
���������	��
�����
�����
������������������ �
��!#"%$�&('�)�*+!#",&(-.)/-/*�0���!1$2)3&(4�*+56� !7!#",&8)2-:9�;=<?>8���@�A�����?��>8�B��CEDGFHC2�3>I���J��DG>
K�L2���M4.)2)2-

N�OQP�R�SUT
VXW�Y[Z\W�]H^+Y[^H_H`ba cd^H].ce_gfihkjlW�m+noW�prq2W�s
tu^H^HZ[WwvxW�soY[^+_xjly?slY[jln�`bz|{dsojo]Hcd_�}d}xhbjoW�m+n~W�prq/W�s��8ZJh7}��d�x�

�|�I�d�I�d�d���

z

x

r r2

r1

q

−q

a
θ

E = ?

t�{xmHmH_xc@vdW��UY��dv(Y[^H_���q2W�nos~cd�InoW�n�viY�W�^�W�Z\W��In~slY[jo��]+Y[m2{xZ���q/W�jln8�cdW�^H]+WEc�v�n~{�mH�H^H�In~Z[cd]H^HY\^H_xW�s �=�
Z[{x�AcdZ\Y[joW�sln�mX�cg�A��ce�(jlW�^�Y|� �¡��¢(£x�ih�V¤Y�v(Y[j¥n~WrcAn¦m2{dn~W�^HjoY[cdZ[Wwn=§¨Y3jln~{ds¤c�v(jln©ce^H]Uª�«r¬ ¢(­�y?s~c ]HY[m2{xZ\W�^
W�s7n~Y\Z[^.®1slpgWwn7Z[Y\�

§�ª�«�¯©°d­b�²±�³ {dj.°´dµ:¶A· «e¸
¹�W�s=W�s=«ºc�v(jln©ce^H]HW�^»y?s~c�{dsoY[_d{H�:]+v(j=]HY\m/{xZ\W�^Hj¦pgY\]+n~mH�+^H�In��3°�W�s¤v(Y\^H�dW�Z[W�^»p W�Z\Z[{xp¼�A�ucd�8joW�^,{x_º½3��{x_
± �¿¾ À¤¾e�Á�e¢gW�s�]+Y[m2{xZ[W�^Hj1W�Z\W��In~slY[jl�dW�]HY[m2{xZ[p {xp W�^In�h
¢i­#z|c��+n~_xcd^H_xjlmH�H^H�In�Y:�+nonoslÂ(�8�dWwn�y?{xs�§Mª�«�¯©°x­#{d_�q/W�jln~W�pÃ]HW�n�W�Z[W��InosoY[jl�dW=y?W�ZÄn~Wwn�Å,ª�«�¯©°x­X�ÇÆ7È8É«1Ê�Æ�Ë É°
Y�jln~{ds�c@v(j¥n©cd^H]�y?s~c�]HY\m/{xZ\W�^:h
Ì¤W�n�{xmHm+_xY[j�cen�_ds~cd]HY\W�^In~{dm/W�s~ceno{xsoW�^�Y��8�HZ\W��e{i{xsl]HY[^Hcen~W�s7W�s

