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�©ïÄ
ªÇ��mCz�1|éV J-C �.¥�f – �fÅ��ÄåÆN�, Ì�?Ø
1|ªÇ��m
��uCzÚóÀCzü«;.�¹e, �f – �fÅ�Ý��m�üzA5. �1|ªÇ��m��uCz�,

�f – �fÅ�Ýüz�±Ï!�Ì�1|ªÇN���Ìk', ¿�XN��Ì�Or~�. 1|ªÇ��u
N�ÚóÀN�þU¦1|��f��p�^�ª3��Ú����mu)Cz, ��K��f – �fÅ�Ý�
üz5Æ. ÏL1|ªÇ�N��±¢y�f – �fÅ�Ý�Jp�½, ;� ESD y��Ñy, l��Ä�N
��f – �fÅ��8�.

'�c: Jaynes-Cummings �., Å�â,k�, �)Å�Ý, �f – �fÅ�

PACS: 42.50.Dv, 03.67.−a

1 Ú ó

þfÅ� [1] ´þfåÆ�wÍ�A���,

´þfÔnÚ²;Ôn�m���«O. þfÅ
�3þf&EÚþfO�¥k�©��A^¿
Â [2−5], �´¢yþfÛ/D� [6]!þf��©
� [7]!þf?è9þfÅ��þf&EL§�
�Ä:. 3��Ú�±Å��L§¥J��É�
	.�¸!�«DÑÚÑÑÏ��K�Úåþ
fXÚò�Z¯K [8,9]. ò�ZÚòÅ���´þ
fÅ�ÄåÆ [10] ïÄ�9: [11,12]. du Jaynes-

Cummings(J-C) �.�´��, �C'u J-C �.
¥þfÅ��ïÄÚå
2��'5, X Eberly[13]

é·�n|¥V J-C �.�Å�?1
�\�ï
Ä, uyÐ©?uÅ���ü��U?�f, ©O
��g1|�p�^, �fm�Å�3²L�ã
�m�¬â,����, =¤¢Å�â,k�y
� (entanglement sudden death, ESD), ���fmÅ
�q¬Ñy.

�
�Ñò�Z¯K, �±ÏLÄåÆ��
�Ãã5UC�¸�K�, l³�ò�Z. þf
Å��N��±ÏLÄ�UCXÚ��'^�5
¢y, 'X|^þfÿþ zeno �A�±³�ò�
Z [14]!|^��mCz�^|5N�ò�ZÚÅ
��ÄåÆ5�!|^±Ï5Cz�°Ä|��
þfÅ� [15,16] ��. éu J-C �., ®kïÄL
², 1|ªÇ��mCz�(¬K�|��f�
�p�^±9�f�ÄåÆ5� [17−20]. �©ï
Ä
1|ªÇN�éV J-C �.¥�f - �fÅ
�Ý�ÄåÆüz5Æ�K�, Ì�?Øü«;.
��¹: 1|ªÇ��m±�u/ªÚóÀ/ª
Cz.

2 �.Ú$Ä�§

�Ä�¹ü��U?�f�V J-C �. (X
ã 1 ¤«), �ùü� J-C �.�pÕá, =�f A

��n a �p�^, �f B ��n b �p�^. 3^
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ÅCqe, dV J-C �.XÚ�M�îþ�L«�

Htot =ωσA
z + ωσB

z + g(a+σA
− + aσA

+)

+ g(b+σB
− + bσB

+)

+ υ(t)a+a + υ(t)b+b, (1)

Ù¥ a+(a), b+(b) ´1|��) (�v) �Î; �
f��g^�Î σj

± Ú σj
z ÷v [σj

z, σ
j
±] = ±σj

±

Ú [σj
+, σj

−] = σj
z(j = A,B); ω ´�f��[ªÇ.

1|ªÇ υ(t) ��mCz, ��� υ(t) = υ0 +f(t),
f(t) ´��mCz�¼ê; g ´1|��f�ÍÜ
Xê, ���mCz, K��� g = g0(1+ f(t)/υ0),
g0 ´|ªÇØ��mCz��ÍÜ~ê, ��uý
�.'��ªÇ��� [21].

ã 1 �©¤�Ä�V J-C �., n a Ún b �mvk'é

d (1) ª�±wÑ�f A Ú B �m½n a Ú
n b �mÑvk�p�^, M�îþ����´�
� J-C �.M»���È [13]. �{üå�, b½Ð
©��n a,b þ?uý�� |0a〉 ⊗ |0b〉, �f A, B

?uÅ��. 3db½e, ?Û�ÿz�n|¥�
õÑy��1f, n�Ò��u���U?XÚ.

·��±^�)Å�Ý (concurrence) 5þÝ�f
½n��m�Å�, �k8«ØÓ��)Å�
Ý, = CAB, Cab, CAa, CBb, CAb, CBa. ·�Ì�ï
Ä�f – �fÅ� CAB.

XJÐ©���f?u Bell U\�
∣∣Ψ±〉

, K∣∣∣∣Ψatom

〉
= cos θ

∣∣ ↑↓ 〉
+ sin θ

∣∣ ↓↑ 〉
, (2a)

Ù¥ ↑ L«�f?u-u�, ↓ �f?uÄ�, Ï
d | ↑↓〉(| ↓↑〉) L«�f A(B) ?u-u�!�
f B(A) ?uÄ�. Ð©��1|?uý��, K�
�XÚ�Ð��∣∣Ψ0

〉
=

(
cos θ

∣∣ ↑↓ 〉
+ sin θ

∣∣ ↓↑ 〉)
⊗

∣∣00
〉

= cos θ
∣∣ ↑↓ 00

〉
+ sin θ

∣∣ ↓↑ 00
〉
. (2b)

XJÐ©���f?u Bell U\�
∣∣Φ±〉

, K∣∣Φatom

〉
= cos θ

∣∣ ↑↑ 〉
+ sin θ

∣∣ ↓↓ 〉
, (3a)

XÚÐ��∣∣Φ0

〉
=

(
cos θ

∣∣ ↑↑ 〉
+ sin θ

∣∣ ↓↓ 〉)
⊗

∣∣00
〉

= cos θ
∣∣ ↑↑ 00

〉
+ sin θ

∣∣ ↓↓ 00
〉
. (3b)

duÅ�â,k�y� (ESD) Øu)3�f?
u Bell U\�

∣∣Ψ±〉
��¹ [13], Ïd, ·�:�

ÄÐ©�f?u Bell U\�
∣∣Φ±〉

��¹. 3d�
¹e, ?¿�� t XÚ�Å¼ê�L«�∣∣Φ(t)

〉
=x1

∣∣ ↑↑ 00
〉

+ x2

∣∣ ↓↓ 11
〉

+ x3

∣∣ ↑↓ 01
〉

+ x4

∣∣ ↓↑ 10
〉

+ x5

∣∣ ↓↓ 00
〉
. (4)

òM�îþ (1) ªÚ?¿��XÚÅ¼ê (4)

ª�\Å½��§, �±�� xi ¤÷v�$Ä�§

i
∂x1

∂t
= ωx1 + gx3 + gx4

i
∂x2

∂t
= −ωx2 + gx3 + gx4 + 2υx2

i
∂x3

∂t
= gx2 + gx1 + υx3

i
∂x4

∂t
= gx1 + gx2 + υx4

i
∂x5

∂t
= −ωx5.

(5)

±e·�òæ^ Wooters[22] JÑ��)Å�
Ý5?Ø�f – �fÅ��üz5�. �)Å�Ý
½Â�

C(ρ) =max
{

0,
√

λ1 −
√

λ2

−
√

λ3 −
√

λ4

}
, (6)

Ù¥ λi ´±e��Ý
:

ξ = ρ(σy ⊗ σy)ρ∗(σy ⊗ σy) (7)

����, ¿÷vüSü� (λ1 > λ2 > λ3 > λ4).

ρ∗ ´ ρ 3IOÄ¥�E�ÝÝ
, δy ´�ÓÄ¥�
|Ý
, L«�

σy =

 0 −i

i 0

 , (8)

�)Å�Ý������ 0 6 C 6 1, C = 0 L«
"Å�, C = 1 ¿�X��Å�.

�
üÕïÄü��f AB �m�Å�&
E, 7 L 3 � � Ú O ² þ � Ä : þ O \ ü � 1
| ab �¤kG�é AB �ykG��K�. Ï
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LéXÚ��Ý�Î�1|Ü©?1¦,��
� � z � Ý � Î ρAB, = � â X Ú � Ý � Î L
�ªÚén| ab �G� |00〉, |01〉, |10〉, |11〉 ¦,
� ± � � � f AB � � z � Ý � Î ρAB, § ´
±

∣∣ ↑↓ 〉
,
∣∣ ↑↑ 〉

,
∣∣ ↓↓ 〉

,
∣∣ ↓↑ 〉

�Ä� 4 × 4Ý


ρAB = trab(ρ)

=


|x1|2 0 0 x1x

∗
5

0 |x3|2 0 0

0 0 |x4|2 0

x5x
∗
1 0 0 |x2|2 + |x5|2

 . (9)

�O����f – �fÅ�Ý

CAB = 2max(0, |x1||x5| − |x3||x4|). (10)

3 �f – �fÅ���müzA5

3.1 |||ªªªÇÇÇØØØ������mmmCCCzzz, ===IIIOOOVVV J-C
���...

�|ªÇØC�, = f(t) = 0, � ∆ = ω − υ =
0, (1) ªL«IOV J-C �.�M�îþ. ã 2(a)

�Ñ
IO�¹e�f – �fÅ� CAB ��m�
üz, �±wÑ�f – �fÅ� CAB äk±Ï5
P~Ú£E�A� (Xã 2(a) ¤«), CAB ¬Ñy±
Ï5â,k� (ESD) ÚE��y�, ¿�3�ã�
mS�±ÃÅ�G� (= ESD «�) �Å�â�±
¡E. ESD «���m�Ý�6uÐ�Å�Ý��
� (� θ k'). Ð©Å���, ESD «���m�
ÝÒ��.

3?Ø��mÄ�Cz�1|é�f – �f
Å� CAB �K��c, ·�Äk�Ä�fÚ1|
ªÇ���·��¹, = f(t) = 0, � ∆ = ω − υ 6=
0. ���þ ∆ = ω − υ ��é�� (Xã 2(b) ¢
�¤«, ∆ = 2 g0), �f – �fÅ� CAB \r¿�
Ø2Ñy£á�"�G�, = ESD y�½«��
�. ���þ ∆ O\, ~X ∆ = 10 g0(Xã 2(b) J
�¤«), �f – �fÅ� CAB U�N��Jp, �
�±ÏÚ�Ì²w~�, CAB �±�Ð�½5.

ù´Ï�����Ø|u�f�1|Ë�1f, �
f�±�é½G�, Ïd�f – �fÅ� CAB

Ä��±½. dd��, �f�1|�m�ªÇ
��k|uü�f�m�Å��±½. �e5
·�ò3Ð©Å�Ý (θ = π/4) �¹e, ?ØXÛ

|^1|ªÇ�Ä�Cz5N�ü�f�m�Å
�Ý.

ã 2 ü��f A Ú B �m�f – �fÅ� CAB ��m
�üz (a) IO�¹ (�� ∆ = 0); (b) ¢� ∆ = 2 g0; J
� ∆ = 10 g0

3.2 |||ªªªÇÇÇ������mmm������uuuCCCzzz

e� f(t) = a sin(βt), K1|ªÇ��m�
�uCz υ(t) = υ0 + α sin(βt), α ��uCz
�ÌÝ, β ��uCz��ªÇ, � α, β Ñé�,

α ¿ ω(Ú ν0). ÏLê�O��{¦)�§| (5)

¿d (10) ª����f – �fÅ� CAB ��m
�üzA5. ã 3 �Ñ
ØÓëê� CAB �ü
z�¹.

ã 3 ü � f m Å � ü z, | ª Ç N � ë ê © O � (a)
α = g0, β = 0.1 g0; (b) α = 10 g0, β = 0.1 g0; (c) α = 10 g0,
β = 0.5 g0. :�´1|ªÇ�N�
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�1|ªÇCz��Ì α Ú�ªÇ β Ñé�
� (α = g0, β = 0.1 g0), �úCz�1|ªÇN
�é CAB �üzL§K�éf, CAB üz±Ï±
9Ñy CAB â,k� (ESD) ���Ú«�Ä�Ø
C (Xã 3(a) ¤«, '�ã 2(a) Ú 3(a)). ��Ì α

O�� (α = 10 g0, β = 0.1 g0), �r�1|ªÇ
N�é CAB �K�òOr (Xã 3(b) ¤«), �1
|ªÇØC��/ (ã 2(a)) �'�, uy�X1|
�f�m��þ ∆ = ω − υ ÅìO�, CAB P~ -

£EL§�±Ï�úC�, CAB ¥�ÌÅì~�
�¯���, ¿Åìªu½. Ø1�� ESD y�
«�	, 3�� t = π/g0 �Ø2Ñy CAB â,k
� (ESD) �y�, ESD y���. lã 2 �±wÑ,

IOV J-C �.¥�f – �fÅ� CAB �üz±
Ï� 2π/(g0(1 + f(t)/υ0))[11], �1|ªÇN��,

|f(t)| > 0, Ïd�f – �fÅ� CAB �üz±Ï
�X1|ªÇN��Ì�Or~�.

