EEE R ey

EEFRIK

He T T~ AR 2 D e TR e 1) o 115 S B X

AREDST KA AR
VR AR TG R ARG ORISR 2 SRR E R E AL s, 1§ 200062;
° o E R B SR MO G R 2 AR G . 1 2018005
* LIV A A i 2 IR B T bty LT KR 030006

WE Sz0ERML, =2 TEEFERERSFRAHEMN LT REEMAERTEHEAE KWL, &F
HARFDRENE TH BN C SR IR B . A4 T R 805 7 1l TR AT B 2 — B 5 2 Fh A Rl
FREEBMNNZIIETE. HTFXANFEM LSBT 9 Bl 2B FRIBEE, H 5 LRI E T84 H Mt
N—>M TS F e R, 5B A2, F 43 JC S5 4t 285 % i B i30T LA ) B 328 422 4006 1 W A% 25 B 130 R0 3¢
T 1>M TSR F B, X FF B UME 2ot Fl A P A BEN N A .

KR ETOLY WEIRE; 2t FRIBAES 0 LIk 75 ER; 75k

FESES 0436 XHirERL A doi: 10.3788/A0S202242.0327003

Quantum Information Protocols Based on Four-Wave Mixing
Process in Atomic Ensemble

Jing Jietai"®", Zhang Kai', Liu Shengshuai'
' State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China ;
* Center for Excellence in Ultra-Intense Laser Science, Chinese Academy of Sciences, Shanghai 201800, China ;

* Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China

Abstract Compared with the classical system, quantum information protocol has great advantages in substantially
improving the security, fidelity and capacity of information processing. Various quantum information protocols with
diverse functionalities have been proposed and implemented. A multifunctional platform compatible with multiple
different quantum information protocols based on rubidium atomic four-wave mixing process is introduced. Based on
this multifunctional platform, the parallel 9-channel all-optical quantum teleportation, the partially disembodied
quantum state transfer and optimal N—M coherent state quantum cloning can be implemented. More importantly,
the partially disembodied quantum state transfer protocol can link the all-optical quantum teleportation protocol and
the optimal 1—>M coherent state quantum cloning protocol. These quantum information protocols have potential
applications in all-optical quantum communication.
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Fig. 8 Schematic diagram of all-optical optimal N—M

quantum cloning™”

N M N R M -,
amng—ﬁﬁffggzammlgk Iy 1. a®

Qo 3 M—1 4 BS 52843 1 M A TE R A
A ENGE e )
~ 1 <

T (16)
1 [ m 1

Ay, Bl RET AR ISR =1, M,
Vo IR R (M — 1) /M., (15 . (16) 2, e El
A & o WA F BN

1< I 1~ -
amm:ﬁgﬁw+/ﬁ_ﬁb+m(w)

it e BE ALY PR BE T LA o e B R AS 5 0 dR A
FRARARLE B PR LR Sk Bl . &0t il N—>M &1
[ B PR LR T LR

Fyow= : ,

IO+ (A% 01+ (A ]
(18)

ﬁ EF' :)A(clone.z :aclonml JV(; ' clone.! ﬂ] ij(‘lun(\l - i(aclono.z -
Qo) JE BB B AR (4IE A8 4R I R IE 28 A 7.
(AX qone > FICAY o) 275 X 37 B MR 75, L 56 3K
W)

- R ? )
(AX o) = (AY g )" =1+

2
N e 9
R (18) . (19 X AT LATHEA T N—>M 5e & i £
L
B MN
MN +M —N°
M 20 AT LLF Y, % 45 a2 1 TG mI A £
N N—>M T 5w B 1) 0 5 Bl SO 5 M )i 2D
MR, AN ATLLUEB M FAERBESR M, RE
VI W D0 B AR B N A B T R, 3 R R 1
IR G B AR N SRR AR v B Ui MAT DAY i i
TR EE E MR T N>M & T rfEE

