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1
� �

P2Q�R��6
 ��
����(*�� 7')���7�����D �	��
	{
������$�*��
��) =2�u8�@ *��
�2.������� O�*
� 7')u���	3���7����({���.���$){ S A $-, . .

1.1 � � � �  ! "
1.1.1 #%$'&'(*)

1911 +	*�,�-�.0/�� H.Kamerlingh Onnes ��132u��=(8�465	7 4.2K {�wu*�8393:<;(*�v .
$270=)����{3>6?�( , ���2� ��{)
���
�����$�@3A0�2} . ����B2��
�� ��D�E6
���
�� �(*�C3D
,�.���� {0E&x���� Tc $�F�G�(�} ( H 1.1). �
�(*���7�)�=�8�435�73I�J ( , D��3K3L�M��
� ( �
� ���(��p�q ) {3N�,6O	P	�	�($2{�
 � 
��G$���Q . K0L0M2���%$0� ,1933 +	*���� ��� �%$�R
��S�T3,�I
U	.6V�W�;YX�*��Z��)6>�?3[���}3\���] , 
���
2��*���D	E\� r�{�D��*)0\)
���
2�
�3^6_u*2=��	7����
�����	r	{3`	a (�) (3b�72�	r	7 �*��*�c<d�]<e�v��2v .�� �3] , �*�(�
��L���� B 7�:<;�$)v . . (�D (&
(� 
��(�	*3f�.�O6P�*�[4E�*�g(7)�(r {�D���.�� $�*6�
�
)�
���
�� ��D�E
B2��
�� �(*�h . . ���0i��&�	r {	E�x2�	r Hc $)70= .

H 1.1: ����*����2.2
 ��
��������4$K�(r(�	+6�
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1.1.2 � �������	��


���
��������(*���7�) , �(L���� B = 0 ]	f�. ��]
��.�����;������(������� rotB = µ0i�u3&= ����� i 7 i = 0 $)v . . ��@	A��	P��u3 , �	L���� B �)H�IGJ6;
����.����2; A ���
C B = rotA ]	^6[���. . ���	��$��	3 A ��"�F�]	f�.���$�7� �D�. . ����]0^ 1.1 {�| 7')
=	8��(�	*�����.�
��G$&
 �(
���{ � � (�)"!(. . ����� $�*���3�=(8�� �	*�����.�
��d$-

� 
��Y�$#�%��07�f�.�$�&�'	E���. .

^ 1.1: 
��%$6
���
��������

�� 
���
��

=�x E = 0 �(L���� B = 0

=�(���� ρ = 0 =������ i = 0

=�) φ = "�F H�I%JK;*���	.+���2; A = "�F


 � 
��u�3^6_�*��
�(.�=���*�� 7�)�&,'�. . H 1.2 �6�	=�*�����D4E-
(��
�	��4*�	�
4*
� L
�'� B {�-�'�}	$6,�. . �2� $�e�.�.(�
^3_�A�/(*�0�1�� ��2
/43 ∆C, b2},2
/43 ∆C 5
*�6�.3_ ∆S {3F6G2,(. . �(L����07�
���
�����^�_	*�	�
�]	f�.���$
��3 , ∆C 5
]���.����
;������ ∮

∆C
B · ds = µ0

∫

∆S
i · dS {�| 7�.u$ , ++7 = B∆l b�} .+7 = µ0τ∆l ]�f�. (τ 8 ^

_�=������ ). ����9uO��	3 B = µ0τ 7�:,;
� .

H 1.2: 
 ��

	��4$'	�
 v)�(L���� H�I4J6;

1.1.3 <>=@?%#%$'&BA C�<EDF?%#%$'&BAG�H�I�J+K ]
L�ENM�O�P+Q�R�S�T+U�V ] G�H�IWJ+K 7�X�Y�T�Z , UW[�X�Y�1�\�]$^$_�`"aNb GH�I�c V$`"dWb G+H+I�c ( e 1.3) V�\*f4g�h"T,U+V�ZWi
jWT .
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e 1.3: `,a�b G�H+I�c V$`,d�b G+H+I�c [NO��

`*a�b G�H"I�c V�L O�����\,L���MWO*P Hc Q���\
	N_��
��O��,Q���h G"H+I�J"K R���� HI�J�K \��"T�V��������������"Q����� 
!�i
"+T . `,a�b G+H+I�J"K \�#�$�`,d�b G+H+I�c L
��MWO"P�Q�%�&
	�'�(�\ , )�*+��MWO"P Hc1 V�,
-NY+T�.
/�0�1+[NO"P"Q�R"SWT,U�V�\�]
2 , �
��3�O��"Q���	$_���'�O�4�5�Z768*,\�9�:�	$_�;�T . U�[�<�[ J�K Q�=
> J�K V���� . =
> J"K
L?1�*���MWO,P Hc2 V�,�-NY�T�.
/�[NO,P,\�@+	�'+(�\BA"Y , � H+I�J�K \C�"T .D '�`,a�b G+H+I�c i LC"�^W_
�,U�[�=
> J+K V
EGF
\ O
4�5+Z768*�\C9
:Wh�T J�K \�H�IJ"K Z�"�T ( e 1.4). H�I J�K V�LCJ
*�O"P+Z+��MWO"P�0
)+[ J�K i
� G�H�IWc [?K J \�]
2�LM �?��O,P�Z���M�O,P*\�@�	�_
N U�T�O
P�i�"�T .

