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! 

A(x,y,z,t) =A(x + L,y,z,t)�>(11)àÕ123»¼47èé89W 
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nz =$%

+%

&
ny =$%

+%

&
nx =$%

+%

&    (16) 

;P�9Wk#}>

! 

a
k
e

 -i"k t # a
k
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PQ9W:VTA�Ã¦89Ü�?> 

! ! ! ! !

! 

k •a
k

= 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (18) 
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;cdP�9W:V7(16)�èé8V�>!
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! 

e
k"
74A'()*T

! 
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! 
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! 

e
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! 
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!

(14-4) '()*+,-./0*]A^<=Z³9 E>B!

! '()*+,-./0*]A^7¡�{>(6);(7)<=]E>B^1cdTU=

V9W(24)1<'()*cd7[�;>!

! ! ! ! !

! 
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#
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k
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)
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(
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! 
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$
%
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k
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)
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(
k
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! 
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k
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k
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)
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'
k

'        !

 cos(!+") = cos! cos"- sin ! sin"! "  " =#/2 P cos(! +#/2) = $ sin ! lm!

! ! !

! 
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#A
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k
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k
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)
k
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PQ9WE?>A;_`Òþ'()*
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#
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k$
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! 
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(t)
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#a *
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k
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! 
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k
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k
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;r9W 
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! !

! 
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# e
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k
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)
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'
k
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            !  

! 

= rot{ a
k"
# e

k"
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k
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)
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'
k

' }

           

(27)!

;r9Wrot ;`?ab7!cP�9W3k>rot ?> 

! !

! 

rot C =" #C

! 

=

i j k
"
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"
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"

"z
Cx Cy Cz

 

! ! ! ! ! ! !  

! 

= (
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"y
#
"Cy

"z
) $ i # (

"Cz

"x
#
"Cx

"z
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! 

+ (
"Cy

"x
#
"Cx

"y
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PQ9<=>

! 

C = a
k" # ek" # cos(k • x $%

k
t + &

k" );ÿ�{Ê9. ¿ÃÄ? 

! ! ! !

! 

Cx = [a
k" # ek" ]x # cos(k • x $%

k
t + &

k" )

Cy = [a
k" # ek" ]y # cos(k • x $%

k
t + &

k" )
 

! ! ! !

! 

C
z

= [a
k" # ek" ]z # cos(k • x $%

k
t + &

k" ) 

#<=>

! 

cos(k • x "#
k
t + $

k% ) = cos[(k x & x + k y & y + k z & z) "#k
t + $

k% )]�d:}{>

s1 xÃÄ7£�9;>!

! ! ! !

! 

(
"Cz

"y
#
"Cy
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)

! 

= [a
k" # ek" ]z #

$
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k
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k" )  

! ! ! ! ! ! ! ! !  

! 
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k# $ ek# ]y $

%
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cos(k • x "&

k
t + '
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! ! ! ! ! ! ! ! !

! 
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k
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k" ) 

! ! ! ! ! ! ! ! !  

! 

"[a
k# $ ek# ]y $ ("kz)sin(k • x "%

k
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üýJ?R'()*ÃÄ�?ù¡}r�W3k>cos(! +#/2) = $ sin !lm 

!!!!!!!

! 

(
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#
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)

! 
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k
t + &

k" + ' /2)          

! ! ! ! ! ! ! ! !

! 

"[a
k# $ ek# ]y $ (kz )cos(k • x "%

k
t + &
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;r9WC1 ef!gÃÄ~_Ë�£�V�¤�<=>!

! ! !

! 

C = a
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k
t + &

k" )                            (30) 
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! 
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$
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$
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$
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! 

=
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[ak" # ek" ]x [ak" # ek" ]y [ak" # ek" ]z

cos(k • x $%k t + &k" + ' /2) 

            

! 

= k "C'                                               (31) 

k#}>C’; C?þY]]hij^1Êºrm>!

     

! 

C'= a
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k
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k" + ' /2)                           ( 32) 

PQ9Wk�>'()*+,-./0*1<cd(24) 

     

! 

A(x,t) = a
k"
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k"
# cos(k # x $%

k
t + &

k"
)
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'
k
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7[�;> 

     

! 

B = rot A = k " a
k# $ ek# $ cos(k • x %&

k
t + '
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# =1,2

)
k
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! 
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k
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k
t + '
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)
k
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! 
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! 
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! 
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! 
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! 
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! 
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]

! 
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k#^T>

! 
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! 
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! 
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!
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!
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!
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! 
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! 
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! ! ! ! %&ÃÄ1�Á1�" 

'()*+,-./0*ÃÄ1�Á 
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P>y\?Yw�±R}{�9W!

! '()*+,-./0*167cd(A11-24)> 

! ! ! !

! 

A(x,t) = [a
k"
(t) # eik #x

" =1,2

$ + a *
k"
(t) # e%ik #x

k

$ ]         !      !

7[�&L?>!

! ! !

! 

B = rot A(x,t) = rot{ [a
k"

(t) # eik #x

" =1,2

$ + a *
k"

(t) # e%ik #x

k

$ ]}         (35)!

PQ9W¿ÃÄ�Ð�{><Acd1&L;_`l��£�V�¤�WüýJ

?

! 

e
ik "x;

! 

e
"ik #x151Ê�ù¡89W!

   

! 

rot[ ak" (t) # e
ik #x

] =

i j k

i # kx i # ky i # kz

[ak" (t) # ek" ]x [ak" (t) # ek" ]y [ak" (t) # ek" ]z

# e
ik•x
!

   

! 

rot[ a *k" (t) # e
$ik #x

] =

i j k

$i # kx $i # ky $i # kz

[a *k" (t) # ek" ]x [a *k" (t) # ek" ]y [a *k" (t) # ek" ]z

# e
$ ik•x
!

PQ9W:Vlm 

      

! 

rot [a
k"

(t) # e
ik #x

+ a *
k"

(t) # e
$ ik #x

]!

                    

! 

= i [k " a
k#

(t) $ e
ik $x

% k " a *
k#

(t) $ e
% ik $x

]!

;r9W%&{>r35t?>!

! ! !

! 

B = rot A(x,t) = i [k " a
k#

(t) $ eik $x

# =1,2

% & k " a *
k#

(t) $ e& ik $x

k

% ]}      (36)!

PQ9WB1:167cd?>

! 

E167cd 

      

! 

E = i "
k
[a

k#
(t) $ eik $x

# =1,2

% & a *
k#
(t) $ e&ik $x

k

% ]              ! !  (26) 

;8�>$%&1YZ*[\7cd89Ü�ïðPz¡P�9W~O{|>(26), 

( 27)1

! 

E,B1<cd7[&{~¤�W!

!
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(14-5) !"#$%&'()!

 ! !"*+,-./012V(3L4)$56!"#$7%&'()8H9:;90 

! ! ! ! !

! 

H = u
e.m.

V

" dV ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (37) 

<=;> 

! 

u
e.m.
?@A$12BCD$!"#$%&'()<0!!

! !

! 

u
e.m.
(x,t) =

1

2
[E(x,t)•D(x,t) +H(x,t)•B(x,t)]  

9E;>F.?0 

    

! 

u
e.m.
(x,t) =

1

2
"0E

2
(x,t) +

1

2µ0
B
2
(x,t)

! 

=
1

2
"0[E

2
(x,t) + c

2
B
2
(x,t)]>  ! ! (38)!

9E;$<0!"#$7%&'()?(SI@AG<)0 

! ! ! ! ! !

! 

H =
1

2
"0 [E

2
(x,t) + c

2
B
2
(x,t)]

V

# dV ! ! ! ! ! ! ! ! !  ! ! (39) 

<=;>!

! ! !

! 

B = rot A(x,t) = i [k " a
k#

(t) $ eik $x

# =1,2

% & k " a *
k#

(t) $ e& ik $x

k

% ]}    ! ! (40)!

      

! 

E = i "
k
[a

k#
(t) $ eik $x

# =1,2

% & a *
k#
(t) $ e&ik $x

k

% ]                     (41) 

8, (39) 

! 

H = (1/2)"
0
(E

2
+ c

2
B
2
)

V

# dV,HIJK0L$MN8OP-Q> 

! 

E
2RSTU;90 

     

! 

E
2

= [i "
k
(a
k#
e
ik $x

# =1,2

% & a *
k#
e
&ik $x

k

% )]•[i "
k
(a

k#
e
ik $x

# =1,2

% & a *
k#
e
& ik $x

k

% )] 

      (VW?0

! 

a
k"

(t),  a *
k"

(t) # a
k"

,  a *
k"

 , 

! 

" =1,2

#
k

# $
k. "

# 9MX:;) 

! ! ! !

! 

= [i "
k
(a

k#
e
ik $x % a *

k#
e
% ik $x

k,  #

& )]•[i "
k
(a
k#
e
ik $x % a *

k#
e
%ik $x

k,  #

& )] 

    YF$2?Z[\$],E;RS^ 

        

! 

= " #k#k'

k',$ '

% [(ak$ •ak'$ ' )e
i(k+k')&x " (a *k$ •ak'$ ' )e

"i(k -k')&x

k,$

%  

                     

! 

"(ak# •a *k'# ' )e
i(k -k')$x

+ (a *k# •a *k'# ' )e
"i(k+k')$x

]   (42) 

<=;>

! 

E
2$_`8122a:;b0cd:;$?0

! 

e
±i(k±k')"xef<=D0
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! 

ak"
,  a *k'" '

!"#$%&'()*+,-.

! 

e
±i(k±k')"x!/0!

! 

e
i(k+k')"x!12345

+67-. 

     

! 

I(k + k') " e
i(k+k')#x

dx
3

V

$ =

! 

e
i[(k+k')x "x+(k+k')y "y+(k+k')" z" "z]dx

V

# dydz  

                        

! 

= e
i(k+k')z "z e

i(k+k')y "y{ e
i(k+k')x "x

0

L

#
0

L

# dx}dydy
0

L

# ! ! (43) 

89-:;<=>{   }?! x@ABC!12367-8 

  

! 

(k
x

+ k'
x
) = 0" e

i(k+k')
x
#x

0

L

$ dx = L;   !

! 

(k
x

+ k'
x
) " 0#

! 

e
i(k+k')

x
"x

0

L

# dx = 0    (44) 

+,-.

! 

(k
x

+ k'
x
) = 0!DE'FG3HI9B.I:I<

! 

(k
x

+ k'
x
) " 0!DE'<

! 

k
x

= 2" # n
x
/L,    k '

x
= 2" # n'

x
/L   (n

x
,n'

x
= 0,±1,±2,...)!!JK@LM!

    

! 

e
i(k+k')

x
"x

0

L

# dx =
$1

(k
x

+ k'
x
)
sin(k

x
+ k '

x
)x

0

L

+ i "
1

(k
x

+ k '
x
)
cos(k

x
+ k '

x
)x

0

L

= 0 

+,-.(43)! y +!12<z +!12@NBCO(44)8PQL/9RS89-

!+<(43)!12TU'< 

! ! ! !

! 

(k + k'= 0)  "  

! 

I(k + k') " e
i(k+k')#x

dx
3

V

$ =

! 

L
3

=V               (45-1) 

        

! 

(k + k'" 0)  # 

! 

I(k + k') " e
i(k+k')#x

dx
3

V

$ = 0                 (45-2) 

89-. 

! (42)!VW!/0<XM!YA!

! 

e
±i(k -k')"x<ZA!

! 

e
"i(k+k')#x

! !U112@AB

CO<(45-1)8(45-2)8P[!RS\];^-. 

! ! ! !

! 

(k "k'= 0)  #  

! 

I(k "k') # e
±i(k"k')$x

dx
3

V

% =

! 

L
3

=V             (46-1) 

        

! 

(k "k'# 0)  $ 

! 

I(k "k') # e
±i(k+k')$x

dx
3

V

% = 0                (46-2) 

! 

e
"i(k+k')#x@ABC'<(45-1)8(45-2)3_!L/@`a^bLB< 

! ! ! !

! 

(k + k'= 0)  "  

! 

I(k + k') " e
±i(k+k')#x

dx
3

V

$ =

! 

L
3

=V             (47-1) 

        

! 

(k + k'" 0)  # 

! 

I(k + k') " e
±i(k+k')#x

dx
3

V

$ = 0                (47-2) 

4c!U112+'<(46-1)8(46-2)+'

! 

k "k'= 0!DE<d0<

! 

k'= k<

! 

"
k'

="
k
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!"#!$%&'((47-1))(47-2)*+

! 

k'= "k !"#%&'!*,-!"#.

! 

"
k'

="#k ="
k
*/'-)012(345,(42)!6789+ 

 

! 

E
2
dx

3

V

" =

! 

V ("
k

k,# '

$ )
2
[%(a

k#
•a%k# '

) + 2(a *
k#

•a
k # '

k,#

$ ) % (a *
k#

•a *
-k# '
)]  (48) 

*/'(:;<!=>

! 

k,"

#
k," '

# ?+, 

! 

k'= k)

! 

k'= "k @A%&'-)-)0B4

C!*,

! 

k' DE)F5G'(HI+

! 

" =1,2

#
k

# $
k. "

# )!JK0L'(

! 

k'= k)

! 

k'= "k @A%&'-).MNO'),  

! ! ! ! !

! 

k,"

#
k'," '

# $
k,"

#
k," '

# =
k

#
" =1,2

#
k

#
" '=1,2

# $
k,  "

#
" '

#  

),

! 

k' DE)FC=)B'P 

!

! 

E
2
dx

3

V

" =

! 

V ("
k

# '

$ )
2
[%(a

k#
•a%k# '

) + 2(a *
k#

•a
k # '

k,#

$ ) % (a *
k#

•a *
-k# '
)]!   (49) 

*/'(!

! Q"!RSTUV.WX0JYZ['(!

!!!!!!

! 

B = rot A(x,t) = i [k " a
k#

(t) $ eik $x

# =1,2

% & k " a *
k#

(t) $ e& ik $x

k

% ]}         (40)!

D\G5,

! 

B
2
dx

3

V

" D]^_`aG(!

! ! ! !   

! 

B
2

= {i [k " a
k#
(t) $ eik $x

# =1,2

% & k " a *
k#
(t) $ e&ik $x

k

% ]}•!

                    

! 

{i [k " a
k#
(t) $ eik $x

# =1,2

% & k " a *
k#
(t) $ e&ik $x

k

% ]}!

             >bc!

! 

a
k"

(t),  a *
k"

(t) # a
k"

,  a *
k"

 ) tDdeO'?!

! ! ! !   

! 

B
2

! 

= ("1) [(k # ak$ )• (k'#ak'$ ' )e
i(k+k')%x

k',$ '

&
k,$

&  

                       

! 

" (k # ak$ )• (k'#a*)k'$ ' % e
i(k -k')%x  

                       

! 

"(k # a *k$ )• (k'#ak'$ ') % e
" i(k -k')%x   

                       

! 

+(k " a *k# )• (k'"a *k'# ' ) $ e
% i(k+k')$x

]            (50) 

-_D9667O_`,(46-1),(46-2), (47-1), (47-2) !Lf0,gh)gij+

! 

(k + k'= 0) !$%&k,glj)gmj+

! 

(k "k'= 0) !$%&'(n_!j.9
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!!"# V$%&'()* 

! !

! 

B
2
dx

3

V

" = (#1)V [(k $ a
k%
)• (-k $ a

-k% '
)

k,% '

&
k,%

&

! 

"(k # ak$
)• (k # a*)k $ '

 

                        

! 

"(k # a *k$ )• (k # ak$ ' )

! 

+(k " a *
k#
)• ($k " a *

k# '
)] 

           

! 

=V [(k " ak# )• (k " a-k# ' )
# '

$
k,#

$ + 2(k " a *k# )• (k " ak# ' )  

                                    

! 

+(k " a *
k#
)• (k " a *

k# '
)]     (51) 

 ++,# 

! 

(k " a
k#
)• (k " a

-k# '
)-./%012345!-6!789:&8*+

:;,#1234<=->?*!  

        

! 

(A "B) • (C"D) = (A •C) # (B•D) $ (A •D) # (B•C)            (52) 

@A/'+->?8BCD&+$#*5!$6!-EF* 

! ! !  

! 

A "B =

i j k

Ax Ay Az

Bx By Bz

,   ! ! !  

! 

A •B = Ax " Bx + Ay " By + Az " Bz  

@AG*x*y*zB",HIJKL:MNOPQ&' 

! ! !

! 

(k " a
k#
)• (k " a

k# '
) = (k •k) $ (a

k#
•a

k# '
) % (k •a

k# '
) $ (a

k#
•k)  

$%&'RSR*TU-VW-X#*YZ1234$1234[\]^_`4

8abRJG&+$S; [(18)-

! 

k •a
k

= 0] *cL&-d*ef* 

! !

! 

(k " a
k#
)• (k " a

k# '
) = (k •k) $ (a

k#
•a

k# '
) = k

2
$ (a

k#
•a

k# '
)           (53) 

$%&'g-hijkl%em8n;:&'oIJ*(51)# 

!

! 

B
2
dx

3

V

" =

! 

V (k
2
)[(ak" •  a-k" '

)
" '

#
k,"

# + 2(a *k" • ak" '
) + (a *k" • a *k" '

)]   (54) 

dp&' 

! qrh-stu4vw#* 

! ! ! ! ! ! !

! 

H =
1

2
"0 [E

2
(x,t) + c

2
B
2
(x,t)]

V

# dV                      (39) 

dp&S;* 

! 

E
2
dx

3

V

" =

! 

V ("
k

# '

$ )
2
[%(a

k#
•a%k# '

) + 2(a *
k#

•a
k # '
)

k,#

$ % (a *
k#

•a *
-k# '
)]     (49) 

$(54)@ALMxG8* 

! ! ! !

! 

("
k
)
2 = c 2k 2 =

k
2

#
0
$µ

0

                                     (55) 
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!"#$%&'()*+,-./)0!

! ! !

! 

H =
1

2
"0 [E

2
(x,t) + c

2
B
2
(x,t)]

V

# dV !

! ! ! !

! 

=
1

2
V ("0)(#k )

2
[$(ak% •  a-k% '

)
% '

&
k,%

& + 2(a *k% • ak% '
) $ (a *k% • a *k% '

)!

                        

! 

+(ak" •  a-k" '
) + 2(a *k" • ak" '

) + (a *k" • a *k" '
)] 

)12034!5!6$72089:;!<=*>?1+!)1/@ 

      

! 

H = 2V " #0 ($k )
2
[

% '

&
k,%

& (a *k% • ak% '
)   

        

! 

= 2V " #0

k,$

% (&k )
2

$ '

% (a
k$

)
2 " ' $ ,$ '

! 

= 2V " #0
k

$ (%k )
2

& =1,2

$ (a
k&
)
2     (56)!

! 

" # ,# '
:0ABCD$EF1GHI0J1KHLM:NO./<=PQR%/S

GTR%/@(K:ABCD!UV!WXY)EF()R%/@Z[\!]^

_`ab:>c1deRfgGK/@(!(56):0hijkYUlm!^_`a

b)EFno*1&pq/@(Kr;s*tuv<=@ 

 

(14-6) Z[\!]^_`ab)kYUlm!^_`ab!wx  

! yz{`|}~���`!�?de(23):0!

! ! ! !

! 

A(x,t) = [a
k"
(t) # eik #x

" =1,2

$ + a *
k"
(t) # e%ik #x

k

$ ]              (23) 

*,-vp0d�r

! 

a
k"
# a

k"
(t) $ a

k"
% e

 -i & k t ,  

! 

a *
k"
#  a *

k"
(t) $ a *

k"
%e

 +i & k t  )

��*�.@��

! 

k":0����$ k R%/���!W�!��

! 

(" =1,2)!U

VR%/()rd.@�vp0��!<=*0�de*wx./���r��

./@! 

! !

! 

Qk," (t) # (V$0)
1/ 2
[ak" (t) + a *k" (t)]                          (56-1)!

    

! 

Pk," (t) # ˙ Q k," (t) = $i%k (V&
0
)
1/ 2

[ak"
(t) $ a *k"

(t)]               (56-2)!

(!������� )���¡l¢£r¤&p0��!¢r¥¦/)0!

! !

! 

1

2
[P

2
k ," (t) + (#k )

2
Q
2
k," (t)]

k,"

$

! 

= 2V"
0
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k
)
2 $ a2k% (t)

k
%

& = H         (57)!

)120Z[\!]^_`ab*§vq.  (56-2)SG0(57):0!

! !

! 

1

2
[ ˙ Q 

2
k ," (t) + (#k )

2
Q

2
k," (t)]

k,"

$

! 

= 2V"
0

(#
k
)
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k
%
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!"#$%&'( 

! )*+

! 

Qk," (t)!

! 

P
k," (t),-./0123456789:;<!8=>?@A(

(56-1)!(56-2)@B+CD2EFGH,+!

! !

! 

˙ Q k," (t) = (V#
0
)
1/ 2

[˙ a k" (t) + ˙ a *k"
(t)]

! 

= "i#
k
(V$

0
)
1/ 2
[a

k%
(t) " a *

k%
(t)]!

          

! 

= P
k," (t)! ! ! !                                    (58)!

! !

! 

˙ P k," (t) # ˙ ̇ Q k," (t) = $i%k (V&
0
)
1/ 2

[ ˙ a k" (t) $ ˙ a *k"
(t)]!

! ! ! ! !

! 

= "(#
k
)
2
(V$

0
)
1/ 2
[a
k%
(t) + a *

k%
(t)] 

! 

= "(#k )
2
Qk,$ (t)        (59)!

%I'(JK*+(57)2 HLMNO2PQR/STUHamiltonianV,+ 

      

! 

H =
1

2
[P

2
k ," (t) + (#k )

2
Q
2
k," (t)]

k,"

$ ! ! ! ! ! ! ! ! ! ! !    (57) 

WXK+YZ2-./01234567!

! ! !    

! 

"H

"P
k#

= ˙ Q k,# (t),     $
"H

"Q
k#

= ˙ P k ,# (t)                      (60)!

[\];'<!8=>%&'((57)2 H 8

! 

Qk," (t)!

! 

P
k," (t)%^_`GH;'!+ 

! ! ! !

! 

"H

"P
k#

= Pk,# (t) = ˙ Q k,# (t),     $
"H

"Q
k#

= $(%k )
2
Qk ,# (t) = ˙ P k ,# (t)  

2^_2abc7!d'(JK*+  (58) 2

! 

˙ Q k," (t) = Pk," (t) ! (59)2

! 

˙ P k," (t) # ˙ ̇ Q k," (t) = $(%k )
2
Qk," (t)! 8eA!+fghg2aic7[\];'(<

g,(60)2-./01234567%I'(<2@A*+

! 

Qk," (t)!

! 

P
k," (t),+-

./0123456789:;34jkdlmno!lpqro%I'(st

MNOLuvOV834rwx;'y*z{d|}~�%I'( 

! b5+���Kg��'@A*+�r m+�R�� K 2���qw2pq5

67,+!

! ! ! !

! 

m
d

2
x

dt
2

= "m# 2
x,         # = K/m !

%I'(<2567*+

! 

x = q " cos(#t +$)8��;'!+<g[�%I'<![

�'(<2���qw2PQR/STLHamiltonianV8 H!!;'!+!

! ! ! !

! 

H
0

=
1

2
m( ˙ x )

2
+

1

2
K

2
x

2  

! 

=
1

2m
p
2

+
1

2
m "# 2

" x
2   ! ! !   (61)!

%I'((61)%+  

! ! ! !  

! 

Q " mx,       P "
1

m
p                                  (62) 
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! ! ! !

! 

P "
1

m
p =

1

m
(m˙ x ) = m ˙ x  = ˙ Q                       (63-1) 

        

! 

m " ˙ ̇ x = # m "$ 2
x % ˙ P = #$ 2

Q                       (63-2) 

'()*+,%&-.+/(61)01234567Hamiltonian89/ 

       !

! 

H
0
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1

2
(P

2
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2
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:;/<=>?@0

! 

(Q,  P)9 

! ! ! !

! 
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0
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0
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= ˙ P                                (65)!

0AB4CD0EFGHI'JK$&<=>?@0

! 

(Q,  P)9 

! ! !
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  Q  "   Qk,# (t) ,           P  "   Pk ,# (t) = ˙ Q k ,# (t)    ! ! ! !  ! (66) 

!LMN07
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