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ÒpÇ#â �¶Ç:- ����ÇN�:�sÇ:���'�!� ò.3;ßeÇ�ÈeÇ3â�òóÁ �eâ ��Ç ����Á5Èeßsò.�&â�ß��&à Ä �µÄ
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�µÄÆà���Ç3Å��eâ�ÈeÇ2$ÃÁÃàSÈeÇ�â#òáÁ
�eânÈµÄ
�eâ�àáÇ�â �¶Ç!-!����ÁÃÅ��!����Ç���������â�Ç!����Çºß��eÇG�:�eÇ!���ÃòóÇ�Å
Á �ÃÇ!���eÇ�ÈeÇ
Eion = 45±5
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â�Á ���AÁ
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��ò Ä
�eàóÇ?3;ßeò ��Ç �¶ÁÆßeâ�â�Ç<àáÇ�â
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Eion = 10
Þ
100

)ÆÇ 6
â�Á ��� -�ÂµÄ
� �-�3â�Ç!������Ç

Z = 18+
Þ
25+

Ç!��Å
Á �ÃÇ!���eÇ ��-3Ç!� ��Ä ò��eâ�òóÁ �eâ�Ä"����Ç3ò.� �µÄ
�;��ÈeÇ�â - ÂµÄ"���ÃÇ�â�ÈeÇ
Z = 40+
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Þ
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ÈeÇ3â -�ÂµÄ
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���ÆÇ%Ä ��� Ç!�eÈeßeÇ<ÈsÇ

Z = 8+�¶ÁÆß���ß���Ä"��ÁÃÅ
Ç
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�$ÈeÇ -�ÂµÄ
� �ÃÇ $ÃÇ!��âºàáÇ�â
-�ÂµÄ
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1.8 105 Ä"� ÁÃÅ
Ç3âÐ �µÄ
��ÄÆÅ � ����Ç3â�à Ä â�Ç:�
I = 5 1017 ± 20 � � À -3Å −2 � FWHM = 130
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Þ
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� �ÃÇÖâ�ÁÃò.�Sàáò*�?��ÈsÇ3â�Ä
�
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�eòK8\Ç3â � Ä"� òóÁ
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Ç�â�ß���ÇP�B� �eò.3;ßeÇGÕ
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� ����Ç�ÇGÕ"LµÁ�- ) ºÇ!� Ä
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�eÈ«Ç3â �&È��:��ò�$-�nÈeß
8\Á ��Å ÄÆàóòóâ�Å
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â�Ç3Å
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Ð � À � ã
Ä&$ÃÇ:-

f = f(r, p, t)
8\Á � -!� òóÁ �AÈeÇ�Èeòóâ ����ò��sß � òóÁ � ÈeÄ
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�ÆÇ:�ºß���Ç3â �µÄ
-�Ç
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�ÃÄÆßeâ�â�òáÇ!���eÇ3â�ÀQÝÖÇ0�eÁÃÅ ����ÇôÈeÇ �eâ�Ç3ßeÈsÁ Õ �eÄ
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√
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dS$ , )9$ ? �!#!$B� % �M< 1 ] a+�.- / $�^ $ ' �M#M<G��� ?�%5' �M� '�- <()+)K<G#M<ZY�� ?:%  " ;$ 1 < ,!%  " ;$ / $ / $ - E )6� ?�, �
dS$P)+#J$: ;��$�#B)+� ? $ ' �!#M<(�X�B) % � ' �M� 1�1�>GR /WC[-+' $ 1 <(# 4 $ - #BA  ;� 7 3K< - �!$ - # / $ ∼ 4

( $@� Rb,�C � / $ ' �M�!-K$
< - E >�1 $ ? �M# %5'+,V>  "� , < \ < ' � 1 < , $ ?:%5'6/ $h# >:,J%5' < '+? $ R )9$ '+/ < ' � 	 - $ 1 $ , $ ?�%5'+/ $ ' �M#!<(��� �!��#J$�� >GR ) 1�-+,
)6��	 -+>*/ $ 1 <(# 4 $ - # A� ;� 7 3K< - �!$ - # ∼ 1.3

( $@� ,�C � / $ ' �M�.-+$ < - E >:1 $ ? �M# %('+, >  "� , )9$ '+/ < ' � $��V<()6# 0:, 1 <
, $ ?�%5'+/ $Z# >�,!%5' < '+? $G��dS$ ,  Q<lE6�� Q< / $ ? $ , )+� ?�,g, $ , ��� - $ ' ��A ∼ 2

( $@� $�� ∼ 4.2
( $@� � , � ? $ 1 <b)K<G#M<ZY��

,J- #!)6#!$ ' < ' �U$ � � >:4 <(# / < - E \ < 1 $ - # ,e/ $"�!$: ;) > #M<�� - #J$ ,  "<�E8�� Q< 1 $ , <��!�M$�� ' �M$ , #!$ , )9$ ? �M� \ $� ;$ ' �
< \ < ' �e# >�,!%5' < '+? $Q< \ $ ?

Te ' 0.2
( $F� $��e)9$ '6/ < ' � 1 <�# >:,!%(' < '+? $B< \ $ ?

Te ' 1.1
( $@� [ ?�%5' T $:#

- 45- #!$ � � � ] R #M<()6)9$ 1�%('+, 	 - $ ? $ ,�/ $�# ' � 0 #!$ ,�?:% #J#!$ , ) %5'+/ $ ' �L< - E \ < 1 $ - # ,  %l@ $ '+' $ , < -p, $ '+,o/ $
1 < / � , �M#J��a - �!� %(' / $ Bp<�E &*$ 1�1*/ $ , �M$� ") > #M<G� - #!$ , � dS$ ,I>�1 $ ? �M# %5'+,U>  ;� ,f/+% � \ $ ' �) %(,!,!>�/ $�# -6' $
>�' $:# 4 ��$ ,!-��;, < ' �!$ ) %5- # \ <G� '+? #!$ 1 < aK<G#!#!� 0 #J$ / $Q) % �M$ ' �!��$ 1 $ ' ,J- #JT < ? $ � � 1�, )+# %�\ ��$ '6' $ ' � / $ ,
	 - $ - $ ,o/ $ / � , �!#!��a - �M� %5'&R $�� 1 $ ,h>�' $:# 4 ��$ ,�/6-p, )9$ ? �M#!$ / $ 1 < - 4(- #!$ � �  q7;,J%5' � /+>�? < 1�> $ ,h\ $�# ,�1 $ ,
3+< - �M$ ,2>�' $:# 4 ��$ , �

W*��$ ' 	 -WC � 1O,!% ��� ) %5,J, ��a 1 $ / $o#!$ 1 ��$:# ? 3+< 	 - $�)+� ? A -+' $�) > #!� %�/ $ /WC[>  ;� ,!, � %5' �!$: ;) % #!$ 1�1 $ /+%5'87
'6> $ R � 1O'WC $ , �`)K< , ) %5,!, ��a 1 $ / $ ?:%('+?:1�- #!$ 	 - < ' � 7 A 1 < / � , �M#J��a - �M� %(' < '+45-+1 <(��#!$ / $ ,b>�1 $ ? �!# %5'+, >  ;� ,
? <(# 1 $� %�/60:1 $ ' < '6% ) 1 < ,  "<U#!$ , �M$ -6'  %�/+0�1 $ -6' � / �� ;$ '+, � %5'6' $ 1 �

� 5"� ��� G�� �t� b %5- # ?�%5'+?�1�- #J$ R  ;$ ,!- # %5'+,g1DC �� ;) % #J�M< '+? $ / $ , )+#!$ ,!, � %5'6, 3 @�/ # %�/8@8' <( "�
	 - $V$�� ?:%5-�7
1�%  Ua+��$ '+' $ / < '+,�1 < /8@8' <( ;��	 - $ / $ 1DC $�E8) 1�%5, � %5' / $ 1DC < 4 # >:4 <G� � � C <()6# 0:,�1 $ , > 	 - <G�M� %5'+,V� �  �
$�� � �  ;")+< 4 $ b *8R � 1 $ , ��#J$ , )9$ ? �!� \ $� "$ ' �L<��!�M$ '+/+- 	 - $ 1 <;)+#!$ ,!, � %5' 3 @�/ # %�/6@�' <G "�
	 - $ ,!% �X���� 7
) % #J�=< ' �M$ 1�% # , 	 - $ 1 $ ,Z>�1 $ ? �M# %5'+,Z,!%5' � )+� >�45>:, A 1DC � ' � > #J��$ - # / $ 1 < ,!- #nT < ? $ / $ 1DC < 4 # >�4 <G� R $�� 	 - $ 1 <
)6#!$ ,J, � %5'Q?�%5-+1�%  Ua+��$ '+' $ 1 $ ,!% ��� 1�% # , 	 - $ 1�C < 4 # >�4 <G� , $ ? 3+<(# 4 $G�8N*$ 1 < , $ \(> #!�!-K$ ,!- # 1 < - 45- #J$ � �  � 
	 - �+ %5' �M#!$ 1DC[>�\5%(1�- �!� %5' �M$� ;) % #!$ 1�1 $ / $ ? $ , )+#!$ ,!, � %5'+, �5m -I/+> a - � / $ 1DC � ' �M$�#M< ? �M� %5'WR�1 <h�M$: ;) > #!< 7
� - #!$ >:1 $ ? �M# %(' ��	 - $e< -64  ;$ ' �!$e< \ $ ?e1 < / $ '+, ��� >e>:1 $ ? �M# %(' ��	 - $ R $�� 1 <)+#!$ ,!, � %5' 3 @8/ # %�/6@�' <( ;�
	 - $
[ �M#!<(��� / � ,J?:%5' �M� '�- ] /+%  ;� ' $ 1 <;)+#J$ ,!, � %(' ?:%5-+1�%  Ua+��$ '6' $ [ �M#!<(��� ?:%(' �M� '�- ] R 	 - � < -+4  ;$ ' �M$ , $ -+1 $ 7 ;$ ' � / $�) - � ,f1 $ , )+#!$� "� 0 #J$ ,e>  "� ,!, � %5'+,.>�1 $ ? �M# %5' �
	 - $ , A �!#M< \ $�# ,f1 < aK<(#J#!� 0 #!$ / $Q) % �M$ ' �M��$ 1Z/ $
1�C < 4 # >�4 <G�:� dg< )+#J$ ,!, � %(' ?:%5-61�%  Ua+��$ '6' $ #!$ +J% � ' � ? $�)9$ '+/ < ' � 1 < )+#!$ ,!, � %5' 3 @�/ # %�/6@�' <G "�
	 - $ A
1�C � '+, �M< ' �

t ' −45
T ,:R A 1 < \ < 1 $ - # / $

Ph ' Pc ' 8
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1 ��a6#!$ ,h>  ;� ,�'WC $ , �L) 1�-6,o'+>:4(1 � 4 $ <(a 1 $G�Odg<B)+#J$ ,!, � %5' 3 @�/ # %�/6@�' <( ;��	 - $ , �=< 45' $< 1�% # , A 1 < \ < 1 $ - #
/ $

Ph ' 12
B aK<(# R �M< '+/ � , 	 - $ 1 <Q)6#!$ ,J, � %5'P?:%5-61�%  Ua+��$ '+' $f< -+4  ;$ ' �M$e�M# 0:, #M<G)+� / $� ;$ ' �:� � 1�1 $

<G�!�!$:� ' �f$ ' )K<G#J�M� ?:-+1 ��$:# 1 < \ < 1 $ - #
Pc = 160

B aK<(# 1�% # ,e/ $ 1 < , $ ?:%('+/ $ # >:,J%5' < '+? $(� �o< '6,U? $ ,
?:%5'+/ ���M� %5'+,�R�1 $ #M< @5%5'U/ $ 1DC < 4 # >:4 <G� R 	 - �+< -+4  "$ ' �M<(��� /6>B+ A ,!%5-+, 1DC $�cO$�� ?�%5'>+J% � ' � / $ ? $ , )+#!$ ,!, � %5'+,
/ $:) - � ,`1DC � '+, �=< ' �

t ' −40
T ,:R $�E6) 1�%5, $.$��h<G�J�M$:� ' �

r/r0 ' 40
T % � ,b,!%5' #M< @5%5' � ' �X�M��< 1 A 1DC � '+, �=< ' �

t ' 300
T , �gd C $�E8) 1�%(, � %(' #J$ , �!$ 45%5-8\ $:# '6> $;)K<(# 1 < )6#!$ ,J, � %5' ?�%5-+1�%  Ua+��$ '+' $Ua+��$ ' 	 -WC $ 1�1 $ \ <(#J��$

$ ' T %5'+? �!� %5' /+- #M< @5%(' $ '
1/R4 < 1�% # , 	 - $ 1 < )+#J$ ,!, � %(' 3 @8/ # %�/6@�' <( ;��	 - $ \ <G#!��$;$ '

1/R3 � �1DC � '+, �=< ' �
t ' 100

T ,�Rg1 $ - # ,�\ < 1 $ - # ,.,J%5' � '+>�451 � 4 $ <Ga 1 $ , )K<G#L#M<()6) % #J�.< - E  "<�E8�� "< <G�J�M$�� ' � , A
t ' 10

T , �+m�� '+, � R61 <U)+# >�/+%  ;� ' < '+? $ /WC_-6' $L)+#!$ ,!, � %5' ,J- # 1�C < - �M#J$ >�\5%51�- $.< -�?:%5- # ,`/ $ 1DC � ' �!$:#!< ?�7
�M� %(' � � )K<(#n�M��# / $ 1DC � '+, �=< ' �

t = 200
T ,Z1 $b#M< @5%(' < -+4  ;$ ' �M$ / $2 "< ' � 0 #!$b)+#J$ , 	 - $ ?:%5'6, �=< ' �M$ � 1 $

�M$: ;) ,�? <G#M< ? � > #J� , �M��	 - $ /+- �M#M< '+, T $�#J� /WC_>�' $:# 4 ��$f) % �M$ ' �!��$ 1�1 $.$ 'P>:' $�# 4 ��$ ? � '6> �M�
	 - $f$ , �L<��!�M$�� ' � �
m \ $ ?.1 $ , )+<(#M<( 0 �!#!$ ,`/ $L�=<(� 1�1 $ /WC < 4 # >�4 <G�2$�� / $�T % #! ;$ /WC �� ") -+1�, � %(' 1 < , $:# ? 3 % � , � ,:R+1DC $�E8) 1�%(, � %('
,:C � / $ ' �M�!-K$LA ? $ 1�1 $ /WC[-+' $.$�E8) 1�%5, � %5'�?�%5-+1�%  Ua+��$ '+' $G�
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m�)+# 0:, < \5% ��# % a , $:# \5>�1 < /6@�' <G "�
	 - $ /6-Q' < '6% ) 1 < ,  "<L$ ' )6#!$ ' < ' � $ 'Q?:%  ")8�M$ 1 $ ,Z?:%51�1 � , � %5'+,
/ $ ,k>�1 $ ? �M# %5'+, < \ $ ?V1 < ,!- #nT < ? $ Rl/6>:? #J� \5%('+,  "<(� ' �M$ ' < ' � 1 < \ <G#!�q<��M� %('�/ $ ,k> �=<G� ,g/ $ ? 3K<(# 4 $V %�@ $ '6,
- ' < - E 〈z〉 $�� 〈Q〉 $ ' T %('+? �!� %5'"/ $ / $ - EB)+<(#M<G 0 �M#!$ ,*/ ��c > #J$ ' � ,:R A , < \5% ��# 1 $ '+%  Ua+#J$ /WC <G� %  ;$ ,)+<(#2< 4 # >�4 <G� , [ - 45- #!$ � �  h� ] $�� 1�C � ' �!$ '+, ��� >o1 < , $�# [ - 45- #!$ � �  b ] �

��� �A�s	 � ��# ��, �� �,*��� �*��� � 1- 31-� ��� ���� �� >��  �������&� 1( ���&�&�� �=<  >l�(� >? 31
� E6) > #!�� "$ ' �=< 1 $� "$ ' � RK1 $ , < 4 # >:4 <�� ,2,!%5' � 45>:'+> # >�, )K<G# /+> �M$ ' �M$ /WC[-+' 4 <GHf< - �!#M< \ $:# ,�/WC[-+' $

a -+, $G�6i 1 < > � >�> �=<(a 1 � 	 - $ 1 <e)6#!$ ,J, � %5'B/ $ 1 <ea -+, $ ?:%5'6/ ���!� %5'+' $ 1 <L�=<(� 1�1 $2 %l@ $ '+' $ / $ , < 4 # >�4 <G� ,



��. ��� e � � � � 
��Y1�� 
�� �'1 � 
2Jh
 Gp�p� � �	� 

� 56e��
(J �6J � �/G ��J��c�t� G J!e � 
��~�65 � �

/ < '+,�1 $ + $��:��i 1�/ $ \ ��$ ' � /+%5'+? <(� ,J>  ;$ ' � ) %(,!, ��a 1 $ ,!- # -+'f/ � , ) %5, �X�M��T6$�E8) > #!�� "$ ' �M< 1�/+%5'6'+>*/ $ZT <(��#J$
\ <(#!��$:# 1 <`�=<(� 1�1 $ / $ , < 4 # >�4 <G� , )K<(# , �� ") 1 $ \ <G#!��<G�M� %5'./ $ 1 <2)+#J$ ,!, � %5' � � � 1 <2)+#!$ ,!, � %5'  "<�E8�� "< 1 $ /+-
/ � , ) %5, �X�M��T 1 �� ;�X�!$ 1 <U�=<(� 1�1 $ / $ , < 4 # >�4 <G� ,�RK? $. Q<lE6�� -  )9$ - � \ <(#!��$:#2< -6,!, �g$ ' T %5'6? �M� %5' /6- 4 <(H
� '>+ $ ? � > � 1 <h�=<(� 1�1 $*$ , �V#!$ 1 � > $bA 1 <�)+#J$ ,!, � %(' )+<(# 1 <hT % #! -+1 $*$� ")+��#!�
	 - $ /&C @h< 4 $ ' <L< \ $ ? N ∝ kP α%��

α
)+# %�? 3+$ / $ � $��

k
,!%5' � / $ ,Z?�%5'+, �=< ' �M$ , 	 - � /+> )9$ '+/ $ ' � / $ 1DC $ , ) 0:? $h<G� %  "�
	 - $ ?:%5'6, � /6> # > $(�

dk< ?:%5'+, �=< ' �M$
k
/+- E >�'+%5' $ , � >:1 $ \5> $ ? $ 	 - ��)9$�#! ;$���) %5- # -+' $f)+#J$ ,J, � %(' -+,!- $ 1�1 $ / $Mb 7 W <(# ,

/WC <��!�M$�� '+/ #!$
N ' 6 106 <G� %  ;$ ,:R ,!% �X� -6' $ �=<(� 1�1 $ /&C < 4 # >:4 <G� ,B/ $

R0 = 44.5
' < '+%  0 �M#J$ ,�R

/ �� ;$ '+, � %('�?�%  ;)K<G�M��a 1 $�< \ $ ?.1�C <G)+)+# % E8�� "<G�!� %(' / ��) %51 <G��#!$ [ ?�%5' T $:# , $ ? �M� %('#� �  � � �  )K< 4 $Vb  ] �
dg<f)+<(#J�!��$ ,J- ) > #J��$ - #!$ / $ 1 <z- 45- #!$ � �  "� )+# >�, $ ' �M$ 1DC[>�\5%51�- �M� %5'"/ $ , > �=<G� , / $ ? 3K<(# 4 $� %l@ $ '+,

- ' < - EQA 1�C � '+, �M< ' �
t = 500

T , $ ' T %5'+? �!� %('Q/ $ 1 <L�=<(� 1�1 $ / $ , < 4 # >�4 <G� ,�R 	 - � \ <(#J��$h$ ' �!#!$
N = 103$��

N = 107 <G� %  ;$ ,:R ) %(- # / $ , )K<(#!<( 0 �M#J$ , 1 < , $:# � / $ ' �M��	 - $ , A ? $ - E / $ 1 < , $ ? �M� %5' )+# >�?:>�/ $ ' �M$(�dk< ? 3K<G# 4 $p� %5' ��	 - $  %l@ $ '6' $ $ ' �M#M<G���") 1 $�� ' \ < - � 〈z〉 = 8+
) %5- #

103 <G� %  "$ , $�� >�\(%51�- $
#M<()+� / $: ;$ ' � A 〈z〉 = 12.2+

) %5- #
N = 2 104 <G� %  ;$ ,:R�%�� $ 1�1 $*<��!�M$�� ' � -+'  "<�E8�� -  1�%�? < 1 �"� 1�1 $

? 3 - �M$oA 〈z〉 = 11.6+
) %5- #

N = 6 104 <�� %  ;$ , ) %5- # $ '+,!- �X�M$h#!$ +J% � '+/ #!$ 1 $ ' �M$� "$ ' � -+' $ \ < 1 $ - #< ,J@  ;)6� % �!��	 - $ / $ 〈z〉 = 13+
) %5- #

N = 107 <�� %  ;$ , �9dg<;)K<G#J�M��$L� ' T > #!��$ - #J$ / $ 1 < - 45- #!$ � �  h�
)9$:#! ;$�� /&C � ' �M$�#!)+# > �!$:# ? $��!�M$ >�\5%51�- �M� %('f451�% aK< 1 $ R $ ' )K<(#n�M� ?:-+1 ��$:# 1 $ ? 3K< '+4 $: ;$ ' � / $*# >�4 �� ;$ $ ' �!#!$
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>:1 $ ? �!#!��	 - $o� ' �M$�# ' $

Eint
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√
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erf(x) = 2/
√
π ×

∫ x

0
exp (−y2) dy
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(
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e2/(4πε0) = 27.2205
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(σe1, σe2) L JNMPO'QRJ�MSJNT(MDC;FUE�JNQVFWTYXVJ�Z\[ L JN] L ASJNM σe1 J L σe2 ^'_ FUAa`�JN] L TUAbHcQVM L C;] _ HKJN] LMSJ!T _ OPQ�C L AS[d]RT Ve1(0)− Ve1 = 0

J_2eJ L Ve2(0)− Ve2 = 0
J_2 <=f J!T6gh[d]RJ!Tji�CdkGiPQVF _ J!TmlnJ Lpo X _ `R]VASTWTWJN] LMSJ!T�XV[dHqC;Ab]RJ!T�XVJ ^ C;MbASX=A L _ Z\[dQVF�MSJ!TWOPQRJNMST�MSJ!T�Z�C;FGC;HKr L FWJ!T σe1 J L σe2 Z\JNFUHKJ LUL JN] L X)s?[dt L JN]VAbF�MSJ!T _ ]RJNFUE�ASJ!TXVJKZ\[ L JN] L ASJNMuTW[dQVi�C;A L _ J!TvZ\[dQVFvMSJNT _ MSJ!k L FW[d]RT e1 J L e2 w(x TGC ^ [dAbFmFWJ!TUZ\J!k L A ^ JNHKJN] L Ve1 = −4.5

J_2yJ L
Ve2 = −45

J_2 <Pf J!Tzgh[d]RJ!Tzi�CdkGiPQVF _ J!Tjk![dFUFWJ!TUZ\[d]RXVJN] L{x MDCmZRFW[ �|J!k L AS[d]}TUQVFzMSJpZVMDC;] z = 0
J_2~XVJ!T�ZVMDC;]RT

XVJjk![dQVZ\J{k![dHIZVFUAST�JN] L FWJ z = [−0.5, 0.5]
J_2 <�f C ^ C;MSJNQVF�k![d]RT L C;] L J{XVJ6MDCBMDC;FUE�JNQVF�X=QIZ\[ L JN] L ASJNMRAS[d]VASOPQRJ

^ C;Q L σi = 1
t\[diVF <

� �³b<;jilgFm�npuxnps1m�gjkJu ile5m�bOstrLylnPgNm�dowOkJg�e+bOdj��nPildjgNyln�q	wOmonPs1mokJnpe�b(1;s yln�ylrp}PdjkJdon�e+b\gjmodoil}�m�ildonylrPgjkJdorpn]q	nPitm =�m�don]its�qldow@}pnPgogjilg��_bOgFm�kZylkJnpi��S��% e%nPgjm�}pnPq	npsly;bOs�m�q	wOgogokZ�leJn-y%��npgjmokJuNnPd3eJnpild��RbOeJnpildnPs } bOeZ}PileJbOs1mLeZn\q	wOm�nps1mokJnpe]ytnPg�rpeJnp}pm�djw�slg�bOqlqlbOdjmonPs;bOs�m¡~ ils bHm�wOuxn�kJgjw�eJrH� %«e.gonpd�bvnPslgjilkZmonslrP}pnPgogobOkJdjnKy=�³b<;jilgjmonPd�}PnPg��HbHeJnPitdog�kJslytkJ} bRm�k5��nPg{q	w�ild{ils bHmow�uNnhy;bOslg�eJnh}��;bOuNq ylnPg�bOi�m�donpgbHm�w�uNnPg�4@itk8}pw�slgFm�kZmoilnPs�m�e���bO��djrP��bRm ��n�m�y;bOstg�eZn\gonpslg�ylnKe+b uNnPkJeZe5nPildjn\gFm�bO�tkJeJk5mor�kZw�slk 4@itn\npmrPeJnp}pmodow�slk 41ilnO�
��k�stw�ilg{goilqtqSwOgow�stgLils bHm�wOuxn�}PwOslgjm�k5m�ilr¡y%��its rPeZnP}�m�dowOs ylnh}Pw�stylil}�m�kJwOs

e1
npm{yln��1ilk5mrPeJnp}pmodow�slg

e2
��gokZmoilrPg bOiNu =PuNn3nPstyldow�k5m.41i%��its�kZw�s�}��;bOdo�Or

9+
��eZn q	wHm�nPs�m�kZnPel�@ixqlbOd ilsNrPeZnP}�m�dowOsyln]}:�;bR4@itn¥npgoq	zp}Pn¥gP�¤rP}pdok5m

Ve1(0) = 9Ve1 i(0) − 8Ve1 e2(0)
¢,�t� "�� £

Ve2(0) = 9Ve2 i(0) − Ve2 e1(0) − 7Ve2 e2(0)
¢,�t� " " £

b���np}
Vjk(0) = −e2/(2π3/2ε0) ∗ 1/σjk
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% e)npgjm q	wOgogokZ�leJn yln m�dobO}Pnpd eJnpg �RbOeJnpildog yln�}pnPg·q	wOmonPs1mokJnpeJg mo�lrPw�djk 41ilnpg·gjw�ilgjmod�bOk5m�npg·ytnPg �RbOeJnpildogytnPg·q	wOm�nps1mokJnpeJg donpgoq	nP}�m�k5��g·ylrPgjkJdorpnPg
Ve1 = −4.5

n§¦ npm
Ve2 = −45

n§¦ �1gowOkZm
Ve1(0)−Ve1 = 0

n�¦n�m
Ve2(0)−Ve2 = 0

n§¦ goild eJn u =PuNn�bR��n
z
y%�¤ils�ylkJbO��dobOuNuNn ~.m�dow�kZg ylkZuxnpslgokZw�slgP��nPsx��wOsl}pmokJw�sytnPg e+bHdo��npildogcb<;jilgjm�bO�leJnpg

σe1
n�m
σe2
q	w�dFm�rPnpg goildceJnpg bR��nPg

x
n�m
y
�Hq	w�itdcilsln�eJbOdo�OnPild�ytifq	wOmonPs1mokJnpekZw�slk 4@itn 1t��rpn

σi
����sNqleJbOs�ytn�}pw�ilq	n q;bOdobOeJeZzPeZn�bOiNqte+bOs

(x, y)
~]e°��wOdoylw�stslrPn

z = 0
ylr 1;stkZm ylnPi@�

� w�slnpg�m�npeJeJnpg 41iln·��dokZgorpnPg�goitd�e+b 1;��ildjnB�t���t�O41ilk�bOgogjildonps1m 41iln·eJnpg�}pw�slylk5m�kZw�slg Ve1(0)−Ve1 = 0
n�¦n�m

Ve2(0) − Ve2 = 0
n§¦�gow�s�m ��rPdok 1;rPnpg�gokZu ileZm�bOslrpuxnps1mP�a eJilg e+b]eJbOdo��npild yln�q	wOmonPs�m�kJnpe)nPgFm�q	n�m�k5m�nO��qleJilg eZnPg rPeZnP}pmodow�stg·gow�s�m eZkJrpgP����ilgjgok°�@y;bOstg·eJn gow�il}pkytn�djnPqldjw@ylilkZdon�bHiNuNkJnPi@�feZn3}Pw�uNq	w�djmonPuNnPs�m ylnPg rPeJnp}pmodow�slg

e2
m�dozpg eZkJrpgP�Oe+b-e+bOdj��nPitd yln q	wOmonPs1mokJnpenpgjm{}:�tw�kJgjkJn�q;bHdouNk�eJb � wOsln "¡yln¡e+b 1;��ildjn �t� ��� � bK�HbOeZnPildxyln¡e+bKe+bOdj��npildxyln¡q	wOmonPs�m�kJnpe�ylnPgrpeJnp}pm�djw�slg

e1
�	ylrpeJw@}PbOeJkZgorpgP�)npgjm�}:�tw�kJgjkJn8npsh}pw�uNq;bOd�bHkJgowOs�e+b�qleJilg���dobOslyln¥q	wOgogokZ�leJn¥~Ne��¤kJs�m�rpdokZnPildytn�}Pnpmjm�n � w�stnO� ��qtdozPgNils b<;jilgjmonPuNnPs�mxslrP}pnPgjg�bOkJdjn�yln�}pnPgxkZslylkZ} bHmokJwOslgfq	wOildNe°��npslgonpu �leJnLytnPgrpeJnp}pm�djw�slg�ylnLe���bO��djrP��bRm�bOi�� rpslnPdj��kJnpgNytn�eZk+bOk5gow�s��

Ve1 = −4.5
n§¦�n�m

Ve2 = −45
n§¦ � slwOilgbHdod =�m�w�stg eJnPg3q;bOdobOuNzpm�djnPg�m�nPeZg241iln

σe1 = 6.5 bohr, σe2 = 1 bohr et σi = 1 bohr
¢,���#"</ £
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4u58769(:=<���@ U _ Z�C;F L A L AS[d] JN] L JNFUHKJ!TmXVJ ]VA ^ JhC;Q� _ ]RJNFUE _ L ASOPQRJ!TvXVJ!T _ MSJ!k L FW[d]RT e1 J L e2 <�� i�CdOPQRJ Z\[dAb] LFWJNZVF _ TWJN] L J/QV] _ MSJ!k L FW[d] <�f s C�VJ/XVJ!TIC;tRTWkNASTWTGJ!TcZ\[dF L J M s Ab]RX=ASk!J}XVJ MDC Z�C;F L ASkNQVMSJ w M s C�=J/XVJ!T [dFWXV[d]V] _ J!TM s _ ]RJNFUE�ASJmZ\[ L JN] L ASJNMbMSJvk![dFUFWJ!TUZ\[d]RXRC;] L J <

��nPg�rPeZnP}�m�dowOslg
e2
gow�s�m-ylkZgjm�djkJ�litrPg�rP��bOeJnpuxnps1m�bOeZr bHmow�kZdonpuNnPs1m�goitd�e+bNgoitdj�_bO}pn y=��ilstn gjql�lzPdjnytn¡d�b |�w�s�rp��bOe�~Q}PnpeJilk�y%�¤ilsln¡w�dj�lkZmon�yli uxw@ylzpeJn�yln�*·w��ldxq	w�ildxilsln¡rpslnPdj��kJn

Ve2
�·a�w�ildxeJnq	wHm�nPs�m�kZnPe·}:�tw�kJgjk

Ve2 = −45
n§¦ �ceJn�dob�|�wOs yln�e°��wOdo�lk5m�nN�RbOitm

re2 = 0.3
�	w��tdP����sln�ytkJgjm�bOsl}pn

�A`)® ¯�MO>A<���KY>*F;>A@�¯�GV>j¬g:?<=Q�MS@
e1
F;>.GJ® 7 :?Q�L>.FO>*@=Q;F;KV8  FO7JMS@ GJ® 7��9<�¯��N7 :j±S@�K">�GVGY>*M1® >A@�: PS7�@�¶_Q98O<?MOKV>.PS7J< GJ® >�� PO¯��

<=KV>�MR¬�>�±SP^>�8;:���:=<?> ¬A7JG ¬(8OG³¯�>*FO7JMS@ GV> ¬�7�F;<=>.F;>�F;>A@�¬(<?KYPO:=KVQ9MS@ UN8S79M�:?KVUN8O> @fWVX�� ZJµ��;73² 7JGV>�8S< >A@�: @�8OPO¯A<=KV>�8S<=>� ¬(>�GVGV>
F;>.GJ® 7 :=QpL>fKI@=Q9G³¯ ¬�79< GV>A@�¯�GV>j¬g:?<=Q�MS@

e1
@�>*F�¯AGYQ ¬�7JGVKI@�>AM�: � GJ® KYMN:°¯�<?KV>�8O< F;>*GJ® 7"�9<�¯���7 :oµ��)M <=>F²J7JMR¬EnO>p±OGZ® ¯�MS>�< �9KV>.F;>A@¯�GV>j¬g:?<=Q�MS@

e2
±OPOGY8R@ GVK³¯A@j±�² 79<=KV>mP^>�8d>�MN:=<?> 8OM 7 :?Q�L> KV@=Q9G³¯ >(: 8OM 7���<°¯��N7 :jµ
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Ne1 = 40

rPeZnP}�m�dowOslg
e1
npm
Ne2 = 328

rPeZnP}�m�dowOslg
e2
�;q	w�itd ils�rp��rPstnPuNnPs�m�ylw�stslrO� � �;b^41iln�HbOeZnPild ytn3e°�³bR��n�ytnPg bO�lgj}PkZgogonpg kJslytkJ}pn�its�rpeJnP}�m�djw�s%����nPg kZslylkZ}Pnpg " ~��V��}PwOdodonpgoq	w�slytnPs�m·bOi�� rPeZnP}:�m�dowOslg

e1
�)% eJg�gowOs1m3m�wOi ;jw�ildjg3ylkZgjmodokJ�tilrPg3bOeZr bHmow�kJdjnPuNnps1mP�t~fitsln]ytkJgjm�bOsl}pn.y%�¤n���}PeZilgokZw�sLuxkZslkZuxbHeZneJnPg ilslg ytnPg�bOi�m�donpg���eZnPildjg·rPstnPdo�OkJnPg·q	wOmonPs1mokJnpeJeZnPg gow�s�m ylw�sl}�dorpq;bOdjmokJnpg bOeZr bHmow�kZdonPuNnps1m ylbOslg·ilsln��nPs�=�m�don�yln�e+bHdo��npild ' 5

n§¦ bOitmow�ild�yln�e+b��HbOeZnPild�uNw |�npslsln ' −10
n§¦ �=��npg-kJstylkJ}pnPg���" ~ � ���}Pw�djdonPgjq	w�slylnps1m bOi���rpeJrp}pmodow�slg

e2
�t��nPg rPslnpdo��kZnPg q	wOm�nps1mokJnpeJeJnpg yln�}PnPg�rpeJnp}pm�djw�slg gowOs1m�rp��bOeJnpuxnps1mdorPqlbOdjmokJnPg bOeZr bRm�w�kZdonpuNnPs�m y;bHslg ilsln ��nps�=pmodon�yln�e+bHdo��npild ' 10

n§¦ bHitm�wOild yln�eJb.�RbOeJnpild uNw |�npslsln
' −45

n�¦ � � nPgxrpslnPdj��kJnpgxgjw�s1mxdjnP��djw�ilq	rpnPgxq;bOd��@ilk5m � }pw�s)1;dju�bHs1mxbOkZslgok3eZnPgNbOqlq;bOdFm�nps;bOsl}pnPgdonPgjq	nP}�m�kZ��npg�ylnpg�rPeZnP}pmodow�stg
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4 �HbOeZilw�slg�e+b�gjm�bO�lkZeJk5m�r.yln¥e°��r�m�bHm ��w�slylbOuNnPs1m�bOe�yln¥e���bO��djrP��bRm
Na+

41

bOkZslgok�kJslk5m�kJbHeZk5gorH�)~Ne���bOkJylnylnPg u =PuNnPg w��lgjnPdF�HbO�leZnPg.41iln eZn�} bOg g�bOstg eJnpg �1ilkZm rpeJnP}�m�djw�slg
e2
¢ ��w�kJdce+b-gjnP}�m�kJwOs �t�./@�./�q;bO�On �)" £ �
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� b 1;�Oildon �t����donPqtdorPgjnPs�m�n eZnPg�r���w�eJi�m�kJwOslg monPuNq	w�donpeJeZnPg yli�d�b |�w�s¡kZw�slk 4@itn�¢�q;bOdFm�kJn]gjilq	rPdjkJnpildon £ �yti slw�u �ldjnhy%��rpeJnp}pm�djw�slgL~ e��¤kJs�m�rpdokZnPildxyln�e���bO�OdorP��bHm\¢�q;bOdjmokJn¡kJs�m�npdouNrPylkJbOkZdjn £ npm�yln�e��¤rPstnPdo�OkJnq	wHm�nPs�m�kZnPeJeZn{rpeJnp}pm�djw�slk 41ilnQ¢�q;bOdjmokJn{kJst��rpdokZnPildjn £ �cuNw |�npslslrPnpgNq	w�ild 200
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npgjmcdonPeJbHm�k5��nPuNnPs�m}PnPs�m�djrPn¥bOitm�wOild yli�uxbR��kJu ilu yli�qliteJgon]eJbOgonpd �le��¤rPuNkJgjgokZw�s�41ilk gjnPu �leZn]q	wOgogokZ�leJn.ylzpg�e°�¤kJslgFm�bOs�m

t ' 30
��g�bHmom�npkJs�m¥yln�uxbOslkZzPdjn 41i;bOgok·n:�tq	wOslnPs�m�kZnPeJeZnxgjw�s uxbR��kJu ilu yln ����rPeZnP}pmodow�stg�rPuNkJg¥~e��¤kJslgFm�bOs�m
t ' 50

��gP�cuNw�uNnPs�m w�� e��¤kJs�m�npslgok5m�r 4@itk�ytrP}Pdjw&'Jm gF|�uNrpmodok 4@itnPuNnPs�mfylnPqlitkJg e��¤kJslgFm�bOs�m
t ' 40

��gLbHmomonPkJs�m�ilsln��HbOeZnPild�gjkJuNkJeZbOk5don¡yln\}pnPeJeZn�ytn\e��¤kJslgFm�bOs�m
t ' 30

��gP� � np}Pk.}Pw�s 1;douNne��¤�1|@q	wOm��tzPgonfy%��itsln�kZw�slkJgobHm�k5w�shqlbOd-goilqlqtdonPgjgokJw�s\ylnf�;bOdodjkJzpdon q	w�ild-eJnpg.rpeJnp}pm�djw�slg
e2
�=rP}PbOdjm�bOs�m
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4u58769R:=< l :=@ � ^ [dMbQ L AS[d] L JNHIZ\[dFWJNMbMSJmX=Q}]R[dHctVFWJnX)s _ MSJ!k L FW[d]RT e1 _ HIAST � k![dQVFUt\J L FGC;A L ZVMSJNAb] $ w X=Q}]R[dHctVFWJX)s _ MSJ!k L FW[d]RT e2 _ HIAST �1kN[dQRFUt\JnJN] L FGC;A L Z\[dAb] L AbMbM _ $uJ L X=Q ]R[dHctVFWJnX)s _ MSJ!k L FW[d]RT e2 AS[d]VAST _ TjJN]Rk![dFWJ ZVA _ E _ T
x M s Ab] L _ FUASJNQVF XVJnM s C;E�F _ E'C L � k![dQVFUt\JvJN] L FGC;A L{L AaFGJ L _ $ <

bHkJslgjk�e��¤�1|@q	wOm��tzPgon y=��ilstn kJw�stkJg�bRm�kZwOs.dorpgow�s;bHs1mon·b���np} eJn uNw@yln yln d�bOqtqSnpe1bOi��]kZw�slg ~3e+b���djrN41ilnpsl}Pn
ωe2 ' 42.7

n§¦ �T41ilk�sln]q	nPitm�q;bOg4=�m�don]n:�t}pkZmor8q	wOild e+b���dor�41ilnPsl}pn¥e+bHgonPd3}��lw�kZgokJn
ωlas = 2.5

n§¦����nPg rPeZnP}pmodow�stg
e2
kZw�slkZgorpgP�Ostr bOsluNw�kZslg npsl}PwOdon3qlkJrp��rPg ~.e°��kZs1morPdokZnpildcytn3e���bO��dorp��bHmP�Hgjw�s1m djnPqldjr��gjnPs�m�rPg nPsLmod�bOk5m m�kJdjnpmor.gjild3}Pnpmjm�n]u =PuNn 1;��itdonO�;��npild3slw�u �ldon-nPgFm�r��HbOeJitr.}Pw�uNuNn-e+b�ylk �SrPdjnPsl}pnyti¥slw�u �ldjn y=��rpeJnP}�m�djw�slg
e2
mowOm�bOe°� bOi8slw�u �tdon y=��rpeJnP}�m�djw�slg

e2
gjn m�djw�it�HbOs�m�~ qldjw���kJuNk5m�r y%�¤ils¥kZw�s%�gjw�kZm-ylbOslg.ilstnfgoql�tzPdonfylnfdob�|�w�s

0.75RWS

�%b ��nP}fq	w�ild-dob�|�wOs\yln � kJ��stnPdF� ��nPk5m � RWS = 3.96�	wO�ldP� ��s rPeZnP}�m�dowOs�kJw�slkZgor q	wOildu�=��rpuxkZg�bOi�u�b �tkZu ilu�yli�qlileZgon·donpgjm�n qlkZrP��r �RkJe1npgjm }pw�s)1;str�qlbOdeJb-�;bOdjdokJzpdon�yln q	wOmonPs1mokJnpelnPsNgjildj�_bO}pnO�a41ilk;npgjm qldjw�q	w�djmokJw�stslnPeZeZn3~.eJb-}:�lbOdo�On yln e°�³bH��dorp��bHm ¢_}PwOst��nPde°��r�41i;bHm�kZw�s /@�#"
��q;bH��nn� � £ � � n3}PwOs)1;slnpuxnps1m stn3ylitdon 41iln �Re��¤nPgoqlbO}Pn3y=��ilsfkJslgFm�bOs�m ���He��¤n���q;bHslgokZw�skZw�slk 4@itn�ytn�e���bO��djrP��bHm nPs�m�dob('+s;bHs1m·e��¤rPuNkJgjgokZw�sNyln�e+b]mowOm�bHeJk5m�r ylnpg�rpeJnp}pmodow�slg bOi�monPuNqlg
t ' 50

��g��e°��rpslnPdj��kZn8bO}N41ilkZgon8q;bOd�eZnPg rPeJnp}pmodow�slg�kZw�slkJgjrPg eZw�dogA4@i=��kZeJg3gow�s�m�qlkJrp��rPg�gji���m�ylw�st}¥q	wOild!41i%�¤kJeJg stngjw�kJnps1m-q;bOg-ytnfstw�it��nPbOi\} bHqtm�ildjrPg.qlbOd-its�kJw�s¡eJw�djg�yln e°��n:�tqlbOslgokZw�s ¢_}PnpeJeZn��§}Pk�b�|�bOs�m.q	wOild-n��Sn�mytn8djnp��djw�kJylkZd�eZnPg3q;bOdFm�kJ}pileJnpg £ �
�/.��2��3��}� �  � ���:� � �¤rp��wOeJitmokJw�s.monPuNq	w�donpeJeZn yln e+b3}��;bOdj��n kJw�slk 41iln bOqlq;bHd�b('Zm goitd�e+b 1l��ildonp�t� "��l�� b�}:�lbOdo��n ytnf}��;bR4@itn�kZw�sh}pw�uNqtm�n�eJn�stw�u �ldon�ylnpg.rPeZnP}�m�dow�stg

e2
gon gok5m�i;bOs�m-y;bOslg-ilstnfgjql�lzPdjn}pnPs�m�dorpnLgoildfe��¤kJwOs npm�yln�d�b |�w�s

0.75RWS

�8$ eJeZn{q	npitm =�m�djnLuNkJgjn{npsv}PwOdodonpgoq	w�sty;bOsl}pn�ylkJdjnP}�m�nb ��nP}�e°��rpuxkZgogjkJwOs�rPeZnP}�m�dow�stk 41iln¥qldjrP}prPylnps1mon�¢ 1;��ildjn}���#"�� £ �)uxbOkJg s%�¤nPgFm-gokZ��slk 1;} bHmokZ��n 41i%�³~xq;bOdFm�kJdytiQuNw�uNnPs�m.w��\mow�ilg]eJnpg]rpeJnp}pmodow�slg
e1
gow�s�m8rPuNkJgp��$ sKn��Snpm ��y=��kZslkZmok+bHeZnpuNnPs�m.slnpitm�djnNe��¤rpm�bHm]ytn}��;bOdj��n

1+
nPgFm q	nPilqteJr�bOi��Qylrpq	nPslg ylnpg rpeJnp}pmodow�slg

e1
��ytn�gowOdjm�n 41iln�e+bLmowOm�bHeJk5m�r�ytnPg bHm�wOuxnpgs=��npgjmxkJw�slkZgorpnLilstn���wOkJg 41i%�³~KqlbOdjmokJdfylnLe��¤kJslgFm�bOs�m

t ' 30
��gP� � npgNrPeZnP}pmodow�stg

e2
gow�s�mxnPstgoilk5m�nqtdow���djnPgjgokZ��npuxnps1m�kZw�slkJgjrPgp�

4 ��w�eJilbOs1m-}PwOs ;jw�kJs�m�npuxnps1m�modozpg.dobOqlkZylnPuNnPs�m.bOitmow�ild�yli�u�b ��kJu ilu�yli�qlileZgonO�SeJnpg-rpm�bHm�g-ytn}��;bOdj��n ylr 1lslkZmokZ��g%gowOs1m�bHmomonPkJs�m�g%ylzPg e°��kZslgjm�bOs1m
t ' 50

��gp� ��npg kJwOslg�gjw�s1m uxb ;jwOdok5m�bHkZdjnPuNnps1m%}��;bOdo�OrPg
2+
����npg r�m�bHm�g ytn3}��;bHdo��n�uxbR��kJuxbOi@��bHmjm�nPkZs1mogP�HgowOkZm

4+
npm

5+
sln�donpqldorpgonps1m�nps1m donpgoq	np}pm�k5��nPuNnPs�m

41iln /.����n�m>"<-¡kJw�stgfq	w�ild��=�=��r���zPslnpuxnps1mogxdjr bOeZkJgjrPgP�cnpm�kJe·s%��npgjmNylw�st}Lq;bOgfrp�@kJytnPs1m 4@itn�}pnPg
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4658769\:=< l�� @ � ^ [dMbQ L AS[d] L JNHIZ\[dFWJNMbMSJ XVJ!T X=A�� _ FWJN] L J!TBkGi�C;FUE�J!TpAS[d]VASOPQRJ!T k![dHIZ L C;] L MSJ!T _ MSJ!k L FW[d]RT e2 <�� ��.� , ����� @ X=AST L FUAbtVQ L AS[d] XVJ kGi�C;FUE�J k![dFUFWJ!TUZ\[d]RX�C;] L J HKJ!TUQVF _ J x M s Ab]RT L C;] L t = 120 	 T � JN] C;tRTWkNASTWTGJ w _ L C LXVJmkGi�C;FUE�JmAb[d]RAbOPQRJ��RJN] [dFWXV[d]V] _ Jm]R[dHctVFWJvX)s AS[d]RT{Z\[dQVF{QV] _ L C L XVJnkGi�C;FUE�JvXV[d]V] _ $ <

rpm�bRm�g8ylnN}��;bOdj��nNgjw�kZm8bHmomonPkZs1m�g.q	w�ild]}:�;bR4@itnxylkJgFm�dokZ�litmokJwOs\kZw�slk 41ilnfkJstkZm�kZbOe5n �%nps djnp�HbHsl}��lnO��bOiuxw�kZslg�ilsvkZw�s qlbOdfrp�OzPslnpuxnps1mNdonPgFm�nLkZw�slkJgjr{ilstn���w�kZgP� � np}Pk3nPs�m�dob('+sln�41i%�¤ilsln�npgjmokJuxbHm�kZw�s ylne��¤rpm�bRmLyln\}��;bHdo��n�1;slbOe.nps ��w�sl}pmokJwOs yln\e°��kZs1m�npslgok5m�rheJbOgonpd�}Pd =pm�n\goilqtq	w�g�bOs�m�e°��kZw�slkZgobHm�k5w�s�q;bOdgoilqlqtdonPgjgokJwOs ylnx�;bOdjdokJzpdonH� eJrp��kZmokZuNnfnPs qldjnPuNkJzpdonxbOqlqtdow �tkZu�bRm�kZwOs%��bOqlq	nPeZeJn�qldoitylnPsl}pn{}PbOd8nPeJeZnsln�q	npitm�}pw�dodjnPgoq	w�styldonL~he��¤nPslgjnPu �leZn{ytnPgfkJwOslgP�c��nPgfylkZgoq;bOdjkZmorPg�yln�}��;bOuNq eZw@} bOe·bOgogoitdonPs�m�e+bgoil�lgjkJgFm�bOsl}pn ylni41ilnPe 41ilnPg-kJwOslg�ylwOs1m-bOil}pils�rpeJnp}pm�djw�s
e2
s%�¤nPgFm.kZw�slkZgorO�)uxbOkZg�q;bOdFm�kJ}pkJq	nps1m�bOilgjgokqldow��lbO�leJnpuNnPs1m3ylnPg�r�m�bHmog yln]}:�lbOdo��n]qteJilg3rPeJn���rPg!41iln

2+
�� ��npsl} bHdjm.yln�e+b 1;�Oildon}�t�#"-�{donpqldorpgonps1m�nfeJnpg�rpm�bHm�g�yln }��;bOdo�OnfbOgF|@uxqtmowOm�k 41ilnPg�qldorp}PrPytnPs1mog8~e��¤kJslgFm�bOs�m

t = 120
��g3gow�itg ilsln-��w�douNn�qleJilg�}PwOuxq;bRm�kJ�teJn�b���np}]e+b�eJk5mom�rpd�bRm�ildjn�n���q	rPdjkJuNnPs�m�bOeZn	����
��� npmomon·ylkZgjmodokJ�titm�kZw�s.yli¥slw�u �ldjn y%�¤kJw�slg nps¥��wOsl}pmokJw�s]yln e+b3}��;bOdj��n kJwOslk 41iln nPgFm�}Pe+bHkJdonpuNnPs1m�qlk 41ilrpnbOitm�wOild ytn8e°��r�m�bHm3yln]}:�lbOdo�On

2+
�

� � �������<��	 �� ����3 � ��� ���:��	 % s1m�rpdonpgogowOslg]slwOilg-uxbOkZs1m�nps;bOs�m�~�e��¤n���qleZw�gokZw�s�yln e°�³bH��dorp��bHm ��b +
41

�
4@itk·bLq	w�ild8}PbOilgjnxe+b�doilq�m�ildjn�bOi@� ylnpe+~�ylnNe��¤rN41ilkJeZkZ�ldjnfrPeZnP}pmodow�gFm�bHmok 41ilnH��� b 1l��ildonNqtdorP}prPylnps1monkJslylk 41ilnd41iln-m�wOilg3eZnPg�rpeJnP}�m�djw�slg3kZw�slkZgorpg�gowOs1m3rPuNkJg �t}��;b^41iln8bRm�w�uNn�}��;bOdo�Or]bOi�uNw�kJstg ilsln-��wOkJgnPgjm·donpq	w�ilgogjr�gjw�ilg e��¤n��Snpm yln�e��¤kJs�m�nPdobO}pmokZw�s�rpeJnp}pm�djw�gjm�bHm�k 41iln�b ��nP}�eJnPg bOitmodonpg·kZw�slgP�1� b.��w�douxbHmokZw�sylnfq	npm�k5m�g.bO��djrP��bHmog-}Pw�uNq	w�gorpg]ytn�ytnPi��\bHm�wOuxnpg���w�kJdjn qleJilgp�%ytw�s1m.e+b�}Pw��trPgokZw�s\gonpd�bOk5m]bOgjgoildorpnq;bOdcytnPg rpeJnP}�m�djw�slgcylrPeZw@} bOeZkZgorPgp�RnPgFm kJuNq	w�gjgokJ�teZnO� n�m e���bO��dorp��bHm�gjn ��d�bH��uNnPs1mon·gow�itg e+b ��w�douNn·y%�¤kJwOslgkJslylrpq	nPslylbOs1mogP��a�nPsty;bOs1m8e��¤n���qleJwOgokJwOs\}pw�ileJwOu �lkJnpslslnH�%e��¤rPstnPdo�OkJnfq	wOmonPs�m�kJnpeJeZn ylnPg8kZw�slg.ylkZuxkZs@itnbOi�qldjw&1lm�ytn8eZnPild3rpslnPdj��kJn.}PkZslrpmok 41ilnO�

��ild eJb 1l��ildonm���#"<-@�OeJnpg goq	np}pmodonPg rpslnPdj��rpmok 41ilnpg ylnpg kJwOslg kJgjgoilg yln3e��¤n���qleZw�gokZw�s gow�s�m qldorpgonPs�m�rpg~¡e°��kZslgjm�bOs1m
t = 120

��g�nPs ��w�st}pm�kZw�s ytnPg r�m�bHmog�yln�}��;bOdj��n
q = 1+

~
q = 4+

�:% eJg¥uNnPgoitdonPs�me��¤rPslnpdo��kZn¡}PkJstrpm�k 41ilnhylnpgLkZw�slg{~ ils kZslgjm�bOs1m{ylnhe��¤n���qleJwOgokJwOs�goi	�xgobOuNuxnps1m���dobOsly q	w�ild�41iln}PnPeZeJn:� }pk3bOkZmfqldonpg 41iln¡bHmomonPkJs�m�g�b��HbOeZnPildNbHgj|@uNqtm�wOmok 41ilnH� gow�k5m�eJw�djg 41ilnLe+bh�@kZmonPgjgon�y%��n:��q;bOslgjkJw�syln�e���bO��djrP��bRm¥ylnp�@kZnPs�mf}pw�slgFm�bOs�m�nH� ��n�donpslylnpuxnps1m yln�e°��r�m�bHm¥yln�}��;bOdo�On
Na2+ nPgFm qleJilg¥��dobOsly
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4u58769�:=< l�� @ 6 � 7 �-� 1# �3�!�-���. ���� A Z\JNk L FGJNT _ ]RJNFUE _ L ASOPQRJ!TpXVJ!T _ MSJ!k L FW[d]RT e1 � L FGC;A L ZVMSJNAb] $6J L e2 � L FGC;A L
L AbFWJ L _ $qHKJ!TUQVF _ T x M s Ab]RT L C;] L t = 120 	 T < 6 � 7 �#�!1 1� ������+�)�*1�� A Z\J!k L FWJ!T _ ]RJNFUE _ L ASO'QRJ!T XVJ!T/AS[d]RTX _ k![dHIZ\[�T _ TqZ\[dQVF kGi�CdO'QRJ _ L C L XVJ kGi�C;FUE�J XVJ q = 1+ x q = 4+

k![dHIZ L C;] L MbJ!T _ MSJ!k L FW[d]RT e2 J LHKJ!TUQVF _ T x M s Ab]RT L C;] L t = 120 	 T <
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4@itnfeJnpg.bOi�m�donpg.r�m�bHmog-yln }:�lbOdo��n }pw�st��w�djuxrpuNnPs1m-bOi��h}pw�slgFm�bHm�bHm�kZw�slg�yln e+b 1;��itdon qldorp}PrpylnPs�m�nO�� n¥gjq	nP}pmodon qtdorPgjnPs�m�n ils¡qlkJ}8yln�djnPslytnPuNnPs�m-u�b �tkZuxbOe�q	wOild�ilsln�rpslnpdo��kZn¥yln
Ei ' 0.135

�On§¦ �
% e qldjrPgonps1monL}pnPq	nPsty;bOs1m�ils qleJbHm�nPbOi nps1m�djn{eJnPg�rPstnPdo�OkJnpg

Ei ' 0 − 0.1
�On§¦�� yln{gjw�djm�n�4@itn�e+b�HbOeZnPildfuNw |�npslslnLytivgoq	nP}�m�djn 〈Ei〉 = 116.37

n§¦ nPgjmNeZrP�OzPdonpuxnps1mfkJst��rpdokJnpildon�~�}Pn�momonL�RbOeJnpildP�� npmomonfrpslnPdj��kJn�nPgFm.modozPg-�tkJnPshdonpqldow@ylitkZm�n¥mo�lrPw�djk 41ilnpuxnps1m-nPs�}PwOslgokZylrPdobOs1m 41iln e��¤n���q;bHslgokZw�shylne���bO��dorp��bHm3npgjm�bOitmow�gokZuxkZeZbOk5donH�l� ��rpslnPdj��kJn.uxw�|�nPslstn]�RbOitm�y;bOstg�}pn8uNw@ylzPeZn � ����� ���t� �)" 


〈Ei〉 =
3

10
mi v

2
exp

¢,�t� "�� £
a�w�ild�ilsln��@kZmonPgjgon y%��n:��q;bOslgjkJw�s�d�bHylk+bOeZn

vexp ' 0.763
�	w��ldp�¤��g −1 n�m.ilsln�u�bOgjgon�kJw�stk 41iln mi =

666.79
n§¦ � ��g 2 ���	w��td −2 �;}pnpmomon8rPstnPdo�OkJn.�RbOitm 〈E〉 ' 116.45

n§¦ �
��ildNeJb�1;��itdon%�t� "<-�gow�s�m�rp��bOeZnPuNnPs�mNqldorpgonPs�m�rpg{eZnPg�goq	nP}�m�donpg�rPslnpdo��r�m�k 4@itnPg�ytkJgo}pnPdjslrPgxylnPgrPeJnp}pmodow�slg

e1
npm
e2
rPuNkJg-~{e°��kZslgjm�bOs1m

t = 120
��gp����npg.rPeZnP}pmodow�stg.yln }Pw�slytil}pmokJw�s

e1
gow�s�m]rpuNkJgylzPg�eZnPg����QqldjnPuNkJzpdonPg���nPu�m�wOgonP}pw�slylnpgP�·eZw�dog 41iln�e°�³bH��dorp��bHmNnpgjm{npsl}PwOdon���dowOkJy%� npm�eZnPildNrpslnPdj��kJnuxw�|�nPslstn{nPgFm �_bOkJ�teJnO� gjw�kZm 〈Ee1〉 ' 21

n§¦�� ��npg rPeZnP}pmodow�stg
e2
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h(v)

NVF�w6/�2 �

h(v) =

(
me

2πkTe

) 3

2

exp

(

−mev
2

2kTe

)

,
m � c|�6p

1J46Cy> �

〈σj vkTe
〉 =

∫∫∫
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