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'¨ 1 'v  

�Î1=  
 

 

�Þ�î�¨�î�N4
�c�š�¿�Ý� �î ;�\�N4
�c5��†"‚'g�_�D�š�[�A�•�b�[>*�����ž

�«�b�·�8�Ã�Û�Ó�î�±8•�æ�@8��–�_�È�C�^�• [1, 2]>,#'�~>*�G�b"I�©�†�<#Ý�K�Z>*

�…�V�t�U�V�F�?�}364(�V�b�<�Ã�D�š�>�|�g364(4D&ã>*�I�}�_>*�h�Í6ë�b6×2¥

7³�N4
�r�[�]���^�f�L�í%Ê'2�@/œ�ƒ�€�Z�8�•>,�‘�¶�b�ì�Û�N4
�[�c>*!Þ�q�N

4
�c�b2A5��\$Î#Õ�•+��š�¿�Ý� �î�\�b6ë�_�c�š�[6õ�€�@�Ñ�~�M�•�b�[>*!Þ�q

�N4
�c�†�ô���M�•�\�ß�£�µ�º�ö+��v�o�p�ô�r�W�Z�K�r�:>,�Ú�‰>*�Þ�î�¨�î�N

4
�[�c�Þ�î�¨�î�Ã�á�î�\!Þ�q�N4
�c�b2A5��†�Q�€�R�€"‚'g�_0¿���[�A�•�b�[>*

!Þ�q�N4
�c�b����3ÿ�Ø�†8��–�_�È�8(
�V�[�D�š�[�A�•>,�X�r�~>*�N4
�©�«�¸

�Ò�b4:#Ý�(5��_�Â�L�Z�q4:�^0¿0£�@�[�A�•�\�8�:�G�\�[�6�•>,  

�� �•%Ê'2�[�c>*�G�b�|�:�^�Þ�î�¨�î�N4
�b�p�[�v�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�\&"

���†%&�«�8#Ý�I�O�Z�N�Š�†�“�•&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�X�8�Z>*�–�œ�å0£

 ��þ�†#Ý�8�Z�Q�b�É�Û�¬�Ð�b�ò�·�†0Ž�Ò�K>*�N#.�b�è0É�†/œ�:�G�\�†% $×�\

�K�S>,�I�}�_>*&"��$Î#Õ ;�\�K�Z�¯�Þ�À�–�»�¥�–�Ý�†#Ý�8�S���œ�b�–�å�Ã�Ý

�«�Å�µ�º�b ����†/œ�8>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�N�Š�¥�V�†% $×�\�K�S>,  

�� �•1=�e�b�S�B�c���b�\�>�~�[�6�•>,'¨ 2 'v�[�c%Ê'2*ü���\&"�¼�«�Û�«�º�³

�Õ�å�Â�î�b�N#.>*�•%Ê'2�b% $×�_�X�8�Z3Ù�m�•>,'¨ 3 'v�[�c7Á�v�g�B/æ*(�b

�5,��_�X�8�Z3Ù�m�•>,'¨ 3 'v�[�c&"�¼�«�Û�«�º�³�Õ�å�Â�î�b&"��$Î#Õ ;�\�K

�Z�Ì�‚&"%¼�†#Ý�8�S��9‚�S�B�_�>�E�•9×3ÿ�–�œ�å0£ ���9‚�_�X�8�Z3Ù�m�•>,

'¨ 5 'v�[�c&"�¼�«�Û�«�º�³�Õ�å�Â�î�b&"��$Î#Õ ;�\�K�Z�¯�Þ�À�–�»�¥�–�Ý�†

#Ý�8�S��9‚�S�B�_�>�E�•�–�å�Ã�Ý�Å�µ�º �����9‚�_�X�8�Z3Ù�m�•>,'¨ 6 'v�[

�c�•%Ê'2�_�X�8�Z�b)�1=�†3Ù�m�•>,  
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'¨ 2 'v  

&"�¼�«�Û�«�º�³�Õ�å�Â�î  
 

2.1 %Ê'2*ü��>+ �Þ�î�¨�î�>/%�œ�ß�£�µ�º  

1977�º�_ NASA �_�|�~�t�U�V�F�}�€�S!“�Ç�ñ���H���µ���Î�–�ª�Õ�î 1 �•�í

2 �•���c>*�t�U�V�F�?�}#'�~�_+³�•�r�[>*�¨�C�b2�5��^#ì
@�_���†�…#+�_3æ

�~)F�E�Z�8�• [3] ���r�S , 7 �º6ë�b�ñ��+ß/œ�†)��Z>*�`�h�Í���–�º�•�á���_�Z�§

�å�É�Ý�G�v�†/œ�8�…#+�_�•4O�K�S�¥�•�b!“�Ç�ñ���H���µ���c�x�j�I���b�q3


�c0°���_�‚�K�8���G�b�|�:�^�ñ���H���b�•/¡$×4
�L�_�|�~>*�Ç8®�b!F�Í�l�b

�?4)�@%�����#'�ö�†�•�g�Z�A�Z�8�•>,�K�?�K�
�w�Ç�_�|�•�ñ���H���_�X�8�Z

�c�ñ��8Õ/œ�ˆ�b3��/$×>*(­&„$×2��¸�@�±�A�^0Ž�ô1"8Ÿ�\�K�Z�ò�F�}�€�•>,�M

�^�ƒ�U>*6×�ì6ë�b�ñ��+ß/œ�_�|�•�ñ��)z/Õ�d�C�x�•�Ý�©�˜�Ò�†�»>*"ƒ�`'56ë

�[�b6×�‡#Õ�q�_�|�•�°#.$×�^�e8Ÿ�^�]�[�6�•>,�G�b�e8Ÿ�†0Ž�ô�M�•�S�u�_�c>*

9×3ÿ�N4
�•+��^�ñ���N4
�µ�b6ä$Î�@�Ó�u�}�€�• [4]>,  

�>�o�Â�_�|�•,Ø�±�^�š�¿�Ý� �î�†#Ý�8>*�‘�¶�b�ì�Û�N4
�x7Á�¼�N4
�_�š�m

�Z�±�A�^�N�Š�†#Õ�s���M�>/%�œ�ß�£�µ�º�c>*���a�æ�b9×3ÿ�ñ���N4
�µ�b�w�Š

�Ã/õ�\�K�Z�ò�F�}�€�•>,�Q�b�p�[�v>*�‹3Ù�M�•&"�¼�«�Û�«�º�³�Õ�å�Â�î�†#Ý

�8�S�Þ�î�¨�î�>/%�œ�ß�£�µ�º�c�è�W�b�|�:�^�Ó�Ü�µ�º�†�w�M�•>,  

�q  7Á�¼�N4
�µ�\�š�m�Z9×�8�É�Û�¬�Ð�<��3ÿ�Ø�†�w�K�
9×�š�N�Š�\�±�N�Š�†� 

�ì�_4)�B�[�A�•>,�G�b9×�8�š�N�Š�c>*�N4
�c2A5��b�*�ö�_�|�•�ß�£�µ�º�b

'�3U�•+�2A5��b�Q�•�_�X�^�@�~>*�¥�«�º�P�ö�_�X�^�@�• [1]>,  

�r  �Þ�î�¨�î#Õ�B�É�Û�¬�Ð�c�Þ�î�¨�î �Ã�á�î�\!Þ�q�N4
�c�b2A5��c"‚ 'g6õ�€

�^�b�[>*�É�Û�¬�Ð�b�<��2A5��\�<��3ÿ�Ø�†�È(
�V�_�D�š�M�•�G�\�@�[�A>*

�Ñ�µ�©�Ù�å�_�Â�L�S�q4:�^0¿0£�@/œ�<�• [2,5]>,  

�s  �É�Û�¬�Ð�c&"���_�|�W�Z�<���‰�¥�†�D�š�I�€�•�b�[>*�À�¬�Ý�^�]�b�[�/�h

�_�K0•�†
/�†�Z�<�N>,6×�Q�è�^�N4
�þ�\�^�•>,  

�G�b�Þ�î�¨�î�>/%�œ�ß�£�µ�º�b%Ê'2�\�K�Z�c>*(•�\ Lawrence Livermore�\

'g%Ê'2�d�b Orth �}�b�¢�Ý�î�É�@ Fig. 2.1�_&g�M�+�Õ0¿0£�[�� VISTA���†�f�L

�K�S [6]>,�K�?�K>*�Q�b�N4
�µ�S�_6õ�K�Z���(�^1Ÿ1=�@�^�I�€�Z�8�•�\�c0•�8

7´�C>*��#'�•+��ö�†��0É�M�•�_�c+³�W�Z�8�^�8>,  

�Q�G�[>*�•%Ê'2�¢�Ý�î�É�c�±70�±�Û�Þ�î�¨�î�š�¿�Ý� �î�Û%Ê'2�­�å�±�î�\


¹� �[&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�©�Ñ�×�Þ�î�©�Ù�å�†/œ�:�\
¹�_>*� %Ê'2�­
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�å�±�î�b
¹� %Ê'2�‹0¿�†�<#Ý�K�Z>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�X�8�Z�b�•��

��9‚�†/œ�8>*�G�b�N4
�µ�S�b��9‚$×�è0É�†/œ�W�Z�8�•>,  

 

 
Fig. 2.1 �� VISTA���+�Õ�W  

 

2.2 �N�Š$Î#Õ�Ó�•�½�¬�Ò  

�Þ�î �¨ �î �>/%�œ�ß�£�µ�º�b�N4
�µ�S�[ �6�•&"�¼�«�Û�«�º�³ �Õ�å�Â�î �b�N

�Š$Î#Õ�Ó�•�½�¬�Ò�† Fig.2.2 �_&g�M>, 

(a) �¥�–�Ý�_7Á�v�†�v�K&"���†#Õ�L�I�O>*�±�î�¤�µ�º�_�Þ�î�¨�î�†!·�U�K�Z

'¼�‰+~�G�É�Û�¬�Ð�†#Õ�B�M�•>,  

(b) �¥�–�Ý�b7Á�v�_�|�W�Z�g�B�I�€�S�¥�–�Ý&"���†�t�U�˜�Q�:�\>*�É�Û�¬�Ð

�b�o&"�ö7Á�v�_�|�W�Z�o&"�ö&"���@�g�B�I�€�•>,  

(c) �¥�–�Ý�\�É�Û�¬�Ð�b�Q�€�R�€�_�o&"�ö&"���\�¥�–�Ý�b7Á�v>*�¥�–�Ý&"��

�\�o&"�ö7Á�v�b�ß�î�Þ�å�¶�Š�@#Õ�L>*�É�Û�¬�Ð�c�ñ��+ê�b�N4
�‰�¥�\�c3ë�‰

�¥�_�<���I�€�•>,�Q�b�o�8#Ý�_�|�~>*�N4
�þ�v�N�Š�†�“�•>,  

 

 
Fig. 2.2�� &"�¼�«�Û�«�º�³�Õ�å�Â�î�N4
�Ó�•�½�¬�Ò  
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2.3 %Ê'2% $× 

�•%Ê'2�¢�Ý�î�É�@4#�d�_/œ�W�S>*&"��$Î#Õ ;�\�K�Z�Ì�‚&"%¼�†#Ý�8�S�–�å

�Ã�Ý�«�Å�µ�º �����9‚�_�|�~>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�[�N�Š�@�“�}�€�•�G

�\�@��0É�I�€�S [7]>,�K�?�K>*��9‚$×�_�“�}�€�S�N�Š�c�X�Í�©�Ñ�×�Þ�î�©�Ù�å

�_�|�~�£ ��I�€�S�–�å�Ã�Ý�«�Å�µ�º�|�~�*�8�Í�[�6�W�S>,�r�S>*&"�¼�«�Û�«

�º�³�Õ�å�Â�î�@�•��3û�~�_�µ+��K�Z�8�•&����^0É�Ð�v�•�T�“�}�€�Z�8�^�8>,

�Q�b�S�u>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�É�Û�¬�Ð�ò�·�†0ò�K�C1*�m�•�²0[�@�6

�W�S>,�Q�G�[>*�•%Ê'2�¢�Ý�î�É�[�c�8�C�X�?�b�m�2�†#Ý�8�Z>*&"�¼�«�Û�«�º

�³�Õ�å�Â�î�b�É�Û�¬�Ð�ò�·�b0Ž�Â�†/œ�W�S>,  

�� �•%Ê'2�[�c>*�É�Û�¬�Ð�–�œ�å�b�(�x�@ ����•+��^ 2 �X�b0£ ��þ�†#Ý�8�Z�


&"���b�w!“�_�P�M�•�É�Û�¬�Ð�ò�·�b�š�ì�†1*���K>*&"�¼�«�Û�«�º�³�Õ�å�Â�î

�b�N�Š$Î#Õ�Ó�•�½�¬�Ò�b�è0É�†/œ�W�S>,�Q�b)��Ý�\�K�Z>*&"���@�I�8�o�]&"

�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+��ö�@�¥�V�M�•�G�\�@�(�?�W�S>,�Q�G�[>*&"��$Î

#Õ ;�\�K�Z�¯�Þ�À�–�»�¥�–�Ý�†#Ý�8�S�‚�S�^��9‚�S�B�†�X�C�~>*�G�b�S�B�W

�[
Ì�g�–�å�Ã�Ý�«�Å�µ�º�b ���  �†/œ�:�G�\�†% $×�\�K�S>,  
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'¨ 3 'v  

9×3ÿ�É�Û�¬�Ð�–�œ�å0£ ���9‚  
 

3.1 9×3ÿ�É�Û�¬�Ð�–�œ�å0£ ��þ  

 

3.1.1 �³�Õ�î�ª�¥�Þ�¡�±�î�³�Õ�î�ª�¥�Þ�¡�±�î�³�Õ�î�ª�¥�Þ�¡�±�î�³�Õ�î�ª�¥�Þ�¡�±�î  
�³�Õ�î�ª�¥�Þ�¡�±�î�c+~�G�M�•�É�Û�¬�Ð�–�œ�å�†�_�/�[�w�E�•�G�\�_�|

�~>*�–�œ�å7Á�v�†�ì6ë�b6õ�X�\�K�Z0°6��[�A�•>,�–�œ�å�b8Õ/œ�ì6ë L �†8Õ/œ

�ì6ë � �[�m�W�S�v�b�@�–�œ�å3ÿ�Ø vi �_�P�Â�M�•>,�³�Õ�î�ª�¥�Þ�¡�±�î�[�c�–

�œ�å'��b�(7³�c�Y�•+��[�6�•�@>*�¤%±�b�–�œ�å'��_�P�K�Z�Q�b3ÿ�Ø�(�x�†1*

�m�•�b�_�w� �[�6�•>,�r�S>*�`�º�[���Æ�_5�#Ø�[�A>*�¨�³�Õ�å�¿�Ý�_�|�•'5

6ë�(�x�b0£ ��@/œ�<�•�\�8�:�Ó�Ü�µ�º�†�w�K>*�Þ�î�¨�î#Õ�B�É�Û�¬�Ð0£ ��b

�S�u�b�M+á$×0£ ��þ�\�K�Z���l�K�S [8]>,  

�� ��9‚�b�S�u�_0��8�K�S�³�Õ�î�ª�¥�Þ�¡�±�î�† Fig. 3.1�_&g�M>,�³�Õ�î�ª�¥

�Þ�¡�±�î�b�_�/�_�c5¡�b�Ç�“�Û�¹�î�•�µ�É�†#Ý�8�Z�>�~>*�–�œ�å�x�p�ö(•�Ê

�b/ª':�_�|�~�_�//²8��?�}�‡�A���I�€�• 2 ��7Á�Ê�b�:���c!“0i�[�A�•>,�G�b

�•�µ�É�@�Ý�E�€�d�Ý�8�o�] 2 ��7Á�Ê�:���c�š�D�I�€�•>,�r�S>*�Ç�“�Û�¹�î�•

�µ�É�_�c�Ð�–�¼�«�b�Â�–�”�«7Á�}�†�?�E>*�Ç�“�Û�¹�î�•�µ�É�\�Æ�å�Í�î�Ý�•

�µ�É6ë�_7Á#ú�†�g�B�K�Z�8�•>,�Q�b�S�u>*7Á�Ê�c7Á#ú�_�|�W�Z/ª':�†7<�r�€>*

�–�œ�å�b/ª':�b�s�@7Á�v�_�š�n�I�€�•>& Fig. 3.2>'>,�3�•7Á�} V �c

V��� (Z/E)( me M� )��† 6�S�M�²0[�@�6�•>,�G�G�[>* E/Z �c7Á,´�X Z �b�–�œ�å�b7Á

,´�6�S�~�b�š�¿�Ý� �î>* me �\ M �c7Á�Ê�\�–�œ�å�b2A5��[�6�• [9]>,��9‚�[�c>*

�Ç�“�Û�¹�î�•�µ�É�_ -30 V �b7Á�}�†�3�•�K>* 1 k� �b�¬� �_�?�?�•7Á�}�†�œ�©

�ß�«�¥�î�É�_�|�~ ����K�S>,  

�� �É�Û�¬�Ð�@#Õ�B�K�S�ì6ë�† t = 0 �\�M�•�\ ,�¥�Þ�¡�±�î�b�–�œ�å7Á�v I t �c

�"�)�ì6ë�6�S�~�b�_�//²8��_4)�M�•�–�œ�å7Á,´�b�Q�•�(�_'¼�K�C  

It=
Vi

R
=� �e

dN
dt

 (3.1) 

�\/²�I�€�•>,�G�G�[>* Vi �c���Š7Á�}>* R �c�¬� >* Z�  �c�–�œ�å�b�¹�’7Á7³�Ø>*

e �c7Á�¼(ò5��[�6�•>,�G�G�[ ,�–�œ�å3ÿ�Ø vi �c�–�œ�å�b8Õ/œ2¥7³ L �†#Ý�8�Z  

vi=
L
t
 (3.2) 

�\/²�O�•�b�[>*�–�œ�å�b3ÿ�Ø�(�x�c  
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Fig. 3.1�� 0��8�K�S�³�Õ�î�ª�¥�Þ�¡�±�î�b�S4�  

 

 
Fig. 3.2�� �³�Õ�î�ª�¥�Þ�¡�±�î�_
°�U�K�S�–�œ�å�\7Á�Ê�b�ò�·  

 

 

dN
dvi

=
� N
� t

dt
dvi

=
Vi

� �eR

t2

L
 (3.3) 

�\�^�•>,�è�V�b6õ�€�'�†#Ý�8�Z>*�–�œ�å7Á�v�<�g�?�}�–�œ�å�b3ÿ�Ø�(�x�†�Ó

�u�•�G�\�@���¶�•>,  

�³�Õ�î�ª�¥�Þ�¡�±�î�_�|�W�Z0£ ��I�€�S�–�œ�å7Á�v�<�g�\�Q�b0Ž�Ò)��Ý�b

�M�[�† Fig. 3.3�_&g�M>,�G�b�[�[�c>*#Õ�B�K�S�”�È�Þ�î�©�Ù�å�É�Û�¬�Ð�_�>�8

�Z>| 200 km/s�b�–�œ�å�@�¨�C�†�(�u>*�Q�€�|�~�š�¿�Ý� �î�b9×�8�v�b�c�a�^�8

�G�\�†&g�K�Z�8�•>,3ÿ�Ø�@4��8�v�b�–�œ�å8•�æ>&�G�b�[�[�c 50 km/s �è�W>'�\

3ÿ�Ø�@3ÿ�8�–�œ�å8•�æ>&400 km/s �è�V>'�[�c�–�œ�å7Á�v�c�®�ß�[�6�~>&�À�–

�¬�c�b�W�Z�8�•>'>*�–�œ�å�š�¿�Ý� �î�(�x�b�¢�Û�Ç�_�>�8�Z�v S/N�š�@�`�I�C�¹

�î�±�\�K�Z�b�–�á�c�^�8>,�M�^�ƒ�U>*�G�b�[�_�>�8�Z�c�–�œ�å3ÿ�Ø�@ 50 km/s - 

400 km/s�b8•�æ�_�@% �M�m�A�[�6�•>,  

�r�S>*�G�b0Ž�Ò�m�2�c�–�œ�å�@#Õ�B�‹�_�¥�Þ�¡�±�î�_�¥�?�W�Z%$4
�K�Z�C�•

�v�b�\�K�Z3ÿ�Ø�†0°3Ù�K�Z�8�•�G�\�_�@�–�I�€�S�8>,�X�r�~>*�–�œ�å�@#Õ�B�K

�Z�?�}4 �·�‰�¥�†�š�<�}�€�Z�¥�Þ�¡�±�î�_8Õ�¶�K�S���œ�_�c>*8Õ/œ2¥7³�\4 �·
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�‰�¥�†�"(ç�_*ƒ�<�•�G�\�@�[�A�N>*�[�<�d 100 km/s�b�–�œ�å�b�:�U>*�F��7•�_

�Q�b3ÿ�Ø�[�¥�Þ�¡�±�î�_
°�U�K�Z�A�S�–�œ�å�G�\�F)��Ý�\�K�Z�Q�b3ÿ�Ø�[�6�•

�\1�1‘�I�€�S�–�œ�å�G�b�n�‰�@�Ñ�~�K�“�•�\�8�:�G�\�[�6�•>,  

�•%Ê'2�[�c&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�|�•�–�œ�å�ò�·�b&"���I�Ø�k�Ñ�ö�_

+Æ�á�@�6�•�S�u>*Fig. 3.4�_&g�M�|�:�_>* (3.1)�'�†#Ý�8�Z8Õ�¶�M�•�–�œ�å�X�b�ì

6ë�š�T�_�@% �K�S>,�“3H�c�Þ�î�¨�î�@!·�U�I�€�S%•6ë�† t = 0�\�K�S�\�A�b�ì6ë>*

)ª3H�c
°�U�K�S�–�œ�å�b�X�[�6�•>,�?�}�G�b�¢�Û�Ç�?�}�c�–�œ�å�@�”�È�Þ�î�©

�Ù�å�K�Z�?�} 0.8 ms�‹�_�q�v�¨�C�b�–�œ�å�@�³�Õ�î�ª�¥�Þ�¡�±�î�_
°�U�K�Z�8

�•�G�\�@�ƒ�?�•>,�G�b�¢�Û�Ç�_�>�8�Z>*7��Í�è�W�b�¹�î�±�c S/N�š�@�`�I�C�–

�á�@�^�8>,  

 

 
Fig. 3.3�� �³�Õ�î�ª�¥�Þ�¡�±�î�b���Š�<�g>&�e�W>'�\  

0Ž�Ò�K�S�–�œ�å�š�¿�Ý� �î�(�x>&�‘�W>'  
 

 
Fig. 3.4�� �–�œ�å�¶�X�b�ì6ë�š�T  
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3.1.2 �º�Ò�¯�å�Ã�Û�Î�Û�í�–�œ�å�(�Ò�þ�º�Ò�¯�å�Ã�Û�Î�Û�í�–�œ�å�(�Ò�þ�º�Ò�¯�å�Ã�Û�Î�Û�í�–�œ�å�(�Ò�þ�º�Ò�¯�å�Ã�Û�Î�Û�í�–�œ�å�(�Ò�þ��
�Þ�î�¨�î�É�Û�¬�Ð�?�}�:���I�€�•�–�œ�å�c�¨'��_�l�g>*�Q�b�š�¿�Ý� �î�(

�x�v0
7§�[�6�•>,�Q�b�S�u�–�œ�å'��\�š�¿�Ý� �î�b�g*…�†�(7³�[�A�•�µ+��†

�â�W�S�(�Ò�þ�@�²0[�\�^�•>, J. J. Thomson �c7Á���\&"���b
¹�Ñ�M�•���†�¤�E

�S(•�Ê�c�:"@)z"g�_�–�œ�å'��–�_�(7³�I�€�•�G�\�†0b�8�T�K�S>,�G�b�N#.�†

�<#Ý�K�S�(�Ò�þ�c�º�Ò�¯�å�Ã�Û�Î�Û�í�–�œ�å�(�Ò�þ�\�ç�d�€�•>,  

�º�Ò�¯�å�Ã�Û�Î�Û�b�ö�•�S�B�c>*�¥�Ü�Ó�î�º#Ý�b�Æ�å�Í�î�Ý>*7Á��>*&"��>*

�Q�K�Z�–�œ�å�è���þ�[�6�•>,�º�Ò�¯�å�Ã�Û�Î�Û�p�[�c7Á���\&"���@�«�8�_�j

/œ�_�3�•�I�€�Z�>�~>*�–�œ�å�c7Á���_�P�K�Z�j/œ�_�Š�†�w�E>*&"���_�P�K�Z

�¶%$�_�Š�†�w�E�•>,�Q�b)��Ý>*�è���þ8��V�[�c�o�X Z �\2A5��X A �b�š A/Z �†

�w�M�•�–�œ�å'��–�_�(7³�I�€�S�:"@)z�@�e�?�€�•>,&"���í7Á���b�–�œ�å362§

�_�"�W�S6×�I�† l �\�K>*&"���í7Á���\�è���þ�b2¥7³�† L �\�M�•>,7Á���\&"��

�b�I�I�†�Q�€�R�€ E �l�g B>*7g�Ê�b2A5��† mp �\�M�•�\>*�:"@)z6õ�X�c�è�W

�b�|�:�_/²�I�€�•>,  

 

x=
A
Z

�
mp

e
Cx

Cy
	 
 �  (3.4) 

Cx=�El �
1
2

+L
  (3.5) 

C� =�Bl �
1
2

+L
  (3.6) 

 

�–�œ�å�è���þ�\�K�Z�c CR-39�x MCP>*�Ç�›�«�Ç�“>* CCD �•�Ó�Û�†)��s�œ�ƒ

�O�S�v�b�@#Ý�8�}�€�•>, MCP �†�¤�î�º�Ã�Ý�«�·�8�K�Z�ì6ë�(0Ž+�0£ ��v�•+�

�[�6�• [10]>,  

�•%Ê'2�[�c704Š�}�@6ä$Î�K�S�5,��º�º�Ò�¯�å�Ã�Û�Î�Û [11] �†#Ý�8�S>,�(
œ

�þ�b�¥0{�† Fig. 3.4>*�+�Õ�W�† Fig. 3.5�_&g�M>,�5,��º�º�Ò�¯�å�Ã�Û�Î�Û�[�c>*

�–�œ�å�b
°�U�‹>*�6�u�_&"���_�|�•�ß�î�Þ�å�¶�Š�†�l�p�K>*�Q�b�‹7Á���_�|

�W�Z7ü7Á�Š�†�l�p�M�S4��\�^�W�Z�8�•>,�G�b�|�:�_>*7Á���\&"���†'56ë$×�_

�(7³�M�•�G�\�[>*&"��6ë2¥7³�b�Q�±�_�|�•&"���b8��M�]�ö�b$Î#Õ�x&"%¼�b�±

�º�ì�b�e8Ÿ�v�G4J�M�•�G�\�@���¶�•>,�–�œ�å�è���þ�_�c MCP>)�Ç�›�«�Ç�“>)


í�7 CCD �•�Ó�Û�†#Ý�8�Z�8�•>,�5,��º�º�Ò�¯�å�Ã�Û�Î�Û�b1V
–�c Table. 3.1 

�_�r�\�u�S>,�•%Ê'2�[�c�º�Ò�¯�å�Ã�Û�Î�Û�“�}�€�•�–�œ�å362§�_�X�8�Z>*&"
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���í7Á���b�g"g�†*ƒ�Ö�K�S0ò(ý�^0£'ì�†/œ�8>*�›362§�_�>�E�•�–�œ�å�b�o�X�í

3ÿ�Ø�†� ���K�Z�8�• [12]>,  

 

 
Fig. 3.4�� �5,��º�º�Ò�¯�å�Ã�Û�Î�Û�(
œ�þ�b�¥0{  

 

 
Fig. 3.5�� �º�Ò�¯�å�Ã�Û�Î�Û�(
œ�þ�b�S4� [8] 

 

 

Table. 3.1�� �5,��º�º�Ò�¯�å�Ã�Û�Î�Û�b�Ã�Û�Ó�î�±  

Length of electrodes in z direction 50 mm 
Length of magnetic pole pieces in z direction 50 mm 

Space between electrode and magnetic pole piece 35 mm 
Length of flight path 134 mm 

Gap length of electrodes 20 mm 
Gap length of magnetic pole pieces 15 mm 

Maximum electric field 1.5 × 105 V/m 
Maximum magnetic flux density 0.2 T 

Diameter of entrance pinhole 1 mm 
Size of mesh for ion separation 400 mesh/inch × 2 
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3.2 ��9‚�+0[  

�±70�±�Û�Þ�î�¨�î�š�¿�Ý� �î�Û%Ê'2�­�å�±�î�b
¹� �<#Ý%Ê'2�‹0¿�[�6�•

EUV �¹�î�±�Ë�î�«�Þ�î�¨�î�‹0¿�_�Z>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�_6õ�M�•9×3ÿ

�–�œ�å0£ ���9‚�†/œ�W�S>,&"��$Î#Õ ;�_�c�¿�œ�ª�Ò�Ì�‚&"%¼�†#Ý�8>*&"���p

�[#Õ�B�I�O�S�Þ�î�¨�î�É�Û�¬�Ð�b�–�œ�å�ò�·�†�›0£ ��þ�_�|�~0£ ��K�S>,�M

�^�ƒ�U>* 4 �X�b�³�Õ�î�ª�¥�Þ�¡�±�î�†�Q�€�R�€$��^�•0£ �!l�_4Ä*(�K>*&"��

�b�w!“�\�I�E�_6õ�K�Z�–�œ�å3ÿ�Ø�(�x�b�š3Q�†/œ�W�S>,�I�}�_>*�º�Ò�¯�å�Ã

�Û�Î�Û�í�–�œ�å�(�Ò�þ�_�|�~&"���b�w!“�\�I�E�_6õ�K�Z�–�œ�å'��H�\�b3ÿ�Ø

�(�x�†�š3Q�K�S>,  

 

3.2.1 ��9‚/æ*(��9‚/æ*(��9‚/æ*(��9‚/æ*(  
�� �Ò�G�b��9‚�[�Q#Ý�K�S EUV �¹�î�±�Ë�î�«�Þ�î�¨�î�‹0¿�b%?'5���þ�† Fig. 

3.6 �_>*&"��$Î#Õ ;�\�K�Z�Q#Ý�K�S�¿�œ�ª�Ò
Ç��&"%¼�† Fig. 3.7�_&g�M>,�G�b

&"%¼�c
Ç'Ä�º�[>*�Q�b�p�°�†�Þ�î�¨�î�@3û4#�M�•>,  

 

 
Fig. 3.6�� %?'5���þ�b�¥0{  

 

 
Fig. 3.7�� 
Ç'Ä�º�¿�œ�ª�Ò�Ì�‚&"%¼  
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%?'5���þ
Æ�b��9‚/æ*(�b4Ä*(�† Fig. 38�_&g�M>,Fig. 3.8�_�>�E�•2¥7³ d �c

�Ì�‚&"%¼�b/²8��?�}�±�î�¤�µ�º�Ì�Þ�µ�º�r�[�b2¥7³�[�6�~>* d = 8.5 mm�\ d = 

13.5 mm�b�§�X�b�²�ó�†0¿���K�S>,�r�S>*&"���†�g�B�I�O�^�8�²�ó�[�c�Ì�‚

&"%¼�†4Ä*(�K�^�8>,�� ��  

�³�Õ�î�ª�¥�Þ�¡�±�î�c�É�Û�¬�Ð�@&"���_�|�~�²�K3É�I�€�•�\*ƒ�<�}�€�•

>)x �b8•�æ>&�W�v�æ�\�M�•>'�\�Ì�‚&"%¼�†4Ä*(�K�S>+ x �b8•�æ>&�V�v�æ�\�M�•>'

�_�Q�€�R�€ 2 �X�N�X0£ �!l�†���u�S>, A !l�c�W�v�æ�[ x 3H�?�}>+ 14 deg.>*�±

�î�¤�µ�º�?�}�b%$)z2¥7³ 150 mm�b�)*(�_�6�~>*&"���_�|�W�Z�W�v�æ�_�²�K

3É�I�€�•�–�œ�å�†�è���M�•�S�u�b�v�b�[�6�•>, B !l�c�V�v�æ�[ x 3H�?�}>+ 104 

deg.>*�±�î�¤�µ�º�?�}�b%$)z2¥7³ 150 mm�b�)*(�_�6�•>,&"���@�6�•���œ�_�c

B !l�_8Õ�¶�M�•�–�œ�å�c&"�Š)z�†�“�)�•�²0[�@�6�~>* A !l�\�š3Q�M�•�G�\�[

&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+��†&��?�u�•"z�8�@�6�•>, C !l�\ D !l�c�Q�€�R

�€�V�v�æ>*�W�v�æ�_�)*(�K>* y 3H�_6õ�K�Z3H�P&à�[�6�•�S�u�V�v�æ�\�W�v�æ

�_�X�8�Z�"(ç�_�š3Q�M�•�G�\�@�[�A�•>, Thomson parabola�(
œ�þ�c�W�v�æ�_ x

3H�\>+45 deg.�b�‰�¥�_4Ä*(�K�S>,  

 

 
Fig. 3.8�� %?'5���þ
Æ�b��9‚/æ*(�b4Ä*(  

 

 

3.2.2 �±�î�¤�µ�º�Ì�Þ�µ�º�\�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�±�î�¤�µ�º�Ì�Þ�µ�º�\�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�±�î�¤�µ�º�Ì�Þ�µ�º�\�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�±�î�¤�µ�º�Ì�Þ�µ�º�\�Þ�î�¨�î#Õ�B�É�Û�¬�Ð  
�±�î�¤�µ�º�Ì�Þ�µ�º�_�c Fig. 3.9�_&g�K�S�|�:�^%$�„ 500 mm �b�Ï�Ü�«�³�Þ

�å#+"g�±�î�¤�µ�º�†#Ý�8�S>,�Q�b)��B�'�c>& [-CH2-CH(C6H6)-]n>'�[�6�•�?�}>*

#Õ�B�M�•�É�Û�¬�Ð�p�b�–�œ�å�c!c(ò�–�œ�å�\�È(ò�–�œ�å�[�6�•>,
°�U�M�•�Þ

�î�¨�î�c Nd:YAG �Þ�î�¨�î�[>*�Q�b�ö�•$×�^�Ã�Û�Ó�î�±�† Table. 3.2�_&g�M>, 

 



14 
 

 
Fig. 3.9�� �Ï�Ü�«�³�Þ�å#+"g�±�î�¤�µ�º  

 

Table. 3.2�� Nd:YAG �Þ�î�¨�î�b�Ã�Û�Ó�î�±  

Number of incident laser 1 beam/shot�� �� �� ��
Wavelength 1064 nm 
Pulse width 8.5�s 0.4 ns 
Laser intensity 4.0�s 0.1 J 

 

 

�Þ�î�¨�î�\�¶�/�±�î�¤�µ�º�b%&�«�8#Ý�_�|�•�É�Û�¬�Ð#Õ�B4#&ì�c�•%Ê'2

�¢�Ý�î�É�b4#�d�b1=�e�_0°3Ù�@�6�•�S�u [7]>*�G�G�[0ò�K�C)��Ó�M�•�G�\�c�K

�^�8>,�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�b�6�‡#Õ�B�&�Ø�c7Á�Ê�b+«#ú�&�Ø�[0°3Ù�I�€>*

�G�€�† n �\�M�•�\  

n=
4� � me

� 0� � � �  (3.7) 

�\/²�I�€�•>,�G�G�[>* me �c7Á�Ê2A5�>* m0 �c%?'53ñ&""á>*e �c7Á�¼(ò5�>* l �c

�Þ�î�¨�î�b�<6×�[�6�• [13]>,�Ò�G�Q#Ý�K�S Nd:YAG �Þ�î�¨�î�b�<6×�c Table. 

3.1 �|�~ 1.064 mm �[�6�•�?�}>*�É�Û�¬�Ð�b�6�‡#Õ�B�&�Ø�c>& 3.3>'�'�|�~ 9.87 

× 1026 m-3 �\�Ó�u�•�G�\�@�[�A�•>,  

 

 

3.2.3 &"���©�Ñ�×�Þ�î�©�Ù�å&"���©�Ñ�×�Þ�î�©�Ù�å&"���©�Ñ�×�Þ�î�©�Ù�å&"���©�Ñ�×�Þ�î�©�Ù�å  
�� &"��0Ž�Ò�É�ß�¢�Û�Ò�†#Ý�8�Z
Ç'Ä�º�¿�œ�ª�Ò�Ì�‚&"%¼�b&"���g"g>*&"�°�&

�Ø�_6õ�M�•�©�Ñ�×�Þ�î�©�Ù�å�†/œ�W�S>,�Q�b�©�Ñ�×�Þ�î�©�Ù�å�_�|�W�Z�e#ì

�K�S&"���I�Ø�(�x>& d = 8.5 mm�b���œ>'�b#ì
@�† Fig. 3.10�_&g�M>,�G�b)��Ý>*

�±�î�¤�µ�º�)*(�[�b&"���I�Ø T�c>*d = 8.5 mm�b���œ�c T = 0.17 T>*d = 13.5 mm

�b���œ�c T = 0.10 T�[�6�•�G�\�@�ƒ�?�W�S>,  
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Fig. 3.10�� �©�Ñ�×�Þ�î�©�Ù�å�¯�Ç�º�_�|�•&"���I�Ø�(�x  

 

 

3.3 �³�Õ�î�ª�¥�Þ�¡�±�î�b0£ �)��Ý  

�� �³�Õ�î�ª�¥�Þ�¡�±�î�_�|�~�“�}�€�S0£ �)��Ý�?�}�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�b

�–�œ�å�š�¿�Ý� �î�(�x�†'ì���K�S>,�I�}�_>*�›0£ �!l�_�>�E�•�–�œ�å�(�x�b

&"���I�Ø�k�Ñ�ö�†1*�m>*�š3Q�†/œ�W�S>,�–�œ�å�š�¿�Ý� �î�(�x�b0Ž�Ò�_�>�8

�Z�c>*�‹3Ù�b�º�Ò�¯�å�Ã�Û�Î�Û�(
œ�þ�b)��Ý�?�}�¹�’�–�œ�å�o�X  Z� �=�4 �\�K

�S>,  

 

3.3.2�������� �›0£ �!l�_�>�E�•�›0£ �!l�_�>�E�•�›0£ �!l�_�>�E�•�›0£ �!l�_�>�E�•#Õ�B�–�œ�å�b�š�¿�Ý� �î�(�x#Õ�B�–�œ�å�b�š�¿�Ý� �î�(�x#Õ�B�–�œ�å�b�š�¿�Ý� �î�(�x#Õ�B�–�œ�å�b�š�¿�Ý� �î�(�x   
�� �6�u�_>*�›0£ �!l�_�>�E�•&"���@�Ñ�~�K�^�8���œ�b�Þ�î�¨�î#Õ�B�É�Û�¬�Ð

�–�œ�å�b�š�¿�Ý� �î�(�x�†�š3Q�M�•>, Fig. 3.11�_�“�}�€�S7Á�v�<�g�† (3.3)�'

�†#Ý�8�Z0Ž�Ò�K�S)��Ý�†&g�M>,�±�î�¤�µ�º�?�}%$)z2¥7³ 150 mm�b�)*(�_�6

�• A !l�\ B !l�†�š3Q�M�•�\>* B !l�_8Õ�¶�M�•�–�œ�å�b�o�:�@�¨�8�G�\�@�ƒ�?

�•>,�I�}�_>*�±�î�¤�µ�º�?�}%$)z2¥7³ 500 mm�b�)*(�_�6�• C !l�\ D !l�†�š

3Q�M�•�\>* C !l�_8Õ�¶�M�•�–�œ�å�b�o�:�@�¨�8>, B !l�\ C !l�_
¹3û�M�•�b�c

�V�v�æ�_�)*(�M�•�\�8�:�G�\�[�6�•>,�X�r�~>*�”�È�Þ�î�©�Ù�å�M�•�–�œ�å�b

�¨�C�c�Þ�î�¨�î�b
°�U�‰�¥�\�c3ë
��b4 �·�‰�¥�†�â�W�Z�8�•  �\0•�<�•>,�r�S>*

B !l�_8Õ�¶�M�•�–�œ�å�c 50 km/s�?�} 150 km/s�b(
�V�b�v�b�@�¨�8>,�M�‰>*   
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Fig. 3.11�� �›0£ �!l�_�>�E�•&"���@�Ñ�~�K�^�8���œ�b�–�œ�å�š�¿�Ý� �î�(�x  

 

A !l�[�c 50 km/s�?�} 100 km/s�b(
�V�b�–�œ�å�@�¨�C>*�Q�€�è�V�b3ÿ�Ø�†�â

�X�–�œ�å�c�ô í�_�ö�a�K�Z�8�•>,�M�^�ƒ�U>*�”�È�Þ�î�©�Ù�å�M�•�–�œ�å�c�W

�v�æ�|�~�V�v�æ�_�¥�?�:�v�b�@�¨�8�\0•�<�•>,  

�� �è�V�b*ƒ�9�†�r�\�u�•�\>*�–�œ�å�š�¿�Ý� �î�(�x0£ ��_�|�~>*�”�È�Þ�î�©

�Ù�å�M�•�–�œ�å�c�Þ�î�¨�î�b4
/œ�‰�¥�\3ë�‰�¥>*�M�^�ƒ�U�V�v�æ�_�¥�?�:�v

�b�@�¨�C>* 50 km/s ~ 150 km/s�b3ÿ�Ø�†�â�X�v�b�@�¨�8�G�\�\�8�:�G�\�@0•�<

�•>,  

 

3.3.2�� &"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+��b�è0É&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+��b�è0É&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+��b�è0É&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+��b�è0É  
Fig .3.12�_ A !l>* Fig. 3.13�_ B !l�_�>�E�•�–�œ�å�(�x�b&"���I�Ø�k�Ñ�ö�b

0Ž�Ò)��Ý�†&g�M>, A !l�_�>�E�•�(�x�?�}>*&"���@�Ñ�~�M�•���œ�_�c8Õ�¶�M�•

�–�œ�å�b�X�@8Õ3
$×�_�Q�•�K�Z�8�•�G�\�@�ƒ�?�•>,&"���@�I�8�‰�@�Q�•�M�•

�–�œ�å�X�v�¨�C>*�Q�b�X�c&"���I�Ø 0.17 T�b���œ�c&"���I�Ø 0 T �\�š3Q�K�Z

2 ms �_�>�8�Z(Ù 8 �¸>* 4 ms �_�>�8�Z(Ù 10 �¸�\�^�W�Z�8�•>,�I�}�_>*&"���@�Ñ

�~�M�•���œ�_�c�–�œ�å�X�b'¨ 2 �Æ�î�¡�@#'�€�Z�8�•>,�M�‰>* B !l�[�c&"���I

�Ø�@0 T �b���œ�_�q�v�¨�C�b�–�œ�å�@8Õ�¶�K>*&"���@�Ñ�~�M�•���œ�c 2 ms �_

�>�8�Z(Ù 1��3 �¸�_�ö�a�K�Z�8�•>,�r�S>*'¨ 2 �Æ�î�¡�c#'�€�Z�8�^�8>,�G�b�G

�\�?�}>*&"���@�Ñ�~�M�•���œ�_�c>* B !l�_�¥�?�:�–�œ�å�b�M4Š�c&"���†�“�)

�W�Z B !l�_�?4)�[�A�N>*4 �·�‰�¥�†�?�<�S�\*ƒ�<�}�€�•>,�Q�K�Z>* A !l�_�>

�8�Z&"���@�Ñ�~�M�•���œ�c�–�œ�å�@ 3 ms�è7F�b�š3Q$×4��8�ì6ë�[�±�A�C�Q�•  
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Fig. 3.12�� A !l�_�>�E�•�–�œ�å�(�x�b&"���I�Ø�k�Ñ�ö  

 

 
Fig. 3.13��  B !l�_�>�E�•�–�œ�å�(�x�b&"���I�Ø�k�Ñ�ö  

 

�K�Z�8�•>,�I�}�_>*�Q�b&"���I�Ø�@�±�A�8�o�]�Q�b
4�¥�@�I�C�^�W�Z�8�•>,

�G�b  A !l�\ B !l�b�–�œ�å�(�x�b�š3Q�?�}>*&"���@#Õ�B�K�S�–�œ�å�_�s8j�†

�l�p�K>*�V�v�æ>& Fig. 3.8�b>+x �‰�¥>'�_�¥�?�:�–�œ�å�b4 �·�‰�¥�@�W�v�æ>& Fig. 

3.8 �b>) x �‰�¥>'�_�¥�?�:�‰�¥�_�š�f�I�€�Z�8�•�\0•�<�•>,�G�€�c&"�¼�«�Û�«

�º�³�Õ�å�Â�î�@�µ+��K�Z�8�•0É�Ð�_�Ú�^�}�^�8>,  

�G�G�[>*�–�œ�å�@&"%¼�_/ª':�K�Z�M�•�G�\�[�Q�b4 �·�‰�¥�†�o3?�I�O�Z�8

�•�b�[�c�^�8�?�\�8�:�o1=�@�^�I�€�|�:>,�K�?�K>*�Ì�‚&"%¼�b/²8��c�½�µ�£

�Ý�b�Ó�µ�Ÿ�•�d�@�‹�I�€�Z�>�~>*�ì�_�–�œ�å�@/ª':�K�S�\�K�Z�v&"%¼/²8��_
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�¾�p�I�€�•�?�p�ö(•�Ê�_�š�n�I�€�•�b�s�[�6�•>,�M�^�ƒ�U>*�G�b1��[�c A !l

�_�>�8�Z�–�œ�å�@�Q�•�M�•�G�\�†1��Â�[�A�^�8>,  

�� ���_ Fig. 3.14�_ D !l�b�–�œ�å�X�b�ì6ë�š�T�†&g�K�š3Q�†/œ�:>,�¢�Û�Ç�?

�} D !l�_�>�8�Z�v&"���@�Ñ�~�M�•���œ�_�c�–�œ�å�b�X�c�Q�•�K�Z�>�~>*
›�b

*ƒ�9�b3û�~�W�v�_4 �·�‰�¥�†�š�<�}�€�S�–�œ�å�@�Ñ�~�M�•�G�\�†&g�@�K�Z�8

�•>,�K�?�K>*�Æ�î�¡�ì6ë�c�g*…�[$��^�W�Z�8�•>,&"���I�Ø 0 T �\&"���I�Ø 0.17 

T �b���œ�[�š3Q�M�•�\>* A !l�c'¨ 1 �Æ�î�¡�@(Ù 1.2 ms �['¨ 2 �Æ�î�¡�@(Ù 3.5 ~ 

4.5 ms �[�6�•>,�Ú�‰>* D !l�[�c'¨ 1 �Æ�î�¡�@(Ù 3 ms �['¨ 2 �Æ�î�¡�@(Ù 7 ~ 10 ms

�\�^�W�Z�8�•>, A>*D !l�b�±�î�¤�µ�º�?�}�b2¥7³�b�j�\'¨ 2 �Æ�î�¡�b�ì6ë(


�V�b�j�[ Time of Flight�†1*�m�•�\>*'¨ 1 �Æ�î�¡�[8Õ�¶�M�•�–�œ�å�b3ÿ�Ø�c

139 km/s>*'¨ 2 �Æ�î�¡�_8Õ�¶�M�•�–�œ�å�b3ÿ�Ø(
�V�@(Ù 45 km/s ~ 71 km /s�\

'ì���[�A�•>,�M�^�ƒ�U>* A>*D !l�_�c3ÿ�Ø(
�V 45 km/s ~ 139 km/s�b�–�œ�å�@

�Q�•�K�Z�8�•�G�\�@�ƒ�?�•>, Fig. 3.11�b&"���@�^�8���œ�b�š�¿�Ý� �î�(�x�_

�>�8�Z B>*C !l�[�Æ�î�¡�†�\�•3ÿ�Ø8•�æ�c 50 km/s ~ 150 km/s�[�6�~>*�G�b 2

�X�b3ÿ�Ø(
�V�c8��–�_3Æ�8�Í�\�^�W�Z�8�•>,�M�^�ƒ�U>*�V�v�_�”�È�Þ�î�©�Ù

�å�K�S�–�œ�å�b�:�U�b�¨�C�†�(�u�• 50 km/s ~ 150 km/s�b�–�œ�å�@&"���_�|

�W�Z�²�K3É�I�€�Z�8�•�\�s�Z6ë4*�8�^�8�T�•�:>,  

�I�}�_>*�Æ�î�¡�ì6ë�b)r�–�œ�å�¶�X�†�š3Q�M�•�\>*&"���I�Ø 0.10 T>*0.17 T

�b�]�U�}�b���œ�v D !l�b�‰�@�¨�C>*&"���I�Ø�@�E�8�o�]�Q�b�j�c�±�A�C�^�W

�Z�8�•>,�K�S�@�W�Z>*&"���@�I�E�€�d�I�8�o�]�Þ�î�¨�î3H>& x 3H>'�?�}3Æ�8

0…�Ø�‰�¥�_�–�œ�å�†�²�K3É�O�•>*�M�^�ƒ�U>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+�

�@
ƒ�€�Z�8�•�\�8�:�G�\�@�ƒ�?�•>,  

0Ž�Ò)��Ý�c1��Â�@7´�K�8�¦1ß�v�µ�‡�[�8�•>,�[�<�d>* A !l�_�>�8�Z&"���@

�Ñ�~�M�•���œ�_�c 4 ms �è7F�b4��8�ì6ë�b�s�^�}�N  1 ms �?�} 2 ms �b�š3Q$×�©

�8�ì6ë�[�v>*&"���@�Ñ�~�K�^�8���œ�_�š�m�Z�–�œ�å�X�c�Q�±�K�Z�8�•>,�G�b

�ì6ë(
�V�_�Q�±�M�•�–�œ�å�c�a�^�C�\�v 150 km/s�è�V�b3ÿ�Ø�†�â�X�²0[�@�6

�~>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�|�W�Z�²�K3É�I�€�S�v�b�[�6�•�\�8�:1��Â�c>*

#'�ì!l�[�c�[�A�^�8>,�^�P�^�}>* B !l�_�>�8�Z&"���@�Ñ�~�K�^�8���œ�_8Õ�¶

�M�•�–�œ�å�b�Æ�î�¡�c 1 ms �è7F>&3ÿ�Ø�n'ì�[ 150 km/s>'�[�6�~>*�Q�€�|�~3ÿ

�8�–�œ�å�c Fig. 3.11�_&g�K�S3û�~>*�ô í�_�ö�a�K�Z�>�~�Q�b�X�c�š3Q$×�_�a

�^�8�S�u�[�6�•>*�Ò�‹>*�I�}�_0ò(ý�^�–�œ�å�ò�·�b0£ ���9‚�†/œ�8>*�r�S>*

�©�Ñ�×�Þ�î�©�Ù�å�\�š3Q�M�•�G�\�[�è0É�†/œ�W�Z�8�C�£���[�6�•>,  
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Fig. 3.14��  D !l�_�>�E�•�–�œ�å�(�x�b�š3Q  

 

3.3.2  �r�\�u�r�\�u�r�\�u�r�\�u  
�� �³�Õ�î�ª�¥�Þ�¡�±�î�_�|�•�–�œ�å0£ ���9‚�_�|�~�è�W�b)�1=�@�“�}�€�S>,  

 

1. &"���b�Ñ�~�_�|�W�Z�–�œ�å�b4 �·�‰�¥�@�š�<�}�€�Z�8�•�G�\�@&�1�

�[�A>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�@�µ+��K�Z�8�•�G�\�@0É�Â�I�€�S>,  

2. �Ò�G0¿���K�S&"���I�Ø>& 0.17 T>'�_�|�~�²�K3É�I�€�•�–�œ�å�b3ÿ�Ø(


�V�c>*�+'ì�[(Ù 45 ~ 139 km/s�[�6�W�S>,�I�}�_>*&"���@�I�E�€�d�I�8�o

�]&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ+��ö�@9×�C�^�•�G�\�@�(�?�W�S>,   

 

�� 1 �b)�1=�?�}�•%Ê'2�¢�Ý�î�É�@4#�d�_/œ�W�S>*��&"��$Î#Õ ;�\�K�Z&"%¼�†#Ý

�8�S���œ�b&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º �����9‚���b)��Ý�c>*

&"�¼�«�Û�«�º�³�Õ�å�î�@�N#.3û�~�_�µ+��K�Z�8�•�G�\�_�|�~�“�}�€�S�v�b

�[�6�•�G�\�†��0É�[�A�S>,  

�� 2 �b)�1=�?�}>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�[�N�Š�b�¥�V�†�W�•�S�u�_�c�|�~

�I�8&"���I�Ø�@�²0[�[�6�•�G�\�@�(�?�W�S>,  
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3.4 �º�Ò�¯�å�Ã�Û�Î�Û�(
œ�þ�b0£ �)��Ý  

 

3.4.1�� &"���@�Ñ�~�K�^�8���œ�b�–�œ�å�š�¿�Ý� �î�(�x&"���@�Ñ�~�K�^�8���œ�b�–�œ�å�š�¿�Ý� �î�(�x&"���@�Ñ�~�K�^�8���œ�b�–�œ�å�š�¿�Ý� �î�(�x&"���@�Ñ�~�K�^�8���œ�b�–�œ�å�š�¿�Ý� �î�(�x  
�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�_�|�W�Z8Õ�¶�M�•9×3ÿ�–�œ�å�b�o�X�H�\�b�š�¿

�Ý� �î�(�x�† ����K�S>,&"%¼&"���@�^�8���œ�_>* CCD �•�Ó�Û�[�è���I�€�S#ì


@�† Fig. 3.15�_&g�M>,�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�b7Á���\&"���b�I�I�c>*�Q�€

�R�€ 7.5 kV>*18.5 mT�[�6�•>,�W�_&g�M�|�:�_>*#ì
@�e�_0b�<�•�Â�•�84Š�(

�@�–�œ�å�b8Õ�¶�_�|�~�è���I�€�S
œ�[�6�•>,0Ž�Ò�b)��Ý>*�Ï�Ü�«�³�Þ�å#+"g

�±�î�¤�µ�º�l�b�Þ�î�¨�î!·�U�_�|�~#Õ�B�K�S�–�œ�å�c C3+>*C4+>*C5+�[�6�•�G

�\�@�ƒ�?�W�S>,�I�}�_>*�è���I�€�S 3 '�8®�b C �–�œ�å�b�š�¿�Ý� �î�(�x�† Fig. 

