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�J�O �U�I�F �D�B�Q�U�V�S�F �T�F�D�U�J�P�O�� �'�V�S�U�I�F�S�N�P�S�F�
 �U�I�F �O�F�X �4�3�' �D�B�W�J�U�Z �N�V�T�U �C�F �T�U�B�C�M�F �B�O�E �S�F�M�J�B�C�M�F �J�O
�P�Q�F�S�B�U�J�P�O�� �)�F�O�D�F�
 �B �D�B�S�F�G�V�M �B�O�B�M�Z�T�J�T �P�G �U�I�F �N�F�D�I�B�O�J�D�B�M �C�F�I�B�W�J�P�V�S �P�G �U�I�F �O�F�X �D�B�W�J�U�Z �I�B�T
�C�F�F�O �D�B�S�S�J�F�E �P�V�U��

�5�I�F �D�P�N�Q�M�F�Y �N�V�M�U�J���Q�I�Z�T�J�D�T �E�F�T�J�H�O �D�I�B�M�M�F�O�H�F �J�O �U�I�J�T �X�P�S�L �I�B�T �C�F�F�O �D�P�O�W�P�M�V�U�F�E �C�Z �U�I�F
�N�J�O�J�N�J�T�F�E �J�O�W�F�T�U�N�F�O�U �D�P�T�U �S�F�R�V�J�S�F�N�F�O�U �G�P�S �U�I�F �D�B�Q�U�V�S�F �T�F�D�U�J�P�O �V�Q�H�S�B�E�F�� �4�F�W�F�S�B�M �D�B�W�J�U�Z
�M�B�Z�P�V�U�T �I�B�W�F �C�F�F�O �D�P�O�T�J�E�F�S�F�E �G�P�S �U�I�F �V�Q�H�S�B�E�F�� �5�I�F �P�V�U�D�P�N�F �P�G �U�I�J�T �E�J�T�T�F�S�U�B�U�J�P�O �J�T �U�I�F
�Q�S�P�Q�P�T�B�M �U�P �S�F�Q�M�B�D�F �U�I�F �����D�F�M�M� �H�� �� �D�B�W�J�U�Z �X�J�U�I �B �����D�F�M�M �S�F�E�V�D�F�E��� �4�3�' �D�B�W�J�U�Z�� �5�I�F �S�F��
�Q�M�B�D�F�N�F�O�U �X�J�M�M �B�M�M�P�X �U�P �B�D�D�F�M�F�S�B�U�F �U�I�F �C�F�B�N �J�O �U�I�F �D�B�Q�U�V�S�F �T�F�D�U�J�P�O �U�P �W�F�M�P�D�J�U�J�F�T �P�G �V�Q
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�U�P� �� �������� �X�J�U�I �B �N�J�O�J�N�J�T�F�E �S�F�M�B�U�J�W�F �F�O�F�S�H�Z �T�Q�S�F�B�E �H�S�P�X�U�I�� �5�B�L�J�O�H �J�O�U�P �B�D�D�P�V�O�U �U�I�F
�G�B�D�U �U�I�B�U �U�I�F �C�F�B�N �F�O�F�S�H�Z �T�Q�S�F�B�E �P�S�J�H�J�O�B�U�J�O�H �G�S�P�N �U�I�F �J�O�K�F�D�U�P�S �M�J�O�B�D �D�B�O �O�P�U �C�F �D�P�S�S�F�D�U�F�E
�J�O �U�I�F �N�B�J�O �M�J�O�B�D�
 �U�I�F �D�B�Q�U�V�S�F �T�F�D�U�J�P�O �V�Q�H�S�B�E�F �X�J�M�M �J�N�Q�S�P�W�F �U�I�F �P�W�F�S�B�M�M �C�F�B�N �R�V�B�M�J�U�Z �B�U
�U�I�F �4���%�"�-�*�/�"�$�� �5�I�F �J�O�W�F�T�U�N�F�O�U �D�P�T�U�T �I�B�T �C�F�F�O �N�J�O�J�N�J�T�F�E �C�Z �E�F�T�J�H�O�J�O�H �B �D�B�W�J�U�Z �U�I�B�U �J�T
�D�P�N�Q�B�U�J�C�M�F �X�J�U�I �U�I�F �Q�S�F�T�F�O�U �D�P�P�M�J�O�H �D�S�Z�P�T�U�B�U �B�O�E �U�V�O�J�O�H �T�Z�T�U�F�N �P�G �U�I�F �����D�F�M�M �D�B�W�J�U�Z��
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�� �&�K�D�U�J�H�G �3�D�U�W�L�F�O�H�V �$�F�F�H�O�H�U�D�W�L�R�Q �L�Q �W�K�H
�5�D�G�L�R���I�U�H�T�X�H�Q�F�\ �)�L�H�O�G�V

�1�S�F�T�F�O�U�M�Z�
 �S�B�E�J�P���G�S�F�R�V�F�O�D�Z �	�3�'�
 �D�B�W�J�U�J�F�T �B�S�F �J�N�Q�M�F�N�F�O�U�F�E �J�O �P�S�E�F�S �U�P �J�O�D�S�F�B�T�F �U�I�F �F�O�F�S�H�Z
�P�G �U�I�F �D�I�B�S�H�F�E �Q�B�S�U�J�D�M�F�T �J�O �Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S�B�U�P�S�T�� �5�I�F �D�P�S�F �Q�B�S�U �P�G �U�I�J�T �X�P�S�L �J�T �E�F�E�J�D�B�U�F�E
�U�P �T�V�Q�F�S�D�P�O�E�V�D�U�J�O�H �3�' �	�4�3�'�
 �D�B�W�J�U�Z �E�F�T�J�H�O�� �%�V�F �U�P �U�I�F �G�B�D�U �U�I�B�U �U�I�F �O�F�X �4�3�' �D�B�W�J�U�Z �J�T
�J�O�U�F�O�E�F�E �U�P �B�D�D�F�M�F�S�B�U�F �M�P�X �F�O�F�S�H�Z �F�M�F�D�U�S�P�O �C�F�B�N�T�
 �U�I�F �C�F�B�N �R�V�B�M�J�U�Z �P�G �X�I�J�D�I �J�T �F�T�Q�F�D�J�B�M�M�Z
�T�F�O�T�J�U�J�W�F �U�P �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �F�S�S�P�S�T �J�O �3�' �D�B�W�J�U�J�F�T�
 �T�P�N�F �U�I�F�P�S�F�U�J�D�B�M �B�T�Q�F�D�U�T �P�G �M�P�O�H�J�U�V�E�J�O�B�M
�C�F�B�N �E�Z�O�B�N�J�D�T �J�O �U�I�F �3�' �G�J�F�M�E �B�S�F �J�O�U�S�P�E�V�D�F�E �T�I�P�S�U�M�Z �J�O �4�F�D�U�J�P�O �������� �'�P�S �U�I�F �F�Y�U�F�O�T�J�W�F
�U�I�F�P�S�Z �S�F�M�B�U�F�E �U�P �U�I�F �C�F�B�N �E�Z�O�B�N�J�D�T �J�O �Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S�B�U�P�S�T �U�I�F �S�F�B�E�F�S �J�T �S�F�G�F�S�S�F�E �U�P
�<���> �B�O�E �<���>�� �'�V�S�U�I�F�S �P�O�
 �U�I�F �3�' �D�B�W�J�U�Z �G�V�O�E�B�N�F�O�U�B�M�T �B�T �X�F�M�M �B�T �U�I�F �Q�S�J�O�D�J�Q�M�F �E�J�G�G�F�S�F�O�D�F�T
�C�F�U�X�F�F�O �O�P�S�N�B�M �D�P�O�E�V�D�U�J�O�H �3�' �D�B�W�J�U�J�F�T �B�O�E �4�3�' �D�B�W�J�U�J�F�T �B�S�F �E�J�T�D�V�T�T�F�E �J�O �4�F�D�U�J�P�O ������ �B�O�E
�4�F�D�U�J�P�O �������
 �S�F�T�Q�F�D�U�J�W�F�M�Z��

������ �6�R�P�H �$�V�S�H�F�W�V �R�I �W�K�H �/�R�Q�J�L�W�X�G�L�Q�D�O �%�H�D�P �'�\�Q�D�P�L�F�V �L�Q �5�) �/�L�Q�H�D�U
�$�F�F�H�O�H�U�D�W�R�U�V

�" �Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S�B�U�P�S�
 �J�O �X�I�J�D�I �U�I�F �U�S�B�K�F�D�U�P�S�Z �P�G �B�D�D�F�M�F�S�B�U�F�E �D�I�B�S�H�F�E �Q�B�S�U�J�D�M�F�T �J�T �S�F�Q�S�F��
�T�F�O�U�F�E�
 �J�O �H�F�O�F�S�B�M�
 �C�Z �B �T�U�S�B�J�H�I�U �M�J�O�F�
 �J�T �D�M�B�T�T�J�G�J�F�E �B�T �B �M�J�O�F�B�S �B�D�D�F�M�F�S�B�U�P�S �P�S�M�J�O�B�D�� �5�I�F
�N�P�U�J�P�O �P�G �B �Q�B�S�U�J�D�M�F �X�J�U�I �W�F�M�P�D�J�U�Z~v �B�O�E �D�I�B�S�H�Fq �J�T �E�F�U�F�S�N�J�O�F�E �C�Z �U�I�F �/�F�X�U�P�O���-�P�S�F�O�U�[
�F�R�V�B�U�J�P�O��

~F =
d~p

dt
= q

�
~E+ ~v � ~B

�
. �	�������


�5�I�F �N�B�H�O�F�U�J�D �G�J�F�M�E~B �E�F�U�F�S�N�J�O�F�T �U�I�F �U�S�B�K�F�D�U�P�S�Z �P�G �U�I�F �Q�B�S�U�J�D�M�F�
 �X�I�J�M�F �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E~E
�E�F�U�F�S�N�J�O�F�T �J�U�T �F�O�F�S�H�Z �H�B�J�O��

�$�V�S�S�F�O�U�M�Z�
 �N�P�T�U �D�P�N�N�P�O�M�Z �V�T�F�E �E�F�W�J�D�F�T �G�P�S �D�I�B�S�H�F�E �Q�B�S�U�J�D�M�F�T �B�D�D�F�M�F�S�B�U�J�P�O �B�S�F �3�' �S�F�T��
�P�O�B�U�P�S�T �	�D�B�W�J�U�J�F�T�
 �P�Q�F�S�B�U�F�E �X�J�U�I �U�J�N�F���I�B�S�N�P�O�J�D �T�U�B�O�E�J�O�H �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �X�B�W�F�T�� �5�I�F
�F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �G�J�F�M�E �E�J�T�U�S�J�C�V�U�J�P�O �J�O �S�F�T�P�O�B�U�P�S�T �J�T �D�I�P�T�F�O �J�O �B �X�B�Z �T�V�D�I �U�I�B�U �U�I�F �N�B�H�O�F�U�J�D
�G�J�F�M�E �J�T �B�C�T�F�O�U �B�U �U�I�F �Q�B�S�U�J�D�M�F �U�S�B�K�F�D�U�P�S�Z �B�O�E �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �I�B�T �B �D�P�N�Q�P�O�F�O�U �X�J�U�I �B
�E�J�S�F�D�U�J�P�O �B�M�P�O�H �U�I�F �Q�B�S�U�J�D�M�F �N�P�U�J�P�O�� �)�F�O�D�F�
 �G�P�S �B �Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S�B�U�F�E �J�O �U�I�F �B�D�D�F�M�F�S�B�U�J�O�H
�3�' �D�B�W�J�U�Z�
 �	�������
 �D�B�O �C�F �X�S�J�U�U�F�O �B�T��

~F =
d~p

dt
= q~E. �	�������


�/�P�X�
 �D�P�O�T�J�E�F�S �U�I�F �T�U�B�O�E�J�O�H �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �X�B�W�F �J�O �U�I�F �3�' �S�F�T�P�O�B�U�P�S �U�I�B�U �D�P�O�T�J�T�U �P�G �B
�T�J�O�H�M�F �B�D�D�F�M�F�S�B�U�J�O�H �3�' �H�B�Q �X�J�U�I �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �E�J�T�U�S�J�C�V�U�J�P�O�
 �B�T �J�U �J�T �T�D�I�F�N�B�U�J�D�B�M�M�Z �T�I�P�X�O
�J�O �'�J�H�� ��������
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�)�L�J�X�U�H ���������-�F�G�U�� �&�M�F�D�U�S�J�D �G�J�F�M�E �E�J�T�U�S�J�C�V�U�J�P�O �J�O �U�I�F �H�B�Q�� �3�J�H�I�U�� �&�M�F�D�U�S�J�D �G�J�F�M�E �B�N�Q�M�J�U�V�E�F �B�T �B �G�V�O�D�U�J�P�O
�P�G �U�I�F �M�P�O�H�J�U�V�E�J�O�B�M �D�P�P�S�E�J�O�B�U�F��

�/�F�Y�U�
 �B�T�T�V�N�F �U�I�B�U �U�I�F �D�I�B�S�H�F�E �Q�B�S�U�J�D�M�F �P�O�M�Z �J�O�U�F�S�B�D�U�T �X�J�U�I �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �P�O �U�I�F
�D�F�O�U�S�B�M �B�Y�J�Tz �P�G �U�I�F �3�' �H�B�Q �U�I�B�U �J�T �F�Y�Q�S�F�T�T�F�E �B�T��

Ez( r, z, t ) = Ez(0, z, t ) = Ez(z) cos(! t (z) + � ) , �	�������


�X�I�F�S�Ft (z) =
Rz

0
dz

dv (z) dz �J�T �U�I�F �U�J�N�F �B�U �X�I�J�D�I �U�I�F �Q�B�S�U�J�D�M�F �J�T �B�Uz �B�O�EEz(z) �J�T �U�I�F �M�P�O�H�J�U�V�E�J�O�B�M
�F�M�F�D�U�S�J�D �G�J�F�M�E �B�N�Q�M�J�U�V�E�F �B�Uz�� �5�I�F �Q�B�S�U�J�D�M�F���T �P�S�J�H�J�O �J�T �D�I�P�T�F�O �X�J�U�I�J�O �U�I�F �H�B�Q �B�U �U�J�N�Ft �� ����
�'�P�S �D�P�O�W�F�O�J�F�O�D�F�
 �B�M�T�P �B�T�T�V�N�F �U�I�B�U �U�I�F�3�' �Q�I�B�T�F� �P�G �U�I�F �3�' �G�J�F�M�E �J�T �S�F�M�B�U�J�W�F �U�P �U�I�F �G�J�F�M�E
�D�S�F�T�U�� �5�I�F �Q�B�S�U�J�D�M�F �U�S�B�W�F�M�M�J�O�H �B�M�P�O�H �U�I�Fz �B�Y�J�T �X�J�M�M �J�O�U�F�S�B�D�U �X�J�U�I �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �B�O�E �X�J�M�M
�P�C�U�B�J�O �U�I�F �G�P�M�M�P�X�J�O�H �L�J�O�F�U�J�D�F�O�F�S�H�Z �H�B�J�O�<�����>��

� W = q

Z l =2

� l=2

Ez(z) cos(! t (z) + � ) dz. �	�������


�5�I�F �Q�B�S�U�J�D�M�F �U�S�B�W�F�M�T �X�J�U�I �U�I�F �G�J�O�J�U�F �W�F�M�P�D�J�U�Z �U�I�S�P�V�H�I �U�I�F �U�J�N�F �W�B�S�Z�J�O�H �F�M�F�D�U�S�J�D �G�J�F�M�E �J�O �U�I�F
�H�B�Q�� �)�F�O�D�F�
 �U�I�F �Q�B�S�U�J�D�M�F �X�J�M�M �O�P�U �B�M�X�B�Z�T ���T�F�F�� �U�I�F �N�B�Y�J�N�V�N �G�J�F�M�E �B�N�Q�M�J�U�V�E�F �E�V�S�J�O�H �J�U�T
�U�S�B�O�T�J�U �B�M�P�O�H �U�I�F �H�B�Q�� �*�O �P�U�I�F�S �X�P�S�E�T�
 �B �Q�B�S�U�J�D�M�F �U�I�B�U �J�T �B�D�D�F�M�F�S�B�U�F�E �J�O �B �D�P�O�T�U�B�O�U �E�J�S�F�D�U
�D�V�S�S�F�O�U �	�E�D�
 �G�J�F�M�E �X�J�M�M �B�M�X�B�Z�T �H�B�J�O �N�P�S�F �F�O�F�S�H�Z�
 �J�O �D�P�N�Q�B�S�J�T�P�O �U�P �B �Q�B�S�U�J�D�M�F �U�I�B�U �J�T �B�D��
�D�F�M�F�S�B�U�F�E �J�O �B �U�J�N�F���W�B�S�Z�J�O�H �G�J�F�M�E �X�J�U�I �U�I�F �T�B�N�F �F�M�F�D�U�S�J�D �G�J�F�M�E �B�N�Q�M�J�U�V�E�F�
 �S�F�H�B�S�E�M�F�T�T �P�G �3�'
�Q�I�B�T�F� �D�I�P�J�D�F�� �5�I�V�T�
 �U�I�F �U�P�U�B�M �Q�B�S�U�J�D�M�F �F�O�F�S�H�Z �H�B�J�O �J�O �U�I�F �3�' �H�B�Q �J�T �E�F�D�S�F�B�T�F�E �C�Z �B
�D�F�S�U�B�J�O �G�B�D�U�P�S�
 �U�I�B�U �J�T �D�B�M�M�F�E �U�I�F�U�S�B�O�T�J�U���U�J�N�F �G�B�D�U�P�ST�� �*�O �U�I�J�T �D�B�T�FT �D�B�O �C�F �F�Y�Q�S�F�T�T�F�E �B�T
�G�P�M�M�P�X�T��

T =
�Q�B�S�U�J�D�M�F �F�O�F�S�H�Z �H�B�J�O(v = � c)

�Q�B�S�U�J�D�M�F �F�O�F�S�H�Z �H�B�J�O(v ! 1 )
=

Rl =2

� l=2
Ez(z) cos! t (z)dz
Rl =2

� l=2
Ez(z)dz

. �	�������


�5�B�L�J�O�H �J�O�U�P �B�D�D�P�V�O�U �U�I�F �U�S�B�O�T�J�U���U�J�N�F �G�B�D�U�P�S�
 �B�O�E �C�Z �E�F�G�J�O�J�O�H �U�I�F �B�Y�J�B�M �3�' �H�B�Q �W�P�M�U�B�H�FV0�


V0 = q

Z l =2

� l=2

Ez(z)dz, �	�������


�� �� �&�K�D�U�J�H�G �3�D�U�W�L�F�O�H�V �$�F�F�H�O�H�U�D�W�L�R�Q �L�Q �W�K�H �5�D�G�L�R���I�U�H�T�X�H�Q�F�\ �)�L�H�O�G�V



�F�Y�Q�S�F�T�T�J�P�O �	�������
 �D�B�O �C�F �X�S�J�U�U�F�O �B�T �G�P�M�M�P�X�T��

� W = qV0T cos� . �	�������


�"�O�B�M�Z�T�J�O�H �	�������
�
 �G�P�S �U�I�F �3�' �Q�I�B�T�F� �� ���
 �U�I�F �Q�B�S�U�J�D�M�F �J�T �B�D�D�F�M�F�S�B�U�F�E �P�O �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E
�D�S�F�T�U �B�O�E �H�B�J�O�T �N�B�Y�J�N�V�N �Q�P�T�T�J�C�M�F �F�O�F�S�H�Z �H�B�J�O�� �*�G� �� �� �U�I�F �Q�B�S�U�J�D�M�F �B�S�S�J�W�F�T �F�B�S�M�J�F�S �U�I�B�O
�U�I�F �G�J�F�M�E �D�S�F�T�U �B�O�E �M�B�U�F�S �J�G� �� ���� �5�I�F�S�F�G�P�S�F�
 �G�P�S �B �T�U�B�C�M�F �B�D�D�F�M�F�S�B�U�J�P�O �J�O �/���� �3�' �H�B�Q�T
�	�F���H�N�V�M�U�J���D�F�M�M �3�' �D�B�W�J�U�Z�
 �U�I�F �Q�B�S�U�J�D�M�F �N�P�U�J�P�O �N�V�T�U �C�F �T�Z�O�D�I�S�P�O�J�T�F�E �X�J�U�I �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E
�Q�I�B�T�F��

�5�I�F �1�I�B�T�F �4�U�B�C�J�M�J�U�Z �1�S�J�O�D�J�Q�M�F �I�B�T �C�F�F�O �J�O�U�S�P�E�V�D�F�E �C�Z �7�� �7�F�L�T�M�F�S �J�O �������� �<�����> �B�O�E �J�O�E�F��
�Q�F�O�E�F�O�U�M�Z �C�Z �&�� �.�D�.�J�M�M�J�B�O �J�O �������� �<�����>�
 �X�I�P �D�P�O�T�U�S�V�D�U�F�E �U�I�F �G�J�S�T�U �F�M�F�D�U�S�P�O �T�Z�O�D�I�S�P�U�S�P�O��
�5�I�F �Q�S�J�O�D�J�Q�M�F �X�J�M�M �C�F �F�Y�Q�M�B�J�O�F�E �R�V�B�M�J�U�B�U�J�W�F�M�Z �V�T�J�O�H �B�O �F�Y�B�N�Q�M�F �U�I�B�U �E�F�T�D�S�J�C�F�T �U�I�F �B�D�D�F�M�F�S��
�B�U�J�P�O �P�G �U�I�F �O�P�O���S�F�M�B�U�J�W�J�T�U�J�D �F�M�F�D�U�S�P�O �C�F�B�N �J�O �U�I�F �Q�F�S�J�P�E�J�D �T�U�B�O�E�J�O�H���X�B�W�F �3�' �T�U�S�V�D�U�V�S�F��

�'�J�S�T�U�
 �D�P�O�T�J�E�F�S �B�O �B�S�S�B�Z �P�G �	�/�����
 �J�E�F�O�U�J�D�B�M �3�' �H�B�Q�T �D�P�O�O�F�D�U�F�E �C�Z �C�F�B�N �U�V�C�F�T �X�J�U�I�P�V�U
�G�J�F�M�E�T �J�O�T�J�E�F �P�G �U�I�F�T�F �U�V�C�F�T�� �"�M�T�P �B�T�T�V�N�F �U�I�B�U �U�I�F �M�F�O�H�U�I �P�G �U�I�F�T�F �C�F�B�N �U�V�C�F�T �J�T �N�B�U�D�I�F�E
�X�J�U�I �U�I�F �C�F�B�N �W�F�M�P�D�J�U�J�F�T �U�I�B�U �J�O�D�S�F�B�T�F �B�G�U�F�S �F�B�D�I �3�' �H�B�Q �	�F���H�
 �"�M�W�B�S�F�[���U�Z�Q�F �%�S�J�G�U �5�V�C�F
�-�J�O�B�D �<�����>�
�� �"�T�T�V�N�F �O�P�X �U�I�B�U �U�I�F�S�F �J�T �B �Q�B�S�U�J�D�M�F �	�4�
 �X�J�U�I �B �W�F�M�P�D�J�U�Z �U�I�B�U �J�T �Q�F�S�G�F�D�U�M�Z
�T�Z�O�D�I�S�P�O�J�T�F�E �X�J�U�I �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �P�T�D�J�M�M�B�U�J�P�O �J�O �U�I�F�T�F �H�B�Q�T�
 �J�O �B �X�B�Z �T�V�D�I �U�I�B�U �J�U �X�J�M�M
�F�O�U�F�S �F�B�D�I �H�B�Q �B�U �U�I�F �3�' �G�J�F�M�E�T�Z�O�D�I�S�P�O�P�V�T �Q�I�B�T�F� s �	�T�F�F �'�J�H�� �������
�� �5�I�J�T �Q�B�S�U�J�D�M�F �J�T �D�B�M�M�F�E
�B�T�Z�O�D�I�S�P�O�P�V�T �Q�B�S�U�J�D�M�F�B�O�E �U�I�F �Q�I�B�T�F� s �J�T �U�I�F �T�U�B�C�M�F�P�Q�F�S�B�U�J�O�H �3�' �Q�I�B�T�F�� �" �Q�B�S�U�J�D�M�F �	�-�

�U�I�B�U �X�J�M�M �B�S�S�J�W�F �J�O �U�I�F �T�B�N�F �H�B�Q �M�B�U�F�S �U�I�F �T�Z�O�D�I�S�P�O�P�V�T �Q�B�S�U�J�D�M�F �X�J�M�M �H�B�J�O �N�P�S�F �F�O�F�S�H�Z�

�I�F�O�D�F�
 �J�O �U�I�F �G�P�M�M�P�X�J�O�H �3�' �H�B�Q �J�U �X�J�M�M �B�S�S�J�W�F �F�B�S�M�J�F�S �U�I�F �T�Z�O�D�I�S�P�O�P�V�T �Q�B�S�U�J�D�M�F�� �" �Q�B�S�U�J�D�M�F
�	�&�
 �U�I�B�U �B�S�S�J�W�F�T �F�B�S�M�J�F�S �U�I�F �T�Z�O�D�I�S�P�O�P�V�T �Q�B�S�U�J�D�M�F �X�J�M�M �H�B�J�O �M�F�T�T �F�O�F�S�H�Z �B�O�E �X�J�M�M �B�S�S�J�W�F �M�B�U�F�S
�J�O �U�I�F �G�P�M�M�P�X�J�O�H �H�B�Q�� �*�O �U�I�B�U �X�B�Z�
 �Q�B�S�U�J�D�M�F�T �B�S�F �P�T�D�J�M�M�B�U�J�O�H �O�F�B�S �U�I�F �T�Z�O�D�I�S�P�O�P�V�T �Q�B�S�U�J�D�M�F
�X�J�U�I�J�O �U�I�F �T�U�B�C�M�F �Q�I�B�T�F �S�B�O�H�F�� �" �Q�B�S�U�J�D�M�F �	�6�
 �U�I�B�U �B�S�S�J�W�F�T �B�U �B �Q�I�B�T�F �F�B�S�M�J�F�S �P�S �M�B�U�F�S
�U�I�F �T�Z�O�D�I�S�P�O�P�V�T �Q�B�S�U�J�D�M�F(� � � s) �J�T �D�M�F�B�S�M�Z �V�O�T�U�B�C�M�F�
 �T�J�O�D�F �J�U �X�J�M�M �E�F�W�J�B�U�F �G�V�S�U�I�F�S �B�X�B�Z
�G�S�P�N �U�I�F �T�Z�O�D�I�S�P�O�P�V�T �Q�I�B�T�F �	� � � s�
 �J�O �U�I�F �G�P�M�M�P�X�J�O�H �H�B�Q�T�� �5�I�V�T�
 �G�P�S �B �T�U�B�C�M�F �Q�B�S�U�J�D�M�F
�B�D�D�F�M�F�S�B�U�J�P�O �J�O �U�I�F �3�' �M�J�O�B�D�
 �U�I�F �T�Z�O�D�I�S�P�O�P�V�T �Q�I�B�T�F� s �J�T �D�I�P�T�F�O �B�U �U�I�F �Q�P�T�J�U�J�W�F �X�B�W�F
�T�M�P�Q�F�� �5�I�F �Q�S�J�O�D�J�Q�M�F �P�G �P�G�G���D�S�F�T�U �B�D�D�F�M�F�S�B�U�J�P�O �J�T �V�T�F�G�V�M �G�P�S �U�I�F �B�D�D�F�M�F�S�B�U�J�P�O �P�G �B�O �F�M�F�D�U�S�P�O
�C�F�B�N �X�J�U�I �O�P�O���S�F�M�B�U�J�W�J�T�U�J�D �W�F�M�P�D�J�U�J�F�T�� �8�I�J�M�F �G�P�S �U�I�F �B�D�D�F�M�F�S�B�U�J�P�O �P�G �B �S�F�M�B�U�J�W�J�T�U�J�D �F�M�F�D�U�S�P�O
�C�F�B�N�
 �P�O���D�S�F�T�U �B�D�D�F�M�F�S�B�U�J�P�O �J�T �Q�S�F�G�F�S�S�F�E��

�5�I�F �E�F�T�D�S�J�C�F�E �Q�I�B�T�F �T�U�B�C�J�M�J�U�Z �Q�S�J�O�D�J�Q�M�F �J�T �F�T�Q�F�D�J�B�M�M�Z �J�N�Q�P�S�U�B�O�U �E�V�F �U�P �U�I�F �G�B�D�U �U�I�B�U �E�V�S��
�J�O�H �U�I�F �B�D�D�F�M�F�S�B�U�J�P�O�
 �Q�B�S�U�J�D�M�F�T �B�S�F �H�B�U�I�F�S�F�E �J�O�U�P �T�F�Q�B�S�B�U�F �C�V�O�D�I�F�T �B�O�E �U�I�F�O �B�D�D�F�M�F�S�B�U�F�E
�J�O �U�I�F �3�' �G�J�F�M�E�� �%�F�Q�F�O�E�J�O�H �P�O �U�I�F �B�D�D�F�M�F�S�B�U�P�S �T�Q�F�D�J�G�J�D�B�U�J�P�O�T�
 �B �T�J�O�H�M�F �C�V�O�D�I �N�J�H�I�U �C�F
�G�P�S�N�F�E �C�Z �B �O�V�N�C�F�S �P�G �Q�B�S�U�J�D�M�F�T �P�G105 �V�Q �U�P1012�� �*�O �B �T�J�O�H�M�F �C�V�O�D�I �U�I�F�S�F �J�T �P�O�M�Z �P�O�F
�T�Z�O�D�I�S�P�O�P�V�T �Q�B�S�U�J�D�M�F �X�J�U�I �B �T�Z�O�D�I�S�P�O�P�V�T �Q�I�B�T�F� s�� �)�F�O�D�F�
 �B �T�J�O�H�M�F �C�V�O�D�I �J�T �D�I�B�S�B�D�U�F�S�J�T�F�E
�C�Z �B �Q�B�S�U�J�D�V�M�B�S�F�O�F�S�H�Z �T�Q�S�F�B�E�� �5�I�F�C�F�B�N �Q�I�B�T�F �T�Q�B�D�F�
 �J�O �H�F�O�F�S�B�M�
 �S�F�Q�S�F�T�F�O�U�T �B�M�M �Q�B�S�U�J�D�M�F�T �J�O
�U�I�F �E�J�T�U�S�J�C�V�U�J�P�O �J�O �U�I�F �D�I�P�T�F�O �U�X�P���E�J�N�F�O�T�J�P�O�B�M �D�P�P�S�E�J�O�B�U�F�T�� �5�I�F �Q�B�S�U�J�D�M�F �F�O�F�S�H�Z �J�T �V�T�F�E
�B�T �B �M�P�O�H�J�U�V�E�J�O�B�M �W�B�S�J�B�C�M�F �G�P�S �U�I�F �C�V�O�D�I �M�P�O�H�J�U�V�E�J�O�B�M �Q�I�B�T�F �T�Q�B�D�F�� �5�Z�Q�J�D�B�M�M�Z�
 �J�O �P�S�E�F�S �U�P
�B�O�B�M�Z�T�F �Q�B�S�U�J�D�M�F �Q�S�P�Q�F�S�U�J�F�T �J�O �U�I�F �C�F�B�N �Q�I�B�T�F �T�Q�B�D�F�
 �U�I�F�J�S �Q�B�S�B�N�F�U�F�S�T �B�S�F �D�B�M�D�V�M�B�U�F�E �B�T �B
�E�F�W�J�B�U�J�P�O �G�S�P�N �U�I�F �J�E�F�B�M �	�T�Z�O�D�I�S�P�O�P�V�T�
 �Q�B�S�U�J�D�M�F �Q�B�S�B�N�F�U�F�S�T��

�%�V�F �U�P �M�B�S�H�F �B�N�P�V�O�U �P�G �E�B�U�B�
 �T�U�B�U�J�T�U�J�D�B�M �N�F�U�I�P�E�T �B�S�F �U�Z�Q�J�D�B�M�M�Z �J�N�Q�M�F�N�F�O�U�F�E �U�P �Q�P�T�U��
�Q�S�P�D�F�T�T �U�I�F �Q�B�S�U�J�D�M�F���T �E�J�T�U�S�J�C�V�U�J�P�O �P�G �U�I�F �C�V�O�D�I �J�O �P�S�E�F�S �U�P �D�I�B�S�B�D�U�F�S�J�T�F �J�U�T �Q�S�P�Q�F�S�U�J�F�T�� �*�O
�U�I�J�T �X�P�S�L�
 �U�I�F �C�V�O�D�I �E�J�N�F�O�T�J�P�O�T �B�S�F �E�F�T�D�S�J�C�F�E �C�Z �U�I�F �S�N�T �W�B�M�V�F�T �	� x , � y, � z�
�
 �B�T �T�I�P�X�O

������ �6�R�P�H �$�V�S�H�F�W�V �R�I �W�K�H �/�R�Q�J�L�W�X�G�L�Q�D�O �%�H�D�P �'�\�Q�D�P�L�F�V �L�Q �5�) �/�L�Q�H�D�U �$�F�F�H�O�H�U�D�W�R�U�V��



�)�L�J�X�U�H ���������2�V�B�M�J�U�B�U�J�W�F �Q�J�D�U�V�S�F �F�Y�Q�M�B�J�O�J�O�H �U�I�F �Q�I�B�T�F �T�U�B�C�J�M�J�U�Z �Q�S�J�O�D�J�Q�M�F��

�T�D�I�F�N�B�U�J�D�B�M�M�Z �J�O �'�J�H�� ������ �G�P�S �U�I�F �D�B�T�F �P�G �B �(�B�V�T�T�J�B�O �C�F�B�N �E�J�T�U�S�J�C�V�U�J�P�O�� �5�I�F �C�F�B�N�M�P�O��
�H�J�U�V�E�J�O�B�M �Q�I�B�T�F �T�Q�B�D�F�D�B�O �C�F �S�F�Q�S�F�T�F�O�U�F�E �B�T �U�I�F �C�F�B�N�S�F�M�B�U�J�W�F�M�P�O�H�J�U�V�E�J�O�B�M�F�O�F�S�H�Z �T�Q�S�F�B�E
�	� E=E�
 �B�T �B �G�V�O�D�U�J�P�O �P�G �U�J�N�Ft �
 �X�I�F�S�F� E �<�F�7�> �J�T �U�I�F �C�F�B�N �S�N�T �F�O�F�S�H�Z �T�Q�S�F�B�E �B�O�EE �<�F�7�>
�J�T �U�I�F �C�F�B�N �B�W�F�S�B�H�F �F�O�F�S�H�Z�� �*�O �U�I�J�T �D�B�T�F�
 �U�I�F �U�J�N�F� t �� �� �D�I�B�S�B�D�U�F�S�J�T�F�T �U�I�F �T�Z�O�D�I�S�P�O�P�V�T
�Q�B�S�U�J�D�M�F �B�O�E �U�I�F �S�F�T�U �P�G �Q�B�S�U�J�D�M�F�T �B�S�F �M�P�D�B�U�F�E �X�J�U�I�J�O �U�I�F �S�B�O�H�F� � t �B�O�E� � (� E)��

�)�L�J�X�U�H ���������4�D�I�F�N�B�U�J�D �J�M�M�V�T�U�S�B�U�J�P�O �P�G �B �(�B�V�T�T�J�B�O �C�F�B�N �E�J�T�U�S�J�C�V�U�J�P�O �J�O �����% �X�J�U�I �J�O�E�J�D�B�U�F�E �M�P�O�H�J�U�V��
�E�J�O�B�M �S�N�T �C�V�O�D�I �M�F�O�H�U�I� z��

�� �� �&�K�D�U�J�H�G �3�D�U�W�L�F�O�H�V �$�F�F�H�O�H�U�D�W�L�R�Q �L�Q �W�K�H �5�D�G�L�R���I�U�H�T�X�H�Q�F�\ �)�L�H�O�G�V



������ �5�) �&�D�Y�L�W�\ �)�X�Q�G�D�P�H�Q�W�D�O�V

�5�I�F �H�P�B�M �P�G �U�I�J�T �T�F�D�U�J�P�O �J�T �U�P �T�I�P�S�U�M�Z �E�J�T�D�V�T�T �U�I�F �J�N�Q�P�S�U�B�O�U �G�J�H�V�S�F�T �P�G �N�F�S�J�U �U�I�B�U �E�F�T�D�S�J�C�F �U�I�F
�B�D�D�F�M�F�S�B�U�J�O�H �3�' �D�B�W�J�U�Z �Q�F�S�G�P�S�N�B�O�D�F�� �*�O �4�F�D�U�J�P�O ���������� �B�O�B�M�Z�U�J�D �F�Y�Q�S�F�T�T�J�P�O�T �U�I�B�U �E�F�T�D�S�J�C�F
�F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �G�J�F�M�E�T �P�G �B �T�J�N�Q�M�F �3�' �D�B�W�J�U�Z �B�S�F �Q�S�F�T�F�O�U�F�E�� �'�V�S�U�I�F�S �P�O�
 �C�Z �L�O�P�X�J�O�H �U�I�F
�F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �G�J�F�M�E �E�J�T�U�S�J�C�V�U�J�P�O �J�O �U�I�F �D�B�W�J�U�Z�
 �U�I�F �L�F�Z �Q�B�S�B�N�F�U�F�S�T �P�G �U�I�F �D�B�W�J�U�Z �B�S�F �J�O��
�U�S�P�E�V�D�F�E�� �'�P�S �B �X�F�M�M �F�Y�Q�M�B�J�O�F�E �U�I�F�P�S�Z �P�G �F�M�F�D�U�S�P�E�Z�O�B�N�J�D�T�
 �U�I�F �S�F�B�E�F�S �J�T �S�F�G�F�S�S�F�E �U�P �<�����>��
�5�I�F �U�I�F�P�S�Z �S�F�M�B�U�F�E �U�P �3�' �D�B�W�J�U�J�F�T �G�P�S �Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S�B�U�J�P�O �J�T �E�J�T�D�V�T�T�F�E �J�O �E�F�U�B�J�M �J�O �<�����>
�B�O�E �<�����>��

���������� �&�M�F�D�U�S�P�N�B�H�O�F�U�J�D �'�J�F�M�E�T �J�O �U�I�F �3�' �$�B�W�J�U�Z

�5�I�F �3�' �D�B�W�J�U�Z�
 �J�O �H�F�O�F�S�B�M�
 �J�T �B �W�P�M�V�N�F �T�V�S�S�P�V�O�E�F�E �C�Z �B �N�F�U�B�M �D�P�O�E�V�D�U�P�S �U�I�B�U �T�V�Q�Q�P�S�U�T �U�I�F
�P�T�D�J�M�M�B�U�J�P�O �P�G �U�J�N�F���I�B�S�N�P�O�J�D �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �G�J�F�M�E�T �X�J�U�I �E�J�G�G�F�S�F�O�U �S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�J�F�T��
�5�I�F �F�M�F�D�U�S�J�D �B�O�E �U�I�F �N�B�H�O�F�U�J�D �G�J�F�M�E�T �C�F�I�B�W�J�P�V�S �J�T �H�P�W�F�S�O�F�E �C�Z �.�B�Y�X�F�M�M���T �F�R�V�B�U�J�P�O�T�� �*�O �B
�T�Q�B�D�F �U�I�B�U �J�T �G�S�F�F �P�G �D�I�B�S�H�F�T �B�O�E �D�V�S�S�F�O�U�T�
 �U�I�F�Z �D�B�O �C�F �F�Y�Q�S�F�T�T�F�E �B�T �G�P�M�M�P�X�T��

r � ~B = 0 �	�������


r � ~E+
@~B
@t

= 0 �	�������


r � ~D = 0 �	���������


r � ~H �
@~D
@t

= 0, �	���������


�X�I�F�S�F~E �B�O�E~H �J�T �U�I�F �F�M�F�D�U�S�J�D �B�O�E �U�I�F �N�B�H�O�F�U�J�D �G�J�F�M�E�
 �S�F�T�Q�F�D�U�J�W�F�M�Z�� �5�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E
�E�J�T�Q�M�B�D�F�N�F�O�U~D �B�O�E �U�I�F �N�B�H�O�F�U�J�D �J�O�E�V�D�U�J�P�O~B�
 �J�O �D�B�T�F �P�G �G�J�F�M�E�T �D�P�O�T�J�E�F�S�F�E �J�O �W�B�D�V�V�N�

�B�S�F �F�Y�Q�S�F�T�T�F�E �B�T��

~D = " 0
~E �	���������


~B = � 0
~H, �	���������


�X�I�F�S�F" 0 �B�O�E� 0 �B�S�F �D�P�O�T�U�B�O�U �W�B�M�V�F�T �U�I�B�U �S�F�Q�S�F�T�F�O�U �U�I�F �W�B�D�V�V�N �Q�F�S�N�J�U�U�J�W�J�U�Z �B�O�E �W�B�D�V�V�N
�Q�F�S�N�F�B�C�J�M�J�U�Z �S�F�T�Q�F�D�U�J�W�F�M�Z �	c2" 0� 0 �� ���
��

�"�T�T�V�N�J�O�H �B �I�B�S�N�P�O�J�D �E�F�Q�F�O�E�F�O�D�F �J�O �U�J�N�F �	e� i ! t �
 �	�������
 �� �	���������
 �D�B�O �C�F �S�F�E�V�D�F�E �U�P�� ��

r � ~E � i ! ~B = 0 �	���������

r � ~B + i !� 0" 0

~E = 0. �	���������


�$�P�N�C�J�O�J�O�H �	���������
 �B�O�E �	���������
 �U�P�H�F�U�I�F�S�
 �U�I�F �X�B�W�F �F�R�V�B�U�J�P�O�T �B�S�F �P�C�U�B�J�O�F�E �B�O�E �X�S�J�U�U�F�O �B�T��

�� �'�P�S �U�I�F �S�F�N�J�O�E�F�S�
 �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �C�F�I�B�W�J�P�V�S �J�T �D�P�O�T�J�E�F�S�F�E �J�O �W�B�D�V�V�N �X�I�F�S�F" = " 0 �B�O�E� = � 0

������ �5�) �&�D�Y�L�W�\ �)�X�Q�G�D�P�H�Q�W�D�O�V ��



r 2 ~E+ � 0" 0! 2 ~E = 0 �	���������

r 2 ~B + � 0" 0! 2 ~B = 0. �	���������


�*�O �D�Z�M�J�O�E�S�J�D�B�M �D�P�P�S�E�J�O�B�U�F�T�
 �U�I�F �T�P�M�V�U�J�P�O �P�G �X�B�W�F �F�R�V�B�U�J�P�O�T �B�S�F �Q�M�B�O�F �X�B�W�F�T��

~E(~r , t ) = ~E(� , � )ei (kz� ! t ) �	���������

~B(~r , t ) = ~B(� , � )ei (kz� ! t ), �	���������


�X�I�F�S�Fk �J�T �U�I�F �X�B�W�F �O�V�N�C�F�S��

�*�O �4�F�D�U�J�P�O ������ �B �T�J�N�Q�M�F �T�U�B�O�E�J�O�H �X�B�W�F �3�' �H�B�Q �I�B�T �C�F�F�O �D�P�O�T�J�E�F�S�F�E �G�P�S �Q�B�S�U�J�D�M�F �B�D�D�F�M��
�F�S�B�U�J�P�O�� �5�I�F �T�J�N�Q�M�F�T�U �3�' �H�B�Q �D�B�O �C�F �S�F�Q�S�F�T�F�O�U�F�E �C�Z �B �D�Z�M�J�O�E�S�J�D�B�M �D�B�W�J�U�Z �X�J�U�I �S�B�E�J�V�T �3
�B�O�E �M�F�O�H�U�I �- �N�B�E�F �P�G �B �Q�F�S�G�F�D�U �F�M�F�D�U�S�J�D �D�P�O�E�V�D�U�P�S �X�J�U�I �U�X�P �P�Q�F�O�J�O�H�T �B�O�E �U�I�F �C�F�B�N �U�V�C�F�T
�B�U�U�B�D�I�F�E �B�U �U�I�F �D�B�W�J�U�Z �F�O�E���Q�M�B�U�F�T �U�I�B�U �B�M�M�P�X �U�I�F �Q�B�S�U�J�D�M�F �C�F�B�N �U�P �F�O�U�F�S �B�O�E �M�F�B�W�F �U�I�F �D�B�W��
�J�U�Z�� �5�I�F �E�F�T�D�S�J�C�F�E �T�U�S�V�D�U�V�S�F �J�T �S�F�G�F�S�S�F�E �U�P �B�T �B �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �B�O�E �J�U �J�T �P�O�F �P�G �U�I�F �T�J�N�Q�M�F�T�U
�B�D�D�F�M�F�S�B�U�J�O�H �3�' �D�B�W�J�U�Z �T�I�B�Q�F�T�� �" �T�P�M�V�U�J�P�O �P�G �U�I�F �X�B�W�F �F�R�V�B�U�J�P�O�T �G�P�S �T�V�D�I �T�U�S�V�D�U�V�S�F �D�B�O
�C�F �P�C�U�B�J�O�F�E �B�O�B�M�Z�U�J�D�B�M�M�Z�� �'�P�S �U�I�B�U�
 �U�I�F �C�F�B�N �P�Q�F�O�J�O�H�T �B�S�F �O�F�H�M�F�D�U�F�E �B�O�E �U�I�F �G�P�M�M�P�X�J�O�H
�C�P�V�O�E�B�S�Z �D�P�O�E�J�U�J�P�O�T �B�S�F �J�N�Q�M�J�F�E��

~n � ~E = 0, ~n � ~H = 0, �	���������


�X�I�F�S�F~n �J�T �B �W�F�D�U�P�S �U�I�B�U �J�T �O�P�S�N�B�M �U�P �U�I�F �J�O�T�J�E�F �T�V�S�G�B�D�F �P�G �U�I�F �D�B�W�J�U�Z��

�5�I�F �F�J�H�F�O�N�P�E�F�T �U�I�B�U �B�S�F �P�C�U�B�J�O�F�E �C�Z �T�P�M�W�J�O�H �U�I�F �X�B�W�F �F�R�V�B�U�J�P�O�T �G�P�S �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z
�B�S�F �D�M�B�T�T�J�G�J�F�E �J�O �U�I�S�F�F �X�B�W�F �U�Z�Q�F�T�� �5�. �	�U�S�B�O�T�W�F�S�T�F �N�B�H�O�F�U�J�D�
 �N�P�E�F�T �	Bz = 0�
 �B�O�E �5�&
�	�U�S�B�O�T�W�F�S�T�F �F�M�F�D�U�S�J�D�
 �N�P�E�F�T �	Ez = 0�
�� �'�P�S �U�I�F �B�D�D�F�M�F�S�B�U�J�P�O �P�G �D�I�B�S�H�F�E �Q�B�S�U�J�D�M�F�T �J�U �J�T �P�C�W�J�P�V�T
�U�I�B�U �U�I�F �G�J�F�M�E �D�P�O�G�J�H�V�S�B�U�J�P�O �P�G �B �T�U�B�O�E�J�O�H �X�B�W�F �5�. �N�P�E�F �J�T �U�I�F �P�Q�U�J�N�B�M �D�I�P�J�D�F�� �5�I�F
�T�U�B�O�E�J�O�H �X�B�W�F �5�. �N�P�E�F �F�Y�J�T�U�T �J�O �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �X�I�F�O �U�I�F �B�[�J�N�V�U�I�B�M �B�O�E �U�I�F �S�B�E�J�B�M
�F�M�F�D�U�S�J�D �G�J�F�M�E �D�P�N�Q�P�O�F�O�U�T �W�B�O�J�T�I �B�U �[ �� �� �B�O�E �[ �� �-�� �5�I�J�T �J�N�Q�M�J�F�T��

kzL = p� , �X�I�F�S�Fp 2 Z. �	���������


���� �� �&�K�D�U�J�H�G �3�D�U�W�L�F�O�H�V �$�F�F�H�O�H�U�D�W�L�R�Q �L�Q �W�K�H �5�D�G�L�R���I�U�H�T�X�H�Q�F�\ �)�L�H�O�G�V



�5�I�F �G�J�F�M�E �D�P�N�Q�P�O�F�O�U�T �P�G �U�I�F �T�U�B�O�E�J�O�H �X�B�W�F �5�. �N�P�E�F�T �J�O �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �B�S�F �X�S�J�U�U�F�O
�B�T �G�P�M�M�P�X�T��

Ez = E0Jm

�
jmn

�

R

�
cos(m� ) cos

� p� z

L

�
ei ! t �	���������


E� = � E0
p� R

jmnL
J0

m( jmn
�

R
) cos(m� ) sin

� p� z

L

�
ei ! t �	���������


E� = � E0
p� mR2

j2
mn� L

J0
m

�
jmn

�

R

�
sin(m� ) sin

� p� z

L

�
ei ! t �	���������


Bz = 0 �	���������


B� = E0
i ! mR2

p
� 0="0 j2

mn� c2
J0

m

�
jmn

�

R

�
sin(m� ) cos

� p� z

L

�
ei ! t �	���������


B� = E0
i ! R

p
� 0="0 jmnc2

J0
m

�
jmn

�

R

�
cos(m� ) cos

� p� z

L

�
ei ! t , �	���������


�X�I�F�S�FJm �J�T �U�I�F �N���U�I �#�F�T�T�F�M �G�V�O�D�U�J�P�O �B�O�EJ0
m �J�U�T �E�F�S�J�W�B�U�J�W�F�
jmn=j0

mn �J�T �U�I�F �O���U�I �S�P�P�U �P�G
Jm=J0

m�� �5�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �B�N�Q�M�J�U�V�E�F �J�T �H�J�W�F�O �C�ZE0�� �5�I�F �J�O�U�F�H�F�S �O�V�N�C�F�S�Tm�
n�
p �B�S�F �V�T�F�E
�G�P�S �U�I�F �N�P�E�F �D�M�B�T�T�J�G�J�D�B�U�J�P�O �U�I�F �G�P�M�M�P�X�J�O�H �X�B�Z�� �5�&mnp �B�O�E �5�.mnp �N�P�E�F�T�� �5�I�F �O�V�N�C�F�S
m �J�O�E�J�D�B�U�F�T �U�I�F �O�V�N�C�F�S �P�G �U�I�F �D�P�S�S�F�T�Q�P�O�E�J�O�H �G�J�F�M�E �B�O�U�J���O�P�E�F�T �J�O �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �J�O
�B�[�J�N�V�U�I�B�M �E�J�S�F�D�U�J�P�O� �
 �O�V�N�C�F�Sn �T�U�B�O�E�T �G�P�S �U�I�F �O�V�N�C�F�S �P�G �G�J�F�M�E �B�O�U�J���O�P�E�F�T �B�M�P�O�H �S�B�E�J�B�M
�E�J�S�F�D�U�J�P�O� �B�O�Ep �D�P�S�S�F�T�Q�P�O�E�T �U�P �U�I�F �O�V�N�C�F�S �P�G �B�O�U�J���O�P�E�F�T �J�O �U�I�F �M�P�O�H�J�U�V�E�J�O�B�M �E�J�S�F�D�U�J�P�O
z�� �5�I�F �S�F�T�P�O�B�O�U �G�S�F�R�V�F�O�D�Z �P�G �U�I�F �5�.mnp �N�P�E�F �J�T �E�F�G�J�O�F�E �C�Z �	���������
��

! mnp

c
=

v
u
t •

jmn

R

‹ 2

+
� p�

L

� 2
. �	���������


�*�O �U�I�F �D�B�T�F �X�I�F�OL=R< ���������
 �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �M�P�X�F�T�U �S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�Z �D�P�S�S�F�T�Q�P�O�E�T
�U�P �U�I�F �5�.������ �N�P�E�F �X�I�J�D�I �I�B�T �P�O�M�Z �P�O�F �G�J�F�M�E �B�O�U�J���O�P�E�F �J�Oz �E�J�S�F�D�U�J�P�O�� �5�I�F �5�.������ �N�P�E�F �J�T
�P�O�F �P�G �U�I�F �N�P�T�U �D�P�N�N�P�O �P�Q�F�S�B�U�J�O�H �N�P�E�F�T �J�O �3�' �D�B�W�J�U�J�F�T �U�I�B�U �J�T �V�T�F�E �G�P�S �Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S��
�B�U�J�P�O�� �%�V�F �U�P �U�I�F �M�P�X�F�T�U �S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�Z�
 �U�I�F �5�.������ �N�P�E�F �J�T �T�P�N�F�U�J�N�F�T �S�F�G�F�S�S�F�E �B�T
�U�I�F �D�B�W�J�U�Z�G�V�O�E�B�N�F�O�U�B�M �N�P�E�F�� �*�O �B�E�E�J�U�J�P�O�
 �U�I�F �5�.������ �N�P�E�F �D�B�O �C�F �B�M�T�P �S�F�G�F�S�S�F�E �U�P �B�T �U�I�F
�D�B�W�J�U�Z�B�D�D�F�M�F�S�B�U�J�O�H �N�P�E�F�� �5�I�F �F�M�F�D�U�S�J�D �B�O�E �U�I�F �N�B�H�O�F�U�J�D �G�J�F�M�E �D�P�N�Q�P�O�F�O�U�T �P�G �U�I�J�T �N�P�E�F
�B�S�F �F�Y�Q�S�F�T�T�F�E �B�T �G�P�M�M�P�X�T��
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�X�I�F�S�F

Z0 =

v
t � 0
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������ �5�) �&�D�Y�L�W�\ �)�X�Q�G�D�P�H�Q�W�D�O�V ����



�J�T �U�I�F �J�N�Q�F�E�B�O�D�F �P�G �G�S�F�F �T�Q�B�D�F��
�5�I�F �F�M�F�D�U�S�J�D �B�O�E �U�I�F �N�B�H�O�F�U�J�D �G�J�F�M�E �N�B�Q�T �P�G �U�I�F �5�.������ �N�P�E�F �J�O �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �X�J�U�I

�C�F�B�N �U�V�C�F�T �C�F�J�O�H �O�F�H�M�F�D�U�F�E �B�S�F �T�I�P�X�O �J�O �'�J�H�� ��������

�)�L�J�X�U�H ���������*�M�M�V�T�U�S�B�U�J�P�O �P�G �U�I�F �F�M�F�D�U�S�J�D �B�O�E �U�I�F �N�B�H�O�F�U�J�D �G�J�F�M�E �E�J�T�U�S�J�C�V�U�J�P�O �P�G �U�I�F �5�.������ �N�P�E�F �J�O
�U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z��

���������� �3�' �$�B�W�J�U�Z �1�B�S�B�N�F�U�F�S�T

�*�O �U�I�F �Q�S�F�W�J�P�V�T �T�F�D�U�J�P�O �U�I�F �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D �G�J�F�M�E�T �P�G �U�I�F �5�.������ �N�P�E�F �I�B�W�F �C�F�F�O �E�F�T�D�S�J�C�F�E
�B�O�B�M�Z�U�J�D�B�M�M�Z�� �.�P�E�F�S�O �3�' �D�B�W�J�U�J�F�T �I�B�W�F �D�P�N�Q�M�F�Y �T�I�B�Q�F�T�� �%�V�F �U�P �U�I�B�U�
 �G�P�S �N�P�T�U �P�G �U�I�F�N�
 �J�U �J�T
�J�N�Q�P�T�T�J�C�M�F �U�P �P�C�U�B�J�O �B�O �B�D�D�V�S�B�U�F �B�O�B�M�Z�U�J�D �T�P�M�V�U�J�P�O �P�G �U�I�F �X�B�W�F �F�R�V�B�U�J�P�O�T�� �*�O �P�S�E�F�S �U�P �T�P�M�W�F
�X�B�W�F �F�R�V�B�U�J�P�O�T �G�P�S �3�' �D�B�W�J�U�J�F�T �P�G �D�P�N�Q�M�F�Y �T�I�B�Q�F�T �J�U �J�T �O�F�D�F�T�T�B�S�Z �U�P �V�T�F �F�M�F�D�U�S�P�N�B�H�O�F�U�J�D
�G�J�F�M�E �T�J�N�V�M�B�U�J�P�O �T�P�G�U�X�B�S�F�
 �T�V�D�I �B�T �F���H�� �$�4�5 �.�8�4 �4�U�V�E�J�P�Ñ �<�����>��

�8�I�F�O �F�W�B�M�V�B�U�J�O�H �U�I�F �3�' �D�B�W�J�U�Z �Q�B�S�B�N�F�U�F�S�T�
 �J�O �C�P�U�I�
 �D�P�N�Q�V�U�B�U�J�P�O�T �B�O�E �F�Y�Q�F�S�J�N�F�O�U�B�M
�N�F�B�T�V�S�F�N�F�O�U�T�
 �J�U �J�T �O�F�D�F�T�T�B�S�Z �U�P �P�C�U�B�J�O �U�I�F �M�P�O�H�J�U�V�E�J�O�B�M �F�M�F�D�U�S�J�D �G�J�F�M�E �E�J�T�U�S�J�C�V�U�J�P�O �P�O �U�I�F
�D�B�W�J�U�Z �D�F�O�U�S�B�M �B�Y�J�T �J�O �U�I�F �G�J�S�T�U �Q�M�B�D�F�
 �T�J�O�D�F �N�P�T�U �P�G �U�I�F �D�B�W�J�U�Z �Q�B�S�B�N�F�U�F�S�T �B�S�F �E�F�G�J�O�F�E �C�Z
�S�F�G�F�S�S�J�O�H �U�P �U�I�F �B�Y�J�B�M �F�M�F�D�U�S�J�D �G�J�F�M�E �Q�S�P�G�J�M�FEz(z)�� �*�O �P�S�E�F�S �U�P �F�Y�Q�M�B�J�O �T�P�N�F �P�G �U�I�F �3�' �D�B�W�J�U�Z
�Q�B�S�B�N�F�U�F�S�T�
 �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �J�T �V�T�F�E �B�T �U�I�F �S�F�G�F�S�F�O�D�F �D�B�W�J�U�Z�
 �E�V�F �U�P �J�U�T �T�J�N�Q�M�F �H�F�P�N�F�U�S�Z��

�5�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �B�D�D�F�M�F�S�B�U�J�O�H �5�.������ �N�P�E�F�S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�Z�J�T �H�J�W�F�O �C�Z

! 010 =
2.405c

R
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�*�U �J�T �F�B�T�Z �U�P �T�F�F �U�I�B�U �U�I�F �S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�Z �P�O�M�Z �E�F�Q�F�O�E�T �P�O �U�I�F �D�B�W�J�U�Z �S�B�E�J�V�TR�� �*�O
�Q�B�S�U�J�D�M�F �B�D�D�F�M�F�S�B�U�P�S�T�
 �U�I�F �D�I�P�J�D�F �P�G �U�I�F �S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�Z �J�T �U�Z�Q�J�D�B�M�M�Z �N�P�U�J�W�B�U�F�E �C�Z �U�I�F

���� �� �&�K�D�U�J�H�G �3�D�U�W�L�F�O�H�V �$�F�F�H�O�H�U�D�W�L�R�Q �L�Q �W�K�H �5�D�G�L�R���I�U�H�T�X�H�Q�F�\ �)�L�H�O�G�V



