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N1(y, z) =
1

4
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(1 − y2).z.(z − 1)
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y.(y + 1).(1 − z2)
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N7(y, z) =
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I i
2(rc)

I i
2(rc) = lim

r→rc

∫

(e)

1

|r − r′|2
.N

(e)
i (r′).g0(|r − r′|) dr′

� ��^ ��^ � �

� � �



��BK\JQ*���
fi(r, r

′) = exp (jk|r − r′|).N
(e)
i (r′)

� ��^ ��^ � � �
2?BW�!��>@\=7%� � ��B*�-.=��B,����^ ��^ � :0Q6BKQ6a0�!" ��B*�Ap

I i
2(rc) = lim

r→rc

∫

(e)

fi(r, r
′)

(|r − r′|)3
dr′

� ��^ ��^ �9{ �
s<�A\,�6�!�!��N6�+RF7%�F7 " >@" �!�� X�Fh&�!�!�+�!�H��B,��Z[Q6�!>@E+\,���Y�=By\,�6�!�!��N6�+RF7%�F7 " >@" �!�].O� �=By 6Q6"%��" B,��N6�+.O� �&M=$&7 �,��" Q6By���0�!Q6�=��.0�
7%�@��" B=N6�=7%���!" �!E6^,��� ������$&�A;*�<� Q6BW��\=\J��7 7 �P7%�@�!��\=�!E�����B*�H�X�!" Q6B(" B*�!E��!" ���=�!�6^J��BKQ6a0�!" ��B*� 	 � �+�Y���*{#: e ��7%|*{ �3p

I i
2(rc) = lim

d→0

(∫

(e)−D

fi(r, r
′)

(|r′ − rc|)3
dr′ −

2π

d
.fi(r0, r0)

)

�9 6��$
D
�����-7%�@���=��Zb�6$&�+.0�o.0"%�!;*�=�+.O� �&M=$&7 �,��" Q6BW.0�+�H�986Q6B

d
;*�="<��B*�!Q6�=�!�P7%�@��" B=N6�=7%���!" �!E6^

� B*�!�!Q0.0�="%��Q6B,�
>F��" B*�!��B,��B*�-7 �+.0E� 6��7 Q6\=\J��>@��B*��.0� r �98#7 Q6�-.0� fi
��B

r0
\,���-�H��\=\JQ6���YR@�!�@����$&Q6B,.0�P X���!"%��a=7 �]p

fi(r, r
′) ≈ fi(r, r0) + ∇fi(r, r

′)|
r
′=r0

.(r′ − r0) + (|r′ − r0|)
2.f̃i(r

′, r0)
� ��^ ��^ � � �

Q��
f̃i(r

′, r0)
�����-7%��Z[Q6B,$D�!" Q6Bo.0E&I,B=" �+\,���-7c� E�;*�,�X�!" Q6B � ��^ ��^ � � ��p

f̃i(r
′, r0) =

1

(|r′ − r0|)2
.{fi(r

′) − fi(r0) −∇fi(r
′)|r=r0

.(r − r0)}
� ��^ ��^ � � �

��BWQ6a0�!" ��B*�Y.0Q6B,$]p

I2(r0) =
2π

d
.fi(r0) + fi(r0).c0 + ∇fi(r0).

−→c1 +

∫ 2π

θ=0

∫ R0(θ)

r=0

˜̃
fi(r, θ) drdθ −

2π

d
.fi(r0)

˜̃
fi(r, θ)

.0E���" N6B=�+7%�@Z[Q6B,$D�!" Q6Bo$&Q6�!�!����\JQ6B,.=��B*�YR
f̃i(r, r0)

\JQ6�=�S.0���- X���!"%��a=7 ���-\JQ67%��" �!���-.0E&I,B=" ����$&Q6>@>@�+\=�!E�$&E q.0��>@>@��B*��^,�9 6��$

c0 = −

∫ 2π

θ=0

1

R0(θ)
dθ

c1(r) =

∫ 2π

θ=0

ln(R0(θ)).ur(θ) dθ

ur(θ) =
r − r0

|r − r0|

 6��$D�!���=�-�=B=" �H��" �!�P�H�6.0"%��7

R0(θ) =
lry

cos θ

��"
0 < θ < α

R0(θ) =
lrz

sin θ

��"
α < θ <

π

2s<��$&Q#�&u($&" ��B*�? 6��$D�!Q6�!" ��7
c1(r)

