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»U%VWX«  
�s%�t  %ردن wx.�^c%Anyــ�vس �s%�t ر% / rــApqر%ن o QــAnدن %و c�2m^� و kــ�2رl%ن kــ�jدن d�efghi %و c%�F^�، و Aa`ــ^�[�ن ]Z %و ر% «
 dz /ــــــــ�، و ــــ��s %و {<| %}ـــ ـــــــــ<�'ـــــــ ــ* ��5[�م Q ر%~ `ــ ـــــ<|. َ�ِ �VWتِ ژرف رو � Qی�ED�F%  ���@ dـــــــــ د�� / w = C� ��� ��%A %�tــــــ

ـــــ�. �A%�� %ز روd %����دی�:�}ــــــــــــ�، %��cز�F d%رد و �8  د�� / ��َ¡�(ص) �^�~ %و و� ���A%� (��� =(�~ %ز %����ن.و %��2ن، g� �8:�}ـــــــ
Uــــ�¢H ر، و�£ 
 %و}ــــ�. %و ر% §¦�wــــ:�د �� د¥¤� (Xــــ��
 �s¨.0ورد[�ر �&- Q *©ــــª«¬ ��)­ ر، و%�®�P / ̄ ¢ــــ�ن، و ²%±� %}ــــ�  °Aرd %}ــــ� ر

 (ÈÉÊ %{��ÄÅ«   (ÆÇ %ز �Ãرت Á ، Â.AB ¹رگ %}� (¿¾* ���t ½z%ی� ، ¼ lد دود«� %ز د�eº ¹د%®�، و �� ¸·� و د{¶µR M´م �R³®�.³وز%ن

  . %A�Fد~و د%Ô Q CH<�رم AÒ� / Ó%ر~ Q ر%~ ÐGÑ -&� دAÎÏز و �Ì%�Íر  �Pر و ��hidQ�R وAËد ��t ��A% ر% =%�vw dس ��
ــ�ÕÖ %ز   
 �Ù)  Úی�ن Ø<�ب و ¹ر�A%رم �Ãر l%ن� %'ـــــÛÜد d� �¤�AÝ  وd�¡ّ�� �#- ��ّ�� 
ÛÜد  �s�2ÄÞ%ر d%=¨U�ßà�- d  Q / �áـــــــ�رâ< و

  �æ¿%.�ÄÔم �Ìر  � äå د%دVW¢ã ،�F و �Ãرد%�� ��
�s�2ÄÞ%ز ز��2ت و ر% U�23gç صÇè% � و %ز U%زAÎÏد d¨U%د ³ز�:w%  م% dÙ) ب�>Ø �ّ�� 
ÛÜد% �äéê �ëّìرم.  م%´í'�vw  

 �S�è ر�Ì� ر%A¹ر� �ÕÖ�'% س %ز�^î� �ïðÙ �·Éñ  dÙ) ب�>Ø و 
ÛÜد  �òóÇô�õö�÷% ø d%=¨�8 d�ùQ ن�X VW¢ã لû
  ر% د%رم.

  VW¢ã U�23gç ��.���2þ و í'�vw´%رA� d%�%ن ¹ر�A%رم/ �æ¿% Qم %�ä �و�C �;��ر ó% ی�رAÒþ dد  و  =%üý Qم%ز  
 dÙ) ب�>Ø ~�AÓ �FدAÒþ dر%~ ی�ر ä�%  Q %ó / ��%üý ���2	 �2%زÄî
 VW¢ã.�ÄÔ و �Ãرد%�� �� ��زî�d^�س Xـî و ��Ìر î�  �S�è^�س 
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1-1 ���H�  

�& <��;+ ,'L% �5
�	P& �� � �)��� �E�8 � 6
 0C�)� H���
 /�'��� 0C�)� �
�� K&��� �� ��& \�k)�

��mm8, ����" ��
��! �� �Emm:�S 0C�)� �� /��A�mm�� 0C�)� K&��� H
� �� �5
 .���mm8,�& .�mm�� 0��E? ��% 

 ����" 0�,�	���� 0'� �& ��)� �� �
��  �� 0���8 & I�J�JF
 [��	.�, ��
��! �� /��  ��4	
 0C�)� <�	&

 �S��^ <Z M
��) �� �5
 �� �mm�� ��!�" *�.)�� �)	)�� 0��mm�2% /�;�mm�� ���mm� '��mm��& /�;�mm�� .

�& �)	)�� 0��� 2% ) Q�& 0��� �& �8 4�% 0��� 2% ��4	
 ��E&�# ' �)���� [������  �"���  =�4�kev 2-1 [(

) \�;W3-cm 2010) /�
	� ��? ���) ' (ns 002 -05/�;mmm+
���Z �� ��&����% ���mmm8& ( 0�, �
�J�JF


�� �]1[ .H��o�, d&�
 @�	)�=5�  0�, /�;�� � �� ��!�" 0	# �4	� 6
 <�	�9& �� <Z [�)	)�� 0��� 2%

�� � /��� �!�9� �8 4�%]2[ <��� ����& �� �� �� � dJ) [/��  ��.
� 0���2% 6����
� �� >��? ��� .

��&��� 0��& ���2%0�,  .���� ���  

<�
�% H
� \'� =�! ��2% �!�9� �& ���)������% �)	)�� 0���2% /�;��� ' ���  .�� � /�� ��=�!  *'�

 H
����� ' d;�
 /�
�% [�)	)�� 0��� 2% /�;�� � 6����
� d;�
 �& �B	� =��	?� � /��  /��� ����  .

 =��� *	� =�!Z <����W��� *�.)� $'� [d
���[ ) �'�,�� �)	)�� 0���2% /�;��� 0�7��SHUPF  ' (

,��7&�/���)� 0�d
���Z *�.)� �� 0��"�,  �� ' ����!<�
�% H
� *���W =)�& ���  M
��) �� �E:�S I�+
���Z

/���)� '0��" /�;��� �� �,SHUPF  '��� /�� ������% /��
Z 0�,��� 0��& �
�����+�%.  
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<I�� � �"�#� 
�����J 0��  

�� <�+ ) �	� �� �9�� ���!� �� �� � �_�� ' �����& I��c �� �
�_�� �k�  ��" ��� 2% ��� 2% .�,�

"�_��"  <�	�& �� �mmm�� �_�� /���)� <Z ��9
 �mmm��n � n� � n� <Z �) [�!�" *��
 �� �_�� ��#

 [�)	�  i�S ��	
 ��	� �8 �^��q�'��54� 0�,'��)n  [��� 2% �4�;Wn� <'��54� �4�;W ' �,n�  �4�;W

<	
�� �,��;& ��) �� �� �	, \	54	� 2_� [\	54	� 6
 �& ���' 0�,'��) .�mmm��& �_�� \	54	� <	W [�


��) ���' <Z �& ��4�� �8�^��q�'��54� 0'��) N�, [�� � H
� .�� � ��	j�+W =&�# =JB 0'��) ' �	�

�� ���S ��S�7� <'�& \	54	� ���S �� ���8, �,��	��& H��, [��� ��	��& �;
� \	54	� �& �
 ���

�S �& �� �mm�� �����& I��c 0���� ��mm�2% .���5�� H��9
 �� /�c�� <�mm+�� �& �9mm]	� 0�,7���
 ��)�	


<���� d
���% -�	� �� ���� ��.
� �A�� �
 �k_� 0�,��&�� �5
��54� 0�,�
�� [�,��& ���S �& .�)	� <

<���� �.��) �� '�� �	�	& �mm8�^��q� 0�,<���� H
� .��
Z ���# �
�'� �� �;
� �����& I��c ���S �& �,

��!�"�� �B� �)�.����"  

 ��7���� ���' �;
�5
 �& �
'��) �'� =mm:�	! �� ��S ��mm�2% �� �mm�� ��&��E& ��4	� 0'��) H��, .����

���S �� �"�7& �?	�.� ��� 2% 0��&�� y,��! �� H5�� 0�,�94�P� /�	S ' ��� ��� 2% 6
7�! �� �� 0�

�� ��� ��� /�� /����) M
��) H
��k4�� .�����& 0���2% �& �2P:�" ����	��&0�1" �� �	&�� [�)	�

��E& �mm8�^��q�'��54� 0�,'��) <Z �� �� �4	�9� �9mm]	� 0�,��	��& �& �	&�� 0�,'��) �� 0��# �& ��&

�� �� �)��"�7&i�: 0��	��& 0�,'��) H
� ��, �� <�	
.��� ��)  

                                         
1 Collisionless 
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 �� �	���"�9�� ���!�" ���S�� ��� 2% �4�S �& �5E& �9] 	� �
���  �& ���
 �) �� �� � �
�, S�	) �

�& ��� 2% .�)��� �;�8 & �'� 0�	^ -E�� ' [����) ����� I���B�
 �� 0'��% �& �+ 
��" [�9�� ���!� �E?

�� ���!� .��� $�	� �& $������ �
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1-3  �"�#� 0���������  

  ���  

�& �� ��� Q	�9� ��� 2% 6
7�! ���� <��& 0C�)� 0�,�S�' -8 S 0C�)� �� ��� <��� � + � 0��& .����

 �& �	&��Kt �� /��A��� .y
��� <Z �� �� ����  

)1-1(                                                                                            

191 1.6 10KT eV J−= = ×   

)1-2(                                                                                                         

1 11600eV k°=  

  0���2% 6
 �� �	���vE2  <Z 0��& �� ��� �
���2%2KT eV= ��.���&  

��� H
��W <��� 6
 �� ��m�2% �� �m�� -4�� �� R�A
� -E�� .�m��& ��m���<	
 �� ��!�<'��54� ' �,, �

K
�	
 0�����)�"��� �4	8 ��� 0�,DE� � 0�,��� �& 0�T�   'T�  d�% =�4� <Z �& ��9] ' H
� .���8 ,

��<	
 �	� H�& ��	��& ��,Z �� �
Z<'��54� �	� �
 �, ' <'��54� 6
 H�& ��	��& ��,Z �� ��mmm+�& �,

  .��� <	
 6
  

  0�'� K�+L  

=�8)��% =&�J� �� l�AS ��.
� <Z �
�)�	
 ���2% ���!� ���� � I�� +� �� �5
�5
��54� 0�,  ���

�� \��?� <Z �& ���� /��� <�+) �
� �P&�� �� /��A��� �& ��� H
� �� �	�.�	� 
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)1-3(                                                                                                          

1

2

2
e

D

KT

ne

ελ ° =  
 

  

 <Z �� ��Dλ �� /����) 0�&� \	^/���)� ' �	��� �� l�AS �E: �! �� 0� �� /�;�� � 6
 ��9&� �"� .�,�L 

 H
� /��)	
 ��" 6
 <�	& ���2% �2� y����&�& �� ����� ���& \�;W �!�� ��#Dλ  �� ��5W	� �E��L 

.�	�        

1-4  �A/	� �"�#�   

��#' �J! 0�&� l�AS  �� I��c ���9
 �"� .����& ����� �	�' �!�� ���9
 �& ��& �&� �� I��c �� ��� �k�9�

n�	 ��� �
�& y����&  n� ≫ 1 ���& ���#�&]3[.  

  �"�#� 0�������  

� +� ��� �� ���2% /����: �� ��
��k?  

1-   λ� ≪ 1  

2-   n� ≫ 1 

3-   ωτ � 1  

��8# �� �� \'� ��� '� [\�_� 0��& .���,��	��& �& �	&�� *	� ��� .y
��� /���� <Z �& =k# 0�,

<Z �����& I��c ��
� ����) �� ��� 2% I��  + � �� 6
 ��'�� �� D�9]  /��)	
 ��"y
� �& ��# 0�,

�� ��	��& �_��<Z ���S �� ���� �mmm�	
 �,�� H��9
 �4	�9� 6����
�'���, 0�,'��) �) �	mmm�

 �"� .�8�^��q�'��54� 0�,'��) ��	
ω  ' ���2% I�)��	) �?	) ���8&τ  �,��	��& H�& ��	�� <���

y
� �&�� �mmm�� *�Q ��� ���!� �_�� ��" 6
 �) ' [��mmm�2% ��)�� ��" �5)Z 0��& [�mmm��& �_�� 0�, 

ωτ � 1 ���&]3[.  
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1-5  �"�#� 0&���1A5�  

  �1��O �����2    

d���' �� 0C�)� ��4	
 0��& *�Q ��mm�  -mm���� 0��� �
 ��mm�2% d
���" [�	���� 6
 �� ����" 0�,

�'�S)keV 10  �� d�& �
100  �4�;W ' ��� �& �!�� I�� �& <Z 0��mm��	mm�F� ' ( H
	E� ���� <	�E��

Q ���9� �& �� ��Q�&�& ' ��� i'�9� <	�'�� <��& �
� I�	:�	�: 

)1-4(  
3

2010 sN
m

τ >  

 <	m�'Q ���9� �� n ' ��m�2% �4�;Wτ 0�,��� H��W �� �� �
�.)Z �� .�m�� 0��m��	m�F� <��� I��  

/��	
� ��	
 0��� �	�F� �
Q�&<�5�� 0��� 0�,��) �
�%$'� �;
� 0��"��5& �� �& 0����	�F� 0�,

.��� �E�?  

  6�� 0&���1A5� 0��  

 �E�? i�, H�4'� 0��� �& ��� 2% �� �� � <Z i�, H��'� ' ��� 2% 0��� d
�7!� [0��� �	� F� ��

Q�& �� /��A��� ���2% 0����	�F� �� $'� '� .�	� �	�F� 0�'�F� 0�b! ��:�� ��
��k? �� �)	�  

)�8�^��q� 0����	�F� (D4�3MCF(  

) �� 4 0����	�F� (a4ICF ( 

��q� <���� \��?� [�8�^��q� 0����	�F� x��� �	P� \	S �����& I��c �+��W ���S ��� �8�^

�& 0��& �
�,�b! ��.
� ' �8�^��q��
�% �����& I��c H����)� *�� �� 4 0����	�F� �� .��� /�� 07
�

                                         
2 Lawson Criterion 
3 Magnetic Confinement Fusion 
4 Inertial Confinement Fusion 
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P�Q��R� 0&���1A5�/�k�W0�  6���	
  �k����	�%  

    � N��%  �84�%  

    �	
��2���  ���	�%  
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�'� ��1960 

��� �mmm�	
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� .�mmm� @����� 0'�	mmm� ��

 '� H
� �� �� � i2��� .��
'�A�� �;
�5
 �& �� ��, I��  + � ��) �� ��� �)��� ��&�+ � ������ /�;�� �

 �kmm8) ' �,�'��54� ��9&� �� \�� �P# �&\	^  @	) 0��& �kmm8) H
� �� �mm�� (�)Z Q	�9�) �E��� �'��54�

 �� ��"�7& i	j�E�!1  �'��54� �P# �&  

�E��� 200-50 � ' �����)�mmm� �� ��5W	� �k mmm8) H
� ���  @	) �1  �E��� �'��54� �P# �&22-2 

 =5� �� .��� �����)��)1-2( .��� /�� /��� <�+) \�� '� H
� �� �
��)  

 D4�)��� @	) (a)                                                                     i	j�E�! @	) (  

 =5�)1-2(: /�;��� @�	)� �� �
��) �)	)�� 0���2%  

1-  [�)Z2-  [�
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�� 0�"�#�SHUPF(  

 �� �)	)�� 0���2% /�;��� �A,��� /�� =�5+
 ���� � d & ��� �	P& ��=5� �� 6�
)3-1 (

/��� <�+) .��� /�� y�8�� a� �)��� \�k)� �94�P� �� �� ��� �!�, �& ��	
 �& ��� +
 0�,�.�	 

�
�� \	^  mm  60  

>
�? \	^  mm40   

>
�? ��� ]  mm2  
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 =5�3-1: �)	)�� 0���2% /�;��� *��"�
� �	E& �'�,�� 

 >#2 �j+5� 

d & �� �5
 =��� �� .��� �2� ��AF� �)	)�� 0���2% /�;��� y�� 0�, [�2� ��AF�

�� =�5+
 \�;W ' ��
� 0��� �& �
���2% =5� �� .�	�3-2 �� /�,�+� �2� ��AF� �� �
��).�	�  
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 =5�3-2: �2� ��AF�  

 �� '��& ���W 0���� ��AF� H
�� �� �� ���&�;
�5
 =&�J� 0'��& ' �
�� y�8�� �� /��A��� ���0��;) 

 0�7�4' 0��& �;
� 0'��& '� �� /���)��S��^ n5
� �9�� 0��" /��.�)� �
�� y�8��0��& 0�7�4 0��;) 

/���)��& <�
�� �
Q �?�� 0��"�� ��!�" ��� .�	�F� �)�&�)�	��� [�2� ��A @�A
�� �& 0�250 �E��[��� 

 �P#160 �E����� �Q	! �� ' �] �)�(stain steel) .��� .�)��� ���# ��AF� =��� �� �,�'��54�  ��� ]

�)	;& �
�& ��AF� �� ��F� ��+! ' ��AF� <'�� �� ���) ��+! i2��� �� ���) 0'��) �)�	�& �� ���& 0�

 ��� ] �& 0�Q	! �� �	��� H��, �& [��� =�F
4 �E�� .��� /�� /��A��� ��� ��AF� 0Q�& ��8# ��

 ��9#	� ) �)�,� '�6  �� =5�3-3<Z �� �5
 �� ���� �	�' (>
�7
 ��� �,  ��E 
 ��� 0�;
� ' ��"

�& ��AF��� ���.�'� /���)� 0��& �, �� �	+�� /��A��� �)���% M����+! 6
 �� ��AF� =��� ��+! 0��"

 �� M����+!�� >
�^ �)�,� �& �,�� ��9#	� )6  =5� ��3-3 �� =��� (.�	�  ��AF� H�
�% ��8#

��J�� �	P& �2� >
�^ �� <12 ) �	F� y, =&�� ��? ��9#	�7  =5� ��3-3) �A�� -P# �& ( <��� (H���

�)�& �;
� I��k? �& ��� /�� =:' AF� �& �
�� �5�
�.)Z �� ' ��� /�� =:' H��� �& �2� ��AF�� �

�� =��� �2� 7�) �
�� ���& �&H��� =:' .���  
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 =5�3-3 �)	)�� 0���2% /�;��� �� �
��) : )SHUPF (  

 07��� ��8# ��) �)Z [�2� ��AF� ��9#	�2 � ��=5 3-3�)�	��� �)Z .���� ���# ( 0� n� n�� ��

\	^ �& 6 ��)�� YP� �& ���/�
�� KPJ�  �P# �&19 �E���� �� ��� ���n�� �� 0�)Z �& �� <Z <�	
 0�,

 ��� H
7;
�� DE� �.  n���% n�� �� �J
�? [�)Z i��^� �� \	^ �&4 ��)�� ��� ��9#	�)4  =5� ��

3-3 ( ���.���� |
	9
 ��E&�# �� ��^� >
�? ' �)Z =5� �� <Z i)3-3( �� /�
� �	]' �&	�).�  

  

 =5�3-4<Z i��^� >
�? ' �)Z :  

&,��'-  . �&/  �0��1 23 � 4�5,$� 216 ����	 � ��� �781 ����	 ������"�� 295:  �" ��$ �1 2� 

�&- �;��< �0��1� &�� �$�� $��8 =
> 2?59� �>�� $� )�@-3-5.(  
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 =5�3-5�)	)�� 0���2% /�;��� �
�� :  

 =�5+ 
 >
�? 0'� �& ���&� <�
�� �
Q �
�� ' �)Z H�& �E�8 )��% i2��� \��?� �B� �����	� nj�  .

' /��� ���S �)Z YP�  0Q�& ���  �& �
Q H
� n�)�	4 0'��) �B� ��  =�5+ 
 \�;W 0��� 2% �
��) ��

��.�	�  

 �� <'��& �� �� �) Z �;
� 0���)�# �2� ��AF� >
�^ �� ���� ���12 y, =& �� ��? ��9#	� ) �	F�7  ��

 =5�3-3���j�� �& (.��� /�� =��� �"  

  
k����	� � >#2 =�P��  

�� ��� (�	
 ��W �k
�� �� ) H�
�% 0�,��+ ! �� �)	)�� 0���2% y�8��AF� ���&� �� ��8 
�& ��� ��

 �& �� ��) ��	� ��" njmm� ' ��� ��E 
 �� �2� ��% �E�mm�	& �2� ��AF� .�	�) >
�7
 <Z �& *	E9� ��mm+!

'� 0��
'��ES�� \�� 0�VE280N �� ��E 
 C��4' �& ��% H
� .�	mmm�V220 �� ��� ��mmm� R�& ��) .���

<Z ��E 
 

�

*�+
 226 �'�S �� 0��+! �
 ��) H
� �& �� ��� orrT 3-10 ���� ) =5�3-6(  ��AF� =��� ��+! .

 M����+! 6
 >
�^ ��/���)� �)���%�� 0��".�	�  
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 =5�3-6�2� ��% :  

  &�< (���% =�P��  

 [<C'���) [<	"�Z <	W �
�,��" �� �)	)�� 0���2% /�;��� �� <	�) '�� y
�
'�� ��" <�	�9& <�	
� 0�

��� /��A��� ���2% ��4	
 0��& .d,'L% H
� �� ��" <	"�Z  �	E� �&99/99 % .��� /�� ��!�" ��5&  

��" \	8 j� =���  ��" >
�7
 y�8 �� \�� �)�	�  ���  6
 ' ��+ ! /���� y���
 6
 [swage lock 

�����&.  �� �	k? �� n% <	"�Z ��"y���
 ��+! /�����& �8� �4	4 6
 =��� �& \	^80 ��)�� �
��, ���

�� �& �� �	�' ��� =��� �)�	� ��� �� \���� y�8�� �& /�� >
�7
 ��" <�7�� <Z �E��	&�.�	  

  
��
����!� F���� � 
�����!� ��hR% =�P��  

 6�� �&q
 y�mm8�mm�[�5
��54� �
�  y�mm8�mm� H
� .y��� \��?� �
�� ' �)Z <��� �� ��) ��	� 0�,C��4'

/����	85
 ' n)��
 =������j�� [�)��� 6)�& [�,�& \��
� y�8�� ' �;
�
 [�"�� H������&.  

3-2-1-4-V �&�2  ��� =�P��  

 y�8 ��y��  6
 �� <��� C���/����	8 5
 ' Q�& C��4' N�%��  =�5+ 
 �,
� �� /��A�� � �& .�� � / H

 [y�8�� y�J�8� C��4' �& ��� R�&kv 12 �� =
�k
 n)��
 .��� ���q
 =&�# ��'�� C��4' H��o�, .�	�

H�'� =��� �� /��	�, y�8�� H
� �� /�� /��A��� �� 0����;) Q�& C��4' �	� �.�	�   
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3-2-1-4-W 

&�2 �
�'  

 <��� H
� ��!�{ .�m�Q�& C��4' <��� 6
 [�)	)�� 0��mm�2% /�;�mm�� <��� µF16  C��4' y�
7��� '

 �4��?�kv12 �� <��� ��  '� =�8 )��% i2��� �"� .�� �&v  <��� ��!�{ 'c <Z �� �& /���c 0C�)� /�"

�P&�� �� <��� �� /��	
,

-
cv

- �� �k��F�/�;��� H
� �& �	&�� 0C�)� �� �	�kJ  15/1  <��� C��� .���

�� *�.)� �C��� /�;��� ��	
 �)��� 6)�& H
�R�& �� �C��� H
� .�	�v  220 �� �
�q
 ���.�	�  

3-2-1-4-@  l��m��n< (�o�i e�<)   

��� �� /�� /���c 0C�)� \�J�)� 0��& �� �)Z �& <���j��.��� /�� /��A��� �" <Z �� n% �
 <��� ��

 �� C��� ��) ��	� 0C�)� �E��	& /�
	� \��
� *�.)� �&��E� 6
 )���j��(�"[ �� ��E 
 ���� �� 0C�)�.�	� 

 =5� ��)3-7( ���j�� �� �
��).��� /�� /��� <�+) �"  

  

 =5�3-7���j�� :(�#�� i�") �"  

 Q�& 0�,C��4' =�F
 �& ���# ��E� H
�	E�� �: ��W <�
�� \�J�)� I��# '���j�� �� .���� �� �j�Z �"

�� <�
�� �� ���#�& /�� /7�)	
 0�	, >
�^.�	�  �E:� ��������E� ���j��) (�"=5� �� )3-8 ( <�+)

.��� /�� /��� ���j���� 0���2% /�;��� �� /�� ��!�"��5& �" �'�,�� �)	)�� <'�
�;
�
 @	) ��.���& 

���j�� @	) H
� �'��54� '� =��� �"A  'B  �E:�! �& �� ���d /�� ��� y, ���)� �,�'��54� . �
 �E��	&
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 /����C  (<	EA
 Q	�9� )>
�? /��� 6
 �� ����� /�� ����� �� ����� �;) ��8& ��AF� 6
 ��� �)	

 �
 '�� ���# �!�F� <'�&.�)��"  �E:�! ��d .���� �	�' �	, �,�'��54� H�& *	� �'��54� D[ ��� �;
�
 '

.���� �;�8& <Z �S��^ �& ���� �� <Z H�!�" ���# =F�  �'��54� H
� dJ) H�& 0�	, �� �85� ��.
�

 ' �,�'��54�.��� ��E 
 @'��  

  

 =5�3-8 : ���������j�� �" @	)<'�
�;
�
  

�'��54� �& �;
�
 y�8�� �E��	& *�Q C��4' D �� \��?�.�	�  �E:�! -�
�
 H
�&d  y���
 0�	^ �
�&

 �	� <���� �� =k# �� <��� C����&  ���J�� �85� [��) ��	�\���� �	^ �& ��E 
 =�? ' �,�) �� /�

 �'��54� �� /��A��� �& 'D �� ���Z.�	� �'��54� [<'�
�;
�
 ������ �� 0�,�'��54� �� �5
 =��� �� �;
�


 >
�? /��� �E��	& ' ��� /�� 0����� �E:�E .��� /�� ��� �'��54� ��  

3-2-1-4-Y ����% =�P��  

 0��&<Z���jmm�� -P# 6
 �� Q�& C��4' �� /��A�mm�� �;
�
 y�mm8�mm� �� �&�
 \�J�)� �;
� -P# �& �"

�� n4�% [�;
�
 >
�^ �� .�	mm��'�S ) �A��kv 40  (���jmm�� �)��� �'��54� �&�� \��?� �".�	mm�  H
�

�& �;
�
 �� ��� 6�
��	
� ' ���� I�	: '� .���<Z =�4�& �	� C���� ' C��� �
�� �� �9& �
�& <��� ��
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��� � ��9] ' �� �� � ���& ) .�	�  /��A�� � �;
�
 (�8 4�% �� H��o�, y���
 =&�# �8 4�% C��4' �����

���&.��  

3-2-1-4-c �' F�A%� =�P��p��& 

�& \�� 
� y�8 ���� =: ' y�& �� <��� ��  '� H������. ) =5�  ��3-9 \�� 
� y�8 ��  �� �
��) (

�&' \��?� �& �5
�	P& ��� /�� =�5+
 �&��,Z 6
 �� y�8�� H
� .��� /�� /��� d
��) H����4 �� '� C�

�� ��� y, �� �� <��� <��� <��� C���  *�;�, �� .��� �� n% �E: �!2& ' �� �& H� '� y�8 ��  H
� �
�&

 \��
� y�8�� [�)	)�� 0���2% /�;��� <�	& $	��� *�;�, �� .��� $	��� �� <Z ��8
�& <��� ��E 


-�	� ��
� ���& $	��� �
�& H��� �& .�� �,�	� <��� C��� y�8�� -��Z  

  

 =5�3-9 :H��� �& \��
� y�8��  

  0����'��1A% =�P��  

$'� ' I�7��.
 ������) ���	)�) /� ��W �'�S �� 0��? \	^ �& ' \�;W [��� 0���2% �� +
 0�,

�� 0��&��� ' >�#�6��5
 �� /��A�mm�� .�mm��&/���)� �� <��� ' -mm���� 0�, 0��mm�2% 0�,������% 0��"


7�! \	: � �� �F�F:  ��� �?�& �,�;+ 
���Z/�
�% �& y��S �5�Jk^ .��  �,�	� �
��� 2% 0�,�& 0�
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H
� 6��5
�� ��mm�2% �& y��S 0�,������% �
 ' �5
7�! ��
Z�! x�mm�� �& �, y�J�mm8� �	^ �& �� �mm��&

/���)��� 0��"/�
�% �
�b ! ��9&� ' �)��� x��J� �& ��	
 �& .�	� �)	)�� 0��� 2% /�;�� � �� �� �
�,

�� R�A
�$'� ���!�/���)� 0�, ��mm�2% =�5mm+
 �& /���, .�mm�� 0�'�mm] 0��� Q�& 6�5A
 I��# �& 0��"

�
d&O	�7
� �� n�^�� q�'��54� 0�, �� =5 mmm� 7�) � mmm� n5
� /�'�F � �
 D�^ �� .�) ��"

d&�
 �8�^��q�'��54��� y�8J
 /��? @	) M�% �& �,�)	� ) =5� �� �5
�	P)��,3-10 /�� /��� <�+) (

 �� ��
��k? ��S�) M�% H
� �mm��O	�7
� =��mm� ) �
	
��� O�	��) �	) [( [(��mm�'�! ' �G�� [dA&��! =��mm�

�) �& �� y+W .�)���� �9� � ' ���" �9� � [n5
� �9� � [�
���" d&�
 n�^��q�'��54� D�^ �� �5W	� ��S

)\	^ /�'�F� ��	�760-380 /��A��� �& ' ��� x�8S (���	)�) $'� ' I�7��.
 �� �& ���# �:�� 0�,

 �S�	) ���y��8, �8�^��q�'��54� D�^ DE� �.  

  

 =5�3-10: �8�^��q�'��54� D�^  

d&�
 ' ���2% <	�� �94�P� �	��� �&=5� 0�,0�,�;+.�� �� �)	)�� 0���2% /�;��� �� ��!�" 

 ' �5
��54��
	� 
 [�8 �^��q��
��  $'� �& 0����&0�7�4 0��;)�� /��A�� � �)�	�  �)�'� H�&�'� [.�	�  

/�
� [�4���.
� H�&�'� 6�� �& K
�� 0����&�
	�
/���)� 0��& -4�� 0����2% <	�� 0��"� 0=5 ��!�"

� �� �mm�� DE� � 0�,C��4' ' ��mm+! ��.�mm�� /�mm� ��!�" ��5& >�JF
 H
� �  �� >�JF
 H
� �� H��o�,

G�� D�^ ��S�) �� d;�
 ��S�).��� /�� �4���.
� 0����&�
	�
 �  
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3-2-1-5-V (q1!�
J)
!1"�� p�'��� �' 
r�� ��L�
 �� 0����'��1A%  

=5mmm� 0��mmm�2% �� =mmm:�S D�^ <�5�� �� �& �G�� ��S�) �� �)	)�� 0��mmm�2% /�;�mmm�� �� ��!�"

�� �� �	4�)Z H�&�'� 6�� �& 0����&�
	mmm�
� .�, �	& ���) 0����&�
	mmm�
 0��& n�� �� �
� /�.�% 6


�8 5E%x2"1  .�	�  �����  ' �S��^ 0�,��E�! -� ) �& ��� 2% =�5+ 
 �� �E: �S �	) I��  �& ��	
 �&

�4	�9� H�&�'� 0'� �& �	) /��,��  \�� (�	4�)Z)Zenit ��mm�'� �	mm+� ���mm�  6��5
 �� /��A�mm�� '

��&�� y,��! ���2% <	�� �� �
'��
 �kB <�5�� [�
�� H�����;);��� �� �5
��54� ��E 
 �� =k# .�	� [/�

�� ���# ��& ��9]' �� H�&�'� y"��!�
���E 
 *��
� �� n% ' ���"�5
��54� ��8& H�&�'� y"��!�
� �� .�	�

 �	k? �� n% <Z I��  �� 0�	) ��� H
� �&�yE�! 0'� �� � ��!�
 d,�� ��E�! � ��� �8 S �& �
�,100  '

200  �5�)	� ' ��	! ����  ���� �kB) =5�  �� .�	�3-11% <	��  �
	� 
 ( /��� <�+ ) <	"�Z 0��� 2

.��� /��  

  

 =5�3-11 �
	�
 : �� 0����& ���2%�	4�)Z H�&�'� �&  

                                         
1 plexiglas 
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3-2-1-5-W 
!���k�� p�'��� �' 
r�� ��L�
 �� 0����'��1A%  

H�&�'� ���4���.
� 0�, �;8S �& ���? �� �	k? �� n% �	) �� �
	�
 �kB <Z 0'� �& �
	�
 ' ���

�� �� .�	��;8 S=8 5�% .���� *�) =8 5�% �
	� 
 /��,� =�5+ 
 0�7�� �, �kB �� ��!�
�� �	) ���J� �,

 �& �� <Z njmm� ' /���<'��54�	
	! �� =
�k
<'��54� �mm��& �
�
�mm� �� 0�	) .���
 0��mm+�& 0�, ��4	

��<'��54� �E�mmm�	& /�mmm� ��.
� C��4' .�	mmm�=
�k
 �mmm�	
 �, =
�k
 ���?� �& [\���.
� �& �	4�)Z /����

���� I�	: H�&�'� �� �5�)'��54� ���� ��	
 [/�� ��4	
 \��;�� $����% .�)	��"5
 /�'��� .��4	� 0C	

0����&�
	�
2CCD '3CMOS  

yE�! �& 0����&�
	� 
 0��& �k� ��� H
7;
�� �� �� �� � \'���� 0�, 0�,�;8 S�& �
	� 
�� ���� �� .�)'

) =5�3-12 (�;8S �
	�
 0�,CCD  'CMOS .��� /�� /��� <�+)  

  

 =5�3-12 : �;8S@	) �
	�
 CMOS(���� ���) ' CCD  (�W ���)  

                                         
2 Charg coupled diod 
3 Complementary metal-oxide semiconductor 
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3-2-1-5-@  �"�#� �1�� &� 0����'��1A% =�P�� 

 �4���.
� H�&�'� 6
 ��DSLR  �
�5
��Z ���mm� ���mm�Canon  0��mm�2% �� 0����&�
	mm�
 ���

=5�/��A��� ��!�" ���	�. �E:�! �� H�&�'� <��� ���# �&cm 30  ' 0'� ��E�! -�) ���?<Z ��S�) �� [

 N��%  

 0����&�
	�
) =5� �!�" *�.)�3-13.( 0����&�
	�
 0�,��+! ' C��4' �
��� �F
  I'�A�� ��" �&

�& n5? �, �� .��� ��!�" *�.)� <	"�Z 0����� �&	���2% <	�� /�'�F� <�	
 �� /�� =�5+
 0�

��� /�,�+�.(  

  

 =5mm�3-13 0����kmm85? <����W : 0��mm�2% /�;�mm�� �� ��mm�2% �� �'�,�mm� �)	)��)(SHUPF  [1 [�
��(2>
�?( [

3 [(�85E%) �
� /�.�%(4�)Z(  
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 =5�3-14 C��4' �� ���2% <	�� :9  ��+! ' �4'	E��6/1 �	
  

 ��
� =�P���&0��< ����i �  ��!�  

<Z 0��& =�5+
 �)	)�� 0���2% /�;��� 6
 �� ���2% �
Z y�)��& ���)��� I�� �W �� ' ��� /�� 

=�5+ 
 ��? \	^ �& �8 4�% 0��� 2% �� + 
 .��� /��A�� � �� � + 
 ��7&� �� ��8 
�& �� � /��  

)ns200-50 ( �4�;W  �k 
�J
2610 �'�S  �� Q�&  0�� � ' -95���� �& /�ckeV 1 I�7��.
 �� ���� )  '

$'� ��)�B'�5�� ��W ��� 2% <��  �)	)�� �
 <�
�� �
Q =�5+ 
 <��� �� .�� � >�#� ' ��� �&�.
 0�,

�� \	^�� ��)�B	)�) /�'�F� �� ��� 2% 0���
�% ' �+ �/���)� ��7&� 0��"��5& H
��&��& �� �&& 0��" I��# �

�� ���
 >�JF
 H
� �� .�mmm�� 0�'�mmm] 0��� -mmm���� �)�5� ' �)��� 6�5A
  �o�% ' Q�&  C�� 4' a'�%

�58 !	"'�4 /���)� 0��& �94�P� 0��& �8 �^��q� a'�% �� .�� � /��  /��A�� � d;�
 ��A�� ' <��� 0��"

���2% <�
�� �
Q 6����
� �� /��A��� <Z ������ '�	�.  

                                         
4 Rogofwski coils 
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3-2-1-6-V 
�P�1<�� �s��   

/���)� 0��&\�J�)� <�
�� 0��"�mm�� �5mm8!	"'� �o�% �� ��mm�2% <	�mm� �& ��!�
�� /��A.�	mm� % �o�

6��5
 �� �� �
�,��&��� �� Q	�9� �5mm8!	"'� �mm84�% <�	
/�mm�5 �� /��&�� ��!�" ��5& [�)�& �
 �	mm�

<�
��/���)� y�J�mmm8���� $'� �& �� ��7& 0�,.��� 0��" \'���� 6
 �5mmm8!	"'� �o�% =5mmm� H
�


y��/�k�W N�%���� �JES 6
 =5� �& �� �� � 0� 7��� �� �� �
Z�� �	k? ��+"�& y��  <Z��� =5�  

)3-15( y�� ��' �� 0�	k? y�� <Z YP� �� 0�	k? <�
�� ' I����q
 ' /�� 7
	) H�!� H�& �� �?�& N�%

/���)� �� <�
���� 0��"�� �^	&�� I�kmmm��F� �& ��k4� .��� �� <�
�� >�mmm+� �5mmm8!	"'� �o�% �� <�	


/���)���A��� ��	� �58!	"'� �o�% .��� 0��" �E:� �P# 0���� /cm 16  �?�! �P# 'cm1 ���P# .���& 

/��& ��5& y�mmm� �o�% H
� �� /�mmm�mm 5/1  <Z �'� ���9
 '280 �� �'� -
�mmm] �4�S H
� �� .�mmm��&

 V	5�	E�� � �� /��  /��� <�+ ) C��4' <	�� ��k�4��1.4VU KA= ����� y�
7��� �;
� <��& �& .�� �  ��

 ��? �� �� V	5�	E��� ��'��25/0  ���& �j�Z	E�� -8S�& ���2% �� 0�	k? <�
�� �
 ��� a�] �
�&

y���� �5
 �'� �& �58!	"'� �o�% .�
Z��� ��!�" ���# [�)Z �& =��� 0�,.  

  

 =5�3-15 �58!	"'� �o�% :  

                                         
5 Pulsed power 



٦٦ 
 

) =5�  ��3-61 ���� (.�� � /��  /��� <�+ ) �58 !	"'� �o�% \��9� cR  'L  ' ��'�J� -�
��&

y��  n)���'�)��� N�% .�� �&I �E 
 <�
�� ' � i�� 0�	k? <�
�� y��N�% , I�	� & ���� �4��9� .���8

.��� �
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)3-1(                                                                                        

( )sh c

di dI
L R R i k

dt dt
+ + =   

 �"� (D4�/
01

02
≥ 4 567 + 59:; ) �4��9� �� I�	��
� ��3-1�!�" �.��) <�	��� ( ; =

<

=>
× @   

)A �� <	����k�4�� -
�] H
��&��& (���& �& ��'�� C��4'I :��9
 ��� -�����  

)3-2(                                                                                                  

0
sh

sh
c

R k
V R i I

L
= =/���)� a'�% <�	�9& �58!	"'� �o�% �4�S H
� ���� ��5& <�
�� 0��"�'�.  

  

 =5�3-16 :�58!	"'� �o�% \��9� ����  

 /��A�� � �)�	�� � 6
 I�	� & ' 0'�
�� KPJ� YP�  �& �o�% 6
 �� <�
�� >�+ � 0��� ��5� Z 0��&

��y�mm� H
� 0�,�'� ���9
 .�	mm� N�%10 y�mm� �� �5
 ���� �� ' �mm�� �'� ��!�" ���# �)Z �& =mm��� 0�,

.��� �F�� �� /��A��� �&/���)� �� N��% <��� [<�
�� >�+� ��� 0��") =5� �� .y���3-17�)	�)  ( �� 0�

 �)	)�� 0���2% /�;��� �� =:�S <�
�� >�+� ��F��SHUPF .��� /�� /��� <�+)  
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3-2-1-6-W 
�P�1<�� �s�� �1����`�!��  

0��& �� a	mm8F� y�� 0������% <	�mm���k�4�� -
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3-2-1-6-@  ��!� W���  

 /�;�� � 0Q�& C��4' ��8 # '� H�& =�8 )��% i2��� ���J� [C��4' a'�% �� /��A�� � �&� 0��� 2% �)	)�

/���)� H��� ' (�)Z)�� 0��"�& C��4' a'�% .�	� �� C��4' y8 J� <�	�?�� ���'�J� @	) =5�  �� �� �� �&

)3-18<�+ ) ( .�� � /��  /���  =���  y8 J� /��,� =�5+ 
 0�7�� =5�  H
� ��10  ��'�J� ��?510 

��'�J� 6
 ' ��,� ���6 .��� /�� /��� <�+)  

  

 =5�3-18C��4' a'�% :  

 �
 C��4' ���J� �E�mm�' H
� �� /��A�mm�� �&100 �� d,�� �&��&�mm8� �4	4 6
 �& C��4' ymm8J� H
� .�&�
  

�� /��mm�	%�� =�? 7�) 7
	) /��,�� <�	�9& �4	4 H
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/��� =�EF
 �� �� �
�, �,

 [��� y�� �E���� �5
��54� C��4' �& �	&�� \��;���� =:�S C��4' a'�% �� \��;�� H
� .���& �� �	�

 �� /��A�� � �& .�� � =� �� �)Z �& ���J�8 � C��4' a'�% .�� � /��  /��� ���  \'� =� ! �� <Z I��G7�

) =5mmm� �� I�?2^�3-19�)	�) (�� �� C��4' �& �	&�� ��F�� �� 0�� \'� 6�% .��� /�,�mmm+� <�	
 H
� �

�� �)	)�� 0���2% /�;��� �� �ES�� H�4'� �� ��� �85� �ES�� �;)��& =5��)��� �E:�! .���&  H�&

 /��;�
 ��� 2% �
 /�)���" 0�	F� ' �?�9�  0�,��! �� <�
�� �
Q �� �� � �)��� I�� �;)�+ ) [6�% '�

                                         
6 shunt 
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�� =�5+
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 =5�3-19C��4' \��;�� :  

3-2-1-7 ���� =�P��0��<  
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 >
�^ �� MHZ200 \��;�mm�[ =&�# <�
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�� �&3-20 ' <�
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) =5mm� ��3-20 =�5mm+
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K
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- O��� �� =k# �
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�� >
�? 0���;
���?�� 0�, 

- �
�� �FA: <��J�� ' Y�F: 0���;
�� 

- n
�" ' <��� 7��
��
�'� Y�F: 0����A��� 0�,y�8�� �� /�� /�  

3-4  ��� ��k��   

�8 5E% �� �
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7 Nutral density filter (ND) 
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Abstract 

Due to limited resources, a human needs to find new energy sources. One of these 

energy sources are derived from response fusion. In order to provide safe energy from the 

fusion process , plasma focus device for the first time in 1960 and independently in both 

America and the Soviet Union was built on the model of Mather and Filippof. The major 

difference between two models is the ratio anode radius to its length. 

Using plasma focus devices can be pulsed plasma lifetime of the high-temperature and 

high-density produced about. The pulsed plasma focus device as a source of X-rays, 

energetic ions, relativistic electrons and high energy neutron (if using deuterium gas) is 

considered later this year. Plasma focus devices have many applications such as medical 

industry, ion implantation, radioisotope production (if using deuterium gas), 

troubleshooting bodies is the fast and lithography. Various parameters involved in the 

optimization of plasma focus devices. These parameters can be the geometric parameters of 

the anode, cathode and insulating materials used in the device is also noted. Other 

parameters that are easier to change, working gas pressure, gas type and what are the 

voltage changes. This study is important in optimizing the parameters of the device. In this 

thesis given the significant role of these parameters on the performance plasma focus 

devices, the impact on the formation of plasma high voltage insulation and pressure is 

investigated. 
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