3.16�_&g�M>,�G�b�¢�Û�Ç�?�}�o�X�b�`�I�8 C3+�[�q�v8Õ�¶�M�•�X�@�¨�C>*�Q

�b3ÿ�Ø�c�o�X�@�±�A�8�o�]3ÿ�8�G�\�@�ƒ�?�•>,3ÿ�Ø�b�Æ�î�¡�c C3+�@180 km/s>*

C4+�@210 km/s>*C5+�@230 km/s�\�^�W�Z�8�•>,  

�K�?�K�^�@�}>*�³�Õ�î�ª�¥�Þ�¡�±�î�b�:�U>*�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�\�Þ

�î�¨�î
°�U3H�_�P&à�^ D !l�[�b�š�¿�Ý� �î�(�x�[�c>*�–�œ�å�b3ÿ�Ø�b�Æ�î�¡

�@100 km/s�S�‹�[�6�•>,�G�b#.#ä�\�K�Z�c>*�º�Ò�¯�å�Ã�Û�Î�Û�(
œ�þ�b/æ*(

�b�e8Ÿ�[>*�š�¿�Ý� �î�b�*�8�–�œ�å�c�è���[�A�^�8�•+��ö�@�ò�F�}�€�•>, Fig. 

3.17�_ MCP �b�¤�Ø�†�V�F�S���œ�b CCD �•�Ó�Û�b�è��#ì
@�†&g�M>,�¤�Ø�†�V

�F�S�S�u>*�Â�•�84Š�(�c�I�C�^�W�Z�8�•�@>*�Q�b�è��(
�V�_�c Fig. 3.15�\�   

 

 
Fig. 3.15 CCD �•�Ó�Û�[�è���I�€�S�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�_�|�•�–�œ�å�è��#ì
@  

&"%¼&"���I�Ø 0 T>*/æ*(�b7Á#ú�I�Ø 7.5 kV>*&"���I�Ø 185 mT 
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Fig. 3.16�� �º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�_�|�•&"���@�Ñ�~�K�^�8���œ�b�š�¿�Ý� �î�(�x  

 

 
Fig. 3.17�� MCP �b�¤�Ø�†�V�F�S���œ�b�–�œ�å�è��#ì
@  

&"%¼&"���I�Ø 0 T>*/æ*(�b7Á#ú�I�Ø 7.5 kV>*&"���I�Ø 185 mT 
 

�L�C�6�•�M���b�C#ú)z>&7H#ú)z�\�ç�j�G�\�\�M�•>'�@�Ñ�~�K�Z�8�•�G�\�@�ƒ

�?�•>,�|�W�Z>* 3 '��b�–�œ�å�[�v�*�š�¿�Ý� �î�b�v�b�@��7•�_�c�Ñ�~�M�•�@>*

�è���I�€�Z�8�^�8�\*ƒ�<�}�€�•>,�I�}�_>*�G�b7H#ú)z�c�º�Ò�¯�å�Ã�Û�Î�Û�(

�Ò�þ�_�3�•�M�•7Á#ú�í&"#ú�b�I�Ø�_�k�Ñ�K�Z�>�~>*�è��(
�V�c�Q�€�o�]�±�A

�C�^�8>,�G�€�c>*�Ò�G#Ý�8�S�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�@�š3Q$×9×�š�¿�Ý� �î

�b�–�œ�å0£ ��†�–�W�K�S�v�b�[�6�•�S�u�[�6�•>,� �]�_ 1 �o�x 2 �o�b�–�œ�å
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�@�è���[�A�Z�8�^�8�b�v>*�Q�€�}�b�–�œ�å�@�š3Q$×�*�š�¿�Ý� �î�[�6�•�S�u

�\*ƒ�<�}�€�•>,�•3ÿ�b�N#.�?�}
›�_8Õ�g�T�K�S7Á�Ê�\�g�I�€�S�–�œ�å�\�@�8

�~���M�I7Á#ú�_�|�W�Z�–�œ�å�c�•3ÿ�I�€�•�S�u>*�š�¿�Ý� �î /�o�X�c�M���\*ƒ

�<�}�€�•>,�M�^�ƒ�U>*�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�b�–�œ�å�•3ÿ�b�N#.�?�}>*
›�_

8Õ�g���K�S7Á�Ê�\4��€�Z���Z�A�S�–�œ�å�b6ë�_#Õ�L�•�I7Á#ú�_�|�W�Z�–�œ�å

�@�•3ÿ�I�€�•>,�G�b�•3ÿ� �Ý�c� '��b�–�œ�å�[�c�o�X�_�š�[�K�Z�±�A�C�^�•

�S�u>*�“�}�€�S 3 �o>* 4 �o>* 5 �o�b C �–�œ�å�b�Æ�î�¡3ÿ�Ø�\�o�X�b�š�?�} 1

�o�c 110 km/s>*2 �o�c 150 km/s>*&ì�Ø�\*ƒ�<�}�€�•>,�Q�K�Z>*�G�€�}�c ���

(
�V�¥�_�6�•�S�u ����[�A�^�?�W�S>,�K�?�K�^�@�}�³�Õ�î�ª�¥�Þ�¡�±�î�\�b

�Z�œ�ö�†�s�•�\>*�?�^�~�b C+>*C2+�@�Ñ�~�K�Z�8�•�G�\�@&g�@�I�€�•>,�S�T

�K>* 3 �o�è�V�b C �–�œ�å�[�v�*�š�¿�Ý� �î�b�v�b�c ���(
�V�¥�[�6�•�?�}>*

50 km/s&ì�Ø�b�š3Q$×�*�š�¿�Ý� �î�b�–�œ�å�b�o�X�@�]�€�o�]�?�•���M�•�G

�\�c�T7´�[�6�•>,�G�€�}�b�š3Q$×�*�š�¿�Ý� �î�b�–�œ�å�c�Q�b�X�v�¨�C>*&"

�¼�«�Û�«�º�³�Õ�å�Â�î�_�±�A�C�$�Z�K�Z�8�•�\*ƒ�<�}�€�•�S�u>*�Ò�‹>*�*�š

�¿�Ý� �î�b�–�œ�å�†0£ ��M�•�S�u�_/æ*(�b�5,��í6ä$Î�†/œ�:�²0[�@�6�•>,  

 

 

3.4.2�� &"���@&"���@&"���@&"���@�Ñ�~�M�•���œ�b�–�œ�å�š�¿�Ý� �î�(�x�Ñ�~�M�•���œ�b�–�œ�å�š�¿�Ý� �î�(�x�Ñ�~�M�•���œ�b�–�œ�å�š�¿�Ý� �î�(�x�Ñ�~�M�•���œ�b�–�œ�å�š�¿�Ý� �î�(�x  
�� ���_>*&"%¼&"���p�[�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�†$Î#Õ�I�O�S���œ�b�º�Ò�¯�å�Ã

�Û�Î�Û�(�Ò�þ�b�è��#ì
@�†&g�M>,&"���I�Ø�c Fig. 3.18�@0.17 T>*Fig. 3.19�@

0.10 T�b�v�b�[�6�•>,�G�b�g*…�b�š3Q�_�>�8�Z�c�6�r�~�±�A�^4*�8�c0b�}�€

�^�8�@>* Fig. 3.17�b&"���@�^�8���œ�\�š3Q�M�•�\>* 3 '�8®�b�–�œ�å�b�C#ú�@

�È�@�W�S�|�:�_0b�<�•>,0Ž�Ò�†/œ�W�S�\�G�•>*&"���@�^�8���œ�b�v�b�\� �]

�b0Ž�Ò�m�2�c4:#Ý�[�A�^�?�W�S>,�M�^�ƒ�U>*&"%¼&"���b�w!“�_�k�}�N>*�º�Ò

�¯�å�Ã�Û�Î�Û�(�Ò�þ�b7Á#ú�í&"#ú�b�I�Ø�c'¼�K�C�K�Z0£ ��†/œ�W�S�b�T�@>*

0Ž�Ò�_�>�8�Z&"%¼&"���@�Ñ�~�M�•���œ�c>*�(�Ò�þ�b&"#ú�b�I�Ø�†��7•�b�Í�|

�~�±�A�C0¿���O�a�d�–�œ�å�b�Ç�•�µ�¸�•�å�¢�@�[�A�^�?�W�S>,�G�b#.#ä�c>*

&"%¼&"���_�|�W�Z#Õ�B�K�S�–�œ�å�b364(�@�d�F�}�€>*�(�Ò�þ�l�b
°�U0…�Ø�@

�N�€�S�G�\�@*ƒ�<�}�€�•>,�G�b�e8Ÿ�†0Ž�ô�M�•�S�u�_�c>*0Ž�Ò�m�2�†&"%¼&"

���b�w!“�í�I�Ø�_�|�W�Z4:�Â�[�A�•�|�:�^�v�b�_�5,��M�•'¼�†/œ�:�²0[�@�6

�•>,  
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Fig. 3.18��

�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�_�|�•�–�œ�å�è��#ì
@  
&"%¼&"���I�Ø 0 .17 T>*/æ*(�b7Á#ú�I�Ø 7.5 kV>*&"���I�Ø 185 mT 

 

 
Fig. 3.19��

�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�_�|�•�–�œ�å�è��#ì
@  
&"%¼&"���I�Ø 0.10 T>*/æ*(�b7Á#ú�I�Ø 7.5 kV>*&"���I�Ø 185 mT 

 

 

3.4.3�� �r�\�u�r�\�u�r�\�u�r�\�u  
�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�_�|�•�–�œ�å0£ ���9‚�_�|�~�è�W�b)�1=�@�“�}

�€�S>,  

 

1. &"%¼&"���@�Ñ�~�K�^�8���œ�b�–�œ�å�š�¿�Ý� �î�(�x0£ ��_�|�~ C3+>*

C4+>*C5+�b�–�œ�å�b�Ñ�~�@&�1��[�A>*�Q�b3ÿ�Ø�(�x�b�M4Š�@�“�}�€�S>,  

 

�º�Ò�¯�å�Ã�Û�Î�Û�(�Ò�þ�_�|�•0£ ��[�c���(�^)��Ý�@�“�}�€�S�\�c0•�8

7´�C>*#Õ�B�K�S�–�œ�å�b�o�X�\3ÿ�Ø�(�x�†0ò(ý�_1*�m>*�³�Õ�î�ª�¥�Þ�¡�±�î

�b0£ �)��Ý�\�b�š3Q�è0É�†/œ�:�_�c0£ ��m�2>*0Ž�Ò�m�2
¹�_�5,��†/œ�:�²0[

�@�6�•>,  
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'¨ 4 'v��  

�±7Á�v�g�B/æ*(�b�5,�  
 

4.1�� �+0[   

�•%Ê'2�¢�Ý�î�É�@4#�d�_/œ�W�S&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�N#.�è0É��9‚

�[�c>*&"��$Î#Õ ;�\�K�Z�Ì�‚&"%¼�†#Ý�8�6�•&ì�Ø�b�B�Ý�†�“�S>,�Q�G�[>*�Þ

�î�¨�î�>/%�œ�ß�£�µ�º�b��#'�†0b�#�<�S���^�•�«�µ�¸�É�\�K�Z>*&"���¥�–�Ý

�\�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�b%&�«�8#Ý�_�|�•&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�è0É��

9‚�†/œ�:�G�\�\�K�S>,�Q�b#.#ä�\�K�Z�c>* 3 'v�b)�1=�|�~&"���I�Ø�@�I�8�o

�]&"�¼�«�Û�«�º�³�Õ�å�Â�î�[�²�K3É�I�€�•�–�œ�å�@�Q�<�•�G�\�@�(�?�W�S�@>*

�Ì�‚&"%¼�[�c&"���I�Ø�b�Q�±�@�T7´�^�:�<>*&"���¥�–�Ý�_�š�m�Z&"��0¿0£�b

��3>�ö�†���C�G�\�@�ò�F�}�€�•>,  

2010�º�Ø�?�}�Ã�Ý�«�Ç�›�î�Ñ�å�¢�¿�µ�º�á�î�¡>& PFN>'�†#Ý�8�S�±7Á�v�g

�B/æ*(>&�¥�å�¹�å�§�Â�å�¡>'�†6ä$Î�K>*&"���¥�–�Ý�†#Ý�8�S&"�¼�«�Û�«�º�³

�Õ�å�Â�î�b�è0É��9‚�b�S�u�b =
��†/œ�W�Z�A�S>,�K�?�K>*�:7Á�b�«�–�µ�³�å

�¢�x�:7Á7Á�v0£ ��_�>�E�•�e8Ÿ�@#Õ�L>*% �†�\�M�•��9‚�†���(�_/œ�:�G�\�@

�[�A�^�?�W�S>,�•'v�[�c>*�•%Ê'2�¢�Ý�î�É�@6ä$Î�K�S�¥�å�¹�å�§�Â�å�¡�_�X

�8�Z>*�Q�b�S4��x�e8Ÿ0Ž�ô�b�S�u�_/œ�W�S�5,��_�X�8�Z0°3Ù�K�S>,  

 

4.2�� 7Á�v�g�B�G2°�b0¿0£�í0��8   

 

4.2.1�� �G2°0¿0£�G2°0¿0£�G2°0¿0£�G2°0¿0£ 
�¥�å�¹�å�§�Â�å�¡�_�G#Ý�K�S�Ã�Ý�«�Ç�›�î�Ñ�å�¢�¿�µ�º�á�î�¡>& PFN>'�c

�X$Òns �è�V�b�š3Q$×6×�8�Ã�Ý�«�†�“�•�S�u�_#Ý�8�}�€�•�Ã�Ý�«�g�B�G2°�[

�6�• [14]>,PFN�b�ö�•�G2°�S�B�† Fig. 4.1�_&g�M>,PFN�[�c�¥�å�¹�å�§�b��5�

C>*�–�å�²�¡�±�å�« L �>�|�g L �\ C �b)��s�œ�ƒ�O�•�X n �†4:�\�_�<�}�j�G�\

�_�|�W�Z�
�–�å�Æ�î�²�å�« Z0 �>�|�g���Š7Á�v�b�Ã�Ý�«�ì6ë�œ ���� �†���Æ�_1*

�Z�M�•�G�\�@�[�A�•�� 1 �•�6�S�~�b�¥�å�¹�å�§�b��5� C �\�–�å�²�¡�±�å�« L

�@�M���[�6�•���œ>*�G�b�G2°�b�–�å�Æ�î�²�å�«�c���'�[/²�I�€�•>,  

Z0= �
L
C

 (4.1) 
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�r�S>*�Ã�Ý�«�ì6ë�œ ���� �c  

 
Fig. 4.1�� PFN �b�ö�•�G2°�S�B  

 

 

� � �= 2n� LC (4.2) 

�[/²�I�€�•>,�G�b���œ>* 1 �•�6�S�~�b�ì6ë���X � LC �c�š�ƒ�}�^�8�S�u>*'g�U

�V�@�~�b"I�ö�c�o�\�‡�]�š�ƒ�}�^�8>,�M�‰>*�•�X�†�Q�x�M�_�‘�8�Ã�Ý�«�ì6ë

�œ�c6×�C�^�• [15]>,  

�� ��7•�_0��8�K�S7Á�v�g�B�G2°�b'¼�o�G2°�† Fig. 4.2�_&g�M>,�G�G�[�c>*�q

�±7Á�v 10 kA �†% �†�_)��s�œ�ƒ�O�•�X 3 �b PFN�†�G#Ý�K�S>,�¥�å�¹�å�§�_�c

7ü7Á��5� 32 mF ± 10 %>*���A7Á�} 5.0 kV �b�œ�–�Ý�¥�å�¹�å�§�†�Q#Ý�K�S>,�¬

�  R �c
˜7Á�p�_�¥�å�¹�å�§�?�}�b�:7Á�@2s�A�S���œ�_
˜7Á�«�–�µ�³�@�>7€�M

�•�b�†75�D�S�u�b�v�b�[�6�•>,
˜7Á7Á�}�c 1 M� �b�¬� �b�g'ƒ�b7Á�}�† ���

�M�•�G�\�[>*��7•�b
˜7Á7Á�}�b 1000�(�b 1 �b�Í�@7Á�}0£�_���Š�I�€�•>,&"��

$Î#Õ#Ý�b�¯�Þ�À�–�»�¥�–�Ý�c�G�b�G2°�b���Š2�,´�[�6�•�\� �ì�_>* 3 �X�b�–

�å�²�¡�±�å�«�b�:�U�b 1 �X�†�¸�W�Z�8�•>,�r�S>*�¥�–�Ý�b�–�å�²�¡�±�å�«�c

�g"g�x�s�A�X�_�k�•�S�u>*�� ��Í�†#Ý�8�•�G�\�\�^�•>,  


˜�:7Á�b�‰�2�c(F�"�[>*�6�u�_ 2 �X�b
˜7Á�«�–�µ�³>& GIGAVAC &k0��� GH4��>'

�†6â�L9×�}7Á ;�_�|�~�¥�å�¹�å�§�_
˜7Á�†/œ�:>,�¥�å�¹�å�§�_���(�^7Á,´�@

 @�r�W�S�} 2 �X�b
˜7Á�«�–�µ�³�†6ä�:�M�•>,�Q�K�Z>*�:7Á�«�–�µ�³�†6â�L�•

�G�\�[&"��$Î#Õ#Ý�¥�–�Ý�_7Á�v�@�v�€�•>,7Á ;�\
˜7Á�ì6ë�b6õ�€�?�}>*�¥�å

�¹�å�§�b���A7Á�}�b 5 kV �r�[
˜7Á�M�•�G�\�c�O�N�q�±
˜7Á7Á�}�c 4.4 kV �\

�K�S>,  
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Fig. 4.2�� 0��8�K�S7Á�v�g�B�G2°  

 

4.2.2�� �–�å�²�¡�±�å�«�b1*�Z�–�å�²�¡�±�å�«�b1*�Z�–�å�²�¡�±�å�«�b1*�Z�–�å�²�¡�±�å�«�b1*�Z   
�� �¯�Þ�À�–�»�¥�–�Ý�b�p�[�v�¹0…)z�†)ª�s�A�K�S�v�b�c�š�µ�ª�á�–�¬�¥�–�Ý

�\�ç�d�€�•>,&"��$Î#Õ#Ý�_0��8�K�S�¥�–�Ý�b�M�[�† Fig. 4.3�_&g�M>,�§�–�¬

�9�_ 2 �X�b�š�µ�ª�á�–�Ý�¥�–�Ý�†0��8�K>*�Q�b�±�A�I�c�Q�€�R�€
Æ�„ 24 mm>*

�¥�„  36 mm�\>*
Æ�„ 50 mm>*�¥�„ 60 mm�[�6�•>,�±�î�å�X�\�L�s�c�]�U�}

�b�¥�–�Ý�v'¼�K�C 10 �±�î�å>* 10 mm�[�6�•>,/Õ+w�b�š�¼�Ó�Ý)z�c PEW�[)/

)•%Ú�o7Á�}�c 10,970 V�†�w�M�• [16]>,�r�S>*�G�b�¥�–�Ý�b�–�å�²�¡�±�å�«�c


Æ�„ 25 mm�b�v�b�[ 2.5 mH>*
Æ�„ 50 mm�b�v�b�[ 7.6 mH �[�6�W�S>,  

�G�G�[>* PFN�G2°�b�–�å�²�¡�±�å�« L �b�Í�†�ô�u�•�S�u�_7Á�v�<�g�b�©�Ñ

�×�Þ�î�©�Ù�å�†/œ�W�S>,�©�Ñ�×�Þ�î�©�Ù�å�_�c�� OrCAD Capture CIS – Demo 

Edition���†#Ý�8>* Fig. 4.2�_�>�8�Z coil �b�–�å�²�¡�±�å�«�@ 7.6 mH �b���œ�b>*

7Á�v�<�g�\�–�å�²�¡�±�å�« L �\�b�k�Ñ�ö�†1*�m�S>,�©�Ñ�×�Þ�î�©�Ù�å)��Ý�†

Fig. 4.4�_&g�M>,�G�b�\�A>*�¥�å�¹�å�§�b
˜7Á7Á�}�c��9‚�_�œ�ƒ�O 4.4 kV �\

�K�S>,�¢�Û�Ç�?�}�ƒ�?�•�|�:�_>* L �b�–�å�²�¡�±�å�«�@�`�I�8�o�]�Æ�î�¡7Á

�v�Í�@�±�A�C>*3ë�_�Æ�î�¡�ì6ë�c%·�C�^�•>,��(��[3Ù�m�•�«�Ã�î�¡� �Õ�µ�É

�«�–�µ�³�b�ª�µ�±>&�ì6ë$×�‚�}�B>'�b�e8Ÿ�†#.#ä�\�K�Z>*�Æ�î�¡7Á�v�@�ó��

$×�[�Æ�î�¡�ì6ë�v 50 ms &ì�Ø�†&��–�[�A�•�–�å�²�¡�±�å�«�Í 3 mH �†4E�¥�K>*

�è0É�b�S�u�b��9‚�†/œ�W�S>,��9‚)��Ý�† Fig. 4.5�_&g�M>,�©�Ñ�×�Þ�î�©�Ù�å

)��Ý�\�š3Q�M�•�\�Æ�î�¡�è7F�_4*�8�@�s�}�€>*
Æ�„ 24 mm�b�¥�–�Ý�b���œ�_

�>�8�Z�v� �]�b)��Ý�@�“�}�€�S>,�G�b�N�I�\�K�Z>*4Ä)z'¼�b�–�å�²�¡�±�å�«

�@�š3Q$×�±�A�8�G�\�@*ƒ�<�}�€�S [17]>,�K�?�K>*
Æ�„ 24 mm�\
Æ�„ 50 mm�b

�8�N�€�b�¥�–�Ý�_�>�8�Z�v% �†�\�M�•�Æ�î�¡7Á�v�\�Æ�î�¡�±�–�Ò�@�“�}�€�S

�S�u>*�–�å�²�¡�±�å�« L �b�Í�† 3 mH �_�ô���K>*7Á�v�g�B�G2°�b0¿0£�†�ö�¢

�\�K�S>,  
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Fig. 4.3�� �š�µ�ª�á�–�¬�¥�–�Ý>&
Æ�„ 24 mm�b�v�b>'  

 

 

 
Fig. 4.4�� 7Á�v�<�g�b�©�Ñ�×�Þ�î�©�Ù�å>&
˜7Á7Á�} 4.4 kV>*�¥�–�Ý�–�å�²�¡�±�å�« 7.6 mH>' 

 

 

 
Fig. 4.5�� ��7•�b7Á�v�<�g>*>&
˜7Á7Á�} 4.4 kV>*�¥�–�Ý�–�å�²�¡�±�å�« 7.6 mH>*L = 3 mH>' 
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4.2.3�� �¥�–�Ý&"���©�Ñ�×�Þ�î�©�Ù�å�¥�–�Ý&"���©�Ñ�×�Þ�î�©�Ù�å�¥�–�Ý&"���©�Ñ�×�Þ�î�©�Ù�å�¥�–�Ý&"���©�Ñ�×�Þ�î�©�Ù�å  
�� �¥�å�¹�å�§�Â�å�¡�_�|�W�Z�š�µ�ª�á�–�¬�¥�–�Ý�_7Á�v�†�v�K�S�ì�b&"���I

�Ø�_6õ�M�•�©�Ñ�×�Þ�î�©�Ù�å�†/œ�W�S>, Fig. 4.6(a)�_
Æ�„ 50 mm�b�¥�–�Ý>*

Fig. 4.7(b)�_
Æ�„ 24 mm�b�¥�–�Ý�b�©�Ñ�×�Þ�î�©�Ù�å)��Ý�†&g�M>,
Æ�„ 50 mm

�b�¥�–�Ý�b���œ�c�¥�–�Ý�b�p�°�?�}�±�î�¤�µ�º�r�[�b2¥7³�c 25 mm�_0¿��

�K>*�±�î�¤�µ�º3Æ
��_�>�E�•&"���I�Ø�c 0.54 T�[�6�W�S>,�Ú�‰>*
Æ�„ 25 mm

�b�¥�–�Ý�b���œ�c�¥�–�Ý�b�p�°�?�}�±�î�¤�µ�º�r�[�b2¥7³�c 18 mm�_0¿��

�K>*�±�î�¤�µ�º3Æ
��_�>�E�•&"���I�Ø�c 0.91 T�[�6�W�S>,  

 

(a) 
Æ�„ 50 mm�b�¥�–�Ý   (b) 
Æ�„ 24 mm�b�¥�–�Ý  
Fig. 4.6�� �±�î�¤�µ�º3Æ
��[�b&"���I�Ø�©�Ñ�×�Þ�î�©�Ù�å>&�:7Á7Á�v 8.0 kA>'  
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4.3.�� �«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b6ä$Î  

 

4.3.1�� �¥�å�¹�å�§�Â�å�¡�b+¬!ÿ�e8Ÿ�¥�å�¹�å�§�Â�å�¡�b+¬!ÿ�e8Ÿ�¥�å�¹�å�§�Â�å�¡�b+¬!ÿ�e8Ÿ�¥�å�¹�å�§�Â�å�¡�b+¬!ÿ�e8Ÿ  
�6�u>*7Á�v�g�B�G2°�b�:7Á�«�–�µ�³�\�K�Z SCR>&Silicon Controlled Rectifier: 

�©�Ü�¥�å�D�š�Z�v�Ê>'�«�–�µ�³�†�G#Ý�K�S>, SCR�\�c3ë7<�F 3 'ƒ�Ê�§�–�Ü�«

�±�b 1 �X�[>* pnpn�²�–�œ�î�»�b p2 �b4Š�(�_'¨ 3 �b7Á��>& gate>'�†�X�E>*�Q�€

�?�}�v�€3¸�t�¤�î�º7Á�v�_�|�W�Z�È�Þ�–�¡�œ�î�Â�î7Á�}�†�D�š�M�•�|�:�_�K

�S�v�b�[�6�• [18]>,�§�–�Ü�«�±�c#'"g�b�Ã�á�î�¹�Â�–�«�b�p�[�q�v7Á�}7Á�v

��5��@�±�A�C>*3Æ�º�[�c9×3ÿ�«�–�µ�³�å�¢�†��#'�K�S�v�b�v�¨�C�w2
�I�€�Z

�8�•>,�Q#Ý�K�S SCR�«�–�µ�³�c Behlke&k�b�� HTS 120-1600-SCR���[�q�±0Á

��7Á�} 12 kV>*�Æ�î�¡7Á�v 16 kA �†�w�M�•>,  

�G�b SCR�«�–�µ�³�†#Ý�8�Z�:7Á�«�–�µ�³�\�K>*�¥�å�¹�å�§�Â�å�¡�b4 #Ý�†

6ä���K�S>,�K�?�K>*�±70�±�Û�b�Þ�î�¨�î�‹0¿�_�>�8�Z>*
˜7Á�p�_�:7Á�«�–�µ

�³�b�¡�ß�î�ª�å�¢�^�K�_�¥�å�¹�å�§�?�}7Á,´�@�:���I�€�•�F+¬!ÿ�G#'1ß�@#Õ

�L�S>,�G�b+¬!ÿ�_�|�~0Á���†2x�<�•7Á�}�@2�,´�I�€>*)/)•%Ú�o�@#Õ�L�S�G�\

�_�|�~ SCR�«�–�µ�³�c�>7€�K�S>,�G�b�\�ì�c+¬!ÿ�@#Õ�L�S#.#ä�@�•���[�A�N>*

SCR�«�–�µ�³�c�Q#Ý�M�•�G�\�@�[�A�^�8�\�8�:)�1=�_+³�W�S>,  

 

4.3.2�� �º�Ü�ž�º�ß�å�º�º�Ü�ž�º�ß�å�º�º�Ü�ž�º�ß�å�º�º�Ü�ž�º�ß�å�º�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³  
SCR�«�–�µ�³�b�>7€�b%$�K$×�^�N�I�c>*%•6ë$×�_�±�A�^4#7Á�}�@2�,´�I�€

�S�G�\�_�|�•)/)•%Ú�o�[�6�•�\*ƒ�<�}�€�•>, Behlke&k�b�� HTS 120-1600-SCR��

�_6õ�K�Z>*�Q�b���A7Á�}�c 12 kV �[�6�•�S�u>*%•6ë$×�_�Q�€�è�V�b7Á�}�@2�

,´�I�€�S�\�8�:�G�\�_�^�•>,�9'��b�«�–�µ�³�†2N
°�M�•���œ�_�>�8�Z�v>*�G

�b+¬!ÿ�_�|�•4#7Á�}�@�]�€�o�]�b�Í�[�6�•�?�(�?�}�N>*�Ü�«�¡�@�±�A�8>,�Q

�G�[>*�‚�S�^�:7Á#Ý�«�–�µ�³�\�K�Z�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b�G#Ý�†�è0¦

�K�S>,  

�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�c>*7Á���b�g"g�?�}��#+� �Õ�µ�É�«�–�µ�³>*�Þ

�î�Ý� �Õ�µ�É�«�–�µ�³>*�Ð�Ý�³� �Õ�µ�É�«�–�µ�³'¼�_�(8®�I�€>*�È�C�Q#Ý�I

�€�Z�8�•>,�Q�b�p�[�v�º�Ü�ž�º�ß�å�º>*�Þ�î�¨�î�º�Ü�ž�º>*7Á�Ê�Å�î�Ò�º�Ü

�ž�º�b�«�–�µ�³�[�c>*�Þ�î�¨�î�x7Á�Ê�Å�î�Ò>*(ø�¥)z�^�]�b!·�U�_�|�W�Z>*

� �Õ�µ�É�p�_7Á�Ê�†�j)%�M�•�G�\�_�|�~�¼�/�b)/)•*•�Š�†�ö�a�I�O�Z%·)!�·

�8�†2s�G�I�O�•>,%·)!�r�[�b4��€�ì6ë�c)+0£4��€�\�g�B4��€�b�ô�_�k�W�Z�8

�•>,�ª�µ�±�b% �ó�c>*4��€�ì6ë�b 10 %�[�6�• [19]>,6ä$Î�K�S�¥�å�¹�å�§�Â�å

�¡�_�>�E�•�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b�<!l�c>*�v�\�v�\)/)•%Ú�o�†�<#Ý�K



30 
 

�Z�8�•�S�u>*+¬!ÿ�@#Õ�L�S���œ�[�v�«�–�µ�³�@"@#.$×�_�o�€�•�G�\�@�^�8�\

�8�:!l�@�±�A�8>,�M�^�ƒ�U>*�«�–�µ�³�b�>7€�_�|�W�Z��9‚�†�p�F�O�J�•�†�“

�^�8"g�#�c�G4J�[�A�•>,�r�S>*�S4��@�"(ç�[�6�•�G�\�v0è�8'¼�†/œ�:�V�[�c

�Ó�Ü�µ�º�\�^�•>,�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b�p�[�v�q�v�ó�o�_0��8�[�A�•

�º�Ü�ž�º�ß�å�º�«�–�µ�³�b0è�8�†/œ�W�S>,  

�º�Ü�ž�º�ß�å�º�«�–�µ�³�b�+$��W�† Fig. 4.7�_&g�M>,2 �X�b�z7Á���c6ë7x d

�\�Q�b6ë�b�¼�/�_�|�~)/)•�@�–�S�€�Z�8�•>,�z7Á�� B �\�º�Ü�ž7Á��6ë�_7Á�}

�†�?�E�Z�¤�`�:7Á�†#Õ�B�K>*�:7Á�?�}�b�É�Û�¬�Ð�l�g(ø�¥)z�_�|�W�Z�z7Á��

6ë�_7Á�Ê�†#Õ�B�K�Z�z�:7Á�†2s�G�M>,�G�b7•>*�W�b�|�:�_�z7Á�� B �†�”�î�«  

�\�K�Z>*�z7Á�� A �\�º�Ü�ž7Á���_�G�b7Á�}�†�3�•�K�S���œ�@�q�v�·�8(
�V�@

�È�C�^�~>*�ª�µ�±�c�`�I�C�^�•>,  

�� �v�K�ì�_>*�z7Á��6ë�_�3�•�M�•7Á�}�†�Ž���_�V�F�Z�8�C�\>*�º�Ü�ž�Ã�Ý�«

�b�3�•�^�K�_�z�:7Á�@#Õ�L�•>,�G�€�c+¬�k%Ú�o�\�ç�d�€>*�G�b+¬�k%Ú�o�_+³

�•7Á�}�c>*�z�_�ž�«'�>*7Á���S4�>*7Á�}�b���ö'¼�_�k�Ñ�M�•>,�«�–�µ�³�b0è

�8�†/œ�:�_�\�S�~>*� �Õ�µ�É6× d �†�ô���M�•�S�u�_�Ã�µ�©�™�å�b�2�N�?�}�+

'ì�†/œ�W�S>,�Ã�µ�©�™�å�b�2�N�c+¬�k%Ú�o7Á�}�† Vs �\�K�S�\�A���b�|�:�_/²

�I�€�•>Y 20>[>,  

Vs = 
Bpd

ln� Apd	 � lnln(1+ 1 � 	�
 (4.3) 

�G�G�[>* A>*B �c�¼�/�[�w�b���X�[�6�~>* p �c�¼�/�}�Š>* g  �c 2��7Á�Ê�:���€

�X�[�6�•>,�¼�/�@'5�¼�[�±�¼�}�[�6�•���œ>* A�=�14.6 [1/ Torr cm]>*B�=�365 [1/ 

Torr cm]>*p�=�7.6×102 [Torr]�[�6�•�� g �c 1�[�6�•�\�ì���M�•�\>* Vs = 4.4 kV �b

���œ�b� �Õ�µ�É6×�c d = 1.2 mm�\�^�•>,�X�r�~>*� �Õ�µ�É6×�c 1.2 mm�è�V�_

�M�•�²0[�@�6�•�G�\�@�ƒ�•>,�K�?�K�^�@�}>* 2 ��7Á�Ê�:���€�X�@�ì���Í�[�6

�•�G�\�x+¬�k%Ú�o7Á�}�@7Á���b"I�ö�^�]�_�k�Ñ�M�•�S�u>*��9‚�†/œ�:�G�\�[

� �Õ�µ�É6×�†1*�Z�M�•�²0[�@�6�•>,  

 
Fig. 4.7�� �º�Ü�ž�º�ß�å�º�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b�+�Õ  
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4.3.3�� �«�Ã�î�¡� �Õ�µ�É�«�–�µ�³#Ý�º�Ü�ž�Ã�Ý�«�G2°�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³#Ý�º�Ü�ž�Ã�Ý�«�G2°�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³#Ý�º�Ü�ž�Ã�Ý�«�G2°�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³#Ý�º�Ü�ž�Ã�Ý�«�G2°  
�� �«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b�º�Ü�ž7Á���_7Á�}�†�3�•�M�•�S�u�b�G2°�†0�

�8�K�S>,0��8�K�S�G2°�b�G2°�W�† Fig. 4.8�_&g�M>,DC 7Á ;�_�|�~
˜7Á�†/œ�W

�S�‹>*
˜7Á#Ý�b�«�–�µ�³�†6ä�:�K MOSFET�_ 5 V �b TTL �™�•�†
°�Š�M�•�G

�\�[�:7Á�@/œ�ƒ�€�•>,�:7Á�‹�c�º�Û�å�«�_�|�~�¼�}�I�€�º�Ü�ž7Á���\�z7Á��

6ë�_9×7Á�}�@�3�•�I�€>*�G�b 2 �X�b7Á��6ë�[�:7Á�@#Õ�L�•>,�G�b�:7Á�@�z7Á  

��6ë�_�z�:7Á�†�,�A2s�G�M�S�u�b�º�Ü�ž�:7Á�\�^�•>,)Þ�~3É�K�b0è9‚�_�|�~>*


˜7Á7Á�} 360 V �_�>�8�Z�ó��$×�^�º�Ü�ž�:7Á�@&�1��I�€�S>,  

 

 
Fig. 4.8�� �º�Ü�ž�Ã�Ý�«�G2°  

 

 

4.3.4�� �«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b0¿0£�í0��8�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b0¿0£�í0��8�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b0¿0£�í0��8�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�b0¿0£�í0��8  
�� 0��8�K�S�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�† Fig. 4.9�_&g�M>,�S4��c8��–�_(F�"

�[>* 2 �X�b�z7Á��>*�º�Ü�ž7Á��>*�”�¡�Ü�Ý
Ç'Ä>*�¸�Ç�ß�å�È�?�}�S�B�I�€�Z

�8�•>,�ž�«�b�R
°�c�O�N>*�±�¼�}�W�[�:7Á�†/œ�:>,�º�Ü�ž7Á���_�c+¬�·�§3o

34#Ý�b!l!F�É�Û�¢�†�Q#Ý�K�S>,�z7Á���b�¦�q�_�c�«�¸�å�Þ�«�†#Ý�8>*� �Õ�µ

�É6×�@1 mm>*2 mm>*3 mm�b�v�b�†#Ý�–�K�S>,  

�¥�å�¹�å�§�Â�å�¡�b
˜7Á7Á�}�c 4.4 kV �[�M���_�K>*�:7Á��9‚�†/œ�W�S>,�Q

�b)��Ý>*� �Õ�µ�É6× 1 mm�b���œ�c
˜7Á7Á�} 4.0 kV �Ü3Æ�[+¬!ÿ�K�S>,�G�€�c


›3Ù�b+¬�k%Ú�o7Á�}�†#Õ�N�•� �Õ�µ�É6×�b�+'ì)��Ý�_�"�:�v�b�[�6�•>,� �Õ

�µ�É6×�@ 2 mm�\ 3 mm�[�c�]�U�}�b���œ�v+¬!ÿ�c�O�N>*�º�Ü�ž�Ã�Ý�«�b
°

�Š�_�|�W�Z�G�–�_�:7Á�@/œ�ƒ�€�S>,+¬�k%Ú�o7Á�}�_3Æ�8�‰�@�·�8"I�ö�c,��8

�b�[ [ �Ã�Ý�«�Ã�á�î$Î#Õ�©�«�¸�Ò ]>*� �Õ�µ�É6×�c 2 mm�†#Ý�8�•�G�\�\�K�S>,

�r�S>* Fig. 4.10�_&g�M�|�:�_>*�:7Á�‹�b7Á���_#Õ�B"@�@&�1��I�€�S>,�G�b#Õ

�B"@�c�«�–�µ�³�b�·�8�†�Y�ó���_�K�
���œ�_�|�W�Z�c�·�8�Y�•+��_�^�•�G�\

�v�6�•�S�u���‡$×�_�Ó�å�¸�¼�å�«�†/œ�:�²0[�@�6�• [17]>,  
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>&a>'0¿0£�•8��W  >&b>'�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�Î�µ�¡�«  

Fig. 4.9�� 0��8�K�S�º�Ü�ž�º�ß�å�º�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³  
 

 
Fig. 4.10�� 7Á��/²8��b#Õ�B"@  

 

 

4.3.5�� �ª�µ�±�b ����ª�µ�±�b ����ª�µ�±�b ����ª�µ�±�b ���  
�� &"�¼�«�Û�«�º�³�Õ�å�Â�î�b��9‚�[�c>*�¥�–�Ý&"���b$Î#Õ�±�–�Ñ�å�¢�†�Þ�î

�¨�î�É�Û�¬�Ð�b#Õ�B�\� �‡�I�O�•>,�G�b�S�u>*�Þ�î�¨�î�x7Á�v�g�B/æ*(>*�›

0£ ��µ�þ�b�Q�€�R�€�b�º�Ü�ž�±�–�Ñ�å�¢�c�Ð�«�±�î�º�Ü�ž�†�Ã�Ý�«�¹�•�Þ�–

�ª�™�¿�Þ�î�±�_�|�W�Z4����I�O�•�G�\�[1*�Z�K�Z�8�•>,�Q�G�[>*��9‚�_#Ý�8

�•�›/æ*(�b�º�Ü�ž
°�Š�?�}�8�·�_0[�M�•�ì6ë�†�•�q�M�•�G�\�@�²8r�[�6�•>,  

�¥�å�¹�å�§�Â�å�¡�_�|�•�:7Á�c�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�†�¡�ß�î�ª�å

�¢�M�•�G�\�[/œ�:�@>*�Q�b�¡�ß�î�ª�å�¢�v�r�S�º�Ü�ž�Ã�Ý�«�G2°�b�:7Á�_�|

�W�Z�D�š�I�€�Z�8�•>,�M�^�ƒ�U>*�º�Ü�ž�Ã�Ý�«�G2°�_
°�Š�M�• TTL �™�•�@�Î

�µ�\�^�~�¥�å�¹�å�§�Â�å�¡�b�:7Á�@/œ�ƒ�€�•�\�8�:�G�\�[�6�•>,�Q�b�S�u>*

TTL �™�•�b
°�Š�?�}�:7Á�r�[�_4����ì6ë�†0[�M�•�?1*�m�•�²0[�@�6�•>,�I�}

�_>*�G�b4����b�ª�µ�±�@0��8�K�S�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�†�¥�å�¹�å�§�Â
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�å�¡�b�¡�ß�î�ª�å�¢�«�–�µ�³�\�K�Z�Q#Ý�•+��[�6�•�?�ô�u�•�±�A�^0[�I�\�^

�•>,  

�� TTL �b�º�Ü�ž�Ã�Ý�«�\�¥�å�¹�å�§�Â�å�¡�b�:7Á7Á�v�†�œ�©�ß�«�¥�î�É�_�|

�W�Z� �ì�_0£ ��K�S>, Fig. 4.11�_0£ �)��Ý�b�M�[�†&g�M>,7Á�v�b4����ì6ë�c

TTL �™�•�b'g�U�V�@�~�ì6ë�\�:7Á7Á�v�b�Æ�î�¡�ì6ë�b�j�[��*O�K>*�G�€�†)Þ

�~3É�K ����M�•�G�\�[4����ì6ë�b�¹�’�\�† =�ë�j>&�ª�µ�±>'�†0£'ì�K�S>,0£

 ��c 9 �G/œ�8>*�¹�’4����ì6ë 152 ms>*�ª�µ�± 13.4 ms �\�8�:)��Ý�@�“�}�€�S>,

)+0£)��Ý�† Fig. 4.12�_&g�M>,�Æ�î�¡�±�–�Ò�c 50 ms &ì�Ø�6�•�S�u>* 12.7 ms �b

�ª�µ�±�[�6�€�d�«�Ã�î�¡� �Õ�µ�É�«�–�µ�³�c�¥�å�¹�å�§�Â�å�¡�¡�ß�î�ª�å�¢

�«�–�µ�³�\�K�Z�Q#Ý�•+��[�6�•�\�8�<�•>,  

�� �G�G�r�[�[�¥�å�¹�å�§�Â�å�¡+¬�/�c�ö�B�K�S�ƒ�E�[�6�•�@>*�q�‹�_�Q�b1V


–�† Table 4.1�_&g�K�Z�G�b(��b�r�\�u�\�M�•>,  

   
Fig. 4.11�� TTL �\7Á�v�b�ì6ë4��€ ���  

 

  
Fig. 4.12�� 4����ì6ë�b)+0£)��Ý  
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Table 4.1�� �¥�å�¹�å�§�Â�å�¡�b�Ã�Û�Ó�î�±  

���A
˜7Á7Á�}  5.0 kV 

�q�±
˜7Á7Á�}  4.4 kV 

�q�±�Æ�î�¡7Á�v  8000 A 

�Æ�î�¡�±�–�Ò  50 ms 

�Æ�î�¡�r�[�b4����ì6ë  152 ± 13.4 ms 

 

 

4.4�� 7Á�v0£ ��m�2�b�5,�  

 

4.4.1�� 7Á�v0£ ��_�>�E�•�e8Ÿ!l7Á�v0£ ��_�>�E�•�e8Ÿ!l7Á�v0£ ��_�>�E�•�e8Ÿ!l7Á�v0£ ��_�>�E�•�e8Ÿ!l  
4#�d�b��9‚�_�>�8�Z>*�¥�å�¹�å�§�Â�å�¡�b7Á�v0£ ��_�c�©�Õ�å�º�¬� >&�(

�v�þ>'�†#Ý�8�Z�8�S>,�K�?�K>*�©�Õ�å�º�¬� �c7Á�v�g�B�G2°�_%$�4�_�K)F�M

�•�S�u>*�©�Õ�å�º�¬� �_�À�–�¬�@�b�•�\7Á�v�g�B�G2°�_�v�s8j�†�l�p�M�•+�

�ö�@�6�•>,�r�S>*�¬� �Í�b�±�A�^�©�Õ�å�º�¬� �c�§�–�¬�@�±�A�8�\�8�:�¹�Ó

�Ü�µ�º�v�6�•>,�I�}�_>*4#�d�b&"�¼�«�Û�«�º�³�Õ�å�Â�î�b��9‚�_�>�8�Z>*�©

�Õ�å�º�¬� �[0£ ��I�€�S7Á�v�_7Á�v�Í�b�±�A�^�W7F�@0b�}�€�S>& Fig. 4.13>'>,

�G�b�|�:�^*ü���?�}>*�‚�S�^7Á�v0£ ��µ�þ�†�_
°�M�•�G�\�\�K�S>,  

 

  
Fig. 4.13�� �©�Õ�å�º�¬� �_�|�•�¥�å�¹�å�§�Â�å�¡�b7Á�v0£ �)��Ý  
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4.4.2�� �ß�¦�«�Ÿ�î�¥�–�Ý�ß�¦�«�Ÿ�î�¥�–�Ý�ß�¦�«�Ÿ�î�¥�–�Ý�ß�¦�«�Ÿ�î�¥�–�Ý  
�ß�¦�«�Ÿ�î�¥�–�Ý�c Fig. 4.14�b�|�:�^#”"g�/>&��3û�c'5,:>'�_)z�¦�†�&%T

�I�O�Z�s�8�S�¥�–�Ý�[�6�W�Z>*�G�b�¥�–�Ý�b
Æ
�>&#”"g�/�b'0>'�†3û�•7Á�v

�_�|�•&"�°�š�ì�†�è���M�•>,�ß�¦�«�Ÿ�î�¥�–�Ý�c9×7Á�}>*�±7Á�v�b ����_�>

�8�Z(­�Ø�@9×�C>*�r�S8��K0•�º�b0£ ��þ�[�6�•�S�u�ó
²�_ ����@�[�A>*�K�?

�v0��8�@���Æ�[�6�•�b�[8��–�_�w#Ý�[�6�• [21]>,�Q�b�o�?>*�±�:7Á7Á�v�_�|

�•�À�–�¬�x ����þ�b�¢�Û�å�»�b�¸�î�^�]�b�e8Ÿ�v4J�E�•�G�\�@�[�A�• [22]>,  

Fig. 4.12�_�>�8�Z�ß�¦�«�Ÿ�î�¥�–�Ý�b2s7Á�Š es �c>*�Ø�G6×�† l>*�`���„�† r>*

�s�A�X�† N �\�M�•�\���'�[/²�I�€�•>,  

es=
� r2� 0N

l
di
dt

=KR
di
dt

 (4.4) 

�S�T�K>*  

Kr=
� r2� 0N

l
,    � � = �4� ×10-7 (4.5) 

�[�6�•>,  

 

 
Fig. 4.14�� �ß�¦�«�Ÿ�î�¥�–�Ý�b�S4��� [21] 

 

4.4.3�� '��(�G2°�b0��8'��(�G2°�b0��8'��(�G2°�b0��8'��(�G2°�b0��8  
�� �ß�¦�«�Ÿ�î�¥�–�Ý�b���Š�c (4.4)�'�_&g�M�|�:�_�¤�(�<�g�[�6�•�b�[>*
–�b

7Á�v�<�g�_�M�•�S�u�_�c'��(�M�•�²0[�@�6�•>,7Á�}�†'��(�M�•�S�u�_�c>* RC

'��(�G2°�x�œ�Ì�”�å�É�†#Ý�8�S�Ñ�Û�î'��(�G2°�@�6�•>,  

�¥4Š�è���þ�\�K�Z RC'��(�G2°�\8��o3?�Q�œ�G2°�†�G#Ý�K�S>, Fig. 4.15�_

0��8�K�S�G2°�b'¼�o�G2°�†&g�M>,�G�b�G2°�b���Š7Á�} ei �c>*
°�Š7Á�}�† er >*

�¥�å�¹�å�§�b�6�‡7Á�}�† 0 V �\�M�•�\���'�[/²�I�€�•>,  
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Fig. 4.15�� �ß�¦�«�Ÿ�î�¥�–�Ý�b�¥4Š�è���G2°  

 

 

ei=�
Af

RC
� erdt (4.6) 

�S�T�K>* Af �c8��o3?�Q�œ�G2°�b�<�“�[�6�~>*  

Af =�1�+ 
Rf

R1
 (4.7) 

�\/²�I�€�•>,�G�G�[>* er= �es�\�M�•�\ (4.4)�'�\ (4.6)�'�|�~  

ei=�
Af

RC
�

� r � � � N

l
di
dt

dt  =�
� r � � � N

RCl
I  = 

KrAf

RC
I (4.8) 

�\/²�M�G�\�@�[�A�•>,�G�G�[>* I �c/Õ ���7Á�v�[�6�•>,  

��  

4.4.4�� ���Š�<�g�b3Q�G���Š�<�g�b3Q�G���Š�<�g�b3Q�G���Š�<�g�b3Q�G  
�� 0��8�K�S�ß�¦�«�Ÿ�î�¥�–�Ý�† Fig. 4.16�_&g�M>,Table 4.2�_�G�b�ß�¦�«�Ÿ�î

�¥�–�Ý�b�Ã�Û�Ó�î�±�†&g�M>, (4.5)�'�?�} Kr�¸ 1.8×10-8  [V s/A]�\�Ó�r�•>,0�

�8�K�S�G2°�_�>�8�Z�c>* R = 1 [k� ]>*C = 1 [mF]>*Rf = 100 [k� ]>*R1 = 4.7 [k� ]

�[�6�6�•�S�u>*/Õ ���7Á�v�c (4.8)�'�†#Ý�8�Z  

I = 
RC
KrAf

ei ��   2400ei (4.9) 

�\/²�I�€�•>,  

�� 3Q�G�c�©�Õ�å�º�¬� �_�|�•���Š�<�g�\�ß�¦�«�Ÿ�î�¥�–�Ý�b���Š�<�g�†�š3Q

�M�•�G�\�[/œ�W�S>,0£ �)��Ý�\3Q�G�‹�b7Á�v�<�g�† Fig. 4.17�_&g�M>, �©�Õ

�å�º�¬� �b�¬� �Í�c 250 m� �[�6�•�b�[>*7Á�v�Í�c�œ�©�ß�«�¥�î�É�[0£ ��I
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�€�S7Á�}�† 4000�¸  �K�S�v�b>& Fig. 4.17�‘�W>'�\�^�•>,�Q�b7Á�v�Í�\�Ç�•�µ

�¸�•�å�¢�M�•�|�:�^�¸"á�†�ß�¦�«�Ÿ�î�¥�–�Ý�_�Œ�L�•>,�Q�b)��Ý>*�¸"á�c

5800�\'ì���I�€�S>,�G�€�c (4.9)�'�b#.1=�Í�_�š�m�Z 2 �¸�è�V�v�±�A�8>,�G�b

#.#ä�\�K�Z�c>* RC '��(�G2°�\�Q�œ�G2°�†)��s�œ�ƒ�O�S�G�\�[>*�Q�œ�G2°�b

�<�“�@#.1=�Í3û�~�_�“�}�€�^�?�W�S�G�\�@*ƒ�<�}�€�• [23]>,�G�b�S�u>*�¸"á

�c�� ��_�|�•3Q�G�Í�†%?�\�M�•�Ú�c�^�8>,�Ò�‹�c RC '��(�G2°�b�s>*�6�•�8

�c�Ñ�Û�î'��(�G2°�b�s�†#Ý�8�•�G�\�[�G�b�e8Ÿ�†0Ž�ô�K�Z�8�C>,  

�� �r�S>*�©�Õ�å�º�¬� �b0£ �)��Ý�_�s�}�€�•�À�–�¬�b4Š�(�[>*�ß�¦�«�Ÿ�î�¥

�–�Ý�[�c�Â'Å"I�ö�b�*�I�?�}7Á�v�Í�@�±�A�C�V�W�K�Z�8�•>,�G�b�G�\�?�}>*

�G�b�À�–�¬�@�¥�å�¹�å�§�Â�å�¡�b7Á�v�_%$�_�u
°�K�Z�8�•>*�6�•�8�c�œ�©�ß

�«�¥�î�É'¼�b�¢�Û�å�»�†�Ó�K�Z0£ ��þ�_�s8j�†�Z�<�Z�8�•�G�\�@�ƒ�?�W�S>,

�G�b�À�–�¬�\�ß�¦�«�Ÿ�î�¥�–�Ý�b�Â'Å"I�ö�b�e8Ÿ�c�Ò�‹�b0Ž�ô1"8Ÿ�\�K�Z�ò

�F�}�€�•>,  

 

 
Fig. 4.16�� 0��8�K�S�ß�¦�«�Ÿ�î�¥�–�Ý  

 

Table 4.2�� �ß�¦�«�Ÿ�î�¥�–�Ý�b�Ã�Û�Ó�î�±  

�s�A)z
Ç�b���„ r  3 mm 

�¥�–�Ý�b
Ç�Ø l 94 mm 

�s�A�X N 50 
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Fig. 4.17�� �ß�¦�«�Ÿ�î�¥�–�Ý�_�|�•7Á�v0£ �)��Ý>&�e>'�� ��Í>&�‘>'3Q�G�‹   
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'¨ 5 'v  

&"���¥�–�Ý�†#Ý�8�S&"�¼�«�Û�«�º�³�Õ

�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º �����9‚  
 

5.1 �+0[  

4#�d�b%Ê'2�_�>�8�Z>*&"��$Î#Õ ;�\�K�Z�Ì�‚&"%¼�†#Ý�8&"�¼�«�Û�«�º�³�Õ

�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º �����9‚�†/œ�W�S>,�Q�b)��Ý>*&"�¼�«�Û�«�º�³�Õ

�å�Â�î�_�|�~�N4
�Š�@#Õ�s���I�€�•�G�\�†��0É�[�A�S>,�I�}�_>*'¨ 4 'v�_�>

�8�Z3Ù�m�S9×3ÿ�É�Û�¬�Ð�–�œ�å0£ ���9‚�b)�1=�\�K�Z>*&"�¼�«�Û�«�º�³�Õ�å

�Â�î�@�N#.3û�~�µ+��M�•�G�\�_�|�W�Z�N4
�Š�@#Õ�s���I�€�Z�8�•�G�\�@0É�Â

�I�€�S [7]>,�r�S>*&"���I�Ø�@�I�E�€�d�I�8�o�]&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�µ

+��ö�@�¥�V�M�•�G�\�v�ƒ�?�~>*�Q�b�è0É�b�S�u�_�I�}�^�•�I&"���[�b��9‚�†

/œ�:�²0[�@�6�•>,�K�?�K>*�Ì�‚&"%¼�[�c�Q�b&"���I�Ø�_7H#ú�@�6�•�V>*&"��

�I�Ø�†�I�C�K�|�:�\�M�€�d�Q�€�_�š�[�K�Z�±�A�^�§�–�¬�b�v�b�@�²0[�\�^�•>,

�Q�b�S�u>*�¥�–�Ý�_�|�W�Z�I&"���†�g�B�K>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�è0É

��9‚�†/œ�:�G�\�†�è0¦�K�S>,  

�Q�G�[>*'¨ 3 'v�[3Ù�m�S�|�:�^7Á�v�g�B/æ*(>&�¥�å�¹�å�§�Â�å�¡>'�†6ä$Î�í

�5,��K>*&"���¥�–�Ý�†#Ý�8�S&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�N#.�è0É��9‚�b�S�u

�b =
��†/œ�W�S>,�Q�b)��Ý>*&"���¥�–�Ý�_�Ã�Ý�«�±7Á�v�†�v�K�¥�–�Ý�I&"��

�†�g�B�K0£ ��[�A�•�_+³�W�S>,�M�^�ƒ�U>*�–�å�Ã�Ý�«�Å�µ�º ����b�S�u�b =


��@�Z�W�S�\0•�<�•>,  

�•'v�[�c>*�–�å�Ã�Ý�«�Å�µ�º0£ ��†/œ�:�S�u�b&"���¥�–�Ý#Ý�b�N�Š ����þ

>&�«�Û�«�º�«�±�å�»>'�b0��8�?�}��9‚�+0[>*��9‚)��Ý�\�Q�b*ƒ�9�†3Ù�m�•>,  

 

5.2�� �ú�~�Ê�'�«�Û�«�º�«�±�å�»�b0��8�l�g3Q�G  

��  

5.2.1�� �ú�~�Ê�'�«�Û�«�º�«�±�å�»�b�N#.�ú�~�Ê�'�«�Û�«�º�«�±�å�»�b�N#.�ú�~�Ê�'�«�Û�«�º�«�±�å�»�b�N#.�ú�~�Ê�'�«�Û�«�º�«�±�å�»�b�N#.  
�•%Ê'2�[#Ý�8�S�ú�~�Ê�'�«�Û�«�º�«�±�å�»�b�Š�Û�Ô�¹�Ý�c�a�L�~�ú�~�Ê

�[�6�•>,�Q�b4 �·�‰&ì�'�c���'�[/²�I�€�•>,  
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J� ��+ �c� ��+ �k� �= �T� t	  (5.1) 

�G�G�[>* �  �c�ú�€0…>* J �c�Ð�ö�Ô�î�Ó�å�º>* c �c(“�ö�¬� �b�š�[���X>* k �c�Â

�¿���X>* T(t)�c�º�Ý�¡�[�6�•>,�¤�`�š�)�b�­�å�§�î�\�K�Z�c�Þ�î�¨�î�š�)0£

�^�]�@#Ý�8�}�€�•>, (3.18)�'�†�š�) x �†#Ý�8�Z�i�A%$�M�\>*�G3?�p�°�?�}�š�)

�b ���!l�r�[�b6×�I�† lm �\�K�Z>* tan�  = � lm��?�X ��  �Ð 1�  �|�~>*  

x = � ���lm (5.2) 

�\�^�•>,�G�€�† (3.18)�'�_�æ
°�K�Z  

( ) >*JtTlxxx m ×=++ 2
002 wzw ���  (5.3) 

>*
02 w

z
J
c

=  (5.4) 

J
k

=0w  (5.5) 

�†�“�• [22]>,&"�¼�«�Û�«�º�³�Õ�å�Â�î�[�c�N�Š�@$Î#Õ�M�•�ì6ë�@�Ð�–�¡�ß&Ê

�"�)�[�6�•�G�\�@�©�Ñ�×�Þ�î�©�Ù�å�?�}�ƒ�?�W�Z�8�•>,�«�Û�«�º�«�±�å�»�b

�Ø�‡�c&Ê�"�)�[�6�•�?�}�N�Š�†�–�å�Ã�Ý�«�\3Æ���M�•�G�\�@�[�A�•>,�Q�G�[>*

Dirac �b�¹�Ý�±6õ�X�†#Ý�8�Z T(t) = Ibit l t d(t)�\�>�C�G�\�@�[�A�•>,�N�Š�@$Î#Õ

�M�•%$�S 0-£t �_�>�8�Z�«�Û�«�º�«�±�å�»�c�N!l�[7ü�F�K�Z�8�•�\�M�•�\>*

(5.4)�'�b0Ž�Ò0Ž�c  

>*tt
J
cv

x w
w

¢��
�

�
�
�

�-
¢

= sin
2

exp0  (5.6) 

>*
J

llI
v mtbit

0 =  (5.7) 

22
0 mww -=¢  (5.8) 

�\�^�•>,�G�G�[>* v0 �c�N�Š$Î#Õ%$�‹�b�«�Û�«�º�«�±�å�»�b3ÿ�Ø>* w¢�c�ö/¶�[

�w�›�ú�·�X�[�6�•>,�K�S�@�W�Z>*�«�Û�«�º�«�±�å�»�b�q�±�š�)�c  

�
�

�

�

�
�

�

�

-
-=

-

2

1
bit

max
1

cos
exp

z

z
z

J
llI

x mt  (5.9) 

�\/²�M�G�\�@�[�A�• J>*c>*k �c�Š�Û$×0[(ò�^�b�[�ú�Ê�'�«�Û�«�º�«�±�å�»�b

�S4��?�}�ô�r�•>,�r�S>* (5.4)�'�\ (5.5)�'  �?�} �  �\ w0 �v�ô�r�•>,�K�?�K>*��

7•�_ J>*k �†�G&��_�Ó�u�•�G�\�c�Y�•+��^�b�[��9‚�_7•�K�Z�c3Q�G�M�•�²0[



41 
 

�@�6�•>, (5.9)�'  �?�}�–�å�Ã�Ý�«�Å�µ�º Ibit �\�ú�œ�š�)�b�q�±�Í xmax �b6ë�_

)z�g�ö�@�B�~'g�X�b�[>*�Q�b�š�[�€�X Ibit� xmax �†#Ý�8�Z ���)��Ý�†3Q�G�K�S>,  

 

5.2.2�� 0��8�K�S�ú�~�Ê�'�«�Û�«�º�«�±�å�»0��8�K�S�ú�~�Ê�'�«�Û�«�º�«�±�å�»0��8�K�S�ú�~�Ê�'�«�Û�«�º�«�±�å�»0��8�K�S�ú�~�Ê�'�«�Û�«�º�«�±�å�»  
�� 0��8�K�S&"���¥�–�Ý#Ý�ú�~�Ê�'�«�Û�«�º�«�±�å�»�b�•�'�W�† Fig. 5.1�_&g

�M>,�G�b�«�Û�«�º�«�±�å�»�c�ú�~�Ê>*�•�î�Î�å�”�î�Ò>*�š�)�è��#Ý�­�Û�Ñ�µ

�¡�È�?�}�S�B�I�€�Z�8�•>,&"���¥�–�Ý�@&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�|�W�Z�–

�å�Ã�Ý�«�†�w�E�•�G�\�[�ú�~�Ê�@�i�€>*�š�)�­�å�§�î�_�|�W�Z�Q�b�ú�·�† �

���M�•>,�ú�~�Ê#Ý�b�G3?0[(ò�\�K�Z�c7ü�F�¶�ÿ�í�·�¶�ÿ�@8��–�_�`�I�8

Flexural Pivot�†#Ý�8�S>,&"���¥�–�Ý�b�S8��_�c�Ð�–�•>&7¼�•>'�b�©�î�Ý�»�†

4Ä*(�K�Z�>�~>*�É�Û�¬�Ð�p�b,´7Á(•�Ê�x�p�ö(•�Ê�b/ª':�_�|�•�–�å�Ã�Ý�«�b

$Î#Õ�†�š�D�[�A�•>,  

 

 
Fig. 5.1�� 0��8�K�S�ú�~�Ê�'�«�Û�«�º�«�±�å�»�b�•�'�W  

 

 

5.2.2�� �_7Á)z�b0¿*(�_7Á)z�b0¿*(�_7Á)z�b0¿*(�_7Á)z�b0¿*(  
�¥�–�Ý#Ý�b�«�Û�«�º�«�±�å�»�[�c&"���¥�–�Ý�_�P�M�•�_7Á)z�b�}�Š�@�±

�A�^�e8Ÿ�\�^�•>,&"�¼�«�Û�«�º�³�Õ�å�Â�î�b��9‚�_�>�8�Z�c>*�¥�å�¹�å�§�Â

�å�¡�\&"���¥�–�Ý�†�K)F�M�•�S�u�_>*%?'5�Ç�Û�å�ª�†�Ó�K�Z%?'5���þ
Æ�_4Ä

)z�†/œ�:>,�Q�b7•>*4Ä)z�c9×7Á�}�_*•�<�•�²0[�@�6�•�G�\�?�} SHV �£�î�È�Ý

�†#Ý�8�Z�>�~>*�£�î�È�Ý�†%$�K�¥�–�Ý�_�K)F�M�•�\�¥�–�Ý�c�±�A�^�}�Š�†�w

�E>*�ú�~�Ê�b�Â�¿���X�@�±�A�C�^�•>,�r�S>*��9‚�[�c�±�î�¤�µ�º�†�Þ�î�¨�î

!·�U�)*(�_�G&��_0¿*(�M�•�S�u�_>*%�0i�Ô�½�±�b0i)z�†4=�•�G�\�@�^�8�|�:
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�«�Û�«�º�«�±�å�»
²�/�†�º�Û�Â�î�«/æ*(�_�|�W�Z&ã�·�D�š�K�Z�8�•>,�G�€�_

�|�~>* SHV �£�î�È�Ý�v�…���I�€&"���¥�–�Ý�c8��–�_�±�A�^�}�Š�†�w�E>*�6�‡

7ü�F�)*(�_�N�€�@#Õ�L�•�b�s�^�}�N>*/æ*(�b%Ú�†�v2s�G�~�“�•>,  

�� �è�V�b�e8Ÿ�†0Ž�ô�M�•�S�u�_>* Fig. 5.2�_&g�M�|�:�_ SHV �£�î�È�Ý�†&"��

�¥�–�Ý�_%$�K�K)F�O�N>*�M�Ø�[���K�Z�?�}�9�b�_7Á)z�†�K)F�K>*�Q�b�_7Á)z

�†&"���¥�–�Ý�_�K)F�M�•�\�8�:�d�µ�†/œ�W�S>,5¡)z�c�¸�Ç�ß�å�b'Ä�_�|�W�Z

8��K0•751¤�I�€�Z�>�~>*(•�Ê�b/ª':�†75�F�K�Z�8�•>,�G�b�G�€�_�|�~>*�º�Û

�Â�î�«/æ*(�b&ã�·�_7•�K�Z SHV �£�î�È�Ý�@�…���K�Z�v>*5¡)z�c�K)F4Š�_�P�K

�Z�–�_�Q�b�)*(�†�M���_�–�X�S�u>*�«�Û�«�º�«�±�å�»�@�Š�†�w�E�•�G�\�c�o

�\�‡�]�^�8>,  

 

 
Fig. 5.2�� 4Ä)z�b�+�Õ�W  

 

 

5.2.3�� LED �š�)�­�å�§�î�š�)�­�å�§�î�š�)�­�å�§�î�š�)�­�å�§�î  
�Q#Ý�K�S LED �š�)�­�å�§�î�c�(0Ž+� 5 mm �è�W�[ 4±1.25 mm �b2¥7³�† �

���K>*�Q�€�_�P�K�Z 3�s 2 V �b)z�g�^���Š�†�M�•>,�ú�Ê�'�«�Û�«�º�«�±�å�»

�b�š�)�c�¤�`�^�b�[�À�–�¬�b�s8j�†�w�E�x�M�8>,�Q�G�[>*� 7Á ;�b�š�)�­�å

�§�î�† Fig. 5.3 �_&g�M�|�:�_�n�P�_0¿*(�K�Z>*���b�N#.�[�À�–�¬�†%&�…�[�A

�•�|�:�_�K�S>,�ú�Ê�'�«�Û�«�º�«�±�å�»�@�ú�œ 1 �b sin �<�[�ú�·�K���u�S�\

�M�•>,�š�)�­�å�§�î A �\ B �@ ����M�•���Š�_�c� 7Á ;�_�|�•�À�–�¬�†�µ�‡

�[�8�•�b�[>*�Q�€�R�€ Fig. 5.4(a)>*5.4(b) �_&g�M�|�:�_�™�•�†���Š�M�•>,�š�)

�­�å�§�î�b���Š�™�•�† Fig.4.8 �b�j�·�Q�œ�G2°�_
°�Š�M�•�G�\�_�|�W�Z�À�–

�¬�@%&�…�I�€>*Fig. 5.4(c) �_&g�M�|�:�_�À�–�¬�b�^�8 sin �<�@���Š�I�€�•>,  
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Fig. 5.3�� LED �š�)�­�å�§�î�b�n�P4Ä*(  

 

Fig. 5.4�� �š�)�­�å�§�î�b�À�–�¬7V�d�N#.   

 

 

5.2.4�� �Š'�3Q�G�Š'�3Q�G�Š'�3Q�G�Š'�3Q�G  
�� Fig. 5.5(a)�_&g�M�|�:�^�ß�î�»�­�Ý�†#Ý�8�Z>*�«�Û�«�º�«�±�å�»�_�Z�<�S�–

�å�Ã�Ý�«�Å�µ�º�\�ú�œ�š�)�b�q�±�Í�?�}�š�[6õ�€�†�Ó�u�S>,�ß�î�»�­�Ý�b�Š

�c�ì�I�_�P�M�•�Š�^�b�[>*'��(�M�•�G�\�_�|�W�Z�ß�î�»�­�Ý�@�•�˜�å�±�î�˜

�™�–�º�_�Z�<�S�–�å�Ã�Ý�«�Å�µ�º�†�Ó�u�•�G�\�@�[�A�•>, Fig. 5.5(b)�_&g�M�|

�:�^�ú�~�Ê�'�ß�î�»�­�Ý3Q�G�þ�†0��8�M�•�G�\�[ ���1��j�†�[�A�•�T�E�`�I

�C�K�S>,  

�� �Z�<�S�–�å�Ã�Ý�«�\ Fig. 5.6�_3Q�G)��Ý�†&g�M>,)ª3H�@�ß�î�»�­�Ý�[�Z�<

�S�–�å�Ã�Ý�«>*�“3H�@�­�å�§�î�b�š�)�[�6�•>,�G�b�š�)�c 5.3.2(��[�‹3Ù�M

�•#.#ä�?�}�ú�·�b'¨ 1 �ú�œ�\���u�S>,�/�G�Í�\�^�•�š�[���X�c 864 mNs/V �[

�6�•>,   
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(a) �ß�î�»�­�Ý  (b) �ú�~�Ê�'3Q�G�þ  

Fig. 5.5�� �ß�î�»�­�Ý�\3Q�G�þ   

 

 
Fig. 5.6�� �ß�î�»�­�Ý�_�|�•3Q�G3Æ��%$)z   
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5.3�� ��9‚  

 

5.3.1 ��9‚�+0[��9‚�+0[��9‚�+0[��9‚�+0[  
�–�å�Ã�Ý�« �����9‚�c 3 'v�[3Ù�m�S�–�œ�å0£ ��\� �]�_>*�±70�±�Û�Þ�î�¨

�î�š�¿�Ý� �î�Û%Ê'2�­�å�±�î�b
¹� �<#Ý%Ê'2�‹0¿�[�6�• EUV �¹�î�±�Ë�î�«

�Þ�î�¨�î�‹0¿�_�Z/œ�W�S>,&"��$Î#Õ ;�_�c�¯�Þ�À�–�»�¥�–�Ý�†#Ý�8>*�¥�–�Ý

&"���\#Õ�B�I�O�S�Þ�î�¨�î�É�Û�¬�Ð�b&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�|�W�Z�«�Û

�«�º�«�±�å�»�_�•�ƒ�•�–�å�Ã�Ý�«�Å�µ�º�† ����K�S>,  

Fig. 5.7�_��9‚�b4Ä*(�W�†&g�M>,�‹3Ù�M�•�¥�å�¹�å�§�Â�å�¡�b�Y
½�œ�?�}>*

1 '�8®�b�¥�–�Ý�b�s�[�b��9‚�\�^�W�S>,�¥�–�Ý�c
Æ�„ 24 mm>*�¥�„ 36 mm>*

�s�A�X 10 �b�š�µ�ª�á�–�¬�¥�–�Ý�†#Ý�8>*�¥�å�¹�å�§�Â�å�¡�[�Æ�î�¡7Á�v(Ù 8 

kA �b7Á�v�†�v�M�G�\�[>* Fig. 4.6�_&g�K�S�|�:�^ 0.91T�b�I&"���†$Î#Õ�I�O

�S>,�Þ�î�¨�î�\�±�î�¤�µ�º�Ì�Þ�µ�º�b'�8®�x�Ã�Û�Ó�î�±�c 3 'v�b�–�œ�å0£ �

��9‚�\� �]�[�6�•�?�}�•'v�[�c%,$��M�•>,  

�Ð�«�±�î�Ã�Ý�«�\ Delay generator�_�|�W�Z�Þ�î�¨�î�@!·�U�I�€�• 20 ms &ì

�Ø�S�_7Á�v�@�:7Á�I�€�•�|�:�¥�å�¹�å�§�Â�å�¡�†�D�š�M�•>,�Þ�î�¨�î�c�¥�–

�Ý�b�p�°>&'5,:>'�†3û�~>*�Þ�î�¨�î3H�V�[�¥�–�Ý�\�b�¶%$2¥7³ 12 mm�b�)*(

�_�6�•�±�î�¤�µ�º�_!·�U�I�€�É�Û�¬�Ð�@#Õ�B�I�€�•>,�M�^�ƒ�U>*�¥�–�Ý&"��

�p�_�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�@#Õ�B�I�€>*�Q�b%&�«�8#Ý�_�|�~&"�¼�«�Û�«�º�³

�Õ�å�Â�î�@�g�B�I�€�•>,&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�|�W�Z�¥�–�Ý�_�–�å�Ã�Ý

�«�Å�µ�º�@�Ü�•�I�€�«�Û�«�º�«�±�å�»�@�ú�·�K�Q�b�š�)�@ LED 
œ�Û�­�å�§

�î�_�|�~�è���I�€�•>,  

Fig. 5.8�_�ß�¦�«�Ÿ�î�¥�–�Ý�_�|�~0£ ��K�S7Á�v�<�g�\ Photo Detector�_�|

�W�Z0£ ��K�S�Þ�î�¨�î#Õ�B�É�Û�¬�Ð�b$Î
œ�b�š3Q�b�M�[�†&g�M>,�G�b���œ�c

7Á�v�b�Æ�î�¡�ì6ë�[�É�Û�¬�Ð�@#Õ�B�I�€�S�G�\�@�ƒ�?�•>,  
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Fig. 5.7�� ��9‚4Ä*(�W   

 

 
Fig. 5.8�� �:7Á7Á�v�\�É�Û�¬�Ð$Î#Õ�±�–�Ñ�å�¢   
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5.3.2 &"�¼�«�Û�«�º�³�Õ�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º ���)��Ý&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º ���)��Ý&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º ���)��Ý&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º ���)��Ý  
�� �ú�~�Ê�'�«�Û�«�º�«�±�å�»�[�–�å�Ã�Ý�«�†(­�Ø,��C ����M�•�S�u�_�c>*�–

�å�Ã�Ý�«�Å�µ�º�b�Ü�•%$�S�_�«�Û�«�º�«�±�å�»�@7ü�F�K�S"g�Â�[�6�•�G�\�@

�ƒ�r�K�8>,�K�?�K>*�Ò�G�b��9‚�[�c�¥�–�Ý�_7Á�v�†�v�K�S�T�E�[�«�Û�«�º�«

�±�å�»�_�ú�·�@#Õ�L�š�)�@0£ ��I�€�S>,�G�b�N�I�\�K�Z�c>*7Á�v�\�Ø�V�b5 

�“4Š���_�|�•%&�«�8#Ý�_�|�•�v�b�T�\*ƒ�<�}�€�•>,�Q�b�S�u>*%?'5�³�Õ�å�Â

�î
Æ�_0¿*(�I�€�S�«�Û�«�º�«�±�å�»�b7Á�v�_�|�•�š�)�b�s�† ����K�Q�b�¹�’

�Í�\�† =1��j�†'ì���K�S>,�r�S>*)Þ�~3É�K��9‚�†/œ�W�S�@�š�)�b���Š�<�g�b

�Ø�‡�@�M���\�c�^�}�N>*�<�g�b�Ç�•�µ�¸�•�å�¢0Ž�Ò�@�Y�•+��[�6�W�S>,�Q�b

�S�u>*Fig. 5.8�_&g�M�|�:�_�š�)�b'¨ 1 �ú�œ�†�«�Û�«�º�«�±�å�»�b�š�)�_���u

�S>,)+0£�b)��Ý>*7Á�v�b�s�_�|�•�ú�œ�b�¹�’�Í�c 2.14 V>*�† =1��j 22.9×10-2 

V �\�8�:)��Ý�@�“�}�€�S>,�S�T�K>*�¹�î�±�X�c 3 �[�6�•>,  

�� ���_>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�†�g�B�M�•�G�\�[#Õ�L�•�«�Û�«�º�«�±�å�»

�b�š�)�† ����K0Ž�Ò�†/œ�W�S>,�Q�b)��Ý>*�ú�œ�b�¹�’�Í�c 2.50 V>*�† =1��j

7.35×10-2 V �[�6�W�S>,�S�T�K>*�¹�î�±�X�c 4 �[�6�•>,)+0£)��Ý�c Table 5.1�_

�r�\�u�Z&g�M>,�G�G�[>*7Á�v�b�s�_�|�•�ú�œ�\�b�j�†�\�•�\>*&"�¼�«�Û�«�º

�³�Õ�å�Â�î�b�µ+��_�|�•�ú�œ�c 0.36 V �[�6�•>,�I�}�_>* Fig. 5.3�b3Q�G%$)z

�_�G�b�Í�†
°�Š�M�•�\>*�Q�b�–�å�Ã�Ý�«�Å�µ�º�c 311 mNs �†�“�•>,�r�S>*�†

 =1��j�†*ƒ�Ö�M�•�\�a�^�C�\�v 50 mNs �–�å�Ã�Ý�«�Å�µ�º�@#Õ�L�Z�8�•�\�8

�:)��Ý�\�^�W�S>,�G�b 50 ~ 572 mNs �\�8�:�Í�c>* Fig. 5.9�_&g�M�–�å�Ã�Ý�«�Å

�µ�º�\&"���I�Ø�k�Ñ�ö�b�©�Ñ�×�Þ�î�©�Ù�å)��Ý>& 1 T �[ 50 mNs>'�\�v%©%*�K

�^�8>,  
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Fig. 5.8�� �­�å�§�î�b�è���<�g�b0Ž�Ò   

 

 

Table 5.1�� �ú�œ�b)+0£)��Ý  

�É�Û�¬�Ð  
�ú�œ�¹�’�Í

(V) 
�† =�ë�j

(V) 
�¹�î�±�X  

�^�K  2.14 22.9×10-2 3 

�6�~  2.50 7.35×10-2 4 

 

 
Fig. 5.9�� �5,��©�Ñ�×�Þ�î�©�Ù�å�_�|�•�–�å�Ã�Ý�«�Å�µ�º�b&"���I�Ø�k�Ñ�ö   
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5.3.3 �r�\�u�r�\�u�r�\�u�r�\�u  
�� &"���¥�–�Ý�†#Ý�8�S��9‚�S�B�_�>�E�•&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�–�å�Ã

�Ý�«�Å�µ�º �����9‚�_�|�~�è�W�b)�1=�@�“�}�€�S>,  

 

1. &"��$Î#Õ ;�_�¥�–�Ý�†#Ý�8�S���œ�_�>�8�Z�v>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�[

�N�Š�@$Î#Õ�M�•�G�\�†��0É�[�A�S>,�r�S>*�Q�b�N�Š�c�a�^�C�\�v 50 mNs

�[�6�~>*�©�Ñ�×�Þ�î�©�Ù�å�b)��Ý�\�v,��C�M+´�K�Z�8�•>,  

2. �¥�–�Ý�_7Á�v�†�:7Á�I�O�•�G�\�_�|�W�Z�«�Û�«�º�«�±�å�»�@�ú�·�K�S>,(­

�Ø�|�C�–�å�Ã�Ý�«�Å�µ�º�b ����†/œ�:�_�c�G�b�ú�·�b�š�D�@�²0[�[�6�•>,  

 

5.4�� �Ò�‹�b1"8Ÿ  

�� 5.2.2(��[3Ù�m�S�|�:�^�d�µ�_�|�W�Z4Ä)z�_�|�•�ú�~�Ê�b�ö/¶�†�±�œ�_�*

�ö�I�O�•�G�\�@�[�A�S>,�K�?�K>*��9‚�_�>�8�Z�c7Á�v�b�:7Á�_�|�W�Z�ú�·�@

#Õ�L>*�^�>�?�X�Q�b�ú�œ�b�±�A�I�x�d�}�X�A�@�e8Ÿ�\�^�~>*(­�Ø�b9×�8 ���

�@/œ�<�S�\�c0•�87´�8>,�Ò�‹>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�b�è0É�†4
�u�•�_�6

�S�~>*�¥�–�Ý�g"g�x&"���I�Ø�†�I�r�J�r�_�š�ì�I�O�Z��9‚�†/œ�:�²0[�@�6�•

�T�•�:>,�N�Š�c�N4
�©�«�¸�Ò�ö+��†�è0É�M�•�V�[8��–�_5�0[�^�Ã�Û�Ó�î�±�[

�6�•>,�K�S�@�W�Z>*�G�b7Á�v�:7Á�_�|�•�«�Û�«�º�«�±�å�»�b�ú�€�†�š�D�K>*

(­�Ø�|�C�N�Š�† ����[�A�•#”�C�†�Z�<�G�\�@�Ò�‹�b1"8Ÿ�\�^�•>,  

�r�S>*)Þ�~3É�K��9‚�†/œ�W�Z�8�•�q�p�_>* 4 'v�[3Ù�m�S�|�:�^�¥�å�¹�å�§

�Â�å�¡�_
˜7Á�K�S7Á�}�@�º�Ü�ž�Ã�Ý�«�b
°�Š�^�K�_�:7Á�K�Z�K�r�:�\�8�:#'

1ß�@
Ì�g#Õ�L�S>,�«�Û�«�º�«�±�å�»�b4Š��'¼>&�”�î�«7Á�)>'�_�:7Á$^�@�s�}

�€�S�G�\�?�}>*9×7Á�}"g�Â�b�¥�–�Ý�\4Š��6ë�_�:7Á�@#Õ�L�S�|�:�[�6�•>,�S

�T�K>*�Q�b6ë7x�c� �Õ�µ�É�«�–�µ�³�b� �Õ�µ�É6ë2¥7³�_�š�m�Z�È�8>,�r�S>*

�¥�å�¹�å�§�Â�å�¡�\�Þ�î�¨�î�Q�I/æ*(�b� �ì
˜7Á�p�_��9‚�

Æ�›�d�[�:7Á�@

#Õ�L�S>,�G�b�G�\�?�}>*�¥�å�¹�å�§�Â�å�¡�\�Þ�î�¨�î�Q�I/æ*(�@�”�î�«�†�Ó

�K�Z�¸�î�K�Z�8�•�\�N�9�[�A�•>,�G�b#'1ß�_�|�~>*�\�6�£���K�Z�8�S�¹�î�±

�b�v�“�@���(�_�[�A�^�?�W�S>,���(�^)Þ�~3É�K��9‚�†/œ�:�S�u�_�c>*�¥�å�¹

�å�§�Â�å�¡�b�I�}�^�•�5,��_�|�W�Z�G�b�e8Ÿ�†0Ž�ô�K�Z�8�C�G�\�@�²0[�Y�•

���[�6�•>,   
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'¨ 6 'v  

)�1=  
 

 

�•%Ê'2�[�c>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�>�E�•�N�Š$Î#Õ�Ó�•�½�¬�Ò�b�è0É��9‚

�†�±70�±�Û�Þ�î�¨�î�š�¿�Ý� �î�Û%Ê'2�­�å�±�î�\
¹� �[>*� �­�å�±�î�b EUV 

�¹�î�±�Ë�î�«�Þ�î�¨�î�‹0¿�_�Z/œ�W�S>,&"��$Î#Õ ;�\�K�Z�Ì�‚&"%¼�†#Ý�8�S��

9‚�S�B�[9×3ÿ�–�œ�å0£ ���9‚�†/œ�8>*&"�¼�«�Û�«�º�³�Õ�å�Â�î�_�>�E�•�–�œ�å

�ò�·�b0Ž�Ò�†0è�s�S>,�r�S>*�Q�G�[�“�}�€�S)��Ý�_�ö�Y�8�Z>*&"��$Î#Õ ;�\�K

�Z�¯�Þ�À�–�»�¥�–�Ý�†#Ý�8�I&"���†$Î#Õ�I�O�S��9‚�S�B�[>*&"�¼�«�Û�«�º�³�Õ

�å�Â�î�b�–�å�Ã�Ý�«�Å�µ�º �����9‚�†/œ�W�S>,�Q�€�}�b��9‚�b�r�\�u�†�è�W�_

&g�M>, 

�� &"�¼�«�Û�«�º�³�Õ�å�Â�î�b�–�œ�å0£ ���9‚�_�|�W�Z�è�W�b)�1=�@�“�}�€�S>,  
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