.10766 0.07154 0. 05542 0.07215 0. 0889
396 K 0. 75394 0. 36488 0.26215 0. 19509 0.11836 0.07882
196 K 0.91828 0.67156 0.544 0.44031 0. 296 0. 20829
596 K 0.84724 0.83316 0.75493 0. 66941 0.51384 0. 39404
696 K 0.69274 0. 82968 0.81724 0. 78067 0. 67802 0.57118
796 K 0.53742 0.73457 0.76718 0.77379 0. 74046 0.67715
896 K 0. 40876 0.61181 0. 66588 0. 69831 0.71808 0.70042
996 K 0. 30955 0. 49379 0. 55349 0.59699 0.64719 0.66278
1096 K 0.23578 0.39444 0. 45209 0.49822 0.5626 0.59861
1196 K 0.18087 0.31317 0. 36486 0.40851 0.4755 0.52068
1296 K 0.14013 0.24911 0.29392 0.33315 0. 39709 0.4448
1396 K 0.10968 0.19898 0.2371 0.27135 0.32954 0.37582
1496 K 0. 08663 0.15961 0.19161 0.22091 0.27214 0.3147
1596 K 0.06914 0.12898 0.15579 0. 1807 0. 22527 0.26351
1696 K 0. 05569 0.10492 0.12735 0.14843 0. 18679 0.22053
1796 K 0. 04522 0. 08587 0.10464 0.12242 0.15524 0. 18464
1896 K 0. 03704 0.0708 0. 08655 0.10159 0.12966 0.15519
1996 K 0. 03056 0. 05874 0. 07202 0. 08477 0.10877 0. 1309
2096 K 0.02538 0. 049 0. 0602 0.07101 0.09153 0.11063
2196 K 0.02123 0.04113 0. 05062 0. 05983 0.07742 0.09393
2296 K 0.01823 0.03471 0.0428 0. 05067 0. 06577 0. 08006
2396 K 0.01852 0. 02944 0. 03634 0. 04308 0. 05607 0. 06844
2496 K 0.01881 0.0251 0.03103 0. 03684 0. 04809 0. 05887
2596 K 0.0191 0.02147 0.02656 0. 03155 0. 04124 0. 05056
2696 K 0.01938 0.01947 0.02285 0.02717 0. 03558 0.0437

'3 0.030p —=— Origin datas Boh 21.5% ., SMEE#HA 1~5 atm, O, 43 F YK

& «— fitting datas )

£ 0025 R 764, 2 nm BT .

g | 2 T

;:0.020 g 14— I0.01500

] 0.1281

g,0.015} E;\l ] 0.2412

& 5 8107 0.3544

S 0.010¢ §20.8- 0.4675

§ i S5 1 0.5806

£ 0.005} ‘*-‘\M‘ 55067 0.6938

= - €% 0.4 0.8069

<] () | O O O 0 WO S =) ] 0.9200

2 400 800 1200 1600 2000 2400 2800 0.27 s 50

A E ‘

Temperature /K 8
Z

B4 L LA
Fig. 4 Fitting results of Fourier series

420 =, 7] LIFE 1 atm, 296 K~2696 K [
P R TE A 5 A TR TR EE TN R i
Ay e B S i 2 5
3.2 ERTUE_XREKEEXER

i Lambert-Beer & A 1, <04 & 58 A2 4k W]+
0233 U I G T R B 7= AR R, TR 5 BB
T Oy 50 F W Wi 2 7EAS TR BE T o Fe i AR Ak s 3
TUCOE B A R, B SR RN
296 K~2696 K, SARMIOEHE A 1 m SARER

6
60 Temperature /(100 K)

5
Pressure /atm

WO P S R R SRR R

Fig. 5 Relationship between second harmonic peak,

temperature and pressure

M 5 HA] LA L AR 300 K~700 K i [l A
TR U U {H O R BG mL 7E 700 K~1000 K Z Ja],
TR I W L S 1 S BRI, MR i 1000 K
BF, VU U 0 S BT O A, MR B R A
1500 K DA 1B L0 fF b de g W (B T R 50 %,

IR BE R A AR AR ] — A M e R 8 Ak L

1215004-5



H |

# ot

TR U U 1 7L Al R R R i R U A Ok S T R
Mwiwx“ﬂz%;tim%o e BRI rh iR B A S
396 K,796 K,1296 K B} U4 X Rz 14 He 5 48 1k il £k
e 6 s, BETRMT .

Faosx (1) =0.07202¢% — 0. 62987 + 1. 486, (22)
Frosx () =0.01392 —0.17917* +0. 6198 + 0. 1744,
(23)
Froosk () =—0.13247> 4 0. 17692 4 0. 01931, (24)
A DA 5 B SR 18 TE AN W) SO R R FH ki Dk
W S SRR BE iR 25 . BIE X R AN

Niw = Npw fr(0) (25)

b e R T RIS TR .

FI R RE R 77 35 AT ISR B 7E 296 K~2696 K
2 [] By F A R B BB IE e R

L Llp —=-396 K
g 1.0f +- 796 K
£ o9l 41296 K
S's °
ééo.s-
£z 0.7
Q. 0.6
2205
A
&304
=203
g 0.2
z 0.1
O L L L L L L 1 1 1 L L Il
0 051.0152.0 253.03.54.04.5 5.05.56.0

Pressure /atm

6 AIANR BT R B (E 5 R R R
Fig. 6 Relationship between second harmonic peek and

pressure at different temperatures

4 TR BE iR R AR RO 5 AR
L1 ZRERMBREH RS
A VR 4 3 A 1 80 2 52

MHREZEN—MHER, € X—DNTLENNSE
PR A o i R 5K
m = Ai;z' (26)

A A TR T A BT L IR A i 4 BE A I
— A DU R G Y A AR S R D R RS B A
K P R BB AT O I A iR R A A
1. 4 Arndt Z0 Y B 5T, 7 Lorentz 2k #
T AR YR R A e A R R A b U I Y B
FEPAR RN 2.2,
M4 Voigt £ R %, X 764. 2 nm KL 1) O,
fE 1 atm N AT, 0 8 A AR TR T R 2L
TS R RO R NE 7 FrR . A
7 Rl DLE BRI R AR OO (R S AR

P S 0 {40 ) 2 Py 3 2 B 9 R i N 1Y)
A UG Y DI 9 R 5 B S AR B T i L A
U I (B R ) R R A AR DL AN 8 FJT/T,M
Bl 8 T LA Hh R ) R ELE 2. 2 BRI i Wk 3 de
R I A 3 1) R ROPR A B LT ol R . XA~ S iR
OIATHEAR — B0, 2 LR 0T R A A IR o A A e A 1R
TR AL ™ 2 T2 AL L IEL 9 JR R T e 0 TR 1 TR il
JERMESRI R FR . M9 AT LA H 25 He 5k a2 4 i
IS S D0 ) R S 8 ¥ I o S R 9 o R
JETEF TR et o PR 52 B2 P AROIR 2

0.0301
0.025} A
0.020f H mes.
0.015} m m=6.
0.010} I

0.005} I
of )/ =
~0.005} Wi
~0.010f W
—0.015}
-0.020F

—025 0 025 050 075 100 125
Normalized wave number

7RI R 1 £

Fig. 7 Second harmonic signals with different

Second hormonic signal (a.u.)

modulation indexes

> 0.030r
0.025 /- T,

" 3 \.\I
0.020} ~
0.015} / 1

0.010¢ /
0.005¢

P8 U B WA 5 IR R ROk R

Fig. 8 Relationship between peak value of second

Second harmonic peak height (a w)

Modulation index

harmonic signal and modulation index

1.1
1.0p

0 600 1200 1800 2400 3000
Temperature /K
P19 i B2 TN o A2 Ak B 0 5 I 1A o] T B
Fig. 9 Optimal modulation depth changing with

temperature and pressure

1215004-6



B RLAS A -

U T 5 8 A R I OB S T 4 2R 1 5

PG SR e s AR AL A 1 D0 T 2 AR
YR A 90 U (L AT B A L DU 5 28 8] 2 e 10 8 o T8 2
KPR A B (G i) 22 %
1.2 BRE.EEZXUSAHRHXE

HT T S 0 e A v R A R B A A A AN AT RE A
F) 0305 B8 5 ] b 722 A o RIS BE 6 DR IE B ¢ 2 e A
P AR — e S PR AR I R L A — E R
JE L RBRIAEE T L BOE — A E R R . e
TS e JBE A I 72— s IR RE TR 9 T BB 1 A
P TR BE CRBO Ja » PRS2 A 19 R 5 P10 3 ol TR
ST SR B 27— R AR
WA LB I IE. B 10 97E 1 atm, 296 K i AE
B S A R ) AR R AL L AR R R Y 4

