
���������� �	 �
����
�������� �	 ��� ������ ��
�������
 ������ ��� ������

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

-� ��� ���
���

�./0123. �344156/63�7
	�5 681 �19511 �:

��.6�5 �: �83;�4�<8=
�� >1 <51417610? >= <1523443�7 �: 681
	/.@;6= �: �/6812/63.4 /70 �.317.1
�: 681 �73A15436= �: �=A�/4B=;�/?:�5 <@>;3. 1C/237/63�7 37 �@036�53@2 	��DE �: 681�73A15436= �: �=AA�/4B=;�/ �7 �@71 �F? ����/6 E� �G.;�.B 7��7�

UNIVERSITY OF JYVÄSKYLÄ

�=A�/4B=;�/? 	37;/70 �@71? ����



33



�������

�81 ��5B 51A31�10 37 6834 681434 8/4 >117 ./55310 �@6 /6 681 �1</562176
�: �8=43.4? �73A15436= �: �=A�/4B=;�/ 0@5379 681 =1/54 E���D����� ��� /6 681170 �: 2= �8��� <5�	1.6 681 6321 8/4 .�21 6� 1C<5144 2= 95/636@01 6� 681
<1�<;1 �8� 8/A1 >117 81/A3;= 37A�;A10 37 36�
	3546 �: /;;?  ��@;0 ;3B1 6� 68/7B 2= 4@<15A34�54 �5�:144�5 �@8/ ��=46�� :�5

681 �<<�56@736= 6� ��5B 37 4@.8 /7 374<35379 /70 .8/;;179379 <5�	1.6 /70 8349@30/7.1 �368 681 81;< �: �5� �15
= �
15=<� /70 �5� �61:/7 ��<1.B=� �8135
81;< 8/4 >117 1441763/; :�5 681 4@..144 �: 2= ��5B�  ��@;0 /;4� ;3B1 6� 68/7B/;; 681 212>154 �: 681 ���� 95�@< 14<1.3/;;= �5� �/73 
/B/;/? �5� �@443

@3B/53? �5� �53 ��B3717? �5� �56� �3123717? �5� �/23 �376/D�763;/ /70�5� �/53 �/;�2�/B3 �368�@6 68135 1��564 681 �177379 65/< 4=4612 ��@;0 7�6
>1 �<15/63�7/; 7���
 ��@;0 ;3B1 6� 68/7B 681 46/� �: 681 21.8/73./; /70 1;1.653./; ��5B48�<

�: ��	� :�5 <5�A30379 681 71.144/5= 81;< :�5 >@3;0379 681 </564 :�5 681 65/<4=4612� ��;;/>�5/63�7 �368 681 �
����� 95�@< :5�2 681 �� �/5246/06
8/4 4/A10 / ;�6 �: �@5 6321 37 014397379 /70 .�7465@.63�7�
 ��@;0 ;3B1 6� 1C<5144 2= 95/636@01 /;4� :�5 /;; 681 �;0 /70 <514176212>154 �: 681 ������� .�;;/>�5/63�7 14<1.3/;;= �5� �;>/7 �1;;15>/@15?

�5� 	5/7B 
15:@568? �5� �/5BB@ �37�717 /70 �5� �/731; ��053@14� ��;D;/>�5/63�7 �368 6812 8/4 >117 / <;1/4/76 /70 10@./63A1 1C<15317.1�
�81 �7/7.3/; 4@<<�56 :5�2 681 �5/0@/61 �.8��; �: �/563.;1 /70 �@D.;1/5 �8=43.4 /70 :5�2 681 	377348 �.317.1 �./012=� �3;8�? �5	 �� /70 �/;;1��/34/;�/ 	�@70/63�7 34 95/61:@;;= /.B7��;10910�

333



3A �������

�834 ��5B �/4 4@<<�5610 >= 681 �./012= �: 	37;/70 @7015 681 	377348
�17651 �: �C.1;;17.1 �5�95/2 ����D���F ��5�	1.6 ��� ����F? �@.;1/5 /70��7017410 �/6615 �5�95/2 /6 ��	�	 /70 >= 681 �
������ <5�	1.6 37
681 �� ��	D��� <5�95/2 @7015 681 .�765/.6 7�� ��-	������������
 /;4� �348 6� 68/7B 2= </51764? 6�� >5�68154 /70 434615 :�5 /;; 681 17D.�@5/912176 /70 4@<<�56�

�=A�/4B=;�/? �@71 �����1;3 ��;83717



��������

� .=;37053./; �177379 65/< 8/4 >117 >@3;6 /70 614610 /6 681 3�7 9@301 41<D/5/6�5 :/.3;36= ���� /6 681 �1</562176 �: �8=43.4 37 681 �73A15436= �:
�=A�/4B=;�/� �81 2/37 9�/; �: 681 �177379 65/< /<<;3./63�7� 6� <@53:= ;��D17159= 5/03�/.63A1 3�7 >1/24 >= 2/44 8/4 >117 51/.810� �1.873./; 014.53<D63�74 /51 <51417610 /4 �1;; /4 681 514@;64 �: 681 �546 6146 1C<15321764 �368
46/>;1 /70 5/03�/.63A1 >1/24� 7 /00363�7 681 514@;64 �: 681 ���5 2/44 21/D4@512176 /6 681 ������� 2/44 4<1.65�21615 /51 93A17 /70 034.@4410�

A



A3 ��������



��������

������� ���
"	
����� �
 ������������ �
E�E �1715/; �8=43.4 -/.B95�@70 � � � � � � � � � � � � � � � � � � � �
E�� �1.873@14 :�5 �/44 �1/4@5121764 � � � � � � � � � � � � � � � F

E���E �1./= /70 �1/.63�7 �1/4@5121764 � � � � � � � � � � � F
E���� �351.6 �/44 �1/4@5121764 � � � � � � � � � � � � � � � � �

E���� ��2</534�7 � � � � � � � � � � � � � � � � � � � � � � � � �
E�� ��	����� /6 ���� � � � � � � � � � � � � � � � � � � � � � � E�

�  ����� �� $�������� �
��E 765�0@.63�7 6� �5/<<379 /70 �@53�./63�7 � � � � � � � � � � � EF
��� �537.3<;1 �: / �177379 65/< � � � � � � � � � � � � � � � � � � � � E�
��� �@/63�7 �: ��63�7 � � � � � � � � � � � � � � � � � � � � � � � � E�
��� 	53.63�7/; �/2<379 � -@�15 �/4 ���;379 � � � � � � � � � � � � �E
��F ���;379 /70 �C.36/63�7 � � � � � � � � � � � � � � � � � � � � � � ��

��F�E �3<�;1 �C.36/63�7 � � � � � � � � � � � � � � � � � � � � � ��
��F�� �@/05@<�;1 �C.36/63�7 � � � � � � � � � � � � � � � � � � ��

��� 4�>/53. �/44 �1</5/63�7 � � � � � � � � � � � � � � � � � � � � � ��
��� �321D�:D	;3986 �168�0 6� �1/4@51 �/4414 � � � � � � � � � � � ��

� ������������ 
����� ��
��E 7	1.63�7 -1/2 �371 � � � � � � � � � � � � � � � � � � � � � � � ��
��� �146 �7 ��@5.1 � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� �@<15.�70@.6379 �/9716 � � � � � � � � � � � � � � � � � � � � � ��
��� 
398 ��;6/91 �;/6:�52 � � � � � � � � � � � � � � � � � � � � � � ��

E



� ��������

��F �;1.65�01 �65@.6@51 /70 �/.@@2 � � � � � � � � � � � � � � � � �E
��� �	1.63�7 -1/2 �371 � � � � � � � � � � � � � � � � � � � � � � � � ��
��� -1/2 �3/97�463.4 /70 �7 �161.63�7 � � � � � � � � � � � � � � ��
��� �;1.65�73.4 /70 ��765�; � � � � � � � � � � � � � � � � � � � � � � ��
��� �32@;/63�74 � � � � � � � � � � � � � � � � � � � � � � � � � � � � F�
��E� �<15/6379 �5�.10@514 /70 �/5/216154 :�5 ��	����� � � � � F�

� ������������ !�
���
 ��
��E �1464 �368 �;1.65�7 2</.6 �7 ��@5.1 � � � � � � � � � � � � � F�
��� ��D�371 �1464 �368 �6/>;1 -1/24 :5�2 ���� � � � � � � � � ��
��� �7D;371 �1464 �368 �/03�/.63A1 ���@ �74 � � � � � � � � � � � � �F
��� �7D�371 �C<15321764 �368 �8 /70 �@ � � � � � � � � � � � � � ��

����E �12�7465/63�7 �: 4�>/53. �@53�./63�7 � � � � � � � � � ��
����� �/44 �1/4@5121764 �: �8 /70 �@ 4�6�<14 � � � � � � � ��
����� �34.@443�7 �: �8�03@2 /70 �@68173@2 �1464 � � � � � ��

� ���� +�

 +��
������� �� �%$, !"� ��
F�E ����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
F�� ������� �C<1532176 � � � � � � � � � � � � � � � � � � � � � ��
F�� �537.3<;1 �: �1/4@512176 � � � � � � � � � � � � � � � � � � � � ��
F�� �14@;64 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �E

F���E �34.@443�7 �: �14@;64 � � � � � � � � � � � � � � � � � � � ��
� %������ ��� '�����
���
 ��
"��������
	
" '�����
 ��� ��������� ��
��E ���;379 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� �2366/7.1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

& '�	���
 ��

&�	���
����� ��



������� �

������������

��� 	
�
�� ������� ���������
�7 /6�2 .�74346 �: <5�6�74? 71@65�74 /70 1;1.65�74� �81 �546 6�� :�52 681
.�51 �: 681 /6�2? / 7@.;1@4?�83;1 681 ;/6615 /51 �5>36379 /5�@70 681 .�51 /4 /7
1;1.65�7 .;�@0� �@.;13 68/6 8/A1 / 03�15176 .�2>37/63�74 �: � /70 � /51 ./;;10
34�6�<14� 
151 � 34 681 7@2>15 �: <5�6�74 /70 � 34 681 7@2>15 �: 71@65�74�
���/0/=4 />�@6 ���� 03�15176 34�6�<14 /51 B7��7 /70 />�@6 ��� �: 68121C346 37 7/6@51� � 7@.;1@4 34 >�@70 6�916815 �368 681 465�79 37615/.63�7 0@1
6� 681 7@.;1/5 :�5.1 �83;1 681 1;1.65�74 /51 >�@70 6� /6�2 >= 681 1;1.653.:�5.1� �/56 �: 681 2/44 �: 3703A30@/; <5�6�74 /70 71@65�74 34 65/74:�5210 6�
681 >370379 17159= �: 681 7@.;1@4 /..�50379 6� �� � �� � 3�1� 681 2/44 �:
681 7@.;1@4 34 42/;;15 68/7 681 2/44 �: 364 3703A30@/; .�2<�71764� 68@4 681
>370379 17159= �: / 7@.;1@4 34 01�710 6� >1

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

151 �# 34 681 2/44 �: / <5�6�7? �& 34 681 2/44 �: / 71@65�7? 2�)
	 34 6812/44 �: / 7@.;1@4 /70 �+ 34 681 2/44 �: /7 1;1.65�7�
�37.1 681 1/5;= 0/=4 �: 7@.;1/5 <8=43.4 681�53464 8/A1 >117 65=379 6� >@3;02/44 2�01;4 014.53>379 2/4414 �: / ;/591 A/5316= �: 34�6�<14� �71 �: 681

�;0146 2�01;4 34 .13
4�/.B15G4 2/44 :�52@;/
! � /01 ' /21�34 ' /5" �" ' E	16734 ' /289 �1 ' �"	�

1 $ :; �E��	
�8151 681 /0 ? /2? /5 /70 /289 /51 .�746/764 68/6 8/A1 6� >1 /0	@4610 1C<153D2176/;;= /70 : 34 / 4� ./;;10 </35379 :�5.1� : � /70 � /51 1A17 : � $/#1643< ?

�



� ������� �� ������������

3: � /70 � /51 �00 : � '/#1643< �6815�341 :��� �834 >370379 17159= :�52@;/8/4 >117 3;;@465/610 37 �9@51 E�E�

	39@51 E�E� �;�6 �: .13
4�/.B15G4 :�52@;/ :�5 >370379 17159= <15 � 37 ./41 �:4�21 46/>;1 34�6�<14 /4 / :@7.63�7 �: �� �71 ./7 1/43;= 411 68/6 6834 2�01;
8/4 364 ;3236/63�74 437.1 :�5 �
 681 :�52@;/ 93A14 / 719/63A1 A/;@1� �/;@14@410 /0�EF�F? /2�E���? /5�����? /289��� /70 /#��� 37 @7364 �: �1��.� �

��1A15? 68151 /51 1�1.64 37 7@.;13? ;3B1 481;; 1�1.64 68/6 8/A1 /7 37�@D17.1 �7 68135 2/44� ��? 36 51@3514 01;3./61 2�01;4 6� <5103.6 2/4414 �: 51/;

7@.;13 �368 51;1A/76 <51.343�7� �7 681 �6815 8/70? 6834 93A14 / 6��; 6� �>D6/37 37:�52/63�7 />�@6 7@.;1/5 465@.6@51 >= <51.341 2/44 21/4@512176 1A17
3: 681 37:�52/63�7 />�@6 7@.;1/5 465@.6@51 34 2�46;= 9/3710 685�@98 7@.;1/551/.63�74 /70 4<1.65�4.�<=�
�37.1 681 1/5;= 0/=4 �817 5141/5.8 �/4 0�71 2�46;= .;�41 6� 681 A/;;1=

�: >16/ 46/>3;36= ��9@51 E��	 �71 8/4 9�71 .�743015/>;= :@56815 /70 7�� 6815141/5.8 61704 6� 9� .;�415 /70 .;�415 6� 681 053<;3714� �746/>;1 34�6�<14 :/5
:5�2 681 A/;;1= �: >16/ 46/>3;36= /51 2�51 03�.@;6 6� <5�0@.1 /70 36 34 1A17
2�51 03�.@;6 6� 21/4@51 4�21 @/7636/63A1 <5�<156314 �: 68141 34�6�<14� �834.�7@146 �: 681 @7B7��7 615536�5= 8/4 93A17 >3568 6� 71� �/=4 6� <5�0@.15/51 34�6�<1 >1/24 /4 �1;; /4 681 71� >1/2 2/73<@;/63�7 61.873@14� �15=



���� ���������� ��� ���� ������������ F

�:617 2168�04 68/6 /51 @410 6� <5�0@.1 5/03�/.63A1 3�74 <5�0@.1 41A15/;
03�15176 34�6�<14 /6 681 4/21 6321� �@1 6� 6834 2/44 41;1.63A1 61.873@14
6� .;1/7 >1/24 34 711010� �81 @;632/61 /32 34 6� 8/A1 34�>/53./;;= <@51
>1/24� �834 34 32<�56/76 437.1 �6815�341 681 @7�/7610 2�51 />@70/76 3�74
./7 1/43;= 0346@5> 681 21/4@512176 �: 5/51 3�74�

��� �
������
� ��� ��� �
���
�
�	�

���
 ���� ��� �������� ������������
7 7@.;1/5 01./= 681 51;1/410 17159= 34 @410 6� 016152371 681 2/44 03�1517.1
>16�117 37363/; /70 �7/; </563.;14� �81 � A/;@1 ��5 681 17159= 68/6 34 51;1/410
37 / 51/.63�7	 34 � � ���&� �!" ' �#�&!"	 � �8151 ��&� �!" 34 681 2/44 �: 68137363/; /6�2 /70 �#�&!" 34 681 2/44 �: 681 �7/; /6�24 3�1� 2/4414 �: 01./=
<5�0@.64�.817 /44@2379 68/6 681 01./=379 </563.;1 34 /6 5146 �71 �>6/374 :�5 681
$ /70 <5�6�7 01./= 68/6 � � %& �E$�&'�# 	 �8151 %& 34 681 B37163. 17159=
�: $ �<5�6�7	? �& 34 681 2/44 �: $ �<5�6�7	 /70 �# 34 681 2/44 �: 68151.�3;� �834 2168�0 34 514653.610 6� 7@.;13 />�A1 �(E��� �37.1 681 01./=4<1.65@2 34 034.5161 5/6815 / 9��0 2/44 514�;@63�7 34 /.831A10 �) E� B1� 3�1�* � �'�� ( E��	 (�+1<�E,�	�5 681 , 01./= 21/4@5121764 �71 ./7 �>6/37 681 � A/;@1 :5�2 681 170D
<�376 �: 681 .�7637@�@4 , 4<1.65/ �6834 4<1.65/ 34 .�7637@�@4 437.1 6�� </563D.;14 /51 >1379 1236610 @7;3B1 37 681 $ �5 < 01./=4	� �81 , 170D<�376 61.873@134 A15= 4174363A1 :�5 21/4@512176 155�54 437.1 681 1;1.65�7 4<1.65@2 8/4 6� >121/4@510 37 .�37.3017.1 �368 9/22/ 5/=4 /70 681 � A/;@1 8/4 6� >1 010@.10:5�2 681 :110379 6� 681 95�@70 46/61 /70 6� 681 1C.3610 46/614� �3236/63�7437 6834 61.873@1 /51 681 <5�0@.63�7 5/61? 437.1 681 .�37.3017.1 21/4@512176
/70 681 170D<�376 21/4@512176 71104 9��0 46/63463.4 /4 �1;; /4 681 :/.6 68/6681 B7��;1091 �: -D5/= 17159= ;1A1;4 2@46 >1 /01@/61� ��52/;;= �71 ./751/.8 E�� B1� <51.343�7 ��( E�.	��323;/5;= �71 ./7 /;4� @41 7@.;1/5 51/.63�7 � A/;@14 6� 010@.1 2/4414� 7 /
6�� >�0= 51/.63�7 ��-?�	�? �71 ./7 5/6815 1/43;= 016152371 681 � A/;@1 :5�2
681 51/.63�7 B3712/63.4� �8141 1C<15321764 /51 >/410 �7 681 21/4@512176
�: 4./6615379 /79;14 �: 51.�3; /70 01./= </563.;14� �834 61.873@1 34 5/6815
<51.341 �( ED�� B1�	 >@6 36 34 /<<;3./>;1 :�5 681 7@.;13 68/6 /51 .;�41 6�46/>3;36= �� � / E	� 	�5 81/A= 3�7 51/.63�74 �71 ./7 9� :/56815 :5�2 681



� ������� �� ������������

	39@51 E��� � 42/;; </56 �: 681 7@.;301 .8/56� �/44 1C.144 ����2D�	 37@7364 �: B1� /4 / :@7.63�7 �: <5�6�7 7@2>15 � /70 71@65�7 7@2>15 �� �81
A/;;1= �: , 46/>3;36= 34 /6 681 .17615 �: 681 <3.6@51� 	;/6 /51/4 /51 681 @7B7��7
615536�5=� �@.;3014 �7 681 ;1:6 �: 681 A/;;1= 01./= >= ,� 01./= �5 >= 1;1.65�7./<6@51 /70 7@.;3014 �7 681 53986 �: 681 A/;;1= 01./= >= ,6 01./=�



���� ���������� ��� ���� ������������ �

46/>3;36= �� � / �	 �368 ��DF� B1� <51.343�7 (�+1<�E,��;4� 4�21 2�51 1C�63. 51/.63�74 ;3B1 <3�7 0�@>;1 .8/591 51/.63�74 8/A1
>117 @410 :�5 2/44 21/4@5121764 �: ;3986 7@.;13 ;3B1 77-��6;��	77�3 /6 ��4�;/2�4 (��>��,� �834 61.873@1 8/4 / 2�015/61 <51.343�7 �: E�� B1��

���� ����� ���� ������������
�81 432<;146 0351.6 2168�0 :�5 2/44 21/4@5121764 34 6� @41 / >170379 2/9D
716 6� 41</5/61 2/4414� 
151 / @73:�52 2/97163. �1;0 34 @410 6� >170 681
3�7 >1/2 376� / .35.@;/5 </68? 411 �9@51 E��� �834 B370 �: 4=4612 34 A15= :/46

	39@51 E��� �81 4.812/63. <3.6@51 �: 681 >170379 2/9716�
/70 ./7 8/70;1 3761741 >1/24� �7 681 �6815 8/70 681 2/44 514�;A379 <��15* � �'�� 34 5/6815 2�0146? @4@/;;= >16�117 ���DE� ���� �834 61.873@134 �:617 .�2>3710 �368 7@.;1/5 01./= � A/;@1 21/4@5121764��7 32<5�A10 301/ �: 681 >170379 2/9716 61.873@1 8/4 >117 /<<;31037 681 ������ 4<1.65�21615 (�@7��, /6 ����� �8151 681 >1/2 2/B14
6�� :@;; 6@574 �03/21615 />�@6 F�� 22	 374301 / ��� � 2/9716 >1:�51 >1379
1	1.610 685�@98 / ��� 22 �301 /70 F 22 8398 4;36� �6 681 170 �: 681 E46 /70
�50 8/;:D6@574? 3�74 </44 685�@98 / F 22 �301 4;36 /70 /7 �	D2�0@;/63�7./A36= �8151 681 B37163. 17159= �: 681 3�74 .8/791? 3�1� 681 4<51/0 �: 681
>1/2 34 37.51/410 4� 2@.8 68/6 681 3�74 ./77�6 /7=2�51 </44 685�@98 6811C36 4;36� �37.1 681 .=.;�65�7 :51@17.= �5 � �!'� 0�14 7�6 01<170 �7 681



� ������� �� ������������

A1;�.36= �: /7 3�7 36 34 <�443>;1 6� 6@71 681 �	 ./A36314 37 4@.8 / �/= 68/6 681
41.�70 ./A36= ./7.1;4 681 1�1.6 �: 681 �546 ./A36=� -= 21/4@5379 65/7423443�7.�@76 5/61 /4 / :@7.63�7 �: 681 :51@17.= �71 ./7 016152371 681 3�7 2/4414�
�834 2168�0 34 A15= :/46? 681 �3986 6321 685�@98 681 01A3.1 34 F� �4? /70
2/44 514�;A379 <��15 �: E � E�� ./7 >1 51/.810 �368 36��321D�:D�3986 2168�0 �7 / ;371/5 </68 8/4 >117 @410 37 2/44 21/4@51D21764 /6 ���� �8151 681= 8/A1 .�2>3710 681 ��	 61.873@1 �368 681
����D4<1.65�21615 (
��/A�E,� �81 �3986 6321 /;�79 681 �� 21615 ;�79 </6834 �: 681 �5015 �: E �4 /70 :�5 7@.;13 �(�� @7.156/376314 :5�2 E�� B1� �7@.;13
.;�41 6� 46/>3;36=	 6� E �1� �1C�63. 7@.;13	 8/4 >117 51/.810 �368 36� �834.�5514<�704 514�;A379 <��15 �: ����E��D��E�< ��81 ��	 61.873@1 ./7 >1 @410 /;4� 37 / .=.;�65�7 4@.8 /4 /6 ����
(�@9��, �8151 6�� 301763./; 34�.85�7�@4 .=.;�65�74 /51 @410� �81 �546 .=D.;�65�7 /..1;15/614 681 <532/5= >1/2 68/6 8364 681 6/5916 /70 681 41.�70/5=
5/03�/.63A1 >1/2 34 51D/..1;15/610 37 681 41.�70 .=.;�65�7� 7 ./41 �: 6813�74 68/6 8/A1 / 4/21 .8/591 46/61 >@6 / 4;3986;= 03�15176 2/44 �$�� 681
81/A315 3�74 �3;; ;/9 >18370 0@5379 681 /..1;15/63�7 /70 681 4@>41@176 6321
03�1517.1 34 51;/610 6� 681 2/44 03�1517.1 37 681 :�;;��379 �/=

��
� � ��

� �E��	

3: �� 34 42/;;� �81 514�;A379 <��15 �: ����F�E�� 8/4 >117 51/.810 �3686834 61.873@1 /70 681 65/7436 6321 685�@98 681 51D/..1;15/63�7 34 ��D�� �4��71 �/= 6� ./55= �@6 2/44 21/4@5121764 34 6� @41 / 46�5/91 5379 4@.8 /4
681 ��� 37 �� �/5246/06 (	5/��,� �8141 2/44 21/4@5121764 /51 >/410 �7681 :/.6 68/6 681 51A�;@63�7 :51@17.= ��+0 � �'� /70 681 2/44 �: /7 3�7 /51
51;/610 >= ���+0

��+0 � '-6� ���'�	
�'� $ �E' -�

-� 
	��
� ; �E��	

�8151 - 34 681 ��517
 :/.6�5 /70 - 34 / :/.6�5 68/6 01<1704 �7 681 3�7
�<63.4� �71 ./7 411 68/6 3: 681 ;/46 6152 �: 681 1@/63�7 �E��	 34 719;3>;1 68151A�;@63�7 :51@17.= ./7 >1 @410 37 <51.341 2/44 21/4@5121764� �834 ./7
>1 0�71 37 6�� 03�15176 �/=4 136815 >= 01.51/4379 681 A1;�.36= 034653>@63�7;3B1 36 34 0�71 37 �.8�66B= 2/44 4<1.65�2165= (�36�E, �5 6� �<15/61 681 537937 /7 34�.85�7�@4 2�01 (
/@��, 37 / .�70363�7 �8151 - � - � �81 :�5215
71104 41A15/; 41.�704 6� 01.51/41 681 A1;�.36= 034653>@63�7 /70 681 514�;A379
<��15 �: * � � � E�� 8/4 >117 51/.810 �368 36� �81 ;/6615 2168�0 34 A15=



���� ���������� ��� ���� ������������ �
:/46? �36837 F� �4 6321 �71 ./7 51/.8 * � E-F � E�� � �8141 /51 <��15:@;2168�04 6� 0� 2/44 21/4@5121764 437.1 681= ./7 >1 /<<;310 432@;6/71�@4;=
6� 41A15/; 34�6�<14�� �177379 65/< (�18��,? (�18��, <5�A3014 /7 1C.1;;176 6��; 6� 2/B1 2/4421/4@5121764? 14<1.3/;;= �817 @4379 6321D�:D�3986 2168�0 :�5 2/44 01615D237/63�7 (�5/��, 4@.8 /4 /6 �������� /6 �6�.B8�;2 (�/5��,? �8151 6812/C32@2 2/44 514�;A379 <��15 51/.810 34 ��� �E�� (	53��,� 
��1A15? 6834B370 �: 514�;A379 <��15 34 <�443>;1 6� /.831A1 �7;= :�5 8398;= .8/5910 3�74�368 ;�79 65/<<379 63214? �83.8 /51 7�6 /<<;3./>;1 :�5 1C�63. 5/03�/.63A1 7@D.;13� �8@4 :�5 48�56 ;3A10 3�74 �71 8/4 6� @41 48�56 65/<<379 63214 /70 4379;=.8/5910 3�74 /4 36 34 0�71 37 ������� /6 ���� (-�;��, �8151 514�;A379<��154 �: E��DE�� /51 51/.810 �36837 41.�704�

���� ����������
� 48�56 .�2</534�7 >16�117 03�15176 2/44 21/4@512176 61.873@14 34 48��7
37 6/>;1 E�E�

�1.873@1 �=<3./; � %73�$ 01./= E � E�� E �4, 01./= E � E�. E�� 24�@.;1/5 51/.63�7 F � E�. E �4�/44 4<1.65�21615 ��� ' E � E�< E �4�371/5 ��	 � � E�< ' � � E�� E �4�=.;�65�7 ��	 � � E�� F� �4
������ E � E�� F� ��
�6�5/91 5379 E-F � E�� �5 �-F � E�� F� �� �5 E� 4�177379 65/< E�� ' E�� E�� 24