�C�V�O�D�I �S�F�Q�F�U�J�U�J�P�O �S�B�U�F�
 �J�O �P�S�E�F�S �U�P �Q�S�P�W�J�E�F �U�I�F �T�Z�O�D�I�S�P�O�J�T�B�U�J�P�O �C�F�U�X�F�F�O �U�I�F �3�' �G�J�F�M�E �B�O�E
�U�I�F �B�D�D�F�M�F�S�B�U�F�E �Q�B�S�U�J�D�M�F�T��

�5�I�F �J�N�Q�P�S�U�B�O�D�F �P�G �U�I�F �D�B�W�J�U�Z �F�M�F�D�U�S�J�D �G�J�F�M�E �Q�S�P�G�J�M�F �B�M�P�O�H �U�I�F �B�D�D�F�M�F�S�B�U�F�E �C�F�B�N �U�S�B�K�F�D�U�P�S�Z
z �I�B�W�F �C�F�F�O �N�F�O�U�J�P�O�F�E �Q�S�F�W�J�P�V�T�M�Z�� �0�O�F �P�G �U�I�F �N�P�T�U �J�N�Q�P�S�U�B�O�U �G�J�H�V�S�F�T �P�G �N�F�S�J�U �J�T �U�I�F
�D�B�W�J�U�Z �B�D�D�F�M�F�S�B�U�J�O�H �W�P�M�U�B�H�F�� �5�I�J�T �Q�B�S�B�N�F�U�F�S �C�F�D�P�N�F�T �F�W�F�O �N�P�S�F �J�N�Q�P�S�U�B�O�U �J�O �D�B�T�F �J�G �P�O�F
�3�' �D�B�W�J�U�Z �D�P�O�T�J�T�U�T �P�G �	�/�����
 �D�P�V�Q�M�F�E �B�D�D�F�M�F�S�B�U�J�O�H �D�F�M�M�T �	�3�' �H�B�Q�T�
�� �*�O �U�I�J�T �D�B�T�F �U�I�F �D�B�W�J�U�Z
�B�D�D�F�M�F�S�B�U�J�O�H �W�P�M�U�B�H�F �X�J�M�M �S�F�Q�S�F�T�F�O�U �B �T�V�N �P�G �U�I�F �B�D�D�F�M�F�S�B�U�J�O�H �W�P�M�U�B�H�F�T �J�O �F�B�D�I �D�B�W�J�U�Z �D�F�M�M
�D�I�B�S�B�D�U�F�S�J�T�J�O�H �U�I�F �G�V�M�M �D�B�W�J�U�Z �B�D�D�F�M�F�S�B�U�J�P�O �Q�F�S�G�P�S�N�B�O�D�F�� �*�O �D�B�T�F �P�G �U�I�F �D�P�O�T�J�E�F�S�F�E �Q�J�M�M�C�P�Y
�D�B�W�J�U�Z �X�J�U�I �U�I�F �C�F�B�N �U�S�B�K�F�D�U�P�S�Z �U�I�B�U �D�P�S�S�F�T�Q�P�O�E�T �U�P �U�I�F �D�B�W�J�U�Z �D�F�O�U�S�B�M �B�Y�J�Tz�
 �U�I�F �D�B�W�J�U�Z
�B�D�D�F�M�F�S�B�U�J�O�H �W�P�M�U�B�H�F�J�T �E�F�G�J�O�F�E�
 �C�Z �U�B�L�J�O�H �J�O�U�P �B�D�D�P�V�O�U �U�I�F �G�J�O�J�U�F �Q�B�S�U�J�D�M�F�T �W�F�M�P�D�J�U�Z� = v =c�
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�X�I�F�S�F! 0 = 2� f �J�T �U�I�F �S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�Z �P�G �U�I�F �B�D�D�F�M�F�S�B�U�J�O�H �N�P�E�F��
�%�V�F �U�P �U�I�F �G�B�D�U �U�I�B�U �U�I�F �F�M�F�D�U�S�J�D �G�J�F�M�E �B�N�Q�M�J�U�V�E�F �B�U �U�I�F �D�F�O�U�S�B�M �B�Y�J�T �P�G �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z

�J�T �D�P�O�T�U�B�O�UEz(z) �� E0 = �D�P�O�T�U�
 �U�I�F �B�O�B�M�Z�U�J�D �F�T�U�J�N�B�U�J�P�O �P�G �U�I�F �B�D�D�F�M�F�S�B�U�J�O�H �W�P�M�U�B�H�F �D�B�O �C�F
�P�C�U�B�J�O�F�E �G�P�S �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z�
 �X�J�U�I �U�I�F �C�F�B�N �U�V�C�F�T �C�F�J�O�H �O�F�H�M�F�D�U�F�E�
 �B�T �G�P�M�M�P�X�T��
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�'�P�S �T�J�N�Q�M�J�D�J�U�Z�
 �U�I�F �D�P�O�T�J�E�F�S�F�E �D�B�T�F �P�G �U�I�F �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �D�P�O�T�J�T�U�T �P�G �P�O�M�Z �P�O�F �B�D�D�F�M�F�S�B�U�J�O�H
�D�F�M�M�� �8�I�J�M�F �J�O �Q�S�B�D�U�J�D�F�
 �U�I�F�T�F �T�U�S�V�D�U�V�S�F�T �B�S�F �U�Z�Q�J�D�B�M�M�Z �G�P�S�N�F�E �C�Z �T�F�S�J�F�T �P�G �D�P�V�Q�M�F�E �B�D�D�F�M��
�F�S�B�U�J�O�H �D�F�M�M�T�� �)�F�O�D�F�
 �J�U �J�T �P�C�W�J�P�V�T �U�I�B�U �U�I�F �D�F�M�M �M�F�O�H�U�I �T�I�P�V�M�E �C�F �N�B�U�D�I�F�E �X�J�U�I �U�I�F �C�F�B�N
�W�F�M�P�D�J�U�Z �B�O�E �X�J�U�I �U�I�F �D�B�W�J�U�Z �S�F�T�P�O�B�O�D�F �G�S�F�R�V�F�O�D�Z�� �5�I�F �T�P���D�B�M�M�F�E�T�Z�O�D�I�S�P�O�J�T�N �D�P�O�E�J�U�J�P�O
�I�B�T �C�F�F�O �G�P�S�N�V�M�B�U�F�E �C�Z �3�� �8�J�E�F�S�P�F �<�����>�� �'�P�S �B �N�V�M�U�J���D�F�M�M �Q�J�M�M�C�P�Y �D�B�W�J�U�Z �B�O�E �3�' �D�B�W�J�U�J�F�T
�U�I�B�U �B�S�F �E�F�T�J�H�O�F�E �J�O �B �T�J�N�J�M�B�S �X�B�Z�
 �X�I�J�D�I �B�S�F �P�Q�F�S�B�U�F�E �X�J�U�I �U�I�F �5�.������ ��� �N�P�E�F�
 �U�I�F �M�F�O�H�U�I
�P�G �U�I�F �B�D�D�F�M�F�S�B�U�J�O�H �D�F�M�M�T �J�T �D�I�P�T�F�O �B�T �G�P�M�M�P�X�T��

L =
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2
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�X�I�F�S�F� �J�T �U�I�F �X�B�W�F�M�F�O�H�U�I�� �5�I�F �W�B�M�V�F �P�G� �J�T �U�Z�Q�J�D�B�M�M�Z �D�I�P�T�F�O �B�T �U�I�F �B�W�F�S�B�H�F �S�F�M�B�U�J�W�F
�W�F�M�P�D�J�U�Z �P�G �U�I�F �C�F�B�N �B�D�D�F�M�F�S�B�U�F�E �J�O �U�I�F �D�B�W�J�U�Z�� �8�I�F�O �D�I�B�S�B�D�U�F�S�J�T�J�O�H �U�I�F �D�B�W�J�U�Z�
 �U�I�F �D�I�P�T�F�O
�W�B�M�V�F �P�G� �J�O �	���������
 �J�T �T�P�N�F�U�J�N�F�T �S�F�G�F�S�S�F�E �B�T �U�I�F �D�B�W�J�U�Z �H�F�P�N�F�U�S�J�D �C�F�U�B �P�S� �H��

�5�I�F �D�B�W�J�U�Z �B�W�F�S�B�H�F�B�D�D�F�M�F�S�B�U�J�O�H �H�S�B�E�J�F�O�U�J�T �F�Y�Q�S�F�T�T�F�E �B�T�


E�B�D�D=
V�B�D�D

L
, �	���������


�I�F�S�F�
 �X�P�S�U�I �O�P�U�J�O�H�
 �U�I�B�U �X�J�U�I �U�I�F �Q�S�F�T�F�O�D�F �P�G �U�I�F �C�F�B�N �U�V�C�F�T �U�I�F�D�B�W�J�U�Z �F�G�G�F�D�U�J�W�F �M�F�O�H�U�I
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