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1 Ú ó

¯¤±�, £ã1|��f�p�^�;.�

nØ�.´ Jaynes-Cummings�. [1], <�é§?

1
2��\�ïÄ¿�
�«í2, X1|�

nU?�f��p�^ [2]
!õ�1|��f��

p�^ [3]
!|�õ��f��p�^ [4−6] �. ¿

ÏLéù
�p�^XÚþfA5�ïÄuy


éõk��y�, X�fÙÛ�±Ï�¥�£E�

A!1f��àå�A�.

1996c, Filho � [7] JÑ
��5�Z��V

g, ��5�Z� (½¡ f �Z�) �½Â� f .{

��f�v�Î af(n)(f(n) �ê�Î n = a†a �

¼ê) ����, = af(n) |α, f〉 = α |α, f〉. du�

�5�Z�U��£ã§Blf��%$Ä�

�¿�3Ônþ¢y, Ïd, éùaþf��ïÄ

Úå
<��4�,� [8−11], uy
Ø !�à

åÚg3���²;y�, �k'��5�Z��

�U?�f�p�^XÚ�þfA5ïÄÿ��

��. Äu±þ�Ä, �©òïÄ3��5�Z�

1|��U?�f�p�^L§¥, �f�ÙÛ�

=!1f�àåÚ�àå�A±91|�Ì²�

Ø ��müzA5, ¿X©Û1|ëþ α, �

f�Ð©G�±9��5�Z�¥ Lamb-Dickeë

ê η éT�p�^XÚþfA5�K�.

2 nØ�.

�Äü�1|����U?�f��p�^

XÚ, £ãdXÚ�M�îþ3^ÅCqe�L«

� (~ = 1)

H = ω0S3 + ωa†a+ g(a†S− + aS+), (1)

ª¥ a†, a ©OL«ªÇ� ω �1|��)Ú�

v�Î, Sz , S+ � S− ©O��[ªÇ� ω0 ��

U?�f��g^�Î, g ��f�ü�1|�Í

Ü~ê.

b�Ð©���f?uÙÄ�Ú-u��U

\�

|ψA(0)〉 = γ1 |g〉 + γ2 |e〉 , (2)

ª¥ëê γ1 Ú γ2 ÷v'Xª |γ1|2 + |γ2|2 = 1, 
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1|?u��5�Z� [12]

|α, f〉 = C0

∞
∑

n=0

qn |n〉 , (3)

C0 =

{

∞
∑

n=0

|α|2n

n! [f(n)!]
2

}− 1

2

,

qn =
αn

√
n!f(n)!

. (4)

ª¥ α �?¿Eê, C0 �8�zÏf, f(n)! =

f(0)f(1), · · · , f(n), � f(0) = 1. ´�, 3 (4) ª¥

À�ØÓ�¼ê f(n), ��5�Z�òkØÓ�L

y/ª, ùpÀ�¼ê f(n) äk3£ã§Blf

$Ä�Q¦^L�e�/ª [7]:

f(n) = L1
n(η2)

[

(n+ 1) L0
n(η2)

]−1
, (5)

ª¥ Lm
n (x) �5Ü.X�õ�ª, η � Lamb-Dicke

ëê, w,, � η = 0 �, f(n) = 1, ù�, ��5�

Z�òòz�Ï~��Z�.

d (2) Ú (3) ª��Ð©��XÚ��¥�

|ψ(0)〉 = C0

∞
∑

n=0

qn(γ1 |g, n〉 + γ2 |e, n〉). (6)

XÚ��¥��m�üz3�p�^±µ¥�±

L«�
∣

∣ψI(t)
〉

=
∑

n

an(t) |e, n〉 + bn+1(t) |g, n+ 1〉 . (7)

3���¹ (ω0 = ω) e, |^�p�^±µ¥�Å

½��§, ��d��VÇÌ an(t), bn+1(t) ÷v�

�§

iȧn(t) =
√
n+ 1gbn+1(t),

iḃn+1(t) =
√
n+ 1gan(t). (8)

�Ä�Ð©^� (6) ª, Kþã�§|�)�

an(t) =γ2C0

∞
∑

n=0

qn cos(
√
n+ 1gt)

− iγ1C0

∞
∑

n=0

qn+1 sin(
√
n+ 1gt), (9)

bn+1(t) =γ1C0

∞
∑

n=0

qn+1 cos(
√
n+ 1gt)

− iγ2C0

∞
∑

n=0

qn sin(
√
n+ 1gt). (10)

3 �f�ÙÛê�=

d (7), (9)Ú (10)ª�� t ���f�Î Sz �

Ï"��

〈Sz(t)〉 =
1

2
C2

0

{[

|γ2|2
∞
∑

n=0

|qn|2 cos2(
√
n+ 1gt)

+ |γ1|2
∞
∑

n=0

|qn+1|2 sin2(
√
n+ 1gt)]

−
[

|γ1|2
∞
∑

n=0

|qn+1|2 cos2(
√
n+ 1gt)

+ |γ2|2
∞
∑

n=0

|qn|2 sin2(
√
n+ 1gt)

]}

.

(11)

eÐ©���f?u-u�, ����f�Î Sz

�Ï"��

〈Sz (t)〉 =
1

2
C2

0

∞
∑

n=0

|qn|2 cos(2
√
n+ 1gt), (12)

eÐ©���f?uÄ�, Kk

〈Sz (t)〉 = −1

2
C2

0

∞
∑

n=0

|qn+1|2 cos(2
√
n+ 1gt).

(13)

d (11) ª�±wÑ, �f�ÙÛê�=Ø=�ûu

�f�Ð©G� (γ1 Ú γ2), �����5�Z�

1|¥�ëêk'.

/Ïuê�O��{����f�Î Sz �

Ï"���m�üz. ã 1 ��fÐ©��©O

?uÄ�!-u�ÚÄ��-u��U\��,

〈Sz (t)〉 ��mCz�üz�. lã¥�±wÑ,

〈Sz (t)〉 ��m�üz¥yÑ²w�±Ï5�¥Ú

£EA�. ÏL'�ã 1(a), (b)Ú (c), �±wÑ�

�fÐ©��?uÄ� (|γ1| = 1, |γ2| = 0) Ú-u

� (|γ1| = 0, |γ2| = 1) �, 〈Sz (t)〉 ��müz�

�q, ��fÐ©��?uÄ��-u��U\

� (γ1 =
√

2/2, γ2 =
√

2/2) �, 〈Sz (t)〉 ���ÌÝ

²wC�, ¿��f�£E±ÏCá�¥�P~

�mC�. '�ã 1 ¥�ã (c) Ú (d), ·��±w

Ñ, 3Ù¦^�ØC, Lamb-Dickeëê η = 0.8 ��

¹e, 〈Sz (t)〉 ��m�üz��¥Ú£Ey�ä

k�½�±Ï. ¤±, ÏLN! Lamb-Dickeëê η,

·��±��±Ï½��f�Îüz�. ,	,

ÏL'�ã 1(a)Ú (e) �±wÑ, 1|ëþ |α| = 2

�, 〈Sz (t)〉 ��müz��¥Ú£Ey�u)P

~, Ó�lã 1 ¥�ã (a) Ú (f) ��±�Ñ, 3Ù

¦^�ØC��¹e, Ð©1|��Z1| (η = 0)

�Ð©1|���5�Z1| (� η = 0.7) ��f

�Î�müz��q, ù`², 3Ü·�^�e,
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�©ïÄ�XÚòLyÑ�|?u�Z�1|�

q��²;�A, ùòé·�±��ïÄké��

�Ï.

4 1f�àå��àå�A

1f�àå��àå�Ad���ZÝ5£

ã. ���ZÝ½Â�

G(2)(t) =

〈

a+2a2
〉

〈a+a〉2
, (14)

eG(2)(t) > 1, K1fLy�àå�A;G(2)(t) < 1

K��àå�A.

/Ïuª (7), (9)Ú (10)ª��

〈

a†2a2
〉

=C2
0

{

|γ1|2
∞
∑

n=0

|qn+1|2 n[n+ cos(2
√
n+ 1gt)] + |γ2|2

∞
∑

n=0

|qn|2 n[n − cos(2
√
n+ 1gt)]

− iγ2γ
∗
1

∞
∑

n=0

qnq
∗
n+1n sin(2

√
n+ 1gt) + iγ∗2γ1

∞
∑

n=0

q∗nqn+1n sin(2
√
n+ 1gt)

}

, (15)

〈

a†a
〉

=C2
0

{

|γ1|2
∞
∑

n=0

|qn+1|2 [n+ cos2(
√
n+ 1gt)] + |γ2|2

∞
∑

n=0

|qn|2 [n+ sin2(
√
n+ 1gt)]

+
1

2
iγ∗2γ1

∞
∑

n=0

q∗nqn+1 sin(2
√
n+ 1gt) − 1

2
iγ2γ

∗
1

∞
∑

n=0

qnq
∗
n+1 sin(2

√
n+ 1gt)

}

. (16)

ã 1 〈Sz (t)〉 ��müz� (a) |γ1| = 1, |γ2| = 0, |α| = 3, η = 0.7; (b) |γ1| =
√

2/2, |γ2| =
√

2/2, |α| = 3, η = 0.7;

(c) |γ1| = 0, |γ2| = 1, |α| = 3, η = 0.7; (d) |γ1| =
√

2/2, |γ2| =
√

2/2, |α| = 3, η = 0.8; (e) |γ1| = 1, |γ2| = 0, |α| = 2,

η = 0.7; (f) |γ1| = 1, |γ2| = 0, |α| = 3, η = 0

ò (15) Ú (16) ª�\ (14) ª, /Ïuê�O

�, �����ZÝ G(2)(t) ��m�üz, Xã 2

¤«. ã 2(a)—(c)©OéAu�fÐ©��?u

Ä�!-u�ÚÄ��-u��U\�� G(2)(t)

��m�üz5Æ. �±wÑ, �X�fÐ©G�

�Cz, 1f�àå�A��àå�A�OÑy,
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¿�3ã 2(b) Ú (c) ¥1f¥yÑ²w��àå

�A. ã 2(d) ´�XÚ?uÐ©�� (t = 0) �,

G(2)(t) �1|ëþ |α| �üz�. ��5¿�´

3 1.9 < |α| < 3.5 Ú 4.3 < |α| < 7.9 ��SG(2)(t)

�|?u�Z1|����ZÝ (G(2)(t) = 1) �

C. ù2g�y, 3Ü·�^�e, �©ïÄ�XÚ

òLyÑ�|?u�Z�1|�q��²;�A.

ã 2 G(2)(t) ��müz� (a) |γ1| = 1, |γ2| = 0, |α| = 1, η = 0.7; (b) |γ1| = 0, |γ2| = 1, |α| = 1, η = 0.7; (c)

|γ1| =
√

2/2, |γ2| =
√

2/2, |α| = 1, η = 0.7; (d) |γ1| = 1, |γ2| = 0, η = 0.7, gt = 0

5 �Ì²�Ø 

½Âü��ÿþ=���Î

Y1 =
(a†

2

+ a2)

2
, Y2 =

i(a†
2 − a2)

2
, (17)

§�©OL«1|E�Ì²��¢ÜÚJÜ, N´

y²§�÷vXe�é´'XÚØ(½'X:

[Y1, Y2] =
i

2
[a2, a+2

] = i(2N + 1),

(N = a†a), (18)
〈

(∆Y1)
2
〉 〈

(∆Y2)
2
〉

> |〈N + 1/2〉|2 . (19)

XJ
〈

(∆Yi)
2
〉

< |〈N + 1/2〉| (i = 1, 2) (20)

¤á, K¡1|�3�Ì²�Ø �A [13]. ,	,

�
L�1|�Ì²�Ø �§Ý, �½Â�Ì²

�Ø �Ø Ý�

Di =

〈

(∆Yi)
2
〉

− 1

4
〈[a2, a+2]〉

1

4

〈

[a2, a+2 ]
〉

, (i = 1, 2), (21)

=

D1 =
2〈a+2

a2〉 + 〈a+4

+ a4〉 − 〈a+2

+ a2〉2
〈a2a+2〉 − 〈a+2a2〉 , (22)

D2 =
2〈a+2a2〉 − 〈a+4 + a4〉 + 〈a+2 − a2〉2

〈a2a+2〉 − 〈a+2a2〉 . (23)

ª¥ −1 6 Di < 0(i = 1, 2) L«1|3 Yi ©þ

þ�3�Ì²�Ø , Ù¥ Di ����NÙ�

Ø �§Ý, � Di = −1 �L«1|3 Yi ©þ

þ 100%�Ø .

dª (7), (9)Ú (10)ª��
〈

a4
〉

= 〈a+4〉∗

=C2
0

{

|γ2|2
∞
∑

n=0

q∗nqn+4

[ 4
∏

i=1

√

(n+ i)

]

× cos(
√
n+ 5gt) cos(

√
n+ 1gt)

− iγ2γ
∗
1

∞
∑

n=0

q∗nqn+5

[ 4
∏

i=1

√

(n+ i)

]

× cos(
√
n+ 1gt) sin(

√
n+ 5gt)

+ iγ∗2γ1

∞
∑

n=0

q∗n+1qn+4

[ 4
∏

i=1

√

(n+ i)

]

× cos(
√
n+ 5gt) sin(

√
n+ 1gt)

+ |γ1|2
∞
∑

n=0

q∗n+1qn+5

[ 4
∏

i=1

√

(n+ i)

]

× sin(
√
n+ 1gt) sin(

√
n+ 5gt)
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+ |γ1|2
∞
∑

n=0

q∗n+1qn+5

[ 5
∏

i=2

√

(n+ i)

]

× cos(
√
n+ 1gt) cos(

√
n+ 5gt)

− iγ2γ
∗
1

∞
∑

n=0

q∗n+1qn+4

[ 5
∏

i=2

√

(n+ i)

]

× cos(
√
n+ 1gt) sin(

√
n+ 5gt)

+ iγ∗2γ1

∞
∑

n=0

q∗nqn+5

[ 5
∏

i=2

√

(n+ i)

]

× cos(
√
n+ 5gt) sin(

√
n+ 1gt)

+ |γ2|2
∞
∑

n=0

q∗nqn+4

[ 5
∏

i=2

√

(n+ i)

]

× sin(
√
n+ 5gt) sin(

√
n+ 1gt)

}

, (24)

〈a†2〉 =
〈

a2
〉∗

=C2
0{|γ2|2

∞
∑

n=0

q∗n+2qn

[ 2
∏

i=1

√

(n+ i)

]

× cos(
√
n+ 3gt) cos(

√
n+ 1gt)

− iγ2γ
∗
1

∞
∑

n=0

q∗n+2qn+1

[ 2
∏

i=1

√

(n+ i)

]

× cos(
√
n+ 3gt) sin(

√
n+ 1gt)

+ iγ∗2γ1

∞
∑

n=0

q∗n+3qn

[ 2
∏

i=1

√

(n+ i)

]

× cos(
√
n+ 1gt) sin(

√
n+ 3gt)

+ |γ1|2
∞
∑

n=0

q∗n+3qn+1

[ 2
∏

i=1

√

(n+ i)

]

× sin(
√
n+ 1gt) sin(

√
n+ 3gt)

+ |γ1|2
∞
∑

n=0

q∗n+3qn+1

[ 3
∏

i=2

√

(n+ i)

]

× cos(
√
n+ 1gt) cos(

√
n+ 3gt)

− iγ2γ
∗
1

∞
∑

n=0

q∗n+3qn

[ 3
∏

i=2

√

(n+ i)

]

× cos(
√
n+ 3gt) sin(

√
n+ 1gt)

+ iγ∗2γ1

∞
∑

n=0

q∗n+2qn+1

[ 3
∏

i=2

√

(n+ i)

]

× cos(
√
n+ 1gt) sin(

√
n+ 3gt)

+ |γ2|2
∞
∑

n=0

q∗n+2qn

[ 3
∏

i=2

√

(n+ i)

]

× sin(
√
n+ 3gt) sin(

√
n+ 1gt)}, (25)

〈

a2a+2
〉

=C2
0

{

|γ1|2
∞
∑

n=0

|qn+1|2 2(n+ 2) cos2(
√
n+ 1gt)

− |γ2|2
∞
∑

n=0

|qn|22(n+ 2) cos2(
√
n+ 1gt)

+ iγ∗2γ1

∞
∑

n=0

q∗nqn+1(n+ 2) sin(2
√
n+ 1gt)

− iγ2γ
∗
1

∞
∑

n=0

qnq
∗
n+1(n+ 2) sin(2

√
n+ 1gt)

}

.

(26)

ò (15), (16), (24)—(26)ª�\ (22)Ú (23)ª, ¿5

¿� (4) Ú (5) ª, �±¦Ñ D1 Ú D2 �äNL�

ª, 3 Lamb-Dickeëê�,��½��, /Ïuê

�O��±©O��XÚ�Ø Ý D1 Ú D2 ��

m�üz5Æ. du Y1 Ú Y2 *d��, §��´

� Ïf�� π/2, �ùp·�=± Y1 ©þ�Ø

 �~. Xã 3 ¤«, 3 η = 0.7, �fÐ©��?

ã 3 D1 ��müz� (a) |γ1| = 1, |γ2| = 0, |α| = 1;

(b) |γ1| = 0, |γ2| = 1, |α| = 1; (c) |γ1| =
√

2/2,

|γ2| =
√

2/2, |α| = 1, η = 0.7

uÄ�� |α| = 1 �, ��3 1.872 6 gt 6

3.524 ���S, XÚLyÑ�Ð�Ø �A. �
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�fÐ©��?u-u�ÚÄ��-u��U\

��, Ø ��²wC�, ¿�Ø §ÝCf. dd

·��Ñ, ��3����m��S*	��Ð�

�Ì²�Ø �A, éu�©ïÄ�XÚ, ò�f

Ð©���G��uÄ�´��k��å».

6 ( Ø

/Ïuê�O��{, ïÄ
��5�Z�1

|����U?�f�p�^L§¥�fÚ1|

�þfA5, ©Û
�f�Ð©G�!1|ëþ α

Ú Lamb-Dickeëê η éXÚþfA5�K�. (

JL²: 〈Sz (t)〉 ��m�üz¥yÑ±Ï5��

¥Ú£EA�, Ù£E±Ï���5�Z�1|ë

þ α k', �¥�P~�mØ� α ²wCz; ��

fÐ©��©O?uÄ�!-u�ÚÄ��-u

��U\��, 1f�àå�A��àå�A�O

Ñy, �Ì�¥y�àå�A; �À�Ü·��f

Ð©G�!1|ëþ α Ú Lamb-Dickeëê η, X

Ú1|òLyÑ��Z�1|�q��²;�A;

��fÐ©��?uÄ��, XÚLyÑ�Ð�Ø

 �A. o�, ��5�Z�1|��U?�f�

p�^L§¤ÐyÑ5�þfA5éïÄ§Bl

f��%$Ä±9�
��5L§äk�©�

�Ôn¿Â.
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Quantum properties of two-level atoms interacting
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Abstract

Using the numerical method, we study the collapse and the recovery of atom, the anti-bunching and the amplitude-squared

squeezing of two-level atoms interacting with nonlinear coherent field. The variations of the quantum properties with the parameter of

light field, the initial state of the atom and the Lamb-Dicke parameter of the nonlinear coherent state are discussed.
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