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á�Ó Ý�ê¾·4´ ²÷´³ê¾Û âwÓ Ý�á���ì�ê¥á}Ú�ÛQ¹¸Ó�í¾á}Ú ÐÎ2 ê¾è�á�êA·K+�·¶Û}Ü�� ²$á�µº²ùø}è�ã�Þ î ß4à�ê�ë]ú~û�â4²�Ý�µ¸Ó�± w áõ²�Ô�±4ë¸ÛQ¹ ²�Ý 49 Ò ±
² 49 2 á y ê¾ÛAêA¹Ñê ´³Ó â0´³ê ¹¸ëÑá�µÑÓ Ý Ö�»A²/��êAè�á�êA·K+?ß�ëÑ·¶Û�²�+?á�êî»�� ÔÍê¾ß�áõ²$´¶Û ç ê »dß�+×²�ì}Ú
ØEê¾Ú�¹Ñê��o)Íêî»d·¶ÛAÓ â
)õ²$±¶µ4��± ç ²U·³µÑ¹Ñá�Ó4â�â4²�Ý�±¶êî»;Ó4âPµÑáQ´¶Ó�±×²$Û;ØEµÑÓ Ð;º Ó Ýdµ¸á�ï�� Ýd»Aê¾â³� ²��Aµ¸Ø×Û;ïE��â4²�Ý�±¶ê#� »!)�¹ÑëÑß�ÛAê¾·4´³µ î è OðïRñ ß O æ�á
Ô�±¶ê�´³í¾á�êî»Þâ0ÓUâ4²�Ý�±¶ê 100 L}á Ð�M Ó's9è�ÓUâ0Ó�ì�ê ·4´×²")�µÑ¹ÑµÑ´×²?âwÓ?»;Ó�ô���µ{» ç ·¶ê¾Û�ÖÞ» ÔÍê¾±¶êî»dáõ²$á�ë¢·�ê¾ÛAê¾¹¸µö´0ïE��µ

ü
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â4²�Ý�±×²���µ�x�� Ö"� Ó¯»AÓ�ô¶Û}Ü¹��ê¾è�á�ê¾·K+B·¶Û}Ü?� ²�+9´¶Ü�´³ê?ê�)�¹º²$·�+ Ð�æ Ô�±¶ëÑÔõ²�Ý�Ó�Ýd»;ê¾â³� ²"�¾µºØ³ÛQï�Ø×ì á�Ó�Ú�´³±4íAá�,
áõ²�Ý?) ç ´¶êdàEá�ï�Ø³ì�â4²�Ý�µÑÓ�±U·×²CâwÓ�Ý�áõÖÞêéâ ²¾Ý�±³Ö 78 ( µ ² 132 LQá Ð
æ�ç Ú�è�µÑ´¶µ¸ÓU±×Ö�Ý�µÑêQ²$ÛQ´³ëö»dá ç Ø×ì ßE»¾ð�ßEÛAêî»?â0Ó���ê¾è�á���á ²?·¶Û}Ü�� ²$á�µ¸ÓU±�q¾ß�á ç Ø³ì µÑá�ï�Ø×ìÕâ ² »Aêî»Îô ¼ õ x}²$ÛAê

²$âG» µ¸á�ïdØ×ì7ê�)�¹º²$·¶´¶µ ²�Ø×ì w ²�·4´³±4ê� ç ß�µÑÛ¾²Ex� ç ß�µÑÛ¾²�´³Ú�ì�ï�Ø³ì7¹ Ö÷´³ê¾ÛRx���Ó Ý�µ¸ØEëÑáõ²Ex ÐÑÐ¸Ððy/Ð

� §�� �sz�xCØ�¡ ~Q® vy~�z�u0~ ®�x¢�8Ö ��~ �úz � ®ç¬ � �yuÍ¬ z��Q®úu � ~ � |?Ö ×���ÔU��Ø u¥ÙB� � ×iÚU��Ø
vR×IÛ9v ��� × × ��� ×Bxy|dx

� ²�±4µ ²�Ý�Ó�á�µº²úáõ²�»Qïd±¶ê#)�Ú ±×Ö�Ý�µ¸ê;²$ÛQ´³ëö»dá ç Ø³ìÞµ¸í¾á�êî»}ï�Ø³ìÞßE»¾ð�ß�Û¾ê÷»½�¹q¾è�Ó'� Óã±4êAß ÝdÓ�¹¸µ�+9ÔÍê}Ý�ô×²ú·¶Ô�q¾·³ê#)�Ú
Ô�±¶ê}Ý�Ú�Û;Ø/µ¸Óé·¶Ó�Û}Ú�á Ý Ö$±¶á�Ó�ì�ê�ßE»¾ð$ß�Û}Ú¥Ýdê ´³±4êdØ³ìÆß Ö�Û}¹º²�Ý�á�ï�Ø×ìÆÛ�²÷´³Ó'�¾íA±4µÑë��
Ï¾Ð ÿ���	"b\>\�_�������
	���
�����ÌB� Ì�9¸�����E9C�B���?��� ÌR>�	/>������
>C����� ó ±4µ�´¶Ó4â0´¶ê ´³Ó Ø³ì�á�µ¸Û¾ÓÞ·¶Ü
Ô�±4ê"{
ÝdÚ�ÛAêî»A²$á�� ±×Ö�Ý�µ¸ê;²$ÛQ´³ëö»dá�Óéâ ²¾Ý�±³Ö ßE»¾ð�ß�Û�²���µ9áõ²�)�µö´wïdØ×ì à ²$·4´³ë¸Ø ²$¹ÑÓ')ÍêÆá�ÓEÚ�´³±¶í¾á�êî»s»;Ó�ô¶ÛQï�Ø³ì
µÑáQ´¶Ó�á�ß�ëö´ ·+ÓEá�Ó�±��¾µ¸ê¾ÚoêdÝ ä ½ 2 Ó æ Ý�ê

1 ÷ 3
3CÓ æÞÐ�N ²$Û��E´³ê�Ô�±4ê¾âwÓ�ÛQ´ ç ¹ ç Ú�� êAè'íQÚ¾âwÜ

ÔÍê¾Ú�è�µö´³µÑÓ ´¶Ó�±³àEêî»
»;Ó�ô¶ÛAÓ â ì�±4Ü�)�Û ç á ² Ý�ê¾·¶µº²�ì�á}Ú�´¶µÑÓ » ç ·³ê¾ÛQï�Ø³ì�µÑáQ´¶Ó�á�ß�ëö´Æ·¶Ó�Û}Ú�á Ý Ö$±¶á ç Ø×ì
ß/»Að$ß�ÛAêî»�xJ� ²$âwÜ3»�$ ²$Û Ô�±³²�Û;´³µ¸Ø×Û�� ê#)���Ó Ý�ßEÓ�á�µ¸Ó áõ²�ÔÍê¾¹¸à ²�·+±4êAßEÔõ²¾Ý�Ú ±×Ö�Ý�µÑêQ²$ÛQ´¶ëÑ»dá ç Ø×ì
â ²¾Ý�µÑÓ�±

T1/2 ≈ 1 ÷ 25
·C» Ý?q¾·³¹ÑÓ Ý�ÛQÚ+Ý�µ4 Ü�ß�µÑÓ ² Ó' Ü�ß�µÑÓ ßJ� ²$´¶±¶µ¸ØEÓ ´³Ó�±¶à ²&² µ¸ê¾á�µÑßî²¾àEádï�Ø×ì

Ô�±¶êdØ/Ó�·³êî» Ð æ ·¶Ü à ²$·³á�ê¾·4´³µ	âwÓ µ¸áQ´¶Ó�á�ß�µö´ ²JÔ�±¶µ4� Ö$±¶á�Ó�ì�ê,ßE»¾ð$ß�Û}Ú�¹Ñµr� µÑ´¶ê÷»¾²$áõÖ,Ý�ÓEÔÍêAß�µö´³ê#�
ÓEá�Ó�±��¾µ¸Ó¥» Ô�±4êdÝ�Ú�ÛAàEá�ê#� ´¶Ó�±³àEµ w ∼ 10

Û�� y ô ä�õ Ð � ëÑ·¶Û�²�á��sÔ�±¶ê}Ý�Ú�ÛQ´ ç ·×²+´¶±×²$á�·¶ÔÍêA±4´¶ÚE{
â0Ü w Ý�µ4 Ü�ß�µÑê¾Ú:xúÔ�±¶Ü Ý�ê#� Ô�¹ ç á}Ú ,��@á}ä y Ý�ê µÑí¾á�ê÷»���ì�ê ß Ý�±4ê¾â4²ExúÛdÝ�Ó
ßîÖ$±¶êî»;Ó'í�Ý�ê}Ø×ìõÖ�Ý�ßî²
Û Ø³ì�Ó'��µ¸Ø×ÛAÓ4âÕ·¶Ó�Ôõ²�±³Ö¾Ø/µ¸µ Ð ó ê Ó}Hd´¶±×²$Û;ØEµÑµã·×²¥Ó�¹ÑÓ�ÛQ´¶±¶ê#� ²��Aá�ÓE´¶µºØ³ÛAê¾Ú ·¶Ó�Ôõ²$±×Ö�ØEµÑêAÚ,·¶Ó�¹ÑÓ�ÛQ´³Ú¾â0Ó
ÔÍê¾èî²�Ý�êî»A²$áõÖ�ì���ê�´³á�ê¾·�+ ÐQ( ëÑß�ÛAêQÓ�á�Ó�±K�AÓE´¶µºØ³ÛQï ßE»¾ð$ß�ê¾Û ·×²­ÔÍê¾´¶ê��(ßE» ç à ²$â0á�Ó?Ý�êAÚ�± ï�Ø×ì�¹Ñµyáõ²
ÔÍê�´³±4Ó')�á}Ü7Ó�á�Ó�±K�AµÑÚ Ð

¼ Ð�� �����R<=�E>R�@
�	]�c� 
��'>�! � A
���Rb��"�#� 2 ÓE´³í}Ý ²Þâ0Ó Ú�±³àEÓ�áõÖ áõ² Ô�±¶ê}Ý�Ú�Û;ØEµÑÚ7â ²¾Ý�µÑÓ�±!s�²�¹ÑÓ�ÛAê7ê}Ý
ê¾·¶µ�·4´ ²�)�µÑ¹¸µö´ ç ßE»¾ð�ßEÛ¾²���µ�+ ²$è�ÛQïdØ×ì�µÑí¾á�ê÷» w ÔÍêî»¾ð�à�$³µÑá�Ó 238 F y Ú�±4ï�Ø×ì�¹¸Ó�á�ïdØ×ì�Ý�êJ±4Ó�¹ ²÷´³µö»dµ|{
·4´¶µºØ³ÛQï�Ø×ì�Ó�á�Ó�±K�AµÑë Ð�ó ê¾Ú�è�ëÑ»¾²$â0Ü ·×²?ß/»Að$ß�Û ç » ç ·¶ê¾ÛQï�Ø×ì�µÑáQ´¶Ó�á�ß�ëö´�x;Ô�±×²$ÛQ´³µ¸Ø×Û ç âwÓg��ê¾è�á���Ý�êA·¶µ|{
²$ì�á}Ú?+ Ü�±¶êî»dá�Ó ∼ 100

Û�� Ô�±¶µUÔÍêAÚ�èEµÑ´¶ë�± ï�Ø×ì�¹ÑÓÆ±¶ê�´³Ú¾âwÜ�ØEµºØ³ì ´¶Ó�±³àEêî» ²
Ô�±¶µ�Ý�êA·4´×²$´¶êdàEá�Ó
±4êAßEÔ�´wïd¹ÑÓ�á�ï�Ø³ì�Ô�±4µr� Ö�±4á ç Ø×ì ßE»¾ð$ß�ÛAêdØ³ì Ð ��¹º²�»dá�ïE��µ­¹Ñµr��µö´³Ú�âwÜ ØEµ4��µ� ²$ÛQ´³ê¾±���µ­·×²+â ² »}µ ²
� ²�Hdµr� Ö$¹Ñá�Ó Ý�ê¾·³µº²$ì�á}Ú�´³ÓEô³ádï
»}ï}ÛAê¾á+·¶Ü à ²�·¶á�ï�Ø³ì+Ú�±4ï�Ø³ì�ô¶ê÷»¾²�àEêî»+²&áõÖ$±¶ê¾Û ç áõ²&±³²¾Ý�µº²�àEá}Ü
ê}Ø×ì�±³²�á}Ú Ð9æ ï}ì�êdÝ�ê¾ÚÆê¾Ô�±¶ê�´³µPüKL ó Àù,*��ÓE´¶ídÝ�Ó¯âwÓéÛQ±×Ö÷´³Û ç à ²$·�·¶Ó�Ôõ²$±×Ö�ØEµÑÓ w ∼ µ

· y ² »;ÓEô³Û�Ö
ÓEá�Ó�±��¾µ ²t ±³²"�#��Ó�áQ´¶êî»�x=ÛQ´¶êA±����µqAè�Ú�) ç +�Ô�±¶µº²"� êsÔÍê¾Ú�è�µÑ´�� áõ²7» ç ß/»A²$á�µÑÓ ·¶Ó�Û}Ú�á Ý Ö$±¶á ç Ø×ì
â ²¾Ý�±4êî»}ï�Ø×ì7±4Óî²�ÛAØEµ¸ë Ð

$



d#�ðý þ;�}��Ì�ÿ~¢�£/¤�¢��K�_¢�£?��§�É:§�¢��R�~ÈE£��"�E�¡���µ�~��£��_È#¢��R��É�Ê�§"ÆË�ÍÌt�_Ï�§RÈ�Ê}ÐË�ÍÌÎ¤�Ê�Ñ�¤'��È�Ê d egf Àih

ä�Ð&% � Î\�îÌdË�'¶���]�B�R� Ì��(� ó ±4êdÝ�Ú�ÛAØEµº² á�Ó�Ú�´³±4íAá�,Qáõ²�Ý?) ç ´³ê}àEá�ï�Ø³ì7±³Ö¾Ý�µÑê;²�ÛQ´¶ëö»dá ç Ø×ì ßE»¾ð�ß�Û¾ê÷»­âwÓ
»?´¶ê��­´³ê�Ô�±¶ëÑÔõ²¾Ý�ÓGß ²�¹ÑêAèEÓ�áõÖ�áõ²g$4´³µÑÓ�ÔÍÓ�á�ë�� ²$´³ÓE±¶µºÖ�¹ÑÚ­´¶Ó�±³à ²¯´¶Ó�ÔÍÓ�¹Ñá�ïE��µQá�Ó�Ú�´³±4íAá�� µ;»Õ±4Óî²�Û�{
´¶êA±4êdØ³ì�· » ç ·¶êAÛ;ïE�a´³ê¾ÛAê#��á�Ó�Ú�´¶±¶í¾á�êî» Ð ó )?��Ó Ý�ß�Ó�á�µº²�µÑáQ´³Ó�á�ß�µÑ´ ç ·¶Ó�Û}Ú�á Ý Ö$±¶á ç Ø×ì�ßE»¾ð�ß�Û¾ê÷»
» ç Ô�¹öï}»¾²$âwÜ ß&ÔÍêAèEµ ²�Ý ²�»dµÑÓ�Û�áõ²s´¶Ó�ÔÍÓ�¹Ñá}Ü#ßîÖ�+ ²$è&Ô�±¶ê}Ý�Ú�Û;àEá?��ì�ê ´¶Ó�±³à ² w ∼ 10

Û��*)�Ø}� 3 y/Ð
( Ó�ßî²�á�Ó Ý?)õ²$´¶Ó�ô¶á�ïE�Ã ²$ÛQ´¶êA±4ê���âwÓ�²$â=ß�¹Ñê¾è�µö´³ê¾·�+�»Qï}»;ê}Ý�Ú�ßE»¾ð�ßEÛ}Ú�ß�²$ÛQ´³ëö»dá�Ó â=ß�í¾á ç ±4Óî²�ÛQ´¶ê"{
±³²�²?»}ïE��ÓEáõ²é´³ÓE±³à ²Exdà ²$·4´³µQâ0Ó�ì�ê Ø×ì�¹º²�Ý�Ó�á�µº²?x}µÑíAá�êî»���ì�ê ß�Ý�±¶ê¾â4²­²é´³±³²�á�·¶ÔÍê¾±4´¶á���ì�ê�µ¸í¾á�êî»;ê�{
ÝdÚ Ð

LdØ×ì���� ²$´¶µºØ³Û��Cß�áõÖ$ß�ê¾±¶á�Ó�á�µÑÓ?ßîÖ$Û}¹º²¾Ý�á�ïdØ×ì±��ÓE´¶ídÝ ÔÍê¾Ú�è�ëö»¾²�á�ï�Ø³ì&áõ²�Ô�±4êdÝ�Ú�ÛAØEµ¸Ú ±×Ö�Ý�µÑêQ²$ÛQ´¶ëÑ»dá ç Ø×ì
ßE»¾ð�ßEÛAêî»�â0Ó?á ²�ê�)�±³Ö�ß�ÛQÚ Ï¾Ð º Ó�Ý�á�êAÚ&ß-��ê¾è�á�ê¾·4´³ëdâwÓé²$âBÛAê#�o)�µÑáõÖ�ØEµº²�» ç $¡$¶µÑÓCÚ�»;Ó Ý�Ó�ádï�Ø×ì±� ÓE´³í}Ý

+�,.-0/21�,436587:9<;=7?>A@ =⇒ BDC ,FE =⇒ GHC @JI(3JKL1�,M365N7O9�;=7?>A@

PRQTS�UWVYX#Z[U#\AQ�]T^�V_U
`Facb�a.dfeHgReHaMhD`jijkle"m

- eon p.qsrlaMeHa.iutsa�`wv x�qly
p�z"{|p.r"q- } acb:~"iF�|xMv ~H�� rlhHi�yHxc�od aMeov as�6� �f�

� U
Q_�T��\��T^<�
���cQ
� ~|�.q"gRv ksesm

-zDm } r"qsrlaMeHa.ijt"ac`wv xwqly
p�z"{|p.r"q zDm } r"qsrlaMeHa.ijt"ac`Fv xwqly_pcz"{|p.r"q
- } acb:~"iF�|xMv ~H�� �f�

���
���

p,n, α, ... -zDm } r"qsrlaMeHa.ijt"ac`wv xwqly
p�z"{|p.r"q eon p.qsrlaMeHa.iutsa�`wv x�qly
p�z"{|p.r"q- } acb:~"iF�|xMv ~H�� rlhHi�yHxc�od aMeov as�6� �f�

���o�"���O�������2�¡ D¢(£o¤¦¥=§w¨� H�=£©�oª«���O�=�DªA¬oªL¨�¬©�O�6�6­0¥�®=ªL¯� H¢°¤±¬:§c²O®�ª«¥2³«�"��®�´��= o¨j´°�oµ6¶��H����µ8�"�J®�¨w��¥6�6§w·jµ�ªL¸� H¢
¨w²�ª«�=µ�¹
w áõ²$Ô�±4ë¸Û}¹º²�Ý  ±³²"�#��Ó�áQ´×Ö¾ØEµº²�Ý�êAÚ�± ï�Ø×ì�¹ÑÓ�á�ï�Ø³ì ±³Ö¾Ý�µÑê;²�ÛQ´¶ëö»dá ç Ø×ì�ßE»Að$ß�ÛAêî»aß�ëÑ·³Û�²$á�ï�Ø×ì3ÔÍê#��êdØEê¾Ú
üÍL ó À¾��ÓE´³í}Ý ç�y/Ð
æ ·¶Ü à ²$·¶á�êA·4´³µ�âwÓ	»;êC»}ïd·4´×² »E)ÍÓU²�¹ÑÓ')Íê?»AêC»}ï}»;ê�âwµd»dµº²¾ØEÓ�±4êéßî²$±¶µº²�Ý�Ó�á�ë�áõ²úÔ�±¶ê}Ý�Ú�Û;ØEµÑÚ ±×Ö�Ý�µÑêQ²$Û�{

´³ëö»dá ç Ø×ì
µ¸í¾á�êî»}ï�Ø³ì ßE»¾ð�ß�Û¾ê÷» Ð­æ ð�à�$¶µÑáõ² ß á�µºØ³ì&âwÓÞÔ�±¶ê�âwÓ�ÛQ´¶ê÷»¾²$áõÖ á ² ÔÍêAÚ�è�µö´³µÑÓµ��Ó/´³ídÝ ç üÍL ó À Ð
æ ´×²")�Ú�ô¶Û¾Ó Ï ·¶Ü7·4´³±¶Ú à/á�ÓÕßEì�±¶á}Ú�´��éßîÖ�ÛQ¹ ²�Ý�á��­Ø×ì ²�±×²$ÛQ´¶Ó�±¶µÑ·4´³µÑÛ ç » ç )�±³²�ádï�Ø×ì7Ô�±¶ê¾âwÓEÛQ´³êî» Ð

º
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»½¼ ¾À¿ ÁÂ ¼ Ã½Ä ÅÆÇ ¿ ÈÉ ÊË ÌË ÍfÎ É ÍfÏ Â Æ ÌÇ ÊÐ ÑÓÒ ¼Ç Í ¼ ÔÏ É Õ É ¼ Ë Ç Ì Ô¿ Â Ð Íf¿ Ç Ö Ô Í Ì ¼ Â Æ Õ× ÉØ Ð Ñ ÍÙ É Ì× ÊÐ Ñ Ò × ÚÒ Â Ì×�Û

ÜÓÝÞ ßáà âã ÜÝ äáå æÝç èé ê ëé Þ â ìà Ý í îà âáï ç ð æÝç èé ê ëé Þ â ðÞ ï Ý ñóò ôõ à ç äà ö ÷ ø ù úáû

üý ü þÿ � ��� �� � ÷ � � A < 40 0, 6÷ 27, 5

� ÷	 
��


�� � 	 û ���� �û� � ÷� 	 ÷ 300 µ

� � ���� �� β � � ø û � � � � ø� 0, 2÷ 0, 8

� ÷ � 
 �

ý � � ! "# 
$ � þ% � ��� 1÷ 1, 4

& ÷ �� � ��� � �� û ú �� ø � ' � (

0, 8÷ 2, 2

� ÷ � 
 �

ü �ý �

2 µ

�

") !ý � 
 þ* � + � , û - � ( û . /û 0 � ( � ù1� � � ü ��� � �� û ú �� ø � ' � (
1, 7÷ 25

� ÷ � 
��

& � � ! 


27÷ 100

� ÷ � 
 � - �û 	 � ÷ � �� � �

") !ý � 
 � ! ! þ +� 2 � ú� 3 � � � ÷ � 
�� � 238 4

A = 80÷ 150� 1, 7÷ 25

� ÷ � 
��

& � � ! 
 ÷� % � � ÷ � þ5 � � �� û ú �� ø � ' � (

27÷ 100

� ÷ � 
 �

6ý � ! ! þ 3 � � �

th � 235 4 ü
2 A = 80÷ 150� 3, 7÷ 5, 9

� ÷ � 
��

� � �7 -� 	 1014 � 
7 ö2s � �� û ú �� ø � '�� (

8 � 
 ! � � ü

d, 150 MeV � 238 4 � �� û ú �� ø � ' � (

& " !

100 µA8ý !9 6 ! !� ��� : � � � ÷ �� 238 4 � �� û ú �� ø � ' � (�

# û � ý � ú<; ÷ 200 µA

� � 3 ÿ � 3 % � ÷ � 
 �

=
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� §GF �sz � °Qx � |#tIH ¤KJ �
º Ó Ý�á�ïE�lß�Ô�±4ê¾âwÓ�ÛQ´¶ê÷»
áõ² Ô�±¶êdÝdÚ�Û;ØEµÑÚ á�Ó�Ú�´³±4íAá],}áõ²�Ý?) ç ´¶êdàEá�ïdØ×ì ±×Ö�Ý�µ¸ê;²$ÛQ´³ëö»dá ç Ø³ìÆâ4²�Ý�µÑÓ�±�â0Ó ²$â
ùCûUü °B· wML Ú�)�áõ²ON ²�Ý�µÑêQ²�Ø/´³µö»AÓ � ê¾áQP Óî²�� � y/Ð�M ê#��Ô�¹ÑÓ}H ùCû�üw°G·CâwÓ%)�Ú Ý�êî»A²$á�ïJáõ²sßîÖ�ÛQ¹ ²�Ý�Ó
Ø ç ÛQ¹¸ê�´³±4íAá�êî» F ñ ½A½?x F ñ ½A½ 2 ²úÚ�±4ï�Ø³ì�ô¶ê÷»¾²�à ²CÓ�¹ÑÓ�ÛQ´³±4íAá�êî»!´ ��µÑÛ}±¶ê�´³±4íAá}Ú 2 N ,d¼A¿ Ð¸N µ¸Ó/´³êéßî²$±¶µ|{
²�Ý�Ó�á�µº²Õ·×²Õê¾·¶»AÓ Ý�àEµÑ¹¸µ�Ýd¹¸ì�ê¾±¶ê}àEá�ïE�-» ç Ú�èEëÑ»¾²$á�ër�-»/À ²�)Íê¾±×²$´¶íA±4µÑÚ�â4²�Ý�±¶êî»}ï�Ø³ì ±¶Óî²$Û;ØEµÑëËL}ÔÍê¾âwÓEá���ì�ê
Ü�·4´ ²�»dÚsâ4²�Ý�±¶êî»���ì�ês»}ïd·¶Û}Ú�� ÚJ»�ù�Ú�)�á�Ó Ð¾( ²Æê�)�±³Ö�ß�ÛQÚ#¼ âwÓ ß�ê#)�±×²$ß�Ó�áõÖs·³Ø×ì��'� ²¥ÛAê#��Ô�¹ÑÓ}H�Ú:x
Ú���µÑÓ�·4´³á�Ó�á�µ¸Ó Ú�±4ïdØ×ì�ô¶ê÷»¾²�àEêî»�² Ô�±¶ÓEÔ�ê�âwÓ�á�µÑÓ ´³±³²�á�·¶ÔÍê¾±4´³ádïE��µC¹ÑëÑá�µº²"��µ Ð"ó ±4ê¾âwÓ�ÛQ´ ·³¹ÑÓ Ý�Ú¾â0Ó Ýd»¾²
ßîÖ$Û}¹º²¾Ý�á��ÕØEµÑÓ�¹¸Ó#xAâ0Ó�ì�ê�±¶Óî²$¹Ñµ¸ßîÖ�ØEµº²?âwÓé±4êAß�Ý�Ó�¹¸ÓEáõÖ áõ²ÞÝd»;ÓéÓE´×²�Ô ç �
�J�I���@�B9X� Ô�±4êdÝ�Ú�ÛAØEµº²gßE»¾ð�ß�Û¾ê÷».ô ²$ì�ÛQï�Ø³ì�Ó}H�ê¾´¶µ¸Ø×ÛQï�Ø×ì â ²¾Ý�µÑÓ�±�».ÛAê#�o)�µÑáõÖ¾Ø/µ¸µ+Ø ç Û}¹Ñê�´³±¶í¾á�êî»

F ñ ½¾½ 2 ´ F ñ ½¾½�x�Ú�Û¾êAá àEÓEáõÖ »&Ý�Ó ØEÓ'�o)�±4µ ¼�½¾½;¼Ex
�=�J�I���@�B9X� Ô�±¶êdÝdÚ�Û;ØEµº²Cá�ÓEÚ�´³±¶í¾á�,Qáõ²¾Ý?) ç ´³ê}àEá�ï�Ø×ì ±×Ö�Ý�µÑêQ²$ÛQ´³ëö»dá ç Ø×ì µÑí¾á�ê÷»Qï�Ø×ì ßE»¾ð$ß�ÛAêî»�Ô�±¶ê}Ý�Ú�Û�{

´¶êî»%$4´³µÑÓ�ÔÍÓ�á�µº²Þ» Ô�±¶Ó�ÔÍê¾âwÓEá�ë:��µÑÛ}±¶ê�´³±¶í¾á}Ú 2�N ,�¼¾¿�² Ø ç Û}¹Ñê¾´¶±¶í¾á}Ú F ñ ½¾½ Ð
( ²ÆÔ�±4êdÝ�Ú�ÛAØEµÑÚ�ô×²�ì�Û;ï�Ø×ìJÓ}H�ê�´³µ¸Ø×ÛQïdØ×ìsâ ²¾Ý�µÑÓ�±�·×²&» ç Ú�è�ëö»¾²¥Ø ç Û}¹Ñê�´³±¶í¾á F ñ ½A½ 2 w

k ∼ 400
y x

ß ÛQ´³ê¾±���ì�ê�Ô�±¶µ4� Ö$±¶á ç ßE»¾ð$ß�êAÛ
Ý�êAÔõ²�Ý ÖJáõ²JÔ�±4êdÝ�Ú�ÛAàEá�ï
´¶Ó�±³àsß�ê¾ì�±¶µÑÓE»¾²�á�ï�áõ² ´¶Ó�Ô�¹Ñê¾´¶Ú�ê¾ÛAê¾¹¸ê
¼ ä ½¾½ ◦ Ò x¢ê}Ý�Û}µº²$ô�Ó}H�ê�´³µ¸Ø×Û#�Õâ4²�Ý�±×Ö7Ý�µ4 Ú�á Ý�Ú¾â0Ü�Ý�êÆµÑíAá�ê÷»���ì�ê¥ß Ý�±4ê¾â4²@´ G Ò û w

f = 2, 5
3p��ß y/Ð

( ëÑß�ÛAêQÓ�á�Ó�±��¾ÓE´¶µºØ×Û;ï ß/»Að$ß�ê¾Û w
E = 15Z

ÛAÓ æ!y ·×²ù� ²��Aá�ÓE´¶µ¸Ø×Û ç ·¶Ó�Ôõ²$±¶Ú¾âwÓ w
m/∆m = 200

y ²
´³±³²�á�·¶ÔÍê¾±4´¶Ú¾âwÓ­µÑí¾á�êî»;êdÝ�ê#��ÝSRÑè�Û ç+Ï�ä ½µ��Ý�ê Ú�±4ïdØ×ì�ô¶ê÷»¾²�à ² F ñ ½¾½ w k ∼ 550

y áõ²�Ý�ê¾Ú�± ï�Ø×ì�¹ÑÓ�á�µÑÓ
áõ²�Ó�á�Ó�±��¾µÑÓ

5÷20
2 Ó æ )÷á}Ú�Û}¹ÑÓ�í¾á Ð ��¹º² »}á��UØ³ìõ²�±³²�ÛQ´¶Ó�±¶µÑ·4´³µÑÛ ç Ô�¹ºÖ�á�ê÷»¾²$á�ï�Ø×ì ßE»¾ð$ß�ÛAêî»�ÛAê�� Ô�¹¸Ó~H�Ú

F ñ ½A½ 2OT F ñ ½A½ ·¶Ü7Ú�»AÓ Ý�Ó�á��é» ´ ²�)�Ú�ô¶ÛAÓ­¼ Ð
( ²#Ô�±4êdÝ�Ú�ÛAØEµ¸Úaá�Ó�Ú�´³±4íAá�,Qáõ²�Ý?) ç ´³ê}àEá�ï�Ø³ì�â4²�Ý�µÑÓ�±¥· ²�)�Ú Ý�Ó+» ç Ú�è�ëö»¾²�+ $4´³µÑÓ�ÔÍÓ�á�µÑÓ�+ ²$è�ÛQï�Ø³ì

â4²�Ý�µÑÓ�±:)�±¶ß Ý�ádïE� è�µ ²$±¶ÓEá�ër� Ó�¹ÑÓ�ÛQ´³±4íAá�êî»CÚ�±4ïdØ×ì�¹ÑÓ�á�ï�Ø×ìÕá ²¯Ø ç Û}¹Ñµ¸Ø×ÛAê#� Ú�±4ïdØ×ì�ô¶êî»A²�àEµz´·��µ¸ÛQ±¶ê�´³±¶í¾á�Ó
2�N ,d¼¾¿ Ð ó êÆÚ�± ï�Ø×ì�¹ÑÓ�á�ë�ßE»¾ð�ßEêAÛ Ó�¹¸ÓEÛQ´³±4íAá�êî»+Ý�ê¾Ôõ²�Ý Ö&áõ²&ÛAê¾áQ»;Ó�± ´³ê¾±@x¢ÛdÝ�Ó�· ²%)�±¶ß Ý�ëG² »}ß�á�µÑÛ¾Ö
γ
,}èEµ ²$±¶Ó�á�µÑÓ�x	ÛQ´³ê¾±��7áõÖ�·¶¹ÑÓ Ý�á�Ó7» ç »;ê¾¹ºÖ »¾² » Ô�±4êdÝ�Ú�ÛAàEá�ê��^´³Ó�±¶àEµ� ê¾´¶ê�$4´³µÑÓ�ÔÍÓ�á�µÑÓ Ð Ù;´³µÑÓ�Ô�á�Ó¥Ô�±¶ê"{
Ý�Ú�ÛQ´ ç êAÔ�Ü�$K+×²$âwÜÆáõ²$ì�±¶µÑÓE»¾²�á�ï ´³Ó�±¶à­² ´³±³²�á�·¶ÔÍê¾±4´³Ú¾â0ÜÆ·×² Ý�ê µÑí¾á�ê÷»���ì�ê ß Ý�±4ê¾â4²Ex ÛdÝ�ÓÕ·×²ÞµÑêAá�µÑß�Ú¾âwÜ
áõ² á Ö")Íê¾â

q = 1+
w » ç $�$³ë 0 ´¶±×²$á�·���µÑ·³·¶µÑêAá  ²¾Ø/´¶êA± ö]y ² ·³Ü µ¸ß�ê#)õ²$±¶µ¸Ø×Û ç ±¶ê¾ß Ý�Ó�¹ÑÓ�á�� ² áõÖ�·¶¹ÑÓ Ý�á�ÓÞ»

� ²��Aá�ÓE´³µ¸Ø×ÛAê#��·¶Ó�Ôõ²$±×Ö÷´³ê¾±¶Ó ·é±4êAß�¹Ñë4$¶Ó�á�ër�
m/∆m ≈ 1000

·¶Ó�Ôõ²�±4ê÷»¾²$á�� ² ´¶±×²�á�·³ÔÍê¾±4´¶ê÷»¾²$á���Ý�ê
¹º²")Íê¾±×²÷´³í¾±¶µº² á�ë¸ßEÛAê}Ó�á�Ó�±��¾ÓE´³µ¸Ø×ÛQï�Ø³ìÆ±³Ö¾Ý�µÑê;²�Û;´³ëö»dá ç Ø×ì&µ¸í¾á�êî»}ï�Ø×ì&ßE»¾ð�ß�Û¾ê÷»&²$¹ÑÓ')Íê Ý�ê Ú�± ï�Ø×ì�ô¶êî»¾²¾à ²
F ñ ½A½�áõ²­Ý�êAÚ�± ï�Ø×ì�¹ÑÓ�á�µÑÓ Ð ( µ¸Ó�Û;´³ê¾±��Cì�¹ ²�»dá��CØ×ìõ²�±³²�Û;´³Ó�±4µ¸·4´³µÑÛ ç ��µÑÛ}±¶ê�´³±4íAá}Ú 2�N ,�¼¾¿­·³Ü Ú�»AÓ Ý�Ó�á��
»Õ´×²")�Ú�ô¶ÛAÓ ä�Ð;� Ö$Û}¹º²�Ý�á��ãÔõ²�±³²"� ÓE´³±¶Ó	ì�� ê¾´³á�êA·4´³á��Eì�êC·³ÓEÔõ²�±³Ö$´¶êA±³²�·³Ü Ô�±4Ó Ý�·4´ ²�»;Ó�á��G»Õ´ ²�)�Ú�ô³Û¾Ó ñ Ð

U
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~������������������������K��������������������� �?¡��¢�?�¤£¥�§¦§¨�©��?�«ª��­¬E®�¯§¯§°²±³¬�®¤¯§¯K´
�}U;Ì�� Ì�9 ` ���
<=
���>�S÷UAËSµ�U;Ì�� ` �îÌPÎ\^X����>W'��@����� �'>��@�E>CU��V�@�¾U¾Ë¶µ�U]�:^

6 ��Ó 7 ÀPµ�x ä ¿ 2 Ó æ )÷Ú °GÓ ä�ÐÑÏ ½ 8 · −1

8 ��Ó 11 °çx ä ¿ 2 Ó æ )÷Ú °GÓ ¿ ÐÑÏ ½ 5 · −1

9 ÀPµ 11 °çx ä ¿ 2 Ó æ )÷Ú °GÓ ¼ ÐÑÏ ½ 6 · −1

7 °GÓ 10 °çx ä��µ2 Ó æ )÷Ú °GÓ ä�ÐÑÏ ½ 8 · −1

11 °GÓ 13 Ò x ñ ¿ 2 Ó æ )$Ú °GÓ ä�ÐÑÏ ½ 7 · −1

8 ° 10B
x ä]�J2 Ó æ )$Ú °GÓ ä�ÐÑÏ ½ 7 · −1

10 Ò 12 Ò x ñ ¿ 2 Ó æ )$Ú °GÓ ø�ÐÑÏ ½ 7 · −1

14
ó

16
ó x ñ ½ 2 Ó æ )$Ú °GÓ ø�ÐÑÏ ½ 6 · −1

ó ê}à ²�·+Ý�¹¸ì�êdÝ�ê#)���ì�ê�» ç Ú�è�ëÑ»¾²$á�µ ²�Ú�± ï�Ø×ì�ô¶êî»A²�à ²�²$ÛAê�ß Ý�±¶ê¾â ²�á�Ó�Ú�´³±4íAá�êî»�Ô�±4Ó
²$ÛQ´³µö»¾²¾à/á}Ü
²$áõ²�¹öïdß�Ú¹)Íê¾¹ÑêÕß�µ¸·4´¶Ó�á���x;è�ÓUÔ�±¶µ�ÔÍêAÚ�èEµÑ´¶ë Ó�¹¸Ó�Û;´³±¶í¾á�êî»���ì�êéßE»¾ð�ß�ÛQÚ ·9Ó�á�Ó�±��¾µÑêAÚ ¼¾¿ 2 Ó æ ²C·4´³±4Ó Ý�á�ê¾Ú
µÑáQ´³Ó�á�ßEµÑ´¶êAÚ ¼�½

µ
u Ý�êAÔõ²�Ý ²$âwÜ Ø/Ó�ì�ê
áõ²7»AêA¹4 ±×Ö���êî»}ï+ÛAê¾áQ»;ÓE±4´³ê¾±�ì�±¶Ü�)�Û çJä �¹�tx=·×²ÆáõÖ$·³¹ÑÓ Ý�á�Ó

»
´¶Ó�±³àEµBß 238 F �AÓ�á�Ó�±4Ú¾âwÓ ´¶êAÛ ±4ï�Ø×ì�¹ ç Ø³ìJá�ÓEÚ�´³±¶í¾á�êî» ·�µÑáQ´³Ó�á�ß�µÑ´¶êAÚ
φn = 8.1011 · −1 Ðt� ´³ê¾ì�ê

» ç Ô�¹Ñï}»¾²Ex�è�Ó?» ´¶Ó�±³àEµ{ß 238 F Ô�±¶Ó�)�µ¸Ó�ì ² 1,3.1011 $4´¶µ¸Ó�ÔÍÓEá�ë¢ßî² ·¶Ó�Û}Ú�á Ý�Ú�ô Ï¾Ï�õOÐ
M ê���Ô�¹¸Ó}H 2 N ,�¼¾¿µ´ F ñ ½¾½*� Ö ·¶¹ÑÜ�è�µ4+?Ô�±¶Ó Ý�êî»E$¶ÓE´³Û;ïE��áõ² Ô�±¶êdÝ�Ú�Û;ØEµÑÚ
ßE»¾ð$ß�ÛAêî»¥±×Ö�Ý�µÑêQ²$Û�{

´³ëö»dá ç Ø×ìUâ4²�Ý�µ¸ÓE± ß�ì���ê�´³á�ê¾·K+ ²���µ
A ≈ 130

Ð¢æ ´ ²�)�Ú�ô¶ÛAÓG¿¯·¶Ü­Ô�±4Ó Ý�ÔÍê¾Û}¹ ²�Ý ²$á��Gì�ê}Ý�á�ê�´ ç Ó' Ó�ÛQ´¶µÑ»}µ�{
´ ç Ô�±¶Ó�á�ê¾·¶Ú Ô�±¶Ó�·4´³±4Ó Ý�á�Óg+ ²$è�Û���â4²¾Ýd±×Öéß�´¶Ó4â0´¶ê­ê�)�¹º²$·¶´¶µ�²�Û¾ê ²$â�à ²$·¶êî»���á Ö�±4êdàEá�ê¾·4´³µ;âwÓ Ý�á�ê�´³¹ÑµÑ»Qï�Ø×ì
Ô�±¶ê}ØEÓ�·¶êî» Ðùu ÛAê¥»dµ¸Ý�µÑÓ�+�xHµ¸áQ´¶Ó�á�ß�µö´ ²Æ»}ïd·¶¹ÑÓ Ý�á�ï�Ø³ì,Ú�±4ïdØ×ì�¹ÑÓ�á�ï�Ø×ì�ßE»¾ð�ß�Û¾ê÷» ·4´¶±¶Ó Ý�á�Ó�+ ²$è�ÛQï�Ø³ì,±³Ö�{
Ý�µÑêQ²$ÛQ´¶ëÑ»dá ç Ø×ì
â4²�Ý�µ¸Ó�± )�Ú�Ý�Ó,Ý�ê¾·×²�ì�êî»¾²�+ � ²�Hdµr� Ö$¹Ñá�Ó

1/1000
ß���á�ê¾è�·4´¶»¾² Ô�±4êdÝ�Ú�Û¾ê÷»¾²$á�ï�Ø×ì

â4²�Ý�µÑÓ�± ÐIM ±¶µö´³µ¸Ø×ÛQïE� Ôõ²�±³²"��Ó/´³±¶ê#� $¶ÔÍÓ ØEµ�»õØ×Û;ïE�"Ô�±¶Ó¯Ô�±¶ê}Ý�Ú�Û;Ø/µ¸Ú�±³Ö¾Ý�µÑê;²�Û;´³ëö»dá ç Ø³ì�ßE»¾ð�ßEÛAêî»o)�Ú Ý�Ó
²$â�à ²$·?Ý�µr Ü�ß�µÑÓCâ ²¾Ý�µÑÓ�±Cß­´³Ó�±¶à ² Ð L}ÛQ±×Ö÷´³Ó�á�µÑÓÞÝ�ê#) ç Ý�µ4 Ü�ß�µÑÓo�¹q¾è�Ó�»}ï}±×²$ß�á�Ó êî»dÔ�¹ ç »dá�µ�+ú»}ïd·¶¹¸Ó�Ý�á}Ü
µÑáQ´³Ó�á�ßEµÑ´¶ÚÆßE»¾ð$ß�Û}Ú â4²¾Ýdµ¸Ó�±UÔÍê¾¹¸à ²�·���µP±4êAß�Ôõ²�Ý�Ú&» ±×Ö�Ý�êî»;ê�Ý�Ó�·¶µ ²÷´³ê¾Û ·³ÓEÛ}Ü�á ÝÆ²�è���µÑá}Ü�´ Ð
ü0á;´³Ó�á�ß�µö´ ² ßE»¾ð�ßEÛ}Ú)Ó�¹ÑÓ�ÛQ´³±4íAá�êî» â0Óa¹Ñµr� µÑ´¶ê÷»¾²$áõÖ »}ï}ÛAê¾á�ê�� � ²��¾á�ÓE´³±4íAá�êî»���ì�êo´ ç Ô�Ú »E r,

�¾Ó�á�Ó�±×Ö÷´³ê¾±×² w Ï x ø Û�� y Ð æ )�Ú Ý�Ü ØEá�ê¾·4´³µ�âwÓ Ô�¹ºÖ$á�ê÷»¾²$á��&ÝdêA·¶µº²�ì�á}ÚE+ µÑáQ´¶Ó�á�ß�µö´³Ú�ßE»¾ð�ß�ÛQÚ Ï ½A½
µ
u

Û}¹ ç ·4´³±4íAá�êî»}ïE�g´ ç ÔÍê��g»E r,]�AÓEá�Ó�±×Ö÷´³ê¾±×²Þ·¯»}ïdÛ¾êAá�ê#� Ï�ä x ¿ÞÛ�� Ð

���
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~��§���������A·K���������K��������������������� �?¡��¢�?��£¸¨��?�¹� ¦º��� »§�¹�¼°¼~¾½K��¿�´
ÀSÁSÂKÃ�ÄÅÁ�Æ�ÇÉÈ�Ä ¼ ø
Ê¶ËKÌÎÍºÏÑÐÓÒ�ÔÎËÕÃ¤ÔÎÃ�Æ�ÖÎÍKËØ×ÓÆ�ÙÎÚ�ÛÎÒ�Ã¤ÔÓÙÎÚ�ÛÜÃ�Ò�Ã¹Ý�Ä�Æ¶Þ¤ÔÎÁ¹ß ¼A¿ 2 Ó æ
à¶ÁKáãâ�Ë¤ÛäßãË�ÆÑÍ�ÐSÚ�ÍKÃÕÃ¤ÔÎÃ�Æ�ÖÎÍKÃ

10÷ 25
2 Ó æ

åæÏSç�×ÑÒ¹á�ÔãÐèÍ§Ô�ÄãÃ¤ÔSáÎÍ�Ä¶ËÕÃÓÒ�Ã�Ý�ÄÓÆSÞ¹ÔãÁ�ß¶é¹ÛãÁêá�ß¶ëKá�Ý�× ¼¾½J� u
ì ÄÓÆSÃ�í�ÔÎÐèÍ�ÔÓÄ¶Ã¹ÔÓáÑÍ§ÄãËÕÃ�Ò�Ã¹Ý�Ä�Æ¶Þ¤ÔÎÁ¹ßãé¤ÛÎÁêá�ßãë�á�Ý�× ¼¾½

µ
u

îSÁ�ÝðïÓÁ�Ä¶Þ¹ÔãÁ�ß Ï ½ 14 · −1

ñ�Ù�ò¶ËKóSÁ�ÝðïÓÁ�Ä¶Á¹ÔãÃ¹×�ÄÓÆSÞ¹ÔãÁ�ß Ï ½ 12 · −1

îSÁ�ÝÕÄ¶Ã¹çãÃÓÒ�ÔÓÙÎÚ�ÛÕÔãÃ¹×�ÄÓÆSÞ¹ÔãÁ�ß Ï ½ 9 Ø}� −2 · −1

À�ÆÑÈ§ÝãÁ¤ÔÕ×SÆ�ÙÑÚ§ÛÑô�Á�ß¶ËSÂKË ¼¾½ÞÛ��
ñ�Ù�Ý¶Á¹ÔÜÃ�Ò�Ã¹Ý�Ä�Æ¶Þ¤ÔÎÁ¹ßãé¤ÛÎÁêá�ßãë�á�Ý�× ¿¾½¾½N�
õ�ÏÉÁ¹Ä�ÔãÁSâ�òêÏÉË�Ö�ÔãÃ�Ä�× ¼?x ¿ ´
öSÃ¹ÛãÁ�ÏÑÁKÖSÃ¹ÔÉÍ�Ä¶ËQÏÉË�Ö�ÔãÃ�ÄÑÍ�Ú�Ýãé¤ÛÎÁØçãÁÓô�Ë ½�x ¼�÷
ßÅÁ¤çÎÃ�Æ¶ËÓÂ�ÔãÃ�øäÁ¤ÇÑÒ�ËSâ�ÄÉÍ

∆B/B
À�ÆÑÍ�Ã�ÏÑÃKÆIçãÞÓÒ�Á�ß Ï ½A¼A¼o�¹�
À�ÆÑÍ�Ã�ÏÑÃKÆùÏÑËKÖKÔÎÃ¹Ä�× Ï ¿¾¼¾½J�¹�
ñ�ÙÑú�ÝãËQÏÑËKÖKÔÎÃ¹Ä�× ¼ ø ½µ�¹�
ÀSÁSÂKÃ�ÄÕßÑÍ§Ô�×ÓÄÑÈQßûÚÓÍ�Ã�ß�ÝãËÓÚ�Û

2× 22
ßîÖ�» Ð

À�Æ�üSíIßûÚÓÍ�Ã�ß�ÝãËÓÚ�Û äAø ½ u
ý çÎÃ�Æ¶ËÓÂ�ÔãéùßãÐ¹Ý�×�×�Ï &�ÐÑÏ ½ −5 ó ²

~������������þ®�ÿ������¹���������C©�������¨��«�¢������¨�¦º�¢��¦§¡��¢������¦�¡ � ©������æ��¦§���K´
ó ê¾¹Ñê�� Ó�±Ußî²$Û}±¶µö»;Ó�á�µº² Ï �
F ì�ê¾¹Pê}Ý�Û}¹ÑêAá}Ú 72◦

G9á�ÓE±��AÓ/´³µ¸Ø×ÛQï µÑáQ´³Ó�± »A²$¹PµÑí¾á�ê÷» ä ½�, ¿�½ ÛAÓ æ
����ê�´³á�ê¾·4´³á�ï ±¶ê¾ß�· ²$ì7µ¸í¾á�êî» � ½�, Ï�ø ½ ²�� Ú
m/∆m

Ï ½A½¾½�, ¿¾½¾½A½

���



d#�?> þ;�}È�¨~���R� hA@CBwÁED d egf Àih

~����������º� ¿�ÿ���	 ���¤�¢���K�����A©�� � ��¦§¡���
������?���
A ∼ 130

´
` �îÌ:	���� 
½�����|��� 6������R���ºËX�V�@�
ùúµ4 Ü�ß�µº²Þß�� ²÷´³±¶µ¸ØEÓ?´³ÓE±³à ²

1÷ 10 ε1 ∼ 1
G; Ü�ß�µº² Ý�ê µ¸í¾á�êî»���ì�ê�ß�±4ê¾â4²

0,1 ε2 ∼ 1ü0ê¾á�µÑßîÖ¾Ø/µ ² Ï�T ∼ 10−3 ε3 = 0,5
N ±×²$á�·¶Ô�ê¾±4´ Ï�T ∼ 10−3 ε4 = 0,8
� Ö�Ø×ì ç ´8G Ò û�ß�Ý�±¶ê¾âwê#�

0 ε5 = 0,35ü0ê¾á�µÑßîÖ¾Ø/µ ²Þá T ∼ 10−3 ε6 = 0,06
� Ö�Ø×ì ç ´UÚ�±4ï�Ø×ì�ô³êî»¾²¾à/ê�� F ñ ½¾½ 0 ε7 = 0,5

F ±4ï�Ø×ì�¹¸Ó�á�µÑÓ ∼ 10−5 ε8 = 0,8
GIHd´³±³²�ÛAØEµº²ÞßE»¾ð�ßEÛ}Ú

0 ε9 = 0,25
� �EA_� ÌdË?
¾�������R��� ËC�c�@�

1÷ 10 εP = 8.10−4

�"¿
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7&8:9 ;+<>=�?A@B?�CD=�?
EGFIHKJ.LMJ.NOHKJ�PRQTS>UVQ4P�JXW�Y[Z]\.H^F�_`LOURZba�J.c�d LOURH�eGFIZ]UfZ]ghS>ZbaVi�j]S>W�Qke�lmJ.nfeG_�ghW�goJ.NpjqgrPsJ.iOZutvZwURg4x
QyLOURJ.cIeGzOLMZ{l]QqNOHKz|N�z>e�Y[J�}wNOZ�l~cfLOUfJ�l]jTS>W�QqNO��LOUfJ.URZwW�SbJ.Y[J.N>�[g�P�J.i>ZkJ.NOJ.UR�wHKJw�D��cf����QqcfNOJRPDS>Z]�MJ
W�Q{FIH�QTnyNOJ.J��>H[cRFfz]P�JuFIJ�}wURHvQbd+eGFfZwUIj|�Gx�LOYKNOJ�LMZwLOHKcfZ�lwQqY�Q�LOUfZ�a�J.cRx�LOUfJ.�>H[J.ipQqPs��a�J�LOUfH��RFIHKJ.LMJ.NO���
� J�S>NOZTFIYKH^lm�&PRQ.l�xkcVQ�W�l�xb��QqP�NOJ�LMZwL>H[cfz]P��uWRPsJ�S>NOZbS>zO�fJ.N>_�goH g�QTeGUfZ]cIe]ZwLOH[aVem_bgoHAgoZ�S>J.YKgoH�QqNpQ��
YKZw�]H[aVeG_bgoHMcfZ4cfe��Og�QqN>_bg�LOURZw�>Y[�.gXZwg����Ajqe�Y�Q]S>Nb_bg�goZ�S>J.YKZwg�LMZwzO\.�^l]QTNb_bg�NpQBLMZbaViOZ]LMJ.NOHKJ
�RFIHKJ.LMJ.NOH�Q�P�J~eGl]QTLOe]Z{l�_�goZ�S>J.Y&� goZ�S>J.Y�S>J.YKJ.NOHvQ�NpQT�OH^FIJRPXNOJ.cRFIY�Q]��HKFfJ.nfNOJRPyeGl]QqLpQTYKHKNGx��K �¡{¢£�
¤ LOHKcfz]P�J`W.goJ.N�z¥J.NOJ.Uf�]HKJkPRQTS>UVQ�l¦W�j.lbHKcfY[Z]cRFIH�Z�S$P�J.iOZ�S>J.t§Z]Ufg�jTa�HKJw�©¨ªURH�S>J.t§Z]Ufg�jTa�HKH+PRQTS>UfZ
W.�Kcfe]Q.l]QXt§ZwURg�z�J.YKH[LOcfZ]H�S>zAdGP�J.i>Z�LMZ�lbUIaIiOZ{l]jXJ.NOJ.UR�wH�QoUVQqcRFIHKJ¬«­LMZ�lbUIaViOZ�lm�BNpQTL�®qFfH[J(cVQXcfNpQT\.��W�Q��
aViOZ�l]Qq¯�t§Z]Ufg4z�PRQ]S>UIQm°�Q�a�Z]zOY[Z]g��MZ�lbcfeTj�J.NOJ.UR�wH�Q�eGY[J.cVjb�ª±�HKJ.UVQ�S>J.t§Z]Ufg�jTa�HKJªPRQ]SbUVQ�c�Q�LMZ]LOH[cfz]PsJwd
NpQ�W�jqe�Y�Q]S>J�LMZwgXJ.UfzuZ]cf�OPRQTS>UVQbd>LpQTUIQTgXJ�FIUfZ]g²S>J.t§Z]Ufg�jTa�HKJ

β = 2
3
a−b
3√
ab2

d>ebS>J
a
P�J�lwJ.nfe]jXQ

b
PsJ

g�QqY�jkZ]c�J.Y[HKLOcfZ]H�S>zA�y³�QqewZ]nfewZ´LMZ�lbUIaVi>Z{l]j¬J.NOJ.Uf�]HvQkUIQTcRFfH[JµUR_>aVi>Y[JRPs�IHKJyQTe]ZXPsJXLMZwe�YKJ.cBa�Zwz>Y[Z]gµ�
�MZ�lbcfewJRP�dbW.ZµW�Q]��H�Q{FIe�zua�J.YKewZ�l]j�J.NOJ�Uf�]HvQDPRQ]SbUVQ�UIQTcRFfH[Jw��¶�l���QqeyLOUfH6zOUI��H^FIJRP·iOZbS>NOZTFIJ�LpQqUVQqgoJ�FIUIQ
S>J.tvZwUfgyj]a�HKJ¸W�QT���[N�QBLOURJ�lbY�j]S�Q{¯¹W.goJ�NO�IZ�l]QqNOH[JDa�Z]zOY[Z]g��MZ�lbcfewJRP�J.NOJ.UR�wHKJ�Q�UIQTcRF¹a�J.YKewZ�lmJRP�J.NOJ.UR�wHKJ
cVQ¬W�QTcRF�Q.lb�&«ºZ]�OUVjqW.Z]e¼»G°�����FfZwg4FfZk�MZbS>JXS>Z]c�Qqi�z]PsJoa�J.YKewZ�l]j¬J.NOJ.UR�wH�Q4PRQTS>UVQ�g�Q{�bH[g4zOghQ4P�JRP
iOZ�S>NOZ]FVQ�l�W�FIH�QTiONGz>F�j�eµa�J.YKewZ�lmJRP�J.NOJ.Uf�]HKHmPRQTS>UVQ�lµW�jqe�Y�QTS>NOZwg©cfFVQ�lwJ4«

β = 0
°�cVQ�Z]W.NpQT��z]P�J�QqewZ

½ Þq¾�¿ÁÀ�¾¡ÞyÂ�Ãº¿ÁÄsÅOÄ�Æ�¿�Þ�Ç
Bf

��È�J.NGFIZ¬�MZ�S¼NpQqW�_�l]QTgXJ�É ÄVÊ>Ë^ÌqÍ�ÎTÏ ½ Ì�ÊmÌ{Ï ��¨ªURH�Ð�QTYK�fZwgÑW�l]®]���IZ�l]QTNO�
S>J.tvZwUfgyj]a�HKJ¹a�J.Y[e]Z{l]j&J.NOJ�Uf�]HvQ&e�YKJ.cVj¸Q�PRQTS>UfZ�cVQ&W�QT���KNpQ��RFIHKJ.LOH^¯�����FfZwg(FIZ�cRF�Q.lmJ�z>\·H[S>J�Z¸NOJ�lbUVQ{FR�
N>_¼LOURZba�J�c��4¨ªUIQ�lbS>J.LMZbS>Z]�ONOZ]cf¯��RFIHKJ.LMJ.NOH�Q�PsJµLOUfJ�FfZuS�QqNpj¬LOUIQ.l>S>J.LMZbS>Z]�ONOZ]cR¯IZ]z�S>ZwcfH�QTi>N�z>FIH�Q
cfJ�S>YKZ{lw�.iOZÒ�MZ�S>z �Ó³�Q�Zba�J.N>J.NOH[J¼l�LOYKxGlbz¥NOJ.zOW�Q.lbURJ�F�_>aIi¦lbUfcRFIHKJ�lÔcVQ�LMZwzO\.�^l]Q�ÕGFIURz>FIHKNOcfew�.iOZ
goJ�Ff}bS�Q�lbURcRFflmZ�l�_>aIiuewZ]UfJ.ewa�H[�·�^ �»q¢£�ª��UfcRFRlmZ�lm��e]ZwURJ.ema�HKJBgoÖ]\.z´l�_bUVQqW.NOJ�W.goJ.NOH^¯¸W�j�l�H[cfYKZwcR¯¸J.Nb�
J.UR�wHKJ�PRQ]SbUVQ�Z�S¸P�J�iOZ�S>J.t§Z]Ufg�jTa�HKJw��¨�UfJ�¯VQT\.e]��P:Q]S>UIjªP�J�l�_��IeTQ&�pQTURH[�.U:xBS�QTNpj�iOY�Q.lbNOJ�lbUfcRFflwZ{lG_bgoH
Z]LOUVQ.l]QTgoH6«

6÷9
±�Js��°��w�Xl�_bLMZ���FIZ�l(lbURcRFflmZ�l�_>aIi�Z]LOUVj.lBl�xbLOY^_�l]Q>dT\.J+¯VQT\.e]�)PRQ]SbUVjDgoÖ]\.z��Gx�¯�l

W�jqe�Y�Q]S>NOZ]g²cRF�Q.lmJ�S>J.tvZwURgoZ�lwQqNO�
(β ≈ 0, 25)

Q�NpQ�e�UfH^lbe]J�LMZTFIJ.N�a�H�jqY[N>JRP×J.NOJ.UR�wHKJ�cVQ�Zw�>PRQ.lbz]P�J
NOZ�lm�(goHKNOH[g4zOgØluZw�OY�QqcRFIH

β ≈ 0, 6
«ºSblmZ]PsHKFVjy�pQqUfHK�.UVQo�fFfH[J�LMJ.NOHvQw°����·LOY^x�l´lbUfcRFRlmZ�l�_>aVi~Z]LOUVj.l

e�YKJ.cVjuc(UVQqcRFIZ]gÙJ.N>J.Uf�]H[JolbW.�Oz�S>J�NOHvQXPRQTS>UVQ�QuL>UfH
Eexc. ≈ 30 ÷ 40

±�J£�rLOUIQTeGFfH�aIeGx�W�QqNOHKeTj>d
LOUfH[��Z]g �pQqUfHK�.UIQ��fFfH[J.LMJ�NOHvQ�PsJ`S�QqNpjÚemlwQqLOewZ�l�_�g gXZbS>J.YKZ]g��ÛEGFIHKJ.LMJ.NOHKJ¼¯�Qq\.eG_>aIi$PRQTS>HKJ.U4P�J
cfHKY[NOJ�J��bZ]FfJ.UfgoH[aVeG_¬LOURZba�J.c�d>LOUfHAeGFIZ]UfZ]grcVQ�z>lmZ]nfÜ�z]P�J�lwJ.nIe]��gXNOZw\.cRFRlmZXJ.NOJ.UR�wHKJw�·¨)ZTFIJ�N�a�HvjqYKNpQ
J.NOJ.UR�wH�QBPRQ]SbUVQycVQyLMZ¬LOUfJ�aVi>ZbS>J�cfJ�S>YKZ�l�_bgÑ�MZbS>Z]gÝW.gXJ.NO�fz]P�J4l~S>Ö]cIYKJ�S>eGz¬P�JRP&FIUVQqNOcft§Z]Ufg�jTa�HKJ

Þ�ß
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NpQoJ.N>J.Uf�]H[z~t§UVQq�]goJ.NGFIZ�lu�RFIHKJ.LMJ.NOH�Q~«ºe�HKNOJ�FfH�aIe�� dåS>J.tvZwUfgyQ]��NG�M°��¸¨�ZbS>cRF�Q{FIN>_uLOUR�[cfLMJ�lwZwe´e�z~e�H �
NOJ�FfH�aIewJRP¸J�NOJ.Uf�]H[H)l�NpjT�VQ�a�Zwz>Y[Z]g��MZ�lbcfew��Z�S>LOz�S>W.Z�l]QTNOHKJµcVQyt§UVQq�]goJ.NGFfZ{l6�baªNOJ.UR�wH�Qyl�W.�Oz�S>J.NOH�Q
t§UIQT�]goJ.NGFfZ�lkLMZbaIipj]S>W�QµW�c

•
J.NOJ.Uf�]HKJDl�W.�Oz�S>J.NOH�QB�RFIHKJ.LOH�QTa�J.iOZ4cVQ&PRQTS>UVQbdGUfZ]W�S>J.YKJ.NpjBLOURZwLMZ]UIa�H[Z]NpjqY[NOJ�i>goZ]FfNOZwcRFfHpt§UIQT�q�
gXJ.NGFIZ�l6d

•
��QTcRFIH S>J.t§Z]Ufg�QT��NOJRP+J.NOJ�Uf�]H[J��fFfH[J�LOHvQTa�J.iOZoc�Q�PRQTS>UVQ4l´S>Ö]cIYKJ�S>e�z´lbN��>FfZwURNO�.iOZXFfUfJ.NOH�Q>d

•
S>J.t§Z]Ufg�QT��NOJRP(J.NOJ�Uf�]H[Jkt§UIQT�]goJ.NmFIZ�l6dªemFIZ]UVj~LOUfJ.aVipj]SbW�Q`S>Z`Z]cIa�H[Y�jTa�HK�&c�NpjTcfYKJ�S>N>_bg �>FIY �
gXZwg

Þed
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³�QXZ]�OUVjqW.e�zgf(P�J(W�NpjTW.Z]UfNOJ�NpjyW.gXJ.NpQoJ.N>J.Uf�]H[JBlbW.�Oz�S>J�NOHvQ�QoeGH[NOJ�FIH[aVewJRP&J.NOJ�Uf�]H[J(t§UVQq�]goJ.NGFIZ�l
LMZkLOUfJ�aVi>ZbS>Jµ�RFIHKJ.LOH�Q]a�J.iOZ´cVQ(PRQTS>UVQ�cfJ�S>Y[Z�l�_�g �MZ�S>Zwg��_a�NOJ.Uf�]HvQylbW.�Oz�S>J�NOHvQ¬t§UIQT�]goJ.NmFIZ�l�P�J
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���
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$Rø����������R�­û��>
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bø,�W�	)]û��#�
5	�%���O
��%�#�W�	)]û ���k�!����ø����!�,�:� û���E-�©÷�û8�qû�� 16GlI��!�,�:� û���E4÷�û��<@mLnIbG¹û8�(øsû�ú	5	�%�F��
2���2�%�#1
Ð�QTYKJRP×W.NOHK\.Z�l]QTNpjµl´L>UfZba�J�cIJBJ.goHKcfH[JBNOJ�z>FIUf}]NOZ�l�Q

γ
Ç eGl]jTNmF�d�N�QTcfYKJ�S>Z�lwQqNpj

β
Ç UfZ]W.LpQTS>Zwg t§UIQT�q�

goJ.NmFIZ�l6�¹¨ªURH cIY�Qq�MZolbW.�OzOS>J.N>_>aVioPRQTS>UIj]aVioPsJBNpQqPsl]®T���fHvQX��QTcR¯¸J.NOJ.UR�wHKJ(z>NpjT�VQqNpjXt§UIQT�]goJ.NGFVQTgXH
lmZ�t§ZwURgoJ�eGH[NOJ�FfH[aVewJRPµJ�NOJ.Uf�]H[J$«

∼ 70%
°�� Õ�Z�W�l�xb�fZ�l]QTNO�Kg J�NOJ.Uf�]H[JulbW��Oz�S>J.NOH�Q��RFfH[J.LOH�QTa�J.iOZ

cVQ�P:Q]S>UIQkcVQkW�lGxb�fz]P�JyQqP�J.NOJ.UR�wH�Q¬lbW.�Oz�S>J.N>HvQkt§UIQT�]goJ.NGFfZ{låd LOUfH[��Z]ghc�Q¬H[aVi�eGH[NOJ�FIH[aVeTjkJ.NOJ.Uf�]H�Q
F�Qqe�goJ�UªNOJ.goJ.NO�����pl�_b�fJ.NOHKJ�J.NOJ.Uf�]HKJ�l�W.�Oz�S>J.NOH�Q×P�J�cfLOURJ�lwjTS>W�QqNO��NpjTcfYKJ�S>N>_bg W�l�_b�fJ.NO�Kg©LMZ���FIz
J.goH^FIZ�l]QTNb_>aViuNOJ.z>FfUf}]NOZ{lådOt§UIQT�]goJ.NGFsxkcVQXSbZwcRF�j.l]QqP��u�OYKHK\.�IHKJBe¬Z]�OY�QTcRFfH cfFVQT�OHKYKN>_>aViXPRQTS>HKJ.U��
o t§Z]UfgXZ{l]QqNOH[z t§UVQq�]goJ.NGFfZ{lÛ«ºH[aVi iOgoZTFINOZ]cRFIH�Q$Npjq�MZ]PRQw°¬S>ZbaIipj]S>W�Q$l¥Z]�OY�QTcRFfH�LMZ�LOURJ��

aViOZ�S>JµcfJ�S>YKZ{l�_�g �MZbS>Z]ghS>Zk�MZbS>z|UfZ]W�FIUfi>N�z>FIH�Qb�4È�jqFfZu�.QTcR¯�L>UfZba�J�cIz�S>J.YKJ.NOH�Q4P�JµW�Q{FIH�QTn�NpQ��
P�gXJ.NOJRPALOUfJ.cfe��OgyQTNpjDQ&l�cf����QqcfNOJRP�S>Z]�MJ¹NOJ.J��>HKcRFIz]PsJ·FIJ.}]UfH�Q>dqeGFfZwUIj��Gx�eGl]QTNmFIH^F�Q{FI�^lbNOJ+SbZweTjTW�QTY�Q
LMZ]LO�[cVQ{¯BcfLMJ.eGFfUVj¬t§UIQT�]goJ.NGFfZ{l¼�RFIHKJ.LMJ.NOH�Q¬l¼�fH[UR�f��aIi�HKNGFIJ.U:lwQqYKZbaVi�J.NOJ.UR�wHK��d iOgoZTFINOZ]cfFf��Q¬NpjT�MZq�

Þ:p
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P�Z�l6�(¶�cRxbgoJ�FfUfH�Q¬�RFIHKJ.LMJ.NOH�Q¬¯VQT\.em_>aVikPRQ]SbH[J.U�LOUfH�NO�KW.ewZ]gÝlbW.�Oz�S>J�NO�ªLOURZ]FfH[URJ�����LOUfJ�S>LMZ]e�Y�Q]S>Z]g
eGl]QqLOewZ�lm�.iOZÚgoZ�S>J.YKz �qa��>HKcRFIz]PsJ�lb�VQqe�NOH[J�ewZwnfe]Z$t­QTeGFfZwURZ{l�eGl]QqY[H^F�Q{FI�^lbNOJ�ZwLOHKcfz]P���a�H[aViÔFIJ.NGFfZ
LOUfZ]�OYK�.g\c

•
l�PRQTS>UVjTaVi4c

Z = 90÷100
c�Q�NpQqPsl]®T���fHvQ¸J.NOJ.UR�wH�Q¸z>lmZ]nfÜ�z]P�J¹LOUfHbQTcRxbgXJ�FIURH�aVe]Zwg�UfZ]W�S>J.YKJ.NO�

i>goZ]FfNOZwcRFfH t§UIQT�]goJ.NmFIZ�l6d

•
LOUVQ.l>S>J.LMZ�S>Zw�ONOZ]cR¯·l�W.NOHKe�zytvUVQq�wgoJ�NGFIZ�l�c¹SOQTN>_bg

N,Z
W�j.lbHKcf��Z�SXLMZ]FfJ.N�a�H�jTYKNOJRP�J.NOJ�Uf�]H[J

lu�MZbS>J4UfZ]W�FIUfi>N�z>FIH�Q>���·URcRFflmZ�lm�(ewZ]UfJ.ewa�HKJ�J�NOJ.Uf�]J�FIH[aVeGx�W�l�_biOZ�S>Ü�z]Ps�¼lbW.NOHKeuNOHKJ.eGFIZ]UR_baVi
tvUVQq�wgXJ.NGFIZ�l6d

•
l`PRQ]SbUVjTaViÔc

Z < 90
cI��cfJ�S>YKZ�l�_��MZbSÔQ|�MZ�S�UfZ]W�FIURiON�z>FIH�Q|�OYK�KW.ewZ�cfJ.�pQbd+��Z�W.NOHK\.z]P�J

�.QTcDNpQXt§Z]UfgoZ�l]QTNOHKJ(t§UIQT�]goJ.NGFfZ�l6�&È�ZygoÖ]\.J(cfLMÖwcfZ]�MZ�lwQ{¯�goJ.NO�f��LOUfJ�NOZwcDJ.NOJ.UR�wHKJ(goJ�S>W.H
URÖwW�NGxbgoH×cRFIzOLOÜpQqgoH×lwZwnfNOZ]cfFfH¸Q`i>goZ]FfNOZwcRFfNO�uURZwW.S>J.Y[J�NOH[Ju�Oz�S>JuS�QqNO�uiOY�Q.lbNOJut§Z]UfgXZwz
P:Q]S>UIQ�lkcfJ�S>YKZ�lmZ]g²�MZbS>J]d

•
lmJ.nfeG_olbLOY^x�l�goÖ]\.J�gyQq¯�QqPªlbHKcIe]ZwW�HKFVQDPRQTS>UVQBlbW.i>n�QTS>Z]g�NpQ(ZwcIa�HKYvjTa�HKJ�cfLMÖwcfZ]�Oz]P���a�J�QTcRxG�
gXJ�FIURH�aVeG�ut§Z]Ufg4zu�RFIHKJ.LOHvQTa�J.iOZocVQ�P:Q]S>UIQ>d

•
l�cfHKY[NOJXlbW.�Oz�S>J.N>_baVi�PRQ]SbUVjTaViÚ�MJ.WolbURcRFflmZ�l�_>aIi�lbLOY^x�lmZ�l|cVQuLOURJRPRQ.lbz]Ps�ÚLOUfJ�SbZ{lb�fJ�FfeG_bg
�RFVQqFfH[cRFIH[aVe]��J.t§J.eGFsxm�

r�sOtus�t v�w�x%yRzPy7{|x%y}z|~#x�{|�%�2�Z�U�&�����<w
~
yR�4{`�U�&��y�{`y7~
�Zx%�u�e�

� ��HKNON>_kLOURH[J.URJ.WB�RFfH[J.LMJ.N>HvQ
σf

lbW.�OzOS>J.N>_>aViXPRQTS>H[J.U�W�l�xb��QqP�NOJ�ZwLOHKcfz]P�J.gXJ4QqewZ�c

σf = σ0Pf(Eexc.),
«: {°

ebS>J
σ0

PsJ×�O��H[NONb_4LOURH[J.URJ.W+l�W.NOH[eGz�l�W.�Oz�S>J.NO�.iOZ+PRQTS>UVQ¸c�J.NOJ�Uf�]H[Z]z
Eexc.

Q
Pf(Eexc.)

P�J+LOUIQ�lbS>J��
LMZbSbZw�ONOZ]cR¯D�RFfH[J.LMJ.N>HvQ�PRQTS>UVQbd�S�QqNpj�l�_bUIQTW.Z]g\c

Pf = Γf/
∑

i

Γi,
«Á¡w°

ebS>J
Γf

P�J¼�f�[URe]QÚ�RFIHKJ.LMJ.NOH�Q�Q
Γi

P�J`�f�KUfeTQÚUfZ]W.LpQTS>z�P:Q]S>UIQ$H Ç Fsxbg eTQTNpjqYKZwg «
γ, n, p, α, ...

°��
¨ªUIQ�lbS>J.LMZbS>Z]�ONOZ]cR¯o�RFIHKJ.LMJ.NOH�Q¼l$W�j.lbHKcfY[Z]cRFIH×ZbSÒJ.NOJ.Uf�]HKJklbW.�Oz�S>J.NOH�Q¬P:Q]S>UIQ~l�xbeTQqW.z]P�JkLOUfz�S>eG_
J��>LMZ]NOJ.N�a�H�jqY[Nmx�NpjqUVQqcfFµl$Zw�OY�QqcfFfH&Z]ewZ]Y[Z|�pQqUfHK�.URx�Q¼LOUfH

(Eexc. > Bf)
cVQ¼�OYK�[\.H×e~PsJ�S>NOZ]FfewJw�

¨ªURH�J.NOJ�Uf�]HvjTaViolbW.�>z�S>J.NOH�Q�l�xb�f�f�[aVioZBNOHKJ.ewZ]nfewZ4±�Js� Z�SXl]®qW.�MZ{lwJRP�J.NOJ.Uf�]HKJ¸NOJ.z>FIUR}wNGzygoÖ]\.J.goJ

Þ7�
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W�QqNOJ�S>�pQ{¯¬J.goHKcIHKz
γ
Ç emlwjqNGF¬W.ZÚW.YKZw\.J�NO�.iOZ¼PRQTS>UIQ>� � ¯�Qq\.eG_>aIiÚPRQ]SbUVj]aIi$PsJ~g�QTY�jÚQqPXJ.goHKcfHvQ

nVQTi>eG_>aViÚNpQq�OH^F�_>aIiÒ��QqcRFI�[a]�u��FfZwiOZ~S>Ö�lmZbSbz�P�JyJ.goHKcfHvQ´NOJ.z>FIUR}wNOZ�l�iOY�Q.lbN>_bg ewZ]NOe�zOUfzTP���a�HKg
LOUfZ�a�J.cfZ]g �RFIHKJ.LMJ.NOHKz�Q&L>UVQ.l>S>J.LMZbSbZw�ONOZ]cR¯)�RFIHKJ.LMJ.NOH�Q&goÖ]\.J.goJ�z>UI��H^¯�LMZ]goJ.UfZ]g �f�KUfZ]e��RFIHKJ.LMJ.NOH�Q
Q�J.goHKcIHKJ�NOJ.z>FfUf}]NOZ{l

Γn
c

PF =
Γf

Γn + Γf
.

«�»m°
ÕÚUIQTcRFIZ]g J.NOJ.UR�wHKJklbW��Oz�S>J.NOH�Q¼goÖw\�JuSbZbaVipjTS>W�Q{¯XeÚ�RFIHKJ.LMJ.NOHKzÔQqP(LMZ`J.goHKcfH[H+NOJ.z>FIUR}wNGz d�e]J�Ð
J.NOJ.UR�wH�Q�lbW.�OzOS>J.NOH�Q�P:Q]S>UIQ~W.Z]cRF�QqNOJ¬LåZ¼J.goHKcfH[H·l�xb�f�fHvQ¼QTe]Z¬PsJ¬�pQTURH[��UVQ~�RFIHKJ.LMJ.NOH�Q`Q~URJ�QTYKHKW.z]P�J
cVQ�UfJ�Qqema�H�Q

(γ, nf)
� ³�Q�Z]�OUVjqW.e�z��´P�J~W.Z]�OUVQqW.J.N>_�LMZwgoJ�U�����HKNON>_>aVi¦LOUfHKJ.UfJ.W�Z{l

σ(γ, f)
Q

σ(γ, F ) = σ[(γ, f) + (γ, nf)]
�

ö�÷Iøsù�ú�û�ü��qþ�3�û
� �Iø|X2+��Q�2�2E#�	)B
bø	���Iø,�:ú�û��^$Iû��­û-5	�%���O
2���2�%� 238 � σ(γ, f)
�
σ(γ, F ) = σ[(γ, f)+(γ, nf)]

��ú�ù������	� û-�	�%��û��������Iø��
���
γ
I�ü<�.ù��R�H���	h8��1

r�sOtus�r �g���uw�{U�^�<w�{U�N~��^�:��y� %y7{|x%y}¡�~
���Z��y7{Zw��R¢l£<w�x%yRzPy7{|x%�

¤ UIQT�]goJ.NmF�x��RFIHKJ.LMJ.NOH�Q�cVQ`l�xbW.NpQT��z]P��¦�fHKUfZ]eG_bg iOgoZTFINOZ]cRFIN>_bg cILMJ�eGFIUfZ]g l�_�¯VQT\.e]Z�l6� È lwQqU
iOgoZTFINOZ]cRFINO�.iOZuUfZ]W�S>J.YKJ.NOH�QXPsJyW�j�l�H[cfY^_�Z�S�NpjT�MZ]P:Q

Z0

d�iOgoZTFINOZ]cRFIH
A0

QkJ.NOJ.UR�wHKJol�W.�Oz�S>J.NOH�Q
Eexc.

�RFIHKJ.LOH�QTa�J.iOZ�cVQ�P:Q]S>UIQ>�$¨)Z�S>nVQ¼t§ZwURg4x$i>goZ]FfNOZwcRFfNO�.iOZ|cfLMJ.eGFIUIQ¼UfZ]W.YKH[�fz]PsJ.goJuSbl]Q¼e�UIQ{�
P�NO��LOUf�KLpQ]S�x�� cRxbgoJ�FIURH�aIew�¼Q$QqcRxbgoJ�FfUfH[aVew��UfZ]W�S>J.YKJ.NOHKJ~l�_�¯VQT\.e]Z{l��RFIHKJ.LMJ.NOH�Q>� ÕGxbgoJ�FfUfH[aVew�
UfZ]W�S>J.YKJ.NOHKJµP�JkLOUR�[W�NpQ]��NO�kLOUfJ¬lb�fJ�FfeGx$nVQqiOew��PRQTS>UVj|Q~LOUfJ¬¯VQT\.e]��PRQTS>UVj¼cµJ.N>J.Uf�]H[Z]z�l�W.�Oz�S>J��
NOH�Q

Eexc. > 40
±~J£�µ�)��x�W.NpQT��z]P�JucVQ`gyQ{�>HKgoZ]g lÒZ]�OY�QTcRFIH&iOgoZTFIN>ZwcRFI�×t§UVQq�]goJ.NGFIZ�l

A0/2
�

¶�cRxbgoJ�FfUfH[aVew�DUfZ]W�S>J.YKJ.NOH[J�cVQBl�xbW.NpQT��z]P�J�S�lmZwgyQ(g�Q��>HKg�QqgoH Ç�¥ LO�Ke�goH ¦Od>Q ¥ S>Z]Y[HKNOZ]z#¦�goJ�S>W.HåNOH �
goH�dåURZwW�S>J�nIz]Ps��a�HKgoH�cfLMJ.eGFfUfzOgÑNpQyZw�>YvQqcRFIH)n�QqiOeG_baVi�Qo¯�Qq\.eG_>aIi`t§UIQT�]goJ.NmFIZ�l6� � J4FsxbLOH[aVew�4LOUfJ
�RFIHKJ.LMJ.NOHKJ¬¯�QT\�eG_>aVi¼PRQTS>H[J�UµLOUfH+NO�KW.eGxbaVi�J.NOJ.UR�wH�jTaViÒlbW.�Oz�S>J.N>HvQ

Eexc. < 20
±�Js�����ØZ]�OY�QTcRFIH

J.NOJ.UR�wHK�AlbW.�OzOS>J.NOH�Q
Eexc. ∼ 20÷ 40

±�J£� P�J�WRPRQ.lbNpjµcfzOLMJ.URLMZwW.�[a�H�QXcRxbgoJ�FfUfH[aVew�.i>Z�QoQqcRxbgoJ�F:�

Þ&§
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UfH[aVe]�.iOZXURZwW.S>J.Y[J�NOHvQb�·¨ªUfJ�QTcRxbgXJ�FIUfH[aVe]��iOgoZTFINOZ]cRFINO��cfLMJ.eGFIUIj�t§UIQT�]goJ.NmFIZ�l¬�RFIHKJ.LMJ.NOH�Q4¯�Qq\.eG_>aIi
PRQTS>HKJ.U�LOY�QqFf��c

•
cIZ¬W�l�xb�fz]P���a�Z]z`cVQyiOgoZ]FfNOZwcR¯fZwz¼�RFIHKJ.LOH�Q]a�J.iOZkcVQBP:Q]S>UIQ�cVQycRFfUfJ�S>NpjyiOgXZ]FfNOZwcR¯�g�Q��>HKg�Q
¯VQT\�ewJRP���QTcRFfH�tvUVQq�wgoJ�NGFIZ�l «

MHM
°(LOUVQqeGFIH[aVeGxÒNOJ.goJ�NO�¸Q|cRFIURJ�S>Npj`iOgoZTFINOZ]cR¯onVQTiOe]JRP

�.QTcRFIH�«
MLM

°¹UVQqcRFIHKJwd

•
�I�KUfeTQ�UfZ]W�S>J.YKJ.NOH�QXNpQ�LMZ]YKZ{lbH[��NOJRP¹l�_b�fewJ�LOUfJ�n�QqiOe��Ú«

FWHML

°×QqP¹¯�Qq\.e��Ú«
FWHMH

°
�.QTcR¯�URZwW�S>J�Y[J.NOH�Q�cVQÒW�lw®T���fz]P�J�cfZ�W�l�xb�fz]P��Oa�H[g cVQ�LMZ���FIZ]g LOUfZTFI}]NOZ{l �RFIHKJ.LOH�QTa�J.iOZÔcVQ
P:Q]S>UIQ>d

•
LOUfHåURZ{l�NpQTe]JRP�J.NOJ.Uf�]HKHål�W.�Oz�S>J.NOH�Q4e�YKJ.cVj(LMZwgXJ.U ¥ LO�Ke Ç S>ZwYKHKNpQ�¦u«

P/V
°�cfZ�W�l�x��IzTP���a�HKg�cVQ

Z0

QqP
A0

�RFIHKJ.LOH�QTa�J.iOZycVQ�PRQTS>UVQbd

•
lyS>Ö]cIYKJ�S>e�z�W�l�_bUIQTW.N>J.NOHvQBcRxbgXJ�FIUfH[aVe]JRPªW.YKZ]\.eGxoUfZ]W�S>J.YKJ.NOH�Q(LOURHpl�x��I�f�[aVi�J.NOJ.UR�wH�jTaVi�lbW��Ozb�
SbJ.NOHvQ&�RFIHKJ.LOHvQTa�J.iOZDcVQ�PRQTS>UVQbdqLMZ]goJ.U

P/V
e�YKJ.c�j&cfZ¸W�l�xb�fz]P���a�Zwz(cVQ&J.NOJ.UR�wHKZwzBlbW.�>z�S>J.NOH�Q>�

¨)Z�S>n�Q�cILMÖ]cfZw�>z�H[S>J.NGFIHT¨�eTjTa�H[JkLOURZbS>zOeGFfZ{l��fFfH[J�LMJ.NOHvQ¼S>Z¼J.goHKcIHKJ¬NOJ.z>FIUR}wNOZ�lÒQ~LMZ¼J.goHKcfH[H
NOJ.z>FfUf}]NOZ{låd�UfZ]W�S>J.nfz]P�J.gXJ�iOgoZTFINOZ]cRFINO��cfLMJ.eGFfUVjÒl�_�¯VQT\�ewZ�l tvUVQq�wgXJ.NGFIZ�l NpQ�S>Z]NOJ.z>FfUf}]NOZ{lw�
«ºURJ.cfL � LOURJ�S>NOJ.z>FfUf}]NOZ{lw�{° Ç�¥ L>UfJ.NOJ.z>FfUfZ]N S>HKcRFIURH[�Oz>FfHKZwN#¦ Q LMZ]NOJ.z>FIUR}wNOZ�lm� Ç�¥ LMZ]cRFINOJ.z>FfUfZ]N
S>HKcRFIUfHK�Oz>FfH[Z]N#¦O�P©�HKcfLMJ.UfW.H�Q�F�_>aIiGFIZ(cfLMJ.eGFfHKJ.U�P�JDLOUIQTeGFfH�aIeGxoUfZ�lbNpQqeTj4Q�cRFIURJ�S>NO�DiOgoZTFINOZ]cRFIHpt§UIQT�q�
goJ.NmFIZ�l´cI��LMZwcfzON�z>Ff�(ZyLMZb��J�F�J.gXHKFfZ{l]QqN>_>aVi�NOJ.z>FIUR}wNOZ�l6�¸�6QTz>\.�Kl]QqNpjoe�Y�QTcfHT¨�eTj]a�H�QoUfZ]W�S>J.nfz]P�J
l�_�¯VQT\�eGxkt§UIQT�]goJ.NGFfZ�lk�RFIHKJ.LMJ.NOH�QXN�Q�c

•
NOJ.W�j.lbH[cfYK��lG_�¯�Qq\.eGx Ç PRQTS>UVj�lbW�NOH[eTQqP��Oa�JBLOUfH�QqgoZoLMZo�RFfH[J.LMJ.N>��QµJ.goHKcfHKH NOJ.z>FIUR}wN>Z{l6d

•
e�zOg�zOYKZ�lwQqNO�olG_�¯�Qq\.eGx Ç a�J.YKewZ�l�_`l�_G¯�Qq\.Zwe|S�QTNO��iOZ~N�z>e�Y[H[S>z�l�W.NOHKe]QqPs��a�J.iOZ�l|LOURZba�J.cfJ
�RFfH[J.LMJ�NOHvQoQµW�jTURZ{lwJ.Ü´lkLOUfZ�a�J.cfJ

β
Ç URZwW.LpQTS>zXP�J.iOZog�Q{FIJ�UfcfeG_>aViµPRQTS>H[J.U.�
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r�sOtusQ« ¬­�u®P��¯-�R¢^�}~
�i�2��y7 %y�{�x�y}¡.~
�u�Z��y7{^w��7¢l£<w�x%yRzPy7{|x%�
³¸J.W�j.lbHKcfY[��l�_�¯VQT\.emx¬tvUVQq�wgoJ�NGFIZ�l�UfZ�lbNpQqewJRP·iOgoZTFINOZ]cRFIH

A
gXÖw\.J.gXJ�l�W�j.lbHKcfY[Z]cRFIH6ZbS¬NpjT�MZ]P:Q

ZZ]LO�[cVQ{¯¸�mQTzOcfcfH�jTNOZ]g �^ 
�{¢.c

P (Z) =
k√
πc

exp

(
− [Z − Zp]2

c

)
,

«�fG°
ebS>JDLpQqUVQqgoJ�FIJ.U·�I�KUReGx�c

c = 2(σ2 + 1/12)
d�LOURZwLMZ]UIa�HKZ]NpjTYKNGx�S>HKcILMJ.URW.HKH

σ
�GQqzOcfcfZ{l�cIe]�.iOZ4UfZ]W�S>J��

YKJ.NOH�Q>d]PsJ�zOLOUIQ�lwJ.N>_¬LOUfJ�S>H[cfe�UR��FINGxkaVipQqUVQqeGFfJ.U�W�goJ.NGx¬NpjT�MZTPRQu�^ �°q¢£d
k
P�J�NOZ]UfgyQTYKHKW�Q]��N�jµewZ]NO�:�

F�QqNGFVQ�Q
Zp

P�JoNpQqP�LOUIQ�lbS>J.LMZbS>Z]�ONOJRPs�IH�QuiOZbS>N>Z]F�Q´Npjq�MZ]PRQ´LOURJyS�QTN���iOgoZTFINOZ]cR¯(tvUVQT�]goJ.NmFIZ�l6�
�ÛLOU:lmZ]grLOUfHK�OYK�[\.J�NO� cVQ�LOURJ�S>LMZweGYvQTS�jbdO\.J�i�z>cfFfZ]FVQ�Npjq�MZ]PRQ�P�J�l¬eTQT\�S>Z]grt§UVQq�]goJ.NGFIJ�URZ{l�NpQTeTj
QqewZµlk�RFIHKJ.LOH�Q]a�Z]g cVQ�PRQTS>UfJ�c

ZL/AL + νL = ZH/AH + νH = Z0/A0,
«��w°

ebS>J�H[N�SbJ��bx
L,H, 0

Z]W.NpQ]��zTP���nVQqiOeG_ÒQu¯VQT\.em_Út§UIQT�]goJ.NGF�d�URJ.cfLMJ.eGFI�^lmJ��fFfH[J�LOHvQTa�J¬c�QoPRQTS>URZ�Q
ν
Z]W.NpQ]��z]P�J�cRFIUfJ.S>N>_�LMZb��J�F�NOJ.z>FIUR}wNOZ�l�J.goH^FIZ�lwQqN>_>aIi`tvUVQq�wgXJ.NGFIZ]g���� FVQTe]Zwg4FfZ�LOUf�KLpQTS>J�cVQ

cRFIURJ�S>N>_|Npjq�MZ]P�t§UIQT�]goJ.NGFfz�c(iOgoZTFINOZ]cR¯IZ]z
Ai

ZwW�NpQ]��z]PsJ¬QTewZucRFIUfJ.S>N>_�Npjq�MZ]P�NOJ.W.goJ.NOJ�NO�.iOZ
Npjq�MZ]P�Z�lm�.iOZoURZwW�S>J�Y[J.NOH�Q ¥ zON�aVipQqNO�]J�S�aVipQqUf�]JBS>H[cRFfUfHK�Oz>FIHKZwN�¦~«�±³²´©�°�c

ZUCD = A′i[Z0/A0],
«�°G°

ebS>J
A′i = Ai + νi

PsJ�LOUfJ�SbNOJ.z>FIUR}wNOZ�l]j(iOgoZTFINOZ]cf¯+t§UVQq�]goJ.NGFfz ��� S>ÖwcfYKJ�S>e�z¬Npjq�MZ]P�Z�lmJRP�LMZwY�QqU:�
HKW�j]a�H[J�t§UVQq�]goJ.NGFIZ�l¬l¬�fFfH[J�LOHvQTa�Z]g cVQ�PRQ]S>URJ&P�J�cRFIUfJ.S>N>_kNpjq�MZ]P×LOURJBS�QqN���i>goZ]FfNOZwcR¯�c

Zp(Ai) = A′i[Z0/A0] + ∆Z(A′i),
«�µw°

ebS>J
∆Z = (Zp − ZUCD)H = (ZUCD − Zp)L

PsJ~Npjq�MZ]P�Z�l]j�S>J�lbH�jTa�HvQ�LOUfJ~SOQTN��ÔLOURJ.NOJ.zb�
FIUR}wNOZ�lb�uiOgXZ]FfNOZwcR¯¸tvUVQq�wgoJ�NGFIZ�l6�·³�QµZ]�OUVjqW.e�z\°Xcf�uW.NpjTW�ZwURNOJ.NO��F�xbL>H�aVe]��W�j�l�H[cfYKZwcRFIH

∆Z(A′)Q
σ2(A′)

Z�S©LOURJ�S>NOJ.z>FIUR}wN>Z{lwJRP�iOgoZTFINOZ]cRFIHot§UVQq�wgXJ.NGFIZ�l LOUfJÔNO�KW.ewZGJ.NOJ.UR�wJ�FfH�aIew�¦�fFfH[J�LMJ.NOH[J
¯�Qq\.eG_baViXPRQTS>H[J�U��·±�Öw\.J�goJ�lGx�lmZ�S>HK¯�NpQTcfYKJ�S>z]P��Oa�JBW�j�lwJ.URx�c

•
l$QTcRxbgXJ�FIUfH[aVe]JRPB��QqcRFIH¹iOgXZ]FfNOZwcRFIN>�.iOZ¼UfZ]W�S>J.YKJ.NOH�QyPsJ¬S>J�lbH�j]a�H�Q

∆Z < 0
d�LOUfH[��Z]gØP�JRP

Qq�OcfZ]Y[�>FfNpQ�iOZbSbNOZ]FVQ�UVQqcfFfH[J�c�UIQTcRFf��a�Zwz�QqcRxbgoJ�FfUfHKZwzuQ�LOURJRPRQ.lbz]P�J�cVQK¶�zOeGFIzpjTa�H�Q�c&LMJ.U:�
HK}�S>Zwz

∆A ≈ 5
l´S>Ö]cIYKJ�S>e�zuLpjqUfNOZ Ç NOJ.L�jTUfNmx>aVi�J.tvJ.eGFIZ�l6d

•
l cfx�goJ�FIURH�aVe]JRP���QqcRFIH4S>J�lbH�j]a�H�QÔLOUfJ�aVi�j]S>W�Q¦S>Z¥eGYvQTS>N>_>aIiÛiOZbS>N>Ö]F�Q�lbLOY^x�l LpjqUfNOZ Ç
N>J.LpjTURNGx>aViuJ.tvJ.eGFIZ�lkcVQµcRFIUIj]a.Q>d

·�¸
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ö�÷Iøsù�ú�û.üK¹{þ�ÿåù
�8�Q�	� û-�	�
∆Z(A′)

�
σ2(A′)

û��º
bø,�W������/��vø�»��bû������º)#��û��%�bû-�	�%�:$Rø����������R�­û���1

•
iOZbS>NOZTF�QXS>HKcfLMJ.UfW.HKJ

σ2
ewZwYK�K�fJBZ]ewZ]YKZye]ZwNO�RFVQTNGFfNOJRP+iOZ�S>NOZTF�xkNpQXa�J.YKZwg²URZwW.cVQqi�zuiOgoZ]F:�

N>ZwcRFI��dOZ]e�UfJ�g²cRxbgoJ�FfUfH[aVewJRP¹Zw�>YvQqcRFIH��

r�sOtusT¼ ½(�H¾��u¿2�^�À{Uy7Á`w
~
Â�{`�7¢
¶�ewZ��MZ]Y[Z�l�x��I�fHKJ�cfLMZwgoJ.NGz>FI�wd�e�HKNOJ�FfH�aIe]j�J.NOJ�Uf�]HvQ�t§UIQT�]goJ.NGFfZ{l �RFfH[J.LMJ.N>HvQ�g�jqY[Z�W�j�l�H[cf�BZ�S
J.NOJ.UR�wHKJulbW.�Oz�S>J�NOHvQ��RFIHKJ.LOH�Q]a�J.iOZÚc�QkPRQTS>UIQ>� �pl�_b�fJ.NOHKJ�J.NOJ.Uf�]HKJ�l�W.�Oz�S>J.NOH�Q�c�Q`l�ewZ]NOJ���NOZ]g
S>Ö]cfY[J�S>eGz~L>UfJRPRQ.lb� W�l�_b�fJ.NOZ]z�J.goHKcIHKZ]z�NOJ.z>FIUR}wNOZ�l6�×�6j.lbH[cfYKZwcR¯¸cfFfUfJ�S>NO��iOZyLMZ���FIz�J.goH^FIZ�lwQqN>_>aIi
NOJ.z>FfUf}]NOZ{l¬ZbS´J.NOJ.Uf�]HKJ�lbW.�>z�S>J.NOH�QX�RFIHKJ.LOH�QTa�J.iOZycVQ�PRQTS>UVQµgXÖw\.J�goJ�l�xqPRQTS>UfH^¯�QqewZ��?�T»T¢�c

ν(Eexc.) = ν0 +
dν

dEexc.
∆E,

«�ÃG°
ebS>J

ν0

P�JµcRFfUfJ�S>N>_¼LMZ���J�FBN>J.z>FIUf}]NOZ�l¼J.goH^FIZ�lwQqN>_>aIi�L>UfH�LMZ���HvQ{FIZ���NOJRP�J.NOJ.Uf�]HKH�l�W.�Oz�S>J.NOH�Q
E0PRQTS>UVQ~Q

∆E = Eexc. − E0

�¼¨�UfH·NO�KW.eGx>aVi$J.NOJ.UR�wH�jTaVi�S>J.YKJ.NOH�Q~cVQuLOUfJRP:Q�l�z]P�J�cIHKYKNpj�W�j.lbHKcIYKZ]cR¯
LMZb��FIz J.goH^FIZ�lwQqN>_>aVi NOJ.z>FfUf}]NOZ{l¥Z�S i>goZ]FfNOZwcRFfH�t§UIQT�]goJ.NGFfZ{lå�ÅÄmÆ ËKÌqÍ�¿§ÃºÎ Ffl]QTUkW�j.lbHKcIYKZ]cfFfHÁdDc
g�Q��>HKgoZ]gØLOUfH

A = 110 ÷ 120
dMgXH[NOHKgoZ]g luZ]�OYvQqcRFIH

A = 125 ÷ 130
QoNpjqcIYKJ�S>N>_�gÑUVQqcRFIZ]g

LOUfH
A > 130

d�P�JoaVipQqUVQqeGFIJ.URHKcfFfH�aIeG_|LOURJµlb�fJ�FIeGx¼¯VQT\.e]��P:Q]S>UIj>�yÕ`NpjqUVQqcfFfZwg J.NOJ.Uf�]HKJol�W.�Oz�S>J��
NOH�QkUVQqcRFIHKJyQqP�LMZ���J�FBNOJ.z>FIUR}wNOZ�l`J.gXHKFfZ{l]QqN>_>aVi�eTQT\�Sb_�ghc�t§UVQq�]goJ.NGFfZ{l|QkLO�KYKZ{l�HKFs_|aVipQqUVQqeGFIJ.U
W�j.lbHKcfY[Z]cRFIH�c�QXW�iOYvQTS>W.z]PsJw�¸¨�UfH l�x�cIZ]eG_>aIi~J.NOJ.UR�wH�jTaVi~LMZb��J�FDJ.goH^FIZ�lwQqN>_>aIi~NOJ.z>FfUf}]NOZ{l´Y[HKNOJ�jqUfNOJ

·OÞ
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UVQqcRFIHKJ�cfZkW�l�xb�fz]Ps��a�Zwz`cVQ�iOgoZTFINOZ]cR¯IZ]z|tvUVQq�wgoJ�NGFIZ�l6�B³�QyZ]�OUVjqW.e�z�µ�P�J�W.NpjqW.Z]UfNOJ.NpjyF�xbLOH[aVeTj
W�j.lbHKcfY[Z]cR¯�cRFIURJ�S>NO�.iOZ¬LMZb��FIz`J.goH^FIZ�l]QTN>_>aIi`NOJ.z>FfUf}]NOZ{l�ZbS~iOgoZ]FfNOZ]cfFfH)t§UVQq�]goJ.NGFfZ{l�LOUfJ(¯�Qq\.ew�
PRQTS>UVj�t§UVQq�]goJ.NGFfZ{l

ö�÷Iøsù�ú�û�ün×.þ�ÿåù
�8�Q�	� û-�	���	�vø,�W����=	)]ûØ
wû<+!�%/Ù�����%�­û��-���2E��	)n����/��vø�»��bû��~û��"
>ø,�����	/:�vø.»
�bû������")#��û
�%�bû-�	�%�
$Rø��8�
�����R�­û��]���e×���1

7&8�7 ÚnÛ�ÜHÝ�C>ÞàßA=,á6Û>? C�=�?�âäã2ÚnÛ>?UåçæRæm<7Û�ákè>éWê�CYë�ì
í URW�S>NO�4\.H�QTURJ.NOH[J(lbW.NOHKeTjol~S>Ö]cfY[J.S>e�z`�>UfW�S>J.NOH�QyJ.YKJ.eGFIUR}wNOZ�luluFfJ.UI��H Ç ewZwNmlmJ.URFfZwURJ4W4g�Q{FIJ.URH�jTYKz
c¸l�xbcfZ]eG_bg LOUfZTFI}]NOZ{lG_bgÑ���KcfYKZwg

Z
�+��xbW�NpQ]��zTP�J(c�QoaVipQqUVQqeGFIJ.URH[cRFfH�aIeG_bgØcfLMZ]P�H^F�_�gØcILMJ�eGFIURZwg

γ
Ç YK����Z�l6d�c¹eGY[J.cVQqPs��a�Zwz¬HKNGFfJ.NOW.H^FIZ]z¬LOURH[�OYKHK\.NOJ�LMZbSbn�Q

1/k ≈ 1/Eγ
loHKNGFIJ.U:lwQqYKJ�J�NOJ.Uf�]H[�

0÷Ee
d

ebS>J
Ee

P�J(LMZb��H�Q{FIZ���Npj�J.N>J.Uf�]HvQyJ�Y[J.emFIUf}]NOZ�l�LOUfH)SbZwLpQTS>J4NpQoewZwNmlmJ.URFfZwU.����S>Ö{lwZbS>z¼Z�a�J.NOJ.NOH�Q
LMZb��FIzy�fH[J.LMJ.N>�pH[N�SbzOewZ�lwQqN>_>aIi��OURW�S>N>_bg©\.H�QTURJ.NO�[gudbQTe]Z4QqP��]J.ZwgXJ�FIUfHKJ¸LOURZbS>zOew��NO�.iOZBFIJ�UI��Qbd�P�J
LMZTFIUfJ.�>NO�oLMZwW.NpQ{¯4S>Z]cfFVQqFfZb��NOJoLOUfJ�cINOJXl�YvQqcRFINOZ]cfFfH

γ
Ç W�l]®TW.eGz �(î¸Y�Q�l�N>_bgoH�aVi�QTUIQTeGFfJ.UfHKcRFIHKe]QqgoH

�OUfW.S>NO�.iOZk\.H�QTURJ.NOH�Qyl~LOUf�KLpQTS>J�lGxbzO\.H^FIH�QkQTe]ZkW�l]®qW.e�z`NpQ�HKN�S>zOema�H[z|tvZ]FfZw�RFIHKJ.LMJ.NOH�Q��Oz�S>�¬P�J.iOZ
J.NOJ.UR�wJ�FfH[aVew��cfLMJ.eGFfUfzOg�dDzOi>Y[Z�lm�|UfZ]W�S>J.YKJ.NOH[JÚQÒW�j.lbHKcfY[Z]cR¯�cfLMJ.emFIUVQ$ZbS gyQqFfJ.UfH�jTYKz QÒiOUf�O�OeGx
�OUfW.S>NO�.iOZXFIJ.Uf��Q>�

¨ªUfJ�LOURlw��LOUfHK�OYK�[\�J.NOH[J�l�LOURHvQqgoZ]g�cfgoJ�UfJµ«­lycIgXJ.UfJ�ZwcfHåJ.YKJ.eGFIUR}wNOZ�lm��iOZµW�l]®TW.eGzM°�P�J�gXZw\.NO�
LMZ]zO\.HK¯�P�J.S>NOZbS>z�aIi��¼QqLOUfZ��>HKg�jTa�HKz$�K -ÃT¢�c

d2N

dkdΩ
=

i=5
j=4∑

i,j=0

AijE
i
e

kj
,

«Oïm°

ebS>J
Ee

PsJ�J.NOJ.UR�wH�Q�zOU:_>aViOYKJ.N>_>aViÚJ.Y[J�eGFIUR}wNOZ�l6d
k
Ç J.NOJ.UR�wH�Q

γ
Ç \.H�QTURJ.NOHvQ¼Q

Aij
cf�$e]ZwNO�RFVQTNGFsx

WkS�QqNOJRPBLOUVjTa�Jw�|È�jqFfZ�QqLOUfZ��>HKg�jTa�H�Q¼S>Zw�OURJ¬LåZ]LOHKcfz]P�Jk�OURW�S>NO�¬cILMJ.emFIUfzOgÙlÚUfZ]W.cVQqi�zÒJ.NOJ.Uf�]H[�

·:·
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J.YKJ.eGFfUf}wN>Z{l
1 ÷ 30

±�J£�µdåLOUfH[��Zwg URZwW�SbH[J.Y�ZbS`J��>LMJ.UfHKgoJ.NmF�jqY[Nmx>aVi`l�_bcfY[J.S>ewZ�l¼NOJ.LOUfJ�SbcfFVQ�l�z]P�J
lbH�QTaBQTewZ´ �ð�lkHKNGFIJ�URl]QTYKJ�J.NOJ.UR�wHK�

γ
Ç \.HvQqUfJ�NOHvQ

1 ≤ Ee/2
Qk �ñ:ð�l¬H[NmFIJ.URl]QqYKJ

Ee/2 ≤ 0, 95Ee
�

¨)Z�S>Z]�ON>_¬l�_bcfYKJ�S>Zwe¬z>l]jTS>W�QoQqP��K -ïq¢.c

f(Ee, k) = (c0 + c1Ee)

(
k

Ee

)α0+α1Ee (
1− k

Ee

)β
,

«: �ñm°
ebS>J

c0, c1, α0, α1

cf�uewZ]NO�RF�QqNGF�x¬WBS�QTNOJ:P×L>UVjTa�Jw�
aªNOJ.Uf�]J�FfH�aIew��cfLMJ.eGFfUfzOgÙ�OURW�S>NO�.iOZ~\.H�QTURJ.NOHvQXP�JyW�j.lbHKcIYK��Z�SÚzOi>YvQuLMZ]W.ZwURZ�lwQqNOH�Q>�\a��>HKcRFIz]P�J

NOHKJ.ewZ]nfewZ�cIJ�goHvQqNpQqYKxGFIH[aVeG_>aIi¼goJ�FI}�S~NpQXlG_bLMZb��J�F�cILMJ.emFIHKJ.U��OURW�S>NO�.iOZ�\.H�QTURJ.NOH�QyLMZbS~URÖwW.NmxbgoH
LMZ]W.ZwURZ{l]QTa��KgoH�zOiOY�QqgoHB� ¡&ñOd�¡b wdª¡w¡bd�¡]»>d�¡&fOd�¡e�>d�¡&°T¢Á��¨�UfH&g�QqY^_>aVi�zOiOYKZbaVi�PsJ´lGxb�f�I�&LMZ�S>HKJ.Y
γ
Ç emlwjqNGF�c4l�x��I�fZ]zÒJ.NOJ.UR�wHKZ]z �`È&�>FfZ`W�j�lbHKcfYKZwcR¯�PsJ¬goZ]\.NO��lGxbcRlmJ�FIYKH^¯oQqewZ`S>Ö]cfY[J�SbZwe�UfZ]W.L>FsxbYKz
J.YKJ.eGFfUf}wN>Z{l´W(S>Ö�lmZ�S>zulbH�Q]a�NpjqcfZw�ON>�.iOZ��OUfW.S>J.NOH�Q>dp���Kg W�jTURZ{lwJ.Ü~S>ZbaVi�j]S>W�QXekW�lG_b�fJ.NOHKz~LMZ���FIz
γ
Ç emlwjqNGF¸NpQ�P�J.S>J.N�J.YKJ.eGFfUf}]N dMQqYKJ4QqP+ekW�NOH[\.Z�l]QqNOH[z�H[aVi�J�NOJ.Uf�]H[J]�+³�QµZ]�OUIjTW.e�z\Ã�P�J�W.Z]�OUVQqW.J.Npj
W�j.lbHKcfY[Z]cR¯kFfl]QqUfz cfLMJ.eGFfUVQ$�>UfW�S>NO�.iOZ�\.H�QqUfJ.NOH�Q$J.YKJ.eGFIUR}wNGz Z�S¥zOiOY�Q$LMZwW�ZwUfZ�l]QqNOHvQ$LOUfJ¼iOUfzO�G_
ewZ]NGlmJ�URFIZ]U��

ö�÷Iøsù�ú�û�ü³ò]þªÿ6ù������	� û-�	���%�-��ø0/���
:�fü-�vø��4÷Iø�ú8����=	)]û³ó��%��ø,���2�%�_�!�ô�fü-�vø�»��2/oû�� /&)&�;�´
mû�ú�û�øsû��-���2�%�º
bø,�º)qø	/G÷�E
ü�û��2���Iø��­û�øm��õe¹.�!1

�`J��>LMJ.URH[gXJ.NGF�jqYKNGx>aVi´l�_bcfYKJ�S>ewZ�lkcVQ�zOe]QqW.z]P�J]d�\.J�N�QqPsl]®]���fH�QXHKNGFfJ.NOW.H^F�Qµ�OURW�S>NO�.iOZo\.H�QqUfJ.NOH�Q
cVQXS>Z]cVQTiGz]P�JBL>UfH LMZ]zO\.H^FI� �OUfW�S>NO��iOZoFfJ.UI��Qµc�iOUR�O�OewZ]z

hb ∼ 0, 3X
dOe�S>J

X
P�J�UVQTS>H�Q]��NpjXS�öK\.eTQ

J.YKJ.eGFfUf}wN>Z{l¥l S�QTN>Zwg g�Q{FIJ�UfH�jTYKH��rÈ�Qqew��FfZ�cfLMJ.emFIUfzOg NOJ.cfL�öKÜpQ�LMZbS>gXH[J.N>eGx ÕbaIiOH�÷åZ�lbcfew�.iOZ
cfLMJ.eGFIUIQo� ¡�µ�¢pW&FIJ.NOew��iOZ�FIJ.UI��Q�Q×P�J�N�z>FIN>�¸LOURHwP�J.iOZ�l�_�LMZb��FfJ¸LMZ]zO\.�Kl]Q{¯¹WRP�J�S>N>ZbS>zO�fJ.NO�¸goZbSbJ.YKxm�
í URW�S>N>_�FIJ.UI��cVQ�URZwW.S>J.Y[�ANpQ4FfJ.NOew��FfJ.UI��J�iOUf�O�Oemx

∆h ∼ 10−3X
d>LOURH���ZwgrcVQ�LOUfJ.S>LMZwe�Y�QTS�j>dO\�J

lkS�QTNOZ]grFfJ.NOewZ]g�FIJ.UI��HOPsJ�t§Z]Ufg�Q4J.Y[J.gXJ.NGF�jqUfNOJ�iOZocfLMJ.eGFIUIQµW�NpjTg�Q´«­LMZ{l]®T���fH[NOJ4ÕbaViOHT÷åZ�lbcfe]jw°��
Õ�zOg�jTa�HKZwz¥J.YKJ.goJ.NGFVjTURNGx>aVi¥cfLMJ.eGFIHKJ.U¬LMZ�a�J.YKJRPoiOUf�O�OewJ¼�OURW�S>NO�.iOZ$FIJ�UI��QÚcVQÚW��[cfeTQ�l�_bcfYKJ�S>NO�

·Rø
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cfLMJ.eGFIURzOg�� � FVQTe]Zwg4FfZ�LOUR�[L�Q]S>JkP�J`N�z>FIN>�`lbW.H�Q{¯�S>Z��>l]QqiGx¥URZwW.LbF�xbY�J.YKJ.eGFfUf}]NOZ�l¦lÔFIJ.UI��HÁd
HKZwNOHKW�QT��NO��Q�UVQTS>HvQT��NO�DcRFIUIQqFsxmdmLOUVQ.l>S>J.LMZ�S>Zw�ONOZ]cR¯+J.goH^FIZ�l]QTNOH�Q

γ
Ç eGlwjqNGF·loS�QqNOZwg�zOiOYKJ�QqewZ�QqP

LMZ]iOYKFfJ.NOHKJBJ.YKJ.eGFIUR}wNOZ�luQ
γ
Ç eGl]jTNmF�l¬FIJ.Uf��H��

7&8�� ����<����:ákÝ>Û��
	kÞ Û>?Há���
6=�?
r�s�«Hs�t � Á| �w�xFzBÂZ ��
¨ªURH>HKNGFIJ�UVQqema�HKHTPRQTS>UVQ�c�J.YKJ.eGFfUfZ]g�QT�]NOJ�FfH�aVem_bg LMZwnfZ]g

γ
Ç emlwjqNGF�S>Z�aVipjTS>W�Q�e(LMZwiOY^FIJ�NOH[zXJ.NOJ.UR�wHKJ

γ
Ç emlwjqNGF�NGzOe�YKJ.}wNOgXHAPRQTS>UIQ>�B��FVQTemFIZkl�W.�Oz�S>J.NOZ]grPRQTS>UfJXS>ZbaIipj]S>W�Qke~LOUfJ.cfe�zOLMZ�l]QTN>H[z�N�zOem�
YKJ.}wN>Z{luQ�z>lwZwnfNOJ.N>H[zuNOJ.z>FIUR}wN�zAdOLOURZ]FI}]N�z dO��HAHKN>_>aVi���QqcRFI�[a]���£NGFIJ�UVQqema�HKJ�J.Y[J�eGFIURZwg�Qq�]NOJ�FIH[aVew�.i>Z
LMZ]n�QXc¸LOUfHKJ.cRFIZ]UfZ�lmZoZwiOUIQTNOH[��J.N>_bgXH�cRxbcRFI��g�QTgXH�cVQXLMZ]LOHKcfz]P��~g�zOY^FIHKLM}]Y[gXH�J�Y[J.emFIUfZ]g�Qq�wNOJ�FIH[aVem�
�.iOZ�LMZ]nVQ Ç cRF�Q.lbgoH]lmZwnfNOJªUfZ]W�lbHKN�z>FI��iOZ¸LMZ]n�Q×c�goZ]goJ.NGFfZwg

L = 1, 2, 3...
Q×LpQTURHKFfZwz

P = (−1)LÇ J�Y[J.emFIUfH[aVeG_
2L
Ç LM}wY Q

P = (−1)L+1 Ç g�Qq�wNOJ�FIH[aVeG_ 2L
Ç LM}]Yª� ¡&ÃT¢£��� LOUf�KLpQTS>Jwd>\.J�S�öK\.e]Q(l�Y[NGx

γ
Ç emlwjqNGF�P�JkZ{lwJ.nVQ~l]®]���IH�Q|QTe]Z¬P�J´LMZ]YKZwgXJ.U�PRQ]SbUVQ

λ � Rj

d���Z|LOY�Q{FI�×LOURJkJ.NOJ.Uf�]HKJ
γ
Ç eGlwjqNGF

NOHK\.�fH[JDQqewZ
Eγ ∼ 30

±�J£�µd]c�Q�HKNGFIJ�UVQTewa�HKJ¸W.���.QTcRFIÜGz]P��oc�NpQqPsl]®]���fZ]zyLOUIQ�lbS>J.LMZbS>Z]�ONOZ]cR¯IZwzog�zOY �
FIHKLM}]YKx`c�N�QqP�NOHK\.�f�[ghgXZw\.N>_�ghgXZwgoJ�NGFIZ]g

L
«­c�Z]iOn�QTS>Z]ghNpQ¬W�jTe]ZwN�W�Q]aViOZ�l]QqNOHvQkgoZ]goJ.NmFIz

Q¬LpQqUfH^F�xO°��X¨�UVQ.l>S>J.LMZ�S>Zw�>NOZwcR¯BLMZwiOY^FIJ�NOHvQkJ.YKJ.eGFfUfH[aVew��iOZ
2L
Ç LM}]YKz�e

2L+1 Ç LM}]YKz�goÖ]\.J.goJ�l�xG�
PRQTS>UfH^¯DQTe]Z

pL+1/pL ≈ (R/λ)2
����Z�lbNpQqeG_�lbW�¯VQTi�SbZwcRF�QqNOJ.goJBQqP+LOURJ�gyQT�]NOJ�FIH[aVe]��g�zOY^FIHKLM}]YKxmd

Q.lb�VQTe�LOUVQ.l>S>J.LMZ�S>Zw�>NOZwcR¯DLMZ]iOY^FIJ.NOH�QXJ�Y[J.emFIUfH[aVe]�.iOZog�zOY^FIHKLM}]Y[zue¬g�Qq�wNOJ�FfH[aVew�.g4zuc�UfZ�lbNpQqeG_bg
L
c�Q�PRQ.lb�

(d/µ)
Ç e�UIjqFµlw®T���fH�Q�� ¡&ïq¢£d�ebS>J

d
PsJ´J.YKJ.eGFIURH�aIeG_�Q

µ
g�Qq�]NOJ�FIH[aVeG_ÒgXZwgoJ�NGF�PRQTS>UVQb�

¨)Z]goJ.U´LOUVQ.l>S>J.LMZ�S>Zw�>NOZwcRFI��LåZ]iOY^FIJ.NOH�Q�J.YKJ.eGFfUfH[aVeG_>aIi�Q�g�Qq�wNOJ�FfH�aIeG_>aVi g�zOY^FIHKLM}wYKZ�l goÖ]\.goJ
FIHKJ.\Bl�x{PRQTS>UfH^¯�QqewZ

pML/pEL ≈ (R/λ)2
dpW4��Z]iOZyl�H�S>HKJ�¯�dp\�J(LOUVQ.l>S>J.LMZ�S>Zw�ON>ZwcRFIH

E2
Q
M1

cf�
W�l�xb��QqP�NOJ��OYK�[W.e]Jw�

���������������! "�$#%�& ��$�'��#&���)($�+*&,)�-���.���)*/�0(��21��+3&#%���$��,$*!465%�87'�&9$�� :7�(��-�6 "���2(0�6�&���&5�($�!#���;)�.#=<%1>�? "@� "��4.1>�!1>�A1��CB�D
�%E0�)�2F'�.,)#%<8,$5A�C(G�C*/���)(H�I�=J�KG�!5/L!B"DM ��N�CB�#O�P��#2���)(G�C*&,)���� H�C�0Q&1��+1>�SR21M�&���)*=LO���!1T���P�.�-�.1T�.#2�GU+(�#&@%1>�=;6�+ ��$��,.�!1>�SV

r�s�«Hs�r W x��i�i{^w#x��#�R���|xFzBÂZ %�7¢���~
y2�:�Z{U�i{��2x%�
¤ ZTFIZ]P:Q]S>URZ�lm�×URJ�QTewa�HKJ×c�Q¸lGxbW.NpQT��z]P��µJ.NOJ.UR�wJ�FfH�aIewZ]zXZ]�OY�QTcR¯IZ]z dTl4emFIZ]UfJRP FIZTF�jqY[Nmx4����HKNON>_4LOUfHKJ.URJ.W
LMZ]iOYKFfJ.NOH�Q

γ
Ç eGl]jqNGF

σT (E)
S>ZwcVQqi�z]P�JµNOHKJ.e]ZwnfewZ]NpjqcIZ]�ONOJµlGxb�f�I�[aVi`iOZbS>N>Ö]F(QqewZkLOURH�HKN>_>aIi|J.Nb�

J.UR�wH�j]aIi ��E�LMJ.a�H�¨paIeG_bgoH�L>UfJ�Ff�>FIZkZ]�OY�QTcR¯�cI�¬P�JRP�lmJ.nfeTj��f�[URe]Q
Γ ≈ 4 ÷ 10

±�J£��Q�W�jTe]ZwN>HKFfZwcR¯
W.goJ.NmxkURJ.W.Z]NpQTN���N>JRP×J.NOJ�Uf�]H[J�c�iOgoZTFINOZ]cRFIN>_bg²���KcfYKZwg²Z�S

Eγ ≈ 20÷ 25
±�J£�ÓLOUfJ�n�QqiOew��LMZ

Eγ ≈ 13 ÷ 15
±�Js�rLOURJy¯VQT\�ew�BPRQTS>UVjb�~�Òl�xb�f�fH[Jyz>lwJ�S>J.NO�.iOZ�l�xbLOY^_�l]Q>d)\�Jyl�S�QqNOJRP�Z]�OY�QTcRFfH

·qß
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J.NOJ.UR�wHK�åcVQBLOURJ�l]QT\.N>J�LMZ]iOY[a�z]P��¬J.YKJ.eGFIURH�aIew��S>HKLM}]Y[Z�lm�
γ
Ç eGl]QTNGFVj�«�a� �°���È&�bFIZ4Zw�>YvQqcR¯×NpQqW�_�l]QqgoJ

�]H[�mQqNGFIH[aVewZ]z~S>HKLM}]Y[Z�lmZ]z�URJ.W.Z]NpQTN�a�H[Z]z$«$X ©Y�D°��
¨ªUfHKN�a��KLZX ©Y� cfLMZ����Kl]Q¬l|Z]cIa�HKYvjTa�HKH PRQTS>UVQkLMZ�S|lbLOY^x�lmZ]ghJ.YKJ.eGFIURZwg�Qq�]NOJ�FIH[aVe]�.iOZ�LMZ]nVQ

γ
Ç

eGl]jqNGFocoS�öK\.ewZ]z�lbYKNGxÒZ�lmJ.nVQ`gXJ.NO�fZwzÔQqewZkP�J´LMZ]Y[Z]goJ.U�PRQTS>UVQ
λ � Rj

�Ú�ÝS>Ö]cIYKJ�S>e�z�FIZ]iOZ
cf�~lb�fJ�FIeGx�LOURZ]Ff}wNmxul�FfJRP�H[cRFfJRP¸t­jTW�J4lbYKNGx¼Qol�x>aVimxbnfz]P��`cVQoUfZ�lbNpQqeG_bgÑcfgoJ.URZwg�� o Z]YKJ.eGFI�^lbNGx
LMZ]iGxb�uN�zOe�YKJ.}]NOZ{lkcVQ�ZwLOHKcfz]P�JBW�l�x>��QqPsNOJ(SblmZ]g�Q�UfZ]W�S>HKJ.YKNGxbgoH gXJ�aVipQqNOH[W�g�QTgXH·� »eñT¢�c

 ]�D¨�UfZTFI}]NGx$QqP�NOJ.z>FIUR}wNGx�cVQ�cfLOUVj.l]QqP���QqewZ¼SblmJ�LOUfJ.YK�KNpQqP���a�J¬cVQ�NOJ.cRFIY�Q]��H^FfJ.nIN>�¬FIJ�e�z>FIHKNGxmd
emFIZ]Uf�XcVQkLMZ���QTcBURJ.W.ZwNpQqN�a�HKJoUfJ.Y�QqFf�Kl�NOJXlwZb��HªcfJ.�MJµl�x>aViGx�nIzTP�� d�LOURH���ZwghcVQkH[aVi�LMZ{l�UIaViGx
L>UfJ.cRF�j.l]QqP�� LOURJ.Y[�KNpQ{¯Ú«ºZ]�OU��´ïO� Qm°�� � S>Ö]cfY[J�S>eGz LMÖ]cfZw�MJ.NOH�Q$lbUVQ{FINOJRPycIHKY^xmdDeGFIZ]UVj~P�J`l
FfZwg(FIZ LOUR�[LpQTS>J�LOURHvQqgoZ �OgoJ.UfN�j¥LMZ�lbUIaViGz PRQ]SbUVQ

K ∼ R2
LOUfJ�aIipj]S>W�QqP�� S>Z LOURZT�

FfHKtºjTW�xGd&��Z$cfLMÖ]cIZ]�Oz]PsJ`S>HKLM}wYKZ�lm�¼Z]cIa�H[Y�jTa�H[J]d�eGFfZwU:_>aVi¦tvUfJ.eGlwJ.N�a�HKz¥goZ]\.NOZÚlGxqPRQTS>UfH^¯´QqewZ
ω =

√
K/M ∼

√
R2/R3 ∼ A−1/6

dOebSbJ
M

P�J�iOgoZTFINOZ]cR¯�Q
R
Ç LMZwYKZ]goJ.UªPRQ]SbUVQ>�·¨ªUfJ

URJ.W.Z]NpQTN���N���J.NOJ�Uf�]H[zuLOYvQ{FI�Oc
Erez
γ = ~ω ∼= 35A−1/6

±�J£�µ�
¡b�D¨�UfZTFI}]NGx�QµNOJ.z>FfUf}wNmx´c�QµLOUfJ.gXH[J.cRFfÜ�z]P���ekURÖwW.NGx�g e�UIQqP�Z]g©PRQTS>UVQµLOUfH W�Q]aIiOZ{l]QqNO��ewZ]NO�R�

FVQTNmFINOJRP�i�z>cfFfZ]FsxXN�zOe�YKJ.}]NOZ�lXl�PRQTS>URJ�«­Zw�OU.�2ï>� �M°��ª¨ªUfHOF�QqewZ]g4FIZBLMZ]iGxb�MJ�lb�VQTeXS>Z�aVipjTS>W�Q
eBlbW�NOH[eGzo�]UVQTS>HKJ.NGFIzXiGzOcfFfZ]Fsx4LOUfZTFI}]NOZ�lXQ�NOJ.z>FfUf}]NOZ�l4l ¥ FIJ.e�z>FfHKNOJ,¦�dw��Z�g�j�W�Q�NpjqcIYKJ�S>Z]e
l�W.NOHKe4lbUVQ{FINOJRP�cfHKY^xmdmLOUfH[��Zwg P�JRP)lmJ.nfe]ZwcR¯�NpQ×PsJ�S>NOZ]Ffe�zoiOgoZTFINOZ]cfFfH��OzOS>J�LOUfZ]LMZwUfa�H[Z]NpjqY[NpQ
FfZwg4z>FIZk�wUIQ]S>HKJ.NGFfz �4��FfZwg(FIZ´LOUR�[L�Q]S>J�P�Jµ�wUIQ]S>HKJ.NGF

∼ 1/R2
d UfJ.W.Z]NpQqN���Npjkt§URJ.eGlmJ.N�a�HvQ

ω ∼ 1/R ∼ A−1/3
�

a��bLMJ.UfHKgoJ.NGFVjTYKNOJ�lG_bcfY[J�S>emxXz>e]QqW.z]P�� dm\.J�LOURJ.cIN>JRP��fH[zoW�j.lbHKcIYKZ]cf¯·URJ.W.Z]NpQTN���N>JRP�J.NOJ.Uf�]HKJ¸Z�SoLMZ���FIz
N�zOeGY[J.}]NOZ�l(P�J�goZw\�NO��W.�Kcfe]Q{¯&cfzOLMJ.URLMZwW.�[a�HKZ]z´lGxb�f�IHKJ�cfLMZ]go�KNpQTN>_baVikgoJ�aVipQqNOHKW.goZ�l6��±¼Q��>HKg�jTY �
NGx¬����H[N>N>_´LOURH[J.URJ.W�c�QµS>Z]c�Qqi�z]PsJBLOURH J.NOJ.UR�wHKH�S>Z]cRF�Q{FIZb��NOJBLOUfJ�cINOJBS�QqNOJRP¹l�xqP:Q]S>URJ.NO�Kg � »O �¢.c

Em = 77.9A−1/3[1− exp(−A/238)] + 34.5A−1/6 exp(−A/238).
«: w �°

a.)

n pn pn
p

7

6

b.)

n p n p
p n p n
n p n p

n n p p
n n p p
n n p p

p p n n
p p n n
p p n n

n p n p
p n p n
n p n p

6
8

7

9

ö�÷Iøsù�ú�û�ü\[qþPSu�	):�	� �
�%���fü
=+ú��bù�ú�û�ø	�����2���]���W�	)e���2� ú!��/"��� 
:»
� û������Dû-�8����� ù&�����
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�´l�_bUIQTW.z` ] ¸l�xbLOY^_�l]Q>d�\.JDloZw�OY�QqcfFfHånVQqiO�f��aVi4P:Q]S>HKJ.U+cVQ�l�_bUVQqW.NOJRPs�IHKJ�LOUfJRP:Q�l�z]P�J�goJ�aVi�QTNOHKW.g�zOc�d
LOUfHpeGFIZ]UfZ]g

Erez
γ ∼ A−1/6

d�W�Q{FIH�Qqn�db��Z4LOURHp¯�Qq\.eG_>aIi4P:Q]S>UIj]aIi¬LOUfJ�aIipj]S>W�Q4S>Z4W�j.lbHKcfY[Z]cRFIH
Erez
γ ∼

A−1/3
�

�Aj.lbHKcfY[Z]cR¯oFIZTF�jqY[N>J.iOZ�����HKNONO�.iOZ�LOURH[J.URJ.W.z�t§Z]FfZ]PRQTS>UfZ�l�_>aIi�UfJ.ema�H[�&ZbS�J.NOJ.UR�wHKJ
γ
Ç eGl]jqNGFBPsJ

goZ]\.NO��lkZ]�OY�QTcRFIHIX ©]� l�x{PRQ]SbUfH^¯¸LMZwgXZba�Z]z�YKZ]UfJ.NGFfW.HvjqN�zÚ� »w¡q¢.c

σ(E) =
σm

1 +
[
(E2 − E2

m)2 /E2Γ2
] ,

«: �¡w°

ebS>J
Em

P�J�UfJ.W.Z]NpQqN���Npj�J.NOJ.UR�wH�Q>d
σm

P�J·gyQ{�>HKg�jqYKNpQ&iOZbS>NOZTF�Q&����HKNONO�.iOZDLOUfHKJ.URJ.W.z�Q
Γ
Ç �I�KUfeTQ&NpQ

LMZ]Y[Z�lbH[��NOJRP¸l�_b�fewJw�4�$LOUIQ.lbH�SbYvQ�cI�Og È×iOZ]g�QTcVQ Ç �&J.H[aVipQ ÇRo zOiONpQ�� »> �¢�SbZwcRF�QqNOJ.goJµLOURJ�l�_b�fe�z
X ©Y� l�_bUIQTW�c

σm =
120

π
· NZ
AΓ

.
«: �»m°

î�x>S>URZbSbx�NpQTgoH[aVeTj4FIJ.}]UfH�QµtvZ]FfZ]PRQ]SbUfZ�l�_>aViuURJ�QTewa�HK�·� »eñOdO»w¡q¢ LMZwLOHKcfz]P�J��wHK�mQTNGFfH�aIe���S>H[LM}]YKZ{l���UfJ��
W.Z]NpQTNOa�H[z4PsJ�S>N>_bg�YKZ]UfJ.NGFfW.HvjqNOZ]g�LOUfJDcft§�.URH�aVe]�·PRQTS>UVj4Q�LOUfJD�RF�Q{FIHKcRFIH[aVeGxyS>J.tvZwURgoZ�lwQqNO�Dcft§�.URZwH[S��
NO��P:Q]S>UIjyQqewZocIzOLMJ�UfLMZwW���a�HKz¼SblmZ�aVi�Y[Z]UfJ�NGFIW.H�jqNOZ{l�� »]»q¢�ewZ]UfJ.�fLMZ]N�S>z]P���a�JRP&Z]cIa�H[Y�jTa�Hvjqg lkcfgoJ.UfJ
NOJ�S>J.�]J.NOJ.URZ{l]QqN>_>aVi�Z]cf� cft§�.URZwH[S>z`c

σ(E) =
2∑

i=1

σmi

1 +
[
(E2 − E2

mi)
2
/E2Γ2

i

] ,
«: -fG°

ebS>J�HKN�S>J��bx
i = 1, 2

Z]LOH[cfz]Ps��S>ZwYKN�� d�URJ.cfLMJ.eGFI�^lmJ�iOZwURN��ÒJ.NOJ�Uf�]J�FIH[aVe��Òe�URHKl�e�z �`¨ªUR�[e�Y�QTS$cfzb�

ö�÷Iøsù�ú�û�ü­�%^{þ`_Gû
�­ù����2VjX2+��Q�2�2EK
>ø0���Iø,�:ú �¬ûq÷!�;�-�	�%�YaPbMc 
bø,� 238 � 1edgf	
2�Iø0�Q�����R�­ù
�?������E<���;�W�.ü<V"���	h8�
h ÷�û���V.ib�0XØ��f��vø��0
mû
� û��-����=]�0/�
2�IøF
mû�úCj�����/M�
�.û��	) � û�ø,���R�Kú��vù
�bû���úY��V��!����ø,�	�2��� h �	h/i h 
��?�bù�+��%��ø��.i#1
LMJ.UfLMZ]W.�[a�HKJoSblwZbaVi`YKZwURJ.NGFIW.H�jqNOZ{lyP�J�W.NpjqW.ZwURNOJ.N>_¼NpQyZw�OUIjTW.eGz� -ñOd6ebS>J�P�J�W.Z]�OUVQqW.J.N>_�FIZTF�jqY[NGx
����HKNON>_�LOURHKJ.UfJ.W

238
±�l�Z]�OYvQqcRFIH·�wHK�mQTNmFIH[aVewJRP�UfJ.W.Z]NpQqN�a�H[J]�g©�Z]YKNpj�e�URH^lbe]QuW�ZbS>LMZ�lmJ�S�juZwcIa�HKY�j{�

a�H�jTgÛl4cfgoJ.UfJ×S>YKiO�IJ:P�QDiOZwURNpjDl4cfgoJ�UfJ×e�UIQqFf�IJ:P�Z]cIH�d]NpQqewZwnfe]Z�UfJ.W.Z]NpQqN���Npj�t§UfJ�eGlmJ.N�a�H�Q�e�YKJ.cVj�cfZ
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W�l]®]���IZ�l]QTN>�[g�URZwW.gXJ.UfZ�lBPRQTS>UVQb�¹EG�[URe]Q(UfJ�W.ZwNpQqN�a�HKJ
Γ
W�j.lbH[cf�åZbS¬�RFIURzOeGFI�>URxyLMZ{l�UIaViOZ�lmJ:P�lbURcfFRl�x

PRQTS>UVQb� � J�gyQTY�jÚ«
Γ ∼ 4 ÷ 5

±�J£�B°�LOUfJBPRQTS>UVjucfZ~W�QqLOY[NOJ.N>Zwz$LåZ�lbUfaViOZ�lmZ]zÚlbURcRFflmZ]z d)UVQqcRFIHKJ
«�S>Z Ã�±~J£�B°oLOURJ¼l�H[�OUIQ]��N>J�S>J.tvZwURgoZ�lwQqNO�¬P:Q]S>UIjÒQÚUfZ]W.LpQ]S�j.l]QÚc�QÚNpQ$SblwJ`LOURJ`�RF�Q{FIHKcRFIH[aVeGx
S>J.tvZwUfgXZ{l]QqNO�4PRQTS>UVjb��©¸xbNpQqgoH[aVeG_bg ewZ]YKJ.eGFI�^lbNGx�g goZbSbJ.Y[Z]g goÖ]\.J.goJ¬LMZ]LO�KcVQq¯�lwJ.nIeG����QTcR¯
�RFIURzOeGFI�OU:xkX ©Y� LOURH LMZwz>\.HKFf� g�QqY[�.iOZXLMZb��Ffz�LMZb��HvQ{FIZ���N>_>aVi�LpQqUVQqgoJ�FIURZ{lå�

±~Z�S>J.Y�NOJ.W�j.lbHKcIY^_>aIi���QqcfFf��a´«0��¨�±|°¸WRP�J�S>N>ZbS>zO�fJ.NOJXLMZwLOHKcfz]P�JXJ��>a�HKFVj]a�H[zÚQqewZkLOUfJ�aViOZ�SkPsJ�S��
NOJRP���QTcRFfH�a�J�«­LM°�W.Z´W�QqLOY[NOJ�NOJRP�l�UfcRFfl�x¼NpQ¬NOJ.W�QqLOY[N>J.N���iOY�Q]S>HKN�z d LOURH���Z]g lbW.N>H[eTj Êq¿�Ä�¾+l «ºip°Dl
W�QqLOYKNOJ.NOJRP�lbUfcRFRlmJk«���QqcRFIH[a�Z�lmZ Ç S>HKJ.UfZ�l]j

ph
J��Oa�H^F�jTa�H�Qm°�� o Z]goLOYKJ��>NOJRPs�fH[J�cRF�Q.l�x�cf�`S>ZwcfH�QTi>N�z>FI�

LOUfJ.aViOZbSbZwg lbH�Q]a�J.U:_>aViÚ�.QTcRFI�[aXN�QkNOJ.W�QqLOYKNOJ.NO�yiOY�QTS>H[Nmx�«
2p2h, 3p3h, ...

°��µ��Z]�OY�QTcRFfH�J�NOJ.Uf�]H[�
�]H[�mQqNGFIH[aVewJRPBUfJ.W.Z]NpQqN�a�HKJ�P�JkLMZ���J�FµewZ]goLOYKJ��>NOJRP��f�[aVi�cRF�Q.lmZ�lÚZ�lmJ�n�Q�l]®T���f�&QTe]Z¬P�J�S>NOZ���QqcfFfH[a�Z{lm�
_>aVi Ç

ph
�¦�m��¨·± c�Q�S>HKLM}wYKZ�lm�~LOURJ�aViOZ�Sbx�W.Z]cfe�zOLOz]Ps�Ôl�URZwW.cVQqi�zÔJ.NOJ.Uf�]HK�¸LOUfHK�OYKH[\.NOJ~W�ZbS��

LMZ�lmJ�S�QqPs��a�HKg�J�NOJ.Uf�]Hvjqg�cfJ.LpQqUVjTa�H[J¸LOUfHKnVQTiOY^_>aViolbUfcRFfH[J�lu� »&f]¢Á��¶�lb�VQqeµLOURJ�¯�Qq\.ew��PRQTS>UVj×P�J�FVQTeGFfZ
LOUfJ.S>LMZwe�Y�QTS�QTN�juJ.NOJ.UR�wH�Q´LOURH[�OYKHK\.NOJ�SblmZTP�NpjqcIZ]�ONOJyN>H[\.�fH�Q�QqewZuJ��>LMJ.UfHKgoJ.NmF�jqY[NOJoW.�KcIeTQqNO�yiOZ�S��
NOZTF�xm��È�J.NGFIZ~NOJ.cf�OY�Q]SÚLMZwgoZ]iOYKZ~l�xbUfHKJ.�fH^¯�W.Z]iOn�QTS>NOJ.NOHKJ¬UfJ.W.H[S>zpjqY[Nmx>aViÒHKNGFfJ.UVQqema�HK�×QTL>Y[HKeTj]a�HKZ]z
QqLOUfZ��>HKg�jTa�H[J·NpjqiOZ�S>N>_>aVi(tºjqW ¥ �¸QqN�S>ZwgÛ¨ªipQqcIJ�¶�LOLOUfZ��>HKg�Q{FIHKZwN�¦4«��¸¨M¶�°ª� »:�{¢£�)¨)Z]goZba�Zwz¸PsJ�S��
NOZ���QTcRFIH[a�Z�l�_>aIiXLOUfJ�aIiOZbS>Z�l�gXJ�S>W.HTP�J.S>NOZ]FfY[H^l�_bgXH>l�UfcRFfl]QTgXHbl�SbÖwcfYKJ�S>e�zXLMZ]iOYKFfJ.NOH�Q�S>HKLM}wYKZ�l�_>aVi
γ
Ç emlwjqNGF�d]P�J�gXZw\.NO��l�x�cflwJ�FIYKH^¯�P�J.goNG�u�RFIUfz>eGFI�OURznX ©Y�Bd�QqewZ�Q{P+�f�[URe�zuUfJ.W.Z]NpQqN�a�HKJ¬� »�°q¢£�
¨ªUfJ.iOnVQTS¦W.�KcfeTQTN>_>aIi¥LMZ]W.NpQ{FIewZ�lÔZ�SÔZw�>PRQ.lmJ.NOH�QZX ©]� LMZ$cf����QqcINOZ]cR¯4P�J~LOzO�OYKH[e]Z{l]QqN>_�l

LOUVjTa�QTaViÚ� »:µbdO»�Ãq¢£�

·^�
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t uwvyx|#&'�,2z #�{�*�0}|/{k2 1+24365

��8:9 ~�����?`Û�<b?`Û��Zá
¨ªURJ`l�_b�MJ.Ukl�iOZbS>NO��iOZ�g�Q{FIJ.URHvjqYKz FIJ.UI�.QÒNpQÒLOURZbS>zOewa�HKz NOJ.z>FfUf}]N Ç NpQTS>�Gx�FfZb��N>_baVi�PRQ]SbH[J.UµP�J
S>Ö]Y[J�\.HKFs_>aVi NOH[J�ewZ]nIe]Z tºQqeGFIZ]UfZ�l6� ³�Q S>Z]cIH�QqiON�z>FIHKJ�lGxbcfZwewJ:P¼NpQTS>�Gx�FIZ���NOZ]cfFfHXNOJ.z>FfUf}]NOZ{l¥P�J
LMZTFIUfJ.�>NO��l�xb�OUVQ{¯�g�QqFfJ.UfH�jqY c&lwJ.nfeG_bgrLMZwgoJ�UfZ]g²LMZ���FIzuNOJ.z>FfUf}wN>Z{lke�LMZb��FfzuLOUfZTFI}]NOZ�l

N/Z«ºURJ.cfL �¸iOgoZTFINOZ]cRFIH
A/Z

°�� � J4W�NpjTgoJ]då\.J4LMZ]goJ.U
N/Z

�RFfH[J.LOH�QTa�H[aVi`cVQBP:Q]S>HKJ.U�cVQyS>ZwcR¯�LOUfJ.cfNOJ
W�QTaViOZ�l]j�l]Q�QqP�lmZ�lbW.N>H[e�NGz>F�_>aIiÔt§UVQq�]goJ.NGFfZbaViÔ�RFIHKJ.LMJ.NOH�Qb���&Z{l�NpQTe]Z$SbÖwYKJ.\.H^F�_|P�J¼QqP�����HKNON>_
LOUfHKJ.URJ.W(t§ZTFIZ]�fFfH[J�LMJ.NOHvQbdpFIJ.N�zOUI��z]PsJ4gXNOZw\.cRFRlmZolbW.NOHKeTQqP���a�H[aVi¼NOJ.z>FfUf}]N Ç NpQ]S>�GxGFIZ���N>_>aVi�P:Q]S>HKJ.U��
³¸J.W�QqNOJ�S>�pQ{FIJ.nfN>_�goH¸t­QTemFIZ]UfgoH&LOUfJ´l�_b�MJ�Uycf�¦QqPµS>Z]cRFIzOLONOZ]cR¯¬Q�a�J.NpQ|�RFIHKJ.LONOJ.iOZ�g�Q{FIJ.URH�jTYKz
QqewZµQqP��MJ.W.LMJ.��NOZwcR¯×LOUfHpl�_bURZw�MJ�QBg�QTNOHKLOzOY�jTa�H[Håc¹FIJ�UI��Z]g��ª³�QBZw�OUIjTW.e]ZbaVi` ] �Qy �¡(cf�¬W.NpjqW.Z]U:�
NOJ.NO�Dl�_�¯VQT\.emx�SblmZ]Psg�QT�]H[aVeG_>aIikNOJ�z>FIUf}]N Ç NpQ]S>�mx�FIZ���N>_>aVi�PRQTS>HKJ.U 132

Õ�N´Q
78
³�HMlyW�j.lbHKcfY[Z]cRFIHåZ�S

LMZ]goJ.Ufz
A/Z

�fFfHKJ.LOHvQTa�J.iOZ�cVQ�PRQTS>UVQkLOUfJXJ��Oa�H^F�QT��NO�oJ.NOJ.Uf�]HKJoLåZ]UfZ�lbNpQ{FIJ�nINO�ocBJ.NOJ�Uf�]HvQqgoHªLOUfH
t§ZTFIZ]�RFIHKJ.LMJ.NO�)H[N�S>z>ewZ�lwQqNOZ]gÝ�OUfW.S>N>_bgÑ\.H�QTURJ.NO�KgÝJ.YKJ.eGFIUR}wNOZ�lul�Zw�OY�QqcfFfHª¡e� Ç �&ñy±�J£�µ�D��H[S>HKJ�¯�d
\.J(L>UfH�lGxb�f�IZ]g LMZ]goJ.UfJ

A/Z
dåQqewZ¬QqP

N/Z
dOluW.YKZ]\.J.NOZ]g�PRQ]SbUfJ(UVQqcRFIHKJ�QqP×l�_G¯�Qq\.ZwekNOJ.z>FIUR}wN Ç

NpQTS>�Gx�FfZb��N>_>aIi�t§UIQT�]goJ.NmFIZ�l6�

A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

Y 
[%

]

10-1

1

A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

Y 
[%

]

10-1

1

Cm243 Cm244

Cm247

Am242
Cm245

Pu239

U234
Pa232

Pu240

U235 U236

Np238

Pu241

Am244

Np239

U237

Pu242 Pu243

U238

Th233

U239

Cm249

ö�÷Iøsù�ú�û�ü´�#��þU36�Iø,�W���R�%/mù
�?���|��E��F�<ófü<V 132 �?� �7�Z�8�,�
�bûm5	�%���O
2���2���^
bø,��øG��ú�����ú!� û�ó<����=R�!����øsùm�P��f#�����F�&+��bû�/
�����Iø��
�vû�/

Eexc. ≈ 18,8 ���"� 
>ø0� ø,�,��ü
���Q� (n, f)
1

� FVQT�Oz>nIe]Jb°(cI�¬z>lmJ�S>J�NO��HKNGFIJ.�]UVjqYKNOJ�����HKNONO��LOUfHKJ.URJ.W�x�tvZ]FfZw�RFIHKJ.LMJ.NOH�Q4LOURJ�l�x��OUVQqNO�+P:Q]S>UIj>�
��LMZ]UfZ�lbNpQqNOHvQBl�xbLOY^_�l]Q>d�\.J�NpQqPsl�iOZbS>NOJRPs�f�[goHål�YvQqcRFINOZ]cR¯�QqgoHåc�QBlGxbW.NpQT��z]P���PRQTS>UVj

238
±(� � QTS>UVj

·R§
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A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

Y 
[%

]

10-9

10-8

10-7

A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

A/Z
2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59

Y 
[%

]

10-9

10-8

10-7

Cm244

Cm243

Cm245

Am242

U234

Pu239

Pu240

Pu241U235

Pa232

Am244

Np238

Np239

Cm247
Pu242

U236

U237
Pu243

U238

Cm249

U239Th233

ö�÷Iøsù�ú�û�ü>�-õ]þ|36�Iø��0���R�%/mù
�?���6��E
�F��ófü<V 78 �8� �7�U�8�W���bû]5��%���O
:���2���`
bø,�·øG��ú�����ú!� û�ó�����=i�!����øsù]����f#�����F�&+��bû�/
�����Iø��
�vû�/

Eexc. ≈ 18,8 ���"� 
>ø0� ø,�,��ü
���Q� (n, f)
1

244
¨�z`c�lmJ.nfewZ]z`NpQTS>�Gx�FfZb��NOZ]cR¯IZ]z|NOJ.z>FIUR}wNOZ�l~NOHKJ�cf�¼lbiOZ�S>NO�4l¼S>ÖwcfYKJ�S>e�z`H[aVi¼l�xbcfZ]ewJRP�FfZ��>H^�

aVe]ZwcRFIH�QqewZ´QqP×l�_bUfZ]�ONOJRP¸a�J.Nmxm�
244
¨ªz�P�J(lmJ.nfgoH�lbW�jTa�NGx¼Q�SbUVQqi>_�H[W.ZTFIZ]L dåW.�Kcfe]Q.l]QycVQycfJ.LpQqUVj��

a�HKZwzÚWoZwcRF�Q{FIe]Z{l|WBPRQTS>UfZ�l�_baViÚcRFIURJ.Y[N>��a]� � Q]S>UIj~QqgoJ.UR��a�H�Q�QuNOJ.LbFI�ONOH�Q>d)URJ.cfL � 234
±(d NpQTL>UfHKJ.e

lmJ.nfe]�.g�z¬����H[N>NO�.g�zkLOUfHKJ.URJ.W.zkt§Z]FfZw�RFfH[J.LMJ.N>HvQ4NOJ�l�x�iOZ{l�z]P��kLOUfJ�gyQTY^_yl�_G¯�Qq\.ZweocIHKYKNOJ�NOJ.z>FIUR}wN Ç
NpQTS>�Gx�FfZb��N>_>aIiXP:Q]S>HKJ.U�d>LOUfH[��Z]g QTgXJ.Uf�[a�HKzOg�d>LMZbSbZw�ONOJ(QqewZµLOY[z>Ff}wN>H[zOg�dTP�JBQqP·lGxbcfZwewZ�FIZ��>H[aVeTj
Y�jqFfe]Qb���D_b�MJ.U

238
±ÝLOUfJ¼g�Q{FIJ.URHvjqYDFfJ.UI��Q�P�J~lG_biOZbS>N>_¥QqPoW`i>n�QTS>HKcfe]Q�P�J.iOZ�S>Z]cRFIzOLONOZ]cRFIH�Q

a�J.NGxmdAQqewZ´QqP¸Z]cflwJ�SO��J.NOZ]cRFIH)FfJ�aViONOZ]YKZw�]H[aVeG_>aVi`LMZwcRFIzOLMZ�l~LMZ]zO\.�Kl]QqN>_>aVi`LOUfH�l�_bURZw�MJXQyLMZ]zO\.HKFf�
LpQqY[H^lmZ�l�_baVi~��YvjqNOewZ�l¬l�PRQTS>URZ{l�_baViuUfJ�QqeGFIZ]UfZ�aVi �

¨ªUfJ+LOURZbS>zOema�H[z�PRQTS>HKJ.U�c)lmJ.nfewZ]zµNOJ�z>FIUf}]NOZ�lmZ]zµNpQTS>�Gx�FIZ���NOZ]cR¯IZwz�P�J+YKH[goH^Ffz]P���a�HKg tºQqeGFfZwURZwg
QqP)SbZw�pQ�S>H[tv�OW.HKJ¸QDJ.t§�OW.HKJ×W×LOUfZ�S>zOem��NO�.iOZ�FIJ.Uf��QDl4S>ÖwcfYKJ�S>e�zµg�QqYK_baViµLMZ]Y���QqcfZ�l�URZwW.LpQTS>z�PRQTS>H[J�U
lmZ(lwJ.nIe]JRPªl�W�S>H�QTYKJ.NOZ]cRFIHåZbS�Z]cIH

β
Ç cRF�Qq�OHKY[H^FsxG�ª³�QBW�l�_b�fJ.NOHKJ�S>H[tv�OW.HKJ�WDFIJ.Uf��QBcVQBl�xGlb� PRQ(NOHKJ.e]ZwnfewZ

FsxbLMZ{l4g�Q{FIJ.URHvjqYKZ�l�NpQ��pjTW.J×e]QqUf�OH[S>Z�l�zOUVjqN�zµZbSM±³²
2

LMZ�t§zOYKJ.Uf�.NGx4cIZ�W�Qq�Oz�S>Z�l]QTN>_�g�Q{FI}]goZ]g
zOUVjqN�z �y���fJ.Z]�MJ�a�NOJ�cVQkFIHKJ�FfZ~gyQqFfJ.UfH�jTY^x�Z]W.NpQT��z]P��ÒQTe]Z}±³²·�|FIJ.Uf��Jw�´³DQqPslbH�Q]aoLMJ.URcILMJ�eGFI�^lbNOJ
cVQXPRQ.lbHvQuLOUVjq�fewZ�lm�j±³²��Úc4i�zOcRFfZ]FfZwz

ρ ≈ 1,5 ÷ 3
���Ta�g

3
Q}±³²��Úc(lmJ�nIe]Zwz$i�z>cfFfZ]FfZwz

ρ ≈
10÷ 12

���Ta�g
3
NpQqiOUfHKJ�l]QTNO��NpQ�FIJ.L>Y[ZTF�x

2000÷ 2500 ◦
² � fm¡{¢£�

·7ª
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�:�=������ /�k¡?¢¤£ ��¥ �+¦%§)¨=© � �«ª�¬ � ����­�® § � �+§G�!¯6° ® §G�²±A° � § � ��­\³ �=´ §�¨?µ·¶ � �+§G¦%� ¥ �¹¸  �º © �¹»]� ¥ ��´ ¨+± �½¼�¾ § � ª¼ § � � �¹¸ � � �O¥ �+¦%§ ¾ ± � � � � µ
¿ �:�uw��^z ¿ {^w�y2�Z~
�i F{^��ÀIÁ2xF{|{H�lz|~#x%yR~
y2� Â³{UyR~
�iy:w#x��#�Z�À FxF��x�w Ã"y7¡�yR~
y7{��2x%y

σγ,F Ä � y8½Ns��}®
Å Ä � y8½yÅ
232
È×i »:µ&ñ  -ÃOd » �^ -fT¢

233
± ¡&fef�f  
µbd�Ã � »�ïq¢

234
± ¡w¡&°�ñ  -ÃOd » � »�ïq¢

235
±  �µ#ïO  ¡&ñOd�ñ �^ -fT¢

236
±  -f:�eñ  -ÃOd » �^ -fT¢

238
±  �ñeÃ:�  -ÃOd » �^ -fT¢

237
³¸L ¡w¡�µ&Ã  -ÃOd » � »�ïq¢

239
¨ªz ¡> <f:°  
µbd�Ã � f:ñq¢

244
¨ªz  �Ãe°�ñ »eñOd�ñ � »�ïq¢

241
¶�g ¡w¡&ïO  ¡&ñOd�ñ � f� �¢

243
¶�g ¡w¡]¡eÃ ¡&ñOd�ñ � f� �¢

��8�7 ~��TÆ7á6ß:�MÇÉÈ�Û�á6ëkå ?�C·<��
	ÉÈC��<���Êm<>=�?A@B?�CD=,á 238 Ë
«Hs%r�s�t ½(�UzP�gÁ�y:wM¢H��¾
��¿2�u�7¢
�~S>Ö�lmZ�S>zkNOJ.�OLOYKNOZwcRFfH6J��>LMJ.URH[gXJ.NGF�jqYKNGx>aVi´S�j{F×lG_�¯�Qq\.ewZ�lyLOUfZbSbzOeGFIZ�l��RFIHKJ.LMJ.NOH�Q(lbW.NOHKeTQqP���a�H[aVi
l�UfJ�Qqema�HKH

238U(γ, xn + f)
H[NOS>zOewZ�lwQqNOJRPo�OURW�S>N>_bg \.H�QTURJ.NO�[g J.YKJ.eGFfUf}]NOZ�l6d�P�J¼LOURJ¼LMZwcf��S>J��

NOHKJ�gXZw\.NOZ]cRFIHALOURZbS>zOewa�HKJ�NOJ.z>FIUR}wN Ç NpQTS>�Gx�FfZb��N>_baVi�W�l]®qW.ewZ�l�FIZ]z>FIZXgXJ�FI}bSbZwz´LMZ]FfUfJ.�ONO��W.H[cRFfHK¯
l�_�¯VQT\�eGxµP�J�S>N>Z]FfY[H^l�_>aIi~H[W.ZTFIZ]LMZ�luLMZ]goZba�Z]z�l�_bLMZ���FIZ�l6�·� LOUf�KLpQTS>J

238
±�cVQ�PsJ�S>NpjXZyHKNGFIJ�URl]QTY

iOgoZTFINOZ]cRFI�
80 ≤ A ≤ 160

Q¬NpjT�MZ]PsZ{l
28 ≤ Z ≤ 60

�4¶¹PDe]J�S¼lmJ.nfeTjk��QTcR¯�cRxbcRFIJ.gyQqFIH[aVem_>aVi
LOUVjTa�� fm»>difefOdif:�>duf:°>dif2µbduf�ÃOduf:ï>dZ�&ñT¢�Z]LOH[cfz]PsJ4�fHKUfZ]eG_uUfZ]W.cVQqi~NOJ.W�j.lbH[cfY^_>aVi`QXe�zOg�zOY�Q{FI�^lbNGx>aIi
l�_�¯VQT\�ewZ�l Q�lw®T���fHKN�z iOgoZTFINOZ]cRFINO�.iOZ�URZwW.S>J.Y[J�NOHvQbdDNOJ�LMZwcfeGx�Ffz]P�� S>ZwcRFVQqFfZb��N�� HKNOt§Z]Ufg�jTa�HKz l
cRxbgoJ�FfUfH[aVewJRP¹Z]�OY�QTcRFIH�S>J�Y[J.NOH�Qb�

� J.S>H[N>_�g cfLMÖ]cfZw�MZ]g W��[cfeTQTN>HvQ�LOYKNO�.iOZ�URZwW�c�Qqi�z�l�_�¯VQT\.e]Z{l¸P�J×LMZwzO\.H^FIHKJ&J.goL>H[URH�aIeG_>aViµgoZ�S>J��
YKZ{l4NpQ�H[aVi�l�_bLMZ���J�F�� � J�S>N>_bg W&NOH[aVi�P�J¸Q{P

Zp
goZ�S>J.YÍÌ�QqiOY�QX�^ 
�bd��b �¢£� � J+FIZ+P�J�S>NOZ�S>z�aVi>_�J.gµ�

LOHKUfH[aVeG_ugXZbS>J.Y�dpW�QqY[Z]\.J.N>_uNpQXlG_bLMZb��FfJ(NpQqP�LOUVQ.l>SbJ.LMZbS>Z]�ONOJRP��fHKJ.iOZ¬NpjT�MZ]P:Q>��¨)Z]LOHKcIzTP�J(J��>LMJ.UfH �
goJ.NmF�jqY[NOJ·S�j{F�Q�Q&cRxbcRFIJ�g�QqFfH�aIewZ]cf¯�Npjq�MZ]P�Z�lm�.iOZ¸URZwW�S>J�Y[J.NOH�Q&l�LOUfZ�S>zOeGFIZ�aViB�RFIHKJ.LMJ.NOH�Q�LMZ]goZba�Z]z

øR¸
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P�J�SbNOZbS>z�aIi>_>aVi�g�QqFfJ.g�Q{FIH[aVeG_>aIi�tvzONOema�HK��� � J�lbiOZ�S>N>_´NpQµZbS>i�Q]S>N�zbFIHKJ(NOJ.W�j.lbHKcfY^_>aViul�_�¯�Qq\.ewZ�l
LOUfZ�S>zOeGFfZ{lo�RFIHKJ.LMJ.NOH�Q>d�eGFIZ]Uf�DJ.�fFfJ�NOJ.�MZ]YKHåJ��>LMJ.URH[gXJ.NGF�jqYKNOJ�W�goJ.UVQqNO�w� � JDl���QqeXLMZ]FfUfJ.�ONO��LMZ]W��
NpQ{¯�LOYKN>_�URZwW.cVQqi¦iOgXZ]FfNOZwcRFINO��iOZÚUfZ]W�S>J.YKJ.NOH�Q

Y (A)
Qbd×LOUfJ�LOURJ.cfNOJRP��f�¸ZbS>ipQTSAd�QqPµW�j.lbHKcfY[Z]cR¯

g�zOY^FIHKLOYKH[a�HKFsx`J.gXHKFfZ{l]QqN>_>aVi|NOJ.z>FIUR}wNOZ�l
νA∗

Z�S|LOURJ�S>NOJ.z>FIUR}wN>Z{lwJRP�iOgoZTFINOZ]cRFIH�t§UIQT�]goJ.NmFIz
A∗Q�Z�SOaVi>_bYKe�z

∆Z
NpQqP�LOUIQ�l>SbJ.LMZbS>Z]�ONOJRP��fHKJ.iOZ4Npjq�MZ]PRQ

Zp
ZbSocRFfUfJ�S>NO�.iOZBNpjq�MZ]PRQ

ZUCD
l�_bLMZb���^�

F�QqNO�.iOZ�NpQÒW�jqe�Y�Q]S>J�NOJ.W.gXJ.NOJ.NO�.iOZ�Npjq�MZ]P�Z�lm��iOZ�UfZ]W�S>J.YKJ.NOH�Q «�±³²´©�°yl¥W.YKZw\.J�NOZwg P:Q]S>URJÚQ
t§UIQT�]goJ.NGFfZbaIi`c

∆Z = (Zp − ZUCD)H = (ZUCD − Zp)L,
«: 
�w°

ebS>J�H[N�S>J��bx
L,H

ZwW�NpQ]��z]Ps�´nVQqiOeG_kQB¯�Qq\.eG_�tvUVQq�wgoJ�NGF�Q
A,A∗

iOgoZTFINOZ]cR¯&t§UIQT�]goJ.NmFIzkLOURJ�S´Q
LMZ´J�goH[cfHKH�NOJ.z>FfUf}]NOZ{lZc

A = A∗ − νA∗
d
A∗L + A∗H = AF

Q�H[N�S>J��
F
Z]W.NpQT��z]P�JX�RFfH[J.LOH�QTa�JXcVQ

PRQTS>UfZO�·³�QqPsLOUVQ.l>S>J.LMZ�S>Zw�>NOJRP��f��Npjq�MZ]P+c�Q�LMZ]FfZwg�l�_bLMZb���KFVQyQqewZ�c

Zp(AH) = A∗H [ZF/AF ] + ∆Z(A∗H)
«: �°m°

Zp(AL) = A∗L[ZF/AF ]−∆Z(A∗Hc), (A∗Hc = AF −A∗L).
«R 
µw°

³¸J.W�j.lbHKcfY[��l�_G¯�Qq\.eGxkt§UIQT�]goJ.NGFfZ{l¬LOUfJ�e]ZwNOeGUf��FINOJ�i>ZbS>NOZTF�x
Z
Q
A
W.�Kcfe]QqgoJ�W�UfZ�lbNOH[a�J�c

FIY (A,Z) = fpn(πc)−1/2 exp

(
−(Z − Zp(A))2

c

)
,

«: �Ãm°
ebS>J

FIY
PsJ���H�QqcRFIewZ�l�_oURJ.YvQ{FI�^lbNGxoNOJ.W�j�lbHKcfY^_ol�_G¯�QT\�ZweXtvUVQq�wgoJ.NmFIz¬S�QqNOJRPªiOgoZTFINOZ]cfFfH

A
d
fpn

P�J
ewZGJ<¨pa�HKJ.NGF�LpjTURNOZ Ç NOJ.LpjqUfNOJ:P�goZbS>zOY�jTa�HKJDQ

c
P�J&LpQqUVQqgoJ�FfJ.Uª�f�[UReGx�LOUfZ]LMZwUfa�H[Z]NpjqY[Nmxµ�GQqzOcfcfZ{lbcfe]���

g�z´UfZ]W�S>J.YKJ.NOHKz�t§UVQq�wgXJ.NGFIZ�l6�
î¸goZ]FfNOZ]cfFfNO�¸URZwW�S>J.YKJ.NOHKJ¸l�_�¯VQT\�ewZ�lX�MZwYKZ(W.�Kcfe]QqNO��QTLOURZ��bH[gyj]a�HKZ]z�J��>LMJ.URHKgoJ.NGF�jqYKNOJDNpQqgoJ.U:�

QqN>_>aVi¼iOZ�S>NOÖTF�W4LOUVjTa¬� f�fOdif2�>dif�°T¢ÁdMc�Z]iOnVQ]S>Z]gÑNpQ�P�J.goN��~�RFIUfzOemFI�OUfz�luZw�OY�QqcfFfH�Q]aVi
A ≈ 92Q

A ≈ 133
Z]LO�[cVQqN>_>aVi`l¼LOUIj]a�H&� fef]¢£��²¹i>_b�pQqP���a�JX�MZbSbx¼�MZwYKH�W.�KcfeTQTNO�µLMZbS`LMZbS>goHKJ.NOe]Zwz dA\.J

l�_�¯VQT\�ZweµnVQqiOew�.iOZ(tvUVQq�wgoJ�NGFIz
Y (AL)

P�J¸URZ{l�NpQTem_yQTe]ZBl�_�¯VQT\.Z]eµe]ZwgoLOYKJ.goJ�NGF�jqUfNOJ.iOZ�¯�Qq\.ew�.iOZ
t§UIQT�]goJ.NGFfz

Y (AHc)
«­LOY�QqFf� LOUfJ��OHKNpjqUfNOJ��fFfHKJ.LMJ.NOHKJ{°�c

Y (AL) ≈ Y (AHc),

AHc = A∗Hc − νHc(A∗), AHc = AF − (AL + νL(A)).
«R -ïG°

�&ZwW.S>J.Y[J�NOH[J��MZ]YKZ�l�xbLMZ����^F�QqNO��LOUfJuHKNGFfJ.URl]QqY�iOgoZTFINOZ]cRFI�
79 ≤ A ≤ 155

cXLpQTUIQTgoJ�FIUVQqgoH&W
F�Qq�OzOnfeGx\µ�dOLOURH���Z]g²LMZ]goJ.U�LO�Ke Ç S>Z]Y[HKNpQy¨��{�Û�MZwY LOURJ�Y[J.L>�I� Z]LOHKc¸cRxbgoJ�FfUfH[aVewJ:P×��QqcfFfH L>UfJ�lbW�Q{F�_
W�LOUVjTa�Jy� f�°q¢£�

øbÞ
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�:�=������ /�ÏÎ'¢PÐ:� § � » � ¥ §G� ¼ » ¾ ¥)� ¾�Ñ ¥.��­ ¼�¾ § ¾ ¯ ´ �+©¹� � � � ± ºAÒ6�=Ó+ %¾ ± ® ¾%��Ó � ¥)­�® § � ± º ® ¾ ¬ ¥ � � ® ¾ § ¾ ± � � ��­ Ñ¼�¾'´ � ¾ ¥ � »]� ¯ ® §�¨ ¸]Ô Õ ¡�Ö�×%Ø/Ù"¢�ÐPÚ �·Û ® ¾ » �+§ ®�Ü  %ÝA´�¾ © � � �?Ö �¤ÞH�ßÛ Ñ ¥ §G� ´ � ¨ ¼ » ¾ ¥.� ¾%Ñ$Ò » �&à �¹» � � �
® ¾ © ¾ ± � ¬ � � ³�áGÜ §   � ® §G� �)�%¼�  ª²¬ �=Ñ$Ò § ¾ ¯ ´ �+©¹� � � �?Ö �¤â8�ãÛ Ñ ¥ §G� ´ � ¨ ¼ » ¾ ¥)� ¾�Ñ�Ò » �/à �¹» � � � ® ¾ © ¾ ± � ¬ � � ³
á�Ü §   � ® §G� Ò.�%Ó+  ª²¬ �=Ñ$Ò § ¾ ¯ ´ �+©¹� � � �?Ö�äæå â8�ãÛ ® © � ¨ áGÜ §  /� � � ® ¾ © ¾ ± � ¬ � � ³ ± º á   � ® §G� �)�=¼�  ª � ³ Ò6�=Ó+  ª
¬ �=Ñ$Ò § ¾ ¯ ´ �+©ç� � � �?Ö ν Û Ñ ¥ §�� ´ � º ® ¾ ¬+� ¥ � »\� ¥ ¾ ± � � º ¸ ¼ � � � ¥ §Gè � ¾ ±�µ

z��u~
�^��y:w�yR~ w���w�� z|~
�i�e� z|~
�u��� Ä ¼êé�Å z�~
�i��� ÄSë r�Å¨8���  -ï>d?ñ
19,0± 2,0 16,0± 0,5±íì�± «ÁQqg�zM° ïe°>d?Ã
97,1± 0,3 99,3± 0,5±}î�± «ÁQTg4zM°  �»:µ�d?°
138,0± 0,3 138,6± 0,5

¤ Ìàî�± «ÁQqg�zM°  ��bd »
15,6± 0,4 16,4± 0,1

ν
»>dC�

3,0± 0,4

ÕGFIUfJ�SbN>_kLMZb��J�F¸J.goH^FfZ{l]QqN>_>aViuNOJ.z>FIUR}wN>Z{l
ν
�MZ]YAl�xbLMZ����KFVQTN>_kW�UfZ�lbNOH[a�Jy�?�T»T¢�c

ν(Eexc.) = ν0 +
dν

dEexc.
∆E,

«Á¡&ñG°
ebS>J

Eexc.
P�J�J��Oa�H^F�QT��Npj�J.NOJ�Uf�wH�Q��RFIHKJ.LOH�QTa�J.iOZXcVQ�P:Q]S>UIQ>d

ν0

P�J�cRFIUfJ.S>N>_¬LMZ���J�F�NOJ.z>FIUR}wNOZ�l¬J�goH^�
FIZ�l]QTNb_>aViuLOUfHALMZb��HvQ{FIZ���NOJRP×J.NOJ.Uf�]HKHAlbW.�Oz�S>J.N>HvQ

E0

�fFfHKJ.LOHvQTa�J.iOZocVQ�P:Q]S>UIQu«ºLOURJ
238U : E0 = 0

ν0 = 2,0)
d

dν
dEexc.

≈ 0,12
±�J£�

−1
Q

∆E = Eexc. − E0

LOURJ�J��Oa�H^F�QT��NO�µJ.NOJ.UR�wHKJXS>Zu¡&ñ´±�J£�µ�
ÕGFIURJ�S>NpjDJ��Oa�HKFVQ]��NpjDJ.NOJ.UR�wH�Q��RFIHKJ.LOH�QTa�J.iOZ�cVQ·PRQTS>UVQ

238
±�HKN�S>zOewZ�l]QqNpj��OURW�S>N>_bgÓ\.H�QTURJ.NO�Kg J.YKJ.em�

FIUR}wNOZ�l¬c¸J�NOJ.Uf�]H[Z]z¼¡e�o±�J£� P�J
Eexc. ≈ 12,7

±�J£�µ�
È�lwQqU�J.goHKcINOJ:P e�UfH^lbemxBNOJ.z>FfUf}wN>Z{l

νA∗
�åZ]Y�J���FIUVQqLMZ]Y[Z�l]QTN>_BW¹iOZ�S>NOÖ]F�J.gXH[cfN>_>aIi4e�UfH^lbHKJ.e�LOUfJ

t§ZTFIZ]�RFIHKJ.LMJ.NOHKJ
238
±Ú�OUfW�S>N>_�g \.H�QqUfJ.NO�Kg J.YKJ.eGFIUR}wNOZ�l�c J.NOJ.Uf�]HKZwz

Ee = 20
±�J£�ÔQ

Ee = 30
±�Js�

LOzO�OYKHKewZ�lwQqN>_>aIiÚl�LOUIj]a�H�� f:ïq¢×Q´c(J.NOJ.Uf�]HKZwz
Ee = 25

±�Js��W�L>UVj]a�J`�^ �µ�¢£����_bcfY[J.S>Npjue�URHKlbeTQ
�MZ]YvQ´NOZ]UfgoZ�l]QTNpj´NpQ´cRFIURJ�S>N>_�LMZ���J�F4J.goH^FIZ�l]QTNb_>aViÚNOJ.zbFIUf}]NOZ�l|l�x�LMZb���^F�QqN>_>aViÚWyURZ{lbN>H�a�J¬¡&ñ
(ν(12,7 MeV) ≈ 3,5)

�ÓÈ�J.NGFfZÒLåZ]cRFIzOL �MZ]Y�W�lmZwYKJ.N>_Ôl¦S>Ö]cfY[J�S>eGz NOJ�W.iOZbSbxÔlÔiOZbS>NOZTF�jTaVi
cRFIURJ�S>NO�.iOZXLMZb��FfzuJ.goH^FIZ�l]QTNb_>aVi´NOJ.z>FIUR}wNOZ�lkNpQ�PsJ�S>NOZX�fFfH[J�LåJ�NOH[J�LOz>�OY[HKewZ�l]QTN>_baVi´l¬LOUVjTa�H��K 
µ{¢
(ν ≈ 3,0)

c¹lG_bcfY[J�Sbe]QqgoHMW�LOUIj]a�JX� f:ïq¢£dGLOUfH[��ZwgrQqPªc�jqg�QTz>FfZwU¹z>lwjTS>W�Q�lyLOUVjTa�H����&fT¢6J.gXLOH[URH�aIeG_
lbW.Z]UfJ�a�NpQµl�_�LMZb��J�FDLMZb��Ffz~J.goH^FIZ�l]QTN>_baVi~NOJ�z>FIUf}]NOZ�l�c

ν = 1,862 + 0,1234× Eγ
d�ebS>J

Eγ
P�J

J.NOJ.UR�wH�Q
γ
Ç emlwjqNGF

(ν(12,7 MeV) ≈ 3,4)
�

�Aj.lbHKcfY[Z]cR¯
∆Z

Z�S�iOgoZ]FfNOZwcRFfH¸t§UIQT�]goJ.NGFfz
A
�MZ]YvQ�LMZb���KFVQTNpj�W�iOZbS>NOÖTF�LOUfJ�t§UIQT�]goJ.NGFsx

lbW.NOHKeTQqP���a�J+LOUfHbtvZ]FfZw�RFIHKJ.LMJ.NO�
238
±��OUfW.S>N>_bgÓ\.H�QTURJ.NO�[gÓJ.YKJ.eGFfUf}]NOZ{l(c�J.NOJ.Uf�]H�QTgoH

Ee = 20
±�Js�

øe·
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Q
Ee = 30

±�J£� LOURJ�lbW�Q{F�_>aIi~W(LOUVjTa�J¬� f�ïT¢Á�D�M�KcIeTQqNO�(iOgoZTFINOZ]cfFfNO�(UfZ]W�S>J.YKJ.NOHKJDP�J(NOZ]UfgoZ�l]QqNO�
NpQX¡eñeñ2ð(c

∑

i

Y (Ai) ≈ 200%.
«Á¡b {°

³�Q�Z]�OUVjqW.e�z  .»�P�Jyl�xbLMZ����^F�QqNO�kiOgoZTFINOZ]cRFINO�¬URZwW.S>J.Y[J�NOH[J�l�_�¯�Qq\.ewZ�l��fFfH[J�LåJ�NOHvQ~LMZ]UfZ�lbNpQqNO�¬c
iOZ�S>NOZ]FVQTgXHOW×HKN>_>aViXL>UVj]aT�ª³�J.W�j.lbH[cfYK�×l�_�¯VQT\.emx�tvUVQq�wgoJ�NGFIZ�l4�fFfH[J�LMJ.NOHvQ��MZwYKHOW��[cfeTQTNO�×W&URZ{lbN>H�a�J�c

A
80 90 100 110 120 130 140 150 160

A
80 90 100 110 120 130 140 150 160

Y(
A)

 [%
]

10-2

10-1

1

ö�÷Iøsù�ú�û�üØ�.ýTþÏî���û��%�bû-�	�%��=Bøsû�ú��#�!�ô�	�2�F�´
>øsû8�
/Tü-�­û��_5��%���O
:���2�%� 238 � 
>ø0�P5	�%���O
2����j¹÷Iø�ú8���2E��äó!�%��ø,����jQ�
�!�ô�fü<�vø�»
�bû��_�K�����Iø��
�vû�/

Ee = 25 �«�"� 1
î�û8�
�bû
�%VM��VW
mû�+Cj%�F����=º
mû���û<��û�/ 
mû0
�j������������ �!�­û����Kü<V h • i �

mû�øsû����7����jH�>��f	
2�fø	�Q�����R�­ù
�?���¹ú+j��:ü����2E����H)wû8���bû��F�����åúP
>øsù#�´�Th7¹�� h© i�@H�Th�h�� h � i�@H�ThR�,� h4 i�1

IY (A,Z) = FIY (A,Z).Y (A).cf ,
«�¡w¡w°

ebS>J
cf

P�JÚNOZ]UfgyQTYKHKW�Q]��N�j�ewZ]NO�RF�QqNGF�Q�W.Z]iOnVQ]SbÜ�z]P���a�Q�LMZ���J�F¼�RFIHKJ.LMJ.NO��«ºHKNGFIJ.�]UVjqYKNGx lG_�¯�Qq\.Zwe
�RFIHKJ.LMJ.NOH�Qm°8c

100cf =

∫ Ee

Eth

σγ,F (k)We(k)dk,
«Á¡T»G°

ebS>J
Eth

P�J�LOUVQqiOZ�lwj�J�NOJ.Uf�]HvQ�tvZ]FIZ]�RFIHKJ.LMJ.NOH�Qbd
Ee

PsJ�J.NOJ�Uf�wH�Q�J.YKJ.eGFIUR}wNOZ�l|«ºg�Q��>HKg�jTYKNpQ4J.NOJ.Uf�]H�Q
γ
Ç emlwjqNGF�°�d

σγ,F (k)
P�J�goHKe�UfZ]cfewZ]LOH�aIeG_ ����HKNON>_ LOUfHKJ.UfJ�W�tvZ]FfZw�RFIHKJ.LMJ.NOH�QÔQ

We(k)
PsJ|lwjqiOZ�l]j

t§zONOewa�H�QµLOUfZ]LMZwUfa�HKZwNpjqYKNpQX�OUfW�S>N>�.g�z
γ
Ç cfLMJ.emFIUfzuJ.YKJ.eGFIUR}wNOZ�lkc�J.NOJ.UR�wHKZ]z

Ee
�

ø:ø
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³�Q�Z]�OUVjqW.e�z� <f�P�J�W.NpjqW.Z]UfNOJ.NO�µiOgoZTFIN>ZwcRFINO��URZwW.S>J.Y[J�NOH[JµtvUVQT�]goJ.NmFIZ�l~�RFIHKJ.LMJ.NOH�Qyl�xbLMZb���^�
F�QqNO��LåZ]goZ�a�Z]zuLMZ]LO�Kc�QqNOJRP¹goJ�FfZbS>HKeGx�cILMZ]YKz´c&NOJ.W�j.lbHKcfYK_�goH6l�_G¯�Qq\.e]QqgoH6WRPsJ�S>NOZTFIJ.NO��LMZbSbn�Qo�)�

A
80 90 100 110 120 130 140 150 160

Y(
A)

 [%
]

10-2

10-1

1

Z 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61

ö�÷Iøsù�ú�û�üØ�	hbþÏî���û��%�bû-�	�%��=Bøsû�ú��#�!�ô�	�2�F�´
>øsû8�
/Tü-�­û��_5��%���O
:���2�%� 238 � 
>ø0�P5	�%���O
2����j¹÷Iø�ú8���2E��äó!�%��ø,����jQ�
�!�ô�fü<�vø�»
�bû��M�M�����Iø��
�vû�/

Ee = 25 ���"� 1eî&û����bû
�%V �8V0
mû�+Cj��F����=³
mû���û��:û�/Ø
mû0
�jQ��������� ���!�­û8���[ü�V h • i�1_R���mü<E-�³��+�����ø������H�	X4ú��bù�ú�û�ø0������=]���:ú�ù����Q�	�ô=]��E��F�<ófü<V´
bø,��ü�û��:5	�F�
�2�%��=�ÿ�1
��x��I�fHKJ$LMZwLO�KcVQTN>ZwzÛgoJ�FfZbS>HKewZ]z��MZwYKH�W��[cfeTQTN>�ÒiOZbS>N>Z]Fsx NOJ�W�j�l�H[cfY^_>aVi Q�e�zOg�zOY�Q{FI�^lbNGx>aIi

l�_�¯VQT\�ewZ�l`l`�fH[URZwe]ZwghURZwW.cVQqi�z�Npjq�MZ]P�Z�l�QkiOgoZ]FfNOZwcRFf�Á�¤X�UIQ#¨paVemxkP�Joa�J.YKewZ�l�_`l�_�cIYKJ�S>Z]e`W.Npj��
W.Z]UfNOJ.N>_¼NpQ¬Z]�OUVjqW.e�z� ��b� o zOg�zOY�Q{FI�^lbNOJµlG_�¯�Qq\.eGx¼cf��t­QTURJ.�ONOJXUfZ]W.YK�K�IJ.N>�XLMZbS>nVQkLMZ���J�FINOZ]cRFIH��
È�jqFfZ4�fHKUfZ]e]j�Zw�>YvQqcR¯+W�QqiOUfÜ�z]PsJDH[W.ZTFIZ]LGxoW¸lwJ.nIe]ZwzyUfÖ]W.NOZwURZbS>Z]cR¯IZ]z�l�YvQqcRFINOZ]cRFI��d�ZbS�SblwZ]P�g�Qq�]H�aIem�
_>aVi

Z = 50
d
N = 182

«
132
Õ�NM°�dpa�J.W(gyQT�]H[aVew�¬«

N = 50
°�d�LOUfJ�aIiOZbS>NO�¸P:Q]S>UIj>dwPRQ]SbUVjXcDNpjqiOYKZwz

W.goJ.N>ZwzµS>J.tvZwURg�j]a�H[J+NOJ.z>FIUR}wN>Z{lwJRP lbURcfFRl�x¬«
N = 60÷62

°�d�PRQTS>UVj¸cIHKYKNOJ×S>J.t§Z]UfgoZ�l]QTN>�+l(Z]�OY�QTcRFfH
Z�S

144 í Q�QT\4LMZ4PRQ]SbUVjbdåeGFIZ]Uf�(lbW�NOH[eTQqP��¼l�imxbLMJ.UIS>J�t§ZwURgoZ�lwQqNOZ]gÝcRFVQ�lwJw��³¸zOgoJ.URH�aVe]�4iOZ�S>NOZT�
Fsx~N>J.W�j.lbH[cfY^_>aVi¼lG_�¯�Qq\.ewZ�loPRQ]SbH[J.UDl�W�jTeGYvQTS>NOZ]g cRFVQ�lwJ4cI�¼z>lmJ�SbJ.NO�4l~L>Uf�KY[Z]iOJ�¶��6³¸zOgoJ�UfH[aVew�
iOZ�S>NOZ]Fsxke�zOg�zOY�Q{FI�^lbNGx>aIi´l�_�¯�Qq\.ewZ�l�P:Q]S>HKJ.U&lkW�jqe�Y�QTS>NOZwg²cRF�Q.lmJ�cf�uz>lwJ�S>J.NO��lkLOUf�KYKZwiOJ_²��

��_�¯�Qq\.eGx�tvUVQT�]goJ.NmFIZ�l©lbW.NOHKeTQqP���a�H[aVi�l�HKW.Z]go�.URNGx>aVi�cRF�Q.lmZ�aVi��MZwYKHkW.�[cfeTQqNO� LMZ]goZba�Z]z
W.Npjqg4x>aIi ¿ðï�ÌqÏ�À�¾�Æòñ�ó!ô�Å�Ì{Ï�Ä�¾IÌqÍ � ����°eÃT¢ÁdT��Z·P�J·LMZ]goJ.U�H[W.Z]go�.URNOJ.iOZ¸l�_�¯VQT\.e�z

Ym
e�zBl�_�¯VQT\.eGz

ø�ß
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Z

N

66Dy
65Tb

64Gd
63Eu

62Sm
61Pm

60Nd
59Pr

58Ce
57La

56Ba
55Cs

54Xe
53I

52Te
51Sb

50Sn
49In

48Cd
47Ag

46Pd
45Rh

44Ru
43Tc

42Mo
41Nb

40Zr
39Y

38Sr
37Rb

36Kr
35Br

34Se
33As

32Ge
31Ga

30Zn
29Cu

28Ni
36 38 40 42 44 46 48 50

52
54

56

58
60

62
64

66

68

70
72

74

76
62 64 66 68 70 72 74 76 78

80 82 84
86

88

90
92

94

96
98

100

/s9>5x10
/s9 - 5x10910
/s9 - 1085x10
/s8 - 5x10810

/s8 - 10710
/s7 - 10610
/s6 - 10510

/s5<10
stable

õö�÷ øùú ûüý þ ÿ�� �ú � �� �� � û
	 � 	 � � � �
 � � 
 � � � � û � �÷ ú �	 û �ú 
 �ú �ú � � � � � � � � � 238 � ö�÷ ù �� � � � � �÷ � � � � � � � û �÷ �� ú 
 � � � �÷ � �ú 	 Ee = 25

� � ÿ � �� � � � ù � �ú 	

ù 
 �ù û	 20 µ

� � � � �÷ ø 
 ù ø û � � �� ú � � � � 
 � �

ø2d
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S�QqNO�.iOZoHKW.Z]FfZwLOz´lkW�jqe�Y�Q]S>N>Zwg²cRF�Q.lmJ
Yg
c

g =
Ym(A,Z)

Yg(A,Z)
.

«�¡&fG°
¨ªURHAW.NpjTgXZwgrlG_�¯�Qq\.e�zuHKW.Z]FfZwLOz"!o«º¶�d � °¹LOY�Q{FI�Oc

Y (A,Z) = Ym(A,Z) + Yg(A,Z),
«Á¡e�m°

WB��Z]iOZoLOURJ�l�_�¯�Qq\.Z]e¬H[W�Z]FIZ]LOz´lkH[W.Z]go�.URNOZwgrcfFVQ�lwJBS>Z]cRF�QqNOJ.goJ�c

Ym(A,Z) = Y (A,Z)− Y (A,Z)

g + 1
.

«�¡e°m°
��_�¯VQT\.emx�t§UIQT�]goJ.NGFfZ{l �fFfHKJ.LMJ.NOH�Q¥l�HKW.Z]go�.UfNmx>aViÓcRF�Q.lmZ�aViÓcf�ÓW.Zw�>UVQqW.J.NO��NpQ¥Z]�OUVjqW.e�z� -°O�
# �[cfJ.YKNO�ui>ZbS>NOZTF�xÒN>J.W�j.lbH[cfY^_>aVi «ºe�z>g�zOY�QqFf�KlbNmx>aViM°Bl�_�¯�Qq\.ewZ�l~PRQ]SbH[J.Uµl$HKW.Zwgo��UfNOZ]g cRF�Q.lmJkcf�
z>lmJ.S>J.NO��lkLOUf�KY[Z]iOJ í «�©�°��
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Z

N

66Dy
65Tb

64Gd
63Eu

62Sm
61Pm

60Nd
59Pr

58Ce
57La

56Ba
55Cs

54Xe
53I

52Te
51Sb

50Sn
49In

48Cd
47Ag

46Pd
45Rh

44Ru
43Tc

42Mo
41Nb

40Zr
39Y

38Sr
37Rb

36Kr
35Br

34Se
33As

32Ge
31Ga

30Zn
29Cu

28Ni
36 38 40 42 44 46 48

50 52
54

56 58

60 62

64

66

68
70

62 64 66 68 70 72 74 76
78 80

82 84

86
88

90

92
94

96 98

100

/s9>5x10
/s9 - 5x10910
/s9 - 1085x10
/s8 - 5x10810

/s8 - 10710
/s7 - 10610
/s6 - 10510

/s5<10
stable
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 � � � �÷ � �ú 	 Ee = 25

� � ÿ � �� � � � ù � �ú 	 ù 
 � ù û
	 20 µ
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«Hs%r�s�r Â&%UzByR~#x���y7{^w��^ F{Uy}zP�^~
�R¢�{U�^{�x%y
�ªxbLMZb���KFVQTNO�|iOZ�S>NOZTF�x¦NOJ.W�j.lbH[cfY^_>aVi l�_G¯�Qq\.ewZ�l¦�fFfH[J�LMJ.NOHvQ

238
±h�OURW�S>N>_bg \.H�QqUfJ.NO�Kg c´g�Q����

HKg�jqY[NOZ]zkJ�NOJ.Uf�]H[Z]zu¡e��±~J£� �MZ]YKH6J��>LMJ�UfHKgoJ.NGFVjTYKNOJ�Z�lmJ.URJ.NO��LOUfJ�H[W�Z]FfZwLGxye�U:xbL>FI}]N�z´Q��>J�NO}wN�z �
È×H[J�FfZ|HKNOJ.URFIN>�´LOY^xbNGx$�MZwYKH+l�xb�OUIQTNO�kWuSbÖ{lwZbS>z`P�J�S>NOZ�S>z�aViOJRP4cfJ.LpQqUVjTa�HKJ´ZbS�Z]cRF�Q{FIN>_baVi�LOURZT�
S>zOeGFfZ{lu�RFIHKJ.LMJ.NOH�QyLOURH�LMZ]zO\.HKFf�)goJ�FfZbS>HKeGxuLOUfJ.NOZ]cfz¼LOUf��S>Z]gØNOZ]cINO��iOZ¬LOY^xbN�z~c�NpQqcfY[J�S>Z�lbN>_�g
l�xbgXUVQqW.Z{l]QqNO�KgÓH[NOJ�URFIN>_baViµLOY^xbNOZ�l(l(eGURxmZ]cRF�Q{FIJ+LOUfHGFIJ.LOYKZ]FfJ×eGl]QqLpQTYKNO�.iOZ�S>zOcf�[e�zA��ÕbaIiO�.g�QDJ����
LMJ.UfHKgoJ.NmF�jqY[NOJ�iOZXzOcfLMZ]UfH�Q]S�QqNOH�Q�P�J�N�Q4Z]�OUVjqW.e�z� 
µ��·�6S>URZ]P�Z]g��OUfW�S>N>�.iOZµ\.HvQqUfJ�NOHvQ4�MZ]Y6W�lw®qW.Z]e

γγ

γγ

ö�÷Iøsù�ú�û�ü>�e×.þ|Su�	):=	� �³��f	
:�Iø	�Q���	�R�­ù������	)wûY/&�F
mû�ø	�%�����
�2�%�Y�7�>� �Iø����2�F�k�8E
�F��ófü�û
�|
bøsû8�
/Tü-�­û���5	�%���O
2���2�%�#1
J.YKJ.eGFfUf}wN>Z{l|zOU:_>aViOYKJ.N>_>aIiÚNpQ´gXH[eGUfZTFIUf}]NOJ�±~È Ç ¡e��Q´NpjqcfY[J.S>NOJyW�Qq�OUfW�S>J�N>_|lmZ´lmZ]YKt§UVjqgoZ�lmZ]g
ewZ]NGlmJ�URFIZ]UfJ�iOUR�O�OeGx}fkgogu���6Q�ewZ]NGlmJ.U:FIZ]UfZ]g �MZ]Y�z>goH[J�cfFfNOJ.N>_¼iOYKHKNO�[e]Z�l�_`a�xbYKH[NOS>J.U�iOUf�O�OeGx
¡Da�gÓcfYK�O\.H�Q]a�HbNpQ¸LMZwiOY^FIJ�NOH[J×NOJ�SbZw�OURW�S>J.N>_>aVi�J.Y[J�eGFIUR}wNOZ�l6�ª�pl]®TW.Z]eBJ.YKJ.eGFIUR}wNOZ�l(g�QqY�lBUfJ.W.J+t§Z]U:�
g�zµJ.YKH[L>cfx�cªLOUfHKJ.goJ�UfZ]gç°�gXgÓlmZ�lwJ.URFfH[eTjqY[NOZ]g�Q µ�gXg l4iOZwURH[W�ZwNGFVjTYKNOZ]g©cfgoJ.URJw��È�J.UI���[e]Z{l]j
ewZ]goZ]UVQ��MZ]YvQ�a�xbYKH[N�S>URH�aIew�.iOZ�Ffl]QqUfzocªlbN��bFIZwURN>_bg LOUfHKJ.goJ.URZwgäf:ñ�gog�Q�i�ö[�Oe]Zwzy»eñ�gog��B©¸lmJ
Z]e�Npj�LOUfJ�LO�O�f¯VQqP���a�J

γ
Ç \.H�QTURJ.NOHKJ�g�QqY[H�LOUfHKJ.goJ.U+¡e�Bgog©NpQ�lbcRFIzOLONOJ:PªcRFIUIQTNOJ¸ZTFIZb��J.NOJRPªe�z�e]ZwN��

lmJ.U:FIZ]UfzÚQjf�ñ´gog NpQ¬l�_bcRFfzOLONOJRP��yÕGxbgoJ�FfUfH[aVeGx`LMZuLOURH[J�goJ.UfJXZ]LOUfZTFIHªcfJ.�MJo�MZ]YKH�zOgXH[J.cRFIN>J.NO�
ZTFflmZ]URxµLOUfJ�l�cfFfzOL¬Q�lG_bcRFIzOLyN>ZwcfNO�.iOZ(LOY^xbN�z �ª³¸Z]cfN>_bg�L>YKxbN>Zwg�LOURJ�FIUVQqNOcfLMZwU:F��>J.N>}wN�zycfYK�O\.H[Y

ø:§
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l�xbcfZ]ewZ���H[cRFs_ÔQqUf�]}wNÔL>UfH�LOUfJ�FfYvQqe�z  -ñ�ñ�e>¨�Qb�¥È×HKJ�FIZ�LMZbS>goHKJ.NOeGx�W�Qq�MJ.W.LMJ���HKYKHD�OLOYKNO�~W�QT�OURW��
S>J.NOHKJ|LOURZbS>zOeGFfZ�l¥�RFIHKJ.LMJ.NOH�Q$l¦LOY^xbNONOJRPkQ{FIgXZwcft§�.URJw� �ÙNOJ.cfewÖ]UkLOUfJ�l]jTS>W�QqN>_>aVi goJ.UIQTNOH�QTaVi
l�_�¯VQT\�ewZ�l�HKW.Z]FfZwLMZ�l~e�U:xbL>FI}]N�z¼cVQyLMZwzO\�H[YKZkNpQyLOURJ.NOZ]c�LOUfZ�S>zOeGFfZ{l�iO�.YKHKzOgÝLOURH)NOJ.W.goJ.NOJ�N>_>aVi
W�l�x��IN>_baVi�LMZbS>goHKJ.NOeTQTaVi �+È×_bg(FIZocfLMÖwcfZ]�MZwg cVQoS>Z]cfH�QTiOYKZ�Z�S>cRFIUIjTNOJ.NOHKJ(URzO�fHKlw�.iOZolbLOY^x�lbz

γ
Ç

LMZ]W�Q]S>H�QDcfLMÖwcfZ]�MJ.NO�×H[W�Z]FIZ]LMZ]g
39
²+YGlbW.NOHKe]QqPs��a�HKg W

40
¶�U)LOUfH�UfJ�Qqema�HKH

(γ, p)
��¨�UfZ�S>zOem��NO�¹FIJ.Uf��J

�MZ]Y[H�l�xbURZw�MJ�NO��WolbUfcRFRl�x�±
3

¤
8

c(iOUR�O�OewZ]zÒ»ugo���Ta�g
2
NpQqNOJ.cfJ.NOZ]zÒN�QuiOY[HKNO�KewZ�lb�$LMZ�S>Y[Z]\.e�z

c�iOUf�O�Oe]ZwzÚ¡eñ
µ
g�� í Z]YKH�LOz>\.HKFf�ySbl]Q¬FIJ.Uf��Joz>goH[J�cfFfNOJ.NO�Xl`Z]e�NpjTaVi�ewZwgXZwU:x�QkZbS>S>J.Y[J�NO�yZ�S

lmZ]NOeTQqP��fJRP�Q{FIgoZ]cft§�.URxkiOY[HKNO�KewZ�l�_bgXH�t§}]Y[H�QqgoH�iOUf�O�OeGx| �ñeñ
µ
g��×³�QµZbSblwZbSuLOY^xbN�z`Q�FIUIQTN>cILMZ]URF

�RFIHKJ.LONGx>aIioLOUfZ�S>zOeGFfZ{lµcVQ�LMZwz>\.H[Y�Q�FIJ<¶OZwNOZ�l]j�Uf�>UfeTQ�c�lbN��>FIZ]UfN>_�g©LOURH[J�goJ.UfZ]g�¡�gog�Q�S�öK\.ewZ]z
 -ñµg��ª³�Q4l�cfFfzOLMJ�S>ZXeTQqLOH[Y�jqURx¬�MZ]YAzOgoHKJ.cRFINOJ.N>_�lbY�jqe�NOZ�l�_Ø¨�Y^FIJ.U.� o U:xmZ]cfFVQqF&�MZ]Y6l�xbURZw�MJ.Nb_kW
goJ�S>J�NOJRPD�ILOHKUVjqYKZ�lbHKFfJXW.Z]iON�z>FfJRP�UR�OUfeGx¼c�a�J.YKewZ�lmZ]z�S�ö[\.e]Zwz� ]dC�¬g�d6c�lbNG�>FIZ]UfN>_bgÝLOUfHKJ.goJ.URZwg
»~gog Q�iOUf�O�Oe]ZwzÒcRFIJ.NGx�ñ>dC��gog��|�¦S>Ö�lmZ�S>zÒW�QqgoJ�S>W.J.NOH�Q`QqeGFIH^l]j]a�HKH+goJ�S>H¹NOJ.z>FfUf}]NpQTgXH&Q
γ
Ç \�HvQqUfJ.NO�Kg�lbW.NOHKeTQqP���a�HKgoHMLOURHM�RFfH[J.LMJ�NO�Ád��MZ]YMe�U:xmZwcRFVQqF¹zOgXH[J.cRFfNOJ.N>_XloHKNOJRPªgoHKJ.cRFINOZ]cRFIHpW�Q4¡�g
iOUfz>�MZwzk�åJ�FI}]NOZ{lwZwzkcRFIJ.NOZ]zklmZ4lbW�S>H�QqY[J.NOZ]cRFIHª -ñ�g�Z�S¬FfJ.UI���KewZ�lmJ:P¹e]ZwgXZwU:xG�)��NOZwcfNOZ]g�LOYKx�NOJ
W�Qq�OUfW�S>J�NO���fFfHKJ.LONOJ�LOUfZ�S>zOeGFsx~�MZ]YKH)FIUIQTNOcfLMZ]URFIZ�l]QTN>��LMZ¬e]QqLOHKYvjqUfJµS>Z¬eGURxmZ]cRF�Q{FIz d6S>Z¬eGFfZwUR�.iOZ
cVQ¬�MJ.WocRFIUIjqFBS>Z]cRF�QqY[HªLOUIQTemFIH[aVeGx¼H[�pQ¬H[NOJ.U:FINO�XLOY^xbNGx o UBQ('�Jw� ¤ cRFVQqFfNO�yQqFf}wg(xGd6lbW.NOHKeTQqP���a�J
QqewZoLOURH[g�jqUfN>JBLOURZbS>zOemF�xk�fFfH[J�LMJ.NOHvQoQTYKJ.�MZXlkLOUfZ�a�J.cfJ

β
Ç UfZ]W.LpQTS>z d�cVQoQT�OcfZ]Uf�MZ�l]QTYKH�NpQ_¨�YKFfUfH�Q

NpQocRFIJ�Npj]aIi¼eTQTLOHKY�jTU:xm�>©DZw�pQXFfUVQqNOcfLMZwURFfz¼LOURZbS>zOemFIZ�luc�QXLåZ����^F�QqYvQoW4U:_>aViOYKZwcRFfH�FIZ]e�z~NOZwcfNO�.i>Z
LOY^xbN�z ���&_baViOYKZwcR¯�LOUfJ.NOZ]cfz4l�P�J�S>NOZTFIYKHKlG_>aVi�goJ.UVQqNOH�Q]aIiµS>ZwcVQqiOZ{l]QqYvQ>ñOdCµ

÷
ñ>d?ÃDc���¨�Z�S>Z]cfHvQqiON�z>Ff�

e�U:xmZ]cfFVQqFfzolµÜOZwg�QqFf}wg(x o U¹Q)'�J¸ewZ]N�S>J.NOW.Z�l]QqY[HåQ�W.iOUfZ]g�Qq\�Ð�Z{l]QqY[HpcVQbdmFVQTeXQTe]Z�QqP�LOUfZ�S>zOeGF�x
H[aVi

β
Ç UfZ]W.LpQ]S>zA�Ô±�NOZ]\.cRFflmZ´P:Q]S>HKJ.UXcVQ`W.HKcf¯fZ�lwQqYKZ�W´HKNGFIJ.NOW.H^Fsx

γ
Ç \.H�QTUfJ�NOHvQ`cILOURJ�l]j]S>W�Q{P���a�J.iOZ

β
Ç UfZ]W.LpQTS¼QoNpjqcfYKJ�S>NOJ�QqP&LMZ���J�F¹PRQTS>HKJ.UDH[aVi~LOUfJ�SOaIiOZbSOa�Z{l6dM��HK\.J(NOJ.W�j.lbHKcfY[�Bl�_�¯VQT\�eGx o U�Q*'�Jw�
��FVQT�>zOnIe]J Ãµcf�´LOURJ�S>cRF�Q.lmJ.NO��URZwW.LpQTS>Z�lm��UVQTSbx¬LOURZbS>zOeGFfZ{l��RFIHKJ.LMJ.NOH�Q�PRQTS>HKJ.U&c&iOgoZTFINOZ]cf¯VQTgXH
A = 138÷ 143

dGeGFIZ]Uf�DW�QqiOUfÜGz]P���cIeG�Og�QTN>��HKW.ZTFIZ]LGxµ�>J.NO}]N�z ��³�QqewZ]nfewZ(cI��LMZ]Y��.QTcRxoUfZwW�LpQ]S>Z�l
LOUfJ.SOaViOZ�SOa�Z{l´�>J.NO}]N�z¼l]®T���fH[JµQTe]ZkS>Z]�pQ�S>HKt§�OW.HKJµLMZ�cfFfJ.NGx�ewZ]goZ]URxmdMgoÖ]\.J.goJ4LOURJ�S>LMZ]e�YvQTS�Q{¯�d
\.J&LOURJ�SOaViOZ�SOa�Z�lbH�Q��>J�NO}wNGzocVQ�Qq�OcIZ]Uf�OzTP��oNpQ�cRFIJ.NpjTaViXe]ZwgoZ]URxµQ�NOJ.LOUfHKcfLOHKJ�lwQ{P��yS>Z�goJ.UVQqNO�.iOZ
l�_�¯VQT\�e�z��>J�NO}wN�z�zONpjT�VQqNO�.iOZ¸LOUR��S>Zwg LOY^xbN�z(S>Z�eTQqLOH[Y�jqURxm�4©�a��.Ufcfe]J PRQTS>UVj

β
Ç URZwW.LpQTS>z��>J.NO}]N�z

c�lbiOZ�S>N>_bgoHDUfZ]W.LpQTS>Z{lG_bgoH�aVipQqUVQqeGFIJ.URH[cRFfH[eTQqgoH�LOURJ¼goJ.UIQTNOHKJ¼cf�¦lÔUIjTgo��J.ewZ�aVi �Û¨)Z�S>Z]�ON>_
LOUfJ.S>LMZwe�Y�QTS�goÖ]\.J.goJkLMZwzO\�HK¯yQqP(LOUfJkgoJ.UIQTNOHKJ¬l�_�¯�Qq\.ewZ�l$HKW.ZTFIZ]LMZ{lÒeGURxbL>Ff}wNGz �Z�&Z]W.LpQTS>Z{lw�
UVQTSbxkLOUfZ�S>zOeGFIZ�l´�RFIHKJ.LMJ.NOH�Q�PRQTS>HKJ.U¸c¸iOgoZTFINOZ]cR¯�QqgoH

A = 89÷ 93
d�eGFfZwUR�BW�QqiOUfÜGz]P���cfe��Og�QqNO�

HKW.Z]FfZwLmx´eGURxbL>Ff}wN�z´cI�uL>UfJ�S>cRF�Q.lmJ.N>��l�F�Qq�OzOnfewJ�ïO�
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�:�=������ /�,+�¢.-�¾ ¯ ® �=´�¾ ± ­ § �=´ ° ® § ¾'´���  ¥ ¾ ± á$¥ � � ® � � � � ¯ �=¼0/21�� ³ ª ¸ � Ñ�  ª » � ��­ � ¯ ¾ ¥ ¾ ® ° à � � è � � µ
� º'Ò.�=Ó+  ° ��¾ © � Ñ ¥ � � ¾ ±O� ��­ ¯ γ ÝAÑ ® �   ¥ � �!§ � ¯ ¾ ¥ ¾ ® ¾ ±}±²§�¨ » ¬!�  %¾ ¸ ¼ µ

3 tR«54 tR«76 t:¼98 t:¼�t t:¼Hr t:¼�«
¿ °>d ¡]¡]»Xc ¡bd ¡&Ãw¡µc ñ>d?Ãe°Xc ñOd fm»µc

∼
ñ>d ¡�c

↓ ↓ ↓ ↓ ↓: y  -fOd?ñeÃXgoHKN � »eï>d?°eÃXc  .»Od�°Xc  wdCµT»µc  wd ¡w¡µc ñ>d »µc
↓ ↓ ↓ ↓ ↓ ↓; � »w»>d�fO �goHKN � ïOd ¡:µ4goHKN � °]»OdCµ�c ¡#f�d�Ãefoc  wd�°�ÃeïXc  ]d;µ#ïO �c
↓ ↓ ↓ ↓ ↓ ↓< � cRF�Qq� � Ã]»Od�ñ�°XgXH[N �  �¡bd;µ&�XS  �Ã>d ¡�µ�goHKN �  -ñ>d?°XgoHKN �  -fOdC��c

↓ ↓ ↓ ↓ ↓= � cRFVQT� � f�ñ>d ¡�µ�i »>d?ïw¡µi ï> ]d[ �goHKN �  <fOd ¡µgoHKN �
↓ ↓ ↓ ↓; y cRF�Qq� � »w¡>d?�XS cfFVQT�A� »]»>d?ñ&foi

↓ ↓> ~ cRF�Qq� �  .»>dC��µµS
↓

¬\� cRF�Qq� �

¤ \�QTURZ{l]QqNOH[JBFfJ.UI��Z�luNpQXgoHKe�URZ]FfUf}]NOJBFIU:lwQqYKZyLOUfHK�OY[HK\.NOJ4»�ñogoHKN��>F�d�HKNGFIJ.NOW�HKFVQoW�l]®TW.eGz¼S>ZwcVQ��
iOZ�l]QTY�Q

Ie = 15 µ
¶²cµJ.NOJ.UR�wHKZ]z�J.Y[J�eGFIUR}wNOZ�l

Ee = 25
±�Js����¨�®{¯µgoHKN��>FµLMZ`Z]\�QTURZ{l]QqNO�×cVQ

e�U:xmZ]cfFVQqFXZ�SOS>J.YKHKY&ZbSÒFfJ.UI���KewZ�lmJRP(e]ZwgoZ]URx�Q¼LOURJ.NOHKJ.cfZwY×c�Q¼e·X�Jm«�ì�Hv° Ç S>J�FfJ.eGFIZ]Ufz�cXZw�>P�J.gXZwg
»eñ�a�g

3
d�ebS>JocVQkgoJ.UVQqYKH

γ
Ç cfLMJ.eGFIUIj�QkW.HKcR¯IZ�lwQqYKHªl�_G¯�Qq\.eGx|HKW.ZTFIZ]LMZ{l?'�JXcBLMZwY[��QqcfgoH�UfZ]W.LpQTS>z

Z�S� -ñXgoHKN��>F¸S>ZoNOHKJ.e]ZwnfeG_>aIi~S>J.cfH�Q{FIZ]ekiOZ�S>�KN �
�$NpQqgoJ.UIQTN>_>aIi

γ
Ç cfLMJ.eGFfH[J�U��MZ]YKH�l�xbLMZ����^F�QqNO�XLOYKZbaVimx¼LO�[e]Z{l~LOUfZ�S>zOeGFIZ�l

β
Ç URZwW.LpQTS>z|H[W�ZT�

FIZ]LMZ�l o UDQ@'�Jwd>W�eGFIZ]UR_>aIiXP�J�goZ]\.NO��LMZb���^F�Q{¯¸NOJ.W�j.lbH[cfYK��lG_�¯�Qq\.eGxkLMZ]goZba�ZwzuUfZ�lbNOH[a�J�c

Y (A) =
S(1 + α)f(t)N

tIγε1ε2ε3η
,

«�¡:µ]°
ebS>J

S
P�J¼LOYKZ�aVipQÚLMZbS¦LO�KewZ]g LMZ$ZbSO���^FVQTNO��LMZ]W�QTS>HvQbd

t
P�J`��Qqc¬goJ.UVQqNOH�Q

γ
Ç cfLMJ.eGFIUIQ>d

ε1
P�J

J.t§J�eGFIH^lbH^F�QoLOURJ.NOZ]cIz~LOUfZ�S>zOeGFfZ{l´�fFfH[J�LåJ�NOHvQoLMZ�eTQqLOH[Y�jqUfJwd
ε2
P�J(J.t§J.emFIH^lbHKFVQ�Qq�OcfZwUR�6a�H[J4N�QoUf�>UfewJ

e�U:xmZ]cfFVQqFfz d
ε3

Ç J.t§J�eGFIH^lbH^F�Q¼UfJ.�]HKcfFfUVjTa�HKJ
γ
Ç emlwjqNGFoS>J�FIJ.eGFfZwURZwg�d

η
Ç UfJ�YvQ{FI�^lbNpQ¼HKNGFIJ.NOW.H^F�Q

γ
Ç

ß^¸
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�:�=������ /�BA?¢C-�¾ ¯ ® �=´�¾ ± ­ § �=´ ° ® § ¾A´���  ¥ ¾ ± á�¥ � � ® � � � � ¯ �=¼D/E1�� ³ ª ¸ � ÑG  ª » � ��­ � ¯ ¾ ¥ ¾ ® °   §�° ®?¥ è � � µ
� º'Ò.�=Ó+  ° ��¾ © � Ñ ¥ � � ¾ ±O� ��­ ¯ γ ÝAÑ ® �   ¥ � �!§ � ¯ ¾ ¥ ¾ ® ¾ ±}±²§�¨ » ¬!�  %¾ ¸ ¼ µ

3 476 678 6`t 6Zr 6^«
< ~ fOd�fXc  wd�ïO �c ñOd?�&fO �c ñ>d »&fm»µc ñ>d[ -ñm¡�c

↓ ↓ ↓ ↓ ↓F ~ »>d[ ��µgoHKN � »w¡>d »m¡µc Ã>d?�:µ�c  ]d?Ã&foc  ]d ¡&Ã�°µc
↓ ↓ ↓ ↓ ↓ÃØ®  
�bd[ ��µgoHKN � ¡e�&ÃXc �&Ã>d�foc fOd�f�ïm¡�c �bd?Ã&foc
↓ ↓ ↓ ↓ ↓G ~ �&ñOd?�]»XS ¡eÃ>d;µ#ïXU ïOd�°w»µi ¡bd;µ� �i µ�d�fm¡]»XgXH[N �
↓ ↓ ↓ ↓ ↓H cRF�Qq� � °efXi �&ÃOd?�> BS »>dC�#foi  �ñ>d[ -ÃXi

↓ ↓ ↓ ↓I ~ cRF�Qq� � cfFVQT� � cRFVQT� �  ]dC�T»O�
106

U
↓

¬\® cRFVQT� �

��H�QTU:x�L>UfH
β
Ç UfZ]W.LpQTS>J�goJ.UVQqNO�.iOZ�HKW.Z]FfZwL>z d

α
Ç HKNGFIJ.URN>_�e]Z�J<¨�a�H[J.NkewZ]NGlwJ.UfW.HKJ

γ
Ç \.HvQqUfJ�NOHvQbd

f(t)Ç ewZGJ<¨pa�HKJ.NGFkUfZ]W.LpQTS>z$PRQ]SbH[J.U o UkQJ'�J~LOUfH¸FIUVQqNOcfLMZwU:FIJ¼eTQqLOH[Y�jqUfZ]z d�e�zOg�zOY�jTa�H[J|Q�UfZ]W.LpQTS>z
goJ.UIQTN>_baViXHKW.Z]FfZwLMZ�l6d

Iγ
Ç H[NGFfJ.NOW.H^F�Q

γ
Ç eGl]jTNGF��>UfW�S>NO�.iOZ�\�HvQqUfJ.NOH�Q�H[NOS>zOe�z]P���a.Q��RFIHKJ.LMJ.NOHKJ 238

±
Q
N

P�JuLMZ���J�FBPRQTS>HKJ.U
238
±²l$FIJ.UI��Z�lwJRP�t§}]YKH[H��¦³DQTewZ]nfewZ�LOYKZbaVimx�LO�[e]Z�l�goJ.UIQTN>_>aIi�HKW.Z]FfZwLMZ�l

�MZ]Y[H+W.�KcIeTQqNO�kLMZb��Qqc�P�J�S>NO�.iOZ`Zw\�QTURZ{l]QqNOHvQ|Q~gXJ.UVQqNOH�Q>dªgoÖ]\.J.goJ¬LMZ����KFVQq¯XURJ.Y�QqFI�^lbNOJ�l�_�¯�Qq\.eGx
W�QqNOJ�S>�pQqNO�Kg ewZGJ<¨pa�HKJ.NGFIZ�l

ε1
d
ε2
Q
N
�¹�å�KcfeTQTNO�BURJ.Y�QqFf�KlbNOJ�NOJ.W�j.lbHKcfY[��l�_G¯�Qq\.eGxkcf�uLåZ]UfZ�lbNpQqNO�

c&l�xbLMZ����^F�QqN>_bgoH iOZ�S>NOZ]FVQTgXH NpQµZ]�OUVjqW.e�z� �ÃoQ�l¬FVQT�OzOnfeTjTaViÚ -ñyQk w ]�
©�QqNpj�goJ�FfZbS>HKeTQ�g�j�S>Z]cfFVQqFfZb��NOJ�lmJ�nIeG�¦J.t§J.eGFf�Kl�NOZwcR¯´Q�cfJ.YKJ.eGFf�Kl�NOZwcR¯¬NpQ|l�x>S>J.YKJ.NOHKJ¼HKNb�

J.U:FIN>_>aVi´LOY^xbNOZ�l¬ZbSkZ]cfFVQqFfN>_>aVi´LOUfZ�S>zOeGFIZ�l¬�RFIHKJ.LMJ.NOH�Q�lGxbW.NpQT��z]P���a�H[aViucVQ�W.YKZ]\.HKFs_bgrcILMJ�eGFIURZwg
γ
Ç \�HvQqUfJ.NOH�Qb�ª³�Q¸Z]�OUVjqW.e�zk -ï¹P�J¹LMZwUfZ�lbNpQqNOHKJ&a�J.YKewZ�lm��iOZ

γ
Ç cfLMJ.eGFfUVQDL>UfZbS>z>eGFIZ�l(�RFIHKJ.LMJ.NOH�QDgoJ.U:�

QqNO�.iOZBNpQ�¨�Y^FIURH�«: {°)c
γ
Ç cILMJ.emFIUfZ]g W.�[cfeTQqN>_bg l�e�URxmZ]cRF�Q{FIJB«Á¡w°�� � J¸S>Z]�OUfJ&lbH[S>H^FIJ.nfNpj�cfJ.LpQqUVjTa�H�Q

LO�KewZ�lkHKW.ZTFIZ]LMZ{l í Q(� LOURZbS>zOemFIZ�l
β
Ç UfZ]W.LpQ]Sbz�HKW.Z]FfZwLMZ�l('�Jw�

ßåÞ
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ö�÷Iøsù�ú�û�üØ�-òTþLK]�:ú�ù
�����	�ô=���E��F��óIü�VM� ú�û
�­û0
mû��NM § h ��
bø����.û.iØ�LO � h �<9;���.û.iM�bû�ø	��û��-����=��7� 2.1011 � −1

$Iû
�­û�5	�%���O
2�	��j 238 � 
bø	�k� �!f
�Q��ù
�?����� �����fø��
�Q�&÷Iø�ú8���2E��	) γ I�ü��.ù
�R� Eγ = 25 P �:[��Ø�	�vø,�,�������_�Q�R�����2Dú������m
>ø0����ù�ø	���	)]û(ú��RQ�úfü</­�!�ô�fü<�vø�»
�bû��
Ie = 20 µ

A>1][^VW
mû<+6j%�F����=�)wû8�
�bû
�%V>
mû���û<��û
/Ø��V-5W50���Bû0
�jQ���������
� �!�­û����Kü<V h +��%��ø	V)ib�0/³
mû�øsû����7�
��=º�>��f	
:�Iø	�Q���	�R�­ù������×úCj��:ü����2E����H)]û����bû��F����� h ÷�û���V)i#1

�:�=������ /�TSVU?¢ � �+¯!¨+± � Ñ © ­ ± ºAÒ.�=Ó!  ° � ¯ ¾ ¥ ¾ ® ¾ ± M §>± ® �+§ ¸ � ��¥ ¨ ¸ ¼ � � ³ � ´ � ¾ á$¥ � � ® � � � � 238 � � §G¯ ´ � º »Ó � � §�� ��Ü » �+©¹�   ¥ §Gè � ¾ ± Ñ � � �+§G¦ � ¾%� Ee = 25 �«�"�Yµ Ð:¾ § ¾ ± � � � � �8� à ® �!§ �¹» � ��¥ ¨=© � � � � » �+§ � � º ¸ ¼ Yexp. �
±A° ® ¾ ¬ Ü�¥ � � º ¸ ¼ Yvyp. ¼�¾'´ �DW/¥ µê¶ à ® �!§ �¹» � ��¥ ¨=© � � ¼�¾A´ � ¾ ¥ ° Ñ ª � ¾ § » � © � ¯ ¾ ± � ��­I� � ±A° ® ¾ ¬ Ü ¥ � � º � �+¯!¨+± � ÑYX
© º ± ºAÒ.�=Ó+¾�  91 M §+µ

x����iw��^z
Yexp. Ä[Z Å

Yvyp. Ä[Z Å
89 o U  ]d?ñ  ]d ¡
91 o U ¡bdC� ¡bdC�
92 o U ¡bd ¡  ]d?ï
93 o U ñOd�°2µ  ]d?ñ

ß�·
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�:�=������ /�TS\S%¢ � �+¯!¨+± � Ñ © ­ ± ºAÒ.�%Ó+  ° � ¯ ¾ ¥ ¾ ® ¾ ± O �Y± ® �+§ ¸ � ��¥ ¨ ¸ ¼ � � ³ � ´ � ¾ á�¥ � � ® � � � � 238 � � §G¯ ´ � º »Ó � � §�� ��Ü » �+©¹�   ¥ §Gè � ¾ ± Ñ � � �+§G¦ � ¾%� Ee = 25 �«�"�Yµ Ð:¾ § ¾ ± � � � � �8� à ® �!§ �¹» � ��¥ ¨=© � � � � » �+§ � � º ¸ ¼ Yexp. �
±A° ® ¾ ¬ Ü�¥ � � º ¸ ¼ Yvyp. ¼�¾'´ �DW/¥ µê¶ à ® �!§ �¹» � ��¥ ¨=© � � ¼�¾A´ � ¾ ¥ ° Ñ ª � ¾ § » � © � ¯ ¾ ± � ��­I� � ±A° ® ¾ ¬ Ü ¥ � � º � �+¯!¨+± � ÑYX
© º ± ºAÒ.�=Ó+¾�  139 O �%µ

x����iw��^z
Yexp. Ä[Z Å

Yvyp. Ä[Z Å
137

'�J ñOd�ï�Ã  ]d[ 
138

'�J ¡bd?ñ ¡bd »
139

'�J »>d ¡ »>d ¡
140

'�J ¡bd?ï »>d[ 
141

'�J  ]d;µ ¡bd[ 
142

'�J ñOd�Ã�ñ ñOd�Ã�°
143

'�J ñOd ¡�� ñOd ¡e°

h1
Entries  3800

Mean      196

RMS     24.72
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��8�� `qê�æw<���<�á Êm<>=�?A@B?�C�=�áã	�<b?`Û��6=
«Hs�«Hs�t Ã"�i�2®4x%y7�U�2¢^�^�<¾

γ a �e¢cb��2�`Á
��_bLMZ���J�F�J.NOJ.UR�wJ�FfH[aVeG_>aVi~cfLMJ.eGFIHKJ.UD�OUfW�S>N>�.iOZ�\.H�QTUfJ�NOHvQ�Q�P�J.iOZ�zOiOYKZ�lm�.iOZ�UfZ]W�S>J.YKJ.NOH�Qy�MZ]Y�LOURJ��
l]j]S>W�QTN>_�LMZ]goZ�a�ZwzkcfZwt�Fflm�.URZ�lm�.iOZ��pQqY[�KeTQ X�J�QqNGF�f´�?�e�bd��e°Od���µ{¢Á��X�J�QqNGF�f�P�J�FRlmZ]UfJ.N>_ycf�O�MZwURZwg
LOUfZ]�]UVQqg�jqFfZwURcfeG_>aVi|e�NOHK\.NO��a�l¬PRQqW�xbe�z ²edNdÝ�?�&ÃT¢ªzOUI��J�N>_>aVi�NpQkcfHKg�zOY�jTa�H[JXtvxbW�H[eTjqY[NGxbaVi�LOURZT�
a�J.cfZ�l`lwZutvxbW.HKewJXlGxbcfZweG_baVi�J�NOJ.Uf�]H[��d�l`N�zOe�YKJ�jqUfNOJRP�gXJ�S>H[a��[NOJ]d�UVjTS>HKZwYK}]�wHKH�d)��H�z>UR_>aViOnfZ�l]Q]��Z�lmJ:P
tvx�W.H[e]Jw� ¤ �OcVQTi�zTP�J�cVQTS>z NpjqcRFIUfZ]PsZ{l¥NpQ$FfUVQqNOcILMZ]URF���QqcRFI�[a`l¥g�Q{FIJ.UfH�jqY[J]d�cfH[g4zOYvjTa�HKz S>J�FIJ�em�
FIZ]UfZ�l�_>aIiuZbS>Z]W.HKJ�l6d�goZ�S>J.Y[Z�l]QqNOH[JB�]J.Z]goJ�FIURH[JBJ��>LMJ.UfHKgoJ.NGFVjTYKNOJ.iOZyz>cILMZ]UfH�QTS�QTNOH�QbdMQTewZ�QqP+cVQ]Sbz
e�NOHK\.NO�[a�NpQ(cIHKg�zOY�jTa�HKzklmJ.nfew�.iOZ�goNOZ]\.cfFRl]Q4tvx�W.H[eTjqY[Nmx>aVi´LOURZba�J.cfZ�lyl��IHKURZwewZ]g�UfZ]W.cVQqi�zkJ.NOJ.Uf�]H[�
cBgoZw\�NOZwcR¯IZ]z�l�_b�MJ.Ufz�UfÖ]W.NGxbaViÚt�xbW.HKe]jqYKNGx>aVi�goZbS>J�Y[Z�l6�´Õ��O��QTcR¯IZ]zÚ�pQqYK�[eGzÚcf��FfH[J.\o�]J.NOJ.UVj{FIZq�
URx�NpjTiOZ�S>N>_>aVi ���KcIJ.Y�d¸S�QqFVQT�pjqW�xÔ����HKNON>_>aVi¥LOUfHKJ.UfJ.W�Z{l6d�t�xbW.HKe]jqYKNGx>aVi$P�J�S>NOZTFIHKJ.e¥Q�ewZ]NO�fFVjTNmF��
�ªxbzO\.�^l]QTNO�Kg URZwW.�f�KUfJ.N>_baVi�LOUfZ]�wUIQTgXZ{l]QTa���aIi FIJ�aIiONO�[e Q�Z]�OPsJ.eGFIZ�lwZ Ç ZwURH[J�NGFIZ�l]QTN>_baVi FIJ�aIib�
NOZ]Y[}]�]H[�)c�Q�SbZba�HKJ.nfz]P�J4l�xbcfZ]e]jXFIUVQqNOcfLpQTURJ.NGFfNOZwcR¯�iOHKJ.UVQqUIaViOH[aVe]JRP¸�RFIURzOeGFI�OU:x�LOUfZ]�]UVQTgXZ{lw�.iOZ�l�xG�
�pQ.lmJ.NOH�QµzOgoZ]\.Ü�z]Ps��a�QµzO\.�^lwQ{FIJ.nfZ�lbH n�QqiO�fHKJBLMZbaVi>ZwLOH^¯D�RFIURzOeGFI�>UfzuLOUfZ]�]UVQTg4z~QµHKgoLOYKJ.goJ.NGFVj]a�HKz
NOZ�l�_>aVioQ�UfZ]W.�fHKUfZ�lwQqNOHKJ&zO\&HKgoLOYKJ.goJ.NGFfZ{l]QqN>_>aViµtvxbW.HKeTjTYKNGx>aIioLOURZba�J�cIZ�l6��±�ZbS>zOY�jqUfNpQ�QqUIaViOH^FIJ�em�
FI�OUIQ�W�jTURZ{lwJ.Ü¬S>Z�lmZ]nIz]PsJ�zO\.�^l]QqFfJ.nfZ{l�Hpl�xbzO\.�^l]Qq¯+HK�pQ�FIHKJ���QTcRFfHMe]}bS>z`«­FIURHKJ�Sbx�°�dGeGFfZwUR��LMZTFIURJ.�Oz]P�Jw�
È�QqeG_bg(FIZ(cILMÖ]cfZw�MZ]gÛP�JDgoZ]\.NO��S>Z]cfHvQqiON�z>¯¹l�_bUVQqW.N����OcfLMZwURz¬cRFIUfZ]PsZ{lw�.iOZ���Qqcfz´QTe]ZµQqPªLOUfHKcILMÖq�
cfZw�MZ�l]Qq¯�cIHKg�z>YvjTa�HKz�e¬LMZ�S>goHKJ.NOeTQTg²J��>LMJ.URH[gXJ.NGFIz �

¨)Z]zO\.H^FI��e�NOHK\.NOH[a�JÝ«­FfUfHKJ�Sbx�° cfHKg�zOYKz]P���a�J�J.YKJ.eGFfUfZ]g�QT�]NOJ�FfH�aVe]��LOUfZ�a�J.cRxhcI� ZwLO�KcVQTN>��l
F�Qq�OzOnfewJ$ �¡b�ÛÕ�H[g4zOY�j]a�HKJ¼�OUfW�S>NO�.iOZ$\.H�QqUfJ.NOH�Q�l�x>aVi�j]S>W�QqPs�¥W~l�_bcfYKJ�S>ewZ�l�LOUVjTaÒ� ¡]»>d+¡&fOd+¡��{¢£�

�:�=������ /�NS2Ø?¢:� § � � ´ ° ¾ ® � Ñ�� ³ ª ¸ �gfç°�¯ �   ¨=© � � ® § ¾ ¸ � Ñ ° Ö �¹» ® ©¹� » � �O¥ ¾ ± � ��­ ± ��� © Ü  '�@h � � ��¥ Õ Ö ® ¾%��Ó � ¥)­�® § �Ñ �¹» � ©ç¨ ¸+�¹� § ¾ ¯ � � � ¼�� ± ¾%Ñ ¥ � γ Ý ¯6±\i=¯  '� µ
j �Uz�Á��u�<w#x���y j ~#x%yR��� kH�`�Rx��R�^ F{^�lz|~
�`��yR�

X³f]J=�£Z]NOH[W�Q{FIHKZ]N �£ZwNOHKW�jTa�H�Q
J
−
�{J

+
X³f]J.LOYKzOcf¶�NONOHKiOHKYvQ{FIHKZ]N aªYKJ.eGFfUf}]N Ç LMZ]W.H^FIUR}wNOZ�l]jyQqNOHKiOH[Y�jTa�H�Q
X³f]J í URJ.gocfcRFIUVQqiOYKzONO� í URW�S>NO��\.HvQqUfJ�NOH[J
X³fm±�zOY^FIHKLOY[J�Õba�QqFRFIJ.URH[NO� ±�NOZ]iOZwNpjqcfZw�ONb_´UfZ]W.L>F�x�Y
X³fm¨ªiOZTFIZ:aªYKJ�a�FfUfH[a�aB÷åJ�a�F ¤ ZTFIZGJ.YKJ.eGFIURH�aIeG_µP:Q�l

γ
Ç eGl]QTNGFVj X³f2²¹Zwg(FIZ]NMÕba�QqFRFIJ.URH[NO� ²¹ZwgoLbFIZwN>Z{l�cIem_kUfZ]W.L>FsxbY

X³f�X�Qqgog�Q�²+Z]NGlmJ�UfcfH[Z]N È�lwZwUf��QµLpjqUfZ�l
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²¹J.Y[e]Z{l]j(NOJ.LOUfJ.cfNOZ]cR¯&cfH[g4zOYvjTa�HK�6J.NOJ.UR�wJ�FfH�aIeG_>aVikcILMJ�eGFIHKJ.U�Q(zOiOY[Z�lw�.iOZµUfZ]W�S>J.YKJ.NOH�Q��mxyl�Z]�OYvQqcRFIH
J.NOJ.UR�wHK� J.YKJ.eGFfUf}wN>Z{l

Ee = 0÷ 50
±�J£�ÓNOJ.gyQTY�QµLOUfJ�l�xb�fZ�lwQ{¯( -ñ2ð¬�

Õ�H[g4zOYvjTa�H�Qk�MZwY�Q¬l�xbe]ZwNpQqNpjkLOURJXW�l]®TW.Z]e¼J.Y[J�eGFIUR}wNOZ�l`c}X�QqzOcIcfZ�lbcfeG_bg UfZ]W�S>J.YKJ.NO�Kg HKNGFfJ.Nb�
W.H^F�xÚLMZ|�f�KUfewJkcµURZwW.gXJ.UfZ]g NpQ~LMZwYKZ�lbH���NOJRP(l�_b�fe]J

FWHM = 6
gXg��Ú³�Q~Zw�>UVjqW.e�zÔ¡&ñ�P�J

W.NpjqW.Z]UfNOJ.NpjkN�QTcfHKg�zOYKZ{l]QqNpjkW�j�lbHKcfYKZwcR¯�LMZb��Ffz
γ
Ç eGl]jTNmFBZ�S|H[aVi�J�NOJ.Uf�]H[JyQ¬zOiOY�Q�l�_bYKJ�FIz|WµlmZ]Y �

t§UIjTgoZ�lw�.iOZ´e]ZwNmlmJ.URFfZwUIQ�iOUf�O�OeGx¼»Od?�¬gogu�_±¸iOZwY)l�_bYKJ�FIz
Θ
PsJ�lbW�FIH�QqiON�z>F�_¼e�cfgoJ.Ufz|S>ZwLpQTS>z

J.YKJ.eGFfUf}wN>Z{lw�.iOZoW�l]®qW.e�z �
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 [MeV]γE

05101520253035404550

θ

ö�÷Iøsù�ú�û�üPõ?^{þ
c�û�ú8�#�!�ô���2���
γ
I.ú��RQ�úfü</�÷Iø�ú8����=	)wûPó��%��ø,���2�%�]���ô�fü-�vø�»��bû��B�4�����Iø��
�vû�/

Ee = 25 �«�"� h �<9;���.û.i
�
Ee = 50 ���"� h ��
>ø.�
�.û.i �¸ú�ù������	� û��	�%��û8��/e)&�;����E��ô�!�%/M�������Iø��
���

γ
I�ü<�.ù��R��1

³�QTcfHKg�zOYKZ�lwQqNpj|zOiOY[Z�l]j�URZwW.�OHKJ.ipQ.lmZ]cR¯
γ
Ç W�lw®qW.e�zÔ�MZ]YvQ�J��>LMJ.UfHKgoJ.NGFVjTYKNOJ�Z{lwJ.UfJ.N�j�LMZ]goZq�

a�Z]z�UfJ�Qqema�HKJ
58Ni(γ, n)57Ni

dOeGFIZ]UfJRP+J.NOJ.Uf�]J�FIH[aVeG_´LOUIQTioP�J
Eth = 12,2

±�J£�µ�M¨�Z]Y���QqcDURZwW.LpQTS>z
57
³�H�P�J

T1/2 = 36
iOZbSA�$Q¼iOYvQ.lbNpj¼��HvQqUVQ

Eγ1 = 1378
ewJ£�X«�SbZwLOYKNOH^¯Øðo°��Ò�åS>UfZ]PsZwg �OURW�S��

NO�.iOZ¬\.HvQqUfJ.N>HvQ�cfY[�O\�H[Y�W�l]®qW.Z]e~J.YKJ.eGFfUf}]NOZ{l~J.NOJ�Uf�wHKJ
Ee = 25

±�Js��Q�HKNGFIJ�NOW.HKFsx
Ie = 14 µ

¶©W
goHKe�UfZTFIUR}wNGzo±~È Ç ¡e�>����Z�lbW�S>H�QTYKJ.NOZ]cRFIHA -f�a�g Z�S�ewZ]NGlmJ.U:FIZ]UVQD�MZ]Y>Zw\�QTUfZ�l]QqN>_�NOHKe�YKZ�l�_4LOYKH[J��IZ]e
lmJ.nfe]ZwcRFIH

(60× 60)
gog

2
QBiOUf�O�OeGx(�&ñ

µ
gu��¨)Z4Z]\.H�QTURJ.NO�åc�QBLOYKHKJ.�IZ]eyURZwW�cfFfUfHKipQTYMNpQ(�RFflwZwUf��J.eGx

lmJ.nfe]ZwcR¯IZ]z
(5× 5)

gog
2
Q�LMZ]cfFfzOLONOJ�cVQ�gXJ.UVQqYvQ4H[NOS>zOewZ�lwQqNpjXQTeGFfH^lbHKFVQ�NpQµS>J�FfJ.eGFIZ]UfJ X�Jm«�ì H§°

c�Z]�OPsJ.goZwg ¡eÃ¼a�g
3
��¨)Z¼LOUfJ�LMZb���^F�QqNO�×NpQ�UfJ.t§J.URJ.N���N>_$��Qqc�d�LOYKZbaIipQ¼L>�[e�z

Eγ1 = 1378
ewJ£�

Z�S>goJ.UVQqNpj�LOURJ¸�RFflwZwUf��J.eu«v�AdmxO°�z�S�j�l]Q�URJ.Y�QqFf�KlbNGz�HKNGFfJ.NOW.H^FIz
γ
Ç W�lw®qW.e�zoloS�QqNOZ]g��MZbS>J4«­lµLOUf� �

LpQTS>Jwd \�Jµl¼goJ.UIQTNOZ]g zOiOYKZ{lwZwg UfZ]W.cVQqi�z�LMZ�lwQq\.z]PsJ.goJXJ.NOJ�Uf�]J�FIH[aVew�XcfLMJ.eGFfUfzOg g�jqYKZ´W�j.lbHKcIYK�
NpQ(zOiOY[J�l�_�Y[J�Ffz

γ
Ç eGl]jqNGF�°���³�QqgoJ.UVQqNO��HKNGFIJ.N>W.HKFsx�W.Z�S>LMZ{lwJ�S�QqP��´J.N>J.Uf�]Hvjqg

γ
Ç eGl]jqNGF&W�Z]�OY�QTcRFIH

X ©Y����³�Q´Zw�>UVjqW.e�zÒ¡b BPsJyLMZ]UfZ�lbNpQqNOH[JyNpQqgoJ.UVQqN>_>aIiÚiOZbS>NOÖTF4HKNGFfJ.NOW.H^F�x
γ
Ç W�l]®TW.e�z�lmZulbW�S>H �

ßid



ù�á;ù __Ô&Ñ�ä,ûGä�Í}��äºæ§ç:è�çVéOæ%Í ý¬äsç!È&�Iæ ù ëNo]p·ë·í�î�q¼ë�rµêOñYsIr¸ó�ò�ó�ô õ

QqY[J.N>ZwcRFIH( <fÚa�g Z�SÔe]ZwNmlmJ.URFfZwUIQ|c�i>ZbS>NOZTF�QqgoH¸W.�Kcfe]QqN>_bgXH¸cfH[g4zOYvjTa�HKZ]z � �å�Kcfe]QqN>_�l�_bcfYKJ�S>Z]e
cfHKg�zOYKZ{l]QqN>_>aVi~Q�NpQTgXJ.UVQqN>_>aViuiOZbSbNOÖ]F�P�J�LOUIQTeGFfH�aIeGx¬FIZTFIZ]\.N>_m�

γ γ

ö�÷Iøsù�ú�û�übõ��{þk3�û�øsû����7�
�2���Y�7�����Iø����2E��	)�)wû8�������
(◦) �Q�R�����]ú��%�%V γ I�ú��RQ�úIü</M�.û��Iú8�
�%�
�ô���bû-�	�%�B�	h ��� û��

ü�û��2���Iø��­û�ø�� ��)wû8�
��û��F�����6úCj��:ü����2E����H�	�Q��/�� ù#���vû
/
(•) 1

¶�ewZoP�JyL�QqFfUfNO�yWol�x��I�fHKJyz>lwJ�S>J.N>_>aVi�l�_�cIYKJ�S>e]Z{l�Q´FfJ.ZwURJ�FIH[aVe]�.iOZ~Z]LOH[cfz�lbY�QTcRFfNOZwcRFI���OURW�S��
NO�.iOZo\.HvQqUfJ�NOHvQbd�H[NGFfJ.NOW.H^F�Q

γ
Ç W�l]®TW.eGz¼S>Z]cVQTi�z]PsJ(gyQ{�>HKg�jqYKNGx>aVi�iOZ�S>NOÖTFDLOUfH H[cRFIZ]g²NOJ.N�zOYKZ�lmZwg

zOiOYKJ�l�_bYKJ�FIzÛ�
α
� a�NOJ.Uf�]J�FIH[aVeTj W�j.lbHKcIYKZ]cR¯$zOiOY�Q

α
LOUfJ

γ
Ç emlwQqNGFVj W�H[NmFIJ.URl]QqY[z J.NOJ.Uf�]HK�

Eγ = 0÷ 25
±�J£�ÓW.�Kcfe]QqNpjµW�NpQqcIHKg�z>Y[Z�l]QTN>_baVi�i>ZbS>NOÖTF�P�J�W.Z]�OUVQqW.J.NpjµNpQµZ]�OUVjqW.e�z~¡w¡b�

«Hs�«Hs�r G xF�NÁ| %�u�2x%��£<w�x%yRzPy7{|x%��¢Jw�yR~�Á2x
³�Q´ZbSbipQ]S>NGz>FIHKJ�UfZ]W.goJ.URZ{l`FIJ.Uf��Q~QkFIJ.LMJ�Y[NO�.iOZ~W�Q{¯�Qq\.J.NOH�QXP�JyLMZTFIUfJ.�ON>��LMZ]W.NpQq¯4LOURH[J.cRFfZwURZ{l��
i�zOcRFIZTFIz¥�RFIHKJ.LMJ.NOH�QÚl¦S�QqNOZ]g g�Q{FIJ�UfH�jTYKJw� ³�QÚcfHKg�zOY�j]a�HKz LOURH[J.cRFIZ]UfZ�lmJ:PyiGzOcfFfZ]FsxÔ�MZ]YvQ�l�x�lG�
HKN�z>F�j�NOZ�l]j�FIURH[J�SOQ¦S>Z¥cfZ]tvFflw�.UfZ�lm�.i>Z¥�pQqYK�[eTQ X�J�QqNGF	f�� È�UfHKJ�S�QÔHKgoLOYKJ.goJ�NGFIz]P�J$LOURZba�J.c¼t§Zq�
FIZ]�RFIHKJ.LMJ.NOH�Q

238
± l©HKNGFIJ.U:lwQqYKJ¥J.NOJ.Uf�]HK�

5 ≤ Eγ < 105
±�J£�µ��±~HKe�URZwcfewZ]LOH[aVeG_©����HKNON>_

LOUfHKJ.URJ.W
σγ,F (E)

�MZ]Y�ZbSblwZbS>J.N>_�Z�S�J��>LMJ.UfHKgoJ.NmF�jqY[NOJuW.�KcIeTQqN>_>aVi�iOZ�S>NOÖTF�L>zO�OY[HKewZ�l]QTNb_>aVi�l
LOUVjTa�QTaVi �K <fOd�fO wd�°eñOd�°> wd�°m¡bd�°w»Od�°&f�d�°��>d�°e°T¢£� � S>Ö�lmZbSbz cILMZ]PsHKFfZwcRFIH�cfLMJ.eGFIUIQÚ�OUfW�S>NO�.i>Z
\.H�QTURJ.NOH�Q¥�MZ]YKZ LMZTFIURJ.�ONO��QqLOUfZ��>HKgoZ�lwQ{¯|����H[NON>_ LOUfHKJ.URJ.W�cfLMZ]P�H^F�_bgXH�t§zONOewa�H�QTgoH�� ±�lmJ�S>J.N>_
J.NOJ.UR�wJ�FfH[aVeG_ÔHKNGFfJ.URl]QqY��MZ]YDUfZ]W�S>J.YKJ.N>_ÔNpQÚS�lmJ¼��QTcRFIH�� �hZ]�OY�QTcRFIH]X ©Y�²l�H[NmFIJ.URl]QqY[J~J.NOJ.Uf�]H[�
5 ≤ Eγ < 30

±�J£� PsJµQqLOUfZ��>HKgoZ�l]QTN>_�SblwZwgoH�Y[Z]UfJ�NGFIW.H�jqNOgoH�W.ZylbW.Z]UIa�Q~«R <fG°&c�LpQqUVQqgoJ�FfUVQqgoH
z>lmJ.S>J.N>_bgoH�l|F�Qq�OzOnfewJ~ �»>�k�²HKNGFfJ.URl]QTYKJ�J.NOJ.UR�wHK�

30 ≤ Eγ < 105
±�Js� PsJ�LMZ{l]Qq\.Z�lwQqN>_�W�Q

ewZ]NO�RF�QqNGFIN>_
σγ,F = 17,2

g�� �y³�QkZw�OUIjTW.eGz$¡]»µP�JXLåZ]UfZ�lbNpQqNOHKJ¬QqLOUfZ��>HKgoZ�l]QTNO�.iOZu����HKNONO�.iOZ
LOUfHKJ.URJ.W.z

σγ,F (E)
c�iOZ�S>NOZ]FVQTgXHmLOzO�OYKH[e]Z{l]QqN>_>aVi�l�L>UVjTa�Q]aIi¬� °�ñ>d�°O ]d
°w¡>d�°]»Odw -fOd-f� wd�°&f�d�°��>d�°�°q¢£�

ßZp
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ö�÷Iøsù�ú�û.übõ�õ]þmli)]û
�u��E��ô�!�%/Ø'
α
�b�!f
�Q��ù
�?�����]�Q�R�����Tú!���%V

γ
I�ü<�.ù
�2���¸ú�ù�������� û��	�%��û8�K���	) �����Iø��
����1

�:�=������ /�nSVo?¢êÐg� § � » � ¥ §G��© ¾ §G� ��¥ ¯ � ¨ � ¾ ± ® §G� � ® § ¾!à �¹» ¨ ¸+� � ª�¬ � ����­ ¼�¾ ® § � �+§��+¯ � f ¾ ¥ ¾ á$¥ � � ® � � � � ± ¾%� © �=Ñ ¥ �hepq- µ
xer t xsr*r

σmi
�&fOd »eñ

±
 ]d?ï:µ  ��&ïOd ¡eï

±
 ]d?ñeï

Emi
 �ñ>d?°eÃ

±
ñ>d?ñ]»  <f�d »�°

±
ñOd�ñw»

Γi
 ]d;µ#°
±
ñ>d[ �¡ �bd ¡&Ã

±
ñ>d?ñeï

X�J.ZwgXJ�FIURH�aVe]�ozOcfLMZwURHvQTS�QqNOHKJycIHKg�zOY�jTa�HKJBPsJyW�Zw�OUIQTW.J.N>�yNpQkZw�OUIjTW.eGzÒ¡#fO� í ZwYKH�cfHKg�zOYKZ{l]QqNO�
i�zOcRFIZTFsx4tvZ]FfZw�RFIHKJ.LMJ.NOH�QDl(FIJ.Uf��ZbaIiµW×UfÖ]W.NGx>aVi�g�QqFfJ.UfH�jTYKZ�lµQqewZ�QqP�LOUfJ×URÖwW.N>J+lmZwnf�Gx(ewZ]NGlmJ.U:FIZ]UVQb�
¨ªY�jqNOZ{l]QqNO��zOcILMZ]UfH�QTS�QTNOHKJ¬LOURZbS>zOew��NO�.iOZ~FIJ.Uf��QuLMZwW.Z]cRF�j.l]Q�W�ewZ]NGlmJ.U:FIZ]UVQuJ.YKJ.eGFfUf}]NOZ{l¦«­�OUfW�S��
NO�.iOZ4FIJ.Uf��Qm°¹Q(�fFfH[J�LONOJ.iOZµg�Q{FIJ.URHvjqYKz´c+lwJ.nfewZ]z´S>HKt§�OW.NOZ]z´cIaViOZ]LONOZwcR¯fZwzkLOUfZ�S>zOeGFfZ{ly�fFfH[J�LMJ.NOHvQb�
î¸YKHKNO�[e]Z{lG_�W�QTaViGx�FVj�l]QT��NOJ�S>Z]�OUfW�SbJ.N>_>aVikJ.Y[J�eGFIUf}]NOZ�l��MZ]Y6LMZ]zO\.H^F�_�W�S>Ö{lwZbS>z¬lwJ.UfNOJRP�cfHKg�zOY�j]a�HKJ
J��>LMJ.URH[gXJ.NGFIz�Z]LO�[cVQqNO�.iOZ`l$LOUVjTa�H����eïT¢Á�$³�Q�lbYvQqcRFINOZ]cRFIH×�OURW�S>NO�.iOZ|cfLMJ.eGFfUVQ|QqewZ�QqPBi�zOcRFIZTF�x
�RFIHKJ.LMJ.NOH�QXgyjµW�QTNOJ�Sb�pQqFfJ.nINb_klbLOY^x�l6�

³�Q�Zba�J�NOJ.NOHKJ lbLOY^x�lbz�g�Q{FIJ.URHvjqY[z�ewZ]NGlmJ.U:FIZ]UVQ NpQ�i�zOcRFIZTFIz��RFIHKJ.LMJ.NOH�QÛ�MZwYKH¬l�xbewZ]NpQqNO�
cfHKg�zOY�j]a�HKJµ�MJ.WµewZ]NGlmJ.U:FIZ]UVQbdAc�LOURHvQqg4x�g �OURW�S>J.NO�Kg J.YKJ.eGFIUR}wNOZ�l~l~LOUfZ�S>zOem��NOZ]gÝFIJ.Uf��H�dAc�lmZ]Y �

ß`�
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ö�÷Iøsù�ú�û�ügõqýTþ P �Kü�øsû��:ü�û0
7���fü<ENX2+��Q�2�2E"
>ø0���Iø,�:ú´ø,�,�.ü
����� 238U(γ, xn + f)
�kú�ù�������� û��	�%��û��������Iø%�
�F�

γ
I�ü��.ù
�R��1B3ªû�øsû����7���2�F�>�0
bøsû!f
����ù#�����B
mû�/�ó!�������4
>ø0�H�0�Q�³/�� ù#���Q� h +W�Iø	�-���bù�+��%��ø��.ib�´)]û����bû
�F���³��
7/G÷!�?�Kü�û�D
�-���2E����`�k
>øsù#�,�#�	)mþ • �O¹�ýW��@ H �O¹�����@ 4 �O¹�h���@ N �.�	h8�,@ � �Th��.��@ × ��¹�^.��@ © �O¹#¹.��@

+
�O¹#����@ � �O¹-õ0��1

t§UIjTgoZ�l�_�g ewZwNmlmJ.U:FIZwURZwg «ut�°�QXewZ]NGlmJ.U:FIZ]UfZ]gØWBewZ�lmZ�lm�.iOZyzOUIjTN�z�LOUf�KUfZ�S>NO�.iOZ�W.YKZw\�J.NOHvQ~«ºzp°��
î¸UR�O�Oe]Q�a�xbYKHKN�S>UfH[aVew�.i>Z(ewZ]NGlmJ.U:FIZ]UVQ��MZwY�Q�l�xb�OUIQTNpj�l�W.iOnVQ]S>Z]g�e�UIQ]SbHvQT��NOJRPªS�öK\.ewJ

X
lXS�QqNOZwg

g�Q{FIJ.URHvjqYKH·� ¡&°q¢£�
�¼URJ.t§J.UfJ�N���N>_>aVi�Q4FfJ.cRFIZ�l]Q]a��[aViuS>Ö�lmZ�S>Z{l��MZwY6l�LOURlwJRP¹ewZ]N�¨��]zOUVjTa�HKHALåZ]zO\.H^F�_¬NpQ4cfHKg�zOY�j]a�HKz

g�Q{FIJ.URHvjqYKz�LOURZbS>zOew��NO�.iOZ�FfJ.UI��Q`LOUR�[URZbS>N>_ÒewZ�lmZ�l�_ÒzOUIjTN «�±�°����ÑNpQTcfYKJ�S>z]Ps��a�H�aIi�l�_bLMZ���FIZ�aVi
�MZ]Y[H LMZ]zO\.H^FI�BSblwQ�e�UVQqPsNO��LOUf�KLpQ]S�x�c

 ]�D¨�UVjq�fewZ�l�_wvyx ËKÄ�¾VÀ�ÆåÌqÍ�Î FIJ�UI��cfZoW�QT�Oz�S>Z�l]QqN>_bgØQqFf}wgoZ]grzOUVjqN�zÚ«�±³²��p°¹c�NO�KW.ewZ]z�iGzOcfFfZT�
FfZwz

ρ = 1,5
���Ta�g

3
Q�LMZ]goJ.URZwg W.Y[Z]\.HKJ.eµLOURH[�OYKHK\.NOJ( �±( �°:² «��e�Kð

hm.

±zd�f2��ð
hm.

²&°��
¡b�¸È�J.UI��W�YKHKcIZ�l]QTNO��iOZyeTQqUf�OH[S>zuzOUVjqN�zÚ«�±³²

2

°¹c&lmJ.nfe]Zwzui�zOcRFfZ]FfZwz
ρ = 12

���Ta�g
3
�

í Z]Y�Q LMZ]zO\.H^F�j �wJ.Z]goJ�FfUfH�Q ÆåÄV{wÌqÆ6Ä}|�Æ6Ä�Í]ÄR~
{wÀ!ô>Ì a�xbYKH[N�S>URH�aIew�.iOZ FIJ.UI�.Q>d�LOUfH[��Z]g W S>Ö�lmZ�S>Z{l
��QqcfZ{lwJRP¸ZwL>FfH[gyQTYKHKW�j]a�HKJXe]}bS>z`cVQ�iOUf�O�OeTQkQ�LMZ]YKZwgoJ�U�FfJ.UI��Q�Z]iOUIQTNOH[��HKY[H�«

H = R = 104
gog¬°��

È�J.NmFIZuZ]�OPsJ.ghW�QT�MJ.W�LåJ.��H[Y�LOUIQTeGFfH�aIeGx`�OLOYKNO�oLMZwiOY^FIJ.NOHKJo�RFIHKJ.LONGx>aVi
γ
Ç emlwjqNGF�«

Eγ > 5
±�Js��°��

���fJ�FIemx
γ
Ç eGl]QTNmF�jkZwLO�>�f¯VQqP���a�JoZ]�OP�J.g FIJ.Uf��Q�QqYKJ.�MZ�cBLMZbS>LOUIQTi>Z{lwZwzÚJ�NOJ.Uf�]H[Z]z

Eγ < Eth ≈

ßu§
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Z

Y

X

g

g

g

e-

terè

konvertor

zachytávaè
elektrónov

ö�÷Iøsù�ú�û.ü³õ<hbþPSu�	)�=��b���%���fü
=]/&�F
mû�ø	�%�����
�2���]�0�Q�³/�� ù&�����º)&/&�	�­û
�%V6$Vû
�­û-5	�%���O
2���2�%���m
bøsû8�
/Tü
+���û
� ���Iø,+���1
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103

t�d ±³²
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¡�µ  �¡>d f »> �ï  ]d »eñO�
104

t�d ±³²·� ¡&Ã�ñ µeµ »eï�Ã �bd ¡]¡>�
106

# ZDcVQ&F�_beTQ&FfJ.LMJ.YKNO�.iOZDl�_be]ZwN�zBlbW�NOH[eTQqP��Oa�J.iOZDl�Zw�>P�J.gXJ·FIJ.Uf��Q>dq�Oz�S>J�lbiOZbSbNO�·FIJ.NmFIZ¸l�xbzO\�HK¯)NpQ
lbY�QqcfFfN>_`l�N��>FIZ]UfN>_`NpjqiOUfJ�ln±³²

x

d����[ghcVQ´S>ZwcfH�QqiONOJyW.N>�[\.J�NOH[JoLOUf�KewZ]N�zÚS>Z�S�Q{FIZb��NO�.iOZ~N�jTiOURJ��
lbz�FfJ.UI��Q`LOUfJuW�l�_��IJ.N>H[JuUR_>aVi>Y[Z]cRFIH¸S>HKt§�OW.HKJ¼Q|J�t§�OW.HKJ��RFIHKJ.LONGxbaVi�t§UVQq�wgXJ.NGFIZ�l6�¦¨�UfH&LOUfJ�S>LMZ]em�
Y�Q]S>J]d¸\.J¼c�QÚLOURH¹P�J�S>NOZ]g �RFfH[J.LMJ�NO��z>lmZ]nfNO��J�NOJ.Uf�]HvQ

Ef ≈ 200
±�J£�µd¹W`��ZwiOZ¼P�J¼LOUfHK�OYKH[\.N>J

ïeñ2ð�l�xbzO\�HKFfJ.nINb_>aVi�lmZytvZwURgoJ(eGH[NOJ�FIH[aVewJRP&J�NOJ.Uf�]H[J(tvUVQT�]goJ.NmFIZ�l�QoJ�NOJ.Uf�]H[J
β
Ç UfZ]W.LpQ]S>zAdpl�_�ewZ]N

Qq�OcfZwUf�MZ�l]QqN>_ÔlÔFfJ.UI��H��>z�S>J
Pa ≈ 1

Ì �+È�J�NGFIZ$l�_be]ZwN$P�J~lbW.iOnVQ]S>Z]g NpQ$a�J.YKewZ�lb� LMZTFIURJ��
�Oz¥NpQqiOUfHKJ�l]QTN>HvQÚW�QqNOJ�S>�pQ{FIJ.nfN>_m� ��iOZbSbNOJRP��fHKJ`�Oz�S>J¼LMZwz>\.HK¯¬FfJ.UI�~�MJ.W¼ewZ]NGlwJ.URFIZ]UVQbd&ewJ�Ð�cVQ
l�_be]ZwN~LOURH[g�jqUfNOJ�iOZ�W�lw®qW.e�zÒ«

Pe− ≈ 500
Ì °¸Qq�OcIZ]Uf�>z]P�J4LOURHvQqgoZyl´FIJ.Uf��HÁdpLOUfH[��ZwgØZbSbLpQ]S�j.l]Q

LMZTFIUfJ.��Q4S>ZbSOQqFIZ���NO�.iOZµaViOY�Q]S>J.N>HvQ(ewZ]NGlmJ.U:FIZ]UVQb�·�pl�xb�fN>_ol�_�ewZ]N¬NpQ(NpQqiOUfH�Q{FIHKJ�FfJ.UI��Q(N�QBFfJ.LOY[Zq�
FIz

T = 2500 ◦
²�PsJuLMZTFIUfJ��ONO��S>Z�S�Qq¯oJ��bFIJ�UfN>_bg W�SbUfZ]P�Z]g FIJ.LOY�Q>��³�jTiOURJ�lÒJ.YKJ.eGFIUR}wNOZ�l�_bg

W�l]®TW�ewZ]g �Oz�S>Jkcf�OcRFfUfJ�S>J.N>_ÚiOY�Q.lbNOJkN�Q¼��J.YKNOJRP(cRFfUVQqNOJwd�LOUfJ�FfZ¬P�J¬J��bFfJ.UfN>_ÚNpjqiOUfJ�l$LMZTFIURJ.�ONO�
cfgoJ.URZ{l]Q{¯�iOYvQ.lbNOJ4NpQoZ]cfFVQqFfNO����QqcfFfH�FIJ.UI�.Q>�¸¶�e]ZylbH�SbH[J�¯�W(Z]�OUVjqW.ewZ�l¼¡&° Ç »> wdMW4LOYKZ]�INOJ:P¸iGzOcR�
FIZTF�xÒ�RFIHKJ.LMJ.NOH�Q`l�xbLOY^_�l]Q>d¹\.J´l�_�cfFfzOL��RFIHKJ.LONGxbaViÔtvUVQq�wgoJ�NGFIZ�l�Wug�Q{FIURH�a�J´FIJ.Uf��QkP�JuLMZTFIURJ.�ONO�

d��
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UfJ�QTYKH[W�Z{l]Q{¯4l�N>H[J.e]ZwnfeG_>aIi$goH[J�cfFVQ]aIi$LMZ¼Z]�GlwZbS>JyFIJ�UI��Qbd�URZ{l�NpQTe]Z`QqP�W¬��J.Y[N>JRPBcRFfUVQqNGxmd)ebS>J(P�J
i�zOcRFIZTF�Q¸�RFIHKJ.LMJ.NOH�Q�NpQqPslGxb�f�IH�Qbd]LMZwLOUR�KLpQ]S>J×W+e]QqLOHKY�jTU:x(l(ZwcfH�FfJ.UI��Z�lm��iOZ�a�xbYKH[N�SbUVQb�ª¨�UfJ+W�l�_b�fJ.NOHKJ
UR_baViOYKZwcRFIH>S>HKt§�OW.HKJ�P�J×gXZw\.NO��QqP�LMZwzO\.H^FIHKJ&W.YKZ]\.HKFfJRP��f�[aViXewZ]NO�RFIURzOema�HK�bFfJ.UI��QDNpQ�W�jTe�Y�QTS>J�S>HKcfewZ�lm�.iOZ
zOcfLMZwURH�Q]S�QqNOH�Q>�

d�§
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��8�� �àê>å ê>é��
	4á·C&� á��¹<>=G	�=£<7á <b?`Û��Zá
«Hs�¼Us�t j �`z��lxF{��4Á��u�7¢��^{`y-¯��i�Zw�x�¢�x�w!�

 ]� �£NGFfJ.UVQqema�H�Q�W�lw®qW.e�zuc�Yvj{FIe]Zwz`c

• � x%�i~
y7{|x%y γ ¢`�R{|x��R�7¯=À���y�z|~#xY®|~
�2�Uy�{|�ºy� %yR�Zw
~
ÂZ{U�R¢Ps aªNOJ.UR�wJ�FIH[aVew�µcfLMJ.eGFfUfzOgQµH[NmFIJ.NOW.H^F�Q�P�JBW�j�l�H[cfY�jXZ�Su�OUfW�S>NO��iOZyg�Q{FIJ.URHvjqYKz¼QµzOiOYvQ�l�_bYKJ�FIz
γ
Ç eGl]jqNGF��ª��W.NOHKe]j

LMZ]W�S�öK\µJ.YKJ.eGFfUf}]NOZ�lm�.iOZ¬W�l]®TW�e�z dåebS>J4goÖ]\.J�S>ZbaVipjTS>W�Q{¯�eXP�J�iOZ¬cRFIUVQ{F�jqg Qol�e]ZwNb�
lmJ�URFIZ]UfJ���FIJ.Uf��H�d)ebS>J�P�JyW�l]®TW�Zwe|J.YKJ.eGFfUf}]NOZ{l�L>Y[NOJyW�Qq�OUfW�SbJ.N>_m�u¨�ZbS>URZw�ONOJ:P��f�·LMZ]LOH[c
lbY�QqcfFfNOZwcRFf� �OUfW�SbNO�.iOZo\.H�QTURJ.NOHvQµ�MZ]Y LMZbS�QqN>_kl¬e]QqLOH^FIZ]YvjTaVi~¡>� ¡oQX»>� »>�[ ]�

• ¬­y7Á`w
~
ÂZ{Z�à¢`�R{|x��R�7¯=À���yJz|~#xb¡��uw��Z£<w�x%yRzPy7{|�.s �·W.N>H[eTQqP���l�L>UfZbS>z>em��NOZ]g FIJ.UI��HÁ�
³�Q&P�J�S>N>Z4�RFIHKJ.LMJ.NOHKJ�cVQ�z>lmZ]nINO�pLOUfHK�OYKH[\.NOJ

ν ≈ 3,5
NOJ.z>FfUf}]NpQBcfZ(cfFfUfJ�S>NOZ]z�J.NOUR�wHKZwz

E ≈ 2
±�J£�µ�RaªNOJ.UR�wJ�FfH�aIew��cfLMJ.eGFfUfzOg�PsJDgoZw\.N>�Dl�x{PRQTS>UfH^¯¹loYvQq�MZ]UVQqFf}wURNOJRP�cf�OcRF�Q.lmJ

QqewZ�c
N(E) = c

√
E exp (−E/T )

d]e�S>J
c, T

cf��ewZ]NO�RF�QqNGF�x(W�j.lbHKcfY[�×Z�S
A,Z

�RFfH[J.LOH �
QTa�J.iOZycVQ�PRQTS>UVQoQ�P�J.i>ZyJ.NOJ.UR�wHKJ�lbW.�OzOS>J.NOH�Q>d

T
gXÖw\.J.gXJBLMZ�l]QT\.Z�l]Q{¯DW�QµJ.t§J.eGFf�Kl�N�z

FIJ�LOY[ZTFIzuLOUfZ�S>zOeGFIZ�lk�RFIHKJ.LMJ.NOH�Qu�?�T»T¢£�

• ¬­y7Á`w
~
ÂZ{Z�g¢`�R{|x��7�R¯%ÀU��y ¢ (γ, n)
�

(γ, 2n)
~
y2�i�i�2x%�u�e�Ps ��W.NOH[eTQqPs�µlwZ�lb�fJ�FIem_>aVi

g�Q{FIJ.URHvjqYKZbaViAdOebS>J
γ
Ç \�HvQqUfJ.NOHKJ�HKNGFIJ�UVQq�wz]P�J�c&Yvj{FIe]Zwz d�QqewZyQqP·l�LOUfZ�S>zOem��NOZ]g�FIJ.UI��HÁd

ebS>JÒcfLMZwYKzÓcfZ �RFfH[J.LONmxbgoH�NOJ.z>FfUf}]NOgoH�HKN�S>zOeGz]P�� S>Z]LOYKÜ�z]P���a�J��RFIHKJ.LMJ.NOHKJ
(n, f)

�
��Z~lbN��>FfUfH¹LOUfZ�S>zOem��N>�.iOZ¼FIJ.Uf��QoP�J¬H[aViÒcfLMJ.eGFIURzOg LMZbS>Z]�ONO�kcfLMJ.eGFfUfzÒNOJ.z>FfUf}]NOZ{l
�RFIHKJ.LMJ.NOH�Qb� ²¹J.Y[e]Z{lG_~FfZwe�NOJ.z>FIUR}wNOZ�l~l�FIJ.Uf��H�S>ZwcVQqi�z]P�JµiOZ�S>NOÖTF
c

Φn ≈ 1012
c
−1
�

o J�ÐÛiOZ�S>NOZ]Ff�KgoJkH[aViÒlbLOY^x�lÚNpQ~W�l�_b�fJ.NOHKJ¬l�_�¯VQT\.eGz��RFIHKJ.LONGxbaVi�t§UIQT�]goJ.NGFfZ{låd�FVQTe
\.J~l¦L>URlmZ]g LOUfHK�OYK�K\.J.NO��LMZ�lwQq\.z]P�J�goJ`g�Q{FIJ.UfH�jqYDFIJ.Uf��QÚiOZ]goZw�]�.NONOJ¼UfZ]W.Y[Z]\.J.N>_Ôl
Z]�OPsJ.goJ¼�wzOYKJ¼W.Z�S>LMZ{lwJ�S�QqP���a�J:PylGxbLMZb���^FVQTNO�.g4z Z]�OPsJ.g�z¥L>UfZbSbzOem��NO�.iOZ$FIJ�UI��Qbd&l
eGFfZwURZwg�S>Z�aVipjTS>W�QBe Ãeñ2ðÓt§ZTFIZ]�RFIHKJ.LMJ.NO����¨ªUfHpS�QqNOZ]g�cfzOg�jqUfNOZ]g FIZ]e�zyNOJ.z>FfUf}]NOZ{l
Φn ≈ 1012

c
−1

lbW.NOHKe]juL>Uf�KcILMJ�lwZwe|e`lG_�¯�Qq\.e�zÚ�RFIHKJ.LONGxbaViÚt§UVQq�wgXJ.NGFIZ�l|LOUfHK�OY[HK\.NOJ
��ðk�¸È¸j{FIZ�iOZ�S>NOZTF�QoNOH[J¸P�J�Ð�QqY[JRP×lmZyl�_bLMZ���FIJBl�_�¯�Qq\.ewZ�luW.ZwiOnVQTS>NOJ.NpjyLOURJ�FIZ]\.JDP�J
goJ.N>�IH�QoQqewZXLOUfJ.cfNOZ]cf¯¸a�J.YKewZ�lm�.iOZXlG_bLMZb��Ffzul�_G¯�Qq\.ewZ�lkt§UIQT�]goJ.NmFIZ�lk�RFIHKJ.LMJ.NOH�Q>�

• ¬­y7Á`w
~
ÂZ{Z�àz|~
�`�4Á��u�R¢��i{U��¢H�`�-�Z�u�Hy7{UyR~
�iy:w#x��#�Z���nx x%ÂZ{|��x.s
±�Ö]\.z|lbW.NOHKeTQq¯�d

Qqe J�NOJ.Uf�]HvQ�zOUR_baViOYKJ.N>_>aVi HK}]NOZ{l LOUfJ.cVQqi�z]P�J�l�_b�fe�z ²+Z]zOYKZwg4�MZ{l�cIe]JRP´�pQqUfHK�.U:xGd�l
zOU:_>aViOnfZ�lwQT��H�±Yf�ñ�ñoQ�lmZµl�x�cIZ]ewZGJ.NOJ.UR�wJ�FfH�aIewJRP×��QTcRFIH6FIUVQqNOcfLMZ]URFIN>_baViuLOURlbe]Z{lå�

d:ª
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• Ã��Z{Zw��iy7{U�R¢U���u�q¿Rx%�i~
y7{|x%y�¢`�R{|x��R�7¯=À���y�¢ ���^�
 %yR�|�`Á y7��xF�
x%y y� %yR�Zw
~
ÂZ{U�7¢Bs
��W.NOHKe]j4lkzOUR_>aIiOnfZ{l]QTa���aIi�goJ�S>W�J.UVjTaViugoHKe�UfZTFIUf}]NpQX±~È Ç ¡��b�

È�J.NGFIZµF�x�LuUVQTS>H�j]a�HKJBW�QqNOHKeTj�l�xbLON�z>Ff�[g²W�lw®qW.e�zuzOUR_baViOnfZ{l]QT��Q>�
¡b� �£N�S>z>ewZ�lwQqNpjoQqeGFIH^lbH^F�QµgyQqFfJ.UfH�jTYKz`c

• 3 �Zw�x�¢�x�w
�àz|~
�H�4Á��Zw��7¢ £<w�x%yRzPy7{|x%�`s ��®T���fHKNpQ¼LOURZbS>z>eGFIZ�lÚt§ZTFIZ]�fFfH[J�LåJ�NOHvQyP�J
β
Ç

UVjTS>HKZGQqeGFf�Kl�NpQ>�`Õ��$J.gXHKFfZ{l]QqNO�
γ
Ç eGl]QqNGF�j´lbW.NOHKeTQqP���a�J�LOUfH·�OUfW�S>J.N>�

β
Ç \.H�QTURJ.NOH�Q`Q

S>J.J��>a�HKFVQ]��NO�
γ
Ç eGl]QqNGF�jb�

• 3 �Zw�x�¢�x�w
�nw
~
�i{��
Á�~
�i{U�7¢H�`�e�lz|~�¢U�u�7¢ �ª��W.NOH[eTj�luS>Ö]cfYKJ�S>e�zoPRQTS>UfZ�l�_>aViuUfJ�Qqema�HK��d
iOY�Q.lbNOJ

(γ, n), (γ, 2n)
Q�NOJ.z>FfUf}]NOZ�lm�.iOZ�W�j]aIiGx�FIz NpQ`PRQTS>UVjTaVi FIJ.UI��Qb� ©�a��.UfcfewJ

LOURZbS>zOeGFsx¬lbW.NOHKe�N�z>l��I�[aVi´FIUVQqNOcfzOUVjqNOZ�l�_>aViuHKW.ZTFIZ]LMZ{lkcf�
α
Ç UVjTS>HKZGQqeGFI�^lbNOJ�\.H�QTURH���Jw�

• ¿ {��4Á��u�R¢��i{U�q�u�Zw�x�¢�x�w
� ����w�yR~#x%�^ %�7¢ ¢ç���^�
 %yR�|�`Á ~
y2�u�^�:x�y ��{Uy7Á`w
~
ÂZ{|��x.s
�£N�S>zOe�z]Ps� QqeGFIH^lbH^FIzÔlmZ�lb�fJ�FIeG_baVi¦g�Q{FIJ.UfH�jqY[Z�aVi¦l�Zwe]ZwYK�DW�S>URZ]PRQ�UIj]S>HKZGQqeGFf�Kl�N>_>aVi
W�l]®qW.ewZ�l6�k��iOZ�S>N>_bg l�_��MJ.UfZ]gÙewZwN>�fFfUfzOem��N>_>aViÚg�Q{FIJ.URHvjqYKZ{l�c(g�QTY^_bgÙ�O��H[NON>_�g
LOURH[J.URJ.W.Z]gÑQq�OcfZwUR�åa�HKJBNOJ.z>FIUR}wNOZ�l�P�J�gXZw\.NO��FfJ.NGFIZµF�x�L~QTemFIH^lbH^F�xkgoHKNOHKg�QqY[HKW.Z�l]Qq¯��

È�J.NGFIZyF�xbL¼UIQ]S>H�jTa�H[J�PsJ�LMJ.URg�QqNOJ.NGFIN>_¼Qye�YKJ.cVjy�OgoJ.URNOJ4LMZwY[��QqcIZ]gÝUfZ]W.LpQTS>Z�l�l�W.NOHKe�N�zb�
l��I�[aViuUIj]S>HKZ]N�zOe�YKH[S>Z{lå�

«Hs�¼Us�r F Á|�NÁ| %�u�2x%��z�~
�`�4Á��Zw��7¢�£<w�x%y7zBy7{|x%��¢Jw�y7~�Á:x
¨)Z���Qqc&Z]\�QTURZ�lwQqNOH�Q4FIJ.Uf��Q4cVQ(l¬S>Ö]cfY[J�Sbe�z´iOUfZ]g�QTS>J.NOH�Q��RFfH[J.LONmx>aVi´L>UfZbS>z>eGFIZ�lyl¬gyQqFfUfH[a�HåFIJ�UI��Q
W�l�x��Iz]PsJ�P�J�iOZ�QqeGFIH^lbH^F�Qb� o UfH^lbeTQ�e�zOg�zOYKZ�l]QTNOJRPªQTeGFfH^lbHKFsxµl�FIJ�UI��H�g�j�W.YKZ]\.HKFs_XLOUfHKJ.�MJ.iolXS>ÖwcfYKJ�S��
e�z�URÖwW.NOZ]UfZ�S>Z]cfFfHª�RFIHKJ.LONGx>aVi�LOURZbS>zOemFIZ�l�QqewZ�QqP�H[aVi�LOUfZ�S>zOeGFIZ�l`UfZ]W.LpQTS>z �o³�Q¬lG_bLMZb��J�FBe�zb�
g�zOYKZ�l]QTNOJRPoQqeGFfHKlbH^Fsx��MZ]Y¸W.Z]cfFfUfZ]PsJ.N>_�LOURZw�]UVQqg l|PRQqW�xbe�z�²sdNd�� ¨ªUfZ]�]UVQqg LMZb���^F�Q���QqcIZ�l�_
LOUfHKJ.�MJ.ikQqeGFIH^lbH^F�xXLOUfJ>Ã�ïeñ(HKW.ZTFIZ]LMZ{l�Q�H[aVi�HKW.ZwgX�.UfNOJDcRF�Q.l�xm�ª¨�UfZ]�wUIQTg�LMZb���^F�Q�c·FIURZwgoHOFIUfHKJ�S�Q��
goH>PRQTS>HKJ.U�c

SOa��.UfcfewJ¸P:Q]S>UIj
A
ZXd

cDiOgXZ]FfNOZwcR¯IZ]z~¶ QoL>UfZTFI}wN>Z{lG_bgÑ���KcfY[Z]g �)d�lbW�NOH[eTQqP��Oa�J(luS>ÖwcfYKJ�S>e�z

p�¸
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J.goHKcfHKJ�ZwNOJ.cfewZ]UfJ�N>_>aVi�N>J.z>FIUR}wNOZ�l�c

A + 1Z−1Xg

↘ n

A
ZXd

(.a)

dN
dt

(
A
ZXd

)
=A
Z ηn.

A+1
Z−1λg.

A+1
Z−1Ng(t)−AZ λd.AZNd(t) (.b)

HKW.ZwgX�.UfNOJ�cRF�Q.l�x
A
ZXm

c

A + 1Z−1Xg

↘ n

A
Z−1Xm

A
Z+1Xm

↘ β− ↙ β+

A
Z−1Xg

β−−→ A
ZXm

β+

←− A
Z+1Xg

(.a)

dN
dt

(
A
ZXm

)
=A
Z Ym +A

Z ηn.
A+1
Z−1λg.

A+1
Z−1Ng(t) +A

Z ηg,β− .
A
Z−1λg.

A
Z−1Ng(t) +A

Z ηm,β− .
A
Z−1λm.

A
Z−1Nm(t)+

+A
Z ηg,β+ .AZ+1λg.

A
Z+1Ng(t) +A

Z ηm,β+ .AZ+1λm.
A
Z+1Nm(t)−AZ λm.AZNm(t)

(.b)PRQTS>UVj4lkW�jqe�Y�Q]S>NOZ]g²cRF�Q.lmJ
A
ZXg

c

A
Z−1Xm

A
ZXd,

A
Z Xm

A
Z+1Xm

↘ β− ↓ IT ↓ ↙ β+

A
Z−1Xg

β−−→ A
ZXg

β+

←− A
Z+1Xg

(.a)

dN
dt

(
A
ZXg

)
=A
Z Yg +A

Z ηg,β− .
A
Z−1λg.

A
Z−1Ng(t) +A

Z ηm,β− .
A
Z−1λm.

A
Z−1Nm(t)+

+A
Z ηg,β+ .AZ+1λg.

A
Z+1Ng(t) +A

Z ηm,β+ .AZ+1λm.
A
Z+1Nm(t) +A

Z λd.
A
ZNd(t)+

+A
Z ηIT .

A
Zλm.

A
ZNm(t)−AZ λg.AZNg(t),

(.b)ebS>J
A
ZY

PsJyNOJ.W�j�l�H[cfY^_|l�_�¯VQT\.Z]e¬PRQTS>UVQ
A
ZX

S�QTN>JRP�FfUfHKJ�Sbxmd
A
ZN(t)

P�JoLMZb��J�FDPRQTS>HKJ.U
A
ZX

S�QTN>JRP
FIURH[J.Sbx¬l´��QTcfJ�F�d

A
Zλ

PsJBURZwW�LpQ]S>Z�l]jµewZ]NO�RF�QTNmF�Q�P:Q]S>UIQ
A
ZX

Q
A
Zη

PsJBLOUIQ�lbS>J.LMZbS>Z]�ONOZ]cR¯�S�QTNO��iOZ
pmÞ
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UfZ]W.LpQTS>z d]e�S>J+HKN�S>J��
β−

ZwW.NpQT��z]PsJ×J.goHKcfH[z�J.YKJ.eGFfUf}]N�z d
β+ Ç LMZwW.H^FIUR}wNGzoQ¸N Ç NOJ.z>FIUR}wN�zA��¨ªUVQ.l>S>J��

LMZbSbZw�ONOZ]cRFIH
η
cf�uLOUfJ.�OUIQTNO��WBS�Q{F�Qq�pjTW�x­a�³�© ¤ � í �]��� °�Ãq¢£�

²+J.YKewZ�l]j�e�zOg�zOYKZ�lwQqNpj¼QqeGFIH^lbH^F�Q�t§UIQT�]goJ.NmFIZ�l��fFfH[J�LMJ.NOHvQ�LOUfH¹L�QTUVQqgoJ�FfUfZ�aViÒW�lw®qW.e�z
Ee =

25
±�J�l6d

Ie = 20 µ
¶ÚP�J×�]UVQ�¨paVeGx4W.N�jTW.Z]UfNOJ.N�j�N�Q�Z]�OUVjqW.e�zX»m¡b����H[S>�[gXJwd]\.J×e(cVQqFfzOUVjTa�HKH�QTemFIH^lG�

H^F�x�S>ZbaIipj]S>W�QyUVjTS>Z�lmZ�W�QyNOHKJ.ewZ]nfewZ�cIJ.eG�ON�SA��³�QyS>UfzOi>JRP�cfFfUVQqNOJwdMUfZ]W.LpQ]S`QXl�xbgoHKJ.UVQqNOHKJ�LOURZT�
S>zOeGFfZ{lo�fFfHKJ.LMJ.NOH�Q4cfHKY[N>J�W�j.lbHKcf�åZ�SkS>Z]�GxyZ]\�QTURZ�lwQqNOH�Q(FfJ.UI��Qbd�ebS>J�LOUfHMe�UIjqFfewZbSbZw�MZ]g�Zw\�QqUfZ�l]QTNO�
NOJ�S>Z�aVipjTS>W�Qµe¬c�Q{FIz>UVjTa�H[H LOURZbS>zOemFIZ�lkcDSbY[i>_�g²LMZwY[��QqcIZ]g²UfZ]W.LpQTS>z �

��iOnVQTS>H[cfeTQycfLOUIQ]a�Z�l]QTN>HvQbdMcfe�Y�Q]S>Z�l]QTN>HvQ�QoYKH[emlbH[S�j]a�HKJ(F�Qqew�.iOZTFIZoFIJ.Uf��Q�P�J4S>Ö]YKJ.\.HKFf�4LMZwW.N�Qq¯�d
eGFfZwUR�~LOU:lbeGx�LOURJ�S>Z�lb�fJ�FIeG_bg LOURH[cfLOHKJ�l]QqP��¦e�a�J.YKewZ�lmJRPoQTemFIH^lbHKFfJ�FIJ�UI��Qb�¥��_bcfY[J�SbZweÒF�Qqew�.iOZTFIZ
l�_bLMZ���FIzoLOUfJ&F�_�\�S>ÜOZ�l�_µZw\�QTURZ{l]QTa��Ma�x�e�YKzOc�P�J�W.Z]�OUVQqW.J.N>_XNpQ�Z]�OUVjqW.e�zy»w»>��¶�ewZ�lbH[S>HKJ�¯�dmiOY�Q�l�N>_
LOUf�KcfLMJ�lmZ]e$S>YKiOZ�S>Zw�MJRP�QqeGFIH^lbH^FIJ�FIJ.UI�.Q�lbNpjT�VQqPs��NpQqP�gy®¼S>Y[iOZ]\.H P���a�JkH[W.ZTFIZ]LGx�c

144
²+J|«

T1/2 =

284,9
Sp°�d

106
�&z¼«

T1/2 = 373,6
Sp°�d

147
¨�gÑ«

T1/2 = 2,62
U�°�d

125
Õ��¼«

T1/2 = 2,76
U�°�d

90
Õ�UD«

T1/2 =

28,79
UV°&Q

137
²+c(«

T1/2 = 30,07
U�°��

«Hs�¼UsQ« F Á|�NÁ| %�u�2x%�n�u�Zw�xF{U�Zx����7¢�� w
~#�F�:x%�
¤ e�URJ.gÝe�zOg�z>Y[Z�l]QTNOJRP�QTemFIH^lbH^F�x¼S>YKiOZw\.H P��Oa�H�aIi�LOUfZ�S>zOeGFIZ�l~�fFfH[J�LMJ.NOHvQbd S>Z�aVipjTS>W�Q¬LOUfH)FfUfZ]P�H^FfZwg
�RFIHKJ.LMJ.NO�

238U
QqP)e(LOUfZ�S>zOema�HKH>FfUf�[a�H�QX«

3HT1/2 = 12,33
UfZ]eTQm°�dm��Z×P�J×FfH[J.\×W�QTz]Ps�[gyQ�lw�&W&iOnVQTS>H[cfeTQ

UVQTS>H�Q]��N>JRP·imxb�wHKJ.NGx�Q(�MJ.W.LMJ.��NOZwcRFfHåFIJ�UI��Qb��¶�lb�VQqeoLOUIQ.l>S>J.LMZbS>Z]�ONOZ]cR¯×FfUfZ]P�H^FI�.i>Z��RFIHKJ.LMJ.NOH�Q¸P�JDl
LMZ]UfZ�lbNpQqNO��c��OHKNpjqUfNGxbg �fFfHKJ.LMJ.NO�[g©URJ.YvQ{FI�^lbNOJ�NO�KW.eTQBQ�l�_�¯VQT\.Z]e4FIUR��a�HvQ�S>ZwcVQqi�z]P�J�LOURH�J.NOJ�Uf�]HvjTaVi
lbW.�OzOS>J.NOH�Q(PRQTS>UVQ

Eexc. ≈ 13
±~J£�©YKJ.N

3HY ≈ 10−4
NpQBP�J�S>J�N�QTemF��RFIHKJ.LMJ.NOH�Q>d6��Z¬LOURH)LMZ���FIJ

�RFIHKJ.LMJ.NO�
Nf ≈ 2.1011

c
−1

P�J
3HY ≈ 2.107

c
−1
�o�ÚFIJRPsFfZu�>l]QqiGx¼l�xbL>YK_�l]Qbd \.JXW�Q¬Fs_b\�S>ÜOZ�l�_

a�xbeGY[zOc�Z]\�QTURZ{l]QqNOH�QXe�zOg4zOYKZ{l]QqNpjoQqeGFIH^lbH^F�Q4FIUf�[a�H�Qµ�Oz�S>J
3HA(1t) ≈ 22

e í�  �
³�QØW.�KcIeTQqNOHKJrLOURJ�S>cRF�Q.l�x ZÑLOUf�KcfLåJ�lbe�z QqeGFIHKNOZ]H�S>Z�l eÙa�J.YKewZ�lmJRPÛQTeGFfH^lbHKFfJ�FIJ.Uf��QØ�MZwY

LOUfJ�lmJ�S>J.N>_�l�_�LåZ���J�FÔH�aIi²e�zOg4zOYKZ{l]QqNOJRP�QqeGFfHKlbH^FsxG� ¨�UfH´�fFfH[J�LMJ.NO�
238U

S>Z�aVipjTS>W�Q©Q{P�eGz
ewZ]NOe�zOURJ.N���N>_bg�URJ�QTewa�H�jTg��·�6Q4NpQqP£l�_bUIQTW.NOJRPs�fH[J�gXÖw\.J.gXJ�LMZ{l]Qq\.Z�lwQ{¯&UfJ�Qqema�HKJ

238U(γ, n)237U
d

238U(γ, 2n)236U
d

238U(γ, pn)236Pa
Q

238U(n, γ)239U
�¼ÕbaViO�.g�Q{FIH[aVew�yW.NpjqW.ZwURNOJ.NOHKJ�lbW.NOHKeTQ{�

P���a�H�aViuHKW.ZTFIZ]LåZ�luQTe]Z�QqP+H[aVi�SOa��.URcfeGx>aViuLOUfZ�S>zOeGFfZ{l�PsJ�NpQµZ]�OUVjqW.e�z�»efO�
�·W.N>H[e�NGz>FI��QqeGFIHKNOZ]H�S�x cf�

β
Ç UIj]SbH[ZmQTemFI�^lbNOJ�c´e�UIjqFfewZ]z S>Z]�MZwz LMZ]Y[LOURJ.goJ.NGxmdDLOURH���Z]g cVQ

UfZ]W.LpQTS�QqP���NpQ
α
Ç UVjTS>H[ZmQqeGFI�^lbNOJDHKW.Z]FfZwLmx 239Pu

d
237Np

d
236U

c¹S>Y[i>_�goHMS>Zw�pQqgoHpLMZ]Y[LOURJ.goJ.NGxmd
eGFfZwUR�(W(iOnVQTS>H[cfeTQoUIQ]S>H�QT��NOJRP�Z�aViOUIQTNGx´goÖw\�J.goJ(LMZ�l]QT\.Z�l]Qq¯DW�QoNOJ.e]ZwNOJ.��NOJ�S>YKiO�w�¸�|����H[N>N>_>aVi

p�·
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t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310
t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310

A 
[B

q]
710

810

910

1010

1110

t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310
t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310

A 
[B

q]
710

810

910

1010

1110

1D 1T 1M 1R 10R

Pm147

Nb95

Ce144

t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310
t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310

A 
[B

q]

710

810

910

1010

1110

t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310
t [d]

-810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310

A 
[B

q]

710

810

910

1010

1110

1D 1T 1M 1R 10R

Nb95

Ce144

Pm147

ö�÷Iøsù�ú�û�ü¹ý
õwþ�LU�!� ü�û��.ù+ü</e��/�� û��-���bù]�.ü-�%�Q�����F�º���Iø,+,�´��ú�ù
�����	� û-�	�%�Oû��Y+,�-�0/b�|
bøsû���/Tü
+���=	)]ûY��V�ü-�?/ h )]û�ø,�0i�1
3�û�ü-�;�	�m�.ü-�%�Q�����%VY�º���Iø,+��i�·ú�ù
�����	� û-�	�%�åû8�6
>ø,�,�#�	)]ù#��ú8����X2�W�����D¡ ófü<V�û�ó8��øsû
�-���2�%� h �qû
�ô��i#1s¢`���¹û�ó8��øsû
�-���2�%�qþ
�#�}£ ' +0�Iø0�����bù�ü�ø0���Vü��-@Y�%E8ó��#�}£ ' ú<���ô���bù�ü�ø0����ü-�-@]� �	�	�%�#�"' ��û���øsù¬ü�ø	�Q��ü��#1¤Kº�uûq÷Iøsù�úfü�û<�	) �0X
ú��bù�ú�û�ø	�7����=6�.��ú�ù������	� û-�	�%�u�
�%���8�%�%V´��V{÷Iø����2E#�0)>� ú�û��­û0
mû�� 144 LU�0@ 147 34��� 95 K¸÷Z
bø,�B���	���#+��2E�û�ó���øsû��-�#�Cj
��V�ü-�?/&�!1
LOUfHKJ.URJ.W.Z�lklGxb�f�IHKJ�cfLMZwgXJ.N�z>Fs_>aViuUfJ�Qqema�H[� S>ZwcRF�j.l]QTgXJ�LOUfJ�l�_G¯�QT\�Zwe¬NOJ�z>FIUf}]NOZ�l�c

Y (ntot.) = (3,5(γ,F ) + 1,6(γ,n) + 2.0,7(γ,2n) + 0,15(γ,pn)).2.1011 = 1,3.1012s−1,

LOUfJ�lG_�¯�Qq\.Z]e¬�fFfHKJ.LMJ.NOH�QXHKN�S>zOewZ�l]QTN>�.iOZyN>J.z>FIUf}]NOgoHOc

Y (n, f) ≈ 1010s−1,

p&ø
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Z
30 35 40 45 50 55 60 65

Z
30 35 40 45 50 55 60 65

A 
[B

q]

107

108

109

1010

1011

30 35 40 45 50 55 60 65

30 35 40 45 50 55 60 65

A 
[C

i]

10-4

10-3

10-2

10-1

1

Cu Ga
Zn

As Br Rb Y
Ge Se ZrKr Sr

Nb Tc Rh Ag In Sb I Cs La Pr Pm Eu
PdRuMo BaXeTeSnCd GdSmNdCe

ö�÷Iøsù�ú�û�ü�ýqýTþ¥�]/���/�� û��-���bù³��ü<�%���8�%�F���8�,���bû
���?�Q��E#�	)�
bø	�Vü�û
�´�]���Iø,+���
wû��%E�ó8�¦£bû
��û
� 
bøsû���/Tü
+��bû�� ��V�ü-�ô��1
[N+,���!�]��VW
��2/��%�%��ú��RQ�úfü</ h +W�Iø	���	�bù´
�� û<�	)e�.i<@�
mû ���	�0�%�#���H�:ü-�;���{û��-���2��� h ú��!�ô���bù.i��´
mû�øsû�ü</ h ��û���øsù.i#1
Q�LOUfJ�l�_�¯VQT\.emxuQqeGFIHKNOZ]H�S>Z�l�c

Y (237U) = 3,2.1011s−1, Y (236Pa) = 3.1010s−1,

Y (236U) = 1,4.1011s−1 (+ β−rozpad 236Pa),

Y (239U) ≈ 8.1010s−1.

p�ß
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U238
4.468E+9y

2E+11 f/s

,sfα

Pa236
9.1m

-13E+10 s

-β

U237
6.75d

-13.2E+11 s

-β

U236
2.342E+7y

-11.4E+11 s

,sfα

U239
23.45m

-18E+10 s

-β

Np239
2.3565d

-β

Pu239
24110y

,sfα

Np237
2.14E+6y

,sfα

Z

N

ö�÷Iøsù�ú�û�ü´ý8h>þ­Su�	)�=��b���%���fü�=µú��bù�ú�û�ø0�����2���"�Iú��2�Kü����	X2�����	)��.ü-�%�Q�bû
�%�{û��­�\���	)Ø
>ø£û���/Tü-�­û
�¬øsû�úO
��#��/j
>ø0�
$Iû
�­û�5	�%���O
2�	��j 238 lH1

¨)ZTFIZ]g²LOY�QqFf�ÁdO\�J�c

236Pa :
d

6PaN

dt
=

6Pa Y −6Pa λ
6PaN,

6PaN(t) =

6PaY
6Paλ

(
1− e−

6Paλt
)

;

237U :
d

7UN

dt
=

7U Y −7U λ
7UN,

7UN(t) =

7UY
7Uλ

(
1− e−

7Uλt
)

;

239U :
d

9UN

dt
=

9U Y −9U λ
9UN,

9UN(t) =

9UY
9Uλ

(
1− e−

9Uλt
)

;

236U :
d

6UN

dt
=

6U Y −6Pa λ
6PaN,

6UN(t) =
6U Y t+

6Pa Y t+

6PaY
6Paλ

e−
6Paλt −

6PaY
6Paλ

;

237Np :
d

7NpN

dt
=

7U λ
7UN,

7NpN(t) =
7U Y t+

7UY
7Uλ

e−
7Uλt −

7UY
7Uλ

;

239Np :
d

9NpN

dt
= −9Npλ

9NpN +
9U λ

9UN,

9NpN(t) =

9UY
9Npλ

(
1− exp(−9Npλt)

)
−

9UY
9Npλ−9U λ

(
exp(−9Uλt)− exp(−9Npλt)

)
;

ped
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239Pu :
d

9PuN

dt
=

9Np λ
9NpN,

9PuN(t) =
9U Y t+

9UY
9Npλ

(
e−

9Npλt − 1
)

+

9Npλ
9UY

9Npλ−9U λ

[
1

9Uλ

(
e−

9Uλt − 1
)
− 1

9Npλ

(
e−

9Npλt − 1
)]

;

ebS>J
N(t)

P�J�LMZb��J�F�PRQTS>HKJ.U&lk��QqcfJ
t
d
λ
P�J�URZwW.L�Q]S>Z�l]jµe]ZwNO�RFVQTNGFVQXQ

Y
P�J�l�_G¯�Qq\.Zwe�HKW.Z]FfZwLOz

lÔHKN�S>J��>Jw� # QqcfZ{lw�`LOUfHKJ.�MJ.iGxÔe�zOg�zOY�jTa�H[J�QqeGFIHKNOZ]H[S>Z{l¦L>UfJ¼Fs_b\�S>ÜOZ�l�_ÔZ]\�QTURZ{l]QTa���a�xbe�YKzOckcf�
W.NpjqW.Z]UfNOJ.NO�kNpQ~Z]�OUVjqW.e�z�»��>�`�D_bcfY[J�S>N>�uQTeGFfHKl�HKFsxÒQTeGFfH[N>ZwH[S>Z�l$LMZ`Fs_b\�S>ÜOZ�lmZ]g Z]\�QqUfZ�lwQTa�Z]g
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a�xbeGY[J�cf�uW.iOURN�z>FI��l¬FVQT�OzOnfe]Jy ��b�

�:�=������ =�wS2×'¢ M � » � © ¾ ± � � ¨ �%  ¥ � ± � ¥ �]�=  ¥ � � ¾ � ´�¾ ± ® ¾ ¥ º�Ó+´D1�¾ ± ¾ » ¾�Ó!� § ¾ ± � ¸ ¾ » ¸ °   ©¹�%µ�£W.ZTFIZ]L ¨�Zb��J�FªPRQ]SbH[J.U ¶�eGFIH^lbH^F�Q´� í�  ¢ ©�Z]�pQµLMZ]Y[L>UfJ.goJ.Nmx
236Pa 2,36.1013 3.1010

ïOdK �goHKN �
237U 1,38.1017 1,6.1011

°OdCµe�XS>N>�
239U 1,62.1014 8.1010

¡]»>d�f:�µgoHKN �
239Np 1,92.1016 7.1010

¡>d »�°oS>N>�
236U 1,03.1017 96

¡>d »efO�
107

UfZ]ewZ�l
237Np 4,77.1017 4,9.103

¡>dK -fO�
106

UfZ]ewZ�l
239Pu 2,77.1016 2,53.104

¡&fO w -ñXUfZ]ewZ�l

�$i>n�QTS>HKcfe]Q¬S>Y[iOZ�S>Z]�M�.iOZuUIQ]S>H�QT��NO�.iOZ´W�Q{¯�Qq\.J.NOH�Q¬cf�¼l�_bW.NpQqgoNO�µYKJ.N�QqeGFIH^lbH^Fsx¼HKW.Z]FfZwLMZ�l~l
UfZ]W.LpQTS>Z�lmZ]g UVQ]SbJ(NpQXLMZ]cfY[J�SbN>_>aVi~goHKJ.cRF�QTaVi�WBZw�OUIjTW.eGz¼»&f��M��aIi¼a�J.Y[e]Z{l]jyQqeGFIH^lbH^F�QoS>Z]cVQTi�z]PsJ
Aact. ≈ 30

e í�  �y¶De`LOURJ.LMZwe�Y�QTS�jTgXJwd�\.JoLOUfZ�S>zOem��N>_`FIJ�UI�XZ]�OcVQTi�zTP�JyL>UfHK�OY[HK\.NOJ
1021 Ç 1022

PRQTS>HKJ.U
238U

d�P�JDQTemFIH^lbH^F�Q�e�zOg�z>Y[Z�l]QTN>_baVi¬QqeGFIHKNOZ]H�S>Z�lXLMZ]UfZ�lbNpQ{FIJ.nfNpj�c�LOUfHKUfZ�S>W.J.NOZ]zkQqeGFIH^lbH^FIZ]z
FIJ�UI��Qb�

p7�
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•
³�QkW�jTeGYvQTS>J�QTNpQqY^_bW�x|LOUfZ]P�J�eGFIZ�l�QkgoHKe�UfZTFIUR}wN�zÚ±~È Ç ¡��k�MZwYKZ�W.HKcRFIJ.NO�]d�\.JoLOURH�l�xbzO\.H^FI�
J�Y[J.emFIUf}]NOZ�lm�.iOZ$zOUR_>aIiOnIZ�l]Q]�.QÚNpQ��]J.NOJ.UIj]a�HKz L>UfHKg�jTURNOJ.iOZ$W�l]®TW.e�z¦LOUfJ¼L>UfZbS>z>ema�HKz UIj{�
SbH[ZmQTemFI�^lbNGx>aIi´PRQTS>HKJ.U�d>PsJµgoZw\.N>�XS>ZwcfH�QqiON�z>¯�UVjTS>Z�lmZ

1011
�RFIHKJ.LMJ.NO��W�Q�cIJ.eGzON�S>z �(È¸j{FIZ

HKNGFfJ.NOW.H^F�Q~�RFIHKJ.LMJ.NOH�Q~zOgoZ]\.Ü�z]P�J¬W.�Kcfe]Q{¯XS>Z]cRF�Q{FIZb��N>�kgoNOZ]\.cRFflmZ¼�RFIHKJ.LONGxbaViÒt§UVQq�]goJ.NGFIZ�l
N�QµUfJ�QTYKHKW�j]a�HKz�LOUfZ]�]UVQqg�zg©Y� � í c��

•
³�Q�W�jqe�YvQTS>J�QqNpQTY^_bW�xXtvZ]FfZ]PRQTS>UfZ�l�_>aIiyLOUfZ�a�J.cfZ�lXLOUfJ�UVQTSo�RFIHKJ.LONGxbaViyg�Q{FIJ�UfH�jTYKZ�lXc·L>UfHKiOY[H �
QTS>N�z>Ff�Kg©NpQ�H�aIiyS>Z]cRFIzOLONOZ]cR¯�dwW.YKZw\.H^FIZ]cR¯�FfJ�aViONOZ]Y[Z]�]H�aIeG_>aVioLOURZba�J.cfZ�lµL>UfHOH[aViXcIL>UVQTa�Z{l]QqNO�Ád
FfZ��>H�a�HKFfz�Q�a�J.N�z�QqewZ�lbiOZ�S>N>_�FIJ�UI�ª�MZwYmlGxb�OUVQqN>_

238
±(��È�J.NGFfZDHKW.ZTFIZ]L(zOUVjqN�z(W�Qq�MJ.W.LMJ���z]P�J

N�QqPsl�xb�f�fHKz�NOJ�z>FIUf}]NOZ�lb�uNpQ]S>�mx�FIZ���NOZ]cf¯¸�RFIHKJ.LONGx>aIi�LOURZbS>zOemFIZ�l6�

•
³�Q`W�jqe�Y�Q]SbJugoZbSbJ.Y[Z�l�_baVi�LOUfJ�S>cRF�j.lÒW´LOUIj]a�J�Q~l�_bcfYKJ�S>ewZ�lÒW.�KcIeTQqN>_>aVi�lÒewZ]NGFIURZwYKN>_>aIi
J��>LMJ.UfHKgoJ.NGFfZbaIiÚ�MZ]YKH�zOUI��J.NO�oNOJ.W�j.lbHKcfY[��Qke�zOg�zOY�Q{FI�^lbNOJXl�_G¯�Qq\.eGx|L>UfJØ�&°eñuHKW.ZTFIZ]LMZ{l`l
W�jTe�Y�QTS>NOZwg�cRF�Q.lmJ�Qµ¡&Ã�ñ4H[W.Z]go�.URNGx>aVikcRFVQ�lwZ{lBPRQTS>HKJ.U×t§UVQq�]goJ.NGFIZ�l��RFfH[J.LMJ�NOHvQb����_�cIYKJ�S>eGx
lGxbewZ]NpQqN>_>aVi´J��>LMJ.UfHKgoJ.NGFfZ�l¬NpQ4zOUI��J.NOHKJ�lG_�¯�Qq\.ewZ�l�H[W�Z]FIZ]LMZ�ly�>J.NO}]N�z�Q4e�U:xbL>FI}]N�zkcf�kl
SbZw�OURJRP+W.iOZbS>J�c&l�xbLMZb���KFVQTN>_bgXH iOZbS>NOZTF�QqgoH��

• í
ZwYKH�l�xbe]ZwNpQqNO�`cfH[g4zOYvjTa�HKJ|tvZ]FfZw�RFIHKJ.LMJ.NOH�Q$l�±Bdº±³²

x

Q ±³²
2

FIJ�UI��Z�aVi � í ZwY�W.�[cfeTQqN>_
z>iOY[Z�l�_ URZwW.LbF�xbY�W�l]®TW.eGz �OUfW�S>NO�.i>ZÔ\�HvQqUfJ.NOH�Q�NpQ$lmZ]Y[tvUVjqgoZ{lwZwg �OURW�S>NOZ]g FIJ.Uf��HÁd�ebS>J
lGxbLMZb���^FVQTNO��iOZbSbNOZ]FsxÓUfZ]W.L>F�x�Y[z cf�Ól S>Z]�OUfJ:P`W.iOZ�S>JÔc|l�_bcfY[J.S>e]QqgoHXJ��>LMJ.URH[gXJ.NGFIZ�l6�
í ZwYKH�cfH[g4zOY[Z�l]QTN>�`Zw�>P�J.gXZ{lw�`i�z>cfFfZ]FsxÔ�RFIHKJ.LMJ.NOH�Q$LOUfJ¼z>lwJ�S>J.NO�`zOcfLMZ]UfH�Q]S�QqNOH�Q$�OUfW.S>N>_
FfJ.UI�y� �RFIHKJ.LONGxÒg�QqFfJ.UfH�jTY���¶�e]Z�ZwL>FfH[gyjTYKNOJuzOcILMZ]UfH�QTS�QTN>H[J�cVQ¬PRQ.lb�Y±³²

2

coiGzOcRFIZTFIZ]z
ρ = 10 ÷ 12

�Í�qa�g
3
�MJ.W`�>UfW�S>NO�.iOZ$FfJ.UI��Qbd�eGFIZ]UR_ÔW¼iOnVQ]SbH[cfeTQ$�RFIHKJ.LONGxbaVi tvUVQq�wgXJ.Nb�

FfZ�l LOUfJ�S>cRF�Q.lbz]PsJÚNpQqP�gXJ.NO�f�BZw�>P�J.gu�ÑÈ�QTe]��FIZ�zOcILMZ]UfH�QTS�QTNOHKJ$W�jqUfZ�lmJ�Ü zOgoZ]\.Ü�z]PsJÚcVQ{�
gXZwNpjqiOUfJ�l�ZbSÚW�l]®qW.e�z$J.Y[J�eGFIUR}wNOZ�l6�´��_bLMZ���F�x�LOYKZ]�INOJ:PBiGzOcfFfZ]Fsx��RFfH[J.LMJ�NOHvQ�zOeTjqW�QTYKH¹NpQ
LMZTFIURJ.�OzµW�QT�MJ.W�LMJ���HK¯�l�_�lmZ�S��RFIHKJ.LONGx>aIiµt§UVQq�wgXJ.NGFIZ�l(lwZ�l�HvQTa�J.UR_baViµgoH[J�cfFVQ]aIi�FIJ.Uf��Q>d]LOURJ��
SbZ{l��IJ�FfeG_bg W(��J.YKNOJRP×cfFfUVQqNGxmd�WB�MZwe�z¼QXWBZwcfH FfJ.UI��QXW�ZwW�QTS>z~eTQTLOHKY�jTURZwz �T�sS>J�jqYKNpQotvZwURg�Q
FfJ.UI��Q×P�J&l�x�FfHvQqiON�z>Fs_XJ.YKH[LOcfZ]H[SyewZ]LO�KUfz]P��Oa�HpZw�pjqYKe�zycfH[g4zOY[Z�l]QTNOJ:P�LOY[Z]�fNOJRP�i�zOcRFIZTF�xµ�RFIHKJ.LMJ��
N>HvQb�u¨�UfJyW.YKJ.LO�fJ.NOHKJ¬S>HKt§�OW.HKJ(P�JogoZw\.N>�yLMZwzO\.H^¯4W.YKZw\.H^FIJ:P��fH[z$�]J.Z]goJ�FIURH[z�FfJ.UI��QklmZ�t§Z]UfgoJ
L�QTUIQTYKJ.YKNOJBzOgoHKJ.cRFINOJ.N>_baVi�S>H[cfewZ�l6�

•
³�Q W�jqe�Y�Q]S>J cRxbcRFIJ�g�QqFfH[emx©W S�Q{F�Qq�pjqW�x a·³>© ¤ � í �]�|�MZ]Y¬lGx�lbHKN�z>Fs_�L>UfZw�]UVQqg NpQ

p&§
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lG_bLMZb��J�F4e�zOg4zOYKZ{l]QqNOJRP�QTeGFfH^lbHKFsx`l`FfJ.UI��H��y¶�ewZuLOUf�Ke�Y�Q]S|l�_bLMZb��FIz�PsJol|L>UVjTa�H�z>lmJ�S>J�N>_
lG_bcfY[J.S>Zwe$LOURJkF�_�\�S>ÜOZ�l�_�a�x�e�YKzOcoZ]\�QqUfZ�l]QTNOH�Qb� í Z]YKZ�zOUI��J�NO�wd·\.J´W�Q¼NOHKJ.ewZ]nfewZ|cIJ.eG�ON�S
Z]\�QqUfZ�l]QTNOH�Q¼c�Q¼S>Z]c�Qqi�z]P�JkNpQTcR_�FfJ.N>_$cfFVQ�lÒQTemFIH^lbH^F�x

At ≈ 1012 í�  � � J¬FIHKJ.\´z>e]jqW�QqN>_
l�LOYKxGloS7ö[\.emxXZ]\�QqUfZ�lwQqNOH�Q�NpQ�UfZ]W.LpQ]SXLOUfZ�S>zOeGFIZ�lµLOUfJ&FIURH�URÖwW.N>JD��QqcfxµZ]\�QqUfZ�l]QTNOH�Qb� � J&lbH �
SbH[J�¯�dq\.J�LOUfHGS>YKiOZbS>Z]�MZ]gÛZ]\�QqUfZ�l]QTNO�wlmJ.nfeG_�LOUf�KcfLMJ�lmZ]e�e�a�J.Y[e]Z�lmJRP�QqeGFfHKl�HKFfJ�FIJ.Uf��Q×lbNpjq��Q{P��
SbY[iOZ]\.H P���a�J�PRQ]S>UIjBQ�FIZBNpQ{P�g�®7c

144
²+Jwd

106
�&z d

147
¨ªg�d

90
Õ�U¹Q

137
²+c���È×HKJ�FIZ�l�_bcfYKJ�S>eGxµcf�

SbÖwYKJ.\.H^FI��LOUfJ�cfe�Y�Q]S>Z�l]QTN>H[Jwd>YKHKeGlbH[S�jTa�H[zAd>cIL>UVQTa�Z{l]QqNOH[J�Q4gyQTNOHKLOzOY�j]a�H[z´c+FfJ.UI��Z]g���¶�emFIH^lbH^�
FVQueGzOg�zOYKZ�lwQqNO�.iOZ�FfUf�[a�H�Q~Q~QqeGFIHKNOZ]H�S>Z�l´P�JyLOURH�FVQTe]Zwg4FfZul�_bewZ]NOJyLOURH[g�jqUfN>J.iOZ~W�l]®TW�e�z
LMZ]UfZ�lbNpQ{FIJ�nINpjµc�LOUfHKURZbS>W.J.NOZ]z¼QqeGFIH^lbH^FIZ]z´FIJ.UI�.QoQµS>ZwcVQqi�z]P�J�LOUfHK�OYKH[\.NOJ

Aact. ≈ 50
e í�  �

peª



§ªìs§:r¸ó]q s�î.ê�ë·í&ó�ê¯®)ís¨

ª?°m± {k2 z |�,V²¥¬e³)2N²¥´"³�­
�^ �¢ ¤ �mQTNOJ.cfcfH�QTN"!¹zA��È�c��[dp�6QT�]UfJ.�pQqJ�l¬�µ�ò�V�Kd�Ä ¾IÌ}µT¾ClqÏµÏyÄ)¶�Ê{Í�¿ É Ìq¾!ñ � ÌqÏµÏ�¿­ÃsÄVÄ d «R -ï�ïeïm°��
� ¡q¢4±¼QTz>NOZwzOU:x�ì��Kd�Ä ôD·m¸s¹gôOÄ É ¿ É�dHX�¶�³ �Gì�ÈàïeÃMñO o«R -ï�ïeÃm°��
� »T¢}�&H�SbH[eTQqc�©4�[d�±�HKFRFIHK�²Ì �[duî¸J�Q.l�x½�£ZwN~¨�iGxbc�� tº8 «R -ï�ïeïm°º�> ]�
� f]¢BiGFRFIL`c �'�¦tstet4� a�x>a]� zOa�YÁ� Q]a]� �MJ
���q¢BiGFRFIL`c �'�{UfJ��bFfUVQqL � iOZ]goJw� a�J.UfN � aViæ�{UfJ��bFfUVQqL
� °T¢BiGFRFIL`c �'�¦tstet4� �GQqNOHKYÁ� t§U!�{cfLOH[UIQTY �
�?µ{¢4±�zOJ.YKY[J�U¸¶��i²��Kdp¨�UfZ]����¨�QqURF���³¸z�a�YÁ��¨ªiGxbc�� ¼:é «�¡eñeñO �°×»��eï>�
� ÃT¢ ì iOJ.UfcfZ]NONOJ�Qqz Xµ� Ä�Ã>l]Ë»¸ dia�zOU���¨ªiGxbc � � 3 6 «Á¡&ñeñ�ñm°×»�Ã��b�
� ïT¢ �£�OUVQqiOHKg ¤ � Ä�Ã>lTË¼¸ dia�zOU���¨ªiGxbc � � 3 t ë «Á¡&ñ�ñw¡m°+»:��µb�
�K -ñT¢_î�Qq�Oc>©�� Ä�Ã>lTË¼¸ dp¨�UfZ]����¨�QqURF���³¸z�a�YÁ�p¨�iGxbc�� ¼êé «Á¡&ñ�ñ> �°×»&fm»>�
�K ] �¢ í J.YKZ�lk¶��æXµ�Kd>LOUfH^lwj{FIN�QµewZ]g�zONOHKeTj]a�H�Q
�K �¡q¢ í Z]iOUD³(�Kd�Ì iOJ.J.YKJ.U � �[d�¨ªiGxbc��ò�&J�l6� ë é «R -ï]»�ïm°�fm¡e°>�
�K .»T¢�ÕGFIURz>FIHKNOcfeGx¬�µ��±Ú�[d�³¸z�a�Y��p¨ªiGx�c�� 3 6 ë «R -ïe°2µ]°�fm¡eñ>�
�K <f]¢�²&QqY[Sºt×J.Y[Y � �OÈ��[du©DZ\tDSbx­a�� � �[d�¨ªiGxbc��ò�&J�l6� ; rHt «R -ï�Ãeñm°� �¡b ��>�
�K ��q¢]Ì�QqiOY ¶4�^²�� Ä�ÃTl]Ë¼¸ dp¨ªiGx�c��ò�&J�l6� t7ròé «R -ï�°w¡w°� w ] �¡>�
�K -°T¢ ¤ H[cfiOJ.U ���>¶��[d9½ Ã$lTÃ2¸�¾�Ä�Ã ôc¸ v Ì{¾¯¿�Ä É ¸)ÀXÌq¾y{wÄ�¾ É�d «�î�Qqt§NOJ�U�d  -ï��eÃm°]µ&°>�
�K 
µ{¢ � Q]a�Zw�Oc>a�� Ä�Ã2¸el]Ë dp¨ªimxbc��H�&J�lå� ; t2¼ «R -ï:µ&°m°� -Ã2µ�fO�
�K -ÃT¢��Mi�z�aViOewZµ�µ�ua��[dp�MJ.NN²¹ipQqe ±¸eåd�¨ªUfJ.LOURHKNGF � ��³ �  ] ���Ã&fT��°> 
�bd�«R -ï�Ã&fG°��
�K -ïT¢(È�QqUVQqcfewZ�lu±Ú�M�)� Ä�ÃTl]Ë¼¸ dO¶&FIZ]goNpQ.x�Q a�NOJ.Uf�]H^x�Q é ë «R -ï�ÃeÃG°&¡&ïeñO�
� ¡&ñT¢��Mi�z�aViOewZµ�µ�ua��[dOÈ�cfHKLMJ.NGxbzOe�!·z �p±Ú�KdO¶&FfZwgXNpQ�xGQ aªNOJ.UR�wH^x�Q «56 «R -ï:µe�w°´°�°>�
� ¡b �¢ ¤ H[N�SbYvQ.x­©�� � �MÕå�[d�³¸z�a�Y��ò�£NOcRFIU.�pQqN�S�±�J�FIi � 3 r5Á�é «: �ïeÃ�ïm°º�&ï�Ã>�

�#¸
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� ¡]¡q¢ o Z]N�S>J�lu¨ªiA�æXµ� Ä�Ã>l]Ë¼¸ dp³¸z�a�Y��ò�£NOcRFIU.�pQqN�S�±�J�FIi � < Á�t «: �ïeïm¡w°� �¡e°>�
� ¡T»T¢�Õ�J.Y^FIW.J.U�ÕM�p±Ú�[d í J.Uf�]J.UD±Ú� � �Kdp³¸zOa�YÁ�ò�£NOcRFIU.��QTN�S�±�J�FIi � < t7r «R -ï�Ã��m°´ï��b�
� ¡#f]¢(È�cVQ.xÂ!X� �RÕM�[dò�&J�l6�p±�Z�SA�p¨ªiGx�c�� ¼êé «R -ï2µ�f�°´Ã> ��>�
� ¡e�q¢(È�cVQ.xÂ!X� �RÕM�[dò�&J�l6�p±�Z�SA�p¨ªiGx�c�� ¼96 «R -ï2µeµw°�fm¡b w�
� ¡&°T¢ í J.UR�wJ.U¸±Ú� � �[dpÕ�J.Y^FIW.J.U�Õå��±$�Kdp¨�iGxbc��H�&J�lå� ; r «R -ï2µ#ñG°�°m¡b ]�
� ¡�µ{¢�ÕbaViOHT÷ ì����V�[d�¨ªiGxbc��ò��J�l6� 4i« «R -ï:�b �°&¡��]¡>�
� ¡&ÃT¢�Õ�iOHKUfZ]ewZ�lÂ!·z �p±Údº!·z�S>H[N~³(��¨)�[dsÃ lwÊmÄ�¾�Æ:lOñ�lsÄ�ï�¿u{?l d «Á³DQTzOeTQbd  -ï�Ãeñm°� -°w¡>�
� ¡&ïT¢4±�zOe�iOHKN o � ³(�KdÆÅ { É Å�Ä�¾�¿vÏ�Ä�ÆpÃ$l]Ë Æ:lOñ�l\ñ�lwÊmÄ�¾�Æ:lOñ�lÇÄ�ï�¿u{?l dp«�aªN>J.Uf�]ZGQ{FIHKgoHKW�S�Q{F�d� -ï�Ã]»G°�¡T»e°O�
� »eñT¢ X�Z]Y�SbipQT�MJ.UD±Ú�[dOÈ�J.Y[YKJ.U>a&�[d�¨ªiGxbc �&J�l6� 6 «R -ïef�Ãm°� -ñ&f:°>�
� »> �¢ í J.URg�QTN í �òì��Kd ¤ z>YKFfW�Õå�i²��KdH�&J�l6��±�ZbSA�p¨�iGxbc�� « «: �ï:µe�w°]µ� �»>�
� »w¡q¢�ÕGFIJ�H[NDt×J�S>J.Y�îB�[d � J�NOcIJ�N � �uî(�i©4�KdM�)�p³�Q{FIzOUftvZwURcIaVi � 3 ë «R -ï:�&ñG°�fO .»O�
� »]»T¢_©�QTNOZ]c�±Ú�Kdp³¸z�a�YÁ�p¨�iGxbc�� ë «: �ï��&ÃG°&¡T»>�
� »&f]¢]Ì H[YKe�HKNOcfZ]N}©4�iî(�[d�¨ªimxbcfH�a�Q rir «: �ï��&°G°� -ñw»eï>�
� »��q¢ í URZ\t¸NnXµ�ua��[d í Z]Y[cRFIJ�UfYKH�±Ú�[dp¨�iGxbc��ò��J�l6�òì J�FfF�� « «: �ï��&ïG°�f2µ]¡b�
� »e°T¢�Õ�iOHKW.zOewZX¶¸S�QTaViOH�dp³¸�wz>xwJ.N´�¹QTNnX�HvQqH�dp¨ªiGxbc���ì J�FfF�� < t:¼96 «: �ïeÃ&f�°�fef2µb�
� »:µ{¢_©�QTNOZ]c�±Ú� Ä�Ã>l]Ë»¸ di±¸cfLMJ.e�iOH ¤ HKWw�p³�QqzOe «9Á «R -ï�ï��w°� �¡&ï:µb�
� »eÃT¢�Õ�LMJ�Ffi � �Kdò�£NGF��ò�&J�l6��³¸z�a�Y��p¨ªiGxbc�� Á «R -ï�ïeñm°��
� »eïT¢ í J.URg�QTN í �òì�� Ä�Ã>l]Ë¼¸ dp¨ªimxbc��H�&J�l6� ; «u¼ «: �ïeÃ�°m°&¡]¡eñ> ]�
� f�ñT¢(È&i>H[J.URJ.NOc�î(� Ä�ÃTl]Ë¼¸ d�¨ªiGxbc��ò�&J�l6� ; r5Á «R -ï�Ã]»m°� w ] �µ��
� fO �¢ o Z]UfJ�FfcIeTQ.x�Q²�V�MÕå� Ä�Ã>l]Ë»¸ dÆ!+QTSA� ¤ HKWw� «78 «: �ï:µ#ïG°´ï> -ñO�
� fm¡q¢B¶�N�S>URH[�]iOJ�FfFfZo¶�� Ä�Ã>lTË¼¸ dp³�z�a�YÁ���sN>cfFfU���QTN�S�±�J�FIi � < rÈ8�¼ «Á¡&ñ�ñ]»G°×¡e°:µb�
� fw»T¢�²+z>NONOH[N>�wipQqgoJ � �HXµ� Ä�Ã>l]Ë¼¸ dp³¸z�a�Y��p¨ªimxbc�� ¼i¼ «R -ï�°]»G°´�eÃeÃ>�

�TÞ
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� fef]¢�²+i�QqFRFIZ]LpQ]S>imx�Q.xk¶�� Ä�ÃTl]Ë¼¸ d � �ò�£NOZ]Uf�O�p³¸z�a�Y��^²¹iOJ.g�� « ë «R -ï2µq»m°&¡&°m¡b w�
� f:�q¢�ÕDt¸H[N�S>YKJK©�� Ä�Ã>l]Ë»¸ dp³¸z�aT�MÕba�H��iaªNO�O� ë r «R -ï2µq»G°mf:°e°O�
� f�°T¢(È&i>H[J.URJ.NOc�î(� Ä�ÃTl]Ë¼¸ d�¨ªiGxbc��ò�&J�l6� ; t:¼ «R -ï2µ#°m°� �ñ��eÃ>�
� f2µ{¢_î¸Z]�GQqN � �^²�� Ä�ÃTl]Ë¼¸ d�¨ªiGxbc��ò��J�l6� ; tÍé «R -ï2µeµw°×¡w¡&ïe°O�
� f�ÃT¢_©DJ ¤ UfJ�NONOJ_©4� Ä�Ã>l]Ë»¸ dp¨ªimxbc��H�&J�l6� ; rHt «: �ïeÃ�ñm°´°w¡eï>�
� f�ïT¢_©DJ ¤ UfJ�NONOJ_©4� Ä�Ã>l]Ë»¸ dp¨ªimxbc��H�&J�l6� ; ròé «: �ïeÃm¡w°� .»:�&°>�
�?�&ñT¢_©DJ ¤ UfJ�NONOJ_©4� Ä�Ã>l]Ë»¸ dp¨ªimxbc��H�&J�l6� ; rÈ6 «: �ïeÃefG°� -ï�ñeÃ>�
�?�b �¢]Ì�QqiOY ¶4�^²��[d�¨ªiGxbc��ò�&J�l6� ; «^r «R -ï�Ã��w°� �Ã&fO�
�?�]¡q¢_©DJ_²+YKJ.UIa   ¶�� Ä�ÃTl]Ë¼¸ d�¨ªiGxbc��ò�&J�l6� ; tR« «R -ï2µ#°m°� 
�T»�°>�
�?�T»T¢ X�QqNO�wURcfeGxm!·z �w¨)� Ä�Ã�l]Ë¼¸ d ¿&ÄYµT¿ É Ãº¾+l?ó�¿ É=l�¿ É Å�ÄV{qÃº¾IÌqÏyÄ�Ãº¾�¿ É=l4Ì É {wÌ]Ë
{]ÌqÍ(ÊwÄ.ËKÄ�Æ�¿ É=l dp«OaªNOJ.UR�wZmQqF:�

Z]goH[W.S�QqF�d  -ï�ïw¡m°
�?�#f]¢ � Q]a�Zw�Oc>a�� Ä�Ã>l]Ë¼¸ dp¨ªimxbc��H�&J�lå� ; tÆ6 «R -ï:µ&ïm°�fm¡w¡b�
�?�e�q¢B¶��]ZwcRFIHKNOJ.YKYKH�ÕM� Ä�Ã>lTË¼¸ dp³�z�a�YÁ���£NOcfFfU���QTN�S�±�J�Ffi � 3 ë 8Hé «Á¡&ñ�ñ]»G°×¡��&ñO�
�?�&°T¢�²ºa��¸³Y�e©Y�Y©b²��#ïef Ç ¡eï>d>©Y�Y© ²>�]¨6�eÃ>d�ÊgÅ ¶ÌËÂ¹ ß7Í lqÆÏÎ ½ É�Ä+ó�ÃÑÐÈÎ+¾�¿ÁÄ�Æ�ÃsÄVÊÒ¹pÌ�Ì]Ë
{{¿§Ã v Ìq¾

É ¿§Ï x ËSlqÃº¿ÁÌqÆ`¿vÆ¤Ó ÅkÄ+d «R -ï�ï&fG°��
�?��µ{¢BiGFRFIL`c �'�{�wJ�QqNGF	f�� t&J.� � a�J.UfN � aViæ�{�wJ�QTNGF	fÍ�
�?�&ÃT¢�ÕGFIURZwzOcRFfUfzOL í �[d ¹gôOÄ ��Ô¯ÔqÄ ¾IÌ}µT¾ClqÏµÏ�¿§ÆÆµ*ÕIl{ÆÆµ x lRµGÄ d «º¶¸SOS>HKcfZ]N Ç ÌÚJ.cfY[J�xmd  -ï�ï:µ]°��
�?�&ïT¢ ¤ �mQTNOJ.cfcfH�QTN"!¹zA��È�c�� Ä�Ã>l]Ë»¸ dp¨�UfJ.LOURH[NGF � �:³ � akµ���¡&ñeñ�ñ{��Ãw»>d�«Á¡&ñ�ñeñG°��
��°eñT¢��Mi�z�aViOewZµ�µ�ua�� Ä�Ã>l]Ë»¸ dÆ!+Q]SA� ¤ H[W]� r74 «R -ï:µ&Ãm°� ] �Ã��>�
��°> �¢B¶�UfURz�S�Q � �i©4��È�� Ä�ÃTl]Ë¼¸ d�¨ªiGxbc��ò�&J�l6� ; t:¼ «R -ï2µ#°m°� -f�ïeïO�
��°w¡q¢���J�xbcfcfH[J.URJ�¶�� Ä�Ã>l]Ë»¸ dp³¸z�a�YÁ�p¨�iGxbc�� 3 tº676 «: �ï:µq»G°�f:�>�
��°]»T¢��¹QTURYvQqgoZ�l´�µ���µ� Ä�Ã lTË¼¸ dH²´© ¤ a�� ¤ �:Õ>¡ØÃ:µbdMiGFRFIL`c��?�qS>J.LONOH�� cfHKNOL � gXcIzA� Ufzæ�qa.S>t§J%�qcfJ.URl�H�a�J.c2�

HKN�S>J��A� iGFIgoY

�-·
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��°&f]¢}�&J.HKc�î(� Ä�ÃTl]Ë¼¸ d�¨ªiGxbc��ò�&J�l6� �RrÈ6 «R -ï�Ã&fG°&¡T»ef�°O�
��°��q¢ ì J.LOUfJ�FIUfJ�¶�� Ä�ÃTl]Ë¼¸ d�³¸z�a�Y��p¨ªiGx�c�� 3 ¼ÖÁur «R -ï�Ã:µw°´�]»]»O�
��°e°T¢ ¤ cRF�QqLMJ.NOewZ*!·z � í � Ä�Ã>l]Ë¼¸ dÆ!+Q]SA� o Z]NOcRF�� « «: �ï:µ&Ãm°×»>�
��°:µ{¢BiGFRFIL`c �'�¦tstet4� a.a�c�� NOJ.z � J�S>zæ�{iOZwgXJ��q�]J.NOJ���FIZ]Låa]� iGFfgoY
��°eÃT¢_a·³�© ¤ � íªÇ �]�V�Cµ

�
ø
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ª?°m± {k2 z °m× ³¥Ø ±�Ùm° «
  ÕbaViO�.g�Q{FIH[aVe]��W.NpjqW.ZwURNOJ.NOHKJ~W�jqe�Y�Q]S>N>_baViÔgoJ�FI}�S�NpQ|LOUfZbSbzOema�HKzÔW�l]®TW.e]Z{l�UVj��

S>H[ZmQqeGFI�^lbNGx>aIi�HK}wNOZ�l6�µ�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� µ
¡ ÕbaViO�.g�Q×LOUfZTP�J.eGFIzK©]��� í c��4±�goH[J�cfFfNOJ.NOHKJ�zOUR_baViOnfZ{l]QT��Z�l6d�FIUVQqNOcfLMZ]URF)Q+l�_�lmZ�Sbx

W�lw®qW.ewZ�lkHK}wNOZ�l6���(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�  -ñ
» �Aj.lbHKcfY[Z]cR¯�LMZ]FfJ.N�a�H�jTYKNOJRPXJ.N>J.Uf�]H[J

V
ZbS�LpQqUVQqgoJ�FfUVQ�S>J.t§Z]Ufgyj]a�HKJ

β
PRQTS>UVQ~�

iOZwURNpj$��QTcR¯¬�wUIQTt§zA�Ó¨ªURJ.UfzO�fZ�lwQqNpjÚeGUfH^lbeTQÚLMZ]LOH[cfz]PsJ`W�j.lbHKcIYKZ]cf¯kLMZ�S>nVQÚeGl]QTLb�
ewZ�lm�.iOZ¸goZ�S>J.YKz dqebSbJ·¶�Z]W.NpQT��z]P�J·W�jqe�YvQTS>N>_�cRFVQ�l6d í~Ç cfJ�SbY[Z�l�_��MZbS4QY² Ç �MZbS
UfZ]W.�fFfH[J�LMJ.NOHvQ�PRQTS>UVQb�·¨�Y[Npj�eGUfH^lbeTQ�ZwW�NpQ]��z]PsJ�W�j.lbHKcIYKZ]cf¯

V (β)
cfZ�ÕmFIUfz>FfH[NOcfe]�.iOZ

ewZwURJ.ema�H�QqgoH�dpF�xbL>H�aVeG�¼LOURJDPRQTS>UVj�QqeGFIHKNOZ]H[S>Z{lå���©S>Z]Y[NOJRP¸�.QTcRFIH�cf�~W.NpjTW�ZwURNOJ.NO�
W�j�l�H[cfYKZwcRFfH LMZ{lbUfaViOZ�lmJRP

EP
Qµa�Z]zOY[Z]g��MZ�lbcfewJRP

EC
J.NOJ.Uf�]HKJ�PRQTS>UVQb���(�B�B�(�B�B�  ��

f �ågoJ.N�QuJ.NOJ.UR�wHKJylbW.�OzOS>J.NOH�Q
Eexc.

Que�HKNOJ�FfH�aIewJRP�J.NOJ.Uf�]HKJ
EK

t§UIQT�]goJ.NGFfZ{l|LMZ
LOUfJ�aViOZ�S>Jo�RFIHKJ.LOH�Q]a�J�iOZ�cVQ�PRQTS>UVQkcfJ�S>YKZ�l�_bgh�MZ�S>Zwg�� í Ç cIJ�SbY[Z�l�_`�MZbSAd4² Ç
í ZbS´UfZ]W.�RFIHKJ.LMJ.NOH�Q>�$�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�  -°

� ¨)Z]goJ.U ����HKNON>_>aViÙLOURH[J�UfJ.W.Z�lhtvZ]FfZw�RFfH[J.LMJ.NOH�Q
238
±

σ(γ, f)
Q
σ(γ, F ) =

σ[(γ, f) + (γ, nf)]
lkW�j�lbHKcfYKZwcRFIH Z�S´J.NOJ.UR�wHKJ

γ
Ç emlwjqNGF4�^ -fT¢£�M�(�B�B�(�B�B�B�(�B�  �Ã

° �Aj.lbHKcfY[Z]cR¯
∆Z(A′)

Q
σ2(A′)

Z�SuLOURJ�S>NOJ.z>FfUf}]NOZ{lwJRP+iOgoZ]FfNOZwcRFfH t§UIQT�]goJ.NmFIZ�l6�¼� ¡b 
µ �Aj.lbHKcfY[Z]cR¯�cRFIURJ�S>NO�.iOZ LMZb��FfzÓJ.goH^FIZ�lwQqN>_>aIiÓNOJ.z>FfUf}]NOZ{l ZbS�LOUfJ.NOJ.zbFIUf}]NOZ�lmJRP

iOgoZ]FfNOZ]cfFfH tvUVQT�]goJ.NmFIZ�l��K 
µ{¢Á�&�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� ¡]¡
Ã �Aj.lbHKcfY[Z]cR¯�FRlwQqUfzXcfLMJ.eGFfUVQ��OURW�S>NO�.iOZ�\.H�QTURJ.NOHvQ�J.YKJ.eGFfUf}]N�zoZbSµzOiOY�Q�LMZwW�ZwURZ{l]QqNOHvQ

LOUfJ�iOUfz>�G_kewZ]NGlmJ.U:FIZ]U(� ¡e°q¢£�(�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� ¡T»
ï ÕbaViOJ.g�Q{FIH[aVe]�BW.NpjqW.Z]UfNOJ.NOHKJBgoJ�aIipQTNOHKW.g4z~SbH[LM}]YKZ{lwJRP×Z]cVa�H[Y�jTa�H[J �B�(�B�B�(�B�B� ¡e�
 �ñ È�Z]FVjTYKNGxy����HKNON>_�LOURH[J�UfJ.WDl�Z]�OY�QTcRFfH�X ©Y� LOURJ

238
±(�7a��>LMJ�UfHKgoJ.NGF�jqYKNOJ�l�_�cIYKJ�S��

eGx��K <fT¢D«º�MZ�Sbx�°�cf��J��bFIUIQTLMZ]YKZ{l]QqNO�ocfzOLMJ.URLMZwW.�[a�HKz$S�lmZbaIi�YKZ]UfJ.NGFfW.HvjqNOZ�l|W�l�xG�
PRQ]SbUfJ.NOH�Q�«: -fG°�«ºLOYKNpjX��H�QTUIQm°����(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� ¡&°

 w  ¨)J.Ufa�J.NGFIzpjqYKNOJ�l�_�¯VQT\.emx
132
Õ�N´NpQ¸P�J�S>NOZµ�RFIHKJ.LMJ.NOHKJ�LOUfJ�URÖwW.NOJ�W.YKZw\.J�NO�&P:Q]S>UIj4c

J��Oa�H^F�QT��NOZwzuJ.NOJ.Uf�]HKZwz
Eexc. ≈ 18,8

±�J£�ÓLOURH UfJ�QTewa�H[H
(n, f)

�y�(�B�B�B�(�B�B�B� ¡&Ã
 �¡ ¨)J.Ufa�J.NGFIzpjqYKNOJ4l�_�¯VQT\.emx

78
³¸H)NpQBP�J�S>NOZ¬�RFIHKJ.LMJ.NOHKJ�LOUfJ4UfÖ]W.NOJ�W.YKZ]\.J.NO��PRQTS>UVjyc

J��Oa�H^F�QT��NOZwzuJ.NOJ.Uf�]HKZwz
Eexc. ≈ 18,8

±�J£�ÓLOURH UfJ�QTewa�H[H
(n, f)

�y�(�B�B�B�(�B�B�B� ¡&ï

�Vß
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 �» î¸goZ]FfNOZ]cfFfNO��URZwW�S>J�Y[J.NOHKJ¬LOURZbS>zOemFIZ�l��RFIHKJ.LMJ.NOH�Q
238
±�LOURH·�fFfH[J�LMJ.NO�¹�OUfW�S>N>_�g

\.HvQqUfJ.N>�[g J.YKJ.eGFIUR}wNOZ�l¼c�J.NOJ.UR�wHKZ]z
Ee = 25

±�J£�µ�Hî¸ZbSbNOZ]Fsx~l�xbLMZ����^F�QqNO�XLMZT�
goZba�Z]zuLMZ]LO�[cVQqNOJRP+goJ�FIZ�S>H[emx�«

•
°·lkLMZ]UfZ�lbNpQqNO�Ac�J��>LMJ.URH[gXJ.NGF�jqY[N>JBW.�KcfeTQTN>_�goH

iOZbS>NOZTF�QqgoH W�LOUIj]ao� f�°T¢·«
©
°�d � fef]¢·«

�
°�d�� f2�{¢¹«

4
°��`�(�B�B�B�(�B�B�(�B�B�B�(�B� »w»

 -f î¸goZ]FfNOZ]cfFfNO��URZwW�S>J�Y[J.NOHKJ¬LOURZbS>zOemFIZ�l��RFIHKJ.LMJ.NOH�Q
238
±�LOURH·�fFfH[J�LMJ.NO�¹�OUfW�S>N>_�g

\.HvQqUfJ.N>�[g J.Y[J.emFIUf}]NOZ�l�c�J�NOJ.Uf�]H[Z]z
Ee = 25

±�J£�µ�
î¸ZbSbNOZ]Fsx�lGxbLMZb���^F�QqNO��LMZ]goZT�
a�Zwz�LMZ]LO�[cVQqNOJRP�gXJ�FIZ�S>H[eGx�«

•
°��µÈ�J.NOeG_�goHª��H�QTUVQqgoH�cI�|W.NpjqW.ZwURNOJ.NO�oNOJ.W�j.lbHKcfYK�

l�_�¯�Qq\.eGxkLOURJ�ewZ]NO�RF�QqNGFINO�4�)�¥�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� »&f
 
� ��x�LåZ����^F�QqNO�&e�zOg�zOY�Q{FI�^lbNOJ×l�_�¯VQT\�eGx4LOUfZbSbzOeGFIZ�l�tvZ]FfZw�RFIHKJ.LMJ.NOH�Q

238
±��OUfW�S>N>_�g

\.HvQqUfJ.N>�[grJ.YKJ.eGFIUR}wNOZ�l¬c&J.NOJ�Uf�]H[Z]z
Ee = 25

±�J£� Q4H[NmFIJ.NOW.H^FIZ]z´W�lw®qW.e�z
20 µ

¶
� P:Q]S>UIj�lkW�jqe�Y�QTS>NOZwg²cRF�Q.lmJw�Ô�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� »��

 �° ��x�LåZ����^F�QqNO��lG_�¯�Qq\.eGxÛLOUfZ�S>zOeGFIZ�lÛt§ZTFIZ]�fFfH[J�LMJ.NOHvQ
238
± �OUfW.S>N>_bg \�HvQqUfJ.NO�Kg

J.Y[J.emFIUf}]NOZ�l c`J.NOJ.Uf�]HKZwz
Ee = 25

±�J£� QÔHKNGFIJ.NOW�HKFfZwzÛW�lw®qW.e�z
20 µ

¶ �
H[W.Z]go�.URNOJBcRF�Q.l�xm� �B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� »:µ

 �µ ÕbaViO�.g�Q�J��bLåJ�UfHKgoJ.NGFVjTYKNOJ.iOZ(zOcfLMZ]UfH�Q]S�QqNOH�Q�NpQ�goJ.UVQqNOHKJ�l�_G¯�Qq\.ewZ�lXL>UfZbSbzOeGFIZ�l
�fFfH[J�LåJ�NOHvQb� �B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� »eÃ

 �Ã ³¸J.W�j.lbHKcIYK��l�_G¯�Qq\.eGx H[W�Z]FIZ]LMZ�l o UÚ«­l�LOUVQ.lmZG°´QÚ'�JÔ«§lbnVQ�lwZ�°�NOZwURgoZ�lwQqNO��NpQ
2.1011

c
−1

tvZ]FfZw�RFIHKJ.LMJ.NO�
238
±ÑLOURHDg�Q��>HKg�jqY[NOJ:PXJ.NOJ.Uf�]HKHD�OUfW�S>N>_baVi

γ
Ç eGl]jqNGF

Eγ = 25
±~J£�²QucRFIURJ�S>NOJRP�HKNGFIJ�NOW.H^FIJyLOUfHKg�jqUfNOJ.iOZ�W�lw®qW.e�zÚJ.YKJ.eGFfUf}]NOZ{l

Ie =

20 µ
¶��å�ªxbLMZ����^F�QqNO�XiOZ�S>NOZ]Fsx¼LMZwgoZ�a�Z]z|l�xb�f�fH[JµZ]LO�Kc�QqNOJRP�gXJ�FIZ�S>H[emx�«º��HvQqURxO°

cIzuLMZ]UfZ�lbNpQqNO�Bc�J��>LMJ�UfHKgoJ.NGF�jqYKNOJBW.�KcfeTQTN>_�goH iOZ�S>NOZ]FVQTgXH·«º�MZbSbxO°����B�B�(�B�B� fm¡
 �ï ¨)Z]UfZ�lbNpQqNOH[J

γ
Ç cfLMJ.eGFfH[J.U�LOUfZ�S>zOeGFIZ�l¼t§ZTFIZ]�RFIHKJ.LMJ.NOH�Q 238

± �OUfW�S>N>_�gh\�HvQqUfJ.NO�Kg
J.Y[J.emFIUf}]NOZ�l�c&J.NOJ�Uf�]H[Z]z

Ee = 25
±�J£��goJ.UVQqN>_>aIikNpQK¨�Y^FIUfHåLOUfJ�S�l�cfFfzOLMZwg�S>Z

e]QqLOHKYvjqURx�«R �°&QXQT�>cIZ]Uf�MZ�l]QTN>_baVi�NpQ�Uf�OUfe]J�e�U:xmZwcRFVQqFfzÚ«Á¡w°�� �B�B�B�(�B�B�(�B�B� fw»
¡eñ ��Z]W�S>J.YKJ.NOHKJ

γ
Ç W�l]®qW.e�z©�OUfW�S>NO�.i>Z \.HvQqUfJ.N>HvQ J.YKJ.eGFIUR}wNOZ�l cÚJ.NOJ.UR�wHKZ]z

Ee =

25
±�Js� «­lbnVQ.lmZG°�Q

Ee = 50
±�Js� «§lbLOUVQ.lmZG°BlÒW�j�l�H[cfYKZwcRFIH×ZbS�zOi>YvQ~l�_bYKJ�FIz

QµJ.NOJ.UR�wHKJ
γ
Ç eGl]jTNGF��p�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B� f:�

¡>  ¨)Z]UfZ�lbNpQqNOH[JXNpQqgoJ.UVQqN>_>aVi�iOZ�S>NOÖ]F
(◦)

HKNGFfJ.NOW.H^F�x
γ
Ç W�l]®qW.e�z�lwZ´lbW�SbHvQqYKJ.NOZwcRFfH

 -fya�grZbS´ewZ]NGlmJ�URFIZ]UVQ�c�iOZ�S>NOZ]FVQTgXH W.�[cfeTQqN>_bgoH cfHKg�zOY�j]a�H[Z]z
(•)

� �B�B�B�(�B� f:°
¡w¡ ±¸iOZwY�l�_�Y[J�FfzX�

α
g�Q��>HKg�jqY[NOJRP�HKNGFIJ.NOW.H^Fsx

γ
Ç emlwjqNGF·lXW�j�l�H[cfYKZwcRFfHMZ�SyH�aIi�J.NOJ�Uf�]H[Jw�bfRµ

��d
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¡]» ±~HKe�URZwcfewZ]LOH[aVeG_�����HKNON>_�LOUfHKJ.UfJ�W�URJ�QTewa�HKJ
238U(γ, xn+ f)

lyW�j.lbHKcIYKZ]cfFfH6Z�S¬J.Nb�
J.Uf�]H[J

γ
Ç emlwjqNGF��u¨�ZwURZ{l�NpQTNOHKJ¬QTLOURZ��bH[g�jTa�HKJ�LMZ]zO\.H^FIJRP�L>UfH·cfHKg�zOY�j]a�H[H�«���J.URlmJ.N�j

��HvQqUVQw°Xc¬iOZ�S>NOZ]FVQTgoHDLOzO�OYKHKewZ�l]QTN>_bgXHDl�LOUIj]a�QTaVi`c
•
� °w»q¢£d

H
��°��q¢Ád

4
� °efT¢£d

N
�K <fT¢£d

�
� fO �¢Ád

×
� °�ñT¢Ád

©
��°e°q¢£d

+
��°> �¢£d

�
� °m¡q¢Á�4�B�(�B�B�B�(�B�B�(�B�B�B�(�B� f:Ã

¡&f ÕbaViO�.g�Q{FIH[aVe]�&zOcfLMZ]UfH�Q]S�QqNOHKJ&cfH[g4zOYvjTa�HKJ&i�z>cfFfZ]Fsx4tvZ]FfZw�RFIHKJ.LMJ.NOH�QDl4LOUfZ�S>zOem��N>Zwg
FIJ.UI��HÁ�µ�B�(�B�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� f�ï

¡�� ¨)Z]UfZ�lbNpQqNOH[J×HKNGFfJ.�wUIjTYKNOJ.iOZ�l�_G¯�QT\�e�zµ�RFIHKJ.LMJ.NOH�QDlBFIJ.UI��H
238
±�l(W�j�l�H[cfYKZwcRFfH>Z�S�P�J��

iOZ(iOUR�O�OeGxm� í Z�SbxXZ]W.NpQT��z]P��yJ��>LMJ.UfHKgoJ.NmF�jqY[NOJ¸W.�Kcfe]QqNO�¸iOZ�S>NOZ]FsxXW¸LOUIj]a�J4���eïq¢£d
e�UfH^lbeTQµW.Z]�OUVQqW.z]PsJBiOZbS>NOZTF�xkW.�KcfeTQTNO��cfH[g4zOYvjTa�HKZwz �·�B�(�B�B�(�B�B�B�(�B�B�(�B�B� �&ñ

¡e° Õ�H[g4zOYvjTa�H�Q�t§ZTFIZ]�RFIHKJ.LMJ.NOH�Q�l²FfJ.UI��H`W ±³²
x

� î¸zOcRFIZTF�Q©g�Q{FIJ.UfH�jqY[z`c
ρ =

1,5
���Ta�g

3
dmewZ]NGlmJ.U:FIZ]U�c�lwZwYKt§UIjTg�dmHKNGFIJ.NOW.H^F�Q�W�lw®qW.e�zyJ.YKJ.eGFIUR}wNOZ�l�c

Ie = 20 µ
¶4d

J.NOJ.Uf�]H�QuJ.YKJ.eGFIUR}wNOZ�l�c
Ee = 25

±�J£�µ�)�Mn�Q.l]QuS>ZwL>UVQ.lwQ7c(LOUfHKJ.cRFIZ]UfZ�l]j
ρf

i�zOc:�
FIZTF�Q��RFIHKJ.LMJ.NOH�QoQ4LOY[Z]�fNpj

ρF
iGzOcfFfZ]FVQ��RFIHKJ.LMJ.NOH�Qbd�S>ZwYKJ�cªHKNGFfJ.�wUIjTYKNGx�l�_�¯VQT\.Z]eyl

W�j�l�H[cfYKZwcRFfH ZbS´iOUf�O�Oemx
Yf(z)

QµLMZ]Y[Z]goJ.URz
Yf(r)

FIJ.Uf��Q>�A�B�B�(�B�B�(�B�B�B�(�B� �> 
¡:µ Õ�H[g4zOYvjTa�H�Q�t§ZTFIZ]�RFIHKJ.LMJ.NOH�Q�l²FfJ.UI��H`W ±³²

x

� î¸zOcRFIZTF�Q©g�Q{FIJ.UfH�jqY[z`c
ρ =

1,5
���Ta�g

3
d�ewZ]NGlwJ.URFIZ]U�c�e]Z{lwZ{lG_�zOUIjTN d)H[NGFfJ.NOW.H^F�Q�W�l]®qW.e�z$J.YKJ.eGFIUR}wNOZ�l�c

Ie =

20 µ
¶4dGJ.NOJ.UR�wH�QBJ.YKJ.eGFIUR}wN>Z{l�c

Ee = 25
±�J£�µ�b�ånVQ.l]Q(S>Z]LOUVQ.l]Q�c�L>UfHKJ.cfFfZwURZ�lwj

ρfi�zOcRFIZTF�QB�RFIHKJ.LMJ.NOH�Q4QBLOYKZw�fNpj
ρF

i�zOcRFIZTF�Q��fFfHKJ.LMJ.NOH�Q>dbS>ZwYKJ�HKNGFfJ.�wUIjTYKNGxXl�_�¯VQT\.Z]e
lkW�j�l�H[cfYKZwcRFfH ZbS´iOUf�O�Oemx

Yf(z)
QµLMZ]YKZwgoJ�Ufz

Yf(r)
FIJ�UI��Qb�b�B�(�B�B�(�B�B�B�(�B� �w¡

¡eÃ Õ�H[g4zOYvjTa�H�Q�t§ZTFIZ]�RFIHKJ.LMJ.NOH�Q�l²FfJ.UI��H`W ±³²
x

� î¸zOcRFIZTF�Q©g�Q{FIJ.UfH�jqY[z`c
ρ =

1,5
���Ta�g

3
dmewZ]NGlmJ.U:FIZ]U�c�lwZwYKt§UIjTg�dmHKNGFIJ.NOW.H^F�Q�W�lw®qW.e�zyJ.YKJ.eGFIUR}wNOZ�l�c

Ie = 20 µ
¶4d

J.NOJ.Uf�]H�QuJ.YKJ.eGFIUR}wNOZ�l�c
Ee = 50

±�J£�µ�)�Mn�Q.l]QuS>ZwL>UVQ.lwQ7c(LOUfHKJ.cRFIZ]UfZ�l]j
ρf

i�zOc:�
FIZTF�Q��RFIHKJ.LMJ.NOH�QoQ4LOY[Z]�fNpj

ρF
iGzOcfFfZ]FVQ��RFIHKJ.LMJ.NOH�Qbd�S>ZwYKJ�cªHKNGFfJ.�wUIjTYKNGx�l�_�¯VQT\.Z]eyl

W�j�l�H[cfYKZwcRFfH ZbS´iOUf�O�Oemx
Yf(z)

QµLMZ]Y[Z]goJ.URz
Yf(r)

FIJ.Uf��Q>�A�B�B�(�B�B�(�B�B�B�(�B� �]»
¡eï Õ�H[g4zOYvjTa�H�Q�t§ZTFIZ]�RFIHKJ.LMJ.NOH�Q�l²FfJ.UI��H`W ±³²

x

� î¸zOcRFIZTF�Q©g�Q{FIJ.UfH�jqY[z`c
ρ =

1,5
���Ta�g

3
d¹�MJ.WuewZ]NGlmJ.U:FIZ]UVQbd¹HKNGFIJ�NOW.HKFVQ|W�lw®qW.e�z�J.YKJ.eGFfUf}]NOZ{lZc

Ie = 20 µ
¶4d

J.NOJ.Uf�]H�QuJ.YKJ.eGFIUR}wNOZ�l�c
Ee = 25

±�J£�µ�)�Mn�Q.l]QuS>ZwL>UVQ.lwQ7c(LOUfHKJ.cRFIZ]UfZ�l]j
ρf

i�zOc:�
FIZTF�Q��RFIHKJ.LMJ.NOH�QoQ4LOY[Z]�fNpj

ρF
iGzOcfFfZ]FVQ��RFIHKJ.LMJ.NOH�Qbd�S>ZwYKJ�cªHKNGFfJ.�wUIjTYKNGx�l�_�¯VQT\.Z]eyl

W�j�l�H[cfYKZwcRFfH ZbS´iOUf�O�Oemx
Yf(z)

QµLMZ]Y[Z]goJ.URz
Yf(r)

FIJ.Uf��Q>�A�B�B�(�B�B�(�B�B�B�(�B� �&f

�&p
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»�ñ Õ�H[g4zOYvjTa�H�Q�t§ZTFIZ]�RFIHKJ.LMJ.NOH�Q�l²FfJ.UI��H`W ±³²
x

� î¸zOcRFIZTF�Q©g�Q{FIJ.UfH�jqY[z`c
ρ =

1,5
���Ta�g

3
d¹�MJ.WuewZ]NGlmJ.U:FIZ]UVQbd¹HKNGFIJ�NOW.HKFVQ|W�lw®qW.e�z�J.YKJ.eGFfUf}]NOZ{lZc

Ie = 20 µ
¶4d

J.NOJ.Uf�]H�QuJ.YKJ.eGFIUR}wNOZ�l�c
Ee = 50

±�J£�µ�)�Mn�Q.l]QuS>ZwL>UVQ.lwQ7c(LOUfHKJ.cRFIZ]UfZ�l]j
ρf

i�zOc:�
FIZTF�Q��RFIHKJ.LMJ.NOH�QoQ4LOY[Z]�fNpj

ρF
iGzOcfFfZ]FVQ��RFIHKJ.LMJ.NOH�Qbd�S>ZwYKJ�cªHKNGFfJ.�wUIjTYKNGx�l�_�¯VQT\.Z]eyl

W�j�l�H[cfYKZwcRFfH ZbS´iOUf�O�Oemx
Yf(z)

QµLMZ]Y[Z]goJ.URz
Yf(r)

FIJ.Uf��Q>�A�B�B�(�B�B�(�B�B�B�(�B� ���
»O  Õ�H[g4zOYvjTa�H�Q�tvZ]FfZw�RFIHKJ.LMJ.NOH�Q�l4FfJ.UI��HOW&LOUR�[URZbS>NO�.i>ZBewZ�lmZ�lm��iOZ�zOUIjTN�zA� o Z]NGlmJ.U:FIZ]U�c

lmZwYKt§UIjTgud�HKNGFIJ.NOW.H^F�Q�W�l]®qW.e�z$J.YKJ.eGFIUR}wNOZ�l�c
Ie = 20 µ

¶�d�J�NOJ.Uf�]HvQ�J.YKJ.eGFfUf}]NOZ�l�c
Ee = 25

±�J£�µ�p�Mn�Q.l]QµS>ZwLOUIQ.lwQ7cªLOURHKJ.cfFfZwURZ{l]j
ρf

i�zOcRFIZTF�Q��fFfHKJ.LMJ.NOH�QoQ�LOY[Z]�fNpj
ρF

i�zOcRFfZ]FVQµ�fFfH[J.LMJ�NOHvQbdMQXHKNGFfJ.�wUIjTYKNGx¬l�_�¯�Qq\.Z]e¬lkW�j.lbH[cfYKZ]cfFfH�Z�SuiOUf�O�Oemx
Yf(z)QµLMZ]Y[Z]goJ.URz

Yf(r)
FIJ.Uf��Q>�6�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B� �e°

»m¡ ²+J.YKewZ�l]jke�zOg�zOYKZ�lwQqNpjuQqeGFIH^lbH^F�Q¬FfJ.UI��Q¬l`W�j.lbHKcfYKZwcRFIHªZ�S���Qqcfz$QkLOURZbS>zOew��NO�.iOZ
a�xbe�YKz «ºiOZ]UfJ{°�� ¨)Z]e�YKJ.cuQTemFIH^lbH^F�x�lÔFfJ.UI��H¸l¦W�j.lbHKcfY[Z]cRFIH�ZbS¥L>UfJ�SOaVipjTS>W�QqPs��a�JRP
S�ö[\.emx´Z]\�QqUfZ�l]QTNOH�Qu«�S>Z]YKJ{°�� # Qqc¸Z]\�QqUfZ�lwQqNOH�Q�c�S>J.Ü¬� ��J�URlmJ.Npj�e�UfH^lbeTQ>dbF�_�\�S>J.Ü
� W.J�Y[J.N�jXe�UfH^lbeTQbdOgoJ.cfH�Q]aD� goZ�S>UVj�e�UfH^lbeTQ>�·³�Q�Zw�OUIjTW.e]ZbaViucf�uW.NpjTW�ZwURNOJ.NO�
QqPAW�j.lbHKcIYKZ]cfFfHbQ{FIH^lbH^F�x�l�xb�OUVQqN>_>aIi(H[W.ZTFIZ]LMZ�l

144
²¹Jwd

147
¨�gÛQ

95
³¸�(LOURJ·goJ.cVQT��N>_

Zw\�QqUfZ�l]Q]a���a�xbe�YKzOc�� �B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� °]»
»w» o zOg�zOYKZ{l]QqNpj�QqeGFfHKlbH^F�Q¼P�J�S>N>Z]FfY[H^l�_>aIi LOU:lbewZ�l¦l¥FfJ.UI��H�LMZ�F�_b\�S>Ü>Z{lwZwg LOUfZq�

S>zOem��NOZ]g a�xbe�YKJw�u� ��QqcIJyl�x�LON�z>FIH�Q�W�l]®qW.e�z «º��J.URlmJ�Npj�LOYKZbaIipQm°�d�LMZ¼goJ.cfH�QTa�H
cIeGYvQTS>Z�lwQqNOH�Q�«­W.J.YKJ.Npjw°�Q�LMZoUfZ]e�zÚ«ºgXZbS>UIjm°�� �B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� °&f

»ef ÕbaViO�.g�Q{FIH[aVe]�¬W�NpjTW.Z]UfNOJ�NOH[J�l�W.NOHKe]QqPs��a�H[aVi�QqeGFIHKNOZ]H�S>Z�l$QuH�aIiÒL>UfZbS>z>eGFIZ�l�UfZ]W��
LpQ]S>zuLOUfHAt§ZTFIZ]�fFfH[J�LMJ.NO�

238
±B���(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� °��

»:� o zOg�zOYKZ{l]QqNpj�QqeGFIH^lbH^F�QDQqeGFIHKNOZ]H�S>Z�l�l�FfJ.UI��HmlBW�j�l�H[cfYKZwcRFIHGZbS4��Qqcfz4LOUfJ�F�_b\.S>ÜOZ{lG_
LOUfZbSbzOem��N>_ua�xbe�YKzOc4«ºiOZ]UfJ�°��+¨)Z]e�YKJ.c�QTemFIH^lbH^F�xuQTeGFfH[NOZ]H[S>Z�l´l¬FIJ.Uf��H lkW�j.lbH[cfYKZ]cfFfH
ZbSu��QTcfzuLMZocfewZ]N���J.NO� Z]\�QqUfZ�lwQqNOH�Qu«�S>Z]Y[J�°�� �(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� °e°

�:�
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  ÕGFIUfz���N>_ LMZ]LOHKc NOHKJ.eGFfZwU:_>aVi W�QqUfH�QTS>J.NO��NpQ LOURZbS>zOewa�H[z UIj]S>HKZmQTeGFf�Kl�NGx>aVi

H[}]NOZ�l�_>aViuW�l]®TW.e]Z{lå���B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� Ã
¡ î¸YvQ.lbNO�BaVipQqUVQqeGFfJ.UfHKcRFIHKeGxkewZ]goLOYKJ��>zg±Yf�ñ�ñw±?db±Yf:ñeñ>���B�B�(�B�B�B�(�B�B�(�B�B�  ] 
» î¸YvQ.lbNO�BaVipQqUVQqeGFfJ.UfHKcRFIHKeGxkgoHKe�UfZTFIUR}wN�z~±~È Ç ¡e�b���B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�  �¡
f �Ajqe�Y�Q]S>NO��LpQTUIQTgoJ�FIUfJ�iOgXZ]FfNOZwcRFINO��iOZocfJ.LpQqUVjqFfZwUIQ>�D�(�B�B�(�B�B�B�(�B�B�(�B�B�  �¡
� aªt§J.emFIH^lbHKFVQµLOUfJ�NOZwcfzXPRQTS>H[J�U

A ∼ 130
�M�(�B�B�(�B�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�  �»

° �sNmFIJ.�]UVjqY[NOJX����H[N>NO�oLOUfHKJ.UfJ.W�x`LOUfJµl�xb�OUIQTNO��PRQTS>UVjb�"a�NOJ.Uf�]J�FIH[aVeG_`YKH[goH^FBz�S�j.lwQ
iOZwURN���i>UVQqNOH�a�zuHKNGFIJ.�]UfZ�l]QTNOH�Qb� �B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� »eñ

µ ¨�QqUVQqgoJ�FIURJ�iOgoZTFINOZ]cfFfNO�.iOZ UfZ]W�S>J.YKJ.NOH�Q lG_�¯�Qq\.ewZ�lÛLMZ]zO\.H^FI��LOUfH�l�_bLMZ���FIJ¦Q
LMZwUfZ�lbN�QTNO��cªiOZbS>NOZTF�QqgoHOW&LOUVjTaB� f:°>d:�]¡q¢.c�¨��{�Ô� LMZwgoJ�UªLO�[e Ç S>Z]YKH[NpQbd�±nì�±
� cRFIURJ�S>NpjyiOgoZTFINOZ]cR¯�gyQ{�>HKg�QoNpQyLMZwYKZ�lbH[��NOJRP¸�f�[URewJ4LOUfJ4nVQqiOe��`��QTcR¯�UfZ]W�S>J��
Y[J.NOH�Qbd�±NîD±Ñ� cfFfUfJ�S>Npj4iOgXZ]FIN>ZwcR¯&g�Q��>HKg�Q4NpQ4LMZ]Y[Z�lbH[��NOJRP¹�f�[URewJ�LOUfJ�¯�Qq\.e��
��QTcR¯�UfZ]W�S>J.YKJ.NOH�Q>d ¤ Ìàî�± � LOY[N�jy�f�KUfeTQoNpQoLMZwYKZ�lbH[��NOJRP&l�_b�fewJ(LOUfJ(nVQTiOeG�|QqP
¯�Qq\.e�����QTcR¯¸URZwW�S>J�Y[J.N>HvQbd

ν
� cRFIUfJ�SbN>_kLMZb��J�F¸J�goHKFfZ{l]QqN>_>aViuNOJ.z>FfUf}]NOZ{lå� �(�B� »w¡

Ã ��Z]W.LpQTS>Z�lm�ØUIQ]Sbx LOURZbS>z>eGFIZ�l �fFfH[J�LåJ�NOHvQhW�QTiàßfÜpQqP���a�JØcIeG�Og�QqNO� H[W.ZTFIZ]LGx
�>J.NO}]N�z ����_�¯VQT\.eGx¬�MZwYKH cRF�QqNOZ{lwJ.NO��W

γ
Ç cfLMJ.emFIHKJ.U¸HKW.ZTFIZ]LMZ{l¬lkUIjTgy��J.ewZ�aVi �o�B� f�ñ

ï ��Z]W.LpQTS>Z�lm�DUVQTSbxoLOUfZ�S>zOeGFfZ{lo�RFfH[J.LMJ�NOHvQBW�QqicßfÜpQqPs��a�J�cfe��Og�QqNO�DHKW.ZTFIZ]LGxoe�U:xbLb�
FI}]N�z ����_�¯VQT\.emxk�MZ]Y[H cRF�QqNOZ�lmJ.NO��W

γ
Ç cILMJ�eGFIHKJ.U�H[W.ZTFIZ]LMZ�lkl¬UVjqgy��J.ewZ�aVi � �(�B� fO 

 �ñ ³¸J.W�j.lbHKcIYK�ªl�_G¯�Qq\.eGx�H[W�Z]FfZwLMZ�l o UAl�LMJ.UIa�J.NGF�jTaViBNpQ)P�J�S>NOZ��RFIHKJ.LMJ.NOHKJ 238
±Ú�OUfW�S��

N>_bg \.HvQqUfJ.N>�[g J�Y[J.emFIUf}]NOZ�lÚc�J.NOJ�Uf�wHKZ]z
Ee = 25

±�J£�µ��¨)Z]UfZ�lbNpQqNOH[J�J��>LMJ.U:�
H[goJ�NGF�jqY[N>JyNpQTgoJ�UVQqN>_>aVi

Yexp.
Qkl�xbLMZ����^F�QTNb_>aVi

Yvyp.
iOZ�S>NOÖ]F�� a��bLMJ.UfHKgoJ.Nb�

F�jqY[NOJ�iOZbS>NOZTFsx´cf�uN>ZwUfgyQTYKHKW.Z�lwQqNO�BNpQ4l�xbLMZ����KFVQTN>_kNOJ.W�j.lbHKcIY^_¬l�_�¯�Qq\.Z]e
91 o U�� fm¡

 w  ³¸J.W�j.lbHKcIYK��l�_�¯VQT\.emx HKW.ZTFIZ]LMZ�lz'�J�l LMJ.UIa�J�NGF�jTaVi NpQ`P�J.S>NOZÔ�RFIHKJ.LMJ.NOHKJ
238
±

�OUfW�S>N>_�g \.H�QqUfJ.NO�KgÝJ.Y[J�eGFIUf}]NOZ�l~c�J.NOJ.UR�wHKZ]z
Ee = 25

±�J£�µ�A¨�ZwURZ�lbNpQTN>H[J�J����
LMJ.UfHKgoJ.NGFVjTYKNOJ�NpQqgoJ.UIQTN>_baVi

Yexp.
Q`l�x�LMZb���^F�QqN>_>aVi

Yvyp.
iOZbS>NOÖTF��la��>LMJ.URH^�

goJ.NGF�jqYKNOJ~iOZbS>N>Z]Fsx�cf�¦NOZ]Ufg�QqYKH[W.Z�l]QTN>�¼NpQ|l�xbLMZ����^F�QqN>_�NOJ.W�j.lbHKcIY^_�l�_�¯VQT\.Z]e
139

'�Jw� �(�B�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� fw»
 �¡ È�UfHKJ�Sbx¦Z]LOH[cfz]Ps��a�J|t�xbW.HKe]jqYKNOJ|LOURZba�J�cfxmd¸HKgoLOYKJ.goJ.NmFIZ�lwQqNO�¼lÔ�pQTYK�Ke�z X�J�QqNGF�fOd

LMZwzO\.H^FI��LOUfHAcIHKg�zOY�jTa�HKH UfZ]W.�OH[J�ipQ�lwZwcRFIH
γ
Ç W�l]®TW�e�z �o�B�(�B�B�B�(�B�B�(�B�B�B�(�B� fef

�
§



§ªìs§:r¸ó]q êOóbÇ � s�î�ë�ð

 �» ¨�QqUVQqgoJ�FIURJ�YKZwURJ.NGFfW.HvjqNOZ�lµLOUfJDQqLOURZ��>HKg�jTa�HKzo����HKNONO�.iOZBLOUfHKJ.UfJ�W.zot§ZTFIZ]�fFfH[J.LMJ�NOHvQ
lkZw�OY�QqcfFfHPX ©Y�B�©�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� f2µ

 -f X�J.ZwgXJ�FIUfH[aVe]�ØURZwW�goJ.URx «­iOUf�O�OeTQ Ç î QhLMZ]YKZwgoJ.U Ç �D° a�xbYKHKN�S>UfH[aVew�.i>Z LOUfZq�
S>zOem��NO�.iOZyFIJ�UI��QXLOUfJ(UfÖ]W.NOJ(ewZ]N�¨��wz>UVj]a�H[Jw�×�©S�QqNOZ]gØZw�>P�J.goJ(LOURJ.�OHKJ.ipQØÃeñ:ð
W.ZXlb�fJ�FIem_>aViut§ZTFIZ]�RFIHKJ.LMJ.NO��� o Z�J�¨pa�H[J�NGFDJ��{t)z�S�j.lwQ�cfFfUfJ�S>N>_¬LåZ���J�F¸J.YKJ.eGFIUR}wNOZ�l
l�x�lmZ]Y�QqP���a�H[aVioP�J.S>J.N~QTeGF�t§Z]FfZw�RFfH[J.LMJ.N>HvQb�Ù�B�(�B�B�B�(�B�B�(�B�B�B�(�B�B�(�B�B� ��µ

 
� o zOg�zOYKZ{l]QqNpjoQqeGFIH^lbH^F�QoQqeGFfH[NOZ]H[S>Z{lkLMZXFs_b\�S>ÜOZ�lmZ]g²Z]\�QqUfZ�l]Q]a�Z]g a�xbe�YKJw�¥�B�B� °:µ
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