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Abstract The influences of light-field distribution parameters, atomic relative detuning, maximum photon number,
light-field probability parameters, and initial atomic states on quantum entanglement characteristics of a system
comprising a Polya-state light field interacting with a A-type three-level atom are analyzed based on the quantum
entropy theory. The results denote that when the A-type three-level atom interacts with the Polya-state light field
and the initial state is a two-lower-level energy-equal superposition state, a stable and periodically oscillating
entangled state with a relatively small maximum entanglement degree can be obtained for appropriate parameter
values. However, if the initial state is an excited state or a three-level equal-weight superposition state, a stable and
periodically oscillating entangled state with a maximum entanglement degree of 1.1 can be obtained for appropriate
parameter values.
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Fig. 1 Diagram of A-type three-level atomic structure

Polya &5 Kol

M
‘¢f(0)> = ‘M?l?77> - E[Py(l’n)jl/z ‘7’1>9
n=0

TLRGCHMERIETH. S MRS (2)
JE - AH X R 3 i S WA S R R R G 2 g Hrp,
P )_[ M P(qﬂ)m[qﬂn1)1]7;<77+z>--- [+ M —n—1I] o
T T (M — ) A+ +20) [+ M—11] ’
KA [$(0)) N Polya MR s [ n) MO TF R V(1)) =
n A F B M RN e KOG 80 BUEE [ E B im @ 1y B, [bam 1)+
— S S N R ALz n asn n L
50 TR o A S0 BUE S LR IE S H 8 R s
FITHMR B H 0<p<1l;y=1—7. M [ #iL C,()|ec,md]1+ D@ a0y +E@)|b.0),
T o B A Z IS Y M0, — (4

0,90, Mn K Em, Sty 204kt — 0 A 28O0
Y. WG B2 40 F Polya 25, JR T AL THI &
MAC, |a)+C, [0)+C. ey . Hh C,.C,.C. K
WERIRIR  REMALE ¢ 2B K TR N

B (D Z0A ) AR A BE 21 R R A
J
iﬂ\wm:H, )y, (5)

fifp B A2 15 7 R AT A B AN R AR

232701-2



Wt 5ot T o R

A(w—- {{m<n+1»+A]P%xuqm;+g%n+npﬁxuwcf—

Agpy(z o)+ 1C, feos @t +g°(n+1)(C,
AgP () v/ +1C 4102, [APY, (L.pC, — gP¥ (L) /u +1C, ] sin Q,t}

_(:/,)P,YH(la'f]) +

B, () =

(g +DPYLUpC,+ [g7n + 1D +A* TP U C, +

n+1

AngY(l,q) Jn+ lC(,} cos,,t+g"n+ 1D, —C, )P,H(Zny) *AgP;‘Y(Z;?]) vn+1C, —

i, [APY (L Cy 4+ gPY (Ui /n +1C. ] sinQ,1t}
1
C, @ :\QT{[Ag Vn+1PYL L, (Cy —C) +2g"(n +DPY (U, C, Jeos 2,4t +
1
AgPY (Lyp) /n F1(C, —C) +A*PY (L, C. —
ig’\/ n +1P5\I/I_1 (Z ’77)Q,,+1 (CU +C/,)Sln Q,I+1[}

1 -,
D) :(TEA“’P‘Y(ZM])CUCOS Ot +1Q,APY (L, C,sin 2t ]
1

E(t) :\Ql[AzPa\/l(l57])C/,COS \Qlf *LQIAP(')VI([’V)C/JSII’lﬂltj
1
(6)
\(271+]: 2g2(n+1)+A20 D)
XSG A H R IBGEE AT A T 24 1 R R R
DUIA ) ]? DIAL (OB (1) DAL (DOC (D
pA() =Tr, (| T (T | )= EB,,(t)A{f ) 2 /B, () |* ZB”(Z‘)C: @ |, (¥

DIC, (DA (D)

DB () D)

C.(t)]|*

KA () B (1).C) (o) Yy HE R B 5 4t TR MESOEFH M=50, %8455 1=0.01,
Bi., FREEBGE TR G RE IR T O 1 von MIXTRER =1 1 OGRS E ) W RS T 4

