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fjlARjH�� ¼ ¹·g?F|PTRjPxQ|f 7 f�ºwN{fyRO]?Q?N JTRhRkH�Q1]|J�RklAPxQ"!�DT_ N&fhR+��LElAikNM]?Q?N LElmIMlAQ1]ERklAPxQ©g|ijPxS$ikN&fkfhlm¤$N�LE]©Q|P$I ¸|ijNKLENg|F?PTRkP$Q|f&!(fkJTQbfqLEH&S$iGJ$L?JTRjlmP$Q4LEN [mN�]|i H&Q?N�ikS$lmN$> N Q6D^P$Qbfhl\L9$�ikN z9]?N RjP$]?R g?F?P$RjPxQ«Jd´xJ$QxRqfj]?¸?l!]?Q?N.lAQ9RkN`8
iGJ$D^RjlmP$Q³N&fhRZN&Q?[AN&¤$HVLE] ¶'J$lmfkD^N{JT]�>1±�N{f8RjikP$l\f8N�B(N�Rkf8¶·P$QbL?JTIMN�Q9RGJT]E� ikN&fjgbPxQ|fkJT¸?[mN&f8LENV[�_ J�RjRjH�Q1]|JTRjlmP$Q fjP$Q9R
[2_ N,B�N^RVg?F?PTRkP1H�[mN&D�Rkijl\z9]?N(!([2_ N�B(N�RaY8PxI�g?RjP$Q4N�RW[\J D�ijH{J�RklAPxQ6LEN g|J$lAikN&fqH�[mN&D^RjikP$Q98�gbP9fhlARjPxQ�>|±#J [mP$l L`_ JTRhRkH`8
Q1]|JTRjlmP$Q N{fyR�N^�Eg(P$Q?N&Q9RjlmN�[m[AN��9N&[A[mNWN^�Eg?iklAIMN z9]?N [mJ g?ikP$¸|J$¸?lA[mlARjH z9]�_ J DGFbJ$z9]?Nqg|F?PTRkP$Q L`_ lmQxRkN�iGJTSxlAi?!$ikN&fhRjN
[\JKI$#�IMN5!(z9]?N&[mz9]?N fjP$lARq[mNaQ?PxI ¸?ikN LENag|F?PTRkP$Q|fqijN{fyRGJTQ9RqL?JTQbf²[mNO¶'JTl\fjD�N&J$]�>(B1l �����³N&fhRq[mNaQ?PxI ¸?ikN LEN
g|F?PTRkP$Q|f�H&[AlmIMlAQ?H{f²LE]�¶'JTl\fkD^N&J$]�J$g?i;$&fZ]?Q?NOH&g|JTl\fjfjN�]|i	��
6LENOIKJ�RklV$&ijN5!���
�� G �<T ^������ W���
Px]�N�Q|D�P$ikN(!

��G�� ¼ e +���� . / ) ��� �
�<T ^������ WwN{fyRV[ANMD^P1N91KD�lAN&Q9RVL`_ J�RjRjH&Q9]bJ�RjlmP$Q©[AlmQ?H{JTlmijN.N^ROLEH�g(N�Q|L�LEN�[�_ H�Q|N�ikS$lmN.LE]�g?F?P$RjP$Q©N^ROLEN�[mJQbJ�Rj]|ijNaLENV[2_ H{D^iGJTQ�>E��[#J.[\JMLElmI�N&Q|fjlAPxQ³lmQ1¤$N�iGfjNWLENaD�N�[m[ANaL�_ ]?Q|NO[APxQ?S$]?N&]?i{>

�<T ^ � ��� W]G �����XT ^ � ��� W � � , T ^ � ��� W � ���\T ^ � ��� W ¹2~E>m@dº
� ���

�
� , �

� � fjP$Q9R [mN&f³D^P1N21 D^lmN�Q9RGfKg|JTijRjlmN�[\f L`_ J�RjRjH&Q9]bJ�RjlmP$Q�[mlAQ|H&JTlmikN6LE]|f J$]E�nRkijPxlmf N,B�N^Rkf³D^lARjH{f JT]
gbJTiGJTS$iGJTg|F?N o|>A@���
4N{fyR²[2_ H�g|J$lmfkfhN&]?iwLENOIKJ�RklV$&ijNWRjiGJd¤$N&ikfjH�Nx>
±#J�[APxl�L`_ JTRhRkH�Q1]|J�RklAPxQ³g(N�]?R fhNVIMN^RjRjikNafhPx]|f�[\J ¶·PxijIMN%�

��G�� ¼ e +�� � � ¹2~E> �xº
P K

� � 5 � ! N&fhR²[mNaD^P1N21 D^lmN�Q9R²L`_ J�RjRjH�Q1]|JTRjlmP$Q�IKJ$fkfhl\z9]?NK¹·N^�Eg?iklmI�HVN&Q , % Y" º
L 5�# 
4N&fhR²[mJMLEN&Q|fjl RkHafh]?g(N�i=�bD�lAN&[A[mNOLENO[�_ H&D�ikJ$Q�¹'N^�Eg?iklAIMH&NWN&Q ", % Y º

#
N&fhR�[\J�IKJ$fkfhNV¤$Px[A]|I�l\z9]?NOLENO[2_ H{D^iGJTQ�>

± N&f D^P1N21 D^lmN�Q9RGf ��Px]
� � fjP$Q9R L?P$Q?Q?H{f L|JTQ|fq[AN{f²RGJT¸?[mN&f LEN [\J Q?P$Rjl\D^N.S$H�Q|H�iGJT[mN$> N Q4RkijPx]?¤$N&ikJMfj]?i[mN&f²g?[mJ$Q|DGF?N{f�u%� X [mN&fwD^P1N91KD�lAN&Q9Rkf²L`_ J�RjRjH&Q9]bJ�RjlmP$Q�[mlAQ?H{JTlmijNWg(P$]?i²]|Q�D�N�ijRkJ$lAQ³Q?P$I.¸?ijNOLENaD�P$ikg|f&>
@&�
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±�N{f lmIMg?]?[\fhlmP$Q|fZLENWfhPxihRklANqL?]³LEl\fjD�ijlmIMlAQbJ�RjN&]?i�Px] LEN [�_ JTQ|J$[A´EfjN�]?i8LEN ¸bJTQ|LEN gbN&]?¤$N&Q9R.#^RkijNq]ERjlm[Al\fjH�N&f
g(P$]?iwPx]?¤1ijlmi�[mJMg(P$ijRjNOLENO[2_ J$Q|JT[m´EfhN&]?i�I ]?[ARjl\D�J$Q|JT[�J$]E� lmIMg?]?[\fhlmP$Q|fwL?NafhPxihRklANVLENO[2_ J$I�g|[AlV�bD�JTRjN&]?i&>

~ 0,5 µs

Voie logique (ouverture de porte)

Voie analogique (spectrométrie)

t

t

���
	�� ~E>m@(� ,�P$lmNOJTQ|J$[APxS$l\z9]?N N�R²¤$PxlANW[APxS$l\z9]?NVN�Q4D^Px°�Q|D�lmL?N�Q|D�N

�._ ]?Q|N IKJTQ?l'$�ikNOg?[m]|f S$H�Q|H�iGJT[mN(!?[\JK¤1lmfj]|J$[Al\fjJTRjlmP$Q4L`_ ]?Q6fjgbN{D�RjikN JxD�D^]|I ]?[mH fj]?iq]?Q©JTQ|J$[A´EfjN�]?iwI.]?[�8
Rjl\D�J$Q|JT[#JT]|z9]?N&[�P$Q4JKlmIMgbP9fhHO]?Q|N 
^D�P$Q|LElARjlmP$Q4LENOg(P$ijRjN 
P!?g(N�ikIMN^R L�_ J$g?g?ikH&D^lmN�iw[2_ N,B�N^R LEN{fqD�P$Q|LElARjlmP$Qbf
g?F1´Efhl\z9]?N&fZ¹·l\D^l !d[mJ ¤�JT[mN�]?i LE]�fhN&]?lA[1N�R D�N�[m[AN�LENZ[mJq¶·N�Q #�RjikNdº fh]|i#[mNZfjg(N&D�RkijNZN�Q.H�Q?N&ijSxlANx>�Y8N�RhRkN8IMN&fj]?ikN��dN&Q
D^Px°�QbD^l\LEN�Q|D�N 	«N&fhRaD^P$]|ikJ$QxRkN.N&Q©g|F9´Efjlmz9]?NMQ1]|D�[AH{JTlmijN5!(Q|P$]|fV´6ikN�¤1lmN�Q|L?ijPxQ|f���L?N�I.]?[ARjlmg?[AN{fOPED�D&J$fjlAPxQ|f
[mP$iGfZL?NaD^N&fZRkikJd¤�J$]E� g?iGJ�Rklmz9]?N{f�>
±�N�RklAikP$lmi L`_ J�RjRkJ$z9]?Na¹ �|S|> �E>m@ º fjN�ijR �VijN�RkJTiGLEN&i![2_ lAIMg?]?[\fjlAPxQ JTQ|J$[APxS$l\zx]|NZ¤xN�Q|J$Q9R�L?N²[�_ JTIMg?[mlV�bD�JTRjN�]|i

