
���������	��
����������������	������������ 
��!#"%$�&('�'*),+.-/�0�����2143652��-7���8�914-
!#"*&(:<;2:*)=+	-/�0���>�8�9�	��-7�?�254143652��-/���8�1@-
ACB36��D<;2;<$

EGF�H�IKJ�LNMOLPJI>L(Q>RSQ>TVU�LXWYQ�LPH[Z2\^]`_?M^Z0Fba�c?d6eVf�g*hidPjVf�g�_

k(lKmonqprmosVt�uvu�s6mowot�nyxqp9zbk(t�pyp{p}|(~6t�uv�v��w/nq|(xqx9z����6xqw��m�xqw/ny��lot��[�m�x�pr�6~Pt9�7pr�/�6����t�n9z
� t�l�t9n��v�P���Pt9uvt����P�6�7ml�t�prt9w/x�prt9���v�6w/uv�Pxy��lot�xqlKmonqprmos2t9uvu8z

k(py�6~6t9�7py�(�P����t9n��

� ��uvu�m>pyprt��>�qt9u��Vt�����~6uvt�n9���

�O� z<�{�opqpr��mo�6���[�XmKprt���mKpy�vxqw� 	��nq��t�uvxrmK��u��v�6�6z#¡8¢Su�uvt9n�pr�vu�xqlKmonqt9�6~6tKz¤£

�C¥ z�¦,��nq�v�§����¨©z<¢ªz � ��mo���«k/pr¬�nqnyt9u�xyt�nª����t9�6�6t�prt�n��� |(xy��w/w����®prt�w(�P�vw/w�z

� � |(�Vt����(~6w9�qt9�7p®w>mouvw/�6uvmKpr�on9¯`��t�~4pr����p?���v�6�Pto¯��«�6t��6�6��u�~@pr��u[uv�vx�prt��Pp°mKnys2t9�v~Pt�p®ml@± � ±�²�zb¡8�©³[´�µ�k
t�uvu�t9nbt��6w/uvt9nqtoz¶£

�O· ��nq��t�uvxymo��u��v�6��¢Suvt�w/pyny��x�p°mKpy�vw/w�t�nª�v�6w/uv�P~6t9n�p{�«�m�s6mow/xy�v~Pt9�Xm�l�~6t�pqprt¸monywKt�p9z

¥ �6�6u¹|(xy�6���6��t9n��

�O� n�|Nxqx�m�l� 	��n?º�»8»`mou¹prt�ny�<mKpy��l��«�m�¼(½oº�¾#���P�6�7ml�tKz

�O¿ t�nyxq���À�vw/wKt�mK�6�6t�p�t�n��o�6�6���¹pyp¯Pmo�7p°mox{~6t�p�mKp{xq|(xqpyt9��t�p�t9n{��t�uvt9w7pyny��x�p°mKpy�vxyw�uv�vwKt�lot9w7pz

�O¿ t�nyxq���Á��w(wKt[mo�6�6t�p�t9nÂ���P�6����pqp¯�t�n�Ãq�V�Kprt9�Pxy��mKuvÄb�6�P~6t9n� 	��nyx�p(�mKpqp�Ãqt9u�t9w7prnq��xqprmKpr��xyw©�2�opyt9�6xq��mou�Ä6¯���bpy�vuvx�lKmonyt��6~6t
 	�on�Ãq�V�Kprt9�Pxy�vt�uvuVt9�6t�ny����Ä6z

�O¿ t�nyxq���Å�vw/wKt�mo�6�Pt�p¸t9n¸���6�6�o��pyp9¯�t9n¸�(�Puvuv�P�6�6w7p� 	��n�¡.t9u�t9w7prnq��xqprmKpr��xywN£,�V�Kprt9�Pxy��mKuS���X�2�opyt9�6xq�vt9u�uSt9�6t�ny���
lKmou��opª�6t��6~6t�uv�v��uvmo�6�opªs2��n�prtoz

� ±��mon�~6t�p?xy��t9x�mKp?��t�prmouvu�w/�6uvt�n,�6zÆu�z�t�n�Ä�xq�Ç�mKÄ6¯�s2t�p}|(n�~6t�p?t9xyxqt9�6xq�vt�u�p?mKp?~Pt��[�m>lN��nywKt9n?�7lot9nrmK�6~6nyt���t�~
w/nqt� prt�n{xy���À�o�À~6t=lKmonª�6�6�6w7pyu�mo~6�P�v�6��t�n9z

� ��t�p°mKuvu�t�n�x�|(�6���7|(�?p©��t9~%t�uvt9w7pyny�vxqw�uvt�~6t9n�zSÈ}xy��uvmKpr�onªt9nªxq|(�6�o�/|(�?p���t9~�~6�vt�uvt9w7pyny�vw/�6��z

� ±��Nt��É�6mKpr�6nqwo���Pxqp°mK�/pyt9n��@Ê�Ë>ÌoÍ�Î>ÏÑÐÓÒ�Ô2Ê�µoÕ�±���Ö°×o�#Ö�¯#Ø*ÐÙÊ�ÚÜÛ�Ô2Ê�µ(Ý<Þ.Õ��©¯SßÑà�ÐÓÒPÚ¹Ê�Ê�ÔVÊ�µ/Ý(áyÞ?w/�6¯
ß®â©ÐãÊ�ÚÜÛ7ä©Ô7Ê�µ/Ý(ÖYå�w/�6¯6æ®ÐçÒPÚÜè®��×KxqÖ

� k/|N�?sV��u�t9n�mo�6����x��Pw/�6nqxy�¹l%¡	 YzÆt9w/x«éç 	��n��V�Kprt9�Pxy��mKu£`��t9�Px�t9�6�Pt�prt�n«mo�6����x��Ppyt9��w/�6nyxq��l�¡	 YzÆt9w/x�ê^ 	��n�lo��u�p°£�z

� k(È�ë}�6nqt�ì<w/xyt�n9�#� ¡	��t��7m7£ªÐ§Êµoí¯<wî¡	w(��uv�/£#Ð§Ê�µ á ¯Pï�¡	ï9t��/py�£{Ð§Ê�µ Ý(Ö ¯<�ð¡.���vu�uv��£«ÐñÊ�µ Ý(á ¯<òO¡.���vw/nq�/£bÐ
Êµ Ý í ¯6�4¡.�<mK�6�/£ªÐ§Ê�µ Ý(Õ ¯<�4¡.�6��wo�/£ªÐóÊ�µ Ý<Þ.Ö z

