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®�r�â­«@r�p � r�pYvI��µ@¨Y¤to8v � D�¤tr�r�p�¤tvÐ«@r�p3¬Fo8v@v@r���µ@v@�_u§¤to8v@¤tr�p©u � ¯�r�¦@r�pYpY¨Y¥¡¦h¯,��p3��µI�2«@r�p
ª�pY«@r�¤tvÏr�¤tv@r�²�L�r����_u§o8p$®�µOr�pY²K28q8st¤á¥¡¦@r�v*�\S?²°«@¤tr�è@¦hôF¨Y¤t����st¤t¨Y¥¡¦@r�v ª�¤tq8r�v@¨Y¥¡¦,�b� ó
u§r�v­n8o8v ��¨©u§pYo8è@¦_ôF¨Y¤t�b��st¤t¨Y¥¡¦@r�v­µ@v@«�4 ��¯�o8pYè@s ��¨Y²�r�v ¯�r�¨Y¨Yr�p"®�µ n_r�pY¨©u§r�¦@r�v � ¤t¨©udr�¤tv@r
q8r�v,��µ@r � r�v@v_u§v@¤t¨3«@r�p¸n_r�pY¨Y¥¡¦@¤tr�«@r�v@r�vÊr�str�²�r�v_u¡��pYr�v ��pYo8®�r�¨Y¨Yr ®�D�¤t¨Y¥¡¦@r�vS«@r�vS¤t²
��s ��¨Y²���n_o8pY¦,��v@«@r�v@r�v ± r�¤tst¥¡¦@r�v	v@o�u�DQr�v@«@¤tq@� ¢ o8v@¤t¨§�bu§¤to8v � 6:v@pYr�q8µ@v@q3µ@v@«vL�r��8o8²¸ó
¯@¤tv,�bu§¤to8vk«@r�p ± r�¤tst¥¡¦@r�vjr�¤tv@r�¨���s ��¨Y²���¨�¨Y¤tv@«j¨©u§r�u§¨ ��µI��u§pYr�u§r�v@«@r ��pYo8®�r�¨Y¨Yr���ð�¤tr
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¤t¨©u¸r�¤tv@r�q8µIu§r	£Qr�¨Y¥¡¦@pYr�¤t¯@µ@v@q n8o8v ��s ��¨Y²�r�v v@¤t¥¡¦hu¸²K28q8st¤á¥¡¦*�s�d¯�DQo8¦@s ¨Y¥´¦@o8vOs ��vFó
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²�¤áu$ª�str��_u§pYo8v@r�v «@µ@pY¥´¦@q8r���³@¦@p©uzP 44r�vFóCº8» R � � ¤tr�u§¦@r�o8pYr�u§¤t¨Y¥¡¦@r	£Qr�¨Y¥¡¦@pYr�¤t¯@µ@v@q r�¤tv@r�¨
ª�str��_u§pYo8v@r�v@¨©u§o8â8r�¨�D�µ@pY«@r­r�pY¨©u§²���st¤tq n_o�v ± ¦@o8²�¨Yo8vSn_r�pY¨Yµ@¥¡¦_u�P ± ¦@obó¡¶�¹(R �U�dµ,��st¤ ó
u¡�bu§¤án	¯-r�¨Y¥´¦@pYr�¤t¯Iud«@¤tr�¨Yr�r�pY¨©u¡ra�,o8pY²�r�s «,��¨?�<r�pY¦,��sáu§r�v «@r�p:ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r
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ð r�¤áu§r�pYr�vhu�D�¤t¥¡�hstµ@v@qÏ«@r�p ¢ o8v@r�vI�×��ststr�vS¤tvS«@r�vÊstr�u§®�u§r�v�_8��¦@pYr�vkq8pYo8â8rw�,o8p©u©ó
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��stµ@q8®�r�¤áu§r�v$«@r�p ¢ o8v@r�v¸¯�r�¤be_¥�pYo8¨Y¨Yr�«Fóg¯�r���²�¨]e�óCª�ûIè-r�pY¤t²�r�vhu§r�v$n8o8v3«@r�p ¢ o8v@r�vFó
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q8r�ª�ûIè-r�pY¤t²�r�vhu§r���v ¢ o8v@r�v@¨©u§p§��¦@str�v � «@¤tr��8r�¤tv@r�²�r�u¡��¨©u¡��¯@¤tsár�v ¢ o8v@r�vÏ²�r�¦@p
r�v_u§¦,��sáu§r�v*��ü328¦@r�pYr ¢ o8v@r�v@¨©u§p,28²�rQµ@v@«$s]��v@q8r�pYr ¢ vhu§r�p§���_u§¤to8v@¨Y®�r�¤áu§r�v$¨Y¤tv@«5DQr�¤ ó
u§r�pYr��<o�pYu§r�¤ástr���}:��¥´¦_u§r�¤tst¤tq�¤t¨©u¸��stsár�pY«@¤tv@q8¨ � «,��¨Y¨$«@¤trW�,o�p§²¸�×���_u§o8pYr�vÐ¨Yr�è,��p§�bu
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®�µ�¯@¤t¨Y²$µIu � DQo�n_o8v�¨Y¤t¥¡¦ ��µ@¥¡¦�«@¤tr"r�v@q8st¤t¨Y¥¡¦@r�£Qr�®�r�¤t¥¡¦@vhµ@v@q�¯@¤t¨Y²$µIu§¦���¯@str�¤áu§r�u��

 �¤áu"·8»�ª�str��_u§pYo8v@r�vÌ¤t¨©udð�¤t¨Y²$µIudr�¤tv ª�str�²�r�v_u � ��³@p:«,��¨"òhµ,��v_u§r�v_u§¦@r�o8pYr�u§¤t¨Y¥´¦@r
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str�u§®�u§st¤á¥´¦¸®�µ3r�¤tv@r�p (n−1)ó\�×��¥¡¦@r�v ¢ o8v@¤t¨§�bu§¤to8v$«@r�¨ ± ��pYq8r´uYó ¢ o8v@¨ � ± ��¯�r�ststr�¹F�á¶ � � � ¤tr�¨¤t¨©u�¨Yo8s ��v@q�r ²K28q8st¤á¥¡¦ � ¯@¤á¨�«@¤tr £Q¤tv@«@µ@v@q�¨§r�v@r�pYq8¤tr «@r�¨ ª�v@«@®�µ@¨©u¡��v@«@r�¨­q8p,28â8r�p	¤t¨©u
��st¨ä«@¤trq6:v@pYr�q8µ@v@q8¨Yr�v@r�pYq8¤tr�«@r�¨�µ@pY¨Yè@pY³@v@q8st¤t¥¡¦@r�vlI©D2¤t¨Y¥´¦@r�v@®�µ@¨©u¡��v@«@r�¨�� � r�p§��p©u§¤tq8r �
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ª�v_uMD�¤t¥¡�hstµ@v@q�n8o8v�}d��¦@r�pYµ@v@q8¨©n_r�p©�×��¦@pYr�v �8o8v@®�r�v_u§pY¤tr�p©u��4ª�¨GD�µ@pY«@r�v n8r�pY¨Y¥´¦@¤tr�«@r�v@r
òhµ,��v_u§r�v@²�r�¥´¦,�bv@¤t¨Y¥´¦@rÌ �r�u§¦@oF«@r�vÊv@r�¯-r�vÊ«@r�vÊ�hs ��¨Y¨Y¤t¨Y¥¡¦@r�vSµ@v@«S¨§r�²�¤t�hs ��¨Y¨Y¤t¨Y¥´¦@r�v
�<r�p©�×��¦@pYr�v r�v_u�D�¤t¥´��r�sáu��\44r�¤t«@r�p$¨Y¤tv@«Ï«@r�pYr�vl6:v�D r�v@«@µ@v@q8¨Yq8r�¯@¤tr�u§r	��µI��¯�r�¨©u§¤t²�²�u§r
6:p©u§r�v	n_o8v­¬hu§o8â8¨©ôF¨©u§r�²�r�v ¯�r�¨Y¥¡¦@pi��v@�_u�� � ¤träq8r�¯@pi��µ@¥¡¦@st¤t¥¡¦@¨©u§r�v òhµ,��v_u§r�v@²�r�¥¡¦,��v@¤ ó
¨Y¥¡¦@r�vS�<r�p©�×��¦@pYr�vS®�µ@p3u§¦@r�o8pYr�u§¤t¨Y¥¡¦@r�vÊ£Qr�pYr�¥´¦@vhµ@v@qÐn8o8v ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r�v



¶ ù X �ZY )&�X��[H���(��'*�\[�'*) � �/'(]©!$) ^(�©'*��#&!�^F_V-�^(��-1#*��!$-�^b�
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£Qr�¨Y¥¡¦@pYr�¤t¯Iu�²���v�¨Y¥¡¦@v@r�ststrQ¬hui28â8r � ��st¨Yo?r�¤áv@rm�hµ@pY®�rmµ@v@«�¤t²j�<r�pY¦J��sáu§v@¤t¨4®�µ@p#²�¤áuYu©ó
str�pYr�vÐ£Q¤tv@«@µ@v@q8¨Yr�v@r�pYq8¤tr�«@r�¨ ± ��pYq8r�u§¨�¨Y¥´¦�D ��¥¡¦@r�ðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@q � ¨Yo �b��v@vÐ²���v
«,��¨­��pYo F©r��_u§¤tstr�str��_u§pYo8v ��st¨�q8r�u§pYr�v@vhu n8o8v�«@r�v ± ��pYq8r�u©óCª�str��_u§pYo8v@r�v ¯�r�u§p§��¥¡¦_u§r�v*�
S?² «@¤tr�¨§r�ª�str��_u§pYo8v@r�v@¨©u§o8â8è@pYo8®�r�¨Y¨§r ®�µS¯�r�¨Y¥¡¦@pYr�¤t¯�r�v�DQr�pY«@r�vÊo���u�¨©ui28pYµ@v@q8¨©u§¦@r�obó
pYr�u§¤t¨Y¥¡¦@r" �r�u§¦@oF«@r�v���v@q8r�D2��v@«Iu�� � ��®�µ�DQr�pY«@r�v�«@¤tr:£Qr�¤áu§pi��q8r�n8r�pY¨Y¥¡¦@¤tr�«@r�v@r�p ¢ o8v@¤ ó
¨§�bu§¤to8v@¨Y²�r�¥¡¦,��v@¤t¨Y²�r�v � ®�� £:�*«@¤tpYr��_u§r ¢ o8v@¤t¨§�bu§¤to8v­µ@v@«�6:v@pYr�q8µ@v@qbó�6:µIu§o8¤to8v@¤t¨§�bu§¤to�v �
q8r�u§pYr�v@v_u:¯�r�pYr�¥¡¦@v@r�udµ@v@«­®�µ@p:£Qr�¨©u§¤t²�²$µ@v@q3«@r�¨?u§o�u¡��str�v	ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§r�¨
��µI�×��«@«@¤tr�p©uCP �mo8µFóC·��bR � � ¤tr�¨Yr"�<r�p©�×��¦@pYr�v�¯,�b¨§¤ár�pYr�v ��µI��«@r�p�£Qo8pYv�� ¨Y¥¡¦@r�vh}d��¦@r�pYµ@v@q@�
 �r�¤t¨©usD�¤tpY«3r�¤tv@r?����p©u§¤ ��s�DQr�stsár�v@r�v_uMD�¤t¥¡�hstµ@v@q"«@r�p�ðÐr�ststr�vI��µ@v@�_u§¤to8v¸r�¤tv@r�¨m��pYo F©r��_u§¤ts ó
r�str��_u§pYo8v@¨�²�¤áu2«@r�² ¢ ²�è@µ@st¨ ~K ¤tv	«@r�p3�,o8pY²
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òhµ,��v_u§r�v@®���¦@str�vÌ«@r�p � µ@q8r�s�����¥´¦@r�vI��µ@v@�_u§¤to8v@r�v Ylm(θ, φ) � «@¤tra4 28¨Yµ@v@q8r�vÌ«@r�¨dD�¤tvFó
��r�s ��¯@¦J��v@q8¤tq8r�v ± r�¤tst¨d«@r�p�¬F¥¡¦@p,2F«@¤tv@q8r�pYq8str�¤t¥¡¦hµ@v@q�¨Y¤tv@«rP �mo8µFóC·��bR � � ¤tr�L?��«@¤ ��s�DQr�s ó
str�vI��µ@v@�_u§¤to8v@r�v Fl(K, r) r�pYq8r�¯�r�v	¨Y¤t¥¡¦���st¨U4 28¨Yµ@v@q3«@r�p2p§��«@¤ ��str�v	¬F¥¡¦@p,2F«@¤tv@q�r�pYq8str�¤ ó¥¡¦hµ@v@q � ¤tv��bu§o8²���pYr�v�ª�¤tv@¦@r�¤áu§r�v �
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� ��¨<�#o�u§r�vhu§¤ ��s V (r) D�¤áp§�_u�«,��¯-r�¤,��µI��«,��¨<��pYo F©r��_u§¤tstr�str��_u§pYo8v*� � ¤trx}d��¦@r�pYµ@v@q8¨Có
²�r�u§¦@oh«@r�v µ@v_u§r�pY¨Y¥´¦@r�¤á«@r�võ¨Y¤t¥´¦�²�r�¤t¨©uÌ¤áv�«@r�p­ðÏ��¦@s�«@r�¨ ��o�u§r�v_u§¤ ��st¨ V (r) «@r�¨± ��pYq8r�u©ó ¢ o8v@¨CP � ¤t²¸óC·8» � �mo8µFóC·��bR �
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ü?¤tr�pKD�¤áp§«Êr�¤tvI�×��¥¡¦ V (r) = 0 q8r�¨Yr�u§®�u��2  ��vk¯�r�¨Y¥¡¦@pYr�¤t¯Iu�«,��¨���pYr�¤tr­ª�str��8ó
u§pYo8v�«@µ@pY¥´¦ r�¤tv@r�r�¯�r�v@r�ðÐr�ststr � «@¤tr5L?��«@¤ ��s�DQr�stsár�vI��µ@v@�_u§¤to8v@r�v Fl(K, r) ¨Y¤tv@«¨Yè@¦J��pY¤t¨Y¥¡¦@r�£Qr�¨Y¨Yr�sá��µ@v@�_u§¤to8v@r�v*� � �	«@r�p�ª�¤tv��,µ@â	«@r�¨ ± ��pYq8r�u§¨���µI� «,��¨"��pYr�¤tr
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ª�str��_u§pYo8v@r�v@r�v@r�p§q�¤tr�v � & ¶�º × ¢ o8v@¤t¨§�bu§¤to8v@¨Yr�v@r�pYq8¤tr � ¨©u§¤t²�²�r�v"«@¤tr<ª�pYq8r�¯@v@¤t¨Y¨Yr
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 �r�u§¦@oh«@r ��³@p ¢ o8v@r�v*� � ��¨Ìst¤tr�q�u­��v «@r�p­ðÏ��¦@s$«@r�¨Ì¯�r�¨Y¨Yr�pYr�vÂ�#o�u§r�vhu§¤ ��st¨
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V (r) = −Z/r �*ü?¤tr�pY¯-r�¤�¤t¨©u Z «@¤tr�n_o8²ã��pYr�¤tr�vÌª�str��_u§pYo8vwD2��¦@pYq8r�v@o8²�²�r�v@r
r�{Ýr��_u§¤án8rW4 ��«@µ@v@q�«@r�¨ ± ��pYq8r�u§¨�� � ¤tr�� £^6ñr�¤tq8v@r�u�¨Y¤t¥¡¦ n8o8p���ststr�² ®�µ@p�£Qr´ó
¨Y¥¡¦@pYr�¤t¯@µ@v@q�n_o8v ¢ o8v@r�v�¤tv�¦@o8¦@r�vW4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v*� � �ä«,��¨mpYr���str?��o�u§r�vFó
u§¤ ��s©DQr�¤áu§q8r�¦@r�v@«h�Qo8µ@sto8²$¯FóM��¦@v@st¤á¥¡¦�µ@v@«	«@¤trdðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@q�n8o8v ± ��pYq8r�u©ó
ª�str��_u§pYo8v@r�v ²�¤áu3«@r�² ��pYoXF©r��_u§¤ts q8r�pY¤tv@q ¤t¨©u � ��µ@v@�_u§¤to8v@¤tr�p©u3«@¤trv� £^6xpYr�¥¡¦_u
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�¢ ² ú"r�q8r�v@¨§�bu§®d®�µ	«@r�pQ� £^6kD�¤tpY«�¯�r�¤Ý«@r�p � ðj£^6 «@¤tr"ª�str��_u§pYo8vFóCª�str��_u§pYo8vFó
ðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@qT«@µ@pY¥´¦Âr�¤tv@r�võ®�µ@¨i�bu§®�st¤t¥´¦@r�v�6:v_u¡r�¤ts VDW

¯�r�¤t² 6:v@¨§�bu§®
«@r�¨��#o�u§r�v_u§¤ ��st¨ V (r) = −Z/r + VDW (r) ¯�r�pY³@¥¡�h¨Y¤t¥¡¦hu§¤tq�u�� ¢ ² ��ststq8r�²�r�¤ ó
v@r�vÏst¤tr���r�pYvpL�r�¥¡¦@vFµ@v@q8r�v v,��¥¡¦Ï«@r�p � ðj£^6ñ«@¤tr�¯�r�¨©u§r�£Qr�¨Y¥´¦@pYr�¤t¯@µ@v@q n8o8v
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu§r�v � «,�b��³@pO¨Y¤tv@«ñ¨Y¤trj��¯�r�p ²�¤áuOr�¤tv@r�²Õr�pY¦@r�¯@st¤t¥´¦@r�v
L�r�¥¡¦@r�v,��µI��D ��v@« n8r�pY¯@µ@v@«@r�v*�m£Qr�¨Yo8v@«@r�pY¨���o8²�è@str´ûIr ± ��pYq8r�u©ó ¢ o8v@r�vYDQr�¤t¨Yr�v
¤tvÊ¤t¦@pYr�p�ª�str��_u§pYo8v@r�v@��o8v�f,q8µ@p§�bu§¤to8vÊu§r�¤tst¨�²�r�¦@pYr�pYrÌü?µ@v@«@r�p©uv}�¤án_r���µ@¨���µI� �
«@¤trÏ¨Y¤t¥´¦�³@¯�r�pÌr�¤tv@r�v q8pYo8â8r�võª�v@r�pYq8¤tr�¯-r�pYr�¤t¥´¦ r�pY¨©u§pYr�¥¡�8r�v*�gIÝµ@p�L�r�«@µ@®�¤tr´ó
pYµ@v@q3«@r�¨dL�r�¥¡¦@r�v,��µI��D ��v@«@r�¨3D�¤tpY«�«,��¦@r�p�ob��u?r�¤áv	n8r�pYr�¤tvI�×��¥¡¦hu§r�¨2�<r�p©�×��¦@pYr�v �
«@¤tr � o8v�f,q8µ@p§�bu§¤to8vFó ~ n8r�p§��q8r � ¤t¨©u§o8p©u§r�« 
 ��n_r � � ~ � 
 � 6:è@è@pYo�ûI¤t²��bu§¤ ó
o8v � ��v@q8r�D ��v@«Iu��@ü?¤tr�pY¯�r�¤©D�¤tpY«�r�¤tv�²�¤áuYu§sár�pYr�p<ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu2��³@pQ«@¤tr
F©r�DQr�¤tst¤tq8rdq8r�¨§��²�u§r � o8v�f,q8µ@p§�bu§¤to8v�¯�r�pYr�¥¡¦@v@r�uaP ��¤tvFóC·8ê(R �

}:��¥´¦�«@r�pQ£Qr�pYr�¥´¦@vhµ@v@q$«@r�pUZ?¯-r�pYq_��v@q8¨Y²��bu§pY¤ ûIr�str�²�r�v_u§r2��³@pm«@¤tr ¢ o8v@¤t¨§�bu§¤to8v3r�¤ ó
v@r�¨ ± ��pYq8r�u§r�str��_u§pYo8v@¨�¤tvÊr�pY¨©u§r�pv�dpY«@vFµ@v@q ¬hui28pYµ@v@q8¨©u§¦@r�o8pY¤trwDQr�pY«@r�vj«@¤tr­«,��p§��µ@¨
r�pY²�¤áuYu§r�sáu§r�v�Z?¯�r�pYq_��v@q8¨0D ��¦@pY¨Y¥¡¦@r�¤tv@st¤t¥´¦@��r�¤áu§r�v�³@¯�r�p	��ststr � pYr�¦@¤t²�è@µ@st¨YrÌ��µI��¨Yµ@²¸ó
²�¤tr�p©u���6:v@¨Y¥´¦@st¤tr�â8r�v@«vD�¤tpY«�³@¯�r�p?«@¤tr�ª�v@r�pYq8¤tr�n_r�p©u§r�¤tstµ@v@q�«@r�p?¯�r�¤t«@r�v���pYr�¤tr�v ª�str��8ó
u§pYo8v@r�v�¤t² ª�v@«@®�µ@¨©u¡��v@« ¤tv_u§r�q8pY¤tr�p©uCP �mo8µFóC·��bR �� µ@pY¥´¦ «@¤trzq8r�u§pYr�v@vhu§r £Qr�pYr�¥´¦@vhµ@v@q «@r�p n8r�pY¨Y¥´¦@¤tr�«@r�v@r�vîL�r����_u§¤to8v@¨Y����vJ��str
�X28v@v@r�v ¨Y¤t¥´¦ ��r�¤tv@r ¢ v_u§r�p©��r�pYr�v@®�r�{Ýr��_u¡r�r�pYq8r�¯-r�v*��6:µ@¨0D�¤tpY�hµ@v@q8r�v ¨Yo8st¥¡¦@r�p ¢ vhu§r�p©��r´ó
pYr�v@®�r�v���µI�Ý«@r�v3u§o�u¡��str�v$ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYum¨Y¤tv@«3q8r�pY¤tv@q@�_ª�¨<r´ûI¤t¨©u§¤tr�pYr�vEF©r�«@oF¥¡¦
��µ@¥¡¦­ �r�u§¦@oh«@r�v � ¤tv�«@r�v@r�v�«@¤tr�¨Yr"¤t²�è@st¤á®�¤ u ¯�r�pY³@¥¡�h¨Y¤t¥¡¦hu§¤tq�u�¨Y¤tv@«*� � ¤tr�¨Yrd�<r�p©�×��¦@pYr�vDQr�pY«@r�vOn_o8p¸��ststr�² ¯�r�¤ «@r�p3£Qr�¦,��v@«@stµ@v@qÌn8o8vOs ��v@q8¨§��²�r�vO¬hui28â8r�vO®�µ@pqS?v_u§r�pY¨YµFó
¥¡¦Fµ@v@q�«@r�¨d¬F¥¡¦HDQr�ststr�v_n_r�pY¦,��s u¡r�v@¨:µ@v@« pYr�¨Yo8v,��v_u§r�pd��pYo8®�r�¨Y¨Yr�r�¤tv@q8r�¨Yr�u§®�uaP � ¤t²¸óC·8»bR �6:st¨C}d��¦@r�pYµ@v@q8r�v�D r�pY«@r�v � sto8¨Yr´ó � o8µ@è@st¤áv@qbó ~ è@è@pYo�ûI¤á²��bu§¤áo8v � ��� ~ � ó© �r�u§¦@oF«@r�v
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σ(E) =
∑

i

ai·ni
ln(E/Ei)

E · Ei

{1 − bi · exp [−ci · (E/Ei − 1)]} ; E ≥ Ei.
� ¹F� » �

ü?¤tr�pY¯�r�¤h¤t¨©u E «@¤árQª�v@r�pYq8¤trm«@r�¨�¨©u§o8â8r�v@«@r�v¸ª�str��_u§pYo8v@¨ � Ei
«@¤trm£Q¤tv@«@µ@v@q8¨Yr�v@r�pYq8¤tr

µ@v@« ni
«@¤trg6:v@®���¦@s�«@r�p"ª�str��_u§pYo8v@r�vÌ¤tv­«@r�p ió\u§r�v�S?vhu§r�pY¨Y¥¡¦,��str�� � ¤tr � o8v@¨©u¡��v_u§r�v

ai
� bi

µ@v@« ci
¨Y¤tv@«�r�²�è@¤tpY¤t¨Y¥´¦Êr�pY²�¤áuYu§r�sáu � ¨YoO«,��¨Y¨	¨Y¤tr­n8o8pY¦,��v@«@r�v@r r´ûIè�r�pY¤t²�r�vFó

u§r�ststr � �bu§r�vÐ²K28q8sá¤t¥¡¦@¨©uäq8µIuCD�¤tr�«@r�pYq8r�¯�r�v*��¬F¤tr3¨Y¤tv@« ��³@pC62u§o8²�r¸¨YobD�¤tr3��³@p ¢ o8v@r�v
¤tv­v@¤tr�«@pY¤tq8r�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�vÌu¡��¯�r�stst¤tr�p©u��©44¤tr�q8r�v ��³@p ¢ o8v@r�vÌ�8r�¤tv@r$ðÐr�p©u§r$«@r�p
� o8v@¨©u¡��v_u§r�v$n8o8p � D�¤tpY« ai = 4.5·10−14 ¥�² 2 ¨YobD�¤tr bi = ci = 0 q8r�¨Yr�u§®�u��_ª�¨\DQr�pY«@r�v¯-r�¤<«@r�p�£Qr�pYr�¥¡¦@vFµ@v@q­��ststr�S?v_u§r�pY¨Y¥´¦,��str�v ¯�r�pY³@¥¡�h¨Y¤t¥´¦_u§¤tq�u � «@¤tr¸®�µ@p�ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§��ó
u§¤to8v	¯-r�¤áu§p§��q8r�v��X28v@v@r�v*� � r�vh�,r�¦@str�p�«@r�p�¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥´¦@r�vv�,o8pY²�r�s*q8¤t¯Iu344o�u§®ä®�µ
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0

P 2
1 · P 2

2
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e · (ne − 1)

4π · R2
· gii

(

E

P1 + P2

) � ¹F� ù �
� ��¯�r�¤*¤t¨©u σ0 = 6.56 · 10−14 ¥�² 2 � P1

µ@v@« P2
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r�pY¨©u§r�v µ@v@«�®�DQr�¤áu§r�v�n8o8v ne
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4 ��q8r"«@r�¨d  ��ûI¤á²¸µ@²�¨ r�¤tv@r�¨2ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�¨��

��¤t¨Y¦@r�p<r�u ��s �JP ��¤t¨Có � �&R�µ@v_u§r�pY¨Y¥¡¦@r�¤t«@r�v�r�¤tv�r�pY¨©u§r�¨mµ@v@«�r�¤tv�®�D r�¤áu§r�¨ ¬F�b��st¤tr�pYµ@v@q8¨Có
q8r�¨Yr�u§®�� � ��¨är�pY¨©u¡r�¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�q8¤ásáud��³@p"«@¤tr mó\�×��¥´¦@r ¢ o8v@¤t¨§�bu§¤to8v­n8o8v�6 u§obó
²�r�v µ@v@« ¢ o8v@r�vÐµ@v_u§r�pY¦,��st¯ «@r�p�¬F¥´¦�DQr�ststr�v@r�v@r�pYq8¤tr � «@¤tr$��³@pä¤tv@«@¤tpYr��_u§r ¢ o8v@¤t¨§�bu§¤to8v
µ@v@«, boh«@r�pm«@¤tr�«@¤tpYr��_u§r ¢ o8v@¤t¨§�bu§¤to8v¸¤tv���v@q8r�pYr�q�u§rEIÝµ@¨©u*��v@«@r�«@r�¨ ��pYoh«@µ@�_u©ó ¢ o8v@¨Qq8¤tsáu��

σm =
4 πa2

0

17m−1(Ei/IH)2
ζd ln(E/Ei)

(E/Ei)1.4
{1 − 2 exp [−0.7 (E/Ei)]} � ¹F��� �

²�¤áu m ≥ 2 µ@v@« E ≥ Ei
� a0

¨©u§r�¦_u	��³@p�«@r�vT£Qo8¦@pY¨Y¥¡¦@r�vkL?��«@¤tµ@¨ � E ��³@p
«@¤trzª�v@r�pYq8¤trÂ«@r�¨ ��pYo F©r��_u§¤tstr�str��_u§pYo8v@¨ � IH

��³@pT«,��¨ ¢ o8v@¤t¨§�bu§¤to8v@¨Yè�o�u§r�v_u§¤ ��s «@r�¨
ðÏ��¨Y¨Yr�pY¨©u§oX{*�bu§o8²�¨2µ@v@« Ei

��³@p2«@¤trd²�¤tv@¤t²���sár � ®�µ@p ¢ o8v@¤t¨§�bu§¤to8v�n_o8v m ª�str��_u§pYo8v@r�v
¯-r�v�2�u§¤tq�u§r�ª�v@r�pYq8¤tr�� ζd ¤t¨©u<«@¤trx6:v@®���¦@s,«@r�pQ v28q8st¤t¥¡¦@��r�¤áu§r�v¸«@r�p<«@¤tpYr��_u§r�v mó\�×��¥¡¦@r�v¢ o8v@¤t¨§�bu§¤to8v*�

� ��¨"®�DQr�¤áu§r�¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®¸¤t¨©udq8³@sáu§¤tq�¯�r�¤\62u§o8²�r�v­µ@v@« ¢ o8v@r�v ²3¤áud²�r�¦@p
��st¨$¶�¹�ª�sár��_u§p§o�v@r�v*� ª�¨ä¯�r�pY³@¥¡�h¨Y¤t¥¡¦_u¡¤áq�u�®�µ@«@r�²¿��µ@¥¡¦ ¤tv@«@¤tpYr��_u§r¸��pYo8®�r�¨Y¨Yr�� � ¤tr�¨Yr�¨
ú"r�¨Yr�u§®�¤t¨©u���³@p<ª�str��_u§pYo8v@r�v@r�v@r�pYq8¤tr�v�q�³@sáu§¤tq � ��¯3«@r�v@r�vqc§«@¤tr2²�r�¤t¨©u§r�vbe� �r�¦@pY¨©u§µI��r�vFó
è@pYo8®�r�¨Y¨Yrär�¤tv@¨Yr�u§®�r�v*�,ª�¤tv@rd«@r�µIu§st¤t¥´¦@r�pYr"ª�pYs]��µIu§r�pYµ@v@qaD ��¨2µ@v_u§r�p2«@r�v c ²�r�¤t¨©u§r�vbe¸®�µ
n8r�pY¨©u§r�¦@r�v­¨Yr�¤tv	¨Yo8sts � D�¤tpY«	v@¤t¥´¦_u�q8r�q8r�¯�r�v*�©��³@p2«@r�v	ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu?q8¤tsáu��

σm =
1.6 πa2

0

17m−1(Ei/IH)2
ζt ln(E/Ei)

