Chinese Physical Society

Mﬂﬁﬂ Acta Physica Sinica

. Institute of Physics, CAS

HERIRIRA = SIS HS
FR FEL KW REST EZHE AT

Confocal-cavity-enhanced Raman scattering of ambient air
Li Bin Luo Shi-Wen Yu An-Lan Xiong Dong-Sheng Wang Xin-Bing Zuo Du-Luo
5| 15 & Citation: Acta Physica Sinica, 66, 190703 (2017) DOI: 10.7498/aps.66.190703

7E 281715 View online:  http://dx.doi.org/10.7498/aps.66.190703
23 N 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/119

ERTRERCH B B S &
Articles you may be interested in

EATABURR Y I 358 S5 SR JR% 2R G0 00 2 S 75 (10 7 AR LB B G 7 v

The mechanism and suppression methods of optical background noise in phase-sensitive optical time
domain reflectometry

Yy 2£ 4R .2017, 66(7): 070707  http://dx.doi.org/10.7498/aps.66.070707

P62 SON L IR T (0% SS@N
Observation of particle manipulation with axial plane optical microscopy
PP A H%.2017, 66(1): 010702  http://dx.doi.org/10.7498/aps.66.010702

PG T K BORFN A HT 5 G RS0 70T A
Simulation of fluorescence lidar for detecting oil slick
VP 224%.2016, 65(7): 070704  http://dx.doi.org/10.7498/aps.65.070704

BT WO M 4 3R PO i VR SR KT 9OGRAEITIT

Study of plant fluorescence properties based on laser-induced chlorophyll fluorescence lifetime imaging
technology

YH % 4:.2015, 64(19): 190702  http://dx.doi.org/10.7498/aps.64.190702

— T Y T 22 2 RSO0 B A ik b O 2 2 B AR A R T IO G A R AR E TV

A novel frequency stabilization method for the seed laser of the pulse optical parametric oscillator in
differential absorption lidar

PP 2EH%.2015, 64(2): 020702  http://dx.doi.org/10.7498/aps.64.020702


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.190703
http://dx.doi.org/10.7498/aps.66.190703
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I19
http://wulixb.iphy.ac.cn/CN/abstract/abstract70010.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70010.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70010.shtml
http://dx.doi.org/10.7498/aps.66.070707
http://wulixb.iphy.ac.cn/CN/abstract/abstract69065.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69065.shtml
http://dx.doi.org/10.7498/aps.66.010702
http://wulixb.iphy.ac.cn/CN/abstract/abstract67026.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67026.shtml
http://dx.doi.org/10.7498/aps.65.070704
http://wulixb.iphy.ac.cn/CN/abstract/abstract65358.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65358.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65358.shtml
http://dx.doi.org/10.7498/aps.64.190702
http://wulixb.iphy.ac.cn/CN/abstract/abstract62461.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62461.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62461.shtml
http://dx.doi.org/10.7498/aps.64.020702

32 % R  Acta Phys. Sin. Vol. 66, No. 19 (2017) 190703

RN S S RS

D BexY) 4£%EY gAAY IxEVD £HZVI
1) (e RHER S, U E R s =, sl 430074)
2) (e R K, e 5 FE RSB, I 430074)

(2017 4E 5 A 11 HYCEI; 2017 £ 6 A 15 HILREER )

P BT — P IO DU o 7 A A I ik, R TR AR T SRR S, (A L = e XA I N
P2 RS RIR PR M. At Xoh 48 S5 7 2 S 5 S P i v A AR AR 3K — i L, vt 17— T B A 2 U
5 SR BRI IC AR AL it T 1 2 T2 LRI i 2 SChr 2 U 5 MR 7. SLAR I A B B S % 0 92%,
X B ORAIE S AR I8 7 98 52 15 W06 3 28 T UG HE 10 (R I REAT 280 PR AR R IR R 1 M . sz 6 v >R 0° 4300
TR 2455, IF BB 20U OGRBULIEF 5. LA, EIIRRE T, BRI S AR A H
87.5%, FRIAIFOC TSI 11 0K, HICILIRIEAH L, JLER I s hr 845 5 Sl 17 780K, R R EudR iy 2 5.
B4k, 2 CO2 1) 30 Kl BRIA I 200 ppm 4. 45 RKY], Z RGN B AL 2 HUNE S5 R RUR B 3%, JF

HA B ARG R A

KB HLARIL AN, B S BUN, R
PACS: 07.60.-j, 33.20.Fb, 07.07.Df

1 5 =7

P ETEAG I — b P | R R e B AR
Jii, T HLREE S 2 20 4y 1 F) I A 4T B
R R, B2 RETE fE R A I Ll gy o
BT L BRI 0 ) AR Ry A ) ARUAT Tz 8
IR TN E W& ki ST R SN T E R4
N B FVHBORT 98 B (0 T 00 22—, JF Bl 5 29t T
P L, SRR BRI 1 2 e i ¥ R

B R L2 U A5 5 90 5 OO C IR K D R
AP LA K BB O A W S A A 48 PR 3R A K
I, K O TR 107 5 SR R B RE
Tt 5= B AN T M R O 8 P BB Bl ep . R
VRO AR BEA ROt 1R = L2 U 5 IR,
(B 52 A S AR AR S DR R PR ) BOK, PR R AR 2 %
Y S B AT ) R TROK 3K B e D AR O 8 R
75 SAF 2 T AT E L. F I E A £

* B K ARRIEEE S (S :61675082) BT BIIIURE.
t i E1E#E. E-mail: zuoduluo@hust.edu.cn

© 2017 FEYIEF S Chinese Physical Society

DOTI: 10.7498/aps.66.190703

s (120031 jr e s (14160 Th s ok fis 17— 190 4
Horh 2200 R s Rl 3 i 0 2 R UK G AEFE
A ) 22 RSO SR I IR, a2k T 42 v £ AL B A
(1) D 2k SR 845 5 Y B DIy 2R J8OK M JU) 2 M)
JiE OGRS SR ST 2R TROR, LAk 11 s &
S5 R I ROR. Utsav 25 121 %t Hill A1 Hartley [°]
R Z R HEAT T o, 5HROLERBNES
FHEL, BREEHE K T 83 f%, (EMe Lb K 9 ffr. Li
2t (4] 3430 130 L A i 200 mW IKIOG Th 2R 16k
L9 W B A ThE, SEHL 7 A8 R AT 8 PP
RS AR TR B A . Salter 25 DO IRIE T TS 4k
G AT B i B s = O R O I 4 R A S B i
N K 103 4. Thorstensen 25 18] i [ 3
TR Fabry-Perot & By 2 PREF BEHE H15 5 1 5
50 7.

KT BRI ZHUME TR 7T, DA IRE
Z A A & R AR (KT 99.9%) 1 18 85 84 1B 2 2R T
K. XET 2 6, X RS A R g/ SO 40,

http: //wulizb.iphy.ac.cn

190703-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.190703
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 19 (2017) 190703

0SSR G o T R 5 A AR O 0 T R
B (0w B 1200 i L v S S D s B e A B i
FEE B ER. BN T 86 1E(E 515k I 7L
LTI A0, e T RIS
WIER D, 2008 4F, Li%k 10 4508 7 H 48 R 23T
H R AR I R SRR I = R . 2015 4,
Py AT 5 U0 4508 7 3 T O i S R Bk
W5 A, IR SR AP, 15 T B R
LB BRI AE TOM5 A2 4G, 2016 4F, 514 57 4% OV 4R
THEET AR A A SIS RN, (55 5R
98 60 fi5 LA b, {5k LU 5 6 £

NSEPL A R 2 BURAE S R, AT —
EET AR WA 2N S, FHRET
Bz (2 S b 2 UG S mt . &t
£E 5 224209 150 mm SRR 200 92% F 1]
BER K. Ao SEPRIRAS TS IR LR s i g R Th R oA
42 mW, LB NS R A 803 87.5%, IS )
A G DR TIORL 115, LS H1 Og, No B
e Ho O AR VEASG T F AR s (1 4 2 A I 25
58 SR RAR 25 AR L, 155 SR 9 17

%5, 50 LA & 2 .

2 XBEE

BT SRR 3L AR I 0 hr B R S e e B W
Bl 1P, 2% B B35 Dh 2 38 0 0 & R 4 (4
CRARENEL ) Shi 2l R, it f st
HPRB R LA BT, SR AERRIR LS & bk
7. SEe SR 0° R Al BRI A4 R AR i 2 BURDYE,
FEREARREE VW E R 30 pm, FEIEAUhRE S5 1 HEER
N7 cemL.

K1 (M) 2T R E RN 2 BUN R B R B A

F2, Kyt A Dic, ZIah4; PD, JtEIRMN 3

WOR DGR N F 3 AR il is 1 — A5 AT Nd:YAG
Bt 28 (Action532Q-0050, AOTK), #i & 3 &
50 mW, FRARZ T8N T30 MHz. LA h HAR
38 mm. B2 150 mm 17 M8 &, Ho7
BE 532 nm HYFE B, VTR SR 2 N 92%. WOGZRE
J6h (F1) FH R IEBR OGS 350 1 2 6 T4, R
Fe OB ML, M2 155 AN 53t Rk R . L1 AR
315 mm, SEIEOEA ISR i 2 () A UL AD. 3
FES BN B =48 TR G, el AR s
FRREL I A B8 5 s o M RS 4% 1) 4% (B-665, PI) i
B (P HIAEEE D nm), SEIRE K IR E AT, RH
Ve B 42 i) 28 ) A H W R R R R 5 5 R A4S
(DS345, Stanford Research System) # .