Ê



���0Q>MOLNc�J>Z0MCc8F���\���c8L(a`I>Q���JIoZ2IKF8a`a
�
	�� mo�6�o�vn��m>prt9���7prt9�onrmouN��� ��	�� mo�6����n�uv���>�qt9���7prt9�onrmou8z���mo�6�o�vn����/pyt9��nymouP��lot9n[uv�6w/wKt�p��mKpytªt9uvu�t9n�nq�6�6~Pp[u��6w/wot�p
w/�6n�l�toz !Â-7��- x�|N�?sV��u�t9n�mo�6�o�vn®l�t�w/py��nyt�n9z k(|(��s2��u�t9n���t�~É�6mKpyp���l�t9n�mo�6�o�vn�t9�6�Pt�prx�l�t�w/py��nyt�n9z · ��ny��uvt��6t9x
�o|(u�~6�v���Pt�prxq����n/�mo~6t©����~6t��6uv��wot=xq|(��s2��u�t9�6t�x�s2t�p}|(~6�P�v�6��mo�7p°moxª 	��nq¬ol(ny���@�m�l��bnyt�w9�qt9�7p9z

� �#�o�6uv���?s6xªuv��l2� � Ð �����ÌoÍ�Î>Ï�� Ö���
� ¢Su�t9w7prnq�vxyw� 	t9u¹p{�����V�opyt9�6xq��mou8� � Ð! #"�é$ é ÐGé&%' �é)(�Ð* ,+ %( � Ô 	��
� ¢Su�t9w7prnq�vxyw��V�Kprt9�Pxy��mKu� 	nrm®�6�6�6w7pyu�mo~6�P�v�6�6�

é Ð �ÌoÍ�Î>Ï��
� ¢Su�t9w7prnq�vxyw-<�6w/x9� .&/

Ð + � Ô 	��
� ¢Su�t9w7prnq��xqprmKpr��xyw�w/nymK p�t9n{wo���Pxyt9n�lKmKpr�¹lV� 0 � Ô 	1� ÐÁµ

�32 mo�6xqx54<u���l� 	��nªt9u�t9w7prnq�vxqw� 	t9u¹pª����t9u�t9w7prnq�vxyw� 	��nyxqw/|/l(�6���6�6�
Î>Ï
0 � Ô 	�� Ð �076
Ô 	�� Ð �98;:=<

� ¢Su�t9w7prnq�vxyw� 	��nyxqw7|(l(�6���6�6� 6?>
ÎKÏ �A@CB Ð Î�D�Î>Ï � Ð Î �

� ¢Su�t9w7prnq�vxyw�~6�v�2��u�������t9�7p9� E
Ð �GF

� ¢Su�t9w7prnq�vxyw��V�ou�monq�vxyt�ny���6��Ðãt�uvt9w7pyny�vxqw�~6���V�ouv������t��7pb�6nªl��ouv�6��t9�6�Pt�p�

B Ð $ E$ é
�O� mo�6moxy�¹p°mo�6x�� H

Ð �é
� ¢S�6t�ny���¹prt�pypr�Pt�p���t9u�t9w7prnq�vxqw� 	t9u¹p� I /

Ð ÊJ Î>ÏLK Ö

J



� RSRS\�ZPUÂL(Q

Ê�£ · �v���6nqt9�Ñl(�vxqt9nª 	t9u¹pruv���>�qt9n« 	��nªt�p��6�P�� 	��nq�?pªt9u�t9w7prnq�vxqw� 	t9u¹pz[¢�p��6ny�Kpr���%xy�o�À�6u�mKxyxyt�nyt�x��Â~6t�pypyt� 	t�u�pyt�pªl(�vu
� mKw(xqt9u�t9nyt�nyt�x����opª�6¬K|Nnqtoz
¨ mKw(xqt9u�t9nyt�nyt�x����opblot9�6x�prnytKz
� s2t�lot9��t¸xyt�����t9~%wK���6xqprmo�7p©�6moxqpy�v���6t�p{���Kp{�6¬o|(nytKz
¿ s2t�lot9��t¸xyt�����t9~%wK���6xqprmo�7p©�6moxqpy�v���6t�p{���Kpªl�t9�Pxqprnqtoz

E

J £ � ��xy�Ç�m���t�prmouvu�w/�6uvt�n� 	nrmKxqpr¬Kprt9nª�7lot9nrmK�6~6nyt�t9u�t9w7prnq��xqprmKpr��xyw�z[��l(�vu�wot�p��NprxrmK���Xt�nª~<m��vw/wot�wo�onynyt�w7p��
� ¿ t�p{t9nªpr��uvx�prnyt�w/wot9u��v��mKp{~Pt9��t9�6t¸w/�6uvt��Xt�nªu�mo~6t�pz
¨ � �6u�t9�6t�x{�6t�pqpr��uvmo~6�6���6�®uv������t9n��«�m���lot9n �mKprt���z
� � �6u�t9�6t=w>mo���vw/wKt¸�6m�uvmo~6�6���6����t9~����opyxrmKpqpb 	��n�prt9�o��z
¿ � �6u�t9�6t=�[�mKl(�vnywKt9n{�7l�t�nrmo�6~Pnyt?��t9~%w/nyt� prt�n�xq���Àt9nªu��vwKt=xqpr�onyt���mos6xq��uv�Ppqpylot9ny~P��z

´7£ � ���6�6�6w7pyu�mo~6�P�v�6��t�n©Ì � ���  � t9n��6u�moxqxyt�nqp,�[�m��6ëYmow/xqt9��¯���t9~�Ì � �b¡����
	6£#Ð ¡���°µ�£{���  � �b¡  ���°µ�£�z ¿ ms6u��vnbw/nymK prt��� 	nym�~P�vxyxqt��«�m®t9�%prnyt�~>�qt��6�6�6w7pyu�mo~6�P�v�6� � �[¡  ���  J �(£� �  �� @�� Ê  ^Ê�Ë�� J�� �	����`Ï Ëoè�� J¨ �  ��  � Ê  ^Ê�Ë�� J � �	 � �`Ï�Ëoè�� J� � ��  � Ê  CÊ�Ë � J � �	 � ��Ï Ëoè � J
¿ � �� @�� Ê
 ^Ê�Ë � J�� �	�����Ï�ËKè � J
~6t�n���Ï#Ð � Ö°Ë>Í�Î>Ï��7Öz

a−a

y

x
4q

q

−q

−2a

Ì/£ � �*w/�6uvt�n9¯{Ê%��� J ¯«�<mon®uv��wot�x�pr��n®nymo~6���6x � �o� uv�vwKtÑxqpy��n®u�mo~P�6�v�6�"!�z � �6u�t9�6t�lot9w/xyt�u�l(�vnqwot�n���w(wKt%��t�~
�7l�t�nrmo�P~6nytKz � �6u�t Ê%�<mon®uvmo~6�6���6��t9�X�qt�l(�/p� 	��nq~6t9u¹p®�Ppy��lot9n���l�t�n �mKpyt9�É��t��6x®w/�6uvt J �<mon®uvmo~6�6���6��t��X�qt�l(�7p
 	��nq~6t9u¹p=�Ppy��lot9n��6t�uvt�l��ouv�6��t�p9z � �6u�tÑÊ®�<mon=�2�oprt��6xy��t9uvu�t9�6t�ny���$# Þ ¯Âw/�6u�t J �<mon=�2�oprt��6xy��t9uvu�t9�6t�ny���$# Ö z · �v�6�~6t�p�ny�vw7py�v��t,x�lKmonyt�p&%
� # Þ Ð'! Ö ËoèKÍ�Î>Ï���¯�# Ö Ð(! Ö Ë J µKÍ0ÎKÏ)�¨ # Þ Ð'! Ö ËoèKÍ�Î>Ï���¯�# Ö Ð(! Ö ËNÊ�µKÍ0ÎKÏ)�� # Þ Ð'!�Ö ËoèKÍ�Î>Ï���¯�# Ö Ðç´�!�Ö�Ë J µ>Í�Î>Ï
�
¿ # Þ Ð'!�Ö ËoèKÍ�Î>Ï���¯�# Ö Ðç´�!�Ö�ËKÌ7µ>Í�Î>Ï
�
* � �v�6x��«��lKm�l�t�p�~6����� t�uvt�w/pyny��xywot�u�t9~6t�nytoz¹z¹z+�-,

´



� £ · �v�o�6nyt���l(�vxyt�n©pr�Ñt�uvt�w/pyny��xywot?uvt9~Pt9nyt?��t�~ u�mo~6�P�v�6���6t9�6�P��uv~6x�l(�vx !ñ���  !�z�È}�6�7prt����6t�p�t9n,���ox/�m��6�(t9�îml
 	t�u�pru��v�>�qt��6tª 	��n#~Pt�pªt�uvt9w7pyny�vxqwot© 	t�u�pyt�pz�ÈS�/l(��uvwot�p{ml�~6t,�/�6����t�nyt9n�prt,�P�6�6w7prt��6t=t9n�~6t�pªt�uvt�w/pyny��xywot©�V�opyt9�6xq��mou�t�p
x�pr¬�nqxqp��
� Ê
¨ J
� ´
¿ Ì

feltlinjer for E

1
2 3

4

−Q
Q

Û7£{��l(��x©�2�oprt��6xy�vmouvt�p=éóxy���  	�6�6w/x	�q�o�îm�lXml(xqprmo�6~6t�� �� 	nym�t9� uvmo~6�6���6��x� 	��ny~6t�uv���6��t9n©xq��� l(�vxqp©���onrmK S�Pn?Ê�¯
�7l(�vu�wot9����nymK �l(��xyt9nª~6m�~6t�p�t9uvt�w7prny��xywKt� 	t�u�pyt�p
K xy���§ 	�6�6w/x	�q���Xml%ml(xqp°mK�6~6t9� ���
� J
¨ ´
� Ì
¿ �

V

r

E

r

E

r

E

r

E

r

2 3

4 5

1

ä�£b³`�oprt��6xy�vmouvt�p{�Ât�p�����n7�mo~Pt,t9n
é�¡��V£«Ð � µ,ê @ ¡�Ê � ê�ËK� Ö £ � Ö

¿ t�p{t9uvt�w7prny��xywKt� 	t�u�pyt�p{�Â~6t�pyprt�����n7�mK~6t�p{t�n�~6m� � ¡ � µ?ê=×K��£ ��¨ � ¡�Ê � ê=×K��£ ��� � ¡8´�µ?ê=×K� Ö £ � ��¿ � ¡8è�µ?ê=×K��£ ��
è7£��{l(�vuvwKt9��ml®��nrm> 	t9�6t{�6ì<���Pnyt9��nyt��6nyt�xyt��/pyt9nqt9nb�2�oprt��6xy�vmouvt�p«é �6�)�bny�Pt�prt��Ñml®t9���6t��6~6t9u��v��xqpy��n[��t�p°mou�uvxqw(�¹l�t
¡	� 	/ë=�����>ë}nqt�pr�P�v�6�/£?xq���Ùt�n��P�6�� 	��nq�?p��o�*�2��xq��pr�¹l/p®u�mo~Pt�pX¡.�[�mîs2t9�o��t%xy�v~Pt9n°£ ¯��o�*xq���Ù�<mKn�p}|Nw/wKt9uvxqt J�� ¡.��6ë�nyt�py�6�v�P�/£)�
� Ê
¨ J
� ´
¿ Ì

x

V

x

V

x

V

x

V

1 2

3 4

−h h
−h h

−h h

−h

h

Ò7£b�{l(�vuvwKt�p�ml� 	¬�u���t9�P~6t��Pprxymo���%t9n{ny��w7pr�v� �
� ¢Sw7l(�v�2�oprt��6xy�vmou <mKprt�n# 	��n{t9���6�6�6w7pyu�mo~6�P�v�6�®t�n{pyt9nq�6�v�6�ot9n{wo���Pxyt9�7pyny�vxqwot���t�~�uvmo~6�6���6��t���z
¨ ¢Su�t9w7prnq�vxyw��V�Kprt9�Pxy��mKuÂt9nªt9�%l�t�w7pr��nqxqpr¬onynyt�uvxqtoz
� ¢Su�t9w7prnq�vxyw��V�Kprt9�Pxy��mKuÂwKmK���Ç�mou�t9xª��t��6�6t�pyt9��±���×��©z
¿ ²{prxymo���6t��6t � ¯�¨ ����� t9n�mou�uvt��6ny��w/py�v��tKz

Ì



Ê�µ�£ � �?uvmo~6t�prt{��t�p°mou�uvw/�6u�t9n�t�n« 	��nqs6�6�6~Pt�p���t�~�t9��u�mo�P�¸��t�prmouvu¹prn7�mo~�z#¡ ¿ l(x���|�t�uvt9�P��nyt{t9�P��w/�6uvt��6t9x«nrmo~P�vt9n�z¤£
� �6u�t®Ê¸t�n{xqpr¬onynyt�t��6�Xw/�6u�t J z ¿ t9��t9u�t9w7prnq�vxywKt= 	t9u�pyxqp}|(nywKt9� Kót�nª~<m� x�pr¬�nqnyt��[�m®��l�t�n �mKpyt9��m�l�w(�Puvt�Ê�t9�6�X�«�m

��lot9n <mKprt�� mlÑw/�6uvt J z
¨ x�pr¬�nqnyt��[�m®��l�t�n �mKpyt9��m�l�w(�Puvt J t9�6�X�«�m

��lot9n <mKprt�� mlÑw/�6uvt�Ê�z
� u��vwKt=xqpr�onª�«�m���lot9n <mKprt�� mlÑ~6t=pr��w/�6u�t9�6tKz
¿ t��7prt9�Xxqpy¬�nyx�p��[�m���lot9n <mKprt�� mlÑw/�6uvt�Ê

t�uvu�t9nbx�pr¬�nqxqp��«�m���lot9n �mKprt�� mlÑw/�6u�t J ¯
ml(�6t��6���v��ml�¼(½��>¾�xqpr�on�w/�6u�t�Ê¸t�n{�0 	��ny�P��uv~Ñpr��u0w/�6u�t J z

21

Ê�Ê�£ � nqt��6�P�6w7pru�mK~6�6�v�P��t9n � Þ Ð J ò��©¯ � Ö ÐçÌ�ò�� ��� � á ÐçÛoò�� t9n[�6uvmoxyxqt9nqp«�<�7l�t�nqp#xy��pqp[�>�q¬�nq�6t�m�l�t���u��vwKt9xy��~6t�p
pynyt9w>mo�7p���t9~%xy��~6t9n��ÂÐ � ï��Xz�k(|(x�prt9��t�pyx��2�opyt9�6xq�vt9u�uvt,t��6t9nq���Ât9n

� ÌPz¶Ò J��
¨ � z¶Ò J��
� ÛNz¶Ò J��
¿ ä(z¶Ò J��

q1 q2

q3

l l

l

Ê J £ � nqt%�6�6�6w7pruvmo~6�6���6��t�n � Þ Ð J òÂ�©¯ � Ö Ð? �Ì�ò�� ��� � á ÐÅÛoò�� t9n®�6uvmoxyxqt9nqp��b�7lot9nqp�xq��pyp����q¬�ny�6t%ml t��
u��vwot�xy��~6t�pªpynyt9w>mo�7p���t9~%xy��~6t9n��ÂÐ � ï��Xz«k/|Nx�prt���t�prx©�2�opyt9�6xq�vt9u�uvt,t��6t9nq���Ât9n

� ä(z¶Û�µ �
¨ ´Nz¶Û�µ �
� � ´PzÜÛ�µ �
¿ � äNzÜÛ�µ �

q1 q2

q3

l l

l

Ê�´�£�¢S�¸�<monymouvu�t9uvu��6u�m>prt9wK���6~6t��6xrm>pr��n�s2t9x�p/�mon�ml=pr��uv��wotSxqpy��nyt«��t�p°mKuvuv�Pu�mKpyt9n9¯9�/lot9n���t�~?monqtmou���¯o��t9~¸�v�6�/s7|(ny~6t�x
ml(xqprmo�6~ 	 z®�Xt9~*u�mo~P�6�v�6� !§���, �!À�[�mÑ~6t®py�Ñ�6u�mKpyt9�6t�t�n=�V�opyt9�6xq��mou¹ 	��nyxqw9�qt9uvu�t9� ��t9u�uv��� ~6t�� $ é�z � ���Në
~6t��6xrm>pr��nqt9�6x�wKmK�<moxy�¹p°mo�Px

H
t9n«~6t�ì<�6t9n�pbxq���

H
Ð'!�Ë $ é�z � �7prm?mKp«�6uvmKprt��6t9x�uv�v�Pt �bnyt{�Ppyxqpynyt9w/�6���6�%¡ � �=£�t�n

�?|ot�x�pr¬�nqnyt¸t9�6��mlNx�p°mo�P~6t9� ��t9u�uv���ñ~6t9��¯�����mKp�ny������t�p{��t�uvu���� �6uvmKprt��6t�t9n{ |(u�p���t�~Xu��P p?¡	� lKmow/�6�6��£�z
¿ m®s6u��vn#wK���6~6t��6xrm>pr��nqt9�6x�wKmK�<moxy�¹p°mo�Px
�

H
Ð Î>Ï 	 Ë
�

¨
H
Ð 	 Ë>Î>Ï��

�
H
Ð��=Ë>Î>Ï 	

¿
H
Ð Î>Ï�=Ë 	

ÊÌ7£�¢S�®�<monrmKuvuvt�uvu��6u�mKpyt9wK���6~6t��6xrmKpy��n`�<mon�w7lKmo~6nymKpr��xywotª�Pu�mKpyt9n���t9~®xq�v~6t�wKmK�/pyt9nªÊª�ã���=ml(xqp°mK�6~XÊª��� ��t�uvuv�o�
�6uvmKprt��6toz[�{l���n{x�pr��n{t9n{wK���6~6t��6xrmKpy��nyt��6x©w>mo�6moxy�¹p°mo�6xª~Pt9nyxq���À~6t���t�n{ |(u¹pª��t�~Xu��P p¸¡lomKw(�P�6��£ �
� Ò�� · ¨ Ò�� · �çÒ®ò · ¿ Ò�� ·

�



Ê � £ ¢[� �<monymouvu�t9u�uv�6uvmKprt�wo���6~Pt9�6xymKpr��n�s2t9xqp/�mon*mlGpr� pr��uv�)�bnq��t�p �6t��6~6t9u��v� xqpy��nyt �<mKnrmou�uvt9u�uvt*��t�p°mou�uv�6uvmKprt�n��
���6�/s/|(nq~6t9x�mlNx�p°mo�P~ 	 z ¿ t�py�*��t�prmouvu��6u�m>prt9�Pt��<mon®uvmo~6�6���6� �6t��6�6��u�~6xql(�vx � ���  � z��Xt9~ lKmow/�6�6�Ù�ª�Pt9uvt
nq������t�p{��t9u�uv���ñ�6uvmKprt��6t�t�n{wKmK�<moxy�¹p°mo�Pxyt9�

H
Ïzª¢S����t�prmouvu�xyw/��lot=��t�~�p}|(w/wot�uvxqt 	 Ë J ¯<������t�~Xxymo����t¸monqtmou

xq���À~6t�pr�����6�6nq�v�6�Pt9uv����t,��t�prmouvu��6u�mKpyt9�6tK¯Pxqt�pypyt9x��v�6�%��t9uvu����ñ�6u�mKpyt9�6t�xq���Àl(�vxqp���ì<�o�6nyt���z ¿ m®s6u��vnªwo�o�6~6t9�(ë
xymKpr��nqt9�6x{w>mo�<mKxy��prmo�6x

H
Þ uv��w�

H
Þ Ð

H
Ï°Ë J

¨
H
Þ Ð

H
Ï

�
H
Þ Ðç´

H
Ï Ë J

¿
H
Þ Ð J H Ï d

q

−q

metallskive ∆Vd/2

Ê�Û�£ � �4py�vuv� �bny��t�p��6t��6~6t9u��v�*xqpy��nytX�<monrmKuvuvt�uvu�t���t�p°mou�uv�6uvmKprt�n�uv������t�n®�����6�/s7|Nnq~6t9x�m�l(x�p°mo�6~ 	 z ¿ t%pr�@��t�pqë
mou�uv�6uvmKprt��6t��<mon®u�mK~6�6�v�P� �6t9�P�6��uv~Pxql(�vx � ���  � zÇ¢�p�~6��t9u�t9w7prnq�vw/�6� ��t�~ �Vt�ny����pypy��l(��pyt�p¸Î�� Î>Ï® |(uvuvt�n?~6t��
�6t�~6t9nqxqpytÑ�<mou�l(~6t�uvt�� m�l4ny������t�p���t�uvuv�o�Ó�6u�mKpyt9�6tK¯Sxy���ðl(�vx�p®��ì<�o�6nyt���zîÈ�~6t�� ¬ol�t�nyx�prt%�<mou¹lN~Pt9uvt��Ç�<mon�lN�
lKmow/�6�6��z[³S�vu�t9�6t=��ì<�o�6nyt���mo�P���vnb~6m� 	t�u�pru��v�>�qt�n� 	��n� t�uvt�w/pyny��xyw� 	�onyxyw7|/l(�6�v�P�

6
¨ t�uvt�w/pyny��xyw� 	t�u�p �
� �2��uvmony��xyt9nq�v�6� B
¿ s[�mo~6t

6
��� � V∆

ε0

q

−

d
ε

q

Ê�äo£?¢S���6monqpy�vw/wot�uª��t�~ �6t9�7m>pr��l@u�mK~6�6�v�P� �6u�mKxyxyt�nyt�x���t9~ �/�6u�u#xqprmonqpy�<mox�pr�v�o�6t�p��bt�p�t9u�t9w7prnq��xqprmKpr��xyw@ 	t�u�p � z
³�monqpy�vw/wot�uvt9�Px�s2t�lot9��t�uvxqt�s6u��vn������7º
� �0nyt�py�6�v�P���P¬o|�t�nyt¸�V�opyt9�6xq��mou8z
¨ �0nyt�py�6�v�P��uvml�t9nqt��V�opyt9�6xq�vt�uvu�t��6t9nq����z
� �0���opyxrmKpqp{nyt�pr�6���6��m�l � z
¿ �0xrmo����t=nqt�py�6�v�6��xq��� � z
Ê�è�£�¢�p,�6nq�opr�o� ��t�~ �<mox�pr�v�o�6t�p��ÇÐ  
	 �	�wo�o����t9n��v�6� �`t�p,�6�6�� 	�ony�?p�t9u�t9w7prnq�vxywÑ 	t�u�p,nqt�pqprt�p©u�mo�P��x©�6t��7mKpy��l�>ë}mow/xytKz ¿ t���t�uvt�w/pyny��xywot¸w/nrmK pyt9���«�m®�6ny�Kpr���6t�p�t9nª~<m�nyt�pyprt�p�u�mo�6�ox
� �2��xq��pr�¹l ��ëYmow/xytKz
¨ �Pt9�7mKpy��l �>ëYmow/xqtoz
� �2��xq��pr�¹l 	7ëYmKw(xqtoz
¿ �Pt9�7mKpy��l 	/ë}mow/xytoz
Ê�Ò�£«³`�oprt��6xy�vmouvt�p#�[�m�t�pb�Pt9�6~6t�uv���?xqpy��nqp#�V�oxy��py��l/p�u�mo~6t�p#�Pu�mo��t9n  J µ�ê?zP³Suvmo�6t�p��<mon�t9���P�6�� 	��nq� u�mo~P�6�v�6�oxqprt�pqë
py�6t�p�Ì����ª×K� Ö z[È��7l(�vu�wot���ml(xqprmo�6~X 	nym®�6u�mo�Pt�p{t9n{~<m�é Ðçµ �
� Ò®�
¨ Ò®ï��
� Ò®���
¿ ³`�oprt��6xy�vmouvt�p�éit9n{�6t9n{�6t��7mKpy��l/p{��l�t9nymou�p9z

Û



J µ�£%�{l(�vuvwKt9� l�t�w/py��n�nqt9�6nqt9xqt9�7prt�nyt9n�sVt�xqpXnyt�py�6�v�P��t9� pr�vu©~6t�pXt9u�t9w7prnq�vxywKt* 	t�u�pyt�p����6�6�6w7prt�p��Ù�[�mO´�µ>ë�l���u¹prx
t�w/l(���V�opyt9�6xq��mou �mKpyt9� �
� &
¨ D
� :
¿ $

