Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 140303

ETHUEN=ZRRPEEZEETMNE

AEAVF EEAEVE ARV EAHD FHe
MAEDE TR B 14239

1) (RIS R2FFOERE, [ 201306)
2) (MRSl RS S RSB, REOLLF G SHEDGEE RAE R TR LR, 1§ 200240)
3) (L FRFIIR TG, Bl 201315)
4) (IWZRIME A, e\ S AP R GIH 0, Ui 250358)
(2025 4F 4 H 8 AYEI; 2025 4E 5 H 6 FYEIBsR)

BN —FZ A LR TSGR, FRTFEE. B mE 4R SRR RS G
AR, S5 — 1l R AR, A ST IR R . B BB A S 2 A B LR T 2 R,
i I A AR o R R, W] AR s e A B N 4. SR T, AR SO EE T — 8 4 2 Y A T 4
A JE H A A R R B (PPLN) I R U = A M H & S & T #5300 2 S0 BUR AR A1 time-bin H B
JE 1) B 21 g, 5 % AR 0 A2 (DWDIM) 2R | R 24 98 25 52 ] ) B0 £F v 4% i 20 2 o JH P ()
Franson-type ¥ 1 BG4 A 0 12 3 AR X 20 6 25 9 o i dE A7 3R AE [ B o i B 24 48 5 06 AT T 2 F 82T,
FER 24 9853 e B AR A2 ) 28 v SR MR B 0 & I T B AL . SR 45 R R, IRAIR 24 28 A time-bin 24 48 1)
BEF T 5t L4 KT 95%, JF HAE 2858 100 km gl 2843 & 5, BiFP B E R TSR EEKIHG T 88%,
TER T 9% W 45 ELAT ) o i (0 B M 48 ) O L 0T A S B B B A AN 48 4% . AR SO o A S R i TR AR

A R O ) A5 T 55 Y R RS 21 28 ) T KR T — R O R

KR Mg, RS E N, BT W%
PACS: 03.67.Hk, 42.50.p, 42.65.Lm
CSTR: 32037.14.aps.74.20250458

1 5 =

A G T A DL R T (AR R G
B, BEAR 5 RO IR 2 ek i
AR EES AR R HE AR B, i
TEPI R (QKD)P 78 5 &1 % 70
Ak 00 TR AR 002 2 SARGTEAE
BORMLE, Tl (5 BRI T HURF (qubit) X
R B ATty BT E 1S s A 1A ] 5

DOI: 10.7498/aps.74.20250458

P B, & 7F BRI TR RE ) | et
J7 HRAT RS, oA BRI AR AR A5 B2
#7730 AR, B OLE TE B HARAE T
ARl FIEAE, IR I T At e S T 4%
TR A B X 205 4 A SR RS2 35, 9] 0 50T o
P25 U514 AR 4% L g R 4 0 o
T T 3 £ 0 295 1 s R LR A 5 LA D Y
28 B AR L, UG B D B SRR B R Rl AT
SEBRZS P LR, PRI RO A AR S 3 0 2% 1Y
AU IR IV 2 S 4

*ER HRBIARES (HEES: 12074155, 62375164) AT “BEG T (S 24SG53) 7% Bh YR

# RS DT
t iBfE1E#E . E-mail: lyhual984@shiep.edu.cn
T BIEYE#H. E-mail: jlin@shiep.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

140303-1


http://doi.org/10.7498/aps.74.20250458
https://cstr.cn/32037.14.aps.74.20250458
mailto:lyhua1984@shiep.edu.cn
mailto:lyhua1984@shiep.edu.cn
mailto:jlin@shiep.edu.cn
mailto:jlin@shiep.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

W) 3B =% R Acta Phys. Sin.

Vol. 74, No. 14 (2025) 140303

TEREE T M T, St A 1
TRAH TR 2 B E S RIVE LR S 2 OG5
BRI ) v B FO T, Bk R B S A B
W B BAR AR, X E T RS, UM
Fh R 00 HUE M & (OAM)M, time-energy!',
time-bin 7E NI ZH H H1 B (DOFs) #E474mt5, i
FHANTE] B b BRI o 9 1) A i 115 R AL i rp B
AR B PE 3. XF T 5 T A2 AR A ) i i 24 2
A, Bt A b e E BT A i 28 62 it
iy, HETC R IZ N T 28 a5 Ui rp 2022
UEAESE, time-bin 29SS TEIEM S &
PR Y A SRS BE AT R Tz o B,
i, Huang 45 21 5% ] DWDM $ A FIHE T4 i
JE A AR AL SRR AR (PPLN) I 549 time-bin 24 44
ESEI T — A2 P a1 Mg, gk,
B — [ B A 9 S R B i LR L RE A
WA PR AME L, 3 Tl R nT L 1 68 24 26 ) 4% 1) 22
H BT T g i . HET, 2 R TE = it
LI SRR R Tz ST S R P60
FI T 22 2 B 0 68 24 4 i 25 ] A S B oE vy 4
A SRR RS (B i, BEAS 2 b N i (R 1E 4
. 1958 TOmIR F 1 BE A time-bin [ B B I I
BHBRAT 55 Th R UL R PERE, XM EERY
8 2 A TE (5 BV A B R ).