(E/Ei)0.9
{1 − 2 exp [−0.7(E/Ei)]} � ¹F� ê �

²�¤áu m ≥ 2 µ@v@« E ≥ Ei
� ζt r�v_u§¨Yè@pY¤t¥¡¦hu�«@r�päq8r�¨§��²�u§r�v�6:v@®���¦@s.n8o8vÏ v28qbó

st¤t¥¡¦@��r�¤áu§r�v � m ª�str��_u§pYo8v@r�v�«@µ@pY¥¡¦�r�¤tv@r�v­¬hu§o8â3®�µ�¤to8v@¤t¨Y¤tr�pYr�v*�
ª�¤tv@r ��r�¨©u§rYL�r�q8r�s���³@p «@¤trp6:vHDQr�v@«@µ@v@q�«@¤tr�¨Yr�p ¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�rÏq8¤t¯Iu­r�¨

v@¤t¥¡¦_u��d��³@p­��pYo F©r��_u§¤tstr�v@r�pYq8¤tr�vTµ@vhu§r�pY¦,��st¯T«@r�pÌª�¤tv@¨§�bu§®�¨Y¥¡¦HDQr�ststrÐ«@r�p­¤tv@«@¤tpYr��_u§r�v¢ o8v@¤t¨§�bu§¤to8v��b��v@v�«,��¨ r�pY¨©u§räú"r�¨Yr�u§®"��v@q8r�D2�bv@«IuUD r�pY«@r�v � «,��r�¨ «@r�v�v@¤tr�«@r�pYr�v@r�pYq8r´ó
u§¤t¨Y¥¡¦@r�v­�<r�pYs ��µI��¤tv­«@r�pGL�r�q8r�s#¯�r�¨Y¨Yr�p"¯�r�¨Y¥¡¦@pYr�¤t¯Iu�� }?��¥´¦ ª�pYpYr�¤t¥¡¦@r�vÌ«@r�pä¬F¥¡¦�D r�sástr
��³@p «,��¨ ª�¤tv@¨Yr�u§®�r�vñ«@r�pO²�r�¤t¨©u§r�vñ �r�¦@pY¨©u§µI��r�v@è@pYo8®�r�¨Y¨§rjq8¤tsáu «,��v@vÿ«,��¨O®�DQr�¤áu§r
¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�� ¢ ² Z?¯�r�pYq_��v@q8¨Y¯�r�pYr�¤t¥¡¦ D�¤tpY«°r�¤tv@r st¤tv@r���pYr ¢ vhu§r�pYè-o8s �bu§¤to8v
®�D�¤t¨Y¥¡¦@r�v ¯�r�¤t«@r�v �dµ@r�pY¨Y¥¡¦@v@¤áuYu§r�v «@µ@pY¥´¦@q8r���³@¦@p©u�� ¢ v «@¤tr�¨Yr�p>6:pY¯�r�¤áu�D�µ@pY«@r�v
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¯�r�¤t«@r	¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�r���v@q8r�D2��v@«Iu�� �d¯�DQo8¦@s ¯-r�¤Qð�¤t¨Y²$µIu¸o���u$¨Y¥¡¦@o8v ��¯ «@r�p¢ o8v@¤t¨§�bu§¤to8v@¨Y¨Y¥¡¦HDQr�ststr�²�¤áu$¨©u¡��pY�8r�vÊ �r�¦@pY¨©u§µI��r�v@è@pYo8®�r�¨§¨Yr�vÊ®�µOpYr�¥¡¦@v@r�vS¤t¨©u � r�pYq8¤t¯Iu
¤tv_u§r�pYr�¨Y¨§��vhu§r�p0DQr�¤t¨Yr «,��¨ r�pY¨©u§rOúär�¨§r´u¡®Ðu§r�¤ts�DQr�¤t¨Yr r�¤tv@rÐ¯�r�¨Y¨Yr�pYr � ��pY¨Yu§r�sástµ@v@qÊ«@r�¨
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§r�¨�� � r�pW�@r�¦@str�p�«@r�p�¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥¡¦@r�v��,o8pY²�r�stvlD�¤tpY«On8o8v
��¤t¨Y¦@r�p2r�u:��s �I²�¤áu � ¶�º8º! − ��ºKmÿ��v@q8r�q8r�¯�r�v*�

��³@p2«@¤tr� �r�¦@p©�×��¥´¦@¤to�v@¤t¨§�bu§¤to8v�è�o8¨Y¤áu§¤án8r�p ¢ o8v@r�v	q8¤t¯Iu�r�¨2n8o8v­¬F¦@r�n8r�st��o�µ@v@« ± ��ó
D ��p§�gP ¬F¦@r´ó � � � £^n�s ó � å&RFr�¤tv@rsD r�¤áu§r�pYr<¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥´¦@rN�@o8pY²�r�s � � r�p ð�¤tpY�hµ@v@q8¨Yòhµ@r�pCó
¨Y¥¡¦@v@¤áuYu σm

��³@p�«@¤tr mó\�×��¥´¦@r ¢ o8v@¤t¨§�bu§¤to8v�s ��µIu§r�u�¦@¤tr�pYv,��¥¡¦*�

σm =
a(m)N b(m)

(Ei/IH)2

[

E/Ei − 1

E/Ei

]0.75
ln(E/Ei)

E/Ei

[

10−18cm2
] � ¹F�æå �

²�¤áu m ≥ 2 µ@v@« E ≥ Ei
� � ��¯�r�¤�¨§¤áv@« a(m) µ@v@« b(m) r�²�è@¤tpY¤t¨Y¥´¦�r�pY²�¤áuYu§r�sáu§r����p§��²�r�u§r�p � «@¤tr���³@p�¹ ≤ m ≤ ¶�ºÌ¤tv u¡��¯�r�stst¤ár�p©u§r�pq�,o8pY² n8o8pYst¤tr�q8r�v*� N ¤t¨©u3«@¤tr

6:v@®���¦@sQ«@r�p ± ��pYq8r�u©óCª�str��_u§pYo8v@r�v*� � ¤trA�@o8pY²�r�smr�pYs ��µ@¯Iu¸��r�¤tv@r��<o8pY¦@r�pY¨§��q8r�vO³@¯-r�p
¤tv@«@¤tpYr��_u§r ¢ o8v@¤t¨§�bu§¤to8v@¨§��v_u§r�¤tsár��#£Q¤t¨Y¦@r�pY¤tq8r3�<r�pYq8str�¤t¥¡¦@r�«@r�pa��¤t¨Y¦@r�pCódµ@v@« ¬F¦@r�n8r�st��obó
�,o8pY²�r�stv r�pYq_��¯�r�vÐ²�r�¤t¨©u�r�¤tv@r�¯�r�¨Y¨Yr�pYrAZ�¯�r�pYr�¤tv@¨©u§¤t²�²$µ@v@q�«@r�p$¬F¦@r�n8r�st�8obóM�@o8pY²�r�s
²�¤áu2«@r�v­ �r�¨Y¨Yµ@v@q8r�v*�
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��³@p�«@¤trä£Qr�¨©u§¤t²�²$µ@v@q���¯@¨Yo8stµIu§r�p ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§r�¤t¨©u�r�¤tv�ª�ûIè�r�pY¤t²�r�v_u
²�¤áu q8r��hpYr�µ@®�u§r�v ± r�¤tst¥¡¦@r�v@¨©u§p§��¦@str�v	«@¤trä«@r�pY®�r�¤ u?¯�r�¨©u§r$ �r�u§¦@oh«@r��

ðÐr�pY«@r�v ®�DQr�¤ ± r�¤tst¥¡¦@r�v@¨©u§p§��¦@str�vÌµ@v_u§r�p:�<o8p§��µ@¨Y¨Yr�u§®�µ@v@q	«@r�p"ª�¤tv@®�r�st¨©u§o8â8¯�r�«@¤tvFó
q8µ@v@q � «*�-¦*�,¦@¤tv@pYr�¤t¥¡¦@r�v@«�q8r�pY¤tv@q8r�p ± r�¤tst¥¡¦@r�v@«@¤t¥¡¦hu§r�v n1

µ@v@« n2
� q8r��hpYr�µ@®�u � r�pYq8¤t¯Iu

¨Y¤t¥¡¦	��³@p2«@¤trCL�r����_u§¤to8v@¨Yp§�bu§r dR ¤t² �<o8stµ@²�r�v@r�str�²�r�v_u dV P ü:��pCóCê8ê � � µ@vFóC·��(R

dR = σ vrel(~r) n1(~r) n2(~r) dV. � »I�á¶ �
ü?¤tr�pY¯�r�¤4q8¤t¯Iu σ «@r�v ð�¤áp§�hµ@v@q�¨§òhµ@r�p§¨Y¥¡¦@v@¤áuYu:��³@p�«@¤tr5L�r����_u§¤to8v�µ@v@« vrel(~r)

«@¤tr
L�r�s �bu§¤ánFq8r�¨Y¥¡¦�D�¤tv@«@¤tq8��r�¤áu¸«@r�p ± r�¤tst¥¡¦@r�v@¨©u§p§��¦@str�v ��v*��ü:��¯�r�vO«@¤tr ± r�¤ást¥´¦@r�vO¯-r�¤t«@r�p
¬hu§p§��¦@str�vÌ��o8v@¨©u¡��vhu§r�ú"r�¨Y¥´¦�D�¤tv@«@¤tq8��r�¤áu§r�v ~v1

¯@®�Dä� ~v2
µ@v@« �hpYr�µ@®�u�²���vÌ¨Y¤tr¸µ@v_u§r�p

r�¤tv@r�² ��r�¨©u§r�vÐðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@q8¨0D�¤tv@��r�s ϑ � 6:¯@¯@¤tst«@µ@v@q�»I�á¶ ��� s]��â�uä¨Y¤t¥¡¦Ð«@¤trKL�r�s ��ó
u§¤ánFq8r�¨Y¥¡¦�D�¤tv@«@¤tq8��r�¤áu vrel

¨§¥¡¦@pYr�¤t¯-r�v­��st¨

vrel = |~v1 − ~v2| =
√

v2
1 + v2

2 − 2v1 v2 cos ϑ. � »I�æ¹ �



�~���V�>= '*#&!$-8cOcz�X���O[�'i#3�@? # ^(�"��!�'*�BA�-1)d]©�X����#DC��H'*),#�.0�J��-"!,!�'*#EcK-"!O��'(]H)�'(�X+V!�'*� ò '*-1�FE.0�©'*��#&!$)*� ���/'*� ¹F¶
� ¤tr ¢ v_u§r�q8p§�bu§¤to8v n8o8v ú"str�¤t¥¡¦hµ@v@q�»I�á¶$³@¯-r�p"«,��¨:ð r�¥´¦@¨Yr�s�D�¤tpY�hµ@v@q8¨©n8o8stµ@²�r�v Vr�pYq8¤t¯Iu2��³@p2«@¤tr�ú"r�¨§��²$u§pYr����_u§¤to8v@¨Yp§�bu§r

R = σ vrel

∫

V

n1 n2 dV. � »I� » �
� r�f,v@¤tr�p©u�²���v � D�¤trd¤tvW6:¯@¯@¤tst«@µ@v@q¸»I�á¶"«,��pYq8r�¨©u§r�stsáu � ®�DQr�¤4����p©u§r�¨Y¤t¨Y¥¡¦@r � oFo8pY«@¤ ó

v,�bu§r�v@¨©ôF¨©u§r�²�r � ¨©u§r�¦@r�v­«@¤tr xó�62¥´¦@¨Yr�v­�bst¨Yo3¤tvz6:µ@¨Y¯@pYr�¤áu§µ@v@q8¨YpY¤t¥¡¦hu§µ@v@q�«@r�pyF©r�DQr�¤tst¤ ó
q8r�v­¬hu¡p§��¦@sár�v�µ@v@« ¨©u§¤t²�²�r�v	«@¤tr z ó�62¥´¦@¨Yr�v ³@¯�r�pYr�¤tv � «,��v@v ¦J��v@q8r�v�«@¤tr ± r�¤tst¥¡¦@r�vFó«@¤t¥¡¦hu§r�v	v@¤t¥´¦_u�²�r�¦@p n_o8v x ��¯ � µ@v@«	��³@p�«,��¨ �<o8stµ@²�r�v@r�str�²�r�v_u dV q8¤tsáu

dV =
1

sin ϑ
dy1 dy2 dz. � »I� ù �

ðÐo8p§��µ@¨�¨Y¤t¥¡¦ ��µ@¨:ú"str�¤t¥¡¦hµ@v@q�»I� »$��o8stq8r�v@«@r�¨2r�pYq8¤t¯Iu��

R =
σ vrel

sin ϑ

∫

z

(∫

n1(y1, z) dy1

∫

n2(y2, z) dy2

)

dz . � »I��� �
¬Fr�u§®�u ²���v3n_o8p§��µ@¨ � «,��¨Y¨Q«@¤trd¬hu§p§��¦@str�v�¤tv�¨Y¤t¥¡¦�è,��p§��ststr�s,¨Y¤tv@« � ¨Yo�«@µ@pY¥¡¦@«@pY¤tv@q8r�v

¨Y¤t¥¡¦3¦@o8pY¤t®�o8v_u¡��str ¬hu§p¡�b¦@str�str�²�r�vhu§rQ«@r�p<ü32�¦@r dz ¤tv$«@r�p xy óCª�¯�r�v@r\F©r�DQr�¤tst¨�n8o8stst¨©u*��vFó«@¤tq � µ@v@« R ¤t¨©u�µ@v,��¯@¦J��v@q8¤tq¸n8o8v�«@r�p:¬hu§p§��¦@st«@¤t¥¡¦hu§r�n8r�p©u§r�¤tstµ@v@q¸¤tv y óML�¤t¥¡¦_u§µ@v@q@�ª�pY¨Yr�u§®�u�²���v�vhµ@v�«@¤tr ¢ v_u§r�q8p§��str?³@¯�r�p «@¤tr ± r�¤tst¥´¦@r�v@«@¤t¥¡¦_u§r�v�«@µ@pY¥¡¦�«@¤trE4*¤tv@¤tr�vFó
¨©u§pYo8²�«@¤t¥¡¦hu§r�v

ik(z) = vk qk e

∫

nk(yk, z) dyk (k = 1, 2), � »I� ê �
D o8¯-r�¤ qk e «@¤trG4 ��«@µ@v@q3r�¤tv@r�¨ ± r�¤tst¥¡¦@r�v@¨2¤t² ¬hu§p§��¦@s k ��v@q8¤t¯Iu � ¨Yo¸��o8stq�uQ��³@p «@¤trL�r����_u§¤to8v@¨Yp§�bu§r R

R = M σ

∫

i1(z) i2(z) dz, � »I�æå �
²�¤áu2«@r�² �h¤tv@r�²��bu§¤t¨Y¥´¦@r�vv�-���_u§o8p

M =
vrel

v1 v2 q1 q2 e2 sin ϑ
=

√

v2
1 + v2

2 − 2v1 v2 cos ϑ

v1 v2 q1 q2 e2 sin ϑ
. � »I� · �

� µ@pY¥´¦�r�¤tv@r�ª�p0DQr�¤áu§r�pYµ@v@q�«@r�¨dZ�¯�r�pYs ��è@è@¤tv_u§r�q8p§��st¨ «@r�p344¤tv@¤tr�v@¨©u§pYo8²�«@¤t¥¡¦_u§r�v
∫

i1(z) i2(z) dz =

∫

i1(z) i2(z) dz
∫

i1(z) dz
∫

i2(z) dz

∫

i1(z) dz

∫

i2(z) dz =
1

F
I1 I2,

� »I� � �
r�pY¦J��sáu�²���v	¨Y¥¡¦@st¤tr�â8st¤á¥´¦���³@p2«@¤trCL�r����_u§¤to8v@¨Yp§�bu§r R
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R = M σ
1

F
I1 I2.

� »I�á¶�º �
£Qr�¨©u§¤t²�²�u.²���v$«@¤trUL�r����_u§¤to8v@¨Yp§�bu§r R ¨Y¤t¥¡¦¸�hpYr�µ@®�r�v@«@r�p ± r�¤tsá¥´¦@r�v@¨©u§p§��¦@str�v � «@r�v

�h¤tv@r�²��bu§¤t¨Y¥¡¦@r�vh�,���_u§o8p M � «@¤tr ± r�¤tst¥¡¦@r�v@¨©u§p,28²�r I1
µ@v@« I2

µ@v@«­«@r�vh�,o8pY²3�×���_u§o8p
F � �b��v@v�²���vä«@r�väð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu σ «@r�p�L�r����_u§¤to8vä²�¤áu4«@r�p�ú"str�¤t¥¡¦Fµ@v@q�»I�á¶�ºr�pYpYr�¥¡¦@v@r�v*� � ��¯�r�¤<q8¤tsáu"v@oF¥¡¦Ð¤t²�²�r�pd«@¤tr¸�<o8p§��µ@¨Y¨Yr�u§®�µ@v@q­²�o8v@ohr�v@r�pYq8r�u§¤t¨Y¥´¦@r�p � ¤tv
¨Y¤t¥¡¦�è,��p§��stsár�str�p�¬hu§p§��¦@str�v	²�¤áu2¦@¤tv@pYr�¤t¥¡¦@r�v@«	q8r�pY¤tv@q8r�v ± r�¤tst¥´¦@r�v@«@¤á¥´¦_u§r�v*�

44r�«@¤tq8st¤á¥´¦�«@r�pp�,o8pY²3�×���_u§o8p � «@r�p «@¤tr ú"r�o8²�r�u§pY¤tr «@r�¨Ï¬hu§p§��¦@st³@¯-r�pYs ��è@è@¨ ¯�r´ó
¨Y¥¡¦@pYr�¤t¯Iu � s]��â�u<¨Y¤t¥¡¦�v@¤t¥¡¦_uQstr�¤t¥¡¦_umr´ûIè-r�pY¤t²�r�vhu§r�sts,¯-r�¨©u¡¤á²�²�r�v*� ¢ ² ��ststq8r�²3r�¤tv@r�v�DQr�pCó
«@r�v � «,�$¨Y¤t¥´¦�«@¤tr ¢ vhu§r�q8p§��str:«@r�px44¤tv@¤tr�v@¨©u§pYo8²�«@¤t¥¡¦hu§r�v�«@µ@pY¥¡¦	r�¤tv@rä¬Fµ@²3²��bu§¤to8v���èFó
è@pYo�ûI¤t²�¤tr�pYr�v­s ��¨Y¨Yr�v � ¦@o8pY¤t®�o8vhu¡��str$¬F¥´¦@st¤áu§®�¯@str�v@«@r�vÌ«@r�pä£QpYr�¤áu§r ∆z n_r�pYu§¤t����s�«@µ@pY¥´¦
«@¤tr ¬hu§p§��¦@str�v ¯-r�D r�q�u�µ@v@«S«@¤tr ¬hu§pYo8²�«@¤t¥¡¦_u§r�v ik(zj)

¤tvY6:¯@¦J��v@q8¤tq8�8r�¤áu¸n8o8vS«@r�p
£Qstr�v@«@r�v@è-o8¨Y¤áu§¤to8v	q8r�²�r�¨Y¨Yr�v�P � o8s ó©å�ê(R

F =

∫

i1(z) dz
∫

i2(z) dz
∫

i1(z) i2(z) dz
≈







∑

j

i1(zj)
∑

j

i2(zj)

∑

j

i1(zj) i2(zj)






∆z. � »I�á¶8¶ �
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u§o8pY¯-r�¨©u§¤t²�²¸µ@v@q�v@¤t¥¡¦hud®�r�¤áu§q8str�¤t¥´¦ «@µ@pY¥´¦I��³@¦@pYr�v*�4ª�¤tv@r��<r�pY²�r�¤t«@µ@v@q�«@¤tr�¨Yr�¨C}:��¥´¦Fó
u§r�¤tst¨"r�pYpYr�¤t¥¡¦_u�²���v ²�¤áuä«@r�²[¤t²°�,o8stq8r�v@«@r�v ¯�r�¨Y¥¡¦@pY¤tr�¯�r�v@r�vÏ«IôFv,��²�¤t¨Y¥¡¦@r�v  �r�âbó
n8r�p©�×��¦@pYr�v*�
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ª�pY¨©u§²���st¨�r�¤tv@q8r���³@¦@p©uQD�µ@pY«@r�«@¤tr ¨X�J��¤K¨X¦� i�KJ�'�LNMb£*£b i�KJPO� i¨X¤g£ ó ± r�¥¡¦@v@¤t��n8o8v � r���p§��vFó
¥�r�µ@v@« £QpYo8µ@¤tstst��pY«�P � r�� óC·I¶ � £QpYobóC·8»bR �. �¤áu�¤t¦@p�s ��¨Y¨Yr�vÏ¨Y¤t¥¡¦Ï«@¤tr�o8¯-r�vÏq8r�v,��v@vhu§r�v
��pYo8¯@str�²�r"«@r�p�r´ûIè@st¤t®�¤áu§r�vv�,o8pY²3�×���_u§o8pCó<µ@v@«hS?v_u§r�pYq8pYµ@v@«@¯�r�¨©u§¤t²�²$µ@v@q3µ@²�q8r�¦@r�v �
¤tv@«@r�²Â«@¤tr?¬hu§p§��¦@str�v3²�¤áu.r�¤tv@r�p<��o8v@¨©u¡��v_u§r�v�ú"r�¨Y¥¡¦�D�¤tv@«@¤tq8��r�¤áu<«@µ@pY¥¡¦@r�¤tv,��v@«@r�pm¦@¤tvFó
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¦@¤tr�pY¯-r�¤.��µ@¨:«@r�pGL?�bu§r�o8¦@v@r3¬hu§p§��¦@st³@¯-r�pYs ��è@è­r�pY²�¤áuYu§r�stv � µ@v@«Ì«@¤tra�,o8pY²3�×���_u§o8pY¯-r´ó
¨©u§¤t²�²$µ@v@q�r�v_uY�$��stsáum«,��«@µ@pY¥´¦�q_��v@®���L�r���st¤t¨Y¤tr�p©u D�¤tpY«�«@¤tr?pYr�s �bu§¤án8rd¬hu§p§��¦@st¯�r�DQr�q8µ@v@q
r�v_u�D r�«@r�p�«@µ@pY¥´¦$r�sár��_u§p§o�¨Yu¡�bu§¤t¨Y¥¡¦@rN6:¯@str�v@�hµ@v@qdr�¤tv@r�¨#«@r�p�¯�r�¤t«@r�v¸¬hu§p§��¦@str�vWP � r�� óC·I¶�R
oh«@r�p�«@µ@pY¥¡¦ r�¤tv@r�v	²�r�¥´¦,��v@¤t¨Y¥¡¦@r�v ü?µ@¯pP  �³@s óC·��bR �¢ v «@¤tr�¨Yr�pa6:pY¯�r�¤áugD�µ@pY«@r�vO«@¤tr�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu§r�²�¤ u$«@¤tr�¨Yr�² «IôFv,��²�¤ ó
¨Y¥¡¦@r�vj �r�â�n8r�p©�×��¦@pYr�vk¯�r�¨©u§¤t²�²�u�� � ¤trÌ¬hu§p§��¦@st¯�r�DQr�q8µ@v@qpD�¤tpY«S²�¤áuYu§r�st¨3²�r�¥¡¦,��v@¤ ó
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R(z′) = M σ

∞
∫

−∞

ii(z) ie(z + z′) dz, � »I�á¶�¹ �
D o8¯-r�¤ ii

«@¤tr ¢ o8v@r�vFómµ@v@« ie
«@¤träª�str��_u§pYo8v@r�v@¨©u§pYo8²�«@¤t¥´¦_u§r"¤t¨©u��� r�p2�h¤tv@r�²��bu§¤t¨Y¥¡¦@rG�-���_u§o8p M r�pYq8¤á¯Iu2¨Y¤t¥¡¦�²�¤áu «@r�²ñ¦@¤tr�pQ¯�r�vhµIu§®�u§r�v	ðÐr�¥¡¦@¨Yr�s ó

D�¤tpY�hµ@v@q8¨0D�¤tv@��r�s ϑ = 90◦ � «@r�p?ª�str��_u§pYo8v@r�v@q8r�¨Y¥´¦�D�¤tv@«@¤tq8��r�¤áu ve
µ@v@«�«@r�p ¢ o8v@r�v@q8r´ó

¨Y¥¡¦HD�¤tv@«@¤tq8��r�¤áu vi
¯@®�Dä�,«@r�²´4 ��«@µ@v@q8¨Y®�µ@¨©u¡��v@« «@r�p ¢ o8v@r�v q ®�µ

M =

√

v2
e + v2

i

ve vi q e2
. � »I�á¶�» �

� ¤tr��,��¦@pY¨©u§p§r�¥´��r�«@r�¨�ª�str��_u§pYo8v@r�v@¨©u§p§��¦@st¨�µ@v_u§r�p©u§r�¤tsáuä²���v ¤tv m ��òhµ@¤t«@¤t¨©u¡��v_u§r¢ v_u§r�p©n���ststrä«@r�pd£QpYr�¤áu§r ∆z � «@r�pYr�v  �¤áuYu§r�stè@µ@v@�_u§r�¯-r�¤ zj
st¤tr�q8r�v*�@ðÐr�pY«@r�v­«@¤tr ± r�¤ts ó

¤tv_u§r�p©n���ststr j n_o8² ª�str��_u§pYo8v@r�v@¨©u§p§��¦@sm²�¤áu�r�¤tv@r�p���o8v@¨©u¡��v_u§r�v ú"r�¨Y¥¡¦�D�¤tv@«@¤tq8�8r�¤áu uj«@µ@pY¥¡¦@¨Y¥´¦@pY¤áuYu§r�v � q8¤tsáu���³@p�«@¤tr3I*��¦@sI«@r�p<pYr�q8¤t¨©u§pY¤tr�p©u§r�v3ª�pYr�¤tq8v@¤t¨Y¨Yr N(zj)
F©r ¢ v_u§r�p©n���sts

(zj − ∆z
2

, zj + ∆z
2

)

N(zj) =

zj+(∆z/2)
∫

zj−(∆z/2)

R(z′)

uj

dz′ =
1

uj

zj+(∆z/2)
∫

zj−(∆z/2)

R(z′) dz′ =
R(zj)

u(zj)
∆z. � »I�á¶ ù �

��³@p?«@¤tr���µI��¨Yµ@²�²�¤tr�p©u§r�vw4 ��«@µ@v@q8r�v n_o8v ¢ o8v@r�vFó2¯@®�Dä�Ýª�str��_u§pYo8v@r�v@¨©u§pYo8²ãµ@v@«
«@¤tr� �r�â8®�r�¤áu?r�pYq8¤t¯Iu�¨Y¤t¥¡¦	r�vhu§¨Yè@pYr�¥¡¦@r�v,«*�

Qi(zj) =
1

uj

zj+(∆z/2)
∫

zj−(∆z/2)

Ii(z
′) dz′ =

Ii(zj)

uj

∆z � »I�á¶(� �

Qe(zj) =
1

uj

zj+(∆z/2)
∫

zj−(∆z/2)

Ie(z
′) dz′ =

Ie(zj)

uj

∆z � »I�á¶�ê �

T (zj) =
∆z

uj

. � »I�á¶�å �
� ¤tr­ �r�â8q8p,28â8r�v N(zj)

� Qi(zj)
� Qe(zj)

µ@v@« T (zj)
DQr�pY«@r�vkr�p©�×��â�u�µ@v@«S¤t²

j ó\u§r�v � ��v,��s:r�¤tv@r�¨	��µ@¨�¤tv@¨Yq8r�¨§��²�u�nF¤tr�p ± r�¤tst¨Yè�r��_u§pYr�v�¯�r�¨©u§r�¦@r�v@«@r�vj�d¤tr�st����v,��s ó
¨Yè�r��_u§pYµ@²�¨?��¯@q8r�str�q�u � ¨Y¤tr�¦@rC6:¯@¯@¤tst«@µ@v@qK�F�á¶ � �
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Ii(zj) =
Qi(zj)

T (zj)
µ@v@« Ie(zj) =

Qe(zj)

T (zj)
. � »I�á¶�· �

}?o8pY²�¤tr�p©um²���v�«@¤tr36:v@®���¦@sÝ«@r�pUL�r����_u§¤to8v@r�v�«@r�pQr�¤tv@®�r�stv@r�v ¢ v_u§r�p©nb��ststr:��µI� «@¤tr
 �r�â8®�r�¤áu � «@r�v ¢ o8v@r�vFómµ@v@«�«@r�v­ª�str��_u§pYo8v@r�v@¨©u§pYo8² � ¨Yo�q8¤tsáu��

S(zj) =
N(zj)

T (zj) Ii(zj) Ie(zj)

=
N(zj) T (zj)

Qi(zj) Qe(zj)
. � »I�á¶ � �

S?v_u§r�p �<r�p0DQr�v@«@µ@v@q3«@r�p?ú"str�¤t¥¡¦hµ@v@q8r�v�»I�á¶�¹ � »I�á¶ ù � »I�á¶(� � »I�á¶�ê$µ@v@«	»I�á¶�å�r�pYq8¤t¯Iu
¨Y¤t¥¡¦�«,��²�¤áu��

S(zj) =
∆z uj uj R(zj) ∆z

uj Ii(zj) ∆z Ie(zj) ∆z uj

= σ M

∞
∫

−∞

ii(z)

Ii(zj)

ie(z + zj)

Ie(zj)
dz. � »I�æ¹�º �

ðÐo8p§��µ@¨�v,��¥¡¦­¬Fµ@²�²�¤tr�pYµ@v@q¸³@¯�r�p?��ststr � ��vJ��strd��o8stq�u��

S =
m

∑

j=1

S(zj) = σ M

m
∑

j=1

∞
∫

−∞

ii(z)

Ii(zj)

ie(z + zj)

Ie(zj)
dz. � »I�æ¹F¶ �

� ¤tr"¬Fµ@²�²��bu§¤to8v�³@¯-r�p j µ@v@«�«@¤tr ¢ v_u§r�q8p§�bu§¤to8v�³@¯-r�p z «@³@p©��r�v�n8r�p©u¡��µ@¨Y¥´¦_uUDQr�pCó«@r�v � «,�¸¨§¤áräµ@v,��¯@¦J��v@q8¤tq$n_o8v@r�¤tv,��v@«@r�p�¨Y¤tv@«*�
ðÐr�v@vk«@¤trh�,o8pY²)«@r�¨�¬hu§pYo8²�«@¤t¥¡¦_u§r�è@pYoXf,st¨�®�r�¤áu§st¤t¥¡¦S�8o8v@¨©u¡��v_u�µ@v@«kvhµ@p�¨Yr�¤tv@r¢ v_u§r�v@¨Y¤áu*�bu:®�r�¤áu¡��¯@¦J��v@q8¤tq�¤t¨©u � D ��¨?��o8pY²���s*«@µ@p§¥¡¦­«@¤trg�@µ@v@�_u§¤to8v f(zj)

«@r�p?®�r�¤áu¡��¯Fó
¦J��v@q8¤tq8r�v ú"p,28â8r zj

��µ@¨Yq8r�«@pY³@¥¡�_u3DQr�pY«@r�v �b��v@v � ¨Yo�«,��p©�.��µ@¥¡¦�«@r�p3�-���_u§o8p
ii(z)

Ii(zj)
=

ii0(z) f(zj)

Ii0 f(zj)
=

ii0(z)

Ii0

, � »I�æ¹8¹ �
«,�­r�p$µ@v,��¯@¦J��v@q8¤tq n8o8v j ¤t¨©u � n_o8p$«@¤ár	¬Fµ@²�²�r�q8r�®�o8q8r�v�D r�pY«@r�vOµ@v@«Ï��³@p S��o8stq�u��

S = σ M

∞
∫

−∞

ii0(z)

Ii0

m
∑

j=1

ie(z + zj)

Ie(zj)
dz. � »I�æ¹�» �
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ª�¯�r�v@¨Yo"¤t¨©u ie(z+zj)

Ie(zj)
n8o8v zj

µ@v,��¯@¦J��v@q8¤tq � DQr�v@v¸«@¤tr ¬hu§pYo8²�«@¤t¥¡¦hu§r�n8r�p©u§r�¤tstµ@v@q?«@r�¨
ª�str��_u§pYo8v@r�v@¨©u§pYo8²�¨���o8v@¨©u¡��vhu?¤t¨©u�� � ��¦@r�p�q8¤tsáu

m
∑

j=1

ie(z + zj)

Ie(zj)
∆z = 1, � »I�æ¹ ù �

¨Yo�«,��â¸��³@p:ú"str�¤t¥¡¦hµ@v@q�»F�æ¹�»$��o8stq�u��

S = σ M
1

∆z

∞
∫

−∞

ii0(z)

Ii0

dz

= σ M
1

∆z
. � »I�æ¹V� �
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q8r�¨Y¥¡¦@¤tr�¦_u¸²�¤áu$ü?¤tsá��r3r�¤tv@r�¨$«@o8è@è�r�sá��o8�hµ@¨Y¨Y¤tr�pYr�v@«@r�v � º ◦ ó�6:v,��s ôF¨§¤ár�pY²���q8v@r�u§r�v*� � ¤tr
¬hu§p§��¦@sts ��q�r��b��v@v v,��¥´¦ r�¤tv@r�pdr�pY¨©u¡r�v � o8stsá¤á²��buY¤to�v­«@µ@pY¥´¦ r�¤tv@r�¬F¥¡¦@st¤áu§®�¯@str�v@«@r$²�¤áu
� o8v@«@r�v@¨§�bu§o8pYè@s �buYu§r�v�µ@v@«�r�¤tv@r�²�r�str��_u§pYo8¨©u¡�bu§¤t¨Y¥¡¦@r�v��dµ,��«@pYµ@è-o8sáu§pY¤tè@str�uYu4��o8pYpY¤tq8¤tr�p©u
DQr�pY«@r�v*� � r�p.¤t² v,��¥¡¦I��o8stq8r�v@«@r�vqL�r�®�¤tè@¤tr�v_u§r�v$r�¤tv@q8r�¨Yr�u§®�u§r�ê8º ◦ ó � µ@q8r�st�8o8v@«@r�v@¨§�bu§o8p
¨Yo8pYq�u$��³@p¸r�¤tv@rAL�r�¤tv@¤tq8µ@v@qÌ«@r�¨�¬hu§p§��¦@st¨��sI©D r�¤�¬F¥¡¦@st¤áu§®�¯@str�v@«@r�v@è,�8��pYr���o8stst¤á²�¤ár�pYr�v
«@r�v ¢ o8v@r�v@¨©u§p§��¦@s$��µI��r�¤tv@rÐq8r�D�³@v@¨Y¥¡¦hu§r ú"p,28â8r n8o8v�F©rÏv,��¥¡¦�4 ��«@µ@v@q8¨Y®�µ@¨©u¡��v@«
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� µ@q8r�st��o8v@«@r�v@¨§�bu§o8pQ�hµ@pY®:n8o8pQ«@r�² ðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@q8¨Y¯�r�pYr�¤t¥´¦�¨i��µ@¯�r�p©u2«@r�v ¢ o8v@r�vFó
¨©u§p§��¦@s�n8o8v �<r�pYµ@v@pYr�¤tv@¤tq8µ@v@q8r�v � «@¤tr3«@µ@pY¥¡¦O¬hui28â8r�²�¤áuä«@r�² L�r�¨©u¡q8��¨�oh«@r�p�«@µ@pY¥´¦
¨Yè-o8vhu¡��v@rKIÝr�p©�$��ststr�r�v_u§¨©u¡��v@«@r�v ¨Y¤tv@«*� ¢ ²xðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@q8¨Y¯�r�pYr�¤t¥¡¦�D�¤tpY«Ì«@r�p ¢ obó
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µ@v@«	r�¤tv@r�vÌ¶�·8º ◦ ó � µ@q8r�st��o8v@«@r�v@¨§�bu§o8p � ¯�r�n8o8p2r�p2¤tv�r�¤tv@r�²ñª�¤tv@®�r�sáu§r�¤tst¥´¦@r�v@«@r´u¡r��_u¡o�p
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� ¤tr�ª�¤tv@�8o8è@è@stµ@v@q�«@r�p$ �¤t�hpYobDQr�ststr�D�¤tpY« vhµ@vÐv@¤t¥´¦_u�²�r�¦@pä³@¯�r�p�r�¤tv@r�vÏü?o8¦@s ó
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��µI��®�µ@v@r�¦@²�r�vÌµ@v@« ��µ@¥´¦Ì«@¤tr¸ �¤t�hpYo(DQr�ststr�¤tv�L�¤t¥´¦_u§µ@v@q�«@r�¨ä��s ��¨Y²���¨:r�¤tv@��o8è@è�r�stv
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u§r «@¤tr­¬hu§p§��¦@sá��³@¦@pYµ@v@qÐn8r�pY¯�r�¨Y¨Yr�p©uADQr�pY«@r�v*�� �¤áu�«@r�p ¶�º úäü?®´óCªNIOL ó ¢ o8v@r�v@òhµ@r�ststr
��o8v@v_u§r�v ¤tv­«@r�vÌ¤t²ã®�D r�¤áu§r�v   ��q8v@r�u"¯�r�f,v@«@st¤t¥¡¦@r�v��-��p§��«,��ô_ó0�Qµ@èÌv@oh¥´¦Ì¥��I��¶�º�m
«@r�¨"¬hu§p§��¦@st¨©u§pYo8²�r�¨�u§p§��v@¨Yè�o8p©u§¤tr�p©uQD r�pY«@r�v � «@r�p?¤t² r�pY¨©u§r�v��-��p§��«,��ô_ó0�Qµ@è ²�r�â8¯,��p
D ��p � ¯�r�¤tv,�b¦@r�µ@v,��¯@¦J��v@q8¤tq3n8o8v «@r�p ¢ vhu§r�v@¨Y¤áu*�bu?«@r�¨ ¢ o8v@r�v@¨©u§pYo8²�¨�� � ¤tr���¯@¨Yo8stµIu§r�v
¬hu§p§��¦@st¨©u§p,28²�r ¯�r�¤"v@¤tr�«@pY¤tq8r�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�vT¨Y¤tv@«�²�¤áu�«@r�pÌ¶ ù úäü?®´óCªNIOL ó¢ o8v@r�v@òhµ@r�ststr vhµ@pÌstr�¤t¥¡¦_u­n8r�pY¯�r�¨Y¨Yr�p©u�DQo8pY«@r�v*�ä£Qr�¤$¦�28¦@r�pYr�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v
s ��¨Y¨Yr�vÏ¨Y¤t¥´¦Ïvhµ@vwF©r�«@oF¥¡¦ «@r�µIu§st¤t¥¡¦Ï¦�28¦@r�pYr ¢ o8v@r�v@¨©u§p,28²�r�r�pY®�¤tr�str�v*��ª�¤tvÏv@¤t¥¡¦hu$µ@vFó
D�¤t¥¡¦_u§¤tq8r�¨ � r�u¡��¤ás��$��stsáu"¤tv_u§r�pYr�¨Y¨§��vhu§r�p0DQr�¤t¨Yr�q8r�p§��«@r�¯�r�¤<v@¤tr�«@pY¤tq8r�vÏ¬hu§p§��¦@st¨©u§p,28²�r�v
��µI�C�m£Qr�¤ ¢ o8v@r�v@¨©u§p,28²�r�vÊµ@v_u§r�pY¦,��st¯Sr�¤tv@¤tq8r�pK}:��v@o_��²�è�r�pYr�¤t¨©u�«@¤trw�,o8�hµ@¨Y¨Y¤tr�pYµ@v@q
«@r�p ¢ o8v@r�v@o8èIu§¤t�­«@r�µIu§st¤t¥¡¦ ¯�r�¨Y¨Yr�p��#o8¯�DQo8¦@s<¨Y¤t¥¡¦ «@r�p�¬hu§p§��¦@s�DQr�q�¤t²x�<r�pYq8str�¤t¥¡¦ ®�µ@p
¶�º¸úäü?®´óCªNIOL ó ¢ o8v@r�v@òhµ@r�ststr:µ@²ÿ¥��I�@»8º$¥�² n8r�pYs]��v@q8r�p©u2¦,�bu � ¯�r���o8²�²�u ²���v�«@µ@pY¥´¦
«@¤tr�v@r�µ@r¸¬hu§p§��¦@sá��³@¦@pYµ@v@q�²�¤áu?«@r�v­«@pYr�¤#ª�¤tv@®�r�stst¤tv@¨Yr�v�vFµ@v ¯@¤t¨?®�µÌ»8º�mñ«@r�¨:¤t² r�pCó
¨©u§r�vz�-��p§��«,��ô_ó0�Qµ@è�q8r�²�r�¨Y¨Yr�v@r�v ¬hu§p§��¦@st¨©u§pYo8²�r�¨m¯@¤t¨Q¤tv�«@r�v�str�u§®�u§r�vz�,��p§��«,��ô_ó0�Qµ@è
«@µ@pY¥¡¦*�

£Qr�¤¸«@r�p�S?v_u§r�pY¨Yµ@¥¡¦Fµ@v@qTr�¤tv@r�p��,µ@ststr�pYr�vFó© �¤t¨Y¥¡¦Fµ@v@q���µI��«@¤tr ª�ûI¤á¨Yu§r�v@®Or�¤tv@r�¨
4 ��v_u§¦,��vFóCª�v@«@o8¦@r�«@p§��st¨ La@C82

� ¨��N6:¯@¯@¤tst«@µ@v@q ù ��� � �8o8v@v_u§r «@¤tr�¨Yr�n8r�pY¯�r�¨Y¨Yr�p©u§r± p§��v@¨Y²�¤t¨Y¨Y¤to8v�v@¤ár�«@pY¤tq8¨©u§r�p?¬hu§p,28²�rdq8r�vhµIu§®�uQDQr�pY«@r�v � µ@²ñ«@r�v�²�¤áu�¹8¹��/6�¨Yr�¦@p�q8r´ó
pY¤tv@q8r�v  �o8str��h³@st¤to8v@r�v@¨©u§pYo8²ÿ³@¯�r�pY¦,��µ@èIu:v,�b¥´¦�DQr�¤t¨Yr�v ®�µ��V28v@v@r�v*�¢ vÊ¤t¦@pYr�pGF©r�u§®�¤tq8r�vÊ£ ��µ,��p©u�¤t¨©u�«@¤tr ¶ ù úäü?®´óCªNIOL ó ¢ o8v@r�v@òhµ@r�ststr�¦@r�pYn8o8pYp§��q8r�v@«
q8r�r�¤tq8v@r�u � µ@² �bu§o8²���pYr�µ@v@« ²�o8str��hµ@s ��pYr ¢ o8v@r�v ¯@¤t¨¸®�µ ¦@o8¦@r�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��vFó
«@r�v ¯�r�pYr�¤áu§®�µ@¨©u§r�ststr�v*� ¢ ²�L?��¦@²�r�v «@¤tr�¨Yr�pa6:pY¯�r�¤áugD�µ@pY«@r�vOvFµ@p$¯@¤t¨$®�µ ®�r�¦@vI�×��¥¡¦
q8r�s ��«@r�v@r3ð�¤t¨Y²$µIu©ó ¢ o8v@r�v n8r�p0DQr�v@«@r�u � «,��²���v ¯�r�¤<¦�28¦@r�pYr�vl4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v
r�¤tv@rQD r�¤áuQ¦�28¦@r�pYrdª�str��_u§pYo8v@r�v@r�v@r�pYq8¤trd¯-r�v�2�u§¤tq8r�v�D�³@pY«@r � µ@² v@oF¥¡¦�c©n_o8stst¨©u*��v@«@¤tq�r�e
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r�²�r�¨Y¨Yr�v ®�µ��X28v@v@r�v*�

[A¶�� �k�V8 
��21��	�21 
�
 � & ��� ( ��!*�,+-���	
2�

� ¤tr?ð�¤t¨Y²$µIu©ó ¢ o8v@r�vKD�µ@pY«@r�v�r�pY®�r�µ@q�u � ¤tv@«@r�² «,��¨Qð�¤t¨Y²$µIu ��st¨ úäp§��vhµ@s �bum¤tv�r�¤tv@r�v
�<r�pY«,��²�èI��r�p§ob��r�vzr�¤áv@q8r�¯@p§��¥´¦_uÐµ@v@«z¤tvõ«,��¨Ï��s ��¨Y²��kr�¤tv@r�p ¶ ù úäü?®Sª str��_u§pYo8vFó



T ���~�v� ),+('(� ���X��� [�'*)�A�-1#dcz��! E$�d^(�©'*� »I¶

1000 10000

0

20

40

60

80

Bi4+
Bi2+Bi15+

O+Ar6+

Ar4+

Ar5+

Ar3+ Ar2+

H
2
O+

Bi9+

Bi7+

Bi3+

N
2

+

Bi+
Bi5+

Ar+

 

 

50002000

Io
ne

ns
tro

m
 [n

A
]

Magnetfeld [Gauß]

� 2�2a�768�a�����2ÃW;~ÃW><úZA�H�U��3T�¢?>�SRH�H�C�LMH�£<C� %T�G��3U S
�MHEKMCdG@.�0 Ä21{¤�¢87{�MC��w��ClÿWPR£3T�AwU�A�C�G�T S
�SÆ
K3C�LBA�SRK��3L3�FH�¤(�MH�T�S
LMKBCðA 7+ V	,{��HD>OA�H�I�J3��SRHFEî�3G�KMCG,{G��FPRL C�AwL3�FC(H�C�T�¤(T V

I ôF�hsto�u§pYo8vFóML r�¨Yo8v,��v@® � ªNIOL � ó ¢ o8v@r�v@òhµ@r�ststr�r�¤tv@q8r�«,��²�èI��u�D�µ@pY«@r�� 6:¯@¯@¤tst«@µ@v@q ù � »
®�r�¤tq�u «@¤tr?n8r�p0DQr�v@«@r�u§räªNIOL ó ¢ o8v@r�v@òhµ@r�ststr:²�¤áum�<r�pY«,��²�èI��r�pYo���r�v�µ@v@«	ª�ûFu§p§���_u§¤to8v@¨Có
¨©ôF¨©u§r�² ¤tv	«@r�p2n8r�p0D r�v@«@r�u§r�v � o8v�f,q8µ@p§�bu§¤to8v*�

ð�¤t¨Y²¸µIudD�¤tpY«Ì��o8²�²�r�pY®�¤tr�sts#¤tv n_r�p§¨Y¥¡¦@¤tr�«@r�v@r�vp�,o8pY²�r�v ��v@q8r�¯-o�u§r�v � ®�� £:� ��sá¨
��µ@sán8r�p�µ@v@«j¤tvÊn8r�pY¨Y¥¡¦@¤tr�«@r�v@r�v � 28pYvhµ@v@q8r�v*�Q�<r�pY¨Yµ@¥´¦@r � ð�¤t¨Y²¸µIu§è@µ@sán8r�p�®�µkn_r�pCó
«,��²�èI��r�v � ��³@¦@p©u§r�vOv@¤t¥´¦_u3®�µO¯�r���pY¤tr�«@¤tq8r�v@«@r�vS¬hu§p§��¦@st¨©u§p,28²�r�v*� � r�p¸��r�pY«,��²�èI��r�pCó
o���r�v�¯,��¨Y¤tr�p©u?��µI�.r�¤tv@r�² ��v�«@r�p:ú�¬ ¢ r�v_u�D�¤t¥´��r�sáu§r�vh�:��r�v*� � r�p:ü:��µ@èIu§µ@v_u§r�pY¨Y¥´¦@¤tr�«
st¤tr�q�u�«,��pY¤tv � «,��¨Y¨��8r�¤tv � r�p§��²�¤t�hp,28¦@pY¥¡¦@r�vk¤tvk«@r�p� �¤áuYu§r­®�µ@² ª�¤tv@¨§�bu§®­q8r��8o8²¸ó
²�r�vÐ¤t¨©u � ¨Yo8v@«@r�pYvO��µI��q8pYµ@v@«Ð«@r�¨�v@¤tr�«@pY¤tq8r�v ¬F¥¡¦@²�r�st®�è@µ@v@�_u§r�¨�n8o8vO¹8åF¶ � ù ◦ � � «@r�p
¬F¤tr�«@r�è@µ@v@�_u¸st¤tr�q�u�¯�r�¤?¶(��ê ù ◦ �z¯-r�¤U44µI��u§«@pYµ@¥¡� � str�«@¤tq8sá¤á¥´¦ r�¤tvÏª�«@r�st¨©u¡��¦@stp,28¦@pY¥´¦@r�v
r�¤tv@q8r�¯@p§��¥¡¦_u5D�µ@pY«@r�� � ¤ár���vI�×��v@q8¨ä¯�r�vhµIu§®�u§r���µ@sán8r�p©��o8pY²[��³@¦@p©u§r3«,��®�µ � «,��¨Y¨�«,��¨



»_¹ T �v�VU �\'*),-8cA'*�©!�'*�1�/'*#

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0

500

1000

1500

2000

2500

3000

3500

4000

960 980 1000 1020 1040 1060 1080 1100 1120 1140

0

20

40

60

80

100

C
70

+
C

60

+

La@C
82

+
C

84

+

Io
ne

ns
tro

m
 [f

A
]

Masse [amu]

C
84

+

La@C
82

+

� 2�2a�768�a�����2ÃW;IH<>->�SRH�H�C�LMH�£ C� %T�G��3U ¤(�3U:JÑSRI�J�EðC�A�H§D�PRL
La@C82

V

ð�¤t¨Y²$µIu�¨Y¥¡¦@v@r�sts?��o8²�è@str�uYu�q8r�¨Y¥¡¦@²�o8st®�r�v�D ��p � D ��¨CFY�Ð��vÊ¨Y¤t¥¡¦�D�³@v@¨Y¥¡¦@r�v@¨,DQr�p©u
��³@p�r�¤tv@r�q8sár�¤t¥´¦@²���â�¤áq8rQ�<r�pY«,��²�èI��µ@v@qä¤t¨©u���44r�¤t«@r�p<¯@¤tst«@r�u§r�v¸¨Y¤t¥´¦3µ@vhn8r�pY²�r�¤t«@¯,��p�¤t²
¦@¤tv_u§r�pYr�v�£Qr�pYr�¤t¥¡¦3«@r�¨ ± ¤tr�q8r�st¨<úä��¨Y¯@s ��¨Yr�v � «@µ@pY¥¡¦3«@¤tr «,��¨�«,��n_o8p.¤tva�,³@¨Y¨Y¤tq8r�p �,pYo8²
n8o8pYst¤tr�q8r�v@«@r2ð�¤t¨Y²$µIum��st¨ ± p,28èI��¥¡¦@r�v�¦@r�p§��µ@¨Yq8r�¨Y¥´¦@str�µ@«@r�p©u^D�µ@pY«@r��I �¤áu<ð�¤t¨Y²$µIu<¤tv
�X28pYv@¤tq8r�pg�@o8pY²@D�µ@pY«@r�«@¤tr�¨Yr�¨$��pYo8¯@str�²¿pYr�«@µ@®�¤tr�p©u�� � r�vÏr�v@«@q8³@sáu§¤tq8r�vÐª�p©��o8stq	��³@p
���h®�r�èIu¡��¯@str�¬hu¡��v@«@®�r�¤áu§r�v ¯@p§��¥¡¦_u§r�«,��¨Q6:µI��¨Y¥´¦@p§��µ@¯-r�v­r�¤tv@r�p � ��è@è�r � «@¤trävhµ@p?r�¤tv@rÈd{Ývhµ@v@q ¤t²¿o8¯�r�p§r�vO£Qr�pYr�¤á¥´¦Ð¦,�buYu§r�� � ��q8r�p§��«@r�¯-r�¤mv@¤tr�«@pY¤tq8r�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��vFó
«@r�v�¨Yr�¦@p?q8pYo8â8rdð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu§rä«@r�p:ª�¤tvI�×�b¥´¦Fómµ@v@« � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v���³@p
ð�¤t¨Y²$µIu�n8o8pYst¤tr�q8r�v � D ��pYr�v ¬hu¡��v@«@®�r�¤áu§r�vÐn8o8vÏ¯@¤t¨�®�µÏr�¤tv@r�p�ðÐoF¥¡¦@r�²K28q8st¤á¥´¦ � «@r�p� µ@pY¥¡¦@¨Y¥¡¦@v,¤áuYu?s ��q¸¯�r�¤4«@pYr�¤ ± ��q8r�v�è@pYoK��³@ststµ@v@q$n8o8v�¥��I�,r�¤tv@r�²ãú"p§��²�²	�



T � T �
Q -/' ; ^~.0��#&!$) ^Fc E � �/'(]©!$) ^(�©'*�<]X� ��^(�©' »8»

1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Bi4+

N+

C+

Ar+

CO
2

+

Bi5+

Bi6+

O
2

+

Bi7+

N
2

+

 

 
 

Bi8+

Bi9+
Bi10+

Ar2+

H
2
O+

OH+

Bi11+

Bi12+

O+

Bi13+

Bi14+

Bi15+Io
ne

ns
tro

m
 [n

A
]

Magnetfeld [Gauß]

� 2�2a�768�a�����2ÃW;LKõ>-,{�MH�H�I�J3L3AwT�T S
�MHÂK3C�UûúZA�H�UÂ�3T�¢?>�SRH�H�C�LMH�£ C� %T�G��3U S
�MHÂK3C�GM.�02Ä21{¤�¢7{�MC��w��ClVN,{��HO>OA�H�I�J3��SRH{K�A�C�L�T�C<,{G��FPRLWV

[A¶�[ G ��
 Ì �����	�*!4����( �,��0�
213!4������
���1d��������


� ¤tr ¨Yr�¤áuz_8��¦@pYr�vk¯�r�DU��¦@p©u§rÌü?oF¥¡¦@¨©u§pYo8²¸óCª�str��_u§pYo8v@r�v@�b��v@o8v@rwD�µ@pY«@r n8o8v�£Qr�¥¡��r�p
r�u���s �2r�v_uMD�¤t¥¡��r�sáuxP £Qr�¥´óC·��(R � � ¤trQª�¤tq8r�v@¨Y¥´¦,�b��u§r�v$«@¤tr�¨Yr�p.ª�str��_u§pYo8v@r�v@�b�bv@o8v@r �V28v@v@r�v
��µ@¨©��³@¦@pYst¤t¥¡¦�¤tv�P  �³@s óC·_å � ü?o�� óC·_å&R4v,��¥¡¦@q8r�str�¨Yr�vzD r�p§«@r�v*� � ¤trE6:¯@¯@¤tst«@µ@v@q ù �æå�®�r�¤tq�u
r�¤tv@r"è�r�pY¨Yè�r��_u§¤ánF¤t¨Y¥¡¦@r � ��pY¨©u§r�ststµ@v@q¸«@r�p2n_r�p0DQr�v@«@r�u§r�v � ��v@o8v@r��

� ¤tr ü?oh¥´¦@¨©u§pYo8²¸óCª�str��_u§pYo8v@r�v@����v@o8v@r st¤tr���r�p©u	ª�str��_u§pYo8v@r�vj²�¤áu	ª�v@r�pYq8¤tr�vj®�D�¤ ó
¨Y¥¡¦@r�vÂ¶�º r\� µ@v@« ¶Ì�8r\� µ@v@« ¬hu§p,28²�r­¯@¤t¨�®�µ ù ê8ºÏ²K6[¯�r�¤d²���ûI¤t²���sár�p�ª�str��8ó
u§pYo8v@r�v@r�v@r�pYq8¤tr�� � ¤tr�ª�str��_u§pYo8v@r�vvD r�pY«@r�vÌ��µ@¨?r�¤tv@r�p?¤tv@«@¤tpYr��_u?q8r�¦@r�¤t®�u§r�v � �U��¨Y¤tµ@²¸ó
«@o�u§¤tr�p©u§r�vTðÐo8sá��p§��²3�b�bu§¦@oF«@r r�²�¤áuYu§¤tr�p©u�� � ¤trÐ¤tv���¤ár�pY¥�r´ó©ú"r�o8²�r�u§pY¤trÐ��µ@¨Yq8r���³@¦@p©u§r
� �bu§¦@oF«@rÌµ@v@«j«@pYr�¤�¬hu¡��v@q8r�v@r�str��_u§pYoF«@r�v@è,�8��pYr ��o8pY²�r�v�µ@v@«j¯�r�¨Y¥¡¦@str�µ@v@¤tq8r�vj«@r�v



» ù T �v�VU �\'*),-8cA'*�©!�'*�1�/'*#

0 1cm

zy

x

K
at

ho
de

Stangenelektroden

Ele
kt

ro
ne

ns
tra

hl

M
itt

el
el

ek
tro

de

Tantalblech
emittierende
Oberfläche

Pierce-
Elektrode A

no
de

Ionenstrahl

� 2�2a�768�a�����2ÃW;QP >-R�C�G�H�£<C� %T�AwD%A�H�I�JMC @ES
G�H�T�Cd�w�w�3L3� K3C�GS1BP%I�JMH�T�G�PRU ¢*����C� %T�G�PRL?C�L3 lS
LMPRLMCT C C(I�¢VU�W	X*V



T �ZYH�
Q '*) � -1��+('*�"!�'*-1�/.0�©'*��[�'(!�'(]©!�^() »��

ª�str��_u§pYo8v@r�v@¨©u§p§��¦@s � � r�p"ðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@q8¨Y¯�r�pYr�¤á¥´¦Ð²�¤áud«@r�² ¢ o8v@r�v@¨©u§p§��¦@s�¤t¨©u"n8o8v
r�¤tv@r�² ��µI��ª�pY«@è-o�u§r�vhu§¤ ��s$st¤tr�q8r�v@«@r�v � µ@èI��r�pY¯@stoh¥´� r�¤tv@q�r��×��â�u�� ¢ ² ðÐr�¥¡¦@¨Yr�s�D�¤tpCó
�hµ@v@q8¨Y¯�r�pYr�¤t¥¡¦�s ��µI��r�v�«@¤tr2²�o8v@oFr�v@r�pYq8r�u§¤t¨Y¥¡¦@r�v�ª�str��_u§pYo8v@r�v���µI�*®�µ@r�¤tv,��v@«@r�pmè,��p§��s ó
str�str�v ± p§� F©r��_u§o8pY¤tr�v*� � r�p2¬hu§p§��¦@s,u§pY¤áuYuQ��µI�4r�¤tv@r�p^4���v@q8r�n_o8v�ê�¥�² ²�¤áum«@r�² ¢ o8v@r�vFó
¨©u§p§��¦@s-¤tv¸ðÐr�¥¡¦@¨Yr�s�D�¤tpY�hµ@v@q$µ@v@«�¦,�bumr�¤tv@r?ü328¦@r�n8o8vA�"²�²���S?²M«@¤tr344r�¤t¨©u§µ@v@q�«@r�¨
ª�str��_u§pYo8v@r�v@¨©u§p§��¦@st¨���¯@®�µI��³@¦@pYr�vÏ¤t¨©u�¤tv «@r�p�®�ôFst¤tv@«@pY¤t¨Y¥¡¦Ð��µ@¨Yq8r�¦�28¦@sáu§r�vp6:v@oF«@r�r�¤ ó
v@r:��µI� � �bu§¦@oF«@r�v@è-o�u§r�vhu§¤ ��s,st¤tr�q8r�v@«@r:¬hu¡��v@q8r�v@r�str��_u§pYoF«@r:r´ûI®�r�v_u§pY¤t¨Y¥¡¦	��v@q8r�¯@p§��¥¡¦_u��� ¤trz6:v@oF«@r	¯�r�f,v@«@r�u�¨Y¤t¥¡¦ r�¯�r�vI�×��stst¨3��µI�"ª�pY«@è�o�u§r�v_u§¤ ��s � ¤t¨©uqD ��¨Y¨Yr�pYq8r��h³@¦@sáu�µ@v@«
��µ@¨ � µ@èI��r�p��� r�p�ª�str��_u§pYo8v@r�v@¨©u§pYo8²�D�¤tpY«$¯-r�¤Iq8r�vh³@q8r�v@«¸¦@o8¦@r�p�ü?r�¤t®�str�¤t¨©u¡µ@v@q:p§��µ@²�s �b«@µ@v@q8¨Có
¯�r�q8pYr�v@®�uän8o8v «@r�p � �bu§¦@oF«@r¸r�²�¤áuYu§¤tr�p©u��Ýª�¨äq8¤ts ud«,��¨54 ��v@q8²$µ@¤tpY¨Y¥¡¦@r�ú"r�¨Yr�u§® Ie ∝
U3/2 � � r�pÐ¬hu§pYo8² ¯-r�u§pi��q�uÌuCôFè@¤t¨Y¥¡¦@r�p0DQr�¤t¨Yrj¶(� � ù ²K6 ¯-r�¤�¶�º8ºÊr\� � ¯-r�¤�¶O��r\�ù ê8ºÌ²K6��<ª�¤tvO¨Yo ¦@o8¦@r�p�¬hu§pYo8²°n_r�pYµ@pY¨§��¥¡¦_u�«@µ@pY¥¡¦S«@¤trzL?��µ@²�s ��«@µ@v@qÌ«@r�¨�ª�str��8ó
u§pYo8v@r�v@¨©u§p§��¦@st¨2r�¤tv@r"��o�u§r�v_u§¤ ��st²$µ@sá«@r:¤t² ðÐr�¥´¦@¨Yr�sÖD�¤tpY�hµ@v@q8¨Yp§��µ@² � «@r�pYr�v ± ¤tr���r"¯@¤t¨
®�µ ù m «@r�¨ � �bu§¦@oF«@r�v@è-o�u§r�vhu§¤ ��sá¨$¯�r�u§p§��q8r�vO�b��v@v*� � �Ì«@¤tr	�#o�u§r�v_u§¤ ��st²$µ@st«@r�r�¤tv@r
µ@v@q8r�DQo8stsáu§rG6:¯@str�v@�hµ@v@q�«@r�¨ ¢ o8v@r�v@¨©u§p§��¦@st¨�®�µ@pd�@o8stq8r"¦,��¯�r�v��b��v@v µ@v@«�«@¤tr�ª�v@r�pCó
q8¤tr�n8r�p©u§r�¤tstµ@v@q	«@r�p�ª�str��_u§pYo8v@r�v n8r�pY¯@pYr�¤áu§r�p©u � D�¤tpY« ¨Y¤tr3²�¤áudu§¦@r�pY²�¤t¨Y¥¡¦@r�vpL�r�¨©u§q_��¨Có¢ o8v@r�v	��µI��q8r���³@stsáu��~4���â�u2²���v � p©ôFèIu§o8v � oF«@r�p r�¤tv	��v@«@r�pYr�¨�ª�«@r�stq_��¨ ��� p©ôFèIu§o8v�¦,�bu
¨Y¤t¥¡¦k¤tvS«@r�vk²�r�¤t¨©u§r�v��y��stsár�vÊ��st¨�o8èIu§¤t²���s2r�p0D�¤tr�¨Yr�v � ¯@¤t¨�®�µkr�¤tv@r�² � pYµ@¥´�On8o8v
r�u�D2� ¶�º −7 ²$¯,��p"³@¯-r�pär�¤tvpS:ü2�?ó � o8¨Y¤tr�p©n_r�v_u§¤ts�¤tvÌ«@r�vpL�r�®�¤tè@¤tr�vhu§r�v r�¤tv � ¨Yo	��³@stsáu
«,��¨:³@¯�r�pdª�str��_u§pYo8v@r�v@¨©u§o8â�¤to8v@¤t¨Y¤tr�p©u§r�ª�«@r�stq_��¨:«,��v@v­«@¤tr���st¨ ¢ o8v@r�vI�×��ststrCD�¤tpY��r�v@«@r
�#o�u§r�vhu§¤ ��st²$µ@sá«@r"��µI��µ@v@«��8o�²�è�r�v@¨Y¤tr�p©u?«@¤trCL?��µ@²�s ��«@µ@v@qAP  �³@s óC·_å � ü?o�� óC·_åbR �� ¤tr�¤tv n_r�p©u§¤t����str�p5L�¤t¥´¦_u§µ@v@q�²�r�¥´¦,��v@¤t¨Y¥¡¦Ð¯�r�DQr�q8st¤t¥¡¦@r�ª�str��_u§pYo8v@r�v@�b��v@o8v@r�r�pCó
²K28q8st¤á¥¡¦_uQ«,��¨ ¤tvW6:¯@¨Y¥¡¦@v@¤áuYu�»I�æ¹�¯�r�¨Y¥¡¦@pY¤tr�¯�r�v@r"«IôFv,��²�¤t¨Y¥¡¦@rä �r�â�n8r�p©�×��¦@pYr�v*� � ¤tr�¨Yr
£Qr�DQr�q8st¤t¥¡¦@�8r�¤áud¤t¨©ud¤tvh6:¯@¯@¤tst«@µ@v@q ù �æå�«@µ@pY¥¡¦ �.��r�¤tstr$��² ¢ o8v@r�v@¨©u§p§��¦@s���v@q8r�«@r�µIu§r�u��
 �¤áuYu§r�st¨x}?r�¤tq8r´ó<µ@v@«��<r�pY¨Y¥¡¦@¤tr�¯�r�n8o8pYpY¤t¥´¦_u§µ@v@q8r�v��b��v@v	²���v�«@r�v ª�str��_u§pYo8v@r�v@¨©u§p§��¦@s
r´û@���_ud�bµI�.«@r�v ¢ o8v@r�v@¨©u§p§��¦@s ��µ@¨Yp§¤á¥´¦_u§r�v*�
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� ¤tr?q8r�pY¤tv@q8rEIO��¦@stp§�bu§r�r�¤tv@r�¨ ª�ûIè-r�pY¤t²�r�vhu§r�¨Q²�¤áumq8r��hpYr�µ@®´u¡r�v ± r�¤tsá¥´¦@r�v@¨©u§p§��¦@str�v�r�pCó
s ��µ@¯Iu	v@¤t¥¡¦hu	²�r�¦@p	«@r�v ª�¤tv@¨§�bu§® r�¤tv@r�¨v�-��p§��«,��ô_ó0�Qµ@è@¨	®�µ@p­¬hu§pYo8²�²�r�¨Y¨Yµ@v@qO«@r�p
��pYoF«@µ@�_u§¤to8v@r�v*�d  ��v ¯�r�v�2�u§¤tq�u ®�µ@² }:��¥¡¦�DQr�¤t¨­«@r�phL�r����_u§¤to8v@¨Yè@pYoF«@µ@�_u§rÏr�¤tv@r�v
ª�¤tv@®�r�sáu§r�¤tst¥¡¦@r�v@«@r�u§r��_u§o8p�� � ��¨Ên8o8v L�¤tv@v r�u���s ��r�v_uMD�¤t¥¡��r�sáu§r � r�u§r��_u§o8pY¨©ôF¨©u§r�²
P L�¤tvFóC·8º � L�¤ávFóC·_¹bR D�¤tpY«Ï��µ@¥¡¦Ï¤t²°L?��¦@²�r�vÐ«@¤tr�¨Yr�pg6:pY¯-r�¤áu�r�¤tv@q8r�¨Yr�u§®�u�� � r�v � r�pYv
¯@¤tst«@r�u r�¤tv £����~§K%1 �J�' )�¨X�J�Ç �%~J,  %1 *'�¦«LNM �:J�¤ ¥¡%Ô¦$� \ú%Ô�¢ �L � � ªm  � «@r�p�£ ��µ@pYr�¤t¦@r^]äåV�V��£U4�«@r�p��¤tpY²�����¦@¤tstst¤áè@¨:��¦@o�u§o8v@¤t¥�¨aP ��¦@¤ ó � ¹bR � ¢ v�6:¯@¯@¤tst«@µ@v@q ù � ·�¤t¨©udr�¤tv��dµ@r�pY¨Y¥¡¦@v@¤áuYu"«@r�¨� r�u§r��_u§o8pY¨©ôF¨Yu§r�²�¨?µ@v@«�r�¤tvvZ?¯�r�pY¯@st¤t¥¡��«@r�p?�#o�u§r�v_u§¤ ��sán8r�pY¦J��sáu§v@¤t¨Y¨Yr"q8r�q8r�¯-r�v*�� ¤tr�v,��¥´¦@®�µHDQr�¤t¨Yr�v@«@r�v ¢ o8v@r�vSq8r�s ��v@q8r�vS³@¯�r�p�r�¤tv@r­¹ ¥�²)q8pYo8â8r�Èd{ÝvFµ@v@qÐ¤tv
«@r�v � r�u§r��_u§o8p�µ@v@«TD r�pY«@r�vj��µI�är�¤tv@r­²3¤áu�£Qr�p©ôFstst¤tµ@²)¯-r�¨Y¥´¦@¤á¥´¦_u§r�u§r ��p§��ststè@s �buYuYr
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1MW

1kW

1.5 nF

Prallplatte
-1.6 kV

Ion

Impulse

Repeller
-1.1 kV

Gehäuse

CEM - Ende
+ 1.85 kV

CEM - Trichter
- 1.0 kV

Impuls-
ausgang

10 nF
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��µ@¨ � µ@èI��r�p	¯-r�¨Y¥´¦@str�µ@v@¤tq�u�� � o8p©u���µ@¨Yq8r�s128¨©u§rÐ¬Fr��hµ@v@«J��pYr�str��_u§pYo8v@r�vTq8r�s ��v@q8r�v�¤tv
«@r�v ± pY¤t¥´¦_u§r�pd«@r�¨5�Q¦,��v@v@r�sáu§pYo8v@¨ � «@r�p"r�¤tv@r¸�#o�u§r�v_u§¤ ��st«@¤�{Ýr�pYr�v@®�n8o8v � º � ê��´� ®�µ@p
��p§��ststè@st�buYu§r ��µI��DQr�¤t¨©u��?ª�¤tv@r�L�r�è�r�ststr�pYr�str��_u§pYoh«@rÌn_r�pY¦@¤tv@«@r�p©u r�¤tvo6:µ@¨©u§pYr�u§r�vTn8o8v
ª�str��_u§pYo8v@r�v­��µ@¨?«@r�² ± pY¤t¥¡¦hu§r�p�� � µ@pY¥¡¦­«@¤tr���²´�Q¦,��v@v@r�sáu§pYo8v�ugôFè@¤t¨Y¥´¦@r�p0DQr�¤t¨Yr$��vFó
q8r�str�q�u§r$¬Fè,��v@vFµ@v@q�n_o8v ¹ � ·����>D r�pY«@r�vÌ«@¤tr¸¬Fr��hµ@v@«J��pYr�str��_u§pYo8v@r�v ¯@¤t¨:®�µ@²xª�v@«@r
«@r�p�ª�¤tv@�b��v,��st¨Y¥¡¦@v@r�¥¡��rÐµ@² r�¤tv@r�vk�-���_u§o8p�n_o�vÂ¶�º 8 n8r�pY¨©u*��pY�_u µ@v@«T³@¯�r�p	r�¤tv@r�v
� o8v@«@r�v@¨§�bu§o8p¸��µ@¨Yq8r��8o8è@è-r�sáu��s}?µ@vO¤t¨©u$«,��¨�¬F¤tq�v,��smn8o8v «@r�p�6:µ@¨0DQr�p©u§r�r�str��_u§pYo8v@¤t�
n8r�p§��pY¯�r�¤áu§¯,��p��4  ��vÌr�pYpYr�¤t¥¡¦hu"r�¤tv@r � µ@v@��r�st®&��¦@stp§�bu§r$«@r�¨�¬hôF¨©u¡r�²�¨ä¤tv­«@r�p�ú"p,28â8r�vFó
o8pY«@vhµ@v@q�n8o8vÊ¶�¨ −1 � � ¤ár�ú"r�¨§��²$u§¨Yè,��v@vhµ@v@q ¤t² � r�u§r��_u§o8p�¤t¨©uä��pYr�¤sDx��¦@st¯,��päµ@v@«
vhµ@p�«@µ@pY¥¡¦�«@¤tr�¬Fè,�bv@vFµ@v@q8¨©��r�¨©u§¤tq8��r�¤áu?«@r�p � o8v@«@r�v@¨§�bu§o8pYr�v­��µI�.»¸���õ¯�r�q8pYr�v@®�u��

�<r�pYstµ@¨©u§rQ��µI��q8pYµ@v@«�«@r�p ± o�u§®�r�¤áu � ¥��I�_¶�º8º�v@¨ � ¨Y¤tv@«�¯�r�¤hr�¤tv@r�p\IO��¦@stp§�bu§r.n_o8v�r´uMD �
5 ∗ 104s−1 v@¤tr�«@pY¤tq8r�p���st¨?º � �Vm�� � ¤ár56:v@¨Yè@pYr�¥¡¦�D2��¦@pY¨Y¥´¦@r�¤tv@sá¤t¥´¦@��r�¤áu?«@r�¨ � r�u§r��_u§o8pY¨
st¤tr�q�u"��³@p$�bu§o8²���pYr ¢ o8v@r�vÏ²�¤áu�ª�v@r�pYq8¤tr�vÐn8o8v q · 20 ��r\� µ@v@«YIO��¦@stp§�bu§r�v �hstr�¤tv@r�p
5 ∗ 104s−1 ¯�r�¤4v,��¦@r�®�µÐ¶�º8º�m��
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ð�¤tr�¤tvl6:¯@¨Y¥´¦@v@¤áuYu�»I�æ¹­¯�r�¨Y¥¡¦@pY¤tr�¯�r�v � D�¤tpY«O«,��¨3«IôFv,��²3¤t¨Y¥´¦@r� �r�â�n_r�p©�×��¦@pYr�vS��vFó
q8r�D ��v@«Iu � µ@² ��¯@¨Yo8stµIu§r ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§rÌ¯�r�¨©u§¤t²�²�r�vÊ®�µ��X28v@v@r�v*� � ��®�µ
²$µ@¨Y¨Q²���v�¨Y¤t²$µ@sáu¡��v�L�r����_u§¤to8v@¨Yp§�bu§r � ª�str��_u§pYo8v@r�v@¨©u§pYo8²ÿµ@v@«���pY¤t²���pCó ¢ o8v@r�v@¨©u§pYo8²
¤tvq6:¯@¦J��v@q8¤tq8��r�¤áu�n_o�v�«@r�p<pYr�s �bu§¤án8r�v�¬hu§p§��¦@sts ��q8r r�p©�×��¨Y¨Yr�v*�Iª�¤tv@r���µ@¨©��³@¦@pYst¤t¥´¦@r � ��pCó
¨©u§r�ststµ@v@q3«@r�p?��è@è,�bp¡��u¡¤ n_r�v � r�u¡��¤tst¨Uf,v@«@r�u?²���v	¤tv�P ü?o�� óC·_åbR �

¢ ² £QstoF¥¡�h¨Y¥¡¦,��sáu§¯@¤tst« � 6:¯@¯@¤tst«@µ@v@qN�F�æ¹ � ¤t¨©u r�¤tv@r�¨Y¥¡¦@r�²��bu§¤t¨Y¥´¦@r � ��pY¨©u§r�ststµ@v@q
«@r�¨ � �bu§r�v,��µI��v,��¦@²�r�¨©ôF¨©u§r�²�¨¸®�µO¨Yr�¦@r�v*� � ¤tr�ª�str��_u§pYo8v@r�v@�b��v@o8v@rWD�¤tpY«�DU��¦@pYr�v@«
«@r�pd �r�¨Y¨Yµ@v@q�²�¤áu���o8v@¨©u¡��v_u§r�pd�-��¦@pYq8r�¨Y¥¡¦HD�¤tv@«@¤tq8��r�¤áu?��µI� óQµ@v@« ��¯�¯�r�DQr�q�u � «,��¯-r�¤
r�p©�×��â�u�r�¤tvT²�¤ u�«@r�² 6:v_u§pY¤tr�¯Tq8r���o8è@è�r�sáu§r�p�o8èIu§ohr�str��_u§pYo8v@¤t¨Y¥´¦@r�p	ð�¤tv@��r�st¨Y¥¡¦@pY¤áuYu©ó
q8r�¯�r�pÏ«@¤trk�#o8¨Y¤áu§¤to8vÂ«@r�pOª�str��_u§pYo8v@r�v@����v@o8v@r�� � r�¨Y¨§r�v ¢ ²�è@µ@st¨YrrD r�p§«@r�vÿ«@µ@pY¥¡¦
r�¤tv@r�vzr�¤tv@¨©u§r�stst¯,��pYr�v ± r�¤tstr�p «@¤ánF¤t«@¤tr�p©u µ@v@«M®�µ@¨§��²�²�r�vÂ²�¤áu r�¤tv@r�²/¬F¤tq8v,��s¸��³@p
«@¤tr�£Qr�DQr�q8µ@v@q8¨YpY¤t¥´¦_u§µ@v@q «@r�²�S?è, � o(D�vFó0IO��¦@str�p���³@p�«@¤tr � ��v,��st®���¦@sm®�µ@q8r���³@¦@p©u��� ¤trj �r�â8q�pi2�â8r�v�D r�pY«@r�v`DU��¦@pYr�v@«ÿr�¤tv@r�¨Ï��r�¨©u§q8r�str�q�u§r�v��-��¦@pY¨©u§pYr�¥¡��r�v@¤tv_u§r�p©n���stst¨
�$� ��vJ��str � ��µI��q8r�v@o8²�²�r�v�µ@v@«�¤tv�n8r�pY¨Y¥¡¦@¤tr�«@r�v@r�v�IO��¦@str�pYv	��µI�×��«@«@¤tr�p©u��, �¤áu\F©r�«@r�²¢ ²�è@µ@st¨2«@r�¨dS?è, � o(D�vFó0IO��¦@str�pY¨ ��³@p�«@¤tr � ��v,��st®���¦@sÇD�¤tpY«�«@¤ár�¨Yr�p?µ@v@«�«@¤tr"nF¤tr�pä¶�ê�ó
£Q¤áu©ó0IO��¦@sár�p<��³@p «@¤tr" �r�â8q8p,28â8r�v�¨©ôFv@¥´¦@pYo8v���µ@¨Yq8r�str�¨Yr�v � p§r���« � ��Z?¯�r�p r�¤tv ¢ v_u§r�p©�×��¥�rD�¤tpY« ¢ vI��o8pY²��bu§¤áo8vS®�µ@²  �r�â8pYr�¥¡¦@v@r�p	³@¯�r�p©u§p§��q8r�v*� � ��p§��µI��¦@¤tvTDQr�pY«@r�v�«@¤tr nF¤tr�p
IO��¦@str�p<«@r�p  �r�â8q8p,28â8r�v�®�µ@pY³@¥¡�hq8r�¨§r�u§®�u � pYr�¨Yr�u � �~6:ststr ¢ v@¦,��sáu§r?«@r�p<nF¤tr�p  �r�â8q8p,28â8r�vDQr�pY«@r�v�¤tvÊ«@r�²°F©r�DQr�¤tst¤tq8r�vSr�vhu§¨Yè@pYr�¥¡¦@r�v@«,r�v � ��v,��s:r�¤tv@r�¨��d¤tr�st�b��v,��st¨Yè�r��_u§pYµ@²�¨
¤t² L�r�¥¡¦@v@r�p:��µI��¨Yµ@²�²�¤tr�p©u��

¢ ² IO��¦@str�pj¶oDQr�pY«@r�v «@¤tr�n8o8² ª�¤tv@®�r�sáu§r�¤tst¥¡¦@r�v@«@r�u§r��_u§o8p v,��¥´¦@q8r�D�¤tr�¨Yr�v@r�v �
n8r�pY¨©u*��pY�_u§r�vSµ@v@«On8o8v r�¤tv@r�² � ¤t¨Y�hp§¤á²�¤tv,�bu§o8p�¤tvr}?o8pY²�¤t²3è@µ@sá¨Yr�µ@²�q8r�D2��v@«@r�sáu§r�v
¬F¤tq8v,��str�pYr�¤tq8v@¤á¨Y¨Yr�pYr�q�¤t¨©u¡pY¤tr�pYu�� � ¤trhIO��¦@str�p�¹ µ@v@«k»Ð���h�hµ@²$µ@st¤tr�pYr�vS«@r�vk��pY¤t²���pCó¢ o8v@r�vFómµ@v@«�«@r�v�ª�str��_u§pYo8v@r�v@¨©u§pYo8² v,��¥´¦vS?²gD2��v@«@stµ@v@q¸¤tv�r�¤tv@r"«@r�p:¬hu§pYo8²�¨©u*��pY��r
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Electron energy [eV]
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Electron energy [eV]
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∗ £Q¤ 6+ � � [Xe]6s1 4f 14 5d8 � 6só ¢ o8v@¤t¨§�bu§¤to8v ê8· � ¹F¶�¸Ö 6+ � 	 [Xe]4f 14 5d9 � 5d � ��Þ �#Ö×}�{I��Ö Þ � ' � � '
† £Q¤ 6+ � � [Xe]6s1 4f 14 5d8 � 5d ó ¢ o8v@¤t¨§�bu§¤to�v · � � »I¶
∗ £Q¤ 6+ � � [Xe]6s2 4f 14 5d7 � 5d ó ¢ o8v@¤t¨§�bu§¤to�v � » � ��·
£Q¤ 6+ � � [Xe]4f 13 5d10 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v ¹8¹F¶ � ù ·
† £Q¤ 6+ � � [Xe]6s1 4f 13 5d9 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v ¹8¹�ê � ¹V�
∗ £Q¤ 6+ � � [Xe]6s2 4f 13 5d8 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v ¹�»I¶ � �V�

/103254%67684jKõ;LKõ>-C C�G�C(I�J3LMC�T�C:,{L3G�C��l�3L3�FH�¢ �3LMK NQPRL3A�H�S
T�A�PRLMH�C�LMC�G��lA�C�L D�PRL CðA 5+ ¢*NQPRLMC�L
G�C���S
T�AwD ¤(�3U ÄBG��3LMK�¤(�MH�T�S
LMK CðA 5+ s T # C%X

4f14 5d10 V >OAwT † S
U3 C�Aw��C�L ` C��lAwL3L U�S
G� %A�C�G�T�C ��LMC�G��lA�CdL Eî�3G�K3C�L G�C���S
T�AwD ¤(�3U 3?�MH�T�S
LMKCðA 5+ s T # C%X
6s1 4f14 5d9 ` C�G�C(I�J3LMC�T ÿ U�A-T ∗ G�C���S
T�AwD ¤(�3U 3?�MH�T�S
LMKCðA 5+ s T # C%X
6s2 4f14 5d8 V
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Electron energy [eV]

� 2�2a�768�a�����`Kõ;QP ><úZAwG� %�3L3�FH�ü��MC�G�H�I�J3L3AwT�T
σ6,7

Æ�
3G K�A�C ��AwLSÆ�SRI�J3A�PRL3A�H�S
T�A�PRL D�PRL CðA 6+ ¢
NQPRLMC�LWV1@BA�C�9?C�J3��C�G ` S
�w FC�LZ�FC ` C�LZK3C�L ÄÑC(H�S
UÂT�Æ�C�J3��C�G S
LWV1@BA�ChR�Æ�C�A-¢
��CÑ�FC ` C�LOK�A�CqNQPRL3A�H�S
T�A�PRLMH�H�I�J�EðC��w��C�L ` C�¤�
3�l�wA�I�JOK3C�G

6s
¢*NQPRL3A�H�S
T�A�PRLßK3C(H

U�C�T�SRH�T�S ` Aw��C�Lm3?�MH�T�S
LMK3C(HáCðA 6+ s T # C%X
6s2 4f14 5d7 U�AwTáU�b�ÿ bßCrqö�3LMK

K3C�G
5d

¢*NQPRL3A�H�S
T�A�PRLeK3C(H�ÄBG��3LMK�¤(�MH�T�S
LMK3C(H U�AwTí.�a�o�ÿ ý	b Crq S
LWV s
S
L3�FC�G�C��lT�Cj3?�MH�T)�
LMK3COH�P�EîA�ChC C�G�C�A�I�JMCßD�C�G�H�I�J3A�C(K3C�LMC�G N*L3LMC�G�H�I�J?S
��C�L�¢,{L3G�C��l�3L3�FC�L K3C(H�ÄBG��3LMK�¤(�MH�T�S
LMK3C(H V sOS
L3�FC�G�C��lT�C 3?�MH�T)�
LMK3C
K3C�G*��C�E C�Aw�wAw�FC�L ;BPRL,+M�l�3G�S
T�A�PRLMC�L H�P�EîA�C C C�G�C�A�I�JMC D�C�G�H�I�J3A�C(K3C�LMC�G
N*L3LMC�G�H�I�J?S
��C�L�¢?,{L3G�C��l�3L3��C�L K3C(H U�C�T�SRH�T�S ` Aw��C�L 3?�MH�T�S
LMK3C(H V sAWPRT�¤�¢«9MPRG�U�C�� T AWPRT�¢��ñýcX:Æ�
3G§K�A�C

5d
¢*NQPRLMAwH�S
T�AwPRLOKMC�H�ÄBG��3LMK�¤(�MH�T�S
LMK3C(H V
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��³@p?«@¤tr�ª�¤tvI�×��¥´¦Fó

¤to8v@¤t¨§�bu§¤áo8v n_o8v�£Q¤ 6+ ó ¢ o8v@r�vk¯�r�q8¤tv@v_u�²�¤áu�r�¤tv@r�² ¨Y¥¡¦�D2��¥¡¦@r�vo6:v@¨©u§¤tr�q ¯�r�¤dr�u�D �
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«@¤tr 6só ¢ o8v@¤t¨§�bu§¤to8v�«@r�p���v@q8r�pYr�q�u§r�v�IÝµ@¨©u*��v@«@r2£Q¤ 6+ �1P ]dr�R 6s2 4f 14 5d7 ²�¤áu�·8¹ � ¹�ºdr �
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pYr�q�u§r�vpIÝµ@¨©u*��v@«@r¸«@¤tr 5dó ¢ o8v@¤t¨§�bu§¤to8v@¨Y¨Y¥¡¦�D r�ststr�r�pYpYr�¤t¥¡¦hu"¤t¨©u � n8r�pYs]��µI��u"«@r�pG6:v@¨©u§¤tr�q
DQr�v@¤tq8r�p¸¨©u§r�¤ts ��£Qr�¤áu§pi��q8r��bµ@¨ 4f ó�6:v@pYr�q8µ@v@q8¨Có�6:µIu§o8¤to�v@¤t¨§�bu§¤to8v@¨Yè@pYo8®�r�¨Y¨Yr�vO¨Y¤tv@«O��¯
¶�» ù � ê8·:r\�k²K28q8st¤á¥¡¦ � ��¯-r�p.��³@p��8r�¤tv@r�v3«@r�p IÝµ@¨©u*��v@«@r2r´ûIè@st¤t®�¤áu�®�µ3r�pY��r�v@v@r�v*�H}?¤t²�²�u
²���v3��³@pm«@¤tr?£Qr�pYr�¥´¦@vhµ@v@q$«@r�¨mð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�¨ ²�¤ um«@r�p^44o�u§®´óM�,o8pY²�r�s@vFµ@p
«@¤trÌ«@¤tpYr��_u§r ¢ o8v@¤t¨§�bu§¤to8vk«@r�¨ ú"pYµ@v@«@®�µ@¨©u¡��v@«@r�¨ � D�¤tpY«�«@r�p�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu
²�¤áudvhµ@pdr�uMD �	»8ê�m ¨Yr�¤tv@r�päü328¦@r¸��v@q8r�q8r�¯�r�v*� ¢ v ± ��¯�r�ststr¸êI�æå�¨Y¤tv@«Ìr�¤tv@¤tq8r�²K28q8st¤ ó
¥¡¦@r36:v@pYr�q8µ@v@q8¨Yr�v@r�pYq8¤tr�v���µI��q8r���³@¦@p©u � «@¤tr�²�¤áu�«@r�²ÿúCLQ6"¬I��óC��pYo8q8p§��²�² P � ô_��óC· � R
¯�r�pYr�¥¡¦@v@r�u3D�µ@pY«@r�v*�

� o8v�f,q8µ@p§�bu§¤to8v ª�pY®�r�µ@q8µ@v@q�«@µ@pY¥´¦ }?¤án_r���µ@¨ ª�v@r�pYq8¤trKP r\�dR
£Q¤ 6+ � � [Xe]6s1 4f 14 5d8 � 5d → 6s 6:v@pYr�q8µ@v@q ¶�ê ¹F¶ � ù ¹ Ç »8» � �
† £Q¤ 6+ � � [Xe]6s2 4f 14 5d7 � 5d → 6s 6:v@pYr�q8µ@v@q ¶ � ¹V� � »_å Ç ¹�· � ��ê
£Q¤ 6+ � � [Xe]4f 13 5d10 � 4f → 5d 6:v@pYr�q8µ@v@q ¹ ¶�» ù � ê8· Ç ¶�» � � � »
† £Q¤ 6+ � � [Xe]6s1 4f 13 5d9 � 4f → 5d 6:v@pYr�q8µ@v@q » � ¶�»8ê � ��ù Ç ¶ ù · � ·8ê
∗ £Q¤ 6+ � � [Xe]6s2 4f 13 5d8 � 4f → 5d 6:v@pYr�q8µ@v@q ·I¶ ¶�»8· � ù ¶ Ç ¶(��ê � ·I¶
† £Q¤ 7+ � � [Xe]4f 14 5d8 � 6só ¢ o8v@¤t¨§�bu§¤to8v ·_¹ � »
∗ £Q¤ 7+ � � [Xe]6s1 4f 14 5d7 � 6só ¢ o8v@¤t¨§�bu§¤to8v ·_¹ � ¹�¸Ö 7+ � 	 [Xe]4f 14 5d8 � 5d� ��Þ �#Ö×}�{I��Ö Þ � Ó ï Ø � à �
† £Q¤ 7+ � � [Xe]6s1 4f 14 5d7 � 5dó ¢ o8v@¤t¨§�bu§¤to8v ¶�º_å � �8å
∗ £Q¤ 7+ � � [Xe]6s2 4f 14 5d6 � 5dó ¢ o8v@¤t¨§�bu§¤to8v ¶8¶�¹ � � ù
£Q¤ 7+ � � [Xe]4f 13 5d9 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v ¹ ù ¶ � ¹V�
† £Q¤ 7+ � � [Xe]6s1 4f 13 5d8 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v ¹ ù å � ¶�»
∗ £Q¤ 7+ � � [Xe]6s2 4f 13 5d7 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v ¹V�8¹ � · ù
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G�C���S
T�AwD ¤(�3U ÄBG��3LMK�¤(�MH�T�S
LMK CðA 6+ s T # C%X

4f14 5d9 V >OAwT † S
U 3 C�A-¢
��C�L ` C��lAwL3L U�S
G� %A�C�G�T�C ��LMC�G��lA�C�L Eî�3G�K3C�L G�C���S
T�AwD ¤(�3U 3?�MH�T�S
LMKCðA 6+ s T # C%X

6s1 4f14 5d8 ÿ1U�AwT ∗ ¤(�3U 3?�MH�T�S
LMK C1A 6+ s T # C%X
6s2 4f14 5d7

` C�G�C(I�J3LMC�T V
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Electron energy [eV]

� 2�2a�768�a�����`Kõ;L_õ>:;{PRG�G�C� %T��3G�U�C(H�H��3L3�ÑK3C(H�úZAwG� %�3L3�FH�ü��MC�G�H�I�J3L3AwT�T�C(HúÆ�
3G�K�A�C1��AwLSÆ�SRI�J3A�PRL�¢
A�H�S
T�A�PRLqDFPRL<J�3 + ¢*NQPRLMC�LWV @BA�C69MC�J3��C�G ` S
�w �C�L��FC ` C�L�K3C�L_ÄÑC(H�S
UÂT�Æ�C�J3��C�G
S
LWV ◦ s�U�AwT4q1C�G��3L3G�C�AwL3Aw�l�3L3�Oý�CðA 7+ ¢a�3LMKMJ�3 + ¢*NQPRLMC�Lj�5AwUÞR�G�AwU4�
G�A�P
¢
LMC�LMH�T�G�S
J3� �FC�U�C(H�H�C�LMC úZAwG� %�3L3�FH�ü��MC�G�H�I�J3L3AwT�T�C

σ
DFC�G�� V • súÆ�
3G�C�AwLMC�L

G�C�AwLMC�LjJ�3 + ¢^R�G�AwU4�
G�A�PRLMC�LMH�T�G�S
J3���FC�U�C(H�H�C�LMC�úZAwG� %�3L3�FH�ü��MC�G�H�I�J3L3AwT�¢
T�C

σ D�C�G���ý8A�H�P&� V

£Qr�¤�«@r�vk �r�¨Y¨§µ@v@q�r�vÊ®�µ@p�ª�¤tvI�×��¥´¦@¤to8v@¤t¨§�bu§¤áo8vÏn_o8vÊ£Q¤ 7+ ó ¢ o8v@r�vrf,r�s?��µI� � «,��¨Y¨DQr�¤áum²�r�¦@p ¢ o8v@r�v@¨©u§pYo8² r�pY®�¤tr�s u D�µ@pY«@r:��st¨<¯�r�¤�£Q¤ 6+ ó�oF«@r�pm£Q¤ 8+ ó ¢ o8v@r�v*�F£Qr�pYr�¥¡¦@v@r�u
²���vä«,��¨4�<r�pY¦J��sáu§v@¤t¨*n8o8v$  ��¨Y¨Yrm®�µa4 �b«@µ@v@q8¨Y®�µ@¨©u´�bv@« � ¨Yo?¦,��¯�r�v�£Q¤ 7+ ó ¢ o8v@r�v�r�¤tv@r�v
ðÐr�p©u2n8o8v ¹�º �  8åV[ä¹ � � ·��8å � D2��¨2¨Yr�¦@p�v,��¦���v�«@r�²ñðÐr�p©u2n8o8vv}E� + ó© �o8str��h³@st¤to8v@r�v
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¨©u§r�¦_uQ¦@¤tr�p���³@p<«@r�v�ª�str��_u§pYo8v@r�vFó
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ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v�}E� + ó© �o8str��h³@st¤to8v@r�v � σ n8r�pYµ ��³@p�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu
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Electron energy [eV]
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Electron energy [eV]
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Electron energy [eV]
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u§r�¨ σ10,11

��³@p�«@¤tr ª�¤tvI�×��¥´¦@¤áo8v@¤t¨§�bu§¤to�vOn_o8vk£Q¤ 10+ ó ¢ o8v@r�vÊst¤tr�q�u�²�¤áu�r�uMD �S¶�å�º r\�
q8µIuO¶�»Êr\�)n8o8pÌ«@r�p ¯-r�pYr�¥´¦@v@r�u§r�vzª�¤tv@¨§�bu§®�¨Y¥¡¦HDQr�ststrÏ��³@pÌ«@¤tr 5dó ¢ o8v@¤t¨§�bu§¤to8v «@r�¨
ú"pYµ@v@«@®�µ@¨©u¡��v@«@r�¨�n_o8v ¶�·8» � » ù r\�$� � ¤tr 6s ó ¢ o8v@¤t¨§�bu§¤to�vÊ«@r�¨���v@q8r�pYr�q�u§r�v«IÝµ@¨©u¡��vFó
«@r�¨ [Xe]6s2 4f 14 5d3 �b��v@v ¨§¥¡¦@o8vx��¯¿¶ ù » � � ¹õr\��r�p©��o8stq8r�v*� � r�poIÝµ@¨©u¡��v@«
[Xe]6s1 4f 14 5d4 ¦,�bu?²�¤áuä¶ ù » � ù �$r\�õ��³@p?«@¤tr 6s ó ¢ o8v@¤t¨§�bu§¤áo8v	r�¤tv@r�v v,��¦@r�®�µ ¤t«@r�vFóu§¤t¨Y¥¡¦@r�v�ðÐr�p©u��x6:µ@¥¡¦j¦@¤tr�p�¤t¨©u	vhµ@p	r�¤tvo��µ@â8r�p§¨©u	q8r�pY¤tv@q8r�pA6:v_u§r�¤ts:n_o8v ¢ o8v@r�vj¤tv
��v@q8r�pYr�q�u§r�vYIÝµ@¨©u*��v@«@r�vÏ®�µpf,v@«@r�v*� � r�²�v,��¥¡¦Ï�b��v@v ��µ@¥¡¦Ï¦@¤tr�p�vhµ@p�«@r�p$£Qr�¤áu§p§��q
n8o8v 4f ó�6:v@pYr�q8µ@v@qbó�6:µIu§o8¤to8v@¤t¨§�bu§¤áo8vÐn_o�vÊú"pYµ@v@«@®�µ@¨©u¡��v@«@¨Y¤to8v@r�vÊ��¯O«@r�p�¬F¥¡¦�DQr�ststr
��³@p3«@r�vÊ¨©u§r�¤tstr�vr6:v@¨©u§¤tr�q n8r�p§��v_uMDQo8p©u§st¤t¥¡¦ q8r�²���¥¡¦huqDQr�pY«@r�v*� � r�p3�<r�pYq8str�¤t¥¡¦ ²�¤áu
«@r�p344o�u§®´óM�,o8pY²�r�s � «@¤tr"vFµ@p�«@¤tpYr��_u§r 5dó ¢ o8v@¤t¨§�bu§¤to8v�¯�r�pY³@¥¡�h¨Y¤t¥´¦_u§¤tq�u � ®�r�¤tq�u?r�¤tv@r � obó²�¤tv,��v@®�«@r�pd¤tv@«@¤tpYr��_u§r�v 4f óC£Qr�¤áu§pi��q8r�¤t² ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu��O6:¯ r�u�D ��¨"³@¯�r�p
»8»8º¸r\� u§pi��q�u�«@¤tr 4f ó ¢ o8v@¤t¨§�bu§¤to8v�®�µ@¨i�bu§®�st¤t¥¡¦�®�µ@²ñð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu?¯�r�¤ � D ��¨
¤tv �8r�¤tv@r�² ��v@«@r�pYr�v ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu�r�¤tv@r�vÐ¨Yo8st¥¡¦@r�pY²���â8r�v q8µIu�¨Y¤t¥¡¦_u§¯,��pYr�v
®�µ@¨i�bu§®�st¤t¥¡¦@r�v�£Qr�¤áu§p§��q¸st¤tr���r�p©u�� � ¤tr"«,��pYq8r�¨©u§r�stsáu§rG44o�u§®´óM�,o8pY²�r�s©D�µ@pY«@rästr�«@¤tq8st¤á¥¡¦���³@p
«@¤tr$«@¤tpYr��_u§r ¢ o8v@¤t¨§�bu§¤to8v­r�¤tv@r�¨ 5d óCª�str��_u§pYo8v@¨d¯�r�pYr�¥¡¦@v@r�u�µ@v@« r�pYpYr�¤t¥¡¦_uäq8r�p§��«@r$²���s¶�åVmÂ«@r�pQü328¦@r:«@r�¨Qq8r�²�r�¨Y¨Yr�v@r:ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu§r�¨�� ¢ v ± ��¯�r�ststr?êI�á¶8¶3DQr�pY«@r�v
¯-r�pYr�¥´¦@v@r�u§r56:v@pYr�q8µ@v@q8¨CóQµ@v@« ¢ o8v@¤t¨§�bu§¤to8v@¨Yr�v@r�pYq8¤tr�v���µI��q8r���³@¦@p©u��

� o8v�f,q8µ@p§�bu§¤to8v ª�pY®�r�µ@q8µ@v@q�«@µ@pY¥´¦ }?¤án8r���µ@¨ ª�v@r�pYq8¤trqP r\�dR
£Q¤ 10+ � � [Xe]6s1 4f 14 5d4 � 5d → 6s ó�6:v@pYr�q8µ@v@q ê8» » � � · � Ç ê�� � ¹F¶
† £Q¤ 10+ � � [Xe]6s2 4f 14 5d3 � 5d → 6s ó�6:v@pYr�q8µ@v@q ¶ � ù å � ¶�º Ç ê8» � å�»
£Q¤ 10+ � � [Xe]4f 13 5d6 � 4f → 5dó�6:v@pYr�q8µ@v@q » ù ê ¶ ù � � ·_¹ Ç ¶�åV� � �V�
∗ £Q¤ 10+ � � [Xe]6s2 4f 13 5d4 � 4f → 5dó�6:v@pYr�q8µ@v@q » ù ê ¶ ù ê � º�� Ç ¶�å�· � å�º
† £Q¤ 10+ � � [Xe]6s1 4f 13 5d5 � 4f → 5dó�6:v@pYr�q8µ@v@q ·I¶(� ¶ ù ê � ¹�º Ç ¶�å8å � ê8ê
† £Q¤ 11+ � � [Xe]4f 14 5d4 � 6só ¢ o8v@¤t¨§�bu§¤to8v ¶ ù » � ù �
∗ £Q¤ 11+ � � [Xe]6s1 4f 14 5d3 � 6só ¢ o8v@¤t¨§�bu§¤to8v ¶ ù » � � ¹�¸Ö 11+ � 	 [Xe]4f 14 5d4 � 5d� ��Þ �#Ö×}�{I��Ö Þ � Ó<'-Ø � Ø ö
† £Q¤ 11+ � � [Xe]6s1 4f 14 5d3 � 5dó ¢ o8v@¤t¨§�bu§¤to8v ¶ � ¶ � º_¹
∗ £Q¤ 11+ � � [Xe]6s2 4f 14 5d2 � 5dó ¢ o8v@¤t¨§�bu§¤to8v ¶ � � � �F¶
£Q¤ 11+ � � [Xe]4f 13 5d5 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v »8»I¶ � ·8ê
† £Q¤ 11+ � � [Xe]6s1 4f 13 5d4 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v »8»8· � ê��
∗ £Q¤ 11+ � � [Xe]6s2 4f 13 5d3 � 4f ó ¢ o8v@¤t¨§�bu§¤to8v » ù8ù � � ¹
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� ¤trìð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§rý«@r�¨ ¨Y¥¡¦HDQr�pYr�v ª�str�²�r�v_u§r�¨ ð�¤t¨Y²$µIu ¦,�b¯�r�v
«@µ@pY¥¡¦HDQr�q°£Qr�¤áu§pi��q8rÿn_o8v)��¯)«@r�pMª�¤tv@¨§�bu§®�¨Y¥´¦�DQr�ststr D�¤tpY�h¨§��²�r�v 6:v@pYr�q8µ@v@q8¨Có
6:µIu§o8¤to8v@¤t¨§�bu§¤áo8v@¨Yè@pYo8®�r�¨Y¨Yr�v*�Âú"r�p§��«@r «@¤tr)£Qr�¤áu§pi��q8r)«@r�p 5dóCª�str��_u§pYo8v@r�v ¯�r�¤
v@¤tr�«@pY¤tq8r�v@44��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v � q = 1, ..., 4 � ¨Yo(D�¤trõ«@r�p ª�str��_u§pYo8v@r�v u§¤tr���r�p
st¤tr�q8r�v@«@r�pÐ¬F¥¡¦,��str�v � 5p � 5s µ@v@« 4f � ¯�r�¤K4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v q ≥ 5 ¨Yo8pYq8r�v
«@µ@pY¥¡¦HDQr�q8¨2��³@p r�¤tv@r�v�¨©u§r�¤tstr�vW6:v@¨©u§¤tr�q¸«@r�p3�:µ@r�pY¨§¥¡¦@v@¤áuYu§r"«@¤tpYr��_u2��¯�«@r�p?¬F¥¡¦�D r�ststr��

��³@p�«@¤tr v@¤tr�«@pY¤tq8r�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r?²�¤áu 6pó µ@v@« 6s óCª�str��_u§pYo8v@r�v¸¤t²zú"pYµ@v@«Fó
®�µ@¨©u¡��v@« � ��st¨Yo�¯�r�¤�£Q¤ + ó�¯@¤t¨ä£Q¤ 4+ ó ¢ o8v@r�v � st¤ár�q�udv@oF¥¡¦ ��r�¤tv v@r�v@v@r�v@¨0D r�p©u§r�p56:v_u§r�¤ts
��v ¢ o8v@r�vS¤t² ²�r�u¡��¨©u¡��¯@¤tsár�v�IÝµ@¨©u¡��v@«S¤t² ¢ o8v@r�v@¨©u§p¡�b¦@s�n8o8p�� ��³@p�£Q¤ 4+ ó ¢ o8v@r�v � ¨��6:¯@¯*�hêI�á¶�» � ¤t¨©u<«@r�p 6:vhu§r�¤ts,��v ¢ o8v@r�v�¤t²Â²�r�u¡��¨©u¡��¯@¤tstr�v�IÝµ@¨©u¡��v@«�¨Yr�¦@pm«@r�µIu§st¤t¥¡¦¸n_o8p
«@r�pmª�¤tv@¨§�bu§®�¨Y¥¡¦�D r�ststr2«@r�¨ ú"pYµ@v@«@®�µ@¨©u¡��v@«@r�¨m®�µ�r�pY��r�v@v@r�v � «@¤tr2st¤áv@r���pYr � ��pY¨©u§r�ststµ@v@q
� ¨��©6:¯@¯*�*êI��� � ®�r�¤tq�uNF©r�«@oF¥¡¦ � «,��¨Y¨d«@¤tr�¨§r�pE6:v_u§r�¤ts#vhµ@p:r�¤tv@r�vÌ�hstr�¤áv@r�vÌ£Qr�¤áu§p§��q�®�µ@²
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYudst¤tr���r�p©u��J6:µ@¥¡¦­«@¤trg4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r q = 8, 9 µ@v@«Ð¶�º�«@r�p
£Q¤ q+ ó ¢ o8v@r�v�¦,��¯-r�v vhµ@p�q8r�pY¤tv@q8rG6:v_u§r�¤tsträ�bv@q8r�pYr�q�u§r�p ¢ o8v@r�v*�

��³@pQ«@¤árd4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r q = 5, 6 µ@v@«	åä¤t¨©uQr�¤tv�¦@o8¦@r�p^6:v_u§r�¤ts�²�r´u´�b¨Yu¡��¯@¤ástr�p¢ o8v@r�v ¤t² ¢ o8v@r�v@¨©u§p§��¦@s.«@r�pä£Q¤ q+ ó ¢ o8v@r�vÌ®�µ�f,v@«@r�v*� � ��«@¤tr¸ª�v@r�pYq8¤tr�vÌ«@r�p"¯�r�¤á«@r�v
²K28q8st¤á¥¡¦@r�v¸��v@q8r�pYr�q�u§r�vKIÝµ@¨©u*��v@«@r2²�¤áu�r�¤tv@r�² oF«@r�p.®�DQr�¤ 6s óCª�str��_u§pYo8v@r�v¸¨Yr�¦@p.v,��¦@r¯�r�¤tr�¤tv,��v@«@r�p2st¤tr�q8r�v � ¤t¨©u�v@¤t¥´¦_u�®�µ��hs]��pYr�v � D r�st¥¡¦@r�pdIÝµ@¨©u¡��v@«�«@o8²�¤tv@¤tr�p©u��

6:µ@¥´¦3¤tv¸��v@«@r�pYr�vq6:pY¯�r�¤áu§r�v¸²�¤áu�r�str��_u§pYo8v@r�v@pYr�¤t¥´¦@r�v�ª�str�²�r�v_u§r�v � ®�� £:�JP 6:¤t¥´óCº8º(R
³@¯�r�pÐ��p§��¨Yr�oF«IôF² µ@v@«M¬I��²���pY¤tµ@² � ¤t¨©uÐ«,��¨Ð��pYo8¯@str�² ®�µ>f,v@«@r�v � «,��¨Y¨ÏªNIOL ó¢ o8v@r�v@òhµ@r�ststr�vÐr�¤tv@r�v pYr�¥´¦_u�¦@o8¦@r�vp6:vhu§r�¤ts<��v ¢ o8v@r�vÐ¤tv ²�r�u¡��¨©u¡��¯@¤tstr�vpIÝµ@¨©u*��v@«@r�v
r�pY®�r�µ@q8r�v*�.£Qr�¤m«@r�vÐn8o8v�6:¤t¥´¦@r�str�µ@v_u§r�pY¨Yµ@¥¡¦hu§r�v ¢ o8v@r�vpD�µ@pY«@r�v@oh¥´¦Ï«@¤tr�¶�º­úäü?®
ªNIOL ó ¢ o8v@r�v@òhµ@r�ststrqP 44¤tr´ó � »bR ¯�r�vhµIu§®�u��� ¤tr�¨Y¥´¦@o8vS¶ � ·��	q8r���µ@v@«@r�v@rAZ?¯�r�pY�hpYr�µ@®�µ@v@qÌ«@r�päð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§r σ1,2µ@v@« σ2,3

D�µ@pY«@r�r�pYv@r�µIu3¯-r�¨©u*�bu§¤tq�u�� � ¤tr�ª�pYq8r�¯@v@¤t¨Y¨Yr�«@¤tr�¨Yr�pa6:pY¯�r�¤ u¸¨Y¤tv@« ¤tvÏ¦@r�pCó
n8o8pYp§��q8r�v@«@r�pUZ�¯�r�pYr�¤tv@¨©u§¤t²�²$µ@v@qä²�¤áu<«@r�v�«,��²���st¤áq8r�v� �r�¨Y¨Yµ@v@q8r�v*� � r�p^S?pY¨Yè@pYµ@v@q
«@¤tr�¨Yr�p � pYr�µ@®�µ@v@q ¤t¨©u3«,��pY¤tvO®�µYf,v@«@r�v � «,��¨Y¨¸��³@p�£Q¤ + ó ¢ o8v@r�vS��µI�:«@¤tr ¢ o8v@¤t¨§�bu§¤to8v
r�¤tv@r�¨ 5dóCª�str��_u§pYo8v@¨�r�¤tv@rv6:µIu§o8¤to8v@¤t¨§�bu§¤áo8vO��o8stq�u � «*� ¦*�<«@¤tr 5d ó ¢ o8v@¤t¨§�bu§¤to�v vhµ@p�®�µ
σ1,3

¯�r�¤áu§pi��q�u��m£Qr�¤ σ2,3
¤t¨©u�«@¤tr�¨Yr ¢ o8v@¤t¨§�bu§¤to8vFó�6:µIu§o8¤áo8v@¤á¨§�bu§¤to�vSr�v@r�pYq8r�u§¤t¨Y¥¡¦�v@¤t¥¡¦_u

²K28q8st¤á¥¡¦ � «*� ¦*�4«@¤tr$n8o8ststr 5d10 ó©¬F¥¡¦,��str$u§pi��q�u"®�µ@² ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu�¯�r�¤ � � ��ó
«@µ@pY¥¡¦ u§p§��q8r�v ¯�r�¤ σ1,2

®�µ@² ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu�vFµ@p3«@¤tr 6p26s2 óCª�str��_u§pYo8v@r�v
¯�r�¤ � DU��¦@pYr�v@«k®�µ@² ðk¤tpY�hµ@v@q8¨Yòhµ@r�pY¨§¥¡¦@v@¤áuYu σ2,3

«@¤tr 6p6s25d10 óCª�str��_u§pYo8v@r�vÊ¯�r�¤ ó
u§p§��q8r�v*� � ¤tr�¨Yr�p�r�¤tv@®�¤tq_��p©u§¤tq�r�ªy{Ýr��_u$¤t¨©u$��µ@â8r�p�¯�r�¤�ð�¤t¨Y²¸µIu©ó ¢ o8v@r�v vhµ@p�v@oF¥¡¦Ï¯-r�¤
6:v_u§¤t²�o8vFó ¢ o8v@r�v�r�¯�r�vI�×��stst¨<²�¤áu<«@r�psc � pYr�µ@®�µ@v@q*e�n8o8v σ1,2

µ@v@« σ2,3
¯-r��b��v@v_u��Iª�¤tv@r

��µ@¨©��³@¦@pYst¤t¥¡¦@r � ¤t¨Y�hµ@¨Y¨Y¤to8v ¤á¨Yu�¤tv�P  �³@s óC·����(R4®�µvf,v@«@r�v*�
6:¯@¯@¤tst«@µ@v@qOêI�á¶�» ®�r�¤tq�u	��ststr­q8r�²�r�¨Y¨Yr�v@r�v�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r n8o8vj£Q¤ q+ ó¢ o8v@r�v � q = 1, . . . , 10 � ¤tv�«@o8è@è�r�ststo8q_��pY¤ u§¦@²3¤t¨Y¥¡¦@r�p � ��pY¨©u§r�ststµ@v@q@�hª�¨<�$��stsáum��µI� � «,��¨Y¨¨Y¤t¥¡¦$«@¤tr<ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu¡rQ¦�28¦@r�pYr�py4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@rQu¡pYo�u§®m¨©u¡��pY��r�p.£Qr�¤áu§pi��ó

q8r¸¤tv@«@¤tpYr��_u§r�p"��pYo8®�r�¨Y¨Yr�v@¤t¥¡¦_uä³@¯-r�pY�hpYr�µ@®�r�v*�# ­�bv �b��v@v ��¯�r�p"¤tvÌ«@r�pG6:¯@¯@¤tst«@µ@v@q
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r�pY��r�v@v@r�v � «,��¨Y¨�¨Y¤t¥¡¦S«@¤tr�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�n8o8vS£Q¤ 8+ ó � £Q¤ 9+ ó�µ@v@«S£Q¤ 10+ ó¢ o8v@r�v­®�µ­¦@o8¦@r�vÌª�str��_u§pYo8v@r�v@r�v@r�pYq8¤tr�vÌ¦@¤áv­¨©u¡��pY�	r�¤tv,��v@«@r�p:��v@vJ��¦@r�pYv*� � ¤tr�¨:�b��v@v
«,��p§��v�st¤tr�q8r�v � «,��¨Y¨?ªs6�óC£Qr�¤áu§pi��q8rd®�µ	¦�28¦@r�pYr�vw4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v ¦@¤tv	pYr�s ��u¡¤ n�®�µ
«@¤tpYr��_u§r�v ¢ o�v@¤t¨§�bu§¤to8v@¨Y¯�r�¤áu§pi��q8r�v¸²�r�¦@p�®�µ@²Âð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYum¯�r�¤ u¡p§��q�r�v3�V28vFó
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Electron energy [eV]
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Electron energy [eV]
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«@¤tr�¨Yr�²ã¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®���² ¯�r�¨©u§r�vvD�¤tr�«@r�pYq8r�q8r�¯�r�v*� � ��¨?®�DQr�¤áu§r$¬F�b��st¤tr�pYµ@v@q8¨Có
q8r�¨Yr�u§®2n_o8v���¤t¨Y¦@r�p�r�uQ��s ��µ@vhu§r�pY¨Y¥¡¦J�bu§®�uQ«@r�vW�dµ@r�pY¨Y¥¡¦@v@¤áuYumv@oF¥¡¦�²�r�¦@p<µ@v@«�r�pYpYr�¤t¥¡¦_u
²�¤áu2«@r�p��<o8pY¦@r�pY¨§��q8r�«@r�p:ü328¦@r�«@r�¨"  ��ûI¤t²$µ@²�¨2vFµ@p�r�¤tv � pY¤áuYu¡r�s «@r�¨?r´ûIè�r�pY¤t²�r�vFó
u§r�sts<¯�r�¨Yu§¤t²3²$u§r�v ðÐr�p©u§r�¨��sIÝµ@«@r�²°D�¤tpY«Ï«@¤tr�r�v@r�pYq8r�u§¤t¨Y¥¡¦@rA4 ��q8r�«@r�¨¸  ��ûI¤t²¸µ@²�¨
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  ��ûI¤t²$µ@²ñ¯�r�¤4r�u�D �	¶�·8º¸r\�õ¦,�bu��� ¤tr�¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥´¦@rK�,o8pY²�r�s�n8o8v £^n�str�v@q8r�p�r�u¸�bs � q8¤t¯Iu�«@¤tr�4 ��q8r�«@r�¨¸  ��ûI¤ ó
²$µ@²�¨ r�u�D2��¨2¯�r�¨Y¨Yr�p:��sá¨2«,��¨2®�DQr�¤áu§r�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®GD2¤tr�«@r�p � ��¯-r�p���µ@¥´¦	r�u�D2��¨
¨Y¥¡¦@str�¥¡¦hu§r�pm��st¨.«,��¨<r�pY¨©u§r�� � �b��³@psD�¤tpY«3«@¤tr2ü328¦@r�«@r�¨Q  ��ûI¤t²¸µ@²�¨.¤t²�²3r�pY¦@¤tv$¤tv@v@r�pCó
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¨Y¥¡¦@v@¤áuYu	®�r�¤tq�u	r�¤tv@r�vj¨©u§r�¤tsár�v�6:v@¨©u§¤tr�q ¯@¤t¨�®�µ�«@r�² ¯�r�¤dr�u�D2� å8¹�ºÏr\� st¤tr�q8r�v@«@r�v
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¬hu§µI��r�v�¤t²T�<r�pYs ��µI�C� � r�p�r�¤tv@®�r�stv@r�ðÐr�p©u�o8¯�r�pY¦,��st¯�«@r�¨�  ��ûI¤t²$µ@²�¨ s]��â�u ®�D ��p�r�¤tv@r�v
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¨Y¥¡¦@v@¤áuYu�µ@² r�¤tv@r�v��-���_u§o8p$n8o8v r�u�D2�Ð¹�ºI� � ¤trz4 ��q8r�«@r�¨�  ��ûI¤t²$µ@²�¨aD�¤tpY« ��¯-r�p
D ��¦@pY¨Y¥¡¦@r�¤tv@st¤t¥¡¦AD�¤tr�«@r�p n8o8² r�pY¨©u§r�v­¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®ä¯-r�¨Y¨Yr�p?q8r�u§pYoX{Ýr�v���st¨Qn8o8²
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pYµ@v@q8¨Yq8r�¨Yr�u§®d��r�¤tv@rd£Qr�¤áu§pi��q8r�¤tv@«@¤tpYr��_u§r�pQ��pYo8®�r�¨Y¨Yr:n_o8v�«@¤tr�¨Yr�pU�,o8pY²�r�s,¯�r�pY³@¥¡�h¨Y¤t¥¡¦Fó
u§¤tq�u^D r�pY«@r�v*��}?¤t²�²�u ²���v�«@¤trC4 ��q8rd«@r�¨:  ��ûI¤t²$µ@²�¨ ²�¤áu r�uMD ��¶�º8º8º$r\�Â��v � D ��¨
²���v «@µ@pY¥´¦ «@¤tr	ª�p©�×��¦@pYµ@v@q8r�v ²�¤áu$«@r�v v@¤tr�«@pY¤tq8r�pYr�vr4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v q ≤ 9��¯@¨Y¥¡¦J�bu§®�r�v��b��v@v � D�¤tpY«3«@¤tr2r�v@r�pYq8r�u§¤t¨Y¥¡¦@rd4 ��q8r�«@r�¨Q  ��ûI¤t²$µ@²�¨.n8o8v�«@r�p<¨Yr�²�¤tr�²¸ó
è@¤tpY¤t¨Y¥¡¦@r�v��,o8pY²�r�s µ@² r�uMD � r�¤tv@r�vT�-�b�_u¡o�p	¶ � �Ì³@¯-r�pY¨Y¥´¦J�bu§®�u�µ@v@«S«@¤tr�ü328¦@r	µ@²
�hv,��è@è�r�¤tv@r�vw�-���_u§o8p?¹$µ@v_u§r�pY¨Y¥¡¦J�bu§®�u��
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† £Q¤ 12+ � � [Xe]4f 14 5d3 � 6s5dó ¢ o8v@¤t¨§�bu§¤to8v »V�F¶ � º ù
∗ £Q¤ 12+ � � [Xe]6s1 4f 14 5d2 � 6s5dó ¢ o8v@¤t¨§�bu§¤to8v »V�V� � � å�¸Ö 12+ � 	 [Xe]4f 14 5d3 � 5d5d � ��Þ �#Ö×}�{I��Ö Þ � Ø � ï ��� Ø
£Q¤ 12+ � � 5p5 4f 14 5d4 � 5d5pó ¢ o8v@¤t¨§�bu§¤to8v ‡£Q¤ 12+ � � [Xe]4f 13 5d4 � 5d4f ó ¢ o8v@¤t¨§�bu§¤to8v �b» � � ·8·
£Q¤ 12+ � � 5p5 4f 13 5d5 � 5p4f ó ¢ o8v@¤t¨§�bu§¤to8v ‡£Q¤ 12+ � � [Xe]4f 12 5d5 � 4f4f ó ¢ o8v@¤t¨§�bu§¤to8v ‡

/103254%67684jKõ;�9<=?>-C C�G�C(I�J3LMC�T�C ,{L3G�C��l�3L3�FH�¢ �3LMK NQPRL3A�H�S
T�A�PRLMH�C�LMC�G��lA�C�L DFPRL CðA 10+ ¢
NQPRLMC�L G�C���S
T�AwD ¤(�3U ÄÑG��3LMK�¤(�MH�T�S
LMK CðA 10+ s T # C%X

4f14 5d5 V >OAwT †S
Uî3 C�Aw��C�L ` C��lAwL3L U�S
G� %A�C�G�T�C ��LMC�G��lA�C�LÏEî�MG�K3C�L G�C���S
T�AwD ¤(�3U 3?��¢
H�T�S
LMKÞCðA 10+ s T # C%X
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�������
	�	 NjDCE_P2;:EFEFDCJ<7
�<r�pYq8str�¤t¥¡¦_uQ²���v�«@¤tr�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§r:��³@pm«@¤tr � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v3n8o8v�£Q¤ q+ ó¢ o8v@r�v � q = 1 − 10 � ¨��a6:¯@¯*�3êI�æ¹ ù � ²�¤áuÏ«@r�v@r�vÿ��³@p «@¤trkª�¤tvI�×��¥´¦@¤áo8v@¤t¨§�bu§¤to�v
� nFq8s �O6:¯@¯*� êF�á¶�» ��� �b��v@v ²���vÌ¨Yr�¦@r�v � «,��¨Y¨ä¯�r�¤.�×��¨©uUF©r�«@r�² 4 ��«@µ@v@q8¨Y®�µ@¨©u¡��v@« «@r�p
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu"µ@² r�u�D ��r�¤tv@r3ú"p,28â8r�v@o8pY«@vhµ@v@q��hstr�¤tv@r�p3D�¤tpY« � D r�v@v ²���v
n8o8v�«@r�p�ª�¤tvI�×��¥¡¦Fó<®�µ@p � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v�³@¯�r�pYq8r�¦_u���¬Fo3st¤tr�q�u2®�� £:�@«,��¨?  ��ûI¤t²$µ@²
n8o8v σ4,5

¯�r�¤ 8, 85 ∗ 10−17 ¥�² 2 �I«,��¨mn_o8v σ4,6
¯�r�¤ 9, 56 ∗ 10−18 ¥�² 2 �@ª�¤tv@rd6:µ@¨Yv,��¦Fó

²�r�¨©u§r�stsáu�¦@¤tr�pY¯�r�¤ F©r�«@oF¥¡¦ «@r�p��<r�pYq8str�¤t¥¡¦Ðn8o8v σ1,2
®�µ σ1,3

«,�bp���£Qr�¤ σ1,2
¤t¨©u�«,��¨

  ��ûI¤t²$µ@² ¯-r�¤ 2, 62 ∗ 10−16 ¥�² 2 � σ1,3
r�pYpYr�¤t¥¡¦hu:²�¤áu 7, 53 ∗ 10−17 ¥�² 2 r�¤tv � pY¤áuYu§r�s

«@r�¨QðÐr�p©u§r�¨Q«@r�p2ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v*� � ¤tr:£Qr�q8pY³@v@«@µ@v@q$��³@pQ«@¤tr�¨Yr�v�r�pY¨©u¡��µ@v@st¤t¥¡¦�¦@obó
¦@r�vv�dµ@r�pY¨Y¥¡¦@v@¤áuYu «@r�p � o8è@è�r�st¤áo8v@¤t¨§�bu§¤to8v�st¤tr�q�um«,��pY¤tv � «,��¨Y¨ ¯�r�¤t²ÿ£Q¤ + ó ¢ o8v5F©r�q8st¤á¥´¦@r
5dó ¢ o8v@¤t¨§�bu§¤to8v ®�µ@pW6:µIu§o8¤to8v@¤t¨§�bu§¤áo8vO��³@¦@p©u�� £Qr�¤?¦�28¦@r�pYr�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v�¤t¨©u
«,��¨äv@¤t¥¡¦huä«@r�p5�-��sts×�Ç6:µ@¨©��³@¦@pYst¤t¥¡¦@r�pGD�µ@pY«@r3«@¤tr�¨Yr�¨ä�<r�pY¦,��sáu§r�v ¤tv�6:¯@¨Y¥¡¦@v@¤áuYu�êI�á¶8�á¶
«@¤t¨Y�hµIu§¤tr�p©u&��v@oF¥¡¦Ì«@r�u¡��¤tstsá¤ár�p©u§r�p?¤tv­«@r�p"��µ@¯@st¤t���bu§¤to8v�n8o8v  �³@ststr�p?r�uä��s ��P  �³@s óC·����(R �
«@¤tr¸��µ@¥´¦ r�pY¨©u§²���st¨d«@¤tr�¨Yr¸r�pY¨©u¡��µ@v@st¤t¥¡¦@r ± �bu§¨§��¥¡¦@r¸�×��v@«@r�v*� � r�p5Z?¯�r�pY¨Y¤t¥¡¦_u§st¤t¥¡¦@�8r�¤áu
¦,��st¯�r�pKD�µ@pY«@r ¤tvT6:¯@¯@¤tst«@µ@v@qOêI�æ¹ ù ��µI��«@¤tr � ��pY¨©u§r�ststµ@v@q «@r�p � �bu§r�vkn8o8vT �³@s ó
str�p.r�uQ��s �bn8r�pY®�¤t¥¡¦hu§r�u���6:µI�Ý«@¤tr ¦@r�p©n_o8pYp§��q8r�v@«@r3Z?¯�r�p§r�¤tv@¨©u¡¤á²�²¸µ@v@qd²�¤áu�«@r�v3«,��²���st¨



¶�º ù ô�� �d^(��-1#*��!$-�^(��%l^(� A�-1#dcA��! E$�d^(�©'*�

q8r�²�r�¨Y¨Yr�v@r�v�ðÐr�p©u§r�vqD�µ@pY«@r?¨Y¥¡¦@o8v�¤tv3«@r�vK6:¯@¨Y¥¡¦@v@¤áuYu§r�v�êI�æ¹F�á¶�¯@¤t¨<êI�æ¹F� »"r�¤tv@q8r�q_�bvFó
q8r�v*�

ðo��¦@pYr�v@«j¯�r�¤d«@r�p�ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8vSu§r�¤ts�DQr�¤t¨YrÌ¦@o8¦@r�6:v_u§r�¤tstr ��v ¢ o8v@r�v�¤tv
²�r�u¡��¨©u¡��¯@¤tsár�vAIÝµ@¨©u*��v@«@r�v�r�pY�8r�v@vh¯,��p^D ��pYr�v � st¤tr���r�pYv�«@¤tr�¨Yrd¯-r�¤Ý«@r�p � o8è@è�r�st¤to8v@¤t¨§��ó
u§¤to8vOvFµ@p3n8r�pYv,��¥¡¦@s]��¨Y¨Y¤tq8¯,��p�q8r�pY¤tv@q8r�£Qr�¤áu§pi��q8r	®�µS«@r�v ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�v*�
£Qr�¤áu§pi��q8r «@µ@pY¥´¦ ¢ v@v@r�pY¨Y¥¡¦,��str�v@¤to8v@¤t¨§�bu§¤to8v¸²�¤áu�v,��¥¡¦I��o8stq8r�v@«@r�p 6:µIu§o8¤to8v@¤t¨§�bu§¤áo8v¸¨Y¤tv@«
str�«@¤tq8sá¤á¥´¦O¯�r�¤�«@r�² ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu σ5,7

��st¨3¨Yr�¦@p��hstr�¤tv@r­¬hu§µI��r�¤t² �dµ@r�pCó
¨Y¥¡¦@v@¤áuYu§¨©n8r�pYs ��µI�:r�pY��r�v@vh¯,��p��<£Qr�¤áu§pi��q8r�«@µ@pY¥¡¦Y6:v@pYr�q8µ@v@qbó � o8è@è�r�s ó�6:µIu§o8¤to8v@¤á¨§�bu§¤to�v
¨Y¤tv@«­��µ@¥¡¦­¯-r�¤#��r�¤tv@r�²x��v@«@r�pYr�v��dµ@r�pY¨Y¥´¦@v@¤áuYud��st¨?«@r�µIu§st¤t¥¡¦�¨Y¤t¥´¦_u§¯,��pYr$¬hu§pYµ@�_u§µ@pYr�v
r�pY��r�v@vh¯,��p��¢ v«6:¯@¯@¤ást«@µ@v@qÊêI�æ¹ ù ¨Y¤tv@« ��ststr q8r�²�r�¨Y¨Yr�v@r�v ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§rÐ��³@p�«@¤tr� o8è@è-r�st¤to8v@¤t¨§�bu§¤to8v3n8o8v�ð�¤t¨Y²$µIu©ó ¢ o8v@r�v�«,��pYq8r�¨©u§r�stsáu�� � r�p3�dµ@r�p§¨Y¥¡¦@v@¤áuYu2r�¤tvI�×��¥¡¦�q8r´ó
s ��«@r�v@r�p�ð�¤t¨Y²¸µIu©ó ¢ o8v@r�vÊ¤t¨©u�«@r�µIu§st¤t¥¡¦k¦�28¦@r�p���st¨�«@r�pv�dµ@r�pY¨Y¥¡¦@v@¤áuYu�®�DQr�¤á�×��¥´¦kq8r´ó
s ��«@r�v@r�p ð�¤t¨Y²¸µIu©ó ¢ o8v@r�v � D ��¨Ï¨Y¥¡¦@o8vM²�r�¦@p©�×��¥¡¦z¯�r�¨Yè@pYoF¥¡¦@r�v�D�µ@pY«@r � ¨�� o@��µ@v@«P  �³@s óC·����bR � � � ��¨Y¨ ¨Y¤t¥¡¦ σ2,4

µ@v@« σ3,5
o8¯�r�pY¦,��st¯�r�u�D �o��º8ºSr\� �×��¨©uÌr�pYpYr�¤t¥´¦@r�v �D�µ@pY«@r���µ@¥¡¦Ï¨Y¥¡¦@o8vÐn_o8v  �³@ststr�p�r´u¸��s �*��r�¨©u§q8r�¨©u§r�stsáu���¬F¥¡¦@o8vÏ«,��²���st¨GD�µ@pY«@r�«@¤tr�¨Yr

6:v@vJ��¦@r�pYµ@v@q$«@µ@pY¥¡¦�«@r�v�®�µ@v@r�¦@²�r�v@«@r�vz6:v_u§r�¤ts���v�£Qr�¤áu§pi��q8r�v�«@µ@pY¥¡¦A6:µIu§o8¤to8v@¤t¨§��ó
u§¤to8v@¨Yè@pYo8®�r�¨Y¨Yr$®�µ@²@�dµ@r�pY¨Y¥¡¦@v@¤áuYu"q8r�p§��«@r�®�µÌ¦�28¦@r�pYr�v ª�v@r�p§q�¤tr�vÌ¦@¤tv r�pY�hs]��p©u�� � r�p
4 ��«@µ@v@q8¨Y®�µ@¨©u¡��v@« q = 10 r�pYpYr�¤t¥¡¦_u?v@¤t¥¡¦_u?²�r�¦@p2«,��¨:  ��ûI¤t²$µ@²����pY¤tv@®�¤tè@¤tr�sts �b��v@v ¢ v@v@r�pY¨Y¥¡¦,��str�v@¤to8v@¤t¨§�bu§¤to8v ²�¤áu�v,��¥¡¦I��o8stq8r�v@«@r�p�6:µIu§o8¤to8v@¤t¨§�bu§¤ ó
o8v ®�µÂ��ststr�v��dµ@r�pY¨Y¥´¦@v@¤áuYu§r�võ¯�r�¤áu§p§��q8r�v*�ä¬hu¡��pY�8r £Qr�¤áu§pi��q8r ��o8v@v_u§r�vÂ«@µ@pY¥¡¦ 5d ó¢ o8v@¤t¨§�bu§¤to8v ¤t²<�-��sts n_o8v σ2,4

µ@v@« σ3,5
¯-r�str�q�u�DQr�pY«@r�v � ¯�r�¤?¦�28¦@r�pYr�vo4 ��«@µ@v@q�¨©ó

®�µ@¨©u*��v@«@r�v�¨Y¥¡¦@r�¤tvhu?��µ@¥¡¦	«@¤tr 4f ó<µ@v@« 4d ó ¢ o8v@¤t¨§�bu§¤to�v�²�¤áu v,��¥¡¦I��o8stq8r�v@«@r�px6:µIu§o8¤tobóv@¤t¨§�bu§¤to8v�v@¤t¥¡¦_u�n8r�pYv,��¥¡¦@s]��¨Y¨Y¤tq8¯,��pYr�£Qr�¤áu§pi��q8rd®�µ�st¤tr���r�pYv*�
}?¤t¥¡¦hu4q_��v@®<¨Yo?��µ�{O��stst¤áq^D�¤tr�¯�r�¤ σ2,4

µ@v@« σ3,5
s ��µI��r�vä«@¤tr�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áu©ó

u§r n8o8v�£Q¤ 5+ µ@v@«�£Q¤ 6+ ¯�r�¤@¦@o8¦@r�v�ª�v@r�pYq8¤tr�DQr�p©u§r�v�®�µ@¨§��²�²�r�v*�_ü?¤tr�p.�b��v@v3«@¤tr�¨<��µI�
£Qr�¤áu§pi��q8rä«@µ@pY¥¡¦ 4d ó ¢ o8v@¤t¨§�bu§¤to�vFó�6:µIu§o8¤áo8v@¤á¨§�bu§¤áo8v�®�µ@pY³@¥¡�hq8r���³@¦@p©uEDQr�pY«@r�v*� � ¤tr�ð�¤tpCó
�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�«@r�p�¦@oh¥´¦@q8r�s ��«@r�v@r�v ¢ o8v@r�vÏ£Q¤ 8+ � £Q¤ 9+ µ@v@«Ð£Q¤ 10+ r�pYpYr�¤t¥¡¦@r�v
¯-r�¤d¦@o8¦@r�vjª�v@r�pYq8¤ár�v�r�¯-r�vI�×��stst¨��×��¨©u�q8str�¤t¥´¦@r­��¯@¨Yo8stµIu§rÌü328¦@r�v*�x44r�¤t«@r�p���o8v@v_u§r�v
��r�¤tv@rd£Qr�pYr�¥¡¦@vFµ@v@q8r�v�«@µ@pY¥´¦@q8r���³@¦@p©u^DQr�pY«@r�v � «@¤tr:��µI��®�r�¤tq8r�v � ��µ@¨ND r�st¥¡¦@r�pQ¤tv@v@r�pYr�v
¬F¥¡¦,��str"«@¤tr�¨Yr�£Qr�¤áu§pi��q8r"¨©u¡��²�²�r�v*�� ¤tr ¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�rmn8o8v���¤t¨Y¦@r�p#r�u.��s �HP ��¤t¨Có � �&RI®�r�¤tq8r�v���³@p q = 1+ r�¤tv@rmq8µFó
u§r��<o8pY¦@r�pY¨§��q8rm«@r�¨ ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§r�¨ � ��³@p «@¤trN4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r q = 2 µ@v@«»$r�¤tv@r:��o8pY¦@r�pY¨¡�bq8r"¤tv@v@r�pY¦,��st¯�«@r�¨���v@q8r�q8r�¯�r�v@r�vw�,r�¦@str�p©�×���_u§o8pY¨���6:¯ σ4,6

st¤tr�q�uQ«@¤tr
�<o8pY¦@r�pY¨§��q8rQF©r�«@oF¥¡¦­µ@vhu§r�pY¦,��st¯­��µ@¥´¦­«@r�¨d²�¤áud�-���_u§o8pd¹���v@q8r�q8r�¯-r�v��,r�¦@str�pY¨��O�d¯Fó
DQo8¦@sI«,��¨.®�DQr�¤áu§r�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®Qn8o8vq��¤t¨Y¦@r�p.r�u<��s ��r´ûIè@st¤t®�¤áu�¤tv@«@¤tpYr��_u§r £Qr�¤áu§pi��q8r
¯-r�¤tv@¦,��sáu§r�v�¨Yo8sts � ¨§��q�umr�¨��×��¨©uQ��µ@¨Y¨Y¥¡¦@st¤tr�â8st¤t¥´¦¸v@¤tr�«@pY¤tq8r�pYr ðÐr�p©u§r���³@p�«@¤tr2ð�¤tpY�hµ@v@q8¨Có
òhµ@r�pY¨Y¥¡¦@v@¤áuYu§r�n8o8pY¦@r�p3��st¨$«,��¨¸r�pY¨©u§r�� � �Ì«@¤tr	ú"r�¨Yr�u§®�r	¯@¤t¨$®�µ@p¸¤t¨Yohr�str��_u§pYo8v@¤t¨Y¥¡¦@r�v
¬Fr�òhµ@r�v@®$n8o8v £Qstr�¤#q8r�sáu§r�vÌ¨Yo8stsár�v � ¤t¨©ud«@¤tr�¨:n8r�p0D�µ@v@«@r�pYst¤t¥¡¦*�O}?oF¥¡¦Ì²�r�¦@p:r�pY¨Yu¡��µ@v_u �
«,��¨Y¨�«,��¨�r�pY¨©u§r�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨§r´u¡®�v@¤t¥¡¦_u�vhµ@p�«@¤tr¸ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�¯�r�¨Y¨Yr�p
D�¤tr�«@r�pYq8¤t¯Iu � ¨§o�v@«@r�pYvÐ®�µ@«@r�²¿«@¤tr¸r�v@r�pYq8r�u§¤t¨Y¥¡¦@r�4 ��q8r¸«@r�¨�  ��ûI¤t²¸µ@²�¨d¤tv@¨Yq8r�¨§��²�u



ô�� X �
Q ^��@��'*�1-�^(��-1#*��!$-�^(� ¶�º��

100 1000

10-21

10-20

10-19

10-18

10-17

10-16

 σ
13

 σ
24

 σ
35

 σ
46

 

 

 σ
57

 

 

 σ
810

 σ
911

500200

 σ
79

 

 

 σ
68

 σ
1012

 

 

C
ro

ss
 s

ec
tio

n 
[c

m
2 ]

Electron energy [eV]

� 2�2a�768�a�����`Kõ;�9!ÃW><úZAwG� %�3L3�FH�ü��MC�G�H�I�J3L3AwT�T�CcÆ�
3G1K�A�C§@ÑPR£3£<C��wA�PRL3A�H�S
T�A�PRL DFPRL@CðA q+ ¢*NQPRLMC�LWV
σq,q+2

H�T�C�J�T§J3A�C�G Æ�
3G§K3C�LhR�G�PR¤ C(H�H�s
e− + Biq+ → Bi(q+2)+ + 3e−

��²`DQr�v@¤tq8¨©u§r�v	³@¯-r�pY¨Y¥´¦J�bu§®�u��J��³@pQ«@¤tr � o8è@è-r�st¤to8v@¤t¨§�bu§¤to8v�¨Yr�¦@p ¨Y¥¡¦HDQr�pYr�p?ª�str�²�r�v_u§r
st¤tr���r�p©u2¨Yo8²�¤áu2«,��¨�¦@¤tr�p2v@¤t¥¡¦_u�n8o8pYq8r�¨Yr�¦@r�v@r�r�pY¨©u§r$¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�«@r�µIu§st¤t¥¡¦	¯-r�¨Có
¨Yr�pYr�ðÐr�p©u§r���st¨ä«,��¨�¦@¤tr�päq8³@sáu§¤tq8r¸®�DQr�¤áu§r�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�� � ��¨�®�D r�¤áu§r�¬F����st¤tr´ó
pYµ@v@q8¨Yq8r�¨Yr�u§®�¨Y¥¡¦@r�¤tvhud��st¨Yo¸��³@p?«@¤tr�£Qr�¨Y¥¡¦@pYr�¤t¯@µ@v@q�«@r�p � o�è@è�r�st¤to8v@¤t¨§�bu§¤to�v	¨Y¥¡¦HDQr�pYr�p¢ o8v@r�v v@¤t¥´¦_u?q8r�r�¤tq8v@r�u:®�µ ¨Yr�¤tv*��£Qr�¤t«@r$¬F�b��sá¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�r��×��ststr�v	²�¤áu�®�µ@v@r�¦@²�r�vFó
«@r�pC4 �b«@µ@v@q	«@r�¨ä��pY¤t²���pY¤áo8v@¨:¤t²�²3r�p:²�r�¦@p?n_o8²xq8r�²�r�¨Y¨Yr�v@r�v ðÐr�p©uä��¯O�Ý«@¤tr�S?vFó
u§r�pY¨Y¥¡¦J�bu§®�µ@v@q¸«@r�pQð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§rdr�pYpYr�¤t¥´¦_u ¨Yo8q_��pmr�¤tv@r�vA�-���_u§o8p<n_o8v�r�u�D �
¹�ºI�

� ¤tr�n_o8v�£^n�str�v@q8r�p r�u���s ��P £^n�s ó � åbR_��³@p «@¤tr � o8è@è-r�st¤to8v@¤t¨§�bu§¤to8vEDQr�¤áu§r�p r�v_uMD�¤t¥¡��r�sáu§r
¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥¡¦@rC�,o8pY²�r�sÝn8o8v­¬F¦@r�n8r�st��o�µ@v@« ± �&D ��p§�vP ¬F¦@r´ó � �(R ¦,�bu?��st¨�ü:��µ@èIuY��r�¦Fó
str�p<«@¤tr�¨©u¡��pY��rEZ?¯-r�pY¨Y¥´¦J�bu§®�µ@v@q$«@r�pmr�v@r�pYq8r�u§¤t¨Y¥¡¦@r�vA4 ��q8r�«@r�¨2  ��ûI¤t²$µ@²�¨��~�d¯�DQo8¦@s
��µ@¥¡¦¸«@¤tr�¨Yrx�,o8pY²�r�sF«@¤trmð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r2¯�r�¤Fv@¤tr�«@pY¤tq8r�v�4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�v
v@oF¥¡¦����h®�r�èIu¡��¯�r�s�D�¤tr�«@r�pYq8¤á¯Iu � ¤t¨©u4¨Y¤tr�¤tv@¨Yq8r�¨§��²$u4«@r�µIu§st¤t¥¡¦ä¯-r�¨Y¨Yr�p#¤tv"«@r�p�4 ��q8r � 6:µ@¨Có
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¨§��q8r�v�¤tv@v@r�pY¦,��st¯�¤t¦@pYr�¨Qn_o8pYq8r�q�r�¯�r�v@r�v­ú"³@sáu§¤tq��8r�¤áu§¨Y¯-r�pYr�¤t¥´¦@r�¨mn_o8v�r�¤tv@r�²��-���_u§o8p�¹
®�µ�²���¥¡¦@r�v*�(6:µ@¥¡¦�¯�r�¤_¦@o8¦@r�va4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�vgD�¤tpY«ä«@r�p ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu
v@¤t¥¡¦_u:«@r�µIu§st¤t¥´¦ µ@² ²�r�¦@pd��st¨�«@¤tr�¨Yr�v��-���_u§o8p?µ@v_u¡r�p§¨Y¥¡¦J�bu§®�u��*£Qr�pY³@¥¡�h¨Y¤t¥¡¦hu§¤tq�u:²���v �
«,��¨Y¨"¤tv­«@¤tr��,o8pY²�r�s#��r�¤tv@r�pYstr�¤�¤tv@«@¤tpYr��_u§r�v ��pYo8®�r�¨Y¨Yr3r�¤tv��,¤tr�â8r�v � DQr�st¥´¦@r¸v@¤t¥¡¦_u"vhµ@p
¯-r�¤4¨Y¥¡¦�DQr�pYr�v ¢ o8v@r�v	²�¤áu ®�µ@p � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v�¯�r�¤áu§p§��q8r�v	�X28v@v@r�v � ¤t¨©u2«@¤tr�¨Yrä£Qr´ó
¨Y¥¡¦@pYr�¤t¯@µ@v@q ���h®�r�èIu¡��¯-r�s � � 28v@vhu§r¸«@¤tr�¨YrK�@o8pY²�r�s.µ@² r�¯�r�v «@r�v�6:v_u§r�¤ts.¤tv@«@¤tpYr��_u§r�p
��pYo8®�r�¨Y¨Yr�r�pYq���v@®�uyD r�pY«@r�v � ¨YoGDU��pYr2¨Y¤tr r�n8r�vhu§µ@r�sts@¨Yo8q_��p.pYr�¥¡¦_u<q8µIu�®�µ@p.�<o8pY¦@r�pY¨§��q8r
n8o8v	ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu§r�v���³@p � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v�q8r�r�¤tq8v@r�u��
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ðo��¦@pYr�v@«�«@¤trQª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8vä«@r�v$��²�¯�r�¨©u§r�v$µ@v_u§r�pY¨Yµ@¥¡¦hu§r�v3��pYo8®�r�¨Y¨�«@r�p�ª�str��8ó
u§pYo8v@r�v@¨©u§o8â8¤to8v@¤t¨§�bu§¤to�v «,��pY¨©u§r�stsáu � ¤t¨©u:n8o8v ��ststr�vÌ��pYo8®�r�¨Y¨Yr�v «@r�pä �r�¦@p©�×��¥¡¦@¤to8v@¤t¨§�bu§¤ ó
o8vÏ«@¤tr � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v «@r�p¸��² ¯�r�¨©u§r�vOµ@v_u§r�pY¨Yµ@¥´¦_u§r�� � ¤tr � pYr�¤á�×��¥´¦@¤to8v@¤á¨¡��u¡¤áo8v
µ@v@« v@oF¥¡¦O¦�28¦@r�pYr ¢ o�v@¤t¨§�bu§¤to8v@¨Yq8p§��«@rKD�µ@pY«@r�v ��µI��q8pYµ@v@« «@r�p¸¤t²�²3r�p�v@¤tr�«@pY¤tq8r�pYr�v
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§räµ@v@«	«@r�p2¨Yo8²�¤áu ¨Yr�¦@p�s ��v@q8r�v� �r�â8«,��µ@r�pYv	¯@¤t¨Ys ��v@q¸vhµ@p ��³@p
DQr�v@¤tq8r�ª�str�²�r�v_u§r	r�¤tv@q8r�¦@r�v@«@r�p�µ@v_u§r�pY¨Yµ@¥¡¦hu��N��³@p¸¨Y¥¡¦HDQr�pYr ª�str�²�r�vhu§r�st¤tr�q8r�v «@¤tr
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§rÏ��µ@¥¡¦T«@r�p � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤to�v�v@oF¥¡¦T¤tvjq8µIu ²�r�¨Y¨Y¯,��pYr�v
ú"p,28â8r�v@o8pY«@vhµ@v@q8r�v*�

¬FoQD�¤tr�«@¤tr � o8è@è-r�st¤to8v@¤t¨§�bu§¤to8vd²�r�¤t¨©u4r�¤tv@rQú"p,28â8r�v@o8pY«@vhµ@v@q��hstr�¤tv@r�pYr.ð�¤tpY�hµ@v@q8¨Có
òhµ@r�pY¨Y¥¡¦@v@¤áuYu§r�®�r�¤tq�u���st¨"«@¤tr3ª�¤tvI�×��¥´¦@¤to8v@¤á¨§�bu§¤to�v � st¤tr�q�r�v «@¤tr¸ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áu©ó
u§r�«@r�p � pYr�¤á�×��¥´¦@¤to8v@¤á¨¡��u¡¤áo8vAD�¤tr�«@r�pYµ@²ãr�uMD ��r�¤tv@r$ú"p,28â8r�v@o8pY«@vhµ@v@q�µ@v_u§r�pY¦,��st¯ «@r�p
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§rm«@r�p � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v*��£Qr�¤h«@r�v���o8stq8r�v@«@r�v � ��pY¨©u§r�ststµ@v@q8r�v
«@r�päð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r�¨Y¤tv@«�2���u§r�p�  µ@s u¡¤áè@st¤á�b�bu§¤áo8v@¨©�×���_u§o8pYr�v ��v «@r�v ¬F����st¤tr´ó
pYµ@v@q8¨Yq8r�¨Yr�u§®�r�v�oF«@r�pQ«@r�pm¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥´¦@r�v��,o8pY²�r�s,®�µ�¨Yr�¦@r�v*�, �¤áuQ«@¤tr�¨Yr�²`�-���_u§o8p
D�µ@pY«@rä«,��¨yF©r�DQr�¤tst¤tq8r"ª�pYq8r�¯@v@¤t¨�«@r�pQ�,o8pY²�r�s*²$µ@sáu§¤áè@st¤á®�¤ár�p©u � µ@² r�¨�¯-r�¨Y¨Yr�p:²�¤ u2«@r�v
 �r�¨Y¨0DQr�p©u§r�v­«,��pY¨©u§r�ststr�v�®�µ��V28v@v@r�v*�

6:µ@¥´¦3«@¤tr2¤tv¸«@¤tr�¨Yr�²>6:¯@¨Y¥¡¦@v@¤áuYu<n8o8pYq8r�¨©u§r�stsáu§r�v$ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§rxDQr�pY«@r�v
²�¤áu�«@r�vk¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥´¦@r�v��,o8pY²�r�stvOn_o8v���¤t¨Y¦@r�p�r�u	��s �dP ��¤t¨Có � �&Rdµ@v@«�£^n�str�v@q8r�p
r�u ��s �JP £^n�s ó � å � ¬F¦@r´ó � �(R�«,��pYq8r�¨Yu§r�sásáumµ@v@«���²Mª�v@«@r:«@¤tr�¨Yr�¨N6:¯@¨Y¥¡¦@v@¤áuYu§r�¨Q«@¤t¨Y�hµIu§¤tr�p©u��� � «@¤tr�6:pY¯�r�¤áu�n_o8vj£^n�str�v@q8r�p�r�u���s �Q«@¤trÌµ@pY¨Yè@pY³@v@q8st¤t¥¡¦@r�6:pY¯�r�¤áu�n8o8vT¬F¦@r�n_r�st��o
µ@v@« ± �&D ��p§��µ@²x«@¤tr � o8è@è�r�st¤to8v@¤t¨§�bu§¤áo8v­r�p0DQr�¤áu§r�p©uä¦,�bu � D�¤tpY«Ì¤t²à�@o8stq8r�v@«@r�v­n8o8v
¬F¦@r�n8r�st�8o�µ@v@« ± �&D ��p§�3q8r�¨Yè@pYoF¥¡¦@r�v*�
���"!��
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� ¤tr � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤to�v σ1,4
n8o8v�£Q¤ + ó ¢ o8v@r�v�D�¤tpY«¸¤tva6:¯@¯@¤tst«@µ@v@q"êI�æ¹V�:«,��pYq8r�¨©u§r�stsáu��� ¤tr­¯�r�p§r�¥´¦@v@r�u§r ª�¤tv@¨§�bu§®�¨Y¥¡¦�D r�ststr ��³@p�«@¤tr 6p6p6só ¢ o8v@¤t¨§�bu§¤to8vS²�¤áu�·8» � ¶�å r\�¿¤t¨©u

�×��¨©u�¨Y¥¡¦@o8vÐr�uMD ��¨�v@¤tr�«@pY¤tq8r�p���st¨ä«@¤tr3¯-r�o8¯,��¥´¦_u§r�u§r�ª�¤tv@¨§�bu§®�¨Y¥¡¦�D r�ststr�� � ¤tr 6p6s6só¢ o8v@¤t¨§�bu§¤to8v@¨Y¨Y¥¡¦HDQr�ststr	²�¤áu � » � �V� r\�[st¤tr�q�u���ststr�pY«@¤áv@q8¨3¨Y¥¡¦@o8vÊr�u�D ��¨�o8¯�r�pY¦,��st¯ «@r�p
¯�r�o8¯,��¥¡¦_u§r�u§r�v ¢ o8v@¤t¨§�bu§¤to8v@¨Y¨Y¥¡¦HDQr�ststr�� ¢ ² ú"r�q8r�v@¨§�bu§®�®�µÏ«@r�v £Qr�o8¯,��¥´¦_u§µ@v@q8r�v ¯-r�¤
«@r�p¸ª�¤tvI�×��¥¡¦Fódµ@v@«rI©DQr�¤á�×��¥´¦@¤to�v@¤t¨§�bu§¤to�vÐ¤t¨©u�¦@¤tr�p�r�¤tv�c§¨§��vI��u§r�pYr�p]e�6:v@¨©u§¤tr�qÌ��vÏ«@r�p
¬F¥¡¦HDQr�ststr2®�µ�¯�r�o8¯,��¥¡¦_u§r�v*�H6:¯�«@r�p 5pó ¢ o8v@¤t¨§�bu§¤to8v$¯�r�¤4¶8¶8¶ � ù r\�j�b��v@v�r�¤tv@r2v,��¥¡¦I��o8s ó
q8r�v@«@r � o8è@è-r�s ó�6:µIu§o8¤to8v@¤t¨§�bu§¤áo8v�®�µ@² ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu�¯-r�¤áu§p§��q8r�v � D ��¨2��µ@¥¡¦
«@r�pv�-��stsd®�µj¨Yr�¤tvj¨§¥¡¦@r�¤tv_u��Q6:µ@¥¡¦T¨Y¥¡¦@o8vTµ@v_u§r�pY¦,��st¯j«@r�p 5pó ¢ o8v@¤t¨§�bu§¤to8v@¨Y¨Y¥¡¦HDQr�ststr�X28v@v@r�vr6:v@pYr�q8µ@v@q8¨Yè@pYo8®�r�¨Y¨§r�²�¤áu$v,�b¥´¦I��o8stq8r�v@«@r�p � pYr�¤á�×��¥´¦Fó�6:µIu§o8¤to8v@¤á¨§�bu§¤áo8vÏ®�µ@²
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu�¯�r�¤áu§p§��q8r�v*����pYo8®�r�¨Y¨YrvD�¤trA6:v@pYr�q8µ@v@q r�¤tv@r�¨ 4f óCª�str��_u§pYo8v@¨²�¤áud¨Yµ@�h®�r�¨Y¨§¤án8r�pC6:µIu§o8¤to8v@¤t¨§�bu§¤to�v­�V28v@v@r�v r�pY¨©u���¯ ³@¯�r�p¸¶(��º�r\� ®�µ@²xð�¤tpY�hµ@v@q8¨Có
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Electron energy [eV]

� 2�2a�768�a�����`Kõ;�9ÁH<> úZAwG� %�ML3�FH�ü��MC�G�H�I�J3L3AwT�T
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òhµ@r�pY¨Y¥¡¦@v@¤áuYu	¯�r�¤áu§p§��q8r�vÊµ@v@«�¨Y¤tv@«kv@¤t¥¡¦hu	��st¨�¯�r�¨Yo8v@«@r�pYr�pz6:v@¨©u§¤tr�q ®�µkr�pY��r�v@v@r�v*�
ª�¯-r�v@¨Yo�¤t¨©u:��r�¤tv v@r�v@v@r�v@¨0DQr�p©u§r�p"£Qr�¤áu§p§��q3«@µ@pY¥´¦­ª�str��_u§pYo8v@r�v�u¡¤ár���r�pYr�pd¬F¥¡¦,��str�v ®�µ
r�pY��r�v@v@r�v*�

� ��¨�r�pY¨©u§r?¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§® n8o8vq��¤t¨Y¦@r�p.r�u<��s �b¯�r�¨Y¥¡¦@pYr�¤t¯Iu<¨Yr�¦@p�q8µIu�«@¤tr ª�v@r�pCó
q8¤tr���¯@¦J��v@q8¤tq��8r�¤áu3«@r�¨�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�¨��^6:v@¨©u§¤tr�q � 4 ��q8r�¨Yo(D�¤tr ü328¦@r «@r�¨
  ��ûI¤t²$µ@²�¨QDQr�pY«@r�v vhµ@p:str�¤t¥¡¦hu:³@¯-r�pY¨Y¥´¦J�bu§®�u�� � ¤tr�¨dq8¤tsáusF©r�«@oh¥´¦­v@¤t¥´¦_u:��³@p?«@¤tr$��¯Fó
¨Yo8stµIu§r�v�ð r�p©u§r�� � ¤tr � µ@p©n8rdD�µ@pY«@r:��³@pQ«@¤tr�¨Yrd6:¯@¯@¤tst«@µ@v@q�«@µ@pY¥¡¦Ì¶�º�q8r�u§r�¤tsáu � D2¤tr:¤tv
«@r�pQ6:¯@¯@¤tst«@µ@v@q¸«@µ@pY¥¡¦ «@r�vw�-���_u§o8p�º � ¶���v@q8r�«@r�µIu§r�uQD�µ@pY«@r��

� r�p�q8str�¤t¥´¦@rK�-���_u§o8pä¤t¨©u���µI�2«,�b¨�®�DQr�¤áu§r�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®���v@®�µ�D r�v@«@r�v*�.ª�¨
str�q�u�«,��¨:  ��ûI¤t²$µ@² ¯�r�¤4r�¤tv@r�p2nF¤tr�s4®�µ ¦@o8¦@r�v ª�v@r�pYq8¤tr"��r�¨©u:µ@v@«�³@¯�r�pY¨Y¥¡¦J�bu§®�ud«@r�v
�dµ@r�pY¨Y¥¡¦@v@¤áuYu��
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� ¤tr?¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥¡¦@r3�,o8pY²�r�sIn_o8v�¬F¦@r�n8r�st��o$µ@v@« ± �&D ��p§� � «@¤tr2��³@p<«@¤tr � o8è@è-r�s ó
¤to8v@¤t¨§�bu§¤áo8v�n8o8v	£^n�str�v@q8r�p r�u���s �©P £^n�s ó � åbRÝr�p0D r�¤áu§r�p©uUD2µ@p§«@r � ³@¯�r�pY¨Y¥¡¦J�bu§®�u�«@¤trdr�v@r�pCó
q8r�u§¤t¨Y¥¡¦@rK4 ��q8r$«@r�¨�  ��ûI¤t²$µ@²�¨dvFµ@p"str�¤t¥¡¦_u"µ@v@« ¯-r�¨Y¥´¦@pYr�¤á¯Iu�«@¤tr3ü328¦@r¸«@r�¨g�dµ@r�pCó
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Electron energy [eV]
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Electron energy [eV]
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Electron energy [eV]
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Electron energy [eV]
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Electron energy [eV]
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Electron energy [eV]

� 2�2a�768�a�����`Kõ;�ôõ=?> úZAwG� %�ML3�FH�ü��MC�G�H�I�J3L3AwT�T
σ7,10

Æ�
3G{K�A�CE@BG�C�A�Æ�SRI�J3A�PRL3A�H�S
T�A�PRLOD�PRL CðA 7+ ¢
NQPRL?CdL�V<@BA�C�9?C�J3��C�G ` S
�w FC�L �FC ` C�L�K3C�L�ÄÑC(H�S
U�T�Æ�C�J3��C�G�S
LWVõ@ÑC�G<R�Æ�C�Aw�
�lA ` T:K�A�C

5d5d5d
¢*NQPRLMAwH�S
T�AwPRL?H�H�I�J�EðC��w��C
U�AwTó0"b�W�ÿ W�.
C?q S
LWV s.lVS9?PRG�U�C��<DFPRL`9�A�H�JMC�G C�T§S
��V T 9�A�H�¢Vþ�W�X*ÿ%U��3�wT�Aw£3�wAw¤(A�C�G�T§U�AwTOa�ÿZ.lV sb�VS9?PRG�U�C��<DFPRL`9�A�H�JMC�G C�T§S
��V T 9�A�H�¢Vþ�W�X*ÿ%U��3�wT�Aw£3�wAw¤(A�C�G�T§U�AwTOa�ÿZ.lV s

H�C�U�A�C�U�£3AwG�A�H�I�JMC 9MPRG�U�C��WD�PRL ��JMC�D�C��w FP��3LMK`<aS�E S
G�S T ��JMCd¢Vþ�W	X*V



ô����~�
Q )�'*-$-$��.0��-�^(��-1#*��!$-�^(� ¶�¹F¶

6:µ@¥´¦O«@r�p¸¤tvl6:¯@¯@¤tst«@µ@v@q êI� »I¶�«,��pYq8r�¨©u§r�stsáu§r�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu σ7,10
«@r�p� pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤to�v n8o8v £Q¤ 7+ ó ¢ o8v@r�v ®�r�¤tq�udr�¤tv@r¸q8µIu§r�Z?¯�r�pYr�¤tv@¨©u§¤t²�²$µ@v@q�«@r�pdq8r´ó