40 V

30 V

20 V

10 V

P
1

2

3

4J Ê�£���l(�vu�wot�� w/�6n�l�t*nyt��6nyt�xyt9�7pyt9nyt�n�~6t��ç�2�opyt9�6xq�vt9u�uvtXt9�6t�ny����t9� #Ópr��u©t�pXt�uvt�w/pyny��� xq���  	�6�Pw(x�q���çm�lC~6t�pyx
ml(xqprmo�6~ �� 	nrm®t�p�mo�P�6t�p�t9u�t9w7prnq��� �
� Ê
¨ J
� ´
¿ Ì

U 1

r

4

2

3

J�J £�¢S�®��t�p°mou�uvw/�6u�t���t9~�uvmo~6�6���6� � ���,nymo~6�v�Px �Ct9n�s2t9uvmo�op���t�~�t�pSuvmo�,t�uvt9w7pyny�vxqw��P¬o|/prnrmKuP�6uvmoxqp���t�~?p}|(w(wKt9u�xyt� �����Vt�ny����pqpr��l(�¹prt�p�Î¸Ðç´>ÎKÏ9z[³[��uvt��6t=��ì<���6nqt9�Xmo�6����nª~<m� 	t9u¹pruv���>�qt9n« 	��n

� t�uvt�w/pyny��xyw� 	�onyxyw7|/l(�6�v�P�
6

¨ t�uvt�w/pyny��xyw� 	t�u�p �
� �2��uvmony��xyt9nq�v�6� B
¿ s[�mo~6t

6
��� � metallkule

plast−
lag

ladning q

J ´�£ · �v���6nqt9��lN��xyt�n�t�� �<mou¹lNxq�vnqwot9u¹ 	��ny��t�p{x�p°ml���t�~��6�P�� 	��nq�Àu�mo~P�6�v�6���6n�uvt��6��~6t�t9�6�6t�p¯2t9�7prt�� �6t9��mKpr�¹l*¡  ���¯
��t9nqwot�p���t9~*Ä  �Ä7£=t�uvu�t9n��V�oxy��py��l ¡��Â¯`��t9nqwot�p?��t9~@Ä @ Ä/£©�«�mX�Puv�vwKt�~6t9u�t9n¸mlîxqp°mlot9��¯�xquv��w mKp¸xqprml�t9�@pr�oprmou�p
�<mKn=u�mo~6�P�v�6�Ñu��vw��/�6u�u�z®�{l(�vuvwKt9�*�6�vu�mo�6����n,~<m%ny�vw7py�v�Ñnyt�pr�6���6�%�«�m%~6t9�*t9u�t9w7prnq�vxywKt�w(nymK prt��4xq��� l(�vnqwot9n��[�mÑt�p
t�uvt9w7pyny���%xy�o�Àt9n{�6uvmoxyxqt9nqp��ÂÄ�xqt9�7prnq�6��xy�6�6�Pw/pyt�pyÄ ¡.~NlNx�~6t�p�xq��� l(�vu�uvt,�6m®l��bn�p�xqt9�7prnq�6� mlÑt9���6t9uÂxq�vnqwot9u�£)�

� Ê
¨ J
� ´
¿ Ì

++++_

_
_
_

+
++ +

_
_
_
_

1

2

3

4

45

90

45

ä



J Ì7£ · �v���6nqt9��lN��xyt�n�t�� �<mou¹lNxq�vnqwot9u¹ 	��ny��t�p{x�p°ml���t�~��6�P�� 	��nq�Àu�mo~P�6�v�6���6n�uvt��6��~6t�t9�6�6t�p¯2t9�7prt�� �6t9��mKpr�¹l*¡  ���¯
��t9nqwot�p���t9~*Ä  �Ä7£=t�uvu�t9n��V�oxy��py��l ¡��Â¯`��t9nqwot�p?��t9~@Ä @ Ä/£©�«�mX�Puv�vwKt�~6t9u�t9n¸mlîxqp°mlot9��¯�xquv��w mKp¸xqprml�t9�@pr�oprmou�p
�<mKn=u�mo~6�P�v�6�Ñu��vw��/�6u�u�z®�{l(�vuvwKt9�*�6�vu�mo�6����n,~<m%ny�vw7py�v�Ñnyt�pr�6���6�%�«�m%~6t9�*t9u�t9w7prnq�vxywKt�w(nymK prt��4xq��� l(�vnqwot9n��[�mÑt�p
t�uvt9w7pyny���%xy�o�Àt9n{�6uvmoxyxqt9nqp��ÂÄ�xqt9�7prnq�6��xy�6�6�Pw/pyt�pyÄ ¡.~NlNx�~6t�p�xq��� l(�vu�uvt,�6m®l��bn�p�xqt9�7prnq�6� mlÑt9���6t9uÂxq�vnqwot9u�£)�

� Ê
¨ J
� ´
¿ Ì

90

90

++++

_
_
_
_

1

2

3

4

+
+

+
+

_
___

J � £ · �����6nqt9��lN��xyt�n�prnqt��/�6u�t©wK���6xyt��7prny��xywKt,��t�p°mou�uvw/�6u�t9nS��t9~��Pt�pypy��u�mK~6�6�v�P� J ! ¡	�«�m����6�6t9nqxqpyt©w/�6uvt£�¯& �!§¡.�[�m
���v~Ppyt9nqxqprt®w/�6u�t�£©���  !ð¡.�[�m�|/pypyt9nyx�prt�w/�6uvt£�z � u�uvt�~6t®pynyt�w/�6uvt�xyw>mouvu�t9�6t®�6mon=t9�îl(�vxyx=p}|(w/wot�uvxytKz��{l���n��?|ot
uvmo~6�6���6�®t9nªxymo��u�t�p{�[�m��>»8¾rº{��lot9n <mKprt¸ml%~6t9���>»8»}º�¾���»Yºbw(�Pu�m �
�  !
¨  J !
� !
¿ µ

metall

vakuum

2Q

−Q

−QJ Û�£ � �?�P�6�6w7pruvmo~6�6���6��t9n ! Þ Ð J ò��É�o� ! Ö Ð � ò��Ét�n��Pu�moxqxyt9n�p#�� 	7ë}�6uvmo�6t�p¯/xy���il(��xqp���ì6���6nyt���z[¢S��pynyt9~��qt
�6�P�6w7pru�mK~6�6�v�P� � Ð Ê?òÂ� 6|/pyprt�x© 	nrm��6�6�6w7p�¨ pr��u`�P�6�6w7p � zV��lo��n©x�pr��n�t9�P~6ny���6������n�~Pt9�6�6t� 	��n 6|/py�6�v�6�ot9� �
x�|Nx�prt���t�prx��V�opyt9�6xq�vt�uvuvt©t9�6t�ny��� �Ç¡.Ä/k/|Nx�prt���t�prÄ�Ðã~6t=prnqt¸�P�6�6w7pruvmo~6�6���6��t9�Ptoz¶£

