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obere
Szintillatorebene

untere
Szintillatorebene

5 cm Bleiabsorber

Halbleiterdetektoren

Driftrohrkammer

Gastarget

10 cm Blei−
absorber
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X + Y −→ Z + k · n k ∈ IN .

®)��±w°]±w����±-¦I��»I����¨�R��Kµ@��±³»Ã¾­��¥0����¨Âµ«ÄÃ°¯��»¼�(:���´�±³¨³¾­� ìD��¡ ��¡
k > 1
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4
2He + 9

4Be −→ 12
6 C + n .¢;��¨	<�¾­��ÄÃ����°v±w¾�VÖ»Ã¥ ®)����¤�´�°]±�µ«�����£µ¶±�°³��»Ã���3��»¼����¨v»Ã²­°]±w����È���¨³��²­´���²­°v¤�´�°]±�3«�����9¦I��») ��  ­ ´����C�o�ï¬YG����7X ��¹ºµ«°º��»Ã����®)¨³¤���´�²«´���² ¥�¾­��¾M������¨³²­� ±w»¼°³������¨�:���´�±³¨³¾­�����6¥�»¼±

En ≥ 10
���7X´���¥�[­²­ÄÃ»¼���0¥0µ«����±K¡o¢;»¼��È���¨³��²­´���²­°v¤�´�°]±�3«�����<����° 12C

ô�¨�3«²«���9²�µ¶��¤�¹Â��°v����±wÄ¼»Ã�����£µ¶°a:���´oò±w¨³¾«������°vôF����±w¨³´�¥ ��»¼����¨0È;¥���¨³»¼��»¼´�¥3ò}Áº��¨¦EMÄÃÄÃ»¼´�¥fò¦m�´���Ä¼Ä¼�¶�B��»Ã� µ¶´�¿���¦I���
��»¼��°³��¨�R��Kµ@��±w»¼¾­�¦£µ«°³»¼��¨]±K¡
©M¡ ��ä#��øMÝDÞSþ�Þ#�ãøzâ6 Sâüø�$¶áãøMÞ �ãø�� � âüû���øMýFùüÝ_"�ýQøzâ¶Þ��Ç�»Ã¨³�1��»Ã�÷®)»Ã��°v���z´�°³°v������¨³²­»¼��µ¶´�°³¨v��»Ã���������Ö¹º��»¼±3��¦I��¨f��»Ã��Áº»¼����´���²­°³������¨v²­»Ã�9����°3ÄÃ� ±w¤�±³���:�´��zÄÃ��¾­��°-����° ½ ¨³¾6Áv���z±³»ÃÄk�«��¨v��°���¾M����²­� ¿Dµ«��¨v������°v¾f»Ã°]±-����¦I��������¨�µ«��²«��°v±³¨³��¦�±w����<<��¨³��¨v�Kµ@�­ò±w»Ã¾«��µ¶´�������»Ã��È;´�°v��»¼�£µ«������¨³¦�¨v���������1����° ½ ¨³¾6Áv����±w»ÃÄk�«��¨³��°�¦F��»®<�¾­Ä¼ÄÃ»¼°³»Ã¾«� ¥�»¼±4��»¼����¥�ðUµ«¨kò²­��±I�«��¨v�÷¥J[­²«ÄÃ»Ã���a¡�L}¥ ®)����¤�´�°v±wµ«���÷ÄÃ»¼��²­���9�£µ«���÷îè¾o����¨�¥�����¨�<?[­¨vôF��¨ºÅ­¾­¨�¡cL}°]±-�z´��÷��»Ã����°����¨J�£¨wµ«²­¥�����±³����»Ã�N:���´�±w¨v¾­���)°v¾�¿�����¨]±���»Ã��°�¤�´�¥ È;´o¿O±w¨³� ±w���Ô��»Ã����°ç>��z±³��¨v²­¨³´�������°6µ«´�°��»Ã������¨v������¨³²­� ±w»Ã°v�������':���´o±w¨³¾«������¡®¯»¼� ÁÂ��»Ã°vô�»Ã��Ä���»¼��¨v¿���¨-»Ã°v±���»Ã���£´�°³»¼¾­��°v¨³�Kµ��z±³»Ã¾­�

2
1H + 2

1H −→ 3
2He + n .
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È�¦���»Ã����¨�®¯»¼��°³���z´�°v°³������¨v²­»Ã��Å­¾­�  ��  !G3���7X»�¶µ¶������µ«°�¨³��ÄÃµ¶±w»ÆÅ6°v����¹�µ«��� ²­��¦�´����������§¢;��´oò±³��¨v¾­� µ¶´�°³��»Ã�£µ«������¨v¦�¨³��������� � �­�u�ú�£��¡ ��¡£��°Qj�������±;µ«´���� ��»¼��R���µ@��±w»Ã¾«�
2
1H + 2

1H −→ 2
1H + p + n

°]±�µ¶±v±K�I¹º¾­¥�»¼±���»¼�§»Ã��°³²­��°wµ«¥§±���¨v¤���´�²«±w���*:���´o±w¨³¾«�����Ú��»¼����±<¥0����¨;¥�¾­��¾M������¨³²«��±w»¼°³��� °v»Ã���a¡>�¥ :���´�±w¨v¾­�����Ô¥0»Æ±3��¦I��¨ �cª ���7X�¤�´Ø��¨³¤���´�²­�����Â¥§��°³°]±w� ��»Ã��ñM±³¨wµ«��Ä¼������¨³²­»¼�÷µ«¦I��¨�¦F��»� ±}¹�µç�3���7X.ÄÃ»Ã��²­��� � �­�Æ�@¡
®)»Ã���ÚÈ;´�¿vÄÃ»¼°v±w´���²'²­��¦�¨�3«´�����ÄÃ»¼������¨�<<��¨³��¨v�Kµ@��±w»¼¾­������¤�´�¨C:���´�±w¨v¾­��������¨v¤���´�²­´���²�j£����� ±÷°³»¼����»¼�� �­�	�@¡�¢;»¼��¥���»Ã°]±w���9����¨º��¾­¨v±�¦F��°³����¨v»Ã��¦I�������KR���µ@��±w»¼¾­��������¨³ÄÃµ«´�¦I���9��°-��»Ã����±K�o¥0¾«��¾o������¨v²­��±³»Ã°v�����:���´�±³¨³¾­�����
¥0»Æ±

En ≥ 10
���7X ¤�´�ô�¨³¾M��´�¤�»¼��¨v�����¯�£µ(Áv� ¥�»Ã������°v±³����°���»¼����¨�����¨0¦F��»Ã�����Ø¾­¦I����£µ¶¨³²­��ÄÃ��²¶±w��� ½ ¨³¾­¤���°v°³�§¤�´�¨�®¯��±³°v±w���z´���²9��»Ã����°���»¼������¨³������¨v²­��±³»Ã°³������� >��z±³��¨v²­¨³´�������°�¿�����¨v±�¡£È;´�°kò°v»Ã����±w°v¨³��»¼��� »¼°v±�ÄÃ����»Ã²«ÄÃ»Ã���6��»Ã��R��Kµ@��±³»Ã¾­�

2
1H + 3

1H −→ 4
2He + n .

¢�µ ����¨�<<��¨v� 4He
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I?EHJz��JQV�xyEHJQN?JUE~`bj#P9GOV*NMGO_���GRPQP9EHX#TWJQEKG#��EKJUI?EKN?I�EKNs��EHd�P9JUV*N?EKNM�KdM_sGYN�GY_sGYEKJUEKNh�K��GYE���EKJ!�FEHN?I?d?N�e
EHGYN?EHJ�I?{?N?N�EKJQEHNsl�VbXYGYE�EKJUX�`bd�Z�P�S!P9EHPQS�EKGYN�Er}�EKI?d?�HGYEHJQd?N?e.I?EHJ=lmXYnbop]?EKN�I?GYop]#P9Ekg#`bXOXYEKJUI?GYN�e*Sz_Md?SQS=I?GOE
lfV*XOGYE[EHGYN?EH_���JQd�opj�d�N3PQEKJUSQop]?GOEKI��*V*N���Z?`bJ.SUPp`kN?I?]f`bXRP9EHNhg:�r`bS&I?EHJM��GOopjbEaEKGYN�Esd�N3PQEKJUEC�yJQEHN?�KE
SUEHP9��P~�$��GYEM��GOop]#P9GYebSUP9EHN���`kPQEKJQGY`bXY�?`bJ9`b_sEHPQEKJ�SQGON?I�If`b]�EKJ�_sEKop]f`kN?GYSUop]?EKJy��`kP9d�JKg$EHS�GYS!P�EHGYN?E[]�Vkq
]?E[�$d?ebTWEHSUP9GOe*jbEHGOP0EKJ!TWV*JQI�EKJQXOGYop]h��c�d?op]�I?GYE�L=X�`bS!P9GO�KGOP9nkP�If`bJ!T=N?GOop]3P��Kd�N�GYEKI�JQGYesSQEHGYNhg\If`sI?GYE�lfV*XYGOE
I?d�JQop]�I?EKN��.`bSQI?JUd?opj��bV*N�GY]?JUEKJyd?JUSQ�?JU{?N?e*XOGYop]�EKZ\EKN�EKN�GYN�EKGON?E[jbVbN?j�`u�bE�lfV*JU_�ebEKI?JU{?opj#P���GOJQI
d?N�IaIf`kZ EHG\N�GYop]#P�Z EHJQSUPQEKNCI?`bJUT��#�0EKZ\EKNaI?EKNaGYN �R¡u¢�£ Z EHSQop]?JUGYEKZ\EKN�EKN4��`�P9EKJUG�`bXOGYEHNs��V*XO¤�Z\IfnbNsd?N?I
¥¦GRPp`bN���d?JQI?EHN���EKJQSUd?op]?E��Hd?Jy��JUd?opj3Z EHX�`bS!P9Zf`bJUjbEHGOP&`bd?op]�_sGOP�lfV*XYGOEKN�`bd?S�c�XYd?_sGYN�GYd?_�g?¥z`bN#Pp`bX§g
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_s_¯`bd?SUe*EKS!Pp`bN?��PyZ?���.�h`bd?SUe*EKSUop]?N?GRPQP9EHN�d?N?I�GON�EHGYN?EHN�lmX�`kN?SQop]�ebEKXYEHebP~g�I?EHSQSUEKN�°�d?EKJUSQop]?N�GOPQP�GYN
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��GYSQjkV*SQGRPpnkP.I�EKS&xyXYEKZ�SUP9Vk¨$EHSKg:SQV4If`kSQS&I?GYEHSQEKJyI�d?JQop]�x.`b�?GYXOX�`bJUj3J9nkTåPQEMSQVu��GOE�GYN�TWV*XOe*E[I?EHJ&­,op]#�FEHJ!q
j3J9`�TåP�GYNCI?EHN4I?d?JQop]�lfV*XOGYEbg�}�GYN?eMd?N?I�lmX�`kN?SQop]´Z\EKe*JUEKN?��P9EHN�� ��GOSQop]?EHN?J9`bd�_ëe*EHX�`bN?ekP~�,��`bop]4I?EH_
c�d?SQ]fnkJUP9EHNìI?EHJ^xyXYEKZ�d?N?e�j�`bN?NµI?EKJ^D�EKX�`kSUP9Z?`bJQjkEKGOPQSUPQEKSUPsI?d�JQop]?e*E�TW{?]?J!Ps��EKJUI?EKN$����GYECTWV*XOe*EKN?I�E
¥z`bZ\EKXYXOEye*GYZ,P¦EKGON?GYe*E.L=JUe*EKZ?N�GYSQSUEyTW{?J�d?N#P9EKJUSQop]?GOEKI?XOGYop]?E���`�P9EKJUG�`bXOGYEHNC��GYEKI�EKJK�

��`kP9EHJQGY`bX lfV*XYGOEKN?I?GOopjbE �?XY`kP9��P�Z EHG
c�XYd�_aGON?GYd?_ ¡ ���?_

∆p = í gÁîMZf`kJ��V*XO¤�Z\IfnbN ® g ¡ �?_
∆p = í g ® Zf`kJ¥¦GRPp`bN ±?gðï��?_
∆p =

® g í Zf`kJi=X�`kPQGYN ±?gñ±(�?_
∆p = ò g³²[Zf`kJ¥z`bN#Pp`bX ±?g ¢ �?_
∆p =

¡ g ¢ Zf`kJ
i�L�¥ ¡ í �?_ ∆p =

±�g³ï[Zf`kJ
izV*XR¤,GO_aGOI ¡ í g ® �?_ ∆p =

® gÁîMZf`kJ

c�N�I?GYEHSQEHJ�­�PQEKXOXYE.SQEHGz`kN?e*EK_sEKJUj#P~g�If`bSUS�I?GOEML=JQebEKZ?N?GOSQSUEM_sGOP9d�N3PQEKJ�N3d?J0Z EHI?GYN?ekP�JUEK�?JUV,I�d?�KGOEKJQZ?`bJ
�F`bJQEHNh�|��GYEs��EHPp`kXYXOTWVbXYGYEHN�XY`be*EKN�_sEKGOSUPy�Hd?Nfnbop]�SUP�GYN���GYopjkEKN��*V*N í ® �?_�V,I?EHJ ® ò �?_	�bV*Jyd?N?I
��d?JUI?EKN�EKGOe*EKN�S.`bd?SQebEH�F`bXY��P~�:��GOE^`bN?SUop]?XYGOEKó*EHN?I?E^��GOopjbEKN3Z\EKS!P9GY_s_[d?N�e�EHJUTWV*XOebP9E�I?d?JQop]�tvGYEHe*EKN$�
lfV*XOGYEKN$gFI?GOE�`bd?S´EKGON?EK_ `bd?SQebEH�F`bXY��P9EKNô­�PQ{?opjv`bd?SUe*EKSUop]?N?GOPUP9EHNõ��d?JUI?EKN$g��bEKJU]?GYEHXOP9EHNvSQGYop]õSQEH]?J
nb]�N?XYGOop]h�ft�d?JUI?EröUEKI?V�op]�EKGON?E.�FEHGOP9EHJQEMl�VbXYGYE�e*EH�F`bXY��P~g�I?GOE�e*ekT���`bd?op]�N?V�op]�`bd�S�I?EH_¯c�d?SUe#`bN?e*S�q
_a`kP9EHJQGY`bXhEKGON?EKS�`bN?I�EKJQEHN�÷0EKJQS!P9EHXYXYEHJQS0SUP9`b_a_�P9Ebg�SQVa�bEKJU]?GYEHXOP0SQGOop]�I?GOEKSQE&_sGOP9d�N3PQEKJr�b·*XYXOGYe^`bN?I�EKJQSH�
��EHJQ_[d�PQXYGOop]�XYGOEHTWEKJ!P9E�I?EKJ�t�`bXO�K�?JUV*�KEHSQS�PQEKGYXR�FEHGYSUE[lfV*XYGOEKN�_aGRP�GON?]?V*_sV*e*EHN?EKJ���GYopjkE�V,I�EKJ�XOV*j�`bXYEHN
DFEHSQop]fnkI?GYN?ebd?N?e*EHNh��øÑN�I?EKJs¥z`bZ EHXYXOE´SQGYN�I�S!P9EHPQS�I?GOE4]?·,op]�SUP9EHNù��JU{?opjbE�`bd�TWe*E�TW{?]?JUPKg�I?EKN?EHNìI?GOE
Z\EKSUop]?JQGOEKZ\EKN?EMl�VbXYGYE�GY_ú��EKJQSUd?op]�EHGYN?_a`bX SUPp`kN?I?e*EH]f`bXOPQEKN�]f`kPK�
øÑN�c�N�]f`bN?e í ��GOJQI�_sGOP�÷�GYXRTWE&�bV*N�%�',(*)�+�EHGYN?E���V*JQ]?EHJQSQ`be*E�EKJUSUPQEKXYXRP~g���GYEM��GOEKXYEM��EHd�P9JUV*N?EKN�EHGYNI?d�JQop]4I?GYE�lfV*XYGOE�X�`bd�TWEHN?I?EHS¦DFV*J�qÑøÑV*Na�?JQV^��GYj3JQV*_sEHPQEKJFl�VbXYGYEHN?I?GOopjbE0GY_ú��GRPQP9EHX EHJQ�HEKd?ebPK�f�yEH��GOop],q
PQEHPs_�`kN�I?GYE4L=JQebEKZ?N?GOSQSUE�_sGOP[I?EKJ^��GOopjbEkg�I�GYECI?GOE�öUEH��EKGOXYGYebE´lfV*XYGOEC`bd�Tå��EKGOSQEHN�_[d�SQSKg=d�_ûI?EH_
��JUd?opj3d?N#P9EHJQSQop]�GYEKIõSUP9`bN?I?�Hd?]f`bXRP9EHNhg�SUV��*EHJQSU�?JQEHop]?EKNõI?GYE�Z\EKGYI�EKNüxyd?N�SUP9S!P9Vb¨ E�I?EHNüe*EHJQGYN�e*SUPQEKN
�0EKd�PQJQV*N?EHN3d?N#P9EKJUe*JQd�N?I��Kd4�?JUV,I�d?�KGOEKJQEHNhgfe*E�TWV*XYebP��*V*N�¥¦GOP9`bN´d?N?I�ªW_aGRP¦EKGON?GYe*EH_ýc�Z?SUP9`bN?I�«¦��Vkq
XR¤,Z\IfnbN$�:��`4I?GYE^xyd?N?S!P9S!P9Vb¨ E^N?GYEHI?JQGOe*Es­,op]?_sEKXO�K�?d?N�j3PQEs`bd�Tå��EKGYSUEKNhgþI?GOE�lfV*XYGOE�`bZ\EKJyI?d�JQop]�I?EKN
­�PQJ9`b]�X\XOV*j�`bX�S!Pp`bJUj�EKJ!�rnbJU_MP���GYJUIhg*��d?JQI�E0�bV*NaEHGYN?EH_ÿL=GYN?SQ`kP9���*VbN�xyd?N?S!P9S!P9Vb¨\TWV*XYGOEKN^GY_-­�P9JQ`b]?X q
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xyXYEHZ?d?N?e�GY_ DFEKJUEKGYop];I?EHJ�}�V*]?JQEHN?I?EHN�SUGYop]?EHJQe*EHSUP9EHXYXRP~�z��GYE4}�V*]?JUECSQGON?I�Z EHGYI?SUEKGRP9GYe�_aGRP[EHGYN?EH_
�.`bS9`kN?SQop]?XOd?SQSr�bEKJUSQEK]�EKNhg��r`kS¦EKS�EKJUX�`bd?Z,P~g�SUGYE�jkV*N#P9GON�d�GYEKJUXYGOop]´_aGRPFTWJQGOSQop]?EH_ �hnb]�XYe#`bS�I?d?JUop]?SUPQJQ·kq
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�\EKIf`kN?�~`bN��f`bSQSUd?N?eCI�GYEKN�EKN�ª6SH�fc�Z?Z?GOXYI?d�N?e^±?� ¢ «��
c�d�T�I?EHJ0`bN?I?EHJQEKN�­,EKGRP9E.Z\E"DfN?I�EKN�SQGYop]�I?GYEySUV*e?�\­,GOe*Nf`bX q�÷0EKI?e*EH]?V*ekqÑx.`bJUPQEKNhg�I?EKJUEKN4�FEHSQEHN3PQXYGOop]?EKJ
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25 ebXYEKGOop]�X�`bN�e*E��$EKGRP9GON3PQEKJ!�b`kXYXYE�d?N#P9EHJUP9EHGYXRP���GYJUIh�*c�N�I?EKJUEKJQSUEKGRP9S��GOJQI4`bd?op]4If`kS¦øÑN3PQEKe*JQ`bX$I�EKS�i=d?XYSUEKS¦GON´I?EKN4EKJUSUPQEKN�� ò N?SrN?`bop]4I?EK_���Z\EKJQS!P9EHGYe*EHN�I�EKJ�­,op]#��EKXOXYE

e*EH_aEHSQSUEKN[d?N�I�`bd�TWe*EH�KEHGYop]?N?E�P~����GOEKSQEHSmøÑN#P9EHe*J9`kX�GOSUPzEKGON[��`kó�If`�TW{?JKgu��GYE���GYEHXYE��þ`bI?d?N?ebSUP9JQnbe*EHJzI?EHJ
�hnb]�XYI?JQ`b]#P�GON?N?EHJQ]f`bXOZ^I?GYEHSQEKS�� ò N?S!q��$EKGRPQTWEKN�SUP9EHJQS�`bd�TWebEKS9`k_a_sEKXRP�]f`kP~�*t�d?JUI?E�EHGYN���Z\EKJUSQop]?JUEKGOPQEKN
I?EHJ.��GYSUj3JQGY_sGYN?`kP9V*JUSQop]#��EKXYXOE�TWEHSUP9ebEKSUPQEKXOXOP~g\SQV´SU� EHJQJ!P.SQGYop]�I�GYE[c�d?SQXOEKSQEHEKXOEKj#P9JUV*N?GYj�I?EKSyZ\EHPQJQE�¨$EHN,q
I?EHNs}0V*]�JQEKSzTW{?J�EKGON?E.ªWEKGYN�SUP9EHXYXOZf`bJQE~«þ¥|VbPQ�KEKGRP=e*EHe*EKN[��EKGRP9EKJUE¦L=JQEHGYe*N?GOSQSUEb�*��GYEKSUE0��`bó*N?`b]?_sEFI?GOEKN#P
�Hd?J0DFEKe*JUEKN?�Hd?N?eaI?EKJ0��`kPQEKN?JQ`kP9Ek�
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L=GYN�E���EK�K�K`bN?GON?E�qÑx&`kJUP9E^EHJUT6`bSUSUP�I?GYE^��`�P9EKN��*V*N´öUE í ±���JQGOTåPQJQV*]�JQEKN$g:I?GYE�EHN3PQSQ�?JUEKop]?EHN?I?EHN�L=GON,qe#`kN?e*SQj�`bN?nbXYE^SQGON?I�_aGRP.I?EKN;�h`k]?XYEHN ò Z?GYS í �4I?d?JUop]?N3d?_a_sEKJUGYEHJUP~�|DFEHG�I?EKJ&�*EKJ!�FEHN?I?E�P9EKN;¥|EKS!PUqj�`b_s_aEHJ.SQGYN�I¶XYEHI?GYe*XOGYop]�ï�}�V*]?JUEC`bN?ebEKSQop]�XYV*SUSQEKN$g�I?GYEa`bd�TWebJQd?N?I�I?EKJ�c�N?SUop]?XYd?SUSQe*EHV*_sEHP9JUGYECI�EKJ
��EH�K�K`bN?GYN�E�q�x.`bJ!P9E&d?N?e*EHJ9`bI��~`b]?XOGYe*Ekg�N?GYop]#PUq�TWV*JUPQX�`bd,TWEKN?I?E�x.`bNf`bXON3d?_a_sEKJUN4EKJQ]?`bXOPQEKNh� ��`bS���d?_�q
_sEKJUGYEKJUd?N?e*SUSQop]?EH_�`[GOSUPr`bd?S¦I?EHJrc�Z?Z�GYXYI�d?N?e�±?�ðïM�Kd4EHJQSQEH]?EKN$�føÑ_ëlfV*XOe*EKN?I�EKNC��EKJQI�EKN�I?GYE�EKGYN��KEKX q

1 5

19

13

17 21

119

3

Í�Î,Î#ÏÑÐWÒfÓ:Ô|Õ�O=Ö©¨\Øª�MÝbä\Ýbè äfã�]/]�Ü�á�ä�æ�Ü�á[Ü�ßåä�V�Ü�è ä$Ü�ä¬«�[uÛ�á9ÜMæ�Ü�á�l Üpà�Þ­^bÝ_]/]�Ü�áKé

N?EHN�}�V*]?JUEySUPQEHP9S�`bN?]?`bN?I�I?GYEHSQEKJ0x.`bNf`kXYN3d?_s_aEHJQNCGOI?EKN#P9G�Df�KGOEKJ!P~�
��V*N�I?EKJy��EK�H�~`bN?GON?E�qÑx.`bJUPQE���EKJQI�EKN�I?GOEM��`�P9EKN�{�Z EHJ�j3d?JQ�HE�x.`bZ\EKXz`bN�If`kS('¦­?�¬®9q���V,I�d?X:�FEHGRq
PQEKJQebEKXYEHGOPQEHP~��L�GON�SUV*XYop]�EKS^�*EKJU_�`ke�Z?GOS^�Kd ¡~¢ ��EH�K�K`bN?GYN�E�q�x.`bJ!P9EHN��HdìZ\EKI?GOEKN?EHNhg�SQV�If`bSQSa`bd?op]
e*JUV*ó*E4����¥Fq�x.`b_s_aEHJQN;_sGOPM��GOEKXYEHN���EK�H�~`bN?GON?E�qÑx.`bJUPQEKNµSUP9E�P9S^N3d?J^EKGONµEHGYN?�HGYe*EHS*'¦­?�4q���V�I?d?X
Z\EKSUGOP9�HEKNh�,��V*_¯'¦­��4q!��V�I?d?Xþ`kd?Sr�FEHJQI?EHN�I�GYEy��`�P9EKN4��G�`^�yX�`bS!T6`bSQEHJQj�`bZ\EKX `bN4I?EKN4c�d?SQXOEKSQEHoKV*_�q
�?d,P9EKJ�{?Z\EKJU_aGRPQPQEKXOPKg�{?Z\EKJ�EHGYN?Ey��EKGOPQEKJUEM�yX�`kSUT6`bSUEKJQXOEKGRP9d?N?e[��GOJQI4If`bSH'¦­?�4q���V�I?d?X:dh�ð`��f_sGOP¦I?EH_
± ò ��÷��¼qÑ¥z`bj#P9SQGOe*Nf`bXzSQVu��GYEMI?EK_�¥zJUGYe*ebEKJQSUGYe*N?`bX:�*EKJUSQV*JUebP~�hL�GON?_a`bXYGOe*E��.JUd?N?I?EHGYN?S!P9EKXOXYd?N�e*EKN�I�EKJ
��EH�K�K`bN?GYN�E�q�x.`bJ!P9EHNhgh��GYE�Z\EKGOSQ�?GOEKXYS!�FEHGYSUEsI�GYE^÷�·b]?E^I?EKJ���GYSUj3JQGY_sGYN?`kP9V*JUSQop]#��EKXYXOE[V�I?EKJyI?GOE��|nkN,q
e*E^I?EHJ�¥|VbPQ�KEKGRP~gh��EKJUI?EKN��\EKJ�­,VbTåPÑ�F`bJUE�{?Z\EKJ.If`bS°'¦­?�4q���V�I?d?X�I?d?JQop]�e*EHTW{?]�JUP~gþIf`kS��Hd�I?GOEKSQEH_
� ��EKopja`bd?op]aN?V,op]�{?Z EHJ�EHGYN?E�x.`bZ\EKXO�bEKJUZ?GYN?I�d?N?eM�HdCEKGON?EK_-��EKGRP9EHJQEKN�'FV*_a��d�P9EHJ��bEKJUTW{�ebP~��­�nb_MP!q
XOGYop]?Ea��EHSQSQd�N?e*EKN�GO_ }�`k]?_aEHN�I�GYEKSUEKJ�c�JQZ\EKGRP.��d?JQI?EHN¶_sGOP&EKGON?EKJ���GYSUj3JQGY_sGYN?`kP9V*JUSQop]#��EKXYXOE[�*V*N
qÑ� ¢ _���I?d?JUop]?e*E�TW{?]?JUPK�
��GOEFD�EHTWEKS!P9GOe*d?N?e�I?EKJ|j3XYEKGON?EKN�¥zEHSUPQjk`k_a_sEKJþEKJ!TWV*XYekPz{�Z EHJ|��GYEHJzc�XYd?_sGYN�GYd?_sSUPQJQEKZ\EKN$gK�*V*NMI?EKN?EHN0öUE
���FEHG\�bV*NCV*Z\EKNad?N?IC���FEHG\�bV*NCd?N#P9EHN´`bNaI?EKN´}�V*]?JUEKN�`bN?e*EHj�XOEKZ�P�SQGON?Ih�,��GYEmöUE�ï[�.`bS9`bN�SQop]?XO{?SQSUEbg
I?GOE.`bd�TzZ EHGYI?EHN�­�EKGOPQEKN�`bN�I?GYE.}�V*]?JUE�TW{?]?JUEKNhgf_[{�N?I?EKN�GYN�öUE.EKGON?EKJ¦ebEK_sEKGYN�S9`b_sEKN��.`bSQXOEKGOPQd?N?e?�

x�yW± ²³�µ´�¶·��|>´��µ|!¸°¹�º�¸

��`kS=��EHPQEKj#P9VbJQe#`bSHg#Z EHSUPQEK]?EHN?I�`kd?S=ï*� I c�JUe*V*N�d?N�I�î I
CO2

gbS!P9EH]3P=TWEHJUPQGYe��bV*JQe*EH_aGOSQop]#P�GYNMEKGYN�EKJ
�.`bSW�f`bSQop]?EMZ EHJQEKGRP~�$�$GYEHXzGOSUP�EHSKg I?GYEMx&`k_a_sEKJ0EKGON?EKJUSQEKGRP9S�_sGOP0EHGYN?EH_�jkV*N#P9GYN3d?GOEKJUXYGYop]�EKN��.`bSW�?d?SQS
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±?�ð�����&`kSU�*EHJQSUV*JQe*d�N?e �#î

�Hd�I�d?JQop]?SU�?{?XOEKNhg:SUV�I?`bSQSySUGYop]�jbEHGYN?E[��EHJQd?N?JUEKGON?GYe*d�N?e*EKN�GON�I?EHN�}�V*]?JUEKN�`bN?SQ`b_s_aEHXYN�jk·*N?N?EHNhg
d?N�I�`kN?I?EKJUEKJUSQEKGRP9S�I�EKN�c�Z?SUV*XYd,P9I?JUd?opj�GON�I?EHJ.x&`k_a_sEKJ0Z?GYS�`bd�T=��EKN?GOe*Es��GOXYXYGOZf`bJ¦�Hd�SUPp`kZ?GYXOGYSQGOE�q
JUEKNh�$i�JUGY_anbJQEM�$GYEHXYSUEHP9�Hd?N?eaGYSUP�EKS�GY_��yJQd?N?I�Ebg\I?GYEM��GYop]#P9EMI?EKS.�.`bSUEKS�S!Pp`bZ�GYX|�Kd�]f`kXOP9EHNhg\If`aI?GOE
0�JUPQS!qÑ��JQGRTåP9�KEHGOP!q�}�EKX�`�P9GYVbN�EH_a��D?N?I?XYGOop][�*V*N^I?GOEKSUEKJ=`bZ�]fnbN?ebPK�#��`�I?GOE¦��GOop]3PQE�EKGYN�EKJ���EHSQSUd?N?e�`bZ EHJ
��EKSUEKN#P9XOGYop]�SUop]#�FEHJQEKJ��Kd?e*nbN?e*XOGYop]´GYS!P0`bXYS¦I�EKJ0��JQd�opj\gf��GOJQI´I?GOEKSQEHJ�I?d?JQop]�EKGON?EKN�}�EKe*EHXYj3JQEHGYS¦jbVbN,q
S!Pp`bN#P�e*EK]?`bXOPQEKNh���$d^SUP9`bJQjkE¦��`bJQGY`kP9GOV*N?EKN�I�EKJ��&`kSQI?GOop]3PQEr�FEHJQI?EHN�If`kN?N�`kd�P9V*_a`kPQGYSQop][�bEKJU_aGOEKI?EHNhg
SUV*X�`bN�e*Eye*JQ·bó*EKJUE&¥|EK_s�\EKJ9`�P9d?JUSQop]#�r`kN?j3d?N?e*EHN�`bd?SUZ?XYEHGYZ\EKNh�
�$d?JF}0EK`bXYGOSQGOEKJQd�N?e�I�GYEKSUEKJ�c�N�TWV*JUI?EKJUd?N?e*EHNC��GYJUI�I?EHJr��JUd?opjC`b_ c�d?SQe#`kN?e[I?EHJ¦�.`bSW��`kSQop]?E�I�d?JQop]
EHGYN?EHNC_aEHop]f`bN?GOSQop]?EHN4��JQd�opj�_sGYN�I?EKJUEKJF�Hd?Nfnbop]�SUP�`bd,T:EHPÑ�F`[��g ® Zf`kJF`bZ�SQV*XOd�PFJUEKI?d��KGYEHJUPKg,If`kN?N�e*E¼q
XY`bN?ebP¦I?`bS��&`bSF{?Z EHJ�EKGYN�EKN�lmXYd�SQSQJUEKe*XOEKJ.ªwÁ Ý�àpàªÂF[�b Úk[�äfÞ6á\[�èåèYÜ�á I?EHJ0lmGYJU_�`�DFJQV�V*j3S(K íkò £ «FI�d?JQop]I?GOE[EKGON?E·�:EHGOP9d�N?eCGYN�I?GYEMx&`k_a_sEKJH� ��`bI?d?JUop]���GOJQI�EHGYN�jkV*N?S!Pp`bN#P9EHJ&�&`kSQ�KdÃ�fd?SQS��bV*N

0, 9
XON] EKJ�q

JUEKGYop]#P�Äu����GYE&}�{?opj3X�`bd�TUXYEHGOPQd?N?e[�*VbN�I?EHJ0x&`k_a_sEKJr�bEKJQ���FEHGYebP0SUGYop]�d�N?I�TW{�]?JUP��Hd�EKGON?EK_ëEKXYEHj#P9JQV�q
_a`be*N?E�P9GOSQop]�`bN?e*EHSUP9EHd?EKJ!P9EHN�c�d�SQX�`kSQSU�bEKN#P9GOX�SQVu��GYE��Hd�EHGYN?EH_���JQd�opj�SUEKN?SUV*JM�bV*_ ¥�¤,��Dr`bJQ`kP9JUV*N
I?EHJ�lmGYJU_�`���x&­�K í ¡K£ ªå�,ebX��bc�Z?Z?GOXYI?d?N�e�±?� ¡ ò «��f�:EHPQ�HP9EHJQEHJ=Z EHSQGOPQ�HP=EHGYN?EFc�d�TUXY·*SUd?N?e��bV*N ò g ¡ _[Zf`bJH���`kS¦c�d?SUX�`bSUSU�*EHN#P9GYX ��GYJQI´_sGOP�EKGON?EK_ë­�PQEKd?EHJQe*EHJ9nkP�I?EHS¦¥�¤��?S���x&­ í ® ò �*EHJQZ?d?N�I?EKNhg�If`kS¦`bXYSF}0E¼q

Gasflasche
von der

Brooks Mass
Flow Controller

Anschluss zum
Entleeren/Evakuieren

..

Driftrohrkammer

Auslassventil

MKS Baratron Manuelles Bypass−
ventil (zum schnellen
Befullen)

Gasauslass
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e*EHXYe*JU·*ó*E�I?GOE���`kP9EHN�I?EHSr��JUd?opj3SQEHN?SQV*JUSrEKJU]fnbXRP~�3��EHJr­,VbXYXO��EKJ!P=��GYJUIa{?Z\EKJ�EKGON�i|VbP9EHN#P9GYVb_aE�P9EKJ�`b_
­�PQEKd?EHJQe*EHJ9nkP��*V*JUe*EKebEKZ\EKNh�z��`�Z\EKG�e*EHSQop]?XOV*SQSUEKN?EH_>��EHN3PQGYX�I?EHJ[��JUd?opj�GON�I�EKJ[x.`b_s_sEKJyGYN,TWV*XYe*E
I?EHS�jbVbN3PQGYN3d?GOEKJQXOGYop]?EHN^�$d��fd�SQSQEHS=J9`bSUop]^`bN?S!P9EKGOebP~g�_[d�SQS�I?GOEKSUEKJ=­�op]f`bXOPQ�Kd?S!Pp`bN�I�I?EKS���`be*N?E�PQ�*EHN#P9GYXOS
�bEKJQ_sGYEHI?EKN´��EKJUI?EKNh��L=S¦e*GOXOP���GYEKXO_aEH]?JKg�If`bS¦­�¤�SUP9EH_ GYN�EKGYN�EKN��$d?SUP9`bN?I´�Hd�Z�JQGYN�e*EKNhg�GYN´I�EK_ëI?`bS
��EHN3PQGYXhebEKJ9`kI?E�SQV[��EKGRP�e*EK·k¨$N?E�P¦GYS!P~g,If`bSQS¦SUGYop]��$d,q=d?N?I´c�ZÃ�fd?SQS�I?EHS0�&`kSQEKS¦GONCEHPÑ�F`^I?GYE0t¶`*`ke*E
]f`kXOP9EHNh�h¥|JQE�P9EKN�SQop]�XYEKGOop]?EKN�I�XYEHGYop]#P9E�c�Z#�FEHGYop]3d?N?e*EHN�I?EHS&��JQd?opj3S&�*V*_ ­�V*XYXR�FEHJUP.`bd,T�ghSQV4SQVbXYXYEHN
I?GOEKSUE�I?d?JUop]¶X�`kN?e*S9`k_aE^x0V*JQJUEKj#P9d?J&I?EHJ���EKN#PQGYXYS!P9EHXYXYd�N?e4`bd?SUe*EKJUEKe*EHXOP&�FEHJQI?EHNh����d�JQop]¶e*EHEKGOe*N?EHPQE
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p = 1013, 25
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T = 273, 15
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t�`b]?X?I�EKJ�}0EHe*EKXOj3JQEKGOSQ�f`kJ9`b_sEHPQEKJ�GOSUP�EKS�_s·*e*XOGYop]hgkI?GYEHS=�KdsEKJQ�HGYEHXYEKN$�*c�XOXYEKJUI?GYN�e*S��KEHGYebP�I?`bS�­�¤�SUPQEK_
d?N�_aGRPQP9EHXYZf`kJ:Nf`bop][I?EH_ L�GON?SQop]?`bXOPQEKN[S!Pp`bJUjbE¦}�EKe*EHXYSUop]3��GON?e*d?N�e*EKNhg�I?GOE�SUGYop][GONMEKGON?EK_×0�SU�KGYXOXYGOEKJQEHN
I?EHS���JQd?opj3S�d?_-I?EHNC­�V*XYXR�FEHJUP�]?EHJQd?_ÿnkd?ó*EKJUNhg*EHJQSUP�Nf`kop]�_sEK]?JUEKJQEHNa­�P9d?N�I?EKNaGYSUP�I�EKJ�}0EHe*EKXOj3JQEKGOS
e*EHe*EKN�EHGYN?EHN��$d?SUP9`bN?I�jbV*N#�bEKJQebGYEKJ!P~g:GON�I?EK_ I?`bS���EKN#P9GOXmI?GOE[JQGOop]#P9GYebE^�.JUd?N?I?S!P9EHXYXYd�N?e´]f`kPKghd?N?I
I?EHJ&��JQd?opj���GOJQI�Z?GYS&`bd�T ±1

_[Z?`bJ.`bd�TFI?EK_>­,VbXYXO��EKJ!P&e*EK]f`kXOP9EHNh�:c�XOXYEHJQI?GON?e*S��HEKGYekP9E^SQGOop]hgþIf`bSQS
If`kS�i|VbP9EHN#P9GYVb_aE�P9EKJHg*If`bS�I?EHNC­�V*XYXR�FEHJUP=�*VbJQe*GOZ�P~g*EHGYN?EHNaebEH��GYSUSQEHNa¥|EK_s� EHJ9`kPQd?JQe*`bN?e&`bd�TW�Hd3��EKGOSQEHN
SUop]?EKGON3PK�h��`kI?d?JQop]��bEKJ9nkN?I?EKJ!P.SQGOop]�I?EKJ.­�V*XYXR�FEHJUP�GYN�c�Z?]fnbN?ebGYe*jkEKGOP0�*VbN�I?EKJy}0`bd?_�P9EK_s�\EKJ9`�P9d?JH�
øÑNsc�Z?Z�GYXYI�d?N?ey±?� ¡*¡ GYS!P�EHGYN^I?EHd�P9XOGYop]?EHJ=¥m`bebEKSQe*`bN?e&I?EKS���JQd�opj�S��KdsZ EHV*Zf`bop]#PQEKNhg3GYN^I?EHNC��nbop]#P9EKN

 2990

 2991

 2992

 2993

 2994

 2995

 2996

 2997

 2998

 1.15646e+09 1.15655e+09 1.15664e+09 1.15672e+09 1.15681e+09 1.1569e+09 1.15698e+09 1.15707e+09 1.15716e+09 1.15724e+09 1.15733e+09 1.15741e+09 1.1575e+09 1.15759e+09

p [mbar]

t  [1 Tag pro Skalenteil]
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��d�JQop]���GR¨$EHJQEHN?�KZ?GOXYI?d�N?e^EKJQ]?nbXOP�_a`bN4Z EHG:I?EKJ0c�d�SU��EKJUPQd?N?eaI?GYE.e*E���{?N?SQop]#PQEMøÑN�TWV*JU_�`�P9GYVbN�,?��GOE
��JUGOTåPQ�KEKGRP�JQEHX�`kPQGO�a�Kd?_ ¥|JQGOe*e*EHJQSQGOe*Nf`bX§�
��`kSC¥zJUGYe*ebEKJQSUGYe*N?`bX�SQEKXOZ?SUP���GYJQIì_aGRP�÷0GYXRTWE�EHGYN?EHS´��EHPQEKj#P9VbJQS´e*EHN?EKJUGYEKJ!P~g�I?EKJ�SQEK]�JCSQop]?N�EKXYX�`bd�T
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4,5 cm

9 cm

15 cm

Szintillator Lichtleiter Photomultiplier
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XOEKJr±�­,�KGON#P9GYXOX�`kPQV*JQEHNa��EKJUI?EKN�`bN���GYSQj3JUGY_sGYNf`kPQV*JQEHNCe*EHXYEKGRP9E�P~g�I?`bNf`bop]4�FEHJQI?EHN�I?GOE&­,GYebNf`bXYE�I?EKJmöUE
���FEHG|�Hd�EHGYN?EHJ�L=Z\EKN?E&e*EH]?·*JQEHN?I?EHN�­,�HGYN#P9GOXYX�`�P9V*JUEKNC_sGOP¦EHGYN?EH_ XYV*ebGYSQop]�EKN � V�I?EKJ � �bEKJQj3N3{?��TåPK�$��GYE
c�d?SQe#nkN?e*E[TW{?]?JUEKN��Kd�EKGON?EKJ í qAT6`bop]�q�x�VbGYN?�HGYI?EHN?�KSUop]f`bXOPQd?N?e�ªå�,ebX��$c�Z?Z?GOXYI?d?N�e´±?� ¡ �#«��$��GYE�Z\EKGOI?EKN
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��¤bV*N?I?d�JQop]?e#`kN?e��Hd��bEKJUXYGYEHJQEHNh�þ­,V*XY`bN?e*EMI?EKJyc�d�TWZf`bd�jbEHGYN?EH_���EHd�P9JUV*N?EHN�Z\EKSUop]3d?SQS^`bd�SQe*EHSQEHPQ�HP
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SUGYN?Ih��DFEKG$EKGYN�EK_ýx�V*GON?�KGOI?EKN?�H�KEHGOPQTWEHN?SUPQEKJr�bV*N ¡ ò*ò N?S¦S!P9GYEHe�I?GYE�x�V*GON?�KGOI?EKN?�HJ9`kPQE�If`bZ\EKG EHPÑ�F`sd�_EHGYN?EHN4l\`kj3PQV*J ¡�® `kNhg�Ih�ñ]h���bEKJ!�FEHN?I?EHPQEM_a`bNCI?GOEKSUEKS�¥zJUGYe*ebEKJQS!¤�SUP9EH_ëZ\EKG:�0EKd�PQJQV*N�EKN3d?N#P9EHJQe*JUd?N?Ihg
SUV���{?JQI�EKN;lfEK]?XRP9JUGYe*e*EHJyEKGON?EKN¶c�N#P9EKGOX��bV*N�EHPÑ�F`�E�PÑ�r`�ï*� I `kXYXYEHJ&`bd�TWe*EH�KEKGOop]?N?E�P9EKN;L=JUEKGYebN?GYSUSQE
`bd�SQ_a`bop]?EKN$g�N3d?J�GY_ }0EHSUP�I?EKJ�l�nbXOXYErXYnbe*ErP9`kP9SQnbop]?XYGOop]aEHGYN���¤*VbN?I?d?JUop]?e#`bN?e��*V*JH�Ã�0N#P9EKJ�I?EHJ�c�N,q
Nf`k]?_aEkgfIf`bSUS�I?GOEM�0EKd�PQJQV*N?EHN?SQGOe*Nf`bXOE�GON�I�EKN�EHGYN?�HEKXYN�EKN�­��KGYN#PQGYXYXY`kP9VbJQEKN´�HEKGRP9XYGOop]�N�GYop]#P�jkV*JQJUEKXOGYEKJ!P
`bd,TåP9JQE�P9EHNhg�SUV*XYXRP9E�EHGYN?E���EKJQj3{?JU�Kd?N�esI�EKS0�$EKGRPQTWEHN?SUPQEKJQSFI?GYE�t�`b]?JUSQop]?EHGYN?XOGYop]?jkEKGRPrTW{?JF�Hd�T6nbXOXYGYebE�x0Vkq
GON?�KGOI?EKN?�HEKNaI?d?JQop]��0N#P9EKJUe*JQd�N?I�P9JUEH¨ EKJr��JQV*�\V*JUPQGYV*N?`bXf�Kd?JFlfEKN?S!P9EKJUX�nbN�e*E0�bEKJUJQGYN�e*EKJUNh�,¥z`kPQS9nbop]?XOGYop]
��d?JUI?E.`bZ\EKJrZ\EKVbZf`bop]#P9E�P~gfIf`bSUS¦Z EHGhEKGON?EKJ���EKJQj3{?JU�Kd?N�ea`kd�T ¢ N?S¦I?GYE�x�V*GON?�KGOI?EKN?�HJ9`kPQE�e*EHe*EKN3{?Z\EKJ
I?EH_ l�`bXYX V*]?N?E&DFEHSUPQJ9`b]?XOd?N?e^N?V�op]�GO_a_sEKJFNf`b]?EH�Kd�d?_ EKGON?EKN�l�`bj#P9V*J ¡ ò `kN?SUPQGYEKe����GOE�c�N?Nf`b]?_sEbg�I?GOE���EHd�P9JUV*N?EHN3PQJQE�¨$EHJ¦GYNCI?EHN�­,�KGON#P9GYXOX�`kPQV*JQEHNaSUEKGOEKNC�HEKGOPQXYGOop]�N?GOop]3PrjbV*JUJQEKXOGYEHJUP~g�GYS!P



±?� ® ��DFXYEHG�`bZ�SQV*JUZ EHJ¦�Kd?J0L=N?EKJUe*GYEHI?GYSUj3JQGY_sGYN?`kP9GOV*N�jkV*SQ_sGYSUop]?EKJ���¤bV*N?EKN ± ¡

If`k_aGRPrEKGON?I?EHd�P9GOeM��GYI?EHJQXOEKebPK����GOEKSUEyDFEKVbZf`bop]#P9d?N�esS!P9EHXYXOPFXYE�P9�HPQXYGOop]�EKGON?E���EKGRP9EKJUE.L��,GOI?EKN���TW{?JFI?GOE
GONìx.`b�?GRP9EHX¦±?� ¡ � í JQEKjkV*N?S!P9JQd�GYEKJ!P9EHNùxyEKJQN�JQE~`kj3PQGYV*N�EKNìI?`bJK��tõnb]�JQEKN�I�öUEKI?E�}�E~`bj#P9GOV*Nµ�H��GYSUop]?EKNt�`bSQSUEKJUSUP9Vk¨ d?N?IùD�V*J�S!P9EHPQSCN3d?J�EHGYNüEHGYN?�HEKXON?EKS���EKd,P9JQVbNüTWJQEKGOSQE�P9�HPKg���V*_sGOPaIf`bSaNf`b]?EH�Kdù�KEHGOP!q
e*XOEKGOop]?E^c�d�TåPQJQEHPQEKN��H��EKGYEHJ[�0EKd�PQJQV*N?EHN�N3d?J&GYN�SQEH]?JMSUEKXRP9EKN�EKN¶lmnbXYXOEKN��Kd�Z EHV*Zf`bop]#PQEKN¶GOSUP~g:SUEHPQ�HP
Z\EKGOSQ�?GOEKXYS!�FEHGYSUE&I�GYE.}�E~`bj#P9GOV*N

11
5 B + 197

79 Au −→ 204
84 Po + 4 n

±s��EHd�P9JUV*N?EHN��HEKGOPQe*XYEHGYop]CTWJUEKG��,¥zJUGO¨\P¦EKGON?EKS¦I?`u�bV*N�EKGYN�EKN4V*Z\EKJQEHN4d?N?I4EKGON?EKS�EKGON?EKN´d�N3PQEKJUEKN�­��KGYN�q
PQGYXYXY`kP9VbJKghGOSUP[EHGYN¶�HEKGRP9e*XOEKGYop]�EKSMc�N?SQ��JQEKop]�EKN;Z EHGYI?EHJ��hnb]�XYEKJ&�Kd�EHJU�F`bJUPQEKNh�zøÑN�I?GYEHSQEH_ûl�`bXOX���GYJQI$g
d?N?`bZ?]fnbN�e*GYe��*VbN�I?EHJF�|nkN?e*E.I?EKS��$EHGOPQTWEHN?SUPQEKJUSKgfSUPQEHPQS�EHGYN4¥zJUGYe*ebEKJ�`bd?SUe*EKXO·*SUPK�
lm{�Jy��EHSQSQd�N?e*EKN�Z\EKGm��EKd,P9JQVbN?EKN3d?N#P9EHJQe*JUd?N?I�_[d?SUS�EHGYN�_sV,I�GEDf�HGYEKJ!P9EHJ0c�d�TWZf`bd��*EKJ!�FEHN?I?E�P&��EKJ�q
I?EHNhg\d?_¯I?GYEM�h`b]?X:T6`bXOSQop]?EHJ�¥|JQGOe*e*EKJUEKJUEKGYebN?GYSUSQE&GYN��.JUEKN?�HEKN��Hd�]f`bXRP9EKN$�$�$d�I?GYEHSQEH_�� �FEHopj���GOJQI
EHGYN?E�I?JQGRPQPQE��þ`bebEF­��KGYN#PQGYXYXY`kP9VbJQEKNy{�Z EHJzI?EHJmx.`b_s_sEKJ:�\V*SQGRP9GYVbN?GYEHJUP:d?N�IMEKGON?E���JQEHGOT6`bop],qÑx�V*GON?�KGOI?EKN��
����GYSQop]�EKNa`bXYXOEKN[I?JUEKG��|`ke*EKN��Hd?_ c�d?SQXO·*SQEHN�EKGYN�EKS=¥|JQGYebe*EKJUSQGYebNf`bXYS|e*E�TWV*JQI?EHJUPK�*L=op]#P9E0��¤bV*N?SQGOe*Nf`bXOE
e*EH]?EKN´I?`bI?d?JUop]CN?GYop]#P��*EKJUXYV*JUEKNhg3If`&I?GYE0V*Z\EKJUEy­,�HGYN#P9GOXYX�`�P9V*JUX�`be*E�I?EKopj3d?N�e*SQe*XOEKGOop]´_aGRP�I?EKJ�_aGRPQP9XOE�q
JUEKN�GYSUP�d�N?I4EKGYN���¤bV*NhgfIf`kS0I�GYE�Z\EKGOI?EKN�`bN?I�EKJQEHNæ�þ`bebEKN4I?d?JUop]?w3d?EKJ!P~g��H�F`bN?e*SUX�nbdÃDfe�`kd?op]�I�GYEKSUE
PQJQEH¨ EKN4_[d�SQSK����`be*EHe*EKNC��GOJQI´I?GOE�t�`b]?JUSQop]?EHGYN?XOGYop]?jkEKGOPFTW{?JF�Hd�T6nbXYXOGYe*E0x0V*GYN?�HGYI?EHN?�KEHN´I?EKd,P9XYGOop]CJQE¼q
I?d��KGYEHJUPKg�I?`&]?GOEKJ!TW{?J�N�d�N�I?JUEKG\��EHd�P9JUV*N?EKNa�KEHGOP9ebXYEKGOop]aI�GYE�I?JQEHG%�þ`be*EKNsP9JUEH¨ EKN�_M{?SQSUEKNh�3c�d�op]CI?GYEHS
jkV*_a_�P|�bV*JKgUöUEHI?V�op]MSUPQEKGOebPþI?GYE�x0V*GYN?�HGYI?EHN?�KJQ`kP9E�Z\EKG3�0EKd�PQJQV*N?EHN3Z EHSQop]3d?SQS=N3d?N�XYEHI?GYe*XOGYop]�d�_ EKGYN�EKN
l�`bj#P9VbJ��*VbN´EHPÑ�F` ¡ g³��`bNh�?��GYEKS�TW{?]?JUPF�Kd´jkEKGYN�EKJr{?Z\EKJU_�nkó*GYe*EHNC�$d�Nf`b]?_sE�I?EHJ¦��`kPQEKN?SQ`kP9�He*JQ·bó*EKN
_sEK]?JHg:�FV*_sGOP.EHGYN�e*EKEHGYe*N�EHP9EHSM¥|JQGOe*e*EKJUSU¤�SUPQEK_ TW{?JM��EHSQSQd�N?e*EKN�_sGOPy��EKd,P9JQVbN?EKN3d?N#P9EHJQe*JUd?N?I�e*E¼q
TWd?N�I?EKN�GYSUPK�
DFE��*V*J¦EHGYNC¥|JQGOe*e*EHJQSQGOe*Nf`bX\I?EH_¯'¦­?�´q!��V�I?d?Xh�Hd?e*E�TW{?]?JUPF�FEHJQI?EHN�If`kJUT�g�_[d?SQSFSQGYop]�EKJQebEKSUPQEKXOXOP¦SUEKGYN$g
If`kSQS�I?GYEr��`kP9EHN^I?EKS��bV*J9`bN�e*EK]?EHN?I?EHN�L=JQEHGYe*N�GYSQSUEKS=Z\EKJUEKGOPQSm�*VbXYXYS!PpnbN�I?GYey`kN�I?EKN^c�d�SQXYEHSQEHoKV*_s�?d�PQEKJ
{?Z\EKJU_aGRPQPQEKXOP���d?JQI�EKNh�z�$d�I?GYEHSQEH_�� ��EKopj���GYJUI�EKGYN�E[��EHP9V�q!­,op]f`kXOP9d�N?e´EKGON?e*EKSUEHPQ�HP�,þ��`bop]CöUEKI?EH_
¥|JQGOe*e*EKJUSQGOe*Nf`bX\SQ�\EKJUJUP¦I?GOEKSUEyI?GYE0t�EHGOP9EHJQXOEKGOPQd?N?e&�*V*N´��EKGOPQEKJUEKN�­,GYebNf`bXYEHNh��L=JQSUP�I�d?JQop]4EKGON´lfJQEHGYe#`�q
Z\EKSUGYe*Nf`kX�I?EKS.c�d?SQXOEKSQEHJQEHop]?N?EKJUSKgzIf`bS.`bd�PQV*_a`kP9GOSQop]�Nf`bop]�DFEHEKN?I?GOe*d?N?e�I?EHJ.��`kP9EHN3{?Z EHJQ_sGOPUP9XYd�N?e
e*EHSQEHN?I?EHP���GYJUIhg���GYJUI4I?GYEHSQE�­,�\EKJQJUEy��GYEKI�EKJ0`bd�TWe*EH]?V*Z\EKNh�
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��GOE[TW{?JyI?EHN���EHJQSUd?op]��bEKJ!�FEHN?I?EHPQEKN;�4¤*V*N?EHN�EHN#P9SUP9`b_s_aEHN�I�EKJyjbVbSQ_sGYSQop]�EKN�÷�·*]?EHN?SUPQJ9`b]�XYd?N?e��
��GOEC`b_õ0�Z EHJQJQ`bN?I¶I?EHJMcrPQ_aV*SU�?]fnbJUE�EHGYN#P9JUEH¨ EKN?I?E´jkV*SQ_sGYSUop]?E4­�PQJ9`b]�XYd?N?e�Z EHSUPQEK]#P��Kd�_ {?Z\EKJ�q
��GOEKe*EHN?I?EKN4¥|EKGOXh`bd?Sri�JUVbP9VbN?EKNhg,I?GYE�Z EHG$I?EHJFt�EKop]?SUEKXO��GOJQj3d?N?e^_sGOP�I?EKN��.`bSQ`kP9V*_sEKN�I?EKJrcrPQ_aV�q
SU�?]fnbJUEy]f`bI?JUV*N?GYSUop]?E.­,op]?`bd?EKJ¦]�EKJU�bV*JQJUd�TWEKN$����V*Jr`kXYXYEH_ÿI?GYE�If`bZ\EKG\EKN#P9S!P9EK]�EKN?I?EHN�i=GYVbN?EKNCSUEHPQ�KEKN
Z\EKG.GY]�JQEK_ �$EKJUT6`kXYXy�4¤*V*N?EHNôTWJQEHG�grI�GYE�e*JQ·bóbP9EHN3PQEKGOXYSCI?GOE�crP9_sV*SQ�?]?nbJQE�I?d?JUop]?I?JUGYN?e*EHNôd?N�I I?GOE
L=JQI�V*Z EHJW��nkop]?EMEHJQJQEHGYop]?EHNh��c�d?op]�Z\EKGY_ �$EKJUT6`kXYX �bV*N�x�q���EKSUV*N?EKN�d?N?I�Dr`bJ!¤*V*N?EHN�jk·*N?N?EHN�GYN4I?EHJ
crPQ_aV*SU�?]fnbJUE���¤bV*N?EKNsEKN#PQSUP9EH]?EKN@K í*í £ �*��`kS=øÑ_a�?d�XYSQSU� EHj#P9JQd�_ I?EHJ=`bd�T$��EHEKJUEKSQ]�·*]?E0`bN?jkV*_a_sEKN�q
I?EHN4��¤bV*N?EKN�GYSUP�GONac�Z?Z?GYXOI?d?N?e&±?� ¡ ±&If`bJQebEKSUPQEKXOXOP~�3lz{?J�I?EKN���EHJQSUd?op]CZ?JQ`bd?op]3Zf`bJ�SQGYN�IaN3d?J�SQV*XOop]?E
��¤bV*N?EHNhg?I?GOE�I?EHNCc�d�TWZ?`bd´_a·be*XYGOop]?SUP�e*EHJ9`bI?XOGYN?GOe.I?d?JQop]�w�d�EKJQEHNhg�`bXOSQV[`kd�T:GY]�JQEK_ÿt�EKe[I�d?JQop]´I?GOE
x.`b_s_aEHJ=d?N?IaI?GYE�{?Z?JUGYe*EHN���EHP9EHj#P9V*JUjbV*_s� VbN?EKN#P9EHNCjbEHGYN?E�L=GYN�T6`kop],qzV,I?EHJ�e#`bJ=��GOEKXOT6`kop]?SUPQJQEKd�d?N?e
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EHJQXYEHGYI?EHNh�:lm{�Jy]?GYN?JUEKGOop]?EKN?I�]?V�op]?EKN�EKJQebEHP9GOSQop]?E���¤bV*N?EKN�GYS!P.I?GYEHS&GON�`bXYXOEKJ�}�EKebEKX=e*E��rnb]�JQXYEHGYS!P9EHPKg
d?N#PQEKJQ]?`bXYZ^EKGON?EKJ=ebEH��GYSUSQEHN�L=N?EHJQe*GOE0GOSUP=EHGYN?E�­�PQJQEHd?d?N?e&If`be*EHe*EKN^SUEK]?J=�F`b]?JQSUop]?EKGON?XYGOop]�ªå��e*X��*I?`b�Kd
x.`b�?GRP9EHX*²�� ¡ SQVu��GYE�c�N�]f`bN?e�cM� ® «¼����`b]?EHJ|_Md?SQSþEKGON?E�L=N?EKJUe*GYEHI?GYSUj3JQGY_sGYN?`kP9GOV*N��bV*JQe*EHN?V*_s_aEHNy�FEHJ!q
I?EHNhg#Ih�ñ]h�3N?GYEHI?EKJUEKN?EHJQe*E�P9GOSQop]?E���¤*VbN?EKNhg�I?GOE¦I?d?JQop]aI?GYE�x.`b_s_sEKJ=X�`kd�TWEKNhgbI?{?JUTWEHNajkEKGON?EKNa¥zJUGYe*e*EHJ
`bd�SQXY·bSQEKN$�h��`b]�EKJyjbVb_a_MP�EKGYN ® oH_	I?GOopjbEHJ�D�XYEKGY`bZ?SUV*JQZ\EKJ��Kd?_	L�GON?S9`�P9�bg$I?EKJySUGYop]�I?GOJQEKj#P.V*Z\EKJ�q
]f`kXYZCI?EHJ¦d?N#P9EHJQEKN�­,�HGYN#P9GOXYX�`�P9V*JUEKZ\EKN?E0Z EUDfN?I?E�P~�f��EKJ¦I?GR¨$EHJQEKN#PQGYEKXOXYE�L�N�EKJQebGYEH�bEKJUXYd?S!P¦�*V*N���¤bV*N?EKN
GON�D�XYEKG:XOGYEHebP¦TW{?J�øÑ_a��d?XYSUE&����GYSUop]?EKN ò g ¡ d?N?I ¡ ò �yEA�(ú�o�GO_ DFEKJUEKGOop]��*VbN�EHPÑ�F`

1, 0 − 1, 6 ûªüþýÿ��� 2K í ± £ ��lfV*XYe*XOGYop]�jk·*N?N?EHNüN3d?JC�4¤*V*N?EHNhg�I?GYE4Z\EKG0��d?JUop]?w3d?EKJUd?N?e�I?EHJ�x.`b_s_aEHJ�N?V�op]ìj3GYN?E�P9GOSQop]?EL=N?EHJQe*GOEKN��*V*N�_aEH]?J&`bXYS.EHPÑ�F` ¡ ò*ò ��EA� `bd,Tå�FEHGYSQEHNhgþI?EKN�c�Z?SUV*JQZ\EKJ&I?d?JUop]?I?JUGYN?e*EHNhg|SQV*_sGOP.I?GOE
d?N#PQEKJQE�­,�KGON#P9GYXOX�`kPQV*JQEHZ EHN?E¦EKJUJQEHGYop]?EHN´d?N?ICEHGYN?E�x�V*GON?�KGOI?EKN���`bd�SQXY·bSQEKN$��t�EKJUI?EKNCI�GYE���¤*V*N�EKN´EKJUSUP
Z\EKG:��d?JQop]?w3d?EHJQd?N�e�I?EHS�D�XYEKGY`bZ?SUV*JQZ\EKJUSrN?GYEHI?EKJUEKN?EHJQe*E�P9GOSQop]hgfSUVsGOSUP¦I�GYEKS¦d�N?�?JQVbZ?XYEH_�`kPQGYSUop]h�f� �F`bJ
j�`bN?NMIf`bN?N[GO_�DFEKJUEKGOop][I?EKSmd?N#P9EKJUEKNs­,�HGYN#P9GOXYXY`kP9V*JUSh��GOEKXOT6`kop]?SUPQJQEKd�d?N?ey`bd,TåP9JQE�P9EHNhgbI?V�op][If`�I?GYEHSQEKJHg
GO_ú�.EHe*EKN?SQ`kP9���KdCI?EHN4x�V*_s�\V*N?EKN#PQEKNCV*Z\EKJU]f`bXOZCI?EKSFc�Z?SUV*JQZ\EKJUSKg�jkEKGON?E(0�JUPQS9`bd�TUXY·bSQd?N?e�Z EHSQGRP9�HPKg
Z\EKEHGYN��fd�SQSUP0I?GOEKS�I?GOE&��EKSUSQd?N?eaN?GYop]#P0N?EHe#`kP9GR�\�
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��oys�vAs�q�u dfxzia]�uws �_qps�g t6xzs dE
dx

Ý ��s<û
Á v

Þ
σ
ÝÏv��\Z"g q�Þ

N̄n N̄
n, 40 §�£xymjv�ehu z � ~>3 ti�v

3 55
��s<û � �5� 3 4 {>�Gý { � ~@~ � � ý@z

54 MeV � �<�@� { ü�ý 4 { � ~>� � � ý ÿ
53 MeV � �<� ~�� � ü � ~ { �5� 3 � � ý@~
52 MeV �

} gWZ"q ü ÿh� z?3 ti�v
3 55

��s<û ü � {@3 �
��s3x���oys�x�epqpr } gWZ"qSn8epg rps�qN� ù g�rhxzs���xyv�epoCZ�uwxy|6q®v x%u�è�ê�ë?ì�í rpxzs u mj|"uj|6¤�s 208Pb

�p�3nc� 238U
]ps3g��

Z"qht6s��3|6t6s�q��
~.epq¡t6xzo%u�s�m3�*s�xyqps0û�|6gO]ps�g m>Z"t6sK�3e¡ujgjsH:�s3q��Xn8xzsS�?xys�ozsS~�s�e�uwgj|"qps�q©s�xyq©vAxyuIs�xyqps�g®�_qps3gjt6xys¢�6|6q
55

�Ms<ûÐs�xyqpoúZ�eh�>s�qprhs�g 11B
�k�Fs�gjq�xzvÑ��xyu uws3oV]ps3g �6|"gjgje��­u¦�*d�xzsN�_qps3gjt6xys¢rps3m��cs3gjqhm�qpxzvAvIuYv x%u

�3epqpsI]hv s3qprps�g8�_xyqprpgjxyqpt"ujxzs3�>s ë |"q	ujxzq	epxys�gjoyxzia]�Z����hs3q	ujmj¤pg s�ia]ps3qpr��"s�g gjxzqht6s�g�u,mjxyia]Nrps�g��£xyg ë epqpt"m��B	eps3gjmjia]hqpxyu u�� ù g+�Fs�g qpgjsIZ ë uwxz|"qps�q xzvAv s3gXn�s3xyujs�g��	�pxym�mjia]poyxzs_t"ozxzia]®rpxys ² |6epoz|"v��p�\Z"g gjxys�gjs��Fs3gjqpg s1�
Z ë ujxz|6qps3q¢epqhvCr6t"ozxzia]®v�Z"ia]�u¦��dfxzs3mjs3gPû�|6g tkZ"qpt ë Z"qpqSxyq¢rpxym ë gjs1uws�qS��qhs�gjt"xzs�m ia]pgjx%ujujs�q¢�"|6q

1
��s<û

Z"¤h¤pgj|�«�xzv�Z�uwx%�À�)s�m ia]pgjxys��)s�qUn�s�g rps�q���dhZ"mL/�g |6t6gWZ"v v è,ê�ë@ì�í¡s�gjoCZ"ep�huL��xyv�epoCZ�uwxy|6qps�q¡q	epg®� ù gtkZ�qp���IZG]pozxyt6s��_qps3gjt6xys�q 1 xzq���s<ûa61��xyqpmj|"�>s3gjq{xym uFrpxys�m�rhxzsI�>s3xzqpm�uws"���6s�g�� ù t6�\Z�gjs�kf�hm uwe��>epqptp�x��xyqpr
s3q	ujmj¤pg s�ia]ps3qprpsÀ�?xzv�epoCZ�uwxy|6qpm gjs�ia]hq?ehqpt6s�q�rpepg ia]pt6s1� ù ]pg u���m |¨�)s�g s�ia]pqhs3u�v�Z"q£q	epq y s1n�s3xzoym�rpxys�?ujgjs3i ë s"��q\Z"ia]Nrps3g�rps3g���|"g��]�Fs3gjq¢s3xzq¢n�s�x%uws3gjs�m���s<û Z"q¢�_qps�g t6xzs.�6s�g oz|6g s�q0]:Z�u¦����s�m�uwxyv vIu}v�Z"q
1 Z"q:]\Z"qhr��6|6qÀdfxzia]�uws¢epqprlk�uw|"v v�Z"mjm si6cr\Z"q\Z"ia]�rpxzs¢¿XoÒÂ"ia]hs�qprpxyia]�uws¢rhs�g�k��pmj|6g ��s3g>Z�uj|6vAs xyq��
qps3gW]\Z�oz�Arpxzs3mjs�g��?ujgjs�i ë s�epqpr v�epo%uwxz¤hozxz�3xzs3g uWrpxzs3mjsfvAxyu*rps�vÓ�£xzg ë epqpt6mlB?ehs�gjm ia]pqpx%uju�ehqpr¢rps3g � ZG]ho
N̄n

rhs�g}¤pgj|��cs3gjqpg s�Z ë ujxz|6q xzvÔ��x%ujuws3op�>gjs3x)n�s�g rps�qprhs�qK~�s3ehuwg |6qps3q���m |�s�gO]�Â"o%u�v�Z"qArpxzs.t6s3mjepia]�uws�Fgsr@t"s ù
�qZ�ujs�gjxCZ"o ��qhs�gjt"xzs��)s�g s�xyia]ÑÝ���s<û�Þ q y s 11B

�]�Fs�g q qMxzqV4 ��§ �]�Fs�t"s�o y s 11B
�k�Fs�gjq�F|6oyr 3@3 � 3 4 5, 2 · 10−6 7, 4 · 10−7

3 4�� 3sý 4, 1 · 10−6 5, 7 · 10−7

3Gý � 3>{ 3, 0 · 10−6 4, 2 · 10−7

3@{ � 3
ü 1, 9 · 10−6 2, 6 · 10−7

3|ü � 3�� 0, 8 · 10−6 1, 1 · 10−7Õ�ÖW×À×�Ø
15, 0 · 10−6 21, 0 · 10−7��ozs�x 3@3 � 3 4 3, 3 · 10−6 4, 7 · 10−7

3 4�� 3�Ù 2, 3 · 10−6 3, 2 · 10−7

3"Ù � 3>{ 1, 3 · 10−6 1, 9 · 10−7

3@{ � 3?Ú 0, 4 · 10−6 0, 6 · 10−7Õ�ÖW×À×�Ø
7, 3 · 10−6 10, 4 · 10−7�£xymjv�e�u 3@3 � 3 4 2, 4 · 10−6 3, 4 · 10−7

3 4�� 3�Ù 1, 5 · 10−6 2, 2 · 10−7

3"Ù � 3>{ 0, 7 · 10−6 1, 0 · 10−7Õ�ÖW×À×�Ø
4, 6 · 10−6 6, 6 · 10−7

} g>Z"q 3@3 � 3 4 � �Õ�ÖW×À×�Ø � �
dfs3g;�?xzv�epoCZ�uwxy|6q�xyqYk��pmjia]pqhxyujuWkI� Ù � Ú �3eh�>|6ozt"s}s3gj�3s�ept"uWs�xyqYrhepgjia]�s3xzqps

5 Á vÛrhxzi ë s���|6o 	?��r�Â�qh�>|6ozxys
rpg xzqpt"s�qprps3g 11B

�k�cs3gjq�vAxyuWs�xyqps�g_k�qh�jZ"qpt6m s�qps3gjt6xys��6|"q
60

��sÝÜ�xzvÎ��x%ujujs�ohqpÂG]ps�g epqpt6m�n�s3xzm s
2, 6 ·



kY� Ù �+��xyv�epoCZ�uwxy|6qpmjm�uweprhxzs�q���epg&~.s�ehujgj|6qhs�qp¤pg |�rhe ë uwxz|"qbxyq��6s3gjmjia]hxzs�rhs�qps3q�p3Z�gjt6s1uwv�Z�uws3gjxúZ�ozxzs3q Úi{�Ú

10−5 ~.s�ehujgj|6qps3q��.rpxzs{xyqÄs3xzqps3q'4 �6§ �]�Fs3t6s�o�ehv rpxzsû�?ujg>ZG]hoúZ"ia]pm s�s3v x%ujujxzs�g�uSn�s�gjrhs�q��8uwg xyujuKs3g
r\Z�t6s�t6s3q�v x%uAs�xzqhs�g �"s�g �pozs3xz�)s�qprps3q£�_qps�g t6xzsM�6|6q�s1uµn Z

55
�MsÝÜ[xzqUs�xzqhs�q��?ujg>ZG]hozm uj|6¤p¤)s�g}Z"epm

Þ |6ozrcs3xzq��'mj|.s�q�ujm uwsY]ps�q�rhxzs�m s�g���xzvIepoúZ�ujxz|6qf��eh�>|6oyt6s�q	epg:n�s�x%uws3gjs
2, 1·10−6 ~.s�ehujgj|6qps3q�� � n8xzm ia]ps�q

�)s�xyrps�q � ZG]pozs3q®ozxzs3t"u	Z"oymj|cxzq®t6ehujs�g�~fÂG]hs�gjehqptYs3xzqps Þ gsr@t"s�qp|6g rpq	epqptp�	xyq ß.��s3gjs3xzqpm�uwxzvAv�epqhtbvAxyu
rps3q��_gjt"s��pqpxymjm s�q�rhs�g Þ Z"v v�Z"m ¤�s ë ujgj|6m ë |6¤hxzs"�
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µ·¶µà ¾ å CSR:RXO º GIHKJ E RXC º®E @1GIH @�H á » `¬\pá âIGIH ºfD B B O�RXH B @ Eªã
ß GI^SR ã�D abO8H

¿XähgFt6gj|@t"s"�2Z"ehmF�3n�s�x���epo%uwxzoCZ"t6s3q���s3m ujsI]ps3qprpsN��d�p���å5Z"vAv s3gjq��)n8xzs®mjxys�xzvÉk�p��«kFæ	�µ�;«�¤)s�g x%�
vAs�q�u:s�xyqpt6s�m s3uj�3u:n�s3gjrps3q���m�uwsY]ps�q®æ?¤pepgjg s ë |6qpm ujgje ë ujxz|6qpmWZ"ozt"|6gjx%u>]pvAs�qb��epg&Ü�s�g��>äpt6epqhtp� w xys�g&m ujs�ozo%u
m xzia]�r:Z"t6s�t"s�q�r:Z"m�/_g |6�pozs3v��«vAxyu w xzo%�>s�s�xzqhs�g ë ozs�xyqps�q��lZ�epmYq	epgbrpg s�x}�.|G]pgjoCZ"t6s�q��)s�m ujsI]ps3qprps3q
å5Z"vAv s3g��
	6|6qhmj¤pepg s�q���e�gjs ë |6qpm�uwgjehxzs�g s�q���dfs�g���e�rpxys�m s�vÃç�n�s3i ë s�g m ujs�ozo%uwsbkfoyt6|6gjx%u>]pvIepm8mj|6oyo
xyvÔ��s�x%uws�g s�qK�6|6g t6s�m�uws3ozoyu,n�s�g rps�q��
��s3x4s�xzqhs�g�å�Z�v vAs�g�vAxyu�rpg s�x ��Z�t6s�q}Z"epm y s.rpg s�x��.|F]hgjs�q xzm�u�rps3g��8s�t6s3oy�jZ"oyoprps3g��?r\Z"mjm�s�xyq¢rpepg ia]��
oCZ"eh�>s�qhrps�mX�
	6|"q�rpgjs3xh�8|F]pg s�rhepgjia])B	eps3g u_ehqpr�xzqbrpxys�mjs3q�s�xyq�æ�xyt6q\Z"ok]hxzq�uws3gjoÒÂ�mjm u��ApWg x :)uWs3xzq��
	6|6q
rps3q��uZ�qpr{rps�gcå5Z"vAvAs�g��4|?rps�g��6s�g oÒÂ"e��­uFmjs3xzqps®æ?¤pepg�s\«:Z ë ucvAxyu uwxyt �1n8xzmjia]hs�q��3n�s�x*�)s�q\Z�ia]?�:Z"g��
ujs�q��8|F]pgjs3q���m |Nr\Z"m mFs�mFq	epg�rpxys��8|F]pg nVZ"qprhepqpt6s3q�rhepgjia])B	eps3g u��(Z"��s3g�qpxyia]	u�r\Z"m�s3v ¤�¬pqprpozxyia]ps
Þ Z"m �"|6ozehv s3q�� ë Z"qpqKs�m8�6|"g ë |"v vAs�q��hr\Z"mjm.q	epg8s�xyqM|?rps3g,�3n�s�x:�.|G]pgjs�Z"qpm ¤pgjs3ia]ps�q��
k�qprps�g s�g mjs�x%uwm ë Z"qhqSs�m��)s�x�æ�¤pehgjs�q��prpxzs�]pxyqpgjs3xzia]ps3qprNm u>Z"g ë t6s3t6s�qNr\Z�m*�«|"u"Z�eh�&rpxzs��8|F]pgjs3��s3qps�q
t6s3qps�xyt"u,m xzqpr��:Z"epia]N�6|6g ë |6vAvAs�q��pr:Z"mjm�4p� 3 |?rps3g,tkZ"g,è®�8|F]pgjsFt"s3uwg |>:�s�qNn�s3gjrps3q��4dfxysFq\Z"ia]h�>|6oé�
t6s3qprps.æ ë xy����s,�3s�xyt"u�s�xyqpxzt6s�rps�g_s3��s3q®rpxzm ë e�uwxzs3g ujs�q �|r6t6oyxzia] ë s�x%uws�q�Z�eh���6rpxys8ç{ZG]po�rps�g_t6s1uwg |>:�s3qps�q
�8|F]pg sFxzm u8qhs��)s�q y s3rps�g�æ�¤hepg,�6s�g v s3g ë u¦�

3 126

�_xzq¥��g s�xyt6qpxzm v x%u¢q	epgNs3xzqps3v p:gjsH:�s3gNs�g oúZ"ep��u ë s3xzqps��8s ë |6qpm�uwgje ë ujxz|6q�s3xzqps3gKæ�¤pehg����)s�xf�3n�s�x
t6s1uwg |>:�s3qps�qI�.|G]pgjs3qv]pxzqht6s�t6s3qIxym u:s�xyqps��8s ë |6qpm�uwgje ë ujxz|6qvZ"q:]\Z"qhrIrps3g*��s3rpxzqpt"epqptp�'r\Z"m mXrpxys�æ?¤pepgplZ"qpt6s3q�uws5Z"qKrpxys���s3xzrps3qMdfgjx%�­u ë gjs3xzmjsfxzm u��pv9r6t6ozxyia]��
Z"ozoys�g rpxzqpt"m�xzm�u,rpxysa�&r6mjepqhtAqhxzia]�u8s�xyqprps�e�uwxzt ù



kY�54p��æ�¤pepg gjs ë |6qpm�uwg e ë uwxz|"q�xyq���d�p����Mê"|6q ë Z"vAv s3gjqMv x%u Ù �.|F]hgjoúZ�t6s�q Úi{"Ù

�_m�t"xz�huKm�uws3ujmM�?xys�g Þ s3g>Z"rhs�q��8rpxys�t"s�vAs�xzqhm>Z"vAs�p3Z�qpt6s�q�ujs�q¬�)s�xyrps�gMåFgjs3xzmjs�m xzqpr��8m |"�>s�g qÄrpxys
æ�ehv vAs{rps�gM��Z"rpxys�q�rps3gM�)s�xyrps�q�åFgjs3xzm s ë oys�xyqps�gNxym u-Z"oymNrps�gNk��pm u>Z"qpr�xC]pg s�gM��x%ujujs�oz¤hepq ë uws���«s3uj�3ujs�gjs���s3rpxzqpt"epqptcxzm�u�mjs�oy�pm u��>äpg_rhxzs8dfg xy�­u ë g s�xzm s8��s3q\Z"ia]	�\Z"g�uws�g}�8|F]pg suZ�eh�>t6gjehqpr®xC]pg s�g_qpxyia]	u��
�"s�gjm ia]�n8xzqprps3qprps3q��¥Z�qprpm uwÂ"g ë s�m ujs3uwmFs3g �>äpoyoyu����_g s�xzt"qpxzm mjs�vAxyu�q	epgF�3n�s�x;p:gjsH:�s3gjq�oúZ�mjmjs3q{r\ZG]ps3g
ë s�xzqhsYs3xzqprps3ehuwxyt6sbæ�¤pehgjgjs ë |6qhm uwg e ë uwxy|6q��3e��
�_gjm�uIn�s�qpq Ù �.|G]pgjs t6s3ujgj|>:�s�q�n8epgjrps3q��Xxym uYrpxzs æ�¤hepgjg s ë |"qpm ujgje ë uwxy|6qls�xyqprps3ehuwxytp�&s�mIm s�x}rps�qhq��
rpxysN��x%ujujs�oz¤hepq ë uwsSrhs�gIrhgjs�x�dfgjx%�­u ë gjs3xzm s¢ozxys�t6s3q¥Z"e��8s�xzqhs�g Þ s�gWZ"rps3q��*dhZ�qpqlxzm�u�rpxys Þ s�|6vAs3ujgjxys
�"|6ozo ë |6vAv s3q�m ê?vAv s1uwgjxymjia]���epgNÜ�s3gj�pxyqprpepqpt"mjt6s3g>Z"rps3qÄrhs�gKrpgjs3xcåFgjs�xymjvAxyu uws�oy¤pepq ë ujs"��nVZ"mMxzv
¿�|6oyt6s�qprhs�q*Z"ozm Z"ia]pmjs3qpm ê?vAv s1uwg xzmjia]hs�g.¿mZ"ozo���s3��s�xyia]pqps1u.n8xygjr��p�qZ"qKs�gO]�Â"o%u,r\Z"qpqM�3n�s�x«v9r6t6oyxzia]ps
æ�¤hepgjs3q 1 dfs3g�¿mZ"oyo��pr\Z�mjmuZ"ozoysbrhgjs�x:dfg xy�­ujg>Z"rpxys�qMt6ozs3xzia]�~�epoyo«mjxyqpr��4mjs3xl]pxys�g8�6s3gjq\Z"ia]hoÒÂ"m mjxzt�u\61�)dfxys
�)s�xyrps�qMvCr"t6ozxyia]ps�qK¿*Â�ozozs�mjs3xzs�q ë epgj�bm ë xy����xys�g�u ù

�«xzsvt6s�q¨mjxyia]KZ"oyozs Ù dfgjx%�­uwg>Z�rpxzs3q©|G]pqps�¿4sY]pozs3g®��s3m uwxyv vAs�q��*mj|�n�Â"g s�rhxzs��Mê6|"qpmj¤pehgSxzvëqhxzia]�u
m�ê�vAvAs3uwg xzm ia]ps�qN¿mZ"oyopmjsY]pg�s3xzqh�jZ�ia]¢��e9¬�qprps3q ù �pZ"q¢�pgjÂ"epia]�uws�q	epg��1n�s3x�rps3g�rhgjs�x�åFgjs3xzmjs�]ps3g>Z"epm��
�3ept6gjs3xy�>s3q{epqpr�Z"oyozsF�?xzs�gft6s�vAs�xyqpm>Z"vAs�p3Z"qht6s�q�uws3q{��e{�)s�m�uwxzvAvAs�q���dfs�gfrpgjx%ujuwsYdfg xy�­u ë g s�xzm.n�Â�gjs
r\Z�qpqªp3Z"qht6s�q�uws5Z�qNt6s�q\Z�eNs�xzqhs�rps�g���xys�g Þ s�gWZ"rps3qNepqprKozxys3�>s�g�uws.mj|6vAxyu�s�xyqNs�xzqhrps�ehujxzt6s3m�åFgjx%uws3gjx%�
epvM�pn�s�ozia]hsbrhs�g,�?xzs�g Þ s�gWZ"rps�qKrps3g8t6s�m epia]�uws�q{æ�¤pepg8s�q�ujmj¤pg xzia]�u¦�
u q{rps3ga/_g>ZW«�xymfxzm�u y s3rp|�ia] y s3rps���s3m ujxzvAv�epqpt s�xzqhs�mFdfg xy�­ujg>Z"rpxyepm.v x%ufs3xzqps3v�m�uaZ�ujxzm ujxzm ia]ps�q{¿�sY]��
oys�gb��sY]\Z��­uws1u¦�&mj|�r\Z"m mIs�mbq	epgIxyq�s3xzqps3gF�6s�g mjia]�n8xzqhrps�qpr ë ozs3xzqps3qlç{ZG]ho*�6|6ql¿XÂ"ozoys�q�s�xyqps s\«DZ ë uwsplZ"qpt6s3q�uwsvZ�qqZ"oyozs�rhgjs�x:åFgjs3xzm sbt"s��)s�qKn8xzgjr�� u q�Z"oyozs�q-Z�qprps�g s�q�¿*Â"ozoys�qKt6xyoyu,s3m��JZ"q:]\Z�qpr�rhs�g8rpgjs3x
�>sY]pozs3gj�)sI]\Z��­ujs3ujs�q���s3mjm n�s�g�uws��>äpg�rps�q�dfgjx%�­uwg>Z�rpxzepm.s�xyqps Þ s3g>Z"rpsY��e2¬pqprps�q���rps3gjs�q�Ü�s3gjoCZ"eh�_rps3g
g s�Z"oys�q��Mê6|6qhmj¤pepg.v9r6t6ozxyia]pm u�q\ZG]ps ë |"v vIu��
w xzs�g ��e���s3rpxzs3q	u�v�Z"q�m xzia]�rps�g

χ2 ����xyqpxzvAxzs3gjepqpth�p�_m�m s�x:xzv£Z�ozozt"s�vAs�xzqhs�qK¿mZ"ozo�v x%u
N

t6s1uwg |>:�s��
qps3qK�.|G]pgjs3q 1 N ≥ 3

6
ri

rps3g���Z"rpxyepm�rps3m
i
��uws3qNdfgjx%�­u ë gjs3xzm s�m�ehqpr

di

rps3g"Z"�pm |6oze�uws.kf�pm�uaZ"qprNrhs�m
åFgjs3xzm v x%ujuws3oz¤pehq ë uws�m��"|6qMrps�g8�)s3uwgWZ"ia]�uws1uws�q Þ s3g>Z"rhs�q��
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rd

dhZ�qpq�rhsv¬�qpxys�g�u8v}Z"q
χ2 =

N
∑

i=1

(di − ri)
2. 1 kI� Ù 6

ç�xys�o�xzm�u}s�m�q	epq���s3xzqps3q¢kfoyt6|6g xyu>]hv�epm_��eC¬�qprps3q���rhs�g�rhxzs Þ s3g>Z"rhs�vAxyu}vAxzqpxyv}Z"oys�v
χ2 �)s�m ujxzvAvIu¦�

dhZbs�xyqps�g mjs�x%uwm}s�xyqps�æ?¤pepgjg s ë |6qpm ujgje ë ujxz|6q¢�>ähg��_gjs3xzt6qhxzmjm s�vAxyu_n�s�qhxzt6s3gVZ"oym Ù t6s1uwgj|�:�s3qps�qN�8|F]pg s�q
qpxys�v�Z"ozmbs�xyqprps3ehuwxyt�mjs3xzqln8xzg r��6Z"qhrps�g s�gjm s�x%uwm�Z"�)s�g��_g s�xzt"qpxzm mjsSvAxyu�4{|�rhs�g�vAsI]pg�pWg sv:�s�gjq©q	epg
m s�oyujs�q�Z"eh�­uwg s3ujs�q��«n8xzg r�xyvÃ��s3xyujs�gjs3q�rps3g�¿mZ"oyo

N = 3
�)s3ujg>Z"ia]�ujs3u¦�W¿Xäpgbrpxys ��s�gjs3ia]pq	epqpt��"|6q

dfg s�x%�jZ"ia]pmjehv vAs�qKxzm�u8|F]pqpsY]pxzqMrpxys�mjs3g,rps�g8s3xzqp�3xzt®gjs3ozs3�sZ"q�ujs"�
u qÀrhs�gI�3eh�6|"gIrpsH¬�qpxzs3g ujs�qÒ«	�Ýê��µ���)s�qhs¢n�s3gjrps¢s�xzq�å�|?|6gjrhxzq\Z�ujs�qpm�ê?m uws3vÑm |�|6g xzs�q�ujxzs�g�u¦�«r\Z�mjm�rpxys
k��pmj�3xzmjm sfxyqpqps�gO]\Z"oy�¢s�xyqps�g��8|F]pgjoCZ"t6s,�6|"qSs�xyqps�vÔdfgWZG]�u���ehvÔqpÂ"ia]pm ujs�qSn�s�xym u�ehqprSrpxys ­ gjrhxzq\Z�ujs
xyqK�.xyia]	ujepqptArps�g8r\Z�gjäp�)s�g ozxzs3t6s�qhrps�qM�8|F]pgjoCZ"t6s��3s�xyt"u ù

x

y

¿XähgArhxzs Þ s�g>Z�rpsMn8xygjr©rpxzsª/lZ"g>Z�v s1uwgjxymjxys�gjehqpt
x = a · y + b

t6s3n�ÂG]po%u¦�*Ü�s�g�uwx ë Z�o��6s3gjoúZ�eh�>s�qprhs
Þ s�gWZ"rps�qp]\Z"�)s�q�mj|SrpxysYæ?uws3xzt6epqht

a = 0
�m]p|6g xz�3|6q�uaZ"o«�6s3gjoCZ"eh�>s�qhrps Þ s�gWZ"rps�q�r\Z"t6s3t6s�q��)rhxzsbv}Z"q

r\Z�v x%u8qpxzia]�u���s3mjia]pg s�xz�)s�q ë Z�qpq��4mjxyqpr�qpxyia]�uf�3e�s�g�n Z"g�uws3q���r:Z}Z"eh�>t"gjepqpr�rps�g�p:gjxzt"t6s�g t6s�|6vAs3ujgjxys
ë s�xzqhs�]h|6gjxy��|6q�uaZ�ozs�qM�Kê6|6qpm ¤pepg s�qxZ"e��­uwgjs1uws3q ë r6qpqps3q��
u qSrhs�vì�3n�s�xyrpxzvAs�qpm xz|6q:Z"ozs3qL/lZ"g>Z"vAs3ujs�g g>Z"epv

(a, b)
t6xyoyu}s�m�q?ehqNr\Z"m���s�g�uws3¤\ZFZ"g���eL¬�qhrps�q���r\Z"m

rpxys Þ s3g>Z"rpsMvAxyuAv xyqpxzv�Z"oys�v
χ2 ��s3mjia]pg s�xy�hu¦��dfxzs3mjs3m0/_gj|6�hozs�v ë Z"qhq��_n8xzsMmjxzia]UxzvQ��s�x%uws�g s�q

�3s�xzt"s�qNn8xzg r��hqpxyia]�ueZ�q\Z"oyê	ujxzmjia]Nt"s�ohr"m u,n�s�gjrhs�q����qZ"qKv�ehmjm8mjxyia]Mr:ZG]ps�g,q	epvAs�g xzm ia]ps�g���s1u>]p|?rps�q
�)s�rpxys�qps3q��«r�� ]��«s�xyqps�q�kfoyt6|6g xyu>]hv�epm�¬�qhrps�q��«rhs�gbmjxzia]�xyujs�gWZ�uwx%��rps3gct6s�m epia]�uws�q��ær"mjepqptMq�ÂG]hs�g u��
�_xzqAxyujs�gWZ�uwx%�6s�m_Ü�s3g �jZG]pg s�q y s�rp|?ia]Sxzm�u}m uws1uwmVZ"eh��s3xzqps3q¢t6s3s�xyt6qps3ujs�qSæ?uaZ"g�uµn�s3g u Z"qpt6s1n8xzs�m s�q�����s�xym u
rpxys¢¿�epq ë ujxz|6q χ2(a, b)

��s3xzmj¤hxzs�oym n�s�xymjsAv sY]pgjs3gjs¢oy| ë Z"ozs ��xyqpxzv�ZNxzv
R

2 Z"eh���&mj|�v�epmjmYv}Z�q�mjxé�
ia]ps3gjm�uws�oyozs3q��«r\Z"m mYrps3gckfozt"|6gjx%u>]pv�ehmft6s3t6s�q�r\Z"mct6oz|"�\Z"ozs���xzqhxzv�epv ë |6q��"s�gjt"xzs�g�u¦�«��ÂG]po%uws�v�Z"q
s3xzqps3q¡æ?uaZ�g uµn�s�g u�xzq�rhs�g�~�ÂG]ps¢s3xzqps3m�oz| ë Z�ozs�q���xyqpxzv�ehv m3�«r\Z"m�qpxyia]�u�r\Z"mIt6oz|6�:Z"ozs®xzm�u¦�&mj|�ozxzs1�>s
v�Z"q Þ s3�jZG]pg3�pr\Z"m m�rhxzs u uws3g>Z�ujxz|6qKt6s3t6s�qMrpxys�mjs3m ë |6q��6s3gjt6xys�g�u¦�
dfs3g�s3gjm�uws�æ�ia]pgjx%ujuMq\Z"ia]Ärps�v �_g v x%ujuws3ozq�rps3gMdfgjx%�­uwg>Z�rpxzs3q�ehqprírps3g�d�gjxy�­u ë gjs�xymjvAxyu uws�oy¤pepq ë ujs



kY�54p��æ�¤pepg gjs ë |6qpm�uwg e ë uwxz|"q�xyq���d�p����Mê"|6q ë Z"vAv s3gjqMv x%u Ù �.|F]hgjoúZ�t6s�q Úi{@3

1 xi, yi
61�

i = 1, 2, 3
�)s�m�uwsI]�u8r\Z�gjxzq���r\Z�mjm,��ehq�Â"ia]pm�u�q	epg�rpxzs��1n�s3x«dfg xy�­u ë g s�xzm s�xzqNrhs�g�|6�)s�g s�qNepqhr

rps3gYehq	ujs�g s�ql�8|F]pg oúZ"t6s®�)s3ujg>Z"ia]�uws1uYn�s�g rps�q��Xkfq�rpxys�mjs ë r"qpqps�q�q?ehq��?xzs�g�plZ"qpt6s3q�uws�q¥Z"qpt6s3ozs�t�u
n�s�g rps�q��	rps3gjs3q Þ s�gWZ"rps�qht6ozs3xzia]	epqpt6s3q®s�m_��e®�)s�g s�ia]pqps3q¢t6xyoyu��"dfxys��>|6oyt6s�qprhs8æ ë xz�3��s8t6xz��ufZ"ozoys�r\Z���e
�)s�q)r�uwxzt�uws�q�æ?ujgjs3i ë s�qhoÒÂ"qpt"s�q�epqhrM�£xyq ë s3o�n8xzs�rhs�g ù

(x ,y )1 11r

α

β
γ

P

y

x

r −r3

(x ,y )3 3

d

1

dfxysKt6s�m�uwgjxyia]ps�o%uwsª�«xzqhxzsSxym u®s�xyqps
/3Z"gWZ"ozoys�oys¢��ehg®ê��Ýk,ia]pmjsMrpepg ia]Urps3q¥��x%ujujs�oz¤hepq ë u®rps�mA|6�)s�g s�q
åFgjs3xzm s�m�����mFt"xzoyu

sin β = r1−r3

d

��n�|6�)s�x
d =

√

(x1 − x3)2 + (y1 − y3)2
rps3g�kf�pm�uaZ"qhr�rhs�g��)s�xé�

rps3q{åFgjs3xzmjvAxyu uws3oz¤pepq ë ujscxzm ujî¦�)¿�s�gjqhs�g��>|"ozt"u�Z"ehmfs�oys�vAs�q�uaZ�gjt6s3|6v s1uwg xzmjia]hs�q�ß.��s3gjoys�t6epqht6s�q��4r\Z�mjm
tan α = x3−x1

y3−y1

t6xyoyuwï3�}��xyqps�g mjs3xyuwmAxzm�u
γ = α − β

�fZ"qprps3gjs�g mjs3xyuwm xzm�u
a = tan γ

rhxzsMt6s�m epia]�uws
æ?ujs�xyt6epqpt®xzqKrps3g Þ s3g>Z"rps3qpt6oys�xzia]	epqht

x = a · y + b
��k�ozmj|®t6xyoyu ù

a = tan

(

arctan
x3 − x1

y3 − y1
− arcsin

r1 − r3

d

)

ð�ñ­+F�����:ò¦ó¦ô�õ�õ �Xô���

β ö ��/,$�÷���ô�� �����«ø���ù'����� ��ú�û3��õ ��ô�üÝù'��+2��+'� ö ��
�ô�ý"þÿ��:ô�� ��9«ô����®��üÝù'+'� �������Ý��ô�üÝù�
���ô�üÝù��?9���+'+�/,��+Aý1û1/��4�'+2ó3
��

x3, y3 � ���2���'�1�
		û1
����'#:��ô�� ö �j�>
���ô�üÝù'����
���		ô�+'ô��#%$���� 
���9��1�«�1�2�W-X��
'+2�'��+c��� �����"���Ý��ô�üÝù�
���ô�üÝù2ó1��ô�
&+'ô�üÝù�
W��ó¦ô�õ�õ ô�� ��
&9«�'�Ý���3þ��:ô���ú�û3��õ ��ô�üÝù'��+F��ô�+2�F��û ö � 9�$1ù'��
��2�'�3���
α

�'+��
γ

ô�+F�����:ò¦ó¦ô�õ�õ �X+2� ö ��
�ô�ý.��ô�+2�	þ



ÚA{ è kY��k�q:]\Z"qht

dfxys®xzqpm t6s�mWZ"vIuc�?xzs�g�plZ"qpt6s3q	ujs�qpt"ozs�xyia]	epqpt6s3qÀs�gO]�Â"oyubv�Z"q��«xyqprps�vÃv}Z"q�rpxys¢��Z"rpxys�q
r1

epqhr
r3xyq¥Z"oyozs�q��?xzs3gYv9r6t6oyxzia]ps3qÑ/:s�gjvIehuaZ�ujxz|6qhs�q y s1n�s3xzoymIvAxyub¤�|"mjxyujxy�"s�vÇepqpr�qps�tkZ2uwxy�"s�vÇÜ�|6g ��s�xyia]ps�q

s3xzqpm s3uw�1u¦�
} v Z"epia]¥qp|?ia]Urhs�q¥k,ia]pm s�q\Z��pmjia]pqhxyuju

b
xyq¨rhs�g Þ s�gWZ"rps3qpt6ozs3xzia]	epqpt���e¨s�gjvAxyu uws3ozq��*�hxzs3ujs3u s�m

m xzia]xZ"q���rpxys�å�|?|6g rpxzq\Z2uws�q�rps�mg/�ehq ë uws�m P
��e{�)s�g s�ia]pqhs�q���rhxzs�m s�oúZ�ehuws3q 1 x1, y1 + r1

sin γ

6 1 �qZ"q�)s�Z"ia]�ujs"��r\Z�mjmcxzq�rhs�gbæ ë xz�3��s γ
q\Z"ia]�|6�pxyt6s�gf¿�s�m ujozs3t6epqptNqps3tkZ�ujxy�6s3m�Ü�|6gj�3s�xyia]ps�q�uwgjÂ"t"u¦�<61��æ�s1uw�3u

v�Z"qNrpxys�mjs3q2/_epq ë u�xzqKrpxys Þ s3g>Z"rhs�qpt6oys�xyia]?ehqpt®s�xzqKepqhr�o r6m u8q\Z�ia]��*Z"eh����m |As3gW]�Â�oyu8v�Z"q

b = x1 − a ·
(

y1 +
r1

sin γ

)

= x1 − a · y1 −
r1

cos γ
.

dfehgjia]IÜ	Z"g xúZ�ujxz|6qcrps3gWÜ�|6g ��s3xzia]ps3qI�6|6q
r1

epqpr
r3 ë Z"qpqYv}Z"qYq	epq4Z"oyozs_�?xzs�g:t6s3v s3xzqpmWZ"v s�plZ"qpt6s3q��

ujs�q4Z"qIrpxzs���s3xzrps3q���s1uwgWZ"ia]�uws3ujs�qAåFgjs3xzmjs���s3gjs3ia]pqps�q����_gjvAxyujujs�o%uWv�Z"qYr\Z"qpq y s1n�s3xzozmWrps�qIkf�pm�uaZ"qpr
�1n8xzmjia]hs�q®rps�g�p3Z"qht6s�q�uws�epqpr®rps�vÎ��x%ujuws3oz¤pehq ë u*rps3m_rpgjx%ujuws3q�dfg xy�­u ë g s�xzm s�m*ehqpr��6s3gjt6oys�xzia]�u_rhxzs�m s�q
vAxyu,rhs�vÆt6s3v s3mjmjs3qps�q�dfgjx%�­uwgWZ"rpxzehm��pm |�]ps3gjg mjia]�u�xyv u rpsIZ"oy�jZ"oyo�xzqKt6s3q\Z"eMs�xyqps�vÆ¿mZ"oyo Þ ozs�xyia]:]ps3xyu¦�
n�ÂG]pg s�qpr�rhxzs}rpgjs3x|Z�qprps�g s�q�plZ"qpt"s�q�uws3q�rps�qYrpgjx%ujuws3q�åFgjs3xzm&n�s3xyu:�6s3g �>sI]hozs�qI|�rps3gWm�uaZ"g ë mjia]pqhs�xzrhs�q ù

u q{rps3vÃ¿mZ"oyo ë Z�qpq{s�xyqprps�e�uwxzt s�q�uwm ia]pxzs3rps�q�n�s�gjrhs�q���n�s�oyia]ps�rps3gf�?xzs�g Þ s3g>Z"rhs�q 1 �hxzmhZ�eh��¿4sY]pozs3g
rps3g.dfgjx%�­uwg>Z�rpxzepm v s3mjm epqpt76�rps3g��Mê"|6qpm ¤pepgfs3q�uwmj¤hgjxzia]�u���dfxyscs�q�uwm ¤pgjs3ia]ps�qprhs Þ s3g>Z"rpsbrpxys�q�u.r\Z"qpq
Z"oym8æ?u>Z"g uµn�s�g�u��>äpg,rhxzs��>|6oyt6s�qprhs"��xyujs�gWZ�uwx%�6s

χ2 ���Mxzqpxyv xys�gjehqptp�
�_m ë Z�qpq¦Z�epia]Urps3g¢¿mZ"oyo"Z"eh�­ujgjs1uws�q��}r:Z"mjm�Z"ozoysS�?xzs�g Þ s�gWZ"rps�q©n�s3xyuAr\Z¦�6|"qUs�q�u �>s�gjq�u¢mjxzqhr��_rps�q
vAxyu uwozs3gjs3q d�gjxy�­u ë gjs�xym�t6s3g>Z"rhsf��e¢��s3gjä:]pg s�q����"���f�?r\Z"qpq��	n�s�qpqKxzq��>|6ozt6s,s3xzqps3m

δ
���_ozs ë uwgj|"qpm�s3xzqSt6s��

vAs�m mjs�qhs�gcdfg xy�­uwgWZ"rpxyepm.�?xys�oX�3e ë ozs�xyq�xzm�u¦����s�x*��g s�xyt6qpxzm mjs3q�n8xzs�rhs�gjehv��)rpxzsvZ"ia]pmjs3qpm ê?vAv s1uwg xzmjia]
m xzqpr��3]\Z"�)s�q y sN�3n�s�x Þ s3g>Z"rhs�q¡xzvAv s3g�t6s3q\Z"e¡rps�q©t6oys�xzia]hs�q¡kf�pm�uaZ"qhr©�"|6v ��x%ujuws3oz¤pehq ë u®rps�m
vAxyu uwozs3gjs3q{åFgjs�xymjs3m�� u q�mj|6oyia]ps�q�¿*Â"oyozs3q{xzm ucs3xzqps 1 s�xyqprps�e�uwxzt"si6Fæ�¤pehgjgjs ë |6qhm uwg e ë uwxy|6q�qhxzia]�ubvCr6t2�
oyxzia]�� y s}q:Z"ia]Yk�q�n�s3qprpepqpt ë Z�qpqcr\Z"m&s�q�uwm ¤pgjs3ia]ps�qhrps,�_gjs3xzt6qpxym«��s3gjs3xyuwm�Z"qcrpxys�m s�gWæ?uws3ozoysX�6s3g n�|6g �>s3q



kY�54p��æ�¤pepg gjs ë |6qpm�uwg e ë uwxz|"q�xyq���d�p����Mê"|6q ë Z"vAv s3gjqMv x%u Ù �.|F]hgjoúZ�t6s�q Úi{@~
n�s�g rps�q��h��s�x)rps3g���s3gjs3ia]pq	epqpt��6|"qNdfgjs3xy�jZ"ia]hmjepvAv s3q�]hxzqpt6s3t6s�q xzm�u��3epvAxzqprps3m u�rps�gVZ"ia]pm s�qpm�ê�v��
vAs3ujgjxzm ia]ps,¿mZ"oyo�epq ë g xyujxzmjia]��"rps3qpq�rp|6g�u_t6xzo%u:s�m_¤pg xzv Â"gW�3e�s�q�uwm ia]ps�xyrps�q���|6��rpxzs��Mê6|"qpmj¤pehg��Ýozxyq ë m��|?rps�g��µg s�ia]�uwm��b�6|6v

i
��uws3q�dfgWZG]�u��"s�gjoCZ"eh�>s3q�xzm�u¦�)dfxysb�)s�xyrps�q�m ê?vAv s1uwgjxymjia]ps3q��&r6mjehqpt6s�qM�6s3gW]\Z"oé�

ujs�qlmjxyia]lrpxzs3mj�)s��3äpt6ozxyia]Àt6s3q\Z"e ë |"v ¤poys�vAs�q�u Â�g��:r��Õ]��W�>äpgwZ"ozoys rpg s�x�dfgwÂG]�ujsSs�gO]�Â"oyuIv}Z�q y s¢rpxys
Z"qhrps�g sAæ�s�x%uws"�«æ�|6vAxyu ë Z�qpq�q\Z"ia]���s�oyxzs3��s3q�s�xyqps�rps3gF��s3xzrps3qm�ær"mjepqpt"s�q�t6s3n�ÂG]po%u�n�s3gjrps3q��"Z"eh�
rps3q���s1uwgWZ"t®rps�g.dfg s�xy�jZ�ia]pmjepvAvAs�]\Z�u.rpxzs3m ë s3xzqps3q��_xzq��pepmjm3�

} v�s�xzqhs�q©kfozt"|6gjx%u>]pv�ehm���epg
χ2 ���Mxzqpxyv xys�gjehqpt{s�g m uws3ozoys�q¡��e ë r6qpqhs�q��}v�epm mA�3epq�Â"ia]hm u

χ2 ��s3x
�)s ë Z"qpq�ujs�q®dfg xy�­u ë g s�xzm v x%ujujs�oz¤hepq ë uws3q 1 xi, yi

6:ehqpr�dfg xy�­uwgWZ"rpxys�q
ri

Z"oymX¿�epq ë ujxz|6qbrps3g Þ s�g>Z�rps�qp¤:Z2�
gWZ"v s1uws3g

a
epqpr

b
Z"ehmjt6s3rpgjäpi ë u_n�s�g rps�q��6¿XäpgXrhs�q�Z"�pm |6oze�uws�qIkf�pm�uaZ"qpr

di

rhs�g Þ s�gWZ"rps
x = a y+b�"|6v /_epq ë u 1 xi, yi

6�t6xyoyu�q\Z"ia] Þ oys�xzia]	epqht 1N3 � Ú 6 Z"epm.å5Z"¤px%uws�o 3 � { ��è ù
di =

1√
a2 + 1

|a · yi + b − xi|
æ�s1uw�1ufv�Z"qNrpxys�mjs3mf�_g t6s��pqhxzm8xzq Þ ozs3xzia]	epqpt 1 kY� Ù 6,s3xzq��pm | s3gjt6xy�hu8mjxyia]

χ2(a, b) =
N

∑

i=1

(

1√
a2 + 1

· |ayi + b − xi| − ri

)2

dfxys�m s�g8p:s�gjv s�q�uW]�Â"oyuIs�xyqps�q¡��s1uwgWZ"tp�:rps�g�s3xzqps¢t6oz|6�:Z"ozsAdfx :�s3gjs�q�ujxúZ�ujxz|6q 1 r�� ]��XxyvVtkZ"qp�3s�q
R

2 6epqhvCr6t"ozxzia]¨v}Z�ia]	u����pZ"q¥v�epm m¢r\Zs]ps�g rps�q£dfsH¬�qpx%uwxz|"qpmj�)s�g s�xzia]¨�6|6q
χ2(a, b)

xzqËpWs3xzoy��s3gjs�xyia]ps
epq�ujs�g ujs�xyozs�q��pxzqpqhs�gW]:Z"oz�Nrps3gjs3g,rps�g,k�epmjrpg epi ë ayi + b − xi

m s�xyqKÜ�|"gj��s3xzia]ps3qKqpxzia]�u.Â"qprhs�g u���df|6g�u
ë Z"qpqMv�Z"qN��xCZ

Si := sign(ayi + b − xi) ∀i = 1, ..., Nepqhr

χ2(a, b) =
N

∑

i=1

(

1√
a2 + 1

· Si · (ayi + b − xi) − ri

)2

rps3q©��s3ujg>Z"t{s3ozxzvAxzqhxzs�g s�q��&xyqprps�v v�Z"qlr\Z"m®æ?xzt6q	epv mjs3xzqps3mAk�gjt6ehv s3q	ujm4Z"oym���epmjÂ�uw�3ozxyia]psNå�|"q��
m�uaZ"q�uwsAs�xyq���xys_t6s3q�ozÂ>t"u¦��kfqpm ia]\Z"epoyxzia]�t6xz�hu

Si
r\Z���s3xPZ�q��«|6��rpxzs Þ s�g>Z�rps��µgjs3ia]�uwm��A|?rps3g��Ýozxyq ë m���"|6vÉ��xyu uws3oz¤pepq ë u8rhs�m

i
�Ýujs�qMåFgjs3xzmjs3m,�6s�g oÒÂ"e��­u¦�

dfxys¢k�q\Z"oyê?m xzmIrhs�g�¿�epq ë ujxz|6qps3q�vAsI]pg s�g s�gIÜ�s3gwÂ"qprhs�gjoyxzia]ps3gIoysI]pg�u¦�&r\Z"m m�r\Z"mIÜ�s3gjm ia]	n8xyqprps3q©rhs�m
Þ g>Z"rhxzs�q�ujs�q®s�xyqps,qp|"uµn�s�qprhxzt6s.��s3rpxzqpt"epqpt��>äpg_r\Z�m*Ü�|6gjoyxzs�t"s�q�oz| ë Z�ozs�gW��«?uwgjs3v}ZFxym u¦�6dfxzs,¤pg xzv Â"gjs
k�eh�>tkZ"�)s®��s3x*rps�gY��xyqpxzvAxzs3gjepqht �6|"q

χ2(a, b)
�)s�m�uwsY]	uwZ"epmcrpxys�m s�v Þ gjepqhrps�xzv�kfe�ÁAqprps3q�t"s1�

vAs�xyqpm>Z"vAs�g8~.epozoym ujs�ozoys�qSrhs�g8¤\Z"g�uwxzs3ozoys�qNkf�hozs�x%uwepqht6s�qS�"|6q
χ2 q\Z"ia]

a
epqpr

b
�

dfxysckf�poys�xyujepqpt6s3qKoúZ"ehujs�q

∂χ2(a, b)

∂a
= 2 ·

N
∑

i=1

[ −a

(a2 + 1)2
(ayi + b − xi)

2 +

(

yi

a2 + 1
+

a ri Si

(a2 + 1)3/2

)

·

·(ayi + b − xi) −
ri Si yi√
a2 + 1

]

epqhr
∂χ2(a, b)

∂b
=

6b

a2 + 1
+

2√
a2 + 1

·
N

∑

i=1

[

a yi − xi√
a2 + 1

− riSi

]

.
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æ�s1uw�1u�v�Z"qKrpxysFkf�poys�xyujepqpt�q\Z�ia]
b

t"ozs�xyia]M~�epoyo�epqprMohr6m�u8q\Z"ia]
b
Z"e����pmj|As�g t6xz�hu8m xzia]

b =
1

3
·

N
∑

i=1

[

xi − ayi +
√

a2 + 1 riSi

]

¿XäD]pg u8v�Z"qKq	epq�qh|�ia]MrpxzsFrhgjs�x&å.|6qpm�uaZ"q�uws3q

B :=
1

3
·

N
∑

i=1

xi , Γ :=
1

3
·

N
∑

i=1

yi

epqpr
∆ :=

1

3
·

N
∑

i=1

riSi

s3xzq��pm | ozÂ"mjm�u8mjxyia]�rpxys��6|6gO]ps�g t6sI]hs�qprps Þ oys�xyia]?ehqpt�mjsY]pg ë epg �cmjia]pg s�xz�)s�q ù
b = B − a · Γ +

√
a2 + 1 · ∆

dfxys�m s���s��3xzsI]	epqht
b(a) ë Z"qpq£v�Z"q�q	epq¤Z"ozmSxyv ¤hozxz�3xyujs�¿�epq ë ujxz|6q£xyq�rpxzs{¤\Z�g uwxys�oyozsMkf�poys�xyujepqpt

�"|6q
χ2 q:Z"ia]

a
s3xzqpm s3uj��s�q��.rhxzs�~�epoyozm ujs�oyozs�q�rhs�gMmjxzia]Ämj|©s�g t6s��)s�qprhs�qÛ¿�epq ë ujxz|6q 1 m xzs�mjs3xYxyv

¿�|6oyt6s�qprhs�q¢vAxyu
f(a)

�)s��3s�xyia]pqps3uZ6�mjxyqprSrpxys�t"s�mjehia]	ujs�q�æ?uws3xzt6ehqpt6s�q
a
� } vìrps3qNkfepm rpgjehi ë qpxyia]	u

�3e�epq	äp�)s�g mjxyia]	ujozxyia]Mn�s�g rps�q���eMoúZ"m mjs�q���mjs�xys�qK�6|6gO]ps�g8rpxysc¿�epq ë uwxy|6qps�q

gi(a) := Si ·
(

ayi + B − aΓ +
√

a2 + 1∆ − xi

)

∀i = 1, ..., N

rpsH¬�qpxys�g u���dhZ"vAxyu�s�gW]pÂ"oyu8v�Z"q

f(a) =
∂χ2(a, b)

∂a

∣

∣

∣

∣

∣

∣

b=B−a·Γ+
√

a2+1·∆

= 2 ·
N

∑

i=1

[(

gi(a)√
a2 + 1

− ri

)

·
( −a gi(a)

(a2 + 1)3/2
+

Si yi√
a2 + 1

)]

dhZ�ma/_gj|6�poys�vÉxzm�u�r\Z"vAxyueZ"eh�}rpxys�~.epozoym uws3ozoys�q	��s3m ujxzvAv�epqptArps�g�¿4ehq ë uwxz|"q f(a)
��epg äpi ë t6s3�>äD]pg u��k�ozozs3gjrpxyqpt6m&xzm�uXrhxzs�m s,¿�epq ë uwxy|6qIm | ë |6vA¤poyxz��xys�g�u¦��r\Z"m m*s�xyqps�s\«�¤pozxy��xyujs���s�gjs3ia]pq	epqptcrps3g*~�ehozozm�uws3ozozs3q

qpxyia]�ufv9r6t6oyxzia]Nxzm�u¦���qZ"q�v�epm m�r\Zs]ps�g.q	epv s3gjxymjia]psbÜ�s�g �jZs]pgjs3q�Z"q�n�s�qprps3q���n8xysYr:Z"mf~.epozoym ujs�ozoys�q��
u ujs�g>Z2uwxz|"qpm �"s�g �jZs]pgjs3q�q\Z�ia]��! #"%$�&('��4¿Wäpg,rpxzs3mjs3m�oCZ"ehuws1u,rpxys u ujs�gWZ�uwxy|6qpm �"|6gjm ia]pgjx%�­u

ak+1 = ak −
f(ak)

f ′(ak)
.

dfxysFs�g m uwsbkf�hozs�x%uwepqht��6|6q
f(a) ë Z�qpq�s\«�¤pozxy��xyu���s3gjs�ia]hqps3u�n�s3gjrps3q ù

f ′(a) = 2 ·
N

∑

i=1

[(

g′
i(a) − a gi(a)

a2 + 1

)

·
(−a gi(a)

a2 + 1
+ Si yi

)

+

(

gi(a)√
a2 + 1

− ri

)

·

·
(−gi(a) − a g′

i(a) − a Si yi√
a2 + 1

+
3 a2 gi(a)

(a2 + 1)3/2

)]

�qZ�qÀmjs1uw�3uIq	epqÀ�>äpg
a1

rhs�qÀ�6|"gW]ps3gI�)s�gjs3ia]pqps1uws�q¨æ?u>Z"g uµn�s�g�u�s�xyq��W¿Xäpgbrpxzs3mjs�q���s3gjs�ia]hqps3u®v�Z"q
Z"qhmjia]poyxzs_t"s�qpr

gi(a)
epqhr

g′
i(a)

epqhr{r\Z"g>Z�epmfm ia]pozxys_t6oyxzia]
f(a)

epqpr
f ′(a)

���_xyqpmjs1uw��s3q�xzq�rhxzs u ujs1�gWZ�uwxy|6qpm �"|6gjm ia]pgjx%�­u�oyxzs3�>s3g u�r\Z"qpq
a2

� w Z�u�v�Z"qNrpxys�m s�m�Ü�s3g �jZG]pg s�q-]pxyqpgjs3xzia]ps3qprN|"�­u�n8xys�rps3gW]p|6o%u¦�?mj|
Â"qhrps�g�u,mjxyia]

a
�6|6q�æ�ia]pg xyu u���eMæ?ia]pgjx%uju,xyvÈ��s�gjs3xzia]Nrps3g�gjs3ozs1�GZ�q	ujs�qKdfs3��xyv}Z"oym ujs�ozoys�qAqpxzia]�u,vAsI]hg��

u q�rps�g*)�gWZW«�xzm�]\Z�uImjxzia]�t6s��3s�xyt"u¦�&r\Z"m mIrpxys�m sSå�|"q	�"s�g t6s�qp�¢��s3gjs�x%uwmYq\Z"ia],+ u uws�gWZ�uwxy|6qpm mjia]pg xyujujs�q



kY�.-p��æ�¤pepg gjs ë |6qpm�uwg e ë uwxz|"q�xyq���d�p����Mê"|6q ë Z"vAv s3gjqMv x%u Ù �.|F]hgjoúZ�t6s�q Úi{>z
s3gjgjs3xzia]�u®xzm�u¦�XdhZ�rpxzs%)�g |6t6gWZ"v vAoúZ�eh�>��s3xyuc�>äpg�rpxys¢�6s3g n�s�qprhs3uws3q¥dhZ2uws�qhm>Z�uj��t6glr@t6s�q¡xyvÑ��s�gjs3xzia]
�"|6q¥æ?s ë epqprps3qUoyxzs�t�u�epqpr¡�)s�x,rps3gAç{ZG]po�rps�g u uws3g>Z�ujxz|6qhmjmjia]hgjxyu uwsNm |6v x%u�qpxyia]�u®t6s�m ¤\Z"g u�n�s�g rps�q
v�ehmjm���n8epg rps�q�rps�qhqp|�ia]M�)s�x y s�rhs�g�æ�¤pepg gjs ë |6qpm�uwg e ë uwxz|"q Úi� æ�ia]pg xyu uwscrpepg ia]pt6s3�>äD]pg u��
dfs3gFk,ia]pmjs3q\Z"�pm ia]pqpx%uju

b
n8xygjr��>ähgfrpxys u uws3g>Z�ujxz|6q�Z"q�mjxyia]{qpxzia]�uF�)s�q�r"uwxyt"u¦�4s�mFg s�xyia]	u�r\ZG]ps3g�Z"epm3�

rpxys�m s�q�s3xzqpv�Z"o�Z"vÆæ�ia]hozepm m��3e��)s�g s�ia]pqps3q��
dfxysfk��p�pxzoyrpepqpt"s�qAkI� Ù epqpr kI�/-���s3xzt6s3qS��s3xzmj¤hxzs�oys,�>äpg��Kê6|6qpm ¤pepg s�q��prhxzs.v x%u�rhxzs�m s�vÓÜ�s�g��jZG]pg s�q
g s ë |"qpm ujgjepxys�g u.n8epg rps�q��
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021�17�k�����&�x�30G�54-�762fe[�8�fej ±�P�T�PZY!ÌHPZYibZc�R\f�P_ÌHPHSXPHS:9�j=Ï�ÐWR\fe[�c?²8U?Y�RdPZÕ?ÐWS�YH[�RHU�f�PHR\[]P�6�¹?ÐWS�Yµ´QU,Rv^<;�`>R\×Ï�PZYH[kPHjejn[GfhYH[ÑPHfeS>=*U®PHRdYibZc�S�fe[�[mT>U�RZbZcüT>f�P©¶�`"²�²LPHR ½b±@?�R T>f�P T>RdPHfLÏ�PH[�RdÐ�·gPHSXPHSÍ³�Ðic�RdPBA�U,R\×T�P�T�PHRC;�R\f ±\[�ÕWRdPHfhY PHfeS�Ï�PsÍWPHf�bZc�SXPH[ç^D9�bZc?YiPHS�YZÕ>`>jnf�PHR\U,S�Ï±feS b1²9^E;�`WYU²8feS�f­²8f�PHR\[]P
χ2

ÌHPH[�R�FiÏ>[
1, 79 · 10−4

b1²
2
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021�17�k�����&�x�G0G�IH���oVf�P�Í_U�Ö>ÐWRw½�JLK�M�ÐibZcCjnf�K�Ï>[NM?`�Of²8fQP�f­²8f�KSR@T�K
χ2
ÌSKSUVMWU�KXOYK1²#ÓZR[KSU ÏWP#U\O�ÌSKSU

9, 34 ·
10−3 ] ² 2 ^ ;�KSR�_`P#TaKSR[Kb;!R@U ±@TeÕ�R[KSU\OcA�UQR�M:P#U ]Xd TæÏfeWP�Í�ÌSKSR@? d R@T>½NMWU�K�ÌSKSUgM�KSPheWP<M�KSR[KSP3A
KSR�M�KSPji\KSU ]Xd TÏ�KXO ]Xd P#UQTgT�KSP ^



kY�k+���åFozs�xyq�n8xzq ë s�ozm�uwg s�epepqht®�"|6q��Mê6|6qhs�q��"s�g mjia]pxys�rps3qps�gj��qhs�gjt"xzs Ú¦ÙhÚ
µ·¶[l á�ã O,@3H ¹ @3H º O ã J E RWO8CKCMHNa ZIGIH á â�GYHKO8H Z�O�RXJ&]_^N@3O8LNO8HNO�R

m HNO�RWaY@1O

u qÄå5Z"¤pxyujs�ofèh� Ú n8epg rps{�>s�m�uwt6s3m uws3ozo%u¦��r\Z�mjmKrpxzs���s�m ujxzvAv�epqpt�rps�g ­ g ujm>Z"eh� ohr"mjepqptÀ�"|6qí��d�p��
dfg xy�­ujgj|F]pg s�q���e�s�xyqps�v t6gsr@t"s�gjs3qí�_g t6s��pqhxzmN�>ä:]pg�u¦��n�s�qpq Z"qíæ?uws3ozozs��6|6q�q\ZG]ps3��eÄv |6qh|�s3qps�g��
t6s1uwxymjia]ps3q©�Mê6|6qhs�q¡v x%u Úi�@� Þ sÝÜ ë |6mjvAxzm ia]psK�Mê"|6qps3q©vAxyubs3xzqps3vÑ�pg s�x%uws�qÀ��qhs�gjt"xzs�m ¤�s ë uwgjehv�"s�g n�s�qhrps3u�n�s3gjrps3q���r\Z"m,rpehgjia]Ms�xzqhs�qK��oys�xúZ��pmj|6g ��s3g��)s�x�s1uµn Z Úi�@� �MsÝÜ Z"�pt6s3mjia]pqpx%ujujs�qKn8epgjrps��
dfxysY�>|6oyt6s�qhrpsYk��pmjia]pÂ�uw�3epqptKmj|6oyo&��s�xyt6s�q���r\Z�mjm�åFoys�xzq�n8xyq ë s3ozm ujgjs3epepqpt xzqpqps3gW]\Z�oz��rhs�g��8|F]pg�n Z�q��
rpehqpt6s�q���eMs�xyqps�vÐrhs�g>Z�g uwxyt6s�qM�(n�s ë u8�>ä:]pgjs3q ë Z"qhq��
�_xzq®rpehgjia]¢�qZ�uws3gjxys,oúZ"eh�>s3qprps3m}�Mê6|6qAs�g���ÂG]pg�u_��xys�oys ë ozs�xyqps,kf�hozs�q ë ehqpt6s�qAxzq��>|6ozt6s}�6|6q ² |6epoy|6v����
ë gwÂ2�­uws�q¯Ý { -�Þ���dfxzsNÜ�s�g�uws3xzozehqpt�rps�g��£xzq ë s�o��_epvërpxysKt6s�oCZ"rps�qhs
p:s�xyozia]ps3q¨q:Z"ia]¥dfehgjia]po	eps3gjepqpt
s3xzqps3gb�qZ�uws3gjxys�mjia]hxzia]�ucrps�g�dfxzi ë s d

t6s3t6s�q	äp�)s�gFxM]pgjs3gfepg mj¤pg äpqpt6oyxzia]ps3q�¿Xozept"gjxzia]�ujepqpt�Z"�ht6s�oys�q ë un�s�g rps�q���xzm u�xzq�s3uµnVZ Þ Z�e)t��Ý��r"gjvAxztp��rpxzsIæ?uaZ�qpr\Z"g r\Z"��n�s3xzia]	epqptNrhxzs�m s�g Þ Z"e�t���¿�epq ë ujxz|6qK�>äpg.rps�q
xyqMs3xzqpsb�_�)s�qpsc¤pg | y xz�3xzs�g�uws3qMk��pozs3q ë n8xzq ë s�o&xzm�u8oúZ"e�u�Ý { ->Þ&t6s�t"s��)s�qMrpepgjia]

θ0 =
13, 6

�MsÝÜ
β c p

z

√

d

X0

[

1 + 0, 038 ln
d

X0

]

w xzs�g ��s3xfxym u
p

rhs�g u vA¤pepozm rps�mªp:s�xyozia]ps3qpm��
β c

m s�xyqps Þ s3mjia]�n8xzqhrpxzt ë s�x%u¦� z
m s�xzqhsm��Z�rpepqptrq>xzq

�_xzqD]ps�x%uws�qMrps3g��_oys�vAs�q�uaZ"g oúZ"rhepqpt
e s epqpr

X0

rhxzsYæ?uwgWZG]poyepqpt6m oÒÂ"qpt"s�rps�m8k��pmj|6g ��s3gjv�Z�uws3gjxCZ"ozm3�
dfxys�m s�q�uµê?¤pxymjia]ps3qÀkf�hozs�q ë n8xyq ë s3o θ0

t6xyoyuFs3mcq?ehq��>äpgb�Mê"|6qps3qÀv x%u ë xzqps1uwxymjia]ps3q��_qps3gjt6xys�q��6|6q
Úi�>� ��sÝÜ epqpr Úi�>� Þ sÝÜÆ�3e¡��s3gjs�ia]hqps�q��_rhxzsSrpxysSå5Z"vAv s3gIrpehgjia]po	eps3gjs�q���d�xzs�m sNrpepg ia]poúZ"e��>s�q
r\Z���s3xWq�Âs]ps�g epqpt6m�n�s3xzmjsIè¢�8|F]pg�n Z"qhrpepqpt6s3qxZ"epm.kfoyepvAxzqpxyepvtq

X0 = 89
vAv s vAxyu8s3xzqps3gfd�xzi ë s�"|6q y s � �.-SvAvM��r��Õ]��

d ≈ { �/-¢vAv��)¿Xähg�s3xzq{�Kê6|6q{t6xyoyu
z = 1

ehqpr�mjs3xzqpsI�.eD]ps�v�Z"mjm sI�)s3ujgwÂ"t"u
105, 7

��sÝÜ
c2

��n�|6vAxyu�v}Z"qN�>|6oyt6s�qhrpsc�_gjt6s3�pqpxzm mjsbs�gO]�Â"oyu ù

Ekin p β θ0

Úi�@� ��sÝÜ Úi~ èh�u+ ��sÝÜ
c

� � � + � Ú � {@~@{ ·10−2

Ú��@� Þ sÝÜ Úi�>� � Ú Þ sÝÜ
c

Ú � �@�@� Ú � z?{ + ·10−5

k�q:]\Z"qpr{rhs�m��£xyq ë s3ozm θ0

q�rps3gfxyv ��|6t6s3qpv}Z�t}Z"qht6s�t6s3��s3q�xzm�u s t6xzo%u8s�m�q?ehq���s3xzqpsbkf�pm ia]�Â�uj��epqpt
�3eKujgjsSn�s3q��pepvÔn�s3ozia]psbæ?ujgjs3i ë sbrpxzs�xzqh�>|6oyt6s��"|6q�æ?uwg s�epehqpt��jZ"ozm ia]Ngjs ë |6qpm�uwgjehxzs�g�uwsbæ�¤hepg��6|6qKrps3g
u>Z�uwmjÂ"ia]pozxyia]ps�qpZ"��n�s�xzia]�u���d�xzsF�>|6ozt"s�qprpsbæ ë xy���3sbxym u,�>äpg,rhxzs�n�s�xyujs�g sIdfxym ë epm mjxz|"qp]pxyoy�>g s�xzia] ù



Ú�Ù@{ kY��k�q:]\Z"qht

y1

y2

d

α

β

x
dfxysf�_q�uj�>s3gjq	epqpt®rps3g w Z"oz�poys�x%uws�g rps3ujs ë uw|"gjs�q mjs3x

y1 + y2
���_xzq¢ehgjmj¤hgjäpqpt"ozxzia]¢mjs�q ë g s�ia]�u.s�xyqh�jZ"ozoys�q��

rps3m��Mê6|6qMn�s3gjrpsYq\Z"ia]Mrps�gfæ?ujgjs�i ë s y1

ehvÆrps�qK�£xzq ë s�o α
t6s3m uwg s�ehu��)dhZ"rpepg ia]�s3gjgjs3xzia]�u�s�m8rps�q

epq�ujs�gjs3q w Z"oz�hozs�x%uws3gjrps1uws ë uj|6g�epvÈs�xzqhsbæ?uwg s�i ë s x
n�s�x%uws3g,ozxzq ë m3�\Z"oym�s�m8rps3g,epgjm ¤pgjäpqht6ozxyia]ps�q
pWs3xzoé�

ia]ps3q	�\ZG]pqMs�q�uwm ¤pgjxyia]�u¦��kfoym8æ�¤pehg,gjs ë |6qpm�uwgjehxzs�g�u8n8xzgjrNq	epqKrpxysfÜ�s�g �pxzqhrpepqpt6m ozxyqpxzs���s3xzrps3g*pWg svn�s�g
xyq�rps3q w Z"oy�pozs3xyujs�gjrhs3uws ë uw|6g s�q��«rpxys�m s¢xzm�uIt"s�t6s3q?äh��s3g�rps�gwZ"qh��Â"qht6ozxyia]ps�qûpWs3xzoyia]ps�q	�\ZG]hqlepvÇrps�q
�£xyq ë s3o β

t6s3qps�xyt"u¦�"dfs�g_v�ZW«�xzv�Z"oys�k��pm u>Z"qpr
d

�1n8xzm ia]ps�q rps�g_g s ë |"qpm ujgjepxys�g ujs�qAepqprArps�g*u>Z�uwmjÂ"ia]��
oyxzia]ps3q¢�Kê6|6qpm ¤pepg�m uws3ozo%u�rps�q t6gsr@t�uwv9r6t6ozxyia]ps�q�¿4sY]pozs3g_r\Z"g3��rps�g}��s3x�s�xyqps�g}dfg xy�­uwgWZ"rpxyepm �"|6gW]ps3gjmWZ"t6s
Z"e��­uwgjs1uws3q ë Z"qpq��
�_m8t6xzo%u

tan α =
x

y2

epqpr
tanβ =

x

y1 + y2m |'n8xys
sin β =

d

y1
,

n�|6g>Z�epm8ozs3uj�3ujozxzia]S�>|"ozt"u��hr\Z"m m

d = y1 sin

[

arctan

(

y2 tan α

y1 + y2

)]

≈ α
y1 y2

y1 + y2
.
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y1 = y2 = 10
i3vM��ehqpr�m s3uj�3u�v}Z"q

α = θ0
��m | s3gW]�Â"o%u
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