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!"  #$%&#'()*+,-./012  

! #$%&#'()34567*8679:;<=>?@'()AB>CDE

()FGH#'()I*JKL4,MN@*'OPQARSTABQ4+,-

./012UV*'OW9'X>C 

  

YI+,Z[A,\9]+^_`ab>LcTUde 

! +,Z[A4,\FqI9+^Lfgh'ij9k=lmnab>o*9pq

>Co'rsU,\']+^_`LcTUde9pq>C 

! t 6-1LuvrsL4,\FqI94+,ZFEI['wxFCILyzl]+

^Lmnab>C,Z[A,\3

! 

F = qE'{9|=>}4]+^_`9pql

~>'A4gQU�+^�Q�~��L�~��9��ab��U�U~C�

'�L34 

! 

F = qE9�L���vrsL4�^U{

! 

F'= "F = "qE9��ab�

�U�U~Ca�L4wxFCILyzl]+^Lmnab>'AB>k�4o

'wxLys��F�5��I'��U_ F̀

! 

"sI9pq>C�{Lr>_`

! 

"s

L�sde34�{

! 

F'*o'_`

! 

"s'[6AB>C 

 

 

 

 

 

 

 

 

 

 

 

 

 

wx � '��*��3 � * � AB>U�4� 'wx9

! 

"s
k (k=1,2,…,n)L7¡

t 6-1C

! 

"s3+,Z[L¢(a£¤wx CLys¥&$2A4o'�

�LB>,\ q}]+^_`

! 

"s9¦s*v>*4o£LcTU�{}

Uvde34

! 

"s*

! 

F''[64

! 

F'•"s = #qE•"s4AB>C 

Q 

P 

! 

F = qE  

wx C 

! 

F'= "F = "qE  

,\ q 

! 

"s 
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§l4

! 

F'•"s
k

= #qE•"s
k
9¨l©§�Pb¤:ª34,\ q9wx �Lyzl]

+^Lmnab>LcTUde «LU>C!

!!!!!!!!!

! 

W = ("qE
k=1

n

# • dsk )$ ("q) E• ds
P

Q

% !!!!!!!!!!!!!!!!!!!!!!!!¬® 

! 

"s
k
¯°'±g9pql4¥&$2ZL²=>³´¥&$2¬

! 

A ®*wx �Lys

5Tµ

! 

ds*'67F[6'¶'±gI34¥&$2

! 

A'567*r�£4!

!!!!!!!!!!!

! 

 A
C
" • ds =   A

C
" • t ds!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2) 

*·vCwx � Lys5Tµ

! 

ds3¥&$2AB>'A4wx'¸`�5¥&$

29 t*§l45Tµ

! 

ds'h¹a

! 

ds = ds9�~l4

! 

ds = t ds*§lº�v>Z�

RB>C (2)'»¼'º·}o£L½¤>C¾¿A34(2)'À¼'º·9�~>C 

! (1)'Á,\ q9wx �Lyzl]+^Lmnab>LcTUde «Â34!

,Z¥&$2'567LFÃqI9Ä=¤R'AB>Co£LOv>ÅÆ3ÇL

a�L¦s}4�'ÈLC¥&$2'567

! 

 A
C
" • ds! É!

! 

 E• ds
C
" L<~lS

TUeÊ9ËX>C 

!  

ÌI¥&$2'567}wxLÍÎ§U~ÏÐ  

! t 6-1 'ÑA34wx � '��*��3 � * � AB>k�4,Z¥&$2 Ò

'56734!

! ! ! ! ! !

! 

 E• ds
C
" = E• ds

P

Q

"                                   (3) 

*º�a£>C§k§4¥&$2 Ò 3wx � Ó'�'ÔLg�£l~>k�4

(3)»Õ'º�'rsL4�� � *�� � Ö=9uvº·A3×Ø}Ùo>ÚÛ

Ü}B>C�� � k��� � LÝ>wx34¢(a£¤wx � ¾�LRf?L

BQ4� 'wx}ÞU£�567RÞU>ÚÛÜ}B>C!

! §k§4B>ßà'ÏÐ}B>*4¥&$2'56734��*��Ö

=ÔAáâzl§â~4� 'wxL3ÍÎ§U~C�'rsUZ�34(3)

»Õ'º�'rsL4�� � *�� � Ö='º·Aã7U'AB>Co'�'

ßàUÏÐ*34!
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! ! ! ! ! !!!

! 

rot E = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (4) 

AB>C+,ZA3o£}äå§l~>C§k§4ij_nv>,ZA34M

Z}æç'Ao£3äå§U~Co'×Ø3ÇLÅÆv>*§l4+,ZA'

! 

rot E = 0}4èé4¥&$2'567}wxLÍÎ§U~ÏÐ*U>'k9pq

rsC�')ê3³´'¥&$2ZA#$%&#'()}äåv>k�AB>C 

 

ëI#$%&#'()  

! DE()FGH#'()I38679ì667L_ív>R'ABz¤}4

#$%&#'()34567}867LîP>o*9ïðv>()AB>Cñ

�4òj'`ó xLô§lõq�£>¥&$2

! 

A(x)L<~l4 

                

! 

A(x)• dx = rotA(x)•n(x)dS
S
"

C
" ! ! ! ! ! ! ! ! ! ! (5) 

}äåv>C¤Ö§4C 3³´'ö÷5A4S 3ö÷5 C }øQùç³´'

÷8A4

! 

n(x)38 S'º8TµLål¤¸`ú5¥&$2AB>Ft 18IC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (!4-1)AËX¤rsL4¥&$2'ûü!

! 

rot A (= curl A)! 34                            

S 

C 

dS n(x) 

A(x) 

z 

x 

y 

t 6-2C ëýþòj'³´'ö÷5 C}øQùç³´'ö÷89

S*§4o'8Ó'� x=(x, y, z)A¥&$2 A(x)3õq�£l~>C

! 

n(x)3 S'º8TµLål¤¸`ú5¥&$2AB>C 

x=(x, y, z) 

O 
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! 

rotA =" #A =

! 
i 

! 
j 
! 

k 

$

$x

$

$y

$

$z

Ax Ay Az

  

! 

= (
"Az

"y
#
"Ay

"z
)
! 
i # (

"Az

"x
#
"Ax

"z
)
! 
j + (

"Ay

"x
#
"Ax

"y
)
! 

k    

AB>k�4F5I'»Õ9ä7Aÿ�*4 

            

! 

rotA(x) = (
"Az

"y
#
"Ay

"z
,  
"Ax

"z
#
"Az

"x
,  
"Ay

"x
#
"Ax

"y
)! !       (6) 

AB>C 

 

!"ýþ#8A' #$%&#'()$!

! %&L4"ýþ#8A#$%&#'()9ð'v>C  

 

 

 

 

 

 

 

 

 

 

t 6-3'ö÷5 C-xyL<~l'¥&$2 A(x,y)'56734 

!   

! 

A(x) " dx
C#xy
$ = Ax (x,y)%x + Ay (x + %x,y)%y

! 

+Ax (x,y + "y)(#"x) + Ay (x,y)(#"y)  

                

! 

=
"[Ax (x,y + #y) " Ax (x,y)]

#y
#x#y +

Ay (x + #x,y) " Ay (x,y)

#x
#x#y  

                

! 

= (
"Ay

"x
#
"Ax

"y
)$x$y = [rotA(x,y)]z$x$y ! ! ! ! ! ! ! ! (7) 

(7)'(Ç'"ÊA34

! 

