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E0 = 250GeV

�/��<
ω0 = 2.33 eV

Y	�C�LF[+9�H�1!��]\^���_�;2&k"�C�%*ml�n%oqpL2

�©�¡�S¢�§¨µcªS�¡ÄÐ�l¥K ³¢��©ª_�D§¡À·�3�¡ ¾�S½5¥� ³§Ï�©�¡ oº��¤�¡ ³ªN¢¬í»ÜL�� ³�y�î ³§{Ä1�l�S§¡�¤�¡�l¥;ÜL o�¡���3¢î�~½³�l�Ý�©�¨ªN¢î¥¤�~�©�~�~�¡ªN�l­Í� ³¢¤�l�\�¡���F½³�S§¡�~�¸½o ³ÃN���LÀ¯ªN½¾�3�¡ ³Ël�3�© oªN¢D ³§�ÇO¢�ªõÜL¢¬í»�¡���F�¨�l�lªS ³½ô�l½o�l�~�¡�¡ªN¢¤§c¾¯§¡À·�3�¡ ¾�S½ô§¨À»�~�~�©�¨��Ä » �S¢¤¥�©�O��§
�¡���l o�¸�~¢��l�¨ÃN ³�~§�¼L�Û�S¢óº¯�F�¤§¡�l¥ó�¡ª|¥��Ý�©�~�¡ÄÐ ³¢��6�©���\ ³¢� Ó�© ¾�3½¬º»�l�SÄ À»ªS½¾�S�¨ ³ËÛ���© ³ªS¢¬­UÂ�ª Ü)�~ìS�l�~í�©���]À¯ªN½³�S�¡ oËÛ�3�¡ ³ªN¢6 ³§��¤§¡�·�S½o½o°\¥��~�¡�l�¨Ä1 o¢��l¥Qµc�¡ªSÄf�S¢Ð�S§Ï°ÎÄ1ÄÐ�~�¡�¨°\Ä1�l�S§¡���¨�lÄÐ�l¢���º�°.r· oÀ�À� ³¢¤Ã
�©���½¾�S§¨�l�LÀ¯ªN½¾�S�¨ ³Ël�3�© oªN¢�º¯�~�àÜ)�l�l¢
+1

�S¢¤¥ −1
­ Ú �� ³§¸�S½³½oªõÜL§UµcªN�]Ä1ªS�¡�{À��¡�~�l o§¡�6Ä1�l�S§¡���¨�lÄÐ�l¢��©§~í¯�S§�©���R�~¢��l�¨ÃS°Níë�3�HÜL�� o�y�K�¡���R�~ìN�~¢��F�¡�3�©�~§\�3�¡�R�låO�·�S½ » �~µ¶­Qâ·ÃN�¤�¡�DæN­ È>¼Ýíô�S¢¤¥K�¡���Ð�S§¨°ÎÄÐÄ1�Ý�©�¨°ã ³§Ël�~�¡ª�í·�l�S¢¿º¯�{¥��~�¡�l�¨Ä1 o¢��l¥aìN�~�¨°D�^ç��3�~�©½Ó°N­

é¸¢ä�S½o�¡�l�¡¢��3�© ÓìN�1Ü7�Û°��¡ªßÄ1�l�S§¡���¨�|�©�¤��º»�l�SÄ À¯ªN½³�S�¡ oËÛ�3�¡ ³ªN¢ßÜL o�¡�÷Á7ªNÄÐÀ¤�©ªN¢�§¡�Û���¡�©�~�¡ o¢�Ãß ³§�©���L¥��Ý�©�~�~�© oªN¢RªSµB�©���L�¨�l�lªS ³½�À��¤ªS�©ªN¢¤§l­�Öà¢Q�©�¤ ³§��Û�3§¡�SíO¢�ª{§¨À»�~�~�©�¨ªNÄÐ�~�©�¨ ³�]Ä1�SÃN¢��Ý�©§��l�S¢Rº»�]��§¨�l¥¬í�S¢�¥;�©���RÄÐ�Û�S§¨���¡�~Ä1�~¢��{�·�S§H�©ª_�¡�~½o°óªS¢K¥¤ ³�¡�~�~�6�l¢¤�l�¡Ã3°ßÄ1�l�S§¡�¤�¡�lÄÐ�l¢��¡§6ª3µ7Ä1�S¢�°ß�l�¤Ä>��½¾���©�l¥Á7ªNÄÐÀ¤�©ªN¢\§¡�l�3�¡�¡�l�¡ o¢�Ã
�ÝìN�~¢O�¡§l­ Ú �� o§5 o§5��½³�l§¨§5À��¨�l�~ ³§¡�7�SÀ�À��¨ª��S�y�F�¡�·�S¢6�©���)Ä1�l�S§¡���¨�lÄÐ�l¢���ª3µ��©���§¡À·���© ¾�3½)�3§¨°ÎÄ1ÄÐ�~�¡�¨°;ªSµ7�©���1§¡�Û���¡�©�~�¡�~¥q�l½o�l�~�¡�¡ªN¢¤§F¥��~§¡�l�¨ ³º¯�l¥á�3º»ªõìN�3­óÁ7ªSÄ1À¤�¡ªN¢�À¯ªN½³�S�¡ oÄ1�Ý�©�¨°ÜL ³½o½ðº¯�6¥¤�l§¡�~�¡ oº»�~¥¿ o¢_ÄÐªN�¨�H¥��~�©�S ³½¬ o¢D�y�·�SÀ¤�¡�l�y^�­
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A ?����{�4��s�CûkOS	�>���{���?s�E8���bz�s FD�dkO?bz]SiAUCGE+F
Â¸è�¹Lé�Ü7�S§a§¡ Ó�©�·���©�l¥ú���D¦sè�Í ï » àUª�´a­Øº�¬�Í�ª�º½Þ+«qª�³<­¯® °<µdª�µ6t�Û]Ï/µd¬�ÍI® °<­¯®�°<µd¼Ð o¢üÂ
�3Ä>º����¨Ã�­ ÖC�Ü7�S§RÀ�½¾�3¢�¢��l¥÷ ³¢áªS�¡¥��~�R�¡ª;§¨�©�¤¥¤°q�©�¤�_§¨��º�§Ï�©�¡�¤�~�©�¤�¡�ãª3µ¸�¡���aÀ��¡ª3�©ªN¢@�S¢�¥äÀ��¨ªNÀ»�~�¨�¡ ³�l§Qª3µ¸�¡���§Ï�©�¡ªS¢�Ãã o¢O�¡�l�¡�S�~�¡ ³ªN¢¬íë�S¢�¥KÜU�3§\�©�¤�1ªN¢¤½o°;�S�~�l�~½³�l�¡�3�©ªS�6µ.�S�~ ³½o o�à°ã�¡ª¿�¤§¡�|�~½³�~�~�©�¨ªN¢ » ªN�6À»ªN§¨ o�¡�¡ªN¢]¼�S¢¤¥¿À��¨ªS�©ªS¢_º¯�Û�3Ä1§~­
Ú ���F�~ ³�¡�~��ÄRµc�l�¡�~¢��l�\ªSµ��©�¤�>Â
è�¹Léf�¨ ³¢�ÃRÜU�3§

6.3
ÇOÄ_­
è�½³�~�~�¡�¡ªN¢�§�Ü7�~�¡�Q�3�l�l�~½³�~�©�3�¡�l¥ã�¡ªa�S¢�~¢��l�¨ÃS°aªSµ

27.5
�H� Ê í��S¢�¥aÀ��¨ªS�©ªN¢¤§U�©ªÐ�S¢a�l¢¤�l�¡Ã3°aªSµ

920
�H� Ê ­¤Öà¢D�¡���s�àÜ)ªÐ�^ç�À»�~�¡ ³ÄÐ�l¢��¡§líBÂ\æ�S¢¤¥%�¬èÕ�sÍ»íMº»ª3�©�qº¯�Û�SÄÐ§\Ü)�l�¨��º��¨ªN��ÃN���> o¢��©ªã�~ªN½³½o ³§¨ ³ªN¢;�¡�~§¡��½Ó�© o¢�Ãã o¢q�S¢

ep
�l�~¢O�¡�l�¶êàªSµ¾êCÄ|�S§¨§�~¢��l�¨ÃS°;ªSµ

320 GeV
­1Öà¢K�¡���1Â
è�¹�éLêÏÈa�¡��¢¤À»�~�¡ ³ªÎ¥Kº»�Ý�àÜ7�~�l¢äÈSÉSÉ>J¿�3¢�¥qÈ3ÉNÉY^|�©���

e±
º»�l�SÄÐ§Ü)�l�¨�\½oªN¢�ÃN Ó�©��¥� o¢·�S½o½o°QÀ¯ªN½¾�3�¡ ³Ë~�l¥a��ÀD�©ª

45%
­

ùú���l¢ß�~½³�l�Ý�©�¨ªN¢�§s�3�¡�\µc�~¥ó ³¢��¡ª1�©�¤�QÂ
è�¹Léf�¡ o¢�Ã1�¡���~°ã�S�¨�F��¢�À¯ªN½³�S�¡ oËl�l¥ð­¸Â�ªõÜ7�ÝìN�l�~í²¥����F�¡ª�¡���iÛ�°�³Y°<«q°<¹ut�ã	ª�®Zµd°<¹sª]v-ª�¬�­é§ æ�J<¨L�¡���~°äÃN�¡�S¥��·�3½³½o°�º»�~�lªNÄÐ�a�©�¡�S¢�§¨ìS�l�¨§¡�l½Ó°÷À»ªN½³�S�¡ oËl�~¥¬­÷ùú�¤�l¢�~½³�l�Ý�©�¨ªN¢�§�Ä1ªõìS�] ³¢Ð�Hº»�~¢O��ªS�¡º� Ó���S�¡ªS��¢�¥R�©���]§Ï�©ªN�¡�SÃN�]�¡ o¢�Ãs�©�¤�~°Q�~Ä1 Ó��§¨°Î¢��y���¨ªS�©�¨ªN¢|�¡�S¥� ³�3�© oªN¢¬­Öà¢;����ªSÄ1ªNÃS�l¢��~ªN��§sÄ1�SÃN¢��Ý�© o�\â·�~½³¥ß§¡�¤�y�î�3§
�©�·���H��§¡�~¥ß�©ªaÃN�� o¥��\�¡���Q�l½o�l�Ý�©�¡ªS¢�§H�S�¨ªN��¢�¥ó�¡���Â¸è�¹Léf�¨ ³¢�Ã¤í¯�¡���F�~½³�l�Ý�©�¨ªN¢ó§¡À¤ ³¢�§�ÜL ³½³½ôº¯�>�S½o ³ÃN¢¤�l¥¿�S½³ªN¢¤Ã1�©�¤�\â·�~½³¥ó½o ³¢��~§l­�ÖC�s�·�S§¸º»�~�l¢ãµcªS��¢�¥º�°_Í�ªSÇSªN½oª ì��S¢�¥ Ú �l�¡¢¤ª ì|�©�·�3���>§¨Ä|�3½³½»µc�¡�S�~�¡ ³ªN¢aª3µë�~Ä1 Ó�¡�¡�l¥a§¨°Î¢��y�¤�¡ªS�¡�¡ªN¢¿�©�S¥� ³�3�© oªN¢|À¤��ªS�©ªS¢�§ÜL o½³½¯�Û�S��§¨�H�©���H�~½³�l�Ý�©�¨ªN¢a§¡À� o¢��©ª.r· oÀaº»�Ý�àÜ7�~�l¢ ¾ ��Àd¾·�S¢�¥g¾ ¥�ªõÜL¢�¾Ó­�ÖC�L���S§7µc���Ï�©���~�]º»�~�l¢D§¡��ªõÜL¢�¡�·�3���©�¤�]À��¡ªNº��Sº� ³½o o�¡ ³�l§ôµcªN���¤À�êC�¡ª3êà¥�ªõÜL¢Ð�S¢�¥R¥�ªõÜL¢�ê �©ª3êC��À>�©�¡�S¢�§¨ o�© oªN¢�§��3�¡�]¢�ªS�� ³¥��~¢O�¡ ³�l�S½ íS�¡�O��§�¨�l§¡�¤½o�© o¢�Ãã o¢á�ãº��¤ ³½³¥Îêà��ÀîªSµU�©�¡�S¢�§ÏìN�l�¨§¡�DÀ¯ªN½¾�S�¨ ³Ël�3�© oªN¢ßªSµ]�©�¤���l½o�l�~�¡�¡ªN¢¤§>�l o�¡�l½o ³¢�ÃD�©�¤��Â
è�¹Lé�¨ ³¢�Ã�­�ÆsìS�l�7�¡ ³ÄÐ�¸�~½³�~�~�©�¨ªN¢�§ » À¯ªN§¡ Ó�©�¡ªS¢�§�¼�ÜL ³½³½Bº¯�l�~ªNÄ1�
�S¢��©  êàÀ·�S�¡�S½³½o�l½ » À·�S�¡�S½³½o�l½Ø¼��S½o ³ÃN¢¤�l¥R�©ªF�¡����^ç��¡�l�¨¢·�S½�Ä1�SÃN¢��Ý�© o�6â·�~½³¥¬­ Ú ���>�© oÄ1�6¥��~À»�~¢�¥��l¢¤�l�QªSµ��¡���>�l½o�l�Ý�©�¡ªS¢óÀ»ªS½¾�S�¨ ³ËÛ���© ³ªS¢_ o§
ÃN ÓìN�~¢ßºO°
P(t) = P w9x-y (1−et/τ )

íNÜL o�¡� P w9x-y ¥��~¢�ªS�¡ ³¢�ÃH�©�¤�]Ä|��ç� oÄ>��Äø�3�¡�©�S ³¢��Sº�½³�)À»ªS½¾�S�¨ ³ËÛ���© ³ªS¢¬í�ÜL�¤ ³�y� o¢>�
À�½³�S¢·�S�ô§Ï�©ªN�¡�SÃN�7�¨ ³¢�Ã
�S¢�¥\¢��lÃN½o�l�Ý�© ³¢¤Ã
¥��~À»ªN½³�S�¡ oËÛ�3�¡ ³ªN¢{�Ýöð�~�~�©§5 ³§ ≈ 92.4%
­5éU��Â
è�¹LéFí �©����¡ ³ÄÐ�\�~ªN¢�§¨�©�S¢��

τ = 40 min
íð�¡�1r·�l�Ý�© o¢�Ã��©���F§¡Ä1�S½³½MÀ��¡ªSº·�Sº� o½³ o�à°�ªSµ�§¡À� o¢cr· ³À¤§s ³¢ó§Ï°Î¢��y���¡ª3�©�¡ªS¢�¡�S¥� ¾���© ³ªS¢�À��¡ªÎ�l�~§¡§¨�l§¸ÜL�¤ ³�y�¿�SÀ�À¯�Û�S�]�ÝìN�l�Ï°

10 ns
­

ÒBªS�ë�©�¤�U§¨�¡��¥¤°>ª3µ»À¯ªN½³�S�¡ oËÛ�3�¡ ³ªN¢{�~ö»�l�Ý�©§� ³¢F�l½³�~�~�¡�¡ªõÜ7�l�SÇF o¢��©�l�¡�S�~�¡ ³ªN¢¤§líNªN¢¤½o°6½³ªN¢¤ÃN o�¡��¥� ³¢��S½�À»ª�ê½³�S�¡ oËÛ�3�¡ ³ªN¢> o§��¡�l½o�~ì3�S¢��Û­ëùú���l¢� Ó���·�S¥1º»�~�l¢|�~¢�§¡�¤�¡�l¥|¥����¡ o¢�Ã{�©���Lâ·�¡§Ï�)Â
è�¹�éû�¡�¤¢�À»�~�¡ oª�¥R�©�·�����§¨�y�3º�½³���©�¡�S¢�§¨ìS�l�¨§¡�UÀ¯ªN½¾�3�¡ ³Ël�3�© oªN¢H�lªS��½³¥\º»��ªNº¤�©�S ³¢��~¥¬í� o�MÜU�S§ë¥��l�~ ³¥��~¥\�¡ª
 ³¢¤§¨�y�3½³½�§¡À¤ ³¢F�¨ªS�y���©ªN�¨§�¡ª{�¡�©�S¢¤§¨µcªN�¨Äf�©�¡�S¢�§¨ìS�l�¨§¡��À»ªN½³�S�¡ oËÛ�3�¡ ³ªN¢\ ³¢��©ª6�H½³ªS¢�ÃN o�¡��¥� o¢·�S½ÎªN¢��UµcªN���¡����Â
è�¹�éLêÏÈs�¡�¤¢�À»�~�¡ oª�¥¬­Ú ���~§¡�s§¨À� ³¢1�¡ªS�©�3�©ªS�¡§��lªN¢¤§¡ ³§Ï�UªSµ¬�\§¨�låO���l¢¤�l�HªSµ² o¢��©�l�¨½³�l�õìS�l¥1��ªN�¡ oËlªN¢��©�S½B�S¢�¥|ìS�l�Ï�© ³�l�S½Bº»�~¢�¥� o¢�ÃÄ1�SÃN¢��Ý�©§~­ Ú ���Ý°ß�·�ÛìN�Ðº»�~�l¢; ³¢¤§¨�y�3½³½³�~¥ó ³¢óµc�¨ªN¢��{ªSµ��©���RÄ1�L�¨ªN�¸�Ýç�À»�~�¡ oÄ1�~¢O�¡§6Â\æR�S¢�¥ �¬èÕ�sÍ¯­é]¥�¥¤ o�© oªN¢·�S½²§¨À� ³¢¿�¡ªS�©�3�©ªS�¡§L�·�ÛìN�>º¯�l�~¢ó ³¢¤§¨�y�3½³½³�~¥Dº»�~�� ³¢�¥_�©���
ep
 o¢��©�l�¡�S�~�¡ ³ªN¢_À¯ªN ³¢��©§~íB§¡ ³¢¤�l�6 ³¢ªN�¨¥��l�s�¡ªDÄ|�S o¢��y�S o¢¿�©�¤�Qº»�l�SÄ�À¯ªN½¾�S�¨ ³Ël�3�© oªN¢_ìÎ ³�|�©���1Í�ªNÇ3ªN½³ªõì�ê Ú �l�¨¢�ªõìó�Ýöð�~�~�6 o�H o§s¢��~�l�l§¨§©�S�Ï°�¡ª¿�¨�l ³¢¤§¨�y�3½³½5�¡���Q�©�©�3¢�§¨ìS�l�¡§¨��À¯ªN½¾�S�¨ ³Ël�3�© oªN¢¬­ Ú �¤�1§¨À� ³¢K�¡ªS�©�3�©ªS�¡§{ ³¢ßµc�¡ªS¢O�6ªSµU�S¢�¥Kº»�~�� ³¢¤¥K�¡���Â¸è�¹¸Õãè�Í¿ o¢O�¡�l�¡�S�~�¡ ³ªN¢_À»ªS ³¢����·�ÛìN�>�3½³�¡�l�S¥¤°Dº¯�l�~¢ãÀ��¨�l§¡�~¢��H¥����¨ ³¢�ÃR�©���FÂ
è�¹Lé�êyæ6�¡�¤¢�À»�~�¡ oª�¥¬­é §¡�y���~Ä|�3�¡ ³���Û�S¢|º»�LµcªN��¢�¥| ³¢1â�ÃN���¡�6æN­OJ¤­�Öà¢�ªS�¡¥��~�)�©ª\Ä1�l�S§¡�¤�¡�L�©���¸º»�l�SÄ�À»ªN½³�S�¡ oËÛ�3�¡ ³ªN¢>�àÜ)ªÁ7ªNÄÐÀ¤�¡ªN¢1À¯ªN½³�S�¡ oÄ1�Ý�©�l�¨§5Ü)�l�¡����§¨�l¥¬«5�¡���L�©�©�3¢�§¨ìS�l�¡§¨� » ÚL´ ÆH±�¼��S¢�¥Ð½³ªN¢�ÃS o�©�¤¥� ³¢·�3½�À¯ªN½¾�3�¡ ³ÄÐ�~�¡�l�» ± ´ ÆH±�¼Ý­ Ú ���
�¡�©�S¢¤§¨ìN�~�¡§¨�sÀ»ªS½¾�S�¨ ³ËÛ���© ³ªS¢QÄ1�l�S§¡���¨�lÄÐ�l¢��UÄ1�SÇ3�l§7 Ó��¢��l�~�l§¡§¡�S�¨°1�©ª\�¡�l�~ªN�¡¥��\¥�ªN�Îêº�½o�{�S§¨°ÎÄÐÄ1�Ý�©�Ï°Ní¤§¨ ³¢��~�H�©���H�~�¡ªN§¨§�§¨�l�Ý�© ³ªS¢DµcªS�7�©�¡�S¢�§¨ìS�l�¨§¡�l½Ó°DÀ»ªS½¾�S�¨ ³Ël�~¥��l½o�l�Ý�©�¡ªS¢�§] ³¢_Á7ªNÄÐÀ¤�¡ªN¢§¨�Û�3�¨�©�l�¨ ³¢�Ã��S½³§¨ª�¥��lÀ¯�l¢¤¥�§HªN¢ã�¡���Q�SË~ ³Ä>�¤�¡�·�S½M�S¢�ÃS½³�S­
¦
���>�¡ª�§¡À·���© ¾�3½ë½o ³ÄÐ o�y���© ³ªS¢�§7�©�¤�Q± ´ ÆH±�~ªN��½³¥ã¢�ªS�¸Ä1�l�S§¡���¨�\�¡���>�¡�~�lªN o½ô�l½³�~�~�¡�¡ªN¢ó§¨À»�~�~�¡�¡��Ä�º��¤�
�·�S¥ã�¡ª���§¡�>�1Ä>��½Ó�©  êàÀ���ª3�©ªN¢_�l¢��~�¡ÃS°�S§Ï°ÎÄ1ÄÐ�~�¡�¨°N­ Ú �O��§~í�º»ªS�¡��À¯ªN½¾�3�¡ ³ÄÐ�~�¡�l�¨§{Ü)�l�¨�|½o ³ÄÐ o�©�~¥; ³¢î�¡���l o�\�l�SÀ·�S�~ o�¡ ³�l§6�S¢¤¥á�S�y�� o�~ìN�~¥ä�
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À��¡�~�l o§¡ ³ªS¢_ª3µ
∆P/P = 3.4%
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���ZS��l��?������4��?dkû�d���bS;?��Òhj�4k�k �¦�	S]�Ò
��dh
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Í� ³¢¤�l�L�©���Ý°RÀ�½¾�Û°R�S¢Ð ³ÄÐÀ¯ªN�¨�©�S¢����¡ªN½o�] ³¢R�©����§¡�l�S�¡�y�|µcªS��½³�lÀ��©ªÎåÎ���S�¡ÇO§�¥��l§¨�l�¡ oº»�~¥| o¢Ð�¡�� ³§��©�¤�l§¡ o§lí�©�� o§R§¡�l�Ý�© oªN¢@¥¤ ³§¡�~��§¡§¨�l§Ð�©���D�àÜ7ª�¦
ÖÏÍ÷À¤�¡ªÎ�l�l§¨§¡�~§lí]¢��~�¤�©�¡�S½��S¢�¥÷�y�·�S�¡ÃS�l¥��~���¡�¨�l¢��©§~í] ³¢äÄÐªN�¡�¥��~�©�S ³½9­ Ú �¤�1À¯ªN½¾�3�¡ ³Ël�3�© oªN¢ß¥��~À»�~¢�¥��l¢¤�l�|ª3µU�©���R�~�¡ªN§¨§F§¡�~�~�¡ ³ªN¢�§6 ³§{ªSµ7À·�S�Ï�© ³�~��½¾�3�H ³ÄÐÀ»ªN�Ï�y�S¢¤�l�µcªN�U�©�¤ ³§L�S¢·�3½o°Î§¡ o§l­

æLK
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á � á � 2 �Ñâ m � p·j � n �ó� j�jlm)r�p � j~i �¤� ! m � p�&oisr
Öà¢á�l�S§¡�aªSµL�¤¢�À»ªS½¾�S�¨ ³Ël�~¥�À·�3�¨�© o�l½o�l§\�¡����¢��~�¤�©�¡�S½7�~���¡�¨�l¢��R�l�¨ªN§¡§F§¡�l�Ý�© oªN¢qµcªN�\�¡�����~½³�l�Ý�©�¨ª Ü)�Û�3ÇÀ��¨ª��~�l§¨§¡�l§ »  o¢��l½o��¥� ³¢¤Ã

Z
�^ç��y�·�S¢�ÃN��¼

e±p → e±X
 ³§LÃN ÓìN�l¢Dº�°

d2σ±ã�ä
dxdQ2

=
2πα2

x

(

1

Q2

)2

φ±ã�ä (x, Q2)
» È�­�_>¼

ÜL Ó�©�
α = e/4π

¥��l¢¤ªS�© o¢�Ã��©���Q�~½³�~�~�©�¨ªNÄ1�SÃN¢��Ý�© ³�F�lªN��À¤½³ ³¢¤Ã��lªN¢¤§¨�y�3¢O�l­ Ú �� o§H�låO�·�3�¡ ³ªN¢;§¡�¤ª ÜL§�¡���
Q−4

¥��~À»�~¢�¥��l¢¤�l�¸�à°ÎÀ� o�Û�S½�µcªN�5�©�¤���~½¾�S§Ï�© o� » ¹L�¤�©�¤�l�¨µcªS�¡¥]¼5§¨�Û�3�¨�©�l�¨ ³¢�ÃHª3µðÀ¯ªN ³¢��Ïêà½³ oÇS�)�y�·�S�¡ÃS�l¥À·�3�¨�© o�l½o�l§l­ Ú ���6 ³¢¤µcªN�¨Ä|���© ³ªS¢D�Sº»ªS�¤�L�©���6 ³¢��©�~�¡¢·�3½²§¨�©�¨���~�¡���¡�\ªSµ5�¡���6À��¡ªS�¡ªN¢¿�S¢�¥¿�¡���{µc�l�¡ÄÐ ³ªS¢º¯ªN§¡ªS¢¿�~ªN��À�½o ³¢�ÃN§U�S�¡�{À��¨ª ìÎ o¥��l¥_º�°��©���{§¨ª3êà�l�S½³½o�l¥g® ªlÔ�´]¬�ªlÔ~µdª�´I­¯®l²�«o¬�´I®Z® ª�µ�­w¬�® °�º�º-º�ª�¬�­¯¶{°<µ
φ±ã�ä = Y+F̃±

2 ∓ Y−xF̃±
3 − y2F̃±

L

» È�­=^�¼
Ú ���ÝÍ�ª�«¦¶{¬�¶Ø­�Ï�ÓÂ²I¬�­�°<®

Y± = 1± (1− y)2
�¨�lÀ��¨�l§¡�~¢��©§U�©�¤�s���l½o ³�~ o�à°R¥��~À»�~¢�¥��l¢¤�l�HªSµô�~½³�l�Ý�©�¨ª Ü)�Û�3Ç o¢O�¡�l�¡�S�~�¡ ³ªN¢�§~­

Ú ���Q½³ªN¢¤ÃN o�¡��¥� ³¢��S½²§¨�¡�¡���Ý�©���¨�Rµc�¤¢��~�¡ ³ªN¢
F̃L

¥��~§¡�l�¨ ³º¯�l§s�¡���R�Sº�§¨ªN�¡À¤�¡ ³ªN¢ãªSµ)��½³ªN¢�ÃS o�©�¤¥� ³¢·�3½³½o°À¯ªN½¾�3�¡ ³Ë~�l¥�ìS�l�~�¡ªN��º»ªN§¨ªN¢¬­�ÖC�� ³§]¢¤�lÃN½o ³ÃN oº�½³�LµcªN�]½³ªõÜ
y
�S¢¤¥¿�� oÃN�

x
�3¢�¥

Q2
­

Ú ���LÃN�l¢��~�©�S½o ³Ë~�l¥R§¨�¡�¡���Ý�©���¨�Lµc�¤¢��~�¡ ³ªN¢�§
F̃±

2

�S¢�¥
xF̃±

3

¢�ª3��ªN¢�½o°F�lªN¢��©�S ³¢R ³¢�µcªN�¡Ä1�3�© oªN¢>�3º»ªN����¡���1À��S�¨�¡ªN¢î§Ï�©�¨���~�¡���¡�1ªSµ7�¡���1À¤�¡ªS�¡ªN¢¬íMº��¤�6�©���Ý°K�S½³§¨ªã�S�~�lªNÄÐÄÐª�¥·���©�>µcªN�H�©�¤�Ðµ.�S�Ý�{�©�·�3�{�¡���¢��~�¤�©�¡�S½B�l���¨�¡�~¢O�)À��¨ª��~�l§¡§��Û�3¢1º¯�¸ÄÐ�l¥¤ ¾�3�¡�l¥Rº�°Q�àÜ7ª\¥� oö»�l�¨�l¢���Ã��S��ÃN�Lº¯ªN§¡ªS¢�§l­ Ú �¤���¡ªS�y�S½·�~�¡ªN§¨§§¨�l�~�¡ ³ªN¢|¥��lÀ¯�l¢�¥¤§UªN¢|�¡���
§¨åÎ���S�¡�~¥_§¨��Ä�ªSµ²�©�¤�s�SÄÐÀ�½³ Ó�©��¥¤�l§�ªSµ²�©�¤�
À���ª3�©ªN¢a�3¢�¥
Z0
�^ç��y�·�S¢�ÃN�3­

F̃±
2 = F2 − (ve ± Peae)κZF γZ

2 + (v2
e + a2

e ± Peveae)κ
2
ZF Z

2

» È�­�M>¼
xF̃±

3 = −(ae ± Peve)κZxF γZ
3 + (2veae ± Pe(v

2
e + a2

e))κ
2
ZxF Z

3

» È�­ Å>¼
ÜL Ó�©�R�©���

Z
À��¨ªNÀ·�SÃN�3�©ªN��À¤�¡ªõìÎ ³¥��~¥|º�°

κZ = 1
4 sin2 θW cos2 θW

Q2

Q2+M2
Z

í��S¢�¥
ve

»
ae

¼�¥��l¢�ª3�© ³¢¤Ã6�¡���
�~½³�l�Ý�©�¨ªN¢�§ » ��ç� ¾�3½Óêå¼àìN�~�~�©ªS�U�lªN�¤À�½³ o¢�ÃQ�©ªQ�©���

Z
º»ªN§¨ªN¢¬­ Ú ���6§¨�©�¨���~�¡���¡�{µc��¢��Ý�© oªN¢�§

F2

í
F Z

2

íB�S¢�¥
F γZ

2

�lªN¢��©�S ³¢R�©���� ³¢�µcªN�¡Ä1�3�© oªN¢>ªN¢R�©�¤�¸À·�3�¨�©ªS¢1�~ªN¢��©�l¢��7ªSµð�¡���¸À¤�¡ªS�¡ªN¢|�3¢�¥1¥¤�l§¡�~�¡ oº»�L�©����À����¨�À��¤ªS�©ªN¢F�Ýç��y�·�S¢�ÃS�SíN�©�¤�7À����¨�
Z
�^ç��y�·�S¢�ÃN�3íÎ�S¢�¥\�¡���U o¢O�¡�l�Ïµc�l�¡�~¢��l�7º»�Ý�àÜ7�~�l¢Qº¯ªS�©�¬íS�¡�l§¨À»�~�~�¡ oìN�~½o°S­Ò·ªN�L�Q½¾�3�¡ÃN�sÀ��S�¨��ªSµM�©���{ÇO ³¢¤�lÄ1�3�© o�s¥�ªNÄ1�S ³¢|�lªõìN�~�¡�l¥ãºO°aÂ
è�¹�é\í·¢��l���©�©�3½²�l���¨�¡�l¢��¸À��¡ªÎ�l�~§¡§¨�l§�S�¨�>ÄÐ�l¥� ³�3�©�~¥óÀ��¡�~¥�ªNÄÐ ³¢·�3¢O�¡½o°a�¡���¡ªN�¤ÃN�;�|À���ª3�©ªN¢¬­\Æs¢�½Ó°ã���

Q2 ' M2
Z ≈ 8000 GeV2 ¥�ª��~§�¡���

Z
�Ýç��y�·�S¢¤ÃN�Dº»�~�lªNÄÐ�|�©�¤�a¥�ªNÄÐ ³¢·�3�¡ ³¢�Ã_�lªS¢O�¡�¡ oº��¤�© oªN¢q�©ª¿�©���a�~�¡ªN§¨§Q§¡�l�Ý�© oªN¢¬­îÂ¸ªõÜ7�ÝìN�~�líº¯ªS�©�

Z
�Ýç��y�·�S¢�ÃS�s�S¢�¥Ð ³¢��¡�l�¨µc�~�¡�~¢��l�L�©�~�¡ÄÐ§����õìS�
¢�ª3�© ³�~�Û�Sº¤½³�]�~ö»�l�Ý�©§)�S½³�¨�Û�S¥�°R�3�� ³¢��©�~�¡ÄÐ�l¥� ³�3�©�

Q2
­
Ê  ¾�Q�©�¤�\ÃN�~¢��l�¡�S½³ oËl�~¥¿§Ï�©�¡�¤�~�©�¤�¡�\µc�¤¢��~�¡ ³ªN¢�§� ³¢_�låO�·���© ³ªS¢�§HÈ�­OMÐ�S¢�¥ßÈÎ­ ÅR�©���6¢��l���©�©�3½M�~���¡�¨�l¢���~�¡ªN§¨§¸§¨�l�~�¡ ³ªN¢D¥��~À»�~¢�¥�§�ªN¢D�©���{½³ªS¢�ÃN o�¡��¥� o¢·�S½¯½³�lÀ��©ªN¢DÀ¯ªN½¾�S�¨ ³Ël�3�© oªN¢¬«

Pe =
N+ − N−

N+ + N−

» ÈÎ­oæõÉ>¼
ÜL���~�¡�

N+

�S¢�¥
N−

�S�¡�]�¡���L¢Î�¤Ä>º»�~��ªSµ¬�¨ ³ÃN�����S¢�¥Ð½³�Ýµ �¨êC�·�S¢�¥��~¥R�l½³�~�~�¡�¡ªN¢�§�ªN��À¯ªN§¡ Ó�©�¨ªN¢�§� ³¢Q�¡���º¯�Û�SÄ_­

æ�_



Á�Ç_ÁaÇÔÓX�LÊ���Å�À Õ�À/�[Ég�o¿]À/Å�Öa�cÉg��Ê�ÅlÅZ���	�Ò�oÅZ�L�l�h×]�ÂËL�¯Ì¯�L�b�
á � á � á � �ó��� jlk7mÃ� �ó� j�jlm)r�p � j~i �¤� ! m � p�&oisr
Ú ���{�y�·�S�¨ÃN�l¥¿�l���¨�¡�l¢����l�¨ªN§¡§�§¡�~�~�¡ ³ªN¢DµcªN�U�©�¤�6À¤�¡ªÎ�l�l§¨§¡�~§

e±p →(−)
ν X

 o§]ÃN oìS�l¢_º�°»«
d2σ±ä	ä
dxdQ2

= (1 ± Pe)
G2

F

2πx

(

M2
W

Q2 + M2
W

)2

φ±ä	ä (x, Q2)
» È�­ÓæNæL¼

Ú ���l�¨�F�3�¡�{§¡ªNÄÐ�HªNº�ìÎ ³ªN�¤§�¥¤ oö»�l�¡�~¢��l�~§��¡ªQ�©���{¢��~�¤�©�¡�S½²�l���¨�¡�~¢O�¸�l�¨ªN§¡§�§¡�~�~�¡ ³ªN¢ » �~åÎ���3�© oªN¢¿È�­�_>¼Ý«Ú ���Hâ·¢��{§¨�¡�¡���Ý�©���¨�{�lªN¢�§Ï�y�S¢��� ³§7�¡�lÀ¤½¾�S�~�l¥Dº�°��©���6Ò·�l�¨Ä1 »�lªN�¤À�½³ o¢�Ã>�lªS¢�§¨�©�S¢��
GF

­ Ú ���{À��¨ªNÀ�ê�SÃ��3�¡ªN�| o§�ÄÐª�¥� Óâ·�l¥@�©ªä�S�~�lªNÄÐÄ1ªÎ¥·�3�¡�¿µcªN�Ð�©���ßÄ1�S§¨§¡ oìS�óÃ��S�¤ÃN�óº¯ªN§¡ªN¢ð­ Ú �� o§aÀ��¡ªSÀ·�SÃ��3�¡ªN��S½³�¨�Û�S¥�°;§¡��ªõÜL§>�©���3�\µcªS�
Q2 � M2

W

�©���1�y�·�S�¨ÃN�l¥á�~���¡�¨�l¢��Q�l�¨ªN§¡§F§¡�l�Ý�© oªN¢q ³§6Ä>���y�á§¨Ä|�3½³½³�~��©�·�3¢Ð�¡���L¢��l�¤�¡�©�S½·�~���¡�¨�l¢��)�l�¡ªS§¡§�§¡�l�Ý�© oªN¢¬­�Ò5 o¢·�S½o½o°Ní��©���~�¡�� ³§��{½³ o¢��Û�S�5¥��lÀ¯�l¢�¥¤�l¢��~�
ªSµ¯�©�����l�¨ªN§¡§§¡�~�~�© oªN¢_ªN¢a�©���{½³�~À¤�©ªS¢_À¯ªN½³�S�¡ oËÛ�3�¡ ³ªN¢ Pe

­Ú ���@® ªlÔ�´�¬�ªlÔé¬�Í�²�®�ÎIªlÔé¬�´I®�® ª�µ�­�¬�® °�º�º-º�ª�¬�­¯¶{°<µó ³§U¥¤�~â·¢��~¥¿½o ³Ç3�H ³¢��©�¤�H¢��l�¤�¡�©�S½ð�l���¨�¡�l¢��¸�Û�S§¨�S«

φ±ä�ä =
1

2
(Y+W̃±

2 ∓ Y−xW̃±
3 − y2W̃±

L )
» È�­Óæ È>¼

á � á �>å'� � iÒ��* � j<& � isr�i " â � � rG� ��� � j~i �¤� ! m � p�&³i
r �
¦
���F�¡ª1�¡���\µ.�S�Ý�¸�¡�·�3�
�y�·�S�¡ÃS�l¥ó�~���¡�¨�l¢��©§H�3�¡�FªS¢�½o°DÀ¯ªN§¡§¨ ³º�½o�6ìÎ ³�Ð�©�¤�F�Ýç��y�·�3¢�ÃN�>ªSµ��1Ä1�S§¡§¨ oìN�º»ªS§¡ªN¢¬í¬�¡���l o�H�l�¨ªN§¡§{§¡�~�~�¡ ³ªN¢; ³§HÄF���y�;§¡Ä1�S½³½o�l�¸�¡�·�S¢ß�©�¤�Ð¢¤�l�¤�¡�©�S½��~���¡�¨�l¢��6�l�¨ªN§¡§{§¡�~�~�¡ ³ªN¢;ªõìN�~��DÜL o¥��R�©�S¢¤ÃN�RªSµ

Q2
­ Ú �¤ ³§6�Û�S¢Kº»�Ð§¡�~�l¢î ³¢;â·ÃN���¨�|ÈÎ­�JaÜL�� ³�y�î§¡��ªõÜL§\�_�~ªNÄÐÀ·�S�¡ o§¡ªN¢;ªSµ)�©���

Q2
¥¤�lÀ¯�l¢�¥��~¢��l�Qª3µ��©���6�©ªS�©�S½5×
Á �S¢�¥;Á]Á��l�¨ªN§¡§
§¡�l�Ý�© oªN¢�§sÄÐ�Û�S§¨���¡�~¥ß�3�sÂ\æN­
ÒB�¤�¨�©�¤�l�¡ÄÐªN�¨�Sí�©���~§¡�ó�¨�l§¨��½o�¡§|º¯�Û�S�¤�¡ oµc��½o½o°�¥��lÄÐªN¢�§Ï�©�©���©�ã�~½³�~�~�©�¨ªõÜ7�l�SÇ@�¤¢� oâ·�l�3�© oªN¢¬­úÒ·ªN�

Q2 / 2000 GeV2�©���F¢��l�¤�¡�©�S½M�l�¤�¡�¡�~¢��{�l�¡ªS§¡§s§¨�l�~�¡ ³ªN¢ã ³§
�~¢��© ³�¨�l½Ó°¿¥¤ªNÄ1 o¢·�3�¡�l¥ãº�°_�©���F�l½³�~�~�¡�¡ªNÄ1�SÃN¢��Ý�© o�\À��¤ªS�©ªN¢�Ýç��y�·�S¢¤ÃN�Síë�S¢�¥ß�©�¤�Q�l�¡ªS§¡§{§¡�~�~�© oªN¢; ³§H§¨�~ìN�~�©�S½�ªS�¡¥��~�¡§{ªSµ)Ä|�SÃS¢� o�¡��¥��F½³�S�¡ÃS�l�
�¡�·�S¢ß�©���QÀ¤���¡�~½o°Ü7�l�SÇ¿Á]ÁZ�l�¨ªN§¡§¸§¡�l�Ý�© oªN¢¬­LÂ¸ªõÜ)�~ìS�l�lí¯µcªN�
Q2 → M2

W,Z

�l½³�~�~�¡�¡ªNÄ1�SÃN¢��Ý�© o�\�3¢�¥¿Ü)�Û�SÇD�~ªN¢��©�¡ oº���ê�© oªN¢�§{º»�~�lªNÄÐ�RªSµ)§¡ ³ÄÐ ³½³�S�
§¨ ³Ë~�S­|ÖC�6 o§H¢�ªS�y�3º�½³�3íô�¡�·�3�{�©�¤�1�y�·�3�¡ÃN�~¥��l�¤�¡�¡�~¢��F�~�¡ªN§¨§\§¨�l�~�¡ ³ªN¢;µcªN��l½o�l�~�¡�¡ªN¢¤§� o§UÃN�~¢��l�¡�S½³½Ó°|½³�S�¡ÃN�~�7�©���S¢aµcªN�]À»ªS§¡ o�¡�¡ªN¢¤§l­�Öà¢D�Û�S§¨�{ªSµ
e−p

�¡�Û�3�~�© oªN¢�§U�¡���{�Ýç��y�·�S¢�ÃS�l¥
W
º¯ªN§¨ªN¢a�lªN�¤À�½³�~§7�©ªQåO�·�S�¨ÇO§UÜL o�©�aÀ¯ªN§¨ o�© ÓìN�¸�y�·�S�¡ÃS� » ��À�ê �à°ÎÀ»�såO�·�3�¡ÇO§�¼^í�ÜL�� ³�y�D�·�ÛìN�{�>½³�S�¡ÃS�l�¥��l¢¤§¡ o�à°D o¢a�©���6À��¡ª3�©ªN¢D�©�·�3¢_�¡���{¥�ªõÜL¢�êC�à°ÎÀ¯�\åO�·�S�¨ÇO§l­ Ú �� o§L�~ö»�l�~�¸ ³§]ªSº�§¡�~�¨ì3�Sº�½o�6µcªN�]¢¤�l�¤�¡�©�S½�l���¨�¡�~¢O�)À��¨ª��~�l§¡§¨�l§~í��S§�Ü)�l½o½ íN�©�¤ªN��ÃN�ÐªN¢�½Ó°Q�3��½¾�3�¡ÃN�7ì3�S½o���l§�ªSµ

Q2
íNµcªN��ÜL�� ³�y�Ð�©���L�~�¡ªN§¨§�§¨�l�Ý�© ³ªS¢ ³§]¥�ªSÄ1 o¢·�3�©�~¥aº�°aÜ7�l�SÇa ³¢��©�~�©�S�Ý�© oªN¢�§l­

5¥��kO?]�å�=æ�?����=���TVXS��	S����	S]�b�>S
Öà¢¿�¡���QÍÎ�©�S¢�¥·�3�¡¥ßÕ_ª�¥��~½ íBªN¢�½Ó°a½³�Ýµ �¨êC�·�S¢�¥��~¥¿µc�~�¡ÄÐ ³ªN¢�§L�3¢�¥ó�¡ oÃN���¨êC�·�S¢�¥��~¥ã�3¢O�¡ oµc�~�¡ÄÐ ³ªN¢�§]À��S�Ïê�y�SÇ3�> ³¢¿�©���>�y���S�¡ÃN�~¥ß�l���¨�¡�~¢O�sÀ��¡ªÎ�l�~§¡§¡�~§l­6Ò·ªN�s�1½³�lÀ��©ªN¢óº¯�Û�3Ä ÜL Ó�©�ó�¨ ³ÃN���ÏêL�S¢�¥ã½³�~µ �Ïêà�·�3¢�¥��l¥µc�l�¨Ä1 oªN¢�§lí²�¨�l§¨��½o�¡ ³¢�ÃD ³¢î�S¢î�ÛìN�l�¡�SÃN�ÐÀ»ªS½¾�S�¨ ³ËÛ���© ³ªS¢óªSµ Pe

» �Ýµ¶­|�låO�·���© ³ªS¢qÈ�­ÓæõÉY¼¸�¡���1ÍÎ�y�3¢�¥·�S�¨¥Õ¿ªÎ¥��l½�À��¡�~¥� ³�Ý�©§F�ã½³ o¢��Û�S�{À¯ªN½¾�3�¡ ³Ël�3�© oªN¢ß¥��~À»�~¢�¥��l¢¤�l�aªSµU�¡���|�y���S�¡ÃN�~¥á�l���¨�¡�~¢O�>�l�¡ªS§¡§F§¨�l�Ý�© ³ªS¢» �Ýµ¶­K�~åO�·�3�© oªN¢äÈ�­ÓæNæL¼^­ Ú �� ³§Fº»�~�·�Ûì� oªN�>�·�3§>º»�~�l¢ä�Ýç�À¯�l�¨ ³ÄÐ�l¢��y�S½o½o°ßìS�l�¡ Óâ·�l¥÷�3�QÂ\æNí�ÜL�� o�y�á ³§§¡��ªõÜL¢; ³¢¿â·ÃN���¨�ÐÈ�­ON¤­HÖC�H�Û�S¢;�3½³§¡ª|º»�>§¨�l�~¢Kµc�¨ªNÄ��©���QÀ�½oªS���©�·�3�
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) < 1.2 · 10−11

÷Zø ±
Γ(µ → 3e)/Γ(µ →

÷Zü�ü
) < 1.0 · 10−12 /10"032 À

È�J
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i = n = k = 1
Y	$f�C�%*Ùl0o6:�pL2

º¯ªS�©���y�·�S¢�¢��~½³§~­ Ú �¤ ³§> o§F�Ýç�À��¨�l§¨§¡�l¥÷º�°
βe = 1/2
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i = n = k = 1
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ªN��ÄÐªN�¡�o�¨�~�¡§) o¢1�~ªNÄ>º� o¢·�3�¡ ³ªN¢QÜL o�¡�ÄÐ ³§¨§¡ ³¢¤Ã6�¡�©�S¢�§ÏìN�~�¡§¡�{ÄÐªNÄÐ�l¢��©��Ä_íO�Û�S�¤§¡�l¥aº�°Ð�©���¸¢��l���©�¡ o¢�ª>�~§¡�Û�3À� ³¢�ÃF��¢�¥��Ý�©�l�Ý�©�~¥¬­ Ú �¤�l§¡�
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ŝ = sx
» È�­ÓæL^>¼

û = Q2 − s
» È�­oæ�MY¼

Öà¢D�¡���
s
êà�y�·�3¢�¢��l½¬�¡���H½³�~À¤�©ªÎåO�·�S�¨Ç|�Û�3¢_º¯�HÀ��¨ª�¥��¤�l�l¥¿�S§L�>�¨�Û�S½¬À��S�¨�¡ ³�l½o�
ÜL o�¡�D�QÄ|�S§¨§U�©�·����~åÎ���S½³§L�©���\�l�~¢O�¡�l�¶êàªSµ¾êCÄ|�S§¨§¸�~¢��l�¨ÃS°_ ³¢D�©���\�l½o�l�~�¡�¡ªN¢ÎêàåO�·�S�¨Ça ³¢��©�~�©�S�Ý�© ³ªS¢¬«

M =
√

ŝ
­LÑ)�l�Û�3��§¡��¡���óåO�·�S�¨Ç��Û�3¢ü�Û�S�¨�¨°��S¢�°@µc�¡�S�~�¡ ³ªN¢ñª3µH�©���óÀ¤�¡ªS�¡ªN¢üÄ1ªSÄ1�~¢O�¡��Ä »

0 < x ≤ 1
¼^í¸�3¢�¥ü¥����

È/N



Á�ÇëøIÇÔùo�ÄÁo�Ä��úbÊ>À/Åqí;� Ìq�
ep

È��	�Ä��Å À;ËL�¯Ì¯�L���

�©ªa�¡�S¥� ¾���© oìS�\À¤�¡ªÎ�l�l§¨§¡�~§{�¡�·�3�H�¨�l¥��¤�l�Q�©���F ³¢� Ó�© ¾�3½²�l½³�~�~�¡�¡ªN¢ß�~¢��l�¨ÃS°Ní
s
êà�y���S¢�¢��~½�À��¡ªÎ¥����Ý�© oªN¢ß�3�Â
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sep = 320 GeV
­ Ú ���L¥��~�Û�Û°ÜL ³¥¤�¡��§

ΓS,V
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ΓS =
λ2

16π2
MLQ

» È�­ÓæõÅY¼
ΓV =

λ2

24π2
MLQ

» È�­ ÈSÉY¼
Ú �� ³§��lªS�¡�¡�~§¡À¯ªN¢�¥�§¸�©ª

ΓS/MLQ = O(10−4)
µcªN�¸�1§¨�Û�S½³�S�L½³�lÀ��©ªÎåÎ���S�¡ÇB­]Öà¢ã�¡���\¢��S�¡�¨ª Ü ÜL o¥¤�©��SÀ�À��¨ªÛç¤ oÄ|���© ³ªS¢|�©���{�¨�l§¡ªS¢·�S¢��
À¤�¡ªÎ¥����~�¡ ³ªN¢a�~�¡ªN§¨§¸§¨�l�Ý�© ³ªS¢_ o§

σ ãBADC ∝ λ2q(x)
» È�­ È�æL¼
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y =
Q2

sepx
=

1

2
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1 + cos θ?
) » È�­ ÈNÈ>¼
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dσ

dy
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γ

∝ 1

y2

» È�­ È�JY¼
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�~ªN¢�§¡�~�¨ì3�3�¡ ³ªN¢¬í·º¯ªS�¡�_ª3µëÜL�� o�y�ã�3�¡�H�l½o�Û�S�¨½o°|¥� oö»�l�¨�l¢��Lµc�¡ªNÄ
(dσ/dy)γ
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dσ

dy

)

S

∝ 1
» È�­ È<N;¼

(

dσ

dy

)

V

∝
(

1 − y
)2 » ÈÎ­ È>K�¼
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µcªN�ë§¡�Û�3½¾�S�M½³�~À¤�©ªÎåO�·�S�¡ÇO§~­
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z
ê¶��ç� ³§~­ Ú �¤�6�¤�lÄÐ ³§¡À¤���l�¨�\ÃN ÓìN�~¢¿º�°�©���HÀ¯ªN§¨ o�© ÓìN�

z
ê¶��ç� ³§7 ³§]�Û�3½³½³�~¥UÓ�°<®Z±G²�®}Ôa¥¤ ³�¡�~�~�¡ ³ªN¢¬­�Ñ7�l�l�S��§¡�{ªSµô�¡���HÄ>���y�D�� oÃN���l�7Ä1ªNÄÐ�l¢��¡��ÄªSµM�©���{À��¨ªS�©ªN¢a�¡���{�l�l¢��¡�l�ÏêCªSµ¾êàÃS�©�ÛìÎ o�à°�ª3µë�¡���

ep
§¨°Î§¨�¡�lÄ Ä1ªõìS�l§L ³¢a�©�¤�sµcªN�¨Ü7�S�¡¥_¥� o�¡�l�Ý�© oªN¢¬í��3§¥�ªDÄ1ªS§¨�HÀ·�3�¨�© o�l½o�l§
ªS�¡ ³ÃS ³¢·�3�¡ ³¢�ÃRµc�¡ªSÄ

ep
�~ªN½³½o ³§¡ oªN¢�§~­ Ú �� ³§HÄ1�S¥��> Ó�H¢��~�l�l§¨§©�S�Ï°ß�©ªa�y��ªÎªN§¨�1�3¢�S§¨°ÎÄÐÄ1�Ý�©�¨ ³�F¥¤�~�©�~�~�¡ªN�s¥��~§¡ ³ÃS¢óÜL o�©�ó�¡���FµcªN�ÏÜU�3�¡¥ß�¡�~ÃN ³ªS¢ó�lªN¢��©�S ³¢� o¢�Ã�ÄÐªN�¡�\ ³¢�§Ï�©�¨��Ä1�~¢��y�3�¡ ³ªN¢�©�·�3¢_�¡���{º·�S�yÇ�ÜU�3�¡¥ã�¨�lÃN oªN¢¬­Ú ���]ÃS�l¢��~�©�S½·½³�õ°SªN�¤��ª3µ»�¡���]¥��~�¡�l�Ý�©ªN��µcªN½o½³ªõÜL§5�©�¤�]º·�S§¡ o�'¾ ªS¢� ³ªN¢Q§¨ÇO ³¢�¾N¥¤�l§¡ oÃN¢RªSµ¯�� ³ÃS�Q�l¢��~�¡ÃS°À���°Î§¡ ³�~§�À·�S�¨�¡ ³�~½³�7¥¤�~�©�~�~�¡ªN�¡§~­�Á7�l¢��©�~�¡�~¥��S�¨ªN��¢�¥>�¡���]º»�l�SÄÐÀ� ³À¯� æ �S�¨�U�©���7�¡�©�S�yÇO o¢�ÃH¥��~�¡�l�Ý�©ªN�¨§

È �S¢¤¥ J í��©���3��Ä1�l�S§¡���¨�6�¡���H�©�¡�L�¨�l�Ý�©ªN�¨ ³�l§¸�S¢�¥_ÄÐªNÄ1�~¢��y�QªSµë�y�·�S�¡ÃS�l¥ãÀ��S�¨�¡ ³�l½o�l§~­ Ú ���Ý°_�S�¡�
µcªN½³½oªõÜ7�~¥ßºO°ã�©���Q�~½³�l�Ý�©�¨ªNÄ|�3ÃN¢��~�¡ ³� N �S¢¤¥K���S¥��¡ªS¢� ³�>�l�S½³ªS�¡ ³ÄÐ�~�¡�l�¨§ K í¬ÜL���l�¨�Ð�S½³½MÀ·�S�Ï�© ³�~½³�~§lí�Ýç��l�~À¤��µcªN�MÄ>��ªS¢�§líS�S�¡��§¨�¡ªNÀ�À¯�l¥Q�S¢¤¥\�©�¤�l ³�M�l¢¤�l�¡ÃS ³�l§5�S�¡��ÄÐ�Û�S§¨���¡�~¥¬­ Ú ���)½¾�Û°NªS�¤�5 o§ë�~ªNÄÐÀ�½³�Ý�©�l¥º�°¿�¡���F§¨��À»�~�¡�~ªN¢�¥����Ý�© o¢�Ã��lªS ³½ _ ªSµ��¡���FÄ1�SÃN¢��Ý�Ûí¯�S¢�¥¿�©���\�¡�~�¡���¡¢ã ³�¡ªS¢¿°NªSÇS� æõÉ íBÜL�� o�y�ó ³§
 ³¢�§Ï�©�¨��Ä1�~¢��©�l¥¿�S§��QÄ>��ªN¢D¥��Ý�©�~�~�©ªS� Å ­Öà¢a�©�¤�sµcªN½³½oª ÜL o¢�Ã{�©���H�~ªNÄ1À¯ªN¢��~¢��©§]�l�~¢��©�©�3½¬�©ª>�©�¤ ³§]�S¢��S½o°Î§¡ o§]�S�¨�H ³¢��©�¨ª�¥��¤�l�l¥ð­�é��©��ªN�¨ªN��ÃN�¥��l§¨�l�¨ ³À¤�¡ ³ªN¢;ªSµ��©���ÐÂ6æÐ¥¤�~�©�~�~�¡ªN�{�Û�S¢Kº»�QµcªN�¤¢�¥; ³¢|§ È3Å/¨ íô�3¢�¥îªS¢;�¡���Rª�©Ð�l ³�S½5Ü)�lº�À·�3ÃN��§�JNÉL¨ íÜL�� ³�y�_ ³§UÜL�¤�l�¡�{�©�¤�6 oÄ|�3ÃN�l§U§¨��ªõÜL¢ã���~�¡�~ ³¢_�S�¡�H�©�SÇS�~¢¿µc�¡ªSÄ¿­

è«ª¡�«ª � 0Î4FÙ1J>,y:FE +I/
2M/HÙ¸2M8D0N-
Ú ���H�©�¡�S�yÇO ³¢�ÃR¥��Ý�©�l�Ý�©ªN�¨§
�3�¡�H��§¨�l¥¿�¡ªRÄ1�l�S§¡���¨�s�©���H�¡�©�L�¨�~�~�©ªS�¡ ³�~§]ªSµë�y�·�S�¡ÃS�l¥_À·�S�¨�¡ ³�~½³�l§] o¢��©���Ä|�3ÃN¢��~�¡ ³�6â·�l½o¥ßÀ��¡ªõìÎ ³¥��~¥;ºO°¿�©���Q§¨��À¯�l�¡�~ªN¢�¥��¤�~�© o¢�ÃD�lªN o½ ­ Ú �O��§líôÄÐªNÄÐ�l¢��y���3¢�¥ó�©���Q§¨ ³ÃN¢ßª3µ�y�·�S�¨ÃN�\�l�S¢ãº¯�6¥��~�¡�l�¡ÄÐ ³¢¤�l¥¬­ Ú �¤�6�¡�©�S�yÇO ³¢¤Ã|§¨°Î§Ï�©�lÄ  o§�¥¤ oìÎ ³¥��~¥ã o¢O�¡ªÐ�ÐµcªN�ÏÜU�S�¨¥¬íB�l�~¢O�¡�©�S½M�S¢¤¥
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ýûþ�ÿ���� �g�U�546���&ÿ ��<"�¾\1���1bî�%$#!�T��a�Dn !���� �>Ø;�0�PO(Fd�"F%!-��*S2�k��%�@!�T��a�j�9���aK
oò�%�Q� +&�������;<�!�T��ò'8�8NX�/��<+Z�/�%!
FÔ�%$ý!�T��@'8�-7Eb&���C�j�C�>+U��� �H�H<3Ðq� !�T��D'8�-7)o^Ø�2

º·�S�yÇ�Ü7�S�¡¥äÀ·�S�Ï�Û­¿Ò5 ³ÃS���¡� J¤­ È¿§¡��ªõÜL§Q�¿§¡�y���~Ä|�3�¡ ³�1ª ìS�l�Ïì� o�~Ü{­óÖC�F�lªN¢¤§¡ ³§Ï�©§>ª3µL§¡�~ìS�l�¡�S½7Ä>�¤½o�©  êÜL ³�¨�
À��¨ªNÀ»ªS�¨�© oªN¢·�S½·�y���SÄ>º¯�l�¡§U�S¢�¥�§¨ ³½³ o�lªN¢Ð¥��Ý�©�l�Ý�©ªN�¨§l­ Ú ���
Ä|�S o¢1�~ªNÄÐÀ»ªN¢¤�l¢��©§Uª3µ¬�©���
�l�l¢��¡�©�S½À·�S�Ï�Q�S�¨�|�©����Á7�l¢��©�¡�S½L®S�Ý�RÁ7�·�SÄFº»�~�¡§ » Á]®�Á
æD�S¢�¥÷Á]®�Á]È>¼^í��©����Á7�l¢��©�¡�S½UÖà¢�¢��~�Q�S¢�¥áÆH���©�l�´ �¡ªNÀ¯ªN�¨�¡ ³ªN¢��S½»�y���SÄ>º¯�l� » Á7Ö ´ �S¢�¥¿Á]Æ ´ ¼Ýí¤�¡���6Á7�l¢��¡�©�S½ôÆs�¤�¡�l� Ú �©�3�yÇS�l�y�¯ê¶Á7�·�SÄ>º¯�l� » Á]ÆX��¼Ýí�S¢�¥��¡���6Á7�l¢��©�¡�S½ôÍ� o½³ o�lªN¢ Ú �©�3�yÇS�l� » Á]Í Ú ¼Ý­ Ú �¤�sµcªN�¨Ü7�S�¡¥_�S¢¤¥aº·�S�yÇ�ÜU�3�¡¥_À·�S�¨�¡§]�S�¨�H�låO�� ³À¤À»�~¥ÜL o�¡�q�©���DÒ·ªN�ÏÜU�S�¨¥q�©�¡�S�yÇO ³¢�Ã;¦
�Ý�©�~�~�©ªS� » Ò Ú ¦'¼^íë�©�¤�DÒBªS�¨Ü7�S�¡¥÷Í� o½³ o�lªN¢ Ú �¡�S�yÇS�~� » Ò�Í Ú ¼ÝíM�©���ÑU�S�yÇ�Ü7�S�¡¥ ´ �¨ªNÀ¯ªN�¨�¡ ³ªN¢·�3½²Á7�·�SÄFº»�~� » Ñ ´ Á8¼ÝíB�S¢¤¥_�¡���6ÑU�S�yÇ�ÜU�3�¡¥ßÍÎ ³½³ o�lªN¢ Ú �¡�S�yÇS�~� » Ñ]Í Ú ¼Ý­
å'� á � 2 � � m)r�p·j � n � j ��� .Õ&9r�k ! � � pOm+�
Ú ���R�l�~¢O�¡�©�S½ë�©�©�3�yÇÎ o¢�ÃD¥��~�¡�l�Ý�©ªN� » Á Ú ¦-¼H�~ªN¢�§¨ ³§¨�¡§HªSµ�â�ìN�R�lªN��ç� ¾�S½ë�y�·�SÄ>º¯�l�¨§l­>éI§¨ ³¥��Ýì� o�~Ü  ³§§¡��ªõÜL¢K ³¢óâ·ÃS���¡�RJ¤­OJ¤­ Ú ���Q ³¢¤¢��l�¨Ä1ªN§Ï�H�lªSÄ1À¯ªN¢��~¢O�s ³§
�¡���ÐÁ]Í Ú ­²ÖC�{�lªS¢�§¡ o§¨�©§Hª3µ��àÜ)ªD�lª�� ç¤ ³�S½�~°Î½³ o¢�¥��¨ ³�Û�3½»§¨ ³½³ o�lªN¢|½¾�Û°N�~�¡§UÜL o�¡�ßæ È>�S¢�¥¿ÈSÉ>ÄÐªÎ¥���½³�~§U�S¢¤¥¿�>�¡�S¥� o��§UªSµ

5.75
�~Ä��S¢¤¥

9.75
�lÄ_í�¡�~§¡À¯�l�~�¡ oìS�l½o°S­@ÖC�Ð�·�3§1�3¢��S�Ý�© ÓìN�D½³�~¢�ÃS�©�äªSµ

35.6
�~Ä �S½³ªN¢¤Ãó�©���Dº¯�Û�SÄXÀ¤ ³À¯�Sí)�S¢�¥÷À��¡ªõìÎ ³¥��~§�©���
�� ³ÃN�¤�l§¨�7§¡À·���© ¾�3½»�¨�l§¡ªS½³�¤�¡ ³ªN¢�ª3µM�S½³½·�©�¡�S�yÇO ³¢�ÃF¥��~�¡�l�~�¡ªN�¡§UÜL Ó�©�

σrφ = 14 µm
ÜL�� ³½o�
�lªõìS�l�¡ o¢�Ã�S¢�ÃN½o�l§R ³¢á�¡���¿�¡�S¢�ÃN�DªSµ

30◦ < θ < 150◦
­ Ú ���_ªS�©���~�QµcªN���R�lªNÄÐÀ¯ªN¢��l¢��¡§1ªSµ¸�©���ãÁ7�l¢��¡�©�S½Ú �¡�S�yÇO ³¢�Ãó¦
�~�¡�l�~�¡ªN�>�3½³½��lªS¢�§¡ o§¨�>ª3µ]Ä>��½Ó�© Óê ÜL ³�¨�>À��¡ªSÀ»ªN�Ï�© oªN¢·�S½��y�·�3Ä>º»�~�¡§~­¿é¸½³½�ªSµU�¡���lÄ �·�ÛìS��S¢K�ÝçÎ�©�~¢�¥��l¥q�S¢�ÃN��½³�S�H�lªõìS�l�©�3ÃN�1ª3µ

15◦ < θ < 165◦
­|×��ÝçÎ�{�©ªD�©���|Á]Í Ú �¡���l�¨�R ³§H�©���|Á7Ö ´» ªN�\Á7Ö ´ È3Ça¼ÝíMÜL�� ³�y�î ³§6�D�¡�lÀ¤½¾�S�~�lÄÐ�l¢��Fª3µ7�©�¤�|Á7�~¢��©�©�3½)Öà¢�¢¤�l�U�¯êà�y�·�SÄFº»�~�\�3¢�¥îÀ��S�¨�¡§\ªSµ)�©���ªN½³¥îÁ7Ö ´ ­ Ú ���|Á7Ö ´ �·�S§\�D¥� ¾�SÄÐ�~�¡�l�{ªSµ ≈ 40

�lÄ �S¢¤¥î�~ªN¢�§¡ o§¨�¡§\ªSµ)â�ìN�1�©�S¥¤ ¾�S½�½³�Û°N�l�¨§l­a¦¸����©ªR o�¡§U�� oÃN���© oÄ1�s�¨�l§¨ªN½³�¤�¡ ³ªN¢|ªSµ ≈ 2 µs
í� Ó�L�S½³½oªõÜL§U�>µ.�S§¨�L¥¤�~�©�~�¡ÄÐ ³¢·���© ³ªS¢�ªSµô�©���

z
êàÀ¯ªN§¡ Ó�© ³ªS¢�ªSµ�©���R�ÝìN�l¢��\ìN�l�Ï�©�^çð­1Ò·ªN�s�©�¤ ³§H�¡�l�S§¡ªS¢� o�s ³§H§¡�¤ o�y�3º�½³�>µcªN�Hº��S�yÇOÃN�¡ªN�¤¢�¥��¨�Ä�¨�l�Ý�© oªN¢K�S¢�¥K��§¡�~¥îµcªN��©�¨ ³ÃNÃN�~�¡ o¢�Ã�­é¸�¡ªN��¢¤¥î�©�¤��Á7Ö ´ �¡���l�¨���S�¨�Ð�¡���Ð�àÜ)ªã�~�l¢��©�¡�S½�¥��¡ Óµ �{�y�·�SÄ>º¯�l�¨§ » Á]®�Á
æ|�S¢�¥qÁ]®�Á]È>¼Ý­ Ú ���
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Á]®�Á
æ_�lªN¢¤§¡ ³§Ï�©§QªSµÒJNÉó�~�l½³½o§>ÜL o�¡�÷È/N;§¡�l¢¤§¡�DÜL ³�¡�~§QÀ·�S�¡�S½³½o�l½��©ªß�©���aº¯�Û�3ÄX��ç� ³§~­ Ú ���¿Á]®�Á]È�~ªN¢�§¡ o§¨�¡§)ªSµ�_NÉ{�l�l½o½³§�ÜL o�¡�~JNÈ{§¨�l¢�§¨�¸ÜL ³�¨�l§~­ Ú �����¡ ³ÄÐ ³¢�ÃH�¨�l§¨ªN½³�¤�¡ ³ªN¢R o§�ìS�l�Ï°1�¤ ³ÃN� »
σt = 2 ns

¼^íÜL�� o�y�; ³§¸ÜL��°ó�¡���l§¨�Q�y�·�SÄ>º¯�l�¨§{�S�¡�F��§¡�~¥K�¡ª��¡�~Ä1ªõìN�Q�ÝìN�~¢O�¡§6�¡�·�3�
¥�ªD¢�ªS�H�3À�À»�l�S�H�3�sº���¢��y��~�¡ªN§¨§¡ ³¢¤Ãã�© oÄ1� » §¨�l��§¨�l�Ý�© ³ªS¢%K�­ÓæL¼Ý­ Ú ���l§¨���y�·�SÄFº»�~�¡§>ªSö»�l�F�_ìS�l�¨°�ÃNªÎª�¥K�©�S¥¤ ¾�S½�§¡À��S�l ³�S½��¡�l§¶êªN½o�¤�© oªN¢KªSµ
σrφ = 170 µm

­;ÍÎ ³¢��~�1�©�¤�DÁ]®�Á7§c¾MÜL ³�¡�~§Q�S�¨�|À·�S�¡�S½³½o�l½��¡ªã�©���|º»�l�SÄ���ç� ³§líë�©���~ ³�
z
êC�¡�~§¡ªN½o�¤�© oªN¢| o§�ìS�l�¨°1½³ oÄ1 Ó�©�~¥ »

σz = 22 mm
¼Ýí��S¢�¥| o§7�¨�Û�S½o ³Ël�~¥Ð�¡���¡ªS��ÃN���y�·�3�¡ÃN�¸¥� oìÎ ³§¨ ³ªN¢ð­ Ú ���Á]®�Á7§¸�S½³½oªõÜZ�>�¡�©�S¢�§ÏìN�~�¡§¡�\Ä1ªSÄ1�~¢O�¡��ÄÞÄÐ�Û�3§¡���¨�lÄÐ�l¢��LÜL o�©�_�Q�¡�~§¡ªN½o�¤�© oªN¢aªSµ

σ(PT )

PT
= 0.01 · PT

£N�H� Ê » J¤­oæ�¼
Öà¢�ªS�¡¥��~���¡ªF�lªSÄ1À¯�l¢�§¡�3�©�LµcªN���©�¤�
½³ªõÜ

z
êà�¡�~§¡ªN½o�¤�© oªN¢ÐªSµð�¡���HÁ]®�Á7§~í��©�¤�HÁ]ÆX�¿ ³§�À�½³�S�l�~¥|�~ª���ç� ¾�S½º¯�~�àÜ)�l�~¢|º¯ªS�©�1Á]®�Á7§l­ Ú �¤�
Á]ÆX�o¾ §�§¡�l¢¤§¡�LÜL ³�¡�~§��S�¡�]À¯�l�¨À»�~¢�¥� o�l��½³�S�5�©ªH�¡���]º»�l�SÄI��ç� o§��S�y�� ³�Ýì�ê o¢�ÃR�

z
êà�¨�l§¨ªN½³�¤�¡ ³ªN¢|ªSµ

σz = 350 µm
­�Ò5 o¢·�S½³½Ó°NíO¢��~ ³ÃN�Oº¯ªN�¡ o¢�Ã\�¡���6Á]ÆX�5í¤�©���6Á]Æ ´  ³§U§¨ o�©���3�©�~¥¬­±² ³Ç3�s o�¡§)�¡���H�lªN�¤¢O�¡�l�¨À·�S�¨�lí¤�©�¤�{Á7Ö ´ í� Ó�7ª3öð�~�¡§L�\µ.�S§Ï�]¥��Ý�©�l�¨Ä1 o¢·�3�¡ ³ªN¢1ªSµ²�©���

z
êàÀ¯ªN§¡ Ó�© ³ªS¢|ªSµ²�¡����ÝìN�l¢���ìN�~�¨�©�^çã�S¢�¥D ³§]��§¨�l¥_�©ªQ�©�¨ ³ÃNÃN�~�L�SÃ��S o¢�§¨�Uº·�S�yÇOÃN�¡ªS��¢�¥ã�ÝìN�~¢O�¡§l­

JNÉ
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å'� á � á � $�iUj"Q � jc� � j ��� .G&9r�kSRKmMpOm � pOiUj
Ú ���>Ò·ªN�ÏÜU�3�¡¥ Ú �©�3�yÇÎ o¢�Ã�¦¸�~�©�~�~�¡ªN� » Ò Ú ¦'¼��~ªõìN�l�¨§¸�¡���>�S¢¤ÃN��½¾�3���¨�lÃN oªN¢_ªSµ

5◦ < θ < 20◦
�S¢¤¥�lªN¢¤§¡ ³§Ï�©§�ªSµ¬§¨�~ìS�l�©�3½»¥��¨ oµ ���y�·�3Ä>º»�~�¡§~­ Ú ���l§¨�s�S�¨�¸ÃN�¨ªN��À¯�l¥Ð ³¢R�©���¨�l�XÛ]´LÑ�ª�®ZÐ~°cÔ�´I«qª�ºÝí��Û�S�y�1º��� o½o���ÀKªSµ)�¡���¡�~�RÀ�½¾�S¢��S��T!�S¢¤¥îªN¢¤�ÐªS�s�àÜ7ªVUI�y�·�SÄ>º¯�l�¨§l­ Ú ����T��y�·�SÄ>º¯�l�¨§{�·�ÛìN�RµcªN���H½¾�Û°S�l�¡§ªSµ�ÜL ³�¨�l§¸�Û�S�y�¬í¬�S¢�¥ß�S�¨�\�¡ ³½o�¡�l¥¿�SÃ��S o¢�§¨���©�¤�

y
ê¶��ç� ³§��3�s�S¢�ÃN½o�l§¸ªSµ −60◦, 0◦

íð�S¢�¥
60◦
­ Ú ���WU�y�·�SÄ>º¯�l�¨§7�l�S�y���lªS¢�§¡ o§¨�Uª3µ¬�l oÃN���7½³�Û°N�l�¨§7ªSµðÜL ³�¡�3í¤�3¢�¥��S�¨�¸ªS�¡ ³�~¢��©�l¥|�3�7�S¢�ÃN½o�l§�ªSµ

30◦
�S¢�¥

90◦
­é §¡�y���~Ä|�3�¡ ³�H o§]¥��lÀ� o�~�¡�l¥_ ³¢aâ·ÃN���¨�ÝJ¤­ON¤­
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è«ªqè«ª ßZ4aA.8D0B,yT /
2U0S[
Ú ���s±² oåÎ�¤ ³¥Ðé
�¡ÃSªN¢aÁU�S½oªN�¡ oÄ1�Ý�©�~� » ±²é
� ¼� o§��¡���
�~�l¢��©�¡�S½B�Û�S½oªN�¡ oÄ1�Ý�©�~��ªSµôÂ\æSíÎÜL�� o�y�|�~ª ìS�l�¨§7�©����l�~¢O�¡�©�S½¤�S¢�¥>µcªN�ÏÜU�3�¡¥QÀ·�S�Ï��ªSµ·�¡���U¥��Ý�©�~�~�©ªS�5ÜL o�¡�� ³¢Q�¸�©�S¢�ÃS�UªSµ¯�SÀ�À¤�¡ªÛç� ³Ä1�3�©�~½o°

4◦ < θ < 154◦
­Ú ���ãº��S�yÇ�ÜU�S�¨¥üÀ·�S�Ï�|ªSµ
�©���¿¥��~�¡�l�~�¡ªN�| o§1�~ªõìN�l�¨�l¥üº�°ä�©���iÛ>Ñ�²�Î<Í�ª�­�­¯¶YXÕ²�«q°<®Z¶ØÐ~ª�­Äª�®KÍÎÀ·��ÁU�S½»

153◦ < θ < 174◦
¼Ý­ Ú ���6ªS�¡���l���àÜ7ª|Â\æF�l�S½³ªS�¡ ³ÄÐ�~�¡�l�¨§L�S�¡�{�©��� ´ ½³��Ã »

0.7◦ < θ < 3.4◦
¼]�S¢¤¥�©��� Ú �S ³½²ÁU�3�©�y���~�lí·ÜL�� o�y�¿ o§]À·�S�¨�Lª3µë�¡���{ ³�¡ªS¢�°NªNÇ3��¾ §
Ä>��ªS¢_§Ï°Î§¨�©�~Ä¿­

å'�>å-� 2 � � &q, � &q�[Zäj~kUisr �|� noiUj<&{� mMpOm)j � Záj
é §¨�y���lÄ1�3�¡ ³�LªSµð�¡���¸±ô oåO�� ³¥Ðé
�¨ÃNªN¢|ÁU�S½³ªN�¨ ³ÄÐ�~�¡�l� » ±²é¸��¼��Û�S¢1º»��§¡�~�l¢� o¢Qâ·ÃN���¨�ÒJ¤­�K�­ Ú �¤�s±²é
� ³§�º��¤ ³½o�5��ÀÐªSµ¯�l ³ÃS�O��ÜL�¤�l�l½o§�ÜL o�©�Q�l�S�y�RÜL���l�~½¯�~ªN¢�§¨ ³§¨�¡ ³¢�ÃHª3µð�~ ³ÃN����ªÎ�~�©�S¢��©§l­ Ú �� ³§� ³§5¢��l�~�l§¡§¡�S�¨°�©ªÐÀ��¡ªõìÎ ³¥¤�6§¨À·�S�~�\µcªN�]§¨��À�À¯ªN�¨�¸§¨�¡�¡���Ý�©���¨�l§lí¯À¯ª Ü)�l��§¡�¤À�À�½o°_�3¢�¥ã�¨�Û�S¥�ªS�¤���Û�Sº�½o�l§~­ Ú ���\±²é
�L ³§¥� oìÎ o¥��l¥Q o¢O�¡ª{�S¢Q ³¢¤¢��l�~íNâ·¢��l��ÃS�©�S¢O��½³�3�©�~¥Q�l½³�~�~�¡�¡ªNÄ1�SÃN¢��Ý�© o�U�S¢�¥Ð�S¢QªS�¤�©�~���·�S¥��¨ªN¢� ³�7À·�S�¨�5ÜL o�©��S¢Kª ìS�l�¡�S½³½�ªSµ

45000
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§\�a�à°�À¤ ³�Û�3½�§©�SÄÐÀ�½³ o¢�Ãa�Û�3½³ªN�¨ ³ÄÐ�~�©�~�
�©�¤�|±²é
�{ o§6º¤�� ³½Ó���À�ªSµ²�S½o�¡�l�¡¢��3�© o¢�Ã\½³�Û°N�l�¨§7ªSµ¬½³ ³åO�� o¥|�3�¡ÃNªN¢1�3�U�6�©�~Ä1À¯�l�¡�3�©�¤�¡��ªSµ
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êIÇëøIÇ^J�Ì_OB�a`���bc`edæÕ�Ì�ÖY¿	�)×"Ã������
O
�Sº�§¨ªN�¡º¯�l��À¤½¾�3�¡�l§l­ Ú ���L�Sº�§¨ªN�¡º¯�l��Ä1�3�¡�l�¡ ³�S½O ³¢>�¡���]�l½o�l�~�¡�¡ªNÄ1�SÃN¢¤�~�© o�)À��S�¨�� o§�½³�l�S¥Q�S¢¤¥Ð§Ï�y�S o¢�½³�~§¡§§¨�¡�l�l½ô o¢��©���{�·�S¥¤�¡ªN¢� o�H§¡�~�~�© oªN¢¬­ùú���~¢>��À·�S�¨�¡ ³�~½³���l¢��¡�l�¡§M�©���)�Û�S½oªN�¡ oÄ1�Ý�©�~�¬ o�M ³¢��¡�l�©�3�~�©§ôÜL o�¡�\�¡���7�3º�§¡ªN�¨º»�~�ëÄ1�3�¡�l�¡ ³�S½NÀ��¨ª�¥¤���Ýê ³¢�Ã1§¡�~�lªN¢�¥��S�¨°ãÀ·�S�¨�¡ ³�~½³�l§~­ Ú �O��§lí¬��§¡��ªõÜ)�l�HªN�¸�Û�S§¨�Û�S¥��F ³§
§Ï�y�S�Ï�©�~¥ó�©�·�3�
�lªN¢��¡ ³¢O���l§H�¤¢O�¡ ³½ô�©��� ³¢��~ ³¥��~¢��¸�~¢��l�¨ÃS°_ ³§��Sº�§¨ªN�¡º¯�l¥ð­ Ú ���\�l¢��~�¡ÃS°D¥��~À»ªS§¡ o�¡�l¥¿ ³¢D�©���\�S�~�¡ oìS�6Ä1�3�¡�l�¡ ³�S½¬ o§�ÄÐ�Û�3§¡���¨�l¥¬­è�½³�l�Ý�©�¨ªN¢�§¸�S¢�¥ãÀ¤��ªS�©ªS¢�§
 o¢O�¡�l�¡�S�~�LÜL o�¡�¿�¡���F�3º�§¡ªN�¨º»�~�
Ä1�3�©�~�¡ ³�S½¬ÄÐªN§¨�¡½o°�ìÎ ¾�Rº��¨�lÄÐ§¡§¨�¡�©�S�¤½³��¢�Ã�S¢�¥äÀ·�S o�FÀ��¨ª�¥¤���~�¡ ³ªN¢¬í��¨�l§¨À»�~�~�© ÓìN�~½o°N­qÂ
�S¥��¨ªN¢�§Q§¨�Û�3�¨�©�l�Q o¢��l½³�S§¨�¡ ³�l�S½³½Ó°ßªN�Q�l½³�S§¨�¡ ³�l�S½³½Ó°;ªN¢q�©����Sº�§¨ªN�¡º¯�l�L¢O���l½o�l 9­Ú ���\±²é
�� ³§¸�S¢ã�^ç¤�SÄ1À¤½³�{ªSµ��Ð¢�ªN¢�êC�lªNÄÐÀ¯�l¢�§¡�3�© o¢�ÃR�Û�S½oªN�¡ oÄ1�Ý�©�l�~­ Ú �� o§¸ÄÐ�Û�3¢�§��¡�·�3�
�3�L�©���§©�SÄÐ�Ð ³¢�À����F�~¢��l�¨ÃS°;�©���1§¡ ³ÃS¢·�S½�ªSµ]§Ï�©�¡ªS¢�ÃN½o°; o¢��©�l�¡�S�~�¡ ³¢�Ã_À·�S�Ï�© o�l½³�~§{ ³§6§¡Ä1�S½³½o�l�s�©���S¢��©���3�Fª3µ�l½o�l�~�¡�¡ªNÄ1�SÃN¢¤�~�© o�Û�S½o½o°F ³¢��©�~�©�S�Ý�© ³¢¤Ã\ªN¢¤�l§l­ Ú �¤ ³§7¥¤ oö»�l�¡�~¢��l�
�·�S§)�¡ªFº¯�
�~ªN�¡�¨�l�~�¡�l¥�µcªN��¥����¨ ³¢�Ã6�©���¥·�3�©�R�¨�l�~ªN¢�§¨�¡�¡���Ý�© oªN¢¬­Ú ���Ð�S¥�ìS�3¢O�©�SÃN�~§\ªSµ��©�¤�|±²é
�{�3�¡�RÃNªÎª�¥;§¨�©�Sº� o½³ o�à°Sí²�Û�S§Ï°;�Û�S½o ³º��¡�3�© oªN¢¬í»��ªNÄÐªNÃN�l¢¤�l o�à°ãªSµU�¨�Ýê§¡À¯ªN¢�§¨�\�3¢�¥¿�¤ ³ÃN�aÃN�¡�S¢O��½¾�3�¡ o�à°S­ Ú ���{¥��¡�õÜLº��S�yÇa ³§U�¡���{�l½³�~�~�¡�¡ªN¢� o�s¢�ªN o§¡�HÀ� o�yÇO��À¬í·º¯�l�Û�3��§¡�{�©����¡�~�lªN�¨¥��l¥_§¡ oÃN¢·�S½o§U�S�¨�H¢�ªS�L�SÄÐÀ�½o oâ·�~¥|ÜL o�¡�� ³¢��¡���H�Û�S½oªN�¡ oÄ1�Ý�©�~�7�S¢¤¥_���õìS�H�©ªQº¯�HÃN�� ³¥¤�l¥aªN�¤�Lª3µ�©���{¥��Ý�©�~�~�©ªS��ªõìS�l��Ä|�S¢�°|Ä1�Ý�©�l�¨§LªSµ5�l�Sº�½o�S­Öà¢K�©�l§Ï�©º¯�Û�SÄ ÄÐ�Û�S§¨���¡�~Ä1�~¢��©§{ÜL o�©�î�l½o�l�~�¡�¡ªN¢¤§~§�J¤æÂ¨)�S¢¤¥�À� oªN¢�§ §OJ�È�¨)�3�QÁUè�¹�×��¡���Ð�l¢��~�¡ÃS°�¡�~§¡ªN½o�¤�© oªN¢a�·�S§Lº¯�l�l¢_¥��Ý�©�l�¨Ä1 o¢��l¥D�©ªRº¯�S«