FEXCH, FRATHE T — 2 28 1Y 21 W 45
{f W E AN time-bin DOFs #A74m65, FFH & PERE
A PPLN 3 3352906 F X5 19774, il DWDM
FEARM =R IRAN time-bin 18 24 28 50l 25 =
ML P, B A 0 I 25 S N A A i S
R, PR A time-bin 24 28 (1) X% T 1) UL 14
1T 94%, X FRUIFA IO G 82X I I
JEHAT i B 21 28, 284 100 km (9545, P
il b R 2 S R B AR IHTE 88% LA b FAT]
7R A R B A i L G IR B A Y B 2%
Sefit TR R RO R

W 1(a) FE 1(b) o, FRATH R ZetE 53
SR R 25 58 A E AN ER 4, W BRE R T
ERL PPLN 3 3 1R AR A time-bin DOFs sagnac
AU 2] 48 )5, 100-GHz 1) % 42 3% 53 &2 FH U8 I 2%
(DWDM), T 428 53 B (1) SRS 2F DL K ke 24 4
R IASEER A 1. 1 O A L 3 S A8 e BT o

(A BN ES R B) A RV NS B e i L Ao B B i
FLOERCT MZERE. MGG R, S0P
AR AT DAL 5 R 2% rh LA P A Tl A

(a) Alice (b) Alice 22
Aox
: )
,U‘
» < 4 A
2 3 = g
Bob Charlie ]3_ng Ch_a;Iie

B 1 AR A R S BN A (a) IS

SN, (b) W4 M BTBRAR AN R () S50 TR R

Fig. 1. Fully connected network architecture and experi-
mental Setup diagram: (a) Communication topology of the
network; (b) physical topology of the network; (c) schema-

tic diagram of the experimental setup.
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Fig. 2. Experimental results of time-bin entanglement and polarization entanglement: (a) Time-bin entangled biphoton interference
fringes for CH31 & CH33; (b) time-bin entangled biphoton interference fringes for CH30 & CH34; (c) time-bin entangled biphoton
interference fringes for CH29 & CH35; (d) polarization-entangled biphoton interference fringes for CH31 & CH33; (e) polarization-
entangled biphoton interference fringes for CH30 & CH34; (f) polarization-entangled biphoton interference fringes for CH29 &

CH35.
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Fig. 3. Real and imaginary parts of the reconstructed density matrix for polarization-entangled states: (a) Real part of the recon-

structed density matrix for CH31 & CH33 polarization-entangled states; (b) imaginary part of the reconstructed density matrix for

CH31 & CH33 polarization-entangled states; (c) real part of the reconstructed density matrix for CH30 & CH34 polarization-en-

tangled states; (d) imaginary part of the reconstructed density matrix for CH30 & CH34 polarization-entangled states; (e) real part

of the reconstructed density matrix for CH29 & CH35 polarization-entangled states; (f) imaginary part of the reconstructed density

matrix for CH29 & CH35 polarization-entangled states.
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Fig. 4. Relationship between entanglement fidelity and transmission distance: (a) Time-bin entanglement fidelity versus transmis-

sion distance; (b) polarization-entangled fidelity versus transmission distance.
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hyper-entangled network as a function of transmission dis-
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Abstract

Hyperentanglement, as a high-dimensional quantum entanglement phenomenon with multiple degrees of
freedom, plays a critical role in quantum communication, quantum computing, and high-dimensional quantum
state manipulation. Unlike entangled states in a single degree of freedom, hyperentangled states establish
entanglement relationships simultaneously in multiple degrees of freedom, such as polarization, path, and orbital
angular momentum. Through entanglement-based distribution techniques, high-dimensional quantum information
networks can be constructed. On this basis, a fully connected quantum network with hyperentanglement is
constructed in this work, and the polarization and time-bin degree-of-freedom hyperentanglement is realized
through the process of second-harmonic generation and spontaneous parametric down-conversion in periodically
poled lithium niobate (PPLN) waveguide cascades. The hyperentangled state is then multiplexed into a single-
mode fiber by using dense wavelength division multiplexing (DWDM) technology for transmission to terminal
users. The quality of the entangled states in the two degrees of freedom is characterized using Franson-type
interference and photon-pair coincidence measurement techniques. Polarization entangled states are subjected to
quantum state tomography, and entanglement distribution technology is employed to achieve long-distance
distribution and quantum key transmission within the network. Experimental results show that the two-photon
interference visibility of both polarization and time-bin entanglement is greater than 95%, demonstrating the
high quality of the hyperentanglement in the network. After 100-km-entanglement distribution, the fidelity of
the quantum states in both degrees of freedom remains above 88%, indicating the effectiveness of long-distance
entanglement distribution in this network. Additionally, it is verified that this network supports the distribution
of quantum keys over a distance of more than 50 km between users. These results confirm the feasibility of a
fully connected quantum network with hyperentanglement and demonstrate the potential for constructing large-scale
metropolitan networks by using hyperentanglement. As a higher-dimensional entanglement, hyperentangled
states can significantly enhance the capacity and efficiency of quantum information processing. Although the
quantum communication is still in its early stages of development, achieving stable storage and transmission of
entangled states in large-scale metropolitan networks remains a great challenge. By utilizing the frequency
conversion properties and high integration characteristics of the periodically poled lithium niobate waveguides,
the three-user hyperentangled quantum network constructed in this work provides a new solution for developing
the large-scale metropolitan networks with high-dimensional quantum information networks. It is expected to
provide a new platform for quantum tasks such as superdense coding and quantum teleportation.

Keywords: hyperentanglement, spontaneous parametric down-conversion, quantum network
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