Ax (x + "x,y + "y)A3U�

! 

Ax (x,y + "y)}4

! 

Ay (x,y + "y)'

îPQL

! 

Ay (x,y)})P£l~>o*L*´C 

! +�4t 6-4Luv86Tµ!S(xy)k*4o£9ùç,�-9.i/0QA 

 

! 

(x + "x,y)  

! 

(x,y)

 

! 

(x,y + "y)  

x 

y 

O 

t 6-3Cö÷5 C-xyL<~l'¥&$2 A(x,y)'567 

C-xy 
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+1v>ö÷5Tµ C(xy)k94F7IL½l3&>C�':ª4ö÷5 C(xy)'5

673423457¡§¤86µ6!S(xy)k9ùç,�-9.i/0QL+1v

>ö÷5 C(xy)kL<~l'567'7¶L8§~Co'7¶A34[9':;

3<Q�sÕA�'567}=>§4?'567'@}A>'A4ö÷5 C(xy)

'567BìL8§�U>C2345�C34,�-Tµ9�a�§l¦=�

DEa£>'A4�'rsU±g9pq>Cñ�4 

! ! ! ! ! !

! 

A(x)• dx
C (xy )
" = A(x)• dx

C(xy)k
"

k

# ! ! ! ! ! ! ! ! ! !    (8) 

AB>Co'»Õ'¶'FÊ3F7I'»ÕL8§~'A4 

! ! !

! 

A(x)• dx
C (xy )
" = [rotA(x,y)]z#S(xy)k

k

$ = [rotA(x,y)]z dS(xy)S(xy )
"     (9) 

AB>C(9)'»Õ34Á¥&$2 A 'ûüÂ*§l'¥&$2' zä7'Ô94

z GLHIU xy 8'86µ6LÄ=l4o£�'7¶9*z¤'R4ñ�48

67§¤R'AB>C(9)34ö÷5} xy8[Lg(a£l~>Z�'#$%&

#'()4ñ�4"ýþ#8L²=>#$%&#'()AB>C 

! "ýþ#8L²=>#$%&#'()34 

! 

A(x)9 xy #8['"ýþ¥&$

2*§l4

! 

P(x,y)*

! 

Q(x,y)9�' x4yä7*v>*4(9)'ÀÕ34[6A#J

K%AB>k�4 

! ! !

! 

A(x)• dx = (P(x,y),Q(x,y)) • (dx,dy) = P(x,y)dx +Q(x,y)dy         (10) 

t 6-4Cö÷5 C(xy)}øQùç#8 S(xy)92345A

7¡§4�'86Tµ9!S(xy)k *§l4o£9ùç,

�-9.i/ûQA+1v>ö÷59 C(xy)k*v>C 

 

! 

C(xy)k
 

! 

"S(xy)k  

! 

S(xy)  

! 

C(xy)  
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*U>C»Õ'LM[3,

! 

rot A' z ä7AB>'A4F9I»Õ*JN�4x4y

ä7Aº�A¹>C:O, "ýþ#8L²=>#$%&#'()(9) 34 

       

! 

[P(x,y)dx +Q(x,y)dy] =
C (xy )
" [

#Q(x.y)

#x
$
#P(x,y)

#y
]dxdy

S(xy )

""           (11) 

*Rº�A¹>C!

! (11)34?@'.P#$A3Q23%/'()Q*R�£>o*}B>C§k

§4S�'T)@'.P#$A34Q23%/'()Q3!U AËX>à'()

9¢vCo'�V3Wz¤o*AB>}4ooA34S�'T)@'.P#$

'�XúLY~4(11)3Á"ýþ#8L²=>#$%&#'()Â*§4Q23

%/'()Q*3R�U~o*Lv>C 
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!"#$%&'()*'&+,-  

! .#$/01234'()*'&+, (9), (11)56789"#$%&'()*

'&+,5:;<4= 

 > 6-51?<@A19(9)B, "#$CD1234EFG

! 

C,  EF0

! 

S, 

! 

A(x) , 

! 

dS  

59.#$& xy/01HIJKLM%N4=!

! ! !  

! 

A(x) • dx'
C (xy )
" = [rotA(x)]z  dS'

S(xy )
"                            (9) 

OK(11)B9P&HILM5Q*(R%BST9UV%WXJKY&%N4=Q

*(R

! 

A(x)& x9yUV5Z[\[

! 

P(x,y)]

! 

Q(x,y)]J89 

       

! 

[P(x,y)dx +Q(x,y)dy] =
C (xy )
" [

#Q(x.y)

#x
$
#P(x,y)

#y
]dxdy

S(xy )

""           (11) 

%N4=PP%B9> 6-55^_J89HILM5$1`<P]5ab4= 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(9), (11)&c#$&'()*'&+,1deJ89"#$&'()*'&+, 

            

! 

A(x)• dx = rotA(x)•n(x)dS
S
"

C
" ! ! ! ! ! ! ! ! ! ! (5) 

5:;<4&fg9Z&h19(5)5UV%WXJ82PA= 

C(xy) 
S(xy) 

S 

C 

dS 
n(x) 

A(x) 

z 

x 

y 

dS(xy) 

> 6-5="#$&EFG C]EF0 S& xy/0i&HI= 

x=(x, y, f(x,y)) 

x=(x, y, 0) 

O 
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! 

(Axdx + Aydy + Azdz)
C

"  

            

! 

= [(
"Az

"y
#
"Ay

"z
)nx + (

"Ax

"z
#
"Az

"x
)ny + (

"Ay

"x
#
"Ax

"y
)nz ]dS

S

$  

!"#$%&'()*+ A ,-./0123456,789.:;#<!=>

?@A2$ 

!         

! 

A
x
dx

C
" =

! 

(
"Ax

"z
ny #

"Ax

"y
nz

S

$$ )dS                        (5-1) 

!

! 

      

! 

AydyC
" =

! 

(
"Ay

"x
nz #

"Ay

"z
nx

S

$$ )dS                         (5-2) 

         

! 

A
z
dz

C
" =

! 

(
"Az

"y
nx #

"Az

"x
ny )

S

$$ dS                          (5-3)  

(5-1), (5-2), (5-3),BC=DEF@4(5)!"#GHIJ#$ 

 KL4(5-1)9.:;#<!=>;$(5-2), (5-3)MNO0P3QRIS#$ 

T 6-5 0>PUVW04XYZ S [,\

! 

x " (x,y,z)M4xy Z0]^_F#!4

! 

x " (x,y,0)  0`#$<,\

! 

x " (x,y,z), z./=

! 

z = f (x,y)!ab!$ 

! ! ! !

! 

x " (x,y,z) = (x,y, f (x,y))! ! ! ! ! ! ! ! ! ! ! ! !    ! (12) 

IJc4<,XYZ S[,\M4dx4ye,f=gEF@4z,hijK#$ 

k<I4XYZ S[,\

! 

x " (x,y,z)Ilm_F#no,()*+ A, x./=p

E#!4 

! !    

! 

Ax (x,y,z) = Ax (x,y, f (x,y)) = Bx (x,y)! ! ! ! ! ! ! ! ! ! ! (13) 

!qr#$

! 

A
x
!

! 

B
x
Mh!P3MNsIJ#94tuvMsw0

! 

A
x
!

! 

B
x
IMx"

#ML",Iyz={EU$k<I4BC= yI|}/;#!4 

       

! 