� 1 | ª Ç N � � � ª Ç β O � � (α =
10 g0, β = 0.5 g0, Xã 3(c) ¤«), �f – �fÅ
� CAB �ØÓ�Ì�O±Ï��, O±Ï���
±Ï�1|ªÇN�±Ï���. 31|ªÇN�
L§¥, ·�uy3��þ ∆ = ω−υ = 0(X t = 0,

2π/g0, 4π/g0) NC CAB ��Ì��; 3ü���
þ ∆ = ω − υ = 0 �m, CAB ��Ì��; ���
þ ∆ = ω − υ ��� (X t = π/g0, 3π/g0), CAB

��Ì��. ù�IOV J-C �.�, ����/
��Ì�u���/��Ì´���. �f – �
fÅ� CAB �N��Jp, Ø2Ñy CAB â,k
� (ESD) �y�.

d ± þ © Û � ± w Ñ, 1 | ª Ç � ë Y N
� (�uN�) ¦1|��f��p�^�ª3
��Ú����mCz, Ó�,���1|ªÇN
�¬éd���f – �fÅ� CAB �)K�. 1|
ªÇ�N��ª (�ÌÚªÇ) ��K��f – �
fÅ� CAB �üz5Æ. 1|ªÇ�ëYN� (�
uN�) Ué�f – �fÅ� CAB ?1Ä�N�,

ÏL1|N�U¦�f – �fÅ� CAB Jp¿ª
u½, $�;� ESD y��Ñy, k|u�f –

�fÅ� CAB ��±.

3.3 |||ªªªÇÇÇ������mmm���óóóÀÀÀNNN���

1|ªÇ��m±óÀ/ªCz�, ªÇN�
�m¼ê f(t) äkXeóÀ/ª:

f(t) =

 α, (t ∈ [nT + t0, nT + τ + t0], n = 0, 1, 2, · · · ),

0, (Ù¦),

Ù¥, T , τ , α Ú t0 ©O´1|ªÇóÀN��
±Ï!óÀ°Ý!óÀrÝÚ1��óÀÑy
���. Ó�·�b½óÀrÝé� α ¿ ω(υ0),
� α = 10 g0. du1|ªÇ�óÀN��^, 3v
kóÀN��«�S, �f�1|��p�^E�
���p�^, 3óÀÑy«�S, �f�1|
��p�^ò=C����=���¹e��p
�^, Ïd1|ªÇ�óÀN�òé�f – �fÅ
� CAB �üz�)K�. e¡, ·�ò?Ø1|ª
ÇØÓóÀN�é�f – �fÅ� CAB �müz
A5�K�.

Äk�Ä�k��óÀ�1|ªÇN� (X
ã 4 ¤«), ù�óÀ�rÝÚ°ÝÑ�Ó, �óÀ
Ñy�Ð©��ØÓ, =Ì�ïÄóÀÐ©��é
Å�üz�K�. �óÀÑy3·�IO�¹eÅ
� CAB �"P~«�� (Xã 4(a), (b) ¤«), óÀ
�Ñy¦�f – �fÅ� CAB dP~=C�O\.

�óÀÑy3 gt0 = π/8 � (Xã 4(a)), Ñy ESD

y��«��gí´, �óÀ��Å� CAB �
rÝÄ�ØC. �óÀÑy3 gt0 = π/4 � (X
ã 4(b)), ESD y���, �óÀ��Å� CAB �
rÝ�ÃN��²w~f. �óÀÑy3·�I
O�¹e ESD y�«�� (ã 4(c)), óÀ�Ñy�
� ESD «�C�. �óÀÑy3·�IO�¹e
Å� CAB �"£E«�� (Xã 4(d)), óÀ�Ñy
¦Å� CAB �üzdO\=C�P~, óÀ��
Å� CAB �rÝ��ÃN��²w~f. ddw
Ñ, 1|ªÇ�óÀN��UC�f�1|��p
�^5Æ, ��óÀÑy���k'.

XJ�Ä1|ªÇN����±Y�m��
�óÀN�, X3ã 4(a) �Ä:þ\°óÀ (Xã 5

¤«, é'ã 5 Úã 4(a)), uy3óÀ«�S, �
f – �fÅ� CAB �;.���Ì!�±Ï�±
Ï5��, aqu����¹ (Xã 2(c) ¤«). Ñ
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y ESD y��«��gí´��²w, �óÀ�
�Å� CAB �rÝÄ�ØC (é'ã 5 Úã 4(a)).

du3óÀ«�S ∆ = ω − υ 6= 0, �����¹,

3vkóÀ�«�S ∆ = ω − υ = 0, ����¹,

Ïd, 3óÀ«�S�f – �fÅ� CAB �üz
aqu����¹, 3ÃóÀ«�, �f – �fÅ
� CAB �üzE����¹.

ã 4 ü � f m Å � � � m � ü z, | ª Ç N � ë ê
© O � (a) a = 10 g0, g0t0 = π/8, g0τ = π/8; (b)
a = 10 g0, g0t0 = π/4, g0τ = π/8; (c) a = 10 g0, g0t0 =

π/2, g0τ = π/8; (d) a = 10 g0, g0t0 = 3π/4, g0τ = π/8.
:�´1|ªÇ�N�

ã 5 ü � f m Å � � � m � ü z, | ª Ç N � ë ê
� a = 10 g0, g0t0 = π/8, g0τ = π/2. :�´1|ªÇ
�N�

�Ä1|ªÇN��±Ï5�õ�óÀ, 1�
�óÀ©OÑy3Å�P~«� (ã 6(a)) ÚÅ�
£E«� (ã 6(b)). Øã 6(a) ¥Ñy3Å�P~«
��1��óÀ¦�1�� ESD «�í´	, d

ã��ÃØ1��óÀÑyÅ�P~«� (ã 6(a))

½Å�£E«� (ã 6(b)), 1|ªÇ±Ï5óÀ�
N�þ¦Å�üzª³u)UC, cÙ´31�
� ESD «��, 3õ�óÀN���ÓK�e, �
5Å�P~�«�C�O\, �5Å�O\�«�
C�P~.

1|ªÇ�óÀN�¦1|��f��p�
^�ª3��Ú����mu)âC, l��Ä
�N��f – �fÅ� CAB �8�. �±ÏLA
½�1|ªÇóÀN���±Y½��f – �
fÅ� CAB, ¿;� ESD y��Ñy.

ã 6 ü�fmÅ���m�üz, |ªÇ�N�ëê
(a) g0T = π, a = 10 g0, g0t0 = π/8, g0τ = π/8; (b)
g0T = π, a = 10 g0, g0t0 = 3π/4, g0τ = π/8. :�´
1|ªÇ�N�

4 ( Ø

�©ïÄ
ªÇ��mCz�1|éV J-C

�.¥�f – �fÅ��ÄåÆN�, Ì�?Ø

1|ªÇ��m��uCzÚóÀCzü«;.
�¹e, �f – �fÅ�Ý��m�üzA5. ï
Äuy, �1|ªÇ��m±�u/ªCz�, �
f – �fÅ� CAB �üz±Ï�1|ªÇN��
Ìk', ¿�X1|ªÇN��Ì�Or~�.

1|ªÇ��uN�ÚóÀN�þU¦1|��
f��p�^�ª3��Ú����mu)Cz,

��K��f – �fÅ�Ý�üz5Æ, �(UÏ
L1|ªÇ�N�5Ä�N��f – �fÅ�, ¢
y�f – �fÅ�Ý�Jp�½, ;� ESD y�
�Ñy, k|uÅ�3þf&E¥�A^.
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The dynamic effect of a field with a time-varying
frequency on the atom-atom entanglement in a double

J-C model∗
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Abstract

The entanglement between the two atoms of two separate Jaynes-Commings models is investigated by means of the concurrence.

We restrict our attention to two cases, the field frequency varying with time in the forms of sine and rectangle. When the field frequency

varies with time in the form of sine, the period and the amplitude of the atom-atom concurrence will decrease as the amplitude of the

sine frequency modulation increases. Not only the sine field frequency modulation but also the rectangular field frequency modulation

can affect the interaction of the field with atom between resonance and off-resonance. The field frequency modulation can also affect the

atom-atom entanglement. The suitable field frequency modulation is favorable for improving, enhancing and stabilizing the degree of

the atom-atom entanglement. The suitable field frequency modulation can also prevent the atom-atom entanglement from entanglement

sudden death and control it dynamically.

Keywords: Jaynes-Cummings model, entanglement sudden death, concurrence, atom-atom entanglement
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