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Fig. 1. (a) Energy level structure diagram of a single Ry-

dberg atom; (b) the equivalent energy level structure dia-
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gram of Rydberg superatom.
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Fig. 2. Schematic diagram of the structure of the Rydberg
superatom-cavity system, SA denots the Rydberg su-
peratom, and (2 is the classical field Rabi frequency in
the A-th cavity.

100305-2


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
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. 74, No. 10 (2025) 100305
WE 2 Fos. TEREsEBOERIT , AHEAERZ ST W12, BT AR S R o0 A T2
BT PR (h=1): . th TR o) = | ROGCE)|0)ar , B
He = Hye + Hy + He, A 3k A8 A PR S A Fh I S A B 2 T )
[¥7) 5 [911) 5 [9is) 5 |)} Y, HH @) = 1/v/15(3]a) —
Hye = Z Arar|EW)(G + Hee, [va) +|vh6) — [¥s) + |th10) — [12)+|ra)) . PRI RK
W 2 Ty
4
Hy = Z 2| EWY(RY| + He., Hegr = §0Po + PoHar Po, (4)
h=1 A, PRRRABEEAF O, Po=)" |m)(ml,
3 mn. -~
He =Y v(ar + ar1)bf + He., (1) (m e {[91), [r), [¥11), [vas), [9)}) - HH T AR GLAE B
= M)Ak, BTLL o = 0. 4 24(t) = 1/V50%(t) =

Hrr, H, FonlE S@BHRF Z A EAEN, Hy
FoRGHG S BYR T Z R EAER, Hee WA
Rl G5 Z MM EAER. a5 TR
T KA, v R JCLF 5 s 2 [l (AR 9
bl A B AOGEF I A AT IR RS RILAZS
1) = |[RVGGG)|0)ar, BIEE 1 B F4b T35
IRV, HAABRIRE T TIAE |G), AN, i i
FOCAHAE T AR AR T, REMENT
23 (Al Ak

1) = [RVGGG)|0)an,  [1ha) = [EVGGE)|0)an,
[Ys) = |GGGG)1)e,,  |ta) = [GGGG)|1)y,,
[¥s5) = |GGGG)1)e,,  [t06) = |GEMGE)|0)an,
¥7) = |GRVGG) 0)anr,  |ts) = |GGGG) 1),

[Yg) = |[GGGG)|1)e,, l10) = |GGEWG)|0)ar,
1) = |GGRYG)|0)an,  [th12) =
|¢13> = |GGGG>|1>C47 |¢14> =

[Y15) = [GGGR™M)|0)q.

(GGGG)|L) s,

|IGGGE™MY|0)an,

(2)
TEM S [, AT LUK
Hyot = Hye + Ha + He,
Hae = M([03) (2] + [v06) (¥5] + [110) (Yo
+ [th14) (¥13]) + Hee.,
Ha = (4(t)[th2) (U] 4 £22(8) [1hr) (e
+25(t)|1h11) (V10| + 24 (t) [115) (14| + Hee.,
Her = v([Ya) (3] + [05) (Wa] + [108) (3]
+ [1ho) (¥s |+ [1h12) (Y] + [P13) (h12]) +Hec.. (3)

N T TR HGR L, AR R R 0 = A R T2

S RS

1/V/5823(t) =1/v/582(t) , 21 (t)=32(t)/V15, |¥) =
1/V3(|9h7) + |th11) + [vh1s)), WA H WS
Hete = 21 (0)|0) (Y] + (1)) (4] + Hee..  (5)
RTIFE, A ) = (1,0,0), [¢) = (0,1,0)"
F|W) = (0,0,1)", BLHSAT RL0A 2T 1] LARKS Sy
sin 64 (¢) 0

0
Hege = 2'(t) (sin 01(t) 0 cos 91(75)) , (6)
0 cos 01 (t) 0

Horr,

61 (t) =arctan gi 8,
Q' (t)=1/ 23(6)+25(t). (7)

ARG R AR DY ¢ =0 M ¢ = £02'(1),
FARL B AES

cos 61 (t)
lpo(t)) = ( 0 ) ,
—sin 6 (t)

sin 01 (t)
%w%( ?m)‘ (8)
COs U1

i A AR AL B 0001 R R G IS THA
ARAEZ, AT DAFF LR AR A U4 24 P
b, BUACEUL, A TERIG I 2 R GRS R [v1) ,
HAFAGES ¢o(t) b, MIZRGG I E AN Co(t)
i, TRERMEBRS I WE, B 1/2(1¢)+
[Y7) + [¢11) + |h1s)) , ATRAE—FR N 1/2[¢1)+

V3/2\W) . PEARE SIS BT 0, B AR, B
0:(0) =0, 61(T) = —=n/3(HH THh R G i fL
[E]). R 1 S b Ay BT e i, X A & I AR

100305-3


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. 74, No. 10 (2025) 100305
sinfy(t) sinf(t) .cos O2(t)
cos 01 (t) 7 7 :|:17\/§
1 1 I .
A, = 0 > 5 | 9) €4 (1)) = 7 (L Esinda(t) | (12)
~sin6, (1) COS\%@ COS%“) %(1 F sin s (1))
Wit Hy = AlH.qA —iA10, A, , 7175 K1 0,(t) = arctan |6, ()] /2 (t) . kEEVEATE 2K
0 0 0 ZIE AR Y
H, = (0 2w 0 ) o
0 0 -2 ’ 0 "
. .. icosfs(t icosfy(t
. ei/@ 9\1/(9 —isin @y (t) s 7
. 2 2 cosfy(t) 1 . 1 .
e . w0 % 5 (L sinfz() 5 (1 —sinfy(1))
\@ cosfy(t) 1 . 1 .
701(” 0 0 \/Q 5(1 —SIHQQ(t)) 5(14’511192(15))
V2 (13)
HRAE (10) AT DA 31 2 P8 10 75 2208 2 i 8 i . .
. Mt Hy = ALH A — 1459, A, , AT LISV
WIS PER | 2/(1)] > 161 /v/3], BN BEAREAR [ A< G 2T R N
BZ AR A TR EE (0, /V2] R/, —SRF 5T F 4R 0 0 0
AT ARSI i 2 PRI LA 5k sl o i — s PRI L Hy= [0 £2"(t) 0
HSE W, ST o) = ialo, A 1A 0 0 2@
BT UGN 5 R AP A 9 —iAT9, 4, . I, 75 f2(t)  6a(t)
JEF L Sy 288 T 0 %) 8 A T 2T R 0 V2 W2
0 0 i6i() N O] 0 o |. (4
Hg;( 0 0 0). (11) | e )
—i61(t) 0 0 0a(t)
75 0 0

SRTT, (11) 33 W) FF U450 £ 52 24 Ay 1 1k 2 15
(on) (W) ELHERB A, 7 SRR AR P Om o oS
B R T BB I A R A MR 4 3 B
(HPBEFT k28 5k AR) HEATM0T . W B Wi ik
((10) 20) W AAEE K 0, £027(1), o (1) =
\ 22 (8) + 63 (1) . XL EAAE A543 5

T LR A5 76 6 2 P22 Bt b it 2 e 5 HE) =
iA30, Ay, B (14) S RS 2 0. %5 5 SR A5 oA J5
a2 s b BUATE R H) = 14,0,A,ALAT

0 —cos 0 (t) 0
Hé%) = 0y(t) ( cos 61 (t) 0 sin 6, (t)) )

—isinfa(t)
0 sin 6y (1) 0
cos (1) (15)
|£0 (t)> - B \/§ ’ s 2
038t WAL Hoe LRI 4000, 0 LS80 TE
V2 Y iR A
H = Her + HE)
0 ' (t) sin @y (t) — O (t) cos Oy () 0

= | 2/(t)sin 0y (t) — O2(t) cos 1 ()

' (t)cos 0y (t) + O (t) sinfy (t) |, (16)

0 Q' (t) cos 01 (t) + G2 (t) sin 6, (1) 0

100305-4


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 10 (2025) 100305

RO DL, VR I 2 2 P00 H ) 5o S Tk g
—FMELE, XFMEIETE S R 5 TS B

3 AW

MR Z P 2 48 G
A LA A T e

: —(t —to — T/2)?
Q’l(t)smﬂﬁoexp{ ( (;2 /)],

SN SpUR S S L A S KPS

(1) = 2y exp {—@ +to - T/2>2]

&
—“—fotg— T/QV‘}. (a7)
Hr, 9= —n/3, Q0 AIKMHIEE, to=0.14T, t. =
0.197 , T i ALaa]. XF-FX P4~ ik, o] LAsf
01 (t) F1 62(t) . & 3 28 5 W) (] AH G Y 64(¢) . *ETE
(7) R0 (17) 2K, AT 64 () 5 20 TEK. FFEEE A
Al AR A58, T Qo BUE T {E, ﬂ]ﬁﬁﬁ/@/«ﬁ:
0:(0) =01 6,(T) = —n/3. Kl 4 BIR, 24 0o L%
KIF, Z54F 02(0) = 6o(T) WHER BN L. SR, HH
TASCHT W AR IEAT (21, (8) < {N, 0 min » PRI 020
ARERER. R THEREAIE N 20, B 5 il T RZAR
HEF(T) = [@wlv(D)PP 5 QKR E, X H
Y(T) BN RGN R ZORE . R R 5, HEE
2 =8/T, \=80/T Ein].

T 02} () A1 924 (¢ )iiﬂﬁ/\ﬂzkrﬂlﬂé@ﬁftﬁj@’ﬁ
%=, N T PR LR AT EA R, X
[ izﬂﬁ/l\ﬂéiéﬂ’ﬂﬂwlﬂﬂﬁéﬂsitﬁ

+ cos 42y exp [

0:(t)

—1.2

0 0.5 1.0
t

K3 01(t) BERT AR SC R . IS EON to = 0.14T
M te =0.19T

Fig. 3. The 601(t) as a function of the time. The paramet-
ers to = 0.14T and t. = 0.197 .

2
‘61 (t) = Z C1i exp_(t_mli)z/n?i,

=1
2
Do(t) = 3 —eprexp™ Tm2 /(18
i=1
T ok AR R Y S HCH
c11 = 5.912/T, my; = 0.6838T,
ni11 = 0.1561T, cio = 4.784/T,
maa = 0.4265T, nio = 0.093427,
co1 = 7.590/T, mgy = 0.5857T,
no1 = 0.1888T), c9o = 7.111/T,
mog = 0.3132T, ngy = 0.1538T.
WE 6 B, A Tk 2,0 1 Q) 55
il ) (¢) F 24 (¢) = BEE A, PRk a] A RLA ik
BARIE R bk b AT IR . B 7 AR R TR B

1.5

- 0Qy=1/T e =35/T
—2=8/T 7N 02 =50/T
/ \ o 029 =100/T

[62(2)]

B4 0a(t) BRI LA SC R . I SECN to = 0.14T
Mt =0.19T

Fig. 4. The 62(t) as a function of the time. The paramet-
ers to = 0.147T and t. = 0.197.

1.00
(8, 0.9994)
0.98 +
)
= 0.6
0.94
0 20 40 60 80 100
Q(TY)
5 Qo(TY) XHMEEE F(T) KIEHE. 4 Qo =871

B, fREE F(T) = 0.9994
Fig. 5. The influence of 2o(T~1) on fidelity F(T). When
20 = 8T, the fidelity F(T) = 0.9994 .

100305-5


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. 74, No. 10 (2025) 100305

T, W S B PR B Bl E] A9 281k X HEaX 3
e, AT EEE A RO IR AL R WA
it ZL I ] L R 7 1 AR

10
(a) — [£i(t)]
e - 1))
g °f
=
[a W)
0
0 0.2 0.4 0.6 0.8 1.0
Time t (units of T)
10}® — |25(0)]
7 ()
= 2L
z oo
[a W)
0 == 1 1 1 L
0 0.2 0.4 0.6 0.8 1.0

Time t (units of T)

6 (a) X LLk 24 () FBLA B9 S MK 24 (2) 5 (b) X
LRk i 024 (¢) FL4 19 728 17 ek 2 (¢)

Fig. 6. (a) Comparing the pulse (2](¢) and the fitting of
gaussian pulse 21 (t) ; (b) comparing the pulse (2}(t) and
the fitting of gaussian pulse 25 (t) .

Fidelities

/' — STA T=8/2
" -~ STIRAP T=35/
--- STIRAP T'= 8/
15 20 25 30 35
020(t)

K7 WANREELBLERENRT =8/ . UL
T =8/ a3k T = 35/920 = Fh A [A1 1% 0 it B 1]
1251k

Fig. 7. Under the three different conditions: superadiabatic
iteration T = 8/2y, adiabatic evolution T = 8/29 and
adiabatic evolution T = 35/(2 , the fidelity of W state as

a function of the time.

WAk, Sk — R T R SEPRRCR , i858
TR HRERST LA BOGET ot i e 45 R
s RRISES Wi S=0F- A RS AL N D sy T
H5H

1.00 1.000
0.995
2 099 0.990
C
& : 0.985
0984
L 0.980
A ’ - 1
0 - 0.975
0.005
74 0.005™% RN

8  MREWH Ho BT T WENREES /A H
Y/AMKR, T =8/, = 0.1)

Fig. 8. The relationship between the fidelity of the W state
and /X, /X by the Hamiltonian Hi, T = 8/,
20 =0.1X.

p(t) = i[p(t), Hi

[ 1
30 Lol - SR TLE gt prf 1))

_|_

e It I T0-

[ 1
LELE T~ J(LE L o+ oLf 11E)]

+

[ C C 1 C C C C
LipLj T — i(Lk TLj p+ pLi. TLj, )}

[ 1
#3 | lotl - Sl ot )]
k=1 *
(19)
Horp, L R TR TR, L = (/0 IEW)ex

(RO 25 kA BBRT |RV) - |EO) 1 [ K5
B, LY =\ IG) (B A kA YR T |[BO)
- |G) W RS, LS = \/rpa A kAN IOET
ek, L = \/nlb 55 kAOREF i T 103
W N TETFIIE, 2 9F =001y, 4F =7, wf =
K¢ = r. N8 TTLITE ), LR T7 0 R T 1
ARG LTI T 2R 5 ) 06 70 B e
HEVARTT S, %07 AT F & 5 SRt
TR AR P R T 200 o LA i 5 . Bl
K/A=~/A=0.005 IHEOL T, ARIREE F(T)
WARIR 5 T 97.5% . TELPRERfELt B, AN AT 3k
Hoos IR R 22, DR FRA T — 205 i T LA K
i Q0 (t) T 2o (t) A RBEE N FDGET 5 s 2 i A
SR v A LR AR B SR PR O R T B

100305-6


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 10 (2025)

100305

S T JRE B Tk B0 2 A R R 22 AR A 1 52 £
K 9(a), (b) AT, 1Z 7 ZXHUA Tk eh A2 50 A A
v I SRR ).

0.1

1.000
0.995
= 0.990

S
~ 0 0.985

ot
& 0.980

w
0.975
0.970

—0.1+ T
—0.1 0 0.1
81 (t)/ S (2)

1.000
0.999

2
N 0.998

w
0.997
0.996

—0.1
0
SA/A

B9 (a)ffELRERA 602 F1 6020 IS AL ; (b) 15 20 BE 6A

1 sv R4S fL
Fig. 9. (a) The fidelity versus 62, and 8823 ; (b) the fidel-

ity versus o\ and dv.