�/>;1 E�E� � .�2</534�7 >16�117 03�15176 2/44 21/4@512176 61.873@14?681 61.873@1? / 6=<3./; 514�;A379 <��15? / 6=<3./; 8/;:D;3:1 %73� 68/6 ./7 >121/4@510 �368 36�
6 34 �>A3�@4 68/6 / �177379 65/< 34 681 4@<153�5 61.873@1 37 2/44 21/D4@5121764 �817 36 .�214 6� 681 514�;A379 <��15� �8/6 1C<;/374 �8= 4�

2/7= 95�@<4 /5�@70 681 ��5;0 /51 3761514610 37 6834 61.873@1� 
��1A15?
�71 48�@;0 7�6 :�5916 68/6 �177379 65/<4 /51 /;4� 4@36/>;1 01A3.14 6� <5�0@.134�>/53./;;= <@51 >1/24 :�5 :@56815 4<1.65�4.�<= 21/4@512176 /4 34 0�71 37



E� ������� �� ������������

��
���� �8151 681 >1/2 /:615 >1379 1	1.610 :5�2 681 <@53�./63�7 �17D
7379 65/< 34 37	1.610 376� / .8/591 >511015 /70 :@56815 376� / <�46 /..1;15/63�7
4=4612 (
/>��,�7 91715/; �71 ./7 4/= 68/6 3�7 65/<4 �3;; >1 @410 81/A3;= 37 681 :@6@51 6�.51/61 71� <8=43.4� �8151 /51 41A15/; 65/< <5�	1.64 �8151 681 .�7465@.63�734 <514176;= 9�379 �7 (-�;��,� �81= /51 �
����� /6 ��? .��
 /6
�����? ��� �/17? ����? �� �5�737917? ��������	? ��		 /6�/5.8379 /70 ��-� /6 ���������

��� �������� 	 �	��	�

�81 ��	����� <5�	1.6 �/4 ;/@7.810 37 E��� (��B��? �31��, 6� 178/7.1 681@/;36= �: 681 5/03�/.63A1 >1/24 <5�0@.10 /6 ���� (��=4�E,� �81 /32 �/4
6� 510@.1 681 17159= 4<51/0 >1;�� E 1� /70 12366/7.1 >1;�� E� 22 25/0/70 37.51/41 681 2/44 514�;A379 <��15 @< 6� ��� � E�<DE��� �� 51/.8 68349�/; /7 �	� .��;15�>@7.815 /70 / 0�@>;1 �177379 65/< �: / .=;37053./; 6=<1
(�/3��, 8/4 >117 >@3;6��81 �	� .��;15�>@7.815 .��;4 /70 >@7.814 681 >1/2 :�5 681 37	1.D63�7 6� 681 �546 �177379 65/<� ���61 68/6 6152 
.��;379
 37 6834 681434��5B 21/74 /;�/=4 681 510@.63�7 �: 681 � 0321743�7/; <8/41 4</.1 A�;@21����������8��� 3�1� 510@.63�7 �: 681 12366/7.14 (����F,�	�81 �546 9�/; �: 681 �177379 65/< 34 6� <@53:= 681 >@7.810 >1/2 .�2379:5�2 681 �	�� �/615 �1 /;4� /32 6� <15:�52 /..@5/61 2/44 21/4@5121764�
�� /.831A1 6834 / 2/44D41;1.63A1 >@�15 9/4 .��;379 (6/�F,? (���/A�E, 34 @410�6 8/4 >117 012�7465/610 68/6 6834 01A3.1 34 ./</>;1 �: 2/B379 34�>/53. 2/44
<@53�./63�7 /70 6� 51/.8 / 514�;A379 <��15 ��� � E�<DE�� 37 E��DF�� 24��74 �: 1C�63. 34�6�<14 :�5 ��	����� /51 <5�0@.10 >= 681 �7D;371 34�6�<141</5/6�5 ���� 01A1;�<10 /6 �=A�/4B=;/ 0@5379 1/5;= G��4 (��5	�E,? (��5	�F,�7 6834 61.873@1 / <532/5= >1/2 :5�2 681 ��E�� �1� .=.;�65�7 8364 / 68376/5916 /70 51/.63�7 <5�0@.64 51.�3;379 �@6 �: 681 6/5916 /51 46�<<10 37 / 9/4.1;; �8151 681= /51 68152/;3
10 37 
1 9/4 512/37379 2�46;= 37 / .8/591 46/61
�: $E (��5	��,��8152/;3
10 3�74 /51 9@3010 >= / 81;3@2 	16 �@6 �: 681 9/4 .1;; /70 9/434 0351.610 685�@98 / 4B32215 8�;1 6� 681 03�151763/; <@2<379 41.63�7 �8151
3�74 /51 /..1;15/610 6� �� B1� 17159=� �834 <5�.144 34 .8123./;;= 7�7 41;1.63A1/70 :@568152�51 A15= :/46� �1.873./; /0A/76/91 �: 6834 4=4612 34 364 0@5/>3;36=/70 432<;3.36=� 
��1A15? 0@1 6� / ;/591 17159= 4<51/0 �: 681 >1/2 �41A15/;



���� �������� �� ������ EE

E� B1�	? 681 2/44 514�;A379 <��15 512/374 5/6815 2�0146 ��':� / ���	�
�8141 @/;36314 /;4� .�@<;1 �368 681 37617436= �: 681 >1/2 37 4@.8 / �/= 68/6
681 37.51/4379 37617436= ;1/04 6� / ��541710 >1/2 @/;36=�
�81 3�74 :5�2 ���� /51 37	1.610 376� / >@�15D9/4 �;;10 5/03�D:51@17.=@/05@<�;1 65/< ��	�	� �834 �	� .��;15�>@7.815 (�31�E,? / � 0321743�7/;�/@; 65/< (�/@F�,? (�/���, 34 >18370 681 41</5/6�5 :�./; <;/71 �411 �9@51 E��	/70 36 34 436@/610 �7 681 ;1:6 >1/2 ;371� �81 �	� 01A3.1 34 <;/.10 �7 681


� <;/6:�52 �83.8 /;;��4 6� 4;�� 0��7 681 �� B1� 3�7 >1/2 :5�2 ����
6� />�@6 E�� 1� 4@36/>;1 :�5 37	1.63�7 376� 681 .��;15� �81 <@5<�41 �: 683401A3.1 34 6� 01.51/41 681 17159= 4<51/0 /70 12366/7.1 �: 681 �53937/; ����
>1/2� �81 �	� .�743464 �: :�@5 .=;37053./; 419217610 5�04 �368 / ;17968
�: �� .2 /70 / 03/21615 �: �� 22� �81 A/.@@2 >16�117 681 5�04 34 �;;10�368 
1 9/4 /6 <5144@51 �: /5�@70 E�E�67 2>/5 �83.8 34 17�@98 6� 46�<3�74 374301 681 @/05@<�;1� ��;;343�74 �368 681 >@�15 9/4 /6�24 510@.1 681
65/74A1541 /70 /C3/; 17159=? 21/7�83;1 681 �4.3;;/6379 �	 �1;0 B11<4 681 3�74
�7 681 �<63./; /C34� �8141 3�74 /51 9@3010 685�@98 681 �	� 5�04 >= / �1/B/C3/; 1;1.653. �1;0 6� 681 65/<<379 5193�7 �8151 681 3�74 /51 46�510 @763; 681
>@7.8 34 51;1/410 /70 51D/..1;15/610 ��9@51 E�F	��81 >@7.8 ;17968 34 21/4@510 6� >1 E�D�� �� ;�79 /70 681 �A15/;; 65/74D23443�7 1�.317.= 34 �� �� �81 �6815 43973�./76 @/7636314 68/6 014.53>1 681.��;15 <15:�52/7.1 /51 48��7 37 6/>;1 E��� �2/;; 17159= 4<51/0? 12366/7.1/70 48�56 <@;41 ;17968 /51 71.144/5= .�70363�74 6� >1 />;1 6� 37	1.6 / >1/2
376� / �177379 65/< 4=4612�

-1:�51 �:615
�7159= 4<51/0 F�DEF� 1� E 1��2366/7.1 E��DEF� 22 25/0 �� 22 25/0

�/>;1 E��� ���;15 <15:�52/7.1 (�31�E,? (�31��>,�
�81 2/37 9�/; �: 681 �177379 65/< /<<;3./63�7 34 6� <@53:= 681 5/03�/.63A1

>1/2 >= 2/44� �81 8398 2/44 514�;A379 <��15 �: 681 �5015 �: ����E�<DE��
<152364 6� 51	1.6 1A17 681 34�>/53. .�76/237/764� �834 34 </563.@;/5;= 32<�5D6/76 :�5 681 1C<1532176/; <5�95/2 /6 ����? �83.8 34 .1761510 �7 1C�63.
71@65�7D53.8 7@.;13? <5�0@.10 37 �443�7� �81 34�>/53. <@53�./63�7 �3;; /;;��:�5 51	1.6379 /;; @7�/7610 212>154 �: 681 34�>/53. .8/37? ;1/A379 �7;= 4<1.314
�: 37615146 ;1:6� �834 �3;; 43973�./76;= 32<5�A1 681 4397/;D6�D>/.B95�@70 5/D



E� ������� �� ������������

	39@51 E��� �/=�@6 �: 681 ���� /51/� E� �/5916 /70 3�79@301? �� -1703792/9716? �� ��36.8=/50? �� �	� .��;15�>@7.815? F� �177379 65/<�



���� �������� �� ������ E�

Release

Accumulate

+4.5 V

-1.5 V

VZ

z

z

ExtractionInjection

0

HV platform

0 20 40 cm

Miniature
quadrupole

Pulsed 

end-plate
+4.0 V 0 V

V

	39@51 E�F� �537.3<;1 �: 681 681 �	� .��;15�>@7.815 (�31��,�



E� ������� �� ������������

63�? 4174363A36= /70 681 <51.343�7 �: 681 1C<15321764? /70 �3;; 1C6170 681 681
5/791 �: 34�6�<14 37A14639/610�.36837 6834 681434 / �177379 65/< 4=4612 8/4 >117 32<;1217610 /6
���� /6 681 �73A15436= �: �=A�/4B=;�/ /70 681 �546 �177379 65/<? 681 <@53�D./63�7 65/<? 8/4 >117 .�223443�710 6� <15:�52 34�>/53. 2/44 <@53�./63�7 �:
5/03�/.63A1 >1/24� �81 51<�56 46/564 >= / .8/<615 68/6 3765�0@.14 681 681�5=
�: �<15/63�7 �: / �177379 65/< /70 9�14 �7 �368 / 61.873./; 014.53<63�7 �:
681 �177379 65/< /6 ��	�� �C<1532176/; 514@;64 �368 46/>;1 /70 5/03�/.D63A1 >1/24 /51 93A17� �81 514@;64 :5�2 681 ���5 5@7 /6 �������������/51 48��7� �1� 01A1;�<21764 :�5 681 �177379 65/< 4=4612 /6 ��	� /51
034.@4410�
�81 /@68�5 �: 6834 681434 8/4 >117 681 2/37 .�7653>@6�5 6� 681 3�7 �<63./;

014397? .�7465@.63�7? 6146379 /70 �<15/63�7 �: 681 ��	����� �177379 65/<
4=4612� �81 /@68�5 8/4 /;4� <15:�5210 681 0/6/ /7/;=434 :�5 ���5 514@;64�368 �5� �/731; ��053@14�



������� �

������ �� ���������

��� ��	�����	��� 	� ������� �� �������
	���

�834 41.63�7 3765�0@.14 >531�= 681 301/ �: �<15/63�7 �: 681 <@53�./63�7 �17D
7379 65/< >1:�51 9�379 6� 681 2�51 016/3;10 681�5163./; 014.53<63�7 �: �177379
65/<4� �8151 /51 �A1 461<4 37 681 34�>/53. 2/44 <@53�./63�7 �368 / >@�15D9/4 �;;10 �177379 65/<� 65/<<379 /7 3�7 >@7.8? /C3/; .��;379? 2/97165�7
1C.36/63�7? .=.;�65�7 1C.36/63�7 /70 1	1.63�7 �: 681 3�7 >@7.8�
�81 �546 461< 34 6� 65/< /7 3�7 >@7.8 01;3A1510 >= 681 �	� .��;15�>@7.81537 681 �177379 65/<� �834 34 /.831A10 >= /<<5�<53/61;= 4�36.8379 6811;1.653. <�61763/; �: 681 �177379 65/<�
� �/36379 6321 34 /<<;310 0@5379 �83.8 681 3�74 .��;10 6� 681 <�61763/;

23732@2 �: 681 65/< >= .�;;343�74�368 681 >@�15D9/4� �834 34 32<�56/7637 �5015 6� /;;�� 681 3�74 6� 411 681 5/03�D:51@17.= �1;04 �83.8 /51
�7;= /<<;310 37 681 .17615 �: 681 65/< �8151 681 1;1.653. /70 2/97163.�1;0 32<15:1.63�74 /51 237323
10�

�81 71C6 461< 34 6� 053A1 /;; 3�74 6� / 5/03@4 ;/5915 68/7 681 1C36 8�;1 �: 681
65/<� �834 ./7 >1 /.831A10 �368 /7 1C.36/63�7 �: 681 3�7 2�63�7 /6 6814�D./;;10 2/97165�7 :51@17.= �83.8 0�14 7�6 01<170 �7 681 2/44 �:681 3�74�

�:615 /;; 3�74 8/A1 >117 2�A10 6� ;/591 �5>364? 681 0143510 4<1.314 /51 51D.1761510 >= /7�6815 5/03�D:51@17.= 1C.36/63�7 /6 681 .=.;�65�7 :51D
EF



E� ������� �� ������ �� ���������

@17.= �: 681 3�7�
7 681 ;/46 461< 681 3�74 /51 1	1.610� 7 6834 <5�.144 /;; 3�74 �368 5/033 ;/5915

68/7 681 1C36 8�;1 �: 681 65/< �3;; ;�46 �7 681 65/< �/;;4 /70 �7;= 6810143510 4<1.314 ;1/A14 681 65/< :�5 :@56815 @41�
�81 :�;;��379 .8/<6154 ��� 685�@98 ��� <5�A301 / 2�51 016/3;10 014.53<63�7

�: 681 681�5= �: / �177379 65/<� �834 :�52@;/63�7 <5�A3014 681 @701546/70379
�: 681 >/43. 2�63�74 /70 1C.36/63�74 37 �177379 65/<4� �/615 �7 �.8/<615
��E�	 / 2�51 016/3;10 61.873./; 014.53<63�7 �: 681 <@53�./63�7 65/< �: 681��	����� 01A3.1 34 93A17�

��� ��������
 ��  �
����� 	��
� �177379 65/< 34 /7 1;1.65�2/97163. 65/< �8151 3�74 /51 .�7�710 37 68511
0321743�74 >= 681 4@<15<�4363�7 �: / 46/63. @/05@<�;1 <�61763/; /70 8�D2�917�@4 2/97163. �1;0 (�18��,? (�18��,�7 681 5/03/; 0351.63�7 681 3�74 /51 .�7�710 >= 681 /C3/; 2/97163. �1;0

�! � ! ��� - ���E	
�37.1 / 465�79 2/97163. �1;0 34 51@3510 :�5 681 2/44 41</5/63�7? 36 34 .51/610
>= 21/74 �: / 4@<15.�70@.6379 2/9716� � .�7�712176 37 681 68350? 2/97163.�1;0 0351.63�7 �</5/;;1; 6� 681 65/< /C34? 
D/C34 37 6834 681434	 34 0�71 >= /46/63. @/05@<�;1 1;1.653. �1;0� �834 <�61763/; 8/4 681 :�52

��;�	 � ��
��� ��� ' ��	- ����	

.8151 681 </5/21615 0
� � 	E

� �
�� ' ���

� 	 ����	
34 ./;;10 / .8/5/.6153463. 65/< </5/21615� �834 @/05@<�;1 1;1.653. �1;0 ./7
>1 <5�0@.10 37 6�� 03�15176 �/=4� � �177379 65/< ./7 >1 2/01 �: 68511
8=<15>�;�30/; 1;1.65�014 014.53>10 >=�

� � �� $ E
��� ����	

� � E
� ��� ' ���	 ���F	



���� �������� �� ������ E�

68/6 014.53>1 681 170./<4 /70 681 5379 1;1.65�01 >16�117 6812� ��52/;;=
1C65/ 1;1.65�014? .�551.63�7 1;1.65�014? /51 463;; 711010 6� 2/B1 �71 /0	@46D2176 6� 681 1;1.653./; <�61763/;� �7�6815 �/= 6� .51/61 / @/05@<�;1 1;1.653.�1;0 34 6� @41 / 416 �: .=;37053./; �5379	 1;1.65�014 �68511 �5 2�51	? 411 �9@51
��E� �81 7@2>15 /70 681 ;17968 �: 681 1;1.65�014 01<170 37 </563.@;/5 �7681 43
1 �: 681 5193�7 37 �83.8 �71 �/764 6� 237323
1 839815 �5015 2@;63<�;1
.�7653>@63�74� 	�5 1C/2<;1? 0321743�74 /70 A�;6/914 68/6 8/A1 >117 @410 37
681 <@53�./63�7 �177379 65/< /6 ������� /51 48��7 37 6/>;1 ��E (�/3��,��321743�74 @410 37 681 �177379 65/<4 /6 ��	� /51 4./;10 :5�2 68141 A/;@14�
7 6834 ./41 681 .8/5/.6153463. 65/< </5/21615 8/4 7� 4<1.3�. 21/7379 /70

�;1.65�01 ��'�� ��'��
�70./< ���� ����
��551.63�7 � ���� ���F
��551.63�7 E ���� ����
�379 E��� E�E���551.63�7 E ���� ����
��551.63�7 � ���� ���F
�70./< ���� ����

�/>;1 ��E� ��;6/91 5/63�4 /70 681 ;17968D6�D37715 5/03@4 5/63�4 ��'�� :�5 /.=;37053./; 65/< @410 /6 ������� �8151 ����� 22 �

681 5/63� ��'� 014.53>14 �7;= 681 01<68 �: 681 <�61763/; �1;;� �834 �1;; 34.51/610 37 4@.8 / �/= 68/6 681 .1765/; 1;1.65�01 34 416 6� / 719/63A1 <�617D63/; �8151/4 681 �@615 1;1.65�014 /51 /6 <�4363A1 <�61763/;4� 7 6834 �/= /7/C3/; <�61763/; �1;; :�5 681 3�74 �368 / 23732@2 /6 681 65/< .17615 34 :�5210:�5 <�4363A1;= .8/5910 4<1.314� �834 1;1.65�01 465@.6@51 93A14 681 7/21 :�5 /.=;37053./; �177379 65/<�

��� ���	��� �� ��	���
��63�7 �: / </563.;1 68/6 8/4 / 2/44 2 /70 / .8/591  37 .�2>3710 1;1.653.
/70 2/97163. �1;04 34 014.53>10 >= 681 ��517
 :�5.1

���� � �� ��� �
�! $ ���	- ����	



E� ������� �� ������ �� ���������

	39@51 ��E� ��� 03�15176 6=<14 �: 1;1.65�01 .�7�9@5/63�74 :�5 �177379 65/<4�
�/	 8=<15>�;3. 65/<? �>	 .=;37053./; 65/<� ��551.63�7 1;1.65�014 /51 719;1.61037 6834 <3.6@51 :�5 681 432<;3.36=�

�4379 681 01�7363�7 ���E	 /70

�� � 	
������ ����	

/70
�5 � �

�! ����	
/70 437.1 681 1;1.653. <�61763/; 8/4 / @/05@<�;1 48/<1

�� � ' ��� � �����
�
�
�
�

'�
�
� ����	

681 1@/63�7 �: 2�63�7 ����	 ./7 >1 �536617 /4



���� �������� �� ������ E�

�
�
��
��
�

�
� '�5

�
�

��' ���

�
� ' �

��
�
�
�
�
�

'�
�
� � �- ���E�	


151 �71 ./7 411 68/6 681 5/03/; 2�63�7 34 .�@<;10 /70 681 /C3/; 2�63�7
� $�

�� � � 34 �7;= / 8/52�73. �4.3;;/63�7 �368 / :51@17.= �� 3�1�
 � 1� 437���� $ ��	 ���EE	

�8151 681 /2<;36@01 /70 681 <8/41 01<170 �7 681 37363/; .�70363�74� ���
681 5/03/; </56 �: 681 1@/63�7 ���E�	 ./7 >1 �536617 37 681 :�;;��379 �/=
>= 2@;63<;=379 =D0351.63�7 1@/63�7 >= .�2<;1C � /70 @4379 65/74:�52/63�7� � � $ ��

�� $ ��5 �� ' �
�5
� � � �- ���E�	

�834 8�2�917�@4 03�151763/; 1@/63�7 34 4�;A10 >= @4379 681 /74/6
 � � �6�� �
�81 4�;@63�7 :�5 1@/63�7 ���E�	 34� � 1�6��� $ !�6��� ���E�	
�368

�� � E
� ��5 � ���5 ' ���� 	- ���E�	

�834 ./7 >1 �536617 /9/37 37 7�52/; 51.6/79@;/5 �/56143/7 .��5037/614 /4��
�	 � �6 � .�4��6� $ �6	' 437��6� $ �6		 $ ��

� .�4���� $ �
�
	

' 437���� $ �
�
		 - ���EF	

�8@4 681 5/03/; 2�63�7 34 / 4@<15<�4363�7 �: 6�� .�@<;10 .35.@;/5 2�63�74�
�81= /51 ./;;10 510@.10 .=.;�65�7 2�63�7 /70 2/97165�7 2�63�7 /70 017�610
��

/70 �6? 514<1.63A1;=� ��63�74 /51 48��7 37 �9@51 ���� �81 :�;;��379:51@17.= 51;/63�74 /51 A/;30�
�� $�6 � �5

�
�
� $�

�
6 $�

�� � �
�5

����6 � �
�� ���E�	

�' 
 �� 
 �� 
 �5-



�� ������� �� ������ �� ���������

z-axis

r

r-

r+

magnetron

motion w-

reduced cyclotron

motion w+

axial motion wz

	39@51 ���� ��63�7 �: / <�4363A1;= .8/5910 </563.;1 37 / �177379 65/<� �812�63�7 37 
D0351.63�7 34 / 8/52�73. �4.3;;/63�7 �368 / :51@17.= �� /70 37 6815/03/; 0351.63�7 2�63�7 34 / 4@<15<�4363�7 �: 6�� .35.@;/5 5/03/; 2�63�74? 681
2/97165�7 2�63�7 �368 / :51@17.= �6 /70 681 510@.10 .=.;�65�7 2�63�7�368 / :51@17.= ���



���� ���������� ������� � ������ ��� ������� �E
��� ����	���� ������ � ���
� 	� �������
7 / >@�15 9/4 .��;379 3�7 2�63�7 34 0/2<10 >= 681 .�;;343�74 �368 681 >@�15
9/4 2�;1.@;14� 	�5 3�74 68/6 2�A1 /6 ;�� A1;�.36314 681 /A15/91 0/2<379 :�5.134 (�.���, <5�<�563�7/; 6� 681 A1;�.36= �: /7 3�7���!9#�&	 � '
� ��� ���E�	
/70 681 1@/63�7 �: 2�63�7 >1.�214

�
�
��
��
�

�
� '

�
�
�5 �� ' 
 ��'�5 �� ' 
 ��'
 �

�
� ' �

��
�
�
�
�
�

'�
�
� � �- ���E�	

7 681 /C3/; ./41 681 4�;@63�7 34
��	 � 1���6�  437����� $ ���	 ���E�	

�368
�
�� � 	

��� ' E
�

� - �����	

�70 681 5/03/; </56 8/4 / 4�;@63�7�
��
�	 � �6�&� � .�4���6� $ �6	' 437���6� $ �6		 $ ���&� � .�4����� $ �

�
	

' 437����� $ �
�
		 ����E	

�368
�
�� � �� ��� ; �� � 
�

E�
���� $ 
�

���5 ' ���� 	� �����	
/70

$� � '

�
�
E� �

E$ E�
���� $ 
�
��5 ' ���� �	 - �����	

�8151:�51 681 5/03/; 2�63�7 34 463;; / 4@<15<�4363�7 �: 6�� .35.@;/5 2�63�74�368 :51@17.314 ��
�
/70 ��6� 
��1A15? 68141 :51@17.314 /51 483:610 >= ��.�2</510 6� 681 @70/2<10 ./41� 
��1A15? 37 681 519321 �: 51/; ��5B379

</5/216154 :�5 681 65/< 6834 483:6 34 719;3>;= 42/;;� 6 34 9��0 6� 7�63.1
68/6 �� $ �6 � �5 34 463;; A/;30� 	5�2 681 1@/63�7 �����	 �71 ./7 411
68/6 681 5/03@4 �: 681 510@.10 .=.;�65�7 2�63�7 01./=4 1C<�71763/;;= �368
$� ( '
 /70 681 5/03@4 �: 681 2/97165�7 2�63�7 37.51/414 �368 / 42/;;156321 .�746/76 $6 ( �� ���� � �@1 6� .�7637@�@4 37.51/41 �: 681 2/97165�7 5/03@4/ </563.;1 �3;; >1 1A176@/;;= ;�46�



�� ������� �� ������ �� ���������

��� ������� �� ����		���
7 �5015 6� >1 />;1 6� 2/73<@;/61 3�7 2�63�7 37 9/4 37 / �177379 65/< /70 51D2�A1 681 @7�/7610 34�>/54 /
32@68/; 03<�;1 /70 @/05@<�;1 5/03�D:51@17.=�1;04 /51 @410� �8141 �1;04 /51 .51/610 >= @4379 / 419217610 .1765/; 1;1.D65�01? 411 �9@51 ����

	39@51 ���� �1715/63�7 �: 681 �4.3;;/6379 /
32@68/; 1;1.653. 03<�;1 �1;0 �;1:6	/70 681 @/05@<�;1 �1;0 �53986	 37 �177379 65/< @4379 :�@5 4<;36 419217610
5379 1;1.65�01�
�8141 1C.3610 2�63�74 /51 4�;A10 >= 3765�0@.379 71� </5/216154 (-5���,

��� � � ��� '�� �� � ��� ; �����	
�8151 �� � /70 �� 6 /51 681 A1;�.36314 37 681 .��5037/61 4=46124 68/6 /51 2�A379�368 681 A1;�.36314 �6 �� � ��� /70 �� �� � ��� � ��� @4379 6834 71� 7�6/63�7 681
5/03/; </56 �: 681 1@/63�7 ���E�	 ./7 >1 �536617

��� � � �� �� � � ��� � � �� ��
�� �8 	 � �

��� �8'��� �� 	 - ����F	

7A1541 65/74:�52/63�7 376� �/56143/7 .��5037/614 34 0�71 A3/

� � '� �8 ' � 68
�� '�6

/70 � � � �� ' � 6�
�� '�6

- �����	



���� ������� ��� ���������� ��

�37.1 681 /C3/; 2�A12176 34 7�6 /�1.610 >= 681 5/03�D:51@17.= 1C.36/63�7?36 34 7�6 034.@4410 /6 /;; 37 03<�;1 �5 @/05@<�;1 1C.36/63�74�

����
 ����� ����������
� 03<�;1 �1;0 34 .51/610 �817 681 �4.3;;/6379 A�;6/91 34 .�771.610 6� 681
�<<�4361 8/;: 1;1.65�014 37 4@.8 / �/= 68/6 A�;6/914 /51 E��� <8/41 483:610.�2</510 6� 1/.8 �6815� ��� 681 1@/63�7 �: 2�63�7 68/6 37.;@014 0/2<379/70 681 03<�;1 �1;0 �3;; >1

�� �� �
�� �8 � ��� �8'��� �� '- ���� �� '�6� 6� 	'- ���� �8 '�6� 68 	$�� .�4���#� $ ��# 	 �����	

�368
�� � / �����

/70 - � 

�� '�6

- �����	
�81 </5/21615 / 34 / 91�2165= :/.6�5 68/6 014.53>14 01A3/63�74 :5�2 681 301/;1;1.653./; <�61763/; /70 681 � 34 681 2/C32@2 A/;@1 �: ��# /6 5/03@4 �� � �81411@/63�74 ./7 >1 4�;A10 >= 4166379 �� ���	 � �1���	�����	 �
	� � �C<5144379
681 .�4371 37 1C<�71763/; :@7.63�74 /70 719;1.6379 681 8398D:51@17.= 61524(-�;��,? 3�1� ����������? �������	� /70 37 681 ./41 �: /7 1C.36/63�7 /;4� /;;
61524 �368 ��� '�6	? /70 @4379 681 /44@2<63�7 �: .35.@;/5 2�63�7 (���7�F,1�8 � ��1�� � ��1� �71 �>6/374

��# ( �� �
�
�1� � '-��1� ' ���� �6�����6��� �
�6
��
�16 � -�616 �����	

��# ( �6 �
�
�1� � '-��1�
�16 � -�616 $ ���� �6�����6��� �
�6
�� - �����	

�1524 68/6 .�76/37 681 1C<�71763/; :@7.63�7 014.53>1 681 1C.36/63�7? 681 6��
�6815 1@/63�74 014.53>1 681 >18/A3�@5 �: 2/97165�7 /70 510@.10 .=.;�65�7
2�63�74 �368�@6 1C.36/63�7? 3�1� 7�52/; 95��68 /70 01.51/41 �: 681 5/03@4�
��� .�7.1765/6379 �7 681 1C.36/63�7 �1 ./7 .�2>371 681 <51A3�@4 514@;6 6�

�1� ' $�1� � ���
� ����	 ����E	



�� ������� �� ������ �� ���������

�368
$� � �-��

�� � ������
�6
	� �����	
��� � ����# '��	-

�834 03�151763/; 1@/63�7 ./7 >1 4�;A10 >= @4379 �/<;/.1G4 65/74:�52/63�7
���	 � � �� 1��	�6# ��� �71 �>6/374

����	 � 1���	
� ' $� $ ���

�
E

$� ' ���� � E
$� '� $ E

� ' ����� - �����	

7A1541 65/74:�52/63�7 ./7 >1 0�71 >= @4379 ./;.@;@4 �: 51430@14� �81 4�;@D63�7 34
1���	 � 1���	�&	 $ ���

�
�����	 ' �&	 

$� ' ���� 	 - �����	

�71 ./7 411 68/6 37 681 432<;146 ./41 �817 $� �� � /70 �� � �? 681 1@/63�7
�����	 >1.�214

�� � ����	�&	 ����F	
�8151 � � 1'��� ' �6	� �834 014.53>14 8�� 681 5/03@4 �: 681 2/97165�72�63�7 37.51/414 /70 681 510@.10 .=.;�65�7 2�63�7 01.51/414�
7 ./41 $� � � /70 �� �� � �71 9164 :5�2 1@/63�7 �����	 68/6
�� � E

�� '�6
�1���	� $ �����

�� 437< ����
� �	$ E

�
�����
�� 437� �����	

$1���	 ����� ��� .�4����	 437� ����
� �	 ' 437����	 437�����		� �

�����	
�8151 �� � ��# ' ��� 	5�2 1@/63�7 �����	 �71 ./7 411 68/6 681 2�63�7 34	@46 �4.3;;/63�7�
� 68350 ./41? �8151 $� �� � /70 �� �� �? �817 /44@2379 68/6 ��� � �

�3;; 514@;6 37

����	 � E
�� '�6

��1���	�&	 $ ��
�
��	� $ ���

� ��	��
�

�����	



���� ������� ��� ���������� �F

�368
� �� $� 437����	���� ��&	 ' .�4�����	�
� ����� 437����	� $� ��&	 ' .�4�����	� �����	� ���

�� $ $��-
.817 � � � �71 �>6/374 :5�2 681 1@/63�7 �����	 68/6 681 2/97165�7

5/03@4 37.51/414 �368�@6 ;3236 ��9@51 ���	 /70 681 510@.10 .=.;�65�7 5/03@4/<<5�/.814 364 2/C323@2 A/;@1 ��9@51 ��F	�

���� ��	 � E
�

�����
�� ' $�� E

�� '�6
- �����	

	39@51 ���� �/03@4 �: / 2/97165�7 2�63�7 �6 :�5 �6 03<�;1 1C.36/63�7 /4/ :@7.63�7 �: 1C.36/63�7 6321 37 @7364 �: 
 � �3�15176 ;3714 37 681 �9@51.�5514<�70 6� 03�15176 1C.36/63�7 :51@17.=? 3�1� 016@7379 �: ��# � ��;30
;371� ��#��6? 0/4810 ;371� ��#��6$F��� /70 0�6610 ;371� ��#��6$E���� ��@2>154 @410 37 �9@51� �5 � ������ � �� 

? �� � ��FFFE � �� 

 /70
�6 � E�EF��� 

� �8141 /51 681 51/; :51@17.314 :�5 681 7�<
1� 3�7 37 ��14;/2/97163. �1;0 �: ��	������ �6815 </5/216154 �6��	�� /70 �� � -�5 �



�� ������� �� ������ �� ���������

	39@51 ��F� �/03@4 �: / 510@.10 .=.;�65�7 2�63�7 �� :�5 �� 03<�;1 1C.3D6/63�7 /4 / :@7.63�7 �: 1C.36/63�7 6321 37 @7364 �: 
 � �3�15176 ;3714 37 681�9@51 .�5514<�70 6� 03�15176 1C.36/63�7 :51@17.=? 3�1� 016@7379 �: ��# � ��;30;371� ��#���? 0/4810 ;371� ��#���$F��� /70 0�6610 ;371� ��#���$E���� ��@2>154 @410 37 �9@51� �5 � ������ � �� 

? �� � ��FFFE � �� 

 /70
�6 � E�EF � �� 

� �8141 /51 681 51/; :51@17.314 :�5 681 7�<
1� 3�74 37 ��14;/ 2/97163. �1;0 �: ��	������ �6815 </5/216154 �6��	�� /70 �� � -�5�
����� ���������� ����������
��� 681 1@/63�7 �: 2�63�7 68/6 37.;@014 0/2<379 /70 681 @/05@<�;1 �1;0�3;; >1

�� �� �
�� �8 � ��� �8'��� �� '- ���� �� '�6� 6� 	'- ���� �8 '�6� 68 	$��� �� ' � 6� 	$��� 68 ' � �8 	 �����	

�368
� � �� .�4���#� $ ��# 	 /70 �� � �����

�

�
/

�� '�6
- ����E	

�81 1@/63�7 ���� �3;; >1 4�;A10 37 / 4323;/5 �/= /4 03<�;1 1C.36/63�7� �71@414 681 /74/6

�� ���	 � �1��	�����	�
	� �����	



���� ������� ��� ���������� ��

/70 681 4/21 /<<5�C32/63�7 /4 3765�0@.10 37 681 ./41 �: 03<�;1 1C.36/63�7��..�50379 6� (���7�F, �71 �>6/374
����	 �����

�6�  �����	 .�48�������	
� ����	(-�5 $ ����# '�5	, $ �����

����� �����	

� 4378�������	��� � ���6��� �����8151 ����	 /51 681 37363/; 5/03@4 :�5 681 510@.10 .=.;�65�7 2�63�7 /70 2/9D7165�7 2�63�7 /70
�� � ������6 �����	

��� � E
�����# '�5	� $ �-�5 � ��	� ����F	

� � E
� ��� $ �6	 �����	

�� � /5.6/7 ���# '�5-�5 � ��	 - �����	

7 681 ./41 �: 0/2<379 �7;= �� � �? 3�1� �368�@6 �4.3;;/6379 1;1.653. �1;0�
�81 1@/63�7 �����	 510@.14 6� 1@/63�7 ����F	 /4 36 48�@;0 0�� 7 ./41 �: 7�
0/2<379? 3�1� 
 � �? �71 �>6/374

�� � �����
���	 .�4���� �	� ����	����
 437���� �	����

�����	
�83.8 48��4 8�� 681 2/97165�7 /70 510@.10 .=.;�65�7 2�63�7 /51 >�@70
6�916815 /70 8�� �71 2�63�7 65/74:�524 6� /7�6815 <153�03./;;=? 411 �9@514
��� /70 ����
7 681 ./41 �: / 514�7/7.1 �8151 ��# � �5 681 1@/63�7 �����	 >1.�214

����	 �����
�6�  �����	 .�48�������	
� ����	-�5 $ �����

����� 4378�������	� ����
�����	

�8151
�� � E

��-���5 ' ��� - ���F�	



�� ������� �� ������ �� ���������

	39@51 ���� �1A1;�<2176 �: 681 5/03@4 37 681 ./41 �: 
 � � �7� 0/2<379	
:�5 510@.10 .=.;�65�7 2�63�7 �� /70 2/97165�7 2�63�7 �6 /4 / :@.63�7 �:1C.36/63�7 6321 37 @7364 �: ��'� �

(a) (b)

	39@51 ���� ��7A1543�7 �: 2/97165�7 2�63�7 376� 510@.10 .=.;�65�7 2�63�737 / @/05@<�;1 1C.36/63�7 /6 681 514�7/7.1 :51@17.=� �81 �546 8/;: �: 681.�7A1543�7 34 37 /	 /70 681 41.�70 8/;: �: 681 .�7A1543�7 37 >	�



���� ������� ��� ���������� ��
��� 681 43
1 �: -�5 .�2</510 6� �� �3;; 014.53>1 8�� 681 0/2<379 >18/A14�7 681 �546 ./41 �� 
 -�5� ��� �� 34 51/;� �81 0/2<379 01<1704 �7 681
6321 .�746/76 $� � '�� $ �� � : 
'� 
 �� 681 5/03@4 �: >�68 2�63�74 �3;;37.51/41 37 6321� �834 34 681 ./41 � 37 �9@514 ���? ��� /70 ��E� �8��1A15?
6834 37.51/41 34 4� 42/;; 68/6 36 34 7�6 �1;; A343>;1	� .817 
'� � �� ? 3�1��� � ��-�� 681 5/03@4 �3;; 512/37 .�746/76 �./41 -	� : 
'� � �� 681 6321.�746/76 >1.�214 719/63A1 /70 681 5/03@4 �: 681 2�63�7 �3;; 01.51/41 �./41
�	�.817 �� � -�5? 681 6321 .�746/76 8/4 / 2/C32/; 719/63A1 A/;@1? �83.821/74 68/6 681 01./= �: 681 /2<;36@01 �3;; >1 2/C32/;� �834 34 51:15510 /4./41 ��
7 681 ./41 �: �� � -�5? �� �3;; >1 .�2<;1C �./414 � /70 		� 6 34 .;1/5

68/6 681 37.51/41 �: 681 �� /:615 681 .�70363�7 �� � -�5 �3;; 7�6 2/B1 68101.51/41 �: 681 /2<;36@014 :/4615� �834 21/74 68/6 68151 34 /7 �<632/; A/;@1:�5 ��# :�5 .17615379 681 3�74�

	39@51 ���� �321 .�746/76 $� 37 @7364 �: 
 /4 / :@7.63�7 �: �� 37 @7364 �: -�5 ��3�15176 �� A/;@14 /51 �� �� � 77���-�� ? -� �� � ��-�� ? �� �� � ���-�� ?
�� �� � -�5? 	� �� � 777�-�5? �� �� � �<-�5 � 	�5 /;; ./414 �5 � ��������� 

?
�� � ��FFFE��� 

? �6 � E�EF��� 

? �� � F������� 

� �8141 /51 68151/; :51@17.314 :�5 681 7�<
1� 3�74 37 � �14;/ 2/97163. �1;0 �: ��	������



�� ������� �� ������ �� ���������

	39@51 ���� �1A1;�<2176 �: 681 2/97165�7 5/03@4 �6 �368 03�15176 �� A/;@1437 @/05@<�;1 1C.36/63�7 /4 / :@7.63�7 �: 1C.36/63�7 6321 37 @7364 �: 
 � ���� � 77���-�� ? -� �� � ��-�� ? �� �� � ���-�� ? �� �� � -�5? �� �� �
777�-�5 ? 	� �� � �<-�5 � 	�5 /;; ./414 ����	 � �6��	? �5 � ������ � �� 

?
�� � ��FFFE��� 

? �6 � E�EF��� 

? �� � F������� 

� �8141 /51 68151/; :51@17.314 :�5 681 7�<
1� 3�74 37 � �14;/ 2/97163. �1;0 �: ��	������



���� ������� ��� ���������� �E

	39@51 ��E�� �1A1;�<2176 �: 681 510@.10 .=.;�65�7 2�63�7 5/03@4 �� �36803�15176 �� A/;@14 37 @/05@<�;1 1C.36/63�7 /4 / :@7.63�7 �: 1C.36/63�7 6321 37@7364 �: 
 � �� �� � 77���-�� ? -� �� � ��-�� ? �� �� � ���-�� ? �� �� � -�5 ?�� �� � 777�-�5? 	� �� � �<-�5� 	�5 /;; ./414 ����	 � �6��	? �5 � ������ ���

? �� � ��FFFE � �� 

? �6 � E�EF � �� 

? �� � F���� � �� 

��8141 /51 681 51/; :51@17.314 :�5 681 7�<
1� 3�74 37 � �14;/ 2/97163. �1;0�: ��	������



�� ������� �� ������ �� ���������

7 �9@51 ��EE �71 ./7 411 681 03�1517.1 >16�117 7�D1C.36/63�7 /70@/05@<�;1 1C.36/63�7 /6 681 .=.;�65�7 :51@17.= �5 �: 681 2�63�7 �: /73�7 37 / >@�15D9/4 �;;10 �177379 65/<� ��D1C.36/63�7 ./41 34 .;�41 6� 681 ./41� 37 �9@514 ���? ��� /70 ��E� �8151 681 1C.36/63�7 �/4 0�71 �368 / 6�� 42/;;/2<;36@01� �7 681 �6815 8/70? 681 1C.36/63�7 ./41 .�5514<�704 6� � �5 ��

(a) (b)

	39@51 ��EE� �7 2�63�7 37 5/03/; <;/71 37 / >@�15 9/4 �;;10 �177379 65/<�
�/	.368�@6 1C.36/63�7? 5/03@4 �: 681 510@.10 .=.;�65�7 2�63�7 01.51/414 /70
5/03@4 �: 681 2/97165�7 2�63�7 37.51/414� �>	 �@/05@<�;1 1C.36/63�7 /6 681514�7/7.1 :51@17.= �5� �@1 6� 681 .�7A1543�7 �: 681 2/97165�7 2�63�7 376�681 510@.10 .=.;�65�7 2�63�7 5/033 �: 681 >�68 2�63�74 /51 01.51/4379�

��� ������� ��� �
��	���
4�>/53. 41</5/63�7 �: 3�74 37 / �177379 65/< 34 >/410 �7 681 2/44D41;1.63A11C.36/63�74 37 / >@�15 9/4� �4 48��7 1/5;315 681 6�� 03<�;1 1C.36/63�74 ./7 >1@410 6� 37.51/41 681 5/033 �: �5>364 �: 3�74 37 681 65/<� �37.1 681 2/97165�7
1C.36/63�7 34 2/44 3701<170176 �681 510@.10 .=.;�65�7 1C.36/63�7 34 2/4401<170176	 36 34 @410 6� 37.51/41 681 5/03@4 �: 3�7 2�63�7� �:615 681 37.51/41
�: 2/97165�7 5/03@4 681 2/97165�7 1C.36/63�7 34 4�36.810 6� / @/05@<�;11C.36/63�7 37 .=.;�65�7 :51@17.=� �834 2/44 01<170176 :51@17.= �3;; 681751D.17615 68�41 3�74 68/6 8/A1 6834 </563.@;/5 �5 � �!'�� .817 681 3�74
/51 6817 1	1.610 :5�2 681 65/< 685�@98 / 42/;; 8�;1 681 @7�/7610 3�74 68/6
8/A1 463;; ;/5915 2/97165�7 5/03@4 /51 >;�.B10 /70 �7;= .1761510 3�74 /511C65/.610 �@6� �834 :1/6@51 ./7 >1 @410 37 2/44 21/4@512176 >= 4./77379



���� �������������� ������ �� ������� ������ ��

	39@51 ��E�� ��@76 5/61 :�5 ��EE� /4 / :@7.63�7 �: 681 .=.;�65�7 :51@17.=/:615 681 2/97165�7 /70 .=.;�65�7 1C.36/63�74� �<1.65@2 34 21/4@510 �368
/7 ��� 0161.6�5 /6 ��	������

681 65/7423443�7 .�@76 5/61 /4 / :@7.63�7 �: .=.;�65�7 :51@17.=� �7 1C/2<;1
�: / :51@17.= 4./7 34 4117 37 �9@51 ��E� /70 ;/615 37 681 .8/<615 � 37 41A15/;�9@514�
	5�2 681 .17615 :51@17.= �: 681 <1/B �71 ./7 010@.1 681 2/44 �: 681

3�7 >= @4379 681 51;/63�7 �5 � 7�� �!'�� �834 34 <�443>;1 437.1 681 2/97163.�1;0 34 .�746/76�

��� ���
���������	 �
	��� 	� �
���
 ���
�
�321D�:D�3986 2168�0 �/4 3765�0@.10 37 E�F� (-;�F�, /70 �/4 @410 :�5 681�546 6321 37 E���G4 :�5 / 0351.6 01615237/63�7 �: 681 <5�6�7D6�D1;1.65�7 2/445/63� (�5/��,� 7 6834 61.873@1 /7 34�>/53./;;= <@51 42/;; 4/2<;1 �: 3�74 �5/ 4379;1 3�7 34 37	1.610 376� / �177379 65/< �83.8 34 37 /4 9��0 A/.@@2 /4
<�443>;1� ��;0 65/<<10 3�74 /51 �546 1C.3610 �368 /7 /
32@68/; �	 �1;0 37/ 03<�;1 2�01 /6 2/97165�7 :51@17.=� �834 �3;; 37.51/41 681 5/03@4 �: 681



�� ������� �� ������ �� ���������

�5>36 �: 681 2/97165�7 2�63�7� �:615 6834 681 3�74 /51 1C.3610 37 / @/05@<�;1
2�01 0@5379 681 6321 %�# � �'�� � : 681 1C.36/63�7 :51@17.= ��# � �5 ? 6834.�7A1564 681 2/97165�7 2�63�7 6� 681 510@.10 .=.;�65�7 2�63�7 /4 36 34 48��7/;51/0= 37 �9@51 ���� �37.1 681 510@.10 .=.;�65�7 :51@17.= 34 2@.8 839815
68/7 681 2/97165�7 :51@17.= 6834 .�7A1543�7 �3;; 37.51/41 05/463./;;= 6815/03/; 17159= �: 681 3�74� �834 .8/791 34 /<<5�C32/61;= (���7�F,

��� ( �
�
���� ���FE	

�8151 �� 34 681 5/03@4 /:615 681 2/97165�7 1C.36/63�7� 	�5 681 ��D514�7/7.1./41 681 .�7A1543�7 �3;; 7�6 8/<<17 .�2<;161;= /70 68@4 681 37.51/41 �: 681
5/03/; 17159= 34 42/;;15� �8151:�51 6834 :1/6@51 ./7 >1 @410 6� 016152371 681.=.;�65�7 :51@17.=� 7 91715/; 681 5/03/; 17159= 8/4 681 :�52

�� � 437����%�# 	
�
�� ���F�	

�368
�� � E

�����# '�5	� $ ���	� - ���F�	
�7 1C/2<;1 �: 681 48/<1 �: 1@/63�7 ��F� 34 48��7 37 �9@51 ��E�� �81681�5163./; �3068 �: 681 .1765/; <1/B :�5 %�# � �'�� /..�50379 6� (���7�F, 34

�� ( �-�
%�#

- ���F�	

�71 8/4 6� 51212>15 68/6 681 <51A3�@4 :�52@;/63�7 34 65@1 �7;= 37 681 A/.D@@2� 7 681 51/; ./41 68151 34 /;�/=4 4�21 5146 9/4 <514176� 68@4 �71 48�@;0@41 681 1@/63�7 ���F 37461/0 �: ��F�� �834 �3;; 6817 ./@41 �3017379 �: 681
<1/B4 37 �9@51 ��E�? 3�1� 510@.1 681 2/44 514�;@63�7� �7�6815 68379 68/6./@414 0346�563�74 :�5 681 <1/B 48/<1 /51 681 1;1.653./; �1;0 32<15:1.63�74�
�8141 32<15:1.63�74 �3;; 7�6 .8/791 681 .1765/; :51@17.= 3641;:? >@6 �3;;./@41 /4=221653. 514�7/7.1 .@5A14 (-�;��,��:615 681 1	1.63�7 �: 681 3�74 681= :11; / :�5.1 0@1 6� 681 95/03176 �: 6812/97163. �1;0 �817 681 5/03/; 2�63�7 37615/.64 �368 681 2/97163. �1;0

�� � '��� �� � �!	 � '��!
�!
�

��� - ���FF	
�834 :�5.1 �3;; /..1;15/61 681 3�74 /70 4� 510@.1 681 6321 711010 6� �=:5�2 681 65/< 6� 681 0161.6�5� �81 6321D�:D�3986 ./7 >1 �>6/3710 :5�2 681



���� �������������� ������ �� ������� ������ �F

	39@51 ��E�� �/03/; 17159= �� /6 681 170 �: 681 @/05@<�;1 1C.36/63�7 /4 /:@7.63�7 �: 016@7379 �: :�5 %�# � �'�� �
51;/63�7

%��� � � �7
�� � � �

���� ' �� �	 '�� ���# 	!�	'!	�73� ���F�	

�8151 �� 34 681 37363/; /C3/; B37163. 17159= �: 681 3�7? ��
	 34 681 1;1.65�46/63.
<�61763/;? -�
	 34 681 2/97163. �1;0 /;�79 681 �3986 </68 /70 - 34 681 2/9D
7163. �1;0 37 681 65/< /6 1C.36/63�7 5193�7� �7 1C/2<;1 �: / ��	 4<1.65@2./7 >1 4117 37 �9@51 ��E��



�� ������� �� ������ �� ���������

	39@51 ��E�� �C/2<;1 �: / 6321D�:D�3986 4<1.65@2 �: ���>� 21/4@510 /6
��������



������� �

������������ ������

�81 65/< >@3;6 :�5 ���� 34 / 0�@>;1 �177379 65/< 68/6 34 01439710 6�
32<5�A1 681 <@536= /70 681 @/;36= �: ���� >1/24 /4 �1;; /4 6� 0� <51.343�721/4@5121764 �: /6�23. 2/4414 �: 1C�63. 34�6�<14� �81 �546 65/<? 681 4@>	1.6
�: 6834 681434? /..1<64 >@7.810 /70 .��;10 >1/2 :5�2 681 �	� 65/< /70
2/B14 681 34�>/53. 2/44 <@53�./63�7� �8141 <@51 >@7.814 �: 3�74 /51 6817
1C65/.610 /70 65/74<�5610 6� 681 1C<1532176/; 416 @<4 �5 6� 681 41.�70 65/<
68/6 �3;; >1 @410 37 2/44 21/4@5121764 37 681 :@6@51� �A15A31� <3.6@51 �:
681 >1/2 ;371 �8151 �	� /70 65/<4 /51 436@/610 34 48��7 37 �9@51 ��E�

��� ���
�	��� �
� ���

�81 >1/2 ;371 >16�117 681 �	� .��;15�>@7.815 /70 681 �177379 65/< 34
48��7 37 �9@51 ���� 7 681 37	1.63�7 ;371 68151 34 / 0�@>;1 C=D01�1.6�5 /70/7 �37
1; ;174 322103/61;= /:615 681 1	1.63�7 :5�2 681 �	� .��;15�>@7.815?/70 /7�6815 0�@>;1 C=D01�1.6�5 /70 / 4<1.3/; �37
1; ;174 	@46 >1:�51 68137	1.63�7 6� 681 65/<� �81 301/ 34 68/6 �368 / 0�@>;1 C=D1;1.65�014 �71 ./7483:6 681 >1/2 </5/;;1; 6� 681 �<63./; /C34 /70 68@4 >1 />;1 6� 17615 681
�37
1; ;174 0351.6;= /6 681 .17615 �: 681 1;1.65�01� �834 34 32<�56/76 437.10@1 6� / 465�79 2/97163. �1;0 681 37	1.63�7 376� 681 65/< 34 03�.@;6 /70 681
3�7 65/	1.6�5314 48�@;0 >1 .;�41 6� 681 2/97163. �1;0 ;3714 /6 681 1765/7.1�

��1A15? 681 4<1.3/; �37
1; ;174 	@46 >1:�51 681 �546 65/< 1;1.65�014 34 7�651/;;= �<15/6379 /4 /7 �37
1; ;174 >@6 /4 / 01.1;15/63�7 1;1.65�01 68/6 /;4�461154 681 >1/2 376� 681 65/< <5�<15;=�

��



�� ������� �� ������������ ������

	39@51 ��E� ��< A31� �: 681 �	� /70 681 �177379 65/<� E� �	�.��;15�>@7.815? �� 7	1.63�7 >1/2 ;371 6� 681 65/< ? �� �5/< 4=4612? ��
�	1.63�7 >1/2 ;371�

��� �
�	 ��� �����

�81 6146 3�7 4�@5.1 34 / .�2215.3/; 1;1.65�7 32</.6 3�7 4�@5.1 2/01 >=
-/;
154� �81 3�7 4�@5.1 .�743464 �: / 6@794617 �;/2176 /70 /7 3�73
/63�7.8/2>15 68/6 /51 /6 03�15176 A�;6/914 ��9@51 ��� /70 6/>;1 ��E	� � .@55176
�: �D� � 34 /<<;310 6� 681 �;/2176 6� 81/6 1;1.65�74 �@6� �8141 1;1.65�74/51 6817 /..1;15/610 376� 681 3�73
/63�7 .8/2>15 37 �83.8 681 9/4 34 /;4�
:10 37� �834 .8/2>15 8/4 / <�4363A1 A�;6/91 .�2</510 6� 681 �;/2176� �811;1.65�7 �@C �3;; 3�73
1 681 9/4 /6�24 �83.8 6817 /51 /..1;15/610 >= / 416
�: /..1;15/63�7 /70 ;174 1;1.65�014� �81 @/;36= �: 681 >1/2 �: 6834 3�7
4�@5.1 34 7�6 A15= 9��0� �8151:�51 6834 4�@5.1 34 �7;= @410 37 6146379 681 3�7
�<63.4� �81 2/37 <5�>;12 34 68/6 681 .�71 /79;1 �: 681 >1/2 68/6 36 .51/614
34 ( ��� �81 �6815 <5�>;12 34 68/6 681 4�@5.1 71104 / 4�36.8 >�C �: 364 ��7:�5 364 A�;6/91 �7 /70 �� �<15/63�7� �37.1 7� 1C65/ 4�36.8 >�C �/4 /A/3;/>;1
681 3�7 4�@5.1 �/4 <@;410 �368 681 4/21 >�C /4 681 37	1.63�7 �/;; �: 681
<@53�./63�7 �177379 65/<� �834 21/76 68/6 �817 681 �/;; .;�414 4�21 �: 681
3�74 463;; 836 681 �/;; .51/6379 1;1.65�74 68/6 �151 6817 65/<<10 37 681 ;�./;
<�61763/; 2/C32@2 �: 681 37	1.63�7 �/;; /51/� �8141 1;1.65�74 6817 3�73
10



