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Type of light source Wavelength Advantages Disadvantages

) . Low power
The output is stable in

Arc lamps Vacuum ultraviolet~near infrared o Intensity fluctuation, drift
bands far from atomic lines ) o
Light source diffusion
Near ultraviolet (>>350 nm)~near ~ High efficiency, compact, Stable wavelength output requires
Halogen lamps ) o )
infrared cheap, long service life precise temperature and current control
Super—continuum . . Severe optical feedback
400~2 500 nm High power density .
sources Power, frequency fluctuation
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B PRE . BEE BOCRE AR B & &, HHET DCS (9 AH 1 B ] 2 28 7T LA 2 i 975 5K, DCS 1Y CEAS J7 B Hitig
TN R v i S A 2 s R L R A 0 RO R A A T A )R] OB AT 2 hY (L 8) .
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Fig. 7 Experimental schematic of CE-DFCS absorption spectroscopy’”’

Ref

T
| PC |<—| Digitizer |<—

B8 DCS# CEASHy i, Bl — & 3 S fok 28 2 1 A0 B il 8 )5 7 & WOk Ak, 4 F Bt ] >2 h™
Fig. 8 The application of CEAS in DCS, using the same continuous—wave laser with phase modulator to produce a double
optical comb, coherence time >>2 h'™!
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Phase Arrays, VIPA)™" , & J& — AN & B9 Fabry—Perot 5 i B, 76 306 B A S5 18198 A7 5 52 8 (Gl I 5 o >
99.9% , 3 H.EA A B A ST % 1), 35 11 AY S ST R AR X AR (96 90 ~98 %0 ) 5 bR b 2 Ab , R ik i 1 19 12 1 =0k
W P U F o B i 4 6 . R IE R MEOE RS R G 4 BER T LU TEE] 1 GHz LT, FR4S A B R
1 08 0k D) A L AT S B 14 40 B A D6 35 00, ol 9 TR

VIPA FSR
VIPA FSR

(a) The original signal of the OFC passing (b) The signal of the VIPA spectral system after
through the VIPA spectral system the resonant cavity filtering

W9 T4 VIPA i & 41z 50

Fig. 9 VIPA spectral system signals under different conditions'""’
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YRR A W) R 2 A B S N B0 T 28 W = AN D T N PR AT TR e A A e R e 4 R R AT 4 2, U A
% 23 A IR e SR MR R I SO R I . R SRR I T AR T CEAS $ A AT A A 5 I ) 2 A B A, i
T A I ) 2 T CEAS $ AR rh 5 43 R 5 58 450 10 48 0 o 7R3 — 715 mPob 42 B A 32 %2 0 400 0 30 £ 7
31 XRELENE

AT Y i 2 A T A & R TN R i B I 5T U, CEAS $E AR AR B AL G5 75 7, DA H I A
JEE PR ) ARG R 0 K04 (O 0 R S AR TS e ) b O T BE . M 2003 4R JF IR &
JEUUH IBBCEAS $ A 78 Jis 14 3 W S0 1% 12 R v et 0608 FH 9 /5 6 5, mT DA 22 R 4 43 1 9K R AR 1A T [
I e L 8 SRR P A R T R TS e b R R o 2 B OR [T e I e E AR AR I
B4R 0 B o 4 < RURAR ) T e R — A R A R AR DL R — e R e AL Y
B2 B A1 FERE 2 AR R4 (4 BIF 5 3 8 2 38 33 R HIL 2R IBBCEAS & 48 %t X it J2 KA NO, Ve BE 5 2% 1
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SATE S 3 v EAT T IR e B K 7E 410 nm FE 482 nm 19 LED JE R LE B K R 0.94 m Y R B
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175 s R Je AT LA B B 37 J7 JE K 5 X 104 NOL 3 F A5 1/
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fili FH LED 6 U8 , XF 350 nm & 470 nm ¥ Bt (19 & G HEAT T 40 F # i9  5. 2019 4%, i ;i LED J& U5, Xt
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Table 2 Detection limits of air pollution detection target gases in previous studies

' . Detection limit/
Target gas Detection band/nm Cavity length/m i . References
(X 10"molecularscm *)

315~355 1 886 [70]
410~482 0.94 12 [71]

NO,
620~690 4.5 3.4 % 10* [73]
5 238~5 247 0.1 2.5 X 10° [74]
652~672 1.9 6.2 [72]
NO, 630~680 1.1 0.62 [34]
640~680 0.5 5.9 [75]
355~385 0.48 540 [40]

HONO

360~375 1 500 [76]
o 3 000~3 450 1 6.2 X 10° [77]
: 2330 0.28 1.1 X 10" [78]

470 nm % 540 nm J B A R AR 2 T ROET AT TR . 2011 4F (6 FH A ICEUAT % R, X4 335 nm % 375 nm
W B ) SR AR B o OE S OGS AT T S A T R AR O I RUTH T,
KAMINSKI R S 4" ,PEVERALL C 45" 43 511 R AN [ 56 U8 e U AT 48 3 226U L SLED Y6 IR 45 ) 76 3T
21 AN B R AR RO TS HEAT T
32 MRSEK

ENRL WL B, i ST B2 B, et A P AR 0 0% A 0 2 PR M A o 3 sk AR R R A v
R S B 3 U e T D 5 G K TG ) L S B R A AR e AR A S AR T TR SR R A AR U
A LRI 5 R A SR A I LA SR S I (R R AR AL AT IS TR A A O A SR IR AR P R AR B ik
At 5 R A 1 MR T R VR B RIS 8 P A% G SO B R R i DL AR A R 8 1 B g R IR el
CEAS £ R S5 5 3 25 & — P HE A 0 2 F B

W 3R, TE AT B A A T SR TE B AT BT R AR R AR O R R R
e . — AR  ObE O — AR C-13 [ A B S bR R AR A I B T A AR SR A B,
AR BR T DAGA B 107 5 90 . 2 T LA 3R 58 A0 D B VR S 2 R D O B, J2 X Ry I IR SR oK ZE RS R
1R T FE Z1 A B K 43 74 55k 5 45 B W0 2%, 2 bl o 7= AR R T4

W 8 A 53 B SR 0 B 5 F B T C— 13 [l o7 2R 4482 WA 17 MB35 A 181 RN NO - A I W . 2006 4F, 38 [/ CLEO
(Conference on Lasers and Electro—optics) 3 H 22 v % 4 1 O 015 H R 78 2B W) B 2 SR v R

%3 TEAEMREYSHRRNRR

Table 3 Parameters and detection limits of main biomarkers

Target gas Detection wavelength/pm Detection limit References
CH;CHO 5.79 8§x10°¢ [98]
OC(CH,), 0.266 5% 107" [99]
10.0 3x107° [100]
NH; 10.3 5X 1077 [101]
1.5 42X 10 ° [102]
1.6 3% 107" [104]
CO,
4.9 5X 1077 [101]
1.6 9x 1077 [103]
CcO .
4.6 5X 107 [101]
C,H, 3.4 1.2X 107" [105]
NO 5.2 1x 1077 [106]
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Research and Application Progress of Cavity—enhanced Absorption
Spectroscopy (Invited)

CHAO Xing, HU Zhen, ZHU Ning
(Department of Energy and Power Engineering, Tsinghua University, Beijing 100084, China)

Abstract: This paper provides a comprehensive review of the recent research development and applications
of optical cavity enhanced absorption spectroscopy. It has been well understood in physics that the
resonance phenomenon is one of the fundamental principles in various disciplines. It boasts of its powerful
capability to filter, amplify, and select signals of specific frequencies. The optical cavity, with its periodic
transmission characteristics of only certain frequencies of light, is essentially an optical resonance device.

In this review, we provide a summary and logical insights into the recent development progress of
Cavity Enhanced Absorption Spectroscopy (CEAS). While the term CEAS has been used to refer to all
absorption spectroscopy techniques using an optical cavity in the broader sense, we limit ourselves in this
paper to the specific category of techniques that use the transmitted light intensity through the cavity to infer
properties of the media. The CEAS technology has the advantages of having a fast response time, high
measurement accuracy and reduced space occupation. These allow it to play an important role in
spectroscopy and trace gas detection in various applications. The theoretical derivation introduces the
principle of signal enhancement by cavity enhancement technique and the diagnostic methods for media
absorption. The difference between coherent and incoherent signal enhancement is analyzed to guide further
discussion of the technical implementation. Based on this, the development of cavity enhanced absorption
spectroscopy, including coherent off-axis CEAS, three-mirror structure CEAS, incoherent optical CEAS
and optical comb CEAS, is introduced. This section is based upon the two main demands for species
detection with spectroscopic techniques, namely, signal enhancement for trace gas detection and precise
spectral measurement, and more spectral information over a broader spectral range for speciation and
potentially multi-parameter diagnostics. Such demands have guided the relevant methodologies to be
developed into coherent CEAS (on-and off-axis schemes, multi-mirror schemes, etc.) , incoherent
CEAS (with broadband light sources) , and the use in combination with optical frequency comb as a
coherent but broadband light source. The characteristics, advantages and main development courses of
several main technical systems derived from the development of this method under different requirements
are discussed. After that, the main application progress of cavity—enhanced absorption spectroscopy is
reviewed from three aspects: atmospheric sensing, biomedical sensing, and chemical kinetics diagnostics.
The state-of-the—art achievements in each of these fields are reviewed and summarized. Finally, the future
development of cavity enhanced absorption spectroscopy has prospected.

In all, by reviewing the design guidelines, recent technological advancements and research achievements
of cavity enhanced absorption spectroscopy, this review aims to provide a comprehensive and useful
reference for researchers and engineers in relevant research and application fields.
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