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ĥ0
£

-

Ô=<¾¥�ÌW*,D/Ž 0=NšB

BŠÒ�+%N�*,D/–�B}0;BA<ŒIø4,6”0;N/B"×F*,I½@1.10;4�D/@•*:D¯+�4�IJG•B�0=B½6�4,<|+A4,D
0;<;4�.Ö4£•�BA<Ë0=N/B}PH2?PŒ0=B�I^Ô¹Æ”Nš@CPÇ.1B
*,Ž/P

0;4¯*ÐPŒ@CD/–,.CB�ÉÛBA.1BA+�0;<;4�D P;G�BA+�0;<;-/IøÍ�N/@C+%Nà@CPÚ“
-/@ž0=B"Ž/@žÜrB�<;BADK0Ú6�<Œ4�Iø0;N�*:0Þ4,6F*¹D/4�D/@1DK0=BA<;*,+�0;@CD/–

PH2?PŒ0=B�I^Ô

‹

PËP;N/4£Í�DÑ@CD )8@C–,-/<;B

-

Ô76g0=NšBA<;B½@CPË*™Ž/@žÜrB�<;BADš+AB5@1D»0;N/B5PŒG•B�+�0=<Œ-/I Ž/BAG�BAD/Žš@CD/– 4,D

Í�NšB�0=NšBA<«0=N/B�<;BÚ@1P¼*,DÐ4?Ž/Ž¹4�<«*,D¹B�•�B�D»D
-/IÇ•�BA<94,6ÈBA.CB�+�0;<;4�D/P«4,D 0=N/BÚ<Œ@CD/–/Ô’)�4�<]<"BA.CB�+�0;<;4�D/P

0;N/BÐP;G�BA+�0=<;-šI P;N/@ž6�0=P"•�B�03ÍÖBABADÎ<;B�–�@C4�DšP}Í�N/BA<ŒB¯0;N/BÐPŒ2?PŒ0;BAI @CP"PŒG/@CDÏG�4�.•*:<;@Cá�BAŽWÌF*,D/ŽÏ4�Dš.12

B�.CB�+�0=<Œ4�D/PO4,6•0=N/B�P=*:I½B�P;Gš@CDJ*,<;B�G/<ŒBAPŒBADK0
Ìš*,D/ŽJ<;BA–,@C4�D/P˜Í�NšBA<;B�0=NšBFPH2�PH0=B�Ii+A4�DK0%*:@CD/PÈ*,DJBA“
-�*,.

D
-/I|••B�<•4,6�-/G�*,D/Ž"Žš4¦Í�D�PŒG/@CD}B�.CB�+�0=<Œ4�D/P�Ô�ŠÏNšBAD"0=N/B9PŒ2?PŒ0;BAI •�BA+�4�I½B�P•P;Gš@CD"G�4�.•*,<Œ@Cá�BAŽWÌK0=NšB

Žš@1Ü•BA<;B�D/+AB�@1DJØ
@1D/B�0;@C+•B�D/BA<Œ–,2Þ••B�03Í·B�BAD5*’PŒG/@CDÞG�4�.•*:<;@Cá�BAŽÚPH0%*:0;BF*:D/ŽJ*’PŒG/@CDÞŽ/B�–�BADšBA<=*�0=BL4�D/B”@CP

Dš4,0•B�D/4�-/–�N½0=4|•/*,.•*,Dš+AB�0=N/B¼–�*,@CDJ@CD½B�Ò�+%N�*,D/–,B¼BAD/B�<;–,2,ÔOÆ”N?-šP·0=N/BFG/<;4,G•B�<Œ0=@1BAPÖ4,6W0=NšB9PŒ2?PH0=BAI

*:<;BL*«<;BAPŒ-/.10È4,6r*,DJ@CDK0=B�<;G/.C*
2Ç•�B�03ÍÖBABAD5Ø?@1D/B�0;@C+”B�D/BA<Œ–,2Þ*,D/ŽJ@CDK0;BA<=*:+�0=@14�DWÔ8)�4,<˜6�B�ÍÖBA<ÈBA.CB�+�0;<;4�D/P

0;N/B�Õ·4�-š.C4�IÇ• @CDK0=B�<=*,+�0=@C4,D @CPw0=N/B5I5*,@1D PŒ4�-/<;+�B"4,6�@CD�ó�-/BADš+AB,ÔÐŸ3D¢0;N/@CPË+
*,PŒB50=N/B"PŒG•B�+�0;<;-/I

@1PF6�-/.1.12"PŒG/@CD™G•4�.C*,<;@1áAB�Ž™*,DšŽ @CPF“?-/*,.C@ž0%*:0;@1•�B�.12"PŒ@CIJ@C.C*,<·0=4½0=N�*:094,6O*5Dš4�D/@CDK0;BA<=*:+�0=@1D/–5PH2?PŒ0=B�I^Ô

ŠÏ@ž0=N}@1D/+A<ŒB
*,PŒ@CD/–ËD
-/IÇ•�BA<•4,6‰B�.CB�+�0=<Œ4�D/P·0;N/B9Ø
@1D/B�0;@C+9B�D/BA<Œ–,2½••B�+A4�IJBAP·0;N/B¼G/<Œ@CI½*,<Œ2Ú6‘*:+�0=4,<·@CD