$����
r0
�����3���($&��B*�!�!�Y.0����8#>@E&�!�!" �Y.0�Y7%�+$&��7 7 �=7 �6^*s<�-�!���!>@�-��B

c0
��� �XT�Q6�0�!�Y��\=�!l��

7c� " B*�!E�N6�H�X�!" Q6Bz�=B="%;*�=��>@��B*�Y\JQ6�=�
i = 9

\,���-.0E&I,B=" �!" Q6Bo.0���
Z[Q6B,$D�!" Q6B,�
Ni

$HG=Q6"%��" ���L\,���-7%�@���=" �!�6^

f9(r0) = exp(0) = 1

fi(r0) = 0 ∀i 6= 9

c0 = 4.

(∫ α

θ=0

cos θ

lry
dθ +

∫ π

θ=α

sin θ

lrz
dθ

)
= 4.

(
sin θ

lry
+

cos θ

lrz

)

r �H��" �!Q6B,�
>F��" B*�!��B,��B*�-7 �S�!�!Q6"%��" l�>@�S�!���!>@�+.0�+7c� " B*�!E�N6�H��7 � I i
2

:=B=Q��!E
I i
2 c3 (r0)

p

I i
2 c3 (r0) =

∫ 2π

θ=0

∫ R0(θ)

r=0

f̃i(r, r0) dr dθ

=

∫ 2π

θ=0

∫ R0(θ)

r=0

1

|r − r0|2

[
fi(r) − fi(r0) −∇fi(r)|r=r0

· (r − r0)

]
dr dθ

� � |



2?B �!��N6�!Q6�=\,��B*�F7 ���@�!���!>@���
I
(e),i
1 (rc)

�&�
I
(e),i
1 (rc)

��" B,��"�$���7%$&�=7 E���:?Q6B Q6a0�!" ��B*�z7%�`Z[Q6�!>��=7%�X�!" Q6B ���="  X��B*�!�o\JQ6�=�
7c� " B*�!E�N6�H��7 �

L
(e),i
el (r

(e)
c )

:=�0�!" 7 "%��E��+\JQ6�=�-7%�F���=" �!�+.0�o.0E� 6��7 Q6\=\J��>@��B*�Y.0�KZ[Q6�!>F��7 "%��>@�+.0�o$HG,��\=" �!�!� �6:0\,�����!" � � � � p

L
(e),i
el (r(e)

c ) =

∫ 2π

θ=0

∫ R0(θ)

r=0

([
−2jr − (j + 1) +

1

r

]
.g0(r)N

(e)
i (r, θ)

−

(
exp (jkr).N

(e)
i (r, θ)

)

|(0,0)

r2
−

−→
∇
(

exp (jkr)N
(e)
i (r, θ)

)

|(0,0)

· r
−→
dr

r2

)
drdθ

+4
( sin θ
lry

+
cos θ

lrz

)
N

(e)
i (0, 0)

� � � � ^ �6^ { � �

� � �
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� � � � ����� � � � � � �1���3� � ��� � ���

� 73�&M0"%���!�(�=Bv�!��B,�����=�];*�="37 " �(7 ����$HG,��>@\,�
E
�&�

D
^mi��(>@h�>@�z\JQ6�=�A7 ����$HG,��>@\,�

H
�&�

B
:j�&�

E
�&�

Jc
^g�3���

�!��B,�����=�H�?��Q6B*�3.0���?N6�H��B,.0���=�H�g$&Q6>@\=7 �&M0����^6s<���g�!��7%�X�!" Q6B,�?��" B,��"=E&�H��a=7 " ���?��Q6B*�3��\=\J��7 7 E����?�!��7%�X�!" Q6B,�g$&Q6B,���!" �!�0�!"  6���3.0�
>@" 7 " ���<^

� �®� ��� 	� �´B¦§²t©!©³²M��²t©³� ª�²¤�¢¡¤ ¢·�©¹´¶²¤»�� 
'#Q6�,�]7c� �&VU�&�F.O� �=B $HG,��>@\1E�7 ��$D�!�!"%;*�=�6:m7 �K>@Q6�= 6��>@��B*�@.0�W$HG,���!N6���A7 " E����]�����@$����H�6$D�!E��!"%��E(\,���]7 �z�!��B,�����=�@.0���

\J���!>@" ���!"  #" �!E��AE�7 ��$D�!�!"%;*�=���
ε
�bx 
9> �D:m;*�="L.0E�$&�!" ��7 �(\JQ6�= 6Q6" ��.0�(\JQ67%���!"%�!�X�!" Q6B�.0��>@" 7 " ���<^md?7 �,�A�=B >F�X�!E��!"%���v�����

"%��Q67%��B*��:*\=7 �,�L�!��\J���!>@" ���!"  #" �!ESE�7 �� 6E��6^#s<�S 6��$D�!���=�
.0�P.0E�\=7%�6$&��>@��B*�LE�7 ��$D�!�!"%;*�=�
D
�&�-7 �� 6��$D�!���=�
$HG,��>@\zE�7 ��$D�!�!"%;*�=�

E
��Q6B*�-7 " E��-\,���
7%�@�!��7%�X�!" Q6Bfp

D(r, t) = ε(r)E(r, t)
� ��^ i�^ � �

� �®� ��� 	� �´B¦§�¢µ ��¡¤²¤¡¤²t©³� ¦§µ�º�¨��
©³²¤»�� 
'#Q6�,�37c� �&VU�&�
.O� �=BK$HG,��>@\(>F��N6B=E&�!"%;*�=�6:67%�A\JQ67%���!"%�!�X�!" Q6BF.0��7%�A�!Q��H�X�!" Q6BF.0���3E�7 ��$D�!�!Q6B,�3���0�!Q6�=�L.0��7 ���=�H�3B=QX8*���0M

�����?$����H�6$D�!E��!"%��E��3\,���k7 �L�!��B,�����=�?.0���k\J���!>@E���a=" 7 " �!E��k>F��N6B=E&�!"%;*�=���
µ
� � 
9> �D:6;*�="=.0E�$&�!" �g7 �-\JQ6�= 6Q6" �g.0�
\JQ67%���!"%�!�X�!" Q6B

.0�y>@" 7 " ���<^Us<�A 6��$D�!���=�S.O� " B,.0�,$D�!" Q6By>F��N6B=E&�!"%;*�=�
B
� �`��aJ���H� 
9> 2 �-�����S�=B=�AZ[Q6B,$D�!" Q6By.0�f$HG,��>@\o>F��N6B=E&�!"%;*�=� H�b4 
9> �L�&����� E�$&�!" �+p

B(r, t) = µ(r)H(r, t)
� ��^ i�^ { �

s<���S X��7 ���=�H�P.0�@\J���!>@E���a=" 7 " �!E@>F��N6B=E&�!"%;*�=�]B=�F��Q6B*�P\,�6��I=M0���S�&�A.0E�\J��B,.0��B*��.0�@B=Q6>�a=�!���0Mo\,���H��>@l&�!�!���S$&Q6>@>@�
\,���-�&M0��>@\=7 �P7%���!��>@\JE��H�X�!�=�!�6^

� �®� �� Â5£�¨�ª��·�©³²M��²t©³� �¢¡¤ ¢·�©¹´¶²¤»�� 
'#Q6�,�]7c� �&VU�&�(.O� �=B $HG,��>@\ E�7 ��$D�!�!"%;*�=�

E
�
V/m

�D:g7 �K>@Q6�= 6��>@��B*�F.0���@$HG,���!N6���A7 " a=�!���]�����F$����H�6$D�!E��!"%��E(\,���]7 �
�!��B,�����=�Y.0���-$&Q6B,.0�,$D�!"  #" �!E��-E�7 ��$D�!�!"%;*�=���

σ
�
S/m

�L����7 Q6BK7%�]7 Q6"j.O� ��G=> p
Jc(r, t) = σ(r)E(r, t)

Q��
Jc(r, t)

�����-7 �A$&Q6�=�H��B*�-.0�A$&Q6B,.0�,$D�!" Q6B �[��B
A/m2 �D^'#��7 Q6B17 ����>F�X�!E��!"%���0MO:

σ
 X���!" �K.0�

108 S/m
R

10−22 S/m
^ksj�f$&Q6B,.0�,$D�!"  #" �!EW$����H�6$D�!E��!"%���F7%�y�!E���"%���H��B,$&�z���

\,�6�!�!��N6�S.0�o$&Q6�=�H��B*�-Q6�W.0�P7%�F$HG,��7 ���=�-.=��B,�
�=BW>F�X�!E��!"%���<^=sj�@$����H�6$D�!E��!"%���!"%;*�=�S" B# 6���H���S�����-7%�]�!E���"%���!"  #" �!E6^
sj�P$&Q6B,.0�,$D�!"  #" �!EY.O� �=B@aJQ6B@$&Q6B,.0�,$D�!���=��:9�!��7,;*�=�-7c� ���!N6��B*�kQ6�]7 �-$&�="  #�!�
\J���0�?h&�!�!�-\=7 �,�g.O� �=B@>@" 7 7 " Q6BF.0�LZ[Q6"%�g��� q\JE��!" ���=�!�LRS$&��7 7 �
.O� �=B�aJQ6B�"%��Q67%��B*�k$&Q6>@>@�L7 �L 6���!�!�?Q6��7 �L>@"%$��=^6��B�Q6a,�����! 6�?�=B�\=G=E�B=Q6>@l�B=�
.0�
���=\=�H�6$&Q6B,.0�,$D�!"  #" �!E

7 Q6�H�!;*�=�]$&�����H��" B=���P���=a,���H��B,$&���P��Q6B*�P�!�&Z[�!Q6"%.0" ���SRK�=B=���!��>@\JE��H�X�!�=�!�@ 6Q6"%��" B=�].0� � E��!QW��a,��Q67 �1pO7 ���=�+$&Q6B,.0�,$D�!"  #" �!E
.0�� #" ��B*�Y��7 Q6�H�
;*�,�6��"O" B0I,B=" �6^

s<�3$&�="  #�!�g\=�=�<�����j�=B+�&M=$&��7 7 ��B*�m$&Q6B,.0�,$D�!���=�j.O� E�7 ��$D�!�!"%$&" �!E?.O� �=B=�3$&Q6B,.0�,$D�!"  #" �!E?E�N*��7 �?R � �
%
.0�3$&��7 7 �3.0�g7c� ���!N6��B*��^

��B1�0�!" 7 "%���W7 �W$&�="  #�!�K\JQ6�=�F�!�`$&Q6B,.0�,$D�!"  #" �!EKE�7 ��$D�!�!"%;*�=�6:k7%�f\=7 �,�@" >@\JQ6���H��B*�!�W.0�K�!Q6�,�]7 ���]>@E&�H���0M " B,.0�,���!�!" ��7%��^
4Y" B,��"c:*Q6B(7c� ��>@\=7 Q6" �Y\JQ6�=�3Zb��a=�!"%;*�=���L.0���L.0"%��\JQ*��" �!" Zb�3E�7 ��$D�!�!"%;*�=����:��!��7%�L;*�=��7 ���3$ ��a=7 ����:*7 ���gI,7%�3Q6�(7 ���L��\=\,���!��" 7 7%��N6���
E�7 ��$D�!�!"%;*�=����^