σ(E)

E
=

11%
√

E/
�H� Ê ⊕ 1%

µcªN�]�l½o�l�~�¡�¡ªN¢¤§¸�3¢�¥DÀ���ªS�¡ªN¢�§ » J�­ È>¼
σ(E)

E
=

50%
√

E/
�H� Ê ⊕ 2%

µcªN�]�·�S¥��¨ªN¢�§ » J�­�JY¼

å'�>å-� á �)! * � k � mMp�p�& ��� n³iUj<&�� mëpOm)j
Ú ���ãÍ�À·�SÃN�¤�~�¡�¡ LÁU�S½oªN�¡ oÄ1�Ý�©�l� » Í�À·�NÁU�S½Ø¼F�~ª ìS�l�¨§Ð�¡���aìN�l�Ï°äº·�S�yÇ�Ü7�S�¡¥@À·�S�¨�ÐªSµ��©�¤�_¥¤�~�©�~�~�¡ªN�l­ÖC�6 ³§
ìS�l�¨°; oÄ1À¯ªN�Ï�y�S¢��sµcªN�{�3¢·�S½o°Î§¨�l§{ªSµ)À��¡ªÎ�l�~§¡§¡�~§\ o¢�ìNªN½Óì� o¢�ÃD�a½³ªõÜ Ä1ªNÄÐ�l¢��¡��Ä �¡�©�S¢�§Ïµc�l�

Q2ÜL�� ³�y�R½o�Û�S¥�§ë�©ª
�¡���]�l½o�l�~�¡�¡ªN¢Qº¯�l o¢�Ãs§¨�Û�3�¨�©�l�¨�l¥Ð��¢�¥��~���
§¡Ä1�S½o½¤�S¢¤ÃN½³�3­5éU���¡���UìN�~�¨°>�¤ ³ÃN�>ì3�S½o���l§ªSµ
Q2

��§¡�~¥á ³¢î�¡�� ³§F�S¢·�S½Ó°Î§¡ ³§6ªN¢�½Ó°K�~ìN�~¢��©§QÄÐ�Û�S§¨���¡�~¥á ³¢î�¡���a±²é
�F�S�¡�1�lªN¢¤§¡ ³¥¤�l�¡�~¥¬­óÖà¢q�¡�� ³§�S¢·�S½Ó°Î§¡ ³§{�©�¤�DÍ�À·��ÁU�3½) o§FªN¢�½Ó°;��§¡�~¥á�©ªã�~ªNÄÐÀ�½³�~Ä1�~¢O�6�©ª¿�©��� Ú  ³ÄÐ�Ýêàª3µ¾ê¶Ò5½o ³ÃN���H§Ï°�§Ï�©�~Ä �©ªã§¡�~�ìN�Ý�©ªH�lªS¢�¥� o�¡ ³ªN¢¤§l­ë±ô oÇS�7�¡���U±²é¸�líS�¡���LÍ�À·�NÁU�S½� o§��
¢¤ªN¢�êà�~ªNÄÐÀ»�~¢�§©�3�¡ ³¢�Ã¸�Û�S½oªN�¡ oÄ1�Ý�©�~�M�~ªN¢�§¨ ³§¨�¡ ³¢�ÃªSµ]�3¢î�~½³�l�Ý�©�¨ªNÄ|�3ÃN¢��~�¡ ³�R�S¢¤¥��·�S¥¤�¡ªN¢� o�RÀ·�S�¨�l­|Öà¢î�lªN¢��©�¡�S§¨�\ o�{¥¤ª��~§\¢�ª3�\�¤§¡�|½o ³åO�� o¥;�S�¡ÃNªS¢��S§�S�~�¡ oìS�6Ä1�3�¡�l�¡ ³�S½ íÎº��¤�L�¡���{À·�S�¨�¡ ³�~½³�l§L�3�¡�{¥��~�¡�l�Ý�©�l¥¿º�°D§¡�l o¢��© ³½o½¾�3�¡ ³ªN¢1 ³¢a�©�¤�6�~À»ªS¢O°ÎÄÐªN��§Lâ·º¯�l�¡§�©�¡�õìS�l�¨§¡ ³¢¤ÃÐ�¡���{�Û�S½oªN�¡ oÄ1�Ý�©�l�~­

è«ª�õ ª ��,yT /gf»8ÐþhfjiîA©,9E;Y62 ®ã[F-ë2M/1T
Ú ��� Ú  ³ÄÐ�ÝêCªSµ¾ê¶Ò5½o ³ÃN���7ÍÎ°Î§¨�¡�lÄ » Ú ª�Òû¼��lªN¢�§¨ ³§Ï�©§�ªSµë�¡���¡�~�Hµ.�S§¨�L§¨�l ³¢��¡ ³½³½³�3�© oªN¢|¥¤�~�©�~�~�¡ªN�¡§]�©���3���S�¡�À»ªS§¡ o�¡ ³ªN¢¤�l¥ß�l½oªN§¡�>�¡ªa�©���Rº¯�Û�SÄ À� ³À¯�>ÜL o�¡�� ³¢ßªN�H o¢ó�©���QìÎ ³�~ ³¢� Ó�à°ãª3µ��¡���RÄ|�3 ³¢ß¥��Ý�©�l�Ý�©ªN�~«s�©���º·�S�yÇ�Ü7�S�¡¥ Ú ªNÒ » Ñ Ú ª�Òû¼F�3�

z = −275 cm
í��¡����µcªN�ÏÜU�S�¨¥ Ú ªNÒ » Ò Ú ª�Ò7í

z = 540 cm
¼^í)�3¢�¥�©��� ´ ½o��Ã Ú ª�Ò » ´�Ú ª�Ò7í

z = 540 cm
¼^­ Ú �¤�~°ú�S�¨�ó�lªSÄ1À�½o�lÄÐ�l¢��©�~¥ñº�°��àÜ)ªáìN�~�¡ªáÜU�S½o½³§|�3�

J>J
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z = −810 cm
�S¢�¥

z = −650 cm
­;¦
���|�¡ªã�©���|�� ³ÃN�î�© ³ÄÐ�Ð�¡�l§¨ªN½³���© ³ªS¢�ªSµL�©�¤�l§¡�|¥��~�¡�l�~�¡ªN�¡§»

≈ 1 ns
¼Ýí)�¡���_§¨°Î§¨�¡�lÄ  ³§Q��§¨�l¥��¡ªî�¨�Ä�¨�~�~�Ð¢�ªN¢�ê

ep
º·�S�yÇOÃN�¡ªS��¢�¥��ÝìN�~¢O�¡§lí]�©���3�Ð ³§Q�~ìS�l¢��©§|¢�ªS�ªN�¨ ³ÃN o¢·�3�¡ ³¢�ÃLµc�¡ªNÄ �S¢

ep
 o¢��©�l�¡�S�~�¡ ³ªN¢ð­ Ú ��ªN§¨�]�~ìS�l¢��©§��S�¨�UµcªN�ë�¡���]Ä1ªS§¨��À·�3�¨��¢�ª3��§¨°Î¢��y���¨ªN¢� oËl�l¥�¡ªR�¡���{¢�ªNÄÐ ³¢·�3½¬Â
è�¹Lé º���¢��y�¿�l�¡ªS§¡§¡ o¢�ÃQ�© oÄ1�3­

èIª,kVª ö = T ,y:F8|-],c2B[ ®ã[\-ë2M/1T
Í� o¢��l�Q�¡���R½³��ÄÐ ³¢�ªS§¡ o�à°_ o§s�©���R½³ o¢�Ç_º»�Ý�àÜ7�~�l¢��¡���R�Ýç�À»�~�¡ oÄ1�~¢O�©�S½³½Ó°ãÄÐ�Û�3§¡���¨�l¥;�~ìS�l¢��>¢O��Ä>º¯�l�¨§�S¢¤¥q�©���1À���°�§¨ ³�l�S½³½Ó°î§¨ ³ÃN¢¤ oâ·�l�S¢��>�l�¨ªN§¡§F§¡�l�Ý�© oªN¢�§Q�ãÀ¤�¡�l�~ ³§¨��½³��ÄÐ ³¢¤ªN§¡ Ó�à°;Ä1�l�S§¡���¨�lÄÐ�l¢��> o§\�¡���Ç3�~°K�©ª¿�¿�lªS�¡�¡�~�~�F ³¢��©�~�¡À��¨�~�y���© ³ªS¢îªSµ)�©���1¥·�3�©�_ o¢��� oÃN�î�~¢��l�¨ÃS°KÀ���°Î§¡ ³�~§>�Ýç�À¯�l�¨ ³ÄÐ�l¢��©§~­DÂ\æ>¾ §½o��Ä1 o¢�ªN§¨ o�à°@§¨°Î§¨�¡�lÄ Ä|�SÇ3�l§_��§¡�;�©�¤��Ñ7�Ý�©���^ê¶Â��l o�¡½³�~�_º¤�¡�lÄÐ§¡§Ï�©�¡�S��½³�¤¢�Ã@À¤�¡ªÎ�l�l§¨§

ep → epγ
­Ú �� o§L ³§L�>Ü7�~½³½¬ÇO¢�ªõÜL¢¿À��¡ªÎ�l�~§¡§LÜL o�©�_�Q½¾�3�¡ÃN�
�¡ªS�y�3½¬�l�¨ªN§¡§�§¡�~�~�© oªN¢

σ l]m �©�·���L�Û�S¢_º»�HÀ¤�¡�l�~ ³§¨�l½o°�l�S½³�~��½¾�3�¡�l¥úÜL o�¡�� ³¢úåO�·�S¢��©�¤Ä �l½³�~�~�¡�¡ªÎ¥¤°Î¢·�SÄÐ ³�l§ » �©ª@�÷½o�~ìN�~½{ªSµ
0.5%

¼^­�Ñ)°ú�~ªN��¢��© o¢�Ã÷�¡���¢O��Ä>º¯�l�LªSµë�~ìS�l¢��©§
N l]m ª3µ5�©�¤ ³§]À��¨ª��~�l§¡§]�¡���{½³��ÄÐ ³¢�ªS§¡ o�à°1�Û�3¢¿º¯�H�Û�S½o�l��½³�3�©�~¥aµc�¡ªNÄ

L =
N l]m
σ l]m

» J¤­ONY¼
Ú �����©���©�� ³§ôÄÐ�Û�S§¨���¡�~¥\º�°{�lªS ³¢��~ ³¥� o¢�Ã]�� o�¡§ô ³¢H�©��� ´ ��ªS�¡ªN¢>¦¸�~�©�~�~�¡ªN� » ´ ¦Fí

z = −102.9
ÄQ¼¬�3¢�¥�¡���Qè�½³�~�~�©�¨ªN¢ Ú �SÃNÃN�~� » è Ú í

z = −33.4
Ä~¼Ý­s¦¸���¡ o¢�Ã1�¡���QÂ
è�¹Lé�ê¶È1�¡��¢¤À��·�S§¨�>�©���\À��¡�~�l ³§¨ ³ªN¢Ü7�S§|½o ³ÄÐ o�¡�l¥áº�°ä§¨°Î§¨�¡�lÄ1�3�© o�Û�S½L�Ýöð�~�~�©§~­ûè�§¨À»�~�l ³�S½³½Ó°q ³¢ä�©�¤�ã¥·�3�©�;�©�SÇS�~¢ñ ³¢�ÈSÉNÉ�_î�S¢¤¥üÈSÉNÉ>^§¨ªNÄ1�\ ³¢��~ªN¢�§¨ ³§¨�¡�l¢��~ ³�~§¸Ü)�l�¡�FªNº�§¡�~�¨ìS�l¥;§¡ª|�¡�·�3�
�3�sÀ¤�¡�l§¨�l¢��s�¡���FÀ��¨�l�~ ³§¡ oªN¢ãµcªN�L�©�¤ ³§��¡��¢�À¯�l�¨ ³ªÎ¥ o§

∆L/L = 4%
­RÒ·ªN�sª3�©���~�H�¡��¢�°N�l�S�¡§{�©�¤�Ð§Ï°Î§¨�©�~Ä|���© ³�~§6�S�¡�Q�~ªN¢��©�¡ªS½³½³�~¥ßº»�Ý�¡�¡�l�H�¡�~§¡��½Ó�© o¢�Ãa ³¢

∆L/L = 2%
µcªS��ÈSÉNÉYK�í��S¢�¥

∆L/L = 1.3%
µcªN��ÈSÉNÉ�J�£SÉ�N�­

èIªonIª � 0B,9E|E1/10Ù®ã[F-M2M/1T
éU�sÂ
è�¹�éø�©���F�l½³�~�~�¡�¡ªN¢ß�3¢�¥óÀ��¨ªS�©ªN¢¿º»�l�SÄÐ§
�lªS½³½³ o¥��{�~ìS�l�¨°

96
¢�§lí»�lªN�¨�¡�l§¨À»ªS¢�¥� ³¢¤Ã1�©ª��|�©�3�¡�ªSµë�¡ªS��ÃN��½Ó°

10
Õ¿Â¸ËS­�Â�ª Ü)�~ìS�l�~í¯ªS¢�½o°��Qµc�¡�S�~�¡ ³ªN¢aª3µM�¡���{�~ìS�l¢��©§� ³¢� Ó�© ³�3�©�~¥�º�°DÂ
è�¹Lé �lªN¢��y�3 ³¢¾  ³¢��©�~�¡�~§¨�© o¢�Ãb¾OÀ���°Î§¡ o�l§l­)Á7ªN¢¤§¡ ³¥¤�l�¡ o¢�Ã{�©���¸§¨�y���©��ªSµ²�l½o�l�Ý�©�¡ªS¢� ³�~§����S�¡¥¤Ü7�S�¨�s�Ûì3�S ³½³�Sº�½³�] o¢Ð�¡����½¾�3�¡�MNÉ3§\�3¢�¥��l�S�¡½Ó°;ÅNÉS§~íMÜL���~¢qÂ6æ1Ü7�S§\¥¤�l§¡ oÃN¢��~¥q�S¢�¥Kº��� o½o�líë�3¢îª�pÐ o¢��RÀ��¡ªÎ�l�~§¡§¡ o¢�Ããª3µ7�©�¤�Rì3�S§Ï��SÄÐªN��¢��Qª3µ¸ o¢¤µcªN�¨Ä|�3�¡ ³ªN¢KÀ��¨ª ìÎ o¥��l¥äº�°��¡���a¢O��Ä1�~�¡ªN�¤§Q§¡��º¯¥��~�¡�l�Ý�©ªN�¨§ »

≈ 270000
�y�·�S¢�¢��~½³§ ¼Ü7�S§� ³ÄÐÀ¯ªN§¡§¨ ³º�½o�S­ Ú �O��§líÎ�S¢Q�~½¾�Sº¯ªN�©���©�)�¡�¡ oÃNÃN�l�M§¨°Î§Ï�©�lÄ ÜU�S§��~¢�ì� o§¡ oªN¢��l¥R o¢>ªN�¡¥¤�l�5�¡ªH�~ö»�l�~�¡ oìS�l½o°» �S¢�¥ß�©�¡�S�l�l�Sº�½o°�¼¸�¨�l¥��¤�l�Q�©���Q¢O��ÄFº»�~�HªSµ���¢�¥��~§¡ ³�¡�Sº�½o�QªN�G�¨��§Ï�6�Sº���¢�¥��S¢��{�~ìN�~¢��©§{ÜL o�©�;½³�S�¡ÃN��¡ªS�y�S½ë�l�¨ªN§¡§{§¡�~�~�¡ ³ªN¢�§~í¬ÜL�� ³½o�>�l¢¤§¡���¨ ³¢�Ãa�©�¤�Q�¡�l�~ªN�¡¥¤ ³¢�ÃaªSµ)�~ìS�l�Ï°ß�©�S�¨�QÀ��¡ªÎ�l�~§¡§Ú§ ÈSÅ<¨9­FÖC�{ o§{�S½³§¨ª oÄ1À¯�l�¡�3�© ÓìN�\�¡ªDÄ1 o¢� ³ÄÐ ³Ë~�{�¡���Q¥��l�S¥K�¡ ³ÄÐ�F¥��¤�¡ ³¢¤Ãa¥·�3�y���¨�Û�S¥ÎêàªN�¤�6�3¢�¥;§¨�©ªS�©�SÃN�3í¬ ³¢óÜL�¤ ³�y�K¢�ª¢��ÝÜ��~ìS�l¢��©§>�l�S¢qº¯�1�¨�l�~ªN�¡¥��~¥¬­ Ú ���1Â\æ1�¡�¡ oÃNÃN�l�{§Ï°�§Ï�©�~Ä �~ªN¢�§¡ o§¨�¡§FªSµ7§¡�~ìS�l�¡�S½7½³�õ°S�l�¨§líëÜL�¤ ³�y�ÜL o½³½ðº¯�{ ³¢��©�¨ª�¥¤���l�~¥¿ o¢��©���HµcªN½o½³ªõÜL ³¢�Ã¤­5é ÃN�l¢¤�l�©�3½²ª ìS�l�Ïì� o�~Ü  o§]ÃN oìS�l¢D ³¢aâ·ÃS���¡�ÝJ¤­O_¤­

J�N



êIÇrqYÇ�JbÅ}Ì�ÖPÖa��Å,×"Ã������
O

ýûþ�ÿ���� �g�U��þ����Dsj\^���%\1���1bE�%$æ!�T����DnG!����ëOuO"����Fd�"F%!-��*S2

å'�ut-� 2 ��� j/&okUkUm�j � mëh�m�n^vúr�mxw � 2jy
Æs¢K�¡���Qâ·�¡§Ï�\�¡�¡ ³ÃSÃN�l�H½o�~ìN�~½w§OJ�J/¨��©���R�ÝìN�l¢��F�©�3�¡�Ð o§H�¡�~¥����l�~¥��©ª¿�Sº¯ªN�¤�

1 kHz
­ Ú ���1¥¤�l�l o§¡ oªN¢ÜL���~�¡���l�a�¡ªá�¡�Ä�¨�~�~�DªN�|ÇS�l�~ÀZ�3¢û�ÝìN�~¢O�¿�S¢¤¥üÀ·�S§¡§D Ó��ªN¢ñ�¡ªä�¡���ó¢��^çÎ�_�¡�¡ oÃNÃN�l�1½³�ÝìN�l½
�·�S§��©ªº»�_�¡�l�S�y���~¥ñÜL o�©�¤ ³¢

24
Ñ]Á »

2.3 µs
¼Ý­ú¦
�¤�¡ ³¢¤Ãî�©�¤ ³§Q�© oÄ1�a�©�¤�¿ o¢¤µcªN�¡Ä1�3�¡ ³ªN¢á�¨�Û�S¥÷µc�¡ªNÄX�¡���§¡��º¯¥��Ý�©�l�Ý�©ªN��§Ï°�§Ï�©�~Ä1§� ³§�º¤�¤öð�~�¡�~¥Ð o¢QÀ� ³À¯�l½o ³¢��~§líN§¨ªH�©�·�3��¥¤�Û�S¥Q�© oÄ1�) ³§��ÛìNªS ³¥��~¥¬­ Ú ª{�¡�Û�3�y�Ð�¡�� ³§µ.�S§¨�
¥��l�~ ³§¨ ³ªN¢¬í¯�|§¨��º�§¨�~�HªSµ5�©���\¥·�3�y�Ðµc�¡ªNÄ�¥� Óöð�~�¡�~¢O�
§¡��º¯¥��Ý�©�l�Ý�©ªN�¨§s ³§�µc�l¥ã�¡ª1µ.�S§Ï�
���S�¡¥¤ÜL o�¡�~¥½³ªNÃS ³�l§~í3ÜL�� o�y�R�S�¡�)�l¢��~ª�¥¤�l¥R ³¢QÑ)ª�ªN½o�Û�S¢\¥��l�~ ³§¨ ³ªN¢�§ » ­¯®�¶�Î�ÎIª�® ª�«qª�Ð~ª�µ�­�ºL¼Ý­ Ú ���l�¨�L�S�¡�

256
�¡�¡ oÃNÃN�l��l½o�lÄÐ�l¢��©§> o¢á±�æNí�ÜL�� o�y�ä�S�¡��½oªNÃN o�Û�S½o½o°ó�~ªNÄ>º� o¢��l¥q�¡ªó��Àq�¡ª

128
®l²�± º�´�×c­�®Z¶�Î�ÎIª�® ºÝ­KÕ¿ªN§Ï�QªSµ�©���~§¡�a§¨��º¤�©�¨ ³ÃNÃS�l�¡§\�y���l�yÇîµcªN�F§¨ ³ÃN¢·���©���¨�l§Fª3µ]ìS�3�¡ ³ªS��§FÀ���°Î§¡ o�l§QÀ��¨ª��~�l§¨§¡�l§ » Ñ�ÍIÏLº�¶{¬�º~­¯®�¶�Î�ÎIª�® ºL¼Ýí§¡ªNÄÐ�{�S�¨�H��§¡�~¥_�¡ªÐÄÐªN¢� Ó�©ªN���©���H§¨��º¯¥��~�¡�l�~�¡ªN�¡§Â¾BÀ»�~�¨µcªN�¨Ä|�S¢¤�l�l§L�3¢�¥D¥��~�¡�l�¡ÄÐ ³¢¤�s�©���H��©1�~ ³�~¢��~°ªSµ²�©�¤�sÀ���°Î§¡ ³�~§U�©�¨ ³ÃNÃN�~�¡§ » Ð~°<µ�¶Ø­�°<®Ò­¯®Z¶�Î�ÎIª�®�ºL¼Ý­�Í��¤º¤�©�¨ ³ÃNÃN�~�¡§��©�·�3�7Ä|�Û°Ð ³¢¤ o�© ³�3�©���F�¨�Û�S¥¤ªN�¤�]�¡�3�©��Ýç��l�~�l¥� o¢�Ã��¡���¿½o ³ÄÐ o�FªSµ

1 kHz
�·�ÛìN�_�©ªKº»�_À��¨�l§¡�l�S½³�~¥¬­üé�À��¡�~§¡�Û�3½³�_ªSµ

n
Ä1�l�S¢�§R�©�·�3�R�¡���§¡��º��©�¡ oÃNÃN�~�¸ o§¸§¨�~�sªS¢�½o°D�ÝìN�l�Ï°

n
�©�ã�¡ ³ÄÐ�{ o�©§L�~ªN¢�¥� Ó�© ³ªS¢¿ o§�µc��½Óâ·½³½o�l¥¬­ Ú ���F§¨��º¤�©�¨ ³ÃNÃS�l�¡§¸��§¡�~¥ó ³¢�©�� o§L�S¢·�S½Ó°Î§¡ ³§UÜ)�l�¨�\¢¤ªS�LÀ��¡�~§¡�l�S½³�~¥¬­

Ú ���{±�æs�¡�¡ ³ÃSÃN�l�)¥��l�~ ³§¡ oªN¢a ³§7º·�S§¡�~¥DªN¢D�>½³ªNÃS ³�Û�3½{z�||ªSµë�S½³½¯§¡��º��©�¡ oÃNÃN�~�¡§l­ Ú �¤ ³§]ÄÐ�Û�S¢�§7 oµôªN¢��§¡��º��©�¡ oÃNÃN�~�> ³§>§¨�~�RµcªN�Q�ó�~�l�Ï�y�S o¢áº���¢��y�÷�l�¨ªN§¡§¨ ³¢�Ã�í��¡���D±�æ��©�¡ oÃNÃN�~�F½³ªSÃN ³�1§¡�l¢¤¥�§Q�©����}%~������6�§¡ oÃN¢·�S½9­ Ú ���sÀ¤ ³À¯�l½³ o¢��l§��S�¨�
§Ï�©ªNÀ�À¯�l¥��S¢�¥|�¡���s�lªS�¡�¡�~§¡À¯ªN¢�¥� o¢�ÃF�ÝìN�~¢O�L o§)À��S§¡§¨�l¥aªN¢|�¡ª\�¡���s¢��^ç���©�¨ ³ÃNÃN�~�R½³�~ìS�l½9­ü¦
���¨ ³¢�ÃK�©�� o§Ð�¡ ³ÄÐ���©���ãÂ\æã¥¤�~�©�~�~�¡ªN�| o§Ð o¢�§¡�~¢�§¡ Ó�© ÓìN�D�©ªq�3¢O°
ep
�~ìS�l¢��©§~­ é¸§½³ªN¢¤Ã|�S§@}%~��)�B�6�¿ ³§L¢�ªS�¸§¡�~¢��Ûí»�¡���6À� ³À¯�l½o ³¢��~§L�S�¡�6º»�~ ³¢�ÃRâ·½o½³�l¥_ªõìN�~�¨ÜL�¡ Ó�© o¢�ÃÐ�¡���FªS½³¥��~§¨��¥·�3�©�1 oµ¢��l�~�l§¨§©�S�Ï°N­

å'�ut-� á ��� j/&okUkUm�j � mëh�m�n � Q;iSw � á y
Ú ���7§¨�l�~ªN¢�¥>�©�¨ ³ÃNÃS�l�ô½³�ÝìN�l½[§�J�N/¨Îµc���¨�¡���l�M�¡�~¥����~�l§5�¡���7¥·���y�¸�¡�3�©���©ª

200
Â¸Ë3­5ÖC�ëÃN�~�¡§5 o¢¤µcªN�¡Ä1�3�¡ ³ªN¢µc�¡ªNÄ��¡���
§¨��º¯¥��~�¡�l�~�¡ªN�¡§U�S¢�¥��·�3§)�©ª6ì3�S½³ o¥·�3�©�U�¡����}%~����B���|¥��~�l ³§¨ ³ªN¢ÐÜL o�¡�� ³¢

20 µs
­�ÖC�U�~ªN¢�§¡ o§¨�¡§ªSµB�àÜ7ª{�~ªNÄ1À¯ªN¢��~¢��©§l«ë±MÈS×
×@ ³§��s¢��~���©�3½�¢��~�5�©�¡ oÃNÃN�~�lí3�¡�·�3�����S§�º»�~�l¢Q�©�¡�S ³¢¤�l¥FÜL Ó�©�Q§©�3Ä1À�½o�l§�ª3µ

ep
�S¢�¥Ðº·�S�yÇOÃN�¡ªS��¢�¥��ÝìN�l¢��¡§l­ Ú ���L�©ªNÀ¯ªN½³ªSÃN ³�l�S½Î�¡�¡ oÃNÃN�l��±MÈ Ú]Ú �¤�© o½³ ³Ë~�l§��{Ä1�3�©�¨ ÓçQ�¨�lÀ��¨�l§¨�l¢��© o¢�Ã�©���sÂ\æs¥��Ý�©�~�~�©ªS�l­ Ú ���
�¡�¡ oÃNÃN�l��¥��~�l ³§¨ ³ªN¢1 ³§)º·�S§¡�~¥aªN¢a�BÔ�¶qº�­{²�µd¬�ªÒ­Ä°R×�²I¬�³cÎ�®�°<´Iµ	Ô1�l�S½³�~��½¾�3�¡ ³ªN¢ð­

JYK



�o¿]ÀÂÁÃ�Ä� ÅGê;ÇKJ�¿	�@ÄDÆ�LX�L�Ä�ÂËL���LÅ

ÖCµ��©�¤�>�~ìS�l¢��6 ³§
�¨�Ä�¨�~�~�©�~¥îªS¢ß±MÈ�í²��§¡ oÃN¢·�S½ » } �h� �B��������¼s ³§
§¨�l¢��H�©ª��¡���>�~�l¢��©�¡�S½5�©�¨ ³ÃNÃS�l��½³ªNÃN o�Sí�S¢¤¥ó�©���QÀ� oÀ»�~½³ o¢��l§¸�S�¡�F�¡�l§Ï�y�S�Ï�©�~¥¬í²�l¢�¥¤ ³¢�Ã��¡���>¥��l�S¥ß�© ³ÄÐ�Fª3µ��©���Q¥��Ý�©�~�~�©ªS�l­{ÖCµ� o�s o§s¥��~�l ³¥¤�l¥ªN¢¿±MÈQ�¡ª1Ç3�l�~Àã�©���6�~ìS�l¢�� » } �h���B�6�b¼L�©�¤�\�¨�Û�S¥�ªS�¤��ªSµ5�¡���\�~¢��© ³�¨�
270000

�y�·�S¢¤¢��l½o§¸ªSµë�©���\Â\æ¥��Ý�©�~�~�©ªS�� o§]§¨�©�S�¨�¡�l¥¬­
å'��t'�>å-��� j<&³kUk7m)j � mëh5m)n � � jlmëm	w � å y
Ú ���>�¡�� ³�¨¥ó�©�¨ ³ÃNÃN�~�
½o�~ìN�~½8§�JYKL¨����S§sº¯�l�l¢; o¢�§¨�©�S½³½o�l¥ó¥��¤�¡ ³¢¤Ã|�©���RÂ¸è�¹�éLêÏÈ|��À�ÃS�©�S¥��R�3§sÀ·�S�Ï�HªSµ�¡���DÒB�S§¨� Ú �¡�S�yÇ Ú �¡ oÃNÃN�l� » Ò Ú]Ú ¼^íë�©���3�>Ü7�S§Q¥��l§¨ ³ÃN¢¤�l¥á�©ªó���S¢�¥�½o�|�©���a�¤ ³ÃN�q�¡�3�©�~§Fµc�¡ªSÄ��¡����¡�©�S�yÇ|�¡�¡ oÃNÃN�l�¨§l­�±4JQ ³§]§¨ªSµ �àÜU�3�¡�6º·�S§¡�~¥¬íB�S¢�¥_Ä1�SÇS�~§��¤§¡�6ªSµ��>µ.�S�¨ÄÞªSµ5¹LÖÏÍ�Á7§�ê~­�ùú o�¡�� ³¢

50 µs�|¥¤�l�l o§¡ oªN¢ó ³§
Ä|�S¥¤�\�©ª|�l o�¡���l�¸�l½o�Û�S�
�S¢�¥ß�¡�~§¨�©�S�¨�s�¡���>À� oÀ»�~½³ o¢��l§ » }��]� ���B������¼HªS�¸�©ª|�lªN¢��© o¢O����¡���{¥·�3�y�Q�¨�Û�S¥�ªS�¤�Û­�é¸µ �¡�l�U�¡���H�©�� o�¡¥a�©�¨ ³ÃNÃN�~�U½³�ÝìN�~½ë�Q¥·���y�Q�©�3�¡�HªSµ
50
Â¸Ë{ ³§L�S�y�¤ ³�~ìS�l¥¬­

å'��t'���Ý� $-& r � n � j<&³kUk7m)j � mëh5m)nYw � � ��y
ÆsÀ�À¯ªN§¡�~¥î�¡ªã�S½o½��©���¨�l�R�©�¨ ³ÃNÃN�~�H½³�ÝìN�l½o§\¥¤�l§¡�~�¡ oº»�~¥�§¡ª_µ.�S�líô�©�¤�Râ�¢·�S½��©�¨ ³ÃNÃN�~�H½³�ÝìN�l½� ³§{¢�ª3�\§Ï°Î¢�ê�y���¨ªN¢� oËl�l¥ä�©ªß�¡���_Â
è�¹�é �~½³ªÎ�yÇ¯­@Æs¢÷±�N;K » µcªN�R±²�~ìS�l½�Ò·ªN���R�S¢¤¥@Òë oìN��¼Q�;�~ªNÄÐÀ�½³�Ý�©�a�~ìS�l¢���¨�l�lªS¢�§¨�¡�¡���Ý�© ³ªS¢¿�3¢�¥D�l½¾�3§¡§¡ Óâ·�Û���© ³ªS¢a ³§U¥�ªS¢��HªN¢_�Q¥��l¥� o�Û�3�¡�l¥D�lªSÄ1À����©�l�)µ.�S�¡Ä_­�Æs¢��l�H�¡���H�l�~¢�ê�¡�©�S½��~ìS�l¢��>º¤�� ³½o¥��l�{ªSµU�¡���Ð¥·�3�y�_�S�~åÎ�¤ ³§¡ Ó�© oªN¢;�·�S§F�~ªN½³½o�l�Ý�©�l¥î�S½o½��©���Ð ³¢¤µcªS�¡Ä1�3�© oªN¢óµc�¡ªNÄ�Â\æ>¾ §§¨��º»¥¤�~�©�~�~�¡ªN�¡§~í��©���¸�~ìN�~¢��LÀ��¡ªÎ�l�~§¡§¡ o¢�ÃR�S¢�¥|�¡�l�~ªN¢�§Ï�©�¡�¤�~�© oªN¢� o§7§¨�©�S�¨�¡�l¥¬­�éU�7�©���¸§©�SÄÐ�¸�¡ ³ÄÐ���¡���À� oÀ»�~½³ o¢��l§��S�¨�¸�¨�l§¨�©�S�¨�¡�l¥¬íÎ�©�O��§)�l¢�¥� o¢�Ã\�¡���
¥¤�Û�S¥Ð�© ³ÄÐ�LªSµ¬�¡���
¥��Ý�©�~�~�©ªS�)�©���3�7§Ï�y�S�Ï�©�~¥1ÜL o�¡�1�¡���}%~������6�|¥��l�~ ³§¨ ³ªN¢¬­5é¸µ �©�~���¡���
�¨�l�~ªN¢�§¨�¡�¡���Ý�© oªN¢|�©�¤�¸�ÝìN�l¢��¡§L�S�¡�Lâ·½o�¡�l�¨�l¥a�S�~�lªN�¨¥� ³¢¤Ã6�¡ªFÀ¯ªS�©�~¢O�¡ ¾�S½ o¢O�¡�l�¨�l§¨�l­Qè�ìN�~¢O�¡§\�¡�·�3�H�l�S¢�¢�ªS�{º¯�R�S§¨§¡ªÎ�l ¾���©�l¥ß�¡ª¿�3¢O°ã�Û�3�¡�lÃNªS�¨°ßªSµ

ep
À��¨ª��~�l§¨§\�3�¡�Q�¡���¨�l�Ý�©�l¥» �Ýç��l�~À¤�FµcªN�

1%
�©�·���F�3�¡�RÇS�~À¤�\µcªS�6ÄÐªN¢� Ó�©ªN�¨ ³¢�Ã|À����¡À¯ªN§¨�l§�¼^­�Öà¢î�S¥�¥� Ó�© ³ªS¢¬í²½³�~§¡§Ú¾  o¢O�¡�l�¨�l§¨�¡ ³¢�Ã�¾�ÝìN�l¢��¡§
ÜL o�¡�ã�Sº¤��¢�¥·�S¢��
�~ìN�~¢��s�©���©�l§¸�S�¨�\À·�3�¨�©½Ó°a�¡���¨�l�Ý�©�l¥ã ³¢Dµ.�õìSªN��ªSµ��¡�S�¡�~�¸�ÝìN�l¢��¸�à°�À¯�l§~­LÒ5 Óê¢·�3½³½o°SíO�S½³½¤ÇS�lÀ��7�ÝìN�l¢��¡§]�S�¡�]ÜL�¨ o�¡�¡�l¢Ð�©ªH�y�SÀ¯�¸�3�)�6�¡�3�©�LªSµ¬�Sº»ªS�¤�

10
Â¸Ë3í¤�S¢¤¥ÐµcªN�¨Äf�©�¤�¸¥·���y�S§¨�~��¨�l�lªS�¡¥��~¥ãº�°DÂ\æS­

ë8�4î�±�ð<öåî�±^�Øø<ï¯ì�ò{ð<ö�ì{õOùÂøK��îÄì��[ù�ô�ñLðLì�îåò3-û÷-ï¯õ�ô�ñLüOõ��<îq±��%�B°M±�î}ï�õ·¿ÂøÝì{ù'÷�ö�íLõ�î,\Âî+íLõ_¿�í<îåòûñLò{ù�öÄî}ï{ï�õOø�¿Òñ�îåò�ú ù�òu�ô8÷Zø<öåî
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ÍDþÔ¾�¾o·�¼ð°�¿hÃ3À ÈP¼��h¼.È²¾o·)¼"ÉûÇ�Ã3¼ ÃÂ¼�È_Ç6¾o¼.ÁÀ��¹_Ç� 

Q2 = xys
² ] ÍPø?´
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Á)¼.À)¿�¾o¹PÀ)ùW¾o·�¼�¹_À)¹Ê¾o¹<Ç6È¼�ÈP¼�½.¾3Ã3¿hÀ ¼.À)¼�ÃÂù�ÉhÒ�ÐÛ¿hÐÑ¼.À]¾oÌ)Ð£¾oÃoÇ6À)ºÂöc¼.ÃgÇ6À)Á ¹_À)¼.È<Ç�º,¾o¹_½.¹P¾8ÉÑ½ Ç�ÀûÄ�¼ó½�Ç�È_½.Ì)È<Ç×¾o¼�Á�Ä]ÉH 
Q2

e = 4EeE
′
e cos2(

θe

2
)

² ] Í ú�´
ye = 1 − E ′

e

Ee
sin2(

θe

2
)

² ] Í � ´
°�¼�½�Ç�Ì)ºÂ¼�¿�öÅ¼®�BÌ�Ç×¾o¹_¿�À ] ÍPø ¾o·�¼ ¾3·)¹_ÃÂÁxÉç�,ÞÀ�6Ç�ÃÂ¹<Ç�Ä)ÈP¼�¹Pº® 

xe =
Q2

e

s · ye

² ] Í ] ´
¶¸·)¼Ùº3Ì�Ä)º3½.Ã3¹_Ú ¾ Ë¬¿�ö ¾o·)¼Õ¾o·)ÃÂ¼�¼GÉç�,Þ �6Ç�Ã3¹_Ç�Ä)ÈP¼�ºMºÂ¹_ùhÀ�¹SÆ�¼.ºM¾o·)¼"É�ÿÆ¼�ÃÂ¼�½�Ç�È_½.Ì)È<Ç×¾o¼�Á�Ì)º3¹PÀ)ù�¾o·)¼¼�ÈP¼�½.¾3Ã3¿hÀ ÐÛ¼.¾3·)¿ Á{ÍD¶¸·)¹_º�À)¿hÐÛ¼�À�½�È<Ç×¾oÌ)ÃÂ¼9ÿ�¹_È_È%Ä%¼ Ì)ºÂ¼�Á ¾o·)ÃÂ¿hÌ)ùh·�¿hÌ�¾�¾o·)¹PºÔ¾o·)¼.º3¹Pº�ÍÞ ¹PÀ)½�¼óÄ�¿�¾o·
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e

Ç�À)Á
θe

½ Ç�ÀWÄ�¼óÐÑ¼�Ç�º3Ì)ÃÂ¼�Á���¼�Ã,ÉÕÚ�Ã3¼�½.¹_ºÂ¼�ÈPÉ�Ò�¾3·)¼ó¼�È_¼.½.¾3Ã3¿hÀÕÐÑ¼"¾o·)¿�ÁÝÚ)ÃÂ¿q� ¹PÁ)¼�º�h¼.ÃÂÉ�ÃÂ¼�È_¹_Ç�Ä)ÈP¼Æ¹PÀ�öc¿hÃ3ÐÑÇ6¾3¹_¿hÀ ¿hÀYÄ�¿�¾o·
Q2

e

Ç�À)Á
ye

Íô÷g¿;ÿ�¼��h¼.Ã�Ò�Ä%¼.½ Ç�Ì)ºÂ¼¸¿�ö
δxe/xe = 1/ye

Ç9ùh¿�¿ ÁÃ3¼.º3¿hÈPÌ�¾o¹P¿hÀÙ¹_À
xe

¹Pº È_¹_ÐÛ¹P¾3¼�Áû¾o¿ È<Ç�ÃÂùh¼u�6Ç�ÈPÌ)¼�º ¿�ö
ye

ÍK¶¸·�¹_º ÐÑ¼"¾o·)¿�ÁÙ¹_º ºÂ¼�À)ºÂ¹P¾3¹S�h¼�¾3¿ûÃ3Ç�Á)¹_Ç6¾o¹	�h¼¼��%¼�½"¾oº�Ò�º3¹_À�½�¼'¾o·)¼.¹_Ã»Á)¿hÐÛ¹_À�Ç6¾3¹_À)ù¸½.¿hÀ]¾oÃÂ¹_Ä)Ì�¾3¹_¿hÀó½�¿�ÐÑ¼.º»öcÃÂ¿hÐ ¾o·)¼j¼�ÈP¼�½"¾oÃ3¿�À²ÍÏÎ�Ì)Ã,¾o·)¼.Ã3ÐÛ¿hÃ3¼6Ò6Ä�¿�¾o·
Q2

e

Ç�À�Á
ye

Á)¹PÃ3¼.½.¾oÈÊÉãÁ)¼.Ú%¼.À)Á ¿hÀ ¹_À)¹Ê¾o¹_Ç�È�¼�È_¼.½.¾3Ã3¿hÀ ¼�À�¼�Ã3ù6É
Ee

Ò ÿ�·�¹_½
·û¹_ºÔ¿hÀ�ÈPÉe��À�¿�ÿ�ÀûÚ)ÃÂ¼�½�¹Pº3¼.ÈPÉÇ6¾¸¾o·�¼Õ°Æ¿hÃ3ÀûÈ_¼��h¼�ÈuÍ
É�¼.º3Ú)¹Ê¾o¼Ù¾o·�¼�º3¼¦Á)ÃoÇ ÿ�Ä�Ç6½s��º.Ò ¾o·)¹Pº�ÐÑ¼"¾o·)¿�Á ·�Ç�ºûÄ%¼.¼�À ½
·)¿hº3¼.À öc¿hÃã¾3·)¼¦ÃÂ¼�½.¿hÀ)ºÂ¾3Ã3Ì)½"¾o¹P¿hÀ ¿6öÀ)¼�Ì ¾oÃoÇ6È»½.Ì)Ã3ÃÂ¼�À]¾9¼��h¼.ÀB¾3º�¹PÀû¾3·)¹_º¸¾o·�¼�º3¹Pº�Ò�Ä%¼.½ Ç�Ì�º3¼^¿6öÏ¹P¾3º�¼�
 ½�¼.È_È_¼.À]¾

Q2
e

Ç�À�Á
ye

Ã3¼�ºÂ¿hÈ_Ì ¾o¹_¿�À)º�Í �8À½ Ç�ºÂ¼Õ¿6ö9½
·�Ç�ÃÂùh¼�ÁV½�Ì)ÃÂÃ3¼.ÀB¾M¼���¼�À]¾oº.ÒÔöc¿hÃ�ÿ�·)¹_½
·Ü¾o·)¼ûº3½�Ç6¾3¾3¼�Ã3¼.Á�¼�ÈP¼�½"¾oÃ3¿�ÀV¹PºÛÀ�¿�¾ÑÇq�6Ç�¹PÈ<Ç�Ä�È_¼�ÒjÇ�ÈPÈ¹_À�öc¿�Ã3ÐÑÇ6¾o¹P¿hÀM·�Ç6º�¾3¿YÄ%¼ ¼�
�¾3ÃoÇ�½"¾o¼�ÁûöcÃ3¿hÐ£¾o·)¼ ·�Ç6Á)Ã3¿hÀ�¹_½=Æ�À�Ç6ÈßºÂ¾
Ç×¾o¼�Í
���	��ú+û�üþý¼÷:ùqÿ�û��
¶¸·)¹_º�ÐÑ¼"¾o·)¿�ÁÝÿ�Ç�º9¼�À���¹_ºÂ¹_¿hÀ�¼�ÁÙÄ]ÉG#hÇ�½��BÌ)¼.¾ Ç6À)ÁG°�È_¿�À)Á)¼�È
� ����� Í8�5¾ ¹_º@¾o·)¼K¿�À)ÈPÉûÐÛ¼.¾o·�¿ ÁÝ¾3·�Ç6¾¼�
 ½�ÈPÌ)º3¹	�h¼.ÈPÉÕÌ)º3¼.º Ú)Ã3¿hÚ�¼�Ã,¾o¹P¼�º�¿6öD¾o·)¼K·)Ç�Á)Ã3¿�À)¹_½ðÆ�À�Ç�È»ºÂ¾oÇ6¾o¼6ÒßÇ�À)ÁÙ¹Pºg¾o·BÌ)ºg¾o·)¼K¿�À)ÈPÉûÚ�¿hº3ºÂ¹_Ä)¹PÈ_¹P¾8É¾o¿�Ã3¼�½.¿hÀ)º,¾oÃ3Ì�½.¾Ô½
·)Ç�Ã3ùh¼.Áã½�Ì�Ã3Ã3¼.À]¾Ô¼���¼�À]¾oº.ÍÒ�5¾�Ì)ºÂ¼�º�¾3·)¼�öc¿hÈ_ÈP¿�ÿ�¹PÀ)ù8�BÌ�Ç�À]¾o¹Ê¾o¹P¼�ºjÁ)¼�ÃÂ¹S�h¼.ÁÑöcÃÂ¿hÐ ¾o·)¼
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·�Ç6Á)Ã3¿hÀ�¹_½=Æ�À�Ç6ÈßºÂ¾
Ç×¾o¼! 
Σ =

∑

i

(Ei − Pz,i)
² ] Í [ ´

PT,h =

√

(
∑

i

Px,i)2 + (
∑

i

Py,i)2
² ] Í \ ´

¶¸·)¼Mº3Ì)ÐÛÐMÇ×¾o¹_¿�À¦¹PÀ)½�ÈPÌ)Á)¼�º�Ç�ÈPÈjÚ)Ç�ÃÂ¾3¹_½�ÈP¼�ºó¹_À�¾o·)¼Ñ·�Ç�Á)ÃÂ¿hÀ)¹_½ôÆ�À�Ç�ÈjºÂ¾oÇ6¾o¼6Òô¾o·)Ç6¾^¹PºKÇ�ÈPÈDÚ�Ç�Ã,¾o¹_½.È_¼.º¹PÀ¬¾3·)¼�Á)¼"¾o¼�½"¾o¿hÃ ¼�
�½.¼�Ú�¾óöc¿hÃ Ç�Ú�¿hº3ºÂ¹_Ä)ÈP¼�º3½ Ç×¾3¾o¼.Ã3¼.Á¦¼.È_¼�½"¾oÃÂ¿hÀ¦½�Ç�À)Á)¹PÁ�Ç6¾3¼�Í
Px/y/z

Á)¼�À)¿6¾o¼�º ¾3·)¼Ú)ÃÂ¿�"Â¼�½"¾o¹P¿hÀã¿�ö»Ç^Ú)Ç�ÃÂ¾3¹_½�ÈP¼!ñ ºÆÐÛ¿hÐÛ¼�À]¾oÌ�Ð£¹PÀM¾o·�¼�Ã3¼.º3Ú�¼�½"¾o¹S��¼ Á)¹_ÃÂ¼�½"¾o¹_¿�À²Íôþgº¸Ç�È_ÃÂ¼ Ç�Á ÉÑÐÛ¼�À]¾3¹_¿hÀ)¼.Á¹PÀÕºÂ¼�½.¾3¹_¿hÀ � ÍÊøhÒ�¾o·)¼ Á)¹PÃ3¼.½.¾o¹P¿hÀû¿�öô¾3·)¼�¹PÀ)½�¹PÁ)¼�À]¾@Ú)ÃÂ¿�¾o¿hÀû¹_º�Á)¼�Æ�À)¼.ÁWÇ�º
z
� Ç?
�¹Pº�Ò�ÿ�·)¹P½
·ÝÐÛ¼ Ç�À)º

xÇ�À�Á
y
Ç�Ã3¼ Ú�¼�Ã3Ú�¼�À�Á)¹_½.Ì)È<Ç�Ã�¾o¿�¾o·)¼ Ä�¼ Ç�Ð Ç�
 ¹_º�ÍD¶¸·BÌ)º

PT

¹_º¸½�Ç�È_ÈP¼�ÁGÏU��Ì!����
!Ë��6�qË��­���­Ë��`ÏN����Í
± ¹P¾o· ¾o·�¼�º3¼ÆÁ)¼�Æ)À)¹P¾3¹_¿hÀ)ºß¾3·)¼ �B¹PÀ)¼�ÐÑÇ6¾o¹P½3�6Ç�Ã3¹_Ç�Ä)È_¼.ºß½ Ç�À�Ä%¼'ÿ�Ã3¹Ê¾3¾3¼�À�Ç�º¾²cº3Ì)Ä�º3½�ÃÂ¹_Ú�¾���Á)¼�À�¿�¾o¹PÀ)ù¾3·)¼ ·�Ç�Á)ÃÂ¿hÀÕÐÛ¼.¾3·)¿�Á0´� 

Q2
h =

P 2
T,h

1 − yh

² ] Í � ´

yh =
Σ

2Ee

² ] Í è ´
ÿ�¹Ê¾o·

Ee

Ä�¼�¹PÀ)ù�¾o·)¼ ¹PÀ)¹P¾3¹<Ç�È�¼�ÈP¼�½"¾oÃ3¿�ÀÕ¼.À)¼�ÃÂù�ÉhÍ'¶¸·)¼ ¾o·)¹PÃ3ÁÀÉç�,ÞE�6Ç�Ã3¹_Ç�Ä)È_¼g¹_º
xh =

Q2
h

s · yh

² ] Í � ´
¶¸·)¼@·�Ç�Á�Ã3¿hÀÛÐÑ¼"¾o·)¿�ÁYÃ3¼.È_¹_¼.º'¿hÀMÇ Ú)ÃÂ¼�½.¹_º3¼<�BÀ)¿;ÿ�È_¼.Á)ùh¼@¿�ö%¾3·)¼@·�Ç�Á)ÃÂ¿hÀ)¹_½¾Æ)À�Ç�È�ºÂ¾oÇ6¾o¼6Í3�5¾j¹_º'¿�ö�¾o¼.ÀÌ)ºÂ¼�Á²Ò@¹_ÀV½�¿hÐ^Ä)¹_À�Ç×¾o¹_¿�ÀÜÿ�¹Ê¾o·�¾3·)¼Ý¼.È_¼�½"¾oÃÂ¿hÀ�ÐÛ¼.¾o·�¿ Á²ÒÔ¾3¿�½
·)¼.½s��·�Ç�Á�Ã3¿hÀ)¹P½Ý½�Ç�È_¹PÄ)ÃoÇ6¾3¹_¿hÀ�ºYÇ�À)ÁÃÂ¼�º3¿�È_Ì�¾3¹_¿hÀ)º.Í�¶¸·)¼MÐÛ¼.¾3·)¿�Á¤Á)¿�¼�ºóÀ)¿�¾�Ì)º3¼MÚ)Ã3¿hÚ�¼�Ã,¾o¹P¼�ºó¿�öÔ¾o·�¼ÑºÂ½ Ç6¾Â¾o¼�ÃÂ¼�Á ¼.È_¼�½"¾oÃÂ¿hÀ¦ÿ�·)¹P½
· Ç�ÃÂ¼Ç
�%¼�½"¾o¼.ÁÕÐKÌ�½
·ÝÐÛ¿hÃ3¼9Ä]É Ã3Ç�Á)¹<Ç×¾o¹S��¼9¼��%¼�½"¾oº�¾o·�Ç6Àû¾3·)¿hº3¼ ¿�ö»¾o·�¼ó·)Ç�Á)Ã3¿�À)¹_½=Æ�À)Ç�ÈßºÂ¾oÇ6¾o¼6Íj¶¸·BÌ)º@¹P¾¹PºjÈP¹P¾Â¾oÈ_¼�º3¼�À�º3¹P¾3¹S��¼@¾3¿�Ã3Ç�Á)¹<Ç×¾o¹S��¼¸¼��%¼�½"¾oº@�»¼.º3Ú�¼�½.¹<Ç�ÈPÈPÉKÿ�·)¼.ÀM½.¿hÐÑÚ)Ç�Ã3¼.ÁÛ¾3¿ó¾3·)¼g¼.È_¼.½.¾oÃÂ¿hÀÛÐÑ¼"¾o·)¿�Á��Ç�ÈPÄ%¼.¹P¾�À�¿�¾Y¼�À]¾o¹PÃ3¼.ÈPÉ�¹PÀ)º3¼.À)º3¹Ê¾o¹	�h¼ º3¹PÀ)½�¼�¾o·�¼û¼.À)¼�ÃÂù�É ¿�ö@¾o·�¼û¹PÀ)½�¿�ÐÑ¹PÀ)ùÙ¼�ÈP¼�½.¾3Ã3¿hÀØ¼.ÀB¾3¼�ÃÂºÛ¾3·)¼½�Ç�È_½.Ì)È<Ç6¾3¹_¿hÀ�º�Í
¶¸·)¼

1/(1− yh)
Á)¼�Ú�¼�À)Á�¼�À)½.¼9¹_ÀÑ¼®�BÌ�Ç6¾3¹_¿hÀ ] Í � ½ Ç�Ì�º3¼�ºÔÇ�Á)¼.ùhÃoÇ�Á)Ç6¾o¹P¿hÀÑ¿6ö²¾o·)¼

Q2 Ã3¼�ºÂ¿hÈ_Ì ¾o¹_¿�Àöc¿hÃjÈ<Ç6Ã3ùh¼��6Ç�È_Ì�¼�º�¿6ö
y
Í �5¾Ô¹Pºj¾3·)¼�ÃÂ¼.öc¿hÃÂ¼�À)¿6¾�Ì)ºÂ¼�Á�¹PÀMÀ)¼.Ì�¾oÃ3Ç�È%½.Ì)Ã3ÃÂ¼�À]¾¸Ç6À�Ç�ÈPÉ�ºÂ¼�º�Ò Ä)Ì�¾�½ Ç�À)À�¿�¾�Ä�¼Ç��h¿�¹_Á)¼.Áûöc¿hÃ¸½
·)Ç�Ã3ùh¼.ÁÕ½.Ì)Ã3ÃÂ¼�À]¾gº3¼�ÈP¼�½"¾o¹_¿�À)º�Í

Îô¹_À�Ç6È_ÈPÉ�Ò]Ç ¾o·)¹PÃ3ÁÛÐÑ¼"¾o·)¿�ÁM¹Pºj¹PÀ]¾oÃ3¿�Á)Ì)½.¼�ÁÛ¾o·�Ç6¾ÆÌ)ºÂ¼�ºÔÇ6ÀM¼�À]¾3¹_Ã3¼.ÈPÉ�Á�¹S�%¼�Ã3¼.À]¾ÔÇ�Ú�Ú)Ã3¿]Ç6½
·ã¹_ÀY¾o·�Ç×¾¹Ê¾K¹_º�È<Ç�ÃÂùh¼�ÈÊÉ�¹_À)Á)¼.Ú%¼.À)Á)¼.ÀB¾^öcÃ3¿hÐ ½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.Ã�¼.À)¼�ÃÂù�É¤ºÂ½ Ç�ÈP¼�º.ÍÇ�5¾K¹_º^¾3·)¼�ÃÂ¼.öc¿hÃÂ¼ãÌ)º3¼.Á öc¿hÃ�¾3·)¼½�Ç�È_¹PÄ)ÃoÇ6¾3¹_¿hÀM¿�öô¼.À)¼�ÃÂù�É�ÐÛ¼ Ç�ºÂÌ)Ã3¼.ÐÑ¼.À]¾oºu²�½.ö ÍDºÂ¼�½"¾o¹_¿�À ] Í � ´aÍ

�8û����Cö}÷��Õü���öª÷ ý¼÷�ùqÿWû��
¶¸·)¼��B¹_À�¼�ÐÑÇ6¾o¹P½�Ã3¼.½�¿hÀ�ºÂ¾oÃÂÌ)½.¾3¹_¿hÀ�ÿ�¹Ê¾o·K¾o·�¼@Á�¿hÌ)Ä)ÈP¼¸Ç�À)ùhÈP¼ÔÐÛ¼.¾o·�¿ Á�� ��\�� ¹_ºDÚ�¼�ÃÂöc¿�Ã3ÐÛ¼�Á�Ì)ºÂ¹_À)ù9¾3·)¼Ú�¿hÈ<Ç6ÃßÇ�À)ùhÈP¼�ºË¿�ö�¾o·)¼'ºÂ½ Ç6¾Â¾o¼�ÃÂ¼�Á�¼�È_¼.½.¾3Ã3¿hÀ

θe

Ç�À)Á ¾o·)¼'º,¾oÃ3Ì�½s�ð�BÌ�Ç6ÃM�
γh

Í»¶¸·)¼'È<Ç6¾Â¾o¼�Ãß¹PºË½ Ç�ÈP½�Ì)È_Ç6¾o¼.ÁöcÃÂ¿hÐ ¾o·)¼j·�Ç�Á�Ã3¿hÀ)¹P½KÆ�À�Ç�ÈBºÂ¾oÇ6¾o¼jÌ)À)Á�¼�ÃÅ¾3·)¼ÆÇ�º3ºÂÌ)ÐÑÚ ¾o¹_¿�Àó¾3·�Ç6¾»¾o·)¼@�BÌ�Ç�ÃM� ·�Ç6Á)Ã3¿hÀ�¹'¯�¼.º»¾3¿�Ç@º3¹PÀ)ùhÈ_¼
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ÐMÇ6º3º3ÈP¼�ºÂº3"Â¼"¾ ÍD¶¸·)¼ð�B¹_À)¼.ÐMÇ×¾o¹_½Ê��Ç6Ã3¹<Ç6Ä)È_¼.ºÔ½ Ç�ÀûÄ�¼óÁ�¼�Ã3¹	�h¼.ÁÝÇ�º� 
Q2

DA =
4E2

e sin γh(1 + cos θe)

sin γh + sin θe − sin(γh + θe)

² ] ÍÊø � ´

yDA =
sin θe(1 − cos γh)

sin γh + sin θe − sin(γh + θe)

² ] ÍÊøhø?´

xDA =
Q2

DA

s · yDA

² ] ÍÊø�ú�´
¶¸·)¼¬º3Ì)Ä�º3½�ÃÂ¹_Ú�¾�� ��Á)¼.À)¿�¾3¼�º�¾o·)¼ÙÁ�¿hÌ)Ä)ÈP¼ÙÇ�À)ùhÈP¼WÐÛ¼.¾o·�¿ Á²ÒgÇ�À)Á

Ee
¹_ºÑ¾o·)¼¬¹_À�¹P¾o¹_Ç�È�¼�ÈP¼�½.¾3Ã3¿hÀ¼�À)¼.Ã3ù�É�Íô°�¼�½�Ç�Ì)º3¼Û¿�öÆ¹P¾3º9Á)¼�Ú�¼�À�Á)¼�À)½.¼M¿hÀ

Ee
Ç�À)Á

θe
¾o·�¹_º ÐÛ¼.¾o·�¿ Á¬¹_º ºÂ¼�À)ºÂ¹P¾3¹S�h¼�¾3¿ûÃ3Ç�Á)¹_Ç6¾o¹	�h¼¼��%¼�½"¾oº�ÒD¾3·)¿hÌ)ùh·¤È_¼�ºÂº^¾o·)Ç�À¤¾o·�¼ã¼�ÈP¼�½.¾3Ã3¿hÀ¤ÐÑ¼"¾o·)¿�Á²ÍÝ¶¸·�¼ãÁ)¿hÌ)Ä�È_¼ãÇ6À)ùhÈ_¼ÑÐÑ¼"¾o·)¿�Á¤º,¾
Ç�À�Á)º�¿hÌ�¾Ä%¼.½ Ç�Ì�º3¼M¹Ê¾ó¹_º ¾o¿ÕÇÕùh¿�¿ Á¦Ç�Ú)Ú�Ã3¿�
 ¹_ÐÑÇ6¾o¹P¿hÀ¬¹_À)Á)¼.Ú%¼.À)Á)¼.ÀB¾^¿�ö�¾3·)¼M¿q��¼�ÃoÇ6È_È'¼�À)¼.Ã3ù�É�ºÂ½ Ç�ÈP¼Ñ¿�öÆ¾o·)¼½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.ÃÏÐÑ¼�Ç�º3Ì�Ã3¼�ÐÛ¼�À]¾�ÍÏ¶¸·)¹_º'Ú)ÃÂ¼�Á)¼.ºÂ¾3¹_À)¼.º�¹P¾D¾3¿�Ä�¼�Ì)º3¼.ÁM¹PÀÛ¾3·)¼�½ Ç�ÈP¹_Ä)Ã3Ç6¾o¹P¿hÀ)ºÏ¿�ö%Ä�¿�¾o·Y¾o·)¼¼�ÈP¼�½.¾3Ã3¿hÐÑÇ�ùhÀ�¼.¾o¹P½jÇ�À)Á^·)Ç�Á)Ã3¿�À)¹_½j½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.Ãßº3¼�½"¾o¹P¿hÀ)º�ÍÅ¶¸·)¹_º»ÿ�¹_ÈPÈhÄ%¼ÆÁ)¹_ºÂ½�Ì)ºÂº3¼.Á�¹_Àóº3¼�½"¾o¹P¿hÀ ] Í � Í± ¹Ê¾o· ¾o·)¼�Á)¿hÌ)Ä)ÈP¼KÇ�À�ùhÈ_¼ ÐÛ¼.¾o·�¿ Áû¾o·)¼�¼��h¼.À]¾�ñ º9¾oÃoÇ6À)º���¼�Ã3ºÂ¼�ÐÑ¿�ÐÑ¼.ÀB¾3Ì)ÐxÇ�À)Áû¾o·)¼�º3½�Ç6¾3¾3¼�Ã3¼.Á¼�ÈP¼�½.¾3Ã3¿hÀ ñ�º�¼�À�¼�Ã3ù6É ½ Ç�À Ä�¼óÁ�¼�Ã3¹	�h¼.ÁûöcÃÂ¿hÐ� 

PT,DA =
2Ee sin γh

sin γh + sin θe − sin(γh + θe)

² ] ÍÊø � ´

E ′
e,DA =

2Ee

tan(γh/2) + tan(θe/2)

² ] ÍÊø ] ´
ÓÕÔUÖ=ÔUÖ8Ô"!ðÝÒå�ß`Ù'à$#'Û&%('�Û$ÚKß`Ù*)8à�ÝKß`Ù'ã=Ú
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η = − ln(θ/2)
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ÇZ�BÌ�Ç�ÈP¹P¾8ÉhÍÆþîÈ_Ç�Ã3ù�¼9öcÃoÇ�½"¾o¹_¿�Àû¿6öÏ¾o·)¼óÃ3¼.½�¿hÃÂÁ)¼�ÁÕÁ�Ç6¾oÇÑÁ)¿�¼�º@À)¿�¾¿hÃ3¹Pùh¹_À)Ç6¾o¼@öcÃ3¿hÐ ¼.È_¼.½.¾oÃÂ¿hÀ Ú)Ã3¿6¾o¿hÀ ¹_À]¾3¼�ÃoÇ6½.¾o¹P¿hÀ)º.ÍÒ%Å¿hºÂº3¹_Ä�È_¼ º3¿hÌ�Ã3½�¼.º�Ç6Ã3¼! 

• ½.¿hº3ÐÛ¹_½�ÐKÌ�¿hÀ)º�Ò'¾o·)Ç6¾ÑÇ�Ã3¼�Ú)ÃÂ¿ Á�Ì)½�¼.Á�Ä]É ¹_À]¾3¼�ÃoÇ6½.¾o¹P¿hÀ)º�¿�ö�½�¿hºÂÐÑ¹P½ãÃoÇ6Á)¹<Ç6¾3¹_¿hÀ�ÿ�¹Ê¾o· ¾o·�¼Ú�Ç�Ã,¾o¹P½�È_¼.º¸¹_Àã¾3·)¼ ¼ Ç�Ã,¾o·�ñ º�Ç×¾oÐÛ¿hº3Ú)·�¼�Ã3¼6Í
• Ä�¼ Ç�ÐJ�5ÿ�Ç�ÈPÈ�¿hÃ'Ä�¼ Ç�ÐJ�8ù]Ç6ºÏ¼���¼�À]¾oº.Ò ¾o·)Ç6¾j¿ ½.½�Ì)ÃDÿ�·)¼.ÀãÇ Ä%¼�Ç�Ð Ú)ÃÂ¿�¾o¿�ÀÑ¹PÀB¾3¼�Ã3Ç�½.¾3º'ÿ�¹Ê¾o·�¾o·�¼Ä�¼ Ç�ÐJ�8Ú)¹PÚ%¼gÿÔÇ�ÈPÈ²¿hÃ¸ÃÂ¼�º3¹PÁ)Ì�Ç�ÈßùhÇ�º¸Ú�Ç�Ã,¾o¹_½.È_¼.ºÔÿ�¹P¾o·�¹_Àã¾o·�¼óÄ�¼ Ç6Ð Ú)¹_Ú�¼�Í
• ·�Ç6È_¿�ÐKÌ�¿hÀ)º�Ò�¾o·)Ç6¾ Ç�ÃÂ¼WÚ)Ã3¿�Á)Ì)½.¼�Á ¹_À�Ä�¼ Ç6ÐZ�eÿÔÇ�ÈPÈ�Ç6À)ÁëÄ%¼�Ç�ÐJ�8ù]Ç�ºÑ¼���¼�À]¾oºÕÇ�À)Á�¾3ÃoÇ��h¼.ÈÚ�Ç�Ã3Ç�È_ÈP¼�È²¾3¿M¾o·)¼�Ä%¼�Ç�Ð[Ç�
 ¹_ºP²c¾o·BÌ)º�º3Ì)ÃÂÃ3¿hÌ)À�Á)¹_À)ùÑ¾o·)¼KÄ�¼ Ç6Ð[Ú�Ã3¿�¾3¿hÀ)º�ÈP¹'�6¼�ºÂ¿hÐÑ¼Õ�B¹_À)ÁW¿6ö·�Ç�ÈP¿:´
þ�Æ�ÃÂºÂ¾jÐÛ¼ Ç�ºÂÌ)Ã3¼¸¾o¿ ùh¼"¾jÃ3¹_ÁY¿�ö�¾o·�¼�º3¼@À)¿hÀ��

ep
¼���¼�À]¾oºÆ¹_ºÏ¾3¿óÐÑÇ!�6¼@ºÂÌ)Ã3¼¸¾3·)¼¸¾o¹_ÐÛ¼¸Ç6¾'ÿ�·)¹P½
·MÇ6À¼���¼�À]¾�ÿ�Ç�º@Ã3¼�½.¿hÃ3Á�¼�ÁÝ½.¿h¹_À�½�¹_Á�¼�º¸ÿ�¹P¾3·û¾3·)¼ó¾3¹_ÐÛ¼ Ç�À)À)¿�Ì)À)½�¼.ÁÝÄ]Éû÷�ü'ý�þ§öc¿hÃ@ÇÛÄ�¼ Ç�Ð ½�Ã3¿�º3º3¹PÀ)ù)Í

]:�
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]_^a`cb3d c1Û�fhg:f)iK�Ctw�8twv��=���6� | {)o��?g3l)yWo�r!k!lNk�~�g'�6�����a~ �Ü� �
500 ticks =̂ 1BC =̂ 96 ns

�

�8ÀÝ÷�ü'ý@þ>¾o·�¼^È_¼.Ú�¾o¿�ÀÝÇ�À�ÁÝÚ)ÃÂ¿�¾o¿hÀûÄ)Ì)À�½
·)¼�º9½.¿hÈ_ÈP¹_Á)¼ ¹PÀÝ÷óø�ñ ºg¹PÀB¾3¼�Ã3Ç�½.¾3¹_¿hÀûÚ%¿�¹_À]¾@¼��h¼.ÃÂÉ
96 ns

Ò½�Ç�È_ÈP¼�ÁÑÇóÄ)Ì�À)½
·ã½�ÃÂ¿hº3ºÂ¹_À)ù�ÍD¶¸·)¼g¼�
�Ç�½.¾Æ¾o¹_ÐÛ¼�¹_º'ºÂ¾3¿hÃ3¼.Á²ÍK�5¾Æ¹_º'Ú%¿�º3º3¹PÄ)È_¼¸¾3¿^Ã3¼.½�¿hÀ�ºÂ¾oÃÂÌ)½.¾Æ¾o·)¼�¾o¹PÐÑ¼¿�ö�¹PÀ]¾o¼�Ã3Ç�½.¾3¹_¿hÀ�öcÃ3¿hÐ ¾3·)¼ãÁ)ÃÂ¹Pö�¾ó¾o¹PÐÑ¼ÛÃ3¼.½�¿hÃÂÁ)¼�Á Ä]É¤÷�ø�ñ º^½.¼�À]¾oÃ3Ç�È�"Â¼"¾K½
·�Ç�Ð^Ä%¼.Ã3º�ÍÝ¶¸·)¼ Ö�#]Ö�ºÇ�½
·�¹_¼���¼^ÇK¾3¹_ÐÛ¼9Ã3¼.º3¿hÈPÌ�¾o¹P¿hÀ�¿�ö
2
À�º�Í

�8À¦Ç6Á)Á)¹P¾3¹_¿hÀ{Ò{¾o¹PÐÑ¹PÀ)ùM¹PÀ�öc¿hÃ3ÐÑÇ6¾3¹_¿hÀÕ½ Ç�À¬Ä�¼YÇ�½®�BÌ)¹PÃ3¼�Á¬öcÃ3¿�Ð�¾o·�¼�È_¹'�BÌ)¹PÁÙÇ�ÃÂùh¿hÀ¬½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.Ã�Í¶¸·)¼Z(ßþgÃ®ñ º�¾o¹PÐÑ¼óÃ3¼.º3¿hÈPÌ�¾o¹P¿hÀW¹_ºg½�¿hÀ�º3¹_Á�¼�ÃoÇ6Ä)ÈPÉÕÈ_¿;ÿÆ¼�Ã® @¿hÀ)¼�¾o¼�À]¾3·Ù¿�öÆÇMÄ)Ì)À)½
·¬½.Ã3¿hºÂº3¹_À�ùÇ²U°¸Ö�´aÒ¿hÃ
9.6

À)º.Í
+ À�¾3·)¼ Ä�Ç�º3¹Pº�¿�öÅ¾3·)¼�ºÂ¼ ¾o¹_ÐÛ¹_À�ùKÃ3¼.º3¿hÈPÌ�¾o¹P¿hÀ)ºÔ¾o·�¼ öc¿�È_È_¿;ÿ�¹PÀ)ù^¾o¹PÐÑ¼gÿ�¹_À)Á)¿;ÿ�º@Ç�ÃÂ¼óÁ�¼�Æ�À)¼.Á� 

∆t ÝHÞVÝ = 0.1 BC = 9.6 ns
² [ ÍPø?´

∆t ß°à7á = 0.7 BC = 67.2 ns
² [ Í ú!´

þ�ÀÝ¼��h¼.ÀB¾9¹_º@½�¿hÀ)ºÂ¹_Á)¼.Ã3¼.ÁÝ¾o¿Ñ·�Ç��h¼^½.¿hÃ3ÃÂ¼�½"¾�¾o¹PÐÑ¹PÀ)ùY¹PöÅ¾o·)¼ó¼���¼�À]¾9¾o¹PÐÑ¼.ºgÃÂ¼�½.¿hÀ)ºÂ¾3Ã3Ì)½"¾o¼.ÁÙÄ%¿�¾3·öcÃÂ¿hÐ ¾3·)¼ûÖ�#]Ö�ºÛÇ�À)Á ¾o·�¼À(ËþgÃ�½�¿h¹PÀ)½�¹PÁ)¼Ñÿ�¹Ê¾o· ¾o·�¼�À)¿hÐÛ¹_À�Ç�ÈÆ÷�ü'ý�þ Ä)Ì)À�½
·V½.Ã3¿hºÂº3¹_À�ù¬¾3¹_ÐÛ¼�Òÿ�¹Ê¾o·)¹PÀK¾o·)¼�Ã3¼.º3Ú�¼�½"¾o¹S��¼@¾3¹_ÐÛ¼Æÿ�¹PÀ)Á)¿;ÿ�º ±∆t
ÍÏþ º3·�¹Pö�¾D¿�ö%Ì)ÚY¾o¿ ¾8ÿÆ¿�Ä)Ì�À)½
·Ñ½.Ã3¿hºÂº3¹PÀ)ùhºD¾o¿ ¼�¹Ê¾o·)¼.ÃºÂ¹_Á)¼ ¹_º�Ç6½�½�¼.Ú�¾o¼.Á²Ò%Ç�º�È_¿hÀ)ùÛÇ�º�Ä�¿�¾o· Á)¼"¾o¼.½.¾o¿�Ãg½.¿hÐÑÚ�¿hÀ)¼.À]¾oº�ÐÑ¼�Ç�º3Ì�Ã3¼ ¾o·)¼óºoÇ6ÐÑ¼ º3·�¹Pö�¾ ÍK�8ÀÕ½ Ç�ºÂ¼À)¿ ¾oÃ3Ç�½s�BºÆ½.¿hÌ)ÈPÁÑÄ�¼�Ã3¼�½.¿hÀ)º,¾oÃ3Ì�½.¾o¼.Áã¹_ÀY¾o·�¼@½.¼�À]¾oÃ3Ç�È�¾oÃ3Ç�½s��¼.Ã�ÒB¾o·)¼@¼���¼�À]¾Ô¹PºÆÇ6½�½�¼.Ú�¾o¼.ÁM¹Êö%¾3·)¼ç(ßþgÃ¾3¹_ÐÛ¹_À)ùK¹PÀ�öc¿hÃÂÐMÇ6¾3¹_¿hÀM¹_º¸½�¿�Ã3Ã3¼.½.¾�Í�÷@¿�ÿÆ¼���¼�Ã.Ò{¹_À�¾3·)¹_º¸½�Ç�º3¼ó¹P¾�·�Ç6º�¾3¿Ñ½.¿hÀ)½.Ì)Ã¸ÿ�¹P¾o· ¾o·�¼óÀ�¿hÐÑ¹PÀ�Ç�ÈÄ)Ì�À)½
·Ý½.Ã3¿hºÂº3¹_À�ùY¾3¹_ÐÛ¼�Ò)À�¿ÛºÂ·)¹Pö�¾3º@Ç�Ã3¼ Ç�ÈPÈ_¿;ÿÆ¼�Á²Í

]�è
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þx¾o¹PÐÑ¹PÀ)ùÙÚ)Ã3¿
Æ�È_¼ ¿�ö9¾3·)¼ÝºÂ¼�ÈP¼�½.¾3¼�Á�Á)Ç6¾
Ç¬¹_ºÛÁ)¹_ºÂÚ)È<Ç É�¼�Á�¹PÀ [ ÍPøhÍ �5¾Ûÿ�Ç�ºÑ¾oÇ!��¼.À�öcÃ3¿hÐ � [��ä� Í¶¸·)¼ZÆ�ùhÌ)ÃÂ¼ÛºÂ·)¿;ÿ�º^Çã¾8ÿÆ¿ÝÁ)¹PÐÑ¼.À)º3¹P¿hÀ�Ç�ÈÅÚ)È_¿6¾ ¿�öj¾o·)¼Yº3¼.È_¼.½.¾o¼.Á¤¼��h¼�À]¾3º�ÒôÄ�¹_À)À)¼.Á¦¹PÀÙ¾o·)¼�¾o¹PÐÑ¹PÀ)ù¹_À�öc¿�Ã3ÐÑÇ6¾o¹P¿hÀ^öcÃ3¿�Ð ¾o·)¼�Ö�#]Ö�ºÆÇ�À)ÁÑ¾3·)¼<(ßþ�Ã® 
t0,CJC

Ç�À�Á
t0,LAr

Íôþ�ÀM¿
�{ºÂ¼.¾j¹_À
t0,CJC

¿6ößÇ�Ä�¿hÌ�¾
500 ticks

Ò ¾o·)Ç6¾Ô¹Pº
1
°¸Ö�Ò)½�Ç�À�Ä�¼9¿hÄ)ºÂ¼�Ã���¼�Á²Í'¶¸·)¼ ÐÑÇ?"Â¿hÃÂ¹P¾8ÉÛ¿�öË¼��h¼�À]¾3º@·)Ç�ºÔÄ�¼�¼�À�öc¿hÌ�À)Á Ç6¾�¾3·)¼Ç�½.¾3Ì�Ç�È%Ä)Ì)À)½
· ½�ÃÂ¿hº3ºÂ¹_À)ùK¾3¹_ÐÛ¼�ÒBÄ)Ì�¾¸Ç�Á)Á)¹Ê¾o¹_¿�À�Ç�È�¼���¼�À]¾oº�·�Ç��h¼ Ú)Ç�º3ºÂ¼�Á�¾o·)¼ ½.Ì�¾ Ò�¾o·�Ç×¾�Ç�Ã3¼�º3·)¹Êö�¾o¼�Á

−1
Ò
+1

ÒßÇ�À�Á
+2

Ä)Ì)À)½
·�½�ÃÂ¿hº3ºÂ¹_À)ùhº�¹_ÀÙÄ�¿�¾o·��6Ç�ÃÂ¹<Ç�Ä)ÈP¼�º.Íó¶¸·�¼Kÿ�¹_Á�¾3·Ù¿�ö'¾o·)¼KÁ�¹_ºÂ¾3Ã3¹PÄ)Ì�¾o¹P¿hÀ)ºg¹_À
t0,CJC

Ç6À)Á
t0,LAr

Á)¹PÃ3¼.½.¾o¹P¿hÀØ½�¿hÃÂÃ3¼.º3Ú�¿hÀ)ÁØ¾o¿Ù¾o·)¼�¾3¹_ÐÛ¼ãÿ�¹_À)Á)¿;ÿ�ºYÁ)¼�Æ�À)¼�ÁV¹_ÀØ¼®�BÌ�Ç×¾o¹_¿�À)º [ ÍPøÇ�À)Á [ ÍPø�ÍDÎ�Ì)ÃÂ¾3·)¼�ÃÂÐÑ¿hÃÂ¼�Ò�¿hÀ)¼@½ Ç�ÀMÃ3¼�½.¿hùhÀ)¹S¯�¼�¾o·)¼g¼���¼�À]¾oº�¾3·�Ç6¾Æ·�Ç��h¼9Ä�¼�¼.ÀM¾oÃÂ¹_ùhù�¼�Ã3¼.ÁÑ¿�ÀÑ¾o¹PÐÑ¹PÀ)ù¹_À�öc¿�Ã3ÐÑÇ6¾o¹P¿hÀÑöcÃÂ¿hÐ ¾o·�¼ó½�Ç�È_¿�Ã3¹_ÐÛ¼.¾3¼�ÃÆ¿hÀ)ÈPÉ�ÍD¶¸·)¼.É�öc¿�Ã3Ð Ç6Àû¿�Ä)È_¿hÀ�ùÛ·�¿hÃ3¹S¯�¿hÀ]¾
Ç6È{Á)¹PºÂ¾oÃÂ¹_Ä)Ì ¾o¹_¿�À²Í
Ð¤á3ï¬áåä »=å­»¼ÃU»1G¼¶Uº ñEÃ=æó¶¢G¼¸�ñóò¾¿x½hç
É�¼�ºÂÚ)¹P¾3¼ÔÃ3¼.ÐÑ¿q��¹_À�ù�¼���¼�À]¾oºDÿ�¹Ê¾o·^ÿ�ÃÂ¿hÀ)ù�¾3¹_ÐÛ¹_À)ù)Ò�ºÂ¿hÐÑ¼ÆÀ)¿hÀ��

ep
¼��h¼�À]¾3ºjº,¾o¹PÈ_ÈBÃ3¼.ÐMÇ�¹PÀ^¹PÀ�¾o·�¼ÔÁ�Ç6¾oÇº3¼"¾ ÒDÄ�¼�½ Ç6Ì)º3¼ã¾3·)¼.É¦·�Ç�Ú)Ú�¼�À�¼�Á ½�ÈP¿hº3¼Û¾o¿Ý¾3·)¼ãÀ)¿�ÐÑ¹PÀ�Ç�ÈDÄ)Ì)À�½
·Ü½.Ã3¿hºÂº3¹PÀ)ùÝ¾o¹PÐÑ¼6ÍÕ¶¸·�¼�º3¼�¼��h¼.ÀB¾3ºÐMÇ É ¿q��¼�Ã3È_Ç ÉØÃ3¼ Ç6È

ep
¼��h¼�À]¾3º�ÒÔ¾o·BÌ)ºÛÄ)¹_Ç�º3¹PÀ)ùÙ¾o·)¼ Ã3¼.½�¿hÀ�ºÂ¾oÃÂÌ)½.¾3¹_¿hÀV¿�ö9¼��h¼.ÀB¾­�B¹_À)¼.ÐMÇ6¾3¹_½.º�Í �8À¿hÃ3Á�¼�Ã�¾o¿¼Æ�ÈÊ¾o¼�Ã�¿�Ì�¾�¾o·)¿�º3¼ ¼���¼�À]¾oºMÇ�ºÂ¼.¾Û¿�ö�Ç�È_ùh¿�Ã3¹P¾3·)ÐÛº^·�Ç�ºYÄ�¼�¼.ÀVÁ)¼���¹_º3¼.Á²ÒÆ¾3·�Ç6¾YºÂ½ Ç�À)ºYöc¿hÃ¾o¿hÚ�¿hÈP¿hùh¹_½�Ç�È�º3¹_ù�À�Ç6¾oÌ�Ã3¼�º.Í¶¸·)¼W¾3¿hÚ�¿hÈ_¿hù�¹_½ Ç6È�Æ)À)Á)¼�ÃÂºûÇ�Ã3¼WÁ�¹S��¹_Á)¼.Áë¹_À�¾3·)Ã3¼.¼ÙÄ)¹P¾3½�¿�Á)¼�ÁëºÂ¼.¾oº� ¿hÀ)¼ÙºÂ¼.¾ ¹_ºM½ Ç�ÈPÈ_¼�Á �®Ìèç�ËÆ�À)Á)¼.Ã3º�²N�8Ä)ù�´^Ä%¼.½ Ç�Ì)ºÂ¼û¾3·)¼.É Ç�Ã3¼ ½�¿�À)º3¹PÁ)¼�ÃÂ¼�ÁØ¾o¿¬·�Ç��h¼ÕÇÙÀ)¼�ùhÈP¹_ùh¹PÄ)È_¼ÑÃoÇ6¾3¼�¿�ögÐÑ¹Pº3¹_Á�¼�À]¾o¹Êö�É ¹PÀ)ùÃ3¼�Ç�È

ep
¼���¼�À]¾oº�Ç�º Ä�Ç6½s��ù�Ã3¿hÌ)À�Á²ÍK¶¸·)¼�¾8ÿÆ¿ öcÌ�ÃÂ¾o·�¼�Ã º3¼"¾oº.Ò»¾3·�Ç6¾ Ç�ÃÂ¼�º3Ú�¼�½.¹SÆ�½�Ç�È_ÈÊÉÝÁ)¼.º3¹PùhÀ)¼�ÁÙöc¿hÃ½
·�Ç�ÃÂùh¼�Áû½�Ì)ÃÂÃ3¼.ÀB¾�Ç�À�Ç6ÈPÉ�¯�¼.ºgÇ6Ã3¼ ½ Ç6È_È_¼.ÁÀ�8Ä)ù]Ç�Ð Ç�À)Áx�8Ä)ù�öcÐûÍ

+ À)¼ ·�Ç6È_¿�Ç�À�Áû¿�À)¼ ½�¿hºÂÐÑ¹P½ÊÆ�À�Á)¼�Ã@Ç�ÈPùh¿hÃ3¹Ê¾o·)Ð öcÃÂ¿hÐ ¾3·)¼8�8Ä)ù�ºÂ¼.¾gÇ�À)Á�¿hÀ�¼ Ä%¼�Ç�ÐZ�5ù]Ç�º$Æ)À)Á)¼�ÃöcÃ3¿hÐî¾o·)¼<�8Ä)ù�öcÐ ºÂ¼.¾�Ç�Ã3¼�Á)¹Pº3½.Ì)º3ºÂ¼�Áã¼�
�¼.ÐÑÚ�È<Ç�Ã,ÉhÍÏþ Á)¼"¾
Ç�¹PÈ_¼�ÁÛÁ)¼.º3½�ÃÂ¹_Ú�¾3¹_¿hÀY½�Ç�ÀMÄ�¼¸öc¿hÌ)À)ÁÑ¹_À�¾o·)¼÷�ø ¹_À]¾3¼�Ã3À)Ç�ÈßÀ)¿�¾3¼�ºz� [
è�� Ç�À)Á�� [���� Í¶¸·)¼@÷@þ=(ßþ9ýëÇ�ÈPùh¿hÃÂ¹P¾o·�Ð ¼.À]¾o¹_ÃÂ¼�ÈÊÉKÃ3¼.È_¹P¼�ºD¿hÀY¹_À öc¿hÃ3ÐÑÇ6¾o¹P¿hÀ^öcÃÂ¿hÐî¾3·)¼�È_¹'�BÌ)¹PÁYÇ�Ã3ù�¿hÀ�½ Ç�ÈP¿hÃ3¹PÐÑ¼��¾o¼.Ã�¾o¿�¹PÁ)¼�À]¾o¹Êö�ÉÝ·)Ç�È_¿ãÐ^Ì)¿hÀ)º9Ä]ÉÝ½
·)¼�½s�B¹_À�ù öc¿�Ã Çã·)¿hÃÂ¹'¯�¿�ÀB¾oÇ�È»¼�À)¼.Ã3ù�ÉÙÚ)Ç6¾3¾3¼�Ã3ÀÙÚ)Ç�ÃoÇ�ÈPÈ_¼.ÈË¾3¿ã¾o·)¼Ä%¼�Ç�Ð Ç?
�¹Pº�ÍD¶¸·)¹Pº¸½�¿hÃÂÃ3¼.º3Ú�¿hÀ)Á)º¸¾o¿�¾3·)¼9¾8É�Ú)¹_½�Ç�È²º3¹PùhÀ�Ç6¾3Ì)Ã3¼ ¿6öôÇ�·�Ç6È_¿K¼��h¼�À]¾® �Ç�ÐKÌ)¿�À�¼�À]¾o¼.Ã3¹_À�ù¾o·)¼ÛÁ)¼"¾o¼�½"¾o¿hÃ�¹_À¬¾o¹PÐÑ¼Kÿ�¹Ê¾o·¦¾3·)¼ÛÚ)Ã3¿�¾3¿hÀ¦ÿ�·�¹_È_¼K¾3ÃoÇ��h¼.Ã3ºÂ¹_À)ùWÚ)Ç�ÃoÇ�ÈPÈ_¼.ÈDÇ�À)Á¦½�È_¿�º3¼Y¾o¿ ¾o·)¼ÛÄ%¼�Ç�ÐÚ)¹_Ú�¼�Í'¶¸·)¼Õ(ßþ�Ã¸Ä�Ç6Ã3Ã3¼.Èß¹_º�Á)¹	� ¹PÁ)¼�Á ¹PÀB¾3¿
36 × 26(φ, z)

º3¼.½.¾3¿hÃ3º.ÍÔÎ�¿hÃ¸¼ Ç6½
·x�6Ç�ÈPÌ)¼ ¿�ö
φ
¾3Ã3¹_Ú�È_¼.¾3º¿�öÅÇ�Á�"3Ç�½.¼�À]¾�º3¼.½.¾3¿hÃ3º@Ç�ÃÂ¼9½
·)¼�½s�6¼�ÁÝöc¿�ÃÔ¼�À)¼.Ã3ù�ÉMÁ)¼�Ú�¿hºÂ¹P¾oº¸¼�
 ½�¼�¼.Á)¹_À�ùÑÀ)¿�¹_º3¼�È_¼���¼�ÈuÍK�5öÆø � ¿hÃÔÐÛ¿hÃ3¼¾oÃÂ¹_Ú)ÈP¼.¾oºÅöcÌ)ÈSÆ�ÈPÈ ¾3·)¹_ºD½.¿hÀ)Á)¹Ê¾o¹_¿�ÀK¾o·)¼¸¼��h¼�À]¾Æ¹_ºÏ¾oÇ�ùhùh¼.ÁÑÇ6ºj·)Ç�È_¿ ÐKÌ�¿hÀ²ÍôþgÈP¾3¼�Ã3À)Ç6¾o¹	�h¼�ÈÊÉ^¹Êö%¾3·)¼�ÃÂ¼�Ç�Ã3¼Ç6¾ È_¼�Ç�ºÂ¾Yø;ú�À�¼�¹_ù�·�Ä�¿hÃÂ¹_À)ùãºÂ¼�½"¾o¿hÃÂº�¼�
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·�Ç�ÃÂùh¼�Á^½�Ì)ÃÂÃ3¼�À]¾D¼��h¼.ÀB¾3º�ÒBÇ�À�ÁK¹_º¾o·BÌ)º»Ì)º3¼.Á^¿hÀ�ÈPÉ ¹PÀ ¾3·�Ç6¾»º3¼.È_¼.½.¾o¹P¿hÀ²Í»¶¸·)¼jº3Ì)Ä�¾3Ã3¹Pùhùh¼�ÃßºÂ½ Ç�À�ºÅöc¿hÃËÇ�È<Ç�ÃÂùh¼D¹_Ð^Ä�Ç�È<Ç6À)½�¼Ï¹PÀ ¾oÃoÇ6À)º���¼�Ã3ºÂ¼¼�À)¼.Ã3ù�ÉÑÁ)¼.Ú%¿hºÂ¹P¾3¼�Áã¹PÀM¾o·)¼gÈ_¹S��Ì�¹_ÁÑÇ�Ã3ùh¿�Àã½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.Ã<² ï �-Ì ª�¤ Î�ð�ñ-ò-ò�ó-ô:´"Í�¶¸·�¼�¾o·)ÃÂ¼�ºÂ·)¿hÈ_Áe��Ç6È_Ì)¼
ôÑ½�¿�Ã3Ã3¼.º3Ú�¿hÀ)Á)º�¾o¿ÛÇ�À ¼.À)¼�ÃÂù�É ¿�ö

6 GeV
ÍjÓÕ¹Pº3º3¹PÀ)ùY¼�À)¼.Ã3ù�É ¹Pº�ÇK¾o¿hÚ�¿hÈ_¿�ù�ÉÑ¾8É�Ú)¹P½ Ç�È²öc¿�Ã¸½
·�Ç�Ã3ù�¼�Á½�Ì)ÃÂÃ3¼.ÀB¾g¼���¼�À]¾oº�º3¹_À�½�¼�ÇÛÀ)¼.Ì�¾oÃÂ¹_À)¿Û¹_º�¿hÀ�¼ó¿6öÏ¿hÀ)ÈÊÉã¾8ÿÆ¿MÚ�Ç�Ã,¾o¹P½�È_¼.º¸¹_À ¾o·)¼nÆ�À�Ç6ÈßºÂ¾
Ç×¾o¼�Ò�Ç�À�Áû¾3·�Ì�º½ Ç�ÃÂÃ3¹P¼�º�¿
��Çã½.¿hÀ)º3¹PÁ)¼�Ã3Ç�Ä)ÈP¼KÇ�ÐÛ¿hÌ)À]¾9¿6ö'¼�À)¼.Ã3ù�ÉÕÌ)À)Á)¼"¾o¼.½.¾o¼.Á²Ín�8À¬Ç�Á)Á)¹Ê¾o¹P¿hÀÕ¾3¿M¾o·)¹Pº9Ç�ÀÝ¼�À)¼.Ã3ù�ÉÁ)¼�Ú�¿hºÂ¹P¾o¹P¿hÀ�¹_À�¾3·)¼ ½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼�Ã�ñ�º�¹_À)À)¼.ÃÔöc¿hÃÂÿ�Ç�ÃÂÁÕÚ�Ç6ÃÂ¾�¹_º¸ÃÂ¼®�BÌ)¹PÃ3¼�Á ² ï �-Ì ª���ö ó Ë ´"Í

2lþ�ÿ
Þ Ì)Ä�¾3Ã3¹Pùhùh¼�ÃÑÞ \�� ¹_ºÛÚ)ÃÂ¹_ÐÑÇ�Ã3¹PÈPÉ¦Á)¼�ºÂ¹_ùhÀ)¼.ÁVöc¿hÃY¾o·�¼ÝÁ)¼"¾o¼�½"¾o¹P¿hÀ�¿�ö�¼�ÈP¼�½.¾3Ã3¿hÀV½ Ç�À�Á)¹_Á�Ç×¾o¼�ºÑ¹_ÀØ¾o·)¼È_¹S��Ì�¹_ÁÕÇ�Ã3ùh¿�ÀW½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.Ãu² ï �3Ì ª-÷�ø�÷�ù Î3Ì�Í0ú ª�Ë ´"Íð�5¾ ¹PºgÌ)ºÂ¼�Á¬¹_Àû¾o·)¼^À)¼�Ì�¾3ÃoÇ�ÈÅ½�Ì)ÃÂÃ3¼.ÀB¾ Ç�À�Ç�ÈÊÉ ºÂ¹_º¾o¿�¾oÃÂ¹_ùhù�¼�Ã ¿hÀÙ¾o·�¼ÛºÂ½ Ç6¾Â¾o¼.Ã3¼�Á¦¼�ÈP¼�½.¾3Ã3¿hÀ�¹_ÀÙ¾3·)¼JÆ�À�Ç�ÈDº,¾
Ç6¾3¼�ÍY¶¸·)¹_º ¹Pº Á)¿hÀ)¼YÄ]É¬½
·)¼�½s�B¹PÀ)ùÕöc¿hÃ ÇÈ<Ç�ÃÂùh¼jÇ�À)ÁK½.¿hÐÛÚ�Ç�½.¾Å¼�À�¼�Ã3ù6É�Á�¼�Ú�¿hº3¹Ê¾o¹_¿�À�¹PÀ�¾o·�¼Æ¼.È_¼�½"¾oÃÂ¿hÐMÇ6ùhÀ)¼.¾3¹_½'Ú�Ç�Ã,¾ô¿6ö)¾o·)¼Æ½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.Ã²ÿ�¹P¾o·Ç��h¼.¾3¿Õ½.¿hÀ)Á)¹Ê¾o¹P¿hÀÙ¿hÀ�¼�À)¼.Ã3ù�ÉÙÁ�¼�Ú�¿hº3¹Ê¾o¼�Á�¹_ÀW¾3·)¼Y·�Ç�Á)ÃÂ¿hÀ)¹P½�½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼�Ã.ÍK÷@¿�ÿÆ¼���¼�Ã.ÒÅ¾o·�¼Z��¼.¾3¿¾o·)ÃÂ¼�ºÂ·)¿hÈ_Á¤¹_ºÕ��¼�Ã,É¤·)¹Pùh·²ÒÏºÂ¿Ý¾o·)Ç6¾YÞ \�� Ç�È_ÐÛ¿hº,¾�¼�
 ½�È_Ì�º3¹S��¼�ÈÊÉ¦¾3Ã3¹_ù�ùh¼�ÃÂº�¿hÀ¤¼�À)¼.Ã3ù�É¦Á)¼�Ú�¿hºÂ¹P¾o¹P¿hÀ)º¹_À¤¾3·)¼�¼�ÈP¼�½"¾oÃ3¿�ÐMÇ�ù�À)¼.¾3¹_½Ûº3¼�½"¾o¹P¿hÀ²Í¬¶¸·)¹_º^ÐMÇ!�6¼�º�¹Ê¾KÇ�ÈPº3¿ÙºÂÌ)¹P¾oÇ�Ä)È_¼Ûöc¿hÃ�¾3·)¼ãÁ)¼"¾o¼.½.¾o¹P¿hÀ ¿�ö3"Â¼.¾3º�Òÿ�·)¹_½
·¤Ì)º3Ì�Ç6È_ÈPÉ�Ç6È_º3¿Õ·�Ç��h¼�ÇÕÈ<Ç�ÃÂùh¼Y¼�È_¼.½.¾3Ã3¿hÐÑÇ�ùhÀ)¼"¾o¹P½Ñ½.¿hÐÑÚ�¿hÀ)¼.À]¾ ÍÕÎ�¿�Ãó¾3·)¹_ºóÚ)Ì)ÃÂÚ%¿hºÂ¼ Þ \�� ¹_ºÇ�È_ºÂ¿Y¹_À)½.È_Ì)Á)¼.Á ¹_À�¾o·)¼9¾3Ã3¹Pùhùh¼�Ã¸½.¿hÐKÄ)¹PÀ�Ç6¾3¹_¿hÀã¿6öÅ¾3·)¼ ½
·�Ç�Ã3ù�¼�Áû½�Ì)ÃÂÃ3¼�À]¾gº3¼.È_¼�½"¾o¹P¿hÀ²Í
2lÿ�ÿ
Þ Ì)Ä�¾3Ã3¹Pùhùh¼�ÃgÞ �!� ¹PºgºÂ¹_ÐÛ¹_È<Ç6ÃÆ¾o¿MÞ \�\ ¹_À�¾o·)Ç6¾�¹Ê¾gÇ�È_ºÂ¿Û½
·�¼�½s�Bº9öc¿hÃ�ÐÑ¹Pº3ºÂ¹_À)ù�¾oÃ3Ç�À)ºò�h¼�ÃÂº3¼K¼.À)¼�ÃÂù�É ¹_À¾o·)¼gÈ_¹S��Ì�¹_ÁÛÇ�Ã3ù�¿hÀM½�Ç�È_¿hÃÂ¹_ÐÛ¼.¾3¼�Ã<² ï �-Ì ª�¤ Î�ð�ñHò-ò�ó Ë ´"Íj¶¸·)¼@¾o·)ÃÂ¼�º3·�¿hÈ_Áô��Ç6È_Ì)¼ Ë ½�¿hÃÂÃ3¼.º3Ú�¿hÀ)Á)º�¾3¿KÇ�À¼�À)¼.Ã3ù�É�¿�ö

4.5 GeV
ÍûÎ�¿hÃ ¾o·)¹Pº�ÃÂ¼ Ç�ºÂ¿hÀ¤¹Ê¾�¹Pº�¹PÀ)½�ÈPÌ)Á)¼.Á¤¹_À¬¾o·�¼M½
·�Ç�ÃÂùh¼�Á¤½�Ì)ÃÂÃ3¼�À]¾�¾oÃ3¹Pùhùh¼.ÃóÐÛ¹	
%Í÷g¿;ÿÆ¼��h¼.Ã�Ò�¾o·�¼ ¼�À)¼.Ã3ù�ÉÑ¾o·)ÃÂ¼�º3·�¿hÈ_Á ¿�öË¾o·�¼9¾oÃ3¹Pùhùh¼.Ã�¼�ÈP¼�ÐÛ¼�À]¾ ï �-Ì ª�¤ Î�ð�ñHò3òY¹PºÔÈ_¿;ÿÆ¼�Ã¸¹PÀM¾o·)¹Pº¸½ Ç�ºÂ¼�Òÿ�·)¹_½
·óÐÑÇ!��¼.ºÏÞ �!� Ç�ÈPº3¿¸ºÂÌ)¹P¾oÇ�Ä)È_¼Ïöc¿�Ã»À�¼�Ì�¾3ÃoÇ�È]½.Ì)Ã3ÃÂ¼�À]¾ôºÂ¼�ÈP¼�½.¾3¹_¿hÀ�º�Íl,g¼�Ì ¾oÃoÇ6È�½.Ì)Ã3ÃÂ¼�À]¾Å¼��h¼.À]¾oºôÐÑÇ Éº3·)¿;ÿ Ç6ÀÑÇ6Ú)Ú�Ç�ÃÂ¼�À]¾�¼.À)¼�ÃÂù�É�¹PÐKÄ�Ç�È_Ç�À)½�¼Æöc¿hÃ'º3¼���¼�Ã3Ç�È�Ã3¼ Ç6º3¿hÀ)º� ÏÈ_¹PÐÑ¹Ê¾o¼.ÁKùh¼�¿�ÐÑ¼"¾oÃ3¹P½ Ç�È�Ç�½�½.¼�Ú�¾oÇ�À)½.¼Ç�À)Á�¼.À)¼�ÃÂù�É�Ã3¼.º3¿hÈPÌ�¾o¹P¿hÀã¿�öß¾3·)¼ Á)¼"¾o¼�½"¾o¿hÃ.Ò)¿hÃ�¾3·)¼ ºoÇ×¾oÌ)Ã3Ç6¾o¹P¿hÀã¿�öË¾o·�¼9Ã3¼�Ç�Á)¿hÌ�¾�¼.È_¼.½.¾oÃÂ¿hÀ)¹P½�ºÔÄ]É�Ç

[ ø
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��¼�ÃÂÉû·)¹Pùh· ¼�À)¼.Ã3ùh¼"¾o¹P½�¼.È_¼�½"¾oÃÂ¿hÀ �rø ��� Í�¶¸·�¹_º¸ÿ�¹_ÈPÈ²Ä%¼óÁ)¹Pº3½�Ì�º3º3¼.ÁÝöcÌ)Ã,¾o·)¼.Ã@¹PÀÕºÂ¼�½"¾o¹_¿�À [ Í � Í ú Í�Þ ¹_À)½.¼¾3·)¼Ý¼.À)¼�ÃÂù�ÉV¾3·)Ã3¼.º3·)¿�È_Á�¿�ö ¾3·)¹_ºY¾oÃÂ¹_ùhù�¼�ÃÛ¼�È_¼.ÐÑ¼.À]¾ã¹_ºÛÃoÇ×¾o·)¼.ÃMÈ_¿;ÿ Ò¸¹Ê¾MÐÑÇ ÉÜÇ�È_ºÂ¿¤Ä�¼Õ¾oÃÂ¹_ùhù�¼�Ã3¼.ÁÄ]ÉVÀ)¿hÀ��5¼�Ú�¼��h¼�À]¾3º�Ò�ÈP¹'�6¼ÕÀ)¿�¹_ºÂÉÜ½�Ç�È_¿hÃÂ¹_ÐÛ¼.¾3¼�ÃY½�¼.È_È_º.Í ¶»¿ ¼�
 ½.È_Ì)Á)¼Õ¾o·)¹Pº�ÒÔ¾o·�¼Õ¾oÃÂ¹_ùhù�¼�ÃÛ¼�È_¼.ÐÑ¼.À]¾¹PºM½�¿�ÐKÄ)¹_À�¼�ÁVÿ�¹Ê¾o·ëÇ6À�Ç�Á)Á�¹P¾o¹P¿hÀ�Ç�Èð²cÐÑ¹PÀ)¹_ÐÑÇ�È)´�Ã3¼���Ì�¹_Ã3¼.ÐÑ¼.À]¾ã¿hÀ�¾3·)¼ÝºÂ¹_ùhÀ�¹SÆ�½�Ç�À)½�¼Õ¿�ö9¾3ÃoÇ�½s�BºÁ)¼"¾o¼.½.¾o¼.Á ¹_À�¾3·)¼Ù½�¼.ÀB¾3ÃoÇ�Èg¹_À)À�¼�ÃãÚ)ÃÂ¿hÚ�¿hÃÂ¾3¹_¿hÀ�Ç6È@½
·)Ç�ÐKÄ�¼�ÃG² ¦��ä�7ª ò3ñ�û�ó-ü:´�� \��0� Í>¶¸·)¼ÝÀ�Ì�ÐKÄ%¼.Ã¿�öÆ¾oÃ3Ç�½s�Bº^¹_À¬¾o·�¼M½�¼.À]¾oÃoÇ6Èj½
·)Ç�ÐKÄ�¼�Ãó·�Ç�º�¾3¿Õ¼�
 ½�¼�¼.Á�¾o·)¼Ûº3Ì�Ð ¿6ö�¾oÃ3Ç�½s�Bº^¹PÀ�¾3·)¼Ñöc¿hÃ,ÿÔÇ6Ã3Á¦Ç�À)ÁÄ�Ç6½s�Bÿ�Ç�ÃÂÁÕ¾oÃ3Ç�½s�B¹_À)ùÛÁ)¼"¾o¼�½"¾o¿hÃÂº�Í

Ð¦áVÐ¦á � ¶UÁ ¿uºZ¶5ñEÃ�ê »¼Ãs¿À¹ ç
¶¸·)¼gÄ�Ç�ÃÂÃ3¼�È�¿�ö{¾o·)¼gÈ_¹'�BÌ)¹PÁÛÇ�Ã3ùh¿�ÀÑ½�Ç�È_¿hÃÂ¹_ÐÛ¼.¾3¼�ÃD¹_ºjÀ)¿�¾�Ç�ºÂ¹_À)ù�È_¼�ÐÑ¿�À)¿hÈ_¹Ê¾o·)¹P½�º,¾oÃ3Ì�½.¾oÌ�Ã3¼9Ä)Ì ¾�Ä)Ì�¹_ÈP¾Ì)Ú ¿�ö ºÂ¼���¼�ÃoÇ6È9ÿ�·)¼�¼.È_º Ç�À)Áë¿�½.¾oÇ�À]¾oºÇ²c½.ö Í>º3¼.½.¾o¹P¿hÀ � Í � ÍÊø?´"Í�°�¼"¾8ÿ�¼.¼�À ¾o·)¼.º3¼W¾o·�¼Ù½ Ç�Ä)ÈP¼�ºMöc¿�Ã¾3·)¼MÚ)·�¿�¾o¿�Á)¼.¾3¼�½"¾o¿hÃÂº®ñ»·)¹_ùh·Ç�h¿hÈÊ¾
Ç�ù�¼ÑºÂÌ)Ú)Ú)ÈÊÉ¤Ç6À)Á¤¾o·�¼MÃ3¼�Ç�Á��5¿hÌ�¾�¼�È_¼.½.¾3Ã3¿hÀ)¹P½�º�Ç�Ã3¼ÛÃ3Ì�À�Ã3¼.À)Á)¼�Ã&�¹PÀ)ùÑ¾3·)¼�ºÂ¼^º3Ú)Ç�½�¼.º ¹_À)ºÂ¼�À)ºÂ¹P¾o¹	�h¼óÐMÇ×¾o¼�ÃÂ¹<Ç�ÈuÍ�%ôÇ6ÃÂ¾o¹P½�ÈP¼�º@¼�À]¾o¼.Ã3¹_À�ùM¾o·)¼�½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.ÃÔ¾o·)ÃÂ¿hÌ)ùh·û¾o·)¼.º3¼ù]Ç6Ú)º�ÐMÇ É¤¼�º3½�Ç�Ú�¼ÕÁ)¼"¾o¼.½.¾o¹P¿hÀ²Ò'¿hÃ�¹Êö@¾3·)¼.É�¼�À]¾o¼.ÃÛ¹PÀ ½�ÈP¿hº3¼ Ú)ÃÂ¿q
 ¹PÐÑ¹Ê¾8ÉhÒÏ¾o·�¼�¹_Ã^¼�À)¼.Ã3ù�É ÐÑÇ É�Ä�¼ÐÛ¹_ºÂÃ3¼�½.¿hÀ)º,¾oÃ3Ì�½.¾o¼.Á²Í@�8ÀÕ½�Ç�º3¼ ¿�öôÀ)¼�Ì�¾3ÃoÇ�Èß½.Ì)Ã3ÃÂ¼�À]¾oº�¾o·�¼ó¼.À)¼�ÃÂù�É ¿�ö»¾o·)¼ ºÂ½ Ç6¾Â¾o¼�ÃÂ¼�ÁÕ¼�È_¼.½.¾3Ã3¿hÀûÐMÇ ÉÄ�¼ ¹_À)½.¿hÃ3ÃÂ¼�½"¾ Íj÷g¿;ÿÆ¼��h¼.Ã�Ò�¾o·�¼ó¼.È_¼.½.¾oÃÂ¿hÀ ÐÑ¼"¾o·)¿�Á�Ì)ºÂ¼�Á öc¿hÃ��B¹_À)¼.ÐMÇ6¾3¹_½gÃ3¼�½.¿hÀ)º,¾oÃ3Ì�½.¾o¹P¿hÀ²Ò�·)¼�Ç�� ¹PÈPÉÁ)¼.Ú%¼.À)Á)º¸¿hÀÛ¾o·)¹Pº�¹PÀ�öc¿hÃ3ÐÑÇ6¾3¹_¿hÀ²Í��8À�½
·�Ç6Ã3ùh¼g½�Ì)ÃÂÃ3¼�À]¾¸¼��h¼.ÀB¾3º�Ò)¾3·)¼�¼.À)¼�ÃÂù�ÉM¿6öß¾o·)¼g·�Ç�Á)ÃÂ¿hÀ)¹_½�Æ�À�Ç6Èº,¾
Ç6¾3¼ãÐMÇ É�Ä�¼ã·)¼ Ç���¹_ÈÊÉ�Ä)¹<Ç�ºÂ¼�Á²Í��8À ½ Ç�ºÂ¼�¿�ö�À)¼�Ì ¾oÃoÇ6È=²c½
·�Ç�Ã3ù�¼�Á0´^½.Ì)Ã3ÃÂ¼�À]¾oº.Ò'¾3·)¿hºÂ¼ã¼���¼�À]¾oºÛÇ�ÃÂ¼ÃÂ¼�ÐÛ¿?��¼�Á�öcÃÂ¿hÐ ¾o·)¼ôÆ�À�Ç�Èjº3¼.È_¼.½.¾o¹P¿hÀ¦ÿ�·�¹_½
·�·�Ç���¼M¾o·)¼Ñ¼�ÈP¼�½.¾3Ã3¿hÀ ²�·�Ç�Á�Ã3¿hÀ)¹P½ôÆ)À�Ç�ÈjºÂ¾
Ç×¾o¼q´ ¼�À]¾o¼.Ã¾3·)¼ ½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼�Ãjÿ�¹P¾3·)¹_À

2
½�Ð ¿�öÏÇY½�Ã3Ç�½s��Í

Ð¦á��Ùá ��¶s¹ ¶�òôñóò$¶U»G¸ »�� µ·¶s¸^çe¹ ñóò$¶Nº êëñÀ¸.GÑç
þgº ÇãÈ<Ç�º,¾ ºÂ¾3¼�Ú¬¹_ÀÝ¾3·)¹_º�Ú)Ã3¼.º3¼�ÈP¼�½"¾o¹_¿�ÀW¾o·)¼�Ú)·)Ç�º3¼�ºÂÚ�Ç�½�¼Y¿�ö'¾3·)¹_º Ç6À�Ç�ÈPÉ�ºÂ¹_º�¹Pº9È_¹PÐÑ¹Ê¾o¼.Á²Í Îô¹PÃ3ºÂ¾�¿�öÇ�ÈPÈeÒ�¾3·)¼@¹_À)¼.È<Ç�º,¾o¹_½.¹P¾8É

y
·�Ç�º'¾o¿óÄ%¼@È_¹PÐÑ¹Ê¾o¼.ÁKÁ)Ì)¼�¾o¿�Á)¼.¾3¼�½.¾3¿hÃj½�¿hÀ)º,¾oÃ3Ç�¹_À]¾oº.ÍDÎ�¿hÃ'½
·�Ç�ÃÂùh¼�ÁÑ½�Ì)ÃÂÃ3¼�À]¾¼��h¼�À]¾3ºóÿ�¹Ê¾o·ÙÀ)¿�¼.È_¼�½"¾oÃÂ¿hÀ¬¹_ÀW¹Ê¾oºçÆ�À)Ç�ÈÏºÂ¾oÇ6¾o¼K¾3·)¹_ºç��Ì)Ç�À]¾o¹P¾8ÉÝ·�Ç�º9¾3¿�Ä%¼KÃÂ¼�½.¿hÀ)ºÂ¾3Ã3Ì)½"¾o¼.Á¤Ä]ÉÝ¾3·)¼·�Ç6Á)Ã3¿hÀ¦ÐÑ¼"¾o·)¿�Á²Íx°�¼.½ Ç�Ì)ºÂ¼ã¿�ö¸¼��BÌ�Ç6¾o¹P¿hÀ ] Í �

Q2
h

¹Pº�Ú�Ã3¿hÚ�¿hÃÂ¾3¹_¿hÀ)Ç�ÈÏ¾o¿
1/(1 − yh)

ÒôÇ�À)Á¤¾3·BÌ)º¾3·)¼
Q2 ÃÂ¼�º3¿�È_Ì�¾3¹_¿hÀW¿6öj¾3·)¼�·�Ç�Á�Ã3¿hÀÙÐÛ¼.¾3·)¿ ÁÙ¹Pº9È_¹PÐÑ¹Ê¾o¼.Áûöc¿hÃ�·)¹_ùh·��6Ç�ÈPÌ)¼�º�¿�ö

y
ÍóÎ�Ì)Ã,¾o·)¼.Ã3ÐÛ¿hÃ3¼6Ò¼��h¼�À]¾3º�ÿ�¹Ê¾o·ÑÈ_¿;ÿ �6Ç�È_Ì)¼.º�¿�ö

yh

·�Ç��h¼ Ç�·�Ç�Á)ÃÂ¿hÀ)¹_½�Æ�À�Ç6È{ºÂ¾oÇ6¾o¼gº3½�Ç6¾3¾3¼�Ã3¼.Á ¹_À]¾o¿ó¾o·)¼ç��¼�Ã,ÉMöc¿hÃ,ÿÔÇ�ÃÂÁÃÂ¼�ùh¹P¿hÀ�¿�ö»¾o·)¼ Á)¼"¾o¼�½"¾o¿hÃ.ÍjÎ�¿�Ã�¾o·)¿�º3¼ ¼���¼�À]¾oº<�h¼�Ã,¾o¼�
 Ã3¼.½�¿hÀ)º,¾oÃÂÌ)½.¾3¹_¿hÀû¼�NÛ½�¹P¼�À)½.¹_¼.ºgÇ6Ã3¼=�h¼.ÃÂÉ ÈP¿�ÿ Í¶¸·)¹Pº�¹_ºÔÿ�·]ÉûÇ�Á)¿hÌ)Ä)ÈP¼ ½�Ì�¾@¿hÀ ¾o·�¼ó¹PÀ)¼�È_Ç�ºÂ¾3¹_½.¹P¾8ÉÛ¹_º¸¹PÀB¾3Ã3¿�Á)Ì)½.¼�Á� 
0.1 < yh < 0.9

² [ Í � ´
Î�¿�ÃÅÀ)¼.Ì�¾oÃ3Ç�È�½.Ì)Ã3ÃÂ¼�À]¾'¼���¼�À]¾oºÏ¾3·)¼Ô¹PÀ)¼�È_Ç�ºÂ¾3¹_½�¹Ê¾8É ½ Ç�À�Ä�¼�Á�¼�Ã3¹	�h¼.ÁKöcÃ3¿hÐ ¼�À)¼.Ã3ù�É^Ç�À)Á�Ú�¿hÈ_Ç�Ã»Ç�À)ùhÈP¼¿�ö¸¾3·)¼MºÂ½ Ç6¾Â¾o¼.Ã3¼�Á ¼.È_¼.½.¾oÃÂ¿hÀ²ÍÕ¶¸·)¹_º�ÐÑ¼"¾o·)¿�Á�Á)¿�¼�º�À)¿�¾K·)Çq��¼M¾o·�¼ãºoÇ�ÐÛ¼MºÂ·)¿hÃ,¾o½�¿�ÐÑ¹PÀ)ùhº�Ç�º�¾3·)¼·�Ç6Á)Ã3¿hÀÝÐÑ¼"¾o·)¿�ÁÝ½.¿hÀ)½�¼.Ã3À)¹PÀ)ùã¾o·�¼

Q2 Ã3¼�ºÂ¿hÈ_Ì ¾o¹_¿�À²Í@÷g¿;ÿ�¼��h¼.Ã�Ò²¾o·�¼KÈ_¹PÐÑ¹Ê¾
Ç6¾3¹_¿hÀ)ºÆöc¿hÃgÈP¿;ÿÞ��Ç6È_Ì)¼.º¿�öß¾3·)¼�¹PÀ)¼�È_Ç�ºÂ¾3¹_½.¹P¾8ÉYºÂ¾3¹_ÈPÈ%Ç6Ú)Ú)ÈPÉ�ÍÏ¶¸·)¼9º3Ç�ÐÛ¼�½�Ì ¾¸Ç�ºÔ¹PÀÑ¾3·)¼9½
·�Ç�ÃÂùh¼�Á�½.Ì)Ã3ÃÂ¼�À]¾¸½�Ç�º3¼9¹PºÔÇ�Ú�Ú)È_¹P¼�ÁÑ¾3¿
ye

 
0.1 < ye < 0.9

² [ Í ] ´

[ ú



Ó:9��q9
	�4?2Òì=4���T!Q'5�4sRE4sAH2U>
Þ ¹PÀ)½�¼Õ¾o·)¹Pº�Ç�À�Ç�ÈÊÉ�º3¹_ºM¹_ºãÁ)¼.Á)¹_½�Ç6¾o¼.Áë¾o¿�¾o·�¼Ùº3¼ Ç6Ã3½
· öc¿hÃã·)¼�Çq�BÉë¼�
 ½
·�Ç�À)ùh¼¬Ä�¿hº3¿�À)º�Ò�Ç�·)¹_ùh·ÐÑ¿�ÐÑ¼.ÀB¾3Ì)Ð ¾3ÃoÇ�À�ºÂöc¼�Ã�¹Pº¸Ã3¼®�BÌ)¹PÃ3¼.Á� 

Q2
e > 1000 GeV2 ² [ Í [ ´

¶¸·)¹_ºóÁ)Ã3Ç�ºÂ¾3¹_½ Ç6È_ÈPÉÝÈ_¹PÐÑ¹Ê¾oº�¾3·)¼ÑÀBÌ)Ð^Ä%¼.Ã�¿�öÔ¼��h¼.À]¾oº�ÒDÄ�Ì�¾^Á�Ì)¼Ñ¾3¿û¾3·)¼ÑÈ_Ç�Ã3ù�¼Y¾3¿�¾
Ç6Èj½.Ã3¿hºÂº�ºÂ¼�½"¾o¹_¿�À¿�öjÀ)¼�Ì ¾oÃoÇ6Èô½�Ì�Ã3Ã3¼.À]¾ ¼��h¼.À]¾oº ºÂ¾3¹_È_È»Ú)ÃÂ¿?��¹PÁ)¼�º Ç�ÐÛÚ)ÈP¼�º,¾
Ç6¾3¹_ºÂ¾3¹_½.º�öc¿hÃ�½.¿hÀ]¾oÃÂ¿hÈôÚ)ÈP¿�¾oº9Ç�À)ÁW¾o·�¼KÈ_¹PÐÑ¹Ê¾¼�
�¾oÃ3Ç�½.¾3¹_¿hÀ Ú)ÃÂ¿ ½.¼�ºÂº�Í
�8ÀÑ½ Ç�ºÂ¼9¿�öß½
·�Ç6Ã3ùh¼.Áã½�Ì)ÃÂÃ3¼.ÀB¾Ô¼��h¼.À]¾oº�Ò ÿ�·)¿hº3¼g¾o¿�¾oÇ�È�½�Ã3¿�º3º�ºÂ¼�½"¾o¹_¿�Àã¹_ÀY¾o·)¹Pº �B¹PÀ)¼�ÐÑÇ6¾o¹P½�Á)¿hÐÑÇ�¹_À¹_ºÑÇ�Ä�¿hÌ�¾Û¿hÀ)¼Õ¿hÃ3Á)¼.ÃÑ¿6ö9ÐÑÇ�ùhÀ)¹Ê¾oÌ)Á)¼ Ä�¼�ÈP¿�ÿ ¾o·�Ç6¾Ñ¿�ö À�¼�Ì�¾3ÃoÇ�È�½�Ì�Ã3Ã3¼.À]¾oº�Ò¸¾3·)¹_ºÛ½�Ì�¾Ñ·�Ç�ºÛ¾o¿�Ä%¼È_¿;ÿÆ¼�Ã3¼.Á� 

Q2
h > 500 GeV2 ² [ Í \ ´

Ð¤á�
¬á�� ç�ò ê�ç�� ¿E¶s½hçe¹ çe¸óò»õ
Þ ¹_À�½�¼W¾o·�¹_º�Ç�À)Ç�ÈPÉ�º3¹PºM¹Pºãº3¼�Ç�Ã3½
·)¹PÀ)ù öc¿hÃã·)¼�Ç���É�Ú�Ç�ÃÂ¾3¹_½.È_¼�º.Ò�¿hÀ)¼W½�Ç�À ¼�
 Ú%¼.½.¾ ¾o·�¼��BÌ�Ç�ÃM� ²uÇ�À�Á¾o·BÌ)º�¾3·)¼KÃÂ¼�º3Ì�ÈP¾o¹PÀ)ùn"Â¼"¾�´¸¾o¿ãÄ�¼^·)¹Pùh·Ý¼.À)¼�ÃÂùh¼.¾3¹_½6Í=�5¾9¹Pº�Ã3¼��BÌ)¹_ÃÂ¼�ÁÝ¾3·�Ç6¾ Ç×¾9È_¼�Ç�ºÂ¾g¿hÀ)¼�"Â¼.¾�ÿ�¹Ê¾o·ÙÇ¾oÃ3Ç�À)º���¼�ÃÂº3¼9ÐÛ¿hÐÛ¼�À]¾oÌ)Ð�¿6ö

PT > 12 GeV
¹PºÆ¹PÁ)¼�À]¾o¹	Æ�¼�ÁÑ¹_ÀY¾o·)¼gÁ�Ç6¾oÇ�º3¼"¾oºÆöc¿�ÃÆÄ�¿�¾o·Û¾o·)¼@À)¼.Ì�¾oÃ3Ç�ÈÇ�À)Áû½
·�Ç�ÃÂùh¼�Áû½�Ì)ÃÂÃ3¼.ÀB¾gº3¼.È_¼.½.¾o¹P¿hÀ²Í

é@Ú�¾o¿Ý¾3·)¹_ºKÚ�¿h¹PÀB¾�¾o·)¼MÐÑ¼�Ç�º3Ì)ÃÂ¼�º�Ç6À)Á ½�Ì�¾3ºYÇ�Ú)Ú)ÈP¹_¼.Á¤¾o¿Ý¾3·)¼ãÁ�Ç×¾
ÇW·�Ç��h¼�Ä�¼�¼.ÀØº3¹_ÐÛ¹_È_Ç�Ã9öc¿hÃÄ%¿6¾o·WÀ)¼.Ì�¾oÃ3Ç�ÈDÇ�À�ÁW½
·�Ç�ÃÂùh¼�Á¬½�Ì�Ã3Ã3¼.À]¾ ¼��h¼.À]¾oº�Íó¶¸·)¼KÀ�¼�
�¾ ¾o¿ãºÂ¼�½"¾o¹_¿�ÀÙÁ)¼�ºÂ½�Ã3¹PÄ%¼�¾o·)¼�Ç6Á)Á)¹P¾3¹_¿hÀ)Ç�ÈÐÑ¼�Ç�º3Ì�Ã3¼�º¸¾3·�Ç6¾@·�Ç��h¼ Ä�¼�¼�ÀÝÇ�Ú)Ú)ÈP¹_¼.Áã¾o¿�¾o·)¼ ¾8ÿÆ¿ÑºÂ¼�ÈP¼�½.¾3¹_¿hÀ�º@ºÂ¼�Ú�Ç6ÃoÇ6¾3¼�ÈPÉ�Í
Ð¤á��¬á �>çe¿óò¾½BñEÃ K ¿x½H½hçe¸�òDæ åMç8ºZ¶NÅ�º K ¿�ò»õ
¶¸·)¼�Á�Ç6¾oÇ�º3¼"¾ÆºÂ¼�ÈP¼�½.¾3¼�ÁÛº3¿ ö�Ç�Ã'Ç�ÈPÃ3¼�Ç�Á�É�½�¿hÀ]¾
Ç6¹_À)º'ÐÑÇ�À]ÉKÀ)¼.Ì�¾oÃ3Ç�È)½�Ì�Ã3Ã3¼.À]¾�¼��h¼�À]¾3º�Íj÷g¿;ÿÆ¼��h¼.Ã�ÒB¾o·)¼Ú)Ì)ÃÂ¹P¾8ÉÛ½ Ç�ÀÑÄ%¼@öcÌ)ÃÂ¾3·)¼�ÃÆ¹_À)½.Ã3¼�Ç�º3¼.ÁãÄ]ÉMÇ6Ú)Ú)ÈPÉ�¹PÀ)ù�ºÂ¿hÐÛ¼�Ç�Á�Á)¹P¾3¹_¿hÀ�Ç6È�½�Ì�¾3º�ÍD¶¸·)¼9ÐÛ¿hº,¾Æ¹PÐÑÚ�¿hÃ,¾
Ç�À]¾Ã3¼���Ì�¹_Ã3¼.ÐÑ¼.À]¾D¹_ºË¾o·)¼�Ã3¼�ÈP¹<Ç�Ä�È_¼'¹_Á)¼.À]¾o¹SÆ)½ Ç6¾3¹_¿hÀ�¿�ö�Ç�ÀK¹Pº3¿hÈ_Ç6¾o¼.Á^·)¹Pùh·K¼.À)¼�ÃÂùh¼.¾3¹_½�ºÂ½ Ç6¾Â¾o¼.Ã3¼�ÁY¼.È_¼�½"¾oÃÂ¿hÀ²Í�5¾@¹_º¸Ã3¼��BÌ)¹_ÃÂ¼�Á ¾o·�Ç6¾¸¾3·)¼ º3½�Ç6¾3¾3¼�Ã3¼.ÁÝ¼.È_¼�½"¾oÃÂ¿hÀ ¹_º¸¹_Á�¼�À]¾o¹	Æ�¼�ÁÕÇ�À)Á ·�Ç�º@Ç�Àû¼�À�¼�Ã3ù6É�¿�öôÇ6¾�È_¼�Ç�ºÂ¾

Ee > 12 GeV
² [ Í � ´

¶¸·)¼^¼.È_¼.½.¾oÃÂ¿hÀû·�Ç�º�¾o¿ÛÄ%¼ó¹_ºÂ¿hÈ<Ç6¾3¼�Á²Í@�5¾g·�Ç�º�¾o¿ÛÄ%¼óÃ3¼.½�¿hÀ)º,¾oÃÂÌ)½.¾3¼�ÁÝöcÃÂ¿hÐ ¹_À öc¿hÃ3ÐÑÇ6¾o¹P¿hÀãöcÃ3¿�Ð ¾o·)¼È_¹S��Ì�¹_ÁKÇ6Ã3ùh¿hÀ�½�Ç�È_¿�Ã3¹_ÐÛ¼.¾3¼�Ã»À)¿�¾C"ÂÌ�ºÂ¾DöcÃ3¿�Ð ¾3·)¼@Þ Ú�Ç]ÖÔÇ6È)¿hÃô¾3ÃoÇ�½s��Ä�Ç�º3¼.ÁÛÇ�È_ùh¿�Ã3¹P¾3·)ÐÛº�Í»Îô¹_ù�Ì)Ã3¼ [ Í úº3·)¿;ÿ�º'¾o·)¼@¼��%¼�½"¾�¿6ö%¾3·)¼�ºÂ¼gÐÛ¼ Ç�ºÂÌ)Ã3¼.º�ÍD¶¸·)¼�Æ�ùhÌ�Ã3¼�º3·)¿;ÿ�º'¾o·)¼@¹_À�¼�È<Ç6ºÂ¾o¹P½�¹Ê¾8É
ye

Ä%¿6¾o·YÄ%¼"öc¿hÃ3¼@Ç�À�ÁÇ6ö�¾o¼.Ãj¾3·)¼9Ç6Ú)Ú)È_¹P½ Ç6¾3¹_¿hÀY¿�ö%¾o·)¼gÃ3¼���Ì�¹_Ã3¼.ÐÑ¼.À]¾oº�ÍD¶¸·�¼ Ç�ÐÛ¿hÌ)À]¾j¿�öß½
·�Ç�ÃÂùh¼�ÁM½�Ì)ÃÂÃ3¼�À]¾¸¼��h¼.ÀB¾3ºÔ¹_ÀÛ¾o·)¼ºoÇ�ÐÛÚ)ÈP¼ ¹_º¸Ã3¼.Á)Ì)½.¼�Á²Í¶¸·)¼ ÈP¿hÀ)ùh¹Ê¾oÌ)Á)¹PÀ�Ç�È%ÐÑ¿hÐÛ¼�À]¾3Ì)Ð Ä�Ç6È<Ç�À)½.¼ ¹_º�Á)¼�Æ�À)¼�ÁÝÇ�º® 
E − Pz =

∑

i Ei − Pz,i

Ò)ÿ�¹Ê¾o·�¾o·)¼º3Ì)Ðå¹PÀ)½�ÈPÌ)Á)¹PÀ)ù Ç�È_ÈÅÚ�Ç�Ã,¾o¹_½.È_¼.º ¹_ÀÙ¾o·)¼ÛÁ)¼"¾o¼�½"¾o¿hÃ.Íe�8À�¿hÃÂÁ)¼�Ã ¾o¿�öcÌ)Ã,¾o·)¼.Ã�¹PÀ)½�ÃÂ¼ Ç�ºÂ¼�¾o·)¼YÚ)Ì)ÃÂ¹P¾8ÉÙ¿6ö¾o·)¼ º3Ç�ÐÑÚ�È_¼�Ò ¾o·)¼ öc¿hÈPÈ_¿;ÿ�¹_À)ù�½�Ì�¾@¹Pº�Ç�Ú)Ú)ÈP¹_¼�Á  
35 GeV < E − Pz < 70 GeV

² [ Í è ´

[!�
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]_^a`cb3d cJÛ�f��`f)ice�fHos��l �?gCo&{)os��l)�6��vð�6oMw�p�tw�6o&�Po&v�lhm@��vZl)yWo vWo�p�l)��k�{H��p��I�6o&v�lHmso&{)os��l)t)��v��.�CyWo twvWo&{Sk®m�l)t)�&tVl�|

ye
tzm@m&yW�®��v�ySk��=��o{gU���6o¾k�vWr�yN����k�g�l�o&� �6oMw�p�tw�Itwv��Zkçy�t��?yEo&vWo&�+��|em6�Mk!lIl�o&�6osreo&{)os��l)�6��vH��CyWo �®{Sk��U������twv�lhm�mIyW�®�Çl)yWoKr!k!lNk�~���yWo&�6oMk®mÒl)yWo
h®o&��l)t)�Mk�{w{}|8y�k!l��UyWosrç�6osrçk��6oMk<r�o&vW��l�oòml)yWo vWo�p�l)��k�{0��p��I�6o&v�l�~Wl)yWo yW���It�����v�lNk�{w{}|Õy�k!l��UyWosrZ�®{Vp!o3k��6oMknl)yWoÒ�Uy�k��+��osru��p��I�6o&v�l�~�k�vWrl)yWo�r?tSk�����v�k�{w{}|ôy�k!l��UyWosrð�?�6oso&v�k��6oMkPl)yWoÊ�?k��U�
�?�6��p�vWr.¬x��v�l�o�q�k��I{)�ÊmItw�Õp�{Sk!l)t)��v:m��

¶¸·)¼MÁ)¹_º,¾oÃ3¹PÄ)Ì�¾3¹_¿hÀ�¿�öÔ¾3·)¼MÈP¿hÀ)ùh¹Ê¾oÌ)Á)¹PÀ�Ç�ÈÏÐÛ¿hÐÛ¼�À]¾oÌ�Ð Ä)Ç�È<Ç�À�½�¼ÛÄ%¼"öc¿hÃ3¼Û¾o·)¹Pº^½�Ì ¾K¹_ºóº3·�¿�ÿ�À ¹PÀÆ�ù�Ì)Ã3¼ [ Í � Í �8ÀK¾o·)¼
E−Pz

ÃoÇ�À)ù�¼�º�Òh¾3·�Ç6¾'Ç6Ã3¼�ÃÂ¼�ÐÛ¿q�h¼�Á{Òh¾o·)¼ÔÄ)Ç�½s�BùhÃ3¿hÌ�À)ÁYº3¹_Ð^Ì)È<Ç6¾3¹_¿hÀóÐÑÇ!��¼.ºÏÌ)Ú
≈ 10%

¿�öD¾o·)¼�¾o¿�¾oÇ�ÈÏÓû¿hÀ]¾o¼YÖÔÇ�ÃÂÈ_¿ãºÂ¹_ÐKÌ�È<Ç6¾3¹_¿hÀ²Í�¶¸·)¼�À�¼�Ì�¾3ÃoÇ�ÈÅ½�Ì)ÃÂÃ3¼�À]¾ ¼��h¼.ÀB¾3ºóÇ�Ã3¼K½.È_Ì)º,¾o¼.Ã3¼�Á¹PÀ
35 GeV < E − Pz < 70 GeV

Ò)ÿ�·�¼�Ã3¼ ¾o·�¼.É ¼�
 ½.¼�¼�ÁÕ¾o·)¼ Ã3¼.ÐMÇ6¹_À)¹PÀ)ùK¼���¼�À]¾oºgÄ]É�¾8ÿ�¿Û¿hÃ3Á�¼�Ã3º¿�öÅÐÑÇ�ùhÀ)¹Ê¾oÌ)Á)¼6Í
Ð¦á��Ùá K æ�ñZ½HGÑç8Á K ¿À½H½]çe¸óò æ åMç8ºZ¶NÅ¼º K ¿óò»õ
þ@ö�¾o¼�Ãó¾o·)¼MÀ)¼�Ì�¾3ÃoÇ�ÈÆ½�Ì)ÃÂÃ3¼.ÀB¾Kº3Ú�¼�½�¹	Æ�½ã½.Ì�¾oºK¼�
 Ú)È<Ç�¹PÀ)¼�Á¤¹_À¦¾3·)¼ãÚ)ÃÂ¼�½.¹_¿hÌ)º�º3¼.½.¾o¹P¿hÀ²ÒÏ¾3·)¹_ºóº3¼.½.¾o¹P¿hÀº,¾
Ç�Ã,¾oº¸ÿ�¹P¾3· ¾3·)¼ Á�Ç6¾oÇ�º3¼"¾@ÿ�¹Ê¾o·�¾o·�¼ó½.Ì�¾oº@Á)¼.º3½�ÃÂ¹_Ä�¼�ÁûÌ)Ú ¾o¿Yº3¼.½.¾o¹P¿hÀ [ Í � Í
égÚ¬¾o¿�¾o·)¹Pº Ú%¿�¹_À]¾ À)¿ûÁ)¼�Á)¹P½ Ç6¾3¼�Á�½
·�Ç�ÃÂùh¼�Á�½�Ì)ÃÂÃ3¼.ÀB¾�½�Ì ¾�·)Ç�º Ä%¼.¼�À¦Ç�Ú)Ú)ÈP¹_¼�Á{Í�¶¸·)¼ÑÁ)Ç6¾
Ç�º3¼"¾ºÂ¼�È_¼.½.¾3¼�Á�ºÂ¿Ýö�Ç�ÃóºÂ¾o¹PÈ_ÈD½.¿hÀ]¾
Ç�¹PÀ)º�ÐÛ¿hº,¾oÈPÉWÀ)¼�Ì�¾3ÃoÇ�Èj½�Ì�Ã3Ã3¼.À]¾�¼���¼�À]¾oº^ÿ�·�¹_½
·�·�Ç���¼�ÇÕÐKÌ�½
·�È<Ç�ÃÂùh¼�Ã½.Ã3¿hºÂº�º3¼.½.¾3¹_¿hÀÕ¹_À ¾o·)¹Pº<�B¹PÀ)¼�ÐÑÇ6¾o¹P½ Ã3¼.ùh¹_¿hÀ{ÍÔ¶¸·)¼óÐMÇ�¹PÀ À)¿hÀ��IÉç�,ÞÕÄ�Ç�½s�BùhÃÂ¿hÌ)À)ÁÕº3¿hÌ�Ã3½�¼^Ç�Ã3¼óÚ)·)¿��¾3¿hÚ)Ã3¿�Á)Ì)½"¾o¹P¿hÀ ¼��h¼.À]¾oº�ÍÔÎô¹_ÃÂºÂ¾oÈÊÉhÒ�¾3·)¼ È_¿hÀ�ùh¹P¾3Ì)Á)¹_À)Ç�È{ÐÛ¿hÐÛ¼�À]¾oÌ)Ð Ä�Ç�È_Ç�À)½�¼

E − Pz

¿�ö»¾o·)¼ó¼���¼�À]¾ÐKÌ�ºÂ¾�À)¿�¾�¼�
 ½�¼�¼.Á
50 GeV

ÍDþ§Á)¹PºÂ¾oÃÂ¹_Ä)Ì ¾o¹_¿�Àã¿�öË¾o·)¹Pº¾�6Ç�Ã3¹_Ç�Ä)È_¼@Ä�¼.öc¿hÃÂ¼9¾o·)¼ ½�Ì ¾�¹_ºÔºÂ·)¿;ÿ�ÀÕ¹PÀ�Æ�ù
�Ì)ÃÂ¼ [ Í ] Íô¶¸·)¼�½
·�Ç6Ã3ùh¼.Áã½�Ì)ÃÂÃ3¼.ÀB¾�¼���¼�À]¾oºÔ·)Çq��¼9ÇóÈ_¿hÀ)ù�¹P¾oÌ�Á)¹_À�Ç6È�ÐÛ¿hÐÑ¼.À]¾oÌ)Ð Ä)Ç�È<Ç�À�½�¼�ÿ�¼.È_È�Ä%¼.È_¿;ÿ¾3·)¼�½.Ì�¾Æ¾3·)Ã3¼.º3·)¿�È_Á²ÍK°jÉÛ¾3·)¹_ºj½�Ì ¾ÔÇóÈ<Ç�ÃÂùh¼¸öcÃoÇ�½"¾o¹_¿�ÀÑ¿�ö²À)¼�Ì�¾3ÃoÇ�È�½.Ì)Ã3ÃÂ¼�À]¾¸Ç�À�ÁM¿�¾3·)¼�ÃÆÄ�Ç�½s�BùhÃ3¿�Ì)À)Á¼��h¼�À]¾3ºgÇ6Ã3¼�ÃÂ¼�ÐÛ¿q�h¼�ÁãöcÃÂ¿hÐ�¾o·)¼g½
·�Ç�ÃÂùh¼�Á�½.Ì)Ã3ÃÂ¼�À]¾¸ºoÇ6ÐÑÚ)ÈP¼�Í3�8À Ç6Á)Á)¹P¾3¹_¿hÀ{ÒBÇ^Á�Ç6¾oÇ^¿q�h¼�ÃÂº3·)¿�¿�¾Ôöc¿�ÃÈ_Ç�Ã3ùh¼=�6Ç�ÈPÌ)¼�º�¿�ö
E − Pz

½ Ç�ÀÕÄ%¼ ¿hÄ�º3¼�Ãò�h¼.Á²ÍÔ¶¸·)¼.º3¼^À�¿hÀ��
ep

Ä)Ç�½s�BùhÃ3¿hÌ�À)ÁÝ¼��h¼�À]¾3º Ç�Ã3¼ ÃÂ¼�ÐÛ¿?��¼�ÁÄ]É�¾o·�¹_º¸½�Ì ¾�Ç6ºÔÿ�¼.È_ÈeÍ¶¸·)¼�À ¾o·)¼ ÐÛ¿hºÂ¾�¹PÐÑÚ�¿hÃ,¾
Ç�À]¾¸½.Ì�¾@¹_Àã¾o·�¼ó½
·)Ç�Ã3ùh¼.ÁÝ½.Ì)Ã3ÃÂ¼�À]¾@º3¼�ÈP¼�½"¾o¹_¿�Àû¹Pº@Ç�Ú)Ú)ÈP¹_¼�Á{Í

[
]
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]_^a`cb3d cJÛ�f���f)iK�CyWon{)��v��?tVlIp!r?twv�k�{Ò�P���Po&v�lIp�� �?k�{Sk�vW�soe��o{gU���6oÕk6����{wt)�Mk!l)t)��v �?g<l)yWoJ��p�l
35GeV <

E − Pz < 70GeV
��v�l)yWo�vWo�p�l)��k�{.��p��I�6o&v�l3m6o&{)os��l)t)��vH�n�CyWon�®{Sk��U�u����twv�lhm¾mIyW����l)yWor!k!lNk�~ ��yWo&�6oMk®mnl)yWozh®o&��l)t)�Mk�{w{}|Ey�k!l��UyWosrô�6osr­k��6oMkZr�o&vW��l�oòmnl)yWo�vWo�p�l)��k�{3��p��I�6o&v�l�~.l)yWoyW���It�����v�lNk�{w{}|Zy�k!l��UyWosr��®{Vp!o@k��6oMkul)yWo¾��y�k��+��osrJ��p��I�6o&v�l�~Wk�vWrZl)yWo�r?tSk�����v�k�{w{}|Jy�k!l��UyWosr�?�6oso&v�k��6oMk­l)yWoÕ�?k��U�
�?�6��p�vWrU¬x��v�l�o.q�k��I{)�umItw�Õp�{Sk!l)t)��v:m��Z�CyWo8��p�l hsk�{Vp!oòmÊk��6o�twvWr?t j�Mk!l�osr��6| h®o&��l)t)�Mk�{3�®{Sk��U�P{wtwvWoòm��

�ðÔ �=Ô&×<Ô"! Ù'ä�äCÙUÚ$#&%Àå�Ý�ÚÒä('3Û@å®ä�Û)! ãçÜÞÛ$ÚKß0æ�Ü
¶¸·)¼ãÁ)¹PºÂ¾3¹_À)½"¾^öc¼ Ç×¾oÌ)ÃÂ¼M¿�ö�½
·�Ç6Ã3ùh¼.Á ½�Ì)ÃÂÃ3¼�À]¾Y¼��h¼�À]¾3º�¹_º�¾3·)¼ã¿hÌ ¾oùh¿h¹PÀ)ùÝÀ�¼�Ì�¾3Ã3¹_À�¿)ÍÙÓÕ¿�ÐÑ¼.ÀB¾3Ì)Ð½�¿hÀ�º3¼�Ãò�6Ç6¾o¹P¿hÀÙ½ Ç�Ì�º3¼�º ¾3·)¹_ºgÀ)¼�Ì�¾3Ã3¹PÀ)¿ã¾o¿�½�Ç�Ã3Ã,ÉÕ¾3·)¼�ºoÇ�ÐÛ¼�Ç�ÐÛ¿hÌ)À]¾�¿�ö'¾oÃoÇ6À)º���¼�Ã3ºÂ¼YÐÑ¿hÐÛ¼�À]¾3Ì)ÐÇ�ºã¾o·�¼��BÌ�Ç�ÃM��Íî¶¸·)¼ÙÀ)¼�Ì ¾oÃ3¹PÀ)¿ ¼�ºÂ½ Ç�Ú�¼�º�¾3·)¼WÁ)¼"¾o¼�½"¾o¿hÃãÿ�¹Ê¾o·)¿�Ì�¾�Á)¼.Ú%¿hºÂ¹P¾3¹_À)ù�¼.À)¼�ÃÂù�Éë¹PÀ�¾o·)¼½ Ç�ÈP¿hÃ3¹PÐÑ¼"¾o¼.Ã3º²¿hÃßÈP¼ Ç���¹_À)ù@Ç¸º3¹PùhÀ�Ç6¾3Ì)Ã3¼D¹PÀ ¾o·)¼D¾oÃ3Ç�½s�B¹_À)ù�½
·�Ç6ÐKÄ%¼.Ã3º.Íô¶¸·)¼D¾oÃ3Ç�À)ºò�h¼�ÃÂº3¼ÆÐÑ¿hÐÛ¼�À]¾3Ì)Ð¿�ö�º3Ì�½
·ØÇ�À�¼���¼�À]¾�ÿ�¹_ÈPÈ'Ä%¼Ñ¹_ÐKÄ�Ç6È<Ç�À)½.¼�Á¤Ç�º^¿hÀ�ÈPÉ¬¾o·)¼M·�Ç�Á)ÃÂ¿hÀ)¹_½ZÆ�À�Ç6ÈÆº,¾
Ç6¾3¼ã¹_º�Á)¼.¾3¼�½.¾3¼�ÁØÇ�À�Á¼�À]¾o¼.Ã3º�¾o·)¼n�B¹_À�¼�ÐÑÇ6¾o¹P½9Ã3¼.½�¿hÀ)º,¾oÃÂÌ)½.¾3¹_¿hÀ²Í'þ§½.Ì�¾@¹_º�Ç�Ú)Ú�È_¹_¼.ÁûÇ6¾

P *,+.-/-T > 12 GeV
² [ Í � ´

Îô¹PùhÌ)ÃÂ¼ [ Í [ º3·)¿;ÿ�º ¾o·�¼�Á)¹_º,¾oÃ3¹PÄ)Ì�¾3¹_¿hÀW¿6ö
P *,+.-/-T

Ä�¼.öc¿hÃÂ¼K¾o·)¼�½.Ì�¾ ¹_º9Ç�Ú)Ú)ÈP¹_¼�Á{Íð�5¾ ½�Ç�ÀÙÄ�¼�º3¼�¼.À¾o·�Ç×¾KÐÛ¿hºÂ¾�Ä�Ç�½s�BùhÃÂ¿hÌ)À)Á ¼��h¼�À]¾3º�·�Ç��h¼�Ç
P *,+.-/-T

ÿ�¼.È_È�Ä�¼�ÈP¿;ÿ
12

© ¼YÊ Ç�À)Á Ç�ÃÂ¼M¼��{¼.½.¾o¹	�h¼.ÈPÉ¦Ã3¼��ÐÑ¿q��¼�ÁÙöcÃ3¿hÐ[¾o·)¼�Á)Ç6¾
ÇãºÂ¼.¾ Í^üDº3Ú�¼�½�¹_Ç�È_ÈÊÉ ¾o·)¼�À)¼.Ì�¾oÃ3Ç�ÈÏ½.Ì)Ã3ÃÂ¼�À]¾ó¼��h¼.À]¾oºó¹_ÀW¾o·�¼�ºoÇ�ÐÛÚ)È_¼^ÐÑ¿hº,¾oÈÊÉ·�Ç��h¼
P *,+.-/-T < 10 GeV

Í�÷@¿;ÿ�¼��h¼�Ã.Ò²º3¿�ÐÑ¼�Ä�Ç�½s�BùhÃ3¿�Ì)À)ÁW¼��h¼�À]¾3º�Òß½�¿�À)º3¹PºÂ¾o¹PÀ)ùMÚ�Ã3¼�Á�¿hÐÑ¹PÀ�Ç�À]¾oÈÊÉ�¿�öÚ)·)¿�¾3¿hÚ)ÃÂ¿ Á)Ì�½.¾o¹P¿hÀÝ¼��h¼.ÀB¾3º�ÒË·�Ç��h¼KÇM·)¹_ù�·WÐÑ¹Pº3ºÂ¹_À)ùÛ¾oÃoÇ6À)º���¼�Ã3ºÂ¼�ÐÑ¿�ÐÑ¼.ÀB¾3Ì)Ð[Ç�À)ÁWÚ)Ç�º3º�¾3·)¼K½.Ì�¾ Í¶¸·)¼�½�Ì ¾ ÐMÇ ÉÕ·�Ç��h¼�Ä�¼�¼.ÀW¾o¹_ù�·B¾3¼�À)¼.ÁW¾o¿
P *,+.-/-T > 20 GeV

Ò²Ä)Ì�¾9¹_ÀW¿hÃÂÁ)¼�Ã�À)¿�¾�¾3¿�Á)¹_ºÂ½ Ç�ÃÂÁÝ¾o¿�¿

[�[
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]_^a`cb3d cJÛ�fSd�f)iÒ�CyWoç{)��v��?tVlIp!r?twv�k�{Ò�P���Po&v�lIp�� �?k�{Sk�vW�soô��o{gU���6oðk6����{wt)�Mk!l)t)��v �?g<l)yWoP��p�l
E − Pz <

50GeV
��v l)yWox�Uy�k��+��osró��p��I�6o&v�lðm6o&{)os��l)t)��vH� �CyWo��®{Sk��U�G����twv�lhmZmIyW��� l)yWoÀr!k!lNk�~��yWo&�6oMk®môl)yWoÕyW���It�����v�lNk�{w{}| y�k!l��UyWosr �®{Vp!oJk��6oMk�r�o&vW��l�oòmôl)yWoô��y�k��+��osr ��p��I�6o&v�l�~<l)yWo

h®o&��l)t)�Mk�{w{}| y�k!l���yWosrÇ�6osr k��6oMk l)yWoôvWo�p�l)��k�{n��p��I�6o&v�l�~=k�vWról)yWoÀr?tSk�����v�k�{w{}| y�k!l���yWosr�?�6oso&vJk��6oMkðl)yWo��?k������?�6��p�vWr�¬x��v�l�o�q�k��I{)��mItw�Õp�{Sk!l)t)��v:m�� �CyWo ��p�l h6k�{Vp!o3tzm twvWr?t)�Mk!l�osr�M|ek.h®o&��l)t)�Mk�{.�®{Sk��U�P{wtwvWo��

ÐÑÇ�À]ÉM½
·)Ç�Ã3ùh¼.Á�½�Ì)ÃÂÃ3¼.ÀB¾Ô¼��h¼.À]¾oº¸¾o·)¹Pº�·�Ç6ºÔÄ%¼.¼�À Ç��h¿�¹_Á)¼.Á²ÍD¶¸·)¼ Ã3¼.ÐMÇ6¹_À)¹PÀ)ù�Ä)Ç�½s�BùhÃ3¿hÌ�À)Á�¼���¼�À]¾oº½�Ç�ÀÕÄ�¼ Ã3¼.ÐÑ¿q�h¼.ÁÕÄ]É ÇYº3¼.½�¿hÀ�ÁÝ½�Ì ¾ Í
�ðÔ0�8ÔUÖ=Ô21�à�ã
3R#'Ý�ÚÒÝ@å�Ù	ß54
¶¸·)¼@Ú)ÃÂ¼�º3¼.À)½�¼�¿�ö²À)¼.Ì�¾oÃ3Ç�È�½�Ì)ÃÂÃ3¼.ÀB¾�Ç�À)ÁÑÚ)·)¿�¾3¿hÚ)ÃÂ¿ Á)Ì�½.¾o¹P¿hÀY¼���¼�À]¾oº�ÿ�¹Ê¾o·ÑÇó·�¹_ùh·ÛÐÑ¹Pº3ºÂ¹_À)ù ¾oÃ3Ç�À)º&���¼�Ã3ºÂ¼�ÐÑ¿�ÐÑ¼.ÀB¾3Ì)ÐS·�Ç�ºKÀ�¿WÚ)·]É�º3¹_½�Ç�È�Ä�Ì�¾�ÐÛ¼�Ã3¼.ÈPÉÙ¾3¼�½
·)À)¹P½ Ç�ÈÆÃ3¼�Ç�º3¿hÀ�º�ÍG(ß¹_ÐÛ¹P¾3¼�Á�ùh¼�¿hÐÛ¼.¾3Ã3¹P½ Ç�ÈÇ�½.½�¼.Ú�¾
Ç�À�½�¼KÇ6À)ÁÕ¼.À)¼�ÃÂù�É Ã3¼.º3¿hÈPÌ�¾o¹P¿hÀ ¿hÃ�ºoÇ6¾3Ì)ÃoÇ×¾o¼�ÁÕÃ3¼�Ç�Á)¿hÌ�¾@¼.È_¼�½"¾oÃÂ¿hÀ)¹_½.º�¹_Àû½ Ç�ºÂ¼�¿�ö �h¼.ÃÂÉ ·)¹Pùh·¼.À)¼�ÃÂùh¼.¾3¹_½�¼�ÈP¼�½.¾3Ã3¿hÀ�ºj½�Ç�ÀYÄ)¹<Ç6ºÏ¾o·)¼�Ã3¼.½�¿hÀ�ºÂ¾oÃÂÌ)½.¾3¹_¿hÀÛÈ_¼�Ç�Á)¹PÀ)ù9¾o¿ ¼���¼�À]¾oºj¹_À�½�¿hÃÂÃ3¼�½"¾oÈÊÉK¹_Ð^Ä�Ç�È<Ç6À)½�¼.Á¹PÀ

PT

Í÷g¿;ÿ�¼��h¼.Ã�ÒD¾o·)¼.º3¼ã¼��h¼.ÀB¾3º�ºÂ¾3¹_È_È'Á)¹	�{¼.Ã�ºÂ¹_ùhÀ�¹SÆ�½�Ç�À]¾oÈPÉÙöcÃÂ¿hÐS½
·�Ç�ÃÂùh¼�Á ½.Ì)Ã3ÃÂ¼�À]¾�¼���¼�À]¾oº�¹PÀ¦¾3·)¼�¹PÃ¾3¿hÚ%¿�È_¿hùh¹P½ Ç�È»º3¹PùhÀ�Ç6¾3Ì)Ã3¼6ÍÛÎô¹_ùhÌ�Ã3¼ [ Í \ º3·)¿;ÿ�ºó¾8É Ú�¹_½ Ç6ÈD½
·�Ç�Ã3ù�¼�Á�½�Ì)ÃÂÃ3¼�À]¾�ÒÅÀ)¼.Ì�¾oÃ3Ç�ÈD½�Ì�Ã3Ã3¼.À]¾ ÒÅÇ�À)ÁÚ)·�¿�¾o¿hÚ�Ã3¿�Á)Ì)½.¾3¹_¿hÀ ¼��h¼.ÀB¾3ºM¹PÀØÇ¬Ã3Ç�Á)¹_Ç�È ��¹_¼"ÿ ¿6ög¾3·)¼�Á)¼.¾3¼�½"¾o¿hÃ.Í ¶¸·)¼ ½
·�Ç�Ã3ù�¼û½.Ì)Ã3ÃÂ¼�À]¾Û¼���¼�À]¾oºÁ)¹Pº3Ú)È_Ç ÉÝÇ6ÀW½�ÈP¼ Ç�Ã@¹_ÐKÄ)Ç�È<Ç�À�½�¼ ¿�ö'½ Ç6È_¿hÃÂ¹_ÐÛ¼.¾o¼.Ã�¼�À]¾oÃÂ¹_¼�º.Ò%ÿ�·)¹PÈ_¼ ¾o·)¼^À)¼�Ì�¾3ÃoÇ�È»½�Ì�Ã3Ã3¼.À]¾ ¼���¼�À]¾oºóÇ�ÃÂ¼º,¾o¹_ÈPÈ{ÐÛ¿hÃ3¼�¿hÃ¸È_¼.º3º¸Ä�Ç�È_Ç�À)½.¼�Á²Ò)Á�¼�º3Ú�¹P¾o¼ Ç�Ú�¿hº3ºÂ¹_Ä)ÈÊÉMÐÛ¹_ºÂÃ3¼.½�¿hÀ)º,¾oÃÂÌ)½.¾3¼�Á ¾oÃoÇ6À)º���¼�Ã3ºÂ¼�ÐÛ¿hÐÛ¼�À]¾oÌ�ÐÕÍ¶¸·)¼.º3¼Û¾o¿hÚ�¿hÈ_¿�ùh¹_½�Ç�ÈËÁ)¹S�%¼�ÃÂ¼�À)½.¼�ºó½ Ç�À�Ä%¼Z�BÌ�Ç�À]¾3¹SÆ�¼.Á¦Ä]ÉÙ¾o·�¼ÛºÂ¿Õ½�Ç�È_ÈP¼�Á¬Ç�½.¿hÚ)È_Ç�À�Ç�ÃÂ¹P¾8É V ¿hÃ5Ê<�

[!\
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]_^a`cb3d cJÛ�f Û�f)iK�CyWo��8tzm&mItwv��nl)��k�v:m?h®o&�&m6o��P���Po&v�lIp�� �:o{gU���6o�k6����{wt)�Mk!l)t)��vP�?gHl)yWo.��p�l
P  ���¢'¢T > 12GeV��v l)yWoe��y�k��+��osr ��p��I�6o&v�l8m6o&{)os��l)t)��vH�Þ�CyWox�®{Sk��U������twv�lhmum&yW�®� l)yWo�r!k!lNk�~ç��yWo&�6oMk®ml)yWoÊyW���It�����v�lNk�{w{}|�y�k!l��UyWosr¼�®{Vp!o8k��6oMker�o&vW��l�oòmul)yWon�Uy�k��+��osr���p��I�6o&v�l�~Òl)yWoãh®o&��l)t)�Mk�{w{}|y�k!l��UyWosr=�6osr8k��6oMknl)yWo vWo�p�l)��k�{0��p��I�6o&v�l�~�k�vWrul)yWo@r?tSk�����v�k�{w{}|ðy�k!l���yWosrÊ�?�6oso&vJk��6oMk8l)yWo�?k��U�
�?�6��p�vWr1¬x��v�l�oãq�k��I{)�ðmItw�Õp�{Sk!l)t)��v:m��ð�CyWo=��p�lnhsk�{Vp!o�tzm$twvWr?t)�Mk!l�osr��M|ÀkJh®o&��l)t)�Mk�{�®{Sk��U�J{wtwvWo��

ÃoÇ6¾3¹_¿�¿�ö»¾o·�¼ó¼��h¼.ÀB¾�Í �5¾@¹Pº¸Á)¼�Æ�À�¼�ÁWÇ6º�öc¿�È_È_¿;ÿ�º� 
V =

Vap

Vp

² [ ÍÊø � ´
ÿ�¹P¾3·

Vp =
∑

i

~PT,i · ~nP,h

öc¿�Ã ~PT,i · ~nP,h > 0
² [ ÍÊøhø?´

Ç�À)Á
Vap = −

∑

i

~PT,i · ~nP,h

öc¿hÃ ~PT,i · ~nP,h < 0
² [ ÍÊø�ú�´

¶¸·)¼ûº3Ì)ÐÛÐMÇ×¾o¹_¿�À�Ã3Ì)À�ºÛ¿q��¼�ÃÑÇ�È_ÈÔÚ)Ç�ÃÂ¾3¹_½�ÈP¼�ºK¹PÀ ¾o·)¼ Á)¼"¾o¼�½"¾o¿hÃ.ÒÔÇ�À�Á
~nP,h

Ã3¼.Ú)Ã3¼.º3¼�À]¾3ºÑ¾o·�¼ûÌ�À)¹P¾�h¼.½.¾o¿�Ãj¹PÀKÁ)¹PÃ3¼�½"¾o¹P¿hÀ�¿�ö�¾o·)¼¸·)Ç�Á)Ã3¿�À)¹_½$Æ)À�Ç�È�º,¾
Ç6¾3¼!ñ ºD¾oÃoÇ6À)º���¼�Ã3ºÂ¼gÐÛ¿hÐÛ¼�À]¾oÌ�ÐÕÍ �8ÀK¾o·)¹PºDÁ)¼�Æ)À)¹P¾3¹_¿hÀ
Vp

²
Vap

´Ë¹_ºÅ¾3·)¼�ºÂÌ)Ð ¿?��¼�ÃDÇ6È_Èh¾oÃ3Ç�À)ºò�h¼�ÃÂº3¼¸ÐÛ¿hÐÛ¼�À]¾
Ç�¾o·�Ç6¾ÏÇ�Ã3¼Æ¹_Àó¾o·)¼ÆºoÇ�ÐÛ¼8²c¿hÚ)Ú�¿hº3¹Ê¾o¼q´ßÁ)¼"¾o¼�½"¾o¿hÃ·)¼�ÐÛ¹_ºÂÚ)·)¼.Ã3¼�Ç�ºg¾o·)¼�·�Ç6Á)Ã3¿hÀ�¹_½ÕÆ)À�Ç�Èôº,¾
Ç6¾3¼�Í ¶¸·BÌ)º�Òßöc¿hÃ�ÇM¾8É�Ú)¹_½�Ç�Èô½
·�Ç6Ã3ùh¼.ÁÙ½�Ì)ÃÂÃ3¼�À]¾ ¼��h¼�À]¾ó¿hÀ)¼¼�
 Ú�¼�½.¾3º»¾3·)¼jÇ�½�¿�Ú)È<Ç�À)Ç�Ã3¹Ê¾8É@¾3¿�Ä%¼'½�ÈP¿hº3¼Ï¾3¿�¯�¼�ÃÂ¿)Ò�ÿ�·)¼�ÃÂ¼ Ç�ºßöc¿hÃ²¾3·)¼'Ä�Ç�½s�BùhÃ3¿�Ì)À)Á­²�À)¼.Ì�¾oÃ3Ç�Èh½�Ì�Ã3Ã3¼.À]¾Ç�À)Á�Ú)·�¿�¾o¿hÚ�Ã3¿�Á)Ì)½.¾3¹_¿hÀ`´Ëÿ�¹P¾3·�Ä�Ç�È_Ç�À)½�¼.ÁK¾oÃ3Ç�À)º���¼�ÃÂº3¼�ÐÑ¿�ÐÑ¼.ÀB¾oÇ�¼���¼�À]¾oº.Ò ¹Ê¾ôÿ�¹PÈ_È�Ä%¼Ô½.È_¿hºÂ¼�¾o¿ ¿�À)¼�Í

[��
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�YZ7[ �Y\>[ �76H[
]_^a`cb3d cJÛ�f98�f)i¸o��UyWo&�Õk!l)t)�n�?g$l)yWo8r�o | v�tVl)t)��v¼�?g3k��s����{Sk�v�k��ItVlw|:�Ro
yW����v�k��6o���k�r?tSk�{�h�t)o���mç�?g$l)yWo8r�o jl�os��l����rgU���Jl�|���t)�Mk�{ÏySk��P�Uy�k��+��osrG��p��I�6o&v�l�~�yN���nvWo�p�l)��k�{¾��p��I�6o&v�l�~Òk�vWriy)� �<��yW��l������6� jr�p!��l)t)��veo�h®o&v�lhm��@�CyWo<�®{Sk��U�u{wtwvWoKtzm���o&�N��o&vWr?t)��p�{Sk���l��nl)yWo$r?tw�6os��l)t)��vÀ�?g l)yWoKy�k�r?�6��v�t)�| v�k�{�m�lNk!l�os~�k�vWrPr?t�h�t)r�oòm$l)yWo¾r�o�l�os��l����3twvElN���¾yWo&�8tzmU��yWo&�6oòm5yzm6oso¾oMw�p�k!l)t)��v:m
~
� säs k�vWr

~
� s?v ���

¶¸·)¼KÄ�Ç�½s�BùhÃÂ¿hÌ)À)ÁÙ¼��h¼.ÀB¾3º9ÿ�¹P¾3·WÐÑ¹Pº3ÃÂ¼�½�¿�À)ºÂ¾3Ã3Ì)½"¾o¼�ÁÕ¾oÃoÇ6À)º���¼�Ã3ºÂ¼�ÐÑ¿�ÐÑ¼.ÀB¾oÇÑÁ)¹Pº3½.Ì)º3ºÂ¼�Á�Ç�Ä�¿?��¼·�Ç���¼ V < 1
Ò�Ä)Ì�¾@ºÂ¾3¹_È_È%½�¿hÀ�º3¹_Á�¼�ÃoÇ6Ä)ÈPÉMÈ<Ç�ÃÂùh¼�Ã�¾3·�Ç�À öc¿hÃ¸½
·�Ç�ÃÂùh¼�Áû½�Ì�Ã3Ã3¼.À]¾�¼��h¼�À]¾3º�Í

þ ¾8ÿ�¿
�5Á)¹_ÐÛ¼�À�º3¹_¿�À�Ç�È{½.Ì�¾@¹_À V ¹_º�Ç�Ú)Ú�È_¹_¼.Á²Í
V < 0.35

öc¿hÃ
P *,+.-�-T > 25 GeV ² [ ÍPø � ´

V < 0.15
öc¿hÃ

P *,+.-�-T < 25 GeV

Î�¿�ÃD¼��h¼.À]¾oº�ÿ�¹Ê¾o·Û·)¹_ùh·YÐÛ¹_ºÂº3¹_À�ù ¾3ÃoÇ�À�º��h¼.Ã3ºÂ¼�ÐÛ¿hÐÑ¼.À]¾oÌ)Ð
P *,+.-/-T > 25 GeV

¾o·)¼gÇ�½�¿�Ú)È<Ç�À)Ç�Ã3¹Ê¾8ÉÐKÌ�ºÂ¾9À�¿�¾9¼�
�½.¼�¼.Á
0.35

ÍgÎ�¿�Ãg¼��h¼�À]¾3º9ÿ�¹P¾o·
P *,+.-/-T < 25 GeV

Ò�ÿ�·)¹P½
·W¹_º@¾o·)¼Õ��¹PÀ)¼�ÐÑÇ6¾3¹_½óÃ3¼�ù�¹_¿hÀÿ�·)¼.Ã3¼gÐÑ¿hº,¾�¿6ö{¾o·�¼gÃÂ¼�ÐÑÇ�¹_À)¹PÀ)ù Ä�Ç�½s�BùhÃÂ¿hÌ)À)Áã¼��h¼.ÀB¾3º¸Ç�ÃÂ¼�ÒB¾o·)¼@½�Ì�¾j¾o·�Ã3¼�ºÂ·)¿hÈPÁM¿hÀ V ¹_ºj¼�À öc¿hÃ3½.¼�Á¾3¿
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2%
Í ¶¸·)¼Ú�¿hÈ<Ç6Ã�Ç�À�ùhÈ_¼@¿�öß¾o·�¼9·�Ç�Á)ÃÂ¿hÀ)¹P½ÊÆ�À�Ç6È{ºÂ¾oÇ6¾o¼�¹_º�ºÂ·)¹Pö�¾3¼�ÁãÄ]É

10 mrad
¹_Àã½�Ç�º3¼�¹P¾jÿÔÇ�º¸ÐÛ¼ Ç6º3Ì)ÃÂ¼�Á�Ä]É¾3·)¼g½.¼�À]¾oÃ3Ç�È�¾oÃ3Ç�½s�B¹_À)ù Á)¼"¾o¼�½"¾o¿hÃÂº�Ò�Ç�À)ÁÛÄBÉ

5 mrad
¹_ÀÛ½ Ç�ºÂ¼g¹Ê¾DÿÔÇ�ºjÃ3¼.½�¿hÀ�ºÂ¾oÃÂÌ)½.¾3¼�ÁMöcÃÂ¿hÐ öc¿hÃ,ÿÔÇ6Ã3Á¾3ÃoÇ�½s�B¹_À�ùÛÁ�¼.¾o¼.½.¾3¿hÃg¹PÀ�öc¿hÃÂÐMÇ6¾3¹_¿hÀ{Í

�8À¬Ç�Á)Á)¹Ê¾o¹_¿�ÀÕ¾o¿ã¾3·)¼�ºÂ¼�½�¿hÃÂÃ3¼.È<Ç6¾3¼�Á²Ò%¼��h¼.À]¾8ÿ�¹_º3¼ÛºÂÉ�º,¾o¼�ÐÑÇ6¾3¹_½^ºÂ·)¹Pö�¾3º�Ò²ºÂ¿hÐÛ¼KùhÈ_¿�Ä�Ç�È»ºÂÉ�ºÂ¾3¼�ÐÑÇ6¾o¹P½Ì)À�½�¼�Ã,¾
Ç�¹PÀ]¾o¹_¼.ºóÇ�Ã3¼ÛÇ�Ú)Ú�È_¹_¼.ÁÙ¾o¿�¾o·)¼Ûº3¼.È_¼.½.¾o¹P¿hÀ²ÍY¶¸·)¼ÛÈ_Ì)ÐÛ¹_À�¿hº3¹Ê¾8ÉÕÐÛ¼ Ç6º3Ì)ÃÂ¼�ÐÛ¼�À]¾^¹Pº Ç6¾3¾3Ã3¹PÄ)Ì�¾o¼.ÁÇ�À ¼.Ã3Ã3¿�Ã¸¿�ö
1.3%

öc¿hÃÔ¾3·)¼óú ����� X �!] Á�Ç6¾oÇ�Ò 2%
öc¿hÃÔ¾3·)¼óú ����[ Á�Ç×¾
Ç�Ò�Ç6À)Á

4%
öc¿hÃ�Ç6È_È{Á)Ç6¾
ÇKöcÃ3¿�Ð

\��
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0.97 0.99 1.00 0.99 0.94 1.00 1.00 1.00

1.00 0.99 0.99 0.99 0.99 1.00 1.00 1.00

1.00 0.99 0.99 0.99 0.98 0.94 1.00 1.00

1.00 0.96 0.99 0.98 0.99 0.97 1.00 1.00

1.00 1.00 1.00 1.00 0.97 0.98 1.00 1.00

1.00 1.00 1.00 0.97 0.98 0.93 1.00 1.00

1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00

1.00 1.00 1.00 1.00 1.00 0.96 1.00 1.00

h
log x-2.5 -2 -1.5 -1 -0.5 0

h2
lo

g 
Q

2.5

3

3.5

4

�YZ7[

0.310 0.547 0.783 0.904 0.867 1.000 1.000 1.000

0.463 0.633 0.886 0.958 0.859 1.000 1.000 1.000

1.000 0.653 0.924 0.985 0.953 0.787 1.000 1.000

1.000 0.582 0.916 0.992 1.000 1.000 1.000 1.000

1.000 1.000 0.785 0.987 1.000 1.000 1.000 1.000

1.000 1.000 1.000 0.977 0.985 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

hx-2.5 -2 -1.5 -1 -0.5 0

h2
lo

g 
Q

2.5

3

3.5

4

�Y\>[
]_^a`cb3d cJÛ�f�h�f)i�¬À��v�l�o.q�k��I{)�8�6o���o&t��?y�l)twv��1ghk���l����&mtgU���ãySk��ð�?k������?�6��p�vWr | vWr�o&�&m<k�vWr�yN���nl)�It��q��o&�=o{g j| �&t)o&vW�+|!�Ê�CyWo¾{Sk!lIl�o&�@tzm$mIyW�®��vUgU���<l)yWo

2006/07 e+p
��p�v���o&�It)�!rÒy��Aiä� �kj k�vWru�Aiä� �kltwvxlNk��®{)ot��� s ���

ú ����\ ¿�À²ÍÏ¶¸·)¼�Ú�¿hÈ<Ç�ÃÂ¹'¯�Ç6¾o¹P¿hÀ^ÐÛ¼ Ç�ºÂÌ)Ã3¼.ÐÑ¼.À]¾Æ¹PºDÇ6¾Â¾oÃ3¹PÄ)Ì�¾3¼�ÁÛÇ ùhÈ_¿hÄ)Ç�È�º,É º,¾o¼.ÐMÇ6¾3¹_½�¼�ÃÂÃ3¿hÃD¿6ö
3.4%

ÍÎ�¿hÃ'ÃoÇ�Á)¹_Ç6¾o¹	�h¼¸½.¿hÃ3ÃÂ¼�½.¾3¹_¿hÀ�ºÆÇ6ÀÑÌ)À�½�¼�Ã,¾
Ç�¹PÀ]¾8ÉÑ¿6ö
1%

¹_º'Ì)º3¼.Á²ÍK�8ÀM½�Ç�º3¼@¿�ö%¾oÃ3¹Pùhùh¼.ÃD¼�NÛ½�¹P¼�À)½.¹_¼�º'¾o·�¼ùhÈ_¿�Ä�Ç�ÈËÌ)À)½.¼�ÃÂ¾oÇ�¹_À]¾8ÉÝ¹_º9Á)¹	�{¼.Ã3¼.ÀB¾�öc¿hÃg¾3·)¼^¾8ÿÆ¿ûºÂ¼�ÈP¼�½.¾3¹_¿hÀ�º® 
1%

öc¿hÃg¾3·)¼KÀ)¼.Ì�¾oÃ3Ç�ÈÏÇ�À�Á
1.8%

öc¿�Ã

\ ø
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�Y\>[
]_^a`cb3d cJÛ�fnm:f)icepo:k��<��{)o$�?g¸h®o&��l�oqoð�6o���o&t��?y�l)twv����lo
yW����vôk��6o¾l)yWo

z ¦��sr r?tzm�l)�ItN��p�l)t)��v:m gU��� l)yWo3vWo�p�l)��k�{��p��I�6o&v�l�m6o&{)os��l)t)��vÇtwv l)yWoZr!k!lNk®m6o�lÏ�Aiä� �kj ySk�����o{gU���6ouk�vWriyN���uk�g�l�o&�el)yWon�6o���o&t��?y�l jtwv����ð�CyWo=r!k!lNkJk��6o�m&t��?v�t | osr��M|¼�®{Sk����u����twv�lhm��u�CyWo�vWo�p�l)��k�{3��p��I�6o&v�lKmItw�up�{Sk!l)t)��vÀtzmmIyW�®��v­k®m9h®o&��l)t)�Mk�{w{}|Jy�k!l���yWosrÕ�6osruk��6oMk��@�CyWo<r?tSk�����v�k�{w{}|Jy�k!l���yWosrð�?�6oso&v­k��6oMk=tzm�l)yWo�?k��U�
�?�6��p�vWrumItw�up�{Sk!l)t)��vW~ l)y�k!l�tzmKvW��l��6o���o&t��?y�l�osr��
¾3·)¼ ½
·�Ç�Ã3ù�¼�Áû½�Ì)ÃÂÃ3¼�À]¾gº3¹PÐKÌ)È<Ç×¾o¹_¿�À²Í¶¸·)¼¸ùhÈ_¿�Ä�Ç�È�º,É�ºÂ¾o¼.ÐMÇ×¾o¹_½¸¿�ÀK¾o·)¼¾��¼�ÃÂ¾3¼�
ZÆ�À�Á)¹_À)ù ¼�NÛ½�¹_¼.À)½.ÉK¹_ºD¿hÀ)ÈÊÉKÇ6Ú)Ú)È_¹P¼�Á^¾3¿ ¾o·)¼@Ö¸Ö º3¼.È_¼�½��¾3¹_¿hÀ�²

2.4%
´aÍ3�8ÀÑÀ�¼�Ì�¾3ÃoÇ�È�½�Ì�Ã3Ã3¼.À]¾�¾o·�¼gºÂ½ Ç6¾Â¾o¼�ÃÂ¼�Áã¼.È_¼.½.¾oÃÂ¿hÀM¹Pº'Ú)Ã3¼.º3¼�À]¾�Ã3¼�ºÂÌ)ÈP¾3¹_À)ù ¹PÀMÇ�ÀÑ¼�NÛ½�¹P¼�À]¾��¼�ÃÂ¾3¼�
�Ã3¼�½.¿hÀ)º,¾oÃ3Ì�½.¾o¹P¿hÀ²ÍWþgÈ_ºÂ¿)ÒÅ¾3·)¼ãÀ)¼.Ì�¾oÃ3Ç�ÈÆ½.Ì)Ã3ÃÂ¼�À]¾Yº3¼.È_¼.½.¾o¹P¿hÀ¤¿�À)ÈPÉ�Ì)ºÂ¼�º­�®Ìèç�ËMÄ�Ç�½s�BùhÃ3¿�Ì)À)ÁÆ�À�Á)¹_À)ù^Ç�È_ù�¿hÃ3¹Ê¾o·)ÐÛº�²�ºÂ¼�¼gº3¼�½"¾o¹P¿hÀ [ Í ú�´aÒ�¾3·�Ç6¾�Ç�Ã3¼��h¼.ÃÂÉYÿ�¼.È_È�Ã3¼.Ú)Ã3¿�Á)Ì)½.¼�Á�¹PÀÛ¾3·)¼gºÂ¹_ÐKÌ�È<Ç6¾3¹_¿hÀ²Ò�º3¿À)¿^ºÂÉ�ºÂ¾3¼�ÐÑÇ6¾o¹P½gÌ)À�½�¼�Ã,¾
Ç�¹PÀ]¾8ÉM¹Pº�Ç�ºÂº3Ì)ÐÛ¼�Á{Í'Î�¿�ÃÆ½
·�Ç6Ã3ùh¼.Á�½�Ì)ÃÂÃ3¼�À]¾�º3¼�ÈP¼�½"¾o¹_¿�À)ºÔÇ�ÀÑÌ)À)½.¼�ÃÂ¾oÇ�¹_À]¾8ÉÑ¿�ö

2%
¹_º¸Ì)ºÂ¼�Á²ÍÎô¹_À�Ç6È_ÈPÉ�Ò�º,É º,¾o¼.ÐMÇ6¾3¹_½�Ì)À)½.¼�Ã,¾
Ç�¹PÀB¾3¹_¼.ºÆ¿hÀY¾o·�¼�¾3·)¼�¿�Ã3¼.¾3¹_½�Ç�È�ÐÑ¿�Á)¼.È_ºDÃ3¼.Ú)Ã3¼.º3¼.ÀB¾3¼�Á�Ä]É�¾o·�¼9ÓÕ¿�ÀB¾3¼ÖÔÇ�ÃÂÈ_¿ ºÂ¹_ÐKÌ)È_Ç6¾o¹P¿hÀ)ºÅÇ�Ã3¼Ô¾oÇ!��¼.ÀY¹_À]¾o¿ Ç�½.½�¿hÌ�ÀB¾�Í'ÓÕ¿hº,¾'¹_ÐÛÚ%¿�ÃÂ¾
Ç6ÀB¾ô¿hÀ)¼¸¹Pºô¾o·)¼¸Ì�À)½�¼.ÃÂ¾
Ç6¹_À]¾8É�¿hÀK¾3·)¼ºÂ¹_ùhÀ�Ç6È-�����-�3��� º3¹PÐKÌ)È_Ç6¾o¹P¿hÀ²Ò ÿ�·)¹P½
·K¹_ºÅÇ�º3ºÂÌ)ÐÛ¼�ÁK¾o¿gÄ%¼

10%
Í (ËÇ�Ã3ùh¼Æ¼�ÃÂÃ3¿hÃÂºôÇ�ÃÂ¼ÔÇ�ºÂº3Ì)ÐÛ¼�Á�öc¿hÃ»¾3·)¼Ä�Ç6½s��ù�Ã3¿hÌ)À�ÁÛºÂ¹_ÐKÌ�È<Ç6¾3¹_¿hÀ)º.Ò�¼.º3Ú�¼�½�¹_Ç�È_ÈÊÉ öc¿hÃ �-�-�-� � �KÚ�·)¿�¾o¿�Ú)Ã3¿�Á)Ì)½"¾o¹_¿�ÀKº3¹PÐKÌ)È<Ç×¾o¹_¿�À²Ò6ÃÂ¼�ºÂÌ)ÈP¾3¹_À)ù9¹PÀÇ�½�¿�ÐKÄ)¹_À�¼�Á�ºÂÉ�º,¾o¼�ÐÑÇ6¾3¹_½ Ì)À)½.¼�Ã,¾
Ç�¹PÀB¾8Éã¿�öÏÇ6Ä%¿hÌ ¾

60%
¶¸·)¹_º.Ò�·)¿;ÿ�¼��h¼.Ã�Ò�¾o·)¹Pº¸·�Ç�ÃÂÁ)ÈPÉÑ¹_À�*)Ì)¼�À)½.¼�º¾3·)¼�¼��h¼�À]¾DÀBÌ)Ð^Ä%¼.Ã3ºôºÂ¹_À)½.¼Æ¾3·)¼�ºÂ¼�È_¼.½.¾3¼�Á ,�Ö�Ç�À)ÁYÖ¸Ö¤º3Ç�ÐÑÚ�È_¼�º»½�¿�ÀB¾oÇ�¹_À�¿hÀ)ÈÊÉ È_¹P¾Â¾oÈP¼DÄ�Ç�½s�BùhÃ3¿�Ì)À)Á¼��h¼�À]¾3ºJ²�ºÂ¼�¼óº3¼.½.¾o¹P¿hÀ [ ÍÊø�ú�´"Íþ�È_È%ºÂÉ�ºÂ¾3¼�ÐÑÇ6¾o¹P½ Ì)À)½�¼.ÃÂ¾oÇ�¹_À]¾o¹P¼�º�Á)¼.º3½�ÃÂ¹_Ä�¼�ÁÕÇ�Ä�¿?��¼óÇ�Ã3¼ º3Ì�ÐÑÐÑÇ�Ã3¹S¯�¼.Á�¹_À�¾
Ç�Ä�È_¼ [ Í ú Í

\ ú
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tvuwtvxzy({}|GxQ~0�gtz��~���xQt·�Ç�Á)ÃÂ¿hÀ)¹P½ ¼�À)¼.Ã3ù�É�ºÂ½ Ç�ÈP¼
2%·�Ç�Á�Ã3¿hÀ)¹P½ Ú%¿�È<Ç�Ã¸Ç6À)ùhÈ_¼

10 mrad
½.¼�À]¾oÃ3Ç�ÈeÒ

5 mrad
öc¿hÃÂÿ�Ç�Ã3Á¼�È_¼.½.¾3Ã3¿hÀ ¼�À�¼�Ã3ù6É º3½ Ç6È_¼

0.7 − 3%
Á)¼�Ú�¼�À)Á�¼�À]¾�¿�À

z ���.� - í���á¼�ÈP¼�½.¾3Ã3¿hÀûÚ�¿hÈ<Ç�ÃÔÇ�À)ùhÈP¼
10 mrad�����:� | � tvuwtvxzy({}|GxQ~0��tÈ_Ì�ÐÑ¹PÀ)¿hº3¹Ê¾8É

1.3% − 4%
Á)¼.Ú%¼.À)Á)¼�À]¾�¿hÀ Ã3Ì)À Éh¼�Ç�ÃÚ�¿hÈ<Ç6Ã3¹'¯�Ç6¾o¹P¿hÀ

3.4%Ã3Ç�Á)¹<Ç×¾o¹S��¼9½�¿�Ã3Ã3¼.½.¾3¹_¿hÀ)º
1%¾3Ã3¹Pùhùh¼�Ã�¼�NÛ½�¹P¼�À)½.¹_¼�º ,�Öç 

1%
Ò�Ö¸Öç 

1.8%��¼�ÃÂ¾3¼�
ÀÆ�À�Á)¹_À)ù Ö¸Öç 
2.4%Ä)Ç�½s�BùhÃ3¿hÌ�À)Á�Æ�À�Á)¹_À)ù Ö¸Öç 
2%xQ�wy �:� u��`����y � xA|[~0��xQ~�y�t

�����-���3�
10%�-�-�-� � �
50%��£3� �3¤
30%§��H¨�� ¤ �
30%¤-�-¥-¤7¦
15%

^0_`a�bVcuÛ�f��0f'i�o?|:m�l�o&�Õk!l)t)�Êp�vW�so&��lNk�twv�l)t)oòm
gU���KvWo�p�l)��k�{�k�vWrZ��y�k��+��osrZ��p��I�6o&v�l m6o&{)os��l)t)��vH�

\��
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Ð¦á�â ï¬á � ¶6¸YñEÃ�éÒÑ^çe¸óò æÙçôÃ�ç8ºgò$¶U»G¸^õ
¶ÅÇ�Ä)ÈP¼ [ Í � ¿hÀ�¾o·)¼ÔÀ�¼�
�¾DÚ�Ç�ù�¼�º3·�¿�ÿ�ºÅ¾o·)¼Ô¼��h¼.ÀB¾ÏÀ�Ì�ÐKÄ%¼.Ã3ºôöc¿�ÃÅ¾o·�¼�À)¼.Ì�¾oÃ3Ç�È)Ç�À�ÁK½
·�Ç�ÃÂùh¼�ÁK½.Ì)Ã3ÃÂ¼�À]¾ºÂ¼�È_¼.½.¾3¹_¿hÀ)º.ÍÏ¶¸·)¼�Á)¹	�{¼.Ã3¼�À]¾jÁ�Ç6¾oÇ�º3¼"¾oº'Ì)ºÂ¼�Á¼²c½.ö Íô¾oÇ�Ä)ÈP¼ ] ÍPø�¿hÀYÚ�Ç6ùh¼ ��è ´ÏÇ�ÃÂ¼@ºÂÌ)ÐÛÐMÇ�ÃÂ¹'¯.¼�ÁK¾o¿ ¾3·)¼
e+p

Ç�À)Á
e−p

Ã3Ì)À)Ú�¼�ÃÂ¹_¿�Á)º@¿�öD÷güjý�þ<� ú Í�¶¸·�¼^ÀBÌ)ÐKÄ�¼�Ã@¿�öÏºÂ¼�ÈP¼�½.¾3¼�ÁWÁ)Ç6¾
ÇY¼���¼�À]¾oº9¹Pº�½�¿hÐÛÚ�Ç�ÃÂ¼�Áÿ�¹Ê¾o·Y¾o·)¼gÞ�¾oÇ�À)Á�Ç�ÃÂÁãÓû¿ Á)¼.È�Ú)Ã3¼.Á)¹_½"¾o¹P¿hÀ)ºÏöcÃ3¿�Ð º3¹PÐKÌ)È<Ç×¾o¹_¿�À)º�²c¾3¿�¾
Ç6È�ÓWÖ�´"Í]þ Ä)ÃÂ¼ Ç!�BÁ)¿;ÿ�Àã¿6ö%¾3·)¼¾3¿�¾
Ç�ÈDÓÕ¿hÀ]¾o¼MÖÔÇ�Ã3ÈP¿ À�Ì�ÐKÄ%¼.Ã3º ¹_º ùh¹	�h¼.À� ¶¸·)¼ÑºÂ·�Ç�ÃÂ¼Û¿6öÔÀ)¼.Ì�¾oÃ3Ç�È<²¢,�Ö�´ Ç6À)Á¦½
·)Ç�Ã3ùh¼.Á¦½.Ì)Ã3ÃÂ¼�À]¾²uÖ¸Ö�´�Ú)ÃÂ¿ ½.¼�ºÂº3¼�º�¹_º�Á)¹_ºÂÚ)È<Ç É�¼�Á²Ò%Ç�º�ÿ�¼.È_È»ÇÛºÂÌ)Ðx¿�öDÇ6È_È²Ä�Ç6½s��ù�Ã3¿hÌ)À�ÁWÚ)Ã3¿�½�¼.º3ºÂ¼�ºZ²uÞ)Ó Ä)ù�Ãs´"Í�¶¸·)¼º,¾
Ç6¾3¼�ÁÙ¼�ÃÂÃ3¿hÃÂº Ç�Ã3¼ó¾o·)¼�½.¿hÐKÄ)¹PÀ)¼�ÁÝºÂ¾
Ç×¾o¹_º,¾o¹P½ Ç�È»Ç�À)ÁÙº,É�ºÂ¾o¼.ÐMÇ×¾o¹_½^Ì)À)½�¼.ÃÂ¾oÇ�¹_À]¾o¹P¼�º.Í ¶¸·)¼�º3¼.È_¼�½"¾o¹P¿hÀÚ)Ì�Ã3¹P¾8ÉÜ¹PºÑÁ)¼�Æ�À)¼.Á Ç�ºÑ¾3·)¼ÝÀBÌ)ÐKÄ�¼�ÃÑ¿�ö ºÂ¹_ÐKÌ)È_Ç6¾o¼.ÁVºÂ¹_ùhÀ)Ç�È�¼��h¼.À]¾oºÇ²¢,�Ö X Ö¸Ö�´Û¿q��¼�ÃM¾3·)¼Õ¾3¿�¾
Ç�ÈÓÕ¿�ÀB¾3¼�ÖÔÇ�Ã3ÈP¿Û¼��h¼.ÀB¾3º�ÍÎ�¿�ÃóÄ�¿�¾3·¦ºÂ¼�È_¼.½.¾3¹_¿hÀ)º�Ç�À)Á¦Ä%¿6¾o·¤ÃÂÌ)À)Ú�¼�ÃÂ¹_¿�Á)ºó¾3·)¼ÛÁ�Ç6¾
ÇÕÇ�Ã3¼Z�h¼.ÃÂÉ¬ÿÆ¼�È_È'ÃÂ¼�Ú)ÃÂ¿ Á)Ì�½�¼�Á¤ÄBÉ¬¾3·)¼ÓÕ¿�ÀB¾3¼YÖÔÇ�ÃÂÈ_¿MºÂ¹_ÐKÌ�È<Ç6¾3¹_¿hÀ)º.Í�þ º3ÈP¹_ùh·]¾gÌ)À)Á)¼.Ã3º3·�¿ ¿�¾9½ Ç�ÀWÄ�¼K¿hÄ�º3¼�Ãò�h¼.Á�¹PÀÕ¾3·)¼KÀ)¼.Ì�¾oÃ3Ç�ÈÅ½.Ì)Ã3ÃÂ¼�À]¾¼.È_¼�½"¾oÃÂ¿hÀÕÁ)Ç6¾
Ç�ÍK�5¾�¹Pº�Ò)·�¿�ÿÆ¼���¼�Ã.Ò�ÿ�¹Ê¾o·)¹PÀ ¾3·)¼ Ì)À)½.¼�ÃÂ¾oÇ�¹_À]¾3¹_¼�º¸¿6öÅ¾3·)¼ º3¹_Ð^Ì)È<Ç6¾3¹_¿hÀ{ÍÎô¹_ùhÌ�Ã3¼ [ ÍÊø � ºÂ·)¿;ÿ�º�¾o·�¼^¼���¼�À]¾9É�¹_¼.È_Á)ºu²�¼��h¼.ÀB¾3º9Ú�¼�Ã
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]_^`^badcfehgbijekijlbcnmporqJ^scngbq�tu^bvwijqdtyx{z|v}qdc~tug`�Fiyxwxwv}mdc�gf��o%z�����v}^�v}l`tyv}�Lcnm�^bi���c~tyl)�dgbc�^sadc�ekijx�tyg)vw��t;�^sv}ijq�iy��^badc_cnxwc���^sg)ijq�tyqdm�e�ijl)v}^bgbijq���c�ty�Ll���v}^ba�tyqp�dqhc�����tyx}c�m�edg)c���v}lbv}ijqpiy�
∆P/P = 0.25% �� adc-��c~tyl)�dgbcn�Lcnq�^bl�tyg)c�^si��kc mdiyqdc���v}^ba¡�Fij��eh^siyq¢e�iyx�tyg)vw��cn^scngbl � orq¢^badvwl_�£adtyeh^scngF^sahc ��t;�lbv}��l¤iy�\�Fij��eh^siyq�e�ijxwtygbv}�Lc�^sg¦¥�tygbc�mdcnlb�ngbvw�kc�m � � adc�q§^sahc�x�t~¥jij�¨^¤iy�k^sadc�edxwtyqdqdcnm�e�iyx�tyg)vw��cn^scngvwl©v}qJ^sgbi{md�d�nc�mNª�tuqdm�^sadc�edahiy^si{mdcn^bc���^sijg¤l¦^s�dmdv}c�l«edg)c�lbcnqJ^sc�mLvwqp^badvwl©edtyg)^«iy�¬^badc_^sadcnlbv}l«tygbc���iu�^sv®­yt;^sc�m �

¯¬á'°ãá²±´³¶µ ·�¸�³0¹ º0³¼»¾½§¿kÀsµ Á�¸_¿yÂ
]/�Fiy�Leh^bijqÃekijxwtygbv}�Lc�^sc�g�vwl���tylbcnmÄijqO^sadc¢�Fij�Le¨^sijqOlb��tu^b^bc�gbv}qdÅÆiu��e�iyx�tyg)vw��cnm0��c�ty�Çc�xwcn���^sg)ijqdl�iyÈÆe�ijxwtygbv}��cnm¢x�tyl)c�g_x}vwÅjaJ^ � � adc-��i{ijg)mdvwq�t;^sc l¦¥¨l¦^scn�8tyqdmÉ­utygbvwty�dx}c�lF�hlbc�mÊvwq¢^badc ��ijx}xwi'�_�vwqdÅ¡mdv}lb�n�dlbl)vwijqËtygbc�l)adi'��qÃv}q0ÌdÅj�dgbc[Í �®Î ª|tyl)lb�d��vwqdÅÊt¡adc~tum¨�rijq0�nijxwx}vwlbv}ijq¼�kcn^r�fc�cnqÄc�x}c��n^bgbijqtyqdmÏedahiy^sijq �3Ð �dg)^badc�g)�Lijg)cyª_^badc¼edadiu^sijqÏekijx�tugbvw��tu^sv}ijqÑvwlLc�Ò¨edgbcnlbl)c�m´��¥Ó^sadc¶Ô{^sijÕuc�l¢­yc����^sijg

S = (S0, S1, S2, S3)
tuqdmÖ^badc¡c�x}c��n^bgbijqÑekijx�tugbvw��tu^sv}ijqÃÅyv}­jcnqÓv}qÓ�_tyg)^bc�lbvwtyqÑ��i{ijgbmhvwq�tu^bc�l

P = (PX , PY , PZ)
ªh��v}^baÉ^sadc@mdv}gbc���^sv}ijq¡iy��^badc@vwqd�nvwmdcnqJ^�edadiy^bijq¡mdcnÌ�qhvwqdÅ§^sadc

z
t;Ò¨vwl �� adc×edadiu^sijqLvwl�lb�~t;^b^scngbcnm¢vwqJ^si@^sahc�lbiyxwvwm�tyqhÅjxwc

Ω = (θ, φ) � � adc×mdv}È�c�g)c�qJ^svwtyx¬��g)ijlbl�lbcn�n^sv}ijq

Ø¾ÙhÚ×ÛÝÜßÞyà�á¾Ü£âãànáãäFåæá¾Üßç_è Ø¾é|Ú�è)Û#èbêrâãáëà�ì�áëè)íîâ\åæá¾Üßç_è
ï¤ð}ñNò{óõô¼ö;÷ùø�÷�ú¤û�üuüßýsþõÿ��������	��
��
����� ü
�«û�ü
�����ëü
�������������%ýrÿ��������}ýsü
��� ��!#"%$

Q Í
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��ijg_^badvwl�ehgbi{��c�l)l�v}l�Åjv}­yc�qÊ�J¥NMPOjÍRQ�S

dσ

dΩ
= Σ0 + S1(0)Σ′

1 + S3

(

PY Σ2Y + PZΣ2Z

) �ãÍ �}Î �
��v®^sa

Σ0 = C
[

(1 + cos2 θ) + (ki − kf)(1 − cos θ)
]

Σ′
1 = C cos 2φ sin2 θ

Σ2Y = −Ckf sin φ sin θ(1 − cos θ)
�ëÍ �UT �

Σ2Z = −C(1 − cos θ)(kf + ki) cos θ

C =
r2
0k

2
f

2k2
ityqhm

r0

^sahc��nx�tyl)lbv}�~tyxNcnxwcn�n^sg)ijq¡gstymhvw�dl �orqL^sahvwl«��ijgb�p�hx�t
Σ0

mdc�l)��g)vw�kc�lf^badc��hqde�iyx�tyg)vw��cnmL�ngbijl)lFl)c��n^bvwijq � � adc�l)c���iyqdm¢^scngb� S1(0)Σ′
1v}l�mdc�ekc�qdmhc�qJ^[iyqÑ^badcÉxwv}qdc~tugpedadiy^bijqÑe�iyx�tyg)vw�~t;^svwiyq � � adc¡x�tyl¦^�^scngb� tu����iy�dqJ^sl���ijg���v}gb�n�dx�tygedahiy^sijqÉekijxwtygbv}�~tu^bvwijqLtyqdm¡�kiy^sa¢^bgstyqdl¦­jcngblbcL�

PY

�Ftyqdm¡x}ijqdÅjv®^s�dmdv}q�tyx��
PZ

�fc�x}c��n^bgbijqÉekijxwtygbv}�~t;�^bvwijq �o¾^@vwl-��iyq�­yc�qdv}c�qJ^@��ijg ^sahc�mhvwlb�n�dlbl)vwijq0iy�_�Fij��eh^siyq¶lb�~t;^b^scngbv}qdÅÉ^si¡��ijqhlbvwmhc�g ^sahc��ngbijl)l@lbc��ß�^bvwijqËvwqË^badc¢xwty�Ë��gbty�LcLtyl�t ���dqd��^svwiyqÃiy��^badc[l)�~tu^)^sc�g)c�m edahiy^sijqWV#lpcnqdc�g)Åy¥
Eγ

tuqdmÃ­jcng)^bvw�~tuxmdv}lbedxwty��cn�LcnqJ^
y
ª«vwqhl)^sc�tymÑiy�×^sadc¡g)c�l)^§��gbty�Lc[lb�~t;^b^scngbv}qdÅÃtuqdÅjxwc

θ
tuqdmÖty��v}�p�h^sadtyx_tyqhÅjxwc

φ �� adcnlbc�����tyqJ^sv®^svwcnl×tygbc-g)c�x�t;^sc�mÉ­{v�t�S

cos θ =
Ee − Eγ(1 + 1/ki)

Ee − Eγ

�ãÍ �YX �
y = D tan θ Z\[�] sin φ

�ãÍ �P^ �
��v®^sa

D
mdc�qdiu^svwqhÅ§^badc@mdvwl¦^£tyqh��c@��c�^r�Fcnc�q0�Fiy�Leh^bijq¡vwqJ^scngsty��^sv}ijqÉe�iyvwqJ^×tyqdm¡mdc�^sc���^sijg �]_^`^sahc_o%z��Ä^badcF�kc~tu� cnxwc���^sg)ijqdl���v}xwx��kc_xwijqhÅjv}^b�dmdvwqdtyxwx®¥�ekijx�tugbvw�nc�mNªutyqdm���vwg)���dxwtyg�e�ijxwtygbv}��cnmxwtylbcng�xwvwÅya�^Fvwl_^bi���c@�dl)c�mÊvwq¢^sahc�ekijxwtygbv}�Lc�^sc�g �(_ i'�Fc�­jc�gnª�v}q�ty�n���dgbtu^sc-xwtylbcng�tymR`)�dl¦^s��c�qJ^×�[t~¥x}c~tymO^si¶tÊqdijqJ­utyqdvwl)advwqhÅÆxwv}qdc~tug�ehadiy^siyqÄe�iyx�tyg)vw�~t;^svwiyq

S1(0) 6= 0 �ÊÐ �dg)^badc�g)�Liygbcyª�vwqÃt gbc�tyxty�n��cnxwc�gbtu^siyg¢mdvwl¦^sijg¦^sv}ijqdl[v}q ^sahc¶�[tyÅyqdcn^bvw� Ìdc�xwmhl¢�[t~¥Ó�~ty�hlbcOtÃ^sv}x}^scnm cnxwc���^sg)ijq lbedv}q t;Ò¨vwl�ªg)c�lb�hx}^sv}qdÅ§vwq
PY 6= 0 �	_ c�qh��cyª¬��ijg���iygbgbcn�n^×�~tuxw���hx�tu^bvwijqdl�t;^×t�g)�dqdqdv}qdÅLo%z�� e�ijxwtygbv}�Lc�^scng�ª¨^badc���dx}xN��ijgb���dx�t§Í �®Î a�tyl�^si���c@^£tyÕuc�q vwqJ^siLty���nij�dqJ^ � orqÆijg)mdc�g�^si�c�Ò¨edxwtyvwqÉ^sahc�edg)vwqd�nvwedx}c-iy�©o%z���Fij��eh^bijq¡e�ijxwtygbv}�Lc�^sg¦¥[v}q¡^badvwl��£adtyeh^scng�ª¬v}^�v}l�tylbl)�d��c�m¡^sa�tu^

S1 = 0
ª�tuqdm cnv}^badc�g

PY = 0
ijg

PZ = 0 �
Ð iygf^sahc ��g)ijlbl�l)c��n^bvwijqÉiu��^sgstuqdl)­yc�gbl)c@e�ijxwtygbv}��cnm¢c�x}c��n^bgbijqhl@� PY 6= 0

ª
PZ = 0

��iyqdx}¥
Σ0

tyqdm
S3Σ2Y

vwq c�����tu^bvwijq¼Í �®Î ��ijqJ^bgbvw�h�h^sc � ]�l �~tyqÆ��c�lbc�cnq¼��gbij�8cn����tu^sv}ijq0Í �YT ª Σ2Y

mdc�ekc�qdmhl-ijq�kiy^saÄtyqdÅjx}c�l
θ
tyqdm

φ �a_ cnqd��cuª«^badc[�ngbijl)lplbcn�n^bvwijqÄv}l�mhc�ekc�qdmdcnqJ^§ijqÄ�kiy^saO^sadc¢cnqdc�g)Åy¥Ëtyqdm^badcÊ­yc�g¦^svw��tyx�mdv}lbedxwty��cn�Lcnq�^§iu��^sahcÊehadiy^siyqdl �î�n� � c�����t;^svwiyq Í �PX � � orqÓijgbmhc�g�^si0ij�h^styvwq ^badc^bgstyqdl¦­jcngblbc�c�xwcn�n^bgbijqÊe�iyx�tyg)vw�~t;^svwiyqÉtu^�t��nijxwx}vwmdcng_c�Ò¨ekc�g)vw��c�qJ^ t§mdij�h�dxwc�tyl¦¥¨����cn^sg¦¥¡��c�^r�Fcnc�q

QjQ
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�Fij��eh^sijq�l)�~tu^)^scngbvwqhÅ�ehgbi{��c�l)lbcnl���v®^sa�xwc��ù^«tyqdm§g)vwÅjaJ^¤xwtylbcng©e�iyx�tyg)vw�~t;^svwiyq�a�tul«^bi-��c���c~tulb�dg)c�m�S

A(y, Eγ) =
NL(y, Eγ) − NR(y, Eγ)

NL(y, Eγ) + NR(y, Eγ)

�ëÍ � R �
= PY

Σ2Y

Σ0

�ëÍ � OJ�
NL(y, Eγ)

mdc�qhiy^scnl�^badc«q{�h�p��cng|iy�dg)c���iyvwxjedahiy^sijqhl�tul�t_���dqh�n^sv}ijq@iy�h^badc�v}g�c�qdcngbÅy¥-tyqdm@­jc�g¦^sv}�~tyxmdvwl)edx�tu��c���c�qJ^ � � adc�l)�d�dl)��gbv}eh^ mhc�qdiy^bc�l×^sadc�x�tyl)c�g�e�iyx�tyg)vw�~t;^svwiyq � � adc�mdiy�d�dxwc�tyl¦¥¨����cn^sg¦¥¡vwledgbi'­{vwmhc�m¢�J¥§^sadc×^scngb�
Σ2Y

ª¨tyl
Σ0

vwl�vwqdmhc�ekc�qdmdcnqJ^_iy�N^badc�ekijxwtygbv}�~tu^bvwijq � � adv}lFedg)vwqd�nvwedx}c��_tyl�dlbcnm¼tu^�^badc-^sgbtyqdl)­yc�g)lbc�ekijxwtygbv}�Lc�^sc�g �gf=h zÄtu^ _;iGj ] �
]_^�^badc@edx�tyqhqdc�mÊo%z��´ekijx�tyg)vw��cn^bc�gf^badc@xwijqhÅjv}^b�dmdvwqdtyx�cnxwcn�n^sg)ijq¡e�iyx�tyg)vw�~t;^svwiyq[vwl�^bi��kc@�Lc�t;�lb�dg)c�m7�

PZ 6= 0
ª
PY = 0

� � ]��n��ijg)mdvwqdÅ¼^bi¶c�����tu^bvwijqhl§Í �®Î tyqdmÖÍ �YT ª¤ijqdx®¥Ë^badcÉ�dqdekijxwtygbv}��c�m��g)ijlbl�lbcn�n^sv}ijq
Σ0

tyqdm
S3Σ2Z

��ijqJ^bgbvw�h�h^sc�^si¡^sahc[�Fiy�Leh^bijqO��gbiylbl�lbc���^sv}ijq � ]�l�ijedekijlbcnmË^si^sadc§��c~tyl)�dgbcn�LcnqJ^@iy�
PY

mhc�lb�ngbv}��cnmÃty�ki'­jcuª|^badc���g)ijlbl@l)c��n^bvwijqOijqdx®¥Æmhc�ekc�qdmdl�ijq¶^sahc�e�ijxwtygtyqdÅjx}c
θ
tyqdmNªd^ba��dl�ª¬ijqÉ^sahc�cnqdc�g)Åy¥¡iy��^sadc@��tu�£Õ{l)�~tu^)^scngbc�mÆedadiy^bijqdl �

� adcLxwijqhÅjv}^b�dmdvwqdtyx©c�x}c���^sgbiyqÃekijx�tyg)vw��tu^sv}ijq¶vwl�ij�h^styvwqdcnmÃ�J¥O�Lc�tylb�hgbvwqhÅÊ^badc¢tyl¦¥{�L��cn^bg)¥0vwq^sadc�c�qdcngbÅy¥Llbekc���^sgst�iy��^sadc���ty�£Õ�lb��tu^b^bc�g)c�mÊedadiy^bijqdlf��v®^sa¢mhv}È�c�gbcnqJ^_x�tulbc�gfadc�x}vw�nv}^sv}c�l��
S3,a

tyqhm
S3,b

ªd��v}^ba
∆S = (S3,a − S3,b)/2

� �
A(Eγ) =

NL(Eγ) − NR(Eγ)

NL(Eγ) + NR(Eγ)

�ëÍ � Íj�

= ∆SPZ

∫

y
Σ2Z

∫

y
Σ0

�ëÍ � Q �
= ∆SPZΠ(Eγ)

�ëÍ �Pk �
ormdc~tuxwx}¥ ijqdc¶��vwx}x l)��v®^s�£a´��c�^r�Fcnc�q ���hxwx}¥ xwc��ù^)��tyqhm7g)vwÅjaJ^)�¾e�iyx�tyg)vw��cnm x�tulbc�gÉx}vwÅjaJ^�ª tyqdmÏ^ba{�hl
∆S = 1 � � advwlnª¨ahiõ�fcn­yc�gfa�tyl«^si���c×�Liyqdv}^bijgbcnm�mh�dgbv}qdÅ-^sadc×e�iyx�tyg)vw�~t;^svwiyqp�Lc�tylb�hgbc���c�qJ^ �.l v�t
Σ2Z

^badcptul)¥{�L��cn^bg)¥Êvwl×edg)iõ­{v}mdc�m¶�J¥¡^sadc�^sc�g)�
Π
ª¬��advw�£a¶v}l�iy�ù^bc�q¼��tyxwx}c�mnm�o9m�p�q5rts#o�uwvyxRz|{~}ßªtyqdmOgbcnedgbcnlbc�qJ^bl�^sahc��Lt;Ò¨vw���d� ij�¨^£tyv}q�ty�dx}c�tyl)¥{���Lc�^sg¦¥Ñ����iyg

PZ = ∆S = 1
� ��� c��~tu�dlbc�iy�c�qdcngbÅy¥¢��ijqdl)c�g¦­yt;^svwiyq¢^sadc-Ì�q�tuxNc�qdcngbÅjv}c�l�iy��cnxwc���^sg)ijqÊtyqdm¡edadiy^bijq¡vwq¢^badc-x�ty�¢��gbty��c§�

E ′
e

tyqhm
Eγ

�_tugbc@gbcnx�tu^bc�mÉ^si�^sahc�v}qdv}^bv�tyxkc�qhc�gbÅyvwc�l��
Ee

tuqdm
Eλ

�_�J¥
E ′

e + Eγ = Ee + Eλ ≈ Ee

�ëÍ �®ÎA� �
� a��dl�ª_v®^§vwl�cn�{�dtyxwx®¥ e�iylblbv}�dxwc¢^bi0�Lc�tylb�dg)cÊ^badcÊtyl)¥{���Lc�^sg¦¥ vwq ^sahcÊcnqdc�g)Åy¥Ñlbekc���^sgbtËiy�×^sadc��ty�£Õ�lb��tu^b^bc�g)c�m�{~p�{��~��}1xRo�� � � adv}l�vwlp��ijg)c�lbcnc�qÑ��ijg�^badc¡o%z�� ekijx�tyg)vw��cn^bc�gbl � orqÑ^sahc¢��ijxwx}iõ��v}qdÅv}^�vwl tulblb�h�Lcnm¼^sa�tu^�^sadc�c�xwcn�n^bgbijqdl tu^�^badcpo%z��3tygbc�ijqdx}¥Êx}ijqdÅjv®^s�dmdv}q�tyx}x}¥¢ekijxwtygbv}��c�m\ª�tuqdm¼^sadc��ijxwx}i'��vwqdÅpl)�d�dl¦^sv}^b�h^sv}ijqdl�tyg)c@�[tymhc�S Pe = PZ

tyqhm Pγ = ∆S �

Q k
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250GeV
�,�dþB���õý1�������K�t�1�%ý1���wýsü
��� �
��"%$

� a{�hl�ª�^sadc@�kc~ty� e�ijxwtygbv}�~tu^bvwijq[tu^�^sahc�o%z�� �~tyqÊ��c@tu�����dvwg)c�m¡��gbij�FS

Pe =
A

PγΠ

�ëÍ �}ÎjÎ �
=

A
Π

�ëÍ �}ÎDT �
� adcÆlbc��nijqdm c�����t;^svwiyq vwl�­ytuxwvwmÓijqdx®¥Ö��iygL���dx}x}¥Ñekijx�tyg)vw�nc�mÖx�tyl)c�g[x}vwÅjaJ^ � � adc¼l)a�tyekc¼iy�-^badctyqdtyx}¥{��v}qdÅ�ekiõ�fc�g

Π
vwl�l)adi'��qÆv}q¡ÌdÅj�dgbc�Í �YT¨�

¯Ùá1�Ùá �D�¡± ± ³¶µ ·�¸�³0¹ º0³¶»ë½§¿kÀ£µ Á�¸�ÁL¿
Ð ijg`^badc�edx�tuqdqdc�m§x}vwqdc�tyg`�nijxwx}vwmdcng`o%z��Ñv®^¤vwl©��iygbc�l)c�cnq�^bi���c~tulb�dg)c_^sadc��kc~ty� e�iyx�tyg)vw�~t;^svwiyq���v}^bat¡edgbcn��v}lbvwiyqOiu�

∆P/P = 0.25% � o¾^@vwl�tymh­{v}lsty�dx}cp^si¡�dl)c[tyq0i'­jcngstyx}x¤iy����ij�dg@e�iyx�tyg)vw��cn^scngbl,S�kiy^sa �de¨�§tuqdm mdi'��qdl¦^sgbc�ty� ��g)ij� ^sadc vwqJ^scngsty��^sv}ijq ekijvwqJ^���ijg[c�ty�£aÏ�kc~ty� � � ahc¶�de¨�ptyqdmmdi'��qdl¦^sg)c~ty�Vekijx�tyg)vw��cn^bc�gbl©��v}xwxd�kc×��ij��edxwcn�LcnqJ^£tyg¦¥jª{tyl«^sadc×�dedl¦^sgbc�ty�Vmdcn^bc���^sijg���vwxwxh��c�ty�dx}c^bi×�hlbc«�p�d�£a�advwÅyadc�gNgbtu^scnl�ªõ��adc�g)c~tyl�^badc«mdi'��qdl)^bgbc~tu�3ijqdc©��vwx}xy�kc¤lbcnqdlbv®^sv}­yc¤^si�mdcne�ijxwtygbv}�~tu^bvwijqc�È\cn�n^sl×vwqÉ^badc
e+e−

v}qJ^sc�gbty�n^bvwijq �Ô¨vwqd�ncL^badc[l¦^s�dmh¥Ëedg)c�lbcnqJ^sc�mÖvwqO^sadv}l�^badc�l)vwl��Ftylpekc�g¦��ijgb��c�mËvwq tÊÅjgbiy�deÃ�fijgbÕ�vwqhÅ¼ijqÃ^badcmdc�­jcnxwijed��c�qJ^�iy�«tyq �dedl)^bgbc�ty� e�ijxwtygbv}�Lc�^scng�ªd^sahc���ijx}xwi'��vwqhÅ�mhc�lb�ngbv}eh^sv}ijq¼tyg)c���i{���hlbc�mÆijq ^badc­yc�g)¥Älsty��c � � adcÉ��tulbvw�[ije�cngstu^bvwqdÅ edgbv}qd��v}edxwcuª©adi'�fcn­jcng�ªfvwl�^badcÉlstu�Lc[��iyg�^sadc[mdi'��qdl)^bgbc~tu�ekijx�tugbvw��cn^bc�g)l � ]7mdc�^£tyv}xwcnmLmdcnlb�ngbvwe¨^svwiyq[iy�N^badc×edx�tyqhqdc�mLe�ijxwtygbv}�Lc�^scng¤lb�£adcn�Lc�tu^f^badc�o%z��Ó��tyq�kc-��ij�dqdm¡vwq�M O Q Q �� adc ehx�tyqdqhc�m o%z��/�Fiy�Leh^bijq f ijxwtygbv}�Lc�^sc�g�vwl�^siO��cÊxwi{�~t;^sc�mÖgbiy�dÅjadx®¥
1800

� vwqÑ��gbijqJ^��¡Dvy�~��}1{�m�¢¢� iy�f^sadc§vwqJ^bc�gstu�n^sv}ijq0e�iyvwqJ^ � ]_^@^sadv}l�x}i¨��tu^sv}ijqÆ^badcLekijxwtygbv}�Lc�^sc�g��~tyqËedgbiuÌd^@��gbij��nxwc~tuqL�kc~ty� ��ijqhmdv}^bvwijqdl«tuqdmLx}i'� ��tu�£Õ{Åygbij�dqhm[gst;^sc�l¤^bi�edg)i'­¨v}mdc�t-�îtyl)^ftyqdm§edg)c��nvwlbc×��c~tyl)�dgbcß���c�qJ^ � � adcÊe�ijxwtygbv}�Lc�^scng��h^bvwxwv}��cnlp^sadcÊe�iyx�tyg)vw�~t;^svwiyqÄmdc�ekc�qhmdc�qd�ncÆiy�-�Fij��eh^sijqÖlb��tu^b^bc�g)vwqdÅ�S� adc�c�qdcngbÅy¥ iy�©^badc�g)c���iyvwx|c�x}c��n^bgbijqhl�mdcne�cnqdmdl-ijqÊ^sadcpehgbi{md�d�n^�iy�©^badc�edahiy^sijq¼tyqdm¼cnxwc���^sg)ijqekijx�tugbvw��tu^sv}ijq �� adc@e�ijxwtygbv}�Lc�^scngFvwlf^si§��c@l)v}^s�dtu^scnmÊv}qÊt§mhc�mdv}�~tu^bc�mÊ�[tyÅyqdcn^bvw� �£adv}�~tyqhc-��ijqdl)vwl¦^svwqhÅ�iu����ij�hg

k��
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+e  /e

+e  /e  IP

Dipole 1
8.1m

Dipole 2

8.1m
Dipole 4

Dipole 3

16.1m

8 m

16.1m

Cherenkov
Detector

total length:  74.6 m

125 GeV

25 GeV

50 GeV

Magnetic Chicane

250 GeV

24
 c

m

45.6 GeV

inout

Laser
IP

ï¤ð}ñ�ò�ó;ôÆöu÷ª©d÷�ú¬«¬��
�üR���¤ü
�.� ­��G�w�~�D���~��ÿ ����­Jÿ ���,���	�ãüßýg� ­��	®d«`ûn�
���
��ý1���,�¯�|ü
�K�nýrÿ��7�~���%ý~$

mdvwekijx}cÆ�LtyÅjqdc�^sl�ª�tyqdm l)ij�Lc
70

� v}q´x}c�qdÅu^sa � � adc0x�t~¥jiy�h^¡iy�@^sadc¶�£ahvw�~tuqdc0vwl¢l)adi'��q7v}qÌ�Åj�dg)c¡Í �PXh� orqÄ^sadcÉ�£ahvw�~tuqdc[^sahcÉ��c�ty� v}lpmdv}lbedxwty��cnm adijgbv}��ijqJ^styxwx®¥¶�J¥Ã^sahc¢Ì�gbl¦^p^r�Fi0mdv}e�iyxwc�[tuÅjqdcn^bl ��� c�^r�Fcnc�q ^sadc¶l)c���iyqdm´tyqdmÏ^sadv}gbm �LtyÅjqhcn^~ª�v}q ^sadc¶�nc�qJ^scng¡iy�-^sadc¶�£ahvw�~tuqdcyª�^sadc�Fij��eh^sijqÖvwqJ^bc�gstu�n^sv}ijq ekijvwqJ^�vwl�l)v}^s�dtu^scnm �±° qdmdcng[t¶­jcng)¥Ñxwi'�/tyqdÅjx}cÉiy�-ty�kij�h^
10 mrad

te�iyx�tyg)vw��cnm[xwtylbcng_vwl�Ì�gbcnmÊiyq�^bip^sadc�c�xwcn�n^bgbijqdl � � adc-x�tyl)c�gfxwvwÅya�^tV#lf��v}gb���hx�tygfe�ijxwtygbv}�~tu^bvwijq§��tyqÉ��c�Lc�tylb�hgbc�m���v}^baLt@edg)c���v}lbv}ijq§iy�
∆Pγ/Pγ = 0.1% � ]��ù^bc�g¤^sadc��Fij��eh^bijqLl)�~tu^)^scngbvwqhÅ@^badc×gbc��nijvwxc�x}c��n^bgbijqhltVhcnqdc�g)Åy¥¢l)e�cn�n^bgst�tyg)c mdc�ekc�qhmdc�qJ^×ijq[^badc-edgbi{md�d��^�iy��^badc c�x}c���^sgbiyq¡tyqdmÉedadiu^sijq¢ekiu�x�tyg)vw��tu^sv}ijq �8� c�ahvwqdm§^sadc��Fij��eh^bijq§vwqJ^scngsty��^svwiyq�ekijv}q�^¤^badc�c�x}c��n^bgbijq§�kc~ty�=e�tylbl)c�l�^r�Fi@���dg)^badc�gmdvwekijx}c �[tuÅjqdcn^bl � � adc�c�xwcn�n^bgbijqdl�^sadtu^×a�t~­jc�qdiy^×��cnc�q vwqJ^scngsty��^svwqhÅ§��v®^sa¡^sadc@xwtylbcng×�kc~tu�8tygbc��cnqJ^_��ty�£Õ�^bi�^badc�qdiy�Lv}q�tyxd�kc~ty�VtõÒhv}lFtuqdm[�nijqJ^svwq��dc×^si@^sadc

e+e−
v}qJ^sc�gbty�n^bvwijq�ekijvwqJ^ � � adijl)cc�x}c��n^bgbijqhl�^ba�tu^�a�t~­jc�^£tyÕuc�qLe�tyg)^�v}q�^badc��Fij�Le¨^sijq�lb��tu^b^bc�gbv}qdÅ�tygbc�mdc~²�c���^sc�m[ij�h^�iy�\^badc���c�ty�xwv}qdcyª���v}^saË^sadcnvwg�cnqdc�g)Åy¥Äl)e�cn�n^bgb�d� ��cnvwqdÅÊ^sgstuqdl)��ijg)�LcnmÄvwqJ^bi¶tÆlbedtu^svwtyxfmhvwl)^bgbv}�d�h^sv}ijq � � advwllbe�t;^sv�tux�mhvwl)^bgbv}�d�h^sv}ijqÃv}l���c~tulb�dg)c�mÄ��v}^ba t¶�FadcngbcnqdÕyi'­ adi{mdijl)��ijekc � � adc¢Åjcnqdc�gbtyxFxwt~¥jij�h^�vwllbadi'��q¶v}q ^siyeÆ­{vwcn�3ÌdÅj�dgbcpÍ � ^d� � adc�o%z��3v}l�ehx�tyqdqhc�mÆ^bi[a�t~­jc��nijqJ^sv}q{�hij�dlbx®¥¡^s�dq�tu�dxwc���c�ty�c�qdcngbÅjv}c�l � � ahvwl�vwl_^styÕycnqÆvwqJ^biLtu����iy�dqJ^�v}qÉ^sadc@ekijx�tyg)vw��cn^bc�gFmhc�lbv}Åjq�S«]�l�l)adi'��qÆvwqÉÌ�Åy�dgbc�Í �PX ªmdv}È�c�g)c�qJ^�c�xwcn�n^bgbijq c�qdcngbÅjv}c�l���vwxwx\�Lc�tyqÆmdv®È\cngbcnq�^��kc~ty�8mdv}lbekc�g)lbvwiyqdl×tu^�^badc��Fij�Le¨^sijqÊvwqJ^scng¦�ty�n^bvwijqOekijvwqJ^ � � a{�hl�ª`^badc[xwtylbcng�l¦¥{l)^scn� v}l���ij�dqJ^bc�mÃiyqÄt ��i'­uty�dxwc§edxwtu^b��iygb�T^ba�tu^��~tyqË��ctymR`)�dl¦^scnmO^bi¢^sadc§ty��^s��tux©��c�ty� ekijl)v}^sv}ijq �´³ v}^ba¼^sadc��n�dgbg)c�qJ^���ijq¨Ì�Åj�dgbtu^sv}ijq¶iy�«^sadc��£ahvw�~tuqdcyª^sadcL�[tõÒhv}�p�d�Kmhvwlbekc�g)lbv}ijqË��v}xwx¤�kc¢ty�kij�h^

12 cm
t;^ptÊ��c�ty�Çc�qdcngbÅy¥Ëiy�

Eb = 45.6 GeV
ªtyqdmÏtu��ij�¨^

2 cm
tu^

Eb = 250 GeV � ]�qÏtyx®^scngbq�tu^bv}­ycÆmdcnlbvwÅyq ��ijgbcnlst~� ^s�dqdty�dxwc �[tuÅjqdcn^bl^sa�t;^��fij�dx}mÃa�t~­jcLgbcnlb�dx®^�v}qÄtÉÌhÒ¨c�m mdv}lbekc�gbl)vwijq � � advwl@�fij�dxwm\ª`adi'�fcn­jcng�ª¤g)c�lb�hx}^�vwqÄtB`)ijx®^sc�m�Fij��eh^sijq¶l)e�cn�n^bgb�d�TvwqÆ^badc§�Fadcngbc�qhÕyi'­0mdcn^bc���^sijg ��v®^sa¼v}qd��g)c~tyl)vwqdÅÉ�kc~ty� c�qhc�gbÅyvwc�l �µ_ c�qh��cyªxwcnlbl-�£a�tyqhqdc�x}l��nij�dx}mO�kc��dl)c�mË��iyg �Lc�tylb�hgbc���c�qJ^bl�g)c�l)�dx}^bvwqdÅÉv}qËt¢mhc�Åjgbtym�tu^bvwijq¶iy�fedg)c���v}lbv}ijq �� adc��£ahijlbcnq¼mdc�l)vwÅjq �dlbv}qdÅLÌ¨Òhcnm¼�LtyÅjqdc�^svw�-Ì�cnxwmdl×Åj��tugstyqJ^scnc�l×^sa�tu^�^badc��Fij��eh^bijq l)e�cn�n^bgb�d�vwl�l)edgbc�tym ahijgbv}��ijqJ^£tuxwx}¥Li'­jcng�tu��ij�¨^
20 cm

��iyg�tyxwx���c�ty�/c�qhc�gbÅyvwc�l �� adc¡adi{mdijl)��ijekcÊ��ijqdl)vwl¦^sl§iy�
20

�¨�rl)a�tyekc�mÑ^s�d�kc�l§Ì�xwx}c�m ��v}^baÑe�cng§²��diygbij�d�¨^£tyqdcË�ã�
4 Ð 10

� �h qdc�iy�`^sadcnlbc�^b�d��cnl vwl×lbahiõ��q¶v}qÆl)vwmdc�­¨v}cn� v}q Ì�Åj�hgbc�Í � R � � adcpÅjtyl�adtyl t[ahvwÅja¼�Fadc�g)c�qdÕuiõ­^sadg)c�l)adijxwm[iy��ty�kij�h^
10 MeV

ªh�LtyÕ�vwqdÅ�v}^fxwc�l)l_lb�hlb��cneh^sv}�dxwc�^sipx}iõ� cnqdc�g)Åy¥L��ty�£Õ�Åjgbiy�dqdmÉgstumdv�t;�^sv}ijq � h ^sahc�gFÅjtylbcnlFxwv}Õyc�edgbijedtyqdc��fc�g)c-tyx}lbi��nijqdl)vwmdcngbc�m �G_ i'�Fc�­jcng�ª�ekc�g§²d�dijgbiy�d�h^£tuqdc a�tyl�^sadctymh­utyqJ^£tuÅjc�l×iy�¤�kc�v}qdÅLqhijq¨�¾^bi~Òhv}��tyqdmÆqhiy^�v}q�²¬ty���Lty�dxwcuª¨^ba{�hl�ªkc~tyl)vwqdÅ�lbcn���dg)v}^r¥Êedgbcn�~ty�¨^svwiyqdl �

khÎ
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+e  / e   − beam

150 cm z (cm)

x (cm)

25
 c

m Cherenkov
hodoscopes

vacuum chamber

thin exit windowï¤ð®ñ�ò�ó;ô öu÷ª¶d÷�ú.·dü§�N¸nÿ �~�Ãü
�(� ­�� û¬­��%ý1����¹jü5¸º­düuþJü~���£ü§���,$

� adc�^s�d�kc�l�tygbc���vwgbg)ijgbcnm¡ijq ^badc�v}qdlbv}mdc@^si�Åj�dvwmhc�^badcp�Fahc�gbcnqdÕyi'­ÆxwvwÅya�^�^biL^badc�ehadiy^si{mdc�^sc��ß�^bijgbl � � adc u
�rl)a�tyekc�mOmdc�l)vwÅjqËa�tyl���cnc�qÄ�£ahijlbcnqÄvwqËijgbmdcng�^bi ehx�ty�nc�^badcLehadiy^si{mdc�^sc���^sijg)l�ij�¨^iy�«^badc§��c�ty� edxwtyqdcuª\^sa��dl�t~­jijv}mdvwqhÅÉ��c�ty� v}qdmd�d�nc�m0��ty�£Õ�Åjg)ij�dqdmOgstymhv�tu^bvwijq � orq¶^sahc�lbc��nijqdmx}c�Å¼iy��^badc¢�¨�¾lba�tue�cnmÑ^b�d�kc�l�ª«tuqÑz iG» ��v}xwx���c¢v}qdl)^styxwx}c�mNª�vwqÄiygbmdcng�^si¶ekc�g¦��ijgb�Ç��tyxwv}�dgstu^bvwijq��c~tyl)�dgbcn�LcnqJ^sl �

optimize!

e

10
 c

m

15 cm

UV−LED (calibration)

20 identical channels
     diameter: 10 mm

PM
Al−tubes

mirror−
coated
surface

Cherenkov  photons

ï¤ð®ñ�ò�ó;ôÆöu÷�¼¨÷�ú�½uÿ�þ��;¸�ÿ �~�Ãü
�¾��û¬­��%ý1����¹jüt¸B�£üR�5�����%ý~$
orq ijgbmhc�gL^biÄmdc�^sc�g)�Lv}qdc ^badcÆ�kc~tu� ekijxwtygbv}�~tu^bvwijq ^sahc¼x�tyl)c�g�adc�x}vw�nv}^r¥Ñvwl3²�vwehe�cnm ��c�^r�Fcnc�q

+1
tyqdm −1

ª�tyqdmÆ^badcptul)¥{�L��cn^bg)¥Ã�î��� � c�����tu^bvwijq0Í �}ÎDT ��v}q ^sahc�c�x}c���^sgbiyq�V#l�c�qdcngbÅy¥Êl)e�cn�n^sg)�d�v}l���c~tulb�dg)c�mÖvwq ^sadcÆ�Fadcngbc�qhÕyi'­Öadi¨mhijlb�nije�c � o¾^�v}l§��iygbc�l)c�cnqÓ^siOed�dx}lbcÉ^sahcÊxwtylbcng���v}^sa ^badclbty�LcOl)^bgb�d��^s�dg)cÄtyl¡^sahcËcnxwc���^sg)ijq �kc~ty� tuxwxwi'��v}qdÅÄ^siÖ�Lc�tylb�hgbcOcn­jcng)¥7�d�dqd�£a � � adcÃxwtylbcngv}q�^bc�qdl)v}^r¥¢��v}xwxN�kc@�£adijl)c�qÆl)iL^ba�tu^�iy��^sadc@ijg)mdc�g�iy�
1000

gbc��nijvwx�cnxwcn�n^sg)ijqdl×tyg)c�cßÒ¨e�cn�n^scnmÆ��gbiy�^badcL�Fij�Le¨^sijq¶l)�~tu^)^sc�g)vwqdÅ � � adc§l)^£t;^svwl¦^sv}�~tyx�edgbcn��vwl)vwijq¶iu�f^badc§e�ijxwtygbv}�~tu^bvwijq �Lc�tylb�hgbc���c�qJ^@v}lcßÒhekc���^scnmL^si-�kc
3%

��ijg©^r�fi�tygb�dv®^sgbtyg)¥��d�dqd�£ahc�l¤��v}^ba�iyede�iylbv}^bc_adcnxwvw�nv}^r¥ � o¾^«v}l©c�l¦^svw�Ltu^bc�mp^sadtu^^badc@t~­jc�gbtyÅjc-edg)c��nvwlbv}ijqÉi'­jcng_^r�Fi�^sgbtyvwqhlf��v}^baÉijedekijlbv®^sc ahc�xwv}��v®^r¥���v}xwxka�t~­jc�tpl)^stu^sv}l)^bvw�~tux�cngbgbiygiy�
(∆P/P) ¿KÀ�[�À = 0.1%

MPO Q Q �
_ i'�Fc�­jcng�ª�c�Ò¨e�cngbv}c�qd�nc�l ��g)ij� lbv}�Lv}x�tygLe�iyx�tyg)vw��cn^scngblnª�c�l)e�cn��vwtyxwx®¥ ^sahcËijqhcÃtu^Ê^sahcÄÔhz�]×��nijxwx}vwmdcng�ªda�t~­yc�lbahiõ��q ^sa�tu^×^sahc�tyv}�Lcnm¡edgbcn��vwl)vwijqÊÅjiJtux�vwl×qdiy^×xwv}�Lv®^sc�mÉ�J¥Êl)^stu^sv}l)^bvw��l��d�¨^�l¦¥¨l%�^bc��Ltu^sv}��l�ªJ��ijl¦^«iy�Ntuxwxh^badc�xwvwqhc~tyg)v}^r¥�iy��^badc�edadiy^bi¨mhcn^scn�n^bijgbl��dlbcnmLv}q�^sadc��Fadcngbc�qhÕyi'­[mhcn^scn�n^bijgtyqhmÄ^sadc¢��tyxwv}�dgst;^svwiyqËiy��^badcÉtyq�tux}¥{��v}qdÅ¼ekiõ�fc�gLM O k ª¤Í � Q � o¾^�v}lpc�Ò¨ekc��n^bc�m ��gbiy� l)vw�p�dxwtu^sv}ijqdl

k�T
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^sa�t;^pvwqËijgbmhc�g@^si¶ty�£ahvwcn­yc[^sahc¢tyv}�LcnmËedg)c��nvwlbv}ijqÄiy�
∆P/P = 0.25%

�kiy^saÃcnÈ�c��n^blpa�t~­jcL^si��cÉ�nijqJ^sg)ijxwx}c�mÄ^si0t¶x}cn­jcnx�iy�
0.1

^si
0.2%

M Í Î Q � � advwl�v}l§t¼xwcn­yc�x�iy��ty�n���dgbty�n¥Ã^sa�tu^§v}lp�dl)�¨�tyxwx®¥[qhiy^×edgbi'­{vwmdcnmÆ�J¥¢^badc��Ltyq��h�îty��^s�dg)c�gnª¬tyqdm¡��cn�4eh�d�dxwv}lbadcnm g)c�l)�dx}^bl�tyg)c�t'­utyv}x�ty�hxwc�iyqÊ^badvwl^sijehvw� � orq¢^sadv}l_lbcn��ijqdm¡e�tug)^�iy��^badc�^badc�l)vwl�ªh�Lc�^sadi{mdl�tyg)c mdc�­¨v}lbcnm¡^bip��c~tyl)�dgbc ehadiy^si{mdc�^sc���^sijgqdijqdx}vwqdc�tygbv®^sv}c�lf��v®^saÉ^sahc�g)c����dv}gbc�mÊedg)c���v}lbv}ijq �

k�X
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k�^



G STB UV2O:KA Á X

D©C/<¶27A¢6 M :PCV20<

� advwlÉ�£adtyeh^scngÉÅjv}­yc�l¡tÄl)adijg)^¡v}qJ^sgbi{md�d��^sv}ijq ^siÄ^r�fiÑvwqdl¦^sg)�d�LcnqJ^sl¢^sadtu^¡tyg)c¶��c�qJ^bgstyx�^biÄ^sadcxwv}qdc~tyg)v}^r¥Ã�Lc�tylb�dg)c���c�qJ^sl�edg)c�lbcnqJ^sc�mÏv}q ^sadv}lLe�tug)^�iy��^badc¡^sadcnlbvwl �ÏÐ v}gbl)^�tOlbadiyg)^�vwqJ^sg)i¨mh�d���^sv}ijq ^siOedadiy^bi¨mdc�^scn�n^siygbl�vwl�Åjv®­jc�q � Ð ijg�mdc�^£tyv}xwc�mÑl¦^s�dmdv}c�l§^sadc¡�ki¨iyÕÄiy� ³ �Gj@� z�c�iÂM Í T Q�vwlgbcn��ij���LcnqdmdcnmNª���adv}�£aÃ^sahvwl�vwqJ^sg)i¨md�h�n^sv}ijqËtyxwl)i ��ijx}xwi'��l � � adcnqÃ^sahcL���dqd��^sv}ijq�tyx«edg)vwqd�nvwedx}c�iu�tyq�tyx}ijÅu�ë^siu�¾mdvwÅjv®^£tyxk��iyq�­yc�g¦^sc�g)l@vwl�cßÒ¨edx�tyv}qdc�m � Ð v}q�tyxwx®¥jªkt[mdc�Ì�qdv®^svwiyqÆiy�¤^badcpmdv®È\cngbc�qJ^�^r¥¨ekc�l-iu�qdijqdx}vwqdc�tygbv®^sv}c�l-��vwqJ^scnÅjgstux�tyqdm¡mdv®È\cngbc�qJ^bv�tyx��Ftyl��dlbcnm v}qÉ^sadv}l_^sadcnlbvwl�v}l�Åjv}­yc�q �
Ã á'°ãá º>Ä�³§¸�³�Å¡Á�¸�Á´Æ�¸�³¡¿�Ç
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q[c�x}c���^sgbiyqdl�^si§��c@cn�Lv®^b^scnmÉ��gbij� ^badvwl�m¨¥¨qhi¨mdc �|� ¥¢^sadctyededx}vwcnmL­jiyx}^£tuÅjcyªJ^sahvwlFl)c��nijqdm�tyg¦¥[cnxwcn�n^sg)ijqdlFtygbcuª¨v}qL^s�hgbqNª¨mdvwg)c��n^bc�mÉtuqdm¢ty�n��cnxwc�gbtu^scnm[^si'�Ftygbmhl^sadc�lbc��nijqdm¶mh¥{qdi{mdcuª\��adc�g)cpc~tu�£a¶iy�¤^sadcn� ^bgstyqhl)��c�g)l�^sahc�vwg�Õ�vwqdc�^svw��c�qhc�gbÅu¥Æ^si�^sadc�c�xwcn�n^bgbijqdlvwq¶^sahc�m¨¥¨qhi¨mdc � � cng)^svwtyg)¥Æc�x}c��n^bgbijqhl�tugbc§c���v}^)^sc�m0tuqdmÃtuÅJtyvwq0tu����cnxwcngstu^bc�m0^si'�_tugbm0^sadc§qdcßÒ¨^mh¥{qdi{mdc � � a��dlnª�tuqËt~­utyxwtyqd�£adc�v}l-lbcn^@iuÈ �µ³ adc�q0^sadc�Ì�qdtyx©mh¥{qdi{mdc§a�tyl-�kc�cnqËg)c~ty�£adcnmNª�^sadcc���v}^)^sc�m�c�xwcn�n^bgbijq�l)adi'�Fcng�v}l©mdv}gbc���^scnmp^si'�_tugbm�^sadc�tuqdi¨mhc � �Fiyq�­yc�qJ^sv}ijq�tyx f	ÈÊ� l«a�t~­jc×tyg)ij�dqdm
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mh¥{qdi¨mhc�l)^styÅjcnl�ª\g)c�l)�dx}^bvwqdÅLvwq ty�Lehxwv}Ìd�~tu^bvwijqÉ�îty��^sijg)lp�du�m�s#oN��iy�¤�de ^si[l)cn­yc�gstux
106 � � a��dl�ª^sadcLvwqdv®^svwtyx¤lbv}Åjq�tyx«iy��ijqhc[lbv}qdÅjx}cLcnxwc���^sg)ijqÄvwl�ty��edxwv®Ì�c�mOvwqJ^bi¶tyqÃcnxwcn�n^sg)ijqdv}�~tyx}x}¥¶��c~tyl)�dgstu�dxwc�£a�tyg)Åjc �orqÉ^sahc@��iyxwxwi'��v}qdÅplbiy�Lc@c�l)lbcnq�^bv�tyx�edtyg)^bl×iu�©t f=È � tyg)c-vwqJ^sg)i¨mh�d��cnm v}qÊ��ijg)c-mdcn^styvwx �
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Ó´Ô�Õ�Ô�ÕgÔ×Ö¨ØGÙ|Ú�ÙºÛ�Ü¦Ú*ØGÙºÝßÞ
� adc§edahiy^si{�~tu^badi{mdc���ijqJ­yc�g)^bl�^badc�vwqh��vwmhc�qJ^-xwv}ÅjaJ^-vwqJ^bi¡t¢���dg)gbc�qJ^�iy��c�x}c��n^bgbijqhl�ªN^sadtu^@�~tyq0�kcty��edx}v}Ì�cnmÊ�J¥É^badc�m¨¥¨qhi¨mdc�l)^bgb�d��^s�dg)c � � adc�edadiy^bijlbcnqdlbv®^sv®­jc�x�t~¥jcng�v}l×ehx�ty�nc�mÆiyqÊ^badc�v}qdlbv}mdc@iy�tyqÃijeh^sv}�~tyx¤��v}qdmdi'�@ª©�dl)��tyxwx®¥0�[tumdc���g)ij�PÅjxwtylbl�ijg�����tug)^s� �a³ v®^sa

ν
^sadc���gbcn�{�hc�qd��¥Äiy�_^badcv}qd��v}mdc�qJ^�edadiy^bijqdlnªdtyqdm

φ
^sadc��FiygbÕ����dqd��^svwiyqNª{tyq[cnxwc���^sg)ijqLv}lfcn�Lv®^b^bc�m���v}^ba¢t@Õ{v}qdcn^bvw�×c�qdcngbÅy¥iy�

E = hν − φ
� Q �®Î �o¾^�v}lf�fc�x}x�Õ�qdi'��qÉ^sa�t;^�tp��vwqdv}�p�d� cnqdc�g)Åy¥[iu�|vwqd�nvwmdcnq�^Fxwv}ÅjaJ^Fv}lFgbcn���dvwg)c�m¢��ijg�^sadv}lFedg)i¨�nc�lbl_^bi^styÕycpehx�ty�nc �´_ iõ�fcn­yc�gnª�cn­jcnq¶^sadcnqNª\^sahc�edg)ij��ty�dv}xwv®^r¥¡iy��tyq¼cnxwc���^sg)ijq¶ty��^s��tyx}x}¥¡�kc�v}qdÅ¢c���v}^)^scnmv}l_�îtyg_��gbij� �dqdv®^r¥ � � advwl�v}l��{�dtyqJ^sv}Ìdc�mÊ��¥[^sadc-�Ft'­yc�x}c�qdÅy^baÆmdcne�cnqdmdcnq�^7àt¡�m�oy�d¡�¢á{�âã�~s�{~oW�~q9S

ä �Yi�� (λ) =

q{�h�p��cng�iy�`ehadiy^si{c�x}c���^sgbiyqdl�c���v}^b^bc�mq��d�p�kc�g�iy�`vwqd�nvwmdcnq�^�ehadiy^siyqdl�iy���Ft~­jcnxwc�qhÅy^sa
λ

� Q �UT �
� adv}l�����tyqJ^bv}^r¥jª���advw�£a¼mhc�ekc�qdmdl-iyqÆ^sadc�edadiy^bi¨��tu^sadi{mdc��[tu^bc�g)v�tyxãª��~tyq¼c�tylbv}x}¥¡�kcp��iyqdlbv}mdc�g)c�m^badc§�Lijl¦^@vw��e�iyg)^£tuq�^ �£a�tygstu�n^scngbv}l)^sv}��iy��tuq�¥ f	ÈÊ� ª�tul�v®^-mdc�Ì�qdc�l�^sadc��Ft~­jc�x}c�qdÅu^saÃgbtyqdÅjc�v}q��adv}�£a ^badvwl�mdc�^sc���^sijg×�~tuqÆ�kc��dl)c�m � ] xwtygbÅjc ­utyg)vwc�^r¥¡iy�©edahiy^si{�~tu^badi{mdc@�[tu^bc�g)v�tyx}l_a�t~­jc���cnc�qmdc�­jcnxwijekc�mNª���i'­jcngbv}qdÅÑe�tyg)^bl¢iy�@^sahc¶c�xwcn�n^bgbij�LtyÅjqdc�^sv}�Ælbekc���^sg)�d� ��gbiy� v}qh��gstyg)c�m ^biÄ^sadc¼�îtug�dx®^sgbt'­{v}ijxwc�^ �� i{m�t~¥0�Liyl)^�edadiy^bi¨��tu^sadi{mdcnl�tyg)cL�Ltymdc�iy��l)c���vw�nijqdmd�d��^sijg)l�ª���advw�£aÄadt'­yc[����tyqJ^b�d�Çc,Í���nvwc�qh��vwcnl`�kcn^r�fc�cnq

10
tyqdm

30%
ªy��adv}xwc��Lc�^£tyx}l�adtygbmdx®¥@lb�dg)e�tyl)l ä �Pi�� = 0.1% � � advwl`vwl���cn�~ty�dl)cv}q���cn^styxwlnª'^sadc«c�qhc�gbÅu¥@xwijl)lbc�l�iy�{^sadc«edahiy^si{c�x}c��n^bgbijqhl�mh�dc�^bi���ijx}xwvwl)vwijqhl���v}^ba�����tulbv®�ë��gbcnc«tu^sij��vw�cnxwc���^sg)ijqdl×tygbc@�p�h�£a adv}Åjadcng �
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]Z­utyg)vwc�^r¥¶iy�_mhv}È�c�gbcnqJ^�mh¥{qdi{mdc�l)^bgb�d��^s�dg)c�l�adtyl��kc�cnqÃcnq�­{v}lbvwiyqdc�mNª�c~ty�£aËiyÈ�c�gbv}qdÅ¡^sadcnvwg@i'��qtymh­utyqJ^£tuÅjc�l×tyqdmÊmdv}lstymh­utyqJ^styÅjc�l,S � adc��Lijl¦^���ij����ijqÉijqdcnl�tugbc�S

Îj�ßl c�qhcn^svwtyq¡�dxwv}qdm
T¨��� i~ÒÊtyqhm�
-gbv}m
Xh� z�vwqdc�tyg_��i{���dl)c�m
^d� �Fvwg)���dxwtygF��i{���dl)c�m
R � È v}��gbi{�£a�tyqhqdc�x�edxwtu^sc
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� adc�¥Êtygbc@mdcnedvw��^scnm v}q¢Ì�Åj�dg)c Q �UT¨�� adc l c�qdc�^svwtyq0�dxwv}qdm�V�l-tymh­utyqJ^£tuÅjc�vwl ehgbvw�Ltyg)vwx}¥É^badc�x�tugbÅjc�vwqded�¨^�tygbc�t �7_ iõ�fcn­yc�gnª�v}q¼^sadv}ll)cn^«�de�t ��iyqdlbv}mdc�gbty�dxwcf��gsty��^svwiyq�iy�kc�xwcn�n^bgbijqdl���vwxwx{e�tyl)l«l)^sgbtyvwÅya�^`^sadg)ij�dÅjap^badc�l)^bgb�d��^s�dg)c � � adv}lg)c�lb�hx}^sl�v}q t�x}iõ�7ÅJtyv}qNª�tyqhmÊxwtygbÅyc-lbedg)c~tymÊvwqÉ^sgbtyqdl)v}^�^sv}�Lc �� adcL�nijqhÌ�Åy�dgstu^bvwijqhl[� T � ^siÃ� ^ �-t~­jijv}mË^badvwl@cnÈ�c���^��J¥Ët~­jijv}mdvwqhÅÊiye�cnqdvwqdÅ t l¦^sgbtyvwÅjaJ^�e�tu^ba��ijgf^sadc@c�x}c���^sgbiyqdl � orqÊtymdmhv}^sv}ijqNª�^sadcnlbc@��iyqhÌ�Åj�dgbtu^sv}ijqdl��LtyÕyc-c~Í���vwcnqJ^��dlbc@iy��lbedty��c�tyx}xwi'��vwqdÅ��ijgbcfmh¥{qdi{mdc�l¤^si���c_v}qdl)^styxwx}c�mpv}q�^sahc_lsty��cF­yijxw�d��cf^ba��dl¤vwqd�ngbc�tylbv}qdÅ�^sahc�ÅJtyvwq����dg)^badc�g � ]�x}lbidª^badc@gbvwl)Õ¢iy����c�cnmd��ty�£ÕÉv}l�gbc�mh�d��cnmNª¬lbvwqh��c@�~tu^badi{mdc�tyqdmÊtyqdi{mdc�tygbc �fc�x}x�vwl)ijx�tu^bc�m �] gbcn��c�qJ^�mdc�­jc�x}ijed��c�qJ^�tyg)c��Lv}��gbi{�£a�tyqhqdc�x�edx�tu^bc�mh¥{qdi{mdcnl � � adcnlbc§�dl)c�x}c~tymÆÅjx�tyl)l ekc�g)��i;�gbtu^scnmL��v}^ba¢t�x�tyg)Åjc×ty�Liy�dqJ^Fiy�N�Lv}��gbiylb��iyedvw���£a�tyqhqdc�x}l-��^r¥{edv}�~tyx}x}¥
104 − 107

��v®^sa¢t�mdv�tu�Lc�^sc�giy�
10 − 100 µm

c�ty�£a¬� � � adc�v}qdqdcng lb�dg¦�îty��cnl@tygbc���iJtu^bc�m¶��v}^ba¶t¢lbcn�Lv}��ijqhmd�d�n^bvwqdÅ[�[tu^bc�g)v�tyxãªtyqhmÃty��^�tyl�tÊl)c���iyqdm�tyg¦¥0c�xwcn�n^bgbijqOc���v}^)^sc�g ��ahc�qÄtuqËcnxwc���^sg)ijqËl¦^sg)vwÕycnl-^sadc§�_tuxwxwl � ]Z�LtD`)ijgtym¨­ytuq�^styÅjcLvwl@^sadc[­yc�g¦¥Ã�nij�Ledty�n^�lbc�^b^sv}qdÅdª`��ahvw�£aÄv}l�mdv}�Lv}qdvwl)adc�m0�J¥Ë^badc¢x}iõ� ty�Lehxwv}Ìd�~tu^bvwijq�îty��^sijg)l�iy�
103

^si
104 �=_ iõ�fcn­yc�gnªkl)cn­yc�gstux���vw�ngbi{�£a�tyqdqdcnx\edxwtu^scnl��[t~¥¢�kc@�dlbcnm �nijqdl)c����¨^sv}­yc�x®¥v®��^badc-qdc�cnm ��ijg�ahvwÅjadcng�ÅJtyv}qÉij�h^r�fc�vwÅyadl�l)e�ty�nc��nijqdl¦^sgstuvwqJ^sl �� adc@edadiy^bij�p�dx®^svwehxwvwcngf�hlbc�mÊvwqÉ^badvwl�tyqdtyx}¥{lbv}l�vwl�cn�{�hvwedekc�m¡��v}^ba t�mdv®È\cngbcnq�^×mh¥{qdi{mdc@l)^bgb�d�ß�^b�dgbcISËt0��i¨�n�dlbl)vwqdÅÃ�LcnlbaNª_��adv}�£aÏgbcnmd�d��cnl[^sahc¼lbe�t;^sv�tux×l)edgbc�tymÏiy� ^badcÆl)c��nijqdm�tyg¦¥ cnxwc���^sg)ijq�p�hx}^sv}edxwv}�~tu^bvwijq � � a��dl�v®^_vwl�ekijl)lbvw�hxwc�^bi�ty�£advwc�­jc�tp��ijtygbl)c-lbe�tu^bv�tyx�gbcnlbijx}�h^sv}ijq¢�J¥ÉlbcnÅj��c�qJ^sv}qdÅ^badc�tyqdi{mdc � � adv}l���vwxwx���c@mdv}lb�n�dlbl)c�m ���hg)^sahc�g�vwq¡lbcn�n^bvwijq kh�YT¨�

Ã á1�Ùá
� ¹�½É»ã³����¬¸�³���� À��¼À�¸`½É»Ñ± ³¶¹���ÁL¿u¸�ÁL¿�Ç
]�q�tyq�tyx}ijÅu�ë^siu�¾mdvwÅjv®^£tyxõ�nijqJ­jc�g¦^scng×�î] » ���|^sgbtyqdl¦��ijgb��l`tuq�tyq�tyx}ijÅ×ij�h^seh�h^`l)vwÅjqdtyxëª;iy�¬t f	ÈÊ� ��iygcßÒdtu�Ledx}cyªdv}qJ^si�t�mhvwÅjv®^£tyxklbv}Åjq�tyxãª¨^sadtu^×�~tyqÊ��c@g)c~tym¡ij�h^×�J¥¡mdv}Åjv}^styx�cnxwcn�n^sg)ijqdv}��l � ] » �Fl��nij��ctyl©^r�fi�mdv}È�c�g)c�qJ^¤^r¥{e�cnltS vy{�m������A{~o��~s#o�u�iyg;��É�m�}�u�{|�A{~o��~s#�ds���{ � � adc�x�tu^)^scng¤tygbc�tuxwlbi@tu�d�dgbc�­{v�tu^bc�mä » �Fl � f c~tyÕj�rl)c�qdl)vwqdÅ ��ijqJ­yc�g)^�t¢­jijx®^£tyÅyc�lbvwÅyq�tyx`^ba�tu^�vwl-v}q0tÊ�nc�g)^styvwq0gbtyqdÅjc§vwqJ^bi¡tÊmdv}Åjv}^styx�dv}q�tyg¦¥ gstyqhÅjc � � advwl�^r¥{e�cÊvwl§Åjcnqdc�gbtyxwx®¥ �dl)c�m iyqÓl)xwi'�FcngLl)vwÅjqdtyxwlp^ba�tu^�a�t~­jcÆtyxwg)c~tymh¥Ä��cnc�qv}q�^bc�Åjgbtu^scnm � ] ä » �Vv}qJ^sc�Åygstu^bc�l�tyqhm mdvwÅjv®^sv}��c�l�t¼���dg)gbcnq�^§v}qded�h^ �n_ c�qd�ncyª«v}^pvwlp�dl)c�m ��v}^ba�n�dgbg)c�qJ^§Åjc�qhc�gst;^svwqhÅ¼mdcn^bc���^sijg)lpxwv}Õyc f=È � l � � adc¡tuq�tyx}¥{l)vwl�mhc�lb�ngbv}��cnm adc�g)c�vwqÃ�dlbcnl§t ä » ��ªtyqhm¢^sa��dl_^sahc���ijxwx}i'��vwqdÅ�c�Ò¨edxwtyq�tu^bvwijqdl���i¨�n�dlFiyq¢^sadv}lf^r¥{e�c � Ô¨ij��c�^scngb��l_a�t~­jc ^bip�kc mdcnÌdqdc�m�kcn��ijg)c�a�tuqdm � � ahcLmh¥{q�tu�Lv}�Æ���£a�tyg)Åjc'�-gstyqhÅjc�t ä » � ��tyqO��i'­jcng�vwl@��tyxwx}c�m��
¡�p#p(�A��m�p�{ }�m�o�u�{�ªty�h�dgbc�­¨vwtu^scnm Ð Ô j@� ] lbv}Åjq�tyx�vwqÆ^badvwl�gstyqhÅjc�v}l���iyq�­yc�g¦^sc�m0v}q�^biÉt[q��d�p�kc�g�ijg ä » �4�£a�tyqhqdc�x �� adc�ty��ij�dqJ^�iu�«t~­ytuvwx�tu�dxwc ä » � �£adtyqdqdcnxwl�v}l���tyxwx}c�m¡^sadc�}1{��AxRp�¡���s�xRo0iy�©^sahc ä » �4tyqhm¼iy�ù^scnqÅjv®­jcnq�tyl �ts#�#��S Ð ijg`cßÒhty�Lehxwcyªyt ä » �Ë��v}^ba 12

�dv}^�gbcnlbijx}�h^sv}ijq�a�tul
212 = 4096

ä » �Ä�£a�tuqdqdc�x}l �
_ c�qd�ncyª�tyq n

�r�dv®^ ä » �7�~tyq mdvwl¦^sv}qdÅj�dv}lba¡vwqdeh�h^×�£a�tygbÅyc�l×iy�
∆C = Ð Ô j /2n � ormdc�tyxwx®¥jªd��ijg�^badc^r¥{ekc�iy� ä » � �dl)c�m¢v}qL^badvwlftyq�tyx®¥{lbvwlnª{tyxwx ä » � �£a�tyqhqdc�x}l_tyg)c�cn�{�hvwmdv}l)^£tuq�^�ª{��v®^sa�^sadc�lb�Ltyxwx}c�l)^l)�d��mhv}­{vwl)vwijqO��ijqdc ä » �´�£a�tuqdqdc�x��_��cnvwqdÅ§�~tuxwxwcnmÉijqdc�p�{�mR�~�¦�~sªu�oys !¤��m�oy�"�ts#���ãz�Ô � � �
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� adv}l-mdc�l)��g)vweh^bvwijq¶��i{���dl)c�l@ijq¶^sadc ä » � �dlbcnmËv}q¼^sadv}l ^sadcnlbvwl,S@tÊ�F] i)/ l´k O R ] Q �Fa�tyqdqdcnx
» �dtyx j tyqdÅyc ä » � M#Í�OIQ � � adv}l ä » �7��c�tu^s�dg)c�l×^r�FiÉmh¥{q�tu�Lv}��gbtyqdÅjcnl�vwq e�tygbtyxwx}c�xëªd^badc��dtylbv}�

k Q



Î�4Y£�410;C*)IH�?3254§-�?�4�6;J72�J�-�)IH8&=?AC98A/�0t-�/�0§Ï

ijekc�gst;^svwqhÅ�edgbv}qd��v}edxwc v}l�ªdahiõ�fcn­yc�gnªk^badc@lsty��c-��ijg�iy^sahc�g ä » �Fl �� adc ä » �Óv}l¤c����dv}ede�cnmL��v®^sa Q v}qded�h^��£a�tuqdqdc�x}l�ª{tyqdm�ijqdc×ÅJtu^bc�vwqdeh�h^ � ] �dx}i¨�£Õ�mdv�tuÅjgsty� vwllbadi'��qÉijqL^sadc�xwcn�ù^fa�tyqhm¢lbv}mdc�iy�\Ì�Åj�dg)c Q �PX ijq�^sadc×��ijxwx}iõ��v}qdÅ@e�tyÅjc �)/ iy^bc�^ba�tu^�^sadv}lFmdvwtyÅjgstu�lbadi'��l-^sahc��F] i)/ l´k O R ��ahvw�£a¶��c~tu^b�dgbcnl Î O¢vwqhed�h^@�£a�tyqhqdc�x}l�ª��d�h^@v}l vwmhc�qJ^sv}�~tyx�vwq0tyx}x�iy^badc�ggbcnlbekc��n^bl �=i ty�£aÉvwqhed�h^_�£adtyqdqdcnxNvwl���ijqhqdc���^sc�mÉ^bi�t ä ]×�.:�ª{��ahvw�£aÉ��iyq�­yc�g¦^sl_^sahc�vwqhed�h^_�£adtygbÅjcvwqJ^siLt�­jijx®^£tyÅjc�ty��edx}v}^s�hmdc � � adc ä ]×�7iy�h^sed�¨^�v}l�^badc�q lbedx}v}^�v}qÊ^r�fi¢xwv}qdc�l_��v®^sa ijqdc�e�tylbl)vwqdÅ^sadg)ij�dÅjaÆt�Ò Q ÅJtyvwq¡l¦^£tyÅjc � � adv}l�cnq�ty�dx}c�l�^sadc ä » �´^si§��c~t;^s�dg)c�t�mdij�d�dx}c@vwqded�¨^�gbtyqdÅjcuª���v}^samdv}È�c�g)c�qJ^pg)c�l)ijxw�h^bvwijqhl[�
200

�ã� z�Ô � ª�tyqdm 25
�ã� z�Ô � ��ª|��advw�£aÄtyxwx}iõ��l-^bi¼t~­jijv}mÄlst;^s�dgbtu^sv}ijq��v}^baÆ�dv}ÅLv}qded�h^��£a�tyg)Åjc�lnªk��adv}xwc@edg)c�lbcng)­{vwqhÅÉtLadv}ÅjaÊgbc�l)ijxw�¨^svwiyqÊ��ijg×lb�Ltyx}x�vwqded�¨^sl � � ahc ä ]×�ij�h^bed�h^sl�tugbc ^sahc�q¡�p�dx®^svwehxwc�Ò¨cnmÉtyqdm¢��cnmÊv}qJ^si§t��îtyl¦^

12
�¾�dv}^F] » � � � ahc-��ijqJ­jcng)^bc�mÆl)vwÅjqdtyxwlfiy�tyxwx

2 × 8
vwqded�¨^��£adtyqdqdcnxwl@^sa�tu^�cßÒh�nc�cnmÄ^sadc�edgbiyÅjgsty���Lty�dxwc�^sadg)c�lbahijxwm0­utyxw�dcnl�ª�tyqdmËmdiÆqdiu^�~ty�hlbc@tyqÉi'­jcng§²�i'�@ªktyg)c l)^bijgbcnmÊv}qÉt Ð o Ð h cn­jcnqJ^��h�hÈ\cng�ªh^ba�tu^���tyq¡��c�gbc~tumÊiy�h^_��v}^baÉmdvwÅyv}^£tuxc�x}c��n^bgbijqhvw��l �Ð v}Åj�dg)c Q �PX ���¬�§l)adi'��l¡tÃlbÕucn^b�£a´iu�-^sadc lbvwÅyq�tyx���ijqJ­yc�gbl)vwijq � ]�l[l)i¨iyqÏtyl¢t<;5=?>5@ÓlbvwÅyq�tyxvwl�tyedehxwvwcnm¶^si¡^sadc ä » ��ª�tÊl¦��v}^b�£aÃvwl@�nxwijl)c�mËtyxwx}iõ��v}qdÅ¢^sahcLv}qded�h^����hgbgbcnqJ^�^biF²�i'� v}qJ^siÉ^sadc

ä ]×�Fl � ]_^�^badcplbty�Lc�^sv}�Lc@^sadc�A?B�C�DF²¬tyÅ¢v}l�lbc�^-�J¥ ^badc ä » ��ª\�Lc�tyqdvwqhÅLqdi¢���hg)^sahc�gE;?=?>5@{ltygbc�ty�n��cneh^scnm � � adc�F?G5@H=?IL²¬tyÅ�vwl�lbc�^�tyl×�fc�x}x�e�cngb��v}^)^svwqhÅp^siLty��iyg)^�^sahc��nijqJ­jc�g)lbv}ijqÆedg)i¨�nc�l)l�J¥ÉlbcnqdmdvwqhÅ[t�l)^styqdm�tugbm / o È l)vwÅjqdtyx�^bi�^badcKJH=LC�>MF?G?@H=?I¡vwqded�¨^���ijqdqhc��n^bijg �� adc vwqdeh�h^[�n�dgbg)c�qJ^Év}l[vwqJ^bc�Åjgbtu^scnm tyqdm ��ijqJ­jcng)^bc�m vwqJ^siÃtO­yijx}^styÅjcÊxwcn­yc�x×�J¥Ó^badc ä ]×�Fl �]��ù^bc�g-^sadcN;?=?>H@Ol)vwÅjq�tux©vwl@gbcn�Li'­yc�mNª`tyqdmÃl)cn^)^sxwv}qdÅÉ^sv}�Lc�iy�
600

qhl�ª�^badc�mdvwÅjv®^sv}�~tu^bvwijq iy�F^badc
ä ]×� ij�h^bed�h^�vwq ^sahc

12
�r�hv}^§] » �FlLv}l�l)^£tug)^scnm � � ahvwl�^r¥{edvw��tyxwx®¥Ë^styÕycnl¢ty�kij�h^ 6 µs � ]��ù^scngmdvwÅyv}^sv}�~tu^bvwijq�vwl¤��iy�Ledx}cn^bcyªJ^sadcOF?G?@L=?I ²¬tuÅ�v}l�g)c���i'­jc�m\ªdtyqdm§^sahc ä ]×�Flftygbc×gbcnlbcn^ � � advwl¤^styÕycnlty�kij�h^

600 ns ��Ð vwqdtyxwx®¥jª¬^sadcPAQB�C�D ²¬tyÅÉv}l gbcn�Li'­jcnmÃtuqdm¼^sadc ä » �3vwl g)c~tym¨¥¼^si¡ty�n��cneh^�qdcn�ÅJtu^bcLv}qded�h^bl � � adc[mdv}Åjv}^bvw�nc�mOvwqh��ijg)�[t;^svwiyq¶vwl@��gbv}^)^scnqË^siÊ^sadcLcn­yc�qJ^§�d�hÈ�c�gnª¤tyqdmO^sadcSRHI5R5DHT²¬tyÅ vwl�lbcn^�ª¤lbv}Åjq�tyx}xwvwqhÅ¢^sa�tu^�^sahc�gbcLvwl�m�tu^stÆedgbcnlbcnq�^pvwqË^badc[c�­jcnq�^p�d�hÈ�c�g�ª�^sa�tu^��~tuqÄqdi'�V��cgbc�tym iy�h^ �
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Ã á��¬á � ³¶¹¡»bÀ£¹�Á�½§¿kÀ�¸¬Â
³ adc�q0mdv}lb�n�dlbl)vwqdÅÉ^sahc�qdijqdx}vwqdc�tygbv®^r¥ iu�Ft¢��c~tulb�dg)vwqdÅÉmdc�­{vw��c�iyqdc��dlb�dtyxwx®¥Æmdv}l)^bvwqdÅj�hvwlbahc�l �kc��^r�Fcnc�qÑ^sadc�Ê�s �º{~}1{~oy��s�m�pGoWxRoyp�s#oW{�m�}~s#��qÓ� »E/ z��ptyqdmÄ^sahcÌs#oy��{�u�}§m�p=oWxRoyp�s#oW{�m�}~s#��qÓ�îo / z�� � Ô¨v}qd��cmdv}È�c�g)c�qJ^��nijqJ­jc�qJ^bvwijqdl�tyg)c¢�dl)c�mNª¤^sahvwl�l)c���^svwiyqÖehgbc�l)c�qJ^sl�^badc¢mdc�Ì�qdv}^bvwijqhl�iy� »E/ z7tyqhm o / ztyl��dlbcnm vwqÑ^sahvwl�^sadcnlbv}l �ã� iu^sa ehgbijekc�g¦^svwcnl�tygbcÊmdcnÌdqdc�m v}q t0Åjcnqdc�gbtyx��_t~¥ÖvwqÑijg)mdc�g§^siO��ctyededx}vw��ty�dxwc�^si§��iu^sa ä » �Fl�tuqdm¡edadiy^bi¨mdc�^scn�n^siygbl �
���� )¡�¢£¡�¤L¥[�§¦©¨«ª.¬­¤©¨®�7¤¯¡5¦�¢°��¥�±
� adc »²/ z¶vwl�mdcnÌdqdc�m¡tyl�^sadc�mdcn­{vwtu^sv}ijqLv}q¢t�mdcn­{vw�nc�V�l_gbcnlbekijqdl)c�^sipt�ÌhÒ¨c�m[�£a�tyqdÅjc

∆S
iu�N^sadcvwqdeh�h^@lbv}Åjq�tyx

Si → Si + ∆S
tu^@mhv}È�c�gbcnqJ^��fijg)Õ{v}qdÅÊe�ijv}qJ^sl

Si � orqË��tylbc§iy�_tyq0vwmdc�tyxëª�x}vwqdc�tygmdcn­{v}��c�^badc�g)c�lbekijqdl)c
RS

^si�^sadc �£adtyqdÅjc�vwq[^badc�v}qded�h^FlbvwÅyq�tyx¬vwlfvwqdmdcne�cnqdmdcnq�^_iy�N^sahc��FiygbÕ�vwqdÅe�iyvwqJ^5S
RSi+∆S = RSi

+ R∆S,
��v®^sa ∂R∆S

∂Si

= 0
� Q �YX �

Ð ijg_t�g)c~tyx�mdcn­{v}��c R∆S

��v}xwxkmdc�ekc�qdmÉiyq¢^sadc��fijg)Õ{v}qdÅ�ekijvwqJ^
Si

ªdtyqhm¢^sadc mhv}È�c�gbcnqJ^sv�tux�qdiyqdxwv}q¨�c~tyg)v}^r¥[vwl�mdc�Ì�qdc�mÆtyl
»E/ z (Si) =

R∆S(Si)

R∆S
− 1

� Q �P^ �
��v}^ba R∆S

^sahc�g)c�l)e�ijqhlbc�iy�©tuqÊv}mdc~tuxëªhx}vwqdc�tyg_mdc�­{vw��c �orq ijg)mdc�gp^bi¶mdc���ijqdl¦^sgbtu^sc[^badvwlnª¤Ì�Åj�dg)c Q �P^ l)�£adc��Ltu^bvw�~tuxwx}¥0mhc�edv}�n^slp^badcÉ��c~tyl)�dgbcn�Lcnq�^§iu�lbij��c§mdcn­{v}��c�V�l�g)c�l)e�ijqhlbc � � ahcLmdc�­{vw��cL��ij�hxwmO��c�c�v®^sadcng�t ä » � ijg�t¡edadiy^bi¨mdc�^scn�n^siyg � � adcij�h^bed�h^@lbv}Åjq�tyx�vwl-l)adi'��qÃtyl@t¢���dqh�n^sv}ijq¶iy��^sadc�v}qded�h^ lbvwÅyq�tyxëª���v}^sa¼^badc§�dx�tu�£ÕÆekijvwqJ^sl�gbc�ehgbc��
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l)c�qJ^sv}qdÅ�^badc@�Lc�tylb�hgbc�mÊm�tu^st � ] qdijqdx}vwqdc�tyg_�kc�a�t~­{vwiyg�vwl���x}c~tyg)x}¥�­{vwlbv}�dxwc �orqÉlb�d�hÌdÅj�dgbc��îtJ��Ìd­yc »E/ zO�Lc�tylb�hgbc���c�qJ^bl�tygbc�lbadi'��q � � adc v}qded�h^�l)vwÅjqdtyx Si

vwl_v}qd��g)c~tyl)c�m�J¥¶l)ij�LcpÌ¨Òhcnm0iyÈ\l)cn^
∆S

ª|tyqdm¶^sadc�g)c�l)e�ijqhlbc�l�tyg)cp�Lc�tylb�hgbc�mOvwq¶�kiy^ba¶�~tyl)c�l�ª�vwqhmdvw��tu^scnm¶��¥^badc-�dx�tu�£ÕLx}vwqdcnl � � adc-�kc�adt'­{v}ijg_iy��tyqÉv}mdc~tux\mdc�­¨v}��c-v}lFlbahiõ��q tyl�tp�hxw�dc x}vwqdc � � adc »²/ zÃt;^�tÅjv®­jcnqÊ�fijgbÕ�v}qdÅ§e�ijv}qJ^
Si

v}l_^sadcnq Åyv}­jcnq¡��¥É^badc@gbcnmÊ­yc�g)^bvw��tyx�xwv}qdc �orq¼ijgbmhc�g�^si[��tyxw�n�dx�t;^sc@^sadc »E/ zÄ��v}^baÆcn�{�dtu^sv}ijq Q � ^ ª¬^sadc�­utyxw�dc R∆S

��iyg�tyqÆvwmdc�tyx|mdcn­{vw�nc�p�hl)^×��c-Õ�qdi'��q � � adv}l×v}l_^sadc@��tylbc-��ijg ä » �Fl,S
∆S = Ð Ô j /2n =⇒ R∆S = 1 LSB

� Q � R �
��ijg�t ä » �´��v®^sa

n
�dv}^_gbc�l)ijxw�¨^svwiyq �Ð iyg×ehadiy^si{mdc�^sc���^sijg)l×^badc�gbc�l)e�iyqdlbcpv}l��dlb��tuxwx}¥¢�dqdÕ�qdi'��q � orq ^badvwl��~tulbc R∆S

vwl�mdc�Ì�qdc�m¼tyl^badc@�Lc�tyq¡iy�©tuxwxNg)c���iygbmdcnm
R∆S(Si) �

³´¤L¥Y¡Hµ­¢*¦©¨"ª.¬­¤9¨¶�7¤¯¡5¦�¢°��¥�±
� adcLmdcnÌdqdv}^bvwijqOiy�F^badc[o / z �dlbcnmÄvwq0^sahvwl-^sadcnlbv}l�vwl@v}xwxw�hl)^sgbtu^scnm0vwq0Ì�Åj�dg)c Q � R ª���advw�£aËlbadi'��l^badc@lsty��c-m�tu^st�ekijvwqJ^bl�tyl_Ì�Åj�dg)c Q �P^h�] l¦^sgbtyvwÅjaJ^§x}vwqdc¢v}l�Ìd^b^bc�mÑ^si0^sadc¡m�tu^st � � advwl§v}l�lbadi'��q tul�l)ijxwv}mÑmdv�tyÅyijq�tyxf�dxw�dc¡x}vwqdc¢v}qÌ�Åy�dgbc Q � R � � adc�­ytuxw�dcpÅyv}­jcnq¶��ijg ^sadc�o / zÓv}l�^sadcnqËmhcnÌ�qdcnmÃtul ^sadc��Lt;Ò¨vw�p�h�Tmdc�­{v�tu^bvwijq¼v}q^badcLmdtu^£tÊe�ijv}qJ^sl-^si ��iy^baÃl)vwmdcnl�iy�F^sadv}l@Ìh^b^scnmÄxwv}qdc � orqËÌ�Åy�dgbc Q � R ^sahvwl@vwl�mdc�ehvw�n^bc�mË��¥0^badcm�tulbadcnmÆ�dx}�dc-xwv}qdc�lnªh��v}^ba¡^badc@o / zÃl)adi'��qÆtul×�kijx}mÊg)c�m¡­jcng)^sv}�~tyx\xwvwqhc �
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orq0ijgbmdcng ^siÉekc�g¦��ijgb� ^sadc���c~tulb�dg)c���c�qJ^sl ��ijg�^sadv}l ^sadcnlbvwlnª|tyq0tyedehgbijedg)v�tu^bc�^scnl)^-�îty�nvwx}v}^r¥¡a�tyl��cnc�qÓlbcn^L�deÖvwqÖt0x�ty�kijgst;^sijg¦¥Ätu^ »ºi Ô5À � orqÓ^sahvwl��£a�tye¨^sc�g§^sahc mdv®È\cngbcnq�^��nij�LekijqdcnqJ^sl�tygbcedgbcnlbcnq�^bc�m � � adcÉ��cnq�^bc�g)edvwcn��cÊvwlpt¶x}vwÅjaJ^)�ë^sv}ÅjaJ^��ki~Ò�ª«^ba�tu^���tyqÑ��c[c����dvwehe�cnmÑ��v®^sa mdv®È\cngbcnq�^^r¥{e�cnl�iy��ehadiy^si{mdc�^sc���^sijg)l �Ël tyg)vwij�hl�ije¨^svw��tyx©Ì�x®^sc�g)l���tyqÃ�kc�vwqdl)c�g)^bc�mO��ijg�x}vwÅjaJ^�tu^)^scnq{�dtu^sv}ijq �z i=» l�lbcng)­yc¢tyl@xwv}ÅjaJ^@lbij�hgb��cnl � o¾^��~tuqË�kcL�nijqJ^sg)ijxwx}c�m0�J¥Ot¡���dqh�n^sv}ijqOÅjc�qdcngstu^bijg � � adc�m�tu^£tty�����dv}lbv®^svwiyq¼vwl mhijqdc��J¥¶t¢�£a�tugbÅjcß�rlbcnqdlbv®^sv®­jc�] » � �ÂÁ�Ã�Ä@���dl)vwqdÅ l È i cnxwc���^sg)ijqdvw�nl � orq¶^sadc��ijxwx}i'��vwqdÅpl)c���^svwiyqdl�^sadc@a�tyg)mh�Ftygbc@��iy�Lekijqdcnq�^bl×tygbc@vwqJ^bgbi{md�d��cnm¡vwq¡�Liygbc-mdc�^£tyv}x �
Å á'°ãáÇÆ Ä�Á �ÆÀ,�NÄ�¸È�¬¸FÀ��NÄ�¸ÊÉ[³KË

T1

MAPM
+mask

Filter Box

Light inPM HV

SiPM
3x3 mm

T2

SiPM
1x1 mm

SiPM  read−out

out Bias−VT outPM out

conv.  PMT

2

2

ï¤ð}ñNò{ó;ôÍÌ�÷ùø{÷wú�½��d­����w����ÿ ��ü
�(� ­��	� ÿU�D­���ø���ÿU�D­��¤��üXÎ¨�A�1�£þ@ÿ��F� ­��G�7���t�
�~ý1���7�����#�~$
� adc@�nc�qJ^scngbedv}c���c�iy�|^sahc@^bc�l¦^×�îtu��vwx}v}^r¥�vwl�t�x}vwÅjaJ^)�ë^sv}ÅjaJ^F�ki~Ò � ]3l)�£adc��Ltu^sv}�-�~tyqÊ�kc ��ij�dqdm¡vwqÌ�Åj�dg)c kh�}Îy� o¾^sl�mdvw��c�qhlbvwiyqdl�tygbc@tu��ij�¨^ 40 cm × 15 cm × 10 cm �� adc�xwvwÅya�^��dl)c�m0vwqÆ^badc�l)c��Lc�tylb�hgbc���c�qJ^bl vwl�Åjc�qdcngstu^bc�m¶�J¥¶z iG» l-v}qdl)^styxwx}c�mÆv}q¼t¢l)c�e�tygbtu^sc��i~Ò ��lbc�cL��cnxwi'��� �L� ¥0�Lc�tyqdl�iy�_ije¨^svw��tyx©Ì��kc�g)l�ª`^badvwl@xwv}ÅjaJ^��~tyqË��c�Åj�dv}mdc�mO^si t ��iyqdqdc���^sijgvwqÆ^badc���g)ijqJ^ �_tuxwx`iu�¤^sadcpx}vwÅjaJ^¦�¾^sv}ÅjaJ^×��i~Ò�ªNmdcnqdiy^scnmÐÏ(sªuRÉ��ßs#oËvwqÆÌdÅj�dgbc kh�}Îy� orqhlbvwmhc�^sadc���i~Ò

ÎA��X
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�deË^si ^badgbcnc¢ijeh^bvw��tyx¤Ì�x}^bc�gbl��~tuqÄ��cLvwqdl)c�g¦^sc�mÃvwqË^badc[x}vwÅjaJ^�e�tu^ba �ÕÔ¦s#p���{~}��~xÂÖ\� �F� c�adv}qdmÃ^badcÌ�x®^scngbl�^badcpx}vwÅjaJ^×vwl�mdvwl¦^sgbv}�d�h^bc�m ^bi¢q��d��c�gbiy�dl ijeh^bvw��tyx�Ì���cngblnª�tyqdm¼��tyq¼^sa��dl���c�Åj�dvwmhc�mÆ^biÉtedahiy^si{mdcn^bc���^sijg,V#l��~t;^sadi{mdc �� adc-��i~Ò¢a�tyl_��ij�dqJ^sv}qdÅjlF��iygFmdv®È\cngbc�qJ^�^r¥{ekc�l�iy��edadiu^si{mdcn^bc��n^bijgbl,S«lbcn­yc�gbtyxN^r¥{e�cnl�iy���p�dx}^bv®�tyqhi¨mdcÉehadiy^si{mdc�^sc���^sijg)l�ªf��ijqJ­jcnqJ^svwiyq�tyx�edadiu^sij�p�hx}^sv}edxwv}c�g-^s�h��cnl�ª_tulp�Fcnxwx�tyl�qdi'­yc�x�lbcn�Lv}��ijq¨�md�h�n^siyg���tulbc�m edadiy^bi¨mhcn^scn�n^bijgbl � orq ^badc@��gbijqJ^��_tuxwx�iy��^sadc��ki'Ò¡^badc�g)c�tugbc@��ijqhqdc���^sijg)l×��ijg�^badcedahiy^si{mdcn^bc���^sijg)ltV¬lb�dehedx}¥¡­jiyx}^£tuÅjc��Õ×)ØÚÙ�Û@� � Ô¨c�­jc�gbtyx�z i È h �nijqdqdcn�n^bijgblp�Õ×)Ø xR¡��)��v}qÊ^badc��g)ijqJ^��_tyx}x�iy��^sadc@�ki'Ò¡tyxwx}iõ� ^badc@gbc~tumdij�h^�iy��^sahc�ehadiy^si{mdc�^sc���^sijg�l)vwÅjq�tux �� �fi f ^ ÎA����� ^scn�Lekc�gbtu^s�hgbc�l)c�qdl)ijgbl�tugbc v}qdl)^styxwx}c�m§��v}^sahvwqL^badc �ki~Ò¶�3ÜÞÝÆtyqdmßÜáà|��ª¨tyqdm¢��tyq�kcLg)c~tymÃij�h^�­¨vwtÊ�nijqdqdcn�n^bijgbl�vwqË^badc§��gbijqJ^��_tyx}x��âÜ>xR¡��b� �F_ i'�Fc�­jcng�ª¤lbv}qd��c�^sadcnlbcLa�t~­jc¢qdiu^�kc�cnq �dl)c�m vwqÉ^sadv}l�tyq�tyx®¥{lbvwl_^badcn¥[��vwxwx�qdiy^×�kc�mhvwlb�n�dlbl)c�m �
Å á1�Ùá º¯Ä�³�¸�³�Å¡Á�¸�Á´Æ�¸�³É¿
Ô¨c�­jcngstyx�^r¥¨ekc�l�iy��edadiu^si{mdcn^bc��n^bijgbl��~tyqÃ��cL�Lij�hq�^bc�mÄv}qdlbv}mdc�^sadcL��i~Ò �a_ i'�Fc�­jcng�ª«lbv}qd��c�^sadv}l^badc�l)vwl_v}lFmdcnmdvw��tu^scnm[^sadc�mdcn­yc�xwiye�cn�Lcnq�^�tyqdm[^bc�l)^bvwqdÅ�iy�|�Lc�^sadi{mdl�^sip��c~tyl)�dgbc�edadiy^bi¨mhcn^scn�n^bijgqdiyqdxwv}qdc~tyg)v}^bvwc�l tu^@^sadc�lb�d�he�cngb��cnqJ^�xwc�­jc�xãª`tuxwx©��c~tyl)�dgbcn�LcnqJ^sl�adt'­yc[�kc�cnqÃekc�g)��iygb��c�mOijqËiyqdc��i¨mhc�xd��ijg«��iy�Le�tugstu^bv}­jc�g)c~tyl)ijqdl � � advwl�edadiy^bi¨mhcn^scn�n^bijg¤��vwxwx��kc�vwqJ^sg)i¨mh�d��cnm[vwq�^badc×��iyxwxwi'��v}qdÅ �
ã´Ô�ü´Ô�ÕgÔåäÌÜ æþÜ.æþÜ¦Ú5ç9�¾èSé	ã�ê1êKë�ìQê1ê)ìîíðï
]�x}^sahij�dÅja�^sadv}lfedahiy^si{mdcn^bc���^sijgf�h^sv}xwvw�nc�l¤^sahc���tyl)vw��ty�Lehxwv}Ìd�~tu^bvwijq�edg)vwqd�nvwedx}c�iy�|t��nijqJ­jc�qJ^bvwijq�tuxedahiy^sij���dx}^bvwedx}vwc�g�^s�d�kc[�îlbcnc�l)c��n^bvwijq Q �®Î ��ª¬v}^×a�tul�l)ij�Lc�lbekc��nv�tyx|�£a�tugsty��^sc�g)vwl¦^svw�nl � � ahc _ tu�[t;��Ltu^sl)� j R k���� vwl�tÆ�p�hx}^svwtyqdi{mdc�edadiu^si{mdcn^bc��n^bijg � È ijg)cLmhcn^£tuvwxwl�ijqË�p�dx}^bv�tyqhi¨mdc�ehadiy^siy�p�dx®�^bvwedx}vwc�g)l vwqOÅjcnqdc�gbtyx¤�~tyqË��c���ij�hqdmËv}q±M#ÍjÍAQ � � adcLmdtu^£t¡lbadcncn^�iy�F^badvwl@edahiy^si{mdcn^bc���^sijg@�~tuqË�kc��ij�hqdm vwq¯M Q T Q � � adc¼��ijl)^Lij�J­{vwij�hl¢mdv}È�c�g)c�qd�ncÆv}l[v}^blL�nij��e�ty�n^[lbv}��c � o¾^sl¢mhvw��c�qdl)vwijqdlLtyg)c
30 mm × 30 mm × 23.5 mm � � adv}lL^r¥{e�cÆiy�@edadiy^bi¨mhcn^scn�n^bijg[�dl)c�l¢l)e�cn��vwtyxw¢ {~��m�pº��É�m�oyoW{~p
Ê�qRoWxtÊ�{���ªh��adv}�£a tugbc-­jcng)¥¢^badvwqNªhlbi§^sa�tu^�v®^�vwl�ekijl)lbvw�hxwc�^bi�v}qdl)^styxwxk^sadc@mh¥{qdi{mdc@l)^bgb�d��^s�dg)c@vwqÊtl)�[tyx}x�­yijxw�d��c � � adc@edadiy^bi¨mdc�^scn�n^siyg��dlbcnl�t���i{���dl)lbv}qdÅ§�Lcnlba¡gbcnmd�d��v}qdÅ�^sadc-l)e�tu^bv�tyx�lbedg)c~tymÊiy�^badcLl)c��nijqdm�tyg¦¥0c�x}c��n^bgbijqO�p�dx®^sv}edxwv}�~tu^bvwijq ��Ð v}Åj�dgbc k¨�UT lbadi'��l�tÊl)�£adc��Ltu^bvw�§lbv}mdc�­¨v}cn� iu�f^badcedahiy^si{mdcn^bc���^sijg�vwqh��xw�hmdvwqdÅ§t�^r¥{edvw��tyx�c�x}c���^sgbiyqÊ��tylb��tymdc � � adc@��c�lbaÊl)^bgb�d��^s�dg)c���tyqÆ�nxwc�tygbx®¥[�kcl)c�c�q �

� c���ty�dlbc�iy�f^sadc§q�tyg)gbi'� l)e�tu^svwtyx©l)edgbc�tymÃiy�Fc�x}c��n^bgbijqO�~tulb�~tumdc�l�v}^@v}l�ekijl)lbvw�hxwcp^siÊlbcnÅj��c�qJ^^badc0tyqdi{mdcyª�^ba{�hlÊehgbi'­{vwmdv}qdÅÃ^sahc¶edadiy^bi¨mdc�^scn�n^siyg[��v}^ba t �î��ijtygbl)c'�Lekijlbv®^sv}ijq lbcnqdlbv®^sv®­¨v®^r¥Ó^biv}qd��v}mdc�qJ^�edadiy^bijqdl � � adc _ ty�Lty�[t;^slb� j R k���� V�l�tyqdi{mdcLv}l�mhv}­{vwmdcnmÄvwqËt
2 × 2

Åjg)vwm �Fi ­jcng)¥l)vwqdÅjx}c¢lbcnÅj��c�qJ^�vwl
9 mm × 9 mm

vwqÑlbv}��cuªfl)i0^badc¡cnÈ�c���^sv}­ycÊtygbc�t0iu��^badc¡edadiy^bi¨mdc�^scn�n^siyg�vwl
18 mm × 18 mm �� adc_edadiu^si{�~tu^badi¨mhc_vwl��[tymhcFiy�¬�dvwtyxwÕ;tyx}vëª~��adv}xwc�^sadcF��v}qdmdi'�Ö�[t;^sc�g)v�tyx�v}l`�kijgbijl)vwx}vw�~t;^sc«Åjx�tulbl �� adv}l�g)c�l)�dx}^bl�v}q¼t§lbekc��n^bgstyx�gbcnlbekijqdl)c��kcn^r�fc�c�q

300
tyqdm

650 nm
��v®^sa tLekc~tyÕÉl)c�qdl)v}^sv®­{v}^r¥Êtu^

420 nm � � adc�����tuq�^b�d� c,Í���v}c�qd��¥Æv}l�mdvwl)edx�t~¥jcnm¼vwq¡Ì�Åj�hgbc k¨�YX �îtJ� � � adc�ekc~tyÕÉ�Ft~­jc�x}c�qdÅu^sa¼iy�^badc�z iG» �dlbcnm ��ijg_^badc@�Lc�tylb�hgbc���c�qJ^bl×v}qÉ^sadv}l_^sadcnlbvwl�v}l
470 nm �

ÎA�I^
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ï¤ð}ñNò{óõô�Ì{÷���÷�ú9ñF�%��­��
��ý
���~���~ý1�×ü
�(� ­���òß�,�w�,�w���#�
�Kógûâôâõ3õt���wýsü
����!A!�"%$

Ð v}Åj�dg)c kh�YX �î�¬�plbahiõ��l[tOehxwiy^�iy��^sadcÊÅJtyv}qÓtuqdmÓ^badc mdtygbÕ �n�dgbg)c�qJ^¢tul[t¶���dqd��^svwiyqÓiy��^sadclb�dehedx}¥�­jijx®^£tyÅyc � � ahc�tyqdi{mdc_���hgbgbcnqJ^©^sa�t;^¤�~tyq��kc_��c~tyl)�dgbcnm�tu^¤t edahiy^si{mdcn^bc���^sijg©�hqdmdc�g`advwÅja­jijx®^£tyÅyc�cn­jcnq[��adcnq[qdi@xwv}ÅjaJ^¤vwl«gbtymdv�t;^sc�m§ijq�^badc�ehadiy^si{�~t;^sadi{mdc�vwl«��tyxwx}c�mFÊ�m�}ö� �~¡�}
}1{~oy� � � advwledadcnqdij��c�qdijqÑv}lpedgbv}�[tugbvwx®¥¶�~tu�dlbcnmÓ�J¥Ä^badc�g)�Lv}ijqdvw��c���vwl)lbv}ijqdl���v®^sadv}qÃ^sadcÉehadiy^siy�p�dx}^bvwedx}vwcng^s�d�kcyª��J¥§lb�nvwqJ^sv}xwxwtu^sv}ijq�edahiy^sijqhlfgbtyqdmdij��x}¥�edg)i¨md�h��c�mLvwq�^sahc×cnqJ^sg)¥§Åyx�tyl)l«��v}qdmdi'�@ª�ijg¤xwc�tyÕ;tyÅjc���dg)gbcnq�^bl¤vwq�^sadcfc�xwcn�n^bgbvw�f��v}gb���hv}^sl�iy��^badcFedahiy^si{mdcn^bc���^sijg � ] mdc�^£tyv}xwcnm�mdv}lb���hlblbv}ijqp��tyqp�kcf��ij�dqhmvwqFM#ÍjÍDQ � orq§^sadc���c~tyl)�dgbcn�Lcnq�^bl«mdc�l)��gbv}��cnm[adcngbcnvwq�t�ahvwÅjap­yijx}^styÅjc�iy� 800 V
a�tul��kc�cnq¢tyehedxwv}c�mNªgbcnlb�dx®^svwqhÅ�v}q¡t�ÅjtyvwqÉiy�

g / 2 · 106
tuqdmÆt�m�tugbÕ¢�n�dgbg)c�qJ^�iu�

I ÷öø ≈ 450 pA �]�e�tyg)^���g)ij�/^sadc�ekijlbv®^svwiyqÉlbc�qhlbv}^bv}­{v}^r¥É^badvwl�^r¥{ekc�iy�`edadiy^bi¨mdc�^scn�n^siyg�v}l�tuxwlbi�qdiy^sty�dx}c@��iyg×v®^sl�îtyl)^�gbcnlbekijqdlbc � o¾^sl g)vwlbc�^sv}�Lc�vwl×^r¥¨ehvw�~tuxwx}¥ 1.2 ns
ª���adv}xwc@^sadc�^bgstyqhlbv}^�^sv}�Lc�lbedg)c~tymÖ� Ð ³ _ È �vwl��nv}^scnmÊtyl

0.32 ns �

Å á��¬á �ÆÀ,�NÄ�¸È��ÁLµ À�¸�¸FÀs¹P� � Àã³�Å¡Á
]�x}x�xwvwÅya�^��dl)c�m[��iyg�^badc���c~tulb�dg)c���c�qJ^slfmdc�l)��gbv}��cnm¢adcngbc�v}qL�FtylFÅyc�qdcngstu^bc�m¢�J¥Lt�x}vwÅjaJ^)�¾c���v}^)^svwqhÅmdvwi{mdc � � adc�z i=» vwl@t _ z Èaf �%� ��Î R �[tuq{�¨�îty�n^b�dgbcnmO�J¥0]�Åjvwx}c�qJ^ � c��£adqdiyxwijÅjv}c�l � � adc§m�tu^£tlbadcncn^§��tyq ��cL��ij�dqdm v}qãM Q Î Q � � �fi0z iG» l�iu��^sadv}l�^r¥{e�cÉtugbc¢�d�hvwx}^�vwqJ^bi¶t¼lb�Ltyxwx«�ki~Ò � � adcz i=» l�vwg)gstymhv�tu^bc@t�mdv®È\�hlbc�gnª���gbij�/��adv}�£a ^badc�x}vwÅjaJ^�v}l���cnmÆv}q�^biLiyeh^sv}�~tyxNÌ��kc�g)l tyqhm Åj�hvwmdcnm ^si^sadc@x}vwÅjaJ^)�ë^sv}ÅjaJ^_�ki'Ò[��v}^baÊ^badc@edadiy^bi¨mdc�^scn�n^siyg �]��n��ijg)mdvwqdÅ×^si×^sadcfm�tu^£t�lbadcncn^`^badc_z iG» l©cn�Lv®^��dxw�dcfxwv}ÅjaJ^�tu^¤t×e�c�tyÕ-�_t~­jcnxwcnqdÅy^sa�iu� 470 nm

ªtyqdm tLl)e�cn�n^sgbtyx����dxwxæ�¾��v}mh^sa¨�rtu^)�¾a�tyx®���r��t;Ò¨vw���d� iy� Ð ³ _ È
= 35 nm � ] edx}iy^�iy��^sadc�lbekc���^sgstuxmdvwl¦^sg)vw�d�h^bvwijq@iy�h^sadcfz i=» xwvwÅya�^�a�tul��kc�cnqpÅjc�qhc�gst;^sc�m���gbij�4^badc�l)cf­utyxw�hc�l�tylbl)�d�Lv}qdÅ�tE
@ty�dlbl)v�tyqlba�tue�c � o¾^×v}l�lbadi'��qÆv}q¢Ì�Åj�dg)c kh�P^h�

ÎA� R
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Ø¾ÙhÚ Ø¾é�Ú
ï¤ð}ñNò{óõô�Ì{÷K©h÷�ú«û¬­��ný§�R�~���%ýrÿ��
��ÿ �%��ü
�Èò¤�,�w�,�w���#�~�Kóßûâôâõ3õt���wýsü
���7ù,�1"Xú

÷K�~ù	û��R�,�����5� ��ü7�%ÿ ������
¯ý8÷��,ùG���nÿ�� �t�	�����5���~��ÿ�ü
�Éü
�.� ­��	�
�
�����Y
L¸�ü
�����~���,$

wavelength / nm
400 420 440 460 480 500 520 540

a.
u.

−410

−310

−210

ï¤ð}ñNò{óõô�Ì{÷K¶h÷�úG·¬­���«�þ¾ö�ÿ �´���-ÿ����%ÿ�ü
�L�������~��ý
�5�7�¬�������%ý§�����£þ3�wýsü
���*�ný§�,�7�~���%ý��g�ãüR�5�dþ�ÿ��F�7ùR��"%$�·¬­��
�����,¹ �W�A¸t��� ������� ­¢ÿ��=���

λ ������� = 470 nm
$

Å á��¦á 	�
¡¹BÆ�¸FÀã³0¹ � ÁL¹�ÁL¿{½�¸�³É¿
orq�ijgbmhc�gN^si×ed�dx}lbc©^badc�z iG» l�tyqdm-��ijgN^badc«Åjc�qhc�gst;^svwiyq�iu�¨^badc ä » �;V#l|gbc�tymdij�¨^�Åjtu^sc«t � c�ÕJ^sg)ijqdv®Ò]�gb�dv®^sgstug)¥�
 Ð �dqd��^svwiyq 
@cnqdc�gbtu^sijg�] Ð 
 XhÎ5��T �_tul×�hlbc�mnM Í Q Q � o¾^�adtyl�^r�Fi�lbv}Åjq�tyxNiy�h^sed�¨^sl�^sa�t;^

ÎA� O
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�~tyqÊ�kc�l¦¥{qd�£adgbiyqdvw�nc�mNªktyqdmÊijqdc-^bgbvwÅyÅjc�g�ij�¨^sed�h^ ��Ð iygF^sadc@�Ft'­yc���iygb� ��ijl¦^��nij���Lijqhx}¥��dlbcnmvwqÃ^badvwlptyq�tyx®¥¨l)vwlnª«t¼gbc���^£tyqhÅj�dx�tug�ed�dx}lbcuª©^sadcÉm�t;^£t¼lbahc�cn^§�nv}^bc�l�t¼g)vwlbc¢tyqdmÄ�îtyx}x�^bvw��c[iy��x}c�lbl^sa�tuq
5 ns

ª¤tuqdmÑt ^r¥{edvw��tyx¾`)v®^b^bc�gÉ��gb��l£�@iy�
200 ps �¶Ð ijg�^sadc¢gbty��eÃ�_t~­yc¢��ijgb�Ç�dl)c�mÑvwqÃ^badcmdcn^bc�g)�Lv}q�tu^sv}ijqÑiy� ^badc ä » �/qdijqhxwvwqhc~tyg)v}^r¥ t0^r¥{edvw��tyx�x}vwqdc�tygbv®^r¥ iy�@t;^L�fijgbl¦^

0.15%
iy� ^badce�c�tyÕÆiy�h^sed�¨^@vwl �nx�tyv}�Lcnm � ] mdcn^styvwx}c�m¼l¦^s�dm¨¥¶iy�«^sadc�ehgbc��nvwl)vwijq¼iu�Fed�hxwlbc�xwc�qhÅy^sa0tymD`)�dl)^b�Lcnq�^vwl�mdcnlb�ngbvw�kc�mÊvwq¡l)c��n^bvwijq ÎA�h�PXh�YT¨�

Å á��¤á �Z½�¸`½ �þÆ���
ÉÀdÇ�À�¸FÀã³0¹
� adc�g)c~tym{�rij�h^×iy�`^sadc�edadiy^bi¨mhcn^scn�n^bijg×�Ftyl�mdijqdc@��v}^baÆtyq Q �r�£adtyqdqdcnx ÎDT �r�dv®^��£a�tygbÅyc��rl)c�qdl)v}^bv}­jctyq�tyx}ijÅu�ë^siu�¾mdvwÅjv®^£tyx-�nijqJ­jcng)^scng � ä » ����ª-�Ltyq��h�îty��^s�dg)c�m ��¥ �F] i)/ ��v®^sa3^sadcÑ��i¨mhc�xpq�tu�Lc
l´k O R ] M#Í�OIQ � � ahc ä » � a�tyl[^r�fiÄv}qded�h^[gstyqdÅyc�l¢tuqdm ^sa��dlL^r�Fi mdv®È\cngbcnq�^[�£a�tyg)ÅjcÆg)c�lbiyxw�¨�^sv}ijqdl � h qdcpv}qded�h^�gstyqhÅjc�v}l���gbiy�

0
^si

800 pC � Ô¨vwqd�nc�v®^�v}l�t ÎAT �r�dv®^ ä » �4^badvwl�c�����tyx}l�^biÉtgbcnlbijx}�h^sv}ijqÉiy�
200 fC

e�cng×z�Ô ��� � advwl�gbtyqdÅjc-��v}xwx\�kc@�~tyx}xwcnm�É�sªuRÉF}�m�o�u�{-vwqÉ^sadv}l_^sadcnlbv}l ��Ð ijg�tadvwÅyadc�gfgbc�l)ijxw�¨^svwiyq[iy�|l)�[tyx}xwcng�eh�dxwl)c�l�ª{^sadcngbc v}lf^badc7p�xRz }�m�o�u�{ � o¾^_��i'­yc�gbl�v}qded�h^f�£a�tyg)Åjc�l_��g)ij�
0
^si

100 pC
��v}^ba�t�g)c�lbiyxw�h^bvwijq�iy�

25 fC
ekc�g�z�Ô ��� ] mdcn^styvwx}c�m�mdcnlb�ngbvwe¨^svwiyq�iu�\^sahc×cnxwcn�n^sg)ijqdv}��ltyqdm0^sadc�m�tu^st tu�����dvwl)v}^bvwijq0lbiu�ù^r�_tyg)cyª|^sa�t;^��Ftyl�ijqdx®¥¶lbx}vwÅjaJ^sx®¥¶tymdtyeh^scnmO��iyg@^badvwl-^badc�l)vwl�ª��~tuq��c-��ij�hqdm¡vwqÉ^sadc@mdv}edxwiy�[t�^badc�l)vwl�iy� ° x}gbvw�£a l cnx}^sc�M#Í k Q �]�e�tyg)^§��g)ij� ^sadcÊqdijqhxwvwqhc~tyg)v}^r¥Äiu� ^sadcÊedadiu^si{mdcn^bc��n^bijg�ªf^sa�tu^Lvwl�^biË�kc ��c~tulb�dg)c�m v}qÖ^badvwltyq�tyx®¥{lbvwlnª{t����dg¦^sadcngFqdijqhxwvwqhc~tyg)v}^r¥p�Lt~¥§��c�vwqJ^sg)i¨mh�d��cnm[�J¥§^sadc ä » � � orqLijgbmdcng�^bi��nijgbg)c��n^f^sadcgbcnlb�dx®^sl�ij�h^styvwqhc�mÉ��ijgF^badc@edadiy^bi¨mdc�^scn�n^siyg��î�n� � l)c���^svwiyq Î5�h�YX¨�P^ �ßªdv}^_vwl_qdcn��cnlblstug)¥É^si§mdc�^scngb��vwqdc^sadc ä » � qdijqdx}vwqdc�tygbv®^r¥LÌ�g)l)^�tyqdm¡^si�tyq¡cn�{�dtyxwx®¥¢edg)c���v}lbc[�îl)�d�dekc�gb�nc�qJ^ß��xwc�­jcnx �

ã´Ô écÔ�Õ�Ô��¯ý�� � ÙE�	-�'��GÞ(Ü)� 'ªÚDÿ
� adc[��c~tulb�dg)c���c�qJ^�ehgbvwqh��vwehxwc�^sa�t;^��Ftyl��£ahijlbcnqÃ^si mdcn^bc�gb��vwqhc�^badc ä » �=qhijqdxwv}qdc~tugbv}^r¥Æ�_tylvwqdl)edvwg)c�m ��¥¡^badcSÙ;s��~��x�u�}§m�¢ÊÜ¬{��~��s#o�uSØ�{~��ÉyxtÊÆmdcnlb�ngbvw�kc�mÆvwq M Q � Q � � adv}l���cn^badi¨m �dlbcnl-tLx}ijqdÅxwi'� ��gbc����dcnqd�n¥Ov}qded�h^�lbv}Åjq�tyx���^r¥{edvw��tyxwx®¥Æl)ij��c _ c�g¦^s�'� Åjcnqdc�gbtu^scnmÃ�J¥Ot¢���dqd��^svwiyqOÅyc�qdcngstu^bijg �� advwl�l)vwÅjqdtyxNvwl�l)c�qJ^�^si�^sahc�v}qded�h^��nijqdqdcn�n^bijg�iy�|^sadc ä » �´�£adtyqdqdcnx|^bi§��c ^bc�l)^bc�m � � adc@gbc�tym¨�ij�h^�vwl@mdiyqdcL�J¥0�dl)vwqdÅ t l)adijg¦^�ahvwÅja0��gbcn�{�hc�qd��¥Ëgbtyqdmdiy�PÅJtu^sc �ù^r¥¨ehvw�~tuxwx}¥Ælbij��c��-vwxwiyadc�g¦^s�'� �� adc�Åjtu^sc�a�tyl�^si[�kc�l)adijg¦^ ��iy�Le�tugbc�mÊ^si�^sadc�e�cngbvwi{mÊiy�©^sahc�vwqhed�h^×lbv}Åjq�tyx|vwq ijgbmhc�g�^si[Åycn^-tadvwÅyaËlbty�LehxwvwqhÅÉgstu^bc�iu�F^sahcLv}qded�h^�lbv}Åjq�tyx � ]Z�îtyl¦^�gstyqdmhij�KÅJtu^bc§vwl@�£adijl)c�qÃ^biÆt~­jiyvwmÃeha�tylbccnÈ�c���^sl-vwq ^sadcpg)c��nijgbmdcnm0lbekc��n^bgsthª\lbvw��vwxwtyg_^si¢^badcpije¨^svw��tyx È ijvwg ��c�È\cn�n^ � ] gsty��e¼lbv}Åjq�tyx�a�tyl��cnc�qÊ�dlbcnm¼tyl�v}qded�h^ �� adc�vwqded�¨^_gstu�Le[�Ft~­jc ��ijg)� �_tyl�Åyc�qdcngstu^bc�mÉvwqL^sadc�Ìdgbl)^_ij�h^seh�h^_�£a�tuqdqdc�x\iy��^sadc����dqd�n^bvwijqÅjc�qhc�gst;^sijg � � ahc¡ty�Lehxwv}^b�dmdc§�_tul��£adijlbcnqÓl)i¼^sa�t;^�vwqÃ^badc ä » �;V�l�advwÅja gbtyqdÅjc¢tyxwx��£a�tyqdqhc�xwl�deÄ^siÆty�kij�h^

1500
ä » � ��ij�dqJ^blp�Fcngbc¢�niõ­yc�g)c�m � � adc¢��g)c����dcnqd�n¥Ë�_tyl 10 Hz � orq ijg)mdc�g�^sigstyqhmdij��x}¥O^sgbv}ÅjÅjcng�^sadc¡ÅJt;^scyªft¼��adv}^bcÉqdijv}lbcÉlbv}Åjq�tyxf�_tyl§Åjcnqdc�gbtu^scnmÓv}q ^sadc¡lbcn��ijqhmÓij�¨^sed�h^�£a�tyqdqhc�xkiy�N^sahc×���dqh�n^sv}ijq�Åjc�qdcngstu^bijg � � ahvwl�lbvwÅyq�tyxd�Ftylf��cnm[vwqJ^bi�t / o È Åjtu^sc×Åjc�qhc�gst;^sijg � � advwlmdcn­{v}��cÆehgbi{md�d��cnlÉtËg)c���^£tyqdÅy�dx�tyg�ij�h^bed�h^Llbv}Åjq�tyxãªFc~tu�£a ^svw��cÉ^sadc vwqdeh�h^[l)vwÅjqdtyx�c�Ò¨��cnc�mdl¡tyqtymR`)�dl¦^£ty�hxwc§^sadg)c�lbahijxwm � � adcL��vwmh^baÃiy�_^badvwl�lbv}Åjq�tyx«��tyqÃ�kc[�£adiylbc�q\ª©^sadcLty��edxwv®^s�dmdc§v}l / o Èl)^styqdm�tyg)m ≈ −800 mV �
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ï¤ð}ñNò{óõô�Ì{÷�¼¨÷�úÈò�ÿ��
�ëü��õý§�,� ·��%�~��ÿ���� ñL�~� ­düyþ�$Ì·¬­�� ý1�£þË� ÿ����-ý1�d�hý1�%�1�����#�µ�,�¼ÿ�þ����,� �G�£ü
����� �~�����Y
 � ÿ���ø
���ný"!(ö@û.$¦·¬­Jÿ���­Jÿ��
�ëü��õý§�,� ��­dü5���7� ­��#!(ö@û	ÿ �;­JÿU�D­ ý§�,�������=� ­����	�7���,���

1LSB ≡
1

!(ö@û �£üR�5���
= 0.2 pC

$

� adc�ty�Lehxwv}^b�dmdc�tyqdmÊiyÈ\l)cn^�iy��^sahc@��ahv}^sc-qhijvwl)c �_tyl�^sahc�q tymR`)�dl¦^sc�m\ª�lbi�^sa�t;^×tyqÆtumdc�����tu^bcgbtu^sc-�Ftyl ty�£ahvwcn­yc�mÊ��ijg�^sadc / o È Åjc�qhc�gst;^sc�m ÅJtu^bc � � ahc���g)c����dc�qh�n¥Ê�£adijl)c�qÆ��ijg�^badc�Åjtu^sc-�Ftylty�kij�h^
20 kHz

ª{�Lc�tyqdv}qdÅ-^sa�tu^ftyq[t~­jc�gbtyÅjc×iy�
2000

lstu�Ledx}c�l¤�fc�gbc�gbcn��ijg)mdc�mLe�cngfl)vwqdÅjx}c�gsty��e �]3^siu^£tyxNiu�
109

Åjtu^scnl��fc�g)c�g)c~tymÊij�h^ �� adc�g)c���iygbmdcnm¢lbekc���^sgb�h�Zv}lfl)adi'��q¢vwq§Ì�Åj�hgbc kh� R � � adc�ahvwl)^bijÅjgbty� vwq�^sadc�Ì�Åj�hgbc�l)adi'��lf^badc
ä » �;V�l«advwÅja�gstyqdÅycyªj��adv}�£a�v}q�^sahvwl©��tylbc���c~tyqhl`��ijg`^badc�xwc�tyl)^¤l)vwÅjqhv}Ì���tyqJ^©�dv®^

1 LSB = 0.2 pC �� adc�adijg)vw��iyq�^styx¬gbcnm¢xwv}qdc�gbc�ehgbc�l)c�qJ^sl�tuq[vwmhc~tyxãªJ��ij��edxwc�^scnx}¥§xwv}qdc~tug ä » ��ª¨��ijg¤��adv}�£a¢cn­yc�g)¥L�dv®^��v}mh^saÑvwl�cßÒhty�n^bx}¥ ijqhcÊx}c~tyl¦^§lbv}Åjqdv}Ìd�~tyqJ^§�dv®^ � � adv}l§xwvwqhc[�_tul�mhcn^scngb��vwqdcnmÑ��¥Ñmhv}­{vwmdv}qdÅÆ^badc^biy^£tyx¬q��d�p�kc�g�iy��lbty��edxwcnlfg)c���iygbmdcnm¢vwqLtyq[v}qJ^sc�g¦­utyx¬iy� ä » � ��iy�dqJ^slF�J¥§^sahc�q��d�p�kc�g�iy� ä » ��£a�tuqdqdc�x}l�^sadcngbc�v}q � � ahcÉgstyqdÅycÉiy��^sadcÉv}q�^bc�g¦­ytuxf�Ftyl§�£adijlbcnq t¶x}v}^b^bxwc��dv}^plb�Ltyxwx}c�g@^sa�tyq ^badc�nij�Lehxwcn^bc���v}mh^saÉiy�|^badc gbcn��ijg)mdc�m¡l)e�cn�n^sg)�d�Êªdvwq¢iygbmdcngF^si�t~­yijvwm¡tyg¦^sv®�îty�n^blf��gbiy�Z^badc����dqd��^sv}ijqÅjcnqdc�gbtu^siyg � � adcnlbc§tyg¦^sv}�îtu�n^sl��[t~¥ tyedekc~tug��kc��~tu�dlbc�iy�«^badcp�£adijv}��cpiu��t[mdvwl)��ijqJ^bvwq��dij�dl�vwqded�¨^���dqh�n^sv}ijq �G� ¥Ét Ð tyl¦^ Ð ij�dgbv}c�g � gstuqdl)��ijg)�8tyx}xNij�h^bed�h^�lbv}Åjq�tyx}l_iy��^sadc-���dqh�n^sv}ijq¡Åjc�qhc�gst;^sijg×tyg)cv}q�^bc�g)q�tyxwx®¥pÅjcnqdc�gbtu^scnm[­{v�t@lb�dekc�g)e�iylbv}^bvwijqhl�iu��lbv}qdc��_t~­jcnl �fÐ ijg�t�mdv}lb�nijqJ^svwq��diy�dlf���dqh�n^sv}ijq§^sadv}ledg)i¨�nc�l)l��~tyq¡ijqdx®¥���c-tuq¡tyededg)i'Ò¨v}�[tu^bvwijq���v}^ba¢ijlb�nvwx}x�tu^bvwijqdl�tyehe�c�tygbv}qdÅ�tu^_^badc mdv}lb�nijqJ^svwq��diy�dlekijvwqJ^bl�ªdl)iL��tyxwx}c�m¡tyg¦^sv}�îtu�n^sl �� adcpmdv®È\cngbc�qJ^bv�tyx�qdijqdx}vwqdc�tygbv®^r¥¡iy��t ä » �3vwl�mdcnÌ�qhc�mOtyl�^badcpgst;^svwiLiy�¤^sahc�ty�n^b��tyx�tyqdm¼^badcv}mdc~tyx`�dvwq¶��vwm¨^sa � i ­yc�g)¥0�hvwq0��ijqJ^bc�qJ^�vwq¶^sadc§g)c���iygbmdcnmËadv}l)^bijÅjgstu�Tv}q0ÌdÅj�dgbc k¨� R vwl-mhv}­{vwmdcnm�J¥0^sadc�­utyxw�dc§iy�F^sadc�vwmdc�tyx«mdvwl¦^sg)vw�d�h^bvwijq\ª�gbc�ehgbc�l)c�qJ^scnmÑ��¥0^badcLg)c�mÄx}vwqdc�v}qË^badc�ÌdÅj�dgbc � � adcg)c�lb�hx}^sl×tyg)c@mdc�edv}�n^bc�mÊvwq¢Ì�Åj�hgbc kh� O �� adc�mdv®È\cngbcnq�^bv�tyx¬qdiyqdxwv}qdc~tyg)v}^r¥§v}q[�dqdv®^sl�iy�|xwc�tyl)^flbv}Åjqdv®Ì��~tyqJ^f�dv}^blFv}lfmdv}lbedxwt~¥jc�m[vwq[^badc ä » �gbtyqdÅjc_�kcn^r�fc�cnq
115

tyqdm
1400

ä » �Ä�nij�dqJ^sl � � adc_mdv}l)^sg)vw�d�¨^svwiyq�l)adi'��l«t e�ijl)v}^bv}­jcflbx}ije�c � z�i'�
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�¦� ���t�
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1LSB = 0.2 pC
$

ä » � �hvwqdl_Åyc�qdcngstyx}x}¥�lbcnc�� ^bi���c l)�[tuxwxwcng�^ba�tyq¢^badc-vwmdc�tyx\�hvwq[��v}mh^saNª{��adc�g)c~tyl�adv}Åjadcng ä » ��dvwqhl«tygbc_�hgbiJtymhc�g � � adc��Liyl)^¤edg)ij��vwqdcnq�^`��c~tu^b�dgbc�v}l¤t �dgbijtym§mdvwe§tu^¤ty��iy�h^ 700
ä » �Ñ�nij�dqJ^sl �

i Òh�nc�eh^���ijg�lbij��c@ij�h^bxwvwcngbl_^badc�mhv}È�c�gbcnqJ^sv�tuxNqdijqdx}vwqdc�tygbv®^r¥[��ijg×tyx}x\^scnl)^bc�m ä » �7�hvwqdl�mdi{c�l×qdiy^mdv}È�c�g-��ijg)cp^sa�tyq
0.01 LSB

��g)ij�T^badc�vwmdc�tyx©�dv}q¶��vwmh^ba ��_ i'�fcn­jcng�ª����d�p�hx�tu^bv}­jc�c�È\cn�n^bl���tyqtyedekc~tyg � � adcn¥Êtugbc-^£tyÕuc�qÊvwqJ^si�ty�n��ij�hq�^×�J¥É^sahc�v}qJ^sc�ÅygstyxNqhijqdxwv}qdc~tugbv}^r¥ �orqÉijg)mdc�g�^si§ty�n���dvwg)c�^sahc-vwqJ^scnÅjgstyxkqdijqhxwvwqhc~tyg)v}^r¥���ijgf�dvwq
n
ª¨^badc mdv®È\cngbc�qJ^bv�tyxkqdijqdx}vwqdc�tygbv®^r¥§vwllb�d����c�m[�he[^si�^badc

n
^sa ä » � �hvwq � � ahc gbcnlb�dx®^slFiu�N^sadv}lFedg)i¨�nc�md�hgbc tugbc�l)adi'��qÉvwq�Ì�Åj�dg)c kh� Í �� advwl�Ì�Åj�dg)c_lbahiõ��l©^badcFv}qJ^sc�Åygstyx{qdijqdx}vwqdc�tygbv®^r¥-vwq��dqdv}^bl`iy�dxwc~tul)^©l)vwÅjqhv}Ì���tyqJ^©�dv®^sl � ] qhijqdxwv}qdc~tug¦�v}^r¥¡iy�

3 LSB
vwl���ij�dqhm � ]=��ijgbc@mdcn�Lijqhl)^sgbtu^sv®­jc��_t~¥Êiy�¤edx}iy^b^bvwqdÅ§^sahc�v}q�^bc�Åjgbtyx|qdijqdx}vwqdc�tygbv®^r¥�_tul-�£adijlbcnq0vwqÆÌ�Åy�dgbc k¨� Q iyq¼^sadcpqhc�Ò{^-e�tyÅycyª\��adcngbc�v®^�v}l lbadi'��q0vwq e�cngb�nc�qJ^ � � adcpv}q�^bc�Åjgbtyxqdijqdx}vwqdc�tygbv®^r¥Æ��ijg@�dv}q

n
�Ftyl���tyxw�n�dx�t;^sc�mO�J¥Olb�d���Lv}qdÅ¡�de0^sadcLmdv}È�c�g)c�qJ^svwtyx©qdijqhxwvwqhc~tyg)v}^r¥¼�he^si��dvwq

n
ªktyqhmÆtymhmdv}^bvwijq�tuxwx}¥�mdv®­{vwmdv}qdÅp^sadc�lb�h�8��¥¡^badc�q��d����cng×iu�©��iyq�^bgbv}�d�h^sv}qdÅ§�dvwqhltS

n � ]qdijqdx}vwqdc�tygbv®^r¥[iu�©ty�kij�h^�iyqdc@e�cngb��cnqJ^�v}l�ij�dlbcng)­yc�mÆv}qÉ^sadc@xwi'�7�dvwqhl�iy��^badc ä » � �orqÑÌ�Åj�dg)c kh� Í¼^sahcÊv}qJ^sc�Åygstyx�qdiyqdxwv}qdc~tyg)v}^r¥Ël)^styg)^bl[tyqhmÓcnqdmdlLtu^Lt¶­utyx}�dc¡iy����c�g)i � � ahvwl§vwlvwqdahc�gbcnqJ^¢^siÄ^badc¼��cn^sahi¨m � � ahc¶c�Ò¨e�cn�n^bc�m�s�Ê�{�m�p�q��d����cng¢iy�@c�qJ^bgbvwcnlÉe�cng ä » �8�dvwqdlL�_tyltylbl)�d��c�mÉ^si§�kc�^sadc�t~­jcngstyÅyc-iõ­yc�g�^sahc-gstyqdÅyc ��ijqhlbvwmhc�gbcnm � � advwl���c~tuqdl_^sa�t;^_^sadc-�n�d�p�dxwtu^sv®­jcmdvwl¦^sg)vw�d�h^bvwijqOiy��^badc¢vwqJ^bc�Åjgbtyxfqhijqdxwv}qdc~tugbv}^r¥¼a�tyl�^bi¼a�t~­jc[^badc¢lbty�LcLl)^styg)^ptyqdmÄÌ�q�tux�­utyx}�dc����cngbiL�_��cn�~ty�dl)cpi'­jcng�^sadc�c�qJ^sv}gbc�gstyqdÅycyªNtuxwx�mdc�­¨vwtu^sv}ijqdl��~tyqd�nc�x�ij�h^ � � adcp��c~tulb�dg)c�m¼v}q�^bc�Åjgbtyxqdijqdx}vwqdc�tygbv®^r¥[l)adij�dx}mÉ^sadcngbcn��iygbc-�kc��nijqdl)vwmdcngbc�m t�gbcnx�tu^bv}­jc ­utyx}�dc � � adc�tu�dlbijx}�h^sc-mhvwl)^bgbv}�d�h^sv}ijq�~tyqOl)^bvwx}x©��c§l)adv}�ù^bc�mO��¥Ot¡��iyqdl)^styqJ^�iyÈ�lbc�^ ��_ i'�fcn­jcng�ª`^badc§gbcnlb�dx®^�iu��tÉqdijqdx}vwqdc�tygbv®^r¥¼iy�fijqdce�cngb�nc�qJ^�l¦^sv}xwx\ahijxwmdl �
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1LSB = 0.2 pC
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ã´Ô�éµÔdüºÔ(� Ù1� �,Þ.Û�Ú�'KÙE��Ù*) è�Þ.Û�Ù1�tÝßÞ.Ý ��%gÞ.Û�Ú��,Ü
� adc ä » � qdijqhxwvwqhc~tyg)v}^r¥�a�tyl©�kc�cnq§�Lc�tylb�dg)c�m§vwq�ijgbmdcng`^si-�nijgbg)c���^¤^sadc�edahiy^si{mdcn^bc���^sijg©l)e�cn�n^bgstg)c���iygbmdcnm xwtu^scng�ijq � orqÉ^sadv}l�lbcn�n^sv}ijqÊv}^�v}l�lbadi'��qÊadi'� ^sahc ä » � ��ijg)gbcn�n^sv}ijqÊtuÈ�c��n^bl�tp^r¥¨ehvw�~tuxedahiy^si{mdcn^bc���^sijg@lbekc���^sg)�d� � � adc§edadiu^si{mdcn^bc��n^bijg@�Lc�tylb�hgbc���c�qJ^bl�tyg)c§c�Ò¨edx�tuvwqdcnmOv}q0mdcn^styvwx©v}q
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ï¤ð}ñNò{ó;ô�Ì�÷�Ì�÷�úW�Â��
D�hÿ ���,�R��­düR�ëüyþ��~�����~�ëüßý �d�����~��ý
�5�¥�t�Ný1���£üßýsþ��£þB�1
 � ­��*!(ö@û��A�1�£þ�ÿ���� ­Jÿ�� �,���,�Y
��rÿ��~$
®��L� ­Jÿ��g���t�1���9� ­��&!(ö@û	ÿ �¦­JÿU�D­§ý§�,�����fÿ��G��­düt���9$

�£a�tyeh^bc�g ÎA�h�Ð v}Åj�dg)c kh�Pk lbadi'��l�lb�d�£aËtÉlbekc��n^bgb�d� � ] edadiu^si{mdcn^bc��n^bijg-a�tyl-�kc�cnqËv}gbgbtymdv�t;^sc�m¼��v®^sa¶x}vwÅjaJ^��gbij�/tyqÊz iG»�� ]3ÌhÒ¨c�m ed�dx}lbc@xwcnqdÅy^sa¡a�tul×�kc�cnqÆ�dl)c�mNªktyqhmÆt�^siy^styxNiy�
107

ed�dx}lbcnl�a�t~­yc��kc�cnqgbcn��ijg)mdc�m � � adcÊlbekc���^sgb�h� mdi¨cnlLqhiy^§a�t~­jcÆt0l)a�tyg)eÓekc~tyÕ¬ªf�d�h^Llbadi'��lLt<
@ty�dl)lbv�tuqÖl)a�tyekc �� advwl@v}l-�~ty�dl)c�mO�J¥Ì²��d�n^b��tu^bvwijqdl-iu�Fe�tugsty��cn^bc�gbl@x}vwÕyc�^sadc§q��d�p�kc�g@iy�fedadiy^bijqdl@edg)i¨md�h��c�mOvwq^sadc�z iG» ª{^badc×�{�dtyqJ^s�d�Vc,Í��nvwc�qh�n¥�iy�\^badc×edadiy^bi¨��tu^sadi{mdcuª¨tuqdmL­utyg)v�tu^bvwijqdl`vwq§^sadc×ÅJtyv}qLiy��^sadcedadiy^bi¨mhcn^scn�n^bijg �� adc�mdv®È\cngbc�qJ^bv�tyx ä » �7qhijqdxwv}qdc~tugbv}^r¥[vwl×qdi'� tyedehxwvwcnmÉ^siL^badvwl�l)e�cn�n^sg)�d� � � advwl×vwl�mdiyqdc��J¥�FcnvwÅjaJ^bvwqdÅÉ^sahc��nijqJ^scnq�^�iy�fc~tu�£a ä » � �dvwq0�J¥¼^sahc�v}qJ­jc�g)lbc�iy��^sadc§mdv®È\cngbc�qJ^bv�tyx�qdijqdx}vwqdc�tygbv®^r¥��Ì�Åy�dgbc kh� OJ� � � a{�hl�ª�^badc���ijqJ^scnqJ^sl�iu�©�dv}qdl�^sa�tu^�tyg)c@��v}mdc�g�^sadtyq ^badc��hvwq¡��vwmh^ba iy�`ijqdc�xwc�tyl)^lbv}Åjqdv}Ìd�~tyqJ^��dv}^�tyg)cLg)c�md�d�nc�mÄ^biÊ^badcL­utyx}�dc�^ba�tu^��Fiy�dxwmË��c�gbcn��ijg)mdc�mÄv®�F^badcn¥Oa�tymO^sadcLvwmdc�tyx��vwmh^baNª�tyqhmÊ­{vw�nc-­jc�g)lst �Ð v}Åj�dg)c kh�}Î5� iyqÓ^sahcÊqhc�Ò{^¢e�tuÅjc¡lbadi'��lL^badc¡cnÈ�c���^¢iy�×^sadv}l§��ijg)gbc���^sv}ijqÓiyqÖ^badc l)e�cn�n^bgb�d�lbadi'��q vwq¢Ì�Åj�hgbc kh�Pkh� � adc@mdiy^)^sc�mÊgbcnm ahvwl)^bijÅjgbty� mhc�qdiy^bc�l�^sadc-iygbvwÅyvwq�tyxãªhtuqdmÉ^sadc@lbiyxwvwmÉ�hxw�dcadvwl¦^sijÅygsty� ^badc���ijg)gbc���^scnmpmdvwl¦^sg)vw�d�h^bvwijq � h qdx®¥ ^sahcFgbcnÅjvwiyq��kcn^r�fc�cnq
650

tyqdm
700

ä » �Ë�nij�dqJ^slvwl l)adi'��qNª�lbvwqh��cp^sahvwl v}l���adc�g)c§x�tyg)Åjc�l¦^-mdv}È�c�g)c�qd�nc�l@�~tuqO�kc�ij�dl)c�g¦­jc�m � o¾^@vwl-tyx}lbi¢^badc�gbcnÅjvwijq��adc�g)cÉ^sadcÉmdv}l)^bgbvw�h�h^sv}ijqÃiy��^badcÉmdv}È�c�g)c�qJ^svwtyx ä » � qdijqhxwvwqhc~tyg)v}^r¥ ��Ì�Åy�dgbc k¨� OJ��a�tyl�v}^blp��ijl)^vwg)gbc�Åy�dx�tyg«l)a�tyekc×�©^badc��hgbiJtymLmdvwe � Ô{^sv}xwxãªj^sadc �£adtyqdÅjcnl�tygbc��Lv}q��h^scuª¨tulF�~tuq¢��c�c�Ò¨ekc��n^bc�m¡lbv}qd��c^sadc@mdv®È\cngbcnq�^bv�tyx ä » �´qdijqhxwvwqhc~tyg)v}^r¥Lvwl�xwcnlbl�^sadtyq
0.01 LSB

vwq¡�Liyl)^��dv}qdl �]Ñ�£adcn�£Õ@�Ftyl�e�cng)��ijg)�Lcnm�iyq�t�lbcngbv}c�l�iy�
25
g)c��nijgbmdcnm�edahiy^si{mdcn^bc���^sijg�lbekc���^sgst¨ªylbv}�Lv}x�tyg¬^si�^sahcijqdc@lbahiõ��qÊvwqÉÌ�Åy�dgbc kh�Pk ªh��v®^saÉ­utyg)¥{vwqhÅ ä » � vwqdeh�h^��£a�tyg)Åjc�l��îv � c � mdv}È�c�g)c�qJ^×e�c�tyÕ¢ekijlbv®^sv}ijqdliy��^sadc-l)e�cn�n^sgbtJ� � ] 
@ty�dl)lbv�tuq¡���hqd�n^bvwijq¢�Ftyl�Ìd^b^bc�m¡^si��kiy^saÉ^badc@��ijg)gbc���^scnmÆtyqhmÊ�hqd��ijg)gbcn�n^scnmlbekc���^sgst¨ª¨tuqdmp^sadc�c�È\cn�n^«iy�¬^sahc×�nijgbg)c���^svwiyq�ijq�^r�Fi-Ìd^«e�tugsty��cn^bc�gbl©�fc�g)c�l)^s�hmdvwcnm � � adc�g)c�lb�hx}^sl
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ï¤ð}ñNò{óõô�Ì{÷ùø,+{÷�ú©þ��¬���~��ü
�¾�£üßýrý1���~��ÿ����º�ãüßý¤� ­��-!(ö@ûL�dü
��� ÿ������nýrÿ��U
¢ü
� �µ�U
R�hÿ ���,����­düR�ëüuþ��~�����~�ëüßýG���¾���§ø
��ý
�5�3$c·¬­�� þJüR�����£þpý1�£þ7­Jÿ��
�ëü��õý§�,� þ����düR���%�´� ­���üßýrÿU�õÿ����,� ���,�dþË� ­��g�sü
� ÿ�þL�t�����¤­Jÿ��%ø
�ëü��õý§�,� � ­��g�£üßýrý1���~���£þ�þõÿ��
��ýrÿ�������ÿ�ü
�9$

tyg)c�mhc���ijqdl)^bgstu^bc�mÊvwq¡Ì�Åj�dg)c k¨�}ÎjÎ ijqÊ^sadc@�îty�nvwqdÅ§e�tyÅyc � orq lb�d�¨Ì�Åj�dg)c¢�îtJ�F^sadc��£a�tyqdÅyc�v}qÊ^badcg)c�md�d�nc�m
χ2

v}lLl)adi'��q � ³ v®^saÓijqdcÆcßÒ¨��c�e¨^svwiyqNª_^sadcÊ­utyxw�dcnl���iyg�^badcÆ�nijgbg)c��n^bc�m l)e�cn�n^bgst tyg)c�nxwijl)c�gf^bip�dqdv®^r¥ � � a��dlnªh^sahc ä » � ��ijg)gbc���^sv}ijq[��ty�dlbcnl_^sadc�lbv}Åjq�tyx¬^si���cn��ij��c���ijgbcE
�tu�dlbl)v�tyq¨�x}vwÕyc � � adc¢c�È\cn�n^bl�ijqÃ^sahc¢e�c�tyÕOe�ijl)v}^bvwijqOiy��^sahc¢lbekc���^sgst¨ª¤adi'�Fc�­jc�gnªfv}l���vwq��h^bc � Ô¨�h�hÌ�Åj�dg)c���¬�fmdcnedvw��^sl_^sahc-gbc�xwtu^sv®­jc �£adtyqdÅjc-v}qÉe�c�tyÕLekijl)v}^sv}ijq
(S? − S)/S

��c�^r�Fcnc�q¡^sadc-�nijgbg)c��n^bc�mÊtyqdm�dqh��ijg)gbc���^scnmÄlbv}Åjq�tyx
S?

tuqdm
S
ª�gbcnlbekc��n^bv}­yc�x}¥ � � adcLij�dlbcng)­yc�mÄl)adv}�ù^bl�tyg)c���ijg-^sadc��Liyl)^�e�tyg¦^�kc�x}iõ�

0.2
e�cngb��vwx}xwc x}cn­jcnx � h qdx}¥¡v}qÆedg)i'Ò¨v}�Lv®^r¥Éiy�©^badc�xwtygbÅjcng�mhvweÆv}q ^badc ä » � qdiyqdxwv}qdc~tyg)v}^r¥���n� � Ì�Åj�hgbc kh� OJ�Ftu^�ty��iy�h^ 600

^si
700

ä » ���r�nij�dqJ^slnª�^sadc �nijgbg)c���^svwiyqÉ�~ty�dl)c�l×t�e�c�tyÕ�e�ijl)v}^bvwijql)adv}�ù^�iy���de¡^si
0.5

e�cngb��vwx}xwc �
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� adc�ehgbvw��c_^£tulbÕ�iy��^sadv}lfe�tug)^�iy�\^badc�^sadcnlbvwlfvwl¤^si�mdc�^sc�g)�Lv}qdc�^sadc×edadiu^si{mdcn^bc��n^bijg�qdijqdx}vwqdc�tygbv®^r¥^si�t�xwc�­jc�xkiy��ehgbc��nvwl)vwijq¢iu�N^sadc�ijgbmhc�gFiu�
10−3 � � advwlf�£a�tyeh^bc�g_mdc�^£tyv}xwl«ijq[^badc�l)cn­yc�gstuxN�Lc�^sadi{mdlmdcn­{v}lbc�mÊ^si�ty�£adv}cn­yc@^badvwl�Åjijtyx �orq ijgbmdcng�^si[��c~tulb�dg)c@^badc�edadiy^bi¨mdc�^scn�n^siyg�x}vwqdc�tygbv®^r¥jª�tyqÆz i=» vwl��dl)c�m¶tyl×xwv}ÅjaJ^�lbij�hgb��c � � i��c�ty�hxwc�^bi�mhcn^scngb��vwqdc ^badc@edadiy^bi¨mhcn^scn�n^bijgtV�l�gbc�l)e�iyqdlbc�tu^�^sahc-e�cngb��vwxwx}c�x}cn­jcnxëªdv®^�vwl�iy��­{v}ij�dlbx®¥qdc��nc�l)lstyg¦¥Ê^bi§��ijqJ^sg)ijxN^sahc�x}vwÅjaJ^_¥{v}c�xwm¡iy��^sahc�z iG» ^si�tu^×xwc�tyl)^�^badc@lsty��c-xwc�­jc�x � � advwl���tyqdqdiy^��c�mdijqhcL�J¥Olbv}�Ledx®¥Æ­utyg¦¥¨v}qdÅ¡^sadc§­jijx®^£tyÅyc[tyehedxwv}c�m¶^siÊ^sadcLz i=» ª�iyg��£a�tuqdÅjvwqhÅÊ^badcL�n�dgbg)c�qJ^~ª��cn�~ty�hlbc ^sahc-ty�dl)ijxw�h^bc �~tuxwvw�hgstu^bvwijq�iy��^sahc-z i=» v}lFqdiy^_Õ{qhiõ��qÉ^bi�^sa�t;^�edgbcn��v}lbvwiyq � Ô¨i�l)cn­jcngstyx�Lc�^sadi{mdl adt'­yc���cnc�q0mdc�­¨v}lbcnm0^biÉc�qdl)�dgbc§t¢x}vwqdc�tyg�­ytugbv�t;^svwiyqÆiy�¤^badc§ty��ij�dqJ^ iy��x}vwÅjaJ^�ijq¼^sadcedadiy^bi¨��tu^sahi¨mdc �G_ i'�fcn­jcng�ª¬�kcn��ijg)c�^sadcnlbc@tyg)c mdv}lb���hlblbcnm l)ij��c ��tyl)vw� g)c��LtygbÕ�l���iyqd��cngbqdv}qdÅp^sadc�Lc�tylb�hgbc���c�qJ^bl×l)a�tyx}xN��c@Åjv®­jcnq �

°87¬áõ°Má9� ÁL¹�ÁL¿{½É»�: ÁLµ ½§¿<;�Ç
]�x}x\��c~tyl)�dgbcn�Lcnq�^bl�mdc�l)��g)vw�kc�m¡vwq¢^badvwl_�£adtyeh^scng��Fcngbc-ekc�g)��iygb��c�m¢��v}^ba¡t�Ùcm�¢3m�¢3m��#�~¡>=&?A@CBAB�p�dx®^sv®�rtyqdi{mdc-edadiu^sij�p�hx}^sv}edxwv}c�g@��lbcnc�lbcn�n^bvwijq k¨�UT ijqÆe�tuÅjc ÎA�I^ ��ijg�^scn�£adqdv}�~tyx�mdcn^styvwx}l£� � o¾^�a�tyl��ij�dg[tyqdi{mdc�l�^sa�tu^[�~tyq ��c¼g)c~tym ij�h^¢v}qdmdcne�cnqdmdc�qJ^bx}¥ � ]�xwx���c~tyl)�dgbcn�LcnqJ^sl¢�dl)c�m ^badc¼lstu�Lctyqdi{mdc �o¾^�a�tyl¤^b�dgbqdcnm[ij�¨^¤^sa�tu^�v®^«vwl«c�l)lbc�qJ^bv�tyxd^bi�^styÕyc×vwqJ^si�ty�n��ij�hq�^�^sahc��Ftyg)�§�¾�de§eda�tyl)c×��ijg«�kiy^sa^sadc@edahiy^si{mdcn^bc���^sijg�tyqdm¡^sadc�z iG»�� Ô¨i�^sadc�edadiu^si{mdcn^bc��n^bijg��_tul�l¦��v}^s�£ahc�mÆiyqÊÌd­yc�ahij�dgbl×tyqhm^sadc�z iG» ^r�fi�adij�dg)l�edg)vwijgf^si�t�lbc�g)vwcnl�iy����c~tyl)�dgbcn�Lcnq�^bl �� adc×^scngb� �A{~}
s�{��wx���¢ {�mR�~¡�}1{~¢ {~oy�#��gbcn��cngblF^bi�^badc����dx}xktyededx}vw�~t;^svwiyq�iu��ijqdc�iy��^sadc��Lc�^sadi{mdlmdc�l)��g)vw�kc�m��kc�x}i'� � o¾^���iyqdlbv}l)^sl�iy�hlbcn­yc�gbtyx¬¢ {�mR�~¡�}1{~¢ {~oy����ªõv}q@��ahvw�£a�iyqdc«e�tygstu�Lc�^sc�g|v}l��£a�tyqdÅjcnm��gbij� ijqhc_�Lc�tylb�hgbc���c�qJ^©^bi�^sahc_qdc�Ò{^ � orq�ijgbmhc�g`^bi �Lv}qdvw��vw�nc¤^sadc_l¦^£tu^bvwl¦^svw��tyx�c�g)gbijgnª ÎA� ��vwx}xwvwiyqcn­yc�qJ^sl×�Fcngbc�gbc��nijgbmhc�m¡��ijg�c~ty�£a �Lc�tylb�hgbc���c�qJ^ �orq§Åjcnqdc�gbtyxëªJv}qLtuxwxhiu��^badc��Lc�^sadi{mdl¤mdcnlb��g)vw�kc�mL��cnxwi'�@ªj^sadc�edahiy^si{�~tu^badi{mdc�vwl¤v}xwxw�h�Lv}q�tu^scnm��J¥tyqLz iG» ªJ��adiylbc�x}vwÅjaJ^¤v}l«Åj�dvwmhc�m§^si@^sadc×edadiy^bi¨mhcn^scn�n^bijg«��¥§iyeh^sv}�~tyxdÌ��kc�g)l � o¾^�vwl«cnqdlb�dg)c�m[^ba�tu^^sadcÉehadiy^si{�~t;^sadi{mdc[v}lp�dqdv®��ijgb��x}¥0gbtymdvwtu^scnm � � adcÉedadiu^si{c�xwcn�n^bgbijqdl�c���v}^b^bc�mÄv}qÄ^sadv}l�edg)i¨�nc�l)ltygbcÊ^sadcnqÏty��edxwv®Ì�c�mÖvwqÖ^sadc mh¥{qdi{mdc¼l)^bgb�d��^s�dg)c¼iy� ^badcÆehadiy^si{mdc�^sc���^sijg � Ð vwq�tyx}x}¥yªFtÃ�£adtygbÅjc
Q D vwl×��iyxwxwcn�n^bc�m¶tu^×^sahcptyqdi{mdcuª���adv}�£a¼lbadiy�dxwm¼�kc�ehgbijekijg)^bvwijqdtyxN^si�^sadc�q{�h�p��cng iy�¤v}qd��v}mdc�qJ^edadiy^bi¨cnxwcn�n^sg)ijqdlnªhtyqhm[^sa��dlfedgbijekijg¦^svwiyq�tyxd^si�^sadc�ty��ij�dqJ^Fiu�|vwqd�nvwmdcnq�^fxwv}ÅjaJ^��îlbcnc�l)c��n^bvwijq Q �}Î � �� adc-^£tyl)ÕÉiy��^sadv}l�tyq�tyx®¥¨l)vwl�v}l_^si§mdcn^bc�g)�Lv}qdc ^si���adv}�£a x}cn­jcnxN^sadv}l�edgbijekijg¦^svwiyq�tyxwv®^r¥§adijx}mdl �
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� adc¶l)e�cn�n^bgstÃ^sadtu^Étyg)c¼gbcn��ijg)mdc�mÏ�J¥ t ä » �8tyqdmÏgbc�tymÏij�h^[�J¥Ït f �/a�t~­jc¼^biÄ��c Ìd^b^bc�m^biÃtO�Li{mdc�x�v}qÑijgbmdcng�^biËg)c��nijqdl)^bgb�d��^[^badcÆtuqdi¨mhc �£a�tugbÅjc

Q D ijg�^badc q��d����cngLiy��vwqd�nvwmdcnqJ^edahiy^si{c�x}c��n^bgbijqhl
N IKJ L�J �º� iy^ba¼����tyqJ^sv®^sv}c�l���tyqÆ^badc�q¶�kc��dl)c�m¼^biÉtyq�tyx®¥{��c�^badc�x}vwqdc�tygbv®^r¥¡iy�©^badcedahiy^si{mdcn^bc���^sijg,V#l«gbcnlbekijqdl)c×^bi@^badc�vwqd�nvwmdcnqJ^«xwvwÅya�^ � � �fi�mdv®È\cngbc�qJ^�tyqhlstu^b��c�l�a�t~­jc×�kc�c�q��£adijl)c�q^bi���i{mdc�x\^badc@edadiy^bi¨mhcn^scn�n^bijg�lbvwÅyq�tyxëªhtyqdm tygbc-mhc�lb�ngbv}��cnm v}q¡^badc-��ijxwx}i'��vwqdÅ �

M�N©¨ ¥[�PO�QÞ¬È�SR�RÂ¬á¤�M ¬UTî¡�¨
� adc§cn�Lv}lblbv}ijq¶iy��c�x}c���^sgbiyqdl�tu^-^sadc�ehadiy^si{�~t;^sadi{mdc�vwl t¡l¦^£tu^bvwl¦^svw��tyx`ehgbi{��c�l)l�ª|lbi¡^sahc�q{�h�p��cngiy��edadiu^si{c�xwcn�n^bgbijqdl

n
��ijx}xwi'��l�t f ijv}lbl)ijq mhvwl)^bgbv}�d�h^sv}ijq[��v®^saÊt���c~tuq¡­utyx}�dc-iy�

N
S

f(n) = C · exp(−N) · Nn

Γ(n − 1)

� Î5�h�}Î �
��v®^sa¡lbij��c@qdijg)�[tyx}vw��tu^sv}ijqL�nijqdl¦^£tyqJ^

C
ª�tuqdm

Γ(n − 1)
mdcnqdiy^bvwqdÅ�^sahc�
@ty���[t����dqd�n^bvwijq �� adc�q��d�p�kc�g�iy�¤edahiy^si{c�x}c��n^bgbijqhl

n
�~tyq¼�kc�cßÒ¨edgbcnlblbcnm0vwq ^bc�g)�Ll×iy�©^badcÉ��mdvwÅjv®^sv}��c�m���tuqdi¨mhc�£a�tugbÅjc�tyl���c~tyl)�dgbcnmÊ��v®^saÉ^sadc ä » � �
Q VXWZY ª�vwq ä » �´�nij�dqJ^sls�~S

n(Q VXWZY ) = K · (Q VXWZY − P )/(g · e) � ÎA�h�YT �
��v®^sa

g
tyqdm

P
mdc�qdiu^svwqhÅÊ^badcLÅjtyvwqËtyqdmËm�tygbÕ¶�n�dgbg)c�qJ^piu�_^sadc�edadiu^si{mdcn^bc��n^bijg�ª�gbcnlbekc��n^bv}­yc�x}¥yªtyqhm

e
^sadcpcnxwcn�Lcnq�^styg)¥ �£a�tyg)Åjc � K

v}l�^badcp�nijqJ­jc�g)lbv}ijq¶�îty�n^bijg�iy�¤^badc ä » ��ªk��advw�£a¶v}l 200 fCekc�g ä » �´�nij�dqJ^×vwqÉ^sahc ä » �;V�l×advwÅja¡gbtyqdÅjc-�nijqdlbv}mdc�g)c�mÊvwqÉ^sahc@��iyxwxwi'��v}qdÅpgbcnlb�dx®^sl ��Fij�p�dv}qdvwqdÅË��iu^sa cn�{�dtu^sv}ijqdl[^badc¼��c~tyl)�dgbcnm ä » � l)e�cn�n^sg)�d� ��tyqÏ�kc¼mdc�l)��g)vw�kc�m � � adv}l���dqh�n^sv}ijqOa�tyl-��ij�dg@e�tygbty��cn^scngbl,S
N
ª
g
ª
P
ª�tuqdm

C ��_ i'�Fc�­jcng�ª P
a�tul��kc�cnqÃ��c~tyl)�dgbcnmÃl)c�e¨�tygbtu^scnx}¥¡^siÉ�kc

P = 62.5
ä » � �nij�dqJ^slnª|tyqdm¶�~tuq0^ba��dl-��c�ÌhÒ¨c�m �c³ adc�qOtyqdtyx}¥{��v}qdÅÉt¢l)c�gbv}c�liy����c~tyl)�dgbcn�LcnqJ^sl�ªN��v®^saOt[­utygbvwty�dx}cpz iG» eh�dxwl)c�xwc�qhÅy^sa¼��ijg�c�Òhty��edxwcptyl-mdc�l)��g)vw�kc�m0vwq ÎA�¨�YX ªv®^�vwl×tymh­{vwlbty�dx}c-qdiy^�^si�^sg)c~tu^�^badc@ÅJtyvwqÊtyl×tyqÊvwqhmdc�ekc�qdmhc�qJ^�­utyg)v�ty�hxwc v}qÊc�­jcng)¥Ê�Lc�tylb�hgbc���c�qJ^ �orqdl¦^sc�tym¶iy�¤Ìd^)^svwqhÅ¢c~ty�£a¶��c~tulb�dg)c���c�qJ^-lbcne�tygbtu^scnx}¥jª\tyxwx|��c~tyl)�dgbcn�LcnqJ^sl��fc�g)cpÌd^b^bc�m¶lbv}�p�dx®^£t;�qdcnij�dl)x}¥0�dl)vwqdÅÊijqdx®¥¼ijqdc�e�tygbty��cn^scng

g � � adv}l@�Lc�tyqdl�t¹Ø�¡�p���s��*×gxRs����AxRoÄÌd^@^si t¡lbc�g)vwcnl�iy�
n��c~tyl)�dgbcn�LcnqJ^sl�a�tyl

2n + 1
��g)c�c�e�tygstu�Lc�^sc�g)l��

Ci

tyqdm
Ni

��ijg-c~tu�£aË��c~tyl)�dgbcn�LcnqJ^�tuqdmËiyqdcÅJtuvwqÉe�tygbty��cn^scng
g
� �Ð vwÅj�hgbc ÎA�h�®Î lbadi'��lftyq[cßÒdtu�Ledx}c�iy�\^badvwl«Õ�vwqhmLiy��Ìd^ � � adc�m�t;^£t-lbadi'��q[�fc�g)c�g)c���iygbmdcnmL��v}^ba^badcK×	¡�pY�A{ Ï8{~o�u��#É�Ø�{�mR�~¡�}1{~¢ {~oy�×�îl)c�c×lbcn�n^sv}ijq ÎA�h�PXh�}Î ijq�e�tyÅjc ÎDT O@��ijg«mdc�^£tyv}xwls� � ]�xwx 25

��c~tõ�l)�dgbcnm¢edadiy^bi¨mhcn^scn�n^bijg«lbekc��n^bgst@�Fcngbc�Ìdxwxwcnm§vwqJ^si¨xRoW{×lbv}qdÅjxwc�ahvwl)^bijÅjgbty�=��v}^ba[tuqLiyÈ�lbc�^Fiu� T������ä » �=�nij�dqJ^sl���c�^r�Fcnc�qÑc~ty�£aÃvwqdmdv®­{vwmd��tux©lbv}Åjq�tyx � ] È �dx}^bv®� f ijvwl)lbijq0���dqd��^sv}ijqÃv}l@^badc�qËÌd^b^bc�m^biL^sahvwl�advwl¦^sijÅygsty� � � adc@Ìd^�lbadi'��l Åyi¨i{m¡��ijqJ­jcngbÅjcnqd��cIS
χ2/

qdmh�
= 13406/8245 ≈ 1.626 �Ô¨�h�hÌ�Åj�dg)c§�î����lbahiõ��l_tyq¢c�Ò{^bgsty��^�iy�N^badc�Ìd^)^sc�mL­ytuxw�dcnlFiy�N^badc���g)c�c�edtygsty��cn^bc�g)l � � adc�q{�h�p��cngiy�©edadiy^bi¨cnxwc���^sg)ijqdl×vwq¡^sadc�gbc�l)e�cn�n^bv}­jc��Lc�tylb�hgbc���c�qJ^�vwl×mdc�qhiy^scnm¼�J¥\[C]_^Ë����v®^sa`^Ê�kcn^r�fc�cnq

0tyqhm
24
� � � adcpe�tugsty��cn^bc�g'acb,b_dce�fXg�h0v}l�^sahca{ �º{��~�ds���{ºu�m�s#o

g Lji = g · e/K �î�nij�Ledtygbc�c�����t;�^bvwijq ÎA�h�YT � � � adc@Ìd^b^bc�mÊ­ytuxw�dc@iy� g Lji = 2.265
��ijg)gbcnlbekijqdmdl×^siLt�ÅJtuvwq¡iy�

g ≈ 2.8 · 106 � � adv}lv}l�lbij��cn��a�t;^§advwÅjahc�gp^sadtyqÖ^badcÉ­utyxw�dc[iy�
/ 2 · 106

g)c~tymÑiyÈ ^badc¡edxwiu^�vwq ^sahcÊ�Ltyq���tyx �î��� �
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 / ndf = 13406 / 82452χ

Ø¾ÙhÚ�å�ï;Û#Û5Z5è è�q

eff_gain  0.000± 2.265 
mu0       0.01± 61.94 
mu1       0.01± 75.58 
mu2       0.01± 89.23 
mu3       0.0± 102.9 
mu4       0.0± 116.6 
mu5       0.0± 130.4 
mu6       0.0± 144.1 
mu7       0.0± 157.9 
mu8       0.0± 171.7 
mu9       0.0± 185.5 
mu10      0.0± 199.4 
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ï¤ð}ñNò{ó;ô[ø,+¨÷�ø{÷�ú9þÈÎ��,����� �«ü
�Òña�5����ÿªø%u�üßÿ����sü
�K�*���7�~� ­düyþLú.·¬­��¾�7���t�
�~ý1�£þ|��­düR�ëüyþ��~�����~�ëüßý8�rÿU�D���,��� �ný1������ �£þ-ÿ����ëü8v�w,x	­Jÿ��
�ëü��õý§�,���~¸t�%ý�
 �Qõ3õ3õ8!(ö@û �£üR�5���#�~$�� ñ��5����ÿªø%u|üßÿ��%�sü
� ���5���~��ÿ�ü
�pÿ���*�����£þ��ëüB� ­��g������ÿ ý1�	�d�����~��ý
�5���%ÿ��w�5�����,���£üR�A���Y
�$|·¬­��"�*�.�£ü
��¸t�%ý����%�;�������,ú

χ2/
�dþD�

= 13406/8245 ≈ 1.626
$

Ì�Åj�dg)c kh�YX ijqÊe�tyÅyc ÎA� OJ� �� adc tymh­utyqJ^£tyÅyc�iy��^badvwl«Ìd^���cn^badi¨mLvwl�^sa�tu^Fv}^fvwlfe�ijl)lbv}�dxwc�^sipmhcn^scngb��vwqdc���iu^sa[^badc�q��d�p�kc�giy�kedadiy^bi¨cnxwcn�n^sg)ijqdl©ehgbi{md�d��cnm�tu^©^sahc��~tu^badi¨mhc�tyqdmp^badc�ÅJtyv}qpiy�¬^sadc�ehadiy^si{mdc�^sc���^sijg �._ iõ�fcn­yc�gnª��ijg_^sahc-ed�dgbekijl)c�l×iy��^badvwl_tyq�tyx®¥¨l)vwl�v®^�vwl�tyx}gbc�tymh¥¢l)��Í���v}c�qJ^�^si§mdcn^bc�g)�Lv}qdc ^sadc-ehadiy^si{mdc�^sc���^sijgxwv}qdc~tyg)v}^r¥§tuÅJtyvwqhl)^F^badc�iy�h^sed�¨^��£a�tyg)Åjc �«Ð �dg¦^sadcngb��ijgbcuª{^badc È �dx®^svæ� f iyvwlbl)ijq[��cn^badi{m[edg)iõ­yc�mÉ^si��c§^sv}�Lc§�nijqdlb�h�Lv}qdÅÆtuqdmË­yc�g)¥Ol)�dlb�nc�eh^bvw�dx}cL^siÊlbx}vwÅjaJ^��£a�tyqhÅjc�l�vwqË^badc�vwqdv®^sv�tux`��iyqdmdv}^bvwijqhl�iu�^sadc-Ìd^ � � advwl�v}l_��a�¥Êt�l)c���iyqdmNª¬�Liygbc-gbiy�d�dl)^�Ìd^)^sv}qdÅ§�Li{mdc�x��_tyl�mdc�­{vwlbcnm�S

y ¦zNXRKR���¦©¤�M¹¬UTî¡�¨
]�x®^sadij�hÅja�^badcFedahiy^si{mdcn^bc���^sijg©l)vwÅjqdtyxJ��ijxwx}iõ��l�t f ijvwl)lbijq�mdvwl¦^sgbv}�d�h^bvwijq@��ijg�^badcFx}vwÅjaJ^�vwqJ^bc�qdl)v}^sv}c�l�îq��d�p�kc�g�iy��edahiy^si{c�x}c��n^bgbijqhl£���nijqdl)vwmdcngbc�m v}qË^badvwl�tyq�tyx®¥{lbvwlnª`v®^���tyqÄ�kc¢tyedehgbi~Ò¨vw�Ltu^scnmÃ�J¥Ät
�tu�dlbl)v�tyqÊvwq t�qdtygbg)iõ�4vwqJ^scng)­utyx|tyg)ij�dqdmÊv}^bl×ekc~tuÕ � ] Ìd^�gstuqdÅjc@iy� ±1

g)�Ll�tyg)ij�dqdm¡^sadc�ekc~tyÕe�iylbv}^bvwijqL�_tyl��£ahijlbcnq � �Fahc��£Õ�l�adt'­yc-��ijq¨Ì�gb��c�mÉ^sadtu^�x�tugbÅjcngFvwqJ^bc�g)­utyx}l_mdi�qdiu^��£a�tyqdÅyc@^badc�Ìd^gbcnlb�dx®^sl � � advwl©v}l`­utyxwv}mNª;lbvwqh��c�vwq�^sadc�l)��ijekc_iy�¬^sahvwl¤tyqdtyx}¥{lbv}l�ªjv®^©v}l`qdiy^©qdc��nc�lblbtyg)¥�^bi-ty�n���dgbtu^scnx}¥mdc�l)��g)vw�kc�^sahc�lbadtye�c�iy�N^badc�g)c���iygbmdcnm¢lbv}Åjq�tyx � ]�x®^sadiy�dÅjaL^badc×ÅJtyvwqLvwlftyq[v}qJ^sc�g)c�l¦^svwqhÅ�����tyqJ^sv®^r¥jª^sadc��[tyv}qLÌ�Åy�dgbc-iy�|v}qJ^sc�g)c�l¦^�vwlF^badc ij�¨^sed�h^_�£a�tygbÅyc iy�|^sadc�edadiy^bi¨mdc�^scn�n^siyg_mdc�l)vwÅjqdtu^scnmÉ��¥L^sadce�c�tyÕ¼ekijlbv®^sv}ijq¶iy��^sadc§lbv}Åjq�tyx � orqOijgbmdcng-^si¡mdcn^bc�g)�Lv}qdc�^sadv}l�ª�v}^@v}l-c~tyl)vwx®¥¼lb��ÍL�nvwcnq�^�^si¡�dl)c[t
�tu�dlbl)v�tyq¢Ìd^×tugbij�dqhm¡^badc-ekc~tyÕLiy��^badc-lbv}Åjq�tyx � � adc-��c~tyq¡iy�|^badc 
�tu�dlbl)v�tyqÉ^sahc�q¡c�����tyx}l_^sadctyqdi{mdc¢�£a�tugbÅjc¡��c~tyl)�dgbcnm ��¥Ã^sadc ä » � Q VXWXY l)adv}�ù^bc�m �J¥ tyqÑiyÈ�lbc�^�^sa�t;^�vwlpÅyv}­jcnqÑ��¥Ë^sadcm�tyg)Õ[���hgbgbcnqJ^�iy�|^sadc-edahiy^si{mdcn^bc���^sijg
P = 62.5

ä » �Ï��ij�hq�^bl �=° l)vwqdÅp^badc ä » �;V�l���ijqJ­jcngbl)vwijq�îty�n^bijg
K
ªd^sahc�tuqdi¨mhc-�£a�tygbÅyc

QA

�~tuq �kc@�~tyx}���dxwtu^scnm¢��gbij�FS

QA =
Q VXWZY − P

K

� ÎA�h�PX �
Ð ijg×tyxwx�g)c�lb�hx}^sl×edg)c�lbcnqJ^sc�m¶ahc�gbcnvwqÊ^sadc�m�tyg)ÕÉ���dg)gbc�qJ^�lb�d�h^bgsty��^sv}ijq¼tyqhm ä » �7�nijqJ­jc�g)lbv}ijq¼a�tyltyx}�Ft~¥{l×�kc�cnq ekc�g¦��ijgb��c�m¡v}q¡^badvwl_��iygb� �
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 / ndf 2χ  115.8 / 51

Constant  81± 1.465e+05 

Mean      0.0± 391.5 

Sigma     0.04± 27.25 
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 / ndf 2χ  115.8 / 51

Constant  81± 1.465e+05 

Mean      0.0± 391.5 

Sigma     0.04± 27.25 

Ø¾ÙhÚ
Λ = 1.502

 / ndf 2χ    124 / 65

Constant  64± 1.17e+05 

Mean      0.0± 579.5 

Sigma     0.05± 34.17 
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 / ndf 2χ    124 / 65

Constant  64± 1.17e+05 

Mean      0.0± 579.5 

Sigma     0.05± 34.17 

Ø¾é�Ú
Λ = 1.503

 / ndf 2χ  164.2 / 77

Constant  55± 1.001e+05 

Mean      0.0± 767.7 

Sigma     0.05± 39.85 
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Constant  55± 1.001e+05 

Mean      0.0± 767.7 

Sigma     0.05± 39.85 
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 / ndf 2χ  164.2 / 77

Constant  55± 1.001e+05 

Mean      0.0± 767.7 

Sigma     0.05± 39.85 

Ø�íjÚ
Λ = 1.501

 / ndf 2χ  143.9 / 87

Constant  49± 8.909e+04 

Mean      0.0± 954.4 

Sigma     0.06± 44.77 
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Constant  49± 8.909e+04 

Mean      0.0± 954.4 

Sigma     0.06± 44.77 
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 / ndf 2χ  143.9 / 87

Constant  49± 8.909e+04 

Mean      0.0± 954.4 

Sigma     0.06± 44.77 

Ø�ð�Ú
Λ = 1.499ï¤ð}ñNò{óõô[øC+{÷���÷�ú©þÈÎ��,����� ��ü
�H/=���A���rÿK�,� �*�G�7�~� ­düyþLú3·¬­��²�*�#�;��­dü5� �Jüyüuþ��£ü
��¸t�%ý����������,$Ì·¬­��E�*��ø

���£þ3�*�ný§�,�7�~���%ý��µ�,�dþ
χ2/

�dþD�����,� ���º�îüR�5�dþÉÿ�� � ­��;� �������dþR�~$N·¬­��7�£üßýrý1���K����ÿ�ü
�
Λ���~�d������� � ­��\/G���A�%�rÿK�,�Þÿ �3�Nÿ�þ�� ­

σ
�,�dþF�7���,�

Q {C|<} ÿ��c��­dü5���±������üt��� ­��´����üR��ú
Λ = σ/

√

Q {C|<} − P
�9�Nÿ�� ­a� ­���þ��ný�¹3�~�~ýrý1�����

P = 62.5
!(ö@û �£üR�5���#�~$

]�ÅJtyv}qNª¤tyl���v}^saÄ^badc È �hx}^svæ� f ijvwl)lbijqÄ��cn^badi{mNª¤lbv}�Lv}x�tyg)x}¥¼Åyi¨i{m
χ2/

qhmh�×gstu^bvwijl�a�t~­jc¡��cnc�qty�£ahvwcn­yc�m � Ð ij�hg�Ìd^blÉtyg)cÆlbahiõ��q tulÉtyq cßÒdtu�Ledx}c v}qÓÌ�Åy�dgbc Î5�h�UT{� � adc¼lbty��c m�t;^£tÃl)cn^Év}l�dl)c�m tul�v}qOÌ�Åy�dgbc ÎA�h�®Îj� ]�x®^sadiy�dÅja0^sadc�m�tu^stÆtyg)c��fc�x}x�mhc�lb�ngbv}��cnmÃ�J¥Ët�
@ty�dlbl)v�tyq0���dqd��^sv}ijqv}qÑtÆq�tyg)gbi'� v}qJ^sc�g¦­utyx_tyg)ij�dqdmÄ^badcÉekc~tyÕOe�iylbv}^bvwijq\ª`^sadcÉ�hqdmdc�g)x}¥{vwqhÅ f ijv}lbl)ijqÑl)^£t;^svwl¦^sv}��l���tyq�kc-ij�dl)c�g)­yc�m �|� c�qhc~tu^ba¡^badc-��ij�dg�adv}l)^bijÅjgstu�Llfiy��ÌdÅj�dgbc Î5�h�UT ^badc-��ijg)gbcnx�tu^bvwijq Λ
�kcn^r�fc�cnq ^badc
@ty�dl)lbv�tuq�V#l���v}mh^sa

σ
tyqdmÊ�Lc�tyq

Q VXWXY vwl�Åyv}­jcnq � o¾^×vwl�mdc�Ì�qdcnm¼tyl
Λ =

σ
√

Q VXWZY − P

� Î5�h�P^ �
� adc edadiy^bi¨mhcn^scn�n^bijgtV�l¢m�tyg)Õ ���dg)gbcnq�^

P
adtyl[�kc�cnq �Lc�tylb�hgbc�m lbc�edtygstu^bc�x®¥ ^siÃ�kc

P = 62.5ä » � ��iy�dqJ^sl � � adc[­utyx}�dc�l�iy� Λ
tugbc¢tuxw��ijl)^@^sahc¢lsty��c§��ijgptyx}x¤��ij�dg��Lc�tylb�dg)c���c�qJ^sl � � adv}l�nijgbg)c�lbekijqdmhl×^bi§^badc-��vwmh^ba¡iy�©t f iyvwlbl)ijqÊmdvwl¦^sgbv}�d�h^bvwijq[��v®^sa¡��c~tyq

N
lb��tyxwv}qdÅ���v}^ba √

N �

ÎjÎ Q
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� ¬U���Ò¦�¢°�SR ¬­¤�¬Z���9¬�¥�����¬�T9¡�¨SR
� adcÃedtygsty��cn^bc�g)lÆiy��v}qJ^sc�g)c�l¦^¼tyg)cË^badcÃq��d�p�kc�gÊiy��ehadiy^si{c�x}c���^sgbiyqdlÆv}q´^badc È �hx}^svæ� f ijvwl)lbijq�Li{mdcnxëª_tuqdm ^sahc ij�¨^sed�h^[�£a�tyg)ÅjcÆv}qÓ^sahc¹
@ty�dlbl)v�tyqÓ�~tyl)cyª�v � c � ^badcÆ��c~tuq iy� ^badcÆmhvwl)^bgbv}�d�¨�^sv}ijq � � adc�gbc�xwtu^sv®­jc§l)^stu^sv}l)^bvw�~tux©c�g)gbijg)l�iyqO^badc�l)cLe�tugsty��cn^bc�gbl�tyg)c[tugbij�dqhm 10−4

��adcnqÃ�dl)vwqdÅ^sadc È �dx}^bv®� f ijv}lblbiyqLÌd^F�Lc�^sadi{m � orqÉ��tylbc iu�Þ
�ty�hlblbvwtyq[Ìd^)^sv}qdÅ�^badcn¥[tygbc���cnxwi'� 5 · 10−5
vwq�^sadc­utyl)^F�[tD`)iygbv}^r¥piy���~tulbc�l � ]7���dg¦^sadcngFtumh­utyqJ^£tyÅjc�iy�N^badc 
@ty�dl)lbv�tuq[tyehedgbiJtu�£aÉtygbc�t�g)ij�d�dl¦^_tyqhm�îtyl)^�Ìh^�g)ij�h^bvwqdc ^ba�tu^�vwl�qhiy^×mdc�ekc�qdmhc�qJ^�iyqÊ�fc�x}x®�¾^b�dqdcnmÊv}qdv}^bv�tyx¬�nijqdmdv®^svwiyqdl �� adc¹
�ty�hlblbvwtyq È i¨mdcnx�a�tul[�kc�c�qÏ�hlbc�m ��iygL^sahcÆÌd^b^bvwqdÅËiy�-^sahcÆgbcn��ijg)mdc�mÏehadiy^si{mdc�^sc���^sijglbekc���^sgst§vwqÊtyx}x�^badc@mdv}È�c�g)c�qJ^×�Lc�tylb�dg)c���c�qJ^sl�mdcnlb�ngbvw�kc�m ��cnxwi'� �� adc�gbcnlb�dx®^sl×ij�h^styvwqdcnmÊ��iyg×^badc�ehadiy^si{mdc�^sc���^sijg×qdijqhxwvwqhc~tyg)v}^r¥¢mhv}È�c�g�lbx}vwÅjaJ^sx®¥¢mdcne�cnqdmdv}qdÅ[ijq��adcn^badc�gÊc�v®^sadcngÉ^sadc È �dx®^svæ� f iyvwlbl)ijq ijg¢^sahc<
@ty�dl)lbvwtyq7��cn^badi{m �FtylÊ�dlbcnm7��ijg¢Ìh^b^sv}qdÅ ^sadcedadiy^bi¨mhcn^scn�n^bijg`l)e�cn�n^sg)�d� � � adv}l`vwl�vwqJ^bc�gbehgbcn^bc�m§tyl`t�l¦¥¨l¦^scn�[tu^bvw�f�dqd��cng)^styvwqJ^r¥�iy�d^sahc_tyq�tux}¥{lbv}l �] mdcn^styvwx}c�mÉmdcnlb��g)vweh^bvwijq¡��tyq �kc-��ij�dqdm¡v}qÊl)c���^svwiyq ÎA�¨�YXh�YT ijqÊe�tyÅjc ÎAT Í �

°87¬á1�Ùá�� ·�¸FÀdÆ-½É»�	ËÀs»�¸�ÁL¿�Ç
]_^«Ì�gbl¦^fÅyx�tyqd�ncyªJ^sahc×c�tylbv}c�l¦^FtuqdmL��ijl¦^«gbc�ehgbi{md�d��v}�dxwc_�Ft~¥�^si���ijqJ^bgbijxd^badc×ty�Liy�dqJ^«iy�\x}vwÅjaJ^«ijq^sadc�ehadiy^si{�~t;^sadi{mdc�vwl�^sadc��dl)c�iy�kijeh^sv}�~tyx{Ì�x}^bc�g)l � z�v}ÅjaJ^~ªy��g)ij� tyq�z iG» ��ijg©c�Òhty��edx}cyªJvwl©tu^b^bc�q¨���tu^bc�m tyqdm¡Åj�dv}mdc�mÉ^sip^badc@edadiy^bi¨mhcn^scn�n^bijg � � adv}l�vwl�gbcne�c�tu^scnmÊ��v®^saÉmdv®È\cngbcnq�^�Ì�x®^scngbl�ªdtyqdmÉ^sadcedadiy^bi¨mhcn^scn�n^bijgtV�lfg)c�l)e�ijqhlbc�^bi�mhv}È�c�gbcnqJ^_ty��ij�dqJ^bl�iu�Nxwv}ÅjaJ^¤vwl«g)c���iygbmdcnm � � adc�ehadiy^si{mdc�^sc���^sijg,V#lxwv}qdc~tyg)v}^r¥É��tyq¼^sa��dl���c��Lc�tylb�dg)c�mÆ^biÉt[x}cn­jcnx`�nijgbg)c�lbekijqdmhvwqdÅ�^si[^badcpedg)c���v}lbv}ijqÆiy�«Õ�qdi'��x}c�mdÅjciy��^sadc-Ì�x®^sc�g)ltVd^bgstyqdl)�Lv}lbl)vwijqÉ�ni¨c~ÍL�nvwcnq�^ �Ð ijg¤^sahvwl�tyq�tyx®¥{lbvwl�t�lbcn^Fiy�\Ìh­jc�iyeh^sv}�~tyx�Ì�x®^sc�g)l :`�_tylFt~­ytuvwx�tu�dxwc � � cn��ijg)c��dl)vwqdÅ�^sadcn�Vvwq�edadiu�^si{mdcn^bc���^sijg�xwv}qdc~tyg)v}^r¥¶��c~tulb�dg)c���c�qJ^slnª�^sahcn¥O�Fcngbc[��tyxwv}�dgst;^sc�mËtu^�Ï�mR�A{~}#�.{~oy��}
¡�¢ Ù´m�oyoWx���{~}
� Ï��ÈÙ�� T �
Õ+êµÔ�ü´Ô�Õ�Ô��E'�-ªÚ�Þ����ËÜ	-,'��"�tÜ¦Ú�'KÙE�
] l)e�cn�n^sg)ij��cn^sg)vw�L�Lc�tylb�dg)c���c�qJ^piu��^sadc�Ì�x}^bc�gbl,V�^bgstyqdl)�Lv}lbl)vwijqO��i{c,Í���v}c�qJ^�v}qË^sahc¢gstyqhÅjc[�kc��^r�Fcnc�q

200 nm
tyqhm

2000 nm
��v®^saÃtÊl¦^sc�eÃlbvw�ncLiu�

1 nm
�Ftyl�ekc�g¦��ijgb��c�mÃtu^@^sadcLz�� _�� � adclbekc���^sgbiy�Lc�^sc�gF�dlbcnm¢�_tyl_tS×g{~} �Rs#o\�	p�¢ {~}.Ï�m�¢S��Ê�m�@CBAB � � adc-ty�n���dgbty�n¥[iy����c~tyl)�dgbcn�LcnqJ^sl�tyll)^stu^scnm �J¥É^sahc�z�� _ ��tyq �kc ��ij�dqhm v}q¡^sty�dx}c ÎA�h�®Î ijqÊ^badc-��ijxwx}i'��vwqdÅpedtyÅjc �Ð ijg\Ìdx}^scngbl T ª X ª;tyqhm ^ ^badgbcnc¤lbc�g)vwcnl�iu�h��c~tyl)�dgbcn�LcnqJ^sl�a�t~­jc��kc�c�q@ekc�g¦��ijgb��c�m@i'­jcng|^badc¤c�qJ^bvwgbclbekc���^sgstux�gbtyqdÅjcuª{��adcngbc�tylf��ijg«Ì�x®^sc�g Q tyqdm Î5� ijqhx}¥�^r�fi�tyqdmLijqdc×lbc�g)vwcnlFa�t~­jc���cnc�q¢��c~tulb�dg)c�mNªgbcnlbekc��n^bv}­yc�x}¥ �pÐ v}Åj�dg)c ÎA�h�PX �îtJ��lbahiõ��l-^badcp^sgbtyqdlb��vwl)lbv}ijq¼��i{c,Í��nvwc�qJ^-­yc�gbl)�dl-^sadcp�Ft~­jcnxwc�qhÅy^sa �� adc[ekc~tuÕ0�Ft~­jcnxwc�qhÅy^saÄiu�_^sadcLz iG» �dlbcnmÄvwqO^sadv}l�^badc�l)vwl,V���c~tulb�dg)c���c�qJ^sl¢�

λ = 470 nm
�@v}l�[tugbÕycnm¶�J¥¼tL­yc�g¦^svw��tyx`�hx�ty�£ÕÊxwv}qdc � � adcpgbi{iy^��Lc�tyq¼lb����tugbcpiy�¤^badcpmdv®È\cngbcnq�^ �Lc�tylb�dg)c���c�qJ^sl��ijg_Ì�x®^sc�g)l T ª X ªdtyqdm ^ �Ftyl���iy�Le�tugbc�mÉ^bi§^badc@gbcnx�tu^bv}­jc-�hqd��cng)^£tuvwqJ^r¥É��v®^scnmÊ�J¥¡z�� _ iy�

0.08 %�îl)c�c@^£ty�dx}c ÎA�h�®Î ijq¡^sadc@qdcßÒ¨^×e�tuÅjc'� � � ahc�g)c�l)�dx}^bl�tugbc@lbadi'��qÊvwqÉÌ�Åj�hgbc ÎA�h�PX �î��� �
U�è#ì�â�ôõè©åæà�Û Û#à�q�è ìâVFáãè¦åæè¦áëáãè�é�âëà_Þ�ä������j�� ¢¡¤£F¥�¦¨§¢�� ª©¬«<­�«_®¯«±°�«z²³£k´Hµ¬¶\�·�¸�¸�¹�º�»�»�¼�¼�¼�½�¾K¿ÁÀ¬ÂKÃFÄ�Å�Â�Æ�¸�Ã�Ç�È_ÄK·�¿¬Æ�Æ¯ÉKÊ�ÂKÃ±½�Ë�Â

ÎjÎAk
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�_t~­yc�xwcnqdÅy^ba¼ty�n���dgbty�n¥
< 0.08 nm

� °�l 
 l o¦Ôh�
< 0.32 nm

� / o j ��Ft~­jc�x}c�qdÅu^saÆg)c�edg)i¨mh�d��v}�dvwx}v}^r¥
< 0.02 nm

� °�l 
 l o¦Ôh�
< 0.08 nm

� / o j �gbcnx�tu^bv}­jc-ehadiy^siy�Lc�^sgbv}�-ty�n���dgbty�n¥ ±0.08 %

ÌZÍZÎ�Ï ôÉøC+{÷ùø�÷�úW�|���~�~ý§�R��
Éü
�.��ý§�,�����-ÿ����rÿ�ü
�¨�£ü���ü7�%ÿ ����� �7���t�
�~ý1���7�����#�×ü
�`ü§����ÿ ���,���������%ý��1�����%ý��ãüßý��7�£þ
����«<ÐÒòº$ZÑjÒ,Ó,Ô�Õ¢ÖØ×PÙ �ÛÚ�ÜÞÝ Ö � ×�ßcÓFàâáKÔ Ú�Üäã Õ � ÖPßKåCàâæ�Ôpç ��� Ù Ü çpèPÙ � Ù ��é�ê
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Ø¾é|Ú�áëè¦ÛÝÜ£â�è�Znè©è¦áëáãàná
ï¤ð}ñNò{óõô[øC+{÷K©h÷�úzë\ÿ������%ý7��ý§�,�����-ÿ����rÿ�ü
� �£üI��ü7�%ÿ �����#�w�t���7���t�~�~ý1�£þN�1
�«<ÐÒòº$¦·¬­��7¸t�%ý
��ÿ ���,�g�t�K�R�d¹a� ÿ����þ����düR���%�3� ­����¾���,¹ ���A¸t��� ������� ­Ñü
�º� ­��µ«�þ¾ö �A�1�£þ¡ÿ�� � ­Jÿ�� � ­��%�%ÿ�� ÿ��7���t�
�~ý1���7�����#�

÷
λ = 470 nm

ù,$
÷K�~ù�� ­��«ý1���£üßýsþ��£þ�þõÿ��~��ýrÿ�������ÿ�ü
����ü
�.��ý§�,�����-ÿ����rÿ�ü
�¨�£ü���ü7�%ÿ �����#�=�îüßý«�*¸t�×þõÿ��9�%ý1�����©ü§�yø
��ÿ ���,���������%ý��~$
÷��,ù�ýsüuüR���7���,�´�öû��R�ný1���ãüßýW�îüR�~ý`ü
�9� ­��%�1���7���t�
�~ý1���7�����#�.�£ü
���*�ný1�£þµ�ëüg� ­����7���t�
�~ý1�§ø
�7�����#� ÿ'ý1���K����ÿ�¸t���5�����%ý
���nÿ�����
Êü
�

0.08%
�%ÿ����£þ ��
3«<ÐÒò�÷��w�ný�¹��£þË�1
L� ­��G­düßýrÿ��~ü
�����,�

� ÿ�����ù,$

Ð iyg�Ì�x®^scngbl T ª X ª`tyqdm ^ ^badc[mhv}È�c�gbcnqd��cL��c�^r�Fcnc�qÑlbv}qdÅjx}cL��c~tyl)�dgbcn�LcnqJ^sl�l)c�cn�Ll�^bi¼gbc~²�c���^^badc�x}cn­yc�x|iy�©�hqd��cng)^£tuvwqJ^r¥Êtyl×��v}^bc�mÊ�J¥Êzª� _��¬Ð ijg�Ì�x}^bc�g Q ª�adi'�fcn­jcng�ªk^sadc�mdcn­{vwtu^sv}ijqdl���c�^r�Fcnc�q�kiy^saO��c~tyl)�dgbcn�Lcnq�^bl�v}l@��ijqdl)vwmdcngsty�hx}¥¶xwtygbÅjcng-^sa�tyq
0.08 %

i'­yc�g@^sadc�c�qJ^sv}gbc§lbekc���^sgbtyxfgbtyqdÅjc �Ð ijg-���dg¦^sadcng���tyxw�n�dx�tu^bvwijqhl�ªN^sahcLcngbgbiyg�t;^b^sg)vw�d�¨^sc�m0^si¡^sahcLÅjgbtyedadl�iy�fÌ�Åj�dg)c ÎA�¨�YX �îtJ� vwl@lbc�^�^bi^badc�g)i¨iu^��Lc�tyq¡lb����tyg)c�iy��^sadc@v}qdv}^bv�tyx��Lc�tylb�dg)c���c�qJ^slnª¬�d�h^×vwl×tu^�x}c~tyl¦^
0.08 % ��Ð ijg_Ì�x®^scng Î5� ª��ijg×��advw�£a¶iyqdx}¥¡ijqhcplbv}qdÅjxwc�lbcngbv}c�l iy�«��c~tulb�dg)c���c�qJ^sl��Ftyl ekc�g¦��ijgb��c�m\ª\tyq¶cngbg)ijg�iy�

0.08 %
vwltyl)lb�d��c�m �� adc¡z i=» �hlbc�mÑv}qÃ^sadcnlbc¡��c~tyl)�dgbcn�Lcnq�^blpmdi{c�l�qdiu^pc���v}^�xwv}ÅjaJ^ptu^�tÆlbv}qdÅjxwc��_t~­yc�xwcnqdÅy^ba �]��n��ijg)mdvwqdÅ�^si�^badc��Ltyq��h�îty��^s�dg)c�g,V#lfm�tu^£tulbadcncn^´M Q Î Qãª�^sadc�c���vwlbl)vwijqLlbekc���^sgb�h�Z��ijx}xwi'��l�tP
@ty�dl%�l)v�tyqOmdvwl¦^sg)vw�d�h^bvwijq¶��v®^saËtÊekc~tyÕ¼�Ft~­jcnxwc�qhÅy^sa t;^

λ I³L�[¢ì = 470 nm
tyqdmÃt¡���dx}x®�ë��vwmh^ba¨�%tu^¦�ra�tux}����Lt;Ò¨vw�p�h� iy� Ð ³ _ È

= 35 nm � ] Åjgbtyedadv}�~tyxkgbcnedgbcnlbc�qJ^stu^sv}ijq¡iy�|c���vwl)lbvwiyq[lbekc���^sg)�d� v}lFmdv}l¦�

ÎDTI�
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wavelength / nm
400 420 440 460 480 500 520 540

a.
u.

−410

−310

−210

ï¤ð}ñNò{ó;ô[ø,+¨÷ª¶d÷�ú.·¬­��¤«�þ¾ö�ÿ �ß���-ÿ����%ÿ�ü
�3���¾���~��ý
�5���t�«ý1���£ü
���
��ý
���~���£þB�}ýsü
� � ­��(�*�ný§�,�7�~���%ý��=�ãüR�5�dþ�ÿ��
� ­���þ������t��­����~�8�7ùR��"%$G·¬­��(�¾���,¹ ���A¸t��� ������� ­[ÿ��

λ ������� = 470 nm
$

edx�t~¥yc�m�vwqpÌ�Åj�hgbc ÎA�h� ^d� orqLijg)mdc�g©^bi-��ijg)gbcn�n^sx®¥��~tuxw���hx�tu^bcf^sahc�Ìdx}^scngbl,Vy^sgbtyqdlb��vwl)lbv}ijqp��i{c,Í��nvwc�qJ^blv}^-v}l@tyxwl)iÉqdc��nc�l)lstyg¦¥¶^siÉ^£tyÕuc§vwqJ^siÊty�n��ij�dqJ^-^badc§�{�dtyqJ^s�d�Kc~Í���vwcnqd�n¥0iu�f^badc�edadiy^bi¨mhcn^scn�n^bijg �� adcÊ�{�dtyqJ^s�d� c,Í��nvwc�qh�n¥Ña�tyl��kc�c�qÓc�Ò{^sgbty�n^bc�mÖ��gbij� t0edx}iy^�vwq ^sadcÊedadiu^si{mdcn^bc��n^bijgtV�l�m�tu^£tlbadcncn^LM Q T Q � o¾^pa�tul��kc�c�q edtygsty��cn^bgbv}��c�mO�J¥ÄtuqÄc�v}ÅjaJ^saÃiygbmdcng�ekijx}¥{qdij��v�tux©vwqÃtÊ�Ft'­yc�x}c�qdÅy^bavwqJ^scng)­utyx���c�^r�Fcnc�q
300

tyqhm
600 nm

ªNv}q¶ijgbmdcng ^siÉ�niõ­yc�g-^sahc§z iG» V�l-lbekc���^sgbtyx¤gstyqhÅjc � ] edxwiu^�~tyqÊ�kc@��iy�dqdm¡vwqÉÌ�Åj�hgbc ÎA�h� R ijqÉ^sadc-��ijx}xwi'��vwqdÅ�e�tyÅjc �� adc�Ì�x}^bc�g,V#l�^sgstuqdlb��vwl)lbvwiyq��ni¨c~ÍL�nvwcnq�^bl`��ijg|^sadc�^scnl)^¤l)cn^s�he��Fcngbc_mhcn^scngb��vwqdcnmp�dl)vwqdÅ�t È ijqJ^sc�_tygbx}i-tyedehgbiJty�£aWS
107

edadiy^bijqdl`�fc�g)c�Åjc�qdcngstu^bc�m�ty�n��ijg)mdvwqdÅ�^si�^badc�z i=» V#l¤cn�Lv}lblbv}ijq�l)e�cn�n^bgb�d���Ì�Åy�dgbc ÎA�h� ^ � � � adc�q���ijg«c~ty�£aLedadiy^bijq¢t È ijqJ^bc �_tyg)xwi@c�Ò¨ekc�g)vw��c�qJ^«�_tylfe�cng)��ijg)�Lcnm�^si�mdcn^bc�g¦��Lv}qdc_��adc�^sadcng�^badc�edadiy^bijqLedtylbl)c�lft@Åyv}­jcnq�Ìdx}^scng � � ahc��Ft~­jcnxwc�qhÅy^saLmdc�ekc�qdmhc�qJ^F^bgstyqdl)�Lv}lbl)vwijqlbekc���^sgst¼g)c��nijgbmdcnm �J¥ z�� _ �fc�g)cÉ�dlbcnmÄ��ijg�^badvwl¢��Ì�Åj�hgbc ÎA�¨�YX �îtJ�b� � � adc[edgbi{��cnmd�dgbcL�_tyl�g)c��e�c�tu^scnmÖ��iygLtuxwx_edahiy^sijqhl�edtylbl)vwqdÅ0^sadcÉÌ�x®^scng�ª«^sadv}l§^bvw��c¢�dl)vwqdÅ0^sadc¡e�tugsty��cn^bgbvw��tu^sv}ijq iy�×^sadc����tyqJ^s�d� c,Í���v}c�qd��¥¶�ùÌ�Åj�dg)c ÎA�h� R � � � advwlF�n¥{��x}c��_tul_gbcne�c�tu^scnm¢^sc�q¢^bvw��c�l«��ijgFc�­jcng)¥¢Ì�x®^scngFtyqhm^sadc×�~tulbc�iu��qdi�Ìdx}^scng �`Ð vwÅj�hgbc ÎA�h� O�ijqLe�tyÅjc ÎDT�X lbahiõ��l�^sadc�lbekc���^sgstux�mdv}l)^bgbvw�h�h^sv}ijqdl«tyqdm�^siy^styxq��d�p�kc�g×iy�©edahiy^sijqhl�tu�ù^bc�g�c~tu�£aÆl)^bc�eNªkvwq¡^sahvwl��~tyl)c���iyg�Ìdx}^scng
2 �_Ð ijg�t�Åjv}­yc�q¡Ì�x}^bc�gnªd^sadc@Ì�q�tyxq��d�p�kc�g«iy�kedadiy^bijqdl«c�����tuxwl¤^sadc�Ì�x®^scngtV�l©^sgstuqdlb��vwl)lbvwiyq���i{c,Í���v}c�qJ^«��adc�q�qdijg)�[tyx}vw�nc�m���v®^sa�^sadcÌ�q�tyx�q��d����cng×iu�`edahiy^sijqhl���v®^sadiy�h^×tyqJ¥¢Ì�x®^sc�g �orqÓtymdmdv®^sv}ijqÄ^si¶^sahvwl�ªft¶l)¥{l)^bc��Ltu^sv}�¡lbadv®�ù^§iy��^badcÉ^sgstuqdlb��vwl)lbvwiyq ��i{c,Í���v}c�qJ^§�_tyl�l)^b�dmdv}c�m�S� adcÆ^bgstyqdl)�Lv}lbl)vwijqÖ�Lc�tylb�hgbc���c�qJ^L��gbij� Ì�Åj�hgbc Î5�h�YX �ãtJ�p�_tul¢lbadv®�ù^scnm �deÏtyqhm mdi'��q �J¥ v®^slgbcnlbekc��n^bv}­yc cngbgbiyg � ]�qhiy^sadcng�^sc�qÖ�n¥{�nxwc�l��fc�g)c mdiyqdc¡c~ty�£a � � adcÊ��c~tyq ­utyxw�hc�l�iy����iu^sa ^sadcl)¥{l)^bc��Ltu^sv}�§�n¥{��x}c�l�tyqdm0^sadc§ijg)vwÅjv}q�tyx`l)vw�p�hx�tu^bvwijqÆ�Ftyl���ij��e�tyg)c�m¶^si¡^sahc�g)i¨iu^@�Lc�tyq0lb����tyg)c��gbij� ^sadcÊx�tu^)^scng � / iËl)vwÅjqhv}Ì���tyqJ^Lmhv}È�c�gbcnqd��cÊ��iy�dxwmÖ��cÊij�dl)c�g¦­jc�m � h �J­{vwiy�dlbx®¥jªFl¦¥{l)^scn�[t;^svw�cnÈ�c���^sl�tyg)c�l¦^sv}xwx���i'­yc�gbcnm¡��¥§^badc È iyq�^bc-�_tyg)xwi�l)^stu^sv}l)^sv}��l � o¾^F�FtylFmhc���v}mdc�mL^sa�tu^f^sadc�ty�n���dgbty�n¥
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ï¤ð}ñNò{óõô[øC+{÷�¼¨÷�ú¤!|�R�,�����5� ��ü7�%ÿ ������
 ü
�w� ­���òß�,�w�,�w���#�
��óßûâôâõ3õ �w�5����ÿªø��,�düyþ��w��­düR�ëü
�w�5����ÿ ��� ÿ �%ý1�
�ÕÎ���ý§�R�~���£þ|�}ýsü
� �7ù,��"��A�,�dþ(�*�ný§�,�7�~��ýrÿ��5�£þ´��
;�,�º�%ÿU�D­�� ­�üßýsþ��%ý���ü
�Y
��dü
�-ÿK�,��$.·¬­��������,¹
�W�D¸t��� ������� ­ ü
�(� ­��	«�þ¾öþ�A���£þµ�îüßýg� ­��	�7���t�
�~ý1���7�����#�	­��%ý1�%ÿ��§ÿ��

λ ������� = 470 nm
$

iy�F^sadc¢��cn^badi{mÃvwl�lb��ÍL�nvwcnq�^�ª«tyqdmÃ^ba��dl�ª`^badc[��c~tuqÄiy�_^badcL^bc�qÄ��¥¨�nxwcnl���v}^badij�h^�l)¥{l)^bc��Ltu^sv}�l)adv}�ù^bl-tygbc��dlbcnmËtul�^sadc�^sgstuqdlb��vwl)lbvwiyq¼��i{c,Í���v}c�qJ^ ��ijg�^sadv}l tyq�tux}¥{lbv}ltV\l)cn^b�de � � adc�gbi{iy^��Lc�tyql)�{�dtygbc�vwl��dl)c�mÆtyl�tyqÊc�gbg)ijg�tu^)^sgbv}�d�h^bc�mÉ^si�^sahc�lbc@­utyxw�hc�l �� ty�hxwc Î5�h�UT lbadi'��l©^sahc_Ì�q�tyx{gbcnlb�dx®^sl©��ijg�^sadcF^bgstyqhlb��vwlbl)vwijq���i{c,Í���v}c�qJ^sl©��iyg�^sahc_mdv}È�c�g)c�qJ^¤ije{�^bvw�~tux{Ì�x®^scngbl � Ô¨vwqd�ncF^sahc_^sc�l¦^s�ki~Ò�edg)iõ­{v}mdc�l¤��ij�dqJ^sv}qdÅ���ijg��de�^si ^badgbcncFÌ�x}^bc�g)l��îl)c�c�lbcn�n^sv}ijq kh�®Î ��ª^badcÉ^£ty�dx}c¡tymdmdv®^sv}ijq�tyx}x}¥0lbahiõ��l�^sadcÉ^bgstyqdl)�Lv}lbl)vwijq �ni¨c~ÍL�nvwcnq�^bl���iygp^sadcÉÌ�x®^sc�g��nij�p�dv}q�tu^bvwijqdl�dl)c�m vwq¡x�tu^bc�g_��c~tulb�dg)c���c�qJ^sl �
Ìdx}^scngbl ^sgstuqdlb��vwl)lbvwiyqÉ��i{c,Í���v}c�qJ^ ty�hlbijx}�h^sc-cngbgbiyg

2 0.66573 7.08 · 10−4

3 0.50433 5.68 · 10−4

4 0.40244 5.48 · 10−4

8 0.03936 1.53 · 10−4

10 0.00112 0.18 · 10−4

2 + 3 0.33575 5.20 · 10−4

2 + 4 0.26791 4.63 · 10−4

3 + 4 0.20296 3.59 · 10−4

2 + 3 + 4 0.13512 2.79 · 10−4

ÌZÍZÎ�Ï ôÉøC+{÷���÷�ú¦·jý§�,�����-ÿ��%�rÿ�ü
�µ�£ü���ü7�%ÿ �����#�`ü
�dü§����ÿ ���,�Q�������%ý��1�����,¹yÿ����Fÿ����ëü	�R���£üR�5����� ­����d�����~��ý§�,�yý§�,�����ü
��� ­��W«�þ¾ö��,�dþ�� ­��­û��R�,�����5� ��ü7�%ÿ ������
 ü
��� ­�����­düR�ëüyþ��~�����~�ëüßý �A�1�£þfÿ��c� ­Jÿ��W�,���,�Y
��rÿ��~$
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ï¤ð}ñNò{ó;ô[ø,+¨÷í$¨÷�ú¬ö��~���%ý��-ÿ�������ÿ�ü
�Ëü
� �������%ý���ÿ���ý§�,�����-ÿ����rÿ�ü
���£üI��ü7�%ÿ �����#�B�1
��Pñ¡ü
������û��ný���üB�7�~� ­düuþ�$
½I­dü5��� �ný1�¤� ­�� ���¾���~��ý§�,�¬þõÿ��
��ýrÿ�������ÿ�ü
����ü
��� ­���ÿ����%ÿ�þ������	÷U�������%ý§�����£þAù���­düR�ëü
����÷��sü
� ÿ�þ
�t�K�R��¹�­Jÿ��
�ëü��õý§�,�ºù��(� ­��	��­düR�ëü
���G�*�t���rÿ����F� ­��	�������%ý ÷�þ��t��­��£þ�ý1�£þ�­Jÿ��
�ëü��õý§�,�ºù����,�dþ
� ­��*��­düR�ëü
���8�,�����%ý��1�����Y
jÿ����c� ­��*��­düR�ëüuþ��~�����~�ëüßý ÿ � û��R�,�����5�¯��ü7�%ÿ ������
�÷�þJüR�����£þµ�t�����
� ÿ�����ù,$=·¬­��g�ëüR���,�����5�7���%ýFü
����­düR�ëü
���=�,�����%ý|���R�d­ �
���d�Lÿ�� � ÿ��
���£þ-ÿ�� � ­��¦� �������dþ�$=·¬­���������%ý ÿ �.��ý§�,�����-ÿ����%ÿ�ü
�µ�£ü���ü7�%ÿ �����¬���,�B����þ��%ýrÿ�¸t�£þß�wýsü
�¥� ­������5�7���%ý�ü
�R��­düR�ëü
���¾�,�����%ý
� ­��"�����,�¬�
���d� �düßý��w�,� ÿ��5�£þË�Nÿ�� ­a� ­��)�����,�*���5�7���%ý×ü
����­düR�ëü
�����Nÿ�� ­düR���(�,�A
��������%ý~$
·¬­Jÿ��(����üR�G�W�t�_þJü
���	�îüßý«�������%ý

2
$

Õ+êµÔ�ü´Ôdü´ÔþÖ¨Ø=Ù	Ú�ÙºÝßÞ Ú�Þ(Û�Ú�Ù1��î '*�GÞ Ü"��'KÚDÿ í Þ Ü)ç©�	�tÞ�æþÞ��¦Ú5ç
orq iygbmdcng�^bi§�Lc�tylb�dg)c-^sadc�edadiy^bi¨mhcn^scn�n^bijg�qdijqdx}vwqdc�tygbv®^r¥L^badc-��ijxwx}iõ��v}qdÅpl)cn^s�he �Ftyl��dlbcnm�S � adcz i=» �_tul[ed�dx}lbcnmÓ��v}^ba t¶��gbcn�{�hc�qd��¥ iy�

f = 10 kHz
ª_tOed�hxwlbcÊxwcnqdÅy^baÓiy�

t = 50 ns
ª_tyqhmtÄ­jijx®^£tyÅjc¶iu�

U ï�ðFW = −5 V � � adc0edadiy^bi¨mdc�^scn�n^siyg¡�Ftyl¡ijekc�gbtu^scnm tu^Êt adv}Åja ­jiyx}^£tuÅjc¶iy�
U ñCò = −800 V � Ð ijg�^sahc ä » �Zgbc�tymdij�¨^�t¼ÅJtu^scÉiu��x}c�qdÅu^sa

t ó�[�ÀôL = 200 ns
�_tul��hlbc�m � ]^siy^styx iy��c�v}ÅjaJ^¡�Lc�tylb�dg)c���c�qJ^sl¡�fc�gbcOekc�g)��iygb��c�mÏ��v}^ba´Ì�x®^scngbl T ª X ª tyqdm ^ ª���v®^sa´tyx}x���ij�dg��ij���dvwq�t;^svwiyqdlFiy�|^badc�l)cyª¬tyqdmÉ��v®^sadij�¨^�tyqJ¥[Ì�x®^scng@�îl)c�c-^£ty�hxwc ÎA�¨�UT ijq¢^badc-edg)c���cnmdvwqhÅ�edtyÅjc ��ijg^sadc-^bgstyqdl)�Lv}lbl)vwijqÉ�ni¨c~ÍL�nvwcnq�^bl£� �FÐ ijg_c�ty�£aÆ��c~tulb�dg)c���c�qJ^ 107

z i=» ed�dx}lbcnl×�fc�g)c�g)c��nijgbmdcnm �
Ð v}Åj�dg)c ÎA�h� Í�ijqÉ^badc���ijx}xwi'��vwqdÅ�e�tyÅjc�lbadi'��l�^sadc-g)c�l)�dx}^bl�ij�h^£tuvwqdcnm[��v}^ba¢^sadv}l_�Lc�^sadi{m � � adcij�h^bed�h^��£a�tygbÅyc���g)ij� ^sahc�ehadiy^si{mdc�^sc���^sijg,V#l�tyqdi{mdc@vwl�edx}iy^b^bc�m¡­jc�g)lb�dl×^sadc@^sgbtyqdl)�Lv}lblbv}ijq¡��i{cn���Ì���v}c�qJ^sl×iy�`mdv}È�c�g)c�qJ^�Ìdx}^scng���ijq¨Ì�Åj�dgbtu^sv}ijqdl��î�nij�Ledtygbc-^£tu�dxwc ÎA�h�YT � � � adc�c�g)gbijg)l�v}qÉ^sadv}l�ÌdÅj�dgbctygbc�l)^£t;^svwl¦^sv}�~tyx�c�g)gbijg)l gbcnlb�dx®^svwqhÅ[��gbij� ^sahcS
�ty�hlblbvwtyqÆÌd^bl ^si¢^badcpgbcn��ijg)mdc�m0l)e�cn�n^sgbt �w» �dcp^si^sadc�advwÅyaÆl)^stu^sv}l)^bvw��l×�dl)c�mÖ�

107
lbty�Lehxwc�l�e�cng�ekijv}q�^£��ª¬^sadc�l)^stu^sv}l)^sv}�~tyx�cngbg)ijgbl�tygbc��Lv}q{�¨^scyªktyqhmtygbc@l)adi'��qÆtyl×t�gbcnm �dtyqdmÊvwqÊt�lbc�edtygstu^bc@advwl¦^sijÅjgbty� �] l¦^sgstuvwÅjaJ^@xwv}qdcpv}l Ìd^b^bc�m0^si¡^sadc§ekijvwqJ^sl-v}q¶Ì�Åj�dg)c ÎA�h� ÍÉiyqO^badc§qdc�Ò{^�e�tyÅjc � � adc§gbc�xwtu^sv®­jcmdcn­{vwtu^sv}ijqpiy�¬^sahc��Lc�tylb�dg)c�m�m�t;^£t ekijvwqJ^sl���gbij� ^sadv}l©xwv}qdcf^badc�q§Åjv®­jcnl©^sadc�v}q�^bc�Åjgbtyx{qdijqdx}vwqdc�tygbv®^r¥
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ï¤ð}ñNò{óõô[øC+{÷¾ö;÷�úzu�­düR�ëüyþ��~�����~�ëüßýW� ÿ������nýrÿ���
;�7���t�
�~ý1���7�������Nÿ�� ­@ü§����ÿ ���,���������%ý�� ú*�	�düuþ�� �d­��ný����`ü
�R��­dü,ø
�ëüuþ��~�����~�ëüßýFüR���������¬�îüßý=�%ÿU�D­���þõÿ��¬�%ý1�����©�������%ý=�£ü
�?�����~ý§����ÿ�ü
���º÷ �£ü
���*�ný1�g�����t� �ß�3õD$ �,ù,$
·¬­��	�
������ÿ��
��ÿ ���,�¾�%ýrýsüßý��|�ný1�=��­dü5���Ë�t�	��ý1�£þ �D�,�dþ�ÿ����º�1�d�*�ný§�����=­Jÿ��
�ëü��õý§�,�3$

iy�«^badc�edadiy^bi¨mhcn^scn�n^bijg � � adc�edgbi{��cnmd�dg)c�adtyl-��cnc�q0ekc�g)��iygb��c�m¶�dl)vwqdÅ¢Ìd­yc�tyqdm¶lbvæÒ¶ekijvwqJ^bl iy�Ì�Åy�dgbc Î5�h� Í � � advwl_v}lf­{vwl)��tyx}vw��cnm¢vwqLÌ�Åj�dg)c ÎA�h� Q � � adc-l)�d�hÌ�Åj�hgbc�l�iyq¢^sadc-x}cn�ù^)�¾a�tyqdmLlbv}mdc lbahiõ�^badc�Ìd^)^sc�mÉx}vwqdcnl�ª�^sadiylbc ijq¢^badc g)vwÅjaJ^)�¾a�tyqdmLlbv}mdc mdv}lbedxwt'¥§^badc ij�h^styvwqhc�m[v}qJ^sc�Åygstyxkqdijqdx}vwqdc�tygbv®^r¥ �� adc�ekijv}q�^bltVkx�ty�kc�x}l�v}qdmdv}�~tu^bc���adv}�£a¼Ì�x}^bc�g���ij�p�hvwq�tu^bvwijqÊa�tyl���cnc�q0�dlbcnm¼��ijg�^ba�tu^�e�tyg)^bvw�n�dx�tyg��c~tyl)�dgbcn�LcnqJ^ � � iy^saÑ^sadc¡qdiyqdxwv}qdc~tyg)v}^r¥Ãij�h^£tuvwqdcnmÖ�hlbvwqhÅOÌd­ycÄ�ùÌ�Åj�dg)c Î5�h� Q �î�¬�)�ptyqdmÖlbv®ÒÄÌd^ekijvwqJ^bl���Ì�Åj�hgbc ÎA�h� Q ��m¬�b��x}i¨iyÕÊl)vw��vwxwtyg � ]�qdtyxwijÅyij�dl�g)c�l)�dx}^@a�t~­yc��kc�cnqËiy�dlbcng)­jcnmÃ�dl)vwqdÅÉ��ijg)cijg�x}c�l)l×ekijv}q�^bl_��ijg_^sahc�l¦^sgbtyvwÅjaJ^�x}vwqdc�Ìh^ �� adc�qdijqdx}vwqdc�tygbv®^r¥�ij�¨^£tyv}qdc�m§��v}^ba§^badvwl©Ìdx}^scng¤�Lc�^sadi{mLtyedekc~tyg)l«^bi@��c����dv}^bc�x�tyg)Åjc �(j cnx�tu^bv}­jcmdc�­{v�tu^bvwijqdl��de�^bi
2.5 %

��tyq��kcFij�dl)c�g¦­jc�m � � advwl©l)c�cn�Ll©�hqdgbc�tylbijqdty�dx}¥�x�tugbÅjcuªucnlbekc���vwtyxwx®¥-��adc�q�nij�Ledtygbcnm¼^siÉ��c~tyl)�dgbcn�Lcnq�^bl-��v}^sa¶mhv}È�c�gbcnqJ^-�Lc�^sadi{mdl���lbc�cp��iyg c�Òhty��edxwc�lbc���^sv}ijq ÎA�h�PX � � orqtymhmdv}^bvwijq¢^bi§^badvwlnªh^sahc@Ìh^b^scnmÆe�tugsty��cn^bc�gbl�iu��^badc@l)^sgbtyvwÅya�^�x}vwqdc tygbc@qdiy^��nij��e�tu^sv}�dxwc���v}^saÉ^badc��tylbcLiy��qdi ij�h^seh�h^��£adtygbÅjc[tu^�tÊ^sgbtyqdl)�Lv}lblbv}ijq0��i{c,Í���v}c�qJ^piu�
0 � orqd�nxw�dmhvwqdÅ¡^sadv}l�eha�¥{l)vw�~tuxwx}¥l)c�qdl)vw�dx}c�ekijv}q�^_vwqÉ^sadc-Ìd^×edg)i¨�nc�md�hgbc@ijqdx®¥[�fijgbl)c�qdcnmÆ^sadc@g)c�lb�hx}^sl �Ð �hg)^sahc�gb��ijg)cyª¬t§l)¥{l)^bc��Ltu^sv}��c�È\cn�n^�lbcnc���l×^biL�kc�­{v}lbvw�hxwc � � adc@��ij�dg���c~tyl)�dgbcn�Lcnq�^bl×��ahvw�£as#oW�~p�¡�Ê�{�Ê-Ìdx}^scng

2
tyxwxya�t~­jc�e�ijl)v}^bv}­jc`qdijqdx}vwqdc�tygbv®^svwcnl���adv}xwc©��ijgN^badc¤^sadg)c�c«��c~tyl)�dgbcn�Lcnq�^blGz¦s#��ÉyxR¡��Ì�x®^scng

2
����ijqdl)vwmdcngbv}qdÅLiyqdx}¥[�Lc�tylb�dg)c���c�qJ^sl��dlbv}qdÅLtu^×xwc~tul)^×ijqdc-Ì�x®^sc�gs�F^sadc�qdijqdx}vwqdc�tygbv®^sv}c�l�tyg)ctyx}xN�kc�xwi'�7��cngbi �f ijl)lbvw�hxwcpl)ij�dgb�nc�l�iy��l)¥{l)^bc��Ltu^sv}��l-cngbgbiygbl-a�t~­jc§�kc�cnqO^styÕycnqOv}qJ^si¡ty�n��ij�dqJ^ � � adc§lsty��cpije{�^bvw�~tux�Ì��kc�g�adtylp�kc�c�qÑ�dl)c�mÑ��ijgptuxwx��Lc�tylb�dg)c���c�qJ^sl � ]8l)��Í���v}c�qJ^��_tugb���r�deÄ^bvw��cLa�tul���cnc�qcnqdlb�dg)c�m¶��ijg×��iu^saÆ^badc�edahiy^si{mdcn^bc���^sijg-tuqdmÆ^sahcpz iG» ªNtyqhm¼a�tyl �kc�cnq0tyededx}vwcnm v}mdc�qJ^sv}�~tyx}x}¥Év}qtyx}xN��c~tyl)�dgbcn�Lcnq�^bl �

i l)e�cn��vwtyxwx®¥��nijqdl)vwmdcngbvwqhÅ�^sadc�l¦¥{l)^scn�[t;^svw�Flbadv®�ù^¤iy��tyxwx{��c~tyl)�dgbcn�Lcnq�^bl¤vwqd�nxw�dmhvwqdÅ×Ì�x}^bc�g 2
ªy^sadv}l
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x
��ª¬tuqdmÊ��g)ij� ^badc@l)^stu^sv}l)^sv}�~tyx�c�g)gbijg)l×iu��^badc-Ìd^b^bvwqdÅ§edg)i¨�nc�md�dg)cL�îvwq

y
� �o¾^-�Ftyl@mdc��nvwmdcnm¶^si¡mdvwl)�~tyg)m¶^sadv}l-�Lc�^sadi{m¼^si¡mdc�^sc�g)�Lv}qdc�^badc§edadiy^bi¨mdc�^scn�n^siyg-qdijqdx}vwqdc�tygbv®^r¥��ijg�^badc�^bvw��c��kc�v}qdÅ � o¾^-v}l tym¨­¨v}lsty�hxwc�^biÉgbcnmdi[^sahc�Ì�x}^bc�g ��tyxwv}�dgst;^svwiyq¡��v®^sa¶l)e�cn��v�tux`tu^)^scnq�^bvwijq^si§l)¥{l¦^sc��Ltu^bvw�@�dqd�nc�g)^styvwqJ^bvwc�l �
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orqÖijgbmhc�gp^si0cnqdlb�dg)cÆt¶x}vwqdc�tyg�­utyg)v�tu^bvwijqÄiu��^badcÊty�Liy�dqJ^�iy��xwvwÅya�^�ijqÑ^sadcÉedahiy^si{�~tu^badi{mdcyªftl)c���iyqdmÄ��cn^sahi¨mOa�tyl���cnc�qÃcnqJ­¨v}lbv}ijqdc�m � � adc[z iG» v}l�iye�cngstu^bc�mË��v®^saÃtÊg)c��n^styqdÅj�hx�tyg@lbv}Åjq�tyx��g)ij�=^sahc×���dqh�n^sv}ijq�Åjc�qdcngstu^bijg � � adc�x}c�qdÅy^baLiu�\^sahc�ed�hxwlbc×vwl¤­utyg)vwc�m � ³ v}^ba�^badc×�Lv}qdvw�Ltyx{ed�dxwl)cx}c�qdÅy^ba¼l)^bvwx}x��nijqdl)vwmdcngsty�dx®¥ÆxwtygbÅyc�g�^sa�tyq¼^badcpg)vwlbc�tyqdm¼�îtyx}x�^svw��c�iy�¤^sadcpz iG» ªk^sadv}l edg)i¨�nc�md�dg)cedg)i'­¨v}mdc�l�tÉxwv}qdc~tug�­utygbvwtu^sv}ijq¼iy�«^badc§vwqd�nvwmdcnq�^@x}vwÅjaJ^ � o¾^@a�tul@^biÉ��c�^styÕycnqËv}q�^bi¡ty���nij�dqJ^@^sa�t;^tOx�tyg)Åjc¡�£a�tyqdÅjc iy� ^badc x}c�qdÅu^sa iu� ^sadcÊxwv}ÅjaJ^�ed�dxwl)c�lL�[t~¥Ötyx}lbiËtuÈ\cn�n^�^sadc edadiy^bi¨mhcn^scn�n^bijgtV�lx}vwqdc�tygbv®^r¥ � � adc�c�x}c���^sgbiyq l)adi'�Fcng×^bgst~­jcngblbv}qdÅ§^sadc@mh¥{qdi{mdc�l)^sg)�d�n^b�dgbc��~tuq e�tug)^svwtyxwx®¥�lbadv}c�xwmÉ^badcekiy^scnqJ^sv�tuxdmdv}È�c�g)c�qd�nc�l«�kcn^r�fc�c�q�^sadc�mh¥{qdi{mdc�l)^styÅjcnl�ªJ^sa��dlftyx}^bc�g)vwqdÅ�^badc�­jijx®^£tyÅyc���ijqhÌdÅj�dgst;^svwiyqiy��^sadc�mdcn­{v}��c � orqLijgbmhc�g«^si�Õyc�cne[^sahvwl�cnÈ�c��n^f��vwqdv}�[tyx¨v}^�a�tyl��kc�c�qLmdc��nvwmdcnm[^si@­utyg)¥�^badc×ed�dxwl)cx}c�qdÅy^ba¢ijqdx®¥���¥[t��îty��^sijgfiy�NÌd­yc � o¾�|^sadv}lFc�È\cn�n^�l¦^svwx}x¬a�tymÉt��nijqdl)vwmdcngsty�dx}c��nijqJ^sgbv}�d�h^bvwijq�^si�^badcqdiyqdxwv}qdc~tyg)v}^r¥Ê��c~tyl)�dgbcn�Lcnq�^bl�ª�v®^ �Fiy�dxwm¶�kc��nij�Lcp­{v}lbvw�hxwc�v}q¼^sadc��nij��e�tygbv}lbijqhl�iy�«^sahc�gbc�l)�dx}^blty�n���dvwg)c�mÉ��v}^ba¢^sadv}l_�Lc�^sadi{m¡tyqdm¢^badijl)c-mdcn^bc�gb��vwqhc�m¡�J¥[^sahc i�Î RyQ �Lc�^sadi{mNª{��advw�£a¡mdi{c�l�qdiu^g)c�x}¥[ijqÊed�dxwl)c@xwc�qhÅy^saÉ­utygbvwtu^sv}ijqdl �î�n� � l)c��n^bvwijq ÎA�¨� O�ijqÊe�tyÅjc Ît^�� � �
Õ+êcÔ�÷´Ô�Õ�ÔþÖLØGÙ|Ú�ÙºÝßÞ8Ú�Þ.Û�Ú�Ù1�øî '��GÞ(Ü)� 'ªÚDÿ í Þ(Ü)ç©�	�,Þ�æþÞ��GÚ5ç
Ð ijg_^badc�l)c���c~tyl)�dgbcn�LcnqJ^sl�^sadc�z iG» �Ftyl�ed�dx}lbc�m tu^�tp��gbcn�{�hc�qd��¥ iu�

f = 10 kHz
tyqdm¡��v}^ba t­yijx}^styÅjc�iu�

U ï�ðkW = −5 V � � adc eh�dxwl)c xwcnqdÅy^sa t
�_tyl_­utyg)vwcnm¢vwq

5 ns
l)^bc�edl��kcn^r�fc�cnq

30 ns
tuqdm

150 ns � � ahc ä » �3�_tyl@g)c~tymOij�h^�md�dg)vwqdÅ¡t¡ÅJtu^bc�iy�
200 ns

mh�dgstu^bvwijq � � adc§edadiy^bi¨mdc�^scn�n^siyg�Ftyl-ijekc�gbtu^scnmËt;^@t¢lb�dehedx}¥ ­jijx®^£tyÅjc�iy�
U ñ,ò = −800 V ��Ð iyg�c~tu�£aË��c~tyl)�dgbcn�LcnqJ^ 107

z iG»ed�hxwlbcnl��Fcngbc�gbc��nijgbmhc�m �Ô¨�d�hÌ�Åy�dgbcp�ãtJ�¤iy�NÌ�Åy�dgbc ÎA�h�Pk lbahiõ��lf^sadc×gbcnlb�dx®^slFg)c��nijgbmdcnm¢��v}^baL^sahvwl��Lc�^sadi{m � � adc��£a�tyg)Åjc
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��ijx}xwcn�n^scnm¡ijqÊ^badc@edadiy^bi¨mhcn^scn�n^bijgtV�l×tyqdi{mdc@md�dgbv}qdÅ�ijqdc@ÅJt;^sc@vwl�edx}iy^b^bc�mÊtyÅJtuvwqdl¦^_^sadc@mdv®È\cngbcnq�^ed�dx}lbc�xwc�qhÅy^sadl � � adc��£a�tyg)Åjc@�_tyl�ty�n�{�hvwgbcnm ��g)ij� ^sahc�edahiy^si{mdcn^bc���^sijg�lbekc���^sg)�d� gbc��nijgbmhc�m¼�J¥^sadc ä » �4�dlbv}qdÅ[^sahc�
@ty�dlbl)v�tyq Ìd^ ��cn^badi¨mÄ�îl)c�cpl)c��n^bvwijq ÎA�h�®Îj�}Î � �O/ i¢l¦¥¨l¦^scn�[tu^bvw�uª\ijqdx®¥É^sadcl)^stu^sv}l)^sv}�~tyx��dqd�nc�g¦^£tyv}q�^bvwcnl@tygbc§tyehedxwv}c�mÆ^bi¢^sadv}l edxwiu^ � � adcn¥0tugbc�­yc�g)¥¼lb�Ltyxwx�tyqdm0lbahiõ��qOvwq0tlbcne�tygst;^sc�edxwiy^�tyl�t¡gbcnmÃ��tyqhm � � adc§^sg)c~tu^b�Lcnq�^�iy�F�dqd�nc�g)^styvwqJ^bvwc�l�vwl@mdcnlb�ngbvw�kc�mËvwq0^sadc�qdcßÒ¨^lbcn�n^sv}ijq �G� ¥LÌd^b^bvwqdÅpt�l)^bgstyv}ÅjaJ^�xwv}qdc×^bip^sadcnlbc-m�t;^£tpekijvwqJ^slnª¨^badc vwqJ^bc�Åjgbtyx\qdiyqdxwv}qdc~tyg)v}^r¥§��tyqÉ��c�~tyx}���dxwtu^scnm�tyl©^badc_gbcnx�tu^bv}­yc_mdcn­{vwtu^sv}ijqpiy�¬^sahc_�Lc�tylb�hgbc�m§m�t;^£t���gbiy� ^badvwl�xwvwqhc � � adc�gbc�l)�dx}^bl©�~tuq��c§l)c�c�qËvwq¶Ì�Åj�hgbc ÎA�h�Pk �î��� � orqO^badvwl@edx}iy^ ^badcLv}qJ^sc�Åygstyx©qhijqdxwv}qdc~tugbv}^r¥ vwl-ehxwiy^)^sc�mOtyÅjtyvwqdl¦^-^sadctyqdi{mdcp�£a�tugbÅjc � � adc��nijgbg)c�lbekijqdmhvwqdÅ¡z iG» ed�dxwl)c�xwcnqdÅy^sa¶v}l�l)adi'��qËv}q¼^sadcp�hede�cng-adijg)vw��iyq�^styxt;Ò¨vwl � � adc�gbtyqdÅjc_iu�ktyqdi{mdc_�£a�tyg)Åjc_�dl)c�m§vwq�^sadcnlbc���c~tyl)�dgbcn�Lcnq�^bl¤vwl���ijqdl)vwmdcngsty�hx}¥�x�tyg)Åjc�g|^sa�tuq^sadc-iyqdc-�dlbcnm¡vwq¢^sahc Ì�x}^bc�g_��c~tyl)�dgbcn�LcnqJ^sl � orqÉ^badc-x�tu^)^scngf^sahc-�£a�tygbÅyc �_tyl�­utyg)vwc�m[��c�^r�Fcnc�q 5tyqdm
45 pC

ª�tyededg)i'Ò¨v}�[tu^bc�x®¥ � orq ^sadcnlbc���c~tulb�dg)c���c�qJ^sl×^sadc�tyqdi{mdc��£adtygbÅjc�vwl×vwq¡^sahc�gstuqdÅjc�iy�
30
^si

180 pC �Ô¨�h�hÌ�Åj�dg)c��ãtJ�|edgbi'­yc�l¤^sa�t;^©^sadcFedadiy^bi¨mdc�^scn�n^siyg¤a�tyl¤t x}vwqdc�tyg��kc�adt'­{v}ijg©ijq§t xwtygbÅjcng`l)�~tyx}cyªJtylijedekijlbcnmp^si ^badc_md�d�hvwij�dl`gbc�l)�dx}^bl¤ij�h^styvwqdcnmp�J¥�^badc_ijeh^bvw��tyx{Ìdx}^scngbl©��cn^badi{m¡�îl)c�c_Ì�Åj�hgbc ÎA�¨� Í�ijqe�tyÅjc ÎATI^ � � ] qdijqdx}vwqdc�tygbv®^r¥�tu^_^sahc-lb�d�dekc�g)��cnq�^×x}cn­jcnxN�~tuqÉ��xwc�tygbx®¥���c-ij�hlbc�g¦­jcnm v}q¢lb�d�¨Ì�Åj�dg)c�î�¬� �F_ i'�Fc�­jcng�ª¤vwqËijgbmhc�g�^biÆmdc�^scngb��vwqdc§^sadc�gbcnxwc�­ytuqd��cLiy�_^sahvwl�ª`tyqÃcnl)^bvw�Ltu^sc�iy�_l¦¥{l)^scn�[t;^svw��dqd�nc�g)^styvwqJ^bvwc�l�a�tul�^bi§��c-mdiyqdc-Ì�gbl¦^ �
Õ+êµÔù÷´Ôdü´Ô&��ÿ+ç�Ú�Þ�æþÜ¦Ú�'�Û ë �	Û�Þ"�,Ú�Ü	'��GÚ�'KÞ ç
orq�Ì�Åj�dg)c Î5�h�Yk qhi�l¦¥{l)^scn�[t;^svw���hqd��cng)^£tuvwqJ^sv}c�l«tyg)c�edxwiy^)^scnm � h qdx®¥�^badc�l)^£t;^svwl¦^sv}�~tyx{�dqd�nc�g)^styvwqJ^bvwc�lijqË^badcLtyqdi{mdcL�£adtygbÅjcuª`mdcngbv®­jc�mO��gbij�K^badc§Ìd^b^bvwqdÅÊedgbi{��cnlblnª¤tygbc§mdv}lbedxwt~¥jc�m � � �fi¼lbiy�dgb�nc�l�iu��dqd�nc�g)^styvwqJ^r¥L�Fcngbc-c�l¦^sv}�[tu^bc�m�S�^sadc-tu�����hgsty��¥¢iy��^badc����dqd��^sv}ijq¢Åjcnqdc�gbtu^sijg,V#l�eh�dxwl)c xwcnqdÅy^sa\ªhtyqhmt�Åjc�qdcngstyx�l¦¥{l)^scn�[t;^svw�@�dqh��c�g¦^£tyv}qJ^r¥Éijq¡^sadc-Ìd^)^svwqhÅ�edgbi{��cnmd�dgbc �
ú-ûAû�N©¢£¦XûQ± ¬Z�8�zN©¨PR ¡ ¨�¡�¤Òµ�¥��
� adc ���dqd��^sv}ijqÉÅjc�qhc�gst;^sijgFtyxwx}iõ��lFt�­jcng)¥¢Ì�qhc-tymR`)�dl¦^s��c�qJ^�iy�|ed�hxwlbc-x}c�qdÅu^sadl_iygbmdcngbl_iy���LtyÅjqdvæ�^s�dmhc�x}i'�Fcng@^ba�tyq¶^sahc§^r¥{edv}�~tyx¤eh�dxwl)c�xwc�qhÅy^sadl@�dl)c�mOvwq¶^sahvwl@tyq�tux}¥{lbv}l ��_ i'�fcn­yc�g�ª�ijqdc���tyqdqdiy^tylbl)�d��c�^sa�t;^F^sahvwl_tu�n^s�dtyxwx®¥§gbc�ehgbc�l)c�qJ^sl_^badc-ty�n���dgbty�n¥Liy��^badc mdc�­¨v}��c � orqÉijgbmdcngf^bipÅjcn^_t���ijgbcgbc�tyxwv}l)^sv}��c�l)^bvw�Ltu^scuª{t

χ2
�¾^scnl)^fa�tyl_�kc�cnq¢�dl)c�m � È tu^badc��Ltu^bvw�~tuxwx}¥�^sadc���cnq�^bc�g_edtyg)^Fiy�N^sahc �Lc�t;�lb�dg)c�mOvwqJ^scnÅjgstux©qdijqdx}vwqdc�tygbv®^r¥Ã��Ì�Åj�hgbc ÎA�h�Pk ���¬�b����tyq0��c�e�tugsty��cn^bgbvw�nc�m0�J¥0t¢l)^bgstyv}ÅjaJ^@xwv}qdc � o¾�^sadc�cngbg)ijgbl-ijq¼^badc�m�tu^stÉtygbc�iu��^badcp�nijgbg)c��n^@iygbmdcng-iy���[tyÅyqdv}^b�dmdcyª\tyqdmOtyl)lb�d��vwqdÅL^sadc�ed�hxwlbcxwcnqdÅy^saÊvwl�^badc�iyqdx}¥[c�gbg)ijg×lbij�dg)��cuª¬^badc�gbc�mh�d��cnm

χ2
lbahij�dxwmÊ�kc�ty�kij�h^

1 �_Ð v}Åj�dg)c ÎA�h�®ÎjÎ l)adi'��l^sadg)c�c@v}^bc�gbtu^sv}ijqÉl)^bc�edl×vwq¢^badc@edgbi{��cnlbl×mdc�l)��gbv}��cnm �kc�x}i'� �Ð v}gbl¦^piy��tyx}xëª`^badcÉm�tu^st0g)c��nijgbmdcnm ��v}^sa ^badcÉed�dx}lbcÉxwcnqdÅy^ba �Lc�tylb�dg)c���c�qJ^§vwl�edxwiy^)^scnmÄ��v}^sa^sadc�ed�dxwl)c�xwcnqdÅy^saÆijq¼^sadc�­jc�g¦^sv}�~tyx¤tuqdm¼^sadcptyqdi{mdcp�£a�tyg)Åjcpijq¼^badc�adijg)vw�nijqJ^£tyx�t;Ò¨vwl � orq0^ba�tu^�_t~¥Ñ^sahcÆc�g)gbijg�ijqÖ^sadc ed�dxwl)c x}c�qdÅu^sa v}l§edgbijedtyÅJtu^bc�mÓ^biË^badc ­yc�g)^bvw��tyx×t;Ò¨vwl�iy� ^sahc v}q�^bc�Åjgbtyxqdijqdx}vwqdc�tygbv®^r¥[ehxwiy^�ªhlbi§^sadtu^�^sadc
χ2
�¾^bc�l¦^���tyq¡��c�tyehedxwv}c�m �� adcnq tyqÑv}qdv}^bv�tyx�gbcnx�tu^bv}­jcÉcngbg)ijg§iy�

10−3
v}l�tylbl)�d�LcnmÖ��iygp^sadcÊed�dx}lbc¡xwcnqdÅy^sa7��vwq ^sadc¡mdv}l¦�^sg)vw�d�h^bvwijqhl�iyqO^badc[x}cn�ù^)�¾a�tyqdm0l)vwmdc�iy�_Ì�Åy�dgbc ÎA�h�®ÎjÎ � � � advwl�vwqhv}^svwtyx`cngbg)ijg@c�qd�nij�Ledtylbl)c�lp�kiy^sa
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l¦¥¨l¦^scn�[tu^bvw��tyqdm¢l¦^£tu^bvwl)^bvw��tyx¬�dqd��cng)^styvwqJ^sv}c�l«��gbij� ^badc�Ìd^)^sv}qdÅ�edg)i¨�nc�md�hgbc �=_ iõ�fcn­yc�gnªh^sadc�x�tu^)^sc�gtyg)c@lbi§lb�Ltyxwx¤� O(10−5)
�F^sadtu^�^sadc�¥¡�~tyq¡lbtu��c�x®¥É��c@qdcnÅjxwcn�n^bc�m �] l)^bgstyv}ÅjaJ^¤xwv}qdcFv}l�Ìd^)^sc�m�^bi ^sadc�ÅjgbtyedaNªjtyqdm�^sadc-�îgbcnx�tu^bv}­yc'��mdc�­{v�tu^bvwijqpiu�k^badc_m�t;^£t���gbiy� ^badcx}vwqdc§vwl@��tyxw�n�dx�tu^bc�mNª�gbcnedgbcnlbcnq�^bvwqdÅ ^sadc�vwqJ^scnÅjgstux�qhijqdxwv}qdc~tugbv}^r¥Æiy�F^badc[ehadiy^si{mdc�^sc���^sijg � orqË^badc�nc�qJ^sgbtyx\e�tug)^~ª{^sadv}lFmdv}l)^bgbvw�h�h^sv}ijqL��tyq¢�kc mdcnlb��g)vw�kc�mÉ�J¥[t�l)^bgstyv}ÅjaJ^Fx}vwqdc �«/ v}qdc�ekijv}q�^bl_tyg)c��dl)c�m��ijg�^sahc���ijx}xwi'��vwqhÅ�ehgbi{��c�mh�dgbcuª�g)c�edg)c�lbcnqJ^svwqhÅÉtLgbtyqdÅjc@��gbij� tu��ij�¨^

80
^bi

130 pC
vwq¡^scngb��l�iu�tyqhi¨mdc��£a�tygbÅycyªhiyg

70
^bi

110 ns
v}q[^scngb��l_iy�|ed�dx}lbc x}c�qdÅu^sa � ] l)^sgbtyvwÅya�^fxwv}qdc�v}lfÌd^)^scnm¢^si�^badc�l)cqdv}qdc-ekijvwqJ^sl � � adc χ2

vwl���tyxw�n�dx�t;^sc�mÉ��ijg_^badc�l)c@e�ijv}qJ^sl���v}^baÊg)c�l)e�cn�n^�^si§^sa�t;^�xwvwqhc �orqÊ��tylbc@iy�|^badc�tylbl)�d�Lcnm¡c�gbg)ijg�iy�
10−3

^sahc
χ2

vwlF��xwiylbc ^si§�nc�gbihªd��cn�~ty�hlbc-^sadv}l�c�g)gbijg�v}lF^si{ixwtygbÅjc��J¥Ã�îtyg � Ô¨i¼^badc¢cngbgbiyg�vwl�lbc�^p^siÆ^badc¢a�tux}��iy��v®^sl�­ytuxw�dcuª¤tyqdmÄ^badcL��adiyxwc¢edg)i¨�nc�md�hgbc¢v}lg)c�mdijqhc�Sp]Zxwv}qdc�vwl@Ìd^b^bc�mO^si¡^sadcL�Lc�tylb�dg)c�mËm�tu^£t¨ª�^badcLx}vwqdc�tygbv®^r¥¼v}l���tyxw�n�dx�t;^sc�m\ª`tyqhmË^sahc
χ2iy�¤^badc�qhvwqdc�e�ijv}qJ^sl�v}l���tyxw�n�dx�tu^bc�mÊ��v}^saÆgbc�l)e�cn�n^ ^biÉtLÌd^)^scnm¶l)^sgbtyvwÅya�^�xwv}qdc � � advwl�v}^bc�gst;^svwiyq v}lg)c�ekc~tu^bc�mÊlbcn­yc�gbtyx�^bvw��c�l �� adgbcncÊv®^scngstu^bvwijq l¦^sc�ehlLtugbc¡lbadi'��qÖvwq Ì�Åj�hgbc ÎA�h�®ÎA� ijqÑ^sadc¢�îtu��vwqhÅOedtyÅjc � � ahcÊehxwiy^bl�ijq^badc�x}cn�ù^)�¾a�tyqdm lbv}mdcÉ��lb�d�hÌdÅj�dgbcnl��ãtJ�ßª©���'�ßªNtyqdm �îc'�)�×l)adi'� ^badc�z iG» ed�dx}lbcpx}c�qdÅu^sa ­yc�g)lb�dl ^badc��c~tyl)�dgbcnm¡tyqdi{mdc �£a�tugbÅjc � � adc-c�g)gbijg)l_tyg)c lbadi'��qÊtyl�t�gbc�mÉ�dtyqdmÉvwq[lbc~tue�cngstu^bc edxwiu^slFiyq¢^sije �� adc×vwqJ^bc�Åjgbtyxdqdijqhxwvwqhc~tyg)v}^r¥¢�îo / z��©mdc�^sc�g)�Lv}qdc�m§��gbiy�=^sadv}l¤m�tu^st���tyqL�kc���ij�dqdm�vwq�^badc�edxwiy^bl«ijq^badc�gbvwÅya�^¦�ra�tuqdm�lbv}mdc�iy��ÌdÅj�dgbc ÎA�¨�}ÎA� ��lb�d�¨Ì�Åj�dg)c�l��î�¬�ßª\��m¬��ª�tuqdm¼�ù�£�)� � � adc�l)^sgbtyvwÅya�^«x}vwqdcfÌd^b^bc�m^biL^sahc���cnqJ^sgstux�x}vwqdc�tyg�e�tyg)^�iy�©^badc�vwqJ^scnÅjgstyx|qdiyqdxwv}qdc~tyg)v}^r¥Év}l�mdvwl)edx�t~¥jcnm¼vwq gbcnm � � adc�g)c�md�d�nc�m

χ2
iy��^badvwl�x}vwqdc ��v®^sa¡gbcnlbekc���^�^bi§^badc@m�tu^st§ekijv}q�^bl�vwl�qdiu^sc�mÊvwq¡c�ty�£a ehxwiy^ �o¾�\^sahc��kc�a�t~­{vwiygfiy��^sadc×vwqJ^bc�Åjgbtyx�qdijqdx}vwqdc�tygbv®^r¥pv}q�^badc��nc�qJ^sgbtyxkgbc�Åyvwijq�vwl«xwv}qdc~tug�ªJijqdc×c�Ò¨ekc���^sl^badc@gbc�mh�d��cnm

χ2
^bi§��c�ty�kij�h^ Î ijqd�nc�^badc@��ijg)gbcn�n^×c�g)gbijg�cnl)^sv}�[t;^sc-vwl�tuededxwv}c�m �orqÃÌ�Åj�dg)c ÎA�h�®ÎjÎ iyqÄe�tyÅjc ÎAX�� ^badc¢g)c�md�d�nc�m χ2

vwl�edxwiy^)^scnmÃ­jcngblb�hl§^badc0��vwqJ­jcngblbc~��gbcnx�tu^bv}­yccngbgbiyg�ijqO^sadcLed�dx}lbc[x}c�qdÅu^sa
t � � adcLc�Ò¨ekc��n^bc�m ����tymhgstu^bvw����cna�t~­¨v}ijg��~tyqË��cLij�dlbcng)­yc�m � � adcg)c�md�d�nc�m

χ2
vwl Î ��ijgftpgbc�xwtu^sv®­jc×ed�dx}lbc x}c�qdÅy^ba[cngbgbiyg_iy�|ty�kij�h^ ∆t/t = 10−4 � � adv}lFvwlFtylbl)�d��c�m^bi��kc-^sadc@�dqh��c�g¦^£tyv}qJ^r¥Éijq¡^sadc@ed�dx}lbc@xwcnqdÅy^baÊiu��^badc-���dqd�n^bvwijq¡Åjcnqdc�gbtu^siyg �

ü ��¥ ¥[�7¤¯µ���¢*¬UûQ¡,R�R
]8l)c���iyqdmÑlbij�dg)��c¡iy�×l)¥{l¦^sc��Ltu^bvw�É�dqd�nc�g¦^£tyv}q�^r¥Ãvwl�tuq�tyx}¥{�nc�m � ]�l�mdcnlb�ngbvw�kc�mÖ�kcn��ijg)c0�îv}q lbc��ß�^bvwijq ÎA�h�®Îj�®Î ijq edtyÅjc ÎjÎAk �ßªh^sahc�gbc@v}l�t�l¦¥¨l¦^scn�[tu^bvw�@mdv®È\cngbc�qh��c�vwqÉ^sadc@g)c�lb�hx}^sl���ijg_^badc@vwqJ^scnÅjgstyxqdiyqdxwv}qdc~tyg)v}^r¥Lmdc�ekc�qhmdvwqdÅ�ijqÉ��adc�^sadcng×^badc@m�tu^£t�a�tul×�kc�cnqÊÌh^b^scnmÊ��v®^saÉ^sahc È �dx}^bv®� f ijvwl)lbijqÉiyg^badc.
�tu�dlbl)v�tyq���i¨mhc�x � � adv}l¤vwl`^bgbc~t;^sc�m�tyl©t@l¦¥{l)^scn�[t;^svw�F�dqd��cng)^styvwqJ^r¥�ijqp^badc�gbcnlb�dx®^sl«ty�n���dvwg)c�m��ijg|^sahcFqdijqhxwvwqhc~tyg)v}^r¥ � orqpiygbmdcng�^si�����tyqJ^sv®�ù¥�^badvwlnªyl)cn­jcnq§lbc�g)vwcnl`iy��eh�dxwl)cFxwcnqdÅy^ba���c~tyl)�dgbcn�Lcnq�^bla�t~­ycL�kc�cnqÃgbcn��ijg)mdc�m � � adc�¥0a�t~­jc���cnc�qËtyq�tyx®¥{��c�mO�dl)vwqdÅ¡�kiy^sa0^sadc È �hx}^svæ� f ijvwl)lbijq0tyqhmO^badc
@ty�dl)lbv�tuq¡Ìh^b^sv}qdÅ§�Li{mdcnx �� adc g)c�l)�dx}^bl���tyq �kc¡lbcnc�q v}qÖÌ�Åy�dgbc ÎA�h�®ÎDT ijqÓe�tyÅjc ÎAXhÎy� � adcÊmdv®È\cngbc�qh��cÊ��c�^r�Fcnc�q ^badcv}q�^bc�Åjgbtyx«qdijqdx}vwqdc�tygbv®^sv}c�l-�~tuxw���hx�tu^bc�m0��v}^saÃ��iy^baËÌd^)^sv}qdÅ ��i{mdc�x}l�v}l�edx}iy^b^bc�mÃtyl�g)c�mÄ�nvwg)��xwcnl�v}ql)�d�hÌ�Åj�hgbc�l �ãtJ�`^bi¢��Å��`��ijg«lbcn­yc�q¢l)c�g)vwc�l�iy�\ed�dxwl)c�xwc�qhÅy^sa��Lc�tylb�hgbc���c�qJ^bl � orq�lb�d�hÌdÅj�dgbcp�îa¬�`^badcg)i¨iy^��Lc�tyq¼l)�{�dtygbcpiu�«gbc�l)�dx}^bl iy�¤^badcplstu�Lc�lbcn­yc�q0��c~tyl)�dgbcn�Lcnq�^bl-vwl×lbadi'��q¶��ijg�cn­jcng)¥Æed�dxwl)cx}c�qdÅy^ba � 
@g)c�cnq lb����tugbc�l[gbc�ehgbc�l)c�qJ^É^sahc È �dx®^svæ� f iyvwlbl)ijqÑÌd^[��cn^badi{mNªF��adcngbc~tul¢�dxw�hc �nvwgb�nxwcnlmdcnqdiy^bc ^sadc 
@ty�dl)lbv�tuq¢Ìd^���i¨mdcnx � � adc@x�tu^)^sc�g�^r�Fi§Åjgbtyedadl�tugbc-tyqÉiygbmdcng�iy�|�[tuÅjqdv}^b�dmdc�xwi'�Fcng^ba�tyq¼Åjgbtyedadl�vwq lb�d�hÌdÅj�dgbcnl§�ãtj���-�îÅ��_��ijg×�Lijl¦^ ed�hxwlbc�xwcnqdÅy^sahl � � advwl��Lc�tyqdl�^sadc�mdv}È�c�g)c�qd�nc�l
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� � ­Jÿ��8����üR���¬� ­���ý1���K����ÿ�¸t���%ýrýsüßý«ÿ��_þ��~���%ý��-ÿ����£þ �ëü7���

∆t/t = 10−4 $

��v®^sadv}q c�ty�£a Ìd^���cn^sahi¨mÊ�~tyq ��c�vwÅyqdijgbcnmÆtuÅJtyvwqhl)^�^sadc�l)¥{l¦^sc��Ltu^bvw��mdv}È�c�g)c�qd�nc��kcn^r�fc�cnq¶��iy^ba��cn^badi¨mhl �� adc-mdv}È�c�g)c�qd�nc �kcn^r�fc�c�q¡^sahc 
�ty�hlblbvwtyqÉtyqhm È �dx}^bv®� f ijv}lblbiyq[Ìd^b^bvwqdÅ�edgbi{��cnmd�dgbc-adtyl�tplbv}�§�v}x�tyg�lba�tue�c¢v}qÄtyx}xfl)cn­yc�qÖlbc�g)vwcnlpiy����c~tyl)�dgbcn�Lcnq�^bl¡��ÌdÅj�dgbc ÎA�h�®ÎDT �ãtj�r����Å��b� � È ijl)^�ehgbij��vwqdcnqJ^��c�tu^s�dg)c�vwl¤t-mdv}e�vwqp^badc���cnq�^bc�g¤��adcngbc�v}^`mdgbijehl���ijg)cF^sa�tuq�ijqdc�ijg)mdc�g¤iy�k�LtyÅjqdv®^s�dmhc_��cnxwi'�Öv}^bladv}Åjadcnl)^�­utyxw�dcnl�ª�v}qÊ��tylbcnl�c�­jc�q �de¡^si§^r�FiLijgbmdcngbl�iy�`�[tyÅyqdv}^b�dmdc � ]�gbij�hqdmÊ^badvwl�ekijvwqJ^��îtu^�tyqtyqhi¨mdcF�£a�tygbÅyc�iy� ≈ 100 pC
��^sadcFvwqJ^scnÅjgstyx¨qdijqdx}vwqdc�tygbv®^r¥@a�tyl¤t �nc�g)i-��gbiylblbv}qdÅ��î��� � Ì�Åj�hgbc ÎA�¨�Yk � �h �J­{vwij�dl)x}¥yªh^sadv}l���c~tu^b�dgbc-v}l�lbvw��vwxwtygbv}x}¥�g)c�edg)i¨mh�d��cnm ��v}^ba¡��iy^baÉÌd^b^bvwqdÅ§��i¨mdcnxwl �orq�iygbmdcng«^bi@c�l)^bvw�Ltu^sc_t@g)c~tyl)ijq�ty�hxwc_­utyxw�hc_��ijg©^sadc���c~tuq�mhv}È�c�gbcnqd��c��kcn^r�fc�cnqL^sahc²
@ty�dl)lbvwtyqtyqhm¢^sadc È �dx}^bv®� f ijvwl)lbijq�Ìd^_��i{mdc�xãª�^badc mdv®È\cngbcnqd��c adtyl_�kc�c�q¡t~­yc�gstuÅjc�m¡i'­jcng_^sadc�lbcn­yc�qÊlbcngbvwcnliy����c~tyl)�dgbcn�Lcnq�^bl���ijg�c~ty�£a ed�dx}lbc@xwcnqdÅy^sa �� advwl_v}l_lbahiõ��q¡v}q¢Ì�Åj�dg)c ÎA�h�®ÎAX ijqÉe�tuÅjc ÎAX�T¨� � adc-gbcnmÊekijv}q�^bl_gbcnedgbcnlbcnq�^�^badc-�Lc�tyq¢iy�|^badcmdv®È\cngbcnqd��cuª{��adv}xwcF^badc×gbc�m���tyqhmLg)c�edg)c�lbcnqJ^slf^badc�gbi{iy^«��c~tyq§lb����tugbc×iy��^badc×gbc�l)�dx}^bl¤��ijg«t-Åjv}­yc�qed�hxwlbc�xwc�qhÅy^sa � ]4gbcnx�tu^bv}­jc�l)¥{l)^bc��Ltu^sv}� �dqd�nc�g¦^£tyv}q�^r¥Liy�
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¢^zk�L�¦�L�] ��w�]~.ñ¦¡§���wz
¤%u¨�az�¢P¢R�a���R©V©ª�R�«�¬���]­�©ª�w�¬�^��~d �®«~P�P¢a¡_¢¯�w�]~°��þ¨x±©m¡§��¢d~X�w~P�u�\�w�[²
³y�]~Y©��az}�ª�s¢{´T�L�^µ¶�w�]~X�5®«~P�����V~·®d�L��¡b~¥¢¸�a¹º¢R~�®«~P�q¢d~P�^zw~¥¢X�a¹[©m¡§��¢R~{�w~P�u�\�w�»´¼~��«¢a¡§�R~�¤
´¼~P�ª�s¢�²½³y�]~��R~d ¾�5�L�] ¼�R~A©ª�R~¥¢d~P���s¢·�w�]~��R���¬�H´¼~��L�e¢öûV¡¬�L�R~°�a¹¨�R~¥¢a¡§���s¢�²¯³y�]~��]�a�^z
¤
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À+ê¯Á�÷·Áù÷·ÁMèÃÂ çyÄ�ÅkÆ5ç
Ç�È]É¸Ê«ËbÌ¼Í]Î�ÏªÉ«ÐÒÑ�Ó\Ñ�Ô�É«Ì£Õ�ÔRÎkÊ¸ÖªÏ]Ê«ÉL×�ÔdÕ�Î�ÏVÔ^ÓÃÎ�ÑYÏ]Ë_ØÙÕ�Ú]Ú]Û�ÎkÉ«ÐÜÔRË¯ÔRÈªÉ°×�É«Ñ�ÖªÛkÔRÑYÑ�È]Ë_ØXÏqÎ�ÏÃÝ�ÞuÖª×�É E_ßªà�á
ËuÏqÚ�ÕbÞuÉ E5âbãªà Ç�ÈªÎ�Ñ{ÎkÑ{Ð]ÎkÑ�Ú]Û�Õ§ÓuÉ«ÐqÎ�Ï£Ý]ÞuÖ]×�É E_ßªà
E§ä ËbÏqÔRÈ]É°å�ÕbÊ«ÎkÏ]ÞæÚ�Õ�ÞuÉ à Ç�ÈªÉ�Ì£É«ÕbÑ�Öª×�É«Ð¶Õ�Ï]Ë�ÐªÉ
ÊdÈ�Õ�×�ÞuÉ¶Î�ÑæÚ]Û�ËbÔ�ÔRÉLÐçÕ�ÞVÕbÎ�ÏªÑ�ÔæÔ�È]É¾èºé�êëÚ]Ö]ÛkÑ�ÉeÛkÉ«Ï]ÞbÔ�È à Ç�ÈªÉ¾ÉL×�×�Ëu×ÜÍ�Õb×�ÑÃÕb×�ÉeÑ�È]Ë_ØXÏìÕbÑÃÕí×�É«Ð
Í�Õ�Ï]ÐìËuÏìÕîÑ�É«Ú�Õb×�Õ�ÔRÉ¦Ú]Û�Ë�Ô£ËbÏçÔRËbÚ à±ï ÛwÕb×�ÞuÉ¶Ñ�Ê§Õ�Û�É¾Û�Î�ÏªÉ§Õb×ÜÍ[É«È�Õ§ð\Î�Ëb×£ÎkÑÒð\Î�Ñ�Î�Í]ÛkÉ àìñ Ë_Ø{É�ðuÉL×«ò
Ú]ÈªËbÔRË\Ð]ÉLÔ�É«Ê�ÔRËu×óÏªËuÏ]Û�ÎkÏ]É§Õ�×�ÎkÔ�Î�ÉLÑYÕb×�É�Éaô�ÚyÉLÊLÔRÉLÐeÔRË¼Í[ÉõÍ[É«ÛkË5ØöËbÏ]É�Ú[É«×�ÊLÉ«ÏVÔ§ò�ØXÈ]Î�ÊdÈeÎkÑ{Ï]ËbÔ�ð\Î�Ñ�ÎkÍ]Û�É
ÎkÏÃÔ�È]Î�ÑYÐ]Î�ÕbÞu×�ÕbÌ à¨ï Ñ�Ô�×RÕbÎkÞuÈVÔYÛ�Î�ÏªÉ�Î�ÑNÝ]Ô�ÔRÉ«ÐÒÔRË·ÔRÈªÉ°Ð�Õ¬ÔdÕ·ÚyËbÎ�ÏVÔRÑ à Ç�È]É«ÏÒÔRÈ]É¸×�ÉLÛwÕ�Ô�ÎkðbÉ�Ð]ÉLð\ÎwÕ¬ÔRÎ�ËbÏ
Ëbå[ÔRÈªÉ¸ÌÒÉ§Õ�Ñ�Ö]×�É«Ð»Õ�Ï]Ë�ÐªÉ�ÊdÈ�Õb×�ÞbÉXå�×�ËuÌ÷Ô�È]Î�ÑiÑ¥ÔR×RÕ�Î�ÞuÈVÔYÛ�ÎkÏ]ÉóÎkÑ�Ê«ÕbÛ�ÊLÖ]ÛwÕ¬ÔRÉ«Ð¼å�Ëb×�É«ÕbÊdÈÒÚ]Ö]Û�Ñ�ÉXÛ�É«ÏªÞbÔRÈ à
Ç�È]ÎkÑX×�É«Úª×�É«Ñ�É«ÏVÔRÑ¸ÔRÈ]É¯ÎkÏ�Ô�É«Þu×�ÕbÛmÏ]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^ÓÒËbå¨ÔRÈ]É¯Ú]ÈªËbÔRË\Ð]ÉLÔ�É«Ê�ÔRËu× à
Ç�È]Ée×�ÉLÑ�Ö]Û
ÔÜÎ�ÑTÑ�È]Ë_ØXÏøÎ�ÏùÝ�ÞbÖ]×�É E§ßªàkE_ú ËuÏùÔRÈªÉeÏ]É�ô\ÔÜÚ�Õ�ÞuÉ à Ç�È]ÉeÏ]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^Ó�Î�ÑTÚ]Û�Ë�Ô�ÔRÉLÐ

ÕbÞuÕbÎ�Ï]Ñ¥Ô�ÔRÈªÉÜ×�É«ÊLËu×�ÐªÉ«Ð�ÕbÏ]Ë\Ð]ÉÜÊdÈ�Õb×�ÞuÉ¾û�ÛkË_Ø{ÉL×�È]Ëu×�Î�ü«ËbÏ�ÔRÕbÛNÕ5ôªÎkÑdý à Ç�È]ÉÃÖ]ÚªÚyÉL×·È]Ëu×�Îkü«ËuÏVÔRÕbÛNÕ¬ô�ÎkÑ
Ñ�È]Ë_ØXÑ¯Ô�È]ÉÜÊ«Ëb×�×�ÉLÑ�Ú[ËuÏ]Ð]ÎkÏ]Þ¾èºé�êþÚ]ÖªÛ�Ñ�ÉÜÛkÉ«Ï]Þ�ÔRÈ à Ç�È]ÉÃÍ]Û�ÖªÉ¼Í�ÕbÏ]Ð`×�É«Ú]×�É«Ñ�ÉLÏVÔRÑ¯ÔRÈ]É¼å�Ö]ÛkÛHÖ]ÏªÊ«É«×Pÿ
ÔRÕbÎ�ÏVÔRÎkÉ«ÑLò[ÊLËuÌ¼Í]ÎkÏ]Î�ÏªÞÒÔ�È]ÉæÑ¥ÔdÕ�Ô�Î�Ñ�Ô�Î�Ê«ÕbÛºÉ«×�×�Ëu×Xå�×�ËuÌ ÔRÈªÉTÝ]Ô�ÔRÎ�ÏªÞqËbåNÔ�È]Éæ×�É«ÊLËu×�Ð]ÉLÐ � ê�� Ñ�Ú[É«Ê�ÔR×RÕ�ò
ÕbÏªÐîÔRÈªÉ£Ñ¥Ó�Ñ¥ÔRÉLÌqÕ�Ô�Î�ÊÒÖ]Ï]ÊLÉ«×�ÔRÕbÎ�ÏVÔ^Ó�Ëbå�ÔRÈ]ÉÒÌ£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ«òNÕbÑ½Ð]ÉLÔ�É«×�Ì£ÎkÏ]É«Ð�Î�Ï�Ñ�ÉLÊLÔRÎkËuÏ E§ßªà���à1â�à
Ç�È]É¯Ï]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^ÓÒËbåºÔRÈªÉ·Ú]È]ËbÔ�Ë�Ð]É�ÔRÉLÊLÔRËb×�Î�Ï»ÔRÈªÉ·Ñ�Ö]Í]Ú[É«×�Ê«ÉLÏ�Ô°×RÕ�Ï]ÞuÉ·Ê§Õ�Ï¾ÊLÛ�É«Õb×�Û
ÓqÍ[É·ËuÍ]Ñ�É«×�ðbÉ«Ð
ØXÎ
ÔRÈ]ÎkÏ¼ÔRÈ]É�ÉL×�×�Ëb×�Ñ à Ç�È]ÉXÞu×RÕbÚªÈÒÈ]ÕbÑiÍyË�ÔRÈÒÕ·ÌqÕ¬ô�ÎkÌ¼Ö]Ì ÕbÏ]ÐÒÕ·Ì£ÎkÏ]Î�ÌæÖ]Ì ÕbÏ]ÐÒÕõÔRÖ]×�Ï]Î�ÏªÞ·ÚyËuÎkÏVÔ
ÎkÏ£ÔRÈªÉõÊ«ÉLÏVÔRÉ«× àYï Ñ�È�Õb×�Úq×�Î�Ñ�ÉõÎkÑ�ËuÍªÑ�É«×¥ðuÉLÐ»å�Ëu×�Ñ�ÌqÕ�Û�ÛJÕbÏ]Ë\Ð]É°ÊdÈ�Õb×�ÞbÉ«ÑóÕ�Ï]Ð»Ñ�ÈªËu×�Ô{Ú]Ö]Û�Ñ�ÉõÛkÉ«Ï]ÞbÔ�È]Ñ à
Ç�È]ÎkÑqÌ£Õ§ÓøÈ]Î�ÏVÔqÔ�Ë É�� ÉLÊLÔRÑqÊ§ÕbÖ]Ñ�É«ÐÙÍVÓìÕbÏ±èºéYê ×�ÎkÑ�É¶ÔRÎ�ÌÒÉ¶ÔRÈ�Õ�Ô£Î�ÑÒÛwÕ�×�ÞuÉL×ÒÔ�È�ÕbÏ±ÉaôªÚ[É«Ê�ÔRÉLÐ à
ñ Ë5Ø�ÉLðbÉ«×Lò�ÏªË�Î�Ï�å�Ëu×�Ì£Õ�ÔRÎkËuÏ�ÕbÍ[ËuÖªÔ½ÔRÈ]ÎkÑTÚ]×�ËuÚ[É«×�Ô^ÓîÊ«ËbÖ]Û�ÐîÍyÉqÕbÊ	��Ö]Îk×�É«Ð à�
 ÖªÔ�Ö]×�É£ÕbÏ�ÕbÛ
Ó\Ñ�É«ÑæËuÏ

E��uâ
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ÔRÈ]ÎkÑóÔRËuÚªÎ�Ê·Ñ�ÈªËuÖ]Û�Ðeå�Ö]×¥ÔRÈ]ÉL×XÎ�ÏVðuÉLÑ�ÔRÎkÞVÕ�Ô�É¯Ô�È]Î�Ñ�Í[É«È]Õ_ð\ÎkËu×�Ëbå¨ÔRÈ]É¯Ï]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó à

 ËuÛkÛ�Ë_ØXÎ�Ï]ÞXÔRÈªÉ�Ê«ËuÏVðuÉLÏVÔRÎ�ËbÏ£Ð]ÎkÑ�ÊLÖ]Ñ�Ñ�É«ÐÒÎ�Ï#" à$� ÔRÈ]É�ÎkÏVÔRÉ«Þb×RÕbÛ�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó¯ËbåJÔRÈ]É�ÎkÏ�ðbÉ«Ñ¥ÔRÎ�ÞuÕ�ÔRÉLÐ
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gihkjml\n5oqp)�\rsp�/�rwvy�A�V¹��a�^´T�b�wzw�a�í�u�V�¬¡V�°�w�]~¸�]�a�V�}z}�]~��L�^z��1�î�a¹{�w�]~�©ª�]�¬���� V~���~d�����a�æ¡§�] V~P�T��~¥¢a���«¢{©ª�R�L¤
®Lzw V~d e�R�¦�w�]~{´T�L�ª¡§¹s�¬���^¡§�R~P�R­�¹��R�a´10325476¥²°³y�]~��L�]�b V~°�����L� �V~¥¢¸�d�a��¢Pzw V~P�R~d æz}���w�Vz�¢
�L���L� ��¢^z�¢ó�d�a�^�R~¥¢�©º�a�] £�����5®«~P�����V~¸��¡§�^�R~P�ª�s¢��a¹N¡a©í���

2µA
²

Ú]ÈªËbÔRË\Ð]ÉLÔ�É«Ê�ÔRËu×XÈ�ÕbÑXÍ[É«ÉLÏ¦ÌÒÉ§ÕbÑ�Ö]×�ÉLÐ¾Ô�ËÃÍyÉ
8�9õè

= (0.5 ± 0.05)%
û E_ß�à1ú ý

Ç�È]É¶Ì£É«ÕbÑ�Ö]×�É«ÌÒÉ«ÏVÔÒËbåõÕ�Ú]ÈªËbÔRË\Ð]ÉLÔ�É«Ê�ÔRËu×5:�ÑÃÏ]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^ÓîÎ�Ï ÔRÈ]É¶Ñ�Ö]Í]Ú[É«×�ÊLÉ«ÏVÔ»×�ÕbÏ]ÞuÉeÎkÑÒÕbÏ
ÕbÊdÈªÎ�ÉLðbÉ«ÌÒÉ«ÏVÔ»Ë�åõÔRÈªÎ�ÑÒÕbÏ�ÕbÛ
Ó\Ñ�Î�Ñ à;
 Ëu×ÃÊLËuÌ£Ú]Õb×�ÎkÑ�ËuÏ Ý�ÞuÖª×�É E_ßªà
E_ã Ñ�È]Ë_ØXÑ£Ô�È]É¾Î�Ïªå�Ëu×�ÌqÕ¬ÔRÎ�ËbÏùËbå
Ô�È]É`Ú]È]ËbÔ�Ë�Ð]É�ÔRÉLÊLÔRËb×eÖ]Ï]Ð]ÉL×¶Ô�É«Ñ¥Ô¾ÕbÑ¶Ú]×�Ë_ð\Î�Ð]ÉLÐöÍ�ÓìÔRÈ]É`Ì£ÕbÏ�Öªå�ÕbÊLÔ�Ö]×�ÉL×«ò ñ ÕbÌ£ÕbÌ£Õ�ÔRÑ�ÖmòXÔdÕ�<�É«Ï
å�×�ËuÌ Ô�È]É¶Ð�Õ�ÔdÕ`Ñ�ÈªÉ«ÉLÔ>=?" âA@AàB
 Ëb×¼Ê«ËuÌÒÚ�Õb×�Î�Ñ�ËuÏ ØXÎkÔRÈ Ô�È]É¶ÌqÕbÏ�Öªå�Õ�ÊLÔRÖª×�É«×5:�ÑÜÝ�ÞbÖ]×�ÉeÔRÈªÉ¦Õ�Ï]Ë�ÐªÉ
ÊdÈ�Õ�×�ÞuÉLÑ�×�É«Ê«Ëb×�Ð]ÉLÐqÎ�ÏÜÔ�È]Î�Ñ�ÕbÏ�Õ�ÛkÓ\Ñ�ÎkÑYÕb×�É�ÔR×�ÕbÏ]Ñ¥å�Ëu×�ÌÒÉ«ÐÒÎ�ÏVÔRË½Õ§ðuÉL×RÕbÞbÉ°ÊLÖ]×�×�É«ÏVÔRÑ�ÍVÓÜÔRÈ]É�å�ËuÛkÛ�Ë_ØXÎ�Ï]Þ
ÉLÑ�ÔRÎkÌqÕ¬ÔRÉ�C ï Ï]Ë�ÐªÉ�ÊdÈ�Õ�×�ÞuÉLÑ

QA
Ëbå]Ö]ÚæÔRË

200 pC
È�Õ§ðuÉóÍ[É«ÉLÏ¼×�É«ÕbÐ¼ËuÖ�ÔNÕ�ÔHÕ°×�Õ�ÔRÉ�Ëbå

f = 10 kHz
ò

×�É«Ñ�ÖªÛkÔRÎkÏ]Þ¶Î�Ï�ÕbÏîÕ§ðuÉ«×�ÕbÞuÉ£ÕbÏ]Ë\Ð]ÉÃÊ«Ö]×�×�ÉLÏ�ÔTËbå
Ī = QA · f = 2 µA

à Ç�È]Î�Ñ½Ê«Ö]×�×�ÉLÏ�ÔTÐ]ËuÌ£ÕbÎkÏíÎ�Ñ
Ô�È]×�ÉLÉ½Ëb×�Ð]ÉL×�ÑXËbåNÌ£ÕbÞuÏªÎkÔRÖªÐ]É�Í[É«Û�Ë_Ø ÔRÈ]É¯ÎkÏªå�Ëu×�Ì£Õ�Ô�Î�ËuÏ£Ú]×�Ë_ð\Î�Ð]ÉLÐ¦ÍVÓeÔ�È]É¯ÌqÕbÏ�Öªå�Õ�ÊLÔRÖª×�É«× à
8^Ï¾Ëb×�Ð]ÉL×XÔ�ËÃÐ]ÉLð\Î�Ñ�É½ÕbÏ]ÐeÔRÉLÑ�Ô¸Ì£É�ÔRÈ]Ë\Ð]Ñ�ÔRËÃÌÒÉ§ÕbÑ�Ö]×�É�Ô�È]É¯Ú]È]ËbÔ�Ë�ÐªÉLÔRÉLÊLÔ�Ëu×�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^ÓqËbÏ]ÛkÓ

Õ·Û�ÎkÌ£Î
ÔRÉLÐæÊdÈ�Õb×�ÞuÉX×RÕbÏªÞuÉXÈ�ÕbÑiÍ[É«É«ÏÒÊ«ËbÏ]Ñ�ÎkÐ]É«×�É«ÐÒÎ�ÏÜÔRÈ]ÎkÑYÕbÏ�ÕbÛ
Ó\Ñ�Î�Ñ àED åyÊ«ËuÖ]×�Ñ�É�ò\ÎkÏÒÕ¯Ú[ËuÛ�Õb×�Îkü§Õ�Ô�Î�ËuÏ
ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔÃÕ�ÔÃÕ ×�Ö]Ï]Ï]ÎkÏ]ÞF8PèG� É�ô�ÚyÉL×�ÎkÌ£ÉLÏ�Ô«ò�Õ�Ì¼Ö]ÊdÈøÛwÕ�×�ÞuÉL×TÐªÓ\Ï�Õ�Ì£ÎkÊ»×RÕbÏªÞuÉqÈ�Õ�Ñ¼ÔRË Í[É
ÊLË5ðbÉ«×�É«Ð àH
 ×�ËuÌ ËuÏ]É�ÖªÚÒÔ�Ë½ËbÏ]ÉóÔRÈ]ËbÖ]ÑRÕbÏªÐÒÉLÛ�ÉLÊLÔR×�ËuÏ]Ñ�Õb×�É�É�ô�ÚyÉLÊLÔ�É«ÐqÚ[É«×iÚªÈ]ËbÔRË\Ð]É�ÔRÉ«Ê�ÔRËu×iÐªÖ]×�ÎkÏ]Þ
8PèG�þÚyËuÛ�Õb×�Îkü§Õ�Ô�Î�ËuÏ�ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô�Ñ àîñ Ë_Ø�ÉLðuÉL×«ò�ÔRÈ]É»ÌÒÉLÔ�È]Ë\Ð]Ñ¼Ð]É�ðuÉ«ÛkËuÚ[É«ÐøÎ�ÏùÔ�È]Î�ÑæÔ�È]É«Ñ�Î�Ñ¼Ê«ÕbÏ
É«ÕbÑ�ÎkÛkÓ�ÍyÉ£É�ô�Ú�ÕbÏªÐ]É«Ð ÔRË�Ê«Ë_ðuÉL×¼Ð]Î3�yÉ«×�É«ÏVÔÜ×�ÕbÏ]ÞuÉLÑ àFI Ó Þu×�ÕbÐ]Ö�Õ�Û�ÛkÓ`ÎkÏ]Ê«×�É§ÕbÑ�Î�Ï]Þ¾ÔRÈ]É»ÕbÌ£ÚªÛ�ÎkÔ�Ö]Ð]É
ðbËuÛkÔRÕbÞuÉ½Ö]Ñ�ÉLÐ ÔRË»ËuÚ[É«×�Õ�ÔRÉ¯ÔRÈªÉ¼èºéYêæòyÔ�È]ÉæÑ�ÕbÌ£ÉTÚ]Ö]ÛkÑ�ÉæÛkÉ«Ï]Þ�ÔRÈ�ÌÒÉLÔ�È]Ë\Ð�Ð]ÉLÑ�Ê«×�Î�Í[É«ÐíÈ]ÉL×�ÉLÎ�Ï�Ê«ÕbÏ
Í[É¯Ö]Ñ�ÉLÐ¦ÔRËÃÊLË5ðbÉ«×¸È]Î�ÞbÈ]É«×�ÊdÈ�Õ�×�ÞuÉ¯×RÕ�Ï]ÞuÉ«Ñ à

E���ä
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ÀSR½ÁUT·ÁWVTÁ;XZY�Y¸ÅU[�\^]iÆ_[3`bac`edgfihkj lm`�aXÅU[.a�Ân]HoA[
ÆAp

Ç�È]É¶×�ÉLÑ�Ö]Û
ÔRÑÜ×�ÉLÊ«Ëu×�Ð]É«Ð ØXÎ
ÔRÈ ÔRÈ]ÉeÚªÖ]Û�Ñ�ÉeÛ�É«ÏªÞbÔRÈ ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔÒÕb×�ÉeÊLËu×�×�É«ÊLÔ�É«Ð å�Ëu×¼Ô�È]É � ê�q
Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó à Ç�È]ÉTÐ]ÉLÔ�É«×�Ì£ÎkÏ�Õ�ÔRÎkËuÏ¾ËbåNÔRÈªÉ � ê�q Ï]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^ÓeÎkÑ°Ð]ÉLÑ�ÊL×�Î�Í[É«ÐíÎkÏ¦Ñ�É«Ê�ÔRÎ�ËbÏ áªà ú�àkE
ËuÏ¶Ú�ÕbÞuÉ E_ß%r�à Ç�È]Éts�u vbw�xyw�z_{.uU|�}¨Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^ÓqË�å Ô�È]É � êb~ Î�Ñ�ÖªÑ�É«Ð¾å�Ëu×óÔRÈªÎ�Ñ½û�Ñ�É«É¯Ý�ÞuÖ]×�É áªà ã ý�ò
ØXÈ]Î�ÊdÈíÎkÑ°É5��Ö]Îkð�ÕbÛkÉ«ÏVÔõÔ�ËqÔRÈ]É¼ÕbÊLÔ�Ö�ÕbÛ¨Í]ÎkÔõÑ�Î�üLÉ«Ñ°ËbåiÔRÈ]É � êb~ à 8^Ï�Ô�È]É¼×�ÉLÊ«Ëu×�Ð]É«ÐíÚªÈ]ËbÔRË\Ð]É�ÔRÉ«Ê�ÔRËu×
Ñ�Ú[É«Ê�ÔR×RÕ¸É§ÕbÊdÈæÈ]Î�Ñ¥ÔRËuÞu×�ÕbÌ ÍªÎ�ÏæÎkÑ�Ø{ÉLÎ�ÞuÈVÔRÉLÐTØXÎ
ÔRÈ¯ÔRÈ]É�Î�ÏVðuÉL×�Ñ�É{Ëbå�ÔRÈ]É�Ð]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛVÏ]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó�Ë�å
ÔRÈ]É°Ê«Ëu×�×�ÉLÑ�Ú[ËuÏ]Ð]ÎkÏ]Þ � ê�~ìÍªÎkÔ à Ç�È\ÖªÑ«ò�Ô�È]ÉõÊLËuÏVÔRÉLÏ�Ô{ËbåºÕ � ê�~ìÍ]ÎkÔ�ÔRÈ]Õ�Ô�È�ÕbÑ{Í[É«ÉLÏ»Ð]É�ÔRÉ«×�Ì£ÎkÏ]É«Ð
ÔRË`Í[É¾Û�Õb×�ÞbÉ«×æÔ�È�ÕbÏøËuÏ]É¶Û�É«ÕbÑ�ÔÃÑ�Î�ÞuÏªÎkÝ�Ê«ÕbÏVÔÜÍ]ÎkÔÃÎkÑÜÑ�Ê«ÕbÛ�ÉLÐ ÐªË5ØXÏìÕbÏ]Ð ð\Î�ÊLÉ¶ðbÉ«×�ÑRÕ à�D Ï]Ê«ÉeÔ�È]Î�Ñ
Ú]×�Ë\Ê«ÉLÐ]Ö]×�É¼È�ÕbÑ°ÍyÉLÉ«ÏíÕbÚªÚ]Û�ÎkÉ«Ð¶ÔRËeÕbÛkÛ � ê�~ Í]ÎkÔ�Ñ«òJÔRÈ]ÉTÚ]È]ËbÔ�Ë�Ð]É�ÔRÉLÊLÔRËb×	:!ÑõÎ�ÏVÔ�É«Þu×�ÕbÛºÏ]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó
Î�Ñ�Ê«ÕbÛ�ÊLÖ]ÛwÕ�Ô�É«Ð¾ÕbÞVÕ�Î�Ï à
Ç�È]É¸×�ÉLÑ�Ö]Û
ÔRÑ�Ê§ÕbÏ£ÍyÉXå�ËuÖ]Ï]Ð£Î�ÏÃÝ�ÞuÖ]×�É E§ßªàkE�r�à Ç�È]ÎkÑ�Ý]ÞuÖ]×�É¸×�É�å�É«×�Ñ�ÔRË¯ÔRÈªÉõÑRÕ�Ì£ÉXÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô

ÕbÑqÝ�ÞbÖ]×�É E_ß�àkE5ú ËuÏöÚ�ÕbÞuÉ E-�%� òXÉ�ô�Ê«ÉLÚªÔ¶ÔRÈ�Õ¬Ô»ÔRÈ]É � êb~ëÏ]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^Ó È�ÕbÑqÍyÉLÉ«ÏöÊ«Ëu×�×�ÉLÊLÔRÉLÐ
å�Ëu× à#I ËbÔRÈíÝ�ÞuÖª×�É«ÑTÕb×�É¼ðuÉ«×¥Ó�Ñ�Î�ÌÒÎ�Û�Õb× à Ç�È]ÉÃÌ£Õ���Ëu×·Ð]Î�� ÉL×�É«ÏªÊ«ÉÃÎ�Ñ¯ÕeÑ�ÛkÎ�ÞuÈVÔ¯Ñ�È]ÎkåsÔ¯Í[ÉLÔ^Ø�É«ÉLÏ

120ÕbÏ]Ð
140 pC

à Ç�È]Î�ÑÜÊLËu×�×�É«Ñ�Ú[ËuÏ]ÐªÑÒÔ�Ë`Ô�È]É¶ÛwÕb×�ÞuÉeÐ]ÎkÚ ÎkÏùÔRÈ]É¶Ð]Î�� ÉL×�ÉLÏ�Ô�ÎwÕbÛ � êb~ Ï]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó
Õ�Ô·Õ�×�ËuÖ]ÏªÐ

600
� ê�~ Ê«ËuÖªÏ�Ô�ÑÃû�Ñ�É«ÉæÝ]ÞuÖ]×�É áªà�ã ËuÏ Ú�Õ�ÞuÉ E_ßbá ý à Ç�È]É¼Ñ�Ö]Í]Ú[É«×�ÊLÉ«ÏVÔ¯Ï]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó

ËbåNÔ�È]ÉæÚ]ÈªËbÔRË\Ð]ÉLÔ�É«Ê�ÔRËu×°Î�Ñ¸Ñ�ÔRÎkÛ�Û�ÊLÛ�É§Õ�×�ÛkÓeð\ÎkÑ�Î�ÍªÛ�ÉbòJÕ�Ï]Ð�ÔRÈªÉæËuÍ]Ñ�É«×¥ðbÕ¬ÔRÎ�ËbÏ]Ñ°Ì£ÕbÐ]É½Î�Ï¾ÔRÈ]ÉTÚ]×�É�ð\Î�ËuÖ]Ñ
Ñ�ÉLÊLÔRÎkËuÏ¦Õb×�É·Ñ¥ÔRÎ�ÛkÛyå�Ö]ÛkÛkÓ»ÕbÚ]Ú]ÛkÎ�Ê§Õ�Í]Û�É à

E��Vú
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���g����� ���m�����U� �����.���

�öÈ]ÎkÛ�É{Ô�È]É�ÌÒÉLÔRÈªË�Ð]ÑHÐ]É«Ñ�Ê«×�ÎkÍyÉLÐ£Ñ�Ë·å�Õb×iÕb×�É�Ñ�É«ÏªÑ�ÎkÔ�ÎkðbÉóÔRË�ÔRÈªÉ¸ÎkÏVÔRÉ«Þb×RÕbÛ�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^ÓTË�å[Ô�È]É�Ú]È]Ë¬ÿ
Ô�Ë�Ð]É�ÔRÉLÊLÔRËb×«ò�Ô^Ø{Ëæå�Öª×�ÔRÈªÉ«×{ÌÒÉLÔ�È]Ë\Ð]Ñ�È]Õ_ðbÉ�Í[É«É«ÏqÐ]ÉLð\Î�Ñ�É«ÐqÔ�È�Õ�Ô{Õb×�É°Ñ�ÉLÏ]Ñ�Î
ÔRÎkðbÉ°Ô�ËTÔRÈªÉ°Ð]Î�� ÉL×�ÉLÏ�Ô�ÎwÕbÛ
Ï]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^Ó à Ç�È]ÉLÓeØXÎkÛ�ÛyÍyÉ¯Î�ÏVÔ�×�Ë\Ð]Ö]Ê«ÉLÐ¶Î�ÏeÔRÈ]ÎkÑXÕbÏ]Ð¶ÔRÈ]É·å�ËuÛkÛ�Ë_ØXÎ�ÏªÞ¼ÊdÈ�ÕbÚªÔ�É«× à
Ç�È]É�s)�A���	}�w��K��}���w���w�{¡ _�	sbò�Ð]ÉLÑ�ÊL×�Î�Í[É«ÐqÎ�Ï£Ô�È]Î�Ñ�Ñ�ÉLÊLÔ�Î�ËuÏ£ÌqÕ�<�É«Ñ�Ö]Ñ�É�Ë�å�ÕæÑ�É«Ê«ËbÏ]ÐeèºéYê ËbåmÔ�È]É

Ñ�ÕbÌ£ÉÃÔ^Ó\ÚyÉÒÎ�ÏªÑ�ÔdÕ�Û�Û�ÉLÐ`ÍyÉLÑ�Î�ÐªÉÒÔ�È]ÉqËuÏªÉ£Ö]Ñ�É«ÐùÑ�Ë¦å�Õb× à Ç�È]ÉÒÝ�×�Ñ¥Ô¼èºéYê ÎkÑ½ÚªÖ]Û�Ñ�É«Ð ÎkÏîÔ�È]É£Ñ�ÕbÌÒÉ
Ø{Õ§ÓÒÕbÑiÎ�ÏÜÔRÈªÉ�Ú]Ö]Û�Ñ�ÉXÛ�É«ÏªÞbÔRÈÃÌÒÉLÔRÈªË�Ð¾û�Ñ�É«É¸Ñ�ÉLÊLÔ�Î�ËuÏ E_ßªà$� ý à Ç�È]ÉXÑ�ÉLÊ«ËuÏªÐ»èºéYê ÎkÑiËuÚyÉL×RÕ�Ô�É«ÐÜØXÎkÔ�È
Õ¦Ý�ôªÉLÐmòNðuÉL×�ÓîÑ�È]Ëb×�ÔÜÚ]ÖªÛ�Ñ�É à Ç�È]ÉqÐ]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛYÏ]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^ÓíÎ�ÑæÕbÊ	��Ö]Îk×�É«Ð Í�ÓîÊ«ËbÌ£Ú�Õ�×�Î�ÏªÞ¾Ô�È]É
Ñ�Î�ÞuÏ�Õ�Û]ØXÈ]É«Ï»Í[ËbÔ�È»èºéYêõÑóÕb×�ÉXÛ�ÎkÔYÑ�Î�Ì¼ÖªÛkÔdÕ�Ï]É«ËuÖªÑ�ÛkÓ¼ÕbÏ]ÐÒØXÈ]É«Ï»ËbÏ]ÛkÓ¼Ô�È]É°Ý]×�Ñ�Ô{èºéYê Î�Ñ�Ö]Ñ�É«Ð à�I Ó
ð�Õb×¥Ó�ÎkÏ]ÞqÔ�È]ÉæÛkÉ«Ï]ÞbÔ�È ËbåiÔ�È]ÉTÝ�×�Ñ�Ô·ÚªÖ]Û�Ñ�ÉbòyÔ�È]ÉÜêb9°è Ê«ÕbÏ Í[É¼ÌÒÉ§ÕbÑ�Ö]×�ÉLÐ`Õ�Ô�Ð]Î�� ÉL×�ÉLÏ�ÔõËuÚ[É«×RÕ¬ÔRÎ�ÏªÞ
Ú[ËuÎ�ÏVÔ�Ñ à
Ç�È]ÉqÔ^Ø�Ëíèºé�ê°ÑæØ{ÉL×�ÉeÚ]ÖªÛ�Ñ�ÉLÐùÍVÓîÔ�È]ÉqÔ^Ø�Ë ËuÖªÔ�Ú]ÖªÔæÊdÈ�ÕbÏ]Ï]ÉLÛ�Ñ¼Ë�å�ÔRÈ]ÉÒå�Ö]Ï]ÊLÔ�Î�ËuÏ ÞuÉ«Ï]ÉL×RÕ�Ô�Ëu×«ò

ØXÈ]ÎkÊdÈ Ø�É«×�É¶Ñ�Ó\Ï]ÊdÈ]×�ËuÏ]Î�üLÉ«Ð ÔRË`É§ÕbÊdÈ ËbÔ�È]É«×ÃÕbÏªÐ ËbÚyÉL×RÕ�Ô�É«Ð Õ�ÔÒÕ å�×�É5�\ÖªÉ«Ï]Ê�ÓøËbå
f = 10 kHz

à
Ç�È]ÉÜÝ�×�Ñ�ÔTèºéYêþØ{ÕbÑ¯Ú[Ë5Ø�É«×�É«ÐîÍ�ÓíÕ»×�É«Ê�ÔdÕbÏªÞuÖ]ÛwÕ�×·Ú]Ö]Û�Ñ�É¼ØXÎkÔ�È`ÕbÏ�ÕbÌ£ÚªÛ�ÎkÔ�Ö]Ð]ÉTËbå

U1 = −5 V
à

Ç�È]É½Ú]Ö]ÛkÑ�É½Û�ÉLÏ]ÞbÔRÈ¶Ø{ÕbÑ¸ð�Õb×�Î�ÉLÐ¦Í[ÉLÔ^Ø�É«ÉLÏ
50

ÕbÏ]Ð
150 ns

ÎkÏ
5 ns

Ñ¥ÔRÉ«ÚªÑ à¢
 Ëu×óÔ�È]ÉTÑ�É«ÊLËuÏ]ÐíèºéYê
Ô�È]ÉÃÚ]Ö]Û�Ñ�ÉÃÛ�É«ÏªÞbÔRÈíØ{ÕbÑ·Ýªô�É«ÐîÔ�Ë

25 ns
ò¨ÕbÏªÐ`Ô�È]ÉÒÕbÌÒÚ]Û�Î
ÔRÖ]Ð]ÉTØóÕbÑ

U2 = −2 V
à Ç�È]ÉL×�ÉÜØóÕ�ÑæÕ

ðbÉ«×�Ó£Ñ�ÈªËu×�Ô{Ð]É«Û�Õ_ÓÒËbå
0.05 ns

ÍyÉ�Ô^Ø{ÉLÉ«Ï¶ÍyË�ÔRÈqÊdÈ]ÕbÏ]Ï]ÉLÛ�Ñ à Ç�ÈªÉ�ÞVÕ�Ô�É¸å�Ëu×YÔRÈªÉ � ê�~ì×�É«ÕbÐ�ÿ ËuÖªÔ{Ø{ÕbÑ
ÞuÉLÏ]É«×�Õ�ÔRÉLÐ ÍVÓeÔRÈ]É¯ÔR×�Î�ÞuÞbÉ«×XËuÖªÔ�Ú]ÖªÔ°ËbåHÔ�È]É½å�ÖªÏ]ÊLÔ�Î�ËuÏ¦ÞuÉ«Ï]ÉL×RÕ�Ô�Ëu× à¢£ Î�Ï]ÊLÉ·ÔRÈ]ÎkÑ°ÎkÑ¸ÖªÑ�Î�ÏªÞqÇ�ÇXè¥¤�ÎkÔ
È�Õ�Ð¦ÔRË£ÍyÉ¯å�É«Ð¦Î�ÏVÔRËÒÑ�É�ðuÉL×RÕbÛn9,8§¦ ÌÒË\Ð]Ö]Û�ÉLÑ àe
 Î�×�Ñ�Ô¸ÎkÔXØ{ÕbÑ°ÎkÏVðuÉ«×¥ÔRÉLÐmòmÕbÏªÐ¦ÔRÈªÉ«Ï�Úª×�Ë\Ê«É«Ñ�Ñ�ÉLÐíÍ�Ó
ÕÜÞVÕ�Ô�É¯ÞuÉ«Ï]ÉL×RÕ�Ô�Ëu× à Ç�ÈªÉT×�É«Ñ�ÖªÛkÔRÎkÏ]ÞÜÞVÕ�Ô�É·È�ÕbÐ¦Õ¼ØXÎ�ÐªÔ�È¦Ëbå

300 ns
à

ï åsÔRÉL×óÕTØ{Õb×�ÌÃÿ Ö]ÚqÔRÎkÌ£É¸Ëbå
5
ÈªËuÖ]×�Ñ�å�Ëu×�Ô�È]É�Ú]È]Ë�ÔRË\Ð]ÉLÔ�É«ÊLÔ�Ëu×óÕ�Ï]Ð

3
È]ËuÖª×�Ñ{å�Ëu×�ÍyË�ÔRÈeèºéYêõÑXÕ

Ð�Õ�×7<ÃÊ«Ö]×�×�ÉLÏ�Ô{Ì£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ�ØóÕ�Ñ{Ð]ËuÏªÉ à Ç�È]ÉLÏqÔRÈ]É¸Ý�×�Ñ¥ÔóèºéYê Ø{ÕbÑ{Ñ¥ØXÎkÔ�ÊdÈ]É«ÐeËuÏÒØXÎkÔ�ÈqÕ½Ú]Ö]Û�Ñ�É
ÛkÉ«Ï]ÞbÔ�È¼Ëbå

50 ns
òuÕ�Ï]Ð

107 Ú]ÖªÛ�Ñ�ÉLÑHØ�É«×�É�×�É«ÊLËu×�Ð]ÉLÐ à Ç�È]É{Ñ�É«ÊLËuÏ]ÐÒèºéYê¨:�ÑHÑ�È]Ëu×¥ÔiÚ]Ö]ÛkÑ�É{Ø{ÕbÑHÔ�Ö]×�ÏªÉ«ÐËuÏÒÕbÑNØ�É«ÛkÛ�ò�ÕbÏªÐ£Õ�Ï]ËbÔRÈªÉ«×
107 Ñ�ÕbÌ£ÚªÛ�É«ÑNØ�É«×�É¸ÕbÊ	��Ö]Îk×�É«Ð à Ç�È]É«ÏÒÔRÈ]É�Ñ�É«ÊLËuÏ]Ð£è¨éYêÙØóÕ�Ñ�Ñ¥ØXÎkÔ�ÊdÈ]É«Ð

Ë�� òªÔ�È]É·Ý�×�Ñ¥ÔõèºéYê¨:!Ñ°ÚªÖ]Û�Ñ�É½ÛkÉ«Ï]Þ�ÔRÈeØóÕ�Ñ¸ÎkÏ]Ê«×�É§ÕbÑ�É«Ð�ÕbÏ]ÐeÔRÈ]É¯Ú]×�Ë�ÊLÉ«Ð]Öª×�É¯ØóÕbÑX×�É«Ú[É§Õ�Ô�É«Ð à

ÀSR¯ÁWVTÁ^À¸Áª©ÃÂ�«yÄ�ÅkÆ�«

 ÎkÞuÖ]×�É E_ßªà
E "ÒËbÏ¾Ô�È]É½å�Õ�Ê«Î�ÏªÞ£Ú�Õ�ÞuÉ¯Ñ�È]Ë_ØXÑ°Ô�È]É½Ð�Õ�ÔdÕÒÕbÊ5�\ÖªÎ�×�ÉLÐ�ÍVÓeÔRÈªÉTÐ]ËbÖ]Í]Û�É¯Ú]ÖªÛ�Ñ�É½ÌÒÉLÔRÈªË�Ð à
Ç�È]ÉXÕ�Ï]Ë�ÐªÉ�ÊdÈ�Õb×�ÞbÉ�Î�ÑNÚ]ÛkËbÔ�Ô�É«ÐÃÕbÞuÕbÎ�Ï]Ñ¥ÔHÔ�È]É�Ú]Ö]ÛkÑ�É�Û�ÉLÏ]ÞbÔ�È¼ËbåJÔRÈ]ÉóÝ]×�Ñ�Ô�èºéYê à�D åyÊ«ËuÖª×�Ñ�É�òuå�Ëu×HÔ�È]É
ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔRÑ·ØXÎkÔ�È�Í[ËbÔ�ÈîèºéYêõÑ¯ÔRÖ]×�Ï]É«Ð�ËuÏ�Ï]ËbÔ¯ËuÏªÉÜÑ�Ú[É«Ê«Î
Ý�ÊÒÚ]Ö]Û�Ñ�ÉÜÛ�ÉLÏ]ÞbÔRÈ`Ê«ÕbÏîÍ[ÉÜÞuÎ
ðuÉ«Ï à
8^ÏeÔRÈªÎ�ÑóÚ]ÛkËbÔ{Ô�È]É«Ñ�É¯Ì£É«ÕbÑ�Ö]×�É«ÌÒÉ«ÏVÔRÑ�È]Õ_ðbÉ¯ÍyÉLÉ«Ï¾Õ�Ô�Ô�×�ÎkÍ]ÖªÔRÉLÐ¶ÕÜÚ]Ö]Û�Ñ�É�Û�ÉLÏ]ÞbÔ�ÈeËbå

1 ns
Ì£Ëb×�ÉõÔ�È�ÕbÏ

Ô�È]É¯Ê«Ëu×�×�É«Ñ�ÚyËbÏ]Ð]Î�ÏªÞÒÑ�Î�Ï]ÞbÛ�É·Ú]Ö]ÛkÑ�É¯ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô à
8^ÏeËu×�Ð]ÉL×{ÔRËÃÕ�Ê	��Ö]Î�×�ÉõÔRÈªÉ·Ð]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛyÏªËuÏ]Û�ÎkÏ]É§Õ�×�ÎkÔ^Óbò\Ô�È]É�É�� ÉLÊLÔXËbå ÕbÐ]ÐªÎ�Ï]ÞæÔ�È]É�Ñ�É«Ê«ËbÏ]Ð�èºéYê

Ú]ÖªÛ�Ñ�ÉÃÎkÑ·Ê§ÕbÛkÊ«Ö]Û�Õ�ÔRÉLÐ à Ç�È]ÎkÑ·Ê§ÕbÏ�ÍyÉÃÑ�É«É«Ï�Î�ÏíÝ�ÞbÖ]×�É E_ßªà
E_á ËuÏíÔ�È]ÉÃÏ]É�ô\ÔTÚ�ÕbÞuÉ àO£ Ö]ÍªÝ�ÞbÖ]×�É¦ûAÕuý
Ñ�È]Ë_ØXÑ�ÔRÈ]É¼ÐªÎ3�yÉ«×�ÉLÏ]Ê«É

∆Q
Î�Ï¾ÔRÈ]ÉÜËuÖ�ÔRÚ]ÖªÔ�ÕbÏ]Ë\Ð]É¼ÊdÈ�Õ�×�ÞuÉ¼Í[ÉLÔ^Ø�É«ÉLÏ�Ô�È]É¼ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔRÑõØXÎ
ÔRÈ

Í[ËbÔRÈ�èºéYêõÑ·ËuÏ�ÕbÏ]ÐíÔ�È]ÉÜËuÏ]ÉLÑ�ØXÎkÔRÈ`ËuÏªÛkÓ¾ÔRÈ]É¼Ý�×�Ñ�Ô½èºéYê Ô�Ö]×�ÏªÉ«Ð`ËuÏ à Ç�È]Î�Ñ·ÎkÑ�Í�ÕbÑ�Î�Ê§Õ�Û�ÛkÓ¶Ô�È]É
Ð]Î�� ÉL×�ÉLÏ]Ê«É ØXÎ
ÔRÈ]ÎkÏ±É§ÕbÊdÈöËbå¯Ô�È]ÉíÚ�ÕbÎk×�ÑqË�åTÚ[ËuÎkÏ�Ô�Ñ»Î�ÏçÝ�ÞuÖ]×�É E_ßªà
E " à Ç�È]ÉíÐ]Î�� ÉL×�ÉLÏ]Ê«É

∆Q
ÎkÑ

Ú]ÛkËbÔ�Ô�É«Ð¦ÕbÞVÕbÎkÏ]Ñ�Ô�Ô�È]ÉTÕbÏ]Ë\Ð]ÉTÊdÈ]Õb×�ÞuÉTÕbÊ5�\ÖªÎ�×�ÉLÐ¦å�×�ËuÌ ÔRÈªÉ½Ý�×�Ñ�Ôõèºé�ê¬:�Ñ°Ú]Ö]Û�Ñ�É à £ Î�Ï]ÊLÉ½Ô�È]É½Ñ�Ì£ÕbÛ�Û
èºéYê Ú]Ö]ÛkÑ�ÉõÎkÑ{Ï]Ë�Ô�ÕbÛ
ÔRÉ«×�É«Ð»ËbÏ]É°Ø�ËuÖ]ÛkÐ»É�ô�Ú[É«ÊLÔ¸ÕTÖ]Ï]Îkå�Ëb×�ÌþÐ]ÎkÑ�ÔR×�Î�Í]Ö�ÔRÎ�ËbÏÒå�Ëu×{ÕæÚ[É«×�å�ÉLÊLÔ�ÛkÓÒÛ�ÎkÏ]É§Õb×
­§®�¯±°³²A´.µ�´U¶.·5¯M¶.¯±°³²A´.µ�´U¶.·5¯¹¸$·5º�µ�»³¼_°½¶¡¾	¿�ÀE·³ÁÃÂ�µ�º�µ$¶Ä°³¸�¸�·�º5µ�»�º	°Å¶.À

E��bã
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gihkjml\n¬oqp���rwp�Ëªrwv x¸�¬¡��«�w~Y©m¡§��¢R~{´¼~��«¢a¡§�R~P´¼~P�����E���]�b V~¸�A���L� �V~·®«~P�P¢a¡_¢N©m¡§��¢R~��w~P�u�\�w�[²õ³y�]~��w~P¹ �i�a�]~
�a¹i~��¬�A�Ã©J�Lz}�õ�a¹[©��az}�ª�s¢ó�R~A©ª�R~¥¢R~P���s¢·�w�]~ó´¼~��«¢a¡§�R~P´¼~P�ª���mz��w�¦�a�V� � �w�]~{�k�L� �V~�©m¡§��¢R~
�ÇÌV�P¢a�m�ÎÍºx����a�]­J�w�]~N�^z1�5�ª�H�a�]~X�w�]~N´¼~��«¢�¡§�R~P´¼~P���Y�mz��w�¶���¬�w�¼�KÍºxó¢i¢a�mz����A�]~d Ü�a�[²

anode charge Q / pC
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Ï±Ð�Ñ anode charge Q / pC
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Ï±ÒGÑ
gihkjml\n¬oqp���rwp�Ó�rwv x¸�¬¡��«�w~�©m¡§��¢R~ó´¼~��«¢a¡§�R~P´¼~P�ª����x{z}|y~P�R~P�]�d~·��~����º~d~P�  V�¬¡��«�w~°�L�] Ü¢Pz}�u�5�w~i©m¡§��¢R~�¢^z1��¤

���L��¢ó©ª�w�¬�^��~d ¾���b�Lz}��¢a�õ�w�]~¯�L�]�b V~æ�A���L� �V~��R~d�d�a�R V~d »z}�ù�w�]~½�d�a�^�R~¥¢A©��a�] 5z}�u�¶¢^z}�u�5�w~
©m¡§��¢R~�´¼~��«¢a¡§�R~P´¼~P�ª�P²
�k����³y�]~X 5z}|y~P�R~P�]�d~

∆Q
z�¢Y¢P�]�«�m�Ãz}�¶¡§�Vz��s¢X�a¹]©^PN²

���L�¯³y�]~õ 5z}|[~P�R~P�]�d~óz�¢¸ 5z�®�zw V~d ¶���¦�w�]~ó�R~¥¢�©º~d���wz�®«~ó¢^z}�u�5�w~Y©m¡§��¢R~X�L�]�� V~õ�A���L� �V~L²½�
©J�L���L´¼~��w�^z ¿ �b�wzw�a�£z�¢EÌJ�^��~d q���T�w�]~� b�b����©º�az}���s¢�²

Ú]È]ËbÔ�Ë�ÐªÉLÔRÉLÊLÔ�Ëu× à Ç�È�Õ�Ô¸ÎkÑ�Ï]ËbÔ�ÔRÈªÉ½Ê«ÕbÑ�É àYï ÏªÉ«ÞVÕ�Ô�ÎkðbÉ½Ñ�Û�ËuÚ[É·Î�Ñ�ÊLÛ�É«Õb×�Û
Ó£ð\Î�Ñ�Î�Í]ÛkÉ à
8^ÏæÝ]ÞuÖ]×�É�Ô ßªà Ô á û�Í�ý�Ô�È]ÉóÐ�Õ�ÔRÕõËbåJÑ�Ö]ÍªÝ�ÞuÖª×�É¯û�ÕVý Õb×�É{Ð]Î
ð\Î�Ð]ÉLÐ¼ÍVÓTÔ�È]Éó×�ÉLÑ�Ú[É«Ê�ÔRÎkðbÉXÕbÏ]Ë\Ð]É{ÊdÈ]Õb×�ÞuÉ

Ô ��r
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å�×�ËuÌ ÔRÈ]É½Ý�×�Ñ¥Ô·èºéYê Ú]Ö]ÛkÑ�É à 8 å
Q
Ð]ÉLÏ]ËbÔRÉLÑõÔRÈªÉæÊdÈ�Õb×�ÞuÉTå�×�ËuÌ ÔRÈªÉæÛwÕ�×�ÞuÉ·Ý�×�Ñ�Ô·èºéYê Ú]Ö]ÛkÑ�ÉTÕbÏ]Ð

q
Ô�È]É¯ÊdÈ�Õb×�ÞuÉ½å�×�ËuÌ Ô�È]É¯Ñ�Ì£ÕbÛ�ÛyÚ]Ö]ÛkÑ�Ébò]Ô�È]É·ð�Õb×�Î�ÕbÍ]Û�ÉõÚ]Û�ËbÔ�ÔRÉLÐeÎ�ÏeÝ�ÞuÖ]×�É#Ô ßªà Ô á û�Í�ý{Î�Ñ

∆Q/Q = (Q + q − Q)/Q = q/Q
û§Ô ßªà�ã ý

ï Ú�Õb×�ÕbÌÒÉLÔR×�Î�ü«Õ�ÔRÎkËuÏ»Ëbå¨ÔRÈ]É·å�Ëu×�Ì
f(Q) =

p0

Q

û§Ô ßªà�r ý
Ø{ÕbÑ£ÝªÔ�ÔRÉLÐìÔRË�ÔRÈ]É¾Ð�Õ�ÔRÕîËbå�Ñ�Ö]ÍªÝ]ÞuÖ]×�Éùû�ÍJý à é���Ö�Õ¬ÔRÎ�ËbÏiÔ ßªà�r ×�É«Úª×�É«Ñ�É«ÏVÔRÑ¶Õ�ÚyÉL×�å�ÉLÊLÔRÛ
ÓøÛ�ÎkÏ]É§Õb×
Ú]ÈªËbÔRË\Ð]ÉLÔ�É«Ê�ÔRËu×Lòmå�Ëu×�ØXÈ]Î�ÊdÈíÔ�È]ÉÜ×�ÉLÑ�Ú[ËuÏ]Ñ�ÉÃÔRË¶ÕeÑ�ÌqÕbÛkÛ ÍªÖªÔ¯Ê«ËuÏªÑ�ÔdÕ�Ï�Ô½ÊdÈ�Õ�Ï]ÞuÉÃÎ�Ï Ô�È]ÉÜÎ�Ï]ÊLÎ�Ð]ÉLÏVÔ
ÛkÎ�ÞuÈVÔXÎ�ÑXÎkÏ]Ð]É«Ú[É«ÏªÐ]É«ÏVÔ°ËbåHÔ�È]É½Ø�Ëu×Õ<\ÎkÏ]ÞÒÚyËuÎkÏVÔ

Q
à�ï Ñ¸Î�Ï¾Ñ�Ö]Í�Ý�ÞuÖ]×�É»û�ÕVýóÛwÕb×�ÞuÉ·Ð]ÉLð\Î�Õ�ÔRÎkËuÏ]Ñ�å�×�ËuÌ

Ô�È]É¯ÍyÉLÈ�Õ§ð�ÎkËu×�ËbåHÕbÏ¾Î�Ð]É«ÕbÛmÚ]È]Ë�ÔRË\Ð]ÉLÔ�É«ÊLÔ�Ëu×XÊ§ÕbÏ¶Í[É¯ËuÍ]Ñ�ÉL×�ðbÉ«Ð à
Ç�È]É�×�Õ�ÔRÎkË�Ë�åõÔRÈªÉ ÕbÊ�ÔRÖ�ÕbÛXÐ�Õ¬ÔdÕ�ÕbÏ]ÐçÔ�È]Î�ÑÒÚ�Õb×�ÕbÌÒÉLÔR×�Î�ü«Õ�ÔRÎkËuÏùÔRÈ]ÉLÏìÓ\Î�ÉLÛ�Ð]ÑÜÔRÈªÉ¦Ð]Î�� ÉL×�ÉLÏ�Ô�ÎwÕbÛ

Ï]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^Ó à Ç�È]É·×�É«Ñ�ÖªÛkÔRÑóÕb×�É�Ñ�È]Ë_ØXÏ¶Î�ÏqÝ�ÞbÖ]×�É�Ô ß�à1âbß ËuÏ»ÔRÈ]É°å�ÕbÊ«ÎkÏ]Þ¼Ú�ÕbÞbÉ àSÖ É«×¥ÓqÛ�Õb×�ÞbÉõÏ]ËuÏ\ÿ
ÛkÎ�Ï]É«Õb×�Î
ÔRÎ�ÉLÑ°Ë�å�ÌÒËu×�ÉæÔRÈ�Õ�Ï

10%
Ê§ÕbÏ`Í[ÉÜËuÍ]Ñ�ÉL×�ðbÉ«Ð à 8^Ï`Ê«ËbÌ£Ú�Õ�×�Î�Ñ�ËuÏ�Ô�Ë»ÔRÈ]ÉÜðuÉL×�ÓíÞbË�Ë\Ð Û�ÎkÏ]É§Õ�×

Í[É«È�Õ§ð\Î�Ëb×½ÐªÉLÔRÉL×�ÌÒÎ�Ï]ÉLÐîØXÎ
ÔRÈ`ÔRÈ]ÉÒÚ]Ö]ÛkÑ�ÉÃÛ�ÉLÏ]ÞbÔRÈ�ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô»û�Ê�å à Ñ�ÉLÊLÔ�Î�ËuÏBÔ ßªà$� ý�òºÔRÈªÉ£ÌÒÉ§Õ¬ÿ
Ñ�Ö]×�ÉLÐ�Ð]Î�� ÉL×�É«ÏVÔ�ÎwÕbÛyÏ]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^ÓqÑ�É«É«ÌÒÑXÎ�ÌÒÚ]ÛwÕ�Ö]Ñ�ÎkÍ]Û�É à 8 Ô¸Ê§Õ�Ï¦Í[É¯ÕbÑ�Ñ�Ö]ÌÒÉ«Ð¶ÔRÈ�Õ�ÔXÔ�È]É¯×�É«ÊLËu×�ÐªÉ«Ð
Ð�Õ¬ÔdÕÜØóÕbÑ°Í]ÎwÕ�Ñ�É«Ð à�£ ÉLðbÉ«×�ÕbÛ Ú[ËuÑ�Ñ�Î�ÍªÛ�É¯×�É«ÕbÑ�ËuÏªÑ°Ê«ÕbÏ�Í[ÉTÉaô�Ê«Û�ÖªÐ]É«Ð à 8 ÔXØ{ÕbÑõÌ£ÕbÐ]É¯Ñ�Ö]×�ÉæÕbÏ¦ÎkÐ]É«Ï\ÿ
Ô�Î�Ê§Õ�Û�Ñ�ÉLÔRÖªÚùØóÕbÑÜÖªÑ�É«Ð å�Ëu×TÉLðbÉ«×�Ó Ñ�ÎkÏ]ÞuÛ�ÉÒÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô à×I ËbÔ�ÈùÔRÈ]É»ÚªÈ]ËbÔRË\Ð]É�ÔRÉ«Ê�ÔRËu×¼ÕbÏ]Ð Ô�È]É
èºéYê Ø{ÉL×�É·ØóÕ�×�ÌÒÉ«ÐeÖ]Ú¶Ú]×�Î�Ëu×�ÔRËÜÐ�Õ�ÔRÕTÔdÕ'<\ÎkÏ]Þ à Ç�È]É�Ø{Õb×�ÌÃÿ Ö]ÚqÔRÎkÌ£É¸ØóÕ�ÑóÔRÈ]É·Ñ�ÕbÌ£É°å�Ëu×óÉLðbÉ«×¥Ó
ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔ à Ç�È]É¶Û�Î�ÏªÉ§Õb×½Ñ�ÛkËuÚyÉqËbåXÔRÈ]Ée×�É«Ê«Ëb×�Ð]ÉLÐçê�9õè Ñ�É«ÉLÌ£ÑÜÑ�Ö]Ñ�Ú]ÎkÊ«ÎkËuÖ]Ñ«ò�ÕbÏªÐ È]Î�ÏVÔRÑÃÕ¬Ô
Õ»Ñ¥Ó�Ñ¥ÔRÉLÌqÕ�Ô�Î�ÊÜÉ�� ÉLÊLÔ à Ç�È]Î�Ñ·Ì£Õ§Ó�Í[ÉÜÑ�ËbÌ£É¼Ñ�Õ�ÔRÖª×RÕ�Ô�Î�ËuÏíÉ�� ÉLÊLÔ à 8 Ô·Î�ÑLò�È]Ë_Ø{É�ðuÉL×«ò¨Ö]Ï]Ê«ÛkÉ§Õb×°å�×�ËuÌ
ØXÈ]ÎkÊdÈîÑ�ËuÖ]×�Ê«É à Ç�È]ÉÒÊdÈ�Õb×�ÞuÉÃ×RÕbÏªÞuÉÜËbå�ÔRÈ]ÎkÑ·Ì£É�ÔRÈ]Ë\Ð`Î�Ñ·Ñ�ÎkÌ£ÎkÛwÕb×XÔRËeÔ�È�Õ�Ô½Ëbå�ÔRÈ]ÉÜÚ]ÖªÛ�Ñ�ÉÃÛkÉ«Ï]ÞbÔ�È
ÌÒÉLÔ�È]Ë�Ð òbå�Ëu×NØXÈ]ÎkÊdÈÒÏªË½Û�Õb×�ÞbÉ{Ð]É�ð�Î�Õ�ÔRÎkËuÏ]ÑHå�×�ËuÌ÷ÛkÎ�Ï]É«Õb×�Î
Ô^Ó¯Ø{ÉL×�ÉXËuÍ]Ñ�É«×�ðbÉ«Ð à½£ ËbÌ£ÉóÑ�ÛwÕbÊÅ<¢��ËuÎ�ÏVÔiËb×
ËbÔ�È]É«×�ÔRÉ«ÊdÈªÏ]Î�Ê«ÕbÛmÉ�ô�Ú]Û�ÕbÏ�Õ�Ô�Î�ËuÏqÊ§ÕbÏeÌÒËuÑ�Ô{Û�Î3<bÉ«Û
ÓÒÍyÉ�Éaô�Ê«Û�ÖªÐ]É«Ð¾Ñ�ÎkÏ]Ê«É�Ñ�Ö]Ê«ÊLÉ«Ñ�Ñ�å�Ö]ÛºÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô�Ñ
È�Õ§ðbÉ�ÍyÉLÉ«ÏÃÚyÉL×�å�Ëu×�Ì£ÉLÐæØXÎkÔ�ÈæÔRÈªÉ�ÑRÕbÌÒÉ{É5�\ÖªÎ�Ú]ÌÒÉ«ÏVÔ à 8^ÏÜÊ«ËuÏVÔR×�ÕbÑ�ÔHÔRË�ÔRÈªÉóÚ]Ö]ÛkÑ�ÉóÛkÉ«Ï]ÞbÔ�È¼ÌÒÉLÔRÈªË�Ðmò
Ô�È]Î�Ñ�Ì£É�ÔRÈ]Ë\ÐqÌ£ÕbÐ]É¸Ö]Ñ�ÉõËbåmÔRÈªÉõÑ�ÉLÊ«ËuÏªÐ¶è¨éYê ÎkÏ]Ñ�ÔRÕbÛ�ÛkÉ«ÐÒÎ�Ï£Ô�È]ÉõÉaô\ÔRÉ«×�Ï�ÕbÛ è¨éYê Í[Ë§ô à�Ø ×�ËuÍ]ÛkÉ«ÌÒÑ
ØXÎ
ÔRÈ�Ô�È]É¼Ê«ËbÖ]Ú]Û�ÎkÏ]Þ»ËbåiÔ�È]Î�Ñ°Ñ�ÉLÊ«ËuÏ]Ð�èºéYê ÔRËqÔ�È]É¼ËuÚªÔ�Î�Ê«ÕbÛ¨Ý]ÍyÉL×�Ñ�Ê«ÕbÏíÌ£ËbÑ�Ô�Úª×�ËuÍ�Õ�Í]ÛkÓ�ÕbÛ�Ñ�ËqÍ[É
ÉaôªÊLÛ�Ö]ÐªÉ«ÐÃÊ«ËuÏªÑ�Î�ÐªÉ«×�ÎkÏ]Þ�ÔRÈªÉóÑ�Ö]ÊLÊ«ÉLÑ�Ñ�å�ÖªÛ[ÌÒÉ§Õ�Ñ�Ö]×�É«ÌÒÉ«ÏVÔRÑNØXÎ
ÔRÈ¼ÔRÈªÉ�é¢Ô ú "�ÌÒÉLÔRÈªË�Ð à Ç�È]Î�ÑHÌ£É�ÔRÈ]Ë\Ð
ÕbÛkÑ�ËÃÌ£Õ�<bÉLÑ¸ÖªÑ�É¯Ëbå¨ÔRÈ]É¯Ñ�ÉLÊ«ËuÏªÐ èºéYêæò[ÕbÏ]ÐeØXÎ�ÛkÛ Í[É½ÎkÏVÔR×�Ë\Ð]Ö]ÊLÉ«Ð¾Î�Ï×Ô ßªà ú�à
Ù°ÛkÔ�Î�Ì£Õ�ÔRÉLÛkÓbò«ÎkÔ ØóÕbÑ¨Ï]ËbÔºÚ[ËuÑ�Ñ�Î�ÍªÛ�ÉNÔRËXÎkÐ]É«ÏVÔRÎ
åsÓ°Ô�È]ÉYÚ]×�ËbÍ]Û�ÉLÌ£ÑmØXÎ
ÔRÈ·ÔRÈ]ÎkÑ�Ì£É�ÔRÈ]Ë\Ð à Ç�È]ÎkÑ¨Ñ�È]ËuÖ]ÛkÐ

Í[É¯Î�ÏVðuÉLÑ�ÔRÎkÞVÕ�Ô�É«Ð¶å�Ö]×�Ô�È]É«×XÎ�Ïeå�ÖªÔ�Ö]×�É½ÕbÏ]ÕbÛkÓ\Ñ�ÉLÑXËuÏ¾Ô�È]Î�ÑóÔ�ËuÚ]ÎkÊ àH
 Ëu×óÔRÈ]É·å�Ö]×¥ÔRÈ]ÉL×XÊ«ËuÏ]Ñ�Î�Ð]ÉL×RÕ�Ô�Î�ËuÏªÑ
ÎkÏ¶Ô�È]Î�ÑóÔ�È]É«Ñ�Î�ÑLò]ÔRÈ]É¯Ð]ËuÖªÍ]Û�É·Ú]ÖªÛ�Ñ�É¯ÌÒÉLÔ�È]Ë�Ð¶È�Õ�Ñ¸Í[É«ÉLÏ¦ÐªÎ�Ñ�Ê«Õb×�ÐªÉ«Ð à

���g��Ú�� ÛÜ��Ú�Ý Þ ��ß à¨�>á

Ç�È]É¶Ñ�É«Ê«ËbÏ]ÐìÌÒÉLÔ�È]Ë�ÐùÝªÔÒÔ�Ë`Ì£É«ÕbÑ�Ö]×�É»ÔRÈ]É¶Ð]Î�� ÉL×�ÉLÏ�Ô�ÎwÕbÛ�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó Ë�å°Ô�È]ÉeÚ]È]ËbÔ�Ë�ÐªÉLÔRÉLÊLÔ�Ëu×
Ø{ÕbÑ�Î�ÏªÑ�Ú]Îk×�É«ÐeÍVÓ»ÕæÔRÉ«ÊdÈªÏ]Î�Ê«ÕbÛmÏ]ËbÔ�É�ËbåºÔRÈªÉ·é¢Ô ú "¼Ê«ËbÛ�ÛwÕ�ÍyËu×�Õ�ÔRÎkËuÏ>=$" ��@�à Ç�ÈªÉ·Ì£É�ÔRÈ]Ë\ÐeÐ]É«Ñ�Ê«×�Î�Í[É«Ð
Ô�È]É«×�É«Î�ÏeÈ]ÕbÑóÍ[É«É«Ï¶Ñ�Û�Î�ÞbÈ�Ô�ÛkÓÒÕbÛ
ÔRÉL×�É«ÐeÎkÏ»Ëu×�Ð]É«×{Ô�ËÜÍyÉõ×�É§Õ�Û�Î�ü«ÕbÍ]ÛkÉ¸ØXÎ
ÔRÈ»ÔRÈªÉ�É	��Ö]ÎkÚ]Ì£ÉLÏVÔXÕ§ðbÕ�Î�ÛwÕ�Í]Û�É
å�Ëu×óÔ�È]Î�ÑóÔ�È]É«Ñ�Î�Ñ à
Ç�È]ÉeÌ£É�ÔRÈ]Ë\Ð Ì£Õ�<bÉLÑÜÖ]Ñ�ÉeËbåXÔ^Ø�Ë èºéYêõÑ àùñ Ë_Ø�ÉLðbÉ«×«ò�Î�Ï ÊLËuÏVÔR×RÕ�Ñ�ÔÜÔRË Ô�È]ÉeËbÔ�È]É«×ÜÌÒÉLÔ�È]Ë�ÐªÑ

Ð]ÉLÑ�ÊL×�Î�Í[É«Ð¶Ñ�ËÃå�Õ�×«òªÍ[ËbÔ�È¶Õb×�É�ËbÚyÉL×RÕ�Ô�É«ÐeØXÎkÔ�È»Ýªô�É«Ð¶Ú]Ö]ÛkÑ�É«Ñ à Ç�È]É·Ð]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛ ÏªËuÏ]Û�ÎkÏ]É§Õ�×�ÎkÔ^ÓÃÊ«ÕbÏ

Ô � "
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anode charge Q / pC
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gihkjml\n5oqp)�\rçæ_��rwvyx°�¬¡��«�w~H©m¡§��¢R~�´¼~��«¢a¡§�R~P´¼~P�����¨x�z}|y~P�R~P���wzk�L�y�]�a�V�}z}�]~��L�^z��1�b²

ÍyÉ{Ì£É«ÕbÑ�Ö]×�É«ÐÃÍVÓæÔ�È]É�×RÕ�Ô�Î�Ë�Ë�åyÑ�Î�ÞuÏ]ÕbÛ�ÑHÕbÊ	��Ö]Îk×�É«Ð¼ØXÈªÉ«ÏÃÚ]Ö]ÛkÑ�Î�ÏªÞ·ÍyËbÔ�ÈÃèºé�ê°ÑYÕ�ÔNÔRÈªÉ�ÑRÕbÌÒÉ{ÔRÎkÌ£É�ò
ÕbÏ]Ð¾ÔRÈ]É¯Ñ�ÖªÌ Ë�åHÔ^Ø�ËqÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô�Ñ¸ØXÎ
ÔRÈ¾ÍyË�ÔRÈ¦è¨éYêõÑ°Ú]Ö]ÛkÑ�É«Ð¦Ñ�ÉLÚ�Õb×RÕ¬ÔRÉ«Û
Ó àeI Ó¾Õ�Ô�Ô�É«Ï�Ö�Õ�Ô�Î�Ï]Þ
ÔRÈ]ÉõÑ�Î�ÞbÏ�ÕbÛ�ØXÎkÔ�È»ËuÚªÔ�Î�Ê§Õ�ÛJÝ]ÛkÔRÉL×�ÑLò\Ô�È]É�Ð]Î�� ÉL×�É«ÏVÔ�ÎwÕbÛJÏ]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^ÓÜÊ«ÕbÏeÍyÉ°Ì£É«ÕbÑ�Öª×�É«Ð¶Õ¬Ô{Ð]Î�� ÉL×�ÉLÏ�Ô
Û�ÎkÞuÈVÔ�Î�ÏVÔRÉLÏ]Ñ�Î
ÔRÎkÉ«ÑXÕbÏ]Ð¾ÕbÏªË�Ð]É¯ÊdÈ�Õ�×�ÞuÉLÑ à
I Ë�ÔRÈ¦è¨éYêõÑXØ�É«×�ÉTÚ]Ö]ÛkÑ�É«Ð¾ØXÎkÔ�È¦×�É«ÊLÔRÕbÏ]ÞuÖªÛwÕb×�Ñ�Î�ÞuÏ�Õ�Û�ÑXÕ�Ô°ÕÜå�×�É	��Ö]ÉLÏ]ÊLÓ¾Ëbå

f = 10 kHz
à Ç�È]É

ÕbÌÒÚ]Û�Î
ÔRÖ]Ð]É¸ËbåºÔRÈªÉ·Ñ�Ö]Ú]ÚªÛkÓqðbËuÛkÔRÕbÞuÉ¸ØóÕbÑ
U = −5 V

à Ç�È]É·Ú]Ö]ÛkÑ�É·Û�ÉLÏ]ÞbÔ�È]Ñ{Ø�É«×�É
t1 = 50 ns

ÕbÏ]Ð
t2 = 150 ns

à Ç�ÈªÎ�Ñ�×�É«Ñ�ÖªÛkÔRÉLÐ Î�Ï � êb~ Ñ�Î�ÞuÏ]ÕbÛ�ÑXØXÎkÔ�ÈíÕ£×�Õ�ÔRÎkËqËbå
Q1/Q2 ≈ 1/4

à Ç�ÈªÎ�Ñõ×�Õ�ÔRÎkËqÎkÑ
Ï]ËbÔ

1/3
ÕbÑYÌqÕ§ÓæÎ�ÏVÔRÖ]Î
ÔRÎ
ðuÉ«Û
ÓæÍ[ÉXÕbÑ�Ñ�Ö]ÌÒÉ«ÐÃå�×�ËuÌ ÔRÈ]É�×�Õ�ÔRÎkË·Ëbå ÚªÖ]Û�Ñ�É¸ÛkÉ«Ï]Þ�ÔRÈ]ÑiÐ]ÖªÉXÔ�Ë¯Ð]Î3�yÉ«×�É«Ï]ÊLÉ«Ñ

Î�ÏeÔRÈªÉTèºéYê ÚyÉL×�å�Ëu×�ÌqÕbÏªÊ«É«ÑLò�Ëu×�Î�ÏeÔ�È]É½è¨éYê¨:!ÑXËuÚªÔ�Î�Ê§Õ�ÛmÊ«ËuÖªÚ]Û�ÎkÏ]Þ¼ÔRËÜÔRÈªÉ¯Ý]ÍyÉL×�Ñ à
8^ÏTËu×�Ð]ÉL× Ô�ËõÌÒÉ§ÕbÑ�Ö]×�É�ÔRÈ]É�Ð]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛ�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó·Õ�ÔHÐ]Î3�yÉ«×�É«ÏVÔHÛkÎ�ÞuÈVÔ¨Î�ÏVÔ�É«Ï]Ñ�ÎkÔRÎkÉ«ÑLò�ÔRÈªÉ{ÑRÕ�Ì£É

ËuÚªÔ�Î�Ê§Õ�Û¨Ý�Û
ÔRÉL×�ÑõØ�É«×�ÉÜÖ]Ñ�ÉLÐmòmÔRÈ�Õ¬ÔõØ�É«×�ÉÃÕ�Û�×�É«ÕbÐªÓ¦Ð]Î�Ñ�Ê«Ö]Ñ�Ñ�ÉLÐ�ÎkÏ Ð]É�ÔdÕbÎkÛ ÎkÏ Ñ�ÉLÊLÔRÎkËuÏZÔ ßªà â�à 8^Ï Ô�È]Î�Ñ
Ñ�ÉLÊLÔRÎkËuÏ Úª×�ËuÍ]ÛkÉ«ÌÒÑ·ØXÎkÔRÈ`ÔRÈªÉ»ÕbÊLÊ«Ö]×�ÕbÊLÓ�Ëbå�ÔRÈ]ÉÃÝ�ÛkÔ�É«×½Ê§ÕbÛkÎ�Í]×�Õ�ÔRÎkËuÏ Ø�É«×�É£ËuÍ]Ñ�É«×�ðbÉ«Ð à¾ñ Ë5Ø�ÉLðbÉ«×Lò
ÔRÈ]É�Ó»Ê«ÕbÏ¶Ñ�ÔRÎkÛ�Û[ÍyÉõÖ]Ñ�ÉLÐ¾å�Ëu×�ÔRÈ]ÎkÑ{ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�ÔXÑ�Î�Ï]ÊLÉ·È]É«×�É·Ï]ËÜÎ�Ï�å�Ëu×�Ì£Õ�ÔRÎkËuÏ£ÕbÍyËbÖªÔóÔRÈªÉ�ÔR×RÕ�Ï]Ñ¥ÿ
Ì£ÎkÑ�Ñ�Î�ËuÏùÊLË�É�èÒÊ«Î�ÉLÏVÔRÑÃÎ�Ñ¼×�É	��Ö]Îk×�É«Ð à Ç�È]É¾é¢Ô ú " ÌÒÉLÔ�È]Ë�Ð ËbÏ]ÛkÓîÖ]Ñ�ÉLÑÜÔRÈ]É»Ý�Û
ÔRÉL×�Ñ¼ÔRË`Õ¬Ô�ÔRÉLÏ�Ö�Õ�ÔRÉ
ÔRÈ]É¯èºéYê Û�ÎkÞuÈVÔ�Ô�ËÜÍyÉ¯ÕbÍªÛ�É°Ô�ËÜÌ£É«ÕbÑ�Öª×�É¯Õ�Ô�ÐªÎ3�yÉ«×�ÉLÏVÔ�Î�ÏVÔRÉLÏ]Ñ�Î
ÔRÎkÉ«Ñ à 8 ÔóÎ�ÑóÉaô�Ô�×RÕbÏªÉ«ËuÖ]ÑXÈ]Ë_Ø ÛwÕb×�ÞuÉ
É�ôªÕbÊ�ÔRÛkÓqÔRÈ]É½Õ�Ô�ÔRÉ«Ï�Ö�Õ¬ÔRÎ�ËbÏ¦Õ�ÊLÔRÖ]ÕbÛ�Û
ÓqÎkÑ à
¦¦É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ�ÑõØ{ÉL×�É¼ÐªËuÏ]ÉæÖªÑ�Î�ÏªÞ£ÔRÈªÉTÝ�Û
ÔRÉ«×�Ñ â ò � òyÕbÏ]Ð ä ò Õ�Ï]Ð ÕbÛkÛºÊ«ËuÌ¼ÍªÎ�Ï�Õ�Ô�Î�ËuÏ¶ËbåHÔRÈ]ÉLÑ�É à

£ É«É�ÔRÕbÍ]Û�É�Ô ßªà â ËuÏÃÚ�ÕbÞuÉ�Ô âbâ å�Ëu×NÐ]É�ÔdÕbÎkÛ�ÑNËuÏÜÔ�È]É«Ñ�ÉXÝ]ÛkÔRÉL×�Ñ à 8^ÏÒÕbÐ]Ð]Î
ÔRÎkËuÏ¼ËuÏ]É�ÌÒÉ§Õ�Ñ�Ö]×�É«ÌÒÉ«ÏVÔYØóÕbÑ
Ð]ËuÏ]ÉÒØXÎkÔ�È]ËuÖªÔTÕbÏVÓ`Ý�ÛkÔ�É«× à é�Õ�ÊdÈ Ëbå{Ô�È]É«Ñ�É»Ì£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ�ÑæÊ«ËbÏ]Ñ�ÎkÑ�ÔRÉLÐùËbåóÔ�È]×�ÉLÉqÚ�Õ�×�ÔRÑ à é�Õ�ÊdÈ
èºé�ê ØóÕ�ÑTÚ]ÖªÛ�Ñ�ÉLÐ Ñ�É«Ú�Õb×�Õ�ÔRÉLÛkÓbò Õ�Ï]ÐîÔ�È]É«Ï�ÍyË�ÔRÈ`Ø{ÉL×�ÉqËbÚyÉL×RÕ�Ô�É«Ð�Ñ�Î�ÌæÖ]ÛkÔRÕbÏ]É«ËbÖ]Ñ�Û
Ó à

107 Ú]Ö]ÛkÑ�É«ÑØ{ÉL×�É½×�ÉLÊ«Ëu×�Ð]É«Ð¶å�Ëu×�É§Õ�ÊdÈ�Ú�Õb×¥Ô à

Ô �uá
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gihkjml\n¬o»p���rçæJp�rwvMÍ�é	ê�2,ë¾~��w�]�� ��^���]�b V~��A���L� �V~{¹��a�X�w�V�R~d~��KÍºx �L�] Ã~Pz1�5���^ÌV����~P���d�a��Ìu�\¡§���b�wzw�a��¢�²

ÀSR¯Á¡ì½Á^À¸Áª©ÃÂ�«yÄ�ÅkÆ�«
Ç�È]ÉÃÐ�Õ¬ÔdÕe×�ÉLÊ«Ëu×�Ð]É«Ð�ØXÎkÔRÈíÔ�È]ÉÒé�Ô ú "eÌ£É�ÔRÈ]Ë\Ð�Õb×�ÉÜÑ�È]Ë_ØXÏ Î�Ï Ý]ÞuÖ]×�É�Ô ß�à1â Ô à Ç�È]ÉÒÚ]Û�ËbÔ�Ñ�È]Ë_ØXÑ
Ô�È]É�×�ÉLÊ«Ëu×�Ð]É«Ð¾ÕbÏªË�Ð]ÉõÊdÈ�Õb×�ÞbÉ·ÕbÑ�ÕTå�ÖªÏ]ÊLÔ�Î�ËuÏ»Ë�åºÐ]Î3�yÉ«×�É«ÏVÔ�Û�ÎkÞuÈVÔ{ÎkÏVÔRÉ«ÏªÑ�ÎkÔ�Î�ÉLÑ«òªÞbÎkðuÉLÏeÎ�ÏeÕ�×�Í]Î
ÔR×RÕ�×�Ó
Ö]ÏªÎkÔRÑ à Ç�È]ÎkÑYÎ�ÑNÑ�È]Ë_ØXÏÒå�Ëu× ÔRÈ]É�ÔRÈª×�É«É�Ê«ÕbÑ�ÉLÑYËbå ËbÏ]ÛkÓTËuÏ]É�Ëbå[Ô^Ø�ËTÕ�Ï]ÐÃÍyËbÔ�ÈÒè¨éYêõÑYÍ[É«ÎkÏ]Þ·Ú]Ö]ÛkÑ�É«Ð à
Ç�È]ÉæÕbÚ]Ú]×�Ë§ôªÎkÌqÕ¬ÔRÉ¯×RÕ�Ô�Î�ËÃËbå

1/4
ÍyÉ�Ô^Ø{ÉLÉ«Ï Ô�È]É½Ô^Ø�ËeèºéYê ÊLËuÏªÝ�ÞuÖª×RÕ�Ô�Î�ËuÏ]Ñ¸Ê§Õ�Ï�Í[ÉTÑ�É«É«Ï�Î�Ï¶ÔRÈ]É

Ú]ÛkËbÔ à Ç�È]ÉTÐªÎ3�yÉ«×�ÉLÏVÔRÎwÕ�ÛmÏ]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^ÓÒËbå Ô�È]É¯Ú]È]ËbÔ�Ë�ÐªÉLÔRÉLÊLÔ�Ëu×XÊ§ÕbÏ¾Ï]Ë_Ø Í[É¯Ê§ÕbÛkÊ«Ö]Û�Õ�ÔRÉLÐ¶ð\Î�Õ�C

êb9õè
=

Q(
èºéYê¨Ô

) + Q(
è¨éYê â

)

Q(
èºéYê¨Ô�í·èºéYê â

)

Ç�È]Éq×�É«Ñ�ÖªÛkÔRÑ½Ê§Õ�ÏùÍyÉÃå�ËuÖ]ÏªÐùÎ�Ï`Ý�ÞuÖ]×�É�Ô ß�à1âuâ ËuÏ�ÔRÈ]ÉÒå�ÕbÊ«ÎkÏ]Þ¦Ú]ÕbÞuÉ à Ç�ÈªÉ»Ð]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛiÏ]ËuÏ\ÿ
ÛkÎ�Ï]É«Õb×�Î
Ô^Ó»Î�ÑXÊLÛ�É§Õ�×�ÛkÓ£ð\Î�Ñ�ÎkÍ]Û�É à Ç�ÈªÉæÏ]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó£Ì£É«ÕbÑ�Ö]×�É«Ð¾ØXÎkÔRÈ¶ÔRÈªÎ�Ñ¸Ì£É�ÔRÈ]Ë\Ð¾ÕbÚ]Ú[É§Õb×�Ñ¸Ô�Ë£Í[É
Ñ�ÌqÕbÛkÛ�ÉL×�Ô�È�ÕbÏeØXÎkÔ�È»ÔRÈ]É�ÐªËuÖ]Í]ÛkÉ�Ú]Ö]ÛkÑ�É·ÌÒÉLÔRÈªË�Ð`ûsÝ�ÞuÖ]×�É�Ô ßªà âbß ý à 8^Ï¶Ê«ËuÏVÔR×�ÕbÑ�Ô�Ô�Ë¼ÔRÈ]Éõ×�É«Ñ�Ö]ÛkÔ�Ñ�Ëbå
Ô�È]É£Úª×�ÉLð\ÎkËuÖ]Ñ¯Ì£É�ÔRÈ]Ë\ÐîÕ¾Ú[ËuÑ�Î
ÔRÎ
ðuÉÜÑ�ÛkËuÚ[ÉÒÊ«ÕbÏ Í[ÉÃËuÍ]Ñ�É«×�ðbÉ«Ð à Ç�È]ÉqüLÉ«×�Ë¾Ê«×�ËuÑ�Ñ�Î�Ï]Þ¾Ëbå�ÔRÈ]ÎkÑ½ÛkÎ�Ï]É
ÕbÚªÚyÉ«Õb×�ÑÃÕbÚªÚ]×�Ë§ô�Î�Ì£Õ�ÔRÉLÛkÓîÕ�ÔÃÕ�Ï ËbÖªÔRÚ]Ö�ÔÜÊdÈ�Õb×�ÞuÉ¶Ëbå

150 pC
à ï ÌÒËu×�É£Ð]ÉLÔRÕbÎ�ÛkÉ«Ð Ê«ËbÌ£Ú�Õ�×�Î�Ñ�ËuÏ

ÕbÏªÐ¦Ð]ÎkÑ�ÊLÖ]Ñ�Ñ�Î�ËuÏ¶Ëbå ÔRÈ]ÉLÑ�É¯×�ÉLÑ�Ö]Û
ÔRÑ�ØXÎ�ÛkÛ Í[É½ÞbÎkðuÉLÏ¦ÎkÏeÔRÈ]É·å�ËuÛkÛ�Ë_ØXÎ�Ï]ÞTÑ�ÉLÊLÔRÎkËuÏ à

���g�7î×�ðïñ�mò ó�ô#õKöU�S�×÷ �tøúù����É���¡ßG�üû �ýß�ô�öÅ÷¨��á þÿöWß à � ö � �tõ%�t÷ýß
Þ ��ß à¨�>á �

8^Ï�Ô�È]Î�Ñ¸Ñ�ÉLÊLÔ�Î�ËuÏ�Ô�È]ÉæÐªÎ3�yÉ«×�ÉLÏVÔRÎwÕ�Û�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
ÔRÎ�ÉLÑXÕbÊ	��Ö]Îk×�ÉLÐ�ØXÎkÔ�È¦ÔRÈªÉ¼é¢Ô ú "ÒÌ£É�ÔRÈ]Ë\Ð Õb×�ÉæÊLËuÌÃÿ
Ú�Õ�×�É«ÐÜÔ�Ë¯Ô�È]É�×�ÉLÑ�Ö]Û
ÔRÑYËuÍªÔRÕbÎ�ÏªÉ«ÐÜÍVÓ¼ÔRÈªÉ�Ú]Ö]Û�Ñ�ÉXÛ�É«ÏªÞbÔRÈÜÌÒÉLÔ�È]Ë�Ð àNñ Ë_Ø�ÉLðbÉ«×«ò�ÔRÈªÉ¸Û�Õ�Ô�Ô�É«×HØ{ÕbÑiÖ]Ñ�É«Ð

Ô äuß
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gihkjml\n¬oqp���rÇæ�æ�rwvMÍ�é	ê�2#ë¶~��w�]�b ��·x{z}|[~P�R~P�ª�wzk�L�N�]�a�V�}z}�]~��L�^z��1�íz}�� V~A©º~P�] V~P�]�d~¼�a¹¸�w�]~¯�L�]�b V~æ�A���L� �V~
�R~d�d�a�R V~d q�mz��w�¦���¬�w�Ã�ÎÍºxó¢ ©m¡§��¢d~d T¢^z}´T¡§�����L�]~d�¬¡_¢P� �b²

ÔRË½Ì£É«ÕbÑ�Öª×�ÉXÔRÈ]ÉýuWz_{�w)(�xÕ|�}mÏªËuÏ]Û�ÎkÏ]É§Õ�×�ÎkÔ^Ó àS£ ËTÝ�×�Ñ�Ô�ÎkÔiØXÎ�ÛkÛ�ÍyÉXÐ]ÎkÑ�ÊLÖ]Ñ�Ñ�É«ÐeÈ]Ë_Ø±Ô�È]É°Ð]Õ�ÔdÕ½ÕbÊ	��Ö]Îk×�ÉLÐ
ØXÎkÔ�È¶Ô�È]Î�Ñ�ÌÒÉLÔ�È]Ë\Ð¾Ê«ÕbÏ¾ÍyÉ¯Ö]Ñ�É«Ð¶ÔRËÒÊ§ÕbÛkÊ«Ö]Û�Õ�ÔRÉ·Õ s�u vbw�xyw�z_{UuU|�} Ï]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^Ó à

ÀSR½Á�*·ÁPÀ¸Á,+.-NÆ_o5]H\mÆ_[Äa0/ ] hk[21ÃÂ½oLÂeaiÆ_[3]XÅOlm`ba�ÅU[ÄaYÂn]HoA[kÆ�p d'o5`43 Æ65YÂ87eÄ�Å�«�Â
9 Â½a0/{Æ65;: Â Æ65�`4<


 Î�ÞbÖ]×�É Ô ßªà1â'� Ñ�È]Ë_ØXÑ·ÔRÈ]ÉÜÐ]Õ�ÔdÕe×�ÉLÊ«Ëu×�Ð]É«ÐíØXÎ
ÔRÈíÔRÈ]ÉÜÚªÖ]Û�Ñ�ÉÜÛ�É«ÏªÞbÔRÈíÌÒÉLÔ�È]Ë�Ð û�Ñ�ÉLÉÒÑ�É«Ê�ÔRÎ�ËbÏBÔ ßªà��
ËuÏ Ú�Õ�ÞuÉtÔ âbã ý à 8 ÔõÑ�È]Ë_ØXÑõÔ�È]ÉæÑ�ÕbÌ£ÉTÐ�Õ�ÔRÕqÕbÑ¸Ý�ÞuÖ]×�É�Ô ßªà�áªà Ç�È]ÉæÕbÏ�ÕbÛ
Ó�Ñ�Î�Ñ¸ËbåiÔRÈªÉæÐ�Õ�ÔRÕÒå�ËuÛkÛ�Ë_ØXÑ
Î�Ï¾Ú]×�ÎkÏ]Ê«ÎkÚ]Û�É�Ô�È]É½ËuÏ]É½Ö]Ñ�ÉLÐ�ÔRËÒÉ�ô\ÔR×�ÕbÊLÔ°ÔRÈ]É½Ð]Î�� ÉL×�É«ÏVÔ�ÎwÕbÛ�Ï]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^ÓÒØXÎkÔ�È¦ÔRÈªÉTÐ]ËbÖ]Í]Û�É¯Ú]ÖªÛ�Ñ�É
Ì£É�ÔRÈ]Ë\Ðîû�Ñ�É«ÉæÑ�É«Ê�ÔRÎ�ËbÏ Ô ß�à�ä ý à 8^Ï¾Ô�È�Õ�Ô¸Ì£É�ÔRÈ]Ë\Ð¦ÕÜðbÉ«×¥Ó¦Ñ�ÌqÕ�Û�ÛmÚ]ÖªÛ�Ñ�É·å�×�ËuÌ ÕÜÑ�ÉLÊ«ËuÏ]Ð è¨éYê ØóÕbÑ
Ö]Ñ�ÉLÐìÔRËîÑ�Ô�Ö]ÐªÓøÔRÈ]É¾Ð]Î�� ÉL×�É«ÏVÔ�ÎwÕbÛ�Í[É«È�Õ§ð\Î�Ëb×ÒË�å�ÔRÈ]É¦ÕbÏ]Ë\Ð]É¾ÊdÈ�Õb×�ÞuÉ¦ÐªÉ«Ú[É«Ï]Ð]ÎkÏ]Þ ËbÏçÔRÈªÉ¦Ú]ÖªÛ�Ñ�É
Û�ÉLÏ]ÞbÔRÈ à
Ç�È]ÉeÐ]Õ�ÔdÕíÕbÊ5��Ö]Î�×�É«Ð ØXÎkÔ�ÈùÔRÈ]É»ÚªÖ]Û�Ñ�ÉeÛ�É«ÏªÞbÔRÈ ÌÒÉLÔ�È]Ë�ÐøÕ�×�É»Ï]Ë_Ø Î�ÏVÔRÉL×�Ú]×�ÉLÔ�É«ÐøÎ�ÏøÕ Ñ�Î�ÌÒÎ�ÛwÕ�×

ØóÕ§Ó à ï Ð]Õ�ÔdÕíÚ[ËuÎ�ÏVÔ¾û�×�É«ÊLËu×�ÐªÉ«ÐçÕ�ÔÒÕíÚ]Ö]Û�Ñ�ÉeÛ�ÉLÏ]ÞbÔRÈøËbå
t
ýæÎ�ÑÃÕ�Ñ�Ñ�ÖªÌ£ÉLÐøÔ�Ë`ÍyÉ¶ÞuÉLÏ]É«×�Õ�ÔRÉLÐçÍVÓ

ÔRÈ]É»Ý]×�Ñ�ÔÒÛ�Õb×�ÞuÉ»è¨éYêëÚ]Ö]ÛkÑ�É¶ÕbÛkËuÏ]ÉbòNØXÈªÎ�Û�É»Ô�È]É»å�ËuÛkÛ�Ë_ØXÎ�Ï]Þ¦Ð�Õ�ÔRÕ`Ú[ËuÎkÏ�Ô¶û�×�ÉLÊ«Ëu×�Ð]É«ÐçÕ�ÔÒÕ Ú]ÖªÛ�Ñ�É
Û�ÉLÏ]ÞbÔRÈ�Ëbå

t + 5 ns
ý¯ÎkÑ·Î�ÏVÔRÉL×�Ú]×�ÉLÔ�É«ÐùÕ�Ñ½Í[É«ÎkÏ]Þ¾Ú]×�Ë\Ð]Ö]ÊLÉ«ÐîÍ�Ó�Õ�Ð]Ð]Î�ÏªÞ¦Õ¶Ñ�ÉLÊ«ËuÏªÐùÑ�Ì£ÕbÛ�ÛkÉ«×·èºéYê

Ú]Ö]ÛkÑ�É·ÔRËÜÔRÈªÉ¯Ý]×�Ñ�Ô à Ç�ÈªÎ�Ñ�Î�ÑLò�Ëbå Ê«ËuÖ]×�Ñ�É�ò[ËbÏ]ÛkÓ»ÕÜðbÉ«×¥Ó¶Ê«ËVÕb×�Ñ�É½ÕbÚ]Úª×�Ë§ô�Î�Ì£Õ�ÔRÎkËuÏ¶Õ�Ô¸ÕÜÐ]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛ
Ì£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ«ò�Í]ÖªÔ¸ÎkÔóØXÎkÛ�ÛyÑ�Ö�èÒÊ«É½å�Ëu×XÕÜÊ«ËuÌÒÚ�Õb×�Î�Ñ�ËuÏ»ØXÎkÔ�È¶Ô�È]É½é¢Ô ú "ÜÌ£É�ÔRÈ]Ë\Ð à

 ÎkÞuÖ]×�ÉOÔ ßªà1â¬ä ËuÏ Ú�Õ�ÞuÉ�Ô ä%� Ñ�ÈªË5ØXÑ°ÔRÈ]É¼ÐªÎ3�yÉ«×�ÉLÏ]Ê«ÉTÎ�Ï�Ô�È]É¼Õ�Ï]Ë�ÐªÉæÊdÈ�Õb×�ÞuÉ¼Í[ÉLÔ^Ø�É«ÉLÏ�ÊLËuÏ]Ñ�É«Ê�ÿ

ÖªÔRÎ
ðuÉ£Ú]Ö]Û�Ñ�ÉqÛkÉ«Ï]ÞbÔ�È ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔRÑ«òHÎ�Ï ×�Õ�ÔRÎkË¾Ô�Ë�ÔRÈªÉ»ÕbÏ]Ë\Ð]ÉÒÊdÈ�Õb×�ÞuÉ»ËbåóÔ�È]Éq×�É«Ñ�ÚyÉLÊLÔRÎ
ðuÉqÝ]×�Ñ�Ô
Ú]Ö]ÛkÑ�É à 8 ÔóÎ�Ñ{ÚªÛ�ËbÔ�ÔRÉ«Ð£ðuÉ«×�Ñ�Ö]Ñ�Ô�È]É·ÕbÏ]Ë\Ð]É�ÊdÈ]Õb×�ÞuÉ àiï ÑóÎkÏqÔRÈªÉ�Ð]ËuÖ]ÍªÛ�É�Ú]ÖªÛ�Ñ�É°Ì£É�ÔRÈ]Ë\ÐqÔ�È]Î�ÑóÞb×RÕbÚ]È

Ô ä Ô
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O�PRQTSGU%VXW)�GYçæ[ZHY]\ LY¡§��¢d~ �w~P�u�\�w��´¼~��«¢a¡§�R~P´¼~P�ª���¨�w�]~m�R~d�d�a�R V~d °�L�]�� V~H�A���L� �V~�¹A�a�º %^`_�a@b"a@c��]�ÎÍed�©m¡§��¢"a
�]a@cu�\�w��¢�²gfhcDikjÃ¢ l�mLl]^�¢Kl]^]nom>i�a@bIb"pKbP¢gm>b"aqmR©V©[i`^]ad �²

Ñ�È]ËuÖ]ÛkÐ¾Í[Ébò]å�Ëb×XÕbÏ¦ÎkÐ]É§Õ�ÛmÚ]È]ËbÔ�Ë�ÐªÉLÔRÉLÊLÔ�Ëu×«ò�Ëbå¨ÔRÈªÉ¯å�Ëb×�Ì
p0

Q

û§Ô ßªà "uý

ï ÏqÕbÊLÊ«Ëu×�Ð]Î�ÏªÞTÚ�Õ�×RÕbÌÒÉLÔ�×�Î�ü«Õ�ÔRÎkËuÏ¼È�Õ�Ñ�Í[É«ÉLÏ£Ý]Ô�ÔRÉLÐ£ÔRË·Ô�È]É°Ð]Õ�ÔdÕ à Ç�È]É¸Ð]Î3�yÉ«×�É«ÏVÔRÎ�ÕbÛ]Ï]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó
ÎkÑXÕbÊ	��Ö]Îk×�É«Ð¦ÕbÑ�ÔRÈªÉ½×�É«Û�Õ�ÔRÎ
ðuÉ�Ð]É�ð\ÎwÕ�Ô�Î�ËuÏeå�×�ËbÌ ÔRÈªÉ½ÎkÐ]É§Õ�ÛmÍyÉLÈ�Õ§ð\Î�Ëu× à
Ç�È]É¼×�ÉLÑ�Ö]Û
Ô�Ê«ÕbÏíÍyÉ½å�ËuÖ]Ï]Ð�Î�Ï�Ý�ÞbÖ]×�ÉtÔ ßªà âuú ËuÏ�Ô�È]É¼Ï]Éaô\Ô·Ú�ÕbÞuÉ à�ï Ú[ËuÑ�ÎkÔRÎ
ðuÉ½Ñ�ÛkËuÚyÉTÎ�ÑõÕbÞVÕbÎkÏ

ð\Î�Ñ�Î�Í]ÛkÉeÎ�ÏøÔRÈ]É¾Ð�Õ�ÔRÕªòóÕ�Û�Í[É«ÎkÔÃÚª×�É«ÊLÉ«Ð]ÉLÐ±ÍVÓçÕ�Ï]ÉLÞVÕ�Ô�ÎkðuÉ¾Ñ�ÛkËuÚ[É¦Õ¬Ô£ÛkË_Ø ÕbÏ]Ë\Ð]É¾ÊdÈ�Õb×�ÞuÉ«Ñ à Ç�È]É
Ð]Î�� ÉL×�ÉLÏ�Ô�ÎwÕbÛõÏ]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
ÔRÎ�ÉLÑ»Õb×�Éíå�Ëu×eÔRÈ]É`ÌÒËuÑ�Ô¶Ú�Õ�×�Ô¾Î�Ï ÕbÏ Î�ÏVÔRÉL×�ð�ÕbÛ�Í[ÉLÔ^Ø�É«ÉLÏ −0.005

ÕbÏªÐ
0.005

òªÔ�È\ÖªÑ¸Í[É«ÎkÏ]ÞÃÎ�ÏeÔRÈªÉ½Ñ�ÕbÌÒÉ·×RÕbÏ]ÞbÉTÕ�ÑXÔ�È]ËuÑ�É½ÌÒÉ§Õ�Ñ�Ö]×�É«Ð¶ØXÎkÔRÈeÔ�È]É½é�Ô ú "ÜÌ£É�ÔRÈ]Ë\Ð à

ÀSR¯Á&*·Á�r·Á j `431YH]�o'[3«�`ba `edk©ÜÂ�«yÄXÅ
Æ�«

 ÎkÞuÖ]×�É�Ô ßªà âbã ËuÏ¾Ú�ÕbÞuÉ�Ô äbä Ñ�È]Ë_ØXÑõÕÜÊLËuÌ£Ú]Õb×�ÎkÑ�ËuÏeËbå¨ÔRÈªÉ½ÐªÎ3�yÉ«×�ÉLÏVÔRÎwÕ�ÛmÚ]È]ËbÔ�Ë�ÐªÉLÔRÉLÊLÔ�Ëu×XÏ]ËuÏ]ÛkÎ�Ï�ÿ
É«Õb×�Î
ÔRÎ�ÉLÑ�ÕbÊ5��Ö]Î�×�É«Ð`ÍVÓ�Ô^Ø�Ë¾ÐªÎ3�yÉ«×�ÉLÏVÔ¯Ì£É�ÔRÈ]Ë\Ð]Ñ«ò Ú]Û�ËbÔ�ÔRÉLÐ ðuÉ«×�Ñ�Ö]Ñ·Ô�È]ÉÃÕbÏ]Ë\Ð]É¼ÊdÈ�Õ�×�ÞuÉ à Ç�È]ÉÜ×�É«Ð
ÑÕ�\Ö]Õb×�ÉLÑ�ÔRÈªÉõé¢Ô ú "¯ÌÒÉLÔRÈªË�ÐmòVØXÈ]ÎkÛ�É�ÔRÈªÉ°Þu×�É«ÉLÏ£ÔR×�ÎwÕbÏªÞuÛ�ÉLÑiÑ�ÔdÕ�Ï]Ð£å�Ëu×iÔ�È]É°ÐªÎ3�yÉ«×�ÉLÏVÔRÎwÕ�Û�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×¥ÿ
Î
Ô^ÓÃÉ�ô\ÔR×�ÕbÊLÔ�É«Ð»å�×�ËbÌ ÔRÈ]É°Ú]Ö]Û�Ñ�ÉõÛkÉ«Ï]ÞbÔ�È£ÌÒÉLÔ�È]Ë\Ð¹:�Ñ�Ð�Õ�ÔRÕ à Ç�È]Éõé�Ô ú "æÕbÏªÐ»Ú]Ö]ÛkÑ�É¸Û�É«ÏªÞbÔRÈ£Ì£É�ÔRÈ]Ë\Ð
Ñ�È]Ë_Ø ÞuË\Ë�Ð»ÕbÞu×�ÉLÉ«ÌÒÉ«ÏVÔ§ò]Õ�Ô�Û�É«ÕbÑ�ÔóÎ�Ï»ÔRÈªÉ·×RÕbÏ]ÞbÉ·ÍyÉ�Ô^Ø{ÉLÉ«Ï

50
ÕbÏ]Ð

150 ns
à�
 Ö]×¥ÔRÈ]ÉL×�ÌÒËu×�É�òªÍ[ËbÔRÈ

ÌÒÉLÔ�È]Ë�ÐªÑTÑ�È]Ë_ØþÔRÈ]É£ÑRÕbÌÒÉÃÍ�ÕbÑ�ÎkÊ£ÊdÈ]Õb×RÕbÊ�ÔRÉL×�Î�Ñ¥ÔRÎkÊ«Ñ½Î�ÏîÔ�È]ÉÒ×RÕbÏ]ÞbÉ£Í[ÉLÔ^Ø�É«ÉLÏ
50

Õ�Ï]Ð
150 pC

CÜÕ
Ñ�ËbåsÔ¸ÚyËuÑ�ÎkÔ�ÎkðuÉõÑ�Û�ËbÚyÉ�òJÕbÏ]Ð¾ÕÜü«É«×�Ë£ÊL×�ËuÑ�Ñ�ÎkÏ]ÞqÕ¬Ô¸Õb×�ËuÖªÏ]Ð

140 pC
à

ñ Ë_Ø{É�ðuÉL×«òªÑ�ËuÌÒÉ¸ÎkÏ]Ê«ËbÏ]Ñ�ÎkÑ�ÔRÉLÏ]Ê«ÎkÉ«ÑYÊ§Õ�Ï]Ï]ËbÔ�Í[É°Ð]ÉLÏ]Î�ÉLÐ àNï Ô�Í[ËbÔRÈÒÉ«Ï]ÐªÑ{Ëbå[ÔRÈ]É°êb9°è�Ñ�Ú[É«Ê�ÔR×�ÖªÌ
Éaô�Ô�×RÕbÊ�ÔRÉLÐøå�×�ËuÌ ÔRÈ]É»ÚªÖ]Û�Ñ�É»Û�ÉLÏ]ÞbÔRÈ Ì£É«ÕbÑ�Ö]×�É«ÌÒÉ«ÏVÔÃÐ]É�ð�Î�Õ�ÔRÎkËuÏ]Ñ½å�×�ËuÌ ÔRÈªÉ¶é�Ô ú "�ÌÒÉLÔRÈªË�ÐùÊ«ÕbÏ
Í[É»ËuÍ]Ñ�É«×¥ðuÉ«Ð à Ç�È]ÉeÐ]ÎkÑ�Ê«×�É«Ú�Õ�Ï]Ê«ÎkÉ«ÑÃÕ�ÔæÑ�È]Ëu×¥ÔÃÚ]Ö]ÛkÑ�É»ÛkÉ«Ï]ÞbÔ�È]Ñ¼Ì£Õ§Ó Í[É¶Õ�Ô�Ô�×�ÎkÍ]ÖªÔRÉLÐ ÔRË`Õ�Ý]Ï]ÎkÔ�É

Ô äVâ
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O�PRQTSGUtVXW���YÇæÃ�[Y]\MLY¡ui�¢"aei]a@cwvGl]x·´yaom«¢a¡ub"aP´ya@c[l��Tdg^`_�a@b"a@c�l]^Rm>iG^`c�l)a@b�©[b"a l�mLl]^]pKczpa¹[ LmLl�mu²i³�xHaH %^`_�a@b"a@cHn�a^`cXl]xHa0m>cHp� Dagn&x�m>b�vDa.{Da l&|�a�a@c}n�pKc�¢"a�n�¡Dl]^�®~a¨©m¡ui�¢"ahi]a@cwvGl]xæ´yaom«¢a¡ub"aP´ya@c[ls¢R­�^`c�b	mLl]^]pl)p�l]xHa�m>cHpb DaFn)x�m>b�vDa�pa¹�l]xHagb"a¥¢A©�a�n l]^�®~aeÌDbP¢Kl[©m¡ui�¢"ad­[^�¢ ©[i]ptlIl)ad e®~a@bP¢a¡_¢.l]xHaFm>cHp� Dan&x�m>b�vDaL²^�ù©6m>b	mL´ya l]bI^ ¿ mLl]^]pKcX^�¢EÌ6lIl)ad }l)pBl]xHa� LmLl�mu²

anode charge Q / pC
40 60 80 100 120 140 160 180

DN
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O�PRQTSGUtVXW���YÇæ_!�Y]\MLY¡ui�¢"ahi]a@cwvGl]x½´yaom«¢a¡ub"aP´ya@c�l���d�^`_�a@b"a@c�l]^Rm>i�cHpKcDi`^`cHaom>bI^�l�j�aI��l]b	mtn l)ad °¹�b"pa´�l]xHa� LmLl�mu²

èºé�êþ×�Î�Ñ�É½ÔRÎkÌ£É à Ç�È]Î�ÑõÈ�ÕbÑ¯ÕbÛk×�É§Õ�ÐªÓ¾ÍyÉLÉ«ÏíÐ]ÎkÑ�Ê«ÖªÑ�Ñ�ÉLÐ�å�Ëb×°ÔRÈªÉÜÚ]Ö]Û�Ñ�É¼Û�ÉLÏ]ÞbÔ�È Ì£É�ÔRÈ]Ë\Ð à 8 Ô·Ì£Õ§Ó
ÍyÉÜÔ�È�Õ�ÔTÕ�Ô½Ú]Ö]ÛkÑ�ÉÃÛ�ÉLÏ]ÞbÔRÈªÑ½Í[É«ÛkË_Ø ≈ 50 ns

ÔRÈ]ÉÒèºéYê Ú]Ö]ÛkÑ�ÉÜå�Ëu×�Ì Ê§ÕbÏªÏ]ËbÔ½ÍyÉÒÕbÚªÚ]×�Ë§ô�Î�Ì£Õ�ÔRÉLÐ

Ô ä��
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anode charge / pC
50 100 150 200 250

DN
L

−0.02

−0.01

0

0.01

0.02

O�PRQTSGU%VXW)�GYçæ_/�Y]\SP�pa´¸©6m>bI^�¢"pKc�pa¹{ %^`_#a@b"a@c[l]^Rm>i�cHpKcDi`^`cHaom>bI^�l]^]a¥¢�mtn��V¡u^`b"ad �{oj�l&|�pq %^`_#a@b"a@c[lY´ya l]xHpb ¬¢^`cXm ¿ pLpa´yad £®>^]a |Y²b"ad T¢��u¡tm>b"a¥¢��¹ÍHé	ê�2¸´ya l]xHp� v%b"a�a@c�l]bI^Rm>cwv%i]a¥¢5�[©m¡ui�¢"a0i]a@cwvGl]x£´ya l]xHp� �²
ÕbÑ¯×�É«ÊLÔRÕbÏ]ÞuÖªÛwÕb× à Ç�ÈªÉÒÐªÉLð\ÎwÕ�Ô�Î�ËuÏªÑ¯Õ�Ô½Û�ËuÏ]Þ¶Ú]ÖªÛ�Ñ�ÉÃÛkÉ«Ï]ÞbÔ�È]Ñ¯Õb×�ÉÒÏªËbÔ½Ö]Ï]Ð]ÉL×�Ñ�Ô�Ë�Ë\Ð`ÓuÉLÔ à éS�yÉ«Ê�ÔRÑ
å�×�ËuÌ ÕbÏ ÕbÛ
ÔRÉL×�É«Ð Ú[ËbÔ�É«ÏVÔRÎ�ÕbÛ{ÊLËuÏªÝ�ÞuÖª×RÕ�Ô�Î�ËuÏ ÎkÏùÔRÈ]ÉeÚ]ÈªËbÔRË\Ð]ÉLÔ�É«Ê�ÔRËu×5:�ÑÃÐªÓ\Ï]Ë\Ð]É¶Ñ�Ô�×�Ö]Ê�ÔRÖ]×�É¾ÐªÖ]É
Ô�ËeÉ�ô\ÔRÉLÏ]Ð]É«Ð�ÊdÈ�Õb×�ÞuÉÜÊ«ÛkËuÖ]Ð]Ñ¯Õ¬Ô·Û�ËuÏªÞuÉ«×°Ú]Ö]Û�Ñ�É¼Û�ÉLÏ]ÞbÔ�ÈíÊ§ÕbÏ`Í[ÉÜÕ»ÚyËbÑ�Ñ�ÎkÍ]Û�ÉæÉ�ô�Ú]ÛwÕ�Ï�Õ�ÔRÎkËuÏ à Ç�È]ÎkÑ
Ñ�È]ËuÖ]ÛkÐ¾Í[É¯Î�ÏVðuÉLÑ�Ô�Î�ÞVÕ�Ô�É«Ð¶å�Ö]×�Ô�È]É«×XÎkÏ»å�ÖªÔRÖ]×�É·Ø{Ëu×Õ<�Ñ°ËuÏ¶ÔRÈªÎ�ÑóÔRËbÚ]Î�Ê à
9°ÉLðbÉ«×¥ÔRÈ]ÉLÛ�É«Ñ�Ñ«ò�ÔdÕ'<\ÎkÏ]ÞÜÎ�ÏVÔ�Ë£Õ�Ê«Ê«ËbÖ]ÏVÔ¸Ô�È]É·Ê«ËuÕb×�Ñ�É½ÎkÏªå�Ëu×�ÌqÕ�Ô�Î�ËuÏÒÞuÉLÏ]É«×�ÕbÛ�Û
ÓeÕ§ð�ÕbÎ�Û�ÕbÍ]Û�É¸ËuÏ¶Ú]È]Ë¬ÿ

Ô�Ë�Ð]É�ÔRÉLÊLÔRËb×�Ñ	: Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
ÔRÎkÉ«Ñ·ÔRÈ]ÉqÌ£É«ÕbÑ�Ö]×�É«Ð ÊLËuÏ]Ñ�ÎkÑ�Ô�É«Ï]Ê�ÓøÕ�ÔæÔ�È]É»Ñ�Ö]Í]Ú[É«×�ÊLÉ«ÏVÔÃÛ�É�ðuÉLÛóÍyÉ�Ô^Ø{ÉLÉ«Ï
Ð�Õ¬ÔdÕ·ÞVÕ�Ô�È]É«×�É«ÐÜå�×�ËuÌ Ô^Ø�Ë½ðbÉ«×�Ó¼Ð]Î3�yÉ«×�É«ÏVÔYÌ£É�ÔRÈ]Ë\Ð]ÑiÊ«ÕbÏÃÍyÉ�ÊLËuÏ]Ñ�ÎkÐ]É«×�É«Ð£ÕbÏÒÕbÊdÈ]ÎkÉLðuÉLÌ£ÉLÏVÔ à Ç�È]ÎkÑ
Ñ�É«É«ÌÒÑXÔRË���Ö]Ñ�Ô�ÎkåsÓ£ÔRÈ]É·ð�ÕbÛ�ÎkÐ]ÎkÔ^ÓÒËbå¨ÔRÈªÉTÕ�Ï]ÑRÕ�Ô�ü¯ÊdÈ]ËuÑ�ÉLÏ¦å�Ëu×óÔ�È]É¯Ú]Ö]ÛkÑ�É¯Û�ÉLÏ]ÞbÔRÈ¶ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔ à

���g�o�×� �#�m÷y� �;�tõ ò �>ß�ô���öy�yö¡ß6� ô�÷¨á ï ô��yöÅ�#õ�ôýßeö.�×÷

Ç�È]É�ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô¦ËbåæÑ�Ö]Í]Ú[É«×�Ê«ÉLÏ�Ô�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×eÉ5�yÉ«Ê�ÔRÑ¦Î�ÏÙÔRÈ]É�Ú]È]Ë�ÔRË\Ð]ÉLÔ�É«ÊLÔ�Ëu×¾ËuÖªÔRÚªÖªÔ¾Î�Ñ¾Õ
Ñ�Ö]Ê«ÊLÉ«Ñ�Ñ¸ËbåºÔRÈªÎ�ÑXÕbÏ�Õ�ÛkÓ\Ñ�ÎkÑ àiñ Ë5Ø�ÉLðbÉ«×LòJÔ�È]É���Ö]É«Ñ¥ÔRÎkËuÏ¾Õb×�ÎkÑ�É«Ñ�Î
åºÔRÈ]É·ÌÒÉLÔ�È]Ë�ÐªÑóÐ]ÉLðbÉ«ÛkËuÚyÉLÐ�Õ�×�É·ÕbÚ\ÿ
Ú]ÛkÎ�Ê«ÕbÍ]Û�Éiå�Ëu×ºÔRÈªÉ{Ê§Õ�Û�Î�Íª×RÕ�Ô�Î�ËuÏ·ËbåªÔRÈ]É ~{È]É«×�É«ÏÃ<�Ë5ð¼Ð]ÉLÔ�É«ÊLÔ�Ëu×HÐªÖ]×�ÎkÏ]ÞõÚ[ËuÛwÕ�×�Î�ü«Õ�ÔRÎkËuÏ·ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô�Ñ
Õ�ÔóÕæ×�ÖªÏ]Ï]Î�ÏªÞå8PèG~ìÉ�ô�ÚyÉL×�ÎkÌ£ÉLÏ�Ô à 8^Ï»ÔRÈ�Õ¬ÔóÑ�Î
ÔRÖ�Õ¬ÔRÎ�ËbÏ£Î
ÔóÎ�Ñ�Ð]ÉLÑ�Î�×�ÕbÍ]ÛkÉ°ÔRËæÊ«ËuÏ]Ñ¥ÔdÕbÏVÔ�ÛkÓÒÊ«Ëu×�×�ÉLÊLÔóÔ�È]É
×�É«Ê«Ëb×�Ð]ÉLÐ Ñ�Ú[É«Ê�ÔR×RÕÒå�Ëu×�ÔRÈ]ÉTÚ]È]ËbÔ�Ë�Ð]É�ÔRÉLÊLÔRËb×�Ñ	:[Ï]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔRÎkÉ«Ñ{Ô�ËqÎkÌ£Ú]×�Ë_ðuÉ¯ÔRÈ]ÉTÕbÊ«ÊLÖ]×RÕ�ÊLÓ¦ËbåHÔ�È]É
Ú[ËuÛwÕ�×�Î�ü«Õ�ÔRÎkËuÏ¾Ì£É«ÕbÑ�Ö]×�É«ÌÒÉ«ÏVÔ à 8^Ï`ËbÔRÈ]ÉL×�Ø{Ëb×�Ð]ÑLò�ÎkÔ·ÎkÑõÔRËeÍ[ÉÜÊ«Û�Õb×�Î
Ý�É«Ð�ØXÈªÉLÔRÈªÉ«×·ÔRÈ]ÉÜÌÒÉ§Õ�Ñ�Ö]×�É«Ð
Ï]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ�Î�É«Ñ�Õb×�É·Ñ�ÔdÕ�Í]Û�É�Ë_ðbÉ«×XÕÜÛ�ËuÏªÞuÉ«×�ÚyÉL×�Î�Ë\ÐeËbåºÔRÎkÌ£É�òªÕ�Ï]Ð¶ÎkåºËuÏ]É·Ñ�É«×�Î�É«Ñ�Ë�å ÌÒÉ§Õ�Ñ�Ö]×�É«ÌÒÉ«ÏVÔ
Ê«ÕbÏ¦Í[É¯Ö]Ñ�ÉLÐ¾Ô�Ë£ÊLËu×�×�É«Ê�Ô°Ë�ÔRÈ]ÉL×�Ñ à
8^Ï¦Ëu×�Ð]É«×XÔRËÒÊdÈ]ÉLÊÅ<¾Ô�È]ÉT×�É«Ú]×�Ë�ÐªÖ]Ê«ÎkÍ]Î�ÛkÎkÔ^Ó£ËbåHÔ�È]ÉTÌÒÉ§Õ�Ñ�Ö]×�É«ÌÒÉ«ÏVÔRÑLò[Ô�È]ÉTÚªÖ]Û�Ñ�É½ÛkÉ«Ï]Þ�ÔRÈ¾Ì£É�ÔRÈ]Ë\Ð

Ô äbä
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Ð]É«Ñ�Ê«×�Î�Í[É«ÐîÕbÍyË_ðbÉÒÈ]ÕbÑ·ÍyÉLÉ«ÏîÕbÚ]Ú]ÛkÎ�ÉLÐíÑ�ÉLðbÉ«×�ÕbÛiÔRÎ�ÌÒÉ«ÑõË5ðbÉ«×½ÕeÛ�ËuÏªÞuÉ«×�Ú[É«×�Î�Ë\ÐíËbå�ÔRÎ�ÌÒÉbòmÕbÏ]ÐíÔRÈ]É
Î�ÏVÔRÉLÞu×RÕ�Û]Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó½È�ÕbÑYÍyÉLÉ«ÏÃÊ§Õ�Û�Ê«ÖªÛwÕ�Ô�É«Ð à Ç�È]ÉXÏ]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^ÓæËuÍ�ÔdÕbÎkÏ]É«Ð¼å�×�ËuÌ Ô�È]ÉXÌ£É«ÕbÑ�Ö]×�É�ÿ
Ì£ÉLÏVÔiÐ]É«Ñ�Ê«×�Î�Í[É«ÐÃÎ�Ï¼Ñ�É«Ê�ÔRÎ�ËbÏ�Ô ßªà$�ªà�� È�ÕbÑiÍ[É«É«ÏÃÖ]Ñ�É«ÐÜÔRËõÊ«Ëu×�×�É«Ê�ÔiÔRÈ]É{Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
ÔRÎ�ÉLÑ ÌÒÉ§Õ�Ñ�Ö]×�É«ÐÜÎ�Ï
ÔRÈ]ÉT×�ÉLÚyÉ�ÔRÎkÔ�Î�ËuÏ¶ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔRÑ à¸ï Ê«Ëu×�×�É«Ê�ÔRÎkËuÏ�Ëbå � êb~ Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
ÔRÎ�ÉLÑóÈ�ÕbÑ°ÍyÉLÉ«Ï Ú[É«×¥å�Ëu×�ÌÒÉ«Ð
û�Ê�å à Ñ�ÉLÊLÔRÎkËuÏFÔ ß�à��ªà!ä ý à Ç�È]É°Ú]Û�ËbÔ�Ëbå ÔRÈ]É¸Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó¼Ö]Ñ�É«Ð¶ÕbÑ�×�É�å�É«×�É«Ï]ÊLÉ�Ì£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ�Ê§ÕbÏ£ÍyÉ
å�ËuÖ]Ï]Ð¾Î�Ï»Ý]ÞuÖ]×�É#Ô ß�à Ô r ËuÏ¶Ú�Õ�ÞuÉ#Ô �Vú�à
ï ÔRËbÔRÕbÛºËbåiÔ^Ø{ÉLÛkðbÉ¼Ñ�ÉL×�Î�ÉLÑ�ËbåiÚªÖ]Û�Ñ�ÉæÛ�ÉLÏ]ÞbÔ�È Ì£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ�ÑÃû�ÎkÏ]Ê«ÛkÖ]Ð]Î�ÏªÞÒÔ�È]Éæ×�ÉLå�É«×�É«Ï]ÊLÉÜÌ£É«Õ¬ÿ

Ñ�Ö]×�É«ÌÒÉ«ÏVÔaýÃÈ�Õ§ðuÉ¦ÍyÉLÉ«Ï±Ú[É«×¥å�Ëu×�ÌÒÉ«Ð Ë_ðuÉ«×qÕîÑ�Ú�ÕbÏìË�å¯ÕbÍ[ËuÖªÔ
40

Ð�Õ§Ó�Ñ à ¦¦É§Õ�Ñ�Ö]×�É«ÌÒÉ«ÏVÔRÑ»È]Õ_ðbÉ
ÔdÕ�<�É«Ï¦Ú]ÛwÕbÊLÉ·ÍyË�ÔRÈ¶ËuÏ¶Ê«ËuÏªÑ�É«ÊLÖªÔRÎ
ðuÉTÐ�Õ§Ó�Ñ¸ÕbÏªÐ�ÕbÑXÛkËuÏ]ÞÃÕbÑ�å�ËuÖ]×óØ�É«É5<�Ñ�ÕbÚ�Õ�×�Ô à
ï Ï¾Ë_ðbÉ«×�ð\ÎkÉLØ Ë�å ×�É«Ñ�Ö]ÛkÔ�Ñ�Î�ÑóÑ�È]Ë_ØXÏ¦ÎkÏ»Ý�ÞuÖ]×�É�Ô ßªà â%r ËuÏ¶Ú�ÕbÞuÉ¨Ô ä�r�à Ç�È]É·×�ÉLå�ÉL×�É«ÏªÊ«É½Ì£É«ÕbÑ�Ö]×�É�ÿ

Ì£ÉLÏVÔ�ÎkÑYÑ�È]Ë_ØXÏqÎkÏ£Ñ�Ö]ÍªÝ�ÞbÖ]×�Éæû�É§ý à Ç�È]É¸ËbÔ�È]É«×YÑ�ÖªÍªÝ�ÞuÖ]×�É«Ñ�Ñ�È]Ë_Ø±Ô�È]É°×�É«Ú]×�Ë�ÐªÖ]Ê«ÎkÍ]Î�ÛkÎkÔ^ÓTÌ£É«ÕbÑ�Ö]×�É�ÿ
Ì£ÉLÏVÔRÑ à Ç�ÈªÉeÌ£É«ÕbÑ�Ö]×�É«Ð ÎkÏ�Ô�É«Þu×�ÕbÛ�Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó`Î�ÑæÚªÛ�ËbÔ�ÔRÉ«ÐùÕbÑ¼×�ÉLÐ Ñ7��Ö�Õb×�É«Ñ à Ç�ÈªÉ»Ê«Ëu×�×�ÉLÊLÔRÉLÐ
ð�ÕbÛ�Ö]ÉLÑ¼Õb×�É»Ñ�ÈªË5ØXÏ ÕbÑæÍ]Û�Ö]É£Ê«Îk×�Ê«ÛkÉ«Ñ½ØXÎkÔRÈîÔRÈ]É»Í]ÕbÏ]Ð ×�ÉLÚ]×�ÉLÑ�ÉLÏ�Ô�Î�Ï]ÞíÔ�È]ÉqÊLËuÌ¼Í]ÎkÏ]É«Ð Ñ¥ÔdÕ�Ô�Î�Ñ�Ô�Î�Ê«ÕbÛ
ÕbÏ]ÐøÑ�Ó\Ñ¥ÔRÉ«Ì£Õ�Ô�Î�ÊeÉ«×�×�Ëu×�Ñ à Ç�ÈªÉ¾ÛkÉ«ÞuÉLÏ]Ð Ñ�ÈªË5ØXÑÃÔRÈªÉe×�É«ÐªÖ]Ê«ÉLÐ

χ2 ÕbÏ]Ð ÔRÈ]É»ÝªÔÃÚ]×�ËuÍ]ÕbÍ]Î�ÛkÎkÔ^Ó`å�Ëu×
ÍyË�ÔRÈÜÔRÈ]ÉXÖ]ÏªÊ«Ëu×�×�É«Ê�ÔRÉLÐ»ÕbÏ]ÐÃÔRÈªÉ�Ê«Ëu×�×�É«Ê�ÔRÉLÐqÞu×�ÕbÚ]È]ÑiØXÎkÔ�ÈÃ×�É«Ñ�ÚyÉLÊLÔYÔRËTÕ·ü«ÉL×�Ë½Û�Î�ÏªÉ àn
 Î�ÞuÖª×�ÉbÔ ß�à1â%r
Ì£ÉL×�ÉLÛkÓÃÞuÎ
ðuÉ«Ñ{ÕbÏqË_ðbÉ«×�ð\ÎkÉLØ à èºÕb×�ÞuÉL×�ÚªÛ�ËbÔ�ÑYØXÎkÛ�ÛJÍ[É°Ñ�È]Ë_ØXÏeÎ�ÏÃÔRÈ]É¸å�ËuÛ�ÛkË5ØXÎkÏ]Þ¯Ú�ÕbÑ�ÑRÕbÞuÉLÑ àiï Û�Û�ÔRÈ]É
Þu×RÕ�Ú]È]ÑXÑ�È]Ë_ØXÏ¦Î�Ï»ÔRÈªÎ�ÑXÑ�ÉLÊLÔRÎkËuÏ¶È�Õ§ðuÉ½ÍyÉLÉ«Ï¾Ê«Ëu×�×�ÉLÊLÔRÉLÐ¦å�Ëu×óÔ�È]É � ê�~ Ï]ËbÏ]Û�ÎkÏ]É§Õb×�ÎkÔ^Ó à
ï Û�ËuÏªÞ¾Ô�Î�ÌÒÉÜÉ5�yÉ«ÊLÔæÊ§ÕbÏîÊ«ÛkÉ§Õb×�ÛkÓ`Í[É£Ñ�É«É«Ï Î�ÏîÔ�È]ÉÒÚ]Û�ËbÔ�Ñ à�
 Ëu×¯ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô�ÑTØXÈ]ÎkÊdÈ È�Õ§ðbÉ

ÍyÉLÉ«Ï»ÔRÕ�<bÉLÏeËuÏ]ÛkÓÒÕTÊ«ËuÖ]ÚªÛ�ÉõË�åºÐ�Õ§Ó�Ñ{ÍyÉ�å�Ëu×�É°Ëu×óÕ�åsÔ�É«×YÔRÈ]Éõ×�ÉLå�ÉL×�ÉLÏ]Ê«É·ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔ¯û�Ñ�Ö]ÍªÝ�ÞbÖ]×�ÉLÑ
ûAÕVý{Ô�Ëíû�ÞVý�ý�ò]Ô�È]É½Ï]ËuÏ]ÛkÎ�Ï]É«Õb×�Î
Ô^Ó»Ê§Õ�Ï�Í[ÉTÊLËu×�×�É«ÊLÔ�É«Ð�å�Ëb×XðbÉ«×¥Ó¦Ñ�Ö]Ê«ÊLÉ«Ñ�Ñ�å�Ö]ÛkÛkÓ à èºÕb×�ÞuÉ«×XÚ]ÛkËbÔRÑXËbå ÔRÈ]É
×�ÉLÑ�Ö]Û
ÔRÑXËbå¨ÔRÈ]ÉLÑ�É½Ì£É«ÕbÑ�Ö]×�É«ÌÒÉ«ÏVÔRÑXÊ«ÕbÏ¦Í[É·å�ËuÖ]Ï]Ð¶ÎkÏ¶Ý]ÞuÖ]×�É#Ô ß�à1â "ÜËuÏ¶Ú�Õ�ÞuÉ#Ô ä " à
Ç�È]É·ÌÒÉ§Õ�Ñ�Ö]×�É«ÌÒÉ«ÏVÔ�Î�Ï»Ý]ÞuÖ]×�É¨Ô ßªà â%r û�È�ý�ò�ØXÈªÎ�ÊdÈ¶È�ÕbÑóÍ[É«ÉLÏ¶ÚyÉL×�å�Ëu×�Ì£ÉLÐeÑ�ÉLðbÉ«Ï¾Ð�Õ§Ó\ÑXÕ�åsÔRÉL×{ÔRÈ]É

×�É�å�É«×�ÉLÏ]Ê«É£Ì£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ«òHÊ§Õ�ÏùÑ�Ô�Î�Û�ÛHÍyÉÒÊ«Ëu×�×�ÉLÊLÔRÉLÐ à¾ñ Ë_Ø�ÉLðuÉL×«òNÔ�È]É£ÊLËu×�×�É«Ê�ÔRÉ«Ð Þu×RÕbÚªÈùÕbÛk×�É§Õ�ÐªÓ
Ñ�È]Ë_ØXÑ¸Ñ�ËuÌÒÉ¯Ð]Î�Ñ�Ê«×�É«Ú�ÕbÏªÊLÓ»å�×�ËuÌ ÕÜü«ÉL×�ËÒÛ�Î�ÏªÉ à
Ç�È]ÉÃÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔRÑ½Ñ�È]Ë_ØXÏ ÎkÏ`Ñ�Ö]ÍªÝ]ÞuÖ]×�ÉLÑ»û�Îsý°Ô�Ëùû�Ûsý�òmØXÈªÎ�ÊdÈ`ÔRË\Ë%<�Ú]Û�ÕbÊ«ÉÜå�ËuÖª×�Ø{ÉLÉ	<�Ñ¼ÕbÏªÐ

Û�ËuÏªÞuÉ«×£Õ�åsÔRÉL×£Ô�È]É�×�ÉLå�É«×�É«Ï]ÊLÉíÌ£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ«ò�Ê§ÕbÏ]ÏªËbÔ»Í[É�ÊLËu×�×�É«ÊLÔ�É«Ðmò�ØXÎ
ÔRÈìÔ�È]É�ÉaôªÊLÉ«ÚªÔ�Î�ËuÏÙË�å
Ñ�Ö]Í�Ý�ÞuÖ]×�É¾ûU<�ý à Ç�È]ÉæÊ«Ëu×�×�É«Ê�ÔRÉLÐ�Þb×RÕbÚ]È�ËbåiÔRÈ]ÎkÑõÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔ·Ñ�È]Ë_ØXÑ·ÞuË\Ë\Ð Ê«ËuÏªÑ�Î�Ñ¥ÔRÉLÏ]ÊLÓ¦ØXÎkÔRÈ
ÕÜü«É«×�Ë£ÛkÎ�Ï]É à

 ÎkÞuÖ]×�ÉÉÔ ßªà1â�á ËuÏ¼Ú]ÕbÞuÉÉÔ äVá Ñ�È]Ë_ØXÑNÔRÈ]É�Ì£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ�ÑHËbå]Ý]ÞuÖ]×�É,Ô ßªà â%r û��Rý¨ÕbÏªÐ¶û�Ûwý�ÎkÏ¼ÕõÛ�Õb×�ÞbÉ«×

ð\Î�ÉLØ à Ç�È]É¼Ú]ÛkËbÔRÑ¸ËuÏ�Ô�È]É¼ÛkÉLåsÔ°È�ÕbÏ]Ð Ñ�Î�Ð]ÉæÕb×�É½ÔRÈ]ÉTÑRÕbÌÒÉ¼Õ�ÑõÎ�Ï¦ÔRÈ]ÉTË5ðbÉ«×¥ð�ÎkÉLØ ËbåiÝ�ÞbÖ]×�ÉtÔ ßªà â%r�à
Ç�È�Õ�Ô°Ì£É«ÕbÏ]ÑXÔRÈ]É�ÓeØ{ÉL×�ÉTÊ«Ëu×�×�É«Ê�ÔRÉLÐ�ØXÎkÔ�È ÕÃ×�ÉLå�ÉL×�ÉLÏ]Ê«ÉTÌ£É«ÕbÑ�Ö]×�É«ÌÒÉ«ÏVÔ¸ÔRÈ�Õ�Ô°Ð�Õ�Ô�É«Ñ¸Í�ÕbÊÅ<¾ÕbÍ[ËuÖªÔ
å�ËuÖ]×ºØ{ÉLÉ	<�Ñ àiï ÑNÕbÛk×�É«ÕbÐªÓ·ÌÒÉ«ÏVÔRÎkËuÏ]ÉLÐmò�Ô�È]É�ÊLËu×�×�É«Ê�ÔRÎ�ËbÏTØ{ÕbÑHÏ]Ë�ÔHÑ�Ö]Ê«ÊLÉ«Ñ�Ñ¥å�Ö]Ûªå�Ëu×ºÔRÈªÉ«Ì àHñ Ë5Ø�ÉLðbÉ«×Lò
ØXÈ]É«Ï¶Ö]Ñ�Î�Ï]ÞÃÕTÌ£Ëu×�Éõ×�É«Ê«ÉLÏVÔ°ÌÒÉ§Õ�Ñ�Ö]×�É«ÌÒÉ«ÏVÔXÕbÑó×�ÉLå�ÉL×�É«ÏªÊ«ÉÒû�Ô�È]É·ËuÏ]É°å�×�ËuÌþÝ�ÞuÖª×�É�Ô ßªà â%r û�Îsý�ý�òVÔRÈ]É
Ê«Ëu×�×�ÉLÊLÔRÎkËuÏÜÑ�ÖªÊ«Ê«ÉLÉ«Ð]Ñ à Ç�È]Î�ÑiÊ«ÕbÏÃÍyÉ�Ñ�É«É«ÏÒÎ�Ï¼Ô�È]É�Ú]ÛkËbÔRÑNËbÏÃÔ�È]É�×�ÎkÞuÈVÔNÈ�Õ�Ï]ÐÃÑ�Î�ÐªÉ�ËbåJÝ�ÞuÖ]×�É�Ô ßªà âbáªà
Ù¸Ñ�Ö�ÕbÛkÛkÓbòmÔRÈ]ÉÃÏ]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó¦ËbåóÕ¶Ú]È]Ë�ÔRË\Ð]ÉLÔ�É«ÊLÔ�Ëu×¯Î�Ñ·ÊLËuÏ]Ñ�ÎkÐ]É«×�É«ÐîÕbÏ�Î�ÏVÔR×�Î�Ï]Ñ�Î�Êå��Ö�ÕbÛkÎkÔ^ÓbòºÔ�È�Õ�Ô

Ñ�È]ËbÖ]Û�Ð ÏªËbÔõÊdÈ]ÕbÏ]ÞuÉ¼Ë_ðbÉ«×õÔ�Î�ÌÒÉ à Ç�È]É¼×�É«Ñ�ÖªÛkÔRÑ°ËbåNÔ�È]Î�ÑõÕbÏ�ÕbÛ
Ó�Ñ�Î�Ñ°Õb×�ÉTÏ]ËbÔõÌ£É«ÕbÏVÔ°Ô�Ë»Ê«ËuÏVÔ�×RÕbÐ]ÎkÊLÔ
ÔRÈ]ÎkÑ à 8^Ï�å�ÕbÊLÔ½ÔRÈ]É£Ñ�ÔRÕbÍ]Î�ÛkÎkÔ^Ó�ËbåóÔRÈªÉqÉ«ÏVÔ�Î�×�ÉÒÑ�É�ÔRÖ]ÚîØóÕbÑ½ÔRÉLÑ�ÔRÉLÐ à 8 ÔæÎkÑ½Ú[ËuÑ�Ñ�Î�ÍªÛ�ÉÃÔRÈ�Õ�ÔTÉ«ÏVð\Î�×�ËuÏ�ÿ
Ì£ÉLÏVÔdÕbÛ�É5�yÉ«Ê�ÔRÑ¼Ì£Õ§Ó`È�Õ§ðuÉ»Ê«ÕbÖ]Ñ�ÉLÐùÔRÈ]ÉÒÔRÎkÌ£ÉÃÐ]ÉLÚyÉLÏ]Ð]É«ÏªÊ«ÉeËbå�Ô�È]ÉqÌÒÉ§ÕbÑ�Ö]×�ÉLÐùÏ]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔRÎkÉ«Ñ à
ï Û
ÔRËuÞuÉ�ÔRÈ]ÉL×«òmÎ
Ô�È�Õ�Ñ�ÔRËeÍ[ÉÜÏ]ËbÔRÉLÐíÔRÈ�Õ�Ô·Õ»Ñ�Ö]Í]Ú[É«×�Ê«ÉLÏ�ÔTÏ]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó¾Ê«ËuÖªÛ�ÐíÍ[É¼Ì£É«ÕbÑ�Öª×�É«Ð�ÕbÏªÐ
Ñ�Ö]ÊLÊ«ÉLÑ�Ñ�å�ÖªÛ�ÛkÓ¶ÊLËu×�×�É«Ê�ÔRÉ«Ð¶å�Ëu×�Ö]Ñ�Î�Ï]ÞÒ×�ÉLÞuÖ]Û�Õb×ó×�É�å�É«×�É«Ï]ÊLÉTÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏVÔRÑ à
D Ï]É»Ê«ÕbÏ Ê«ËbÏ]Ê«ÛkÖ]Ð]ÉqÔ�È�Õ�ÔÜË_ðuÉL×ÃÕ ×RÕbÏªÞuÉ»ËbåXÑ�ÉLðuÉL×RÕbÛ�Ð]Õ_Ó\Ñ¼Ô�È]É»Ï]ËuÏªÛ�Î�ÏªÉ§Õb×�ÎkÔ^Ó`Î�ÑTØ{ÉLÛ�Û{ÖªÏ]Ð]É«×

Ê«ËuÏVÔ�×�ËuÛ½ÕbÏ]Ð Ê§Õ�Ï Í[ÉîÊLËu×�×�É«ÊLÔ�É«Ð å�Ëb× à ï Ô ÕøÑ�Ê«ÕbÛ�É�ËbåæØ�É«É5<�Ñ«ò½È]Ë_Ø{É�ðuÉ«×LòTÛkËuÏ]Þ ÔRÎkÌ£ÉíÉ�� ÉLÊLÔ�Ñ
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×�É«ÞuÖ]Û�Õb×�Û
Óuò¬ÕbÏ]Ð½Ï]ËbÔ¨ÌÒËu×�ÉNÔ�È�ÕbÏ½ËuÏ]ÉYØ{ÉLÉ	<¯ÕbÚ]Õb×�Ô à Ç�È]ÎkÑ¨Ø�ËuÖ]ÛkÐTÏªËbÔºÚ]×�Ë_ðbÉ{Ð]Î�è£ÊLÖ]ÛkÔºÎkÏ½Õ¸×�Ö]Ï]Ï]ÎkÏ]Þ
8PèG~ Éaô�ÚyÉL×�Î�ÌÒÉ«ÏVÔ à 8^Ï`Ô�È]ÉÃÛwÕ§ÓuËbÖªÔ¯Ëbå�ÔRÈ]Ét~{È]ÉL×�É«Ï�<bË_ð�Ð]ÉLÔ�É«ÊLÔ�Ëu×¯ÎkÔ·ÎkÑ�å�Ëu×�ÉLÑ�ÉLÉ«Ï`ÔRË¶Î�Ï]ÊLÛ�Ö]ÐªÉÃÕbÏ
èºéYêþÎ�ÏíËuÏ]ÉÜÛkÉ«ÞeËbåYÔ�È]ÉÜÞVÕbÑ�Ô�Ö]ÍyÉLÑÒû�Ñ�É«ÉÃÑ�ÉLÊLÔRÎkËuÏ r ý à�D Ï�ÿ Ô�È]É�ÿ)�]Ó¦Ê§ÕbÛkÎ�Í]×�Õ�ÔRÎkËuÏ�×�Ö]Ï]Ñ·Ê«ËbÖ]Û�ÐíÍ[É
ÔRÕ�<bÉLÏ ÍyÉ�Ô^Ø{ÉLÉ«Ïm8PèG~ ×�Ö]Ï]Ñ à,D Ï]É½Ì£ÎkÞuÈVÔXÉLðbÉ«ÏíÊ«ËbÏ]Ñ�ÎkÐ]É«×XÔdÕ�<�ÎkÏ]Þ£Ê«ÕbÛ�ÎkÍ]×RÕ¬ÔRÎ�ËbÏeÐ�Õ�ÔdÕÃÎ�Ï¦ÍyÉ�Ô^Ø{ÉLÉ«Ï
ÊLËuÏ]Ñ�ÉLÊ«ÖªÔ�ÎkðbÉõÔR×�ÕbÎ�Ï]Ñ à Ç�È]ÉõÔ�Î�ÌÒÉXÐ]Î�Ñ¥ÔdÕbÏ]ÊLÉõÍ[ÉLÔ^Ø�É«ÉLÏ»Ô^Ø{Ëå8PèG~±Í]Ö]ÏªÊdÈqÔR×�ÕbÎ�Ï]Ñ�Î�Ñ�Ú]×�ËA��É«Ê�ÔRÉ«Ð»Ô�ËæÍ[É
199 ms

à½ï Ô¯Õ»×�É«ÕbÐ]ËuÖªÔ·å�×�É	��Ö]ÉLÏ]ÊLÓíË�å
20 kHz

òºÕ�ÍyËuÖ�Ô
4000

èºéYê ÚªÖ]Û�Ñ�É«Ñ·Ê«ËbÖ]Û�ÐíÍ[ÉÜ×�ÉLÊ«Ëu×�Ð]É«Ð
Í[ÉLÔ^Ø�É«ÉLÏ ÔR×�ÕbÎ�Ï]Ñ à ~{ËuÏ]Ñ�ÉLÊ«ÖªÔ�ÎkðbÉqÊ§Õ�Û�Î�Íª×RÕ�Ô�Î�ËuÏ]Ñ°Ø{ËuÖªÛ�Ð`Ï]É«ÉLÐîÔ�Ë¦Í[ÉÃÊ«Ö]Ì¼ÖªÛwÕ�Ô�É«Ð�Ö]ÏVÔRÎ�ÛHÑ�Ö�èÒÊ«ÎkÉ«ÏVÔ
Ñ¥ÔdÕ�Ô�Î�Ñ�Ô�Î�ÊLÑ·Õb×�ÉÃÕ�ÊdÈ]Î�É�ðuÉ«Ð�ÔRËeÍ[ÉÜÖ]Ñ�ÉLÐ Õ�Ñ¯Õ¶×�ÉLå�ÉL×�É«ÏªÊ«ÉÃÌ£É«ÕbÑ�Öª×�É«ÌÒÉ«ÏVÔ à�I ÓíÌÒÉ§ÕbÏªÑ·Ëbå�Õ¶Ñ�Û�ÎkÐ]Î�Ï]Þ
Õ§ðuÉL×RÕbÞbÉeË5ðbÉ«×ÜÔRÈªÉ»ÛwÕbÑ¥ÔÜÊ«ËbÖ]Ú]Û�ÉqËbå¸×�ÉLå�ÉL×�ÉLÏ]Ê«É¶ÌÒÉ§ÕbÑ�Ö]×�ÉLÌ£ÉLÏ�Ô�Ñ«ò�ÕbÏ Ö]Ú\ÿ ÔRË¬ÿ^Ð�Õ�Ô�É»Ê§Õ�Û�Î�Íª×RÕ�Ô�Î�ËuÏ�Ëbå
Ô�È]É¯Ú]È]ËbÔ�Ë�Ð]É�ÔRÉLÊLÔRËb×�ÑXÊ«ËuÖªÛ�Ð¶ÍyÉ¯ÞuÖ]Õb×RÕbÏVÔ�É«É«Ð¦Õ�Ô°ÕbÛkÛyÔRÎkÌ£ÉLÑ à
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2008−12−05−−20:14
2008−12−06−−03:12

=2.93, P=2.0e−062χuncorrected: 

=0.53, P = 1 − 2.8e−022χcorrected: 

pulse length / ns
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2008−12−06−−10:28
2008−12−06−−17:26

=4.61, P=4.2e−132χuncorrected: 

=0.06, P = 1 − 3.4e−112χcorrected: 

pulse length / ns
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2008−12−07−−00:43
2008−12−07−−07:41

=7.70, P=8.5e−272χuncorrected: 

=0.47, P = 1 − 1.3e−022χcorrected: 

pulse length / ns
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2008−12−07−−14:57
2008−12−07−−21:55

=8.14, P=8.2e−292χuncorrected: 

=0.63, P = 1 − 8.0e−022χcorrected: 
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2008−12−08−−22:42
2008−12−09−−05:40

=5.29, P=5.5e−162χuncorrected: 

=0.00, P = 1 − 0.0e+002χcorrected: 

pulse length / ns
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2008−12−09−−22:22
2008−12−10−−05:20

=4.38, P=4.0e−122χuncorrected: 

=0.13, P = 1 − 8.1e−082χcorrected: 
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2008−12−12−−18:52
2008−12−13−−01:49

=3.69, P=2.6e−092χuncorrected: 

=0.22, P = 1 − 1.9e−052χcorrected: 

pulse length / ns
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2008−12−15−−22:25
2008−12−16−−05:22

=2.59, P=3.1e−052χuncorrected: 

=0.99, P = 0.472χcorrected: 

pulse length / ns
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2009−01−05−−23:03
2009−01−06−−06:01

=2.28, P=3.4e−042χuncorrected: 

=5.77, P = 0.002χcorrected: 

pulse length / ns
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2009−01−06−−23:06
2009−01−07−−06:03

=2.12, P=1.1e−032χuncorrected: 

=2.08, P = 0.002χcorrected: 

pulse length / ns
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2009−01−07−−21:10
2009−01−08−−04:07

=3.09, P=5.0e−072χuncorrected: 

=0.43, P = 1 − 7.4e−032χcorrected: 

pulse length / ns
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2009−01−12−−22:09
2009−01−13−−05:06

=2.16, P=8.3e−042χuncorrected: 

=3.04, P = 0.002χcorrected: 

pulse length / ns
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2008−12−05−−20:14
2008−12−06−−03:12

=2.93, P=2.0e−062χuncorrected: 

=0.53, P = 1 − 2.8e−022χcorrected: 

pulse length / ns
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2008−12−06−−10:28
2008−12−06−−17:26

=4.61, P=4.2e−132χuncorrected: 

=0.06, P = 1 − 3.4e−112χcorrected: 
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2008−12−07−−00:43
2008−12−07−−07:41

=7.70, P=8.5e−272χuncorrected: 

=0.47, P = 1 − 1.3e−022χcorrected: 

pulse length / ns
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2008−12−07−−14:57
2008−12−07−−21:55

=8.14, P=8.2e−292χuncorrected: 

=0.63, P = 1 − 8.0e−022χcorrected: 
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2008−12−09−−22:22
2008−12−10−−05:20

=4.38, P=4.0e−122χuncorrected: 

=0.13, P = 1 − 8.1e−082χcorrected: 
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2008−12−12−−18:52
2008−12−13−−01:49

=3.69, P=2.6e−092χuncorrected: 

=0.22, P = 1 − 1.9e−052χcorrected: 

pulse length / ns
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2009−01−06−−23:06
2009−01−07−−06:03

=2.12, P=1.1e−032χuncorrected: 

=2.08, P = 0.002χcorrected: 
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2009−01−06−−23:06
2009−01−07−−06:03

=2.12, P=1.1e−032χuncorrected: 

=0.98, P = 0.502χcorrected: 
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2009−01−12−−22:09
2009−01−13−−05:06

=2.16, P=8.3e−042χuncorrected: 

=3.04, P = 0.002χcorrected: 
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Â�°y¾�´)á anode charge / pC

0 20 40 60 80 100 120 140 160 180 200

in
te

gr
al

 n
on

−l
in

ea
rit

y 
/ p

er
ce

nt

−0.5
−0.4
−0.3
−0.2
−0.1

0
0.1
0.2
0.3
0.4
0.5 runs 772 − 797

2009−01−12−−22:09
2009−01−13−−05:06

=2.16, P=8.3e−042χuncorrected: 

=0.49, P = 1 − 1.8e−022χcorrected: 
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