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!"#! $%&'()*+%,-.  

! %/ E(x)01234567897%: q 7;<=>?@AB&'()*C<

DEF!6-6,7 GHIJ5KLLGFMN7%:0OPQCRSTU6VL7W

0;<AB&'()*X$%&'()*YC<DEZ2UK[5V\%J5]

^7%:F_7`a7bCRSTU0V`a%:+%A7cGd5234U%

,-.+_7ecC<DEVfgJ5]^GZ2VL4hMN7\%]^i3

@UWCjkTUK 

 

"Y MN7l%:i3@UW7$%&'()*  

!$%/m7PnoCpDEVl%:qhr$?Clsi3tCuvwxUyCV

z{0yw|}@3@D~�FV!6-1-1, !6-6 -367WGdUK 

! !!!!!!

! 

W = ("q) E(x) • ds
P

Q

#

! 

= q["(Q(x)) #"(P(x))]!! ! ! ! ! !  

�rl Ph���C��V

! 

"(P(x)) = 0+TU+V 

! ! ! !

! 

W = ("q) E(x) • ds
P

Q

#

! 

= q"(Q(x))! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (1) 

GdUK���i3AB Q(x)[Gr$?uvJ5%: qFVW��AB&'(

)*h��wxEDUKJiJVL7/�V

! 

E(x) = "grad #(x)F q�z7%:7

RS��C��E�[�EDUKRSTUT�E7%:hZ�J5/�VW�

^7AB&'()*F�7��C@U7���i� 

! =�C���CdUOPQ7�N7l%: (q", q�, q�, ���  , qn) i3V

��V%: q"hdU� o7AB x"CuvwxUKL7/�Fl%: q"0¡

¢U%/F£+Z2UL+0G¤U7GVuv75¥Cz¦0@Tr$?@~

�F£GdUK§C¨©ª7%: q�hdU� o7AB x�CuvwxU/�C

FV

! 

x
1
" x

2
F���GF@D7GV%: q"0«U%/7Qh%: q�0uvJE

¬UKL7yCz¦0@Tr$?@~�F£GF@¬V (1)C�U+Vl%:! !

q"0AB x�C«U$%®¯°±(C%: q�h²�5³7+@UK 
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! ! ! ! ! ! ! ! ! !

! 

U =
q
1
q
2

4"#
0
x
1
$ x

2

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (2) 

L40¨<7%:i3@UW7$%&'()*XUYGdUḰ 7`µhT4}V

L7WCFL4��7$%&'()*XUY0¶·w4EDUK§7¸©ª7%

: q�hAB x�CuvwxUKL7/�FV(2)7 U C�2EV%: q"0AB! ! !

x�C«U®¯°±(C%: q�h²�5³7V%: q�0AB x�C«U®¯

°±(C%: q�h²�5³0�¹UK 

! ! ! ! ! !

! 

U =
q
1
q
2

4"#
0
x
1
$ x

2

+
q
1
q
3

4"#
0
x
1
$ x

3

+
q
2
q
3

4"#
0
x
2
$ x

3

             (3) 

L7��@º»hVn ©ª7%: qnhAB xnCuvwxU[G¼�U+Vn 9

7%:i3@UW7$%&'()*FK 

! ! ! ! ! !

! 

U =
1

4"#
0

qiq j

xi $ x j(i, j )

n

% =
1

2
&
1

4"#
0

qiq j

xi $ x ji( i' j )

n

%
j( j' i)

n

% !             (4) 

+@UKF¢¥78½¾FV(3)i3¿U��CVÀ@U qi + qj 7Áb�¹x

��C<DE¾h�UL+hÂÃJEDUK̈ ©ª7¨½¾FV

! 

i " j+JEV_

4Ä4 n[G7¾h��5/�F, 

! 

(i, j)+

! 

( j,i)0½MJVÀ@U qi + qj 7Á�

¹x7¨Å7Æ+@U7GX1/2YÅT�¤GdUL+hÇÈTUK 

! (4)7 UF§7��C³`µG¤UK 

! 

qi�z7�E7%:

! 

q j(" i)0V%:

! 

qi7A

B xiC«U®¯°±(7¾h

! 

"
i
+TU+V 

             

! 

U =
1

2
qi"i

i

n

# !                                      (5-1) 

             

! 

"i =
1

4#$
0

q j

x i % x jj(& i)

n

'                                 (5-2) 

GdUK(5-1)7ÉN(1/2)FV(4)7Ê¨Ë7ÉN(1/2)+Ì¢ÇÈh;<K 

! %:RS0%:ÍÎ

! 