���� ��������������� ������ ��

	39@51 ���� ��< A31� �: 681 .�771.6379 >1/2 ;371 >16�117 681 �	� /70 681
�177379 65/<� E� ��@>;1 C= 01�1.6�5? �� �37
1; ;174? �� �/;A1? �� -1;;��4? F�74@;/6�5? �� �146 3�7 4�@5.1? �� ��@>;1 C=D01�1.6�5? �� �@2<379 .8/2>15�368 ��� /70 	�? �� -1;;��4? E�� �37
1; ;174? EE� 74@;/6�5? E�� �;@9.8/2>15�
9/4 2�;1.@;14 �83;1 .35.@;/6379 37 681 2/97163. �1;0� �8141 71� 3�74 6817
0346@5>10 681 21/4@5121764� �� 68/6 7� 51;3/>;1 /70 46/>;1 65/< �<15/63�7.�@;0 >1 51/.810� 
��1A15? 681 4�@5.1 �/4 4@..144:@;;= /<<;310 6� 681 �6/70 �� 1C.36/63�7 �: 
1 3�74? 411 �9@514 ��E /70 ����

�;1.65�01 �(�,
�8/2>15 ���
	3;/2176 D���C65/.63�7 D����174 1;� E /70 � DE���174 1;� � D��

�/>;1 ��E� �=<3./; A�;6/914 /<<;310 6� 681 6146 3�7 4�@5.1�

��� ���
�������	��� ���
	
�81 ;/59146 </56 �: 681 ��	����� 34 681 4@<15.�70@.6379 2/9716 68/6 34@410 6� .51/61 681 2/97163. �1;0 :�5 681 �177379 65/<� �834 ��� � /.63A1;=



�� ������� �� ������������ ������

Filament

Chamber

Extraction

Lens

Gas

Beam

	39@51 ���� �.812/63. 05/�379 �: 681 6146 3�7 4�@5.1�

4.511710 2/9716 4=4612 34 2/01 >= �/971C �.31763�. �60 (�/9��,� 6 8/4/ �/52 >�51 �368 / 03/21615 ��E�� 22 /70 / ;17968 ��E�E� 22� �8342/9716 8/4 6�� E .24 8�2�917�@4 2/97163. �1;0 5193�74 /6 E� .2 0346/7.16� >�68 0351.63�74 :5�2 681 2/9716 .17615� 7 68141 5193�74 681 8�2�917136=
�: 681 2/97163. �1;0 34 >1;�� E�6. /70 E�6�? 514<1.63A1;=� �81 <;�6 �: 6812/97163. �1;0 34 48��7 37 �9@51 ����
�81 2/9716 .�3;4 2@46 >1 .��;10 6� ;3@30 81;3@2 612<15/6@51 6� 51/.8

4@<15.�70@.6379 46/61� �8151 /51 6�� 41</5/61 .5=�46/64 �71 :�5 ;3@30 81;3@2/70 /7�6815 :�5 ;3@30 7365�917� �8135 A�;@214 /51 ��� ;36154 /70 ��� ;36154?
514<1.63A1;=� �81 ;3@30 7365�917 34 �7;= @410 6� .��; 681 �@64301 �: 681;3@30 81;3@2 .5=�46/6 6� 237323
1 681 ;3@30 81;3@2 .�74@2<63�7� �834
34 0�71 437.1 E ;3615 �: ;3@30 7365�917 .�464 681 4/21 /4 �71 ;3615 �: 23;B/70 ;3@30 81;3@2 34 EF 63214 2�51 1C<1743A1� �81 2/9716 .�74@214 />�@6
E�� ;36154 �: 81;3@2 /70 E� ;36154 �: 7365�917 <15 0/=� �3@30 81;3@2 .5=�46/62@46 >1 �;;10 />�@6 1A15= E��DEF� 0/=4 6� B11< 681 2/9716 4@<15.�70@.6379��3@30 7365�917 .5=�46/6 2@46 >1 �;;10 1A15= 6�� �11B4 �2/7@:/.6@515 93A14
9@/5/7611 :�5 E�� 0/=4 /70 E� 0/=4? 514<1.63A1;=	�

��� ���� ���	�
 ��	����
�@5379 7�52/; �<15/63�7? 681 
� <;/6:�52? �83.8 /..�22�0/614 681 �	�.��;15�>@7.815 /70 681 �177379 65/< /4 �1;; /4 681 .�771.6379 >1/2 ;371?
34 416 6� �� B�� 7 /00363�7? 681 <�61763/; �: 681 .�771.6379 >1/2 ;371 34



���� ��������� ��������� ��� ������ �E

	39@51 ���� 	31;0 <;�6 �: 681 4@<15.�70@.6379 2/9716 @410 6� .51/61 681
2/97163. �1;0 :�5 681 �177379 6/5<�
;��1510 >= ��� � .�2</510 6� 681 
� <;/6:�52 �: 681 2/9716 3641;:� 7 ��D;371 46@0314 �368 / 6146 3�7 4�@5.1 681 
� <;/6:�52 ./7 /;4� >1 416 6� / ;��15
<�61763/;� �81 �53937/; <;/7 �/4 6� @41 �� B� 37 681 8398 A�;6/91 <;/6:�52?
>@6 37 68/6 A�;6/91 5193�7 68151 �151 4</5B4 1A15= 7�� /70 6817 /70 68@4
681 
� 8/0 6� >1 ;��1510 6� 681 ;1A1; �: �� B��

��� ��
�	���
 �	���	��
 �� �����
�81 A/.@@2 6@>1 374301 681 >�51 �: 681 2/9716 34 2�@7610�368 /7 /0	@46/>;14@<<�56 6� /;;�� 681 /;3972176 �: 681 6@>1 /;�79 681 2/97163. �1;0� �834�/4 0�71 >= @4379 / 4<1.3/; 01A3.1 37415610 376� 681 A/.@@2 6@>1� 7 6834
01A3.1 1;1.65�74 �151 .51/610 >= 81/6379 681 �;/2176 /6 681 2/9716 .17615/70 /..1;15/610 6��/504 0161.63�7 <;/614? 411 �9@51 ��F� �8141 1;1.65�74 8/0
6� 65/A1; /;�79 681 2/97163. �1;0 ;3714 685�@98 / <37 8�;1 �03/21615 ����F
22? /6 >�68 43014? F .2 0346/7.1 :5�2 681 .17615	 6� 681 419217610 0161.6�5
<;/614 �83.8 /;4� 8/0 <37 8�;14 /6 681 .17615 ������ 22? >�68 43014 /6 F�
.2 0346/7.1 :5�2 681 2/9716 .17615	� �8141 419217610 0161.6�5 <;/614 �151/6 >�68 1704 �: 681 A/.@@2 6@>1� -= .�2</5379 681 1;1.65�7 .@55176 /6
681 41921764 �71 .�@;0 14632/61 681 <�4363�7 �: 681 6@>1 374301 681 2/9716�



�� ������� �� ������������ ������

�17615379 681 6@>1 51@3510 /0	@46379 681 1704 37 4@.8 / �/= 68/6 681 .@55176
685�@98 >�68 ��� 22 <37 8�;14 �: 681 419217610 <;/614 8/0 364 2/C32@2�

Magnet

Filament

Vacuum

tube
Detector

Segmented

plate

Magnetic

field

	39@51 ��F� �.812/63. <3.6@51 �: 681 /;3972176 01A3.1�

�81 1;1.65�01 465@.6@51 �: 681 �177379 65/< 34 2/01 �: 9�;0 <;/610 .�<D
<15 .=;370154 /70 /;@2373@2 �C301 374@;/6�54 >16�117 6812� �81 465@.6@51.�743464 �: 41A17 4@>41921764 68/6 /51 >�@70 6�916815 �368 8�;0154 /70 >/54
2/01 �: /;@2373@2� �81 �8�;1 65/< 465@.6@51 46/704 �7 636/73@2 �811;4
68/6 /51 .�771.610 6� 681 8�;0154� �81 6�6/; ;17968 �: 681 65/< 465@.6@51 34
E��� 22� �81 65/< 465@.6@51 34 <51417610 37 �9@514 ���? ��� /70 ���� �3217D43�74 �: 681 1;1.65�014 37 681 65/<<379 5193�7 �151 �>6/3710 >= 4./;379 6810321743�74 �: 681 <@53�./63�7 65/< /6 ������� (�/3��,� �81 37715 03/21D615 �: 681 65/< /6 ���� 34 �� 22 /70 681 ;179684 �: 681 5379 1;1.65�01? 681�546 /70 681 41.�70 .�551.63�7 1;1.65�014 /51 E��F 22? E��� 22 /70 ��� 22?514<1.63A1;=� �81 0346/7.1 >16�117 681 1;1.65�014 34 ��F 22� � <8�6�95/<8
�: 681 �546 65/< 34 48��7 37 �9@51 ����
�<1.3/; 8�;0154 68/6 8/A1 68511 8�;14 /70 �/.�5 034B4 /51 2�@7610 /6 >�681704 �: 681 65/< 465@.6@51� �/.8 �/.�5 034B 8/4 �� <374 68/6 /51 .�771.610

>= 43;A15 �3514 6� 681 65/< 1;1.65�014 :�5 1;1.653./; .�771.63�7� �6 >�68 1704
�: 681 A/.@@2 6@>1 68151 /51 <;@9 .8/2>154� �8141 .8/2>154 .�74346 �: ��4�.B164 /70 68511 5�04 68/6 /51 681 .�@7615</564 :�5 681 <374 /70 681 8�;14
/6 681 170 �: 681 65/<�
�@1 6� 681 <;@9 .8/2>15 4�;@63�7 /70 681 :/.6 68/6 681 �8�;1 65/< 465@.D6@51 34 �7 �811;4? 681 4=4612 ./7 >1 1/43;= �<1710 /70 .;�410� �81 65/< ./7

>1 5�;;10 �@6 �5 37 >= @4379 /7 3741563�7 46/70 �@64301 681 2/9716�



���� ��������� ��������� ��� ������ ��

Deceleration 2

Deceleration 1

Deceleration 3

Trap 1-3, shorted

Trap 4

Trap 5

Trap 7

Trap 8

Trap 9

Trap 10

Trap 11
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Trap 13, 4mm diaph.
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Trap 14-16, End caps

Trap 17, Correction 2

Trap 18, Correction 1

Trap 19, Ring

Trap 20, Correction 1

Trap 21, Correction 2

Trap 22-23, End caps

Trap 24-25, 2mm diaph.

Trap 26-35, Second trap

Trap 36
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Trap 37

Trap 38

Plug

Shield 1

Acceleration 1

Shield 2

Acceleration 2
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Tank 1 Tank 2

Needle
valve

Needle valve

To He bottle To trap

Pressure gauge

	39@51 ��E�� �.812/63. <3.6@51 �: 681 <514176 9/4 :110379 4=4612� ��;@214
�: 681 6/7B4 /51 ��� ;36154 1/.8�
8398 A�;6/91 <;/6:�52� �817 68151 /51 / 4379;1 C=D01�1.6�5 /70 /7 �37
1;;174 �83.8 /32 6� :�.@4 681 >1/2 6� 681 ��� 0161.6�5 �5 1A17 :@56815 6� /
4<1.65�4.�<= 416 @<�

��� �
� ������	��� �� ��� �
	
�	���
7 681 37	1.63�7 ;371 >16�117 681 �	� /70 681 �177379 65/< 68151 34 / 	/5/0/=.@< �	�	 /70 /7 ��� 0161.6�5? 411 �9@51 ���� �81 	/5/0/= .@< 34 @410�817 681 ;371 34 6@710 >= @4379 136815 681 6146 3�7 4�@5.1 �5 �368 46/>;1
>1/24 <5�0@.10 >= ����� @4@/;;= C17�7� �81 ��� 0161.6�5 ./7 /;4� >151<;/.10 �368 / 43;3.�7 0161.6�5 6� 0161.6 5/03�/.63A1 01./= �: 46�<<10 3�74��6 681 1	1.63�7 4301 �: 681 65/< 68151 34 / 	/5/0/= .@< �	�	? 411 �9@51
��EE /70 6/>;1 ���? /70 / 0�@>;1 ��� 0161.6�5? 411 �9@51 ��E�� �81 	/5/0/=.@< 34 @410 37 >1/2 6@7379 /70 681 ��� 34 @410 :�5 ;�� 37617436= >1/24
�
 E�� 3�74�4	? 6=<3./;;= 37 .�771.63�7 �368 2/44 21/4@5121764� �8151 34/;4� / <�443>3;36= 6� 416 @< / 4.3763;;/6�5 , 0161.6�5 �5 / �3D0161.6�5 /70 /�1D0161.6�5 :�5 5/03�/.63A36= 21/4@5121764 /6 681 170 �: 681 1	1.63�7 ;371
��9@51 ��E�	�

��� ��
�	������ �� ���	���
��46 �: 681 65/< 1;1.65�73.4 34 <;/.10 37 6�� 5/.B4 �7 681 8398 A�;6/91 <;/6D:�52� �81 2/37 .�2<�71764 /51 �<1;;2/7 ��D415314 <��15 4@<<;314? �83.8



�� ������� �� ������������ ������

	39@51 ��EE� �C65/.63�7 ;371 �: ��	������ E� �;@9 .8/2>15? �� �C65/.63�71;1.65�014? �� 74@;/6�5? �� �5�@70 1;1.65�01? C=D01�1.6�5 /70 �37
1; ;174?
F� -1;;��4? �� �@2<379 .8/2>15 �368 ��� /70 	�

<5�A301 <��15 :�5 681 �546 0�@>;1 C=D01�1.6�54? :�5 681 �546 �37
1; ;174 37681 37	1.63�7 ;371 /70 681 ;/46 /..1;15/63�7 1;1.65�01� ��� <��15 4@<<;314
<5�A301 A�;6/914 :�5 /;; 65/< 1;1.65�014? 681 01.1;15/63�7 1;1.65�014? 681 41.D
�70 0�@>;1 C=D01�1.6�5 /6 681 37	1.63�7 4301 /70 :�5 681 �546 6�� /..1;15/63�71;1.65�014� �8151 /51 /;4� 6�� 
1�;166 �/.B/50 ���E�� :@7.63�7 91715/6�5468/6 <5�A301 681 :51@17.= /70 681 /2<;36@01 :�5 681 2/97165�7 /70 .=D.;�65�7 1C.36/63�74� �8141 �	 /2<;36@014 /51 .�@<;10 A3/ 41;:D2/01 .�@<;379
>�C14 6� �� A�;6/914 >1:�51 /<<;310 6� 681 419217610 5379 1;1.65�01� �81:�@568 32<�56/76 </56 37 681 8398 A�;6/91 <;/6:�52 .�2<�414 �: 6�� 4�36.8
>�C14 68/6 /51 @410 6� 4�36.8 681 65/< 1;1.65�01 A�;6/914 >16�117 ./<6@5379/70 65/<<379 41663794 /6 37	1.63�7 4301 /70 >16�117 65/<<379 /70 1	1.63�7
41663794 /6 681 1	1.63�7 4301� �8141 >�C14 /51 8�21 2/01 �368 .�2215.3/;4�36.8 .83<4 2/01 >= �@<15 �1.8�
�8151 34 /;4� �71 5/.B �7 681 95�@70 ;1A1; 8�@4379 �<1;;2/7 ��D415314

<��15 4@<<;314 :�5 3�7 �<63.4 /70 681 71.144/5= 1;1.65�73.4 :�5 681 ��� 01D61.6�5? / 63215�.�@7615 /70 / .�746/76 :5/.63�7 034.53237/6�5�
�;1.65�73. 01A3.14 /51 .�765�;;10 >= @4379 / 7�52/; ��� �81 .�22@73D./63�7 �368 681 1;1.65�73.4 34 0�71 A3/ / ���D>@4 (���, /70 .��� @7364

(.���,� �8151 34 /;4� / ���DE�� /5>365/5= <@;41 91715/6�5 ./50 (���, 37



���� ����������� ��� ������� ��

�>	1.6 ��& (22, �
�� (22,

��;;32/6�5 � ��
�@<<51443�7 � ��

�/>;1 ���� �321743�74 �: 681 	/5/0/= .@<4 @410 37 681 37	1.63�7 /70 1	1.63�7
;3714� ��& /70 ��� /51 37715 /70 �@615 03/216154? 514<1.63A1;=� � 719/63A1A�;6/91 ./7 >1 /<<;310 6� 681 4@<<51443�7 1;1.65�01 6� <51A176 681 14./<1 �:1;1.65�74 :5�2 681 .@<�

MCP

PS

Oscilloscope

MCS

CFD

Counter

Spark

protection

PPG/Trigger

HV

-1750 V

Preamp.

Signal

	39@51 ��E�� �.812/63. <3.6@51 �: 681 ��� 416D@< /6 681 1	1.63�7 4301 �: 68165/<�



F� ������� �� ������������ ������

Beam

Ge-detector

4 Scintilatorp-

Tape

	39@51 ��E�� �.812/63. <3.6@51 �: 681 416 @< :�5 5/03�/.63A36= 21/4@5121764�

681 .�2<@615 6� <5�A301 /;; 681 632379 4397/;4 :�5 681 65/<� �81 @415 37615:/.1@414 �/>D��.� �7 �A15A31� <3.6@51 �: 681 .�765�; 4=4612 34 48��7 37 �9@51
��E�� ��51 016/3;10 014.53<63�7 ./7 >1 :�@70 37 681 51:1517.1 (
/B��,�
��� �����	����
�;; 432@;/63�74 �151 0�71 >= @4379 / .�2215.3/; ���� <5�95/2 68/6 34/ 9��0 6��; :�5 ./;.@;/63�7 /70 A34@/;34/63�7 �: 65/	1.6�5314 �: </563.;14 371;1.65�2/97163. 4=46124�
�37.1 681 <5�95/2 3641;: 030 7�6 4@<<�56 681 2/97163. �1;0? 68/6 8/0 6�

>1 .51/610 >= 2/B379 2/97163. <�61763/; <�3764 37 4@.8 / �/= 68/6 374301 /.=;37053./; 6@>1 681 �1;0 - ��@;0 >1 .�551.6� �81 �/971C .�2</7= <5�A3010
681 2/97163. �1;0 <;�64 �83.8 /;;��10 681 ./;.@;/63�7 �: 681 A/;@14 �: 681
<�61763/; <�3764 37 / :�;;��379 �/=

�� $�;*�	 � �!�;� � *�	$ ��;*�	- ���E	
�:615 4./;379 681 2/97163. �1;0 /70 681 5/03@4 6� 681 53986 @7364? 3�1 - 37�/@44 /70 5 37 22? <�61763/; <�3764 �151 37.;@010 37 432@;/63�74 >= @4379 /
91�2165= �;1�
-@�15 9/4 �/4 /0010 >= / @415 <5�95/2� ��;;343�7 �368 >@�15 9/4

2�;1.@;14 �151 432@;/610 �368 A34.�@4 0/2<379 :�5.1

�� � ' �

���& �
��
� ' � �

� �
	 ����	

�8151 @ 46/704 :�5 /7= �: 681 .��5037/614 C?=? �5 
 /70 � 34 681 2�>3;36= �:
681 3�7 37 / 9/4 �: </563.@;/5 017436=? � � 34 68152/; A1;�.36= /70 � � 34 681.�5514<�70379 2�>3;36=� �81 3�7 2�>3;36314 8/A1 >117 21/4@510 :�5 41A15/;



���� ����������� FE

W
in

d
o
w

s

&

L
a
b
V

IE
W

P
P

G

C
A

N

C
o
n
tro

l
P

C
H

a
rd

w
a
re

S
o
ftw

a
re

O
P

T
O

D
a
ta

a
c
q
u
is

itio
n

S
p
e
llm

a
n

P
S

W
A

G
O

H
ig

h
 V

o
lta

g
e

O
P

T
O

O
P

T
O

IS
E

G

P
S

S
p
e
llm

a
n

P
S

O
P

T
O

H
P

g
e
n
e
ra

to
r

S
w

itc
h

b
o
x
1

S
w

itc
h

b
o
x
2

C
o
u
p
lin

g

b
o
x
1

C
o
u
p
lin

g

b
o
x
2

C
o
u
p
lin

g

b
o
x
3

T
ra

p
a
n
d

o
th

e
r

e
le

c
tro

d
e
s

a
t

in
je

c
tio

n
s
id

e

Io
n
 o

p
tic

s
a
t
g
ro

u
n
d

O
p
tic

a
l fib

e
r

V
o
lta

g
e

S
e
v
e
ra

l v
o
lta

g
e
s

C
o
n
tro

l s
ig

n
a
l

C
A

N
-b

u
s

O
P

T
O

H
P

g
e
n
e
ra

to
r

	39@51 ��E�� �.812/63. <3.6@51 �: 1;1.65�73.4 /70 681 .�765�; 4=4612�



F� ������� �� ������������ ������

3�74 37 A/53�@4 >@�15 9/414 (�;;��, /70 (�;;��,� �8141 A/;@14 /51 7�52/;3
106� 7�52/; <5144@51 �� /70 612<15/6@51 %� 37 / :�;;��379 �/=
� � �� %

%�
��
�

- ����	

��1A15? 681 1C<1532176/; 0/6/ 34 /A/3;/>;1 �7;= /6 ;�� A1;�.36314 /70 4� 6811;/463. .�;;343�74 8/A1 >117 @410 :�5 ./;.@;/6379 681 3�7 2�>3;36= /6 839815
A1;�.36314�

�+" � �

���&
����& $ �	!2	����&�	!2 E

�
���& ����	
�8151 7 34 681 017436= �: 681 >@�15D9/4? 
 34 681 .5�44D41.63�7 :�5 1;/463. 8/504<8151 .�;;343�74 /70 ���& 34 681 A1;�.36= �: 681 3�7 (�@7��,��81 @415 <5�95/2 �: ���� @414 / 034.5161 2�01; 6� ./;.@;/61 681 1�1.6
�: 681 A34.�@4 0/2<379? 3�1� /:615 1/.8 �@415 01�710	 6321 461< / 71� 0/2<379:�5.1 34 ./;.@;/610 68/6 34 6817 /<<;310 6� 681 3�7 0@5379 681 71C6 461<� �834B370 �: 2�01; 34 7�6 A15= 51/;3463. 437.1 36 0�14 7�6 6/B1 376� /..�@76 4./6615379
�: 681 3�74� 
��1A15? 37 �@5 ./41 �817 81;3@2 34 @410 /4 >@�15 9/4 /70
3�74 /51 2@.8 81/A315 6834 2�01; ./7 <5�A301 5/6815 9��0 /<<5�C32/63�7 :�5
2�63�7 �: 3�74�

��1A15? 681 2�46 32<�56/76 683794 68/6 8/A1 >117 432@;/610 �151 68137	1.63�7 /70 1	1.63�7 ;3714 �: 681 65/<� 	�5 1C/2<;1? 3: �71 /44@214 68/6

681 �� B1� >1/2 .�2379 �@6 :5�2 681 �	� 8/4 E 1� 17159= 4<51/0 /70 68112366/7.1 �: � � 22 25/0 6817 .�5514<�70379 12366/7.1 /6 ��� 1� ��@;0 >1
�� � 22 25/0� �44@2379 7�� 68/6 681 03/21615 �: 681 >1/2 34 � 22? 3�1�
681 .�71 /79;1 34 ��� 0195114 6834 �3;; 93A1 E�� � 1�.317.= :�5 681 37	1.63�7376� 681 65/< �817 @4379 681 4/21 A/;@14 :�5 681 1;1.65�014 /4 37 681 51/;36=?
411 6/>;14 ��� /70 ��� 014.53>379 681 /<<;310 A�;6/914 6� 681 1;1.65�014��7�6815 32<�56/76 /51/ �8151 681 432@;/63�74 �151 @41:@; �/4 ;�./;3
379
681 1;1.65�7 65/<4 .51/610 37 681 37	1.63�7 /70 14<1.3/;;= 37 681 1	1.63�7 /51/4��4 / 514@;6 �: 68141 432@;/63�74 / 71� /..1;15/63�7 1;1.65�01 465@.6@51 �/4.51/610� �834 �/4 48��7 1/5;315 37 �9@51 ����

���� 	�
�	��� ����
���
� �� ���
	
��
��� ��������

�834 .8/<615 3765�0@.14 681 A/;@14 �: 681 �<15/6379 </5/216154 :�5
��	������



����� ���������������������� ���������� ��� ��������F�

�/4 :110379 :�5 681 81;3@2 >@�15 9/4 34 0�71 685�@98 / <5144@51 519@;/63�7
4=4612 ��9@51 ��E�	� �37.1 �1 0� 7�6 8/A1 / �/= 6� 21/4@51 681 <5144@51374301 681 65/< 36 34 21/4@510 37 681 9/4 :110379 ;371 376� 681 65/<� �@5379
7�52/; �<15/63�7 681 <5144@51 34 >16�117 � � E�64 ' � � E�6� 2>/5? 2�46.�22�7;= 681 <5144@51 8/4 >117 /5�@70 �-� � E�6� 2>/5� �..�50379 6�14632/63�7 6834 .�5514<�704 5�@98;= 6� E � E�6< 2>/5 374301 681 �546 65/<��81 8398 A�;6/91 �: 681 .��;15 <;/6:�52 �/4 416 6� �� B� 37 /;; 61464 /70
681 8398 A�;6/91 <;/6:�52 �: 681 65/< ��D�� � />�A1 68/6� �81 .�771.6379
>1/2 ;371 >16�117 681 �	� /70 681 65/< 34 7�52/;;= 416 6� ��� � ;��15 68/7
681 8398 A�;6/91 <;/6:�52 �: 681 65/<� �81 �@615 481;; �: 681 �	� 34 ��� �;��15 68/7 681 
� <;/6:�52 �: 681 .��;15� �81 A�;6/914 @410 ./7 >1 :�@70
37 6/>;14 ���? ��� /70 ��F� �7 1C/2<;1 �: /7 �:617 @410 632379 4.8121 ./7
>1 :�@70 37 6/>;1 ����

� (�,
�	� 
E ;1:6 D����	� �E 0��7 D����	� 
� ;1:6 D����	� �� 0��7 D����	� �37
1; D�E�-1/2 ;371 D����5/< 
E ;1:6 D����5/< �E 0��7 D����5/< 
� ;1:6 D����5/< �� 0��7 D����1.1;15/63�7 E D����1.1;15/63�7 � DF���1.1;15/63�7 � D�F�

�/>;1 ���� ��52/; �<15/6379 A�;6/914 :�5 37	1.63�7 ;371 3�7 �<63.4� �68151;1.65�014 37 C=D01�1.6�54 37 �	� /51 .�771.610 6� 681 �@615 481;; �: �	�3�1� 6� D��� � /70 37 65/< ;371 6� 681 ;371 3641;: 3�1� 6� D��� ��
6 34 ��568 51212>15379 68/6 681 <5�<15 632379 4.8121 /70 1C.36/63�7/2<;36@014 01<170 �7 681 <5144@51 37 681 65/< /4 �1;; /4 �7 681 A�;6/914/<<;310 6� 01.1;15/63�7 /70 65/< 1;1.65�014�
�81 65/<<379 34 0�71 >= @4379 / 4� ./;;10 0=7/23. 65/<<379 2�01? �83.8



F� ������� �� ������������ ������

�5/< �<17 � (�, �5/< .;�410 � (�,
�5/< ED�? 48�5610 D�E� D�E��5/< �DE� D�E� D�E��5/< EE DEE� DEE��5/< E� DEE� DEE��5/< E�? �22 03/<8� DEE� �
�5/< E�? �70 ./< DEE� DE��5/< EF? �70 ./< DEE� DE��5/< E�? �70 ./< DEE� DE��5/< E�? ��551.63�7 � DEE� D������5/< E�? ��551.63�7 E DEE� D������5/< E�? �19217610 �379 DE�� DE���5/< ��? ��551.63�7 E DE�� D������5/< �E? ��551.63�7 � DE�� D������5/< ��? �70 ./< DE�� �
�5/< ��? �70 ./< DE�� �
�5/< ��? �22 03/<8� DE�� �
�5/< �F? �22 03/<8� DE�� DE���5/< ��D�F? 41.�70 65/< DE�� DE���5/< ��? ;�79 DE�� DE���5/< ��? ;�79 DE�� DE���5/< ��? ;�79 D��� D���

�/>;1 ���� �=<3./; �<15/6379 A�;6/914 :�5 681 65/< 1;1.65�014� �11 /;4� �9@51
��EF� �81 A�;6/914 /6 681 .�551.63�7 1;1.65�014 8/A1 6� >1 416 37 4@.8 / �/=68/6 681 �@6<@6 A�;6/91 34 ����� � 37 681 ./41 �: .�551.63�7 E /70 ����� � 37681 ./41 �: .�551.63�7 �� �8141 A�;6/914 8/A1 6� >1 .81.B10 3: 681 48/<1 �:
681 514�7/7.1 <1/B 34 7�6 4=221653. /:615 681 �5 1C.36/63�7�



����� ���������������������� ���������� ��� ��������FF

	39@51 ��EF� ��61763/;4 @410 37 1;1.65�014�



F� ������� �� ������������ ������

� (�,
�;@9 D����831;0 E D����..1;15/63�7 E DF���831;0 � DF���..1;15/63�7 � DE����530 DE���

�E $���

�� $����37
1; $E����

�/>;1 ��F� �=<3./; �<15/6379 A�;6/914 :�5 1C65/.63�7 ;371 �<63.4�

�321
���;15 1	1.63�7 �DE� ���5/< �/;; E �<17 �DEFF ���C3/; .��;379 EFF ��D��� 24
�6 1C.36/63�7 ���D��F 24
�5 1C.36/63�7 ��FD��F 246539915 :�5 ��� ��� ���D��F ��� ���5/< �/;; � �<17 ��FD�F� 24

�/>;1 ���� �C/2<;1 �: 7�52/; 632379 4.8121 @410 37 6146 1C<15321764� �=.;1
6321 37 6834 1C/2<;1 34 �F� 24 /70 <5144@51 37 9/4 ;371 � ( � � E�6� 2>/5��81 /2<;36@014 :�5 �6 1C.36/63�7 1��6	�E�� D E�� 2� /70 :�5 �5 1C.36/63�71��5	�EF� D ��� 2��



����� ���������������������� ���������� ��� ��������F�

21/74 68/6 681 37	1.63�7 376� 681 65/< 34 0�71 37 >@7.814� .817 681 3�7 >@7.8
34 17615379 681 65/< 681 <�61763/; �: 681 37	1.63�7 �/;; 34 ;��1510 37 4@.8 / �/=
68/6 681 3�74 ./7 17615 681 65/<� 22103/61;= /:615 6834 681 <�61763/; 34 5/3410/9/37 /70 681 3�74 /51 65/<<10� �834 34 3;;@465/610 37 �9@51 ��E�� �81 6321

(b)

(c)

(a)

	39@51 ��E�� �=7/23. 65/<<379 4.8121� /	 681 3�7 >@7.8 ./7 17615 681 65/<�817 681 <�61763/; �: 37	1.63�7 �/;; 34 ;��1510? >	 /:615 6834 681 <�61763/; 34
;3:6 @< /70 3�74 /51 65/<<10 /70 .	 1	1.63�7 �/;; 34 ;��1510 /70 681 3�74 /51
1	1.610�
>16�117 .;�4379 681 37	1.63�7 �/;; /70 681 >19377379 �: 2/97165�7 1C.36/63�734 @410 37 681 /C3/; .��;379� 6 34 71.144/5= 68/6 681 3�74 /51 /6 681 >�66�2
�: 681 @/05@<�;1 <�61763/;? 3�1� /6 681 .17615 �: 681 5379 1;1.65�01 >1:�51
681 1C.36/63�7 ./7 >1 0�71 <5�<15;=� �81 ;�79 6321 @410 37 /C3/; .��;379 37
6/>;1 ��� 34 0@1 6� 681 :/.6 68/6 4�21 3�74 /51 ;3:610 6� 839815 <�61763/; �817
37	1.63�7 �/;; .;�414� �834 ./7 >1 32<5�A10 >= .8/79379 681 @410 <�61763/;4.8121� 8��1A15 4� :/5 �1 8/A1 7�6 9�6 6321 6� 6146 6834 <5�<15;=� �8170@5379 681 2/97165�7 1C.36/63�7 /7 �4.3;;/6379 1;1.653. �1;0 34 .�771.610 6�
681 /
32@68/;;= 419217610 5379 1;1.65�01 37 / 03<�;1 2�01� �.6@/;;=? 437.1�1 0� 7�6 8/A1 / :51@17.= 37A15615 �1 8/A1 .�771.610 681 �	 �1;0 �7;=
6� �71 @/05/76 /70 /;; 681 �6815 @/05/764 /51 .�771.610 6� �� A�;6/914�



F� ������� �� ������������ ������

�81 :51@17.= @410 37 2/97165�7 1C.36/63�7 8/4 >117 �6 (E�EF 

 /70 681/2<;36@01 1��6	�E�� D E�� 2�� �@5379 6834 2/97165�7 1C.36/63�7 /;; 3�74/51 1C.3610 37 �5>364 68/6 8/A1 ;/5915 5/03@4� �:615 6834 681 @/05@<�;1 �	�1;0 �3;; >1 4�36.810 �7� �;4� 6834 34 /<<;310 �7;= �7 6�� �<<�4361 @/05/764/70 681 �68154 512/37 /6 �� A�;6/91? :5�2 681 4/21 51/4�7 /4 37 681 03<�;11C.36/63�7� �7=�/=? 6834 1C.36/63�7 �3;; 51.17615 68�41 3�7 4<1.314 376� 681
65/< /C34 68/6 8/A1 6834 </563.@;/5 .=.;�65�7 :51@17.= �5 � �

�9 �83;1 681
�6815 3�74? 68/6 8/A1 / 03�15176 2/44 /70 68@4 / 03�15176 .=.;�65�7 :51@17.=�3;; 512/37 37 ;/5915 �5>364� ��� 1	1.63�7 685�@98 / 42/;; 03/<85/92 �3;;
/;;�� �7;= 68�41 3�74 68/6 /51 .;�41 6� 681 65/< /C34 6� >1 1C65/.610�
�;1/7? 2�7�34�6�<3. >@7.810 >1/24 �3;; 6817 >1 65/74<�5610 6� /7 ���

0161.6�5 �5 6� / 4<1.65�4.�<= 416D@<�



������� �

������������ �������

��� �
�	� ��	� ��
�	��� ����	 ��� �����

�81 �546 6146 �368 681 65/< �/4 0�71 �368 / .�2215.3/; 6146 3�7 4�@5.1�
�A17 3: 681 @/;36= �: 681 >1/2 �: 6834 4�@5.1 �/4 <��5 36 �/4 71.144/5= 6�
8/A1 36 437.1 6834 2/01 36 <�443>;1 6� 6146 681 �177379 65/< 3701<170176;=
�: �6815 ���� /.63A36=� �8141 61464 �151 0�71 �368 41A15/; 03�15176 8398
A�;6/91 41663794 >16�117 �D�� B�� �;; 681 0/6/ 48��7 37 6834 .8/<615 8/4
>117 21/4@510 �368 /7 ��� 0161.6�5 @7;144 4�2168379 1;41 34 21763�710�
�@5379 681 �546 61464 36 �/4 :�@70 �@6 68/6 37 681 2/97163. �1;0 5193�7

68151 �151 4�21 <;/.14 �368 / ;�./; 2/C32@2 37 1;1.65�46/63. <�61763/;� 
1511;1.65�74 �151 65/<<10 /70 0@5379 681 .35.@;/63�7 37 681 2/97163. �1;0 1;1.D65�74 3�7
310 681 51430@/; 9/4 ./@4379 3�7 4<@564 0161.610 37 /7 ��� 0161.6�5��:615 41A15/; /6612<64 /;; 1;1.65�7 65/<4 �151 �7/;;= ;�./;3
10� ��46 �: 6812�151 /6 681 37	1.63�7 �5 1C65/.63�7 /51/4� �8135 512�A/; 51@3510 / ./51:@;/70 016/3;10 32<5�A12176 �: 681 01.1;15/63�7 /70 /..1;15/63�7 1;1.65�014�.817 ��5B379 �368 681 6146 3�7 4�@5.1 681 :@7.63�7379 �: 681 2/97165�7
1C.36/63�7 �6 /70 681 510@.10 .=.;�65�7 1C.36/63�7 �� >�68 /<<;310 37 /03<�;1 2�01 �/4 012�7465/610� 7 6834 2�01 3�74 /51 1C.3610 >= /<<;=379
�4.3;;/6379 �	 A�;6/91 6� ;/5915 �5>364 /70 4@>41@176;= 0@5379 681 1	1.63�7
685�@98 / � 22 03/21615 1C36 8�;1 681 .�@76 5/61 510@.14 6� 364 23732@2
A/;@1 /6 681 514�7/7.1 :51@17.=� 7 681 ./41 �: 681 2/97165�7 1C.36/63�7 /;;
3�74 �3;; /66/37 / ;/5915 5/03@4� �7 1C/2<;1 �: 6834 34 48��7 37 �9@51 ��E�
��1A15? 6834 A15= �546 4@..144:@; 2/97165�7 1C.36/63�7 34 7�6 /4 9��0 /4 3648�@;0 >1 �817 36 34 0�71 <5�<15;=� �37.1 681 /2<;36@01 /70 681 1C.36/63�7

F�



�� ������� �� ������������ �������

6321 8/A1 6� >1 .8�417 4� 68/6 681 23732@2 A/;@1 37 681 7@>15 �: .�@764
34 /6 
15� ;1A1;� 7 681 ./41 �: 681 510@.10 .=.;�65�7 1C.36/63�7 �7;= 68�413�74 68/6 8/A1 6834 </563.@;/5 510@.10 .=.;�65�7 :51@17.= �3;; 2�A1 6� ;/5915
�5>364� �7 1C/2<;1 �: 6834 34 48��7 37 �9@51 ���� �834 510@.10 .=.;�65�7
1C.36/63�7 8/4 >117 0�71 /6 681 :51@17.= ���� �F� �F���� 68/6 34 681510@.10 .=.;�65�7 :51@17.= :�5 �� � 	5�2 681 4<1.65/ �71 ./7 411 8�� 681�� <1/B 034/<<1/54 /:615 681 1C.36/63�7�
�81 :51@17.=D4./7 4<1.65/ �151 .�;;1.610 �368 681 �6/70:�50 ����� 2@;D63.8/771; 4./;15� �19/50;144 41A15/; /6612<64 6� 411 / .=.;�65�7 514�7/7.1

	39@51 ��E� �81 �546 4@..144:@; 2/97165�7 1C.36/63�7 ��6	� ��15:�5210 �68 �:�1<612>15 ����	� ��@764 37 681 ��� 0161.6�5 /4 / :@7.63�7 �: 681 2/97165�7
1C.36/63�7 :51@17.=� �6815 </5/216154 37 6834 ./41 �8151� %5��"�&	���� 24?%+�5� ! ��&�F� 24? ��+ � �-��E�6� 2>/5 /70 ���6	���� 2�� �146 �/4 0�71�368 3�73
10 
1 9/4�
36 �/4 7�6 4117 <5�<15;=� �81 >146 514@;6 34 48��7 37 �9@51 ���� 
151 681:51@17.= 461< 8/4 >117 5/6815 >39? >@6 71A15681;144 7��
1 34�6�<1 34 A343>;1��81 /2<;36@01 :�5 681 �5 1C.36/63�7 8/4 >117 1C.1<63�7/;;= 8398? E �? /7068/6 23986 >1 681 51/4�7 68/6 681 514�7/7.1 �/4 4117 /6 /;;�



���� ����� ���� �������� ������ ��� ������ �E

	39@51 ���� �81 �546 4@..144:@; 510@.10 .=.;�65�7 1C.36/63�7 ���	 :�5 �C=917�
��15:�5210 E�68 �: �1<612>15 ����	� �81 4<1.65/ 8/A1 >117 51.�5010 �368681 2@;63.8/771; 4./;15 48��379 681 .�@764 37 681 ���D0161.6�5 /4 / :@7.63�7
�: ��	� �15� 6321 .�5514<�704 6� �<17379 �: 681 1	1.63�7 �/;; �: 681 �177379
65/<� ��6610 ;371 .�5514<�704 681 4<1.65@2 �368 65/<<379 �7;= /70 681 4�;30
;371 /:615 681 510@.10 .=.;�65�7 1C.36/63�7 /6 :51@17.= ���� �F� �F�����6815 </5/216154 37 6834 ./41 �8151� %5��"�&	���� 24? %+�5� ! ��&�E�� 24?
��+ � �-� � E�6� 2>/5 /70 ����	����



�� ������� �� ������������ �������

	39@51 ���� �81 �546 �>415A/63�7 �: 681 .=.;�65�7 1C.36/63�7 ��5	� ��15D:�5210 E�68 �: �.6�>15 ����	� ��@764 37 681 ���D0161.6�5 /4 / :@7.63�7
�: .=.;�65�7 1C.36/63�7 :51@17.= :�5 7��
1� �6815 </5/216154 37 6834 ./41�8151� %5��"�&	��F� 24? % ��6	�F� 24 �368 ���6	�F� 2�? % ��5	���� 24�368 ���5	�E � ��+ � E-� �E�64 2>/5� �146 �/4 0�71 �368 3�73
10 
1 9/4�
��� 	�����
 �
�	� ��	� �	��
 �
�� ����

�	��	�

	@56815 ��D;371 61464 �151 <15:�5210 �368 3�74 <5�0@.10 �368 / 4</5B 3�74�@5.1 37 681 ���� .8/2>15� �81 3�74 1C65/.610 :5�2 681 9/4 .1;; �151
/..1;15/610 /70 41</5/610 >= 2/44 /:615 �83.8 681= �151 .��;10 /70 >@7.81037 681 �	� 65/<� �8@4? 681 >1/2 .�70363�74 /51 /;2�46 301763./; 6� 68�41�368 681 3�7 9@301 >1/2 <5�0@.10 �7D;371�
�@5379 681 �546 61464 �1 :�@70 �@6 68/6 68151 �151 4</5B4 >16�117 681

8398 A�;6/91 <;/6:�52 �: 681 �177379 65/< /70 95�@70 �817 5@77379 681
���� 41</5/6�5 37 681 7�52/; ���F B� 
� A/;@1� �8141 4</5B4 ./@410
41A151 0/2/91 6� 65/< 1;1.65�73.4 14<1.3/;;= :�5 681 ��� 6@5>�2�;1.@;/5
<@2< .�765�;;15 @7364 /70 :�5 681 �@<15 �1.8 8398 A�;6/91 4�36.814 @410 6�.�765�; 37	1.63�7 /70 1	1.63�7 �/;; 1;1.65�014� �8151:�51 ���� /70 681
65/< �151 5@7 /6 ;��15 �� B� 
��
�@1 6� / 9��0 @/;36= �: 681 >1/2 .�2379 �@6 �: 681 �	� 681 �546

.=.;�65�7 514�7/7.1 �/4 0�71 /:615 � 0/=4 �: 6@7379 /70 6146379 681 65/<� �834



���� �������� ����� ���� ������ ����� ���� ������ ��

514�7/7.1 34 48��7 37 �9@51 ���� �19/50;144 �: 681 /7634=221653. 48/<1? 681
514�7/7.1 34 .;1/5;= A343>;1 437.1 /6 ��D514�7/7.1 681 7@2>15 �: 681 .�@764 /51.;�41 6� 
15� /4 34 48�@;0 >1 �817 681 2/97165�7 1C.3/63�7 34 0�71 <5�<15;=�
�81 ;�79 .��;379 6321 34 0@1 6� ;�� >@�15D9/4 <5144@51�

	39@51 ���� �81 �546 .=.;�65�7 1C.36/63�7 �: 7�<
1� 3�74 <5�0@.10 ��D;371�368����� ��15:�5210 ��70 �: �.6�>15 ����	� ��@764 37 681 ���D0161.6�5/4 / :@7.63�7 �: .=.;�65�7 1C.36/63�7 :51@17.=� �6815 </5/216154 37 6834./41 �151� %5��"�&	�EE�� 24? % ��6	��F 24 �368 ���6	�F� 2�? :6�E���

? % ��5	���� 24 �368 ���5	���F �? ��.=.;1	�E FF� 24? ��+ � �-� � E�642>/5� �/.8 0/6/ <�376 37.;@014 681 376195/; .�@764 :5�2 E�� .=.;14�
�37.1 6817 41A15/; 514�7/7.14 8/A1 >117 21/4@510 ��D;371� �81 48�56146.=.;1 @410 4� :/5 8/4 >117 E�� 24? 411 �9@51 ��F� �834 9/A1 681 514�;A379

<��15 �: ���5'��5��F ���� �81 >146 2/44 514�;@63�7 /.831A10 4� :/5 �/4��E�� ��� /4 48��7 37 �9@51 ���� �81 48�5615 681 .��;379 6321 34 681 839815
>@�15D9/4 <5144@51 34 711010� �834 ;1/04 6� ��541710 2/44 514�;A379 <��15/4 4117 37 �9@514 ��F /70 ���� 
39815 /2;3<6@014 ./7 >1 @410 37 48�5617379
681 1C.36/63�7 63214? 8��1A15 6834 �3;; /;4� ./@41 �3015 514�7/7.14�
�8141 :1/6@514? / 48�56 .=.;1 6321 6� 2/B1 34�>/53./;;= <@51 >1/24 /4 �1;;/4 681 8398 514�;A379 <��15 �368 / ;�7915 .=.;1 6321? /51 1441763/; 37 681 51/;21/4@5121764� �37.1 .;�41 6� 681 A/;;1= �: >16/ 46/>3;36= 8/;:D;3:14 /51 ;�79

>@6 681 2/44 03�1517.1 >16�117 71398>�@5379 7@.;13 /51 42/;; /70 :/56815



�� ������� �� ������������ �������

	39@51 ��F� ��@764 37 681 ���D0161.6�5 /4 / :@7.63�7 �: .=.;�65�7 1C.36/D63�7 :51@17.=� �81 48�56146 .=.;1 @410 4� :/5 6� /<<;= .=.;�65�7 1C.36/63�7
�: 7�.
1� 3�74 <5�0@.10 ��D;371 �368 ����� ��15:�5210 ��68 �: �.6�>15����	� �81 2/44 514�;A379 <��15 34 ���F ���� �6815 </5/216154 37 6834./41 �8151� %5��"�&	�FF�� 24? % ��6	�F 24 �368 ���6	���� 2�? :6�E�E�

? ���5	�F� 24 �368 ���5	��F� 2�? ��.=.;1	�E�� 24? ��+ � �-� � E�6�2>/5? E�� .=.;14 <15 0/6/ <�376�



���� ������� ����� ���� ����������� ���� ���� �F

:5�2 681 46/>3;36= 8/;:D;3:14 916 48�5615 /70 681 2/44 03�1517.1 9164 >39915�.1 8/A1 /;4� 21/4@510 / 4� ./;;10 
48��6D685�@98
 1�.317.= :�5 681�8�;1 65/< 465@.6@51� �834 �/4 0�71 �368 6�� 	/5/0/= .@<4 �6/>;1 ���	 >=@4379 / 7��
1 >1/2� �81 �546 .@< 34 436@/610 37 681 37	1.63�7 ;371 �8151681 >1/2 8/4 ��� 1� 17159= /70 681 41.�70 .@< 34 37 681 95�@70 <�61763/;�8151 681 >1/2 8/4 �� B1� 17159=? 411 �9@514 ��� /70 ��EE� �81 	/5/0/= .@<68/6 �/4 <;/.10 �7 681 95�@70 �/4 4@<<514410 �368 / �2�##�+22��& � '�� � 6�<51A176 41.�70/5= 1;1.65�74 14./<379 :5�2 681 .@<� �81 �>6/3710 514@;64 �151
�7� ��	������ 7�? �7� �����/���	���F� 7� /70 �� � ��	���E�F 7� ��368 D��� 4@<<51443�7	? �� � �����/���	����F� 7�� �19;1.6379 681 .�;;32/6�5 .@55176�: 681 41.�70 .@< �71 �>6/374 �� � 48��6D685�@98 1�.317.=��81 65/<<379 1�.317.= �/4 21/4@510 �368 681 ��� 0161.6�5 >= @4379
7�<
1� 3�74� 7 6834 6146 681 <�61763/; 4.8121 48��7 1/5;315 37 �9@51 ��EF�/4 @410 �368 F� 24 .=.;1 /70 681 376195/; �: E��� .=.;14 �/4 51.�5010 <1521/4@512176� �81 514@;6 �/4 %2���  ����	������E�� ? % �!##�&	�E��F�E�� ?%2���  ����	� &� �+!9 � �F��� �834 ;1/04 6� F� � 65/<<379 1�.317.=�
�8151 /51 41A15/; <�443>;1 51/4�74 �8= �1 ;��41 </56 �: 681 >1/2 37 68148��6D685�@98 2�01� 	�5 1C/2<;1 681 37	1.63�7 376� 681 65/< 34 0�71 /6 ;��17159= 685�@98 / � 22 8�;1� �834 2/= /2<;3:= 681 1�1.64 �: 681 12366/7.1/70 681 2/97163. �1;0? 3�1� 681 A1;�.36= 37 681 5/03/; 0351.63�7 .�2</510 6�/C3/; A1;�.36= 37.51/414 /70 0@1 6� 681 2/97163. �1;0 681 3�74 �3;; 8/A1 81;3C

48/<10 65/	1.6�5314� �7�6815 <;/.1 �8151 681 ;�4414 23986 8/<<17 34 681/..1;15/63�7 /:615 681 65/<� 
151 681 3�74 65= :�;;�� 681 2/97163. �1;0 ;3714/70 3: 681 >1/2 34 7�6 �7 681 �<63./; /C34 4�21 ;�4414 �3;; 8/<<17� 
��1A15?�1 /51 7�6 4@51 �8151 681 ;�4414 8/<<17 37 51/;36=�
7 ./41 �: 681 65/<<379? </56 �: 681 3�74 23986 >1 ;�46 437.1 �817 681 �546�/;; .;�414 4�21 3�74 /51 ;3:610 376� 839815 <�61763/; /70 4�21 �: 68141 3�74

23986 .�21 >/.B 685�@98 681 37	1.63�7 �/;; �5 >1 ;�46 37 681 65/< �/;;4�

��� 	�����
 �
�	� ��	� �����	��
 F��� ����
�81 �546 6146 �368 5/03�/.63A1 3�74 �/4 0�71 >= @4379 681 ���3�<?7	���@ 51D/.63�7 �368 �� �1� <5�6�7 >1/2� �834 �/4 .8�417 /4 681 �546 6146 ./41 437.1
36 ��@;0 93A1 / .;1/7 >1/2 68/6 .�76/374 �7;= ���3 /70 ���@ 3�74 <5�0@.10
37 1;/463. .�;;343�74 /70 37 7@.;1/5 51/.63�74? 514<1.63A1;=� ��51�A15 681 2/4403�1517.1 34 ;/591 17�@98 4� 68/6 36 48�@;0 7�6 ./@41 <5�>;124 1A17 3: 681
<1/B4 �151 >5�/0� �81 21/4@512176 �/4 0�71 37 4@.8 / �/= 68/6 1/.8 <�376



�� ������� �� ������������ �������

	39@51 ���� ��@764 37 681 ���D0161.6�5 /4 / :@7.63�7 �: .=.;�65�7 1C.3D6/63�7 :51@17.=� �81 >146 2/44 514�;@63�7 /.831A10 4� :/5 �368 681 �546
�177379 65/< 8/4 >117 ��E�� ��� /4 21/4@510 :�5 ���3� 3�74� ��15:�5210
E�68 �: �1.12>15 ����	� �/5/216154� %5��"�&	������ 24? % ��6	�EF 24�368 ���6	�E�F 2�? :6�E��F 

? ���5	�EF� 24 �368 ���5	�EEF 2�?��.=.;1	�F�� 24? ��+ � E-F � E�6� 2>/5� �/.8 0/6/ <�376 .�5514<�7046� E�� .=.;14 �: 0/6/ 6/B379� .817 681 .��;15 �/4 <@;410 >@6 681 >�68 �/;;4
�: 681 �177379 65/< �151 �<17 681 �>415A10 37617436= �/4 ��F F�� 37 E��.=.;14 �368 �	� /70 ���E ��� 37 E�� .=.;14 �368�@6 �	��



���� ������� ����� ���� ����������� ���� ���� ��

�/4 21/4@510 0@5379 E�� .=.;14 /70 /:615 68/6 681 :51@17.= �/4 .8/7910��81 �546 34�>/53. 2/44 <@53�./63�7 �368 / 5/03�/.63A1 >1/2? 411 �9@514 ���/70 ��� �/4 <15:�5210 �7 �;; �/3764 �/= ���� �E46 �: ��A12>15 ����	�

	39@51 ���� � 4/2<;1 4<1.65@2 51.�5010 �368 681 ��� :�5 ���3 48��379
.�@764 37 681 ��� /4 / :@7.63�7 �: ��	� ��6610 ;371 48��4 681 4<1.65@2�368�@6 1C.36/63�74? 95/= 0/4810 ;371 48��4 681 4<1.65@2 /:615 �6 1C.36/D63�7 �7�6 4117 <5�<15;= 437.1 36 34 4� .;�41 6� 
15�	? /70 4�;30 ;371 48��4
681 4<1.65@2 /:615 �5 1C.36/63�7 /6 :51@17.= :6�E �F� ��F 

� �/5/2D16154� %5��"�&	������ 24? % ��6	�EF 24 �368 ���6	�E�� 2�? :6�E�E� 

?���5	��� 24 �368 ���5	�EF� 2�? ��.=.;1	��F� 24? ��+ � �-F�E�6� 2>/5?
E�� .=.;14 <15 0/6/ <�376�
	39@51 ��� 48��4 681 .�@764 37 681 ���D0161.6�5 /4 / :@7.63�7 �: ��	�	5�2 6834 <3.6@51 �71 ./7 411 8�� 681 4<1.65@2 ;��B10 �368 65/<<379 �7;=?