D '
=�> J"K�Q H�I J"K i L O+4�5"ZR6B*
\C9�:
	$_���T�Z G+H+I�J�K Z�X+Y�_���T�S,S�i LC�
� .

e 1.4: H?I J�K [NO��
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1.1.4 �����BA����
	 �
������������� �����G+H+I�c [�O��*V O�� c [NO��*L�� ���C���"! c$#&% '�2�[NO+�('")"*,+.-WV�	 _0/�1�/�Y
T . a32�����O�� c \�����_.4
��V , 5$6,["7WO+�$8�\(9�SWT$:$;�Q"<���_�O+� M L O"P"[?.
/ H 9�](=�O�4,>"? B V M = B/µ0 − H [�L M �?�A@ B�i,CED���Y+T .

D '�O��E'()$*F+A-
Z.GH7$I�i�J$K�\�L3M,T*U+V�ZWi�j , U�[0GH7$I"Q�O��(7$I
V���� .

H NNi����WP�>+[3O��NO
� cEP3Q \C�
��_�R�D�_�S�T . UW[ P3Q Q,e 1.5 [�]���\UT�R
;�V"W
	�'+<+\"L�X�*EV"[�O��E'()�*,+A-�L�X�*EV�[(Y�Z,Q(I+Y"TWO��$7$I�i�"+T
VHR0D���Y"T . U
[�O+��7�I
L$[�[�*EV"\"I+Y"TWO+��7�I V�\$�0]+	�>���U"V�\��+T . U�[(^$_ V
	N_FO�� P$Q
["Y$Z,\�I�Y�T�O��(7$I,[3S+Z"`�T*U+V�\���T . U�[�U+VW]�2
HHN�i
�
��P
> , O�� c [NO+�(7
I V G"H�I�c \3I�Y�T$7EI
L+E3aNi+"+T
VUR0D+T*U"V�Z�i j�T .

D ' G�H"I�c [�O+�"Q�b$c�T
(�\�LHd$7$I�i
��; , O��(7�I�Q"<���T*U+V�ZWi�j�T . U�["U+V�R+�
HUN�i
�
� G�H+I�c \Ue�	
_ L�K0f���\�U�[":$;+Q(<���_�g$h+h�T,U+VC��i�jWT .

e 1.5: O
��O�� c,P"Q [(V(W
*�V�\�I�Y�T�O��(7$I

1.2 i j k l m n o
7�� ( p$7 ) q�r(s,t")�L , u0v$7(w"Q"xAyHz+R+�H{"| V�j�["}�8"q�r(s0t")
V�	N_ I ;�U�V
Z�i�jWT . a$~ , O+�3qEr(s0t")�L P"� �3u0v$7$I�Q"xAy�z�R+� {"| VWj�[(}$83q�r"s0t3)�V�	
_,R0D+T�V , qEr�s,t()*[(}
L���}�i�"�T*U�VWR���7�I�Z(�E�7	?���(��� J"K ["qEr(sFt()*]
2����"U+V�\���^�_�	 D � . U�[�'$c�}�83q�r(s,t")��"SNi L I ;�U+V+L i�j?�
� .

U�U$iE7$I
LH7(w
VH�
� , 7�I�Q3�
�
'�c�[37(�*\3�(��	$_
"+T,U�V�\���� h"T,V , O
4+Z��
��	?�
��]���\37(�0�E�*[(;���Z3�R; . � D 2H7EI0���"!�/"MF�A��j+\$�,a"�(�E��N070},\3�
�$^W_07$IE�+a"/,\�I�h�'$c,\�7(��Z�h0�(�����3R(�+h��,�$��\�]�^W_(����q�r(sEt")�Z(�E�
YE�F�HRED(�F����ZWi�j"� .
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1.2.1 � ��� �
7"�0�0�A�����FD�-U7EI�Z$I�Y�_��$���
	�s,Z"�E�7	 , ��[���	Es*["YEZ*\�����4,>"?,ZE�

a"� . ��[���	�sF��
0�+	?'72 , 7EI0���
�
/"M+'����"[�<�\���;�\Wg*[���	�sF���+;E� , ��[
��	$s*\�7$I�Z(I�Y�� . ��[�]��?��O
P�[0��������� .

D 'F��[�<�\�g*[���	$s*\37$IE�"I+	?'
}E�3����NE7E}F����� . ��[�����N07�}��$g,[���	$s,[H��4E�(����/3M��
��'$c,\ �+��'?N07
}�i
"$�(RED+�NY�� . ��	$s0����; �
4E� Φ �$hE�.� ����NE7E}��

Vem = −
dΦ

dt

i����,����Z�i�j3� .��� 	0+������(+� L [���	$s0�"R0D , ��Y,\37$I I ′ �"I�hA����	$s0����; �
4!�
Φ′ = LI ′

���$� . ���$i$u0v��+<
I dt [
I�\�7�IE� dI ′ ��"
# Q hA� ����$,7�}��
Vem = −L

dI ′

dt

ZE�0a , 7�I"[�#�%0��&0D+]
�E��'$<�hE� .

