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

�����������
�� !�!"# �!$��%&�� '��!(

�) �%���*+%!*��,���-.�/.0�����
0����
�1�220���!/�%.*%���34�#5�
()��%�*��,������%$���*�%+�*�/.0��!�6%�.�*-��,���%,,�%�$0���%,,�%�$��7�8��

(9���!��!%�� �%/�!!%/*��!)�*�%�!:+%��/���+�$%�

����6% (��/�+��%..�;�%��$��;�*�/�����%<:�*��!.�!:+%��/���-�:.�!"�(����!*�
/%!*�%$�,�!�*%�$�,,%�%!/%.��!$��:!"���:**�������*�+%��!*%"��*��!=�*�+%�
!��+���.%$�*����,6%!�*�+%���

���%6��:.� ��&�>7?���.�:.%$�.�+%�/�$%�*���!6%.*�"�*%�!�!��!%���%,,%/*.��,���
.�!"�%�$��6�!"��:�.%

��!�*����.*�*%��.�.�%��%$�,��/%�,�%%�.��;�,�%�$�@�;�6%A�� �%�*:�;�;�:!$��-�����4�
 �*��*��!.�%!*��:�.%.��*�.://%..�6%�*�+%.�@�%�%���:�.% B�4��!$�(44A

��%�%� %�/�!.�$%��* ��.://%..�6%��:�.%.��,�%<:���+�"!�*:$%.�� �!$�
 �6%�%!"*�. ����:��*��!��,�%�/���:�.%��.�#4���

��!�*����-�����+%*%�.��� B49#0�� B7�CD0�� B(�C7

#9����/%$��%/�!!%/*��!��!$�/���!����%�*�!"
���"!%*�/��%/�!!%/*��!��.������+%�/�!$�$�*%�,�����.�����/���!����%�*�!"�+%/��!�.+
��%�*�!"��.���&%�-�*��;%�$:%�*��*�%�/�+;�!�*��!��,�+�!-��!$�6�$:���E!�!�,���%F�%6%!*.�� *�%�:!$%��-�!"�
$�..���*��!�+%/��!�.+�;%�!"��%/�!!%/*��!0��.��!����"%�.�����,���%.
��!�*�%�.�����/���!�0��%/�!!%/*��!�/�!�;%�*��""%�%$�;-�%1*%�!���$�.*:�;�!/%.�.:/���.����*�.��%��/�
,��*���!*�$�.���/%+%!*.0�%+%�"�!"�,�:1�� *��.�/�!�;% +�$%��%$ �.�,��/%$�+�"!%*�/��%/�!!%/*��!

�
�%�,��/%$��%/�!!%/*��!�./%!�����>#?�/�!.�$%�.���*��!.�%!*�.�!:.��$���$�.���/%+%!*������%$�*��*�%�
;�:!$��-��,��!�%<:���;��:+�,�%�$�� *�%�$�.*:�;�!/%��.�.�� �/�+���%$� �*���!���,6%!�*�+%
�����!%���*�%��-�@.+����$��6�!"�$�.���/%+%!*A���.�;%%!�$%6%���%$�,���.�����/���!���,�%�$.0�,�/:.�!"��!�*�%�
%!%�"%*�/.�>(?
���.�%��%$�,��/%�,�%%�,�%�$��.�/�!.�$%�%$�@��"�*A� �*����$��6�!"�$�.*:�;�!/%������%$��*��!%�;�:!$��-�� B�4�
�,�*�%�,��+��z ~ �cos(ky) (� << L) (0 < t < 10tA)
�
 ���%�*:�;%$�%<:���;����@;%�� A
� �$%���%<:���;��:+� �*��/:��%!*�.�%%*���*�*�%��%.�!�!*�.:�,�/%�&9
4�B40�G�B���	�
,�:1�,:!/*��!��4 H��#


��A
� �%/�!!%/*%$�%<:���;��:+� �*���.��!$.�
�#

@�AA

I9���!/�:.��!.��!$�,:�*�%�� ��&�

� 	6%!��!���!%���*�%��-0�*�*���%!%�"-��%�%�.%��,�+:�*���%��%�*�!"�%6%!*.�$%�%!$.��!�*�%�*�+�!"��,�%6%!*.