FESZH Y, RIS STRb SR 2R S U R T LS
i v ARG R P R AR R T B R &R
LR HG , YRR T 25000 TS
5 PR S ST 0L AT BE ARG B b o A
=104~ STRb JE T BB R T-. #l
PIFE AR ~ 21x10 MHz 3R 5 |e) < |r) BB AT,
o 6] 25 (58 SRR ~ 2mx3 MHz, LA 5
IR ~ 2nx1 kHz, AR ~ 21x0.66 MHz, 7£
T, TR E A5 97.7% L L.

4 NANEBEEMBREF W AN L

T 2R B LR R 2, AR 2 S
B, OO R A R S B D L DR LR
e LR WS il 4 75 vk B9 S Al bk — 2D ) =
NALT W SR & s anis 10 s, 1
EP N AR PR 00 B T AR R B T,

55 2 DB NAER S 1AM, B

FFET A BARER A 5 1(b) MR X ARG
TN TEREEE AT A AH ELAE FH e 25 Ay
Hiot = Hye + Ha + Hcf;

ac—z/\kak|E( G|—|—HC
N
an ) EM)(RY| +H.e.,
N-1
ZvalJrak_H b +H.c.. (20)
k=1

BAREHIEE N [¢1) = [RVGG ---GG) , Bk v =\,
Q=02 (k=2,3,4,--- ,N), A5 (1) X—8) =X
AHTR] 07, P AR () 2000 iy
Her = 21()[¥1) (0] + 25(t)|¢)(P] + Hee.,,  (21)
Hrp o) =1/N —1(|GRYG---GG)+ |GGRW
GG+ -+|GGG - - RVG)+ |GGG - - - GRM))
() = (N —1)/VNZ=10(t) , 25(t)=1/vV/N? — 1
Q(t). Xt (21) AFPORiFIERLR (5) 2, BT
FACE WA TR AR AT DL g 2 ) v kL 1
1) W SHE RS R BT 2R N KT W2
1/VNIRDGG---GG) + /N —1/VN|¥).

K10 NAEAEDE SR T-E RS RN R B,
AEWTH&&E?%&%#UHE?KHB’JE SfE, 552 )

9 NAEH S 1A A %
EIUEDARA RS
Fig. 10. Schematic diagram illustrating the structure of N-

e, Qn 2 N 27 9K

Rydberg superatom-cavity system, each of the Rydberg su-
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sical field-driven Rabi frequency in the N-th cavity.
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Rapid preparation of Rydberg superatom W state
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Abstract

The W state, as a robust multipartite entangled state, plays an important role in quantum information
processing, quantum network construction and quantum computing. In this paper, a three-level ladder-type
Rydberg atomic system is placed into a Rydberg blocking sphere to form a superatom. Each superatom has
many collective states including just one Rydberg excitation constrained by the Rydberg blockade effect. In the
weak cavity field limit, at most one atom can be pumped into excited state, then we can describe the superatom
by using a three-level ladder-type system. Afterwards we encode quantum information about the effective
energy levels of Rydberg superatoms and propose a fast scheme for preparing the Rydberg superatom W state
based on the superadiabatic iterative technique and quantum Zeno dynamics.This scheme can be achieved in
only one step by controlling the laser pulses. In this scheme, the superatoms are trapped in spatially separated
cavities connected by optical fibers, thereby greatly improving the feasibility of experimental manipulation. A
remarkable feature is that it does not need to accurately control experimental parameters and interaction time.
Meanwhile, the form of counterdiabatic Hamiltonian is the same as that of the effective Hamiltonian. Through
numerical simulations, the fidelity of this scheme can reach 99.94%. Even considering decoherence effects,
including atomic spontaneous emission and photon leakage, the fidelity can still exceed 97.5%, thereby further
demonstrating the strong robustness of the solution. In addition, the Rabi frequency can be characterized as a
linear superposition of Gaussian functions, and this representation significantly alleviates the complexity
encountered in practical experiments. Futhermore, we also analyze the influence of parameter fluctuations on
the fidelity, and the results show that this scheme is robust against parameter fluctuations. Finally, the present

scheme is extended to the case of N Rydberg superatoms, which shows the scalability of our scheme.
Keywords: superadiabatic, W state, Rydberg superatoms
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