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I. �������� ����� �� �� �� � � �� �� �� � ����

���g�V�@�����g� �S���-� ^ � ���-�-(�)&*d, Y�2L�-�S���S����!���hqi��-����� ,�> Z
)+C
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0 .mc c m c= +p         (1) 

X ����� , �3�V��fE�-� ��}�� U R-��(#)JC1����� � > m0
��\�	�� ����� ����������!#�32���F�� �W *-, U@¡�¢ l£k�)+C
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0 0 .E m c= (2)

� ~��#�S}��#Y Z ) 1
b�� T 	 >�� 	�¤�¥ ] 	�¦§�S¨ 5 Y 7�x+� 2 ����� 	 �&©�R�(#)+ª�«

�&¬ ¢ )+C­Q®j¯ � ��°�±�Y 7�k�² 2L³ ´�µ��Fh�i����F����! � K
2E~ B ³ ´�µ��3¶3· �Q�V¸ �º¹»���F���! � V ._(#)+. 2 K . V

�#�#Y��3���S� � >3R�� (#)+C
1
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K V= −  .                                    (3) 

K
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V
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Y p-/E��C ~ B ³ ´�µ��Fh�i���������! K

�S¼���½�¾
. ³ ´�µ���´���������! E

�S¼���½�¾��Fz��
0
Y�W )+C1( W3¿#Àg2

0K E+ =  .                                      (4) ~ B3,  (3) .Á, (4) M�l ������� >3Â�l<k�)+C
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E K V− = = −  . (5)

³ ´�µ�U�Ã�Ä /EB ¶3· �g�&¸ �º¹Å��������!S� 1/2
�32j³ ´�µ��Fh�i���������!SY�Æ�Ç�o k 2È 8 �F�@�F����!S��É�	 .0/1� 2 � 	�Ê�Y&ËuÌ�o k�)JC

����� 	ÎÍSUV� � 	�¤��3Ï rÐ�@����/1�@��)g.LÑ WFÒ )gMSl 21Ó�ÔqÕ#Y�³ ´�µ��Fh�i��@�F���! . ¶3· ���&¸ �º¹Å����� ��! ��T 	��F�@�F����! .0/1�@¬�Ö U�n )+C
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D@X UVå�æ�� ����� 	qÍ�� T 	��3¶F· �g�V¸ �º¹»�@�F����! � ��� 7�ç Y�° ��/1B [1] C
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e�( ) .m cV r = − (6) 

�-��� 	���¶�· �Q��¸ �è¹é�F�3���3! ��2 � 	dÍ#� T 	�� �-��� ���F�3���F! ��Ã�Ä�ê�Y
p-/1��C
X � X�._M#l 2 ����� 	ÎÍS� T 	���´ 5#6 Õ W����F���F! . ¶3· ���V¸ �è¹»���F���F! >�ë�8

Â�)+ì �32E��� 7�ç Y�W )+C                                          
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1
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2
m c E− ≤ <       (7) 

2
e ( ) 0.m c V r− ≤ <                               (8) 
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._X<ó U�2Eô@! � �3î�ï���	���UV�32 ����� 	��F�@������!#"�$ En
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2 4 2 2

e e
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1 1 1
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m e � m c
E n
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� �
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� � �
(9) 
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B
�32Eô@! � >FA���B@*�,��V��õ (#)+C~ B@ö ®1÷+ø<�<��±���U��32 ����� 	��F�@�F����!S"�$��3��� *�, U � Ò ) [2] C  

2 4
2

e 2 4

3
1 .

2 2 4n

� � n
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= − − −	 
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1n k =  ._ù@rÐ. 2 , (10) 
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� T 	�� �-��� ���F�3���3! �3Ã�Ä�ê �V%�'Î/_����)�> 2 , (10) .£, (11)

� T 	�� �
��� ���@������!#�FÈ�¡�ê �&%�'-/1���@)+C  

D�X U , (11) ��, (9) . Û#ú���û = U %�'�(#)+. 2E��� 7�ç Y�W )+C
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� �
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(12)

X<X U ED
�

D
�32 ö ®1÷gø£�<� *-,�M�l<A���B@*-, �&�-õ (#)+C

._X<ó U�24��	 5#6 >#I�K�(#) En
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._X<ó+> 2 å�æ�� ����� 	qÍS� T 	�Y�� � U�n ) ������� ,��QA���B [3] C
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D3/1� � ^ �-Õ WFû =�M�l£%�'q/EBFT 	��F�@�F����! Ere
�32E��� 7�ç Y�° � o k�B�C

2
re, e ,n nE m c E= +    1,2, .n = ⋅⋅ ⋅  (14)
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(15) 

Û ú�����± ����= � , (13)
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 ~ B�X � *-, �3��� 7�ç Y %�' U�n )+C
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( ) ( )

1/2 1/2 1/22 2 2 4 2
e 2

re e1/2 1/2 4 22 2 2 2

1 /
1 1 .