� ërÊ�è �
¨ ë}µPz¹Ê�è �
� ërÊ�è�� �
¿ ë}µPz¹Ê�è�� � Q1

Q2

x

y

0.8m

0.6m

0.6m

A

B

è



J äo£ · �vnqt®�6�6�6w7pruvmo~6�6���6��t�n9¯Ât9�*�6t��7mKpr�¹l ���Ñprnqt��V��xq��py��l�tK¯�mouvu�t?ì<nqt�u��vwKt®xqpr�onyt��[mos6xq��uv�Ppqpylot9ny~P��¯�t9n��6uvmoxyxqt9nqp¸�
�7l�t�nqp«xy�¹pyp��>�q¬�ny�Pt{m�l?t9��w/�6s2to¯7xy�o�ãl(�vx�pS�Pì<���Pnyt9�0zS��lKm,s6u��vn�~Pt9��t9u�t9w7prnq�vxywKt <�6w/xyt�����qt9�P�6��� ~6t9��xyw/nym�lot9n�prt
xq�v~6t9�mKprt��^¡	~Pl(x9�?���opyxqp/�mKt9�6~6t�xy��~6t <mKprt��� 	��ny�P��uv~îpr��u�~6t9�4xy�v~Pt �mKpyt9�@xy���Ó�<mKn¸~Pt�ì<nqt��P�6�6w7pruvmo~6�6���6��t9�Pt��
xq�v�6t,ì<nqt��>�q¬�ny�Pt9n°£ �

� �/�6u�u
¨ � ËoÛKÎ>Ï� � ËNÊ J ÎKÏ¿ � Ë J ÌKÎKÏ

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

���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������q

q
q

−q

J è�£ � �*wo�o�6~6t9�PxrmKpy��nyt�n�t�n�u�mo~6t�p®���6����t9~ t�p�s<m>pyprt�ny�8¯«xquv��w4mKp��2�opyt9�6xq��mou¹ 	��nyxqw�qt�uvu�t9� é<Ï�t�n®uv��wot�x�pr��n���l�t�n
s2t9���ot�wo���P~6t9�6xymKpr�onyt9�Ptoz%¡8kNt�ì<���6nqt9� py�vu�lot9�6x�prnqtoz¶£Ç�Xt9nqw mKp,wo���6~Pt9�6xymKpr��nqt9�îpr��u�l�t��6xqpynytK¯`��t9~ w>mo�6moxy�¹p°mo�6xH
Þ Ð � � · ¯Â�<mKn�~6t��4�2��xy�¹pr�¹l(p�uvmo~6t�prt��6u�m>prt9�î¬olot9nqxqp¯���t��6x�~6t9�*pr�vuS�P¬o|(nyto¯`��t9~*wKmK�<moxy�¹p°mo�Px

H
Ö ÐÀäÑ� · ¯

�<mKn#~6t��Ñ�6t9�7m>pr��l/p#u�mo~6t�prt��6u�mKpyt9��¬ol�t�nyxqp�¡ 	¬�n#~Pt�pr�?s6nq|/prt�ny�6t=u��6w/wot�x°£�z«³`�oprt��6xy�vmou� 	��nqxyw9�qt9u�uvt�� $ éã��l�t�nb~6t©py�
wK���6~6t��6xrmKpy��nyt��6t�t�pqprt9nbmKp#l(�V 	�onys6���6~6t9n�~6t9�ól�t�~O�m�uv�6w/wot©s6nq|/prt�ny�6t�� Þ �o��� Ö �Ç�mKuvt9x«pr��uVÛoµ�êñ¡.xqt©ì<���Pnyt9�Ñpy�vu
�6¬K|Nnqt�£ z��{l���n{x�pr��nªlKmonª�2�oprt��6xy�vmou� 	��nqxyw9�qt9u�uvt��%é�Ï��Â�Ppy�7mo�6��xq�6�6�6w7pyt�p��
� Û�µ�ê ¨ Ê�è�µ�ê � ´�Û�µ�ê ¿ � Ì7µ�ê

S1

S2

C1 C2C1 C2
V0

− − − − −

+++++

før etter

60V
+ + + +

−  −  −  −

J Ò�£b��lKm®s6uv��nbxqpyny¬���xqp}|(nywKt9���Ñmo�6���¹pypª�Âw/nqt�prxqt9��pr�vu0�6¬o|(nyt&�
� é<Ï Ë �
¨ é<Ï Ëo´ �
� J é�Ï ËK´��
¿ ´�é�Ï Ë J �

R

R R
V0

I

´�µ�£b��lKm®s6uv��nbxqpyny¬���xqp}|(nywKt9���Ñmo�6���¹pypª�Âw/nqt�prxqt9��pr�vu0�6¬o|(nyt&�
� é<Ï Ë �
¨ é<Ï Ëo´ �
� J é�Ï ËK´��
¿ ´�é�Ï Ë J � V0

R

R

R

R
I

Ò



´PÊ�£b��lKm®s6uv��nbu�mo~P�6�v�6�ot9� !imo�6�o��pyp{�0w(nqt�pyxyt9��pr��u��6¬o|(nyt&�
� é<Ï

H
¨ J é�Ï H
� é<Ï

H
Ë J

¿ é<Ï
H
Ë>Ì V0

C

C
Q

´ J £b��lKm®s6uv��nbu�mo~P�6�v�6�ot9� !imo�6�o��pyp{�0w(nqt�pyxyt9��pr��u��6¬o|(nyt&�
� é<Ï

H
¨ J é�Ï H
� ´�é�Ï

H
¿ Ì7é�Ï

H
V0 C

2C Q

´�´�£b��lKm®s6uv��nbu�mo~P�6�v�6�ot9� !imo�6�o��pyp{�0w(nqt�pyxyt9��pr��u��6¬o|(nyt&�

� ´�é�Ï
H
Ë J

¨ é<Ï
H

� ´�é�Ï
H
Ë �

¿ é<Ï
H
ËK´ V0 3C

C Q

C

¡ · t�uvu�t9x#pyt9w/xqp����®ì<���6nªpy�vu0�o�6�6�7ml�t��6t�´oÌKëY´oè7£

1

2

3

4

5

A

B

V0

�{l�t9n?ml@~Pt� 	t9�Óu¹|(xy�)�bnqt9�6t�w>mo�@sVt�prnymow7prt9x?xy���Ót��Ç�v~6t�t9u�uS���6��xywî���Kprxqprmo�6~ ��z�¦=w7p?xy�2t9�6�6���6����lot9n?t��
u¹|Nxq�)�bnyt?¡.�o��~6t�ny��t9~�¬�w7p#x�prny¬o��x�p}|Nnqwot£«����nS¬�w7p#u¹|Nxqxqp}|(nywKt©��u�|(xq�)�bnrmPzSÈ��7l�t9n#ml����6�6�7mlot9�6t©´ � � ´7ä=xy�6¬�nqnyt�x
~6t�p�t�pypyt9n{t9��t�lot9�7pr�Pt9uvu�t��6~6ny���6���«�monªl(�Âxqprmonqpyt9n{��t�~%w(nqt�pyxyt9�Xxyu��vw�~Pt9��t9nªl(�vxqp��0ì6���6nyt���z

Ê�µ



´oÌ7£#È�w/nyt�prxqt9��l(�vx�p{��ì<���6nqt9��¯<�7l(�vu�wot�¡.��£bu�|(xq�)�bnyt�¡.n°£bu¹|Nxqt9n{xqpyt9nqwot9x�p��
� Ê ¨ J �ç´®����Ì ¿ �

´ � £¸�{lom�xyw9�qt9n���t�~4u¹|Nxqxqp}|(nywKt9� �«�)�bnyt�´X~6t�nyxy�o� �P�6�6w7prt��6t � �o� ¨  	�onys6���6~6t9x¸��t9~Çt��^¡.���opyxqp°mK�6~6xyu�¬�x°£
u�t9~6t�nqprn7�mo~ �
� ²�t9�6~Pnyt�p9z
¨ � |(xyt�n{xqlKmowot�nytKz
� � |(xyt�n{xqprt�nywKt9nytKz
¿ k(uv��w/wot�n9z

´�Û�£b��lKm®xyw9�qt9n���t�~%u�|(xyx�p}|Nnqwot�� �Â�)�bnyt � ~6t9nqxy��� �)�bnyt J xyw/ny�6x��Pp��
� ²�t9�6~Pnyt�p9z
¨ � |(xyt�n{xqlKmowot�nytKz
� � |(xyt�n{xqprt�nywKt9nytKz
¿ k(uv��w/wot�n9z

´7äo£b��lKm®xyw9�qt9n���t�~%u�|(xyx�p}|Nnqwot�� �Â�)�bnyt�Ê¸~6t9nqxy��� �)�bnyt¸Ì�xyw/ny�6x��Pp��
� ²�t9�6~Pnyt�p9z
¨ � |(xyt�n{xqlKmowot�nytKz
� � |(xyt�n{xqprt�nywKt9nytKz
¿ k(uv��w/wot�n9z

´�è�£b�Xt9~%�)�bnqt9�6t�Ê�¯6´���� � �«�m��6uvmoxyx�¯6���®��t9~�é<ÏbÐÁÒ?ê �o� �ÁÐ J�� ¯<�7lKm�s6uv��n�py�op°mou¹pbt��0t�w/pqp°mo�%��w/nqt�prxqt9� �
� Ê�´Nz ��� ¨ Û�äNz¶µ � �ç´Pz ��� ¿ Ì7ÛNz¶µ �

´�Ò�£�¢S� xy�2t9�6�6���6��xqw(��uv~6t�é�Ï�Ð ´�ê wo��sPuvt9x�l�t9~ pr��~6xy�P�6�6w7prt�p���Ð µ�pr��u�t�� xyt9nq�vt�wo��s6u��v�6� m�l4t9� ���oprx�p°mo�P~� Ð Ê�µ � ����t��Çwo���P~6t9�6xymKpr�on���t�~Çw>mo�<moxq��prmo�6x
H
Ð Ê�� · z«¡ · ¬�n���Ð µ��<mon�wo���6~Pt9�6xymKpr��nq�6u�m>prt9�Pt��/�6uvu

uvmo~6�6���6�6z¶£Óê[t�~ç�7l(�vu�wot�pÑpy�v~6xq�6�6�6w7p%�<mKnÑwo���6~Pt9�6xymKpr��nqu�mo~P�6�v�6�ot9� ! �[�mo~P~çÒ �
	 mlCxq�v� ��mow/xy�v��mou�t�lot9ny~P�!������ÐGé<Ï
H
�

� �SÐ J Ú¶ä,ò�x
¨ �SÐç´�µ®��x
� �SÐ Ê�Ú � x
¿ �SÐ Ì7Ò®x V0 C

t=0 R

Q

−Q

Ì7µ�£b��l��on�x�pr��nªx�prnq¬�� �����monª�Âw/nyt�pyxyt��������P�6�7ml�t�´�Ò®�6���v~6~6t�uvs<mKnqpªt�pyprt�n�mKp{xy�2t9�6�P�v�6��xqw/�vuv~Pt9�%t9n{wo�os6uvt�p�py�vu �
¡ ¿ lNxªlot9~�t�pªpr��~6xy�6�P�6w7p���� �0¯<~6t9n���t9n{w/nyt�prxyt��6x{pr�v~Pxywo�o�6xqprmo�7pz¶£

� ��Ð µ
¨ ��Ð µPÚÜ´�µ �
� ��Ð ´PÚÜ´�´ �
¿ ��� �

Ê�Ê



k(py�6~6t9�7py�(�P����t9n��

k(lKmonqprmosVt�uvu8�

¥ �6�6��m�lot � ¨ � ¿
ÊJ
´
Ì
�
Û
ä
è
Ò
Ê�µ
Ê�Ê
Ê J
Ê�´
ÊÌ
Ê �
Ê�Û
Ê�ä
Ê�è
Ê�ÒJ µJ ÊJ�JJ ´J ÌJ �J ÛJ äJ èJ Ò
´�µ
´PÊ
´ J
´�´
´oÌ
´ �
´�Û
´7ä
´�è
´�Ò
Ì7µ

Ê J


