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

! !"/01234546$%&'7892:;<=>6?2@=A;B?2

CDEFGH=>6IJ2:;<=>6IJ2*KLM B2*+NM H9OPQ

RSTUVWW012WXY6Z[7\M]^T2_`ab7cdT2)&+

(6eTPfgh9ijTQ2)*+6hk(l6mnJ7opqV 

 

".*+(rst>Fuv;wx>  

! CDEFGH=>6IJ1234&'yz{9O|q*+,*KLM.7}p

qVlX134~6&�yz{9O|q&+(6�gh�Y�&'���6*

KLM�6�}7}pq�(TQ5�XUVlTQ2*KLM12���912 

            !

! 

B(x) =
µ
0
I

4"

ds# (x $ s)

x $ s
3

C
%                        (!18-18) 

(TQ2���6$%&'9��4��6�0���0�qW(7��UVW

X7���q91�rst>Fuv;wx>�9OPQ��y��02�6*

+6� 7opq¡9¢2�rst>Fuv;wx>�1£�0¤q602WW

0¥¦�qV!  

! (!18-18)1§P546$%&' I7¨©9TQPqy2&'yª«�9¬y­

QPq+®¢¯�°912&'LM i 9±²T³´Xµ³Y³PV&'��

! 

Ids 

1[Am]=[Cm/s]6¶·7¸OV�¹2&'LM i 1º»¼«Z9º»½�7¾¿

­QÀÁ�q&�Â02 i 6¶·1[C/m2/s]=[A/m2]0¤qVÃ9&'��7

! 

Ids = i " (dx)
3(TQ2&'LM i9Ä�ÅpXµÆPV 

! 

Ids1

! 

I(s)ds6jÇ0¤q

�Y2

! 

I(s)ds = i(x') " d
3
x'(TQ2sÈx’(±Å�qV 
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! ! ! ! ! !

! 

B(x) =
µ
0

4"

i(x') # (x $ x')

x $ x'
3

V
% d

3
x'! ! ! ! ! ! ! ! ! ! ! (1) 

0¤qVW6&'LM i6É���7ÊË�q9¤U­Q2!!

! ! ! ! !

! 

B(x) = rotA(x) =" #A(x)! ! ! ! ! ! ! !!!!!!!!!!!!! (2) 

7Ì`�q

! 

A(x)75Í�qVW6(2)1, Î

! 

A(x)1

! 

B(x)6rst>Fuv;wx

>Ï0¤qW(7jÇ�qV!Ð9!Ñ 02Î��92rst> A(x,y,z)y2¤q

rst>ÒÓ p 6�Ô0¤q¼2ÕÖ2

! 

A = rot p =" #p! 6¼2rst>ÒÓ

p1×6rst>Fuv;wx>(ØµXqÏ(ÙTQÚPUVWX9ÛUqV 

! ²92(1)6+®12rst>Fuv;wx>1!

          

! 

A(x) =
µ
0

4"

i(x')

x # x'V
$ d

3
x'                              (3)!

(³qV (2)((3)�Y (1)6ÜÝyÞYXq�Y0¤qV!

! Ê¡9ßàá�7ßâá�9ãÍT2B(x)7äåTQæqV!ç è� Bx (x)9OPQ12!

! ! ! !

! 

Bx (x) = [rotA(x)]x =
"A z(x)

"y
#
"A y (x)

"z
!

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

! 

=
µ
0

4"
{
#

#y

iz(x')

x $ x'V
% d

3
x'$

#

#z

iy (x')

x $ x'V
% d

3
x'}!

             

! 

=
µ
0

4"
{iz(x')

#

#y

1

x $ x'
$ iy (x')

#

#z

1

x $ x'
}d

3
x'

V

% !

             

! 

=
µ
0

4"
{#
iz(x')(y # y ')

x # x'
3

+
iy (x')(z # z')

x # x'
3
}d

3
x'

V

$  

             

! 

=
µ
0

4"

[i(x') # (x $ x')]
x

x $ x'
3

d
3
x'

V

%  

! (³qVé2êè�9OPQ¢ëì³íî7ï�W(yðñqVßâáòßàá1ó�

9ßôá6ÜÝ7}pqV!

! ßàá1ò 

! 

I(s)ds = i(x') " d
3
x'(TQ x’Ès(õ±Å0�q602 (!18-18) 9OP
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Q12rst>Fuv;wx>1 

! ! ! ! ! ! ! ! !

! 

A(x) =
µ
0
I

4"

ds

x # sC
$  ! ! ! ! ! ! ! ! ! ! ! ! ! ! (4) 

(³{2 

! ! ! ! ! ! ! ! !

! 

B(x) = rotA(x) =
µ
0
I

4"

ds# (x $ s)

x $ s
3

C
%           (!18-18) 

(³qW(yöqV 

! B(x)7 Biot-Savart 6IJ�Y3÷øùÆ�(�q(2rst>�7úû��

7¯üýµ³Y³P60½þ0¤qVÿ�Y2!"9

! 

A(x)7#$%&Q2-'

((1³qy2lX)X1Æ{º*³�(³qVW6Æ�³Ê+h�Y rst

>Fuv;wx>

! 

A(x)7opQ¢,PVT�T2rst>Fuv;wx>

! 

A(x)

1lX-~9£�³Z[7¸­QPqV!

!  (3)12!.E/0¥¦TU&�LM�0�Y}pYXq)&uv;wx>

! 

"(x)

6�(21Ó1,

! 

µ
0
"1/#

0
.(2³qy2É���1ë3�9³­QPqV  V

74ª«(op2�5½ Sy678¹9¤{2W6678¹9:½0;<==F

uv;wx>

! 

" = 00¤q+®6u:>?;¹@�6A2 

! ! ! !   

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
&                            (!7-26) 

(fg0¤qVWX12*+1&+(ëì³u:>?;¹@�6A0(TQ}

pYXqW(7jÇ�qV&+12

! 

E(x) = "grad#(x)9Æ{2;<==Fuv;

wx>

! 

"(x)0}pYXqVB(x)12

! 

A(x)�Y

! 

B(x) = rotA(x)(TQ2rst>F

uv;wx>

! 

A(x)�Y}YXqVBC6DEh7²9opÆ�V!

!

!
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-. )*+()&+6fgh  

! F÷G+06)&+6mnJ12!H0¥¦TUÆ�92-I6À{0¤qV

s=@;J9JK$^7+PQ2L��6MN;6IJ 

! ! ! ! ! !

! 

divE(x) = "(x) /#
0
! ! ! ! ! ! ! ! ! ! ! ! ! ! (!7-3) 

yÞYXUVOU2 Stokes6$^�Y2 

! ! ! ! ! !

! 

rotE(x) = 0!                              ! (!7-4) 

0¤{2 

! 

E(x) = "grad#(x)³q)&uv;wx>

! 

"(x)6P$7Q��qVWXY

�Y!

! 

div grad"(x)7Gq(2Poisson 6¹@�

! 

"#(x) = $%(x) /&
0
(³­UV67

8¹9:½0

! 

" = 00¤q+®6u:>?;¹@�6Ay(!7-26)0¤qV 

! 

 

 

 

!  

 

 

 

 

 

R 19-16)&+6+®7STTQ2)*+9OPQopQæqV*+6rst

>Fuv;wx>7¨©9�q602 

!               

! 

B(x) = rotA(x)! ! ! ! ! ! ! ! ! ! !! !!!!!!! (2) 

i :$%&'LM�0 

  (34&') 

AUrst> 

! uv;wx> 

! 

B = rotA  

BU*KLM�0 

! ,)*+6ø$. 

!

! 

"A(x) = #µ
0
 i(x) 

 

�Biot-Savart 

! ! 6IJ� 

!U$%&�LM�0 "U;<== 

! uv;wx> 

! 

E = "grad#  

EU)&+6ø$ 

! 

"#(x) = $%(x) /&
0
 

R 19-1. )&+()*+6DE 

 

! 

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

! 

rotE(x) = 0 

! 

divB(x) = 0 

! 

rotB(x) = µ
0
i(x)  
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0¤qVW6BÝ6 div 7Vq(2!W-5Îrot 9Ò�qXY�Ï0��UÆ�

92Zj6rst>

! 