03�15176 2/4414 ./7 >1 0346379@34810 >= 681 03�15176 ��	� 6 34 /;4� ��568�83;1 6� 7�61 68/6 /:615 681 2/97165�7 1C.36/63�7 681 4<1.65@2 8/4 <5/.D63./;;= 7� .�@764� �81 4�;30 ;371 48��4 681 4<1.65@2 /:615 681 .=.;�65�7
1C.36/63�7 /6 681 .=.;�65�7 :51@17.= �: ���3 /70 �71 ./7 �>415A1 8�� ���3
3�74 /51 .1761510� �834 <1/B 34 >5�/0 437.1 /:615 681 �5 1C.36/63�7 3�74 8/A12�51 17159= /70 ;/5915 17159= 4<51/0� -= @4379 1C65/ .��;379 6321 /:615 681



�� ������� �� ������������ �������

	39@51 ���� ��@764 37 681 ���D0161.6�5 /4 / :@7.63�7 �: .=.;�65�7 1C.36/63�7:51@17.= :�5 ���@ /70 ���3� �81 �546 4@..144:@; 65/< 6146 �368 5/03�/.63A13�74 ��15:�5210 E46 �: ��A12>15	� �/5/216154� %5��"�&	������24? % ��6	�EF24 �368 ���6	�E�� 2�? :6�E�E� 

? ���5	��� 24 �368 ���5	�EF� 2�?��.=.;1	��F� 24? ��+ � �-F �E�6� 2>/5? E�� .=.;14 <15 0/6/ <�376� E 

 376834 2/44 5/791 .�5514<�704 6� />�@6 �� B1��



���� ������� ����������� ���� �� ��� �� ��
1C.36/63�7 6834 <1/B ��@;0 >1.�21 7/55�� /9/37 /4 36 34 37 681 4<1.65@2 68/6
48��4 681 65/<<379 �7;=� 	5�2 681 �/@443/7 �64 37 �9@51 ��� �71 9164 681
37:�52/63�7 48��7 37 6/>;1 ��E�

��+�# �FFF�� B1���)�� �F�����E�� B1�
�/>;1 ��E� �81 2/44 03�1517.1 >16�117 ���@ /70 ���3� �/6/ :5�2 681 �/@4D43/7 �64 :�5 681 ���@ /70 ���3 514�7/7.1 .@5A14� �81 @7.156/376314 48��7 /510@1 6� �6 @7.156/376314�
�71 ./7 411 68/6 681 21/4@510 �� A/;@1 03�154 >= � B1� :5�2 ���

A/;@1 (�@0��,� �37.1 681 2/4414 �: >�68 34�6�<14 ���@ /70 ���3 /51 A15=�1;; B7��7 ��� 34 D�� ����� �E��	 B1� /70 DFE �F��� ����	 B1�? 514<1.63A1;=	6834 01A3/63�7 37 �� A/;@14 93A14 @4 / 8376 �: 681 4=4612/63. @7.156/376=
37 �@5 21/4@512176� 
��1A15? 6834 155�5 ./7 /;4� >1 0@1 6� >1/2 37617436=
�4.3;;/63�7 /6 ����? 437.1 6834 2168�0 34 01<170176 �7 681 >1/2 �@.6@D/63�74� �1A15681;144? 6834 1C<1532176 <5�A10 68/6 681 �546 �177379 65/< 37
��	����� ./7 0� 681 34�>/53. 2/44 <@53�./63�7 /..�50379 6� 681 014397
4<1.3�./63�74� �/44 514�;A379 <��15 37 6834 21/4@512176 �/4 �( E-� � E�� �� 48��6D685�@98 37617436= �/4 21/4@510 322103/61;= /:615 681 61464� ������
3�74 37 E��� .=.;14 �: E�� 24 �368 / E� �4 <@;4379 37 681 .��;15� �@5379 681
21/4@5121764 .�@76 5/61 �368 65/<<379 �7;= �/4 />�@6 E��� .�@764 <15 E��.=;14 �: �F� 24�

��� 	�����
 ���
���
�	� ��	� �� �� ��
�81 71C6 461< /:615 681 �546 34�>/53. 2/44 41</5/63�7 :�5 5/03�/.63A1 >1/24�/4 6� 6146 681 65/< �368 �443�7 <5�0@.64� 7 6834 6146 681 �546 ��� 0161.6�5�/4 51<;/.10 >= / 683.B 43;3.�7 0161.6�5 �368 / 03/21615 0���F .2� �7�6815
�3D0161.6�5 �368 / 03/21615 0���� .2 �/4 <;/.10 /6 681 1	1.63�7 4301 /:615 681
<@2<379 .8/2>15? 411 �9@51 ��EE� �81 �546 6146 �/4 6� 21/4@51 681 48��6D685�@98 1�.317.= �368 >16/ /.63A36=� �834 �/4 0�71 �368 ��EE� >1/2� �81514@;6 �/4 �� � ��7��E F�� 3�74�E� 4 /70 ������� 3�74�E� 4	� �834 /95114�1;; �368 681 A/;@1 68/6 �/4 21/4@510 �368 681 4@<<514410 	/5/0/= .@<4@4379 7��
1� 3�74��81 65/< �/4 614610 37 68511 5@74 �368 �443�7 <5�0@.64� ��81 �546 6146



�� ������� �� ������������ �������

�/4 <15:�5210 �7 E�DE� �: ��A12>15 ���� /70 681 �68154 �7 �D� /70 E�DE�
�: �/7@/5= ����	� �81 /32 �/4 6� <5�0@.1 :@56815 37:�52/63�7 �: 681 65/<
:@7.63�7379 /70 <�443>;= 1A17 71� 514@;64 �7 2/4414 �: 4�21 51:5/.6�5= �443�7
<5�0@.64� �/44 </5/>�;/ :�5 681 ��EE� 34�>/5 /51 48��7 37 �9@51 ����

	39@51 ���� �81 2/44 </5/>�;/ :�5 ��EE�� �/44 1C.144 37 @7364 �: B1� /4 /:@7.63�7 �: 681 <5�6�7 7@2>15 �� �81 @<<15 .@5A1 34 :�5 681 1A17D1A17 7@.;13/70 681 ;��15 �71 :�5 681 �00D�00 7@.;13�

����
 ������������ �� �������� �����������
�81 �546 9�/; �/4 6� .81.B 3: �71 ./7 41</5/61 77��8 /70 77��@ 34�>/54� �834</35 �/4 .8�417 437.1 �71 �>6/374 9��0 �443�7 =31;04 :�5 68141 34�6�<14 /6
681 ���� 2/44 41</5/6�5� ��52/;;=? �71 @414 77��8 6� 6@71 ���� �817@4379 / �443�7 3�7 9@301� �A17 681 �546 6146 514@;6 �/4 4@..144:@;? 411 �9@51
��E�� �81 21/4@512176 �/4 51<1/610 6�3.1 0@5379 681 41.�70 >1/2 6321�
�81 514@;64 /51 48��7 37 6/>;1 ���� �/615 /;4� / 9/22/D5/= 4<1.65/ �15151.�5010? 411 �9@51 ��EE� �834 34 /7�6815 �/= 6� 48�� 68/6 34�>/53. <@53�./D63�7 ��5B4 437.1 /:615 681 .=.;�65�7 1C.36/63�7 /6 681 .=.;�65�7 :51@17.= �:
77��8 681 ��� B1� <1/B �: 77��@ 34 7�6 A343>;1��;1/5;=? 681 21/4@510 2/44D17159= 03�1517.1 ������� ���	 B1� 03�154
5/03./;;= :5�2 681 ��� A/;@1 >= �E� B1� (�@0��, /4 �1;; /4 >= F�� B1� :5�2



���� ������� ����������� ���� �� ��� �� �E

	39@51 ��E�� �81 �546 21/4@512176 �368 �443�7 <5�0@.64 �7 77��@ /70 77��8�
��15:�5210 �7 E�68 �: ��A12>15 ����	� �8��379 .�@764 37 681 ���D0161.6�5/4 / :@7.63�7 �: .=.;�65�7 1C.36/63�7 :51@17.=� �/5/216154� %5��"�&	������24? % ��6	�EF 24 �368 ���6	�EEF 2�? :6�E�E� 

? ���5	��� 24 �368���5	���� 2�? ��.=.;1	��F� 24? ��+ � �-F � E�6� 2>/5? E�� .=.;14 <150/6/ <�376�

.17615
�� ���/����� ���	 ���� � E� B1��� ���/����� ����	 ���� � �� B1��� �1��	 ���� � ��� B1��� �(��B�E,	 �F�� � �� B1�

�/>;1 ���� �14@;64 :5�2 681 77��@ � 77��8 21/4@5121764� �81 @7.156/3763148/A1 >117 �>6/3710 :5�2 681 �/@443/7 �64 /70 :5�2 / 46/70/50 01A3/63�7 �:21/7 �368 /7 1C65/ .�1�.3176 �: E��� (�/=��,�



�� ������� �� ������������ �������

	39@51 ��EE� �/22/D5/= 4<1.65/ :�5 77��8� ��@764 /4 / :@7.63�7 �: 9/22/D5/= 17159= 37 @7364 �: B1�� �834 �/4 21/4@510 91D0161.6�5� ��;30 ;371� �7;=65/<<379? 0�6610 ;371� �5 1C.36/63�7 /6 681 .=.;�65�7 :51@17.= �: 77��8
�5���� E����� /70 ;��15 4�;30 ;371� �6 1C.36/63�7� �81 .=.;1 6321 �/4�F� 24 /70 681 4<1.65/ �151 51.�5010 :�5 �� 237@614�



���� ������� ����������� ���� �� ��� �� ��

681 ,6 170D<�376 A/;@1 �: (��B�E, 21/4@510 1/5;315 /6 ����� 
��1A15? 681<5�>;12 �817 .�2</5379 �@5 A/;@1 6� 681 ��� A/;@1 34 68/6 0@1 6� 681;323610 514�;A379 <��15 36 34 7�6 B7��7 8�� 2@.8 681 95�@70 46/61 �: 77��8/70 8�� 2@.8 681 34�2153. 46/61 �151 <5�0@.10�
����� ���� ������������ �� �� ��� �� ��������
�81 71C6 461< �/4 6� 6146 8�� 46/>;1 681 <@53�./63�7 65/< 34? 3�1� 8�� 6812/44 1C.144 A/;@14 A/5= >16�117 41A15/; 21/4@5121764� �834 6146 �/4 0�71�368 77��8 68/6 �/4 ./;3>5/610 �368 �.�5� 8/A379 / �1;;DB7��7 2/44� �8121/4@512176 �/4 0�71 37 6�� </564? 681 �546 </56 �/4 <15:�5210 0@5379
681 73986 FD� �/7@/5= ���� /70 6��B />�@6 E� 8�@54 /70 681 71C6 </56 �/4
<15:�5210 0@5379 681 73986 E�DE� �/7@/5= ���� /70 6��B />�@6 � 8�@54� �81�546 5@7 �/4 0�71 37 4@.8 / �/= 68/6 �.�5� �/4 21/4@510 37 681 >1937739 /4/ ./;3>5/63�7 /70 6817 �71 �: �8 �5 �@ 34�6�<14 :�;;��10 >= 77��8? /70 4� �7��6 681 170 �: 681 �546 5@7 /7�6815 ./;3>5/63�7 21/4@512176 �368 �.�5� �/4
0�71� �81 41.�70 5@7 .�7434610 �: �71 51:1517.1 21/4@512176 �368 �.�5�
/70 681 21/4@5121764 �: 77��8? 77<�8? 77.�8 /70 77��8� �81 :51@17.= 4./7�/4 0�71 37 4@.8 / �/= 68/6 1/.8 0/6/ <�376 �/4 21/4@510 0@5379 41A15/;.=.;14 >1:�51 .8/79379 376� 681 71C6 :51@17.=�
�81 514@;64 /51 48��7 37 �9@514 ��E�? ��E� /70 ��E�� 	5�2 7371 1C<153D21764 681 2/44 1C.144 A/;@1 �/4 ./;.@;/610 /4 /�1398610 21/7 A/;@1� 7A15414@/514 �: 681 @7.156/376314 �151 @410 /4 �139864� �81 <5�.10@51 6� ./;.@D;/61 681 2/44 1C.144 A/;@14 34 014.53>10 ;/615 37 .8/<615 F� �81 514@;6 34

���77��8	�D����� � �� B1� �83.8 03�154 �E� B1� :�52 681 <514176 ���
A/;@1 D����� � �� B1� (�@0��,� 
��1A15? 77��8 8/4 /7 34�2153. 46/61 /6��� � �� B1� 839815 (�@0��,? �83.8 4@991464 68/6 681 21/4@510 46/61 34 /.�2>37/63�7 �: /7 34�2153. /70 681 95�@70 46/61�
	5�2 �9@514 ��E�? ��E� �71 ./7 46/61 68/6 681 37617436314 8/A1 7�6 >1178398 37 /7= �: 68141 21/4@5121764 /70 437.1 681 48/<14 �: 681 <1/B4 /51�/@443/7 681 514@;64 68/6 �71 �>6/374 :5�2 681 �64 /51 .�74301510 6� >1

51;3/>;1� �81 514@;64 37 �9@51 ��E� /51 32<�56/76 437.1 681= 48�� 68/6 6812/44 03�1517.1 >16�117 681 21/4@510 2/44 1C.144 A/;@1 /70 681 ��� A/;@1?
�5 5/6815 681 :51@17.= 5/63� �5��+#'�5? 512/374 .�746/76 0@5379 681 6�� 5@74��834 32<;314 68/6 .�70363�74 0@5379 681 21/4@5121764 8/A1 >117 46/>;1 /70
7� 465�79 4=4612/63. 155�54 8/A1 �..@5510 0@5379 681 5@74�
�81 2/4414 :�5 41A15/; �6815 58�03@2 /7 5@68173@2 34�6�<14 �151 /;4�

21/4@510? /4 48��7 37 6/>;14 ���? ��� /70 ��F /70 37 �9@514 ��EF /70 ��E�



�� ������� �� ������������ �������

681= 48�� 681 2/44 03�1517.1 >16�117 681 21/4@510 2/44 1C.144 A/;@1 /70
681 ��� A/;@1�

�@.;� %73� �./74 �=.;14 ��.=.;1
77��@ EE�� 4 E ��� ����F�
777�@ ��E� 4 E EF� ��E�F�77��@ E��F 4 � E�� E�F��E��
774�@ FE� 24? ���24 E ��� ����F�
77��8 ��� 4? ���F 4 E ��� ����F�
777�8 EE 4 E EF� ��E�F�77��8 ��� 4? ��E 4 � F�? E�� D
774�8 ���� 4 E E�� ����F�
77<�8 E��F 4? E��F 4 � EF� EF��? E�F��E��77��8 ��� 24 E ��� ����F�	
77.�8 F�� 24? ��� 24 E ��� �����EF�

�/>;1 ���� �14@;64 �: 58�03@2 /70 5@68173@2 6146 21/4@5121764� �8��379
681 7@.;301? 681 8/;: ;3:1 �: 681 34�2153. /70 681 95�@70 46/61? 681 7@2>15
�: 4./74? 7@2>15 �: .=.;14 <15 0/6/ <�376 /70 .�@764 �368 65/<<379 �7;= <15.=.;14� �81 �F� 24 .=.;1 8/4 >117 @410 37 /;; 21/4@5121764�

����� ��������� �� ������� ��� ��������� �����
6 34 32<�56/76 6� 034.@44 681 1C<1532176/; @7.156/376314 �: 681 .@55176 21/D4@5121764� �81 @7.156/376= .�743464 �: 41A15/; :/.6�54? 681 2�46 32<�56/76
�714 >1379 681 46/63463./; @7.156/376=? 681 @7.156/376= 0@1 6� ./;3>5/63�7 <5�D.10@51 /4�1;; /4 681 4=4612/63. 155�54� �81 ;/6615 �714 /51 7�6 =16 @701546��0:�5 �@5 65/<� �8@4 681 <5�>;12 8/4 >117 8�� 6� 2/B1 / 51;3/>;1 @7.156/376=/7/;=434� 
151 /;; @7.156/376314 /51 14632/610 37 / .�7415A/63A1 �/=? 4� 68/6
1A17 3: 4=4612/63. @7.156/376314 /51 719;1.610 681 �7/; @7.156/376= 48�@;0.�A15 6812�
�81 514@;64 �151 03A3010 37 6�� 95�@<4� �81 �546 95�@< .�76/374 5@74:5�2 FD� �: �/7@/5= ���� /70 681 41.�70 95�@< 5@74 :5�2 E�DE� �: �/7@/5=

����� �834 �/4 0�71 6� 237323
1 681 1�1.64 0@1 6� ;�79D6152 .8/7914 37 6812/97163. �1;0�



���� ������� ����������� ���� �� ��� �� �F

	39@51 ��E�� 	3546 43C 4./74 �: 77��8� �: �9@51 ��E�� �8��379 681 .�@764 37681 ���D0161.6�5 /4 / :@7.63�7 �: 681 .=.;�65�7 1C.36/63�7 :51@17.=� �81
�F� 24 .=.;1 8/4 >117 @410 37 /;; 21/4@5121764� 7 681 �546 6�� 4./74 1/.8
0/6/ <�376 .�5514<�704 6� E�� .=.;14 /70 37 681 4./74 �D� F� .=.;14� 7617436314�368 65/<<379 �7;= �7� 1C.36/63�74	� E	 /70 �	 E�F� .�@764 37 E�� .=.;14? �	��� .�@764 37 F� .=.;14? �	 ��� .�@764 37 F� .=.;14? F	 ��� .�@764 37 F� .=.;14/70 �	 ��� .�@764 37 F� .=.;14�



�� ������� �� ������������ �������

	39@51 ��E�� �8511 ;/46 4./74 �: 77��8� �: �9@51 ��E�� �8��379 681 .�@764 37681 ���D0161.6�5 /4 / :@7.63�7 �: 681 .=.;�65�7 1C.36/63�7 :51@17.=� �81
�F� 24 .=.;1 8/4 >117 @410 37 /;; 21/4@5121764� 7 681 �546 4./7 1/.8 0/6/
<�376 .�5514<�704 6� F� .=.;14 /70 37 681 6�� �6815 4./74 1/.8 0/6/ <�376.�5514<�704 6� E�� .=.;14� 7617436314 �368 65/<<379 �7;= �7� 1C.36/63�74	� E	
��� .�@764 37 F� .=.;14? �	 F�� .�@764 37 F� .=.;14 /70 �	 ��� .�@764 37 F�.=.;14�



���� ������� ����������� ���� �� ��� �� ��

	39@51 ��E�� �@22/5= �: 7371 77��8 2/44 01615237/63�74� �81 =D/C34 48��4681 03�1517.1 >16�117 681 21/4@510 A/;@1 /70 681 2/44 1C.144 A/;@1 :5�2��� (�@0��,� �81 CD/C34 34 681 7@2>15 �: 681 21/4@512176� ��;30 ;371 34681 �1398610 /A15/91 A/;@1 �: 7371 21/4@5121764 /70 681 6�� 0/4810 ;3714
48�� 364 @7.156/376=� �81 �F� 24 .=.;1 8/4 >117 @410 37 /;; 21/4@5121764�



�� ������� �� ������������ �������

�@.;� 5 � �@	 @��	��
77��@ ����� ��� ��� ����	 E����E� E�E ���	 ����E�6��777�@ ����E E�� ��� ��E�	 EE���E� ��� ���	 ��E�E�6��77��@ E���� E�� ��� ����	 EEE��E� ��F ���	 ����E�6��774�@ E���� EE� ��� ����	 EE����� ��� ���	 ����E�6��
77��8 ����� E�� ��� ����	 E����EE ��E ���	 ����E�6��777�8 ����E E�� �F� ��E�	 EE���EE �E� ���	 ��E�E�6��77��8 </56 � E���� E�� ��� ����	 EEE��E� ��� ���	 ����E�6��77��8 </56 - E���� E�� E�� ����	 EEE��E� ��F ���	 ����E�6��774�8 E���� ��� ��F ����	 EE���EF F�� ���	 ����E�6��77<�8 </56 � E��E� �E� EF� ����	 EE���E� �E� ��F	 ��F�E�6��77<�8 </56 - E��E� �E� �E� ����	 EE���E� �E��E��	 ����E�6��77��8 E���� ��� ��E ��F�	 EE����� ��� ���	 ����E�6��77.�8 E���F ��� ��� ����	 EEF���� E�� �E��	 ����E�6��

�/>;1 ���� �@.;301? 681 21/4@510 .=.;�65�7 514�7/7.1 5/63� 5 /70 364 @7.15D6/376= 37 </517681434? 681 2/44 A/;@1 /70 364 @7.156/376= 37 </517681434? /70
681 51;/63A1 @7.156/376=�



���� ������� ����������� ���� �� ��� �� ��

�@.;� ��+�# (B1�, ��)�� (B1�, ��� (B1�,
77��@ D�� �E� ���	 D�� E�� �EE�	 E��
777�@ D�� ��� ���	 D�� �F� ���	 ��F
77��@ D�F ��� ���	 D�� ���� ��E��	 ���
774�@ D�E ��� ���	 D�� ��� ���	? E�� �E�	 F��
77��8 D�� ��� ���	 D�� �F� �E��	? EE� �E��	 ���
777�8 D�� ��� ���	 D�� ��� �F�	 E�F
77��8 D�� ��� ���	 D�� ��� ���	? ��� ���	 ���
774�8 D�� ��� ���	 D�� ��� ���	 �
77<�8 D�F F�� ���	 D�� E�� ���	? ���� �EF��	 F��
77��8 D�� �E� ��� D�� ��� ���	 D���
77.�8 D�� ��� �E��	 D�E ���� �F���	? ���� �EF��	 ���

�/>;1 ��F� �14@;64 �: 58�03@2 /70 5@68173@2 6146 21/4@5121764? 48��379
681 7@.;301? 681 21/4@510 2/44 1C.144 A/;@1? 681 51.176 ��� 2/44 1C.144
A/;@1 :�5 681 95�@70 /70 681 �546 34�2153. 46/61 /70 681 2/44 03�1517.1
>16�117 681 21/4@510 A/;@1 /70 681 ��� A/;@1� �81 4397 � 21/74 68/6
68151 34 7� 1C<1532176/; 0/6/ :�5 6834 34�6�<1� �81 ��� 2/44 1C.144 A/;@14/51 6/B17 :5�2 �@.;1@4 ���� (�@0��,� 	�5 4�21 �: 681 34�6�<14 48��7 />�A1681 2/44 1C.144 8/4 >117 ./;.@;/610 >= @4379 681 �� A/;@14 21/4@510 1/5;315/6 ���� (�;����, /70 /6 �/37
 >= @4379 681 ���� 61.873@1 (�;@��,�



�� ������� �� ������������ �������

	39@51 ��EF� �@68173@2 514@;64 �: 6/>;1 ��F� �/44 03�1517.1 �+�#D�)��37 @7364 �: B1� /4 / :@7.63�7 �: � :�5 �@ 34�6�<14� �81 4@/514 017�61 681
21/4@510 A/;@14 /70 681 �<17 .35.;14 681 ��� A/;@14 :�5 681 95�@70 46/614�

	39@51 ��E�� �8�03@2 514@;64 �: 6/>;1 ��F� �/44 03�1517.1 �+�#D�)�� 37@7364 �: B1� /4 / :@7.63�7 �: � :�5 �8 34�6�<14� �81 4@/514 017�61 681
21/4@510 A/;@14 /70 681 �<17 .35.;14 681 ��� A/;@14 :�5 681 95�@70 46/614�



���� ������� ����������� ���� �� ��� �� �E
7 681 �546 95�@< 681 @7.156/376= :�5 681 :51@17.= �: 77��8 �� 5@74	

0153A14 0351.6;= :5�2 681 46/70/50 01A3/63�7 �: 21/7 �����	 ./;.@;/63�7 /70
681 @7.156/376= :�5 681 41.�70 21/4@512176 �� 5@74	 .�214 :5�2 681 ����2@;63<;310 >= /7 1C65/ .�1�.3176 �: E��� (�/=��,� �81 @7.156/376= :�5 77��@/70 77<�8 8/4 >117 ./;.@;/610 4323;/5;= /4 �1;; /4 68/6 :�5 77��8 21/4@51037 681 41.�70 <8/41 �� 5@74	� 	�5 /;; �6815 4379;1 A/;@14 �1 8/A1 @410 681@7.156/376= �: 681 6�� 77��8 21/4@5121764 68/6 �151 51.�5010 0@5379 68141.�70 5@7� �8141 14632/63�74 93A1 / 5/6815 ;/591 @7.156/376314�
�81 514@;64 37 �9@51 ��E� 51/;;= 012�7465/61 68/6 @7.156/376= 14632/63�734 4@�.3176;= .�415A/63A1� �8151 13986 �: 7371 21/4@5121764 /51 �36837 681@7.156/376= ;32364 /70 �7;= �71 34 �@64301� �37.1 7�52/;;= �71 4392/ ;3236

21/74 68/6 �� � �: 681 514@;64 48�@;0 >1 �36837 681 @7.156/376=? 681 @7.15D6/376= 14632/63�74 @410 37 681 /7/;=434 /51 ;/591 17�@98 6� .�A15 4=4612/63.@7.156/376314�
�/615 37 681 :@6@51 /:615 .�223443�7379 681 41.�70 �177379 65/<? / <51D.343�7 65/<? 68/6 34 01439710 6� 0� 2/44 21/4@5121764 �368 ��	D61.873@12�51 016/3;10 46@0314 �368 4=4612/63. @7.156/376314 ./7 >1 0�71�

77�677�!�
�81 21/4@510 2/44 1C.144 D�� �E� ���	 B1� :�5 77��@ /95114 �36837 681@7.156/376314 �368 681 ��� A/;@1 �: D�� E�� �EE�	� 7461/0? 681 2/44 1C144
A/;@1 �: 777�@ 03�154 >= ��F B1� /70 77��@ >= ��� B1� 4@99146379 68/6
681 ��� A/;@14 /51 .�2<;161;= 37.�551.6� �37.1 68141 34�6�<14 0� 7�6 8/A1B7��7 34�2153. 46/614 681 .@55176 21/4@512176 ./7 >1 .�74301510 51;3/>;1�
7461/0 �: 68/6 34�6�<1 774�@ 8/4 /7 34�2153. 46/61 /70 437.1 �1 0� 7�6 B7���83.8 46/61 �1 8/A1 >117 21/4@5379 �1 ./7 �7;= .�7.;@01? 68/6 681 ���
A/;@1 34 37.�551.6�

77�!�
�81 21/4@510 2/44 �: 77��8 03�154 >= ��� B1� :5�2 681 ��� A/;@1 :�5 68195�@70 46/61? 3�1� D�� �F� �E��	� �/B379 376� /..�@76 681 @7.156/376= �: �@521/4@510 A/;@1 ���D�� ��� ���	 B1� /70 681 @7.156/376314 �: ��� 95�@7046/61 /70 681 34�2153. 46/61 681 �>6/3710 514@;6 03�154 >= � 6� � 63214 681@7.156/376= �: 681 2/44�



�� ������� �� ������������ �������

777!�
�81 21/4@510 2/44 1C.144 �: D�� ��� ���	 B1� :�5 777�8 03�154 :5�2 681
��� A/;@1 �: D�� ��� �F�	 >= E�F B1�� 68@4 681 514@;64 /51 5/6815 .;�41��37.1 777�8 /70 364 </5176 777�@ 0� 7�6 8/A1 B7��7 34�2153. 46/614 �71 ./7./;.@;/61 681 2/44 03�1517.1 :�5 777�@ >= @4379 681 :51@17.= 5/63�� �81514@;6 34 ���FF�� ���	 B1� �83;1 681 ��� A/;@1 34 ���F��� �F�	 B1��
681 03�1517.1 34 8@91? >@6 68/6 �/4 1C<1.610 437.1 681 �� A/;@1 :�5 777�@�/4 .�2<;161;= �� 0@1 6� 681 .@2@;/63A1 155�5 37 681 01./= .8/37�

77�!�
77��8 8/4 / B7��7 34�2153. 46/61 /6 ��� ���	 B1�� 	5�2 681 21/4@510
9/22/D5/= 4<1.65/? 411 �9@51 ��EE? �71 ./7 010@.1 />@70/7.14 �: 681 34�D2153. /70 681 95�@70 46/614� �834 9/22/D5/= 4<1.65/ 93A14 / 41.�70 <5��:
�: 681 :@7.63�73. �: 681 <@53�./63�7 �177379 65/<�

� (B1�, �51/ :/.6�5 � (�, ��6�6	
����� E��� ���	 ��� ���	 ���� �F��� �����	
�F��� ��E ���	 ��� ���	 ���� ����� �����	
����� F�� ��F	 �E� ��E	 ���� �F��� �����	
F���� ��� ���	 ��� �E�	 ��F� ����� �����	
F���F F�� ���	 �F� ���	 ��F� ����� �����	
����E ��� ���	 ��E �EF	 ���� ����� �F���	
E����� �EE ���	 ��� �EF	 ���� �F��� �F���	

�/>;1 ���� �14@;64 �: 77��8 9/22/D5/= 4<1.65@2 /7/;=434� �7159314 /70:/.6�54 /51 :5�2 (	35��,�
	5�2 6/>;1 ��� �71 ./7 010@.1 681 />@70/7.14 �: 681 95�@70 /70 681

34�2153. 46/61� �81 514@;6 34 68/6 �F �E�	 � �: 681 77� �8 3�74 /51 37 68195�@70 46/61 /70 �F �E�	 � 37 681 34�2153. 46/61� -= @4379 681 ��� A/;@14 D
�� ��� ���	 B1� /70 D����� ���	 B1� �71 9164 68/6 681 �1398610 /A15/91 2/441C.144 34 D����� ���	 B1�� �834 A/;@1 /95114 A15= �1;; �368 �@5 21/4@510 A/;@1
D����� ���	 B1���834 /;4� /;;��4 @4 6� 016152371 681 2/44 03�1517.1 >16�117 77��@ /7077��8� 7 6834 ./;.@;/63�7 �71 8/4 6� @41 681 ��� 2/44 1C.144 A/;@1 :�5



���� ������� ����������� ���� �� ��� �� ��
681 95�@70 46/61 �: 77��8 /70 681 1C<1532176/; 2/44 1C.144 A/;@1 :�5 77��@��14@;64 /51 48��7 37 6/>;1 ����

.17615
77��8 D�� ��� ���	 B1�
77��@ D�F ��� ���	 B1�
�� ���� � �� B1�
������	 ���� � ��� B1��� �(��B�E,	 �F�� � �� B1�

�/>;1 ���� �81 2/44 03�1517.1 >16�117 77��@ /70 77��8�

774677.!�
�81 21/4@510 2/44 1C.144 A/;@1 �: 774�8 34�6�<14 /95114 �1;; �368 681 ���A/;@1�
�/4414 �: 77<�8 034/9511 437.1 1A17 3: �71 ��@;0 4@2 681 17159= �: 681

34�2153. 46/61 /70 /;; @7.156/376314 �71 ��@;0 >1 �� >= E�� B1�� �/44 1C.144
�: 77��8 034/95114 .;1/5;= 1A17 3: 36 0�14 7�6 8/A1 /7= B7��7 34�2153. 46/614���7.157379 77.�8 �71 ./7 7�6 2/B1 /7= 46/612176 0@1 6� 681 @7.156/376= 37681 ��� 95�@70 46/61 A/;@1 /70 681 @7.;1/5 436@/63�7 37 ./41 �: 681 34�215�

'�����
���

�8�41 34�6�<14 68/6 0� 7�6 8/A1 B7��7 34�2153. 46/614 4112 6� /9511 �368
�@5 A/;@14 �7;= 37 681 ./41 �: 774�8� 7 681 ./41 �: 77��@ /70 777�8 681A/;@14 03�15 >= / :/.6�5 �: � 6� � 63214 681 @7.156/376= /70 37 �6815 ./414
681 03�1517.1 34 1A17 ;/5915� 
��1A15? 437.1 37 681 ./41 �: ���@ /70 ���3 681/95112176 >16�117 �@5 A/;@14 /70 681 �1;;DB7��7 ��� A/;@14 �/4 9��0 �1./7 46/61 68/6 ��� 2/4414 /;�79 681 01./= .8/374 .�76/37379 34�6�<14 ;3B1
77��8 /51 2�46 ;3B1;= 37.�551.6��1715/; .�7.;@43�7 34 68/6 ��� 2/44 1C.144 A/;@14 03�15 37 2�46 ./414:5�2 �@5 21/4@510 A/;@14� 
��1A15? 2�46 �: 681 ��� 2/44 A/;@14 /51
0153A10 :�52 �� 21/4@5121764 /70 68151:�51 681= /51 4@>	1.6 6� ;/591 4=4D612/63. 155�54? 0@1 6� 136815 681 37.�2<;161 B7��;1091 �: 681 01./= 4.8121
�5 681 21/4@512176 61.873@1 3641;:�



�� ������� �� ������������ �������



������� �

���� ���� ����������� ��
��������

�81 �53937/; 2�63A/63�7 :�5 681 2/44 21/4@512176 �: ���5 ./21 :5�2 681
/465�<8=43./; 5/<30 <5�6�7 ./<6@51 <5�.144 (�37�E,? (./;�E,� �81 5<D<5�.1446/B14 <;/.1 37 1C<;�43A1 8=05�917 >@57379 /6 8398 612<15/6@514 % � ��E��� �
�� :/5 681 5<D<5�.144 ./7 9� 01<1704 �7 681 612<15/6@51 .�70363�74� :681 612<15/6@51 % � E � E��� /70 681 017436= � � E�< �' �4 ? 5<D<5�.144./7 <5�.110 @< 6� ���� (.�5��, /70 >1=�70 (�.8��,� ��443>;1 .�70363�741C346 37 6=<1  
D5/= >@5464 (./;�E,�7 681 5<D<5�.144? <5�6�7 ./<6@51 51/.63�7 5/614 /51 �50154 �: 2/9736@01:/4615 68/7 , 01./= 5/614� �8@4 681 51/.63�7 </68 :�;;��4 / 415314 �: :/46 �<?-	51/.63�74 @763; 681 :@56815 <5�6�7 ./<6@51 34 3783>3610� 7 4@.8 / 436@/63�7 681
5/<30 <5�6�7 ./<6@51 <5�.144 46�<4 /70 36 8/4 6� �/36 :�5 681 4;�� , 01./=�
�834 B370 �: 7@.;1@4 �8151 681 <5�6�7 ./<6@51 34 3783>3610 34 ./;;10 / �/36379
<�376 7@.;1@4� ���5 34 / �/36379 <�376 7@.;1@4 437.1 364 �71 <5�6�7 ./<6@51
0/@98615 �4�> 34 @7>�@70 (��8�E,? (��B��,� 7 6834 436@/63�7 681 <5�.144 8/46� �/36 :�5 681 , 01./= �5 9� :@56815 A3/ / 6�� <5�6�7 ./<6@51 (�.8��,� :6834 B370 �: 6�� <5�6�7 ./<6@51 34 <�443>;1? 3�1� 3: 681 @7>�@70 0/@98615 ;3A14;�79 17�@98 6� ./<6@51 / 41.�70 <5�6�7? 681 �/36379 6321 �3;; >1 510@.10
43973�./76;=�
�81 <5�6�7 ./<6@51 5/61 34 7�6 �7;= 01<170176 �7 612<15/6@51 /70 017436=.�70363�74 >@6 /;4� 465�79;= �7 681 <5�6�7 ./<6@51 � A/;@1? 3�1� 681 2/44 �:

681 </5176 /70 0/@98615 7@.;13 (�.8��,� �8@4? 36 34 .;1/5 68/6 681 51;3/>3;36=�: 681 5<D<5�.144 ./;.@;/63�7 01<1704 �7 8�� /..@5/61;= 681 2/4414 /;�79681 5<D<5�.144 </68 /51 B7��7� � <�443>;1 5<D<5�.144 </68 37 681 A3.3736= �:
�F



�� ������� �� ���� ���� ����������� �� ��������

���5 34 48��7 37 �9@51 F�E�	�5 32<5�A379 681 B7��;1091 �: 681 5<D<5�.144 </68 37 6834 </563.@;/5 /51/681 461< 34 6� 21/4@51 681 2/44 �: ���5� �81 71C6 461< ��@;0 >1 6� 21/4@51
681 �<D./<6@51 /44�.3/610 34�6�<14 �4�> /70 �<�5� 7 681 :�;;��379 681 2/4421/4@512176 �: ���5? <15:�5210 /6 �����? ����? 34 <51417610�

71Kr70Kr69Kr 75Kr73Kr 74Kr

76Rb74Rb

75Sr 77Sr76Sr73Sr 74Sr

69Se67Se 68Se

67As66As

N Z=

Mass known M
ISOLTRAP

D =5-30 keV

75Rb

Measured in this work

Beta decay

Proton capture

70Br 71Br

72Kr

72Kr

72Br

70Se

68As

	39@51 F�E� �/56 �: 681 7@.;301 .8/56 48��379 ���5 /70 / <�443>;1 5<D</68(�.8��,� �5/= 48/010 4@/514 48�� 681 7@.;3014 �8�41 2/4414 8/A1 >11721/4@510 1/5;315 /6 ������� (
15��,�

��� ��	���

�81 ������� 2/44 4<1.65�21615 (-�;��, 34 ;�./610 /6 681 ����� :/.3;D36= (�@9��, �: ����� �81 ��� 61.873@1 34 @410 6� <5�0@.1 ;�� 17159=



���� ������ ��
5/03�/.63A1 >1/24 >= @4379 4</;;/63�7? �443�7 /70 :5/92176/63�7 51/.63�74��6 ����� 681 <532/5= >1/2 34 �>6/3710 :5�2 681 �5�6�7 �=7.85�65�7
-��4615 ���- 37 �9@51 F��	 68/6 <5�0@.14 / <@;410 E�� �5 E�� �1� <5�6�7
>1/2 /6 51<16363�7 5/61 �: E�� 4� �834 <5�6�7 >1/2 8364 / 683.B 6/5916 /70
681 51/.63�7 <5�0@.64 /51 46�<<10 374301 681 6/5916 3641;: �8151 681= /51 1CD65/.610 >= 81/6379 681 6/5916 6� A15= 8398 612<15/6@51� �3�@4379 5/03�/.63A1/6�24 /51 6817 3�73
10 >= @4379 ;/415 3�73
/63�7? >= 4@5:/.1 3�73
/63�7? �5 >=
8�6 <;/42/ 3�73
/63�7� �81 41.�70/5= >1/2 34 6817 /..1;15/610 6� �� B�/70 2/44 41</5/610 37 �71 �: 6�� 2/44 41</5/6�54 ��� �5 
�� 68/6 8/A1
2/44 514�;A379 <��154 �: ������ /70 ������DEF���? 514<1.63A1;=� �8141 5/D03�/.63A1 >1/24 /51 6817 65/74<�5610 6� 41A15/; 7@.;1/5 /70 2/6153/; <8=43.41C<15321764�

GPS

HRS

1.0 or 1.4 GeV
protons from PSB

ISOLTRAP

targets

	39@51 F��� �A15A31� �: 681 ����� 8/;; /6 �����



�� ������� �� ���� ���� ����������� �� ��������

��� ��	����� ���
���
�	
�81 ������� 4=4612 34 / 653<;1 65/< 68/6 .�743464 �: /7 �	� .��;15�>@7.815
(
15�E,? / .=;37053./; <@53�./63�7 65/< (�/3��, /70 / 8=<15>�;3. <51.343�7 65/<(-�;��,? 411 �9@51 F���

HV platform    60 kV

ISOLDE

beam (DC)
RFQ structure

MCP 5

Precision

Penning

trap

Purification

Penning

trap

MCP 3

MCP 1

60 keV

Stable alkali

reference ion

source

Electrostatic

deflector

2 m

0

1

	39@51 F��� ������� 416 @<� �81 4=4612 .�743464 �: �	� .��;15�>@7.815?
<@53�./63�7 �177379 65/< /70 <51.343�7 �177379 65/<� ���F 34 @410 6�
21/4@51 681 ��	 .=.;�65�7 514�7/7.1 .@5A1 /70 681 �6815 ���4 /51 @41037 4166379 @< /70 6@7379 681 4=4612� ��D;371 /;B/;3 3�7 4�@5.1 34 @410 3751:1517.1 21/4@5121764�
�81 �� B1� ����� >1/2 68/6 8/4 /7 17159= 4<51/0 �: / :1� 1� /70/7 12366/7.1 �: �F� 22 25/0 34 01.1;15/610 6� � � �� 1� /70 37	1.610

376� 681 �	� .��;15�>@7.815 �8151 3�74 /51 .��;10 >= .�;;343�74 �368 681
>@�15 9/4 /6�24� �74 /51 1C65/.610 37 >@7.814 376� / <@;410 ./A36= 68/6



���� ��������� �� ����������� ��
34 37363/;;= 5/3410 6� F��� B� <�61763/;� .83;1 681 3�7 >@7.8 65/A15414 681./A36= 364 <�61763/; 34 4�36.810 6� 681 95�@70 ;1A1; � � <�61763/;� 68@4 6813�74 8/A1 ��� B1� 17159= �817 .�2379 �@6 �: 681 8398 A�;6/91 <;/6:�52� �81
6�6/; 1�.317.= :�5 6834 01A3.1 34 E�DEF � ? 681 ;17968 �: 681 <@;41 34 E� �4
/70 681 14632/610 12366/7.1 34 E�� 22 25/0 :�5 681 ��� B1� >1/2� �834.�5514<�704 6� �� 22 25/0 :�5 681 �� B1� >1/2 (
15�E,��81 >1/2 >@7.8 .�2379 �@6 :5�2 681 ./A36= 34 9@3010 376� 681 >@�15
9/4 �;;10 .=;37053./; <@53�./63�7 �177379 65/< 68/6 @414 / 0=7/23. 65/<<3794.8121� �834 65/< 8/4 >117 <;/.10 37 681 ��� � 4@<15.�70@.6379 2/9716
/70 681 65/< 465@.6@51 3641;: .�743464 �: E� .=;37053./; 41921764� �81 >@�159/4 <5144@51 :�5 
1 34 6=<3./;;= E � E�6� 2>/5? 65/<<379 63214 /51 6=<3./;;=( ��� ' F�� 24 /70 681 514�;A379 <��15 �368 ;�79 65/<<379 63214 8/4 >11721/4@510 6� >1 * � E�� (�/3��,��:615 681 34�>/53. 2/44 <@53�./63�7 1	1.610 3�74 /51 65/74:15510 6� 681
<51.343�7 65/< <;/.10 374301 / F�� � 4@<15.�70@.6379 2/9716� �834 65/< 34
�<15/610 37 A/.@@2 /6 � � E�E�6� 2>/5 <5144@51 /70 34 @410 :�5 2/44 21/D4@5121764 >= @4379 681 6321 �: �3986 61.873@1 /4 1C<;/3710 37 681 .8/<615
��F���

��� ��������
 �� �
���
�
�	
��	 2168�0 34 >/410 �7 681 .=.;�65�7 1C.36/63�7 37 681 <51.343�7 65/<� 
��D1A15? 1A17 3: 681 .=.;�65�7 514�7/7.1 21/4@512176 .�2>3710 �368 ��	 61.8D
73@1 34 / 0351.6 �/= 6� 21/4@51 2/4414? �71 71104 6� ./;3>5/61 681 2/44:51@17.= 51;/63�7� �834 34 0�71 >= 2/B379 / 51:1517.1 21/4@512176 	@46
>1:�51 /70 /:615 681 21/4@512176 �: 3�7 4<1.314 �: 37615146� �8141 51:1517.1
21/4@5121764 /51 0�71 >= @4379 /7 34�6�<1 68/6 8/4 / �1;; B7��7 2/44�
8��1A15 1A17 6817 681 @7.156/376= �: 681 51:1517.1 2/44 �3;; .�7653>@61 6�
681 @7.156/376= �: 681 3�7 2/44 �: 37615146� �8@4? �71 /;�/=4 21/4@514 681
5/63� >16�117 681 51:1517.1 :51@17.= ��+#�5 /70 681 21/4@510 :51@17.= �5

� � �5��+#
�5

- �F�E	

	5�2 68141 51;/63�74 �71 ./7 ./;.@;/61 681 /6�23. 2/44 �: 37615146 2? >=@4379 681 /6�23. 2/44 �: 681 51:1517.1 3�7 ��+# /70 681 1;1.65�7 2/44 �+ ?
� � ����+# '�+	$�+- �F��	



�� ������� �� ���� ���� ����������� �� ��������

7 6834 5@7 ���>� 3�74 �151 @410 /4 / 51:1517.1 3�7 (-5/��,� �81 51:1517.1:51@17.= 34 37615<�;/610 :5�2 681 ;371/5 ;1/46D4@/51 �6 �: 6�� 0/6/ <�3764/4 :�;;��4�
�5��+# ��	 � � �� ' �7�� ' �7 $ ���7 ' �7���� ' �7

- �F��	
64 155�5 ./7 >1 0153A10 >= 03�151763/6379 6834 :�52@;/?


��5��+#	 � � E
��� ' �7	� (

��7
�� $ ���
�7 ' ����7
�� $ ��
�7	$ �� �
�7 $ 
��	, �F��	

�8151 �7 34 681 :51@17.= �: 681 51:1517.1 21/4@512176 >1:�51 /70 �� 34 68151:1517.1 :51@17.= /:615 /70 
7 /70 
� /51 681 155�54? 514<1.63A1;=� �321 634 681 6321 �817 681 21/4@512176 34 0�71 /70 �7 6321 :�5 681 �546 51:1517.121/4@512176 /70 �� 6321 :�5 681 41.�70 51:1517.1 21/4@512176�6 34 �>A3�@4 (�1;��, 68/6 /;4� 681 �@.6@/63�74 37 681 2/97163. �1;0 8/A16� >1 6/B17 376� /..�@76 37 681 155�5 �: 681 51:1517.1 :51@17.=��
�+# ��5��+#	
�5��+# 	� � �
��5��+#	

�5��+# 	� $ �
� ��5��+#	
�5��+# 	� �F�F	

�8151 
� ��5��+#	
�5��+# � �-�F � E�677�% - �F��	

�834 34 /7 12<353./; 51;/63�7 :�5 �������� 
151 �% 34 6321 37 237@614
>16�117 �681 .176514 �:	 681 6�� 51:1517.1 21/4@5121764�
��� 681 155�5 :�5 681 :51@17.= 5/63� 5 34 ./;.@;/610 37 681 :�;;��379 �/=

�
�
� �
� � �
�+# ��5��+#	

� 	� $ �
��5	
� 	� - �F��	

.8151 
��5	 34 681 @7.156/376= 51;/610 6� 681 21/4@512176 �: 681 3�7 �:37615146� �37.1 681 21/4@512176 34 7�52/;;= 51<1/610 :1� 63214 681 �1398610
21/7 A/;@1 :�5 5 /70 364 @7.156/376= 
� 34 ./;.@;/610 >= @4379 681 37A15414@/51 �: 681 @7.156/376= /4 / �13986� �8@4

�� � �� �� �E'
��	�
�� �E'
��	� �F��	

/70 �
 � E
�� �E'
��	� - �F��	



���� ������� �E
	37/;;=? /:615 ./;.@;/6379 681 21/7 A/;@1 /70 364 @7.156/376=? �71 463;; 71104
6� 6/B1 376� /..�@76 / 2/44D01<170176 01A/63�7 
9 (-;/��,? (�1;�E, /7001A3/63�7 0@1 6� @7B7��7 1�1.64 
� (-1.��,? (�1;�E,� �8@4

��
#�&!"�� �
� � ��
�� �� $ �
9�� �� $ �
��� �� �F�E�	

�8151 :�5 �������?


9'�� � E-� � E�67���'�; �F�EE	
�'�� � � � E�6� - �F�E�	

��� �
���	�
�81 0/6/ /7/;=410 /70 <51417610 8151 �/4 6/B17 37 �1<612>15 ���E� 76834 5@7 / E�� �1� <5�6�7 >1/2 /70 �5� 6/5916 �151 @410 37 
��� �81
51:1517.1 21/4@5121764 �151 0�71 �368 46/>;1 ���>� 3�74 <5�0@.10 >= 681
������� 51:1517.1 3�7 4�@5.1 /70 681= �151 0�71 	@46 >1:�51 /70 /:615 68121/4@512176 �: 681 3�7 �: 37615146 ��5 1A15= 41.�70 21/4@512176 37 ./41 �:48�56 5@74	� �81 6�6/; 1�.317.= :�5 681 ������� 4=4612 /6 681 >19377379
�: 681 5@7 �/4 � � E�64 ��81 /32 �/4 6� 21/4@51 681 2/44 �: ���5 /70 .81.B 681 2/4414 :�5 4�21
�6815 �5 34�6�<14 6� >1 4@51 68/6 �1 /51 21/4@5379 .�551.6;=� �81 514@;64/51 48��7 37 6/>;14 F�E? F�� /70 F�� /70 37 �9@514 F�� /70 F�F� �8141 �9@51448�� 681 2/44 03�1517.1 >16�117 681 21/4@510 2/44 1C.144 A/;@1 /70 681��� A/;@1�
�81 A/;@14 @410 37 681 /7/;=434 �151 �+�FE����� �����E	 B1� (��8��,? E@���E ����������E	 B1� (�@0�E, /70 � ���*�	�����EE ��� ����E�	 @ (-5/��,(�1;��,��81 2/44 1C.144 A/;@14 93A17 37 6/>;1 F�� /51 ./;.@;/610 >= 681 51;/63�7�

�� � � '1 �F�E�	

�8151 2 34 681 2/44 �: /7 /6�2 37 /6�23. 2/44 @7364 /70 � 34 681 /6�23.
2/44 7@2>15� �834 A/;@1 34 6817 .�7A15610 376� @7364 �: B1��



�� ������� �� ���� ���� ����������� �� ��������

�@.;� %73� �./74 %#� 2
���5 E��� 4 E �F��4�5 ���� 4 E ��F��<�5 EE�F 237 E �E �E����5 46/>;1 � �� �F�
�.�5 46/>;1 � E� �F�

�/>;1 F�E� �@.;301? 8/;: ;3:1 (�@0��,? 681 7@2>15 �: 4./74 /70 681 6�6/;7@2>15 �: 3�74 @410 37 681 �64�

�@.;� 5 � �@	 @��	��
���5 ����� �FF ��� �E��	 �E���� ��� �� ����	 E�E�E�6���4�5 ���F� ��� ��� �E�E	 ������ ��� FF ��FF	 E���E�6���<�5 ����� ��� ���� �FE�	 ������ ��� �� ����	 F�E�E�6�����5 ���E� ��E ���� ����	 ������ ��� �� ����	 ����E�6��
�.�5 E��EE ��� EE�E ���F	 �F��E� �E� �E ���F	 ����E�6��

�/>;1 F��� �@.;301? 681 21/4@510 .=.;�65�7 514�7/7.1 5/63� 5 /70 364 @7.15D6/376= 37 </517681434? 681 2/44 A/;@1 /70 364 @7.156/376= 37 </517681434? /70
681 51;/63A1 @7.156/376=� �;; A/;@14 8/A1 >117 ./;.@;/610 /4 48��7 37 681
<51A3�@4 41.63�7�

�@.;� ��+�# (B1�, ��)�� (B1�, ��+�#D��)�� (B1�,
���5 DF������ ����	 DF�E�� ����	 EF����4�5 DF�FF��� ����	 DF�FF��� ����	 D��F�<�5 D������� ���F	 D������� ����	 D��F���5 D��E�E�� ����	 D��E���E �E��	 D���
�.�5 D����F�� ����	 D����F�� �E�E	 ���

�/>;1 F��� �@.;301? 681 21/4@510 2/44 1C.144 /70 364 @7.156/376=? 681 2/44
1C.144 :5�2 ;3615/6@51 /70 364 @7.156/376=? /70 681 03�1517.1 >16�117 681;3615/6@51 /70 681 21/4@510 2/44 1C.144 A/;@14� 7 681 ./41 �: ���5 /70 �.�5
681 �� �1��	 A/;@14 /51 :5�2 681 ����F �/>;14 (�@0�F, /70 37 681 ./41�: �4�5? �<�5 ���5 681 A/;@14 /51 :5�2 681 ;/615 1A/;@/63�7 (�1;��,�



���� ������� ��

	39@51 F��� �/6/ :5�2 �/>;1 F��� �/44 03�1517.1 �+�#D�)�� 37 @7364 �:B1� /4 / :@7.63�7 �: � :�5 �5 34�6�<14� �81 �;;10 4@/514 /51 681 21/4@510
A/;@14 /70 681 �<17 .35.;14 /51 681 ��� A/;@14�

	39@51 F�F� �/6/ :5�2 �/>;1 F��� �/44 03�1517.1 �+�#D�)�� 37 @7364 �:B1� /4 / :@7.63�7 �: � :�5 �5 34�6�<14� �81 �;;10 4@/514 /51 681 21/4@510
A/;@14 /70 681 �<17 .35.;14 /51 681 ��� A/;@14�



�� ������� �� ���� ���� ����������� �� ��������

����
 ��������� �� �������
�.��
�81 21/4@510 2/44 1C.144 A/;@1 :�5 �.�5? D����F�� ����	 B1�? /95114 A15=�1;; �368 681 ��� A/;@1 D����F�� �EE	 B1� (�@0��,? (�@0�F, /70 �368 6812�51 /..@5/61 �������� (�/5��, A/;@1 D����F�F� �E�E	 (	53��,�
����
	�5 ���5 681 21/4@510 514@;6 ��+�#�D��E�E�� ����	 03�154 :5�2 681 ���
A/;@1 D��E���E �E��	 B1�� �834 ��� A/;@1 8/4 9�6 �E � �: 364 A/;@1 :5�2 6811/5;315 ������� 21/4@5121764 ���D��E���� �E��	 B1� (�1;��,� �834 34/;51/0= .;�415 6� 681 21/4@510 A/;@1? >@6 463;; 03�154 :5�2 68/6 >= �71 
 �
�<��
�81 03�1517.1 37 ./41 �: �<�5 34 � 46/70/50 01A3/63�74� �81 21/4@510 2/441C.144 34��+�#�D������� ���F	 B1� /70 681 ��� A/;@1 34��)���D�������
����	 B1�� �81 03�1517.1 34 ��F B1� /70 34 43973�./76 437.1 681 51.176 ���
A/;@1 34 .�2<;161;= 0161523710 :5�2 <51A3�@4 ������� 21/4@5121764
(�1;��,�
�4��
�81 /95112176 >16�117 681 21/4@510 2/44 1C.144 A/;@1 ��+�#�DF�FF���
����	 B1� /70 681 ��)���DF�FF��� ����	 B1� 34 9��0� �834 ��� A/;@134 /;4� .�2<;161;= 0161523710 >= 681 <51A3�@4 ������� 21/4@5121764
(�1;��,�
����
�81 03�1517.1 >16�117 681 21/4@510 A/;@1 ��+�#�DF������ ����	 B1� /70681 ;3615/6@51 A/;@1 ��)��� DF�E�� ����	 B1� (�@0�F, 34 5/6815 >39? E��B1�� 
��1A15 681 71� /70 681 �;0 A/;@1 A/;@1 /9511 6/B379 376� /..�@76 681@7.156/376= �: 681 �;0 A/;@1�



������� �

������� ��� �����������

7 6834 ��5B / 0�@>;1 .=;37053./; �177379 65/< 4=4612 :�5 ;�� 17159= 3�7
>1/24 8/4 >117 >@3;6 /70 614610 /6 ���� /6 681 �1</562176 �: �8=43.4?
�73A15436= �: �=A�/4B=;�/� �81 <@5<�41 �: 6834 65/< 4=4612 34 6� /..1<6 681
>@7.810 >1/2 :5�2 681 �	� .��;15�>@7.815 /70 6� <@53:= 36 >= 2/44 /70:@56815 01;3A15 681 >1/2 6� 4<1.65�4.�<= 416D@<4 �5 6� 681 41.�70 �17737965/< 68/6 �3;; >1 @410 37 <51.341 2/44 21/4@5121764� �81 /0A/76/91 �: 34�D
>/53./;;= <@51 >1/24 �3;; >1 0161523710 �817 �71 ./55314 �@6 4<1.65�4.�<=1C<15321764 :/5 :5�2 46/>3;36=� 7 68141 B370 �: 1C<15321764 @7�/7610 3�74./7 >1 �50154 �: 2�51 />@70/76 68/7 681 �/7610 5/51 3�74� 4�>/53. .�7D6/237/764 ./7 >1 512�A10 �368 681 �177379 65/< /70 681 �/7610 /.63A36=./7 >1 21/4@510 �368 8398 4174363A36= 437.1 681 <1/B 6� >/.B95�@70 5/63� 34
32<5�A10�
�@5379 681 6146 36 �/4 :�@70 �@6 68/6 681 48��6D685�@98 1�.317.= :�5 6810�@>;1 65/< 4=4612 34 �� � /70 681 65/<<379 1�.317.= 34 F� � ;1/0379 6� E�

� 6�6/; 1�.317.=�
�81 ./</>3;36= 6� 2/B1 34�>/53. 2/44 <@53�./63�74 :�5 5/03�/.63A1 >1/24

8/4 >117 012�7465/610 �546 �368 ���@ /70 ���3 /70 ;/615 �368 77��@ /7077��8 3�74 /70 4�21 �6815 7D53.8 34�6�<14� �=<3./;;=? 681 6�6/; .=.;1 6321:�5 681 65/< �/4 �F� 24� �834 37.;@014 6321 :�5 681 /C3/; .��;379? :�5 6812/97165�7 1C.36/63�7 37 681 03<�;1 2�01 /70 :�5 681 .=.;�65�7 1C.36/63�737 681 @/05@<�;1 2�01� �81 >146 514�;A379 <��15 ��E�� ��� �/4 /.831A10�368 / ���3 >1/2 /70 681 48�56146 .=.;1 @410 �/4 E�� 24 �83.8 ;1/0 6� ���F
��� :�5 7�.
1 3�74�6 34 .;1/5 68/6 681 32<;1217610 65/< 4=4612 �3;; <5�A301 /7 1C.1;;176 6��;
6� 2/B1 71� <8=43.4 37 681 71/5 :@6@51� 	�5 1C/2<;1 681 /..@5/61 2/4414 �:

�F



�� ������� �� ������� ��� �����������

51:5/.6�5= 1;121764 ;3B1 �@ /70 �8? /51 <��5;= B7��7� �;51/0= 681 <514176
6146 1C<15321764 48�� 68/6 681 51.176 ��� A/;@14 4112 6� 01A3/61 43973�D./76;= :5�2 681 0351.6;= 21/4@510 2/44 A/;@14� �81 <5�>;12 34 68/6 2�46
�: 681 2/44 A/;@14 37 6834 5193�7 /51 >/410 �7 >16/ 170D<�376 21/4@512176468/6 2/= .�76/37 ;/591 4=4612/63. 155�54� 6 34 .;1/5 68/6 437.1 ���� ��154/7 1C.1;;176 2168�0 6� <5�0@.1 68141 51:5/.6�5= 1;121764 37 �443�7 41A15/;
71� 2/44 21/4@5121764 �3;; >1 0�71 37 6834 5193�7 0@5379 71C6 =1/54 /:615
681 <51.343�7 �177379 65/< 8/4 >117 .�223443�710� �81 41.�70 5193�7 �:
37615146 23986 >1 681 <5�6�7 53.8 4301 �: 681 7@.;301 .8/56 37 681 A3.3736= �:�5 /70 �� �8141 34�6�<14 ./7 >1 <5�0@.10 �368 81/A=D3�7 :@43�7 1A/<�5/63�751/.63�74 (�17��,� �<1.3/; 37615146 37 681 2/44 21/4@5121764 37 6834 /51/ ;31437 46@0=379 681 5/<30 <5�6�7 ./<6@51 </68�
7 681 71/5 :@6@51 41A15/; 32<5�A121764 /70 71� 01A1;�<21764 /51 1CD

<1.610 37.;@0379 <@66379 681 <51.343�7 65/< 376� �<15/63�7? 32<5�A379 681 9/4:110379 4=4612 �: 681 <@53�./63�7 65/<? 32<5�A379 681 1	1.63�7 >1/2 ;371 /70;/615 >@3;0379 / ./5>�7 .;@4615 51:1517.1 3�7 4�@5.1�



�������� �

������� ��� ���������

��� �������
�7 3�7 <�4363�7 /70 A1;�.36= /51 014.53>10 /..�50379 6� 
/23;6�73/7 :�5D2/;342 37 43C 0321743�7/; ��;� ;;�� ;�8 ;��	D <8/41 4</.1� �..�50379 6� 681�3�@A3;;14 681�512 681 A�;@21 �: �� � ����������8��� �3;; 512/37.�746/76 37 681 <51417.1 �: .�7415A/63A1 :�5.14 (�/5��,� 	�5 / .�7415A/63A1:�5.1 36 34 /;�/=4 <�443>;1 6� �70 / <�61763/; :@7.63�7 ;3B1 :�5 681 1;1.653.�1;0 �5 681 2/97163. �1;0 @410 37 / �177379 65/<� �81 :53.63�7 :�5.1 .51D/610 >= 681 >@�15 9/4 2�;1.@;14 34 / 7�7D.�7415A/63A1 :�5.1 /70 68@4 681
A�;@21 �: <8/41 4</.1 34 7� ;�7915 / .�746/76� ���;379 21/74 01.51/4379 �:����������8��� � �A15A31� �: �6815 .��;379 2168�04 ./7 >1 :�@70 37681 51:1517.1 (6/�F,�
��� ���		��

���;379 .�@;0 >1 /44�.3/610 /;4� 6� 612<15/6@51 >= @4379 46/63463./; 21.8/7D3.4� 
��1A15? 6834 34 7�6 /6 /;; @41:@; @/7636= :�5 3�7 >1/24 /70 68@4 / 2�514@36/>;1 12366/7.1 @/7636= 8/4 6� >1 6/B17 376� @41� �� @701546/70 681 .�7D.1<6 �: 12366/7.1 �71 2@46 ;��B /6 681 6�� 0321743�7/; ��;��	 <5�	1.63�74�: 681 <8/41 4</.1 �8151 @ 46/704 :�5 /7= �: 681 .��5037/614 C?= �5 
� �8141B370 �: .@64 /51 ./;;10 /.63�7 03/95/24� �81 12366/7.1 �: 681 >1/2 34 01�710
/4 681 /51/ �: /7 /.63�7 03/95/2 03A3010 >= 681 .1765/; 2�2176@2 �� �: 68151:1517.1 </563.;1 65/A1;;379 /;�79 681 �<63./; /C34� �..�50379 6� �9@51 ��E12366/7.1 � � ���� �8151 �� � �#�#� 3�1� 681 03A15917.1 /79;1� �4@/;;=

��



�� �������� �� ������� ��� ���������

px

x xx

px px

p0

z

Dx

Dpx

x

	39@51 ��E� �C/2<;14 �: /.63�7 03/95/24� �5�	1.63�7 37 CD
D<;/71� �81
�<63./; /C34 :�5 681 >1/2 34 681 
D/C34� �6 ;1:6 .�7A159379 >1/2? /6 .17615
>1/2 /6 :�.@4? /6 53986 03A159379 >1/2�

12366/7.1 34 93A17 37 22 25/0 @7364� 
��1A15? 7�52/;;= /7 /.63�7 03/95/2
�: 681 >1/2 34 7�6 / 4@/51 /4 37 �9@51 ��E >@6 /7 1;;3<41�



�������� �

�������

�;; �3514 6� 65/< 1;1.65�014 374301 681 A/.@@2 /51 .�771.610 A3/ 681 <;@9.8/2>154� �81 ./>;14 /51 .�771.610 /..�50379 6� 681 :�;;��379 6/>;14�
�;1.65�01 �37 7 .�765�;4

E ;1:6 - E

E 53986 � ���
�E @< � ���
�E 0��7 	 �

� ;1:6 � �

� 53986 � ���
�� @< � ���
�� 0��7 
 �

�/>;1 -�E� �/>;379 �: 681 �	� C=D01�1.6�5� ��771.63�74 37 681 617 <37 <;@9��81 �37
1; ;174 /:615 681 �	� 8/4 >117 .�771.610 6� / 41</5/61 <37 <;@9�

��



E�� �������� �� �������

�;1.65�01 �37
�8/2>15 �
�174 -
�C65/.63�7 �
	5/21 
�@55176E �
�@55176� �
�@55176 .�22�7 �

�/>;1 -��� �/>;379 �: 681 6146 3�7 4�@5.1� ��771.63�74 37 681 617 <37 <;@9�

�;1.65�01 �37 7 .�765�;4

E ;1:6 	 E

E 53986 � ���
�E @< � ���
�E 0��7 � �

� ;1:6 � �

� 53986 - ���
�� @< � ���
�� 0��7 
 �

�/>;1 -��� �/>;379 �: 681 65/< C=D01�1.6�5� ��771.63�74 37 681 617 <37 <;@9�

�;1.65�01 �37
�1.1;15/63�7 E �
�1.1;15/63�7 � -
�1.1;15/63�7 � �

�/>;1 -��� �/>;379 �: 681 01.1;15/63�7 1;1.65�014� ��771.610 376� :�@5 <37
<;@9�



E�E

�;1.65�01 �;@9
�5/< ED�? 48�5610 ���
�5/< � ��

�5/< F ��
�5/< � ��-
�5/< � ���
�5/< � �E-�5/< � �E��5/< E� �E��5/< EE ���
�5/< E� ���
�5/< E�? �E��5/< E�? �70 ./< ��
�5/< EF? �70 ./< ���
�5/< E�? �70 ./< ���
�5/< E�? ��551.63�7 � �E	�5/< E� �? ��551.63�7 E ��	
�5/< E� -? ��551.63�7 E �E
�5/< E� �? �19217610 �379 ��	
�5/< E� -? �19217610 �379 ���
�5/< E� �? �19217610 �379 ��

�5/< E� �? �19217610 �379 ��-
�5/< E� �? �19217610 �379 ���
�5/< E� 	? �19217610 �379 �E�5/< E� �? �19217610 �379 �E��5/< E� 
? �19217610 �379 ���
�5/< �� �? ��551.63�7 E ��
�5/< �� -? ��551.63�7 E �E��5/< �E? ��551.63�7 � ���
�5/< ��? �70 ./< ���
�5/< ��? �70 ./< ���

�/>;1 -�F� �;1.653./; .�771.63�74 >16�117 681 65/< 1;1.65�014 /70 681 <;@94/6 681 37	1.63�7 4301



E�� �������� �� �������

�;1.65�01 �;@9
�5/< ��? �22 03/<8� ��	
�5/< �F? �22 03/<8� �F�
�5/< ��? �70 ./<? �F-
�5/< ��? �70 ./<? �F�
�5/< �� ��551.63�7 � �F

�5/< �� �? ��551.63�7 E ��

�5/< �� -? ��551.63�7 E ��

�5/< �� �? �19217610 �379 �F	
�5/< �� -? �19217610 �379 ��-
�5/< �� �? �19217610 �379 ���
�5/< �� �? �19217610 �379 ���
�5/< �� �? �19217610 �379 ��-
�5/< �� 	? �19217610 �379 ��
�5/< �� �? �19217610 �379 �F�
�5/< �� 
? �19217610 �379 �F�
�5/< �E �? ��551.63�7 E ���
�5/< �E -? ��551.63�7 E ���
�5/< ��? ��551.63�7 � ���
�5/< ��? �70 ./< �F�
�5/< ��? �70 ./< ���
�5/< �F? �70 ./< ���
�5/< ��? ���
�5/< ��? ���
�5/< ��? ��	

�/>;1 -��� �;1.653./; .�771.63�7 >16�117 681 65/< 1;1.65�014 /70 681 <;@94
/6 681 1C65/.63�7 4301�

�;1.65�01 �;@9
�;@9 ���
�831;0 E �F�
�..1;15/63�7 E ���
�831;0 � ���
�..1;15/63�7 � 7�6 37 681 <;@9

�/>;1 -��� ��771.63�7 �: 681 <;@9 1;1.65�01 /70 681 /..1;15/63�7 1;1.65�014�



E��

B A

A

B

C

DE

F

G

H

24 25 26 27 28
29

30 31
32

33 34 35 36 37 38

T6

T4T5

BEAM

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1617
18

19 20
21

22 23

B A

A

B

C

DE

F

G

H

T3

T1 T2

BEAM

	39@51 -�E� �;1.653./; .�771.63�74 >16�117 681 65/< 1;1.65�014 /70 681 <;@94�



E�� �������� �� �������

T2I, 5

T2A, 7

T2B,  6

T2C, 15

T2D, 19B

T3F, 18A

T3I, 20A

T3G, 21

T3H, 19C

T3A, 12

T2H,  4

T2F,  19A

T2G, 19H

T2J,1-3

T1C, 10

T1D, 9 

T1B, 8

T1A, 19G

T1H, 18B

T1I, 19F

T1G, 20B

T3B, 19D

T2E, 11

T3C, 23

T3J, 22T1F, 17

T3E, 19ET1E, 13

T3D, 16
T1J, 14

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	39@51 -��� �;1.653./; .�771.63�74 >16�117 681 65/< 1;1.65�014 /70 681 <374/6 681 37	1.63�7 4301 �: 681 65/< 465@.6@51� �81 <374 9� 376� 681 4�.B164 68/6
/51 .�771.610 376� 681 <;@94�

T5G, 30H

T5F, 30A

T6C, 34

T5E, 33

T6B, 30B

T6A,  31A

T6H, 29A

T5H, 28

T5C, 27

T5A, 25

T5B, 26

T4G, 32

T4F, 24 

T4I, 30F

T4H, 29B

T4A, 31B

T4B, 30E T6G, 30C

T5D, 30G

T6F, 38

T4C, 35

T6E, 36
T4D, 37

T6J, 30D

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	39@51 -��� �;1.653./; .�771.63�74 >16�117 681 65/< 1;1.65�014 /70 681 <374/6 681 1	1.63�7 4301 �: 681 65/< 465@.6@51� �81 <374 9� 376� 681 4�.B164 68/6/51 .�771.610 376� 681 <;@94�



E�F

�;1.65�01 �37

 53986 �

 ;1:6 
� 0��7 �
� @< -
�530 �

�/>;1 -��� �/>;379 �: 681 C=D01�1.6�5 /70 681 9530 37 95�@70�



E�� �������� �� �������



������������

(�@0��, �� �@03? ��
�./<465/? �@.;� �8=4� ���� �E���	 E
(�@0�F, �� �@03? ��
�./<465/? �@.;� �8=4� ���� �E��F	 ���
(�@0��, �� �@03? �� -1543;�7? �� -;/.8�6? ��
�./<465/? �@.;� �8=4� � ���

�E���	 E
(�@0�E, �� �@03? 
=<� 76� �� ����E	 �

(�@0��, �� �@03 16 /;�? ��-��� 1A/;@/63�7?866<���.47����37�<��:5������? �����
(�@9��, �� �@915 16 /;�? �@.;� 7465@2� �168�04 �8=4� �14� � ��� �E���	
��F

(��5	�E, �� ��5	1? �� ��=46��? �� 
�7B/717? �� �/;;3? �@.;� 7465@2� �168�04�� �E��E	 E��
(��5	�F, �� ��5	1? �� ��=46��? 
� 
=A��717? �� �/4B3717? �� ��<�717? �� 
�7B/D717? �� 
/@6�	 �/5A3? �� �3153717? �8=4� �1A� �166� �� �E��F	 ��
(��5	��, �� ��5	1 16� /;�? �@.;� 7465@2� �168� � ��� �E���	 ��E
(��=4��, �� ��=46�� 16 /;� �@.;� �8=4� � ��� �E���	 E��
(��=4�E, �� ��=46��? �@.;� �8=4� � ��� ����E	 ���

(-1.��, �� -1.B 16 /;�? �@.;� 7465� /70 �168� - �� �E���	 ���
(-;/��, �� -;/@2 16 /;�? �@5� �8=4� �� � � �����	 ��F

(-;�F�, 	� -;�.8? �8=43./ � �E�F�	 ��E
E��



E�� ������������

(-�;��, �� -�;;17? ��-� ��51? �� �/A/50? 
� �6�;
17>159? �� �<<;� �8=4� ��
�E���	 ��FF

(-�;��, �� -�;;17 16 /;�? �@.;� 7465@2� �168� � ��� �E���	 ��F
(-�;��, �� -�;;17? �@5� �8=4� �� � � �����	 ���

(-5/��, �� -5/0;1=? �� �� ��56�? �� �/37A3;;1? �� �� �8�2<4�7? �� ���536.8/50? �8=4� �1A� �166� �� �E���	 �FE�
(-5���, ���� -5��7 /70 �� �/>531;41? �1A31�4 �: ��0157 �8=43.4 ����

�E���	 ���
(���, 866<�������./7D.3/�01
(�/5��, �� �/5;>159? 
� -�5917465/70? �� ��8/744�7? �� �.8@.8? �-159465��2? �� ��@;1/@? �� �6137? �� �@5B/@? �8=4� �.5�  �� �E���	 ���
(�/���, �� 
� �/�4�7 ��0�	? �@/05@<�;1 �/44 �<1.65�2165= /70 64 �<D
<;3./63�74? �;41A315? �246150/2 �E���	

(�18��, 
��� �1821;6? �0A� 37 ��;� /70 �6� �8=4� � �E���	 F�
(�18��, 
��� �1821;6? �0A� 37 ��;� /70 �6� �8=4� � �E���	 E��
(�17��, �� �170��A17 16 /;�? �@.;� 7465@2� �168�04 �8=4� �14� � ���

�E���	 F��
(�;;��, 
�.� �;;34? ���� �/3? ��.� �.�/731;? ���� �/4�7? ���� �318;/70�6�23. �/6/ /70 �@.;1/5 �/6/ �/>;14 � �E���	 E��
(�;;��, 
�.� �;;34? ��.� �.�/731;? ���� �;>5366�7? ���� �318;/70? ���� �37?���� �/4�7? �6�23. �/6/ /70 �@.;1/5 �/6/ �/>;14 � �E���	 E��
(	35��, ��-� 	35146�71 /70 ���� �835;1=? �/>;1 �: 4�6�<14? �68 10�? .3;1=?�1� ��5B? �E���	
(	5/��, -� 	5/7
B1? �@.;� 7465� /70 �168� - ����� �E���	 E�
(	53��, �� 	5363��? 
� -;@821? �� �.8@.8?  -159465��2 /70 �� -	 ��5B/91? �@5��8=4� �� � � �����	 ���
(�5/��, �� �5�/�? 
� �/;37��4B=? /70 �� �5/@6? �� �8=43B �? ��� �E���	 �F



������������ E��

(
/>��, �� 
/>4 16 /;�? 
=<� 76� �� �����	 ��

(
/B��, �� 
/B/;/? �/4615 681434? �����	
(
/@��, �� 
/@42/77 16 /;�? �@.;� 7465� /70 �168� � ��� �����	 F��
(
15�E, 	� 
15:@568 16 /;� �@.;�? 7465� /70 �168� � ��� ����E	 �F�

(
15��, 	� 
15:@568 16 /;�? �� �8=4� - ��@>236610 ����	

(6/�F, .��� 6/7�? ���� -159@346? ���� -�;;37915? ����.371;/70? �8=4� �.5�
 �� �E��F	 E��

(��B�E, �� ��B3717 16 /;�? �� �8=4� � ��� �E��E	 �E
(��B��, �� ��B3717 16 /;�? �� �8=4� � ��� �E���	 ���
(��B��, �� ��B3717? �� �170��A17? �� 
@3B/53? ���� ��;83717? �� �3123717?�� �15�/	 �/5A3? �� �/;�2�/B3? �� ��=46��? ��	� �77@/; �1<�56 �E���	 EF
(�1;�E, �� �1;;15>/@15? �53A/61 .�22@73./63�7�
(�1;��, �� �1;;15>/@15? �8�� 681434? � �6@0= �: �..@5/.= �: 681 �177379
�5/< �/44 �<1.65�21615 ������� /70 �6/70/50D��01; �1464 �368 �@D
<15 �;;��10 -16/ �1./=� �����	

(�;@��, �� �;@91 16 /;�? �/8514>153.86? �157.81231 �/37
 �E���	 ��� �5 :5�2681 37615716 866<���.47����37�<��:5�������1>�1C<1532�862;
(�;����, � �;��.B 16 /;�? ��	� �77@/; �1<�56 �E���	 ��� �5 :5�2 681 37615716866<���.47����37�<��:5�������1>�1C<1532�862;
(��>��, �� ��>/=/483? �@.;� �8=4� � ��� �E���	 ���.
(��;��, ���� ��;83717? �� �5�717? �� 
/B/;/? �� ��B3717? �� ��<1.B=?�� �376/D�763;/? �� �
15=<�? �� ��=46��� E�68 76157/63�7/; ��7:1517.1 �7�;1.65�2/97163. 4�6�<1 �1</5/6�54 /70 �1.873@14 51;/610 6� 68135 �<D
<;3./63�74 ����DE�	? �3.6�53/? -��� �/7/0/ �����	? �@.;� 7465� /70
�168� - ��� �����	 F��

(�@9��, �� �@9;15? 
=<� 76� �� �����	 ��



EE� ������������

(���7�F, �� ���739?�� -�;;17? 
�D�� �;@91? �� �66�? �� �
15=<�? 76157/63�7/;��@57/; �: �/44 �<1.65�2165= /70 �7 �5�.14414 �� �E��F	 �F
(�+1<�E, �� �+1<371D�
3;=? 
=<� 76� �� ����E	 �F
(�81��, �� �8154�771/@? ����./79? �� 
/7B�717? �� �170��A17? �� ��714?�� �@;37? �� ��=46��? �8=4 �1A� � �� �E���	 �E��EF
(�36�E, ���� �36A37�A 16 /;�? 
=<� 76� �� ����E	 ���
(�@7��, �� �@771= 16 /;�? �5�.1103794 �: 681 76157/63�7/; ��7:1517.1 �7�C�63. �@.;13 /70 �6�23. �/4414 ������? -1;;/351? �? ���? E���?103610 >= -��� �81553;? ���� ��553441=? ���� �/A304? �� ��7:� �5�.�

��� �E���	 ��F
(�@7��, ���� �@771=? ��-� ���51? 76� ��57/; �/44 �<1.65�2� ����

�E���	 EF� ��� �E���	 ��F
(�/9��, �/971C �.31763�. �323610? �=4612 �/7@/; :�5 ��� �14;/ E�� 22	��� �7 �5/<? �E���	
(�/5��, ��-� �/53�7? ���� �8�56�7? �;/443./; �=7/23.4 �: �/563.;14 � �=4D6124 �8350 �0363�7? �/@70154 ��;;191 �@>;348379? �5;/70� �E���	
(�.���, ��.� �.�/731;? ��.� �/4�7? �81 ��>3;36= /70 �3�@43�7 �: �7437 �/414?.3;1=? �1� ��5B �E���	
(��8�E, 	� �� ��8/5 16 /;�? �8=4� �1A� �166� �� �E��E	 EF�E
(��8��, ���� ��85 /70 -��� �/=;�5? �� �8=4� �812� �1:� �/6/ �� �E���	
E�E�

(����F, ��-� ���51? ���� �8/;/2>�5 �1
:@;3? �� �/5:/;A=? 
� �8/�? �8=4��.5�  �� �E��F	 ��
(�31��, �� �3123717? �� ��B3717? �� �170��A17? �� 
@3B/53? ���� ��;83717?�� �15�/	 �/5A3? �� �/;�2�/B3? �� ��=46��? ��	� �77@/; �1<�56 �E���	 E�
(�31�E, �� �3123717? �� 
@3B/53? �� ��B3717? �� ��=46��? �� �/2<>1;;? ��������.85/71? �@.;� 7465@2� �168�04 �8=4� �14� � ��� ����E	 ���
(�31��, �� �3123717 16 /;�? �8=4� �1A� �166� �� �����	 �����EDE



������������ EEE

(�31��>, �� �3123717 16 /;� E�68 76157/63�7/; ��7:1517.1 �7 �;1.65�2/9D7163. 4�6�<1 �1</5/6�54 /70 �1.873@14 51;/610 6� 68135 �<<;3./63�74
����DE�	? �3.6�53/?-��� �/7/0/ �����	? �@.;� 7465� /70 �168� - ���
�����	 F��

(�37�E, �� �37�717 16 /;�? �5�<�4/; 6� 681 ����� /70 71@65�7 6321 �:
�3986 .�2236611? �@.;1/5 >370379 /5�@70 681 5<D<5�.144 �/36379 <�3764.��1 /70 ���5? ����E	

(�/@F�, .� �/@; /70 
� �6137�101;? �� �/6@5:�54.879� � � �E�F�	 ���
(���, -1.B15�
3.B; �2>
? �5>365/5= �@;41 �1715/6�5��� �/66157 �1715D/6�5 ���DE�� �<15/6379 �/7@/; �E��
(�/3��, 
� �/32>/@;6D
/562/77 16 /;�? �@.;� 7465@2� �168�04 �8=4� �14�- �� �E���	 ���
(
��/A�E, 
� �/A/	�;4? 
=<� 76� �� ����E	 ��F
(���/A�E, �� �/A/50 16 /;� �8=4� �166� � �� �E��E	 ���
(�.8��, 
� �.8/6
 16� �;�? �8=4? �1<� ��� �E���	 E��
(�/=��, -��� �/=;�5? ���� �@=/66? ��� �1.873./; ��61 E���? E��� 10363�7?�@30;3714 :�5 �A/;@/6379 /70 �C<5144379 681 �7.156/376= �: ��� 21/D4@512176 �14@;64? �73610 �6/614 �1</562176 �: ��2215.1 �1.87�;�9=�02373465/63�7? �/63�7/; 74636@61 �: �6/70/504 /70 �1.87�;�9=
(.���, 866<��������/9��.�2
(./;�E, ����./;;/.1? ����.��4;1=? �465�<8=4� �� �@<<;� �� �E��E	 ���
(.�5��, �� �/7 .�5215? �� ���5514? �� ;3/034? �� .314.8315? 	�D�� �831;1D2/77? �465�<8=4� �� ��� �E���	 ���


	Text5: ISBN 978-951-39-3141-4
	Text6: URN:ISBN:978-951-39-3141-4


