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Fig. 1. Experiment overview: (a) Experimental setup W; (R;), the #th write (read) pulses; AOM, acousto-optic modulator; BTD,

beam transformation device; D(T), single photon detector; Filters, F-P etalons; (b) beam array distribution; (¢) beam transforma-

tion device structure; (d) relevant atomic levels.

AR R R, BBk AR T )
ler) BESLERIT, REEIAL 2 mW. kit R,
P TR Y 1 et £ BG4 anti-Stokes
T, W T |0 S ROE T 2]
i B!, E XN

[@): = (cos O] H) ys | H)g, +sin]V)5s|V)s,) .

S, [H)g, L Vs, o [H)ys s V) s SHHIHET Stokes
J¢ anti-Stokes St 37 H KR AR (H) F1%E O PR
(V) ¥ Stokes J:F 5 anti-Stokes JF R4
A T AT R 25, 258 A i SO TR i
LS RIS 3/ 3118 e N (L E A i e oo
Jr, B2l id ZROGET HE ARG TR Dy (T))
H1 Dy(Ty).

SRR AT DK OGS BOR, BT L A
T A ] 5 19 245 15 0 TROZE H5 e e 2 0 s TR 2
R, LI B R R S . I iE 1(a) B
N, 5 EGE b A i C E EO BE Y R G A
AOM, 3 LI A B G B E I il AOM+. L5

TR G E8 EE TAE T 1 BATHRIRE, Bk 1E
R AR T R G, 454 FPGA SERF ¥ )2
BRI, g ST P A5 R G R R g A IR A, XA
SESEHOCH T, B A 6 ST A B
VAN 1B TR X NSRS s i SU A R TN T 2/
A (B 24 B X 2 F i 4. el RIS 1 6 3R
B EDERK b 1(c) Pl E S (REE A =
300 mm) 5 MEEE (£ £ = 200 mm) A5
RREHR AR H E (BTD), 58OGR HE /4 #E
S, B RRDCIREER L M Ly IR T
JRF AL E, B 1(b) R T a5 B 1 AL S O
WFEB 25 () A TE A R AR 0 B NG5 e T
MR ZS D R S, TR C AR L 51
Ja), KSR S | BRI AR IS, B E SR
£ 7 I B e e e HITE 0.3°, X — T RERE G T
Je it /NG AN S, MBIk T I R
R [ BN AR A An k. ORI gAY E A A R
I T BEURADRE, AR ke e r 0 FH U S~

190602-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026)

190602

i T 228 ). FaREAR B R A s )
Bty RS T SR

]2 45 S i3 1, 52 AR 30 Ha ()&
24 33 ms), BRI AT 23 ms T8 T 1917
AR, JA 10 ms AT LI EHE R AE . AR ST R E] &2 H
2 985 1) M 28 A SRR R ) X EL T R R 2 8
R A% gt i) s 2 U5 SR 2 A 5. B 2(a)—
(c) 43 ST oy AT S T ) e A2 450 1) EAASE 2 85 | AR
52 LN IR AN [R) &2 R 2 2 B By L X TR S
(1o BRLASE 2 R, LS R (B0 S -3 3 ko iz A 7
JA) BB N AT, = 1.6 ps. X FERH T FPGA
R AT K T AR R T R EE IR S A
s, HAER BRI 28 750 ns, WK 2(a) Ui,
P 1 2 7 A TR, A S S TR FRATT MR
A ROt S o i A T Ak, e S AR
ST A G R A EE B A BE R, LA R g R s
(6], #3107 R AR R i A8 /0 2 500 ns, I
SRS | 526 | VE Tk o 5 S TR
B, I L A KT, AR IR ) FRAT
THESE 2 905 50 (a1 52 A1 28008, 4l 2(b), (c)
FiR. RS 2] g 5 5 0o (] 52 R 24 23005 5LAT AH ] 1)
SEUG T (AT, = 2.2 ps), BRI 4006 a] #L N

70, 70, 100 ns, FKbEIFEA 200 ns. fE55 A2
ER N |5 =R E2 b 2 = L R M R
A RIHR 6.25%10°, 4.55%10°, 4.55x10° s1. 52
PRI (8] 52 FH 2 9 R AR AL T 15 G0 sp 2] 2 7 % Al
38 FH 2V 20 R 0 20 4 7 1 R