JHARMEE (photoelectric detector, PD) 1Tl
il (XLP12-3S-H2-D0, Gentec Electro-Optics) 43
il FH R SR FE R i 1 3ZE S A 5 5 T, DLk A
7 A5 QUL IE DA S JL AR I I D 3 TR ROR. L2 £ iR
350 mm, FIRAEEf 261E5; s (Dic) M
KB Fr (F2) 2 273 B 06 A B 28U 6 4R
M e, B8 BUH e W g skt Ny 2061
X i CCD #RMZ§ (Pixis-400B, Princeton Instru-
ments) TC3%. S8 ) 1A R A @ JE
¥4 Semrock F= i, W22 % FE (optical density, OD)
KF 5y JeACH B i ) g 20 2ok A BY Rk
AR =R 2 AE S R E. GG ICH
i% 5 AU AR 45 BB M (HD1800 lines/mm@532 nm,
Wasatch Photonics) 5 AH #1453k #49 i, H i 48 14
A0 B WO 5 Sk AN AR AR N I #E B 85 Sk 33 04 Nikkor
50 mm /1.8D, Fe A& A A2 B0 i) 2 R4k
4 Nikkor 85 mm f/1.4D.

” Camera
” lens | Spectrometer
Dic "F2
yBcam
splitter
Power oo

meter

F1, 532 nm £838 6 A5 L1, BixQULELE B L2, HEEHIEE;

Fig. 1. (color online) Schematic of Raman scattering setup based on the resonant confocal cavity. F1, 532 nm

line filter; L1, mode-matching lens; L2, collimating lens; F2, long-pass filter; Dic, dichroscope; PD, photoelectric

detector.
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Fig. 2. (color online) The transmitted beam pattern
of the resonant cavity and the transmitted signal of
the scanning resonant cavity: (al) Mode mismatch;
(a2) mode match; (b) dependence of the transmitted

signal to the scanning voltage.
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Fig. 3. (color online) Spatially resolved Raman spec-

tra of ambient air obtained with 1 s integration time:
(a) Widely opened entrance slit; (b) slit width of 30 ym.
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Fig. 4. Raman spectra of ambient air obtained at different focus distance with integration time of 10 s, inset:

the rotational lines of O2 and Na2: (a) Focus distance 3 m; (b) focus distance infinity.
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Fig. 5. (color online) (a) Signal enhancement compar-
ison to Raman signal of ambient air; (b) Raman spec-
tra of Oz and COg2 obtained with integration time of
150 s.
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Abstract

Raman spectroscopy is a powerful diagnostic method for gas analysis due to its advantages like non-invasiveness and
fast speed. However, its applications are greatly restricted because of the weak signal level caused by small scattering
cross section. In order to enhance the Raman signal level and improve the detection sensitivity, a sample cell of confocal
cavity is designed and the enhanced Raman signal of ambient air based on this cavity is demonstrated experimentally.
The confocal cavity is constructed with a pair of plano-concave reflectors with a curvature radius of 150 mm and
reflectivity of 92%. This low reflectivity design not only allows for bandwidth matching with the line-width of excitation
laser but also makes the resonant condition satisfied easily. The measured output power of the confocal cavity is over
42 mW in resonant condition, which gives a coupling efficiency of 87.5% when divided with the input power 48 mW.
The high coupling efficiency enables the output power efficiently to reach 11 times that for the intra-cavity laser power
in one direction. Raman scattering of ambient air is tested to verify the performance of the confocal cavity. In our
experiments, the Raman signals are collected in a forward scattering configuration by an imaging Raman spectrometer
which is connected to a CCD camera. Strong Raman signals of Oz and Nz, even H2O are observed with 1 s exposure
time in resonant condition, and rotational lines (O-branch and S-branch) of Oz and N are also clearly detected when
exposure time is set to be 10 s. Compared with the results obtained without confocal cavity, the Raman signal level is
enhanced 17 times and the signal-to-noise ratio is improved twice. In addition, a limit of detection (30) at a magnitude
of 200 ppm for CO» in ambient air is achieved for the resonant confocal cavity. These results indicate that the system can
significantly enhance the spontaneous Raman scattering signal level and improve the detection sensitivity. Furthermore,

the confocal cavity is applicable to the Raman analyses of other gas samples.
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