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Fig. 1. (a) Fiber propagation along cylindrical spiral wave-
guide; (b) OAM light field distribution, (c) berry phase.
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Fig. 2. (a) Path vector s; (b) linear momentum density P;
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Fig. 3. There is no higher-order OAM mode in the cross
section of the optical fibers propagating in a straight line,
and the optical field distribution is a circular aperture dif-

fraction spot.
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Fig. 4. The optical fiber cross section propagating in cylin-
drical shape has a high-order OAM mode with: (a) m = 1;
D) m=2;(c)m=4;(d) m=16.

5 & @

WFSCEA RIS 2 7 G & — &
LA, PO TE BT SR eI 5 h L4 . R
o U OC R ERIE ESIE T YL E L o R
T B AE TR 2847 B AT DAARAS 54T = B OAM A%
K PRTECHR . 20 = 0, 8), HLERENL
AEIM T OAM X, Y6370 2 Airy B, J
FIFLATHEE. 240 > 0B, R TR AL G R OLLT #Um
A OAM #5220, St oA I Rk, R
T2 S DURE RS 22 T AW RDEET, IR
£ I K e D A L E5 7 3 R e o =0 1
OAM B MOIR. #F— P HRE OAM R4
RO | OAM SGHATHE /NI + M £ A K
L IRL AN LS80S OAM BBz [ Y ¢
. TEICEEAL b, AT DL — 2P 50O E 0 e
QLR PEVEOIRIE | R AL AR RO AR 163 55
A1 A KO GET 5 B Al S P € 830800y 45 2 o0 i 25
A5 B B OAM AL 4R M i 5.

(a) m=1;

054207-5


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

) 32 % 3R Acta Phys. Sin. Vol. 69, No. 5 (2020) 054207

SE 3k
[1] Poynting J H 1909 Proc. R. Soc. London Ser. A 82 560
[2] Beth R A 1936 Phys. Rev. 50 115
[3] Allen L, Beijersbergen M W, Spreeuw R J C, Woerdman J P
1992 Phys. Rev. A 45 8185
[4] Bozinovic N, Golowich S, Kristensen P, Ramachandran S
2012 Opt. Lett. 37 2451
[5] LiSH, Mo Q, Hu X, Du C, Wang J 2015 Opt. Lett. 40 4376
[6] Niederriter R D, Siemens M E, Gopinath J T 2016 Opt. Lett.
41 3213
[7] Oemrawsingh S S R, van Houwelingen J A W, Eliel E R,
Woerdman J P, Verstegen E J K, Kloosterboer J G, 't Hooft
G W 2004 Appl. Opt. 43 688
[8] Marrucci L, Manzo C, Paparo D 2006 Phys. Rev. Lett. 96
163905
[9] Gibson G, Courtical J, Padgett M J, Vasnetsov M, Pasko V,
Barnett S M, Franke-Arnold S 2004 Opt. Express 12 5448
[10] Xiao Q S, Klitis C, Li S M, Chen Y Y, Cai X L, Sorel M, Yu
S'Y 2016 Opt. Express 24 3168
[11] Cai X L, Wang J W, Strain M J, Morris M J, Zhu J B, Sorel
M, O’Brien J L, Thompson M G, Yu S Y 2012 Science 338
363
[12] Yue F Y, Wen D D, Zhang C M, Gerardot B D, Wang W,
Zhang S, Chen X Z 2017 Adv Mater. 29 1603838
[13] Niederriter R D, Siemens M E, Gopinath J T 2016 Opt. Lett.
41 5736
[14] Chen Y, Gao J, Jiao Z Q, Sun K, Shen W G, Qiao L F, Tang

H, Lin X F, Jin X M 2018 Phys. Rev. Lett. 121 233602
Zhang W H, Wang J K, Li F S, Chen L X, Karimi E 2017
Laser Photonics Rev. 11 1600163

(16]

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

23]

(24]

(25]

(26]

27]

28]

054207-6

Fu C L, Liu S, Wang Y, Bai Z Y, He J, Liao C R, Zhang Y,
Zhang F, Yu B, Gao S C, i Z H, Wang Y P 2018 Opt. Lett.
43 1786

Zhou H L, Fu D Z, Dong J J, Zhang P, Chen D X, Cai X L,
Li F L, Zhang X L 2017 Light-Sci. Appl. 6 16251

Pan X Z, Yu S, Zhou Y F, Zhang K, Zhang K, Lv S C, Li S
J, Wang W, Jing J T 2019 Phys. Rev. Lett. 123 070506

Zhou N, Zheng S, Cao X P, Zhao Y F, Gao S Q, Zhu Y T,
He M B, Cai X L, Wang J 2019 Sci. Adv. 5 eaau9593

Wang J W, Zepf M, Rykovanov S G 2019 Nat. Commun. 10
5554

Fang X Y, Ren H R, Gu M 2020 Nat. Photonics 14 102

Yao A M, Padgett M J 2011 Adv. Opt. Photonics 3 161
Arnold S F, Allen L, Padgett M 2008 Laser Photonics Rev. 2
299

Mei X M, Huang J Z 2003 Differential Geometry (3rd Ed.)
(Beijing: Higher Education Press) pp51-53 (in Chinese) [# 7]
W, EAZ 2003 A JUMT (B 3RR) (Abmt: mBch i) 58
515311

Yariv A 2013 Quantum Electronics (3rd Ed.) (New York:
Wiley India Press) pp512-515

Schiff L T 1968 Quantum Mechanics (3rd Ed.) (New York:
McGraw-Hill Book Company) pp24-25

Ke X Z, Wang J 2018 Generation, Transmission, Detection
and Application of Vortex Beam (1st Ed.) (Beijing: Science
Press) pp194-196 (in Chinese) [FESEL, E K 2018 BWHEEHR
WY 7= A A R B i (BB M) (b BRaE i pat) 58
194—19671]

Born M, Wolf E 2001 Principles of Optics (Tth Ed.)
(Cambridge: World publishing Corporation) pp640-642


http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1098/rspa.1909.0060
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.37.002451
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.40.004376
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/OL.41.003213
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1364/AO.43.000688
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OPEX.12.005448
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1364/OE.24.003168
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1126/science.1226528
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1002/adma.201603838
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1364/OL.41.005736
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1103/PhysRevLett.121.233602
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1002/lpor.201600163
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1364/OL.43.001786
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1038/lsa.2016.251
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1103/PhysRevLett.123.070506
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1126/sciadv.aau9593
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41467-019-13357-1
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1038/s41566-019-0560-x
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1002/lpor.200810007
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. 69, No. 5 (2020) 054207

Orbital angular momentum mode of cylindrical
spiral wave-guide”

Zhao Chao-Ying Y2t  Fan Yu-Ting! Meng Yi-Chao?
Guo Qi-Zhi¥  Tan Wei-Han ¥

1) (School of Sciences, Hangzhou Dianzi University, Hangzhou 310018, China)
2) (State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of
Opto-Electronics, Shanzi University, Taiyuan 030006, China)
3) (Institute of Fiber Optics, Shanghai University, Shanghai 201800, China)

4) (Department of Physics, Shanghai University, Shanghai 200444, China)
( Received 29 June 2019; revised manuscript received 20 December 2019 )

Abstract

The common feature of traditional methods of preparing orbital angular momentum (OAM) light beams
propagating along the z axis is that the wave-front phase is changed and the chief ray of beam is basically
unchanged. But it is difficult to obtain a high mh OAM. To solve the above problem, we establish a theoretical
framework based on the change of the chief ray of beam instead of the change of wave-front phase. The
differential geometry theory is used to verify the theoretical assumption that the light transmitted by the
cylindrical spiral wave-guide can carry high mh OAM. To measure the OAM optical fiber output, we use the
diffraction method to detect the phase of vortex, that is, we can use a microscope to observe the phase
distribution of optical fiber end face. We consider the output of linearly polarized light along the tangent
direction of the fiber to observe its diffraction pattern. The transmission of optical fiber around the cylinder is
the main light. The diameter of optical fiber is constant, and the light wave transmitting into the optical fiber is
Bessel beam. For the linear fiber output, we need to consider only the linear fiber Bessel beam. The output
cross section of the wave surface in the fiber is approximately that of plane wave. When 6 > 6y, we use the flow
coordinates (a,(3,7) to calculate the diffraction pattern of the cross section of the optical fiber when light
travels in the optical fiber around the cylinder, which shows the characteristics of vortex. The optical field
distribution carries a high-order OAM mode. When 6 = 6, cylindrical orbital optical fibers transit to linear
orbital optical fibers. We calculate the diffraction pattern of the cross section of the optical fibers propagating in
a straight line. It is an Airy spot, namely a circular aperture diffraction spot. The optical field distribution has
no higher-order OAM mode. When the order of the output beam is small, the output shows certain uniformity
and symmetry, when the order of the output beam increases gradually, the output beam shows some

inhomogeneity and asymmetry.
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