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W. M. Itano et al., Phys. Rev. A 41, 2295 (1990).
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Number fluctuations, Phase diffusions, Goldstone modes,

Phys. Rev. Lett. 77, 3489 (1996);  90, 140404 (2003).
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L.-M. Duan, J. I. Cirac, and P. Zoller, Phys. Rev. A 65, 033619 (2002)
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John Schliemann, Daniel Loss, A. H. MacDonald, Phys. Rev. B 63, 085311 (2001).

John Schliemann, J. I. Cirac, M. Ku\'s, M. Lewenstein, and Daniel Loss, Phys. Rev. A 64, 022303 (2001).
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R. Pauskauskas and L. You, Phys. Rev. A 64, 042310 (2001).

Y.S. Li, B. Zeng, X.S. Liu, and G. L. Long, Phys. Rev. A 64, 054302 (2001).
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N-GHZ , , , , , ,

2
= ↑ ↑ ↑ + ↓ ↓ ↓��� ���

L. You, Phys. Rev. Lett. 90, 030402 (2003)

B. Zeng, D. L. Zhou, P. Zhang, Z. Xu, and L. You, Phys. Rev. A 68, 042316 (2003).
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Kwiat & Zeilinger et. al, PRL. 75, 4337 (1995)

Z. Y. Ou & L. Mandel, PRL. 61, 50 (1988)

Y. H. Shih & C. O. Alley, PRL. 61, 2921 (1988)

EPR, Phys. Rev. 47, 777 (1935);
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A. Aspect, J. Dalibard, Roger, PRL 49, 1804 (1982)

J. S. Bell, Physics (Long Island City, NY) 1, 195 (1964). 
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A. Zeilinger et. al, PRL 82, 1345 (1999). 

Zeilinger

J.-W. Pan, M. Daniell, S. Gasparoni, G. Weihs, and A. Zeilinger
Phys. Rev. Lett. 86, 4435 (2001)

4-photons
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D. J. Wineland, and C. I. Monroe et. al,

NATURE 404, 256 (2000)
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Nikuni and Williams, cond-mat/0304095

two-photon
transition

one-photon
transition

D. S. Hall et al., Phys. Rev. Lett. 81, 4532 (1998) 
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, single atom tunneling rate of the nearest neighbor wells

u,    on-site collisional interaction

J

Quantum Phase Transition

2.6,
u

z
J

×�

M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, and I. Bloch, Nature 413, 44 (2002).

D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and P. Zoller, Phys. Rev. Lett. 81, 3108 (1998).
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Phys. Rev. A 66, 011601 (2002).
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Single mode approximation
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Ho and Yip, PRL 84, 4031 (2000).
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H. J. Briegel and R. Raussendorf,  Phys. Rev. Lett. 86, 910 (2001).
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���������	���	����������������������� � ��	���#���������� �
�	������������������	�����> #? ����	��

� 7���	���������	������������������� �������	�����������	�
������
�
�����������������	����'= =#3 % > ���������
& ��������	�
���� �����
$���
� 
���� �������	�, �����
� �6�� �<����	���������3 % > ��������� �����
��

2
yJ
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L. You 

D. L. Zhou,
B. Zeng, Z. Xu (Tsinghua Univ.)
C. P. Sun (ITP)
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any 1-bit error:

0 1 1 2 1 3 1 1i i i i iE e I e X e Z e X Z= + + +

1 : 0 1 0 1Z α β α β→+ −

1 1: 0 01X α β α β+ → +bit-flip:

phase-error:
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0 0

1 1

L

L

→ ≡ +++

→ ≡ −−−
0 0 000

1 1 111

L

L

→ ≡

→ ≡

bit-flip code phase-flip code

( ) ( )0 0 1 0, ,0
N

ψ α β= + ⊗ ⋅⋅ ⋅
����	

Initial state

N ancillabits

2
xH uJ=

�
1���	��9�
1���	��9�
1���	��9�
1���	��9

5����%���5����%���5����%���5����%��� 8��������8��������8��������8��������

-����	��	
�	�����
�	�
�����-����	��	
�	�����
�	�
�����-����	��	
�	�����
�	�
�����-����	��	
�	�����
�	�
�����

"%���	�� ��  ������	����

no error

bit flip on qubit one

bit flip on qubit two

bit flip on qubit three

0 0 000

1 1 111

L

L

→ ≡

→ ≡

0

1

2

3

000 000 111 111

100 100 011 011

010 010 101 101

001 001 110 110

P

P

P

P

≡ +

≡ +

≡ +

≡ +

error-detection (quantum measurement):

Recovery: flip the flipped qubit again

( ) ( )3 2

1 1,

3 3 ,

bit error rate p

bit error rate p p p

<
+ <
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no error

phase flip on qubit one

qubit two

qubit three

error-detection (quantum measurement):

Recovery: flip the flipped qubit again

0 0

1 1

L

L

→ ≡ + + +

→ ≡ − − −

0

1

2

3

P

P

P

P

≡ + + + + + + + −−− −−−

≡ −+ + −+ + + + −− + −−

≡ + −+ + −+ + −+ − −+ −

≡ + + − + + − + −−+ + + −

"%�	.%�� ����

3

3

000 111
0 0

2

000 111
1 1

2

L

L

⊗

⊗

+� 
→ ≡ � �

� �

−� 
→ ≡ � �

� �

P. Shor, PRA 52, 2493 (1995).
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1 1

0 1 0, ,0 1, ,1
N N

α β α β
+ +

+ → ⋅⋅ ⋅ + ⋅ ⋅ ⋅
����	 ��	

( ) ( )0 0 1 0, ,0
N

ψ α β= + ⊗ ⋅⋅ ⋅
����	

Initial state

N ancillabits

3����	��������

2
xH uJ=

������	
( ) ( )1 2
z zσ σ

������	

2
xH uJ=

( )0 1 0, ,0α β+ ⊗ ⋅⋅⋅
����	
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2
xH uJ=

