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Fig. 1. (a) Level structure of a two-level Rydberg atom, the
ground state |g) and the Rydberg state |r) are coupled by
the single-mode field with Rabi frequency (2 and single-
photon detuning A. Two Rydberg atoms interact via a van
der Waals (vdW) potential. (b) All atoms are loaded in two
optical dipole traps but in the same the blockade region
represented by big green circle. The red pellet denotes an
atom excited to the Rydberg state. (c) Level structures of a
superatom containing n atoms and a sub superatom con-
taining n1 (n2) atoms, respectively. They represent the
whole atomic ensemble, and the sub-ensemble of ni (n2)

atoms trapped in one optical dipole trap.

i 2D B TR A P EA B e 2 1)
FOEEB B, anlEl 1(b) B, Hod— A ng
MET, =N EF e N RT, ny = n— 0y (EE:
IR SR T AR AR Al — BHE DX IR, i i A
AR AL O A, FAASCIe 280 WL SCRR [39]). 1L
I, XA RERS 7320 P/ N LB I
T (RIPR ARG T), 205 & A ma Flng A
Jiy B0 (I 4 S5 ) RN 5 S8 R Al
), WK 1(c) iR, WM PR THZ R

124202-2



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 12 (2023) 124202

LR AR S A FEICERD I, TR A AT S
|Gu> = |9>®n”a 2GHGM = |Gu> <Gn|7 2R;LRM = ‘Ru> <Rn|7
o i |glv oy Ty gnu> o 2RMGM = ‘R#> <G#|7 ZA‘GMRM = ‘G#> <R#| .
IRy = = (n=1,2).
: @ SHETTT, SRR IUE T 5 AT ARG T 5 5

Yac = X6,6:2G.G5>

Z\‘l%R - <n12‘R1R1 EAIGQGQ +n2§G1G12‘R2R2 + V nanZA‘RlGlZA‘Gsz + Vn1n2£‘G1R1 ZA‘R2G2> /n7
Lre = (\/nlﬁRlGlﬁGQGg + \/nzﬁclclﬁmc&) /v,

Sor = (\/ﬁﬁ&m 6,6, + VM2 laia, 2G2R2) /V/n.
Bt e RACARG E i (2) 2, AT RAiE—2 153
ning A ( -
n

A ~ “ “ “ “ “ ~
Hegp= — - <n12R1R1 Ya,G, + n22G1G12R2R2) - 2GRy Y RyGy T ZRlc:lEGgRg)

. . 3)
+ (\/nIERlGl Zgzgz =+ \/nQZGlGl ZR2G’2 -‘rH.C.) .

M (3) AT LIE B, PSR i a2 i BN OCHRAE — B2 1. 4 BRI s — I - I A 2 LS
— MG A .
g #gwmir (2) A Lindblad J7 #2153 32 S0 MR 1 R GeE A 3 ) 277
dpce = 2vprR +ivVni(prc — par),  Oipar = —i(A —iv)par — iVn(prr — pcc)- (4)
K, v TR, RIBHAA YR A pre = pir M pce + prr = 1. HW pre Fl par BB
JFFHIBEEAT, pac M prr A BEEAHEYEF B EAT.
[ 2R, Kra At (3) XMCAMIA Lindblad 772, 15 8] £ 2 W AR YR T RGUH LR3I )5 5 f:
0epG1G1,G2Ga = 2V(PG1G1 Ra Ry F PRIRy,G2Gs) + W11 82(pei Ry 6o G — PRIGLG2G)
+1vn202(pG,G1,G2 Ry — PGLGr, R2Go ),
0ipG,G1,G2Ry = — 2Y(1/2pG,G1,GoRy — PRI Ry ,GaRy) +1V1202(pG1G1,G2Gs — PG1 Gy RaR)
— iV 2pR,G1,Go R, — 1A/0(N206,61,G5 R, + VIIN20G, Ry ,G2 G )
OtPG,G1,RaRy = — 2Y(PG1G1,RaRs — PRyR1,RaRs) — WN282(PG,G1,GaRy — PG1G1,R2G)
— 1Ay/n1ng /n(pGy Ry RaGs — PR1G1,G2Rs)s
OtPG1R,G2Gs = — 2Y(1/20G, R1,G2Gs — PGy Ry, RaRy) T IVT102(pG1G1,G2Gs — PRy R1,G2Go)

- i\/ n20pG1R1,RzG2 - iA/n(n1p0131,G2G2 + v n1n2PG1G1702R2)a

athlRl’G2RZ = - 27PG1R1,G2R2 - iQ(\/nlpRthGsz + VnQpG'lRl,Rsz)v
OtPGi Ry R2Gs = — 2YPGr Ry, Ra Gz — W2(V/120G, Ry G2 G2 — VM1PGL G R2Go)

- iA/n(nlpGthRsz - n2pG1R1,Rsz) - iA\/ nln?/n(pGlGl,RzR2 - pRlRl,GzG2)7

OtPGy Ry, RaRy = — 3VPGy Ry, RaRs — WN2820G, Ry ,GoRy +14/0(120G, Ry, RaRy + V/MIN2PR, Ry ,Ga Ry )5
OtPRI Ry ,G2G2 = — 2Y(PR1R1,G2Gs — PRy Ry, RaR2) — IWN182(PG, Ry ,G2Gy — PR1G1,G2Ga)

+iAy/nine /n(pGy Ry, RaGs — PR1G1,GaRs)s
OtPR Ry ,GaRy = — 3VPRyR1,GaRs — WN120G Ry ,GoRy +14/1(N1PR, Ry ,GoRy + V11N20G Ry RyRy)- (D)

124202-3



¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 12 (2023)

124202

X pijmn FARH 3 L mn 4B 1 HIE
2 MR T RN EAR T P 2 R A
PG1Ga,RiRs = (PG2G1,RaRy) ™
PG1G1,G2Gs Tt PG1G1,R2R2 T PRiR,G2Ga
+ PRy R, RaR, = 1.
A (4) FF (5) 2 B o O B4 A ol 0,
AT LIS 5 2R G858 BE AR P AOAS S A Xﬁ?ﬁ’l‘iﬁé&)ﬁ?‘

B — (n1 + no) 22

= 1 Ve 20t
B ,/nlﬂa*
0

TESLIER, b, A RS ) ) = tragr)p° AT 78
i 5 T T 1 R A B R

1 (nl(g) + 271,2(1)) 02 + |OZ‘2 A /’l’Ll(Q)QOé

Pl =7 .
@) 6 ,/nl(g)!?oz

n1(2)92
(8)
ghim, i (7) Z0R (8) v LIS R I 5 (A
J7 R L) MBI R - (BB B
IR RER) MRS, 4352
(n1 + n2) 22
2(ny +ng) 22 + A2 442’

P = (R|p*|R) =

ni(22
2(n1 +ng) 22 4 A2 442

P, = (Ri| p} |R;) =

(i=1,2).
RISERBLIERN, —EH P = P1+ P 845
O, B R TR KRB = A e = A DL B TE
TEARETS ) 2% B AR PR RO A M fie, R R i (i 5%
Ko HrR .

Ji 5 TB) P AR A - (R B R A P A A -2 4
FRPARAS IR IAT, i A BHL FE RV 2% ELAE R A A5 A 9
). 31X LR I & 21 R B P S S B R 1
Z I AR A 9T, B R A T A o0 B 5T
GrIEL. HoE SUh

C(p°) = max{A; — Aa — A3 — Ay, 0}, 9)
KHN (=1, 2, 3, 4) I p*(01y @ 014)p* (01,®
o) RMEMER AR, EAHE BT HES, o 2 p°
ML, oy (i = 1, 2) 2 WA

0 —i
Oy = .
Y i 0

(10)

THEI, 1R {|GG), |IRR)} M A
C 1 < la|* + n2?  /nar 02 ) ©)
Jia®  n?
Hha=A+iyHip = |af® + 20027,
1A X AN B 95, TE SRR {|GhGa),
(G1Rs), |R1G2) , |RiRe)} B A

B

Vnef2a a0

nof22 \/WQQ 0 )
S22 w20
0 0 0

|
¥ (7) KCATF Ry E X (9) 2, B33
2\/n112622

T 2(ny +ng) 24 A2 42 ()
AT XAENTRIEE R, Al DR R
2 2. i (11) XA AL, EAR RGP A0SO <
0.5. C=05KRAEBA T I R g,
C = ORI BN Z IR A 2 4.

3 Z#XR5i%w

FHER 2 W AT A5 SR AT R, TCie 2
KR F RS EIRBAE RPN T H R T2
RS S R B A E S VMR, W
Bl 2(a) Fis, MR REHEH EE (n=m
+ny), WABHREF AR Pio) S5 EE &R
BOHBUIE L, MRS R FRESMEN P ~
0.5. &K A 7 R RS0 T,
SRR RN 0.5 IR A i MRt iy
DI REF K, BB MR, 41
[Fi) P S A i M 23 I R A A T S 8 2 i A R
BAEOL. o5— 7 THT, e BUAEAR S A5 P A
KR Fom U gk, MK 2(b) ATLIE Y, If &
LY N H AR, Rl O T ny = 218085,
TR AN H 5 0 2 i Y SR AR R R
X, WHRFEREZLEMESIERX (1G1) |Ga) +
|Ry) |R2))/V2 B8 S0 X N (11) 2t ] RASIE
B, Rfin =no =n/2 A HHEKEC =0.5.

M 2(b) ATLLE i, 2548 2 R/
BAMR/N2ZERE (n1 —no = VRFEAZE), EJR

124202-4



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 12 (2023)

TR BN, T 012 0 A S R & 2
SARH I, I ELIE A RGA B LBR (Vi)
55, AR LR B RAS B R R 151 0.5,
R 9F: 2 20 i kR S A (0.5, B 246 T4
RGN n > 81, S5 L, it R ik
VORI e S S B T 22 St O HLix
AN TT LRSS ™ P AR YS T2 5
5 R G SR T RO BN, B (TR A
S U AR 5T 5 TR BB N
AT AR BRI, PR T L e 4 i T -

0.50 rﬁ?)‘AAAAAAAAAAt%@AAAA“ée AAAAAAAAAAAAAAA
goa . ., .
)
ar
& 025 ¢
A"
0
P
s P
e P
0 L
1 11 21 31 41
niy
(b)
0.50 o h A AAAA LA AL ALALALALALAAARARALAARAARR AR LA LA RS
O
ay 00000
- |  “®°cevccooococncncaco
£ 025 I
<
a P
e P
e P
0 . C
1 21 41 61 81 101
n

B2 Q/y=20, A=0H, F&&BHEF T ERE
THMEMRE P, P, PUKIF RS CHER (a) TR
THEH n1(n=n1 +n2 = 208 FFAE) Al (b) B T5L
n(FHno —ny = 1REERAE) 19 5L

Fig. 2. Steady-state excitation probabilities of superatoms,
sub-superatom P, P;, P> and the concurrence C as a
function of the number n; for fixed n =ni +no =42 (a)

and the total number n of atoms for fixed no —n1 =1
(b) with 2/ =2.0, A=0.

BRI R GRS T BRI X
B R ORI K L S A g o s 3 fR,
SSRIILIRIEOE (2/ < 2) ARETERWMA AT
R, PTT2] Z A AN B de AL (HUR G HEt
UG 2/ = 208, P S AR AT EL:

124202
P _ ’I’Ll(g) C _ 2\/7’1,177/2
1@ 2(n1 +na)’ 2(ny +mna)’

Bk, T iR 2 K, WAHRF %
R JEFECH BUE L, FrLCY AT/ ME 2
BIRITE LT, BN UL — 5 I 0.
[AIE I 3(a) FNE 3(c) FTLAE 3, 284t ny Flng,
DUV A S8 - T R ik e s 54tk (HR A2
AR A 8. X T 28 X RS B N AR A AR BT S
PUAH R R R A 2] 48, AT LU AN [] 5 BE (1 r L A48
SR RS 20 b 8 3 A 2R T v B DR TR
H, M58 H ol DURFEAZE (K 3(a), (b) T
R Cihze). 48R, mRIMITFEMYEEC =05
S IAERCR AR AN, JF HAF RSB
). HHEEASE, HE R LR, S8 =05
PN g 5 R A JE G T, BRI AT DAAR 4 S 5%
oMok A i R Y R EE

) o e ERETE
€ o025t C=0.15
- s
o 7.
0 :
0 1 2 3 4
2/~
o
o
2 3 4
2/~
0
£ C=0.15
< e ___]
2 3 4
2/~
— P -=-P, oC

K3 A=08, REVBHEEFHEME P, P
RN CHEN 2/ B RREL (45 (0 520 181 5 FIB (5 1E T B
fEC =0.15) (a)n1 =1,n2 =41;(b)n1 = 21,n2 = 21;
(c)n1 =41, na =1

Fig. 3. Steady-state excitation probabilities of sub-su-
peratoms Pj;, P2 and the concurrence C as a function of
2/y with A=0:(a)n1 =1, no =41; (b)n1 =21, ny =
21; (¢)n1 =41, ng =1.

BUAE 73 45 /)y = 0.25 71 2/ = 25T
X RGERERITH. INE 4 T EH, 4P
IR TR/ E , TCIB OGRS, Bk 2] Z5 2
AN, S RAEARH B ARALE, FFH LA/ =0
RS PRA. DR O S BORGL A R LR

124202-5



¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 12 (2023)

124202

FEA, BT 2
b
e ap
C

C x m (a, b, Ci/}jygﬁéﬁ)

HAORYE, JROCAEREHL T, Bk M
ZH RN AR IR B IR ME 0.5; 17 430 485, Hil
A 0.5 27T LUAFI Y. X Ul R 1 R EE YR
JRy SR A (AR LR ) WA KGR, Tk

W B A AR R, BT LA 4 BB H LT
1 3 40 88 B K 0L T
A

JLJE, TR B AR L R et g
TR S RGFAAIIY. 6 5(al) A 5(b2) £,
W B S AR S T/ NRE H, PRl 5 T
B, TAPAIOMR RILEAMTh (R
1 0.5). B/ HI AR A 6 R S % 501
FI1(0.5), DRI E 01 8 2 A RV R MO MR AEG A 2

—pP --P « C
0.50 I(a1) 0.50 F(b1) 0.50 1 (c1)
S "
< o02sf ;’ “ 0.25
o S
0 fr e _‘3 . 0
—20 0 20
Ay
0.50 F(a2) e~ 0.50
({ P S .
< 025 PR - Ss_| o2
[
0fF— - . 0
—20 0 20
Ay

K4 2/y=0208—4T)MQ/y=208"47) F, BEVUBRIETMEME P, RURIFRMNE CIER A/yBIRE  (al),
(a2)n1 =1, ng =41; (bl), (b2)n1 =21, na =215 (cl), (c2) ng =41, npo =1

Fig. 4. Steady-state excitation probabilities of sub-superatoms P;, P» and the concurrence C as a function of A/y with
2/v = 0.2 (thefirst row) and 2/ = 2 (thesecond row): (al), (a2) n1 = 1, ng = 41;(b1), (b2)n1 = 21, no = 21;(cl), (c2)n1 =41,

ng =1.

K5  (al)—(cl) A =0, BREUBHEEFHEMR P, P RIFRMNGCVEN 2/ Flng RELG (a2)—(c2) 2/ = 21, Fads
A R IR Py, Po AR ROIE CHEN Ay Flng BREL (1), (c2) AT C = 0.15 19°F i, HALSH n = 42
Fig. 5. (al)—(cl) Steady-state excitation probabilities of sub-superatoms Pi, P» and the concurrence C as a function of 2/~ and
niwith A =0; (a2)—(c2) the steady-state excitation probabilities of sub-superatoms P, P> and the concurrence C' as a function
of A/y and n1 with 2/ =2; (cl), (c2) the red cross sections in panel (cl) and (c2) denote C = 0.15, other parameter is
n=42.

124202-6



W) I8 =

R Acta Phys. Sin.

Vol. 72, No. 12 (2023)

124202

oA, DA S 20 L DR Ry il (9 X B T F
&l 5(cl) A& 5(c2) AT LA Hi, 5T 24 28 i & F
n1==n2==n/ZE@X¢fﬁﬁt ALK T A R 1 24
BIEA (IG1) |Ga) + |Ri) |Re)) V2. [, C =015
YT 5 2 28 i 2 A 221 52 A U0 SIS I [ ) 24
REAE XTIV AN R A S 4. 31Xk 36 i A 2 g4 1 T B
WA,

4 %

ZE ERA, ST A B ZERLN, BF5E T PR
IRV B 5T A e A5 SR IR  R i F E
SRR IR AR AR S 6 & i T
ANBURIE L, J s LA i 1) SCH 1, R
S ok, EMMEERIEAMTN. B2
) e K M AN 224 A 0 o 0 - S5 R AR R A 1

f)b T HLX A AR 8 2 T2k, R MIRT50H ,
R A JEAR B XN R A S A R

??Llf SR T BOSARYE. R, A
H, AT LASEER WA ) fE 1A 4, X1~ 22 )
LI SE LA K 05 R A SR A A AR .

S 30k

[1] Martin G 2015 Phys. Rev. A 92 013629

2] ZhouMT,LiuJ T, Sun PF, An ZY, Li J, Bao X H, Pan J
W 2020 Phys. Rev. A 102 013706

[3] Pitalia-Garcia D 2013 Phys. Rev. Lett. 110 210402

[4] Rao D D B, Klaus M 2014 Phys. Rev. A 89 030301

[5] Gorniaczyk H, Tresp C, Schmidt J, Fedder H, Hofferberth S
2014 Phys. Rev. Lett. 113 053601

[6] David P, Georgios M N 2014 Phys. Rev. A 89 013419

[7] LiD X, Shao X Q 2018 Phys. Rev. A 98 062338

[8] Mario B, Fernando G, Branddo S L 2018 Phys. Rev. Lett. 121
040504

[9] Feng D, Hu XY 2020 Phys. Rev. A 102 042404

(10]
(11]

(12]

124202-7

Dong Y, Zhang S Y, Wang Y, Duan L M, Deng D L 2022
Phys. Rev. R 4 023095

Zhang C H, Peter G, Wolynes, Martin G 2022 Phys. Rev. A
105 033322

Parmee C D, Cooper N R 2018 Phys. Rev. A 97 053616
Bhaktavatsala R D D, Klaus M 2014 Phys. Rev. A 90 062319
Thomas M, Ivana V, Michael J H, Walter H 2016 Phys. Rev.
A 94 013809

Soriente M, Donner T, Chitra R, Zilberberg O 2018 Phys.
Rev. Lett. 120 183603

Stanojevic J, Coté R 2009 Phys. Rev. A 80 033418

Johannes Z, Peter S, Sebastian H 2015 Phys. Rev. X 5 031015
Fabian L 2017 New J. Phys. 19 113014

Zhao P Z, Wu X, Xing T H, Xu G F, Tong D M 2018 Phys.
Rev. A 98 032313

Asaf P, Christoph B, Jan K, Christoph T, Ivan M 2017 Phys.
Rev. X 7041010

Luo Y H, Zhong H S, Manuel E, Wang X L, Peng L, Mario
K, Xiao J, Li L, Liu N L, Lu C Y, Anton Z, Pan J W 2019
Phys. Rev. Lett. 123 070505

Nicolas G, Grégoire R, Wolfgang T, Hugo Z 2002 Rev. Mod.
Phys. 74 145

Scarani V, Bechmann-Pasquinucci H, Cerf N J, Dusek M,
Liitkenhaus N, Peev M 2009 Rev. Mod. Phys. 81 1301
Damian M, Barry C S 2008 Phys. Rev. A 78 042309

Zhu A D, Xia Y, Fan Q B, Zhang S 2006 Phys. Rev. A 73
022338

Li X H, Deng F G, Zhou H'Y 2006 Phys. Rev. A 74 054302

Li T, Long G L 2020 New J Phys. 22 063017

Robert R, Daniel E, Browne Hans J, Briegel 2003 Phys. Rev.
A 68 022312

James A P, Zhang Y T, Gennady P B, Sabre K 2013 Phys.
Rev. E 87 062704

Li T, Yin Z Q 2016 Sci. Bull. 61 163

Horodecki R, Horodecki P, Horodecki M, Horodecki K 2009
Rev. Mo. Phys. 81 865

Deng D L, Li X, Das Sarma S 2017 Phys. Rev. X 7 021021
JY Q, Liu Y L, Zhou S J, Xiu X M, Dong L, Dong H K,
Gao Y J, Yi X X 2019 Phys. Rev. A 99 023808

Wang T J, Lu Y, Long G L 2012 Phys. Rev. A 86 042337
Kiesel N, Schmid C, Téth G, Solano E, Weinfurter H 2007
Phys. Rev. Lett. 98 063604

Nicolas L 2016 Phys. Rep. 6 008

Maksym K, Cao J S 2005 Phys. Rev. Lett. 95 180405

Salcedo L L 2012 Phys. Rev. A 85 022127

Yan D, Bai W J, Bai J N, Chen L, Han H'Y, Wu J H 2022
Photonics 9 242


http://doi.org/10.1103/PhysRevA.92.013629
http://doi.org/10.1103/PhysRevA.92.013629
http://doi.org/10.1103/PhysRevA.92.013629
http://doi.org/10.1103/PhysRevA.92.013629
http://doi.org/10.1103/PhysRevA.92.013629
http://doi.org/10.1103/PhysRevA.102.013706
http://doi.org/10.1103/PhysRevA.102.013706
http://doi.org/10.1103/PhysRevA.102.013706
http://doi.org/10.1103/PhysRevA.102.013706
http://doi.org/10.1103/PhysRevA.102.013706
http://doi.org/10.1103/PhysRevLett.110.210402
http://doi.org/10.1103/PhysRevLett.110.210402
http://doi.org/10.1103/PhysRevLett.110.210402
http://doi.org/10.1103/PhysRevLett.110.210402
http://doi.org/10.1103/PhysRevLett.110.210402
http://doi.org/10.1103/PhysRevA.89.030301
http://doi.org/10.1103/PhysRevA.89.030301
http://doi.org/10.1103/PhysRevA.89.030301
http://doi.org/10.1103/PhysRevA.89.030301
http://doi.org/10.1103/PhysRevA.89.030301
http://doi.org/10.1103/PhysRevLett.113.053601
http://doi.org/10.1103/PhysRevLett.113.053601
http://doi.org/10.1103/PhysRevLett.113.053601
http://doi.org/10.1103/PhysRevLett.113.053601
http://doi.org/10.1103/PhysRevLett.113.053601
http://doi.org/10.1103/PhysRevA.89.013419
http://doi.org/10.1103/PhysRevA.89.013419
http://doi.org/10.1103/PhysRevA.89.013419
http://doi.org/10.1103/PhysRevA.89.013419
http://doi.org/10.1103/PhysRevA.89.013419
http://doi.org/10.1103/PhysRevA.98.062338
http://doi.org/10.1103/PhysRevA.98.062338
http://doi.org/10.1103/PhysRevA.98.062338
http://doi.org/10.1103/PhysRevA.98.062338
http://doi.org/10.1103/PhysRevA.98.062338
http://doi.org/10.1103/PhysRevLett.121.040504
http://doi.org/10.1103/PhysRevLett.121.040504
http://doi.org/10.1103/PhysRevLett.121.040504
http://doi.org/10.1103/PhysRevLett.121.040504
http://doi.org/10.1103/PhysRevA.102.042404
http://doi.org/10.1103/PhysRevA.102.042404
http://doi.org/10.1103/PhysRevA.102.042404
http://doi.org/10.1103/PhysRevA.102.042404
http://doi.org/10.1103/PhysRevA.102.042404
http://doi.org/10.1103/PhysRevResearch.4.023095
http://doi.org/10.1103/PhysRevResearch.4.023095
http://doi.org/10.1103/PhysRevResearch.4.023095
http://doi.org/10.1103/PhysRevResearch.4.023095
http://doi.org/10.1103/PhysRevA.105.033322
http://doi.org/10.1103/PhysRevA.105.033322
http://doi.org/10.1103/PhysRevA.105.033322
http://doi.org/10.1103/PhysRevA.105.033322
http://doi.org/10.1103/PhysRevA.97.053616
http://doi.org/10.1103/PhysRevA.97.053616
http://doi.org/10.1103/PhysRevA.97.053616
http://doi.org/10.1103/PhysRevA.97.053616
http://doi.org/10.1103/PhysRevA.97.053616
http://doi.org/10.1103/PhysRevA.90.062319
http://doi.org/10.1103/PhysRevA.90.062319
http://doi.org/10.1103/PhysRevA.90.062319
http://doi.org/10.1103/PhysRevA.90.062319
http://doi.org/10.1103/PhysRevA.90.062319
http://doi.org/10.1103/PhysRevA.94.013809
http://doi.org/10.1103/PhysRevA.94.013809
http://doi.org/10.1103/PhysRevA.94.013809
http://doi.org/10.1103/PhysRevA.94.013809
http://doi.org/10.1103/PhysRevA.94.013809
http://doi.org/10.1103/PhysRevLett.120.183603
http://doi.org/10.1103/PhysRevLett.120.183603
http://doi.org/10.1103/PhysRevLett.120.183603
http://doi.org/10.1103/PhysRevLett.120.183603
http://doi.org/10.1103/PhysRevLett.120.183603
http://doi.org/10.1103/PhysRevA.80.033418
http://doi.org/10.1103/PhysRevA.80.033418
http://doi.org/10.1103/PhysRevA.80.033418
http://doi.org/10.1103/PhysRevA.80.033418
http://doi.org/10.1103/PhysRevA.80.033418
http://doi.org/10.1103/PhysRevX.5.031015
http://doi.org/10.1103/PhysRevX.5.031015
http://doi.org/10.1103/PhysRevX.5.031015
http://doi.org/10.1103/PhysRevX.5.031015
http://doi.org/10.1103/PhysRevX.5.031015
http://doi.org/10.1088/1367-2630/aa91c6
http://doi.org/10.1088/1367-2630/aa91c6
http://doi.org/10.1088/1367-2630/aa91c6
http://doi.org/10.1088/1367-2630/aa91c6
http://doi.org/10.1088/1367-2630/aa91c6
http://doi.org/10.1103/PhysRevA.98.032313
http://doi.org/10.1103/PhysRevA.98.032313
http://doi.org/10.1103/PhysRevA.98.032313
http://doi.org/10.1103/PhysRevA.98.032313
http://doi.org/10.1103/PhysRevA.98.032313
http://doi.org/10.1103/PhysRevX.7.041010
http://doi.org/10.1103/PhysRevX.7.041010
http://doi.org/10.1103/PhysRevX.7.041010
http://doi.org/10.1103/PhysRevX.7.041010
http://doi.org/10.1103/PhysRevX.7.041010
http://doi.org/10.1103/PhysRevLett.123.070505
http://doi.org/10.1103/PhysRevLett.123.070505
http://doi.org/10.1103/PhysRevLett.123.070505
http://doi.org/10.1103/PhysRevLett.123.070505
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.81.1301
http://doi.org/10.1103/RevModPhys.81.1301
http://doi.org/10.1103/RevModPhys.81.1301
http://doi.org/10.1103/RevModPhys.81.1301
http://doi.org/10.1103/RevModPhys.81.1301
http://doi.org/10.1103/PhysRevA.78.042309
http://doi.org/10.1103/PhysRevA.78.042309
http://doi.org/10.1103/PhysRevA.78.042309
http://doi.org/10.1103/PhysRevA.78.042309
http://doi.org/10.1103/PhysRevA.78.042309
http://doi.org/10.1103/PhysRevA.73.022338
http://doi.org/10.1103/PhysRevA.73.022338
http://doi.org/10.1103/PhysRevA.73.022338
http://doi.org/10.1103/PhysRevA.73.022338
http://doi.org/10.1103/PhysRevA.74.054302
http://doi.org/10.1103/PhysRevA.74.054302
http://doi.org/10.1103/PhysRevA.74.054302
http://doi.org/10.1103/PhysRevA.74.054302
http://doi.org/10.1103/PhysRevA.74.054302
http://doi.org/10.1088/1367-2630/ab8ab5
http://doi.org/10.1088/1367-2630/ab8ab5
http://doi.org/10.1088/1367-2630/ab8ab5
http://doi.org/10.1088/1367-2630/ab8ab5
http://doi.org/10.1088/1367-2630/ab8ab5
http://doi.org/10.1103/PhysRevA.68.022312
http://doi.org/10.1103/PhysRevA.68.022312
http://doi.org/10.1103/PhysRevA.68.022312
http://doi.org/10.1103/PhysRevA.68.022312
http://doi.org/10.1103/PhysRevA.68.022312
http://doi.org/10.1103/PhysRevE.87.062704
http://doi.org/10.1103/PhysRevE.87.062704
http://doi.org/10.1103/PhysRevE.87.062704
http://doi.org/10.1103/PhysRevE.87.062704
http://doi.org/10.1103/PhysRevE.87.062704
http://doi.org/10.1007/s11434-015-0990-x
http://doi.org/10.1007/s11434-015-0990-x
http://doi.org/10.1007/s11434-015-0990-x
http://doi.org/10.1007/s11434-015-0990-x
http://doi.org/10.1007/s11434-015-0990-x
http://doi.org/10.1103/RevModPhys.81.865
http://doi.org/10.1103/RevModPhys.81.865
http://doi.org/10.1103/RevModPhys.81.865
http://doi.org/10.1103/RevModPhys.81.865
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevX.7.021021
http://doi.org/10.1103/PhysRevA.99.023808
http://doi.org/10.1103/PhysRevA.99.023808
http://doi.org/10.1103/PhysRevA.99.023808
http://doi.org/10.1103/PhysRevA.99.023808
http://doi.org/10.1103/PhysRevA.99.023808
http://doi.org/10.1103/PhysRevA.86.042337
http://doi.org/10.1103/PhysRevA.86.042337
http://doi.org/10.1103/PhysRevA.86.042337
http://doi.org/10.1103/PhysRevA.86.042337
http://doi.org/10.1103/PhysRevA.86.042337
http://doi.org/10.1103/PhysRevLett.98.063604
http://doi.org/10.1103/PhysRevLett.98.063604
http://doi.org/10.1103/PhysRevLett.98.063604
http://doi.org/10.1103/PhysRevLett.98.063604
http://doi.org/10.1016/j.physrep.2016.06.008
http://doi.org/10.1016/j.physrep.2016.06.008
http://doi.org/10.1016/j.physrep.2016.06.008
http://doi.org/10.1016/j.physrep.2016.06.008
http://doi.org/10.1016/j.physrep.2016.06.008
http://doi.org/10.1103/PhysRevLett.95.180405
http://doi.org/10.1103/PhysRevLett.95.180405
http://doi.org/10.1103/PhysRevLett.95.180405
http://doi.org/10.1103/PhysRevLett.95.180405
http://doi.org/10.1103/PhysRevLett.95.180405
http://doi.org/10.1103/PhysRevA.85.022127
http://doi.org/10.1103/PhysRevA.85.022127
http://doi.org/10.1103/PhysRevA.85.022127
http://doi.org/10.1103/PhysRevA.85.022127
http://doi.org/10.1103/PhysRevA.85.022127
http://doi.org/10.3390/photonics9040242
http://doi.org/10.3390/photonics9040242
http://doi.org/10.3390/photonics9040242
http://doi.org/10.3390/photonics9040242

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 12 (2023) 124202

Correlated collective excitation and quantum entanglement
between two Rydberg superatoms in steady state’

Bai Jian-Nan')  Han Song?  Chen Jian-Di? Han Hai-Yan!  Yan Dong VT

1) (School of Science and Key Laboratory of Materials Design and Quantum Simulation,
Changchun University, Changchun 130022, China)
2) (School of Automotive Engineering, Jilin Communications Polytechnic, Changchun 130015, China)

( Received 22 October 2022; revised manuscript received 18 April 2023 )

Abstract

Owing to the unique physical characteristics of Rydberg atoms, which play an important role in quantum
information and quantum computation, the theoretical and applied research of Rydberg atoms have become the
hot spots of scientific research in recent years. With the large polarizability of Rydberg atoms, even a small
electric field could cause a considerable electric dipole moment, resulting in a strong dipole-dipole interaction
between Rydberg atoms. The multiple excitations of the Rydberg states are strongly inhibited because of the
strong dipole interaction between atoms within a mesoscopic interaction (blockade) region. We call this
phenomenon the dipole blockade effect. The dipole blockade effect makes it possible to build single-photon
quantum devices, implement quantum gates, generate quantum entanglement, and simulate many-body
quantum problems, etc.

A Rydberg atomic ensemble in the same blockade region can be regarded as a superatom. In the same way,
if these atoms trapped in two optical dipole traps, each sub-ensemble can be considered as a sub-superatom
which is closely related to the superatom. According to the fact that two Rydberg sub-superatoms can be
strongly correlated due to sharing no more than one excited Rydberg atom, we study correlated collective
excitation and quantum entanglement between two Rydberg sub-superatoms in a steady state. With the
superatom model, the problem of exponentially increasing system size with the number of atoms can be
circumvented to a certain extent in studying many-body physics. By solving the two-body Lindblad’s master
equation accurately, we obtain the analytical expressions for the collective excitation probabilities of the two
sub-superatoms, and the concurrence measuring the bipartite entanglement between them. Our results show
that they are all sensitive to the number of atoms in each Rydberg superatom: the bigger (including more
atoms) the Rydberg superatom, the higher the collective Rydberg excitation probability is. And that the
maximally entangled state can only be obtained with two equal-sized Rydberg superatoms. When this condition
is fulfilled, the mesoscopic entanglement can be generated by adding the number of atoms in each Rydberg
superatom. This may provide an attractive platform for studying the quantum-classical correspondence and

have potential promising applications in quantum information processing.
Keywords: Rydberg atom, dipole blockade, superatom, Rydberg collective excitation, quantum entanglement
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