� �%�*�!"�%6%!*.���%�!�*��!$%�%!$%!*��,�%�/���*�%�=�!�!��!%���%,,%/*.���%�.*��!"%��,�����!"%�� �6%�%!"*���%�*:�;�*��!.�
@/��.%��*��*%���!"��!.*�;���*-�*��%.���$A9

� �,*%��*�%�.%/�!$��:�.%0���/:��%!*�.�%%*�,��+.����!"�*�%���%�%1�.*�!" .%����*��10� ��/���.�!�*���%$�/*%$�;-���!%���*�%��-

� �:*:�%� ��&� �����!6%.*�"�*%)�� *�%���!"� �6%�%!"*��/�.%��!� ��/��.*��!"�/:��%!*�.�%%*.���%�,��+%$=�$��6�!"��:�.%.��,�
$�,,%�%!*� �6%�%!"*�.��!$�+�"!�*:$%.=���.���%�*�!"�;-���!$�+�$�.*��;:*��!.��,��:�.%.�

( )
( )

0 0

0

ˆ(cos / 2

ˆ(sin / 2

B z L

B z L

α

α

= −� �� �

+ −� �� �

B x

y

��%.%!*%$��*������#I0��*��!$�% .0��%�*%+;%��(44D9�������.:����*��.�"��*%,:��-��/&!� �%$"%$

( )kLLf
L

B
W ,

2

2

0

2
0 αδ

µ �
�

�
�
	


=∆

79��:�*���:�.%�$��6�!")���%$�/*��!.��,���!%���*�%��-J
����6%�-�+�"�*�%1�%/*�* ���:�.%.�*����6%�* �/%�*�%��%�*�!"�%,,%/* �,���
.�!"�%��:�.%�;:*�*��.��.�!�*�*�%�/�.%K
�����* ��$��6�!"��:�.%.�@%�/���+�"!�*:$%��
 A0�*�%�,�!���.*�*%� ����;%�*�%�
�%/�!!%/*%$�%<:���;��:+���@�4�H��#


��A�,���(�

�
�:.0��,�.%/�!$��:�.%� %�%������%$��++%$��*%�-��,*%��,��.*0�*��. �.�L:.*�
��&%�$��6�!"� �*����$�.���/%+%!*��,�(�
 � �%!/%�%!%�"-�$�..���*%$��.�D�
*�+%.�*��*��,���.�!"�%��:�.%��,�$�.���/%+%!*��

�	!%�"-��%�%�.%�/�:�$�$%�%!$��!�*�+�!"��,�*�%�$��6�!"��:�.%.�.�!/%�,�%�$�
L:.*�;%,��%�.%/�!$��:�.%�@�!$��%!/%�%!%�"-��!�:*A�$%�%!$.��!��*. *�+�!"
��++%$��*%�-��,*%���.%/�!$��:�.%0�,�%�$� ����;%�����!%���/�+;�!�*��!��,��
�%/�!!%/*%$�@�#


��A��!$��$%�� %<:���;��� @�#

��A�,���(�
�  �*���%/�!!%/*%$�,�:1�

%<:���*��*��*�L:.*�;%,��%�*�%��:�.%�@�.��!$� �$*���!�*����-�:!/��!"%$A

��!��!%���!:+%��/����%.:�*.��,*%��.%/�!$�
�:�.%�� /:��%!*�.�%%*�,��+.����:!$�.%����*��1�
@/���:��./��%�� /:��%!*=�/�!*�:�.�� +�"!%*�/�
,�:1A

��!%���*�%��-��,*%��.%/�!$��:�.%

�:+%��/����%.:�*.�,����%��1%$�.*�*% ��!%���*�%��-�� �%/�!!%/*%$�.*�*%�,���(�4

39��%,%�%!/%.

#9����+0
9��!$��:�.�:$0�9�9�
��-.9���:�$.�(20�(D#(�@#M2IA

(9��%&.*%�!0�9��!$�'��!0�9���-.9�
���.9�I0�#I43�@#MM2A

79�
�� !�!"0�9�9�%*���0���-.9����.9�
20�#7(�@(44#A

�
�%�%!%�"-�$�..���*%$��.��%�*��.�*�%�$�,,%�%!/%�;%* %%!�*�%�%!%�"-��,�
*�%��!�*����@�$%��A�%<:���;��:+��!$�*�%�,�!���@�%/�!!%/*%$A�%<:���;��:+�

�	!%�"-��%�%�.%��:.:���-����"%��*��!�%!%�"-��!�:*�,��+�$��6�!"��:�.%��
%1*%�!���$�.���/%+%!*��.���*��""%�0����� �!"�.*��%$�%!%�"-��,��!�*����,�%�$�
*��;%��%�%�.%$
���..���*%$�%!%�"-�$�6%�"%.�@�!���!%���*�%��-A��.�*�%�*��%.���$�,���
*%���!"��!.*�;���*-��.��%�/�%$

��%�%� %�/�!.�$%��*�%�%,,%/*.��!�,��/%$��%/�!!%/*��!��,�
�%�%�*%$�$��6�!"�$�.���/%+%!*.�� *��.��.�*��+�$%��*�%�%,,%/*.��,�
.://%..�6%��%�*�!"�%6%!*.�@!�!�,���%.A� ��/��+�-��!*%��/*

� �:��%!*�.�%%*�
%<:���;��:+�,��+.�
�++%$��*%�-��,*%��
$��6�!"��:�.%

��%��1%.�*��
�%/�!!%/*%$�
%<:���;��:+� �*��
�.��!$.0��%�%�.�!"�,�%%�
%!%�"-

( ) 2
1 cos cos if 

( 0, ) 2
0 otherwise

pulse pulse
z

t ky t t t
v z t

ω πδ ω
π ω

�− − < < +�= = 

��

�	!%�"-��.���,:!/*��!��,�*�+%�
@�%,*A��,���* ���:�.%.�@�4 B�494#A�
� ��.��.�� .�.�!"�%��:�.%.��,�
+�"!�*:$%��4 �!$ (�4

���*%�,�!���.*�*%�,���* ���:�.%.�
�.�6%�-�/��.%�*��*��*�,���.�!"�%�
�:�.%�(�4

�
�*���%!%�"-��%�%�.%�,���* ��
�:�.%.��.�#92�	 #4�D /�+���%$�
 �*��(9(��	 #4�D�.�!"�%��:�.%�(�4
@$%�%!$.��!�*�+�!"A

� �

�

� �

�

D9��:�*���:�.%�$��6�!")�!:+%��/����%.:�*.

z z

�����.+���%���0�*�%�E.��&%F��,�%!%�"-�
�!�:*��,*%��*�%�.%/�!$�;�:!$��-�
$�.���/%+%!*�"%*.�.+���%���!$�
%6%!*:���-�$�.���%��.�@��"�*A

�
��.��.��..�/��*%$� �*��.*��!"�/:��%!*�
.�%%*�,��+�*��!��!$�6%�-�����$�
�%/�!!%/*��!� ��/�����%��.�*��;%��!���
.�+�����*�+%./��%�*��*�%�%!%�"-��!�:*�

�
��.�+�-�;%���!�!��!%���%,,%/*�.�!/%�
�%�*:�;�*��!.�;%/�+%�6%�-����"%�,���
.+���%��� %6%!�,���.+����;�:!$��-�
$�.���/%+%!*.�� $:%��*�����1�+�*-�*��*�%�
*%���!"��!.*�;���*-�*��%.���$�>7?

2
9

k
π=

�
�


