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•%•5¼4ˆ‹•ž‡�•
…/•š¼4¡j„žŒ&•À…V‡�•&ˆ‹Šj„žŒ&•4¡A„†•ÀŠjŽ4‡�‘5¼b•ª–�¬>Ž4‡ ÿ9 F•
•†¼4‡‰¡

„†•4˜3„žˆ�•
ŠV‡‰˜�•
…V‡�ŠjŽ4‡Tøb…\•
•4ˆVŽb„†•b¦�…\•
Šj„žŒ�Œ
•=‡�•&ˆ\Ž¾…V‡�•&ˆ‹Šj„žŒ&•ª–

‘’Œ&•£•
…�ûÕŒ5˜b‡‹•ž¡>ˆ�•
•`øQ‡q•
•ž¡VŒJŠV‡‰¡jŠV‡‰˜îø5±�ˆ‰Œ&¨œ¤y•
…j„†•b¦œŠjŽ4‡‹„†…P¤b…V‡‰˜3„žˆ‹Šj„žŒ&•4¡A•ÎŒ&…AŠjŽ4‡�¡VŒ&¼b•4˜`¡j¤Q‡‰‡‰˜�„†•4¡j„ž˜b‡

ŠjŽ4‡î‘5¼b•É½P„†ŠjŽÉŠjŽ4‡À…\•&˜3„£•
•A˜3„ž¡jŠj…j„†øb¼bŠj„žŒ&•4¡Jˆ�•
•žˆ‹¼b•£•
ŠV‡‰˜�•š…VŒ&¨YŠjŽ4‡œŽ4‡‹•†„žŒF¡\‡‹„ž¡j¨œ„žˆ�•&ˆ‹Šj„† ’„†Š1±�¤b…V‡‰ˆ‹„ž¡j„žŒ&•ÑŒ&ø3·

¡V‡‹…j F•
Šj„žŒ&•4¡x¨�•&˜b‡Wø?±�¡\‡‹ *‡‹…\•
•�‡ïí3¤+‡‹…j„†¨À‡‹•5ŠV¡$³ ´F¸Dµ1–P¬>Ž4‡J•
¦F…V‡‰‡‹¨À‡‹•5Š�ø+‡‹ŠB½²‡‰‡‹•DŠjŽ4‡h¨À‡�•&¡V¼b…V‡‹¨À‡‹•?ŠV¡:•
•4˜

ŠjŽ4‡W¤b…V‡‰˜3„žˆ‹Šj„žŒ&•4¡:Œ
•/ŠjŽ4‡W›>•/´FµFµFµt³‰�Hµ=¨ÀŒ5˜b‡‹•�„ž¡�•
Š ŠjŽ4‡W•ž‡‹ *‡‹•�Œ
•>µ3–†ú	ÿÓ…j¨À¡Jñš©�„†¦F¼b…V‡`úF– ´*öï–q§ ‡‹…V‡�•�•šŠV‡‹…�ü

½²‡	½P„†•†•�ˆ‰Œ&•4¡j„ž˜b‡‹…:ŠjŽ4‡J¨ÀŒ’˜b‡‹•=…V‡‰ˆ‰‡‹•?Šj•†±D¤b¼bøb•†„ž¡jŽ4‡‰˜Õø?±D›P•
Ž4ˆ�•
•†•�•
•4˜�•r„†•4¡VŒ&•b•4‡�•
¼b•†ŠW•&¡qŠjŽ4‡À‘5Š\•
•4˜4•
…V˜

‘’Œ&•£•
…xûÕŒ5˜b‡‹•/ñ”‘b‘’û�öïüb…V‡ï•Î‡‹…j…V‡‰˜¾•&¡�›>•/´FµFµ
¶ª³ þMµ1–

¬>Ž4‡Dù4¼3íb‡‰¡�Œ
•œ‡�•&ˆVŽ „†•4˜3„† ’„ž˜3¼y•
•W¡\Œ&¼b…Vˆ‰‡�•†„ž¡jŠV‡‰˜-„†•c¬�•
øb•ž‡6úF–"�6•
…V‡�¤b…V‡‰˜3„žˆ‹ŠV‡‰˜sø5±-ŠjŽ4‡�›>•/´FµFµ
¶

¨ÀŒ’˜b‡‹•?ˆ‰Œ&¨høb„†•4‡‰˜h½P„†ŠjŽhŠjŽ4‡�…V‡‰ˆ‰‡‹•5Šª…V‡‰¡j¼b•†Š%•š…VŒ&¨ ŠjŽ4‡r÷(•
øQŒ&…\•
ŠVŒ&…j±

�

•4˜b‡‹…j¦F…VŒ&¼b•4˜hò ¼4ˆ‹•ž‡�•
…

Ÿ

¡VŠj…VŒ&¤bŽ?±3¡j„žˆ‰¡

‡ïí3¤+‡‹…j„†¨À‡‹•5Š�ñš÷

�

ò

Ÿ

öÁ³ ýHµ�ŠjŽy•
Š�¨À‡�•&¡j¼b…V‡‰˜DŠjŽ4‡ 14 ò	ñÛ¤ªü



ö 15 ó •Û¼4¡V„žŒ&•Õ…V‡�•&ˆ‹Šj„žŒ&•ª–W¬>Ž4‡	‡‹•4‡‹…j¦F±Õ¡j¤Q‡‰ˆ‹Šj…\•

ˆ‰Œ&…j…V‡‰¡j¤QŒ&•4˜3„†•b¦�ŠVŒ	ŠjŽ4‡T¡\Œ&•£•
…P•4‡‹¼bŠj…j„†•4Œœù4¼3íb‡‰¡x•
…V‡T¡jŽ4ŒÃ½P•�„†•�©�„†¦F¼b…V‡ÀúF–"�3–

ú�þ



°²Žy•
¤bŠV‡‹…xúF“î‘’Œ&•£•
…xòq‡‹¼bŠj…j„†•4ŒF¡ •
•4˜¾ò ‡‹¼bŠj…j„†•4Œ�óq¡\ˆ‹„†•†•£•
Šj„žŒ&•4¡

‘’Œ&¼b…Vˆ‰‡ ©�•†¼3í

³†ú�µ 10cm� 2s� 1 µ

���

¸3– ýFþ¾ñ‚ú

�
µ3– µ3úÃö

�� !�

úF– ¶?´¾ñ‚ú

�
µ3– µF´*ö²í�ú�µ � 2

¿

 !�

�’– ý��¾ñ‚ú

�
µ3–†ú��*ö²í�ú�µ � 7

7 ›>‡ ¶4– þ��¾ñ‚ú

�
µ3–†ú�´*ö²í�ú�µ � 1

8 › ¸3–‰����ñ‚ú

�
µ3– ´��*ö²í�ú�µ � 4

13 ò �3– ´��¾ñ‚ú

+0 :37
� 0:35

ö/íDú�µ � 2

15 ó ´3– ¸
¶Õñ‚ú

+0 :43
� 0:39

ö/íDú�µ � 2

17 © ¸3– þF¸bñ‚ú

+0 :44
� 0:44

ö/íDú�µ � 2

¬m•
øb•ž‡�úF–"�3“�‘’Œ&•£•
…œ•4‡‹¼bŠj…j„†•4ŒÕù4¼3íb‡‰¡À•&¡V¡j¼b¨œ„†•b¦�›>•/´FµFµ
¶•³ þHµP¤b•†¼4¡œŠjŽ4‡î…V‡‰ˆ‰‡‹•?Š�…V‡‰¡j¼b•†ŠœŒ&•ÑŠjŽ4‡ 14 òÂ» ¤

•š¼4¡j„žŒ&•�…V‡�•&ˆ‹Šj„žŒ&•�•Û…VŒ&¨ ÷

�

ò

Ÿ

³ ýHµ1–=¬>Ž4‡xˆ‰Œ&…j…V‡‰¡j¤QŒ&•4˜b‡‹•?ŠPˆ�•
¤bŠj¼b…V‡ …\•
ŠV‡‰¡r„†•îˆVŽb•žŒ&…j„†•4‡:•
•4˜À¦?•
•†•†„†¼b¨L¡VŒ&•£•
…

‡ïí3¤+‡‹…j„†¨À‡‹•5ŠV¡�•
…V‡�þ3– ´

�
úF– þ�•
•4˜sú�´�� +12

� 10
‘’ò

�

ü�…V‡‰¡j¤Q‡‰ˆ‹Šj„† *‡‹•†±sñ‚ú¾‘’ò

�­Ã

ú�µ � 36 ‡‹ *‡‹•?ŠV¡œ¤Q‡‹…œŠ\•
…j¦*‡‹Š

•
ŠVŒ&¨Ó¤Q‡‹…�¡V‡‰ˆ‰Œ&•4˜yöï–

©�„†¦F¼b…V‡DúF– ´3“À•�…V‡‰˜3„žˆ‹ŠV‡‰˜  *‡‹…V¡j¼4¡J¨À‡�•&¡j¼b…V‡‰˜ ¡VŒ&¼b•4˜ ¡j¤Q‡‰‡‰˜b¡J„†•�ŠjŽ4‡�‘5¼b•ª–D¬>Ž4‡g	4¦F¼b…V‡�Žb„†¦FŽb•†„†¦FŽ5ŠV¡	ŠjŽ4‡

‡ïíbˆ‰‡‹•†•ž‡‹•?Šœ•
¦F…V‡‰‡‹¨À‡‹•?ŠœøQ‡‹Š1½²‡‰‡‹• ŠjŽ4‡�¡VŒ&¼b•4˜É¡j¤Q‡‰‡‰˜b¡W¤b…V‡‰˜3„žˆ‹ŠV‡‰˜-ñÛ…V‡‰˜yö:ø?±�ŠjŽ4‡�¡jŠ\•
•4˜4•
…V˜Ñ¡VŒ&•£•
…h¨ÀŒ’˜b‡‹•

ñš›>•/µFµ(³‰�•µÛöx•
•4˜�ŠjŽ4‡:Ž4‡‹•†„žŒF¡\‡‹„ž¡j¨ÀŒ&•žŒ&¦F„žˆ�•
•†•†±�¨À‡�•&¡j¼b…V‡‹¨À‡‹•5ŠV¡	ñÛøb•£•&ˆ\õböï–P¬>Ž4‡

�
ù4¼3í�˜b‡�	yˆ‹„†ŠqŒ&ø4¡V‡‹…j *‡‰˜¾„†•

ŠjŽ4‡>¦?•
•†•†„†¼b¨ ¡VŒ&•£•
…�•4‡‹¼bŠj…j„†•4Œ:‡ïí3¤+‡‹…j„†¨À‡‹•5ŠV¡rˆ�•
•œ•4Œ&Š�øQ‡A‡ïí3¤b•£•
„†•4‡‰˜	ø?±	ˆVŽy•
•b¦F„†•b¦hŠjŽ4‡>„†•b¤b¼bŠ�¤y•
…\•
¨À‡‹ŠV‡‹…V¡

„†•�ŠjŽ4‡W¡jŠ\•
•4˜4•
…V˜�¡VŒ&•£•
… ¨ÀŒ5˜b‡‹•”–²¬>Ž4‡W•
…j…VŒ�½Tüy„†•4˜b‡‰‡‰˜%üy„†•4˜3„žˆ�•
ŠV‡‰¡ ŠjŽ4‡T˜3„ž¡jŠ\•
•4ˆ‰‡WŒ
•�ŠjŽ4‡W›>•/µFµJ•š…VŒ&¨ÓŠjŽ4‡

Ž4‡‹•†„žŒF¡V‡‹„ž¡j¨ÀŒ&•žŒ&¦F„žˆ�•
•m¨À‡�•&¡j¼b…V‡‹¨À‡‹•?ŠV¡x•ÎŒ&…Vˆ‹„†•b¦ÀŠjŽ4‡:¨ÀŒ’˜b‡‹•ªŠVŒœ‡ïí’¤b•£•
„†•¾ŠjŽ4‡T˜b‡�	yˆ‹„†Š�–

ú�ý



°²Žy•
¤bŠV‡‹…xúF“`‘’Œ&•£•
…xò ‡‹¼bŠj…j„†•4ŒF¡q•
•4˜�òq‡‹¼bŠj…j„†•4Œ�óq¡Vˆ‹„†•†•£•
Šj„žŒ&•4¡

©�„†¦F¼b…V‡xúF–"�3“m/�•4‡‹…j¦F±T¡j¤Q‡‰ˆ‹Šj…j¼b¨zŒ
•4ŠjŽ4‡r¤b¤	•
•4˜J°Aò:ó ˆVŽy•
„†•	¡VŒ&•£•
…m•4‡‹¼bŠj…j„†•4ŒF¡=•&ˆ‰ˆ‰Œ&…V˜3„†•b¦qŠVŒ�ŠjŽ4‡²›>•/´FµFµFµ

¡VŒ&•£•
…P¨ÀŒ’˜b‡‹•”–

·G¸ÅÄ

n�MxwVlPO9UWI�gh^yOQSVUWM I�R:ZîI=O+S\[]I�U ^ea

¬>Ž4‡Õ˜3„
��ˆ‹¼b•†Šj„ž‡‰¡îŒ
•T¡VŒ&•£•
…î•4‡‹¼bŠj…j„†•4ŒÑ‡ïí’¤Q‡‹…j„†¨À‡‹•?Š�•
…V‡�ˆ‰Œ&•b•4‡‰ˆ‹ŠV‡‰˜NŠVŒ�ŠjŽ4‡� *‡‹…j±"•žŒ�½È•4‡‹¼bŠj…j„†•4ŒÑˆ‹…VŒF¡V¡

¡V‡‰ˆ‹Šj„žŒ&•4¡�Œ
•�„†•?ŠV‡‹…\•&ˆ‹Šj„žŒ&•�½P„†ŠjŽ�¨�•
ŠjŠV‡‹…�–r¬>Ž4‡�Š1±’¤b„žˆ�•
•ª…V‡�
5¼b„†…V‡‹¨À‡‹•?ŠV¡ •
…V‡�•£•
…j¦*‡:˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…x *Œ&•†¼b¨À‡FübŽb„†¦FŽ

˜b‡‹ŠV‡‰ˆ‹Šj„žŒ&•�¡V‡‹•4¡j„†Šj„† ’„†Š1±*ü+•žŒÃ½ øy•&ˆ\õ5¦F…VŒ&¼b•4˜�‡‹•5 5„†…VŒ&•b¨À‡‹•5ŠV¡W•
•4˜Õ˜b‡‰‡‹¤D¼b•4˜b‡‹…j¦F…VŒ&¼b•4˜D•žŒ5ˆ�•
Šj„žŒ&•DŠVŒî¡jŽb„ž‡‹•ž˜

ŠjŽ4‡P˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…V¡�•š…VŒ&¨ ˆ‰ŒF¡j¨œ„žˆP…\•�±’¡Ã–

Ÿ

Š�¤b…V‡‰¡V‡‹•5Š�ü5Œ&•b•†±	¡j„™í	‡ïí’¤Q‡‹…j„†¨À‡‹•?ŠV¡/Žy•‰ *‡�˜b‡‹ŠV‡‰ˆ‹ŠV‡‰˜À¡\Œ&•£•
…�•4‡‹¼bŠj…j„†•4ŒF¡

•
•4˜�ŠjŽ4‡‹±`ˆ�•
•�øQ‡:ˆ‹•£•&¡V¡j„
	y‡‰˜�„†•�ŠB½²ŒÀŠB±5¤Q‡‰¡�“

�
—q•&˜3„žŒ5ˆ\Ž4‡‹¨œ„žˆ�•
•r¨À‡�•&¡j¼b…V‡‹¨À‡‹•?ŠV¡Tøy•&¡V‡‰˜DŒ&•Õ•4‡‹¼bŠj…j„†•4Œ�ˆ�•
¤bŠj¼b…V‡	…V‡�•&ˆ‹Šj„žŒ&•4¡�ø5±�¡j¤Q‡‰ˆ‹„
	yˆJ„ž¡VŒ&ŠVŒ&¤Q‡‰¡�–

¬>Ž4‡�…V‡�•&ˆ‹Šj„žŒ&•¾¤b…VŒ5˜3¼4ˆ‹ŠV¡q•
…V‡�ŠjŽ4‡‹•�ˆVŽ4‡‹¨œ„žˆ�•
•†•†±�¡V‡‹¤y•
…\•
ŠV‡‰˜`•š…VŒ&¨�ŠjŽ4‡�Š\•
…j¦*‡‹Š�¨�•&¡V¡�•
•4˜�ˆ‰Œ&¼b•5ŠV‡‰˜

ŠjŽb…VŒ&¼b¦FŽ�•žŒÃ½søy•&ˆVõ’¦F…VŒ&¼b•4˜`¤b…VŒ&¤+Œ&…jŠj„žŒ&•y•
•ªˆ\Žy•
¨høQ‡‹…V¡�–r¬>Žb„ž¡>ŠV‡‰ˆ\Žb•b„�
?¼4‡�„ž¡>¡V‡‹•4¡j„†Šj„† *‡qŠVŒJŠjŽ4‡qŠVŒ&Š\•
•

ˆ�•
¤bŠj¼b…V‡D…\•
ŠV‡D•
øQŒ� *‡�•Éˆ‰‡‹…jŠ\•
„†•sŠjŽb…V‡‰¡VŽ4Œ&•ž˜Nøb¼bŠ`˜bŒ’‡‰¡�•4Œ&Š�ˆ‰Œ&•5 *‡‹±Ô•
•?±N„†•3•šŒ&…j¨�•
Šj„žŒ&•sŒ&•ÔŠjŽ4‡

•4‡‹¼bŠj…j„†•4Œ�‡‹•4‡‹…j¦F±�¡j¤+‡‰ˆ‹Šj…j¼b¨�–

�
— ‡�•
•4Šj„†¨À‡�‡ïí3¤+‡‹…j„†¨À‡‹•5ŠV¡/½PŽb„žˆ\Ž�˜b‡‹ŠV‡‰ˆ‹ŠA°A‡‹…V‡‹•bõ*ŒÃ œ•†„†¦FŽ?Šr•š…VŒ&¨ …V‡�•&ˆ‹Šj„žŒ&•4¡/„†•? *Œ&•† ’„†•b¦J‡‹•£•&¡jŠj„žˆx¡Vˆ�•
Š‚·

ŠV‡‹…j„†•b¦TŒ
•+•4‡‹¼bŠj…j„†•4ŒF¡=•š…VŒ&¨9‡‹•ž‡‰ˆ‹Šj…VŒ&•4¡ÃüFŠjŽ4‡>„†•? *‡‹…V¡V‡>øQ‡‹Š\•q˜b‡‰ˆ�•‰±W…V‡�•&ˆ‹Šj„žŒ&•�Œ&•œ˜b‡‹¼bŠV‡‹…j„†¼b¨ ‡‹¨œ„†ŠjŠj„†•b¦

‡‹•4‡‹…j¦*‡‹Šj„žˆh‡‹•ž‡‰ˆ‹Šj…VŒ&•4¡ •
•4˜`„†•4‡‹•£•&¡jŠj„žˆ:¡Vˆ�•
ŠjŠV‡‹…j„†•b¦�Œ&•`˜b‡‹¼bŠV‡‹…j„†¼b¨ ¤b…VŒ5˜3¼4ˆ‹„†•b¦	•š…V‡‰‡�•4‡‹¼bŠj…VŒ&•4¡�–²‘5¼4ˆ\Ž

‡ïí3¤Q‡‹…j„†¨À‡‹•?ŠV¡q¡j¼b¤b¤b•†±`„†•3•šŒ&…j¨�•
Šj„žŒ&•D•
ø+Œ&¼bŠ�ŠjŽ4‡W‡‹•4‡‹…j¦F±*ü4Šj„†¨À‡h•
•4˜�˜3„†…V‡‰ˆ‹Šj„žŒ&•�Œ
•=•4‡‹¼bŠj…j„†•4Œ�„†•5ŠV‡‹…‚·

•&ˆ‹Šj„žŒ&•4¡Ã–

´Fµ



°²Žy•
¤bŠV‡‹…xúF“î‘’Œ&•£•
…xòq‡‹¼bŠj…j„†•4ŒF¡ •
•4˜¾ò ‡‹¼bŠj…j„†•4Œ�óq¡\ˆ‹„†•†•£•
Šj„žŒ&•4¡

¯B•�ŠjŽb„ž¡�¡V‡‰ˆ‹Šj„žŒ&•ªü4¯²½P„†•†•ªøb…j„ž‡ïù4±�˜b‡‰¡Vˆ‹…j„†øQ‡�ŠjŽ4‡T‡ïí’¤Q‡‹…j„†¨À‡‹•?ŠV¡q•
•4˜�ŠjŽ4‡h•&ˆ\Žb„ž‡‹ *‡‰˜�…V‡‰¡j¼b•†ŠV¡�–

‘’Œ&•£•
…>•4‡‹¼bŠj…j„†•4ŒF¡>½²‡‹…V‡�	4…V¡jŠ>˜b‡‹ŠV‡‰ˆ‹ŠV‡‰˜î„†•Õú�ý��FþWø5±ÀŠjŽ4‡x¤b„žŒ&•4‡‰‡‹…j„†•b¦ 37 °²•Q‡ïí’¤Q‡‹…j„†¨À‡‹•?Š�Œ
•(—q•‰±’¨ÀŒ&•4˜

ƒ:•‰ ’„ž¡T„†•�ŠjŽ4‡�§ Œ&¨À‡‰¡jŠ\•
õ*‡À¦*Œ&•ž˜�¨œ„†•4‡À„†•É÷(‡�•&˜%ü=‘’Œ&¼bŠjŽÉƒ:•
õ*Œ&Š\•Q³†ú�µHµ1–�¬>Ž4‡À˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…W½A•&¡Wøy•&¡V‡‰˜�Œ&•

•œˆ‰Œ&•4ˆ‰‡‹¤bŠ�	4…V¡jŠ�¤b…VŒ&¤QŒF¡V‡‰˜�ø5±�›A…j¼b•4Œ�•�Œ&•?ŠV‡‰ˆ‰Œ&…j *Œ�•
Š�°²Žy•
•†õ�—x„† *‡‹…x÷(•
øQŒ&…\•
ŠVŒ&…j±�„†•Õ°>•
•y•&˜4•�„†•Éú�ý
¶v�

³†úFúAµ1ü�„†•É½PŽb„žˆ\Ž •4‡‹¼bŠj…j„†•4Œ¾…V‡�•&ˆ‹Šj„žŒ&•4¡œŒ&•ÑˆVŽb•žŒ&…j„†•4‡�•
…V‡�¨À‡�•&¡V¼b…V‡‰˜%–¾òq‡‹¼bŠj…j„†•4ŒF¡J¡VŠj…j„†õ5„†•b¦ÕˆVŽb•žŒ&…j„†•4‡`ˆ�•
•

¨�•
õ*‡h•
•�„ž¡\Œ&ŠVŒ&¤+‡:Œ
•r•
…j¦*Œ&•�ŠjŽb…VŒ&¼b¦FŽ¾ŠjŽ4‡�…V‡�•&ˆ‹Šj„žŒ&•

� e + 37Cl ! e� + 37Ar
ñ‚úF– ´*ö

½P„†ŠjŽ¾•
•�‡‹•4‡‹…j¦F±`ŠjŽb…V‡‰¡jŽ4Œ&•ž˜�Œ
•�µ3– þ3ú‹¶�û�‡1® ñš¡V‡‹•4¡V„†Šj„† *‡:¨�•
„†•b•†±�ŠVŒ 7 ›>‡Fü 8 ›�ü4•
•4˜¾°Aò�óz•4‡‹¼bŠj…j„†•4ŒF¡Ãü4¡V‡‰‡

¬m•
øb•ž‡‰¡WúF–†úh•
•4˜�úF– ´*öï–

¬>Ž4‡Õ˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…�½>•&¡`¡j„†ŠV‡‰˜N•
Š`•�½>•
ŠV‡‹…î‡�
5¼b„† &•
•ž‡‹•5Šî˜b‡‹¤bŠjŽ-Œ
•T¶?´FµFµÉ¨�•
•4˜Ôˆ‰Œ&•4¡j„ž¡jŠV‡‰˜~Œ
•W•@�FýFµ

¨ 3 Š\•
•bõ�Œ
•T°

2
°²•

4
– 37 Ÿ

…À•
ŠVŒ&¨À¡œ½A‡‹…V‡�‡ïí’Šj…\•&ˆ‹ŠV‡‰˜ ¤Q‡‹…j„žŒ5˜3„žˆ�•
•†•†±Ñ‡‹ *‡‹…j±Ñˆ‰Œ&¼b¤b•ž‡�Œ
• ¨ÀŒ&•?ŠjŽ4¡�–"‘5¨�•
•†•

¤b…VŒ&¤QŒ&…jŠj„žŒ&•y•
•�ˆVŽy•
¨høQ‡‹…V¡	¨À‡�•&¡j¼b…V‡‰˜ÑŠjŽ4‡�´�·1��õ*‡1®

Ÿ

¼b¦*‡‹…J‡‹•ž‡‰ˆ‹Šj…VŒ&•4¡œ‡‹¨œ„†ŠjŠV‡‰˜Ñø5±ÉŠjŽ4‡ 37 Ÿ

…	‡‹•ž‡‰ˆ‹Šj…VŒ&•

ˆ�•
¤bŠj¼b…V‡T˜b‡‰ˆ�•�±Éñ

� 1=2 �
�F¸À˜4•‰±3¡ öï–

¬>Ž4‡`‡ïí3¤+‡‹…j„†¨À‡‹•5ŠÀ¡j¼4ˆ‰ˆ‰‡‰¡V¡‚•š¼b•†•†±É˜b‡‹ŠV‡‰ˆ‹ŠV¡À•�¡VŒ&•£•
…	•4‡‹¼bŠj…j„†•4ŒF¡	…\•
ŠV‡Fü/•‰ *‡‹…\•
¦*‡‰˜"Œ&• ŠjŽ4‡�´F¸�±*‡�•
…V¡JŒ
•

˜4•
Š\•	Š\•
õ’„†•b¦�ñ‚ú�ý��&µ�·\ú�ýFýF¸*öïüyŒ
•j“

RH omestak e = 2:56 � 0:16(stat: ) � 0:16(syst:) SN U
ñ‚úF–"�*ö

¬>Ž4‡:¨À‡�•&¡V¼b…V‡‰˜�…\•
ŠV‡�ñ •š…VŒ&¨}›>•/´FµFµ
¶�»q÷

�

ò

Ÿ

³ þ3üyýHµÛö²„ž¡�Œ&•b•†±�Œ&•4‡ï·”ŠjŽb„†…V˜�Œ
•=ŠjŽ4‡:¤b…V‡‰˜3„žˆ‹ŠV‡‰˜¾ &•
•†¼4‡F“

Rpr edicted = 8:2 � 1:8SN U:
ñ‚úF– ¶5ö

Ÿ

˜b‡�	yˆ‹„†Šî½A•&¡îŒ&ø4¡V‡‹…j *‡‰˜-•
•ž¡VŒ�ø5±"ŠjŽ4‡¾Œ&ŠjŽ4‡‹…îŠjŽb…V‡‰‡¾…\•&˜3„žŒ’ˆVŽ4‡‹¨œ„žˆ�•
•:‡ïí3¤+‡‹…j„†¨À‡‹•5ŠV¡�ü ‘

Ÿ

¢Æ/<³†ú�´Dµ1ü

¢

Ÿ

÷ª÷./�­Ç³†ú��Hµ:•
•4˜ ¢�ò:óÈ³†ú‹¶Mµ�½PŽb„žˆ\Žs˜b‡‹ŠV‡‰ˆ‹Šî•4‡‹¼bŠj…j„†•4ŒF¡` ’„£•ÉŠjŽ4‡Õ‡‹•ž‡‰ˆ‹Šj…VŒ&•sˆ�•
¤bŠj¼b…V‡Õ…V‡�•&ˆ‹Šj„žŒ&• Œ&•

71 ¢:•3“

� e + 71Ga ! e� + 71Ge
ñ‚úF– ¸*ö

¬>Ž4‡�•žŒ�½ ‡‹•4‡‹…j¦F±6ŠjŽb…V‡‰¡jŽ4Œ&•ž˜-•
Š�µ3– ´����ÉûÕ‡”®å¨�•
õ*‡‰¡îŠjŽ4‡�¦?•
•†•†„†¼b¨Ä‡ïí’¤Q‡‹…j„†¨À‡‹•?ŠV¡îŠjŽ4‡ÕŒ&•b•†±~Œ&•4‡‰¡

•
øb•ž‡`ŠVŒD˜b‡‹ŠV‡‰ˆ‹Š�¡VŒ&•£•
…	•4‡‹¼bŠj…j„†•4ŒF¡�•
•ž¡\Œ¾•š…VŒ&¨ ŠjŽ4‡

���

…V‡�•&ˆ‹Šj„žŒ&•ª– ¬>Ž4‡`¤b…VŒ’˜3¼4ˆ‰‡‰˜ 71 ¢�‡�•
ŠVŒ&¨À¡À˜b‡‰ˆ�•‰±

 ’„£•�‡‹•ž‡‰ˆ‹Šj…VŒ&•6ˆ�•
¤bŠj¼b…V‡`„†•

� 1=2 �
úFúF– ¸Õ˜4•‰±3¡À•
•4˜6•
…V‡î˜b‡‹ŠV‡‰ˆ‹ŠV‡‰˜ ø5±�•žŒÃ½�øy•&ˆVõ’¦F…VŒ&¼b•4˜ ¤b…VŒ&¤+Œ&…jŠj„žŒ&•y•
•

ˆVŽy•
¨Wø+‡‹…V¡Ã–

‘

Ÿ

¢Æ/xüª•žŒ’ˆ�•
ŠV‡‰˜�•
ŠTŠjŽ4‡�›>•
õ3¡\•
•�òq‡‹¼bŠj…j„†•4ŒÕó ø4¡V‡‹…j F•
ŠVŒ&…j±�„†•�ŠjŽ4‡�ò Œ&…jŠjŽ4‡‹…j•"°>•
¼4ˆ�•&¡j¼4¡�ñš—x¼4¡V¡j„£•*ö

¼4¡V‡‰˜�•�Š\•
…j¦*‡‹ŠTŒ
•A¸Fµ�ŠVŒ&•4¡:Œ
•²¡VŒ&•†„ž˜Õ¦?•
•†•†„†¼b¨�ü%¡jŽb„ž‡‹•ž˜b‡‰˜Dø?±�¶��&µFµ�¨ÈŒ
•A½A•
ŠV‡‹…T‡�
5¼b„† &•
•ž‡‹•5Š�–W¢

Ÿ

÷ª÷./�­

„ž¡P•žŒ’ˆ�•
ŠV‡‰˜�„†•�ŠjŽ4‡W¢�…\•
•Õ‘3•&¡V¡VŒœ¼b•4˜b‡‹…j¦F…VŒ&¼b•4˜�•£•
øQŒ&…\•
ŠVŒ&…j±î„†•�¯1Š\•
•†±�•
Š�ŠjŽ4‡T˜b‡‹¤bŠjŽÕŒ
•¯�FþFµFµ	¨W½²‡F–A¬>Ž4‡

¡V‡‹•4¡j„†Šj„† *‡hŠ\•
…j¦*‡‹Šx¨�•&¡V¡ ˆ‰Œ&•4¡j„ž¡jŠV¡ Œ
•��FµœŠVŒ&•4¡ Œ
•�¦?•
•†•†„†¼b¨}„†•¾•šŒ&…j¨ Œ
•=•†„�
5¼b„ž˜Õ¢T•*°²•

3
¡VŒ&•†¼bŠj„žŒ&•ª–�¢�ò:ó „ž¡

•
•�¼b¤b¦F…\•&˜b‡TŒ
•=ŠjŽ4‡W¢

Ÿ

÷ª÷./r­9˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…x¼b¤�ŠVŒ�ú�µFµ	ŠVŒ&•4¡�Œ
•=Š\•
…j¦*‡‹Šx¨�•&¡V¡Ã–

¬>Ž4‡:¨À‡�•&¡V¼b…V‡‰˜�ˆ�•
¤bŠj¼b…V‡T…\•
ŠV‡‰¡�ü4•�•šŠV‡‹… •
¤b¤b…VŒ�í’„†¨�•
ŠV‡‹•†±�ú�µJ±*‡�•
…V¡ Œ
•�…j¼b•b•b„†•b¦4ü

´3ú



°²Žy•
¤bŠV‡‹…xúF“`‘’Œ&•£•
…xò ‡‹¼bŠj…j„†•4ŒF¡q•
•4˜�òq‡‹¼bŠj…j„†•4Œ�óq¡Vˆ‹„†•†•£•
Šj„žŒ&•4¡

RSAGE = 67:2+7 :2
� 7:0 (stat: ) +3 :5

� 3:0 (syst:) SN U
ñ‚úF–"�*ö

RGALLE X = 77:5 � 6:2(stat: ) +4 :3
� 4:7 (syst:) SN U

ñ‚úF–‰�Fö

RGN O = 65:8+10 :2
� 9:6 (stat: ) +3 :4

� 3:6 (syst:) SN U
ñ‚úF– þ*ö

•
…V‡T¡j„†¦F•b„
	yˆ�•
•5Šj•†±`ø+‡‹•žŒÃ½ ñÎ¸
¶5ÿœöAŠjŽ4‡:›>•/´FµFµ
¶�»q÷

�

ò

Ÿ

¤b…V‡‰˜3„žˆ‹Šj„žŒ&•4¡�ü

Rpr edicted = 131 � 11SN U
ñ‚úF– ý*ö

ˆ‰Œ&•�	4…j¨œ„†•b¦�ŠjŽ4‡h˜b‡‹¤b•ž‡‹Šj„žŒ&•¾¡Vˆ‰‡‹•y•
…j„žŒÀ¡V‡‰‡‹•¾ø?±îŠjŽ4‡W°²Žb•žŒ&…j„†•4‡h‡ïí3¤+‡‹…j„†¨À‡‹•5Š�–

ôT•
¨œ„žŒ&õF•
•4˜b‡t³†ú�¸3ü²ú��HµA•
•4˜�„†ŠV¡W¡j¼4ˆ‰ˆ‰‡‰¡V¡VŒ&…W‡ïí’¤Q‡‹…j„†¨À‡‹•?Š�ü/‘5¼b¤Q‡‹…VôT•
¨œ„žŒ&õ&•
•4˜b‡�³†ú•�•µ1üm½²‡‹…V‡�øb¼b„†•†Šh„†•

ŠjŽ4‡�ôT•
¨œ„žŒ&õF•�¨œ„†•4‡P„†•�¹5•
¤y•
•ÕñÎ´��FµFµ�¨W½²‡Ãöï–r¬>Ž4‡‹±À•
…V‡>•†„†¦FŽ?Š²½A•
ŠV‡‹…²•4‡‹¼bŠj…j„†•4Œh˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…V¡r½P„†ŠjŽÉ�FþFµ�ŠVŒ&•

•
•4˜D´F´3– ¸œõ’„†•žŒ&ŠVŒ&•ª	y˜3¼4ˆ‹„£•
•�¨�•&¡V¡�üy…V‡‰¡j¤+‡‰ˆ‹Šj„† *‡‹•†±*–�‘’Œ&•£•
… •4‡‹¼bŠj…j„†•4ŒF¡:•
…V‡JŒ&ø4¡V‡‹…j *‡‰˜�ŠjŽb…VŒ&¼b¦FŽ�ŠjŽ4‡W‡‹•£•&¡jŠj„žˆ

¡Vˆ�•
ŠjŠV‡‹…j„†•b¦�Œ
•=•4‡‹¼bŠj…j„†•4ŒF¡x•Û…VŒ&¨Ó‡‹•ž‡‰ˆ‹Šj…VŒ&•4¡�ü

� + e� ! � + e� ñ‚úF–†ú�µ*ö

˜b‡‹ŠV‡‰ˆ‹Šj„†•b¦œŠjŽ4‡:°A‡‹…V‡‹•bõ*Œ� î•†„†¦FŽ?ŠA•Û…VŒ&¨LŠjŽ4‡ …V‡‰ˆ‰Œ&„†•†„†•b¦À‡‹•ž‡‰ˆ‹Šj…VŒ&•`½P„†ŠjŽ

�
ú�µFµFµh¤bŽ4Œ&ŠVŒ&¨h¼b•†Šj„†¤b•†„ž‡‹…xŠj¼bøQ‡‰¡A„†•

ôT•
¨œ„žŒ&õF•
•4˜b‡W•
•4˜

�
úFú�µFµFµ	„†•Õ‘5¼b¤Q‡‹…VôT•
¨œ„žŒ&õF•
•4˜b‡F–

¬>Žb„ž¡�ŠV‡‰ˆVŽb•b„�
5¼4‡ÉŽy•&¡�ŠjŽ4‡�•&˜3 F•
•?Š\•
¦*‡�ŠVŒ6øQ‡�¡V‡‹•4¡V„†Šj„† *‡FüT‡‹ *‡‹•?Š‚·”ø5±?·1‡‹ *‡‹•5Š�ü	ŠVŒN•
•†•TŠjŽ4‡�•4‡‹¼bŠj…j„†•4Œ

ùe•‰ *Œ&¼b…V¡Ã–�¬>Ž4‡�˜3„†…V‡‰ˆ‹Šj„žŒ&•y•
•†„†ŠB±ÑŒ
•xŠjŽ4‡�°A‡‹…V‡‹•bõ*Œ� Ñ•†„†¦FŽ?Š	¤b…VŒÃ 5„ž˜b‡‰¡œ˜3„†…V‡‰ˆ‹Š	‡‹ 5„ž˜b‡‹•4ˆ‰‡`Œ
•xŠjŽ4‡î¡VŒ&•£•
…	Œ&…j„™·

¦F„†•NŒ
•�ŠjŽ4‡�•4‡‹¼bŠj…j„†•4Œb–-©b¼b…jŠjŽ4‡‹…j¨ÀŒ&…V‡Fü�„†Š�¡j¼b¤b¤b•†± „†•3•ÎŒ&…j¨�•
Šj„žŒ&•NŒ&•~ŠjŽ4‡�•4‡‹¼bŠj…j„†•4Œ�‡‹•4‡‹…j¦F±"¡j¤Q‡‰ˆ‹Šj…j¼b¨

•
•4˜�Œ&•�ŠjŽ4‡œ•4‡‹¼bŠj…j„†•4Œ`ù4¼3íÕŠj„†¨À‡œ F•
…j„£•
Šj„žŒ&•4¡:ø?±Õ…V‡‰ˆ‰Œ&…V˜3„†•b¦¾ŠjŽ4‡	Šj„†¨À‡œŒ
•P‡�•&ˆVŽÉ‡‹ *‡‹•5Š�–�ó •�ŠjŽ4‡œŒ&ŠjŽ4‡‹…

Žy•
•4˜%ü�ŠjŽ4‡îøy•&ˆVõ’¦F…VŒ&¼b•4˜ „†¨œ¤QŒF¡V‡‰¡JŽb„†¦FŽ ‡‹•4‡‹…j¦F±�ŠjŽb…V‡‰¡jŽ4Œ&•ž˜b¡�ñÊ�’– ¸Õû�‡1®Ó•ÎŒ&…JôT•
¨œ„žŒ&õF•
•4˜b‡�•
•4˜"¸�•ÎŒ&…

‘5¼b¤Q‡‹…VôT•
¨œ„žŒ&õ&•
•4˜b‡ÃöP¨�•
õ5„†•b¦ÀøQŒ&ŠjŽ¾‡ïí3¤+‡‹…j„†¨À‡‹•5ŠV¡x¡V‡‹•4¡V„†Šj„† *‡TŒ&•b•†±�ŠVŒ 8 ›s•
•4˜Ë¿

 !�

•4‡‹¼bŠj…j„†•4ŒF¡�–

¯B•Ñ•
•†¨ÀŒF¡jŠÀ•¾˜b‡‰ˆ�•&˜b‡îŒ
•x˜4•
Š\•¾Š\•
õ’„†•b¦4ü�ôT•
¨œ„žŒ&õ&•
•4˜b‡`Œ&ø4¡V‡‹…j *‡‰˜"•�¡\Œ&•£•
…W•4‡‹¼bŠj…j„†•4Œ�ù4¼3í�•š…VŒ&¨ 8 ›

‡�
5¼y•
•ªŠVŒP³†ú��Dµ1“

� K amiok ande = 2:80 � 0:16(stat: ) � 0:16(syst:) � 106cm� 2s� 1:
ñ‚úF–†úFúÃö

ûD•
„†•b•†±�˜3¼4‡ÀŠVŒ�„†ŠV¡hŽb„†¦FŽ4‡‹…h¨�•&¡V¡�ü=‘5¼b¤+‡‹…VôT•
¨œ„žŒ&õF•
•4˜b‡�¦F…V‡�•
Šj•†±�„†•4ˆ‹…V‡�•&¡V‡‰˜�ŠjŽ4‡œ¤b…V‡‰ˆ‹„ž¡V„žŒ&•�Œ
•PŠjŽb„ž¡

¨À‡�•&¡j¼b…V‡‹¨À‡‹•5Š�“

� Super K amiok ande = 2:32 � 0:03(stat: ) +0 :08
� 0:07 (syst:) � 106cm� 2s� 1 ñ‚úF–†ú�´*ö

½PŽb„žˆVŽÕˆ‰Œ&…j…V‡‰¡j¤QŒ&•4˜b¡PŠVŒ�•	˜b‡�	yˆ‹„†Š�…V‡‰¡j¤Q‡‰ˆ‹Š�ŠVŒ	ŠjŽ4‡:¤b…V‡‰˜3„žˆ‹ŠV‡‰˜¾ &•
•†¼4‡:Œ
•�ñš¡V‡‰‡T¬�•
øb•ž‡ÀúF–"�*öï“

´F´



°²Žy•
¤bŠV‡‹…xúF“î‘’Œ&•£•
…xòq‡‹¼bŠj…j„†•4ŒF¡ •
•4˜¾ò ‡‹¼bŠj…j„†•4Œ�óq¡\ˆ‹„†•†•£•
Šj„žŒ&•4¡

� Super K amiok ande=� B P 2004 = 0:465 � 0:015:
ñ‚úF–†ú��*ö

‘5¼b¤Q‡‹…VôT•
¨œ„žŒ&õ&•
•4˜b‡î„ž¡œ•
•ž¡VŒ�¡V‡‹•4¡j„†Šj„† *‡�ŠVŒ�ŠjŽ4‡î¡jŽy•
¤+‡îŒ
•�ŠjŽ4‡ 8 › ¡j„†¦F•y•
•A‡‹•4‡‹…j¦F±�¡j¤+‡‰ˆ‹Šj…j¼b¨�–�¬>Ž4‡

¨À‡�•&¡j¼b…V‡‰˜"¡j¤Q‡‰ˆ‹Šj…j¼b¨é„ž¡œˆ‰Œ&•4¡j„ž¡jŠV‡‹•5ŠÀ½P„†ŠjŽ"ŠjŽ4‡ 8 › •4‡‹¼bŠj…j„†•4ŒÉ¡j¤+‡‰ˆ‹Šj…j¼b¨{•&¡	¤b…V‡‰˜3„žˆ‹ŠV‡‰˜"ø5±�ŠjŽ4‡¾‘b‘’ûÑü

½P„†ŠjŽ •4ŒD‡‹•4‡‹…j¦F±?·1˜b‡‹¤Q‡‹•4˜b‡‹•?Š�˜3„ž¡VŠVŒ&…jŠj„žŒ&•4¡�–É¬>Ž4‡`¡V‡�•&¡VŒ&•y•
•> F•
…j„£•
Šj„žŒ&•6Œ
•xŠjŽ4‡�ù4¼3í�„ž¡œ•
•ž¡VŒDˆ‰Œ&•4¡j„ž¡jŠV‡‹•5Š

½P„†ŠjŽîŠjŽy•
Š>‡ïí3¤Q‡‰ˆ‹ŠV‡‰˜À•š…VŒ&¨ ŠjŽ4‡�‡‰ˆ‰ˆ‰‡‹•5Šj…j„žˆ‹„†Š1±`Œ
•ªŠjŽ4‡Ì/²•
…jŠjŽ.�«¡AŒ&…jøb„†Š�–/§ ŒÃ½²‡‹ *‡‹…�ü3ŠjŽ4‡‹…V‡q„ž¡A•W˜3„ž¡Vˆ‹…V‡‹¤y•
•4ˆ‹±

