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Abstract Diode laser cavity ring—down spectroscopy (CRDS) for the measurement of NO, concentration (volume
fraction, hereinafter the same) in the atmosphere is presented. The output spectrum of the diode laser is optimized
by changing the external modulation signal. The effective cross—section of NO, is a convolution of the high—
resolution absorption cross—section and the laser spectrum. The interference of O;, water vapor and other gases
has also been investigated. The limit of detection is 6.6x10™" for NO, at 1 s time resolution. The 1o accuracy of the
measurement is +4.5%, with the largest uncertainty being the effective NO, absorption cross—section and R, (ratio
of ring down cavity length and single absorption optical path of the gas in cavity). Comparison of this system to the
incoherent broad—band cavity—enhanced absorption spectroscopy (IBB-CEAS) instrument for NO, concentration
measurement shows linear agreement (R°=0.99) with slope of 0.988+0.005 in laboratory. The system is employed
to measure the ambient NO,. The NO; concentration varies from 1x10™° to 5x10™ with an average level of 3.5x10°".

To verify the results of the CRDS instrument, a long path differential optical absorption spectroscopy (LP-DOAS)

e #s B #3: 2015-09-27; W E & 2 %5 H #3: 2015-11-07

ELTH: BHE AR EIA(61575206,61108031) 1 [ B} 24 B % w14 2 5 B 52 L 301 (B 25)(XDB05040200) . 2 B 48 A SR FF
234> (1408085QD75)

fEHE AT A E0982—), B it BIAFR 5, B2 N FEIRECIE R AR 7 W A% . E-mail: rzhu@aiofm.ac.cn

0230006-1



DI S R

system is used to measure ambient NO. simultaneously. The data sets for NO. exhibit high correlation and good

agreement within the combined accuracy of the two methods. Linear fits show a slope of 1.051+0.006 in ambient
air. The experimental results show that the diode laser cavity ring—down spectroscopy can realize high sensitivity
and high temporal resolution in situ detection of NO, in the atmosphere.
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Fig.1 Schematic diagram of CRDS-NO; system
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Fig.2 Cross sections of NO,, Os, water vapor and diode laser spectra

0230006-3



I - R !
AP A O R A B R G A (206 1D P, McPherson, 43 #E %8 3.3 pm) % 2L 8 h I i — A 8 SOG4 H s kK
CREE I EE AR A R 10 C), WOL WK AR E , A kA2
3.2 THATEIAHE

AR JES I 5 15 B] A o A 00 X R R CRDS H AR (9 I o 58 B0 1 40 G B L % R G b i e B RS 2Bk NOL I
TR, AT AR, AR T —4 NOZLBRA , &R R NOAR S MK, B8 AR 25 B NOL(ZK Bk EL ]
KT 99%), SEPRIIAEEZS Kt NO, R BR 4 5 - E A i S 1T 075 38 G2 1 A IS 2 5 B 1)

RGN 7 (55 WP 3 T, I S 0 % 2 23 AU (T8 NOLSUR) AR 159 19 2 2R G 1 AR IS 32 3 I 1] (B rh R 8
2307 A PR 2R G5 IS BE 5 I 8] R (33.45+0.01) s 5 1 B S I 58 2% S IR 1S 2R G0 1 52 T I ]
(LL 75 O BB ) R (20.46£0.01) wso 535 17 5 BAT B48 B ke M, BRI OB 4R 98 W 2 S 30 2R . HULA gk
22 36 E TR, R T 15 5 1 s K F

1.000| g | e,
i -
g &
= 0.100 8050 100 150 200
g blank Time /us
B o with NO
€ 0.010} \
=~ 7,=(33.45+0.01) ps
7,=(20.46+0.01) s
0.001
0 50 100 150 200
Time /ps

I3 5815 5 ML B4 R
Fig.3 Cavity ring—down signal and fitting results
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Fig.4 (a) Simultaneous measurement of NO, concentrations by CRDS and IBB=CEAS systems; (b) correlation between the NO,
concentrations measured by CRDS and IBB-CEAS systems
3.6.2 B K AT NO.#g M =&
ZRGAAEGIE TR B LG LW o I RXT A K NOWK E M L& . REHFIHEN
2.9 Limin, #J1 1 pm o J8 R 08 25 b B e o S 1 B 1k e S B 32 AU IS T % TS5 350 B A R AR, R
100 mL/min No AT IHT o G RGN B E IR )T, S A 5 min FH 200 5 A I 5 3 B[] 5 0 3 1) 35 W) () 3

60
@ CRDS 6of @
Z s0f " — LP-DOAS
= 50
€ 1
g Z a0t
= ©
g a
g 30 .
5 a, 30F
o —
[}
o 201 20t
>
10F 10+
2014/11/13 13:30 2014/11/13 19:30 2014/11/14 01:30 2014/11/1407:30 10 20 30 ~ 40 ~ 50 60
Time CRDS

%5 (a) CRDS 245 Fll LP-DOAS Z 4t 45 19 PR 55 KX NOL ¥ BE ; (b) CRDS R 45 Ml LP-DOAS & 4t NO, il 4 45 5 %t L
Fig.5 (a) Simultaneous measurement of atmospheric NO concentrations by CRDS and LP-DOAS systems;

(b) correlation between the atmospheric NO, concentrations measured by CRDS and LP-DOAS systems

0230006-5



I - R !
o AR T T AR B AR NOL VR B S 25 AN R 5 TR o NOLHREE S 1x107°~5% 107, -3 {H 2 3.5%107°, Ny
THESE CRDS R G810 it 25 3, Al — 5 KO 22 40 WO 1% (LP-DOAS) R Ge il i NOHk JE . LP-DOAS
R AHAE 6 B, BT OEFR K 350 m, GHESN FE K 0.2 nm, 4 45 S W& 5 0% . AR S , CRDS 2 4 I
14 J2 SR A A I W B2 T LP-DOAS 2 S8 5 (1 )2 350 m A (9 V- Bk B ol 1 S ml 0, VA NOL v B 25 b b A J)
B AH P 2R G0 ) e 4 B AT B — B0k . B 5(b) R T CRDS & 48 Fl LP-DOAS & 48l £ NO, 3 min ¥
JE (R RE DG W L BEAT RS R 1.051£0.006, #HC R ELH 0.95,

4 %5 i

FENHA T RABEEG T ENERKINOKE N RGN . 08 17 ol BEAETE R T PRS2 bRl & 1Y
AR T ARG RO R I PR AT R 22, I PR RN OL IR BRI, SEBR R I PR 4 6.6x107" B [B] 43 HE R A 1 s,
& SR ZE N +4.5% ¥ CRDS RSG5 IBB-CEAS R 48 7F 52 50 2 I 7 NOLFE I 45 S 547 %) e, & B & 45
REARE 0 —BPE . B CRDS R G810 H T 8 KA NOL R BE /9l & , I 5 LP-DOAS FR 4t i I 5 45 S 3
X He, 3 S5 R B B i — Bk . xR G R ARG R BB LB R A B R HLOR Az HA R
PR, IR EE KA NO, = R B A i (8] 433 % 0 I B 3L 7 — o i ik

£ % XM

1 Meena G S, Jadhav D B. Study of diurnal and seasonal variation of atmospheric NO,, O3, H,O and O, at Pune, India[J]. Atmosfera, 2007,
20(3): 271-287.

2 Gao R S, Keim E R, Woodbridge E L, et al.. New photolysis system for NO, measurements in the lower stratosphere[J]. Journal of
Geophysical Research: Atmospheres, 1994, 99(D10): 20673 -20681.

3 Dias—Lalcaca P, Brunner D, Imfeld W, et al.. An automated system for the measurement of nitrogen oxides and ozone concentrations from
a passenger aircraft: Instrumentation and first results of the NOXAR project[J]. Environmental Science & Technology, 1998, 32(20): 3228-
3236.

4 Ryerson T B, Williams E J, Fehsenfeld F C. An efficient photolysis system for fast-response NO, measurements|J]. Journal of Geophysical
Research, 2000, 105(D21): 26447 -26461.

5 Lee J S, Kim Y J, Kuk B, et al.. Simultaneous measurements of atmospheric pollutants and visibility with a long—path DOAS system in
urban areas|J]. Environmental Monitoring and Assessment, 2005, 104(1): 281-293.

6 Yu Minjie, Liu Minghui, Dong Zuoren, et al.. Study on measuring concentration of ammonia and sulphur dioxide by differential optical
absorption spectrometry based on fast Fourier transform[J]. Chinese J Lasers, 2015, 42(9): 0915001.

ABEAHE, REARE, FEAE N, 45 . SLFE HE AR 0 25 20 WSO BTSN £ NHL R SOV JE A SEBIFFE )], O, 2015, 42(9): 0915001,

7 Thornton J A, Wooldridge P J, Cohen R C. Atmospheric NO,: In situ laser—induced fluorescence detection at parts per trillion mixing
ratios[J]. Analytical Chemistry, 2000, 72(3): 528-539.

8 Bradshaw J, Davis D, Crawford J, et al.. Photofragmentation two—photon laser—induced fluorescence detection of NO, and NO: Comparison
of measurements with model results based on airborne observations during PEM~—tropics A[J]. Geophysical Research Letters, 1999, 26
(4): 471-474.

9 Schiff H I, Karecki D R, Harris G W, et al.. A tunable diode laser system for aircraft measurements of trace gases[J]. Journal of Geophysical
Research — Atmospheres, 1990, 95(D7): 10147-10153.

10 Li Y Q, Demerjian K L, Zahniser M S, et al.. Measurement of formaldehyde, nitrogen dioxide, and sulfur dioxide at Whiteface Mountain
using a dual tunable diode laser system[]J]. Journal of Geophysical Research — Atmospheres, 2004, 109(D16): D16S08.

11 Yuan Song, Kan Ruifeng, He Yabai, et al.. Tunable diode laser spectroscopy system for carbon dioxide monitoring[J]. Chinese J Lasers,
2014, 41(12): 1208003.
S, BB, (AT, A LT TR L S AR OGS R COMEIAYX ). Th O, 2014, 41(12): 1208003.

12 Kebabian P L, Herndon S C, Freedman A. Detection of nitrogen dioxide by cavity attenuated phase shift spectroscopy[J]. Analytical
Chemistry, 2005, 77(2): 724-728.

13 Dhiman C, Khan M S, Reddy M N. Phase-shift cavity ring—down technique for detection of NO; in ppm concentration[]J]. Defence Science
Journal, 2014, 64(5): 426-430.

0230006-6



DI S R ¢
14 Lamgridge J M, Ball S M, Jones R L. A compact broadband cavity enhanced absorption spectrometer for detection of atmospheric NO»
using light emitting diodes[J]. Analyst, 2006, 131(8): 916-922.

15 Ling Liuyi, Xie Pinhua, Qin Min, et al.. Open—path incoherent broadband cavity enhanced absorption spectroscopy for measurements
of atmospheric NO,[J]. Acta Optica Sinica, 2013, 33(1): 0130002.

GeN—, Whim AR, 2 i AF L T OB AEAR - S0 0 R OGRS EOR I R SUNO[J]. S657 4441, 2013, 33(1): 0130002.

16 Dong Meili, Xu Xuezhe, Zhao Weixiong, et al.. High—sensitive trace detection of NO, with broadband cavity—enhanced spectroscopy[J].
Journal of Applied Optics, 2014, 35(2): 264-269.

TR, AR, B TUME, A5 . NOL P SRR R B BRI BRI SE (D], 13 D677, 2014, 35(2): 264-269.

17 Wu T, Zha Q Z, Chen W D, et al.. Development and deployment of a cavity enhanced UV-LED spectrometer for measurements of
atmospheric HONO and NO, in Hong Kong[J]. Atmospheric Environment, 2014, 95: 544-551.

18 Wada R, Orr—Ewing A J. Continuous wave cavity ring—down spectroscopy measurement of NO, mixing ratios in ambient air[J]. Analyst,
2005, 130(12): 1595-1600.

19 Osthoff H D, Brown S S, Ryerson T B, et al.. Measurement of atmospheric NO, by pulsed cavity ring—down spectroscopy[J]. Journal of
Geophysical Research, 2006, 111(D12): D12305.

20 Steinbacher M, Zellweger C, Schwarzenbach B, et al.. Nitrogen oxide measurements at rural sites in switzerland: Bias of conventional
measurement techniques[J]. Journal of Geophysical Research — Atmospheres, 2007,112(D11): D11307.

21 Ge Baozhu, Wang Zifa, Sun Yele, et al.. Comparison between cavity attenuated phase shift spectroscopy (CAPS) and chemiluminescence—
based (CL) instrument in NO, measurement in Beijing China[J]. Environmental Chemistry, 2014, 33(9): 1558-1565.

WE, EAR, IR, OGS 55000 I G AL BT UNOL M B X R4 A 8GR B R [J]. BRI L%, 2014, 33
(9): 1558-1565.

22 Richter A, Burrows J P, Nuss H, et al.. Increase in tropospheric nitrogen dioxide over China observed from space[J]. Nature, 2005, 437
(7055): 129-132.

23 Martin R V, Sioris C E, Chance K, et al.. Evaluation of space—based constraints on global nitrogen oxide emissions with regional aircraft
measurements over and downwind of eastern North America[J]. Journal of Geophysical Research — Atmospheres, 2006, 111(D15): D15308.

24 Hu Renzhi, Wang Dan, Xie Pinhua, et al.. Diode laser cavity ring—down spectroscopy for atmospheric NO; radical measurement[]J]. Acta
Physica Sinica, 2014, 63(11): 110707.

WA, B AR, AF L R OB I B DG R UNOL A R[] R, 2014, 63(11): 110707.

25 Wang D, Hu R Z, Xie P H, et al.. Diode laser cavity ring—down spectroscopy for in situ measurement of NO; radical in ambient air[J].
Journal of Quantitative Spectroscopy & Radiative Transfer, 2015, 166: 23-29.

26 Rothman L S, Gordon I E, Barber R ], et al.. HITEMP, the high—temperature molecular spectroscopic database[]]. Journal of Quantitative
Spectroscopy & Radiative Transfer, 2010, 111(15): 2139-2150.

27 Voigt S, Orphal J, Burrows J P. The temperature and pressure dependence of the absorption cross—sections of NO; in the 250-800 nm
region measured by Fourier—transform spectroscopy[J]. Journal of Photochemistry and Photobiology A: Chemistry, 2002, 149(1-3): 1-
7.

28 Wang Dan, Hu Renzhi, Xie Pinhua, et al.. Fast and accurate extraction of ring—down time in cavity ring—down spectroscopy|J].
Spectroscopy and Spectral Analysis, 2014, 34(10): 2845-2850.

TR A, WA, A % GG AR % s R) B AR DR B BT, 6 25 5O 1E 4 T, 2014, 34(10): 2845-2850.

29 Ling Liuyi, Qin Min, Xie Pinhua, et al.. Incoherent broadband cavity enhanced absorption spectroscopy for measurements of HONO and
NO.[J]. Acta Physica Sinica, 2012, 61(14): 140703.

VEN—, WL AR AR, SF L SR T LED SEUR B9 AR AR T8 B 4 i 0 5O 3 F R B HONO FINOL[J]. Py #2242, 2012, 61(14):
140703.

30 Fuchs H, Dube W P, Ciciora S ], et al.. Determination of inlet transmission and conversion efficiencies for in situ measurements of the
nocturnal nitrogen oxides, NOs, N>Os and NO,, via pulsed cavity ring—down spectroscopy[J]. Analytical Chemistry, 2008, 43(15): 6010-
6017.

31 Kebabian P L, Wood E C, Herndon S C, et al.. A practical alternative to chemiluminescence—based detection of nitrogen dioxide: Cavity
attenuated phase shift spectroscopy[J]. Environmental Science & Technology, 2008, 42(16): 6040-6045.

32 Bodhaine B A, Wood N B, Dutton E G, et al.. On Rayleigh optical depth calculations[]]. Journal of Atmospheric and Oceanic Technology,
1999, 16(11): 1854-1861.

0230006-7



DI S I ¢
33 Fuchs H, Dube W P, Lerner B M, et al.. A sensitive and versatile detector for atmospheric NO, and NOx based on blue diode laser cavity
ring—down spectroscopy[J]. Environmental Science & Technology, 2009, 43(20): 7831-7836.

34 Serdyuchenko A, Gorshelev V, Weber M, et al.. High spectral resolution ozone absorption cross—sections — Part 2: Temperature dependence
[J]. Atmospheric Measurement Techniques, 2014, 7(2): 625-636.

35 Volkamer R, Spietz P, Burrows J, et al.. High—resolution absorption cross—section of glyoxal in the UV—-vis and IR spectral ranges[J].
Journal of Photochemistry and Photobiology A: Chemistry, 2005, 172(1): 35-46.

36 Huisman A J, Hottle ] R, Coens K L, et al.. Laser—induced phosphorescence for the in situ detection of glyoxal at part per trillion mixing
ratios[J]. Analytical Chemistry, 2008, 80(15): 5884-5891.

37 Volkamer R, Molina L. T, Molina M ], et al.. DOAS measurement of glyoxal as an indicator for fast VOC chemistry in urban air[J].
Geophysical Research Letters, 2005, 32(8): L0O8806.

38 Brown S S, Stark H, Ravishankara A R. Cavity ring—down spectroscopy for atmospheric trace gas detection: Application to the nitrate
radical (NOs)[J]. Applied Physics B: Lasers and Optics, 2002, 75(2-3): 173-182.

EH&E: x #

0230006-8