7EI0��#�%
/"MF��'�c,\��U7��"Z(�0��$F7E},\"���N^�_0�E�0��	���"WY7-�������� . ��[�I�[
7$�,[3����(!�

dP = −VemI ′ = LI ′
dI ′

dt

���$� . ��[���	�s*\�7$IE�(I+	C'F�Wj�\���	$s,\�)(D
�NY$�"q$r(sEt3)!� , 7$IE� 0 �+� I
D

i
\
#�%�/�MF�+I�\�7(�"Z�	�'(���,\UJ�	�;
Um = W =

∫ I

0

LI ′
dI ′

dt
dt =

1

2
LI2

���$� . ��4 Φ = LI �(<��(�F�
Um =

1

2
LI2 =

1

2
ΦI2 =

1

2L
Φ2

Z�����Y , ��[3q0r$s,t$)�Z"���"q0r$sFt()�i+"��.�E��Z
SE�E� . ��[�]��+\ , 5E6*�����"q0r
s,t")!� J(K+i
"$�(7������(���F��	$_�J(K���\"b(c$��	3��+�Z��$��^
'�[�i
"��

1.2.2 ,.-0/214365 7&���980:<;>=@?BA�� � C
��[U���"q0r$s,t$)A��D�E0�(!�[�F�G,�$<
���.� , 7EI�Z$I�HE��� c I�\H�R; ����}E�Eb$c

�0�$��I�i*j�� . �W[ ���"}�� 7(I+IW\���;
J3)�K"+�L$}�M?>�NWi�"(� . � D 2U4���O�D"�,� �
�"q�r(s0t")P�
J")�K(+�L�}F��D�E0�3!�M
F�G�Q�R
S�TFb"c$�,�$��I
&�U�i�"$�F��4
���$�$i
"�� . �$�$i2� ,2 ��M37$I�I$i�M373�E�E��O
P�I$����S�S�T,9+2 , D�EE�3!!M
F�G0�"<
�(��M�Q
��VE�
	���"�H�-C�+�C��� . ��M3RED�I�W�	?�(�F���3����X!YNhE� .
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1.3 Poynting � � � m
<
I$�$�C��Q3��
�hE�$73����M?�$q�r(s0t")0>3?P�

u =
1

2
εE2 +

1

2µ
B

2 +

∫

i · Edt

�����+��H$� . � 1 ��� 7���MUq$r"sEt3) , � 2 ��� ����MUq$r"sEt3) , � 3 ����w$7
	���Q���;
}E8
�Hq�r(s,t")�i
"$� . "��EN
I V M?�(qEr(s0t")�M
<
IU�����

∂U

∂t
=

∂

∂t

∫

V

udV =

∫

V

(

εE ·
∂E

∂t
+

B

µ
·
∂B

∂t
+ i · E

)

dV

���$� . � 1 �.�
� 3 �0� D �Uc�T���G�	 , � 2 ��M ∂B/∂t �$]���hE�F�
∂U

∂t
= −

∫

S

(E × H) · dS

����2 S ����� V M3L������$� . �$���
SP = E × H

�����A- s0�$/�1
�E�,�E��Q�R��
∂

∂t

∫

V

udV +

∫

S

SP · dS = 0 (1.1)

I������! . ��ME�
"�M SP � Poynting ���.- s.�!#�$ . ��H���N�% V &�MUq$r"sEt
'�M3��(�M)�* I�+,� S ��-�S�T V &�Q
.�HF�
/ Poynting ���1032�Q!4�5�#0������6�5�T�#(� . 5�7�I�S
T Poynting ����082�I�9�����M!:,;�2�<
'�M�.�H��
+���=�M
���(�,�!>�?"�,�$��I���"�� . @
7�A (1.1) ��B�C�D���+��A�

∂u

∂t
+ divSP = 0

��E�� , :�;�2�<�'�M�F�G�M,A(�����,����I���"3� .H�I!J Q�R�K�J�'�K
L
L�M�N3O,P�M�Q�R�K�J�'�K
L
L�M�I
��K�I , Q�Q8��R�S�H�T�H,U Poynt-

ing ��V�082�U
W�#�T�X�Y . Z�[�Q , \�]�2�Q!9�.�U
.�5 T H�^ U�_
`�Z!a�K�b!c���d
:,;
2�<
'
d�.,e�U�f,[�g�h�5 , 9 HiI,j d�k�l�U�m,n,K .

1.4 o p q r s q tH�^ d
u�(�h�v�w�x,y,X
z�9,M�{,|�}!K�{ ,
H�^�~�� d
u�(�R H�^ O�d�����h
v���+����,K�Q

N�{
��"
K . ��?�� , �,K
���id H�^�~
� {���?�7�� * , S�d!����d H�^ O�{���?�7�Q�N�h
E�� ,

Q�d
����C�R!���
gi[ H�^ O�{
����5�7,=�d�N!��K�Q�N!{���"
K .

�,K�\
],2 C {�����5�x��i� ,
H�^ O�{�� � V = −v ��������KiN , dt d���%�&!h�\
]�2�d���

ds U�-�w�x���} H�^ {
���
��K . Q�d���d�\
],2�U
��Y H�^ Φ d���%�u,(iR
dΦ

dt
= −

∫

C

(B × V ) · ds

10



N�E,K . Q�e�U������,h��iY�N
rot(B × V ) = −

∂B

∂t

N
Ei� , Q
e�U H�^ d�F�G�d�A�N!#�$ . Q
d�A�R H�^ d
u�(�g�[ H�^ d
u���U�	�n�K���h!W�#�K .

1.5

 � � q 
������� d�����N�5�x , ����X��id HiI ����h� �#�x�d��! �h�"�7�# , 9 HiI�j h���$
K�k,l�U

v�#
m,n,K�Q�N!%�",K . �! N�5�x'&)(�U�"�*
K .+
. ����X�,1N-����X/.�0�d H (ih�1�2�x�3�]�4�5�'�6�7id�� * N�8�%:9�;�d�� * N!%�S�e�T
e�	�n , < �>= ����X��id H (�d�u,( , 1�@'#�8
%-9�;,{�?
d�@1�A%�z�Q�#-B�K�d�g�U�XiY .C

.
H�I :�;,2�<,'�U�	,n�Kih�"�7�w�x�D�E�u���d�F�k1N�9 H y�X�����h�1'2
x�d�m�2�k�liU

B�K . @�7�D)E�u��1N�G�'�H�L�I�M�h�v
w�x HiI :�;�2�<�'�{�X�g,e�K�Q�N�U�J�f-K�K .L
.Poyinting M,V�032�U�W�2�x H�I
J h�v�K�G�'�H�L�I�MiN�O�P,M�h�v�K�G�''H,L�I�M�{,X�g
e�KiQ�N
U�J1f:K�K . @,7i\!]�2�h�9�.�U,.�5!x H�^ U�_�`�Z
a�K,b,c�%�d�:�;�2�<�'id�.�e
Uif,[!g�h�5 , 9 HiI,j d�k,l�U�m�n,K .
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2 � � � � � � � �
�

�
	 E H�^�~�� B0 d 8
h���
 a d�����X�,�U���2,7�N��,d H ( M U�	,n�KiQ�N�U�>�?,K .

&���d��- �d�l��ih�1�2�x R 3
=�� d
l����,{�"�K . 1 1 �3R ��� �
E��������iU,W�2,7����

%�"�K . 2 1 �3R! �"�d H$# M U,W�2,7�����%'"�K . S�5!x 3 1 �8R�M�V10�2$%�&�L�'�(
2�U
W'2,7�����%�"�K . 2 1 �3N 3 1 � h�1'2
x R!S�e�T�e*)�+,{�"�K . 2 1 � d, �"id H*# M U
W�2�K�����%�R�8.-
�,��U�=�1,/�0�h�R�W�2�K�Q,N
{�%*�!1 , 3 1 � d�M�V$243�%!&�L�'�(.3�U
W�2�5��,��% R A = 0 {�6 #�7�1)3�])4)5�'�9�;�%�8
g�W�2�K�Q�N!{�%$�91 , 8�:-9�;�%1R�;� h H�^ {���w�x'2�K�5�n A = 0 {�6 #,7�5,E�2 . Q�d�5,n H�^�~�� U)	�n,K�h�"�5�w�x�l�<
{�=$8�2�5,n�>@?!d ��� %1R�l�<�U,A�B�E�2 . 8�5,{�w
x , Q�Q-%1R:3�]�4)5�'�9�;�C,D 8�:-9
;�%�",K 8!-�����d�E�2�����X��id
l���h>1�2�x �
� �
E,�����,��U�W�2�5����iNE �"�d H*#
M U�W�2�5��,��d 2 1�d
l���h�1�2
x�F�G�K .

2.1 H I J K L M N q O P
2.1.1 QSRUTWVSXZY\[^] _a` bZcedWfg d��,d�����X),h;!d�i�j�U�k�e�l�j�m�k ~���n τ o�8 , ����X)��h�p�m�k�{�k�e�5,��q�dr�# %�"�l�o!K�l . s�5��:��t,d9u�v�w�h�v�# , �)��x�, n ��y�h!z�w�5,j�d�� n F�G,l g oA%
	,n�l g o!{�%$��l .{�| d�}�%'"�l r�# M

n 	�n�l�5,n�h9������� n "'*�l .

{

n · (B1 − B2) = 0 (2.1)

n × (H1 − H2) = τ (2.2)

5�~�8 , B1, H1 � ,�� , s,5 B2, H2 � ,�; %id r���~�� o r ��%�"�l*o!K�l . τ � ����x��idi�j�h
k,e�l�j�m�k ~
� %�"�# , s,5���e��,e�d!����%id r � H o r���~
� B � H = 1/µ0Bd��E��h�"�l .
g d��! � ��G�5 r���~
� d��*�
��8�����?�#9�$?���u�v�w��,5�� , ��
�C,D��� t��
���.����K�l 2 �����! @o�8.��� #E�$� g o9��%���l .

,���� r����
� �>1�29��F�G,l . p�m�k��
i�j�m�k �
� �,�
�
5 r���  ',¡�¢�2 n ,���8£���¤ � ,
g � r*��  '�¡�¢$2,o�¥
¦�§ r����,� B0 ����l r������ ��¨,©�ª�G�«!¬�l .

g ¬$« n
­®,¯ 6�y��!°�± , 6�y$².³ n�´ 89q,B
µ�l .
g�g © r ��¶�· x,¸��*¹4��º�«
�!»�¼ , θ � ¸��*¹4�

12



�
2.1: p�m�k������*o�;��

n�� +�o�8
5�¥9¦�§�m�k����*�.º*«�����5�� � t
©	��l*o�
�l .







B1r = B0 cos θ +
µ0m

2πr3
cos θ (2.3)

B1θ = −B0 sin θ +
µ0m

4πr3
sin θ (2.4)

s�5 , ¸ ;.� r����
� ����
���� '���������l��!© 0 ©���l . 895����
� B2 = 0, H2 = 0 ���*«¬�l .¸a;,o9¸���©$� r*������n���� � , r = a � ¤ ±,l������������ � ��F�G�l . ����� (2.1) � 	!#" y���� � �*�����$�9©	��l��
© g �#%�q B1r �#� � �*�����@o!F�G�l��9© ,

(

B0 +
µ0m

2πa3

)

cos θ = 0

o
§$& ,

m = −
2πa3

µ0

B0n�' ��l g o
��©$(�l .��� B1θ � ' ��) m
n�*	+	,

, ���-� (2.2) �#��� � ��l .

1

µ0

[

−B0 +
µ0

4πa3

(

−
2πa3

µ0

B0

)]

sin θ = τ (2.5)

g ¬	./&.j�m�k ��� τ � ' s,l .

τ = −
3B0

2µ0

sin θ (2.6)g ¬ n���� � B1θ

n�' ��l*o ,

τ =
B1θ

µ0

13



g ���E�-./& ,

B1θ = −
3

2
B0 sin θ

� ' s,l .g ��������.	&����������
����
�l g o!����º�l . s#) B1θ � θ = ±π/2 ��o#(
	�� r����
�� |B1θ| = (3/2)B0 ©-��l g o
����º���) . �*s-& , B0 ��
 � r % n Hc o , � µ0Hc ��� ©-�l�� , (3/2)B0 � µ0Hc

n ¶�� l�%�q����-& ,
g ��%�q���¹�������o!§�l .

, )����
� ¶�· x,¸��
��
���� '�����©	�$&���l B0 ��	���� � (2/3)µ0Hc o9§�l .s�) r�� M � M = m/ ��� ./& ' s�l . ¶�· x�¸��
��� � (4/3)πa3 ./& ,

M = −
3B0

2µ0

� ' s,l��
2.1.2 ���! #"%$ M &(' )+*-,/.
0 ����1,© �.¶�· x�¸�� �
2�3 � ¤ ±�4�5���6/%���7���8�8�9 +/, � � 4;:
< � 4��9© , 6

%>= 2�3 ©�?�@�©	�$& , A���� τ ��� � ��< � 4�B�C���§ � . 8�)�6 � =�D�E�F�G���.�4�H�I9©
=!§�JLK
M���6 � F�G���.�4�H�I!©���4�: 
�4 .

0 I#)�N
6�%�I�O�P�I�Q�R "�S =T?�@,©���4 .

�
2.2: 6 � F�G�I;U��V:W5��

¸#UWIW6�X ��� :L6	%VY�� � ��< � 4 . ¸#UWIW6/%�Z H2,
0 IW6	%VY�.
����[�\�4�6 � Z M ,

6�X ��� B2 :�
�4 . ¸#UWIW6�X ��� I r
"�S :L6	%�I θ

"�S =
7�¬�]�¬ ,

{

B2r = µ0 (H2 + M) cos θ (2.7)

H2θ = −H2 sin θ (2.8)

:
§�4 .
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��Y!¸�5�IT6�X �
� : 6�%�Y�� � ��< � 4 . ¥!¦�§
6�X �
� B0 :E¸ UTI�¥!¦�§
6 � Y�.�4
6��  ',¡�¢ � m �,��4
6�X �
� I
¨�� ¶�· � ¸�5�IT6�X �
� ©���4�: 
�4 .
, )��
�
� , ����.

& M = m/(4/3)πa3 :9§�4 .

5���Y ¤ ±�4�6�X ��� I r
"�S

, 6	%�I θ
"�S =W7�¬�]�¬











B1r = B0 cos θ +
µ0m

2πr3
cos θ (2.9)

H1θ = −
B0

µ0

sin θ +
m

4πr3
sin θ (2.10)

:
§�4 .
0 I���Z M Z ��� � 2 
>:















B1r = B0 cos θ +
2µ0a

3M

3r3
cos θ (2.11)

H1θ = −
B0

µ0

sin θ +
a3M

3r3
sin θ (2.12)

��
���� '�����©	��4�I9©�¸#UWI
6�X ��� = 0 ©/��4 0 :#.-& , B2 = µ0 (H2 + M) = 0 � "
&��	� , M = −H2 :9§�4 . 8�) r = a Y ¤ � ��¸(U�:.¸�5�I r

"�S =W?�@�©	��4 0 :�./& ,
(

B0 +
2µ0M

3

)

cos θ = 0

:
§�4 .
, )����,��6 � M =

M = −
3B0

2µ0

(2.13)

©�ª � «!¬�4 .
0 ¬;:#� (2.8) 
�� B2 = 0 ./& , ��
�I�� H2 =

H2 =
3B0

2µ0

:
§�4 . 8�) 0 ¬	./&.¸�I	��Z�G�¬�4�6 � 3 F�G ��� τ ′

m =
τ ′

m = M

:
§$& ,
0�0 © =.¸�I 2�3 Z�G�¬�4�6 � 3 F�G ��� τm Y�� � � ' N�4�I9© ,

τm = τ ′

m sin θ = −
3B0

2µ0

sin θ

:�§�4 .
, )����,� , ¥�����§��������VZ �	� )�%���I 3 F�G ��� ( � (2.6)) :�� ,�� 0 :
� '

N$«!¬�) .

