Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

FIFH BRI EMNBY AR T RINLE
Wi AEE ARE RRE

Establishing of quantum entanglement among three atomic nodes via spontanenous Raman scattering

Liu Yan-Hong  Zhou Yao-Yao Yan Zhi-Hui  Jia Xiao-Jun

515 &, Citation: Acta Physica Sinica, 70, 094201 (2021) DOI: 10.7498/aps.70.20201299
TEZE[7]1E View online: https:/doi.org/10.7498/aps.70.20201299
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

PR RCR XS I 2N LE R
Dependence of performance character of photon—atom entanglement source on retrieval efficiency

WIFEAEA. 2019, 68(2): 020301  https://doi.org/10.7498/aps.68.20181314

AT R E PR R A ST

Deterministic quantum entanglement among multiple quantum nodes

YIFIE4. 2019, 68(3): 034202  hitps://doi.org/10.7498/aps.68.20181614

=Y R SRR I T R S PR R
Surface enhanced Raman scattering characteristics of three—dimensional pyramid stereo composite substrate

YIBR2EAR. 2020, 69(5): 058103  hitps://doi.org/10.7498/aps.69.20191636

SEAR 1) 2 A

Confocal—cavity—enhanced Raman scattering of ambient air

Prezd. 2017, 66(19): 190703 https://doi.org/10.7498/aps.66.190703

B 2 P TR S UM
Resonant Multi—phonon Raman scattering of black phosphorus

YIBR2A4R. 2020, 69(16): 167803  hitps:/doi.org/10.7498/aps.69.20200696

5 R ST K 5 ) 3 TR A7 2 IS
Surface—enhanced Raman scattering of subwavelength metallic structures

YIBR2A 7. 2019, 68(14): 147401  hitps:/doi.org/10.7498/aps.68.20190458


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20201299
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20181314
https://doi.org/10.7498/aps.68.20181614
https://doi.org/10.7498/aps.69.20191636
https://doi.org/10.7498/aps.66.190703
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.68.20190458

) 32 % 3R Acta Phys. Sin. Vol. 70, No. 9 (2021)

094201

FMABENESHHEL=NFEFH e gE

x| # 4T VDT JE I ILD2)

ElEEY BREI

1) CKIFIFE2 B H R, HHR 030619)
2) (RIFIMEAERE, TR S N RS, Eh 030619)
3) (IWPE RGBT R, oL 5ot F i E R TS S8, KJE - 030006)
4) (tPaR2E, Wesa2 =R QF .G, KIE. 030006)

(2020 4E 8 1 10 HUL#E; 2020 4F 12 A 11 HUEEMH)

AR FOCHE R T BT IR. BEE S R ORI A RE, R T R 2 A T R 4
SBIESE R T L R 4 Y L T AR A I R B R B S g, BT U TR R T
PRI 1) 265 77 T A AR o2 0 A (L. A SCHE DG R 3R 5 21 28 B0 R L, B2 0 45 45 A5t I 2% g 57 =l s
(1 0 A i 2R 5 2 M) 14 3 A R S R 2 2. = AN I AR SR i AR =N AR A R B S el
A A S A A AR R A B A R TR A 2 8 SR, R AT I 45 I e = Stokes St T A B
TURA R IR 0 A5 SR AT R R T R LR, A IS s B R B ST R 2R S A B, RIIR A=A
T REE =R T v G R i OCHK Uy 22 T A = 2 R AT R PR R = T R R 2 28 %07 R BT AT
AT LA R B 5L T [R) ) B AR G 0 1, S 2 T A ] g8, DA T S IR R £ R R 45

REEIR: AP, ArEEs, =40 AnT g

PACS: 42.50.—p, 42.50.Lc, 42.50.Ex

T 2 AR S B A R R
21— PO R T BT 2L MRREE TR B A
FRIPGE R, R R T R T
P A T 28 TERE T T R R RS U B St
e BT RARAA, T LR AL B S
EEHER T AL ST AR LR 10 B D2 A A
B 15350 5 0y AR e 0200l R A 2128 A R
g =27 MU Ay B 2R G AT AT AR A 1
ol U SN TS OY S S e o D LTV SO €
Feoy B MG RE ST JAFR, PN 1 1 mia] i 24

DOI: 10.7498/aps.70.20201299

9 L 2 B 53 PR TR R A,
i FAAEE 2503 T =AU S5 R E5 Y il
e g POl =1 A REMUBI = IR R LR
) P M B 20 S B . 22 1T AT e 2 4
J3E 0 B 0 T A R S R AR T
SRR 1 et — 2D R R S FAR.
AR R T A 2 G — AT
R IT i, S 2 A 4 22 4 1y O A 9250
by sl Z P A OGRS Z SR T
Witk 12l 3 HE & 2 W T4 Rl 107
G BET RIS W AR EL AT AT DR 2] J 2 1Y
R B WU BT BN, PR T B R 21
Q] LIBO™ A FAEAR. E T RO R TRl g, 24 28

* BRI ST (HES: 2016 YFA0301402) . EZK AR RS (S 61775127, 61925503, 11904218, 11804246, 12004276) .

PG S R BB E (e 5 20201L0516) . L7 7 4F

BN £ RUENNITIEC NSRS /Sl F PN S U NS

“1331 TR s 2F R TR AL P F ARBE L4 (HEMES: 201901D111293) B¢ B iLEL

T 3E{EVEH. E-mail: 15135111277@163.com
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

094201-1


http://doi.org/10.7498/aps.70.20201299
mailto:15135111277@163.com
mailto:15135111277@163.com
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 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 094201

ARG A BB R, #E AT LSS UE 5
FRZEMAGE, FFH T U FHE U, 5 —J5
I, YEREF IR A M2 &L F R T el Ll
FTEZA IR R EE i s ] g g 7 A A0 5
RERA PV UAE e TR A &, DI
LY AN ] ) e 3T 1 i R 2R,
ARSI R TFIR A 2 20 Jemts I, $2Hh T 4%
B N 2 ok 7 A = AN S ()41 B R R LRI E S
AR E R . TN S R RS AR SRR
R, IR F REGEAERE I FERNT R
) RS = AR REE, LU T8 D A
T2 P 2B 1l 5 0 8% 5 TT IR — A i R 25 4
AE— . I RSB T B & el g S0,
AL R AR . |, da A Eh 2
B, FEEOCMERT = AT R4 =
I Stokes :37; SRJ5, B —FI%H W Stokes Y637
TS — AW N Ry Ty 64y W F (BS1) T
¥, IFH R AT BS1 Ay H A — 1 b 4 R =
Stokes YeIHTER ALK Ry: Ty Je22 0 A
(BS2) FREG . FH-F- i 2240 4800 25 43 50 6 — 3
Stokes Y47 19 I i 1 963 19 1 AR iR FE S AH
Ay MRS . AR, 38 SRR I £ 1 1 52
PRUGFARA, S5 R AT 48 =i R ek, FEH P

RF coils

Tl RIS TE) A, A7 1) = 5T R ER R A SR
B = AT O, AT RIE =45 R L5
AR 8 e A w7 I 288 v B .

2 =ANEFREFEMELEN A

=AML B A R R TR A ) 7 AR
BN 1R, XA RGO AL R T R
Zi A, BRI C, A4 i BS1 f1 BS2, —£&
SRR BHD1, BHD2 #1 BHD3. =5
TREEA, B A C 43 HHUCEAE = A SR e v ]
SEAF ARG —~ 50/50 [R5 A — %G
TR I — TR A . = AR R
afyt, apst flagy i H kP B R A 4 R A
THFRZEA, BAIC, afy flads 4R h Ry: T,
(62 ) R BST LT = A Wik, Hih—if
T¥BJE g OGS afy 7 SR A Ryt T G
OISR BS2 BT, 3 BIFE A by, ba il by = RO,
FHF- 5 2411450 #% BHD1, BHD2 1 BHD3 43 4]
T by, by 1 g ) IE SR I | AR AR I 22 P e
7. BHD1, BHD2 #l BHD3 4500 3 (055 3@ 1t
SR B o s B R R L% A, B Al C, st
LA R T RLE A, B I C Z R 2145

1 AT R R 2 4 A S

Fig. 1. Schematic diagram of deterministic entanglement generation among three atomic ensembles.

094201-2


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

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 094201

2.1 NXREFREYENFE

FEREFOREIEe T, SR ™ A I K AT af
il asfeern. Yl SRR o-fk Xo FIESSHA 43
Yo A3 T KA A SRR, Xa=a + af,
Y, =i(af —a). JEF R FUESE S T LU e kR
) Stokes 2% & i, H. ol DA#E & 1E T 2 35 (4
XSG FR (S, ST] = 1. [AIRE, JFF @ AR IR Xs
M7 448 Yo 0 01 %5 I8 S 1149 236 0 1 358, Xs =
Su\(8a) s Vs = S\ /(S0 . ST e
V- DAk PN 21 (o) N 7=y i R I o1
TAREFI A EHE ST £ 2198 Y )R T R LE R B,
AN 122 iR E TR, R T HAT A RV RER A,
1, FETEFREAS |g) L WARAS|s) R A e) . A, Ji
TG ERE G ap A ERES, TES ki aw 1Y
YEFIR, Stokes 3% a Flk B 5 i S [l
e FEMEARRS T, %R G 0A SO EAE
AT USSR B

Hy = ihnawa! ST — innad, a8, (1)
b, e R A A B, =
KeghitsV/Na/ A, Hor ko Tl ke S G FIEF 1R A R
B, N, S BT A RS aw Ml Stokes 3
Aty eI . X HUBR T A 19 R I8 A 55 B 22 m%
PFE.

MR E PkOCEH TR T REGEE, HE
PR kg, It H RSB ERTS R T
gAY

H, = ihnAwa' St — ihnAgas. (2)
Horr Ay J25R 005 Ek b A — bR IR, A, 23
Ea

U A SR 8 S0u(0) = [0u(0), A,
A LAS S PRI s 2 Ak A sl it 2%
A3z sh R, A BDGEAE T B HENE 545 B H] 8
UAESTY:

a®(t) = a" cosh(nAwt) + S sinh(nAwt),

Sout(t) = Sin cosh(nAwt) + ininT sinh(nAwt), (3)
Hodri = 1,2, 3 I R E SR T R 45 A, B I C .
MR AAF LA R, AT LR S P ME
MR, Bl X =X +8X, V =Y +3Y. A
b al T LB MR 26y, Hk 7k sh 82X =
52Yin = 52 Xin = §2Vin — 1. AR Hf% Bt BR B 45 B A

Simon!** $& 1 AC TP G A w] o3 F 9, a] LK
HAp R AT RO T RER I IES B
(R TT 22 MIINT 4, IR 206 R0 7 (6] A7 75 2 9.
SR TR T 22 VAT
V= 8RO BT 4 T
= 4e2AVT = e~ 2" (4)

Horprr B AR A ELAE B ). AR B e AR
FAHEAE P B SCHR BEAR T B S & r = nAwr =
KeghitsV/NaAwT A . TR, KRBT 228/, X r=0
BF, V=4 XA T ARG 22, BE i
TR (quantum noise limit, QNL); 24 r > 0
BF, G FI CI T 22 V/NT QNL, X EIRE
SRR F RIAEFEM Y 2 r — oo, V— 0 MEATER
PR 2 984y 5 S 2 2.

22 BEEEEMNEEBEI=/NTEFEREEHN
AL E
PETF ¥, Z AT =R T R4 A, B I C
MzUge. [ 2%: A f B 5 AP 2 BUHT A
72 A 1) Stokes Y63 att a8 FE X R LN Ry T,y
B H A BS1 T, T i H v — o
O 57 TR R 45 C 1Y Stokes JE a0 764y
W Ry T, WG R BS2 LT3, Hih i
SO by, b MDA LIS K
by = VTiady — VRiafy,
by = V/Ro(V/R1Gfy + /Tiafy) + /Toa,
by = VTo(VRia® + VTiass) — VRaa?s.  (5)
8 by, bo 1 b 1 ot IR P ST A0
&% BHD1, BHD2 #1 BHD3 & . ¥4 ot
by (bs) 5 H T ¥ A M35 any (aws ) B RS ARAL
BETE 0, by (bs) HY 1F 38 45 W 14 - I 3 il 4
i 15637 by 5 T 5 B A H G 37) aa B ARV AR 7 B
SETE /2, bo W TEASHASI A M B by, bo F1 D3O
Y IE A8 oy s s FoR M FIE L
38X = VTiX{Y — V/Ri3XTY,
5V = VR1R8Y 0 + /Ty RSV + /TooV,%,
8Xp3 = VRT3 X + /Th Tod XP5 — @5)&3;(‘.)
6
2 B 115 5 8 X5 , 8o F1 X5 38 2 5
£ PBI ) A ) 20 BB TE R R B R T R4 A, B I

094201-3


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

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 094201

C 1 55 F ek S, SSUt 1S9 |, 24 M ik
EATEE R B F g1, g2l gs Ko, JiF RER
A, B Il C RJET F e e i Ak

Sl = S — /2918 X1,

S = 58" +1v/29,8V5,

SIml _ g9 4 \/30,5%,5, @

Horfr) Sou ) SRS T R LE A, B I C BB
1t ; Siinal | Gfinal 1 Sfinal L B B R A
SRR T R LA TR T e A AT
R, TS B A0 i R 28 G 22,

AR R LR ) SEIE i AR AN oy
I B
Ei1=Vi+Vyi24, B2 =V + V524,
Es=V3+ Vs 24, (8)

Hvi(i = 1,2, 6)REA R IE S 73 1 KRB 7
%, Vi =(XEY - X, Ve = 81X - XG
V=82 (Rfial R fimal) = 2 (Ydinal  Pifinal 4 g Prfinaly
Vs = 82(57{1“1 + 95}781';1;11 + Ysgnal) VIR Ve = 52 ( g6ysfina1
Vel yfind) - PIRAREX AT 4 R =
BRI LS. 2 By, Ey Il EFPEE A
KIKTT 26 Z MUV 7 MR Pl BRIV, = AN R 25
J&= — # 1» 2% Greenberger-Horne-Zeilinger (GHZ)
QG ga, g5 T ge A 1] H 5 Y 28 B 49 25 DX 5
N T RAIGIRET REER IR/ N R 22 2 F. REGETPA
A HESR A R AR S R R ST R SR A S B BR
ez A, 21 i S 48 1 o 4 ST i AH T A BR
X B AL RAIE 757 RERIY 24, PR s AR T
FEA RN REER LN . FERE - RETPAE T 77
i T 5 msl FE R AT LIAE] 40 msP, AR R
R LA T A n] LUK BIRP G BT, XA ] 2 L
P DN e RN 2 A S ], DS R B Sy =
FTREEMMNGE. Sy TUEM =1 REE A 2, 53
S =R BRI ar1, ara Fl ars [R) R T I 1
RZEA, BAC, s [ A A2 HU S R IR R
CERY TR O e o B T R
SYTE et 9 1E 28008 1 S B J5 22 T LAAI SR
Bk =B 8 i1 AR ] A A .

3 =ZABETRENENEIE
] 2 FIE] 3 280 T I8 T R4 IR R 1 )y 2%

)

ZH Ey, E,, Ey AL, 251115 By, E,, E;
Ry fee/IME, T AAS S SR AR I 8 25 R T g, g
g MR, BRI N T o, g, g K
BT RIS T g2 . RAE S r RO iR
BS1, BS2 (IR 1% R,, R,. &3t Mgt )55+
REMRIK T 22 By ST HF o1, 92 A
X, B, SRR 01, g2, 93 B K, By SRR
WS F g0, gs B R, H B, BE,, B3 &M T 48
Zf r OGP H T BS1, BS2 B3 Ry, R,.
Y A7 76 F 0 45 (0 52 ), R R 25 ORIk 7 22
ZH By, By, Ey WA b lodisd 2, e 43 9143
Wi SRR RGO 22201 By, E, Ml E5 1Y
L.

B2 #5387+ REEH IR T 22 M1 By, B,
Ey 506743 BS1, BS2 AT Ry, R, M
KR, Kl 2(a) FE 2(b) XN B, FIARFRINZ, E 2(c)
T 2(d) XFRE B, AR iR, & 2(e) AT 2(f)
XERL By AR ALl 2. & 2 v, dh2k 1% QNL,
MZk 2, 3, 4, 5, 6, 7 RRNFI A BST W/ 4t
R R /MM 0.1, 0.2, 0.3, 0.5, 0.7 F1 0.9 i, J5 T
REEORWRTT 22 Z B2 4y o) R BS2 19 [ 3 %
Ry WAL IR ZE . TEFRATA I b, R4 5 & HL
5 r = 0.8, AT HFRBAES MR g1 = 0.8,
g2 =10, g5 =08, I S REEILE ¥R
IRE, MR RGN TS S %, E] 2(a)
FME 2(b) FTEE: 7F Ry BUAE—ER, I R
KW 22 M By BE#E R, R KIMTE/N; 76 R, —
FERT, By B Ry BRI/ NEIEK, #E R = 0.5
B SCHK T 22 2 F By (e /. KT 2(a) Tl 2(b)
RENFE Ri= 0.5, Ry FE/NT 1 B3 [l P B K
W, JRF RGBT 222 80 By, B(E#UN. 72 2(d)
W MRS BST U Ry= 0.9 B, A7
TE Ry I BUE 15 CHE 22 2 F By /N T i 7 M
PR, XL 2(c) FIE 2(d), Mithk 4 Bl R, =
0.3, Ry BUETE 0.7 BT, B, ol LIk F &/ ME. M
K 2(e) M 2(f) ZBL: 7E Ry = 0.9 B, AFFLENE
By /NTRFMEA IR R, AO{E, JF HAE R, —5E
W, Ry K By IEBCR; 24 R, BUE I, Ry FA1E
TAEE R 22 2 1 By i/, XA 2(e)
FE 2(f) 158, 78 Ry BUEM/N, Ry = 0.6 B, By
IfE /.

MBI 22 M By, By, By BN, T REE
[ G RERRK. 1B 2 W, A H IR T R HIR

094201-4


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

Y B ¥ R Acta Phys. Sin.

Vol. 70, No. 9 (2021) 094201

8
(a) — QNL

— Ri=0.1

6 — R1=0.2
— R;=0.3
— R;=0.5

N4

2_

0 .

0 0.2 0.4 0.6 0.8 1.0

Ry
c
@
6L
l:ﬂ4

2_

O 1

0 0.2 0.4 0.6 0.8 1.0

Ry

10f (o) — QNL
— R =0.1

st — R =0.2
— R;=0.3
— R;=0.5

0 0.2 0.4 0.6 0.8 1.0
Ry

&l 2
0.3, 0.5; (b), (d), (f) BS1 B4R Ry = 0.5,0.7,0.9

T RERRIRTT 22 ZF0 By, By, By BEOL 22 W T BS2 BRI R Ry i fL il 28

8
(b) — QNL
— R =05
6 — Ry =0.7
— R =09
N 4
2
0 , , , ,
0 0.2 0.4 0.6 0.8 1.0

Ry

0 0.2 0.4 0.6 0.8 1.0
Ry

(a), (c), (e) BS1 W RHTHR Ry = 0.1, 0.2,

Fig. 2. Dependence of the correlation variance combinations of atomic ensembles E;, E,, E; on the reflectivity R, of the second op-
tical beam splitter BS2: (a), (c), (e) Reflectivity R1 = 0.1, 0.2, 0.3, 0.5 of BS1; (b), (d), (f) reflectivity Ry = 0.5,0.7,0.9 of BS1.
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Abstract

Quantum entanglement is an essential quantum resource. With the development of quantum information
science, quantum network consisting of quantum nodes and quantum channels has attracted extensive
attention. The development of quantum information network requires the capability of generating, storing and
distributing quantum entanglement among multiple quantum nodes. It is significant to construct the quantum
information, and it has very important applications in the distributed quantum computation and quantum
internet. Here we propose a simple and feasible scheme to deterministically entangle three distant atomic
ensembles via the interference and feedforward network of the light-atom mixed entanglement. Firstly, three
atomic ensembles placed at three remote nodes in a quantum network are prepared into the mixed entangled
state of light and atomic ensembles via the spontaneous Raman scattering (SRS) process. Then, the first and
second Stokes optical field are interfered on an R;: T} optical beam splitter (BS1), and one of the output optical
fields from the first optical beam splitter is interfered with the third Stokes field on the second Ry: T, optical
beam splitter (BS2). The quantum fluctuations of the amplitude and phase quadratures of these three output
optical fields from BS1 and BS2 are detected by three sets of balanced homodyne detectors, respectively.
Finally, the detected signals of the amplitude and phase quadratures are fed to the three atomic ensembles via
the radio frequency coils to establish the entanglement among three remote atomic ensembles. At the user-
controlled time, three read optical pulses can be applied to these three atomic ensembles to convert the stored
entangled state from the atomic spin waves into the anti-Stokes optical fields via the SRS process. According to
the tripartite inseparability criterion, the correlation variance combinations of these three anti-Stokes optical
fields can be used to verify the performance of entanglement of three atomic ensembles. This scheme can be
extended to larger-scale quantum information network with different physical systems and more atomic nodes.
Moreover, the entanglement distillation can be combined with this scheme to realize the entanglement among
longer distance quantum nodes.

Keywords: spontanenous Raman scattering, feedforward network, tripartite inseparable criteria
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