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Chapter 1
� ��� � ��� ��� � � ���

�DEcCWqHq5qrh1Q�a�+gCWGnq¨CF�nvNOFG�u�Ech1OFQ�a�+gCWGnqLT!+gGnQL`poni*+gG?fD�nEchLh1�Yo*+g` +b�nE�+go7v Ech1OFQ�a�+gCWGnqLTFRnO1[Fh +gv��"CFEHacOFG�a
�nEHOFQ�a�+pQLOF`nO(�n�7`,+pQLO(a�+bCWGnqLTF�AEcCWv acRnh�i?h1q�+bfWG%CF� u7qHq�+bCWG%OFGni%�9onq�+gCWG�Ech1OFQ�arCFEHq�arC�qr�7OFQ�h+OFGni�OFqrarEcCF�3R�u�q ]
+gQLOF`�Ech1qch1O(EHQHR�~�U a +gq CF�Aarh1G�G?h1Q�h1qcqcO(EHu¡arC¦v%h1OFqHo?EchFTWCFE�arC�h1qca�+gv�O(arh +b�3v%h1OFqco?Ech1v�h1G�a +pq{GnCFa��"CWqHq�+b�7`bhFT
GYonQL`bh1O(E Q�EcCWqcqsqrh1Q�a�+bCWG7qs�"CFacRkO(a `bC@j OFG7i�R +bfWRNh1GnhLEcf!+bh1qDarC%v%CYinhLEHO(arh�OFQLQLo?EHOFQ�uF~ � R?h&qr��+gG�i +gqrarE�+^]
�7o?a�+gCWG�arEHOFGnqc�}hLEcEHh1i�+gG��nEchLh1�Yo*+g` +b�nE�+go7v Gnh1o?arEcCWG�]+gG7inonQ�h1i%Ech1OFQ�a�+gCWGnqsv�O1u��7`gO1u�OFG +gv��"CFEHacOFG�a�EcCW`bh
+gGkacR?h��nEch1i*+gQ�a�+gCWGnqsCF� Ech1OFQ�a�+bCWGeQ�EHCWqcq�qrh1Q�a�+gCWGnqL~ � R?h¦qr� +gG�i +gqrarE�+b�3o?a�+bCWGnqDQLOFGm��h¦i?h1ino7Q�h1i��}EHCWv O
Q�CWv%�7O(E
+gqrCWG�CF��acR?hyEch1`gO(a�+g[Fh&��CF�7on`pO(a�+bCWGNCF�5`bC\j ];`gu +gGnf¡qracO(arh1q j +bacR�i + ("hLEHh1G�asqr� +gG7q1>9v%h1OFqconEch1ikonq ]
+gG?fNacR?h�Zy��_&�1U � O(EHEHO1u�BST3j +bacR�acR?h¡�nEch1i*+gQ�a�+gCWGnq �AEcCWv qracO(arh�]¢CF�}]¢acR?h�];O(Eca &+OFonqrhLEc]Qd?h1qcR-�7OFQHR Q�C�i?h1q
+gGnQ�CFEH�"CFESO(a�+gG?f��nEHhLh1�-o*+p`,+b�nE�+ponv v%CYinh1`gqL~5��EchLh1�Yo*+g`,+b�7E�+gonv Ech1OFQ�a�+bCWG7q�O(Ech +pv%��CFEcacOFG�a5j�R?h1G +gGnQ +ginh1G�a
G?h1o?arEHCWG�h1G?hLEHf!+bh1q�O(Ech�O(��C@[Fh�� ILK MmhT8°T�OFq°hL[ +ginh1GnQ�h1i �-u hF~ f?~bT��AOFqra�G?h1o?arEHCWG�h1v +pqcq�+bCWG�~ � R?h
arEHOFGnqc�}hLEcEHh1i%qr� +gG%i*+pqrarE�+b�7ona�+bCWG +gq��nEch1i*+gQ�arh1i��Yu°acR?h�acR?hLCFEchLa�+pQLOF`nQLOF`gQLon`gO(a�+gCWGnqL~�&�C@j�hL[FhLE1T�acR?hLEHh�O(Ech
G?C�h��Y��hLE�+gv�h1G�acOF`5inO(acONarCkQ�CWv%�7O(EHh¡j +gacR�acR?h°acR?hLCFEchLa�+gQLOF`{QLOF`gQLon`gO(a�+gCWGnq�CF��acRnh¡qr� +pGei*+gqcarE�+b�7o?a�+gCWG
+gG acRnh�Ech1q�+gi7onOF`�G-o7QL`bh1onq +gGJacR?hNEchLf!+gCWG CF� acR?h��nEHhLh1�-o*+p`,+b�nE�+ponv Ech1OFQ�a�+gCWGnqL~ � R?h%��C\jDhLEc�9on`��3]¢EHO1u
O(EcEHO\u�Q�CWo?�7`bh1i�j +bacRkacR?h +gG-arh1Gnqrh¦Gnh1o?arEcCWG���h1OFv O(a�) �+� �/£¨_+���n�s���nE�+gG?fWq ONG?hLj arCYCW`��}CFE&acR?h
+gG-[Fh1qra�+bfWO(a�+bCWGJCF�DacRnh��nEchLh1�Yo*+g`,+g�nE�+gonv �nEcC�Q�h1qcqL~ � R?h%�3O(Eca�+gOF` �7]¢ESO1u Q�EcCWqcq¡qrh1Q�a�+bCWGnq��ACFE�`bC@j ];`bu +gG?f
qracO(arh1q�j +bacR�i*+ (�hLEch1G-a��
	�j�hLEch&v%h1OFqco?Ech1i%OFq�Oy�AonG7Q�a�+bCWG°CF�"G?h1onarEcCWG�h1G?hLEcfFuF~ � Rnh1qrh Q�EcCWqcq�qrh1Q�a�+gCWGnq
jDhLEch +gG�arhLEH�nEchLarh1i�j +bacR�acR?h�O�+gi�CF�¨Ech1OFQ�a�+gCWG�v%CYinh1`,+gG?f¡arC�inhLarhLEHv +gG?h+acR?hyarEHOFGnqc�}hLEcEHh1i�qr��+gG�i +gqrarE�+^]
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�7o?a�+gCWG�~�U GnQ�EHh1OFqrh1i�onGni?hLESqracOFGni*+gGnf¦CF�¨acR?hy�nEHhLh1�-o*+p`,+b�nE�+ponv v%h1QHR7OFG*+gqcv�qcR?CWo7`gi�+pv%�nEcC@[Fh+EHh1OFQ�a�+bCWG
v%C�i?h1`��nEch1i +gQ�a�+bCWGnqL~

��EHhLh1�-o*+p`,+b�nE�+ponv�Ech1OFQ�a�+bCWGnqyacO�%Fh%�7`pOFQ�h¡CWG O�a�+gv%h�qcQLOF`bh�acRnO(a +gq&��hLa;jDhLh1G acR?h%i*+bEch1Q�ayOFGni
Q�CWv%��CWonGni=�nEcC�Q�h1qcqrh1q1~=� +gGnQ�h��nEchLh1�Yo*+g`,+g�nE�+gonv h1v +pqcq�+bCWG=CYQLQLonEHq°�"hL�ACFEch�acR?h�Q�CWv%��CWq�+barhkG-o7QL`bh1onq
Ech1OFQSR?h1q�+bacqkh1�Yo*+g` +b�nEHO(arh1i qracO(arhFT�CWG O\[FhLEHO(fFh�acR?h �7EchLh1�-o +g`,+b�nE
+gonv �7O(EHa�+gQL`bh1qkO(EchJh1v +gararh1i j +bacR
v%CFEch�h1G?hLEHfFumacRnOFG�acR?h��7O(Eca�+gQL`gh1q��ACW`g`bC@j +gG?f�acR?h��}CFEHvNO(a�+bCWG�CF��OkQ�CWv%��CWonGni�G-onQL`gh1onqL~�_&`gacR?CWo?fWR
acR?h��nEHhLh1�-o*+p`,+b�nE�+ponv v%h1QSRnOFG*+gqcv R7OFq%��hLh1G qraconi*+bh1i +gG acRnh��7OFqraLT +ba +gq%G?CFaNQ�CWv%�3`bhLarh1`bu=o7Gni?hLEr]
qrarCYCYi�~�Mmh1OFqconE�+gG?f�acR?hy�nEcCWv��nasEch1OFQ�a�+bCWG �PESO1u�q OFq�O��Ao7GnQ�a�+bCWG�CF��+gG7Q +gi?h1G-aDG?h1onarEcCWGkh1G?hLEcfFu��nEcC(]
[ +gi?h1q +gv%�nEHC\[Fh1i onGninhLEHqracOFGni*+pG?fNCF�DacR?h�qr� +pGnq���CF�7o7`gO(arh1i��-u�acR?h��nEchLh1�Yo*+g`,+g�nE�+gonv Ech1OFQ�a�+bCWG �5acR*+gq
+gG?�ACFEHv�O(a�+gCWG�+gq�CF�nacO�+gGnh1iN�Yu�qraco7i?u +pG?f�OFG?fWon`pO(EDv%CWv�h1G�aconv +pG?�}CFESv�O(a�+bCWG��ACFEsacR?hc�7]¢EHO\u�QLOFqcQLOFinh1q
+gG acRnhmEch1q�+gi7onOF` G-o7QL`bh1onqL~	�YhL[FhLEHOF`�v�CYi?h1`pq%RnO1[Fh���hLh1G i?hL[Fh1`bCF��h1i acR7O(aNi?h1qcQ�E�+g�"h�acRnhm�nEchLh1�Yo*+^]
`,+b�7E�+gonv �nEcC�Q�h1qcq"!�acR?hPQLOFqcQLOFi?hPv�CYi?h1`�# BDhLES F¥�$¢T�acRnhmh���Q +garCWG v%C�i?h1`�# Z+E�+} F %$¢T�acRnhId�P P v%C�i?h1`
# d?h1q]W(K&$¢T�acR?h�&yM �'# Bs`gOWUF %$ v%C�i?h1`�OFG7iJacR?h � l+£(# � OFv WFX%$sv%C�i?h1`d~ � RnhN�-o7OFG�aconv%];v%h1QHRnOFG +gQLOF`
acR?hLCFEcukCF�'d?h1qHR��7OFQSR�T P�hLEHv�OFG�T3OFGni P�CYCWG*+gG�> d�P P Bsi?h1qcQ�E�+g�"h1q +gG?h1`gOFqra�+pQ+v°on`ba�+pqrarhL�m�nEcC�Q�h1qcqrh1q +gG
GYonQL`bhLCWG�]+gG7inonQ�h1i°Ech1OFQ�a�+bCWGnq�o?�%arC¡X(KFK�MehT8¡~ � R*+gq v%C�i?h1`?OF`g`gC\j�q�O¦i +bEch1Q�a�QLOF`gQLon`gO(a�+gCWG�CF�"acRnh�qr� +gG
i*+gqcarE�+b�7o?a�+gCWGnq�CF� Ech1q�+ginonOF`�GYonQL`bh�+�EHh1v�O�+gG*+gGnf�O(�AarhLE+�nEchLh1�Yo*+g`,+b�7E�+gonv h1v�+gqcq�+bCWG�~ � R?h�vNO(fWG*+baconi?h�CF�
�nEchLh1�Yo*+g` +b�nE�+go7v h1v +gqHq�+bCWG�O(a�[/O(E�+gCWonq +gG7Q +gi?h1G-a�G?h1o?arEcCWGNh1G?hLEcf!+bh1q�Oh("h1Q�acqsacR?h&OFG?fWon`gO(EDv%CWv%h1G-aconv
i*+gqcarE�+b�7o?a�+gCWG�CF�¨acRnh+��CF�7o7`gO(arh1ikqracO(arh1q +gG�acR?hyh1G-arEcu�EHhLf!+bCWGkCF�¨acR?hyEch1q�+ginonOF`"G-o7QL`bh1onqL~ � R*+pqDi +gqrarE�+^]
�7o?a�+gCWG�+gqDi*+ (�hLEch1G-a��AEcCWv�acRnO(a O(E�+gq�+pG?f¦�AEcCWv�h1�-o*+p`,+b�nE�+ponv G?h1o?arEcCWG�h1v +gqHq�+bCWGNOF`gCWG?hF~ � C�qraconinu�acR?h
qr� +pGJi*+gqrarE
+b�7o?a�+bCWG�CF��acRnhNEch1q�+pinonOF`�GYonQL`bh1onq +gGJ�nEHhLh1�-o*+p`,+b�nE�+ponv EHh1OFQ�a�+bCWGnqLT CWG?h�G?hLh1inq¡arCPacO(f�CWG
qracO(arh1q+j +bacRPqr��h1Q +
u7Q¦OFGnfWon`gO(E&v�CWv%h1G�aco7v�~�_+Geh��?OFv%�7`bh¡j�CWo7`gim��h¦arCkQ�CWv%�7O(Ech°acR?h¡�"CF�3on`gO(a�+bCWG
CF�� ��=qcacO(arh1q arC�X�� qracO(arh1q +gGkacRnh+fFEHCWonGni�qracO(arh¦�3OFGnikOFq�O��Ao7GnQ�a�+bCWG�CF� +pGnQ +gi?h1G-aDGnh1o?arEcCWGkh1G?hLEcfFu
+gG�O%EHhLf!+bCWG�j�R?hLEHh��nEchLh1�Yo*+g`,+b�7E�+gonv +pqsh��Y��h1Q�arh1imarC�i?CWv +gGnO(arhF~

�&h1o?arEcCWG�]+gG7inonQ�h1i�Ech1OFQ�a�+bCWGJQ�EHCWqcq¦qrh1Q�a�+bCWG7q�CWG GnO(aco?EHOF` a�+gacOFG*+gonv O(Ech +gv��"CFEHacOFG�ay�ACFE¦EHO/]
i*+bC�QHRnh1v +gQLOF` i*+gO(fWG?CWqca�+gQLq�onqrh1i arCmv%CWG +barCFE¦QHRnO(EHfFh1i�]¢�7O(Eca�+gQL`gh
�7o���~ ��� � + +gqyacR?h�v�CWqra¦O(�7onGni7OFG�a
qracO(�7`gh&+gqcCFarCF�"h#>¢V(¥Y~�V(X&) B +pG�GnO(aconEHOF`"a�+bacOFG*+gonvm~��sR7O(EcfFh1i�]¢�7O(Eca�+pQL`bh+inh1qrarEHonQ�a�+bCWG�Q�EcCWqcq qch1Q�a�+bCWGnqDCWG
��� � +dTY�ACFEDh��?OFv%�7`gh >A��T G=BST�O(EHhyv�h1OFqco?Ech1i�j +bacRkR*+gfWR�OFQLQLo?ESOFQ�u >9qrhLhyhF~ f?~bT�) h1qca � � 	�'+*,# ) h1qSUF¥-$�OFGni
ZyOFi*+gCW`,+ � � 	�'+*.# Z�OFi�W�I"$ BST-�7o?a�acR?h&G?h1o?arEcCWG�OFQ�a�+g[/O(a�+bCWG�Q�EcCWqcq�qch1Q�a�+bCWGnq�O(EHh���C-CFEH`gu¡v%h1OFqconEch1i�~ � R?h
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OFv%CWonG-a{CF� ��� 8 �nEHCYino7Q�h1i¦[ +gO >�������B�Ech1OFQ�a�+gCWGnq{CWG ��� � + +gq{qrCWv%hLj&RnO(a{qch1Gnq�+ba�+b[Fh�arCyacR?hDGnh1o?arEcCWG�i?h�]
qrarEHo7Q�a�+bCWG�Q�EHCWqcqsqrh1Q�a�+bCWGnqDCF� ��� � +"q�+gG7Q�h +ba +gq +gG�O°G?h1o?arEHCWG�]¢E�+gQSRNh1G-[ +gEcCWGnv%h1G-aL~��yO(acO°O(EHhyO\[/O�+p`gO(�7`bh
�ACFE�acR?h >������ B	�7>����HX
��BST�OFGnij>����]�B�Q�EHCWqcq¡qch1Q�a�+bCWGnq¦[ +gO�acRnh�OFQ�a�+b[(O(a�+bCWG=arh1QHRnG*+p�-o?hFT{�7o?a�acR?hLuJO(Ech
v%CWqrac`gu�Q�CWGnQ�h1G-arEHO(arh1i�O(a��'����I���MehT8¡~�d7o?EcacR?hLEHv�CFEchFT?acR?h�inO(acO��AEcCWv i + ("hLEHh1G�a�v%h1OFqHo?Ech1v%h1G-acq
O(Ech�CF�Aarh1GJQ�CWG�arESOFi*+gQ�arCFEcuF~ � R*+gq+`bh1OFinqyarCk[FhLEcu i*+ (�hLEch1G-a&hL[(OF`gonO(a�+bCWG7q&CF�DacR?h%Q�EcCWqcq�qch1Q�a�+bCWGnqL~odnCFE
h��?OFv%�7`bhFT-�}CFE�acRnhl>9G�T �B Ech1OFQ�a�+bCWG�O(a��'� � I���MmhT8°T�acR?h&���+�cd �/B�]�8cU�hL[/OF`go7O(a�+bCWG�f!+b[Fh1q&ItWY~ @¦v¡��T
j�R*+p`bh&acRnh¡±W���&�y£�]§¥Y~ ¥�hL[/OF`ponO(a�+bCWG�f!+b[Fh1q&¥F¥�v¡��~

��EHCWv%�na��JESO1u�q&jDhLEch��nEcC�inonQ�h1ie�}EHCWv G?h1onarEcCWG�]+gGni7onQ�h1imEch1OFQ�a�+gCWGnq+CWG�OFG�h1G?E
+gQHR?h1i ��� � +

acO(EcfFhLaL~N� O(Eca�+pOF`�Q�EcCWqcq�qch1Q�a�+bCWGnq�RnO\[FhN��hLh1G v%h1OFqco?EHh1i onq�+gG?fkacR?h�qc�7OF`g`gO(a�+bCWG G?h1onarEcCWG ��h1OFv OFGni
acR?h¦�DCWv%�narCWG�qco?�7�nEch1qcqrh1i�fFhLEHv�OFG*+go7v i?hLarh1Q�arCFE�O(EcESO1u >¢Zy��_&�1U �EB�O(aDacRnh&£�CWqs_+`gOFv%CWqD��h1onarEcCWG
��Q +bh1G7Q�hD�Dh1G-arhLE >9£5_&���n�s� BS~ � R?h�v�O@t CFE
+ba;uyCF�?acR?h %YG?C@j�G��3]¢EHO1u�arESOFGnq�+ba�+bCWG7q +gG¦`bC@j ];`bu +gG?f�i*+pqcQ�EchLarh
`bhL[Fh1`gq�CF� acR?hNEHh1q�+ginonOF`�G-onQL`gh1onq¦RnO\[Fh���hLh1GJCF�3qrhLEc[Fh1i +gG acR?h >������ �
B¦OFGnij>����HX
��B�QHRnOFG7G?h1`gqLT OFGni
acR?h�+bE �7]¢EHO\u�u +bh1`gi7q�RnO1[Fh��"hLh1G inhLarhLEHv +gG?h1i�~�_ �AhLj CF�sacR?h��7EcCWv +gG?h1G-ac� ESO1u�q��}EHCWv arEHOFGnq�+ba�+bCWGnq
+gGk`bC@j ];`bu +gG?f°h���Q +barh1ie`bhL[Fh1`gq �ACFE�QHRnO(EHfFh1i��7O(Eca�+gQL`gh1qsh1v +gqcq�+gCWG�QSRnOFGnG?h1`pqsj�hLEch¦OF`pqrC�v%h1OFqco?EHh1i�~ � R?h
+gGni +b[ +pinonOF`F�7O(EHa�+gOF`?Q�EcCWqcq�qch1Q�a�+bCWGnq�RnO\[Fh���hLh1G�Q�CWv¡� +gG?h1i�arC��nEHCYino7Q�hsOFG�h��Y��hLE�+gv�h1G�acOF`?`bC@j�hLE�`,+gv +ba
CWGPacR?h ��� � +Q>9G�T G�� �^B ��� � +dT ��� � +Q>9G�T X(GY�^B � 2 � +dT ��� � +Q>9G�T �Y��B ��� �?Q¡OFGni ��� � +Q>9G�T ��^B � �\� ONQ�EcCWqcqyqrh1Q�a�+gCWGnq
�ACFEN� � � X(K=MehT8¡~ � R?hmqracO(a�+gqca�+gQLOF`�&+OFonqrhLEr]Qd?h1qHR��7OFQSR�QLOF`pQLon`gO(a�+bCWG Q�C�i?h1q%�7Ech1i*+gQ�a%acR?h��3O(Eca�+gOF`
Q�EcCWqcq°qrh1Q�a�+bCWG7q��ACFE�acR?h�onG?CF�7qchLEc[Fh1i�Q�CWG-arE�+b�7ona�+bCWGnq¦�AEcCWv acR?hNEch1OFQ�a�+gCWG�~eMmh1OFqHo?Ech1i `bC\jDhLE°` +gv +bacq
jDhLEch¡Q�CWv¡� +gG?h1imj +bacR &+OFonqrhLEr]Qdnh1qcR��3OFQHR QLOF`gQLon`gO(a�+gCWGnq arCN�7EcCYi7onQ�h¦ONv%C�i?h1`^];inhL�"h1G7i?h1G�ash1qra�+pv�O(arh
CF� acR?h�Ech1OFQ�a�+bCWGPQHRnOFG7G?h1`�Q�EcCWqcq�qrh1Q�a�+bCWGnqL~

� R*+pq�jDCFE�%�Q�CWGnq�+pqracq¨CF�3V�QHR7O(�narhLEHq�OFGni°OFG¡O(�7�"h1G7i*+^��~¨_ �nE�+ghL�YacRnhLCFEchLa�+gQLOF`Y�7OFQ�%YfFEcCWonG7i��ACFE
acR?h¡Ech1OFQ�a�+bCWG�v%h1QHRnOFG +gqcv�q+OFGnieOFG +gG-arEcC�inonQ�a�+bCWG�arC�G-o7QL`bh1O(E+`ghL[Fh1`5i?h1G7q�+ba�+bh1q�OFG7i �7]¢ESO1ueqrarEHh1G?fFacR
�9onGnQ�a�+bCWGnq�O(Ech¦f!+b[Fh1G +gG�acR?h¦�ACW`g`bC@j +gG?f%QSRnO(�narhLE1~ � R?h�h�����hLE�+gv%h1G-acOF`�i?hLacO�+p`gq CF� acR?h¡v�h1OFqco?Ech1v%h1G-a
CF�y�nEcCWv%�7a#� ESO1u�qN�AEcCWv�G?h1onarEcCWG�]+gGni7onQ�h1i Ech1OFQ�a�+bCWGnq�OFGni O=i?h1qcQ�E�+g�na�+bCWG CF��acR?hmh�����hLE�+gv%h1G-acOF`
i?hL[ +gQ�h1q O(EchD�nEch1qrh1G-arh1i +gG°� RnO(�narhLE�¥Y~�U G¡acR?h��sRnO(�narhLE �+acR?h OFGnOF`bu�q�+gq�CF�3acR?hDh��Y��hLE�+gv�h1G�acOF`YinO(acO +gq
i?h1qcQ�E
+b��h1i�~ � R?hDG?h���a{QSRnO(�narhLE�+gGnQL`go7i?h1q¨O+i?h1qcQ�E�+g�na�+bCWG�CF�nacRnhE&+OFonqrhLEr]Qdnh1qcR��3OFQHRN�YacO(a�+gqca�+gQLOF`?MmC�i?h1`
OFGni +bacqDO(�n�7`,+pQLO(a�+bCWGNarC�Ech1OFQ�a�+gCWG�v�CYi?h1`"QLOF`gQLon`pO(a�+bCWGnqL~��sRnO(�7arhLE  °Q�CWG-acO�+gGnqDh����"hLE
+gv%h1G-acOF`7Ech1qHon`bacq
CWGJ�3O(Eca�+gOF`9�3]¢EHO1uJQ�EHCWqcq¡qch1Q�a�+bCWGnq¡CF�DacRnh ��� � + � GJEHh1OFQ�a�+bCWG�~�� O(Eca�+gOF` �7]¢EHO\uJQ�EcCWqcq°qrh1Q�a�+bCWGnq°OFGni
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QHR7OFGnG?h1`�Q�EcCWqHq�qrh1Q�a�+bCWGnq�O(Ech��nEch1qrh1G-arh1imOFGnieQ�CWv%�7O(Ech1i�j +bacR &&OFo7qrhLEr]Qd?h1qcR-�7OFQSReqracO(a�+gqca�+gQLOF`�v%C�i?h1`
QLOF`gQLon`pO(a�+bCWGnqL~�_+`gqrC�acR?h�qr� +gG�i*+gqcarE�+b�7o?a�+gCWG%CF�5qracO(arh1q��"CF�3on`gO(arh1i��-u�acR?hy�nEchLh1�Yo*+g`,+b�7E�+gonv Ech1OFQ�a�+gCWGnq
OFGni�acR?hPQ�CWv��7O(E�+gqrCWG CF�¦h����"hLE
+gv%h1G-acOF`�OFGni acR?hLCFEchLa�+gQLOF`+�nEch1i +gQ�a�+bCWGnq�O(EHhPi*+gqHQLonqcqrh1i�~¤� RnO(�narhLE
VPqconv�vNO(E�+
NLh1q°acR?hkEch1qcon`gacq¡CF�&acR*+gq°jDCFE�%3T�OFGni �nEcC@[ +ginh1q°qHo?fFfFh1qra�+bCWGnq°�ACFE%�Aonaco?Ech�Ech1qrh1O(EHQSR�~=_+G
O(�n��h1Gni*+b���7Ech1qrh1G-acq�acRnh&+gG7i*+b[ +ginonOF`��7O(EHa�+gOF`3Q�EHCWqcqsqrh1Q�a�+bCWGnqD�AEcCWv��nEcCWv +gGnh1G�a�arEHOFGnq�+ba�+gCWGnq +pGnQL`goni?h1i
+gGkacR?h�Ech1OFQ�a�+bCWGmQSRnOFGnG?h1`�Q�EHCWqcq�qrh1Q�a�+gCWGnqL~



Chapter 2
� � � � � � � � � ����� � ��� � � � � ���
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 ������$¦#�������H$&�

U G�acR?h +gG-arhLEHOFQ�a�+bCWG¡CF�7O+G?h1o?arEcCWG¡j +bacR¡O&GYonQL`bh1onq1T/i*+
("hLEch1G-a¨a§u-��h1q{CF�?�nEcC�Q�h1qcqrh1q v�O\u¦C�QLQLo?E1~
� R?h1qch�QLOFG ��h�QL`pOFqcq�+
unh1i�OFqkacR?EchLh v�O�+gG�a;uY��h1q�CF��Ech1OFQ�a�+bCWG	v%h1QSRnOFG*+gqcvNq"!Ji*+bEch1Q�aLT&Q�CWv%��CWonGni
GYonQL`bh1onqLTyOFGni �nEHhLh1�-o*+p`,+b�nE�+ponv >A�nEch1Q�CWv%��CWonG7i_BNEch1OFQ�a�+bCWGnq # &&C�i7UWV $¢~ _ i +bEch1Q�akEch1OFQ�a�+bCWG	acO�%Fh1q
�7`gOFQ�h�CWG OJqcR?CFEca%a�+pv%hmqcQLOF`bhmj&R*+gQHR +pq�CF�&acR?heCFEHi?hLE�CF�+acR?hma�+gv�h�acO�%Fh1G �Yu=acR?he�nEcC/trh1Q�a�+g`bhkarC
arEHO\[FhLEHqrh�acR?hmacO(EcfFhLakG-o7QL`bh1onqLTDa;uY� +gQLOF`g`gu O(EHCWonGni ILK 	 � � qL~ e�G acR?heCFacRnhLE�RnOFGni�TsO�Q�CWv%��CWonGni
GYonQL`bh1onq�Ech1OFQ�a�+bCWGkRnO(�n��h1Gnq +gG�acR?h&EHh1`gO(a�+b[Fh1`bu�`bCWGnf�a�+gv%hyqr�7OFG � ILK 	�� 2 qLT�j�R*+gQSR�+gqDqrhL[FhLEHOF`�CFESi?hLEHq
CF��v�O(fWG*+gaconi?h�`bCWGnfFhLE�acRnOFGNacR?h�a�+pv%h&qcQLOF`gh�CF��O�i +bEch1Q�a�EHh1OFQ�a�+bCWG�~ � R?h��nEchLh1�Yo*+g`,+b�7E�+gonv¤Ech1OFQ�a�+bCWG +gq
+gG-arhLEHv%h1i*+pO(arh���hLa;jDhLh1G i*+bEch1Q�a+OFGni�Q�CWv%��CWonGnieGYonQL`bh1O(EyEch1OFQ�a�+gCWGnqL~cU GPacR*+gq&QHRnO(�narhLE\T�acR?h1qrh°acR?EchLh
a;uY��h1q CF� Ech1OFQ�a�+bCWGnq&O(Ech¦i*+gqHQLonqcqrh1i�OFGnimacR?h�Ech1`bhL[(OFG�a�acR?hLCFEchLa�+gQLOF`5v%CYinh1`gqs�nEch1qrh1G-arh1i�~

����� ���c������ ����������c$&���

_ i*+bEch1Q�a Ech1OFQ�a�+bCWG�+gq�Oy�9OFqra��nEcC�Q�h1qcqL~�U G%O�i*+bEch1Q�a�Ech1OFQ�a�+gCWG%acR?h �nEcC/trh1Q�a�+g`bh +gG-arhLEHOFQ�acq�j +bacR%O
GYonQL`bhLCWG�TnO�fFEcCWon�mCF�{GYonQL`bhLCWG7qsCFE�acR?h�j�RnCW`bh�G-onQL`gh1onqL~���v�+gqcq�+bCWG�CF� CWG?h�CFE�v%CFEHh��7O(Eca�+gQL`bh1qsacO�%Fh1q
�7`gOFQ�h +gv�v%h1i*+pO(arh1`buJ�ACW`g`bC\j +gG?f acR?h�+gG-arhLEHOFQ�a�+bCWG�~�� +bEch1Q�a%Ech1OFQ�a�+gCWGnqNv�O\u h���Q +barh�v�OFG-u i*+
("hLEch1G-a
a;uY��h1q°CF��G-o7QL`bh1O(E%qracO(arh1qLT�OFGni h1OFQSR �nEcC\[ +gi?h1q°O�i*+gqra�+gG7Q�a�+b[FhNCF�n��CFEcaco7G*+ba;u arC `bh1O(EHG v%CFEchkO(��CWo?a



����������	�
�� � ����	���
�	�������������� ���	��
����,���  

�7O(Eca�+pQLon`gO(E�OFqc�"h1Q�acq�CF�¨GYonQL`bh1O(EsqrarEHonQ�aconEchF~ � R?h&q�+gv%�7`bh1qca�i*+bEch1Q�a +gG-arhLEHOFQ�a�+bCWG��"hLa§j�hLh1GkOFG +gGnQ +ginh1G�a
�7O(Eca�+pQL`bh OFGni%O�acO(EcfFhLa�GYonQL`bh1o7q�+gq h1`gOFqra�+gQ qHQLO(ararhLE�+gG?f?TWj +bacR�acR?h �7O(Eca�+pQL`bh�
 q�i*+bEch1Q�a�+gCWG�CF�"v%CFa�+gCWG�OFGni
qracO(arh�CF�?�"CW`pO(E�+
N1O(a�+bCWG�QSRnOFG?fFh1i¡j +bacR?CWo?a�`gCWqcq�CF��h1G?hLEcfFuF~�� +bEch1Q�a�CFE{qcRnO(��h�]¢h1`gOFqra�+pQ�qcQLO(ararhLE�+gGnf�CYQLQLonEHq
CWGn`bu�j�R?h1GmacR?h +gGnQ +pi?h1G�a �3O(Eca�+gQL`bh +gG-arhLEHOFQ�acq�j +bacR�acR?h¡G-onQL`gh1onq�OFq�O�j�R?CW`bhF~ ) R?h1GmacR?h�h1G?hLEHfFu�CF�
acR?h�EHh1OFQ�a�+bCWG �nEcC�inonQ�acq1T >A�7o?a¦G?CFa�acRnh�+bE�Q�CWGnqra�+gaco?h1G�acq BST5QHR7OFG?fFhNOFq�OmEch1qcon`bayCF� +gG-arhLEHOFQ�a�+bCWG�T5acR*+gq
+gq+QLOF`g`bh1i +gG?h1`pOFqra�+gQ�qHQLO(ararhLE�+gG?f?~VU G?h1`gOFqra�+gQ°qcQLO(ararhLE�+pG?fkCYQLQLo?ESq�j�Rnh1G�O��nEcC/trh1Q�a�+g`bh�+gG-arhLEHOFQ�acqyj +bacR�O
GYonQL`bh1onq�OFG7i�arEHOFGnqc�}hLEHq�qrCWv%h�CF� +bacq�h1G?hLEcfFuFTYEHO�+gq�+gGnf�acR?h�acO(EcfFhLasG-o7QL`bh1onq�arC°OFG�h��?Q +barh1iNqracO(arhF~ � R*+gq
fFh1G?hLEHOF`p`bu�QSRnOFG?fFh1q�acRnh¦i*+bEch1Q�a�+bCWGkCF� v%CFa�+bCWG�OFG7imqracO(arh¦CF�{��CW`gO(E�+
N1O(a�+bCWG�CF�{acR?h��nEcC/trh1Q�a�+g`bhF~ eyacR?hLE
i*+bEHh1Q�a°EHh1OFQ�a�+bCWGnq%O(EchkacR?h�qrarE�+g�n� +gG?fPCFE%� +gQ]%�];o?� Ech1OFQ�a�+gCWG +gG j�R*+gQSR=CWGnh�CFE�v�CFEch�G-onQL`ghLCWGnq%O(Ech
qrarE�+g�n��h1i�CFEy� +gQ�%Fh1i o?�P�}EHCWv acRnh¡�nEHC/t h1Q�a�+g`ghF~ � R?h1qch°O(Ech�OF`gqrC�EchL�AhLEcEch1iParC�OFq+arEHOFG7qr�}hLE+Ech1OFQ�a�+bCWG7qL~
� R?h¦i +bEch1Q�a Ech1OFQ�a�+bCWGev%h1QHRnOFG +gqcv QLOFGe�"h¦inh1qcQ�E�+b��h1i�j +bacRkacR?h�CF�7a�+gQLOF`���CFarh1G�a�+pOF`d~

������� ����������������� ������!��#"�$&%(')!*�#��+�$&%(',!*� ��-���!

� R?h�i*+bEch1Q�a¦EHh1OFQ�a�+bCWG=v�h1QHRnOFG*+pqcv +gq¡i?h1qcQ�E�+b��h1i �Yu acR?h�CF�na�+pQLOF`�v%C�i?h1`�j&R*+gQHR�q�+gv°on`gO(arh1q
acR?h +gG-arhLEHOFQ�a�+bCWGm�"hLa§j�hLh1GmacR?h��nEcC/trh1Q�a�+g`bh�OFGni�acRnh¦G-onQL`ghLCWGnq +gG�acR?h�acO(EcfFhLa+G-onQL`gh1onqD�-ukO%G-o7QL`bhLCWG�]
GYonQL`bh1onq{��CFarh1G�a�+pOF`d~{��R?h1G?CWv%h1GnCW`bCFf!+gQLOF`�CF�na�+gQLOF`?v�CYi?h1`Y��CFarh1G-a�+gOF`gq O(Ech�G?CFEHvNOF`g`bu¦onqrh1i°arC¦Q�CWv%�3O(Ech
j +bacR�OFGni�arC�una¨h��Y��hLE�+gv�h1G�acOF`Wi7O(acO�~{��EHOFQ�a�+gQLOF`�QLOF`pQLon`gO(a�+bCWGnq�h1v��7`bC\uyCWG?h�]¢��C�i?u+�7R?h1G?CWv%h1GnCW`bCFf!+gQLOF`
��CFarh1G�a�+pOF`gq�j�R +gQHRPQ�CWGnq�+gqra�CF��ONEch1OF`¨arhLEHv�T#. >0/-BST"j�R*+gQSRei?h1qHQ�E�+b��h1q acR?h¡Ech �nh1Q�a�+bCWGPCF��acR?h��3O(Eca�+gQL`bh
�7o���T�OFGniNOFG�+gv�O(f!+pGnO(Ecu°arhLEHv�T(1 >0/-BSTWj�R +gQHR�OFQLQ�CWo7G�acq��}CFE�acR?h�Ech1v�C\[(OF`nCF��acR?h��7O(EHa�+gQL`bh �7o?�¡�AEcCWv
acR?h�+gGnQ�CWv +pG?fNQHR7OFGnG?h1`{�-ueacR?h¡acO(EHfFhLayGYonQL`bh1o7qL~ U G2. >0/-B�OFGni21 >0/-BST3/�+gq&acR?h�i*+gqracOFGnQ�h¡��hLa;jDhLh1G
acR?h�+gGnQ�CWv +pG?f%�7O(Eca�+gQL`gh¡OFGniPacR?h�acO(EHfFhLaL~ � R?h�fFh1G?hLESOF`¨�ACFEHv CF��acR?h��3R?h1G?CWv%h1G?CW`gCFf!+gQLOF`���CFarh1G-a�+gOF`
+gqsf!+b[Fh1Ge�-u.!

4 >0/-B �5. >0/-B �7681 >0/-B >dXY~gI7B
�5.�9t>0/-B O��sCWon`bCWv¡��arhLEHv
: . > �<; �=9[B?>�@�>0/-B O%EHh1OF`�[FCW`gonv%h�arhLESv
�A. > �<; �=9[B�BC@�>0/-B O%Ech1OF`¨qco?Ec�9OFQ�h�arhLEHv
: 681EDt> �F; �=9]B�B=G >0/-B OFG�+gv�O(f!+gGnO(EHu�qco?EH�AOFQ�h�arhLEHv



����������	�
�� � ����	���
�	�������������� ���	��
����,��� V

� 681E@�> �<; �=9]B?> � >0/-B OFG�+pv�O(f!+gGnO(Ecu�[FCW`gonv%h�arhLESv
��� D�����
	 �� .�D��� @����A>0/AB O%Ech1OF`�qc� +gG�]¢CFEc��+ba�arhLESv
� 6�� D�� ���	 �� 1ED��� � ��� >0/AB OFGni�OFG�+pv�O(f!+gGnO(Ecu�qr� +gG?]¢CFEc� +baDarhLEHv

j�R?hLEHh �<; �=9 +gq�acR?h°h1G?hLEcfFu�CF��acR?h°�nEcC/trh1Q�a�+g`bh +gGmacR?h�`gO(��CFEHO(arCFEcumqcuYqrarh1v # �sO(EHKFK�$¢~ � R?h%�DCWon`bCWv¡�
arhLEHv +gq¦acO�%Fh1G arCP�"hNacR?h�+gG-arhLEHOFQ�a�+bCWG=CF��Om��C!+gG-a�QSRnO(EcfFh�j +bacRJOPonG*+b�ACFEHv�`bu�QHRnO(EHfFh1i qc�7R?hLEch�CF�
EHOFi*+ponq���9�T

.�� >0/AB � ���� ���
� �
� :�� �� ! �"$#&%(')%+*�, �.- ��9 � /0/1��9

%('2%+*�, �3- / � /541��9 >dXY~ XAB

j�R?hLEHh % ' OFGni % * O(Ech�acRnh��nEcC/trh1Q�a�+g`bh°OFGnimacO(EHfFhLa+QSRnO(EcfFhF~ � Rnho) CYCYinqr] ��O/�YCWGP��CFarh1G�a�+pOF` +gq&onqrh1i�ACFE�acR?h¦Ech1OF`¨OFGni"+gv�O(f!+gG7O(Ecu�[FCW`ponv%h�arhLEHv�q*>�@�>0/AB OFGni > � >0/-BS~ � RnO(a +pqLT

>�6A>0/-B � I
I � ,�7 ��#
>0/ : �867B -�9 6"$ : � . � 1 � >dXY~ ¥AB

j�R?hLEHh;��6 � /<6�= ��> � +gq�acRnh�EHOFi*+go7qyCF�DacRnhNG-o7QL`bh1onq¦OFGni 9 6�+gq�acR?h�i*+ (�onqrh1G?h1qcqy�3O(EHOFv%hLarhLE1~ � R?h
Ech1OF`¨[FCW`gonv%h¦��CFarh1G-a�+gOF`�EHh �nh1Q�acq�acR?h°O1[FhLEHO(fFh +gG-arhLEHOFQ�a�+bCWGeCF��acR?h¦�nEHC/t h1Q�a�+g`gh¦j +bacR�acRnh�G-o7QL`bhLCWGnq�CF�
acR?h�acO(EcfFhLa�GYonQL`bh1o7qL~ � R?h ) CYCYi?] ��O/�YCWGJ�}CFEHv +gq��Yo*+barh�q�+gv�+g`gO(E +gG��}CFEHv arC�acRnh�GYonQL`bhLCWG inh1Gnq�+ba§u
CF�sO�qcO(aco?EHO(arh1iJGYonQL`bh1o7qL~ � Rnh�qcarEch1G?fFacR CF�DacR?h�Ech1OF`�[FCW`go7v%h��"CFarh1G-a�+gOF`�+gqyEHCWo?fWRn`bum�7EcCF��CFEca�+bCWGnOF`
arC�acR?h�vNOFqcq�CF��acR?h��7EcC/t h1Q�a�+p`bh�OFGni i?h1Q�Ech1OFqch1q¡j +bacR +gG7Q +gi?h1G-a¦h1G?hLEcfFuF~ � R?h +gv�O(f!+gGnO(EHu�[FCW`ponv%h
��CFarh1G�a�+pOF` acO�%Fh1q�OFQLQ�CWonG-a +gG-arCkacR?h�`bCWqcqyCF���nEcC/trh1Q�a�+g`bh��7O(Eca�+gQL`gh1q�ino?h°arCeQ�CW`g`,+gq�+bCWGnq�j +bacR G-o7QL`bhLCWGnq
CF� acR?h�acO(EcfFhLaL~

� R?h¡Ech1OF` OFGni +gv�O(f!+gGnO(EHumqco?Ec�9OFQ�h�arhLEHvNq&CF��acR?h¡CF�7a�+gQLOF`{�"CFarh1G-a�+gOF`{O(Ech°acO�%Fh1G arC���h¡�nEcC(]
��CFEca�+bCWGnOF`¨arC�acRnh°i?hLE
+b[/O(a�+g[Fh�CF��acR?h°[FCW`gonv%h¡��CFarh1G�a�+gOF`¢~ � R?hLu���h1O�%mO(ayacR?h¡qHo?Ec�9OFQ�h¡CF��O�G-o7QL`bh1onq
OFGni��9OF`g`�arC NLhLEHC�j +bacR*+pG�ONi*+gqracOFGnQ�h�CF� O%�AhLj 9 � T*+d~ hF~bT

B36->0/-B � : � 9 6 �� / >�6->0/AB � � ,37 ��#
>0/ : ��6`B -�9 6�$
> I � ,37 ��#
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CF�{�}CFEHvNO(a�+bCWG�OFGniki?h1QLO1u�O(Ech�acRYonq +gG7i?hL��h1Gni?h1G-a�CF�{h1OFQHR�CFacR?hLE\~ � R*+gq +gqDacR?h¦BDCWR?E +pGni?hL��h1Gni?h1GnQ�h
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qcOFv%h&h���Q +gacO(a�+bCWG�h1G?hLEHfFu%�-u%i*+ (�hLEch1G-a�Ech1OFQ�a�+bCWG7q�OFGniNarh1qra�+gG?f¦j&R?hLacR?hLE +ga�i?h1QLO1u�q +gG%acR?h�qHOFv%h�jsO1u
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	 � CF��acRnh+i?hLarh1Q�a�+pG?f°O(�7�7O(EHO/]
aconqL~�_sas`bC\j h1G?hLEcf!+gh1q�acR?h&Ech1OFQ�a�+bCWG�v�O1uNfFC¡acR?EHCWo?fWRNO¡q�+gG?fW`bh&qracO(arh&+pG�acR?h+Q�CWv%��CWonGni�GYonQL`bh1onq�arC
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qcR?C@j�q%acRnO(a%arC=O R*+bfWR i?hLfFEchLheCF�+OFQLQLo?ESOFQ�u CWGnhmv�O1u OFqcqco7v%h�acRnO(a%acR?hLEchPO(EchmG?C +gG-arhLEc�AhLEch1GnQ�h
hO(�h1Q�acqL~ � R?h1G��nEchLh1�Yo*+g`,+b�7E�+gonv Q�EcCWqcq�qch1Q�a�+bCWGnq°QLOFGJ��h�hL[(OF`gonO(arh1i=�-u OFini*+pG?f�acR?h�Q�CWG-arE�+b�3o?a�+bCWGnq
+gGnQ�CWRnhLEch1G�ac`gu��AEcCWv h1OFQHR qracO(fFhkCF��acRnh�GYonQL`bhLCWG�];GYonQL`bhLCWG +gG-arhLEHOFQ�a�+bCWG QLOFqcQLOFi?hF~ � R?h�arCFacOF`DQ�EHCWqcq
qrh1Q�a�+bCWGP�ACFE&�nEHhLh1�-o*+p`,+b�nE�+ponv h1v�+gqcq�+bCWG�+gq�acRnh1GeacR?h°qconv CF��acR?h°Q�EHCWqcq&qch1Q�a�+bCWGnq&�}CFE+h1v +gqcq�+bCWG��AEcCWv
h1OFQHRkqracO(arhyCF��acR?hyQLOFqcQLOFi?hF~ � R-o7q +b� � � +gq�acRnh&Q�EcCWqcqsqrh1Q�a�+gCWGN�ACFE�acRnh��ACFEHv�O(a�+bCWG�CF��acR?h+Q�CWv%��CWq�+barh
GYonQL`bh1onq +gG +bacq"+gG +ba�+gOF`+Q�CWGYunfWo?EHO(a�+gCWG�T&j&R*+gQHR v�O\u���h OFqcqco7v%h1i arC ��h�h1�YonOF`yarC acR?h EHh1OFQ�a�+bCWG
Q�EcCWqcq qch1Q�a�+bCWG�T?OFGni & � +gqDacR?hyh1v +gqHq�+bCWG��nEcCF�7O(� +p`,+ba;u��AEcCWv�acR*+gqsqracO(fFhFT?acR?h1GkacRnh1unESqraDQ�CWG-arE�+b�3o?a�+bCWG
arC �nEchLh1�Yo*+g` +b�nE�+go7v h1v +gqcq�+gCWG +gq � �"& � ~ � R?h1qrhk�nEcC�Q�h1qcqrh1q%vNO1u���h�Q�CWGnq�+pi?hLEch1i i*+bEch1Q�a�Ech1OFQ�a�+gCWGnq
arCFfFhLacR?hLE%j +gacR�CFacR?hLE��nEHCYQ�h1qcqch1qL~��&C\j acRnh��nEHCF�7O(� +g`,+ga;u��}CFE�arEHOFGnq�+ba�+bCWGJ�AEcCWv�acR?h unEHqra°qracO(fFhkarC
acR?h¦qrh1Q�CWG7i�+gq � � � T?acRnh��nEcCF�7O(� +p`,+ba;u%CF�{h1v +gqHq�+bCWG��}EHCWv acR?h�qrh1Q�CWGnimqcacO(fFh +gq & � T?acR?h¦Q�EcCWqcq�qch1Q�a�+bCWG
�ACFE�O�qrh1Q�CWGni�qracO(fFh¡�nEchLh1�Yo*+g`,+g�nE�+gonv �7EcCYQ�h1qHq +gq � � � � � & � TnOFGni�qcC%CWG�~ � RYonqsacR?h�arCFacOF`�i*+gEch1Q�a�OFGni
�nEchLh1�Yo*+g` +b�nE�+go7v Q�EcCWqcq&qrh1Q�a�+bCWG�+gq

��� ; � � � � � � & � � � � � � � & � � � � � � � � � � & � � A�A�A >dXY~ @F AB
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j�R?hLEHh � � � � � I(~

�YhL[FhLEHOF`sacRnhLCFEchLa�+gQLOF`sv%C�i?h1`gq�O(Ech�i?hL[Fh1`bCF��h1i=�}CFE%�nEHhLh1�-o*+p`,+b�nE�+ponv Ech1OFQ�a�+bCWGnq%qco7QHR OFq�acR?h
h��?Q +barCWGPv�CYi?h1`¨OFGnieacRnh��-o7OFG�aconv v%h1QSRnOFG*+gQLOF`�d PoP # d?h1q]W(K $¨acR?hLCFEHuF~�U GeacR?h¡Gnh��Ya�qch1Q�a�+bCWGnqLT"acR?h
h��?Q +barCWGev%C�i?h1`�OFGniId PoP acR?hLCFEcukO(Ech�i*+pqcQLonqcqrh1i�~

������� ����������% $ +=� ��� ��-�� !

U GkacR*+gqsv%C�i?h1` # Z+E�+p F  $�acR?h�R-u-��CFacR?h1q�+gq +gqsv�OFi?h�acRnO(a acR?h +gG7Q�CWv +gG?f°�nEcC/trh1Q�a�+g`bhFT��Yu�+gG-arhLEr]
OFQ�a�+gG?f�j +bacReacR?h�acO(EHfFhLayGYonQL`bh1o7qLT7f!+b[Fh1q+E�+pqrh¦arCkO�q�+pv%�7`bh +gG +ba�+gOF`�Q�CWGYu7fWo?EHO(a�+bCWG�QHRnO(ESOFQ�arhLE�+
NLh1i��-u
O�qcv�OF`g`"GYonv���hLEsCF�¨h��?Q +barh1ik�7O(EHa�+gQL`bh1qsOFGnikR?CW`bh1qsQLOF`g`bh1i�h��?Q +barCWGnqL~��?onQLQ�h1qcq�+b[Fhya§j�C(]¢��C�i?uNEch1q�+ginonOF`
+gG-arhLEHOFQ�a�+bCWGnq+f!+b[Fh�E�+pqrh�arC�OFG +gG-arEHOFG-o7QL`bh1O(E+QLOFqHQLOFi?h%j�R*+gQSR�T"acR?EcCWo?fWR�Okqrh1�-onh1GnQ�h¡CF�DqracO(arh1q�QHR7O(Er]
OFQ�arhLE�+
NLh1ie�-ukOFG�+gG7Q�Ech1OFq�+gG?f�h��?Q +barCWGeGYonv¡��hLE1T�hL[Fh1G�aconOF`p`bu�`gh1OFinq arCNO%�9on`g`gu%h1�-o*+p`,+b�nEHO(arh1i�Ech1q�+ginonOF`
GYonQL`bh1onqL~���h1qrarE�+gQ�a�+bCWGmarC%a;jDC(]¢�"C�i?u�Ech1q�+gi7onOF` +gG�arhLESOFQ�a�+bCWGnq�`bh1OFi7qsarC�acR?h��ACW`g`bC\j +gG?f%qrh1`bh1Q�a�+bCWGkESon`bh1q
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Q�CWGnQ�hLEHG +gG?f%acR?h���CWqcq�+g�7`bh+[/O(E�+pO(a�+bCWG�CF�{acR?h�GYonv���hLE � CF�{h���Q +garCWGnqLTnCF� �7O(Eca�+pQL`bh1q �¨TnOFGnimRnCW`bh1q&� !
	 � �	K ����X 	 ��� K ����I 	 � � K ����I A >dXY~ @WV0B

� R?hmqcacO(arh1q�j�R*+pQHR O(Echmh��?Q +barh1i +pG acR*+gq +gG-arhLEHOFQ�a�+bCWG QLOFqHQLOFi?hPO(Ech�[FhLEHu o7GnqracO(�7`bhF~ � jDC
��CWqcq�+b�3`bh¦qrh1�Yo?h1GnQ�h1q&CF��hL[Fh1G�acqyQ�CWGnq�+gi?hLEch1i +gGmacR?h°h��?Q +barCWGPv�CYi?h1`5O(Ech�qcR?C\j&G�+gG d +gf?~�XY~gI(~1U GPacR?h
unEHqca¨qrh1�Yo?h1GnQ�h�acR?h +gGnQ +ginh1G�a��7O(EHa�+gQL`bhFT(OFq�jDh1`g`�OFq¨acR?h�h��?Q +barh1i¦�3O(Eca�+gQL`bh1qLT(O(EchDOF`g`F��CWonGni�T\j�R*+g`bh +pG�acR?h
qrh1Q�CWGni%qch1�-o?h1G7Q�hDacRnh +pGnQ +gi?h1G-a¨�7O(EHa�+gQL`bhDCFE�CWG?h qrarEHonQ]%¡GYonQL`bhLCWG°j�R*+gQSR�O(aracO�+gG?h1i%OyR*+bfWR¡h1G?hLEcfFu�O(Ech
+gG�acR?h�Q�CWG-a�+gG-o7onv�~�_sa h1OFQHRmqcacO(fFh�CF�¨acR*+gqDh1�Yo*+g`,+g�nE�+gonv �7EcCYQ�h1qHqsacR?hLEch +gqsO�Q�CWv%��hLa�+ba�+bCWG���hLa;jDhLh1G
a;jDCJi?h1QLO\u v%C�i?h1q�CF�&acR?h�Q�CWv%��CWq�+barhkG-onQL`gh1onq"!NacRnhkinh1QLO1u �-u=h���Q +barCWG?]¢h���Q +barCWG +gG�arhLESOFQ�a�+bCWGnq°arC
v%CFEch¡Q�CWv%�7`bh���Q�CWGYunfWo?ESO(a�+bCWGnq OFGni�acRnh�i?h1QLO1uk�Yu�h1v�+gqcq�+bCWGkCF� �7O(EHa�+gQL`bh1q +gG-arC%acR?h�Q�CWG-a�+gGYononv�~

� R?h%h��?Q +barCWG=v%CYinh1`�OFqcqconv�h1q¦acRnO(a�> I7B¦O(a¦h1OFQHR qracO(fFh�CF�sacR?hNQLOFqcQLOFi?h�OF`g`�CF�sacR?hNqcacO(arh1q
j +bacR acRnh�qcOFv%h�Q�CWGYunfWonEHO(a�+bCWG OFGni acRnh�qcOFv%h%arCFacOF`�h1GnhLEcfFu�O(EHh�h1�-o +b�nEcCF�7O(�3`bhFT�OFGni >dXAByO(a¦h1OFQSR
qracO(fFh¡CF�5acR?h¡QLOFqcQLOFi?h¡OF`p`�acR?h¦�nEcC�Q�h1qcqrh1q�j�R*+gQSR�v�O1ukC�QLQLo?E�O(Ech�OF`pqrC%h1�-o +b�nEcCF�7O(�3`bhF~

� R?hIunEHqraNOFqHqconv%�na�+gCWG f!+b[Fh1q�acRnheh1G?hLEcfFu i +gqrarE�+b�3o?a�+bCWG CF�yacR?heh��?Q +barCWGnqL~ � RnheG-o7v���hLE� � ' >�� �@� � � ���hB%CF�&acRnh�h���Q +barCWG7q�j +bacR h1G?hLEcfFu ��hLa;jDhLh1G��eOFGni�� � ����+pG O Q�CWG�unfWo?EHO(a�+bCWG CF� �
�7O(Eca�+pQL`bh1q�OFGni ��RnCW`bh1q�j +bacR�arCFacOF`3h1GnhLEcfFu � +pq�f!+b[Fh1G��-u�acR?h�ESO(a�+bC���hLa;jDhLh1G�acR?h�GYonv���hLE�CF��qcacO(arh1q
+gG%j&R*+gQHR�CWG?h��7O(EHa�+gQL`bh�RnOFq�h1G?hLEcfFu%��hLa;jDhLh1G��+OFG7i�� � �	��OFGni�acRnh�Ech1v�O�+gG +gG?f � : I��7O(Eca�+gQL`bh1q�OFGni�%R?CW`gh1q{R7O1[Fh�acR?hsh1G?hLEHfFu � : �&OFGni°acR?h G-o7v���hLE{CF�"qracO(arh1q�CF�7acR?h �%�7O(Eca�+gQL`ghFT2�%R?CW`bh Q�CWGYunfWonEHO(a�+bCWG
j +bacRmh1G?hLEcfFu ��~ U§� � ' � 
 > � B +gq acRnh�i?h1Gnq�+ga;ukCF��qracO(arh1q�CF� acR?h¡Q�CWGYunfWo?EHO(a�+gCWGnq CF� �e�7O(Eca�+pQL`bh1q�OFGni �
R?CW`bh1q+O(ayacR?h°h1G?hLEcfFu
�NT � ' 	���� 
 > � : ��B +pq�acR?h�i?h1Gnq�+ba;umCF��qracO(arh1qyCF��acR?h�Q�CWGYunfWo?ESO(a�+bCWGnq&CF� � : I
�7O(Eca�+pQL`bh1qLT �mRnCW`bh1q j +bacRkh1GnhLEcfFu � : ��TnacR?h1G � � ' >�� �@� � � ����B +gq�f!+b[Fh1G��Yu

� � ' >�� �@� � � ���hB � � ' 	���� 
 > � : ��B�B$���� ' � 
 > � B A >dXY~ @0WAB

j�R?hLEHh B � I - �°acR?h�inh1Gnq�+ba§u¡CF��q�+gGnfW`bh�]¢�7O(Eca�+gQL`ghDqracO(arh1qV>A�ACFE�j�R*+pQHR%CWG?h&onqconOF`g`gu�OFqcqconv�h1q�acR?h d?hLESv +

fWOFq�v�CYi?h1`3B �	¥ = - X�� � BS~
� R?hDqrh1Q�CWGni�OFqcqco7v%�na�+bCWG�f!+b[Fh1q{acR?hDq�+gv%�7`,+Zu7QLO(a�+bCWG�CF�nacRnh�hL[(OF`gonO(a�+bCWG¡CF�nacR?hsQ�EcCWqcq qrh1Q�a�+gCWGnq

CF�DacR?h%[/O(E
+bCWonqyEch1OFQ�a�+bCWG7qL~��+hTu7G?h�OFG h1qcQLO(��h�j +gi?acR �� > � ��� � � � ��� �@�_B �	� � �ACFE¦h1v +pqcq�+bCWG +gG-arC�acR?h
Q�CWG-a�+gG-o7onv CF�yCWG?heonG-��CWonGni �7O(Eca�+pQL`bh�� j +bacR h1GnhLEcfFu�� � OFGni O�qr�nEch1OFi*+pG?f j +gi?acR ��� � � � � �ACFE�O
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Fermi
energy

E

B

to
equilibrium

3 excitons 5 excitons

3 excitons
(1 unbound)

5 excitons
(1 unbound)

Q chain

P chain

(a)

(b)

ε

d +bfWo?Ech�XY~gI-!°�?QHR?h1v�O(a�+pQ�EchL�nEch1qrh1G-acO(a�+bCWG CF�DacR?h#unESqray�}hLj qcacO(fFh1q¦CF�sO�G-onQL`ghLCWG�]+gGnino7Q�h1iPEHh1OFQ�a�+bCWG
+gGNacR?h�h��?Q +barCWG�v%CYinh1`nOFGni�acR?h1d?h1qHR��7OFQSR�TYP�hLEHv�OFG�OFGni P¦C-CWG*+pGI> d�P PlB�acR?hLCFEcuF~ � R?h&R?CFE�+
NLCWG-acOF`
`,+gGnh1q&+pGni*+gQLO(arh�h1�YonOF`g`bu�qr�7OFQ�h1iJq�+pG?fW`bh�]¢�7O(Eca�+pQL`bh°qcacO(arh1q +gG�acR?h���CFarh1G-a�+gOF` jDh1`g`d~ � R?h%�7O(Eca�+pQL`bh1q�O(Ech
qcR?C@j�GeOFqyqrCW` +gimQ +bEHQL`gh1qL~�� +gq�acR?h +gG*+ba�+pOF`�h���Q +bacO(a�+gCWGPh1GnhLEcfFuF~�� +gq�acR?h¡O\[FhLEHO(fFh�GYonQL`bhLCWGm��+gGni*+gGnf
h1G?hLEcfFuF~�� O(Eca#>9O-B&qcR?C\j&q&GYonQL`bhLCWG�];GYonQL`bhLCWG +gG-arhLEHOFQ�a�+bCWGnqy`bh1OFi +gG?fNarC�acR?h°h1�-o +g`,+b�nE
+gonv��nEcC�Q�h1qcqLT +gG
acR*+gq�QLOFqrh¡OF`g`��7O(Eca�+gQL`bh1q�O(Ech���CWonGni�~'U GId PoP acR?hLCFEcukacR*+pq�qrh1�Yo?h1GnQ�h¦CF� �nEHCYQ�h1qcqch1q +gq�QLOF`p`bh1imacR?h 
QHR7O�+gG�~�� O(EcaV>A� B�qcR?C@j�q +gG�arhLESOFQ�a�+bCWGnqD`bh1OFi*+gG?f�arC¡Q�CWGYunfWonEHO(a�+bCWGnq +gG%j�R +gQHR�O(aD`bh1OFqca�CWG?h+�7O(Eca�+gQL`gh +gq
onG-��CWonGni�OFGni�acRYonqsv�O1u���h&h1v +bararh1i +gG-arC�acR?hyQ�CWG�a�+pG-ono7v j +gacR�h1G?hLEcfFu �¦`bh1O1[ +gG?f°O�EHh1q�+gino?h�j +bacR
h1G?hLEcfFu 4 � � : � : ��~'U G d�P P acR?hLCFEcu�acR*+gq�qrh1�-onh1GnQ�h +gq�QLOF`g`gh1ikacR?h & QSRnO�+gG�~
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GYonQL`bhLCWG�];GYonQL`bhLCWG +gG-arhLEHOFQ�a�+bCWG j�R*+gQSR +gG v%CWqra�QLOFqrh1q%qr�7Ech1OFinq¡acR?hNh��?Q +bacO(a�+bCWG h1G?hLEHfFu�OFv%CWG?f OFG
+gGnQ�EHh1OFq�+gG?fNGYonv¡��hLE�CF��h��?Q +barCWGnqL~ � R?h1qrh¦j +pi?acRnq�O(Ech°Ech1`gO(arh1iParC�acR?h��nEHCF�7O(� +g`,+ga�+bh1qs��hLE&onG*+ga a�+gv%h
>ACFE&inh1QLO1ukEHO(arh1q[B �}CFE�acRnh¦Q�CFEcEch1qr��CWGni*+pG?f��nEcC�Q�h1qcqrh1qLT 1 � OFGni 1 � Tn�Yu�acR?h�EHh1`gO(a�+bCWG � � 1 ���~

) R?h1G=OP�7O(Eca�+pQL`bh�+gq�h1v +bararh1i�T�OeEch1q�+gino7OF`�G-o7QL`bh1onq¦j +bacR � : I�h��?Q +barh1i �7O(Eca�+gQL`bh1q¡OFGni �
R?CW`bh1q +gq�Q�Ech1O(arh1i�~EU � � ' � 
 > � BsOFG7i � ' 	���� 
 >&4 BsO(Ech¦acRnh�Q�CWv%��CWq�+barh�OFG7i�acR?h¦Ech1q�+ginonOF`�GYonQL`bh1onq�qracO(arhi?h1Gnq�+ba�+bh1qLT-acR?h&i?hLacO�+p`bh1iN�3OF`gOFGnQ�h��7E�+gGnQ +b�3`bhsf!+b[Fh1qD�}CFEDacR?h+h1qcQLO(��h&j +pi?acR%�ACFEDh1v�+gqcq�+bCWG�CF�¨O��3O(Eca�+gQL`bh�kj +gacRkh1G?hLEcfFuk��hLa;jDhLh1G � � OFGni � � � ��� � !

� � > � ��� � � � ��� �@�_B �	� � � �� 1 > � ��� � � � ��� �@�_B �	� �
� ��� ' � 
 >&4�B

��� � � +gG�[ > � � B
.  � ' 	���� 
 >&4�B � 9t> � � B ��� � � >dXY~ @FUAB

j�R?hLEHh � � +gq acRnh�h1v +bararh1ieGYonQL`bhLCWGm[Fh1`bCYQ +ga;uFT � +gG�[ > � � BDacR?h +pG�[FhLEHqch��nEcC�Q�h1qcq�Q�EcCWqcq�qrh1Q�a�+bCWG�T7OFG7i

� 9t> � � B � I
� � �� � >dX � � � I7B�� � � � .� � >dXY~  (K-B

+gq acRnh�i?h1Gnq�+ga;ukCF� acR?h¦arEHOFGnqH`gO(a�+bCWGnOF`�Q�CWG-a�+gGYononv qcacO(arh1q&CF� acR?h�h1v +bararh1im�3O(Eca�+gQL`bh�OFq��nEch1i*+pQ�arh1i��-u
acR?hodnhLEHv +�fWOFq&v%CYinh1`d~�. +pqsacR?h�`gO(��CFEHO(arCFEcu�[FCW`gonv�hF~

� R?h h1qra�+pv�O(arhJCF��acRnhJqr�nEch1OFi*+pG?f=j +gi?acR �� � � � � +pqkCF�nacO�+gG?h1i �Yu o7q�+gG?f a�+gv%h�];i?hL��h1Gninh1G�a
��hLEcaco?Ec�3O(a�+bCWG�acR?hLCFEcukj�R*+gQSRkf!+b[Fh1q

