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zc¢¤£¤s �1¥d¦�md�p��§~��q
	�¨&� s 	�¨L� v�© 	c�ª�3e ��s gh�J¦��{� ¢H£¤s �k« vk� b ��s gh�J¦��1�¬�Lq
	 � g�eJ�{­�g�e
e s �:	��J�ª¦c�ª� ¢�£¤s �Q® t¯� b ��s g��p¦c� s g��:°²±r³ ´lµ � 	$	���­l�
�dg�eJ�{��	h¶�° � i�³ w iQµ ¢(£¤s �
© 	��
�3e¸·¹�
��q
	 � ghep�{­�	���e s �1´c®ºg�±l�¬��g�e¤e s �Q°²±r³ ´nµ � 	3	c�J­n�ª�dghep���A° w i�³ � iQµ ¢

P

+2    Cµ µ−6    C

°»gcµ b ghq � mdq
ghep�Ke s �G��q
� � eJ�p� � ¥¼��q¬­1½�� � ep	c�{³1¾¿ÁÀ,¿LÂ�ÃÄ «�¿¸ÅYÃÆ ³n°�ÇÉÈ²Ê{ÈK�ª� � 	�i © 	��n�{�ce¶Ë	��JiQµGg�e�e s � © 	c�ª�3e¸· ¢
°Ë§¼µ b ghq � mdq
ghep�Ae s �1�{qª� � eJ�p� �A© 	�ep���3eJ�
g�qÌg�e¤e s � © 	c�ª�3e¸· ¢
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vn¢ 
¸���{qª� � eJ�p	c���
�Íg ��� �{qª�{�Jghep��­A¶Ë�p	ciÎ�p���fe�e s �J	�mn¦ s g © 	�ep���3eJ�
g�q3­l�ªÏ����J��� � �H	�¶ z{wcw � ¢
£¤s ����q
� � eJ�p	c��e s ����i�	�½������
�3ep	1gh�kgh�J�{gU	h¶ � 	��¼�fe�gh�3eK­l	�¨��$¨Gg��J­ © 	��
�3ep�
�n¦<iWgh¦h®
�d��ep� � ¥d��q¬­Ð	�¶ wn¢ w�wcxh��£<¢Y£¤s ��iWgh¦c�n��eJ� � ¥d�{q
­0��±$ep�{�d­n�A	�½��{�Ag:�pÑ3mdg��p��gh�J�{gQ	�¶
q
���d¦he s g��d­�¨��¬­$e sÐÒ À zc¢ t�� i ¢

L

L

x        x        x        x        x

x        x        x        x        x

x        x        x        x        x

x        x        x        x        x

x        x        x        x        x

x        x        x        x        x

electron

∆V=100

°»gcµ�Ó s ghe��
�Ae s �W½��{qª	 � �ªef´¯	h¶Ge s �W��q
� � eJ�p	c��gh¶²ep��� © g��J���
�n¦:e s � © 	heJ���3ep�¬ghq�­n�o¶²®
¶Ë���J��� � ��Ô

°Ë§¼µ�Õº��¨ s � ��s ­l�
�J� � eJ�ª	c���¬�¤e s �1��q
� � ep�J	���­l��Öd� � eJ�{­:§$´We s �1iWg�¦��n��ep� � ¥¼��q¬­dÔ
° � µ b ghq � mdq
ghep�Ae s �1��g�­n�ªmd�¤	�¶ � mn�p½�ghepmn�J� ¢
°É­dµ:×Ðg�j��¸g�ep	h®º� � ghq
�L­l��g�¨��ª�d¦�	h¶re s �LeJ�JghØf� � eJ	��J´�	�¶re s �U��q
� � eJ�p	c�Q�
�We s �UiWgh¦h®

�n��ep� � ¥d��q¬­ ¢
Ù0ÚQÛ�Ü�Ý £¤s ��i�gc�p�Í	�¶�g����{qª� � eJ�p	c�k�¬�{Þ � � À �nu
z{wc�ßyÁz�w |�}�� �3�àÀ �lzcz�á�����  
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�d¢�âls 	�¨���§¼�{qª	�¨ã�
��g���ä b � �
� � mn�oeL­l�J�
½����:§$´�g��:
 b © 	�¨G�����p	�mn� � � ¢

°»gcµ:å¸�p�¸g ©ds g��p	���­n�
g�¦���ghiÎeJ	�­l��eJ���Ji��ª�n�¸e s �¸i�g�¦��n�ªepm¼­l�L	h¶�e s �¸�
i © ��­ngh� � ��³æ ç¸æ ¢
°Ë§¼µ Ò ��e�e s �.�p�����¬��eJgh� � �0§~�.èéÀ z�vhw3ê ³�e s � � g © g � �ªeJg�� � ��§¼�ßëéÀ �du w�y

z{w |~ì�í gh�¼­�e s ��½�	cqoe�gh¦c�¤�p	�md� � � s g�½c��g © ��ghj�½c	�qªeJg�¦���³ �lî �fï�á À z{w3� ³cghe�g¶Ë�J�{Ñ3mn��� � ´:	h¶Hð�À �hw�w �lñÐò ¢�ó ��ep���Ji��ª�d��e s � © �{g�j � mn�J�p�{�ce¸e s �J	�mn¦ s e s �
� �
� � mn�ªe ¢

° � µ�ôK	�mõ§~� � 	�i��Q§~	��J�{­.¨��ªe s e s �¬� � �
� � mn�ªe�gh�¼­õ­l� � �
­l��ep	 ��s gh�n¦c�W�oek�ª�3ep	Ðg
��g�­l�
	�epmd�n���Í­l�{�p�
¦��n��­Aep	LeJmn�n�G�ª��e s �¬�Í�pg�ik�K¶Ë�p��Ñcmd��� � ´A	�¶ �hwcw j$ö¸÷ ¢ Ó s g�e
� �
� � mn�ªeH�{qª�{ik�{�3e¤­l	�´�	cm�g�­n­Qep	�i�g�j��¸e s �A�n��¨ � �ª� � md�oe1°É� © � � �ª¶Ë´�e s �Uef´ © �
	h¶ � �
� � mn�ªeL��q
��i����3e¸gh�¼­Qe s �1½�ghq
mn��µ ¢
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�¼¢�âls 	�¨����
��e s ��¥¼¦�mn�J��§~��q
	�¨ß�¬�øgU��´l��ep�{i � 	��3e�gh�
�n�ª�d¦Ugh��	�§lØf� � e{³cgh�d­<ef¨G	¸q
���¼����� ¢
åU����e s �(� s g © �{�:	�¶�e s �(q
���d�p�{���ª�,e s �(¥d¦cmn�J�Ðep	¹­l� � �
­n��¨ s ��e s �{�:e s �{´�gh�J�
� 	��$½��{�p¦c�ª�d¦�	��L­n�ª½c���J¦��
�n¦�	 © ep� � g�qr��q
��i����3e�� ¢

|f|=15 cm

30 cm 20 cm

|f|=20 cm

°»gcµ:ùø�ª�¼­4e s ���ªiWg�¦���qª	 � g�ep�
	��¹únûøüþýßúnÿ~û������cú����
	¼û�	�¶¸e s ��¥d�J��eWqª�{�d�¯°Égc�f®
�pmni��ª�n¦�e s gheH	c�nqª´ke s �
�Hq
���d�H��±l�¬�fe��Jµ ¢�âl© � � �ª¶Ë´�e s �¬���
iWgh¦c�¸q
	 � g�eJ�ª	c�Y³�� � ³lg���p	�i��<�3mdi�§~����	h¶ � �{�3ep�
ik��ep�{�J�GeJ	�e s �1q
��¶²e¸	c�HeJ	�e s �1�J�
¦ s e�	h¶Ìe s �¬��qª�{�d� ¢

°Ë§¼µ £¤s ���
iWgh¦��¤	�¶¼e s �¤¥d���feKq
���d��g � e���g��Íe s ��	�§nØf� � e�¶Ë	c�Íe s �L�p� � 	��d­ ¢ ùø�
�d­ke s �
q
	 � g�eJ�ª	c�(únûøüàý4únÿ¼û��
����ú�����	~û¹	h¶Ge s �W�
iWgh¦c� © �p	l­lm � �{­(§$´¯e s ����� � 	c�d­
q
���d� ¢�â$© � � �ª¶Ë´Qe s �¬���ªiWg�¦��<qª	 � g�ep�
	��Ì³�� � ³ng����p	�i��<�3mdi�§~���L	�¶ � �{�3ep�
ik��ep�{�J�ep	ke s �1qª��¶²e¸	��GeJ	�e s �1�J�ª¦ s e¤	�¶Ìe s �
�Lqª�{�d� ¢

° � µ b ghq � mdq
ghep�Ae s �<eJ	he�ghqriWgh¦c�n�o¥ � g�eJ�ª	c��	�¶Ìe s �
�L���3ep�
�p�1�p´l�feJ��i ¢
°É­dµ�Õf�Ge s �<¥d�dghqÌ�ªiWgh¦c��Þ

� ¢ �J�{ghqr	c��½$�ª�pepmdg�q¬Ô
�ª� ¢ ���dq
g��p¦c�{­�	���� s �pmn�djlÔ
�
�ª� ¢ �J�ª¦ s ep®¡�p�¬­l��®¡m © 	c��m © ®º���¬­l��®¡­l	�¨��~Ô
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�n¢ ôK	cmkg��p�GeJ	A­l�����
¦���gh��
�� £ Õ¡®¡ä���ù Ò � b £ Õº��� � 	cghep�
�n¦U¶Ë	��Kg � ghi��{�JgUqª�{�d� ¢ø£¤s �
q
���¼�¸�ªeJ�p��qª¶��
�UiWg�­l��	�¶�¦�q¬g��J��°Ë�~À zc¢ � µ�gh�¼­:e s � � 	cghep�
�n¦WiWg�eJ���J�
g�qÌ¨��
qªq s g�½���g��
�
�d­l��±�	�¶ø�J��¶Ë��g � ep�
	�����À z�¢ �c�l¢

air     n=1

coating n=1.35

glass  n=1.5

thickness = t

°»gcµ�Ó s ghe�ik�
�n�
i�mni � 	3g�eJ�ª�n¦:e s � � j$�n���p�1e s ghe�¨H	cmnq
­ © �J��½c���3e1�p��Öd� � ep�
	��d�<	�¶
q
�ª¦ s e�¨ s 	3���¤¨¤g�½��{qª�{�n¦he s �
�k½�g � mnmnià�
�����,À �hw�w��r� Ô���� £ �LÞhùd	��Íe s �
�
© g���e¸	�¶�e s � © �J	�§nq
��i"g��J��mdik��e s ghe¸e s ��q
�ª¦ s eU���3ep�{�J�Le s ��qª�{�d�Ughe¸�n	c�piWghq
�
� � �¬­l��� � �Q°
�$À w µ ¢

air     n=1

coating n=1.35

glass  n=1.5

θ

x

°Ë§¼µ��L	�¨"g��J�pmni��ßÇ��� "!ºÊ$#&%:e s g�e�e s �Ðq
�ª¦ s e����3ep�{�J�Q¨��oe s �3À �hw�'�¢ å¸�p�ª�d¦õe s �
e s � � j$�n���p��­n��ep�{�pi��
�n�{­.�
� © g���e�gd³ø­n��ep�{�pi��
�n�We s ��­l�¬��eJgh� � � Ä � s 	�¨��.�
�e s ����� � 	��¼­Q¥d¦cmn�J� ¢
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td¢ b 	c�d�p�
­l�{�Hg �� ñ �)( ��	~ûÐ	h¶ ��s gh�J¦��U« z ��°�ÇÉÈ²Ê{ÈHg�ö¸��q
�ªmni ghep	�i ¨��ªe s 	c�n�¸i��¬�p�p�ª�d¦
�{qª� � eJ�p	c�¼µ ¢1â �
� � ��e s �k�ª	c� s gc�¸	c�nqª´�	c�n����q
� � ep�J	��Y³��ªe � gh�Ð§~�kg��dghq
´$÷���­�¨��oe s �ª�
e s �+*G	 s ��i�	l­l�{q ¢
°»gcµ�Õ¡¶Ìe s �<��q
� � ep�J	�� ��s gh�n¦c�{��¶Ë�p	ciFe s �1��À � ��eJghep�Uep	ke s �<�~À v ��eJghep��³$¨ s ghe��
�

e s �1¨Gg�½c��q
���n¦�e s 	�¶Ìe s �1��i��ªe�ep��­ ©ns 	�ep	��~Ô
°Ë§¼µ £¤s �¬� ©ns 	hep	c�ß�¬�1e s ���ß�
� � �¬­l�{�cekm © 	��4g¯i���eJghqH¨ s 	c�p�Q¨G	��JjÐ¶Ëmn� � ep�
	��4�
�

� ��� ¢ Ó s g�e1�
�Ae s ��iWg�±l�ªi�mni j$�ª�d��ep� � ���n�{�p¦c´¯	h¶Ke s ����q
� � ep�J	��0�{i��oepep�{­
¶Ë�J	�i e s �1i���eJg�q¬Ô
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, ¢¤£¤s �KiWg��J�r	h¶ng © �J	heJ	��<�¬� z�¢ w�w , xcvc�hw ghi�m ¢Ì£¤s �KiWgc�p�r	�¶ng��n��mnep�J	��<�
� z�¢ w�wcx�t�t��c�
g�i�m ¢U£¤s ��iWg��J�L	�¶�g �º�- ë �$m � q
��md�U�¬� z��¼¢ wcw��3v��3v�w g�i�m ¢¸£¤s � z).�v qª�ª¶Ë��	�¶ �º�- ë�¬� � , ��w ´���gh��� ¢
°»gcµ b ghq � mdq
ghep�Íe s ��§n�ª�¼­l�ª�d¦L���n�{�p¦c´L	h¶$e s � �º�- ë4�3m � q
��md�Ì�ª�<mn�n�ªeJ�Ì	h¶l×¯��� . �$m � qª�{	�� ¢
°Ë§¼µ Ò �
½$�ª�d¦k	c�p¦3gh�n�¬�pi�� � 	��3eJg��ª� �º�- ëà�ª�:e s �1�Jghep�
	0/
12�3/  2 3 À zcu �ky.z{w |r��� ¢ Ó s �{�e s �A	c�p¦3gh�n�¬�piþ­l�ª����³$e s � �º�- ëÁ­n� � g�´l�G§nmle¤e s � �f�- ëà­n	3���G�n	he ¢ 
L��gh� � �ª�{�ce¨G	3	l­l�{�(� © 	3	c���¬�A¶Ë	�md�d­�ep	 s g�½��4/
1253

/  2 3 À vlu�vWyRz{w |r��} ¢ öL	�¨à	cq
­��¬�<e s �
� © 	$	��~Ô

° � µ £¤s �Q�º�- ë ­l� � g�´l�¸½$�¬g�§~��e�g�®º­l� � g�´ ¢ Ó��J�ªep��e s ���J�{g � ep�
	���¶Ë	c�pi�mnq
gQ¶Ë	��Ae s �
�
­l� � g�´ ¢
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xd¢ ×Ð�{­l� � g�qYÕºiWgh¦��
�n¦ ¢ ·��p	�½$�¬­l� v 	c� � �p���3eJ��� � ��gh�d�p¨H�{�J�H¨ s �{�p��g ©n© �J	 © �J�
ghep� ¢
°»gcµ�6¸��g�´l� ¢

� ¢Lâ jc��e ��s gh�¼­:­n�{� � �J�ª§~�1gh��6¸��g�´Wepmn§~�1�
� � q
md­l�
�n¦W�J��¶Ë���J��� � �Aep	¼Þ

 ¢ Ó s �{�p�<e s �1��q
� � ep�J	��d� � 	�i��<¶Ë�p	ci
* ¢ ö¸	�¨�e s ��´�§~� � 	�i��1���d���J¦���eJ� �
b ¢ Ó s ghe ©ns ´$�p� � ghq © �J	 � ���p� � g�md�p�{�¸e s �{i ep	:¦��
½��km © e s �{�ª�1j$�
�n��eJ� �
�{�n���J¦�´�gc��g ©ns 	heJ	��.°Ë�n	 © 	��
�3eJ�¤q
	c��e�¶Ë	���i��¬�p� © �{qªq
�
�n¦3µ ¢

�ª� ¢L£ ghj��Le s �Ag ��� ��q
����g�eJ�ª�n¦<½c	�qªeJgh¦c��	h¶Y´c	�mn��6¸® ��g�´�eJmn§~�Lep	�§¼� �hw ³ w�wcw � ¢

¸�J�pmni��ª�n¦�e s gheUe s �k���3ep�
�p�����n�{�p¦c´:	�¶�e s �k��q
� � ep�J	��¯¨G���J� � 	��$½��{��eJ�{­
ep	W	c�n� ©ns 	�ep	��Ì³ � ghq � mdq
ghep�Ae s �1¨¤g�½��{qª�{�n¦he s 	�¶�e s g�e ©ns 	hep	c� ¢

°Ë§¼µ��¸×0ä ¢r£¤s �87p�pmnq
��	�¶�e s mni�§�9W¶Ë	c�Ag��8�¸×Ðä ­l��½$� � ���
�¸e s ghe © �p	�ep	��¼�L¨��
qªq
g ��s �ª�{½��Q�J�{�p	��dg�� � �QghekgÐ¶Ë�p��Ñcmd��� � ´(	�¶ �3vn¢ ��x ×ÐöL÷�¨ s ���ße s �{´ßgh�J�Q�ªik®
i���������­��ª�ÐgQi�g�¦��n��ep� � ¥d�{q
­�	�¶ zc¢ w�£ ����q¬g ¢ Õ¡¶Íe s � © g�eJ�ª�{�3e¸�
� © q¬g � ��­��ª�Ðg
iWgh¦c�n��eJ� � ¥d�{q
­�e s g�eL½�gh�J�ª���¤g ��� 	���­l�
�n¦�eJ	�e s �<¶Ë	c�pi�mnq¬gnÞ
:�° Ä µ.À z�u w<;¸����=
> « wdu w3�@? �BADCªïE Ä ³�¨ s �{�p�G�¬�øg � g�� � �{�p	cmd��qª�����
	���qª	 � ghep��­�ª¶ø�ªeL�p��� © 	��¼���Aep	F�U×Ðä&g�e¸g�¶Ë�p��Ñ3mn��� � ´Q	h¶ ��� ×Ðö¸÷�Ô

° � µ:·G� £ � � g��n�n�
�n¦ ¢
� ¢ �¸g�i��Ug1�$m � qª�{md� � 	�i�i�	��nq
´kmd����­�¶Ë	��G·G� £ � � g��n�n�
�n¦�g��d­�¨��p�ªep�¸e s �
�{Ñ3mdghep�
	���¶Ë	����ªeJ�L­n� � g�´ ¢

�ª� ¢L£¤s ��iWg��J�A	h¶Hg © 	c�p�oeJ�p	c�Ð�
�Ae s �W�pg�i��kgc�¸e s ��iWg��J�U	�¶Hgh�(��q
� � ep�J	��Y³
� � À �nu
z{w�� y z�w |~} � �3�?À �nz�zÐá�����   ¢ b ghq � mnq¬g�eJ�<e s �1�{�n���J¦�´Q	�¶�{g ��s 	�¶�e s �<ef¨G	 ©ns 	hep	c�d�¤��i��ªe�eJ�{­�§$´We s ��gh�n�n� s �
q
ghep�
	�� ¢

�
�ª� ¢ ��± © q¬gh�
�:¨ s ´�·G� £ �ªiWg�¦��{� s g�½�� s �ª¦ s �����J�{�p	�q
mleJ�ª	c�Qe s gh� â ·G� b £<¢
Ù0ÚWÛ�Ü�Þd
¸�Ð��±$eJ�Jg © g�¦�� s gc��§~�����¯�
� � qªmd­n�{­:¶Ë	�q
q
	�¨��ª�n¦�e s �¬�L	��d�1ep	 © �J	h®
½$�
­n��g�­n­l�ªep�
	��¼ghqr�J	3	ciF¶Ë	���´c	�mn�Lg��d��¨G����� ¢
Ù0ÚWÛ�Ü�Ý�H¯ÚFI�JLK�Ü�M"NPO¯Ü�NPQR�TS�ú��VUW	YXZS�ú&[W\Wúdû�]�^_\�`a\3ü.ú�b
bdcÍú�`)��]
	Ye5��S���]gfdX�\�]����
	¼ûihDh
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