3 EhpMEEBER

Shy Uk B B[] 52 P ] 20 15 e i 2 v & 28 A=
BR JFRATHLE B 7L G i e g AR5 4l
RS m BT H] 5 21 48 R 5 -2 26 A=
TR A PGNP AR XT3 Fha g, H
5 JF- 2] 9 A R D R 21 G X A
PR A 3 AR F IR (XY = H)V,
R/LFI D/A) T§IEF Stokes & TH#RIMIEA (Ry, v,
Rg?%/ , Rg?l/)y) J Stokes 5 anti-Stokes T 17 &
TR (O r(X/Y), CRF(X/Y), CRR(X/Y)) K
FRAE. Stokes YT 2 | Stokes 5 anti-Stokes
T FFE T RO 23 I 5 i 4 56 1) 0 48 A 8 4k
-

Ryyv = Rpja = Rr/L

(R(ith) — R(ith) _ R(ith) R(m) _ R(m) — R(m))

AL B B — A T A P P ) 2 FH M 0. TP e 24 20 U H)V D/A RrR/L> 1YH v D/A R/L
O R B BP0 (1)
AT, =1.6 ps
cew__ W AW MmO
L4 M 0 |
DG : // ' 1/
R i 750 ns / - E/ (a)
Te AT, =2.2 s / |_l—i//
L— ~ :
C&w M i/ /J]_I |
! ' | ' b
DG i : [l i/ o] // }( )
! 500 ns i |
C&W I—! L'—I—I—I f//ﬂ—l—l—l"' /
DG i ! |_|J_|_,_|_:// ol ! E//
R E 500 ns T :—. i// ©
TG My,
MoT - .
2248' ms 045' ms 10' ms 22.5; ms

K2 SSREFRE (a) e PRSI, (b) A5 2 20
DG, TG Bt TR & 1TIF 5, MOT A # 6B

(c) RS UL 9 C, W, R RN EOL GEDG), Bt, #t;

Fig. 2. Time sequence of the experimental trials: (a) Traditional single channel entanglement source; (b) nonmultiplexed entangle-

ment source; (c¢) time-multiplexed entanglement source, C, W, R, cleaning, write, and read pulses, DG (TG), timeline of the D(T)

detector gate, MOT, magneto-optical trap.
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1

= Cl(gif}%)l (0s,0as) , O]()z:l”:‘l (Ossm2, Oastn2) Cé"f‘}l
(Os4m2, Oastn2) 5 Cl()izﬂ})l (Ossni2, Oas) 77 ) 7R 5 132
KA I HOLTFEMIES D-Ty, Dy-Ty, Dy-Ty, Dy-
Ty, MRS ITEL R 29I T 7 ~ 0.2 ps A G L
LY s | 7S AR SR AN G Y Bell 248, PP
IR 2 5 Bell ZHUE T8 2.64.

FETF A S A [R) 52 A A 4R, S i
T 1s W 3MANRI A QEIEFEIR M) Stokes T4 LA
M Stokes 5 anti-Stokes YT IS T8, HEILIT
A A% A R B ' 5 L M 4 7 A R K A Y
FXF AR SR AR NE 3 . E 3(a) IR
OIEHTE | W =M | LA RIE 0 R L5
MR | 26 1 IR A 4 R K oS e TR) &2 2
JEFAF ARG Stokes Y6 F AL, SR8 5L RN BT E] &
A GEIEAEA R ECT 73K Stokes Y6+ AYHLS
B (1 6(c) UG, LR FRI 3 Fhaf iS5
T2 7 A 3K Rs, R, R 4351 1760, 1307,

OS5 (05, 0a8) + OS5 (Bsn/2, Oas 1n2) FOS (Bs 42, Oasnj2) + O (Bsn/2 Oas)

, (13)

th

\
7780 s, 7N B HS [A) 52 FH 20 G R AR 1L TR g Y
PGS JE A D P A MR 442 4%, AT
A5 A g 5 S 2 98 7= A RS2 T 5.95 4%,
S5EUSTIHRS R 2 s/ a2 955 e
KB m BN, 65 T2 9577 A HOR LR PR T
Kl 3(b) HBRMIER B =M. 2GR 55
FOMEG R G | 2R 1 AR A 285 S oS
Fsf 8] A2 FH M 2 50 55 1Y Stokes 45 anti-Stokes Y&+
FIFF G TEL, R0 SRR s Ta] 52 FH 24 88 AN [] A5
FCHT Stokes 5 anti-Stokes Y& T /75 1T 50 15
8 (F1 10(c) =NIUE). 45K 3 Fh 2 20 Y5 24 2
G Xf PR A AR Cp 1 (H/V), CRY(HJV), Cip
(H/V) 535k 87, 68, 397 s°1. 7~ ki a] & 4] i
SR b 4% 49 PR 24 2 Y 24 2 5 1 X 7 A i e 4t
T+ 4.56 £, AL FHEE 2 980556 5 Ji 2 g 7~
AR ETE 5.84 %5, HEOST AR 2. [WH
[F] 5 11 2] 4 05 it o A OB e B0, D65 I 2 4

#* 2 RGO SEIR | FSEEAE S T2 2R Bell 28500

Table 2.  Measurement of Bell parameters for traditional single channel entanglement source and six-channel nonmulti-

plexed entanglement source.

