
 347 

!17! "#$%&'()*+,-./01!

! 23+4.5%6789:;<=.>+?@AB%CDE+FGH4I+@

JK2LMNO@POQRSTU;#DVH"#$;<=@WXY%2LRZ

[\0-.]^_R%`abcMdefg%hEiEQ;jk+-.l"#$

%&'()*+,-.mZ[+no-.pqrstguvwxyz%/01R

{|<}~����.l 

 

17-1) &'()*+,-./01  

! Z[+no-.pqrstguvwxy 

! ! ! ! !
  

! 

ˆ H " = i!
#"

#t
                                           (1) 

;A�+-.liE�=�2L$?NOR-.~@

! 

"?NO$RSTU;#DV

H"#$%_0��R{@��?"#$Y�.XR?��.XR+-.l��

�f��g?§16-4+��H~@y��;��@��+�-l  

         

! 

ˆ H = ( ˆ H 
0

+ ˆ H 
R
) + ˆ " H                                     (2-1) 

         

! 

( ˆ H 
0

+ ˆ H R ) " [(
1

2m
)ˆ p j

2
+ V j ]

j

# + ˆ H R                        (2-2) 

         

! 

ˆ H 
R

=
1

2
[ ˆ P 

2
k ," + (#k )

2 ˆ Q 
2

k ," ]
k,"

$                            (2-3) 

         

! 

ˆ " H # [
e

m
(A(x j ) $ ˆ p j ) +

e
2

2m
A 2

]
j

%                          (2-4) 

! 

( ˆ H 
0

+ ˆ H 
R
);@`abc%���/0 HamiltonianR��{@��?@"#$Y�

.XR?��.XR+-.%Y@

! 

( ˆ H 
0

+ ˆ H 
R
)" ˆ H 

0
R�/0 Hamiltonian ;��-

.l�/0%U#%

! 

ˆ H 
0
�(1)%pqrstguvwxy;��-.R<=.. 

        
  

! 

ˆ H 
0
" 0

= i!
#" 0

#t
                                            (3-1) 

 ¡��

! 

" 0R{|?@

! 

ˆ H 
0
?Z[;¢£��R{|@

! 

" 0?¤¥RZ[~P¦{H 

        
  

! 

" 0
(x,y,z,t) = u

0
(x,y,z) # e$ i(E

0
/ ! )t                               (3-2) 

;§c:¨©.lW{|@ª%4I+@«¬�v ¡®+,-. ¡��~

¯��.l  

        

! 

ˆ H 
0
u

1

0
= E

1

0
u

1

0
 ,    ˆ H 

0
u

2

0
= E

2

0
u

2

0
 ,  " " ",   ˆ H 

0
u

n

0
= E

n

0
u

n

0
 ,  " " "             (3-3) 

X�?@X�£Y°±|¨H'()*%pqrstguvwxy%²%XRY



 348 

�.lWXY@M3-3Q;��-. un
0
(x,y,z);°�@��%!n

0
(x,y,z,t);b.R@ 

        
  
!n

0
(x,y,z,t) = un

0
(x,y,z) " e# i(En

0
/ ! )t                               (3-4) 

R�E@X�?(3-1)%pqrstguvwxy;��-.lX�;³´�.>

+(3-4);(3-1)µ¶+·¸-.R@ 

       
  

i!
!"

n

0

!t
=  i! # ($i #

E
n

0

!
)"

n

0
= E

n

0"
n

0
= E

n

0
(u

n

0 # e$i(E
0

/ ! )t
)                 (3-5) 

R�..  ¹w@(3-1)º¶?@ ˆ H 
0
?Z[;¢£��XRR(3-3);°±|@ 

       
  
ˆ H 

0
!

n

0
= e

"i(E
0

/ ! )t # ˆ H 
0
u

n

0
= e

" i(E
0

/ ! )t # E
n

0
u

n

0
= E

n

0
(u

n

0 # e"i(E
0

/ ! )t
) = E

n

0!
n

0   

R�E@(3-4)?³´+(3-1);��-.lWI��»@(3-4)%¹ª¼#@ 

        

  

! 0
= cn

0 "!n

0

n

# = cn
0 " e$i(En

0
/ ! )t " un

0
(x,y,z)

n

#                       (3-6) 

�@(3-1)%pqrstguvwxy;��-.l c
n

0?¹ª¼#½�Y�.lW

XY@ ˆ H 
0
+,-. /0; ˆ H 'R{|@ ˆ H = ˆ H 

0
+ ˆ H '?@(1)%pqrstguvw

xy;��-.R{|@Z[\¾-./0;¿IlÀÁ 

! ! ! !  
  

( ˆ H 
0
+ ˆ H ')! = i!

"!

"t
                                      (4) 

R-.lW{|@ ¡��!(x,y,z,t)?@��%4I+@Z[%��R{|%c
n
(t)

R
  
e
!i(En

0
/ ! )t

" un
0
(x,y,z);c�|Â�Y�JY©.R<=.l 

         !(x,y,z,t) = cn (t) " e
# i(En

0
/ ! )t " un

0
(x,y,z)

n

$                         (5) 

c
n
(t)~Ã£.R ¡��~Ã£E@ ¡��%Z[\¾~Ä���.lW%>

+@(5);(4)%pqrstguvwxy+·¸{@c
n
(t);Ã�.wxy;Ä�.l 

  

  

( ˆ H 
0
+ ˆ H ') cn (t) ! e"i(En

0
/ ! )t ! un

0
(x,y,z)

n

#  

     

  

= i!
dcn (t)

dt
! e" i(En

0
/ ! )t ! un

0
(x,y,z)

n

# + i! cn (t)
de

"i(En
0
/ ! )t

dt
n

# ! un
0
(x,y,z)         (7) 

R�.lX%º¶Å%Æ¹Ç+�{|?@ ˆ H 
0
?Z[;¢£��%Y@ 

  ˆ H 
0

[cn (t) ! e" i(En
0

/ ! )t ! un

0
(x, y,z)

n

# = [cn (t) ! e" i(En
0

/ ! )t
][ ˆ H 

0
un

0
(x,y,z)

n

# ] 

             

  

= cn (t) ! e
" i(En

0
/ ! )t ! En

0 ! un
0
(x,y,z)

n

#  

R�E@(7)%µ¶%ÆÈÇR`É-.lÊ±|@(7)%Ëy?@ 



 349 

    

  

! 

ˆ H '"cn (t) " e# i(En
0

/ ! )t " un

0
(x, y,z)

n

$ = i!
dcn (t)

dt
" e#i(En

0
/ ! )t " un

0
(x,y,z)

n

$           (8) 

R�.l(8)%Ì¶+@

! 

um
0
(x,y,z)%"ÍÎÏ

! 

um
0
* (x,y,z);º´�ÐÑ@ÒÓ[¤

¥ x, y, z(=!)YÔP-.R@º¶Å? 

    

  

! 

c
n
(t) " e# i(E

n

0
/ ! )t " u

m

0
* ˆ H 'u

n

0

n

$
%

& d% = {c
n
(t) " e# i(E

n

0
/ ! )t " u

m

0
* ˆ H 'u

n

0
d

%

&
n

$ %}     (9-1) 

R�.lµ¶Å?@ ¡��%ÕÖ×ØÙ4E@n=m %ÇÚÑ~Û.l 

    

  

! 

i!
dc

n
(t)

dt
" e# i(En

0
/ ! )t " u

m

0
* u

n

0

n

$ d%
%

& = i! {
dc

n
(t)

dt
" e#i(En

0
/ ! )t

u
m

0
* u

n

0

%

&
n

$ d%}  

                               
  

! 

= i! " e
# i(E

m

0
/ ! )t

"
dc

m
(t)

dt
                (9-2) 

R�.lÊ±|@(9-1)R(9-2)´�@

! 

dc
m
(t) /dt+�-.ª%wxy~¯��.l 

     

  

! 

i! " e# i(E
m

0
/ ! )t "

dc
m

(t)

dt
= {c

n
(t) " e# i(E

n

0
/ ! )t " u

m

0
* ˆ H 'u

n

0
d

$

%
n

& $}               (10) 

 (9-1, -2)YÜ±Hm

! 

um
0
(x,y,z)%"ÍÎÏ

! 

um
0
* (x,y,z);º´�ÐÑ@x, y, z=!YÓ

[ÔP-.XRz?@stÝÞß%��;c�|@ 

        

! 

u
m

0
* ˆ H 'u

n

0
d

"

# " $ u
m

0 ˆ H ' u
n

0                                     (11) 

R�Jà�@ ¹á% ¡��

! 

um
0
(x,y,z)R

! 

un
0
(x,y,z)+â�|%

! 

ˆ H '%ÜãäÍ

(matrix element)Rå»�.. æ(m, n) %á+,{@(11)%çèÝvÔP~¹âÃ

£E@(m, n) %á;\¾àV�»@(11);äÍR-.¹â%Üã~'éY©.%

Y@(11)?ÜãäÍRå»�.l(11)°IR@(10)?  

        

  

! 

i! " e# i(E
m

0
/ ! )t "

dc
m

(t)

dt
= c

n
(t) " e#i(E

n

0
/ ! )t " u

m

0 ˆ H ' u
n

0

n

$                (12)  

R�.lX%Z[+â�|%¹ê%ëPwxy+ìí©

! 

c
m
(t);Ã�.lW%>

+?@îï�ðñòó;ôäR-.l 

 

17-2) õ)*RC)*@ö÷³ø  

! (12)%wxyY@t=0 Y%

! 

c
n
(0)+â�|<=.lt=0 Y%$%)*?@�/0

Hamiltonian%¹â% ¡)*

! 

"
i

0@ÀÁ@ 

       
  

! 

"i

0
(x,y,z,t = 0) = ui

0
(x,y,z) # e$ i(Ei

0
/ ! )t

= ui
0
(x,y,z)                    (13) 

+�.R-.R@t = 0%

! 

c
n
(0)%®?@ 

! ! ! !

! 

c
n
(0) 

! 

= c
i
(0) =1,    

! 

c
n
(0) = 0    (n " i)                        (14) 



 350 

Y�.l

! 

"i

0
= ui

0
(x,y,z)%!?õ)*(initial state)%ùúY�.l! (14)%òó?@

t > 0 Y?\¾-.~@ûZ[üY?(14)?ýþÿ+!"-.�%R-.R@ 

! ! ! !