Fyoum 20

8 iR v B O L EE T T A P

5.2 XRIUEXFMRN-M BFSE=EFRE
IR N—>M A T2 i o B A9 3 40 52 56

Jr R 9 s, A0 TR R 9 ) 2% CAMD FAR A 3

il #F (PMD 7€ 2 MHz S5 45 4b X245 5 6 3 1 1E 58 4k

i X FIIEASRIAL Y HEAT . 758 RS %O bk
BB WIS MBI, B 9(b) ~ ()43l 3
R A>M,2—>M Fl 1—M 125 45 FRE = 48 b 4
TE. LB 9(b) Ry Bl X 1 (02 4—>M B #E. — K
JEHE e 3 A4 50:50 A HUER AT 4 AN AR R A T A
RIAR 3 4 Al £ G 0 R 25 6 R 19 2 0 46 BRS U
LRSS AR TS R AR R 2N
1 W B 10 i F M ELERR, R, H
FH 34 50:50 i) BS(BS1, BS2, BS3) 3%k 529 fiE 4
AR AR R RE AR T R A A—>M i
TR AT AN L BSTEBGA 2 M
TARIA, K PZT UEE 1AM T8 A 1 %52
e, DLERAR 2 AN A T2 B AS 22 18] (9 A X AR AL, AT
T 35 2 80 B 10Ca) hde BT i 26 %o L
WAL 97 % . AE R il B0 T B s A X A 7
TR AME,BST HA 1 AWk L 1 A~ E
L FEX 2 AT SRIANRE R SE R H —
FOt L I E 10 Ca) e B E R . WA,
Hoflh 2 A A T 745 @A 59 B BBk BS2 4 9 5] — )
Jerh . SRJE LRI BS3 Bk BS1 A BS2 (9 2 WIS
OB AR T A B0 B 10 () O il
BRI WX 97 % . FFH A ) A AH X AR
MEAE AT LLSE R 4 DA T AR A RE R E P,
P 10Ca) Hrdie B 1 BRI R » B 1 4 O R 5
JEILF RN T AR A R 4 5. WA,
FHRM S AE T 2 MHz $90 T 4 AT S8 A
(A5 1 B A RE S A T . ELIA 0 k0 Ao O o BT ok
B - 1 R A 2 A R 0 B w/ 2, X6 R IE 38
PR B ESSM A I . B A S M ITE R
M4 ANH T ERIATE 2 MHz 5555040 19 e 75, 40
B9 i, 4 A AH T 25 B AR 1 1F 38 4k IR A1 1E 58
FE ST B I 5 B An 1 10 (Ch) AT 10 (o) s, 7] LA

FHHL, 4 MM TR ANTELTEE (X0 X
Xy s X o) MOV G B ILPARE L I A 4 AT A

R A TE S ML (Y oy s Yoo s Yy o Yo B VR £ 2
WILT AR, 204 2 MHz SH0 T A% & B 52k
IRIE A AT AT 5 (FM6) SE I 377% 5 2 MHz

0327003-10



B LR IA

E 425 F3H/2022 F 2 B/RFFIR

W RE AR OB IR . 19 1F 32 4R W8 A IE B2 A L 4 RE i
L ROE R E AR5 E s A1 6] 5 - i 20 1R 00 %
LR 10(h) L (o) Fras, B 10(h) W f Iy ik ir

RIS I TE SR IR X . A 10 (o) Hr iR -7 i 28 i

TR IESS R Y, AEAEE R 2 MHz Ab ik 3 W (H, Bk
EEPHFDERAMES KA 4 MHHTERIAERE
WA 6 dB. X RO 6 dB O Rk R 4
5, LT 2 MHz S 0AL ) RE 4R h B 58 . X 8t
ZE AR FE T Ot T AL A O B R

A FOEH o FEHYEHAES Rb 28t i 0 52 X
SEIL TR T U IR A AR B S R, W 9 () By
o K RE R FPOE UM D DU IR I 7R 9 15 SO R
X HHEATHOR G , T AF R WS S a, . e
R 3 B B 23 B0 A B rp Lo R T v L
9 FiR . BORJR B 15 5 @, B— Ao i3
W2 1553 %03 AR 26 i M2 7 A M-S PBS
N e R OR B ph A 2 0 P 0 A AG B0 A R
HREAT I L REARA R FAS T 4 2 o o R RE i A v

B, o] DISEER 2—>M F1 1>M MY Ta &
F R ANE 9 FE 9(d) s,

00 4 285 1 6 0 S B TP 5 0 e S A Y 2 A A
REREAE P AHIA] . i s 22 OGR4 (GO A5 ) L e

(@)
0N
/ Ti:Sapphire
HWP
PBS
4 N
o BN NI
r Ll‘ #Rb GIj -
U e
il e =1l
L: llGL
1 1]
A S Box 1 1

|
|
State U s Energy concentration
preparation liis >
, FNIZI, Bsi
T& 1
de
Replical 1i: 4 f "
e Fvil o0 =
4 Replica2 *—/
y BS2
i
Replica3) HRi F
4 Replicad 2
(©) (d)
Energy .............. o .
=== -=p iconcentration| _:
T | B ; .
H SA iState H
k 3_/§ ° ) ipreparation ° )
Prepuradon Honeaton | ~— —

K9 N—-M#ETFrRBEMIERRARET . (DML ITE;
(b) 4—>M . (c) 2—=M FI(d) 1M 1 T va B i A5 1 45 Fl e i g

[79]

Fig. 9 Detailed experimental layout for N—=>M quantum cloning™" . (a) Detailed experimental scheme;

state preparation and energy concentration for (b) 4—>M, (c¢) 2—>M, and (d) 1>M quantum cloning
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One original replica

0.08/ — The interference of two original replicas

— Energy concentration of two original replicas by phase locking
— The interference of two bright outputs of BS1 and BS2

— Energy concentration of four original replicas by phase locking
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Fig. 10 Typical results of state preparation and energy concentration for quantum cloning™ . (a) direct current

component; (b) amplitude quadrature of 4—>M quantum cloning; (c¢) phase quadrature of 4>M quantum cloning
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(a)(b) With modulation signal; (c¢)(d) without modulation signal
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