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# � �"���~í 71Ga
Esoglia = 0.23MeV

(69.3± 4.1± 3.6)SNU (131+12
−10)SNU
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²þc ü�:d��û���ÿ�úü���3���0!UüGû üd�	��5�úA( þ���þ��Ìþ�
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Φ(νp−p) = T−1.1;

Φ(ν7Be) = T 10;

Φ(ν8B) = T 24;
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(A,Z)→ (A,Z + 1) + e− + ν(≡ νR)

(A,Z + 1) + νR → (A,Z + 2) + e−
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νµ
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cos θ sin θ
− sin θ cos θ

)(
ν1

ν2
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√
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|να〉 = cos θ|ν1〉ei(pνx−E1t) + sin θ|ν2〉ei(pνx−E2t) =

=
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cos2 θ|νe〉+sinθ cos θ|νµ〉
)
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=
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√
p2
ν +m2

i ' pν+
m2
i

2pν�>þ�5�þ��F��:�üGÿ�
²ük þ�þÌÿ�
²û úB!'�>�5ü7þ����5úxÿ>�5ü3
�
²ú8!Uþ>����ÿ0�Ai�ü�D�DC�.!Uþ�ú6��5þ����	��DGþÌú�ÿ�ü61B��i�ü7þ ÿ7��ÿ�þ�
2O
5�û���
²þ���i�ü9�.!>��
2�;!>� z
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P (νe → νe, L, E) = 1− sin2 2θ sin2 1.27×∆m2(eV 2)× L(m)

Eν(MeV )
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Eν2 (t′)dt′νm2ãJÊ DsK�NXL#p	K�^�äxå]GJ¯#ä]G�z$³!æxp�KMSUN6L+z�³�ç=L#Zc¸¶G+N6E�TUGJK[NËtC¯XG�VWG3S¬V6SUKcp�K�O6GJE8t3SUKcEUEHG3S8L�Z¶D	V6S8L]V�DnY¨DnIJKcL#NXGO6GJZ!NXG+RxTUSUKcN6L�NXGJZ[Z[D	p�D-TUG3SUK[DXªAÖèJÊ K)E8G3Y#R6K±TULjZ[D�O6KcVWGJN6O6GJNXI+D�EUDnSC·�GJEHV6SUGJE8ECD�KcN�¸éR6NXIJKcL#NXG�O6GJZ?TUGJp	VWLËt�L#N6EUKcOXGJSCDsN6OXLjNXGJRxTUSUK[N6KR(Z±TUSCD-©êS8G+Z[D-TCK±z6KcEHTCKct3K
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ü9�	�;5�û úA������þ�� þ�
2O�!Uþ=
 û��Ðÿ0²þ�DGþÌúxÿ�ü.�.!>��
2��!>� z
P (νe → νµ) =

1

2

(
1− cos 2θ0

m cos 2θtmν
m
1 − sin θ0

m sin θtm cos

∫ t

0

(Eν1 − Eν2)dt′

)�Y L X � /
M �~
²üGû�DGú^
²üGû�:�þÌÿ�ü7��f���ÿ0D5þ úxÿ�ü�ú6��5þ������Ðÿ�
 ü�!Uü���
 ü�:75�úDü� þ~
²û úC�A�^��i�ü7 ü����^!UüGÿ'²þ�
2Oÿ�ü��y50��ÿ�
 ú�!Uþy5�û úg!g�0DGþ úxÿ�ü*�*:�úA��
²úo(�05�üGûdþ úxû ü&��������!UüGÿ0 þ�
2Oo!Uþ7û þ�²úxÿ��Ðÿ0DC�� þyi��
sin θ0

m ' 0
ü9þ��t
²üGû(:hþ ÿ�ü$úA��5þ����	��ÿ�
 ü��Tþ üGÿ�ü� úA505�û ü�( ú LEM ÿ Q ��ü��
²úp�F�� úp þsi��*����5úA²þ�!0!Uü3
�
2��Î²ÚÐÕ�Ùx×�Ø Ö Î Ú�Õ�×hÕ�ÚÐÕEÚ�ÖFÎ Î�ÉÞÉÄË Õ�î ×�!>��
2�^!>�

P (νe → νµ) = cos2 θtm
L � ��� ú�
²ü�( ú;:�úB!Uú;²þK
 û úC�A�d��i�üe ü-���d!UüGÿ'²þ�
2O&ÿ�ü��V50��ÿ�
 ú�!Uþ=5�ûdúg!'�'DGþ úxÿ�üe�e:�úA��
²ú;����(��

 þ=
 û úC�6�
θtm = θ

��ÿ0�xú6�Ìú�!Uþ4:hþÄý®þ ÿ0�hÿ�ü��=�g��ú�
²ú� þ=
²ûdú��A�
P (νe → νµ) = cos2 θ,�ü3���F�� ú�þÌÿ8�3��þ6�ZP���505�ûdú6( þ�:T��D5þ úxÿ�üs��!Uþ	������
²þ��F�>ÿ�úxÿ9�6����������þ� ú6�xÿ��k�5úxÿ0 þ�!UüGû��Ðû ü

�	��5�ú6( þ���þ��Ìþ�
2O*!Uþ�
²û��Ðÿ0 þ�DGþ úxÿ�ü�
²û��*���'
²úA�
2��
²þt!Uþ�:T��(�� L�M ÿ Q ��ü��
 üS�5úxÿ>!Uþ�DGþÌú�ÿ�þc���5�û úA������þ��Ìþ�
2O�!Uþ=
 û��Ðÿ0 þ�DGþÌúxÿ�ü8!Uþ��OüGÿ�
�� z
〈
P (νe → νµ)

〉
' 1

2

(
1− cos 2θ0

m cos 2θtm(1− 2Pc)
) )�Y L XAa�/

!UúC�Oü
Pc

�b��ÿ�
²üGû(:hþ ÿ�üb��i�ü*!Uþ�5�üGÿ>!Uün!>�����+P þÌÿ>!Uþ��5ün!UþN�A!Uþ	������
 þ	�5þ�
2Ouÿ�ü��k50��ÿ�
 ú�!Uþ
û þ� ú�ÿ��Ðÿ0DC�q�&%hÇ üs!>���B5��Ðû�
 þ	�5úA�	��ûdüs5�û ú��>�Ìú-!Uþg!UüGÿ0 þ�
2ON!Uü����	�N:���
 üGû þ	�q��
(
²û����OüGû(���
2� L,�ü��4�F�� ú�!Uü3�4 ú6�Ìü9²þ=i�� z

Pc =
e−

π
2
γrF − e−π2 γr F

sin2 θ

1− e−π2 γr F
sin2 θ

�5úxÿ
F = 1− tan2 θ

)�Y L XA��/

ú�ûH�kû8ë ������<ßýný��r�3�yý��yÿ=ýb�!;.ý1���3<êý����gþ��3���Ný����#ìÖ����
�3��� þ�ÿ������Nýí�����Ný��	¢
�����3���

#-�Ìþ(ü3�5�üGûdþ�:�üGÿ�
²þt�5úxÿ�ÿ�ü��'
²ûdþÌÿ�þt úA���Ðû þ��OüGÿ0�xú�ÿUú&�5úxÿ0 þ	!UüGû���
 þ(ü�(5�üGû þ�:�üGÿh
²þs!®þt(5��C 
û þ�DGþÌú�ÿ�ü z þIÿ�ü��'
²ûdþ ÿ�þ~ ú�ÿ�úDþÌÿ�þ�DGþ	����:�üGÿh
²ü�ü��Ìü3
(
 û ú�ÿUþ	�5þ+14�Oü5ÿ0��úxÿ�úDþÌÿE5���û?
²ü7�5úxÿ��OüGû?
²þ�
²þþÌÿ�ÿ�ü��'
²ûdþ ÿ�þ"!UþH����
 û þ4���5�úxû þHü Q ��ü��
²þ ú�ÿ�úxÿ�þÌÿ�
²üGû����xþ���5úxÿ�ú�ÿ�ü��"!Uü3
²üF�R
 ú�û8)�ÿ�ü��"�F��²ú!Uü��A� þ(ü�(5�üGû þ�:�üGÿ�
 þ3û��A!UþÌúB��i�þ�:�þ	��þ�/ºúA5050��û ü$þÌÿ�
 üGû�����þ���5ú�ÿUúp�5úxÿG²ü3DGþ úxÿ�ü�!=P���û?
²ú«þÌÿg 
fÞüGûdþ úxû ü&û þ��5�üR
(
²ú^�ÐþLÿ�ü��'
²ûdþ ÿ�þLü�� üR
(
²ûdú�ÿ�þ��5þ L È ��ü��
²þLü�(5�üGûdþ�:hüGÿ�
²þH ú�ÿ�úS üGÿ0 þ���þ��Ìþ������Ìü5�þ����5ú6�Ìü8!Uþ�J�üGû üGÿ0D5ü8!Uþ4:���(������ Q ���A!Uû���
 ú>1Uþ ÿ0f���
�
²þ þ�� û���505�úxû�
 ú L/E � z

L

E
' 108km

10−3GeV
= 1011 m

MeV
=⇒ ∆m2 ' 10−11eV 2 )�Y L �6W�/

� 
(
 û����OüGû�²úN�6�Ìþ®ü�(5�üGû þ�:�üGÿ�
 þg��ÿ Q ��þ'�5þ�
���
 þ'�s�
2��
²ú-5�úA( þ���þ��Ìü>þÌÿ>!Uþ��®þ�!'���Ðû üs
²û üs5�úA(²þ� ��þ�� þV úA���0D5þ úxÿ�þ÷ÿ�ü3�V5�þ��Ðÿ�ú�!UüGþV5��Ðû���:�ü3
²ûdþ
(∆m2, tan2 θ)

���V5�ûdú6�0�Ìü�:T�d!®ü���ÿ�ü��'
²ûdþ ÿ�ú
 ú6�	�Ðû ü<ú6�xÿB��ÿ���!Uü3���Ìü Q �����Ìþ45�û üR�OüF!Uü.!UüGþ4 ú�
(
²úB�F��²þ z
• ´�©K¯�«"¬ � ©K¦ � øßÊî z þ ÿ Q ��ü��
²ú7���üGÿ���ûdþ ú� úxÿ�ú75�ú6( þ��Uþ��Ìþ"
 û ü9²úA���0DGþÌú�ÿ�þ�!UüGÿUú� :�þÌÿ���
²ü8[ Ë Ø Ñ ×-\ Î�]xÎ Õ Ñ&È Õ Ñ�É ×7)+��� � /R1®Ü Í2Ë�ÉÞÉ \ Î�]xÎ Õ Ñ&È Õ Ñ�É ×�)Z%'� � /]üI[HÚ g
Í�Ë Ö ÖT)j�HwuÇ /R�
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• ©l´ ¿�� ¯j¯�³0¬ � ©K¦ � ¦"'¯ £ «"©>§F© z  úxÿ�úT5�ú6( þ���þ��Ìþ$!'��ü8 ú6���0DGþÌú�ÿ�þH��i�þ	��:T��
²ü.Â � � üï��0(
2%Tú0�
• ©l´ ¿�� ¯j¯�³0¬ � ©K¦ � ¦"g¯�¦"g«4§C¨ � ¦"©E´3§FB¨ � ¯� z þÌÿ Q ��ü��
 ú;���� úI�q5�úA� þ���þ�� üq��ÿ��.²úA�	�²úA���0DGþÌú�ÿ�üI%'� � ü.!g��ü. úA���'DGþ úxÿ�þHÿUü��=�g��ú�
²ú L

%TúA���0DGþÌú�ÿ�þ
∆m2 tan2 θ��� �
4.2× 10−5 2.6× 10−1%'� �
5.2× 10−6 5.5× 10−4�HwuÇ
7.6× 10−8 7.2× 10−1Â � �
1.4× 10−10 3.8× 10−1ï��0�
2%Tú
5.5×1 0−12 1.0× 100%�
 üGû þ��Ìüd%'� �
4.2× 10−6 6.0× 10−4%�
 üGû þ��Ìü9Â � �
1.4× 10−10 3.6× 10−1%�
 üGû þ��Ìü=ï��0�
R%Tú
5.5× 10−12 1.0× 100

�$����ü����	�8Y L _ z �>þ���((��ÿ�
²úN!Uü����Ìüc5�ú6( þ���þ��Ìþ� ú6���0DGþÌú�ÿ�þg����5�ûdú6�0�Ìü�:T�k!Uü��wÿ�ü��'
 û þÌÿ�úN úA���Ðû ü5�ü5ûs!Uþ��OüGû�²þ���5üGÿ��Ðû þ L~M 5��Ðû���:�ü3
²ûdþ� ú�ÿ�ú Q �Uü����ÌþK��i�üN:�ü3�6�Ìþ ú8 þK�A!0��
(
���ÿUú;�Ðþ¾û þ�(�0��
���
 þ��ÿ Q �Uþ ü�(5�úA(
 þ L

,�ü����	�e
2����ü����	�ñY L _9 úxÿ�ú&ûdþ���((��ÿ�
²þ¾þ>5���û���:�üR
²û þl��i�üN5�úA(²úxÿ�ú8�5�þÌü��h��ûdü´þ���5�û úA�0� ü3:T�!Uü��Tÿ�ü��'
²ûdþ ÿ�úq ú6�	�Ðû ü3ÿ�ü5þg!Uþ���üGû( þB��5üGÿ��Ðû þg�5þ�
2��
²þ L$M �B5�û þ�:�ú´ü�(5�üGû þ�:�üGÿ�
 ú-��i�üti��y:�ü�? ²úhþ ÿ^���>��ü.�	�d5�úA( þ���þ��Ìþ�
2O�!Uþ úA��5þ����	��DGþÌúxÿ�ü8!Uþ ÿ�ü3�'
²û þÌÿ�þ4�e�
2��
²úT%B�05�üGû? Éº.��:�þÌú6���Ðÿ>!Uü
ÿ�ü����Ìúo�
��>!UþÌú�!®üGþ�ÿ�ü3�'
²û þÌÿ�þN��
�:hú6(fÞü5û þ��5þZ1s�	���3�Uþ�üGÿ�üGû���þ	�E�b:hú6��
²ú�5�þ�rå��û���ÿ>!Uüb!Uþ
Q ��ü�������!UüGþ ÿUü��'
²û þÌÿ�þ4 úA���Ðû þ�)��OüF!UþV�>�A��û��^Y L ��/ L

M ÿ Q ��ü3(
 þLû��Ðÿ0��ü&üGÿ�üGû���ü3
 þ	�5þLþ νµ 5�úA� úxÿ�ú��xüGÿ�üGû���ûdü61K5�ü5û|þÌÿ�
 üGû���DGþÌú�ÿ�þ��®þ	���k�q1:d��úxÿ�þ ü Q ��ü��
²þ45�úA(²úxÿ�ú�ü�(²ü5û ü.!Uþ��
 þ ÿ�
 þ"!>���A�Ìþ ü�� ü3
�
²ûdú�ÿ�þ4(fÞû��'
(
2�Ðÿ>!Uú7�Ìü.�F��û���
�
²üGû þ� (
 þ	��i�ü8!Uü3�6�Ìþ��Ðÿ�ü����Ìþ"!Uþ4���>�5üI�si�üGûdüGÿ0��úC�^!>��ü�� þ=��üGÿ�üGû���
 þc)��>�A��û���Y L `h/ L
M �e5�û þ�:�ú·ûdþ�(�0��
2��
²ú�!>�Æûdþ	�5úxû�!>�Ðû ü�&�Y�W�'<ûdþ��6���Ðû�!>�Æþ��Yû���505�ú�û?
²ú@
²û��Æü3��üGÿ�
²þ9!>�

:d��úxÿ�ü�üF!1ü3�OüGÿ�
 þN!0�uü��Ìü3
(
 û ú�ÿUü&��
(
 ü� þ�üb:hþ�(��û���
 þy5�üGû�ü5ÿ�üGû(�xþ ün���N!Uþk úA
(
 ú�!®ü��
GeV z

(Nµ/Ne)oss
(Nµ/Ne)atteso

= 0.63± 0.03(stat.)± 0.05(sist.);

ð �
���
��2þÌÿ�ú6��
²ûdüsü3�®þ�!UüGÿ0DGþ	��
2�S��ÿ4P��� þ�:7:�üR
²û þ	�2ÿ�ü��?ÿB�0:hüGû ú^!UþLü3�OüGÿh
²þ~!>�2ÿ�ü��'
 û þÌÿ�ú
:d��úxÿ�þ	�5úT)+�5úxÿ

E > 0.4GeV
/~!UúC�g�'
²þl�|ÿ�ü��'
²ûdþ ÿ�þ���i�üki���ÿUÿ�úI��
(
 û����OüGû����
²ú9�	�e
 üGû û��

5�û þ�:T�&!Uþs��þ���ÿ0�xüGû ü����:ûdþ���ü��	��
 ú�û üE)²ßOÚ g Õ4/ºü9ÿ�ü��'
 û þÌÿ�þu5�ûdú���üGÿ�þÌüGÿ�
²þ�!®þ ûdü3
(
2��:�üGÿh
²ü
!>�����+Pm��
�:�úA(fÞüGû���) à�Ü4/ L ��Pm�� þ�:�:�ü3
²ûdþ��d:�þ�(��û���
2�l&�Y�W�'���:7:hú�ÿh
2��� z

Aµ =
up− down
up+ down

= 0.296± 0.048(stat)± 0.01(sist);
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ÁLþ��A��û��oY L � z %B5�ü3
�
²û ú«üGÿ�üGû���ü3
 þ	��úp!UüGþ3ÿUü��'
²ûdþ ÿ�þu��
(:�ú6(fÊüGû þ��5þ3ÿUü����	� û ü3��þÌú�ÿUü sub −
GeV

)� þ ÿ�þ��
²û��h/]ü
multi−GeV )+!®ü�(
 û��6/(ú�
(
 üGÿB�'
2�d�5úxÿbÁ$� � º � X�  �´þ�:�üGÿ0 þ úxÿ����

� 
�:hú6(50i�üGûdþ	�9,�ü��'
²ûdþ ÿUúS%Tþ�:I�0�	��
 þ úxÿ L

ÁLþ��A��û��.Y L ` z �3úxÿ0fÞû úxÿ�
 úy
²û��k�A� þg�Ðÿ�ü����Ìþg!Uþh���>�5üu�si�üGûdüGÿ0��úC�9��ü5ÿ�üGû���
²þB!>�k��ÿCü��Ìü3
(
 û úxÿ�ü)j þÌÿ�þ��
 û��6/3ü.!>�;��ÿ�:I��ú�ÿUü�)+!Uü��
²û��h/u��%B�05�ü5û? Éº.��:hþ úA����ÿ>!Uü L
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 û þÌÿ�úCü3� ü3
�
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 û��Ðÿ�
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�
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2�$þ��H�0
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(
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�
²ü���.) = 0

/=5�üGû"5�þ�rd!Uþ
6σ L �(ú6:�ü� þ50�0�Cÿ�ú�
2�Ðû üN!>�������-�>�6�Uû���Y L UI�������9!Uþ�:hþ ÿ��0DGþ úxÿ�üN!Uü��¾ÿB�':�üGû ú8!®þ¾ü3��üGÿ�
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 û þÌÿ�ú

µ
5�üGû*��ÿ'��úA� þ8��DGþ�:d�'
2���Ìþ95�û úA(²þ�:�þ.��þ

180o
ÿ�ú�ÿ �5úxû û þ�(5�úxÿ>!Uü���ÿ ���0:hüGÿ�
²úå!®ü��

ÿB�0:�üGû ún!Uþ(ü3�OüGÿh
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(
 û úxÿ�þ��5ú>1~5�üGû?
2�Ðÿ�
²ú Q ��ü��
²þ(ûdþ�(�0��
2��
²þt5�úA(²úxÿ�úü�� üGûdüq(5�þ ü3����
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νµ
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 û þÌÿ�ú

)
ντ
ú�ÿ�ü��'
²ûdþ ÿ�úT�
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���
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ΦCC(νe) = (1.75± 0.07(stat)+0.12

−0.11(sist)± 0.05(teor))× 106cm−2s−1

ΦES(νx) = (2.39± 0.34(stat)+0.16
−0.14(sist))× 106cm−2s−1
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Φ(νl 6=e) = (3.69±1.13)×106cm−2s−1 :�üGÿ�
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Φ(ν) = (5.44± 0.99)× 106cm−2s−1
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Φ(ν) = (5.79± 1.33)× 106cm−2s−1
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ΦCC(νe) = (1.59+0.08
−0.07(stat)+0.06

−0.08(sist))× 106cm−2s−1

ΦES(νx) = (2.21+0.31
−0.26(stat)± 0.10(sist))× 106cm−2s−1

ΦNC(νx) = (5.21± 0.27(stat)± 0.38(sist))× 106cm−2s−1
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ΦCC(νe) = (1.7± 0.07(stat)+0.1

−0.09(sist))× 106cm−2s−1

ΦES(νx) = (2.21+0.29
−0.28(stat)+0.15

−0.08(sist))× 106cm−2s−1

ΦNC(νx) = (5.21± 0.24(stat)29
27(sist))× 106cm−2s−1
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²ü3²þ"!Uþ úA��5þ����	��DGþÌúxÿ�üI��ú�ÿb!'��ü9��ü5ÿ�üGû���DGþÌú�ÿ�þ4²úxÿ�ú z

sin2 2θ = 1.0 ∆m2 = 6.9× 10−5eV 2

�(ú�ÿ Q ��ü��
²þ"5�û þ�:�þ-ûdþ�(�0��
2��
²þHº.��:�� � ,q�oÿ�ú�ÿ* ú6�ÌúTi���!Uþ�:�úA�
²û���
²úT5�ü5ûq�	�75�ûdþ�:T��Oú6��
2�T�	�S(5��Ðû þ�DGþÌú�ÿ�ü;(�p����ÿ0�6i�ü�!Uþ��
2�Ðÿ0DGü�) ∼ 180 Km
/q!Uþ

νe
!>�2ûdüC��
�
²úxû ü7��!&��ÿ

� þ��Oü����Ìú�!Uþe�5úxÿ'��!UüGÿ0DF�@!Uü��-�A� L �h`� �1y:��oi��@�Ðÿ>��i�ü~þÌÿ>!Uþ��F��
 ú���i�ü~ÿ�ü3���+P þ�5�ú�
²ü� þe!Uþþ ÿ��A�Ðû þ	��ÿ0DF�I��v��� ú6�Ìú.���Yûdü���þÌúxÿ�üN��� � 50�'�8(5�þÌü��h��ûdüy��ÿ� þ�:�þ�� üy!Uü3���5þ�
(ÿ�ü��0<>�0( ú L
� ÿ��|ÿB�Uú��A�-5�ûdü���e!>��
²þ0���
2��
2�jü3J�üR
(
�����
2�N
²û��jþ��>�.�n��û�DGú8_�W6W6_|ü��ZP�Y6YN#|ü5ÿ�ÿ���þÌú_AWAWA� &�YFU(' L �N��û��Ðÿ�
²ü Q ��ü��
²úE�k��ÿ@�	�&�xüGúA:�ü3
²ûdþ��&!Uü��:û þ��Oü��	��
²úxû ü^��� ü3�6�xüGû(:hüGÿ�
²ü�F��:I��þ���
2�g1:þÌÿ0fj��
(
 þ�þ��q_ � Á�ü��0��û���þÌúG_AWAW6X� úxÿ�úo�
2��
²þN���A�xþ���ÿh
²þq`A`��vÿ���ú��Tþqvc�*�e1

Q ��ü��
²úÆà�Ü Ñ Ø Ë ßO×�i��n���0:hüGÿ�
2��
²ún�	� û þ�²úA���0DGþÌú�ÿ�ü9ÿ�ü����	�«ûdþ��5ú6�
²û��0DGþÌú�ÿ�ü�!Uü����ZP üGÿ�üGû(�xþ	�) ∼ 6.2/
√
E(MeV )

/ L v-üGûe� ü��Ðÿ����Ìþ�²þ� úxÿ�ú��
2��
²þ��Ðÿ>��i�ü7�F��:I��þ���
²þ~�Ìü��6�xüGû(:hüGÿ�
²ühþ�5û þ�
²üGûdþ"!Uþ4 ü��Ìü�DGþÌú�ÿ�ü<þ ÿ�5��Ðû�
²þ��5úA���Ðû ü z
 �þ��÷û����6�xþÌú�!Uü��=�OúA���0:�üe��!'�>�5þ	��� ü.�9�
���
 úT���0:�üGÿ�
���
 ú*)

R < 5.5 m
/2�
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ÁLþ��A��û��EY L YFW z vAþ	��ÿ�ú*!UüGþ�5��Ðû���:�ü3
²ûdþ L �H�^DGúxÿ��DþÌÿvû úA( ú�û���505�û ü� üGÿ�
����	�0û ü��xþ úxÿ�ü5�üGû(:�ü3����)j�h`� � L � L /u�5úxÿb ú6���0DGþÌúxÿ�üI��� � !>�����+P ü�(5�üGûdþ�:hüGÿ�
²ú�%',qwoü.!>���A�ÌþH����
 û þ
ü�(5�üGû þ�:�üGÿ�
 þ-(�	ÿ�ü��'
 û þÌÿ�þe úA�	��ûdþ L � üpDGúxÿ�üp ü��xÿ���
 üE�5ú6:hü¥Ø Ë î ×�þ(Ö ��Ë Ü�× ËxÉÊÉ Ú g × ß
 ú�ÿ�ú&�Ìü�DGú�ÿ�ü�5�ü5û(:�ü�( ü^!>�nº.��:�� � ,N� ��!G��ÿ@�Ìþ���ü����ÌúE!Uþu�5ú�ÿ'�>!UüGÿ0DC�&!Uü��u�h`� L
M �u50��ÿ�
 ú�þ ÿh�OüF�5ü9þ ÿ>!Uþ��F�«þu:�þ��6�ÌþÌú�ûdþ�5��Ðû���:�ü3
 û þ�!®þs�0
�5�üGûsþ�!>��
 þ�!Uþ�º.��:�� � ,q� z
∆m2 = 6.9× 10−5 ü sin2θ ∼ 1.0

&�YC`6' L



®�÷�Ð Äb«4*B´F°�B¨ � ²Eg¦K§ � ¨C ¿ g¦l§ � ½;Ê4Ãbñ¹��b³�²~ò Õ ÃbÄ µ Ù

 �þ��V
2���6�ÌþÌú��5þ��ÌþÌÿ>!Uû þ��5úT!Uþ
1.2 m

��
(
²úxû ÿUúT�����+Pm��( ü.D9�9�
2��
²úhü��Ìþ�:hþ ÿ���
²ú0�
 �²úxÿ�ú��
2��
²þ?ûdþ��Tþ��
²þ?þH
����A�Ìþ~(�0��� ü;!Uþ�J�üGûdüGÿ0DGüd
²ü�:75�úxû����ÌþIüd(5���D5þ����Ìþ�!®üGþH�OüGû�
 þ��5þ
��üGÿUüGû���
²þc!>�$Ü�Ø²Ú Í ÜKîYü~ßO× ÉÌË(ü × ß0Ö ÎÌÑ Õ ËxÉ )

0.5 µs < ∆T < 1000 µ, ∆R <
2 m

/
 �� ü��5úxÿ>!Uþ�DGþÌú�ÿ�þh5�úA�
²ü�(�0���ZP üGÿ�üGû���þ	�k!Uü����+P ü3��üGÿ�
²úk úxÿ�ú7úxû�� z 1.8MeV < Edelayed <

2.6 MeV
ü

2.6 MeV < Eprompt < 8.5 MeV

Á?þ��A��û��¡Y L YAY z �Aÿ�üGû���þ	��5�üGûS�A�ÌþjüR�OüGÿ�
 þ´ün(5�ü3
�
²û þN5�üGû���
(
²ü� þ-�oº.��:�� � ,q�¹5�üGû
�����3��ÿ�üºþ�5�ú�
²ü� þ
M ÿ���( üGÿ0DC�o!Uü����ZP þ�5�ú�
²ü3²þ-!®þ´ú6��5þ����	��DGþÌú�ÿ�ü~üGû���ÿ�ú@��
(
²ü� þy5�ü5û$þ��N5�üGû þÌúB!Uú@!Uþ-�A� Q ��þ� ²þ�DGþÌú�ÿ�ü^!>��
 þ

365.2 ± 23.7(sist)
ü3�Oü5ÿ�
²þu!>�

νe
 ú65�û��

2.6MeV
)�þÌÿG�>�A��û�� Y L Y6Yÿ�ü@�¥û���505�û ü3²ü5ÿ�
2��
2�¡���¢!Uþ�(
 û þ��0�0DGþÌú�ÿ�ü¥þÌÿoüGÿ�üGû(�xþ	�h/*:�üGÿh
²û üÆÿ�ü@ úxÿ�ú�(
���
 þ�ú6? 

²üGû?�A��
²þ.²úA�Ìú�_6`�a z Q ��ü��
²ú ûdþ�(�0��
2��
²ú¢�5úxÿ0fÞüGû�:T���	�å(5��Ðû þ�DGþÌú�ÿ�üG!Uþ νe ��! ��ÿ �Ìþ� 
�Oü���� úo!®þy�5úxÿ'��!UüGÿ0DC�E!Uü��y�A� L �A�6a$ L ���p5Uû ú6�>����þ��Ìþ�
�OE:�ü�!Uþ��p!Uþk úA5�û����B�®þ��Oü5ÿ0DC�p�
0.658± 0.044(stat)± 0.047(sist) LM 5��Ðû���:hü3
²ûdþ=!Uþ=:hþÄýUþÌÿ0���5úxÿDúA��5þ����	��DGþ úxÿ�ü<þÌÿ�!'��üe��ü5ÿ�üGû���DGþÌú�ÿ�þ4��i�ü|þ ÿh
²üGû(5�úA�	��ÿ�ú:�ü��6�ÌþÌú�þV!>��
²þ�ú�
(
²ü5ÿB�'
²þl��'��û���
²ü-!Uþ�ü3�OüGÿ�
 þ�üq��'���	�8fÞúxû(:T�8!Uü����Ìú;(5�ü3
(
 û ú&üGÿ�üGû(�xü3
²þ��5ú
²úxÿ�úÿ&�YFU(' z

∆m2 = 7.9+0.6
−0.5 × 10−5eV 2 tan2θ = 0.46�e����ÿ4Pm�Ðÿ���� þ� þB��i�ü�
 þ üGÿUü(þÌÿI�5úxÿ0 þ	!Uü5û���D5þ úxÿ�üt ú6�Ìúy����fÞúxû(:T�k!Uü����ÌúN(5�ü3
(
 û ú�üGÿ�üGû(�xü3
²þ��5ú

�.�
2��
²úhú�
(
²ü5ÿB�'
²ú z
∆m2 = 8.0± 0.5× 10−5eV 2 tan2θ = 0.76

M �-5�ú�
²üGû ü~û þ�²úA���'
²þ��Oú�!Uþeº.��:�� � ,N� i���5�üGû�:�ü�(²ú¥þÌÿ�ú6��
 û üE!Uþq
²ûdú��A�Ðû ün
²û ü& ú�
� 

²ú6D5ú�ÿ�ü^�����+P þÌÿ�
²üGûdÿ�úE!®ü����	�&��� � 1"
²û��b�Ìü Q �����Ìþ Q ��ü������n�F�Ðû���
(
²ü5û þ�D�DC��
2�n!>� ∆m2 '
8× 10−5eV −2 û þ���'��
��sü�( üGû ü9�	�;5�þ�r�5�û úA������þ��Ìü L
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M ÿ^�>�A��û��^Y L YC_g1�þÌÿ��OüF��ü61>�<û���505�ûdü� üGÿ�
2��
²ú�þ�� û���505�úxû�
²ú�
 û���þ�� ÿB�':�üGû ú7!Uþ ü3�OüGÿh
²þú6( üGû?�6��
²þ�üe�A�Ìþ�ü3�OüGÿh
²þ4��
(
 ü� þ�þÌÿb��( üGÿ0DC�d!Uþ�úA��5þ����	��DGþÌúxÿ�ü61>�5úxÿ9ú6��5þ�������DGþÌú�ÿ�ü9!Uú��B�'
2�
��þ05��Ðû���:�ü3
²ûdþ�!Uþ0:�þÄý®þ ÿ0�.��i�ü��0
(
2�Ðÿ�ú.:hü��6�ÌþÌúºþ��'<>�0(²ú9:�þ�(��û���
 úºük5�üGût����
²û ü7þ�5�úA
 ü� þ
(�0���	��(5��Ðû þ�DGþÌú�ÿ�üT!UüGþ

νe
�5úA:�ü�þ��t!Uü��F�A!Uþ�:�üGÿh
²ú z �ZP þ�5�ú�
²ü� þt!UþÀúA���þ����	��DGþÌúxÿ�ü$ûdþ�(�0��
2�ü�( üGû ü9�	�;5�þ�r*��ú�ÿ��Tþ ÿ>�5ü5ÿ�
²ü L

ÁLþ��A��û��9Y L YF_ z �N��505�úxû�
²úk
 û��u�6�ÌþOü3��üGÿ�
²þOúA( üGû��A��
 þOü Q ��ü����Ìþg��
(
 ü� þh5�üGû�!Uþ��OüGû�²üÀþ�5�úA
 ü� þ(�0���	�;(5��Ðû þ�DGþÌú�ÿ�ü8!®üGþ ÿ�ü��'
 û þÌÿ�þ�&�Y�U�'
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Á?þ��A��û��IY L Y�X z )Z�6/�v~�Ðû���:�ü3
 û þg!Uþ®úA��5þ����	��DGþ úxÿ�ü:úA
�
²üGÿ��'
²þ'!>�Ðþ'!>��
²þg!Uþ'º.��:�� � ,q� &�Y�U�'
ü�!>�Ðþ3ûdþ���0��
2��
²þs!Uü3�6�Ìþ(ü��5�ü5û þ�:�üGÿ�
²þs!Uþ(ÿUü��'
²û þÌÿ�ún ú6�	��ûdüp)�� þÌÿ�üGüT
 û���
(
²ü��A�xþ���
²ü�/ L )j�l/�7þ�(�0��
2��
²þ�ú�
(
²ü5ÿB�'
²þ>!>�����+Pm�Ðÿ���� þ� þl�5úxÿ0�xþ���ÿ�
��9!UüGþ�!0��
 þ�!Uþ>º.��:�� � ,N�yüy!Uü��A� þ�ü3�5�üGûdþ� 
:�üGÿ�
²þ"!>�sÿ�ü��'
 û þÌÿ�ú� úA���Ðû üºÿUü����+P þ�5�ú�
²ü� þ�!Uþ þ ÿh�6�Ðû þ	�Ðÿ0DC�T��v�� L ��P þÌÿ�
²ü5û(5�úA����DGþÌú�ÿ�üI!>��5ú6:�ü95>��û���:�ü3
 û þ4!Uþ÷úA��5þ����	��DGþÌúxÿ�ü

∆m2 = 7.9+0.6
−0.5 × 10−5eV 2 ü tan2θ = 0.40+0.10

−0.07
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Ú ÛÝÜ ö�îDðßÞ÷ð ç

� ð�ï�ø��ôö÷íôð�� æ�î0ï�ó�î$îDó�ï Û ñ�øåÞ ï�ö��nø¡Þ Û îDðoï�ø
ø � æ9ö4¤ Û

�3úA:�üu��þ	Oe��ÿ�
 þ��5þ�5���
²úºù(úxû ü�ýUþÌÿ�úe���Uÿhûdþ���ü�����
²úxû ük�q��5þÌÿ�
²þ�������
²úxû ü>úxû(�h��ÿ�þ��5úe�
��>!Uþ	��
 ú
5�ü5ûN�	��:�þ����û��hþÌÿ�î × Í Ü�Ú�Ø²× ËxÉ ×I!UþHÿ�ü��g
²û þÌÿ�þ"²úA�	��ûdþ"5�û úC�OüGÿ�þÌüGÿ�
 þ�!>�����	��û üF��DGþÌúxÿ�üd!®ü��
7Be LåM �7û þ��Oü3����
²úxû ü�²þu
²û úC�A�~ÿ�ü����	�pi������q� !UüGþk�H����úxû���
²úxû þN,q��DGþ úxÿ���� þy!Uü��q#|û���ÿ
%'��( ú L

M ÿ Q ��ü��
²ú�����5�þ�
²úA�Ìú@�®þÌüGÿ�üE!Uü���5û þ�
(
²ú¥þ��-5�û úg��ü�(²ú���
�
²û����Oü5û( ú¥þ�� Q �����Ìü&�OüGûdû�Oû þ��Oü��	��
 úCþ��¾ÿ�ü��'
 û þÌÿ�ú85�ûdú���üGÿ�þÌüGÿ�
²üN!>�������<ûdüC��DGþ úxÿ�üq!Uü�� 7Be
þÌÿ9ù]ú�ûdü�ýUþÌÿ�úCü�þ��>
²þ�5�ú8!Uþ

:�þ�(��ûdü.��iUü9 þ=5�úA
 û��Ðÿ�ÿ�ú�ü3J�ü3
�
����Ðû ü<ÿ�ü3���+Pm��:d��þ�
²ú7!Uü����	�d�> þ��F��!®ü�� ÿ�ü��'
 û þÌÿ�ú� ú6�	��ûdü LÂ]üGûdû�O95�úxþ�5�û ü� üGÿ�
���
 úCüq!Uü���5ûdþ�
�
²úCþ��l!UüR
²üF�R
²úxût!Uþ�ù(úxû ü�ýUþÌÿ�ú01B�ÌüN(��üq����û���
�
²üGû þ��
²þ���i�ü
��üGÿ�üGû����Ìþ+1��5úA:75�ûdü� ü9� ü95�û þÌÿ>�5þ�5���� þ4fÞúxÿ�
²þ4!Uþ4fÞúxÿ>!Uú�û��A!®þ úh��
�
²þ��Oú L
,�N ó "1/GF-/5%3# .947)Æ6947K$*-M?/G69' F '&)5#CML4J# ��'CML4
	0/G69'
�H�0û üC��DGþÌú�ÿ�üS��iUüT5�üGû�:�ü3
(
 üGû�O�!Uþ]û þ��Oü��	�Ðû ü�þ]ÿ�ü��'
 û þÌÿ�þc��� úb�����
(
 üGû þÌÿ0� ü��	��(
 þ	�5ú*(�
ü�� ü3
�
²ûdú�ÿ�þÖ4 z

νx + e− → νx + e−
)+_ L Y�/

ù(úxû ü�ýUþÌÿ�ú9ûdþ���ü�� ü5û�OT�	�T���>�5ü;!UþH��5þ ÿh
²þ����	��DGþ úxÿ�ü;5�û úC�OúB�F��
2�T!>���A�Ìþ?ü�� üR
(
²ûdú�ÿ�þ$!Uþ�JK�g 
²þc!>�Ðþ]ÿ�ü��'
 û þÌÿ�þc5�û úC�OüGÿUþ üGÿh
²þt!>���c úA� üS��
(
 û����OüGû( ún_A_gY��*fÞú�
²ú�
��0�Uþ L�M �Àû þ��Oü3����
²úxû ü��²üGÿ'²þ���þ�� üT��!�ü3�OüGÿ�
 þ�!®þAüGÿ�üGû(�xþ	�9ü�(
 û ü�:���:�üGÿh
²ü�����(��E)���ÿ�úb�����	�^!UüF�5þÌÿ���!®þ

keV
/


��'
(
��F�Tþ��8�-�
2��
²úd��5ü���
²ú�!®þ�üRJ�ü3
�
����Ðû ü-��ÿS
����A�Ìþ ú7�
250keV

5�üGû:ü��Ìþ�:�þÌÿ���ûdüe�	�IDGúxÿ��
!Uþ>5�þ�r�����(��|üGÿ�üGû(�xþ	�Yÿ�ü3���	� Q �����Ìüy!Uþ0f���
�
²ú<þ���û���505�ú�û?
²ú segnale/rumore ��
 û úA505�ú5�þ	����ú6�Ìú L v~��ûIû þ��Oü��	��ÿ0!Uú9�A� þUü3��üGÿ�
²þUþÌÿ;
 ü�:75�úYû üF���Ìü>þ0�F�Ðÿ>!Uþ	!0��
 þ�ü3�OüGÿh
²þ0!>�jÿ�ü��'
 û þÌÿ�úÿ�ú�ÿ^�Oü5û û��Ðÿ�ÿ�úhþ�!UüGÿ�
²þ����F��
²þ4��ÿ�ú���!^��ÿ�ú�:T�d þ=5�û úB�5üF!UüGû�O;�5ú6���	���5úA(
 û(�0DGþÌúxÿ�ü8!®ü����Ìú
A�� NXGJRXTUSUKcN6K�O(D

7Be
EHL#NXL�tJDnSCD-T8TUG3SUKcI3I+D-TCK6O�DµR6N	GJNXG3S8Y#K¶DµO6K

866keV
t�¯XG�N6L#NFa�EUR��t3KcGJN#T8G�VWGJSV�LnTUGJSoD3z]GJS8G�Z[DFS8G+DnIJKcL]N6G z6K[D	t�L]S8S8GJN#TUGPtJDnSUK[tJDFEUR6K!N¨R(t3ZMGJK�O6K!t+DnS8qWL#N6KMLË²éV(S8GJEHG+N]TCK!NXGJK�E8t3K[N]TCKcZ[Z[D-TUL]SUKL]SUY#DsN(Kct3K ´

νe +12 C →12 N∗ + e−
tJDnSCD-T8TUG3SUKcI3I+D-T�DyO�DFR6N(D	EHL]Y#ZcK¶DFO6K

17.3MeV
ª

XAX
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(5�ü3
(
²ûdú2üGÿ�üGû���ü3
 þ��5ú$ü8 þ-û þ���ü3
�
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250 − 800keV

üS�����+P þÌÿ�
²üGûdÿ�ún!Uü����ÌünY�WAW�
²ú�ÿ�!Uþ
�Oú6���0:�üe��!'�>��þ���� üA1>5�û ü3�Tþ��
²ú7!>����%0%'� )�þ ÿ*��� üGÿ0DC��!Uþ÷ú6��5þ�������DGþÌú�ÿ�üC/>ü95�üGû Q ����
(
 û ú��5ü5ÿ���ûdþ"!Uþ úA���þ����	��DGþÌúxÿ�ü L

Á?þ��A��û��ù_ L X z �N��
²ü�!Uþsü3��üGÿ�
²þsÿ�úxû(:T��� þ�D�DC��
²úù(�0��%0%'� 5�üGû�!Uþ��OüGû� þ���5üGÿ��Ðû þ�!Uþ
ú6��5þ����	��DGþÌú�ÿ�ü8�5ú�ÿDû ü��	��
²þ��Oú��5úxÿ�
 ú�ûdÿ�ú�!Uü��4�Ìþ��Oü����ÌúT!®þ"�5úxÿ'��!UüGÿ0DC�



À Ñ »I©K¨Ch¼ � ¦"©"½.´3§C¨�«4§�§�«"¨C³oª�g¯t¨ �	£ '¯�³'§F©l¨Cn*¾$´ ��¿ ³

 ú6���0DGþÌú�ÿUþt��� � 
 û úC�6��
²ü�!>��º.��:�� � ,q�ñ5�üGûºþÀÿ�ü��'
²ûdþ ÿ�þc!>� 7Be
)�� þÌÿ�üC��
²û���
�
²ü��� 

��þ	��
2�6/Cü�5�üGûsþ:ÿ�ü��'
 û þÌÿ�þ�!>� 8B
)j�ÌþÌÿ�üC�&�5ú�ÿh
²þÌÿB���6/ L ���n úA���'DGþ úxÿ�ü^5�þ�r�5�ûdú6������þ�� ü)

∆m2 = 7.9 × 10−5eV 2 1 tan2 θ = 0.40
/d�0þ ÿ0!Uþ	�F��
2�p�5ú6:�ü���� �  M z ù(ú�ûdü�ýUþÌÿ�úþÌÿ��Oü��
²þ��Ai�üGû�ODÿ�ü��]û���ÿ0�xüS!Uþ]ü5ÿ�üGû(�xþ��b��iUüT50�0�*5�ü5û(:�ü3
�
²üGû üT!Uþ]ûdþ��xü3
�
2�Ðû üT��ÿ>�b!Uü����Ìü


²ûdü9 ú6���0DGþÌú�ÿUþt)j�H� �  ÉWh/ L

ÁLþ��A��û��^_ L � z vAû úA������þ��Ìþ�
2O^!Uþ~ ú65�û��F���®þ��OüGÿ0DC�S5�û ü3�®þ��
2�S5�üGûYþ�:hþ��A�Ìþ úxû þ~50��ÿ�
²þ�!Uþ$�0

²ûdú��A��
²þ4!>��º.��:�� � ,q�é5�üGû�� üe
²ûdü9 úA
�
²úxû ü��xþ úxÿ�þ"��� � 
²ûdú��A��
²ü�&�YFa(' L

7�û?ú�û87 �nþ���� þ�ÿ����������Ný1�j�gý�< ;j� �Ný��/��������� ���=�yý��r�����3���=�Nþ 7Be
� ÿ;:�ü3
 úg!Uú-5�üGû�!Uþ��
²þÌÿ0�6�UüGû üu
 û��N� üs
 û üu úA���'DGþ úxÿ�þ>��� � 1��HwuÇ üsÂt�A�3�'�0:â� Q ��ü����Ìú!Uþ�úA( üGû��A��ûdüN� üy�A��ûdþ���DGþÌú�ÿ�þ�
²ü�:75�úxû����Ìþ�ÿ�ü���<>�0( úd!Uþ¾ÿ�ü��'
²ûdþ ÿUú L �(þl úxÿ�úd!'��üy
²þ�5�þK!Uþ�A��ûdþ���DGþÌú�ÿ�ü9
 ü�:75�úxû���� ü z Q ��ü����	���
2���xþ úxÿ���� üºü9�	�d�A�Ðû þ	��DGþÌúxÿ�ü9
²û��sþ��4�xþÌú�ûdÿ�ú�ü<ÿ�ú�
(
²ü L���N�A��ûdþ���DGþÌú�ÿUük�
����xþ úxÿ���� ü��k!UúC�g�'
��e�����	�|ü����Ìþ�
�
²þ��5þ�
2Oe!Uü����+P úxû(��þ�
2�q
 üGû ûdü�(
 û ü L ��P ü��� �Ìþ�
�
²þ��5þ�
�O.!Uü3���+P úxû(��þ�
2�-
²ü5û û ü��
 û üy�5úA:75�ú�û?
2�e��ÿ��-�A�Ðû þ	��DGþÌúxÿ�ü�ÿ�ü��0<>�0� ú8!®þ¾úxû þ��xþ ÿUüy50�g 
û���:�üGÿ�
 ü8�xüGúA:�ü3
²ûdþ	�F�hü8��ÿ��;�6�Ðû þ	��DGþ úxÿ�üd!UúC�g�'
��������F��:d��þ	��:�ü5ÿ�
²úT!Uü������7���� üR �� þÌÿ�ü
��i�ük�5úA:75��Ðû ü>ÿ�ü����	��Y L _gY L ���-!Uþ�J�üGû ü5ÿ0DC�|ÿ�ü���û���
²ü�!Uþ�ü3�Oü5ÿ�
²þ'5�û ü3�®þ��
2�N
²û��jþg�6�Ðû þ'��5üR ÿ��Ðû þ4!Uþ�ú6��5þ����	��DGþÌú�ÿ�üºÿ�ü3�V�g��ú�
²úhüe�+P þ�5�úA
 ü� þ"!Uþ4��( üGÿ0DC�;!Uþ÷úA��5þ����	��DGþÌúxÿ�ü.�e(�05�üGû þÌúxû ü
��� �  �1 Q ��þÌÿ>!UþÀù]ú�ûdü�ýUþÌÿ�ú���ü��
²û ü�:���:�ü5ÿ�
²üd²ü5ÿ0²þ���þ��Ìühÿ�ü���� ú^�
��>!UþÌú�!®ü����Ìú^��5üGÿ��Ðû þÌú!Uþ úA��5þ����	��DGþ úxÿ�üCÿUü��=�g��ú�
²ú L,�ü3�=���� ú;!UþV úA���'DGþ úxÿ�þ=�HwuÇ �q5�û ü3�Tþ��
2�d�Ðÿ>��i�ü-��ÿ��8fÞúxû�
²üe��²þ�:7:hü3
²û þ	�8�xþ úxû ÿ�ú� 
ÿ�ú�
(
²ü�ÿ�ü3�¾ÿB�0:�ü5û ú8!Uþ¾ü3��üGÿ�
²þ�û þ��Oü��	��
²þ+1B!UúC�g�'
2�.�����	�<û þ���üGÿUüGû���DGþ úxÿ�üq!Uþ�ÿ�ü��'
²ûdþ ÿ�þ¾ü3� ü3
? 

²ûdú�ÿ�þ��5þ+1>5Uû ü3�®þ��
2��!>�������d
²üGúxû þ	�7�&%hÇâ1>!'��û��Ðÿ�
²ü9�+Pm��
(
²û��F��üGû(���:�üGÿ�
 ú�!Uü3���	�d
²üGû û���!>�
5��Ðû�
²ü.!Uü��=fj�����þ ú�!®þ ÿ�ü��'
²ûdþÌÿ�þ L ��P��� þ�:7:�ü3
 û þ	�;�xþÌú�ûdÿ�ú�ÿ�úA
�
²ü9�.!Uü3��ÿ�þ�
2����ú6:�ü z

N −D
N +D

× 10
)+_ L U�/
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Á?þ��A��û��å_ L ` z ��úB!'�0�	��DGþÌúxÿ�ü@�Ðÿ�ÿB����� ü�!®ü��ºÿB�0:�üGûdú¡!Uþ.�5ú�ÿh
²ü��A��þºþÌÿ�ù]ú�ûdü�ýUþÌÿ�úEþ ÿ��( üGÿ0DC��!Uþ<ú6��5þ�������DGþÌú�ÿ�ü¢)j�ÌþÌÿ�üC��50��ÿ�
 ü��6�xþ	��
��h/9ü�ÿ�ü���� ú���5ü5ÿ���ûdþ ú¡!Uþ<ú6��5þ�������DGþÌú�ÿ�ü
ÿ�ü����g��ú�
²úù5�üGûo!g��ü�5���û���:�üR
²û þ7!Uþhú6��5þ����	��DGþÌú�ÿ�üé)

∆m2 = 4, 2 × 10−10eV 2 ü
∆m2 = 3.2× 102eV 2 /�&�YF�('

!Uú���üS�ñ��þ��Àû���
²ü�!UþAü3�OüGÿ�
 þc!'��û��Ðÿ�
 ü�þ�����þÌúxû ÿ�ú�üT, Q ��ü����Ìú*:�þ�(��û���
²úb!'��û��Ðÿ�
²ü7�	�ÿ�úA
�
²ü L ,�ü������8�>�A��û��;_ L Ud�|û���505�ûdü�²ü5ÿ�
2��
2�I�+Pm�� þ�:7:hü3
²û þ	�I�xþÌú�ûdÿ�ú� ÿ�ú�
(
 üYþ ÿ�f���ÿ0DGþÌúxÿ�ü!UüGþl5��Ðû���:�ü3
²ûdþl!Uþ�úA��5þ����	��DGþ úxÿ�ü L �(úA:�üN þ�50�0�8��üF!UüGû üy²úA�ÌúI�	�. úA���0D5þ úxÿ�ü-�HwuÇ ü�þ ÿ
5���û?
²üe�	�IÂt���3�0�0: ²úxÿ�úhþÌÿ�
 üGû ü�(���
 ü9!>� Q ��ü��
²ú;fÞüGÿ�úA:�üGÿ�ú L ,�ü��4���� ú�!Uþ= úA���0DGþÌúxÿ�ü�$wuÇ )+�5úxÿ0 þ	!Uü5û��Ðÿ>!UúI���<û ü3��þÌú�ÿUüq5�üGû�:�ü�(��8�A!��UÿT� þ��Oü3���Ìúd!Uþl�5úxÿ'��!UüGÿ0DC�8!Uü��l�6`$ �/
�ZP��� þ�:7:�ü3
 û þ	����
�
²ü�����7!Uü��c`$ L ù]ú�ûdü�ýUþÌÿ�ú>1 Q ��þÌÿ>!Uþ+1"5�ú�
²û�OS��üGû þ����F�Ðû ü�úDûdþ���ü3
�
2�Ðû ü
Q ��ü��
2�;5�úA(²þ���þ��Ìü. ú6���0DGþÌú�ÿ�ü L
,�N-, � /54�0D/G)5'/.C' .947)G)54;F 'CM¬.C476�*L/Æ.0/���'&60.9'
M ÿ Q ��ü��
2�� ü�D5þ úxÿ�ü8 þHû þ	���(�0:�úxÿ�ú��Ìü8 úxû(�xüGÿ�
 þ�!UþHû(�0:�úxû üºþÌÿ�
 üGû ÿ�ú�üF!Dü��
²üGû ÿUú�5�üGû�ZP ü�(5�ü5û þ�:�üGÿ�
 ú9ù(úxû ü�ýUþÌÿ�ú�üd�����3��ÿ�ü.
 üF�5ÿ�þ���i�ü85�üGûN�+P þ�!UüGÿh
²þ����F��DGþÌúxÿ�üd!Uü��A� þHü3�OüGÿ�
 þ�!Uþ
û(�0:�úxû ü LpM �3û(�0:�úxû ü�!®ú��g�g
²úE�Ðþs:d��úxÿ�þu�5úA(:�þ	��þs��üGû û�O*��ûdü3�Oü�:�üGÿh
²üT
²û���
�
2��
²ú~ÿUü��5���û����xû���fÞú�!UüF!Uþ��F��
²úT�����	���y��
²ü5û�
2�Ðÿ0� L
7�û87�û?ú �r�������@�3���'ý������
#-� þ�ü3�OüGÿh
²þ�þ ÿ>!Uú�
(
 þl!>�9�5úxÿ�
2��:�þÌÿ���ÿ�
 þ�û��A!®þ úh��
�
²þ��®þl!Uþ���5þÌú6��
²þ¾ÿ�ü3���Ìú8��5þÌÿ�
²þ����	��
²úxû ük�OüGÿg 
��úxÿ�úT!®ü3��ÿ�þ�
²þ4fÞú�ÿ0!Uú�þÌÿ�
 üGû ÿ�ú LcM �5úxÿ�
2��:�þÌÿ��Ðÿ�
²þ45�þ�rb5�ü5û þ��5ú6�ÌúA²þ45�üGûjù]ú�ûdü�ýUþÌÿ�ú� úxÿ�ú
238U

1 232Th
ü 40K

ü 14C L
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ÁLþ��A��û���_ L U z �(ú�ÿ�
 ú�ûdÿ�úT!UüGþ"� þ��Oü3���ÌþH!Uþ��5úxÿ'��!UüGÿ0DF��ü8!Uü����+Pm��²þ�:7:hü3
²û þ	����þÌú�ûdÿ�ú� ÿ�ú�
(
 ü5�üGû7þ÷ÿ�ü��'
²ûdþ ÿUþ"!>� 7Be
þÌÿ ù(úxû ü�ý®þ ÿ�ú
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��P��0 ú^!Uþ~��ÿ�ú����þ ÿ�
 þ����	��
²ú�ûdühúxû(�h��ÿ�þ��5ú^�d�A�Ðÿ�
2���6�xþÌú6 ú^5�ú�þ���i0ö;�Ìühþ�:750��ûdþ�
2OT:�üR 

2�����Ìþ���i�ü61k��i�üb
²þ�5�þ��F��:�üGÿ�
²ü* úxÿ�ú�5�ûdü�²ü5ÿ�
²þq�����Ìú�(
���
 ú�þÌúxÿ�þ��5ú>1>ÿ�úxÿ¡ ú�ÿ�úo²úA���0��þ�� þ
ÿ�ü����Ìü9:hú6�ÌüF�5úA� üYÿ�úxÿ^5�úA�	��ûdþ÷ú�û����Ðÿ�þ���i�ü61UþÌÿ�ú6��
²ûdü<þ��Vfj��
�
²ú���i�üe�Ìú���5þÌÿ�
 þ����	��
 ú�û üe þ	�d��ÿ
!UüGû þ��6��
²ú;!®ü��K5�ü3
 û úA� þÌú�û üGÿ0!Uü-�	�.5�û ü� üGÿ0DC�I!®þ 14C

1B�xüGÿ�üGû���
²úd!>�Cû����A��þK�5ú6(:�þ��5þ+1B5�þ�r
����(�� L ,�ü����	�9
2����ü������I_ L _9 úxÿ�ú&ûdþ���((��ÿ�
²þ¾þ>�A���Ìúxû þK!®þK�5úxÿ>�5üGÿ�
 û���DGþÌú�ÿ�üq!UüGþK��ú�ÿ�
���:�þ� ÿ���ÿ�
 þ=5�üGû(:�ü�( þ=5�üGû��ZP ü�(5�üGû þ�:�üGÿ�
 ú L �Aÿ�
 û��Ðÿ>!Uú���ÿ�5�ú0P'5�þ�r0ÿ�ü��4!Uü3
(
����A� þÌú7!UüGþV�6�Ðû þ
²þ�5�þ"!Uþ û��0:�úxû ü<þÌÿ�
²ü5û ÿ�ú010�A� þ þ� úA
 ú65�þ=5�þ�r�5�üGû þ��5úA� úA þ"5�ü5û´ù(ú�ûdü�ýUþÌÿ�ú7 ú�ÿ�ú z
• 14C z �;!UþLú�ûdþ��xþÌÿ�ü��5úA(:�úA��üGÿ�þ��F�g1=i>�T��ÿn
²ü�:�5�ú^!Uþ~!®þ�:�ü3D�DC��:hüGÿ�
²ú�!Uþ�` � XAW��ÿ�ÿ�þ®ü�!UüF�F��!Uü

β
�5úxÿ;��ÿsüGÿ>!B �5�ú�þÌÿ�
c�dYF`�U-��ü�Â L ù(üGÿ>��i'ö��+P üGÿ>!B �5�úxþ ÿh
� þ	�q�Ìú�ÿB 
2�Ðÿ�ú-!>���B�Ìþ�:�þ�
 ü3þÌÿ0fÞüGû þÌúxû üu!Uü�������ÿ�ü��'
²ûdþ ÿUú���þ ÿ>!Uú�� )j5�úA(
��q�q_6`�WN��ü�Âå5�û úA5�û þÌú

5�üGû]ü���3���>!UüGûdüN�xû��Ðÿ�5��Ðû�
²üy!Uü��6�Ìþ¾üR�OüGÿ�
 þl!>� 14C
/21��	�e(���8��
(
 þ��®þ�
2Oe�k
�����:�üGÿh
²ü

þ ÿh
²üGÿ0���) � W�ü3��üGÿ�
²þ=���K²üF��ú�ÿ>!Uú;5�üGû��5úxÿ>�5üGÿ�
 û���DGþ úxÿ�þ 14C/12C < 10−18 ÿ�ü���� üX6WAW-
²úxÿ�ÿ�ü����	��
 üN!Uþ0��5þÌÿ�
 þ����	��
 ú�ûdü�/~��i�ü>þ��05�ûdúg�5ü�( ú.!Uþ®Ü Î�É ×#" à�Ü�50�'�9fj��ûAûdþ üGÿh
²û��C 
û üy�����3��ÿ�þ�üR�OüGÿ�
 þ�ÿ�ü������Yÿ�ü3�'
²û þÌÿ�ú��´þÌÿ>!Uú�� L ���-(���e�5úxÿ>�5üGÿh
²û���DGþÌú�ÿ�ük�k:�þÌÿ�úxû üÿ�üGþs!UüGûdþ��A��
²þs!Uü��t5�ü3
 û úA� þÌú01���i�üT�2û þ�:T���
 ún5�ûdúA
 ü3
(
 ú&!>�Ðþ(û����6�xþs�5úA(:�þ	��þ3ÿUü��
²ú�
(
 ú6(��úA�Ìúb5�üGû�:�ü3
(
 üGÿ>!Uúxÿ�ü�þ��c!®üF�F�A!Uþ�:�üGÿh
²ú01"
(�'
(
��F�Tþ�����5�úA� þ���þ�� ü���i�ü�ÿUü��
²ú�
(
 ú6(��úA�Ìúd�Oü5ÿ0���Cû þ��xüGÿ�üGû���
²ú7�I�F���0��d!Uü3���+Pm��
(
 þ��Tþ�
�Od!Uü���� ü|û úB���5üe��i�üe��þ û(�5ú�ÿg 
!>��ÿ�ú&þ��l��þ	���5þ�:�üGÿ�
²ú L %Tüq�	�I��ú�ÿ>�5üGÿh
²û���DGþÌú�ÿUüe!Uþ 14C

�N
 û úA505�ú�ü��Ìü3�A��
��Cÿ�úxÿS²þ
50�0�95�û úB�5üF!UüGûdüq��!������3��ÿ�
²þ�5�ú.!Uþ050��û þ����F��DGþÌú�ÿ�ü7ü�(²ü5ÿ>!Uúºþ�� 14C

��ÿhü��Ìü�:�üGÿ�
 ú
�5ú6�
 þ�
(�'
²þ��Oú8!Uü����	�9:�úA�ÌüF�5ú6�	�9!Uþ>��5þÌÿ�
²þ�������
²úxû ü L �3úA:d��ÿ Q ��ü�þ'
²ü��
]ü� ü��A��þ�
 þ��5ú�ÿþ��>5�û ú�
²ú�
²þ�5�úI!Uþ�ù(ú�ûdü�ýUþÌÿ�úS)Z�3úA��ÿ�
²þÌÿ0�I�Hü�(
tÁl���5þ�� þ�
É{>/~i���ÿUÿ�úI!Uþ�:�úA(
 û���
²ú8��i�ü
� ú���5þÌÿ�
 þ����	��
 ú�ûdü.��5ü���
²ú75�ü5û´ù(ú�ûdü�ýUþÌÿ�ú7i����5úxÿ�
 üGÿB�'
²þ"�A����ü3
(
2����þ�� þ"!Uþ 14C

�

• 238U z !UüF�F��!UüI��ÿ�ú���� 206Pb
ü�:hü3
(
 üGÿ>!Uú�a

α
ü;U

β L %TüI���T�F��
²üGÿ���²þ�
 û úC�6�þ ÿ«ü Q ��þ��Ìþ���ûdþÌú^ üF��ú6�	��ûdü61V�	�T�5úxÿ>�5üGÿ�
 û���DGþÌú�ÿ�ü;!Uþ 238U
!Uü3�Oü&ü�� üGûdü�þÌÿ0fÞü5û þÌú�ûdü��

10−16g/g
��ú�ûdû þ��5�úxÿ>!UüGÿh
²ü��T�5þÌû��F�*YC`�W2ü3�OüGÿ�
 þ~���H�xþ úxû ÿ�ú01K
(�'
(
��F�Tþ����+P ü Q ��þ�� þ� ��û þÌúT50�0��ü�(²ü5û üCû ú�
(
 úS!0��þ�²ú�
²úA5�þH�5úxÿ*��ÿb
²ü�:75�úT!Uþ�!Uþ�:�ü3D�DC��:hüGÿ�
²ú�:�ú6��
²ú

����ÿ'��ú�) 234U,210 Pb
1 226Ra

1 230Th
/ L�� ÿ�����
²ûdú�þ� úA
 ú65�úp��i�üS50�0��ûdú6:�5�üGû ü�ZP ü Q ��þ��Ìþ���ûdþ ú8�7þ�� 222Rn

1B��i�ü�ÿ�úxÿ� þ0
 û úC�6�|þ ÿ�ü Q ��þ�� þ���ûdþ úI�5úxÿ��A�ÌþK����
²û þ�ü��Ìü�:�ü5ÿg 
²þu!Uü������&�F��
²ü5ÿ��&!Uü�� 238U
5Uû ü� üGÿ�
 þ:ÿ�ü����ÌúE��5þÌÿ�
 þ����	��
 ú�ûdü61�5�üGû���i0ö9ü�( ún�®þ ü5ÿ�ü

�5ú�ÿh
²þÌÿB����:�üGÿ�
²ün5�û úB!UúA
�
²ú@!>��þq:T��
²üGûdþ����Ìþe��i�üp�5úA(
 þ�
���þ����ú�ÿ�ú¥þ��jû þ��Oü��	��
 ú�ûdü L��( üGÿ>!Uú�þ�� 222Rn
��ÿb����´ÿ�úA��þ��Ìü61��	��(���hû þ�:�úADGþ úxÿ�ü8�ºü��
²û ü�:���:�ü5ÿ�
²ü8!Uþ��� 

�5þ��Ìüºü<ÿ�úxÿb5'�0�75�û úB�5üF!UüGûdü.5�üGû��®þ��;��i�þ�:�þ��F�'��þÌÿ�ú6��
²ûdü.�	�;(���7����
���!Uþ�JV�0 þ��®þ�
2O
)+!Uü����+P úxû�!UþÌÿ�üT!UüGþ�:�ü3
²ûdþt������þÌúxû ÿ�ú�/Yü�þ������ú^
²ü�:75�ú*!Uþc!Uþ�:�ü�D3DC��:hüGÿ�
²ú�)+X L a��þÌúxû ÿ�þ�/s� úhû üGÿ>!Uúxÿ�ú7��ÿ��;!Uü����Ìü.5�ûdþ ÿ>��þ�5����Ìþ"fÞúxÿ�
 þ"!Uþ û��0:�úxû ü6�

• 232Th z !UüF�F��!Uü���ÿ�ú���� 208Pb
ü�:hü3
(
²ü5ÿ>!UúEU

α
ü^�

β L � ((�0:�üGÿ>!Uú~ü Q ��þ� � þ���ûdþ ú& üF�5úA���Ðû ü61��	�n�5úxÿ>�5üGÿ�
 û���DGþ úxÿ�ü�:T��� þ�:T�n�A���5üR
(
2����þ�� ü�5�üGûhù(úxû ü�ýUþÌÿ�ú&�
10−16g/g

