
���������	��
�����
�����
������������������ �
��!#"%$�&('�)�*+!#",&(-.)/-/*�0���!1$2)3&(4�*+56� !7!#",&8)2-:9<;>=8���?�@�A���>�?=B���2C:D:EFC2�3=8�?�A��DG=
H�I2���J4.)2)2-

KMLON�PRQ�P�S�N?TVU�W@N�X�Y/S[Z\QAX7L/]�QAP�S_^

`ba�cedfa�gFh+cehFi�jlkmhFg.k\ionmp+qRrsa�t+uva�jxw2a�y�z�{|i}ysa�r~usa�h�k����+�ma��B��{|i}�F����q

� tFt+iBk��|a � � � � �
� �
n �
� �
� �
� �
� �
� �
� �
p �
�?� �
�|� �
��n �
� � �
��� �
� � �

���J��km�Bu�kmr~tF�|y~rsj[�kmd����Ma�y�a�y�gFa�r~rs�+usa�h�a�dea��Buvys{mhFa�usr�jJkmr~rsa����J{|i[tFy~{muv{|h+a�uvr�jlkmr~rsa��� ,{|tFtFimcfusuJc
{|tFtFiBk��ma�uva��8r~uva�hO¡2r8�k}gFa�uMa�y£¢~{}w.kmy~a �k}y~a�i|h+a��¤uM¥>{mys¦F{|dfgFa�u�q

n|�7§¤a<¥>{|ysy~cei|a¨tF�FhF�Bu�q

� �<�Ru~u�a�dea��8usys{|hG¦.kmy�d©kmg+hFcehFi«ª­¬�®¯ª��|° ��± �?�(².³�´x�¨qµ�RhGd©kmgFh+cehFi%tb�k,ª¶� � �·t��¸®¹ª¶� � � ± �?�(².³�ºx�
uvcedfr~�\kmy~a�y1g.k

ª�� � � ± �?� ².³�º
ª��|° �<± �?� ².³�´ ®»��� ´ a�dfa��Buvy~{|hFa�y

�8�R�bhld©kmg+a�u¼�8�Fdea½�(cedFuvcfdfusysa��8�\aMr~a�ixa�hJ�8�FdfaMjoa�gljl{\uvrvk@usubd©k\gFhFceh+iFq��¾a�ho�(ced�cfjlcfgFdea�y~uvcfg�{|imr8�k�usced¿uvysa��8�ma
rsa�i�a�h[h+�mÀ8uvyvk\d¼�8�Fdfaltb�k�i|y~�FhFh[k��«t2{|d©k\yscer~a�y~cehFi·k��«gFa�h:hF�mÀ8uvyskmdea}�8�Fd©k¤q«z�§¤aoÀ8usuva�ysdfcei|a�ysa�¥>{|ys�8dekmyscfhFi
�FhFgFa�yMt+�FhF�BuMp+qÁ�}�¾a�u½a�y7g.k·ÂmÃ	ÃÅÄ�Æ�Ç}È�ÂmÉ.Ä�k\u1jlcfhFr~u7a�h·k?���(�+dea�h+a<a�y7d©k\gFa�u�qMz�Ê�a�hFr½gFa�u<ËmÂmÉ��¤Ì1ysaÍrvkmhBu
k\u½w/a�i|i|aÍ�8�Fdea�hFaÍa�y½d©k\gFa�u½{|iok\u½g+a�a�yMk?��jla�u�kmdfd�qÁ�
`¾ced�jlkmhl�¤Ì1y~a¾yscf�8usceiÍ�\kmhFrs�\a�dfceiF¡(�@kmh�jlkmhJ�@kmhFr~��¢~a¾t¼�kmrVu(�kxk\u#cehFima�h�k��l�8�Fdea�hFa¨w2a�¦F�\�|a�y}�k¶�¤Ì1ysa¾dekmgFa�u�Î
�¾a�u�Ï.hFhFa�r�jJk@uva�y~c©kmdfa�y3rs{mjÐa�y/Ñ�Ò�ÓÔÓvÕ?Ò�ÃeÒ�Ë@ÄAÓÔÆeÈ�ËBÒ�¡@g+�(r�gFaÖ{|tFtB�(cersa�y�a�h�t/a�ysjlkmhFa�hBu£t/{|dekmyscfrsa�ysceh+iMr~a�d¿�¶�¤uva�h
a�u<À8uvy~a�a�dea��Buvyscfrs�·¥>a�dfu¨uvcedµr~usa�gFa\qoÊ�a�g«uv{�r~dece�\a��8�Fdea�y�¡�rs{mj¯uv{\u�kmd¿u¾rsa�usu�w2a�i|i|a�a�y<a�dfa��Buvy~cers��hF�mÀ8uvyskmdea\¡
�(�+hFhFa�jJkmh·kmhBuvkmi|a�dfcei�¥��kxuscedOa�h�a�dea��Busys{|rVu�k\uscers�luvced¿uvy~a��8hFceh+iFq

�



� �Ö`ba�g%w2a�ys�mysceh+iojoa�dfde{|j gFa�h�dekmgFa�uva¾i|dekmrsr � rVu�k��|a�h {|i�a�h k���joa�uvkmdedf�(�+dea�h+a­�(cedOdekmgFhFcfhFix{?�|a�y~¥>�|y~a�r½¥>yvkgFa�h a�h+a�uvced¼gFa�h k\hFgFysa\q:�Ma�yx¦Fkmyxi|dekmrsr � r~uvk��|a�h a�ux�FhFgFa�ysrs�8�Fg+g tb�k�a�dea��Busys{|hFa�y�¡brB�k ¥>y~c#a�dea��Busys{|hFa�y�cjla�u�kmdfdea�uµ�(cedF{?�|a�y~¥>�|y~a�rbuvcfd+i|dekmrsr � r~uvk��|a�h�qb�¾a�ysjoa�gx¥��k\yRjla�u�kmdfde�8�Fdea�hxa�u¼�Fh+gFa�y~rs�8�FgFglt¼�k�a�dea��8usys{|h+a�y�¡Bg¤�¤ra�hxhFa�usus{¾t/{mrscfuscf�ÍdekmgFhFcfhFiFq��¾aÖus{¾jla�u�kmdfde�8�Fdfa�hFabrs{mjÐa�y£c(w/a�ys�|y~cehFi­jla�gx¦B�|a�yvkmhFg+ysa1�(ced(c¤a�dea��8usys{|rVu�k\uscer~�
dece�\a��ma��Buo¦.k rvkmjojlaJa�dea��Buvyscfrs�\a·t2{musa�hFr~c©kmdÖ{��ma�yskmdfu�q �¾a�u}{|t+tFh¼�kmr�¦Fa�y��|a�g k\ux¥>y~c1d©k\gFhFceh+i t¼�k�w/a�i|i|a
�(�+dea�h+a {|j}¥>{|ysg+a�dea�y�rsa�i:¥>{|y[�k��~�+usdecfi|hFa��«a���a��8usa�h_k�� k\ulhF{¤a�h a�dea��Busys{|hFa�yl¥>{|y~r~�\kmhBul{��ma�youvced½i|dekmrsr �r~u�k��ma�hOq	�Ma�rs�Fd¿u�k\usa�uMwFdfcey1k@u­w2a�imi|a<jla�u�kmdfde�8�Fdfa�hFa¾a�hFgFa�y­{|t+t·joa�g·hFa�usuv{}t2{|rsc¿uvc¿��d©k\gFhFceh+iFq
� �x�­a�yo�\{|jojla�y�i|d©kmr~r � r~u�k��ma�h cf�8�ma%c7w/a�ys�|y~cehFi«joa�g joa�u�k\dede�8�Fdfa�hFa\¡br8�k �¤c7�@kmh ce�8�\a%¥��k«hF{(a�h hFa�usuv{{��ma�yV¥>�|yscfhFi·k?�«dekmgFhFcfhFi�joa�dedf{|j i|d©k\rsr � r~uvk?�ma�hG{|i%�(�+dea�h+amq�
 jlcfgFdea�y~uvcfg �(ced�g+a�h:t2{|r~cfuvc¿�8u<d©kmg+a�uva}i|dekmrsr �r~u�k��ma�h�uvy~a��8�ma�¥>ysc3a�dfa��Buvy~{|hFa�y¨c3jla�u�kmdfdea�u1uvcfd�r~a�iF¡2rsdfce��k@uM�(c3¥��kmy½a�u¨{��ma�y~rs�8�FgFg«k��·hFa�i|k\uvc¿��d©kmg+hFcehFiotb�k
�|a�h+r~uvy~a¶r~cegFaÍk����ma�hFrVuvy~a¶joa�uvkmdedf�(�+deamq�§¤ceg+a�h%jla�u�kmdfde�8�Fdfa�hFaMuv{muvkmdfu7r~a�u~u­a�y7a�dfa��Buvy~cers�lhF�mÀ8uvyskmdea\¡Fj[�kxgFa�u
w/a�u À k\u�¦+�mÀ(ysa��8�Fdea�a�hFgFa�y�{|tFt jla�g a�u��+hFgFa�y~rs�8�FgFg k��[a�dfa��Buvy~{|hFa�y�¡¼kmdfusrB�k�hFa�usus{ t/{|r~cfuscf�,d©kmg+hFcehFi+q
�¾a�ususa¶a�y­cfi?¢~a�h t2{|d©k\yscer~a�y~cehFi·zÁ¢V¥>y­{|t+tFiBk��|a¶�F¡2pl{|i����8��¡�a�dedea�y��~d©kmg+cehFi��|a�g�ceh+gF�F�8r>¢~{|h
��rs{|j g+a�u¾{mi|rB�k
�\k\dedea�r�q

� ���¨�¤cfhFi|a�hFr<a�hFa�r~usal{|y~gFa�hBusdeceimaxysa�i|hFa�{mtFtFiBk��|a\�o��ysk�Ï.i|�Fy~a�h,hFa�gFa�h+¥>{|yÍrsa�y<�¤c�k\uÍrs�Fjojoa�h,k�� i|yvk�� �cfu�k\r>¢~{|hFr~�8yvk\¥	usa�h:{mi gFa�h_z>¥>yskmr~us�muva�hFgFa?�Ía�dfa��Buvy~{|r~uvk\uvcfrs�mal�8yvk\¥	usa�h km�8�8�Fysk\uxj[�k·�@kmh+rsa�dfdea�ysaorshF{|y~gFyvk\i|a�u� q

ε0 r2
q2

4π

θ

g
l

r

mg

s

F θ
2

�<k}¦Fkmy1�(cO¥>�|dei|a�hFgFa<rskmjljoa�h+¦Fa�hFima�y�Î

u�kmh�� n ® ������ ®�� º��\����� �"!\º�$#
rscfh � n ® !��|n%& !�® n % rscfh � n& � ® '( ) �*��� �v�$#,+8n % rscfh � n.- º u�kmh � n	/ 01 ³32�º
®54 �
p ± �?� ´ ± �?� ± �?� ²76 ± p¤° �<± z�n ± �+°¿� ± rscfhÍ� ��8 � º ± uvkmh<� ��8:9 ³32�º �<; � ° �<± �?� ²7= �

n



� ���<ysa�¥	usa�hFa�¥>ysk«dekmgFhFcfhFi|a�hFa�c�� {|i�� a�y}decf�ma�rVuv{|y~a·{mi,jo{musrvk\u~u�ysa�usuva�uo{|i«i|cey�gFa�y~¥>{|y�h8�Fdfd1hFa�usuv{
wFcegFyskmiFq��<ysk\¥	uva�h:¥>yvk�dekmgFhFcfhFi|a�hGc�� t2a��\a�y�dekmhFi|r
	
� q z	`ba��Buv{my � �~§¤�Fjojla�h k��:�8y~a�¥	uva�hFa�¥>yvk�g+aJuv{d©kmgFh+cehFi|a�hFa�joceg+u�tb�k���� {|i���� j[�k�t2a��\a�dekmhFi|r
	���q 
¶kmwFrs{mde�+u~us�|a�ysgFc½j[�k�¦B�|a�ylk�� gFcfrsrsa��¤Ì1ysa
hF�mÀBk\�8uscei�gF{mwFw/a�dfu#r8�kxr~us{|ysa¨rs{|j �(ysk\¥	uva�h�¥>yvk�dekmgFhFcfhFi|a�h�c��¶¡+a�u~uva�ysrs{mj k��(r~u�k\hFgFa�h�	���a�y�� n�iBkmhFima�y
r8�k%r~uv{my�r~{|j k��(r~u�k\hFgFa�h,¥>yvk�	 �+uÍuvcfd�gFa}uv{·jlcfg+uvtF�+hF�Buva�h+amq�
¾kmwFr~{|de�¤usus�ma�y~gFcba�y<�|a��8us{|ysr~�Fjojla�h[k��
�(y~a�¥	usa�hFa�¥>yvklg+a�us{Jd©k\gFhFceh+i|a�hFaÍjoceg+uMtb�k���� {|i����¯a�h�¥�km�Buv{my�� nor~us�|ysy~a¶a�hFh�dfa�hFi|g+a�h�k��·¦B�|a�y¾k��
gFa�j·q¨�µ�|dei|a�decfioa�y¨gFa�hFhFa��ma��Buv{mysrs�+jljoa�h {|imr8�klrVuv�|y~ysaxa�hFh��8yvk@¥	uva�h�¥>yskldekmgFhFcfhFi|a�h�c��¶q¨�¾a�ysjoa�g�j[�k
uv{muvkmde�8yvk@¥	uva�h�t2a��\a¶dekmhFi|r�	���q

pB�­Ê·{muvrsk\ususa¶dekmgFhFcfhFi|a�y7uscedfusysa��(�\a�yM¦B�|a�yskmhFgFy~am¡Odfce�\a�dekmgFhFcfhFi|a�y½¥>yskmr~us�muva�y­¦B�ma�yvk\hFgFysa\q¨�¾a�rsr~�+uva�h��¤cfd�a�u
d©kmgFa�u}{|w(¢~a��8uJkmdfdfuvcfg:uvcfdfusysa��8�\a·r~a�i,a�ulhF�mÀ8uvyskmdfu}{mw(¢~a��Buot¼�k«i|ys�Fh+h k�� t2{|d©kmy~cer~a�yscfhFi k�� gFa�ulh+�mÀ8uvyvk\dea
{|w(¢~a��Busa�u�Î¼��u½t2{|rsc¿uvcf�8u#d©kmgFa�u7{|w(¢~a��Bu7�¤cfd/¥ q a��8r�qbr~�8À8�ma¶t2{|rsc¿uvc¿�|a¾dekmgFhFcfhFi|a�yÖcOgFa�u½hF�mÀ8uvyskmdea­{|w(¢~a��Busa�u½¥>yvk
rsa�i}{|ixusysa��(�\a¶g+a<hFa�iBk@uvcf�ma¾uvcfd�rsa�iFq��­a�usus{¤a���a��8usa�h�wFdecfyÖuvcfdfusysa��8hFcfhFi�tb�k}imys�FhFh·k����\{|y~usa�y~a¶k��(r~uvkmhFg%uvcfd
gFa�hFa�i|k\uvc¿�|axdekmgFhFcfhFi|a�h+amqozA�R�8r�Î���k\g {|tFt a�h«�@kmj �|a�g �k�imysa�gFa�iFq<`¼kmhFhFa�uÍc£rst+ysceh+i|a�h a�y¾hF�mÀ8uvyskmdfu�¡
jla�h%usced¿uvysa��8�ma�rMk����@kmjojla�hOqÁ�
�¾a�ysjoa�g�Î��<�Fdfa�hFa�nJ{|i � j[�kJw/a�i|i|a��+Ì1y~a�d©kmg+a�u�¡�{|i�joa�g�dekmgFhFcfhFi�k�� rskmjojla�¥>{|y~usa�i|hOq��<�FdfaJ���@kmh
�+Ì1y~alh+�mÀ8uvyvk\dRa�dedfa�y¨�¤Ì1y~aldekmgFa�uÍjoa�g«jo{muvrsk\usuÍdekmgFhFcfhFi%k�� �8�Fdea�hFaln%{mi � q�
Mw2a�i|i|a�uscedf¥>a�dedfa�y­�(cfd�gFa�h
uvced¿uvy~a��8�ma�r�k��«�8�FdeaJn¤qJ�¾a�u�a�y¶kmdfuÍ�(cb�@kmhGr~c�¡�rB�k%�¤cb¦.k\y¶cf�(�\alh+{|� ceh+¥>{mysjlkmr>¢~{|h uscedÍ�k·w/a�r~uva�jljoa}¦B�mk
rsd©k\i|r7d©kmg+hFcehFix�(c�¦.k\y7t¼�klk\dedea¨�(�+dea�h+amq

�?�B���­a��7uv{|h+r � qRdf{?�/Î��<ysk\¥	u­®Ðjo{muv�8ysk\¥	u��

�|���	
�¥>�|dfi|a� Íkm�Frsr"!Fde{?�Ja�y1uv{\u�kmdOa�dea��8usyscfrs��#F�F�8r­i�¢~a�hFh+{|j gFa¾usysaÍde�+�(�\a�gFa$#�k@uva�h+a�%.¡'&­{|i)(¨decf�ma¾rVuv{|y~am¡
a�ususa�y~rs{|j¹hFa�u~uv{�dekmgFhFcfhFiJcfhFhFa�h¤¥>{|y¨a�y¾decf�ma�rVuv{|y�q<�¾a�u¾a�dea��Buvyscfrs�\a�¥>a�d¿uva�u¨r~u8�kmy¨�(cehF�\a�dfysa�u~u¾tb�k�g+a�h tFdekmhFa
#�k\uva�h�z�{|i<t2a��\a�ybw/{my~u�¥>ysk*#�k\uva�h}¦8�(cfr,+�a�yRt2{|rsc¿uvcf�+�Ôq£�¾a�ysjoa�g}i��kmy�g+a�ubce�8�\a7hF{¤a-#.�F�8rbi?¢~a�hFhF{|j»rsceg+a�hFa
k?� gFaxuv{�rVÀ(deceh+gFa�y~hFamq��¾a�ysjoa�g i3�k\y¾hF�mÀ|km�Buvcei�¦Fkmdf�(t.kmyVuva�hGk�� gFa�h uv{\u�kmdfa
#.�F�8rsa�hGi�¢~a�h+hF{|j wb�kmgFa�gFa
uv{�uv{|t+tFde{|�8�\a�hFa¶k��.%J{|i)&¨{|i}¦.k\df�(�8�Fdea�h�k��.(�q