Í¨�ÃÉ«ÏÎ
Î «
Ê É° }« ÎÎ °

Ê ÉÐ }
«QjlY[^�° ÎÎ Ð

ÑÓÒ cdjlY\n�`�Æ�È#� ±�³ {dj.°x£x� µ:¶A· «eÔ���Æ�Ë#� ± joY\^�°x£ ´eµ:¶A· «eÔ�hÓÕÖ�{d^8noso{xZ\Z[W�s1{xp×slW�jl�HZ\n~cen~Wwn�v(Y\so�dW�s�soY[p W�Z\Y[_�y?{xs�°��Á�Ï{x_�y?{xs�°�� µ £x�(hX¹�vec p W�]%«��Á�IØ
Ù ­BÚB�c�_xso�H^+^Uc@vÛso{en©cdj	Ül{x^Hjoj¥Â(pgp W�nosoY[W�^�{xp �8soY[^+_Ý�A�ucd�8joW�^U�Acd^Gv(Yky�hÞW��(j�h»cd^In©c�cenBv(Y#q2W�ß.^H^+W�sr{xjlj�Y
à �A�umHZ[cd^HWwn�hbá#W�jlnoW�p¿]HWwnâW�Z[W��8nosoY\jo�dW7y?W�Z\n~WwnkÅGª à ¯©�I­X�ÇÆ7ã:Éà Ê�Æ�ä.É���+nln~s¥Âi�InâYH�AcdslnoW�jlY[jo�eW��e{i{dso]HY\^.cen~W�s�y?{xs«�¬ ¢.hbz7Y[m+j�`�z|cr�+n~_xcd^H_xjlmH�H^H�In�Y2�+nonoslÂ(�8�dW�^+W�y?{xs#Æ�È1{x_�Æ�Ë7Y/mH�+^H�In�¢i­åhbz|W�_x^º{xmHmºW�^�ß._x�Hs#{x_�ß.^H^
j~cdp pgW�^HæHW�^H_xW�^�p W�Z[Z\{xp¨�d{({xso]+Y[^.cenoW�^HWgª à ¯©�I­1{x_�ª�«�¯©°d­w�.{x_�y?W�ZÄn~�e{xpgm2{x^HW�^In~W�^+WBÆ7ãI¯©Æ�ä�{x_ Æ�È@¯~Æ�Ë�hÑÓÒ cdjlY\n�`�Æ�ã¤�Ç� ± à �x£ ´dµ:¶A· ª à ¸ Ê�� ¸ ­¥ç�è ¸ ��Æ�ä1� ± ª��d� ¸âé à ¸ ­l£ ´dµ:¶A· ª à ¸ Ê�� ¸ ­¥ç�è ¸ hêÕ
ë ­7á#W�jln~W�pÃ{x_xjI�c ÅÛª à ¯~�I­#vxW�]�y?�xsoj¥n��cÏjl�8soY\vdWB{dp²§�ª�«�¯©°d­ân~Y\Z3§�ª à ¯~�I­w��{x_Ï]HW�soW�nln~W�s¦cd^IvdW�^H]HWB_xs~ce]HY[W�^8n¥�{xm/W�s~ceno{xsoW�^%Y��ecesln~W�joY\jo�dW��d{({xsl]HY[^.cAn~W�s�h

}



�|�I�d�I�d�d���
t �Acds¥n~W�joY[jl�dW»�d{({xsl]HY[^.cAn~W�sgW�sºWwnºY[^+ßH^HY\noW�joY\pMceZ\n ª�]HY���W�soW�^HjoY\W�Z\n©­ Z\Y[^AÜlW�W�Z[W�pgW�^In�ª	vxW�Y\W�Z\W�p W�^Inå­g_dY\nongvxW�]
��� � � à Éà Ê ��� É� Ê � �ÁÉ�Hh	��n�Y\^+ß.^HYÄn~W�joY[pgcdZÄn�
�cenoW�W�Z\W�p W�^In �
� W�s ����� �ÁÉà � � à � �ÇÉ� {x_ � à ��� É�^k�cds�
.cen~W�^H{xsopgcdZ\W�^,m/W��dW�s�YâæHW�^HæH{xZ\]Hjlv(Y\j à �©� � �¦{x_Ý���usoWwn~^HY\^H_Hh���nrY[^iß.^HY\noW�jlY[pgcdZ\n=vd{xZ[�Hp W�Z\W�p W�^In�W�s
� §6� � à ����� �+h
¢i­#V¦Y[j�cen�Y��8�HZ\W��d{({xsl]HY[^.cAn~W�s�ª?«�¯©°i¯ Ð ­#W�s7]HW�n~Y\Z[j¥vdcesoW�^+]HW=jlno�xsoslW�Z[jlW�s

