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x1 ng!9zX4�&�WR

E�cw'K5�3�c^m�[&#Q�"hSH�b bB$Z3�

=�)]�Z�"c��WNV#3rv�Æ�(4,+7g"x3^;��

0�<H�D]Mow3^����B:}M�"h3^<M_��cm�

*�3|�S[IO_�f=	z7B83^m'm��e�cw'(ME

c��c�cw'3�zb
7bBY)3%���c<,\33*�"/

Sc�cw'BH3B@�ls=�bB�W3m��K5�\��[53

�< [1-3] �m+�Zc���cw'bBY)�Bl3�W���cM'\

E:3SX��|:Y6c63g�)���cw'bBY)3-81.�

^m' |#b3Ej [4] �

� 1927 V Solvay ^m']L:�)N�!7T[I^��c�cw'b

BY)3�� [5]�O^�=f��c�c^m3�z�W3I)$��(%

Ew3��(�_(
8?� 1935V�[6]�)N�!�WW�b��53 EPR

8?� 1935V� [7] �o�YI$g�}�7W6��� 1932V� [8] �TF

3QM�m�� 1952 V� [9], El Bell [5_lsY66+� 1964 V� 1981

V� 1975V� [10-13]�Sc��Y))�<Hah3Kk�<[M^q�/

H4�yfc�cw'g�3bBY) [14-16]  ScH�uc�HZ�3\

�g��E�O�g3IK:]ucpc3�HoM[OU3}M�

�C[OU3}MuNc�cw'3KZ� (Complementarity)�>AP]

3��B+��h
�^<�HC\uc7W3}Eu��'�5=	Y6>

]�fwKZ�3 [22] �r(��}p�BY6>�g�uc4*�I=	

p�5c�A�Wu]��3uc&��guc�KZ3WH�KAZ���

�B/VK[������CZcg�`s�T{,7w���Q3q�{

/K�c>w� (Quantum decoherence) [17� 18]�&<�cg�Z0�"/{

/KW6�� (Wave packet collapse) �,59Sc�C>w�q�3)=]�

hfSXg[]�f ]�./uc4*�6 AIO_��0c A3c~:

B��Euc3P91�. �x ��ZZg[]pm

�x�p � �h (1.1)
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1.�	g�S�0c�6 A c~:3H�oM �p � �h
�x
3�H��Z�

�.�l S :uc3P9��|�B/V3BI�g[]�f3�hQ;�

4*C\�uc&$
3g��(5Vg�H�7tP���8xC\�Wu

]��
3^<�H�]"cg�3[�E��J:��g[]�ffOuA

gf6�c>w�3=	E:pN�'m+0& Rampe�l3j�pc\b

�1@Y6 [19] Q;�g[]�f[f�c>w�3J=uN�Z�|g�

Bx7Agf63�c:m� (Entangled state) fY)35���c:m�3

�Wurc%Ew�c�_(��(
8?3$��s)=]3^�g8x

�cEj�3 EPRY)wyf�BTC�I)8">��Y)3m�7Y

6 [19-25]�

cY:�S�W�cq��(�cw�7>w��B<3m��"/Sf

1.�mE3�,��\3$��G}J(�2p
C�cg�Y63�6�

�#b3IK:Æ���cw'3P]Z� -�B+��h>�2=Bx3

O)f[OG53��fNK�8x�cg�*�V�4vS,\.Bxs

K'	�cf63=_jK�)��'f�"/dF�cw'|K8x'	

hJ3=	oOm���[&R�8x=	H�3^mf6�VS)8x�

g_�	f63B�g�Bx��<:��s=CHw'3�cg�m� 

4*Bx7f63wKsX�.f67Bx�|3D;f6J|=	v��

cw'3'+�%Ewc�`,59c�-__'	f63Hw'3P�.

�wP.Agf6_j�Z/dFR�e�1.L(�B/V�Q/h3�

c>w�`�c215[OUq�3(�8x [26-30] ��C8x�c>w�

Hw'm�m�fZo�YI$7G�K'�3�'Zc�/3m�,\=

I^<K�BxeH32=`B�u��Bx3�c{>!`l|Bx3u

c{>!��:ze{8YqW6���E�O)Bx{ -�o�YI${�

�{>3-=	Bxcg�}63'	f63Z��EoM�\+f3W6

����],7�'m�:3]M :zYqf6�c>w��E�O)�

cb EA3�k��

1971V�Hepp4*g Coleman34�$� [31]�'��=	,\�N�


�k��cg�B� (HC B�) ��/}EBxf=	Z N 	e! 1=2 uc

l|3#���/K�.BxB�u�IO_l|Bx3uc{G>!�)
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N �+\Æ!V��/+;�gBxwKsX3iOwS�uceHoM

W6��� Bell S�'�3bk [32] 7 Cini '�3	=	h�3B� [33] �

)=]�)��=h�cg�Hw'm�3^� [34-41] �s>6^BTs�

/=��q|�. HCB�e!#�>3uce!MK#I�4�'{ j 32

=it<#�&Rf�Z/^q�\�3P?#3NcPf
�cg�Hw

'B�YqW6��3B< [36-41] �BT�;m+�k�c>w�Hw'

*�3
C1�3Y6 [19-25] �68">�cg�m�3bB�z7wS3

bB~W�VE�c21Kb
�I)jaU4Ss>�cf63T{�

mE�Z/SX��m�g~W�ja�cU4Ss>�c�c�+ -�cC

&w��3T{�

x2 9zT\���5z@N!Z{@N

�cw'3bB&$/=f�XW/{#Q3p�t8xH�^m+f

Z��p�:�4*bcW/{)�3�cg��"/OE1.�cH�f

6�H$�3�_�c�E jni fw'� A 3B$��wS3B$1K an �

�cw'3g�pm��Z/�SÆc jfi = P
n cnjni �3�c+fg�w'

� A�1.3�)f[�E3 �ORf A3B$1 fanjn = 0; 1; 2; : : :g>3=

	�wS3p�K jcnj2 ���	IKj�TY (M.Born).W/{ jfim�|p

�W�m�tPQ�> f(x) = hxjfi#Q� x <^quc3p�4Mt�Zc

�CU�p�W38x�Z/OE4*�3C|pmcQM�c�Bq� Z

c8xH�uc�H3bBc��%Ewc�fu�3�+ jf1i7 jf2if+f

3}	ORZ����/3C| jfi = jf1i+ jf2i;;ff63ORZ��m jfi#

ig jf1i7 jf2i=93%Ewc���tPQ�>�>A�c�W/{3TY

�h�:x�3C|pmOQqK^<W3U��B�K�m Ik = jfk(x)j2 �

uPU�>8xp�t fk(x) = hxjfki(k = 1; 2)SS3p�j\�' f(x) = hxjfi

S[SSp�j\ I1(x) 7 I2(x) �%3w|�cY:

I(x) = jf(x)j2 = I1(x) + I2(x) + f1(x)f
�
2 (x) + f �1 (x)f2(x); (2.1)

s>mE}|IO_�3�cw��`�c�B�

K�Ex)�3�cg���:)=]K�3f g�/E3���+f
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W/{fW*$�	Y)3[�>dcg�3�)fW*�()�%=3�

cg�>1.3�) an ��%�_39]�g�>�S)Ex1.�E3�

) an ��VOEQE+f3W/{ jfi = P cnjniE��.�3=	j- jni

:�m

jfi �! jni:

�CZcg��,73W/{��}MfZo�YI$O)3 [8]�4v{/

Ko�YI$7T`W6�� (Wave packet collapse) 7W/{wP (Wave func-

tion reduction)��C�w�C|�7T{.%	j,:3MPf[OU3�f

��B|�=1A�hK2=BxsX3�)��CW6��3*��OE

X;� 1���8|E�; [14] ucW/{ f(y) = hyjfi8x�1 xc~�H

3ucy1 y c~3j\�Z/X=	7�X9c"guc�q� y c~3

9Æ�=&%ucY6� p^�uc���AW6��38x�KOQ0g�

EW6M�� f(y)|K(8x3i�W6 fn(y) = hyjni .

0
X

Y

)( yf

)( ynf

p

: 1: �j+6V5L�

�cw'g�3&R/ÆV�c�8x3W6��f'+3��CW6

3'+��U����giKwS�3bBpmQ6J:��F\)U [42].

r(�(; 2�=	uc� t = 0VQÆ�=	>j3U�< A:�� t = T �

g�sH�1.�E3H� p ��W6��KH�B$� jpi � eipx �sU�

j\� T EEVQKfH~3��F[�Ej�g�Ou3'+3W6�;

�FnS�Ej� Æ� B<�* A<3"[/A��m A7 B}<fhU

3�4v[��N)�f�� t > T 3VQ�Z/\OR� B <^quc�

+�iKwS���4mWE"�3�Mc�U�Z��V3��^M3W
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6��q�IO_���~�IK
3x"� -TVQg�ucH�],7+

fE=Ep��x"�
8��.[53H�B$�:��	rcQ;�O)

Wu]��3�W`p��hf
C8?�q3B<� cY:�Sc%=g

X

Y, Z

t

t=T

t=0

A

B

: 2: �LUT=2&*V5��

��Z/S[R�E8� B<^quc�N���c

 A7 B3yf4f

~��3�ZScH�ucZ0�$�2=IKj3N)�f7w�fEj

�Y)�OR[f=	z)3�)�+qZ/J.*[=�~�IK
3x"

�3:/ [43]�Æ���Y63B|�!W���~�IK
3x"�[]n

SN)��';�fT<3aIPOu=�`��s�r�cS�cg�B

H3`��

:xW6��38xl�q3Y)f�S%	ucg�Z03�s>Z

/}E���=�%=3g�>�E�L��)��Z]1W/{wP.�3

=	j,:��C�)A{K9=hW6���'f�W/{f4*6t�

hgC+Y6wyf3�m4*W�3%=g��`S!�5=R+3x:

i3k;�ff)�=�5Vg��1.B�:O�j3�)���	IK

j��:O)9]hW6��3~W�}ES+f3ff)�g��Z[f�

S%	�cf6)�=�g��[EL�=	��3�)��V�:O)4M

?#3~W�8xg�Ef63Z��SÆc jfi = Pn cnjni 3f6)�z�

3}�g� 9=�g� A��E�g�g A[SF3 B �+ j �mif B 3B
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$/{�wS3B$1K bm ����E jni �:1. bm 3p�K jh �mjnij2 �

Zc� j	i :9=�g�1. an 3p�K jcnj2 ��}�z�g�1 bm 3p

�K

Pm =
X
n

jcnj2jh �mjnij2 = h �mj�j �mi = Tr(j �mih �mj�) (2.2)

s>�Z/O)34(Eu

�f =
X
n

jcnj2jnihnj; (2.3)

Kf9=�g�E+f34M?#u�Tr#Q�f��m Tr(�f ) =
P

�mh �mj�j �mi�

N��W6��#Q3�c>w�*��OQaK|4M?#fS�|3�

Q�SffZ0�g�3sXf.pc3��4M?#

� = jfihf j =
X
n;m

cnc
�
mjnihmj (2.4)

MK=	B�^;�4M?# �f �

:x$�Q;�SffZ0�W6��O8xK���4M?#.B�^

;�4M?#3VM��^m:Æ��CwP*�#Q�g�,73w��

3nS��c>w���:8K�(; 3�a3^<W�B3}pY6�[S

ucys#9g���r S oM3ucy2}pjyE�l C :^M�B�

:x3�B�S#Q�uc3WH&$�}p�BY6�A�^<Wu]�

�3WH�e6��A�cw'�B+��h3�KZ�pm
�`{S�p

m� [1]��	Y6Z��uc��q�()k;��gucf4*I=/p

g.�l C 3��wSEt3Y6�A�^<3uc��NKWf=	0&

c'	U�3'+�<uc�OE>j.p A`p B)��B/VK���d

��^M��c>w��

0�8J�g�]14M?#3fS�n�Q���:2�3f�4M?

#fS�n�Q4f=CQ�q��#
[53b\�\fS�n3?#\

ORS�PK,\fS�n3?##ZS�?#;OEMXK\fS�n3

?#�N��:P�8\E=	f6frf���4�Js;� rank �fr

K 1. ?#3;f?#S�PEf�S�n3	{�()�!c 1 ��f^;
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(a)

C

Source

A

B

S

(b)

A

B

S

C

"

Source

: 3: Vt\��ff~R~b�A2mR�: (a) +[R�52f~�Q�j-�A.

U": (b) (��R�52f~��A.U�P� (�dSr [2])

��`/#Q=	����	\A�?#3w�MXjf[M3�[>dc

b\3#
�Sc#I�E34M?#��	\A;OEQ�K�6

�2 = � (2.5)

fr|s�o��5_� 2.5 ��w�MXjf[M3�m) � ! �
0

= U�U�1

� 2.5 �%�|s�Z� 2.5 �./�+ j�if � 3B$/{�

�j�i = �j�i = �2j�i = �2j�i (2.6)

�Z � = 1` 1. �<+;�� 2.5�_8+ � 3;4Rf 1.

x3 EPR iAo Bell ��L

Zc^<C\:x3Wu]����W[5*v3�c&�]�H�b 

8q�c�)N�!�WW[�b7�5'�3 EPR8?<fm=�=	�

�Bl.�cw'frB@�fr��_Qc{��frn)Ej�]��f
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rnSH�N)��5�B�Y)�)N�!7T[")S�,3�W�c

w'bBY)3%��Jfsc EPR 8?aM1iK�*�

�c�cw'3�B+��h�)N�!5"[w��S9 2	uc3g

��)��FcSPchU<39 1	ug��W*��/���()}	u

cjIi�t -fhU3�S9=	uc3g�[]T{9]	uc�Z/$

K�m]T{�;4Rfp�c_3�� EPR 8?(fbc�CEj�3�

<'�c3�)N�!5")=]ja��cg�>3Ej�Y)�;�2

� 1 �`��cw'38x[B@# 2 �`��cw'[#i�Ej�


3]��)N�!f�~c^mq�E�#i�Ej�
]��;<f[R\

x"�3^m�3�:�)N�!5"3ja�Ou��W"c"��c�

cw'3�Qc{
3m���/S�cw'3�fL
Ou�>!3 H�

E7cT[[1[�e�6[��=CM� 1935V�T[�^mk��:

��=dT�2� [1]�()}	>_+f 17 2�|=	g+f�JD�=

g+fZ}	>_+f 17 2��|3'+3W/{ -EPR��8x�NZ

<,\mZ��Z/Kk3>_+f 1 7 2 fECK[w�3Ks3Y��

m]�}	>_+fEK�&EhUVU<:�;[R$K�/f}	K[

w�3>_3Y��N����cw'�h3�B+��<cJ�Scf6 1

3g�]T{.uc 2. Yw:�T[S,\�(`S)N�!5"�'�

3�8?
�Z4f���cw'[=E#iEj�3p��'�38xfB

@3�

[�T[7)N�!~3I�(��40ZY6|E�6� 1964 V�

>[� J.Bell �)=]^��)N�!5"3�z��$K� EPR 8?ma

3}ucf63�y��OEX�Qc{
c|E�;�K��>['��=

	cec�Ej
3QM�m�3[5_��ScSuc+f�y3m07

�cw'm03�)[5��ZOE�Y6:c\QJ=Cm�K(��

. 1964V J.S.Bell'��O; Bell[5_E}�"/S�CEj7fEjY)

%�V&>tc�m�7mzY6h6� Bell[5_a9=����XY6

�\Q)N�!Ej�:�7�cw'bBm03lR3]��EQE87

W*f(�3�� 1972 .q��mE\�W")��[5h�3Y6��)

!W{Y67�cw'w=7�4\	RY6�~-�>[[5_��9=
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c�Y)M1Tj���

EjmX:8">=j EPR 8?3bB�z�K�=	Z}	ucl|

3x;f6�()�=}ucf63^�>gH� p = 0�JD�}	ucj

IE�+�H�oAE��9=	uc3H� p1 EEg9]	ucH� p2 \

�y�m p1 = �p2 �s`~g��'�Ng�}�"/S[Tj		 p1 ` p2

3c~7�/3GS13!��)"gxg.�uc 1�1. p1 = q EE�u

c 2EÆ� p2 = �q �:�Y)f���cf63g�*�>�\=	�'

+3
W6��3q� "gx�E	8xuc 13W6>�#

H�K

p1 = q 3j6W�+��cw'3�B+��h��=�#

SSBx7W

6�EC�[OV:3wKsX
3�)���C�[OV:wKsX
T{

j�OR\ p1 = q �;OR p1 = s,��55�'
"t�3f 4:"gx�

� p1 = q,JD[�frSuc 23W6)�g�gr�<E�\ p2 = �q �8

xuc 2 3W6;eH^M��q��uc 1 7uc 2 3W6=u���

Z/;{/K'+W6���

�{':Æ�:x3 EPR �f " Dklc " x1 � x2 7 " H�7c "

p1 + p2 3�5B$/{�f=C&s3�c:m��Z/OE.�Q�K [44]

jEPRi = jx; pi = eip1x2 jxi 
 jpi (3.1)

�o jxi 7 jpi jRftP x 7H� p 3B$/{�()Suc 1 g��1.

�=	��3�) p1 �g�E^MW6�����+fEZ4M?#K

�I ' hp1jEPRihEPRjp1i (3.2)

�zf=	��

�I = jp� p1ihp� p1j (3.3)

%�_g�9 2 	ucH�EE1.=	�E31 p� p1 .

EPR �3=C0�38xfZ Bohm '�3 [45]. �K��Æ�e!%�

:3}>c+f�sW/{f

jEPRi =
1p
2
(j+ z;�zi � j � z;+zi) (3.4)

s> z#Qe!3I��#QE zI3c~�()g�9=	>c3 zc~e

!�Z/OE 50% p�1.1 +z c~3>c7 50% 1 -z c~3>c�)9

10



=	>cA^q1 +zc~�'	W/{A��.� j+ z;�zi:��V�g�

9]	>c�E1.�E3�)�e!1 zI~j�m]f}	ucjI1>

t��C�y%�f��3�O���c�y`�c:mfW6��3=	0

�3�)�g2=�\hC��C�\J:�S[>&s�}E=	=<c

oe�=4/�7=4=��TGm..<co�K@=4�1.=7/�

3p�
K 1/2. 'f=&TH.�=4=���E.<cHI�[ Wt�

T%�OEQE<co=Ef/���C2=�yf"/cm:@03�[

iKt��Z��c�\Sf(��%�:x EPR���8x]>cf61 z

c~e!3�y��59OE8x1 X c~e!3�y�`1#Ic~ n e

!3�y ((; 4�a). �COEX=	��8x[5c~e!�y3t9&

��f�c:m3=�&$� �fNK�4* Sx 3B$�

Particle 1 Particle 2

Particle 2

Particle 2

Particle 1

Particle 1

: 4: EPR �x2~b%�

j � xi =
1p
2
(j+ zi � j � zi) (3.5)

OE.:x EPR �Q�K

jEPRi =
1p
2
(j � x;+xi � j+ x;�xi) (3.6)

N��(�k�g� Sx �EE]1.}	[5uc3 Xc~e!13�y�

11



�:x$�OEJ��S9]	uc)�g��1.�)>dccmS9

=	uc3W*w'�)�g� (S9=	ucg� Sz �1.�) +1/2�

�S9]	ucg� Sz 1.�E3 -1/2 �Zg� Sx 1.�)f[�E3�

1. �1
2
3p�
K 50%. =1�c�S#Ic~ n �Z/%�\

jEPRi =
1p
2
(j � n;+ni � j+ n;�ni) (3.7)

�C�c�yB<:Vfurc�cw��7�cg�3W6���N��

�2=IKj��C�yf>[�E3�87�=�g�>J=3� jEPRi

#QW*93e!�y��FccmSs>=	ucqW*9g���:2

�3f� EPR�8x3}	>ce!��y�fC\w��3��vOE8

xg� Sz V�y�aOE8x Sx /�3�y�'8x=/�32=�y3^

;ff 

� =
1

2
j+ z;�zih+z;�zj +

1

2
j � z;+zih�z;+zj (3.8)

IO_%�32=p�c
�b\MX],7fS�n3oM��[�8�

s�c~e!3�y�r(�'Z � � j � xi bj4RQ�KEj3�_

� =
1

2
j+ x;�xih+x;�xj +

1

2
j � x;+xih�x;+xj + non� diagonalterms (3.9)

%�3 x-spin �yf[���:6�c�<co=/�
$�g EPR �c�

8x3�yf\B<lM3�

4*�c:m72=:m^m:lR3$��Z/S EPR �y1JY<

D\��03�����b
:�B�OE+_ Bell3pc3$��+; Bell

[5_� Bell3+;fbcj�}	}E =	f��"/;N.�3QM

� l(j6}E lz�MP); 	=	<f:�m�fEj�3�E��U�<
A

g�uc 13e!1U�c~ a7T �:a (�f Pauli?#��1�)uK A(a; l),

&>dcc~ a 7QM� l, Z A(a; l) = �1 �QM� l 3�1FE�g�3�

)�E	=	uc 23e!1 bc~37T �:b3�1uK B(b; l)�>dcc

~ b 7 �,B(b; �) = �1. m�3Ej�IO_ A(a; l) [>dc b,B(b; l) [>d a;

�y�:��Sc a = b, A(a; l) = �B(b; l). }	uc3e! 1[5c~ a 7 b

37T3�yX A(a; l)B(b; l)QM�; 5��Zc>QM� l;NA�a�c�

:}EQM� l \=	j\ �(l),
R
�(l)dl = 1. �Y6>�g.3�yfSQM

12



A
B

l a

b

A(a,    )

l

B(b,    )

      EPR State

l
l

: 5: Bell DiPL~7w

�)��jHE3�)�m
Z
�(l)A(a; l)B(b; l)dl � hA(a)B(b)i (3.10)

�w)c�cw'>3qF1 hEPRj� � a
 � � bjEPRi.

j6K�uc 1 e!1 a(` a �) c~37Tguc 2 e! b(` b �) c

~37T3yf

p = jhA(a)B(b)� A(a)B(b0)ij

= jhA(a)B(b)[1� A(a0)B(b0)]i

�hA(a)B(b0)[1� A(a0)B(b)]ij (3.11)

K�.

jA(a)B(b)j � 1; jA(a)B(b0)j � 1 (3.12)

[M1.

p � hj1� A(a0)B(b0)i+ h1� A(a0)B(b)i (3.13)

cf�Z/\#K3 Bell[5_

jhA(a)B(b)� A(a)B(b0)ij � 2� (hA(a0)B(b0)i+ hA(a0)B(b)i) (3.14)

m$�}	ucÆce!%�3�\�� a0 = b0 = c�}	>c15=

c~37T��Sce!%��Z/\ < A(c)B(c) >= �1 Z < A(b)B(c) >=<

A(c)B(b) > �_� 3.14�PK

jhA(a)B(b)� A(a)B(c)ij � 1 + hA(b)B(c)i (3.15)

13



�f Bell [5_3P]�_�gXce!K 1/2 3]uc+fÆce!%�

3�\�

OE+;�:� Bell[5_g�cw'm�f)U3�r(�}E a; b; c/

	c~>�wl 60��+�cw'��e!%�j�Z/OEt � � a
 � � b

� EPR�:3jH1��#Q�S9=	uc79]	ucg�[5c~3

e!V3�y). Zc0�tOE+;�

(� 
 1 + 1
 �)jEPRi = 0

(�:a)(�:b) = a:b + i�:(a� b)

(3.16)

N�

hEPRj� � a
 � � bjEPRi = �hEPRj� � a� � bjEPRi

= �a � b� ihEPRj� 
 1jEPRi

= �a � b = �cos�ab (3.17)

s> �ab f a7 b3z��) �ab = �=3,�bc = �=3,�ca = 2�=3V�qX:x3=1

Q�_�Z/sEj3C+t�

hA(a)B(b)i = �1=2; hB(b)B(c)i = �1=2; hA(a)B(c)i = 1=2 (3.18)

#)_� 3.15��pH =j � 1=2� 1=2j = 1�Z^H =1-1/2=1/2�E��cw'

m�g Bell[5_)U�

qX:m"cSY6� Aspect 5�6� Bell[5_35~�_ [11]. g�

�)bBg�cw'mq1wu�Zg�	5~3[5_;oek� 5 	P

]el�Ec�=�1�3Y6)=]SE� Aspect3�)�'f�Aspect

El�=�VD)�3�6 Bell [5_3Y6�bX3WfpcoyAM

oM3}"cr�ZcpcBH3`��H�s@3=S"cS[,�Æc

w`c~:�()"c 1 ��E3c~:Ag��"c 2 ORÆ�=	>!