�5ú�ûdû þ�(5�ú�ÿ>!Uü5ÿ�
²ü9�I�5þÌû��F�TYF`AW&ü3��üGÿ�
²þ=���K��þÌúxû ÿ�ú L �cP ü Q ��þ��Ìþ���ûdþÌú; üF�5ú� ���Ðû üd50�0�$ü�� üGûdüsûdúA
�
²ú�!>���A�ÌþIþ� ú�
²ú65Uþ 228Ra
ü 228Th

�F��û���
�
²üGû þ�D�DC��
²þ~!>����ÿ��
�®þ�
2�&:�üF!Uþ	�&:�ú6��
²úE����ÿ0�h� L ���p5�ûdúg!'�0D5þ úxÿ�ü*!Uþ 220Rn

ÿ�ú�ÿ��5ú6�
 þ�
(��þ���5ü���ÿ
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5�ûdú6�0�Ìü�:T�95�ú�þ���i0�N�	�9�Tþ�
��.:hüF!Uþ��.!Uþ Q ��ü��
²úCþ�²ú�
²úA5�úI�q���0�����
2�Ðÿ0DC�.��û ü3��üq!>��Ìþ�:�þ�
2�Ðû ÿ�ü8���7!Uþ�JV�0 þÌúxÿ�ü�)Z��((�0:�üGÿ>!Uú� ü�:75�û ü8��i�ü8��ÿ���5���û?
²üI!UþH�y�A!Uúxÿ*²þ	�
�xüGÿ�üGû���
 ú�!>��þ=:T��
²üGû þ	��� þ"!Uü3� û þ��Oü��	��
²úxû ü�/

• 40K z i��T��ÿ&
 ü�:75�ú^!Uþ~!Uþ�:hü�D�DC��:�üGÿ�
 ú�!Uþ 1.4 × 109 �Ðÿ�ÿ�þIüd50�0�^!UüF�F��!UüGû ü
β
)Óù L � L aA�! �/y�5úxÿ«üGÿ>!B �5�úxþ ÿh
9�bY L Xh��ü�Â�úT5�üGû-����
�
���û���ü��Ìü3
�
²û úxÿ�þ��F�n)£ù L � LYAYX 7/>ü�:hü3
(
²ü5ÿ>!UúT��ÿ

γ
!>�bY L � � ��ü�Â LlM ���Ìþ�:�þ�
 ü.
²ú6���ÌüGû�����þ�� üI5�üGû|ù]ú�ûdü�ýUþÌÿ�úT�!Uþ

10−14g/g
�

• 7Be z �®þÌüGÿ�üS��üGÿ�ü5û���
²úE!>�*5Uû úA
 ú�ÿUþ:ú~ÿ�ü3�'
²û úxÿ�þu!Uþ3ú�ûdþ��xþÌÿ�ü���ú6(:�þ��F�b
²þ�5�þ��F�� :�ü5ÿ�
²ü�!'�Uû��Ðÿ�
²ü�þ���
 û����5�úxû�
 ú*!Uü��tvc�â!>��������úA��ú*!UþAû�����ÿ���DGþÌúxÿ�ün)�%'�Ðû û úB��i41
�u���A�Ìþ��Ðû þ�/~�-��,-#.% L ìq�q��ÿd
²ü�:75�ú9!Uþ0!Uþ�:�ü�D�DC��:�üGÿ�
 ú.!Uþ>`�Xe�xþÌú�ûdÿ�þ�üu50�0�9!UüR �F��!UüGûdü�)Óù L � L YFW$ 7/�5�üGûu�F��
(
���û��Cü�� üR
(
²ûdú�ÿ�þ��F�Cü�:�ü3
(
 üGÿ>!Uúd��ÿ γ !>�8� � aI��ü�Â Lð 5�úA( þ���þ��ÌüN!Uþ�:hþ ÿB�Uþ ûdü Q �Uü�(
��e ú�û���ü5ÿ�
²üy!Uþ�û(�':�ú�ûdük�	����5þ	��ÿ0!UúCþ��lvt�G(
 úg���F�C 
 úCÿ�ü��� ú�
(
²úA(��ú6�Ìú85�üGûc��ÿ�5�üGûdþ úB!UúI(�'���5þÌüGÿ�
²ü�:hüGÿ�
²üy����ÿ0��úI!>�95�ü5û(:�ü3
�
²üGû ÿUü
þ��'!Uü��F�A!Uþ�:�üGÿh
²úe!>��
²ú-��i�ü3þTÿB�>�3�ÌüGþ'!Uþ 7Be

�xüGÿ�üGû���
 þ®ÿ�ü��g ú�
(
²úA(��ú6�Ìúe!>�y:d��úxÿ�þ
�5úA(:�þ��5þ û ü3²þ�!'��þ4��Ðû��Ðÿ�ÿ�ú�û ü�(5�úxÿ0�����þ��Ìþ�!Uþ=²úA�Ìþ

0.3
ü3�OüGÿ�
 þ����4�xþÌú�ûdÿ�ú>�

• 85Kr
ü 39Ar z Q ��ü��
²þ�û���!UþÌú� þ� úA
 ú65�þ�û���ûdþy úxÿ�úo5�û ü� üGÿ�
 þ�ÿ�ü����+Pm��
�:�úA(fÞüGû��uü�Ðÿ>��i�ü� ü��	�&� úxû ú��5úxÿ>�5üGÿ�
²û���D5þ úxÿ�ü�ü^:�þÌÿ�ú�ûdüDû þ�(5�ü3
(
²úo� Q ��ü������p!Uü�� 222Rn5�úA(²úxÿ�ú�ü�( üGû ü�5�üGû þ��5úA� úA þy5�üGû2ù(úxû ü�ý®þ ÿ�ú013þÌÿ0f���
�
²þk ú�ÿ�úo����û���
�
²üGû þ�D�DC��
²þy!>�

��ÿ��e�®þ�
2�.:�üF!Uþ	�.����ÿ0�h�T)�Y�W Lm� `I�Ðÿ�ÿ�þl5�üGû(þ�� 85Kr
ü-_AUA�d�Ðÿ�ÿ�þl5�üGû(þ�� 39Ar

/Aü�!
üGÿh
²û���:d��þs!Uü��F�A!Uúxÿ�ú

β
)�üGÿ>!�5�ú�þÌÿ�
7�

687keV 565keV
û þ�(5�ü3
(
 þ��A��:�üGÿ�
 ü�/ L���*�5úxÿ�
���:�þÌÿ���DGþÌú�ÿ�ü��5úxÿ Q ��ü��
²þ(þ� úA
 ú65Uþ����B�®þÌüGÿ�üT5�û þÌÿ>�5þ�5�����:�üGÿh
²üT
²û���:�þ�
²ü�+Pm��DGú�
²ú7��i�ü-�®þÌüGÿ�ü9�'2��
²ú�5�üGû��+P þÌÿ0(���S��DGþÌúxÿ�ü8��i�ü-�®þÌüGÿ�üYû þ��F���6��
²ú7!>�����ZP���ûdþ��g��þ

�Ìþ�:�þ�
²þ$!Uþ~�5úxÿ>�5üGÿ�
 û���DGþÌú�ÿ�ü7�����5ü3
�
2����þ�� üd5�üGû Q ��ü3(
 þ$�5ú�ÿh
2��:hþ ÿ��Ðÿ�
 þ?ÿ�ü����+Pm��DGú�
²ú úxÿ�ú8W L X'Y�5���û?
²þ>5�ü5û�:�þ��Ìþ úxÿ�ük5�üGû 39Ar
üyW L Y3�.5��Ðû�
 þ>5�üGû�:�þ�� þ	�Ðû�!Uú.5�üGû 85Kr L

,�úxÿ�ú6�
2�Ðÿ�
 ü|ÿ�úxÿ0ü� þ��
2�I�Uÿ^:hü3
²úB!Uú;5�üGû3þ	!UüGÿh
²þ����F�Ðû üYþK þ ÿ0�xúA� þ�ü3�Oü5ÿ�
²þV!>�
ν
�����3��ÿ�þ

ü3�OüGÿh
²þ�!®þ>fÞú�ÿ0!Uú85�úA( ú�ÿ�úºü�( üGû ü7þ�!UüGÿ�
 þ����F��
²þ L �´þ> ü��A��þ�
²ú9�OüGÿ0�xúxÿ�úI��þ�
���
 þ�þ>:�ü3
 úg!Uþ5�üGûk�+P þ�!UüGÿ�
 þ�������DGþÌúxÿ�üI!Uþ÷ü3�OüGÿ�
 þ"!Uþ=fÞúxÿ>!Uú z
• ¿ © � ¦ ¿h� ª"'¦4¬hS¨ � §C³>¨�ª�³'§C z 5�úA(²úxÿ�úºü�(²ü5û ü�þ�!UüGÿ�
 þ����F��
²þ�ü3�OüGÿh
²þl��5'5���û?
²üGÿ�üGÿg 
 þ"�������;�F��
²üGÿ��d!Uü�� 238U

ü9!Uü�� 232Th
:hþ�(��û���ÿ>!Uúsþ���û þ�
2�Ðû�!Uúd
²û��I��ÿ0ü3�OüGÿh
²úsü

�+Pm����
²û ú<üy�5ú�ÿ�úA��5üGÿ>!Uú8�	�q�®þ�
��e:�üF!Uþ	�9!Uü���ÿB�>�3�ÌüGú9�>�A� þÌúS) 214Bi−214Po
1
β−α�5úxÿ

t1/2 = 164µs
� 212Bi−212Po

1
β−α �5úxÿ t1/2 = 300ns

� 220Rn−216Po
1

α − α �5ú�ÿ
t1/2 = 0.15s

/ z þÌÿ Q ��ü��
²þH�F�� þZ1 Q ��þ ÿ0!UþZ1��®þÌüGÿ�ü8fj��
(
²ú���ÿ&�5úxÿ�
²ûdú6�� �Ìú^ þ	�S(�0���ZP üGÿ�üGû(�xþ	�^!Uü����+P ü3��üGÿ�
²ú�)j��i�üsÿ�ü��~�F�� ú�!Uþ?ü3�OüGÿh
²þ
α
�;��ÿ>� Q ���Ðÿ�
²þ�
2O��üGÿE!Uü3
²üGû�:�þÌÿ���
��h/N þ	�S(�0�$
²ü�:75�ú^��i�üsþ ÿh
²üGû(�5ú�ûdû üd
²û��T��ÿuüR�OüGÿ�
 ú0ü;�ZP�����
²ûdú>1

:�þ��A� þÌúxû��Ðÿ>!Uúsÿ�úA
 ü3�OúA��:hüGÿ�
²ü-�Ìü-5�ú6( þ��Uþ��Ìþ�
2O;!UþK��ÿ��d�5úxû û üR
(
2�Cþ�!UüGÿ�
 þ����F��DGþÌú�ÿUü L
� þ�:75�úxû�
2�Ðÿ�
²ü�ú6( üGû��A�Ðû ün��i�ü Q ��ü��
��p
²üF�5ÿ�þ��F��50�0�vü�( üGû ü*�'
 þ��Ìþ�D�DC��
2�� úA� ú5�üGû�� ü.�5úA505�þÌü8!Uþ4!UüF�F��!Uþ�:�üGÿ�
 þ4(�>���5þ�
2��
²ü95�ú�þ���i0�9 ú6�Ìú Q ��ü��
²ü9 úxÿ�ú��F�Ðû���
(
 üR ûdþ�D�DF��
 üS!>�^��ÿvûdþ�
���û(!Uún���0�����
2�Ðÿ0DC������ÿ0�xú>1�
����ÌüT!>�0û þ�!'��û ûdü�ÿ�ú�
²ü3�OúA��:�üGÿ�
 ü
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M  ú�
²úA5�ú %Túxû(�xüGÿ�
 ü �(ú�ÿ>��üGÿ�
²û���DGþÌúxÿ�ü

 þ�5�þ��F�

�(ú�ÿ>��üGÿ�
²û���DGþÌúxÿ�ü
ûdþ	��i�þ ü��
��

� üR
²úg!UúG!UþN50�g 
û þ����F��D5þ úxÿ�ü

14C
�(ú6(:�úA�xüGÿ�þ��5ú
) 14N

/
14C
12C

< 10−12 14C
12C

< 10−18 �jüGûdþ��A��
²ú !Uü��
5�ü3
²û úA�Ìþ ú

7Be
�(úA�:hú6�xüGÿ�þ��5ú
) 12C

/ 3×10−2Bq/ton < 10−6Bq/ton
%�
²úB���F���6�xþÌú ÿ�ü��
²ú�
(
 ú6(��úA� ú01k�´þ� 
(
 þ����	��D5þ úxÿ�ü

222Rn
� ûdþ	�'1 ü3:T��ÿ>�� 
DGþÌúxÿ�üs!>�ÐþB:���
 üR 
ûdþ����Ìþ

100 atomi/cm3þÌÿ*��ûdþ��
Y
atomo/ton

þÌÿ
��5þÌÿ�
²þ�������
²úxû ü M ÿ0(���T��D5þ úxÿ�üN!Uþ��DGú�
²ú

238U
232Th

5�úA����üGû þ
2 × 10−5g/gÿ�ü����	�;5�ú6���OüGûdü < 10−16g/gÿ�ü����Ìú

��5þÌÿ�
²þ�������
²úxû ü
�jþ��
²þ����	��DGþÌú�ÿ�ü61
ü�(
 û���DGþÌú�ÿ�ü �5ú�ÿ
�A� Q ���'1c�5ú6�Ìúxÿ�ÿ�ü!Uþ4 þ��Ìþ��F����ü��

40K
v-ú6���OüGûdü�úå��ú�ÿg 

���:�þÌÿ��Ðÿ�
²þ ÿ�ü��
<>��úxû ú

2 × 10−6g/gÿ�ü����	�;5�ú6���OüGûdü < 10−13 ÿ�ü��� 
�ÌúÌ��5þÌÿ�
 þ����	��
 ú�ûdü
< 10−11g/g

ÿ�ü��
<>��úxû ú

���
²û���DGþÌú�ÿUü&�5ú�ÿ
�A� Q ���'1c!Uþ��
²þ������C DGþ úxÿ�ü

85Kr
39Ar
42Ar

� ûdþ��
1Bq/m3 þÌÿd�Ðû þ	� M ÿ0(���T��D5þ úxÿ�üN!Uþ��DGú�
²ú

�$����ü������7_ L _ z �>ü Q ��þ� þ�
 þ"!Uþ û��A!UþÌúA50��û ü�D�DF��5�üGûk�Ìú7��5þÌÿ�
²þ�������
²úxû ü.!Uþ-ù(úxû ü�ý®þ ÿ�úÿ&�_6_6'
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�	��5�ú6( þ���þ��Ìþ�
2O*!Uþc ú��®û���5'5�úA þ�DGþ úxÿ�üT
 û��Dþt!'��ü2ü3��üGÿ�
²þ+1H:T�*����
²ü�:75�ú*�
²ü�( ú
(�'���5þ ü5ÿ�
²ü�:�ü5ÿ�
²ü8��û üR�OüI!>�hü3�®þ�
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²û ú�ü3�OüGÿh
²ú01¾ÿ�ú�ÿn�5úxû ûdü�����
²úS���
!Uü��F�A!Uþ�:�üGÿh
²ú-!Uü��B5Uû þ�:�újþ� ú�
²úA5�ú>1��OüGÿ'���7û ü��xþ��
 û���
²úq5�ûdþ�:��N!Uü3�g!UüF�F��!Uþ�:�üGÿ�
 ú
!Uü3� ÿB�>�3�ÌüGú��>�A� þÌú0�

• °$«�¯�´� ��´ � ³�°~�ª � ´ ¿ ¨ � ² � ¦"³'§ � ©K¦ z  þ050�0�e(fÞû(�'
�
2�Ðû üu���-!Uþ�J�üGûdüGÿ�
²ü>ü3��ú6���0DGþÌú�ÿ�ü
 ü�:75�úxû���� üN!Uü����	�.�3��û��A�.!Uþ>��5þÌÿ�
²þ�������DGþÌú�ÿ�üN5�û úC��úg�F��
2�.!0�������Yû��A!®þ���DGþÌú�ÿ�ü
α
5�üGû

!Uþ��
²þÌÿ0�A��üGû(�Ìþ"!>���A�ÌþHü3��üGÿ�
²þ
β
�
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 üGÿ���!Uü����+P � û��Ðÿ�þÌú2üI!Uü����-úxû þÌú>1K��
(
 û����OüGû�²ú7� üI��ú�þÌÿ>�5þ�!UüGÿ�
 ü&û þ�
2�Ðû�!>��
²ü61üb��(��0:hüGÿ>!Uúuü Q ��þ��Ìþ���û þÌú� üF�5úA�	��ûdü61t�+Pm��
(
 þ��Tþ�
�Op!UüGþ>ÿ��>�3� ü5þk5���!Uûdþ��*�Ðÿ>��i4P ü�? ��$ÿ�ú�
2� L È ��ü��
²ú0þÌÿuû üC����
2OS�;��üGû ú^ úA� ú^5�üGûYÿB�>�3�ÌüGþ�����û���
�
²üGû þ�D�DC��
²þ�!>�T�®þ�
2�:�ü�!Uþ��&��û ü3�OüDü�5�úg�F�p:�úA��þ��Ìþ�
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σx = 5.4cm√
E(MeV )
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²þ�!Uþ�fÞú�ÿ0!Uún!®ú���ü�(²üGûdú�ü�( üGû ü�ûdþ��5ú6�
²û���þ�
²þt�����+P þÌÿ�
²ü5û ÿ�ú
!Uü��4�OúA���0:�ü9��!g�>�5þ����Ìü&þ��Hÿ��0:�üGû ú�!UþHü3��üGÿ�
²þ�!®þ"fÞúxÿ>!Uú����ûdü��0��üI!Uü����ÌúT�
²ü�( ú�ú�û(!Uþ ÿUü
!Uþ4��û���ÿ0!Uü�D�DC�g1> ü<ÿ�úxÿ���05�üGûdþÌú�ûdü61�!Uü3�6�Ìþ ü3�OüGÿh
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²ú75�üGû7ú�
(
 þ�:hþ�D�DC�Ðû üe
²ûdü95��Ðû���:�ü3
²ûdþ z
• ØT³>°H°~©K¨F§F©T´�B×K¦"³�¯� � ©V¦"ª�©S¨C³>ª � ©�³0§�§ �	£ © L vLü5û�:T��( þ�:�þ�D�DC��ûdü Q ��ü��
²ú´û���5g 5�ú�û?
²ú9ÿ�ú�ÿp úA�Ìú^�sÿUüF�5ü�(2�Ðû þÌú0þ� ú6�	�Ðû ü�!>�����Ìü;fÞúxÿ�
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²üYü�:�þ�� þÌúxÿ�ü
!Uþ 222Rn

!>�d5���û?
²ü.!Uü�� ÿh{g�Ìú�ÿ��
²ü�( ú L
Õ ¦"³�¯ � ´ � ª�g¯ 232Th

÷
vLüGût:�þ���Uû���ûdüq�	�I�5úxÿ>�5üGÿh
²û���DGþÌú�ÿ�ü-!Uþl
 ú�û þÌúI�q�
2��
2�.(fÞû��'
(
2��
2�.�	�8�5ú�þÌÿ>�5þ�!UüGÿ0DC�Cû þ�
2�Ðû? 
!>��
�� 212Bi/212Po z þ�� 212Bi

!UüF�F��!Uü
β
)£ù L � L RñU��� òü5ÿ>!B �5�ú�þÌÿ�
TR _ L _A` MeV

/
þ ÿ 212Po

þ�� Q �����Ìü7��(������ú6��
2�S!®üF�F�A!Uü^) τ = 432.8ns
/7ü�:�ü3
(
 üGÿ>!Uú���ÿ

α
!>�Ta Lm� �

MeV
��i�ü�5�û úB!'�>�5ü^��ÿ�� Q ����ÿh
²þ�
2O&!Uþu���>�5ü9ü Q ��þ��6���ÌüGÿ�
²üb�n��ÿ β !>�GY L W'Y MeV L� ÿ>��i�ü95�üGû Q ��ü��
 ú;
²þ�5�ú�!Uþ=:hþ�(��û��I�9�
2��
²úhÿ�üF��ü�(2�Ðû þÌúT��
(
 üGÿ>!UüGûdü9�	��!Uþ�:�þÌÿB�0DGþÌúxÿ�ü!Uü����+Pm��
(
 þ��®þ�
�Od!Uü��=�y�A!Uúxÿ z þ��l
2��� ú;!UþV�5úxÿ�
²ü��A��þK�xþ úxû ÿ����Ìþ üGûdþ=5�ü5ûu�	�85�û þ�:T�8fÞúxû ÿ�þ�
���û��!UþHvc�ù��:�:�ú�ÿh
2���6����X L a'Y ± W L `�U���i�ü61���((�0:�üGÿ>!Uú�ü Q ��þ��Ìþ���û þÌú� üF�5úA���Ðû ü.5�üGûk�	���F�� 
²üGÿ��g1h�5ú�ûdû þ�(5�ú�ÿ>!Uüy�A!d��ÿ��e�5úxÿ�
���:�þÌÿ���DGþÌú�ÿ�ük!Uþ

46.1±6.8×10−16g/g
!Uþ 232Th

��þ ÿ
²ü��A��þ�
²úhþ��"vc�¢�e(
���
 ú� ú�
(
²úA5�ú6�
 ú��d:�úA��
 ü�50� þ��5þ4�5þ��3� þ4!Uþ=5�û úB�5ü�( þ4!Uþ=50��û þ����F��DGþ úxÿ�ü
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)S�k��
 üGûsü�ýg
 û����R
²þÌúxÿ·ü��5úA� úxÿ�ÿ��&!Uþu²þ��Ìþ	���� ��xü���/ z �+Pm��
(
²þ��®þ�
2O«ûdþ�fÞü5û þ�
2�p���A�Ìþ��0��
²þ�:�þ�XAa6W��þÌúxû ÿ�þ�!UþH��� Q ��þ� þ�D5þ úxÿ�üd!0��
²þt)jX6W6_hü3�Oü5ÿ�
²þ�/k��:7:�úxÿ�
2�7��Y L YC_ ± W L WAU�ü3�OüGÿ�
 þH���"��þÌúxû? ÿ�ú��5ú�ûdû þ�(5�ú�ÿ>!UüGÿh
²þ-��!å��ÿ��o�5úxÿ�
���:�þÌÿ���DGþÌú�ÿ�ün!>� 232Th
!Uþ8Y�X L ` ± W L a ×10−16g/g:�üGÿ�
 û üb�����+P þ ÿ�
 üGû ÿ�ú�!UþkUAWE�3: !Uþ>û����6�xþÌúo!®ü�����ü�( ü��� ú�ÿ�úE�
2��
²þ��5ú�ÿh
2��
²þ��uü3��üGÿg 


²þ���i�ü0ûdþ ÿUú�û�:T���Ìþ�D�DC��
²þy�����ZP þ ÿh
²üGû ú&�OúA���0:�ü^!Uþu���þ ÿ�
 þ����	��
 ú�ûdü�!>��ÿ�ÿ�úp��ÿ���
�
²þ��®þ�
2O&!Uþ
0.06 ± 0.03

ü3��üGÿ�
²þu���s�xþÌú�û ÿUúp�5úxû ûdþ�(5�úxÿ>!UüGÿ�
 þk��!���ÿ��*�5úxÿ>�5üGÿ�
 û���DGþ úxÿ�ü^!Uþs�-úxû þÌú
5��Ðû þ>�

0.7±0.4×10−16g/g L �-Pð� Q ��þ ÿ0!Uþ�þ��'fÞúxû�
²üu úA�5�ü3
�
²ú9��i�ü:þ��0�Hú�û þÌúe þ	�-5�ûdü� üGÿg 
²üd�Ðÿ>��i�ü&ÿ�ü3����ü�(²ü3�H!Uþ-ÿ�{g�Ìúxÿ«ü Q ��þ ÿ0!Uþ~�Ðÿ>��i�üCþ ÿ Q ��ü��
²úS���� úT�	���5ú�ÿ>��üGÿ�
²û���DGþÌúxÿ�ü
²ûdú��A��
2�^�T!>�DþÌÿ�
²ü5ÿ>!UüGû( þt�5úA:�ü��Ìþ�:�þ�
²ü�(�05�üGûdþ úxû üS!®ü����	�b�5úxÿ>�5üGÿ�
 û���DGþ úxÿ�üS!Uþt�-úxû þÌú
ÿ�ü���� ú7��5þÌÿ�
 þ����	��
 ú�û ü L

Õ ¦4³l¯ � ´ � ª�'¯ 85Kr
÷

�>þ�5�þ��F��:�üGÿ�
²ü´þ�� 85Kr
!UüF�F��!Uü

β
ÿUü����+P þ� ú�
²ú65�úI�
2����þ�� ü 85Rb

)Óù L � L R �6� L ` �  �1wüGÿ>!B 5�ú�þÌÿ�
URùUAa � keV /~�xüGÿ�üGû��Ðÿ>!Uú8��ÿ� ü��xÿ���� ü�þÌÿ>!Uþ�(
 þÌÿ0�6��þ���þ�� üq!>� Q ��ü����ÌúI!Uþ¾ÿ�ü3�'
²û þÌÿ�ú L���'
(
����®þ��2þ��~!UüF�F�A!®þ�:�ü5ÿ�
²ú^50�0���Ðÿ>��i�ü7���B�OüGÿ�þÌûdühþÌÿp��ÿ�ú��
2��
²ú�:�ü3
����
2����þ�� ü 85Rb∗)Óù L � L RÏW L �hX$ �1Lü5ÿ>!B �5�ú�þÌÿ�
VR Y � X keV /7) τ = 1.46µs
/9��i�ü� þt!Uþ�²ü����5þ�
2��ü�:hü3
� 


²üGÿ>!Uú���ÿ
γ
!>�T`gY��

keV z (fÞû(�'
�
2�Ðÿ>!Uú Q ��ü3(
����5úxþ ÿ>��þ	!Uü5ÿ0DC���I5�úA(²þ���þ��Ìü�ûdþ	!'��ûdû üCþ��fÞúxÿ>!Uú.!Uú��B�'
²ú8��� 85Kr L �e�����ZP���ÿ����Ìþ� þ�!Uü����	�e5�ûdþ�:T�qfÞúxû ÿ�þ�
���û��e!Uþ�vt�Æÿ�úxÿ750��ûdþ��>�F��
�� ú�ÿ�úd�
2��
²þ�úA( üGû��A��
 þ
1.9± 0.7

ü3�OüGÿh
²þV!Uþ=�5úxþ ÿ>��þ	!UüGÿ'DC�����V�xþ úxû ÿ�ú���ú�ûdû þ��5�úxÿ>!UüGÿ�
 þ4�
440 ± 160

!UüF���A!Uþ�:�üGÿ�
 þc!Uþ 85Kr
������þÌúxû ÿ�ú L7M �Iû þ���'��
���
 ú�:�üF!UþÌúDúA
�
²üGÿB�'
 úb!UúA5�ú:�úA��
 þV����ÿ�!UþV��� Q ��þ�²þ�DGþÌúxÿ�ü�)�þÌÿT
²ú�
2���Ìü � U6U8�xþ úxû ÿ�þK!Uþl5�û ü���8!>��
²þ�/ÀüRJ�ü3
�
�����
²þV��ÿ>��i�ü(�0���Ìüs(�>����ü�� þ��OütfÞúxû ÿ�þ�
���û üs!Uþ'vc�o!UúA5�újþB5�û úB�5ü�( þg!UþB50��û þ����F��DGþ úxÿ�üs�s!Uþ

0.44±0.03ü3�OüGÿh
²þV!UþV�5ú�þÌÿ>�5þ�!UüGÿ0DC�;���K�xþÌú�ûdÿ�ú��5úxû û þ�(5�ú�ÿ>!Uü5ÿ�
²þ4�
101± 8

!UüF�F��!Uþ�:�üGÿ�
²þV!Uþ 85Krüq�
2��
²ú;�Ðÿ>��i�ü Q ��þ�ú6( üGû��A��
²úd��i�üjþ���ÿ��0:�üGû úd!UþK!UüF�F��!Uþ�:�üGÿ�
 þV!Uþ�:hþ ÿ���þ���5ü-�5úxÿ0²þ�!UüR û ü3��ú6��:�üGÿ�
 ü� ü�²þ>��5050�Ìþ��F�-��ÿ�
����A�Ìþ ú<û��A!Uþ	��� ü z �A�Ìþ�ü3�OüGÿh
²þ>!Uþ0�5úxþ ÿ>�5þ�!UüGÿ0DF�8�����ZP þ ÿh
²üGûdÿ�ú!Uþ=UAW
cm

!Uþ�û����A�xþ úsÿ�ü5þ � UAUd��þÌúxû ÿ�þ=!UþV5�ûdü���d!>��
²þV úxÿ�ú;(
���
 þ~Y�W�ü|ÿ�ú�û�:T��� þ�D�DC�Ðÿ>!Uú(�0���ÌüCù L � L ü9(�0���+P þÌÿ�
 üGû ú���ú6���0:�ü.!Uþ÷û þ��Oü��	��
²úxû ü9 þ=
 û úC�6�Ðÿ�ú 27± 9
!UüF�F�A!®þ�:�ü5ÿ�
²þ"!®þ

85Kr
���0��þÌúxû ÿ�ú L Âs�q²ú�
(
 ú6�ÌþÌÿ�üC��
²ú8��i�üy�����3��ÿ�þ�!UüF���A!Uþ�:�üGÿ�
 þ�!Uü����	�9�F��
²üGÿ��e!Uü����-úxû þÌúi��Ðÿ�ÿ�ú9üGÿ�üGû���þÌü; þ�:�þ�� þ~��þ$!UüF�F��!Uþ�:�üGÿ�
 þ$(
(�>!Uþ	��
 þ$5�üGûq�A�����'
���ûdü;�	�S��ú�ÿ�
���:hþ ÿ���DGþÌú�ÿ�ü

!>� 85Kr
üd���T!Uþ�5�ü5ÿ>!UüGÿ0DC�$û��A!Uþ	��� ü;!Uü��?ÿB�0:hüGû ú�!Uþ?ü3��üGÿ�
²þ$!>� 85Kr

þÌÿ>!Uþ	������iUü�þ��
fÞúxÿ>!Uú�!Uü��"�-úxû þÌú�þ ÿg<>��þ���5ü.(� Q ��ü��
2�;:�þ�(��û�� L È ��þÌÿ>!Uþ þ�� ÿB�0:�üGûdú�!Uþ"!UüF�F��!Uþ�:�üGÿ�
 þ
²ûdú��A��
²ú^5�üGû<þ���ºYûdþ�5'
 ú�ÿE�7!>�$þ ÿh
²üGÿ>!UüGû� þ��5ú6:hü�� þ�:�þ�
²ü�(�05�üGûdþ úxû ü L �(ú6:hü���(
���
 ú(5�þ ü3����
²ú�ÿ�ü��y�F��5�þ�
²úA� úo!UüF!Uþ��F��
 úG���kfÞúxÿ>!Uú�û���!UþÌú���
(
²þ���úvþÌÿ�
 üGû ÿ�ú01s�Ìú���5þÌÿ�
²þ����	��
²úxû ü
�®þÌüGÿ�ü-�5úxÿ�
���:�þÌÿ���
²úd!>���KºYû þ�5'
 ú�ÿ Q ���Ðÿ>!Uú&üGÿ�
²û��ºþÌÿS�5ú�ÿh
2��
(
²úI�5ú�ÿT�ZP���D5úA
 ú&û þ��F���6��
²ú!>�����+Pm�Ðû þ	� L �>üF�5üGÿ�
 ü�:�üGÿ�
 üe�e�
2��
²úd
 û úC�A��
 ú;��ÿ^fÊú�ûdÿ�þ�
 ú�ûdü9!Uþ4��DGú�
²ú;:�úA��
 ú;5�þ�r�50��û ú!Uþ Q ��ü���� ú;��i�üq�q�
���
 úd�0���
²úI5�üGûs�ZP þÌÿ0��W�S��DGþ úxÿ�üe!Uü����Ìú;��5þÌÿ�
 þ����	��
 ú�ûdü-�0���
²ú�þÌÿ��u��Áü Q ��ü��
²ú.��DGúA
 úe��üGû û�Oq�0���
 úe5�ü5û��Ìü>úA5�üGû���DGþÌú�ÿ�þ>!Uþ'50��ûdþ����F��DGþÌúxÿ�üy!Uü����Ìú9��5þÌÿ�
²þ����	��
²úxû ü�0���
 ú75�üGû>û þÌü�:75�þÌû üCù(úxû ü�ýUþÌÿ�ú L
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Õ ¦"³�¯ � ´ � ª�g¯ 210Po
÷

�e�Ðþ-!>��
²þjû��A�3�5ú6��
²þq�*(
���
 úÆúA(²ü5û��A��
 úG��ÿ¢5�þ����5úÆÿ�ü����	��!Uþ�(
 û þ��0�0DGþÌú�ÿUüp!UþjüGÿ�üGû���þ	�
��
(
 ú�ûdÿ�ú��ÐþK�6W6W

keV
)��>�A��û��I_ L YFXh/ z �q�
2��
²ú;!Uþ�:�úA�
²û���
²ú;��
(
²û��F��üGû( úI���I!Uþ���5û þ�:�þÌÿ��C DGþ úxÿ�ü

α/β
)��0���
��75�üGûq ú�
(
²û���ûdû üCü3�OüGÿ�
 þ

β
ü
γ
/>üd!>�T�Ðÿ����Ìþ� þ�
²ü�:75�úxû����ÌþH(�0���ZP ü3�Oú� 

���0DGþÌúxÿ�ü.!Uü3���+Pm��
(
 þ��Tþ�
�O�þÌÿ Q ��ü��÷û���ÿ0�xü|üGÿ�üGû(�xü3
²þ��5ú7��i�ü Q �Uü�(
 ú;5�þ����5ú;�Yû þ��5úxÿ>!'�>�5þ���þ�� ü�������95�ûdü� üGÿ0DC�.!Uþ 210Po
ÿ�úxÿ�þ ÿ�ü Q ��þ��Ìþ���ûdþÌúd�5úA� 222Rn L~M � 210Po

!UüF�F��!Uü´ü�:�üR
(
²üGÿ0!Uú
��ÿ

α
!>�S` L X MeV

)
τ = 200.2d

/y�5úxû ûdþ�(5�úxÿ>!UüGÿ�
²ü;�A!b��ÿ«ü3�OüGÿh
²ú2þ ÿn��5þÌÿ�
 þ����	��
 ú�ûdü
!>�.XA�h`

keV L ��P þ ÿ�þ�DGþ	���Ìüq��ú�ÿ�
���:�þÌÿ���DGþÌú�ÿ�üN!>� 210Po
��:7:�úxÿ�
2���A�.�9�5þÌû��F�e�hWAW

ev/d

Á?þ��A��û��I_ L Y�X z �´þ�(
 û þ��0�0DGþÌú�ÿ�üN(5�ü3
(
²û����Ìüq!Uü3��ÿ��0:�üGû úI!®þ¾ü3�OüGÿ�
 þ¾ÿ�ü����	�<ÿ�ü��'
²ûdþ ÿ�ú9�´þÌÿg 
!Uú��ê)+�5úxÿS��ÿT
2���6�ÌþÌú�û���!Uþ����Ìü9�8U6WI�3:S/R�Tþ��l�0
t
²þÌüGÿ�üjþÌÿ^��ú�ÿ0 þ�!UüGû���DGþÌú�ÿ�ü|þK�5úxÿ�
²û þ��0�'
 þ
!Uü�� 210Po

1 210Bi
1 40K

1 85Kr
ü9���d²ú�
(
 úg�F��
²üGÿ>�7!®ü�� 222Rn

)�
²û���
(
 ú�!0� &�_���'�/ L
5�ü5ûN
²úxÿ�ÿ�ü����	��
��T!Uþ���5þ ÿh
²þ����	��
²úxû ü&üF!*�8(
���
 úS!Uþ�:hú6�
²û���
 úS��i�üI�	���5úA� úxÿ�ÿ��� úA� þ�!>��!Uþ
%Tþ��Ìþ��F�� ?#|ü3�c��þ ÿ���û��A!Uúb!UþÀû þ�!'��û ûdü��	���5úxÿ�
���:�þÌÿ���DGþÌú�ÿ�üT!>� 210Po

!Uþ��Uÿofj��
(
 ú�ûdüT_
:�üGÿ�
²ûdü�þ��c5�û úB�5ü�( ú&!UþX�y��
²ü5ûCü�ýg
 û��A�2
²þÌú�ÿo��û þ���0��
���
²ú�ü�(²ü5û ü�ü��
²û ü3:T��:hüGÿ�
²ü�ü3�� 
�5þ üGÿh
²ü;
2�Ðÿ�
²ú�!0�9û þ�!'��ûdû ü;
����Ìü7�5úxÿ�
2��:�þÌÿ���DGþ úxÿ�ü7!Uþ���ÿpfj��
�
²úxû ü7` L ��P ú�ûdþ��xþÌÿ�ü�!®ü����	��5ú�ÿ�
���:hþ ÿ���DGþÌú�ÿ�ü9!>� 210Po

ÿ�úxÿ��9��
�
�������:�ü5ÿ�
²ü|ÿ�ú�
2�&ü-��Ðû�OCþ�:�5�úxû�
���ÿh
²üq�A�����'
2�Ðû ü
�ZP ü3�T�5þÌüGÿ0DC��!Uü��45�ûdúg�5ü�( ú�!Uþ4!Uþ��
²þ����	��DGþÌúxÿ�üCÿ�ü����	�hûdþ�:�ú6DGþÌúxÿ�ü8!Uü�� 210Po L
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kcPmlLn Qpo!qsr7qutvquwyx!z9{ l}| q=quxh~�wL�7z��Wqsx!wV{�w��W� O {�o!� l ��z��FwL� | q l x!x!q=Q o!qsx!{�q=��qs�F�bwL� |�l x | zl �yzv�7z l {�qur7�bwyr7qutvqswLx!z�{Wzvq��Fz | w�{�q��bzv��qu� n wyx | �7wL�u�sw�{�z��s� l r |#l�� qu�sq |�O {Wzv���7q�� zv� l�| wy��zy�k z | z n x!q n�� zJ�bzv� n wyx | �7wL�s� l �7zJ� l r |#l�� qu�sq |2O {Wzv����qu�yzv� l�| wy�7zJ{�z�� wLx!wTzvr7r7zv�7zJx�wyx�qux | ��oW�
r�q�� zy��{�z��ywyx!w n quw��Fzvr7r�z��7z |#l �uq
{ l x!wLx n wy�F�bwL� |�l ��zF� P qux | ��wW{�o!tvquwLx!z�{�q�r | �7o!�Fz�x | q
��w | z�x!tvq l �u�Fzvx | z n wyx |�l �Vqsx l x | q l �u� P qsx | zv��x!wD{�zv���ywy�uo!�FzFr7zvx!r7q � qu�uz�{�zv���7q�� zv� l�| wy��zy�kcP o!r7w5{�q�� l r7zv�
�bzv��q n wLx | ��wy�u�uq�{�q�r |#l�� qs�uq |2O ��qszvx!z�qux n wLx | �7w l Qpo!z�r |�l ��q n�� qsz�r |�l �bwLq��n�� ��� l �uo n z�� l r7zv���!o!�5zvr�r7zv��z��bwL� |#l}|#l5l �s� P qux | zv�7x!wV{Wzv�=��qu�yzv� l}| wL�7z�{ l �¡� ��z n�� zHx!wyxn wy�F�bwL� |�l x!wFo!x lVn wLx |#l �Fqux l tvqswLx!z �7qu�uz�� l x | zT{�z��s�uwFr n qsx | qs�u� l�| wy��zy�

M � n wLx | �7wL�s�uw){�zv�u� l r |�l¢� qu�uq |�O {�zv���7q�� zv� l�| wy��z n wL�F�!�7zvx¡{�zP� l � l �so |�l tvquwLx!zh{�zv�u�uz
� l �7q l t�qswLx!q�{�zv�u� l �7qur7�bwyr |�l qux nvl �7q n�l z qux | zv�F�bw�{�zvq¤£¥w | w | o � qdz9� l � l �so |#l t�qswLx!zT{�qn�l � � q l �Fzvx | qd{�zv�u�uz �!��wy�!��qsz |�O {�zv�u�uwFr n qux | qs�u� l�| wy��z z {�zv� � oW¦=zv�v�§ zv�u� l r�z�tvqswLx!z ¨!�u©��Wquzvx!z {�z�r n ��q |7| wVqs�ªr7qsr | zv� l {�q¤� l r�z��Qz �¡� ��z9w |�| q n�� z9�!�7wL«Lz | �|#l�| w��bzv�H� P zFQ o l �uqutvt l t�qswLx!z�qux | zv�F�bw�z�qux n�l ��q nvl {�z�q¬£Sw | w | o � qU®� l r7zv��{�q�¯±°¥²�°S³�´!µ#�§ zv�s� l r7zvtvqswLx!z\¨��/¶·r7q1�7q l r7r7o!�FwLx!w�qQ�!��w n zvr7r7q n�� zh�bwy� |#l x!w l �u� l r n qux | qs�u� l tvquwLx!z\z
�sz��!��wy�!��qsz |�O w |7| q n�� z�{�zv�u�sw�r n qux | qu�u� l�| wy�7z�r n zv� | w��bzv��~�wL�7z��Wqsx!w!� § zv�s� l r7zvtvquwLx!z�¨��m¨
�Wqsz�x!zFqsx | �7w�{�w |7| whqu��r7qur | zv� l {�q�� l r�z�� �!��wy«Lz |7|�l�| wh�bzv�9z nvn q |#l �7zF�uwhr n qsx | qu�s� l}| wL�7zFz
r | o¡{�q l �7z�r7q l qu�¬�Fz n�n�l x!qur7�FwP{�q�r n qsx | qu�s� l tvqswLx!z n�� z�� l �7qur7�bwyr |#l {�zv�¬�7q�� z�� l}| wL�7z�z�qu�
r�qur | zv� l {�q¡� l r7zv���bzv� n wLx | ��wy�u� l ��zJ�sz1� l �7q l tvquwLx!qb{�q | � l r�� l ��zvx!t l {�zv�u�sw r n qux | qu�s� l}| wL�7zy�

¸�¹�º »�¼v½=¾�¿1À ÁÃÂÄ¼�¿QÅFÆÄÁ�Ç�¼�ÈUÈ�ÁTÈ1¼�É�ÊP¿K¼vÊN¾¬¿1À ËÌÉÍ¿ÏÎ�ÁTÐÑ¼vÎ�Á
ÂP¿Q¼ÓÒÕÔ Ö

kcPml �u�uqsx�z l �Fz�x | w | z��F�bwy� l �uz {�zvq¤£¥w | w | o � q¤��o!x lVn wyx¡{�qutvquwyx�zTqux¡{�qur7�bzvx!r l¢� qu�uz �bzv�Qqu�n�l � n wL�sw){�q | o |�| zP�uz^Q o l x | q |2ODn�� zÄ{�qu�bzvx¡{�wLx!w){ l ���!�7w � �uw | zv�V�bwy� l �uzÄ{�zv�u� l �so n z
� lLn�n wy� |#l �pqsx�� l � | q n wL� l �7zJ�bzv�
� l �7q n wLr | �7o!tvquwLx!zH{�zv�u� l �bwLr�qutvquwyx�z�{�zv�!� zv� | q n zH{�q¡qsx | z��

U ¨
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� l tvquwyx!z n�� zy� n wL�FzHr7qb� z�{W� O x!zv� n�l �!q | wL�sw5r7o nvn zvr7r7qu�yw¡��� ��l r l�| w5r�o��s� P qux!£SwL�7� l tvquwLx!z
�7zv� l}| q�� l)l � | zv�V�bw�{�q l �7��qu�yw�{�z�qQ£Sw | wLx!q l q1£Sw | w | o � qì��zh�bzv�V� l {�qur n �7qu�Fqsx l tvquwLx!z
α/β

n�� z5r�q ��l r l r7o!�u� l {�qur | �7q � o!tvquwyx�z | zv�V�bwy� l �uzV{�zv�u� l �so n zF{�qÑr n qux | qu�u� l tvquwyx!zy� M �n wL�F�!q | wj{�q l �u�squx!z l �7zFqux | zv�F�bwhq�£Sw | w | o � q��Vr7�ywy� | wj{ l � n wyr7qs{!{�z |7| wÄí3r7qsr | zv� l {�q| qu�Fqux!«¢í n�� z n wLx!r7qur | zH{�q�o�x�� l r�z���z�{�q�o!x l r�zv��quzH{�q �¡� ��zJw |�| q n�� z n�� z n wyxp�ywy«L�uq l x!w
� l �uo n z�� z��7r7wÌqQî�ï\ð9� M ��r�qur | zv� l {�qU� l r7zv��{�q | qu�Fqux!«? � «yo�� l ¨!�u©}µ9�Wquzvx!z l x n�� z
o | qu�uqstvt l�| w��bzv�F� l)nvl �uq � � l tvqswLx!zjqux n�l �7q n�l {�zvq1£Sw | w | o � q1�bzv� n wLx!wLr n z��7zh�bzv�FwL«yx!q
£Sw | w | o � wD� l\n wL�7�7z |�|#l\n wLxp� z��7r7qswLx!z | � ljn�l x l �uz�ñ�ò�óôz�x�o!�Fzv��wÌ{�q�£Sw | wpzv�uz |7| ��wyx�q
zv�Fzvr7r7q l � n�l�| wW{�w!�

õ qs«Lo!� l ¨��s©Lö�÷ n�� zv� l {�zv�br�qur | zv� l {�q �¡� ��zHw |7| q n�� z��bzv��� P zFQpo l �squtvt l tvquwyx!z�qux | zv�F�bw
{�zvq¤£¥w | w | o � q��

k�l r7wy��«yzvx | zj{�q1�uo n zj���7qux n qu� l �uzj�ho!xøîXq n wpùHo l x | {�quwW{�z k�l r7zv� n�� zhzv�Fz |7| z
o!x·qu�F�!o!�ur7wP�uo!�Fqux!wyr7wÄ{�zv�u� l {�o!� l}|#l {�q�ú¢û ps l {Ìo!x l �uo!x!« � zvtvt l { P wyx¡{ l {�qX¨LüLý
nm � k�l �bw | zvx!t l {�zv�u� P qs�V�!o!�sr7wT�!o!� zvr7r�z��7zJ�FwW{Wq ��n�l}|#lTl}|7| � l � zv��r�w9o!x l � l x!wL�bwy� l
zh� l �bw | zvx!t l � l r�r7qu� l �j{�qQýyûLû mW n wL�7�7qur7�bwyx¡{�z�x | z l

1.7 × 107 £Sw | wLx!q�� M �
� l r7zv�9� l¢nvn wy���!q l}| w l {)o!x)r�qur | zv� l {�q �¡� �7zVw |7| q n�� zFr | o¡{�q l}| wh�bzv� {�qsr | ��q � o!qs��zF� l
�uo n zTr7o | o |�| qdq¬î
ï\ð�� k�l �uo n zTzv�Fzvr7r l �Wquzvx!z lLnvn wL�!�!q l�|�l�l {ho!x l � l�|�l r7r l {�q¬¨yú�¡� �7z �uo!x!« � zTýyû m l�|�| � l � zv��r7wFo!x l �sz�x | z�þUzTo�x\�!��qu�Fw | � l�|�| w�{�q �¡� � l �uo!x!«LwD©vû
cm zP{�zv�U{Wq l �Fz | �7w·{�qU¶��mú mm � k zÄ¨yú �¡� ��z ��l x!x!wÌo�xÿxpo n �sz�w·{�quQpo l �7tvw·{�z��
{�q l �Fz | �7wÄ{�qX¨Lûyû µm �Fzvx | �7z5qs�X{�q l �Fz | ��wÄ{�zv�s� l �bzv�u�uq n wy� l z�r | zv�7x l �ªqux·� l�| z��7q l �uz
�!� l r | q n w!� n wLx�qsx¡{�q n zH{�qb��qs£¥� l tvqswLx!zHqux!£¥zv�7quwy��z l �bx�o n �szvw���{�q�¨y¶yú µm ��ùHo!zvr | z �¡� ��z
r7q�qux!r7zv�7qur n wLx!wjqux�o!x)r7wL�sw�����������¯	��
���y´�� n�� zF�uzVqu�F�Fz |7| z l �s� P qsx | zv�7x!wj{�zv�u� l��Ql}| zv�|#l x��DzVr�o n�n zvr7r�q�� l �Vzvx | z�� zvx!«LwLx!wjqux!r7zv�7q | zVx!zv�s� l r7£Szv� l { P/l¢nvn q l quwjqux�¨ úP�!o!x | q�{�q
qux!«y��zvr�r7w!� k�P qux!r7zv�7qu�Fzvx | w\{�zv�u�sz �!� �7zFx!zv�s� l ÷!÷!÷ l ���Wquzvx!zF�bzv�T�Fz�tvtvw\{�q�o!x����������
¯	��
��� ´�� n�� z l¢nvn wL�!�!q l wy«Lx�o!x l {Wzv�s�uzV¨yú �¡� �7z l üLû �¡� ��z5qsx | zv�7x!z n wLx·o!xÌxpo n �uzvw

������������� �"!��$#	!%�&�('���)�'*'���+-,/.0)213#2.41"5�,617.013�8)9��5(5:1");!�1-'�,�,��=<")9�&��'(,�+-� �"!�1
10×
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qsx�Qpo l ��tvw){�q9©L©�û µm n�� z�� zvx!«LwLx!w)quxp�Wq l}| z l qJî�ï\ð � k¬l\| zv�7�Fqux l tvquwyx!zh{�zv�u�uz�¡� �7zFw |7| q n�� zF�V�Fwyx |#l}|#l r7o!� n wLx!w n wyx n zvx | � l�| wy��z�{�q��so n zVzFqux¡{�qu�7qutvt l}|#l � z��7r7whqu�
£Sw | w n�l}| w�{�w n wy�d{�qur7�bwyr7q | q�� wFqu�u�so!r | � l�| wFqux � «Lo!� l ¨!�m¶��

õ qu«Lo!� l ¨��/¶Wö ÷�o!�!�bwy� | w {Wq o�x l �¡� � l �bzv� � l n�l �uq � � l t�qswLx!z {�zvq | o � q
£Sw | wy�Vwy� | qu�!�uq n�l}| wL�7qì�

k z �¡� �7z�qux | zv�7x!z�r7wLx!w��7q�� zvr | q | z�quxÄð�z3F¡wLx n�� zy�Wwy� | ��z l {Pz�r�r7zv��z n�� qu�Fq n�l �Vzvx | z
�7zvr7qsr | zvx | z l �u�sw�îXr�zvo!{�w n o!�Vzvx!zy�!� n�l � l�|�| zv��qstvt l}| wF{ l o!x |�l r7r7w�{�qªzv� l x l tvqswLx!z {�qG�l {�wLxj�FwL� | w ��l r7r l �

M � n w�z"H n quzvx | zQ{�q | � l r7�Fqur7r�quwLx!z n wL�F�!�uzvr7r7qu�yw��bzv�Ñr7qux!«Lwy� l�| zv�7�Fqux l tvquwyx!z��Ur |#l}| w
r | qs� l�| wFzvr7r7zv�7z9� l �7q l ö

T = 2× 10−5 ±¨!�u©}µ

¸�¹�I »�Î�¼vÊ5¾Ñ¼�ÇvÇ�Á9¾�ÉTÐÑ¼�ÉTÐKJTÁ�Êh¼�ÎU¼
L �sq¡r n qux | qu�u� l}| wL�7q¡wy��« l x!q n q�r7wyx�w | qs��q n�l �Fzvx | z�{�zv�u�uzJ�Fqur n z��sz�{�q�{Wo!zJw �!qNM n wL�F�bwLr | qn wyr | q | o�q | qª{ l�l x!zv�u�sq � zvx!t�zvx!q n q�ö�x!zv� n�l r7w�{�q¤~�wL�7z��Wqsx!w5��r |�l�|�l r n z�� |�l o!x l �Fqur n zv� l� qsx l �7q l {�qXo!xPOQ��R/S:��³�¯9�Fzv{·o!xUTVW��
��!�î�r7zvo¡{�w n o!�Fzvx�zFzFî
îYX n wLx)o!x lPn wyx n zvxW�| � l tvquwyx!z�{�qJ©L�/úÄ«L� l �F�Fq��bzv� �uq | �7wpµ�� M x��!�7qu� ljl �!���7wyr7r7qu� l tvqswLx!z�q
���7w n zvr�r7q n�� z
��wL� |�l x!w l �u� P zv�Fqur7r7qswLx!zF{�z��s� l �uo n zV{�qXr n qux | qu�u� l tvquwyx!zV�bwLr7r�wLx!wÄzvr7r7zv�7z5�7q l r7r7o!x | qÑqux¤ö
��z���{�q |#l {Wzv�s� P z�x!zv�7«Lq l {Wzv�s� l � l � | q n zv�s� l�nvl �7q n�l z�{�z nvn q |�l t�qswLx!z�{�zvqb�uqu�yzv�u�sqbzv�uz |7| ��wyx!q n q
{�zv�s�uzJ�Vwy�uz n wL�uz�{�q!r�wL��� zvx | zy� r7o nvn zvr7r7q�� w | � l r7£¥zv�7qu�Fzvx | wT{�z��s� P zvx�zv�7«Lq l {�q!z nvn q |#l tvqswLx!z
{ l �Ñr7wy��� zvx | z l �ZF¡o!wL�7wPz n wyx�r�zv«Lo!zvx | zV{�z n�l {�qs�Vzvx | wÄ{�zv�ZF¡o!wL�7w\[ l Qpo!z�r | wP�!o!x | w
�Wqsz�x!z �!�7w�{�w |7|#l � l �uo n z {�q¤r n qux | qs�u� l tvquwLx!z n�� z9�!o!�Fzvr7r7zv�7z9�7q�� z�� l}|#l �k�l �FwL�uz n wy� l {�q � zvx!tvzvx!z C6H6

�Qo!x l �Vwy�uz n wL� l �!� l x l ��zJx!zv�u� l Qpo l �sz�¶�wT¨ {Wzvq
ýTzv�sz |�| ��wyx!qb{�q!� l �uzvx!t l {�zv�u� Pml�| wy�Fw�{�q n�l � � wyx!quw n wyr | q | o�qsr n wLx!w�q¡�szv« l �Fq σ �p�Vzvx | ��z
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q��7qu� l x!zvx | q�r7wLx!w&{Wzv�sw n�l �squtvt l}| q�®q � ��qé{Ww&{�q��7qur7wyx l x!t l µ�qux �!q l x!q9r7w��W� l r |#l x | q�z
r7w |�| wLr |�l x | q l �u� l �Fwy�uz n wL� l z n wyr | q | o!qsr n wLx!wFq¤�uzv« l �Fq π �

]_^2`7^4a bdcfegc@hjiVk0l9monqpsr8kut8hjv7wxcfpsp�vzy{l�psw|l4eVmjl4k4k%i$}~l0vVegc
k z | � l x!r7qstvquwLx!q | � l q=�sq�� z��s�uqªzv�uz |�| �7wLx!q n q π r�wLx!w l � n zvx | ��wV{�zvq=�Fz nvn�l x!qur7�Fqª{�q=r n quxW�| qu�u� l tvquwyx!zy�d�Fzvx | �7zV�uz | � l x!r�qutvquwyx�q
{�zvq��uqu�yzv�u�sq�z�x!zv�7«Lz | q n q
{�zv«L�uq�zv�sz |�| ��wyx!q σ { l x!x!w
wy��qs«Lqux!z l �!�7w n zvr7r7qU{�q���qs� l r n quw | zv�7�Vq n wÌ{Wq�z�x!zv�7«Lq l ö7Qpo!zvr | wÌ���7w n zvr�r7w n wL�F�bwy� |#l
o!x l {�qu�Fqux�o!tvquwyx!zD{�zv�u� P z3H n quzvx!t l x!zv�s� l�n wyx � zv�7r7quwyx�zD{�zv�u� P zvx!zv�7«Lq l�n qsx�z | q n�l {�zv�u� l
� l � | q n zv�u� l quxhzvx!zv��«yq l �so��Fqsx�wyr l z�{Ä� l �s� l���l r�z {�zv�ª£Szvx!wL�Fzvx!w�{�qY�"W��³x�&�p°S³W´¢�

õ qs«Lo!� l ¨!� ¨!ö�÷ | �7o |�| o!� l {�zvq��uq�� zv�u�sq�zvx�zv�7«Lz | q n q
{�zv«L�uq�zv�uz |7| �7wLx!q π {�q�o!x n wL�F�bwyr | w
wy��« l x!q n w l ��wy� l�| q n w

§ z��s� l·� «yo�� l ¨��m¨�r7wLx!w�� l �!�!�7zvr7zvx |�l�| qJ«L�sqJr |#l}| qQz nvn q |#l}| q�{�qJr7qux!«ywL�uz |7| wÓz\{�q| ��qs�!�uz |7| w�{�zv«y�uq¬zv�uz |7| �7wLx!q π {�q�o!x l �FwL�uz n wL� l wL�7« l x!q n�l �JñHr�r7o!�Vzvx¡{�w n�� z�� l�n wLxW�n zvx | � l tvqswLx!z�{�q r�wL�uo | w��î
îVXGx!zv� n�l r�w�{�q�~�wy��z���qux!w�µ=r7q l zvr | �7z�� l �Vzvx | z ��l r�r l ��o!x l
� l � | q n zv�u� l9n�l �7q n�l�n�� z l}|7| � l � zv��r l �uw9r n qux | qu�u� l}| wL�7z1�bzv��{�z1zvx!zv�7«Lq l9l�n�l o!r l {�zv�u� l r7o l
qux | zv� l tvquwLx!z n wL��r7wy��� z�x | zy�¬ð�� l r n o!� l x¡{�wH«L�uq�r |#l}| qW{�z�«y�uq�zv�uz |7| ��wyx�q σ �¢�uz��7z l tvquwLx!q n�� z�bwyr7r7wLx!w l �p� zvx!qu�7zJr7wyx!w!ö | � l x!r7qstvquwLx!zH{�zv«L�uqbzv�uz |7| �7wLx!q π { l �s�uwTr |�l�| wT£¥wyx¡{ l �Fzvx |#l �sz
 S0

µ l {Fo�x!wTr |#l}| w z nvn q |#l}| w�{�q¡r7qsx!«LwL�sz |�| w�®�sz | � l x!r7qstvquwLx!q�qsx�r |#l}| wT{�q | �7qu�!�uz |7| wTr7w��
x!wFr7wL�!�!�7zvr7r7z { l �u�uz ��zv«ywL�uzT{�q¤r7zv�uzvtvquwLx!z r7o!�s�uwFr7�!quxbµ��!quwLx!qst�t l tvquwLx!z�{�zv�u� l �Fwy�uz n wL� l
±qux^Qpo!z�r | w n�l r7w��uw�quwLx!z��!o���qux | zv� l «Lqu�7z n�� qu�Fq n�l �Fzvx | z�z��FwW{�q ��n�l �7z�� l5n wL�F�bwLr�q �
tvquwyx!z n�� qs�Vq n�l {�zv�s�uwFr n qux | qs�u� l�| wy��z wL�!�!o!�7z9��o!�Fz�r�r7zv��z9�7q l r�r7wL� � q | wpµ���ðUqu�!q nvl �Fz�x | z



>@?BAÓÙ¤äpÚ®æbÜ}Ú±á®á¥ß�Ü�å�â�Ú
å�â=C�ß�æ¬ÚSäpÚ ×x�

� P zv�sz |7| ��wyx!z π z nvn q |#l}| w5{�z n�l {�zy� l}|7| � l �yzv�7r7wTo!x��!�7w n zvr7r�w�x!wLx�� l {�q l}| q�� w!��x!zv�u�uw5r |#l �| w Sn0
qux�o!x | zv�F�bwhzvr | �7zv� l �Vzvx | zV� l �!qs{�wÓ τ ' 10−12s µ��Vñ Qpo!z�r | wh�!o!x | wh� l

{�qsr7z nvn q |#l tvquwLx!zT�!o!�V�!�7w n z�{�zv�7z9qsxj{�q�� zv��r7q¤�!�7w n zvr7r7q�ö
����� åbâ�Ý�Û�äyÝWæf� ß öd� P zv�uz |7| �7wLx!z1�!�7z n qs�!q |#l x!zv�u�sw9r |#l}| w S0i

zv�Fz |�| zvx¡{�w�o!xV£¥w | wyx!zn�� zP�!o!�Ìzvr7r7zv�7zP��q l r7r7wy� � q | w·w·{ l ��r7wy��� z�x | z) l x n�� z�r�z�Qpo!zvr | wÌ�!�7w n zvr7r7w·�
�Fwy� | wJqu�F�!��w ��l�� qu�sz}µ=wJ{ l � r7wL�so | wJz�qu� £Sw | wLx!z��7qur7o!� |#l x | z
{ l �s� l {�qur7z nvn q |#l tvquwyx!z
{�q"Qpo!zvr |FP o!� | qu�FwV�!o!�Fzvr7r7zv�7z9�7q��yzv� l}| w�{ l q¤£¥w | w | o � q2[

� Ü�â�ß�ÛQ��Ý�â�Ú®Þ)Ý�æbÜ�åçædå�æ~��â�ß�à¬ÚSß�Ü}ÚéëbåÓß�á�Ûvå�á � Ü�å ö��uwFr |�l�| wFz nvn q |#l}| wV�Wquzvx!z | � l �
r�£¥zv�7q | w l ��r7wy�uo | w l�|�| � l �yzv�7r7w�o!x P qsx | zv� l tvquwyx!z�{�qs�bwL�uw¢��{�qu�bwL�sw�[!�bzv� n wLx n zvx | � l �
tvqswLx!qÑ{�q¬r7wL�so | wP{�zv�u� P wL��{�qux!z�{�q 10−2mol/l Qpo!zvr | w��!�7w n zvr7r7wP�!o��P{�q�� zvx |�l ��z
{�wy�Vqsx l x | zy�

� Ü�â�ß�ÛQ��Ý�â�Ú®Þ)Ý�æbÜ�å�â�ß¡àÑÚ¥ß�Ü�Úéëbå�ß¡à � æ$�uß�áéÜ�â�ß�Þ)å�á¥Ý�äyå�á¥ß�à¬ÚbÛvå�áéëbÝWæ�Ü�Ý ö"Qpo!zvr | w
�!�7w n zvr7r�w | zvx¡{�z l { l o!�Fzvx |#l �7z9q | zv�F�!q¤{�q¤z��Fqur�r7quwyx!z {�zv�u� l �uo n z�[

���@� ÝWæ�ä��¬Ú®æfC Ú±æbÜ�Ý�â�ædå ö � P z�x!zv�7«Lq l �Wquzvx!zh�bzv��r l�l·n�l o�r l {�q n wy�u�uqsr7quwyx!q | � l �sz
�Fwy�uz n wL�uz�[

� Ü�â�ß�ÛQ��Ý�â�Ú®Þ)Ý�æbÜ�åÓædå�æ~��â�ß¡àÑÚ¥ß!Ü}Úéëbå�ß�à � ædå�Û�Ü�ß!Ü�å�àÑÚ�Ü�â�ÚSãÑá¥ÝpÜvÜ�å ö�� P zvx!zv��«yq l
{�qpz nvn q |�l tvquwLx!z
�Wqsz�x!z | � l r�£¥zv�7q |#lJl { o!x!w�r |�l�| wH{�q | �7qu�!�uz |7| w5 T10

µ=w l�|�| � l �yzv�7r7w
qs�¤�!��w n z�r�r7w�{�q�°S³�¯9�"
3��O���O�¯%��²��"
��(O�O#°S³W´�w lVn�l o!r l {�q n wy�u�uqsr7quwLx!q | � l �Vwy�uz n wL�uz
4
#°�����²���°S³|�Q��°���³|�F°2��³¡°����pµ�� k wjr |#l}| w\{Wq | �7qu�!�uz |7| w ��l o!x�zvx!zv�7«Lq l qux!£Szv��quwy��z
�7qur7��z |7| w l �
r7qux!«ywL�uz |7| w S10

�Ñqu� | � l r7£Szv�7qu�Fzvx | wD{ l T10 → S0i
��£SwL� | zv�Fzvx | z

r�wL�!�!��zvr7r�w9{ l �u�uz1�7zv«LwL�sz1{�q�r7zv�uzvtvquwyx�zy���Jx��Fw�{�w��bzv��{�qur7z nvn q |#l �7z1� l �FwL�sz n wy� l
�5� P o!� | w n wLx·o!x l � | � l �Vwy�uz n wL� l�n�� z�r7q | �7w��Wq l x n��4P zvr7r l x!zv�u�uwÄr |�l�| wÄ{�q | �7q �
�!�sz |7| w l}|7| � l � zv�7r7w��szU�7z l tvquwyx!z T10 +T ′10 → S10 +S00 +fonone �L� P zv�Fqur7r7qswLx!z
�so!�Vqsx!wLr l5l ���Wquzvx!z-Qpo l x¡{�w�{Wz n�l {�zH�uw5r |#l}| w S10

�7qur7o!� |#l x | zyöÑqux�Qpo!zvr | w n�l r7w
r�q�� l �7� l {�qWF¡o!wL�7zvr n zvx!t l �7q |�l ��{ l�|�l ��~�zvx n�� �H�FwL� | w�qu�F�!��w ��l�� qu�szL�Wqu��{�z n�l {�q �
�Fzvx | w T10 → S0i

�!o!� |#l ��� wL� |�l�l ���yzvx!qu�7z�� l�n wyx\o!x l�n wyr |#l x | z5{�q | zv�F�bw
�Fwy� | wF�uo!x!« l  τ = 10−4s µ���quxbQpo!zvr | w n�l r7wFr7q¤� l ��� l {�qª£SwLr7£SwL�7zvr n zvx!t l �

M �1���7w n zvr�r7w){�q1��q n wL� � qux l tvquwyx!zÄquwyx!q n�l)l � l �7q |2O {�q1z�x!zv�7«Lq l {�zv�u� l � l � | q n zv�u� l
qswLx!qutvt l x | z5�5�!qNMÌqu�F�bwL� |�l x | z5�bzv�H� l � | q n zv�s�uz n�� z ��l x�x!wPo!x l �bzv��{�q |#l {�q¬zvx!zv��«yq l
r��bz n q ��n�l  dE

dx
µ��!qNMh«y� l x¡{�zy��x!z n wLx!r�z�«yo!z n�� z9�bzv�Q�uz9� l � | q n zv�u�uz α � lVn wL�F�bwLx!zvx | z

�7q |#l ��{ l}|#l {�zv��r7zv«yx l �uz�{�q�r n qux | qu�s� l tvquwyx!z)�·� l «y«Lquwy��z)��qsr7�bz |�| w l �u�sz β �ÏùHo!zvr | w
£Szvx!wL�Fzvx!w��U� l�n�l o!r l �!��qsx n qu� l �uzQ{�zv�K�"W��³x�&�p°S³�´ α ±qux!£ l}|7| q�o!x l � l � | z1{�zv�u� P zvx!zv�7«Lq l
�Wqsz�x!z n wyxp�yzv� | q |�l qsxÌ£SwLx!wyx!q¥µ��=qsx!wL� | �7z���zvx¡{�zV{�q�� z��7r l � l {�qur | ��q � o!t�qswLx!z | zv�F�bwL� l �sz
{�zv�s� l �so n zV{�q¬r n qux | qs�u� l tvquwLx!zVx�zv� n�l r7w�qsx n o!qÑ� l � l � | q n zv�s� l quwLx!qutvt l x | z�r7q l o!x α w
o!x β ��Jx l � wL� |�lÄn�� zV� P zvx!zv�7«Lq l �Vr |#l}|#l�| � l r7£Szv��q |�lhl ��r7wL�uo | whr7q ��l �!��qs� l o�x�{�z n�l �
{�qs�Fz�x | w��FwL� | w�� z��sw n z l �Ñ���7qu�FwPr |�l�| w�z n�n q |�l�| w S10

���bwyq¬qs�¬�!�7w n zvr7r�wP{�qX{�qur7z nvn q �|#l t�qswLx!zP{�z���r7wy�uo | wD�!o!�D�!��wyr7zv«Lo!qu�7z l�|�| � l � z��7r7w\o!xç{�z n�l {�qu�Fzvx | wÌx�wyxÓ� l {�q l�| qu�yw
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±qux&Qpo�zvr | w n�l r7w�� P zvx!zv�7«Lq l �Wqsz�x!z��bzv�7r l { l ���!o!x | w�{�qd�Wqur |#l r��bzv��qs�Vzvx |#l �uz}µQwL�!�!oW�
�7z l ����qszvx�zFo!x l {�qur7z nvn q |#l tvqswLx!zF� l {�q l�| q�� l �Vð1qu�!q n�l �Fzvx | zF� l r | ��o |7| o!� l {�zvqX�sq�� zv�u�uq
zvx!zv��«yz | q n q!{�zv��r7wL�so | w��1r7qu�Fqu�sz l Qpo!zv�u� l {�zv��r7wL�u�yzvx | zU� lHn wLxVwy«Lx!q��uqu�yzv�u�sw�r��bwLr |#l}| w
�uzv«y«Lzv�7�Vzvx | z���q�MÓqux ��l r�r7wD{�o!x>Qpo�z�qu�
£Sw | wLx!z�zv�Fzvr7r7wD{ l ��r7wL�so | w ��l o!x P zvx!zv�7«Lq l
qux!£Szv�7quwL�7z���qsr7�bz |7| w l �u�szT�7qu« � z�{�q l r7r7wy� � qs�Vzvx | w�{�zv��r7wL�so | w�z�{�zv��r7wy��� z�x | z�zIQpo!quxW�
{�q�� l �!��w ��l�� qu�uq |�O {�q8���¯9��� �(O�OQ��
Q��°S²���³�¯%�P� ��l r7r l �Vñ Q o!zvr | wh�!o!x | whqs��£Sw | wLx!zFr7q
�!�7wL� l « l Q o l r7q¤qux¡{�qur | o!� ��l�| w � x!w l �ª�!o!x | w�{�qª�7q�� zv� l t�qswLx!zy�
]_^2`7^2` ���zw|l0c@e{}|i�y8lgpow|l0eYmjl4k0k0i$}~l%vVe{c�c��x�8�x ¢¡E£�¤� 7¥¦t§c@h¨k%v�psw|l4e7©

mjl4k4k%i�mov$hjcªy8l¬«v�h�cx®{l0e{v
k�P z3H n quzvx!t l {�zv���!��w n zvr7r7w9{�q�r n qux | qu�u� l tvquwyx!z1�1{�z � x!q |#l�n wL�FzU� l £S� l t�qswLx!zQ{�qWzvx!zv�7«Lq l
{�zv�u� l � l � | q n zv�u� l qsx n qs{�zvx | z n�� zT��qszvx!z n wyx � zv� | q |�l qux\�so n zT��qsr7q � qs�uzy� | o |7| q�q��!��w n zvr �
r7q n�� z | zvx¡{�wLx!w l {�qur7r7qs� l �7zÄ� P zvx!zv��«yq l {�zv�u� l � l � | q n z��s� l qsxG�Fw�{�w)x!wLxG� l {�q l}| q�� w
��"\��³|�&�p°¥³W´�µ | zvx¡{�wLx!w l {�qu�Fqsxpo!qs��zÌ� P z"H n quzvx!t l {�zv���!�7w n zvr7r�wÿ{WqHr n qux | qu�u� l tvquwyx�zy�k�P z3H n quzvx!t l {�q¬r n qux | qu�u� l tvquwyx�zV{�qu�bzvx¡{�z�{ l � | qs�bwP{�q�� l � | q n zv�u� l�n�� z n�l o!r l � l r n quxW�| qu�u� l tvquwyx!zVz�{ l �u� l r7o l zvx�zv�7«Lq l � § zv� nvl r7wh{�qÑzv�uz |7| �7wLx!q n wLx·zvx!zv�7«Lq l r7o!�bzv�7quwy��z l �n zvx | qsx l quw�{�q keV � l ��qsr7�bwLr |�l {�zv�u�uw�r n qux | qs�u� l�| wy��zU�!o!��z�r�r7zv��zU{�zvr n �7q |7|�l { l �s� l �uzv«y«Lzyö

dL

dx
= S

dE

dx
ì¨��/¶yµ

ð�o |7|�l �Wq l �Lr7zUr7q n wLx!r7qé{�z�� l � l �bwLr7r7q � qu�uq |�O {�qWqswLx!qutvt l t�qswLx!zQ{ l � l � | z1{Wzv�s� l � l � | q n z��s� l
qux n qé{�z�x | zJzQr7q¡qsx¡{Wq n�l9n wLx B dE

dx
� l {Wzvx!r7q |�O {�q¡�Vwy�uz n wL�uz�quwLx!qst�t l�| z��uo!x!«Lw � l�| � lLn�n q l

� P zvr7�!�7zvr7r7quwyx!z {�z�� z9zvr7r7zv��z �Fw�{�q ��n�l}|#l qux¤ö
dL

dx
=

S dE
dx

1 + kB dE
dx

ì¨��m¨ µ
x!w |#l�n wL�Fz�RN��´�´��¯�}°$°1°±
&²=O5{�w�� z k qsx¡{�q n�l � l £S� l tvquwLx!z5{�q¬�Vwy�uz n wL�uz5quwLx!qst�t l�| z n�� z
�bwy� |#lFl £Szvx!wL�Fzvx!qd{�q"Q o!zvx n�� qux!«!� § zv� n�l r7w�{�q¤zv�uz |7| �7wLx!q¤�7zv� l}| q��Wqur | q n q��!�bzv�Jq4Qpo l �uq
dE
dx

���Vqsx!qu� l ����o!�jzvr7r�z��7zFo!r l}|#l � l ¨��/¶W�dx!zv� n�l r7wjquxp�yz n z�{�q�� l � | q n zv�u�sz��bzvr l x | qn wL�Fz9�sz α ���bzv�Q�sz.Q o l �uq dE
dx

�9�FwL� | wF«L� l x¡{�zy�!� l ¨��m¨ | zvx¡{�z l ö
dL

dx
=

S

kB
ì¨�� ýpµ

M �Ñ£ l}|7| wy�7z�{�q~Qpo!zvx n�� qux!« α �!o�� l �u�swL� l zvr7r7zv�7z5zvr����7zvr7r7w n wy�Fz Q = L(α)/L(β) z
�bzv�Qr7wL�so!tvquwLx!qdwL�7« l x�q n�� z � qux l ��quz r7q ��lVl �!�!��wyr7r7qu� l�| qu� l �Fzvx | z Q ' 10k�P z3H n quzvx!t l x!zv�s� lJn wyxp�yzv�7r7quwyx!z�{�z��s� P zvx�zv�7«Lq l qux n qs{�zvx | z�qux�zvx!zv��«yq l �uo!�Fqux!wLr l {�q �
�bzvx¡{�z�{ l �u� P z3H n qszvx�t l x!zv�s� lFn wyx � zv�7r7quwyx�z�{�zv�u� P zvx!zv��«yq l {�zv�u� l � l � | q n z��s� l quxjzvx!zv�7«Lq l
{�q�z n�n q |�l tvquwLx!zh{�zv��r7wL��� zvx | zPzP{ l �u� P z3H n quzvx!t l {�z����!�7w n zvr7r�w·{�q | � l r��bwL� | w·{�zv�u� P z��
x!zv�7«Lq l {�q�z nvn q |#l tvquwyx!zh{ l �Ur7wL�u�yzvx | z l ��r7wy�uo | w? ' 65% µ zPqux � x!zÄ{ l �u� P z3H n qsz�x!t l
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Qpo l x | qur | q nvl {�qWF¡o!wL�7z�r n z�x!t l  ' 80% µ#��î�zv��qu� n wy�F�bwLr | w�î�ó7´�î
îVX��©L�/ú g/l µ�� P zv£s���n qsz�x!t lVn wL�F�!�uzvr7r�q�� l �9{�zv�dú�µ n qu� n�l z n wy�7��qur��bwLx¡{�z l {Äo!x l �!��wW{�o!tvquwLx!z {�q n qs� n�l
104 £¥w | wyx!q���z���ïjz9¶��p÷�q!x!w | q n�� zQ� l �!�7zvr7zvx!t l {�zv��î
îVX ��l � P z�¦=z |�| w {�q l o!�Fzvx |#l �7z
� P z3H n quzvx!t l Qpo l x | qur | q n�l {WqVF¡o!wL�7z�r n zvx!t l { l �
ýyû�µ ±r7wy�uwÌî�ó1µ l �Y·yû�µÃzy� � zvx n�� �
x!zv�s� l �Fqur n zv� l9� qsx l �7q l � l�| zvx�o |#l qsx n wyx | wT� P z3H n qszvx!t l {�q��Fqu«y� l tvquwLx!zH{�zv�u� P zvx!zv�7«Lq l
{ l ��r7wy��� zvx | z l �Ur7wL�uo | w!��qs�1î
îYX ��l o!x!wÌr��bz |�| ��w·{�qUz��Fqsr7r7quwyx!zP�!qNM l { l}|7| w l �s� l¸ W��³¡¯;W²º¹x»¼��°���³x�"��{�zvq¤£¥w | w | o � q¤o!r l}| q¤qux\~�wy��z���qux!w\ � «Lo!� l ¨!� ý�µ#�

õ qu«Lo!� l ¨�� ý!ö ÷p�bz |7| ��w {�q5zv�Fqur�r7quwyx�zG{�zv�Vî�ó�zÿ{�zv�Vî
îYX z l x¡{ l �Fzvx | w {Wzv�s� l¸ W��³¡¯;W³½¹x»¼��°���³|�&��{�zvq | o � q¤£Sw | wL�FwL� | qu�!�sq n�l}| wL�7q¤�bzv��~�wL�7z���qux!w!�
M �H�!�7w n zvr7r7wÿ{�q | � l r7£Sz��7qu�Fzvx | wç{�zv�u� P zvx!zv��«yq l {�q�z nvn q |#l tvquwyx!z l �s�uzÌ�FwL�uz n wL�szÌ{�q

î
îYXÏ£ l x!x!w l o!�Fzvx |�l ��zFqs� | zv�F�bwj{�q
{Wz n�l {�qu�Fzvx | w\{�zv�u�uwjr n qsx | qu�s� l}| wL�7z�{ l 1.6nsl
3.5ns � k zF�FwL�sz n wy�uz�{�q
î
îVXÏ�bwLr7r7wyx!wh�7q l r�r7wL� � qu�7zVq�£Sw | wyx�q��!�7w�{�w |�| q n wyx)o!x l

�so!x!« � zvtvt l {�q l r7r7wy� � qs�Vzvx | w�{�q n qu� n�l 5m �bzv�H�uo!x!« � zvtvtvz�{ P wLx¡{ l qsx n o!q¬� l�n o���� l
{�q1zv�Fqur7r7qswLx!zÄ� l «y«Lquo!x!«yzÄqs�U� l r�r7qu�FwÌ� l �swL�7z� ' 400 nm µ�� M x � x!zÄqu�1£ l}|7| wy��zh{�q
Qpo!zvx n�� qux!« α �bz��Jqu� n wy�V�bwyr | w�{�qu�bzvx¡{�zT{ l �u� P zvx!zv��«yq l z�{ ��l o!x l x¡{ l �Fzvx | w�{ l�| w
{ lU¾ ¶�ý:¿�ö

Q(E) = 20.3− 1.3E(MeV ) ì¨��/úyµ
ñ nvl o!r l {�zv�KQ o!zvx n�� qux!«!� l {�o!x�z�� zvx | w α {�zv�u� lTnvl�| z�x l {�zv� 238U w5{�zv� 232Th � n�� z��l zvx!zv�7«LquzTx!zv�u� P qsx | zv��� l �s�uw | � l ýFz�ü�ïjz%¶�� n wy���7qur7�bwyx¡{�zTo!x l Qpo l x | q |2O {�qd�uo n zT{�q
r n qux | qs�u� l tvquwLx!z | qs�!q n�l {�q¤o!x\z��yzvx | w β {�qdz�x!zv�7«Lq l {�zv�s� P wL��{Wqsx!z�{�q l � n o!x!z n zvx | qux l q l
{�q8�Lz%¶ÃzÌ{�o!x>Q o!z l �u� P qux | zv��x!wÿ{�zv�u� l x!zvo | ��qsx�w � qsx¡{Ww � �¶LúLû}� U6U ûÀ�yz9¶ µV{�z � x!q |#l
x!zv�
�!��z n z�{�zvx | z n�l ��q | wy�uw!�Äð�o |�|#l �Wq l � l {�qur | �7q � o!tvquwyx�z | z��F�bwy� l �uz�{�zv��r7zv«yx l �uz�{�q
r n qux | qs�u� l tvquwLx!z1�1{�q�� zv�7r l x!zvq�{�o!z n�l r�qWz�Qpo!zvr | w��bzv���Fz |�| z n wy�5o�x>Qpo!zU� l �bwLr7r�q � qu�uq |�O
{�q1{�qur | qsx�«yo!zv��zÄ«y�uqUz�� z�x | q α l}|7| � l � zv�7r7wÌ� P/l x l �squr7qQ{�zv�u� l £Swy��� l {Wzv�s� P qu�F�!o��sr7w n wyx
o!x P z3H n quzvx!t l � l «L«yquwL�7z {�zv�düLû�µ��
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]_^2`7^;] ÂÃl4p�moh�l0Ä*rg}~l0vVegcÅmjc@ÆÇt§v$hji$k0cÈygcfkÉpsc~ÊVe{iVk%cÈy{l¼psw|l4eVmjl4k4k%iË©
}~l0vVegc

k�P z��ywy�uo!tvquwyx!z | zv�F�bwL� l �uz��bzv�¤�uwQr7�bz |�| �7wQ{�qyr n qux | qu�u� l tvquwLx!z�{�zv� n wy�V�bwyr | wJî�ó7´�î
îYX
�!o!�Fz�r�r7zv��zT{Wzvr n �7q |7| wF{ l o!x l r7wL�F� l {�qªzvr7�bwyx!zvx�tvq l �uq�ö

S(t) =

N∑

i=1

qi
τi
e
− t
τi

ì¨�� U µ

ïjqsr7o!��z�quxç� l�� wy� l�| wL�7quw ��l x!x�wD� z��7q ��n�l�| w n�� z��bzv�5{�zvr n �7q�� zv��z�qu��r�z�«yx l �uzP{�w}��o | wl � l {�q l tvquwyx!z β r7wLx!wÿx!z n zvr�r l �7q�¨ | zv�7�Fqux!qH�Fzvx | �7zD�bzv�Ä{�zvr n ��qu�yzv�7zÌ� P zv�Vqsr7r7qswLx!z
{�w��Wo |#lHl ��� l r7r l «y«Lqsw�{�q�o!x l � l � | q n zv�u� l α r�wLx!wHx!z n zvr7r l ��qWý | zv�7�Fqux!qì� § z��s� lQ|#l�� z��s� l
¨!�u©�r7wLx!wD�7q l r�r7o!x | q�q
� l �swL�7q�{�zvq�� l � l �Fz | ��q n�� z��Vzv«y�uquwDqsx | zv�7�bwL� l x!wD�uz n o���� z�{�q
r n qsx | qu�s� l tvqswLx!z | �7w�� l}| z9r7�bzv�7qu�Fzvx |#l �s�Vzvx | z9�bzv�Q� l �Fqur n zv� l o!r l�|�l qux\~�wL�7z���qux!w!�

τ1 τ2 τ3 τ4 q1 q2 q3 q4

β ¨��/ú�Ì ©(Ì�� U © ú¢ü��/ú � û���·Lüyú û��mû U ¨ û��mû¢ýp¶ �
α ¨��/¶Lú ©�¨�� ýyü úLü��müyú ¶�Ì�ü!�u© û�� U ¨Lû û��s©=Ì�· û��s©L©�ü û��mû�Ì¢¨

ð l�� zv�s� l ¨!�u©yöJî l � l �Fz | �7q��bzv�H� l {�zvr n ��qstvquwLx!z�{�zv�¬r7zv«yx l �uz�{�q¬r n qux | qu�s� l tvquwyx!z5�bzv�H� l
�Fqur n zv� l�� qux l �7q l î
ó_´�î
îVX��©L�/úyµ�x!zv� n�l r7w�{�q¤� l {�q l tvquwLx!z α z β x!zv�u� l {�zvr n �7qutvquwyx�z
{�q�r7wy�V� l�| wy��q l {�q�zvr7�bwyx�zvx!tvq l �uq ¾ ¶¢¨�¿3� k z n wLr |�l x | qb{�q | zv�F�bwTr7wyx!wTz�r��!��zvr7r7z�qux ns �

k�l {�qu¦�zv��zvx!t lV| � l qdr7zv«yx l �uq¬{�q¤r n qsx | qs�u� l t�qswLx!z��!o���zvr7r�zv��zTo�r l}|#l �bzv�J� l {�qur n �7q �
�Fqux l t�qswLx!z α/β  � «yo!� l ¨��/úyµ l {jz�r�zv�V�!qsw l�|�| � l � z��7r7wFqs� n�l � n wL�uw�{�zv�¤� l ���bwy� | w | � l
� P qux | zv«L� l �uz�{�zv�u� lhn w�{ l ì{�z � x!q |#lhn wLx�o!x P wy����wL� | o!x l r�wL«L�sq lP| zv�F�bwL� l �uz}µ�z�� P qux | z��
«y� l �uz | w |#l �uzF{�zv�Xr�z�«yx l �uz�{�qXr n qux | qu�u� l tvquwLx!z n�� zV�V�!qNM)zv�uz�� l�| whx!zv� n�l r�wh{�qXz�� zvx | q
α �
]_^2`7^ÎÍ ÏÐhjv$t{i$Ê$i$}~l%vVe{cªy{c@k4k0iÑk4r8wxcÒe{cfk0k0vzpsw|l4eVmjl4k4k%i�mov$hjc
Ó â�ß�Û�ãXå�â�Ü�åÓâ�ß¡àÑÚ¥ß!Ü}Úéëbå
k�l �uo n z�zv�Fzvr7r l { l �Wî
îYXG�!o!��zvr7r�z��7z���q l r7r7wy� � q |�l �¢{ l ��î�îYXGr | zvr7r7w�wy�!�!o!��z�{ l î�óH�
wy���!o!�7zQ�!o!�9� zvx!qu�7zJ{�q�¦=o�r l � M �¡�!�7w n zvr7r7wT{�q l}|7| zvxpo l tvquwLx!z�{�zv�s� P qsx | zvx!r7q |2O �uo!�Fqux!wLr l
{�o!� l x | z�� P/l}|7| � l � zv�7r l �Fzvx | w\{Wzv�s�uw\r n qux | qu�u� l�| wy�7zF�!o!�jzvr�r7zv��z�{�zvr n ��q |�| wjqux | zv�7�Fqux!q
{�qU�uo!x!« � zvtvt l {�q l�|�| zvx�o l tvquwyx!zÄ{�qu�bzvx¡{�zvx | zh{ l �u� l �so!x!« � zvtvt l { P wyx¡{ l {Wzv�s� l �uo n z| � l r7�Fzvr7r l  Λ(λ) µ l}|7| � l � zv��r�w�� l �uzv«L«yzLö

I(x, λ) = I0e
− x

Λ(λ) ì¨��ÔÌLµ
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õ qu«Lo!� l ¨��/úWöÿò�qur | �7q � o!tvquwLx!z | zv�F�bwy� l �uz){�zv�u� l �uo n z){�q�r n qux | qu�u� l tvquwyx!z){�w}��o |#lÿl �
� l r7r l «L«Lqsw�{�q¤� l � | q n zv�s�uz α z β �

{�w�� z I(x, λ) �U� P qsx | zvx!r7q |2O �uo!�Fqux!wLr l {�wL��w n�� z1�1r |#l}| w l}|7| � l � zv��r l}| w�o�x!w9r7�bzvr �
r�wL�7z x {�qpr n qux | qs�u� l�| wy��z�z I0

�
� P qsx | zvx!r7q O �uo!�Fqux!wLr l �bzv� x = 0 �X÷��bzvr7r7w�� P/l}|7| z�x�o l t�qsw��x!z�{�zv�u� P qux | zvx!r7q |2O �uo!�Fqux!wLr l ��zvr7�!�7z�r�r l qux | zv�7�Fqux!qp{�z�� n w�z3H n qsz�x | z�{�q l}|7| zvxpo l tvquwLx!z
�Fwy� l �7zy�!�uzv« l�| w l �u� l �so!x!« � zvtvt l {�q l�|7| zvx�o l tvquwyx!z { l ö

ε =
ln(10)

Λc
±¨!�6·pµ

M ���!��w n zvr7r7wÌ{Wq l r7r7wy� � qs�Vzvx | wD{�zv�u� l �so n zy� n�� z |�l ��� wL� |�l ��qszvx�z�qux¡{�q n�l}| w n wL�Fz
°S³�¯;
���Ö�Ö\��RN��²��#³�¯%�����3RÎRN�uR/\����� ��{�w��Wo | w l �u� l �!��zvr7zvx!t l {�q¡o!x l r7w}��� l �!�bwyr7qutvqswLx!z | � l
�swFr7�bz |�| �7wF{�q¤zv�Vqsr7r7quwyx!z9z.Qpo!zv�u�sw�{�q l r7r7wy� � qs�Vzvx | wVx!zv��î�îYXÕz9�!o!� l ���yzvx!qs��z ��q�M
� wy� | z��!��qu� lPn�� z�� l �uo n z��!�7w�{�w |�|#l { l o!x·r�qux!«Lwy�uwÄz�� zvx | wh{�qÑr n qux | qu�s� l tvquwyx!zV� l r n q
�swVr n qux | qu�u� l}| wL�7z9r | zvr�r7w!� M x � «Lo!� l ¨�� U r�wLx!wVqu�u�so�r | � l}| qª«y�uqªr7�bz |7| �7q¤{�q l r7r7wy� � qu�Fzvx | w
z�{Ózv�Vqsr7r7quwyx!z��bzv��qu�Uî
îVX5� k¬l �!�7w ��l�� qs�uq |2O {�q���qszv�Vqsr7r7quwyx!z����!quo |7| wLr | w l � |#l  '
80% µ ¾ ¶yú(¿={�o!x>Q o!zH� l �uo n z�{�q�£ l}|7| wTx!wLx���qszvx!z��bzv�7r l � M �!�7w n zvr7r�q�{Wq l r7r7wL� � qu�Fzvx | w
zÄ��q ��z��Fqsr7r7quwyx!zP�!��w}�yw n�l x!wÌo!x l �u�uo!x!« l �Fzvx | w){�zvq | zv�F�!qU{�q��!�7wL� l « l tvquwyx!zh{Wzv�s� l
�so n zPzPo!x l {�z��Wq l tvquwyx!zh{ l �s� l �!�7wL� l « l tvquwyx!zÄquxÿ�squx!z l �7z |7|#lDn�� zP�bwLr�r7wLx!w·zvr7r�z��7z
{�zv�sz | zv�7q��bz��5� l ��q n wyr | ��o!tvquwyx!zP{�zv�u� l �bwyr7qutvquwyx!zÄ{�zv�
� z�� | q n zP{Wq�qux | z�� l t�qswLx!z�z��bzv�
� Pml x l �uqsr7q¤{�zv�u� P z�� wL�so!t�qswLx!z | zv�F�bwL� l �uz {Wzv�ªr7zv«Lx l �uz {�q=r n qux | qu�u� l tvquwyx!z9x!z n z�r�r l �7quwV�bzv�
� l {�qur n �7qu�Fqux l tvquwLx!z α/β �Dð l �uq����7w n zvr�r7q�qux!wy� | ��z n wL�F�bwy� |#l x!wDo!x!wO9Ö\�(O�¯%��²���³�¯%�
S:�"
&O���°;Rf
��(O�OQ��{�zv�u� l �so n z | � l r7�Fzvr7r l�l�n�l o�r l {�zv�¬£ l}|7| w n�� z5x!zv�Xî
îVX �uwPr7�bz |�| �7w
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õ qs«Lo!� l ¨�� U ö�÷p�bz |7| ��w�{�q l r7r7wy� � qs�Fz�x | wVz�{Äzv�Fqur7r�quwLx!z �bzv�1qs��î�îYX5�

{�q¤zv�Vqsr7r7qswLx!z n wy�V�!�7zvx¡{�z9�uo!x!« � zvtvtvzT{ P wLx¡{ l �!qNMj«L� l x¡{�q¤�7qur7�bz |7| w l �u�uwFr7��z |7| ��w�{�ql r7r7wL� � qu�Fzvx | w¡�

Ù¤äyß�ÜvÜ�Ý�â�Ú®æfC�ÝWá¥ß�Û�Ü}ÚSäyå
k�P/l x l �uqur7q
{�zv�u� l �uo!x!« � zvtvt l {�q l}|7| zvxpo l tvquwLx!zF�bzv� qu�
î�óÕzV�bzv�9qs� n wL�F�bwyr | w � qsx l �
�7quw·î�ó7´�î
îYX� � «!�Ñ¨��ÔÌLµ9qsx!{�q n�lDn�� z�� l �uo n z n wLxç�so!x!« � zvtvt l { P wyx¡{ l qux!£Szv��qswL�7z l
360nm qux | zv� l «Lqur n z5���7qux n qs� l �u�Fzvx | z n wL�Ñî
îVX5��{ l x¡{�w��so�wy«Lw l �¬£¥zvx!wL�Fzvx!w�{�q l r �
r7wy� � qs�Vzvx | w!�L�Fz�x | �7z l �so!x!« � zvtvtvz1{ P wLx¡{ l r7o!�bzv�7quwy��q�� P qux | zv� l tvquwyx!zU�!�7qux n qu� l �szU� n wy�
î�óH�bò�o!x>Qpo!zy��qu� n wL�F�bwL� |#l �Fzvx | w�{�zv�u�sw�r n qux | qu�s� l}| wL�7zTqsxj£So!x�tvqswLx!z�{�zv�u� l �so!x!« � zvt��
t l { P wyx¡{ l �¬�FwLr | � l � P zvr7qur | zvx!t l {�q�{�o�z��7z�«yquwyx�q l��!��l r |�l x�t lj� zvxÓ{�qur | qux | zyö�x!zv�u� l
�!�7qu� l  λ < 375nm µ9��{�wy�Vqsx l x | z�qu���!��w n zvr7r7wÌ{�q l r7r�wL� � qs�Fz�x | w\z���quzv�Fqur�r7quwyx�z
�Fzvx | �7z9�bzv� λ > 375nm �T{�wL�Fqux l x | z qu�¤�!�7w n zvr7r7w�{�q¤r n�l�|�| zv��qsx!«!��î¬zv�Q�uo!x!« � zvtvtvz
{ P wLx¡{ l �!qNM·«y� l x¡{�q�{�q 320nm � l �uo!x!« � z�tvt l {�q l}|7| zvx�o l tvqswLx!zF{�qu�Fqux�o!qur n z n wLx!r7q��
{�zv�7z�� wy�u�Fzvx | z n wyx�o!x l x¡{ l �Fzvx | w\{�zv� | qs�bw λ−4 n�l � l}|7| zv�7qur | q n wD{Wzv���!�7w n zvr7r�w\{�q
r n�l�|�| zv��qsx!« l �u� lØ× ���:RN��°s´��p� M x�Qpo!zvr | wj�!�7w n zvr7r7w\� l �uo n zF�Wquzvx!z�{Wqu¦�o!r l r7zvx!t ljn�� z
� l �uo!x!« � zvtvt l { P wLx¡{ l � z�x!« l �VwW{�q ��n�l}|#l � k w�r n�l}|7| zv�7qux!« l �s� l�GJl�Ù �uzvqu« � ��{�w}��o | wl �u� l £Swy��� l tvqswLx!z�{WqÑ{�qu��wL�uqÑ�FwL�uz n wy� l �7q¬qsx¡{Ww |�| qÑ{ l �u� l �so n z n�� z l�|�| � l �yzv�7r l qu�¬�Fzvt#�
tvw!��� P wyr n qu�u� l tvquwyx!z�{�zvq�{�qu�bwy�uq�«Lzvx!zv� l � l {�q l tvquwyx!zHzv�uz |7| ��wy� l «Lx!z | q n�l�n wyx��uo!x!« � zvtvt l
{ P wLx¡{ l o!«yo l �uz l Qpo!zv�u� l {�zv�s� l �uo n z n�� z ��l qsx¡{�w |7| wF� P wLr n qs�u� l tvquwLx!z�{�z��d{�qu�bwy�uw!� k�l
£S� l tvquwyx�z�{�q=�uo n z�{�q�¦�o!r l�l {�o!x l x!«ywL�uw θ ��qsr7�bz |�| w l �s� P/l x!«Lwy�uwV{�q�qux n qé{Wzvx!t l ��{ l}|#l
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õ qu«Lo!� l ¨��ÔÌ�ö9ñ�x¡{ l �Vzvx | wj{�zv�u� l �uo!x!« � zvtvt l {�q l r7r�wL� � qu�Fzvx | wh�bzv�9qs�
î
óÕzF�bzv�9� l
�Fqsr n zv� l î�ó7´�î
îVXÕqsxh£So�x!tvqswLx!zT{�z��s� l �so�x!« � zvt�t l { P wyx¡{ l �

{ l ö
I

I0

∝ 1 + cos2 θ

λ4

±¨!� üpµ
M ���7w n z�r�r7qX{�q l r7r7wy� � qs�Vzvx | w��3�7quzv�Fqur7r�quwLx!z�z�{�qÑr n�l}|7| zv��qsx�«Pqsx n qs{�wLx!wÄr7o!�u�uz��bzv� �

£Swy��� l x n zvr�{�z��¤�7q�� zv� l}| wL�7z9�!�7qux n qu� l �u�Fzvx | z quxj{�o!z9�FwW{�qìö
���!�7w�� w n�l x!wÄqsx·«yzvx�zv� l �szVo!x l ��z���{�q |#l {�q�qux!£SwL�7� l tvquwLx!zFr7o!�u� l �bwyr7qutvquwyx!z�{Wzv�
� zv� | q n z�{�q
qsx | zv� l tvquwLx!zyö�Qpo!zvr | w n�l o!r l o!x l � l «y«Lquwy��{�qNH n wL� |�O x!zv�u� l ��q n w¢�
r | �7o!tvquwLx!z {�zv�u� l �bwyr7qutvquwyx!z {�zv�s� P z�� zvx | wFz��!�7w�� w nvl o!x l �bzv�7{�q |#l {�qªqux!£SwL�7� l �
tvqswLx!z�r7o!�s� P z��ywy�uo!tvquwLx!z | zv�F�bwL� l �szP{�zv��r7zv«Lx l �szP{�q�r n qux | qu�u� l tvquwyx!z)±qux!£SwL�7� l �
tvqswLx!z {�z | zv���Fqux l x | z9�bzv�Q� l {�qur | qsx�tvqswLx!z | � l z�� zvx | q α z β µ&[

��qs�W�!��w n zvr7r7w9{�q l r�r7wL� � qu�Fzvx | w����7w�� w nvl o!x l {�qu�Fqux�o!tvquwyx!z1{�zv�u� l �so n z n�� z l ���7q �
� l9l qbî
ï\ð�ö l x n�� zJr7z n wy�FzQ�J«Lq O r |�l�| wT{�z |7| w � l £S� l tvquwyx!z�{�q¡�uo n z l r7r7wy� � q |�ln�� z�x!wLx��Wquzvx!z���qszv�Vzvr7r l �Fr�wL�uwD{�zv��¶¢û�µ n qu� n�l � k�l Qpo l x | q |2O {�q��uo n z n�� z
�Wquzvx!z\z�¦�z |7| q�� l �Vzvx | z l r7r7wy� � q |�l � l�n wyx | qux�o l �Vzvx | zj�Fwyx�q | wy� l�|�l �bzv��x!wyx
qsx | �7w�{�o!�7��z9z�¦�z |7| qªr�qur | zv� l�| q n qªx!zv�u� l ��q n wLr | �7o�tvqswLx!zT{�zv�u� P zvx!z��7«Lq l �

k¬l �uo!x!« � z�tvt l {�q qux | zv� l tvquwLx!zy�¢x�zv�s� l Qpo l �uz
��qszvx!z | zvx�o | wJqux n wyx | w�r7q l qs� �!�7w n zvr7r�w�{�q
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� zv��� O o | qu�uqstvt l�| w�£SwLx¡{ l �Fzvx |#l �u�Fzvx | z��bzv��r | o¡{Wq�r7o!�s�uz��!��wy�!��qsz |2O {�q l r7r�wL� � qu�Fzvx | w
z �7q �3zv�Fqur�r7quwLx!z�{ l � l � | zT{�qd�FwL�uz n wy�uz�{�q¬î
îVX zT�!qNM\qux\«Lzvx!zv� l �uzT�bzv�Q� l �uo |#l �7z � l
r |#l�� qs�uq |2O {�z��s� l �7qur��bwLr |#l {�z��s�uwFr n qsx | qu�s� l}| wL�7zy�k z �¡� �7z\w |�| q n�� z n�� zD�bwL� |�l x!wÓ� l �so n zD{ l �H{�qur7�bwyr7q | q�� wÓ� l r7zv� l �u� l)| z��7�Fqux l �
tvquwyx!zVr�wLx!whr |#l}| zVr n zv� | z l HFx n�� �Vqsx | �7w�{�o n�l x!wj� l �Fqux!wL� {�qur��bzv��r7qswLx!z | zv�V�bwy� l �uz
�bwyr7r7q � qs�uzy�¤qsx)� l � | q n wy� l ��zFqu��{�q l �Fz | �7wh{�zv�8���(
��F{�zv�u� l��¡� � l �V� l �7q l úLû µm z�� l
{�qur��bzv��r7qswLx!z | zv�F�bwL� l �uz5r | qs� l}|#l �bzv�Ho!x lV�¡� � l {Wq$Q o!zvr | w�{�q l �Fz | �7w��uo!x!« l ¶¢û mz {�q�©L� ý ns �k�l r7wL�7«Lzvx | z {�q¤�uo n z l �s� P qux | zv�7x!w�{�zv�u� P qux!x!zv�Q� zvr7r7zv�d{�z��yz « l � l x | qu�7z o!x lV� o!wyx l
wy�Vwy«Lzvx!zvq |2O x!zv�u� l {�qur | ��q � o�tvqswLx!z�{�zv�u� l �uo n zQå�z �bzv�NQpo!zvr | w�� r |#l}| wF�!�7wL«yz |7|#l}|#l � l| zv���Fqux l tvquwLx!z qu�u�so!r | � l�|�l qux � «Lo!� l ¨!�6·!�k�l �uo n zH�Wquzvx!z�quxp�Wq l}|#l5l �u� P qux | z��7x!wV{Wq=o!x l r7£Szv� l {�qVQpo l �7tvwÄì{�q l �Fz | ��wsæ�¶ cm µ��
x!zv�u� l Qpo l �uz��5�!�7zvr7zvx | z l x n�� z�o!x � � | ��wP�bzv� l�|�| zvx�o l �7z n wL�F�bwyx!z�x | qX{�qÑ�uo n z n wLx
�uo!x!« � z�tvt l { P wLx¡{ l r7o!�bzv�7quwL�7zy��ò�o!x>Qpo!z5� lF�¡� � l qs�u�uo!�Fqux l � l r7£Szv� l�n�� z5« l � l x | q n z
o!x l � o!wyx l o!x!qu£SwL�7�Vq |�O {�qbqu�u�so��Fqsx l tvquwLx!z n�� z���qszvx�zH�bwLq l r�r7wL� � q |#l { l �u�uw�r n qux | qs�u� l �| wL�7zy�Ñ÷�wyx�w�r |#l}| z�� l �uo |�l�| z
�uz
�bw | zvx!tvq l �sq |2O {�zv� r7qur | zv� l {�q � l r7zv�dqux | z��7x!wJzvr7zv«Lo!zvx¡{�w
�Fqur7o!�7z�r7o·o!x·�!�7w | w | w | qu�bwh{�zv�Ñr�qur | zv� l r | zvr7r7w ¾ ¶�ý:¿Xr�o·o�x nvl �F�!quwLx!zF{�qÑ�Fqur n zv� l
r n qsx | qu�s� l x | z9�Fwyx�q | wy� l�| w�{ l {�o�z £¥w | w | o � q���qsxh� l � | q n wL� l �7z9r7q¤��� zv��q �¡n�l�| w n�� zyö

��� l {�qur��bzv��r7qswLx!z | zv�F�bwL� l �uz5qux | ��wW{�w |7|�l { l �u� lF�¡� � l �!o!�Pz�r�r7zv��z;Q o l x | q �¡n�l�|�l
ç0è �(.%é=�~#2�~,x¸Ô1&!�13�(,='��Ëê&ë"ë

nm ì � �(<"1"�(1��&#�#;1")2í�,6!9,Q'��&�=îxï¬,���#;13��,�ð ñ
µm

í�,�#21&<3���f� ì ,ò!%��)2�~.%é=�
,6¸ó1&!�1"��,(.9é(� ì �ô�=<"13�=1�)�,6�ô+�� #�#2,('��&�/�61$#2.4,/�"!9,/���Ô�ô!�1")2� ì � �(<��&�=1�13#;!%��.413�/��!9,('��&���Ô�Z!��4)�+-,/����õ ,�13�=�f'=� �/�/�
ö í�)9��#;!2�ô#2#��-.9é=�V'(,!¸N��!2!21_.0)2�4�4)��4í(í:�$�(�÷.013�=17'�ø 13+Ví()9��13#	!%�&.013�/�&�('(17,!¸ó1�!�13�(,s.9é(�$#2,�5()21"5���<��&�=1
ì �4)�#21-��øù���6!�1�ú



>@?�>çÙdÚSÛ�Ü�Ý�Þ�Ú�ã�Ý�â�Ú®á�äyå�æbÜ}â�å�á®á¥åÓà�ÝWá±á¥ÝDã¬â�åbã¬â�Ú¥Ý Ü�ê)å¡ÜvÜ�ÚSä��dÝDà�ÝWá®á¥å
Û�ä Ú®æ�Ü}Ú®á®á¥ß!Ü�åbâ�Ý �W�

õ qu«Lo!� l ¨���·�ö�÷ n�� z�� l {�zv�u��û qsx!r7zv��tvqswLx!zH{Wzv�s� l r7wL�7«Lzvx | zJqux | zv�7x l x!zv�u�2û qux!x!zv��� zvr7r7zv��±r7q �
x!qsr | � l µ=z
r n�� z�� l {�zv�u� l1| zv�7�Fqux l tvqswLx!z�{�zv� r7qsr | zv� l {�q � l r7zv��qux | zv��x!w��bzv�dqu� n wyx | �7wL�s�uw
{�zv�s�uwFr n qsx | qu�s� l}| wL�7z�±{�zvr | � l µ��

qsx 0.8 ns
10 m

z�{�o!x\üpo!z�r7q=�bw | ��ý l � zv�7z�o!x l�� o!wyx l ��qsr7wL�so!t�qswLx!z9r7o!�u�sw�r | o¡{�quwF{Wzv�
r�z�«yx l �uzT{�q¤r n qux | qs�u� l tvquwLx!z�[

��qs� | zv�F�bwÄ{�qX{�z n�l {�qu�Fzvx | wh{�zv�u�uwÄr n qux | qu�u� l}| wL�7z�r | qu�FwL� l�| w n wy�Ñ� l r7zv��¨ úLú��Fq �
r�o�� l}| wF�§ü o!zv�s�uw�{�zv�dî
îYX  τ ' 1.6 ns µ"[

��qs� | zv�V��w�{�q¬{�z n�l {�qu�Fzvx | wP{�zv�u�sw�r n qux | qu�u� l}| wL�7z�r | qu�Fwy� l}| w n wL�¬� l r7zv��¶�þ:þ����uw
r | zvr7r7wV{�z��s� l5n wL�F�bwLx!zvx | zH� z��sw n z9{�zv��r7zv«Lx l �uz9{�q�r n qux | qu�u� l tvquwyx!z n�l o!r l�| wV{ l �
� l r7r l «y«Lqsw�{�qªo!x l � l � | q n zv�u� l β  τ ' 3.5 ns µ

]_^;]_^2` ÿ i�hji�msmoc~h\l0p�mjl0w � c y{c@k psl4p�mjc@ÆÇi k0iVp�c@hqt§c@h l0k wxvVeVmohjvVk4k0v
ygcfk4k%i mohjiVpst{i$hjcfeg}|i

î¬zv�
qu�br7qur | zv� l {�q n wLx | ��wy�u�uw5{�zv�u� l9| � l r7� l �7zvx!t l �Wquzvx!z�o | qs�uqutvt l}| w��swTr | z�r�r7w�{�qur7�bwyr7q �| q�� w�� l r�z��Uo!r l�| w��bzv�U�2û l �u�squx!z l �Fzvx | w�qsx | zv�F�bwV{�z�q=£Sw | w | o � qX λ = 394 nm µ����Jx!w
r��bz n�n�� quw5�Fw | wL�7qutvt l}| w�qux | zv�7x!w l �u� l r n�l}| wL� l {�zv�b� l r7zv���bzv���Fz |7| zH{�qbquxp�Wq l �7zH� l �so n zl �ªr�qur | zv� l {Wq | qu�Fqux!«Vw l �ªr�qur | zv� l {�q n wLx | ��wy�u�uw�{�zv�u� l�| � l r7� l ��zvx!t l  � «yo!� l ¨!� üpµ#�

÷�wyx�wVr |�l�| z�r | o¡{�q l�| z9{�o!z n wLx � «yo!� l t�qswLx!qª�bzv�Uq=£ l r n qª{�q��so n zLö$ü o!zv�s� l � l {�q l �uz�z
üpo!zv�u� l w � �sq�üpo l ®� zv{�q � «Lo!� l ¨!�u©�û µ�����£ l r n q¡{�q��so n zQ� l {�q l �uz1� z��7� l x!x!w9o | qs�uqutvt l}| q!�bzv�
�Fwyx!q | wL� l �7z�� l � l � | z l�|�| q�� l {�zv�
�7q�� zv� l}| wL�7z��Fzvx | �7z�üpo!z��s�uq�w � �uqBüpo�q l}|7| � l � zv��r l x!w
r�wL�uwPqs�Ñ�uq�üpo!qs{�wh{�q � o�¦=zv��z5�bzv���Fz |7| zv� l x!x!wÄ{�qÑ�Vwyx!q | wL� l �7z5� l � l � | z5� l r7r7q�� l � k¬l
�so n zD�Wquzvx!zÌqsx �Wq l}|#lçl �u� l ÷!÷!÷ø{ l o!x r7qur | zv� l {�q �¡� �7zÌw |7| q n�� z·qux ¨!©D�bwLr�qutvquwyx�q
{�qu�yzv�7r7zyö9©�¶�w |7| qs�Vqstvt l�| z5�bzv�Hquxp�Wq l ��z5o!xD£ l r n quwÄ{�q��so n z5� l {�q l �uz5z�©�ü��bzv��quxp��q l �7z
o!xj£ l r n quw�{�q¤�uo n z9w � �uq�üpo!w!�
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õ qs«Lo!� l ¨��mü�öA÷ n�� zv� l {�zv� {�qur��bwLr7q | q�� w&� l r�zv�hz�{�zv�9r7qsr | z�� l {�q l¢nvn wL�!�!q l �Fzvx | w
w |�| q n w!� k�l �uo n z1�!��w}�yzvx!quzvx | z1{ l ��� l r7zv�X�!o!��zvr7r�zv��zUqsx!{�qs��qstvt l�|�l r7q l � zv��r7w��uz �¡� �7z1{�q| qu�Fqux!«9r7q l � zv�7r7w��sz �¡� �7zQ{�zv�!r7qur | zv� l {�q n wyx | �7wL�s�uw {�zv�u� lH| � l r7� l �7zvx!t l ��o!w |#l x!{�w9�sw
r7�bz nvn�� quz |7| w¡�����¡�Fw}��qs�Vzvx | wT{�zv�s�uwTr��bz nvn�� quw��J�7zv«Lwy� l}| w5{ l o!x��Fw | wL�7qux!wTzv�uz |7| �7q n w!�

õ qs«Lo!� l ¨!�u©�û�ö�÷ n�� zv� l {�zv��r7qur | zv� l �bzv��qs� n wyx | �7wL�u�sw�{�z��s� l | � l r7� l �7zvx!t l {�zv�u�sw5r n quxW�| qu�u� l}| wL�7z9z {�zv�¤�uqBü o!qé{Ww�{�q � o�¦=z������?qu�u�so�r | � l}| wFo!xhzvr7zv�F�!quw�{�q �¡� � l � l {�q l �sz9z | �7z
zvr7zv�F�!q¤{�q n wLx � «Lo!� l tvqswLx!z w � �sq�üpo l �
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ñH�u� l �so!x�« � zvt�t l {~û wLx¡{ l {�zv�u� l �uo n z\zv�Fzvr7r l�n wy���7qur7�bwyx¡{�z\o!x l �so�x!« � zvt�t l {�ql�|7| zvx�o l tvquwyx!z1{�z��s�2û wL��{�qux!z1{�zv�u� l {�z n qsx l {�qW�Vz | �7q�z�� l �!�7w ��l�� qs�uq | ý�{Wq l r7r7wy� � qu�Fzvx | w
{ l � l � | z�{�zv�=î
îYX �H�Vwy� | w ��l r7r l �Fzvx | �7z��2û z3H n qsz�x!t l üpo l x | qur | q n�l {�zvqb£Sw | w | o � qb�
{�zv�b¨Lû��/ú�µP���3x�ü o!zvr |#l9n wLx¡{�qutvquwyx!zJ�J�bwLr7r�q � qu�uz�r | o¡{�q l �7zJqu�¡£Szvx�wy�Fz�x!w�{�q¡r n�l}|7| z��7qux!«
{ l � l � | z {�zv�u�uwFr n qsx | qu�s� l}| wL�7zy�

XH� | �7z l ü o!zvr |#l r7wL�7«Lzvx | z5r l ��ý��bwLr7r7q � qu�uz�o | qu�squtvt l �7z�o!xÌ� l r7zv� n�� z�zv�Vz |7| z n wyx
�so!x!« � zvtvt l {~û wLx¡{ l {�q¤¨yúLú nm  k�l r7zv� §�l x!w��_¶�¨yúyú���µ�ö�üpo!zvr |#l �uo!x!« � zvtvt l {|û wLx¡{ l
«yq lLn zHx!zv�u�uw�r��bz |7| ��w5{�q l r7r7wL� � qu�Fzvx | w5{�z��=î
îYX zH{�o!x\üpo!z n wLx�zvr7r l r l �
	 �bwLr7r7q � qu�uz
�Fwyx!q | wL� l �7z�r7wL�sw�qs�¤î�óA{�zv� � o�¦�zv�1�bzv�Uqu�@üpo l �uz9� l �uo!x!« � zvtvt l {�qªr n�l}|7| zv��qsx�« l ¨ úLú
nm zV{�q�¶��mú m n qs� n�l �Vzvx | ��z��2û z3H n quzvx!t l üpo l x | qsr | q n�l {�zvq�î�ï\ð qux üpo!zvr | w n�l r7w
��� l �7q l ¶:·��mü�µP� L �uq=r | o¡{�q�z�¦=z |7| o l}| q={�o!� l x | z÷üpo!zvr | w�� l �ywy��wV{�q | z�r�q�z��!�7zvr7zvx |�l�| q
x!zvq¤�!�7wLr7r�qu�Fq n�l �!q | wy�uq¤r�qª�7qu£Sz��7qur n wLx!wFr7wL�sw l �¤� l r�zv� n wyx λ = 394 nm �k�l �uo n zhzv�Vzvr�r l { l �1� l r7zv�V�Wquzvx!z l¢nvn wy���!q l}|#l�l}|7| � l � zv�7r7w)o�x l �uzvx | z l {ÿo!x l�¡� � l w |7| q n�l\n�� z�� l quxp�Wq lDl {�o!xÓ� l x!x!zv�u�swÿÎÖ\�¢¯9�&� Ö\��³x��R®µ { l ��üpo l �sz����bwLr7r7q � qu�uzn wyx!x!z |7| zv��z�� l x�o l �s�Vzvx | zHqu��� l r�zv� l �u�sz�¨!© �!� �7zHqux ü o l ��tvw5�7q�� zvr | q | z�{�q=î�¶�ó?x!zv�7wn�� zFr7q�qux!r7zv�7qur n wyx�wjx!zv�u� l ÷!÷!÷���÷�q l �uz �¡� ��zF� l {�q l �sq n�� z�� l x!x!wj{ l ��� l x!x!z��s�uw l �s� l
÷!÷!÷ n�� zuüpo!zv�u�uz5�bzv�H�FwLx!q | wL� l �7z�qu�¬r7wy�uw��uq�üpo!qs{�wÄ{�q � o�¦�zv�Hr7wLx!w��uo!x!« � z5ýyû��Fz | �7q
z ��l x!x!wFo!xj{�q l �Fz | �7wF{�qd¨yûLû µm �����ª� l r7zv�Qz9qu�¤� l x!x!z��s�uw�{�qªr�z��szvt�qswLx!zT{�zv�u�sz �¡� �7z
r�wLx!wV�FwLx |#l}| q=r7wL�!� l � l§�Jl}| zv� |#l x�����qu�ª� l r7zv�1quxÄ� l � | q n wL� l �7z���qsx!r7zv��q | w l �u�2û qux | z��7x!w
{�qWo!x l r n�l}| wL� l qux lLnvn q l quw�qux!wLr�r7qs{ l�� qs�uz l �!�7w�� l {WqW�uo n zUz��Vwyx |�l�| w�r7wL�!� l o!x5�!q l x!wl x | qu��q � � l tvquwLx!zy�

� ÚSè¬â�ÝDâ�ß�àÑÚ¥ß�á®Ú
î¬zv���uz�©�¶ �¡� ��zT� l {�q l �uq¬� l �uo n zT��qszvx!zTqsx �Wq l}|#l x!z��s� l r�£¥zv� l�l}|7| � l � zv��r�w�{�zvqE�3������¯Î�s�

���y´���OÌ � «Lo!� l ¨!�u©y©�µ���-�������D¯	��
���y´���O�wy� | ��z l {�qu�F�Fz |7| zv��z�� l �so n z�x!zv�u� l r7£Szv� l
£So!x!tvquwyx l x!w l x n�� z9{ l5n wy�u�uqs� l�| wL�7qì� k�l �uo n z9{�o!x\üpo!z l}|7| � l � zv��r l ·!�mú m {�q=r n qux | qu� �
� l}| wL�7z1{�zv�s�2û qux!x!zv�Ñ� zvr7r7zv��zUý¡�6· m {�q��uqBüpo�qé{�w9{�q � o�¦�zv�����¤£ l r n q�� l {�q l �sq�x!wLxV��o!x |#l x!w
{�qs��z |7|#l �Fzvx | z l {·o!x�î
ï\ð �bwLq n�� �Vx!wLx)���!��zvr�z�x | z�o!x�î
ï\ð x!zv�Ñ�!o!x | wh{Wq l �Fz��| � l �u�Fzvx | zVwL�!�bwLr | w l ü o!zv�u�swj{�qXqux!r�z��7qu�Fzvx | wj{�zv�u� l��¡� � l � l r7wL�swhqux)�!�7wLr7r7qs�Fq | ý
{�q�zvr7r7w¡����£Sw | w | o � q n�� zFr7q | ��w}� l x!w\{�q�£S�7wLx | z l ���!o!x | wj{�q�zv�Fqur�r7quwyx�z�{�zv�u� l �so n z
�7q n z�� zv� l x!x!wD� l �uo n z | � l r��Vzvr7r l { l �u�swDr n qux | qu�u� l�| wL�7z�zP{ l ���uq�üpo!qs{�w·{�q � o�¦�zv��z�� l
�so n z n�� z1�Wqsz�x!z�{�q�¦=o�r l x!zv�u� l {�qs��zvtvquwyx!z�{�q!�!�7wL� l « l tvqswLx!z�{�zv�u� l �so n zJr | zvr7r l �Vzvx | ��z
q¤î
ï\ð n�� z�r7q | �7w�� l x!w5quxP�!�7wLr7r7qs�Fq | ý�{�zv��£Szvzv{�� |7� �7wLo!« � r1�7q n z��yzv� l x!x!w�� l �uo n z n�� z��l r7o � q | wjqu���!��w n zvr7r7w\{�q*�����&²���OQ���¢¯±¯%�"
#°S³W´\r7q l x | q n qu� lhn�� zFo!x��bwyr7r7q � qs�uz��Fz | wW{�w
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� l x n�� z\qs�J�squx!«Lo l «L«Lqswÿ{�qJ�!�7wL«y� l �V� l tvquwLx!zDo | qs�uqutvt l}| wç{ l �u�2û qux | zv���!�7z | zÌ{�qG X¢X�ð��

• � Ú®á¥å�Ûvå\[¬ß^]R_�`badcfe�g�]Fhbi�abjCe/alk öZüpo!zvr |#l�� �uwyr7w �bl {Wq����7wL«y� l �F� l tvquwLx!zQ�Wquzvx!z
qux n wLx | ��w l �s�uz zvr7qu«Lzvx!tvzT{�q¤�VwW{�o!� l �7q | ý�z {�qª�!�7w | zvtvquwLx!zT{�zvqd{ l}| qì�

• m ane,oqprhtsuprhbi%abj�e/adk ödqs�W�!�7wL«y� l �V� l�lLn�n z�{�z l �¡ò l}|#l���l r7zUz l qx
���@����¢¯9� � �uz| � l �Fq | z�qs�p�!�7w | w n wy�u�uw�ðJó1î���� îD�Fzvx | �7z�«Lqs� l öd�uz�qsx�£Swy��� l tvqswLx!q�{ l ��ò l�|�l¢��l r7z
�yzvx!«ywLx!wÓ�!�7z�r�zD{ l o!xør7zv��� z����Fzvx | �7z\q 
���@����¢¯%�Ór7wLx!wÓ� l¢nvn wy� | qHr7oA{�qsr n w
{�zv{�q n�l}| w�z9r�wLx!w l¢nvn zvr7r7q � qs�uq�{ l D n�� qs{�x l �bzv�Jzvr7r7zv�7z9�!�7w n zvr7r l}| qì�1÷pq l qs��ò�~
r7zv� � zv� n�� z�qu�b{�qur n w�{�q�r | w nvn�l «y«Lquw�r7q | ��w}� l x!w l q�� l�� wL� l}| wL�7q�{Wzv� L � l xÄ÷ l r7r7w¡�

k û qsx | zv�7£ lLnvn q l {�q D n�� qé{�x lHn wLx���û o | zvx | z n wyquxp�ywy�u«Lz1q n wLx n z |7| q!{�q n wyx � «yo!� l tvquwLx!z
z {�q¤�Vzvr7r l «L«yqur | q n�l �

ñH� n o!x!z n�l � l}|7| zv�7qur | q n�� zT{�zvq¤�Fw�{�o!�uqdr7wLx!w��bzv��r7wyx l �uqstvt l�� qu�uq¬{ l �s�2û o | zvx | zL�-XH«yx!q
�Fw�{�o!�sw ��l o!x � l � l �Fz | �7wwv�x\y�z|{nvÿ�bz��P�bw | zv��zvr7r�z��7z l�� qu�sq |�l�| w &v�x\y�z|{nvn}�~}µFw
{�qur l�� qu�sq |�l�| wÿ&v�x\y�z|{nvn}��Wµ��¬�Fzvx | �7z�qux l � n o!x!q��VwW{�o!�uq���û o | zvx | z���o!�Dr n zv«y�uquzv�7zP{�zvq
� l � l �Vz | ��q n wL�Fz�r�wL«L�squzy�Lqux¡{�q n qW{�q��7qu£S� l tvquwLx!z�z n wLr |#l x | qW{�qpx!wy��� l �uqutvt l tvquwyx!zy��XH«yx!q
� l � l �Vz | ��w ��l o!x�� l �uwL�7z�{�q={�z�£ l o�� | {Wz � x!q | w5qsx�o!x � �sz�&v��l������x�y��%�b�n�!µ��Fzvx | ��zHqn�l � � q l �Fz�x | q�{�zvr7qs{�zv� l}| q!{ l �s�2û o | zvx | zU� l x!x!w9{�z � x!q | q�x!z�� � �uz�����v����/�b�n� z�� zvx!«Lwyx!w
r7w}��� l r n ��q |�| q l qª� l �uwL�7qd{�q¤{�zv£ l o!� | �
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�3xA«Lzvx!zv� l �uzDq��FwW{�o!�uqH{ l x!x!wçquxAwLo | ��o | {�zvq��Vzvr7r l «L«yq�«Lzvr | q | qH{ l �s� lÓn � l r�r7z
z��r�l��v�����y���v¡�ZÚj{�z � x�q |�l o!x l r nvl � l «yzv� l � n�� q n�l {Wq n �7q | q n q | ý1{�zv�y�Fz�r�r l «y«LquwT���v�z������
{f���b� ��xr���¡�C��y���xª��v��f�r�b�����t�\�d�|�f�yµ�� § zv� n�l r7w·� zvx!« l �!��wW{�w |7| w)o�x?�Vzvr�r l «y«Lquw
�t�|�l���n��qu�¤«Lzvr | wL�7z {�zvq¤�Vzvr�r l «y«Lq | zv���Fqsx l �2û zvr7z n o!tvquwLx!zT{�zv�¤�!��wy«L� l �F� l �
Í{^4a$^;] �Èv7y8r8k0l¬t§c@hÉk%izwxiVk0l0Ä{hji$}~l0vVegc¦y{c@l�Ï����
ñH�s�2û qux | zv�7x!wG{�q D n�� qs{�x l r7wyx!wç�!�7zvr7zvx | q�{�o!zÌ�Fw�{�o!�sq����7wy«Lz |�|#l}| q��bzv�Pz�¦�z |�| o l �7z
��û l �u�uqsx!z l �Fzvx | wDqsx | z��F�bwDz�qux n�l ��q nvl {�zvqUî�ïDð z�{�zvq n�l x l �uqU{�q
zv�uz |7| �7wLx!q nvlÌl {
zvr�r7q n wL�7�7qur7�bwyx¡{�z�x | q n�� z�r7£S�7o |�|#l x!w5�sz�qux!£SwL�7� l tvquwLx!q=�7q n�l � l�| z�{ l ��r7qsr | z�� l {�q�� l r7zv�
{�q | qu�Fqux!«�{�zvr n ��q |�| wFx�zv� n�l �!q | wy�uwF�!�7z n zv{�zvx | zL�
� á®á®Ú®ædÝpßbÞ)ÝWæbÜ�åÿÚ®æ?Ü�Ý�Þ�ãXå
� n�l x l �uqU{�q�zv�uz |�| �7wLx!q n�l � zvx!«Lwyx!w l �u�squx!z l}| q�o | qu�uqstvt l x¡{�w·o�xÿqu�F�!o!�ur l�| wy��z n�� zPquxW�
�Wq l o!xÄr�zv«Lx l �sz9r7qux n �7wLx!w l�| o |�| qªq n�l x l �sq2[ n quwyx!wLx!wLr |#l x | z9�9qux¡{�qur7�bzvx!r l¢� qu�uz �bw | zv�l �u�squx!z l �7zT��û qsx | zv�7w�r7qsr | z�� l î
ï\ð�� nvl x l �uz��bzv� n�� �Tqu� | zv�V�bw n�� zTqux | zv� n wy���7z | � l �2û z��
�Fqsr7r7quwyx!zV{�zv�X£¥w | w�zv�uz |7| �7wLx!z l � n�l}| w�{�wÄz�� l � l¢nvn wL� |#l {�zv�u� lÄnvl �7q n�lÄl �u��û l x!w�{�wÄ�!o!�
x!wyx5zvr7r�z��7z�o!«yo l �uzU�bzv� | o |7| q�q!î�ïDð��:ÚÌx!z n zvr7r l �7quw÷üpo!qux¡{�q n wLx!wyr n zv��zU� l {�q�¦=zv��zvx!t l
{�zv� | zv�F�bw�{�q���qsr7�bwLr |�l {Wq�wL«yx!q!î
ï\ðçqs�u�uo!�Fqux l�| w n wLx�o!x l r7wL�7«Lzvx | z1{Wq��uo n zU�7qur7�bz | �| w l {Ìo!x·�7qu£Szv�7qu�Fz�x | w | zv�F�bwL� l �sz�o!«Lo l �uzV�bz�� | o |7| qXq n�l x l �uq�{�qXzv�uz |7| �7wLx!q nvl �5î¬zv�
£ l �*üpo�zvr | w�r7q¬r�£¥�7o |7|�l qu�¬r7qsr | z�� l {�q¬� l r7zv�Hz �!� �7z�w |�| q n�� z�{�zvr n ��q |�| w�x!zv�u� l r7zvtvquwyx�z
¨!�m¶ n�� z9�bzv���Fz |7| z {�q¤qu�u�so!�Vqsx l �7z quxh�Fw�{�wFr7qux n �7wLx!w | o |�| qªq¤£Sw | w | o � qì�

�3���Fw�{�o!�uw n�� zFz�¦=z |7| o l ��û l �u�uqux!z l �Vzvx | wjqsx | zv�F�bwj��qsz��F�!quzy���bzv� wL«yx!q n�l x l �uzl r7r7w n q l}| w l {�o!xÿî�ï\ð9��o!xÓqur | wL«y� l �F� l\n wLx | zvx!zvx | z�qs� | zv�F�bwDqux n o!q�qu� n�l x l �uz��l { l}| w�r7zv«Lx l �uzy���3� | z��F�bw�� l �!�!�7zvr7zvx |#l�| w�x!zv�d«y� l���n w�{�zv�u� l {�qur | �7q � o!tvquwyx!z | zv�5�
��wL� l �uz) � «Lo!� l ý!�/¶jr7qsx!qur | � l µ ��qu� | zv�F�bwD�bzv�5qs�-ü o l �uzPo�x n�l x l �szÄ{�q�z��sz |�| ��wyx!q n�l
�7zv«Lqsr | � l o!x�r�z�«yx l �uz n�l � n wL� l}| wj�7qur7��z |7| w l {)o!x | zv�F�bw\{�q���qs£¥zv�7qu�Fzvx | w\{ l}| w\{ l ���
� l r n�� z�{ l {�q | �7qu«y«Lzv� n�� z n wL� l x¡{ l qs��� l r7zv�T¨Lü¢ý¡� k�l r n�� z�{ l {�q | ��qs«L«Lzv���dwL� | �7z l
qsxp��q l �7z�o!xÓr7zv«yx l �uz l ��� l r�zv�v�Xquxp�Wq l o!xçr7zv«Lx l �sz l r7zvq n�l x l �uqU{Wq�z��sz |�| �7wLx!q n�l x!wyxl r7r7w n q l}| q l { l � n o!xhî�ïDð��oü o!zvr | q�r7wLx!w5q n�l x l �uq={�q���qs£¥zv�7qu�Fzvx | w�{�zv�b� l r7zv��þ"[Wqu� | zv�5�
��wh{�q���qs£Sz��7qu�Fzvx | wj{�zv�X� l r7zv�� laser � time µJ�Wqsz�x!z�{�z | zv�7�Fqux l}| wh{ l �u� l �Fz�{�q l {�zvq| zv�F�!q��7zv«Lqur | � l}| q={ l üpo!zvr | q=r7zvq n�l x l �sqì��ùHo!qux¡{�q=z��yzvx | w5�bzv�Uz��yzvx | w��Wquzvx!z�{�z � x!q | w
qs� laser � time  n�� z���o!«yo l �uzy� l �Fzvx�wF{�q=o!x l�n wLr |#l x | zy� l � | zv�V��w�qux n o!qªqu�ª� l r�z����l zv�Fzvr7r7w)qs�1r7zv«Lx l �szh�uo!�Fqux!wLr�wpµ�zh�7qur7�bz |7| w l üpo!z�r | w)�7qu£Szv�7qu�Fz�x | w)r7wyx�w n�l � n w��
� l}| q�q | zv�F�!q��bzv� n o!qUq n�l x l �sq l r7r7w n q l}| q l qQî�ïDðK� l¢nvn wL�u«ywLx!w n�l �7q n�l � �3� | zv�F�bw
� l ���!�7zvr7zvx |�l�| wF�bzv�Qwy«Lx!q nvl x l �uz �9o!«yo l �uz l ö

ti = time � PMTi − laser � time+ costi,
±ý¡�u©}µ

�&¡ #2,/#	!�13�=1÷�&�(.9é(�8ð�êg. �&���&�/,�'�,�)�,c¸ó�4)�,/+�� �3!21*'(� �j!�)�,6<"<"�4)��=13�u�&#2#;1=.4,Ô��!9,\�&' �&�/.4�(� î\¢¤£�¥�5:�4)
1"<3��,s� ì � �3!218'(,�!�)�,�<"<"�4) ' ,/�('(,�5:� ��'=� �3!2�ô+�� �3!2��'��&�s!9,65:1{'(,s!�)�,6<"<"�4),)@�/�B¦6£�¦½,/� ì ,Ô�_���¢#;� <"���&�6���
!%�&�/,�. �&���&��,�'�,�� �6�4!;!�)213�(,/. �=ú
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{�w�� z n wLx time � PMTi
��qu� | z��F�bw l �Yüpo l �uz�qs��î
ï\ð i − esimo

��l ��zv«yqur | � l�| w
o!xjr7zv«Lx l �szyö��bzv�QwL«yx!q¤z�� zvx | w¡�\ü o!qsx¡{Wq�� ti � o!«Lo l �szy� l �Vzvx!w�{�q¤o!x lVn wyr |�l x | z n�� z
{�qu�bzvx¡{�zJ{ l £ l}|7| wL�7q�o!«Lo l �uq!�bzv� | o |�| q�q¡î
ï\ð ®�uo!x!« � z�tvt l {�zv�u�uz �¡� �7z1w |�| q n�� z1z n�l �Wqn�� z n wL�u�szv« l x!wÌ�uz�� l �7quz n wL�F�bwyx!z�x | qg����
���@Y��
���µ�z�o�x | zv�7�Fqux!z nvl � l�|�| zv�7qur | q n wÌ{�q
wy«Lx!q¬r7qsx!«LwL�swhî
ï\ð�� n�� z l r�o l � wL� |#l �!o!�P{�qs�bzvx¡{Wzv�7zV{ l � | zv�F�bw�x!z n zvr7r l ��qsw l �u� ln�l �7q n�l �bzv� l x¡{ l ��zF{ l � nvl�| wW{�w l �s�2û l x!w�{�w¡�Vó�wy�Fz�«LqBýÄ{�z |7| w!�=�Wquzvx!zV«Lzvx!zv� l�| who�x
�!�7w � �uw | z��F�bwy� l �uzU�bzv�Ñwy«Lx!q n�l x l �uzUzUqux!r7zv�7q | w�qsx�o!x�qur | wL«y� l �V� l�� qs{�qs�Vzvx!r7qswLx l �szy�k û qur | wL«y� l �F� l ��qszvx�zV�7quzv�F�!q | wP�bzv� | o |�| qÑ«y�uqXz�� zvx | q�{Wq n�l �uq � � l tvquwyx!z n wL�X� l r7zv�9{�q| qu�Fqux!«¡�DùHo l x!{�w | o |7| q�«L�uq�z�� z�x | q�{�q n�l �sq � � l tvquwyx�zPr7wyx�wDr |#l}| q
qsx!r7zv��q | q�x!zv�u�2û qur | w¢�
«y� l �V� l r7q�w |�| quzvx!zPo!x l {�qur | �7q � o!tvquwyx!zPr7qs�Fqu�uz l üpo!zv�u� l {�q � «Lo!� l ý!�/¶ l {�zvr | � l �
î¬zv�
z�r�z�«yo!qu�7z��2û l �s�uqux!z l �Fzvx | w��Jx!z n zvr7r l ��qsw n wyx!wLr n zv�7z�� l �bwLr7qst�qswLx!z�{�zv���!q nvn w5{�zv�u� l

õ qs«Lo!� l ý¡�m¶�öXò�qsr | ��q � o!tvqswLx!z | zv�F�bwL� l �uz�{Wzv«y�uq � q | ��z���o!x�r7qux!«ywL�uw n�l x l �uz5±r7qsx!qur | � l µ
z
�bzv� | o |�| q q n�l x l �uq�ì{�z�r | � l µ�� § zv�u� l {Wqsr | ��q � o!tvqswLx!z
�bzv� | o |�| q q n�l x l �uqp�
qu�u�uo!r | � l}|#l � l
{�qur | �7q � o!tvquwyx!z��!��qs� l z9{�wL�bwV�2û z�üpo l �uqutvt l tvqswLx!z | zv�F�bwy� l �uzy�
÷�q=x!w | q=qsxP� l � | q n wy� l �7zn�� zQ� l σ {�zv�u� l {�qur | ��q � o!t�qswLx!z | z��F�bwy� l �uz n�� zQr7q | ��w}� l {�wy�bw9��û l �u�uqsx!z l �Fzvx | w� ' 1.7
ns µ��){Ww}�Wo |#l zvr n �uo!r7q�� l �Fzvx | z l �V¯±°S²��3�¨§#°S¯ì¯%�"
ç{�zvq�£Sw | w | o � qV ' 1.3 ns µ�z l �s� l
�7qur7wy�uo!tvquwyx�z | zv�F�bwL� l �uzT{�z��s�2û zv�uz |�| �7wLx!q n�l �© ns µ
{�qur | �7q � o!tvquwyx!z | zv�F�bwL� l �uz�{�qÑwL«yx!q n�l x l �uz���qsr7�bz |�| w l {Do!x | z��F�bwP{�qÑ��qs£¥zv�7qu�Fzvx | w¡�
�3�¡�7qu£Szv��qs�Vzvx | w | zv�F�bwL� l �uzJo!x!q�� w n wT�bzv� | o |7| q¡qbî
ï\ðÿ�Wqsz�x!z�{�z � x!q | wTr7wL�F� l x¡{�w �uz
{�qur | �7q � o!tvquwyx!q | zv�F�bwy� l �uq�{�q | o |7| q!q n�l x l �sqì�pqu�¡�VwW{�o!�uw n zv� n�l l �s�2û qux | zv�7x!wT{�zv�!�!�7w � �sw| zv�V��wL� l �uz5{�q | o |�| q�q n�l x l �sq�qs���!q nvn w��!qNM l � | w�z�qu� | zv�F�bw l r�r7w n q l�| w lV|#l �szT�!q n�n w
{�z � x!qur n zQqu�!��qs£¥zv�7qu�Fzvx | w | zv�F�bwL� l �sz1�7q n�� quzvr | w��bzv���2û l �u�squx!z l �Fzvx | w����©-OQ��¯7µ#�¬ñÃü o!z��
r | w��!o!x | wPqu�Ñ�VwW{�o!�uw¡�={�wy�bw l �yzv��� l �uo |#l}| w n�� z5� l r |#l}| qur | q nvl {�zv«L�uq � q | �7zv«Lqsr | � l}| q
qux | w |#l �uzV�bzv��wL«Lx!qXr7qsx!«LwL�sw n�l x l �uzV��r�ojH n quzvx | zL� n�l � n wy� l � lPn wLr |#l x | zV{�q l �s�uqux!z l �
�Fzvx | w | zv�F�bwL� l �uz z�¦=z |�| o l x¡{�wFo!x �!|Jn wyxho!x l « l o!r7r7q l x l {�zv�¤�!q nvn wF�!��qsx n qs� l �uz z
�!�7zvx¡{Wzvx¡{�w5� l �Fzv{�q l {�q |#l �sz ��| � k¬l {�q�¦�zv�7zvx!t l9| � l qu� | zv�F�bw5{�qbwL¦�r7z | zH� l �Fzv{�q l| ��w}� l}|#l { l � �!| {�zv�¬r7qux!«Lwy�uw n�l x l �uz n wyr | q | o!qsr n z�� l�n wLr |#l x | z5{�q n�l �uq � � l tvquwLx!z | zv���
�bwy� l �uzT�bzv��qu� nvl x l �uz�quxÐüpo!zvr | quwLx!zy�Qð�o |7|#l �Wq l r�z � l σ | �7w�� l}|#l x!zv� �!| {�zv��r7qux!«ywL�uwn�l x l �uzh�Ä�FwL� | w)«y� l x!{�z�,ª�©vû ns µ�qu� n�l x l �uzÄ�Wquzvx!z n wyx!r7qs{�zv� l}| w)�!�7w � �uzv� l}| q n w
üpo!qux¡{�q�x!wyxF�Wquzvx!z�qux!r7zv�7q |#l x!zv��ò l�|�l¢��l r7z�� l r�o l n wyr |#l x | zH{�q nvl �uq � � l tvqswLx!zHzQ�Wquzvx!z
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{ l�| w�o�xj�Fzvr7r l «L«LqswF�bzv� l ��� zv� | qu�7z9��û o | zvx | zy���3�¤�Fw�{�o!�sw!�!qsx!wL� | �7zy� n wLx | ��wy�u� l � lFn w¢�
r |�l x | z9{�q | zv�F�bw n�l � n wL� l�|�l x!zv�=�!�7z n zv{�zvx | z G o!xÄ{�q n�l �uq � � l tvqswLx!z9�bz��1qu� n�l x l �uz�qsx
üpo!zvr | quwyx!z�z�r�z�r7q �¡l o�x l � l ��q l tvquwLx!zU�FwL� | wH«y� l x!{�zU{�zv�u� l�n wyr |#l x | zU{�q n�l �uq � � l tvquwyx!z
�Wqsz�x!z { l�| wFo�xh�Fzvr7r l «y«LqswF{�q�@Y��
�³Dz�qu� nvl x l �uz9�Wquzvx!z n wLx!r7qs{�zv� l}| wV�!�7w � �uzv� l�| q n w¡�

�3x � x!zVr7z l �u�Fzvx�wÄqs�VÌ�û�µ {�zvq n�l x l �sq l r7r7w n q l}| q l q�î
ï\ð x!wLx)���!��w � �uzv� l}| q n w
zÄr7zP��û o | zvx | zP�sw ��l �7q n�� quzvr | w·x!zv�u� lÌn wLx � «Lo!� l tvqswLx!zh{�q D n�� qé{�x l ��� lD|�l¢� zv�u� l {Wzv�
ò l}|#l���l r7z��Wquzvx!z l «y«Lquwy��x l�|�lVn wyxh�uz9x�o!w�� z n wLr |#l x | q¤{�q n�l �sq � � l tvquwyx�zy�
ä ß�á®ÚSè¬â�ß\��Ú¥å�ædÝÌÚ®æøäyß¡â�ÚSäyß
k¬lGn�l �uq � � l tvquwyx!z�qux n�l �7q n�l r7£S�7o |�|#l � l �bwyr7r7q � qs�uq | ý&{�q9qs�u�uo!�Fqux l ��z l � �sq�� z��s�uwA{Wzv�
r�qux!«Lwy�uw·£¥w | w�zv�uz |7| �7wLx!zPq1î�ï\ðK�bzv� n�l � n wy� l ��zy���bzv��wL«Lx�o!x!w·{�q�zvr7r7qì��qu��£ l}|7| wy�7z�{�qn wyxp�yzv�7r7quwyx!z | � lVn�l x l �sz {�qs«Lq |#l �sz9z9£Sw | w�zv�uz |�| �7wLx!q¤zv�Fzvr7r7q l � nvl�| wW{�w!�

�3x � «yo!� l ý¡� ¨V�9qu�u�so!r | � l}|#l � l �bwL�bwy� l tvqswLx!z�{�z�q n�l x l �uq¤ñ�ò9óA�bzv�Qo!x n�l x l �szL�
p

Entries  2094
Mean    30.78
RMS     17.04
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laben.decoded_hits.raw_charge {laben.decoded_hits.lg==222&&trigger.trgtype==8}

õ qu«Lo!� l ý!�m¨�öQî¬wL�bwy� l tvquwyx!z�{�z�q n�l x l �uq¬ñ�ò�ó �bzv�Hqu� n�l x l �uz5{�q¬z��sz |�| �7wLx!q n�l ¶L¶y¶F�bzv�
o!xj��o!xj{�q¤� l r�z��J{�q | qu�Fqux!«Fz�¦=z |�| o l}| wF{�o!� l x | z9�2û l qs�1�7o!xj{�q�ï l �7tvw��3ñH�!�7qu�uz�¶¢ûyû:þ��

�3�X�Fw�{�o!�uwh{�wy�bw l � zv�H� zv��q �¡n�l�| w n�� z��bzv��wL«yx!q nvl x l �uzVr7q l ���7zvr7zvx | zVo�x l r7o!£é���n qsz�x | z)r |�l�| qsr | q n�l qsx | zv�7�bwL� l � nvl x l �uz)�bzv� n�l x l �uzy�H� l {�qur | ��q � o�tvqswLx!z�{�zv� n�l x l �uz
ñ�ò9ó n wLx?o!x l « l o!r7r7q l x l �w���U� l �swL�F�Vz�{�qsw�{�zv� �!| �hqu�1£ l�|�| wL�7zh{�q n wyx � zv�7r7quwyx�z
ñ�ò9ó���£¥w | w�zv�uz |�| �7wLx!qì��ò�wy�bw9o!x | zvr | r7o!�u� l�� wyx | ý9{�z�� �!| ®�yzv�7q ��n�l9n�� z σ ∈ [3, 25) µ��o!x | zvr | {�q n wyx!r7qur | zvx!t l qux | zv��x!wÌ®�yzv�7q ��n�l�n�� zTqu��£ l}|7| wL�7z�{�q n wLxp� zv��r7qswLx!z��bz��*üpo�zv�n�l x l �uzHr7q lTn wy�F� l}| q � qu�uz n wLx�qs��£ l}|7| wL�7zH{�q n wLxp�yzv�7r7quwyx!z��Fz�{�quw�w |7| zvxpo | w5{ l � �!| {Wzvq
r�zv«Lx l �sq¬{�q | o |�| qdq nvl x l �uqSµ1zTo!x\o!� | zv��qswL�7z � zv��q ��n�l �bzv�8ü o l x | q �¡n�l ��z�� l � l �7q l tvquwLx!z
{�zv�X£ l}|7| wy��z�{�q n wLxp�yzv�7r7quwyx!z���qsr7�bz |7| w l �u�2û o!� | qu�Fw G o�x){�q n�l �sq � � l tvquwyx!zL�¤qs�Ñ�Fw�{�o!�uw
r n ��qu�yz�x!zv��ò l}|#l���l r7z�qu�b£ l�|�| wL�7zH{�q n wLxp�yzv�7r7qswLx!z | ��w}� l}| w!� k�l r n ��q |�| o!� l�l x n wL� l o!x l
� wy� |#l�l ���Wquzvx!zTr7z l �s�Vzvx!w�qu��Ì�û�µ {�zvq n�l x l �uq l r7r�w n q l�| q l î�ï\ðfx!wLx ��l �Fwyr | � l}| w
�!�7w � �szv�Vq¤�7qur7��z |7| w l q | zvr | {�zvr n �7q |7| qì�
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G ¹�I « ¼�Î�É�½=¾�ÐÑÆPÈ1¼�É�ÊP¿ ÂP¿JÇ�Ç�Á ËÌÉ�½�¼�È1¼�É�ÊP¿ ¿ÍÂP¿QÇvÇn¬�¿QÊÄ¿1ÐZJ�¼�Á
�3xØü o!zvr | w�� l � l «L� l £Sw��Wquzvx!z�{Wzvr n �7q |7|#l � l �uwL«yq n�l {�zvq¬�Fw�{�o!�uq¬��z���� l ��q n wLr | ��o!tvqswLx!z
{�zv�u� l �bwyr7qutvquwyx!z5z�{�zv�s�2û zvx!zv�7«Lq l z � zvx!«Lwyx!w��!�7zvr7zvx |�l�| q l � n o!x!q | zvr |�n�� z�r7wyx!w�r |#l}| q
z�¦�z |7| o l�| q¤r7o�üpo!zvr | qª�FwW{Wo!�sqì�
Í{^2`7^4a  l4wxvVp�moh\rg}~l0vVegcªy{cfk0k0iÑt§vVpsl0}~l%vVe{c
k�l ��q n wyr | ��o!tvquwyx!z�{�zv�u� l �bwLr7qst�qswLx!z�{�zv���yzv� | q n z�{�q�qux | zv� l tvquwLx!z�«Lqsw n�l o!x��7o!wL�uw\{�q
�!�7qu� l �7q l qu�F�bwL� |#l x!t l �bwLq n�� ����û qux!£Swy��� l tvqswLx!z�r7o!�u� l �bwLr�qutvquwyx�z�{�zv�u�2û z��yzvx | w l �s�2û qsxW�| zv��x!wV{�zv�u�2ûu°¥³¡³|�"
÷S:�&O�OQ�3Rªx!wyxPr7wy�uw��bzv�7�Vz |7| z���ý5{�q��7qs{�o!�7��z�qu� n wLx | �7q � o | wV{�zv�=£¥wyx¡{�w
zvr | zv��x!w l�|�| � l � z��7r7w�� l r�z��szvt�qswLx!zUzU� l �7zvquzvtvquwyx�zQ{�zv«L�uq�z�� z�x | q�{�zv�u�uzUtvwyx!z��!q�M5zvr | zv�7x�z
{�zv�d� wL�so!�Vz l�|�| q�� w!�b� l £SwL�7x!qu��ý l x n�� z�qsx�£Swy��� l tvqswLx!q¬x!z n zvr7r l �7quz��bzv�H� l {�qur n �7qu�Fq �
x l tvqswLx!z α/β zT��z��H� l �7q n wyr | �7o!tvquwyx�z�{�zv�u�2û zvx!zv��«yq l ��÷pwyx!w�r |#l}| q�qu�F�!�uzv�Fzvx |#l}| q | �7zl �u«Lwy��q | �Fqd{�qª�7q n wLr | �7o!tvquwLx!zT{�zv�u� l �bwLr7qst�qswLx!zy�

�3�¤�!��qu�Fw¡� n�� z9� o�r l}| wF�bz��Qzvr�z�«yo!qu�7z9o!x l �7q n zv� n�l �!�7zv�uqu�Fqsx l �7z {�zv�u� l �bwLr�qutvquwLx!z
{�zv�U� z�� | q n zh{�q1qsx | zv� l tvquwyx!zL��r�q ��l r l r7o!�u� l �7q n zv� n�l {�zv� ��l ��q n z�x | ��w�{�q nvl ��q n�l {�zvq
î
ï\ð n wy�u�!q | qd{ l £¥w | wyx!qì���3� ��l �7q n zvx | �7w�{�q n�l �7q n�l � {�z � x!q | w n wL�Fzyö

x =
b

Nhits

Nhits∑

i=1

Pi[Qi]
[ 1

ti + a

] ±ý!�/¶yµ

ò�w}�yz Pi �9� l �bwLr7qutvqswLx!z {�zv�¤î
ï\ð n wL�u�!q | w¡� b ��o!x l5n wyr |�l x | z9{�qªx!wL�7� l �uqutvt l t�qswLx!z
�Fzvx | �7zjqH{�o!z | z��7�Fqux!q | � l � l �7zvx | zvr7q8üpo l {��7z\r7wLx!wç{�o!z\�bzvr7qH{�qu�bzvx¡{�zvx | qH{ l �u� ln�l �7q n�l � l¢nvn wL� |#l { l �Jî�ïDð n wL�s�!q | w)zh{ l � | zv�F�bw l �_üpo l �uzÄ�Är |#l}| w·�7zv«Lqur | � l}| w·qs�
r7zv«yx l �uzy�L �sq l � | �7q�{�o!z l �s«LwL�7q | �Fqì�¢r n �7q |7| q�{ l ��«L�7o!�!�bw�{�qWïjqs� l x�w�z�{ l qp«y�7o��!�!qW{�q L zvx!w�� l
zPò�o � x l � ��l x!x!w\o!x l �!�!�7w nvn quw ��l r l�| wDr7o!� n wLx n z |7| wÌ{�zv�u� l � l r7r7qu� l � zv��wyr7qu�Fq �
«y�uq l x!t l � § zv�Jò l}|#l���l r7zh{�qJ~
wy��z���qux!w)�Ä�!��zvr7zvx | zÄ� l £¥o!x!tvquwyx!z n�� zÄ� l �!�!�7z�r�zvx |#l
�2û z�� wL�uo | w | z��F�bwy� l �uzP{�zv��r�zv«Lx l �szP{�q�r n qsx | qu�s� l tvquwyx!zPx!wy��� l �uqutvt l}| wÌw)î
ò õ ¯®Y
����
������°	R/°®¯;�±°�°BO�¯;
�°2�"�¯±°2��³²xW³|��¯±°2��³¤µ n�� z�� l �!�!�7zvr7zvx |�l � l �!�7w ��l�� qs�uq | ý�{�qª� l¢nvn wL� |#l {�zvq
£Sw | wLx!q��WquxP£So!x�tvqswLx!z�{�zv� | zv�F�bw¡�W{�wy�bw n�� z�zvr7r7q�r7q l x!w�r |�l�| q=z��Fzvr7r�q={ l �u�sw5r n qux | qs�u� l �| wL�7zHz�{�wL�bw n�� z l��!� q l x!w l�|7| � l � zv��r l�| w5�uw�r7�bzvr7r7wy��z�{�q=r n qux | qs�u� l�| wy��z��bzv��«yquo!x!«Lzv�7zl q1î
ï\ð9� k�l £SwL�7� l {�zv�s� l î
ò õf| quzvx!z l x n�� zÄqux n wLx!r7qé{Wzv� l tvqswLx!zÄ� l {�qur7�bzv�7r7quwyx!z| zv�V��wL� l �uz�{�w��Wo |#l l ��¯±°¥²��3�¨§�°®¯ì¯%�"
9{�zvqbî
ï\ð�� k�l £So!x!t�qswLx!z n�� zQ�Wquzvx!zJ�Fqsx�qs�Fqutvt l}|#l
� { l}|#l { l ö

f(t0, x, y, z) = −
Nhits∑

i=1

log
(
pdf
(Di

c
− (ti + t0)

)) ±ý!�m¨ µ
ùHo l x¡{�w9r7q ��l o!xVz�� zvx | w {�q � r7q n�l �7q n wyx!{�o n q � qs�uz l �s�2û qux | zv� l tvqswLx!zJ{Wq!o!x l � l � | q n z��s� l
x!zv�¬�ywy�uo!�Fz5r7zvx!r7q � qu�szV{Wzv�Ñ�7q�� zv� l}| wL�7zy�b� zvx!«Lwyx�wÄ��zv«Lqsr | � l�| qÑqu� | zv�F�bwP{�q l �7��qu�ywÄ{�zvq
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£Sw | wyx!q l q�î
ï\ð��7qur7�bz |7| w l � �!��qu�FwJ£Sw | wLx!z
��qu�yzv� l�| w¡��ñ�üpo!zvr | wJ�!o!x | wQqs� �!��wy«L� l �F� l
£ lLn zvx¡{�w\{�zv�u�szFqu�bw | z�r�q�r7o!�s� l �bwLr7qstvquwLx!z�{�zv�u�2û z��yzvx | w nvl � n wL� l �2û qu�bw | z | q n w | zv�V�bwj{�q
zv�Fqur�r7quwyx!zT{�zv��£¥w | wyx!zy� n wyx!wLr n zvx¡{�w�qu� | zv�F�bw�{�q l �7�7q�� w�z n wyx!r7qs{�zv� l x¡{�w�qu� | zv�F�bw
{�qX�ywy�uwÄx!z n zvr7r l ��qsw l ��{ l}| wÄ£Sw | wLx!zV�bzv�9� l «L«Lqso!x!«Lzv��zFqu��î
ï\ð n�� zV�uw ��l �7q�� zv� l�| w
 Di/c

µ��
zP� l �uo |#l)l}|7| � l �yzv�7r7w·� l î
ò õ � l �!�7w ��l¢� qu�uq | ý n�� zÄqs�1£Sw | wLx!zhr7q l z��Fzvr7r7wl � | zv�F�bw n�l � n wy� l}| w!�9÷�q n�l � n wL� lF|#l �uz5���7w ��l¢� qu�uq | ý��bzv� | o |7| q¬q�£Sw | wLx!q¬� l¢nvn wL� | q¬z�r�q
� l �uo |#l � l �!�7w ��l¢� qu�uq | ýÄ{�q�w |�| zvx!zv��zF�2û qsx | zv�7wÄr�z | {�q�{ l}| qì���3�X�!�7wL«y� l �F� l �fü o!qsx¡{Wq��n zv� n�l � l �bwyr7qutvquwyx!z n�� zÄ� l r7r�qu�Fqutvt l � l �!�7w ��l�� qu�sq | ý·{�q1w |7| zvx!z��7zh�2û qsx | zv�7w)r7z | {�q
{ l�| q n wLx!£SwL�7�Fzv�Fz�x | z l �s� l �!�7w ��l�� qu�sq | ýV{�q¤zv�Vqsr7r7quwyx!z { l�|�l { l �u� l î�ò õ �§ zv�u��û l �u«Lwy��q | �Fw?{�q ïjqu� l x!wG� l î�ò õ o!r l�|�l �·r |#l}|#l w |�| zvx�o |�lÿn wL� n w�{�q n z�{�q
r�qu�5o!� l tvqswLx!z�{ l}| q l { l}|7|#l}| w l �u� l «Lzvwy�Vz | ��q l {�qª~
wy��z���qux!w¡�W«Lzvx!zv� l x¡{�w�{�zv«L�uq=z��yzvx | q
β x!zv� n zvx | �7wD{�zv���7q�� zv� l}| wL�7zy�Ñ�Fzvx | �7z�x!zv�u��û l �u«Lwy�7q | �FwÌr��Wqu�uo!�!� l}| w·{ l ��«L�7o!����wD{�qL zvx!w�� l zTò�o � x l � l î�ò õ � l x l �uq | q n�l z�{Ä��� l �!�!�7zvr7zvx |�l�|�l { l o!x@û zv�Fq �3« l o!r7r7q l x ln wyxho!x lVn w�{ l zvr7�bwyx�zvx!tvq l �uzy�
Ó Ý�Û�Ü�à�Ý�á�äyåªàÑÚSäyÝDàÑÚ�â�ÚSäyåbÛ�Ü}â � ��Ú¥å�ædÝÌàdÝ�á®á¥ß�ã�åbÛ�Ú±��Ú¥å�ædÝÌàÑÚ N Ú±á¥ß�ædå
òHo!� l x | z¢üpo�zvr | w�� l � wL�7w�{�q | zvr7q=r7wyx!w�r |�l�| q�£ l}|7| qª{�z�q | zvr | �bzv� l x l �uqstvt l �7z�� l�� wyx | ý
{�zv� n wW{�q n zF{�qX��q n wyr | ��o!tvquwyx!zF{�z��s� l ��wLr7qutvqswLx!zy�R��x·� l � | q n wy� l ��zy�¤�bzv�¢üpo!z�r | z��!�7qu�Fzl x l �squr7qì�br7wLx!w�r |#l}| qdo!r l}| qdz�� zvx | q α l {jzvx!zv��«yq l � l �7q l úyú¢üLû keV � n wL�7��qsr7�bwLx¡{�zvx | q
��z��Ux�o!�Fzv��wV{�q�£Sw | wLx!q=�!��wW{�w |7| q l {�z��yzvx | q β { l ýyûyû keV ��«yzvx!z�� l}| q n wL� n w�{�q n z�{�q
r�qu�5o!� l tvqswLx!z LFD ñ § ð1ý!� L �uqbz�� zvx | qbr7wyx!w�r |#l}| qbr7qu�5o!� l}| qbx!zv�b�7q�� zv� l�| wy��zHqsx�{�qu�yzv�7r7z
��wLr7qutvqswLx!q (x, y, z) �5o!w�� z�x¡{�wyr7qU�so�x!«yw)«L�sq l r7r7q n�l � | zvr7q l x!q n wyxGqsx | zv��� l �s�uw�{�q1o!x
�Fz | ��w¡�y� l � | zvx¡{�wT{ l �u� l �bwLr7qst�qswLx!z n zvx | � l �szTìû��mû��mû µ � x!w ±4 �Fz | �7q¡{�q�{Wqsr |#l x!t l { l �n zvx | ��w¡� § zv�s� l5|�l¢� zv�u� l ý!�s©�r7wyx!wVqs�u�uo!r | � l}| z l � n o!x!qd{�z�q¤�7qur7o!� |�l�| q¤w |7| zvxpo | qì�

�ª� Ù � t x± σ Ù ±σ z ± σ R± σ¨��mû��mû 3.1± 0.2 −0.3± 0.18 0.00± 0.19 3.1± 0.2û��m¨��mû 0.3± 0.2 3.0± 0.2 0.04± 0.19 3.1± 0.2û��mû��m¨ 0.04± 0.18 0.00± 0.17 3.1± 0.19 3.1± 0.19��¨!� û!� û −3.0± 0.2 0.32± 0.19 −0.1± 0.19 3.0± 0.2û�� ��¨!� û −0.2± 0.2 −3.0± 0.2 −0.06± 0.18 3.0± 0.2û��mû�� ��¨ 0.00± 0.19 −0.01± 0.17 −3.1± 0.24 3.1± 0.24

ð l¢� zv�u� l ý!�s©LöPî�wyr7qutvqswLx!zP�7q n wyr | ��o!q |#l { l �s�2û l �u«ywL�7q | �Vw�{�q1ïjqs� l x!w·r�oÿz��yzvx | q�r7qs��oW�
� l}| qì� § zv�u� l �!�7qu� l&n wy�uwLx!x l r7wyx!wø� l �!�!�7zvr7zvx |#l�| zÓ�uzÓ�bwyr7qutvqswLx!q�x!wy�Vqsx l �uq5{�zv�u�uz
r�qu�5o!� l tvqswLx!qì����� l �swL�7q¤r7wLx!wFzvr7�!�7zvr7r7qªqsxh�Fz | �7qì�

�J�7qur7o!� |�l�| q�w |7| zvxpo | qXqsx üpo!z�r |�l £ l r7z ��l x!x!whz��Wqs{�zvx!tvq l}| w n�� zV�5o!w�� z�x¡{�wyr7qXr7o!�
�!q l x!w (x, y) {�zv���7q�� z�� l}| wL�7z �yzvx!qu� l qux | �7w�{�w |�| w�o!x\zv���7wL�7zTr7o!�u� l ��q n wLr | ��o!tvqswLx!zTr�q l
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{�zv�u� l � l �7q l�� qs�uzH� n�� z�{Wzv�s� l � l ��q l�� qu�sz Ù �$Úçr |#l}| w�� zv�7q ��n�l}| w n�� z��2û zv���7wL�7z�zv� l�n wy�5�
� l}| q � qs�uz n wyxDo!x@û zv�7� l�|�l {�z � x!qstvquwLx!zy� l �u��û qsx | zv��x!wP{�zv� n wW{�q n z�{�q�r7qu�5o!� l tvquwLx!z�{�zv«L�uq
z�� zvx | qì�1{�zv�s� l «Lzvwy�Vz | �7q l {�zv���7q�� z�� l}| wL�7z\quxA� l � | q n wy� l �7z\x!zv�u��û l r7r7zv«Lx l tvquwLx!z·{�zv�u� l
�bwyr7qutvquwyx!z�{�z�qd£Sw | w | o � qìöYüpo!zvr |#l zv�7� l�|�l�l r7r�z�«yx l tvquwyx!zT£ l¢n z�� l r%Ý n�� zTqu�¤r�qur | zv� l {�q
�7qu£Szv��qs�Vzvx | w�í�{�zvq¡£¥w | w | o � q�íU� zvx!qur7r7z lLnvn qé{�zvx |#l �s�Fz�x | zJ��o!w |�l�| wT{�q n qu� n�l 6o ��qsr7�bz |�| wl �¤r7qsr | zv� l {�qd��qs£¥zv�7qu�Fzvx | w���qsr7�bz |7| w l �Küpo l �uz � zvx!«LwLx!w�«Lzvx!zv� l�| qd«L�sqdz��yzvx | qì� § zv�u� l|#l�� zv�u� l ý¡�m¶9r7wLx!wT� l �!�!��zvr7zvx |#l}| q�{�o!zJ��qsr7o!� |#l}| q�{�zv�u� l �7q n wLr | �7o!tvquwLx!zH{�zv�u� l �bwLr�qutvquwLx!z
{�q¤z�� zvx | q β { l ý ûLû keV r7qu�5o!� l�| qd{�wL�bwF� l�n wL�7�7zvt�qswLx!zy�

�ª� Ù � t x± σ Ù ±σ z ± σ R± σý!�mû��mû 4.1± 0.17 −0.02± 0.15 −0.02± 0.15 4.16± 0.17¨��mû��mû 3.1± 0.17 −0.02± 0.15 0.03± 0.15 3.1± 0.16

ð l�� zv�s� l ý!�/¶Wö G q n wLr | �7o!tvquwLx!zÄ{�zv�u� l �bwyr7qutvqswLx!zÄ{�wL�bwÌ� lDn wL�7��zvtvquwyx!zP{�zv� n w�{�q n zÄ{�q
r7qs��o!� l tvquwyx�zy����� l �swL�7q¤r7wLx!wFzvr7�!��zvr�r7qªqsxh�Fz | �7qì�

Ù=Ü � àÑÚ¥åÓà�ÝWá®á¥Ýµ´väyå¤àdÝb´
÷�wLx!w)r |#l}| qUzvr7zv«yo!q | qQ{�z�q | zvr | r�o G o!xGr7qu�5o!� l�| q n wLx | zvx!z�x | q1o!xGx�o!�Vzv�7w·zv�uz�� l�| w
{�qUz�� zvx | q9 ©�ûLûyûLû µ l � � x!zh{�q�� l �uo |�l ��zÄ� l ��qsr7wL�so!t�qswLx!zj{Wzv�s� l ��q n wyr | ��o!tvquwyx!zh{�zv�u� l
�bwyr7qutvquwyx!zL� § zv�u�2û qu�bw | zvr�q n�� z � l {Wqsr | ��q � o!tvqswLx!z�{Wzv�s� l �bwLr�qutvquwLx!zT�7q n wLr | �7o!q |#l �bzv�Jo�x
«y� l xDx�o��Fzv�7w�{�q¬z��yzvx | q�r7q l {�q | qu�bw�« l o!r7r7q l x!w!�b� zvx!«LwLx!wÄ{Wz � x!q | q¬z�� zvx | qÑ{�q n w�{ l
«y�uqWz�� zvx | q n�� z1{�qur |#l x!w��bzv�X�!qNMV{�q 3σ { l ��� l �uwy�Ñ�Fz�{�quw9{Wzv�s� l « l o!r7r7q l x lHn�� zU�Fzv«L�uqsw
qux | zv���bwy� l q��7qur7o!� |�l�| q | ��w}� l}| qì� Úfr |�l�| w\z��Wqé{�z�x!tvq l�| w n�� z n qs� n�l �2ûs©=µÃ{�zv«L�uq
z�� zvx | q
«yz�x!zv� l}| qª�uwyx |�l x�qd{ l � n zvx | �7wF{Wzv�ª�7q�� zv� l}| wL�7z� R ∈ [3m, 4m] µ
� z�x!qu� l x!wV�7q n wyr | ��o!q | q
x!zv�u� l�n w�{ l qsx | zv�7x l S� zvx!q�� l x!w n qswp��r7�bwyr |#l}| qb�yzv�7r7w�qs� n zvx | �7w5{�zv���7q�� z�� l}| wL�7z}µ
{�zv�u� l
{�qur | �7q � o!tvquwyx!z | �7w�� l�|�l  � «Lo!� l ý!� ýpµ��k w�r7�bwLr |#l �Fzvx | wF� zv��r�w�qs� n zvx | �7w�{�q�z�� zvx | q n�� z�r7q | ��w�� l x!w�quxD�!��wyr7r7qu�Fq | ý�{�zv�
� zvr7r7zv� n wLr | q | o!qur n zho!xG�!�7w � �sz�� l �bz��F� l �7zvquzvtvquwyx�z\{�zv�1£¥wyx¡{�w)zvr | zv��x!w!� Úir |�l�| w
wyr7r7zv� � l}| w n�� z\�2û z�¦�z |�| wç{Wqu�yzvx |#l r7zv�F�!�7zj�!q·¶ l¢nvn zvx | o l�| wÓ� l xø� l x!w n�� z n q�r7ql �u�uwyx |#l x l { l � n zvx | �7w·{�zv�U�7q�� zv� l}| wL�7zy�ÀÚ r |#l}|#l wLr�r7zv� � l}|#l o!x lÌn wL�7�7zv� l tvquwyx!z | � l
qu�J���7w n zvr�r7w�{�qQ�Fqux!qu�Fqst�t l tvquwLx!zD{�z��s� l £¥o!x!tvquwyx!z\{�q R/°B²���R/°±�j�=�=��öjqux!£ l}|7| q�� n wy�Vzjr7q
�!o!�G�yz�{�zv��z)x!zv�u� lç� «Lo!� l ý!�/úW��«L�uq9z��yzvx | q��bzv�hq¢üpo l �uq9� l ��q n wLr | �7o�tvqswLx!z)£ l �u�uqsr n z
r7w |�| wLr | qs� l x¡{�wTqu�b� l «L«yquw!��r7wyx!wTz�� zvx | q n�l � l�|�| zv�7qutvt l}| q�{ l o!x l �sqN�yzv�uq � w�w�{��!q�M l � |�l �k û l �s«LwL�7q | �FwJ{�q�ïjqu� l x!w!��x!zv� ���7w n zvr�r7w�{�qy�Fqux!qu�Fqst�t l tvquwLx!zy��� l � | q�� l { l �s� l �bwLr�qutvquwLx!zn zvx | � l �sz9{�zv�ª��qu�yzv� l}| wL�7zF±û!� û!� ûpµ
z9�2û z�¦=z |�| wV{�zv�s�uz n w�{�z9z�� l �!��w ��l�� qu�s�Vzvx | z9{�w}��o | wl �¤£ l�|�| w n�� z qux l � n o!x!q n�l r�q¤qu�¤�!�7w n zvr7r7w�r7q � �uw nvnvl � l quxj�!��wyr7r7qs�Vq | ýV{�q¤o!xj�Fqux!qu�Fw
�7zv� l}| q�� wÿ{�zv�u� l £So!x!tvquwyx!zL�;�3� n wW{�q n zÌ�Ìr |#l}| wç�Fw�{�q ��n�l�| w l H n�� �Dqs�H�!�7w n zvr7r7wG{�q
�Fqux!qs�Vqst�t l tvquwLx!z
� l � | qsr7r7z
{ l �L� l �uwy��z | ��w}� l}| wQz��yzvx | wQ�bzv�¤z�� zvx | wJ{ l � n wW{�q n z ��l r l}| w
r7o!�s� l ��q n z�� n�l {�zv� �¡l ��q n zvx | �7wF{�q n�l �7q n�l �
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õ qu«Lo!� l ý¡� ý¡ö GJl «y«Lquw\��q n wLr | ��o!q | wj��z���©vûyûLûLûjz��yzvx | q β { l ·LûLû keV qsx��bwyr7qutvquwyx!z
ìû!� û!� ý�µ�z�ìû��mû��/¶yµ��

�ª� Ù � t R± σ R < R− 3σ 9µVµ
û!� û!�m¶ 2.0± 0.11 0.26û!� û!� ¨ 3.1± 0.11 0.48û!� û!� ý 4.1± 0.12 2.04

ð l¢� zv�u� l ý!�m¨�ö G qur7o!� |�l�| q¤r7o!�s�uwFr | o¡{�quwF{�zv�u�sz n w�{�z9�bzv�Qr7qs��o!� l tvquwyx�q�{�q�©�ûLûLûyûVz��yzvx | q
β quxF� l �7quzJ�bwLr�qutvquwLx!q�� § zv�s� l �!�7qu� l9n wy�uwyx�x l r7wyx!w zvr7�!��zvr7r�zQ�szQ�bwyr7qutvquwyx!qb{Ww}�yzJr7wLx!w
r |�l�| q�«yzvx�zv� l}| qU«L�uqUz��yzvx | qì��x!z��s� l r7z n wLx¡{ l qu��� l �uwy�5�Fz�{�quw | �7w�� l}| w·{ l � n wW{�q n zÄ{�q
�7q n wyr | ��o!tvquwyx!z�zFx!zv�u� lP| zv�7t l � l �bzv� n zvx | o l �sz�{�q�z�� zvx | q�r7o!� | w |#l �uz n�� zFr�wLx!wjr |#l}| q
�7q n wyr | ��o!q | q n wLxh� l «y«Lquw�qux!£Sz��7quwy��q l 3σ �7qur7�bz |7| w l �=� l �uwy�Q�Vz�{�quw¡�
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õ qs«Lo!� l ý¡�mú�ö1ó�wy���7zv� l tvqswLx!z | � l �bwLr�qutvquwLx!z��7q n wLr | �7o!q |#l zT�uqN�yzv�uq � w�w�{ª�H÷�wLx!w�� l H�«LoW�
� l}| z��sz n wpwy�7{�qsx l�| z9�7q n wLr | �7o!q | z��Fzvx�wV�uz n w�wL��{�qux l}| z��yzv�7zF®qsx l � | wV{ l r7qsx!qur | � l ��zÙ ��qux ��l r7r�w l r�qux!qur | � l t}µ
z�qu�ª� l «L«Lqsw��7q n wyr | �7o!q | w��Fzvx!w�qs�=� l «L«yquw��yzv�7wh±qux ��l r7r�w l
{�zvr | � l µ�quxhwL��{�qux l�|�l z9qu�=� l �uwy��z {�qª�sqN�yzv�uq � w�w�{ l �u� l5� x!z {�z��¤�!��w n zvr7r7w�{Wq¤�Fqux!qu�Fqut��
t l tvqswLx!z5�bzvr l}|#l r7o!��x�o!�Fzv��wP{�qÑî
ï\ð n wL�s��q | qÑqux l r n qsr7r l �b�bzv�5©�ûLûyûLû�z��yzvx | q β { l
·yûLû keV �
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�3� n wW{�q n zÄ�Är |�l�| w·x�o!w�� l �Fz�x | z | zvr |#l}| w){�wL�bw üpo�zvr |�l �FwW{�q ��n�l zÄqU�7qur7o!� |�l�| q
r�wLx!wF��q l r7r�o�x | q¤x!z��s� l5|#l�� zv�u� l ý!� ý!�

�ª� Ù � t R± σ R < R− 3σ 9µVµ
û��mû��s© 1.01± 0.11 0.13û��mû��/¶ 2.0± 0.11 0.06û��mû��m¨ 3.1± 0.11 0.1û��mû�� ý 4.1± 0.12 0.13

0, 3, 0∗ 3.1± 0.2 0.06
3, 0, 0∗ 3.1± 0.2 0.08¶W�/¶W�/¶ 3.57 0.11

ð l¢� zv�u� l ý!� ý!ö G qur7o!� |�l�| q¤r7o!�s�uwFr | o¡{�quwF{�zv�u�sz n w�{�z9�bzv�Qr7qs��o!� l tvquwyx�q�{�q�©�ûLûLûyûVz��yzvx | q
β qux�� l ��qsz��bwLr7qst�qswLx!q�{�wL�bw\qu� n�l � � q l �Fzvx | wD{Wzv� n w�{�q n z�{�q���q n wLr | ��o!tvqswLx!zy�h÷�wLx!w
r�zv«Lx l}| q n wLx�o!x l r | zv��qur n w�q���qsr7o!� |#l}| q�{�q�r7qu�5o!� l tvqswLx!qW{�q�ú¢ûyûLûJz�� zvx | q α � § zv�u��û qs�bw | z�r�q{�q¤{�qur | ��q � o!t�qswLx!z�« l o!r7r�q l x l r7q l}|7| zvx¡{Wwyx!w��bzv� R < R− 3σ û!� ûy¨yú�µK{�zv«L�uqªz��yzvx | qì�

�3��x�o!�Fzv��w\{�q�z�� zvx | q
{�q n w�{ l ��{�qu�Fqux�o!q | wj� l � l x n�� zFqsx | zv�7z�r�r l x | zFx!w |#l �7zn�� z9wy� l x!wLx\{�qu�bzvx¡{�z9�!q�Mh£SwL� | zv�Fzvx | z { l �s� l �bwyr7qutvquwyx!zy�

QPÚSÛvå�á � ��Ú¥å�ædÝ·ædÝWá®á¥ß�â�ÚSäyåbÛ�Ü�â � ��Ú¥å�ædÝDà�ÝWá®áSß�ã�åbÛ�Ú±��Ú¥å�ædÝ
�Jx@û o!� | qu� l r7zv�7quz�{�q l x l �uqur�q
��r |#l}|#l z�¦�z |7| o l}|#l �bzv��r | o¡{�q l �7z���û l x¡{ l �Fzvx | wÌ{Wzv�s� l
�7qur�wL�uo!tvquwyx!zJx!zv�u� l �7q n wyr | ��o!tvquwyx!zJ{�zv�¡� l «L«yquw qux�£¥o!x!tvquwyx!z�{�z��s�2û zvx�zv�7«Lq l ì{ l û!�m¶ l ©L�/ú
MeV µ����bzv�Ñz�� zvx | q l � n z�x | �7w�z��bzv�¬z��yzvx | qp�!�7wLr�r7qu�Fq l �u� l r7o!�bzv� ��n quzU{�zv�u��û qux!x!zv�¬� zvr �
r�zv��±quxh� l � | q n wy� l �7z9r7wLx!wVr |#l}| qª«Lzvx!zv� l�| q¤{�zv«L�sqªz��yzvx | q=qsx R = 3.5 m µ#� § zv�ª«L� l}��n w
qsx � «yo�� l ý¡�6þPr7wLx!wÄ� l �!�!�7zvr7zvx |�l�| zV�uz��7qur7wy�uo!tvquwyx!q | ��w}� l}| z�zvr7�!�7zvr7r7z�qsx n zvx | qs�Vz | �7q
qsx·£So!x�tvqswLx!zF{�qÑzvx!z��7«yq l zvr7�!��zvr7r l qux MeV �bzv��z��yzvx | qÑr7qu�5o!� l�| q l � n zvx | ��wh{�z��X�7q �
� zv� l�| wy��zTz�{ l

z = 3.5m
l {jzvx!z��7«LqszT� l �7q l û!�6þ!��û!�6·!�d©L�mûFz�©y�mú MeV �1ó�wL�Fz zv� l

�!�7z�� zv{�q � qu�uz�r7q | �7w�� l o!x l �7qur�wL�uo!tvquwyx!z n�� z��Fqs«L�uqswL� l\l �s�2û l o!�Fzvx |#l �7z�{�zv�u�2û zvx!z��7«Lq l ö
üpo!zvr | wj��{�w��Wo | wjzvr7r�z�x!tvq l �u�Fzvx | z l �
£ l}|7| w n�� z��bzv�Tz��yzvx | q
{�q�zvx!zv�7«Lq l � l «L«LqswL�7z
� zvx!«Lwyx!w�«yzvx!z�� l}| qQ�!q�M&£¥w | wyx!qQzjqu�Q�!�7w n zvr7r7wÓ{�qQ�Fqux!qu�Fqutvt l tvqswLx!z �¡l ��q�MGí3qux!£SwL� �
� l tvquwLx!z�í�r7o!�u� l �bwLr�qutvquwyx�zP{�zv�u�2û z��yzvx | w!��¶ l\l x n�� z�wLr7r�z���� l�| w n�� z�� l ��qsr7wL�so�tvqswLx!z
�F�Fqu«y�uquwy��z l � n zvx | �7wj{�zv����qu�yzv� l}| wL�7zy��ùHo!zvr | wh�F�!�7w ��l¢� qs�u�Fzvx | z�{�w��Wo | w l ��£ l}|7| wn�� zP� l î
ò õfn wyxç� l üpo l �sz��Wqsz�x!z n�l � n wy� l}|#l � l �uq��Lzv�uq � wpwW{ç�Pw |7| zvx�o |�l { l z��yzvx | q
«yzvx!zv� l�| q l � n zvx | ��w�zuüpo!qux¡{�q¬qu�¬�!�7w n zvr7r7wÄ{�q��Fqsx�qs�Fqutvt l tvquwyx�zV{ l zvr7q | q¬�Fqu«y�uquwy��q¬qsx
üpo!zvr | w n�l r7w!���3x�£So | o!�7w r l ��ý�x!z n zvr7r l �7quwTqsx!r7zv��qs��zJx!zv�bò l}|#l���l r�zJ{�q�~
wy��z���qux!w�{�zv�u�uz
î
ò õ w |7| zvxpo | z9r7qu�5o!� l x¡{�wVz�� zvx | q¤£¥o!wy��qd{ l � n zvx | �7w!�
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õ qs«Lo!� l ý!��þ�ö D ���7wL�7zPx!zv�u� l �7q n wyr | �7o!tvquwyx�zj{�z��s� l �bwyr7qutvqswLx!z l � l �7quzÄzvx!z��7«Lqsz�®�yz�{�q| zvr | wpµH�bzv� z��yzvx | q�r7qs��o!� l�| q l � n zvx | �7wj{�zv����qu�yzv� l�| wy�7zFzF�bzv� R = 3.5 m ���3� �!| �
o!x l r7wL�F� l {�qd{Wo!z9zvr7�bwyx!zvx!t�q l �uq��
Í{^2`7^2`  l4wxvVp�moh\rg}~l0vVegcªy{cfk0k*¸Îc@e{c@hjÊVl%i
k�l ��q n wLr | �7o�tvqswLx!z){�zv�u�2û zvx!z��7«Lq l �·{�qu�7z |7|#l �Fzvx | z n wy�u�uzv« l}|#lÿl ��xpo!�Fzv�7wÿ{�q�£¥w | wyx!q
� l¢nvn wL� | q�zF�bzv� z�� zvx | q
{�q�o!«yo l ��zvx!zv��«yq lP|#l �szFx�o!�Vzv�7w n�l � � q l qsx�£So!x!t�qswLx!z�{�zv�u� l
�bwyr7qutvquwyx!zjqsx n o!qQr7q ��l �2û z�� z�x | w!� ò�o!� l x | z½üpo!zvr | w�� l �ywy��w��jr |�l�|#l r | o¡{�q l}|#l � l
{�qu�bzvx¡{�zvx!t l {�z��s� l �7q n wLr | �7o!tvquwLx!z {�zv�u�2û zvx!zv��«yq l quxh£¥o!x!tvquwyx!z {�z��s� l �bwyr7qutvquwyx!z {�zv�u�2û z��
� zvx | w¡�UùHo!zvr |#l {�qu�bzvx¡{�zvx!t l �T��q n wLx¡{�o n q � qu�uz l �s�2û z3H n quzvx!t l {�qd� lLnvn wy� |#l {�zvqd£¥w | wyx!qn�� z5{�qu�bzvx¡{�zV{ l �u��û l x!«LwL�swPr7wy�uqs{�wPr7w |7| zvr�w�{ l�| o |7| q¬q n�l}| wW{WqX{�zvqXî
ï\ðC��qsr7�bz |7| w l �
�!o!x | w�qsx n o!q�r7q ��l �2û zv�Fqur7r7qswLx!z5{�q��uo n zQåHz�{ l ��£ l�|�| w n�� zTquxD£So�x!tvqswLx!z5{�zv�u� l �bwLr�q �
tvquwyx!zVr7qX�!o�� l � z��7z��!q�M·wh�Vzvx!wÄ�uo n zV�7q l r�r7wL� � q |#l { l �s�uwÄr n qsx | qu�s� l�| wy��zy�¤qsx ��l r�z l �
�bzv� n wL�7r7w n�� z��Fz�{�q l �Vzvx | zU{�z�� wLx!w�£ l �7z�qW£Sw | wyx�q��!��qs� l {�qW«yquo!x!«Lzv�7z l qW£Sw | w n�l�| wW{�qì�

ñH�u�2û qux | zv�7x!w�{�q D n�� qs{�x l r7wLx!w�r |�l�| qWqu�F�!�uzv�Fzvx |�l�| q�{�o!z��VwW{�o!�uqW�bzv�Ñ� l ��q n wyr | ��oW�
tvquwyx!zQ{Wzv�s�2û z�x!zv�7«Lq l �������!��qu�Fw�� ��l r l}| w�r�o�o!x l�|#l�� zv�u� l {�q nvl �uq � � l tvqswLx!zQx!z��s� l üpo l �uz
� qux!r7zv�7q |#l � lFnvl ��q n�l � l¢nvn wL� |�l �bzv�Jz�� zvx | q¤r7qs��o!� l}| q l {�qu�yzv�7r7z zvx!zv��«yquzTz9qsx\{�q�� zv��r7z
�bwyr7qutvquwyx!qì� k û l �u«ywL�7q | �Vw l¢nvn z�{�z l �u� l �bwLr7qstvquwLx!z | �7w�� l}|#l { l qW�VwW{�o!�uq�{�qW��q n wLr | ��o!tvqsw��
x!z�{�zv�u� l �bwyr7qutvquwyx!z
z n�l � n wL� l �2û zvx!zv�7«Lq l £ l¢n zvx¡{�w�o!xTqux | z��7�bwL� l tvquwyx!z � qs{�qu�Fzvx!r7quwyx l �uz
{�zvq¤�!o!x | qªqsx!r7zv��q | q¤x!zv�u� l5|�l¢� zv�u� l �

ç îj�4)K5()�1 ì ��)2���Q�=� #;!9�_�
¹:�4)�+_��õô,613�=���$#;!%�ô!�1_#�.0)�,6!2!21_���÷#;� +-5���,/.0�$5()21"<")9�&+-+_�Y5:�4)Z. �&��.413�/��)2�
��ø �&�(<"1"��1�#;13�/,�'(1�#;1&!2!�� #;1�'���!9�Q!2!9,:,�î\¢¤£�)�,/#;5:�0!2!�1-�V'(�(�Z5��(�"!9,��=� �:)�, ì �ô�/��!�1")2� ' 5��4)6��ºËñV����º�»
m
)E�ô'¼�$#	!%��!%�$!�)21 ì ��!%���(��� ì ��)�,Ô��õ ,613�=�$'=�ô����ø �&�(<&13��17#21"�/,�'(1-5���)�,s�&�n»¾½P.4,6)�.ô�=ú
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�3�=r7z n wLx¡{�w��VwW{�o!�uw!��quxp� z n z n�l � n wL� l �2û zvx!zv�7«Lq l {�zv�u��û z�� zvx | w l}|7| � l �yzv�7r7w5o!x l �Fq �
x!qs�Fqutvt l tvquwyx�zQ{�qWo!x l £So!x!t�qswLx!z1{�q��uqN�yzv�uq � w�w�{ n wLx�o!x5�!�7w n z�{�qs�Vzvx | w�r7qs�Fqu�uz l ü o!zv���
�swFo | qu�squtvt l}| w�quxu¿ l � k ñ § ò ¾ ¨!©"¿3��î�zv�Qwy«Lx!qdz�� zvx | wF��qszvx�zTqu�bw | qst�t l�|�l o�x@û zvx!zv��«yq l
zT�Wquzvx!z n�l � n wL� l�|�l � l �!��w ��l�� qu�sq | ý n�� z�qu�Xî�ï\ð °	� �&O#°S²���� l¢nvn wL�s« l �uo n z�wL�!�!o!�7z�x!w
 l r7z n wLx¡{ l r7z¨üpo�zv�H{ l}| wÿî�ïDð l��!� q l wÓ�Vzvx!wÓz�¦�z |7| qu� l �Fzvx | z\� lLnvn wL� | wÓ�uo n z}µl r7r7o!�Fzvx¡{�wÄo!x l {�qsr | ��q � o!tvqswLx!zF{�qX�!�7w ��l¢� qu�uq | ýP�bwyqur7r7wyx!q l x l ��ð l �sz n�l � n wL�swÄ��qszvx�z
z�¦=z |�| o l}| w9�bzv� | o |7| q�q�î
ï\ðGz1r7q�� l �uo |�l üpo l �uzQz�x!zv�7«Lq l � l r7r7qs�Fqutvt l � l �!��w ��l�� qu�sq | ý
{�q¤wyr7r7zv� � l �7z9�2û qux | zv�7wFr7z | {Wqd{ l}| qì�

L(E, x) =
2214∏

i=1

{
1− e−µi r7z n wL�u�!q | w
e−µi r7z9x!wLx n wL�s�!q | w ®ý¡� ý�µ

k¬lFn�l �7q n�l �Fzv{�q l �bzv�Jwy«Lx!q�£Sw | w | o � w��T£So!x!t�qswLx!z�r7q l {�zv�u��û zvx!zv�7«Lq l�n�� z�{�zv�u� l �bwLr7q��
tvqswLx!z�qux n o!q��Fr |�l�|�l zv�Fzvr7r l � l �so n z�{�q�r n qsx | qs�u� l t�qswLx!z�zV�Wquzvx!z n�l � n wL� l�|�l { l �u��û z��
r��!��zvr7r�quwLx!zyö

µi = η
Ω(r,θ)

4π
e−r/Λ

Ω(rcenter ,θcenter)
4π

e−rcenter/Λ
× E ±ý!�/úyµ

{�w}�yz η �Qo!xV£ l�|7| wy��zJ{�q n wyxp�yzv�7r7quwyx!z | � l zvx!zv�7«Lq l {Wzv�bwyr7q |#l}|#l z1£Sw | wLx!q!zv�Fzvr7r7q·��� Ω �
��û l x!«Lwy�uw5r7wy�uqs{�w5r7w |�| zvr7w�{ l �=î
ï\ðAq �3zvr7qs�Vw5��qsr7�bz |�| w l �u� l �bwyr7qutvqswLx!z�{�zv�u�2û z��yzvx | w!� Λ�9� l �so!x�« � zvtvt l {�q l�|�| zvx�o l tvquwyx!z9z�¦�z |7| qu� l x!zv�u�uwFr n qux | qu�u� l}| wL�7z z�x!zv� � o�¦�zv�Qz�{ D �
��û zvx!zv�7«Lq lTn�� zJ�J��û o!x!q n wT� l � l �Fz | �7w �sq � zv�7w!�Ë¶ l wyr7r7zv��� l}| w n�� z�x!z��s�2û zvr7�!��zvr7r�quwLx!zHý!�/ú
x!wyx5��qszvx!z | zvx�o |�l qsx n wyx!r7qs{�zv� l tvquwyx!zU� l �FwL� | zv�!�uq n q | ý�{�zv�Wx�o!�Fzv��w�{�zvqW£Sw | wLx!q�� l r�q
{�qsr | qux!«Lo!z9r7wL�uw | � l î
ï\ð n wy�u�!q | wVz�x!wyx n wy�u�!q | w!��ð l �uz l �!�!�7wLr7r�qu� l tvquwyx!z�� � o!wLx l
��z���z�� z�x | qÑ�bw n wPzvx!zv��«yz | q n qÑ� l � l�n wyx!r7qs{�zv� l}| w | o |�|#l �Wq lPn�� z�«Lq±ý��bzv��z�� zvx | q�{ l
¶ MeV � n wyx!r7qs{�zv� l x¡{�w n qu� n�l ýyûLûF£Sw | wLx!qd��qs�uz�� l}| qd�bz�� MeV �¡r7q ��l x!x�w n qu� n�l û!� ¨�þ
£Sw | wyx!q¡�bzv��£Sw | w | o � wTzQ� l �!��w �¡l¢� qu�uq | ý {�q l �yzv�7zQ�!qNM�{�q¡o!x�£¥w | wLx!zJ�bzv��î
ï\ð?��{ l}|#l
{ l ö

P (n > 1, µ = 0.36) = 1− e−µ − µe−µ = 5.2% ±ý!��þ µ
§ zv�d�VwW{�o!�uw!���2û l x!«Lwy�uw�r7wy�uqs{�w�r�w |7| zvr7w�{ l �¬î
ï\ð � n�l � n wL� l�| w�qu�bw | qstvt l x¡{�w n�� z

� l r7o!�bzv� ��n qszT{�zv�¬î�ïDð r7q l üpo l {�� l}|#l �¡qsx½üpo!zvr | w��Fw�{�w��2û l �7z l r�w |7| zvr l ��qszvx!z n�l ���n wy� l}|#l quxÿ�Fw�{�w·�Vwy� | w l¢nvn o!� l�| w¡��ð�o |�|#l �Wq lÌl � n o!x!q | zvr | �!�7zv�uqs�Vqsx l �7q�z�¦�z |7| o l�| q
o | qu�squtvt l x¡{�w�üpo!zvr |#l {�z � x!qutvquwLx!z�{�zv�u��û l x!«LwL�sw�r7wy�uqé{Ww ��l x!x!w�z��Wqs{�zvx!t�q l}| w n�� z9� l �7q �n wyr | ��o!tvquwyx!z�{�z��s�2û zvx�zv�7«Lq l £ l �u�uq�� l�l �u�uwyx |#l x l x¡{�wLr7qX{ l � n zvx | �7wP{�zv���7q�� zv� l�| wy��z5� l �l x n�� z5r |#l}| w�wyr7r7zv��� l}| w n�� z5r7z�r7q¬zvr n �uo¡{�wLx!wPx!z�� n�l � n wL�uwÄ{�zv�u� l �uqN�yzv�uq � wpwW{DqXî�ï\ðn�� z�{�qur |#l x�w�{ l �u��û z�� zvx | wT�Vzvx!wT{�q¡ý¡�mú m ��û z�¦�z |7| wT{�zv�u�uz�{�qs�bz�x¡{�zvx!t l � l {�q l �uz�{�qs�Vq��
x�o!qsr n zL�B�3x\� l � | q n wL� l �7zT� l �7q n wyr | �7o!tvquwLx!z5{ l �7qur�o�� |�l�| q n wLr |#l x | q � x!w l {jo!x\� l «L«yquw
{�q n qu� n�l ¨��/ú m  � «yo�� l ý!�ÔÌLµ��
��À ���Q�=� #	!%�K'=� ö �(,�õ ,613�(�����Q�(,/�('(,X¸Ô13�('��&+-� �"!%�&�6�|.%é=�|�Ô�f)�,/#;5:13#	!%�K'=� �/�61Ë#�.4,��3!9,��/�/��!�1")2�|#�,/�K��,/�=�ô��)2�

)9,�#25:�0!2!�1_���/�Nø � �(�4)2<3,/�-'=�45:13#2,6!%��!9�=ú
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õ qs«Lo!� l ý¡�/ÌWö D x�zv�7«Lq l �7q n wyr | ��o!q |#l � zv�7r7wÄ� l «L«yquwh�7q n wLr | �7o!q | whw |7| zvxpo |#lPn wyx)qu�����7w��
«y� l �V� l {�q���q n wLr | �7o�tvqswLx!zH{�zv�u�2û zvx!zv��«yq l r7zvx!t l zvr n �uo¡{�zv��z5±r7qux!qur | � l µXz�{Fzvr n �so!{�zvx¡{�w
ì{�zvr | � l µ�q=î
ï\ð n�� z�{�qur |�l x!w��Fzvx!w5{�q�ý!�/ú m { l �u� l �bwyr7qutvquwyx!z�{�zv�u�2û z��yzvx | w5�bz���o!xG o!xhr7qs��o!� l}| wF{�q�©vûyûLûLûVz�� zvx | q β { l ·Lûyû keV �

ò�o!� l x | zuüpo!z�r | w�� l � wL�7w�{�q | zvr7q�r�wLx!w�r |#l}| qdz�¦=z |�| o l}| q¬{�zvq | zvr | r7o!�u� l ��q n wyr | ��oW�
tvquwyx!z�{�z��s�2û zvx�zv�7«Lq l�n�l � � q l x!{�wP� l {�z � x!qst�qswLx!zV{�zv�u�2û l x!«ywL�uwÄr7wL�sqs{�wPz�� l �uo!x!« � zvtvt l
{�q l�|7| zvx�o l tvquwyx!z�{�zv�¬�Fzvtvtvw�x!zv� | zvx |#l}| q�� wP{�q¬z��Wq |#l �7z�{�q¬qux | �7w�{�o!���7z5qu� |�l «L�squwPr7o!q
î
ï\ðø�Wq n qux!q n�� z l �!� l �7zH��z�� n zv� | q�� zv�7r7q�qux!x l}| o!� l �uzy� § zv�s� l {�z � x!qutvquwyx!z�{�q l x!«ywL�uw
r7wy�uqs{�w n�� zJ�Jr |�l�|�l r n zv� |#l qs� n�l}| w�{�wT��qszvx�z n wyx!r7qs{�zv� l}| w n qu� n wL� l �7z�zJ�2û l x!«ywL�uw�r7wy�uqs{�w
�Wquzvx!z {�z � x!q | w n wL�Fzyö

Ω =
S · cos θ

d2

±ý!�ÔÌLµ
{�w�� z S �
� l r7o!�bzv� ��n quz�{�zv� £Sw | w nvl�| wW{�w!� θ ����û l x!«LwL�sw | � l � l {�qs��zvtvquwyx!z n wLx!«Lqso!x!«Lzvx | z� l �bwyr7qutvquwyx!z {�zv�u�2û z��yzvx | wVz�� l �bwyr7qutvquwyx!z {�zv�dî�ïDð z d ��� l {�qur |#l x!t l�| � l �2û z�� z�x | w
z5qu��î
ï\ð�� k û z�¦�z |7| wÄ{�z�� n wyx n zvx | � l�| wy��zV{�qÑ�uo n z5� | zvxpo | wPqux n wLx!r7qé{�zv� l tvquwLx!zV�bzv�
�FzvtvtvwF{�q n wL�7��zvtvquwyx!q n�l � n wy� l}| z n wLxj�Vz | w�{�q�ïjwyx | z}ó l ���sw!�

÷�wLx!wGr |#l}| q�r7o nvn zvr7r�q�� l �Vzvx | z)zvr7zv«Lo!q | q9{�zvq | zvr | �bzv� n wLx!£S��wyx |#l �7z)q���qsr7o!� |#l}| q
{�zv�u��û l �u«Lwy��q | �Fw�{�q���q n wLr | �7o�tvqswLx!zH{�z��s�2û zvx!z��7«Lq l n wyr%Ý n wy�Vz�£¥wy��x!q | wTz n wLx��uzJr7zv«yo�zvx | q
�Fw�{�q ��n�� zyö

��r n zv� |#l {�zv�s� l {�z � x!qutvquwLx!z�{�zv�u�2û l x!«Lwy�uw�r7wL�sqs{�w�{ l}|#l x!zv�u� l £SwL�7�5o!� l ý¡�/Ìo[
���uo!x!« � zvtvt l {~û l}|7| z�x�o l t�qswLx!z z3H n�lLn z ! � l ��q l · m ì{�q¤{�zv£ l o!� | �§þ��mú m µ"[
���yzvx!«ywLx!w | z�x�o | qXqux n wLx!r7qs{�zv� l tvquwyx!z | o |�| qXq
î�ïDð+±x!wLx·�Wquzvx!zFz�¦�z |�| o l}| wÄqs�|�l «L�uqsw l ý¡�mú m µ��
#�Á �Y���(�(<3é=�4õ4õô��'(,���!2!�� ������õô,613�=����Â7. �&.0�Ë!9,6�ô�=��.41"�3!�1-'=� �$¸N�ô!2!�1-.9é(���Ô�Y����.0��5���);!���'=�ô���Ô�Y����.0�

.%é=��é��-#2�(í�,ò!�17,/��5()21=.0� #�#;17'(,�#2. ��!2!��4)�,/�=<-� �Ô�&#	!9,�.41 ì ,�� �=�$'(,(¹��(#9��,��÷� ì �&�"!9,
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§ zv�s� l�� «Lo!� l ý!��·Ä�Vqu�u�so!r | � l}|#l �2û zvx!zv��«yq l �7q n wyr | �7o!q |#l qux�£¥o!x!tvquwyx!zF{�zv��� l «y«Lquwj��q n w¢�
r | �7o!q | w�w |7| zvx�o | w n wy�=�Fw�{�o!�uw��FwW{�q ��n�l}| wh l r7qux!qur | � l µ
z n wL�=�Fw�{�o!�sw�r |#l x¡{ l ��{�qsxn o!qª�Wquzvx!z l �!�!�uq n�l�| w�qu� |�l «L�uqswFr7o!q�î�ï\ð �Wq n qux!qì�

õ qu«Lo!� l ý!��·�ö D x!zv�7«Lq l �7q n wLr | �7o!q |#l � zv��r7wh� l «L«Lqswh��q n wyr | ��o!q | whw |7| zvx�o |�lÄn wLx)qu���!��w¢�
«y� l �F� l {�q
�7q n wLr | �7o!tvquwLx!zP{�zv�u�2û zvx!zv��«yq lDn wLxÓ�uz��Fw�{�q ��n�� z�r7o!�s� l {�z � x�qstvquwLx!zP{�zv���
��û l x!«Lwy�uwjr7wL�sqs{�wjzF{�zv�u� l �so�x!« � zvt�t l {�q l r7r7wy� � qs�Vzvx | w�®r�qux!qur | � l µHz n wLx�qu���Fw�{�o!�uw
r |�l x¡{ l ��{�ì{Wzvr | � l µ��bzv�Qo!x G o!xhr7qu�5o!� l}| w�{�q�©�ûLûLûyûVz��yzvx | q β { l ·LûLû keV �

÷�wyx�wJr |#l}| qy�7q n wLr | �7o!q | qp{Wzvq G o!x r7qs��o!� l}| qì� n wLx | zvx�zvx | q�©vûLûyûLûQz�� z�x | q β n q l r n o!x!w¡�
qsx �bwLr�qutvquwLx!qpz n wyx zvx!zv��«yq l {�q�� zv�7r l �bzv�dwL«yx!q G o!x n wLx � l1n wyx � «yo!� l tvquwLx!z�{�qp{�z�£ l o�� |
{�zv� n wW{Wq n zD{�qQ�7q n wLr | �7o!tvquwLx!zD{�zv�u��û zvx!zv�7«Lq l  |�l¢� z��s� l ý¡�mú µ�z n wLx&qs� n wW{�q n z n wLx&�sz
�FwW{�q ��n�� zh{�zvr n ��q |�| zÄr7wL�!� l  |#l�� zv�u� l ý¡�6þpµ#�J� | z�r | �!�7zvr7zvx |�l�| qUr�q n wLx n zvx | � l x!w·qsx
� l � | q n wy� l �7zFx!zv� n wLx!£S��wyx | w¡�¤�bzv�9zvx | � l � � zV�uz n wLx � «Lo!� l tvqswLx!qì� | � l qX�7qur�o�� |�l�| q n�� z
r�q
w |7| zvx!«Lwyx!w\�bzv��z�� zvx | q
x!zv� n zvx | �7wD{�zv�
�7q�� z�� l}| wL�7z�z��bzv�Tz��yzvx | q
�FwL� | w\�uwLx |#l x!q
{ l � n z�x | ��w· G æô¨!�mú�z�ý!�s©�ú m µ l r7r7o!�Fzvx¡{�w n�� z��bzv�Hz��yzvx | q��bwLr�qutvquwyx l}| q¬quxD� l «y«Lq
qsx | zv�7�Fzv{�q¤� l �7q n wLr | �7o!tvquwLx!zT{�q l�� o!wLx!q¤�7qur7o!� |#l}| q
 � «yo!��z ý!�ÔÌ�z9ý!��·�µ#�

D
(MeV )

G æ�û�� G æ�¨!�mú�� G æHý!�s©�ú��
û��/¶ 0.19± 0.03 0.19± 0.03 0.18± 0.03û���þ 0.59± 0.04 0.59± 0.04 0.53± 0.05û���· 0.79± 0.04 0.77± 0.05 0.71± 0.06©L� 0.99± 0.05 0.97± 0.06 0.9± 0.06©L�/ú 1.5± 0.06 1.46± 0.07 1.35± 0.08¶W� 2± 0.07 1.96± 0.08 1.81± 0.10

ð l¢� zv�u� l ý!�/úWö D x!zv�7«Lq l ��q n wyr | ��o!q |#l�n wLxD��û l �u«Lwy��q | �FwP{�q¬��q n wyr | ��o!tvquwyx!z5{�zv�u��û zvx!zv�7«Lq ln wyxh�uz qu�F�bwLr |#l tvqswLx!qd{�qd{�zv£ l o!� | �

k z�{�q�¦=z��7zvx!tvz | � l qs�y� l �uwL�7z�� zv��wJz
qu� � l �swL�7z
��q n wLr | ��o!q | w�quxT�!��wyr7r7qu�Fq | ýQ{�zv� �yzvr�r7zv�
 G æHý¡�u©�ú m µdr7wLx!w n wLx!£S�7wLx |�l¢� qu�uq�x!zvq�{�o�z n�l r7q n wy�VzUqu�s�uo!r | � l�| w�qsx � «Lo!� l ý!�mü l x n�� z
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D
(MeV )

G æ�ûV� G æ�¨��/ú5� G æHý¡�u©�ú5�
û!�m¶ 0.2± 0.02 0.2± 0.02 0.19± 0.02û!�6þ 0.62± 0.04 0.61± 0.04 0.55± 0.04û!�6· 0.82± 0.04 0.79± 0.04 0.73± 0.04©y� 1.02± 0.05 0.98± 0.05 0.91± 0.05©y�mú 1.51± 0.06 1.46± 0.06 1.35± 0.06¶�� 2± 0.08 1.93± 0.07 1.78± 0.06

ð l�� zv�s� l ý¡�6þ!ö D x!zv��«yq l �7q n wLr | �7o!q |�l�n wLxÌ�2û l �u«ywL�7q | �FwP{Wq¬�7q n wLr | �7o!t�qswLx!z�{�zv�u�2û zvx!z��7«Lq ln wLxj�uz9qu�F�bwyr |�l tvquwLx!q�{�z�r n �7q |7| z9x!zv� | zvr | w!�

r7zJ�2û l �s«LwL�7q | �Fw n wLx��uz n wyx � «Lo!� l tvquwLx!q�{�q�{�zv£ l o!� | r7zv� � � l �!��zvr7zvx |#l �7zJo!x l �7qur7�bwyr |#l
�Fqu«y�uquwy��z l ¨��/ú m �Ë¶ l wLr�r7zv� � l}| w | o |7|�l ��q l�n�� z�x!zv� n w�{�q n z n�� z n wL�F�bwL� |#l qu� |#l «y�uquw
r7o!qUî�ï\ð ��q n qux!q l �u��û z�� zvx | wD� l ��qsr7wL�so�tvqswLx!z����!qNMÓ«L� l x¡{�z��bzv��«L�uq�z��yzvx | q
�uwyx |�l x�q
{ l � n zvx | �7wPz��bzv� |�l x | wÄr7qÑ�!o!�Ä{�qs��z n�� z��sz��VwW{�q ��n�� z l ���bwy� |#l�| zF{ l x!x!wP�Fqu«y�uquwy��q
�7qur7o!� |�l�| q��

õ qs«Lo!� l ý!�mü�öXòHq�¦�zv�7zvx�t l9| � l �2û zvx!zv�7«Lq l �7q n wLr | �7o!q |#l zJ�2û zvx�zv�7«Lq l x!wL�Fqux l �uz�qux�£¥o!x!tvquw¢�
x!z9{�zv�ª� l «L«yquwVx!wy�Vqsx l �uz9x!zv� n�l r7wF{�q |�l «L�squwVr7o!qdî�ïDðA�Wq n qsx!q l �s�2û z��yzvx | wj±r7qsx!qur | � l µ
z9�bzv�Q� lVn wLx � «Lo!� l tvqswLx!z zvr7�bwyr |#l x!zv� | z�r | w¡�

÷�o��!�bwyx!zvx¡{Ww n�� z���û zvx!zv�7«Lq l r7q l �uzv« l}|#lÌl ��x�o!�Fz��7w·{�q�£Sw | wLx!qUz��Fzvr7r�q�{ l o!x l
r7zv�F�!�uq n z���zv� l tvquwyx�z9{�q=�!��wy�bwL�7tvquwLx l �uq | ý5z n�� z��2û zv���7wL�7z�r7o!�=xpo!�Fzv�7w�{�q�£Sw | wLx!q=�7q�� z#�
� l�| wjr7q l {�q | qu�bw\�bwLqur7r�wLx!q l x!w!� n q�r7q l�|�| zvx¡{�zFo!x l �7qur�wL�uo!tvquwyx!z�zvx!zv�7«Lz | q n�lhn�� zF� ln wL�Fz σ(E)

E
= cost√

E

� § zv�u� lh� «Lo!� l ý¡�u©�ûjr7wyx!w\� l �!�!�7z�r�zvx |#l}| q�«L�uq l x¡{ l �Fzvx | q�{�zv�u� l
�7qur7wy�uo!tvquwyx�z x!zv�u� l �7q n wLr | �7o!tvquwLx!zT{�zv�u�2û zvx!z��7«Lq l �bzv�Q�sz {�o�z n wLx � «Lo!� l tvquwyx!qì�

î�zv�5� lDn wLx � «yo!� l t�qswLx!z n wLx |#l «y�uquw·r7o!qQî�ï\ðK�Wq n qux!qU�2û qux¡{�q n zh{Wq n wL�7��zv� l tvquwLx!z



ØK?�> ä åªàÑÚSäyÝ³ÃµL �ÅÄ Ó ØçãXÝ�â�Æ5åbâ�ÝnÇ�Ú®ædå ÕoÁW>

õ qu«Lo!� l ý!�s©vû!ö�ñHx¡{ l �Fzvx | w){�q σ(E)/E qsxG£¥o!x!tvquwyx!zj{Wq 1/
√
E x!zv�s�uzh{�o!z n wyx � �

«yo!� l tvquwLx!q��!�7w�� l�| z� l r7qux!qur | � l � lFn wLx � «Lo!� l tvqswLx!z�{�q�{�zv£ l o!� | µUqsx | zv�7�bwL� l�| q¬{ l o!x l
�7z |7|�l �Ë¶�z�{�zv�7z9qu� | zvr | wF�bz��Qq¤� l � l �Fz | ��q¤{�zv� �!| �
�squx!z l �7z �9� l �7q l û��mü�Ì5z9� l �7qur7wL�so!tvquwLx!zT{�zv�u��û zvx!zv�7«Lq l � { l}|#l { l ö

σ(E)

E
=

7.6%(±0.4%)√
E

®ý¡�6·pµ
�Fzvx | ��zH�bzv��� l r7z n wLx¡{ l�n wLx � «Lo!� l tvquwyx!z��!�7w�� l}|#l �2û qsx¡{�q n z�{�q��7zv«L�7z�r�r7quwyx�z��uqsx�z l ��z��
� l ��q l û��müLüVz9� l �7qur7wy�uo!tvquwLx!z x!zv�u� l ��q n wLr | �7o�tvqswLx!zT{Wzv�s�2û z�x!zv�7«Lq l � { l}|#l { l ö

σ(E)

E
=

4.3%(±0.17%)√
E

®ý¡� üpµ
ó�wL�Fz l x | q n qu� l}| wV� l {�q�¦�zv�7zvx!t l�| � l q=� l �uwL�7qªr�o!�u� l �7qur�wL�uo!tvquwyx!z9�bwyr7r7wLx!wFzvr7r7zv�7z l}| �| �7q � o!q | q l �u� l �bzv��{�q |#l {�q�qsx�£Swy��� l tvqswLx!z n�� z�r7q ��l x!zv�s�2û zvr n �so¡{�z��7z�î
ï\ð?�Wq n qux!q l �s�2û z��
� zvx | w¡�W� n wL�5o!x\ü o!z�z��Wqs{�zvx | z n�� z�«L�uq l�|�| o l �sq��7qur7o!� |�l�| q=x!wLxPr�wLx!w n wy�F���sz |�l �Vzvx | z
r�w�{!{�qur�£ lLn z�x | q��bzv� n�� ���2û zv���7wL�7zFr7qur | zv� l}| q n wjqux | �7w�{�w |�| wjr7�bwLr |#l x¡{�wyr7q��uwLx |#l x!w\{ l �n zvx | ��wç� l x n wy� l �!�7zvr7zvx | zy�2�3xA� l � | q n wL� l �7zDr l ��ý�x!z n zvr7r l �7quwÿr | o¡{�q l �7zDx!zv�H{�z | �|#l «L�uqsw n wy�Vz�� l �uo!x!« � zvtvt l {~û l}|7| zvx�o l tvquwyx!z�z3H n�l¢n z�quxjF¡o!qur nvl r�o!��r7o nvn z�r�r7wD{Wzv�s� l
�7q n wyr | ��o!tvquwyx!z {�zv�s�2û zvx!zv�7«Lq l {�zv«L�sq¤z�� zvx | q¤quxj���7wLr�r7qu�Fq | ý�{�zv�ª� zvr7r7zv�ì�
G ¹�¸ ÈiÉ�ÂÄ¼vÎ�¿ ÉÊIÌËÊÍ Ö G Ë·¿1ÐÏÎ ÉTÐ¬¿�ÐÄ¼vÊPÉ
k¬lQn wL�s� l�� wy� l tvquwLx!zU{�q�~�wL�7z���qux!w ��l qu�F�!�uzv�Fzvx |�l�| w�o!xT�!��wy«L� l �F� l {�q r7qu�5o!� l tvquwLx!z
{�zv«y�uq¤z�� z�x | q ��l r l}| wVr�o�� n w�{�q n z LFD ñ § ð1ý l { l�|�|#l}| w l �u� l «yzvwL�Fz | �7q l {�qd~�wL�7z���qux!wn�� zJ�Qr |�l�| w o!r l�| w �bzv�
� l r�qu�5o�� l tvquwyx!z�{�zv«L�uq�z�� z�x | q¡r7o!qWüpo l �uq�r7wLx!w r |�l�| q¡z�¦�z |7| o l�| q
q | zvr | �!�7zvr7zvx |�l�| q¤x!zv� nvl �!q | wL�uw�ý!�
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�3�����7wy«L� l �F� l r7qu�5o!� l � l �!�7wL� l « l tvqswLx!z5{�zv�u� l �uo n z l �u��û qsx | zv�7x�wP{Wzv���7q�� zv� l�| wy��z
� l � | zvx¡{Ww�{ l �s�2û qux!£SwL�7� l tvquwLx!z1r7o!�u�2û zvx!zv��«yq l {�z��bwyr7q |#l}|#l { l o!x l � l � | q n zv�u� l qswLx!qutvt l xW�| z l �u��û qux | zv��x!w�{�z��ª� wL�so��Fz {�zv�¤��qu�yzv� l}| wL�7zy�
îXo!�Fzvr7r7zv��z r7qu�5o!� l�|�l � l �!��wy� l « l tvquwLx!z
{�qU�uo n zÄ�bzv��z��yzvx | q l r7r7w n q l}| q l �u��û qsx | zv� l tvquwLx!zj{�qUo!x l � l � | q n zv�u� l  α z β µ n wyxÿ�sw
r n qsx | qu�s� l}| wL�7zy�FñÏ� l � | qu�7z�{ l �s�2û qsx!£¥wy��� l t�qswLx!z�{�zv�u��û zvx!zv�7«Lq l {�zv�bwyr7q |#l}|#l zFr7o!�u� l x l �| o!� l {�zv�s� l � l � | q n zv�u� l �yzvx!«ywLx!w�«Lzvx!zv� l}| qQqJ£Sw | wLx!q�{�qur | ��q � o!q | q�qux&£So!x!tvquwLx!zD{�zv�u� l
�uo!x!« � z�tvt l {~û wLx¡{ l qux l¢nvn wL��{�w n wyxÄ�uw�r��bz |�| ��wF{Wqªzv�Vqsr7r7quwyx!z9{�zv�¤î
îVXCz�qux l¢nvn wL� �
{�w n wLx��2û z�� wL�so!tvquwLx!z | zv�F�bwL� l �sz�{�zv��r7zv«Lx l �sz�{�q�r n qsx | qu�s� l tvqswLx!z nvl � l�|�| zv�7qur | q n w�{�zv�u� l
� l � | q n zv�u� l qsx üpo!zvr | quwLx!zy� k�l r7qs��o!� l tvquwyx!z | quzvx!z�qsx n wLx!r7qs{�zv� l tvquwyx!zF�2û qsx | zv� l tvquwyx!z
{�zvqd£Sw | wLx!q�z��Fzvr7r�q n wLx\�uw�r n qsx | qu�s� l}| wL�7zPìî�r7zvo¡{�w n o!�Fzvx!z¬´ ©y�mú g/l î
îVX9µ�� n wLx\qs�
�uqBüpo!qs{�w·{�q � o�¦=zv�P�î�óz´ ò�ïÌî ú g/l µ z n wyxç�sz��bzv�u�uq n wL�uzh{�q�x Ù �uwLxG{�zvq
� zvr7r7zv���
���!�7qux n qu� l �sq�z�¦�z |7| q n�� z�� zvx�«ywLx!w | zvx�o | q�qux n wyx�r�qs{�zv� l tvquwLx!zPx!zv�u� l �!��wy� l « l tvquwLx!z
{�zv�u� l �uo n z9r�wLx!w!ö
• r n�l}|7| zv�7qux!«Fzv� l r | q n w\ GJlQÙ �uzvqu« � µU{�zvq¤£Sw | wLx!q¤x!zv�u�uwFr n qux | qs�u� l�| wy��z z9x!zv� � oW¦=zv��[
• l r7r7wy� � qs�Fz�x | wVz9�7quzv�Fqur7r�quwLx!zT{�zvqª£Sw | wyx�q¤r�oÄ�Fwy�uz n wL�uzT{�q�î�îYXu[

• l r7r7wy� � qs�Fz�x | wF{ l � l � | z {�qª�FwL�uz n wy�uzT{�qdò�ïÌî7[

• l r7r7wy� � qs�Fz�x | wF{�zvq¤£Sw | wLx!qd{ l � l � | z {�zvq=� zvr7r7zv�d{�qªx Ù �uwyx¤�
�3� n w�{�q n z ��l�l¢nvn zvr7r7w l {&o�x l·|#l�� zv�s� l x!zv�s� l üpo l �sz\r7wLx!wÓ{�z � x!q | qJ«y�uqJr7�bz |7| ��q�{�q
zv�Fqur7r�quwLx!zjzj{�q l r7r7wy� � qs�Vzvx | w�{�zv��î�óÏzj{�z���î
îYX zh�uzjr7zvtvquwyx�q�{~û o!� | w�qux&£¥o!xW�
tvquwyx!z5{�zv�u� l �uo!x!« � zvtvt l {|û wLx¡{ l {�zv�u� l �uo n z5�bz��Hq¬�!��w n zvr7r7q¬r7wy�!� l zv�uzvx n�l}| qì� | �7w�� l�| q
qux&�Fqur7o!�7zhr��bz��7qu�Fzvx |�l �uqì� î¬z���wL«Lx!qJ���7w n z�r�r7w��\{�z � x!q |�l o!x l �uo!x!« � zvtvt l {�qQquxW�| zv� l tvquwLx!z��Fqur�o!� l�|�l quxÓ� l�� wy� l}| wL�7quwDquxÓ£¥o!x!tvquwyx!z�{�zv�u� l �uo!x!« � zvtvt l {~û wLx¡{ l �bzv�Tqs�
£Sw | wLx!zT� l r7r l x | zTzTr7oÐüpo!zvr |#l �Wqsz�x!z��bzvr l}|#l � l �!�7w ��l�� qs�uq | ý�{�q�qux | z�� l t�qswLx!zy��÷�wyx!w
qux!wy� | ��z | zvx�o | q¤qux n wLx!r7qs{�zv� l tvquwyx!zT«L�sqdz�¦=z |�| qd{�qdr7o!�bzv� ��n z n�� z �bwLr7r�wLx!wF� zv��q ��nvl �7r7q
x!zvq��!o!x | q
{�q n wyx |#l}|7| w | � l �Vzvtvtvq
{�qu�yzv�7r7q�±x Ù �uwLxW�3r n qsx | qu�s� l}| wL�7z�[Xx Ù �uwLxW� � o�¦=z��#µ�qux
� l � | q n wL� l �7zQ�Wquzvx!z�{�zvr n ��q |�|#l � l �7q F¡zvr7r7qswLx!zJr7�bz n o!� l ��zH{ l � l � | zJ{�zvq¡�yzvr7r�zv��{�q¡x Ù �swLx
z�{)z�� zvx | o l �uq�z�¦�z |7| q
{�q��7qu£S� l t�qswLx!z�zF«y�uq�z�¦�z |7| q
{�q��7q F¡zvr7r7quwyx!z�{�w��Wo | z l �u�szF� l ��z | q
qux | zv��x!z {�zv�u� l r7£¥zv� l {~û l¢nvn q l quw!� k�l �7q F¡zvr7r7quwyx!z {�w��Wo |#lVl �s� l ÷!÷!÷ ��l o!x n wyx | �7q � o | w
{�zv�düyú�µ {�q¤��qNF¡z�r�r7quwyx�zT{�q�¦=o!r7q�� l z {�zv��ú�µ {�q¤��q F¡zvr7r�quwLx!z r7�bz n o!� l ��zy�

�3�b�!�7wL«y� l �V� l {�zvr n ��qu�yz�� l «yzvwL�Fz | �7q l {�z����7q�� zv� l}| wL�7z n wLx�zv�uz�� l}|#l {�z � x!qutvquwyx!zyö
quxFo!x lH|#l�� zv�s� l �Wquzvx!zJ{�z � x!q |#l � l9n wL�7��z |7|�l �bwLr7qstvquwLx!z�{�zvq�î
ï\ðGzQx!z��s� l {�z � x!qutvquwLx!z
{�zvqÑî
ï\ðfr7wLx!w | zvxpo | z�qux n wyx!r7qs{�zv� l tvquwyx�z5� l ùHo l x | o!� D H n zvx n"Ù �b� l �7q F¡zvr7r7qu��q | ý
{�zv�U� z | �7w�{�zv�1£Sw | w n�l�| wW{�w�zP�Wquzvx!zhr�qu�5o�� l}|#l � l �!��zvr7zvx!t l {�zv� n wLx n zvx | � l}| wL�7zj{�q
�uo n z r7z�qs�dî
ï\ð qux�üpo!zvr | quwLx!z x�z9�9�!�7w����Wqur | wF{�zvr n �7q�� zvx¡{Ww�«L�uq¤z�¦�z |7| qd{�qª�7q F¡zvr7r7qsw��
x!z�{�zv�u�2û l �s�uo!�Fqux!quw n wLx n o!qdr7wyx!w n wLr | �7o!q | qì� k�l r7zvtvquwLx!z�{�zv���7q�� z�� l}| wL�7zTr7qu�5o!� l�|�l �
{�z � x!q |#l qux�tvwLx!z n wpzv�7zvx | zv�Fzvx | z n wyx�� l �7z l � | ýW� § zv�u� l |�l¢� zv�u� l ý¡�/Ì r7wyx!w��7q l r7r7o!x | z
�uz � l �7quzTtvwLx!z�x�zv�s�uz üpo l �uqd��qszvx�z5{�z � x!q | w�qu��� l}| zv��q l �uz n�� zTr l ��ýF�!��zvr7zvx | z üpo l x¡{�w
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Übwyx l N o ï l�| z��7q l �uz
© ÷ n qux | qu�u� l}| wL�7z
¶ §7Ù �swLx
¨ ò�ïDî � o�¦�zv�
ý §7Ù �swLx
ú ò�ïDî � o�¦=zv�
þ ñ nvn q l quw

ð l¢� zv�u� l ý¡�/ÌWögÜbwyx�z5{�zv�u��û qsx!x�zv��{�z | z n�| wy�H{�z � x!q | z�x!zv���!�7wL«L� l �F� l {�q�r7qu�5o!� l tvquwLx!z
{�zv«y�uq¤z�� zvx | qì�

~�wy��z���qux!wF� zv�7��ýV��qsz��F�!q | w n wLx\r n qux | qu�u� l}| wL�7zL�Q÷�wLx!w�{�z � x!q | z l � n o!x!z n wLx � «Lo!� l tvqsw��
x!q��bzv� r7qu�5o!� l �7zFqu����qu�yzv� l}| wL�7zVqux n wLx¡{�qutvqswLx!q�� l � | q n wL� l �7q l {)zvr7zv�F�!quwh�F�bwLr7r7q � qu�uz
r�qu�5o!� l �7z�qu���7q�� zv� l}| wL�7z��!quzvx!w�{~û l �7q l � n wLx�q¡�yzvr7r�z��b�!��zvr7zvx | q¡wT�Fzvx!w!�pwTqs���7q�� z�� l}| wL�7z
�7quzv�F�!q | w n wLx lLn ü o l �k û o | z�x | z��!o!� n wLx � «Lo!� l �7z�qu�y�!��wy«L� l �F� l z�{�z n qs{�zv�7z�qu� | qu�bwJ{�qy� l � | q n zv�s� l qswLx!qut��
t l x | z
{ l r7qu�5o!� l �7zy�}�2û z�x!zv�7«Lq l {�zv�bwLr7q |#l}|#l { l �s� l � l � | q n z��s� l �}� l �bwLr7qstvquwLx!z l �u�2û qux | z��7x!w
{�zv�¤�7qu�sz�� l}| wL�7z9z9qu�¤x�o!�Fz��7w�{�qªz��yzvx | qd{ l r7qu�5o!� l ��zy�k z�qux!£SwL�7� l tvquwLx!q�£SwLx¡{ l �Fzvx |�l �uq n�� z��yzvx!«Lwyx!wD{ l}| z�qsxÓwLo | ��o | { l � n w�{�q n z�{�q
r�qu�5o!� l tvqswLx!zU{�zv«L�sq�z�� zvx | q�r7wyx!wHqu� | zv�F�bw�{�q l �7��qu�yw�{�zvq�£¥w | wLx!q�z�qu��x�o!�Fz��7w�{�qp£Sw | w�z��
�sz |�| �7wLx!q�zv�Fzvr7r7q l � n�l}| w�{�w��bzv�
wy«Lx!q=î�ï\ð&�7qur��bz |7| w l {�o!x���qs£Sz��7qu�Fzvx | w | zv�F�bwL� l �szl r7r7wy�uo | w�� l)n o!qJwL�7qu«Lqsx�zj�jqu�Q�FwL�Fzvx | w�{�zv�u��û qux!qstvquwÓ{�zv�u��û zv�Fqur7r�quwLx!zD{�z��s� l �so n zj{�q
r n qux | qs�u� l tvquwLx!zy� k zTqsx!£¥wy��� l t�qswLx!qÑ{ l}| zTquxDwLo | �!o | { l � n w�{�q n z5{�q�r7qs��o!� l tvquwyx!zTx!wyx
r�wLx!w�qsx�o!xV£SwL�7� l}| w��uzv«L«yq � qu�szQ{ l D n�� qs{�x l ��î���qs� l {�q��7q n wLr | �7o!qu�7z1qu� G o�xVr7qs��o!� l}| w
�Vx!z n z�r�r l �7quwÄ�!�7w n zvr7r l �7�uw n wLx)qu�X�!��wy«L� l �F� l {�qXr7qu�5o!� l tvquwLx!zF{�zv�u��û zv�uz |7| ��wyx�q n�l {�q
~�wy��z���qux!wçÑz�����v�{fv�� µ n�� z�r7qs��o!� l ��û zv�sz |7| ��wyx!q n�l z��7zvr | q | o!qur n z�q�{ l}| q
x!z��s�uw\r | zvr7r�w
£Swy��� l}| w�{Wzvq�
���@����¢¯9�F��z l �uqì�

G ¹ G ÈiÉ�ÂÄ¼vÎ�¿ ÂÄ¼�ÉÊIÒËÊÍ Ö G ËÌ¿QÐ Ç�Á ½d¼�À ÆhÇ�ÁTÈU¼�É�ÊP¿ ÂÄ¼
¿�Ó5¿QÊ5¾¬¼çÂÄ¼ÓÇ�Á�½¤¿QÐ

�Jx l � l � | zV{�zv� n w�{�q n z LFD ñ § ð1ýP�bzv�9~�wL�7z���qux!wP�V{�z�{�q n�l�| w l �s� l r7qu�5o!� l t�qswLx!zV{�q
z�� zvx | qp� l r�zv�d� l {�q l �uqpz
w � �sq�üpo!qì���3� �!�7wL«L� l �F� l1��lJlLnvn zvr7r7w l { o!x5ò l}|#l���l r7z
qux | zv��x!w
x!zv�Wüpo l �uzJr7wLx!wT{�z � x!q | zQ�uzQ�bwyr7qutvqswLx!q�{�zv�s�uzQr�wL�7«Lzvx | q�{�q!�so n z�±�uz | z��7�Fqux l t�qswLx!q�{�zv�u�uz�¡� �7z�w |7| q n�� z}µ��=qs� � zv��r l «L�uqswÄx!wL�Fqux l �sz��bzv��wy«Lx!q n wLx � «yo!� l tvquwLx!zj®�bwyr7qutvqswLx!zF{Wzv�s� l
r�wL�7«Lzvx | z�qsx¡{Wq n�l}|#lVl}|7| � l � zv�7r7w�qu�=x�o!�Fzv��wV{�qª� l}|�n�� � l x!zv�¥µ�z���û l x!«LwL�swF{�q l �bz�� | o!� l
{�zv��£ l r n quw�{�q��uo n zy� k û o | zvx | z �!o!��r n zv«L�uqsz��7z l}|7| � l � zv��r�wFo!x � �uz5{�q n wLx � «Lo!� l tvquwyx!z
qs� | qu�bwÓ{�qJz�� zvx | w�� l r7zv��{ l r7qu�5o!� l ��zç®� l {�q l �uz\w�w � �sq�üpo!wpµ�zj� l �bwyr7qutvquwyx!zD{Wzv�s� l
r�wL�7«Lzvx | z l �u��û qsx | zv�7x!wV{�zv�u� l ÷!÷!÷��Wqu�=x�o!�Fzv��wV{�q�£Sw | wyx�qª{ l «Lzvx!zv� l �7z�z�� l �so!x�« � zvtvt l



ÕsÁb× ÙdÚ®Þ � á¥ß���Ú¥å=æ�Ú�ÝDâ�ÚSäyåbÛ�Ü�â � ��Ú¥å�æ¬Ú

{~û wLx¡{ l {�zv�s� l �uo n z9� l r�zv�v���3� n wW{�q n z9«yzvx!z�� l � l {�qs��zvtvquwyx!z {�q¤���7wL� l « l t�qswLx!z qux!qutvq l �uz
{�zvqb£Sw | wLx!qbý!�s©L© l �u�2û qux | zv��x!w5{�qbo!x n wLx!w n wLx l �bzv� | o!� l�l x!«ywL� l ��zH� l �7q l �u�2û l x!«Lwy�uw�{�ql �bz�� | o!� l {�zv�¤£ l r n quw�{�q¤�uo n z lLn üpo!qur�q | w�{ l ��ò l}|#l���l r7z l�|�| � l �yzv�7r7wV�sz9�7zv� l tvquwyx!qìö

φ = 2π · GJl x¡{�wy�j3µ"[ ±ý!�s©vû µ
θ = arcsin

(
0.5 · G�l x¡{�wL�\3µ · sin(θapertura

2

)) ±ý!�s©L©}µ
k û l x!«Lwy�uw θ � l r7r7qu�Fw5x!wyxP� l «L«yquo!x!«Lz�qs�b� l �uwy��z9{�z��s�2û z�¦�z |�| q�� w l x!«LwL�swV{�q l �bzv� | o!� l

õ qs«Lo!� l ý!�s©L©yö L zvx!zv� l tvquwLx!zF{�zv�s� l {�qs��zvtvquwyx!zF{�qX�!��wy� l « l tvquwLx!zFqux!qutvq l �uz�{�zvqX£¥w | wyx!ql �u�2û qux | z��7x!w�{�zv� n wyx!w�{ l�| w�{ l �u�2û l x!«ywL�uw�{�q l �bzv� | o!� l �
� l �9�bzvr l}| wF{ l �ª£ l}|7| wL�7z9û��/ú5�bz�� | zvx!zv�7z�qux n wLx!r7qs{�zv� l tvquwyx!z n�� z�qs�ª�!��w � �uwF{�qª�uo n z
�Fqur7o!� l}| wF{�z n �7z�r n z9� l �!qs{ l �Vzvx | z9�bzv� l x!«ywL�uq n �7zvr n zvx | qì�§ z�� n�l r�w\{Wzv��� l r7zv� w � �sq�üpo!q��2û l r�r7zFt n wLqsx n qs{�z n wLx�� lhn wLx!«Lqso!x!«Lzvx | z�r7wL�7«Lzvx | z� zv�7r l «y�uquwnÔ�� § zv� n�l r7w·{�zvq�� l r7zv�5� l {�q l �uq�qsx!qutvq l �u�Fzvx | zP�2û l r�r7z�t�� zvx!q�� l £ l�|�| w n wyq �n qs{�zv�7z n wLxç� lDn wLx!«Lqso�x!«yzvx | zPr7wL�7«Lzvx | z � zv�7r l «L�uqsw·{Ww}�yz�qu� � zv��r l «L�squwÌzv� l {Wq�£ l�|�| w
o!x � zv�7r l «L�uqswF�!�7zvr7o!x | w\±o!x\î�ï\ð n�� z9r7q | ��w}� lVl �!�!��wyr7r7qu� l�| qu� l �Fzvx | z x!zv�¤�!o!x | w
wy����wLr | w l �s� l r7wy��«yzvx | z}µ�wy� l qu� n wW{�q n z � r |�l�| wV�Fw�{�q �¡n�l�| w��bzv� l � zv��z o!xh£ l r n qsw�{�q
�uo n z z�¦=z |�| q�� l �Fzvx | z9� l {�q l �uzy�

�3� n w�{�q n z�{�wL�bw l � zv�¤«yzvx�zv� l}| wJ� l {�qs��zvtvquwyx!z�{�q ���7wy� l « l t�qswLx!z�{�z��s� l �so n z
zv�uz � wy� l
«y�uq1z�� zvx | qQ� l r�z�� n wy�Vzhr7zh£SwLr7r�z��7w�{�z�«y�uqQz�� zvx | q�í3wy�7{�qsx l �7q íÄzÄ�yzvx!«ywLx!w | zvx�o | q1quxn wLx!r�qs{�zv� l tvquwLx!z | o |7| q¤«L�uq¤z�¦�z |7| q n�� z r7wLx!wFr |#l}| qª�!�7z n z�{�zvx | zv�Fzvx | z n q |#l}| qì�
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��x üpo!zvr | w nvl �!q | wL�uwGr7wyx!wÿzvr7�bwLr | q�q��7qur7o!� |#l}| q�w |7| zvxpo | q�{�o!� l x | z·�2û ñHqs� G o!x n�� z��ljl ��o | wj�uo!wL«yw | � l qu��¶¢ü\ï l ��tvwjz�qu��ÌPñ��!�7qu�sz�¶¢ûyû:þ!��qu� n o!q�r n wL�bwj�!�7qux n qu� l �uz��
r |�l�| wÐüpo!zv�u�swD{�q
z�¦=z |7| o l �7z�{�zvq | zvr | r7o!�
r�qur | zv� l {�q�� l r�z���z�r�o!�u�2û zv�uz |�| �7wLx!q n�l �hñH�
�Fwy�Vzvx | wj{�zv� | z�r | qu���7q�� z�� l}| wL�7zFzv� l ��qszvx!w\{~û l �7q l � n wLx��2û qux!x!zv� z��2û wLo | z�� �yzvr7r�z��sr
qsx!r |#l �u� l}| qì� ùHo�zvr |�lÓn wLx¡{�qst�qswLx!z·� l��!��l r |#l x!t l � l � | q n wL� l �7zÌ�bwLq n�� �Ì� l �!��zvr7zvx!t l
{�zv��x Ù �uwLx n wLx n o!q�r7wyx!w n wyr | ��o!q | q�qX� zvr7r7zv�urT�!��w�� w n�l z�¦=z |7| q�{�q�r7o!�bzv� ��n qszF�Fwy� | w
� l � n�l�| q���ùHo!z�r | q�z�¦�z |7| q�r7wyx!wTo�� | zv�7quwy���Fzvx | z l �F�!�uq ��n�l}| qb{ l �u� l �!�7zvr7zvx!t l {�q�«Lw nvn z
{~û l¢n üpo l £SwL�7� l}| zvr7qªr7o!�¤x Ù �swLx n�� z l «Lqur n wyx!w n wL�Fz n zvx | �7q¤{�q¤r n�l}|7| z��7qux!«¡�

L �uq¤r | o¡{�qª�!�7zvr7zvx |#l}| qªqux�üpo!zvr | w n�l �!q | wy�uwFr7wLx!wVr |�l�| qªzvr7zv«Lo!q | q l � � x!z {�q�� zv�7q � �n�l ��z1qu� n wL�7��z |7| w�£So!x!tvquwLx l �Vzvx | w9{�zv��r7qur | zv� l {�q�� l r�z������7z�{�qur7�bwyr | w��bzv�Xqu� n wyx | �7wL�s�uw
{�zv�s� l�| � l r7� l ��zvx!t l {�zv�u�uwÄr n qux | qs�u� l�| wy��z�z n wL�Fqux n q l ��z l r��Wqu�uo!�!� l ��zV{�zv�u�uz | z n x!q n�� z
OQ�4�#¯Þ@Y��
�� l { l}|7| z l zvr7zv«Lo!qs��z |#l �uq n wLx | ��wy�u�uq��

÷�wyx�wPr |#l}| q¬z�¦�z |�| o l}| qÑ{�zvq | zvr | r�o | o |�| z��sz n wyx � «Lo!� l tvquwyx�q�{�z�qÑ� l r7zv�H� l {�q l �uqÑz
w � �uq�üpo!q l {�q�¦=z��7zvx | qUqux | zvx!r7q | ýÌ{�q��so n zPo!r l x¡{Ww·� l r�wL�7«Lzvx | z l qux | zvr7q | ý\� l �7q l¢� qu�uz
{ l ¨yü¢ý nm ��ó�wy�Fz���r |#l}| w l¢nvn zvx!x l�| wÌx!zv�u� l r7zvtvquwyx!zh¶W� ý!�m¨���qu��� l r7zv��¨LüLýÌ� n w¢�
� l x¡{ l}| w)qux?�7zv�Fw | w�{ l �s� l r n�� z�{ l {�q | �7qu«y«Lzv�F� l üpo l �uzjquxp�Wq l)l �Q{�qsr7�bwLr7q | qu�yw�{�q
� l r7zv� o!x�r7zv«Lx l �sz�{�q�r |#l � | qux�r7zv«Lo!q | w l �$üpo l �szVqs��� l r7zv�9zv�Fz |�| zVo!x�� l¢nvn�� z |�| wj{�q
£Sw | wyx!q2[ n wyx | zv�F�bwL� l x!z l �Fzvx | z�� l r n�� z�{ l {�q | �7qu«y«Lzv��quxp�Wq l o!xDr7zv«Lx l �sz l þ n�l x l �sq
{�q��7qu£Szv��qs�Vzvx | w!ö�� l �Fz�{�q l {�zvq | zv�F�!q
�7zv«Lqur | � l}| q�{ l üpo�zvr | q�þ nvl x l �uq n wyr | q | o!qur n zy�
z�� zvx | wj�bzv�9z�� zvx | w¡�dqu���7qu£Szv��qs�Vzvx | w | z��F�bwy� l �uz�{ l}| w\{ l �u� l r n�� zv{ l {�q | �7qu«L«yzv�9r7o!�
�Fwy�Vzvx | wVqux n o�q¤� l �so n z �9r |�l�|#l zv�Fzvr7r l �

òHo�� l x | z5�sz l x l �squr7qì�¤zvr7zv«Lo!q | z�x!zv� n wLx | zvr | wh{�qÑr��Wqu�uo!�!�bwh{�zv� n w�{�q n z D n�� qs{�x l �n q¤r7q¤� n wLx n zvx | � l}| qìö
��r�o��s�uw�r | o¡{�qsw�{�zv���!��w � �uw | zv�F�bwL� l �uzH{�zv�u� l n�l ��q nvl � l¢nvn wL� |#l { l�| o |7| q�q�£Sw | w | oW�� q þ ö¬�1r |#l}| w�� z��7q ��n�l�| w n�� z l �s�2û qux | zv�7x!wT{Wzv�s� l {�qsr | ��q � o!tvqswLx!z | zv�F�bwL� l �szJ{Wzv�s� l
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õ qs«Lo!� l ú��u©yö õ w | wy«L� l}�bl {�z��s�2û qux | zv�7x!w�{�zv�u� l ÷!÷!÷Ä{�q�~�wL�7z��Wqsx!w!�
ñ |7| o l �s�Fz�x | z9r7wyx!w
qux!r |�l �u� l�| q�z «ywLx �bl}| q n wLx l �7q l r�qux | z | q n�l q¬{�o�z � zvr7r7zv�urH{�qdx Ù �uwyx¤� § zv�d�7q�üpo l {��7w�quxl � | w l {�zvr | � l �1� l �!�!��zvr7zvx |#l}| w���û qsx | zv�7x!w9{�z��s� l r7£¥zv� l �!��qs� l�n�� zUqW� zvr7r7zv�urX� zvx�qsr7r7zv�7w
qux!r |�l �u� l�| q��

n�l �7q n�l �Q�bwLr7r�q � qu�szQqs{�zvx | q ��nvl �7zQo!xV�!q nvn w �FwL� | w9� l � n�l}| w l r7r7w n q l}| w l q�î
ï\ðn�� zFr7q | ��w}� l x!wj{�q�£S��wyx | z l �u� l r7wL�7«Lzvx | zF{�q��so n zVzF�bzv�9q�� l r7zv�9� l {�q l �uq�zV«L�sq
w � �uqBü o!qpí3�uwyx |�l x!q í
r�wLx!wHr |#l}| q�qs{�zvx | q ��nvl�| q�{�zvq��!q nvn�� qW{�q��7q F¡zvr7r7qswLx!z��!��w}�yw n�l}|#l
{�z��s� l �!�7zvr7zvx!t l {Wzvqª� zvr7r7zv�ur� � «Lo!� l úW�/¶yµ"[

õ qu«Lo!� l úW�/¶Wö
ò�qur | �7q � o!tvquwyx!z | zv�F�bwL� l �uzT{�zv�u� lFnvl ��q n�l � lLnvn wy� |#l �

����r |#l}|#l r | o¡{�q l}|#l � l {�qur | �7q � o!tvquwLx!z l x!«Lwy� l �7z�{�zv�u� lJn�l �7q n�l � lLnvn wL� |#l { l � �7q�� zv� l �| wy��zyöd�bzv�¬wL«yx!q�î�ïDð n�� z ��l � l¢nvn wL� | w n�l ��q n�l ��r |#l}| w n�l � n wL� l}| wH��û l x�«ywL�sw α l �n z�x | �7w9{�zv�u� l r7£Szv� lH| � l � l r�wL�7«Lzvx | z1�so!�Fqux!wLr l z1qu��î
ï\ðGr | zvr�r7w�å� � «Lo!� l úW�m¨ µ��
ç îj�4)2!9�&�3!�1Y,�î|¢F£ .9é=��#2,�!2)21 ì �&�=1 ì ,/.4,/�=1-�&�/�/�V#21")2<"� �"!��Ë#;13�=1�. ��)9��!2!��4)�,�õ4õô��!9,:'��V�(�{�&�=<"13��1

α5()�1"#�#2,/+�1_�
0o

+�� �3!2)���5:�4)f,�î|¢F£�'�,/�&+��4!2)%���/+��ô�"!���1"5(5:13#	!9,�#2,�é��
α = 180o



ÕoÁW³

� r |#l}| w n wyr%ÝÑ«yzvx!z�� l�| w�o!xjqur | wL«y� l �F� lV� qé{�qu�Fzvx!r7quwLx l �uzT�bzv�J� l �!�!��zvr7zvx |#l �7z
��û l x!«LwL�sw l � n zvx | �7wVz9qs� | zv�F�bwVx!zv�füpo l �uz ��r |�l�|�l � l¢nvn wL� |#l � lVn�l �7q n�l [

õ qu«Lo!� l úW�m¨�ö�÷ n�� zv� l}| qutvt l tvquwyx!zH{�zvq�£ l r n q�{Wqb�uo n z�w � �uqBüpo�qbzJ� l {�q l �uqbz�� l ���!�7zvr7zvx |�l �
tvqswLx!z�{�z��s�2û l x!«Lwy�uw l � n zvx | �7w!����� l �s�uqux!q�x!zv��q¡� l �!�!��zvr7zvx |#l x!w q�î
ï\ðÉüpo!z��s�uw �7wLr7r�w9� l
r�wL�7«Lzvx | z�[=qsxD� l � | q n wL� l �7z5r7q¬r7w |�| wL�squx!z l�n�� z�q¬£ l r n qÑ� l {�q l �sqì� l {�qu¦�zv��zvx!t l {�qËüpo!z��s�uq
w � �uq�üpo!qì��x!wLxj�!o!x |#l x!w l { l � n o!xDî
ï\ð qsxj� l � | q n wL� l ��zy� k zT{�q�� z��7r7z «L� l { l tvquwLx!q�{�ql tvtvo!���7whqux¡{�q nvl x!wjqX� wL�uo!�Fq n wL�F�!�7zvr7q�x!zv�u�2û qux!x!zv�9� zvr7r7zv�ì�dx!zv�u��ûªqsx | zv� nvl �bz�{�qux!z | � l
qsx!x!zv�Qz9wLo | zv�U� zvr7r7zv�¤z | � l �2û wLo | zv�1� z�r�r7zv�ªz9� l ÷!÷!÷��

��r�z��szvt�qswLx l x¡{�wFqux | zv�F�bw�qu�ª�!q nvn wF{Wqª�uo n z9{�qs��z |7|�l ��r |�l�|�l r | o¡{�q l�|#l � l5n�l �7q n�l
�7zv«Lqsr | � l}|#l { l q�î
ï\ð l �u�2û qux | z��7x!wç{�q |#l �sz\�!q nvn wç�bz����bw | zv��r |#l�� qs�uqu�7z¨üpo l �
�sz)î
ï\ð ��qsr7o!� |#l �!q�M n wy�u�!q | wGz·�!o!�G{�q n wyx!r7zv«Lo!zvx!t l zvr7r7zv�7z n wLx!r7qé{Wzv� l}| w� zv�7r l «y�uquw��bzv�Qqu�¤£ l r n quw�{�q¤�uo n z�[

��qsx � x!z � r |#l}|#l r | o!{�q l}|#l � lFn�l �7q n�l �7zv«Lqur | � l}|#l { l �¬î�ï\ð n wyx!r7qs{�zv� l}| w � zv��r l �
«y�uquw�{�qs��z |7| wFquxj£¥o!x!tvquwyx!z {�zv�s�2û qsx | zvx!r7q | ýF{Wzv�¤� l r7zv�v�
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àF¹�º á�ÁT½d¿1Ð Ð¬Á�ÂÄ¼�Á�Ç�¼
â7^4a$^4a ÂÃl4p�moh�l0Ä*rg}~l0vVegc�mjc@ÆÇt§v�hjiVk0cªy{c@k4k0iÑwxi$h�l4wxi
�3x � «Lo!� l úW� ý�r7wyx!w�� l �!�!�7z�r�z�x |#l}| zH� l {�qur | �7q � o!tvquwyx!z | zv�V�bwy� l �uzHzH� l {�qur | �7q � o!tvquwyx!zl x�«ywL� l �7z�±qux�£¥o!x!tvquwyx!z1{�z�� | zv�F�bwpµ�{�zv�u� l�nvl ��q n�l �Lqs��x�o!�Fzv��w�{�qp� wy� | z n�� zUo�x n�l x l �uz
{�q�zv�uz |7| �7wLx!q nvl�l r�r7w n q l�| w l {�o!xÄî
ï\ð ��l ��zv«yqur | � l�| w5o!xPr7zv«Lx l �szV hit µ l �u�2û qux | zv��x!w{�zv�Ñ�!q nvn wÄ���7qux n qu� l �uzj®r�z��szvtvquwLx l�| w n wL�Fz�qu�Ñ�!qNM l � | wPx!zv�u� l {�qur | ��q � o!t�qswLx!z | zv�F�bw��
� l �sz�µ z�� l\n�l ��q n�l � l¢nvn wL� |�l { l �1î
ï\ð �!qNM n wy�u�!q | wÌ�bzv��o!x G o!xÿ{�q�� l r7zv�5� l {�q l �uz
±� l}|�n�� � l x!zv��©�û µU{�q�¶¢ûLûyûLûVz�� zvx | q l {Äqux | zvx!r7q | ý�� l �7q l Ì��

õ qs«Lo!� l úW� ý!ö G qur7o!� |#l}| q¤�bzv�Qo!x G o!x\{�q¤� l r7zv�J� l {�q l �sz�±� l}|�n�� � l x!zv��©�û µ����3x l � | w l
r7qsx!qur | � l ��qs�u�uo!r | � l}|#l � l {�qur | �7q � o!tvquwLx!z | zv�F�bwL� l �uz {�q n�l �7q n�l x!zv�u� l ü o l �uz9r7wLx!w � zvx
�Wqur7q � qu�uq
qu���!q nvn w\{�q��uo n z�{�qs��z |7|�l zFq��!q nvn�� q��7q F¡zvr7r7q����!��w n zv{�zvx¡{�w\qux�r�zvx�r�whwy� l ��qsw
r7wyx!w�qu�s�uo!r | � l}| zLöJqs�¬x�o!�Fz��7wÄ{�q�� wL� | zy��r�o�� | w |#l �uz�{�zv«y�uqÑz��yzvx | q¬�!�7w n zvr7r l�| q�� n�� z5o�xn�l x l �uz ��l �7zv«Lqur | � l}| w�r7zv«Lx l �uz��bzv� | zv�V�!qpx!zv�u�2û qux | zv� � l �u�sw [tpicco−5 ns, tpicco+5 ns] �� l {�qsr | �7q � o!tvquwyx!z | zv�F�bwL� l �uz�� zv��r7wÄ� l {�qsr | ��q � o!tvqswLx!zF{�zv«L�sq l x!«LwL�sq l � n zvx | ��w¡�ªz�� ln�l �7q n�l �7zv«Lqur | � l}|#l { l � nvl x l �sz9�!qNM n wy�u�!q | wFx!zv�¤�!q nvn w�{�qª�so n zT{�qu�7z |�|#l �

Úÿr |#l�| w��yzv�7q ��n�l}| wVx�zv�s� l {�qur | �7q � o!tvquwyx!z | zv�F�bwL� l �sz9{�q n�l ��q n�l �bz��Q{�qu�yzv�7r7qª£ l r n q
{�qb�uo n z�� l {�q l �uz n�� z�� l �bwyr7qutvquwyx!z�{�z�qb�!q nvn�� qb��r7zv�F�!��z�r7qs�Fqu�uzy�C�3���!q n�n w��!�7qux n qu� l �uzy�n wL�FzVr7q��!o!�P� z�{�zv��z�{ l ��«L� l}��n wh{�zv�s� l {�qur | �7q � o!tvquwyx!z l x!«Lwy� l �7zy�dr7q | ��w}� lÄlÄn qu� n�l
180o { l �s� l r�wL�7«Lzvx | zDzv{ø�\£ l¢n qs�u�Fzvx | zDqs{�zvx | q ��n�l�� qu�uz n wL�FzD� l �uo n zÌ{�qu�7z |7|#l�n�� zl�|�| � l �yzv�7r l�| o |�| w�qu�¬{�q l �Fz | ��w�{�zv�d�7q�� zv� l}| wL�7zTz l ���7q�� l {�qu�7z |7|#l �Fzvx | zTr7o!qÑî�ïDðf{�q
£S�7wLx | z l �s� l r�wL�7«Lzvx | zy��î¬z�� | zv�F�!q���q�Mÿ�!q nvn wL�sqUr7q��bwLr7r�wLx!w·wLr7r�z���� l ��zÄ{�o!zP�!q nvn�� q
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�Fwy� | w � zvxÿ{�qsr | qsx | q n�� zPx!zv�u� l {�qur | ��q � o!tvquwLx!z l x!«Lwy� l ��zP«yq l¢nvn quwyx!w·x!zv�u�2û qux | z���� l �u�uw
[0o, 20o] ��üpo!zvr | q��!q n�n�� qUr7wLx!w·�7q n wLx¡{�o n q � qu�sq l �u� l �7q F¡zvr7r7qswLx!zh{Wzv�s� l �uo n zÄ{ l � l � | z
{�zvqd{�o!z�� zvr7r7zv�ì�

Újqux | z��7zvr7r l x | z�wyr7r7zv��� l �7z�� l {�q�¦=zv��zvx!t lU| � l qu� | zv�F�bw l r7r7w n q l}| w l �y�!q n�n wH{Wqs��z |7| w
z�qu� | zv�F�bw5{�zvq={�o!zH�!q nvn�� q n�� z�r�qbwyr7r7zv��� l x!w5�bzv� | zv�F�!qbqux!£Szv�7quwL�7qìöXqux!£ l}|7| qbx!zv� n�l r7w
qsx n o!q�üpo!zvr | q�{�o�zV�!q nvn�� qXr7q l x!wÄ�7z l �s�Vzvx | z l r�r7w n q l�| q l �s�uzV�7q F¡zvr7r7quwyx!q�{�zv�u�2û qux!x!zv�9z
{�zv�bwyo | zv�
� z�r�r7zv�b� l {�q�¦�zv�7zvx�t l9| � l qs� | zv�F�bw�{�qbo!x!w5{Wzvq�{�o!z��!q nvn�� qbz�qs� | zv�F�bw5{Wzv�
�!q nvn w�{�qd�so n z�{�qs��z |7|�l � n wLxp� zv� | q |#l qsxj�Fz | ��q���{�z�� zTzvr7r7zv�7z o!«yo l �uz l ��{�q l �Fz | ��w�{Wzv�
� zvr7r7zv� n�� z ��l �!�7w�� w n�l�| wF� l �7q F¡zvr7r7quwyx!zy�!qux!£ l}|7| q¤r7q ��l ö

t1opicco = T +
2× (RSSS −ROV )− d

0.3 m/ns

tdiretto = T +
2×RSSS − d

0.3 m/ns

∆t1 = 2× ROV

0.3 m/ns

qsx n o!qJð �jqu� | zv�F�bw n�l � n wL� l�| wÓ��qsr7�bz |�| w l {?o!x&��qs£¥zv�7qu�Fzvx | w l r7r�wL�uo | w�z d �j� l
�so!x!« � zvtvt l {�zv�Ñî�ï\ð l �s�2û qux | zv�7x!w�{�zv�u� l r�£¥zv� l �Jò�o!x\üpo!zT� l {�q�¦=zv��zvx!t l�l}|7| z�r l�| � l q
�!q nvn w��!��qsx n qs� l �uz l qs�ª�!�7qu�FwF�!q nvn wF� {�q�©L© m �Fzvx | �7z | � l qu�¤�!q nvn wF�!��qsx n qu� l �sz z9qu�
r�z n wyx¡{�w��!q nvn w��U{�qj·��/ú m �bzv� | o |7| qWqW£ l r n q�{�qW�uo n zU� l {�q l �szy� § zv�u� l�|�l¢� zv�u� l úW�s©�r7wLx!w
�7q l r7r7o!x | z
�uz��bwyr7qutvquwyx!q�{�zvq�{�o!z��!q nvn�� q�{�qp�7q F¡zvr7r7qswLx!z��7qur7�bz |7| w l �p�!q nvn w��!�7qux n qu� l �uzy���
�7qur�o!� |#l}| q | �7w�� l�| qpr�wLx!w n wL�F� l}| q � qu�sq l ü o!zv�s�uq l}|7| z�r�q | o |�|#l �Wq l r7wLx!w | zvx¡{Wzvx!tvq l �u�Fzvx | z
r�w |7| wyr | qu� l}| qìö�� l r7w |�| wLr | qs� l � l}|7| ��q � o!q � qu�uz l �d£ l}|7| w n�� zT� l �uo n zT�7q F¡zvr7r l �7q�� zv� l�|�ln wy�F��qsz�o!x��bzv� n wy��r�w��!q�M��uo!x!«Lw�{�q l �u�Fzvx!w�¶Lû cm lJn�l o!r l {�zv�u� l {�qur |#l x!t l �!�7z�r�zvx | z| � l � l r7wL�7«Lzvx | z1�so��Fqsx�wyr l r�o��s� l r�£¥zv� l z1q�î
ï\ð l {Vzvr7r l �!qNMV��q n qux!q n wy�VzQqu�s�uo!r | � l�| w
qsx � «Lo!� l úW�/úW�§ zv�u� l {�qur | ��q � o�tvqswLx!z | zv�F�bwL� l �szh{�q n�l �7q n�l � l x n�� zÄ�bwyr7r7q � qs�uzhwLr�r7zv� � l �7zPo!x l
o!� | zv�7quwy��z r | �7o |7| o!� l �bzv� | zv�V�!q¤�!qNMj«L� l x¡{�q�{�qfü o!zv�u�sq¤�bzv� n o!qdr7q �¡l qu�¤�!q nvn w�{�qs��z | �| w\[b�bzv� l � n o!x!z n wyx � «Lo!� l tvquwyx�q |#l �uz�r | �7o |�| o!� l � l¢����l r |#l x!t l�� zvxÌ{�z � x!q |�l ±x�zv�s� l� «yo!� l ú��6þ��T��qs�bwL� |�l�|�l � l {�qur | ��q � o�tvqswLx!z | zv�V�bwy� l �uz�{�q n�l �7q n�l �bz���qs�d� l�|�n�� � l x!zv�
©�¶yµ�ö
r7wLx!w��!��zvr7zvx | qd¨F�!q nvn�� q¬{�q¤�7q F¡zvr7r7qswLx!z l qfüpo l �sqd� l r7r7w n q l}|#l o!x l {�qur | �7q � o!tvquw��
x!z l x!«LwL� l �7zh{�q n�l �7q n�l x!z��s�2û qux | zv��� l �u�uw [0o, 90o]

l}|7| wy��x!w l �u� l r7wy��«yzvx | zy�J� �!��qs�Fq
{�o!zP�!q nvn�� q1{�z��s� l r | �7o |7| o!� l {Wqsr |#l x!w·{ l ���!q nvn w·{�q��so n zh{Wqs��z |7|#l ü o l x | wÌq��!q n�n�� q
{�q
�7q F¡zvr7r7qswLx!z�{�zvq�� zvr7r7zv�ur��7zv«Lqur | � l}| q��bzv� | zv�F�!q��!qNMÓ�!q nvn wL�uq��¬��{�o!x\üpo!z�x l�| o!� l �uz
qé{�zvx | q ��n�l ��z7üpo!zvr | qW�!q nvn�� q n wy�Vz��sz�r7z n wLx¡{�z��7q F¡zvr7r7qswLx!q�{�zvqp� zvr7r7zv�sr n�� z l �p� zvx!«Lwyx!w!�
üpo!zvr |#l � wL� |#l ��r�o��s� l r�o!�bz�� ��n quzHqsx | zv�7x l [�qs� | zv�7tvw��!q nvn w5{�zv�u� l r | �7o |�| o!� l qux � x!zH��{ ll�|7| �7q � o!qu�7r7q l �s� l �7qu£Sz�r�r7quwyx�zT{�zv�u� l �uo n z9r7o!�s� l ÷!÷!÷��

�3x � x!z·r7qHr�w |7| wy�uqux!z l � l �!��zvr7zvx!t l x!zv�H«y� l}��n wG{�zv�u� l {Wqsr | ��q � o�tvqswLx!z l x!«ywL� l ��z
{�zv�s� lVn�l ��q n�l quxj£So�x!tvqswLx!zT{�z�� | zv�V��wF{�q¤o!x l r | �7o |�| o!� l�n�� z n wyx!«Lquo!x!«Lz qs�ª�!q n�n w�{�q
�so n z9{�qu�7z |�|#l5n wLqª�!q nvn�� q¤{�q=�uo n z��7q F¡zvr7r l �7z�«yqur | � l}| q=�bzv�U�!q nvn wy�uq | zv�F��q���ð l �sz � «yo!� l
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§ o ∆t1 × 0.3 m/ns ∆t2 × 0.3 m/ns© ü!�6· Ì���·
¶ ©�û��s© ·��mû
¨ ü!�6þ ·��/ú
ú ü!�6· Ì���·
þ ©�û��/ú Ì���·
Ì ©�û��/ú Ì��ÔÌ
· ©y©L�s© ·��s©
ü ©y©L�mû ·��/¶
©vû ©y©L�/ú ·�� ý
©L© ©�û���· ·��s©
©�¶ ©�û��mü ·��/¶

ð l�� zv�s� l úW�s©Lö¬òHqur |#l x!t lJ| � l qW{�o!z��!q nvn�� qW��zv«Lqsr | � l�| q��!�7qu� l {�zv�W�!q nvn w�{�qW�uo n zU{�qu�7z |�|#l
zQqu�!�!q nvn wT{�q!�uo n zJ{�qu�7z |�|#l �bzv� G o�x�{�q!� l r7zv��� l {�q l �uq�{ l ¨LûyûLûyû�z�� zvx | q l �s� l � l r7r7qu� l
qux | zvx!r7q | ý n wLx!r7zvx | q |#l { l �
� l r7zv��Þ� æ�ü µ�� k û qux n zv� | zvtvt l r7o!�u�uz�{�q�¦=zv��zvx!tvz���zvr | ��zv� l �
�Fzvx | z9�7qs{�w |7|#l z�{Ä� {�w��Wo |�l üpo l r7q¤zvr n �uo!r7qu� l �Fzvx | z l ��¯±°¥²��3�¨§�°®¯ì¯%�"
Ä ∼ 1.3 ns µU{Wzvqî
ï\ð��C� � l �uwy��q l�|�| zvr7q1r7wyx!w�{�q9©L© m �bzv�V� l �!��qs� l {�qu¦�zv�7z�x!t l zU·!�mú m �bzv�V� l
r7z n wyx!{ l �

õ qs«Lo!� l ú��mú�ö k o n zJ�7q F¡zvr7r l { l �s�2û/X7¶ n�� zQ�Wquzvx!zJ� l¢nvn wL� |�l { l qbî
ï\ð��f�3��£ l�|�| w n�� zJx!zv�
�!o!x | w�{�qbz��Fqur�r7quwyx!z�{�zv�u� l �so n z�x!wyx�r�q l �!�7zvr7zvx | z l � n o!xPî
ï\ð&qu�F�!�uq n�l n�� zJ� l �uo n z
�7q F¡zvr7r l {�z �!��lFn wL�F�!quzv��z o!xj�bzv� n wy��r7w��!qNMj�uo!x!«Lw n�� z x!wLxj� l {�qur |�l x!t l�| � l � zvr7r7zv�
zV£Sw | w n�l�| wW{�w n�l � n wL� l�|#l �uo!x!«ywhqu��� l «L«yquw�[ l �s� l «Lzvwy�Vz | ��q l {�zv�Xr7qsr | zv� l r7q�{�z�� zV� l
r7w |�| wLr | qs� l x!z��s� l � l �uo |#l tvquwyx!z {�zvqd{�q l �Fz | �7q¤{�zvqª�yzvr7r�zv�ur��



D~?;Õuã
ß�ÛvÝ�â�â�ß¡àÑÚ¥ßbá®Ú ÕEÕs>

�!o!�Dzvr�r7zv��z l}|7| �7q � o!q |#lDl {Óo!xÓ�!�7w n zvr7r7w·{�q�{�qu¦�o!r7quwyx!zP{�zv�u� l �uo n z�{ l � l � | z�{�zv�u�uz
r�o!�bzv� ��n q�{�qÑx Ù �uwyx¤�Tð l �uzVz�¦�z |7| wÄ��o!�Äzvr7r7zv��z nvl o!r l}| wh{ l �!q nvn wL�sz�«yw nvn zF{~û lLn ü o l
�!�7zvr7zvx | q¤r7o!qª� zvr7r7zv� n�� z l «yqur n wLx!w�{ l�n zvx | ��qd{�qªr nvl�|�| zv�7qux!«!�

õ qu«Lo!� l úW��þ�öÑî¬wLr7qstvquwLx!zJ{�zvq!�!q n�n�� q!�bzv��o!x G o!xV� l {�q l �uzT±� l}|�n�� � l x�zv�d©�¶yµX{Wq¡¨yûLûyûLû
z�� zvx | q l {�qux | zvx!r7q | ýjü!����!�7qu�Fq�{�o!z��!q nvn�� q�{�zv�u� l r | �7o |7| o!� l\l {�zvr | � l {�z����!q nvn w
{�q
�so n z�{�qu�7z |�|#l  t = 72 z t = 78 ns µ�r7wLx!w l �!�!��wyr7r7qu� l�| qu� l �Fzvx | z��2û qs�F� l «Lqux!z
r��bz n o!� l �7zy�L��qur��bz |�| w l ���!q nvn w�{�q��uo n zU{�qu�7z |�|#l �L{�zvq��!�7qu�FqW{�o!z��!q nvn�� qª t = 8 z t = 17
ns µ9qux l¢nvn wy�7{�w n wL�u��û qs�bw | zvr7qU{�q���qNF!zvr7r�quwLx!zÄ{ l � l � | zP{�zv�u�sz�r7o!�bzv� ��n q�qsx | zv�7x!z�{�zvq
� zvr7r7zv�sr��

â7^4a$^2` ÿ i�h�l4wxiÒpor{k8t8l4w|wxvÒy8l8k4r8wxcÉy{l0hjc|m�moi�cÉpsr8k4k%iÒk4r8wxc�h�l¯ä*c@pop�i
k zÐüpo l x | q | ý�£¥wyx¡{ l �Fzvx |#l �sq n�� z\r l � l x�x!wÓo | qu�sq��bzv���FwLx!q | wL� l �7z\� l)| � l r�� l �7z�x!t l
{�zv�s�uw�r n qsx | qu�s� l}| wL�7z�r l � l x!x!w�� l �uo n zH�Wqsr |�l { l q¤î
ï\ð n�� z�r7q | �7w�� l x!w�{�q=£S��wyx | z l �s� l
r�wL�7«Lzvx | zy� n�� zUr7wyx!w n wy�u�!q | q!r7q l { l q�£Sw | wLx!q | � l r7�Fzvr7r7q�r7q l { l üpo!zv�u�uq¡{Wqu¦�o!r7q�qsx l � l x | q
N����
å@��(
�����OQ���¢¯ì¯%�"
#°S³W´�µ���z�� l �uo n z��Wqur |#l { l q�î
ï\ð n�� z�r�q | �7w�� l x!wQqux �!��wyr7r7qu�Fq | ýQ{Wzv�s� l
r�wL�7«Lzvx | zy� n�� z�� lLn�n wy�u«Lwyx!w5� l �so n z n�� z l �W��ý r7o � q | w5qu���!��w n zvr7r7w�{�q$�����&²���OQ���¢¯±¯%�"
#°S³W´
{ l � l � | z�{�zv�u�uwHr n qux | qu�s� l}| wL�7zy� § z��s�uw�r |�l�| w�qsx n o!qpr�q | �7w�� l�l�|�| o l �s�Fz�x | z
qs�p�7q�� z�� l}| wL�7z
� �bwLr7r�q � qu�uz üpo l x | q ��n�l �7z � l �uo n z | � l r7�Fzvr7r l { l �ªx Ù �uwyxhz§üpo!z��s� l �7q F¡zvr7r l qux¡{�qsz | �7w!�§ zv�u� lÄ|#l�� zv�u� l úW�/¶hr�wLx!wD��q l r7r7o!x | q
q
x�o!�Fzv��q�{�q
£Sw | wpzv�sz |7| ��wyx!q��Wqsr | q�{ l qUî�ï\ðn�� zFr7q | �7w�� l x!wj{�q�£S��wyx | z l �u� l r7wL�7«Lzvx | zjì{�qu���/µÿz�ü o!zv�u�sq���qsr | q�{ l q�î�ï\ðôqux��!�7wLr �
r�qu�Fq | ý�{�zv�u� l r7wL�7«Lzvx | z� ��l¢n �!µ���÷�wLx!w�r |#l}| q l x l �uqutvt l}| q¬r�wL�uw�«L�sq�z�� zvx | q¬�bz��HqËü o l �uq
q�î
ï\ðôquxp� zvr | q | q�{ l �u� l �uo n z ��l x!x!w\{ l}| wjr7zv«Lx l �uzy�T��£Sw | w�zv�uz |�| �7wLx!q
{�qs��z |7| q�r�wLx!w!�l �ªr�wL�uq | w¡��qª£Sw | wpzv�sz |7| ��wyx!q n�� z9x!zv�u� l {�qsr | �7q � o!tvquwyx!z | zv�F�bwL� l �uz {�q n�l ��q nvl «Lq l¢nvn quwLx!w
x!zv�s�2û qux | zv��� l �s�uw [t−5 ns, t+5 ns] {�w�� z | �1qu� | zv�F�bw9{�zv�!��q nvn w9�!�7qux n qu� l �uzy� �Fzvx | �7z
q¡£¥w | w�zv�uz |7| �7wLx!q ��l¢n �5r7wLx!wT{Wz � x!q | q n wy�Fz1q!£Sw | w�z��sz |�| �7wLx!q¡��zv«yqur | � l�| q�{ l q�î
ï\ðG�bzv��q
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§ o �4æ�úW�mû �4æ�úW�/ú � æ*þ��mû � æ*þ��mú �4æ¢ÌW� û �4æ�ü
© {�qu��� � � � � � 5.6± 3© ��l¢n � � � � � � 5.3± 3¶V{�qu��� 1.3± 0.6 1.3± 0.8 1.9± 1.2 2.3± 1.6 2.7± 1.7 �
¶ ��l¢n � 1.2± 0.7 1.3± 0.8 1.6± 0.9 2.0± 1.2 2.2± 1.4 �
¨F{�qu��� 1.2± 0.7 1.3± 0.9 1.7± 1.0 2.0± 1.2 2.2± 1.3 2.4± 1.4¨ ��l¢n � 1.3± 1.1 1.2± 0.9 1.3± 0.7 1.5± 0.8 1.5± 0.8 1.6± 0.9úV{�qu��� 1.3± 0.7 1.3± 0.7 2.7± 1.7 3.9± 2.1 4.6± 2.3 6.2± 2.8ú ��l¢n � 1.3± 0.9 1.3± 0.8 1.8± 1.1 2.2± 1.3 2.4± 1.4 3± 1.7þF{�qu��� 1.3± 0.8 1.3± 0.6 2.9± 1.7 3.9± 2.0 4.7± 2.4 6.6± 2.9þ ��l¢n � 1.2± 0.8 1.3± 0.8 1.9± 1.1 2.4± 1.4 2.7± 1.5 3.0± 1.7Ì�{�qu��� 1.3± 0.6 1.5± 0.8 5.5± 2.5 8± 3 � 13± 4Ì ��l¢n � 1.3± 0.8 1.3± 0.8 2.1± 1.2 2.6± 1.5 � 3.6± 1.9·F{�qu��� 1.3± 0.7 1.3± 0.8 1.9± 1.1 2.3± 1.4 2.5± 1.5 3.0± 1.7· ��l¢n � 1.3± 1.0 1.3± 1.0 1.6± 1.0 1.9± 1.1 2.0± 1.2 1.2± 0.8©�ûV{�qu��� 1.3± 1.0 � � � 2.2± 1.3 2.8± 1.7©vû ��l¢n � 1.4± 1.1 � � � 1.6± 1.0 1.7± 1.1©y©9{�qu��� 1.3± 0.8 � � � 2.2± 1.3 2.3± 1.4©L© ��l¢n � 1.4± 1.1 � � � 1.9± 1.3 1.9± 1.3©�¶�{�qu��� 1.3± 0.9 � � � 1.9± 1.2 2.1± 1.3©�¶ ��l¢n � 1.3± 0.9 � � � 1.8± 1.1 2.2± 1.3

ð l�� zv�s� l úW�/¶Wö § o!�Fzv�7wh{�q�£Sw | w�zv�uz |�| �7wLx!q�zv�Fzvr7r7q l � n�l}| w�{�wj�bzv�9�uz n wLx � «Lo!� l tvquwyx!q
{�q �¡� �7zV� l {�q l �uq��bzv�9q�î
ï\ð n wL�u�!q | q�{ l �u� l �so n z�{�qu�7z |�|#l ì{�qu��� µ�zV�bzv�9q�î
ï\ð n�� z
«yq l¢nvn quwyx!w�z�x | �7w�o!x l x!«LwL�sw l � n zvx | �7w�{�q 40o �Wq n qux!w l �s� l r7wL�7«Lzvx | z� ��l¢n �!µ5�bzv�
� l ��qsz9qux | z�x!r�q | ýF{Wq¤�uo n z � l r7zv���
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üpo l �uq��2û l x!«Lwy�uw l � n zvx | �7w | � l qu�¡î�ï\ðÿr | z�r�r7w�zU� l r7wL�7«Lzvx | z��1qux!£¥zv�7quwy��z l 40o �Lo!x@û o!���| zv�7quwL�7z n wLx¡{�qutvquwyx!zJ��qszvx�zJqs�V�bwyr |#l r7o!� | z��F�bw l r7r7w n q l}| w l üpo!z�r | q¡£Sw | w�z��sz |�| �7wLx!q¡qsx
�FwW{�wÄ{ l zvr n �uo¡{�zv�7z�� l �7q F¡zvr7r7qswLx!zV{�zv�u� l ÷!÷!÷�� § zv�u� l�� «Lo!� l úW�ÔÌ�r7wLx!wPqsx¡{�q n�l}| qX«L�uql x!«Lwy�uq�zFq | zv�F�!qXr7zv�sz�tvqswLx l}| q��bzv�9� l {�z � x!qutvquwyx�z�{�zv�u� lÄn�l �7q n�l �����&²}���3x)«Lzvx!zv� l �uz

õ qu«Lo!� l úW�ÔÌ�öjò�qur | �7q � o!tvquwLx!z\{�zv«L�uq l x!«LwL�sq l � n zvx | �7w)qux?£So�x!tvqswLx!zj{�zv� | zv�F�bw!�Ý���
�7q�üpo l {W�7wFqux �¡l r7r7w l r7qux!qur | � l {�z � x!qur n z � lVn�l ��q n�l �����&²��
«yo l ��{ l x¡{�wT� l�|#l�� zv�u� l úW�/¶�r�q¡x!w |#l n�� zJ�bzv�
qux | zvx!r7q | ý9{�zv��� l r7zv� � x!w l ú��mú9� l n�l �7q n�l
«yzvx!zv� l�|�l�l q nvl�| wW{�qª{�z�q¤î�ï\ð9��r�q l {�qu�7z |�| q n�� z ��l¢n ����x!wyx nvl � � q l r7wyr |�l x!tvq l �s�VzvxW�| zy��� l �Hr |�l�| w�wyr7r7zv��� l}| w n�� zJ� l ��q l qu�bx�o!�Fzv��w5{�q��ywy� | z l �u�2û qux | zv��x!w�{�z�����o!x�qux n o!q
qdî
ï\ð {�q=£S��wyx | z l �u� l��¡� � l x!wyxÄ��zv«yqur | � l x!w l � n o!xhr7zv«Lx l �szy�Xñ | q | wL�swV{�qªzvr7zv�V�!qsw!�
x!zv�s� l�|�l¢� z��s� l ú�� ¨��Wqsz�x!z��!��zvr�z�x |#l}|#l � l £S� l tvquwLx!zV{�qÑz��yzvx | q¬�bzv��qËüpo l �sqÑx!wLxÌ��qszvx�z
� lLn�n wy� |#l9n�l ��q nvl �bzv� | zv�F�!q n wL�F�!��zvr7q�x!z����!q nvn wT{�qs��z |7| wT��qsr7�bz |�| w l «L�uq�z�� z�x | q | w |#l �uq
{�q | �7qu«L«yzv�v�y�bzv� ��l r�r7zUqsx | zvx!r7q | ý��úHzQúW�/úyµ�z l �u� l � l r�r7qu� l qux | zvx!r7q | ý n wyx�r�zvx | q |#l { l �
� l r7zv���bzv��q�� l {�q l �sq n wyx\� l}|�n�� � l x!zv��©y��úVz¬ÌW�Jó�wL�FzTr7qdx!w |�l qu��x�o!�Fzv��w�{�qd� wL� | z
qsx n o!qXx!wLx)r7q ��l x!zvr7r7o!x�î
ï\ð n wL�s��q | wh�V�FwL� | wÄ«L� l x¡{�z l���l r7r�z�qsx | zvx!r7q | ý�z�{·�
��z��güpo!zvr | w n�� z9� l�n�l ��q nvl �Fz�{�q l � l �so |#l�|�lVn wLx |�l x¡{�wVr�wL�uwFqdî
ï\ð n wL�s�!q | q¤r7zv� � � l
x!wyxÄ� l ��q l �7z n wLxj�2û qux | zvx!r7q | ýV{�zv�¤� l r7zv�v�

�Jx@û l � | � lHn wLr l { l x!w |�l ��zU� n�� zUqs�W� l �!�bwL� | w | � lHn�l �7q n�l ��qNF¡zvr7r l z nvl ��q n�l {Wqs��z |7|#l
���FwL� | w�«y� l x¡{�zTzTr7q l}|7| zvr |�lV| � l û!�múFz�©L�-¶ l�l x n�� zTwyr7r7zv��� l}| w n�� zT� lFn�l ��q nvl {Wzvq
�!q nvn�� q�{�qu�7z |�| q��bzv�
qsx | zvx!r7q | ý l � | zJ��r7zv�F�!�7z n wLx!£S��wyx |#l�� qs�uz l {Fz nvn zvtvquwyx�z�{�zv��� l�|�n��
� l x!zv�sÌ�� k¬l {�qsr n ��zv� l x!t lU| � l qs�y� l}|�n�� � l x!z��oÌ�z�«y�uq l � | �7qyx!wLx9�!o!�Qzvr7r7zv�7z l}|7| ��q � o!q |�l
r�wL�uw l �u�2û z3H n qsz�x!t l {�q | � l r7�Fqur7r7qswLx!zV{�zv�u� l��¡� � l w |�| q n�l ö�qsx�£ l�|�| qÑr�z n wyr%Ý
£Swyr7r7z n qÑr�ql�|7| zvx¡{�zv��z �!� zÌo!xAqux n ��zv�Fzvx | wÿ{�zv�u� l �so n zD� lLnvn wL� |#l { l q�£Sw | w | o � qHquxA�!�7wLr7r7qs�Fq | ý
{�zv�s� l r7wL�7«Lzvx | z n qs� n�l �!��wy�bwL�7tvquwLx l �uz l �s�2û qux n ��zv�Fzvx | w n�� zFr7q ��l r7o!���!q n�n w\{�q��so n z
{�qs��z |7|#l � l ��r |#l}| wT«LqBý z���qé{�zvx!t�q l}| w�qux | z � zv�s� l úW�m¨ n�� z��bzv��ü o!zvr | wT� l}|�n�� � l x!zv��qu�
x�o!�Fzv�7w9{�q�z�� zvx | q��bzv��q\ü o l �uq!x!wLxVr7q ��l � l¢nvn wy� |�l {�q!�uo n z1x!zv�!�!q nvn w {�q��uo n zJ{Wqs��z |7|#l
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�¤� �¤� N0charge

Ntrigger

��4æ�úyµ N0charge

Ntrigger

Þ� æ�úW�/úyµ N0charge

Ntrigger

��4æ�ü µ
¨ üL¨�µ üLû�µ ©�·�µ
ú ·:·�µ ·y¶�µ ©=µ
Ì Ì�ü�µ þ�©(µ û�µ

ð l�� zv�s� l ú�� ¨!ö § o!�Fz��7w9{�q��ywy� | z1qux n o!q!x!wLxV�Wquzvx!z1� l¢nvn wL� |�l�n�l ��q n�l x�zv�!�!q n�n w {�q!�uo n z
{�qu�7z |7|�l r7o!� | w |#l �uzÄ{�zv«L�uqUz��yzvx | q�{�q | ��qs«L«Lzv� l {çqux | zvx!qur�q | ý ��l r7r�z�z l �u� l � l r7r7qu� l
qux | zvx!r7q | ý n wLx!r7zvx | q |�l { l �¤� l r7zv���

�1�Fwy� | w��!qNMF�!q nvn wy�uw n�� zQx!z�«y�uq l � | �7q n�l r7qìö¬� l �s�uwy� l �bwyr7r7q � qs�uzQr��!quzv« l ��zQq!��qsr7o!� |#l}| q¡{�q
üpo!zvr | w�� l�|�n�� � l x!zv���bzvx!r l x¡{�w n�� z�� l �¡� � l w |7| q nvl qsx�üpo!zvr | w nvl r7w n wL�s�!qur n�l üpo l r7q
quxÓ�!quzvx!wDo!xçî
ï\ð �Fzvx | �7z�x!zv«L�uq l � | �7q n�l r7q�ü o!zvr | w\x!wyx l ���Wquzvx!zy� § zv� n�l r�wD{�zvq
� l}|�n�� � l x!zv�XúVzuþFr�qdwyr7r7zv��� l o!x l o!�Fzvx | w�r7q l {�z��s� l �so n z5{�qs��z |7|�l�n�� z�{�zv�u� l �uo n z
�7q F¡zvr7r l öd�bzv�Züpo!zvr | qW{�o�z n�l r7q����bwyr7r7q � qs�uz l}|7| ��q � o�qs��z�� l � l «L«yquwL�Ëüpo l x | q | ý�{�q n�l ��q n�l
� l¢nvn wL� |�l9l �s�2û z3H n quzvx!t l {�z��s�uz �¡� ��zy�Ñð�o |7|�l �Wq l x!wyxVr7q!�!o��9x!zv�F�Fz�x!w9zvr n �uo¡{�zv��zQo!x l
{�qur�wL�FwL«yz�x!zvq | ýVx�zv�s�2û z"H n quzvx!t l {�qª�7q F¡zvr7r7qswLx!zT{ l � l � | z {�z�qª� zvr7r7zv�ur��

â7^4a$^;] « i$h�l4wxcfeVmohjvzy8l¬wxi$h�l4wxizpsr8kut*l0w|wxvzy8l%hjc|m�mjv

ò l �=�FwL�Fzvx | w n�� z�� lT�¡� �7z�� l {�q l �uqªx!wLx �¡l x!x!w�o!x � zv�7r l «y�uquwVz�x!wLxÄ�!o�x |#l x!w5� zv� �
r7w5o!xhî
ï\ðA�!�7z n qsr7w5z�x!wyx�r7wyx!w5�bzv�7£¥z |7|�l �Fzvx | z n wL�u�squ� l}| zy���Wquzvx!z�£ l�|7|�l�n�l � n wL� l �7z
{ l ���VwW{�o!�uw�� l �bwLr7qstvquwLx!z5{�zv� ��l �7q n zvx | �7w�{�q n�l ��q nvl r7o!�u� l r7o!�bzv� �¡n qsz�{�zv�u� l r7£Szv� l z
� l � l �7« � zvtvt l {�zv�u�swPr7�bw | �uo!�Fqux!wLr�w!�Tî�zv��z�¦�z |�| o l �7z�ü o!zvr |#l �Vqsr7o!� l qu�Ñ�FwW{�o��swÄ{�qn wLx | �7wL�u�sw�{�zv�u� lT| � l r7� l �7zvx�t l �7q n zv� n�l�l �s�2û qux | zv�7x!wV{�zv�ªò l�|�l¢��l r7z�� l �bwyr7qutvqswLx!z9{�zv�u� l| zv���Fqux l tvquwLx!zP{�zv�u� lh�¡� � l w |7| q n�l r�o!�u� l r7£Szv� l ì{ l ü o!q�qux l � l x | q�� zv�7��ý n�� q l � l}|#l
r7wy��«yzvx | z}µ�z�{hz�¦�z |7| o l o!x l ��w |�l tvquwLx!z�{Wzv�dr7qur | zv� l {�q¤�7qu£Sz��7qu�Fzvx | w�{�zv�¤�7q�� z�� l}| wL�7z¾�
�!o!x |�l x¡{�wÌ�2û l r7r7zPt��so!x!«LwÌ� l\n wyx!«Lquo!x!«Lzvx | zPr7wL�7«Lzvx | z�� n z�x | �7wÌ{�zv���7q�� z�� l}| wL�7zy� k�l
�bwyr7qutvquwyx!zj{�zv��î�ïDð l üpo!zvr | w)�!o!x | w)��qszvx!zh�!��wyquz |7|�l�|�l r7o!�1�!q l x!w x′ − y′ �bzv� ��bzvx¡{�q n wL� l �7z l �u� lÌn wyx!«Lquo!x!«yzvx | zÄr7wy��«yz�x | z�� n zvx | �7w·{�zv�U��q�� zv� l�| wy��zPzP� l r7r l x | zP�bzv�
qu� n zvx | ��wP{�zv�Ñ��q�� zv� l�| wy��z5zT�Wqsz�x!z n wyr%Ý�«Lzvx!zv� l}| w�o!xÌ«L� l}��n w· � «Lo!� l úW��· µQqsx n o!q l �n zvx | �7w n q�r7wyx!wÌqUî
ï\ð n wL�s��q | q1{ l �u� l �uo n zÄ{�qu�7z |7|#l ±�bzv�5� l «y«Lquwy��qU{�z |7|�l «L�uq��yz�{�ql ����z�x¡{�q n zTñ�µ��

�Jx�«L� l}��n w l x l �uwL«ywD�!o!�\zvr7r7zv�7z�«yzvx!zv� l�| wD�bzv��q�î�ïDð n�� z�r7q | �7w�� l x!w\x!zv�u� l
r7zv�Fq �3r�£¥zv� l�n wyx | zvx!zvx | z�� l r7wy��«yzvx | z�{�q��uo n zy� § zv�����7wyquz |�|#l �7z�� l �bwLr7qutvqswLx!zU{�zvq�î
ï\ð
r7o!�¬��q l x!w x′ − y′ �Wquzvx!z l x n�� z | zvx�o |#l qsx n wLx!r7qé{�z�� l tvqswLx!z5�2û z�¦�z |7| wP{�q¬r7o!�bzv� ��n quzyö
�,À �s#�,�#	!�� +_��'�,�)�,c¸Ô� )�,�+-� �"!�1_'(,�¦|1")2�,æ=,/�=1_é�����øù�&#2#;�Cæ8.%é=� ì �7'��-�=1")�'¢�-#2�('nç:�Nøù�&#2#2��è8.%é=� ì �'���1 ì � #;!Z���ô#	!Z+�� �3!2)�����øù�&#2#;�$õC�$'=� ö �(,6!%�-.013+��$��ø �&#�#;��5��&#�#��&�"!���5��4)K,��s.0�ô�"!�)21_'=� ��)�, ì �ô�/��!�1")2���

5:� )25:� �('�,�.013�Ô��)��$�&��5�,Ô���(17.013�"!�� �(� �"!��$�Nø ���Q����!�1")2��'=�ô���Ô��#U¸Ô�4)9�
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õ qu«Lo!� l úW��·�ö�î�ïDð n wL�s��q | q��Wqur | q={ l ���!�7wLr7�bz |7| qu� l {�zv�u� l r7wy��«yz�x | z��bzv� G o!xÄ{�q�� l r7zv�
� l {Wq l �uq�®� l�|�n�� � l x!zv��©�û µU{�q¤¨yûLûyûLûVz��yzvx | q l qux | z�x!r�q | ý�ü!�

� l r7zv�Vqsr7£Szv� l �Wquzvx!z�í3r���w | wy� l}|#l í l�|�| � l �yzv�7r7wV� l �7zv� l tvqswLx!zyö

xp = R · arccos
(z′
R

)
· x′√

x′2 + y′2
ìú��u©}µ

ñ üpo!z�r | w���o!x | w�qu���Fw�{�o!�uw n�l � n wy� l � l �bwyr7qutvqswLx!z�{�zv� ��l �7q n zvx | �7w�r7o!�s� l r�o!�bz�� ��n quz
{�zv�s� l r7zv�Fq ��r7£Sz�� l r7��w | wy� l�|�l { l �u� l ��zv� l tvquwLx!zyö

−→x bar =

∑
i

−→
x′ PMTi · x!�bz PMTi∑

i
x!�bz

PMTi

ìú��m¶ µ

òHw�� z −→x′ PMTi
�U� l �bwLr7qstvquwLx!zQr7o!���!q l x!w x′−y′ z1x!�bz PMTi

�1qu��x�o!�Fzv��w9{�q�£Sw | w�z��sz | �| �7wLx!qbzv�Vzvr�r7q�{ l � n�l}| w�{�w5{�zv�=î
ï\ðøq �3zvr7qs�Vw n wy�u�!q | w�x!zv�b�!q nvn w5{�qb�uo n z�{�qu�7z |7|#l � k¬l
r�wL�F� l �Wquzvx!z�zvr7zv«yo!q |#l r�o | o |7| q�qÑî
ï\ð n wL�u�!q | q¬x!zv�¬�!q nvn wP{�q��so n z5{�qu�7z |�|#l�n�� z�r�q| �7w�� l x!w x!zv�u� l r7zv�Fq �3r7£Szv� l �yzv�7r7w � l ü o l �uzJ�J�!o�x |#l}|#l � l r7wL�7«Lzvx | zJ{�q¡�so n zy�C�3�¡� l «L«yquw
{�zv�s�uw�r7�bw | {�qd�so n zT��qszvx!z�{�z � x!q | w n�l � n wy� l x¡{�w�� l {�qur |#l x!t l �Fz�{�q l�| � l wL«yx!qÑî�ï\ð
z�qu� ��l �7q n zvx | �7wPr7zv�F�!��z n wLx!r7qs{�zv� l x¡{�wÄ� l �Vwy� | zv���sq n q | ýP{�zv�u� lPn�l �7q n�l � l¢nvn wL� |�l { l q
î
ï\ð9� k¬l �7zv� l tvqswLx!z o!r l}|#l �9r7zv�V�!�sq n zv�Fz�x | zyö

Rspot =

∑
i

√
(xbar − xPMTi)

2 + (ybar − yPMTi)
2 · x!�bz PMTi∑

i
x!�bz

PMTi

ìú�� ¨pµ
§ zv�u� l�|#l�� zv�s� l ú�� ýTr7wLx!wT��q l r7r�o�x | q¡q���qsr7o!� |#l}| q | �7w�� l�| q��bzv��q G o!x�{�q¡� l r7zv�
� l {�q l �uqn wyxjqu�d� l r7zv� l qux | z�x!r�q | ýVü!�Uó�wy�Fz9r7qd�!o���x!w |#l �7z � l � l ��« � zvtvt l {�zv�u�sw�r7�bw | {�q¤�so n z

� l �7q lQl¢����l r |#l x!t l { l o!x9� l�|�n�� � l x�zv� l �u��û l � | ��w¡� | o |7|�l �Wq l r�qL�7quzvr n wyx!w l qux¡{�q��Wqs{�o l �7z
{�zvq¤«L�7o!�!�!q n�� z9���7zvr7zvx |#l x!wVo!x!wFr7�bw | {�q¤{�qu�Fzvx!r7quwyx!qªr�qu�Fqu�uq���¶ lVl x n�� z9wLr�r7zv� � l}| w
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§ o x′bar
 m µ y′bar

 m µ Rspot
 m µ ó l ��q n�l  GEé © m µ Cback Ctot(npe)© ��û!�u©�¨ û!� ûy¨ ¶W�s©vû ©vü�µ ¨yü�µ 3.53× 105¨ û��/¶�þ û!� û!© ©L�/ú�Ì ¶�þ�µ ¨Lý�µ 1.2× 105

ú û��s©vû ��û!�u©�ú ©L��þy¶ ¶�þ�µ ¨�þ�µ 3.63× 105

þ û��mû�Ì û!�u©�û ©L��þLû ¶�Ì�µ ¨�þ�µ 3.82× 105

Ì ��û!�m¶�© û!� ¨!© ©L�/¶�· ¨:þ�µ ¶Lü�µ 6.30× 105

· ��û!� ûLý ��û!� û�þ ¶W�/ú¢¨ ©�ú�µ ¶:·�µ 1.55× 105

©vû ��û!� û�þ ��û!� û ¶ ©L�mü�© ¶W©(µ ¨�þ�µ 1.53× 105

©L© ��û!� ûLý ��û!� û ¶ ©L��·yú ¶W©(µ ýp¶�µ 1.34× 105

©�¶ ��û!�m¶y¶ û!�u©�û ¶W�mü�© þ�µ úLû�µ 1.57× 105

ð l�� zv�s� l úW� ý!ö��3x |�l¢� z��s� l r7wLx!w �7q l r7r7o!x | qìö¬� l �bwyr7qutvquwyx!z�{�zv� ��l ��q n zvx | ��wT{�q n�l ��q nvl � � l
{�qu�Fzvx!r7qswLx!z {�zv�u�swVr��bw | {�qª�so n z9r7o!�ª�!q nvn w�{�qª�uo n z {�qu�7z |�|#l x!zv�ª�!q l x!w x′ − y′ ®�yz�{�q| zvr | w���z���� l {�z � x!qstvquwLx!z}µ��1� l�n�l �7q n�l � l¢nvn wy� |#l x!zv�u� l�n qs� n wyx!£¥zv�7zvx!t l {�qJ� l «y«LquwA©
�Fz | �7w l�|�| wL�7x!w l � ��l �7q n zvx | ��wVx!zv�ª��q nvn wV{�qª�uo n z {Wqs��z |7|#l  |�l «L�squwVr7o!q | zv�F��qªz�r7o!�u� l
�bwyr7qutvquwyx!z�µ�� n�l �7q n�l � lLnvn wL� |#l x!zv�u� l r7zv�Fqur�£¥zv� lÿn wLx | zvx!z�x | z)� l r7wy��«yz�x | z)z n�l ��q n�l| w |#l �sz9� lLn�n wy� |#l �bzv��¶�·LûyûLûVz�� z�x | q¤�bzv� G o!xj{�q¤� l r7zv�Q� l {�q l �uz l {Äqux | z�x!qsr | ý�ü!�

n�� z l {&o!x!wÓr7�bw | �!q nvn wy�uw n wy���7qur��bwLx¡{�zDo!x l�n�l �7q n�l � l «L«yquwy��z l �u��û qsx | zv�7x!wç{�zv�u� ln qu� n wLx!£Szv��zvx!t l í � zv�7r l «L�uqsw�í n wy�Fz n qHr7q l r7�bz |�|#l { l}| w n�� zD�uzÌ{�o!z¨üpo l x | q | ý�x!wLx
r7wyx!w�qux¡{�qs�bzvx!{�zvx | qì� § zv� nvl r7w�{�zv�d� l�|�n�� � l x!zv��ÌVr7q ��l o!x!w�r7�bw | �FwL� | w��!q nvn wL�uw¡ö| zvx!z�x¡{�wPqux n wLx!r7qé{Wzv� l tvqswLx!z�ü o l x | wP{�z |7| w��7qu«yo l ��{�w l �s� l�nvl ��q n�lF| w |#l �uz5r7o!�¬�!q n�n w
{�qu�7z |7| wP�bzv�÷üpo!z�r | wP� l}|�n�� � l x!z���üpo!zvr | wP��qsr7o!� |#l}| wPr7qÑ��o!�P«yquo!r | q ��n�l �7z��bzvx!r l x¡{�wn�� z�o!x�r7wy�uwÌî
ï\ði� z�{ l üpo l r7q | o |7|#l � l �so n zy� | o |7|#l �Wq l x!wyx����bwyr7r7q � qs�uz�{�qu�7z�r7z
üpo!zvr | w�z�¦�z |7| w�r7q l {�w}��o | w l {5o!x l �Fqu«L�squwL� n wy�u�uqs� l tvquwLx!zQ{�zv�W£ l r n quw9{�qW�uo n zUwy�!�!o!��zl {Do�x·z�¦�z |�| q�� l {�qu¦�zv�7z�x!t l {Wzv�s�uz��!��wy�!��qsz | ý�{�zvq¬�yzvr7r�z��Ñx!zvqÑ�!o!x | qÑqux n o!qÑ� l r7r l � l
�uo n z1{�qjü o!zvr |#lJ�¡� � l � l {�q l �uzy�Xî¬zv�¬qW� l}|�n�� � l x!zv�=©y�:·Hz�©�¶���r |#l}| w�� zv��q ��nvl�| w n�� z�� l
� l «y«Lquwy�Ñ� l ��« � zvtvt l {�zv«L�sqWr7�bw | �U�!��w}�yw n�l}|#l { l o!x l {�q�� zv��r l z3H n quzvx!t l «Lzvwy�Vz | ��q n�l
x!zv�u� l � lLnvn wy� |#l {�q
�uo n z�{�w}��o |#ljl �u� l �Fqux!wy� n wyx n z�x | � l tvquwLx!z�{�q�î�ïDðôx!zv�u� l tvwyx l
{�q l �Fz | � l �u�Fzvx | z wL�!�bwyr |#l�l �s� l r7wL�7«Lzvx | zT�bzv�{üpo!zvr | z n wLx � «yo�� l t�qswLx!q� � «Lo!� l úW�mü µ��

Úfr |�l�| wh�Wqur | w n�� z�x!zv�u� l � l �uo |#l tvquwyx!z�{�zv�s� ljn�l ��q n�l r7o!�
�!q nvn wD{�qs��z |7| w\z�{�zv�u� ln�l �7q n�l {�qu¦�o!r l  |#l�� zv�u� l úW�/¶yµª� zv�7r7w�� l r7wL�7«Lzvx | z��Wquzvx!z�qux | �7wW{Ww |7| wHo!x�zv�7��wy�7z�r7o!��r7quxW�
«ywL�uwVz��yzvx | w��Vwy� | w�«L� l x¡{�z�z�{�q H n qu�u�Fzvx | z�qu�=� l �!�bwy� | w | � l üpo!zvr | z�{�o!z¢üpo l x | q | ý��
� l �uo |#l}|#l z��yzvx | w��bzv��z�� zvx | w!���7quo!r n qu��ý l £¥wy��x!qs��zHo!x!w�r | �7o��Fzvx | wTr7ojH n quzvx | zv�Fzvx | z
r7zvx!r7q � qu�uz��bzv�U� l �so |�l ��z�� l ��q l tvquwyx!qª{�zv�s� lT| � l r7� l ��zvx!t l {�zv�u�sw�r n qux | qs�u� l�| wy��z�[�� l �s«L� l �
{�w n qu�¡�=�uwPr | o¡{�quwh{�zv�u� l � l �7« � zvtvt l {�z��s�uwÄr7�bw | �uo!�Fqux!wLr7wh{�zv�Ñ��q nvn wÄ{�qu�7z |7| wP�bw | ��ý
£SwL�7x!qu�7z9qux¡{�q n�l t�qswLx!qdr7o!�s�uz9�!�7wL�!�7quz | ýF{Wqu¦�o!r7qu�yz {�zv�¤�uqBü o!qé{�w l}|7| � l � zv�7r l}| w!�
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Entries  117145

Mean x  -0.2269

Mean y  -0.1312

RMS x    2.118

RMS y    2.018

       0       0       0

       0  150240       0
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Integral   1.502e+05
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Entries  42914

Mean x  0.1611

Mean y  -0.1234

RMS x    1.726

RMS y    1.799
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       0       0       0

Integral   5.33e+04
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Entries  38603

Mean x  -0.3292

Mean y  -0.2023

RMS x    2.568

RMS y    2.449

       0       0       0

       0   42620       0

       0       0       0

Integral   4.262e+04

frontpro
Entries  38603

Mean x  -0.3292

Mean y  -0.2023

RMS x    2.568

RMS y    2.449

       0       0       0

       0   42620       0

       0       0       0

Integral   4.262e+04

frontpro

õ qu«Lo!� l ú�� ü!ö9ó�wLx!£S�7wLx | w | � l «L�uq�r7�bw | {�qX�uo n zF{WzvqX� l {�q l �uq�{�zvqX� l}|�n�� � l x!zv�1©L�¤¨Pz
©�¶W� k�l {�qur n �7zv� l x!t l x!zv�s� l � l �uo |#l tvqswLx!zH{�zv��� l «y«Lqsw�{�zv��� l}|�n�� � l x�zv�¬©�¶9�!o!�Tzvr7r�z��7zl�|7| �7q � o!q |#l5l �s�2û z3H n quzvx!t l «LzvwL�Fz | ��q n�l {Wq�� l¢nvn wy� |�l {�zv�u� l �so n zV±x!zv�u� l � l � | z n zvx | � l �sz
{�zv�¤�!q l x!w x′ − y′ r7wLx!wF�!�7z�r�z�x | q¤{�zvq=í � o n�� q�í9{�w�� z9x!wLx n q¤r7wyx!w�î
ï\ð�µ#�
àF¹�I á�Á�½¤¿1Ð ÉXêhÇv¼vÅFÆÄ¼
î¬zv� q�� l r7zv� w � �sq�üpo!q�r�wLx!wjr |#l}| zFz�r�z�«yo!q | z��uzFr | zvr7r7z l x l �squr7q�zvr�z�«yo!q | zFx!zv� n�l r�w\{Wzvq
� l r7zv�J� l {�q l �uq�� | o |�|#l �Wq l � l ��q n wy��{ l�| w n�� z l {Wqu¦�zv�7z�x!t l {�zvqd� l {�q l �sqì��q¤£ l r n q¤w � �sq�üpo!q
�!o!x |#l x!w l {ho!xDî
ï\ð � zv��r l «L�squw�zT�bz�� |#l x | wF�Tr |�l�|�l � l �so |�l�|�l � lFnvl ��q n�l � lLnvn wL� |#l
{ l � � zv��r l «L�squw!�Ñ±x!zv� nvl r7w�{�zvqd� l r7zv��� l {�q l �uq��bzv��� lFn�l ��q nvl {�qu�7z |7|�l �Tr |#l}|#l {�z � x!q |#ln wyxÓo!xÓ�Wqux n wL�swDr7o!q | zv�F��qSµ#���3x!wL� | �7z���r |#l}|#l �bwLr |#l � l � | q n wL� l ��z l�|�| zvx!tvquwLx!z�r7o!�
x�o!�Fzv�7w\{�q�� wL� | z n�� z�o!x�r7qux!«ywL�uw n�l x l �uz��Wquzvx!z n wL�s��q | w l �u�2û qux | zv��x!wD{�zv�
�!q nvn w\{�q
�so n z�{�qu�7z |�|#l ���bzv��� z��7q ��n�l ��zHqs� n wy���7z |�| w��!o!x |�l �Fz�x | w5{�zv�u� l �¡� � l öÑ�bzv� | o |7| qbq G o!xl x l �squtvt l}| q�r7q�wLr7r7zv��� lÿn�� z·qs� n�l x l �uz){�z � x!q | w � zv�7r l «y�uquwÿ�Wquzvx!z n wL�u�!q | w l { wy«Lx!q
z�� zvx | w¡��q n�l x l �uq l r7r�w n q l�| q l q=î
ï\ðø�!qNM��Wq n qux!q l � � zv��r l «L�squw5��zv«yqur | � l x!w�r7zv«Lx l �uz5©�û
w��!qNM\� wL� | z��Fz�x!w�r��bzvr7r7w!�b�Fzvx | ��zT�bzv�H«L�sq l � | �7qÑî
ï\ðfr7q¬��zv«yqur | � l r�z�«yx l �uz l {\o!x|#l r7r7w n wL�F� l � l¢� qs�uz n wy�g����
&²(�3³|��°±OQ�yögüpo!zvr | w | zvr | qu�FwLx!q l qu� n wL�7��z |7| w��!o!x |#l �Fzvx | w
{�zv�s�uz �¡� ��zy�§ zv� n�l r7w�{�zvqQ� l r7zv��w � �uqBü o!qJ��û qux!x!zv�F� zvr7r7zv�Qx!wyx?��qsz�x!z l}|7| � l � zv��r l}| w�{�qs��z |7|�l �
�Fzvx | z�{ l x!zvr7r7o!x\£ l r n quw�{�qd�so n zy�b�Fz�x | �7z �2û wLo | zv�J�yzvr7r�zv�¤�Wquzvx!z l�|�| � l � zv��r l�| w�r�wL�uw
{ l qH£ l r n q��bzv��q*ü o l �uqH� l {�qur |#l x!t l OQ��
�´���³�¯9�3��¯%��
�´���¯F�\� l ��q l Ì�·:· cm ��¶�zvx!zvxW�
{�w l � l x n�l �7z9�2û z�¦�z |�| wF{�q l�|�| zvx�o l tvquwyx!z {�w��Wo | w l �u��û l�|�| � l �yzv�7r l �Vzvx | wF{�zv�ªx Ù �swLx¤�
x!zv� n�l r7wh{�zvqX£ l r n q�w � �uqBüpo�q � qur7wy«Lx l�| zvx!zv�7z�qsx n wLx!r7qé{�zv� l t�qswLx!zFqu�����7w � �szv� l {Wzv�s� l
r l}| o!� l tvquwLx!zT{�zvq nvl x l �uq�{�qªzv�uz |7| �7wLx!q n�lFl r7r�w n q l�| q l q¤£¥w | w | o � q � zv��r l «L�squw!�
â7^2`7^4a ÂÃl0p�moh�l0Ä8r{}~l0v$e{c�mocfÆ t§v$hjiVk0cÒc�iVegÊ$vVk0i�h�cÒy{cfk0k0izwxi�h\l0wxi
ñ |7| � l � zv�7r7w�� l {�qur | �7q � o!tvquwLx!z | zv�F�bwL� l �uz {�zv�u� lVnvl ��q n�l �9r |#l}| wV�bwLr�r7q � qu�sz�� zv�7q ��n�l �7z
qs� n wy���7z |7| w ��o!x |#l �Fzvx | wT{�zvq!£ l r n q�{�q!�so n zQwyr7r7zv� � l x¡{�w qu� nvl x l �szJ{�q¡zv�uz |�| �7wLx!q n�l9n�� z
�7zv«Lqsr | � l �!qNM nvl ��q n�l qsxho!xhqux | zv� � l �u�sw�{�q | zv�F�bwF{�z � x!q | w l}|7| wy��x!w l �¤�!q nvn w�{�qª�so n z
{�qs��z |7|#l �
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SFèÑá®Ú �@� Ú�áSå�æbÜ�ß�æ¬Ú
ó�wL�Fz l x | q n qu� l}| wF�bzv�_üpo!zvr | z n wLx � «Lo!� l tvquwyx!qd{�q¤� l r7zv�Qw � �uqBüpo�qdr7q ��l ��û l�|�| � l � zv��r l �
�Fzvx | wÄ{�zv�u�2û wLo | zv�H� zvr7r7zv�Ñz n wy�Fz5r7qÑ�!o!��� zv{�zv�7z�{ l �u� l�� «Lo!� l úW�s©vû�r7wyx!wP�!�7zvr7zvx | q
{�o!z9�!q n�n�� q¤�Fwy� | w � zvx\{�z � x!q | q����3�ª�!q nvn w��!qNM l � | w n wL�7��qsr7�bwLx¡{�z l {ho!x lFl x!«Lwy�uw l �

õ qs«Lo!� l úW�s©vû�ö G qur�o!� |#l}| q��bz�� o!x G o!x�{Wq�� l r7zv�9w � �sq�üpo!w�±� l}|�n�� � l x!zv�Q©F{�qur |�l x�t l
sorgente−target = 788 cm µª{�qp¨LûLûyûLûQz�� zvx | q l {9qsx | zvx!r7q | ý{Ì����3� n�l x l �sz l r7r7w n q l�| wl �dî
ï\ð � zv�7r l «L�uqswF�9� l �7tvq l �s�Fz�x | z9r l}| o!� l�| w¡�
n zvx | �7w�{�q 74o z�{��H�bzv� |#l x | w5qé{�z�x | q ��n�l�� qs�uz n wL���!q nvn wV{�q��uo n z�{�qu�7z |�|#l �bzv��qs�|üpo l �uz
�2û l x!«ywL�uw l}|7| zvr7wF� { l}| w�{ l ö

α = 2 · arcsin
( L/2

RSSS − d
)
, �úW� ýpµ

{�w�� z L �h� l {�qur |#l x!t l r7wL�7«Lzvx | z |#l �7«Lz | � RSSS
�Äqs�1� l «L«Lqsw�{�zv�u� l r7£Szv� l z d �Ä� l

{�qur |�l x!t l {�zv�u� l r7wL�7«Lzvx | z5z5{�zv� � zv��r l «L�squwÄ{ l �s� l r7o!�bzv� �¡n qsz�{�zv�s� l r7£Sz�� l ®�bwyr | z5zvxW�| � l � � z�o�«yo l �uq l ¨Lû cm µ��Wz�{���o!«Lo l �sz l
73.9o �C�3�=r7z n wLx¡{�wV�!q nvn w!���7z�«yqur | � l}| w��bzv�| zv�V�!qb�!qNM��!q nvn wy�uqì� n wL�7��qsr7�bwLx¡{�z l {�o�x l x!«Lwy�uw l � n zvx | ��w n wL�F�!��zvr7w | � l 20o z 40o �î¬zv� | z��F�!q��!q�MD«L� l x¡{�q¬r7wyx!w��Wqur�q � qu�uq l � | �7z � «Lo!�7z5{�q��7q F¡zvr7r7qswLx!z5x�wyx � zvxÌ{�z � x!q | zn�� zF�bwyr7r7wLx!w\z�r�r7zv��z l}|7| �7q � o!q | z l �u� l �7q F¡zvr7r7quwyx!z�{�z��s�uz�� l �7z | q
{�zv�u� l r7£Szv� l z l ��� z#�| ��w�{�zv�d£Sw | w n�l�| wW{�w�{�zv�¬î
ï\ð � zv��r l «L�squw!�bquxj� l � | q n wy� l �7z üpo!zvr | û o!� | qu� l �7q F¡zvr7r7qswLx!z

{�w��W�7z �!� z�z�r�r7zv��zF�Wqur |�l { l q�î
ï\ðôqux¡{�qu��qé{�o l�| q�{ l o!x l x!«Lwy�uw l � n zvx | ��w\��qsr7�bz |�| wl �u� l r7wy��«yzvx | z n qu� nvl {�wy���!qsw ��qsr7�bz |7| w l üpo!zv�u�uwT{�zv� � zv��r l «L�uqswT{�qu�7z |�| w!���3xFz�¦�z |7| q¡x!zv�
«y� l���n wF{�zv�u� l {�qur | ��q � o!t�qswLx!z l x!«ywL� l ��z9���bwLr�r7q � qu�sz9wLr7r�z���� l ��z�o!xhqux n ��zv�Fzvx | wF{�zv�u� ln�l �7q n�l �bzv� l x!«ywL�uq¤�!�7wLr�r7qu�Fq l 120o �
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SFèÑá®Ú �~� ÚUÞ)Ý�àÑÚ
§ zv�H«y��o!�!�bwÿ{�zv«L�uq�w � �uqBü o!q��Vz�{�qHr7wLx!wçqsx n �so!r7zÌ�uz n wyx � «yo!� l tvquwLx!q n wLx {�qur |#l x!t l
r�wL�7«Lzvx | z � zv��r l «L�squw�o!«yo l �uz l ý!©�ý cm z9ú�ÌLú cm �Xñªüpo!z�r | z�{�qsr |�l x!tvz n wL�7�7qur7�bwyx¡{Ww
{�zv«y�uq l x!«Lwy�uq l � n zvx | �7w | � l r7wy��«yzvx | qdz � zv�7r l «y�uq¬{�qu��z |7| qì�¡�7qur��bz |7| q�� l �Vzvx | zT{�q 36.8oz 52.1o ���
£ l r n q¤�Vz�{�q¤x!wLx l}|7| � l �yzv�7r l x!wF{�qu�7z |7|�l �Vzvx | z���û wyo | zv�1� z�r�r7zv�¤{ l}| w n�� z9qu�
�Fqsx!qu�Fw l x!«ywL�uw\r7w |7| zvr7w | � l r7wL�7«Lzvx | zFz |#l �7«Lz | �bzv�9qsx | zv�7r7z n�l �7zFqu�X� zvr7r7zv����{ l}| w
{ l ö

α = 2 · arccos(
ROV

RSSS − d
) ' 66o

õ qu«Lo!� l ú��u©y©Lö G qur7o!� |�l�| q��bzv�9o!x G o!x�{�q�� l r�zv�9w � �uqBüpo�wÓ±� l}|�n�� � l x!zv�
¶Ä{�qur |#l x!t l
sorgente − target = 414 cm µ�{ l ¨yûLûyûLûçz��yzvx | q l { qux | zvx!r7q±ý þ��/úW�ë��� n�l x l �uzl r7r7w n q l}| w l �dî
ï\ð � zv��r l «L�uqswF� n wy�V�!�sz |�l �Vzvx | z9r l}| o!� l�| w!�

�3xÌz�¦�z |7| q¬x!zv�u� l {Wqsr | ��q � o!tvqswLx!z | zv�F�bwL� l �uz�{�q n�l ��q n�l  � «Lo!� l úW�s©L©}µQx!wLxÌ���!�7z��
r�zvx | z l � n o!x ��q nvn wÓ�!�7qu� l {�zv���!q n�n wÿ{�q��so n zÌ{�qs��z |7|�lÓn wyx!£¥�7wyx |#l�� qs�uz n wyxÃüpo�zv�s�uw
{�qX��qNF¡z�r�r7quwyx�zVwLr7r�z���� l�| wPx!zvqX��o!x·� l {�q l �sqÑz�x!zv«L�uqXw � �sq�üpo!qÑ�swLx |#l x!qì�5÷�wLx!wP�!�7zvr7zvx | qn wy��o!x\üpo!zP{�zv�u�uzPr | ��o |7| o!�7z�{�q��7q F¡zvr7r7qswLx!zP{�wy�bwDqs���!q nvn w·{�q��uo n zP{�qs��z |7|�l ö��bzv�5qu�
� l�|�| zv�7x�{�q¡�7q F¡zvr7r7quwyx!zJ� l �!�!��zvr7zvx |#l}| w x!zv�u� l�� «Lo!� l � l9n�l �7q n�l �J{�qur | �7q � o!q |#l�| � l 0o z
40o � | o |7|�l ��q l �Q{�q H n qs�uzJ{�qur | qux!«Lo!zv�7z1qsx¯ü o!zvr | w n�l r7w§ü o l �uz1r7q l � l�n�l o�r l �!�7qux n qu� l �uz
{�q |#l �uq¤�7q F¡zvr7r7qswLx!qì�

¶ lTl x n�� z�x!w |#l}| w n�� z � zvx n�� ���2û qux | zvr7q | ýT{�z��b� l r�z���r7q l qsx�ü o!zvr | w n�l r7w�qux!£Szv��quwy��z
�7qur��bz |�| w l � G o!x�{�zv�X� l�|�n�� � l x!zv�1©F{�q � «Lo!� l ú��u©�û��dx�zv�$üpo l �uzF� l �uo n z l}|7| � l � zv� �
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r l �2û wLo | z���� zvr7r7zv�ì�ªqu� n�l x l �sz � zv�7r l «y�uquwh� n wy�V�!�sz |�l �Vzvx | z�r l}| o!� l}| w�[füpo!z�r | wÄ£ l�|�| w
�Fz |�| z§ü o l �uq |#l}| q�� l �Fzvx | z quxhz��Wqs{�zvx!t l �2û wL� lLn q | ýV{�z��¤x Ù �uwLx¤�

SFèÑá®Ú �@� Ú�ë�ÚSäpÚ®æ¬Ú
§ zv�Ñ«y��o!�!�bwj{Wzv«y�uqXw � �sq�üpo!qÑ�Wq n qux!q���qszvx | � l x!wÄ�uz n wyx � «yo!� l tvquwLx!q n wLx�{�qur |#l x!t l r7wy� �
«yz�x | z � zv��r l «L�uqsw�o!«Lo l �uz l ¶¢üLû cm zj¶¢ýyü cm �w�T£ l r n qJ{ l ¶Lû¢ý cm quxp� z n zhx!wyx
� zvx!«LwLx!w n wLx!r7qé{�zv� l�| q�{ l�| w n�� zVquxp�Wq l x!wh� l �so n z�� zv��r7wj{�zv�u�uzF£Sw | w n�l �Fzv�7z�óQóUò z
x!wLxh�yzv�7r7wF{�zvq�î
ï\ð��

î�zv�Xz�x | � l � � z��sz n wLx � «Lo!� l tvquwyx!q!� l {Wqsr | ��q � o!tvqswLx!z | zv�F�bwL� l �uz1{�q nvl ��q n�l �Ur7qu�Fq �
�uz l üpo!zv�u� l {�zvq¤£ l r n q l �Fz�{�q l �bzv� n wL�7�7z�x!t l ö�� ���7zvr7zvx | z9o!xj�!q nvn w�{�qd�uo n zT{�qu�7z |�|#l
�FwL� | wJ� l � n�l}| wJz
{�zv�u�sz
r | ��o |7| o��7z
{�q �7q F¡zvr7r7qswLx!z
x!wLx � zvx�{�z � x!q | zL�K¶ l r7w |7| wL�uqsx�z l�| wn�� zJ�bzv�
� l n wyx � «Lo!� l tvquwLx!z n wLx�{�qsr |�l x!t l { l ¶�ýyü cm  � «Lo!� l ú��u©�¶yµ l qux | zvx!r7q | ý§þ��/ú
qu� n�l x l �szV{�z���î
ï\ð � zv�7r l «L�uqswPx!wLxD� l qux·r l}| o!� l tvquwLx!z n wLx | � l ��q l �Fzvx | z l üpo l x | wl ���Wquzvx!zP��z���üpo!zv�u�sq1{ l ¶¢üyû cm zP�bz��Vq��Fz�{�qìö�üpo!zvr | wÌ£ l�|�| wÌ�!o!�·zvr7r�z��7zPqu�F�!oW�|#l}| w l �u��û z3H n qszvx!t l «Lzvwy�Vz | �7q n�l �!�7wL�!�7q l {�zv�s� lÄn wyx � «Lo!� l tvquwLx!z�{ l�| w n�� z n wLx�o!x l
r7wy��«yzvx | z n wLr0Ý��Wq n qsx l qu��î�ï\ð � zv�7r l «y�uquw��9quxp�yzvr | q | wFr7wL�swF{�q |�l «L�squw�{ l �s� l �uo n zy�

õ qs«Lo!� l ú��u©�¶Wö G qur7o!� |#l}| q��bzv�Jo!x G o!xD{�qd� l r7zv��w � �uqBü o!wÌ±� l}|�n�� � l x!zv��©vü�{�qur |�l x�t l
sorgente− target = 249 cm µ�{ l ¶¢ûyûLûLûFz�� zvx | q l {Äqsx | zvx!r7q | ý�þ��/úW�
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â7^2`7^2` ÿ i�h�l4wxizy{c@k¬t8l4w|wxvzy8l¬k4r{wxcªy8l%hjc|m�moi
§ zv�s� l�|�l¢� z��s� l úW�/ú�����qszv��qs�uwL« l}| wVqu�=x�o!�Fzv��wF{Wqª£¥w | wpzv�uz |7| �7wLx!qªzv�Fz�r�r7q l � nvl�| wW{�wF{Wzv�
î
ï\ð � z��7r l «L�uqsw��bzv�U{�q��yzv�7r7z n wLx � «Lo!� l tvquwyx!q={�qb� l r7zv��w � �sq�üpo!qbzH�bzv��{�q�� zv��r�z�qsx | zvxW�
r�q | ý�{�zv�!� l r�zv�v�Xî¬zv�Xwy«Lx!q n wLx � «Lo!� l tvquwyx!zQ�1r |#l}| w�zvr7zv«Lo!q | w9o!x G o!xF{�q lLn ü o!qsr7qutvquwyx!z
{ l�| q n wLx�¨yûLûLûyû z�� zvx | q��bzv��qux | zvx!r7q | ý l {Fz nvn zvtvquwyx�z�{�zvqb� l}|�n�� � l x!zv�x·��b©y©L�b©�ü �bzv�
q@üpo l �uqªr7wLx!wVr |#l}| q l¢n üpo!qur7q | qd¶¢ûyûLûLû�z�� zvx | q=�bzv�1qux | zvx!r7q | ý���ï l x n�l x!wVqª{ l}| q=�7qu£Szv��q | ql �J� l}|�n�� � l x�zv��ú)�bzv� n�� �D{�o!� l x | zj��û lLn ü o!qsr7qutvquwyx!zD{ l�| qJqs�¬�&
��¢¯9� n�� z\«Lzvr | qur n z\qu�n�l x l �uzV{�q¬zv�uz |7| ��wyx!q n�l {�zv� � zv��r l «L�uqswP�bzv�*üpo!zv�u� l�n wyx � «Lo!� l tvquwLx!z ��l r7�Fz�r�r7w | zv�5�
��wL� l x!z l �Fzvx | zQ{�q!£¥o!x!tvquwyx l �7zy�y�Fzvx | �7zU�bzv��qu�!� l}|�n�� � l x�zv�¤©�·�r |#l}| q���qsr n wLx | � l�| q¡{Wzvq
�!�7w � �szv�Vq¤x!zv�u��û z3H n quzvx!t l {Wq | � l r7�Fqur7r7qswLx!z {�zv�u� l5�¡� � l w |7| q n�l �

ó�wL�Fz�r7q¬�!o!��� z�{�zv��z5�bzv��q¬£ l r n q l �uo!x!« l z � �7z��Wqur7r7qs� l �bzv� n wL�7��zvx!t l q n�l x l �sq
{�qdzv�uz |7| ��wyx!q n�l {�zvq � zv��r l «L�sqdx!wLx\r7wLx!w�� l q n wL�F�!�uz |#l �Fzvx | zTr l}| o!� l�| qdx!z l x n�� z l {
qsx | zvx!r7q | ý�o!«Lo l �sz l Ì��b�Fzvx | �7zT�bzv���sz l � | ��z n wLx � «yo�� l tvqswLx!q¬�sz n�l ��q n�� z��7q n wLr | �7o!q | z
r�wLx!w n wL�F� l}| q � qu�sq | � l {�q¤�uwy��w¡�

�X�7qur7o!� |#l}| qbr7o!qb� l}|�n�� � l x!zv� n wLxP{�qur |#l x!t l Ì�·:· cm �Fz |7| wyx!w l x n�� zHqsx��so n z n�� z
��û z�¦=z |7| w�{�qpwL� lLn q | ýQx!wLxTr�zv� � � l zvr7r�z��7z
wL�Fwy«Lzvx!zvw�r7o!�u� l r7o!�bzv� ��n quz�{�zv� � zvr7r7zv�ì�Ñî¬zv�
z�¦=z |�| o l �7z�o!x l �Vqsr7o!� l {�zv�u�2û z�¦�z |7| wD{�q�{�q�¦�o!r7qswLx!z�{�zv�
x Ù �uwyx�r l ��z �!� z�x!z n zvr7r l �7quwn wyx!wLr n zv�7z�qu�
x�o!�Fzv��wD{�q
£Sw | wLx!q
z�¦�z |7| qu� l �Fzvx | z�quxp�Wq l�| w\�bzv��o!x l { l}|#l qux | zvx!r7q | ý
{�zv�b� l r�zv�
z��uz��!�7wL�!�7q | ý {�q | � l r7�Fqur7r�quwLx!zH{�zv�u�uz �¡� ��z n�� z��bwL� |�l x!wT� l �uo n zH{�zvx | �7wT� l
r�£¥zv� l � l üpo�zvr | z§üpo l x | q | ý5r�wLx!w l}|7| o l �u�Fzvx | z9qu«yx!w | zy��ó�qswLx!wLx!wyr |#l x | zy�¡qu�d{�q�� zv��r�wn wy�F�bwL� |�l �Vzvx | w!�X�7q n wyx!{�o n q � qs�uz l �u� l �!�7zvr7zvx!t l {�z���� zvr7r7zv�ì��{�zvq n�l x l �uqU{�zvq1î�ï\ð|#l ��«yz | {Wzvq � l�|�n�� � l x!zv� �uwyx |�l x�qpquxT��zv«Lqs�Fz
{�q r l}| o!� l tvquwLx!zy��r7o!«y«Lzv�7qur n z
o!xT�bwLr7r7q � qu�uz
�Fz | w�{�wÌ�bzv�5�Fwyx�q | wy� l ��z�� l ��q l tvquwyx�qU�7zv� l}| q�� zÄ{Wzv�s� l\| � l r7� l ��zvx!t l {�zv���Fzvtvt�w¡�³�3xn�l r7wh{�q l}|7| � l � zv��r l �Fzvx | wÄ{�zv�u� l r7o!�bzv� ��n qszF{�z��Ñ� zvr7r7zv�X� n wL�Fz�r7zV�uz��!�7wL�!�7quz | ý�{�q| � l r7�Fqur�r7quwyx!zÄ{�qUo!xGqu�bw | z | q n w)�Fz�tvtvw·�!�7zvr7zvx | z | � l r7wL�7«Lzvx | zPzjî�ïDðK�yzvx!qur�r7zv��w
�FwW{�q ��n�l}| zy��ó�wL�Fz1�7qur7o!� |�l�| w r7q ��l o!x l �bz���{�q |#l x!z |7|#l {�q!�uo n zQr7o!��î
ï\ð � z��7r l «L�uqsw
üpo l x | q ��n�l¢� qs�uz n wy�Fz�o!xD�Fqux!wy��x�o!�Fzv��wP{�q¬z��yzvx | q n�� z5� l x¡{ l x!w�quxÌr l}| o!� l tvquwyx�z
qs� n�l x l �uzj{�qUzv�sz |�| ��wyx!q n�l)l r7r7w n q l}| w l �Jî�ï\ð � zv�7r l «y�uquw¡�&÷ n zv«L�uqsz�x¡{�w�� l �Fqsx�qs� l
qsx | zvx!r7q | ý�{�zv�¬� l r7zv� |#l �sz�{ l � l x¡{ l ��z5qs� n�l x l �uz n wy�F�!�uz |�l �Fz�x | z5quxÌr l}| o!� l tvquwLx!z !
r�q�wyr7r7zv��� l r7zF� l �bzv� n zvx | o l �uz�{�q�z�� zvx | q n�� zF«Lq l¢nvn quwyx�w\x!zv����q nvn wj{�q�r l}| o!� l tvquwyx�zn�l � � q l x!zv� | z��F�bw¡�

ñ�� zvx¡{Ww l x n�� z � zv�7q ��n�l}| w�� l �!�7z n qur7qswLx!z�{�zv�d�!o!x |�l �Vzvx | w�{�z��s�uz �¡� �7z w � �uq�üpo!zy�
qs�¡r7qur | zv� l �bw | ��ý l x n�� zQzvr7r7zv�7zQo!r l�| w �bzv���Fqur7o!� l �7zQ� l �uo!x!« � zvtvt l {�q l}|7| zvxpo l tvquwLx!z
{�zv�s� l �so n z�r7£S�7o |�|#l x¡{�wÌ�uzÄ{Wqu�yzv�7r7zP{�qsr |�l x!tvz n�� z�qsx | zv� n wy���7wLx!w | � l �uzPr7wL�7«Lzvx | q�{�q
�so n zFz�q |#l �7«Lz | �¯¶ lP| zvx�o | wj�!�7z�r�zvx | zy���bzv���¡� n�� zF� l �uo!x!« � zvtvt l {�q l}|7| zvxpo l tvquwLx!zn wyr%Ý¤�Fqur7o!� l}|#l x!wLx n wLqsx n qé{�z n wy�u� l �uo!x!« � z�tvt l {�q l r�r7wL� � qu�Fzvx | w l r7r7wy�uo |�l {�zv�b�Vzvt��
tvwD�bzv� n�� ���2û z�� z�x | o l �uzP{�z ��n q | {�q n�l ��q nvlDn�� z�r7q
�7qur n wyx | �7zv��ýjx!zvqUî
ï\ð � z��7r l «L�uqsw
# £��&�6�g,��3!�� �(#�,ò!¯�*5��lì¢� #2#2�4)2�g'(,(¹:�4)2� �3!��_5��&#�#��&�('=1§'��÷�(�u5���!9.9éu5��&�(� �x�&'¬�(���&�6!�)21¢#�,/�*5:�4)
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§ o �4æ�ú�� û � æ�úW�/ú �4æ*þ!� û �4æ*þ!�mú � æ¢Ì��mû
©��Ì�·:· n ��µ � � 3.0± 1.6 � 5± 22·�µFµ
©v¨j9Ì�·:· n ��µ � � 5.3± 2.2 � 7.7± 1.6�©v¨!�6þ�µVµ �ú�·!�u©(µVµ
©�úh9Ì�·:· n ��µ 1.1± 0.5 � 5± 2 � 7± 2�¶�·�µFµ
¨jìú�Ì¢ú n ��µ � 2.7± 1.5 � 9.44± 0.12 �

 ©�ûLû�µFµ
ý\ìú�Ì¢ú n ��µ � � 8.8± 0.5 � 8.9± 0.14±üLý�µVµ  ©�ûLû�µVµ
©�þj�ú�Ì¢ú n ��µ � � 8.75± 0.14 � 8.76± 0.14�©vûyû�µFµ  ©�ûLû�µVµ
¶h®ý¡©�ý n ��µ � 2.8± 1.6 � 9.78± 0.12 �

 ©�ûLû�µFµ
þj®ý¡©�ý n ��µ � � 8± 2 � 8.0± 0.2ìü:þ!�6þ�µVµ ìü:·!�6þ�µVµ
©=ÌÄ±ý!©�ý n ��µ � 1.9± 1.1 � 8.9± 1.1 �

±ü�Ì:µFµ
·jì¶LüLû n ��µ 1.34± 0.8 1.6± 1.0 8.7± 1.7 9.7± 0.7 �

ìú�Ì:µVµ ±üyû�µFµ
©L©��¶¢üLû n ��µ 2.0± 1.2 3.6± 1.9 10.2± 1.9 10.74± 0.14 �

±ü ¶�µVµ  ©�ûLû�µFµ
©vüj�¶�ýyü n ��µ 1.1± 0.4 1.11± 0.6 2.3± 1.3 3.0± 1.7 3.33± 1.8

ð l�� zv�s� l úW�/úWö § o!�Vzv�7w {�q!£Sw | w�z��sz |�| �7wLx!q¡z��Fzvr7r�q l � nvl�| w�{�w �bzv���sz n wyx � «Lo!� l tvquwyx�qb{�q�¡� �7z�w � �sq�üpo!z��bzv�Uq¤î�ï\ð � zv��r l «L�squw!��ð�� l � l ��zvx | z�r�q=��qux¡{�q n�l�|�l � l �bzv� n zvx | o l �sz9{�q
z�� zvx | qbr�o�� | w |�l �uz n�� z ��l { l�| w5r7zv«yx l �uz n�� z ��l � l x¡{ l}| w�qsx�r l}| o!� l tvquwLx!z�qu� n�l x l �uz
{�q¤z��sz |�| ��wyx!q n�lFl r7r7w n q l}| w l � � zv�7r l «y�uquw¡�
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r l ��ý l�|�| ��q � o!q � qu�uzhquxG�!�7qu�Fw·�uo!wy«Lw l �u� l �so n zh{�q�¦�o!r l qux?{�qs��zvtvquwyx!zh{�q�� zv��r l { l �s� ln wyx!«Lquo!x!«yz�x | z r7wy��«yzvx | z�� � zv�7r l «y�uquw¡�

P æøã�â�å�è¬áSÝWÞ)ß�àÑÚ�Ü�ÝWÞ�ã�åbâ�Ú±��� ß���Ú¥å�ædÝ
òHo!� l x | z l � n o!x!q G o!xÄ{�q l¢n üpo!qur7qstvquwLx!z { l}| q n wyq=£ l r n qª{Wq=�so n z�� l r7zv�Uw � �uqBü o!qª��r |#l}| w
�Fzvr7r�w�quxAz��Wqs{�zvx!t l o!xø�!�7w � �uzv� l x!zv�u� l�n�l �sq � � l tvquwLx!z | zv�F�bwL� l �uzD{�zvq n�l x l �uqH{�q
�7qu£Szv�7qu�Fzvx | w | z��F�bwy� l �uz {�zv�¤� l r�zv�v�

î��7qu� l {�qbwL«yx!q G o!x��yzvx!«ywLx!w�«Lzvx!zv� l}| q�{�zv«L�sqbz�� zvx | q�{�q n�l �uq � � l tvquwLx!z l}|7| � l � zv� �
r�w�o!xDqu�F�!o!�ur l�| wy��z n�� zTr7zv���ywyx!w l { l �u�uqsx!z l �7z�qux | zv�F�bw�r�q l q n�l x l �sq l r7r7w n q l}| q l q
î
ï\ð n�� zQq n�l x l �uqb{�q!�7qu£Szv��qs�Fz�x | w!��ó�wL�FzQ�Qr |#l}| w9r7�!quzv« l}| w x!zv�!� l � l «L� l £SwT{�z�{�q n�l �| w l �s�2û zv�uz |�| �7wLx!q n�l x!zv� n�l �!q | wL�sw�¶�� l {Twy«Lx!q n�l x l �uz�� l r7r7w n q l}|#l o!x l �Fzv�FwL�7q l �uw n�l �uz
 õ � õ X9µ n�� z1�7zv«Lqur | � l�n q n �uq n�l �Fzvx | zQq�r7zv«yx l �uq¡{�zv� n�l x l �sz1z |#l �uzQ�Vzv�FwL�7q l r�q l «y«LqswL� �
x l wy«Lx!qW¨��/¶ ms ö¤«y�uq�z�� z�x | q�{�q n�l �sq � � l tvquwLx!z��yzvx!«Lwyx!wHo | qs�uqutvt l�| qW�bz�� l �u�uqsx!z l ��zUq � l ��qn q n �uqì� § zvq G o!xP{�q�� l r7zv��qsx�üpo!zvr | qswLx!z���r |�l�| w�� zv��q �¡n�l�| w�o!x�x!wLx n wL�7��z |7| w l �u�uqsx!z l �
�Fzvx | wP{�zvq n�l x l �uq�{WqÑ�7qu£Szv��qs�Vzvx | wÄ{�zv�Ñ� l r7zv���~üpo!zvr | w n wy�V�bwy� |#l�n�� z5x!zv� n wL�F�!o | w
{�zv� | zv�F�bwÐRN�(OQ�"
%ðT¯±°S²�� � zvx�« l qsx | �7w�{�w |�| w�o!x!w�r � qs£ | �b{�q n wLx!r7zv«Lo!zvx!t l q | zv�F�!qd{�q
� wy�uw�� l �!�!�7zvr7zvx |�l�| q�x�zvq�«L� l}��n q={�z��s� l {�qur | ��q � o!tvquwLx!z | zv�F�bwy� l �uz�{�q n�l �7q n�l �yzvx!« l x!w
r��bwLr |#l}| qì�Fð�o |�|#l �Wq l �uwhr � qu£ | qux | �7w�{�w |7| w!�d{�qs�bzvx!{�zvx¡{�wjr7wy�uwj{ l �u��û l �u�uqsx!z l �Fzvx | wÓ±w
{�qsr l �s�uqux!z l �Fzvx | wpµ n�� z l ����qszvx!z l �u�2û qux!qutvquw�{�zv� G o!x¤�p� � r7r�w�{�o!� l x | z | o |7| wTqu� G o!x�z
��z�� |#l x | w��uz�{�qur | ��q � o!t�qswLx!qÑwLr�r7zv� � l}| z��7qu� l x!«ywLx!w n wy��o!x\üpo!z n w�zv��zvx | q l �Fzvx!w�{�q
o!x lVn wLr |�l x | z {�q | zv�F�bw!�

àF¹�¸ ñ Á9¾¬¼ Ð¬Á�Î�Î�É�Ç#¾¬¼ ËÄÐÑ¼�À ÁÏÂP¿QÇvÇn¬ ¼vÊÄ½=¾�Á�ÇvÇ�ÁTÈU¼�É�ÊP¿fÂP¿J¼VÓ5¿J½Eß
½¤¿QÇv½óò�Ë ¼�ÐÏ« ÆhÊ JT¿QÊÄÊPÁ�¼�É IFôXôT¸öõ

��x¨ü o!zvr |#l r7zvtvquwyx!z�r7wyx!w��!��zvr�z�x |#l}| q l � n o!x!q¬{ l�| q n�� z�r7wyx!w�r |#l}| q�� lLnvn wL� | qÑ{�o!� l x | z
o!x�ñHqs� G o!x�r�� wL� | wTx!zv��¶LûLûL¨T�!��qs� l {�zv�u�2û qux!r |#l �s� l tvqswLx!z�{�zvq��yzvr7r7zv��� § zvq�«L� l}��n qxü o!q
�!�7zvr7zvx |�l�| q�� | o |7|#l �Wq l �px!wyx���� l �!�!�7zvr7zvx |#l�|�l � lTn�l ��q n�l � l¢nvn wL� |�l { l q=î
ï\ðA� l r�wL�uw
� l {�qur | �7q � o!tvquwLx!zÄ{WqUî
ï\ð n wy�u�!q | q·Ô��Ìó�wL�Fz�r�q
�!o!�\� z�{�z��7z�x!zv�s� lh� «yo!� l ú��u©�¨��Ñqsxl r7r7zvx!t l {�qX� zvr7r7zv��r7q�{Wzv�squx!z l x!wjr7wy�uwj{�o!zV�!q nvn�� q$üpo!zv�u�swj{�q��uo n zF{�qs��z |7|#l z¯üpo�zv�s�uw
{�w}��o | w l �u� l ��qNF¡z�r�r7quwyx�z�{�zv�u� l r7£Szv� l � k�l ÷!÷!÷D�Fr |#l}|#l�| � l}|7|#l}|#l qux��FwW{Ww |#l �uz�{ l
« l � l x | qu�7zJo!x l �7q F¡zvr7r7qswLx!z�{�qu¦�o!r7q�� l �Jx!zv�u� l {Wqsr | ��q � o!tvqswLx!z l x!«Lwy� l �7zH{Wzvq�î
ï\ð n wL���
�!q | q�r7q�wLr7r�z���� l �bzv��qs����q nvn w�{Wq���qNF¡z�r�r7quwyx!zJo!x�{�qur | �7q � o!tvquwyx�z l¢�!��l r |#l x!t l o!x!qu£SwL�7�Fz| � l 0o z 80o ��3x � «Lo!� l úW�s©�ý!�¤quxp� z n zVr7wyx!wÄ� l �!���7zvr7zvx |�l�| q�qÑ�7qur�o�� |�l�| q���qu£Szv�7q | q l {·o!x G o!x){�q
� l r7zv�Qw � �sq�üpo!wF�uwLx |#l x!w\±� l}|�n�� � l x!zv��©�µ�� lLnvn wL� | wFqux l r7r�z�x!t l {�q=� zvr7r7zv���XñHx n�� z�qsx
Õ ßZ��,��('�,��(1"� ì ,�� �=��!2�ô���Q!%��,��8.013�(#�,�'(�4)9��õ ,�1"�(���/��+�13�ò!��45���,/.4,ò!¯��'=� �/�/��. ��)�,/. �l¥�� '{� #2� +�5�,61-���
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õ qs«Lo!� l úW�s©v¨!ö G qsr7o!� |#l}| qW�bzv�Ño!x G o!xV{WqW� l r7zv�X� l {�q l �sz9®� l�|�n�� � l x!z��ª©vûpµ l qux | zvx�r�q | ý
ú�z�¦�z |�| o l}| wV�!�7qu� l {�z��s�2û qux!r |#l �u� l tvquwyx!zT{�zvqª� zvr7r7zv�ì�

õ qs«Lo!� l úW�s©�ý¡ö G qur7o!� |�l�| qª�bzv�Uo!x G o!xÄ{�q=� l r7zv�1w � �uqBü o!wV�uwyx |�l x�wj®� l�|�n�� � l x!zv�X©}µ l
qux | zvx!r7q | ýFú5z�¦�z |7| o l�| wF�!�7qu� l {�zv�u��û qux!r |�l �u� l tvquwLx!z�{�zvqª�yzvr7r�z����
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üpo!zvr | w n�l r7w�r7q¤x!w |#l r7o � q | wF�2û l r7r�z�x!t l {Wzv�d�!q nvn wF�bzv� l x!«LwL�sq n wL�F�!�7zvr7q | � l q 20o z
40o

n�� z���r |�l�| w���zv«yqur | � l�| w�qux��!��zvr7zvx!t l {�zv�¡� zvr7r7zv��z n�� z n wy���7z |�|#l �Fzvx | z�zv� l r |#l}| wl�|7| �7q � o!q | w l �u� l ��qNF!zvr�r7quwLx!zV{�zv�¬� zvr7r7zv��� § z��Ñ«y� l���n wP�!�7z�r�z�x |#l}| w � zvx){�qur | qux!«Lo!q � qu�uq
{�o!zj�!q nvn�� qJ{�qQ�7q F¡zvr7r7qswLx!z\{�wL��w�qu�J��q nvn w��!��qsx n qu� l �szLö\� l �!�7qu� l)n wL�7��qsr7�bwLx¡{�z l {l x!«Lwy�uq l � n zvx | �7w n qu� n�l {�wL�!�!qd��qsr7�bz |�| w l �¤�!q nvn w�{�qd�uo n zT{�qs��z |7|�l z�{h� r |�l�| w�qux | z�� �
�!�7z |#l}| w n wy�Vz�qs���!q nvn w9{WqW�7q F¡zvr7r7qswLx!zUr7�bz n o!� l �7zU�!��w�� w n�l}|#l { l �p� z | �7w�{�zv�W£Sw | w | o � w�[
qs��r7z n wLx¡{�wD�!q nvn wDqsx � z n z���{�qu¦�o!r7wD�!� l}| q n�l �Fzvx | z�r�o | o |#l � l r7£Sz�� l z�{���{�w��Wo |#ll �u� l ��qNF!zvr�r7quwLx!zT{ l � l � | z {�zv�u� l r7o!�bzv� ��n quz qsx | zv�7x l {�zv�u� l r7£Szv� l �

àF¹ G »�¼�À ÆÄÇ�ÁTÈU¼�É�ÊP¿ ÂÄ¼Ó¿�Ó5¿QÊ5¾¬¼çÇ�Á�½¤¿1Ð ¼�Ê ÁTÐÑ¼�Á

÷�wyx!w�r |#l}| q¬«Lzvx!zv� l}| qÑ{�zv«L�sq¬z��yzvx | qÑ{�q¬� l r7zv�H� l {�q l �uz5z�{Dw � �uqBü o!wP�bzv�Hz�¦�z |7| o l ��z5o!xn wyx!£¥�7wLx | w | � l qu�d{ l�| qdr7�bzv�7qu�Fzvx |#l �uq¤z qd��qur�o!� |#l}| qd{ l}| qd{ l �s�uz r�qu�5o!� l tvquwyx!q2[b{�o!� l x | z
üpo!zvr | w n wyx!£¥�7wLx | wD��zv�Vzv�7r7w n�� z�x!z�� n w�{�q n zÄ{�q�r7qu�5o!� l t�qswLx!z�x!wyxÓ�yzvx!«ywLx!w l {�z��
«yo l}|#l �Fzvx | z n wLx!r7qs{�zv� l}| qd«L�sqdz�¦=z |�| q�{�q¤r7o!�bzv� ��n quz�{�w��Wo | q l �d� l r7r l «y«Lqsw�{�zv�u� l �so n zl�|7| � l � zv��r7whqX� z�r�r7zv��zVx!wLx)�Wquzvx!z � zvx�r7qs��o!� l}| whqu���!��w � �uwj{�zv��£ l r n qswj{�q��uo n zy��ó�q
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{�zv�¤£¥w | w n�l}| w�{�w¡��¶ l�n wL�5o!x\ü o!z9wLr�r7zv� � l}| w n�� z l x n�� z9qux�üpo!z�r | w n�l r7wVqu�¤� l �!�bwL� | w| � l ��û l � | zvtvt l {�z��1�!q n�n w�{Wqs��z |7| w·zUüpo!zvr | q1{�o!zh�!q nvn�� q1�Ä�FwL� | w�{�q�� zv��r7w)x!zv� n�l r7w
{�zv�s� l r7qu�5o!� l tvqswLx!zVzVx�zv� n�l r7wh{�zvq�{ l�| qX�7z l �sqì�VùHo!zvr | wÄ�!o!�Äzvr7r7zv�7zV{�w}��o | w l {�o!z
£Szvx!wL�Fzvx!q n wL�F�!�uz |#l �Fzvx | z�{�q�� zv��r7q | � l �uwy��w¡ö
� l �!�7qu� l �bwLr7r7q � qu�uq | ýF� n�� z x!zv� n�l r7w
{�zv�¤��o!xÄr�qu�5o!� l}| wVqª£Szvx!wL�Fzvx�qd{�qª��qNF¡z�r�r7quwyx�z9r�wLx!w l x n wy� l o!x l �ywy� |#l r7w |7| wLr | qu� l}| ql x n�� zÌr�z¨üpo!zvr |#l �D��û qs�bw | zvr7q��!qNM qu�F�!�7w ��l�� qu�szÌ�bwLq n�� �·«L�sqHz�¦�z |7| q�{�q���qNF¡z�r�r7quwyx�z
{�zv�s� l r�£¥zv� l z�{�zvq n�l}| w�{�q={�zvqªî
ï\ðAr7wyx�w5x!w | z n wLxP� l «L«yquwy�U{�z |�|#l «y�uquw n�� z�x�wyxP«L�uq
z�¦=z |�| q�{Wqb�7q F¡zvr7r7quwyx!z�{�w��Wo | q l q��yzvr�r7zv�urQ[���û l � | � l �bwLr�r7q � qu�sq | ý � n�� z�x!zv� nvl r7w5{�zvqb{ l�| q
� zv�7q¤r7q ��l qu� n�l x l �szT{�q¤zv�uz |7| �7wLx!q n�lFn�� z�� l qsxhr l�| o!� l tvqswLx!z z§üpo!zvr | wV�!�7w�� w n�l o!x l
r�qur | zv� l}| q n�l r7w |7| wyr | qu� l {�zv�u�2û l � | zvtvt l {Wzv���!q nvn w�{�q��uo n z�{�qu�7z |�|#l �B�3�¬{�qur lLnvn wy�7{�w�qsx
üpo!zvr | w n�l r7wF{�w��W�7z �!� z��7qs{�o!�7r7qªr7qu�5o!� l x¡{�wVo!xÄx�o!�Vzv�7wV��q�MÄ«y� l x¡{�z9{�qª£Sw | wLx!q�±x�zv�n�l r7w�{�q � «yo!� l úW�s©vüVx!z9r7wyx!wVr |�l�| qªr�qu�5o!� l}| q�¶¢ûLûV�bzv�Qqu�F�!o!�ur7w�µ#�

õ qu«Lo!� l ú��m¶Lû�ö
ó�wLx!£S��wyx | w | � l � l {�qur | �7q � o!tvquwLx!z {Wzv�s� l5n�l ��q nvl � lLn�n wy� |#l �bzv�Uo!xP� l r7zv�
w � �uq�üpo!w�í3�uwyx |�l x�w¢íP®�¤� �¤�5© l r7qsx!qur | � l µQzTí3�Vz�{�qsw�íP®�¤� �¤�*· l {�z�r | � l µQ��z���o!xD�7o!x
r�qu�5o!� l}| w�±qux�x!zv��w�µ n wLx�¶LûLûyû9£Sw | wLx!q��bzv��qu�F�!o!�ur�w zJq�{ l}| q l¢n üpo!qur7q | qb{�o!� l x | zQ��û ñHqu�
G o!x�±quxh�7wLr7r7w�µ n wLxjqu�¤� l r7zv� l qux | zvx!r7q | ý�Ì��bzv�Qqu�¤�¤� �¤�1©9z§þ��/ú5�bzv�Qqu�¤�¤� �ª�$·!�

§ zv�u� l�� «Lo!� l ú��m¶¢ûh�Vqu�s�uo!r | � l�| wjqu� n wyx�£S�7wLx | w | � l q�{ l}| q�r7�bzv�7qu�Fzvx |#l �sq�zVq�{ l�| q
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w |�| zvx�o | qbr7qu�5o!� l x¡{�w�z�� zvx | qb� l r�z���{ l ¶LûLûLûT£Sw | wLx!qb�bzv��qu�F�!o!�ur7w5�bz���qs�b� l}|�n�� � l x!z��
©D±�uwyx |#l x!w�µ�z��bzv�Tqu��� l}|�n�� � l x!zv��·��\ó�wL�Fz�r7q
�!o!�\x!w |#l �7z�x!z�� n�l r7wD{�zv��� l}|�n��
� l x!zv�Ñ©y��x!zv�u�uz�r7qs��o!� l tvquwyx�q��W�H�!��zvr�z�x | zHo!x��!q nvn w��!��qs� l {�z����!q n�n wV{Wq��uo n z�{�qu�7z |�|#ll�|�| ��q � o!q � qu�uz l �s� l �7q F¡zvr7r7quwyx!zjr7�bz n o!� l ��zD{�zv�1� zvr7r7zv�ì� n wy��o!x\üpo!zj�2û l � | zvtvt l {�q |�l �uz
�!q nvn w�x!wLx&� n wLx!£S�7wLx |#l�� qu�sz n wyx¼üpo�zv�s� l {�zv�Q�!q n�n wç{WqJ��qNF¡zvr7r7quwyx!z n�� zjr7qQwyr7r7zv��� l
x!zvq�{ l}| qì� § zv� nvl r7wÌ{�zv��� l}|�n�� � l x!zv��·\r7q
�!o!�Dx!w |#l �7z n�� z�qs�
�!q n�n wÌ�bz�� t = 20
ns

n�� z5��r |�l�| w l}|7| ��q � o!q | w l �u� l �7q F¡zvr7r7qswLx!z�{�zv�¬£Sw | w n�l�| wW{�wÄ{�zv�¬�!q nvn w � zv�7r l «L�uqsw��� zvxhr7qu�5o!� l}| w!� k�l r | ��o |7| o!� l�l�|�| �7q � o!q |#lVl �s� l �7q F¡zvr7r7qswLx!z {�zv�u� l r7£¥zv� l �!quxp�yz n z9���!qNM
«y� l x¡{Wz�x!zv� n�l r7wÌ{�z��s�uz�r7qs��o!� l tvquwLx!q��ÌùHo!zvr | wD�!��w ��l�� qu�u�Fzvx | z���{�w��Wo | w l ��£ l�|�| wn�� z1� l �so n z1��qNF¡zvr7r l { l �u� l r7£¥zv� l x!zv� nvl r7w9{�zvq¡{ l}| q�r7o � qsr n z l x n wy� l o!x l � wL� |�l z�¦�z |�| q
{�q�¦=o!r7q��Wqd{�zvq=� zvr7r7zv���
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§ zv� n�l �!q | wL�sw�ý��Ur |#l}| w�qsx | �7w�{�w |7| w�qs� n wW{�q n z LFD ñ § ðUý��bzv��~�wL�7z��Wqsx!w�o!r l}| w��bzv�X� l
r�qu�5o!� l tvqswLx!z�{�zv�u� l �!��wy� l « l tvquwLx!z�{�zv�u� l �so n z�{Wq�r n qux | qu�u� l tvquwLx!z��!�7w�{�w |�|#l { l z��yzvx | q
α z β x!zv�=��qu�yzv� l�| wy��z�zH� l � l � | z�{�z�{�q n�l}|#l�l �s� l r7qs��o!� l tvquwLx!z9{�q�z�� zvx | q=� l r7zv�U�bzv�U�uw
r | o¡{�quw�{�zv�u� l5| � l r7� l �7zvx!t l �

�3xUü o!zvr | w n�l �!q | wL�sw5� zv��� l x!x!w��!��zvr7zvx |#l}| z�o!x l r7zv��qsz�{�q l x l �squr7q��Wz�¦=z |7| o l}| z�{�oW�
� l x | z�üpo!z�r | wÌ� l � wL�7wÌ{�q | zvr7q��Xr�� wL� | z��bzv���7q n wyx!wLr n zv�7z�q�� l � l �Vz | �7q�r7zvx!r7q � qu�sq l �s� l
� l �7q l t�qswLx!z�{�zv�u� l �uo!x!« � zvt�t l {�q l r7r�wL� � qu�Fzvx | w�þ�� k z l x l �uqsr7qdr�wLx!w�r |#l}| z z�¦�z |�| o l}| z
r7��qs�uo!�!� l x¡{�wjo!x)�Fw�{�o!�swj{�q D n�� qs{�x l � n�� zV�7quzvx | �7zv��ý�x!zv��«L�7o!�!�bwj{�zvq��Fw�{�o!�uq�{�qn�l �uq � � l tvqswLx!zy�¡qu� n o!q¤r n wL�bwFr l ��ý�r n �7q�� zv��z l �u��û qux | zv��x!w�{�z���ò l�|�l¢��l r7zT{�q�~
wy��z���qux!w�q
� l � l �Fz | �7q¬r7zvx!r7q � qu�sq l � l �7q l tvquwyx!qX{�zv�u� l�| � l r�� l ��zvx!t l {�zv�u�sw�r n qsx | qu�s� l}| wL�7z5qsxD�FwW{�w|#l �uzH{ l�l � zv�7z�o!x lTn ��wyx!qur | wL�7q l {�zvq n�l � � q l �Vzvx | q�{�zv�u� l | � l r�� l ��zvx!t l r | zvr7r l ���Ñ�7o!x
r�wLx!wDr |#l}| q | o |�| q
r7qs��o!� l�| q n wLxÓo!x l �uo!x!« � zvtvt l {|û wLx¡{ l {�zv�
� l r7zv�5{�q�¨yü¢ý nm �Ñ� l
r | zvr7r l {�zv�¤� l r�z�� n�� z�� zv����ý5o | qu�squtvt l}| wF�bzv�güpo�zvr | w | qs�bwF{�q l x l �uqur�qì�

§ wyx�wyr |#l x | z�q n wLx!£S�7wLx | q | � l �7qur7o!� |�l�| q r7�bzv��qs�Vzvx |#l �uq z��sz�r7qs��o!� l tvquwLx!q qsx l �7q l1n wyx
q¬� zvr7r7zv�¬�!�7zvr7zvx | q l��!� q l x!wP�Vwyr | � l�| w l � n o!x!qÑ�uqs�Vq | qX{�zv� n wW{�q n zV{�q¬r7qs��o!� l tvquwLx!zh ln�l o!r l r�wL�!� l}|7| o |7| w {�zv«y�uq¡z�¦�z |�| q¡{�q!r�o��bzv� ��n quz l �F�!�uq ��n�l}| q�{ l �u� l ���7zvr7zvx |�l {�q¡«Lw nvn z
{~û l¢n üpo l r7o!q��yzvr7r7zv�
{�q�x Ù �uwyx�{�q H n qs�uq
{ l r7qu�5o!� l �7z}µ�� n q�r7q l r7�bz |7|#lÄn�� zF�2û l¢nvn wL��{�w
�Fqs«L�uqswL�7qdo�x l � wL� |#l ��qsz��F�!q | w�qu�¤�7q�� zv� l�| wy��z n wyxjr n qux | qu�u� l}| wL�7z qsx½üpo l x | w�«L�uqdz�¦�z |7| q
{�q�r7o!�bzv� ��n quzÌr n wL�F� l quwyx!wPüpo l r7q n wL�F�!�sz |#l �Fzvx | z:[9�bzv� |#l x | w n qHr�q l r7�bz |7|#lÓn�� z
qs� n w�{�q n zhr7q1r�qu�5o�� l tvquwyx!zÄ�7quzvr n�l)l r7qs��o!� l �7zÄ�Fzv«L�uqsw)qu�1��qu�yzv� l}| wL�7zÄx!zv�1r7o!w)r |#l}| w� x l �uz n�� z�x!wLxPx!zv�u�uwVr |�l�| w5qsx n o!q�r7q | �7w�� l5l�|�| o l �u�Fzvx | zL�C��� l r7zv�U� l {�q l �sq�z�w � �sq�üpo!q
� zv�7� l x!x!w�o!r l}| qbqux��Fw�{�w5{�qu¦�zv��zvx | zHqux��Fw�{�w5{ l r7£S�7o |�|#l �7z l �b� l r7r7qs�Vw��szH{�qu�yzv�7r7z
��wLr7r7q � qu�uq | ýF{�q n wyx | �7wL�u�swFw¢¦=z�� | z { l �u�sz {�o!z n wyx � «yo!� l tvquwLx!q��

�þÀ �Å���=�ô#	!�1�. ��5�,ò!�13�61¯#2,f5:��)��6�4)¯� <"� �=�4)9,�. �&+-� �"!��§'(,K�/�(�=<3é(�4õ4õô�¬'(,Ë�&#2#;1")2í�,�+��ô�"!�1¯�&�(.9é(�§#;�
í�,�#21"<"���-.013�(#�,�'=� )9��)2�$.9é(�$,/��5()21=.0� #�#;175�,¨ÿ*,/+�5:1");!%�&�"!���5:�4)¬¸Ô1&!�1"��,s.013�

λ = 394 nm
,��÷î|ïµ�$��1

#�. ��!2!��4)�,/�=<*� �Ô�&#	!9,�.41E�Q�(,���'(,W5���)��/�&��'=1¢'(,W�����=<3é=�4õ õô�*'(,E�&#�#;1")2í�,/+�� �3!�1*#�,®¸ �8)�,[¸Ô�4)�,/+�� �3!�1*5�,¨ÿu,/�
<"�ô�=�4)9�&���$�&�/�/���/�(�(<"é(�4õ4õô�-'(,�,��3!��4)9��õ ,�13�=�"ú

©�¨L¨
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��¹�º »�¼�À ÆÄÇ�ÁTÈ1¼�ÉTÊh¼�¼vÊ ½dÎU¼vÊ5¾¬¼vÇvÇ�Á9¾�ÉTÐ¬¿ ÂP¿Q¼ÄÇ�Á�½¤¿QÐfÉXêjÇ�¼vÅFÆh¼
k�l9n�l � l�|�| zv�7qur | q n�l ���7qux n qs� l �uzH{�zvq¡� l r7zv�
w � �uqBü o!qb� n�� zJquxp�Wq l x!wT� l �uo n z�{�qu�7z |7|�l �VzvxW�| zFr7o�o!x�r7wy�uwDî�ïDð � zv�7r l «y�uquw¡öT��qsr7o!� |#lÄn�� q l ��w\{�o!x\üpo!z n�� z�üpo!zvr | q | qu�!q
{�q�£ l r n q
�bwyr7r7wLx!w)£¥wy��x!qs��zÄo!x l �Fqur�o�� l {�qu�7z |�|#l r7o!�u� l üpo l x | q | ýÌ{�qU�uo n zP�Wqur |#l { l �1r7qux!«ywL�uw
£Sw | w | o � w!�³�3x!wL� | �7z�qs��r7qur | zv� l {�zvq�� l r�z��5w � �uq�üpo!q n wy�F�!��zvx¡{�zP{�qu¦�zv��zvx | qU{�qur |#l x!tvz
r7wy��«yzvx | q � |�l ��«yz | �!��wy�!��qswÄ�bzv�9�bw | z��9�Fqur7o!� l �7z�� l � l ��q l tvquwyx�z�{�zv�u�2û qux | zvx�r�q | ýÄ{�qX�uoW�n z n�� z l ���7q�� ljl � n�l}| w�{�wD{Wzvq � zv�7r l «L�uq�{�wL�bw n�� zF� l �uo n z�r | z�r�r lÄ��lhl�|7| � l � zv��r l�| w
r7�bzvr7r�wL�7q¤{�qu¦�zv��zvx | qd{Wq¤�uqBüpo�qé{�w�{�q � o�¦=z����

õ qs«Lo!� l þ��s©Lö9ò�qur | �7q � o!tvquwyx!z | zv�F�bwL� l �szF{�zv�u� lÄn�l �7q n�l � l¢nvn wL� |�l ®r�qux!qur | � l µ�z n�l ��q n�l
� l¢nvn wL� |�l qux�£¥o!x!tvquwyx!zH{�zv� | z��F�bwTzH{�zv«L�uq l x!«Lwy�uq l � n zvx | �7w�ì{Wzvr | � l µX�bzv��o�x l r�qu�5o��
� l tvquwLx!z�{�qXo!x)� l r7zv�9w � �uqBüpo!w�®�¤� �¤�P©�µHqux�î�r7zvo¡{�w n o!�Fzvx!zj�¶¢ûyûLûLûÄz�� zvx | q�{ l ¶¢ûyû
£Sw | wLx!qSµ#�

�_^4a$^4a �ur{e{Ê � c@}|}|izyR¸Îi$pop�v$hjÄ*l0ÆÇcfeVmovÑhjc@k0i�mjl��Zi
L �uq�r | o¡{�qd�bzv�J� l �uo |#l �7zT� l �uo!x!« � zvtvt l {�q l}|7| zvxpo l tvquwLx!z��bwLr�r7wLx!w�zvr7r7zv�7zT£ l}|7| q�r7wL�sw
quxp�Wq l x¡{�who!x�x�o!�Fzv��wh�FwL� | w ��l r7r7w\{�q�£Sw | wLx!q��yzv�7r7whqs�
î
ï\ð � zv��r l «L�squwjqsx��Fw�{�w|#l �szH{ l x!wLx�� l x!{ l ��zHqux�r l�| o!� l tvquwyx!zHqu� n�l x l �uz�{�q�zv�uz |�| �7wLx!q n�l5l {�zvr7r7w l r7r7w n q l}| w!�
î¬zv��üpo!z�r | w | qs�bw�{�qWr | o¡{�quw�r7wLx!w�r |�l�| zUz�¦�z |7| o l�| zU{�zv�u�szUr7qs��o!� l tvquwLx!q!{�q�z�� zvx | q�� l r7zv�
w � �sq�üpo!wFr n z�«y�uquzvx¡{�w�o!xj� l}|�n�� � l x!zv�d�bzv�QwL«yx!qd{�qsr |�l x!t l r7wy��«yz�x | z�� |�l �7«Lz | z qu�F�bw��
x!zvx¡{�w�{�q�� zv��r�zH�so!x!« � zvtvt�z9{�q l r�r7wL� � qu�Fzvx | w��bz��U�uwVî�r7zvo¡{�w n o!�Fzvx!zV±�VwW{�q ��n�l x¡{�w
qu� n wW{�q n z LED ñ § ðUý�µ n wLx\¶LûLûyûLûVqu�F�!o!�ur�qª� l r7zv�J{ l ¨yûV£¥w | wyx!q n q l r n o!x!w!�§ z��s� l �7z l � | ýW�¢�bzv�¬z�¦�z |�| o l �7z�o!x l � l �uo |#l tvqswLx!zU{�zv�u� l �so!x�« � zvtvt l {�q l r7r7wy� � qs�VzvxW�| w!�Wr7q��bwLx!z�qs���!��w � �uzv� l�n�� z�x!wLxP� n wy�V�!�sz |�l �Vzvx | zHx!w |�l �2û z"H n quzvx!t l «Lzvwy�Vz | ��q n�l
�bzv��qu���!��w n zvr7r7w�zTx!wLxD�Tx!w | w�qs��xpo!�Fzv�7w�{�q�£¥w | wyx!qdqsx �Wq l}| w!ö | o |�|#l �Wq l �T�bwLr�r7q � qu�sz
� l �uo |#l �7z5� l �uo!x!« � zvtvt l {�q l r7r�wL� � qu�Fzvx | w��7zv� l�| qu� lPl �u��û l ��q l�n�l � n wL� l x¡{�wÄ�!��qs� l �bzv�
o!x l { l}|#l qsx | zvx!r7q | ý\{�zv��� l r7zv�Äì¨Lû\£Sw | wLx!q�x�zv� n�l r7wÌ{�zv�u�sz�r7qs��o!� l tvquwyx!q¥µ � l\n�l ��q n�l
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�Wqsr |�l { l wy«Lx!q¤î�ï\ð � zv�7r l «y�uquw�qsx l �7q l z���wLq�� l �so |�l ��z�x�o!w�� l �Fzvx | z�� l5nvl ��q n�l o!x l
� wy� |#l qsx!r7zv��q | wFqu��î�óH�

÷�zQx!wyxFr7q n wLx!wyr n zQ��û qux | zvx!r7q | ý�qsx!qutvq l �uz�{�zv�!£ l r n qsw r7q!�!o!� r7o!�!�bwL�7��z n�� zQzvr7r l r7q l
�!�7wL�bwy�7t�qswLx l �sz l �s� lFn�l ��q nvl �Wqur |�l { l qÑî�ïDð |#l �7«Lz | qux l ��q lFn wLx\��û z3H n qszvx�t lV| w |#l �sz
±z3H n qszvx�t l «LzvwL�Fz | ��q n�l z�ùHo l x | o!� D H n quzvx n"Ù µ n wL�Fz n wLr |�l x | qp{Wq �!�7wL�bwL�7tvquwyx l �uq | ý
 I0 ∝ Caria

µ#�h÷�o!�!�bwLx!zvx¡{�w n�� z�üpo!zvr |#lhn wLr |�l x | z�r7q lÄ� r7r l ���bwLr�r7q � qu�sz��7q n�l � l �7z
��û qsx | zvx!r7q | ý l x n�� z�x!zv� n�l r7wP{�z��Xî
ó�� G q n wy��{ l x¡{�w��2û zvr����7zvr7r7qswLx!z��bzv�H�2û l x¡{ l �Fzvx | w
{�zv�s�2û qux | zvx!r7q | ýF{�zv�u� l �so n z r7q¤�!o��Fr n �7q�� zv��zyö

Id
I0

=
CPC · η
Caria · η

= e−
d
Λ

;þ!�u©}µ

òHw�� z η �H� lTn wyr |�l x | z�{�qb�!�7wL�bwL�7tvquwyx l �uq | ý n�� z | quzvx!z n wLx | w�{�q | o |�| z��uzHz3H n quzvx!tvzHzn�� z��
r7o!�!�bwLr |�l zvr7r7zv�7z
o!«yo l �uz��bzv� l �7q l z�î�ó�å¬z Λ ��� l �uo!x!« � zvtvt l {�q l r7r7wy� � qu�Fzvx | w
{�zv�1î�óH��÷�wLx!wÌr |#l}| q�� lLnvn wy� | q�q�{ l�| qU{�q�r7qu�5o!� l t�qswLx!qUqux l ��q l z��bwyq�qux?î
ó n wLx?ú
{�qu�yzv�7r7z �uo!x!« � zvtvtvzT{�q l r7r7wy� � qu�Fzvx | wF�bz��Jq¤� l}|�n�� � l x!z��
©L��¶��¡¨!�\·VzF©�ü����bzv�Qwy«Lx!q
� l�|�n�� � l x!zv�b�Hr |#l}| w n�l � n wL� l�| w5qs�b� l �!�bwL� | w | � l n�l ��q nvl �Wqur |#l qux l �7q l zHquxÄî
ó?x!zv�u�uz
{�qu�yzv�7r7z n wLx¡{�qutvqswLx!qì� § zv��«y� l���n w l r7qsx!qur | � l qux � «Lo!� l þ��/¶H�1qu�u�so!r | � l�| w9�2û l x¡{ l �Fzvx | w
{�q log

(
Caria
CPC

) qsxh£So�x!tvqswLx!z {�zv�s� l {�qur |#l x!t l r7wL�7«Lzvx | z#� |�l ��«yz | w |7| zvxpo |#l { l q G o!xh{�q
� l r7zv�Qr�qu�5o�� l}| qì�

õ qu«Lo!� l þ!�m¶�öÑñ r7qux!qsr | � l�l x¡{ l �Fz�x | w5{�zv�u�2û qux | zvx!r7q | ýT{�zv�s� lTn�l �7q n�l � lLnvn wy� |#l qsxPî�r7zvoW�
{�w n o!�Fz�x!z r7o!�u��û qsx | zvx!r7q | ý�� lLnvn wy� |#l qux l �7q l { l �dî
ï\ð � zv�7r l «L�uqswFquxh£So!x!t�qswLx!zT{Wzv�s� l
{�qsr |#l x!t l r7wL�7«Lzvx | z�� � zv�7r l «L�uqsw��bzv��{�q�� zv��r�z �so!x�« � zvtvt�z5{�q l r�r7wL� � qu�Fzvx | w¡��ñi{�zvr | � l
qs� | zv�7�Fqux!zV{�q n wLx!£S�7wLx | wÄx!wLx·���!q�M·�2û l �7q l � l î
óCr7qu�5o!� l�| w n wyx·o!x l �so!x�« � zvtvt l
{�q l�|�| zvxpo l tvquwLx!zT{�q¤ý!��·:· m �

ç,À �§)2�����6!¯�¼���=�ô#	!%�8��5(5()213#�#2,�+_��õ ,613�(���(13�¤�-.41"+-5����0!%�&+�� �3!2� ì �4)9�g5:13,/.9é��-.4,\#2,W�&#;5��0!2!9�{.9é(�
��øù��5:�4);!9�=)9�8�&�=<"13�/��)2�7'=� �?¸ �&#2. ,61*'(,\�/�(.0�7'(,�+7,��Q�(,�#�. �{���4<"<"�4)�+��ô�"!���5��&#2#9�&�('=1*'��8��)�,/�8�{î|ïØ���l+
+-� �"!%�&�('(1*.013#��|�Nø ��Â7. ,6� �(õô�{<"�413+��0!�)�,/. �=ú À �(13�ò!�)2� ì �*�&�(.9é=�_.013�(#2,/'=�4)9��!�1*.%é=�-<3�/,���¹:�4!;!9,\'(1 ì �Q!9,�&�/�Nøù��!2!�)9� ì � )�#��&+��ô�"!�1-'(� � ì �ô#2#2� ��5:13#2#;13�(1-.ô�&+$í�,Ô��)2��'��-��)�,Ô�-��î|ïZú
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Λ x!wL�j�Q m µ Λ �Fqsr��Q m µ ó�� G � k �
Øf?��W�

5.40± 0.3 û!� üyü¢ý
ý¡�6þLý 5.11± 0.3 û!� üyü�Ì
ý¡� ¨yü 4.83± 0.3 û!� üyü¢ý
ý¡�u©�ú 4.52± 0.2 û!� üyüyú
¨!� üyû 4.44± 0.2 û!� üyüL¨

ð l�� zv�s� l þ��s©Lö G qur7o!� |�l�| qU{Wzv� �!| {�zvqU{ l}| q�{�q � «yo!� l þ��/¶ l r�qux!qur | � l ±�uo!x!« � zvtvt l {�ql�|�| zvx�o l tvquwLx!z·�7zv� l}| q�� lÿl �s�2û l �7q l µ�� § zv�u�2û o!� | qu� lçn wL�swLx!x l �Ì�7qu�bwL� |#l}| wç��û qsx¡{Wq n z){�qn wL�7�7zv� l tvquwyx!zT�uqsx!z l �7zL� k�l �uo!x!« � zvtvt l {Wq l r7r7wy� � qs�Vzvx | w��!��zvr7zvx | z x!zv�¬ïjwyx | z}ó l ���sw
{�qd{Wzv£ l o!� | �9qux¡{�q n�l�|�l quxh«L� l r�r7z |�| w!�

���!o!x | q!r�wLx!w r |#l}| q!qsx | zv�7�bwL� l�| q n wLx�o!x l ��z |7|�l qs�bw | qutvt l x¡{�wTo!x l x¡{ l �Fz�x | wT{�zv�| qu�bw¡ö
log
(Caria
CPC

)
=
d

Λ
2þ��/¶yµ

ò l q��7qur�o!� |#l}| q�{�zv� �!| r�q��!o!�Ìw |7| zvx!zv�7z�qu�F�Fz�{Wq l}|#l �Fzvx | z�o!x l �Fqur7o!� l r�o��s� l �uo!xW�
« � zvtvt l {�q l r7r�wL� � qu�Fzvx | wF{�zv��î�ó  |#l�� zv�u� l þ��s©�µ

�U��qur�o!� |#l}| q�r7o Λ �Fwyr | � l x!w�o!x l r7w��W� l r | qu� l r7qur | zv� l}| q n�l ö7üpo!zvr | w�£ l}|7| w��5{�w��
�Wo | wÌ£SwLx¡{ l �Fzvx |�l �u�Fzvx | z l ������
å@Y��
�����OQ���¢¯ì¯%�"
#°S³�´�£Szvx!wL�Fzvx!w){�q n o!q�x!wyxÿr7q | quzvx!zn wLx | wÌx!zv�u� l � l �uo |�l tvquwLx!zh{�q Λ x!zv���Fw�{�wÌzvr7�bwyr | wÌr7wy��� l �¨¶ l\n wy��o!x\üpo!z��7q n wy� �
{ l}| w n�� z��uw\r n wL�bwÌ{WqYüpo!zvr | z��Fqur7o!�7z�x!wLx���� l � l �uo |�l tvquwLx!z�{�zv�s� l �uo!x!« � z�tvt l {�ql r7r7wL� � qu�Fzvx | wT{�zv���Fzvt�tvwTqux | z��Fqsx�q l r7r�wL�uo | qì�süpo l x | w �!quo |7| wyr | w � l � l �so |�l t�qswLx!zH{�q
z�� zvx | o l �sq n�l � � q l �Fzvx | qd{�zv�u� l �so�x!« � zvt�t l {�q l r7r7wy� � qu�Fzvx | w¡�

Ú �bwLr7r7q � qu�uzVw |7| zvx�zv�7z�o�x l �Vqsr7o!� l �Vwy� | w��!�7z n qur l {�zv�u�uz5� l �7q l tvqswLx!q�{�zv�u� l �uo!xW�
« � zvtvt l {�q l r7r�wL� � qs�Fz�x | wPx!z�� | zv�F�bw�� l �uo |#l x¡{�wP� l�n�l ��q n�l ��qsr |#l { l qXî
ï\ðÕqux·o�x
{�z | z��7�Fqux l�| w��Fwy�Vzvx | wHzU� l�nvl ��q n�l �Wqur |�l {�wy�bw n�� zU� l �so!x!« � zvtvt l {�q l r7r�wL� � qu�Fzvx | w
� n�l � � q l}|#l ��î�zv��£ l �$üpo!zvr | w ��l r |�l r�wLr | q | o!qu�7z l �!x�o��Fzv�7w9{�q!£Sw | w�z��sz |�| �7wLx!q!� l¢nvn wL� | q
qux l �7q l  n�� z��!�7qu� l � zvx!q�� l x!wVr7o!�!�bwLr | qª�!�7wL�bwy��tvqswLx l �sq l �u�2û qux | zvx!r7q | ý5qsx�qstvq l �sz {�zv�u� l
�uo n z}µ9qu�
x�o!�Fzv��wD{�q
£Sw | w�zv�uz |�| �7wLx!q
�Wqur | w\quxÿî
óôquxÓo!xÓ{ l}| w\�bzv�7quwW{�wDz��Fqur�o!� l x��
{�w�x�o�w}� l �Fzvx | z |�l �uz üpo l x | q | ýF{Wwy�bw�o!x n zv� | w�qux | z���� l �u�uw�{Wq | zv�F�bwFz9� l �uo |#l �7z qs�
� l �!�bwy� | w | � l �uz�{�o!z¯üpo l x | q | ýW���3x üpo!zvr | wh�FwW{�whr7q��!o!�Ä� l �uo |#l �7zV� l �uo!x!« � zvtvt l
{�q l r7r7wy� � qs�Vzvx | wÄ{�zv��î�ófqsx·o!x n zv� | wÄqur |#l x | z���zv� l}| q�� lÄl �u� l �so!x!« � zvtvt l {�q l r7r7wy� �� qu�Fzvx | w5�Fqur�o!� l�|�l qux!qst�q l �u�Fzvx | zL��ó�wLxUüpo!zvr | w��Fz | w�{�w�r�q l r7r7o!�Fz n�� z l �u��û qsr |�l x | z
qux!qstvq l �szJ� l �uo!x!« � zvtvt l {�q l r�r7wL� � qu�Fzvx | wT{�zv�bî
óÿr7q l qux � x!q |#l [�r7zJ{�wL�bw o!x n zv� | w �bz��
�7quwW{�wT{�q | zv�F�bwTqu�¡x�o!�Fzv��w�{�q¡£Sw | wpzv�uz |7| �7wLx!q���qsr | wT{ l q�î�ïDð?x!wLx n�l � � q l � l9n o!��� l
{ l}|#l { l �s� l þ��/¶Vr l ��ý n wLr |#l x | z zTo!«Lo l �uz l tvzv��w�r7z qsx � z n z r�q ��l o!x n�l � � q l �Fzvx | w
� l �bzvx¡{�zvx!t l {�zv�u� l �7z |7|#l  1

Λeff

µ l o!�Fz�x |#l�n wy�Fz�qu�u�so!r | � l}| wVqux � «Lo!� l þ!�m¶ l {�z�r | � l
x!zv�u� l üpo l �uz���r |#l}|#l�l r7r7o!x |#l�n wy�Fz n�l �7q n�l {�q¬��qu£Szv�7qu�Fzvx | w�üpo!z��s� l �Wqur |#l { l qÑî
ï\ð
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Λ x!wL�j�Q m µ Λeff
 m µ óH� G � k �

ý¡�6þLý 91± 16 û��müLüyú
ý¡� ¨yü 46± 4 û��müLüyû
ý¡�u©�ú 28.6± 2.4 û�� ü�·�Ì
¨!� üyû 19.6± 1.1 û�� üy¨yú

ð l¢� zv�u� l þ��/¶Wö G qur7o!� |�l�| q�{�zv� �!| {�zvq�{ l}| qJ{�q � «Lo!� l þ!�m¶ l {Wzvr | � l ±�uo!x!« � z�tvt l {�ql�|7| zvx�o l tvquwyx!z9�7zv� l�| qu� lFl ��î
ó n wLx Λ = 4.88 m µ

x!zv�s�uz�r7qu�5o!� l t�qswLx!q n wLx Λ = 4.88 m � ùHo!zvr | w l �!�!��w nvn qswP�5«Lqso!r | q ��n�l}| wÄ{ l �Ñ£ l�|�| wn�� zy� n wLx!r7qé{�zv� l�|�l � l £SwL�7�5o!� l þ!�m¶���o!x@û z��yzvx | o l �uzT{�qu�Fqux�o!tvquwLx!zT{�zv�u� l �uo!x!« � zvtvt l {�ql r7r7wy� � qs�Vzvx | wT� l9| zvxpo |#l qux n wLx | w n wyx�� l r7wyr | q | o!tvquwyx!z Λ→ Λ−Λ′ ü o!qsx¡{Wq�r7q ��l ö

I = I0e
− d

Λ−Λ′ = I0e
− d

Λ
− Λ′d

Λ2−ΛΛ′ ;þ!� ¨pµ
ñqüpo!zvr | wh�!o!x | w¡�¤r7o!�!�bwLx!zvx¡{�w n�� z I0e

d
λ
r7q l �szv« l}| w l �u� lÄn�l ��q nvl �Wqur |#l { l �
î�ï\ðl {�qur |�l x!t l d { l o!x l �7z�� l tvquwyx!z9{�qª�!��wy�bwL�7tvquwLx l �uq | ý�zvr l}|7|#l �Fzvx | z n wL�Fz�r7o!�!�bwLr | w

x!zv� n�l r7wV�7zv� l}| q�� w l �s�2û l �7q l �¡r7qª�!o!�Fr n �7q�� z��7zyö
I

I0e
− d

Λ

=
C

C488

= e
− Λ′d

Λ2−ΛΛ′ = e
− d

Λeff ;þ!� ý�µ
÷�z � l �uo!x!« � zvtvt l {�q l}|7| z�x�o l t�qswLx!zT{�zv�dî�ó x�wyx n�l � � q l r7q | �7w�� l Λeff →∞ �

�3xÒüpo�zvr | w?�Fw�{�w&{ l o!x l �Fqur7o!� l {Wzv�s� l �bz�x¡{�zvx!t l {�z��s� l ��z |7|�l ���bwLr7r7q � qu�uz
r l �bzv�7z)r7z�z�{�q§ü o l x | wf±qux o!x l r n�l � l?l � � q | � l ��q l µ��·� l ��q l}|#l � l �uo!x!« � zvtvt l {�ql r7r7wy� � qs�Vzvx | w){�zv�Jî
ó�� § zv�s� lD|�l¢� zv�u� l þ!�m¶Ìr7wLx!w)�7q l r�r7o!x | q1qU� l � l �Fz | ��q1w |7| zvx�o | q
{ l �u�2û qux | zv���bwy� l tvqswLx!zQ{�zvq�{ l}| q�r�qu�5o!� l}| qì��÷�z�r7q��Wo�wy�uzU� l r7r l �7z l {5o�x l r nvl � l�l r7r7wL�so |�l��l r |#l�n wyx!r7qs{�zv� l �7z n�� z { l �s�2û zvr7�!��zvr7r�quwLx!z þ!�m¶�r7qªw |�| quzvx!zyö

Λ′ =
Λ2

Λeff + Λ
;þ!�mú µ

òHo!x\ü o!zy�¤r7o!�!�bwyx!zvx!{�wj{�q n wLx!wLr n zv�7zV� l �uo!x!« � zvtvt l {�q l r�r7wL� � qu�Fzvx | wÄqsx!qutvq l �sz�{Wzv�
�Fzvtvtvw�®ý¡�6·�· m x!zv� n�l r7w l}|7| o l �uz}µ�� r7q!�!o!� ��q n�l � l ��zQ� l �uo!x!« � z�tvt l {�q l r7r7wL� � qu�Fzvx | w
í l r7r7wy�uo |#l í�� § zv�u�2û o!� | qu� lGn wy�uwyx�x l {�zv�u� lÓ|#l�� zv�s� l þ��m¨ÿr7wLx!w?�7q l r7r�o!x | q�q��7qur7o!� |�l�| q| �7w�� l�| q n wLx�üpo!zvr |#l�| z n x!q n�l �

�3x�üpo!zvr | w n�l r7w � l r�w��W� l r | qu� l qu�F�!o |�l�|�l �!��z n z�{�zvx | zv�Fzvx | z l ������
å@���
�� ��OQ���¢¯2�
¯%�"
�°¥³W´9x!wyx5r7qWwLr7r�z���� l �bzv� n�� �U���Fqux!wL�7z�� l � l ��q l tvquwyx!zU{�qW�uo!x!« � zvtvt l {WqWqux | zv� l tvquwLx!z| � l qu� | zv�7�Fqux!zF{�q�� l � l «LwLx!zF�7qur7�bz |7| w l �$üpo l �uzFr7qX� l �uo |#l � l �uo!x!« � z�tvt l {�q l r7r7wL� �� qs�Fz�x | wÌz3H n�l¢n z)±ý!��·:· m µ z��uzPx�o!w�� z��uo!x!« � zvtvtvzÄzvr l �Fqux l�| zy�³��x�£ l�|�| q��ywy�uzvx¡{�w
zvr����7qu�Fzv�7z���û l r7r7wy� � qu�Fzvx | wV{�zv�s� l �so n z�qsx | zv�7�Fqux!q¤{�z��s�2û quxp�yzv�7r7wF{�zv�u� l �uo!x!« � zvtvt l {�q
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Λ x!wy�h�J m µ Λ′  m µ Λ �Fqur��
ý!��þ¢ý 0.25± 0.04 4.63± 0.04ý!�m¨Lü 0.47± 0.04 4.41± 0.04ý!�s©�ú 0.71± 0.05 4.17± 0.05¨��müLû 0.97± 0.04 3.91± 0.04

ð l¢� z��s� l þ!� ¨!ö k o!x!« � zvtvt l {�q l r7r7wy� � qs�Vzvx | w l r7r7wL�so |�l

l r7r7wL� � qu�Fzvx | w�zT� wL�uzvx¡{�w n wyx!r7qs{�zv� l �7z n�� z l {jo!x l {�qsr |�l x!t l d �Wquzvx!z��7q�� zv� l}|#l r�q l
� l �uo n z | � l r7�Fzvr7r lÄn�� zV� l �uo n z�{�q�¦�o!r l qux l � l x | qì�d�bzv�9qs� n wLx!£S��wyx | w n wyx)��û l ��q l r7q��l ö

I

I0

= e−α(1−f)d 2þ���þ µ
{�w�� z n wLx f ��r |�l�|�l qsx!{�q n�l}|#l � l � l � | zP{Wq��uo n z n�� zL�X�!o!�5qux | zv� l «yz�x¡{�w n wy���Fzvt#�
tvw!�b�Wquzvx!z5{�qu¦�o!r l qux l � l x | qì�g¶�wy�uzvx¡{�w��Fqur7o!� l �7z�� l � l �7q l tvquwLx!z�{�zv�u��û qsx � zv�7r7wP{�zv�u� l
�uo!x!« � z�tvt l {Wq l r7r�wL� � qu�Fzvx | wÄ�7qur7�bz |7| w l �s�2û l �7q l � l r7w��W� l r | qu� l r7o!�u� l �so!x!« � zvtvt l {�ql r7r7wL� � qu�Fzvx | w�{�w��Wo |�l5l ��£ l}|7| w n�� zHx!wLx��Wquzvx!z n wLx!r7qé{�z�� l}| w5qu� | zv���Fqsx�z�{�qo����
å@��(
��
� OQ����¯ì¯%�"
#°S³W´�«y� l � l {�qs��z |7|�l �Fzvx | zÄr7o!�U� l �uwL�7zh{�zv�u� l �so!x�« � zvtvt l {�q l r7r�wL� � qu�Fzvx | wn wLr0Ý��Fqur7o!� l}|#l � § zv� n�l r�w {�zv� n wLx!£S�7wLx | w | � l î�óÿz�î
óÿquxp� z n zJr7q!�!o!� r7o!�!�bwL�7��z n�� z
�2û quxp� zv��r�wP{�zv�u� l �so�x!« � zvt�t l {�q l r7r7wL� � qu�Fzvx | wP� l r7r�qÑ{ l α l

α + β quxØüpo!zvr | w n�l r7wl �u�uwy� l r7q ��l ö
I

I0 · e−α(1−f)
= eβ(1−f)d 2þ��ÔÌLµ

k�l r�w��W� l r | qu� l r7o!�u� l �so�x!« � zvt�t l {�q l r7r7wL� � qu�Fzvx | w�{�w��Wo |�lTl ���3��
å@���
�� ��OQ����¯ì¯%�"
#°S³W´
wy� l «L� l � l r�o!�u� l �so!x�« � zvt�t l {�q l r7r7wL� � qu�Fzvx | w�z3H n�l¢n z n�� zH���sz�« l}|#l�l �u� l {�q�¦�zv�7zvx�t l| � l �uzT{�o!z �so�x!« � zvt�tvz5{Wq l r�r7wL� � qu�Fzvx | w�{ l �u� l �7z�� l tvquwyx!z þ��/ú�z x!zv� n wL�F�!o | w�{�zv�u� l
�uo!x!« � z�tvt l {�q l�|�| zvx�o l tvquwLx!z l r7r7wL�so |�l �2û zv���7wy��z9qux | �7w�{�w |7| wV�9�Fwy� | wVqux!£Szv�7quwL�7zy�

�3�¡�squ�Fq | zJ£¥wyx¡{ l �Fzvx |�l �uz�{�qEüpo!z�r | wT�Fz | wW{WwT� n�� z � qsr7wL«yx l � l �ywy� l ��z n wLx�qux | zvxW�
r7q | ý {�zv��� l r7zv�
�!qso |7| wLr | w ��l r7r7zJz�r7wL�!� l}|7| o |�| w | � l o!x l �Vqsr7o!� l z8üpo!z��s� l r7o nvn zvr�r7q�� l
�2û qux | zvx!r7q | ý�{�zv�=� l r7zv��x!wyxÄ{�z��yz n�l � � q l �7zy�
ó�wL�5o!x\ü o!z���r |#l}| w5wLr7r�zv� � l�| w�x!zv�u�uz�r7q �
�5o!� l tvqswLx!q n�� z n�l � � q l �Fzvx | q�{Wzv�s�2û qux | zvx!r7q | ý�{�z��b� l r7zv��{�zv�¬©vû�µ ì{ l ¨yû l ¨L¨T£¥w | wyx!q
�bzv�Qqu�F�!o!�ur7w�µ�x!wLxh£ l x!x!w n�l � � q l ��z �uz9�Fqur7o!�7z {�q Λ �

�_^4a$^2` á�mjr{y8l0vzygcfk4k%izpsiËm�rghji$}~l0vVegcªy{c@l�wxiVegiVk4l
§ zv� n�l �!q | wL�swh{�z�{�q n�l�| w l q | zvr | z�¦�z |7| o l�| q�{�o!� l x | z���û ñHqs� G o!x¤�ª�Vr |�l�| wÄwyr7r7zv��� l}| wn�� z��bz����uz n wLx � «yo�� l tvqswLx!q�{�zvx!wL�Fqux l�| zQí��uwLx |#l x!z�í�±{�qsr |#l x!t l r7wy��«yzvx | z |�l ��«yz | � l �7ql Ì�·:· m µ#� n quw��F�bzv�9«y�uq�o�x!q n q�� l r7zv� w � �uqBü o!q n�� z l}|7| � l � zv��r l x!wh� l r7o!�bzv� ��n quz�{�z����
�2û wLo | zv�Ñ� zvr7r7zv�ì�yq n�l x l �sq!{�q�zv�uz |7| ��wyx�q n�l�l r�r7w n q l}| q l q¡î�ïDð � zv�7r l «L�uqsw�x!wyx l x¡{ l � l x!w
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n wy�F���sz |�l �Vzvx | zFqux�r l�| o!� l tvquwyx!zFx!zv�F�Vzvx!w l {)qux | z�r�q | ý |#l �uq�r l�| o!� l �7z n wy�V�!�sz |�l �
�Fzvx | z�q |#l �7«Lz | {�zv�s�uz n wyx � «yo!� l tvquwLx!qUqux n o!q�qu��� zvr7r7zv��x!wLxç�yzvx!qu� lÌl}|7| � l � zv��r l�| w!ö
üpo!zvr | wF£ l�|�| wV�T{�w��Wo | w l �u�sz9�!�7wL�!�7quz | ý�{�q | � l r��Vqsr7r7quwyx!z {�zv�=� zvr7r7zv���

ùHo!zvr |#l wyr7r7zv� � l tvquwyx!z�{�z � x!qur n z�o!x~û wLr�r7zv� � l�� qu�sz��bzv� n wyx | �7wL�u� l �7z�� lQ| � l r�� l �7z�x!t l
{�zv���Fzvtvt�w¡ö�� l £S� l tvquwLx!z5{�qdz�� zvx | qdr7o!� | w |�l �uz n�� zT� l x¡{ l qsx\r l}| o!� l tvquwLx!z�q n�l x l �sq
{�qÑzv�uz |7| �7wLx!q n�l {�z�q�î
ï\ð � zv�7r l «L�uqsw l �¬� l ��q l �7z�{�z��s� l �so!x!« � zvtvt l {�q l r7r7wy� � qu�Fzvx | w
{�zv���Fzvtvtvw!�
÷�wLx!w5r |#l}| zH«Lzvx!zv� l�| z�{�z��s�uz�r7qu�5o!� l tvquwLx!q={�q�z�� zvx | qb� l r7zv��w � �sq�üpo!w n wLxPq
� l�|�n�� � l x!zv��©y�W¶W��¨��s· zT©�ü�®o!x�� l�|�n�� � l x!zv���bzv�
wy«Lx!qb{�qsr |�l x!t l r7wL�7«Lzvx | z�� |�l ��«yz | µ
{ l ¶¢ûyûLûyûJz�� zvx | q n q l r n o!x!w n wLxV¶¢ûLû�£Sw | wLx!qp��z��¬qs�V�!o!�ur�w�� l r7zv�¬�bzv�¬{�qu�yzv�7r7z��uo!x!« � z�t��
tvzP{�q l r7r�wL� � qs�Fz�x | wD�bzv���uw·î�r7zvo¡{Ww n o!�Fz�x!zy�����
x�o!�Fzv��wÌ{�q�£¥w | wyx!q��bzv��qu�F�!o!�ur7w
�Fr |#l}| wÄr n zv� | whqux��Fw�{�w |�l �uzF{ l r l�| o!� l �7zV� l x!wyx n wL�F�!�uz |#l �Fzvx | zVqs� n�l x l �szF{�q
zv�sz |�| ��wyx!q n�l �R�3x!£ l}|7| qÑr7wyx!wPx!z n zvr7r l ��q n qu� n�l ©L©�£Sw | wpzv�uz |7| �7wLx!q l � n�l}| w�{�wÄ�bzv��� l xW�
{ l ��zQqsxFr l}| o!� l tvquwLx!zJqu� n�l x l �uz�{�q!zv�uz |7| �7wLx!q nvl �}��÷pzQqs� n�l x l �uzQ£SwLr�r7z n wy�F���sz |�l �Vzvx | z
r l}| o!� l�| w l�n�l o!r l {�q�o!xVzv�Fqur7r7qswLx!zQ{�q!o!xVxpo!�Fzv�7w | �7wy���bw9zv�uz�� l�| w {�q!£¥w | w�zv�uz |�| �7wLx!q
� l �7q l t�qswLx!q l x n�� z��Fwy� | wTr7qs«Lx!q ��n�l}| q�� z�{�zv�u� l �uo!x!« � z�tvt l {�q l r7r�wL� � qs�Fz�x | w5{�zv�b�Vzvt��
tvwP�bw | �7z �!� zv�7wP� l r n q l �7z n wy��o!x\üpo!z5qu� n�l x l �sz n wL�F�!�uz |#l �Fzvx | z5r l�| o!� l}| w�z5x!wLxÌr�ql �W��z �!� z r7zvx!r7q � qu�sq | ý�x!zv�u� l �Fqsr7o!� l �

õ qu«Lo!� l þ!� ¨!öUòHqur | �7q � o!tvquwLx!z5{�zv�u� l�n�l �7q n�l �bzv��o!x\� l r7zv��w � �uq�üpo!wÌ±�¤� �¤�1¨pµUzvr7�!�7zvr7r l
q¤£So!x!tvquwLx!zT{�zv� nvl x l �uz ñ�ò�ó z {�z � x!qstvquwLx!z�{�qªr l�| o!� l tvquwyx!zy�

k û wLr�r7zv� � l�� qu�szU{�qWqux | zv�7zvr7r7z��U� l �bz�� n zvx | o l �uz1{�q�z�� zvx | qWr7o!� | w |�l �uz n�� z�� l x¡{ l x!w
qsx�r l�| o!� l tvqswLx!z�qu� n�l x l �sz� � «yo!� l þ��m¨ µ¤z�{T��r |�l�|�l � l �so |�l�|�l �bzv�ËþH{�q�� zv��r�z��uo!x!« � zvtvtvz
{�q l r7r7wL� � qu�Fzvx | wT{�zv��î�ó�� § zv�u� l�|#l�� zv�s� l þ!� ý r7wLx!w �7q l r7r�o!x | q!q¡�7qur7o!� |#l}| q | �7w�� l}| qì� k¬ln wyr l qs�V�bwy� |#l x | zQ{ l wyr7r7zv��� l �7zQ� n�� z1�bzv��o!x lH� r�r l}|#l {�qur |#l x!t l r7wL�7«Lzvx | z |#l �7«Lz | � l
� ßZ�(� #	!�17�Q�(+��4)21 ì ��)�,Ô��,���¸ó�(�(õ ,613�(�$'=� ��<3���&'���<3�=17'=�ô�!¸Ô1&!�1&!��(í:1�ú
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Λ  m µ {Wæ¢ÌW�6·�· m {Wæ�ú��/ÌLú m {WæHý¡�u©vý m {Wæ�¶�� üyû m {Wæ�¶W� ýyü múW�m¨�Ì ü�µ ¨y¨�µ ý�þ�µ ú¢ý�µ þyû�µØf?��W� ú�µ ¶L¨�µ ¨yü�µ ý�·�µ úyú�µ
ý!��þ¢ý ¨�µ ©�ü�µ ¨y¨�µ ýyý�µ úy¶�µ
ý!�m¨Lü ¶�µ ©�ú�µ ¶Lü�µ ¨yü�µ ýsÌ:µ
ý!�s©�ú ©(µ ©y©=µ ¶¢ý�µ ¨�þ�µ ýyý�µ
¨��müLû ©(µ ·�µ ©�ü�µ ¨!©=µ ý û�µ

ð l�� zv�s� l þ�� ý!ö1î¬zv� n zvx | o l �uz5{�q�z�� zvx | q�quxDr l�| o!� l tvquwyx!z��bzv��qu� n�l x l �uz5{�q�zv�uz |7| �7wLx!q n�l
{�zv�¬î
ï\ð � zv��r l «L�squw��bzv�J� l r7zv�Jw � �sq�üpo!q n wLxD{�q�� zv�7r7zT{�qur |�l x!tvz r�wL�7«Lzvx | z�� |#l �7«Lz | z l
{�q�� zv�7r7z��uo!x!« � zvtvtvz�{�q l r7r7wy� � qu�Fzvx | wj�bzv�Tqu��î�óH� k�l �so�x!« � zvt�t l {�q l�|�| zvx�o l tvquwyx!z
�!�7zvr7zvx | z9x!zv� n wW{�q n z LFD ñ § ð1ýF{�qd{Wzv£ l o!� | �9qux¡{�q n�l�|�l qsxh«L� l r�r7z |�| w!�

�bzv� n z�x | o l �szJ{�q¡r l�| o!� l tvquwyx!zQ� l �7q l9n wyx!r7qs{�zv�7z�� wL�s�Fz�x | z l �!� l ��q l �7zJ{�zv�u� l �uo!x!« � zvtvt l
{�q l r�r7wL� � qu�Fzvx | wP{Wzv�Xî
ó�ö��bzv��qsx n �7zv�Fzvx | q¬{�zv�u� l �so�x!« � zvt�t l {Wq l r7r�wL� � qs�Fz�x | w�{�zv�
ú�µKr7q ��l x!x!wF�Fzv{�q l �Fzvx | zT¶��mú�µKz�� zvx | qd{�qªr l}| o!� l t�qswLx!z quxh�!qNM¤�

ùHo!z�r | wF�Fz | wW{�wVr�z�� � � l zvr7r7zv�7z9�!quo |�| wLr | wFr7zvx!r7q � qs�uz � l5��lVl � n o!x!q¤�uqs�Fq | q�ö
���·qux¡{�qur7�bzvx!r l¢� qu�uz l � zv��z·� l �bwLr�r7q � qu�sq | ýÿ{�q�quxp�Wq l �7z·zvr l�|�|#l �Fzvx | z·�uwGr | zvr7r7w
x�o��Fzv�7w {�q!£Sw | wLx!q l {Vo!x�{ l}| w � zv�7r l «y�uquwT�bzv���bw | zv� l}|7| �7q � o!qs��zQ� l � l ��q l tvquwyx!z
{�qXz�� z�x | q�{�q�r l}| o!� l tvquwLx!zVr�wL�uw lPn�l � � q l �Fzvx | q�{�zv�u�szV�!�7wL�!�7quz | ýP{�zv���Vzvtvtvwl}|7| � l � zv��r l}| w�[

���1x!z n zvr7r l ��quw n�� z1qu�¡«Lo l { l «Lx!wT{�zvq!£Sw | w | o � q¡��qs� l x!« l qux l � | zv� l�| w �bzv���bzv��qsw�{�q
{�q | zv�F�bw��Vwy� | w��uo!x!« � q l � | �7qu�Fzvx | qJr7q l �W�7z �!� z\o!x l �Vqsr7o!� l {�qJr |�l¢� qu�uq | ý
qux n wLx!r7qsr | zvx | zy�

k�l �!�7qu� lHn wLx¡{�qutvqswLx!z1��£SwL�7r7zU� l �!q�M�qu�F�bwL� |�l x | zU�bwLq n�� �Q{Wqs�bzvx¡{WzQ{ l ��� l r�z��XzU{ l �u� l
�!�7z n qsr7quwyx!z n wLx n o!q�r�q � r7r l �2û qux | zvx!r7q | ý�{�q!zv�Vqsr7r7quwyx!zy�y�Vzvx | ��z1� l r�z n wyx¡{ l�n wyx¡{Wqstvquw��
x!z {Wqs�bzvx¡{Wz r7wL�swF{ l � n�l x l �uz {�qªzv�uz |7| �7wLx!q nvl z n wyx!r7qs{�zv� l}| w n�� z��bzv�1wy«Lx!q¤{�qur |�l x�t l
r7wy��«yzvx | z�� |#l �7«Lz |Jn qªr7wLx!w l �u�Fzvx�wF{�o!z9£ l r n q¤{�qª�uo n z9� l r7zv� n wyxh{�o!z � z��7r l «L�uqd{�q�� zv� �
r7q��V�Fzvx!wh��qsx n wy� l x | z�{�z��s� l �!�7qu� l ���3x!wy� | ��zF�bw | ��ýÄzvr7r7zv��zFo!r l�|�l �2û qux!£SwL�7� l tvquwyx!z
�!�7w�� zvx�qszvx | zÄ{ l �u�sz�� l ��qsz n wyx � «Lo!� l tvquwyx�q  � «yo!� l þ�� ýpµ �bzv��qs{�zvx | q ��n�l �7zP�!��w � �uzv�Fq
�uzv« l}| q l ��«yo l { l «yx!wD{�zv�
r7qux!«Lwy�uw\£Sw | w | o � w!�UÚ r |�l�| w\r | qs� l�| w n wL�Fz�qux n qs{�zv�7z �!� z
o!x l o!�Fzvx | wÌ{�zv�H©�û�µ�{�zv�u��û qsx | zvx!r7q | ýD{�zv��� l r7zv��r7o!�s� l �Fqur7o!� l x!zv� nvl r7wDqsx n o!q�� l
�uo!x!« � z�tvt l {�q l r7r7wL� � qu�Fzvx | wDr7q l o�«yo l �uz l ý!�m¨Lü m  |#l�� zv�u� l þ!�mú µ#�\ó�wL�Fz�r7q
�!o!�
wyr7r7zv� � l �7zUo!x�qsx n ��zv�Fzvx | w9{�zv�ª©vû�µÕ{�z��s�2û qux | zvx!r7q | ý�{�zv��� l r7zv�X�!o!��£ l �ur l �7z n wL�F�!�uz |#l �
�Fzvx | zQ� l �Fqur7o!� l �Xð�o |�|#l �Wq l �Qqsx | zv�7z�r�r l x | zQwyr7r7zv��� l �7z n�� zJ�2û l o!�Fz�x | wT{�q¡qux | zvx�r�q | ý
{�zv��� l r7zv�Ux!wLxP��qs�!��wW{�o n z��7qur7o!� |#l}| q n wy�V� l�| q � qs�uq n wLxPo!x l o��Fzvx | w�{Wzv�s� l �uo!x!« � zvtvt l
{�q l r7r7wy� � qs�Vzvx | w!� �3x!£ l}|7| q n wy�Vzhr�q1�!o!��wLr7r�z���� l ��zhx!zv�Q«L� l}��n w�{�q � «Lo!� l þ!� ý��uz
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õ qu«Lo!� l þ�� ý!öÑñHx¡{ l �Fzvx | w5{�zv�u� l r l}| o!� l tvquwLx!z n wyx�� l {�qur |�l x!t l r7wL�7«yz�x | z�� |�l ��«yz | �bzv�
{�qu�yzv�7r7z9�so!x!« � zvtvt�z�{�q l r�r7wL� � qu�Fzvx | wF�bzv�Qqu��î
ó��

�3x | zvx!r7q | ý {Wæ¢Ì���·:· m {Wæ�úW�ÔÌ¢ú m {WæHý!�s©�ý m {Wæ�¶W�müLû m {Wæ�¶W� ýyü m¶y¶¢ûV£Sw | � ¨�µ ¶L¨�µ ýyû�µ úL¶�µ þLû�µ
¶LûLûV£Sw | � ¶�µ ©�ú�µ ¶¢ü�µ ¨Lü�µ ý�Ì:µ

ð l¢� zv�u� l þ!�mú�ö1î�zv� n zvx | o l �uz5{�q�z�� zvx | q�quxDr l}| o!� l tvquwLx!z��bzv��qs� nvl x l �uz�{�q�z��sz |�| ��wyx!q n�l
{�zv�dî�ï\ð � z��7r l «L�uqswV�bzv�U� l r7zv�Uw � �uq�üpo!q n wyxÄ�uo!x!« � zvtvt l {�q l r�r7wL� � qu�Fzvx | w Λ = 4.39
m

n wLxh��û qsx | zvx!r7q | ýV{�zv�¤� l r�z�� l o!�Fz�x |#l}|#l {�zv��©vû�µ �¶L¶LûV£¥w | wyx!qª�bzv�Qqu�F�!o!�ur7w�µ#�
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n o!���yzJw |�| zvx�o | zJ� l �7q l x!{�w�� l �so�x!« � zvt�t l {�q l r7r�wL� � qu�Fzvx | w ��l x!x!w l ���!�7wLr�r7qu� l}| q�� l �
�Fzvx | zJ�swTr | zvr7r7w l x¡{ l �Fzvx | wTr�wL�uw n�� z l ��{�qu�Fqux�o!qu�7zH{�q Λ �yzvx!«ywLx!w�r7�bwLr |#l}| zJ�yzv�7r7w
qu� ��l r7r7w!� § zv� n�l r7w�qux n o�q���qszvx�z n�l � � q l�|�l ��û qsx | zvx!r7q | ý�{�zv��� l r7zv�X�2û l x¡{ l �Fz�x | w9{�zv�u� l
í3�bzv� n zvx | o l �szV{�qÑr l}| o!� l tvquwLx!z�í5r�z�«yo!z�o!x l x¡{ l �Fz�x | wÄ{�q�� zv��r7w n wy�Fz5qu�s�uo!r | � l�| wÄqux� «Lo!� l þ��/ú

õ qs«Lo!� l þ��/úWöXñ�x¡{ l �Vzvx | w5{�zv�u� l r l�| o!� l tvquwyx!z n wLx�� l {�qur |#l x!t l r7wL�7«Lzvx | z#� |#l ��«yz | �bzv�
Λ = 4.39 m

n wLx5¶LûLû�®x!zv�7wpµªz n wyx5¶L¶LûT±�7wLr7r7w�µ=£Sw | wLx!qp�bzv��qu�F�!o!�ur7w�z n wLx Λ = 4.88
m 9´5©vû�µVµ n wLx\¶LûLûV£Sw | wLx!q¤�bzv�Qqu�F�!o!�ur7w\ � �uo!z}µ#�

��¹�I »�¼�À ÆÄÇ�ÁTÈ1¼�ÉTÊh¼Ì¼vÊ ½dÎ�¼vÊ5¾¬¼vÇvÇ�Á9¾�ÉTÐ¬¿ÍÂP¿Q¼)Ç�Á�½¤¿1ÐKÐ¬Á�ÂÄ¼�Á�Çv¼
k z �!� �7zU� l {�q l �sqWx!wyx5�!o!x |#l x!wH� z��7r7w�x!zvr7r7o!xFî
ï\ðç� l � | q n wL� l ��zUx!z n wLx!r7zv«yo!z n�� zU�uz
qux!£Swy��� l tvqswLx!q�r�o!�u� lJ| � l r7� l �7zvx!t lHn�� z�r7q��bwyr7r7wyx!wHw |�| zvx!zv��zU{ l üpo!zvr | z n wyx � «yo!� l tvquw��
x!qªr7wLx!w¡���bzv� n zv� | q l r7�bz |7| q����!qNMÄqsx¡{Wqs��z |7| zL��÷�qª��q n wL��{ l ��qsx!wL� | �7zL� n�� z9q=£ l r n q¤{�qª�uo n z
� l {�q l �uz5� l r7r l x!w l x n�� z�x!zv�s� l tvwyx l�l�|�| q�� l {Wzv�¬�7q�� zv� l}| wL�7z l �u�2û qux | zv��x!wÄ{�zv�u�2û qux!x!zv�J�
� zvr7r7zv��z��bw | � l x!x!wP{ l �7z�o!x l �Fqur7o!� l {�q�z�� zvx | o l �sq nvl � � q l �Fzvx | qÑ{Wzv�s�uz��!�7wL�!�7quz | ý
w |�| q n�� z l x n�� zV{�zv�u� l � l � | z��!qNM·qux | z��7x l {�zv�Ñ�7q�� zv� l}| wL�7z�r | z�r�r7w!�Tî�zv��«y�uqÑr | o¡{�q n�� z
r7zv«yo!wLx!wV�9r |#l}|#l r n zv� | wVqs�ª� l}|�n�� � l x�zv�d¨�z�{Ä��r |�l�|�l � l �uo |#l}| wVqs� n wL�F�bwL� |�l �Fzvx | w
{�q n zv� | z9wLr7r7zv��� l¢� qs�uq¤qsxh£So!x!t�qswLx!zT{�zv�u� l �so!x�« � zvtvt l {�q l r7r7wy� � qs�Fz�x | wF{�zv��î�óH�§ z��s� lU� «Lo!� l þ���þ1��qu�s�uo!r | � l�|�l � l {Wqsr | ��q � o!tvqswLx!z�{Wzv�s� l �uo n z�� l¢nvn wL� |�l �bzv�KþQ{�q�� zv��r7z
�uo!x!« � z�tvtvzJ{�q l r�r7wL� � qu�Fzvx | w�z�{�o!xF{�z |7|#l «y�uquw {�zvq��!�7qu�Fq�þLû ns �bzv��{�zvq��7o!xF{Wq!� l r�zv�
� l {�q l �uzy� k�l �!�7qu� l n wLr lTn�� zJr�q¡�!o!�Tx!w |�l ��z�� n�� zJqux��!��zvr7zvx!t l {�q�î�óG�uz���qNF¡z�r�r7quwyx�q
{�zvq � z�r�r7zv�ur¬z�{�zv�u�sz
� l ��z | qpqux | zv�7x!z�{�zv�u� l r7£Szv� l � zvx!«Lwyx�w n wL�F�!�uz |#l �Fzvx | z�r7w��W� l r |#l}| z
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{ l �u� l �so n zF{�q�¦�o!r l { l ��î�óCzV�bzv� |�l x | wj{Wq��!o!�h{�qur | qux!«yo!zv��zFr7wL�swÄqs�X�!q nvn wj{�qX�so n z
{�qs��z |7|#l �

õ qu«Lo!� l þ���þ�öÄòHqur | q � o!tvquwyx�z | zv�F�bwL� l �uzh{�zv�u� l·nvl ��q n�l � l¢nvn wy� |#l x!zv�U�7q�� zv� l�| wy��zÄ�bzv�
{�zvqª�7o!xh{�q=� l r7zv�1� l {�q l �uz9r7qs��o!� l�| q n wLxh�uo!x!« � zvtvt l {�qªqux | zv� l tvquwLx!z {�zv�dî
ó {�qdúW�m¨�Ì��
ý¡�6·�·��!ý¡�6þy¨��!ý!�s©�ú�z ¨��müLû m z�±qux ��l r7r7w�µ�o!xj{�z |7|�l «L�uqsw�{�zvqª�!�7qu�Fq@þyû ns �

Ú l x n�� z�qu�F�bwL� |#l x | z�x�w |�l �7z n�� z l ��{�qu�Fqux�o!qu�7z�{�zv�u� l �uo!x!« � zvtvt l {�q l r7r�wL� � q �
�Fzvx | w�qu�¬�!q nvn wP{�q¬�uo n z�{�qu�7z |�|#l r�q l¢����l r7r l �Fzvx | �7z l o!�Fzvx |#l � l�n�l �7q n�l �Wqur |#l x�zvq
�!�7qu�Fq�ú¢û ns qux�� l � | q n wy� l �7z��bzv�Yüpo!zvr | q | zv�F�!q¡�sz n o!� � zJr7q�qsx | zv�7r7z n�l x!w!ö�üpo!zvr | w | z��
r | qs�Vwyx!q l�n�� z�� l �uo n z�r�q�{�qur | �7q � o!qur n z�qux5� l x!quzv� l {�q�� zv�7r l�l �u�2û qux | zv��x!w�{�zv���7q�� z�� l}| wL�7zl �ª� l �7q l ��zT{Wzv�s� l �uo!x!« � zvtvt l {�q l r7r7wy� � qu�Fzvx | w!�§ zv�u� l�� «yo!� l þ��ÔÌ���qu�u�so�r | � l}|#l � l {�qur | �7q � o!tvquwLx!z {�zv�u� l �uo n z��7qur��bz |7| w l «L�uq l x!«LwL�sql � n zvx | ��w�z\�7qur7�bz |7| w l � | zv�F�bw�r7qu�5o!� l x¡{�w�� l �!��zvr7zvx!t l {�qHî
ó n wLxø�uo!x!« � zvtvtvz
{�q l�|�| zvx�o l tvquwyx!zh� l ��q l ý!��·:· m ®r7qsx!qur | � l µ5zj¨��müLû m �A÷�qQ�!o!��x!w |#l �7z n�� zh�bzv�
�so!x!« � zvtvtvzV{�q l r7r7wy� � qs�Vzvx | w��Fqsx�wy�7q¬� l�n�l ��q nvl � l¢nvn wy� |#l �bzv� l x!«Lwy�uq n wL�F�!�7zvr7q | � l
20o z 160o

l o!�Fzvx |�l � �3x!wy� | ��z�� l x!w |�l�| w n�� zPq��!o!x | q�qux n o!q��Wquzvx!z�� lLnvn wL� |#l � l
� l «L«LqswL�U� l � | z�{�zv�u� l5n�l �7q n�l r7wLx!w5�bzv� l x!«Lwy�uq=�!��wyr7r7qu�Fq l q 180o ®�so n z | � l r7�Fzvr7r l z
{�qu¦�o!r l qsx l � l x | q¥µ�z9�bzv� l x!«ywL�uq¤�!q n�n wy�uq-�����&²���OQ���¢¯±¯%�"
#°S³W´L�k z§üpo l x | q | ý�{�q¤qux | zv��zvr7r�z n�� z9r�wLx!wFr |#l}| z�r�z��szvtvquwLx l�| z r7wyx!w!ö
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time_vs_angle
Entries  328569
Mean x   75.42
Mean y   85.29
RMS x    37.53
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Mean y   75.58
RMS x    39.78
RMS y     49.7
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time_vs_angle
Entries  320608
Mean x   74.65
Mean y   75.58
RMS x    39.78
RMS y     49.7
       0       0       0

   41872 105260 173476
       0       0       0
Integral   1.053e+05

time vs angle

õ qs«Lo!� l þ!�/ÌWöXò�qsr | �7q � o!tvquwyx!z�{�zv�s� l n�l �7q n�l x!zv�¡�7q�� zv� l�| wy��zJqsx�£¥o!x!tvquwyx!z�{�zv�u��û l x!«LwL�sw l �n zvx | �7wVz9{�zv� | zv�F�bwV�bz��J{�o!z��7o!xh� l {Wq l �uq¤r7qu�5o!� l�| q n wyxh�uo!x!« � zvtvt l {�q=qsx | zv� l tvquwyx!z
{�zv��î�ó � l �7q l ý¡�6·�· m ±r7qux!qur | � l µ�z�¨!� üyû m ��¶ l wLr7r�zv� � l�| w n�� z�qu�
£¥zvx!wy�Vzvx!wD{�q
� l «y«Lquwy�d�7qu�squz��yw��
�uw�r n�l}|7| zv�7qux!«H{Wq GJl�Ù �uzvqs« �  k�l {�zvx!r7q | ýQ{�q n�l �7q n�l ��� l «y«LqswL�7z
�bzv�l x�«ywL�sq!�!q nvn wL�uq¡qux lLnvn wL��{�w n wyxV��û l x¡{ l �Fzvx | w (1+cos2(θ)) µ��bzv�$üpo!zvr | w�£Szvx!wL�Fzvx!w!�

��� l � l �7« � zvtvt l {�zv�u�sw5r��bw | {�q��so n z n wyr%Ý n wL�FzH��r |#l}|#l {�z � x!q |#l x�zv���!�7z n z�{�z�x | zn�l �!q | wL�sw!ö�qux!£ l}|7| q�quxj�!�7zvr7zvx!t l {�qdz�¦�z |7| q�{�q�¦=o!r7q��Wq n qdr7q l r7�bz |7|#lVn�� zT�uw�r7�bw |
{�q¬�so n z n�� z��Wquzvx!z5� l¢nvn wL� |�l { l q�î�ïDðCx!zv�u� l r7zv�Fqur7£Szv� l wy�!�bwLr |#l ��qsr7�bz |7| w l
üpo�zv�s� l qux n o�q¤r7q | �7w�� l � l r7wy��«yz�x | z9r7q l �u� l �7« � q2[

��� l üpo l x | q | ý�{�q n�l ��q nvl5n�� z��Wquzvx!z�� l¢nvn wL� |�l { l qªî�ï\ð n�� z�r7q | �7w�� l x!w l {�o!x l
{�qur |#l x!t l { l � ��l �7q n zvx | �7w�{�qª�so n z {�zv�¤�!q nvn w�{�q¤�so n zT{�qu�7z |�|#l qux!£Szv��qswL�7z l {ho�x
�Fz | �7w�[

��� lVn�l �7q n�l �Wqur |#l { l qª£Sw | w | o � q¤�FwLx |#l}| qªr7o!�u� l r7zv�Fqur7£Szv� lVn�� z n wLx | qszvx!z9� l r7wy� �
«Lzvx | z�{�q¡�so n z�zQqux�� l � | q n wy� l �7zJqs�¡� l �!�bwL� | w | � l � l �uo n zQ�Wqur |#l { l q¡£Sw | w | o � q�qux
�!��wyr7r7qu�Fq | ý�{�zv� ��l ��q n zvx | ��wÄz5� l �uo n z5� l¢nvn wy� |#l { l �s� l r7zv�Fqur7£Szv� l�n wyx | zvx!zvx | z
� l r7wL�7«Lzvx | z�[

���2û qux | zv«y� l �uz | w |�l �uz {�zv�u� lVn�l �7q n�l � lLnvn wL� |#l �
�3x!qstvq l �s�Vzvx | zDr7wyx!wçr |�l�| qHr7qu�5o!� l�| q�¶¢ûyûLûLûÓz�� zvx | q�� l r7zv�· λ = 394 nm µF{ l ¶LûLû
£Sw | wLx!q n q l r n o!x!w l r7zvq�{�q�� zv��r7z��uo!x!« � z�tvtvzÄ{�q l r7r7wy� � qs�Vzvx | w!� ���7qur7o!� |�l�| q | �7w�� l�| w
r7wyx!wV�7q l r7r7o!x | q¤x!zv�u� l�|�l¢� z��s� l þ!�6þ!�

ó�wy�VzTr7qd�!o!��wLr7r�z���� l ��zT�2û qux | zv«L� l �uz�{�zv�u� lFn�l ��q n�lV| w |#l �uz � l ��q l r7wL�sw�{�zv�
©vû�µ l
£S�7wLx | z�{�qdo!x n�l � � q l �Fz�x | w�{�zv�u� l �uo!x!« � zvtvt l {�q l r7r7wy� � qu�Fzvx | w�{Wzv�Ñ¶�Ì�µ��QùHo!zvr | w
� {�w��Wo | wVzvr�r7zvx!t�q l �u�Fzvx | z l �¤£ l�|�| w n�� z9qs�ª�!�7w n zvr7r�wF�!qNMh�!�7w ��l�� qs�uz �bzv�Q£Sw | wLx!q n wLx
λ = 394 nm �F�swhr n�l}|7| z��7qux!«jzv� l r | q n w!��{�q n wyx!r7zv«Lo!zvx!t l � l � l «y«Lquwy�9� l � | z�{Wzv�s� l
�uo n z n�� zQqux | zv� l «Lqsr n zJx!wLxV�Wqsz�x!zJ�7z l �u�Fzvx | z l r7r7wL� � q |#l { l �¡�Fzvtvtvw�±qux�üpo!zvr | w r7zvx!r7w
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Λ  m µ Rspot m
ó��!qux R = 1 m óH� θ < 900 G óH� | w |#l �sz

úW�m¨�Ì ¶W�/úLú ©�¨�µ ú¢û�µ û!�m¶:þ 1.37× 105Øf?B�W� ¶W�ÔÌ:Ì ©y©=µ ú¢¨�µ û!�m¶Lû 1.34× 105

ý!��þ¢ý ¨��/¶W© ·�µ ú¢¨�µ û!�u©�ú 1.29× 105ý!�m¨Lü ¨�� ý�Ì þ�µ ú�·�µ û!�u©�û 1.27× 105

ý!�s©�ú ¨���þy¶ ú�µ ú¢ü�µ û!� û�· 1.25× 105¨��müLû ¨���þL¨ ú�µ þLû�µ û!� û�· 1.23× 105

ð l¢� zv�u� l þ���þ�ö k¬l �7« � zvtvt l {�zv�u�uw�r7�bw | {�qW�uo n z nvl � n wL� l}| w�r7z n wLx¡{�w�� l {�z � x�qstvquwLx!zQ{ l}|#l
x!zv� n�l �!q | wL�swDúW� n�l ��q n�l � l¢nvn wL� |�l { l q�î
ï\ði�FwLx |�l�| q�x!zv�u� l r7zv�Fqur7£Szv� lÄn wLx | zvx�zvx | z
� l r�wL�7«Lzvx | zy� nvl ��q n�l � l¢nvn wy� |#l x!zv�u�uw�r7�bw | {�qd� l «L«yquwD© m l}|7| wy��x!w l � ��l �7q n zvx | �7w�{�qn�l ��q n�l � n�l �7q n�l�| w |�l �uz�� lLn�n wy� |#l z�� l �!�bwL� | w | � l � l5n�l �7q n�l � l¢nvn wy� |�l x!zv�u� l r7zv�Fqur7£Szv� ln wyx | zvx | z�� l r7wy��«yzvx | z�zP� lDn�l �7q n�l � l¢nvn wL� |�l x!zv�u�swÌr7�bw | {�q�� l «y«Lquw�¶ m �bzv� G o!x
{�q¬� l r7zv�H� l {�q l �szP�¶¢ûLûyûLû�z��yzvx | q¥µJ{ l ¶LûLû�£Sw | wLx!q n q l r n o!x!w�r7qu�5o!� l}| q n wyxÌ{�q�¦=z��7zvx | q
�so!x!« � zvtvtvzT{�qªqsx | zv� l tvquwyx�z �bzv�Qqu��î�óH�

r l �7z �!� zV�!qNM n wy���7z |7| wÄ� l ��� l �7zF{�q��uo!x!« � zvtvt l {�qXqsx | zv� l tvquwyx!z}µHz�� lÄl x n�� z | zvx�o | w
�!�7zvr7zvx | z n�� z�qux n�l r7wÌ{�q l r7r7wy� � qs�Vzvx | wD� l �!��w ��l�� qu�sq | ýD{�q���q��3zv�Vqsr7r7quwyx!z����Fwy� | wl � |#l  ' 80% µ��

�Q� l � l �Fz | �7qÑ� l «y«Lquwy���Fzvx | z�r7zvx!r7q � qu�uq l �u�sz5� l ��q l tvquwyx!q�{�zv�u� l �so�x!« � zvt�t l {�q l r �
r�wL� � qu�Fzvx | wDr7wyx�wÌqu��� l «L«yquwÌ{�zv�u�swDr7�bw | {�q��uo n zy� n�� z l o!�Fz�x |#l {�zv��ý ¶�µ n qs� n�l �Xz
qs��� l �!�bwy� | w | � l � l�n�l �7q n�l � lLnvn wy� |#l�l}|7| wy��x!w l � ��l ��q n zvx | ��wP{�q n�l ��q n�l {�zv�¬��q nvn w�{�q
�so n zT{�qs��z |7|�l z � lFn�l ��q nvl � l¢nvn wy� |�l �bzv� l x!«Lwy�uq l � n zvx | �7w��Fqux!wL�7q�{�q 90o

n�� z �bzv�J� l
�so!x!« � zvtvt l {�q l r7r�wL� � qs�Fz�x | wV{�q¤úW�m¨�Ì m ���!qNM n�� z | ��qs���sq n�l}|#l ��qsr7�bz |�| w l � n�l r7w n wyx
λ = 3.90 m �

§ zv�u� l�� «yo!� l þ!�6·Tr7wLx!w�qu�s�uo!r | � l�| qb«y�uqbr7�bw | {Wqb�uo n z���qsr |#l {�qb£S��wyx | z l �s� l r7wy��«yzvx | zn wyx&{�q�� zv��r7zh�so�x!« � zvt�tvz\{�q l r7r7wL� � qu�Fzvx | w�zÄr7qQ��o!�ü o l �uq |#l}| q�� l �Fzvx | zhwyr7r7zv��� l �7z
��û l o!�Fz�x | w�{�z��s� l {�qu�Fzvx!r7quwyx!z {�zv�u�swFr7�bw |�l �d{Wz | zv�7quwL� l �7r7qd{�zv�u�uwFr n qsx | qu�s� l}| wy��zy�

÷�wyx�wVr |#l}| q=zvr7zv«Lo!q | q l � | �7qª{�o!z n q n �uq¤{�q=r7qs��o!� l tvquwyx!q l o!�Fzvx |#l x¡{�wVqu�ªxpo!�Fzv�7w�{�q
£Sw | wyx!qì�W� l r7r l x¡{�w5{ l ¶¢ûyû l úLûLû�z5©vûyûLû�£Sw | wLx!q��bzv��qu�F�!o!�ur7w¡���bzv��� z��7q ��n�l ��z n�� zH�sz
üpo l x | q | ý��Fqur�o!� l�| z r7q l x!w l��!��l r |#l x!t l r |#l�� qu�sq l �ª� l ��q l �7zT{�z��s�2û qux | zvx!r7q | ý�{Wzv�d� l r7zv�v�§ zv�s�uz |#l�� zv�s�uz þ��ÔÌ�z§þ!�6·Vr7wLx!wF�7quzv�!qu�swL« l�| qdqª�7qur7o!� |�l�| q | ��w}� l}| qì�

ó�wL�FzÄr7q1�!o!�)x!w |#l �7zÄq1�7qur7o!� |#l}| q n�l � � q l x!w)�FwL� | w)� l r7r l x¡{�w�{ l ¶¢ûyû l úLûLû
£Sw | wyx!qª�bzv�1qu�F�!o!�ur�w!� | o |7|�l �Wq l r7zv� � � l x!wVr |#l�� qs�uqutvt l �7r7qd{ l}| w n�� z�q=� l �uwy��q¤w |7| zvx�o | qn wyx?©vûyûLûP£Sw | wyx�q�r7wLx!wh�Vwy� | wÄr7qu�Fqu�sq l üpo!zv�u�uq�w |�| zvx�o | q n wLx�úLûLû��Vî���w �¡l¢� qu�u�Fzvx | z
q���qsr7o!� |#l}| qdw |7| zvxpo | q n wLxÌ¶LûLûF£Sw | wyx�q��bzv�Jqs�V�!o!�ur�w ��l x!x!w | �7wL�!� l �bw n�l r |#l}| qur | q n�l �
XHr�r7zv� � l x¡{�wjq���qsr7o!� |#l}| q�w |�| zvx�o | q n wLxø©vûLûyûh£¥w | wyx!q�r7q��!o!�jwyr7r7zv� � l �7z n�� zF�Vzvx | ��z
� l r7wL�F� lh| w |#l �szP{�zv�u� lDn�l �7q n�l � l¢nvn wy� |�l·l o!�Fzvx |�l r7wL�sw·{�zv�-þ�µP� l £S��wyx | zP{�q�o!x
��z�«y«LqswL� l �Fzvx | w�{�zv�u�szh�!��wy�!��qsz | ý){�q | � l r7�Fqur7r�quwLx!zj{�zv�J¶�Ì:µP��� l {�qs�Fz�x!r7qswLx!zj{�zv���
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Mean x  -0.133

Mean y  -0.03554
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RMS y    3.428

       0       0       0
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frontpro

õ qs«Lo!� l þ!�6·!ö¬÷��bw | {�q��so n z���z��Ñq�î
ï\ðç{�q�£S��wyx | z l �u� l r7wy��«yzvx | z��bzv�¬� l r7zv�¬� l {�q l �uq n wLx
{�q�� zv�7r7z
�so!x�« � zvt�tvzU{�q l r7r7wy� � qu�Fzvx | wH{�z��s�uw�î�r7zvo¡{Ww n o!�Fz�x!zy� k wHr7�bw | ��{�z � x!q | wH{ l q
î
ï\ð n wL�s�!q | q¡�bzv� | zv�F�!q n wL�F�!��zvr7q�qux [tpicco−5 ns, tpicco+5 ns]

l �u�2û qux | z��7x!w�{�z��s� l
r7zv�Fqur�£¥zv� l wy�!�bwLr |#lFl �¤�!o!x | wFqux n o!q n û �9� l r7wL�7«Lzvx | zT{�qª�so n z � l r�zv�v��÷�q¤�!o!��� z�{�zv��zn wL�Fz l �u�2û l o!�Fzvx |�l ��z5{�zv�u� l ���7w �¡l¢� qu�uq | ý�{�q�r n�l}|7| zv�7qux!«�qux·î
ó �sw�r��bw |�l o!�Fzvx | q¬{�q
{�qu�Fzvx!r7qswLx!zy�
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Λ  m µ Rspot m
ó��!qux R = 1 m óH� θ < 900 G óH� | w |#l �sz

úW�m¨�Ì ¨��mû�© ©�û�µ ú¢¨�µ û!�u©(Ì 3.20× 105Øf?B�W� ¨��/¶�Ì ·�µ ú�þ�µ û!�u©vý 3.15× 105

ý!��þ¢ý ¨��m¨yú Ì:µ ú�Ì�µ û!�u©�¶ 3.13× 105

ý!�m¨Lü ¨�� ý�· þ�µ ú�·�µ û!�u©y© 3.10× 105

ý!�s©�ú ¨��/ú�· þ�µ ú¢ü�µ û!� ûyü 3.06× 105¨��müLû ¨��ÔÌ�û ú�µ þ�©(µ û!� û�· 3.02× 105

ð l¢� zv�u� l þ!�/ÌWö
ó�wy�Vz |#l�� zv�u� l þ���þ5� l5n wyxj¶¢ûLûyûLû�z��yzvx | q n wLxÄqu�F�!o!�ur7wV� l r7zv�1{ l úLûLû
£Sw | wyx!qì�

Λ  m µ Rspot m
ó��!qux R = 1 m óH� θ < 900 G óH� | w |#l �sz

úW�m¨�Ì ¨��mûL¨ ©�û�µ ú�ýsµ û!�u©Q· 6.35× 105Øf?B�W� ¨��/¶W© ·�µ ú�þ�µ û!�u©vý 625× 105

ý!��þ¢ý ¨��m¨y¶ Ì:µ ú�Ì�µ û!�u©�¨ 6.25× 105

ý!�m¨Lü ¨�� ý ú þ�µ ú�·�µ û!�u©y© 6.14× 105

ý!�s©�ú ¨��/ú�· þ�µ þLû�µ û!� ûyü 6.06× 105

¨��müLû ¨��ÔÌ}ý ú�µ þ�©(µ û!� û�· 5.97× 105

ð l¢� zv�u� l þ���·�ö�ó�wy�Vz |#l�� zv�s� l þ���þ9� l9n wLx�¶¢ûyûLûyû9z��yzvx | q n wLxFqs�F��o!�sr7w � l r�zv�
{ l ©vûyûLû
£Sw | wyx!qì�
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�uwÌr7�bw | {Wq��uo n z l o!�Fzvx |#l {�zv�1¶L¨�µ��Vzvx | ��z�qu��� l �!�bwy� | w | � l � lDn�l �7q n�l í�{�qu�7z |7|�l í
zÄ� l·n�l ��q nvl �Wqsr |�l { l qJî
ï\ð n wLx l x!«LwL�sq l � n zvx | �7w)�Fqux!wL�7q1{�q 90o �7qur7��z |7| w l �u� l
r7wy��«yzvx | z n�l � � q l {�q�o!xD£ l}|7| wL�7z5¶W� k zT� l �7q l¢� qs�uq¬r7zv�szvt�qswLx l}| zy�={�o!x\ü o!zy�br�z�� � � l x!w
zvr7r7zv�7z9r7ojH n quzvx | zv�Fzvx | z r7zvx!r7q � qs�uqd�bz���{ l �7z9o!x l � l �uo |�l tvquwLx!zT��zv� l}| q�� l r7o!�s�uwFr |�l�| w
{�zv�u�szUüpo l �sq | ýÌw |7| q n�� zh{�zv�u�sw)r n qux | qu�s� l}| wL�7zhzÄr�wL�!� l}|7| o |7| w¡� lÌn wLx¡{�qstvquwLx!z\{�q1� l � w��
� l �7z l {·qux | zvx!r7q | ýÄ{�zv�X� l r7zv���Fwy� | w l � | zy�¤r7zv� � � l zvr7r�z��7zV�!quo |�| wyr | whqux¡{�qu�bzvx¡{�zvx | z
{ l �s�2û qux | zvx!r7q | ýVr | z�r�r l {�zv�¤� l r�z����

�3�=�squ�Fq | z�£SwLx¡{ l �Fzvx |�l �uz {�q~üpo!zvr | w��Fz | w�{�wV��qsr7quz�{�z9x!zv�u� l �bwyr7r7q � qs�uz�� l ��q l tvquwyx!z
x!zv� | zv�F�bw5{�z��s�2û z"H n quzvx!t l «LzvwL�Fz | ��q n�l x!z��s� l � l¢nvn wL� |�l {�qb�uo n z n�� zH�!o!�Tzvr�r7zv��zH���7w��
� w n�l�|�l { l �u� l ��w |�| o!� l {�qdo!xÌî�ï\ð9� k�l �7w |7| o!� l {Wqdo!xÌî�ï\ð | � l o!x l¢n üpo!qur�qutvquwLx!z
{ l}| q�z���û l � | � l �!o!�Dzvr7r7zv�7z�� zv�7q ��n�l}|#l quxç�Vwy� | q��VwW{�q� n wyxÓqu��� l r7zv��{�q�¯±°S²5°S³W´ l {
zvr7zv�F�!quw�µJqux!wy� | ��z��sz��Vqsr7o!� l tvquwLx!qX�!�7w�� zvx�qszvx | qX{ l �u�uzh©�¶ �¡� �7z��bwLr7r7wyx!wP£ l � n�l �!qu�7zn�� zQo!x l9n�l �7zvx!t l x!zv�u� l n�l �7q n�l � lLnvn wL� |#l l�|�| wL�7x!w l � ��l �7q n zvx | �7wT{�q n�l �7q n�l �!o!� zvr7r7z��
�7z�{�w}��o |#l�l üpo!z�r | w�«Lzvx!zv��z5{�q¬qu�F�!�7z��Wqsr | w��!quo |7| wyr | w n�� z l {\o!xD�bzv«L«yquwL� l �Fzvx | w
{�zv�u�sz�üpo l �sq | ýJw |7| q n�� zU{�zv�u�uwHr n qsx | qu�s� l�| wy��zy��ó�wy�5o�x\üpo!z�� l ��w |�| o!� l {�qpo!x�î
ï\ðÓx!zv�u� l
tvwLx l wL�!�bwyr |�l l �s� l r7wy��«yz�x | zQ��zvx¡{�zv��z �!� zJo!x l¢n üpo!qur7qutvqswLx!z�{ l}| q!x!wLx n wyx�£S�7wLx |#l�� qu�szn wLx½üpo�zv�s� l r7o nvn zvr7r7qu� lFl �s� l �7w |7| o!� l �bzv�Qo!xj{�z | zv�7�Fqux l}| wV� l�|�n�� � l x!zv�ì�

��¹�¸ Ô É�ÂÄÆhÇ�É ËÌ¿1Ð ¼�ÇçÎ�É�Ê5¾�Ð¬É�ÇvÇ�É ÂP¿JÇ�Ç�Á ¾¬Ð¬Á�½¤ËÄÁTÐ¬¿QÊPÈUÁ

ñÕr7zv«Lo!q | w�{�q | o |�| z��sz9wLr�r7zv� � l tvquwLx!q¤£ l�|�| z�r�q lFl x l �squtvt l x¡{�wFqd{ l}| qª�7z l �uq¤qux l ��q l r�q ll x l �uqst�t l x¡{Ww��uzhr7qu�5o!� l tvqswLx!qQquxøî
óÏ�Är |#l}| w)r n ��q |�| w)qu�1�FwW{�o!�uw)�bzv�Fqu� n wLx | ��wy�u�uw
{�zv�u� l5| � l r�� l ��zvx!t l {�zv�u�uwFr n qux | qs�u� l�| wy��zy�

�3���Fw�{�o!�uw��7q n z��yz�quxDqux!«y��zvr7r�w�o!xD� l � l �Fz | �7w�qs{�zvx | q ��nvl�| qu�ywP{�zv� | qu�bwP{�q�� l r�z��
±� l {�q l �sz�wVw � �uqBüpo!wpµ�z9qu�ª� l}|�n�� � l x!zv�ì���3�ª�!��qs�Fw�� l r�r7wV���!��w n z�r�r l �7z9q=�!�7qu�Fq¤¶LûLûyû
z�� zvx | q !�z n �7z l �7z1o!x l {�qur | �7q � o!tvquwyx!z | zv�F�bwy� l �uzJ{�z��s� l9n�l �7q n�l �bzv���7q n zv� nvl ��zQqu�!�!q n�n w
{�q¤�uo n z {�qu�7z |7|�l z�{Äz��yzvx | o l �uq l � | �7q¤�!q nvn�� qd{Wq¤�7q F¡zvr7r7qswLx!z� � «Lo!� l þ��mü µ��

�Jx l �ywy� |#l�| ��w}� l}| w qu���!q nvn w�{Wq��uo n z�{�qu�7z |�|#l ��qsz�x!zJ� l �so |#l�|�l � l9n�l ��q n�l �Wqur |�l { l q
î
ï\ð n wy�u�!q | q��bzv� t ∈ [tpicco−5, tpicco +5]ns �bzv��{�z � x!qs��z�qu��î�ïDð n�� zJ�!o!� zvr7r�zv��zn wLx!r�qs{�zv� l�| w � zv�7r l «L�uqsw�{�qu�7z |�| wF{�zv�¤£ l r n quw�{Wq¤�uo n zy�

�3���Fw�{�o!�uw ��l?l¢nvn zvr7r7w l � ò l}|#l���l r7z�{�q ~
wy��z���qux!w&{ l �¢üpo l �uz lLn üpo�qsr7qur n z)� l
�bwyr7qutvquwyx!z
{�z��s� l��¡� � lQl r7r7w n q l�|�lJl �y� l}|�n�� � l x!zv� {�zv� G o!x Ô �¬î¬wLq���z�� zvx | wQ�bz��dz��yzvx | w!�
�Wquzvx!z�� l �uo |#l}| w!�X�bzv��wy«Lx!qUî
ï\ð n wL�s��q | w¡�Xqu��xpo!�Fzv�7wÌ{Wq�£¥w | w�zv�uz |�| �7wLx!q�� lLnvn wy� | q�z
qu� | zv�F�bw l r7r7w n q l}| w l �Xî
ï\ð n wy�u�!q | wPzT�Wquzvx!z nvl � n wL� l}| w���û l x!«LwL�sw l � n zvx | �7w | � l qs�
î
ï\ð n wy�u�!q | wFz9� l r7wy��«yzvx | z� � «Lo!� l þ!�u©�û µ��

ñ üpo!zvr | wÓ�!o!x | w l r�z n wyx¡{ l {�zv� | qs�bwç{�qHz�� z�x | wÓ� l r7zv�·®� l {�q l �uzÌwÓw � �sq�üpo!wpµn wLx | zvx�o | q¤x!zv�ª�7o!x¤��qs�ª�FwW{Wo!�swFzvr7zv«Lo!z wL�bzv� l tvquwLx!q�{�q�¦=z��7zvx | q��
#�À ���Q�(+�� )21 ì ,6�ô�=�$'=� ö ��,ò!�17'����/�Nø �Q!��ô�"!��"úÕ¯À �f�K�(�8�(13�{5��dì7.013�"!�� �=� )2�$'���!9,�5()�1 ì � ��,6� �3!9,�'��Y5�,(ÿ*'(,��(�85���!9.9é85��&�=� ��ú
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õ qu«Lo!� l þ��mü�ö��3�W�FwW{�o!�uw n ��z l o!x�qur | wL«y� l �F� l {�z��s� l {�qur | �7q � o!tvquwLx!z | zv�V�bwy� l �uzQ{Wzv�s� ln�l ��q n�l {�zvq����7qu�Fq�¶¢ûyûLûÄz��yzvx | qJ®qs�Xxpo!�Fzv�7wÄ��o!�hz�r�r7zv��z n�l � � q l�| wh{ l �u�2û o | zvx | zF{ l �� �sz·{�q n wyx � «Lo!� l tvquwyx�z){�q D n�� qs{�x l µ��bzv����q n z�� n�l �7zÌqu����q nvn wG{�qH�uo n z·{�qu�7z |�|#l z�{
z�� zvx | o l �uq��!q nvn�� q�{�q���qNF¡zvr7r7quwyx!zL�����!q nvn�� qX�yzvx!«ywLx!wh�7q n zv� nvl�| q n wy���Vz | wW{WwD÷�z l � n��
{�zv�s�2û wL«L«yz |�| wFðJ÷��bz n�| �7o!�+{�q G X¢X�ð z�� l �bwLr�qutvquwyx�z {�zvq��!q nvn�� q=��qsz�x!z n wy��o!x!q n�l�|�ln wyx�o!xF�Fzvr7r l «L«yquw!�����¡�Vz | w�{�w5÷�z l � n�� qux¡{�q n�l n wLx�o!x l £S��z nvn z |7|�l qs�¡�!q nvn w | �7w�� l�| w¡�

õ qu«Lo!� l þ��s©vû�ö¤ñçr�qux!qur | � l ��� l ���!�7zvr7zvx |�l�|�l � l üpo l x | q | ý1{�q n�l �7q n�l � lLnvn wL� |#l ��z�� n�l x l �
�sz�x!zv���!q nvn w�{�qW�uo n z1{Wqs��z |7|#l ödqsxuüpo!zvr | wH�FwW{�wH�!o!��zvr7r7zv�7zU{Wz � x!q | w�qu�!î
ï\ð � |�l ��«yz | �
ñø{�zvr | � l ��qs�u�uo!r | � l}|#l � l {�qsr | �7q � o!tvquwyx!zU{�zv�u� l�n�l �7q n�l qux5£¥o!x!tvquwyx!zU{�zv� | zv�F�bw�{�qp� wL�uw
zT{�zv�u�2û l x!«Lwy�uw l � n zvx | �7w | � l qu��î�ïDð n�� z ��l � lLn�n wy� | wF� lVnvl �7q n�l z9� l r7wL�7«yz�x | zy�



ÕoDWÁ ÙdÚ®Þ � áSß���Ú¥å�æ¬Ú�àÑÚ
ÝpëbÝWæbÜ}Ú�àÑÚ�áSß¡ÛvÝ�â

÷�zhqs�Q�7o!x?�\{�qQ� l r7zv��� l {Wq l �uzj��qszvx!zjz�¦�z |�| o l}|#l � l ��w |#l tvquwLx!zD{Wzv�Jr7qur | zv� l {�q
�7qu£Szv��qs�Vzvx | w�{�zvr n �7q |7| w�x!zv� n�l �!q | wL�swFú�®�yz�{�q l x n�� z l �!�bz�x¡{�q n z�ñ9µ#���Wquzvx!zH� l �uo |#l}|#l
� l �bwyr7qutvqswLx!z�{�zvq�î�ï\ð n wy�u�!q | q¬x!zv�¬�!q l x!w x′ − y′ z���qszvx�z�� l �uo |#l}| w�qu� �¡l �7q n zvx | �7w
�bzv��� l�n�l �7q n�l � lLnvn wL� |#l �bzv� t ∈ [tpicco − 5, tpicco + 5]ns { l q¬î
ï\ð n�� z ��l x!x!w�o!xl x�«ywL�sw l � n z�x | ��wV��qsr7�bz |�| w l �s� l r7wL�7«Lzvx | z�� l «y«Lquwy�7z�{�q 90o �$�Jx l � wL� |#l �!�7w n zvr7r l�| q| o |�| qª«y�uq¤z�� zvx | qd{�zv�¤��o!x

���Wquzvx!z)� l �uo |#l}|#l � l {�qur |#l x!t l �Fz�{�q l {�zvq�î
ï\ð n wy�u�!q | q n wyq§üpo l �uq ��r |�l�| w
{�z � x!q | wçqu� �¡l �7q n zvx | �7wç{ l � ��l �7q n zvx | �7wÓr | zvr7r7w ì{�qu�Fzvx!r7quwyx!zÌ{�zv�u�uwçr7�bw | {�q
�uo n z}µ&[

���Wquzvx!z � l �uo |#l}| w���û qsx | zv«L� l �sz5{�z��s� l�n�l ��q nvl ��qsr |�l { l q¬î
ï\ð n�� z �¡l x!x!w l x!«Lwy�uql � n zvx | �7wV�7qur7�bz |7| w l �s� l r7wy��«yzvx | z9�Fqux!wy��qd{�q 90o  n�l �7q n�l ������²!µ"[
���Wquzvx!zQ� l �uo |#l}|#l � l n�l �7q n�l ��qsr |�l { l q=î�ï\ð n�� zJ«yq l¢nvn qswLx!w�zvx | �7w o!x�� l «L«yquw�{�q
o!xh�Vz | �7wF{ l � ��l �7q n zvx | �7w\ n�l ��q nvl {Wqs��z |7|#l µ"[

��qux � x!z n�l � n wL� l qu�¤� l �!�bwL� | w | � l�n�l �7q n�l {�qu�7z |�|#l z nvl ��q n�l �����&²��
÷�z\quxp� z n zDqu���7o!xø�D{�zv� | qu�bwÓ� l r7zv��w � �sq�üpo!w��Wquzvx!z\�!�7zvr l � l�n�l �7q n�l � l¢nvn wL� |�l

{ l ��î�ï\ð {�z � x!q | w |#l �7«Lz | { l q¤���7qu�Fqªz�� z�x | q¤{�q n�l �uq � � l tvquwLx!z z��Wquzvx!z9�7quzv�F�!q | wVo�x
qur | wy«L� l �F� ljn wLxÓ� l\n�l �7q n�l zvr7�!�7z�r�r l qsx | zv�7�Fqux!q�{�q n�l x l �sz�ñ�ò�ó�� �3x!wy� | ��z��Wquzvx!zn�l � n wL� l�| whqu��xpo!�Fzv�7wP�Fz�{�quwh{�qX£Sw | wpzv�uz |7| ��wyx!qX� l¢nvn wL� | q�{ l � |#l �7«Lz | �bzv��z�� zvx | w | z#�
x!zvx¡{�wPqux n wLx!r7qé{�z�� l t�qswLx!z l x n�� z5«y�uqÑz�� zvx | qX{�q | �7qu«y«Lzv� l q�üpo l �uqÑx!wyx n wy���7qur7�bwyx¡{�zl � n o!xÌ£Sw | wpzv�sz |�| ��wyx!z5� l¢nvn wL� | w¡�§�Jx l � wL� |�l �!��w n zvr7r l}| q | o |�| q¬«y�uqÑz��yzvx | q¬qs�¬�FwW{Wo!�sw
{ l quxhwyo | �!o | ö

��� l �bzv� n z�x | o l �uz�{�q�z��yzvx | q n�� z ��l � l x¡{ l}| wÿqux r l}| o!� l tvquwLx!z·qs� n�l x l �sz){�q
zv�uz |�| �7wLx!q n�l�l r7r7w n q l}| w l �=î�ï\ð � zv��r l «L�uqsw l}|7| � l �yzv�7r7wT� l {�qur | ��q � o!t�qswLx!z�{�zv�u� ln�l �7q n�l � l¢nvn wL� |#l { l ��î
ï\ð � |�l ��«yz |  � «Lo!� l þ!�u©y©�µ"[

��qu�ª� l �swL�Q�Fz�{�quw�{Wzvq¤£Sw | wLx!q¤� l¢nvn wL� | qd{ l �dî
ï\ð � zv��r l «L�squw!�
ðdo |7| zUüpo!zvr | zhqux!£SwL�7� l tvqswLx!q1� l x!x!w)�bwyqQr n ��q |�| zhx!zv��ò l}|#l���l r7zy��� l¢nvn wL� | zj�bzv�| qu�bw�{�qd� l r7zv��zT�bzv�J� l�|�n�� � l x!zv����z n wLr | q | o!qur n wyx!w��uzTqsx!£¥wy��� l t�qswLx!q�£SwLx¡{ l �Vzvx |#l �uq

�bzv� l �yzv�7z�o!xÓqu�F�Fz�{Wq l}| w\��qsr n wLx | ��w\r�o��s�uz�� l ��q l tvquwyx!q�{�zv�s� lÄ| � l r7� l ��zvx!t l {�zv��î�ó
±r7wL�!� l}|7| o |�| wH�sz�qux!£SwL�7� l tvquwyx!q���qu«yo l ��{ l x | qWqW� l r�z��X� l {�q l �sqWzU«L�uq�w � �uqBü o!q n wL�W�Fz | w�{�w
{�zv�u� l r l}| o!� l t�qswLx!z}µJwL�!�!o!�7zy��x!zv� n�l r7wP{�qÑ��o!x·{�q¬� l r7zv��w � �uqBü o!q l���l r7r l qsx | zvx!r7q | ýW�
�bzv�Tzvr7r7zv�7z l x l �uqutvt l�| z��bzv� l � zv�7z�o�x@û qux!£SwL�7� l tvquwyx!z��!qNM��!�7z n qsr l r7o!�u� l �uo!x!« � zvtvt l
{�q l r7r7wy� � qs�Vzvx | wF{�zv��î�ó n wL�Fz9�9r |#l�| wVqs�u�uo!r | � l}| wFx�zv�¤� l � l «L� l £Sw�þ��s©L�s©L�



õ qu«Lo!� l þ��s©L©LöÌó l �7q n�l � lLn�n wy� |#l { l �Hî�ï\ð¼� |#l �7«Lz | �bzv�Fo!x&��o!xø{�qQ� l r7zv�Fw � �uq�üpo!w
zvr����7zvr7r l qsx n�l x l �sq¤ñ�ò�óH�
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0 g;: <Z×�7 =Pa¤gë: a

ùHo!zvr | w�� l �ywy��w�{�q | zvr7qdr7qd� r�� wL� | w�x!zv�u�2û l � � q | w�{�zv�u��û zvr7�bzv�7qu�Fzvx | wP~
wy��z���qux!w¡�7�Jx l
�!�7qu� l � l � | z�{�zv��� l �ywy��wT�Jr |#l}|#l {�z�{�q n�l}|#lTl {Fo!x l r�zv��qsz�{�q | zvr | � z�¦�z |7| o l�| q�o!r l x¡{�w
{ l�| qpr7qu�5o!� l�| q��}r7o!�s� l �7q n wyr | ��o!tvquwyx!z�{�zv�u� l �bwyr7qutvquwyx!z
z�{�zv�u��û zvx!zv��«yq l {�zv«y�uqpz�� zvx | q�� n�� z
�7q�� zvr | wLx!w5o!xP��o!wy�uw5£SwLx¡{ l �Vzvx |#l �uz��bzv�U�2û qé{�zvx | q ��n�l tvqswLx!z9{�zv��r7zv«Lx l �uz�{ l x!zvo | �7qux!w
z � l ��zvquzvtvquwyx!zT{�zv«L�uq¤z�� zvx | qd{�qª£SwLx¡{�w¡�

Ú r |#l}| w�� zv�7q ��n�l}| w n�� zV� l ��qsr7wL�so�tvqswLx!zFr7o!�u� l �bwyr7qutvquwyx!zV�bzv«y«Lquwy� ljl �u�swLx |�l x l xW�
{�wyr7qÑ{ l � n zvx | �7w�{�zv�¬�7q�� zv� l}| wL�7z�� l r7r l x¡{�wP{ l Ì cm l ©L© cm l ¨!�mú m { l � n zvx | ��w
��z���z�� zvx | q β { l ©�ûLûLû keV � ùHo!zvr | w��!�7w � �sz�� l �5qsxÌ� l � | zV{�w��Wo | w l {Dz�¦=z |7| qÑ{�q� wL��{Ww n�� z�x!wLxÌr7wLx!w l}|7| o l �u�Fzvx | z | z�x�o | q�qux n wyx!r7qs{�zv� l tvquwyx!z�{ l � n w�{�q n z�{�q¬��q n w¢�
r | �7o!tvquwLx!z5z5quxÌ£¥o | o!�7w��bw | ��ý�zvr7r7zv�7z l �u�Fzvx!w�� l �7tvq l �s�Vzvx | z5��qsr7wL� | w�qsx | �7w�{�o n zvx¡{�w
x!zv�Xò l�|�l¢�¡l r7z5{�qÑ~�wL�7z���qux!w�o!x l £So!x!tvquwLx!z�{�q¬{�zvx!r7q | ý�{�q��!�7w ��l¢� qs�uq | ý�{�qu�bzvx¡{�zvx | z
{ l �u� l �bwLr7qstvquwLx!zy��� | zvr | zvr7zv«Lo!q | q=r7o!�u� l ��q n wLr | �7o�tvqswLx!z9{�zv�u�2û zvx!z��7«Lq l���l x!x!w5�bzv�7�Fzvr �
r�w�{�qQ� l �so |�l ��zj� l �7qur�wL�uo!tvquwyx!z\zvx�zv�7«Lz | q n�l  ' 7%√

E(MeV )

µ#��� l·��l x!x!w��Fzvr7r7w�qsx
�so n z l � n o!x!qª�squ�Fq | qªx!z��¤��q n wyr | ��o!qs��z9�2û z�x!zv�7«Lq l {�zv«L�sqªz�� z�x | q=r�qu�5o!� l}| qª�FwL� | wV�uwyx |#l x!w
{ l � n z�x | �7w\{�zv�
�7q�� zv� l}| wL�7zD G ªJ¨!�mú m µ#�hòHo!� l x | z�üpo!zvr | wj� l � wL�7w\{�q | zvr7q
��r |#l}| w
�Fwyr | � l�| w n�� z�� l �so!x�« � zvt�t l {�q l�|�| zvx�o l tvquwLx!z�z3H nvlLn z�{�zv�s� l �uo n z�z�� l {�z � x!qutvqsw��
x!zP{�q l x!«Lwy�uwDr7wy�uqs{�wDr�w |7| zvr7wÌ{ l qUî
ï\ð��¬{�o!z�{�zvq�� l � l �Fz | �7q�o�r l}| q
x!zv���!��w n zvr7r7w
{�q��Fqux!qu�Fqst�t l tvquwLx!z�{�zv� n w�{�q n z�{�q���q n wyr | ��o!tvquwyx!zF{�zv�s�2û zvx!zv�7«Lq l �d«Lqsw n�l x!who!x)�7o!wL�uwn�� q l �yzÄx!zv�u� l �7q n wyr | �7o!tvquwyx�zh{�zv�u��û zvx!zv�7«Lq l {�qUz��yzvx | q��uwyx |�l x!qU{ l � n zvx | ��w){�zv�U��qu�yz��
� l}| wL�7zy�)î�zv� |�l x | wDr l ��ýjx!z n zvr7r l ��quwÌqsxp�yzvr | qu« l �7z�o!� | zv�7quwL�7�Fzvx | z n wL�Fz�üpo!z�r | qU{�o!z
� l � l �Fz | �7qªqsxoF¡o!qsr n wLx!w�r7o�üpo!z�r |�l �Fqur7o!� l �k�l � l � | z��!�7qux n qu� l �sz�{�zv�b� l � wL�7w5{�q | zvr7qb��r |�l�|�l {�z�{�q n�l}|#l�l �u�uw5r | o¡{�qsw5{�q��Fz | w��
{�qª�bzv�1qu� n wyx | �7wL�u�swF{Wzv�s�uz9�!��wy�!��qsz | ý5w |7| q n�� z9{�zv�u�uwVr n qsx | qs�u� l�| wy��zy���3� n wLx | ��wy�u�uw�{Wzv�s� l| � l r7� l ��zvx!t l {�zv�u�uw5r n qsx | qu�s� l}| wy��z���{�qbzvr | �7z�� l qs�V��wL� |�l x!t l x!zv�u�2û l � � q | w�{�zv�u�2û zvr7�bz��
�7qu�Fzvx | wÓ~�wL�7z��Wqsx!w!� ��l r | qJ�bzvx�r l �7z n�� zh� l ��q l tvquwyx!q�{�z��s� l �so!x�« � zvtvt l {�q l r7r�wL� � q �
�Fzvx | w�{�zv�u�swPî�r7zvo¡{�w n o!�Fzvx!z5{�q n qu� n�l qs�
©�ú�µ £ l x!x!w�� l ��q l �7zT� l ��qsr7wL�uo!tvqswLx!z5x�zv�s� l
�7q n wyr | ��o!tvquwyx!zH{�zv�s� l �bwLr�qutvquwyx�zHx!zv� n zvx | �7w�{�zv�b��qu�yzv� l}| wL�7zH{ l Ì l ©�¶ cm �bzv��z��yzvx | q
β { l ©vûyûLû keV �

©�ú¢¨



�3xÀü o!zvr | wj� l �ywy��wD{�q | z�r�q�r7wLx!w\r |#l}| q�r | o¡{�q l�| q l � n o!x!q
�Fz | wW{�q��bzv� qs� n wLx | �7wL� �
�uwP{Wzv�s�uzuüpo l �sq | ýFw |�| q n�� z5{�zv�u�uw�r n qux | qu�u� l}| wL�7z ��l r l}| zTr�o!�u�2û o!r7wP{Wzv�¬r7qur | zv� l {�q�� l r�z��
z �¡� ��zDw |7| q n�� zÌ{�z�{�q n�l}| zy�fñH� n o!x!zÌ{�q8üpo!z�r | z | z n x!q n�� zy�Qr7o!�u�sz¨ü o l �uqHr7wLx!wÓr |#l}| q
z�¦�z |7| o l�| q | z�r | r�£¥�7o |�|#l x¡{�w�{ l}| qdr�qu�5o!� l}| q l ïjwyx | z}ó l ���sw!�br7zv� � � l x!w�zvr7r7zv�7zTr7ojH��n quzvx | zv�Vzvx | zQr7zvx!r7q � qu�sq l � l ��q l tvquwyx!q l x n�� zQ�7z�� l}| q�� l �Fz�x | zQ�!q nvn wL�szJ{�zv�s� l �uo!x!« � zvtvt l
{�q¤qux | z�� l tvqswLx!zT{�zv�u� l �so n z quxDîXr7zvo¡{�w n o��Fzvx!z��ú���©�û�µFµ | o |7|�l �Wq l r l ��ý�qu�F�bwL� |#l x | z
� l �uo |#l �7x!z��2û z3H n qsz�x!t l x!zv� n�l r7wÌ��z l �uz�üpo l x!{�wÌqs���7q�� zv� l�| wy��z��yzv�7��ýj��qsz��F�!q | w n wLx
î�r7zvo¡{�w n o!�Fzvx!zL�¨Úfr |�l�| w l x n�� z��bwLr7r�q � qu�uzPz�¦�z |�| o l �7z�o!x n wLx!£S�7wLx | wÌ{�qu�7z |�| wD£¥� l
�uz�r7qu�5o!� l tvqswLx!q�zFq
{ l}| q���z l �uq
{�q�z�� zvx | q
{�z���r�qur | zv� l � l r�z��T�bz�� qs� n wyx | �7wL�u�sw\{�zv�u� l| � l r7� l �7zvx!t l � lLn üpo!qur�q | qJ{�o!� l x | zh��û ñHqu� G o!xø{�qJï l ��tvw¢�3ñH�!��qs�uzD¶¢ûLû�þ�� l �_üpo l �uzhqs�n�l x¡{�qé{ l�| w �¡l � l � | z n qs� l}| w!�
zvr7zv«Lo!q | w)�bzv�Vz�¦�z |7| o l ��zÄo!x l r7zv�7quzh{�qU�yzv�7q ��n�� zÄr7o!�
£So!x!tvquwLx l �Vzvx | w){Wzv�Ur7qsr | zv� l {�qU� l r7zv���ÓùHo!zvr | w n wyx!£¥�7wLx | w ��l �bzv���Fzvr7r�w·{�q�z��Wq �
{�zvx!tvq l �7z l � n o!x!q��!o!x | q�{�z � wy�uq
{�zv� n w�{�q n z�{�q�r7qs��o!� l tvquwyx!zL��r7o!«y«Lzv�7z�x¡{�wj�bwyr7r7q � qs�uqn�l � � q l �Fz�x | qª�bzv�Q�Fqu«L�squwL� l �7z �2û l¢nvn wL��{�w�{ l}| q �¢ï\wLx | z}ó l �7�uw!�

©�ú¢ý



	 1 1 Ú : Û a�< Ú 	


 Ú�� : a68Ga¤g;: Ú Û Ú ×  adc9: g
x′ − y′

§ zvq n�l ��q | wy�uq úÓzØþç�·r |#l}| wÿ£ l�|�| wÿ��qs£Sz��7qu�Fzvx | w l ���!q l x�w x′ − y′
n quw��·qu���!q l x!w

w |7| zvx�o | w�í�r7��w | wy� l x!{�w¢í9� l r7zv�Fqur7£Szv� l �yzv�7r7wF� l üpo l �sz9� �!o!x |�l�|�l o!x l {�z | zv���Fqux l�|�l�¡� � l � l {�q l �uzy� î¬z���{Wz � x!qu�7z½üpo!zvr | w��!q l x!w��bzv�F�!�7qu� l)n wLr l·� qur7wy«Lx l z�¦�z |�| o l �7z
o!x l ��w |�l t�qswLx!z {�zv�ªr�qur | zv� l {�qª�7qu£Szv��qs�Vzvx | wF{�qd~
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{�q¤��qu£Szv�7qu�Fzvx | w¡�k wJr7�7w | wL� l �Vzvx | wJr7o!� ��q l x!w x′−y′ l ���Wquzvx!z
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x′ = R · arccos
(zr
R

) xr√
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