[ —=normalized gas concentration
*fitting results

Normalized gas
concentration (a.u.)
OO Lo HH
N I © 1= D0 80 i 1D ~1 00 00 O = b

—_—

0 500 1000 1500 2000 2500 3000
Temperature /K

P10 38 R B AN AR B AR ok B 5 I B R G R
Fig. 10 Relationship between gas concentration and

temperature under fixed modulation depth
11 BE— 2B 58 1 25l B AR A3 [ /N 7
256 K~336 K Z[a], Il i 15 H UM B i 22 A2 A0
BN R R 225 [ E 500 o 78 B 1B 7 4 IR e
DLV R 2. 2 BOE R PR R B PR . R
P A A TR N A 5% 22 Y1 L T 465 0 b P X 2 9 AR
WEBIEWT .
f() =1.952 X 107"# —0.0001952¢ + 0. 06082.
27

Relative error /%
—
(=]

“7180 200 220 240 260 280 300 320 340
Temperature /K

LD o S A8 ol A e 15 2 I UL E 11 2B 4k
Fig. 11 Error of gas concentration changing with

temperature under fixed modulation depth

A He s A fe th 2 S SO R w22 A . e &
B w0 E ] R BE AR A L T X R A5 R AT B IR
WE 12 Frs B T 296 K1 atm 15 2] ) i
G VR T B CR A & 24 He 5 722 Ak I 1) a7 ) 3% 2
HEAT AR BE S U i 4 5 . — B R ST A R A&
13 /R, 7E 0. 7~1. 8 atm Z[a], H iR 230 Bl /DT
50 R ZEB/N S HERME BE AR B IS B0 76 ML LA
PR REOE R 2.2 REEMN. T UABBIE. 4
Fe s A AL Dy 1~5 atm Bf . /] LUBIEAITE -
f() =—0.07882¢" 4+ 0. 1107¢* — 0. 24912+ 0. 4521.
(28

——normalized gas concentration
-—fitting results

—
— DN
T

)
=
AN

Normalized gas
concentration (a.u.
SO O

W s 1o N 0 ©

2 e,
0 05 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0
Pressure /atm
P12 R R B AN AR B AR I B 5 R B G R
Fig. 12 Relationship between gas concentration and

pressure under fixed modulation depth
100

20f » .

Relative error /%
S
S

-
™~ "

oF L NS S

705 07 09 1.1 13 15 1.719 21
Pressure /atm

P13 8 o R 8 A A8 11 A e 15 2 I R 7 B Ak
Fig. 13 Error of gas concentration changing with

pressure under fixed modulation depth

5 4k ®

4 F 5 R O PR 36 AR g O, 43 T 1 28 2
BB VPR K 764, 2 nm I 1 IR A 2% 4F O B
EOROE S ) @i 2 4 =R = VR VI B T 1A
B A AT T RS 40T T 6L 2
AR YR D W R o XL 3 5 A R
FH R WA 1 12 35 2 P o B 5 MR 25 HE 45 T 40
Bi IR TIBIESC R, BRI 7 Se st A b L R
BRSO 4 B =2, 2 W B R

1215004-7



H |

# ot

ORI 5 A B I A e DIC T A AR K B i A2 A Y 15
DU« HLA R B 3 VS R 2R AT T RS 45 1 T 3R
ARG R TRATE BL R A R IR B B IE G &R

5 F X

1 Kan Ruifeng, Liu Wenqing, Zhang Yujun, e al.. Tunable diode
laser absorption spectrometer monitors the ambient methane with
high sensitivity[J]. Chinese J Lasers, 2006, 32 (9). 1217 —
1220.

W UG, X SCHE , TR R, S TR RO RO W ISO6 1 T I
W FREE 23 A rh B e 1 vk 8 AR AR LT ). B k. 2006, 32(9):
1217—1220.