A(x)9DTQ2

! 

div rotA(x) = 0! 0¤q�Y2 

                

! 

divB(x) = 0                               (5) 

0¤qVWX7)&+9OPQ6

! 

divE(x) = "(x) /#
0
9D[�Xµ2&�1Ê$�

qy2�*��1Ê$�qü´01³P60

! 

divB(x) = 00,PW(yöqV¢�

�O6

! 

rotE(x) = 09DE�q¢61  

! 

rotB(x)  0¤qy2WX9OPQ1Ð9! ! ! !

!18-7-(35)0:;<=>6IJ(TQÞQPqV 

! ! ! ! ! ! !

! 

rotB(x) = µ
0
i(x)! ! ! ! ! ! ! ! ! ! ! ! !   (6)!  

(2), (5), (6)�Yrst>Fuv;wx>

! 

A(x)9Ò�q Poisson6¹@�yÞYX2

lXy)&uv;wx>6

! 

"#(x) = $%(x) /&
0
9fg³¢6(³Xµ,P(R 19-1)V 

! lW02!W-5Îrot 9Ò�qXY�Ï6 3\]9��UXY� 

! ! ! ! ! ! !

! 

rot rot A = grad div A "# A ! ! ! ! ! ! ! ! !  (7) 

7^�VAÈrst>Fuv;wx> A(x)(TQ¢Û_è`T³´Xµ³Y³PV

W6aÝ12(6)�Y 

! ! ! ! ! ! !

! 

rot rot A(x) = rot B(x) = µ
0
i(x)  

(³q602(7)1 

             

! 

"A(x) # grad divA(x) = #µ
0
 i(x)                   (8) 

0¤qVWW02¢T 

! ! ! ! ! ! !

! 

divA(x) = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (9) 

yè`�q³Y2aÝbcb1dpq60 

              

! 

"A(x) = #µ
0
 i(x)                              (10) 

(³{2;<==Fuv;wx>6 Poisson6¹@�

! 

"#(x) = $%(x) /&
0
9eó9D



 296 

E�qV 

! (9)6

! 

divA(x) = 0! ynÛ9è`�q�f��y� (TQgq602WX7

opÆ�VSTTQPqu:>?;¹@�6A(TQ6;<==Fuv;wx

> (!7-26)12ÎV74ª«(op2�5½ Sy678¹9¤{2W6678¹

9:½0;<==Fuv;wx>

! 

" = 00¤q+®6AÏ0¤{2 

!    

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
& =

1

4#$
0

%(x')

x - x'
d
3
x'

'(

+(

&                    (11) 

0¤qVh­Q2(3)0}pUrst>Fuv;wx>¢ë39:ij0opý

µ³Y³P�Y2 

! ! !

! 

A(x) =
µ
0

4"

i(x')

x # x'V
$ d

3
x'=

µ
0

4"

i(x')

x # x'
d
3
x'

#%

+%

$                     (12) 

0¤qVW6Ay

! 

divA(x) = 07Ì`�qW(7ók�Xµ,PV 

! !   

! 

divA(x) =
"A x

"x
+
"A y

"y
+
"A z

"z
 

             

! 

=
µ
0

4"

#

#x

ix (x')

x $ x'
d
3
x'

$%

+%

&
' 

( 
) 

* 

+ 
, +

#

#y

iy (x')

x $ x'
d
3
x'

$%

+%

&
' 

( 
) 

* 

+ 
, +

#

#z

iz(x')

x $ x'
d
3
x'

$%

+%

&
' 

( 
) 

* 

+ 
, 

- 

. 
/ 
/ 

0 

1 
2 
2 
 

0¤q�Y2-I0121Ó7l9TUb�b6æ9OPQopqV 

   

! 

"

"x

i
x
(x')

x # x'
d
3
x'

#$

+$

%
& 

' 
( 

) 

* 
+ = i

x
(x')

"

"x
(
1

x # x'
)d

3
x'

#$

+$

% = # i
x
(x')

"

"x'
(
1

x # x'
)d

3
x'

#$

+$

%     (13) 

x9ÆqL�1 x’7±Ó(�qÒÓ91G+T³PV! L�(��6mn7oÅ

TQPqVT�T2

! 

"

"x
(
1

x # x'
) = #

"

"x'
(
1

x # x'
)0¤q�Y2W6+®1 x 06L

�7 x’9ÆqL�9±pqW(yðñqV²92!

! ! ! !!!

! 

"

"x'
[
i
x
(x')

x # x'
] =

1

x # x'
$
" i

x
(x')

"x'
+ i

x
(x ') $

"

"x'
(

1

x # x'
)              (14) 

7^�(2(13)ÜÝ1!
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!

! 

" i
x
(x')

#

#x'
(
1

x " x'
)d

3
x'

"$

+$

% =

! 

"
#

#x'
[
i
x
(x ')

x " x'
]d

3
x'

"$

+$

% +
1

x " x'
&
# i

x
(x ')

#x'
d

3
x'

"$

+$

%      (15)!

(³qVW6b�b12&'LM6�0yp7qrZ97YXq(6ij�Y

dpqV 

!     

! 

"
#

#x'
[
ix (x ')

x " x'
]d

3
x'

"$

+$

% = "
ix (x ')

x " x'
x '="$

x '= +$

dy'dz'
"$

+$

% = 0                      (16) 

0¤qVÃ92(13)1 

! ! !

! 

"

"x

i
x
(x')

x # x'
d
3
x'

#$

+$

%
& 

' 
( 

) 

* 
+ =

! 

1

x " x'
#
$ i

x
(x ')

$x'
d

3
x'

"%

+%

& ! ! ! ! ! ! ! ! ! ! ! ! (17) 

(³qVy2zè�9OPQ¢ëì6íî9³q602ís2 

   

! 

div A(x) =
µ

0

4"

1

x # x'
{(
$ ix (x')

$x'
) + (

$ iy (x')

$y'
) + (

$ iz (x')

$z'
)}d

3
x'

#%

+%

&  

          

! 

=
µ

0

4"

1

x # x'
{div i(x')}d

3
x'

#$

+$

% = 0                           (18)!

(³qVWX12!176(4)9ïTUÆ�9, $%&'LM i(x)6JK1 div i(x)=0

0¤qW(9tqVó�92(9)6

! 

divA(x) = 01è`�qV 

! -~6Æ�92)&uv;wx> 

!    !

! 

"(x) =
1

4#$
0

%(x')

x - x'
d
3
x'

V
& =

1

4#$
0

%(x')

x - x'
d
3
x'

'(

+(

&                    (11) 

9DE�qrst>Fuv;wx>12 

! ! !

! 

A(x) =
µ
0

4"

i(x')

x # x'V
$ d

3
x'=

µ
0

4"

i(x')

x # x'
d
3
x'

#%

+%

$                     ! (12) 

0¤{2 

! 

"(x)# i(x),      $
0
#1/µ

0
 6DEÒ19¤qV 

! )*+6cO6mnJ

! 

divB(x) = 0(

! 

rotB(x) = µ
0
i(x)92rst>Fuv;wx

>6$u7

! 

B(x) = rotA(x)7¸Övùµ2¨w,! 19E1.0ïTUÆ�9

�Biot-Savart6IJ�y5ð0�qVrst>Fuv;wx>7^pµ�Biot-Savart
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6IJ�1x�(³qVR 19-1 0�Biot-Savart 6IJ�(y+z7{´U61

W6jÇ9ÆqV)&+()*+06cO6mnJ7R 19-19�ïTÚPUV

T�T2�Biot-Savart 6IJ”! 12$%&'63454«6f|G+7À3Q2

)*+6cO6mnJ9Uf{}PU~�$Á@7cÉ��q~02��0¢

£�0¤qV �Biot-Savart6IJ”6jÇ�q(W�12@=A;B±Å7��

�qW(0�Y�9³qy2WX1!280¥¦�qV 
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!"#$%&'()*+,-.  