��� ./& , ¶�· � �VI���������F�GVY�.�4V: , � ' N�)
6 � M :L6 � F�G�Y�.�4V: , ��A��
I ��1�© ' N�)�6 � M ��� , J�§�4 0 :9����º�4 .

2.2
! " # $ % & '

( Y ¶�· � ��¸�)@¹��W����Y#��4;:�(�IW6 � M Z ' N�4 .
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�
2.3: � ��� 6�X����VI$¹
Y	��º�¬�)@¹��T����I ¶�· � ��¸

2.2.1 
���
���������� &(' )+*-,/.
0 I���I ¶�· � ¸ U
I 2�3 Z�G���4 3 F�G�����Z τ : , , ¶�· � �>Y���F�G�)�G��	)�%���I

6 ��� ��4V:�
�4 .

��
�I��;= ��� I 3 � � ��4 .










¸#U
IW6�X���� B2 (2.14)

2�3 F�G���� τ (2.15)¹��VY	 � )�6"!$#	%�&�' � m (2.16)0 I���
�I���Z ' N�4�)�N�I���� =�6�X���� B :L6	% H I�������� :W	���(�)�6�X����;Y����* I���� � ��4 .










n · (B1 − B2) = 0 (2.17)

n × (H1 − H2) = τ (2.18)

	��$(+)�6�X��	� µ0Hc (2.19)0�0 �
, ¹������ , 
 � ���,¸ UWY�,+- ��.$/ Z�0�1$2���� � ��4�)�N�Y�= , 3	4 � � µ0Hc Y65,7*/� ��8 �:9 �<;6� � . =#UWIW6�X����>= B0 �<>�Y@?BA ��Y$� ��� � B2

��C 4V:ED�4 .
,

) )�F *$G - � =#UWIW6�X�����I r
"�S : θ

"�S =
{

B2r = B2 cos θ (2.20)

B2θ = −B2 sin θ (2.21)

: � 4 . 8#) , =�5�IT6�X��+��Y�� �6* < � 4 .
0 �V= 2.1 I+H	I�J�K$%�L	M�I�%���:�N � Y	� �� 6�X��+� B0 :O=�I<PQ��Y� �R�)
6�!�#�%	&�' � m )	S�4
6�X��+��I+T ��U ; ��4 . 6�X��+�

I r
"�S

, θ
"�S =W7���]$� ,







B1r = B0 cos θ +
µ0m

2πr3
cos θ (2.22)

B1θ = −B0 sin θ +
µ0m

4πr3
sin θ (2.23)
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: � 4 .

=#U�:E=�5 � IW6�X��	��Z���R * , r = a Y	 8 4��������;Y#��R * < � 4 .

���-� (2.17) ./&
(

B0 +
µ0m

2πa3

)

cos θ − B2 cos θ = 0

���-� (2.18) ./&
1

µ0

(

−B0 +
µ0m

4πa3

)

sin θ +
1

µ0

B2 sin θ = τ

���/� (2.19) = 2�3 6�%�I "�S iθ

� 6�%�I�O�P�)�	�� ��C 4��+� θ = π/2 I���Y " &	��� 0 :
.-&

B0 −
µ0m

4πa3
= µ0Hc

��� 3 ��I���) U ; ��) .
0 �/./& 6<!$#�%�&�' � , U
	�6�X��	� , 2�3 F�G�����Z ' N�4V:

m =

(

B0

µ0

− Hc

)

4πa3

B2 = 3B0 − 2µ0Hc

τ = 3

(

B0

µ0

− Hc

)

sin θ (2.24)

: � 4 . 8�)�6 � M = m Z���R * ,

M = 3

(

B0

µ0

− Hc

)

: ' 8�4 .

2.2.2 ���! #"%$ M &(' )+*-,/.
G - � =VY�=L6 � F�G ,�� G$� * R � R�:ED�4�I � , 6	%�I�O�P�I�Q�R "�S =W?�@ ��C & ,

0
I���IW6 � M Z ' N�4 .

=(U
I�6�X��	� :T6/%;Y�
�R * < � 4 . =(U
I�6/%�Z H2, 6�X�����Z B2 :6D�4 . =(U�I
6VX
�	��I r

"�S :L6	%�I θ
"�S =W7���]$� ,

{

B2r = µ0 (H2 + M) cos θ (2.25)

H2θ = −H2 sin θ (2.26)

: � 4 .

8�) , =�5�Y	 8 4�6�X�����I r
"�S

, 6	%�I θ
"�S =W7$��]�� ,











B1r = B0 cos θ +
µ0m

2πr3
cos θ (2.27)

H1θ = −
B0

µ0

sin θ +
m

4πr3
sin θ (2.28)

17



: � 4 .
0 I���Z
6 � M Z���R * 2 D>:















B1r = B0 cos θ +
2µ0a

3M

3r3
cos θ (2.29)

H1θ = −
B0

µ0

sin θ +
a3M

3r3
sin θ (2.30)

2�3 Y�=L6 � F�G )�G�� *  -& , r = a Y	 $R * =�5;:E=#U�=W?�@ ��C 4�I � ,















µ0(H2 + M) = B0 +
2µ0M

3
(2.31)

−H2θ = −
B0

µ0

+
M

3
(2.32)

) U ; ��4 .