"(x)G1234EDU6FV(5-1)i3V 

! ! ! ! ! !

! 

U =
1

2
"(x)#(x)dV

V

$                                   (6) 

+Ï�UKLLCÐÑÒ¯7Ó»Ô 

! 

"2#(x) = $%(x) /&
0
 hÕÖTU+V 
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! 

U = "
#
0

2
$(x)%2$(x)dV

V

&                              (7) 

GdUK!7-3G×Ø*¯7ÃÙCÚÛJEÜ�5(7-13’) hÝDÞLT+V 

   ! !

! 

div{"(x)grad"(x)}

! 

= "(x)#2"(x) + {grad"(x)}2                (7-13’) 

�i3VL4hßàÊ8Ëh(7)7ßàCÕÖTU+V 

! ! !

! 

U =
"
0

2
{grad#(x)}2dV

V

$ %
"
0

2
div{#(x)grad#(x)}dV

V

$ ! ! ! ! !   (8) 

GdUKL7ßàÊ8ËCF

! 

E = "grad#(x)hÕÖT4}áDL+FTâC¿UK

Ê¨ËF��Z253�D���i�! L7Ê¨ËFãäÃÙi3a·RCå

2EbU+V 

! ! ! !

! 

div{"(x)grad"(x)}dV
V

# = {"(x)grad"(x)}•n(x)dS
S

#           (9) 

+@UK!7-3G×Ø*¯7ÃÙCÚÛJEÜ�5(7-11)F 

! ! !

! 

"(x)grad#(x)•n

! 

= "(x)(
#$

#x
nx +

#$

#y
ny +

#$

#z
nz )

! 

= "(x)
#$(x)

#n
!   (7-11) 

GdU0VLLGF

! 

"(x) =#(x)+JEDU7GV 

      

! 

"(x)grad"(x)•n

! 

= "(x)(
#"

#x
nx +

#"

#y
ny +

#"

#z
nz )                  (10) 

GdUK 

! ! ! !

! 

"#(x)

"n
$ (grad#)•n = (

"#

"x
nx +

"#

"y
ny +

"#

"z
nz)  

FV®¯°±(

! 

"(x)7æAçèéêë(

! 

n(x)Óì7íÉNGdUK%:0R

STUPn^· VhîRï¤¬��EV

! 

r"#G

! 

" # (1/r)$ 0+Z2EDUi3,!

ð¦a SG7 xC>JEV 

! ! ! !

! 

"(x)grad"(x)# (1/r) $ (1/r2) = (1/r
3
)  

+@UKñò?CV(9)ßà7a·RF

! 

(1/r
3
) " (r

2
) =1/rCcóTUK���G

! 

" # (1/r)$ 0+JEDU7GVL7a·R³£+JEáDKôCV (8)7ßàFV

! 

E = "grad#(x)hÕÖTU+V¤¹¥Eæõ@ÔV 

          

! 

U =
"
0

2
E
2
(x)dV

V

#                            ! ! ! !  (11) 

+@UKL7ßàF�PnCÚTU·RGdU0V�Pn VFíö^·÷VkC
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RøG¤EV_4Ä47íö^·÷Vk Cp�UæA^·ù5�7$%&'()

*(u)7¾+JE Uh`µG¤UK 

! ! ! !

! 

U =
"
0

2
E
2
(x)dV =

"
0

2
V

# E
2
($V

k
)$V

k

k

% = u($V
k
)$V

k

k

%          (12) 

ú�EV

! 

u("V
k
) = (#

0
/2)E

2
("V

k
)GdUi3KL4��VûAB xG7$%&'(

)*7^·ÍÎF 

! ! ! !

! 

u(x) =
"
0

2
E
2
(x) =

"
0

2
E(x)

2
# 0! ! ! ! ! ! ! ! ! ! ! ! ! ! (13) 

+@UK%:0RSTUOPPn7$%/GFVæA^·d5�V%/7 2 ü

CcóJVcóÉNhOP7ý%þ7(1/2)+TU&'()*0¶·w4EDUK 

! OPQG7%ÿÍÎ D+%/ E7ÚÉV

! 

D = "
0
EVh!DU+V(11), (13)FV 

! ! ! !

! 

U =
"
0

2
E
2
(x)dV

V

# =
1

2
E(x)•D(x)dV

V

# !                   (11-1) 

        

! 

u(x) =
"
0

2
E
2
(x) =

1

2
E(x) #D(x)                            (13-1) 

L7��C`µT4}OP/C�3�8"7$%/#7$!³_7[[%&+

@UK%ÿÍÎ DF%,?åA+³'}4UL++³ÚÛTUK%/ EhæA

%:CF(¬{+Ù)TU+VL4C*+@,åAéêë(-+7o·F~�

X&'()*Y+@UKD7.7ì¤FÌ¢GdUi3V 

! ! ! ! !