! /18-5 012#$345'(67389:;z :"<03*=>?@ABCD

EFE289:;z:"GH3IJKLMNOP*=>?@ABPQ)RSTU

VPDQQ0124'(3#$%&67RWXYMZP*[@ABPD\3]

3^_`@a 19b2McdDefgM12h P(r,!,")MNOPijklmnopq

rl A(x)@ABPstR2uv1-^_`01wx2#y^_`0h P(R, ", z)

@z{EC|R}~�0�PD\3��12#$673'(1 xby ���M�

�EUVP302��3(3)�PV1(4)F�2  

              !   

! 

A
z
(R,",z) = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (19) 

0�Y2A(x)1 z��@�CwVF�0�PD     

 

 

 

 

 

 

 

 

 

 

 

 

R’ 

Q 

I 

P(r,!,") 

x 

! 

O 

z 

x 

y 

a 

" 

"’ 
P 

Q 

A" 
A" 

 
r 

P’(R,",z) 

ds 

A! 

 

Ar 

 

Az 

 A" 

 
AR 

 

R 

Ids 

 
O 

a 19b2D4'(�3#$%&67;���"R��MZP*[@

ABP]3^_`Dijklmnopqrl A(x)@WvABPD 

(1) (2) 

("’#") 
Ids" 
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! !"#R$%&#'()(4)*+ ds) R$%, dsR-./0# 

! ! ! ! !      

! 

A
R
(R,",z) =

µ
0
I

4#

ds
R

R'C
$ = 0                       (20) 

+1234 1952)(2)67829:;#< Q&#z=- OP,>?@AB;CD

EFGHIJ)KLM,NOP2Q#RS)"T&U!+1267#dsR/R’ &

VFG+1W#!MPX0YEZ[\X]-H23^;#]-&H7H_$%

&#ds!/R’;`ab

! 

A" (R,",z)cd-H23 

! ! ! ! ! ! ! !

! 

A" (R,",z) =
µ
0
I

4#

ds"

R'C
$                       !  (21) 

4 1952)(2);eDf9:;#ds!& 

             ! !

! 

ds" = cos("'#")ds = acos(" '#")d" '! ! ! ! !     (22) 

+123gf#R’&! 4 1952)(1)+!

! 

R'
2
= z

2
+ (QP')

2
! +12h-#h)

! 

(QP')
2

&4 1952)(2);id2

! 

(QP)
2;jD_67# 

                 

! 

R'= z
2

+ [R
2

+ a
2 " 2aRcos(# '"#)]! ! ! ! ! ! ! (23) 

kh+#

! 

" # ($ '%$)! -l_E# 

! ! ! ! ! ! !   

! 

A" (R,",z) =
µ
0
I

4#

acos$ % d$

z
2 + R2 + a2 & 2aRcos$0

2#

'         (24) 

h)m%&nLm%+ojCp+&qr+sH_)+#t)9:Huv)w+

xp;yzDEm%P23

! 

r
2

= z
2

+ R
2  +1267#

! 

r >> a  +129:H{"|

l+)}cd,~�;P23 

! !

! 

(z
2

+ R
2
) + a

2
" 2aRcos# = (z

2
+ R

2
){1+

a
2

(z
2

+ R
2
)
"
2aRcos#

(z
2

+ R
2
)
} 

                         

! 

= r
2
{1+

a
2

r
2
"
2aRcos#

r
2

} $ r
2
{1"

2aRcos#

r
2

} 

{"��67#

! 

(a /r)
2
" 0  -DE��P23 
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! 

(z
2

+ R
2

+ a
2
" 2aRcos#)"1/ 2    

         

! 

" [r
2
(1#

2aRcos$

r
2

)]
#1/ 2

"
1

r
(1#

2aRcos$

r
2

)
#1/ 2

"
1

r
(1+

aRcos$

r
2

)  

!"#$%& Taylor'()*+,)-./0123(24)&, 

!     

! 

A" (R,",z) #
µ
0
Ia

4$r
(1+

aRcos%

r
2

)cos% & d%
0

2$

'  

         ! !   

! 

=
µ
0
Ia

2

4

R

r
3

=
µ
0
Ia

2

4

R

(z
2 + R2)3 / 2

   ! !               (25) 

      

! 

A
z
(R,",z) =A

R
(R,",z) = 0                                  (26) 

45678)9:;0< P(R, !, z))#=>?@ABCDEF@ AGHIJ01

KLMN B-OPQR&S

! 

B = rotAT;UVWXJYZ[1 

! \;S(25)-< P#]678#V^ (r,",!))9_YS

! 

R = r " sin#  -`/US 

       

! 

A" (R,",z) #
µ
0
Ia

2

4r
2
sin$ =A" (r,$,")! ! ! ! ! ! ! ! ! ! ! ! ! (27) 

)aQ1 

! =>?@#bc&SdJ,)& xSySz #ef678)9:;Ug0GS4

5678h]678ij#efkl678)&S gradSrotSdiv, #
2ij#=>

?@mn9:&opRiQ1=>?@qr#Cst?uvw)x#yz-{|}J

0[1dd)45678=>?@ A(R, !, z)# rotA#~R�[U��Q1  

            

! 

(rotA)
R

=
1

R

"A
z

"#
$
"A#

"z

(rotA)# =
"A

R

"z
$
"A

z

"R

(rotA)
z

=
1

R

"

"R
(RA# ) $

1

R

"A
R

"#

                    (28) 

]678(r, "S!))# rot#%&\��;op)aQ1 

(25), (26) - (28)R��XQTS 
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! ! ! !

! 

B
R

= (rotA)
R

=
1

R

"A
z

"#
$
"A#

"z
= $

"A#

"z

B# = (rotA)# =
"A

R

"z
$
"A

z

"R
= 0

B
z

= (rotA)
z

=
1

R

"

"R
(RA# ) $

1

R

"A
R

"#
=
1

R

"

"R
(RA# )

! ! ! ! ! !   (29) 

!!"# 

!

! 

B
R

= (rotA)
R

= "
#A$

#z
= "

µ
0
Ia

2

4

#

#z
{

R

(z
2 + R2)3 / 2

}  

                   

! 

=
3µ0Ia

2

4
{

Rz

(z
2 + R2)5 / 2

} =
3

4
µ0Ia

2 sin" # cos"

r
3

        (30) 

  

! 

B" = (rotA)" = 0                                               (31) 

  

! 

B
z

= (rotA)
z

=
1

R

"

"R
(RA# ) =

A#

R
+
"A#

"R
 

             

! 

=
1

R
[
µ
0
Ia

2

4

R

(z
2 + R2)3 / 2

]+
µ
0
Ia

2

4

"

"R
[

R

(z
2 + R2)3 / 2

] 

             

! 

=
µ0Ia

2

4
"

1

(z
2 + R2)3 / 2

+
µ0Ia

2

4
"

1

(z
2 + R2)3 / 2

#
3µ0Ia

2

4
"

R
2

(z
2 + R2)5 / 2

 

             

! 

=
µ
0
Ia

2

2
"
1

r
3
#
3µ

0
Ia

2

4
"
R
2

r
5

 

             

! 

=
1

2
(µ

0
Ia

2
) "
1

r
3
#
3

4
(µ

0
Ia

2
) "
sin

2$

r
3

                      (32) 

 $%"&'()*"+,-./ B01234+"#!356()*+ B+78

9:;(27)<2=()*" A! >?@"#(31)<2=()*",-./ B!A?@

" 0"BC;D8#EBR#BzF0 (Br,#B" )8GH:C+"#(O, R, r)+IJK"

LM3NOPEQ 19R3F; 

!           

! 

B
r
(r,",#) = B

z
cos" + B

R
sin"

B" (r,",#) = B
R
cos" $ B

z
sin"

B# (r,",#) = 0

                         (33) 

STC; 
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(33)!(30)"(32)#$%&'"()*+,-./0  

! ! ! ! ! !

! 

B
r
(r,",#) =

2µ
0
I $ (%a2)

4%
$
cos"

r
3

B" (r,",#) =
µ
0
I $ (%a2)

4%
$
sin"

r
3

B# (r,",#) = 0

                    (34) 

1*(34)*+,2"3456789/3:(Er,, E! , 0)-;<=>/0? 19@42! !

A6-9=BCD3456789/3:(Er,, E! , 0)#EF&DG*=>/0 

  

 

 

 

 

 

 

? 19@4.! 345678HI!9/3: E0  

z 

! 
r 

E 

E! 

 

Er 

 

(x)

 

 

 

  

+q 

"q 

34567JKLMNO 

PQNQRpSqdT 

? 19@3.! UVWXY=Z[&DU\3]89/^:(BR, Bz)#

6WXY(Br,, B! )*_!`ab/0 

O 
R 

z 

! 

r 

B 

BR 

Bz 

 

B! 

 

Br 

 

(R)

 

 

 

  

cdefD 

U\3]gh 
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!"#$%&'(!) E*+,&!"#$%-./01234145p67d89

:;<=>?@+$ABCD(Er,, E! , E"=0)&E9FGH,I*J 19K3&LM!

NOPQ>GR(S)(Br,, B! , B"=0)&E>+TU9V>WIX+YZW(H 

! [6-9D\]^_`>+!"#$%&a!bc0de4*+ 

           

! 

VA "
q

4#$
0

%
dcos&

r
2

=
1

4#$
0

%
pcos&

r
2

           ! ! ! ([6-9-47) 

D+!)

! 

E(r,") = (E
r
,E" )*+

! 

E(r,") = #gradVA  fgh 

           

! 

Er = "
#VA

#r
=
2p

4$%
0

&
cos'

r
3
! ! ! ! ! ! ! ! ! ! ! ! ([6-9-48) 

           

! 

E" = #
$VA

r$"
=

p

4%&
0

'
sin"

r
3

                        ([6-9-48) 

D?i^H(34)&(Br,, B! , B"=0)>+TU9jk+YZW(,fOl(Hm,D+

!"#$%-./01234145p67d8>noW(p&fgh+ (34)&TU

9qrh+ 

! ! ! ! !    

! 

p
m
" µ

0
I(#a2)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (35) 

S"#$%-./0123414!spm)9tuW(Hvkw*(35)Dxy+m

&z{*+|}LM!N I&NI({k9~��&��z{fW(�&����

&��z{fW(Hpm9�`f(34)*+ 

           

! 

Br(r,",#) =
2pm

4$
%
cos"

r
3

B" (r,",#) =
pm

4$
%
sin"

r
3

B# (r,",#) = 0

                                (36) 

f�(Hpm&��>_@+M��>*��&�S�(µ0)O�Ihg�i^Hg�

g+!"#$%&!)&�>*��&�!�(#0)O�ihr(Hm,D+B6µ0H 

9qrh+(36)&���9S)�� H D��X+��&�!�(#0)f�� ¡>
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!"#(µ0)$%&'()* 

! ! ! ! ! ! !

! 

Hr(r,",#) =
2pm

4$µ
0

%
cos"

r
3

H" (r,",#) =
pm

4$µ
0

%
sin"

r
3

H# (r,",#) = 0

! ! ! ! ! ! ! ! ! ! ! ! (37)!  

+,-./$0)+1 E23456789:;9<)*(38)=+,-./>+1

>?@ABCD:EFG>9H)* 

! ! ! ! ! ! !

! 

Er(r,",#) =
2p

4$%
0

&
cos"

r
3

E" (r,",#) =
p

4$%
0

&
sin"

r
3

E# (r,",#) = 0

! ! ! ! ! ! ! ! !     ! (38) 

! 

p"p
m
,  E"H,  #

0
"µ

0
>IJKL$H)*!

! MN>OP=QRSTUVW>XYZ9Q[\]7+^$_ 

! 

pm = µ
0
I("a2)>"

,-./`abcdefgdg!hpm)25i>"1Ajk)2Ol9<)*]

7[\mn>opA S2q)2Q

! 

pm = µ
0
I("a2) = µ

0
IS2r)*]79=rs$[

\tgauv>+^9H(wQx>mn>opA S2EDQiyr",-./

`abcd=

! 

pm = µ
0
IS! 9jkz()*xEDQx>{"1>|}@~=QRS

TUVW>XYZ9Q+,-./`abcdefgdg!hp)$jk){+1

>|}@~��V9H)* 
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!"#$%&'(%')*+$,  

! (-./,'$-./,0*123456378(9:;<"'$9:;<"8

=>?@(A(!0)'B$A(µ0)8(CD<'$CD<8?EFGEGHEIJKL!

! ! ! !

! 

p  "  p
m
,     E  "   H,     #

0
  "   µ

0
,      D  "   B!!!! ! ! ! ! (39)!

MNO8(-./,0*12345737:pPQd"FRS?(%E'TU?V

WOXYKZ[8$-./,0*12345737!\pm)HE]^8_`?a

bcd(eOfZg8RS?#$%±qm&'TU?VW d?hijkKN'fO

lKL 

! ! !    !

! 

p = qd  "  pm = qmd ! ! ! ! ! ! !          ! ! !  (40) 

! 

pm = qmd imnJKZ[8

! 

E  "   H?EIopq[8 

           

! 

F =
1

4"µ
0

#
qmq'm

r
2
8       

! 

F = qmH! ! ! ! ! ! ! ! ! (41) 

rstOlKLNuf8”$%?6*v2w#OxKL$9?yzi”$%?6*

v2w#q[{|K}~�3f�Of�[uZ�L#$%±qm&f��]Z�q

[OxKL$9?�F B:$CD<"q[{Y�8H:$9;<"f+2�*7

?�w?���'ZK?r8NuF��OxKLRS?#$%±qm&ijkKN

'f��uKF8��]Z�L��JK?f�ab(e�OxKL 

! �$-./,0*123�'����f8�����b?��$��F��

tJ$9?�l�i��JKr?OxKL iab(e¡¢?£h'JK'8$

-./,0*123?�l�f8!

! ! ! ! ! ! ! ! !

! 

pm = µ
0
I("a2) = µ

0
IS! ! ! ! ! ! ! ! ! !  ! (42)!

OxKq[8$-./,0*123?¤¥f

! 

[N " A
#1
"m

2
]OxK:]q]8

! 

µ
0
i
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!"#$%&'()*+,-./01234567895:&;<=>?@AB

C:DE'FG$HI"J8KLMNO:PQRS=TU45VW7XY#Z

=["A 

 

 

 

 

 

 

 

 

 

\ 19]5^LM_-`HNO I1Oab6:_-`cdG:efM:ghLM_

-`H8ijNO I1Oa#Mk1l4AG$:gh_-`NO I^mnQop

q&rstubvwx:LM_-`NO I:y=z5A{Hbx|:LM_-`

NO I^b6:_-`cdG:efM:ghLMNO I:PQ7}~&95A! e

fM:ghLM_-`:���^b��ht�aJXY567=��5��b

6:���^�+����&ht�4567=&�5��oA6:�o�KL

M_-`NOS=��8P��#��=DE'F7��tu5A6:��^�

20'�R:�&����5=b66&^�+ RH�JXY5A 

! �+G$HTU45N+^b¡u R=¢£/¤¥¦§ ©̈ ª¥¦«:¤¥

¦§@8¬bh'F:�o�K¢£/'(,-./0S1­�J"5Ai®Hb

 I 

pm 

\ 19]5ALMNO I7b6:_-`:c1¯°45efM

:ghLM_-`H8ijNO I 1Oa#745AG$:

gh_-`&NO I ^mnQopq&rstubvwx:

LM¨_-`@NO I:y=z5A 
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!"#$"%&'()*+,-./012#3!"&45*+6789/:;

!"#!<)=>-./&?;12)@ABC!DEFGH1E:IJ/0K

LM(Bohr, N., 1885~1962)&$"NO?PQ/E;RS a &B&TU7$"%:

8(;B'V)WX me;!<Ye&!":Z[ v?\]^5*+),-./1E

7G/01&_*+X L&`a#; 

! ! ! ! ! ! ! !  

! 

L = m
e
av!                            !  (43) 

?8/0!<Ye )=b!"&*+)^5B*+EFGHE;12#c\&BC

!DEFGH1E:?a/0!D I&`ad#; 

! ! ! ! ! ! ! !

! 

I =
ev

2"a
                               !  (44) 

EG/01&BC!D);(42)&efghijklmnop"qLrst7uv

wQ/E;x&`ad#;(43)& Lyz{E; 

! ! ! !

! 

pm = µ
0
I("a2) = µ

0
(
ev

2"a
)("a2) = µ

0
#
eva

2
= µ

0
#
e

2me

L        (45) 

EG/0! X"|7}2~;_*+X L #;h )��s�\�(  

! 

! " h /(2# ))E,

-;�&���G�,k�d2G.0 

! ! ! !   

! 

L = !l       (l = 0, 1, 2, ......)                            (46) 

�>-;mnop"qLrst&�#; 

! ! ! !

  

! 

pm = µ
0
"
e!

2me

" l      (l = 0, 1, 2, ......)!                  (47) 

EG/01&^5*+&X"� l&��#;X"|7}/mnqLrst&��

X)�H0mnop"&qLrst#

! 

µ
0
)��-(42)&}{7��H/:;

! 

µ
0
)

�.9�?��H/1Ey8/0(47)��& l&��?;

! 

µ
0
)�.9y&#;�

]eKLM&m"�Bohr magneton�jE�~2/0KLM&m"#[A�m2]&�
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!"#$%

! 

m
B
&'

! 

µ
B
&()*+,- 

           

  

! 

m
B
 "

e!

2m
e

# 0.927 $10
%23

(A &m
2
)             ! !   (48) 

../0

! 

µ
0
"123(42)456789:;<=>?@A")BC3D,4/%

(42)489:;<=>?@A4E!0

! 

[N " A
#1
"m

2
]/FG%HI44J8K

! 

µ
0

= 4" #10$7(N % A$2
)"L>M48<

! 

m
B
" 0.927 #10

$23
(A %m

2
)7NOPQ4E!

7RP,-!

 S8T±qmU0VWXY%VWZ,40[\]^_`/F,- C'C%S8T

±qmU"ab,.&0c*+,4/%S8T±qmU4E!"ab3d56- 

! ! !    ! ! ! !

! 

p = qd  "  pm = qmd ! ! ! ! ! ! !           (40) 

'eZ,&%^T q 4E!0

! 

[C] = [A " s]/F,-”8T±qmU4E!0%[89:

;<=>?@A`fgh*i/F,'e%

! 

[N " A
#1
"m]/F,-.4!”8T qmU4

jklWeber (Wb)/F,- 

! ! ! ! ”8T qmU4jkm!

! 

Weber (Wb) =  [N " A
#1
"m]!

E7%!n^ToS8TUp4q4E!"r2,&%!

!!!!!!

! 

[q " qm ] = [C " N " A
#1
"m] = [N "m " s] = [J " s]! ! ! ! ! ! ! ! ! ! (49) 

&sG%gtuvw>oxyiz[{|}]4E!&s,-}<~�4����/

F,��@���0[{|}]4E!"��l%.+&��E!/F,-.4��

7�D30%�����75,���D��lF,- 
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!"#$%&'()!

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

! 012.3+,-.#$45 j6$7'#$89 19-6"%&'()3:;<=

>?@ABCD>3EFGHIGJ'KLMN:OP6HIQR+,-.45

8S"62.TUVW'#X%&'#)YTZ[\Q]6H^'K 

! ;<=>?@ABCD>N!

          

! 

A(x) =
µ
0

4"

i(x')

x # x'V
$ d

3
x'                              (3)!

6_'K#$% x-y `012.3+,-.#$458j"6 x abT$7GF'

`6:cd`ef

! 

x'= (x ',y',0)Tgh'ijkl

! 

d
3
x'6`#$N:xab`me;

<=>3

! 

n
x
n\G:  

! ! ! ! ! ! !

! 

i(x')d
3
x'= nx " j " dx'dy '                       (50) 

n-'K#$N z’=0 `2.`JT_'op:dz’Nqrp-FK^Q:j `st

NuA/m
2v6_'K 

  

 

 

 

 

 

 

 

x 

z y 

O 

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

j 

! 

x'= (x ',y',0) 

9 19-6. 012.w6 xabTbox+,-.#$8j"%&'() 



 311 

(3)!(50)"#$%&'()*+,-.(/$ 

    

! 

A(x) =
µ
0

4"

i(x')

x # x'V
$ d

3
x'=

µ
0

4"

nx % j

x # x'
dx'dy '

#&

+&

$
#&

+&

$                   (51) 

!01234/ z’=0567589:1"#$dz’/;<#0=2>">$z’9?

=@5A(BCD5EF 

! 

"(z')dz'
#$

+$

% =1GHIJ$ 

!

! 

A(x) = (
µ
0

4"
)

nx # j # dx'dy '

x $ x'$%

+%

&
$%

+%

& '(z')dz'
$%

+%

&

! 

= (
µ
0

4"
)

nx # j # $(z')d
3
x'

x % x'%&

+&

'
%&

+&

'
%&

+&

'    (52) 

KKL/$

! 

d
3
x'= dx'dy 'dz'GMNO12 

! x=(x,y,z)!PQR9SI1TU/0V$WXYZ/ x[y 5\]^7_5`K

9!a@bcdL:1"#$e 19-69fOgh9$x=0, y=0 L:1 x=(0,0,z)5

ijL5%&'()*+,-.(GSI12(52)/$ 

! !

! 

A(x) = (
µ
0

4"
)

nx # j # $(z')

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

dx'dy 'dz'
%&

+&

'
%&

+&

'
%&

+&

'                (53) 

K5%&'()*+,-.( A(x)/ xkl>"mn0=.! on$pDqlGr

=nsl/ z585CDL:15L$tu$KvwxGSI12 

! ! !

! 

f (z) =
"(z')

(x')
2

+ (y')
2

+ (z'#z)2
dx 'dy'dz'

#$

+$

%
#$

+$

%
#$

+$

% ! ! ! ! ! ! ! ! ! (54) 

Kv/A(BCD5EFGHh!$ 

      

! 

f (z) = {
"(z')

(x ')
2

+ (y ')
2

+ (z'#z)2
dz'}dx'dy '

#$

+$

%
#$

+$

%
#$

+$

%  

          

! 

=
1

(x ')
2

+ (y ')
2

+ (z)
2
dx'dy '

"#

+#

$
"#

+#

$                         (55) 

ya@$ 

    ! !

! 

Ax = (
µ

0

4"
) # j # f (z),        Ay = Az = 0! ! ! ! ! ! ! ! ! ! !  (56) 

!012 
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! 

B = rotA!"#$%& 

! ! ! !  

! 

Bx =
"Az

"y
#
"Ay

"z
= 0,   

! 

By =
"Ax

"z
#
"Az

"x
,    

! 

Bz =
"Ay

"x
#
"Ax

"y
= 0  

'(&

! 

By =
"Ax

"z
! )*+,!-./0123456.#7y89):;<=>?

@ ny6AB& 

! ! ! ! !

! 

B =
"Ax

"z
#ny                                    (57) 

!"#7 

    

! 

"Ax

"z
= (

µ
0

4#
) $ j $

"

"z
[

1

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

dx 'dy'
%&

+&

'
%&

+&

' ] 

         

! 

= (
µ
0

4"
) # j # ($z) #

1

((x')
2 + (y')2 + (z)2)3 / 2

dx'dy '
$%

+%

&
$%

+%

&  

         

! 

= (
µ
0

4"
) # j # ($z) # {

1

((x ')
2 + (y ')2 + (z)2)3 / 2

dx '}dy '
$%

+%

&
$%

+%

&  

 CDEF) x’(G/B)H5-& 

! 

x'= a " tan#      (a
2

= y'
2
+z

2
)6AB& 

!

! 

1

((x')
2

+ (y')
2

+ (z)
2
)
3 / 2
dx'

"#

+#

$ = (x'
2
+a

2
)
"3 / 2

dx '
"#

+#

$  

              

! 

= (1/a
2
) (1+ tan

2")#3 / 2 $ cos#2" $ d"
#% / 2

+% / 2

& = 2 /a
2

=
2

y'
2
+z

2
 

AI+JB&K3&

! 

y'= z " tan#  6LMAB& 

 !  

! 

By =
"Ax

"z
= (

µ
0

4#
) $ j $ (%z)

2

y '
2 +z2%&

+&

' dy '  

          !

! 

= (
µ
0

4"
) # j # ($z)

2

(z)
2
(tan

2% +1)
#

z

cos
2%$" / 2

+" / 2

& d%      

          !

! 

= (
µ
0

4"
) # j # ($z) # (2 /z)[%]$" / 2

+" / 2 = $(
µ
0

2
) j                    (58) 

6.#7 

! (58)!) y')H5!N& 

! 

y'= z " tan#)LM@OJB/#. z > 0)PQ-&RS
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!"#.! $%$&z < 0'()&*+,-'./!0& 

! 

y'= z " tan#!'12%3&

! 

y'= "#40

! 

" = +# /2  , 

! 

y'= +"40

! 

" = #$ /2&56789:(58)!';<0&

! 

+" /2!

! 

"# /24=>?@&AB40CDE5FG:z<0'()0

! 

By = +(
µ
0

2
) jHI

9:JKL&By0DEMNOL& 

              

! 

By = "(
µ
0
j

2
)(z / z ) #ny                              (59) 

HPQRST4ST!U9:V(0 zWX!YZ[

! 

µ
0
jHIKL#9: 

  

 

 

 

 

 

 

 

 

 

 

! \ 19-7 0&P]^_`a(j)'^_5bc4d9V(eByfHghijk'l

mnop9qrst ABCD nu8:v'st0&^_'wx4yz{|}'~

�wx467$L#9:qr'���0 AB=CD=b&BC=DA=c H89:v'q

rkj�n{|}'y�wx4��9^_0e

! 

j " bf!�9:ghijk'lm 

 

x 

z 
y 

\ 19-7.! ��' x"y,-�! xwx4_@9P]^_`a(j)^_5

bc4d9V(eByf:ghijk'lmnop9qrst ABCD: 

j 

A 

B 

C 

D 

z1>0 

z2<0 

By 

By 
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(32)!"# 

! ! ! ! ! ! ! !

! 

B(s) " ds
ABCD

# = µ
0

Ik
k

$ = µ
0
" j " b 

$%&'(59)()#*+, y -./0123&()#456272,%80,#

y-./0 AB$ CD09:23&'BC$ DA09:, y-./$;<=&0

2>?)0@A0BC,723&'! (59)()D&!EF#

! 

By0GHI, zFJ

KL%8M#N0OP, z 0QRFJK=&'! S 19-7 0 AB 2, zTU72#

CD2, zVW723&02# 

              

! 

By (z1 > 0) = "
µ

0

2
j < 0,       By (z2

< 0) =
µ

0

2
j > 0   

$%&'AB09:2,#@A, y0R./2

! 

By0XYR23&'CD09:2

,@A, y0Q./#

! 

By0XYQ23&()#@A ABCDA0ZBC,# 

              

! 

B(s) " ds
ABCD

# = ($
µ
0

2
" j) " ($b) + (

µ
0

2
" j) " (b) = µ

0
" j " b  

$%"#[\]^_0`abcdLe8&'  

! x./0fg%hijk,#x./F/lm8nopq\rb x!yhiFst

uY0$vw?xy8'znopq\r0 x./F;ZjkMk?e8&()#

>0jk./b{|}0~�./$=&*+M y-z iF��&' x!y hiFh

�Fs��0nopq\rF!&�g%*+F!"#��C,���L3E'

��$Le#y�C01M�&'N0 y�C0/H,#*+,nopq\rjk

0�"F{|}0��./F��e8&02#i0��zU7�20*+, y0

R./2#�6�zW7�2,��0 y0Q./$%&>$YD&'>?)0�

�$[\]^_0`a()#*+0XM��&'��0��r_���\ ¡

_b¢8u£¤,¥¦LY¥§2,%8' 
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!"#$%&'()*+,- 

! "#$%&'.)/0()1234&5, solenoid67890+,:;<=>

?'*@ABCD0E;FG.HI0JE7KL0MN 19-7*1O6P 

 

 

 

 

 

 

!

!

!

!

!

!

!

!

!

!

 

GQRSTUVWB N XYZ[\]^_RD"#%&'1234&56B`I

aMb*cdeBfg`]*71h6*ijNkl0M!

GQRSTU

VWBNXY

Z[\]"#

%&' 

I 

I 

N 19-7. "#$%&'.)/0()1234&56M 

• 

• 

• 

m 

Bn BO Bo 

CO 

O 

Ch 

 

1O6 

1h6 

I 

z 
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!18-5"#$%&'())*+,-./012 $%3&456789:!

! !!!!

! 

B(0,0,z) = dBcon"
s= 0

2#a

$ =
µ0I

4# R
2
cos" % ds

s= 0

2#a

$ !

             

! 

=
µ
0
I

4" R
2
cos# $ 2"a =

µ
0
Ia

2

2(a
2 + z2)3 / 2

! ! ! ! ! !  (!18-5-19) 

;<=>?@,ABCD& z%,EFA:AG?!19-3-(36),HFIJ;KLM

N5?!

! -./01: z FA&OPQR>K,:STU0V;WX5Y;2"B5?

Z[C?*+/01: $%FA&\OPQR5]>=&#$%FA^_,6`a

bCc;)5?>de#fgChi:jkl&mG,"#\-./01: $FA

&OPQR>K,]CIJ"no#$%FA,pqabKrst&uv#Yw&

x5yt)6`abKz{N5?ete#YwC|}N5Y;&N5?!

!-~l/01C�b&��;e�#���,6` BC#*����>o,mB

�2 �"n5t�#!

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

! 

dB =
µ
0
Ia

2

2(a
2 + z2)3 / 2

" N " dz                             (60)!

:�!t���!�"Obe>Z�2#-~l/01��",6789 B;)5?!

       

! 

B =
µ
0
Ia

2

2(a
2 + z2)3 / 2

" N " dz
#$

+$

% =
µ
0
Ia

2

2
" N "

dz

(a
2 + z2)3 / 2

= Nµ
0
I

#$

+$

%        (61) 

Y,ObC�(56)"��>x�&#

! 

z = a " tan#,��:Nw���?-~l/01

C�b&��;,��t�#(61),�C $ &�ze)�?YwC#z%^_,`

�"K��&a�N5? >#*+/01: $%FA&\OPQR5]>=&#

$%FA^_,6`abC¡¢&£v¤�wc;)5?! !

!!¥��#¦ 19-7-(2)&§e>¨©,ª« C¬; C­, STU0V,6789�:   
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B!("#$)

! 

= Nµ
0
I%B1(&$)%B!('$)()*%+,-./012345), 

6789:;<0=3>?@6(ABC@DEFGHICJ3KL*LMLN8%!

! ! !!!!!! !

! 

B(s) " ds
C1

# = a(B
0
$ B

1
) = 0!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

OP% 

! ! ! ! ! ! !

! 

B
0

= B
1

= Nµ
0
I! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (62) 

HI CQGEF(aNI)PKN7*L@N8% 

! ! ! ! ! !

! 

B(s) " ds
C1

# = a(B
3
$ B

0
) = $µ

0
aNI!!!!!!!!!!!!!!!!!!!!!!!! 

BR@DSTPUVWAXY0GEFGZ[0\]N8^_P`aN8BR@D

C(64)N8% 

! ! ! ! ! ! !

! 

B
3

= 0                                          (63)   

bc*%defgh09iG%B!("#$)jB1(&$)j

! 

Nµ
0
I%B!('$)j0! B

R@D 

 

kh.lmno0pg/EF09iq 

rsopg/3tu3vw*%x 19-8Pyz{aMh.lmno|}~�� ��!

!

!

!

!

r 

rJ 

rQ 
O 

I 

x 19-8. ��gh09iD 

��B N�pg/

A�L*R@D 
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!"#$%&'()%*+toroid,!-./01234 56$%&789:!

;0<=!>01?@ A=B3CDE!":FGHIJ&=KLCMN0!F!

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

! 

B(s) " ds
C

# = µ
0
NI!

O=PQDECRS:FTUVW72X!>0!F!

!!!!!!!!!!!

! 

B ds

C

" = 2# $ rB = µ
0
NI Y!!!!

! 

B
c

ds

C

" = 2# $ rB
c

= µ
0
NI!

4;0Z[F!

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

! 

B
c

=
µ

0
NI

2" r
#

µ
0
NI

2" r
1

#
µ

0
NI

2" r
2

!!!!!!!!!!!!!!!!!!!!!!!!!!!(64)!

!\01]'^_`abcdC8e=4FfgChi!>0B3bjk#lm

<no>01"Z"F8pq 5 Crpe>0O!4FO=st'uve4pF

$%&wxb'yz{|2\T}7~[/01!!
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!"#$%&'() 

! *+%",%-./0123456789:;<7=>?:"#$%&'(

/01@%ABCD-#EFG4H567894I*+%",%-./012

3456JK 19-9FLMNOF:PQRSTUR(%VW% dB7 sXaYZ 

 

 

 

 

 

 

 

 

 

b[\]^M4 

! K 19-9YZ:

! 

tan" = R /(#s),     cos" = (#s) /r  \_4YZ: 

       

! 

("s) = R / tan#,     

! 

 r =  ("s) /cos# = R
cos#

sin#
$

1

cos#
=

R

sin#
        (65) 

\_4I`9%a7b\c^M4d   

      

! 

d("s)

d#
= R

d

d#
(
cos#

sin#
) = R(

"sin
2# " cos2#

sin
2#

)  

def, 

       

! 

ds

d"
=

R

sin
2"

                                              (66) 

\_4I;<7PQRSTUR(%VWFN4

! 

dB = (µ
0
/4" ) # (I # ds$ r) /r3Fgh

b1 
b2 

R 

P 

/0 I 
ds 

b 

r 

O 
-s 

K 19-9. iYZ b%*+"-./0j1k PF2345lm

n B(P)J:PQRSTUR(%VW% dB 7 sXaYZ b[

\]^M4IdBd BJ Pk\op%q7E3I 

a b 

 

! 

dB =
µ
0

4"
#
Ids$ r

r
3
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!"#  

! !   

! 

dB =
µ
0

4"

I # sin$ # ds

r
2

=
µ
0

4"

I # sin
3$ # R

R
2
sin

2$
d$ =

µ
0
I

4"
#
sin$

R
d$! ! ! ! ! ! (67) 

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

      

! 

B(P) =
µ
0
I

4"R
# sin$d
$1

$ 2

% $ =
µ
0
I

4"R
# (cos$

1
& cos$

2
)                     (68) 

$%&'B02 P3a-b4- P5,62-789)*:9;<=' 

 ! (68)>;? 19-10@ABCDE-FGHCI(-JG$ b-JGK@LM' 

 

 

 

 

 

 

 

 

 

 

? 19-10 @A!NCI(-OG-PQRS@T&UVWX; Ba(P)$YB'Z[

0 (68),\]*[&.! Z-^_0# 

      

! 

cos"
1

=
(a /2)

h
2

+ (b /2)
2

+ (a /2)
2
,   

! 

cos"
2

= cos(# $"
1
) = $cos"

1
       (69) 

,`&)* 

a 

RS I 

b 

! 

R = h
2

+ (b /2)
2

 

!2 

!1 

 

P h 

! 

R'= h
2

+ (a /2)
2  

? 19-10'G-CIa($ b,`&CDE-bc54- P,-U

VWX B(P);d]&'P-eI0 h$B&' 

B(P) 

f 

f

— 

f!
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! ! !

! 

B
a
(P) =

µ
0
I

4"R
# (cos$

1
% cos$

2
) =

µ
0
I

4"R
# 2cos$

1                       (70) 

!"#$ 

!      

! 

R = h
2

+ (b /2)
2

                                          (71) 

%&'$() Ba(P))*+,-./012)3456789):;<=>?'

Ba(P)@ABCD8E!F>GH8E'$I6) a)J>?' Ba(P))K:,-)

L., 

      

! 

B
az
(P) = B

a
(P) " 2cos# = B

a
(P) " 2 "

(b /2)

R
= B

a
(P) "

b

h
2

+ (b /2)
2

       

            

! 

=
µ
0
I

4"
#

ab

[h
2 + (b /2)2] # h

2 + (b /2)2 + (a /2)2
             !  (72)  

@M'$ 

! 78 b)51)J>6NO3/PQ>#OR:,-STUV'$()WC./ 

      

! 

cos"
1

=
(b /2)

h
2

+ (b /2)
2

+ (a /2)
2
,   

! 

cos"
2

= cos(# $"
1
) = $cos"

1
       (73) 

%&'. 

      

! 

R'= h
2

+ (a /2)
2

                                           (74) 

! ! !

! 

B
b
(P) =

µ
0
I

4"R'
# (cos$

1
% cos$

2
) =

µ
0
I

2"R'
# cos$

1                      (75) 

()*+,-3/012)345678 b):;<=) Bb(P)@ABCD8E!

F>GH8E'$I6) b)J>?' Bb(P))K:,-)L., 

      

! 

B
bz
(P) = B

b
(P) " 2cos# = B

b
(P) " 2 "

(a /2)

R'
= B

b
(P) "

a

h
2

+ (a /2)
2

       

              

! 

=
µ
0
I

4"
#

ab

[h
2 + (a /2)2] # h

2 + (b /2)2 + (a /2)2
               (76)  

%&'$X>/(72)@(76))LY B(P))R:,- Bz(P)@M'$ 
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! 

B
z
(P) =

µ
0
I

4"
#

ab

h
2 + (a /2)2 + (b /2)2

[
1

h
2 + (a /2)2

+
1

h
2 + (b /2)2

]        (77) 

!"#$!

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

! ! ! !

! 

B
z
(h = 0) =

µ
0
I

4"
#

ab

(a /2)
2 + (b /2)2

[
1

(a /2)
2

+
1

(b /2)
2
]              

                

! 

=
µ
0
I

4"
#
16

2
#
a
2 + b2

ab

! 

=
µ
0
I

"
#
2 a

2 + b2

ab
               (78) 

01/(77)! a=b23#2/ 

        

! 

B
z
(P) =

µ
0
I

2"
#

a
2

(h
2 + a2 /4) h

2 + a2 /2
                        (79) 

!

4%&'()*567891,:;<=#>?@ 

! A 19-10!BC1D+%E<F2 b!"#%&'()*5/GHI)J+?K

2LMN z &ON67891?KPA 19-11Q/R+,-S!+>TUV B .W

XY#!"ZX[\! ];^+GHI)J!./_S!.`aY B=µ0nI, bS

!. B=0 !"c1</d+?K.WX!"ZX[\! ];^+GHI)J+?

K2LefXN/gh/A 19-11 !,-Sij&O+>TUV B 5kl#d2

[mnl#$ 

! %&'+o()*N.p+qr<rstu#23#$R+,-Sij&O+

>?. (77)!vCms#+!/z&O+wx%Eyz+()*+{|} n5~�

t/�&ON6�3s��u$!

!!!!!!!!!

! 

B
z
(0,0,z) = B

z
(P) " n " dz

#$

+$

%

! 

=
µ
0
nI

4"
# ab # f (z)dz

$%

+%

&                 (80-1) 

         

! 

f (z) =
1

z
2

+ (a /2)
2

+ (b /2)
2
[

1

z
2

+ (a /2)
2

+
1

z
2

+ (b /2)
2
]          (80-2) 
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! 19-11"#$%#&' J=nI#&()*+,-.#()' /0123"456!!

! (8071)#89#:;#<1-!

! !!!!!!

! 

a'= (a /2),    b'= (b /2),    c
2

= (a /2)
2

+ (b /2)
2

= a'
2
+b'

2
!!!!!!!!!!!!!!!(81) 

=>?@5A.BC-

! 

z = c " tan# ! =BC-:;DE* /FGH1DI@5A!

!

! 

z
2

+ c
2

= c
2
(1+ tan

2") = c
2
/cos

2"J!

! 

dz = (c /cos
2")d",    #$ /2 %" % +$ /2!!!!(82) 

! (81),(82)*(80)#K:;LE1MNB-O;;E1;P@5A 

      

! 

f (z)dz = [
cos"

c
2
# b'

2
cos

2"
+

cos"

c
2
# a'

2
cos

2"
]d"  

! ! ! ! !  

! 

= [
"(1/2b')

c + b'cos#
+

(1/2b')

c " b'cos#
+

"(1/2a')

c + a'cos#
+

(1/2a')

c " a'cos#
]d#         (83) 

QRG#ST', UVW1-XY#Z[#\:;1]5#"-!

! ! ! ! ! !

! 

w =
d"

# + $ cos"%& / 2

+& / 2

'                                     (84) 

^!

^!

^!

 

^ 

^ 

^ 

z 

x 

y 

J=nI 

! 19-11.! _`a#b&:#cde* z`f1:ghi5A

z `f#jk_lmn#cde#opE* n =@5=-S

&' J=nI#&()*+%A!

 

a 

b 
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!"#$%&'()*#+,-./01,2-

! 

tan(" /2)$34&56/ 

! 

tan(" /2) # t ! +-.+7 

   (1)   

! 

1+ t
2

=1+
sin

2
(" /2)

cos
2
(" /2)

=
1

cos
2
(" /2)

 

   (2)   

! 

cos" = cos
2
(" /2) # [1$

sin
2
(" /2)

cos
2
(" /2)

] =
1$ t

2

1+ t
2

 

   (3)   

! 

sin" = 2 # [
sin(" /2)

cos(" /2)
] # cos

2
(" /2) =

2t

1+ t
2

 

   (4)   

! 

d" =
2dt

1+ t2
 

897

! 

tan
"1
x ! : 

    

! 

dx

1+ x
2" = tan

#1
x + const.! ;<.=>7

! 

d

dx
(tan

"1
x) =

1

1+ x
2

 ?@A-./ 

#B>&56+7 

! !

! 

w =
d"

# + $ cos"%& / 2

+& / 2

' = 2
dt

(# + $) + (# %$)t 2
t1

t 2

'

! 

= 2
dt

(" + #) $ [1+
(" %#)

(" + #)
t
2
]t1

t 2

&  

!!##;7!

! 

s "
(# $%)

(# + %)
& t  ! +-.+7!

   

! 

w =
d"

# + $ cos"%& / 2

+& / 2

' =
2

# 2 %$ 2
(

ds

1+ s
2

s1

s2

' =
2

# 2 %$ 2
tan

%1
(s)

s1

s2

 

                  

! 

=
2

" 2 #$ 2
% tan#1{

" #$

" + $
% t}

t1

t 2

 

                  

! 

=
2

" 2 #$ 2
% tan#1{

" #$

" + $
% tan(

&

2
)}

#' / 2

+' / 2

            (85) 

+C./!
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 (85)!"#$ (83)!%&!'!()*+,-(83)$()./0- 

      

! 

f (z)dz
"#

+#

$ = "
4

ab
{tan

"1
(
c " (b /2)

c + (b /2)
) " tan"1("

c " (b /2)

c + (b /2)
)} 

! ! ! ! !      

! 

+
4

ab
{tan

"1
(
c + (b /2)

c " (b /2)
) " tan

"1
("

c + (b /2)

c " (b /2)
)}  

               

! 

"
4

ab
{tan

"1
(
c " (a /2)

c + (a /2)
) " tan

"1
("

c " (a /2)

c + (a /2)
)} 

               

! 

+
4

ab
{tan

"1
(
c + (a /2)

c " (a /2)
) " tan

"1
("

c + (a /2)

c " (a /2)
)}          

! ! ! ! ! ! !

! 

"
4#

ab
                                           (86)  

 01/-2!"#34 

! ! ! ! !

! 

a /b <1 

          

! 

tan
"1
x = x "

1

3
x

3
+

1

5
x

5
"

1

7
x

7
+ ....,     (x

2
<1)

          = ±
#

4
,                                       (x = ±1)

          =
#

2
"

1

x
+

1

3x
3
"

1

5x
5

+ ....,        (x
2

>1)

d

dx
(tan

"1
x) =

1

1+ x
2

 

56/20*789:4(86)!;'*&<:=>!?,*@ABCDEB/- 

! FG'*&<:3- 

! !

! 

c " (b /2)

c + (b /2)
=

(b /2)
2

+ (a /2)
2
" (b /2)

(b /2)
2

+ (a /2)
2

+ (b /2)
=

(a /2)

(b /2)
2

+ (a /2)
2

+ (b /2)
 

             

! 

=
(a /b)

1+ (a /b)
2

+1
"

(a /b)

2 + (a /b)
2
/2
"
(a /b)

2
<1 

! 

(a /b)!GH!'I5$J9K-L*4 

      

! 

tan
"1
{

c " (b /2)

c + (b /2)
} # tan

"1
{
(a /b)

2
} #

(a /b)

2
# "tan

"1
{"

c " (b /2)

c + (b /2)
} 
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!"#$%&'(

! 

" #
4

ab
(a /b))*+, 

! !-#&'(!"#&./0123&4+56( 

! !

! 

c + (b /2)

c " (b /2)
=
1+ (a /b)

2
+1

(a /b)
#
2 + (a /b)

2
/2

(a /b)
#

2

(a /b)
>>1 

)*+, 

    

! 

tan
"1
{
c + (b /2)

c " (b /2)
} # tan

"1
{
2

(a /b)
} # $ /2 "

(a /b)

2
# "tan

"1
{"

c + (b /2)

c " (b /2)
} 

!-#$%&'(

! 

" +
4

ab
[# $ (a /b)]

!
&4+. 

 !7#&'( 

! !

! 

c " (a /2)

c + (a /2)
 

! 

=
(b /2)

2
+ (a /2)

2
" (a /2)

(b /2)
2

+ (a /2)
2

+ (a /2)
=

(b /2)

(b /2)
2

+ (a /2)
2

+ (a /2)
 

              

! 

=
1

1+ (a /b)
2

+ (a /b)
"

1

1+ (a /b)
2
/2 + (a /b)

"1# (a /b) <1 

)*+56( 

  

! 

tan
"1
{

c " (a /2)

c + (a /2)
} # tan

"1
{1" (a /b)} #

$

4
" (a /b) /2

! 

" #tan
#1
{#

c # (a /2)

c + (a /2)
}  

88&'(

! 

x = ±1(9:(

! 

y = ±" /4&4+;(

! 

d

dx
(tan

"1
x) =

1

1+ x
2

=
1

2
&4+8)

<=>?@+,!7#$%&'(

! 

" #
4

ab
$ [
%

2
# (a /b)])*+, 

!A#&'(!7#.BC./0<DEFGH@56( 

! !

! 

c + (a /2)

c " (a /2)
 

! 

=
(b /2)

2
+ (a /2)

2
+ (a /2)

(b /2)
2

+ (a /2)
2
" (a /2)

=  

! 

1+ (a /b)
2

+ (a /b) 

              

! 

"1+ (a /b)
2
/2 + (a /b) "1+ (a /b) >1 

! 

tan
"1
{
c + (a /2)

c " (a /2)
} # tan

"1
{1+ (a /b)} #

$

4
+ (a /b) /2

! 

" #tan
#1
{#

c + (a /2)

c # (a /2)
}  
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!"#$%&'(

! 

" +
4

ab
# [
$

2
+ (a /b)]&)*+ 

,-."/.#012*3((a/b).45.6&.78#'9:;<*.&( 

  

! 

f (z)dx
"#

+#

$ %

! 

4

ab
"{#(a /b) + [$ # (a /b)]

! 

"[
#

2
" (a /b)]

! 

+[
"

2
+ (a /b)]} =

4"

ab
 

3=*+(86)>?.@ABCDEF3=*+ 

! (86)0(80-1)BGHIJ(KLMNOP.QRSTU.VW.XY'( 

! !

! 

B
z
(0,0,z) = B
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