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1 Ú ó

þfÅ�´þfÔn«Ou²;Ôn�Û
A!�Ø�gÆ�A���. 3þf&E+�¥,

þfÅ����«­��Ôn]
, 3þfÛ/D
�!þf�8?è!Å���!þfO�Úþf
�è���¡åX­��^ [1]. Å����)�ö
p¯K´þfÅ�ïÄ���­��K, äk­�
�nØ¿ÂÚ­��A^cµ. Bose �<ïÄ
?
uX��ü'A�9�|�p�^�XÚ [2], (J
uyü'A�|�mo´U
�)Å�. Phoenix

Ú Barnett ïÄ
ºYÏL��ê�n�ü�üU
?�f�m�Å�A5 [3], (Juydu�fÚn
|��p�^�±��ü�f�m�Û��'é.

2007 c, Ghosh �<ïÄ
Ð©?u)Å��ü�
�fºYÏL��9�n½ê�n�XÚ�Å�
ÄåÆA5 [4], uyn|N���p�^�±��
ü�f�mÅ���). �X, ¦�UYïÄ
ü
�nU?�fºYÏL��9�n½ê�n�X

Ú�Å�N�A5 [5], (Juy|^d©� £�
±Jpü�f�m�Å�. Ateto ïÄ
ºYÏL
���3��0��9�n½ê�n�ü�f�
m�Å�ÄåÆA5 [6], (Juyf���0��
A�±��ü�f�mÅ���m�üz¥y±
Ï5. 2009 c, Ateto UYïÄ
ü�üU?�f
ºYÏL��9�n½ê�n¿�ÏLV1fL
§u)��5�p�^��. [7], (Juy|^d
©� £Ú���A�±¢yéü�f�m�Û
�Å��ö�. Cc5, <�é Tavis-Cummings �
.!�f�ÍÜn�p�^XÚ±9ü�fÚ9
�|�p�^XÚ¥��fÅ�A5?1
�\
�ïÄ [8−13].

c¡ù
ïÄ, Ñ´Äuü��fºYÏL�
n|Ð©?uü�|, �©3©z [3,14] �Ä:þ
ïÄü��fºYÏL��V�n�Å�ÄåÆ
A5, Ì�?Ø1���f��Z5±9n|Ð©
Å�Ýéü�f�mÅ��K�. (JL²ü�f
�m�)Å������6uV�n|Ð©Å�
Ý, ¿��±ÏLUC�f��Ì5���)Å�
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�K��mÚÅ�����.

2 �.ÚÄ��§

� Ä � � X Ú � ¹ º Y Ï L � � V � n
� ü � f A1 Ú A2, n | Ð © ? u V � Å �
� cos α|1A0B〉 + sinα|0A1B〉, 1���f A1 ?
u-u�ÚÄ��?¿�ZU\�, 1��f A2

?u-u� |e2〉. �
{üå�, �Ä�fÚ|�
m´���p�^��¹, �fÚ|�m�ÍÜX
ê´~ê. ÔnL§´, �1���f A1 ÏLn,

Ún�| A �p�^�m t �lm
n, ,�´1
���f A2 ?\Tn, �n�| B u)�p�^,

�p�^�m�� t �lm
n, Ôn�.«¿ã
Xã 1¤«.

ã 1 Ôn�.«¿ã

b��fÚn��p�^�m���un�
Æ·, ¤±�±�Ñn�ÑÑ���ò�Z�A.

3^ÅCqe, 3�p�^±µ¥, �fÚ|�M
�îþ�

HI = g(σ+a + a†σ−) (~ = 1), (1)

Ù¥ σ± Ú σz ��f��|g^�Î, a† Ú a �
n|��)Ú�v�Î, g ��fÚ|�ÍÜ~ê.

�f A1 Ð©?u-u�ÚÄ��?¿�ZU
\�

|ψ(0)〉A1 =cos(θ/2)|e1〉

+ sin(θ/2) exp(iφ)|g1〉, (2)

ª¥ 0 6 θ 6 π, 0 6 φ 6 2π, �N�f�4zG�.

n|Ð©?uV�Å�� [15,16]

|ψ(0)〉f = cos α|1A0B〉 + sinα|0A1B〉. (3)

�©�ÔnL§Ú©z [3] �ÔnL§´��
�, ØÓ�´©z [3] �n|Ð©?uê�, 
ùp

�Ä�n|Ð©?uV�Å��. Äk4Ð©?
u |ψ(0)〉A1 ��f A1 ÏLn, Ún�| A �p�
^�m t �lm
n, 3M�îþ (1) ª��^e,

�±��1���f A1 Ú|��¥þ�

|ψ(t)〉A1f =M1|e11A0B〉 + M2|g12A0B〉

+ M3|g11A0B〉 + M4|e10A0B〉

+ M5|e10A1B〉 + M6|g11A1B〉

+ M7|g10A1B〉, (4)

ª¥

M1 = cos α sin
θ

2
exp(iφ) cos2(gt),

M2 = −i cos α cos
θ

2
sin(

√
2gt); (5)

M3 = cos α sin
θ

2
exp(iφ) cos(gt),

M4 = −i cos α sin
θ

2
exp(iφ) sin(gt); (6)

M5 = sin α cos
θ

2
cos(gt),

M6 = −i sin α cos
θ

2
sin(gt),

M7 = sin α sin
θ

2
exp(iφ). (7)

,�41��?u-u���f A2 ÏLTn, �
f A2 Ún�| B �p�^�m�� t �, lm

n, ÏLn|��p�^, ü��f�m�)
'
é, ü��fÚ|�¤�XÚ��¥þ�

|ψ(t)〉A1A2f =N1|e1e21A0B〉 + N2|e1g21A1B〉

+ N3|g1e22A0B〉 + N4|g1g22A1B〉

+ N5|g1e21A0B〉 + N6|g1g21A1B〉

+ N7|e1e20A0B〉 + N8|e1g20A1B〉

+ N9|e1e20A1B〉 + N10|e1g20A2B〉

+ N11|g1e21A1B〉 + N12|g1g21A2B〉

+ N13|g1e20A1B〉

+ N14|g1g20A2B〉, (8)

Ù¥

N1 =cos α cos
θ

2
cos(

√
2gt) cos(gt),

N2 = − i cos α cos
θ

2
cos(

√
2gt) sin(gt); (9)

N3 = − i cos α cos
θ

2
sin(

√
2gt) cos(gt),

N4 = − cos α cos
θ

2
sin(

√
2gt) sin(gt); (10)
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N5 =cos α sin
θ

2
exp(iφ)

× cos(
√

2gt) cos(gt),

N6 = − i cos α sin
θ

2
exp(iφ)

× cos(gt) sin(gt); (11)

N7 = − i cos α sin
θ

2
exp(iφ) sin(gt) cos(gt),

N8 = − cos α sin
θ

2
exp(iφ) sin2(gt); (12)

N9 =sin α cos
θ

2
cos(

√
2gt) cos(gt),

N10 = − i sin α cos
θ

2
sin(

√
2gt) cos(gt); (13)

N11 = − i sin α cos
θ

2
cos(

√
2gt) sin(gt),

N12 = − sinα cos
θ

2
sin(

√
2gt) sin(gt); (14)

N13 =sin α sin
θ

2
exp(iφ) cos(

√
2gt),

N14 = − i sin α sin
θ

2
exp(iφ) sin(

√
2gt). (15)

éudü��f A1, A2 Ú| f �¤�nN
XÚ, ùp·��´éü��f A1 Ú A2 �m�
Å�a,�, ����XÚ�ÝÝ
 ρA1A2f (t) =

|ψ(t)A1A2f 〉〈ψ(t)A1A2f | ��¹e, é|gdÝ?1
�,, �±��ü��f A1 Ú A2 ��z�ÝÝ

 ρA1A2(t), ��ü�f A1 Ú A2 ��z�ÝÝ

Ò�±��ü��f A1 Ú A2 �Å�&E. 3I
OÄ |e1e2〉, |e1g2〉, |g1e2〉 Ú |g1g2〉 e, ü��f A1

Ú A2 ��z�ÝÝ
äkL�ª

ρA1A2(t) =Trf [ρA1A2f (t)]

=


ρ11 ρ12 ρ13 ρ14

ρ21 ρ22 ρ23 ρ24

ρ31 ρ32 ρ33 ρ34

ρ41 ρ42 ρ43 ρ44

 , (16)

Ù¥�ÝÝ
��

ρ11 =N1N
∗
1 + N7N

∗
7 + N9N

∗
9 ,

ρ12 =N9N
∗
8 ; (17)

ρ13 =N1N
∗
3 + N9N

∗
13, ρ14 = 0; (18)

ρ21 =N8N
∗
9 ,

ρ22 =N2N
∗
2 + N8N

∗
8 + N10N

∗
10; (19)

ρ23 =N2N
∗
11 + N8N

∗
13,

ρ24 =N2N
∗
6 + N10N

∗
14; (20)

ρ31 =N3N
∗
1 + N13N

∗
9 ,

ρ32 =N11N
∗
2 + N13N

∗
8 ; (21)

ρ33 =N3N
∗
3 + N5N

∗
5 + N11N

∗
11 + N13N

∗
13,

ρ34 =N11N
∗
16; (22)

ρ41 =0, ρ42 = N6N
∗
2 + N14N

∗
10; (23)

ρ43 =N6N
∗
11,

ρ44 =N4N
∗
4 + N6N

∗
6 + N12N

∗
12 + N14N

∗
14. (24)

dü�fXÚ�¤�X�þfXÚ, §�Å
�Ý�u?�fXÚ�z�ÝÝ
� von Neu-

mann �, 
éuü�fXÚ�¤�?¿��E
ÜXÚ, ·�æ^ Wootters 3 1998 cJÑ�¿u
Ý (concurrence)[17] 5Ýþü�f�m�Å�, ¿u
Ý�½Â�

C(t) =max[0, λ1(t) − λ2(t)

− λ3(t) − λ4(t)], (25)

Ù¥ λ1(t), λ2(t), λ3(t), λ4(t) ´�Î [
√

ρρ̃
√

ρ]1/2

�����üSü�, ρ̃ ´ ρ ��m�üÝ
, L
�ª�

ρ̃ = σy ⊗ σyρ∗σy ⊗ σy, (26)

ª¥ * L«�E�Ý, C ������ 0 6 C 6 1,

Ù¥ C = 0 `²ü��f´)Å��, C = 1 `²
ü��f?u��Å��.

d�ÝÝ
 (16) ª£ã�þf�, du�ÝÝ

�E,5, ��ØU�Ñ¿uÝ�)ÛL�ª,

�ü�fÐ©Ñ?u-u� |e1e2〉(θ = 0) �, ü�
f�z�ÝÝ
L�ª�

ρA1A2(t) =


ρ11 0 0 0

0 ρ22 ρ23 0

0 ρ32 ρ33 0

0 0 0 ρ44

 , (27)

Ù¥

ρ11 = N1N
∗
1 + N9N

∗
9 ,

ρ22 = N2N
∗
2 + N10N

∗
10,

ρ23 = N2N
∗
11; (28)

ρ33 = N3N
∗
3 + N11N

∗
11,

ρ44 = N4N
∗
4 + N12N

∗
12. (29)
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d�ÝÝ
 (27) ª£ã�ü��fXÚ, ¿uÝk
��{ü�)ÛL�ª [18]

C(t) =2max
{
0, |ρ23| −

√
ρ11ρ44

}
=max

{
0, sin(2α) cos2(

√
2gt) sin2(gt)

− | sin(2
√

2gt) sin(2gt)|
}
. (30)

·�ÏLê�O�5?Ø1���f��Z5±
9n|Ð©Å�Ýéü�f�mÅ��K�.

3 (JÚ?Ø

ã 2 �Ñ
ü�fÐ©?u-u�, V�n|
?u��Å���, ¿uÝ��m�üz5Æ. ¿
uÝ��müz5Æ�N
ü�f A1 Ú A2 �m
Å���müzA5. lã¥�±w�, �f A1

Ú A2 �m�Å���m�üzu)
aqu©
z [19] �Å�â,�)y�, �Ò´`, ü�f�
mÐ©��Ø�3Å�, â,3�ãk��m�
�, ü�f�m�)
Å�, <�®²rù«�A
¡� “Å�â,�)”. ��p�^UY�ã�m
��, ¿uÝ C â,~��", ¿�3Å�E��
cÅ��"���±�±�ãk��m, =ü�
f A1 Ú A2 �mÑy
Å��â,k�y� [20],

Ì���Ï´�fÚ�g�n�|�p�^, �f
Ún�|�m&EÚUþØä�=£, l
��ü
�f�m�Å�=£�V�n| [21,22]. �X�p
�^�m�í£, Å��â,�)Úâ,k�y�
�OÑy. ù�(J´�~k��, §�ü��f
Ó��9�|½ê�|�p�^ [23,24] �LyÑØ
���5�, ü��fÓ�Ú9|½ê�|�p�
^�, �ü�fÐ©Ñ?u-u��, ü�f�m
ØUu)Å��)�y�.

ã 3 Ð«
ü�fÐ©?u-u�, V�n|
Ð©?uØÓÅ���, ü�f�mÅ���m
�üz5Æ. ã¥�¢�, :�, :J�©OéAë
ê α = π/4,π/6,π/12. lã 3 ¥�±w�, ü�f
�m�,�±u)Å��â,�)y�, '�ã 3

¥�¢�, :�Ú:J��±w�, ü�f�mÅ
��)�K��m�V�n|Ð©Å�ÝÃ', ,

ü�f�m�)Å������6uV�n|
Ð©Å�Ý, V�n|Ð©Å�Ý��, ü��f
�m�)Å�������.

ã 2 ü�fÐ©?u-u�, V�n|?u��Å��
�, ¿uÝ��m�üz

ã 3 ¿uÝ��m�üz. ü�fÐ©?u-u�,

V�n|?uØÓÅ��, ¢�, :�Ú:J�©Oé
A α = π/4, π/6, π/12

�
?Ø1���f��Z5éü�f�m
Å��K�, ã 4 �Ñ
V�n|?u��Å�
�, 1���f?uØÓÐ��, ü�f�mÅ�
��m�üz5Æ. ¢�, :�Ú:J�©OéA
ëê θ = 0,π/3,π. '�ã 4 ¥�¢�Ú:�uy
ü�f�mÅ��)�K��mÚÅ�����
6u1���f��Z5. ¿�1��f��Z5
~�
ü�f�m�Å�, ò�
ü�f�)Å�
�K��m. ã 4 ¥:J��Ñ
, 1���f?
uÄ�, 
1���f?u-u��, ü�f�m
Å���m�üzÄåÆA5, lã¥�±wÑü
�f�mvku)Å�â,�)y�, 
´¿uÝ
�X�m�üzá�ÒÑy�u"�� (Xã 4 ¥
:J�¤«), �Ò´`�f A1 Ú A2 Ú|��m
©u)�p�^, |Ú�fmUþÒu)��, ü
�f�má=Ò�)Å�. é'ã 4 ¥�¢�Ú:
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J�uy, �1���fÐ©?uÄ��, ü�f
�m�)�Å������. dd·��±�Ñ�
(Ø´, T�Y�·�Jø
�«ÏLUC�f�
�Ì5��Úöp�fmÅ���{. Ì��Ï
´Ï~�±¦^��²;|5¢y�fØÓÐ�
���.

ã 4 ¿uÝ��m�üz. V�n|Ð©?u��Å�
�, 1���fÐ©?uØÓ��, ¢�, :�Ú:J�©
OéAëê θ = 0, π/3, π

4 ( Ø

�©|^¿uÝ��ÝþïÄ
ºYÏL�
�V�n�ü�üU?�f�m�Å�ÄåÆ5
�, Ù¥1���fÐ©?u-u�ÚÄ��?¿
�ZU\�, 1���f?u-u�, n|?uV
�Å��, ?Ø
|�Ð©Å�ÝÚ1���f�
�Z5éü�f�mÅ��K�, (JL²: =¦
ü��fÐ©Ñ?u-u�, ü��f�m�´�
±�)Å��, �©z [23,24] LyÑØ���5
�. ¿�uyü�f�m�)Å��K��mÚÅ
�����6u1���f��Z5. 1���f
��Z5~�
ü�f�m�Å�, ò�
ü�f
�)Å��K��m. duÏ~�±¦^��²;
|5¢y�fØÓÐ����, Ïd�±ÏLUC
�f��Ì5¢yü�f�mÅ����Úöp,

nØþJø
�«N�Å���ª. F"�©�ï
Ä(JéÅ��ö�±9þfÏÕäk�½��
�¿Â.

[1] Nielsen M A, Chuang I L 2000 Quantum Computation and Infor-

mation (Cambridge: Cambridge University Press)

[2] Bose S, Fuentes-guridi I, Knight P L, Vedral V 2001 Phys. Rev.

Lett. 87 050401

[3] Phoenix S J D, Barnett S M 1993 J. Mod. Opt. 40 979

[4] Ghosh B, Majumdar A S, Nayak N 2007 Int. J. Quantum. Inf. 5
169

[5] Ghosh B, Majumdar A S, Nayak N 2008 J. Phys. B: At. Mol. Opt.

Phys. 41 065503

[6] Ateto M S 2007 Int. J. Quantum. Inf. 5 535

[7] Ateto M S 2009 Int. J. Theor. Phys. 48 545

[8] Shan C J, Liu J B, Chen T, Liu T K, Huang H Y, Li H 2010 Acta

Phys. Sin. 59 6799 (in Chinese) [üD[, 4UW, �7, 4,&,

�ÿ_, o÷ 2010 ÔnÆ� 59 6799]

[9] Lu D M 2011 Acta Phys. Sin. 60 090302 (in Chinese) [©�²
2011 ÔnÆ� 60 090302]

[10] Guo J L, Xia Y, Song H S 2010 Chin. Phys. B 19 010310

[11] Luo C L, Miao L, Zheng X L, Chen Z H, Liao C G 2011 Chin.

Phys. B 20 080303

[12] Hu Y H, Fang M F 2010 Chin. Phys. B 19 070302

[13] Ji Y H, Liu Y M, Wang Z S 2011 Chin. Phys. B 20 070304

[14] Cardoso W B, Avelar A T, Baseia B, de Almeida N G 2005 Phys.

Rev. A 72 045802

[15] Pires G, de Almeida N G, Avelar A T, Baseia B 2004 Phys. Rev.

A 70 025803

[16] Rauschenbeutel A, Bertet P, Osnaghi S, Nogues G, Brune M, Rai-

mond J M, Haroche S 2001 Phys. Rev. A 64 050301

[17] Wootters W K 1998 Phys. Rev. Lett. 80 2245

[18] Yu T, Eberly J H 2007 Quantum. Inf. Comput. 7 459
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Sudden birth and control of entanglement between
two atoms successively passing through a

bimodal cavity∗

Liao Qing-Hong† Liu Ye
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Abstract

The dynamics of entanglement of two atoms passing through a bimodal cavity one after another are investigated by employing

the concurrence. The effects of the atomic coherence of the first atom and the initial entanglement of the cavity field on the time

evolution of atom-atom entanglement are analyzed. The results show that the phenomenon of sudden birth of entanglement between

two atoms occurs under some conditions and the maximum for the creation of the entanglement is dependent on the initial entanglement

of the cavity field. Moreover, the threshold time and maximum for the creation of the entanglement can be controlled by changing the

amplitude of atom. We find that the proposal may provide us with a theoretical way to control and manipulate the entanglement.

Keywords: quantum entanglement, creation of entanglement, control of entanglement
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