PW�L��� ��C 4 0 :�.�& , U 	�YL6�% Hc )$� � Y���� ,�* R�4�:�< � 4 .
0 I 0 :�.�& 6 � M

= ,

µ0(Hc + M) =B0 +
2µ0M

3

M =3

(

B0

µ0

− Hc

)

: � & , =(UWIW6�X��	� B2 =
B2 = 3B0 − 2µ0Hc

: � 4 . 8�) , =�I 2�3 Z�G$��4�6 � 3 F�G����>=E� τm =
τm = −3

(

B0

µ0

− Hc

)

sin θ

: � 4 .
0 �/./& , �	� � � �������VZ���R�������I 3 F�G��	�	� (2.24) : � , R 0 : )�
�N ;

��� .

��� .
� , P��T����Y	 �R * H�H�I�J$K�%$L�MVI�� �V:�N � Y ,
G - � �;I�����)���F�G�Y�.

4�H�I�: ,E* 
�N���6 � M :�6 � F�G�Y�.�4�H�I�: ,E* A���I���1 � 
�N���6 � M )�� , J� 4 0 : )�� � 4 .G - � =�I	H�I$J$K�%�L�M>:�P��W��� � IW6 � Y�
�R *�� 2.4 Y�8�:�N�4 .
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�
2.4:
G - � =�I
6 � :L6	��I����
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3
� � � � � � � �

�

0 I
	 � = , � ��� 6�X��	� B0 I"P
Y C 4���
�Y���R���� a I G - ����� Z$��R��V:
��I
6�
M Z���I
	 N � Y+H�I$J$K�%�����I����V:�P� !�"��I�� ��Y�
�R * 
�N�4 .

3.1 # $ % & ' ( ) % & '

3.1.1 
���
���������� *,+ -/.10324�5 � 5 G -�6 �7��8 5�9�:�;�< ��= :�>�< �+� ; τ ,
G -�6�?A@CB >�< ) < ��� ��D 5!E ���C =AFED�= .G�H 5�I ��C = E � M

; 
�J�=���J"@ � ����� ; CLK = .

{

n · (B1 − B2) = 0 (3.1)

n × (H1 − H2) = τ (3.2)

��2LM , B1, H1 N =�O , P � B2, H2 N = 8 � 5QE"R ���SF E � ��C =AFED�= . P � , T$��U$�5 .�V � E � H F E"R ��� B N H = 1/µ0B
5 ���W@ C = . ��
�@���R G -�6 �X� ��C = 5�

2
(�Y 5"Z\[ F�M *�] �\^A_ 4 FC` � �
= .PCa ,
�7��8 5!E�R�b�c N H	I�J�K$%�L	ML@ C = 5 � 0

��C = .
4 ��d	� , B2 = 0 F H2 = 0

�
C = .P � , =�O 5\E�R�bCc @ 
�R *�e�f = .

4!g NCh!i�j E�R�bCc B0 F�= 5 PXk�@�l	R � E"m
n�op�qAr
m `	S�= E�R�b�c"5 T�s U ; g = .

4Qg ; ; �7��t
u�v�w @Qx 8 ,
v�w N!y ;�z MCD
{�|= .

4�4 s r N G�} 6�? ��� 5 P\k �A~ 5C��� s"��=AF�M , ϕ N ��� 5 P�k ;��L� F�M � h�i"j>�<"�A� �A~C��� � �C�A� s"��= .










B1r = B0 cos ϕ +
µ0m cos ϕ

2πr2
(3.3)

B1ϕ = −B0 sin ϕ +
µ0m sin ϕ

2πr2
(3.4)

� 8 F � O�s 5CEAR"b�c";������ , r = a @�l"�
=���������@
� ��� e�f = . ����� (3.1) N�"� v�w @�� ���A5 ���W�Cs"��= 5 s 4
5�� D Br @�� ���A5 ���SF e�f = 5 s ,

(

B0 +
µ0m

2πa2

)

cos ϕ = 0
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F j�� ,

m = −
2πa2

µ0

B0;�� J�= 4 F�`�sW��= .� @ B1ϕ @ � J�� m
;��
	 M , ���A� (3.2) @�� � N J�= .

1

µ0

[

−B0 +
µ0

2πa2

(

−
2πa2

µ0

B0

)]

sin ϕ = τ

4�g d � :�>�<�b�c τ ` � P
= .

τ = −
2B0

µ0

sin ϕ4�g�;
�����
B1ϕ

;�� J�=AF ,

τ =
B1ϕ

µ04�5
�
� d � ,

B1ϕ = −2B0 sin ϕ

` � P
= .4
5���� @�d ��� ��� � `������"= 4 FC`�{���=�� P�� B1ϕ N ϕ = ±π/2
5 F
����� ELR�bc N |B1ϕ| = 2B0 sL��= 4 F�`�{
� � � . �AP � , B0 N�� � EL�L; Hc F�M � µ0Hc  �! sL��=` , 2B0 ` µ0Hc

;#" f = � D�`�� � ,
4�5�� D%$� \���LF j = . M#��` � ��" } 6 �7� `�&�'�() o ����s"� ��* = B0

5 ����+ N (1/2)µ0Hc F j = .P�� E � M N M = m/ ?�, d � � P�= .
" } 6 ��� 5 ?�, N πa2 d � ,

M =
2B0

µ0

` � P
= .

