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Fig. 2. Conversion efficiency as a function of input power.
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Fig. 3. Schematic of experimental setup. OI1-3, optical isolator; EOM, electro-optic modulator; A/2, half-wave-plate; PBS1-3, po-

larization beam splitter; HR, high-reflection mirror; L1-4, Lens; LPF1 and LPF2, low-pass filters; PID, proportional-integral-differ-
entiator; HVA1 and HVA2, high-voltage amplifiers; Mixerl and Mixer2, mixer; DBS1 and DBS2, dichroic beam splitters; PD1 and
PD2, photodetectors; SHG1 and SHG2, second harmonic generations; PM1 and PM2, power measurements.
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Fig. 4. Theoretical and experimental conversion efficiencies
as a function of input power. The error bars take the aver-

age of multiple measurements.

184203-5


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 18 (2022)

184203

MG SELL = 0.005 1, U545 1 5 L0 25 1 AT
BB, A S 4 ARG AR T N 22 FE 7T BE
SEH TP PPKTP f (AT A1 TR G2 T
iy FT 50 B 14) o 83t AR PR it AR B IN B 25 TR
SR,

WIE 4 B, YiEA S CTR R, £%
WA R T BT, A SHGT 1
F—HART SHG2, UtHHGEG RN AT SHGL 1Y5¢
Wi B K. X T SHG2, 7EFEATETIER K 0.8 W I,
AT S AT AR 4530058 N 93.4% 3% IS AT L
B2, X SHG1, FERMETI%H K 0.6 W B, 7] 52
PR KA A5 4080 h 88.2%4+3% A5 A ad 72 .
2 )N A AN B R, D SR AN
FE LR AT 3%. MIEL 4 BCHE vT A, M AR AL
128 0.8 W B, A5 45 G T 2R B FE A6 23R 1
WRANFEIG K, (AR E gl TR AN, [a) 52
BRI R S HES LA B R 2. K 4 R CRE
LR bRIc 20T I 2 Y A D R L 3K PR
TARSEE R ILNTOET R, oA ™ 5 A HRGE B
XA At R A DG B P 352 T 20 T 10 B, IR L T s Ak
Ry K. 1 H, 78 PPKTP SRS A5 06 A i
SR AT ) TARRAS R A AR . X A I
Wb TR ) B AR D FCTRLRE B, s P 7= A ) K s 4
ol i AT B U T, AR IREOB AR IS, M
T A0 s A 0 . LA, H Al R0, G B R Ay
S5 145161 FNAABOR A7 A I 14947—49) S 5 AN 7] 22
B, B i DR X S SR A e 2 H A B

4 # #

AR SCAE 2 B 43 AT IS B A5 %o A e R e s
R RIS AR R DG R SERN [ S — A
ST BT IR, X PR R b s Y o A
PR I TOE TR M K R, AT B U
B KPR R B AR B 93.4%4+3%
e & SO IR R VI LIBIE XS Xal =
88.2%+3% AR, LI R SHIRF AR
U, B 5 SIR 5 AR S MR A AT A s
TERARS AT R ZAE T, AT LAGKAS 0 4 i A X D
T, AT S B0 R SR A A A A 1, BT X A
RORAT B R SCIRA 5T . s i A v Ry
PRSP S R SR R oI T
R 1) B 115 DR A B Al

S 30k

(1]

(10]

(11]

(12]

(13]

(14]

(15]

[16]
7]
18]
[19]
[20]
21]
[22]
23]

[24]

[25]
[26]
[27]

28]

184203-6

Franken P A, Hill A E, Peters C W, Weinreich G 1961 Phys.
Rev. Lett. T 118

Chen X Y, Nadiarynkh O, Plotnikov S, Campagnola P J 2012
Nat. Protoc. T 654

Cicchi R, Pavone F S 2017 Methods Mol. Biol. 1627 409
Natal R A, Vassallo J, Paiva G R, Pelegati V B, Barbosa G
0O, Mendonca G R, Bondarik C, Derchain S F, Carvalho H F,
Lima C S, Cesar C L, Sarian L. O 2018 Tumor Biol. 40 1

Gan X T, Zhao CY, Hu S Q, Wang T, Song Y, Li J, Zhao Q
H, Jie W Q, Zhao J L 2018 Light Sci. Appl. 7 17126

Zhao K, Zhang Q, Chini M, Wu Y, Wang X W, Chang Z H
2012 Opt. Lett. 37 3891

Rong H, Jones R, Liu A, Cohen O, Hak D, Fang A, Paniccia
M 2005 Nature 433 725

Gao Y S, Fan Y B, Wang Y J, Yang W H, Song Q H, Xiao S
M 2018 Nano Lett. 18 8054

Zhang Y, Yu J, Yang P F, Zhang J X 2022 Acta Phys. Sin.
71 044203 (in Chinese) [fK5, BflH, M, kB 2022 Y3
24 71 044203

Sun X C, Wang Y J, Tian L, Shi S P, Zheng Y H, Peng K C
2019 Opt. Lett. 44 1789

Zhang C, Feng J X, Li Y J, Zhang K S 2021 J. Quantum
Optics 27 8 (in Chinese) [fK#8, I #E, 225, SR80 2021
O 27 )

Sun X C, Wang Y J, Tian L, Zheng Y H, Peng K C 2019
Chin. Opt. Lett. 17 072701

MaY Y, Feng J X, Wan Z J, Gao Y H, Zhang K S 2017 Acta
Phys. Sin. 66 244205 (in Chinese) [V z, 5% 8, JI1R%, &
gk, SKITIL 2017 PIHLAIR 66 244205]

Ast S, Ast M, Mehmet M, Schnabel R 2016 Opt. Lett. 41
5094

Wan Z J, Feng J X, Cheng J, Zhang K S 2018 Acta Phys.
Sin. 67 024203 (in Chinese) [T HR45, S5 &, Wifd, sk 58k
2018 YRR 67 024203]

Eberle T, Handchen V, Schnabel R 2013 Opt. Ezpress 21
11546

Chang Y H, Liu A P 2019 J. Quantum Optics 25 297 (in
Chinese) [# 4L, XIS 2019 B4 25 297)

Bao X H, Qian Y, Yang J, Zhang H, Chen Z B, Yang T, Pan
J W 2008 Phys. Rev. Lett. 101 190501

Yang J, Bao X H, Zhang H, Chen S, Peng C Z, Chen Z B,
Pan J W 2009 Phys. Rev. A 80 1042321

Mabuchi H, Polzik E S, Kimble H J 1994 J. Opt. Soc. Am. B
11 2023

Shiv L, Sorensen J L, Polzik E S, Mizell G 1995 Opt. Lett. 20
2270

Maslov V A, Mikhailov V A, Shaunin O P, Shcherbakov I A
1997 Quantum Electron. 27 356

Hirohashi J, Pasiskevicius V, Wang S, Laurell F 2007 J. Appl.
Phys. 101 033105

Ghavami Sabouri S, Chaitanya Kumar S, Khorsandi A,
Ebrahim-Zadeh M 2014 IEEE J. Sel. Top. Quant. Electron.
20 7500210

Yang W H, Wang Y J, Zheng Y H, Lu H D 2015 Opt.
Express 23 19624

Innocenzi M E, Yura H T, Fincher C L, Fields R A 1990
Appl. Phys. Lett. 56 1831

Hansson G, Karlsson H, Wang S H, Laurell F 2000 Appl. Opt.
39 5058

Le Targat R, Zondy J J, Lemonde P 2005 Opt. Commun. 247
471


http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1063/1.103083
http://doi.org/10.1063/1.103083
http://doi.org/10.1063/1.103083
http://doi.org/10.1063/1.103083
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1016/j.optcom.2004.11.081
http://doi.org/10.1016/j.optcom.2004.11.081
http://doi.org/10.1016/j.optcom.2004.11.081
http://doi.org/10.1016/j.optcom.2004.11.081
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1038/nprot.2012.009
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1007/978-1-4939-7113-8_27
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1177/1010428318770953
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1038/lsa.2017.126
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1364/OL.37.003891
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1038/nature03346
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.1021/acs.nanolett.8b04311
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.7498/aps.71.20211382
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.1364/OL.44.001789
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/JQO20212701.0102
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.3788/COL201917.072701
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.7498/aps.66.244205
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.1364/OL.41.005094
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.7498/aps.67.20171542
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.1364/OE.21.011546
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.3788/JQO20192503.0403
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevLett.101.190501
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1103/PhysRevA.80.042321
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/JOSAB.11.002023
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1364/OL.20.002270
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1070/QE1997v027n04ABEH000948
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1063/1.2434007
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1109/JSTQE.2013.2295359
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1364/OE.23.019624
http://doi.org/10.1063/1.103083
http://doi.org/10.1063/1.103083
http://doi.org/10.1063/1.103083
http://doi.org/10.1063/1.103083
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1364/AO.39.005058
http://doi.org/10.1016/j.optcom.2004.11.081
http://doi.org/10.1016/j.optcom.2004.11.081
http://doi.org/10.1016/j.optcom.2004.11.081
http://doi.org/10.1016/j.optcom.2004.11.081
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

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 18 (2022)

184203

29]
(30]
31]
(32]
(33]

34]

(35]

(36]
37]

(38]

Wen X, Han Y S, Bai J D, He J, Wang Y H, Yang B D,
Wang J M 2014 Opt. Express 22 32293

Wang Q W, Tian L, Yao W X, Wang Y J, Zheng Y H 2019
Opt. Express 27 28534

Tian L, Wang Q W, Yao W X, Li Q H, Wang Y J, Zheng Y
H 2020 Acta Phys. Sin. 69 044201 (in Chinese) [[HJg, F Jifk,
WkSCTE, ZRERIE, AR, AR 2020 P3S4 69 044201]
Meier T, Willke B, Danzmann K 2010 Opt. Lett. 35 3742

Li G, Li S K, Wang X C, Zhang P F, Zhang T C 2017 Appl.
Opt. 56 55

Cui X Y, Shen Q, Yan M C, Zeng C, Yuan T, Zhang W Z,
Yao X C, Peng C Z, Jiang X, Chen Y A, Pan J W 2018 Opt.
Lett. 43 1666

Ast S, Nia R M, Schonbeck A, Lastzka N, Steinlechner J,
Eberle T, Moritz M, Steinlechner S, Schnabel R 2011 Opt.
Lett. 36 3467

Yao W X, Wang Q W, Tian L, Ii R X, Shi S P, Wang J R,
Wang Y J, Zheng Y H 2021 Laser Phys. Lett. 18 015001
Wang S, Pasiskevicius V, Laurell F 2004 J. Appl. Phys. 96
2023

Roth M, Angert N, Tseitlin M, Alexandrovski A 2001 Opt.
Mater. 16 131

(39]

(40]
(41]

[42]

(43]

44]
[45]

(46]
[47]
(48]

(49]

184203-7

Kozlovsky W J, Nabors C D, Byer R L 1988 I[EEE J.
Quantum Electron. 24 913

Boyd G D, Kleinman D A 1968 J. Appl. Phys. 39 3597

LiZ X, Ma W G, Yang W H, Wang Y J, Zheng Y H 2016
Opt. Lett. 41 3331

Chen C Y, Shi S P, Zheng Y H 2017 Rev. Sci. Instrum. 88
103101

Zhang HY, Wang J R, LiQH, JiY J,He Z Y, Yang R C,
Tian L 2019 J. Quantum Optics 25 456 (in Chinese) [1k %5,
THZR, BRE], T, BT, BN, Mg 2019 B
244 25 456]

Wu L A, Kimble H J 1985 J. Opt. Soc. Am. B 2 697

Sabaeian M, Jalil-Abadi F S, Rezaece M M, Motazedian A
2014 Opt. Express 22 25615

Mousavi L, Sabaeian M, Nadgaran H 2013 Opt. Commun. 300
69

Rezace M M, Sabaeian M, Motazedian A, Jalil-Abadi F S,
Askari H, Khazrk I 2015 Appl. Opt. 54 4781

Sabaeian M, Jalil-Abadi F S, Rezace M M, Motazedian A,
Shahzadeh M 2015 Appl. Opt. 54 869

Wang Y J, Li Z X, Zheng Y H, Su J 2017 IEEE J. Quantum
Electron. 53 7000307


http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.22.032293
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.1364/OE.27.028534
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.7498/aps.69.20191417
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/OL.35.003742
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/AO.56.000055
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.43.001666
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1364/OL.36.003467
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1088/1612-202X/abd23d
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1063/1.1738528
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1016/S0925-3467(00)00069-0
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1109/3.211
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1063/1.1656831
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1364/OL.41.003331
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.1063/1.5004418
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.3788/jqo20192504.0901
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/JOSAB.2.000697
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1364/OE.22.025615
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1016/j.optcom.2013.03.036
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.004781
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1364/AO.54.000869
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
http://doi.org/10.1109/JQE.2016.2640229
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 2 3R Acta Phys. Sin. Vol. 71, No. 18 (2022) 184203

Influence of thermal lens effect on second harmonic process in
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Abstract

Second harmonic generation (SHG) is an effective way to generate short wavelength laser with high power.
The SHG is accompanied with the absorptions of fundamental waves and harmonic waves, which converts a
fraction of the two waves deposit energy into heat, causing a temperature gradient along the radial direction of
the periodically poled potassium titanyl phosphate (PPKTP) crystal. The inhomogeneous temperature
distribution causes thermal lensing in the crystal. The thermal lensing effect will deform the spatial mode of the
SHG cavity and result in the mode-mismatching of the fundamental wave to the SHG cavity, and therefore the
conversion efficiency of SHG process is reduced. Moreover, with the increase of injected fundamental wave
power, the influence caused by thermal lens becomes more and more serious. In order to obtain a high-efficiency
frequency conversion, it is necessary to take the measure to minimize the effect caused by thermal lensing. In
this paper, we report on a high efficiency generation of green laser at 532 nm by external cavity SHG process
with a semi-monolithic standing cavity. The influences of thermal lens effect on the optimal conversion
efficiency in different semi-monolithic cavities are theoretically analyzed. The variations of conversion efficiency
with the pump power in “plane-concave” semi-monolithic cavity based on parallel crystal and also in “concave-
concave” semi-monolithic cavity based on concave crystal are quantitatively analyzed. In experiments, two
types of cavity structures are built to measure the variation of frequency doubling conversion efficiency with
pump power. For the “plane-concave” semi-monolithic cavity, the maximum green laser power of 747 mW is
obtained and the corresponding conversion efficiency reaches 93.4%+43%, with 800 mW infrared laser injected.
For the “concave-concave” semi-monolithic cavity, the maximum green laser power of 529 mW is obtained and
the corresponding conversion efficiency is 88.2% + 3%, with 600 mW infrared laser injected. The results show
that the thermal lens affects the optimal conversion efficiency more seriously in “concave-concave” semi-
monolithic cavity than in “plane-concave” semi-monolithic cavity. Furthermore, the influence of thermal lens
effect turns higher and higher with the increase of the loss in the cavity. It is obvious that the “plane-concave”
semi-monolithic cavity is more suitable for the SHG process and has many potential applications in quantum

optics and cold atom physics and provides a guidance for future research on high-efficiency SHG process.

Keywords: frequency-doubling cavity, thermal lensing effect, second harmonic generation, conversion

efficiency
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