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Æ¬NÚ1Æ��n�¤ [28,29], Xã 1 ¤«. Ù
¥, ain

0 , ain
1 , ain

2 , aout
0 , aout

1 Ú aout
2 ©OL«5\Ä

$|!5\&Ò|!5\s�|!��Ä$|!
ÑÑ&Ò|ÚÑÑs�|�1|�Î. M1 �Ä$
|�Ñ\ÍÜº, é&Ò| (s�|) p�, éÄ$
|Ü©ß�, ÏL§òÄ$| ain

0 ÍÜ?\1Æë
þ��n, Ó�J���Ä$| aout

0 . M2 �&Ò|
�s�|�ÑÑÍÜº, éÄ$|p�, &Ò| (s
�|) Ü©ß�. M3 é&Ò| (s�|) ÚÄ$|
Vp�. �
¦���&Ò1Ús�1´u©m,
·�À^÷v�a��.� �����5¬N,
χ2 ���5¬N�k���5Xê. duÑÑ�
&Ò|�s�| �R�, �±��^ �©å
ì (PBS) ò&Ò| aout

1 , s�| aout
2 ©m. �
¼

�prÝ�Å��1|, ·�?Ø$=uK�±þ
�1Æëþ��n. éuK�±þ�¹, ±c�n
ØO�Ì�'5&Ò1�s�1�rÝ'é [21],
½ö��Ä$1�Ø A5 [30]. ùp·��[©
ÛÄ$|!&Ò|9s�|���ÌÚ�� �
�m�õÚþf1éA5.

ã 1 �{¿1Æëþ��n�)nÚn|©Å��1
|�C�«¿ã

Ï~�¹edu&Ò|�s�|ªÇ'��
C, �
�BØ���5, ·�b�n�ß�
ÇÚ�	�Ñéu&Ò1Ús�1�Ó, ù�, �
{¿1Æëþ��n�n���Îüz�§ —–
Langevin �§� [31]

τ dα0/dt = −(γ0 + µ0)α0 − 2χα1α2

+
√

2γ0α
in
0 +

√
2µ0β

in
0 ,

τ dα1/dt = −(γ + µ)α1 + 2χα0α
+
2

+
√

2γαin
1 +

√
2µβin

1 ,

τ dα2/dt = −(γ + µ)α2 + 2χα0α
+
1

+
√

2γαin
2 +

√
2µβin

2 , (1)

Ù¥, γ0 Ú γ ©O�Ñ\ÍÜºéÄ$1�ß�Ç
ÚÑÑÍÜºé&Ò1 (s�1) �ß�Ç; �{¿
1Æëþ��n3ÍÜÄ$|ÚÑÑ&Ò|!s

�|�Ó�, du�3Sn�Ñ, ý�D(Ø�;
�/?\Sn|, ©O^ µ0 Ú µ L«Ä$1Ú&
Ò1 (s�1) �¤kSn�Ñ, βin

0 , βin
1 Ú βin

2 ©O
�duSn�Ñ3Ä$1!&Ò1Ús�1|þ
Ú\�ý�D(; τ �1|3nS�1�±��m.

3�²;?n¥, 1|�Î�L«�²þ��
þfåÏ�Ú, = αi = ᾱi + δαi, (i = 0, 1, 2),
Ù�)�

(γ0 + µ0)ᾱ0 = −2χᾱ1ᾱ2 +
√

2γ0ᾱ
in
0 ,

(γ + µ)ᾱ1 = 2χᾱ0ᾱ2
∗,

(γ + µ)ᾱ2 = 2χᾱ0ᾱ1
∗, (2)

dd��

ᾱ2
0 =

γ2

4χ2
,

ᾱ2
1 = ᾱ2

2 =
(γ0 + µ0)γ

4χ2
(σ − 1), (3)

Ù¥, σ = 2

√
2χ2γ0

(γ0 + µ0)2(γ + µ)2
ᾱin

0 , �Ä$ëê,

σ > 1 �, L«1Æëþ��n$=uK�±þ;
σ = 1 �, éA�Ä$õÇ�1Æëþ��n�K

�õÇ, = p0 =
(γ0 + µ0)2(γ + µ)2

8χ2γ0
.

|^Sn|��), ·����{¿1Æë
þ��nn��D($Ä�§

τ dδα0/dt = −(γ0 + µ0)δα0

−
√

(γ0 + µ0)(γ + µ)(σ − 1)δα1

−
√

(γ0 + µ0)(γ + µ)(σ − 1)δα2

+
√

2γ0δα
in
0 +

√
2µ0δβ

in
0 ,

τ dδα1/dt = −(γ + µ)δα1

+
√

(γ0 + µ0)(γ + µ)(σ − 1)δα0

+(γ + µ)δα+
2 +

√
2γδαin

1

+
√

2µδβin
1 ,

τ dδα2/dt = −(γ + µ)δα2

+
√

(γ0 + µ0)(γ + µ)(σ − 1)δα0

+(γ + µ)δα+
1 +

√
2γδαin

2

+
√

2µδβin
2 , (4)

1|����Ì��� ��±^1|��
)�Î��«�ÎL« [32], = X = (α + α+),
Y = (α + α+)/i. ,3¢S�¹¥, ��5¬N
�3X�	 �D(, §K�
 �©þ�þf'
éA5 [33,34]. ��, Nussenzveig �|ïÄ
��
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5¬N�(fD(¤Úå�9D(é�	 �D
(�K� [35]. ÙL�ª�

S =
cn6l3c
4h

1
πω2

l

λ
dP, (5)

Ù¥, c �1�, h � Planck ~þ, n ���5¬N
é1|�ò�Ç, lc �(f9D(�)(Å��Z
�Ý, l ���5¬N��Ý, ω �1|3¬N¥�
��, λ �1|�Å�, d �ÍÜXê, P � NOPO
nSÄ$õÇ. l (5) ª�±wÑ, O�1|��
� ω �±~��	 �D(, ��O�
Ä$�K
�õÇ�¦�p�Ä$õÇ P , ¤±ÏLUCn�
AÛ�.é�	 �D(�K�Ø�. d ´Cq�

5�6u§Ý�ÍÜXê, �	 �D(�§Ýþ
,O� [35]. dd�±wÑ, �	 �D( S ��
�5¬Nó�§Ý T ¤�', �1Å� λ ¤�'.
·��±À^Å����Ä$1|±3~§e�
�nÚÅ��1|.

·�3�� �©þ�n��§¥©OÚ\
(fD( s0δYγin

0
, s1δYγin

1
Ú s1δYγin

2
, Ù¥ s0 Ú s1

´(fD(�ÍÜXê, �1|�Å�!��±9
¬Nó�§Ý�Ï�k'. Ïd, ���Ì���
 �©þåÏ��5z Langevin $Ä�§|?�
Xe:

τ dδXα0/dt = −(γ0 + µ0)δXα0 −
√

(γ0 + µ0)(γ + µ)(σ − 1)δXα1 −
√

(γ0 + µ0)(γ + µ)(σ − 1)δXα2

+
√

2γ0δXαin
0

+
√

2µ0δXβin
0

,

τ dδXα1/dt = −(γ + µ)δXα1 +
√

(γ0 + µ0)(γ + µ)(σ − 1)δXα0 + (γ + µ)δXα2 +
√

2γδXαin
1

+
√

2µδXβin
1

,

τ dδXα2/dt = −(γ + µ)δXα2 +
√

(γ0 + µ0)(γ + µ)(σ − 1)δXα0 + (γ + µ)δXα1 +
√

2γδXαin
2

+
√

2µδXβin
2

,

τ dδYα0/dt = −(γ0 + µ0)δYα0 −
√

(γ0 + µ0)(γ + µ)(σ − 1)δYα1 −
√

(γ0 + µ0)(γ + µ)(σ − 1)δYα2

+
√

2γ0δYαin
0

+
√

2µ0δYβin
0

+ s0δYγin
0

,

τ dδYα1/dt = −(γ + µ)δYα1 +
√

(γ0 + µ0)(γ + µ)(σ − 1)δYα0

−(γ + µ)δYα2 +
√

2γδYαin
1

+
√

2µδYβin
1

+ s1δYγin
1

,

τ dδYα2/dt = −(γ + µ)δYα2 +
√

(γ0 + µ0)(γ + µ)(σ − 1)δYα0

−(γ + µ)δYα1 +
√

2γδYαin
2

+
√

2µδYβin
2

+ s1δYγin
2

. (6)

