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Abstract

The nonlinearity of the laser frequency and intensity response in the wavelength modulation
spectroscopy (WMS) was analyzed through the high-accuracy experiments. By full consideration
of the nonlinear effect, the nf harmonic, and thus the calibration-free nf/1f model were further
deduced based on the absorption spectrum and harmonic theory. Moreover, a practical and sim-
plified nf/1f calibration-free method was established based on the second-order approximation of
the laser frequency and intensity. As a verification of the proposed method, the CO transition at
4300.699 cm-! was investigated under both strong and weak absorption conditions. Meanwhile,
the CO concentrations were measured with the proposed method and compared with those ignor-
ing the nonlinear effect. The measurement result shows that the accuracy of the gas concentration
measurement can be effectively improved with consideration of the nonlinearity of laser intensity
and frequency. In addition, the CO concentration can be measured with high precision (relative
error < 0.5%) by using the quadratic approximation 2f/1f, 4f/1f and 6f/1f methods.
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A SCIE I O AR B SER AT T WA AR BOE RSO (TDLAS) FH sk A B I T AR AE I BOL R
ARIRMAERHIR, B RBOGEE RS ERESH T ETEOMI RN KB E R ERM
nf/1fRAERL; T SERRIE 5 (Z I D) B AT R B R ORI AR SR 4RME, BT L
K. BRI, BRENnf/ 18R, LR LICOSTHI14300.6999 cm-HEE ABI, FIFH B KInf/ L~/
IEAMRERIXT 58 SFFRR T T ICORIR AT TR, HRH S BrRBObIE &R MR Il & 45 57
BEATXT . SHREERERY, LRSFZRECIENIRIERERSIN, BT ZPEBIN2/1f 4f/1F0
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1. 5]

AR, AT HREBOCROETE (TDLAS) DU ARl I & . RO PR . et B, R
U EaE A, ARSI AR 2] 7T 2 R H[1]-[6]. 4 80 4-4R, Reid S50 i K A HI(WMS) 5]
AZF| TDLAS, AHLL TS 1 R BUE(DAS), K REFEEMEEHIE S i 7 &auEsE S, @
T VE ARSI T B b MU & 4 IR B RIS T, ETTHE R AR SRR R AR R [ 7] WIS SR
VR AT (R BT A0, DRG] DA RGBS BRSO . HR3N . H LSS HARE S T30, AR & E g LL Al
REER] (9] HMBAET . BRKMHENEFE G T AE S T ERBAE S, RIS 2E0E S 81
FEAAR R . SGoRIARINRE . SR h) 56RO Z55) . JGHBOR R RGN RS K&
SZM[10]0 At ARG HIE — M 7R TS bR SEIR i e fr il SR S8, s T g E
FHR 18 L6 R 5 S e T2 TV 337 Aok B2 e U A5 B Tz b SEH (R FbR 58 SR B AN I D 1 AR
2, FrE i 5 5 hr T2 2 Rt 2 S 8O R R Z[ 1],

R A YR I 75 bR 8 MR,  Hanson S5 T-F6 4 M FE 1 ) (R A ) 5 | A PR e n R R Bt T
201f Sobrid, ZITERH— O BRIE IE AR S, R THOGREEREN . LR REGEHR R
S, GBI LU 27 L VAT S BV T SR AN S0 I A e A SR S 12] [13] [14], FRAEFSIIKL
AT (MRS INT 5%), BE T4 AR Z AL VS IR IR B HE T tH T AU IR BEFIIR FE Rk K. LI 27711
G bR Y WS T WOCARZR AR R, BN T IESZ U I 5N FI, A CRBOG A IR 9 A% I IE
BT, JEE SCHH BB m REGIRBOCINZE R HRE 5 IEBAE T Z WK R[4] [5]. SEOCHR T EE
T S FE IR KR e IR AN R, SO SR BE I R AR A OC RN B, R, BB A dIE AR BTN E

ik
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TDLAS ", ot esmAELe P BN Bl S22 7 560E, a0 kS Ts §H15 577 42 19 32 B R R A ko8 — 5 4k
LRVERNG; AE 201 Sebiidi b, Li R eamfml i 5 N T AR T, IR S 21/ B RIE L, Sun
B Ja SO BRI R AR L MR T, R S ER nf 1 W (n = 4, 5, 6) AN R AR PR
M, $Em 7SS EREE15] [16].

VAR, et AR MRy SR I B R ZE A3 3] T AL, (HBOEAR AR L M B AT 3D 52 B0 . e,
ARSCEET RO RE B TSI BRI, 87078 FREO AR A iR AR R M AR, HE S & OB B IR IA 5,
& A oA I ik a(DFB) SO A i AR RIS AE LR IR RF [ 17], GRS T HOGIELR RN nf 1 f Sabrid:
A, [FLL CO 43111 4300.6999 e #2k Jyfil, A B LA ALN CO ARAMRIRBEHET 1 ks FE I i
2. BB LB o

ISR, Bl il A TR IR R, 2 SRS IR I 24 A o a8 R R H 28 B,
WHEABRBUN, a0 A1 DFB #ohds, 7ESRRINSUSEMA R 2N H . 4% DFB #ot#s T1E
JEER AT, WO A AR RGBS SN A DG, TEAR G [ s IV (Fix-WMS) 1, R
PG RFR O MR SN IR Z M IR R, Mot — Mt R 5 R ARt . (E7E 2 Frill
9, X DFB BOGH M ESZ S S0, SOt B A MG fAE S AR & I, ik, ARSCKR
FA 2 OO FERBOEAR R 5R AR LR MR8 18]:

v(r)= U+nzuaj cos(ja)mt+(pj)
=

D
I, =7{1+iijcos(ja)mt+y/j)}
b VAT ABOET ORGSR, B a, Fa, BiG BT, BEELEEMES, o f ;s
WP, — R nT S AR T, Hor, R =1 W — RS0 RO A S RO SR 20N, H Airxd
HRR(E 5T R ny =2 W AR, I RSB AR LR R .

T TSR GSR AR AN, ASTR TDLAS 8 9 DFB 0684 R MG iR T 1
FEREbRE, Hseih r Zanld | fizn, DFB 0% 8% (Norcada 2327)% O 12> ROGEF 7 ATE IS, — B EL#%
B FLAR I 2% (Vigo PVI-2TE-3) M LU E O L3R5 5 (TR ), 53— B4 ad 48 T 1X (Light Machinery
OP-5483-76.2) LIbm @ WO %, T¥(E 5 H RN — G R S MmN E, 1 1 i e th 265
NEOE AT A S, P TAUEK N 76.25 mm, HHEEEX FSR = 0.4965 GHz.

B 2 FE—REIE L0 T BOCSER AR AR e bR e 45 2R, H ARt AR IESZAE 5 M, R fisiE
N 1 kHz, WHIFEFANE10 mA (O E TN 140 mA), SR REOEHZR I H]0g - 18525 048 cm™, T3
5T AR IR BRSO B R AR A, S S 2 R RESEHUR, & TR “A” XN YRS
FicAE R b, xR AR 1A) A RS AL bR, AHAR T ISR FIBE N 0.01655 cm™ (B 0.4965 GHz). N
fEThraE, FRATREATR O TP 0 RO AE 152 0 em™', DI TP X R FOATER A 2 “0” JiF
o KHAR(DN “o” FFHATIEG, AIRBIBOCIREL G ZWE 2 THEs &R, Hihago
il 2 hy 2 AR AR L M NI (1o AEY)IRZE , B 25 PR A W SR 2 A by, HoARitE 221550 9.3 x 10 em
T 24 of AL A i, 2 (M e il 28) SURI N, EohRHEZE AN 1.4 x 107 em™, FHEMAH I o, M o,
WE TR, XU IE KRR 1o f(ZBSIELM) SRR AR R R IR 2, T A
BUERERE . [FIEE, OGsRI G R 25 (LD B it ) HAIE B0 e AR E B B AR R, 4, TR — R
BOGHS, WO AR ARG MR H A KT R B3, ARSI ER I 2 R
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Figure 1. Calibration experiment of laser frequency and intensity nonlinearty

B 1. BotsnERiE L AR E LI

2.5
> a,= 0.2405 0.4
=241 a,=0.0015 3
= —~ o
= - 0.2 =
% 2.3 §
S22 \ / 0.0 &
) -0.2 =
S 21lzgs T : , ~ %
1.5+ R 5 :
- | | 04
“’ﬂf\/ i | MMHM i MW.
O 5 il : h I\/ { \ ' ! . ‘|\’ : )
' ——6,-9.3¢4 o,-14e4 10.002
= 0.000
. . . . . 4 -0.002
0.000 [ —0,=1.02¢-3 c,=2.4e-4
-0.002 IR: ? !:‘ % k: ;ﬂ “M : ,»M/“
-0.004 | . . . . . . .
-1.0 0.5 0.0 0.5 1.0
time t/ms

Figure 2. Calibration results of laser frequency and intensity nonlineart

2. BOSNER S NRIE L MR E LR

3. BT RAAELMBI RIS RIER

AT ORI AN EIG, A H IR HORUR SRR A A RN, T th T SO A
3 TS B S e SR AT A 35 PSR PR — (I I ) BV T e IR SR PR — B L%
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3.1. BIRIEARHES
OO v OB RIS, SRRSO RIS W R ) Beer-Lambert 5E

z(v(1))= j—; = exp[—Agp(v(r))J = exp[—LS(T)XP(D(v(t))J )

R 7(v(e)) AR RIARLRIEIL S, I AL BN RBESOE8. LOARIBOETE, S(DAKME, X
NG, P SEEE, L BB E RN A BAROARCEREPBUME, o(v) AL R, A
KH Voigt BECN H AT REIR[19] [20]0 XF IR ERE IS 2 ¢« ()3T B8 e, a5 3.

r(t):ZHkcos(ka)mt)+chos(ka)mt) (3)
A w, NEOCHFRGIIR, H M J oGS SR a R 2158, KRBT
1 T
HO=Ej z(t)dt Jy=0

4
:—‘[ )cos(ke,t)dt :—‘[ )sin (ka,t)dt

(D)~ )AL A e (VRAFIARQ2)F, I RIE S s RIE AT
I :E{l+iij cos(]a)m )} {ZH cos(ka,t)+J, sin(ka, t)} 5

XIS OGS AT A B R T, AT koo, FEATON N B4 LM R B, B ILE SO X M Y, R
R DI SR AT X BN Y Bl B n OE B, HOEIIERA R
=2 _[%‘;It -cos(na,t)dt

w -

n s

X nf

_I{H +H. +Z (( it H,_ +H_ +H7_].7n)cosy/j

J 1 —j+n
+ (_J jon = jen Tt )Sin v, )}

(6)

- E{JH + Zé[(—H} +H, ,+H ,,—H _ )sing,
=

+(Jj+n -J L+, —J_]._n)cosl//jﬂ

R, =1/Xjf+Ynj

AR(6) RN 7 77 B RO A ZE AR AL M RN SR R, BGOSR A X, Hh R,
NP IR AR
3.2. BT A nf/1f iRER

1] 2 SEEGZE SR S, AESERRIE [ E K HI (Fix-WMS) UG AIZ A 5 R — A5 AR )
r RS EEIR, 9 T XHEITA R (6) AT R, ATTERBIR P E n, = 0, =2, BOUHERADLEREIEXN:
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V(1) =0 +a,cos(w,t+@ )+a,cos(2m,1 +¢,) ;
1, =Z[l+i] cos(a)mt—i-!//])+i2 cos(2a)mt+w2):| @)
¥ BRSNS HAANT AR (6), W45 BE BRI A AL B T i B RN
XM=Z{H;+%«HHHJﬂn+H"chqu—gﬂ—4n+J"Qyn%)
+%((Hn+2 + H2—n + Hn—2 )COS (//2 + (_Jn+2 - ‘]2—'1 + Jn—2 )Sin (//2 ):|
Ynf = Zl:‘]n +%((_Hn+1 +Hl—n +Hn—1 )Sin !//1 +(Jn+1 _Jl—n + l]n—l )COS ‘//1) (8)
+%((_Hn+2 +H27n +H}172 )Sin l//Z +(Jn+2 _J27n +Jr172 )COS V/Z ):l

[y2 2
R, =\{X,+Y,

i EIRETRIE TR, o ORI EZ M LN AR e BRI o A5 IAR OO s R i AR Lk
SUERIFANG. {£ Fix-WMS "1, — o A0S 2 b Ol A HEAT v 00 ) AN R, I i R (3 oy
HO W73 B A R EH, A J, O F (21, IR BT OsR i s R 5 U, i SRS U S SRR
RN, XA L O AR R 1 B A AR B N TE B , IE Fix-WMS #
KM 2+ 4. 6 UOEPONBT TN G, DLER I e ELAT N RS 12

MR @) AT AFE 24 4 UGB X AN Y ik T

Xy, :E{HZ +%((H1 +H, )cosy, +(, _J3)Sin%)

+%((2H0 +H,)cosy, —J, siny, )}

: ©)
Y, =1, {J2 +%((H] —H,)siny, +(J, +J; ) cosy, )
+%((2HO—H4)sinl//2+J4 cos://z)}
X, =E[H4 +%‘((H3 + Hy)cosy, +(J, —Js)siny, )
+%((H2 +Hg)cosy, +(J, —Jg )siny, )}
(10)

Y,

, :E[J4 +%‘((H3 — Hy)siny, +(J; +J5)cosy, )

+%((H2 —H)siny, +(J, +J )cosy, )}

AT AT AL, 2 YOEE X A Y FhE I &G e amAr etk i, RS 2 RA500 H,y 500, 171 Hy 75
SRS TR T 1, SRRSO R R — 3mSR, AN T80 i TR R R, Rk,
2 i WORRRARENE S R IS SRR R E L BRI ELS R . 5§ 2 AR, 4. 6
B AR B VS AL B I RS N AN EA Ho B0, B WS G iR AR 2 M N B R A R m IR B, 91X
R TE Fix-WMS & H 35 bR T8 FH SR nff Lf Sedn B A8L (1 iR R [22] [23].
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4. SCISIENE
4.1. ELIEFMIE TR

N BAIEEO AR AR ARV RN nff Lf GebriZill S 25 SR 52 m, AR5 EL CO /3 F NI AR 4, #
AL AANE A L0 T SR R KA CO &, ATEARBURELI N~ 1% ER, 5521 8~100
ppm EZK, HyO WREEL1H 10%~20% . F Hitran 88 B 1, CO 43 F7E 2.33 pm PRI % LR IR IS0 T H~ 107
B4, HAZ H,0 Il CO, 0 TIBL TN, #E~10 cm JEFE4ME Rl LLSZHI~100 ppm &2 CO R E mks e
M. T IEBRIE R HAZ H0 0 F IR 4, &3 4o 7308 T 0L N o FIR sl g5 5, 3L
WEE. B, WIBOERE. CO MTH,0 WREES 518 296 K. 1 atm. 100 cm. 500 ppm Al 20%. 45 { 245 R
A1, CO 4T 4297.705 cm ™' F14300.6999 em ' L% 3E A ks FE M B K, %5 FEE] Du 254} 4300.6999
om ' B2l R R 55 A5 RECHAT T AR (BRCAE B ), ASCRIUZIE LN 1R I S AT SR IRIE[6]

-1 -1
0.010 - P=latm Yir =0.0577cm atm co
T=296K foa0.0620cmatm! o
0.008 L 5=0.0650cm atm’"
2
S 0.006
&
£
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" 1 n 1 n 1 " 1 "
4293 4296 4299 4302 4305 4308

frequency v /cm!

Figure 3. Absorption lines of CO and H,0 molecules near 4300 cm™'
[ 3. CO 5 H,0 4> F7E 4300 cm ' MIEALIRUAIELE

LI RN 4 PR, 1SSl OE A5 5] %% (Thorlabs TTC4001)4% il 0 S R FE AN ot LR, B3
A AR ] 5 B 2 RO AT A0 (4300.6999 cm '), ARJE(E 5 R A A (KeySight 33500B)7 A= i 4 1E 5% 1
HE5, AR H 230KE) DFB 02 (Norcada 2327)7E i £ 1t 2% rhC S5 A 2 A2 1. 6 O Hh 4y
WIEF o W, — B LTE ELARAE BLS NI BIRE R AR =, A RORIBOEREN 52.5 cm, o — i@l B4
FWAUG, 435 [F 85 B SO BRI B 4, 555 I8 I T ik 28 [0 SR AR IE S G i AR s B 1T
55
4.2. MEREE

AL G AR GE S, A T EAE A E R AT IR A(E 5 5 AR IR Z R C R, R L
VR — MBI CIARAR AR, I GBI RE m i FXPR, b a NEOCIZR LA R,
Av NIy TIEERETE, o NAAGLFA24].

v=v+acos(wy+9)
a (10)

m=—
Av
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Figure 4. Calibration-free nf/1f experiment based on nonlinearty of laser parameter

B 4. TS HIELME 01/ RARESZH

W IR AL, HH RS 2. 4 6 UBRIE(EZ AR R AIE SR, TIN5 8 2w i
WP T R AR R 9 L 32 SR ER SR Lorentz £k A bR Bdb AT 07 3 o ] 015 L5 BRI 0, BE A IR Ok
i BRI U 1) R A REAE A AR 5 IS e OR AR, G 6 DS BE R EL i K IR ) R B0 6,35

51 G R 3R SR A 2 P R R B 5 SOR B R BB, ASURE Fe 0 % 18 1 OE IR AR 2tk
BN, A 2 B AR LI AT AL, SRR o) AHEL, ARZRNED o (ONEE 1%/ 47, PRIk, 3RATI4)
SE SO R B m = ay/Av, FEN BB K 6 R85 15 S, DAE T S8 i g o iR i
HRIE o P 5(b)HiiR T [ & s B HVE (Fix-WMS ) IR A S B, AR RSO 2 AE S b LA ] ) 26
B, O AL b AT A Ok (it 2k, 3 A R R AR R AR AL, AN 5(b)h AL
2 BRI TR I ) 2280 m = 3.85 IS R (R 1L HRAE IS SR LA o 200 A5 5 78 I Jak b EAT bRk e BL i A2
He AT BT M, FI73 3] Fix-WMS & UGB X 1Y flfE5 BEJS N A R g Sr i T ok R 2 it
RUSEIY mff 1 f G AR R B AT A5 B3 DI AR IR LS S 4

0.08
@ 2y B
0.06 / — Af
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r '—\
0.02 - ’i
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Figure 5. (a) Relationship between the harmonic amplitude and modulation factor in Fix-WMS; (b)
Principle of harmonic measurement in Fix-WMS

E 5. (a) BERRKFEFEPIERRESFRHRRZENXER; (b) BERRICBEIEERE
M [ 38

AT AER BRI TR T SRR EERR L 2. 4 F1 6 B, S2E6 R &k 3OS 4 B AEO6 A
RIRE G R A S, WO S IESZ A R AR IR A 4 ) % BN 1 kHz F1 8.8 mA, Xt B frHOE R
IR LR PRI @, = 0.2405 e ™', “AHI R %7 2904 3.85, IEIF 2. 4. 6 IRISIIE{E Y B B g
k.,

4.3. SEWER T

555 2 WhR 8 WOCMR R 6 s AR M AN S50 7 ZA ], R AR BERF RS H, R5E
T VS AT I A B3EE S G5 nfl1f (n =2, 4, 6) & IR IEIIRAE W] 6 A SEZe R, HAE 6(a)y CO br
HE AR R AT AT B R IS I A5 B A5 5, BB CO 231X B0 A MR WA P o, i 2 o o 3 256 b i
WL N 17%, T 1E 6(b)Jy CO Fr#EUARMBEL A5 5 &S5 R . O Tl RS0 nf Lf 8BS
SR CO WS, BTl 2.2 WWHES B M nf1f b @ BA 5 nf 1 B BE S5 CO WX
E S P RO AR R S 55/ SB- S B oy 1B < 1 by o B 15 ) 6 <3 S N 5 Y G o = K7 S o L 53 5 1 B 9
FBURN 28 58 5 5K FH SCHR[6] T 308, WO ECR A Zin A3 3. i 6 wian, BT il 5
RN nff Lf W EAS THEE CO WREHGRMIG K, I 5L nff Lf WIEAS TS, H AT 00 R )
WAL AR BRI IIAT ) CO WP o SEER 5 RR B . 9% IR BOC IR A G AE 2 YRS 5, 2111 47 1Lf 71 6f71f
F U BIAS I CO WREEZE AR/, Wi o(a) M E15 B A S5 R4 A8 0.998%. 0.995%F1 0.995%, H
FEO ARt ZE AT 0.18%, RIAEAE ] 6(b) BT m G5 S& A T, oI 52 45 SRAE X s vk 22 AN i i 0.53%
AR ZEAN 5 ppme & 6(a)FIE] 6(b) P FEA RG4S FE A LA T R 2/17 4A1F B 6f71f 1L M43 1)
CO WREEWIE 1 fiom.

R ST EO ARG RN B A SRR, SR G AT RE AL, R T O AR IR
BN, R —BEALEEEADI G RO S HT, ARYE AR EA RN nf 1f A S WE 6 hife
TR, RE LB EH SO afh AL, (& UOE 5 SLI0 1S 1RSS5 28 s AL FR(RP CO YK )
AAAEW R ZE 5T, dnlE] 6(a)Hh 2/71f A8 O LUK FE R /N T 4710 R0 6f7 L AR S5 3R, FLAHXT IR Z 20
1% FEBOCSEALRIFM T, BEE S EOCRRISE AR, 271/ 15 45 F 00 5 25 1 sifd, =
Af1F AN 61 AR R 45 AR EB I Sl , X5 2.2 WHEIR T — 3 Bl B S 5280t
Map 50, 9 DR b ke ek 2 6 WU B P gl SR
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Figure 6. Measurement results of calibration-free nf/1f(n = 2, 4, 6) based on second-order
approximation (a) strong absorption (b) weak absorption

6. BT ZIIEIAE nf1f (n =2, 4, 6)RATERE BN ELER (a)52WRU (b) S5 IR UL

Table 1. Fitting concentration in different models and harmonics

%1 TR, WEMARSRE

I T BRI FHR
nf 1 A 1 Bzl 2 B AL 1 i ol 2 B ALk
2111 MAFHE (%) 0.989 0.998 0.0810 0.0925
A1 TG E (%) 0.998 0.995 0.0934 0.0933
6f1f MTFKE (%) 0.997 0.995 0.0933 0.0934
AR AR e (i 22 0.51% 0.18% 8.0% 0.53%
5. &

ASCERXT DFB S50 #8575 i A5 i) rp i AT R e s AR R PR RN, B ST I e SR AL T
FEHINAFN AR LR IR, SR FH A5 40— ) AN A A5 A0 7 AL & T ORI mkom, 1531 ik
UL AT 5 A B R WO AR RN e B AR LR M RN I 45185 SRR TEERE 178 /0 5 RO R AR R RN, i
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