D D Nelson, J H Shorter, ] B McManus, e al.. Sub-part-per-

billion detection of nitric oxide in air using a thermoelectrically

Do

cooled mid-infrared quantum cascade laser spectrometer[J]. Appl
Phys B, 2002, 75(3): 343—350.
Kang Ruifeng, Liu Wenging, Zhang Yujun, et al.. Absorption

w

measurements of ambient methane with tunable diode laser[ J].
Acta Physica Sinica, 2005, 54(4); 1927 —1930.

B E U XSO, TR R, AL W] URIE AR IO WSOk B
B 0  be ) ). AR, 2005, 54(4); 1927 —
1930.

4 P Werle, R Miicke, F D Amato., e al.. Near-infrared trace-gas
sensors based on room-temperature diode lasers[ J]. Appl Phys
B, 1998, 67(3): 307—315.

5 Rieker G B, Li H, Liu X, e al.. Adiode laser sensor for rapid,
sensitive measurements of gas temperature and water vapour
concentration at high temperatures and pressures [ ] ].
Measurement Science and Technology, 2007, 18 (5). 1195 —
1204.

6 Philippe L. C, Hanson R K. Laser diode wavelength-modulation
spectroscopy for simultaneous measurement of temperature,
pressure, and velocity in shock-heated oxygen flows[]J]. Appl
Opt, 1993, 32(30): 6090—6103.

7 Gao Xiaoming, Huang Wei, Li Ziyao. e al.. Sensitivity
detection of CO.; molecule using near infrared diode laser
absorption spectroscopy[ J]. Acta Optica Sinica, 2003, 23(5):
609—611.

FE, B . ZEFSE, & COp 4TI LA AR O

WOtk R AR ], Je2#4i, 2003, 23(5): 609—611.

8 Yang Bin, He Guogiang, Liu Peijin, e al.. TDLAS-based
measurements of parameters for incoming flow hot-firing test of
air-breathing rocket engine[ J]. Chinese ] Lasers, 2011, 38(5):
0508006.

toow. TR, XMW . 48 FIF TDLAS i RIF R XK
SMLE A S B S 5 i (T b E Ok, 2011, 38(5):
0508006.

Riris H, Carlisle C B, McMillen D F, et al.. Explosives detection
with a frequency modulation spectrometer[ J]. Appl Opt, 1996,
35(24): 4694 —4704.

10 Li Han, Liu Jianguo, Kan Ruifeng, et al.. Simulation and

©

analysis of second-harmonic signal based on tunable diode laser
absorption[ J ]. Spectroscopy and Spectral Analysis, 2013, 33
(4). 881—885.

40y, XUEEE, BB, S AR ARCE OO K
WG S MBS BT ] il 5 6% 4 B, 2013, 33(4):
881—885.

11 Hu Yajun, Zhao Xuehong, Zhang Rui, et al.. Research on the
effect of light intensity modulation on the line shape of the second
harmonic in the wavelength modulation technology [J]. Acta
Optica Sinica, 2013, 33(11). 1130002.

IR, BEL, Bk 8L, B SRR BOR PO R X ik
WL BT L) ], et 2018, 33(11): 1130002,
12 Kluzynski P, Axner O. Theoretical description based on Fourier
analysis of wavelength-modulation spectrometry in terms of
analytical and background signals[J]. Appl Opt, 1999, 38(27):

5803—5815.

13 S schilt, L Thevenaz, P Robet. Wavelength modulation
spectroscopy: combined frequency and intensity laser modulation
[J]. Appl Opt, 2003, 42(33);: 6728 —6738.

14 Whiting E E. An empirical approximation to Voigt profiles[ J].
Journal of Quantitative Spectroscopy & Radiative Transfer.
1968, 8(6) . 1379—1384.

15 R Arndt. Analytical line shapes for Lorentzian signals broadened
by modulation[J]. Appl Phys, 1965, 36(5): 2522 —2524.

16 J Reid, D Labrie. Second harmonic detection with tunable diode
lasers-comparison of experiment and theory[]]. Appl Phys B,
1981, 26(4). 203—210.

H=ERE: L &K

1215004-8



