) 3B % 3R Acta Phys. Sin. Vol. 73, No.9 (2024) 094202

HEXE

T HPIERNEER"

T K KAER

K= N

FLAFET KEE

(B TR 2B, St G R P4 T S5 I R T AU =
YA SRR R E RS %, Jbt 100081)
(2023 4F 11 H 19 BULEI; 2024 4F 3 A 6 B EEEH)

JEHIPUIE FA Sl A R C R O — RO R S AR T2 BAE AL FEOR 2 v SR, HRTOC TRLE
sl i 4 B AHOR RIS 12 AL P YR PUIE M sl i B RV ) 4k A B RHR AL T S 4E S A Y R —
ST AL ] 2 S B = 4 2 [ T A A BRI T A B A i 5 B AR R —
. AR SCHE T BIE sl B ol 8 AR A B 4 PR A = A s (B v O L B Pl R, ST s e B A s
AR T 2, EFRATE IR =LA M BE A i e B, BRI AR IR A 3RS AN (R {1 5 9 i
TSI 3 3, I BORTE IE A 4925 )AL EOR IR M AR B IR1R . LAt ib ik — B BIFSE 1 = 428 ) L3 ff 2l
2 B R, 48 1z AR T5 B . 5500 " 480l f 2h 2 B ORI, —4Ex [IPLE
il i BAEOR M TBUAMY A R, BDRR A S A2 R, ST s A BIE AR B A RBOR Y N
Jr S DLt — 4R v £ B 1 2 255 g FRAT R BHE B RN SC IR 45 R Ik 1 — 4= M P M i 2 B4

AR B = e L 6 3 4 B B 00 T AT

KR Pulmshi, e, e
PACS: 42.40.-, 42.40.Jv, 42.30.-d, 42.79.Sz

i

1 5

SR EHIH Gaborl! 21, 4B OB DL
PR —IIE S TR, T =4 28 e
BRSNS e ) | AN EY SR e AN TR | R4 |

(A ol (7200 Stk SEAASIR] B FREE, T 212

IF ] 25260 il 27290 45 © AR B B AR R 2%
&, T e R RGN FIEA .

IAE, SCBE Sl (orbital angular mo-
mentum, OAM) F HJEGIE T 1Z2%8. T OAM
Mt EHEA T Z RS HARR OAM 522 18]
FHEIESE, PICAT UM T s A R A0 4 2 ] vh G i
R XHRT —RIINH, POGEE P 254k
I 2 g B0 A A NAT YA, 2019 4F, OAM B

* K A RRHERAS (IS 12374324, 12004038) % BIYILE.

t BIE1E#E. E-mail: konglj@bit.edu.cn
© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20231822

e B i A, AT ESAH, Lidt—5
P e R R T GE (5 i 9 1. ), X OAM
SRR G T )2 KiE. 2020 4, Fang 45 142
T T EAE OAM 4 3., IR N H T4 B,
PR TN AL %59, TFl4E, Ren 55 (8 3L THE
T 7F B s [ Fp S T AR OAM 4B, M 5K
BT WA P E 2 B R R. 5 —
[, Zhou 5§ " JLFER LB T RARINE T OAM
LA A E. 2021 4F, Fang 45 4] 75 5L/ — ik
P ERTSZI T OAM 4 Bf%, IS0 iE T
ZAREM 2 B BRI ATHE. IEAh, Zhu 45 140 £
THEETE OAM 25, Hr OAM B e 17
P H A H T 2505 B, 2022
i, Wang %5 W2 H TH#84r OAM 2 &, ¥ OAM
BRI AT, FERARIR R R E N E R

http://wulixb.iphy.ac.cn

094202-1


http://doi.org/10.7498/aps.73.20231822
mailto:konglj@bit.edu.cn
mailto:konglj@bit.edu.cn
http://wulixb.iphy.ac.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B % 3R Acta Phys. Sin. Vol. 73, No.9 (2024) 094202

(AT BAREUGEA T4 B 4. 2023 4F, Shi 45 18]
P T OV ARAR T Ok, alad e &2 R T 2E LT
FHT IR AR T 28, THBR T 8, RIITE T X%t
OAM 4 HORBESAF I 2o, I S 5 4 8 T 40
. Zhang 55 W I EE L IFSCERIEN] T Laguerre-
Gaussian (LG) 428, I3 T (radial index, OAM)
EEREEJE I (1, -15) B (7, 15) BRI T 2e 4k
JEEFME ) 26 4 LG ZHE &R, 3T LG 4«
B, TS T M EAEN e RELRG. M,
ST e OAM 2448, 1= 4k & 14 B DL SE B,
e OAM 4 BN 4 Mg s ELAT AR 4 1 5 4
P, 14N, BT EINASMEI A Bk
G0 R 2 A SR 2 B8, BRI, X SERF o (SR P e —
4t OAM 48U, AL )4 B BUE AU T — 48
2% ] AN ) BT Y. AR A gk R
JER T PIASFTR 4 1) OAM 4 5, [HX} T =42z
6] OAM 4= B BFFE AR AR B el i — 25
FH =423 18] OAM 4= B LA N4 BB 15 15 B A
o R BN L RS .

ARSCAEBIS NS G LSO T =425 3] OAM
SRR, fE =423 OAM 4 Brb, HErik A
TG FAFAACE R AR FIER A S OAM 45, i85
SRAE IR B 23 [ B R FR I R i EE. sesh,
M1 =42 8] OAM 4= BF AN FH 15 B,
574 OAM 2 B HIH, =4k2s(E] OAM B HA
HARAIMG E B, IR &5 B A =R,
AT LA — R R R 2 R AR

2 =4 OAM A Bt 5 E A
#HR

SEHL 4 OAM 4 B CHETE T REAS 15 A
[ OAM BRI AR EBGEE. Wi, 7E1E
Sy "4 OAM & B, |4k Hir k&S 4k
Dirac FiAR AL HIT LASRIGAE B OAM HEER
fERy 4 BB X, A BRI SR b fe b, 45
RN HARPIR A S R R . F g SR i i) a5 P
UG R I A4 s 30 R AR G b O B A G 6 o i 5
R OAM 25, i HOR 25 BROR 48 1 J 28 1T g i 3
AR, AR RAHFMGTECN L) OAM 637 | + 1) R
R FR T B —1 1 OAM Y637 | — 1) 4 Ty L
A S B A5 5 A3 A ) B = TR AR (o) (2, A gR
AT R, PRI S R AR b B s e

BRI, BIATSEE 4 By OAM X ik
P&, SRS OAM H o B ] LITE 4 BN E B
A

T SEE = 4EsS ) OAM 2 B, MU 2%
OAM H B RS B s Bk, i mF 2 il
WA ERTE = e =S R b i O, B E A BR S5
OAM 2 HEZEIMIEE (2), X—M 3T Fresnel
Herti M (Fresnel zone plate, FZP) ASZEE. F50 I,
FZP 3] 7B rAE R, v DK P A i & g
RAETERE VI b iR E VA FZP Z 18] 1 iR
B E SN FZP B[R ( fezp ). ARSCIUD HING:
OAM FRFC A BEPEF AN Fresnel i 4 R 45 A
fEH, it 7 —FhaT LLSEEE =425 [8] OAM 4= B 1Y
i

W 1R, B ek HRRIER (s 150
N FEECO”, ) A7 “MY) 5 T 4E Dirac B
PRBEES (55 2 51) A3, LASRICAT LIER B OAM
FEEUERE A 4 B R (36 3 41). SR)E, bl OAM
BRYIRGEAANAL (55 4 51) 5REE OAM FXRHE 4
BEMEEA, Al OAM B4 B (55 5 51).
&, B FZP MG 1 B (5 6 31)) 5 OAM ik
P2 B EIMSS G, DS T =425 [0 OAM 4=
BB K (3 75). AR FZP BA AR “f
B ( feze ), IEF PR 2 B BUE R AT
FF-T L (55 8 41)).

R TR T B ATAT I, JBOR T — IR .
E 2(a) Rl T EE R 6 41K, “SDOAMH”.
T, BT E LRk, P45 6 4 BAREIR
1 =423 1) OAM 2 B &, WE 2(b) s, X B,
Tt i) OAM 2550510 (1), 12), 13), [4), [5)
F16), H T 9mAS i) FZP 8 “BEIE 77 51K fezp =
100 mm, frzp = 200 mm, frzp = 300 mm, frzp =
400 mm, frzp = 500 mm I frzp = 600 mm. 7E &
G E A Gk A b 38 s E AR Y RS OAM 28
=1, 1 =2),[=3), =4, | -5 F|—6), B
W E W) %S [H A B AL 2 = 100 mm, z = 200 mm, z =
300 mm, z = 400 mm, z = 500 mm F z = 600 mm
A3 ARIL 6 AP 1A 1 3 I P 5. BT ARL UL 45 SR
&l 2(c) P,

SEIGHEE AN 3(a) iR, SLM-1 Al SLM-2 1%
P AL AL 2 [ H A — R PR (linear
polarization, LP) AS37 BB N4 4R e AH 7

094202-2


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B % 3R Acta Phys. Sin. Vol. 73, No.9 (2024) 094202

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 Column 8
Target Sampling OAM-preserved Encoding OAM-selective FZP 3D OAM Reconstructed
image array hologram OAM state hologram encoded hologram image

(——fFZP

K1 TP =4 i OAM 42 BLmy 4 RIS T 2.l i ¥ B A5 1R 5 4k Dirac HRRAEFF S AR R AT 3815 BE 42 O B OAM
FAIERY 4 BUIEL; SRR B 7EOR B OAM 42 L EVR I OAM 25 Y SRBERA AL 4304, A2 URAT OAM RREIEFEIERY 4 A K iR, i1 FZP
X OAM #EFME 4 B AT g, BIAT 3015 T =425 6] OAM £ B iy 4 B &, X W, FZP 1Y “fE1E” ( fezp ) #EHIHE T Y22
VRS AE =2t 2 6] v B o7

Fig. 1. Design of the holograms of three-dimensional (3D) spatial OAM holography. The OAM-preserved holograms are obtained by
multiplying the target images with the two-dimensional Dirac comb sampling array. Then, the OAM-selective holograms are gener-
ated by adding a phase function of OAM modes onto the OAM-preserved hologram. 3D spatial OAM-selective holograms are ob-
tained by encoding the OAM-selective holograms with the Fresnel zone plates (FZP). The positions of the reconstructed holograph-

ic images are controlled by the focal lengths of FZP ( frzp ).
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Fig. 2. Simulation results of the reconstructed images of 3D spatial OAM holography: (a) The six target images; (b) holograms of
3D spatial OAM holography of six target images; (¢) simulation results of reconstructed images in 3D spatial OAM holography.
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Fig. 3. Experiments and results of 3D spatial OAM hologram reconstruction. (a) Experimental setup. The light source is a continu-

ous-wave laser operating at 633 nm with an output power of ~10 mW. The incident light, after modulated by SLM-1, carries the
desired OAM state. A 4f system consisted of lenses L1 and L2 images SLM-1 onto the SLM-2. The holographic images of objects
will be reconstructed in 3D space after the light field carrying OAM state is diffracted by SLM-2. (b) The experimental results of
3D spatial OAM holographic image reconstruction, which corresponds to the simulation results in Fig. 2 (c).
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Fig. 4. 3D spatial OAM holographic multiplexing technology. (a) Design of the holograms for 3D spatial OAM holographic multi-
plexing technology. (b) The experimental results for the 3D spatial OAM holographic multiplexing technology. Only when the incid-
ent beam has the correct OAM state and is in the correct holographic image reconstruction plane, will a clear image appear. Here,

the three experimental data in each row have been normalized.

094202-4


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B % R Acta Phys. Sin.

Vol. 73, No. 9 (2024)

094202

M TS FZP 435K fize = 100 mm, fezp =
200 mm F1 frzp = 300 mm. KX =4 OAM £
PE4 B E B INfE—, RIS h—4 =4k 25 A
OAM & H Z i H4 B K.

et b, BB R Th AR L s R R T
OAM 25 1Y 4RI 43 A R E AT OAM 25 1Y 1E 52
K, %FFZER OAM 25 |+ 1), HEEK OAM &
| — 0) S o AEgh o EUGT TR B SO BE R 4y
A AR R . FA MR SR 25 SR AN K] 4(D)
P, ARELE, RA Y ANAEE e B K LRty
| —1) OAM Z%, HEM 1047 F 2 = 100 mm
BF, 5 F RGO Re bk b ok i, Ry
ABHEE A2 EBE LR ESA | —2) OAM &,
HERMF- AT 2 = 200 mm B, #0915 A4 RE
PrE A Ok Y AT EA | - 3) OAM Z,
HARMF T 2 = 300 mm B, - 1&4% ] LA
PRE AL k. X SEEE LT, HUA A TR A A
OAM Z, HFRP M A R e I 1% 457 B 1
LEME R, BT RS E, R gEas ]
OAM 4= 3 1) 4= B A 44 4 5 MR =2 () 1) 25
(2) IroRse, IR & T VR N #E 4 2 b 45
S —ANIST ) B R

54 OAM 2 B AH L, FRATHE I 1 =4k 2
6] OAM 4 BHEAREA —DHHMY A B (2),

z1 = 100 mm
29 = 200 mm
z3 = 300 mm

z1 = 100 mm
2o =190 mm
z3 = 280 mm

Encoded
key

z1 = 100 mm
29 = 180 mm
z3 = 260 mm

Wiz AR IE 48 OAM 4 B pYFEal [ 12 gk—
s OAM 4 B (5 B4 = A4 N 2 1.
5 ARSI 2/ DI T B BE (2) B4ERE &
ik, WHoERW], P BT (2) MAERE IR R &R
FEAWIT . —J7 TAE TR R 48 2 [R] i 34k
MESR AR, 75 —J5HTET OAM 4 BRI RS
AP FER A MR Z0FT, BRI A B
(=) RO g R van, BIVAR T8 ) 790 e 4, PRI A ) B
JIN, AN T} 24 J3E T #5417 1) o A PR =2 T ) ER I s
LI OAM 4 BRI SR 10 mmx 10 mm, F3HE%
4 10000/ mm? VE R 15, eI 5 i — 2 s T A
) B G R BT, EAG R Z ) RS 0. X
B, =4 B EBARR E /G s fnt v, 1T
A OAM 254350 (1), |2) #1|3) , 1 T-4mis
1) FZP 533 feze = 21, feze = 2 F frzp = 2. H:
(2, 2, 2) = (100 mm, 200 mm, 300 mm),
(100 mm, 190 mm, 280 mm), (100 mm, 180 mm,
260 mm), (100 mm, 170 mm, 240 mm),
(100 mm, 160 mm, 220 mm), (100 mm, 150 mm,
200 mm) 3% (100 mm, 140 mm, 180 mm). 7£f#i5
AR, ASFER 2R E EROEE N | - 1) OAM

A, IR T 2= 2, 2= 5 Ml 2 = 2 —FPIF
. 5@7%%1&%@%%5’]7(4 XHEGIA—2
ﬁ R= I_pigeon/ Thon - pigeon 5 FN EF‘ plgeon /ft%%b%% X

z1 = 100 mm
2o = 140 mm
z3 = 180 mm

z1 =100 mm
29 = 150 mm
z3 = 200 mm

z1 = 100 mm
2o = 160 mm
z3 = 220 mm

z1 = 100 mm
2o =170 mm
z3 = 240 mm

Decoded
key

B 5 fE=4k7s
2 M frzp =23 I K/IN.

T, 3 AR 2 68 - DX S - DX 194 5 8 40 A 1) T 0

non - pigeon

Ji] OAM 4x B, 43, 4 8 9 19 B 6T 5 OB M. 55— 1548 P 4309 = FZP 1 “SEB” fip = 21, frzp =
FETHIIOLE Bl g T R 7 b BT P S0 1 B B8 R = Tigeon;/ Toon - pigeon ML T

pigeon

Fig. 5. Influence of the distances among the holographic reconstructed images on crosstalk in 3D spatial OAM holography. The first

line represents the values of the “focal length” of the three FZPs used for encoding, frzp = 2

, frzp = 2%, and frzp = 2. In the re-
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Abstract

The degree of freedom of orbital angular momentum of light has been used as a new information carrier in
optical holographic information processing technology. However, current research on orbital angular momentum
holography mainly focuses on two-dimensional orbital angular momentum holography, where the reconstructed
two-dimensional holographic image is located in a certain plane in three-dimensional space. How to further
implement three-dimensional spatial orbital angular momentum holographic technology and use it to increase
the information capacity of holographic communication is still a blank. Here, we implement three-dimensional
spatial orbital angular momentum holographic technology based on the degrees of freedom of orbital angular
momentum and the positional degrees of freedom of reconstructed two-dimensional images in three-dimensional
space. In other words, in the three-dimensional spatial orbital angular momentum holography, the acquisition of
the target object image requires not only the correct orbital angular momentum state used for decoding, but
also the correct spatial position where the object’s image is detected. In addition, we further investigate the
three-dimensional spatial orbit angular momentum holographic multiplexing technology and point out that this
multiplexing technology can be used for information encryption. Compared with traditional two-dimensional
orbital angular momentum holography, three-dimensional spatial orbital angular momentum holography uses an
additional degree of freedom. Therefore, the encryption scheme based on three-dimensional spatial orbital
angular momentum holographic technology can further improve the security level of information. Our
simulation results and experimental results have verified the feasibility of three-dimensional spatial orbit
angular momentum holographic technology and three-dimensional spatial orbit angular momentum holographic
encryption technology.

Keywords: orbital angular momentum, optical holography, optical encryption
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