3U�s+�aI��<f�Q3lk���I�bXe^c�jVX SPDC

� Spontaneus Parametric Down Conversion �oM3}"ccs�6 Bell [5_

3Y6� Shih([4L) � Alley � Kwiat7 Strekalov 5"KPv�:xY)�

)=]�6� Bell[5_ [13]�

14



x4 :.cs
9o9z0�� Entanglement)

E:">�=C&s�c:m� -EPR�3t9&��sY�=13�c

:m�f�cg�Y)3�	�g��,7�B/V�d3q��crcWu

]��3KZpm�+_,59tP�H�g[]�f��	Y)OE8x

Kg�SucH�[OV:3�H��Z�G}m�7Y63-8JQ;�

[OV:3�H[f�h�B/V�Q3J=c:�V��	A3c: - �

c�y`�c:m�c�h�6#
 (\which-way") Y6>3�B/V�dq

� [34-37]�

cY:�oM�c:mf�cg�*�3E�:���cg�3ds4[

*f�Bx3Z��L�
Agf63Z��:X�cw'8x�C�L�


3*��<E�\Agf67g�Bx/�3�y�+ j i = P
n cnjni fAg

f63$gZ����c�y`�c:mOEZf6|Bx�|3gf63

W/{

j	i =
X
n

cnjni 
 jeni (4.1)

8x�s> fjenigfBx3=lW/{��C�yf=Cw�C|�=&Z/

./BxfÆc jeni �:�'	W/{K��. jni 
 jeni :��ZQEf6

3Z�f jni �:2�3f� EPR �/�Ef=C&s3�c:m��fN

K0e jni
 jeni3}	_j jni7 jenifS{3 8x5=Cuc� jni 7 jeni


e(��S�|3M{w53 HilbertU��S=13�c:m��\�:

��CS{��

�^mB<:Æ�oae!��3 Stern-Gerlach(SG)Y6<`U��9=

C�c�y�m�pc3U�j\L�P_Z�e!3�� [3] � SG Y6>

0�8�;��c�y3�f,7�c>w�3pN�'Zc�Y6>�t

3sX}M�pc3H���>MJ��[OV:3H��H
fr��8

u�sX�K�9�Y)3Y<�Z/<|yh8">0& Rampe -8�l

qXjpc Bragg1@)�3 \which-way"Y6 [19]���	jpc Bragg1@

Y6> ((; 6)��pcy AE&E3z�)@.SWt>�Zcpc3{

|h� !a gSWt3h� ! f!Q
3�m j!a � !j gwKsX�MwC>

15



E

A

B C

G

D F

: 6: iob|� Bragg 0?`H: (�dSr [3])

!�pc�SWt>3�H[F^MP_Ro�3{|��Z]pc3<

��H2p=	Hqt�+f3\�+4TOE�K 

H =
p2

2m
�

�h2g2

4�
cos2 kx (4.2)

s> � = ! � !a �+4T3<,7wS3 Bragg 1@3$�y� [3] �g>c

�Hq-�:3 Bragg1@whC�Z/]J.�Scg)3)@��pcy

]S{8jK}y B 7 C ��2*=� Bragg1@�B 7 C jRjK D y

7 Gyl E y7 F y# D y7 E y� F y7 GyjR^M�B��|(

; 7�a3�B/V�Y6>bX3pcf 85Rb�sg^� 52P3=2 uK jei,s

: 7: �A.U (�dbSr [19]) �

b� 52S1=2 wScg�H� F = 2 7 F = 3 j�K}	x1h� j2i7 j3i , (

; 8 �a�

16



jei

!

j3i

j2i

�

��

: 8: Rampe X5=2 85Rb Qn��6!s"	 (�dSr [3])

Z/�SWt3h� ! (0� j2i7 j3i>���]1Q
�wSc j2if

�c�3�ZwSc j3if!c�3�m

�2 = ! � !g(2) < 0; �3 = ! � !g(3) > 0: (4.3)

�A [17]3���()c� (??)3 �}Mu4��� Bragg1@3*�>�P

_Z�[M�'U�Z�}Mu4�N��I^:@�Z� j3i:3pc�2

Bragg1@E�U�Z�[M4�ZI^:@�Z� j2i:3pc�2* Bragg

1@EM4�

� Rampe�l3Y6>�K�YqU��7P_�3�y��/m� j2i�

:|=	 � 3GHz 3 �
2
HW�oM RabiVH�]1pcÆcC|� 1p

2
(j3i+ j2i)

:��E2* Bragg1@�jKP�K 1p
2
(j3i� j2i)3 B y7P�K 1p

2
(j3i+ j2i)

3 C y#�S|w53 �
2
HWoM9]� RabiVH�]1 B yP�K j2i�

C yP�K j3i �4*:x Rabi VH ((; 9) � Z/XP�SU�Z�)�

Microwave

Microwave

j2i j3i

j3i + j2i j3i � j2i

j3i � j2i

j2i

: 9: Bragg 0?f Rabi UG�:nLO^�T��x (�dSr [3])

17



�Pu�oM�=	�c:m�

j i � j Bi 
 j2i+ j Ci 
 j3i; (4.4)

�Z�Y6>oa3�B/V�Q��(; 10 �� Y6�))=]oa�'

: 10: \which-way" �j+6�A.U�P (�dbSr [19]) �

	�B/V6 3YMf[M3��	cYQ;�Z��q3�c>w�[

R�hKg�Spc<�H�3w'�H�cY:�:C@�B/V�w'

�SE�Ou?~H�301�s!�w)c/V3U�Hq��Z]1'

	/V36 |Y��Z��Y6>��	6 YM[M��;H��H[f

BY6>�B/V�Q3pN�yh$��� Rampe�l3T� [19] �

	A=	 \which-way" Y6fqX"�UB|3 [22] ��=	>cjHe

Z�OEgsU��MwCS3"�U>�(; 11��� A<R)3>c�j

H8Jc�V,c1lg-�aYK� B <w�8]@�=u�ce[5�

63>c]8�pc3wPuJ�oM Aharonov-Bohm(AB)�S�m� B<g

13>�f�*"�U�4 � 3!*/{��:2�3f��o3�tAt

:��0cU63�! P�S\>cg�t�3�0�wKsX
��Z�

K�".fr\>c4*=-F D �Y6"q�"�U3 DF{+e9=	

�Q3�c<�x (QPC)�4*W�j-�S (Coulomb blockade)��g D F

>>c3�H���	"g>�D F>>cS,\g QPC >>c30�wK

sX�[oMO�3w'H��H��Z�Y6^q QPC 3"gRwy��

B Æ>�3w��Sy��K5]1w��B��Q��	�)%OE�h

18



�
A B

C

D

Vd

Vg
QPC

: 11: W~b;��6!�TXp2 which-way �f`H:�

K�c:m�S�mOE.>c3Z��K

j i = j�ci 
 j�ci+ j�di 
 j�di; (4.5)

s> j�ci 7 j�di jR#Qg C 7 D F>cjW j ci l j di w�;3 QPC Z

���/3ECej#Q:x"�U AB�S3jN��:2�3f�S"c

f67">cf6��"/;+Y�w53�� [20,21].

x5 9z
9�mz#�6e4=

�E:$�OEJ���c:mf�cg�m�L5�cw'mE:3�

W/=�Z�Z/OE���cg�3=1Hw'8x��jpc Which-way

Y63ja>�D2�.��cg�Hw'm�3bB�z�4*wKsX

8x�cw'g�*�3�z�m�OE\�. 1935o�YI$3I?�-

8�ZcH�uc3�Hv��cw'3bBE��ZBxfZ�9W	H

�ucl|3�Bx;S)X�cw'|E8x�N��4:g)8O)A

gf67Bx�3wKsX��f6 + Bx3gf63%Ewc��"/q

FOE<,�W6���

Yw:��cg�Hw'm�f}E�Bx7f6/�3EC&s3w

KsX�E fjnijn = 1; 2; :::; g fAgf6d[X&U� Vs 3B@(�b\�

19



jeni fBxdcX&U�=l\��z0SSc jni. �cg�`m�cg�

� pre-quantum measurement) *�OQ�KZNcP��

j (0)i = (
X

cnjni)
 jei (5.1)

.�c:m�

j (t)i =
X
n

cn(t)jni 
 jeni (5.2)

3V�3P�s> jeifBx3��# jenif4*wKsXoM3gf6�w

�y3N��

��cg�3�C8x>��c>w�3�qf�c:m3E��)�K

kSSc�c�� 5.2)3wP4M?#

�s(t) =
X

jcnj2jnihnj+
X
m6=n

cnc
�
mjnihmjhemjeni: (5.3)

()R��>08�j
BxZ���fmzg��:�3��Bx�3EC

ej

hemjeni =
Z
 �m(q) n(q)dq (5.4)

:�+c��s> q 6#QBxuP  n(q) = hqjeni��j; 12 0�88x

�s^m;��� �V�wP4M?#M|�=	^;� 

�s(t) =
X

jcnj2jnihnj (5.5)

�Z�Sc�cg�SXZ0�W*93wKsX]oM�93�c:m

N$=18�c�:�3P?#C\�4NcP
3�_

U(t) =
X
n

e�iEntjnihnj 
 Un(t) (5.6)

s> Un(t)fsX�A_U�:3\�3P?#��. jei3P| jeni. $g3

O�k� A ��3P3*�>f[M3�mf=	oA��OEQE��c

f6|:Bx3g+4T3�_EK

H = Hs +HI +He = H0 
 I +
X
n

jnihnjHn (5.7)

s>

H0 =
X

Enjnihnj; Hn = Un(t)
�1i

@

@t
Un(t) (5.8)

20



q0

|em > |en>

<e n|em >

: 12: Aw�DBdi

HI =
X

Vn(x)jnihnj; Vn = (Hn �He); (5.9)

>;o� H#i�Q3�cfnSg�/
 [31,47]:

[H0; HI] = 0; [He; HI] 6= 0 (5.10)

:x (5.10) 9=_#QoM�c:m3wKsXS[T{f63Z��Z9

]_#Qf63���R\�8T{Bx�`U4�3Z���9=h�cf

nSg�Y6z0�;��cg�,7�c>w�3$�\�O)�[OV

:�H
3N�cg3�W�().�c>w�`W6��0�m�Kw�

/V3�Q��SXff3�W<iE�hq\Y63=�Y)�cY:�

*k8�A%ucg�3�c���;�S[f�Y^mY63:��

Nj3Y)��:$��W*�\jR�>08�j
BxZ��]1{/

K>w�Nc3ECej]MK���ZYq=	mz3�cg��Z/�

+Bx`U43B��3�]#i:x:���c63-83=	I?�Æ

sfZ Hepps�3�Zc Hepp�	ÆsN:f�g Coleman4�>r.�	

�3v^�"/4v. Hepp �s3�cg�3Hw'B�{K Hepp-Coleman

B� (HC B�) �Æ� J.Bell�S�	B�3=���'��bk [32] �'S
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[T{sN:�z3(���Ej">N:>A Bell3Qx)��SS Hepp

3$�|Eg)3�(�

� HCB�> (; 13)�Agf6f=	HR|K cP �e!K 1
2
3iOw

~p

: 13: hNvR�2d tbfd "�vJrW (�dbSr [3])

S�uc�X �1(0); �2(0)7 �3(0)Qa�3e!c#g�BxfZ N 	�E

c�<:3e! 1=2 3ucl|3#��)iOwS�uc4*�	e!#

�V�Zce!�;#�>3e!+Ec_`V��#�`V3�_OE
�EAguc3e!Z��q��j HC B�3+4T�

H = cPx +
1

2
(1 + �3(0))

NX
j=1

V (x� j)�2(j); (5.11)

s> V (x)f>dcP9 x3�;v{��i(j)(i = 1; 2; 3; j = 1; 2; 3; : : : ; N)#Q#

�>9 j 	e!3 Pauli?#�ZcwKsX|>�q 1
2
(1 + �3(0))��[5e

!�:3iOwS�ucSBxoM>[w53wKsX�E

j "i =

0
B@ 1

0

1
CA ; j #i =

0
B@ 0

1

1
CA ;

E�^VQBx>3-	e!HÆce!~j3Z��m

jei = j #i 
 j #i 
 � � � 
 j #i

#QBx3���Z

j	(x; 0)i = hxj	(0)i =  (x)[(�j "i+ �j #i)]
 jei

#Q!f6�Bx|Agf6�3����o  (x) = hxj i#QiOwS�u

c3U�W/{�Zse!Æcw�C|� j�(0)i = �j "i+ �j #i:�
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K�tf63V�3P�m��wKsXQ�>3B�+4T�

HI =
NX
j=1

1

2
V (x� j + ct)[1 + �3(0)]�2(j); (5.12)

7wS33P?#

UI(t) =
NY
j=1

e�iF (x�j+ct)�2(j)
1

2
[1+�3(0)] (5.13)

s>

F (x� j + ct) =
Z t

�1
V (x� j + ct0)dt0 =

1

c

Z x�j+ct

�1
V (y)dy

4*tOE0��� t VQ3W/{

j	(x; t)i = U(t)j	(x;�1)i = 	(x� ct)(�j "i 

NY
j=1


Uj(t)j #i+ �j #i 
 jei) (5.14)

s>

Uj(t) = e�iF (x�j)�2(j) = cosF (x� j)� i�2 sinF (x� j)

fwSZAguce!~:Z�sX�e!#�>39 j 	e!:3\�3

P?#�

()#
 V (x) �'	U�:ejf\t3�%=PK
R1
�1 V (x)dx = �

2
�

�) t!1V F (x� j + ct)! �
2
�\

U(t)j " (0)i 
 j #i 
 � � � 
 j #i � j " (0)ij "i 
 :::
 j "i;

U(t)j # (0)i 
 j #i 
 � � � 
 j #i � j # (0)i 
 j #i 
 � � � 
 j #i (5.15)

:_Q;�()AgucÆce!~:Z���4*e!#�E�#�>3

N 	e!�_`V�Z)AgucÆce!~jZ�V�#�>e![M�

) N >!V�ge!}M3�SfTj;o3��ZYq�=	mz3�c

g���B�itj�\tV�3P%�R�>088x�cg�*���

V�#�� z c~e!jH13}MK

�Sz =
1

2

NX
j=1

h	(t)j�3(j)j	(t)i+
1

2
N = j�j2

NX
j=1

sin2 F (x� j) (5.16)

�,�;itj� R t
�1 V (y)dt f=	���m sin2 F (x � j) ' F 2(x � j) �}E

V (x) f=	v{��\ �Sz = 2NV 2t2 �4vZ/� van Hov it � N !1

7 V ! 0 V V
p
N !\t1��Ve!3}Mf\t!3B���
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�jwP4M?#

� = Trd(j	(t)ih	(t)j)

= j (x� ct)j2(j�j2j "ih" j+ j�j2j #ih# j+ ���j "ih# jF (N; t) + h.c.) (5.17)

�owP4M?#3fS�n3�_=	NcP3>w�Nc

F (N; t) =
NY
j=1

h# juji =
NY
j=1

cosF (x� j) (5.18)

o�� j cosF (x � j)j � 1 �+ F (x � j) 6= n� � (n = 0; 1; 2; : : :) � N ! 1 �

F (N; t)! 0�l|Bx3uc{ N !1�IO_BxfB�3�� N !1i

t{KB�it�EE)=]+; F (N; t)3NcP��fYq�c>w�

3�	�

:x$�Q;�sK=	=�rc�HC B�oa���cw'Z�jY

qW6��3OR��'Zc HCB�,\6-BxeZR�|
PN

j=1 !j�3(j)�

7Aguc3eZR�| !�3(0) ��[R8xg�*�>R��X5Y)�

1992V Namik, Nakazato7 Pascazionm<#� HCB��]/6-���eZ

R�|�(�88x�w�3^mY)�ZE�Z/4*ja7<#��B

�^q�:x3>w�Nc3NcP��SYq�c>w�u_E:sX�

bcNcP��3
C^mYq�OE. HCB�<#.=13�\��A

Z/^�3NcPm� [35-41]�().Bxz�|=	Z N 	\wKsXu

cl|3B�^+�sZ�EK N E0e�m

jei =
NY
j=1

je(j)i; jeni =
NY
j=1

jen(j)i; (5.19)

cf

Fmn(t) =
NY
j=1

Fmn(j; t) �
NY
j=1

hem(j)jen(j)i; (5.20)

Zc jFmn(j; t)j = jhem(j)jen(j)ij � 1 �) N �c\Æ!V� N 	�c 1 3�/

e\ORMK��m

Fmn(t)
N!1�! 0:

�	�)Q;�NcP��f�cg�Hw'B�3oO:��
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x6 9zT\��� QED )h

bc�cg�3Hw'NcPm��:�3$�N:�A��cg�,7

�cf6w��3�Q��c>w�OEf=	M��q3^m*��Z[

=Ef����� Haroche �l 1996 VB|3� QED >w�*��gY6

[23]z0+Y�=<�

��/Y6>�4*g�3c_��cH�mm:@�w�� j�i:#Z

2=HWtoM RabiVH�.pc:@�=	C|�

j (0)i =
1p
2
(jei+ jgi)
 j�i (6.1)

s>]Ropc3Ro jgi7 jeiSSc:6$�>3 j0i7 j1i. ()H�3B

$h�Scpc{|h�c�f!Q
3�g�t�pc�;�MwCf>
!3���pc�*�t3*�>�pc[^MP�3{|�'�t]2r[

533P�mE�|:m�

j (t)i =
1

2
[jei 
 j�ei�i+ jgi 
 j�e�i�i] (6.2)

s> � = t
2=�, � = !a � !(yh<,�{� I) �

�YwY6>�(; 14 � jgi 7 jei f�pc3}	 Rydberg Ro�N�

: 14: X5W8`H: (�dbSr [23])

c{K 517 50�wS3{|h�K 51.099 GHz. �/3q=�w�w 30 ms. C
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f� Qx, Fabry-Perol�� Q1K 5:1A!A107 ��w)c"c3q=K 160'

s. �pc3�}	Rog"t\>�3sX� 
=2� = 24KHz . r S Xc��

CR)"c�jH C>\ 0. 10	"c[5�Z R17 R2f}	A Sz��

H36 Q��EXcoM e7 g�3 RabiVH� S'3h�fOA3�Y6m

EXt>k"gx De7 Dgc�kpcÆ�g^�7b�3{G��/O�

10j@Pu� 5000	c
���K 40 %p^�Z�OE>]�g1pc�b

�:3� Pg. 4* R1 7 R2 3h�38�>�1gpc{|�!�OE��

sKh�  3/{3p� Pg �mg1f63 Ramsey �B/V�S)2� e-g

3{|�� R1 7 R2 >HOR^M�'ZcY6[R�j{|f��/Æ^

M3��CsX,\u�� Which-Way 
�c��Z8�>03w���

pc2*� R1 E�AC|.� jLi = 1p
2
(jei � jgi) :�2*� C E���

pc�;f6KÆ�=	�c:m�

j (0)i =
1p
2
(jei 
 j�ei�i � jgi 
 j�e�i�i) (6.3)

:�s> � = 
2T
�
�o T#Qpc�*�3V��EEgf6E j (0)iK�

�)�3P��6 Q � R2 >�pc]�2p=� Rabi VH�8x�	*�

3\�+4T�f

HR = !ajeihej+ 
[e�itjeihgj+ h:c:] (6.4)

Z�Z/OE1.pc2* R2� RabiVHE3W/{ (yh<,�{� I)

j (t)i =
1p
2
(e�i!

;

aT je(t)i 
 j�ei[��!(T+t)]i � jg(t)i 
 j�e�i[�(T+t)]i) (6.5)

s> !;a = !a +

2

�
�

je(t)i = e�it�(t)jei+ �(t)jgi

jg(t)i = e�it�(t)jei+ �(t)jgi (6.6)

�o � Z coth � = 2

!a� FEZ��

�(t) = cosEt� i cos � sinEt

�(t) = �i sin � sinEt (6.7)
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���pcmE{|.b�:3p�

Pg(t) =
1

2
� Re(�;�(e�i!

;

aT sin � sinEt[i cosEt� cos � sinEt]h�+j��i): (6.8)

SB�w�3�\ h�+j��i = 1�H� Cm�A:@��U�:�h�+ j��i = 1�

�V�Z/1.

Pg(t) � P () =
1

2
+ [(cos!;aT cos � sinEt� sin!;aT sin � cosEt)sinEt]: (6.9)

&RSc!Q
�\ j!a � j >> 
, sin 2� ' 2

j�j �Z/1.=	mz3 Ramsey

�B/V

P () =
1

2
(1 +




j�0j
cos!;aT )�

1

2
cos[(!a � )t� !;aT ] (6.10)

�o�<f Haroche �lY6>3; 15-a�a3B�w�3 Ramsey !*��

C�B�MEK�t3�c:m�nS�Sc[53>w�NcSc[53

>w�Nc

jh�+j��ij = e�D
2

(6.11)

(s> n = j�j2 #Q� C>3"c{) �D = 2
p
n sin�Q$�}	w��jI3

�M#)H�>gt3"c{ycyW��tM1ycyB���sKEC

ej3>w�Nc]M1ycy�+c��) n =1 V�� C 3tB��B

�
��pcB�>w�� P = 1
2
, Ramsey �B/VB��Q�

E:8x3 Haroch �l3Y6;ETj��3+A'aZ/��cw'

>3KZ�p�N:+q��c:m:�V�:2�3f�Sc�hY)3

$��Rampe�l3 which-wayY6N:�AU�w�AnS�Z Haroch�l

3Y6N:�AV�3w��� Ramsey /V�AnS�

�:2�3f�:x$�g�Bx4fC\=	j� (B_) 3��gZ

/NcPm�>3W	j�~e��f\lR3�K�Kkl|BxW	j

��`uc�3T{� Rempe�l� 1997V'��(; ( 16)�a3W��;
c,���/3Y6c,>�� C0 g C1 C\u��;�+X ay0; a

y
1 7 a0;a1 j

R#Q�/3oM��:u���;c_K

Hc = 
c(a
y
0a1 + ay1a0;) (6.12)
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A

B

C

: 15: Haroch �k 1996 X5�(�fs2!bzxV� Ramsey �A.UxAH (�d

bSr [23])

�%tOE+;�) t=0 V�� C0 Æcw�� j�0i , ' C1 Æc�U�

V� tVQ�/jRÆcw�� j�(t)i7 j�(t)i

�(t) = �0 cos(

ct

2
)

�(t) = �0 sin(

ct

2
) (6.13)

()\=	pc4*� C0 V�pcg}	��|3x;+cÆc:m�

j	i =
1p
2
(j�e�i�ij�e�i�ijgi+ j�ei�ij�ei�ijei) (6.14)

()�� R1 >�4* Rabi VH}Mpc3Z� jgi ! 1p
2
(jgi + jei) � jei !

1p
2
(jgi � jei); mE=&"g.pc�� jgi` jei:�}�tÆ�

j	ci =
1p
2
(j�e�i�ij�e�i�i � j�ei�ij�ei�i) (6.15)

28



: 16: X5W8`H: (�dbSr [23])

()�}	pcwx4*� C0, Y6>OEg�/
t{p� +9=	p

c�� jsi:�9]	pc�� jki :��/
t{�K Psk(s,k=e,g) �Y6>

3�y�44vu � = Pee � Pge. [M+;

� =
1

2
Re[h�; �e�i�j�; �ei�i] =

1

2
e�2n sin

2(
ct
2

) sin2 � cos[n sin2(

ct

2
) sin 2�] (6.16)

(; 16p8x�}pc�y�4#Q3=CC\��c1{
3OU�c>

w�*��

()K�\ÆW	� C0; C1;; C2;:::; Cj:::3�;s> P
j�jj2 =< n >#Q�>

jH"c{��y�4mEOE�K

� =
1

2

Y
Reh�je�i�j�jei�i =

1

2
Re(e�

P
j�jj2(1�exp[�2i�]) (6.17)

()�tf|M3 < n >= n(1� e��t),� f|M���y�4[�!*�Zf

M|=	|M/{�(; 17^��Z�q�c>w���	Y6Zcrvp

N;NmEB|�

x7 d�|?iA�"�XS�2(�p#o C60 �z�IKh

EjSX�c:m7NcP3�<�S%Ew(7B�^+3U�E

jPY)��OR3^m���E�8��=c6�l|B�^+3H�uc
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: 17: V��:2~b=v��o:e|��:
[2|ob�x�3� n=5; ]:eV

��:
[2|ob�x�3 (�dbSr [23])

3	+\$�H�ElB�^+�Æ3U43P_�c�H�]gB�^+

3k+eZM�;uc��_U43eZM`l|B�^+3uc{W�
g/wKsX3�cf6]�q�c>w��]1�cw�C|<�YD�

Z�Jc��%Ew(8?
7B�^+3U�EjPY)\ORuNcS

Y)3[z)8Qx�m+� C60 jc�BY6\ORS��bBY)3m

���)=]3Y6�6 [24] �

g)N�!=9�sK�cw'�^"/=�%EwS�cw'3��B

+��h
;f��QC3��$K�()��B+��h
�c�cw'g

�3$�f(�3��SZ#i�cw'3H�ucl|3B�^+;Sf

\�3�Z�<��()=4�B�3(
Æ���7_�3w�C|:�(

3�_[�f=CKsc�k�N+3R����Zf>dc�k�g��

o���f\=vm3��Z�cw'3;m�7og�Hr.�,E3_

M7-��%Ew}z�=	mzY6�; 18 � .=4(7=	C\}	

Z� j0i7 j1i3e@�ucmD�=	<co�)ucÆcg^� j1i:�K

]^�=C@uH&EX9�.(6�#ZucÆ�b� j0iVK[s@�

(�*�\�� jDi 7 jLi jR#Q(3��7_�� jD; 1i = jDi 
 j1i �

jL; 0i = jLi 
 j0i�()(Æ�(j3w�C|�

jcati
1p
2
(jD; 1i+ jL; 0i) (7.1)
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:�(<]Æ�=Cf�f_�a�a_3�ZNG3Z����
7�_


3R�����B+��h
>f[��#�I`cE3g�7�k�N�c

g�FE(3=�� �	<�4vf[;m3�%Ew;QC�cw'OR

: 18: $Dv'7>� (�d Phys.Today,23,9)

\P�3[ez��

g%Ew(8?wyffB�^+U�>jPY)��3$�urc 1950

V}E)N�!7TY34� [45]��/^q=	<�K M 3B�^+<�

�HZeZ+4T� H = p2=2M 8x�sR�B$�f=	j6W��f=

	,\U�>jP&$3`���gYw�kw)U B�^+fEj�U

�&E�jP�N��B�^+W/{Sf=	V�w�3W6�Z[f=

	j6W��Z��	m�],7=	Æ3)U mW6]`1��^W6Y

MK a 3W6� t VQW6YMK

a(t) = a

s
1 +

t2

4M2a2
(7.2)

) t!1V�U�>jPAnS�TYS�	Y)3�hf B�^+3<

� M >!��Z a(t)f=	MP>%3/{��B�^+%�OE��cw

'3Z�j�4*=	>�3`�>%3W6c8��)N�!)=]`Y�

TY3�< B�^+3�W/{>�
3:��g�cw'bBpm -�C
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|pmf\)U3�E j i1 7 j i2 f%Ewc�3}	��� j i = j i1+ j i2
;f%Ewc�_3=	��Æ� j i1 7 j i2 wSB�tPJ>��'�/

3C|�[=E>��

�U4ucgB�^+1@,7�cg�3�M� Wigner[46] l Joos 7

Zeh [47] $���F:xY)3OR��E jxi fB�^+3P9B$�� j�i

f�\1@uc3)@���ZcB�^+1@3`�OEG��1@*�

],7gB�^+P93:m 

jxij�i t! jxi 
 j�xi = jxi 
 Sxj�i (7.3)

s> Sx fwScP9 x 31@?#�N��S#IW/{  (x) \
Z
dx (x)jxij�i !

Z
dx (x)jxiSxj�i (7.4)

�VB�^+wP4M?#��� �(x; x0) =  (x) (x0)}MK

�(x; x0)
t!  (x) �(x0)h�jS+

x0Sxj�i: (7.5)

)Z�4*1@j@[M�3ja��/t1.

T (x; x0) = h�jS+
x0Sxj�i � e��t(x�x

0)2 ; (7.6)

s> �f=	gC+sXwyf3D.c{��8x�B�^+>jP�M�

�(x; x0)[�C\fS�w���m) jx� x0j 6= 0V� �(x; x0)
t!1! 0�w���

Q��

Sc��Y)�;OE�A�cg�Hw'NcPm�|E���Z/3

ja[tcU4`,�c>w��OE6^l|B�^+3H�uc3	+

\$�HOu�c>w�3ja��<�A��m].B�^+gsU4B

��kI��c>w�;]^M� .3B�^+ -" ( " 3��
7�_


f#Q(}Ck+Z��`}	B�O�R3W6��(<�eZM�Æ3Z

��ZcB�^+Z!�H�ucl|�sl|3_j3�H[f,�8�

�A=7���C�\j�E�K�FWP_eZMSk+�3T{��C

T{gk+Z��|mz3�c:m��jH@
P_eZM3T{�B��

^+3w�C|�<]AnS��()Z/X

jLi =
NY
j=1

jLii; jDi =
NY
j=1

jDji (7.7)
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jR#Qg_� jLi7�� jDiw�y3P_Z�� jAii#Ql|�(
3-

	uc3%���B'%Ew(�OQ�K

jcati =
1p
2
(jD; 1i 


NY
j=1

jDji+ jL; 0i 

NY
j=1

jLii) (7.8)

)[ (3P_(9�4�(3�_�KS)XwP4M?#

� = Tri(jcatihcatj) = jD; 1ihD; 1j+ jL; 0ihL; 0j+ jD; 1ihL; 0j
NY
j=1

hLijDji+H:c (7.9)

ZcNcP��3���(:�x�) N !1V�fS�|�Q�N��Æ

�Z/�_8�����g_�3w�C|�'�,�3IKj�4: .

4v3�B�^+
�sw��f[��3�

Sc%Ew(8?Y)3:xja�"/OR]'�Ej<C KW*[

53k+���
7�_
]g[53P_Z�w�y$()��
7�_


4gw53P_Z�w�y�<,\\�3�cg��[���c>w��

N��OR��B�^+Z�3w�C|�3��4\�i&s3�\j�B

��c�f��3�(x,7T4 -)N�!X@��Z�=1Æc�Sc&

v3Yw^mY)��f[OR3�Zc%Ew(f=	B�^+��C\

fv!3Z�U�7&R4k3Rp�r(�Z/}E�(
fZ N 	]R

opcl|#-	uc3b�R�K 0 �Zg^�3R�K E ��(3gR

�EÆc 07 NE/��ZOR��3[5Z�g{K NE
2N
��jHR���

K�N��) N>!V�R����+c��ZcRo��>��P_Z�v

K2p�=	>�3�H�;>'F{|.[53Z�:�<f��k+e

ZM�[53Z�:]S[53P_Z�oM[53T{�:x[WE�]

,7g��
7�_
�y3P_Z�[=9�cY:�ZcP�6-�>W

j��4:s>=	(��K�q��c>w��

Sc�%Ew(8?
7B�^+3U�EjP3:x���"/OR'

�CY KW*]z0�|c�� 7.8��8x3Wj��c:m�$Sc�

	Y)�Z/m+3-8VQ; [49-51]�.k+eZM)|%M��.P_e

ZM)|XM��4* Born-Oppenheimer+��4vk+eZM7P_eZM

OEG!8jk [52-54] ���C�\j�B�^+3k+eZM7P_eZ

M3G!�;�OE,7]�3mz:m��ZOuk+eZM3>w��
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g:x�cg�Hw'm�=9���$���+�3IK:��S[BlA

gf6`k+eZM3R��Q�=13wKsX4v[8�R�oA�'

E6�c�c213$�Q;�m]��R��Q�;]�q�c>w�`

EjPq� [29]�

�:2�3f�()l|B�^+3P_j�R��A=7
���EC

wPc_��\OR�|B��c���c6=	=�3rcfT4 -)N�

!X@� BEC�Sb7T4�pcy+c��()�_RM�6�s!�H3

^<WWwM1ycyw��IO_!�H3^<WW6YMycy!�)

�/w�8ECuc�8�Pw=7��|=	B�'+�]�.�=	B�

�c� BEC.Sc>c+f�4*_S�y�;]^Mh�3q���<f�

Q3x,Z��m+�� Stony BrookB|3 Jossphson � (SQUID):@%Ew

(�Y6 [55] 7 DelftMr!'B|3(`�A>�B�w�C|Y6 [56] J

Q;�=	cY 4\�E�iO/
j�(!�>cS�|3x,���W

ucf6>3-=	_jaR�A=78Æ�%=3�c���Cw���

4vZ�jf>�,3�>M�;88���;f&vZ/J[.�(g_

(w�C|3pN�)��"/;zJ.4v�!3^+3�cw�q��

S5VdF��_^+3�B��M
M!�w��]M��Q�K��M;

K!' Zeilinger�,3-8�lqX!3 C60 jc)���c�B3Y6�Æ

� C60 �MkB�^+V>t�'�f=	C\lz3P_eZM3�!u

c3�B [24].

Y6f4*�DK 100nm3&:"�)�3�; 19����>�@mOp

��K 220m/s3 C60 jc���E 1.25m3P9:�oM�SCM>03�B

/V�; 20 ��s�Dz0SSc C60 3^<WWw 2.5pm. 11RI3f�

C60 3^<WWwC C60 3U��M� 400?��CWwCuc�MV�3^

<W�B�fw)
"0t3� �:2�3f���	Y6>�"/;N�

k.�c>w�q��spNf�C60 jcP_3�H�(!H�VHg^�

V,\S C60 <��HoM\�3T{��|:m���Y6�MJ� C60 P

_g^4Rs@Ww!c"��D3CA"c�"�[R>08u� C60 j

c2*I=	p3� Which-way
�c�K�4*�	Y6)=]�k�c>

w�3^M�=	OR�f!p�DEu� C60 s@3CA"c�'�o�

34



Oven

Collimation slits

100 nm diffraction
grating

Ion
detection
unit

10 mµ 10 mµ

Laser

Scanning photo-
ionization stage

: 19: C60 ib�AX5W8`H: (�dSr 24])

f[�3�NK:oM C60 �B/V�<E�]p3�DR�7^<WWw

wC��Z C60 3^<WWwWwtt�cuU��M��Zp3!�tt�

c C60 3U��M�N��K��k�c>w�3*��4R4*)=]g^

C60 �oMWw�P3s@"��IO_oM� C60 <�eZM7P_eZM

3\��;�=&Rq.�=<�Z/<R>08-8^+3�B��
f�
9,7�3�2=�
3�Z2=��Fc�eq>w�3�M�

x8 	��Cl>7�okE�"�b

4*wKsX8x�cw'g�*�fo�YI$3I?��s�Z�

	�<�^��S�cg�3Hw')��m�uk�s{'fw)�,�


3�'1.<��f
"h� E�\�k�2,3�mE=g
�a\OR

,7f63W6���

EjSo�YI$�cw'g�pm3>��zs<|yh38x�E A

7 B f}	[OSF3w'���/#iB$c�

Aj�ni = �nj�ni
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: 20: C60 ib2�AX5�( (�dSr [24])

Bj�ni = �nj�ni (8.1)

�o�YI$'��9=	�cg�B�>�}EBx I 7f6 S /�3w

KsX&�=	�3V���>^M�Æ�BxSf6,\`sX�'f6

sX�Bx:�R�]Bx3L{^M�}M��C;m3}E,7�gf

6�NcP��.:m�3VM�Sc:m�

j Ii =
X
n

cnj�ni 
 jen(I)i (8.2)

(jen(I)ifBx I 3Z�). ()[g� A, 4g� B, 1.OR1 �m 3p�f

Pm =
X

jcnj2h�mj�nij2

+
X
k 6=n

cnc
�
kh�mj�nihek(I)jen(I)i+H:c (8.3)

(E}$��OE��ECc:]1 hem(I)jen(I)i = 0,:xQ�_3fS�|

�Q�X j ic8xscf63Hw'�4R��,\w��3^m�)�N

��g)3wKsX,73:m�]]19=	f6,\�cw���

�Z�Sc�cf6 S|Bx I3x;f6�w��%�f\�3��V
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K��� S� I 3w���<E�O)Bx II ��|!3:m��

j IIi =
X
n

cnj�ni 
 jen(I)i 
 jen(II)i (8.4)

KW*E�:� S+I ;,\w��N$�fK�8+:m�SS_��Y3

�cg� ". cY:�&:�oM:m�f[�3�NKZ/OE�Æ3b\

jmi = S�1j�mi (8.5)

j�EÆQ�:m� j Ii:

j Ii =
X
n

dnjni 
 jfn(I)i (8.6)

s> S f� j�mi . jmi3z(MX�

jfn(I)i =
X
n

cnd
�1
m Sm;njeni; (8.7)

s>

jdmj2 =
X
n

jcnj2jSm;nj2

N�� j Ii C\g EPR �h�3�c:m&$��;8x�S[5w'�

A0 = S�1AS 3�cg����Y3�cg�
E�Z��C#I��:�Bx

� jen(I)i�2=8
L�f63� jni�Bx7f63�y[OEC\�cu

��w����4\Z2=3p�8x�Z/aRYw8L��c�c�((

,ym:=9�m:;,�e~�K0j//T�IO_;,\0j//T

3ORje�\0j/rT3OR[je��f=	R�3~��c
�S

[>d"/��kW*��g�c:m�8x3~��c
\B<3[5�

NKE�>dc"/��kW*��

O)Bx II �]�� S+IC\2=�y3wP4M?#

�s+I =
X

jcnj2j�nih�nj 
 jen(I)ihen(I)j (8.8)

�C,\�cw��32=:m��8+�Bx3�2=7B�u�
�]1

g�x;f63w'� C = A
N
B \�E3IK�K�( (8.8) �aC\W

j�3^;��o�YI$m�:�E�\Wj�:m��

j (M)i =
X
n

cnjni 

MY
j=1

jen(j)i (8.9)
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s> jen(j)i f9 j 	Bx3P_Z���	Wj�:m�3^mIKf		

3 Æ�ZcBx IYS3g��]1f6 S3�B|OE���'f6 S+I

3�B�%�����K��� S+I3�B|�<�:O)Bx II�Z)=]

<:O)Bx III,IV,... �dq�|�=/\t3Bx3{�o�YI${�

+�o�YI$3�<OE<��o�YI${>��\cf63W6��

mEE�Z���3N+
 -"3IZcFE��{':Æ�fLo�YI$

{NO�k�2=3�=g
�oM=	Wj�^;��Z�VOEOF�=

	|�fZf3�� �cw'm�E�O)�N�")
�H�3~W[

�C\�R��
��Z�cH�b []KscN+/A�Z�\"K51

��}��\"J�V�Y[��
3Y?���

�Z�sKo�YI$wKsXB�3g)<#�BT">3�cg�m

�\��N�")
�o�YI${<R�EECc_BQ��ZOEez8

8x��Y3�cg��R�:�G}=f�Æ3�cg�Y6;�8-�

��=�<�Z�s{'��Q-co�YI$m�3{'�_/>���

m�3^m-IgZ/�c�%Ew(
Y)3NcPjaTjw��cY

:�BxEEfB�3�r�"/\_0�L{�:�BxE�\\ÆW	

eZMl|�Bx3�c�<OE�|

jrni 

NY
j=1

jen(j)i � jrni 
 jpni (8.10)

�|3�c:m��s> jrni#QBxg jniw�y3k+��BxL{��

�agBxP_� jpni �
QN
j=1 jen(j)iw�y�Zc�B�itj� N !1 ��

hpmjpni =
NY
j=1

hem(j)jen(j)i (8.11)

\OR�+c��[ BxP_Z��Z/<1.C\2=�y3^;�

�s =
X

jcnj2jnihnj 
 jrnihrnj (8.12)

�V�ZBx32=7Tc jrnihrnj,B�E2=p�3c_E�Agf6Z

��1.B�\X3�c�

:x$�g Zurek O)3YPb (Preferred basis) 3~W4�w� [57] �E

jZ/�%;�8">=j Zurek 3bB�z�K���cg�>.�c:
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mVPK2=�y���Bx7f6�VE�O)9/� -U4 ((; 21��

�gBx/���&s3wKsX�oMBxZ�3mz:m��Z�|g

environment
interaction

System

Detector

: 21: Zurek l�:`

c� (8.4 )�_w53/E:m��

j (t)i =
X
n

cnjni 
 jdni 
 jeni (8.13)

s> jni 7 jdni ff67BxKK�y3Z�#9/j� jeni #QU43Z

��

=1�c�K���/ENcP��

j (t = 0)i = (
X
n

cnjni)
 jdi 
 jei (8.14)

�^�oM�93/ES4&j��wKsXE�j}])� �=]�N:
��Bx7f63wKsX��/gU43wKsXOEG�[t�moM

Bx7f63:m

j (t = tm)i = (
X
n

cnjni 
 jdni)
 jei (8.15)

s> tm 2 (0; t) #�]]�:m�DBx7f63wKsX�Bx7U43w
KsXI^usX��oMBx7U43:m j (t)i ��9}	]K3*�

4vOm�KE9Bx3E�:���Z/:x3ja>�U4;OEm�

KBx3P_eZM�4f�9S|}]wKsX��=E3]M� " }	
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]K8x " aIO_Z/SZf6�Bx7U4�|3!f6}E�V�w

�3wKsX�]1�cg�m�%�[B@ =	Df63m�3+4T

E�[>dcV��r���!f6EAEE��V:!f6+4T}M3

A�N
�OE�� Zurek m��6�3]M�Z/B��co�YI${3

ja>%����

K�Pv�	]M�Z/OE}E��(; 22 �Qa3V�\�3wK

sX f65VgU4 7BxsX�ZBx7U4�E\wKsX�().U

environment

interaction

System

Detector

: 22: nL.DR3%i�2vJrW

4;m�KfBx3P_eZM��C}Efw);m3 k+eZMfB

x3L{��gAgf63�yE�5V3�_P_eZMgf63�;�
ZP_eZMgBxL{3����fmzBxEt3:��K�Yqmz
3�cg��e�:�oM:x/ES4&j��Z/:�U4�Bxgf

63wKsX[T{f63Z��K��:�f63+4T� Hs, Bx3+

4T� Hd �U43+4T� He El�//�3wKsX Hsd 7 Hse 3#i

[Hs; Hsd] = [Hs; Hse] = [Hsd; Hse] = 0

cf�\ Hs,Hse 7 Hs 3�5B$/{ jni

Hsjni = Enjni; Hsdjni = dnjni; Hsejni = enjni

�/ENcP���^�Hw'e�oM:x/ES4&j�

j (t)i =
X
n

cnjni 
 jdn(t)i 
 jen(t)i (8.16)
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s>

jdn(t)i = e�iEnt exp[�iHst� idnt]jdi

jen(t)i = exp[�iHet� ient]jei

Z��Z/3�OE1.2=�y

�(t) =
X
n

jcnj2jnihnj 
 jdn(t)ihdn(t)j (8.17)

\��cw'm�E�O)�N�")
3�M'�A
�fceY>$3

:x�+;
��Z�Bx;fECR����Bx7H�uc�3wKsX

;[*fR�b >3wKsX��%8.Bx�|f�k��S<Q��

k�SH�uc3T{!.[OV:�]"c=�J:�[Ody3]M�

�G}3mÆ-8)�J�o�YI$3��S[B�(�3�9�y�2

2� [2] ��f=C�8?
�=C��'
:3�8?
�oM�=�8?


3pN��cYI$dF%���cw'�<,
��=�g�}�
�Z[

O)#9s�3:��(Bx3B��72=���sY�%Ewc�C\V

�`33�OU�
�'�g�*�>3��~^;�3�1{
�fV�`

3[OU3�%E�c�#iV�`33�OU�
��p�:Æ�<[OR

�<,
�V�`3[OU3�)�:z�%Ewc�<,�o�YI$7

T}E�<E�SBx3B�72=�<|E�A�[O%�Z%Ewc�

1.�BTV$���B�itj�()&���P3V�3P��c1{

Vc[l^M�%Ewc�|:�cw'3ff�h�3�OE�;W6�

��=�c>w�q��

x9 $-Ba�DMbo9z H

�::2�3f�wKsXoM�c:m�,7�c>w�f=	C\

og�3bB^m*��Sc#9}_j�|3wKsXf6�wKsX�

L2-HilbertU� V1 
 V2(E V1 7 V2 3M{jRK d1 7 d2 � d2 � d1 �:oM3

}E�7�

j	2i =
X
mn

cm;njumi 
 jvni: (9.1)
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s> (jumi 2 V1; jvni 2 V2).j	2iJ:�[f=	P]3�c:m���F[R8

x�c>w�*���Z>A Schmidt j� V1 
 V2 >3#9��OE4*

&EMXQ�KP]3�c:m�

j	2i =
d1X
n

bnjsni 
 jwni (9.2)

s> jsnif V1 3(�B@b� jwnif(�3�'[B@�EK?# C = (cm;n),

OE+;� jsni7 jwnijRK C+C 7 CC+ 3B$�� jbnj2 fwS3B$1�

Schmidt j�Q;�()9]	j�#QBx�U4`P_�H�Z/O

E�wSc9=	j�3wP4M?#

� =
d1X
n

jbnj2jsnihsnj: (9.3)

Bx�U4`P_eZM7f6�#9wKsX�JOR,7f63�c>w

��Z��C�c>w�f�S&Eb\ jsniZ03�sJ=��MZ Schmidt

j�3J=��MFE�

ZE:$�OEJ��4*wKsX��cf6gA_#9�cf6`P

_�c�HJ]oM�c:m��Z,7�cf6B��c>w���Z�S

c�cg�Y)��c>w�f�S&Eb\Z03 (Scf6�� j (0)i =P
n cn(0)jni, wSc jni 8x�c>w�wP4M?#SKK � =

P
n jcnj2jnihnj,

Z[f#I3 Schmidt j���3�) � =
P

n jbnj2jsnihsnj: wS8�&E:m

3oM>dcwKsX3�_�

=18Æ�ÆmU43�cf63>w�Y)�Z/S[R#I}EU4

gs>f63wKsX�_�4v�"/\_���cf6gU4sX3�

_�c�4f./f67U43sXfi�H,3�r��Z/\_�j

U47f6��Z� Leggettls;s�+;� [26,27]�()f6gU43�
;>,�U4OE5~K=	W	
!c!W�Z�f6g!W3�;Sc
!WeZMZ0fu�3�E�8+�!W3O|��m�)!W3>uc

{G|��;3!�;wS|� Leggett53�=���K=18-8U

4Ss>3�cf63wKsX�'��=Cog�3]� -8
!c!

Wf=	;m3�og3+��

K�I)m��=<�EjEÆ�� Leggett 53+;35~8x�f6

S 7U4 E /�3wKsX=1fH,3��	:�f:}E�� S 7 E 3
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 u�() S 7 E 3wKsX>���\_�gf6�s� S E|KZ/$

�3�cf6�E Hs(x)7 HE(q)jRK S7 E3eZ+4T�� x7 qjR

#Q�/3Hw'M��}EwKsX V (x; q)��Ou3U4Z�3{|�

4�=�+�j\IK����\OEG���Kf:�sXH,3E�/


�E j ni fSSB$1 En 3B$/{

HE(q)j ni = Enj ni (9.4)

�=�+�\�:�,+�/


j
h mjV (x; q)j ni

Em � Ea

j � " << 1 (9.5)

()}�^VQ+fÆ�b�:���b� j 0i .#9=	Z� j ni 3{|

p� � "2 .

q�OEEK=	g f ng �|3d[X&U�5~3W
!c Fock U

�� Fn  

fayn11 ayn22 :::j0i � jn1; n2; :::i; n1; n2; :::;= 0; 1; 2; :::g (9.6)

9 n	B_3oMc ayn sX��U�:(0oMpc3Z��sf�?#

nZ

h1njaynj0i = 1 (9.7)

EK�s> Fock �U j0igb� j 0i SS#%ug^� j1ni g� j ni. �V�

OE5�8�j Fock U�>3eZ+4T�

HE =
X
n

Ena
y
nan (9.8)

7wKsX+4T�

HI =
X
n

aynh njV j 0i+ h:c: (9.9)

Z��Z/[M6+��Y^mU� V : fj nijn = 0; 1; :::g g Fock U�3%u

g^cU�

fj�ni � j1ni 

Y
k 6=n

j0ki � aynj0ig
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5~�Z5�3+4T� HE 7 HI �s:3?#ngpcU�3+4T�=

7�r(

h njV j 0i = h�njHIj0i (9.10)

�Q;�G�
!c FockU�>3��g^� � "2 �E:�3{|� HE 7

HI 8x3W
!c!W3�cHw'g�Y3,�;U4 -f6Hw'f=

73�

��	IK�#9g�cf6,�;3U4HOE5~KW
!c!W�
Z���;3wKsXSc!WeZMc�fu��N��OE=18�j
�cf63U4sXB�

H = Hs +
X

Ena
y
nan +

X
n

Vn(x)a
y
n +

X
n

V �
n (x)an (9.11)

s> Vn(x) = h njV (x; q)j 0iSc x c��[Efu�3��:2�3f�E:

�+&Bl.}	Ro�3{|���{|G�[t�A��Z/VOE.:

x
!c!WX|]Rof6�|3!W [58],wS3�cIf6B�O�K

H = Hs +
X
n

En�z(n) +
X
n

Vn(x)�+(n) + V �
n (x)��(n) (9.12)

��	B�>� f��(n)jn = 1; 2; :::; � = 1; 2; 3; :::g #Q]q?#�Sc[532

P n ��� ��(n)fwKSF��	B�gpcf63+4T�\EjSS

j�0i = j #; #; :::; i; j�1i = j "; #; :::; #; :::; #i; :::j�ni = j #; #; :::; "; :::; #i (9.13)

s> j "i 7 j #ijRK �3(n) 3B$��gpc^mU�5~3%ug^3c

U�3��46-=	e!`V��	B�B<fh1c!WB��1998V�

I _�ct3SX�Z/ah8-8�:x}CB�3Hw'lR�_

j8B|��cB�3og�$��Z/3��f�B�3#
S�c>w

�3X%pFf,\T{3�']�=E3�\jT{�c�3wP�

E:�cU4B�o��$��U43�SN:OjK}h�9=h,\

R�3�2�#ifnSg�/


[Hs(x); Vn(x)] = 0

�C�\<fZ/:6�c�%Ew(8?
�X.3 U4Sf6,\`s

X�'OEu�f63� Which-Way
�c��C�\<fE:�c�c>w
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�3$��9]Ch�3U4�ST{f63R��Z/{/K�c21�

�V

[Hz(x); Vn(x)] 6= 0:

Sc=13 Vn(x) �OEXNc��8xU4T{jf63�H�

K�yh���c213Hw'c:�Z/OEKk=	O�a��3

B��K�=	
!c7 N	
!cl|3U4/�3�;�E a+ 7 a#Q

h�K(3
!c3oM7�:c�7 aj; a
y
j(1; 2; :::; N) #Qh�K !j 3


!c3oM7�:c��!VW+�j�gf63 Hamilton�f

H = !aya+
X
j

!ja
y
jaj +

X
j

(�jaja
y + h.c.): (9.14)

� Wigner-Weisskop�(WW)+�j [2]�OE;o8��� a(t)7 aj(t)3 Heisen-

bergc�

�cyh3��*�7f6 u(t); v(t), uj(t)7 vjs(t)3;oQ�OE4*E

j3t1.�Z/m��+4T� (9.14),SS3,59c�

_a = �i!a� i
X
j

�jaj (9.15)

_aj = �i!jaj � i��j a (9.16)

�_�� aj S.�)

aj(t) = e�i!j taj(0)� i��j

Z t

0
a(t)e�!j(t�t

0)dt0 (9.17)

#)c� (??) �EK a = Ae�i!t �O1.e/Cc�

_A = �
X
j

j�jj2
Z t

0
dt0A(t0)e�i(!j�!)(t�t

0) + f(t); (9.18)

��o Brown �H�cw

f(t) =
X
j

Vj(t)aj(0); (9.19)

4gU43�1\���!j@V f(t)3jH1 Tr[%f(t)] = 0,s> Tr[%f(t)]K

!j@V3�c6tu�'s���

hf(t)f(t)i =
X
j

jvjjnj 6= 0
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N�c� (9.18)z08x�\e�H�

4*Wigner-Weisskop�(WW)+��� [2,59],OE1. a(t) = u(t)a(0)+
P

j vj(t)aj(0)

u(t) = e�
1

2
t�i!ct

vj(t) = ��je�i!jt
1� e�i(!c�!j)t�

1

2
t

!c � !j � i
2

(9.20)

�:xQ�_> !c = !+�! #QE'Ph��.�	�)`#)c� (??)�

Z/1.

aj(t) = e�i!j taj(0) + uj(t)a(0) +
X
s 6=j

vjsas(0) (9.21)

s>gV�w�3f{\

uj(t) = ���j e�i!jt
ei(!j�!c)t�

1

2
t � 1

!j � !c +
i
2

vjs =
���j �se�i!jt

!c � !s � i
2

8<
:1� ei(!j�!c)t�

1

2
t

!c � !j � i
2

�
ei(!j�!s)t � 1

!j � !s

9=
;

SX�	�)�Z/OEVX.%EwQ��ja21f6W/{3�

��=1�c�Scgf63NcP�� j (0)i = j�iQN
j=1 j�ji, �_:�3P

?# U(t) O. j (0)i MK t VQ3W/{ j (t)i = U(t)j (0)i. �w��Q�

 (�; f�jg; t) = h�; f�jgj (t)ij� j (t)iOE4*w��

j�f�jgi = exp

8<
:�ay(0) +

X
j

(�ja
y
j(0)� h.c.)

9=
; j0i (9.22)

;o8Q��c�m

 (�; f�jg; t) = h (0)jU y(t)j�; f�jgi�

= h (0)j exp

8<
:�ay(t) +

X
j

(�ja
y
j(t)� h.c.)

9=
; j0i = �(�(t))

NY
j=1

�j(�j(t)): (9.23)

Z�	�)OE./�
P

j �juj(t) gU4Z�\��#Q\e�HSf6

W/{3T{�+�OEG�[t��[K�]�|� WW +�f.�;f
6 �j 3]�|), �W/{f_jNcP3

 (�; f�jg; t) ' �
�
u(t)��

� NY
j=1

�j
�
ei!j t�j + vj(t)

��
�
: (9.24)
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[M6+�G�\e�H�f6_j3W/{ �(u(t)��)#i Caldirora-Kanai (CK)

\�+4T� [28-30]

H = e��t=M
P 2

2M
+
1

2
M
2Q2e�t=M (9.25)

-_3%Ewc���o�_8O)�(�tP

Q =

s
�h

2M


�
b(t) + by(t)

�
;

P = �i
s
M�h


2

�
b(t)� by(t)

�
; (9.26)

b(t) = u(t)a(0)

bc�	\�+4T�� Heisenberg c�]eH��C\213�Hc�

M
@2Q

@t2
= �

@V (Q)

@Q
� � _Q (9.27)

q�OEXZ/3�c21NcPm��hB�^+W6EjP3>w

�q� [29,30] �()\e�HOEG��C\213 " eZuc " �HOE

X CK +4T� H(t) = p2

2M
e��t=M 8x�s> � K21f{�() t = 0 V�+

f3��f=	YMK d3��W6

 (x; 0) =
1

(2�d2)
1

4

eik0x�
x
2

4d2 ; (9.28)

� V (x) = 03%Ewc�

i
@

@t
 (x; t) = �

e��t=M

2M

@2

@x2
 (x; t) (9.29)

]�� t VQ3W/{

 (x; t) =
eik0x�iEk0

t�

(2�)
1

4

q
d+ it�=(2Md)

exp

(
�
1

4
(x� k0t�=M)2

1� it�=(2Md2)

d2 + (t�=(2Md))2

)
; (9.30)

s> t� =M(1� e��t=M )=� {K21M�V��) � ! 0V� t� ! t�c� (9.30)

#Q>��MK k0
M
e��t=M �YM B(t) =

q
d2 + (t�=2Md)2 3`1W6�) t!1

V� t� !M=� �W6YM�Y[�f\Æ!�Zf=	\t1

Blim =

s
d2 +

1

(2�d)2
: (9.31)
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�	�%t�;��ZcU43����`,3�c21�YOE,7

W63U�>jP��K�F)N�!)V�cB�^+W6`1Y)'�

�=COR3^mc,�(; 23 � P (x; t) = j (x; t)j2 8x�21`,3W6

U�>jP� Z/C��\21� Fig.23-a)7\21 (Fig.23-b)�\j3W6

`1�21�\jW63U�>jPfTj;o3��^m:Æ�sK=	

V�w�3W6�B�^+W/{[fR�B$/{�Zf>Wj6W3C

|��3P3*�>�-	W\K kj6W�]3�_ "(k) = �h2k2

2m
3wP��

C41�f8+�W63w�`1�U43���]nSw�3Pw�f�

,7W63U�>jP�

x10 9z`YoO'$-w�9z�P

�bB^m'�MJ��c3�+EEf=�&E3^mf6��3�:

7Æm4vOEm�KEC^m*��^mf63&�ElS�ds3c_

FE��c*�f2=Vf�c3��Atc^�3 Moore E���3>

�Æmx3���M- 18	}<]'�=?�wS8��f:-+ k|3

{G�V�} e2{w��IO_��%n]M1ycycy� (K5M|

%	pc) �]1�c�Sycy;o88q�c�N���H�b >�b

B�c&���cw��]��c3����:7Æm*�>u_5�3s

X [4,60,61].

�2=�c>�4vbX�>P�6�932=Z� 07 1�|���c

32={AP�2=C&� Classical bit). ZS�c�cZ0�{APZ� 07

1 <M|�c� j0i7 j1i. �A�cw'3bBpm�Sc j0i7 j1i8x3�

c�c��%n��cP�`�cC&� Qubits��w�C|�

j i = �j0i+ �j1i; (10.1)

�%7&f#i j�j2 + j�j2 = 1 3x{�;f�3Z��Q6:J��CZ�

v 0 a 1 �f 0 f 1 3[�E�]T{t3�) [62,63]. 'f�bc�cw

�� 1994V�Peter Shor'��!{NcP3�c_ [64]��	ÆsQ;�

qX�C�cw���"/aR�pm:S=	!{)�\�3
{j��
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Fig.11-a

: 23: 10_+2V5T�=iO�[10
[� Fig.23-a), V5eT�=iO2�[1

0
[ (Fig.23-b) ��^U��}[�V5\_�-[T�
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]1E!{NcPKb
�I2|84+f� RAS��.�pm:3G	�

Ou�'v �Æ9 l5
&)wS�c�c-83Ej�lu�G}�

c�c-83!y�Z]uc�c�3w�C| -:m�

j i = �j0i 
 j1i+ �j1i 
 j0i; (10.2)

f�c4+3m^b
 [65]. m+�Z-8q Insbruk!'5B|3�ct��

�� Teleprotation�Y6 [66-68]oa�bc�c:m��:W�c3qYO

R��	A�qX�c�3bB&��VOE�s|*�34!+f [69-71].

q#4!+fN:�Fc4|�:3*���ZX�c�c�:4|fw)

*�3�spN�c#9�2w)cS�c�)�]�g�71�x:�}

�]Ou�c�3W6���\�8nSpc3�cZ��ZE�fA�c

w��pm30�<�� " �c[OPÆ�1�x:�pm�*� [72]. OE

��f�cw��,7��c�c3�!Gw�]�C\2=t74+\

_CS7O#3�cÆmRw�r(�S=	 500P3!{)�
Ncj��

G}m032=tc;�pGVaRB|�Z4*�ctc4�=V3

V��G}�Sc=	\ N 	S�3{AW�:�.s>C\=E&$3S

��4v�:k"w)c N 3�{a\�!3OR|��'4* Grover �c

	�_ [73] �4�w)c
p
N 3�{<R|��Sc! N Z0��c	�

3~wfTjB!3�

G}�c�c3-8�~Z/�a�iK`"3^�}3�s^m5��

c�cw��3oM��c��3:@�lsV:gdh�(X@h"�o

M�c�j.ds���c�c|�3rc�;�p�:OE.�cw'3b

B�W0�SXc�cM'�E�c3c_�Q7Æm�c�]oM�W


"0t�)�sSX}3fiK#a���^�K5\OR,7�cM'3

�=�cY:��*�3pTVo�^m'3^��[Q8<H�cM'3

)]�f�c^m,73g"�4,+7H>crv�0�?E��cM'

3^mb
��Z����^�>��c^mT{N:^M��c^m�+

3�Æ:�Z[f�c3~W0�usX�G}3�c�cgEE3lR�

f�c^m3bB�W�(�cw����c:m�7�cg��0�Ou

�cM'�z3M��fmz\�=�3^��
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�Z�Æ��c�c3-8D2�1&Æ}M�
"#K�33)]�'

mB:Yq\=EYX~13�c�c��ct��c4+7�c4!�

[&�YXP>��_w)!]M�Z�\3]MK5fpm�3���c

tc6���]M]Qq3K;o�11'l3f�,7��]M�Bp

N;g�cw��\0�w���=��ScH�3�c��U43T{f[

OG�3�r(Sc]Rpcf6�|�cC&��U=33>�tf\Æ

[�3�U43sX6-}	c6�=c6�]Ou�cC&3R��2�

oM�Q3�c21#	=c6�m]R�8�R�oA�Z\$�H3uc

l|3U4g�cC&wKsX�;]Ou�cC&[5Z�3wSPw3

[WE�,7�cw��3�Q��c>w���]���c�c3'�*�

B<:f#K3�cg���g�cC&w�y32=f6�H��L�


�QcH�f6�c�>3�c��Z��c�c/�EOE|K�c�E�

��g2=b n�uc�AM_�2=b >3"��.�a\IK�Z

�cg�]S�c�oM7=3�[OU3T{�OuW6����cC&

]�C\w��3�c�M|[C\w��`w��!��=32=�42

=Z��N����c�c3-8>�8+�cRA\�'��w��a[A

U47�c'�dsnS�f)��ct��c4+7�c4!3�	�

g/��cC&3�B&�f�/�cw����f�c�c�Rc2=�

c3�	����Z���c�cÆm3*�>�"/4*g)3wKsX�

�k�cC&3�HZ��[OG58Ou�c>w�3^M�]1�cC

&2Q`_j2Qs�cw�����	IK:Æ��cw��f"/O`

I)@E3�Ærvr��'^mB<:�af�,3�C\FnS���

<]1"/�J.�c�cmBYqt"35V�aNsBH�\3&��

6�_E�pm:3]M�

bcE:K��K�Pv�c>w�3T{�Yq\YX~13�ct

��c4+7�c4!�c�Z/:[|[G8(jG}]M��bB^m

'�M�I)-8�cg�Y)ElU4S�cf63
CT{�aR�6

��Y)3*�����A�c�c217�c>w�3V�PMja [3]�

4v�c213V��Mtt!c�c>w�3V��M�N���-8�

c�cV�OEe�8.E<e��c>w�Y):�S[Q=1�8]X
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!c!WB��

Z/nm$�
!c!W>%	�cC&3>w�Y)��oVfE


!c!WKr�E

Hs = �h!aj1ih1j; (10.3)

f�cC&3 Hamilton��U4f=	Z N 	h�K !i 3
!cl|3Wu

cf6�X ayj 7 ai #QsoM7�:c��gf63wKsXK 

VI =
X
n;j

gnjjnihnj(ayj + aj)(n = 0; 1): (10.4)

cf�gf63+4T�K

H = �h!aj1ih1j+
NX
j=1

!ja
y
jaj +

X
j;n

gnjjnihnj(ayj + aj): (10.5)

qX:x=13$�OE1.oM�c:m33P?#

U(t) =
X
n=0;1

e�in!atjnihnj 

NY
j=1

Un(t; j) :

Un(j; t) = e�i!ja
y
j
aj tei�n(j)D(An

j (t)) (10.6)

s> D(�) = e�a
y���a fM|w��3j@c�m j�i = D(�)j0i f=	#i

aj�i = �j�i3w���Z

An
j = �Bn�

j (t) =
gnj
i!j

(1� e!j t); (10.7)

fnj = � ijgjnj2
!2
j

(!jt� sin!jt) +
2jgjnj2
!2
j

sin2
!jt

2
: (10.8)

�n(j) =
jgjnj2

!2
j

(!jt� sin!jt)

EBx3��K j0i = j01i 
 j02i 
 � � � 
 j0Ni�m�\3!c� t = 0V�_

Æ��U�:��4*3P?# (10.6)�O;o8�wS3>w�Nc

F1;0(N; t) =
NY
j=1

h0jU+
1 (j; t)U0(j; t)j0i

= exp

8<
:i

NX
j=1

jg0jj2 � jg1jj2

!2
j

(!jt� sin!jt) �

�
NX
j=1

1

!2
j

jg0j � g1jj2 sin2
!jt

2

9=
; (10.9)
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E:�)fZ/� 1992V1.3��OEXc�ct>U4`,>w�3

$� [36-41]. � 1996V� Palma5Ex�w53Y) [74]�'Zc�/G��

wNc �m(j)�t>6-�=E3�`�SX�	�)�Z/OE		8

-8�! N itj>w�f�9�q3�

()K�l|Bx3ucf�53�!j = !; gj;n = gn(j = 1; 2; : : : ; N ;n = 0; 1).

cf\

f(N; t) = jF10(N; t)j = e�N jg0�g1j
2 1

!2
sin2 !t

2 : (10.10)

) N = 1V�� fmax = 17 fmin = e�
1

!2
jg0�g1j2 /�sHq!*�) N = 1; N =

50; N = 1000 V�(; 24 �a�Z/M��SSc[5 N V3 f(N; t) �u�

) N M!V� fmax [M�' fmin MK

fmin = e�N jg0�g1j
2 1

!2 : (10.11)

) N !1V� fmin ! 0�'!*3nYM���<f�����	R3V�

< tn = (2n + 1)�=! :� f(N; tn) = 1 ��s�#9VQ� Fmn(N; t)
N!1! 0 ��

qB�3>w���C�	RV�<:�qw��Zx3q�{K�c1{

(Quantum jump).

K�g�BxC\z�p�l|Bx3uch�p#i&Ej\ �(!). Z

/OE. Fmn(N; t) Q�_>3�7PKej�+� gnj = �ngj, �\
NX
j=1

1

!j
jg0j � g1jj2 sin2

!jt

2
=

Z 1

0
d!j

jg0j(!j)� g1(!j)j2

!j
�(!j) sin

2 !jt

2

(10.12)

Sc&E3pj\ �(!) ��_V��~\Æ�wP4M?#3fS�|]M

]MK��W6��[�f=	��*��ZfZ&$V� �1 P$3Hw

'|�*��Z/VEX0�3=Mrcc�;�!WYw�\j:xej

]^1.y3\Æ!�K�=Ci&s�\� gj = g f=	[� ! }M3v

{�!W>�\!c3h�� !i 7 !f /��Z�j\fH~3�m

�(!) =
N

!f � !i
(10.13)

�V

R(t) =

Z !f

!i

g2

2!2
sin2 !t�(!)d!
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=
N

!f � !i

g2

2

Z !f

!i

1

!
sin2 !td!

�
N

!f � !i

g2

2!2
i

Z !i

!f

sin2 !td!

=
N2

4

g2

!2
f

(1� cos(!i + !f)t
sin(!f � !i)t

(!f � !i)t
(10.14)

Sc=13 �(!) Zc%=P3:�
R !i
!f
�(!)d! = N . �A>1Em��=	

�! 2 [!i; !f ] ]1

�(�!) =
N

!f � !i
(10.15)

Sc=13 �(!)>;o��� !�; !� 2 [!i; !f ] ��S

�(!) �
N

!f � !i
(10.16)

N��

R(t) �
N2

4

g2(!� � !�

!2
�(!f � !i)

(1� cos(!� + !�)t
sin(!� � !�

!f � !i
) (10.17)

�,�]itj� g2

!�
<< 1. S! NZ0� R(t) E��V� t\�*8M!�

�Z,7�c>w�

Zc�c�c�&Rf�ct�3C+Yq�:\W	C&\E:$�

W	C&3�c>w�Y)�cY:�Sc#I�E3T):{ L =
PN

j=1 xj2
j�

�/]):Qa

(L)2 = xN�1::::::x0; (xj = 0; 1) (10.18)

OJ=�1�Z/OX=	wK N 30e�c�

jLi = jxn�1i 
 jxN�2i 
 ::::jx0i (10.19)

cQa�	]):{�Sc�E3!{ L �s]):{wMK N = ln2L ��

�=<OE�9J��=	wK N 3m!3]):{f

NX
j=1

2j = 2N � 1 ' 2N ; N � ln2LM (10.20)

ZE:$�OEJ��Sc=	>�%3�ct�;�:\i�W3�c

P�(Sc 32	S�3{AW	��Z/�: 5 	�cP�N��:���

c�cÆm3\���<E�-8W	�cP3�c>w��
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K�$�W	�cP3�c>w�Y)�OE.E:%	�cP3$��

�%8<#. K Rof6

H =
KX
n=1

Enjnihnj (10.21)

ZSwKsX_j4�. n=0,1�MK n=1,2,3..K.�Ej�_>>�h<�M

n=0,1 �K n=1,2,.,K, �_3�_[M�q�Y)3�	fK��W�cC&

�\j� gnj 7 n3Q�_(9��V�K� N	]Rof6�sKZ/3�

cC&��\

Hs =
N�1X
n=0

!a�3(n)

VI =
X
j

gj(a
y
j + aj)


N�1X
n=0

�n�3(n) (10.22)

�o\}h�;v{� gj fZ!W>%	
!cg�cC&3wKsXF

E�Z ��&dcfI=	�cC&��V�OEu

f [~s] =
N�1X
n=0

�ns3(n) (10.23)

Sc fs3(n)jn = 0; 1; :::; N � 1g �5B$� jsi = js0; s1; :::; sN�1i \ f [~s]jsi = f(s)jsi

wS3B$1

f(s) =
N�1X
n=0

�nsn (10.24)

fe!j�3u�/{�Sc�5uc�|3!W� f(s) =
PN�1

n=0 sn <f�c

C&f63ge!�

()�cC&f63��f s 7 s 3w�C|�

j (0)i = �jsi+ �js0i (10.25)

��� t VQ3wP4M?#f

�s(t) = j�j2jsihsj+ j�j2jsihs0j+ ���jsihs0jFss0 (t) + h:c: (10.26)

s>>w�Nc

Fss0 (t) = exp[i(jf(s)j2 � jf(s0)j2)
X
j=1

jgjj2

!2
j

(!jt� sin!jt)

� exp[�[f(s)� f(s
0

)]2
X
j

jgjj2

!2
j

sin2
!jt

2
] (10.27)
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�cC&f63>w��M�Fc>w�Nc3B�

jFss0 j = exp[�(f(s)� f(s
0

))2
X
j

jgjj2

!2
j

sin2
!jt

2
] (10.28)

Z:6Q�_�OEJ.�()Sc}	W�cC& s7 s'�\ f(s) = f(s;)�

� Fs;s0(t) = 1. �/3w�C|[]^M�c>w��s^mc:f jsi 7 js0i

�r.U43wKsXf=93�N���/5]3P�[{|wS3�cP

w�()�cC&f6\=	cU��s>�\3�JEw53c_gU4

wwKsX���/)>��3w�C|[]^M�c>w���9=	Z

fjsijf(s) = const; s 2 Ig� If=	2Pk��|3cU��4vA{K��w

�cU�� DFS�� Decoherence-free subspace). ()Z/S DFS>3Z�)�

�c�cÆm�>w�T{<[�����Z��YwY)>�. DFS ff

v]M3��=EIK:��YqYX3�ctc7�c4+3�	<f

�� DFS.() DFSfZ/'	3�cC&f6U��wKsX<[����

m5~c,\U43sX�&Rf�ct�:!�3�cC&� DFSE�

>!�:8+�gU4\wsX�`sXc_S[5�w5�pFf[OR

3�Z/V�:)=]2�3f�Sc�k+>w�
�\��cC&OEJ

|��53uc
��V��wKsX+4T�>�Z/>'F1.
C
9

DFS�(

V
(1)
DSFfj "## ::: #i; j #"# ::: #i; j ##" ::: #i; ::::; j ### ::: "#i; j ### ::: "ig

�/jRSSc%g^U��}g^U���El S g^U����9-=

	 DSF>�HOE)�,\�c>w�3�c�cÆm�Sc[53wKs

X�_�Z/OE�.
C
93 DSF.r(�Ts [74-76]>2�3_S�J

!
c,�fSwKsX

f(s) =
X

�01(s3(0) + s3(1)) + �23(s3(2) + s3(3)) + ::: (10.29)

��=	&E3 DFS 

j "# "# "#i; j #" #" #"i

.S� j "; #iuK 0 j #; "iuK 1�� DFSfZ

fjs10; s23; s34; :::; sNN�1ijs10 = 0; 1g
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�|3�cY:�U4wKsX3h�fw)x�3�(�Ue^s@�pc

�caY5�Zc>dcSU4wKsXh�3�����mzPPv>w

�3c_�Yw>fw)]M3�

K�ja�cC&3{GS�c>w��M3T{�Z/Kkk+>w�

�\3}	iOZ� j "" ::: "i7 j ## ::: #i3w�C|��V f(s) = N
2
�; f(s

0

) =

�N
2
� >w�Nc3Bjcf

jFss0 (t)j = exp�N
2R(t) (10.30)

s>

R(t) =
X
j=1

2g2j
!2
j

sin2
!jt

2
(10.31)

)%C&3>w��K  V�Z S(t) �! t V� N 	�cC&3>w��K

NtV�g N|(C�� N!�>w�NcE e�N
2t c_|M�Y)M1

w),E��(fG}�ct]M3�	���

�E:3$�OEJ��U4S�cC&3T{fw)x�3�bcBT

3:x$��OE.�c>w��S3ja66%�K>w�Nc3t�

Z��Z/;�< Shor!{NcP�c_7 Grover�c_yhja�U

4`,>w�St��3T{ [56,77] �Z/^q�()X[5B��8x

U4�jRX
!c!W7]Rof6!W��1.3>w�V�=9�'[

5B�3lMN:+q�>w�Nc3Pw:�((E:$�3 Grover _

>w�=9�PwS=	C+_3�Sf5�E:3�&Rf�\tRM

�\j�!��3�SN:+q�>w�Nc3Pw3[�E�:�

x11 ]+

�BT$�OEJ��G}Sc�cm�bBY)3-8�ScbB�W

3%N7"$�D[�3���'IKj3�N`%�/>��Y6i>"

/D2R�1��6�W�cw'3bBY)�	A�Sc�cw'bBY

)3m�7Y6-8�D[&&4>tcSbBY)3�Kg"��Z�O

G�c3bB�S7�WD2S�cM'3bBB_oM��=�T{�s
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~�3sX�_�c�c3!$B^�ycy;o88q�c��cw'\

OR|Kj=by�Ærv�s3�zm,�

�bB�W:J��cg�w�3�cw'bBY)3-8Bl.q#^

m'oO3B<Y)�F�H.�%Ewc�f8xH�uc�H3bB

c���V�`3MXj��C\[M���ZfV�`3S{3�NZ�%

Ewc��8x3%uc*�fH�OU3��Z��B�72=b >�

Z��ucl|3B�^+�Qq�[OU32=�K��H�OU.B�

[OU3VPfxw)�3��9.B�[OUq�gbB�cw'�Au

cfq#^m'=0���3��5$;Nz7�F3�B�Y)��c�

cBH3^���3]M��[&Qq�sC+Yq7YwSXc6�Z�

;��_E��cw'pm:V,\B�dy3]M�s3�r�c�9�

H�OU3�cw'm�2=7B�b >3[OU*��

e 1991 Vu�s��c�cg�Y)3f�Æs1.�&{e�M'b

#36:|G�aRF�lb#�Y�>�V"`T|b#�&{���Vb

#�[4tNEl>&M'uE!�iM'Y)-8b#3`P�s�3Æ

sV1.�x�>T!'7-8q%Ew&w{'^m-8� (ESI) 3_j

`P�
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�; I  F�v�J^qx�r�

EjZ/��9=pm
�^+; (6.2)3�)�K��m�jtgpcw

KsX Jaynes-Commings (J � C) B�3+4T�

H = !aya+ !ajeihej+ A#( 
jgihejay +H:C:] A#) (AI-1)

�wKsXQ�>�8xHw'*�3+4T�K

HI = 
ajeihgjei�t + h:c: (AI-2)

g+f3W/{O�K]j�3�_

j i =  gjgi+  ejei (AI-3)

�\u13?#c�

i
@

@t

0
@ g
 e

1
A =

0
@ 0 
aye�i�t


aei�t 0

1
A
0
@ g
 e

1
A (AI-4)

�!\
/
�\j�Z


=j!a � !j << 1

OES:xu�c�l)�G!���E1.!\
/
j3\�+4T��

()pcI^HÆcg^�:��  g(0) = 0 �OEG!8��b�3j��

cY:��

 g(t) = �i
Z t

0

aye�i�t1 e(t1)dt1 (AI-5)

>� e�i�t �!\
/
jf=	X�!*3Nc��Z]1�g=	WM/

{  e(t) ~e3ej>���=<�OEZj_ej+;

 g(t) =



�
(aye�i�t e � ay e(0)) +O2(

1

�
) (AI-6)

.:_#)� AI-4�G���| � O( 1
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