1 / 1 /

m c v c v v
E m c

c cv c v c

−− � � � �
= = − −� � � �

� � � �+ −       
(17)
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2 2

e e2 2 41 1 .
2 8

v v v
m c m c

c c c
� � � �

− = − − + ⋅ ⋅ ⋅� � � �
� � � �

� � � � � � � � � � � � � � � � � � � � (18)
 

X<k�7g8 2 , (17)
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1/24 2 4
2

re e4 2 41 1 .
2 8

v v v
E m c

c c c

−
� � � �

= − − − + ⋅⋅ ⋅� � � �
� � � �            

(19) 
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−
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(20)

._X<ó U�2 , (11)
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2VW � ¦ C
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2 2
e e2 2 41 1 .

2 8n

� � �
E m c m c

n n n
� � � �

= − = − − + ⋅⋅ ⋅� � � �
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D@X U�24����� ,  (19) .0, (21) ��3�4-/E� 2E��� 7�ç Y�5�° (#)+C
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=

                                 
(22) 

B@��/ � �3���76/8 P
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e
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=   
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� � � � � � � � � � � � � � � � � � � � � � � � � � (23)� � �
, (22) � 5�° (#)g. 2 , (19)

�3��� 7�ç Y1: 
�)+C
1/24 2 4

2
re, e4 2 41 1 .

2 8n

� � �
E m c

n n n

−
� � � �

= − − − + ⋅⋅ ⋅� � � �
� � � �     

(24)� �
X<X U ( ) 1/24 41 / 1� n

−
− ≈ ��MSl 2 Ere,n � ED . Û	�Eû = U %�'�(S)g. 2

2 2 2
e

D,2 21 .
2 4n n

� m c �
E E

n n
� �

≈ − + − ⋅⋅ ⋅ =� �
� �                   

  (25) 

X<k � ö ®1÷+ø<�<� *-, (12) .  ;& (#)JC~ B3, (25)
�$<+ø)=JÍ�� ( 2 */> ñ ��?�8A@���k�² 2
2 2

e
B,2 .

2n n

� m c
E E

n
≈ − =

 
  (26) 

X<k �3ô@! � � *-, (19) .  ;& (#)+C
._X<ó U�2 ö ®1÷+ø<�<� *-,CB 12 D �32 , (21) �&¬�ã�(#)+. ��� *�,�. Û p U Z )JC
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= − −� �
	 
� �� �

(27)
 

/jM�/ 2 X � *q, �Sî�ï�����EGF ��U�� A�
 W �@Cj._X�óg> 21��� *q, W l�²S, (17) M#l�A�r X
._> U�n )JC

1/2 1/24 2
2

e 4 21 1 1 .n

� �
E m c

n n

−� �� � � �
	 
= − − −� � � �
	 
� � � �� �

(28)
 

D@X UV�����F��	�
 n �V
����	H#*-,�.0/1� �32 , (28)
� , (27) 7�8:9<;�=�>�?��@*-, U Z )

.ÁI�K�(#)JC ~ B3, (28)
� ,CB 16 D M�l<9JI�K U�n )g> 2E��� *�,�. Û p U Z )+C
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2 2

re, e e 1/22 2

1
1

1 /
n nE E m c m c

� n

� �
	 
= − = −
	 
+� �

(29a) 

             
1/22

2
e 2 2 1 .

n
m c

n �

� �� �
	 
= −� �+	 
� �� �                      

(29b)

X<X U n=1
� . ng�F�@�F� ��! ��, (26) . (25) . (29) M�l<A�rÐ. ��� 7�ç Y�W )+C

B,1 13.60569eV.E = −

D,1 13.60514919eV.E = −

1 13.60514921eV.E = − (30) 

ED,1 . E1
� ì �LK/M Y�N�Ó /1���@) ��U�2PO K�ì�>$Q À l � ì Y� ;& /1���@)+MS�1R ° (S) ��TS%U�U Z )gC0/1M�/ 2 E0

�FG�H ���/V�/1�LW U�2E����� , (29)
� , (27) 7�8 9<;�=�>S?��@*q,U Z )g.0I�K�(#)JC1( W3¿#Àg2

2
0 e 0.511MeV.E m c= − = − (31) ~ B�X ����������! ��, (14)

U�° ��/EB Ere �������@%�'�(#)g. 2
re,0 0.E =

                           
(32) 

X<k�7g8 2 X �FN�O�� T 	�� � ���3e�fEU Z )+X<._> ê MS)+CX�Y , (28)
�3��	TZ�[�~&U@¡�¢ )g. ��� 7�ç Y�W )+C

1/22
2

e 2 2 1 ,n

n
E m c

n �

� �� �
	 
= −� �+	 
� �� �

0,1,2, .n = ⋅⋅ ⋅ (33)
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�FN�O�Y1] ��� 

� (S)+C
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����������!#"�$�Y T 	 > G�H�U�n )+. 5�° /E� 2 D � T 	 .j� 	�¤�~&UV�$^�_ r �1`a /17�ç4Cb	cLdPe/f;g/hTi$j7k$l;m7n%oLp	i$q�r's7t;u�vJw�xzy

2

0

1 1
.

2 4n
n

e
E

�� r
= −   (34) 

{ i�q�r;|}r
(14) ~ vJdP�������'j7k�l;m�n Ere

oLp	i$���,���$x�y
2

2
re, e

0

1 1
.

2 4n
n

e
E m c

�� r
= −   (35) 

�1� r'�
16) ����� ����w��7d,p�i$�/r;�L�/�;�%x�y

( )
22

2 e
e 1/22 2

0

1 1
.

2 4 1 /n

m ce
m c

�� r � n
− =

+
(36)

{ w����
rn �1�T� x�|�d

( )
( )

( )

1 1/22 22
e

1/2 1/22 2 2 2 2
0 e

1 1
1 .

2 4 21 /
n

n �re
r

�� m c � n n � n

−
� � +
	 
= − =   
	 
+ + −� �

(37)

���L�
n=0 ���' 	¡T¢L£
e

0 .
2
r

r =
                                                          

(38)

e/fTg/hTi�g
h	¤��¦¥'h	§¨iL©Tª�oLd
re/4 «�¬	­�~ vJd,®�¯�i7°�± ~ v)��²,w��7d n=0

i$j7k
l;m�n%³	´��7µ	hT�$¶
·	�%x { |¸o�¹Tº�s1»�x�y
� ­�¼ d¾½
�	s�¿	À � µ	hTÁ�Â
©Tª r

oLdÄÃ	Å	��Æ�h	��i$Ç�È�s�É�� ¼ � |�Ê���Ë�Ì ��Í�ÎÏ�Ð Æ	s�»�x { | ��Ñ	Ò�¼,Ó7Ô7Õ �ÖÆ�h�×%Ø	s�o r
o$Ù	Ú�Û
| ¼,Ó i$Ë�Ì ��Í�Î §¨yÜ�Ý � ¢L£�Þ�¡�ß (37) à$á	âäã�å;æèçêé�ë

( ) ( )
( ) ( )

( ) ( )
1/2 1/22 2 2 2 1/22 2 2 2 2

e e
21/2 1/22 2 2 2

1 /
.

2 2n

n � n � n n � n � nr r
r

�n � n n � n

� �+ + + + + +	 
� �= ⋅ = ⋅
� � � �+ − + +	 
	 
� �� �

  
(39)

{ w�����d
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( )1/22 2 22
ee e

2 2

1 /
.

2 2 2n

n r � nr n r
r

� �

+
= + + (40)

 r
(40)

� Ô À Ó d

,n → ∞
1/22

21 1.
�

n
� �

+ →� �
� �                                            

(41)
  ��ì Ó d�r (40)

o$p�i�q�r'��í
î	��x�y
2

2e e e
B2 .

2 2n

r n r r
r n a

�
≈ + = + 0,1,2, .n = ⋅ ⋅ ⋅                            (42)

 | {)ï s�dÄÃTÅ�Æ
h	� ~ vJ¿ ~ w	x�ð7n%ñ1i�µ	hTÁ	Â
©Tª rn
o$p�i$q/r;s�t;u�vJw�xzy

2
B , 1,2, .nr n a n=         = ⋅⋅ ⋅                                (43)r

(42)
|}r

(43) ��ò�ó ��x�|�d�r (42)
s�o

n
o

0 ~ v)ô � ��d¾õ � � re/2
i$ö	�$÷�ø�ù}w Ó Àx�y

ðLnTñ�oTr
(9) �7�/� x�ú
d�û/ü���Æ�h/ý�þ 2 2n np �r �n⋅ = � ��ÿ��C¼ � y ¼ ~�¼ d¸½���oTr

(26)
� Ô À Ó d¸ð$n;ñ7iLq�r	o�����r	s�»$x�|�� ��¼ � y	�$i�
��/d¸ð$n;ñ�i�Æ/h
ý/þ/i�
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