Neumann & N
Sr(t) =S,) =—Tr[p\(1)ln pA(Z):lz

—§h<nmaux (9

f$a<wﬁ&ﬁﬁ%m%f|¢ﬁ@oﬁﬁvm
Neumann i fif B £5C(E 715 J) ol 3F 40 35555 &5 4> 2 80
X5 I A H AR 2R G0 1) M 4 3 10 R 1 ) 5

3 BUE A S8

3.1 EFHSAMES

K TAEF IR ST R FARS R =AY
g. BM2RRWENMERC, =C,=0,C.=1D)
63 0 A B H LR TR R R - RO
M R R Sy 3 i B — A R R A S
O S (o) Bifi B[R] AL R AR 1 52 e, T 2Ca) ~ (o)

QAL R R L By K . Y g BUROIME L B p=0.1
Bt 2R 4 f - 2 4 P 4% 5 B0 R0 ) 91 3% L B ok 4 4
VIR K Bt 5 M 25 2 B0 BB 0 34 K i K 4 4
RS /N W 55 RG22 B A Ipk % Bt e ) i Ak 7%
R LR R A 28 R 5 . TR 2 () ~ Ce)
FR BRI T M =50 RS H 9=0.9. 4
XK r=1 B, 60 S H L X R G 2
HALIISE R, 5 K I B 5y A5 S 80 L BUE R R, &
5 i K M 9 G B I A Ak R ST 35 2 98 R 5 kG K
HIR5 Bz R E 2 IR . # 200 .,
(D (@ FAR G IR THM =50 MRS K g=
0.9, 60 A S0 1=0.01 B, AHXS 2 385 & X R G
T A R AL BB i, T DL A B B AR X O i
SRR N By NEZ 3R B N = 4 NP
B 2C0 FioR , #Er = TH, B K 4 90 8 B 224230 fe K (H.

232701-3



Wt 5ot T o R

1.2

1.2

1.2

1o ® 1o ® 10/©
<08 MMWWWWWW S O'SWMW <08
o 06 o 06 o 06
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
0 40 80 120 160 0 80 120 160 0 40 80 120 160
gt gt gt
12— 1.2 1.2
Lo} @ 1o} © 1.0
=08 =08 =08
= Soel VTV VT =
o 06 mm o 0.6 o 06
0.4 0.4 0.4
0.2 0.2 02
0 0 0
0 40 80 120 160 0 80 120 160 0 50 100 150 200
gt gt gt
0.4 12 12—
® 1.0 (h) 1.0 ®
- s =08 =08
o 0.2 o 0.6 o 0.6
ol 0.4 0.4
0 0 ~ . 0
0 500 1000 1500 2000 0 100 150 200 0 50 100 150 200
gt gt gt

Bl 2 TR0 ROk A I R T R 25 S BB AR i N AL . () 9p=0.1,M=50,/=0.01,r=1;(b) y=0.5,M=50,/=0.01,

r=1;(0) 7=0.9.M=50,1=0.01,r=1;(d) 1=0.10.M=50,7=0.9.r=1;(e) {=0.5,M=50,7=0.9,r=1;() r=7,
M=50,1=0.01,7=0.93(g) r=100,M=50,{=0.01,7=0.9; (h) M=10,r=1,{=0.01,7=0.9; (i) M=100.,r=50,
1=0.01,7=0.9

Fig. 2 Time evolution of atomic entropy with various parameters when initial state of atom is excited. (a) y=20.1, M =50,

1=0.01, r=1;(b) y=0.5, M=50, [=0.01, r=1; (¢) =0.9, M=50, [=0.01, r=1; (d) {=0.10, M=50, 3=
0.9, r=1; (e) [=0.5, M=50, =0.9, r=1; ) r=7, M=50, [=0.01, 7=0.9; (g) r=100, M=50, [=0.01,
7=0.9; (hy M=10, r=1, [=0.01, 3=0.9; (i) M=100, r=50, [=0.01, 5=0.9

Sa=In 3211, {H M XF 2R 08 &~ BUE GRS K, i
o 2 20 B HFF BB Y =100 B, RGO %R
R g8, Gn & 2(e) i 4 3 ER  r BUS/IME
F1RY 05 A I T 1) Y6 3 o 185 DR L 205 00 D) 1% 255 o] A 44 i
i 78 Sy o RN B S PR R g . HLER U T 0 i
Ko W@ 2 FME 2h) ~ Q) FiR , YA =
1B R S H 9=0.9, X650 i S50 =0.01 I, K
B KO TEL M OBUE F 38K, R 55 fe K 9 96 % C ¥
ARk AR 7 P AR R D00 R % ] 40 1 3 o e L L
PR3 Az WiAE K.
32 BEFNSATWTELASENEME

WA AP T REHA T EMEC,=C,=1/J2,
C.=0) B A S50 L xR KO3
M FIRE R S5y 53 5 OB — 78 5 ok 3R B 4% 2 8O0
Sa (o) B B[] 10 B0 A B 5 ma, an B3 T R,
Bl 3(a)~ (o) Fm B SO TFH M=50. L5501
S L=0.01. X KiEE r=1 8GR S
n Xt R G0t 7 4 48 G AL R R, B &k PR, Bl R
SR BAE 3G K, R 58 fi K 2 90 3 A 5 1 s/

HARG B AR A2 b 59048 R SR, A
R GEBEEAX BN, B 30 ~ () FRm MK
HFEM=50, GRS E p=0.9, XS K8 &
r=1 0690 B8 1 AR G T 9] 953 AL Y
SR 5 R B Sy A SR L A R R G i
R 2 B 32 W /D S ik P AR B B 2 /N iR
EIR . B 3Co) (D Ml (@) TR Y e K6 T 5L
M=50 MR SH p=0.9. KGNS (=
0.01 B} AR 2% 5 & X &R G2 i 7 4 4 T Ak i 3
M, AT LR B, BE R GO B - IO B R R
B fe K 2] 9 B JC WY W AR Ak T AR U AR B ) AR
JIE K JEL B M 4 A R e, 2R B R T o R
el s, Rz # A K. B 3(o. (. (D)F
ANYHR R R =1 GRS 9=0.9, %
SIS EL=0.01 B}, e KOG FEM X RS & F
2 9 AL Y 52 L BT DL & B B e KOG A MR
{H B3GR, R G fe K 2 90 B e W] W A8 Ak H R
L5 0 D 2 R ) ) P S 3 4 o L iR % R A
AR,

232701-4



Wt 5ot T o R

1.2 1.2 1.2
1o} @ 1.0} ®) 1.0} (©
0.8 08 _ 08
S(Oﬁmwmwmw\vh %0'6WWNMW 120.6
03‘0.4 c'J‘().4 t,J‘().4
0.2 0.2 0.2
0 0 0
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160
1.2 s 1.2 s 1.2 s
1o} @ 1of © 1o} @
0.8 08 0.8

< 06 <06 <06
@04 oaf VYT @04

0.2 0.2 0.2
0 0 0
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160
gt gt 19 gt
1.2 1.2 2=
NIC) Lol® Lop®

0.8 0.8

< 06 <06 = 06
“ 04 “ 04 “ 04
0.2 0.2 0.2

0.8

o

0

%40 S0 120 160 0 40

gt

0

80 120 160 0 40 80 120 160
gt gt

B3 JRTRIAN PR BRSNS R T B A S B AL . (a) 9=0.1,M=50,1=0.01,r=1;(b) =0.5,M=
50,0=0.01,r=1;(c) y=0.9,M=50,/=0.01,r=1;(d) /=0.10,M=50,9=0.9,r=1;(e) [=0.90,M=50,9=0.9,
r=1;) r=10,M=50,/=0.01,97=0.9;(g) r=100,M=50,/=0.01,9=0.9;(h) M=10,r=1,/=0.01,9=0.9;

(i) M=100,r=50,/=0.01,7=0.9

Fig. 3 Time evolution of atomic entropy with various parameters when initial state of atom is equal weight superposition

state of two lower energy levels. (a) =0.1, M=50, {=0.01, r=1; (b) y=0.5, M=50, [=0.01, r=1;

(¢) =0.9, M=50, [=0.01, r=1; (d) [=0.10, M=50, y=0.9, r=1; (e) {=0.90, M=50, p=0.9, r=1;

(H r=10, M=50, {=0.01, y=0.9; (g) r=100, M=50, [=0.01, =0.9; (h) M=10, r=1, {=0.01,
7=0.9; (i) M=100, r=50, 1=0.01, p=0.9

33 EFHSAZRAENEMS

AR ZRREENSMEC,=C,=C. =
/BB i S50 L AR r R TFHR M
ML S 80y 43 ) OB — 7% 45 o % B 45 S J0n)
S () B B 8] 3 AL R A R 52 L I 4 B, 1B 4
(a) ~ ()RR Y FOLTFH M =50, 650 i S5
[=0.01. MR r=1 B OEH RS E 9 X &
Gt T A A S L B R B Y g Y EUE T R S
It 2 9 R 5 ) 5 0 28 R R A 2R L AF
R g5 FE W AN TR 4Ce) ~ (o) TR M H KT
B M=50, MR SE p=0.9, X RIFE r=1
B, 65 M S8 L W RS A g A S, 5
2N 2 SR N 8 L E )
BTG, HLR G UG 8 BT 22 /N s AR
Kl 4Co) (D Fl (g) T i KOG FH M =50,
MRS E 9=0.9. 60 S H 1=0.01 I}, AHXF R
W ARG T A AR, o] DR B
FERT R WU 1 38 K 2R 56 fie K 2 8 B 38 3 1

KLUE 4 It . 48 » =100 W, i K 2] 95 )% © &
BIE R KM Sa=1In 311 4R G E B BEEE » BUE
(1R 18 K, U0 5 ) S0 % o v L B R BN L
BeRa e i A M ] 8 A HLR O RO A K
Bl 4Co) () FGD KRR AR RIS & r =1, 0651
REW =09 G MSH1=0.01 B, R IOET
M R GE T 2 G AR S, T LR B Bl
e ROGTFE0 M OBUE 3 K, 5 G i K 2H 98 B2 32 7 0
N AR5 P15 JE 3P R 0 4 i, LR % 8 Y 0%

K.
4 4k v

iz FREe . 55 T Polya Bt 5 A &Y
SRR FAHEEH RGN TR, ST
ANREF R I Polya B SEKM T %t %-
A BAE &R G b R & 2] 2R PR B von
Neumann % Fifi B[] A 38 A i 22 . 25 2R Wi« Bl 3
F 013 M Polyazs 63 & 19 02 , von Neumann

232701-5



MOOb 5 %o T R

1.2 1.2 1.2
Lol@ Lol ® Lol©
08 08 08
= 0.6 = 0.6 = 0.6
“©04 “©04 “©04
0.2[ O.ZFVWW O.ZW
0 0 0
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160
gt gt gt
1.2 1.2 1.2
Lol @ Lol ® Lol®
08 08 08
06 06 =06
“© 0.4 e 2N (| S “©0.4
0.2 0.2 0.2
0 0 0
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160
gt gt gt
1.2 0.6 0.6—
1.0 ® 0.5 ®
_08 _ 04 _ 04
= 0.6 ~. =.0.3
04 @02 @02
0.2 0.1 \V VM
0 0 0
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160

B4 JRFRES R =R SRS A i R T B & S 8 Ak . () 9=0.1,M=50,0=0.01,r=1;(b) »=0.5,M=
50,=0.01,r=1;3(c) =0.9,M=50,/=0.01,r=1;(d) [=0.10,M=50,9=0.9,r=1;3(e) [=1.00,M=50,9=0.9,
r=1;(D r=10.M=50,/=0.01.7=0.9; (g) r=100.M=50,/=0.01,7=0.9; (h) M=10.r=1,/=0.01,7=0.9;

() M=150,7=50./=0.01,9=0.9

Fig. 4 Time evolution of atomic entropy with various parameters when initial atomic state is a three-level equal weight
superposition state. (a) =0.1, M=50, [=0.01, r=1; (b) =0.5, M=50, [=0.01, r=1; (¢) =0.9, M=
50, [=0.01, r=1; (d) [=0.10, M=50, y=0.9, r=1; (e) [=1.00, M=50, y=0.9, r=1; () r=10, M=
50, {=0.01, =0.9; (g) r=100, M=50, [=0.01, y=0.9; (h) M=10, r=1, {=0.01, »=0.9; (i) M=150,

r=50, [=0.01, =0.9

W B T 1] 11972 A 1 B HR SR BT A A e T R
JEF R4 T HOR S M =R ERE M.t S

REAR, AEWH. WAEMA BRSPS gEEEEL].
e, 2016, 36(5): 0527001.

R S 1 J5CT A B X R A gy () Wene XL Hluane @ G Zhang 2 W, Quantum
Z L1 von Neumann WS mE k. 76— 1 I, setting transmission protocol based on channel self-
checking [ J ]. Chinese Journal of Quantum
von Neumann 1] Bl& K{H S, =1n 3~1.1,3%&H g.
25 5 T2 A 4 2 4 R L Electronics, 2018, 35(6): 705-713.
RE =M H BV ZH P8 BB AE R o X — . N [
o o A o ELg * ERR, B Ao T T AR R T
JTE fit 1 B U b B A TR A I A R S L T]. T T2, 2018, 35(6): 705-
2 % X # .
[5] Cai X H, Nie]]J, GuoJ R. Entanglement translation
[1] Einstein A, Podolsky B, Rosen N. Can quantum- and quantum teleportation of the single-photon
mechanical description of physical reality be entangled state[J]. Acta Photonica Sinica, 2006, 35
considered complete?[J]. Physical Review, 1935, 47 (5): 776-779.
(10): 777-780. g te, SR, AR, POL TSN
[2] Schrodinger E. Die gegenwartige situation in der M TRIBAAST]. 6T, 2006, 35(5): 776-
quantenmechanik[J]. Naturwissenschaften, 1935, 23 779.
(48): 807-812. [6] Zhang Q, Li F L, Li H R. Teleportation of a two-
[3] QiuC D, Lu D M. Entanglement characteristics in mode Gaussian state through double two-mode-

Acta

two-dimensional coupled cavity systems [J].

Optica Sinica, 2016, 36(5): 0527001.

232701-6

squeezed-state quantum channels [J]. Acta Physica

Sinica, 2006, 55(5): 2275-2280.



WOt 5 ot ¥ o o R

St AR, AR AR R TONURE I 45 5 18 A RURE cavity [J]. Physical Review A, 2005, 72 (2):

WA TRIPASI]. Y, 2006, 55(5): 022332.

2275-2280. [15] Jiang DL, Ren X Z, Cong H L, et al. Entanglement
[7] Zhang L H, Li G X. Entanglement properties of two- properties of two entangled atoms without rotating

atoms interacting with field in dissipative cavity[]J]. wave approximation [ J]. Acta Photonica Sinica,

Acta Photonica Sinica, 2011, 40(4): 607-612. 2010, 39(9): 1636-1640.

SR, 2 R0 . REHUE OB 5 063 1 2 98 3 1k LR, ALEW, AR, S5 AR R IE BT P2 8

FerkED)]. Jt7 &4k, 2011, 40(4): 607-612. SRR M GER L] . JE TRk, 2010, 39(9): 1636-
[8] Sun Y R, Huo M R, Yan Z H, et al. Quantum 1640.

teleportation based on four-partite entangled states [16] Liao Q H, Jin P, Ye Y. Entanglement dynamic

[J]. Acta Optica Sinica, 2018, 38(5): 0527001. properties of nitrogen-vacancy centers coupled to

INEIRE, I, EEM, F. ETUHASAEER mechanical resonators in nanodiamond [J]. Chinese

B RS T]. JbsE e M, 2018, 38 (5): Journal of Lasers, 2018, 45(12): 1212001.

0527001. BEPGHE, WS, . 9K SR R A L
[9] Huang C J, He H Y, Zhou M, et al. Entropy WAR T 20 48 ) g e (1D o E Ok, 2018, 45

evolution of field interacting with two entangled- (12): 1212001.

atoms[J]. Acta Physica Sinica, 2006, 55(4): 1764- [17] Fu H C. Polya states of quantized radiation fields,

1768. their algebraic characterization and non-classical

WAL, WEH, AW, & 5980 FAHE properties [J]. Journal of Physics A: Mathematical

P FH 5 8 v R AR R R (D] B2, 2006, 55 and General, 1997, 30(5): L83-L89.

(4): 1764-1768. [18] Li B, Sachuerfu, Guo C L. Quantum properties in a
[10] Yamaguchi K, Watamura N, Hotta M. Quantum system of two two-level atoms interacting with Polya

information capsule and information delocalization by state light field [J]. Laser &. Optoelectronics

entanglement in multiple-qubit systems[J]. Physics Progress, 2016, 53(3): 032702.

Letters A, 2019, 383(12): 1255-1259. Kk, BERERI, FOEm. WA ZREHRE T 5 Polya
[11] Wang J R, Lai Y Z. Influence of chromatic dispersion DOCUMEERRENE TRMEL]. Bt56dh 7

on evolution of entanglement in T-C model of two- k&, 2016, 53(3): 032702.

atom[]J]. Journal of Taiyuan University of Science [19] Wang Y Q, Sachuerfu, Wang Y N. Fidelity in a

and Technology, 2009, 30(4): 346-349. system of a moving two-level atom interacting with

FES, #is &, O T-C 48w R 7 2 48 3 1k Polya state light for multi-photon transition []J].

FetEpo R m [J]. KRB R4, 2009, 30(4): Chinese Journal of Lasers, 2015, 42(7): 0718001.

346-349. FHW, ERERK, EWH . 2 TERITT Polya &
[12] Liu X Y, Ren X Z, Xu Y H. Entanglement Y 5iE 8 R T EAE RS RE L[]

properties of Tavis-Cummings model without rotating JrE O, 2015, 42(7): 0718001.

wave approximation [J]. Laser & Optoelectronics [20] Kayhan H. Entanglement of two superconducting

Progress, 2018, 55(10): 102701. charge qubits with the Glauber-Lachsstate [J].

XNEx, [T, BER. BEREEL T Tavis Physica Scripta, 2011, 83(5): 055003.

Cummings TEE:E"JZH?E%‘@ 1. #6556 H 72t [21] Feng C, Sachuerfu, Li H X. Entanglement of an

J&, 2018, 55(10): 102701. atom interacting with Glauber-Lachs state in
[13] Cheng QL, XieSY, Yang Y P. The influence of the multiphoton Jaynes-Cummings model [J]. Acta

field frequency modulation on quantum entanglement Optica Sinica, 2013, 33(5): 0527001.

via two-photon process [J]. Acta Physica Sinica, I, BEREIR R, 24 A . £ F Jaynes-Cummings

2008, 57(11): 6968-6975. BB F T 5 Glauber-Lachs 3725 A0 5. 7E JH 1Y &7 24

JRAKTN, XU, FF . SR ALY S35 X BOE T g [J]. Je24R, 2013, 33(5): 0527001.

R A g0y AR (1] WP, 2008, 57 [22] Wang X C, Cao Z L. Radiation squeezing of the

(11): 6968-6975. system of the binomial states field interacting with a
[14] LiS B, XuJ B. Entanglement, Bell violation, and moving E-type three-level atom[J]. Journal of Jilin

phase decoherence of two atoms inside an optical

232701-7

University(Science Edition), 2006, 44(3): 445-449.



Wt 5ot T o R

[23]

ERA, R R, A0k 5ias B SRR
FTHEAEMNREN T B0 ] Mok 553l
(B2, 2006, 44(3): 445-449.

Haribala, Sachuerfu, Yang R F, et al. Quantum

entanglement of the squeezed coherent state

232701-8

interacting with a A-type three-level atom [J]. Acta
Photonica Sinica, 2009, 38(7): 1846-1851.

W H B, BFRERR, BEmS, O RSIAT ALY
5 A=Y AN @R L] St re
2, 2009, 38(7): 1846-1851.