¹·ikN^RGJTiGL�¤�JTiklmJ$¸?[AN�º�N^R
��¶·P$ikIMN�i³]?Q?N«lmIMg?]?[\fhlmP$Q¨[mP$Sxlmz9]?N©LEN©LE]|ijH&N«JTg?g|ijPxg?ijlmH�N<¹�LE]?ikH�N©¤dJ$ijl\JT¸|[AN�º%�
g|J$ihRklAi LEN²D�N�[m[AN²L?P$Q?Q?H&N�g|JTi�[mN²LEl\fjD�ijlmIMlAQ|JTRjN&]?i&>T± N²DGF?P$lA�.LEN²D�N&f L?N�]E� gbJTiGJTI%$^RkijN{f#g(N�ikIMN^R8L�_ N&Q|D�JxLEijN&i
RjN&IMgbPxijN&[A[mN�IMN�Q9R�[2_ lAIMg?]?[\fjlAPxQ JTQ|J$[APxS$l\zx]|NZgbJTi [2_ lmIMg?]?[\fhlmP$QK[mP$Sxlmz9]?N²z9]?lbP$]?¤1ikNw[mJVg(P$ijRjN LEN²[2_ J$Q|JT[m´EfhN&]?i
I ]|[ RklmD&JTQ|J$[ ¹ �|Sb> �E>m@Oº�>
±�N³ijH&S$[\JTSxN fhN³¶'JTlARKN�Q P$¸|fjN�ik¤�JTQ9R [\J©fjH&z9]?N&Q|D^N³RjN&I�g(P$ikN�[m[mN�LEN{f.L?N�]E�<lmIMg?]?[\fhlmP$Q|f%�©[�_ JTl\LEN�L`_ ]?Q

PxfkD^lm[m[AP9fjD�P$g(N$> N ¸|fjN�ik¤$N&i!N&Q|fj]?l RkNw[AN LEH�g?[\J$D�N�IMN�Q9R�LENw[\JOD^Px]?g?]?ikN²fj]?i [mN²fhg(N&D^RjikN²J 1 DGF?H²fj]?i [2_ J$Q|JT[m´EfhN&]?i
N�Q�¶·PxQ|D�RklAPxQ�LE]4fjN�]?lm[ LENOLEl\fkD^iklAIMlmQ|J�RklAPxQ�>

�$	�
 � �
8P� =�@,�;���.�
� �(���&/��(363=<`7�;9��%':<31���{/?�
±�NMLEl\fhg(PxfjlARjlA¶�N^�Eg(H�iklAIMN�Q9RGJT[�D^PxI�g|ijN&Q|L4]?Q?NMfjP$]?iGD^N�LEN � ¹']ERjlm[Al\fjN�iOLENMg?ikH^¶·H�ikN�QbD^N.L?] % :=<�YZfGº !�]?Q

g(PxfhRjN�LEN³D�P$IMgERkJ$S$N �«LEH�RjN&D^RjN&]?iKLEN � ! LEN&f�H&D�ikJ$Q|f L�_ ¡q[ZN�RML?N  ¸�N^RKLEN{f.J$Q?Q?N&J$]E�<LEN�g?[APxI ¸nL?N
D^Px[A[mlmIMJTRjlmP$Q�>� P$]?iKz9]?N�[mJ�D^Px[A[mlmIMJTRjlmP$QnfjP$lARMN21 D�JxD^N(!!lm[�¶'JT]ERKJT] I�lmQ?lmI ]?I �$~6D�I LEN  ¸ N&Q9RjikN³[\J
fjP$]?iGD^NWN^R²[mNaLEH^RkN&D^RjN�]|i&>
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Colimation de la source Ecrans Colimation du détecteur

Source Détecteur

���
	�� ~E> �9�|BEDGF?H&IKJ�L?]�IMPxQxRGJTSxN

� /?�#%'7! !�'/?�&%'�(�
 �[mJxD^N�iw[mNOfhN&]?lm[ LENaLEl\fjD�ijlmIMlAQbJ�RjlmP$Q�JT]�IMlAQ?lmI ]|I�fjl`[mJ�[mP$Q?Sx]?N�]|i²LENOD^P$[m[mlAIKJ�RklAPxQ³N{fyR²fj]?g(H�iklAN&]?ijN �

�x~�D^I�>
+./?��"$ !�'5

3#iGJ$D^N&iO[AN{faD^Px]?ik¸bN{fOL`_ JTRhRkH�Q1]|J�RklAPxQ�fh]?i ]?Q�LElmJ$S$iGJTIMIMNKfhN&I�lV8�[APxSxJTiklARjF?IMl\zx]|N�N�Ra¤$H&ijlV�|N�iaz9]�_ N�[m[mN&f
fjP$Q9RqN��EgbPxQ?N�Q9RjlmN�[m[mN&f&>|�qH�RjN&ijIMlmQ?N�i²[mN&f D^P1N21 D�lAN&QxRGf²L`_ J�RjRjH�Q1]|JTRjlmP$Q�[mlAQ?H{JTlmijNaL?]  ¸6N^RWLENO[�_ ¡²[!g|J$i²]?Q?N
L?ijPxl RkNaLENOijH&S$ikN&fkfhlmP$Q#!1J$lAQbfhl z9]?NO[mN&f²N�ikijN&]?ikf�fj]?iqD�N&f²D�P9N91 D^lmN�Q9Rkf&>|� H&LE]?lmikNaLEN&fw¤�J$[AN&]?ikfwL?NaD^N&fqD^P1N21%8
D�lAN&Q9Rkf8[�_ H�Q?N&ijSxlAN LEN&f � H&I�l\f gbJTi�[\J fjP$]|ikD�N3�a[2_ J$lmLEN LEN&f8g?[\JTQ|DGF?N{f�ªON�RwXE>1Y8P$IMg|J$ijN&i [2_ H&Q?N�ikS$lmNwRjikP$]|¤$H�N
�KD�N�[m[ANOLEPxQ?Q?H&NVfj]?iw[mNafjDGF|H�IKJMLENOLEH&fjlAQ9RkH�S$iGJ�RklAPxQ�>
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3#P$]?RjN«gbJTijRjl\D^]?[mN«DGF|J$ijSxH�N�RjiGJd¤$N&ikfkJTQ9RK]?Q�H{D^iGJTQ�IKJ�RkH�iklAN&[qg(N�iGL�fhPxQ¨H�Q?N&ijSxlAN«g|JTi³lAPxQ?lmfkJ�RklAPxQ�N^R