0;N/BÇ•�BAN�*
•?@C4,-/<94,6›0;N/BÇPH2�PH0=B�I^Ô«Æ”N/B�<;B�6�4�<;B:Ìr6�4�<

Ne > 6
Ì•0=NšBÇP;G�BA+�0=<;-šI @CPLP;Gš@CD¹Ž/B�–�BAD/B�<=*:0;B

£�B�Ò�+AB�Gš0’6�4�<90;N/B=arBAB�I5*,D™BAD/B�<;–,2�¥«*,D/Ž¹<ŒBAP;B�IÇ•/.1BAP¼0=N/*:0’4,6È*"D/4�D/@1DK0=BA<;*,+�0;@CD/–5I½4?Ž/BA.y4,6›0=NšB

<Œ@CD/–šÌr@CD^Í�N/@C+%N 0;N/BÇP;Gš@CD¹4,6›0;N/BÇBA.1BA+�0=<;4,D/P«@CPF@CD/+�.C-/Ž/B�ŽWÔ«Ÿ3D 0=NšBÇ+
*,PŒBÚ4,6È*,D¹4?Ž/Ž D
-/IÇ•�BA<94,6

B�.CB�+�0=<Œ4�D/P¼0;N/BA<ŒBÇ@CP«*:.1Í·*£2?P¼PŒ4�IJBÇŽ/BA–,<;BABÚ4:6ÖPŒG/@CD¹PŒG/.C@ž0;0;@CD/–/Ì�P;@1D/+ABË0=N/BÚD
-/IÇ•�BA<94,6ÈBA.CB�+�0;<;4�D/P

4:684�GšG•4�PŒ@10;B«P;G/@1D^@1P”-/D/BA“
-�*:.êÔ

Æ”N/B"0;4,0%*,.·BAD/B�<;–,2Ñ4:6L0;N/B"<;@1D/–¹+A4,D
0=*,@CDš@CD/–Ü6šÌ�<Ð*,DšŽÈ4¹B�.CBA+�0=<Œ4�D/PÚ@CPÚPŒN/4£Í�D @1D�)8@C–,-/<;B

-

Ô7</ÔJŸ3DÐ0=N/BÞ+
*:P;BJ4,6”*,D¯B�•,BAD».•*,<Œ–�BÚD
-/IÇ•�BA<w4,6·B�.CB�+�0=<Œ4�D/P’0=N/B

S = 0
PŒ0=*:0=BJ@CP¼0;N/BJ–�<;4�-šD/Ž

PH0%*:0;Bg*:0J*,.C.Ö•,*:.C-/B�PJ4:6F0;N/B�I5*,–,D/B�0;@C+5ó�-?ÒrÔ

‹

PÚ0;N/B�D?-šIÇ••B�<Þ4,69B�.CB�+�0=<Œ4�D/PÞŽ/B�+A<;BA*,P;B�P}*,DšŽ

0;N/B�@CIJG•4,<Œ0%*:D/+AB½4,6F0;N/B^Õ·4�-/.14�IÇ•Ñ@CDK0;BA<=*:+�0=@14�DÑ@CDš+A<;BA*,P;B�PAÌÈ0=N/B

S = 1
PH0%*:0;Bg+�4�IJBAPÚŽ/4£Í�D

@1D»B�D/BA<Œ–,2»*,D/Ž»••B�+A4�IJBAP’0=N/B½–�<;4,-/D/Ž¯PŒ0%*�0=B½6�4,<wPŒ4�IJBJ•:*,.1-/BAP’4,6

m�
£‘B�•,BADK0=-/*,.C.ž2Ð@10w@CP«0=NšB



'�$ []¬�­�®V_�`*¯ÈÇ ÉÊ¯G\�³)^�²ÌËV_M­Z_�`“Í�¯G\�®*`U¯#_�µ¶`*a

0 1 2
0

20

40

60

80

mF

e m
 / 

E
0

0 1 2
0

20

40

60

80

mF

e m
 / 

E
0

)8@1–�-/<ŒB

-

Ô

-

ó�ôLõ÷öNø¹ùñúüû ú ùñú��	�ñÿ

�

ö ú öZú ÿ+ø��&ùñú	Š¢ú ù[�

"m ‹

õ÷öŒ
9ö‡õ•�Ž�

�




E0 = ~2=2m� r 2
0 •

þ��Tþ





9ö��	�ñõ

�

ö

�




���Zú&ú6���iú ÿ�öMþ¸ùF�?þ†ø¹öZú	�ñõ��E��
��




�

ÿe•oú ùñú��	�ñÿ

�

ö��

�

ö‘���ZúTÿ�õ÷öNø’�

“

�Zú}��� ÿ«ú·ú ö‡õ÷öNø0�

�

ö��	� þ¸ö’��õ[�

� s = 10� 2
‹

ùñú




�

•

þ¸ö��

� s = 10� 4
‹

ÿ�õ øo�’�

•

�F”

�

õ÷ö’�Ž�

þ¸ö��•� õ÷ÿV� ùñú–�.�‡ú ö

�

�iúE� ý�õ÷ö—
òý

‹

� z = +1
•

þ¸ö��˜� ý�õ÷ö#�

��™

ö

‹

� z = � 1
•

��� þš�iú–�

ÿ«ú–� ý�ú��	�ñõ•Š¢ú ù›�š�

“

�Zúg�

�

ù÷õ��ºù÷õ÷öZúIõ[�X���ZúQ���Zúb�Àõ�� þ¸ùZý

�

�iú öœ�ñõïþ¸ù„�

–�<Œ4�-/D/Ž^PŒ0%*�0=BË*:0F*,.C.r•:*,.1-/BAPL4,6y0=N/BwI5*:–�D/B�0;@C+¼ó�-?ÒV¥ŠÔ”Æ”N/@CP�Í·*,PF4,•/P;B�<Œ•�B�Ž¹•K2g7F@CB�I½B�.�•ÚB�09*,.ÀÔ

ž=4N6L¡ÀÌ�0=N/BFÕ·4�-/.14�IÇ•Ú@1D
0;BA<;*,+�0;@C4�D½£�4�<›*,DK2ÚØ
@CDšŽJ4:6r<ŒBAG/-/.1P;@ž•�B”@CDK0;BA<=*:+�0=@14�D*¥�6‘*
•,4�<;PÈ*«P;G/@1D

S = 1
–�<Œ4�-/D/ŽÞPŒ0=*:0=B:Ô˜Æ”N/B�2ÚP;-/–,–�BAPH0›0=N/@1P›@CP˜Ž/-šB•0=4w×F-/DšŽ�‚ P›<Œ-/.CB•Í�Nš@C+%NÞPŒ0=*:0=B�P˜0=N�*:0›0;N/B”@CDK0;BA<=*:+�0=@14�D

BADšBA<;–:25@1PÖ.14¦ÍÖBA<È6�4�<•*wP;G�*�0=@•*:.�Í·*
•�B¼6�-/Dš+�0=@14�D54:6‰.C4£Í·B�<·PH2�IJIJB�0=<H2�Ô›)�4�<O0=NšB

S = 0
PŒ0=*:0=BL0=N/B

P;G/*:0=@C*,.yG/*,<Œ094,6›0=N/BËÍ•*
•�BÇ6�-šD/+�0;@C4�D @1P9PH2�IJIJB�0=<Œ@C+wÍ�@10=N™<;BAPŒG•B�+�0¼0;4}G�*,<H0=@1+A.CBËB�Ò�+%N�*,Dš–�BÞ*,D/Ž

0=N
-/P9@10¼–,<;4£Í�P¼IJ4�<;BË@CD™B�D/BA<Œ–,2™0;N�*,D™0;N/B

S = 1
PH0%*:0;B|Í�N/BADÐ@1D
0;BA<;*,+�0;@C4�D^@CP9@1D/+A.1-/Ž/B�ŽWÔ«)�4�<

*,D�4?Ž/Ž^D
-/I|••B�<L4:68B�.CBA+�0=<Œ4�D/PL*ÚPŒ0=<Œ4�D/–½Õ·4�-/.14�IÇ•�@CDK0;BA<=*:+�0=@14�D}6‘*
•�4�<ŒPL*JPŒG/@CD

S = 3
2

–�<Œ4�-/D/Ž

PŒ0=*:0=B½*,D/Ž¯Í�@10;N @CDš+A<;BA*,P;@1D/–gD?-šIÇ••B�<Ë4:6”BA.1BA+�0;<;4�DšPw0;N/B

S = 1
2

+A4�D

Ó

–�-/<;*:0=@14�D»•�BA+�4�IJBAP’0=N/B

–�<Œ4�-/D/ŽgPŒ0=*:0=B:Ô



Ç*å[ZFçº¬�`“±«^�_�`U¯é­é´�_�µ¶^)ê\&©­�^]$_^ `�`M`*´�_�¯
\�^•Ë�$�a;_�`*í '

�

0 1 2
0

5

10

15

20

25

mF

e m
 / 

E
0

0 1 2
0

5

10

15

20

25

mF

e m
 / 

E
0

0 1 2
0

10

20

30

mF

e m
 / 

E
0

0 1 2
0

10

20

30

40

mF

e m
 / 

E
0

0 1 2
0

10

20

30

40

50

mF

e m
 / 

E
0

0 1 2

20

40

60

80

mF

e m
 / 

E
0

)8@C–�-š<;B

-

ÔO6Mó(ôLõ÷öNø¹ùñúüû ú ùñú��	�ñÿ

�

ö�ú öZú ÿ+ø��Tùñú	Š¢ú ù[�

"m
õ÷öu
9ö‡õ•�Ž�

�




E0 = ~2=2m� r 2
0

þ��

þ





9ö��	�ñõ

�

ö

�




���Zú‰ú6���iú ÿ�öMþ¸ùž�?þ†ø¹öZú	�ñõ��Ÿ��
��




�

ÿD 

‹

�

�

ýWùñú




�

•�¡£¢

‹

�

�

ýWÿ�õ øo�œ�

•�¡

•

‹

�Àõ��i�¹ùñú�ùñú




�

•�¡]¤

‹

�Àõ��i�¹ùñú�ÿ�õ øo�’�

•�¡ž¥

‹„¦
�

�6�

�

�qùñú




�

•

þ¸ö��K§!¨

‹„¦
�

�6�

�

�|ÿ�õ øo�’�

•

õ÷ö#û

�iú ÿüþ©�	�ñõ÷öNølú ùñú��	�ñÿ

�

ö��

™

õ•���‡õ÷ök���Zú«ª�þ¸ÿ��ñÿ«ú·úüû�¬

�

��­¦þ«ý‡ý�ÿ

�

�Nõ��?þš�ñõ

�

ö®�

“

�Zú«�V� ÿ«ú·ú ö‡õ÷öNø

ý*þ¸ÿüþ¯�lú	�iú ÿ�õ[�

� s = 0:025
�}”

�

õ÷ö’�Ž� þ¸ö��u� õ÷ÿV� ùñú–�D�‡ú ö

�

�iúM���Zú ú öZú ÿ+ø��

�




� ý�õ÷ö°
òý

þ¸ö��.� ý�õ÷ök�

��™

öŸú ùñú��	�ñÿ

�

ö��mÿ«ú–� ýéú��	�ñõ•Š¢ú ù›�

¡

���Zúg�

�

ù÷õ��?ù÷õ÷öZúmõ[�X���ZúD���Zúb�Àõ�� þ¸ùVý

�

�iú ö#û

�ñõïþ¸ù„�



'�' []¬�­�®V_�`*¯ÈÇ ÉÊ¯G\�³)^�²ÌËV_M­Z_�`“Í�¯G\�®*`U¯#_�µ¶`*a

0 1 2
13

14

15

mF

E
to

t / 
E

0

S = 3/2 

S = 1/2 

0 1 2
28.8

29.2

29.6

30

mF
E

to
t / 

E
0

S = 0 

S = 1 

S = 2 

0 1 2
74

75

76

77

mF

E
to

t / 
E

0

S = 1 

S = 0 

)8@1–�-/<ŒB

-

Ô7<�ó

“

�

� þ¸ù�ú ùñú��	�ñÿ

�

ö‡õ���ú öZú ÿ+ø��&õ÷öŒ
9ö‡õ•�Ž�

�




E0 = ~2=2m� r 2
0

þ���þ





9ö��üû

�ñõ

�

ö

�




���ZúÊú6���iú ÿ�öMþ¸ùH�?þ†ø¹öZú	�ñõ��e��
��




�

ÿ

¢

‹

ùñú




�

•�¡

•

‹

�Àõ��i�¹ùñú

•

þ¸ö��

¥

‹

ÿ�õ øo�’�

•

õ÷ö’�iú ÿüþ©�	�ñõ÷öNøcú ùñú��	�ñÿ

�

ö��

™

õ•���‡õ÷öŒ���Zúgª�þ¸ÿ��ñÿ«ú·úüû�¬

�

�±­1þ«ý‡ý�ÿ

�

�Nõ��?þš�ñõ

�

ö®�

“

�Zúg��� ÿ«ú·ú ö#û

õ÷öNølý*þ¸ÿüþ¯�lú	�iú ÿªõ[�

� s = 0:025
�p”

�

õ÷ö’�Ž�e�‡ú ö

�

�iú.���Zú ø¹ÿ

�


9ö��©��� þš�iúTú öZú ÿ+ø��Fþ¸ö��

� õ÷ÿV� ùñú–�S�‡ú ö

�

�iúD���Zú�ú öZú ÿ+ø��

�




���Zú�²‡ÿb����ú6�œ� õ•�iú��E��� þš�iú¯�

Î½Ïq³ ÑÓÒ»Ô ´•à�ÚÜÚ“Ôl×¤Ù Öo× ÙYÒ»Ô ãäØL×–Þ

Æ”N/B•B�D/BA<Œ–,2ÇPŒG•B�+�0;<;-/IS4,6�0=N/B·4�D/B�ÉÛŽ/@CIJBADšP;@C4,D�*,.
<;@1D/–9@1P8G�BA<;@14�Žš@C+È@CD|0;N/B•I½*,–�D/B�0=@C+Oó�-�Ò•Ô˜Æ”Nš@CP

G�BA<;@14�Žš@C+A@ž032Ú.CBA*,Ž/PO0=4Ú*:D5@CDšPŒ0=<Œ@CD/PŒ@C+LG/<;4,G•B�<Œ032J4,6W0;N/B9<Œ@CD/–wÍ�N/BAD"G/.C*,+AB�Ž5@1D}*,D}BŠÒ?0=BA<ŒD�*,.�I5*:–:É

D/B�0=@C+

Ó

BA.1ŽWÌr0=NšBÇG•B�<;PŒ@CPŒ0;BADK0’+A-š<;<;B�DK0
ÔwŸ3D¹P;BA+�0=@14�DÜ6šÔ=</Ôï.Ë0=N/BÚG�BA<ŒP;@CPH0=B�D
0’+�-/<;<ŒBADK0’@CPFŽ/@CPŒ+A-/PŒP;B�Ž

*,D/Ž½6�4�.C.14¦Í�@1D/–«0=N�*�0
Ì?@CD5PŒBA+�0=@C4,DY6šÔ=</Ô

-

Ì�@ž0=PÈ<;BA.C*:0=@14�DÞ0=4|0;N/B94�<Œ•/@10=*,.�I5*:–�D/B�0;@C+�IJ4�I½B�DK0·4,6r0=N/B

PŒ2?PH0=BAIgÔ

243�…E3�8 µ�<FBpd¶T	d�CX<FY=C¸·—tpBeBE<FY=C

Æ”N/BÇPŒG•B�+�0;<;-/IÊ4,6›0=N/BËD/4�D/@1DK0=BA<;*,+�0;@CD/–54�D/B�ÉÛŽ/@CIJBADšP;@C4,D�*,.[<;@1D/–5@1P9G�BA<Œ@C4?Ž/@C+w@CDg0=N/BÇI½*,–�DšB�0=@1+

ó�-�ÒgÍ�@ž0=N *ÞG�BA<;@14�Žg4,6

� 0
Ô�ÙÈ2g*½–K*,-š–�Bw0;<=*,DšPŒ6�4�<ŒI5*:0;@C4�D"0;N/BËI½*,–�DšB�0=@1+

Ó

BA.1Ž™+
*:D™•�BËB�.C@CIJ@žÉ

D�*:0;BAŽ56�<Œ4�Io0=NšB«×9*,IJ@C.ž0=4�Dš@•*,DÇ4:6[0=N/BFPŒ2?PŒ0;BAIò<;BAPŒ-/.10;@CD/–Ë@CD5*ËIJ4�Ž/@

Ó

+
*�0=@C4,DJ4:6W0=N/BF••4,-/D/Ž�*,<H2

+A4,D/Ž/@10;@C4�D"PŒ-/+%N^0;N�*:0

� (� + 2� ) = � (� )ei 2� � =� 0 ;
£

-

Ô :L4‡¥

0=NšBJPŒ4^+A*,.C.1BAŽ 03Í�@1PŒ0=B�Ž»•�4�-/DšŽ�*,<Œ2 +A4�D/Žš@10=@14�DWÔÚÆ”N/@1P«G•B�<;IJ@10;P’*,D¯*,D�*,.14�–,2™0;4�••BÞŽ/<;*£Í�D¯•�B�É

03ÍÖBABAD¢0;N/B5“
-�*:D
0;-/IY<;@1D/–™*:D/ŽÑ*,D»@CD

Ó

Dš@10=BÞG�BA<Œ@C4?Ž/@C+Ú.C*:0;0;@C+ABÞ@1D»4�DšB5Ž/@1I½B�D/P;@14�D–ž=4L¡ÀÌyÍ�N/B�<;B

0=NšBw-šD/@10�+�BA.C.r@CP•0=NšBw+�@C<Œ+A-/IÞ6�BA<ŒBAD/+�Bw4:6y0;N/B’<;@CDš–

L
*,D/Ž"0=N/BwÙ·.14�+%N"Í·*
•�BË•,BA+�0=4�<�@CP

kl =
2�
L

�
� 0

:
£

-

Ô :A>N¥

Æ”N/@1P«*,D�*,.14�–,2�.1B
*,Ž/P9-/P90=4�*:D¹@CDK0=B�<;BAPH0=@1D/–}G/N/B�D/4�IJBAD/4,D¹I5*,Dš@16�BAPH0=B�Ž @CD™0;N/BÇ<Œ@CD/–/Ì�0=N/B|G•B�<HÉ

P;@1PŒ0;BADK0L+A-/<Œ<;BADK0AÔÖÆ”N/B«•,BA.C4?+A@ž032"4,68*,D�BA.1BA+�0;<;4�Dg@CD}0;N/B

l th PŒ0=*:0=B’@CP

vl =
1
~

@" l

@kl
=

L
e

@" l

@�
£

-

Ô :L5‡¥



Ç*å�¹Wçº¬�`„[]³�¯�¯�`*^)_»\�^p_�¬�`©îÀµ¶^�ê '

B

*:D/Ž™*:P;P;4?+A@C*:0=B�Ž"Í�@10=N"0;N�*:0LPŒ0=*:0=B«@1P�0;N/BA<ŒB�6�4�<ŒBw*,D�BA“
-/@C.1@C•/<Œ@C-/Iò+A-š<;<;B�DK0

I l = �
evl

L
= �

@" l

@�
:

£

-

ÔO:

K

¥

Æ”NšB»+�-/<;<ŒBADK0g@CP�G/<;4,G•4�<H0=@14�D�*,.�0=4�0=N/BÐPŒ.C4�G�B¹4,6w0=N/BÐBADšBA<;–:2Ï•�*,D/ŽÎ*,D/ŽÏ@CP"0;N/BA<ŒB�6�4�<ŒB»*:.CP;4

G�BA<Œ@C4?Ž/@C+|@CD

�
ÔÞÆ”N/BÚ0=4,0=*,.˜+A-š<;<;B�DK0|B�D/+A@1<;+A.1@CD/–}0;N/BÞ<;@1D/–"@CP’*"P;-šIU4,6Ö0;N/BÞ+A-/<Œ<;B�D
0;PË4:6·BA*,+%N

4?+A+�-/G/@1BAŽgPŒ0%*�0=B,Ì/ÍÖBA@1–�NK0=B�Ž^•K2"0=NšBw4?+A+�-/G�*:0;@C4�D"D
-/I|••B�<

I p:c: =
X

l

f (" l ) I l = �
X

l

f (" l )
@" l

@�
:

£

-

Ô74N8‡¥

EF-/B«0=4Ú0=N/B’IJ4�D/4,0;4�D/@1+¼@CD/+�<;BA*,P;B’4,6

I l
Í�@10=N

l
*,D/Ž�0=N/B’D/BA*,<”+
*,Dš+ABA.1.•*:0;@C4�D5••B�03Í·B�BAD G�*:@C<;P·4,6

Ó

.C.CB�Ž •�*,DšŽ/P90=NšBÇŽ/@C<ŒBA+�0=@C4,D 4,6›0=NšBÇ+A-/<Œ<;B�D
0’@1P9Ž/B�0=B�<;IJ@CD/B�Ž •K2™0=NšBÇN/@C–,N/BAPH0«4�+�+A-/Gš@CBAŽ™PŒ0%*�0=B,Ô

Æ”NšB9G�BA<;PŒ@CPH0=BADK0·+A-/<Œ<;BADK0·@CPÈD/4,0·*w0=<;*,D/PŒG•4�<H0·+�-/<;<ŒBADK0•PŒ@CD/+�BFDš4|B�Ò?0;BA<;D/*,.r@1Dšó�-/B�D/+ABF@CPOD/BAB�Ž/BAŽrÌ

@ž0�@CP�*,D�B�“?-š@C.C@1•/<;@1-/IòG/<;4�G�BA<H032"4,6�0=N/B’<Œ@CD/–/Ô

Æ”N/B G•B�<;P;@1PŒ0;BADK0 +�-/<;<ŒBADK0Ð*,G/G�B
*:<;P™•�BA+A*,-/PŒB 0=N/B»B�Ò?0=B�<;D�*:.ËI½*,–�D/B�0=@1+

Ó

BA.CŽ •/<;BA*,Ø
P^0=NšB

.1B�6�0·¼:<;@1–�NK0ÞPŒ2?I½IJB�0;<Œ2�4,6F0=N/Bg<;@1D/–/Ô

‹

0}*ÐáAB�<;4»I5*,–,D/B�0;@C+

Ó

BA.1Žà0;N/Bg4�+�+A-/G�*�0=@C4,D 4,69PŒ0=*:0=B�P

Í�@ž0=N B�“
-�*,.8•š-š0¼4�GšG•4�PŒ@10;B|Ž/@1<;BA+�0=@14�D™4,6˜I½4,0;@C4�DrÌ

jmi
*,D/Ž

j� mi
Ìr@1P9@1Ž/BADK0=@1+
*,.�*,DšŽ™0=N/B|+A-/< É

<ŒBADK0=P¼*,P;PŒ4�+�@•*:0;BAŽ^Í�@ž0=Ng0=N/BËPŒ0%*�0=BAPL0=N/B�<;B�6�4�<;BË+
*,D/+�BA.yB
*,+%N 4:0=N/B�<AÔ�ŠÏN/BAD 0;N/B|<Œ@CD/–J@CPLG/.C*,+AB�Ž

@1De*ÐI½*,–�D/B�0=@C+

Ó

BA.CŽ�0=NšBgPH0%*:0;BAPÞÍ�@10;N D/B�–K*:0;@1•�B^*,D/–,-/.•*,<|I½4�IJBADK0;-/I *,<ŒBg.14£Í·B�<;BAŽ @CDàBAD�É

B�<;–,2 Í�@10=NÑ<ŒBAPŒG•B�+�0J0=4 0=NšBgG�4�PŒ@10=@ž•�B}4,D/BAPJ*,D/ŽÑ0;N/BA@1<Ú4�+�+A-/G�*�0=@C4,DÑ+A4�D/PŒBA“
-/B�D
0;.12�@1D/+A<ŒB
*,PŒBAPAÔ

Æ”NšBA<;B�6�4�<;BË*ÚD/B�0AÌ�+A4�DšPŒ0%*:D
0L+�-/<;<ŒBADK0¼*:G/G•BA*,<;P�Ô

243�…E3b2 ºWBe»ŸTVC¼@.m½j @Er‡Y=<FCXT	L¾j J4UW<FY=C

Æ”NšBË4�<Œ•/@10=*,.rI½*,–�DšB�0=@1+¼IJ4�I½B�DK0�4,6˜*ÚPH2�PH0=B�Iû@CP”Ž/B

Ó

D/BAŽ™*,P	¿Àž75

K

¡

Mo =
1
2

Z
dr

�
r � hJ(r )i

�
� n̂;

£

-

Ô74�.¹¥

Í�NšBA<;B

n̂
@1Pw*^-/D/@ž0’•�BA+�0=4�<ËG•B�<;G�BAD/Žš@C+A-š.•*,<«0=4g0=N/BJG/.C*,D/BJ4,6·0;N/B5PH2�PH0=B�I~*,DšŽ

hJ(r )i
@1P’0;N/B

+�-/<;<ŒBADK0¼ŽšBAD/PŒ@1032�Ì�*
•�B�<=*,–,BAŽ 4£•�B�<F0;N/Bw)�B�<;IJ@[Ž/@CPH0=<Œ@C•/-š0;@C4�D©£

-

Ôï.;:N¥�ÔÈÆ”N/B|+�-/<;<ŒBADK0FŽ/BAD/PŒ@1032g+
*:D

•�B’Ž/BA<Œ@1•,BAŽ�6�<;4�Iò0=N/B’+A4,D
0;@CD
-/@ž032"<;B�.•*:0;@C4�D"•K2�*,PŒP;-/IJ@CDš–½*Þ×F*,I½@1.10;4�D/@•*:D54,6�0=N/B«6�4�<ŒI

H =
p2

2m
+ V(r )

£

-

ÔO4

-

¥

*:D/Ž^@1P”–�@1•,BAD�•K2

J(r ) = �
e
2

�
v jr i hr j + jr i hr j v

�
;

£

-

Ô74N6‡¥

ÀbÁŽÂXÃ±ÄoÅ«ÆÈÇÈÃ�ÅÊÉ±Ë�Ã�ÌoÉ±Å£Ã�ÄoÇÎÍ]ÇÎÍ]ÏbÐ¯ÑFÑ}Ð¯ÂoÆÈÒXÉ�Å–Ó[Å–É±É�ÅqÔSÃ�ÐQË¯Í%Ã�ÄoÅ«ÑSË	Õ	ÂoÅ–Ã�Ç›ÖÊË�Ã±ÇÈÐ¯Â�×



'/( []¬�­�®V_�`*¯ÈÇ ÉÊ¯G\�³)^�²ÌËV_M­Z_�`“Í�¯G\�®*`U¯#_�µ¶`*a

Í�N/B�<;B

v
@CP•0;N/B’B�Ü•BA+�0=@1•,Bw•,BA.14�+�@1032

v =
1

m�
(p + eA ) :

£

-

Ô74A<¾¥

Æ”N/BF4�<;•/@ž0%*,.�I½*,–�DšB�0=@1+�I½4�IJBADK0È4,6W*ËPŒ2?PH0=BAIò4,6[Dš4�D/@CDK0;BA<=*:+�0=@1D/–wBA.CB�+�0;<;4�D/PÈ4�D5*Ë<;@1D/–w+
*,D}•�B

+
*:.C+A-š.•*:0;BAŽ�•K2“£

-

Ô74�.¹¥À£�6�4�<�*ÚŽ/B�0=*,@C.1BAŽ"Ž/B�<;@ž•,*�0=@C4,D"P;BAB

‹

GšG•B�D/Ž/@žÒgÕ�¥

Mo = � �
B

X

m

(m � m� )� mm :
£

-

ÔO4N:N¥

Æ”N/B’)�4�+%ØÞ4�G�BA<;*:0=4,<·@CPÖD/4,0·4,6[0=N/BF6�4�<;Iá£

-

ÔO4

-

¥OŽ/-šB90=4Ç0;N/B9D/4,D/.C4?+
*,.1@1032Ú4:6[0=N/B¼BŠÒ�+%N�*,D/–�B

G�4,0=B�D
0;@•*,.ÀÔÑÆ”N/BA<ŒB�6�4�<ŒBg0;N/Bg4�<;•/@ž0%*,.·I5*,–,D/B�0;@C+"IJ4�I½B�DK0ÞIÇ-/PŒ0J•�B"6�4�-/D/ŽàŽ/@1Ü•BA<ŒBADK0=.ž2�ÔàŸÛ0J@CP

–�@ž•�BADJ•K2J*«P;-/Ii4,6�0=NšBFI½*,–�D/B�0=@1+•I½4,I½B�D
0;P›4,6WBA*,+%NJP;@CDš–�.CBŠÉ3BA.1BA+�0=<;4,DJPH0%*:0;B,ÌKÍÖBA@C–,N
0;BAŽ½•
2|0=N/B

4?+A+A-šG�*:0=@14�D�D
-/IÇ•�BA<

Mo =
X

i

f i h i j M̂o j i i :
£

-

ÔO4A4‡¥

ÙÖ2"BŠÒ�G�*,D/Ž/@1D/–Þ0=N/B’P;G/*:0=@C*,.r4�<Œ•/@10=*,.CP

j i i
@1D"0=N/B«•�*:P;@CP?£

-

Ôï.98‡¥�Ì

j i i =
X

m

cim jmi ;
£

-

ÔO4N>N¥

0=NšBw4,<;•/@ž0%*,.•I5*,–,D/B�0;@C+¼IJ4�IJBADK0�+
*,Dg•�B’Í�<Œ@10Œ0=BAD

Mo =
X

l ;m

X

i

f i c�
il cim hl j M̂o jmi

=
X

l ;m

� ml hl j M̂o jmi ;

£

-

ÔO4A5‡¥

Í�N/B�<;BFÍÖBLN�*
•�B9-šP;BAŽ½0=N/B�Ž/B

Ó

D/@10;@C4�DJ4,6•0=N/BLŽ/BADšP;@1032ÞI½*:0;<;@žÒŸ£

-

Ô/.

K

¥ŠÔ8Æ”N/BFI5*:–�D/B�0;@C+”IJ4�IJBADK0

4�G�BA<;*:0=4�<

M̂o
@1P”–�@1•,BADg•K2

M̂o =
1
2

r � j =
1
2

(xj y � yj x );
£

-

ÔO4

K

¥

Í�N/B�<;B’0=N/B’+A-š<;<;B�DK0

j
@CP”ŽšB

Ó

D/B�Ž�Ø«*,P

j = � e_r = �
ie
~

[H; r ] )
j x = �

ie
~

(H x � xH )

j y = �
ie
~

(H y � yH ):

£

-

Ô >L8‡¥

ÙÊÚ
ÄoÅDÏ–ÌoÉ±É�ÅÊÂ¯ÃgÇ›ÍHÃ�ÉÛË	Ô!ÇÈÃ�Ç›Ð	Â©Ë	ÆÈÆ›ÒEÔoÅbÜ©ÂoÅqÔpË	Í

j = � en_r Ý¶Þ

ÄoÅ–É±Å

n
Ç›Í�Ã�Ä©ÅXß©Ë	É„Ã±Ç›Ï–ÆÈÅQÔ!ÅÊÂ©Í�ÇàÃ•Ò¯×áÁŽÂ‡Ã�Ä©ÅXÐ	Â©Åbâ

Ô!Ç›Ñ}Å–Â©Í�ÇÈÐ¯Â©Ë�ÆiÉ±Ç›ÂoÕ

Ý

Ð¯ÑFÇÈÃ„Ã±ÇÈÂ©Õ

n
É±ÅÊÍ�ÌoÆàÃÛÍãÇÈÂŸÃ±ÄoÅHÏbÌoÉ±É±Å–Â�Ã%ßšÅ–É_Å–Æ›ÅÊÏ6Ã±É�Ð¯Â�×



Ç*å�¹Wçº¬�`„[]³�¯�¯�`*^)_»\�^p_�¬�`©îÀµ¶^�ê ' ,

Æ”NšB”×9*,<H0=<ŒBAB�É3)�4�+%Øw+A-/<Œ<;B�D
0˜@CP8Dš4�D/.C4?+
*:.?Žš-/B·0=4F0=N/BÖB�Ò�+%N�*,D/–,B•0=BA<ŒIS@1D|0=NšB•×9*:I½@1.10=4,D/@•*,Dw*,DšŽ

0;N/BA<ŒB�6�4�<ŒBwÍÖBw+
*,D^4�D/.12}B�•:*,.C-/*:0=B’@10;P”I5*�0=<;@íÒ"B�.CBAIJBADK0;PFBŠÒšGš.C@C+�@10;.12�ÔOœLP;@1D/–J0;N/Bw+A4�IJG/.CB�0=B�D/BAPŒP

4:6y0;N/B’•�*,P;@1P

fj mig
0=NšB«I5*,–,D/B�0;@C+«IJ4�I½B�DK0”+
*,Dg•�B’Í�<Œ@10Œ0=B�D

Mo = �
ie
2~

X

l ;m;n;p

� ml

h
hl j x jni

�
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sin2(( � � � 0)=2) + � 2

s

½

Î

¦�ñ

¾

£iã/ä6õAäP£Hä�ã4é¬ê�äbí�å4ìAä?õCæAä6ônæ8ã4äPí�åEæAä6õ8é3÷?æ8í�îNån§�ä?õAå4ä?è

jr � r 0j� 1 !
�

r0

q
sin2(( � � � 0)=2) + � 2

s

� � 1
½

Î

¦

ð

¾

ô/ä6ìA÷?õAí�ë4í�å4öbé�åVí�åEæ8ä?õ8é�÷�æ8í�îNåVé�è�îNå/öbéPìCæAõ8é�í�öNãEæ
è�í�å/ä-÷6îNå4å/ä6÷?æAí�å4öPæW£Hî`ä6è�ä6÷�æ8õAî�å4ìoédæ

�
é�å/ô

� 0¦�¢rî

ä?è�í�ù�í�åJé3æ8ä-æAã4ä>ìAí�å4öNó4è�é�õAíjæWú�î3ï�æ8ã4ä�¸oîNó/è�îNù_ëfí�åEæ8ä?õ8é�÷�æ8í�î�åeé3æ

� = � 0 é_ìA÷?õAä6ä?å4í�å/öV÷?îNå4ì\æ]é�åEæ

� s
í�ì-í�å4ìCä6õ\æ8ä6ô=¦Fµ+íjæ8ã*éO÷]ãJé�å4ö�äbî�ï
í�åEæAä6öNõAé3æ8í�îNåfê3é�õAí�é�ë4è�ä6ì

x = (� � � 0)=2
½

Î

¦jñ

¾

ëqä6÷6î�ù�ä?ì

h� l � m j� n � pi =
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