øQ‡‹Š1½²‡‰‡‹•�ŠjŽ4‡�ù4¼3í`¨À‡�•&¡j¼b…V‡‰˜�˜3¼b…j„†•b¦�ŠjŽ4‡:˜4•�±�•
•4˜�˜3¼b…j„†•b¦ÀŠjŽ4‡:•b„†¦FŽ5Š�“

� n � � d

� n + � d
= 0:033 � 0:022(stat: ) +0 :013

� 0:012 (syst:):
ñ‚úF–†ú‹¶5ö

¡jŽ4ŒÃ½P„†•b¦î•J½²‡�•
õ�˜b‡‹¤y•
…jŠj¼b…V‡T•Û…VŒ&¨}µœ•
Š •
øQŒ&¼bŠhúF–"�

�
–

¬>Ž4‡	‘5¼bø+˜3¼b…j±�òq‡‹¼bŠj…j„†•4Œ`ó ø4¡\‡‹…j &•
ŠVŒ&…j±Éñ”‘’ò:ó:öÂ³†ú�þDµm„ž¡ ¡j„†ŠV‡‰˜Õ´FµFµFµœ¨ ¼b•4˜b‡‹…j¦F…VŒ&¼b•4˜ ñ��F´FµFµÀ¨h½A‡Ãö
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•†•†±	ŠjŽ4‡x„†•4¡jŠ\•
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� SN O
CC = 1:59 � +0 :08

� 0:07 (stat: ) � +0 :06
� 0:08 (syst:) � 106cm� 2s� 1

� SN O
E S = 2:21 � +0 :31
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	yˆ�•
•5Š


5¼y•
•?Šj„†Šj„ž‡‰¡>Œ
•%…\•&˜bŒ&•�˜3„ž¡V¡VŒ&•† *‡‰˜�„†•�ŠjŽ4‡P½>•
ŠV‡‹…�ü’Žy•&˜�•:•žŒÃ½N‡‹•4‡‹…j¦F±œŠjŽb…V‡‰¡jŽ4Œ&•ž˜�Œ
•X�’– ¸:ûÕ‡”®	–?ûÕŒF¡jŠ/Œ
•%ŠjŽ4‡

•4‡‹¼bŠj…j„†•4ŒF¡�˜b‡‹ŠV‡‰ˆ‹ŠV‡‰˜`½A‡‹…V‡�ŠjŽ4‡‹…V‡ï•šŒ&…V‡�¤b…VŒ’˜3¼4ˆ‰‡‰˜î•Û…VŒ&¨LŠjŽ4‡ 8 ›Ô¡VŒ&¼b…Vˆ‰‡F–ròqŒ&…j¨�•
•†„��‰„†•b¦�•
•4˜�¡j¼bøbŠj…\•&ˆ‹Šj„†•b¦

ŠjŽ4‡>ôT•
¨œ„žŒ&õ&•
•4˜b‡�…\•
ŠV‡/•š…VŒ&¨9ŠjŽ4‡�°²Žb•žŒ&…j„†•4‡�Œ&•4‡Fü&ŠjŽ4‡‹…V‡>„ž¡=•4Œ�¡j¤y•&ˆ‰‡²•šŒ&…

�� !�

ü5°Aò�óÔ•
•4˜ 7 ›>‡A•4‡‹¼bŠj…j„†•4ŒF¡�ü

½PŽ4ŒF¡V‡:…\•
ŠV‡�„ž¡P•šŒ&¼b•4˜�ŠVŒÀø+‡�•4‡‹¦?•
Šj„† *‡F“=·Bµ3– ´F´

�
µ3–†ú�µ�‘’ò

�

–

¬>Ž4‡�…V‡‰¡j¼b•†ŠV¡h•Û…VŒ&¨€ŠjŽ4‡`¢:•
•†•†„†¼b¨»‡ïí’¤Q‡‹…j„†¨À‡‹•?ŠV¡Ãü/‘

Ÿ

¢Æ/�ü�¢

Ÿ

÷(÷./�­ •
•4˜"¢�ò:óJü(ˆ‰Œ&•4¡jŠj„†Šj¼bŠV‡‰¡WŠjŽ4‡

ŠjŽb„†…V˜�¡VŒ&•£•
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Scintillator
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ŠVŒ&…�–r¬>Žb„ž¡/½>•&¡²˜3¼4‡ ŠVŒW•
•�„†•4ˆ‹„ž˜b‡‹•?Š>ŠjŽy•
Š²Œ’ˆ‰ˆ‹¼b…j…V‡‰˜îŒ&•�ú��
ŠjŽ`Œ
•

Ÿ

¼b¦F¼4¡jŠ>´FµFµF´T½PŽb„žˆ\Ž�…V‡�
5¼b„†…V‡‰˜

ŠjŽ4‡`•£•
øQŒ&…\•
ŠVŒ&…j±ÑŠVŒ�¡VŠVŒ&¤~•
•†•PŠjŽ4‡�Œ&¤+‡‹…\•
Šj„žŒ&•4¡À„†•? *Œ&•† ’„†•b¦É•†„�
5¼b„ž˜b¡�•
•4˜ ŠVŒ�¡jŠ\•
…jŠ�•Dˆ�•
…V‡ï•š¼b•�…V‡‹ 5„ž‡‹½ÓŒ
•

„†ŠV¡WŽ?±3˜3…\•
¼b•†„žˆî¡V±’¡jŠV‡‹¨À¡Ã–`¥�‡�Žy•� *‡�‡ïí3¤b•žŒ&„†ŠV‡‰˜ÑŠjŽb„ž¡h *‡‹…j±�•žŒ&•b¦Õ¤+‡‹…j„žŒ’˜ÉŒ
•x˜4•
Š\•¾Š\•
õ’„†•b¦�½P„†ŠjŽ4Œ&¼bŠœ•
•?±

¡Vˆ‹„†•5Šj„†•†•£•
ŠVŒ&…œ¨�•
•b„†¤b¼b•£•
Šj„žŒ&•"ŠVŒ¾øQ‡‹ŠjŠV‡‹…W¼b•4˜b‡‹…V¡VŠ\•
•4˜�ŠjŽ4‡�°A¬P©cøy•&ˆVõ’¦F…VŒ&¼b•4˜%ü�ŠV‡‰ˆVŽb•b„�
5¼4‡‰¡ÀŒ
• •
•y•
•†±3¡j„ž¡

•
•4˜�„†•5 *‡‰¡jŠj„†¦?•
ŠV‡h¡jŠj…\•
ŠV‡‹¦F„ž‡‰¡xŠVŒ	ø+‡T•&˜bŒ&¤bŠV‡‰˜¾„†•�›>Œ&…V‡ïí’„†•4Œb–

Ÿ

¡A½P„†•†•+øQ‡�˜b‡‰¡Vˆ‹…j„†øQ‡‰˜�„†•`ŠjŽ4‡q•4‡ïí3ŠAˆ\Žy•
¤bŠV‡‹…�ü4¡V‡‹ *‡‹…\•
•ª•
•y•
•†±’¡\‡‰¡>…V‡�
?¼b„†…V‡qŠjŽ4‡q„†•4ˆ‹•†¼4¡j„žŒ&•�Œ
•(¨W¼b•†Šj„†¤b•ž‡

˜4•
Š\•î…j¼b•4¡�ŠVŒî„†•4ˆ‹…V‡�•&¡V‡œ¡jŠ\•
Šj„ž¡jŠj„žˆ‰¡Ã–¶//•&ˆVŽÉ…j¼b•Dˆ‰Œ&…j…V‡‰¡V¤+Œ&•4˜b¡:ŠVŒ�•î˜4•
Š\•îŠ\•
õ’„†•b¦î„†•5ŠV‡‹…j &•
•rŒ
•�úï·1�`˜4•‰±3¡�–
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Time (d/m/y)
31/12/01 02/07/02 31/12/02 02/07/03 01/01/04 01/07/04

N
um

be
r 

of
 P

M
T

s

70

75

80

85

90

95

100 Entries: 

Living PMTs  

Period Bars
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WE Period 

Mixing 
PMT Off 
New PC 

Shroud Adj. 
Laser Calib. 
Electr.Adj. 

©�„†¦F¼b…V‡q¸3–†úF“=ò ¼b¨høQ‡‹…²Œ
•ªŠjŽ4‡x•†„† 5„†•b¦J•rû�¬Â�«¡²„†•À•š¼b•4ˆ‹Šj„žŒ&•`Œ
•QŠj„†¨À‡F–�¯B•�ŠjŽ4‡x¤b•žŒ&Š�ü?ŠjŽ4‡x¤b¼b…j„
	yˆ�•
Šj„žŒ&•`ŠV‡‰¡jŠV¡

•
•4˜�ŠjŽ4‡�¨�•
„†•¾Œ&¤Q‡‹…\•
Šj„žŒ&•4¡ •
…V‡hˆ‰Œ5˜3„
	y‡‰˜�½P„†ŠjŽ�˜3„
�Q‡‹…V‡‹•5Š ˆ‰Œ&•žŒ&¼b…V‡‰˜� *‡‹…jŠj„žˆ�•
•m•†„†•4‡‰¡x•
•4˜�øQŒ‰íb‡‰¡�–

•‚‘5¼b¨œ¨œ„†•b¦M›W…j¼b•4¡ ŠVŒ&¦*‡‹ŠjŽ4‡‹…�„ž¡q•
•†•žŒÃ½²‡‰˜D½P„†ŠjŽb„†•ÕŽ4Œ&¨ÀŒ&¦*‡‹•4‡‰Œ&¼4¡:¤bŽy•&¡V‡‰¡�–�//•&ˆVŽD¤bŽy•&¡V‡h„ž¡qŠjŽ?¼4¡�˜b‡�	4•4‡‰˜

•&¡�ˆ‰Œ&…j…V‡‰¡j¤QŒ&•4˜3„†•b¦�ŠVŒ`•î¡jŠ\•
øb•ž‡	˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…Tˆ‰Œ&•�	4¦F¼b…\•
Šj„žŒ&•ªü%¼4¡V¼y•
•†•†±¾…V‡‹•£•
ŠV‡‰˜DŠVŒ�•À¤Q‡‹…j„žŒ’˜�øQ‡‹Š1½A‡‰‡‹•�Š1½AŒ

¡V‡�
5¼4‡‹•?Šj„£•
•ª¤b¼b…j„
	yˆ�•
Šj„žŒ&•ÕŠV‡‰¡jŠV¡�–

¬>Ž4‡W¡jŠ\•
øb„†•†„†Š1±�Œ
•�ŠjŽ4‡h˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…�˜b‡‹¤Q‡‹•4˜b¡�¨ÀŒF¡jŠj•†±�Œ&•�ŠjŽ4‡T‡‹•ž‡‰ˆ‹Šj…VŒ&•b„žˆ‰¡�¡jŠ\•
øb„†•†„†Š1±*–P©4Œ&…q‡ïíb•
¨œ¤b•ž‡FüQ•
Š

ŠjŽ4‡h‡‹•4˜�Œ
•r¡V‡‹ *‡‹…\•
•m…j¼b•4¡Ãüy¡VŒ&¨À‡W•rû�¬Â�«¡ ¡jŽ4Œ�½A‡‰˜D¡VŒ&¨À‡:¼b•4¡jŠ\•
øb•ž‡Wø+‡‹Žy•� 5„žŒ&¼b…�üe•†„†õ*‡h˜3„ž¡VŠVŒ&…jŠV‡‰˜�¡j¤Q‡‰ˆ‹Šj…\•

¡j„†¦F•y•
•ž¡œ˜3¼4‡`ŠVŒ�•
•6‡ïíbˆ‰‡‰¡V¡	Œ
•�•
ø4¡VŒ&…jøQ‡‰˜"ˆ‹¼b…j…V‡‹•?Š�–Ñ¯1•"Œ&…V˜b‡‹…œŠVŒ�•‰ *Œ&„ž˜N•
•?±�¡V±’¡jŠV‡‹¨�•
Šj„žˆ�‡��%‡‰ˆ‹ŠV¡�ü�½A‡

‡ïíbˆ‹•†¼4˜b‡‰˜~ŠjŽ4‡‹„†…�„†•3•šŒ&…j¨�•
Šj„žŒ&•Ô•š…VŒ&¨ ŠjŽ4‡�…V‡‰ˆ‰Œ&•4¡VŠj…j¼4ˆ‹Šj„žŒ&•-ˆ‰Œ’˜b‡�•
•4˜~ŠjŽ?¼4¡�•š…VŒ&¨ ŠjŽ4‡¾˜4•
Š\•Ñ•
•y•
•†±3¡j„ž¡�–

©�„†¦F¼b…V‡h¸3–†ú:¡jŽ4ŒÃ½�¡PŠjŽ4‡�•?¼b¨Wø+‡‹…qŒ
•.•1•†„† ’„†•b¦M›�•rûÕ¬Â�«¡x•&¡>•š¼b•4ˆ‹Šj„žŒ&•¾Œ
•�Šj„†¨À‡F–r¯1•ª�J±*‡�•
…V¡Ãü3½²‡:•žŒF¡jŠx•
øQŒ&¼bŠ

´Fµ*ÿðŒ
•%ŠjŽ4‡�•/û�¬Â�«¡�–=¯B•�Œ&…V˜b‡‹…/ŠVŒh¨�•
„†•?Š\•
„†•îŠjŽ4‡PŽ4Œ&¨ÀŒ&¦*‡‹•4‡‹„†Š1±�Œ
•QŠjŽ4‡x…V‡‰¡j¼b•†ŠV¡�ü’•
•†•yŠjŽ4‡�‡‹•4‡‹…j¦F±À¡j¤Q‡‰ˆ‹Šj…\•

Œ&…�‡‹•4‡‹…j¦F±�ˆ‹¼bŠV¡ •
…V‡�•4Œ&…j¨�•
•†„���‡‰˜¾ŠVŒ�ú�µFµœ•rûÕ¬Â�«¡�–

öÆ¸ÅÄ

X�UJI=O+•Ppél�UJt{ZîM�aySj^eSVM�U O+I�k�M�UJab^yOQgWk(^eSVMxU

¬>Ž4‡À…V‡‰ˆ‰Œ&•4¡VŠj…j¼4ˆ‹Šj„žŒ&• ˆ‰Œ’˜b‡ÀŽy•&¡WøQ‡‰‡‹•�˜b‡‹ *‡‹•žŒ&¤Q‡‰˜É„†•ÑŒ&…V˜b‡‹…hŠVŒ¾˜b‡‹ŠV‡‹…j¨œ„†•4‡îŠjŽ4‡�‡‹•4‡‹…j¦F±É•
•4˜É¤QŒF¡j„†Šj„žŒ&•

Œ
•h‡�•&ˆVŽ-¡Vˆ‹„†•5Šj„†•†•£•
Šj„žŒ&• ‡‹ *‡‹•?Šî¤b…VŒ5˜3¼4ˆ‰‡‰˜Ô„†•4¡j„ž˜b‡¾ŠjŽ4‡�¡Vˆ‹„†•5Šj„†•†•£•
ŠVŒ&…�üx‡ïí3¤b•žŒ&„†Šj„†•b¦ ŠjŽ4‡�ˆ\Žy•
…j¦*‡Õ•
•4˜NŠj„†¨À‡

„†•3•ÎŒ&…j¨�•
Šj„žŒ&•Õ•
ŠPŠjŽ4‡:¤bŽ4Œ&ŠVŒ&Šj¼bøQ‡‰¡�–

¬>Ž4‡q‡‹•4‡‹…j¦F±�Œ
•m•
•`‡‹ *‡‹•?Š>„ž¡²˜b‡‹…j„† *‡‰˜�•š…VŒ&¨ ŠjŽ4‡x•?¼b¨Wø+‡‹…�Œ
•ª¤bŽ4Œ&ŠVŒ&•4¡>ˆ‰Œ&•†•ž‡‰ˆ‹ŠV‡‰˜îø?±�‡�•&ˆ\Žî•/û�¬-•
•4˜

Ž4‡‹•4ˆ‰‡J•š…VŒ&¨ ŠjŽ4‡œˆ‰Œ&…j…V‡‰¡j¤+Œ&•4˜3„†•b¦¾ŠVŒ&Š\•
•/ˆVŽy•
…j¦*‡Füm˜b‡�	4•4‡‰˜É•&¡�ŠjŽ4‡	„†•?ŠV‡‹¦F…\•
ŠV‡‰˜�ˆVŽy•
…j¦*‡	•š…VŒ&¨ ŠjŽ4‡	„†•b„†Šj„£•
•

Šj…j„†¦F¦*‡‹…r¼b¤	ŠVŒT¸FµFµq•4¡�–�¬>Ž4‡>Šj…j„†¦F¦*‡‹…/Œ’ˆ‰ˆ‹¼b…V¡=½PŽ4‡‹•g�q•rû�¬Â�«¡r¦F„† *‡P¡j„†¦F•y•
•b½P„†ŠjŽb„†•^�Fµq•4¡�ñšˆ‰Œ&…j…V‡‰¡j¤QŒ&•4˜3„†•b¦

ŠVŒÀ•	•žŒÃ½c‡‹•4‡‹…j¦F±`ŠjŽb…V‡‰¡jŽ4Œ&•ž˜�Œ
•r´F¸	õ*‡”®Töï–
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  37.09    /    33

Constant   205.1   4.570
Mean   277.8  0.4511

Sigma   24.32  0.3309

photoelectrons

©�„†¦F¼b…V‡�¸3– ´3“�©�„†ŠœŠjŽ4‡`‡‹•4‡‹…j¦F± ¡j¤+‡‰ˆ‹Šj…j¼b¨éŒ
• 214 •mŒ�•
¤b¤b•†±’„†•b¦É•Õ…\•&˜3„£•
•�ˆ‹¼bŠœŒ
•�µ3–"�Õ¨é˜3¼b…j„†•b¦�…\•&˜bŒ&•

„†•�	4•†Šj…\•
Šj„žŒ&•Õ•�•šŠV‡‹…�ŠjŽ4‡Ì	4…V¡jŠ 14 °-ŠV‡‰¡jŠ�–

¬>Ž4‡Ì	4ŠPŒ
•(ŠjŽ4‡ 214 •�Œ	‡‹•4‡‹…j¦F±î¡j¤Q‡‰ˆ‹Šj…j¼b¨åñš©�„†¦F¼b…V‡T¸3– ´*ö/Œ&•`ŠjŽ4‡�•1¦F…VŒ&¼b¤¾´H› ˆ\Žy•
„†•Éñš¡V‡‰‡T‘’‡‰ˆ‹Šj„žŒ&•�¶4– ´*ö

½P„†ŠjŽ¾•œ¢:•
¼4¡V¡j„£•
•`¤b…VŒÃ 5„ž˜b‡‰¡x•W¤b…V‡‰ˆ‹„ž¡V‡�„†•4˜3„žˆ�•
Šj„žŒ&•Õ•
ø+Œ&¼bŠ>ŠjŽ4‡:‡‹•4‡‹…j¦F±î…V‡‰¡j¤+Œ&•4¡\‡qŒ
•mŠjŽ4‡:˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…�–r¬>Ž4‡

‡‹•4‡‹…j¦F±�…V‡‰¡VŒ&•†¼bŠj„žŒ&•D•
ŠxŠjŽ4‡ 214 •�Œ�‡‹•4‡‹…j¦F±�„ž¡qý*ÿ –>¬>Ž4‡T¤Q‡�•
õQüy•�•ÛŠV‡‹… ŠjŽ4‡hˆ‰Œ&•5 *‡‹…V¡j„žŒ&•�ŠVŒ�‡‹•4‡‹…j¦F±�¼4¡j„†•b¦

ŠjŽ4‡�•†„†¦FŽ?Šx±5„ž‡‹•ž˜

�

˜b‡‹…j„† *‡‰˜`•Û…VŒ&¨�ŠjŽ4‡ 14 °-•
•y•
•†±3¡j„ž¡hñš¡V‡‰‡�•4‡ïí3Š�¡V‡‰ˆ‹Šj„žŒ&•eöïüb„ž¡A•ÎŒ&¼b•4˜�ˆ‰‡‹•?ŠV‡‹…V‡‰˜�Œ&•t�&µ��

�
´Jõ*‡”®ðˆ‰Œ&…j…V‡‰¡j¤QŒ&•4˜3„†•b¦�ŠVŒÀ•$
5¼4‡‹•4ˆVŽb„†•b¦�•Î•&ˆ‹ŠVŒ&… ‡�
?¼y•
•ªŠVŒ�ú�µ3– ý
¶

�
µ3– µ��3–

Ÿ

¦*Œ5Œ’˜Õ¤+ŒF¡V„†Šj„žŒ&•Ë	4ŠjŠV‡‹…hˆ‰Œ5˜b‡	„ž¡:•Û¼b•4˜4•
¨À‡‹•5Š\•
•r„†•ÉŒ&…V˜b‡‹…:ŠVŒ`¤Q‡‹…‚•šŒ&…j¨­	y˜3¼4ˆ‹„£•
•r *Œ&•†¼b¨À‡�ˆ‹¼bŠV¡h•
•4˜

ŠjŽ?¼4¡A‡ïí3ŠV‡‹…j•y•
•yøy•&ˆVõ’¦F…VŒ&¼b•4˜�…V‡‰˜3¼4ˆ‹Šj„žŒ&•4¡�–r¬>Ž4‡x‡ïí3„ž¡jŠj„†•b¦Â	4ŠjŠV‡‹…²„ž¡²‡‰¡\¡V‡‹•?Šj„£•
•†•†±�•� *‡‹…jŠV‡ïíÀ…V‡‰ˆ‰Œ&•4¡VŠj…j¼4ˆ‹Šj„žŒ&•ªü

øy•&¡V‡‰˜�Œ&•�ŠjŽ4‡h¡jŽy•
¤+‡:Œ
•=ŠjŽ4‡:Šj„†¨À‡T¡V„†¦F•y•
•ª˜3„ž¡jŠj…j„†øb¼bŠj„žŒ&•�Œ
•=ŠjŽ4‡T˜b‡‹ŠV‡‰ˆ‹ŠV‡‰˜�¤bŽ4Œ&ŠVŒ&•4¡�–

¬>Ž4‡W‡‹ *‡‹•?Š ¡V¤y•
Šj„£•
•(…V‡‰ˆ‰Œ&•4¡jŠj…j¼4ˆ‹Šj„žŒ&•Õ„ž¡Pøy•&¡V‡‰˜�Œ&•�ŠjŽ4‡TŠj„†¨À‡:„†•3•ÎŒ&…j¨�•
Šj„žŒ&•DŒ
•=‡�•&ˆ\ŽÕ¡j„†•b¦F•ž‡T¤bŽ4Œ&ŠVŒ&•4¡�–

¬>Ž4‡h•
…j…j„† F•
•ªŠj„†¨À‡
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a

Œ
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i th ‡‹•ž‡‰ˆ‹Šj…VŒ&•b„žˆWˆVŽy•
•b•4‡‹•m„ž¡�‡�
?¼y•
•%ŠVŒª³ þFýHµ1“

t i
a = t0 + t i

d + t i
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j
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½PŽ4‡‹…V‡
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•mŠjŽ4‡:‡‹ *‡‹•5Š�ü
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d
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f
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•(ù4„†¦FŽ5Š�ü

•
•4˜
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j
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½PŽ4‡‹…V‡

r i „ž¡�ŠjŽ4‡T˜3„ž¡VŠ\•
•4ˆ‰‡TøQ‡‹Š1½²‡‰‡‹•ÕŠjŽ4‡:¤bŽ4Œ&ŠVŒ&•�¤b…VŒ5˜3¼4ˆ‹Šj„žŒ&•�¤+Œ&„†•5Šq•
•4˜�ŠjŽ4‡W•rû�¬ ¤bŽ4Œ&ŠVŒ&•ªümÓh„ž¡PŠjŽ4‡

¡j¤Q‡‰‡‰˜¾Œ
•r•†„†¦FŽ5Š:•
•4˜@%�„ž¡ ŠjŽ4‡h„†•4˜b‡ïí�Œ
•r…V‡ï•š…\•&ˆ‹Šj„žŒ&•ª–q§ ŒÃ½²‡‹ *‡‹…�ü%˜b‡‹ ’„£•
Šj„žŒ&•4¡x•š…VŒ&¨ÈŠjŽ4‡T•†„†•4‡�•
…j„†Š1±ÕŒ
•rŠjŽ4‡

¤bŽ4Œ&ŠVŒ&•�¤b…VŒ&¤y•
¦?•
Šj„žŒ&•Õˆ�•
•�Š\•
õ*‡:¤b•£•&ˆ‰‡:øQ‡‰ˆ�•
¼4¡V‡:Œ
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�

öïü3½PŽb„žˆVŽ�„ž¡x•W•Û…V‡‰‡�¤y•
…\•
¨À‡‹ŠV‡‹… „†•�ŠjŽ4‡Ì	4Š�–

¬>Ž4‡T¡V¤+‡‰ˆ‹Šj…j¼b¨�•š¼b•4ˆ‹Šj„žŒ&•�„ž¡PŠjŽ5¼4¡x˜b‡�	4•4‡‰˜�ø5±�ŠjŽ4‡hˆ‰Œ&•? *Œ&•†¼bŠj„žŒ&•ª“

C (n) =
Z + 1

�1

dN
dE

(E) g(n; E ) dE
ñÎ¸3– ý*ö

þ��
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•y•
•†±3¡j„ž¡�Œ
•=ŠjŽ4‡h°A¬P©m·1�œ˜4•
Š\•

©�„†¦F¼b…V‡h¸3–"�3“r©�„†Š�Œ
•=ŠjŽ4‡ 14 °Ô‡‹•4‡‹…j¦F±�¡j¤Q‡‰ˆ‹Šj…j¼b¨�–

½PŽ4‡‹…V‡:ŠjŽ4‡T‡‹•4‡‹…j¦F±`…V‡‰¡VŒ&•†¼bŠj„žŒ&•¾„ž¡�“

g(n; E) =
e�

(E � n
S )2

2� 2

p
2� �

ñÎ¸3–†ú�µ*ö

•
•4˜

� =

r
c � E

S
:

ñÎ¸3–†úFúÃö

¬>Ž4‡Tˆ‰Œ&…j…V‡‰ˆ‹Šj„žŒ&•¾•Î•&ˆ‹ŠVŒ&…rÓ�Š\•
õ*‡‰¡�„†•5ŠVŒ�•&ˆ‰ˆ‰Œ&¼b•?Š ŠjŽ4‡:…V‡‹•£•
Šj„† *‡T F•
…j„£•
•4ˆ‰‡Füe•
¨ÀŒ&•b¦î•
•†•ªŠjŽ4‡T•rûÕ¬Â�«¡�ü4Œ
•=ŠjŽ4‡

¡j„†•b¦F•ž‡T•/û�¬-¦?•
„†•�ñšˆ

�
úF–"�
¶(³ ýF¸DµÛöï–r¬>Ž4‡�•4Œ&…j¨�•
•†„��Ã•
Šj„žŒ&•DŒ
•�ŠjŽ4‡�•š¼b•4ˆ‹Šj„žŒ&•�„ž¡�‡‹ F•
•†¼y•
ŠV‡‰˜�•5¼b¨À‡‹…j„žˆ�•
•†•†±*–

¬>Ž4‡�	4Šr•Û¼b•4ˆ‹Šj„žŒ&•�ñÎ¸3– ý*ö=Š\•
õ*‡‰¡r„†•?ŠVŒW•&ˆ‰ˆ‰Œ&¼b•?Š²Œ&•b•†±	ŠjŽ4‡ 14 °Ñˆ‰Œ&•5Š\•
¨œ„†•y•
Šj„žŒ&•ª–Aó ŠjŽ4‡‹…/ˆ‰Œ&•5Š\•
¨œ„†•y•
•?ŠV¡�ü

•†„†õ*‡ 210 •�øªüyˆ‰Œ&•?Šj…j„†øb¼bŠV‡hŒ&•b•†±�•W•Î‡‹½s¤+‡‹…Vˆ‰‡‹•5ŠxŠVŒ	ŠjŽ4‡:•žŒÃ½c‡‹•4‡‹…j¦F±�¡j¤Q‡‰ˆ‹Šj…j¼b¨YñÎ¸FµJ·xú�µFµ	õ*‡”®Töï–

Ÿ

¡\‡‰ˆ‰Œ&•4˜J¡V±’¡jŠV‡‹¨�•
Šj„žˆ‰¡�•
…j„ž¡V‡‰¡m•š…VŒ&¨9ŠjŽ4‡�
5¼4‡‹•4ˆVŽb„†•b¦T‡��%‡‰ˆ‹Š=½PŽb„žˆVŽœ„†•4˜3¼4ˆ‰‡‰¡�• •4Œ&•3·”•†„†•4‡�•
…r˜3„ž¡jŠVŒ&…jŠj„žŒ&•

Œ
•PŠjŽ4‡ÀŠjŽ4‡‰Œ&…V‡‹Šj„žˆ�•
•>¡jŽy•
¤Q‡F–`‘5¼4ˆ\ŽÑ•
•�‡��%‡‰ˆ‹ŠT„†¨œ¤b•†„ž‡‰¡	•
•�‡‰¡jŠj„†¨�•
ŠV‡‰˜Ñ•‰ *‡‹…\•
¦*‡�•žŒF¡V¡hŒ
•PŠjŽ4‡œ•†„†¦FŽ5ŠW±’„ž‡‹•ž˜

Œ
•�Œ&•b•†±`•W•Î‡‹½ ¤bŽ4Œ&ŠVŒ’‡‹•ž‡‰ˆ‹Šj…VŒ&•4¡�¤Q‡‹…�û�‡1®J–4ûÕŒ&…V‡‰Œ� *‡‹…xŠjŽ4‡T¡jŽy•
¤Q‡:˜3„ž¡jŠVŒ&…jŠj„žŒ&•�„ž¡P¤y•
…jŠj„£•
•†•†±�•
ø4¡VŒ&…jøQ‡‰˜�„†•

ŠjŽ4‡�	4Š²ø?±œ•ž‡‹ŠjŠj„†•b¦JŠjŽ4‡x•†„†¦FŽ5Š²±’„ž‡‹•ž˜

�

øQ‡ •q•š…V‡‰‡�¤y•
…\•
¨À‡‹ŠV‡‹…Tñš©�„†¦F¼b…V‡ ¸3–"�*öï–/‘5¼4ˆ\Žî¡j±3¡jŠV‡‹¨�•
Šj„žˆ‰¡A˜bŒ5‡‰¡/•4Œ&Š

¡j„†¦F•b„
	yˆ�•
•5Šj•†±¾•H�Q‡‰ˆ‹ŠPŠjŽ4‡ 14 °-•&ˆ‹Šj„† ’„†Š1±�‡‹ F•
•†¼y•
Šj„žŒ&•ª–

÷ª‡‹Š

N14 C
•
•4˜

� 14 C
øQ‡`ŠjŽ4‡�ŠVŒ&Š\•
•x•5¼b¨høQ‡‹…�Œ
• 14 °L•
ŠVŒ&¨À¡À„†•6ŠjŽ4‡Õ°A¬P©9��¡Vˆ‹„†•?Šj„†•†•£•
ŠVŒ&…`•
•4˜"„†ŠV¡

•†„™•Î‡‹Šj„†¨À‡:…V‡‰¡j¤Q‡‰ˆ‹Šj„† *‡‹•†±*–r¬>Ž4‡ 14 °�� 12 °N¨�•&¡V¡P…\•
Šj„žŒÉêz„ž¡P¦F„† *‡‹•�ø?±Ë³ ýFýDµ1“

þ��
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•y•
•†±3¡j„ž¡�Œ
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‘3•
¨œ¤b•ž‡ 14 °�� 12 °9ñ‚ú�µ � 18 ö

ú úF–"�Fµ

�
µ3– µ3ú

´ úF– þFý

�
µ3– µ��

� ¶4– ýFµ

�
µ3– µFþ

¶ ¸3–†úFú

�
µ3– µFþ

¬m•
øb•ž‡W¸3–"�3“/û�‡�•&¡j¼b…V‡‰˜ 14 °sˆ‰Œ&•4ˆ‰‡‹•?Šj…\•
Šj„žŒ&•Õ„†•�‡�•&ˆVŽ¾˜b‡‹•†„† *‡‹…V‡‰˜¾øy•
ŠVˆVŽª–

Time (d/m/y)
14/12/01 13/01/02 12/02/02 14/03/02 13/04/02 13/05/02 12/06/02 12/07/02

C
14

 e
ve

nt
s 

pe
r 

da
y

60

70

80

90

100

110

120

130
310´ Entries

C14 events    

Period Bars
Column 
WE Period 
Mixing 
PMT Off 
New PC 
Shroud Adj. 
Laser Calib. 
Electr.Adj. 

©�„†¦F¼b…V‡T¸3– ¶4“ 14 °Ô•&ˆ‹Šj„† 5„†ŠB±À•š…VŒ&¨Ó‡‹•4‡‹…j¦F±½	4Š�–�¬>Ž4‡:¡j¤Q‡‰ˆ‹Šj…j¼b¨L„ž¡0	4ŠjŠV‡‰˜�˜4•‰±�¤Q‡‹…P˜4•‰±`•
¤b¤b•†±5„†•b¦�•	µ3–"�J¨

…\•&˜3„£•
•=ˆ‹¼bŠ „†•ÕŠjŽ4‡T…\•
•b¦*‡	¸Fµœ·�ú�µFµÀ¤bŽ4Œ&ŠVŒ’‡‹•ž‡‰ˆ‹Šj…VŒ&•4¡�–q¬>Ž4‡h…V‡‰˜� *‡‹…jŠj„žˆ�•
•=•†„†•4‡‰¡x„ž˜b‡‹•5Šj„™•Û±¾ŠjŽ4‡ 14 °sŠV‡‰¡jŠV¡�–

¬>Ž4‡:…V‡‰¡j¼b•†ŠV¡ •
…V‡:•4Œ&…j¨�•
•†„���‡‰˜�ŠVŒ	ŠjŽ4‡:½PŽ4Œ&•ž‡h˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…x¨�•&¡V¡x•
•4˜`ŠVŒÀŠjŽ4‡:ŠVŒ&Š\•
•(‡‹•4‡‹…j¦F±`¡j¤+‡‰ˆ‹Šj…j¼b¨�–

R
� 14C

12C

�
=

N14 C

N12 C
=

40
3

�
� 14 C

mI V NA

�
A14 C

ñÎ¸3–†ú�´*ö

½PŽ4‡‹…V‡rî

A
„ž¡

Ÿ

 *Œ&¦?•&˜3…VŒ��«¡�•5¼b¨høQ‡‹…q•
•4˜�¨

I V
„ž¡PŠjŽ4‡:¨�•&¡V¡�Œ
•�•²°Ô„†•�ŠjŽ4‡J°A¬P©(·1�œ„†•b•4‡‹…� *‡‰¡V¡V‡‹•”–

¬>Ž4‡	¨À‡�•&¡j¼b…V‡‹¨À‡‹•5ŠV¡W•
•4˜Õ…V‡‰¡j¼b•†ŠV¡q•ÎŒ&…�ŠjŽ4‡	 &•
…j„žŒ&¼4¡�¤4¡V‡‹¼4˜bŒ’ˆ‹¼b¨À‡‹•4‡	øy•
ŠVˆVŽ4‡‰¡J•
…V‡	¡j¼b¨œ¨�•
…j„���‡‰˜�„†•

¬m•
øb•ž‡J¸3–"�3ü4•
•4˜�ŠjŽ4‡ 14 °Ôˆ‰Œ&•5ŠV‡‹•?Šq•
…V‡T…V‡‹¤+Œ&…jŠV‡‰˜`•ÎŒ&…�‡�•&ˆVŽ�…j¼b•�„†•¾©�„†¦F¼b…V‡h¸3– ¶4–

¬>Ž4‡G	4…V¡jŠrŠ1½AŒhøy•
ŠVˆ\Ž4‡‰¡/Žy•� *‡ • 14 °6•&ˆ‹Šj„† 5„†ŠB±Àˆ‰Œ&•4¡j„ž¡jŠV‡‹•?Š²½P„†ŠjŽ�ŠjŽ4‡�Œ&•4‡x¨À‡�•&¡j¼b…V‡‰˜À„†•`°A¬P©(·\úJñ‚úF– ý
¶

�
µ3– µFý�í�ú�µ � 18 ³ þFþDµÛöx½PŽb„†•ž‡WŠjŽ4‡J•£•&¡jŠ�ŠB½²Œ�¡jŽ4ŒÃ½ð•îˆ‰Œ&•5Š\•
¨œ„†•y•
Šj„žŒ&•É•£•
…j¦*‡‹…�ø?±D•À•”•&ˆ‹ŠVŒ&…

�
´3– ¸3–h¬>Ž4‡

•&ˆVŽb„ž‡‹ *‡‰˜¾…V‡‰¡j¼b•†ŠV¡x•
…V‡T¡VŠj„†•†•%½P„†ŠjŽb„†•¾ŠjŽ4‡:›>Œ&…V‡ïí’„†•4Œ�¡j¤+‡‰ˆ‹„
	yˆ�•
Šj„žŒ&•ª–

þFþ
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X�UJI=O+•Ppék�l�wVSEÏJOQl>^eSVM�U�d‹OQMx[ ^eHWI 14 | ayZ�I�k(^yOQgJ[

©4Œ&…/¡ •�•š‡‹ŠB±J…V‡�•&¡\Œ&•4¡�ü?˜3¼b…j„†•b¦WŠjŽ4‡ °A¬P©m·1�:ˆ�•
¨œ¤y•
„†¦F•ªü?ŠjŽ4‡‹…V‡xŽy•&¡r•4Œ&ŠrøQ‡‰‡‹•ÀŠjŽ4‡P¤QŒF¡V¡j„†øb„†•†„†ŠB±	ŠVŒ:ˆ�•
•†„†øb…\•
ŠV‡

ŠjŽ4‡Õ˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…îø5±~˜b‡‹¤b•žŒ�±’„†•b¦"õ’•4Œ�½P•-¡VŒ&¼b…Vˆ‰‡‰¡�– ¬>Ž4‡Õ‡‹•4‡‹…j¦F±Nˆ�•
•†„†øb…\•
Šj„žŒ&•s½A•&¡îŠjŽ?¼4¡î¤Q‡‹…‚•šŒ&…j¨À‡‰˜Ôø?±

‡ïí3¤b•žŒ&„†Šj„†•b¦ÉŠjŽ4‡�¨ÀŒF¡VŠ�•
øb¼b•4˜4•
•?Š�ˆ‰Œ&•?Š\•
¨œ„†•y•
•5ŠV¡`¤b…V‡‰¡V‡‹•?Š�„†•~ŠjŽ4‡�¡\ˆ‹„†•?Šj„†•†•£•
ŠVŒ&…�–

Ÿ

¨ÀŒ&•b¦ÉŠjŽ4‡‹¨�ü 14 °

•š¼b•
	4•†•ž¡WŠjŽ4‡�¨�•
„†•Ñ…V‡�
?¼b„†…V‡‹¨À‡‹•5ŠV¡�“À„†ŠJŽy•&¡J•¾Žb„†¦FŽ"•&ˆ‹Šj„† 5„†ŠB±*ü�„†ŠW„ž¡J‡�•&¡j±�ŠVŒ�ø+‡�Š\•
¦F¦*‡‰˜"•
•4˜ÉŠjŽ4‡îŒ&ŠjŽ4‡‹…

ˆ‰Œ&•?Š\•
¨œ„†•y•
•5ŠV¡/„†•	ŠjŽ4‡P¡\•
¨À‡>‡‹•4‡‹…j¦F±J…V‡‹¦F„žŒ&•�•
…V‡>•4‡‹¦F•†„†¦F„†øb•ž‡F–ró •œŠjŽ4‡PŒ&ŠjŽ4‡‹…�Žy•
•4˜%üFŠjŽ4‡>˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…rŠj…j„†¦F¦*‡‹…

„†¨œ¤QŒF¡V‡‰¡:•œ•žŒ�½ð‡‹•4‡‹…j¦F±Õˆ‹¼bŠ øQ‡‰ˆ�•
¼4¡V‡JŒ
•rŠjŽ4‡W…\•
ŠV‡WøQ‡‹„†•b¦�ŠVŒ’Œ�Žb„†¦FŽªüQ¡VŒ�ŠjŽy•
ŠqŠjŽ4‡W•žŒÃ½²‡‹…�…V‡‹¦F„žŒ&•�Œ
•rŠjŽ4‡

‡‹•4‡‹…j¦F±�¡j¤Q‡‰ˆ‹Šj…j¼b¨Ó„ž¡P•žŒF¡jŠ�–�ûÕŒ&…V‡‰Œ� *‡‹…�ü+•&¡x•
•†…V‡�•&˜3±`¨À‡‹•?Šj„žŒ&•4‡‰˜%üQ•J•£•
…j¦*‡:¼b•4ˆ‰‡‹…jŠ\•
„†•?ŠB±¾Œ&•¾‡‹•4‡‹…j¦F±�¡Vˆ�•
•ž‡

•
…j„ž¡V‡‰¡²•š…VŒ&¨ ŠjŽ4‡Æ
5¼4‡‹•4ˆVŽb„†•b¦œŒ
•

�
¤y•
…jŠj„žˆ‹•ž‡Fü3½PŽb„žˆVŽ�„ž¡A¡j¨�•
•†•%ˆ‰Œ&¨œ¤y•
…V‡‰˜�ŠVŒJŠjŽ4‡

�
¤y•
…jŠj„žˆ‹•ž‡‰¡�ü’øb¼bŠ>„ž¡²•4Œ&Š

•4‡‹¦F•†„†¦F„†øb•ž‡F–

¬>Ž4‡‹…V‡ï•ÎŒ&…V‡Fü�ŠjŽ4‡`›A„†…jõ’¡W¨ÀŒ5˜b‡‹•A¤y•
…\•
¨À‡‹Šj…j„���‡‰¡œŠjŽ4‡É
?¼4‡‹•4ˆ\Žb„†•b¦�‡��Q‡‰ˆ‹ŠJø?±ÉŠjŽ4‡î‡‹¨œ¤b„†…j„žˆ�•
•A•š¼b•4ˆ‹Šj„žŒ&•

³ ¸F´bü%ú�µFµHµ1“

Q (E) =
Z E

0

dt

1 + kB dE
dt (t)

ñÎ¸3–†ú��*ö

½PŽ4‡‹…V‡T˜�/��
˜3­9„ž¡PŠjŽ4‡h›A‡‹ŠjŽ4‡ï·1›A•žŒ’ˆVŽÕ‡�
?¼y•
Šj„žŒ&•�•ÎŒ&…

�
¤y•
…jŠj„žˆ‹•ž‡‰¡Á³†ú�µ3ú�µ/“

�
dE
dt

= 2� N ar 2
emec2�

Z
A

1
� 2

"

ln
� 2 (� + 2)

2(I =mec2)2 + G (� ) � � � 2
Cs

Z

#
ñÎ¸3–†ú‹¶5ö

½P„†ŠjŽ

G (� ) = 1 � � 2 +
� 2

8 � (2r e + 1) ln2

(t + 1)2 ;
ñÎ¸3–†ú�¸*ö

�
„ž¡WŠjŽ4‡îõ’„†•4‡‹Šj„žˆ`‡‹•4‡‹…j¦F±É„†•Ñ¼b•b„†ŠV¡œŒ
•x¨

e
ˆ 2 ü²°

s
•
•4˜

�
ŠjŽ4‡î¡jŽ4‡‹•†•�•
•4˜ÑŠjŽ4‡�˜b‡‹•4¡V„†Š1±�ˆ‰Œ&…j…V‡‰ˆ‹Šj„žŒ&•ªü

…V‡‰¡j¤Q‡‰ˆ‹Šj„† *‡‹•†±*–

¬>Ž4‡Æ
5¼4‡‹•4ˆVŽb„†•b¦	•š¼b•4ˆ‹Šj„žŒ&•��

ô

ymõœñÎ¸3–†ú��*ö²˜bŒ’‡‰¡A•4Œ&ŠP•&ˆ‹Š>Œ&•`ŠjŽ4‡xŠjŽ4‡‰Œ&…V‡‹Šj„žˆ�•
•ª¡V¤+‡‰ˆ‹Šj…j¼b¨Løb¼bŠ>Œ&•b•†±�Œ&•

ŠjŽ4‡T‡‹•4‡‹…j¦F±î…V‡‰¡j¤QŒ&•4¡V‡TŒ
•=ŠjŽ4‡:˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…�–/¬>Ž4‡Tˆ‰Œ&•5 *Œ&•†¼bŠj„žŒ&•ÑñÎ¸3– ý*öAŠjŽ5¼4¡�øQ‡‰ˆ‰Œ&¨À‡‰¡�“

C (n) =
Z + 1

�1

dN
dE

(E) g(n; Q(E); S) dE
ñÎ¸3–†ú��*ö

½P„†ŠjŽ

g(n; Q(E); S) =
e�

(Q ( E ) � n
S )2

2� 2

p
2� �

ñÎ¸3–†ú•�Fö

½PŽ4‡‹…V‡K%Õ„ž¡PŠjŽ4‡:•5¼b¨høQ‡‹… Œ
•=¤bŽ4Œ&ŠVŒ5‡‹•ž‡‰ˆ‹Šj…VŒ&•4¡Ãü

�

ŠjŽ4‡:•†„†¦FŽ5Š�±’„ž‡‹•ž˜¾•
•4˜

�
„ž¡�˜b‡�	4•4‡‰˜�„†•ª/—
î¸3–†úFúF–

¬>Ž4‡T˜3„ž¡VŠVŒ&…jŠj„†•b¦�‡��Q‡‰ˆ‹Šx„ž¡�¡jŽ4Œ�½P•¾„†•�©m„†¦F¼b…V‡W¸3– ¸3–

¬>Ž4‡$	4ŠWŒ
•AŠjŽ4‡œ‡‹•4‡‹…j¦F±�¡j¤Q‡‰ˆ‹Šj…j¼b¨åŽy•&¡T¡V‡‰ˆ‰Œ&•4˜4•
…j±D¨œ„†•b„†¨�•`„™•>øQŒ&ŠjŽ

�

•
•4˜´á

À

•
…V‡�•&¡\¡j¼b¨À‡‰˜�•&¡

•š…V‡‰‡W¤y•
…\•
¨À‡‹ŠV‡‹…V¡Ã–h¯BŠ „ž¡�ŠjŽ5¼4¡�„†¨œ¤+ŒF¡V¡V„†øb•ž‡WŠVŒ`‡‹ F•
•†¼y•
ŠV‡	¡j„†¨h¼b•†Š\•
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øb•ž‡q¸3– þ3“r‘5„†•b¦F•ž‡xˆ‰Œ&¨œ¤QŒ&•4‡‹•?Š/…\•
ŠV‡‰¡/•š…VŒ&¨ ŠjŽ4‡�‡‹•4‡‹…j¦F±C	4Š�–�¯1•œŠjŽ4‡x•£•&¡jŠrŠB½²Œhˆ‰Œ&•†¼b¨œ•4¡Ãü?ŠjŽ4‡PŠVŒ&Š\•
•e…\•
ŠV‡‰¡

•
…V‡T¡Vˆ�•
•ž‡‰˜`ŠVŒÀŠjŽ4‡:•4‡‹¼bŠj…j„†•4Œœ½P„†•4˜bŒ�½Tüm³ µ3– ´F¸J·²µ3– þCµ£ûÕ‡”®9¼4¡j„†•b¦œŠjŽ4‡Tˆ‰Œ’‡���ˆ‹„ž‡‹•?ŠV¡x„†•¾¬m•
øb•ž‡J¸3–‰�’–

ú�µFþ
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•=ŠjŽ4‡T˜4•
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P3   1750.   53.64
P4   853.0   86.36
P5   1.691  0.1273E-01
P6   22.73  0.8668E-01
P7   462.9   14.54
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P4   2758.   427.0
P5   2.642  0.2766E-01
P6   28.34  0.1500
P7   397.4   11.85

MeV

©�„†¦F¼b…V‡A¸3–†ú•�’“�©�„†ŠV¡mŒ
•4ŠjŽ4‡A‡‹•4‡‹…j¦F±h¡j¤Q‡‰ˆ‹Šj…\• Œ
•y¤+‡‹…j„žŒ’˜T…j¼b•4¡�´Fµ��M��·B´FµFý
¶ÀñÛŠVŒ&¤eöm•
•4˜	´3ú�þFþ�·B´F´Fþ3ú:ñÛøQŒ&ŠjŠVŒ&¨�öï–

¬>Ž4‡q•š…V‡‰‡ ¤y•
…\•
¨À‡‹ŠV‡‹…V¡xŒ
•mŠjŽ4‡�	4ŠV¡�•
…V‡�ŠjŽ4‡:•
¨œ¤b•†„†Šj¼4˜b‡‰¡�…V‡‹•£•
ŠV‡‰˜`ŠVŒ 210 •mŒbü 210 ›²„”ü’…\•&˜bŒ&•�¡V‡‹¦F¨À‡‹•5Šx•
•4˜

85 ô�…�–
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¤bŠV‡‹…²¸3“
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•y•
•†±3¡j„ž¡�Œ
•=ŠjŽ4‡h°A¬P©m·1�œ˜4•
Š\•

ˆ�•
•"„†•3•Î‡‹…œŠjŽy•
ŠœŠjŽ4‡�¡Vˆ‹„†•?Šj„†•†•£•
ŠVŒ&…�„ž¡œ˜3„†…V‡‰ˆ‹Šj•†± ˆ‰Œ&•5Š\•
¨œ„†•y•
ŠV‡‰˜6ø5± 210 •�Œ�…\•
ŠjŽ4‡‹…œŠjŽy•
•6ø5±�„†ŠV¡	¤y•
…V‡‹•5Š�ü

210 •�øª–

Ÿ

•ÛŠV‡‹…=ŠjŽ4‡>øb•£•
•bõW•žŒ5Œ&¤œ½A‡PŒ&ø4¡V‡‹…j *‡‰˜À• ¤+ŒF¡V¡V„†øb•ž‡²„†•4ˆ‹…V‡�•&¡\‡PŒ
•eŠjŽ4‡ 210 •�ø�•&ˆ‹Šj„† ’„†Š1±*–=¯BŠ=ˆ�•
•œøQ‡A…V‡‹•£•
ŠV‡‰˜

ŠVŒ�• 210 •�ø�ˆ‰Œ&•?Š\•
¨œ„†•y•
Šj„žŒ&•�Œ
•�ŠjŽ4‡T½A•
•†•ž¡xŒ
•=ŠjŽ4‡:¤b„†¤Q‡‰¡P½PŽ4‡‹…V‡TŠjŽ4‡h¡Vˆ‹„†•?Šj„†•†•£•
ŠVŒ&… ½A•&¡xˆ‹„†…Vˆ‹¼b•£•
ŠV‡‰˜�Œ&…xŒ&•

ŠjŽ4‡P•5±5•žŒ&•�¨À‡‹¨høb…\•
•4‡�ŠjŽy•
Š²½A•&¡¯•1½A•&¡jŽ4‡‰˜-›x˜3¼b…j„†•b¦TŠjŽ4‡xŒ&¤+‡‹…\•
Šj„žŒ&•ª– 210 •�øîˆ‰Œ&•?Š\•
¨œ„†•y•
Šj„žŒ&•î„ž¡y�‚¼4¡jŠj„
	y‡‰˜

ø?±`ŠjŽ4‡ 210 ›A„ª…\•
ŠV‡�½PŽb„žˆ\Ž¾„†•4ˆ‹…V‡�•&¡V‡‰˜¾•&¡�½²‡‹•†•(¼b¤�ŠVŒÀŠjŽ4‡ 210 •mŒî•&ˆ‹Šj„† 5„†ŠB±*ü4¡j¼b¦F¦*‡‰¡jŠj„†•b¦�•
•�‡�
?¼b„†•†„†øb…j„†¼b¨�–

¬>Ž4‡�Œ&…j„†¦F„†•îŒ
•+ŠjŽ4‡ 210 •mŒTˆ‰Œ&•5Š\•
¨œ„†•y•
Šj„žŒ&•�•�•ÛŠV‡‹…rŠjŽ4‡x¡j„†•†„žˆ�•q¦*‡‹•4øy•
ŠVˆVŽ�ŠV‡‰¡jŠr„ž¡r¡VŠj„†•†•4¼b•4˜b‡‹…/¡jŠj¼4˜3±Jøb¼bŠ

½²‡Àø+‡‹•†„ž‡‹ *‡	ŠjŽy•
ŠTŠ\•
•bõÕ½PŽb„žˆVŽ�ˆ‰Œ&•?Š\•
„†•4‡‰˜�ŠjŽ4‡œ¡\ˆ‹„†•?Šj„†•†•£•
ŠVŒ&…T•ÎŒ&…:ŠjŽ4‡	¤b¼b…j„
	yˆ�•
Šj„žŒ&•É½>•&¡Tˆ‰Œ&•?Š\•
¨œ„†•y•
ŠV‡‰˜%–

¬>Ž4‡�¡j„†•†„žˆ�•Ñ¦*‡‹•:•žŒ’Œ&¤ ŠV‡‰¡jŠ�üq„†•4˜b‡‰‡‰˜%üq½A•&¡�‡���ˆ‹„ž‡‹•?ŠÕŒ&•b•†±Nø5±-•Ñ•”•&ˆ‹ŠVŒ&…

�
´3ü:•
•4˜-½²‡�‡ïí3¤Q‡‰ˆ‹ŠV‡‰˜c•
•

„†•4ˆ‹…V‡�•&¡V‡‰˜"¤b¼b…j„
	yˆ�•
Šj„žŒ&•N•”•&ˆ‹ŠVŒ&…œ¤b…VŒ5ˆ‰‡‰¡V¡V„†•b¦�ŠjŽ4‡�½PŽ4Œ&•ž‡�¨�•&¡V¡À„†•6øy•
ŠVˆVŽª–N¯1•6Œ&…V˜b‡‹…ÀŠVŒÉˆ‹•£•
…j„™•Û±Ñ½PŽy•
Š

…V‡�•
•†•†±`Žy•
¤b¤+‡‹•4‡‰˜%ü4ŠjŽ4‡Tˆ‰Œ&•†•£•
ø+Œ&…\•
Šj„žŒ&•�„†•?ŠV‡‹•4˜b¡xŠVŒœŠV‡‰¡jŠx•	¡V‡‰ˆ‰Œ&•4˜�Šj„†¨À‡TŠjŽ4‡Tˆ‰Œ&•†¼b¨œ•�„†•�øy•
ŠVˆVŽ�¨ÀŒ5˜b‡F–

‘5„†•4ˆ‰‡�½²‡�Žy•‰ *‡�•4Œ&ŠW±*‡‹ŠW„ž˜b‡‹•?Šj„
	y‡‰˜"•¾¤b…VŒ&¤+‡‹…J¡jŠj…\•
ŠV‡‹¦F±�„†•�Œ&…V˜b‡‹…JŠVŒ�…V‡‰˜3¼4ˆ‰‡�„†ŠV¡	•&ˆ‹Šj„† 5„†ŠB±*ü 210 •�ø

ñÎ•
•4˜Õ¡VŒ 210 •�Œ?öP„ž¡qŒ&•4‡hŒ
•rŠjŽ4‡W¨ÀŒF¡jŠqˆ‹…j¼4ˆ‹„£•
•�ˆ‰Œ&•5Š\•
¨œ„†•y•
•?ŠV¡:„†•�°A¬P©>–+ó •ÕŠjŽ4‡hŒ&ŠjŽ4‡‹…qŽy•
•4˜%üe½A‡hŽy•� *‡

¡jŠj„†•†•�ŠVŒ`¤b…VŒ&øQ‡œŠjŽ4‡œ˜3„ž¡jŠj„†•†•£•
Šj„žŒ&•�½PŽb„žˆ\ŽÉ½A‡Àˆ‰Œ&•4¡j„ž˜b‡‹…TŠVŒ`øQ‡	ŠjŽ4‡	¨ÀŒF¡jŠT‡���ˆ‹„ž‡‹•?ŠW¤b¼b…j„
	yˆ�•
Šj„žŒ&•ÉŠV‡‰¡jŠ�•ÎŒ&…

¡j¼4ˆ\Ž¾ˆ‰Œ&•?Š\•
¨œ„†•y•
Šj„žŒ&•ª–

ø9ä��¯ä€ì

��E”#(Ì/)%Eq'*2y;&Í/E”$F;

¬>Ž4‡T…\•
ŠV‡‰¡ …V‡‹¤QŒ&…jŠV‡‰˜�„†•¾ŠjŽ4‡h•£•&¡jŠxˆ‰Œ&•†¼b¨œ•DŒ
•r¬m•
øb•ž‡	¸3– þ3üe•�•šŠV‡‹…xŠjŽ4‡T…\•&˜bŒ&•Õ¡V‡‹¦F¨À‡‹•?Š�¡j¼bøbŠj…\•&ˆ‹Šj„žŒ&•ªü+ˆ�•
•

øQ‡W˜3„†…V‡‰ˆ‹Šj•†±Õˆ‰Œ&¨œ¤y•
…V‡‰˜DŠVŒ�ŠjŽ4‡W„†•?ŠV‡‹…j•y•
•�…V‡‰¡V¼b•†ŠV¡q•Û…VŒ&¨ÈŠjŽ4‡J…\•&˜3„£•
•�•
•y•
•†±3¡j„ž¡q„†•�¬m•
øb•ž‡œ¸3–"�3–:¬>Ž4‡JŠVŒ&Š\•
•

•&ˆ‹Šj„† ’„†Š1±À„ž¡A•
•†½A•‰±3¡>ˆ‰Œ&•4¡j„ž¡jŠV‡‹•5Š²½P„†ŠjŽ�ŠjŽ4‡x„†•5ŠV‡‹…j•y•
•e…\•
ŠV‡q•
¤y•
…jŠ>•�•šŠV‡‹…/ŠjŽ4‡ ˆ‰Œ&•†¼b¨œ•�øy•
ŠVˆ\Ž�ŠV‡‰¡jŠ²½PŽ4‡‹…V‡x½A‡

Žy•‰ *‡W•
•†…V‡�•&˜3±î¼b•4˜b‡‹…j•†„†•4‡‰˜Õ•
•�„†•4‡���ˆ‹„ž‡‹•4ˆ‹±`„†•�ŠjŽ4‡:…\•&˜bŒ&•¾¡V¼bøbŠj…\•&ˆ‹Šj„žŒ&•ª–

¬>Ž4‡q‡‹•4‡‹…j¦F±î•
•y•
•†±3¡j„ž¡Aˆ‰Œ&•�	4…j¨À¡>ŠjŽ4‡ ¡jŠj…j„†¤b¤b„†•b¦œ‡���ˆ‹„ž‡‹•4ˆ‹±À„†• 85 ô�…P•
•4˜ 39 Ÿ

…²…V‡‹¨ÀŒÃ &•
•Qø5±�•�•”•&ˆ‹ŠVŒ&…

¸3–‰��¶

�
µ3– µ
¶4– 39 Ÿ

…�•&ˆ‹Šj„† 5„†ŠB±�„ž¡ ‡‰¡VŠj„†¨�•
ŠV‡‰˜¾ø5±¾¡j¼bøbŠj…\•&ˆ‹Šj„†•b¦îŠjŽ4‡ 85 ô�… „†•?ŠV‡‹…j•y•
•r•&ˆ‹Šj„† 5„†ŠB±*üQ˜b‡‹…j„† *‡‰˜¾•š…VŒ&¨

ŠjŽ4‡T˜b‡‹•£•�±*‡‰˜¾ˆ‰Œ&„†•4ˆ‹„ž˜b‡‹•4ˆ‰‡`ñš¬m•
øb•ž‡W¸3– ¸*öïüb•Û…VŒ&¨ÓŠjŽ4‡ 85 ô�…)� 39 Ÿ

…P…\•
ŠV‡F–²¯1•�ŠjŽ4‡Æ	4…V¡VŠ�øy•
ŠVˆVŽ�½²‡:„ž˜b‡‹•5Šj„
	y‡‰˜

•
•6•&ˆ‹Šj„† 5„†ŠB± � �
¶?þÕˆ‰Œ&¼b•?ŠV¡��
˜4•‰± ñÎýF¸*ÿ °q–«÷r– öï–�¯B•ÑŠjŽ4‡î˜4•
Š\•D¡\‡‹Šœ•�•šŠV‡‹…	ŠjŽ4‡`ˆ‰Œ&•†¼b¨œ•"„†•Ñøy•
ŠVˆ\ŽcñÛ…j¼b•

´3ú�þFþ�·B´F´Fþ3úÃöxŠjŽ4‡Wˆ‰Œ&•5Š\•
¨œ„†•y•
Šj„žŒ&•É•&ˆ‹Šj„† 5„†ŠB±�½A•&¡q‡�
5¼y•
•mŠVŒî¸Fý

�
ú��Àˆ‰Œ&¼b•?ŠV¡��
˜4•‰±¾„†•ÕŠjŽ4‡T½PŽ4Œ&•ž‡J‡‹•4‡‹…j¦F±

¡j¤Q‡‰ˆ‹Šj…j¼b¨�–9¯1Š�…V‡‹¨�•
„†•4‡‰˜Ôˆ‰Œ&•4¡VŠ\•
•?Š�˜3¼b…j„†•b¦ ŠjŽ4‡�•ÎŒ&•†•žŒ�½P„†•b¦~þÉ¨ÀŒ&•?ŠjŽ4¡�ñÛ…j¼b•s´F´FþF´�·B´��
¶?¸*ö�½PŽ4‡‹•Ô½A‡

¨À‡�•&¡j¼b…V‡‰˜¾•
•Õ•&ˆ‹Šj„† 5„†ŠB±î•ž‡‰¡\¡PŠjŽy•
•¾ýFýœˆ‰Œ&¼b•?ŠV¡��
˜4•‰±ÉñÎýF¸*ÿÓ°q–«÷r– öï–

Ÿ

¡�•
•†…V‡�•&˜3±hŠj¼b…j•4‡‰˜WŒ&¼bŠ�„†•hŠjŽ4‡²¤b…V‡‹ 5„žŒ&¼4¡=¡j¼bø4¡\‡‰ˆ‹Šj„žŒ&•ªü�ŠjŽ4‡Aˆ‰Œ&•†¼b¨œ•	ŠV‡‰¡jŠ(„†•W•žŒ5Œ&¤J¨ÀŒ’˜b‡rŽy•&¡�…V‡‰˜3¼4ˆ‰‡‰˜

ŠjŽ4‡ 210 •�Œ�•&ˆ‹Šj„† ’„†Š1±`ø?±�•W•”•&ˆ‹ŠVŒ&…

�
´3–rò ‡‹ *‡‹…jŠjŽ4‡‹•ž‡‰¡\¡�üb„†Š�˜bŒ’‡‰¡P•4Œ&Š •H�%‡‰ˆ‹ŠPŠjŽ4‡ 210 ›A„ªˆ‰Œ&•?Š\•
¨œ„†•y•
Šj„žŒ&•ª–

¬>Ž4‡	½>•
ŠV‡‹…T‡ïí’Šj…\•&ˆ‹Šj„žŒ&•�ŠV‡‰¡jŠV¡Ãü%Œ&•�ŠjŽ4‡JŒ&ŠjŽ4‡‹…:Žy•
•4˜%üªŽy•‰ *‡œ˜b‡‹¨ÀŒ&•4¡jŠj…\•
ŠV‡‰˜É•î¡j„†¨œ„†•£•
…T‡���ˆ‹„ž‡‹•4ˆ‹±Õ„†•

øQŒ&ŠjŽ�ŠjŽ4‡ 210 •�Œ	•
•4˜ 210 ›A„y¤b¼b…j„
	yˆ�•
Šj„žŒ&•4¡�–/¬>Ž4‡�…V‡‰˜3¼4ˆ‹Šj„žŒ&•î•Î•&ˆ‹ŠVŒ&…V¡r•šŒ&…²ŠjŽ4‡�ŠB½²ŒW„ž¡VŒ&ŠVŒ&¤+‡‰¡Ãü?„†•4˜b‡‰‡‰˜%ü3•
…V‡

„†•DŠjŽ4‡C	4…V¡jŠ�ŠV‡‰¡jŠ

�
�î•
•4˜

�
þ3üQ…V‡‰¡j¤Q‡‰ˆ‹Šj„† *‡‹•†±�•
•4˜�„†•DŠjŽ4‡œ¡V‡‰ˆ‰Œ&•4˜DŠV‡‰¡VŠ

�
´�•šŒ&…�øQŒ&ŠjŽDŠjŽ4‡	„ž¡VŒ&ŠVŒ&¤+‡‰¡Ã–

¬>Ž4‡J¡jŠj…\•
ŠV‡‹¦F±¾Œ
•r„†•?Šj…VŒ’˜3¼4ˆ‹„†•b¦�•b„†Šj…j„žˆ	•&ˆ‹„ž˜¾„†•Õ½A•
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FI G. 2: Cross sect ions for 11 C product ion as a funct ion of
energy.

ent muon track and the neutron capture on protons in
the scint illator to tag those 11C events on a one-by-one
basis [19]. On the other hand, as suggested by Calaprice,
there is also the possibility of creating a 11C while eject -
ing a deuteron in a (p,d) exchange react ion. The (p,d)
react ion would createan invisiblechannel for 11C produc-
t ion since thenuclideproduced through such processcan-
not be tagged with the three-fold coincidence ment ioned
above. Similarly, react ions t riggered by � mesons can
also produce decays in invisible channels, as explained
later.

Following isa list of the fundamental react ions that can
produce 11C, together with their cross sect ion and refer-
ences to speci� c studies. For all the react ions with a neu-
t ron in the � nal state, the energy threshold is � 20MeV
(i.e. the neutron binding energy in 12C).

� 12C(
 ,n)11C [27]: the cross sect ion for the 
 -ray in-
duced process peaks at 7 mbarn around 23 MeV.
The cross sect ion value in the peak region, rela-
t ively large for an elect romagnet ic interact ion, is
due to the nuclear giant dipole resonance [28].

� 12C(n,2n)11C [29]: the cross sect ion has a sharp
peak (17 mbarn) around 33 MeV. At higher ener-
gies, we rely on the set of experimental data by
Kim et al. [29] in the range 40-150 MeV, which is
theonly available for energiesabove40 MeV. Those
data are a� ected by a large experimental error, as
high as 40%. As pointed out by the authors, their
results disagree starkly with theoret ical expecta-
t ions which predict much lower values for the cross
sect ion in the same energy range [30]. Also, we
assume that at energies higher than 150 MeV the
cross sect ion keeps the constant value atta ined in
the range 70-150 MeV. Uncertaint ies in the knowl-
edge of the cross sect ion for this process represent
the largest systemat ic error in our ab initio calcu-
lation of the rate of product ion of cosmogenic 11C.
We est imate that the systematic error att ributable

to this source could reach 50% of the product ion
rate expected from the 12C(n,2n)11C channel. All
the other cross sect ions are known with a precision
bett er than a few percent .

� 12C(p,p+ n)11C [31]: the cross sect ion reaches a
peak value of 98 mbarn at 40 MeV, and decreases
to a plateau of 30 mbarn, constant up 1 GeV.

� 12C(p,d)11C [32]: the cross sect ion has a threshold
of 16 MeV and has been measured at 52 and 65
MeV (15 and 10 mbarn respect ively). The only
measurement available in the range above 100 MeV
tells us that the cross sect ion is in the range of a
few � barn, and therefore negligible.

� 12C(� � ,� � + n)11C [33]: the cross sect ions exhibits
a broad peak centered around the (3,3) resonance
for the pion-nucleon interact ion (see Dropesky et
al. [33]) with a value of 70 mbarn at 190 MeV.
Data are available up to 550 MeV, and show that
the cross sect ion reaches a plateau above 400 MeV.
We assume that the cross sect ion keeps a constant
value at higher energies.

� 12C(� + ,� + N)11C [33]: the cross sect ion exhibits a
broad resonance peak in the same region, reach-
ing 45 mbarn around 160 MeV. Data are available
up to 470 MeV, and show that the cross sect ion
reaches a plateau above 350 MeV. We assume that
the cross sect ion keeps a constant value at higher
energies. Contrarily to � � , posit ive mesons do not
necessarily produce a neutron in the � nal state: the
N in the � nal case stands for nucleon and can be
either a proton or a neutron. Due to the possi-
bilechargeexhcangeoccurring in thest rong meson-
nucleon interact ion, the fragments in the � nal stat e
can be either (� + + n) or (� 0+ p), the latt er having
a threshold of 13 MeV. No data are available on the
relative composit ion of the � nal stat e, but it is ex-
pected from theoret ical considerations (see Chivers
et al. in [33]) that the frequency of the invisible
channel, with a proton in the � nal state, should ac-
count for 2/ 3 of all the � + -induced react ions. We
rely on this assumpt ion in our calculat ions.

The cross sect ions for all the processes producing 11C
have been compiled using the procedure detailed above
and are shown in � gure 2.

We performed a full simulation of muon-induced show-
ers with the part icle t ransport code FLUKA [34]. The
FLUKA code has been used by Wang et al. [17] to cal-
culate the product ion rate of neutrons by muons in liq-
uid scint illator at several depths, and has been found
to reproduce experimental results very well. Recent ly,
FLUKA has been used by Kudryavtsev et al. [26] to cal-
culate the distance between the parent muon track and
the point of capture on protons of neutrons produced
in scint illator by muon-induced cascades at Gran Sasso
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FI G. 3: Cumulat ive range of secondaries generated in muon-
induced showers. Results are quoted in cm of range per meter
of � t rack.

depth, and results were found to be in agreement with
the experimental data from the LVD experiment [21].

We used FLUKA to calculate product ion rates and
ranges of all theprominent secondaries, i.e. protons, neu-
t rons, � mesons, and 
 -rays. We simulated showers orig-
inating from negatively charges muons (� � ) at 100 and
190 GeV (t he energies of the muon beams for the ex-
periement described in [22]), at 285 GeV (average energy
at Kamioka), at 320 GeV (averageenergy at Gran Sasso),
and at 350 GeV (average energy at SNOLab). The target
material in the simulation was the solvent of the liquid
scint illator for Borexino, t rimethylbenzene (C9H12), with
density 0.88 g/ cm3 (incidentally, this makes up 20% of
the solvent used in KamLAND) . Results should not vary
greatly with other organic solvents, given that typical
values of density and mass ratio between carbon and hy-
drogen are close to the values of t rimethylbenzene. We
tracked muons for 100 meters, and for each of the promi-
nent secondaries we calculated the cumulative range of
the part icles as a funct ion of the part icle energy with
a 10 GeV cuto� . The results are shown in � gure 3 for
part icles with energy below 1 GeV.

We then turned to the computat ion of the 11C produc-
t ion rate from each one of the interact ions listed above,
for each of the energies of the muons taken into con-
sideration. The product ion rate has been calculated by
taking the energy convolut ion, for each of the possible
interact ions, of the cross sect ions with the range of the
secondary part icles responsible for inducing that part icu-
lar interact ion. Results are summarized in table I I I. The
quoted product ion rate in the invisible channels rate has
been calculated by adding the rate from the 12C(p,d)11C
react ion to 2/ 3 of the rate from the 12C(� + ,� + N)11C re-
act ion. The error quoted in table I I I accounts for the
systematic error, which is dominated by the uncertainty
in the knowledge of the cross sect ion for the process
12C(n,2n)11C. Our best est imate for the systematic er-
ror is 50% of the product ion rate in such channel, which

TABLE I I I : Product ion rates for 11 C in muon induced show-
ers. The calculated total product ion rates are compared with
the experimental values available at 100 and 190 GeV from
Ref. [22], and with the ext rapolated values at the mean muon
energy for KamLAND and Borexino (also from Ref. [22]) and
at SNOLab. The procedure used to determine the expected
rate from the invisible channels and the systemat ic error af-
fect ing our calculat ion are out lined in the text .

E� [GeV] 100 190 285 320 350

Rate
Process [10� 4=�= m]

12 C(p,p+ n)11 C 1:8 3:2 4:9 5:5 5:6
12 C(p,d)11 C 0:2 0:4 0:5 0:6 0:6
12 C(
 ,n)11 C 19:3 26:3 33:3 35:6 37:4
12 C(n,2n)11 C 2:6 4:7 7:0 8:0 8:2
12 C(� + ,� + N)11 C 1:0 1:8 2:8 3:2 3:3
12 C(� � ,� � + n)11 C 1:3 2:3 3:6 4:1 4:2
Invisible channels 0:9 1:6 2:4 2:7 2:8
Total 26:0 38:8 52:0 57:1 59:4
1� systemat ic 1:3 2:4 3:5 4:0 4:1
Measured 22:9 36:0
1� experimental 1:8 2:3
Ext rapolated 47:8 51:8 55:1

is between 5% and 7% of the tota l product ion rate de-
pending on the energy. The fract ional statist ical error
associated with our Monte Carlo calculation is 0.6% and
is negligible with respect to the systematic error.

The tota l calculated rate is in good agreement , within
the experimental and sytematic uncertaint ies, with ex-
perimental values at the energies of 100 and 190 GeV.
The calculated rates at the energies of 285, 320, and 350
GeV, although higher than the ext rapolated values by
between one and two t imes the systematic error, are st ill
in good agreement with them.

We also calculated the product ion rates for posit ively
charged muon (� + ) at 320 GeV. The di� erence in the
product ion of 11C, for all of the channels in considera-
t ion, by � + and � � at the energy of 320 GeV is within
the statist ical error of our Monte Carlo calculation. We
conclude that the dependence of the cross sect ion for 11C
product ion on the sign of the charge of the muons is neg-
ligible within the scope of the study we present in this
paper.

As shown in � gure 3, the part icle content of muon-
induced showers is, as expected [35], dominated by 
 -
rays. In part icular, at the resonant energy for the giant
dipole resonance of 12C - 23 MeV - the cumulative range
of 
 -rays is three orders of magnitude larger than the cor-
responding values for neutrons, and � ve orders of magni-
tude larger than for other hadrons. As a consequence of
this fact , the dominant process for the product ion of 11C
nuclides is the (
 ,n) exchange react ion, account ing for
� 60% of the tota l product ion rate. Other channels with
a neutron in the � nal stat e account for an addit ional 35%
of the tota l product ion rate. The rate of 11C product ion
in the two invisible channels, corresponding to the (p,d)
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•žˆ‹¼b•£•
ŠV‡‰˜œŠVŒ&Š\•
•b¤b…VŒ’˜3¼4ˆ‹Šj„žŒ&•

…\•
ŠV‡‰¡x•
…V‡Tˆ‰Œ&¨œ¤y•
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‡ïí3Šj…\•
¤+Œ&•£•
ŠV‡‰˜� F•
•†¼4‡‰¡ •
ŠPŠjŽ4‡T¨À‡�•
•�¨h¼4Œ&•Õ‡‹•4‡‹…j¦F±�•ÎŒ&…�¡V‡‹ *‡‹…\•
•(‡‹•4‡‹…j¦F±�ñ��F´Fµ�¢:‡”®9„ž¡PŠjŽ4‡�¨À‡�•
•¾¨W¼4Œ&•

‡‹•4‡‹…j¦F±î„†•�›AŒ&…V‡ïí3„†•4Œ?öï–r¬>Ž4‡�„†•5 5„ž¡j„†øb•ž‡:ˆ\Žy•
•b•4‡‹•ž¡�…\•
ŠV‡:Žy•&¡>øQ‡‰‡‹•�ˆ�•
•žˆ‹¼b•£•
ŠV‡‰˜�ø5±`•&˜b˜3„†•b¦ÀŠjŽ4‡�…\•
ŠV‡q•š…VŒ&¨

ŠjŽ4‡ 12 °�ñÛ¤ªü«˜yö 11 °Ô…V‡�•&ˆ‹Šj„žŒ&•¾ŠVŒ�´��M�	Œ
•�ŠjŽ4‡T…\•
ŠV‡�•Û…VŒ&¨�ŠjŽ4‡ 12 °�ñ
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�
»qò:ö 11 °N…V‡�•&ˆ‹Šj„žŒ&•ª–

ƒ�‡‹¼bŠV¡Vˆ\Ž.�«¡²„ž˜b‡�•WŒ
•ª‡‹•†„†¨œ„†•y•
Šj„†•b¦	ŠjŽ4‡ 11 °"‡‹ *‡‹•5ŠV¡Aø?±À•žŒ’Œ&õ5„†•b¦	•
Š/ŠjŽ4‡ ŠjŽb…V‡‰‡ï·Î•šŒ&•ž˜îˆ‰Œ&„†•4ˆ‹„ž˜b‡‹•4ˆ‰‡qŠj¼b…j•4¡
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•†„ž˜J‡‹ *‡‹•J„†•h¤b…V‡‰¡V‡‹•4ˆ‰‡>Œ
•4„†•? ’„ž¡j„†øb•ž‡AˆVŽy•
•b•4‡‹•ž¡�ü5•&¡(ŠjŽ4‡²¤b…VŒ5˜3¼4ˆ‹Šj„žŒ&•J…\•
ŠV‡AŒ
• 11 °�•5¼4ˆ‹•†„ž˜b‡‰¡

½P„†ŠjŽ4Œ&¼bŠ:•œ•4‡‹¼bŠj…VŒ&•Õ„†•�ŠjŽ4‡¶	4•y•
•�¡jŠ\•
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•?Šj„™•š±îŠjŽ4‡:‡��Q‡‰ˆ‹Šj„† *‡‹•4‡‰¡V¡xŒ
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ˆ�•
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•4˜�ŠjŽ4‡‹•Éˆ�•
¤bŠj¼b…V‡‰˜�„†•�ŠjŽ4‡œ¡\ˆ‹„†•?Šj„†•†•£•
ŠVŒ&…�–�ó •4ˆ‰‡œŠjŽ4‡

•4‡‹¼bŠj…VŒ&•"ˆ�•
¤bŠj¼b…V‡îŠj„†¨À‡`•
•4˜�¤QŒF¡j„†Šj„žŒ&• •
…V‡�õ’•4Œ�½P•ªürŒ&•4‡�•4‡‰‡‰˜b¡JŠVŒÕ•
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•=ŠjŽ4‡�•4‡‹¼bŠj…VŒ&•4¡ ¤b…VŒ5˜3¼4ˆ‰‡‰˜�„†•¾•&¡\¡VŒ5ˆ‹„£•
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¡j„†¨W¼b•£•
Šj„žŒ&•ªü4½PŽb„žˆVŽ¾½A•&¡�¼4¡\‡‰˜`ŠVŒœˆ‰Œ&¨œ¤b¼bŠV‡:ŠjŽ4‡T˜3„ž¡jŠj…j„†øb¼bŠj„žŒ&•¾Œ
•=ŠjŽ4‡�…\•
•b¦*‡TŒ
•=•4‡‹¼bŠj…VŒ&•4¡�¤b…VŒ’˜3¼4ˆ‰‡‰˜�„†•

•&¡V¡VŒ’ˆ‹„£•
Šj„žŒ&•�½P„†ŠjŽ 11 °qüy•&¡x¡jŽ4Œ�½P•�„†•�©�„†¦F¼b…V‡Á�3– ¸3–

¬>Ž4‡J•‰ *‡‹…\•
¦*‡	‡‹•4‡‹…j¦F±�Œ
•�•4‡‹¼bŠj…VŒ&•4¡ ¤b…VŒ’˜3¼4ˆ‰‡‰˜�„†•D•&¡V¡VŒ’ˆ‹„£•
Šj„žŒ&•¾½P„†ŠjŽ 11 °-„ž¡�¨W¼4ˆVŽD•žŒ�½A‡‹… ŠjŽy•
•�ŠjŽ4‡

•‰ *‡‹…\•
¦*‡ ‡‹•4‡‹…j¦F±JŒ
•ª•
•†•4•4‡‹¼bŠj…VŒ&•4¡/¤b…VŒ5˜3¼4ˆ‰‡‰˜œ„†•œ¨W¼4Œ&•3·”„†•4˜3¼4ˆ‰‡‰˜�¡VŽ4Œ�½²‡‹…V¡Ã“mŠjŽb„ž¡r„ž¡r˜3¼4‡PŠVŒ�ŠjŽ4‡�˜bŒ&¨œ„†•y•
•5Š

¤b…VŒ’˜3¼4ˆ‹Šj„žŒ&•�¨À‡‰ˆVŽy•
•b„ž¡j¨}ø+‡‹„†•b¦œŠjŽ4‡:¤bŽ4Œ&ŠVŒ
·”•4‡‹¼bŠj…VŒ&•�…V‡�•&ˆ‹Šj„žŒ&•�•
ŠPŠjŽ4‡�¦F„£•
•?Š ˜3„†¤+Œ&•ž‡�…V‡‰¡VŒ&•y•
•4ˆ‰‡hŒ
• 12 °

•
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°AŒ&…j…V‡‰¡j¤QŒ&•4˜3„†•b¦F•†±*ü&ŠjŽ4‡/•� *‡‹…\•
¦*‡r…\•
•b¦*‡/Œ
•3•4‡‹¼bŠj…VŒ&•4¡=•&¡V¡VŒ’ˆ‹„£•
ŠV‡‰˜:½P„†ŠjŽ 11 °Õ¤b…VŒ’˜3¼4ˆ‹Šj„žŒ&•h„ž¡(•
•ž¡\ŒP¨h¼4ˆ\Ž

•žŒ�½A‡‹…:ŠjŽy•
•DŠjŽ4‡	•� *‡‹…\•
¦*‡	…\•
•b¦*‡	Œ
•A•
•†•=ŠjŽ4‡h•4‡‹¼bŠj…VŒ&•4¡:¤b…VŒ’˜3¼4ˆ‰‡‰˜Õ„†•�ŠjŽ4‡	¡jŽ4ŒÃ½²‡‹…�–:¥�‡œ•
•ž¡VŒ�•4Œ&ŠV‡JŠjŽy•
Š

•�•4‡‹¼bŠj…VŒ&•�ˆ‹…V‡�•
ŠV‡‰˜�„†•�•&¡V¡VŒ’ˆ‹„£•
Šj„žŒ&•D½P„†ŠjŽ�• 11 ° •?¼4ˆ‹•†„ž˜b‡	¤b…VŒ’˜3¼4ˆ‹Šj„žŒ&•�ˆ�•
•ÕŠj…j„†¦F¦*‡‹…�•5¼4ˆ‹•ž‡�•
…:…V‡�•&ˆ‹Šj„žŒ&•4¡

õ’•4Œ5ˆ\õ5„†•b¦hŒD��Œ&ŠjŽ4‡‹…r•4‡‹¼bŠj…VŒ&•4¡�“�Œ&¼b…/ˆ�•
•žˆ‹¼b•£•
Šj„žŒ&•�¦F„† *‡‰¡²•
•�•‰ *‡‹…\•
¦*‡x•?¼b¨Wø+‡‹…AŒ
•=úF– ´q•4‡‹¼bŠj…VŒ&•4¡²ˆ�•
¤bŠj¼b…V‡‰˜

¤Q‡‹…h•4‡‹¼bŠj…VŒ&•4¡	¤b…VŒ’˜3¼4ˆ‰‡‰˜É„†•"•&¡V¡VŒ’ˆ‹„£•
Šj„žŒ&•�½P„†ŠjŽ"• 11 °ð•?¼4ˆ‹•†„ž˜b‡F–ª•‚‘’‡‰ˆ‰Œ&•4˜-›�•4‡‹¼bŠj…VŒ&•4¡œˆ�•
•"•H�Q‡‰ˆ‹ŠWŠjŽ4‡

ŠjŽb…V‡‰‡ï·Î•ÎŒ&•ž˜�ˆ‰Œ&„†•4ˆ‹„ž˜b‡‹•4ˆ‰‡:‡���ˆ‹„ž‡‹•4ˆ‹±�¡j„†•4ˆ‰‡qŠjŽ4‡‹±À¤b…VŒ’˜3¼4ˆ‰‡T•
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•
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"
„†•W…V‡z�j‡‰ˆ‹Šj„†•b¦ 11 °É‡‹ *‡‹•?ŠV¡�Š\•
¦F¦*‡‰˜J½P„†ŠjŽœŠjŽ4‡Aˆ‰Œ&„†•4ˆ‹„ž˜b‡‹•4ˆ‰‡P¨h¼4Œ&•e» •4‡‹¼bŠj…VŒ&•À„ž¡�‡�
5¼y•
•

ŠVŒ	ŠjŽ4‡Tˆ‰Œ&¨Wøb„†•4‡‰˜¾‡���ˆ‹„ž‡‹•4ˆ‹„ž‡‰¡x•šŒ&…PŠjŽ4‡Tˆ‹¼bŠP„†•�¡j¤y•&ˆ‰‡Fü
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" (r; t) = � (r ) � � (t)
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½PŽ4‡‹…V‡

� (t)
„ž¡�ŠjŽ4‡T‡���ˆ‹„ž‡‹•4ˆ‹±`•šŒ&…PŠjŽ4‡T…V‡z�‚‡‰ˆ‹Šj„žŒ&•ÕŒ
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•qŠjŽ4‡`¤y•
…V‡‹•?ŠÀ¨W¼4Œ&•6Šj…\•&ˆVõ3¡À•
•4˜

Œ
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ˆ‰Œ� *‡‹…V‡‰˜¾ø?±î•4‡‹¼bŠj…VŒ&•4¡q•
•žŒ&•b¦�ŠjŽ4‡Æ�‹·B•�í’„ž¡JñÛ¨h¼4Œ&•¾˜3„†…V‡‰ˆ‹Šj„žŒ&•eöï–

Ã

´Fµ
¶

�
úÃöW•
•4˜Ñ•�¡j•žŒ�½LŒ&•4‡î˜3¼4‡�ŠVŒ�ŠjŽ4‡�ˆ�•
¤bŠj¼b…V‡�„†• •²°}ñ

� sim
Ã

´��Fµ

�
´*öï–

Ÿ

¦F•žŒ&øy•
•�	4Š	Œ
•�ŠjŽ4‡

ˆ�•
¤bŠj¼b…V‡�Šj„†¨À‡:˜3„ž¡jŠj…j„†øb¼bŠj„žŒ&•�„†•`½>•
ŠV‡‹…x•
•4˜`„†•`•A°9ñš©m„†¦F¼b…V‡Á�’– ¸*ö/•ÎŒ&…�•
•†•QŠjŽ4‡�•4‡‹¼bŠj…VŒ&•4¡P„†•4¡j„ž˜b‡:•J¡j¤bŽ4‡‹…V‡

Œ
•J�`¨å•š…VŒ&¨åŠjŽ4‡�ˆ‰‡‹•?ŠV‡‹…WŒ
•PŠjŽ4‡�˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…îñÎ•
¤b¤b…VŒ‰í�ŠjŽ4‡À˜3„ž¡jŠ\•
•4ˆ‰‡�Œ
•PŠjŽ4‡�•rû�¬Â�«¡ïöïü(½A‡�Œ&øbŠ\•
„†•

� sim
Ã

´Fµ��

�
ú

�s
–Õ¬>Ž4‡î &•
•†¼4‡î¨À‡�•&¡j¼b…V‡‰˜Ñ„†•~°A¬P© ñÎ•&¡	…V‡‹¤QŒ&…jŠV‡‰˜Ñ„†•"‘’‡‰ˆ‹Šj„žŒ&•Ø�’–†úÃöh„ž¡	‡�
?¼y•
•AŠVŒ

� meas
Ã

´3ú‹¶

�
úFú

�s
–�¬>Ž4‡W•
¦F…V‡‰‡‹¨À‡‹•?Š Œ
•

� meas
½P„†ŠjŽ

� sim
½P„†ŠjŽb„†•

1�
ˆ‰Œ&•�	4…j¨À¡xŒ
•=ŠjŽ4‡�…V‡‹•†„£•
øb„†•†„†Š1±�Œ
•�ŠjŽ4‡

¡j„†¨W¼b•£•
Šj„žŒ&•ª–

©b…VŒ&¨ÄŠjŽ4‡D©=÷

�

ô

Ÿ

¡j„†¨W¼b•£•
Šj„žŒ&•ªüx„†Š`Šj¼b…j•4¡�Œ&¼bŠ`ŠjŽy•
Š¾•
Šî•ž‡�•&¡jŠ�• 11 °Ó•?¼4ˆ‹•†„ž˜b‡�„ž¡�¤b…VŒ’˜3¼4ˆ‰‡‰˜-„†•

•&¡V¡VŒ’ˆ‹„£•
Šj„žŒ&• ½P„†ŠjŽ•�3úÃÿYŒ
• •4‡‹¼bŠj…VŒ&•4¡�–�¯1•ÑŠjŽ4‡`›>Œ&…V‡ïí’„†•4ŒD¡j„†¨W¼b•£•
Šj„žŒ&•cñ”‘’‡‰ˆ‹Šj„žŒ&••�3– ¸*öïü�ŠjŽ4‡`‡‰¡jŠj„†¨�•
ŠV‡‰˜

¤b…VŒ&øy•
øb„†•†„†Š1± ½>•&¡J•šŒ&¼b•4˜Ñ•žŒ�½A‡‹…�ñ‚ú��*ÿœöï–É¬>Ž4‡`˜3„
�%‡‹…V‡‹•4ˆ‰‡`„ž¡œ˜3¼4‡îŠVŒ�ŠjŽ4‡�¡V¨�•
•†•>¡V„���‡îŒ
•:°A¬P©Aü=½PŽb„žˆ\Ž

•†„†¨œ„†ŠV¡�ŠjŽ4‡�¤b…VŒ&¤y•
¦?•
Šj„žŒ&•DŒ
•=ŠjŽ4‡

�
·”„†•4˜3¼4ˆ‰‡‰˜�¡jŽ4Œ�½A‡‹… •
•4˜�ŠjŽ5¼4¡�ŠjŽ4‡T¡V‡‰ˆ‰Œ&•4˜4•
…j±`•4‡‹¼bŠj…VŒ&•�¤b…VŒ’˜3¼4ˆ‹Šj„žŒ&•ª–

¬>Ž4‡œ‡‹•4‡‹…j¦F±Õ¡j¤+‡‰ˆ‹Šj…j¼b¨ „†•�©�„†¦F¼b…V‡^�’–‰��¡jŽ4Œ�½�¡TŠjŽy•
ŠhýFµ*ÿ}Œ
•AŠjŽ4‡	•4‡‹¼bŠj…VŒ&•4¡:Žy•&¡T•�õ5„†•4‡‹Šj„žˆ	‡‹•4‡‹…j¦F±

øQ‡‹•žŒ�½�´F¸Fµxû�‡1® •
•4˜:¨ÀŒ&…V‡/ŠjŽy•
•W¸Fµ*ÿÔŽy•&¡m‡‹•4‡‹…j¦F±qøQ‡‹•žŒ�½É¶?µPû�‡1®J–Ã¬>Ž4‡�•4‡‹¼bŠj…VŒ&•J•
•b¦F¼b•£•
…(˜3„ž¡VŠj…j„†øb¼bŠj„žŒ&•

½P„†ŠjŽÑ…V‡‰¡j¤+‡‰ˆ‹ŠWŠVŒ�ŠjŽ4‡�¨h¼4Œ&• ˜3„†…V‡‰ˆ‹Šj„žŒ&• ñš©m„†¦F¼b…V‡�³‰�’– þHµÛöïü�•&¡W‡ïí3¤Q‡‰ˆ‹ŠV‡‰˜%üm„ž¡h•ÎŒ&…j½A•
…V˜Ñ¤+‡�•
õ*‡‰˜%ü�¤y•
…jŠj„£•
•†•†±

¡j¨ÀŒ’Œ&ŠjŽ4‡‰˜"ø?± ŠjŽ4‡�ˆ‰Œ&•5Šj…j„†øb¼bŠj„žŒ&•ÔŒ
•�ŠjŽ4‡�¡V‡‰ˆ‰Œ&•4˜4•
…j± •4‡‹¼bŠj…VŒ&•4¡�–N¬>Ž4‡¾•
•b„ž¡VŒ&Šj…VŒ&¤?± „†•4ˆ‹…V‡�•&¡V‡‰¡î•
ŠœŠjŽ4‡

„†•4ˆ‹…V‡�•&¡j„†•b¦�Œ
•xŠjŽ4‡`‡‹•4‡‹…j¦F±Ñ•&¡	¡jŽ4ŒÃ½P• „†• ©�„†¦F¼b…V‡(�’– þ3–D¬>Ž4‡î¨h¼b•†Šj„†¤b•†„žˆ‹„†Š1±"˜b‡‹¤Q‡‹•4˜b¡	¡jŠj…VŒ&•b¦F•†±�Œ&•ÑŠjŽ4‡

¡j„���‡	Œ
•²ŠjŽ4‡	˜b‡‹ŠV‡‰ˆ‹ŠVŒ&…�“q¼b¤�ŠVŒî¶?µFµ�•4‡‹¼bŠj…VŒ&•4¡Tˆ�•
•�ø+‡J¤b…VŒ’˜3¼4ˆ‰‡‰˜�•
•žŒ&•b¦`ŠjŽ4‡	¨�•�í’„†¨W¼b¨å˜3„ž¡jŠ\•
•4ˆ‰‡	ŠjŽy•
Š

•�¨W¼4Œ&•"ˆ�•
•Ñˆ‰ŒÃ *‡‹…V‡‰˜É„†•6°A¬P© ñÎ•
øQŒ&¼bŠîú�µ¾¨�öï–�§qŒ�½²‡‹ *‡‹…ÀýFµ*ÿYŒ
•�ŠjŽ4‡�¨W¼4Œ&•4¡J¤b…VŒ5˜3¼4ˆ‰‡‰¡J¼b¤ÉŠVŒ�¶?µ

•4‡‹¼bŠj…VŒ&•4¡ •
•4˜�¨ÀŒ&…V‡:ŠjŽy•
•�¸Fµ*ÿ ¦*‡‹•4‡‹…\•
ŠV‡‰¡x•ž‡‰¡V¡PŠjŽy•
•�¸J•4‡‹¼bŠj…VŒ&•4¡�–

¯BŠ��«¡=„†•?ŠV‡‹…V‡‰¡jŠj„†•b¦:ŠVŒ:Œ&ø4¡\‡‹…j *‡²ŠjŽy•
Š/þ��*ÿ Œ
•+ŠjŽ4‡A•4‡‹¼bŠj…VŒ&•4¡r¡j„†¨h¼b•£•
ŠV‡‰˜À„†•À°A¬P©Õˆ‰Œ� *‡‹…V¡²•�˜3„ž¡jŠ\•
•4ˆ‰‡A•ž‡‰¡V¡

ŠjŽy•
•�úx¨ ñš©�„†¦F¼b…V‡Ì�’– ý*ö�øb¼bŠ�ü?Š\•
õ’„†•b¦h„†•5ŠVŒW•&ˆ‰ˆ‰Œ&¼b•?ŠAŠjŽy•
Š


 2:2M eV
„†•�¡Vˆ‹„†•5Šj„†•†•£•
ŠVŒ&…Aˆ‰ŒÃ *‡‹…V¡P•:˜3„ž¡jŠ\•
•4ˆ‰‡xŒ
•

ú����



°²Žy•
¤bŠV‡‹…0�’“�¯1•�¡j„†Šj¼ 11 °-¤b…VŒ5˜3¼4ˆ‹Šj„žŒ&•�ø5±�ˆ‰ŒF¡j¨œ„žˆ

�
„†•�°A¬P©
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©�„†¦F¼b…V‡r�’–‰�’“xñÎ•*öAòq‡‹¼bŠj…VŒ&•�¨h¼b•†Šj„†¤b•†„žˆ‹„†ŠB±*–�ñÛøeö0/r•4‡‹…j¦F±`˜3„ž¡VŠj…j„†øb¼bŠj„žŒ&•�Œ
•=ŠjŽ4‡:•4‡‹¼bŠj…VŒ&•4¡�–

´Fµ�·1�Fµ�ˆ‹¨�ü4ŠjŽ4‡Jˆ‹¼b¨h¼b•£•
Šj„† *‡J¤b…VŒ&øy•
øb„†•†„†Š1±�ŠVŒî˜b‡‹ŠV‡‰ˆ‹Šq•À•4‡‹¼bŠj…VŒ&•D•&¡x•š¼b•4ˆ‹Šj„žŒ&•ÕŒ
•�ŠjŽ4‡Jˆ‰Œ� *‡‹…V‡‰˜Õ˜3„ž¡jŠ\•
•4ˆ‰‡

„ž¡P…V‡‰˜3¼4ˆ‰‡‰˜¾•
•4˜�•
Šhú�¨�„ž¡�‡�
5¼y•
•ªŠVŒ^��¶5ÿî–

¬>Ž4‡À‡‹•4‡‹…j¦F±�ˆ‹¼bŠhŒ&•ÉŠjŽ4‡


 2:2M eV
¡j¤Q‡‰ˆ‹Šj…j¼b¨å„ž¡Tˆ‰Œ&…j…V‡‹•£•
ŠV‡‰˜ÉŠVŒ�ŠjŽ4‡œ…\•&˜3„£•
•Aˆ‹¼bŠ�–


 2:2M eV
‡‹ *‡‹•5ŠV¡

øQ‡‹•žŒ&•b¦F„†•b¦¾ŠVŒ�ŠjŽ4‡œ¤Q‡�•
õ�ˆ‰‡‹•?ŠV‡‹…V‡‰˜�Œ&•�´3– ´�ûÕ‡”®	ü%„†•4˜b‡‰‡‰˜%ü�˜b‡‹¤+ŒF¡j„†ŠJ•
•†•rŠjŽ4‡À‡‹•4‡‹…j¦F±�„†•4¡j„ž˜b‡œŠjŽ4‡À *‡‰¡V¡V‡‹•

•
•4˜DŽy•‰ *‡�•�Žb„†¦FŽ4‡‹…h¤b…VŒ&øy•
øb„†•†„†Š1±DŠVŒ`ø+‡	ˆ‰Œ&•5Š\•
„†•4‡‰˜�„†•�ŠjŽ4‡C	y˜3¼4ˆ‹„£•
•� *Œ&•†¼b¨À‡œŠjŽy•
•�‡‹ *‡‹•5ŠV¡T„†•DŠjŽ4‡	Š\•
„†•

ñš©�„†¦F¼b…V‡r�’– ¸*öï–

¯B•�Œ&…V˜b‡‹…xŠVŒÀ˜b‡‹…j„† *‡TŠjŽ4‡Tˆ‰Œ&…j…V‡‹•£•
ŠV‡‰˜¾‡���ˆ‹„ž‡‹•4ˆ‹±

� (" r ; " 
 )
üb½A‡h•
¤b¤b•†±É	4…V¡jŠPŠjŽ4‡Tˆ‹¼bŠxŒ&•�ŠjŽ4‡


 2:2M eV
‡‹•4‡‹…j¦F±�•
•4˜�ŠjŽ4‡‹•�ŠjŽ4‡:…\•&˜3„£•
•(ˆ‹¼bŠ�üe•&¡P½²‡T˜3„ž˜¾Œ&•�ŠjŽ4‡:…V‡�•
•(˜4•
Š\•�ñ”‘’‡‰ˆ‹Šj„žŒ&•��’–"�*öï“

�
¯jöAˆ‹¼bŠxŒ&•�ŠjŽ4‡


 2:2M eV
‡‹•4‡‹…j¦F±`¡V¤+‡‰ˆ‹Šj…j¼b¨€ñ+/óÍ úF– þ	û�‡1®:ö>�

�
¯V¯jö/…\•&˜3„£•
•(ˆ‹¼bŠWñÛ…}�cµ3–‰�	¨�öï–

¬>Ž4‡:ŠVŒ&Š\•
•(˜b‡‹ŠV‡‰ˆ‹Šj„žŒ&•Õ‡���ˆ‹„ž‡‹•4ˆ‹±`„ž¡PŠjŽ4‡‹•¾‡�
5¼y•
•%ŠVŒb“

" tot = "en � " inv � "n � � (" r ; " 
 ) = 0:23:
ñÊ�’–†ú��*ö

¬>Ž4‡:¨�•
„†•�¡V±’¡jŠV‡‹¨�•
Šj„žˆ‰¡x¡VŒ&¼b…Vˆ‰‡‰¡x•
…V‡�Š1½AŒb“rŠjŽ4‡:¼b•4ˆ‰‡‹…jŠ\•
„†•5Šj„ž‡‰¡ Œ&•�ŠjŽ4‡:¡\ˆ‹„†•?Šj„†•†•£•
ŠVŒ&…x¨�•&¡\¡�˜b‡‹ŠV‡‹…j¨œ„™·

•y•
Šj„žŒ&•Õ•
•4˜¾Œ&•¾ŠjŽ4‡:•†„†¦FŽ5Šx±’„ž‡‹•ž˜�¨À‡�•&¡j¼b…V‡‹¨À‡‹•?Š •š…VŒ&¨ÓŠjŽ4‡ 14C
‡‹•4‡‹…j¦F±�¡j¤Q‡‰ˆ‹Šj…j¼b¨Ó½PŽb„žˆ\ŽD•H�%‡‰ˆ‹ŠV¡�øQŒ&ŠjŽ

ŠjŽ4‡ 11C
•
•4˜�ŠjŽ4‡


 2:2M eV
‡‹•4‡‹…j¦F±Õ¡j¤+‡‰ˆ‹Šj…\•Õñš¡V‡‰‡À‘’‡‰ˆ‹Šj„žŒ&•�¸3– ¶5öï–W‘5±3¡jŠV‡‹¨�•
Šj„žˆ	‡‹…j…VŒ&…V¡T•
…V‡W…V‡‹¤QŒ&…jŠV‡‰˜D„†•

¬m•
øb•ž‡g³‰�’– ¶Mµ1–

¯B•4¡V‡‹…jŠj„†•b¦�ñÊ�’–†ú��*öA„†•ÉñÊ�’–†ú�´*öïüyŠjŽ4‡ 11C
…\•
ŠV‡:…V‡‰¡j¼b•†ŠV¡Ã“

ú��Fþ



°²Žy•
¤bŠV‡‹…��’“�¯1•�¡V„†Šj¼ 11 °N¤b…VŒ5˜3¼4ˆ‹Šj„žŒ&•�ø?±`ˆ‰ŒF¡j¨œ„žˆ

�
„†•�°A¬P©

©�„†¦F¼b…V‡r�’– þ3“xñÎ•*ö�‘’ˆ�•
ŠjŠV‡‹…x¤b•žŒ&ŠxŒ
•�ŠjŽ4‡T•4‡‹¼bŠj…VŒ&•¾õ’„†•4‡‹Šj„žˆT‡‹•4‡‹…j¦F±`•&¡P•Û¼b•4ˆ‹Šj„žŒ&•ÕŒ
•�ŠjŽ4‡T•
•b¦F¼b•£•
…q˜3„ž¡jŠj…j„†øb¼3·

Šj„žŒ&•ª–xñÛøeö�‘’ˆ�•
ŠjŠV‡‹…x¤b•žŒ&ŠxŒ
•�ŠjŽ4‡T•4‡‹¼bŠj…VŒ&•�õ5„†•4‡‹Šj„žˆh‡‹•4‡‹…j¦F±�•&¡P•Û¼b•4ˆ‹Šj„žŒ&•¾Œ
•=ŠjŽ4‡:ˆ‰Œ� *‡‹…V‡‰˜�˜3„ž¡jŠ\•
•4ˆ‰‡F–
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©�„†¦F¼b…V‡¡�’– ý3“�ñÎ•*öTƒq„ž¡jŠj…j„†øb¼bŠj„žŒ&•4¡œŒ
•�ŠjŽ4‡`˜3„ž¡jŠ\•
•4ˆ‰‡‰¡JøQ‡‹Š1½²‡‰‡‹• ŠjŽ4‡î•4‡‹¼bŠj…VŒ&•Ñ¤b…VŒ5˜3¼4ˆ‹Šj„žŒ&•6•
•4˜ ˆ�•
¤bŠj¼b…V‡

¤QŒ&„†•?ŠV¡ ñÛøb•£•&ˆ\õ	•†„†•4‡Ãö�•
•4˜œøQ‡‹Š1½²‡‰‡‹•�•4‡‹¼bŠj…VŒ&•À¤b…VŒ’˜3¼4ˆ‹Šj„žŒ&•î•
•4˜	ŠjŽ4‡�ˆ‰‡‹•5ŠV‡‹…²Œ
•Q¨�•&¡V¡rŒ
•QŠjŽ4‡


 2:2M eV
ñÛ…V‡‰˜

•†„†•4‡Ãöï–xñÛøeö�°²¼b¨W¼b•£•
Šj„† *‡T¤b…VŒ&øy•
øb„†•†„†Šj„ž‡‰¡qˆ‰Œ&…j…V‡‰¡j¤QŒ&•4˜3„†•b¦�ŠVŒ	ŠjŽ4‡T˜3„ž¡jŠj…j„†øb¼bŠj„žŒ&•4¡x„†•¾©�„†¦F¼b…V‡�ñÎ•*öï–

ú��Fý



°²Žy•
¤bŠV‡‹…0�’“�¯1•�¡j„†Šj¼ 11 °-¤b…VŒ5˜3¼4ˆ‹Šj„žŒ&•�ø5±�ˆ‰ŒF¡j¨œ„žˆ

�
„†•�°A¬P©

‘’Œ&¼b…Vˆ‰‡TŒ
•�ŠjŽ4‡h¡j±’¡VŠV‡‹¨�•
Šj„žˆ‰¡

�

•4ˆ‰‡‹…jŠ\•
„†•?ŠB± ‘5±’¡VŠV‡‹¨�•
Šj„žˆ‰¡xŒ&•�ŠjŽ4‡ 11 °N…\•
ŠV‡

ñÊ»:ö ñ ·Òö

ûÕ•&¡V¡xŒ
•�ŠjŽ4‡:¡Vˆ‹„†•5Šj„†•†•£•
ŠVŒ&… ¶4– ¸*ÿ ¶4– ¸*ÿ ¸3– ¸*ÿ

÷%„†¦FŽ?Šx³q„ž‡‹•ž˜%“ �’– ¸*ÿ

11C
‡‹•4‡‹…j¦F±�¡j¤+‡‰ˆ‹Šj…j¼b¨ þ3– ´*ÿ µ3– µ*ÿ


 2:2M eV
‡‹•4‡‹…j¦F±�¡j¤+‡‰ˆ‹Šj…j¼b¨ ´3–"�*ÿ ´3–"�*ÿ

¬(Œ&Š\•
• ý3–"�*ÿ �3– µ*ÿ

¬m•
øb•ž‡$�’– ¶4“�/r¡jŠj„†¨�•
ŠV‡‰˜¾¡j±’¡VŠV‡‹¨�•
Šj„žˆ‰¡�Œ&•�ŠjŽ4‡TŒ&•�ŠjŽ4‡ 11 °N…\•
ŠV‡h‡‹ &•
•†¼y•
Šj„žŒ&•�•š…VŒ&¨}˜3„
�%‡‹…V‡‹•?Šx¡\Œ&¼b…Vˆ‰‡‰¡�–

r =
N

T � "en � " inv � "n � � (" r ; " 
 )
= 0:64 � 0:17(stat: ) +0 :06

� 0:04 (syst:) c=d:
ñÊ�’–†ú‹¶5ö

½PŽb„žˆ\ŽÉ„ž¡:„†•�¦*Œ’Œ’˜�•
¦F…V‡‰‡‹¨À‡‹•?Š�ñÛ½P„†ŠjŽb„†•Nú

�
öq½P„†ŠjŽ�ŠjŽ4‡À‡ïí3¤Q‡‰ˆ‹ŠV‡‰˜�…\•
ŠV‡¾ñz˜

Ã
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ŠV‡‰˜�ŠjŽ4‡x˜b‡‹ŠV‡‰ˆ‹Šj„žŒ&•

‡���ˆ‹„ž‡‹•4ˆ‹±Õ½P„†ŠjŽÉ•�ûÕŒ&•?ŠV‡�°>•
…j•žŒ�¡V„†¨h¼b•£•
Šj„žŒ&•ª–	ƒ�‡‰¡j¤b„†ŠV‡	ŠjŽ4‡J•£•
…j¦*‡	¼b•4ˆ‰‡‹…jŠ\•
„†•?Šj„ž‡‰¡W¨�•
„†•b•†±�˜3¼4‡	ŠVŒîŠjŽ4‡

•žŒ�½9¡jŠ\•
Šj„ž¡jŠj„žˆ‰¡q¡\•
¨œ¤b•ž‡FüeŠjŽ4‡W•
¦F…V‡‰‡‹¨À‡‹•5Š�Œ
•rŠjŽ4‡WŒ&ø4¡V‡‹…j *‡‰˜ 11 ° •&ˆ‹Šj„† ’„†Š1±�½P„†ŠjŽÕŠjŽ4‡T„†•4˜b‡‹¤Q‡‹•4˜b‡‹•?Š�¨À‡�•�·

¡j¼b…V‡‹¨À‡‹•5Š²•
ŠA°0/r— òº³†ú�µ��•µ4½P„†ŠjŽb„†•¾ú

�
¡VŽ4Œ�½�¡�ŠjŽy•
ŠrŠjŽ4‡>ŠjŽb…V‡‰‡ï·Î•ÎŒ&•ž˜Àˆ‰Œ&„†•4ˆ‹„ž˜b‡‹•4ˆ‰‡x¨À‡‹ŠjŽ4Œ5˜œ„ž¡r•:¤+ŒÃ½²‡‹…‚•š¼b•

ŠVŒ’Œ&•Q•šŒ&…�˜3„ž¡Vˆ‹…j„†¨œ„†•y•
Šj„†•b¦îŠjŽ4‡ 11 °Nøy•&ˆVõ’¦F…VŒ&¼b•4˜%–

ú‹¶?´



‡ ¦ ¦’¨mˆŠ‰Œ‹6• ‡

Ž •�•’‘”“H•”– — ‘”˜ ™ šœ›’•�“H•”– • š”•’“H‘”ž

238

92U

234

90Th

234

91Pa

234

92U

230

90Th

226

88Ra

222

86Rn

218

84Po

214

82Pb

214

83Bi

214

84Po

210

82Pb

210

83Bi

210

84Po

206

82Pb

a

b

b

a

a

a

a

a

b

b

a

b

b

a

E=4.196 MeV
t 1/2=4.46 109 y

E=0.109 MeV (65Y )
t 1/2=24 d

E=2.29 MeV (98Y )
t 1/2=1.17 m

E=4.77 MeV
t 1/2=2.45 105 y

E=4.69 MeV
t 1/2=7.54 104 y

E=4.78 MeV (94Y )
t 1/2=1622 103 y

E=5.49 MeV
t 1/2=3.825 d

E=6.02 MeV
t 1/2=3.11 m

E=0.72 MeV
t 1/2=26.8 m

E=1.51 MeV (40Y )
t 1/2=19.8 m

E=7.69 MeV
t 1/2=163 ms

E=0.015 MeV (81Y )
t 1/2=22.3 y

E=1.17 MeV
t 1/2=5.01 d

E=5.3 MeV
t 1/2=138.4 d

Ÿ• ¢¡�£¥¤T¦¨§�©¢ª�«H¬X¤<­¯®¥ ¢£¥°²±N³�­¯ ¢®

ªµ´]¶



232

90Th

228

88Ra

228

89Ac

228

90Th

224

88Ra

220

86Rn

216

84Po

212

82Pb

212

83Bi

212

84Po
208

81Tl

208

82Pb

a
E=4.01 MeV

t 1/2=1.4 1010 y

b
E=0.053 MeV
t 1/2=5.76 y

b
E=1.11 MeV (53%)
t 1/2=6.13 h

a
E=5.423 MeV (73%)

t 1/2=1.9 y

a
E=5.685 MeV (95%)

t 1/2= 3.66 d

a
E=6,288 MeV

t 1/2=55.6 s

a
E=6.778 MeV

t 1/2=150 ms

b
E=0.33 MeV (88%)
t 1/2=10.64 h

b
E=2.25 MeV (64%)
t 1/2=60.6 m

a
E=8.79 MeV
t 1/2=298 ns

a E=6.04 MeV (36%)

b E=1.8 MeV
t 1/2=3.03 m

Ÿ• ¢¡�£¥¤T¦¨§�©¸·ƒ«H¹~³#º2¤� ¢£¥°²±N³�­¯ ¢®

ªµ´�´
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‡ ¼Š¼¾½m¿ ‰Œ‹6À Á

Â “HžmÃÄ•’•Å˜œÆÇ˜ È •”‘”ž

¤�£¥® É¥¤Tº2Ê¥Ë$¦µ° ¤�£¥® É¥¤Tº2Ê¥Ë$¦µ° ¤�£¥® É¥¤Tº2Ê¥Ë$¦µ°

·�Ì�»�» Í ·�·¯´]» Î ·�¶ƒª;Ï Í

·�Ì�»�Ï Í ·�·¯´]Ð Î ·�¶�·�· Î

·�Ì�Ï�· Ñ ·�·�»�¶ Î ·�¶�·�Ï Í

·�ÌÓÒ2· Í ·�·�»�» Í ·�¶�·ÓÒ Ñ

·�ÌÓÒ�´ Í ·�·�»�Ô Í ·�¶�·�Ð Ñ

·�Ì�Ð�» Ñ ·�·�Ï�Ì Í ·�¶�·�Ô Î

·ƒª�ª;· Í ·�·�Ïƒª Í ·�¶¯´6Ò Ñ

·ƒª;·ƒª Ñ ·�·�Ï�· Í ·�¶¯´]Ð Ñ

·ƒª;·�¶ Í ·�·�Ï�¶ Í ·�¶¯´]Ô Ñ

·ƒª;·¯´ Í ·�·�Ï¯´ Í ·�¶�»�Ï Í

·ƒª;¶�» Í ·�·�ÏÓÒ Î ·�¶�»�Ð Ñ

·ƒª�Ò2Ô Í ·�·ÓÒ1ª Í ·�¶�Ï�¶ Í

·ƒª;Ôƒª Ñ ·�·ÓÒ2· Í ·�¶�Ï¯´ Í

·ƒª;Ô�Ï Î ·�·ÓÒ2¶ Í ·�¶ÓÒ2Ì Ñ

·ƒª;Ô�Ô Î ·�·ÓÒ2Ï Í ·�¶ÓÒ2» Í

·�·�Ìƒª Î ·�·ÓÒ�Ò Í ·�¶ÓÒ2Ð Ñ

·�·�Ì¯´ Í ·�·ÓÒ2Ð Í ·�¶ÓÒ2Ô Ñ

·�·ƒª�ª Í ·�·ÓÒ2Ô Í ·�¶�Ðƒª Ñ

·�·ƒª;· Í ·�·�Ð�Ì Í ·�¶�Ð¯´ Ñ

·�·ƒª;¶ Í ·�·�Ôƒª Í ·�¶�Ð�» Ñ

·�·ƒª�Ò Î ·�·�Ô¯´ Í ·�¶�Ô�· Í

·�·�·�Ì Í ·�·�Ô�Ï Î ·�¶�Ô�¶ Í

·�·�·ƒª Í ·�·�ÔÓÒ Í ·�¶�Ô�Ï Í

·�·�·�· Í ·�·�Ô�Ô Í ·¯´]Ì�Ï Ñ

·�·�·�¶ Í ·�¶�Ì�Ì Í ·¯´]ÌÓÒ Í

·�·�·�» Í ·�¶�Ì�Ï Í ·¯´#ªµ´ Í

·�·�·ÓÒ Í ·�¶ƒª�ª Î ·¯´#ª;» Í

·�·¯´]· Í ·�¶ƒª;¶ Í ·¯´]·�¶ Í

¹u­¯Ê¥Ë$¦CÕÖ©¢ª�«×Ñ„ $ØTÙ�º¯ÚcÛƒ $ØTÜ;­¯¤TÛ¥¦5Û'¤�£¥®#Ø;«¨ÝZÑ•Þ�ßŠÑ:­2ØT¦µ¤ÖÎ×£¥®aàáÝZÍNÞÖßŠÍHË$¦5ÜµÙ�¤Tº2®¥ $ÜCâH¤Tº2Ê¥Ë$¦µ°�àKÝZÎ�Þ�ßŒãb ¢¡�³

äo£#º2®8¹a¤� ¢¡�¡Ó¦µ¤XÎ�­¯ÙT¦åÝRÉæº�ØTØ� ¢Ê¥Ë$¦Ö®#º2 $ØT¦�Þç©

ªµ´]Ï



è “áéëêH“á›’ìí•Å•’îëšðï

ñ

ªçòC±�©aÑc©u±óº;ô~­¯®�­¯®#ÛmŸ~©aÎX¦µ ¢®#¦5Ø�àáõæö�÷2ø�ùçúAû5ü2øA÷2ý�þZÿRý*ö��ƒþZø�ÿRý/ü8ÿ�ý/þ†öçø&÷]ù5þZÿZü�ý��HÿZþRú��]ö��1þ†öçø�ü2ý��µàuâK³
	ƒØ;©

Îb¦��*©„ª;ÌÓÒ1à:Ý&ª;Ô�»ÓÒ�Þ-ª;Ï�Ì�Ô
�<ª;Ïƒª�ª�©

ñ

·�òwã�©/§�©æÕ~¦µÙ�³#¦C­¯®#Û ±�©*ÑK©a±N¤� ¢ÙTÜT³���¦µË$Û„à��:úƒöóû5ü2ø��A÷�þZÿ ü2ý ü&û��]ö��ƒþ†öçø�ü2ý��������/ø�ü�þ�ü2ý ùTü����çÿRý/÷�þZÿ ü2ý�à

âH³�	1Ø�©#ÎX¦��æ©#»¯´#àaÝ&ª;Ô�¶�ÐÓÞ×·¯´]Ð
�
·�»¯´#©

ñ

¶�òC±�©1Ÿ~©��Óº2®�� ¦µ ! ;Ø#"2Ü%$Ó¦µ¤;à'&(�Töçø*),+$ö��åöçý�þ-�.�/�c÷�ý0��+1�6ý�26öçý8ÿRý�3�ý#ý*öçøçý4�]öçøbõ/þ†öçøçý*ö657383çà]âK³
	ƒØ� !$*©�9•©¢à

¶�Ô�Ý&ª;Ô�¶�ÐÓÞ×Ï�¶�¶ƒ©

ñ

´2òwã�©¥§w©¥Õ~¦µÙ�³#¦�à0)~ý*öçø:2���;~ø&ü6�<�ƒù5þZÿ ü2ý?ÿRý8õ/þ�÷�ø#�Aà#âH³�	1Ø�©#ÎX¦��æ©¢à¥»�»ƒà¥´]¶¯´oÝ&ª;Ô�¶�ÔÓÞç©

ñ

»�ò>=*©HÕóË¢£#Ûƒ°å­¯®aà'?w©HãÖ­¯Ù<­ƒàóâu© Ñ:­¯®¥¡]­2Ü#$Ó¦µ¤;àA@B�µþZø&ü���ú
�C��ÿ ùT÷�+'�5ü�+D�ƒþZÿ ü2ý���÷2ø�ö�ÿRý/ùTü��A�ƒ÷�þZÿE��+$ö4�HÿRþRúÅþRú¥ö

õ*ü<+ ÷2ø�F ö��ƒþZø�ÿRý/ü��Ó÷�þ�÷�à�âH³
	ƒØ;© ÎX¦��æ©�G ´]Ô�Ý&ª;Ô�Ô¯´6Þ ¶�Ï�·�·
�
¶�Ï�·�»ƒ©

ñ

Ï�ò�H#©
?w©�Õ~­¯³#Ü;­¯Ë¢Ë�àI�:úƒöJ+1�.��ÿRý/üC�çÿRþ-�ÖùTü2ý��µþZø&÷�ÿ�ý�þ„ü2ý>�5ü�+¢÷2øcý*ö��1þZøçÿ�ý*üLKJ�<M]ö��µà¯âK³
	ƒØ;©�Îb¦��*©�±mÏ�»wÝ ·�Ì�Ì�·ÓÞç©

ñ

Ò�ò�H#©N?�©/Õ ­¯³#Ü;­¯Ë¢Ë�àaä�©*ãw©*âH ¢®#ØTº2®¥®#¦;­¯£¥Ë¢Ùw­¯®#ÛO=*©*Õ ­2Ø�£aà•õ*ü�+¢÷2ø�P'ü6�]ö�+D�RQAù��6øçøTöçý�þ�öS�ƒü;ùçú ÷2ý0� þZÿT�åö

�]öS�¥öçý0�]öµý/ù<ö���Uáýæö��1þZøçÿRý/üC�#Uu÷�ý0�-ú¥ö�+ ÿ üC�;öçÿV���Aü�+ ü#22ÿZù<÷�+��/ø�ü��¥öçøµþZÿ�ö��çà6§bØ�Ù�¤Tº2É¥³�	1Ø�©<H#©�»�»�»ƒà�Ý ·�Ì�Ìƒª�ÞáÔ�Ô�Ì
�

ª;Ìƒª;·ƒ©

ñ

Ð�ò�H#©�?�©¥Õ ­¯³#Ü;­¯Ë¢Ë:­¯®#Û äÅ©ƒã�©¥âH ¢®#ØTº2®¥®#¦;­¯£¥Ë¢Ù;àXW úƒ÷�þJ�Óü��Nö�Y�ý/ü�þ1Z/[�ý/ü<� þRúƒö�ü�ø�öµþZÿ ùT÷�+T+1� ÷
�Tü��1þ\�µü<+ ÷2ø

ý*ö��1þZøçÿ�ý*ü*K,�<M]ö���]�à#âH³
	ƒØ;©#Îb¦��*©¥Ñ:¦µÙ�Ù;©�Ô�ÌA·ƒª;Ð�Ì�·ƒà:Ý ·�Ì�Ì¯´6Þç©

ñ

Ô�òw§�©„Ÿ#º2¤�°, $Ü5º2Ë"­�¦µÙ�­¯Ë�©¢à^@B�µþZø&ü��/ú
�C��ÿ ùT÷�+Hõ`_ ûµ÷]ù5þ�ü2øåü&û 14 FaYb�`U



Z 15 c

à„âH³
	ƒØ;©aÑ:¦µÙ�Ù;©aÕ »�Ôƒª8Ý ·�Ì�Ì¯´6Þçà

Ïƒª�©

ñ

ª;Ì�òwÎw©IG-­R�1 $Ø;àdGC©e=*©aãÖ­¯¤�°A¦µ¤;à•­¯®#Ûgf,© ±�©aãbºChæ°å­¯®aàcõæö�÷2ø�ùçúAû5ü2ø�F ö��ƒþZøçÿ�ý/ü��~ûçø�ü�� þRúƒö,õ`�1ý�à:âK³
	ƒØ;©

Îb¦��*©¥Ña¦µÙ�Ù;©/·�Ìƒà:Ý&ª;Ô�Ï�ÐÓÞÖª;·�Ì�»
�<ª;·�Ì�Ôƒ©

ñ

ª�ªçòwÕÖ©câ•º2®]ÙT¦5Ü5º2¤8�Óº¥à�3�ýji¯öçø��5ö

�
�/ø�ü;ù<ö����çà*?Ö­¯Ù� $º2®�­¯ËbÎb¦5ØT¦;­¯¤TÜT³ ±óº2£¥®#Üµ ¢Ë�º¯Úw±~­¯®�­2Û#­ƒàXG� !�1 $Ø� $º2® º¯Ú

§~ÙTº2°, $ÜóÍH®#¦µ¤�¡<	Óà6±N³�­¯Ë!$¨ÎX !�Ó¦µ¤uÑ:­¯Êæº2¤<­¯ÙTº2¤8	 ÎX¦µÉæº2¤�Ù^?�º¥©�â•©kGC©¯·�Ì�»ƒàƒª;Ô¯´]Ï�ÝR£¥®¥É¥£¥Ê¥Ë¢ $Ø�³#¦5Û�Þç©2§d��­¯ ¢Ëb�

­¯Ê¥Ë$¦ ­¯ÙX³]Ù�Ù�Éa«el<l�Éæº2®]ÙT¦5Ü5º2¤8�Óº¥© m& ¢®¥¤;© ¤�£ ©

ñ

ª;·�ò>=1§*nÖÍ Ü5º2Ë¢Ë"­¯Êæº2¤<­¯Ù� $º2® Ý-H#©o?�©H§bÊ*Ûƒ£¥¤<­2Ø�³¥ ¢ÙTºp� ¦�© Ù ­¯Ë�© Þçà*P?ö�÷C���6øTö��åöçý�þ,ü&û�þRúƒöq�µü<+ ÷2ø ýæö��1þZøçÿRý/ü

ùT÷��*þ-�6øTöwø�÷�þ†ö>���,õ�@/r\) ÷2ý0�Aÿs�A�0+ ÿZù<÷�þZÿZü�ý��Hûµü2øÖý*ö��1þZøçÿ�ý*ü üC�5ùµÿT+s+¢÷�þZÿ ü2ý��Öÿ�ýti�÷Óù��.�.�Cà�âH³
	ƒØ;©¥ÎX¦��æ©

Ña¦µÙ�Ù;©*Ð�¶ƒàaÝ&ª;Ô�Ô�ÔÓÞó´]Ï�Ð�Ï
��´]Ï�Ð�Ôƒ©

ªµ´6Ò
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ñ

ª;¶�ò>nÖ§�ÑaÑaÍoyŒ±óº2Ë¢Ë"­¯Êæº2¤<­¯Ù� $º2®ÅÝT�Ç©¥ã�­¯°,Éæ¦µË„¦µÙX­¯Ë�© Þçàor\@*z^zd)({|�µü�+¢÷2ø-ý*ö��1þZøçÿ�ý*ü ü
���5öçø�i�÷�þZÿ ü2ý��6Qbø�ö�_

����+ þT�Kûµü�øar\@*zdz^)({}3�~aà¥âH³�	1Ø;©�Ña¦µÙ�Ù;©#Õ ´�´6Ò Ý&ª;Ô�Ô�ÔÓÞÖª;·ÓÒp�<ª;¶�¶ƒ©

ñ

ªµ´2ò>n�?wv ±óº2Ë¢Ë"­¯Êæº2¤<­¯Ù� $º2®mÝZäÅ©6§XË¢Ù�°å­¯®¥® ¦µÙ;©6­¯Ë�© ÞçàLr\F

c

õ*ü�+¢÷2ø'Fwö��1þZøçÿRý/ü,ü
���;öçø�i¯÷�þZÿZü�ý��RQ×ø�ö����.+ þT�•ûµü2ø

r\F

c

3çà¥âH³
	ƒØ;©#Ñ:¦µÙ�Ù;©�Õ ´]Ô�Ì Ý ·�Ì�Ì�ÌÓÞ-ª;Ï
�
·�Ïƒ©

ñ

ª;»�òw¹~³#¦•f¨­¯°, $º�$�­¯®#Û¥¦,±óº2Ë¢Ë"­¯Ê*º2¤<­¯Ù� $º2®aà/ãw©#ãb ¢¤<­¯Ù<­,¦µÙX­¯Ë�©¢à

c

���5öçø�i�÷�þZÿ ü2ý ü&û 8 €

õ*ü<+ ÷2ø�F ö��ƒþZø�ÿRý/üC�¨ÿRý

þRúƒö�•�÷��Cÿ üC[¯÷2ý0�6ö�_-383B‚wö5þ†ö�ù5þ�ü2øµà�âH³�	1Ø�©#ÎX¦��æ©¥Ña¦µÙ�Ù;©�Ï�¶ƒà:Ý&ª;Ô�Ð�ÔÓÞ-ª;Ïƒ©

ñ

ª;Ï�òw¹~³#¦�f¨­¯°, $º�$2­¯®#Û¥¦,±óº2Ë¢Ë"­¯Ê*º2¤<­¯Ù� $º2®aà`x,©#Ÿ¥£�$1£#Û#­A¦µÙb­¯Ë�©¢àaõ*ü�+¢÷2øBF ö��1þZøçÿ�ý*üa‚ ÷�þ�÷�ƒHü�i2öçø�ÿRý�2 õ*ü<+ ÷2ø

ƒL�Óù�+$ö…„�„]à¥âH³�	1Ø;©�ÎX¦��æ©¥Ña¦µÙ�Ù;©/Ò�Ò1à:Ý&ª;Ô�Ô�ÏÓÞÖª;Ï�Ð�¶ƒ©

ñ

ª�Ò�òw¹~³#¦�=6£¥É*¦µ¤†�‡f¨­¯°, $º�$�­¯®#Û¥¦?±óº2Ë¢Ë"­¯Êæº2¤<­¯Ù� $º2®aà,x,©KŸ¥£�$1£#Û#­m¦µÙ ­¯Ë�©¢àbõ*ü�+¢÷2ø 8 €

÷2ý0� úƒö‡�ˆFwö��1þZøçÿRý/ü

P?öT÷C���1ø�ö��Aöµý�þT�cûçø&ü��Š‰C„�‹<Œ�‚ ÷<�
� ü&ûÖõ0�6�¥öµø�_:•w÷<��ÿ üC[¯÷�ý0�]öw‚w÷�þ�÷�à¥âH³�	1Ø;©¥Îb¦��*©¥Ñ:¦µÙ�Ù;©�Ð�ÏƒàaÝ ·�Ì�Ìƒª�Þ

»�Ï�»ƒª�©

ñ

ª;Ð�ò>=.?wv ±óº2Ë¢Ë"­¯Ê*º2¤<­¯Ù� $º2® ÝZä'ÜRGÖº2®�­¯Ë$Ûm¦µÙ;©¸­¯Ë�© ÞçàB�:úƒö�õ`�������6ø���Fwö��1þZøçÿRý/ü

c

���;öçø�i¯÷�þ�ü2ø��2à^?X£#ÜµË�©Nu
®#Ø�Ù;©

ä'¦µÙ�³a©#§ ´�´]Ôƒà:Ý ·�Ì�Ì�ÌÓÞÖª�Ò2·ƒ©

ñ

ª;Ô�ò>=.?wv ±óº2Ë¢Ë"­¯Êæº2¤<­¯Ù� $º2®aàaÝZä'­2ÜRGÖº2®�­¯Ë$Û ¦µÙó­¯Ë�© Þçà`P?ö�÷C���6øTö��åöçý�þNü&ûbþRúƒöbø�÷�þ†ö-ü�û

� e + d ! p+ p+ e�

ÿRý�þ†öçø�÷Óù5þZÿ ü2ý��J�/ø�ü6���¥ù<ö8�•��� 8 €

ý*ö��ƒþZøçÿ�ý/ü��Ö÷�þKþRú¥ö�õ`���
���1ø��>F ö��ƒþZø�ÿRý/ü

c

���5öçø�i�÷�þ�ü2ø���à¥âH³
	ƒØ;©ƒÎX¦��æ©

Ña¦µÙ�Ù;©*ÐÓÒ1àaÝ ·�Ì�Ìƒª�Þ ÌÓÒ1ª;¶�Ìƒª�©

ñ

·�Ì�òw¹~³#¦*=.?wv ±óº2Ë¢Ë"­¯Ê*º2¤<­¯Ù� $º2®aàæÝEŽ�©2Î ©2§X³¥°å­2Û,¦µÙK­¯Ë�© Þçà�‚¨ÿRø�ö�ù;þHö�i;ÿ-�6öçý/ù<öuû5ü2ø~ý*ö��ƒþZø�ÿRý/ü\K~÷<i�ü2øXþZø�÷2ý���_

û5ü2ø��,÷ÓþZÿZü2ý�ûçø&ü�� ý*ö��ƒþZø&÷<+D_&ù��6øçøTöçý�þáÿRý�þ†öçø�÷Óù5þZÿ ü2ý��×ÿRý þRúƒöXõ0���
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