! 

E• dD
0

D

" = E dD

0

D

" = # E dE

0

E

" =
#

2
E

2
=

1

2
E $D             (13-2) 

D0%,?åA+³'}4UÙ/GdUK 

 ! (11), (13)CÚÛJEV�0C1Ç�lhÜ�UKÊ8FVæA^·ù5�7

&'()*(13)0;<§2FV[N!m/m
3
]=[N/m

2
]GVæAa·ù5�7{V34V

5{+Ì¢GdUL+K5{ha·RT4}{+@UKL4FV6CÜ�U,%

,{è7å7�8-h9ÜTU:Ñê;<=(5{C<@0UK 

! Ê¨FVL7¶·w45&'()*(11)Fl%:n7=�«!7&'()*7

>¾GdU7GVl%:_4?@0;<,?A&'()* -FBCGD@DL

+GdUK! (2), (3), (4)7HIGFV,%: q"hAB x"CuvwxUKL7/�

F%/F£+Z2UL+0G¤Vuv75¥Cz¦0@Tr$?@~�F£G
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dU-+JEV(2), (3), (4)G%:>7&'()*7bhDJ�¹xEDUKl%

:0_LCEFTUL+?^0,&'()*-h;�EDUL++JEV,l%

:7?A&'()*-hZ2U7Gd4}V_7��@l%:7?A&'()

*FX11YCFB[4ED@DK GiCVOPQ7l%: Q 7H�CFV

! 

E
r

= (1/4"#
0
)Q /r

27vIÓì7%/0EFTUKL7%/hV (11)Cú�E r=a

i3 rJ"[G·RT4}V%: Q0«�KJEDU%/7&'()*+@UK 

!   

! 

Us = (
"

0

2
)E

2
(4# r

2
)dr

a

$

% = (
"

0

2
)

Q
2

(4#"
0
r

2
)

2
(4# r

2
)dr

a

$

%  

                       

! 

= (
Q
2

8"#
0

)
1

r
2
dr

a

$

% = (
Q
2

8"#
0

)&
1

r a

$

=
Q
2

8"#
0
a

 

 aL£GL7&'()*F��ïCãäTUKJiJVMFl%:+'NCO

w¹JDP¥EöwD³77VQ�7ÆGdU+JEp�}V

! 

U
s
hl%:7?

A&'()* +R@TL+0G¤UKl%:N0SåGd4}V_437@T

W�^7&'()*CÃN+JET1TUKJiJVUVFW7&'()*i

3FL7��@,?A&'()* -hWDEHITUK(11)Fl%:n7=�

«!7&'()*7>¾GdU7GVl%:_4?@0;<L7��@,?A

&'()*-FBCGD@DK 

 

�Y%,-.  

! XI a7Y7oZC%: Q08[CRSTU/�7%AX$%®¯°±(Y

FV!6-8-(4) GZ25KL7Yh]^+TU+V!8-1GÜ�5��CV 

! �! ]^7oZCF%:FEFx�VT�E`aCEFTU 

! �! ]^`a7%/F]^`aC\]GV_7ï¤wFV

! 

"h]^`aG 

! ! ! 7%:aÍÎ+TU+V

! 

(E)
n

=" /#
0
GdU.  

GdUi3VL7]^Y7`a%:ÍÎF

! 

" =Q /(4#a2)V`a7%/FY7Q^

h_l+JEvIÓì7b7`Rh;4V

! 

E =Q /(4"#
0
a
2
)GdU.!  

�a�Ü�5%,{è+%ÿÍÎ Dh!DEVbcdefgh��Y7g/i3Z

2Eb��Xi 14-1YK rJa7]^Ya+V_7YzGZ2UXI R7YaV 
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hj¬%,{è7kN Q FÌ¢GdUKl<;7çmi3%ÿÍÎFV

! 

r " a  

C>JE 

               

! 

D(r) =Q /(4" r
2
)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (14) 

+@UK8"C%/F 

! 

E = (1/"
0
)D! GdUi3V 

               

! 

E(r) = (1/"
0
)D(r) =Q /(4#"

0
 r

2
)                       (15) 

GdUK[5V8"CV

! 

rotE = 0i3%/+®¯°±(7ÚÉF

! 

E(x) = "grad #(x)  GdUi3V 

! ! ! ! ! ! ! !

! 

E(r) = "grad #(r) = "
$#(r)

$r
!                       (16) 

+@UKL7nàh·RJEV®¯°±(F

! 

"(r) =Q /(4#$
0
 r) + c  +@UK·

RÃNF

! 

"(r =#) = c+@Ui3V

! 

"(r =#) = c = 0ho�EV 

! ! ! ! ! ! ! !

! 

"(r) =Q /(4#$
0
 r)                         ! ! !  (17) 

GdUKL4F

! 

r " a  C>JE`gTUK (14)~(17)GF,ê*p¯m-ho�

ED@D0V,ê*p¯m-C=ùTUÔF(15)+JEq34EDUL+C1ÇK!  

! ���G7%Ah

! 

"(#) = 0+T4}VL7]^Y7`a r=aG7%A

! 

"(a)F  

! ! ! ! ! ! ! !

! 

"(a) =
Q

4#$
0

%
1

a
    !                ! ! ! !      (18) 

 

Q 
r=a 

r=R 

i 14-1.! %:Qh`aC;<XI a7]^Y

+_Li3r¤KT%,{èK 
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+@UK8"CV%:.h%AsGø�5³7FV%:. Q +%As7cóÉ

NGV%,-.(capacitance)+'NK 

! ! ! ! ! ! ! !

! 

C "
Q

#(a)
= 4$%

0
a! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (19) 

%Ash"V��wx56C��TU%:.0 CGdUK(19)7/�FV%,-

. CF]^Y7XICcóJEDU7GVï¤@]^YGdUa�V%As"V

G��TU%:.Fï¤¬@UK(19)FVfg]^7%,-.7t^óGdUK!  

!  (18)G]^Y7XIhuÃJEZ2U+VL7YC���¬7%:h124

}V$%&'()*7Æ

! 

"(a)F�ïTUKJiJV]^Y7XI a 08ÃGd

U��V%:+$%&'()*7cóÚÉFå¹3@DKvCÜ�5]^7w

xV,%:F]^`a7bCEFJV]^`a7%/F]^`aC\]-i3V

]^`aFy®¯°±(aGdUK34V]^`a0Ya+FÀ@Uz{|

?7�Cd�E³V

! 

"(x)7ÆF]^`a7�7ABG³yJDKfgJ5\%

]^v7%: Q FVL7]^7ð¦}~+JE

! 

"
0
h12Ed�d;7Ó»Ô7

h)h�¥UL+GV]^z7

! 

"(x)hÃ¥VL76C]^`a7%:RSh�

¥UKJiJVð¦}~+JE7

! 

"
0
h

! 

"#
0
+T4}V 

! 

"(x)³

! 

"#(x)+@�V%/

³%:³�Å+@UKú�EV(18)7/�C�3�Vfg]^8"GV%: QF

]^`av7®¯°±(

! 

"CcóTUKL7cóÉN0fg]^7%,-. C

GdUK 

! ! ! ! ! !

! 

Q = C " #                                      (20) 

! %,-.7æAF Farad (F)+'}4VSIæAWXMKSAQÙæAWYGFV

"F="(C/V)GdUKL7æACµ4U%:"�Xê*p¯YF�!v7�¯e

¯�*C¶·w4U%:.+JEF�J¬ï¤D7GV��CFVµF=10
-6

(C/V)V 

pF=10
-12

(C/V)@�0%,-.7æA+JE�!w4UK 

 

�Y%,-.ÉN+%AÉN  

8"7\%J5fg]^C<DEV(6)7 

! ! ! ! ! !  

! 

U =
1

2
"(x)#(x)dV

V

$                                   
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hZ2U+V 

! 

"(x) = "F`aG8Ã�i3V^··R7�C¬¬�KTL+0

G¤V��7^··RF`aCEFTU�%: QC@UK 

! ! ! ! ! !

! 

U =
1

2
" #(x)dV =

1

2
V

$ " %Q! ! ! ! ! ! ! ! ! !    (21-1) 

MN7]^0dU/�FV]^�C(21-1)0`gTUi3V 

! ! ! ! ! !

! 

U =
1

2
" #(x)dV =

1

2
V

$ "i %Qi

i

& !                  (21-2)  

\%J5fg]^C<DE(20)ho�+V 

! ! ! ! ! !

! 

U =
1

2
" #Q =

1

2
C # " 2 =

1

2C
Q
2                     (22) 

+@UK 

! ¨<�v7\%J5]^0EFTU/�GF%,-.F�7��C`µG¤

U���i�! i 14-2C�T��CVZ2U�¤¨<7]^"V�7W7�8 

 

 

 

 

 

 

 

 

 

 

 

F III GdU0V½|�¹x7_Ù0�!G¤U7GVL7�8 III F8Óh�

�J5�8�+ II7¾C@�EDUK 

�8�GFV]^"7#1+%: Q17ÚÉFV(20)7fg]^7/�hÌ¢Gd

UK8ÓV]^�7%AF��w4EDU7G£GdU0V]^"C%: Q1h

12U+V]^�CFý]%:0hÖTU7GV#1 C�Ãw45%:0]^�

C�¢UK�8 IIG³��7L+0ÞLU7GV 

�  J  

#1 

#2=0 

 

#1=0 

#2 

#1 

#2 

 

I II III 

i 14-2. ! ð¦}~7½|�¹xK�8 III F�8 I+�

8 II7½|�¹xG`µG¤UK 
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! ! ! ! ! �8��!

! 

Q
1

= C
11
"

1
,            Q

2
= C

21
"

1
             (23-1) 

          �8 II�!

! 

Q
1

= C
12
"

2
,            Q

2
= C

22
"

2
             (23-2) 

L7¾0�¥U�¤ÚÉC@UK 

! ! ! ! !

! 

Q
1

= C
11
"

1
+ C

12
"

2
    

          

! 

Q
2

= C
21
"
1

+ C
22
"
2
 

L4F��77ho�EV 

! ! ! ! !

! 

Q
1

Q
2

" 

# 
$ 

% 

& 
' =

C
11

C
12

C
21

C
22

" 

# 
$ 

% 

& 
' 
(
1

(
2

" 

# 
$ 

% 

& 
'                             (24) 

+@UKfg]^7/�7

! 

Q = C " #  (20)7ÚÉFVMN7]^WGF��G`µ

w4U%,-.+@UKû`R CijF%,-.ÉN+'}4UK 

 %,-.��7e��h(24)7nàC²�4}V]^7%Ah%:G`µJ5

ÚÉ0q34UK 

         

! 

"
1

"
2

# 

$ 
% 

& 

' 
( =

C
11

C
12

C
21

C
22

# 

$ 
% 

& 

' 
( 

)1
Q
1

Q
2

# 

$ 
% 

& 

' 
( =

P
11

P
12

P
21

P
22

# 

$ 
% 

& 

' 
( 
Q
1

Q
2

# 

$ 
% 

& 

' 
( ! ! ! ! ! ! ! (25) 

fg]^Cp�U

! 

" = (1/C)Q (20)7ÚÉG7ÉN(1/C)Cù5U³7FVMN]^

WGF%,-.��7e��G`µw4VL4F%AÉN��+'}4V_7

`RXPijYF%AÉNGdUK�97]^WC>TU(24), (25)7ñòFV��

7§2hï¤¬TUL+GV�9�v7WCjkG¤UK 

        

! 

Qi = Ci1"1
+ Ci2"2

 +  # # +  Cij" j  +  # # = Cij" j  

j

$   

"i = Pi1Q1
+ Pi2Q2

 +  # # +  PijQj  +  # # = PijQj  

j

$
        (26) 

(21-2)i3 

! ! ! !

! 

U =
1

2
" #(x)dV =

1

2
V

$ "i %Qi

i

&  ! ! ! ! ! ! ! ! ! ! ! (21-2) 

GdUi3VLLC(26)hÕÖJEV 

        

! 

U =
1

2
"i( Ci j

" j

j

#
i

# ) =
1

2
Ci j

"i" j

j

#
i

#              ! !  (27-1) 

        

! 

U =
1

2
Qi( Pi jQj

j

"
i

" ) =
1

2
Pi jQiQj

j

"
i

"             ! !  (27-2) 
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GV%AdUDF%:7¨§7Ô+@UK-.ÉNV%AÉN7_4Ä4FV 

! ! ! ! !

! 

Cij = C j i
,       Pij = Pj i

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (28) 

+>�?GdUKL4F Green7Ê¸�yÔh!DE��G¤UK!
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!"#$%&'

! 

Cij = C j i
,       Pij = Pj i

 

! ()*+,-./0123*+,-456789:6;<./=>1?Green

4@ABCDEFGHIJ=>:<K/L=M1#$%&>NOM/L 

! (26)4@PD4()*+? 

! ! !

! 

Qi = Ci1"1
+ Ci2"2

 +  # # +  Cij" j  +  # # = Cij" j  

j

$   ! ! ! ! ! (29-1) 
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