é'q gﬁ]};ﬁﬁ: %ﬂ S S(1st) S2nd) S§(3rd) Slath) S(5th) §(6th)
BellZ# 5/ St 2.64 2.65 2.61 2.66 2.64 2.62 2.65
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Mode number m

(a) AR 24 285 Stokes ' T %5 Bl B[] B 204 m 2B 4K 36 R 5 (b) Stokes Fl anti-Stokes 3 F £ A 1 BOFT 2 1 250 5 Bifl B[] 45 =

Fig. 3. (a) The measured Stokes photon counts as a function of the mode number m in different entanglement source; (b) the meas-

ured Stokes and anti-Stokes photon coincidence counts and readout efficiency as a function of the mode number m in different

entanglement source.

TN A R R L PRI, BE A E L m BT
6] 52 FH 2] Y5 S I8 S0CR o, ~ (11 + y22 + - -
YVom) [~y , FEHRBCRIEARTIELE 17%.

Wi f kg 501 s 0] 52 FH 2 20058 Fr 21 8t FRAT ]
IR 3 Fh 2] VR Y Bell 2%k 5, Sm=1s0) §6) 577
fBEFIa] - AR AL 2R, LG4 AN K 4 ffs. B gk
(SN ) A = WA I N 171 A S R 12D A= it RO VA
TR GEEpRTA G 5 1 BRI T 2] 95 e 7 I ]
A2 21 95 R A S [) 77 B 1) 0 A Bell 25K S,
Sm=1st) - SO I FEH Bell 2% S = 2 HIARARELR
. NP E AL g b 2 g5 | 56 1 B%ARSE A2
Y 7~ 0.2 ps, S = 2.64 +0.02, Sm=1sH) = 2. 654
0.02. FE1EAEIT T K Bell 280l 2 IAHE 1 T
W 34, PR & S8R AE i A7 A 290 65 ps. 7S ST
) & MR 7 ~ 0.2 ps, SO =2.52+0.03, [
FHY 7 =55 us, SO =2.0+0.03.

2.8
= S
i o S(m=1st)
2.6 F ]
; g g A S(m=6)
aul L3 iy S=2
5 2ol .
% LI
2.0 i
Pt
1.8F } 2‘
1.6 L . . . . . . . ;
0 10 20 30 40 50 60 70 80
Storage time/ps
K4 P Bell 281 S, Sm=ts), SO SFEAfHS ] + A48 R

Fig. 4. Measurements of the Bell parameter S, Sm=1st) g(©)

as a function of 7.

e G AR 2 R 5 AR 2 R R o
X ~ 1% i} Bell Z0AF 2 2.64, B TS it
] &2 R ) Bell 250 2.52. A BIZII S 250
Xof Hsf [F0) 42 FH 24 9 I FEAS [ s ) 452040 m T 1Y Bell
S S0 PEAT T ML, SIS RANE 5 fis (206
[/ 55). m = 10} Bell Z4U{H S"=Y = 2.65 +0.02,
it 5 15 (] A 20H0 m 363 mo = 6 B Bell 405
RVEREAT R S(m=6) = 2.52 4+ 0.03. X J&H THfE &
7 e BB R R m B, BARE BT
PERG K, (A g | AR AR G | BRI e 4K
SEME R I SRR, MR Bell 502 I
B | CRCACIE 25 i1y A DA <o ee A 2 ARl Efi
R HOREE, T2 T Bell 38 5™ 1) F .

2.7
26} ‘\’\G\N\‘
2.5
~ 24r
£
“ a3t
2.2
21k o S(m)
’ —— Theoretical curve
2.0 . . . . . .
1 2 3 4 5 6
Mode number m
& 5 i Bell 24U S Bl A RIS 20 EL m 19748 1k

Fig. 5. Bell parameter S as a function of the mode num-

ber m.
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TIAFEHXT L A BER AR R TR T HRIMEA
A BERAE, BRI B EE 0 %S K b A T A
Stokes 1, I I Z8 £ H AT Al BEAFAE -5 HoAth
m-1 S BV E I A: B R BRI 2 AY Stokes
DG ORIRE A BEBAR B, 2450 @ BB Lk
X SE AP Y A eI S FIAE nT REFE U anti-
Stokes Yo FHT2s M4 J7 10 A 5F (FAALAILHD), Atk
FEMERAE S, R AR SRS . Sy Bk A
WO IERA T IE— 20 05 SR AR, i
B G A E kb W FERI TR RER (A
UIESR(UC) I SUD NP SRR LS A 73 llE
D, 8 Dy #RIE Stokes Y51, WG 1E M(t)
B A I eI T B TUR. BE I 5 B FPGA /Y
S d MO RN Ro—Re BOERHK b FH LUK R
PRI A BERAR =, FIH 8(b) 2UE BRI H