²�r�¨Y¨Yr�v@r�v ª�¤tv@¨§�bu§®�¨Y¥¡¦HDQr�ststr"²�¤áuQ«@r�p ��³@p2«@¤tr 5d5d5d ó ¢ o8v@¤t¨§�bu§¤to�v@¨Y¨Y¥´¦�DQr�ststrd¯-r�pYr�¥´¦Fóv@r�u§r�v ª�v@r�pYq8¤tr�n8o8v ù ¹V� � �F¶$r\�$� 44r�¤t«@r�p:¨Y¤tv@«­��³@pd«@¤tr ¢ v@v@r�pY¨Y¥¡¦,��str�v@¤to8v@¤t¨§�bu§¤to8v «@r�p4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r q ≥ 7 ��r�¤tv@r$£Qr�pYr�¥¡¦@vFµ@v@q8r�vÌ²K28q8st¤á¥´¦*� � ��¦@r�p:�b��v@v­��r�¤tv@r�IÝµFó
o8pY«@vhµ@v@q�q8r�u§pYoX{Ýr�vvD r�pY«@r�v � D r�st¥¡¦@r�pd��pYo8®�r�¨Y¨:��³@p?«@r�v­pYr�¥´¦_ud¨©u§r�¤tstr�vw6:v@¨©u§¤tr�q�«@r�¨
�dµ@r�pY¨Y¥¡¦@v@¤áuYu§r�¨än8r�p§��v_u�D o8p©u§st¤t¥¡¦Ì¤t¨©u�� � r�pg�dµ@r�pY¨Y¥¡¦@v@¤áuYuGD�µ@pY«@r3µ@²[«@¤tr�6?vhu§r�¤tstr¸��v
}E� + ó ¢ o8v@r�v�¤t² ¢ o8v@r�v@¨©u§p§��¦@s���o8pYpY¤tq8¤tr�p©u � ¨��H6:¯@¨Y¥´¦@v@¤áuYu êI�á¶8� ê � � � ��¨2  ��ûI¤t²$µ@²M«@r�¨
�dµ@r�pY¨Y¥¡¦@v@¤áuYu§r�¨?¯�r�f,v@«@r�u?¨Y¤t¥´¦	o8¯�r�pY¦,��st¯	«@r�p�¯-r�¤4«@r�p: �r�¨Y¨Yµ@v@q�n_r�p©��³@q8¯,��pYr�v ª�str��8ó
u§pYo8v@r�v@r�v@r�pYq8¤tr��� ¤tr�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�r¸n8o8vp��¤t¨Y¦@r�p"r�u���s �Ý³@¯�r�pY¨Y¥¡¦J�bu§®�r�vpD�¤tr�«@r�pYµ@²àD2¤tr3¯-r�¤
��ststr�v¸��v@«@r�pYr�v¸ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r�v�«@r�p � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�«@r�v��dµ@r�pY¨Y¥¡¦@v@¤áuYu
¨©u¡��pY�-� ¢ ²zq8r�²�r�¨Y¨Yr�v@r�v�ª�v@r�pYq8¤ár�¯�r�pYr�¤t¥¡¦�³@¯�r�pY¨Y¥¡¦J�bu§®�uQ«,��¨mr�pY¨©u§rd¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®
«@r�v��dµ@r�pY¨Y¥¡¦@v@¤áuYu"µ@²x²�r�¦@pd��st¨:r�¤tv@r�v��-���_u§o8p ù � «,��¨d®�DQr�¤áu§r$vhµ@pdv@oF¥¡¦Ìµ@²xr�u�D �
¹ � �F� � ¤trÐ¨§r�²�¤tr�²�è@¤tpY¤á¨Y¥´¦@rp�,o8pY²�r�s"n_o8v ¬F¦@r�n_r�st��okµ@v@« ± �&D ��p§�Êst¤ár�q�u ²�¤áu�¦@o8¦@r�p
ðÏ��¦@pY¨Y¥¡¦@r�¤tv@st¤t¥¡¦@�8r�¤áuCD�¤tr�«@r�p�¤tv@v@r�pY¦,��st¯Ð¤t¦@pYr�p�ú"r�v,��µ@¤tq8�8r�¤áu�� ¢ ² q8r�²�r�¨Y¨Yr�v@r�vO£Qr´ó
pYr�¤t¥¡¦�µ@v_u§r�pY¨Y¥´¦J�bu§®�u2«@¤trd�,o8pY²�r�s-«@r�vz�dµ@r�pY¨Y¥´¦@v@¤áuYu µ@² r�u�D2�a�-���_u§o8p?¶ � êI� � ¤trE4 ��q8r
«@r�¨?  ��ûI¤t²¸µ@²�¨Q¤t¨©uUDQo8¦@s*r�pYv@r�µIu�¯�r�¤*®�µ	¦@o8¦@r�v�ª�v@r�pYq8¤tr�v � D2��¨���¯-r�p2v@¤t¥¡¦hu2q8r�v,��µ
¯�r�¨©u*�bu§¤tq�u^DQr�pY«@r�v�����v@v*� � �$¤tv@«@¤tpYr��_u§rd��pYo8®�r�¨Y¨YrGDQo8¦@s4��µ@¥¡¦�®�µ	«@r�²�4 ��«@µ@v@q8¨Y®�µFó
¨©u¡��v@« q = 7+ £Qr�¤áu§pi��q8r"st¤tr���r�pYv � ¤t¨©u�«@¤trCS?vhu§r�pY¨Y¥¡¦J�bu§®�µ@v@q�str�¤t¥¡¦_u�®�µ	n8r�pY¨©u§r�¦@r�v4�

� o8v�f,q8µ@p§�bu§¤to8v ª�pY®�r�µ@q8µ@v@q�«@µ@pY¥¡¦ ª�v@r�pYq8¤trKP r\�dR
∗ £Q¤ 10+ � � [Xe]4f 14 5d5 � 6s6s5d ó ¢ o8v@¤t¨§�bu§¤to�v »8ê � � � º
∗ £Q¤ 10+ � � [Xe]6s1 4f 14 5d4 � 6s5d5dó ¢ o8v@¤t¨§�bu§¤to8v ù º � � ·�º�¸Ö 10+ � 	 [Xe]4f 14 5d5 � 5d5d5d� ��Þ �#Ö×}�{I��Ö Þ � ö � ���1� Ó
£Q¤ 10+ � � [Xe]4f 13 5d6 � 5d5d4f ó ¢ o8v@¤t¨§�bu§¤to8v �8åF¶ � »�»

/103254%67684jKõ;�9N_õ>-C C�G�C(I�J3LMC�T�C ,{L3G�C��l�3L3�FH�¢��3LMK NQPRL3A�H�S
T�A�PRLMH�C�LMC�G��lA�C�L�DFPRLíCðA 7+ ¢*NQPRLMC�L G�Cd¢
��S
T�AwD ¤(�3U ÄBG��3LMK�¤(�MH�T�S
LMKhCðA 7+ s T # C%X

4f14 5d8 VM@ÑC�G{U�AwT ∗ ` C�¤ C�A�I�J3LMC�T�C��LMC�G��lA�C�EðC�G�T2Eî�3G�K3C�G�C���S
T�AwDß¤(�3U 3?�MH�T�S
LMKóCðA 7+ s T # C%X
6s2 4f14 5d6 ` Cd¢G�C(I�J3LMC�T Võú�CdAwT�C�G�C���LMC�G��lA�C�EðC�G�T�C� �PRL3L%T�C�L:U�AwTøÄBG�SRH�£:L3A�I�J%T ` C�G�C(I�J3LMC�TEðC�G�K3C�LWV



¶�¹8¹ ô�� �d^(��-1#*��!$-�^(��%l^(� A�-1#dcA��! E$�d^(�©'*�
���"!��"9 � D 8+ � iÊ>@;:7:B K ;:E_HI9<7:B�� [Xe]4f 14 5d7  

1000

0,0

2,0x10-19

4,0x10-19

6,0x10-19

8,0x10-19

1,0x10-18

1,2x10-18

1,4x10-18

500 2000

 

 

C
ro

ss
 s

ec
tio

n 
[c

m
2 ]

Electron energy [eV]

� 2�2a�768�a�����`Kõ;�ô 9<> úZAwG� %�ML3�FH�ü��MC�G�H�I�J3L3AwT�T
σ8,11

Æ�
3G{K�A�CE@BG�C�A�Æ�SRI�J3A�PRL3A�H�S
T�A�PRLOD�PRL CðA 8+ ¢
NQPRL?CdL�V<@BA�C�9?C�J3��C�G ` S
�w FC�L �FC ` C�L�K3C�L�ÄÑC(H�S
U�T�Æ�C�J3��C�G�S
LWVõ@ÑC�G<R�Æ�C�Aw�
�lA ` T:K�A�C

5d5d5d
¢*NQPRLMAwH�S
T�AwPRL?H�H�I�J�EðC��w��C
U�AwTó0"U���ÿ Uñý C?q S
LWV s.lVS9?PRG�U�C��õDFPRL`9�A�H�JMC�GîC�T§S
��V T 9�A�H�¢Vþ�W�X*V s�b�VS9MPRG�U�C��õD�PRL�9�A�H�JMC�G

C�T�S
��V T 9�A�H�¢Vþ�WcX*V sõH�C�U�A�C�U�£3AwG�A�H�I�JMC49MPRG�U�C��5DFPRL
��JMC�DFC��w �P �3LMK<aS�E S
G�S T ��JMCd¢Vþ�W	X*V



ô����~�
Q )�'*-$-$��.0��-�^(��-1#*��!$-�^(� ¶�¹�»

6:¯@¯@¤tst«@µ@v@q­êI� »_¹�®�r�¤tq�u�«@r�vÐð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu σ8,11
«@r�p � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§��ó

u§¤to8v3n8o8v�£Q¤ 8+ ó ¢ o8v@r�v�«@µ@pY¥´¦�ª�str��_u§pYo8v@r�v@¨©u§o8â@�hð�¤tr�«@r�psD�¤tpY«�r�¤tv@r?¨Yr�¦@pmq8µIu§rdZ?¯�r�pCó
r�¤tv@¨©u§¤t²�²$µ@v@qÏ«@r�p�q8r�²�r�¨Y¨Yr�v@r�v ª�¤tv@¨§�bu§®�¨Y¥¡¦HDQr�ststrÌ²�¤áu�«@r�p�¯�r�pYr�¥¡¦@v@r�u§r�vj��³@p�«@¤tr
5d5d5dó ¢ o8v@¤t¨§�bu§¤to8vÐ«@r�¨�ú"pYµ@v@«@®�µ@¨©u¡��v@«@r�¨¸¯�r�¤ ù ·8ê � ·_å�r\�ñ��r�¨©u§q8r�¨©u§r�stsáu��\6:µ@¥¡¦ ¯�r�¤
«@¤tr�¨Yr�² �dµ@r�pY¨Y¥¡¦@v@¤áuYu��8o8v@v_u§r�«,��¨$  ��ûI¤t²$µ@²[r´ûIè�r�pY¤t²�r�v_u§r�sts�v@¤t¥´¦_u�r�pYpYr�¤t¥¡¦huCD r�pCó
«@r�v*�� ¤tr	¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�r�n8o8vY��¤t¨Y¦@r�p�r�u3��s � ¯@¤tr�u§r�v ¦@¤tr�p�r�¤tv@rWZ?¯�r�pYp§��¨Y¥¡¦hµ@v@q@�
ðÐµ@pY«@r�vÊ«@¤trh�dµ@r�pY¨Y¥´¦@v@¤áuYu§r «@r�p � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v ¯@¤t¨Ys ��v@q ¨©u§r�u§¨�µ@²)r�uMD �Ðr�¤ ó
v@r ú"pi2�â8r�v@o8pY«@vFµ@v@q ³@¯�r�pY¨Y¥¡¦J�bu§®�u � D�¤tpY«�«@¤tr�¨Y²���s:¨YobDQo8¦@sdn8o8² r�pY¨©u§r�vT��st¨���µ@¥¡¦
n8o8² ®�DQr�¤áu§r�v�¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�r�¤tvYD r�¤ u�vJ��¦@r�p���² q8r�²�r�¨Y¨Yr�v@r�v��dµ@r�pY¨Y¥¡¦@v@¤áuYu
st¤tr�q8r�v@«@r�p ðÐr�p©u?r�pY²�¤áuYu§r�sáu�� � ��¨�r�pY¨©u§r$¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®äst¤tr�q�u2®�D ��p?¤t²�²3r�p v@oF¥¡¦
«@r�µIu§st¤t¥¡¦So8¯-r�pY¦,��st¯S«@r�p�q8r�²�r�¨Y¨Yr�v@r�vÊðÐr�p©u§r�� � ��¨�®�D r�¤ u¡r�¦@¤tv@q8r�q8r�vSr�pYpYr�¤t¥¡¦_u�¤t²
£Qr�pYr�¤t¥¡¦k«@r�p�q8r�²�r�¨Y¨Yr�v@r�v � �bu§r�v�r�¤tv@r­¨Yr�¦@p�q8µIu§r�Z?¯�r�pYr�¤tv@¨©u§¤t²�²$µ@v@q@�N6:µ@¨�«@r�v
¯@¤t¨Y¦@r�pY¤tq8r�v	ª�p©�×��¦@pYµ@v@q8r�v��b��v@v	²���v5F©r�«@oF¥¡¦	¨Y¥¡¦@st¤tr�â8r�v � «,��¨Y¨UD�¤tr�«@r�pYµ@²ñ«,��¨2r�pY¨©u§r
¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨§r´u¡®�«@¤tr	r�v@r�pYq8r�u§¤t¨Y¥¡¦@rh4 ��q�r�«@r�¨�  ��ûI¤t²$µ@²�¨3¯-r�¨Y¨Yr�p�¯-r�¨Y¥´¦@pYr�¤t¯-r�v
¨Yo8stsáu§r��

ðo��¦@pYr�v@«3«@r�p�¦�2F¥¡¦@¨©u§r�q8r�²3r�¨Y¨§r�v@r2ðÐr�p©u<µ@v_u§r�pY¦,��st¯¸«@r�¨m  ��ûI¤t²¸µ@²�¨�st¤tr�q�u�µ@v@«
¯�r�pYr�¤áu§¨2» � �V� ª 10−19 ¥�² 2 r�pYpYr�¤t¥´¦_u � q8¤t¯Iu «@¤trd¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥¡¦@rG�,o8pY²�r�s-n8o8v�¬F¦@r�n_r�st��o
µ@v@« ± �&D2��p§��¤t²ÿ  ��ûI¤t²$µ@²Mr�uMD �¸¹ � ¹�· ª 10−19 ¥�² 2 ��v*�@¬Fo8²�¤áumsá¤tr�q�um¤tv�«@¤tr�¨Yr�²��-��sts
«@¤trAS?v_u§r�pY¨Y¥´¦J�bu§®�µ@v@q «@r�¨$ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�¨��bµ@â8r�pY¦,��st¯ «@r�¨���v@q8r�q8r�¯-r�v@r�v
�,r�¦@str�pY¨ n_o8vw�,���_u§o8p:¹h�

� o8v�f,q8µ@p§�bu§¤to8v ª�pY®�r�µ@q8µ@v@q�«@µ@pY¥¡¦ ª�v@r�pYq8¤trKP r\�dR
∗ £Q¤ 11+ � � [Xe]4f 14 5d4 � 6s6s5d ó ¢ o8v@¤t¨§�bu§¤to�v ù ¹8¹ � å8¹
∗ £Q¤ 11+ � � [Xe]6s1 4f 14 5d3 � 6s5d5dó ¢ o8v@¤t¨§�bu§¤to8v ù å�º � ¹ ��¸Ö 11+ � 	 [Xe]4f 14 5d4 � 5d5d5d� ��Þ �#Ö×}�{I��Ö Þ � ö ' � � '�à
£Q¤ 11+ � � [Xe]4f 13 5d5 � 5d5d4f ó ¢ o8v@¤t¨§�bu§¤to8v ê8»�� � » �

/103254%67684jKõ;�9Nûõ>-C C�G�C(I�J3LMC�T�C ,{L3G�C��l�3L3�FH�¢��3LMK NQPRL3A�H�S
T�A�PRLMH�C�LMC�G��lA�C�L�DFPRLíCðA 8+ ¢*NQPRLMC�L G�Cd¢
��S
T�AwD ¤(�3U ÄBG��3LMK�¤(�MH�T�S
LMKhCðA 8+ s T # C%X

4f14 5d7 VM@ÑC�G{U�AwT ∗ ` C�¤ C�A�I�J3LMC�T�C��LMC�G��lA�C�EðC�G�T2Eî�3G�K3C�G�C���S
T�AwDß¤(�3U 3?�MH�T�S
LMKóCðA 8+ s T # C%X
6s2 4f14 5d5 ` Cd¢G�C(I�J3LMC�T Võú�CdAwT�C�G�C���LMC�G��lA�C�EðC�G�T�C� �PRL3L%T�C�L:U�AwTøÄBG�SRH�£:L3A�I�J%T ` C�G�C(I�J3LMC�TEðC�G�K3C�LWV



¶�¹ ù ô�� �d^(��-1#*��!$-�^(��%l^(� A�-1#dcA��! E$�d^(�©'*�
���"!��": � D 9+ � iÊ>@;:7:B K ;:E_HI9<7:B�� [Xe]4f 14 5d6  

1000

0,0

2,0x10-19

4,0x10-19

6,0x10-19

8,0x10-19

500 2000

 

 

C
ro

ss
 s

ec
tio

n 
[c

m
2 ]

Electron energy [eV]

� 2�2a�768�a�����`Kõ;�ô?ôõ> úZAwG� %�ML3�FH�ü��MC�G�H�I�J3L3AwT�T
σ9,12

Æ�
3G{K�A�CE@BG�C�A�Æ�SRI�J3A�PRL3A�H�S
T�A�PRLOD�PRL CðA 9+ ¢
NQPRL?CdL�V<@BA�C�9?C�J3��C�G ` S
�w FC�L �FC ` C�L�K3C�L�ÄÑC(H�S
U�T�Æ�C�J3��C�G�S
LWVõ@ÑC�G<R�Æ�C�Aw�
�lA ` T:K�A�C

5d5d5d
¢*NQPRLMAwH�S
T�AwPRL?H�H�I�J�EðC��w��C
U�AwTÆW�W�b�ÿ b�b C?q S
LWV s.lVS9?PRG�U�C��õDFPRL`9�A�H�JMC�GîC�T§S
��V T 9�A�H�¢Vþ�W�X*V s�b�VS9MPRG�U�C��õD�PRL�9�A�H�JMC�G

C�T�S
��V T 9�A�H�¢Vþ�WcX*V sõH�C�U�A�C�U�£3AwG�A�H�I�JMC49MPRG�U�C��5DFPRL
��JMC�DFC��w �P �3LMK<aS�E S
G�S T ��JMCd¢Vþ�W	X*V



ô����~�
Q )�'*-$-$��.0��-�^(��-1#*��!$-�^(� ¶�¹V�

6:µ@¥´¦O«@r�p¸¤tvl6:¯@¯@¤tst«@µ@v@q êI� »8»­«,��pYq8r�¨©u§r�stsáu§r�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu σ9,12
«@r�p� pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤to�v n_o8vO£Q¤ 9+ ó ¢ o8v@r�v r�pYpYr�¤t¥´¦_u¸v@¤t¥¡¦_u¸«,��¨3  ��ûI¤t²$µ@²��.¬Fr�¤tv@r�ª�¤tvFó

¨§�bu§®�¨Y¥¡¦HDQr�ststrÐ¨©u§¤t²�²�u	¨Yr�¦@p q8µIu ²�¤áu	«@r�p���³@p�«@r�v�ú"pYµ@v@«@®�µ@¨©u´�bv@«�¯-r�pYr�¥´¦@v@r�u§r�v
5d5d5dóCª�¤tv@¨§�bu§®�¨Y¥¡¦HDQr�ststrdn_o8vh�V�8¹ � ¹�¹$r\�õ³@¯�r�pYr�¤tv*�¢ ² 6:v@¨©u§¤tr�q st¤tr�q�u	¦@¤tr�p	«,��¨	r�pY¨©u§r ¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§® ®�µTr�¤tv@r�² q8µIu§r�v ± r�¤ts
q8r�v,��µ$��µI�,«@r�v$q8r�²�r�¨Y¨Yr�v@r�v$ðÐr�p©u§r�v*� � ��¨�®�D r�¤áu§r ¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®Qµ@v_u§r�pY¨Y¥¡¦J�bu§®�u
F©r�«@oF¥¡¦�«@¤tr�ð r�p©u¡r<¤t²«6:v@¨©u§¤tr�q@��ª�¤tv@r 6:µ@¨Y¨§��q8rQ³@¯-r�p#«,��¨.  ��ûI¤t²$µ@² ¤t¨©u str�¤t«@r�p v@¤t¥¡¦_u
®�µ	u§pYr�{Ýr�v*�

¬:¦@v@st¤t¥´¦@r�¨?q8¤tsáu���³@p?«@¤trän_o�v ¬F¦@r�n_r�st��o�µ@v@« ± �bD ��p§��r�v_u�D�¤t¥¡�8r�sáu§ra�,o8pY²�r�s ���d¯Fó
DQo8¦@s�¨Y¤tr3��µ@¥´¦ ¨Y¥´¦@o8v ¤t²à6:v@¨©u§¤tr�q	«@r�v ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu�µ@v_u§r�pY¨Y¥´¦J�bu§®�u�µ@v@«
DQo8¦@s���µ@¥¡¦­²�r�¦@pd��st¨�r�¤tv@r�v��-���_u§o8pd¹3µ@v_u§r�p:«@r�v ðÐr�p©u§r�vÌst¤tr�q�u � ¤t¨©u:r�¤tv ��r�pYq8str�¤t¥´¦
¨Y¥¡¦@str�¥´¦_u?®�µ�®�¤tr�¦@r�v*�

� o8v�f,q8µ@p§�bu§¤to8v ª�pY®�r�µ@q8µ@v@q�«@µ@pY¥¡¦ ª�v@r�pYq8¤trKP r\�dR
∗ £Q¤ 12+ � � [Xe]4f 14 5d3 � 6s6s5d ó ¢ o8v@¤t¨§�bu§¤to�v ù å�· � ê_å
∗ £Q¤ 12+ � � [Xe]6s1 4f 14 5d2 � 6s5d5dó ¢ o8v@¤t¨§�bu§¤to8v ��»8º � åh¶�¸Ö 12+ � 	 [Xe]4f 14 5d3 � 5d5d5d� ��Þ �#Ö×}�{I��Ö Þ � ��� � � �-�
£Q¤ 12+ � � [Xe]4f 13 5d4 � 5d5d4f ó ¢ o8v@¤t¨§�bu§¤to8v å�ºI¶ � ¶�å

/103254%67684jKõ;�ôÁüõ>-C C�G�C(I�J3LMC�T�C ,{L3G�C��l�3L3�FH�¢��3LMK NQPRL3A�H�S
T�A�PRLMH�C�LMC�G��lA�C�L�DFPRLíCðA 9+ ¢*NQPRLMC�L G�Cd¢
��S
T�AwD ¤(�3U ÄBG��3LMK�¤(�MH�T�S
LMKhCðA 9+ s T # C%X

4f14 5d6 VM@ÑC�G{U�AwT ∗ ` C�¤ C�A�I�J3LMC�T�C��LMC�G��lA�C�EðC�G�T2Eî�3G�K3C�G�C���S
T�AwDß¤(�3U 3?�MH�T�S
LMKóCðA 9+ s T # C%X
6s2 4f14 5d4 ` Cd¢G�C(I�J3LMC�T Võú�CdAwT�C�G�C���LMC�G��lA�C�EðC�G�T�C� �PRL3L%T�C�L:U�AwTøÄBG�SRH�£:L3A�I�J%T ` C�G�C(I�J3LMC�TEðC�G�K3C�LWV



¶�¹�ê ô�� �d^(��-1#*��!$-�^(��%l^(� A�-1#dcA��! E$�d^(�©'*�
���"!��
	�= � D 10+ iÊ>@;:7:B K ;:E_HI9<7:B�� [Xe]4f 14 5d5

1000

0,0

1,0x10-19

2,0x10-19

3,0x10-19

4,0x10-19

5,0x10-19

6,0x10-19

500 2000

 

 

C
ro

ss
 s

ec
tio

n 
[c

m
2 ]

Electron energy [eV]

� 2�2a�768�a�����`Kõ;�ôoÃW> úZAwG� %�ML3�FH�ü��MC�G�H�I�J3L3AwT�T
σ10,13

Æ�
3G�K�A�Cð@BG�C�A�Æ�SRI�J3A�PRL3A�H�S
T�A�PRL DFPRLtCðA 10+ ¢
NQPRL?CdL�V<@BA�C�9?C�J3��C�G ` S
�w FC�L �FC ` C�L�K3C�L�ÄÑC(H�S
U�T�Æ�C�J3��C�G�S
LWVõ@ÑC�G<R�Æ�C�Aw�
�lA ` T:K�A�C

5d5d5d
¢*NQPRLMAwH�S
T�AwPRL?H�H�I�J�EðC��w��C
U�AwT;��b�a�ÿ ac0óC?q S
LWV s.lVS9?PRG�U�C��õDFPRL`9�A�H�JMC�GîC�T§S
��V T 9�A�H�¢Vþ�W�X*V s�b�VS9MPRG�U�C��õD�PRL�9�A�H�JMC�G

C�T�S
��V T 9�A�H�¢Vþ�WcX*V sõH�C�U�A�C�U�£3AwG�A�H�I�JMC49MPRG�U�C��5DFPRL
��JMC�DFC��w �P �3LMK<aS�E S
G�S T ��JMCd¢Vþ�W	X*V



ô����~�
Q )�'*-$-$��.0��-�^(��-1#*��!$-�^(� ¶�¹8å

ð�¤tr¸¯�r�¤�«@r�v n8o8pY¦@r�pYq8r�¦@r�v@«@r�v ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�vÐ¤t¨©uä¯�r�¤�«@r�²[¤tv�6:¯Fó
¯@¤tst«@µ@v@q¸êI� » ù «,��pYq8r�¨©u§r�stsáu§r�v�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu σ10,13

«@r�p � pYr�¤á�×��¥´¦@¤to8v@¤á¨¡��u¡¤áo8v
n8o8vk£Q¤ 10+ ó ¢ o8v@r�vSr�¤tv@r�q8µIu§rwZ?¯�r�pYr�¤tv@¨©u§¤t²�²$µ@v@q «@r�p3��³@p�«@¤tr 5d5d5d ó ¢ o8v@¤t¨§�bu§¤to�v¯�r�pYr�¥¡¦@v@r�u§r�v­ª�¤tv@¨§�bu§®�¨Y¥¡¦�D r�ststr"¯�r�¤4ê_¹�º � º ù r\� ®�µ	r�pY�8r�v@v@r�v*�J6:µ@¥´¦���³@p «@¤tr�¨Yr�vw4 ��ó
«@µ@v@q8¨Y®�µ@¨©u¡��v@«T��o8v@v_u¡r�vT��r�¤tv@r £Qr�pYr�¥´¦@vhµ@v@q8r�vj��³@p�«@¤tr ¢ o8v@¤t¨§�bu§¤to8vÊr�¤tv@r�¨ ¢ v@v@r�pCó
¨Y¥¡¦,��str�v@r�str��_u§pYo8v@¨Q«@µ@pY¥¡¦@q8r���³@¦@p©u^DQr�pY«@r�v*�hð�¤tr�«@r�pm��o8v@vhu§r?«,��¨   ��ûI¤t²$µ@²z²�¤áu<«@r�p
n8r�p©��³@q8¯,��pYr�v­ª�str��_u§pYo8v@r�v@r�v@r�pYq8¤träv@¤t¥¡¦_u?r�pYpYr�¤t¥¡¦_uQDQr�pY«@r�v*�� ��¨?®�D r�¤áu§r$¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�r�n8o8vh��¤t¨Y¦@r�p�r�u:��s �,st¤tr�q�u2¤t² 6:v@¨©u§¤tr�q�«@r�µIu§st¤t¥¡¦
µ@v_u§r�pY¦,��st¯j«@r�p	q8r�²�r�¨Y¨Yr�v@r�vjðÐr�p©u§r � DU��¦@pYr�v@« «,��¨	r�pY¨©u§rÐ¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§® «@r�v
�dµ@r�pY¨Y¥¡¦@v@¤áuYu?¤t²�6:v@¨©u§¤tr�q�q�µIu�n8o8pY¦@r�pY¨§��q�u��� ¤tr�¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥¡¦@rQ�,o8pY²�r�sIn8o8v�¬F¦@r�n8r�st��o�µ@v@« ± �&D ��p§�äst¤tr�q�u�²�¤áu�¤t¦@pYr�²M  ��ó
ûI¤t²$µ@²Â¯�r�¤@r�uMD �3¶ � »8· ª 10−19 ¥�² 2 µ@v@«�¨Yo8²�¤áuyDQo8¦@s�D�¤tr�«@r�p<²�r�¦@p<��st¨.«@r�v��-���_u§o8pm¹
µ@v_u§r�pY¦,��st¯�«@r�¨Q²���ûI¤t²���sár�v3ðÐr�p©u§r�¨�� � r�pQ¦�2F¥¡¦@¨©u§r:r´ûIè�r�pY¤t²�r�v_u§r�sts-r�pY²�¤áuYu§r�sáu§r2ð r�p©u
st¤tr�q�u2¯-r�¤<¶ � å�· ª 10−19 ¥�² 2 µ@v@«�v@oF¥¡¦�«@r�µIu§st¤t¥´¦	µ@v_u§r�pY¦,��st¯	«@r�¨d  ��ûI¤t²$µ@²�¨��

� o8v�f,q8µ@p§�bu§¤to8v ª�pY®�r�µ@q8µ@v@q�«@µ@pY¥¡¦ ª�v@r�pYq8¤trKP r\�dR
∗ £Q¤ 13+ � � [Xe]4f 14 5d2 � 6s6s5d ó ¢ o8v@¤t¨§�bu§¤to�v ��»8» � º��
∗ £Q¤ 13+ � � [Xe]6s1 4f 14 5d1 � 6s5d5dó ¢ o8v@¤t¨§�bu§¤to8v � � º � � ê�¸Ö 13+ � 	 [Xe]4f 14 5d2 � 5d5d5d� ��Þ �#Ö×}�{I��Ö Þ � �-�,ï � ï ö
£Q¤ 13+ � � [Xe]4f 13 5d3 � 5d5d4f ó ¢ o8v@¤t¨§�bu§¤to8v å8å8¹ � � �
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6:¯@¯@¤tst«@µ@v@q�êI� »���®�r�¤tq�u"r�¤tv@r � ��pY¨©u§r�ststµ@v@q���ststr�p?ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r3«@r�p � pYr�¤ ó
�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8vkn8o8vjð�¤t¨Y²$µIu©ó ¢ o8v@r�v���³@p	«@¤trp44��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r £Q¤ + ¯@¤t¨�£Q¤ 10+ �
ðo��¦@pYr�v@«S¯�r�¤�«@r�p � o8è@è�r�st¤to8v@¤t¨§�bu§¤to�vOv@oF¥¡¦Sr�¤tv q8pYo8â8r�pq6:¯@¨©u¡��v@«S®�D�¤t¨Y¥¡¦@r�vÊ«@r�v
ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§r�v�r�¤tvI�×��¥¡¦3µ@v@«�®�D r�¤á�×��¥¡¦�q8r�s �b«@r�v@r�p�ð�¤t¨Y²$µIu©ó ¢ o8v@r�v3®�µqf,vFó
«@r�v�D ��p � ¤t¨©um¦@¤tr�pmv,��¥¡¦�ª�pYpYr�¤t¥´¦@r�v�«@r�¨2  ��ûI¤t²$µ@²�¨<r�¤tv��×��¨©u è,��p§��ststr�str�p���r�pYs ��µI�4®�µ
¯-r�o8¯,��¥´¦_u§r�v*�

£Qr�¤.«@r�p � o8è@è-r�st¤to8v@¤t¨§�bu§¤to8v­r�pYpYr�¤t¥¡¦@r�v «@¤tr�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu§r¸n8o8v £Q¤ 5+ ó �
£Q¤ 6+ ó?µ@v@«Ð£Q¤ 7+ ó ¢ o8v@r�v ¯-r�¤�¦@o8¦@r�vÐª�v@r�pYq8¤tr�vÐ��v@vJ��¦@r�pYv@« q8str�¤t¥¡¦@r$ð r�p©u§r � r�¯-r�v@¨Yo
«@¤tr¸n8o8vÏ£Q¤ 8+ ó � £Q¤ 9+ ó:µ@v@«Ï£Q¤ 10+ ó ¢ o8v@r�v*�#£Qr�¤<«@r�p � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8vÌq8pYµ@è@è@¤tr�pYr�v
¨Y¤t¥¡¦3¤tv3«@¤tr�¨Yr�ps6:p©um«@¤trQð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�n8o8v�£Q¤ 4+ ó � £Q¤ 5+ ó#µ@v@«�£Q¤ 6+ ó ¢ o8v@r�v �
¨YobD�¤trä«@¤tr"n8o8v­£Q¤ 7+ ó � £Q¤ 8+ óQµ@v@« £Q¤ 9+ ó ¢ o8v@r�v*� � ¤trästr�u§®�u§q8r�v,��v@vhu§r�vh�dµ@r�pY¨Y¥´¦@v@¤áuYu§r
s ��µI��r�v �×��¨©u���µI�:q8str�¤t¥¡¦@r	ü328¦@r	®�µ@¨§��²�²�r�v � «@r�p � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤to8v@¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu
n8o8v	£Q¤ 10 ó ¢ o�v@r�v�¨Y¥¡¦@r�¤tv_u2v@¤tr�«@pY¤tq8r�pm®�µ�¯@str�¤t¯�r�v*� � �¸��¯�«@r�²�4 ��«@µ@v@q8¨Y®�µ@¨©u¡��v@«�n8o8v
£Q¤ 5+ ó ¢ o8v@r�v�«,��¨�  ��ûI¤t²$µ@²Mv@¤t¥´¦_u ²�r�¦@pQ�hs ��pmr�pY�8r�v@vh¯,��p ¤t¨©u � D�¤tpY«�r�¤tv@r:«@r�u¡��¤tstst¤ár�pCó
u§r�pYr � ¤t¨Y�hµ@¨Y¨Y¤to8v�«@¤tr�¨Yr�pd�dµ@r�pY¨Y¥¡¦@v@¤áuYu§rär�pY¨Y¥´¦�DQr�p©u��

6:ststr�v��dµ@r�pY¨Y¥¡¦@v@¤áuYu§r�v�®�µ@p � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8vS¤t¨©u�q8r�²�r�¤tv � «,��¨Y¨���r�¤tv@r £Qr�¤ ó
u§pi��q8r¸²�r�u¡��¨©u¡��¯@¤tstr�pCIÝµ@¨©u*��v@«@r3®�µ r�pY��r�v@v@r�vÏ¨Y¤tv@«*� � ��¨GD ��p���µ@¥¡¦ ¨Y¥´¦@o8v ¯�r�¤�«@r�p� o8è@è-r�st¤to8v@¤t¨§�bu§¤to8v�®�µ�r�pY�8r�v@v@r�v*�� ¤tr�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®�r¸n8o8vp��¤t¨Y¦@r�p"r�u���s �yP ��¤t¨Có � �&R<st¤tr�q8r�v­��³@p"«@¤trq4 ��«@µ@v@q�¨©ó
®�µ@¨©u*��v@«@r	¯@¤t¨¸¦@¤tv,��µI�?®�µ q = 7+ ¨©u§r�u§¨3r�uMD �Ìr�¤tv@r ú"p,28â8r�v@o�p§«@vhµ@v@q oh«@r�p3²�r�¦@p
o8¯-r�pY¦,��st¯�«@r�p q8r�²�r�¨Y¨Yr�v@r�v�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r�� � ��¨2r�pY¨©u§rä¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®
¯-r�¨Y¥´¦@pYr�¤t¯Iu�²�r�¤t¨©u#r�pY¨©u¡��µ@v@st¤t¥¡¦�q8µIu#«@¤tr<r�v@r�pYq8r�u§¤t¨Y¥¡¦@rU4 ��q8r<«@r�¨. ­��ûI¤t²¸µ@²�¨ � r�¨#st¤tr�q�u
vhµ@p��hv,��è@è�³@¯�r�p�«@r�v�¯�r�o8¯,��¥¡¦_u§r�u§r�v�ðÐr�p©u§r�v*�� ��¨.r�¤tq8r�v_u§st¤t¥´¦�¯-r�¤@¨Y¥¡¦�DQr�pYr�v ¢ o8v@r�v3��v@®�µHDQr�v@«@r�v@«@r�®�DQr�¤áu§r�¬F�b��st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®
¯-r�¨Y¥´¦@pYr�¤t¯Iu�¯�r�¤�n8r�pYq8str�¤t¥¡¦F¯,��pYr�v��dµ@r�pY¨Y¥¡¦@v@¤áuYu§r�vÏ«@¤tr�  ��ûI¤t²���¯�r�¤<o���u�«@o8è@è-r�sáu�¨Yo
¦@o8¦@r�v3ª�str��_u§pYo8v@r�v@r�v@r�pYq8¤tr�v3��st¨�¨Y¤tr^D�¤tpY�hst¤t¥¡¦�q8r���µ@v@«@r�v�DQr�pY«@r�v*����³@p.«@¤tr £Qr�¨Y¥¡¦@pYr�¤ ó
¯@µ@v@q�«@r�p�4 ��q8r�«@r�p#  ��ûI¤t²��Q¤t¨©u r�¨4¨Yo8²�¤áu*µ@v@q8r�r�¤tq8v@r�u�� � ¤tr<ü328¦@r�«@r�p��dµ@r�pY¨Y¥´¦@v@¤áuYu§r
D�¤tpY«	r�u�D ��¨QDQr�v@¤tq8r�p?��st¨ n8o8² r�pY¨©u§r�vÌ¬F����st¤tr�pYµ@v@q8¨Yq8r�¨Yr�u§®ä³@¯�r�pY¨Y¥¡¦J�bu§®�u��

ú"r�¦_u�²���vO®�µ�4 ��«@µ@v@q8¨Y®�µ@¨©u*��v@«@r�vSn8o8vÊ��¥¡¦_uY�×��¥¡¦ oF«@r�p3v@oF¥¡¦ ¦�28¦@r�p�q8r�s ��«@r´ó
v@r�v3ð�¤t¨Y²$µIu©ó ¢ o8v@r�v � ��o8²�²�u�³@¯�r�pYp§��¨Y¥¡¦@r�v@«@r�p0DQr�¤t¨Yr?r�¤tv@r �×��¨©u<r´û@���_u§r�ð�¤tr�«@r�pYq_��¯-r
«@r�p.ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu§r�®�µ@¨©u¡��v@«@r��~�d¯�DQo8¦@s,«@¤trxL�r�¥¡¦@vFµ@v@q8r�v�²�r�¦@p©�×��¥¡¦3³@¯-r�pCó
è@pY³I��u D�µ@pY«@r�v � ��o8v@vhu§r?��r�¤tv@rdS?pY¨§��¥´¦@r?«,�b��³@pmq8r���µ@v@«@r�vKD r�pY«@r�v*�Iª�¨m²$µ@¨Y¨Q��v�«@r�²
£Qr�pYr�¥¡¦@vhµ@v@q8¨§��stq8o8pY¤áu§¦@²¸µ@¨�st¤tr�q8r�v � «@r�p¸«@¤tr � oFr���®�¤tr�v_u§r�vO¯�r�¨©u§¤t²�²�u � DQr�st¥´¦@r�«@¤tr6:v@®���¦@s-«@r�p2 v28q8st¤á¥´¦@��r�¤áu§r�v�«@r�p ¢ o8v@¤t¨§�bu§¤to8v���v@q8r�¯�r�v � nFq8s �H�,o8pY²�r�stv�¹F���äµ@v@«�¹F� ê � ��d¯�DQo8¦@s-«@¤tr�¨Yr � oFr���®�¤tr�v_u§r�vF¯-r�pYr�¥¡¦,vhµ@v@q¸¯@¤t¨<®�µ@pm¤t¨Yohr�str��_u§pYo8v@¤t¨Y¥¡¦@r�v�¬Fr�òhµ@r�v@®:r�¤tvFó
�×��¥¡¦�q8r�s ��«@r�v@r�v�£Qstr�¤t¨�q8³@sáu§¤tq"¨Yr�¤tv�¨Yo8sts � �b��v@v�r�¨<nF¤tr�ststr�¤t¥¡¦_u���³@p<¦�28¦@r�pYr ¢ o8v@¤t¨§�bu§¤to8v@¨Có
q8p§��«@r?��pYo8¯@str�²�r?«,��²3¤áumq8r�¯-r�v*�I£Qr�¤-«@r�p � o8è@è�r�st¤to8v@¤t¨§�bu§¤to�v�D2��pYr�v�«@¤tr?ª�pYq8r�¯@v@¤t¨Y¨Yr
FY�¸v@oh¥´¦�¤tvADQr�¤áu�¯�r�¨Y¨Yr�pYr�p Ç DQr�v@v­��µ@¥¡¦�v@¤t¥¡¦_u?¤tv�q8µIu§r�p Ç Z?¯�r�pYr�¤tv@¨©u§¤t²�²$µ@v@q@�� ¤tr ¨Yr�²�¤tr�²�è@¤tpY¤á¨Y¥¡¦@r��@o8pY²�r�s:n_o8v ¬F¦@r�n8r�st�8o µ@v@« ± �&D ��p§�oP ¬F¦@r´ó � �(Rt¦,�bu�¨Y¤t¥¡¦
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¤tvÌ«@¤tr�¨Yr�²x�<r�pYq8str�¤t¥¡¦­��³@pd«@¤tr¸£Qr�¨Y¥¡¦@pYr�¤t¯@µ@v@q�«@r�p:ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥´¦@v@¤áuYu§r3q8µIu"¯�r´ó
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«@¤tr�£Qr�pYr�¥¡¦@vhµ@v@q�²�¤áu2r�¤tv��,¤tr�â8r�v � ¤t¨©u�«@¤trä¨©u§r�u§¨�n8o8pY¦,��v@«@r�v@raS?v_u§r�pY¨Y¥¡¦J�bu§®�µ@v@q�¨Yr�¦@p
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� 2�2a�768�a�����`Kõ;�ôÁKõ> úZAwG� %�ML3�FH�ü��MC�G�H�I�J3L3AwT�T Æ�
3G�K�A�C4> C�J3G�Æ�SRI�J3A�PRL3A�H�S
T�A�PRL�DFPRLBCðA + ¢*NQPRLMC�LWV
@BA�Cø9?C�J3��C�G ` S
�w FC�L��FC ` C�L�K3C�LÍÄÑC(H�S
UÂT�Æ�C�J3��C�GES
LWV @BA�CáR�Æ�C�Aw��C��FC ` C�LK3AwC:��AwLMH�S
T�¤ H�I�J�EðC��w��C�L DFPRL • s σ1,5

U�AwTÆ.�oñý%ÿ 0N.:Crq ÿ ◦ s σ1,6
U�AwTbc0"W�ÿ ��oqCrqZ�3LMK ∗ s σ1,7

U�AwT4o�W�o�ÿ bECrq S
LWV s�,{L3�FC�G�C��lT�C23?�MH�T
�
L�¢
KMC ` C�¤�
3�l�wA�I�J
K3C(H_ÄBG��3LMK�¤(�MH�T�S
LMK3C(H V s�.lV,9MPRG�U�C��5D�PRLÍ9�A�H�JMC�G
C�T�S
��V T 9�A�H�¢Vþ�W�X*ÿ�UÂ�3�wT�Aw£3�wAw¤(A�C�G�T�U�AwTBa�ÿZ.lV sDb�V 9MPRG�U�Cd� D�PRL 9�A�H�¢
J?CdG C�T S
��V T 9�A�H�¢Vþ�WcX*ÿWUÂ�3�wT�Aw£3�wAw¤�A�C�G�T U�AwTta�ÿZ.lV s�H�C�U�A�C�U�£3AwG�A�H�I�JMC9?PRG�U�C��WD�PRL ��JMC�DFC��w �P �3LMK�<aS�EîS
G�S T ��JMCd¢Vþ�WcX*V
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u§p§��q8r�v*��¬:¦@v@st¤t¥¡¦ÿ�X28v@v@r�vÿ��³@pO«@¤trT¬F¤tr�¯�r�vI�×��¥¡¦@¤to8v@¤t¨§�bu§¤to8v £Qr�¤áu§pi��q8r�«@µ@pY¥¡¦ 4dó6:v@pYr�q8µ@v@q8r�v	v@¤t¥¡¦_u���µ@¨Yq8r�¨Y¥¡¦@sto8¨Y¨Yr�vzDQr�pY«@r�v*�-ª�¤tv@r:¨Yr�è,��p§�bu§r�¬hu§µI��rd¤t¨©u2¯-r�¤*��r�¤tv@r�²
«@r�p4ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v@¤áuYu§rm®�µ�r�pY��r�v@v@r�v*��ðo��¦@pYr�v@«�«,��¨�  ��ûI¤t²$µ@²T«@r�p4�d¤ár�p©�×��¥´¦Fó
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� o8v�f,q8µ@p§�bu§¤to8v ª�pY®�r�µ@q8µ@v@q�«@µ@pY¥¡¦ ª�v@r�pYq8¤trKP r\�dR
�¸Ö 5+ � 	 [Xe]4f 14 5d10 � 6p6p6s6s � ��Þ �#Ö×}�{I��Ö Þ � ÓFØ�à � ö Ó
£Q¤ 5+ � � [Xe]6s1 4f 14 5d9 � 6p6p6s5dó ¢ o8v@¤t¨§�bu§¤to8v ¶(�bê � »_¹
£Q¤ 5+ � � [Xe]6s2 4f 14 5d8 � 6p6p5d5d ó ¢ o8v@¤t¨§�bu§¤to8v ¶�å8å � ù ¹
£Q¤ 5+ � � 5p5 6s1 4f 14 5d10 � 6p6p6s5p ó ¢ o8v@¤t¨§�bu§¤to�v ¹8¹ � � ù ¹
£Q¤ 5+ � � [Xe]6s1 4f 13 5d10 � 6p6p6s4f ó ¢ o8v@¤t¨§�bu§¤to8v ¹ � º � ù å
£Q¤ 5+ � � 5s1 6s1 4f 14 5d10 � 6p6p6s5s ó ¢ o8v@¤t¨§�bu§¤to�v »8ºI¶ � åbê
£Q¤ 5+ � � [Xe]6s2 4f 13 5d9 � 6p6p4f5dó ¢ o8v@¤t¨§�bu§¤to8v »I¶�» � »8·
£Q¤ 5+ � � 4d9 6s1 4f 14 5d10 � 6p6p6s4dó ¢ o8v@¤t¨§�bu§¤to8v �8å�· � å
£Q¤ 5+ � � 4p5 6s1 4f 14 5d10 � 6p6p6s4p ó ¢ o8v@¤t¨§�bu§¤to�v ·I¶ � � º_¹
£Q¤ 5+ � � 4s1 6s1 4f 14 5d10 � 6p6p6s4s ó ¢ o8v@¤t¨§�bu§¤to�v ¶�º8·8º � ��ù�¸Ö 6+ � 	 [Xe]6s1 4f 14 5d8 � 6p6p6s5d5d � ��Þ �#Ö×}�{I��Ö Þ � � öÇ��� � Ø
£Q¤ 6+ � � [Xe]6s2 4f 14 5d7 � 6p6p5d5d5dó ¢ o8v@¤t¨§�bu§¤to8v ¹8åF¶ � º8º
£Q¤ 6+ � � 5s1 4f 14 5d10 � 6p6p6s6s5só ¢ o8v@¤t¨§�bu§¤to8v »_å�º � ¶8¶
£Q¤ 6+ � � [Xe]6s1 4f 13 5d9 � 6p6p6s5d4f ó ¢ o8v@¤t¨§�bu§¤to�v »8·_¹ � �8å
£Q¤ 6+ � � [Xe]6s2 4f 13 5d8 � 6p6p5d5d4f ó ¢ o8v@¤t¨§�bu§¤to8v ù º � � ù ¶
£Q¤ 6+ � � 4d9 4f 14 5d10 � 6p6p6s6s4d ó ¢ o8v@¤t¨§�bu§¤to8v ê ù å � ¶(�
£Q¤ 6+ � � 4p5 4f 14 5d10 � 6p6p6s6s4pó ¢ o8v@¤t¨§�bu§¤to8v ·8·_å � ù å
£Q¤ 6+ � � 4s1 4f 14 5d10 � 6p6p6s6s4só ¢ o8v@¤t¨§�bu§¤to8v ¶8¶ ù�� � ù ·�¸Ö 7+ � 	 [Xe]6s1 4f 14 5d7 � 6p6p6s5d5d5d � ��Þ �#Ö×}�{I��Ö Þ � Ø � Ø � �
£Q¤ 7+ � � [Xe]6s2 4f 14 5d6 � 6p6p5d5d5d5d ó ¢ o8v@¤t¨§�bu§¤to�v »8·8» � � ù
£Q¤ 7+ � � 5s1 4f 14 5d9 � 6p6p6s6s5d5s ó ¢ o8v@¤t¨§�bu§¤to�v ‡£Q¤ 7+ � � [Xe]6s1 4f 13 5d8 � 6p6p6s5d5d4f ó ¢ o8v@¤t¨§�bu§¤to8v ù�� ¹ � å�ê
£Q¤ 7+ � � [Xe]6s2 4f 13 5d7 � 6p6p5d5d5d4f ó ¢ o8v@¤t¨§�bu§¤to�v �8¹�» � · ù
£Q¤ 7+ � � 4d9 4f 14 5d9 � 6p6p6s6s5d4dó ¢ o8v@¤t¨§�bu§¤to8v ‡£Q¤ 7+ � � 4p5 4f 14 5d9 � 6p6p6s6s5d4p ó ¢ o8v@¤t¨§�bu§¤to�v ‡£Q¤ 7+ � � 4s1 4f 14 5d9 � 6p6p6s6s5d4s ó ¢ o8v@¤t¨§�bu§¤to�v ‡

/103254%67684jKõ;�ô 9<>=C C�G�C(I�J3LMC�T�CB,{L3G�C��l�3LM�FH�¢î�3LMK:NQPRL3A�H�S
T�A�PRLMH�C�LMC�G��lA�C�L DFPRLÆCðA + ¢*NQPRLMC�L�G�Cd¢
��S
T�AwD ¤(�3U ÄBG��MLMK�¤(�MH�T�S
LMK CðA + s [Xe]6s2 4f14 5d10 6p2 V�>OAwT ‡ �FC� �C�L3L�¢
¤ C�A�I�J3LMC�T�Cá3?�MH�T)�
LMK3CE�wA�C�¡FC�LOH�A�I�JßU�AwT ÄBG�SRH�£ßL3A�I�J%T ` C�G�C(I�J3LMC�LWV
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� 2�2a�768�a�����`Kõ;�ô=P ><úZAwG� %�3L3�FH�ü��MC�G�H�I�J3L3AwT�T Æ�
3G K�A�C > C�J3G�Æ�SRI�J3A�PRL3A�H�S
T�A�PRL DFPRL CðA 2+ ¢
NQPRLMC�LWVM@BA�C�9MC�J3��C�G ` S
�w �C�LO�FC ` C�L K3C�LIÄÑC(H�S
UÂT�Æ�C�J3��C�GBS
LWVM@BA�C<R�Æ�C�Aw��C
�FC ` C�L�K�A�C ��AwLMH�S
T�¤ H�I�J"E C��w��C�L D�PRL • s σ2,6

U�AwT<b�a�U�ÿ 0"W�Crq ÿ ◦ s σ2,7U�AwTËo�.�b�ÿZ.�ý C?q ÿ ∗ s σ2,8
U�AwT^0"oc0MÿZ.�W�Crqø�3LMK

�
s
σ2,9

U�AwT Wñý���ÿ o�þ C?q
S
LWV s ,{L3�FC�G�C��lT�C 3?�MH�T
�
LMK3C ` C�¤�
3�l�wA�I�JeK3C(H_ÄBG��3LMK�¤(�MH�T�S
L?K3C(H Vs�.lVò9MPRG�U�C��3DFPRL�9�A�H�JMC�G�C�T5S
��V T 9�A�H�¢Vþ�W�X*ÿ
UÂ�3�wT�Aw£3�wAw¤(A�C�G�T5U�AwT�a�ÿ a�.lVs�b�Vò9MPRG�U�C��3DFPRL�9�A�H�JMC�G�C�T5S
��V T 9�A�H�¢Vþ�W�X*ÿ
UÂ�3�wT�Aw£3�wAw¤(A�C�G�T5U�AwT�a�ÿ a�.lVs
H�C�U�A�C�U�£3AwG�A�H�I�JMCc9?PRG�U�C���D�PRL���JMC�DFC��w �PB�3LMK_<�S�E S
G�S T �%JMCd¢Vþ�WcX
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v@¤t¨§�bu§¤to8v	µ@²ãr�¤áv@r � «@¤trä«@r�p ù ó\�×��¥¡¦ ¢ o8v@¤t¨§�bu§¤to8v�¨Yo8q8��p?µ@²ã®�DQr�¤.ú"p,28â8r�v@o8pY«@vhµ@v@q8r�v
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r�¤tv@r­¯�r�¨§¨Yr�pYr £Qr�¨Y¥¡¦@pYr�¤t¯@µ@v@qO«@r�p�ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦@v,¤áuYu§rÌst¤tr���r�p©u���st¨�«,��¨�®�DQr�¤áu§r
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3
ó©ú"pYµ@è@è�r�²�r�¦@p:¦,�bu��Ý£Qr�¤\S?vhu§r�pY¨Yµ@¥¡¦hµ@v@q8r�v
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¹F�á¶ }?¤t¥¡¦_u§pYr�¨Yo8v,��v_u§r ¢ o�v@¤t¨§�bu§¤to8v@¨Y²�r�¥´¦,��v@¤t¨Y²�r�v �������ä��������������� �
¹F�æ¹ L�r�¨Yo8v,��v_u§r ¢ o8v@¤t¨§�bu§¤to8v@¨Y²�r�¥¡¦,��v@¤t¨Y²�r�vÚ�����������ä���������������ã¶8¶
¹F� » ¬F¥¡¦@r�²��bu§¤t¨Y¥¡¦@r�p2ð�¤tpY�hµ@v@q8¨Yòhµ@r�pY¨Y¥¡¦,v@¤áuYu �����������ä���������������ã¶�»
»I�á¶ ú"r��hpYr�µ@®�u§r ± r�¤tst¥´¦@r�v@¨©u§p§��¦@str�vj���ä�����������������ä���������������ñ¹�º
ù �á¶ ú"r�¨§��²�u¡��µI��¯,��µ	«@r�¨?ª�ûIè�r�pY¤t²�r�v_u§¨ ���������������ä���������������ñ¹8åù �æ¹ ¶ ù úäü?®´óCªNIOL ó0�dµ@r�stsár:n8o8p�«@r�²|S?²$¯,��µ ���������ä���������������ñ¹�·ù � » ¶ ù úäü?®´óCªNIOL ó0�dµ@r�stsárdv,��¥¡¦�«@r�²|S?²¸¯,��µ �������ä���������������ñ¹ �ù � ù   ��¨Y¨Yr�v@¨Yè�r��_u§pYµ@²ã«@r�p2ð�¤t¨Y²$µIu©ó ¢ o8v@r�v*�<�����������ä���������������ÿ»I¶ù ���   ��¨Y¨Yr�v@¨Yè�r��_u§pYµ@²ã²�¤áu La@C82

�����������������ä���������������ÿ»_¹ù � ê   ��¨Y¨Yr�v@¨Yè�r��_u§pYµ@² ð�¤t¨Y²$µIu � r�u¡��¤ts �-���������������ä���������������ÿ»8»ù �æå ü?oh¥´¦@¨©u§pYo8²¸óCª�str��_u¡pYo8v@r�v@�b��v@o8v@rÚ�����������������ä���������������ÿ» ùù � · 6:µI��¯,��µ	«@r�¨:ª�¤tv@®�r�sáu§r�¤tst¥¡¦@r�v@«@r�u§r��_u§o8pY¨ �����������ä���������������ÿ»8ê
�F�á¶  �r�â8¨Yè-r��_u§pYr�v@¨§�bu§®�¯-r�¤t² «IôFv,��²�¤t¨Y¥¡¦@r�v­ �r�â�n8r�p©�×��¦@pYr�v �����������ÿ»8·
�F�æ¹ � �bu§r�v,��µI��v,��¦@²�r"¯�r�¤t²ñ«IôFv,��²�¤t¨Y¥´¦@r�v­ �r�â�n8r�p©�×��¦@pYr�v �����������ÿ» �
�F� » ¬F¤tq8v,��sáè�r�����µ@v@«wS?v_u§r�pYq8pYµ@v@«,��¯@®�µ@q �������������ä��������������� ù ¶
êI�á¶ ª�v@r�pYq8¤tr�v@¤ n_r���µ@¨Y¥¡¦@r�²��¸n8o8v £Q¤ + ó ¢ o�v@r�v������������ä��������������� ù å
êI�æ¹ ª�v@r�pYq8¤tr�v@¤ n_r���µ@¨Y¥¡¦@r�²��¸n8o8v £Q¤ + ó ¢ o�v@r�v������������ä��������������� ù ·
êI� » ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ + ómµ@v@« £Q¤ 2+ ó ¢ o8v@r�v ���ä��������������� ù��
êI� ù ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 3+ ó ¢ o8v@r�v �������������ä�����������������8¹
êI��� ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 4+ ó ¢ o8v@r�v �������������ä����������������� ù
êI� ê ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 5+ ó ¢ o8v@r�v �������������ä������������������ê
êI�æå ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 6+ ó ¢ o8v@r�v �������������ä������������������·
êI� · ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8vw}E� + ó ¢ o8v@r�v �������������ä���������������ÿê8º
êI� � ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 7+ ó ¢ o8v@r�v �������������ä���������������ÿê_¹
êI�á¶�º ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 8+ ó ¢ o8v@r�v �������������ä���������������ÿê ù
êI�á¶8¶ ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 9+ ó ¢ o8v@r�v �������������ä���������������ÿê_å
êI�á¶�¹ ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v £Q¤ 10+ ó ¢ o8v@r�v �������������ä���������������ÿê �
êI�á¶�» ª�¤tvI�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n_o8v	ð�¤t¨Y²$µIu©ó ¢ o8v@r�v­�����������ä���������������ñå8¹
êI�á¶ ù � o8è@è-r�st¤to8v@¤t¨§�bu§¤to�v�n8o8v £Q¤ + ó ¢ o8v@r�v ���������������ä���������������ñå ù
êI�á¶(� � o8è@è-r�st¤to8v@¤t¨§�bu§¤to�v�n8o8v £Q¤ 2+ ó ¢ o8v@r�vS���������������ä���������������ñå8å
êI�á¶�ê � o8è@è-r�st¤to8v@¤t¨§�bu§¤to�v�n8o8v £Q¤ 3+ ó ¢ o8v@r�vS���������������ä���������������ÿ·8º
êI�á¶�å � o8è@è-r�st¤to8v@¤t¨§�bu§¤to�v�n8o8v £Q¤ 4+ ó ¢ o8v@r�vS���������������ä���������������ÿ·8»
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êI�á¶�· � o8è@è�r�st¤to8v@¤á¨¡��u¡¤áo8v�n_o8v £Q¤ 5+ ó ¢ o8v@r�vÊ�ä���������������������ä�������ÿ·8ê
êI�á¶ � � o8è@è�r�st¤to8v@¤á¨¡��u¡¤áo8v�n_o8v £Q¤ 6+ ó ¢ o8v@r�vÊ�ä���������������������ä�������ÿ· �
êI�æ¹�º � o8è@è�r�st¤to8v@¤á¨¡��u¡¤áo8v�n_o8v £Q¤ 7+ ó ¢ o8v@r�vÊ�ä���������������������ä������� � ¹
êI�æ¹F¶ � o8è@è�r�st¤to8v@¤á¨¡��u¡¤áo8v�n_o8v £Q¤ 8+ ó ¢ o8v@r�vÊ�ä���������������������ä������� � �
êI�æ¹8¹ � o8è@è�r�st¤to8v@¤á¨¡��u¡¤áo8v�n_o8v £Q¤ 9+ ó ¢ o8v@r�vÊ�ä���������������������ä������� � ·
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êI�æ¹ ù � o8è@è�r�st¤to8v@¤á¨¡��u¡¤áo8v�n_o8v £Q¤ q+ ó ¢ o8v@r�vk�ä���������������������ä�������Q¶�º��
êI�æ¹V� � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ + ó ¢ o8v@r�v ���������������������ä�������Q¶�º8·
êI�æ¹�ê � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 2+ ó ¢ o8v@r�v°���������������������ä�������Q¶8¶�º
êI�æ¹8å � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 3+ ó ¢ o8v@r�v°���������������������ä�������Q¶8¶�¹
êI�æ¹�· � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 4+ ó ¢ o8v@r�v°���������������������ä�������Q¶8¶ ù
êI�æ¹ � � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 5+ ó ¢ o8v@r�v°���������������������ä�������Q¶8¶�ê
êI� »8º � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 6+ ó ¢ o8v@r�v°���������������������ä�������Q¶8¶�·
êI� »I¶ � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 7+ ó ¢ o8v@r�v°���������������������ä�������Q¶�¹�º
êI� »_¹ � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 8+ ó ¢ o8v@r�v°���������������������ä�������Q¶�¹8¹
êI� »8» � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 9+ ó ¢ o8v@r�v°���������������������ä�������Q¶�¹ ù
êI� » ù � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 10+ ó ¢ o8v@r�v ���������������������ä�������Q¶�¹�ê
êI� »�� � pYr�¤á�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ q+ ó ¢ o8v@r�v ���������������������ä�������Q¶�¹ �
êI� »8ê  �r�¦@p©�×��¥¡¦@¤to8v@¤t¨§�bu§¤to8v�n8o8v £Q¤ + ó ¢ o8v@r�vx���������������������ä�������Q¶�»8º
êI� »_å  �r�¦@p©�×��¥¡¦@¤to8v@¤t¨§�bu§¤to8v�n8o8v £Q¤ 2+ ó ¢ o8v@r�v �������������������ä�������Q¶�»8»
êI� »8·  �r�¦@p©�×��¥¡¦@¤to8v@¤t¨§�bu§¤to8v�n8o8v £Q¤ 3+ ó ¢ o8v@r�v �������������������ä�������Q¶�»8ê
êI� » � �d¤tr�p©�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ 4+ ó ¢ o8v@r�v ���������������������ä�������Q¶�» �
êI� ù º ��³@v�{*��¥¡¦@¤to8v@¤t¨§�bu§¤to�v�n8o8v £Q¤ 4+ ó ¢ o8v@r�võ���������������������ä�������Q¶ ù ¶
êI� ù ¶  �r�¦@p©�×��¥¡¦@¤to8v@¤t¨§�bu§¤to8v�n8o8v £Q¤ 5+ ó ¢ o8v@r�v �������������������ä�������Q¶ ù ¹
êI� ù ¹ �d¤tr�p©�×��¥¡¦@¤to8v@¤t¨§�bu§¤áo8v�n8o8v £Q¤ q+ ó ¢ o8v@r�v � ò�["ê � �á�á� � � � ���������ä�������Q¶ ù8ù
êI� ù »   ��ûI¤t²��$«@r�p ¢ o8v@¤t¨§�bu§¤to8v�n8o8v £Q¤ q+ ó ¢ o8v@r�v � ò�[$¶ � �á�á� � ¶�º � ���ä�������Q¶ ù å
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