��� � � «�É«�Ê�« � ° É°�Ê�«QjoY[^�° �(Ð ÉÐ
�
� È � « ¸ joY\^�° � ° �(Ð É«
�
� Ë � « � «|joY\^�° �(Ð É°
����� � « � « � ° ÉÐ
� § � « ¸ � «QjoY\^�° � ° �(Ð

z7Y[mHj�`Qz�W�_x^ {xmHmÏW�nkY\^+ß.^HYÄn~W�jlY[pgcdZ\n�vx{dZ[�Hp W�Z\W�p W�^Inbjo{dp c�v(_xsoW�^HjoW�j1c�v�
�cenoW�^HW�«�{x_�«�Ê � «(�8°¤{x_�°�Ê � °i�
Ð {x_ Ð Ê �(Ð h�ª��iW¦ß._d�Hs#Y2�H�dW�^In~Z[Y\_rj~cepgp W�^H]+s~cd_H�(�H�eW=� ´ h���á¦`+tb]+W�^H^HW�ß._x�HslW�^ºW�sâ]HW¦nosoW¦{dsln~{d_x{x^.cdZ\W
W�^HæHWwn~j¥vxW��Ino{xsoW�^HW�É«i¯ É°�{x_ ÉÐ�� 
HÂ8nonoW�n��¦vxW��(��y?s~c�]HW�nXce�8no�HW�Z\Z[WXvx{xZ\�Hp W�Z[W�pgW�^In~W�n�hQ¹�W�^HjlY[�In~W�^rvecds=�c¦�+^H^H_3�c
W�^»cdZÄnoy?{xs�so{dnoW�n~WBß._x�Hs��:pgW�^�soW�jo�HZÄn©cenoW�n=W�s¤�Acd^Hjo��ÜlWÏp Y[jlv(Y\joW�^+]HWd`�Ì¤Y[jljoW�nosoWrW�^HæHW�nojlvdW��In~{xslW�^HWgW�s� "!#! �
y�cdjlnoW¤vxW��Ino{xsoW�s�Y:sl{xp pgWwn��(]HW�W�s�c�v(æHW�^H_dY[_xW�c�v%$ �'&)( Y:so{dpgp W�nâviY�W�s��H{d_ �+*-,'(~�+(�(~�+./*  *(� WwnonoW�sojl{xp×v(Y

HÂ8non~W�s#{xjljâsl�H^H]+n�h0�b�(jlW�p m/W�Z�`�tQW�n1m+�H^H�In1mX�c � ��cd�8joW�^�ª ��1 �I­�W�s�É«��¼É� p W�^HjkY�W�nâmH�H^H�In#mk�c��A�ucd�8joW�^
ªJ� 1 �I­w�+]HW�slY[p {dn��iW�sMÉ«��¼É�Hh ­
Ù ­|V¦Y[j�mX�c¤_xso�H^+^HZ cd_¤c@vBy?{xsop Z[W�^HW1{@vxW�sXcenbW�YH�8�HZ[W7p W�]�socd]HY[�+j�2�æ.cds�vx{dZ[�Hp ´dµ 2 Ô £e�¤{x_={@vxW�s3
�cenoW�cdslW�cdZ
´dµ 2 ¸ h
Ö�{dpgp W�^In©ces�`�4¤p �8soW�nojoW�^%c@vgW�^ºjlY[sl�dW�Z/pgW�]�s~ce]HY[�Hj52 W�s1� µ 2rh6�iY\so�dW�Z[W�^��+n~jlm/W�^H^HW�s7W�^�v(Y[^H�eW�Z/mk�c�� µ
ª�s~ce]HY cd^+W�s©­åhbÌ¤Y[jljoW=slW�jo�+Z\n©cAn~W�^+W=�d{xp pgW�s#v(Y:y?s~cdp¨n~Y\Z/vdW�] �cÏj¥n©cds¥n~W=p W�]ºWwn�Y\^+ß.^HYÄn~W�joY[pgcdZÄnâq+�HW�W�Z[W�p W�^In
�
7 �82 � ° {x_�Y[^InoW�_xslW�soWBy?s~c��gnoY[ZQ� µ h¤z7Y\Z[j¥vdcesoW�^+]HW�æ.ces¦W�^��8�HZ\W9
�cAn~Wrp W�]�socd]HY[�+j�2 W�n=cdsoW�cdZ ´eµ 2 ¸ h
Ö��+Z[W9
.cen~W�^g�+nojom2W�^H^+W�s#W�^ (:&);��  * ! �+< mk�c ´dµ ª?jlnoW�s~ce]HY cd^+W�s©­åhb¹�W�sâW�sX�+n~_Ice^H_xjom+�H^H�In~Wwn#Wwn#Y\^+ß.^HYÄn~W�jlY[pgcdZ\n
=7�'.u�©�+<[�+;M�+*>. ��?�@ �A2 ¸ �
B �3]HW�s �
B � jlY[^�° � ° �(Ð W�s�WwnBY\^+ß.^HYÄn~W�joY[pgcdZÄn (:&);��  * ! �+<[�+<[�+;M�+*>. h�tu^8noWw�
_xs~cdj	Ül{x^�{@vxW�s�°�{x_ Ð _xY[sk]HW�slW�nln~W�s7�8�HZ\W9
�cAn~W�^+j1n~{dn~cdZ[W¦cdsoW�cdZ ? �HW�v8n�h�n~{dn~cdZ[W�so{xp�v(Y\^H�dW�Z B h�V¤Y/�d{xp p W�s
jln~socd�8j7n~Y[Z\q.cd�eW¤n~Y[Z�]HW�nln~W�Y:y?{xsoW�Z[W�jo^HY\^H_xW�^+Wd�HY:y?{xslqHY[^+]HW�Z\joW=p W�]DC �'E�FGFH<"&A� h

�|�I�d�I�d�d�JILKM;�E
<N.  �-<[��O $ &  O©�QP
ª/R¦^In~cenon�n~Y\]Hjly?{dsoqHsl�H��` ³ c%}@��pgY\^:hXÊ¡Wwv8n�hbn~Y\]%noY[Z��c�qHZ[c�Y:Z ®1slW�q2{x��W�Z\Z[W�s1^H{dn~cen~W�s�h ­
��{(W7c�vr]HWwnon~W=ª�]+v(jXY[�8�dW1cdZ\nTS ­=viY\Z+]H��y��c¦q+so�H��y?{xs�^HW�]HW�^+y?{ds�`#}@£ ´dµ:¶A· �VUXWl}@�ZY0��p ¸\[�]#¸ ��^¦�¡}�_a`bW¥}@�
c>d/Y
] �>egfk�VUh_Ä}x}iWI}@� c Ô d �8_H�>e�j=�¡}�_k`�lmWI}@� c ¸on �(_
¢i­XÚ|{en~W�^+joY ceZ\y?{xsljo��ÜlW�Z\Z[W�^ p W�Z[Z\{xp �Aceno{i]HW�^M{x_Bjo��ÜlW�slpgW�^�Y�W�n#z1V���cemHm.cdsocen#W�s1�'p��IVrhiÌ¤W�sljo{xp¿v(Y�ce^8n~cds
cen7W�n�W�Z[W��8noso{x^�y?{dsoZ cAn~W�sâ�Acen~{(]HW�^%p W�]º^8�HZ\Z�æ.cdj¥n~Y\_xæHW�n��HæIvx{xs7j¥n~{xs7W�s1].c�æ.cdj¥n~Y\_xæHW�noW�^º�Hp Y[]+]HW�Z\q.cdslnây?�xs
]HW�n�n~slW9�/W�s�jo��ÜlW�sop W�^�Ø

R ´ _ ��WI}@� d�ç p [ j
á fh_ f�WI}@��d�ç�p [ j
] �h_ f�WI}@� n p [ j
Ì `h_k`�WI}@� n p [ j
� Uh_ ´ WI}@� n p [ j

�



Ù ­��b^�q2W�s¥ÂiZ\Z[Y\�Hpg��ÜlW�so^HWBpgW�],Z[cd]H^HY\^H_ ´ ^ {x_MpMcdjljoW U'e�jÏ{x_ºW�^
�
�umHcdslnoY[�8�dW�Z7ª�]ivij=W�^»æHW�Z\Y[�Hp ��ÜlW�so^+W@­

pgW�]�Z[cd]H^HY\^H_ �'^�{x_ÏpMcdjljoW ´ e�j�W�s�Y:sl{HhXÌ¤W=n~{Ïm.cds¥n~Y[�8Z\W�^HW=�Acd^�_xY[j#Z[Y[�eW=jlno{xs��(Y\^HW�noY[jl��W�^HW�so_xY:vdW�] �c
R cd�8joW�Z\W�slW�soW�]HW�p _@ÜlW�^H^H{xp×W�^�Z[Y[�eW=jlno{xs7m/{en~W�^+joY ceZ\y?{xsljo��ÜlW�Z\Z�h
á cd�8joW�Z\W�slW�soW

�
��m.cds¥n~Y[�8�eW�Z[W�^%_@ÜlW�^H^H{xp § vd{xZ\n�{d_gq2W�s¥ÂiZ\Z[Y\�Hpg��ÜlW�so^HW�^º_@ÜlW�^H^H{xp §#£x��vx{dZ\n�h

] cd�8joW�Z\W�slW�soW
�
��m.cds¥n~Y[�8�eW�Z[W�^%_@ÜlW�^H^H{xp § vd{xZ\n�{d_gq2W�s¥ÂiZ\Z[Y\�Hpg��ÜlW�so^HW�^º_@ÜlW�^H^H{xp UI§#£dfrvd{xZ\n�h

Ì cd�8joW�Z\W�slW�soW
�
��m.cds¥n~Y[�8�eW�Z[W�^%_@ÜlW�^H^H{xp § vd{xZ\n�{d_gq2W�s¥ÂiZ\Z[Y\�Hpg��ÜlW�so^HW�^º_@ÜlW�^H^H{xp UI§#£ ´ vd{xZ\n�h

� cd�8joW�Z\W�slW�soW
�
��m.cds¥n~Y[�8�eW�Z[W�^%_@ÜlW�^H^H{xp § vd{xZ\n�{d_gq2W�s¥ÂiZ\Z[Y\�Hpg��ÜlW�so^HW�^º_@ÜlW�^H^H{xp UI§#£x��vd{xZ\n�h

E
2 43

5

1

Ò Y[_x�+soW�^%Y\Z[Z[�+jln~slW�slW�s1Wwn��H^HY\y?{dsop�n7W�Z[W��8nosoY\jo�My?W�Z\n�Å�h
ë ­1¹�viY\Z[�eW�m+�H^H�In~W�s�Y�ßH_x�HsoW�^�W�s�mk�c jocdp pgW¤m2{dnoW�^HjlY cdZ Ø

R ��{d_�p
á �i����{x_ ´
] }�{d_ ´
Ì }�{d_�p
� ��{d_ ´

� ­1¹�v(Y[Z[�eW�n�mH�+^H�In¦Y:ß._d�HsoW�^�W�s�mX�cÏæ+�dÂxW�jln�m/{dnoW�^HjlY cdZ Ø
R }
á �
] �
Ì ´
� p

^�­�¹�v(Y[Z[�eW�n�mH�+^H�In�Y:ßH_x�HsoW�^�W�s�mk�c Z[c�vxW�j¥n�m/{dnoW�^HjlY cdZ Ø
R }
á �
] �
Ì ´
� p

�


