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Fig. 1. Schematic diagram of photoacoustic spectroscopy

gas detection principle.
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Fig. 2. Photoacoustic spectroscopy gas detection device.
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Fig. 3. Acoustic physical model of photoacoustic cell cavity.
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metry of photoacoustic cell.
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Fig. 10. Temperature rise characteristic curve of orthogon-

al center line of photoacoustic cavity resonator axis.
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Fig. 11. Comparison of calculation results: (a) Resonance frequency; (b) quality factor; (c) pool constant; (d) boundary layer thick-

ness.
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T WA AR BRI E AR, 8
(E R ADLE A T AAR G b e A AR A 11535 IR AL
SeE, B ] RIRAHEON B B 00 A0 |
PRERYRRERLEE, 757 R Al e BRI R i
TR NI, AR SOM PRI AR SO0 5k
G & IR AT BT

51 MUEBNEERRIE
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D7 LAY T AR T s 0L SE R WL
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Fig. 12. Optimum design parameters of photoacoustic cell.
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T4 R 3 AKCFR s s, it 25 Ak G,
BRI BT Zean sk 1 irsil.

#1 EV/ QS

Table 1.  The factors and levels graph.
itk
SES

-1 0 1
A: JEFEAE R, /mm 5 6 7
B: [ & &% h,/mm 8 10 12
C: #RIEFAZ R, /mm 3 4 5
D: IERIEKE L, /mm 60 70 80

TGRSR e R 3R R
ZIRBRBOC R BN 2%, P QAR A e 7 — B i
LR A TRR, RECC R T 21

n n n
fu(fE) = ayp + Z ble-l- Z C“‘TC?-F Z dijxixj =+ 5,
i=1 i=1 1<j

(24)
K, ful@)(u =1, 2, 3) 205 R RN &
Q. T H EL Coy FNEE — B\ I 75 2 [ A5 4%,
ZHEYV RN, @ WA R o TR A
B ao, bi, cii, dij i 28 H 25 § oMk
BLIRZE.

FEGRIEATRHE M . AR5 2 Al AR R
AR OUT , 38 I BB A T LA 25 41
LA T R AT 05 FOR LA AR, f1)
BEERANZE 2 g, R LA IR ARG RN R Ak
BREALAZ, ARBAR AL v 05 8 22 R T 52 A (o 2 11
AR R A, 3 2 G5, = m N 1 £ AR
R 3 HALGRE o7 LA R R e bzt
K.

#* 2 fUEEBRY S

Table 2.  Fitting results of surrogate models.
R0 7 HXAMER KIERERY,,; PE
fi(2): @ 0.9997 0.9993 <0.0001
f(2): Cp/(Pa-cm) - W 0.9999 0.9982 <0.0001
fs(2): f/Hz 0.9998 0.9996 <0.0001

ﬁlﬁ?ﬁﬂﬁ&}ﬁ% fl(x) Q7 ‘Hﬁk"#ﬁ fQ(l‘) Ccell %D
TAEGN R 2 ERSE f(2): fERBRBAL A U
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fi(z) =16.93 + 2.39A + 3.26B + 29.19C—
1.26D + 0.73AC + 0.137BC — 0.0137BD—
0.145CD — 0.417A% — 0.110B%—
0.804C? +9.21 x 10°D?, (25)

fa (x) = 3729.06 — 142.47A + 324.62B—
1746.72C + 63.42D + 18.51AC — 6.94BC—
1.95BD — 3.22CD — 5.26B2+
163.55C? — 0.196D?, (26)

f3 () = 5635.08 + 183.5A — 86.54B—

332.83C — 62.21D + 3.87AB + 11.50AC—
1.25AD — 4.0BC + 0.7BD + 2.62CD—

10.0A% + 2.5C% 4 0.217D. (27)

5.3 ZBARRUKBER

AT R TE L 8 BT X R 2 0 5 A
Kot BAnEE LR, s ot | &
T EARUA R ARG =2 R FDer ik,
R 3t PR 2R Bt e e — s P TR 9 S Rl g
R ER OISR I BOE , DG it i P A B A
Al AR A

max{f1 (X), f2 (X)};

X =[A,B,C,D]";

Sf},L(X) > 1000 Hz:

5mm< A< 7mm;8 mm < B <12 mm;

3mm < C < 5mm;60 mm < D < 80 mm;
2h, X WS, Rom—A> 4 4554 fi(X),
A(X) Rt R eR % f(X) MARREL LA
SR SR SOM ]

Jer ik — 2 BRULAL A, Ead
AR W 37 TR AU 48 SR AT SR 75 it B PR R 5 1t R
ANBELRAE ] I IR B LA, it E AR Z AR i 5
It H 530 IO B AR AR AR
M2 Bbpist £ MOGA (multi objective genetic
algorithm) M RIZ AR . BAL TR A
WrE B AR S BRI RS 3 Y 42 R e
RA:, W BRI 2 S8 R EHOR, il
FERIEAL )60 5 BT S DU RS . DA AR
I Matlab w2 A bRt 2515 T HAGHEA TR AR, 5
AR ] kR S, A2 ARECh 500, FhEEEL
BN 60, ZZXFy 0.8, RFN 0.01, iHHEAEE
AIPEAE HAR Pareto sefU#sE, W&l 13 iR,

MAIEL 13 Ha] 0, 7 it i Jo PR 08 i
P Z A2 H R JERY, i ot PR EOROR I, 1t 4K

LESBUIN, IZANER, S ATAG 75 1t i o R R S v
W FR R R KR AT RERY. 4 Pareto s/l
fit B, % ISR 5 106 A T Z A PR RE R
B, PO WP T H AR S PR EAT 9T AL H, A
Pareto fiff 5 77 8 h £ B 3 A EAT 552, [F] A A B2
O L 9% it BT PRS0 1t i B8ORS i ARG 4
PRI 07 28 2 WA I SHUE AT
R, RIS % 4, I3k 3 Ardl), MIAR 45t S 50E W
AL 3275,

3600 -
s "
*
7 *
= 3200 *
g *
5 *
it *
A 2800
E 'S
S Hox
2400 - * *, ]
*
2000 : . .
60 80 100
Q

&l 13 Pareto H i i W 4 A [

Fig. 13. Pareto optimal solution frontier distribution map.

*3 iR

Table 3.  Optimized scheme value.

%  r/um  h/mm  R/um  L/mm
1 5.96 11.99 3.55 61.43
2 5.6 11.99 4.78 60.28
3 7.0 11.99 5.0 60.0
4 5.6 12.0 4.7 60.0

WHETT 5 4 P I ZS 2R, Rl T 56
TR O T QBRI P AR 1, X6 DI P Tt A TS R B
S RUERAUTHS, 4R 4 Frsl. & 4 e
AR LB RN EE 2 0, WSS R m] g, AR
RTINS B AU A RARZEAR T /N, Jers i =R

4 MRISIRATRRT I

Table 4.  Comparison of index results.
(Nias
b IR O B R /%
B Bt 5/ %
Q 63.7 952 949 0.32 + 48.9
Cear/( Pa-em) -W' 1750 2321 2353 1.3 + 34.4
1/Hz 1648 2000 2002 0.1 + 214
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FEFR I I KR 2ZE AN 1.3%, T UL AT b4 B A ok
WATHRACTH R i T4 T, G5 R AT FE—E 4R
MR, BRSO SR R Q B R E
HK T 48.9%. MiHEL Coo WA T 34.4%, S
FHSEFEARAG R T —E 35

6 % W

1) LAS 207 B 5 0015 W 50 o 6k, sy
TR MR R B e T LT
VRG] 75 2 87 TEATRE |l JoT DAL ESORT b o B AR
FE AR A = I 2 R bR B AR AT A

2) FI FHEE AL AR X7 th 25 i 25 4 A 7
T RSB, AR O A M RS EH S
PRI, 45 G AFE I 75 AR 5 6 75 3 ) A
FREN AT T Z2 W R A, T ST
FSEEG AT L, B 1R HBUE R 2ok 05800
PR R AT AT

3) it 7 o T g A QR A 5 5L 5.
BARSE A HGA 2 B R ULAGR AR 52, IR
7 L R TR s T i T S B A R I 1 1
U, SR AR ARAT T DA it it S5z PR R S i 2
R KAE TR Pareto FefUfitde, 40t LA, (CHE
RSSO (5 FE AP FE bR e RIR2EAR 1.3%,
PoAk S5 BB B R 3t T R R Q B2 AT T
48.9%, MIH L Coo K T 34.4%.

S 30k

[1] Webber M E, MacDonald T, Pushkarsky M B, Patel C K N,
Zhao Y J, Marcillac N, Mitloehner F M 2005 Meas. Sci.
Technol. 16 1547

[2] Sicilianid C M, Viciani S, Borri S, Patimisco P, Sampaolo A,
Scamarcio G, Natale P D, D'Amato F, Spagnolo V 2014 Opt.

(12]

(13]
(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

074202-10

Express 22 28222

Hussain A, Petersen W, Staley J, Hondebrink E, Steenbergen
W 2016 Opt. Lett. 41 1720

Yin X K, Dong L, Wu H P, Zheng H D, Ma W G, Zhang L,
Yin W B, Xiao L T, Jia S T, Tittel F K 2017 Opt. Express 25
32581

Thaler K M, Berger C, Leix C, Drewes J, Niessner R, Haisch
C 2017 Anal Chem. 89 3795

Kreuzer L B 1971 J. Appl. Phys. 42 2934

Besson J P, Schilt S, Thévenaz L 2004 Spectrochim. Acta A:
Mol. Biomol. Spectrosc. 60 3449

Tavakoli M, Tavakolib A, Taheri M, Saghafifar H 2010 Opt.
Laser Technol. 42 828

Pernau H F, Schmitt K, Huber J 2007 Eurosensors 168 1325
Baumann B, Kost B, Wolff M, Knickrehm S 2007 Comsol.
Conference Grenoble, France, 2007 pl.

Chen W G, Liu B J, Hu J X, Zhou H Y, Li J 2011 J.
Chongging Univ. 34 7 (in Chinese) [BRAER, X1k, 514 A,
JafER, 2261 2011 S PRR2E2A 34 7]

Zhou Y, Cao Y, Zhu G D, Liu K, Tan T, Wang L J, Gao X
M 2018 Acta Phys. Sin. 67 084201 (in Chinese) [Jilu&, B K,
AR, XVEE, IR, ERZE, Jmel 2018 P44 67 084201]
Liu K, Mei J X, Zhang W J, Chen W D, Gao X M 2017 Sens.
Actuat. B: Cheml. 251 632

Peng Y, Yu Q X 2009 Spectrosc. Spect. Anal. 29 2030 (in
Chinese) [#£5, T 2009 SEir56HE 20T 29 2030]

Wu H P, Dong L, Zheng H D, Yu Y J, Ma W G, Zhang L,
Yin W B, Xiao L T, Jia S T, Tittel F K 2017 Nat. Commun.
8 15331

Ma Y F, He Y, Yu X, Yu G, Zhang J B, Sun R 2016 Acta
Phys. Sin. 65 060701 (in Chinese) [Sh# K, i, Tk, T,
Sk, FMEE 2016 PRI EHL 65 060701]

Shi Q, Hu S M 1998 Chin. J. Chem. Phys. 1 20 (in Chinese)
(s, WK 1998 fhA4 i 1 20)

Rosencwaig A (translated by Wang Y J, Zhang S Y, Lu Z G)
1986 Photoacoustics and Photoacoustic Spectroscopy (Beijing:
Science Press) p35 (in Chinese) [F #REAEA. 3 (LR, KK
X, o ) 1986 SERT ARG A (b s Bl i et ) 5
3571

Zhou H, Hou W L, Wu M Q 2012 Chin. J. Const. Mach. 10
463 (in Chinese) [JH§F, GR4E¥, Rddr 2012 HHE TR
% 10 463]

Kost B, Baumann B, Germer M, Wolff M, Rosenkranz M
2011 Appl. Phys. B 102 87

HuJF, Xu GY, Hao Y Z 2015 Opt. Precis Eng. 23 1096 (in
Chinese) [BRI6, 5B, FRMEM 2015 JE2FHa 5 TRE 23 1096]


http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1088/0957-0233/16/8/002
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OE.22.028222
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OL.41.001720
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1364/OE.25.032581
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1021/acs.analchem.7b00491
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1063/1.1660651
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.saa.2003.11.046
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1016/j.optlastec.2009.12.012
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
http://dx.doi.org/10.1364/AO.46.001120
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
https://www.researchgate.net/publication/271076064_Solving_a_Coupled_Field_Problem_by_Eigenmode_Expansion_and_Finite_Element_Method
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.11835/j.issn.1000-582X.2011.02.002
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.7498/aps.67.20172696
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.1016/j.snb.2017.05.114
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2009)08-2030-04
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.1038/ncomms15331
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://dx.doi.org/10.7498/aps.65.060701
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&amp;dbname=CJFD9899&amp;filename=HXWL801.003&amp;v=MDU5MDM1emhBVTRqaDRPWDZUckgwM2ViT2RSYm1lWmVadkZ5L2tWZz09TFRYY1lydTRIOC9NcjR3cUY1NE9mZ2c=
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.3969/j.issn.1672-5581.2012.04.016
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.1007/s00340-010-4170-z
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://dx.doi.org/10.3788/OPE.20152304.1096
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 7 (2019) 074202

Numerical calculation and optimization of photoacoustic cell
for photoacoustic spectrometer”

Cheng Gang Y23 Cao Yuan?? Liu Kun?' Cao Ya-Nan!  Chen Jia-Jin?
Gao Xiao-Ming?

1) (Anhui University of Science and Technology, State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep
Coal Mines, Huainan 232001, China)
2) (Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Hefei 230031, China)

3) (University of Science and Technology of China, Hefei 230031, China)

( Received 23 November 2018; revised manuscript received 24 January 2019 )

Abstract

Photoacoustic spectroscopy (PAS) offers intrinsic attractive features in the detection of trace gases,
including ultra-compact size and background-free absolute absorption measurement. The photoacoustic (PA)
cell is a key component in the PAS system, which determines the performance of the PAS sensor. In this paper,
a cylindrical resonant photoacoustic cell is taken as a research target. Based on the fundamental theory of
acoustics and absorption spectrum, a mathematical model of acoustic field excitation in the PA cell is
established. The acoustic resonance frequency, quality factor and cell constant of the PA cell are used as three
key parameters to describe its performance. By employing advanced computer numerical calculation and finite
element simulation technology, we establish a simulation model and impose the excitation load and boundary
conditions on the model according to the actual working conditions. Then we calculate and simulate the
acoustic modal of the PA cell, and the first eight acoustic modal values of the cavity and the visual vibration
model of the acoustic pressure are obtained. With considering the acoustic loss, the thermo-acoustic coupling
multi-physical field simulation of photoacoustic cell is carried out. Comparing with analytical calculation and
experiment results, the reliability and feasibility of using numerical simulation method to calculate the relevant
parameters of photoacoustic cell are demonstrated. In order to obtain a better structure of photoacoustic cell,
an optimization algorithm combining response surface proxy model with multi-objective genetic algorithm is
proposed. We try to change the shapes of both ends of the resonator in the original photoacoustic cell into the
shape of the bell mouth. Take into account the case that the longitudinal acoustic normalization frequency of
the PA cell is larger than 1000 Hz, Pareto optimal solution set with the maximum quality factor @ and cell
constant C.y; of the PA cell is obtained. The results show that the maximum error between the predicted and
simulated values of the proxy model of the PA cell @ and C,y is only 1.3%. Comparing with the original PA
cell, the @ factor and the C., of the optimized PA cell are increased by 48.9% and 34.4%, respectively. The
performance of the optimized photoacoustic cell is obviously improved. The proposed algorithm of photoacoustic
numerical simulation combined with multi-objective optimization design can provide helpful reference for
designing the PA cell in PAS sensor development.
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