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1 Ú ó

þfÅ���þfO�Úþf&E?nL§
¥Ø�½"�Ôn], �2�A^uþfO�!
þfÏ&Úþf�èâ�þf&Eó§¥ [1]. þf
Å�ïÄ�'�¯K´Å�����!Å���
±ÚN�. ,¢S�Å�NXØ�;�/¬�±
��¸u)�p�^, X�þfXÚ3��¸�p
�^L§¥, duò�Z�A��3, X�Å�é
J�)Ú�±. Ïd, ïÄö�é·Ü�þfÅ�
ïÄ�)
ßþ�,� [2−5]. �~��·Ü�Ò´
ü�91|, §�L±A½�§Ý�¥�éX�X
Ú, �d�?u9²ïG��ü�nN�). �C,

Bose Ú¦�Ó¯� [3], �ã
��Ð©?uX�
��U?�f�ü�91|�p�^�, ÃØn|
§Ýõp, �f�1|Ñ¬�)Å�.

,��¡, Jaynes-Cummings(J-C) �. [6] ´þ
f1ÆÚnþf>ÄåÆ¥�Ä�����
., §£ã���U?�f���ü�þfz1
|�p�^. õc5, 'u J-C �.ÄåÆA5ï
Ä [7−9], cÙ´�N J-C �.¥1|��f'é�
A�| (�f) �üz [10,11] �ïÄ��Ñ´þf

1ÆïÄ�9:¯K. ,�Ü©ïÄ�Ä�Ñ´
�fÚ|þ?uX���¹, =X�VfXþfX
Ú. éuù��XÚ, Phoenix Ú Knight[12] y²: �
fXÚ�þf�z�3üzL§¥©ª��, ¿
�fXÚ�þf�z�´fXÚ�mþfÅ�§
Ý�°(þÝ. þf�z���, Å�Ý�p. X
J J-C �.¥�f½ö|?u·Ü�, ½öüöþ
?u·Ü�, �fXÚ��z�E,��íºX
JØ��, üök�o'X, §��Å�qk�o
'XQºCc5, ù
¯KáÚ
éõïÄö�'
5 [13−17] . Boukobza �< [13] uy·Ü� J-C �
.¥, �f�|��z�Ø2©ª��, 3�½�
^�e¬u)���, üö¬Ñy�«�'é�'
X. Ù�, ©z [14] Ú [16] ïÄ
����>Öþ
f'A���ü�91|�p�^XÚ¥���
��Å�. Kerr ��50�é·Ü� J-C �.¥�
���ÚÅ��K��®��� [15,17], Ù(JL
² Kerr 0�é����Å��rf§ÝÚ±Ïk
é�K�. �©ïÄ²dõ1fL§�·� J-C �
.¥$Ä�f�|�þf���ÚÅ�, �	�f
Ð�!9|²þ1fê!�f$Ä|�(�ëê
±9�[1fêé�fÚ1|�C!���ÚÅ
��K�.
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2 XÚ�.Ú�ÝÝ


�Ä��$Ä��U?�f���ü�þf
z1|²dõ1fL§�p�^, 3^ÅCqe,

TXÚ�.�M�îþ�±L«� (� ~ = 1)

H =ω0Sz + ωa†a

+ g[f(z)]l(alS+ + a†lS−), (1)

ª¥, ω0 ��f��[ªÇ, Sz, S± ��f��
=Ú�[�Î. a†, a ©OL«ªÇ� ω �1|�
�)Ú�v�Î, g ´1|��f�p�^�Í
Ü~ê, l ��f�[�Ë� (½öáÂ) �1f
ê. ª¥ f(z) ´|��/ª¼ê. b½3�fÆ
·�mSØu)-E, ¿��f�|u)�^�
�mÚ ��O�å:, Ïd�f$Ä�±äNz
�µf(z) −→ f(vt), ª¥ v ��f$Ä��Ý. �

äN?Ø�B, ½Â TEMmnp � [18]

f(vt) = sin
(

pπvt

L

)
,

ª¥ p L«�Ý� L �n¥�|��Åê. d (1)

ª £ ã � M � î þ � ) � � m ü z � Î � ±
L«� [19]