� � � � � � > � B � X�� � ? � � � � � >dXY~  �I7B

�ACFE�O%arEHOFGnq�+ba�+bCWGk�AEcCWv acR?h¦qracO(arh1q&CF��O�Q�CWGYunfWonEHO(a�+bCWGkCF� � h���Q +garCWGnq arC�qcacO(arh1q�CF��O�Q�CWGYunfWonEHO(a�+bCWG
CF� � ��h���Q +barCWG7qL~ � � +gq�acR?h�i?h1Gnq�+ba;u�CF��acR?h�qracO(arh1q&j�R*+pQHRmv�O\u���h�h���Q +barh1i +gGkacR?h°G-o7QL`bhLCWG�];GYonQL`bhLCWG
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acR?h�acO(EHfFhLa°qr��+gG�T�Ech1qco7`bacq +gGJOeqr� +gG i*+pqrarE�+b�7ona�+bCWGe��CYCWqrarh1iJarC�R*+bfWR?hLE¦qc� +gGnqyacRnOFG�CF�nacO�+gG?h1iJj +bacR
acR?h NLhLEHC(];qr� +gG�O(�n�7EcC1� +gv�O(a�+bCWG�~
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� R?h1�eEHO\uYqs�ACW`g`bC@j +gG?f¡�7O(Eca�+gQL`gh&h1v +pqcq�+bCWG��}EHCWv�R +bfWRn`bu-]¢h���Q +garh1i�Q�CWv%��CWonG7i�GYonQL`bh�+3�}CFESv%h1i
�Yu�GYonQL`bh1O(EDEch1OFQ�a�+bCWG��nEcC�Q�h1qcqrh1q�Q�CWG�acO�+pG�+gv��"CFEHacOFG�a�inhLacO�+g`bh1i +gGn�}CFEHvNO(a�+bCWG�O(��CWo?a�acR?h+G-o7QL`bh�+d~ � R?h
+gG-arh1Gnq�+ba§u%CF��acR?h1��EHO1u�qLT�j�R*+gQSRNQLOFG���h&v%h1OFqHo?Ech1i�i*+bEch1Q�ac`buFTY�ACW`g`bC\j +gG?f¦�7O(EHa�+gQL`bh�h1v�+gqcq�+bCWG�+gq�inhLarhLEr]
v +gGnh1ik�-ukacR?h¦�7Ech1Q�hLh1i*+gG?fN�7O(Eca�+gQL`bh�j +gi?acR�~�BDu�QHRnOFGnf!+gG?f�acR?h�h1G?hLEcf!+bh1q�CF�{acRnh +gGnQ +ginh1G�a �7O(EHa�+gQL`bh1q
OFGni CF�7qchLEc[ +pG?fkacR?hNQHR7OFG?fFh�CF�DacR?h +gG-arh1Gnq�+ba�+bh1qyCF�DacR?h � EHO1u�q�CWG?hNQLOFGJ�7o?ayacR?h�arEHOFG7q�+ba�+bCWGnq +gG-arC
acR?h�+bE&�nEcCF��hLE�`bC�QLO(a�+bCWG +gGmacR?h¡G-onQL`gh1O(E+`bhL[Fh1`5qcQHRnh1v%hF~ � R?h¦h��?Q +bacO(a�+bCWGPh1G?hLEcf!+gh1q�CF��acR?h°qracO(arh1qyO(Ech
onqco7OF`g`bu O1[(O�+g`gO(�7`bhNarCP�9O�+bEH`bu�fFCYCYi OFQLQLo?EHOFQ�uJ�AEcCWv CF�7qrhLEc[(O(a�+bCWG OFGni�v%h1OFqHo?Ech1v%h1G-a¡CF� acRnh�qr��h1Q ]
arEHonv�CF�yacR?heCWo?arfFC!+pG?f��7O(EHa�+gQL`bhF~ � R?h �3]¢EHO1u i7O(acO�T j�R*+gQSR f!+b[Fh�onq%fWOFv�v�O/];inh1QLO1u �7EcCF��hLEca�+bh1qLT
O(Ech¡[/OF`go7O(�7`bh¦�ACFE�h1qra�+pv�O(a�+gG?f?T"v�O�% +pG?f?T7CFEyQHR?h1Q]% +pG?fNacR?h°qr� +gG?]¢�7O(E�+ba§u�OFqcq�+bfWGnv%h1G-acqLT3OFG7ieOF`gqrC�QLOFG
��hNQ�CWG-[FhLEcarh1i +gG-arCe�7O(Eca�+pOF`�Q�EcCWqcq°qrh1Q�a�+bCWGnq1~ �7]¢EHO\u�v%h1OFqconEch1v%h1G-acq¡O(Ech�OF`gqrC�onqrhL�9on`��ACFE +gqcCW`gO(a�+gG?f
acR?h���CF�7o7`gO(a�+bCWG�CF� +gGni*+b[ +gino7OF`¨`bhL[Fh1`gq¦acRnO(a�Q�CWon`gi GnCFa¦��h�qrhL�7O(EHO(arh1i +gG acR?hNOFGnOF`guYq�+pqyCF�D�3O(Eca�+gQL`bh
qr��h1Q�arEHO�~%Mmh1OFqHo?E�+gG?fkacR?h +pG�arh1Gnq�+ba�+bh1q+CF� �=EHO1u�q�Ech1qco7`ba�+gG?f��}EHCWv acR?h�Q�CWv%��CWonGni OFGni Q�CWG-a�+gGYononv
Ech1OFQ�a�+bCWG7q�f!+b[Fh1q acRnh¦��CF�7on`gO(a�+bCWG�CF� `bhL[Fh1`gq EHh1OFQHR?h1ie�-ukacR?h�CWo?arfFC!+pG?f��7O(Eca�+pQL`bhF~

eyG?h�h��Y��hLE�+gv�h1G�acOF`5v%hLacR?C�imarC�qcaconi?u�G?h1o?arEcCWG?]+gGninonQ�h1ikEHh1OFQ�a�+bCWGnq&C\[FhLE�O�j +pi?h +gGnQ +ginh1G�a
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G?h1o?arEHCWG h1G?hLEcfFu EHOFG?fFhmo?� arC�qrhL[FhLESOF`�R-o7Gni?Ech1i MmhT8 +gq�acRnhko7qrh�CF�+O �3on`gqrh1i � j�R*+barh�� qc�7OF`g`gO/]
a�+bCWGJGnh1o?arEcCWGJqrCWonEHQ�hNOFGniJR +bfWR�]¢Ech1qrCW`po?a�+bCWG �7]¢ESO1u qr��h1Q�arEcCWqcQ�CF�YuF~ � R?h +gGnQ +ginh1G�a¦G?h1onarEcCWG h1G?hLEcfFu
+gq°i?hLarhLEHv +pG?h1iJ�YuJacR?h�a�+gv%h�]¢CF�}] � +bfWR-a°v�hLacR?CYi OFGni=acR?h��nEcCWv%�na¡fWOFv�v�O/]¢EHOFi +gO(a�+bCWG=h1v +bararh1i �-u
G?h1o?arEHCWG�]+gGnino7Q�h1i Ech1OFQ�a�+bCWGnq +gq�i?hLarh1Q�arh1i=�Yu OPR*+bfWR�]¢EHh1qrCW`go?a�+bCWG�ZyhNi?hLarh1Q�arCFE%O(EcEHO\uF~ U GJfFh1GnhLEHOF`dT
G?h1o?arEHCWG�]+gGnino7Q�h1i Ech1OFQ�a�+bCWGnq°`bh1O\[Fh�acR?h�Ech1q�+gi7onOF`�GYonQL`bh1onq +gG�OPR*+bfWRn`bu�h��?Q +barh1i=qcacO(arh�j&R*+gQHR�v�O1u
qco?�3qrh1�-onh1G�ac`bu i?h1QLO1u [ +gO �7O(EHa�+gQL`bh�h1v +gqHq�+bCWG OFGni OX�7]¢EHO\u QLOFqcQLOFi?hearC=acR?hmfFEcCWo7Gni qracO(arhF~ � R?h
+gG*+ga�+gOF` +gG-arh1Gnq�+ga;u�i*+gqcarE�+b�7o?a�+gCWG%C\[FhLE�O°[FhLEcu�`gO(EcfFhyG-o7v���hLEDCF�5R*+bfWR7`bu�h���Q +barh1i�`ghL[Fh1`gq +gq�Q�CW`p`bh1Q�arh1i"+gG
acR?h�unESqras�}hLj h��?Q +barh1im`ghL[Fh1`gqsj�R*+gQSRkacR?h1G�i?h1QLO\u�arCNacR?h�fFEcCWonGni�qcacO(arhF~s��onQSRkarEHOFGnq�+ga�+bCWGnqD��hLa;jDhLh1G
`bC@j ];`bu +gG?f�`bhL[Fh1`pq�O(Ech +gi?h1G-a�+
unh1i +pG�acR?h&�nEcCWv%�na'�7]¢EHO\u�h1v +gqcq�+bCWG�qr��h1Q�arEHonv �-u%acRnh�+bE�QSRnO(EHOFQ�arhLE�+gqca�+gQ
�7]¢ESO1u h1G?hLEcf!+bh1q1T5OFGni �7EcCYi7onQ�a�+bCWG Q�EcCWqcq¡qrh1Q�a�+bCWGnq��ACFE�qrhL[FhLESOF`�arEHOFGnq�+ba�+bCWGnq +gG O�GYonv¡��hLE¦CF��EHh1q�+gi�]
onOF`5G-onQL`gh�+�QLOFGe��h�v�h1OFqco?Ech1i�q�+gv°on`bacOFG?hLCWo7qc`buNC@[FhLE�O�j +ginh +gGnQ +ginh1G�a�G?h1onarEcCWGmh1G?hLEHfFu�EHOFG?fFh +pGeO
q�+gGnfW`bh%h��Y��hLE�+pv%h1G�aL~kBDh1QLOFonqrh�CF� acR?h�`gC\j Gnh1o?arEcCWG �3o��"T5Ech1`gO(a�+b[FhNarC�QSRnO(EcfFh1i=�7O(Eca�+gQL`bh �7o���h1q +gG
+bCWG�]¢��h1OFv h��Y��hLE�+pv%h1G�acq1T3O��AO�+bES`bu�`gO(EcfFh¡OFv�CWonG�a+CF��acO(EcfFhLa�v�O(arhLE
+gOF`�+pq�Ech1�Yo*+bEHh1i��}CFEyacR*+pq�a;uY��h¡CF�
v%h1OFqconEch1v%h1G-aL~

� ��� �
	 ����� � � ������� �P#%��� � ����

� R?hs[FhLEcu�h��?Q +ba�+gG?fy�nEHCFfFEch1qcq CF��G-onQL`gh1O(E�qrarEHonQ�aconEch OFGni%G-o7QL`bh1O(E�Ech1OFQ�a�+bCWGNqraconi*+bh1q{Ech1` +bh1q CWG
acR?h +pv%�nEcC@[Fh1ieonGninhLEHqracOFGni*+pG?f¡CF��acRnh�v +gQ�EcCWqHQ�CF� +gQ�OFqr��h1Q�acq&CF� GYonQL`bh�+¢T7OFGni�acR?h¡G?hLj�`bu-];i?hL[Fh1`bCF��h1i
h����"hLE
+gv%h1G-acOF`�v%hLacR?C�inq�OFGniminhL[ +gQ�h1q&RnO1[Fh¡�7`gO\uFh1imOFG�+gv��"CFEHacOFG�aLTnOFGnieqrCWv%hLa�+gv%h1q&i?h1Q +gq�+g[Fh�EcCW`bhF~
� R?hkR*+bfWR7`bu�];OFin[/OFGnQ�h1i OFQLQ�h1`bhLEHO(arCFENarh1QHRnG?CW`gCFfFu RnOFq°�nEHC\[ +gi?h1i OP[(O(E�+bhLa§u�CF�+R*+bfWR�];�YonOF`,+ba§uFT�R*+bfWR�]
+gG-arh1Gnq�+ba§u ��h1OFv�qLT�qHonQHR	OFqk`,+bfWR-a +bCWGnqLT�Rnh1O1[Yu +bCWG7qLT���CW`gO(E�+
NLh1i ��h1OFv�qLT�hLacQ(~ � R?h +gG�]¢��h1OFv �7]
EHO\uJqr��h1Q�arEcCWqcQ�CF� +gQNqraconi*+bh1q�CF� G-onQL`gh1O(E��nEcCF��hLEca�+gh1q���h1G?hTunarh1iJfFEHh1O(ac`bu �}EHCWv acR?h�i?hL[Fh1`bCF�7v%h1G-a�CF�
G?hLj inhLarh1Q�a�+bCWG arh1QHR7G*+g�Yo?h1q +gG acR?hm`pOFqra%�}hLj i?h1QLOFi?h1qL~ � R?h�onqrh�CF��v¡o7`ba�+^];i?hLarh1Q�arCFENqcuYqrarh1vNqI>9O
i?hL[ +gQ�h¡Q�CWv��"CWqch1iPCF��vNOFG�ueinhLarh1Q�arCFEHq[B +gGmacRnh W(KFqyRnOFqyv�OFi?h +ba���CWqcq�+b�7`bh�arC�v%h1OFqconEch�h��NQ +gh1G�ac`bu
acR?h�v¡o7`ba�+b�7`,+pQ +ba;u�CF��acR?hl�JEHO1u�qLT�acR?h�+bEyOFG?fWon`gO(E+i*+gqrarE
+b�7o?a�+bCWG7qLTnOFGni�Q�C!+gGnQ +gi?h1G7Q�h�Ech1`gO(a�+gCWGnqcR*+b�3q +gG
acR?h�QLOFqcQLOFinh1qL~ � Rnh��DCWv%�narCWG�];qHo?�n�nEch1qHq�+bCWG�arh1QHRnG +g�-onh�onqrh1i CWG=Z+h�i?hLarh1Q�arCFEHq°RnOFq¦q�+bfWG +
u7QLOFG-ac`bu
Ech1ino7Q�h1ikacR?h��7OFQ�%YfFEcCWonG7i�+gGkacR?hV�3]¢EHO1u�h1G?hLEcfFu�qr��h1Q�arEHonv�OFGnieOF`g`bC\j&qsacR?h¦v%h1OFqco?EHh1v%h1G�a CF� [FhLEcu
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jDh1O�%?��EHO\uYq1~ � R?h¦Q�C@[FhLEHO(fFh�CF��G?h1O(EH`bu��%�JqrCW`,+pi�OFG?fW`bh¦�Yu�O�v¡o7`ba�+^];i?hLarh1Q�arCFE+qruYqcarh1v h1GnO(�7`gh1q acR?h
v%h1OFqconEch1v%h1G-a�CF�5acRnh¦arCFacOF`�h1G?hLEHfFu�CF� QLOFqcQLOFi?ho�PEHO\uYq1~

� R?h ��C@j�hLEc�9on`�Q�CWv%�7onarhLEHq��ACFE���CFacR�CWG�];`,+gG?h OFGni�C�(3];`,+pG?h O(�n�7`,+gQLO(a�+gCWGnq RnO1[Fh���hLh1G�OFGnCFacR?hLE
OFqr��h1Q�a�CF� EHh1Q�h1G�a�i?hL[Fh1`bCF�7v�h1G�acq +gGJacRnhNh����"hLE
+gv%h1G-acOF`�arh1QHRnG +g�-onh1qL~m_&in[/OFGnQ�h1i Q�CWv%�7onarhLE¡arh1QSR�]
G*+g�Yo?h1q RnO\[Fh �"hLh1G%o7qrh1i°arC¦Q�CWG�arEcCW`nacR?h CF��hLEHO(a�+bCWG°CF�3[FhLEHu¡Q�CWv%�7` +gQLO(arh1i%inO(acO/];OFQL�Yo*+gq�+ba�+gCWG%qruYqcarh1v�q
OFGni arCe�"hLEH�}CFEHv h�����hLE�+gv%h1G-acq�j +gacR [FhLEcu R*+bfWR Q�CWonG-a�+gG?f�EHO(arh1q1~ U a +gq¦OF`gqcC��"CWqHq�+b�7`bh°arCm��hLEc�ACFEHv
qrCF�7R +gqra�+gQLO(arh1i C�("];`,+gGnhminO(acOJOFGnOF`bu�q�+gq1T�qconQSR OFqNR7OFGnin`,+gGnf�v°on`ba�+^];i +gv%h1Gnq�+gCWGnOF`�vNO(arE�+^� inO(acO�~jU G
acR?hm�ACW`g`bC@j +gG?fJqHo?�7qrh1Q�a�+bCWG7q%j�hej +g`g`sCWo?ac` +gG?hkacR?h �3]¢EHO1u inhLarh1Q�arCFEHq�OFG7i Q�CWGnQ�h1G-arEHO(arh v�O�+gGn`bu=CWG
acR?h�i*+gqcQLo7qcq�+bCWG�CF��inhLarh1Q�a�+gG?fkqruYqcarh1v�qyOFGniPi7O(acO/];OFQL�-o*+pq�+ba�+bCWG�qru�qrarh1v�q+O(a&acR?h ) h1O(��CWGnqy��h1onarEcCWG
��h1qch1O(EHQHR >L) �+�cB �AOFQ +g` +ba;u�O(a�acR?h�£¨CWq�_&`pOFv%CWq��&h1o?arEcCWGP�?Q +bh1GnQ�h¡�Dh1G-arhLE >9£5_&���n�s� BS~

������� �#� �C' $ -�� +=� % +=��� �
_+G ��]¢EHO\u¡CFE'�7]¢EHO\u¡�7RnCFarCWG +gq onGnQHR7O(EcfFh1i%OFGni%Q�Ech1O(arh1q�G?C�i*+bEch1Q�a�+bCWG*+ZN1O(a�+bCWG°CFE�h���Q +gacO(a�+bCWG

CF� acR?h�v�O(arhLE
+gOF`�acR?EcCWonfWRmj�R*+pQHR"+ba��3OFqcqrh1qL~ � R?h¦i?hLarh1Q�a�+bCWGPCF� ��ESO1u�q +gq acRnhLEchL�}CFEHh�i?hL��h1Gni?h1G-a CWG
QLOFonq�+pG?f�acR?h��3R?CFarCWG%arC¡o7Gni?hLEcfFC�OFG�+gG-arhLEHOFQ�a�+bCWG�acR7O(a�arEHOFGnqr�AhLEHq�OF`g`?CFE��3O(Eca�CF��acR?h��7RnCFarCWG�h1G?hLEcfFu
arC OFG	h1`bh1Q�arEHCWG +gG acR?hJO(�7qrCFEH� +gG?f v�O(arhLE�+gOF`¢~nU G acR?h unh1`gi CF�l�7]¢EHO\u qc�"h1Q�arEHCWqcQ�CF�-uFT�acRnhLEchJO(Ech
a;jDC�a§u-��h1q�CF��Q�CWv�v�CWGn`bu-];onqrh1i�i?hLarh1Q�arCFESq"!�qrCYi +gonv +bC�i*+gi?h�>9�+O�USB�OFGni%fFhLEHv�OFG +gonv >¢Z+h`BS~ � Rnh��&O�U
qcQ +gG-a�+g`g`pO(arCFE R7OFq��-o*+pQ�%�a�+pv%h Ech1qr��CWGnqrhDarC¦acR?hs�7RnCFarCWGnq�+gGnino7Q�h1i¡�Yu +pGnQ +gi?h1G-a �NEHO1u�qLTYOFGni°acR?hLEchL�ACFEch
RnOFq�fFC-C�iNa�+pv%h�Ech1qrCW`po?a�+bCWG > �¦¥¦Gnq[BS~ � Rnh��7R?CFarCWGnq�h1v +bararh1i�+gG�acRnh&�+O�U�Q�EcuYqcacOF`7O(Ech+Q�CW`g`bh1Q�arh1ikOFGni
Q�CWG-[FhLEcarh1i +gG-arCk�7R?CFarCYh1`bh1Q�arEcCWGnqy�YuPOFG O(aracOFQSR?h1iJ�7RnCFarCFaco?��hF~ � R?h +gGnino7Q�h1ie�7RnCFarC-h1`bh1Q�arEHCWGnq�O(Ech
acR?h1G OFv%�3`,+
unh1i +gG�acR?h��7R?CFarCFaco?��h%OFGni��nEcC�inonQ�h°acR?h%h1G?hLEHfFu�]¢a�+gv�h�q�+bfWGnOF`gq+j�R?CWqch�qHRnO(��h°QLO(EcE
+bh1q
Q�CW`g`bh1Q�a�+pG?f&a�+pv%h +gG?�ACFEHv�O(a�+bCWG°OFGni°j�R?CWqrhsv�O(fWG*+gaconi?h +gq{�nEcCF��CFEca�+bCWGnOF`�arC�acR?hsQ�CFEcEch1qr��CWGni*+pG?f��3]¢EHO1u
h1G?hLEcfFu=i?hL��CWq�+barh1i +gGJacR?hkQ�Ecu�qracOF`d~ �yo?h�arC�acR?hkv�OFG-u�Q�CWv%�7`,+pQLO(arh1i��nEHCYQ�h1qcq°CWG=acR?h��}CFEHvNO(a�+bCWG
CF��acRnh��3R?CFarC(];q�+bfWGnOF`pq +pG�acRnh Q�EHuYqracOF`¢T+Q�CWG-[FhLEHq�+bCWG arC �3R?CFarC-h1`gh1Q�arEcCWGnq"+gG�acR?h �7R?CFarCFaco?��hFTyOFGni
�7onQ�aco7O(a�+bCWGnq +gG acR?hPOFv%�7`,+b�Au +gG?fe�7EcCYQ�h1qHqLT�acRnhm�&O�U%i?hLarh1Q�arCFEkRnOFq%��CYCFE%h1G?hLEcfFu Ech1qrCW`gona�+bCWG > ILK/]
It@&) BS~ l&q�+gG?fJv%C�i?hLEHG arh1QSRnG?CW`bCFfFuFT CWGnhPQLOFG �3o*+g`gi O [FhLEcu `gO(EHfFhm[FCW`gonv%hP�&O�U%Q�Ecu�qracOF`�j +bacR O
Ech1`gO(a�+g[Fh1`bu�R +bfWR�i?hLarh1Q�a�+bCWGeh��NQ +bh1GnQ�u��}CFE���EHO\uYq�o?�marCNO%�AhLj¤MehT8¡~

_ ZyhkinhLarh1Q�arCFE�+gq°Q�CWv%��CWqrh1i CF�&O�fFhLEHv�OFG*+ponv Q�EHuYqracOF`DCF��hLEHO(a�+gGnf�onG7i?hLE°R +bfWR�[FCW`gacO(fFh
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OFGni O(a�`,+g�Yo*+giPG*+barEcCFfFh1G arh1v��"hLESO(aco?EchF~ � Rnh�+pGnQ +gi?h1G-a �=EHO1u�q�O(Ech�O(�7qrCFEH�"h1i��Yueh1`bh1Q�arEHCWGnq +gG�acR?h
Z+hmQ�Ecu�qracOF`sOFGni �nEHCYino7Q�h�O `gO(EcfFh�GYonv¡�"hLE�CF�&h1`bh1Q�arEcCWG�];R?CW`gh��3O�+bEHqL~ � Rnh1qrhkh1`bh1Q�arEcCWG�];R?CW`gh��3O�+bEHq
O(Ech�Q�CW`g`bh1Q�arh1i �Yu�acRnhkQ�CFEHEch1qr��CWGni*+gGnfeh1`bh1Q�arE�+pQ���CW`bh1q°OFGni �nEHCYino7Q�h�q�+
NLh1O(�3`bhk�7on`gqrh1q¡j�R*+pQHR=acR?h1G
QLOFG ��h�Ech1Q�CFEHi?h1i OFq°hL[Fh1G�acq1~�_+q +pGJacR?h��&O�U�qc�"h1Q�arESonv�T{acR?h�Rnh�+bfWR�a¡CF� acR?hkQ�CW`g`bh1Q�arh1i=�7on`gqrh1q +gq
�nEcCF��CFEca�+gCWGnOF`�arC�acR?h �3]¢EHO1u�h1G?hLEcfFu�`bCWqca +gG�acR?h�Q�EHuYqracOF`¢T{�3o?a�acR?h�a�+gv%h +gG?�ACFEHv�O(a�+bCWG�QLO(EcE�+bh1i=�-u
acR?hy�7on`pqrh1q +pq�EHh1`gO(arh1i�arC%acR?h�i?E�+b�Aa�+gG?f¦a�+pv%hyCF�¨h1`bh1Q�arEcCWG?];R?CW`bhy�7O�+bEHq +gG�acR?h�Q�Ecu�qracOF`d~��&CFEHv�OF`g`buNacR*+gq
a�+gv%h¡�}h1O(aconEch +gq&v¡o7QHRPj�CFEHqch¡acRnOFGeacRnO(a+CF��O��+O�U�i?hLarh1Q�arCFE1~c&�C@j�hL[FhLE1T�acRnh�h1G?hLEcfFu�EHh1qrCW`go?a�+bCWG +gq
v°onQHR���hLararhLE�ino?h�arCkacR?h�q�+bfWG +
u7QLOFG-a�Ech1ino7Q�a�+bCWGeCF��qracO(a�+gqra�+gQLOF` �7o7Q�aconO(a�+bCWGnq&CF��acR?h°h1`bh1Q�arEcCWG?];R?CW`bh
�7O�+bESq Q�CW`g`bh1Q�arh1i�~

� R?h�h1O(EH`,+bhLE&[FhLEHq�+bCWGeCF��Z+h°inhLarh1Q�arCFEHq+jDOFq+O�Z+h->9£�+ B >9` +bacR*+gonv inE�+b�Aarh1i_B�j�R*+gQSReRnOFiearC���h
%FhL�naNO(a�`,+g�Yo*+gi G*+barEcCFfFh1G arh1v��"hLESO(aco?EchmOF`g` CF�+acR?hma�+pv%hFT +pG CFEHi?hLE�arC�O\[FC!+gi acRnhmEch1i*+gqcarE�+b�7o?a�+gCWG
CF� `,+bacR*+ponv O(arCWvNq +gG acR?h%fFhLESv�OFG*+gonv Q�EHuYqracOF`�OFGni arCeEHh1inonQ�h%acR?h�G?C!+pqrh�`bhL[Fh1`d~�� +pGnQ�h%acR?h%h1O(EH`bu
I1U0W(K(
 qyacR?h & +gfWR�];��o?E
+ba;ueZ+hLEHvNOFG*+gonv > &+�DZyh`B�inhLarh1Q�arCFE¦RnOFq���hLh1GPj +gi?h1`gu�onqch1ieq�+gG7Q�h +ba+QLOFGP��h
qrarCFEch1iPO(a�EcCYCWv arh1v%��hLEHO(aconEch¦OFGnimCWG7`bu�Q�CYCW`bh1iei7o?E�+gG?f�acR?h�h��Y��hLE�+gv�h1G�aL~��yo?h�arC�acR?h�`,+pv +bacO(a�+bCWG
CF��O1[(O�+g`gO(�3`bh�Z+hkQ�Ecu�qracOF`�q�+ZNLhFT{acRnhN��h1O�% h��NQ +bh1GnQ�uJQLOFGnGnCFa���h�v�OFinhNOFq¡`pO(EcfFh�OFq¡acRnO(a°�}CFE°�&O�U �
O�a;uY� +gQLOF`�Z+h%Q�Ecu�qracOF`{CF�}arh1G o7qrh1i +gGPinhLarh1Q�arCFEHq¦v�O\uPRnO\[FhFT��}CFE�h��?OFv%�7`bhFT�o?��arC @(K ) CF��acRnO(ay�ACFE
O�¥ ��¥ +pG �&O�UT> � ` B�Q�EHuYqracOF`�O(aNOJi*+gqcacOFGnQ�h�CF�yX0@JQLv�~ � R?h�i?hLarh1Q�a�+gCWG h��NQ +bh1G7Q�u OF`pqrCJi?hL��h1Gninq
CWG acR?h �7]¢ESO1ueh1GnhLEcfFu !yOki?h1Q�Ech1OFqrh%CF��h��NQ +bh1GnQ�u +gq+h��Y��h1Q�arh1i �ACFE¦R*+bfWR�]¢h1GnhLEcfFu ��EHO\uYq1T�j�R*+g`bh¡acR?h
i?hLarh1Q�arCFE°RnOFqy`bh1qcq�qrh1Gnq�+ba�+b[ +ba;u�arC�[FhLEcu `bC@j ]¢h1G?hLEcfFuI�=EHO\uYq�OFqyjDh1`g`dT�inonh¡arCmO(�7qcCFEc�na�+bCWG��Yueh���arEHO
v�O(arhLE�+pOF`gq >9qconQSR�OFq¦OF`ponv +gGYonv�B&Q�C\[FhLE
+gG?fmacR?h�i?hLarh1Q�arCFE°Q�EHuYqracOF`¢~N_�Q�CWO/� +gOF`b];qcRnO(��h�Z+h�inhLarh1Q�arCFE
RnOFq+��hLararhLEyh��NQ +bh1GnQ�umacR7OFGPO��7`gOFG7O(E&qcRnO(��hFT"h1qr��h1Q +gOF`g`buk�ACFE�R*+bfWR�]¢h1G?hLEHfFu?�JEHO1u�qL~�&�C@j�hL[FhLE\T¨ino?h
arCNacRnh¡onG?hL[Fh1G7G?h1qcq�CF� acR?h°i?E�+b�Aa a�+gv%h�CF��h1`bh1Q�arEcCWG�];R?CW`gh¦�7O�+bEHq�arC�acR?h�h1`bh1Q�arEcCWG*+gQ���CW`bh1qLTnh1qr��h1Q +gOF`p`bu
�ACFE +gG-arhLEHOFQ�a�+bCWGNhL[Fh1G�acqDC�QLQLo?E�+gG?f¦Gnh1O(E�acR?h��AEcCWG-a�CF��acR?h+i?hLarh1Q�arCFE1TYacR?h&Q�CWO/� +gOF`7inhLarh1Q�arCFEsR7OFq�jDCFEHqrh
a�+gv%h�EHh1qrCW`go?a�+bCWGkacR7OFG�acR?h¦�7`pOFGnO(E1~

MPOFG�u +gGnQ +pi?h1G�a ��EHO\uYq5onGni?hLEcfFC&�sCWv%�narCWG¦qcQLO(ararhLE
+gG?f?TFOFGni�h1qcQLO(��h��AEcCWv acR?hDZ+h�Q�EHuYqracOF`-OFq
O Ech1qHon`ba�CF�?q�+
NLh�`,+gv�+bacO(a�+bCWG�~ � R +gq�QLOFonqrh1q�O�`gO(EcfFh�Q�CWG-a�+gGYononv �7OFQ]%-fFEcCWo7Gni >¢�DCWv%�7arCWG¦�7OFQ]%-fFEcCWo7Gni_B
��h1`bC\j acR?h �Ao7`g`^]¢h1G?hLEcfFu¡�7R?CFarCF��h1O�%"~ eyG?h jsO1u�arC¦C\[FhLESQ�CWv%h&acR +gq�i*+gqHOFi?[/OFG-acO(fFh +gq arC°qco?EcEHCWonGni°acR?h
Z+h%i?hLarh1Q�arCFE¦j +bacR O�R +bfWR�]¢h��NQ +bh1G7Q�ueQ�Ecu�qracOF`{j�R*+gQSR�inhLarh1Q�acqyacR?h�h1qcQLO(��h1i �7R?CFarCWGnq+�AEcCWv acR?hNZ+h
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Q�Ecu�qracOF`YOFGni¡qHo?�7qrh1�Yo?h1G-ac`buy�nEcC\[ +gi?h1q5O�[FhLarC�q�+gfWGnOF`WarCyOF`g`WacRnCWqrhDQLOFqch1q >9qcC(];QLOF`g`bh1i�OFG�a�+YQ�C!+gGnQ +pi?h1GnQ�h`BS~
�+O�UO> � `LByqcQ +gG-a�+g`g`gO(arCFESq¦RnO1[Fh���hLh1GJh���arh1Gnq�+b[Fh1`gu o7qrh1i�OFq¡OFG�a�+^] �sCWv%�narCWG qcR*+bh1`gi7qy�}CFE°Oe`bCWG?fea�+gv%hFT
�7o?a�acRnh�R*+bfWR?];i?h1Gnq�+ba§ue� +pqcv¡onacR fFhLEHv +gGnO(arh >9B + � Z+h � e � � CFE¡B�Z eoB�Q�Ecu�qracOF` +pq¦v%CFEch��9O1[FCFEHh1i��ACFE
acR?hmonqch�+gG O v¡o7`ba�+^];i?hLarh1Q�arCFE�qruYqcarh1v ��h1QLOFonqrh�CF� +bacq%`gO(EcfFhmO(�3qrCFEc�na�+bCWG Q�CYh��NQ +bh1G-a��ACFE#��ESO1u�qL~
� R?hLEHhL�}CFEch O q�+pv +g`gO(E�qco?�n�nEHh1qcq�+bCWG�hO("h1Q�aPQLOFG �"h OFQSR*+bhL[Fh1i	�Yu�onq�+gG?f O qHv�OF`g`bhLE�q�+
NLh CF��B�Z e
Q�Ecu�qracOF` +gGPQ�CWv��7O(E�+gqrCWGej +bacRP�&O�U ~^&�C@j�hL[FhLE1T�q�+gGnQ�h�acRnh¡`,+bfWR-a�CWonar�7o?a��ACFEyONf!+b[Fh1G � EHO\u�+gq+v¡onQSR
`gO(EcfFhLE +gG �&O�U+acRnOFG +pG B Zoe°T¨qrCWv%hLa�+pv%h1q¦OmQ�CWv¡� +gGnO(a�+gCWG CF�D�+O�U�OFGni B�Z e qHR*+bh1`ginq +gq�o7qrh1i arC
CF�nacO�+gG=OFG CF�na�+gvNOF`�qco?�7�nEch1qcq�+gCWGPhO(�h1Q�a"!%�&O�Uy�ACFE¡O(�7qcCFEc� +gG?f�`bC@j ]¢h1G?hLEcfFu �3R?CFarCWGnq�>9GnCFEHv�OF`g`bu�O(a
�7OFQ]%-jsO(EHieOFGnfW`bh1q[BDOFGnimB�Z e �}CFE&R*+bfWR�]¢h1G?hLEHfFu��7RnCFarCWGnqo>A�ACFEcjDO(ESimOFG?fW`bh1q[BS~

d +bfWo?Ech�¥Y~gI�+g`g`ponqrarEHO(arh1q%OFG h���OFv%�3`bhmCF�¦OJQ�CWO/��inhLarh1Q�arCFE�onG +ba%CF�¡Zy��_+�1U ��O(EcEHO\u qco?Er]
EcCWonG7i?h1i%�Yu�O°�DCWv%�narCWG�qco?�n�nEHh1qcq�+bCWG�qru�qrarh1v vNOFi?h�o?��CF���+O�UT> � ` B OFGniNB Zoe qcQ +pG�a�+g`p`gO(arCFEHqL~ � R?h
�DCWv%�7arCWGPqcR +bh1`gi"+gq&Q�CWv%��CWqrh1ieCF��qrhL[FhLEHOF`5CF�na�+gQLOF`g`bu"+gqcCW`gO(arh1ieqrhLfWv�h1G�acqLT�h1OFQSRPj +bacReON�7R?CFarCWv°on`^]
a�+b�7` +bhLE�aco?��h�arC%Q�CW`g`gh1Q�a�acR?h+h1qcQLO(��h1i��7R?CFarCWGnq1~ � R?h&Q�CWO/� +gOF`�Z+hyi?hLarh1Q�arCFE +gq +gGnqrhLEHarh1i�+gG�acR?hyB�Z e
onG*+gasOFG7imQ�C-CW`gh1i�acR?EcCWo?fWReO%Q�CW`gi u7G?fFhLE +gGkacR?h�v +pinin`bhF~

) R?h1G�Z+h�i?hLarh1Q�arCFESq�O(Ech�o7qrh1i%onGni?hLE�Q�CWGni +ba�+bCWGnq�+gG°j�R +gQHR��9OFqra�G?h1o?arEHCWGnq�v�O1u���hs�nEch1qrh1G-a
OFqyO��7OFQ�%YfFEcCWonGni�T�OFQLQ�CWo7G�a¦v°onqra+��h¡acO�%Fh1G CF��acRnh�+bEyhO("h1Q�ayCWG acR?h°Ech1Q�CFEHi?h1i��7o7`gqrh¡Rnh�+bfWR�ayqr��h1Q ]
arEHonvm~ � R?h+v�CWqrasCF�-[ +bCWonqsQ�CWG-arE�+b�7o?a�+gCWG +pq�acR?h�O(�n��h1O(EHOFG7Q�h+CF�{qr�7o?E
+bCWonq���h1O�%�qDacRnO(a O(E�+gqrhyino?h+arC
h��?Q +bacO(a�+bCWGmCF� fFhLEHvNOFG*+gonv GYonQL`bh�+��Yu +gG?h1`gOFqra�+pQ�G?h1o?arEcCWG�qcQLO(ararhLE
+gG?f?T7�ACW`g`bC@j�h1im�-ukacR?h¦h1v�+gqcq�+bCWGkCF�
i?h�]¢h��?Q +bacO(a�+bCWG �PEHO\uYq�CFE �&]¢EHO1u�qL~ � Rnh¦G?h1o?arEcCWG�]+pGninonQ�h1i���h1O�%Yq > �rG?h1o?arEcCWGm�7onv%�7q �-B�O(EHh�onqconOF`p`bu
+gi?h1G-a�+
unh1i�h1OFq�+p`bu�+gG acR?h%qr��h1Q�arEHo7v �"h1QLOFo7qrh%acR?h�+bEyj +ginacR +pq�v¡onQSR `gO(EcfFhLE¦acR7OFG acRnO(a�CF��fWOFvNv�O/]
+gGni7onQ�h1i���h1O�%�qL~ � R*+gq{��h1O�%��nEHCWOFi?h1G*+gG?f&acO�%Fh1q��7`pOFQ�hD��h1QLOFonqchsOy�AEHOFQ�a�+bCWG�CF�3acR?hsh���Q +gacO(a�+bCWG%h1G?hLEcfFu
fFCYh1q +gG-arC%acR?h�Ech1Q�C!+g` +gG?f°fFhLEHv�OFG*+go7v G-onQL`gh1onqLT�j�R*+gQSR�qco?�7qch1�-o?h1G-ac`buNQ�CWG-arE�+b�3o?arh1q�O�[(O(E�+gO(�7`bhyu +bh1`gi
CF� h1`bh1Q�arEcCWG�];RnCW`bh��7O�+bEHq1T�OFi7i*+gG?f�arC�acR?CWqch�Q�Ech1O(arh1iP�-u�acR?h�i?h�]¢h��?Q +bacO(a�+bCWGeEHOFi*+gO(a�+gCWG�~

������� ����������� ����� ' � �C' $
� R?h�h��Y��hLE�+pv%h1G�acOF`�inO(acOPj�hLEch�CF�nacO�+gGnh1i=O(a°acR?h�£¨CWq�_&`gOFv�CWq¡�&h1o?arEcCWG ��Q +bh1GnQ�hm�Dh1G-arhLE

>9£¨_+���n�s�EB9) h1O(��CWGnqs��h1o?arEHCWG���h1qrh1O(EHQHR >L) �&�VB��9OFQ +g`,+ga;uF~�_	qcQHRnh1v�O(a�+gQ+i*+gO(fFEHOFv CF��acR?h�h�����hLEr]
+gv%h1G-acOF`�qrhLacon��+gq qcR?C@j�G�+gG d +bf?~"¥Y~ XY~
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d +bfWo?EchD¥Y~gI-!��DCWO/��inhLarh1Q�arCFE qHo?EcEcCWonG7i?h1iy�-u¦Oy�DCWv%�narCWG°qco?�7�nEch1qcq�+gCWG�qruYqcarh1v v�OFi?hDo?��CF�n�+O�UT> � ` B
OFGnimB�Z e qcQ +gG-a�+g`g`gO(arCFESqL~

_sa%acR?h ) �&� �AOFQ +p`,+ba;uFT�qr�7OF`g`gO(a�+gCWG Gnh1o?arEcCWGnq%O(Ech��7EcCYi7onQ�h1i��Yu �"CWv¡�7O(EHi +gG?fPO G7O(aco?EHOF`
aconG?fWqcarh1G�acO(EcfFhLaDj +bacR�OFG W(KFK/]§MmhT8¤�7on`gqch1i��nEcCFarCWG���h1OFv �}EcCWv acR?h&£5_&���n�s�=`,+gGnOFQ(~ � R?h��3on`gqrh1i
�nEcCFarCWG ��h1OFv Q�CWGnq�+gqracq�CF��v +pQ�EcCF�7on`gqch1qmI(~ W�� � O(�7O(EcaLT��7o7GnQHR?h1i +gG-arC vNOFQ�EcCF�7on`gqch1q� FX0@�� � +gG
ino?ESO(a�+bCWG�~��Y�7OF`g`pO(a�+bCWGNG?h1onarEcCWGnqDj +bacR�h1G?hLEcf!+bh1qsESOFG?f!+gG?f¡�}EcCWv�O°�AhLj %FhT8 arC�G?h1O(EH`gu W(KFK�MmhT8 O(Ech
�nEcC�inonQ�h1i�~ � Rnh�+gG-arh1Gnq�+ba§uPCF� acR?h � j�R*+barh��eG?h1o?arEcCWG=qr��h1Q�arEHonv inh1Q�Ech1OFqrh1q°G?h1O(EH`bu h����"CWGnh1G�a�+gOF`p`bu
j +bacR +gGnQ�Ech1OFq�+pG?f�G?h1o?arEcCWG�h1G?hLEcfFuF~kB�h1OFv%];RnO(EHi?h1G*+pG?fmv�O(arhLE�+gOF`c> I(~ @mQLv CF��`bh1OFi_B&jsOFq��7`pOFQ�h1i +gG
acR?h�G?h1onarEcCWG � +bfWR-ay�7O(acR�~ � Rnh�Gnh1o?arEcCWGnqyjDhLEchNQ�CW`g` +gv�O(arh1i arCeO�Q +bESQLon`gO(E���h1OFv qr��CFa¦O(��CWo?a�I(~ @
QLv +pG i*+gOFv%hLarhLE°O(a¦acR?hNqcQLO(ararhLE
+gG?f(];qcOFv%�3`bh���CWq�+ba�+bCWG�~ � R?h�qcQLO(ararhLE�+pG?fPqcOFv��7`bh�Q�CWGnq�+pqrarh1i CF��¥Y~ ¥
fFEHOFv�q+CF� � + e � +gGPacR?h��ACFEHv CF��i*+gq�%Yq+XY~ �kQLv i*+pOFv%hLarhLE1T"h1G?E�+gQSR?h1iearC�UFUY~ W�I ) ��� � +d~ � R?ho�JEHO1u�q
jDhLEch�inhLarh1Q�arh1i j +bacR�acR?h Z���_+� U � >¢Zy��ESv�OFG*+gonv�_�EHEHO1u �ACFE���h1onarEcCWG U Gnino7Q�h1i�����Q +bacO(a�+gCWGnq[B
qr��h1Q�arEcCWv%hLarhLE\T�`gCYQLO(arh1ikO(��CWo?aDX(K�v �}EHCWv acR?hyG?h1o?arEHCWG�qrCWonEHQ�h�CWG�acR?h� (K�� E�+gfWR�a�� +bfWR-a��7O(acR�~�dnCFE
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Proton

Beam

Permanent Magnets

Fe (Magnetite) Shielding

Flange & 

Vacuum 

Window

Neutron Beam

Fission Chamber

Cu Shielding

Ge Detectors

Sample

Fe Neutron Shutter & Collimator

Air

Beam Stop

BGO 

Shields

11.65 m 18.40 m

20.34 m 38 m

18.48 m

φφφφ 1.27 cmφφφφ 2.54 cm

Bulk 

Shield

(Fe+Concrete)

φφφφ 3.81 cm

Fe Collimators

Neutron 

Production 

Target

Vacuum

Vacuum

Concrete and 

Fe Shielding

W+Ta Shielding

6.92 m
10.0 m

14.72 m

φφφφ 3.05 cm

Flange & 

Vacuum 

Window

Lead and 

Borated 

Polyethylene 

Shielding

Air

16.57 m

d +bfWo?Ech¦¥Y~ X !D�?QHR?h1v�O(a�+pQ+i +gO(fFEHOFv�CF�¨acRnh+h�����hLE�+gv%h1G-acOF`�qrhLaco?�monqch1i +pG�acRnh+h�����hLE�+gv%h1G-asi?h1qcQ�E�+b��h1i
+gG�acR*+gq¡acR?h1q�+gqL~ � R?h�i?EHO1j +gG?f�+gq°G?CFa°arC�qHQLOF`bhF~�� +gqcacOFGnQ�h1q�+gGni*+gQLO(arh1i��-u=O(EcEcC\j&q¡O(Ech�v%h1OFqHo?Ech1i
�AEcCWv acR?h¦G?h1onarEcCWG��nEcC�inonQ�a�+gCWG�acO(EHfFhLaL~

acR*+gq�h����"hLE
+gv%h1G-aLT-acR?h�Zy��_&�1U � qr��h1Q�arEcCWv%hLarhLE�Q�CWGnq�+pqrarh1i�CF��IFI+�7`gOFGnO(EsOFGni It@�X0@&) & +bfWR?]¢�7o?E�+ba§u
Z+h�> &&�sZ+h`B¨Q�CWO/� +gOF`Yi?hLarh1Q�arCFEHq1~�_&`g`WCF�?acR?h��3`gOFGnO(EHq�OFG7i°U�CF�?acR?h�Q�CWO/� +gOF`�i?hLarh1Q�arCFEHq{jDhLEch�h1�Yo*+b�n��h1i
j +bacR �DCWv%�narCWG=qco?�n�nEHh1qcq�+bCWG qcR +bh1`ginqL~ � R?hNi?hLarh1Q�arCFESq¡jDhLEchNq�+baconO(arh1i�O(a�Omi*+pqracOFGnQ�h�CF� ��I���QLv
�AEcCWv acR?h��}C�QLOF`n��C!+gG-a�j�R?hLEch acRnh�qcQLO(ararhLE�+gGnf¡qcOFv%�3`bh +gq�`bC�QLO(arh1i�~ � Rnh �7`gOFGnO(E�inhLarh1Q�arCFEHq�jDhLEch+onqrh1i
arC�v%h1OFqco?Ech �mEHO1u�qDj +bacRNh1G?hLEcf!+bh1qD`bh1qcq�acRnOFG�I+MehT8 OFGni�acR?h&Q�CWO/� +gOF`�i?hLarh1Q�arCFEHqsv%h1OFqHo?Ech1i �mEHO1u�q
j +bacRmh1G?hLEcf!+bh1q&o?�earC���MehT8¡~ � R?h¦�7`pOFGnO(E�i?hLarh1Q�arCFEHq+jDhLEch¡O(EHEHOFG?fFh1i�+pG�E�+gG?fWq�O(a&OFG?fW`bh1q�CF��XWV-~ � �
>A�ACWo?E¡i?hLarh1Q�arCFESq[BST @0WY~ � � >Aa§j�C i?hLarh1Q�arCFEHq[BST I1X0WY~ K � >ACWG?h�inhLarh1Q�arCFE BST�OFGni I���XY~�V � >A�}CWonE¡i?hLarh1Q�arCFEHq B
j +bacRPEch1qr��h1Q�ayarCkacR?h�G?h1o?arEcCWG���h1OFv i*+bEch1Q�a�+bCWG�~ � R?h°Q�CWO/� +gOF` i?hLarh1Q�arCFEHq¦j�hLEch%O(EcESOFG?fFh1i +gGeE
+gG?fWq
O(asOFG?fW`bh1q�CF� @F Y~   �l>Aa§j�C%i?hLarh1Q�arCFEHq BST3VFV-~�V �l>Aa§j�C�i?hLarh1Q�arCFEHq[BST�ILKFK�~ @ � >A�ACWo?E�inhLarh1Q�arCFEHq[BSTnOFGniPI1XFUY~ @ �
>ACWG?hmi?hLarh1Q�arCFEOBS~ � R?h�q�+^�=Ech1v�O�+gG*+pG?f�Q�CWO/� +gOF`�inhLarh1Q�arCFEHq�jDhLEchmonGnqHo?�n�nEch1qHqrh1i=OFG7i acR?h�+bE%hL[Fh1G-acq
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jDhLEch&CWG7`bu�OFGnOF`bu!NLh1i +gG �_�eQ�C!+gGnQ +ginh1GnQ�h&v%C�i?hF~ � R?h+h��NQ +bh1G7Q�u�CF��acR?hyO(EcEHO\uNRnOFqD��hLh1G�QLOF`,+g�nEHO(arh1i
acR?EcCWonfWR%O+qchLE�+bh1q CF�3qcCWo?EHQ�h�v%h1OFqconEch1v%h1G-acqLT�qco?�7�7`bh1v%h1G-arh1i��Yu¡inhLacO�+g`bh1i%v%C�i?h1`,+gGnf # MPQL�+UFU�$?o7q�+gG?f
acR?h¦arESOFGnqr��CFEca Q�CYinh¡M�� �&� # B�E
+ WF  $¢~

_ u7qcq�+gCWG QHRnOFv¡��hLE�Q�CWGnq�+pqra�+gG?f CF� � � � � � � � l �}C!+g`pq # ) h1G7UF¥-$�jsOFqN`gCYQLO(arh1i X v�o?�3qrarEch1OFv
�AEcCWv�acR?h=Zy��_&�1U � qr��h1Q�arEcCWv%hLarhLE1~ � Rnh Gnh1o?arEcCWG �7o�� jDOFqei?hLarhLEHv +gGnh1i o7q�+gG?f acR?h1qrhXu3qcq�+bCWG
�AC!+g`gqL~%�&h1o?arEcCWG h1G?hLEHf!+bh1q¦jDhLEch�i?hLarhLEHv�+gG?h1i �Yu�acRnh%a�+gv%h�]¢CF�}] � +bfWR-a�> � eVd'B&arh1QHR7G*+g�Yo?hFT5onq�+gG?fkacR?h
i?hLarh1Q�a�+bCWGka�+pv%h�CF��acRnh � �7OFqHR �°CF�^�mEHO1u�qsQLOFonqrh1i��Yu�acR?hyqr�7OF`g`gO(a�+gCWG�Ech1OFQ�a�+bCWG�j +gacRNEch1qc�"h1Q�aDarC�acR?h
��h1OFv Ec��q�+bfWG7OF`{OFq�O�EchL�AhLEch1GnQ�h%v�O(E]%FhLE1~ � R?h�i?hLarh1Q�a�+bCWG a�+pv%h�CF�9��EHO\uYqy�nEHCYino7Q�h1ie�YuPG?h1onarEcCWGnq
+gG-arhLEHOFQ�a�+gG?f�j +bacReacR?h¡qcOFv��7`bh¦jsOFqyonqrh1imarCkQLOF`gQLon`pO(arh�acR?h � eVd CF��acR?h�G?h1o?arEHCWGnq�Ech1`pO(a�+b[Fh�arC�acR?h
�7] �3OFqcR i?hLarh1Q�a�+bCWG a�+gv%hF~ � +gv +p`gO(EH`buFT�q�+gfWGnOF`gq°�}EHCWv acR?h u7qcq�+bCWG QHRnOFv¡��hLE�j�hLEHheonqrh1i arCJ�7EcC\[ +gi?h
O � +gfWR�a�a�+gv�h%Ech1`gO(a�+b[Fh%arCmacRnh#�7] �7OFqHRJi?hLarh1Q�a�+bCWG�a�+gv%hI>9OF`gqrC�CF�3qrhLEc[Fh1i +pG acR?h u7qcq�+bCWG QHRnOFv¡��hLE BS~
MeCFEch�h��Yarh1Gnq�+b[Fh�i*+gqcQLo7qcq�+bCWGnq�CF��acR?h%£5_&���n�s� �`) �+� �AOFQ +p`,+ba;uPOFGni�acR?hNZy��_+� U � qr��h1Q�arEcCWv�hLarhLE
O(Ech¡f!+b[Fh1G +pGmEchL�AhLEch1GnQ�h1q�# £ +gqSU(K%${OFGni # BDh1Q1UWV%$¢T�OFGnieO�qconv�vNO(Ecu�CF��acR?h�h�����hLE�+gv%h1G-acOF`�Q�CWGni*+ga�+bCWGnq
+gq qcon�n�7`,+bh1i +gGe��h1Q�a�+bCWGe¥Y~ ¥Y~

������� �	!���% + �C����$&% ��')� - -�'3+�' ',%�	 ��$ �=$ +C$ ��� � $ � +����
� R?h%inO(acO�OFQL�Yo*+gq�+ba�+bCWG�qruYqcarh1v Q�CWGnq�+gqcacq&CF��> I7B&h1`bh1Q�arEcCWG +gQ�v%CYi7on`bh1q+acRnO(a���hLEc�ACFEHv RnO(EHi�]

jsO(Ech%v�OFG*+b�7o7`gO(a�+bCWGnq CF��h��Y��hLE�+gv�h1G�acOF` +gG?�ACFEHv�O(a�+bCWGPqconQSR�OFqya�+pv%h¡OFGni�h1G?hLEHfFueq�+bfWGnOF`pq��AEcCWv i?h�]
arh1Q�arCFEHqLT�>dXAB+acR?h��+OFv +pG?h%Q�CWv%�7o?arhLE�Q�C�i?h�acR7O(a��"hLEH�}CFEHvNq�`bC\j ];`ghL[Fh1`�qrCF�Aa;jsO(Ech�v�OFG +b�7on`gO(a�+gCWGnq�CF�
acR?hyinO(acO°hL[Fh1G�acq�CWG��9OFqra��s_yMe_���OFGni 8�Me� �7OFqrh1qLT?OFGni >d¥AB�acR?hV8yMP� +gG-arhLEc�AOFQ�hyacRnO(a Q�CWGnGnh1Q�acq
j +bacRPacR?h�R?CWqrayQ�CWv%�7o?arhLESq&j&R?hLEch°CWG�];`,+gG?h°OFGniPC�(3];`,+pG?h°i7O(acO�QLOFG���h�qrarCFEch1i OFGni�OFGnOF`bu!NLh1i�~ � R?h
qcQSR?h1v�O(a�+gQ�i*+gO(fFEHOFv CF�?acR?h�h1`bh1Q�arEHCWG*+gQLq��ACFE¨acRnhsZy��_&�1U ��O(EcEHO\u¦O(Ech�qHR?C\j�G +gG d +bf?~(¥Y~ ¥Y~ � R?h���C\jDhLE
qco?�7�7`bue�ACFE¡�+O�U��7R?CFarCFacon�"h1q¡OFGniJB�Z e qcR*+bh1`pinq +gq�Q�CWG-arEcCW`g`gh1iJ�Yu OPv¡o7`ba�+gQHR7OFGnG?h1`�R*+bfWR?]¢[FCW`bacO(fFh
��C\jDhLE�qcon�n�7`buFTWj&R*+g`bhs�ACFEsZ+h+i?hLarh1Q�arCFEHqDacR?h&R +bfWR�]¢[FCW`bacO(fFh&�"C@j�hLE +gq�C�(�hLEch1iN�}EcCWv O�i*+pOF`bh1i�v%C�inon`bh
OFi/tconqrarh1i v�OFGYonOF`g`buF~J�&hLfWO(a�+b[Fhm��+gOFq�+gq�OFini?h1i arCJi?hLarh1Q�arCFEHqLTDO(��CWo?a : I1X(KFK 8 CWG �+O�U¡qcR +bh1`ginqLT
: ILKA@(K�arC : I1X(KFK 8 CWG B�Z e�qHR*+bh1`ginq1T"OFGni : X0W(KFK�arC : ¥(KFKFK?8�CWG�Z+h�i?hLarh1Q�arCFEHqL~ � Rnh°�3on`gqrh1q
�AEcCWv Zyh°i?hLarh1Q�arCFESq+O(EHhlunESqra��nEch1OFv��7`,+
unh1i�OFG7ieacR?h1G�qrh1G-a&arC�a�+gv +gGnf(]�u7`barhLE&OFv��7`,+
unhLESq > � d�_VB�arC
�nEcC�inonQ�hya�+gv�h¦q�+bfWGnOF`gq�OFGnikarC�`,+pG?h1O(E OFv%�7`,+
u7hLEHqDarCN�nEcC@[ +pi?hyh1G?hLEcfFu�q�+bfWGnOF`pqL~ � R?h�h1G?hLEHfFu�q�+gfWGnOF`gq
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O(Ech�i*+bf!+bacOF`,+ZNLh1i acR?EcCWo?fWRJ_+�¦�sqLT{j�R*+g`gh°acRnh � d�_�CWo?ar�7o?acq�O(EchN�nEHCYQ�h1qcqch1iJ�Yu Q�CWG7qracOFG�a¡�}ESOFQ�a�+bCWG
i*+gqHQ�E�+gv +gG7O(arCFEHq#>¢� d ��B�arCefFh1G?hLESO(arh�a�+gv�+gG?f�`bCFf!+gQ�q�+bfWGnOF`gqL~ � R?h�� d � �9OFqra�q�+bfWGnOF`gq¦O(EHh�i?h1`gO\uFh1i
OFGni qrh1G-a%arCJO v¡on`ga�+b�7`,+gQ +ga;u `bCFf!+gQkonG*+gaL~ � R?h�OFGnOF`bCFf q�+bfWG7OF`gq°�}EcCWv +gG7i*+b[ +ginonOF`�h1`gh1v%h1G�acq�CF�+OFG
OFG-a�+^] �DCWv%�narCWG qcR +bh1`gi�O(EHhkqHonv�v%h1i OFGni acR?h�CWo?ar�7o?a�+gq�qrh1G-a°arC O�i*+gqcQ�E
+gv +gGnO(arCFE¡arC �nEcC\[ +gi?hkO
`bCFf!+gQ�q�+gfWGnOF`d~ � R*+pq&`bCFf!+pQ°q�+bfWGnOF` +gq+acR?h1G qrh1G-a�arCkO�`gCFf!+gQ¡o7G*+ba+arCFfFhLacR?hLE¦j +bacR�acR?h%Q�CFEcEHh1qr��CWGni*+gG?f
Z+h�q�+bfWGnOF`�arC���hLEc�ACFEHv�acR?h°�sCWv%�narCWGmqcon�n�nEch1qcq�+bCWG�~

TC 245
Amplifier

ADC
AD114

FERA
DRV

Fast
Amplifier

CFD disc
delay

Gate
Generator

Pre
Amplifier

Channel
Disc

Level
Translator

LeCroy4576
Logic

BGO
signal

CFD

Level
Translator

Scaler

TDC

Level
Translator

Gate/Delay
Generator

.

d +bfWo?EHh�¥Y~ ¥ ! Zy��_+�1U � i?hLarh1Q�arCFEyQ +bEHQLo*+ba i*+pO(fFEHOFv�~

� R?h¡Z���_+� U � i?hLarh1Q�arCFE+arE�+bfFfFhLE+`bCFf!+gQ�OFGnie� d Q +bEHQLo*+ga +pq�qcR?C@j�G"+gG d +bf?~3¥Y~ �?~
� R?h�inO(acO=�}EcCWv�acR?h qco?�n�nEHh1qcqrh1i i?hLarh1Q�arCFESq�jDhLEch Q�CW`g`bh1Q�arh1i +gG q�+gG?fW`bh1q ];OFG7i�];R*+bfWR?hLEc]¢�}CW`gi

v%C�i?hFTDEch1qcon`ba�+pG?f +gG O arCFacOF`�O(EHEHO1u EHO(arheCF��X@]§¥ %!&1NF~jd?CFE�h1OFQHR onGnqHo?�n�nEch1qHqrh1iX�3]¢EHO1u hL[Fh1G-aLT�O
v�OFqrarhLE�fWO(arhkj +gG7i?C\j CF�&X(K ��q¡jsOFq¡CF��h1G?h1i ino?E
+gG?f�j�R*+pQHR OF`g`�onG7qco?�n�nEHh1qcqrh1i �7o7`gqrh1q¦�AEcCWv acR?h
Z+h�i?hLarh1Q�arCFEHqyjDhLEch°�nEcC�Q�h1qcqrh1i�~ � R?h¡inO(acOkqrarEHh1OFv Q�CWGnq�+gqrarh1iPCF��ON��+ba�i?hLarhLEHv�+gG*+gG?fNj�R?hLacR?hLE+acR?h
hL[Fh1G-a CYQLQLo?EHEch1i +gGNCFE CWona�CF�5acR?h�v�OFQ�EcCF�7on`pqrhFT-acRnh+a�+pv%h&EHh1`gO(a�+b[Fh+arC%acR?h+qcacO(EcasCF�¨acR?h�v�OFQ�EcCF�3on`gqrh
>AEch1Q�CFEHinh1i +gG ILKFKmGnq +gG�arhLEH[/OF`gq BST�h1G?hLEcfFu � �?T5OFG7i >�+b� +pG �"h1OFv B&a�+gv%h � �mEHh1`gO(a�+b[Fh%arCmacR?h%�7EcCFarCWG
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v +gQ�EHCF�7on`gqrh+�ACFE�h1OFQHR�i?hLarh1Q�arCFE+j�R*+gQSRkEch1Q�CFEHi?h1imOFGmhL[Fh1G�aL~
�yOFv +gG?h&+gq�acRnhyM +gQHR +bfWOFGk��acO(arhyl+G*+b[FhLESq�+ba;u%inO(acO�OFQL�Yo*+gq�+ga�+bCWGNqru�qrarh1v�onqrh1iNarC%OFQLQ�h1qcqsacR?h

qcRnO(EHh1i�v%h1v%CFEHu +gGJCFEHinhLE�arC��"hLEH�}CFEHv qrCWv%h�CWGn`,+gG?h�OFG7OF`buYq�+gq�OFGni=R*+gqrarCFfFESOFv�v +gG?f?~ �yOFv +gG?h +gq
OF`gqrCJo7qrh1i arC�qrarCFEchehL[Fh1G�a�inO(acO acRnO(a�+gG7QL`goni?h�acR?h�h1qcQLO(��h�];qco?�7�nEch1qcqrh1i �3]¢EHO1u �7o7`gqrh�R?h�+bfWR-a�OFGni
+gGnQ +pi?h1G�a¦Gnh1o?arEcCWG � eVd +gG?�ACFEHv�O(a�+gCWG �}CFE¡h1OFQHR i?hLarh1Q�arCFE1~ U§a¡Q�CWGnq�+gqracq¡CF� acR?h�[/O(E�+gCWonq��nEcCFfFESOFv�q
j�R*+pQHR��}CFEHv acR?hyqrCF�Aa;jsO(Echy�"CFEHa�+bCWGNCF�¨acR?h�Z���_+� U � OFQL�-o +gq�+ba�+bCWG�qru�qrarh1v�~��YCWv%h+CF��acR?h+�nEcCFfFESOFv�q
O(EchPh1qcqrh1G-a�+gOF`��ACFE�acR?hPQ�CFEcEHh1Q�a��nEHCYQ�h1qcq�+gG?f�OFGni Ech1Q�CFEHi*+pG?fJCF��inO(acO�arC=acO(��hFT CFacR?hLESq�O(Ech onqrhL�9on`
arC Q�CWG�arEcCW`�OFG7i�v%CWG +barCFE�acRnh�inO(acO �nC@j¦~ � R?heh1qcqch1G�a�+gOF`&�nEcCFfFESOFv�qkO(EchParESOFGnqcqrEHQ >Ah1qracO(�7`,+pqcR?h1q
O�` +gGY%�j +bacR acR?hearESOFGnqr�7o?arhLEN�"CWO(ESi OFGni �3OFqcqrh1qNi7O(acO arC�EcCWonarhLE BST EcCWo?arhLE >AEcCWo?arh1qNi7O(acOJ�7o�(�hLE
arC OFG�u �nEHCFfFEHOFv�q¡j�R*+gQSRJEch1�Yo?h1qra¡acR?h1v�BST�+gqrhLEc[FhLE >A�nEcC@[ +pi?h1q�OPQ�CWv�v�OFGnibU �0e +gG-arhLEc�9OFQ�h�arC�acR?h
arEHOFGnqc�7o?arhLE B�OFGni acO(��hLE >Aj�E�+barh1q�inO(acO��}EHCWv EHCWo?arhLE�arC�acRnh�acO(��h"+gG qracOFGninO(ESi=�ACFEHv�O(a[BS~beyacR?hLE1T
onqrhL�9on` �nEHCFfFEHOFv�q��ACFE�Q�CWG-arEcCW`�OFGni v�CWG*+barCFE�+gGnfkO(EHh�fFh1OFG*+bh ��OFv�+gG?hF~ [nV-T5qcRnO(EHhFT5inonv¡��QL`,+bh1G-aLT�OFGni
�7O(EHqchF~�fFh1OFG*+bh ��OFv +pG?hF~ [?V°R +gqrarCFfFEHOFv�q OFG7i�i*+gqr�7`pO1u�qDi7O(acO��7o�(�hLEHqs�}EHCWv�EcCWo?arhLE1~'U a OF`gqrC%�nEHC\[ +gi?h1q
OFini*+ga�+bCWGnOF` �9onGnQ�a�+bCWG7q%j�R*+gQSR +gG7QL`goni?hmOFo?arCWvNO(arh1i i +gO(fWG?CWqra�+gQLq�OFGni v�CWG*+barCFE�+gGnf CF�¦inO(acO�ESO(arh1qLT
��h1OFv qracO(aco7qLT{qch1`bh1Q�a�+bCWGJCF� qrCFEHa�v%hLacR?C�iJ�ACFE¦CWGn`,+pG?h�inO(acOeOFG7i Ech1OFi*+gGnfmOFGniJj�E
+ba�+gG?fkCF� qr��h1Q�arEHO
OFGni%v�O(arE
+gQ�h1q�arC¦O�[(O(E�+bhLa§u¡CF�"�}CFESv�O(acqL~�qcRnO(Ech +gq�OyarCYCW`?j�R +gQHR�OF`g`bC@j�q �nEcCFfFESOFv�qLTWj�R +gQHR�CFacR?hLEHj +gqrh
OFQLQ�hL�na#U��0e CWGn`buJ�AEcCWv�acR?hkQ�CWG�arEcCW`p`,+gG?fParhLEHv +gGnOF`¢T{arCJQ�CWvNv¡onG +gQLO(arhkj +bacR=CFacR?hLE��nEcCFfFEHOFv�q°[ +gO
qcRnO(EHh1iJv%h1v%CFEcuF~kinonv¡��QL`,+bh1G-ayj�CFE�%�q +pGJQ�CWG/tconGnQ�a�+bCWG j +bacRJqcRnO(EHh%arCPi*+gqc�7`gO1uPCWo?ar�7o?a��}EcCWv OFGni
qrh1Gni +pG?�7o?a°arC�O �nEcCFfFESOFv `gOFonGnQSR?h1i �-u qcRnO(EHhF~ �3O(EHqrh"+gq%O i?hL�7onfFf!+gG?f arC-CW`�j�R*+gQSR +gG�arhLEH�nEchLacq
Om`,+pqra�CF� R?h���OFinh1Q +gv�OF`�jDCFEHinq��AEcCWv acRnhNinO(acOm�3o�("hLE¡OFGniJi*+gqc�7`gO1u�qyacR?hNv�h1OFG*+gG?f�CF�sh1OFQHR=jDCFEHi�~
d +bf?~ ¥Y~ @¦inh1qcQ�E�+b��h1q{acR?h�O(EcESOFG?fFh1v%h1G-a�CF�3acRnh1qrh��nEcCFfFESOFv�q�arC�Q�CWG-arEcCW`nacRnh �nC\j CF�"inO(acO�~ � R?h�O(EcEcC@j�q
+gGni +gQLO(arh acR?h&i +bEch1Q�a�+bCWG%CF� �nC@j�CF��inO(acO¡OFGniNQ�CWvNv�OFGninqL~�MPon`ba�+b�3`bh Q�CF� +bh1q�CF��acRnh�QL`,+bh1G-a��nEcCFfFESOFv�q
j�R*+pQHR�Q�CWv�v°onG*+gQLO(arh�[ +gO%qHRnO(Ech¦QLOFGm��h¦`gOFo7GnQHR?h1i�OFG7i�EHonG�O(a�acRnh¦qcOFv%h¦a�+gv�hF~
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