SEACEFI- EIERUEE (WM-DAS) FEZMNAS coRE”
Tk H#EE THE ¥ 258
THERFRIR S TR
1 R 40 5 R &1 h 507 L IE K E e s, Jbad 100084
=

WK - ELRER SO 3 (WM-DAS) [Al i B BRSO (DAS)
AR R SR R BRI K e (WMS) FE et S, A SCE 5k
X H WM-DAS i, 75 50 cm Y2 = IR(KE T, CO 4> FIr44h 4300.7
em’ LR UCEAMIRMEE 4x107 (200 s); RELEE 120 mBI6FE
Herriott {th, fEZIKET, WRUCE R B G Tk 2 b 223K 215,110

(1 8D FJa R K AFE WM-DAS I R4, XA A IR B C0.44~9.6 ppm)

CO HHT 7 ZhallE, IHHSEREGIEE (CRDS) #HATHES SLins
RFZH: A KA K IEFE WM-DAS 5 CRDS J5ikilE 250 AH 5], Hrp
KIEFE WM-DAS Z4t CO iR R MIBRK A 0.9ppb (200's), RGTH HH
MBI LT CRDS. SRtFEIF, R K ERE WM-DAS il & &
GUEsRIR 1 AN AR RSIRE CO MR HAR L sh, Hl g R
5 o o A5 B O o s B —E

R PRI E-EREROEE . IR G el R, CO KIE
He

PACS: 42.62.Fi, 33.20.£a, 2. 55. Px

Fg: FEFE SR EGES: 2019YFB2006002) FlE 5 AR F 3 4 Gt S
11972213, 519061200 lh 1 ifE
T BIRAEH. E-mad [\ apspect@tsinghua. edu. cn

B—VE#&7 Bmail : wangzhen2020@mail. tsinghua. edu. cn

¥

1 5

AR (CO) RRAMMNEES Iy —, SFUREAK, FEXHE
P ke B, AT R BRMER R 2 1) COa+ CHa AT Ha HER ) 28
FOREFINA, KA H CO M7 L R it (GO B, FIF e AR

g H CO R e P B R 12 SRR s a3 AT I, A BRI Z2~0.1 ppbs

1



(S AR LT AMR IO S (FTIRD #FIH CO 43F 2150-2320 o™ RFAEMR IS 1%
Heh &2 RS, il fRAKZ~0.2 ppbt*,
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ppm*); BRI sR R SOG TS 775, 1R A BOETE 1545.6 om ZAF R /)
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i I 5 AR AT LA A
2 ERR%G

K1 (a) NWM-DASPMBIRSGE, £350.5 My fE il Herriott 2174 22 @i,
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oS F 5 3 i E] . GBI KAt (671A, Bristol) ZRIFEOE G W EVIIX R,

B A O AR SR O Ky, SRR SUBI TR G T (v), REZ
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Bl 1 S50 K% WM-DAS (a) 5 CRDS (b). ISO: J4FFa 25 AOM: 75 iK% APD:
EReE T PD: JeE I DDG: BT IERKR AR DAQ: HIEREE.
Fig. 1. The system schematic diagram of WM-DAS(a) and CRDS(b). ISO: fiber isolator, AOM:
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acousto-optic modulator, APD: avalanche photodiode, PD: photodiode, DDG: digital delay

generator, DAQ: digital acquisition.
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a(v) = —ln( d (V)j = PS(T) XLo(v)
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Hrr, PREKRES, SeLmE, T&SME
T2, oW LA REL, L) To(v)F) 5 N EE A 3 S 6 s A N S 5. 7% Ik
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Fig. 2. (a) Wavelength calibration of WM-DAS ;(b) Fourier coefficients of the measuring light

intensity .
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~1x107%, {H ARG M L e i R R AR B o Dbl AR SCRETE T e XUHT LT
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Fig. 3. (a) CO absorptivity function of 101 ppm and 53 ppm measured by WM-DAS at 26 kPa and
290 K (b) The Allan standard deviation of the peak absorptivity at 53 ppm and pure N».
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Fig. 4. The relationship between the decay time (black) and the laser current (blue) when the laser

current is scanned in the form of saw tooth wave.
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~3 ppm. JE 77 1 atm FIHELE 300 K 2544 R, 5§ 4300.7 cm™ 352k ik 28 558 FF 2.625%1072!
cm’'/ (molecule-cm™)) HIWRISCZR B FHEAT TSR, WEZIRWE 5 () fr
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SN, {2 WM-DAS Jy 238 i 4 BL A8 e 0 SR BURHE AR E IR YCR R B, AT R
A RN T SARATAR B R FE 0, R LR A& Tk 2 AR ZE 2055111075, BE &
T30 AN RS R, EMAE) 293 (E(H 55245 B2 HED.

CRDS # 411 1567 nm K] DFB #0G 4 M S5~99.9989 % g fr, 25 IE %
GiiF R ~150 ps, 33 HT (A1 8)~0.5 pus. SKHRLCO 43 F 6383.09 cm! 28 3E4T
MWE, f£EF 1 atm. JE 300 K NEE~3 ppm Al 2858 F 2.021x10%
(cm™/(molecule-cm?)f, K4 10° AN (Hhit 4 ) KIEEZ NP, &E5
BRI R BN 5 (b) Frgs, RICR BN G IR br i 22K 2 ~4.8x10"" cm’!
B ELZIN 199,

PR VA AL O A B4 b B, EAR WM-DAS AT ZEFrift %2
~4.2x10” crob tE CRDS 41 2 MUER, (H WM-DAS RGHERAERI R, MAKH

T T R



121 WM-DAS o Meas. (a)] 233F CRDS * Meas. (b) 1
T 1o Fi1atm — Fit 236l P:1atm — Fit
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3 (1000AVG, 1s) < 23| (1000AVG,4h) |
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o )
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K5 (a) WM-DAS JIl &) CO (4300.7 cm™) W RE R &L, KA 10° A, SR 1 s
(b) CRDS W& CO (6383.09 cm™ £k5REL) N 4300.7 e ] 0.77 %) Wil Bk 44,
4 10° I, SRS 4h
Fig. 5. (a) The CO (4300.7 cm™) absorption coefficient function measured’by. WM-DAS, 10°
cycles of collection, and the total time is ~1 second; (b) The absorption‘eoefticient function of CO
(6383.09 cm™, the line strength is about 0.77% of 4300.7cm’.) medsured’by CRDS, with an

average of 10° times, with a total time of 4 hours.

N T HrKOEFE WM-DAS 1 CRDS (sl B/ 3258 H4 Herriott {1 E Y
FIEI B, MR E IR . R R AWK Z A —8 fEE 1 atm,
TJE 300 K, R PE~3 ppm S5 AE T, SKHPIRUYIERS CO AMIREEBEAT 1 IS [R)]
&, FERER Allan ArAEZ AR 6 Frs. AR 1 s B, KO6RE WM-DAS
FI CRDS /N AT ERMHR FE 73 L] ppb (RIS R 0N 4.2%10° em) AT 80 ppb

(2.2x1071° em™), B BNEL 70 B, CRDS 3£ 2 5 ARAZ MR 6 ppb(1.5%10 em™),
T SCHRETSNZE 0 T WM-DAS faill A A 1.6 ppb (6.2x1071% em™); 4153
i8] 200 s B, WMADAS A B SRR 0.9 ppb (3.3x10° ecm™). R4 HRE

B, KOEFE WM-DAS s/l ERR Ik &%= T CRDS, {HHE TKJ6FE WM-DAS

A CO HamMp i 4. R Gufal i H AR, s/ Nl IR B A T CRDS.
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1 P:1atm — WM-DAS

T:300 K (Line 4300.7 cm™)
— CRDS

(Line 6383.09 cm™)

N¢o (PPmM)

10—3 L

Time (s)

Kl 6 WM-DAS il CRDS FFf /710l & CO M EH Allan by ifE %

Fig. 6. The Allan standard deviation of CO concentration measured by WM-DAS.and CRDS.
4 XBERELM

4.1 ANFEREE CO ZhM =
EER (300 KDy HE (1atm) 244, @i Eima Tz N2 (99.999 %)

A CO (101 ppm, HHRA N KR, B EMKHKE3~9.6 ppm) FIFRALHKEE
(0.44~1.33 ppm) ] CO S, IR IHE N335 AR Herriott 1, SRR &4 1 L/min.
B b SE I RIS (] 29 30 min, WS S5 R AUELT Fyos o AR T PR AH 7200 B 45
B8, EEMRIKE (0.44~1.33 ppm) B, NHREF] 6383.09 ecm™! HELLHRE(H
2.021x102  (em’'/ (molecule cm™)),, &k H oM AL PR S AR S 2L 32 3
I TA)R /N A 0.8~2 s (25 T A TAI~150 us), W& Tl EME S (~0.5 us), Ak
CRDS il & 15 M L B AR AT E T, WM-DAS JI & K AR Z (~0.02 ppm)
A EHEE (~T) #RF CRDS (0.1 ppm £1~40s), {H Herriott Vi AAFw K (5
L, HHIEAOS5E) PECARTENHE RS, s g R &), (R SERrR A d

A I 5 BTN AR AR DL U S R 0

11



— CRDS @ 1 _ cros (b)
10 — WM-DAS
- _af
£ £ 1.33
E 8r §1.2 L
s 5
B ot F1of
k= €
[ [}
2 4t Q08
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8 2| P: 1 atm 8 06 0.6 P: 1 atm
13 T: 300 K T: 300 K
04
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (min) Time (min)
K 7 AREWKFEERCEE R, WM-DASCZL 1) Fl CRDS ()L B 45 B - (a) [RIKFE(1.3-9.6)

ppm; (b)  MAKAEE (0.44-1.33) ppm
Fig. 7. Continuous measurement results of WM-DAS (red) and CRDS (blue) underdifferent
concentration ratios: (a) low concentration (1.3-9.6) ppm; (b) extremely, lov.concentration

(0.44-1.33) ppm.
FEMRPERERE RS, BRI EE T P A5 v D & (K R AL S &) 8 . CRDS W

I R BN A TR ZEFRUEZE~5x107"0 cm™', WM-DAS HJ<5x10° em™ (5x10%). 7E 0.44
ppm B, H-T CRDS K 6383.09 om 1 284 ik 206 {8 A PRI R AC 5 B 1) 22 95 8 (1]
P/ ~0.8 pus (B R T B e 7, o S IR WA SR A AT M LG 430 1.2%107
e 19, JEEAE N~40 s, 1 WM-DAS M 4300.7 e 548, Wi 2 B (s
AMEEEEL /3 A8 1.6x107 em™ AL 435 HLI B R N~ s LR SZIG 45 R K.

WM-DAS 75 i i S B Y - AE AT, A 28080 1 g S K iR, Hl &
HEN~1 s, RAKHEFEWM-DAS R400] LU 2 KA CO MR kg FE AR 4R I 75

S,
D
o

12



CRDS WM-DAS neo(Ppm)

4 5t — 9.6
_ " |SNR: 9~48 - SNR: 43~680 7.5
= £
£ 3]
o 3 ©
© o
2 2 <
- -
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1
o e sty
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&l 8 WM-DAS Fil CRDS Wl & [ AR EE N CO MRl R4 (2:B% 7 CRDS MG & 4
S DM T LEBD
Fig. 8. The absorption coefficient of CO measured by WM-DAS and CRDS'at different
concentrations (the baseline of absorption coefficient measured,by ERDS is removed).

42 KAJRE CO ZEL I

HRERIRAH CO IRFEEAR RS, W pUaE S THEH AN T= RN

(O8]

L/min, ZANRAE SRR BT R LT 4 m, SR KOUE WM-DAS RGN &=
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A SCHURE RUELZREE 2 5 ko) IR S5 REAT XS b, Wil 9 o CO IR (4%
S0 KOTE 0.2~1.2 ppan s FER (8], T3 E~0.5 ppm. H1 H CO WRE B ANHBK,

X g 5 BURE A B AP SR IR S A HEON S R A %, IXR Y CO fFAEAL
BRI TR0 (] AR R(rp CO MR HIEHE (4 7x10° 4 #IME
(a2 Bl AEHNE COWE (Uthmd) K8, H5HEN A5
H PM2.5 iREE CRREL ) SRR, AR 2B R, 530k 45184

—H.
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Fig. 9. Atmospheric trace CO continuous monitoring raw data (green) and 24*hour average (blue),

CO (red) and PM2.5 (black) measured by the menitoring station.
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A%k 2327 nm [ DFB #0685, S0F TOWM-DAS 7ETEHFE 0.5 my =
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Monitor ing of-ambient carbon monoxide
concentrations. based on wavelength modulation
direct absorption spectroscopy’

WangZhen Du Yan-Jun Ding Yan-Jun LiZheng Peng Zhi-Min'

State Key Laboratory of Power Systems, Department of Energy and Power Engineering, Tsinghua
University, Beijing 100084, China
Abstract
Wavelength modulation-direct absorption spectroscopy (WM-DAS) has

the advantages of both direct absorption spectroscopy (DAS) measurable
17



absorptivity function and wavelength modulation spectrum (WMS) with
high signal-to-noise ratio (SNR). In this paper, WM-DAS spectrum is
used to measure the absorptivity of 4300.7 cm™ line of CO molecule and
the detection limit is as low as 4 x 1077 (200 s) at 0.5 m optical path, room
temperature and low pressure. Then, combined with a 120 m long optical
path Herriott cell, at room temperature and atmospheric pressure, the
standard deviation of the fitting residual error of the absorptivity function
is down to ~5.1x10” (1 s). Finally, different concentrations of CO are
continuously monitored by long-path WM-DAS measurement system, and
compared with cavity ring-down spectroscopy«(C€RDS). The experimental
results show that the measurement results of/leng-path WM-DAS and
CRDS method are the same. The detection limit of CO concentration in
long-path WM-DAS system is as/lew as 0.9 ppb (200s), and the
WM-DAS system is simple and the measurement speed is much faster
than CRDS. At the same\timejthe long-path WM-DAS system is used to
continuously monitep the atmospheric trace CO concentration and trend
for one monthy and'the measured results are highly consistent with those

of the China Environmental Monitoring Station.

Keywords: wavelength modulation-direct absorption spectroscopy, cavity ring down

spectroscopy, absorptivity function, monitoring of CO concentration
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