P )
s = 5w R, 7 (14)

nasPswy)

Hrh, Pyw,) 506 W AEH AR Stokes
T HIMER, Psow,)as v, WHSTES K R ERTT
M5 H) Stokes 5 anti-Stokes Yt T 2 [8] Y 4F & #k
Boy(i £ 1) BT MRS R T IS AR
(1 FG) Py ER Pt 2 3 s il i s H AR
oy # 1) HRATHEL i1/ HHEEE 60, X
FIAME A5 5 BATAE, (EX AR L&A
i, X Bell 24K S Y52 WU AN T 200

£ 3 Ry EDGIKPRE M(t) BEAEAE FIEDE R 19k
LK
Table 3. Readout efficiency of spin-wave excitation re-

trieved from M(t;) mode under the read pulse R;.

Y14 Y11 Y12 Y13 Y14 Y15 Y16

PEHACR /% 168 028 030 026 030 0.20

4 % @

BATHEVR IR F RERBUR T —Fh 3T DLCZ %
fifi e, AT R AR B B2 R AT .
Tk T A R TR o ] B B R BN R A 8 e A A
HA/NRE | v 35 | mRE s R 88, oRRE
e B 5 2k, S A B B i B Sk
Hyos s (FPGA R . b roneett
(RO | ALHZR ) SR A R DG i
i fry e L B T L SRV S8 5 )RR | A5 A 1R 4
TR %) 4 o S 6 JR B i PR 2 0 5 1 2 2 A

R FEICILAE 1 SIS [ R B[R] 52 FH 2 4
PR . 7 IR ) S22 FH M 85 AH LU T4 S0 b 24 4
U8B A 5 TR g (A g T X
He R BT 4.42 (4.56) F5LA % 5.95 (5.84) %,
FEPEREAT 2.52 () Bell 240 55 ps BUAF6f 75 i
Je Sk 2 2 7 A TR ) T T S A R R A i AR S
B, ST A7 i ) A PR AR R e w4
SEG T, TR B ) A R R 5 23 (81 5 O ZE
A, PIFR 7 2CH8 T A R T 2R G0 1 24 4 7 A i R
BEXSAS SCHT AT B &2 AR 7 ST i b fg, vl
IS 2 i A 5 S0 48 SRR R G R T
Mr. FESE6%E B2, AHEFE R 68T 0 v P
AR FH B — e Sl il B AT [ s 2B i 5 | 130
Fk R, A RORE AT T GRS L, T 2SR A
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Abstract

Quantum interfaces that generate atom-photon (i.e., spin-wave-photon) entanglement are fundamental
building blocks for quantum repeaters. Based on the Duan-Lukin-Cirac-Zoller (DLCZ) protocol in atomic
ensembles, atom-photon entanglement can be probabilistically generated. The generation rate of entangled pairs
is a core parameter that directly impacts the efficiency of quantum repeaters and quantum communication
networks. Recent research on quantum repeaters has shown that temporal, spatial, and spectral multiplexing of
quantum memories can effectively improve the entanglement generation rate. In this work, we develop a high-
rate scalable six-channel temporal-multiplexed entanglement source via substantially increasing the experimental
repetition rate and adopting a scalable pulsed-light fabrication technique. On the one hand, we shorten the
experimental cycle to increase the repetition rate by optimizing the response time of the acousto-optic
modulator (AOM), precisely controlling the pulse width and interval, and reducing signal transmission delays.
Specifically, the AOM response time is reduced to 500 ns, the pulse width to 70 ns, and the pulse interval to
200 ns. On the other hand, we integrate an AOM network with a beam shaping device to realize accurate
manipulation of the write pulse train. This structural design improves system compactness, spatial utilization,
and stability, facilitating expansion to more time modes. Experimental results demonstrate that compared with
conventional single-mode and nonmultiplexed entanglement sources, the generation rates of photon-atom
entanglement (entangled photon pairs) are enhanced by factors of 4.42 (4.56) and 5.95 (5.84), respectively. The
measured Bell parameter is 2.52, and the storage lifetime reaches 55 ps. The proposed scheme is cost-effective,
highly compatible, and easy to operate. On this basis, further operations such as increasing the number of time
modes, suppressing background noise, and implementing multimode multiplexing can be carried out. This work
provides effective technical pathways and key experimental support for the construction of practical quantum

repeaters and large-scale quantum networks.
Keywords: high-rate, temporal-multimode memories, pulsed-light fabrication technology
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