��
����	��� �� ��

( )0 1 0, ,0α β+ ⊗ ⋅⋅⋅
������	


�� ��

�&��������
�	�������

!��	��
��!��	��
��!��	��
��!��	��
��

( )

( ) ( )

8

3 3

0 1 0, ,0

0,0,0 0,0,0 0,0,0 1,1,1 1,1,1 1,1,1

1 1
0,0,0 1,1,1 0,0,0 1,1,1

2 2

N

α β

α β

α β

=

⊗ ⊗

+ ⋅⋅ ⋅

→ +

� � � �→ − + +� � � �� � � �

����	

�
1���	��9�
1���	��9�
1���	��9�
1���	��9

5����%���5����%���5����%���5����%��� 8��������8��������8��������8��������

-����	��	
�	�����
�	�
�����-����	��	
�	�����
�	�
�����-����	��	
�	�����
�	�
�����-����	��	
�	�����
�	�
�����
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[ , ]xx p i= �

1

2xx p∆ ∆ ≥ �

†2 * 2( ) exp ( )S ga g a tξ � �= −� �

.���	�����$���

������	
����	��
�
��

S ⊥∆

S	 �
��

2

N
S =

System of fixed particles

[ , ]i j kS S i S= �

2 21

4x y kS S S∆ ∆ ≥ 	 ��
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z

y

Coordinate rotation “squeezes” spin?

Squeezing:  
area preserving deformations

S

S
⊥∆

	 �
��

M. Kitagawa and M. Ueda, Phys. Rev. A 47, 5138 (1993)

D. J. Wineland, J. J. Bollinger, W. M. Itano, and D. J. Heinzen, Phys. Rev. A. 50, 67 (1994)

.���.���.���.�����������	������
��������	������
��������	������
��������	������
����

random

correlated

M. Kitagawa and M. Ueda,

PRA 47, 5138 (1993)
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( )2

min

2
: S

S
x ^= D

)��.��
/
0
��)��1��
���������������������',��--' �
"��!���&
�������
&��������������������2��--( �

���
����� ���	,	����	�����$���

2
2 1

2 2
2 3

(2 )( )
1

( ) ( )

S S n

S n S n
ξ ∆≡ <

+

�� ��
�

�� ��� �� ���
� �

(1) ( 2) (3) ( )N
N k k k k k

k

pρ ρ ρ ρ ρ⊗ ≠ ⊗ ⊗ ⋅ ⋅ ⋅ ⊗�
2	���������"����
�����
�
�

A. Sorensen, L-M. Duan, J. I. Cirac, and P. Zoller, Nature 409, 63 (2001).

1 2 3, ,n n n
�� ��� ���

Mutually orthogonal unit vectors



Controlled entanglement of quantum degenerate atoms

Li You, Georgia Tech (KITP Quantum Gases Conf 5/13/04) 31

7��	
&��	�# ������

Sz

U(t) = exp(-iφSz)
φz

U(t) = exp(-iχtSz2) φ = χtSz

z

y

Coherent

y

Minimum variance reduced from ½S to ½(S/3)1/3

"#�	�������	�������
���



( ) ( ) ( )† † † † † † † †

2eff

u
H a a aa b b bb a a b b a b b aµ λ= + − + − +


2

2 z x

u
S Sλ= − A. Imamoglu, M. Lewenstein, and L. You, 

Phys. Rev. Lett. 77, 2511 (1997)

( )

†

†

† †1

2z

S a b

S S

S b b a a

+

− +

=

=

= −
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( ) ( ) 
2† 2 2

a/bexp 2 ( )G b t a t G N u N tσ� �∝ −� �� �


/

1

2
c

a bu
τ

σ
=

"%�	���
��1�	�%
��

Nature 419, 51 (2002).

Science 291, 2386 (2001).
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Swirling Effect Cancels Out y

x

y

x

y

x

Coherent Squeezed

Minimum variance reduced to ½

U(t) = exp[-χt(S+
2-S-

2)]

���
����	����� 
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Li You
K. Helmerson (NIST)
M. Zhang
B. Deb (PRL, India)

Kristian Helmerson and L. You,
Phys. Rev. Lett. 87, 170402 (2001).
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For each atom:

aborption of one photon
emission of one photon

e

2g1g

1Ω
2Ω

��
��:'
� 
�

g

e

K
�

2 2

2

K

M

�

atomic excited state

g g

e

K
�

( )
2 2

2 2

K

M

�

molecular excited state



Controlled entanglement of quantum degenerate atoms

Li You, Georgia Tech (KITP Quantum Gases Conf 5/13/04) 35

0�
��� 	�� ������
��	'
� 
�

For every pair of atoms:

absorption of one photon
emission of one photon

↑↑

↓↓

( ) ( ) ( ) ( )

2
i j i j

R σ σ σ σ+ + − −� �Ω ⊗ + ⊗� �
�

4�� ����
�	�������	���

2 2( )R x yH u J J= − 2
S xH uJ=

optimal spin squeezing snap shots
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2 2( )R x yH u J J= − 2
S xH uJ=

4�� ����
�	�������	�2�

2 2( )R x yH u J J= −

50% overlap with the maximally entangled state
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