sj�@$&Q6B,.0�,$D�!"  #" �!EA.0�+7c� ��" �
������.0�
10−8 S/m

^

� � {
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YBW>F�X�!E��!"%���z7 " B=E���" �!�S�����-�=BK>F�X�!E��!"%���K.=��B,�L7 ��;*�=��7<��� ��\=\=7 "%;*�=�P7 �P\=�!" B,$&" \J�+.0�+���=\J���!\JQ*��" �!" Q6B<^�YBW$&Q6�!\,�L�����
.0" �S"%��Q��!�!Q6\J��7 Q6�H�!;*�<� " 7j\=�!E�����B*�!�A7 ����>@h�>@����\=�!Q6\=�!" E&�!E���.=��B,�Y�!Q6�0�!����7 ���S.0" �!��$D�!" Q6B,��^UiS��B,��7 �]$��6��.O� �=Bf>F�X�!E��!"%���
7 " B=E���" �!�6:="%��Q��!�!Q6\J�+�&��G=Q6>@Q6N6l�B=�6:=7 ���-�!��B,�����=�H�-\=�!E�����B*�!E��Y���A�!E�.0�="%����B*�SR@7 ���=�H�-�!���!>@���Y.0"%��N6Q6B,���0MW;*�="m��Q6B*�-�!Q6�,�
E�N*���0MO^=s<��$��6�
E�$HG=E���B*��:=7%�@B=Q6BWB#�=7 7 " �!E�.0���YE�7 E�>@��B*�H�-B=Q6Bo.0"%��N6B=Q6B,���0Mz�!��B,.W$&Q6>@\0�!��.0�y$����H�6$��X�!l��!�S��B="%��Q��!�!Q6\J�
.0�W>F�X�!E��!"%���K$&Q6B,��"%.0E��!E6^

iS��B,���=By>@" 7 " ���f7 " B=E���" �!�6:,"%��Q��!�!Q6\J�6:,B=Q6BWZ[���!�!Q6>F��N6B=E&�!"%;*�=�+�&�PG=Q6>@Q6N6l�B=�6:=7 �����!��7%�X�!" Q6B,�����="  X��B*�!������Q6B*�� 6E��!" qI,E����Pp

D(r, t) = ε E(r, t)
� ��^ i�^ � � �

B(r, t) = µ H(r, t)
� ��^ i�^ � a �

Jc(r, t) = σ E(r, t)
� ��^ i�^ � $ �

��BW.0E&I,B=" �Y7 ���Y$&Q6B,���H��B*�!���
.0�W #"%.0�@p

\J���!>@" ���!"  #" �!E�.0�W #"%.0�

\J���!>@E���a=" 7 " �!EA.0�W #"%.0�

ε0 =
1

36.π.109
= 8, 85× 10−12C2/(N.m2)

� ��^ i�^ � � �

= 8, 85× 10−12F/m
� ��^ i�^ � a �

µ0 = 4.π.10−7H/m
� ��^ i�^ � $ �

� �!���=�+.0���-E�;*�,�X�!" Q6B,�
.0�Any�XM��L��7 7c:07%�]�!��7%�X�!" Q6BW���="  X��B*�!�P��B*�!�!�
ε0
�&�
µ0
��� E�$&�!" �+p

µ0 · ε0 · c
2 = 1

�9 6��$
c = 2.99.109 m/s

p= #" �!���!���+.0�+7%�]7 �=>@" l��!�

� �®� ��� 	� �´B¦§²t©!©³²M��²t©³�  
©�¥� �´B¦§�¢µ ��²¤¡¤²t©³�±´¶ ¢¡¤µL©³²M�� ¢¾
dkQ6�=���=Bo>F�X�!E��!"%���o.0Q6B=B=E�.0��\J���!>@" ���!"  #" �!E

ε
�&�P.0�A\J���!>@E���a=" 7 " �!E

µ
:," 7m������\JQ*�!��" a=7 �A.0�].0E&I,B=" ��7 ����;*�,��B*�!" �!E��

�!��7%�X�!"  6���
�6�!��Q0$&" E����LB=Q6�!>F��7 "%��E����L\,���
�H��\=\JQ6���Y���0MK$&Q6B,���H��B*�!���
.0�W #"%.0�6^

dk���!>@" ���!"  #" �!E+�!��7%�X�!"  6�
εr =

ε

ε0dk���!>@E���a=" 7 " �!EP�!��7%�X�!"  6�
µr =

µ

µ0�3���
 X��7 ���=�H�
B=�P\JQ*�!��l�.0��B*�-\,�6�-.O� �=B=" �!E6^

�.�����
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