��n|�}§¤a�¥>{mysyscfi|a%tF�FhF�Bu�q §¤kmjljoa�hFa�usuv{:d©kmgFh+cehFi«ceh+hFa�h+¥>{my)#�k@uva�h i|cey}rskmjljoa%hFa�u~uv{�#.�F�8r�i�¢~a�hFhF{mj
#�k\uva�hOq

� � �<�1kmy~aodekmgFhFcfhFi«Æ	É.É�Ò�É�Ñ�Õ@Ó¨iBk\�Frsr/#�k\uva�h[wFcfgFyvkmy¾uscedRhFa�usus{ a�dfa��Buvy~cer~�0#.�F�8r�i�¢~a�h+hF{|j gFa�hOq��.a�d¿uvdfceh@¢~a�y
¥>yvk�d©kmg+hFcehFima�hFa�tb�k��+usrscfgFa�h,i��kmy<wb�k\gFa}cehFh«i�¢~a�hFhF{mj {|i%�+u�k�� iBkm�+rsr1#.k\uva�h:{|i%wFcfgFyvkmy<cf�8�ma�uvcfd£hFa�usuv{
#.�F�8r�q

���8�J�¾a�u%rstFcfdedea�yJcfhFi|a�h y~{|dedfa {|j d©kmg+hFcehFimr~¥>{|y~gFa�dfcehFi|a�h tb�k joa�uvkmdedfa�u�cf�8�ma dea�hFi|a�y�a�y��FhFc¿¥>{|ysj·ÎG�¾a�u
a�dea��Buvys{mr~u�k@uvcer~�ma�¥>a�dfuva�u�2 a�y�h(�+ded¾{?�|a�yvkmd¿u�ceh+hFa c¾joa�u�k\dedea�u�¡7rB�k t2{musa�hFr~c©kmdfa�u�3 j[�k:�¤Ì1ysa«�m{|h+r~u�k\h8u
{��ma�yskmdfu�q¼§¤aÍ{|i|rB�k}hFa�r~uva�rst+�|ysr~j[�kmdAq

� � �¨�¾a�uÍa�dea��Buvys{mr~u�k@uvcer~�ma�¥>a�d¿uva�u�2 a�yÍh8�Fdfd£{?�|a�yvkmd¿u¶cfhFhFaxcRjoa�uvkmdedfa�u�z�dea�gFa�y~a�h��Ôq��.a�d¿uva�u�2 a�yoz>jlcfh(�+r��
i|yvkmg+cea�hBusa�hJusced�gFa�u1a�dea��Buvyscfrs�\a¾t/{\uva�h+rsc©k\dea�u�3oqb�¾a�ysjoa�g�j[�k�3��¤Ì1ysa<�m{mhFr~uvkmhBu7{?�|a�yskmdfu#cehFh+a¨c2dea�g+a�ysa�hOq
�¾a�ususa j[�kGi?¢~a�degFa�¦+a�dfu%�¤u%{|i[uvcfd¨{|i joa�g_dea�gFa�y~a�hFr�{?�ma�y1#.k\uva\¡¾a�u~uva�y~rs{|j t/{musa�hFr~c©kmdfa�u43 j[�kG�¤Ì1ysa
�m{|hBuvcfh8�Fa�y~decei z>c<jl{\uvrsa�uvhFcfhFi[uvcfd$2·��q �½�¤cfr�3 i?¢~{|y~gFa a�u �~r~tFyvk\hFi ��z�g+�(r��\kmy%gFcer~�m{|hBusceh8�Fa�y~decfi8�ltb�k
dea�g+a�ysa�hFr¼{��ma�y/#�k\uva\¡+j[�k\ususa7gFa�uÖr~�\kmy~aMusced.a�hJ�Fa�hFgFa�dfceiÍr~us{|y¼a�dea��Buvys{mr~u�k@uvcer~�x�8yvk\¥	u�¡8¦8�(cfde�ma�u#a�yÖ�¤¥	À¤r~ce�@kmdfrs��q

�


