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ih̄
∂Ψ

∂t
= HΨ (49)

E5FHGJILK*M�N <�"�$O��%�'�P�Q#CSR�T*�3)#U�:S�S,/-3.��V�O�/W�)VX3Y#Z3[3\��S]/Z�,
-�.���W^;SPSB�U E^FHGJIHK�M*N ��_&`���!��SW��Sa/b#c/Td;&P�BO+���egfA�Vh54=6i8SD

Ψ(t) =
∑

i

ciΨie
−iEit/h̄, HΨi = EiΨi

"#$V��%�'�j�8lk�m�nO<3o�pqf7�O)#U�:�� E5FHGJILK�M�N ��Ur+���e�f7�3"#$ %�'/(gsrtu�v <#t�wx658lR#T�0�y�8�D
H = H0 + H1(t)z*{O| U#"�$O�V%#'�jg8l}#R�~���R#<�'��*j�8*e�fAQ3���#<�:��ge�fHQ�R#T������*j�8�D

(49) ��W*)V+��&,�-3.�sr����j H0
���&jg8O_&`���Y�sS��C3B�h*j�:*;=<#0��38VD

H0ui(r) = εiui(r)

:��Sa�b�c#T^;&P�BOW�<�+���e�fA��h54=658�; � { e�f�D
Ψ(r, t) =

∑

i

ci(t)ui(r)e
−iωit, (εi = h̄ωi)

:���e�fHQOW�sS���*j�8�;rU H1
<�'���PVQ�CSR*T���)���Y ci(t)

)�"#$3��e*?lQ�C��#Y
;lQ�8SD�:��S���Sb�s ����j�8#:�;��geg� (49) )O+���e�f��Sh9476^8&D

ih̄
∑

i

(

dci(t)

dt
− iωici(t)

)

uie
−iωit =

∑

j

[h̄ωj + H1(t)]cj(t)uje
−iωj t

� wg��U��3Y cn(t) �/"�$ %�'/(�s�����8��3���S+���]/Z/,�-/.#</�^?H658&D��O��PVU�:6�sS�3���V��W��H��)���POC3D
ih̄

dci(t)

dt
=

∑

j

cj(t)

∫

dru∗

i (r)H1(t)uj(r)e
i(ωi−ωj)t

=
∑

j

cj(t)H
ij
1 (t)ei(ωi−ωj)t (50)

k#m/��n#0�) (50) �&W�sOU�+���egf7�Vk#m v �� ��#4&���/P�B3����P3�Sb*0�����egf;lj�8�D
ci(t) = c0

i + c1
i (t) + · · ·

:��S����s (50) �����gP�B3�^?H6i8 0 +���W*)�"#$3�V%/'�P�Q�C&�#Y�0�y�8&D 1 +���W)O+��ge�f=�&����?H658SD
ih̄

dc1
i (t)

dt
=

∑

j

c0
jH

ij
1 (t)ei(ωi−ωj)t

c1
i (t) =

1

ih̄

∑

j

c0
j

∫ t

0
dt′Hij

1 (t′)ei(ωi−ωj)t
′

(51)
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:�:r0*U�y�8l¡���� ¢�£/Y ω 0O¤#m�j�8�+��ge�f7Q�k�mgs�� { B�¥�egf¦D
H1(r, t) = 2V (r) cos ωt = V (r)(eiωt + e−iωt)

:=6�s (51) �S�/�gP�U §/¨O©#ª^;&P&B t = 0 �g;V� c0
j = δji

</«q�­¬ � ;H����PSB t′ �� C�B��S®#Zgs�¯#°�jg8�;rU cj (j 6= i) �V��P&B3+��&c�±/<#�9?76i8SD

c1
j (t) =

1

ih̄
Vji

∫ t

0
dt′(eiωt′ + e−iωt′)ei(ωj−ωi)t′

= −
1

h̄
Vji

[

ei(ω+ωj−ωi)t − 1

ω − ωj + ωi
+

ei(−ω+ωj−ωi)t − 1

−ω − ωj + ωi

]

PO�S<9²³B*U ω ' ωji
<�«q�´¬ � ;�� |c1

j (t)|
2 �/"�$ X#µ*)V+���e�fH��¶ { ?A658SD

|c1
j (t)|

2 '
|Vji|

2

h̄2

2[1 − cos(ω − ωji)t]

(ω − ωji)2
, (ωji = ωj − ωi)
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·
5: ��Y (1 − cos ∆ωt)/∆ω2, (t = 10)

;�:3¸r0 · 5 �&¹*j�e�fH��U ∆ω �*�&j�8lº��³Y (1− cos ∆ωt)/∆ω2 )�Ur»�¼ ∆ω = 0��;�� t2/2 ��½�s*¾�¿VU ∆ω ��½��&À� ^;/;3¾ ��U 2π/t �S¢/¨�0�¤#m�P�Q�<^? Á/�&½*)
1/∆ω2 ��Â z PrBSÃVÄ�QSÅ�Æ�s=¹�jOD´»O¼VÇ�È/0O)&É�4L< t2/2 ULÊ ∼ 2π/t -�Ë��rÌ�C3Í�ÎÏ <*y^��U&jOÐ�B*� ∆ω � ½�� � CVB3®3ZgPV�S½�) πt 0�y�8&D � w���U ∆ω � 2π/t → 0��Ñ�Ò�0#)�US+��ge�f7�&Ó G�Ô �rY*0�Ç#Õ�0��/8�;=Ö*Q3jg:�;7<�0���8&D

|c1
j (t)|

2 '
|Vji|

2

h̄2 2πtδ(ω − ωji)
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PO�S<9²³B*US��! i × ? j Ø �OÙ�Ú�"#$�ÛV�d�H��Ü#Ý�Þ/ß�)�+���e�fA��h5476^8&D
Pi→j =

2π

h̄
|Vji|

2δ(h̄ω − εji), (εji = εj − εi) (52)

∆ω � 2π/t → 0 �OÑgÒ/)�U�¢#£#Y��Oà�Þ#��( 2π/∆ω ��Â�Ð/á�Z�âgC�"*$�0��Vã�ä�j8�:�;Ssrå�æSjg8VD�Ü#Ý�Þ�ß���çOè��� #X#é�ê�0�y�8�:*; × ? (52) )�ë�ì GíF �&î�ï�ð
(Fermi’s Golden rule) ;&P�B�>@?A6�B�C�8&D
ñ�ò

: ��®�Z�� � C/BO+��&.�<#«J��¬ � D
∫

∞

−∞

dx
1 − cos x

x2
=

[

−
1 − cos x

x

]

∞

−∞

+

∫

∞

−∞

dx
sinx

x
= π

4.4 ó5ô �5õ�ö3÷@ø�ù�údû/ü�÷
4.4.1 ý�þ5ÿ������ ���
	*ÿ���
������
»O�d;H}��3£�U�wS�O)�}/�d;H}���£5;r�������#��<�»3���ge�8��������*U������*����j
8SD3j/0��� "!�P3��e�f7��:S����������)�+�� E9FHG
ILK�M�N s���COB31/254=6i8SD

H =
1

2m

(

p +
e

c
A

)2
=

1

2m
p2 +

e

mc
p ·A +

e2

2mc2
A2 −

ih̄e

2mc
∇ ·A (53)

# C&}#�3R���R�Tgs�� { U�$ Ï I´G�%�&�N('�)³G �&É�+ v )+*�,�0g�/8�;r� { e�f¦D*:/:
0�)g4�?³��U+$ Ï I�G�%�&gN('�)³G <�+��&©#ªgs ���Ojg¾&��;xj�8�D

∇ ·A = 0

wS��Ur}/��£�s 132�j�8-$ Ï I­G�%�&�N('�)³G �/.�$�U3"#$ %�'/(3<�+���e�fH��¶ { ?A6
8#¾S��;7�#��jg810 �O���/)�:V��e�f QO£���2�3�T�4�59;xQ�8(6 D

A(r, t) = A0e
ik·r−iωt + A∗

0e
−ik·r+iωt

:���;��SU�"�$O�V%�'�P��Sk�m v )�+��ge�f=�&h94H6^8�:�;=<�4 × 8�D
H1(r, t) =

e

mc
p ·

(

A0e
ik·r−iωt + A∗

0e
−ik·r+iωt

)

(54)

}/��7/���geA6 | U/8/® V �/.�$O��t�wx6i8l}��/£��ge�8/9�: G�; Î Eem
)�U/Á3�(9

: G<; Î>=�Ëgs&�*CVB/+��ge�f7��¶ { ?H658&D
Eem =

1

T

∫ T

0
dt

∫

dr
1

8π
(E2 + B2) (55)

�O�*PVU/"�$�� � C3B�?(@�P��S½gs�� { �3D&+������/<�«J�­¬ � :*; s&�*C3U�:=6�s/$ ÏI�G�%�&�N�'<)�G �r¤�Ê*sS��C3B�h*j�:�;7<�0g��8SD
E = −

1

c

∂A

∂t
=

iω

c

(

A0e
ik·r−iωt −A∗

0e
−ik·r+iωt

)

B = ∇×A = ik ×
(

A0e
ik·r−iωt −A∗

0e
−ik·r+iωt

)
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}#Rd;��3R��&¤�Ê��BADC�)�+��ge�f7��h94H6^8SD
|E|2 =

(ω

c

)2 [

2|A0|
2 − (A2

0e
2i(k·r−iωt) + c.c.)

]

|B|2 = 2(k ×A0) · (k ×A∗

0) + · · · = 2k · [A∗

0 × (k ×A0)] + · · ·

= 2(k2|A0|
2 − |k · A0|

2) + · · ·

:76�s (55) �S�3��P B+.�$�;³"�$V�SXOY�� � CVBO®3Z�s�° f ;³U/EO��.��/FO6�8�.�$�U&"$*�S��X#m�j�8 v )(?�@�PSB�GIHV�/Q�8#:*;=<�4 × 8SD�w��#US}���£��&Z�J�� � ω = ck;rU($ Ï I�G<%�&gN�'�)�G �S©#ª × ? k · A0 = 0 <#«q��¬ � :�; × ?�}�R@;���R�)�K�LM ¶�sr¶ { 8�:�;�<�4 × �¦U (55) �S®/Z�)V+���e�fH�V��w/8�D

Eem =
V ω2

2πc2
|A0|

2 = nh̄ω

����PSU�8O® V ��N&� n O �>�O�3<3tgw76�ÁO��9�: G�; Î³< nh̄ω 0�¶ { ? 6�8#;l� { �OD

A0 =

√

2πc2n

V ω
u, (k · u = 0)

Ù3Ú�$ Ï I�G
u
)3£���P�°�,RQ3�+SIT�Q(URE���yd��U�}���£��(V������&�#<�y�8�D�:x6

s (54) �V�/��jg8�;�UVc�W������#�/</+���egfA���9?A698SD

H1(r, t) =
e

mc

√

2πc2n

V ω
p ·

(

ueik·r−iωt + u∗e−ik·r+iωt
)

(56)

:x6�s (52) �V����jV6 | USÜ#Ý�Þ/ß#</+���egfH�Vh547698SD

Pi→j =
4π2e2n

m2V h̄ω
| 〈φf | e

ik·ru · p |φi〉 |
2δ(h̄ω − εji), (57)

4.4.2 �X��Y�ZX[�\��"��]<^(_
»O���+9�: G�; Î-`�Ú�$3�rÜ#Ý�� � COB�)#U eik·r ' 1 �&Ç/Õ�<3«J� ¬ � :�;V¾=>9?H6�BC�8SD*PO��<i²�B�U�»/����eV8a��������U�����)�U�+��S°�b�c�d��S½��*� �/<�y�8SD

Mfi = 〈φf |u · p |φi〉

»���� E9FHGqILK�M�N � � C�B/+���e�f��r��<�«q�­¬ � D
[r,H] = [r, p2/2m] = ih̄p/m

:��Sc#±gsS��CVB�U�°�b�c�d�s +��ge�f7��h*j�:�;�¾r0g�38VD
Mfi =

m

ih̄
〈φf | [u · r,H] |φi〉 =

m

ih̄
(Ei − Ef ) 〈φf |u · r |φi〉 (58)
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