! 

c
i
(t) "1,  

! 

c
n
(t) " 0    (n # i)                                 (15) 

Y�.lX%òó;(12)+°Il£�@

! 

m = f " i! %U#´�<=.l 

!       
  

! 

i! " e
# i(E f

0
/ ! )t

"
dc f (t)

dt
= e

# i(Ei
0

/ ! )t
" uf

0 ˆ H ' ui

0  

        
  

! 

dc f (t)

dt
=

1

i!
" uf

0 ˆ H ' ui

0
" e

i[(E f
0
#Ei

0
) / ! ]" t

                          (16) 

R�.lf?

! 

" f

0 #
  

! 

" f

0
(x,y,z,t) = c f (t) # e

$i(E f
0
/ ! )t

# uf
0
(x,y,z)+#~E@

! 

uf
0
(x,y,z)  

% ¡)*;C)*$final state)Rå%l(16); tYÔP-.Rl 

     !

  

! 

c f (t) =
1

i!
"

1

i(E f

0
# Ei

0
) /!

" uf

0 ˆ H ' ui

0
" e

i[(E f
0
#Ei

0
) / ! ]" t

+ const. 

           

  

! 

= "
1

(E f

0
" Ei

0
)
# uf

0 ˆ H ' ui

0
# e

i[(E f
0
"Ei

0
) / ! ]# t

+ const. 

R�.l(14)%ðñòó´�@ 

! ! ! !

! 

c f (0) = 0 = "
1

(E f

0
" Ei

0
)
# uf

0 ˆ H ' ui

0
+ const. 

R�.%Y@ÔP'�(const.)~Ã£E@¼&? 

! ! ! ! !

! 

c f (t) =

  

! 

1

(E f

0
" Ei

0
)
# uf

0 ˆ H ' ui

0
# [1" e

i[(E f
0
"Ei

0
) / ! ]# t

]                (17) 

R�.l 

! (12)Y@

! 

n = i, 

! 

m = f = i%U#?ª%4I+�.@ (12)'(?@ 

         
  

! 

i! " e
# i(E

i

0
/ ! )t

"
dc

i
(t)

dt
= c

i
(t) " e

#i(E
i

0
/ ! )t

" u
i

0 ˆ H ' u
i

0  

Y�E@ 

          
  

! 

dc
i
(t)

dt
=

1

i!
u

i

0 ˆ H ' u
i

0
" c

i
(t) = #

i

!
u

i

0 ˆ H ' u
i

0
" c

i
(t)               (18) 

R�.l

! 

c
i
(0) =1%òó;°IR@ 

          
  

! 

c
i
(t) = exp["(i /!) # u

i

0 ˆ H ' u
i

0
# t]                            (19) 

Y�.l 

 )*?@Z[ tY%_0��R{ 



 351 

! ! ! ! ! !

  

! 

"(x,y,z,t) = cn (t) # e
$ i(En

0
/ ! )t # un

0
(x,y,z)

n

%                     (5) 

;§c{H%Y@ (5)%Ì¶%È+%Ó[ÔP?@ 

! !

! 

"
2
dxdydz

x,y,z

### = " *"dxdydz
x,y,z

### =1 

                

! 

= c
1

2
(t) + c

2

2
(t) + c

3

2
(t) + " "  " +c

n

2
(t) + " "  "            (20) 

R�.lµ¶Å?

! 

un
0
(x,y,z)%ÕÖ×ØÙ+4.l 

! 

c
n

2
(t)?æ ¡)*~,:à

�.³ø;�J{|�.l¹w@ t=-Y@)*? 

! ! !

! 

c
n
(0) 

! 

= c
i
(0) =1,    

! 

c
n
(0) = 0    (n " i)                          (14) 

R.'{Hl

! 

c
i

2
(0) =1Y

! 

c
n

2
(0) = 0  (n " i)Y�.´� , õ)* (initial state)%

! 

"i

0
= ui

0
(x,y,z)%KJ³ø~/Y@0%)*%KJ³ø?-R.'{HXR+�

.lW{|@û�Z[ t%ü+@

! 

ˆ H '%/0+4E@æ ¡)*%KJ³ø?(20)

%æÇY1=��.XR+�±HlÊ±|@(17)%Ì¶;È+{|@!

   

! 

c f (t)
2

= c * f (t) " c f (t) =

  

! 

uf

0 ˆ H ' ui

0

(E f

0
" Ei

0
)

2

# [1" e
"i[(E f

0
"Ei

0
) / ! ]# t

] # [1" e
+i[(E f

0
"Ei

0
) / ! ]# t

]    

R�.lXXY
  

! 

a = [(E f

0
" Ei

0
) /!] # t  R-.R@ 

       

! 

[1" e
" ia
] # [1" e

+ ia
] =1" (e

+ ia
+ e

" ia
) +1= 2(1" cosa) 

                     

! 

= 2[(cos
2 a

2
+ sin

2 a

2
) " (cos

2 a

2
" sin

2 a

2
)] = 4sin

2 a

2
 

4E@ 

       

! 

c f (t)
2

=

! 

uf

0 ˆ H ' ui

0
2

E f

0
" Ei

0
2
#

  

! 

2sin[
(E f

0 " Ei

0
)

2!
# t]

$ 
% 
& 

' 
( 
) 

2

   

             

  

! 

c f (t)
2

= uf

0 ˆ H ' ui

0
2

"

sin
2
[
(E f

0
# Ei

0
)

2!
" t]

E f

0
# Ei

0

2

2
                 (21) 

R�.l

! 

c f (t)
2

?@õ)*

! 

ui
0
(x,y,z)´�C)*

! 

uf
0
(x,y,z)2%ö÷³ø(transition 

probability);1=.. õ)*

! 

ui
0
(x,y,z)~³ø/YKJ{Hü%ö÷Y�.l 

 



 352 

17-3) 34Z[ïHE %ö÷³ø  

! (21)%ö÷³ø%yY@

! 

"E # (E f

0
$ Ei

0
)R-.R@ ÜãäÍ+5I½�?@  

! ! ! !

  

! 

sin
2
[
(E f

0
" Ei

0
)

2!
# t]

E f

0
" Ei

0

2

2
=
sin

2
[($E /2) # (t /!)]

($E /2)
2

                      (22) 

R�.~@X%Ç~

! 

"E+,{|6%4I+\¾-.´;<=.l 

! 

("E /2) # x  7�R@ 

        
  

! 

sin
2
[("E /2) # (t /!)]

("E /2)
2

=
sin

2
[x # (t /!)]

x
2

=
sin

2
[x /(! / t)]

x
2

= y(x)          (23) 

R�.l8 17-1?@9:+

! 

"E;RE@;:?(23)%

! 

y(x) = y("E /2);

! 

y(0)% 

<=®YÖ>¾{|?@Þf{H�%Y�.l 

-0.20

0.0

0.20

0.40

0.60

0.80

1.0

1.2

y/[4!
2
(t/h)

2
]

"E

h/t 2h/t 3h/t 4h/t0-h/t-2h/t-3h/t-4h/t

 

< = ®?

! 

"E = 0 Y %
  

! 

y(0) = 4" 2
(t /h)

2
= (t /!)

2 Y � . l

! 

x " 0  Y ? @

  

! 

sin
2
[x /(! / t)] " [x /(! / t)]

2
+ # # #  Ú´�@

! 

"E = 0Y
  

! 

y(0) = (t /!)
2%<=®;A-l£

H@  

! 

x /(! / t) = n" ,   (n = ±1,±2,# # #)%Z@

! 

y = 0Y�.lX�?  

! 

("E /2) /(! / t) = n#%Z

+!"-.´�@    

! 

"E = 2n# $ (! / t) = n $ (h / t),  (n = ±1,±2,$ $ $)%Z@

! 

y = 0Y�.l

8 17B1lCE +,-

.(23)% y %®%\

¾lHÚ{@;:% y

?@CE=0 +DÑ.

<=®YÖ>¾{|

�.lCE=0 YE�

Fvß;A-l 



 353 

8 17-1Y³G:¨.l 

! t=0?/0%HõZ[@t?/0%CIZ[Ú´�@t=!tR�-R@

! 

"E = 0J 

ý%<=®FvßK?@8 17-1´�L.4I+@  

! 

"E # (h /"t) = 2$! /"tR<=�

»M�lÀÁ@õ)* !´�C)* f 2%ö÷?@ÌN%«¬�vO~

! 

"E # (h /"t) Y�.Z+PE@Q�³øYRX.lË�%òó? 

           

! 

"E # "t $ h = 2%!                                       (24) 

R�.~@X�? S

! 

"ER!t%Ô??Ýgß'�+Ë{�TR%«¬�vR

Z[%U³'Ù ;1=|�.lKVÿ+

! 

"E;Õ³+Ã�.M

! 

"E # 0Q+?@

W'Z[!t ~=©�XRM

! 

"t#$Q~ôäY�.XR;ùú-.l 

 XYZ8¾ZÿW'%·�ÿ�[O?M0.01\0.1QkJ/mol x]�%Y@X%®

´�

! 

"t%^(ÿ�®;Ä�|�.lM0.01\0.1QkJ/mol;_O¹`ïHE%«¬

�v+ab-.R@ 

       

! 

"E # (10
$4
~ 10

$3
)(eV ) =1.6 % (10

$23
~ 10

$22
)(J)  

R�.l?Ýgß'�? 

! 

h = 6.626 "10
#34
(J)�%Y@(24)%U³'Ù´�!

       

! 

t = "t = 4.1# (10
$12
~ 10

$11
)(sec)  

R�.lX%Z[+cG.R@d(%W'Z[

! 

(texp)?, e=»@65]%W'

Z[~

! 

texp =10"6 sec.Y�±HR{|�@X% 

! 

t = "t = 4.1# (10
$12
~ 10

$11
)(sec)  Rc

G.R 10fgY�E@KLÿ+?

! 

texp ="Rh=.l 

!

! 

"E = 0Jý% y %<=®?
  

! 

y(0) = 4" 2
(t /h)

2
= (t /!)

2Ú´�@

! 

t = "t#$  %Z@

Fvß® y(0)ij@Fvß®K  

! 

"E # (h / t) = 2$! / t% 0@;ùú-.. Ê±|@ y(x)

?

! 

"t#$Ys�k��

! 

"(x)R,�-XR~Y©.l 

 s�k��

! 

"(x)? 

       

! 

"(x)dx
#$

+$

% =1,   "(x)
x&0

= 0                                  (25-1) 

Y1=��.l��Y@x"0 +Qà�P=%mmz;"|H�%@�.�?@

m2nopq%çrÞ?��%ëPzR<=�»M�~@4E¹sÿ�'é?@

a;'�@

! 

f (x);tù%uv��R{|@ 

! ! ! !

! 

f (x)"(x # a)dx
#$

+$

% = f (a)                                  (25-2) 

Y�.ls�k��

! 

"(x # a)?@tù%uv��

! 

f (x)% x=a+DÑ.®;iE:

-bc;wâl  

 y(x);s�k��

! 

"(x)R,�-+?@

! 

"(x)dx
#$

+$

% =1+,xàV.½�;Ã�y»



 354 

����l 

      

  

! 

y(x)dx
"#

+#

$ =
sin

2
[x % (t /!)]

x
2

dx
"#

+#

$ = (t /!)
sin

2&

& 2
d&

"#

+#

$ = ' % (t /!)        (26) 

X�?@
  

! 

" = x # (t /!)R{|
  

! 

d" = (t /!)dx# dx = [1/(t /!)]d"@

! 

(
sin x

x
)
2
dx

"#

+#

$ = % ! %

'ÔP´�@  

        

  

! 

sin
2"

" 2 /(t /!)2
[1/(t /!)]d" =

#$

+$

% (t /!)
sin

2"

" 2
d"

#$

+$

% = & (t /!)  

R�.XR+n.lÊ±|@X%'�  

! 

" (t /!)%z�; y(x)%Ì¶+ÐÑ�»@ 

        

  

! 

[
1

" # (t /!)
] # y(x)dx

$%

+%

& = [
1

" # (t /!)
] #
sin

2
[x # (t /!)]

x
2

dx
$%

+%

& =1 

R�E@ 

       
  

! 

y(x) = " # (t /!) # [
1

" # (t /!)
] # y(x) = " # (t /!) # $(x)                (27) 

Y�.l(21)+{.R@ 

        
  

! 

c f (t)
2

= uf

0 ˆ H ' ui

0
2

" #(
E f

0
$ Ei

0

2
) "
%

!
" t                      (28-1) 

Y�.l

! 

a  ~'�%Z@|��Y?@

! 

"(ax) = (1/a )"(x)! ~!"-.%Y@ 

        
  

! 

c f (t)
2

= uf

0 ˆ H ' ui

0
2

" #(E f

0
$ Ei

0
) "

2%

!
" t                     (28-2) 

R�J{|�M�l 

! X%4I+ö÷³ø?Z[ t+ce-.l34Z[ïHE%)*!i)* f2

%ö÷³ø?[1/t]%ª};wâ%Y@X%34Z[ïHE%ö÷³ø ?@ 

! ! ! !
  

! 

wi" f # c f (t)
2

/ t =
2$

!
% uf

0 ˆ H ' ui

0
2

% &(E f

0
' Ei

0
)               (29) 

R�.lõ)*~~³ø/YKJ{Hü+@C)* f 2ö÷-.34Z[�H

E%³øY�.l���Ò|%C)*+â�|@W%4I�³ø;<=@W�

�%³ø%��;Ä�.R@(20)%dE@/Y�Ñ�»����l(29)µ¶%s

�k��?@ö÷%AüY�/0«¬�v~�oà�.XR;ùú-.lX

%y?@��xcÙ;wâ&'(/01%ì�yY@d���%���MFermi’s 

golden ruleQR�å»�.l 



 355 

17- 4) !"#$%&'()*  

! ++,-./()*#01'234*5$%&6789:;1<=>?2@A

BCD6#0EFGHI>?JKLMNOP&)QRST*UH./34*#

$%&'RSTVWXYZ[\]

! 

ˆ H 
a

0
,  ˆ H 

R

0#^>#/*_`'RSTVWXYZ

[\./ 

           

! 

ˆ H 
0

= ˆ H 
a

0
+ ˆ H 

R

0                                          (30) 

#O>?abcb'de*.JK7f8g,-/+'()*'hijk.lm

'de*hijk'no#Op/hiq.lm'de*hiq'r#O>?+

b]stHuv0wx? 

! RST*]O^34*'hijk] 

           
  

! 

"a (x,y,z,t) = ua
0
(x,y,z) # e$ i(En

0
/ ! )t                           (31-1) 

#^>?a01/t=0#01/ 

           

! 

"a (x,y,z,0) = ua
0
(x,y,z) = a                              (31-2) 

#y^#/RST*]O^34*'

! 

ˆ H 
a

0./ 

           

! 

ˆ H 
a

0
a = E

a
a                                         (31-3) 

#/z{X|}hiq

! 

E
a
]~=>?�=�/

! 

ua
0
(x,y,z) = a ]����'hij

k#^b�/����'hijk#01

! 

ub
0
(x,y,z) = b , 

! 

uc
0
(x,y,z) = c ,   " " "]<=

>#/ 

           

! 

ˆ H 
b

0
b = E

b
b ,     ˆ H 

c

0
c = E

c
c ,  " " "                         (31-4) 

'wx7/����'z{X|}

! 

E
b
,  E

c
,  " " "N~=-b>#0wx? 

��/$%&'hijkQ����YXU., _1'

! 

(k,")7mP1'��Y\

'�k]�y01 

      

! 

"
R

= n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,n

k,# ,....                           (32-1) 

#y^?(32-1)./�r�T4'��Q�16-6-4UH2������'��Y6

#��E�y�Qk��#��b>U7 ¡^>?_1'¢£H¤>

! 

(k,")'�

�Y\.Rk7<=-b>'H/¥��Y\'�k

! 

n
k,"]¦�>+#H/$%&

'hijkQ����YXU#^>?§E/$%&'z{X|}. 

      

  

! 

E
R

= (n
k ,1
" !#

k
+ n

k,2
" !#

k

k

$ ) = n
k,% " !#k

k,%

$                     (32-2) 

#H¤>?�r�T4'¨©ªz{X|}7 ¡^>«'./��Y\7.¬

1.§-OP,-(33-2)H.P1I>? 

! $%&'hijkQ����YXU7 ^>®¯°±²³´4'LM. 



 356 

       

! 

ˆ a 
k," ,.....,n

k," ,.... = n
k," ,.....,(n

k ," #1),....                     (33-1) 

       

! 

ˆ a 
"
k,# ,.....,n

k,# ,.... = n
k,# +1 ,.....,(n

k ,# +1),....                  (33-2) 

!"#$%&'()*+,-./0123456789:;<&!, 

      

! 

ˆ a 
"
k,# ˆ a 

k ,# ,.....,n
k ,# ,.... = ˆ a 

"
k ,# n

k ,# ,.....,(n
k,# $1),....  

                       

! 

= n
k," # n

k ," ,.....,(nk," ),....  

                       

! 

= n
k," ,.....,(nk ," ),....                        (33-3) 

     

! 

ˆ a 
k,"

ˆ a 
#
k ," ,.....,n

k ," ,.... = ˆ a 
k ," n

k ," +1 ,.....,(n
k," +1),....  

                      

! 

= n
k," +1 # n

k ," +1 ,.....,(n
k," ),....  

                      

! 

= (n
k ," +1) ,.....,(n

k ," ),....                     (33-4) 

 !=&>$,(33-4)!(33-3)59&!, 

      

! 

( ˆ a 
k ,"

ˆ a 
#
k," $ ˆ a 

#
k ," ˆ a 

k," ) ,.....,n
k ," ,.... =1% ,.....,n

k ," ,....

! 

 

!=&'()?, 

           

! 

ˆ a 
k,"

ˆ a 
#
k ," $ ˆ a 

#
k," ˆ a 

k ," = [ ˆ a 
k ," , ˆ a 

#
k ," ] =1                      (33-5) 

!>01/-.234>@ABC5"D'EFGH4IJD&KL  (M15-6-70)

!NOD&'(>@ABC?,PQRSTPQUS(V4)TWXYZ4$[&

(!\]^8_&'N`,a4=b>PcdeZ4$?, 

           

! 

ˆ a 
k,"

ˆ a 
#
k ," + ˆ a 

#
k," ˆ a 

k ," = [ ˆ a 
k ," , ˆ a 

#
k ," ]+ =1                       (34) 

f1g^,h@ABC!ij)&'WXYZ4!PcdeZ4>kl?(>@

ABC!h@ABCImno'p^o?,qr! s(1979) tuvw*+x4w

y>z{|}~,  IV-M�,�� C, =b5��;)�_' 

! (32-1)>��w>��B������Ud�I��w>��H�edU��S

5

! 

ˆ H 
R

059:;<)j,  

      

! 

ˆ H 
R

0"
R

= E
R
"

R
                                               (35-1) 

!=&f,()?, 

      

! 

ˆ H 
R

0
n
k1 ,1

,n
k1 ,2

,n
k 2 ,1

,n
k 2 ,2

,.....,n
k ," ,....  

               

  

! 

= ( n
k ," # !$k

k ,"

% ) n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,n

k," ,....           (35-2) 

>\]$[&' 

 (30)>�����H�edU��SI������B�>��

! 

"
a
# "

R
=$5�

*+�7,hJ�*+

! 

("
a
# "

R
)*=$ *5�7&!, 

    

! 

("
a
# "

R
) * ( ˆ H 

a

0
+ ˆ H 

R

0
)"

a
# "

R
= ("

a
# "

R
) * ˆ H 

a

0"
a
# "

R
+ ("

a
# "

R
) * ˆ H 

R

0"
a
# "

R
 

!, ���>��B�?¡=&���>��H�edU��SI?9:^=



 357 

!"#$%&'()*+,-./%0$123$4'56"  

  

! 

("
a
# "

R
) * ( ˆ H 

0
+ ˆ H 

R
)"

a
# "

R
d$

a
d$

R%%  

      

! 

= [(" *
R
"

R
) # " *

a

ˆ H 
a

0"
a

+ (" *
a
"

a
) # " *

R

ˆ H 
R

0"
R
]d$

a
d$

R%%  

      

! 

= (" *
R
"

R
) # [ " *

a

ˆ H 
a

0"
a
d$

a
]

$
a

% d$
R

$
R

% + (" *
a
"

a
) # [" *

R

ˆ H 
R

0"
R
d$

R
]

$
R

% d$
a

$
a

%  

      

! 

= E
a

+ E
R

  

! 

= E
a

+ n
k," # !$k

k,"

%                                 (35-3) 

786"#9:;<07=>?@ABCD'-.!8!?E$FGH)IJK

LMNOP'Q,0FGH)$R+

! 

" = #
a
$ #

R
S767/123:Q,0123

$4S86#7'T-.!6"  

 

17-5)! U$VW7XYZ[\7=>?$ABCD  

! ]E0S^_6;<0([\)7U<0(=>?)$ABCD:/̀ G7-.$

! 

ˆ " H 

SFGH)

! 

" = #
a
$ #

R
'ab$cdSCDefghi*jkl96" 

! 

ˆ " H Sm!

.:/§16-3/§17-nSb-gcdS/ 

          

! 

ˆ " H # [
e

m
(A(x j ) $ ˆ p j ) +

e
2

2m
A(x j )

2
]

j

% = ˆ " H 
(1)

+ ˆ " H 
(2)

          (36-1) 

#$`GopONqrs:/A$tuv7wuvxl86$*/,y-./ 

        

! 

ˆ " H 
(1)

=
e

m
(A(x j ) # ˆ p j)

j

$ ,             ˆ " H 
(2)

=
e

2

2m
A 2

(x j )
j

$            (36-2) 

7bz"A $tuv${@wuvc|}~�*/��7-./wuv'��z

6"h�: 

        

! 

ˆ " H = ˆ " H 
(1)

=
e

m
(A(x j ) # ˆ p j)

j

$                                (36-3) 

7-./A $tuv$�*�k6"��NsIU<Pt�$�|�|�_'`

G7�8z" A$wuv:��$��NsIU<Pt�$�|�|'��z6

@/##*:#9'��z6";<0$UVW�XY'�dS:wuv:��

*�6"  

! t{/§16-3*��-gcdS/������$LMNO���s� O'/ 

    

! 

A(x,t) = (V"
0
)
#1/ 2

[a
k$
(t) % eik %x

$ =1,2

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

k

& ]              (36) 

7z67/ 



 358 

    

! 

a
k"
(t) = a

k"
# e

$ i%
k
t
# e

k"
= a

k"
# e

k"
# e

$ i%
k
t                 !14-6- (22’) 

 "#$%& Schrödinger'()*+,-./012)34t56784

! 

e
"i#

k
t39

:;<=>?@4 

     
  

! 

 ˆ a 
k," =

2#
k

!
$ a

k," ,          ˆ a 
%
k," =

2#
k

!
$ a *

k,"                    (37)
 

)AB%& (36)*CD*EFGH-IJKLMH/N

! 

a
k,"4

! 

a *
k"
3, (37) 

>OP4+,-./012

! 

 (ˆ a 
k ," ,   ˆ a 

#
k ," )>QRS54(36)*

! 

a
k," (t)TU tVW"X

Y>4Z[V\]XS^_EFGH*

! 

e
k,"3`a8bTcdeUeP&OB84 

./-+,012)'a%f012"a8*EFGH-IJKLMH Ag34

hi)j$U7Sk 

        

  

! 

A(x) = (V"0)
#1/ 2 ! /2

$k

[e
ik %x %  

& =1,2

' ˆ a 
k ,& + e

#ik %x % ˆ a 
*
k,&

k

' ] 

            

  

! 

=
!

2V"
0

e
k ,#

$
k

[e
ik %x %  

# =1,2

& ˆ a 
k,# + e

' ik %x % ˆ a 
*
k ,#

k

& ]              (38) 

! lm34(36-3)*

! 

ˆ " H = ˆ " H 
(1) "a84A *nho*p)#$STU4(38)Vq7

>rsX7dtP&%ua4(38)3nv*wxy2Vz{>a8PS54qq)

3|<*wxy2 (x2 )V#$8PS&uTU4rs>Ya834 

! 

A(x)" A(x j)
j

# "XS}~5AS&��4 

  

! 

ˆ " H = ˆ " H 
(1)

=
e

m
(A(x j ) # ˆ p j)

j

$  

    

  

! 

=
e

m

!

2V"0

1

#k

[e
ik $x j $ (ek ,% , ˆ p j ) $

% =1,2

&  ˆ a k,% + e
' ik $x j $ (ek,% , ˆ p j ) $ ˆ a 

*
k ,%

k

& ]
j

&     (39) 

"eS& 

! ��*��>q*|��*�lm��HG��K>�XS9:;<34��

N�*9:;<*��)AS&!17)��a%��>4���!*9:;<��

mEFGH�"�?�*��� f*9:;<��mEFGH�V#$4���!

"��� f V����S

! 

ˆ H 'i, f>;XS ¡~¢5£)3eP��u�5¤¥V

¦�&��� i*9:;<��mEFGH�V4 

! ! ! ! !

! 

"
i
= #

a
$ (#

R
)
i
= a

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,n

k," ,....              (40) 

"XS"4 §2��N34 

! !

! 

a " b                                                      (40-1) 



 359 

!"#!$%!&'()*+,-./01,23(45678,

! 

(k,"),-.9

:;'( 

! !

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,n

k," ,.... <

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,(n

k ," ±1),....   (40-2) 

!,"#!=%>?53@36-3),

! 

ˆ " H = ˆ " H 
(1)

=
e

m
(A(x j ) # ˆ p j)

j

$ !&'(7A,BCD

EFGH.,IJ&6:;=KLMN%>@36-3)9OPQ$%RS(-./,T

UVW3(40-2)!=%>XQ(YZ/,[TU f,\]^_`abcdefg3 

! ! ! !

! 

" f = #b $ (#R ) f = b

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,(n

k ," ±1),....          ! (40-3) 

MN%>?5h9JK'("#,ijkl3( 

     

! 

" " "# $ * f
ˆ % H 

(1)
$ id&1

d&
2
" "d&N##  

           

! 

= f ˆ " H 
(1)

i = ,.....,(n
k,# ±1),.... b ˆ " H 

(1)
a ,.....,n

k,# ,....          !  (41) 

!=%>mbnofepqr3(EFDBCGH.

! 

ˆ a 
k,"!

! 

ˆ a 
*
k,",7stZMNS( 

!

! 

ˆ " H = ˆ " H 
(1)

=
e

m
(A(x j ) # ˆ p j)

j

$  

    

  

! 

=
e

m

!

2V"0

1

#k

[e
ik $x j $ (ek ,% , ˆ p j ) $

% =1,2

&  ˆ a k,% + e
' ik $x j $ (ek,% , ˆ p j ) $ ˆ a 

*
k ,%

k

& ]
j

&     (39) 

MNuv>w./,\]^_3EFDBCGH.x,y,Q3IJ&=Kz(

-./\]^_3EFDBCGH.,{QIJ$%>?5Q|}$%!(EF

GH.

! 

ˆ a 
k,"z~�$%(39),�7�Q��\]^_zIJ$%�,ijkl3( 

 

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
ik $x j $ (ek ,% , ˆ p j )]

j

&  a $$,(nk ,% '1),$ $ ˆ a k ,% ,$ $ nk ,% ,$ $   (42-1) 

!=%>

! 

(k,"),-.,�_3(�TUM3

! 

n
k,"[TUM3

! 

(n
k ," #1)!7��%>

��er`-.g,��`absorptiongz�?S(?5Q�Sw./,��f

��TU,"#

! 

a " b z�?%>(42-1)3?59��&'K%>  

! 72(BCGH.

! 

ˆ a 
"
k,#9�8 (39),���Q��\]^_zIJ$%+Z,

ijkl3( 

 

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
$ ik %x j % (ek,& , ˆ p j )]

j

'  a %%,(nk,& +1),% % ˆ a (k,& %%,nk ,& ,% %   (42-2) 

!=%>

! 

(k,"),-.,�_3(�TUM3

! 

n
k,"[TUM3

! 

(n
k ," +1)!7���$

%>��er`-.gz��`emissiong�5(?5Q�Kw./,��f�

�TU,"#

! 

a " b z�?%?!9�$> 

! EFGH.

! 

ˆ a 
k,"3(33-1)Q�&v��Q( 



 360 

     

! 

ˆ a 
k," ,..,n

k," ,... = n
k," ,..,(n

k ," #1),...                          (33-1) 

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

! 

,.....,(n
k ," #1),....&-./!01234%5(6+

7'8(9:;<=>5?&@ABC&D&DEF12(GHIJK12L5

MN( 

   ! !   

! 

,..,(n
k ," #1),.. ˆ a 

k ," ,..,n
k ," ,... = n

k ,"                       (43-1) 

'O%P9Q,RS(TUVWX

! 

ˆ a 
"
k,#,YZS[( 

 ! !  

! 

ˆ a 
"
k,# ,.....,n

k,# ,.... = n
k,# +1 ,.....,(n

k ,# +1),....                  (33-2) 

&*+,( 

! 

.....,(n
k ," +1),....&-./!01234(  

! !

! 

.....,(n
k ," +1),....

! 

ˆ a 
"
k,# ,.....,n

k,# ,.... = n
k,# +1                    (43-2) 

5M%P(43-1)5(43-2)8(5(42-1) 5(42-2)&6+7,\]'^%12(_`a

A8(?bcbd&ef,ghMij,M%k 

       

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
ik $x j $ (ek ,% , ˆ p j )]

j

&  a $ nk ,%          (44-1) 

       

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
$ ik %x j % (ek,& , ˆ p j )]

j

'  a % nk,& +1      (44-2) 

lmno8

! 

f ˆ " H 
(1)

i
2

,pq$%)5,rs$%5( (44-1)8(

! 

(k,")&tX&

uvwx)%no8?&tX>

! 

n
k,",pq$%)5!ijRSZ%P:y((44-2)

8(

! 

(k,")&tX&z{wx)%no8((

! 

n
k," +1),pq$%)5!|RSZ%P

(44-1)'

! 

n
k," = 0M2}(t&uvwx)%no8~5M%PR1R((44-2)'8

! 

n
k," = 0'O�S[(t&z{wx)%no8~,8M2MZP(

! 

n
k," +1)�L5M

%12'O%P)&L,e%�E8(���&tX�58�=�'(�X�,

x�$%tz{'ON(��z{�spontaneous emission�5�}b%P:y(

Txnow

! 

n
k,",pq$%tz{8��z{�induced emission �8 stimulated 

emission�5�}b%Ptuv&��[?&Txno8

! 

n
k,",pq$%&'(�

�uv�induced absorption�5�}b%P 

! �17-3'��R������,�$%���&� 8( 

       
  

! 

c f (t)
2

= uf

0 ˆ H ' ui

0
2

" #(E f

0
$ Ei

0
) "

2%

!
" t                �17-3-(28-2) 

'O��P¡��¢12£�� f ¤&lmno8((1)lm_`aA& 2 ¥((2)

¦§¨©ª«&¬=>((3)
  

! 

2"

!
# t(&Y&�X&D'®¯2b%P)&°&



 361 

! 

uf

0 ˆ H ' ui

0
2

!"(44-1)#(44-2)$

! 

f ˆ " H 
(1)

i
2

%&'()*+",$-./,$01

2345678$9#:4;"<=>!?@AB4C#2DEFA"(2)GHI

JKL$MNO$POQ"RS2TU43V2"WXY4Z[;\4] 

! ^_`"<=>$abc i$deNOfghUijIk!" 

         

! 

"
i
= #

a
$ (#

R
)
i
= a

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,n

k," ,....               (40) 

#F"l$mbc f$deNOfghUijIk! 

         

! 

" f = #b $ (#R ) f = b

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,(n

k ," ±1),....          (40-3) 

#Fn]o@A"<=>pq$bcWrf

! 

"
i
s

! 

" fk2tVGHIJKdeu$

Wr

! 

("Ei# f )`"vw>xy%

! 

(E
b
" E

a
)",w>xy%

  

! 

!"
k
{(n

k# ±1) $ n
k# } = ±!"

k
 

(+: z{|}w"!: ~�|}w)"$�%\4]�2" 

        
  

! 

"Ei# f = (Eb $ Ea ) ± !%k                                     (45-1) 

%\�"�17-3-(28-2)$

! 

"(E f

0
# Ei

0
)`" 

          
  

! 

"(#Ei$ f ) = "(E f

0
% Ei

0
± !&)                                (45-2) 

%&'()�+:�:B]  

 

 

 

 

 

 

 

 

 

  

! 

!"
k  

  

! 

!"
k

 

Eb 

Ea Eb 

Ea 

� 17-2. ��vw>��$,w$01]vw>$GHIJK��

`�SY4]C$56;",w>abc$��j�Of

! 

n"
k

k2

��Y4�=`��01(��)#C*2��F:Bp�01f�

�k;���*4]B�,w$-.234vw>$GHIJK�

�$��]5678`",w>abc$��j�O2��Y4$

%"��-.#Q +*4] 

A B 



 362 

!"#$ 

     ! %&'()*+,(-)*./)0
  

! 

!"
k

= #(E
b
# E

a
) > 0          (46-1) 

      12'()*+,(-)*34)0
  

! 

!"
k

= (E
b
# E

a
) > 0             (46-2) 

56789:; i<=>:; f?*@ABC*DE$ 

      
  

! 

c f (t)
2

= f ˆ " H 
(1)

i
2

# $(E f

0
% Ei

0
± !&k ) #

2'

!
# t                       (47) 

FG78
  

! 

"(E f

0
# Ei

0
± !$k )EHIJKLMNOPQRS#T7UFVG78 

(46-1)$(46-2)*WXYZ*./[34P\V]^F\ 17-2*_`VG78 

(46-1)$(46-2)5E$9:; i*a)bHIJKL:;P Ea$>:; f*a)bH

IJKL:;P EbFS#T78S<S$a)b*HIJKLcd*ef5gh

7F$-)*34F./*+,5E$EaF EbijkS#T7UFVlmnop

T8 

 



 363 

17- 6) !"#$!%"&'()*+,-./0!

! 1123456278!"9:!";<=>?)@AB8!" i7CDEFGH

IJKLMN(4 

! ! ! ! !

! 

"
i
= #

a
$ (#

R
)
i
= a

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,n

k," ,....              (40) 

9+4 OPQRS34 

! !

! 

a " b                                                      (40-1) 

9-.9@A9+,BTU4VWX7YPQRS7U34JKLMZ[\]^

_M A7T`7a7b(cI9+,de4fgdT<7

! 

(k,")7YP()h>4 

! !

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,n

k," ,.... i

! 

n
k1 ,1
,n
k1 ,2
,n
k 2 ,1
,n
k 2 ,2
,.....,(n

k ," ±1),....   (40-2) 

9-.()h,B+d+4jfgdT<7

! 

(k,")7YPk934lmno93pE

q;49rshtuvwxyL]7192sAB562z,48!" ide:!

" f{7-./07|4 

      
  

! 

c f (t)
2

=
2"

!
# t # f ˆ $ H 

(1)
i

2

# %(E f

0
& Ei

0
± !'k )                      (47) 

34}~;�JA��;4:!"7YP7lm9���;3��+�=Bwd

e4(47)(�7���lm��9��<���;+,�@19���+=B  

! 56�27��234�OPQ9VWX7YPQ7!"(�m@A�n��l

m�719()h>=�=BOPQRS;<=>348!"7

! 

a 3j��!"k

;��@AX�3�=B��7no��234OPQ3� ¡m�j��!"k

;sA9)h>¢=de2sABOPQ7:!"34£¤!"7T<(

! 

b 9u

JAX� s¥�+4¦�+,§F7¨©Mª«!"9�AX� s¥�BT

U4VWX7YPQ;<=>34jfgdT<7

! 

(k,")7YPk()h>8!"9

:!"7CDEF(¬h,B 

! 

(k,")7YP7¨©Mª«3®�;)h¯°�e

�=�4±²7YP

! 

(k,")(³/;´µ@A193¶·24¸n¹4º»��¨

©Mª«!"(¼A9+>½¾¯°�e�=B 

! 

(k,")3 j¿ÀÁk9jUÂk

2ÃmÁgA�4�n7:!"7YP;�@Alm234j¿ÀÁk9jUÂk

�Är��³/;ÅmÁgAÆ23�=Bj¿ÀÁk jUÂk Ç/mÈÉ�

ÊË+,Ì2lmÍ�zegAB1ge7Ç/m7ÈÉ3lm7no���2

Å�AB17���!Î;��@AÌ;(47)(ÏÀÐÑAÒÓ�sAB 

 

ÔYP7!"F9!"#$Õ  

! :!"7

! 

(k,")7YP;<=>34ÖYUÂ× Ãm+>=A724ØÙ3



 364 

! 

(k,")!"#$%&'()*+,-./0'123

! 

(k,")456

! 

k!7&+

! 

"48

9$):;<'+

! 

(k,") # k.=>?.@A*

! 

k ~ (k +dk).BC6DEFG)HI

J$%&KLMN4

! 

"(k)d3k!"O$):

! 

"(k)1PM%QRS'TUV@A.>

?WXYdensity of statesZ'():<<'[\H>?N!1+]^_6IJ'&

) k .KLM+`a+]^_6IJ'&)@A.bM4cd$)Ye\fgh

i_jkl1-6#$Z:

! 

d
3
k = dkxdkydkz4+=>?.

! 

k*Om6noFG)p.

qris!g+notu6vw<G,xyz3@A4IJ'&j{j|+}~

1

! 

"(k)d3k  b.HIJ'&)N@A*+<.no'1

! 

(k,").�KL.@A!�

oFG�{)<!6j):<.���X�4(47)6��)<!'+H=>?@A.

noN4T�g+H�>? i�=>? f.����N.�47&�$:  

!

! 

(kx,ky,kz ).�����4TUV�(<G156�k ���!e��G))+

! 

k ~ (k +dk).�rBCis1+,�'kl$)v\6+  

! ! ! ! ! !

! 

d
3
k " dkxdkydkz = k

2
dkd#                               (48) 

!j): k.�&F1

! 

k = k = (kx )
2

+ (ky )
2

+ (kz )
2'+;.� 1+<. k��

6¡���4¢&+£X!+¤X"'¥o'&).'+<.� (!+")4¦§!g

V�r¨i©

! 

d"(= sin#d#d$)'TU): k 1ª.� 4 {�{�e«{!g

V¬1+

! 

k = k = (kx )
2

+ (ky )
2

+ (kz )
21®¯ k.°±4²U+<.°±! dk.

s=°³is(

! 

4"k 2 # dk )*+� 4´µj{¬.

! 

k ~ (k +dk).BC'():g

zg+¥o.

! 

k1¶o.� 4·a+;.� .�r¨i©

! 

d"4TU).'+

5¸°."±s 4¹6ºg�5¸°"±s.

! 

d"»¼4TU)<!6jw+� 

4´µj{¬.°³is(

! 

4"k 2 # dk )6(

! 

d"/4¹)4���½¾)is+

! 

k
2
dkd"+

*

! 

k ~ (k +dk).�rBCis!j):(48)1,x.<!4"Og�{): 

!

! 

(k,").@A�b1+
  

! 

!"
k
.¿ÀSÁÂ!  

! 

!k.ÃÄÅ4ÃÆ:gzg+@ÇX

(c)+ÈÄM(É)+©ÈÄM(Ê)+PË(Ì)+PM(k)6Í{�1+ 

           

! 

c = "#,       2$" =%,         k = 2$ /#                       (49-1) 

.ÎÏ*(w+PM%QRS.�&F1+ 

          

! 

k = 2" /# =
2"$

(c /#)#
=
%

c
                               (49-2) 

'():ÐÑ�+ 

          

! 

  k = k = (kx )
2

+ (ky )
2

+ (kz)
2

=
"k

c
                    (49-3) 



 365 

!"#$%&'($ )*+,-./0123456789:;<=7>?@A

BCD!>EFGH14-2IJKL2MNOPQRSTU>UVW567>XY( 

      

! 

k = (kx,ky,kz ),                                     H14-2-(12-1) 

      

! 

kx =
2" # nx

L
,    ky =

2" # ny

L
,    kz =

2" # nz

L
,                H14-2-(12-2) 

      

! 

nx,ny,nz = 0, ±1, ± 2, "  "  ",                         H14-2-(12-3) 

!"#$Z'J$%>QRSTU>[\]V($ 

      

! 

"
k

= c # k = ck ,                                    H14-2-(12-4) 

!"OP%&0^_`(48)>abcdef($ 

      

! 

d
3
k = dkxdkydkz = k

2
dkd" =

(#
k
)
2

c
3

d#
k
d"                   (50) 

`ghi!jOP 

  kl$H14-2-(12-1~3)m'nO`$ 

           

! 

k = (kx,ky,kz )  

! 

"   (2#/L)(nx,ny,nz )                   (51-1) 

>kKk>KLopq"Om'$k >rs(tsV>ku

! 

(nx,ny,nz )`>KLo

pm'vw+J(xy!jOPz{|Y!>43}~�V�`($tsV>

��Ou

! 

(nx,ny,nz )0V�3EF>%`!"OPk ��!��nO�u>

! 

(nx,ny,nz )>�($x$y$z>�&m>��!

! 

(2" /L)���3�MNOP��M$

vw+J�y!jOku

! 

(nx,ny,nz )q k��!��Oabef( 

            

! 

(2" /L)3 = 8" 3
/V                                   (51-2) 

!"OP%> k��>abef�J$vw+J(xy���k�> k>r

sq��nOG%%!(�rl��0��2MNO>!$%> _JhinOP

2m2$�¡!xyn&¢$k£> k JK2M�¤¥>¦§��rXYq¨�

'&OIP©J$(48)> k ��>abcdef0

! 

(2" /L)3 = 8" 3
/V!ª&¢$(48)

> k��!>abcdefJ«¡&O~�VGvw+J�y!jO?¬6;

>¤¥>VIq'&OP®¯$ 

          

! 

"(k)d3k =
1

(2# /L)3
k
2
dkd$ =

V

8# 3
k
2
dkd$                   (52) 

!"OP%> d3k°>~�VGvw+J�y!jO?¬6;>¤¥VI($(50)

>

! 

"
k

= k /c>op0^_`$ 

          

! 

"(k)d3k =
V

8# 3
$
(%

k
)
2

c
3

d%
k
d&                             (53-1) 



 366 

!"#$%&'()
  

! 

!"
k
*+,-./012345 (53-1)*67805+,-.

/9
  

! 

!"
k
~ (!"

k
+ d!"

k
)*:;<=#678<>?!5 

          
  

! 

V

8" 3
!
3
#
(!$

k
)
2

c
3

d(!$
k
)d% = &('

k
)d'

k
d%                    (53-2) 

! " # $

! 

"(#
k
)d#

k
) 5 @ A B C D E F G H I 5 + , - . / 9

  

! 

!"
k
~ (!"

k
+ d!"

k
) = #

k
~ (#

k
+ d#

k
)*:;<=#JKLM<)NOEP#Q%&*

678ERS5

! 

"(#
k
))5T@A+,-./NUVHS5@ABCDVHS*

678WER#$@<T678*+,-./XYZ8W![\]!^_`#$ 

       
  

! 

"(#
k
)d#

k
=

V

(2$!c)3
% (#

k
)
2
d#

k
=

V

(2$!c)3
% (!&

k
)
2
d(!&

k
)   

              

! 

=
V

(2"c)3
# ($

k
)
2
d$

k
= %($

k
)d$

k
                   (53-3) 

ERS5]]Eab#

! 

"(#
k
))5T@ADcd8NUVHS5@ABCDVH

S*678WER#$ 

           

! 

"(#
k
) $

V

(2%c)3
& (#

k
)
2                                (53-4) 

! ef*gh<5ij<kh+,-./*lmj:;

! 

"#
k
Jn)op"Dcd8

*:;

! 

"#
k
Q!qr*lmj:;!"<=#%&*678)5@A+,-./N

UVHS5@ABCDVHS*Tst*uvE*W%&678*XYZ8

! 

"(#
k
)!

! 

"#
k
"$*w5

! 

"(#
k
)$#

k
$%(= "(&

k
)$&

k
$%)ER#$xyz5{|}~M670��

<�z^��Hm�(47)<5]*678�&0��#]!E5ij��<���

H��m�9�4�#$��5]*��m�0

! 

c f (t)
2

("#
k
,"$)!���5 

     

! 

c f (t)
2

("#
k
,"$) = c f (t)

2

% &(#k )"#k"$          

               
  

! 

=
2"

!
# t # f ˆ $ H 

(1)
i

2

# %(E f

0 & Ei

0
± !'k ) # (()k )*)k*+       (53-5) 

!"#$H��5ij<kh+,-./*lmj�

! 

"#
k
0�=�H*E5e�E

��#gh<5�Z8��)�F0�?#$ 

 

 ij*lmj¡(¢#5!")0F£�H��m�¤  

!
  

! 

!"k = E f

0
# Ei

0)5{|}~M"¥¦§¨©-!�zij<33#ªE)"«5



 367 

!"#$%&'()*+,-./0123456789:;<=>9()?+

@ABC$DE)8!"
k
F2G<HIJ4=+DE)8!"

k
?K,2GL&MN

O+()PFQR3S6< (47)+
  
!(E f

0
" Ei

0
± !#k )+TBUVW+XWY@AB

C$HIJ4Z()2G[\@ABC$+DE)]!"
k
= !!#

k
^+_S`a?K

,9bcd4e>M!"k = !!#k = ±(E f $ Ei)9fg?S6hi4jVW+klI

J !"
k
= #$ ~ +$ m+K,/nopc6=FM?o6< (53-5)+Eq

c f (t)
2

(!"
k
,!#)9 t rR34stumvGi+Eq/w24I;4

  
!"

k
= !!#

k
+

`a?@ABC$K,2GL&9!w f iFxyF4 

    !w f i "
d

dt
c f (t)

2

!#
k

$ !%
!#

k

&
  

= { f ˆ ! H 
(1)

i
2

" #(E f

0 $ Ei

0
± !%k ) "

2&

!
" '((

k
)d(

k
}

)( k

* )+   

        

  

= { f ˆ ! H 
(1)

i
2

" #(E f

0 $ Ei

0
± !%k ) "

2&

!
" '((

k
)d(

k
}

$)

+)

* +, 

        

  

!
2"

!
# f ˆ $ H 

(1)
i

2

%&#{ '((
k
) # )(E f

0 * Ei

0
± !+k )d(

k
}

*,

+,

-            

FQ6<jVW?Y
  
E f

0
! Ei

0
± !"k = 09z{y6  

!
k
= !"

k
+ !("

k
)+|M}i~�

>6<=>9z{y6
  
!
k
= !"

k
9

  
!
0
= !"

0
F24

  
E f

0
! Ei

0
± !"

0
= 0FxyF4 

     

  

!w f i =
2"

!
# f ˆ $ H 

(1)
i

2

# !% &('
k
) # ((E f

0 ) Ei

0
± !*

0
)d'

k

)+

++

,  

         
  

=
2!

!
" f ˆ # H 

(1)
i

2

" $(%
0
)&' 

         =
2!

!
" f ˆ # H 

(1)
i

2

"
V

8! 3
!

3
"
(!$

k
)

2

c
3

" %&                      (54) 

FQ6<��+�Y4(53-2) + !("
k
= "

0
)9���[\+��VWF23��2

3S6<stumvGi+Eq!w f i+�/Y4()���+DE)`a!"  M

�6+?4stumvGi+Eqw f i9��+��/�)�y6< 

      
  

w f i !
"w f i

"#
=

2$

!
% f ˆ & H 

(1)
i

2

% '((
k
)                             (55) 

w f iY4���+[\M k��?56��M4stumvGi4st���vG

i/�=6Eq?56<kY (k,!)+��HIJ4[\+�i/;S3Y�9}

R3SQS=F/��< 

! [��F[ ~/Vy6��+b¡¢£Y¤17-5?��+��/x2G< 



 368 

       

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
ik $x j $ (ek ,% , ˆ p j )]

j

&  a $ nk ,%          (44-1) 

       

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
$ ik %x j % (ek,& , ˆ p j )]

j

'  a % nk,& +1       (44-2) 

!"#$%&'()*+,-./0123456789,./:;<789(=

>?@(53-2) (

! 

"(#
k
)A, (55)(

! 

w f iBCDE&F

! 

w f i(G;HIJKLM'&#$ 

 N#OPQ,(44-1)+(44-2)BK&#

! 

e

m
b [e

±ik "x j " (ek ,# , ˆ p j )]
j

$  a (RS+T(K

UHIVWXAYZ#%+!"#$[\!]^E#$ 



 369 

17-7)!  !"#$%&'!"()  

! *+,-*./0()1203456789: 

         
e

m
b [e

±ik !x j ! (ek ," , ˆ p j )]
j

#  a                          (56) 

0;<=>?@AB6e
±ik !x jCDEF?@G0HIJ0k ! x j56*K0LIMN

OP%QKRS jTU%VWPXY&K0Z[WNOP%0\]S>?@ x j0

^_`56QKR0&K0LabI a ,  b =cS5defg%EFhie0S6

QKjkK0lmn(0.1~1nm=10-10~10-9m)oEF?@pq6*K0k0^_`5

k = 2! /"S>?@*=rs*%t?%6u0Lvw0xy5(3.8~7.8)x10-7 m S

>?@z{|drs*S>? Na0 D}~��0�*}�0Lv5 590nm=5.9x10-7 

mS>?@�46k ! x
j
"10

#3
~ 10

#2
<<1S>�6��0e

±ik !x jo�I��XY3 

          e
±ik !x j =1 ±  ik ! x j " (1/2)(k ! x j)

2
+ ! ! !                      (57) 

S65��0�0�o��6e
±ik !x j =1! %/�?@(56)0789:56  

          
e

m
b (ek,! , ˆ p j )

j

"  a                                     (58) 

%d?@ 

! �56 b ˆ p j a = b x j a S{�S_?G%o1�t?@u0�46QKR0&

K4�eh0��PO��� 

       ˆ H el =
1

2m
ˆ p j

2

j

! +V (x1,x2," " ",x j ," " ")                            (59) 

% x j0��b�, [ ˆ H el ,x j ] =
ˆ H el  x j ! x j

ˆ H el  , o�M?@V (x
1
,x

2
,! ! !,x j ,! ! !)5 x j0�

0bI�CD6 x j%r�S>�6 ˆ p j
2

��= ¡4d?@  

    ˆ p j =
!

i
! =
!

i
(
"

"x
,
"

"y
,
"

"z
)   ¢   (ˆ p j )x =

!

i

!

!x
,     (ˆ p j )y =

!

i

!

!y
,      (ˆ p j )z =

!

i

!

!z
  

4£¤Xh6jTU0&K0 x¥kSEF?%6 

   [ ˆ H el ,x j ]x j
= ( ˆ H el )x j

 x j ! x j (
ˆ H el )x j

=
1

2m
(ˆ p j

2
)x x j ! x j ( ˆ p j

2
)x  

      

  

=
1

2m
(!!

2 " 2

"x j

2
# x j + !

2
x j #

" 2

"x j

2
) =

!!
2

2m
(
" 2

"x j

2
# x j ! x j #

" 2

"x j

2
)    

      = !
!
2

m

"

"x j

= !
!
2

m
(#)x j                                     (60) 



 370 

!"#$%&'(

! 

(
" 2

"x j

2
# x j $ x j #

" 2

"x j

2
))*+,"(-./01"234567

! 

"8

9:;<=>?@ABCD.  

    

! 

(
" 2

"x j

2
# x j $ x j #

" 2

"x j

2
)% =

" 2

"x j

2
# (x j%) $ x j # (

" 2

"x j

2
%) 

      

! 

=
"

"x j

[
"

"x j

# (x j$)]% x j # (
" 2

"x j

2
$) =

"

"x j

[$ + x j

"$

"x j

]% x j #
" 2$

"x j

2
= 2

"$

"x j

 

!"E.(60)(FGHI;C#$yJK.zJK-LMN(FG5"#(-. 

    
  

! 

[ ˆ H el ,x j ] = "
!

2

m
(#) j  

-O#$PQ@. 

   

  

! 

ˆ p j =
!

i
" j =

!

i
(
#

#x j

,
#

#y j

,
#

#z j
)
  

! 

=
!

i
" (#

m

!
2
)[ ˆ H el " x j # x j "

ˆ H el ] 

                          
  

! 

= i "
m

!
[ ˆ H el " x j # x j "

ˆ H el ]                   (61) 

-O#$R,S(T,(UV678

! 

a .

! 

b !W@.

! 

ˆ p j8XY!. 

    
  

! 

b ˆ p j a = b i "
m

!
[ ˆ H el " x j # x j "

ˆ H el ] a
  

! 

= i "
m

!
{ b [ ˆ H el " x j a # b x j "

ˆ H el ] a = * 

!"#$R,ST,(UV67

! 

a .

! 

b !Z[\]^UV_(6`:;. 

! 

ˆ H 
el

a = E
a

a ,    ˆ H 
el

b = E
a

b " b ˆ H 
el

= b E
b
 "(-. 

    
  

! 

* = i "
m

!
{Eb b x j a #"Ea b x j a

  

! 

= i "
m

!
(Eb # Ea ) b x j a  

!"#$ab. 

      
  

! 

b ˆ p j a = i "
m

!
(Eb # Ea ) b x j a                                 (62) 

-O#$c(FG8=2#!. (58)(&def)g(345"#h. 

     

! 

e

m
b (ek," , ˆ p j )

j

#  a

  

! 

= i "
m

!
(
e

m
)(Eb # Ea ) b (e

k ,$ ,x j )
j

%  a  

                     

  

! 

= i " (
e

!
)(Eb # Ea ) b (e

k ,$ ,x j )
j

%  a  

                     

  

! 

= (
"i

!
)(Eb " Ea ) b " e (e

k,# ,x j )
j

$  a              (63) 



 371 

!"#!$%&e'( j)*+,-#.)/012,34567819)

! 

x j#.)

:;345<=,>!"#?:@ABC)!"#!$%&e'(DEFGHIJ

2KLABCMN8O"P#!"#!QRSTUVWXB6Y,> 

         

! 

D = "e x j

j

# = ("e)x j

j

#                                       (64) 

3ZN8[\!]Q^)_`F?:

! 

x j)!$

! 

qj(x j )abcHF`,d#!QRS

T"UVWXB 

        

! 

 Dclassic = qj(x j ) " x j

j

#  

)eK,> 

  fg#hi)8

! 

e
±ik "x j =14jk+,3468lmnoN 

     

! 

e

m
b [e

±ik "x j " (ek ,# , ˆ p j )]
j

$  a  

  

! 

" i(
e

!
)(Eb # Ea ) b (e

k,$ ,x j )
j

%  a      

                             
  

! 

= (
"i

!
)(E

b
" E

a
) b (ek,# ,D) a              (65) 

4O"P#!"#!QRSTUVWXB)pqr;st)67,>3ZNST

jk%dipole approximation'4uvZ,>3#STjk#lmnoaw6x`y

I)z{|}z~<a�3,>3#��)h,�/N8!QRST�/(electric 

dipole transition, E1)4uvZ,>�r#���6STjk#lmnoa��6N

x;8!QRST�/a��xyI8�#�/(���/(allowed transition)4

u�>��8STjk#lmnoa��#yI8!QRST�/N���/

(forbiddened transition)6Y,4�i> 

! z{|�z~<a����6��1Z,346�/a��1Z,���98

����/ 4N8¡¢HKst)£3¤,>H�H8�!QRST�/#�

¥N��6NY,a8¦#��6#�/�¥N8§1`5##8��6N

x` yIaY,>��98����/ N¨�¡¢6Nx`>5H8(57)#©

ª«¬ 

          

! 

e
±ik "x j =1 ±  ik " x j # (1/2)(k " x j)

2
+ " " "   

6

! 

(k " x j)#�®6¯°+Zv8�#jk±@C6Nlmnoa��4Nx9

x`yIaY,>3#

! 

(k " x j)#�²�9N8!QR³TUVWXB�´X

µC(¶·lmnoa¸¹,>3#noa��6Nx`34)h,�/N8!

QR³T�/(electric quadrupole transition, E2)4uvZ,>®K83#

! 

(k " x j)#



 372 

!"#$%&'()*+,-./0(1/23456789():;<=>

(magnetic dipole transition, M1)2?@ABC9DE$E'FGHI20):J<

=>(E2)K9L&():;<=>(M1)2?@&'0):;<=>(E1)2?@7M

N'O+P+I'

! 

(1/137)
2
"10

#4  QRS7TUVLWXY,1991; Z['1969\D

]^_'`a2bcI&';<de7890):;<=> (E1)2f7ghi

9D():;<=>(M1), 0):J<=>(E2)7jL_&, Cowan (1981)k XY

(1991)lmnopqLD 

 

 

17-8)! =>?@2rst[/uvt[wxy2zL  

! {|}~&'����G/B���G7�E_'�p�p' 

      

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
ik $x j $ (ek ,% , ˆ p j )]

j

&  a $ nk ,%           (44-1) 

       

! 

f ˆ " H 
(1)

i =

  

! 

e

m

!

2V"0#k

b [e
$ ik %x j % (ek,& , ˆ p j )]

j

'  a % nk,& +1       (44-2) 

IK^qD�� i��� f 2=>����'���

! 

d"2��$2��7��

  

! 

"
k

= !#
k
2�G�xyW�q&t[\op9������q�������q�

2=>?@�&'  

      
  

! 

w f i =
2"

!
# f ˆ $ H 

(1)
i

2

# %(&
k
)d'                             (55) 

IK9D;<de78�{|}~2`�2 ¡&' 

  

! 

e

m
b [e

±ik "x j " (ek ,# , ˆ p j )]
j

$  a  

  

! 

" i(
e

!
)(Eb # Ea ) b (e

k,$ ,x j )
j

%  a      

                             
  

! 

= (
"i

!
)(E

b
" E

a
) b (ek,# ,D) a        (65) 

/V9D(-e)l0);<*+,-./E_¢ 7£�¤�¥¦IA§L�'�

�I&(65)2 el¨7©Eqª«2¥¦l6L9D (55)7¬l®¯i9/' 

uvxy°&uvt[7�i9(55)2=>?@&' 

 
  

! 

wi, f =
2"

!
# f ˆ $ H 

(1)
i

2

# %(&
k
)

  

! 

=
e

2("k )
3

8# 2$0!(c)3
% n

k,& % b (e
k,& ,x j )

j

'  a

2

 



 373 

        

  

! 

= (
e

2

4"#0!c
) $

(%k )
3

2" (c)2
$ n

k,& $ b (e
k,& ,x j )

j

'  a

2

              (66-1) 

!"#$%&'()*+(44-2),

! 

n
k,"*-.,/012304567

! 

(k,"),89

:;<=$%&>?, (44-1)),

! 

n
k,"*+>?@A#89

! 

(k,"),123),4

5:)B#$%&'(C%&>?0D5=#89

! 

(k,")*123,89)B#$

EF+GH'(,3I*+(44-2))

! 

n
k," = 0!673I)+123,89:0JK

L0GH'(*MN#$GH'()*

! 

(k,"),89:;OP0=#QR*"S,

)+GH'(,-.TUVWXY#$ 

 

ZGH'(,[\]^_7`,a-.TUb  

! GH'(0c=#d[\]^_7`,[\efg_7`,-.TUh*+ 

     

  

! 

w f i = (
e

2

4"#0!c
) $

(%k )
3

2" (c)2
b (e

k,& ,x j )
j

'  a

2

                    (66-2) 

!"#$ (e2);ijL:k*+l!m@A#Jno,p:)+qrstp:(fine 

structure constant)!uvA#$CGSwxy[\z)*  

! 

" = e
2
/(!c){|+SI[\z

)*+ 

           

  

! 

" = (
e
2

4#$
0
!c
) %

1

137.0
                                  (67) 

!"#$N,Jnop:*+d}~���-.,TU0��+}~���-.B

#S*�~���-.,TU*+

! 

(1/137)
2
"10

#4  ���)B#h!m67/0�

��6�S#$(65), e;�0�67<�;�S7��*+N,Jno,qrs

tp:l0�S���#�)B�7$  

!  (66-2)*+�� i��� f,-.|MN`+k,[\efgF�0�j
  

! 

"
k

= !#
k

,89|'(@A#[\]^_7`,TU;<=$�N),89,�8F�

���*+B ¡)�+BWV¢£¤p@A7E�,F��)B#$6V6+

GH'()¥¢#89*BW¦#�§;¨`+�8F��©p=#QR*" +

ª�,�8F���=1, 2�0�S��«;¨��XY¬v"W"S$%&'(C

>?)*+k!�`�|¤p@A7123,89:

! 

n
k,"|-.TU,®R¯0

B#,)+°±*²"#$  

 �N)+¡³+´µ¶·¸m¹; 



 374 

     

! 

b x j

j

"  a # x f , i                                             (68) 

!"#!$(66-1)!(66-2)%&'()*+,-./0123"45$ 

    

! 

b (e
k," ,x j )

j

#  a = b (e
k ," , x j )

j

#  a

! 

= (e
k ," , b x j

j

#  a ) = (e
k," ,x f , i)    (69) 

!$67839:% k ;<,=>?@AB>C#.DE%FG;<%HIJ3

9:

! 

e
k," (" =1,2)!

! 

x f , i%AK%L,BM.N&'()5 (66-2),O.PQ,DR

STLBUQ%B$DE%FV;<,EWX%DRY5$Z[839:,EW

X%\%]^_`a#.N 

 bc,>C#.dE%HI839:_

! 

e"(" =1,2,3)!#.e$Z[%839:

! 

a = (a
1
,a
2
,a
3
),fSX$ 

          

! 

a
2
= (a

1
)
2
+(a

2
)
2
+(a

3
)
2

= (e",a)
2

"=1

3

#                       (70) 

ghi#.N>C#.dE%HI839:

! 

e"(" =1,2,3)5$j%kl$ 

         

! 

e"(" =1,2,3)  #  e
k,$ ($ =1,2),  e

k,3
= k /k  

!mn$oT!

! 

a  "   x f , i  !SX$ (70)_UQ!$ 

         

! 

(x f , i)
2

= (ek," ,x f , i)
2

" =1

3

# = (ek,1,x f , i)
2

+ (ek,2,x f , i)
2

+
1

k
2

(k,x f , i)
2 

!?.Njp_qM>rs$DE%FV;<!

! 

e
k,"%AK%DR%Y5$ 

        

! 

(ek," ,x f , i)
2

" =1

2

# = (x f , i)
2 $

1

k
2

(k,x f , i)
2  

                   

! 

= (x f , i)
2
" (x f , i)

2
cos

2# = (x f , i)
2
sin

2#             (71) 

!?.NTtS$

! 

k!

! 

x f , i%?#uv_w!SXW.NxyX$FV;<_z{

?Wkl$ (66-2)%&'()%AK%DR5(71)%Y_UyX$  

      

! 

b (e
k ," ,x j )

j

#  a

2

=

! 

(e
k ," ,x f , i)

2

! 

   "     (x f , i)
2
sin

2#              (72) 

!|M}n~s?�?W. FV;<_z{?Wkl$k ;<%i�u_

! 

d"!#

.!$HIe��TG%����%����5$  

      

  

! 

w i, f (spnt.) = (
e

2

4"#0!c
) $

(%k )
3

2" (c)
2
$ (x f , i)

2
sin

2&d'                  (73) 

!?.N����B5$FV;<_z{?Wt�B5?�$67839:% k



 375 

!"#$%&'()*+,-./01*-(73)23456,' 

        

! 

sin
2"d# = sin

2" $ (sin" $ d"d%) = sin
3"d"d%  

27,6-89:;<=>?@,ABCDEF

! 

x f , i<GHI Z2$%5-JKL

MNO/ k !"<PQ'GH8R!S8<

! 

(",#)R5-T/U7/8927,6

:;<VWR- 

       

! 

sin
2"d#

 $= 0

2%

&
" = 0

%

& = sin
3"d"d$

 $= 0

2%

&
" = 0

%

& = 2% sin
3"d"

 " = 0

%

& = 2% '
4

3
           (74) 

R+'AXY/:;*Z[/\W256]^'A _`2-

! 

sin
n
x/:;*-a

;:;<U9bcd56- 

       

! 

sin
n
xdx" = #

cos x $ sinn#1x

n
+
n #1

n
sin

n#2
xdx"  

R+'/F-

! 

n = 3R&>? 

      

! 

sin
3"d"

0

#

$ =
2

3
sin"d"

0

#

$ =
2

3
[%cos"]

0

#
=
4

3
 

Fe'A 

! T/\W256-fg/hijk*elm'!"2nTc-of!"#pq

+,R5r01/sStuvrc/wxyz{Ql>'Ahijk/|wxy

zFe'AT><}~�/WF��&'R-  

        

  

! 

Wi, f (spont.) = (
e

2

4"#
0
!c

) $
4(%)

3

3(c)
2
$ (x f , i)

2                       (75) 

r�5-k/!"<�p25r/F- 

! 

"
k
#"R5rAT/

! 

Wi, f (spont.)*-Y2

�L'\W2-Einstein{��5rhijk/wxyz/�K�21Fe'A 

 

���jk�����/wxyz�  

! �����jk2�&'wxyz/�(66-1)2��6�Q'{-��/hij

kR/��/�-TTF*��jk<�Q'{-��*����2#v6*�

'A  

     

  

! 

w f i = (
e

2

4"#0!c
) $

(%k )
3

2" (c)2
$ n

k ,& $ b (e
k ,& ,x j )

j

'  a

2

              (66-1) 

T/��jk����/yz�*-��2�� +¡¢<�£256¤c-3

4&'

! 

n
k,"*-¥¦0F/

! 

(k,")/fgKFe'A

! 

n
k,"<�Q'2*-§17-6 F



 376 

!"#$%&'()*&+ 

! ,17-6 -./ (k,!) " k!01.23!4056789:;<8=>$?@/

ABCDE-FGHI/JKLMN)
  
!!

k
~ (!!

k
+ d!!

k
) = !

k
~ (!

k
+ d!

k
)!OP$

Q&RSTU$.VW-X&Y01!Z[\. !("
k
)d"

k
-*]/^_-`Ga

b&<?H+ 

      !("
k
)d"

k
=

V

(2#!c)3
$ ("

k
)
2
d"

k
 =

V

(2!c)3
" (#

k
)
2
d#

k
           ,17-6 (53-2) 

;!_.ABCDEcH]!01!Z[\dea/fgCDE d!hFG&</

d!
k
< d!!ijOP$klm&n01!Z[\=01!RSTU$VW-X&Y

op\q./ 

       !("
k
)d"

k
d# =

V

(2$c)3
% ("

k
)
2
d"

k
d#                          (76-1) 

-*&+ d!
k
< d!!ijOP$.r& (k,!)!01\) n 

k,!sa/;b$(76-1)

8tuHvw 

       n 
k,! " #($k

)d$
k
d% = n 

k ,! "
V

(2&c)
3
" ($

k
)
2
d$

k
d%                (76-2) 

.nSTU$.xWyb&zX{|!01\q-*&+ (76-1)!}1./d!
k
<

d!!ij89:~3)hHamn���q<FGb��]�mr+ (k,!) " k!

01��.!!
k
!JKLMN89:!-/(76-2)$!!

k
8tuHvw./n��)

d!�/E��\)!
k
~ (!

k
+ d!

k
)!OP-!01\) n 

k,!-*&I!R{|!Y

01!JKLMNq-*&+  

        
  
!!

k
" n 

k,# " $(!k
)d!

k
d%  

                 = !!
k
" n 

k,# "
V

(2$c)
3
" (!

k
)
2
d!

k
d%                  (76-3) 

;!��8 V -�&</n d!
k
< d!!OP-!01\) n 

k,!-*&I!ABD

�cH]!01!JKLMNq<?@/ u 
k,!8FG&;<)-X&� 

         u 
k,! d"

k
d# = !"

k
$ n 

k ,! $
1

(2%c)
3
$ ("

k
)
2
d"

k
d#                 (76-4) 

;b�]/ n 
k,!. u 

k,!8�r@/  

        

  

n 
k,! =

(2"c)
3

!(#
k
)
3
$ u 

k,!                                        (77) 

<s&+ (66-1)! 8 -�X�Gb�/ 



 377 

       

  

! 

w f i = (
e

2

4"#0!c
) $

(%k )3

2" (c)2
$

(2"c)3

!(%
k
)3
$ u 

k,& $ b (e
k,& ,x j )

j

'  a

2

 

          

  

! 

= (
"e

2

#0!
2
) $ b (e

k ,% ,x j )
j

&  a

2

$ u 
k ,%                           (78) 

!"#$%&'()%&*+,-./'()*+,01#234 ./56

74238 49:;<=# ->#$?@?/AB4C4DE.FG4

EHI>BJ#4-/ 

  

! 

b (e
k ," ,x j )

j

#  a

2

=

! 

(e
k ," ,x f , i)

2
= e

k,"

2

# x f , i

2

# cos
2$ = x f , i

2

# cos
2$     (79) 

!KLM/A2DEC! "=NOPQRLMSTUNQVWMXY:ZB/

!AB4[\]^_`

! 

e
k,"!4ab4cd:ef=#$ 

   

! 

1

4"
# cos

2$ # d%
%= 4"

& =
1

4"
#  cos

2$ # sin$ # d$ # d'
'= 0

2"

&
$ = 0

"

&  

                  

! 

=
1

4"
# d$
$= 0

2"

%  cos
2& # sin& # d&

& = 0

"

%  

                 

! 

=
1

2
 cos

2" # sin" # d"
" = 0

$

% =
1

2
 (1- sin

2") # sin" # d"
" = 0

$

% =
1

3
 

gh4ij., (74)QRLMk]lm(4

! 

sin
n
x4bnop:qJ$ 

! rs'(-./tT"cR4A2DECQRLM4u:!B/@R k rU4

DEvSTUNQwlWMbn?l$?@?/%&'()%&*+,-. .

x<01MyB/234zR4C4ABDE! 4ab4cdXY:{|#}

~�Q��4TUN4bn:qJ$�1.%&'()%&*+,!rs'(4

��"�L->#$�WM/zR4C4ABDE! 4ab4cdXY9!?

M./ 

         

! 

b (e
k ," ,x j )

j

#  a

2

=

! 

1

3
" x f , i

2

                              (80) 

!"#$�Q/ k DE4[\TUN�lB[\��>lB4%&'(4���

�. 



 378 

        

  

! 

w f i = (
"e

2

3#0!
2
) $ x f i

2

$ u 
k ,%                                    (81) 

!"#$

! 

w f i%

! 

u 
k,"&'()*&+,-./0123456#7!89:$  

! 

u 
k,"&;<

  

! 

(
"e2

3#0!
2
) $ x f i

2

%, =>.?@# Einstein(ABCDEAFGHIEAJ

KL&MNOP&;< B21(=B12).Q#$ 