2|^1Æëþ��nÑ\ÑÑ'X, ·���
ÑÑ1| αout
0 , αout

1 Ú αout
2 ���Ì��� �©

þåÏA5�L�ª©O�

δX0 = ((ω2τ2 − 2γ′
0γ

′(σ − 1) + 2iγ0ωτ − iγ′
0ωτ)δXαin

0

−2
√

γ0γ′
0γγ′(σ − 1)(δXαin

1
+ δXαin

2
) + 2i

√
γ0µ0ωτδXβin

0
− 2

√
γ0γ′

0µγ′(σ − 1)(δXβin
1

+ δXβin
2

))

/(2γ′
0γ

′(σ − 1) − $2τ2 + iγ′
0ωτ),

δX1(2) = ((4
√

γ0γ′
0γγ′(σ − 1)γ′ + 2i

√
γ0γ′

0γγ′(σ − 1)ωτ)δXαin
0

+(2γ′ω2τ2 − 2γω2τ2 + γ′
0ω

2τ2 − 4γ′
0γ

′2(σ − 1) + 2γ′
0γ

′γσ + 2iγγ′ωτ

+2iγγ′
0ωτ − 2iγ′

0γ
′σωτ + iω3τ3)δXαin

1(2)
+ (4γ′

0γ
′γ − 2γ′

0γ
′γσ + 2iγγ′ωτ)δXαin

2(1)

+(4
√

µ0γ′
0γγ′(σ − 1)γ′ + 2i

√
µ0γ′

0γγ′(σ − 1)ωτ)δXβin
0

+(2
√

γµγ′γ′
0σ − 2

√
γµω2τ2 + 2i

√
γµγ′$τ + 2i

√
γµγ′

0ωτ)δXβin
1(2)

+(4
√

γµγ′γ′
0 − 2

√
γµγ′γ′

0σ + 2i
√

γµγ′ωτ)δXβin
2(1)

)

/((2γ′ + iωτ)(2γ′
0γ

′(σ − 1) − $2τ2 + iγ′
0ωτ)); (7)

δY0 = ((2γ′
0γ

′σ − 4γ0γ
′ − ω2τ2 − 2iγ0ωτ + iγ′

0ωτ + 2iγ′ωτ)δYαin
0

+2
√

γ0γ′
0γγ′(σ − 1)(δYαin

1
+ δYαin

2
) − (4

√
γ0µ0γ

′ + 2i
√

γ0µ0ωτ)δYβin
0

+2
√

γ0γ′
0µγ′(σ − 1)(δYβin

1
+ δYβin

2
) − (2

√
2γ0γ

′
0s0 + i

√
2γ0ωτs0)δYγin

0
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+
√

2γ0γ′
0γ

′(σ − 1)s1(δYγin
1

+ δYγin
2

))/(ω2τ2 − 2γ′
0γ

′σ − 2iγ′ωτ − iγ′
0ωτ),

δY1(2) = (−2
√

γ0γ′
0γγ′(σ − 1)ωτδYαin

0
+ (2γ′

0γ
′σωτ − 2γ′

0γωτ − 2γγ′ωτ − ω3τ3 + 2iγ′
0γγ′σ

−2iγω2τ2 + 2iγ′ω2τ2 + iγ′
0ω

2τ2)δYαin
1(2)

+ (2γγ′ωτ − 2iγ′
0γγ′σ)δYαin

2(1)

−2
√

µ0γ′
0γγ′(σ − 1)ωτδYβin

0
+ (−2

√
γµγ′

0ωτ − 2
√

γµγ′ωτ + 2i
√

γµγ′
0γ

′σ − 2i
√

γµω2τ2)δYβin
1(2)

+(2
√

γµγ′ωτ − 2i
√

γµγ′
0γ

′σ)δYβin
2(1)

−
√

2γ′
0γγ′(σ − 1)ωτs0δYγin

0

+(−
√

2γγ′
0ωτs1 −

√
2γγ′

0ωτs1 + i
√

2γγ′
0σs1 − i

√
2γω2τ2s1)δYγin

1(2)

+(
√

2γγ′ωτs1 − i
√

2γγ′
0γ

′σs1)δYγin
2(1)

)/(ωτ(ω2τ2 − 2γ′
0γ

′σ − 2iγ′ωτ − iγ′
0ωτ)); (8)

Ù¥ γ′
0 = γ0 + µ0 Ú γ′ = γ + µ, ©O�LÄ$1

Ú&Ò1 (s�1) �o�Ñ.

2000 c, Duan � [36] Ú Simon[37] ©OJÑ

ü|©Å��â, �XÛ�äü�þf�1
| ´ Ä ä k þ f Å � J ø 
 � ä � â. 2005
c, van Loock Ú Furusawa[38] ò Ù * Ð � õ |
© + �, J Ñ 
 õ | © Å � � � â. ¦ � ? Ø

 f X Ú � ü � � � þ f � Î | Ü, u y � �
� 〈∆2u〉 + 〈∆2v〉 > 2(|hnkn| + |hlkl + hmkm|) Ø
�ª�, Ò¿�X§��m�3õ|©Å�, Ù
¥ u =

∑
i

hixi Ú v =
∑
i

kiyi, ki, gi �?¿¢ê, �

���ZOÃÏf�, Å�A5�±`z. éu·
��XÚ, ¼��äN�âL�ª�

S1 = 〈∆2(x1 − x2)〉

+〈∆2(y1 + y2 − g0y0)〉 > 4,

S2 = 〈∆2(x0 + x2)〉

+〈∆2(g1y1 + y2 − y0)〉 > 4,

S3 = 〈∆2(x0 + x1)〉

+〈∆2(y1 + g2y2 − y0)〉 > 4, (9)

Ù¥ g0, g1, g2 ©O�éÄ$|!&Ò|Ús�|
��ZOÃÏf.

�â©z [38] �î�nØy², �ÿþ���
'éD(��ù|Ø�ª¥?¿ü��, ¿�X�
{¿1Æëþ��nÑÑ|�m�3n|©þf
Å�. 'é�� S1, S2 Ú S3 ���$, n�1Æ|
�þf'éÝ�r, Å�Ý�p.

e¡©Û1Æëþ��n�«Ônëêé'
éD( S1, S2 Ú S3 �K�.

·�Äk©Û��5¬N�ó�§Ý T é'
éD(�K�. dã 2 Úã 3 �±wÑ, É�(f
D(�K�, 'éD(Ú�§Ý,pO\, �

Å��á, O\�Ý�¯; �Ä$1� 532 nm �,
S1 Ú S2(3) þ3$§ (−23 ◦C = 250 K) �±$u
ÑâD(4� (SNL)(4), =d��±��nÚn
|©Å�, 3§Ý,p�~§ (25 ◦C = 298 K)
�m, S2(3) Ú S1 k�,p�u SNL(4) �þ, ù�
ÑÑ1|�m�'éD(Ø2÷vØ�©�â,
= NOPO �ÑÑ|Ø2´n|©Å��1|. 
�·�À^ 795 nm ½ö 1064 nm �Ä$1|�,
du(fD(é'éD(K���, S1 Ú S2(3) þ
3~§ (25◦C = 298 K) ��±$u SNL(4), =d
��±��nÚn|©Å��1|. Ïd, ·�
À^Å�� 795 nm (1064 nm) ��Z1��Ä$
1, �±��üåÅ�3 1590 nm (2128 nm) NC
�ªÇ�{¿�e=�1|. ù�, ·�3~§
��
Ù¥�åÅ�� 795 nm(1064 nm) �,	
üåÅ�3 1590 nm (2128 nm) NC�nÚn|©
Å��1|.

ã 2 S1 3Ä$1�ØÓÅ���¹e���5¬N
ó�§Ý T �Cz

,�·�©ÛÄ$ëê σ é'éD(�K�,
ã 4 ©Û
3ØÓÄ$1ß�Ç γ0 Ú&Ò1ß�
Ç γ �, S1 �D(õÇ� σ �Cz. �±wÑ, é
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uØÓ� γ0 Ú γ, 3 σ = 1.25 �m�, S1 �D(õ
Ç�����. ã 5 ©Û
3ØÓ γ0 Ú γ ��¹
e, S2(S3) �D(õÇ� σ �Cz. Ó��±wÑ,
éuØÓ� γ0 Ú γ, 3 σ = 1.25 �m�, S2(S3) �
D(õÇ�����. Ó��±wÑ, 3Ä$K�
NC, duõ��ª¿�, ÑÑ|�D(ép, 'é
D( S1, S2 Ú S3 �Y²�puÑâD(ÄO, �
XÄ$õÇ�O\, 'éD( S1, S2 Ú S3 �D(
Y²×�ü$, 3 σ = 1.25 �m�, ����. �
�, duÑÑ| �'éD(ÉÄ$õÇ�K�,
¦� S1, S2 Ú S3 �D(m©ÅìO\.

ã 3 S2(3) 3Ä$1�ØÓÅ���¹e���5¬
Nó�§Ý T �Cz

ã 4 S1 3ØÓÄ$1ß�Ç γ0, &Ò1ß�Ç γ e
�Ä$ëê σ �Cz

ã 6 Úã 7 ©Û
3 σ = 1.25 �, S1 Ú S2(S3)
D(õÇ� γ, γ0 �Cz. �±wÑ, S1 Ú S2(S3)
� D ( õ Ç � γ Ú γ0 � O �  ~ �. © Û 

3 σ = 1.25 �, S2(S3) �D(õÇ� γ, γ0 �C
z.

�â±þ©Û��, �·�À��XÚëê
� γ0 = 0.40, γ = 0.40, σ = 1.25 �, 'éD(�
Ú S2, S3 �±�C���, Ó� S1 �D(õÇ�

?u���NC, =3ù«�¹e�±¼��pn
|©Å�. du$=uK�±þ�1Æëþ��n
ÑÑ�&Ò1Ús�1ªÇ���¹eØ�Ó, u
´�±|^ù�XÚ��ëYCþ�nÚn|©
Å��1|.

ã 5 S2 (S3) 3ØÓÄ$1ß�Ç γ0, &Ò1ß�Ç γ

e�Ä$ëê σ �Cz

ã 6 S1 �Ä$1ß�Ç γ0 Ú&Ò1ß�Ç γ �Cz

ã 7 S2(S3) �Ä$1ß�Ç γ0 Ú&Ò1ß�Ç γ �Cz

3 ( Ø

�Ä(fD(Ú\��	 �D(, ÏLnØ
O�L²|^$=uK�±þ�n��1Æëþ
��n�±3~§�)Ä$|!&Ò|Ús�|
�nÚÅ�1|, ¿ê�O�
n�ÑÑ1|��

014206-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 014206

©þ�'éD(énëê�¼ê�6'X, é�

�Z`zëþ. ·��O��õÚn|©Å��
)XÚ��OJø
nØë�. �·�À^Å�
� 795 nm ��Z1��Ä$1�, �±��üå
Å�3 1590 nm �e=�1|, =·��±��Å

�©O� 795, 1590 Ú 1590 nm �n|©Å��1
|. Ù¥, Å�� 795 nm �1|�±���f�p
�^, ¢yþf�;, e=�1|�Å�� 1590 nm
�1nDÑI�éA, �±¢y�ålDÑ, ¤�
��ù«n|©�±A^u8��þf¥UïÄ.
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Continuous-variable three-color tripartite entangled
state generated by a non-degenerate optical

parameter oscillator∗
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Abstract

The quantum correlations between the output signal, the output idler and the reflected pump fields generated by non-degenerate

optical parametric oscillator operating above the oscillation threshold are theoretically calculated with the semi-classical formulae.

According to the multipartite entanglement criteria for the continuous variables, proposed by P. van Loock and A. Furusawa, the

calculated results prove the existence of the quantum correlations between the amplitude and the phase quadrature for the three optical

fields, i. e. they form a tripartite entangled state. We numerically calculate the dependence of the entanglement on the physical

parameters of the optical oscillator and find the optimum operating conditions of the oscillator to produce the three-color tripartite

entangled state, which provide the direct references for the design of the continuous variable multipartite entanglement generation

systems.
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