
���������	��
���������������������������� �
��!#"%$�&(')'+*,!#"-&(.0/+.214365879���:�;�<���8�:7=���)>@?@AB>)�C79�:�<��?D7
EGFAB�IH0/�/0$

J�KML�N�OQP

R4SBTVU0WYXBZ�[Y\^]�_YXBU0W�`�] WYabZdc e
f _hg+[6U,[�ijTlkm[�an[�Uog=`)\ f c9SBabpnU0W�`�] WYabZdc@qmq

r�sutwvyxwzj{:t}|
~ pb�BcB[�anTjZ�WYi�Z�WY�BWYZ�Tl�y_ma�Z�_mXBpnTVpb�np�_Y������_@[�iV[�Zw�yanTVZ�WYiViV`DZ�_mX,UBSBZ��nTjXB�-Z�_YXBZ�[�X9�nanTVZ�pb�BcB[�abTjZ�WYi�pncB[�ijiVp���Tl�yc
ayWYUBTVSBp���WYX,U �:�0an[�pn�)[�Zw�yTVkY[�il`m� f cB[�kY_mijS,��[6g)[�����[�[�X �ycB[6����_�Z�_mXBUBS,Z��y_Yanp�Tjp��0iVij[�UI��Tl�ycoWhU,Tj[�iV[�Zw�yanTVZ
��TV�yc%�)[�ab��Tl�n�yTlk(TV��`��(�

a

b

ε

q

−q

�u�^��[��n[�an�hTjX,[��ncB[�Z�WY�0WYZ�TV�yWYXBZ�[���_���pnSBZdc%W�Z�WY�BWYZ�Tl�y_ma^g=`��0X,UBTjXB���ycB[��+_��y[�X=�nT�WYi�UBTl��[�an[�X,Z�[�g)[�����[�[�X
�ycB[o���#_�Z�_mXBUBS,Z��y_Yanp���c,[�X���[ c0W�km[ WDZdc0W�an�m[ ¡¢_YX��ycB[oTjX,XB[�ab��_mp£�¤Z�_mXBUBS,Z��y_Ya�WYXBU¦¥�¡¢_mX§�ycB[
_mS,�y[�an�h_mpb��Z�_mXBU,SBZ��n_ma�� ~ p4W�ZdcB[�Zd¨©_Y�ª`m_mS,a��0X0WYi«W�XBpb��[�a�\4¬u[�[�Tl�«�ycB[�ab[�pbSBiV�4g)[�Z�_m��[�p��yc,[�pyWY�h[�WYp
�8_ma�Wo�0WYanWYijiV[�i��BijW��y[hZ�W��0WYZ�Tl�y_ma4��cB[�X@�ycB[�UBTj[�ij[�Z��yabTjZ�i�W�`Y[�a�g)[�����[�[�X��ycB[�Z�_mX,UBSBZ��n_manp}g+[�Z�_m�h[�p�km[�ab`
�ycBTVX2�BT��[Y�l�,��cB[�X ®�¯°��¥±��² �0�
³ R4WYSBpbp�´0ij_:k��8_ma�µ¶\ª·�µ¹¸�®(º»¯¶¼w½¿¾jÀ8Àw�Á
����Â�pnSBWYijil`m����[�_mXBil` UBTVpnZ�SBpnp6Z�WY�0WYZ�TV�dW�XBZ�[���c,[�XÃ�#[�c0W�kY[IÄ<Å#Æ}Z�_YXBUBSBZw�y_mabp��CgBS,�6Tl�«�#[�c,[�an[�iV[��4�4Ç
È �#�ycBTVp¤TV���BiVTj[�pÉ�yc0W��h�yc,[ _mS,�n[�a�Z�_mXBU,SBZ��n_ma�[�pbpn[�X9�nT�WYiViV`±ÊmU,TjpyW��B�+[�WYanpbÊB��pb_@�yc0W;�¤��[ WYab[ ij[w�	����Tl�yc
�ycB[hZ�WY�BWYZ�Tl�dWYXBZ�[h�8_Ya}_mX,[�Z�_mXBUBSBZw�yTVXB� pb�BcB[�ab[¤��TV�ncDanWYUBTVSBp��0��Ë¶c0W;��TVp4�ncB[¤Z�WY�0WYZ�TV�yWYXBZ�[h_Y�#pnSBZdc±W
Z�_mXBU,SBZ��nTjXB��pn�,cB[�ab[:Ì±Í�Î�X%�ycBTVp�Z�WYpb[Y�)WYpbpnSB�h[6�yc0W����ncB[�pnSBaban_mSBX,UBTjXB���h[�UBTVSB�ÏTVp�WYTja��,T<�¿[��V�B�6ÇÐ�;Ñ��

r�sutwvyxwzj{:t4Ò
Î�X@�ycBTVp�[ÔÓ,[�anZ�Tjpn[��«�#[�pbc0WYiVi�Z�_mXBpnTVUB[�a�k�WYanTV_mSBp��BWYayWYiVij[�i«�Bi�W��n[�Z�WY�0WYZ�TV�n_manp��M��TV�nc@���#_©�h[��yWYiª�Bi�W;�y[�p}TjX
�ÉS,�ySBWYiCUBTjp£�dWYXBZ�[�®�¯Õq}���ÖW�XBU���Tl�yc Wh�Bi�W;�y[�WYan[�Wh×Ø¯ÚÙªÛ�¯Õq:Ü�Z��hÛ�� f c9SBp��2Ù§Ý ®0�)pb_���[���W�`
XB[��miV[�Zw�É[�U,�m[¤[w��[�Z��ypÉWYXBUÞWYU,_m�,�}an[�pbSBiV�np�UB[�anTlkm[�U��8_Ya}TVX,�0XBTl�y[�il`©i�W�an�m[h�Bi�W;�y[�p��%Î�X�[�WYZdcÞZ�WYpn[¤g+[�ij_:�4�
�ycB[6�h[��yWYi+�,i�W��n[�p�WYab[�Z�_mX,XB[�Zw�y[�U%�y_�W�kY_miV�yWY�m[�pb_mSBabZ�[6pn_��nc0W����ncB[6�+_��y[�X=�nT�WYi+UBTV�+[�ab[�XBZ�[6g+[w���#[�[�X%�ycB[
�Bi�W��n[�pªTjp^W���WYiVi,�yTV��[�p«[�ß9S0WYi0�n_�q:ÜYÜ6à��=��TV�yc��yc,[�c,Tj�mcB[�pb���+_��y[�X=�nT�WYiB_YXh�ncB[�S,�B�+[�a��,i�W��n[Y� f c,[�kY_mijSB�h[

q



g+[w���#[�[�X©�ycB[��Bi�W��n[�p�Tjp�Z�_m�h�Bij[w�y[�iV`%_ma��0WYab�niV`I�0iVij[�U���TV�nc _mXB[}_ma��h_mab[}UBTV[�iV[�Z��nanTVZ�p��+WYp�pncB_:��XÃTjXo�ycB[
�0�mSBab[Y� f cB[�pb[}U,Tj[�iV[�Zw�yanTVZ�p�c0W�kY[}ab[�i�W;�yTVkY[6�+[�an�hTV�b�yTVk(Tl�y[�p^��� � ¯��B�B��� Û ¯���WYXBU%������¯
	u�

V∆

V∆
ε3

V∆
ε2

ε3

ε2

ε1

ε1 ε0
d

d

d

(a)

(b)

(c)

L

L/2

� _Ya«[�WYZdc�_Y���ncB[��ycBab[�[�Z�WYpb[�p�Í<�(�w�+Í<�w�ªWYXBU Í���w�=`m_YS�WYab[�pbTj�h�BiV`�WYpb¨Y[�U��y_�_mg,�dW�TjXhWYXhÊm_:km[�a£k(Tj[���Ê}_Y�)�ycB[
pnTV�nS0W��nTj_mX2�0T<�¿[��V�0��Tl�yc ab[�pb�+[�Z����n_���cB[�an[��#[ÉcBW:kY[�XB[w��Zdc0W�an�m[���WYX,U cB_:� gBTV�h�ncB[�UB[�XBpnTl��`o_Y��Zdc0W�an�m[}Tjp
_mX��ncB[}k�WYabTj_mSBp�pnS,ab��WYZ�[�p���Í�Î�X�_Y�yc,[�a���_mabUBp��+g+_Y�nc��ncB[�UB[�XBpnTl�yTV[�p�_Y��� vytdt Zdc0WYab�m[�_YX��yc,[��h[��dW�i��,i�W��n[�p
WYXBU¤�ncB[�UB[�XBpnTl�yTV[�p#_�� z�������xdt�� Zdc0WYan�Y[�_mX��ncB[�pbSBab��W�Z�[�_Y���ycB[�kYW�anTj_YSBp�U,Tj[�iV[�Zw�yanTVZ�ijW�`m[�abp�� ���^_mSIWYab[�WYiVpn_
WYpn¨�[�U��n_}U,[��y[�an�hTjXB[��©���»WYXBU¤µ��¦�;Ñ��! "�Ö¯ �#� TjX��ycB[�km_YijSB�h[�g+[w���#[�[�X¤�ncB[��Bi�W;�y[�p^WYX,U�pb¨Y[��nZdc
�0[�iVU©ijTjX,[�p��8_ma��ycB[�pn[��ycBab[�[ÉkY[�Z��n_ma��0[�ijUBp�� ~ iVpn_��0X,UÃ�ncB[�Z�W��0WYZ�Tl�dWYX,Z�[�p4�%$��C�%&�WYX,UD�%'�_Y�ª�ncB[É�ycBab[�[
Z�WY�0W�Z�TV�n_manp��B[wÓu�Bab[�pbpn[�U©TVX��y[�an�hp�_��M×}��®¤WYXBU%�yc,[�ab[�ijW��yTlkm[��)[�ab��Tl�n�yTlk(TV�yTV[�p^�(� � ¯ � �*) �;Ñ�[w�yZY���[��y[�an�hTjXB[ X(S,��[�anTjZ�WYi�k�WYiVSB[�p��8_ma��ncB[©k�WYanTV_mSBpIß9S0WYX=�yTl�yTV[�p��ycBW��oWYan[©TVX=km_milkm[�U Í�T<�¿[��V��[�iV[�Z��nanTVZ �0[�iVU2�
[�ij[�Z��nanTjZ6�)_mijWYanT,+�W��nTj_mX2�9[�ij[�Zw�yabTjZ6UBTVpn�BijWYZ�[���[�X9���0WYXBUoUB[�XBpnTl�yTj[�p�_Y� �8ab[�[�WYXBUog)_mSBXBUDÍ�TVXBUBSBZ�[�U���Zdc0W�an�m[��w�
3.-2�:��A �BTl�C`m_mSo�ycBTVXB¨��ncB[4pb�ySu�-WYg+_:kY[}TVpnX2´ ��[�XB_YSB�mc2\
~ �h�ncB[%g+[��mTjX,XBTjXB�©_����ncBTjp�[ÔÓ,[�anZ�Tjpn[���`Y_mSQ��[�ab[%�n_mijUÞ�n_-X,[��miV[�Z��h[�UB�m[%[��+[�Zw�yp��#WYXBU±�yc0W;��Tjp�g=`±WYXBU
i�WYab�m[0/21��C[wÓuZ�[��,��TVX-�ncB[�kuTVZ�TVXBTV��`Ã_Y���ycB[hkm[�ab�yTVZ�WYiª�BijWYXB[�W����ycB[hZ�[�X9�n[�aÉ_���Z�W��0WYZ�Tl�y_ma����43�[�ab[Y���ycB[
[�ij[�Z��nanTjZ}�0[�iVU-pbTj�h�BiV` x�5��6� Æ;ÄMg)[�UBTVan[�Zw�y[�U-kY[�ab�nTjZ�WYijil`m�7�^_mSÃZ�WYX-Z�_mX=k(TjX,Z�[�`m_mS,anpn[�iV�^�yc0W;�6�ycBTVp6Tjp��nanSB[
g9`�Z�W�ijZ�S,i�W��nTjXB���ycB[}�+_YpnTV�nTj_mX,p�_Y�M�ycB[É[�ß9SBTj�)_Y�y[�X=�yT�W�i�pbSBab��W�Z�[�p���Tl�yc �)_Y�n[�X=�yTjWYi�kYW�ijSB[�p78:9;à���9�Ü�àÉ�)WYXBU
	:9;àÖ_mX±g)_Y�ycÞpbTjUB[�p�_Y���ycBTVp�km[�ab�yTVZ�WYi#��TVUB�Bi�W�XB[Y�ªWYX,UÞÊmpnS<;hZ�Tj[�X=�niV`���WYaÉW:�#W�`(Ê-�8ab_m� �ncB[I�hTjUB�BijWYXB[��
Â�pnTVXB�%�ycB[h��WYZ��4�ycBW��}�ncB[h[�ij[�Z��nanTjZ��)_Y�y[�X=�yT�W�i���WYXBU-�ycB[�an[��8_Yan[�WYijpb_ WYX=`Ã�mTlkm[�X@[�ß9SBTV�+_��y[�X=�nT�WYiªpnS,ab��WYZ�[Y�
�ÉSBpb��g+[6Z�_mX=�yTjX9SB_YSBp��,`Y_mS%Z�WYXI�nab`h�y_�pn¨�[��nZdc��yc,[�pn[6�ncBan[�[6[�ß9SBTj�)_Y�n[�X=�yTjWYi+pbSBab��W�Z�[�p���¬(TjXBZ�[7�Ö¯ ¥.=?>
WYiV�#W�`up��ÉSBp£��g)[}�)[�ab�+[�XBUBTVZ�SBijWYa��y_�W�X [�ß9SBTV�+_��y[�X=�nT�WYi�pbSBab��WYZ�[Y��`m_mS pncB_mS,ijU X,_��Úg+[�WYgBij[6�n_¤pn[�[}�nc0W��
� pnTV���Bil`¤Z�WYXBXB_���g+[4�0WYanWYijiV[�i)�y_��ycB[6kY[�ab�nTjZ�WYi���TVUB�BijWYXB[�TVX%�ncB[6k(TjZ�TVXBTV��`�_Y���ycBTVp��Bi�WYX,[Y�

	