N��?D^lARkJ�RklAPxQ�L?N&fOJ�RkP$IMN&fK¹�D^Px[A[mlmfjlmP$Q|f�ºwN�Rag|JTiViGJ$LEl\J�RklAPxQ�¹�¬ZijN&IMfkfhRjiGJTF?[m]?Q?SEºG>�� [m[ANMN&fhR JTlmQ|fjl�gbN&] ��g(N�]
¶·ikN�lmQ?H&N %y]|fjz9]�_ ��[�_ H�Q|N�ikS$lmN RkF?N�ikIMlmz9]?Nx>
��[`N&Q�N&fhRwJ$lAQbfhl�LEN{f�g|JTijRjl\D^]|[AN{f § !|z9]?Pxlmz9]?NOL?J$Q|fZ[ANaLEPxIKJTlmQ?NWL�_ H&Q?N�ikS$lmNOzx]|l`Q?P$]|f�lmQ9RjH&ijN{fjfjNWL?NV¥%�

@{¥Op4N�,�[mN&f gbN&ihRkN&f�L�_ H&Q?N�ikS$lmNwg|JTi�ikJd´xP$Q?Q?N&IMN�Q9R�g?]?l\fjfjN�Q9R<#^RkijN D^P$IMg?['$^RkN�IMN�Q9R Q?H&S$[mlASxH�N{f LE]M¶'JTlAR8LENq[mJ
IKJxfjfjN lmIMgbPxihRGJTQ9RjN�LEN&f g|JTijRjl\D^]|[AN{f § >`�qN.g?[A]bf7!`D^PxIMI�N.[�_ lmQxRkN�iGJ$D^RjlmP$Q«Jd¤xN&DV[mN.g(PTRkN�Q9RjlmN�[�D^Px]?[mP$I ¸|lAN&QL?]³Q?P�´9JT] z9]?l�g(N�]ER�¶'JTlmikN fj]?¸?lmi��.[\Jag|J$ihRklmD�]?[ANVLEN{fZL?H�¤1lmJTRjlmP$Q|fZD^PxQ|fjlmLEH&ikJ$¸?[mN&f&!$N&fhRZRji;$&f8gbN&]³g?ikP$¸bJT¸?[mN(!
[\JWRjiGJJ%yN{D�RkP$lmijN�L`_ ]?Q?N²g|J$ihRklmD�]?[mN § N�QKD^Px]?iGf�LENwikJ$[AN&Q9Rjl\fjfjN�IMN�Q9R N&fhR �VgbN&]Mg?i=${f�ikN&D�RklA[mlmS$Q?N5!�[AN{f D^Px[A[mlmfjlmP$Q|f
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D^N�RhRkNVRjN�QbfhlmP$Q�lAQ1¤xN�iGfhNx>

� 31:</?� !` !3 �9±�N²LEH�RjN&D^RjN&]?i8Jd´9JTQ9R�]?QK¸?ik]?l R�L?Nw¶·P$Q|L �V¸bJ$fkfhNwH&Q?N�ikS$lmN(!�PxQKQ?NwgbPx]?ikikJWg|Jxf LEH^RkN&D^RjN�i
LEN{f § L`_ H�Q|N�ikS$lmNWlmQE¶·H&ijlmN�]?ikN+��]?Q?Na¤�J$[AN&]?i � % 3 ' > N Q�N��9RkikJ$gbPx[AN&ikJ.[\JKD^P$]|ij¸(NOL`_ H&Q?N�ikS$lmNVijH{fhl\LE]?N&[A[mNOg|J$i[mN&fwLEN&ijQ?lmN�iGf�g(P$lmQxRGf�gbPx]?i²Px¸ERjN&Q?lAiw[mNVg|JTiGD^Px]?iGf�>
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@$>���RGJT[mP$Q?Q?N&iV[ANMfhg(N&D^RjikN�L�_ H&Q?N�ikS$lmN&fWJT]©I�P�´xN�Q«L�_ ]?Q|NMfjP$]|ikD�N�� RjikP$l\fqH&[AH&I�N&Q9Rkf � g|ijN{fjfjlAPxQ«z9]|J$fjl
Q1]?[m[ANx>9± N&f § H�RkJ$QxRZIMP$Q?P1H�Q|N�ikS$H^Rklmz9]?N{f7!xP$Q L?N�¤1ikJ$l R8P$¸|fjN�ik¤$N&i ]?Q³fjg(N&D�RkijNWLENqiGJTlmN(!9IKJTl\f [\JaikH&fjPU8
[m]ERjlmP$Q��|Q?lmNWLENW[2_ N&Q|fhN&I ¸?[mNVLEN LEH�RjN{D�RjlmP$Q#!9[2_ H�g|J$lmfkfhN&]?i�LEN [\J fjP$]|ikD�NqN^R�[2_ J$lAiZijH{fhl\LE]?N&[(D�P$Q|L?]?lmfjN�Q9R
�<]|Q�fjgbN{D�RjikN©L?l B�H�ikN�Q9RjlmN�[VLEN©[mJ$ijSxN�]?i��|Q?lmN$>wvwN�[mN�¤xN�i³[AN{f g?l\D�f³g?iklAIKJ$lAikN&f&!�N�RR8KfhlWg(Pxfkfhlm¸?[mN 8
fjN&D^PxQ|L?J$lAikN&f&!1N^RqDGF?N&ikDGF?N&i8[mN&f²H�Q?N&ijSxlAN{fZD�P$ikijN{fhg(P$QbL?JTQ9RjN{f8L|JTQ|f�[mN&f�RGJT¸?[mN&f&>

�E>��|J$lAikNa¤�JTiklmN�i²[\J g?ikN&fkfjlAPxQ�gbJTiqgbJ$fqL?N u D�I��qSR�KgbJTijRjlmi LEN.[mJKg|ijN{fjfjlAPxQ�I�lmQ?lmIKJT[mN$>  ijN&Q|LEikNa]?Q
g|Jxf LEN �OD�I g(P$]?i ]|Q?N²H�Q|N�ikS$lmNZikH&fjl\LE]?N�[m[mN � @5! ~Vp4N�,.>  P$]|i�DGF|J$z9]?N�¤�JT[mN�]|i�LEN²[\JVg?ikN&fkfhlmP$Q"!TL?H`8RjN&ijIMlmQ?N�i�[�_ JTIMg?[ml Rk]|LEN I�P�´xN�Q?Q|NMQ LEN&f�lAIMg?]|[mfjlAPxQ|f�Px]K[ANqD&JTQ|J$[|D^PxijikN&fjg(P$Q|L?J$Q9R�fj]?i [2_ JTQ|J$[A´EfjN�]?i
I ]|[ RklmD&JTQ|J$[�>

o?>qY8P$ikiklASxN�iZ[mJ.¶·P$QbD�RjlmP$Q Q[GEQ T � WZLENO[2_ N�B(N�RqLE]4fhN&]?lA[ g?ijPxg?ikNWLENO[2_ JTQ|J$[A´EfjN�]?iwf&_ lm[`´³J�[mlAN&]�>
u|>qYZJT[\D^]|[AN&i+��g|JTijRjlmiaLEN � � G � � T �UW�¹ �4L?lmfhRkJ$Q|D^N fjP$]?iGD^N78�L?H^RjN{D�RkN�]?i �?�EN 
 � º [\J�¶·P$Q|D^RjlmP$Q � � G� � T 
UW���g?ikN&fkfhlmP$Q��?�EN � � 5 X�ª$¥.IMI �²SKN^RwRkN�IMg(H�iGJ�Rj]|ijNVQ?PxijIKJT[mN$>~E>w� l B�H�ikN�Q|D�lAN&i�D�N^RjRjN6¶·PxQ|D�RklAPxQ�g(P$]?i�P$¸ERkN�Q?lmi�� �� � T 
 WO!�g(N�ijRjN©L�_ H&Q?N�ikS$lmN6g|J$i ]?Q?lARjH�LEN©g|JTiGD^Px]?ikfN^�Eg?iklmI�H&NVN�Q�¹'p4N�, 7 D�I º�>
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I ou β
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Coïncidence
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II ou γ
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	 � XE>A@5�?p4P$Q9RGJTS$NVLE]4fjH�[mN&D�RkN�]?i²L?NVD�P$°2Q|D^l\LEN&Q|D^N{f

Y8PxQ|fjlmLEH&ijPxQ|f.]?QnIMP$Q9RGJTS$N RjN&[²zx]|N�D�N�[m]?l²LEN&fkfjlAQ?H�N�Q �|S$]|ijN6X1>m@$>�±�N�fjH�[mN&D�RkN�]?iMLEN4D^Px°�QbD^l\LEN�Q|D�N&f
N{fyR ]|Q�D�lAiGD^]?lAR z9]?lqD^PxIMg?ijN&Q|L �©N&QxRkijH&N&f�P$]�g?[m]|f&> ��[²LEH�[mlm¤9ikN�]?Q�fhlmS$Q|J$[²LEN4fhPxihRklAN�[mP$S$l\z9]?N4DGF|J$z9]?N
¶·Pxlmf�z9]�_ JTikijlm¤$N&Q9R���fjlAI.]?[ RGJTQ?H&IMN�Q9R
	�LEN&f�lmI�g|]?[mfjlmP$Q|f�[mP$S$l\z9]?N&f �nfjN&f�N&QxRkijH&N&f�¹·¤xP$lmi��|Sb>qX1> o�ºG>w± N&f
D�lAiGD^]|l RGf�]ERjlm[mlmfjH&f�N&QKg?iGJ�Rjl\z9]?NwLEH�[mlm¤9ikN�Q9R ]?Q fjlmS$Q|J$[?LEN²fhPxihRklAN�[mP$iGfjz9]�_ lm[?´.JWikN&D^Px]?¤1ijN&IMN�Q9R RjN�IMg(P$ikN�[|L?N&f
lmIMg?]?[\fhlmP$Qbf3��[�_ N�Q9RjikH�Nx> N Q³g(N�]?R&!?N&Q�SxH�Q?H&ikJ$[a!EDGF?PxlmfjlmiZ[\JMLE]?ikH�NOLENV[2_ lmIMg?]?[\fhlmP$Q4LENOfjP$ijRjlmNWH&SxJ$[ANVfhPxl R3�
[\JMLE]?ikH�NVLE]�ijN{D^P$]|¤9ikN�IMN&QxRV¹'LE]|ijH&NW¤�J$ijl\JT¸?[mNdº !EfhPxl R_� ]|Q?NOLE]?ikH�N �?�ENWJ$ij¸|l RkikJ$lAikN$> N Q³LEH7�|Q?lAR²[AN RjN&IMg|f
L?NWikH&fjP$[m]ERklAPxQ"! ���0!ELE]�fhH&[AN{D�RkN�]?iwLENOD^Px°�QbD^l\LEN�Q|D�N&f�D^PxIMI�NW[2_ lmQ9RjN�ik¤�JT[m[ANVLENWRjN&IMg|f�IKJ��ElAI.]?I fjH�g|J$ikJ$QxR
L?N�]E��lAIMg?]|[mfjlAPxQ|fwg?ikPELE]?l\fjJ$Q9R�N&Q|D^PxijNO]|Q�fjlmS$Q|J$[ LENaD^Px°�QbD^l\LEN�Q|D�N$>(Y8NVRkN�IMg|f LENOijH{fhPx[A]?RjlmP$Q�¹ �MQ?NOgbJ$f
D�P$QE¶·PxQ|LEikNOJd¤$N&DWD^N&[A]|l�LEH&D�ijlAR²L?JTQ|f�[mNVg|JTiGJTSxikJ$g?F?N � > ¯�> 8�o?> �9º8LEH&gbN&Q|L�H�¤1lmL?N�IMIMN�Q9R²LENO[mJ.[\JTikS$N�]|i�L?N&f
lmIMg?]?[\fhlmP$Qbf²L`_ N�Q9RjikH�NVN^R²¤�J$]ER �
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±�N{f�fjH�[mN&D^RjN�]|ikf fjP$Q9R g|J$ih¶·Pxlmf I ]?Q?l\f�L�_ ]?Q|NqN�Q9RkijH&N²LEl RkN L`_ JTQ9RklmD�P$°2Q|D^l\LEN�QbD^N$>x£²QMRjN&[(D�lAiGD^]|l R�Q|NqLEH�[mlm¤9ikN�iGJ
]?Q?N�lmI�g|]?[mfjlmP$Q�L?N�fjP$ijRjlmN©z9]?N�[mP$iGf³LEN�[\Jng?ikH&fjN�QbD^N©fjlmI ]?[ARkJ$Q?H�N�L`_ lAIMg?]?[\fjlAPxQ|f�fh]?i�[mN&f�N�Q9RjikH�N{f³L?N
D^Px°�QbD^l\LEN�Q|D�NVN^RqLENV[2_ J$¸|fhN&Q|D^NOL`_ lmI�g|]?[mfjlmP$Q4fh]|iw[�_ N�Q9RjikH�NOL`_ JTQ9RklmD�P$°2Q|D^l\LEN�QbD^N$>
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B1l !9L|JTQ|f�[�_ N^�EN�IMg?[mN L?Nq[\J �|Sx]?ijNVX1> �9!$[\JafjP$]?iGD^NqH�IMN^R�LEN�]E�KiGJd´$PxQ?Q?N�IMN&QxRGf N�Q D&J$fkD�JxLEN(!x[mJ gbH&ijlmPELEN

LEN�[2_ H�RkJ�RKlmQ9RjN�ikIMH&LEl\JTlmikN 1 � H�RkJTQ9RKN^�1Rki #&I�N&IMN�Q9R�¸|i=$&¤$N�g|JTiMiGJTg?g(P$ijRMJ$]<RkN�IMg|fKLEN�ikH&fjP$[m]ERjlmP$Q�LE]fjH�[mN&D�RkN�]?iKLEN4D�P$°2Q|D^l\LEN�QbD^N&f&! P$Q�gbN&]ER JT[mP$iGf�LElmfhRjlmQ?Sx]?N�iMg|J$ijIMlw[mN&f�lAIMg?]|[mfjlAPxQ|fMN�Q�D^Px°�QbD^l\LEN�Q|D�N�¹ �|S|>
X1> o9ºC�

β -

N(A,Z)

N*(A,Z+1)

N(A,Z+1)

γ
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	�� X1> �9�?BEDGF?H&IMJMLENaL?H&fjlAQ9RjH&S$iGJ�RklAPxQ Ry´1g?l\zx]|NWg|ijPELE]?l\fkJTQ9R²LEN&fwD�P$°2Q|D^l\LEN�QbD^N&f

�'315M"$�|®j�!"$%��#31�!"$315M�`��/?%'315 � [m[AN{f ijH{fh]|[ RkN�Q9R L?NZ[\JWLEH^RkN&D�RklAPxQ.gbJTi�DGF|J$D�]?Q.L?N&f D^PxI�g?RjN�]|ikf!� N�R��h�#L�_ ]?Q|N
LEN&f8LEN�]E�Kg|J$ihRklmD�]?[mN&f�g?ikPELE]?lARjN{f8L?J$Q|f ]|Q?N :��1:<3M�!;15&%����&; �|��/E�{%'�(� N^R?!xgbJTi8D�P$Q|fjH&z9]?N&Q9R&!xJd´9JTQ9R]?Q?NOD^PxijikH�[\J�RklAPxQ N�Q³RjN&IMg|f�>

�'315M"$�|®j�!"$%��#31�!"$315M�`��/?%'315K�!34�#�� !%·�M�#3
	2�(�!�  �J$iaN^�EN�IMg?[mN(!�D�N�[m[AN{fOg?ikPELE]?lARjN&fVgbJTiO[mN&fOSxN�ik¸bN{fOLE]
ikJd´xP$Q?Q?N&IMN�Q9RZD�PxfjI�l\z9]?N$>

�'315M"$�|®j�!"$%��#31�!"$315�	��|�d�& !%·�{315 ��[A[mN&fVikH&fj]?[ARjN�Q9RaLENM[\J³g|ijH{fhN&Q|D^N5!(gbJTiVF|J$fkJTiGL !`L?J$Q|fV]?Q�lAQ9RjN&ij¤�J$[A[mN�L?N
RjN�IMg|fVlmQE¶·H&ijlmN�]?iaJ$]«RkN�IMg|fOLENMikH&fjP$[m]ERjlmP$Q#!�L�_ ]?Q|NKlAIMg?]?[\fjlAPxQ ��DGF|JxD^]?Q?NMLEN{faLEN�]?�«N�Q9RjikH�N{fVLE]
fhH&[AN{D�RjN&]?i{>x±�N²RjN�ikIMN 
^g|JTi FbJ$fkJTiGL 
�fhlmS$Q|l��|N zx]|N D^N{f8L?N�]E�MlAIMg?]|[mfjlAPxQ|f8Q�_ PxQ9R�g|J$fZLENqD�P$ikijH&[mJTRjlmP$Q
N^Rag?ikP�¤1lAN&Q?Q?N�Q9RaLENK[\J�LEH^RkN&D�RklAPxQ�g|JTiaDGFbJ$z9]?NKD^PxI�g?RjN�]|i L`_ ]?Q?NKg|J$ihRklmD�]?[ANMH&I�l\fjNK[APxikfOLEN L?N�]E�
LEH&fjlAQ9RkH�S$iGJ�RklAPxQ|fZLEl B�H�ikN�Q9RkN&f&>�,�P$lmiw[AN{fwD�Jxfw¡µN^R²¬�LENO[\J��|S|>bXE> o|>

�'315M"$�|®j�!"$%��#31�!"$315M7!/?�d/|5&%'�&315 � [A[mN&f ijH{fh]|[ RkN�Q9R#LEN [\JwLEH�RjN&D^RjlmP$QOg|J$i�[mN&f�LEN&]E�OD^P$IMgERkN�]?iGf�L`_ ]?Q?N�I #&IMN
g|JTijRjl\D^]?[mNOLEl B(]|fkJTQ9R²LENO[2_ ]|Q�L|JTQ|f�[2_ J$]ERjikN$>

� /? <��!36"$�|®j�!"$%'�!31�#"x315�	2�b�d�& !%·�{395
B1l�[mN&fVlmIMg?]?[\fhlmP$Q|fOJ$]E�«N&QxRkijH&N&f�@MN^R �³LE]�fhH&[AN{D�RkN�]?iaLENKD�P$°2Q|D^l\LEN�QbD^N&fVfjNMg?ijH{fhN&Q9RjN�Q9RafjN�[mP$Q©L?N�]E�

g?ikPED^N&fkfj]|fZgbPxlmfkfhPxQ?Q?lmN�Q|fwfhRkJTRjlmP$Q?QbJTlmijN{f8lmQ|LEH&gbN&Q|L?J$QxRGf7!|[ANWRkJ$]E��L?NVD�P$°2Q|D^l\LEN&Q|D^N{f 	2�b�d�& !%·�{395 N{fyR �� � G�I��4� % � " ¹2XE> �9º
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	 � XE> o*�bY8P$°2Q|D^l\LEN&Q|D^N{f

P K4� % � � " L?N&fjlASxQ?N�Q9R ijN{fhg(N&D^Rjlm¤$N�IMN&QxR�[mN&f!RGJT]E�.L�_ lmIMg?]?[\fhlmP$Q|f�fj]?i�[mN&f ¤xP$lmN&fZ@8N�R �E>�� QMN�B(N�R&!�[\J g|ijPx¸|JP8
¸|lA[ml RkH²z9]�_ ]|Q?N�lAIMg?]?[\fjlAPxQML?N�L?]?ijH&N � " z9]?N&[mD�P$Q|z9]?N5!dL|JTQ|f [2_ ]|Q?l RkH²LENZRjN&I�gbf�� !�ikN&D�P$]?¤1ikN�[2_ lmIMg?]?[\fhlmP$QKLENL?]?ijH&N�� % ¤�JT]ERa¹ � % � � " W G��!>E�qPxQ|DU!F�|QbJT[mN�IMN�Q9R&>Eg(P$]|i�� % lAIMg?]|[mfjlAPxQ|f�LENOLE]?ikH�N � % N�R�� " lAIMg?]|[mfjlAPxQ|fL?NaLE]?ikH�N�� " !E[mNVRkJ$]E�³LENaD�P$°2Q|D^l\LEN�QbD^N&f8¶·PxihRk]?l RkN&f²fjN�iGJR�� % � " � � % � � "�

G;� % � " T � % � � " W]G�I��4� % � " ¹�X1> o9º

+.�|®j�!"$%'�!31�#"x315M�`�d/|%'315
± P$iGf LENwRkP$]ERkN²IMN&fj]?ikN²LENqD^Px°�QbD^l\LEN�Q|D�N(!T[mNwRGJT]E�KLEN "x�?®j�!"$%��#31�!"$315a:<315{ ��;1315 � % N&fhR�[\JOfhPxI�IMNL?]³RGJT]E��LENOD^Px°�Q|D�lmL?N�Q|D�N&f�¤1ikJ$lAN{f���� N^RqLE]�RkJ$]E�³LENaD�P$°2Q|D^l\LEN&Q|D^N{f�¶·PxihRk]?lARjN&f�� � �� % G���� � � � ¹�X1> u1º

± NORkJ$]E� � � [m]?lV82I$#&I�N N&fhR²[mJKfjP$IMIMNOLE]�RkJ$]E��LENaD�P$°2Q|D^l\LEN&Q|D^N{f�¤9iGJTlmN&f�[mlmH�N&fqJT]�g?F?H&Q?P$I%$�Q|NOH^Rj]bLElAH5!���P!?N�RqLE]³RkJT]?��LENOD^Px°�QbD^l\LEN�Q|D�N&f�¤1iGJTlmN&f�LE]?N{f²JT]E�³ikJd´xP$Q?Q?N&IMN�Q9RkfZD^P9fhIMl\zx]|N&f&! � , �� � G;��� � � , ¹�X1> ~xº
��[ ¤9lmN�Q9RqLEPxQ|DT�#����G�� % � � , ��� �� H&fjlmS$Q?PxQ|fWg|JTi,� % N^R,� " [mN&fWRGJT]E�6IMN&fj]?ikH&fVfj]?iO[AN{fW¤$P$lmN&fVL`_ N�Q9RkijH&N�LE]�fjH�[mN&D^RjN�]|iVL?NMD�P$°2Q|D^l\LEN&Q|D^N{f�>
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Sortie
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	�� XE> u �bY8P$°2Q|D^l\LEN&Q|D^NW¶·P$ijRj]|l RkN

±�N{fZRkJ$]E��L`_ H�¤xH�Q?N&IMN�Q9RkfwfkJTQ|f�D�P$ikijH&[mJTRjlmP$Q³J$]E� N&QxRkijH&N&fwfjP$Q9R²LEP$QbD��� % ��� � N^R � " ����� ¹2XE> ª1º
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t 1/2= 2.1 106 a
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6 %
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