"Bx (x,y)

"y
=
"Ax (x,y,z)

"y
+
"Ax (x,y,z)

"z
#
"f

"y
                    (14) 

IJ#$<F0~oP34�&'�Z0�r#�*�)�,l� (11)I4

! 

"P(x,y)

"y
#

! 

"Bx (x,y)

"y
, ��4

! 

P(x,y)" Bx (x,y)!��_?4

! 

Q(x,y) = 0! !;#<

!0Vc4

! 

Q(x,y)0t;#�M�E#$k,��4 

 ! !   

! 

Bx (x,y)dx =
C (xy )
" [#

$Bx (x,y)

$y
]dxdy

S(xy )

"" ! ! ! ! ! ! ! ! ! !  (15) 
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!"#.! $%&'()*+#,-./,012(11)3 xy'(405647#8

9:; 6-5 40<=> C(xy):<=( S(xy))?@AB(15) CDEABF#GA

8A:(13)0HIC7#04:(15) JK0>LM3:&0<=> C)NFB0 x

DM0>LM!OPQR47#G 

         

! 

Bx (x,y)dx = Ax (x,y,z)dx =
C

"
C (xy )
" [#

$Bx (x,y)

$y
]dxdy

S(xy )

""  

 ST:(15)UK0LMV, <=( S 0(LWX)Y#LM4Z[\#)3:]

^_3(14)4`abcde"9"FG (15) 0

! 

dxdy3 xy'(

! 

S(xy)04(LWX

47#89:fg3&0<=(

! 

S0WX

! 

dS)hij>k/-l

! 

n(x)0 z DMV

m+no0:

! 

n
z
(x)dS = cos"dS47#GpqB:(15)3: 

    

! 

Ax (x,y,z)dx =
C
" # [

$Ax (x,y,z)

$y
+
$Ax (x,y,z)

$z
%
$f

$y
]nz(x)dS

S

""        (16) 

!"#G<=> C )H\#>LM!:<=( S )FNFB0(LM!0HIr

!"qnGA8A:(16) 3:st:(5-1)UK0u)"qB3F"FG 

! (16)C(5-1)UK)RAFf!Vv\)3:%)wx#y(0Tzr!{0(|

0hij>k/-l

! 

n(x)0HI}V~�G 

 

�(0Tzr!{0(|0hij>k/-l

! 

n(x)0HI�  

! =( S|0�

! 

x = (x,y,z)V�cB:{0�4(�W)��)EBnhij>k

/-l

! 

n(x)V��An0C; 6-647#Gf0hij>k/-l

! 

n(x)0DM3{

0T���V�FB: 

! !               

! 

n(x) = (nx,  ny,  nz) = (cos",  cos#,  cos$)! ! ! !  ! (17) 

!\#G! sn:=( S|0�

! 

x = (x,y,z)3: 

! ! ! ! ! ! ! ! !

! 

F(x,y,z) = 0                                 (18) 

V��ABF#!\#G��:(18)3=( S0Tzr47#G 

 �

! 

x'= (x + dx,y + dy,z + dz)3S�)�f)�cBo�FC:ff43�

! 

x = (x,y,z)89

! 

n(x))�qB�8)�gn�!\#Gfg3; 6-6)vAn( S�

|0�47#G( S�3:S 89j>T�)

! 

r = (dx)
2

+ (dy)
2

+ (dz)
20��t+
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!"#$%&'(S)*+,-./)!"01'2%3$ S45$ S)67%&

'($ S2.89:

! 

F(x,y,z) = 0%&';3$ S4<2=!

! 

x'= (x + dx,y + dy,z + dz)!

2>?@A

! 

F(x,y,z))BC+#D3E2FGH@)H'IAJK'(  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

! L2MN2

! 

x'= (x + dx,y + dy,z + dz)2>?@ABC+0O3P)5HDH15

!QID3

! 

F(x,y,z) = 02RS2LT5+UDVW"03

! 

F(x,y,z)2LTQXAJ

K'(

! 

F(x,y,z)5 x3y3z2YZ%3[\]^QID3

! 

x'= (x + dx,y + dy,z + dz)%

2

! 

F(x + dx,y + dy,z + dy)2@53_`Z2YZ2abcAde03f2FG)g

h%i'( 

  

! 

dF(x,y,z) " F(x + dx,y + dy,z + dy) # F(x,y,z)

! 

=
"F

"x
dx +

"F

"y
dy +

"F

"z
dz! ! (19) 

+I+3

! 

F(x,y,z) = 0%&'LTAj1klU3 

! ! ! !

! 

dF(x,y,z) = F(x + dx,y + dy,z + dy)  

! ! ! ! ! ! ! !

! 

=
"F

"x
dx +

"F

"y
dy +

"F

"z
dz = (#F)• dx    ! ! ! ! ! !  ! (20) 

n(x) 

zm./ 

xm./ 
ym./ 

! 

" 

# 

Sn

! 

F(x,y,z) = 0  

S4 

x=(x, y, z) 

$ S4T n(x)2o=

)&' 

x'=(x+dx, y+dy, z+dz) 

p 6-6($ S 2qrstuvwx n(x)T$ S 2.89:

! 

F(x,y,z) = 0%&';3 

! 

"F(= gradF)  53$ S)-o+3n(x)

)yz{'( 

$ S<2= 

x'=(x+dx, y+dy, z+dz) 
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!"#$% 6-6!&'

! 

dx = (dx,dy,dz)&'

! 

x = (x,y,z)()

! 

x'= (x + dx,y + dy,z + dz)*

+(,-./0!"1'

! 

dx&2345-./0 

! ! !

! 

n(x) = (nx,  ny,  nz) = (cos",  cos#,  cos$)  

6 r789:;!"#()$ 

!    

! 

dx = r "n(x) = r " (nx,ny,nz) = r " (cos#,  cos$,  cos%)                  

!"#$ 

! <='

! 

x'= (x + dx,y + dy,z + dz)>? S @="#AB'CD' 

! 

dx>? S @=

" # A B 6 E F # $

! 

F(x,y,z) = 0 ! " # G H I = ' J ; A B & '

! 

F(x + dx,y + dy,z + dy) = 0!"#(), (20)=KLM#N&' 

! ! !

! 

"F

"x
dx +

"F

"y
dy +

"F

"z
dz = (#F)• dx = 0                           (21) 

GO#$-./0

! 

"F(= gradF)  &? S=PQ8RS#$TUR'? S=EF

92345-./0 n(x)&

! 

"F(= gradF)GHV+W="#$ c 6XYG8R' 

! 

"F = c #n !"#()' 

             

! 

c =
("F /"x)

nx
=
("F /"y)

ny
=
("F /"z)

nz
                       (22) 

GO#$ 

!  

 Z[?;\]N>

! 

z = f(x,y);AB^  

! [? S;\]N>

! 

z = f (x,y)G_F)`RS#AB6EF#$

! 

F(x,y,z) = 0! ;

a=PMG' 

! ! ! !

! 

F(x,y,z) = f (x,y) " z = 0  

!"#. TUR,   

! ! ! !

! 

"F /"x = "f /"x,      "F /"y = "f /"y,       "F /"z = #1  

GO#$ (22)&'! ! ! !  

! ! ! !

! 

c =
("f /"x)

nx
=
("f /"y)

ny
=
#1

nz
 

!"#$b= 
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! 

"f

"x
= #

nx

nz
,         

"f

"y
= #

ny

nz
                               (23) 

!"#$%&'(()*+(16),-./0&' 

 

12345678965:;5<%=  

  (16).>&' 

! !

! 

Ax (x,y,z)dx =
C
" # [

$Ax (x,y,z)

$y
+
$Ax (x,y,z)

$z
%
$f

$y
]nz(x)dxdy

S

""        (16) 

! (16),-?@A.B(23)5

! 

"f

"y
= #

ny

nz
+CDEFB 

 !  

! 

Ax (x,y,z)dx =
C
" # [

$Ax (x,y,z)

$y
nz(x) #

$Ax (x,y,z)

$z
% ny (x)]dS

S

""         (24) 

!G&'(HI(5-1).JGKG0'LM.EFB(5-2), (5-3)NOP$%&'QR

FB(5-1)B(5-2), (5-3)5S$T&(5)BUVB2345678965:;WXY

Z&' 

! [ 6-5$52345\]^ C!\]_ S5 xy`_a5bc$IBbcdHe

fgxByBhi.I234jk5fgxByBziWlmlmnZ&(!+op!

Ee'NEB@qrs5234jk5fWmnZ&tuIB(HK5f+vw

Z&xy.\]_ S +vzEB{$|}H~Bvz�vI��Z&5$B67

8965:;IL�xy.XYZ&'  

 



 57 

!)! "#$%&'()*+,-./012341567 

! 8(9:;<=(>12341567> 

            

! 

A(x)• dx = rotA(x)•n(x)dS
S
"

C
" ! ! ! ! ! ! ! ! ! ! (5) 

?@-A0>B42C5"#$D>EF0GFHI5JKLM>NO5&

'(D)*+,-;P5QRS$./D>!!

! ! ! ! ! ! !

! 

rot E = 0!                                     (3) 

KTAU0?VWKXAY 

!

! 

A(x) = E(x)0+Z> 

! ! ! ! ! !

! 

E(x)• dx = rotE(x)•n(x)dS
S
"

C
"                     (25)!

%[(\]+Z-AY! (25)K>

! 

rot E = 0! KT^_>`a5bc"(d-Z5

"#$%e0,Af 

! ! ! ! ! !

! 

E(x)• dx = 0
C
" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (26) 

g 6-75<=(>bc" CD>hd5i$&'($jKXAY+k+>$j!

!

!

!

!

!

!

!

!

+Zlmn%eKTAU0DopMD,-Y!

   

! 

E(x)• dx = E(x)• dx
P"a

Q

# + E(x)• dx
Q"b

P

#
C
# = E(x)• dx

P"a

Q

# $ E(x)• dx
P"b

Q

# = 0 

U^<M> 

! !

! 

E(x)• dx
P"a

Q

# = E(x)• dx
P"b

Q

# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (27) 

KTAY

! 

rot E = 0! KT^_>(27) kq>`aB42C

! 

E(x)5"#$D>EF

P 

Q 

bc" C 

g 6-7. bc" C5$j?hd5&'5$jrAY 

a 

b 
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!"#$%&'()*+,)-./01234567,8-9!!

! :4.(26);<=,+->8?.C 5@A81'.S B@A'C>DE4D 

! 

rotE(x)•n(x)dS
S
" = 0! 5!

! 

rot E = 0! FAGH>D 

! IJ1KL4.

! 

rot E = 0! (3)5.MNOP Q 1RST;.U#!"#$%

1&'(V./01234567,8-WX1YZ[T\]'C>^!;

_>D!

!

`aNbcdef5

! 

rot E = 0FghH>!

! Nbcdi4K*+jk?l>ef;.mn4.

! 

rot E = 0Fgh,+->^!

FopH>D 

! eqrs!(x);jk?lWft.efMNOP E(x) 5.(u3-1v3)!

!!!!!

! 

E(x) =
1

4"#
0

dx'
$%

+%

& [ dy'
$%

+%

& { [
(x $ x')

x $ x'
3
' ((x') ' dx'

$%

+%

& }] 

              

! 

"
1

4#$
0

(x % x')

x % x'
3
& '(x') & d3x'

%(

+(

)                        (u3-1v3) 

'C*WD^lw? rot E(x)Fxy>D)z.^1 x<Tw?{k>D 

! !

! 

[rotE(x)]x = (
"Ez

"y
#
"Ey

"z
) 

! ! ! ! ! !

! 

"
1

4#$
0

{
%

%y
[
(z & z')

x & x'
3
' ((x') ' d3x']

&)

+)

* &
%

%z
[
(y & y')

x & x'
3
' ((x') ' d3x']

&)

+)

* }    

            

! 

"
1

4#$
0

{
%

%y
[
(z & z')

x & x'
3
]&

%

%z
[
(y & y')

x & x'
3
]}'(x') ( d3x'

&)

)

*             (28) 

|}~45��KL8��T;�l>D���5 

        

! 

"

"y
[
(z # z')

x # x'
3
] =

"

"y
[

(z # z')

(x # x')
2 + (y # y')2 + (z # z')2( )

3 / 2
] 

                  

! 

= (z " z')
#

#y
[

1

(x " x ')
2 + (y " y ')2 + (z " z')2( )

3 / 2
]    ! (29-1)             

��4.���5. 
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! ! ! !

! 

"

"z
[
(y # y')

x # x'
3
] =

! 

(y " y ')
#

#z
[

1

(x " x ')
2 + (y " y ')2 + (z " z')2( )

3 / 2
]      (29-2) 

!"#$%&'( y)z(*+,-./)x(*+,0%1-.#$ y(*+,

(234) 

     

! 

"

"y
[

1

(x # x ')
2 + (y # y ')2 + (z # z')2( )

3 / 2
] =

(#3/2) $ 2 $ (y # y')

(x # x')
2 + (y # y')2 + (z # z')2( )

5 / 2
   

!"#5!67#$89)         

!      !    

! 

"

"x
[

1

x # x'
3
] =

#3(x # x ')

x # x'
5

   

       !    

! 

"

"y
[

1

x # x'
3
] =

#3(y # y ')

x # x'
5

 ! ! ! ! ! ! ! ! ! ! ! !     (30) !  

       !    

! 

"

"z
[

1

x # x'
3
] =

#3(z # z')

x # x'
5

 

-.#$:;<)(29-1), (29-2) =>#!) 

 ! ! !  

! 

"

"y
[
(z # z')

x # x'
3
] =

#3(z # z')(y # y ')

x # x'
)!

! 

"

"z
[
(y # y')

x # x'
3
] =

! 

"3(y " y ')(z " z')

x " x'
 

?@4%&-.#$89) (28)(A,=.#

! 

{    }B4C-.#$ 

! ! ! ! !

! 

"

"y
[
(z # z')

x # x'
3
]#

"

"z
[
(y # y')

x # x'
3
] = 0  

5(DE=)FG= (28)(

! 

[rotE(x)]x = (
"Ez

"y
#
"Ey

"z
) = 0! 6HIJ<K#$y)z

H,=LK<0%1=FM-N#$5(DE=)OPQRS=D#TU)O

PQRTU4)VW=)

! 

rot E = 0! XYZJ<K#5!6[G#$!

!

\]^T_`Rabc!Tde  

! f4-5 =g!hiDE=)rot =jJ<4kLG(lm'6HIn#$f4-5-1

(lm'4)op(qrsPjt f(x,y,z)(uv)

! 

grad f =" f )(wxXy#!

C!"#0(-.#$ 

         

! 

rot (grad f (x,yz)) = rot grad f =" # (" f ) = 0            !  (f4-5-1) 
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!"#$%&'(

! 

rot E = 0)*+,-./0'1203456789:;-1 

! ! ! ! !

! 

E(x) = "grad #(x)                                     (31) 

'</26)=/> 

! 

"(x)(?@A"BC'1D%EF$GHI1D%J6K

LM/>NOP?QR(1%&(S.%JTUV.%JWXYTU'</> 

! ZW1D%EF$GHI

! 

"(x)(%[\]!(x)^_.-`0aYWbc'd/

T^ef/>gW(28)'hijaYW1%[\]!(x))kfUMj&90%&l

!mI E(x) ((n3-1o3)'</TU1(31)6pqMLr.> 

              

! 

E(x) =
1

4"#
0

(x $ x')

x $ x'
3
% &(x') % d3x'

$'

+'

(                 (n3-1o3) 

! ! ! ! ! ! !

! 

E(x) = "grad #(x)                             ! (3) 

(n3-1o3)st050uTU -grad ^vwxy26)xzML1{0|W}/~

0)

! 

"(x)'</> 

! {2'1(30)0��^�]efaY>(30)0��^�6�-��61 

! ! ! ! !

! 

"

"#
[

1

x $ x'
3
] =

$3(# $# ')

x $ x'
5

,!

! 

(" = x,  y,  z)! ! ! ! ! ! ! ! (32) 

'</>

! 

1/x " x'
3

)

! 

1/x " x'W�i-~1��0��W�/26(��W��'

d/>  

!

! 

"

"#
[
1

x $ x'
] =

"

"#
[

1

(x $ x')
2

+ (y $ y')
2

+ (z $ z')
2
1/ 2
] 

           

! 

=
("1/2) # 2($ "$ ')

(x " x')
2

+ (y " y')
2

+ (z " z')
2
3 / 2

=
"($ "$ ')

(x " x')
2

+ (y " y')
2

+ (z " z')
2
3 / 2

 

��1 

! ! ! !  !

! 

"

"#
[
1

x $ x'
] =

$(# $# ')

x $ x'
3

 ,   

! 

(" = x,  y,  z)! ! ! ! ! !       (33) 

'</>�t0�QR^sW�;L1 

! ! ! ! ! !

! 

"
#

#$
[
1

x " x'
] =
($ "$ ')

x " x'
3

 ,   

! 

(" = x,  y,  z)! ! ! ! ! !      (33') 

20st(

! 

"grad0�-*�'<w1�t((n3-1o3)�t�W��y/>�i-1

(n3-1o3)�t050uTU�C

! 

x,  y,  zWBy/-grad ^vwxy26)xz/> 
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! 

E(x) =
1

4"#
0

(x $ x')

x $ x'
3
% &(x') % d3x'

$'

+'

( = $
1

4"#
0

grad
&(x')

x $ x'
d
3
x'

$'

+'

(       (34) 

!"#$3%&'()*+,-./012345

! 

"(x)6- 

! !     

! 

"(x) =
1

4#$
0

%(x')

x & x'
d
3
x'

&'

+'

(                              ! !  (35) 

#7)*89:-(33');<=6-C&>?@AB#:=-

! 

1/x " x' + CC

! 

1/x " x'C

DE:8+F6- 

!   !  

! 

"
#

#$
[
1

x " x'
+ C] = "

#

#$
[
1

x " x'
] =
($ "$ ')

x " x'
3

 , 

! 

(" = x,  y,  z)! ! !  

GHIJ)* (35)@

! 

"(x)6-!@KL7>?@AB CCMNI<=CO<@I-

(35)@

! 

"(x)6>?AB C&PQ:8+FIJ)*RS6-ABI67TUBIC

O<*x I@VDEW)X7Y-x &MZ7<>?@UB g(y,z)6AB#GH?

[&\]^YIJ)*!@_`6abIcdW)* 

! a6-1!Ied:8KLf-!./g h @ijkf;<=-/l m&n.ofp

q^Y rfstuv)wf-xyzwu{|7Y7<}~6-!

!!! ! ! !

! 

W = ("q) E• ds
P

Q

# !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!�a6-1 -1�!

IJ�8*(28)&��W)#- 

! ! ! ! !

! 

W = ("q) E• ds
P

Q

# = q grad $(x) • ds
P

Q

# !

!!!!!!!!!!!!

! 

= q [
"#(x)

"x
dx

P

Q

$ +
"#(x)

"y
dy +

"#(x)

"z
dz] = q d#(x)

P

Q

$ !

            

! 

= q["(Q(x)) #"(P(x)]                                 (36)  

���I6-(19)I�(8 

             

! 

dF =
"F

"x
dx +

"F

"y
dy +

"F

"z
dz = (#F)• dx                   (19) 

&�<=<)*(36)@ 

! 

["(Q(x))#"(P(x)]! 6-p Q @p P f�W)/��&

A�W)*��@/l& P^Y Qfn.ofstuv)f��7}~@?

[&\]*!
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 (35)!"#$%&'()*+(

! 

x'),-./0123) P(

! 

x)45#6789:;

<=>)?"@AB8#*!C, 

! 

"(P(x)) = 0?DEFG.! HIE"./01<J

K2DE"LM?4#NO<P2#N?QRS 

! ?LT!"U36V4WCWK5XYZ[\!3),-"Z[4]^ J_N!m<

`aSHIE"#NOCPN#$ (1CVbcd4Z[! (J/C) <`e"LM< V

Uf;gV?hiDEG)S1V=j(J/C) !3)Ske"3)*+4 1C4#$

2"1J 4Z[DE"l4#$<m4*+2K5X2nopqcr"l4s14

#NOCjV!3)S! SIPNt!C"1C=1A!s !3),-" 

!    #NucC#NO4PNv!

! 

V =  J/C =  N "m /(A " s)! ! ! ! (37) 

!3)S#wxy e4$#z{j|<#NO%jV!3)*+<nopqcr4

Z[%je!V !3)S! e=F/NA=1.60218x10
-19

 C! !3),-"L4Z[C

1.60218x10
-19

 JS?Y)SL4$#z{<}f~�B�����)?" 9.6485x10
4

@AB8(C)4#$2Y)4!"}f~�B�|PN!"#NO%jV !3)*

+<nopqcr4Z[C"9.6485x10
4! (J/mol)=96.485 (kJ/mol)?Y)Sz{j

|!4��;��e!V<"j�;|4z{!4��;��(kJ/mol)2��()2C"

l4����C 1e!V=96.485 (kJ/mol)?Y)S 

! ��"#*C"U3V,-"5#6789:;4��2���<a�c�4!

3),-"#*4��p4PNC! [#NO���]! 4]^<`aS�2" 

! ! ! #*4��p4PNv!

! 

V/m = N /(A " s)                  ! (38) 

!3)S 

 

�V5#*4��;�A���?

! 

rot E = 0  

!5#* � 4 ¡¢2£GE"#$ ¤ <K5X21 ¥ ,- ¦ 2nopq)§2"

¨©%§pª«Y-YGZ[C!¬6-1-1®"(36)4 W !3)S!¦ 4N¯23)

#$ ¤C"¨°,-±²4W4Z[<DE�-IEG)4!"!!

! ! ! ! ! !

! 

W = ("q) E• ds
P

Q

#

! 

= q["(Q(x)) #"(P(x))]!! ! ! ! ! ! ¬6-1 -1®!

Q 4N¯23)#$ q C"W ��"P 4N¯23)³d�´&2N¯��;�
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!"#$%&'()*+,Q -./01'23 q " P -./4567809:

;<0=>?@ABCDAD&EF"W’ G:'G,!

! ! ! ! ! !

! 

W '= ("q) E• ds
Q

P

# = "("q) E• ds
P

Q

# = "W ! !

51'(H0,

! 

W +W '= 0 51'( 

! IJI,KI,

! 

W +W '" 0! DA,23 q? PL(1)LML(2)LPGN-./0

9$%K,OPQR!-ST(

! 

W +W '> 0)@UV(

! 

W +W '< 0)?WX'YG"Z[

:'(

! 

W +W '> 0-\]+,./^_DI0OPQR!?WX'YG0D'(4

;,

! 

W +W '< 0-\]+,PL(2)LML(1)LPG`0abC,

! 

W +W '> 0-\]G

cX0D'-5,@+T,./^_DI0OPQR!?WX'YG0D'(d

e,

! 

W +W '" 0+fg-./^_KDhbCOPQR!+^_ID&iG&jO

PQR!klm0no:'(pJA 

! 

W +W '= 05DhbCDAD&( 

!

! 

W +W '= 0+72\5-OPQR!klm51T,qr+ 

! 

rot E = 0-st

?72\0uh'OPQR!klm"kvI%&'(72\+klw\51'

GKxj?,cXYG"yz%&'({6-45|I;f

! 

rot E = 0+,}~�Q �

-���?,��G��ph-�5�T,��-��0+�lID&;<

-����stiKcXYG"yz%&'(72\5-OPQR!klmG

! 

rot E(x) = 0"q��h'-? Stokes -��51T,

! 

rot E = 0?��:'YG5!

! 

E(x) = "grad #(x) GDT,Y-`K��:'YG"�*��I%uYj(                            ! ! !  

! ��0�!���5 �¡b'}~�Q ¢ -£¤?¥¦�!

! 

rot A = 0, 51'Y

G"f}~�Q\+,§DIiGJf}~�Q\+,¨£¤8i51'Gx

j(§+©ªw«0¬:'®¯51'(72\+§DI51'(}~�Q-

£¤

! 

rot A-Z[:'GY°+{4-4 5yz;?,

! 

rot A " 0-f§1Ti1'&

+f£¤8i±²0�&%+,³-´jDµ©-¶'§"·&¸Jz%K,¹

-º»"¼½5¾'(¿À-µ"ÁÂ-Ã"+ÄI%ÅÆÇ,¿À-µ+§"

¶TD?AÈÉ¡b%ÊÆ(Y-G¾Ã0¦!�"�%;´jDËÌpµÂ?

¯b'(§-£¤ÍÎÂ0ÏÐDÑÒ0©É:'µ-Ó*"ÔÕ'}~�Q?

Y-´jDÖ5×0ØÕ'(Ù0ÚÛ:'´j02ÜÝ?Þß:'\]0+,
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! 

rot E(x,t) " 0!"#$%&'(&)*+,-./0123456789):;2

<=>.?@$!

! AB7CDEF& G H/07IJCDEF&1'/KLM>7IJCDEF

&17NOPQR!L#'7ST)UVW#X5YXZ$Helmholtz7ST'[\]

#$/07IJCDEF&1H%&^7_`P!

! 

"grad #(x)!ab!L#$/KL

M>7IJCDEF&1'Hc.7CDEF7de)f!"#CDEF&2

BgW#$h:7i%&PjW#klm7nopqQrZH

! 

divE(x) = "#(x) /$
0
!

"45%stu)f!vJw4/KLM>)x#CDEF&1!"#$>y>5

z4-55/{|} P~W#���1!���_`P5AB7CDEF � POJ.5

! 

div rot B =" • (" #B) = 0! !"#y�5

! 

rot B7deH�Pf!"#$�-.5/K

LM>7IJCDEF&1'>.

! 

rot B2��]\�J$!Helmholtz 7STH5

AB7CDEF& G H5!

! ! ! !

! 

A = "grad #(x) + rot B(x)! !

'ab!L#�'2��.J#$�7��7 div2�]\5!

! ! ! !

! 

divA = "div grad #(x) + div rot B(x)!

'v#)5

! 

div grad "(x) =#2"(x),    div rot B(x) = 0!!"#y�5!

! ! ! ! !

! 

"2#(x) = $div A  

'v#$�]H�����7���'[\]5CDEF&)��W�L~�!

"#$CDEF A )i%&^'v-.

! 

divE(x) = "#(x) /$
0
'��O@$%&7�

����F'%stu2��O�#�����7���POJ.H P¡¢

W#$  

! z4-4 !H5/CDEF A )5"#CDEF~£ p 7¤¥!"#¦5

! 

A = rot p =" #p5CDEF~£ p H§7CDEF�����F'[\]#1

'¨>�$�-.5Helmholtz7STH5AB7CDEF& G Hm©ª«���

��F

! 

"(x)'CDEF�����F

! 

B!¨�!L#�'2��.J#$%(&!

H BH(&2aW(¬tuCDEF!"#$ 

! W#P5Helmholtz7ST)®¯W#°72CDEF&'��#v�\5C

DEF&'>.7i%& EH, 
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        1)

! 

divE(x) = "#(x) /$
0
!"#$%&'()!!

!!!!!!!!2)

! 

rot E = 0*! ! ! !+,-./01( 

2345%6789:;<=>:?>%6@5A2)7!

! 

E(x) = "grad #(x)! BC

DE5:F*GHIJ

! 

"(x)KLMNOP-

! 

"(x);LQRSN%TUVBWXY

ZK! G[ E ;85A67*\G[ E B]^E5_2`9>a/bN'7c6

@de:f! gh7ij;YkeA 
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!"#$%&$'()  
 

! *3( 3-1)~3-4)+,-.$%/0123456789:/;<=>#$?@A

BCDE$'"FGH2IJK7 

 

EL"MNO$P(%Q  

! *3( 3-1)(RST:UVWXO/$P QYZ>&52U[\($%]U 

    !           

! 

E(r) = E(x) =
Q

4"#
0

$
(x)

x
3
!  

+Z>7$%]^;_+U`ab]  

                 

! 

E(r) = E(x) =Q /(4"#
0
r
2
)                    (*3-13) 

+Uca]XOdT:e('fcTK7gh2U8(ic/j52U 

! ! ! ! ! !      

! 

E(r) = "
#$(r)

#r
=Q /(4%&

0
r
2
)  

+Z>7

! 

"#(r)

"r
= $

Q

4%&
0

'
1

r
2
&52kl=>&U 

! ! !          !

! 

"(r) =
Q

4#$
0

%
1

r
!                             (34)!  

!  

 

Em"no.p$PqrEs"+tp/$PYlu=>%Q  

 ! O-x,y,z(VWv( zw/Uno.p$PqrEs"+$PYxylu=>Ez

6-8"7 

  

 

 

 

 

 

 

 

 

x 

y 

z 

O 

zk x=(x,y,z) 

z 6-87pqrs+no/{$56 zw 

x=(r,0,0)

r,0,0) 
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! 

x = (r,0,0)!"#$%&'()*+,*-./, 

! 

Ey = Ez = 0 ) 

    ! ! ! ! !  

! 

E
x

=
"

2#$
0

%
1

r
                  ! ! ! !  (03-16-1)    

 x 1/ z 12345$67*892:$(%;)<$=>&(*+,/ z 12

?@ABCD)E$F

! 

E
x

= E
r
%GA& 

            

! 

E(r) = "
#$(r)

#r
=

%

2&'
0

(
1

r
                      

(H!  

! 

"#(r)

"r
= $

%

2&'
0

(
1

r
 %GAI.5$%& 

! ! ! !     

! 

"(r) = #
$

2%&0
log r + C                          ! (36) 

%J$F 

 

KLMNOJPQRSKTM)UP2.V5$+W*,X  

! Y 6-9*Z[2&x&yUP2NOJPRSKTM)+W;.V5$\&x=(0,0,z)

)*+,/&z-.]^;_)/J@F 

! 

Ex = Ey = 0)E`& 

   ! ! ! !

! 

E
z

= (
"

2#
0

)(z / z )                   ! ! ! !         (03-21) 

)E$F z *a2Z>bNc)&9</&+W;.V5$UPd*efgh=

> x=(0,0,z)29=[892E$F 

!  

 

 

 

 

 

 

 

 

 

+W*PRST/ x-yUP)Nc 

x 

z y 

O 

x=(x,y,z) 

Y 6-9. ijUPk2Nc*RS).V5$+W2Z$+, 

x=(0,0,z) 

! 
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! !

! 

E
z

= (
"

2#
0

)(z / z ) = $
%&(z)

%z
! !"#$

! 

"#(z)

"z
= $(

%

2&
0

)(z / z )%&'()&'* 

! !

! 

z > 0!!

! 

 "(z) = #(
$

2%
0

) & z + C ,!

! 

z < 0 !!

! 

"(z) = (
#

2$
0

) % z + C!    (37) 

! +,

! 

E
z
-*z./012!*34-54!*

! 

(
"

#
0

)6789:"#$&;&*<=

>?@A 

! 

 "(z)-*z./!89!"#$ 

 

BCDEF a6G6HIJ+K Q:LMJ)NO#,P  

! GQR6+K)N!"#;S*()T6UVW6XY (Z5-2-12) 

0[\'+,0]^#$ 

! ! ! ! ! !

! 

Ek (x)•n(x)dSS
" =

1

#
0

Qk

k=1

n

$ ! ! ! ! ! ! ! (Z5-2-12) 

 

              . 

!  

 

 

 

 

 

 

 

 

()T6UVW6XY!_`O#GaHIJbcO#d+K-*r% a 6efg

hJibO#;S*jk6lm6,PJ)n'op#(q 6-10)$ 

i)   r ! a 6,P 

   

! 

E(x)•n(x)dS
S
" =

Q

#
0

 ;S*

! 

E(r)4"r2 =
Q

#
0

  %rs,  +,-  

              

! 

E(r) =
Q

4"#
0

$
1

r
2

 *!                            (38)                       

a 

a<r

>a 

a ! r 

q 6-10$EF a6GHIJLMJ+K Q:)NO#$ 

 

 

Q 
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! !"#$%&!'()*+,-./0!12)*30!  

               

! 

"(r) =
Q

4#$
0

%
1

r
                         !      (39) 

! (4-5     

ii)  r < a   6"7 

  

! 

E(x)•n(x)dS
S
" =

Q # (r3 /a3)

$
0

0! 89./!

! 

E(r)4"r2 =
Q

#
0

(r
3
/a

3
)+,-5!  

!"# 

! ! ! ! ! ! ! !

! 

E(r) =
Q

4"#
0

$
r

a
3
!                             (40) 

(4-5!1#0

! 

E(r) =
Q

4"#
0

$
r

a
3

= %
&'(r)

&r
 6:;./0 

!       ! ! !  

! 

"(r) = #
Q

2$%
0

&
r
2

a
3

+ C                             (41) 

!1

! 

"(r)#! r = a +<=+4>9?4/4@./0 

! ! ! !

! 

"(a) =
Q

4#$
0

%
1

a
= &

Q

2#$
0

%
a
2

a
3

+ C  

AB0 

        

! 

C =
Q

4"#
0

$
1

a
+

Q

2"#
0

$
a
2

a
3

=
3Q

8"#
0

$
1

a
                         (42) 

+,-5 

 

CDEFG4!'HIJCKL(!LEMNOPQ4RSPH6"7  

! T36 3-4) (22)6UVMWXY-(0FG4!'6HIJCKL(!LE6P

Q4RSPHZ[-!"#0PH\]CdE6^\6_`a*-5z b6cM0

RSPH a (KL)./ b(!L)`d.edf`g-((h 6-11)0 

! ! ! ! ! ! !

! 

E = E
a

+ E
b

=
"

#
0

! ! ! ! ! ! ! ! ! ! !     (T3- 22) 

+,-5!"(i!jk`lmn6:;#0 
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! ! ! ! ! ! !

! 

E =
"

#
0

= $
%&(z)

%z
                           ! (43) 

!"#$%&'

! 

"#(z)

"z
= $

%

&
0

()*+' 

               

! 

"(z) = (#
$

%
0

)dz& = (#
$

%
0

)z + C                ! (44) 

!"#$ 
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a, b &-.#/01' 

! 

V
a
"V

b
= #(a) "#(b)'2!  

! ! !

! 

V
a
"V

b
= #(a) "#(b)

! 

("
#

$
0

)a " ("
#

$
0

)b = (
#

$
0

)(b " a) =
#

$
0

d       (45) 

34#$567689:;/<=>?!'/@2AB!"#C'/02 bDE a

&FDGHI&JKL+'MDE

! 

"

#
0

d! N!OP.#$.4QR'567689

(4.ST,U,V!2'/@2WX!"#C'/02

! 

"

#
0

d,YZ[C\].#$

^7-5-2!_`.#/aSbc&de#/0,YZ[,K!"#$ 

 

f!  

"!  ! 

a
 

! 

b 

! 

E = 0 

! 

E =
"

#
0

 

! 

E = 0
 +z 

g 6-11$hi4/j,Ukl:fm3"m=,no4

pqnUC'nUVVr:d=,V&s#/@3tu

!,/0$ 
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!"#$%&'(#)*+#,-./01  

! 23456789:;#<;3=>#$%&'  (electric dipole)?@AB0C 

D 6-12 EFGHIE>J;#<-(+q)>(-q)?7K>LM;NO- d ?G0P>

QRS

! 

p = qd>TU=(+q)*+(-q)EU*IVWXY

! 

p=>#$%&'Z[\]

X(electric dipole moment)?@AB0C^;HI_VWXY=>`a';HI_

#$bEa&7K80a'-cdG0;Eefgh0CD 6-11 ;iE`a';

jklb_mn-opbEF7K80C9#<=`qr'Est>:#<=u

qr'EsvK80;g>`a'wxg=>9#<?:#<;ayiz;){

5|}7K8_8C:#<;iz*+>9#<;iz~�A7���5#$%

&'Z[\]XE3�G0C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

��;#<;i�>��>%&';i�E{8�r� O *+�0?>� A =>

NO r>��!;){Eh0C^;�;#,!

! 

E(r,") = (E
r
,E" )->rTU?^BE

��_!TU;�a?7K./HIC:#<? A,  9#<? A ;NO=>JB

�B r�>r�gh0?G0C 

! ��;#<;��0#,;�����g��BA�8*+>#)E�8K�

+q -q 

d 

r 

! 
O 

A 

! 

E
r
 

! 

E"  

O 

H 

H 

`a';#$%&'

Z[\]X 

D 6-12. #$%&'Z[\]X. 

 

r� 
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!"#$%&'()*(34)+,-./0123456789) A+:; VA<2 

! ! !   

! 

"(A) #"($) =VA =
(+q)

4%&
0

'
1

r+
+
(#q)

4%&
0

'
1

r#
=

q

4%&
0

'
(r# # r+)

r+r#
! ! ! ! (46) 

&=)*

! 

r >> d>?12@ABC./D>2 

        

! 

r+
2

= r
2

+ (d /2)
2
" 2r(d /2)cos# $ r2 " r % dcos#  

! ! !   

! 

r"
2

= r
2

+ (d /2)
2

+ 2r(d /2)cos# $ r2 + r % dcos#  

&=)EF2GHF+I.JHK2 

! ! ! ! !

! 

2r " dcos#r+
2
$ r%

2
% r+

2
= (r% + r+)(r% % r+) $ 2r(r% % r+) 

GHLM2

! 

(r" " r+) # dcos$ ! &=)*  NO2  

! 

r" # r+ $ r
2
! &=)+&2(46)<2 

           

! 

VA "
q

4#$
0

%
dcos&

r
2

=
1

4#$
0

%
pcos&

r
2

            ! ! ! ! ! (47) 

>P)* 

! :Q

! 

E(r,") = (E
r
,E" )<2

! 

E(r,") = #gradVA  >?1RS7(47)EFTN)* 

:Q+ sUVWX<2

! 

E
s
= "

#V
A

#s
= " lim

$s%0
(
$V

A

$s
)YEF2rUV&<

! 

"s = "r,   !UV

&<

! 

"s = r"# &=). 

           

! 

Er = "
#VA

#r
=
2p

4$%
0

&
cos'

r
3
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (48) 

           

! 

E" = #
$VA

r$"
=

p

4%&
0

'
sin"

r
3

                              (49) 

>P)* 

  Z[\+]67^_O`6 O 72x2y2z +Rabcd.efOQ#<2

6 A<

! 

r = (x,y,z)7;^?2Z[\<gh+UV.V_1_)G>7P)* 

    ! ! ! !

! 

VA =
1

4"#
0

$
pcos%

r
2

=
1

4"#
0

$
p•r

r
3

                       (50) 

>if)+&2jB+kl&+U;mn.Rop7q_)rs<P_* 

:Q

! 

E = (Ex,Ey,Ez )+WX<2

! 

r = (x
2

+ y
2

+ z
2
)
1/ 2  &=)EF2xWX7t_1<2 

! ! ! ! ! !

! 

E
x

= "
#V

A

#x
= "

#

#x
 

! 

(
1

4"#
0

$
p•r

r
3
) = %

1

4"#
0

&

&x
(
(p•r)

r
3
)  

>P)*uG&2           
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!

! 

"

"x
(
(p•r)

r
3
) = [

"

"x
(p•r)] # (

1

r
3
) + (p•r) #

d

dr
(r

$3
) #
"r

"x
 

! ! ! ! ! !

! 

= (
1

r
3
)
"

"x
(p•r) + (p•r) # ($3)r

$4
) # (1/2)r

$1/ 2
2x

! 

= (
px

r
3
) "
3(p•r)

r
5

# x  

 !"#$%& 

        

! 

Ex = "
#VA

#x
=

1

4$%0
[
3(p•r)

r
5

& x " (
px

r
3
)]  

'(#)

! 

Ey,Ez*+,-./0(123%4#) 

! 5*&6789:;< x&y&z 9=>?9@; O 'A-&BC9DE*"#

678 p2&; r=(x&y&z)*+F#GHI& 

          

! 

E(r) =
1

4"#0
[
3(p•r)

r
5

$ r % (
p

r
3
)]                   ! ! ! !   (51) 

'(#) 

! JJ!I&KGLMNOPQ

! 

V
A

=
1

4"#
0

$
p•r

r
3
<R*ST-& 

! 

E = "grad#'A

-LMNOPQ9UV$%GH<WXA-,#)YZ*[A\]!I&GH2

^_%4-`a&J9bc<dcA-KGLMNOPQ<ST-,#) 
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! ./01(,23&'4567(1$%89&:;<=>?@ABC@=D

EFGH(1$%IJK4LIMNO5P9&:;QRSTUBUVWX./

013,YZ[<=>?@AB$%&'(\M]U^_Q`53aYKYbc

6-13#PL(dVKe1<=Bfg($%&'QRSTUBhiKj($%&'

Q,-Q`@ABk$lmnopq3rYTUhiK,-MQ`5P!

!

!

!

!

!

!

!

!

!

!

!

$%MstuvwXT&'XTY5xBC(wyz3./018{2P$%

! 

qiM!

! 

d
i
(= x')(|{3R5U(I45bc 6-13#PD$%M|{ x 3}5lmnop

q~FB!

! ! ! ! ! ! !

! 

"(x) =
1

4#$
0

qi

rii

% =
1

4#$
0

&(x')

x ' x'
dV

V

( !

! 

d
i
= x'  

ri 

r ! 

qi(x') 

! 

x = (x,y,z)  

! 

"
e
(x') 

z 

y 

x 

c 6-13. 01,�3&'45$%8:;(e�1 x<=

>?5P!

V 
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!"#$%&'"()*+,-./01234567()8956*+,-.

/07*2:;*<%&'"()*+,=>$? 6-13@AB#=>C2

! 

r
i
,   rD

! 

d
i

!EFCGHIJ*+,#!2

! 

r
i
= r "d

i
! 7KLC"M-0#$.12NOP

QR5CSTCU#"A2()!NOP!7V%

! 

r
i
<WX-NOP7V%

! 

 r*Y

Z*[#$\M-2!

! ! ! ! !

! 

"(x) =
1

4#$
0
r

qi
i

% =
Q

4#$
0
r
!

Q <]()D^W$.12()56Q(_'C`a*U#bc25cC=#.

7*Ude Q=0 *U#$1@12`a7bcf5c*.2ghC<2i()!

j()<5%1-0#7*2k7lm<nopd-0"0$]-7()Cq1

-

! 

r
i
=  r!W#7<k7r97s0YZ*U#$!

!

! 

r
i
= r "d

i
7KLQtu1-0#Q2? 6-13@AB#=>C2

! 

r
i
!<()7vw

GHIJ

! 

d
i
7 x Tyz7i{|5}~ x D�i1�.7!+,#!2YZ7r

9Q/�"#k!QB#$!

! 

rTy7�vGHIJD

! 

e
r

= r /r!W#!2!

! ! ! ! ! !

! 

r
i
= r "d

i
•e

r
!

*U#$kd<!

! 

r
i
= r "d

i
•e

r
= r(1"d

i
•e

r
/r)!2

! 

1>> d
i
/r! *U#@A2��7�

�D��2������1-��7��*D+,de!

! ! ! ! ! !

! 

1

r
i

"
1

r
(1+

d
i
•e

r

r
+ # #  #)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (52) 

!"#$kdD�����J7�C��W#!2!

! ! ! ! ! !

! 

"(x) =
1

4#$
0

(
Q

r
+ qi %

di •er

r
2

i

& + % %  %)!!!!!!!!!!!!!!!!!!!!!(53)!

!"#$���75}~YZ<��pd�$k7�C�d�()!()7vw

GHIJ7��

! 
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(
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! 
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r
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! 
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! 
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(
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r
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89%&i-J01234567 pE.Ajk

! 
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