U(t) = e−iEt

[
cos(

λt

2
) − 2iJ0 sin

(
λt

2

)
cos(2α)

+ i(J+ + J−) sin
(

λt

2

)
sin(2α)

]
, (2)

ª¥

E =ω(N − l/2),

N =a†a + l(Sz + 1/2),

λ =
√

∆2 + 4g̃2F,

∆ =ω0 − lω,

g̃ =gθ(t)/t,

F =N !/(N − l)!,

J0 =Sz,

J+ =F−1/2alS+,

J− =F−1/2a†lS−,

α = − arctan
[(√

∆2/4 + g̃2F − ∆/2
)
/g̃F 1/2

]
,

ÀJ�f�$Ä�Ý v = gL/π(¢�þ�±��),

��m�'�¼ê

θ(t) =
∫ t

0

[f(vt′)]ldt′ =
∫ t

0

sinl(pgt′)dt′. (3)

b�Ð©��n|?uü�9�

ρf(0) =
∞∑

n=0

Pn|n〉〈n|,

Pn =
n̄n

(n̄ + 1)n+1
, (4)

ª¥ n̄ = [exp(ω/kBT )−1]−1 L«9²ï§Ý� T

�n|�²þ1fê, kB �Å�[ù~ê. �fÐ
©?uÚO·Ü�

ρa(0) =Pe|e〉〈e| + Pg|g〉〈g|,

(0 6 Pe 6 1), (5)

Ù¥ Pe + Pg = 1. Pe = 0(Pe = 1) L«�fÐ©
?uÄ� (-u�), 0 < Pe < 1 L«�fÐ©?
u·Ü�, Pe = 0.5 ��f?u��·�. |^Ð
©^�Úüz�Î, B���?¿���f - 1|
�XÚ��ÝÝ
. �{üå�, �©�Ä���
¹ (ω0 = lω). ��^�e?¿���XÚ��Ý
Ý
�

ρaf(t) =U(t)[ρf(0) ⊗ ρa(0)]U+(t)

=Pe

∑
n

Pnρe(t) + Pg

∑
n

Pnρg(t), (6)

ª¥

ρe(t) = cos2
[√

F (n + l)gθ(t)
]
|e, n〉〈e, n|

+ i sin
[√

F (n + l)gθ(t)
]

× cos
[√

F (n + l)gθ(t)
]
|e, n〉〈g, n + l|

− i sin
[√

F (n + l)gθ(t)
]

× cos
[√

F (n + l)gθ(t)
]
|g, n + l〉〈e, n|

+ sin2

[√
F (n + l)gθ(t)

]
× |g, n + l〉〈g, n + l|,

ρg(t) = cos2
[√

F (n)gθ(t)
]
|g, n〉〈g, n|

+ i sin
[√

F (n)gθ(t)
]

× cos
[√

F (n)gθ(t)
]
|g, n〉〈e, n − l|

− i sin
[√

F (n)gθ(t)
]

× cos
[√

F (n)gθ(t)
]
|e, n − l〉〈g, n|
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+ sin2

[√
F (n)gθ(t)

]
× |e, n − l〉〈e, n − l|. (7)

ª¥ F (n) = n!/(n − l)!.

3 $Ä�f�91|����

�
O�fXÚ��z�, k¦�z�ÝÝ
,

,�òÙé�z, ¦����. (6) ªé|Cþ (�
fCþ) ¦,, B����f (|) ��z�ÝÝ
,

©O�

ρa(t) =Trfρaf(t)

=λe(t)|e〉〈e| + λg(t)|g〉〈g|,

ρf(t) =Traρaf(t) = λf(t)|n〉〈n|, (8)

Ù¥

λe(t) =Pe

∑
n

Pn cos2
[√

F (n + l)gθ(t)
]

+ Pg

∑
n

Pn+l sin2

[√
F (n + l)gθ(t)

]
,

λg(t) =Pe

∑
n

Pn−l sin2

[√
F (n)gθ(t)

]
+ Pg

∑
n

Pn cos2
[√

F (n)gθ(t)
]
,

λf(t) =Pe

∑
n

Pn cos2
[√

F (n + l)gθ(t)
]

+ Pe

∑
n

Pn−l sin2

[√
F (n)gθ(t)

]
,

+ Pg

∑
n

Pn cos2
[√

F (n)gθ(t)
]

+ Pg

∑
n

Pn+l sin2

[√
F (n + l)gθ(t)

]
. (9)

�U?�fÚ|�þf�z��±ÏL§�
�g��z�ÝÝ
5½Â:

Si = −Tri(ρi ln ρi), (i = a, f). (10)

|^ (8), (9) ª(½��z�ÝÝ
�����±
ò�f�|�þf�z�©OL«�

Sa(t) = −(λe lnλe + λg lnλg),

Sf(t) = −λf lnλf . (11)

þªJ±�)ÛO�, /Ïuê�O��{�
±�*/Ð«$Ä�f�91|�p�^L§¥,

�f��z�O\þ ({¡�C ∆Sa(t) = Sa(t) −
Sa(0)!1|��z�O\þ ∆Sf(t) = Sf(t) −
Sf(0) ±9üö�Ú ∆S(t) = ∆Sa(t) + ∆Sf(t) �
�m�üz5Æ, �«�fÐ�!9|²þ1f
ê!�f$Ä±9�[1fê l é�C�K�, Ù
(JXã 1 �ã 4 ¤«.

ã 1 Ð«
ü1fL§ (l = 1) ¥�fÐ�
� Ø Ó é � f Ú | � � C � K �, d � ² þ 1
fê n̄ = 0.1 =1|?uf9�!|�(�ë
ê p = 1. ã¥J��L�f�C, ¢��L1|
�C, :J��Lüö�Ú. lã¥�±wÑ, �
fÚ|��Cþ�±Ï5üz, ±Ï� 2 mπ/g,

(m = 0, 1, 2, · · · ). 3ã 1(a), ��fÐ©?u-
u��, �f�z��Cz5Æ�1|�Ó, �
Ò´`�f�z�O\�, |��z��O\.

� Pe �~�, �fÐ©?u·Ü�, �Cþ~�
�üöCz5ÆØ2�Ó, Ñy���y�, X
ã 1(b), (c) ¤«. � Pe �~�� 0.1 �, �f�
C5Æ�1|�C5ÆTÐ�'é, =�f�O
\þ�Ð�u|�~��þ, 3?Û���C�
Ú ∆S(t) = Sa(t) + Sf(t) þ�" (�ã 1(c)).

ã 1 n̄ = 0.1, p = 1, l = 1 ��fÐ�é�C�K� (J��L�f�C, ¢��L1|�C, :J��Lüö�Ú) (a)

Pe = 1; (b) Pe = 0.5; (c) Pe = 0.1
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�f$ÄG�!|�(�ëêé|Ú�f
�C�K�Xã 2 ¤«, d� n̄ = 0.1, l = 1,

� Pe = 0.1, � f Ú | ? u � � � � � G �.

Ù ¥ ã 2(a) Ð « � ´ Ø �Ä� f $ Ä � � �
� � 5Æ,  ã 2(b), (c) ´ � f � Ý � v =

gL/π �����5Æ. '�ã 2(a) Úã 2(b), (c)

� ± w Ñ, � f $ Ä � � | Ú � f � � C �

� m ± Ï 5 / C z. � X p � � O \, � C
Ì Ý ~ � ! ± Ï   á, X ã 2(b), (c) ¤ «. Ô
n þ, ù 
 A : 8 ( u � f $ Ä Ú | � ( �
� � � f � | � � p � ^ � m � U C. ( Ü
ã « ( J, © Û � § (3), (9), (11) � �, �Ä�
f $ Ä �, � f Ú | � � C ± Ï þ � 2mπ/pg,

(m = 0, 1, 2, · · · ).

ã 2 n̄ = 0.1, l = 1, Pe = 0.1 ��f$Äé�C�K� ( J��L�f�C, ¢��L1|�C, :J��Lüö�Ú) (a)

Ø�Ä�f$Ä¶(b) �Ä�f$Ä, v = gL/π, p = 2; (c) �Ä�f$Ä, v = gL/π, p = 4

(Üã 1(c) Úã 3 �±©Û�[1fê l

é ∆Sa(t) = Sa(t) − Sa(0)!1|�C ∆Sf(t) =

Sf(t) − Sf(0) ±9üö�Ú ∆S(t) = Sa(t) + Sf(t)

�K�, d� n̄ = 0.1, p = 1, � Pe = 0.1, �f
�z�Ú|��z��'é. �X�[1fê l

�O\, �z�CzþO\, =�fÚ|���
�§ÝO�, Ó� l �O\����CÑypª
��.

ã 4 Ð«
ü1fL§ (l = 1) ¥9|�²þ
1fêé�fÚ1|�C�K�, d�|�(�
ëê p = 1. lã 4 ¿(Üã 1(c) �±wÑ, ²þ
1fêé����K�é�, ´ÄÑy����²
þ1fêÚ�fÐ�üöþk'. 3ã 1(c) ¥, ·
�w��²þ1fê n̄ ��� 0.1 �, Pe = 0.1 =
�fÐ�� ρa(0) = 0.1|e〉〈e| + 0.9|g〉〈g| �Ñy�
'éy�. �²þ1fê n̄ O�� 1 �, �fÐ
� ρa(0) = 0.1|e〉〈e| + 0.9|g〉〈g| ?Ø2Ñy�'é
y�, ´3 Pe = 0.3 �Ñy, Xã 4(a) ¤«. ?
�ÚO�²þ1fê�� (=n|�§Ý,p), �
ã 4(a), (b), (c) ¥ n̄ = 10, d�ÃØ Pe �Û�Ñ
Ø¬Ñy����� (�'é) y�, �Ò´`:
J� (∆S(t) = Sa(t) + Sf(t)) ©ª�"��¹Ø
2Ñy.

ã 3 n̄ = 0.1, p = 1, Pe = 0.1 ��[1fê l é�C�K
� (J��L�f�C, ¢��L1|�C, :J��Lüö�
Ú) (a) l = 3; (b) l = 6
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ã 4 p = 1, l = 1 �1|²þ1fê n̄ é�C�K� (J��L�f�C, ¢��L1|�C, :J��Lüö�Ú) (a)

n̄ = 1, Pe = 0.3; (b) n̄ = 10, Pe = 0; (c) n̄ = 10, Pe = 0.4; (d) n̄ = 10, Pe = 1

4 $Ä�f�91|�Å�

���U?�f�91|�p�^XÚ, ´�
� 2 × ∞ ·ÜXÚ, éuù«XÚ�þfÅ�O
�, ©z [3,20] 0�
�«�{¦ÙÅ�e�, �
©òæ^ù«�{¦Å�. ò 2 × ∞ XÚ�ÝÝ

 (6) ÝK�Ä¥� |g, n〉, |e, n〉, |g, n+1〉, |e, n+1〉
� 2 × 2 f�m, ��aquüþf'A�Ý�Î

ρn
af(t) =

1
Tn


An−l 0 0 0

0 Bn Dn 0

0 D∗
n An 0

0 0 0 Bn+l

 , (12)

Ù¥ Tn = An−l + Bn + An + Bn+l, Ý
�

An =PePn sin2
[√

F (n + l)gθ(t)
]

+ PgPn+l cos2
[√

F (n + l)gθ(t)
]
,

Bn =PePn cos2
[√

F (n + l)gθ(t)
]

+ PgPn+l sin2
[√

F (n + l)gθ(t)
]
,

Dn =i(PePn − PgPn+l) sin
[√

F (n + l)

× gθ(t)] cos
[√

F (n + l)gθ(t)
]
. (13)

ρn
af(t) ��)Å�Ý (Concurrence) �

Cn =
2
Tn

max
[
0, |Dn| −

√
An−lBn+l

]
. (14)

dd��d�ÝÝ
 (6) ¤£ã�$Ä�f�91
|ÍÜXÚ�Å�e��

C =
∑

n TnCn∑
n Tn

. (15)

XJÅ�e�����, XÚ?uÅ�G�. d�
§ (15) £ã�$Ä�f�91|Å��ê�(J
Xã 5 ¤«.

lã 5 �±wÑ, �91|��p�^��
$Ä�f�|�)Å�, ÙÅ�±Ï5üz, ü
z±Ï� 2mπ/pg, (m = 0, 1, 2, · · · ). éìã 5 Ú
ã 1—3 �±wÑ, �$Ä�fÚ1|�Cþ�"
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=�m: t = 2mπ/pg, (m = 0, 1, 2, · · · ) ?, �f
�1|�Å���". ã 5(a) Ú (b) Ð«|�(�
ëê p Cz��f�91|Å��üz5Æ, �
±wÑ|�(�ëêK�Å�üz�±Ï, é
Å�ÌÝK�ØØ²w. �[1fê l éÅ��
K�Xã 5(a) Ú (c) ¤«, w,Å�ÌÝ� l ��
O\O�, �Ò´`õ1fL§k|u$Ä�

f�91|�Å�\r, Ó����Å���\
¯, ù�(J�©z [19,21] (J�q. lã 5(b)

Ú (d) �±wÑ, �X²þ1fê�O\, $Ä�f
�91|�Å�~f. ù´Ï�²þ1fêO\,

¿�Xn|§Ý,p, �A/, |��¼ê Pn

C��²", l�f
$Ä�f�91|�
Å�.

ã 5 $Ä�f�91|�Å�üz (a) n̄ = 0.1, l = 1, p = 1; (b) n̄ = 0.1, l = 1, p = 2; (c) n̄ = 0.1, l = 3, p = 1; (d) n̄ = 1,

l = 1, p = 2

5 ( Ø

�©�Ä��$Ä��U?�f�ü�91
|²dõ1fL§�p�^, |^þf�z�nØ
ïÄ�f�|�m����!^ Concurrence þÝ
�f�|�m�Å�, �	�fÐ�!9|²þ1
fê!�f$Ä|�(�ëê±9�[1fêé
�fÚ1|�C!���ÚÅ��K�. (JL²:

�Ä�f$Ä�, �fÚ|��z�O\þ (�C)

±Ï5/üz, Ñy���y�; |�(�ëêO

��, �CÌÝ~�!±Ï á¶�f�|�p�
^L§¥�[�1fêõ, ���§ÝO�; �|
�²þ1fêCz�, �fÚ|Ñy����Ù¦
^� (~X�fÐ�) �ò��C. d	, �91
|��p�^��$Ä�f�|Å�, ÙÅ�üz
¥y±Ï5. �X²þ1fê�O\, Å�~f. �
$Ä�fÚ1|�Cþ�"�, �f�1|�m�
Å���". Å�ÌÝ��[1fê��O\O
�, ùL²õ1fL§k|u$Ä�f�91|�
Å�\r, Ó����Å���\¯.
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[16] Hüunkar K 2011 Commun. Theor. Phys. 56 139

[17] Guo J L, Sun Y B, Li Z D 2011 Optics Communications 284 896

[18] Schlicher R R 1989 Opt. Commum. 70 97

[19] Tan L, Zhang Y Q, Zhu Z H 2011 Chin. Phys. B 20 070303

[20] Rendell R W, Rajagopal A K 2003 Phys. Rev. A 67 062110

[21] Abdel-Aty M, Furuichi S, Obada A S F 2002 J. Opt. B 4 37

Entropy exchange and entanglement in the
multi-photon J-C model of a moving atom∗

Hu Yao-Hua

( Physics and Electronic Information College, Luoyang Normal University, Luoyang 471022, China )

( Received 14 October 2011; revised manuscript received 3 November 2011 )

Abstract

Considering a moving two-level atom interacting with a single-mode thermal field through multi-photon process, in this paper

we study the entropy exchange between the atom and the field by using quantum partial entropy and entanglement measured by using

Concurrence, and investigate the effects of the initial atomic state, the atomic motion, the mean photon number and the transition photon

number on entropy and entanglement. The results show that the entropy exchange and the entanglement exhibit the periodic evolution

due to atomic motion, and entropy exchange occurs. The entanglement between the atom and the field is strengthened as the transition

photon number increases. When the partial entropy exchange between atom and field is zero, the entanglement is also zero.
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