3.1.2 -/.103254 M *,+ -/.1032
" } 6 ��� @ N E � >�< ` <�g
� l ��6�7 sL� � ,

4
5�8
5CE �
M
;�� J�= .�X� 8 5CEAR"b
c F EA� @�� ��� e�f = .

� 8 5CEA�";
H2,
ELRLb
cA;

B2 F9�L= .
� 8 5�ER"b�cL5

r
v"w F E"�"5 ϕ

v�w N T g U g ,

{

B2r = µ0 (H2 + M) cos ϕ (3.5)

H2ϕ = −H2 sin ϕ (3.6)

P�� ,
�X� OL@
l��
= E"R�b�cA5 r

v�w
,
EL�"5

ϕ
v�w N ; T g U g











B1r = B0 cos ϕ +
µ0m

2πr2
cos ϕ (3.7)

H1ϕ =
−B0

µ0

sin ϕ +
m

2πr2
sin ϕ (3.8)
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F j = .
4�5 � ;CE � M

;
�"����9 � . P�� " } 6 ��� 5 ?�, N πa2 d � ,














B1r = B0 cos ϕ +
µ0a

2M

2r2
cos ϕ (3.9)

H1ϕ = −
B0

µ0

sin ϕ +
a2M

2r2
sin ϕ (3.10)

&�'�( ) o � � s"��= 5 s � 8 5CE"R�b�c N 0 sL��= 4 F�d � , B2 = µ0 (H2 + M) = 0 ` v
��� � , M = −H2 F j = . P�� r = a @�l ��� � 8 F � O N96�7 s"��= 4 F�d � ,

(

B0 +
µ0M

2

)

cos ϕ = 0

F j = .
4�g d � E � M N

M = −
2B0

µ0

(3.11)

s * ~ g = .
4Cg F�� (3.6) ��� B2 = 0 d � ,

G�H 5�I
H2 N

H2 =
3B0

2µ0

F j�� , P�� 4Cg d � E � :�>�<�b�c N c τ ′

m N
τ ′

m = M

F j�� ,
4�4 s N ��� 5�9�:�;
<�g = E � :�>�<�b�c τm @�� ��� � J�= 5 s ,

τm = τ ′

m sin θ = −
2B0

µ0

sin θ

F j = .
4�g d � , h ��� j ������� ;
��� � � D 5�:�>�<�b�c F
	WM �"4 F�` � J ~ g � .

 �� d � ,
" } 6
? 5�
�� `�B >�< @�d
=�� 5 F
M ��� J�� E � M F E � >�< @�d�=�� 5 FM �����L5���� s � J�� E � M `�	WM�� j = 4 FC`�{���= .

3.2
� � � � � � �

� @ " } 6��! "` $�"
#%$"@���=WF�& 5QE('�; M
;�� J�= .

3.2.1 )+*-,/.+0214365 *,+ -/.1032798 @;: � �! SF e�f = 5 s 2
��Y s"��=WF�F ~�f � e�f = .G�H 5�I sL��= 3 � ; � K = .











8=< 5QE"R�b�c
B2 (3.12)9�:�>�<�b�c

τ (3.13)

$�kA@
l � � EWm�n
o p"q�r m (3.14)
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4
5 G�H 5
I�;�� J�=���J 5 ��� N E"R�b�c B F EL� H
5 �������SF9������� E"R�b
c @� ���A5 ����s"��= .











n · (B1 − B2) = 0 (3.15)

n × (H1 − H2) = τ (3.16)

������� E"R�b
c µ0Hc (3.17)

�  8 @C� �C�L5!E�R�b�c @C� �C� e�f = . �  8 N $;"=#�$�@�� � B0

�L� @���� � @ hQij E"R�b�c B2 s"��=WF���= . M���` � ��" } 6 �! 8 5QE"R�b�cA5 r
v�w F ϕ

v�w N
{

B2r = B2 cos ϕ (3.18)

B2ϕ = −B2 sin ϕ (3.19)

F j = . P�� , �  LOA@�� ����5CELRLb
c @�� �
� eLf = .
4�4 s N 3.1

5 &�'�( ) o � � F	�i @ hCi"j ELR�b�c B0 F(�! 5 $\kL@
l � � EAm�n
o pLqWr m `�
�= E"R�b
cL5�� s * ~ g= .
E"R�b
cL5

r
v�w F ϕ

v"w N






B1r = B0 cos ϕ +
µ0m

2πr2
cos θ (3.20)

B1ϕ = −B0 sin ϕ +
µ0m

2πr2
sin ϕ (3.21)

�! 8 F(�  �O
s 5QELR�b�c";
�"��� , r = a @
l"��=
�������W@�� ��� e�f = .���A� (3.15) d �
(

B0 +
µ0m

2πa2

)

cos ϕ − B2 cos ϕ = 0

���A� (3.16) d �
[

1

µ0

(

−B0 +
µ0m

2πa3

)

+
1

µ0

B2

]

sin ϕ = τ

���A� (3.17) N v�w iϕ s ��c ϕ ` ϕ = π/2
5�8 @ v ��� � 4 F�d �

B0 −
µ0m

2πa2
= µ0Hc

��
 3 � 5 �
` * ~ g = .
4Cg d � 8=< ELR�b�c ,

9�:�>�<�b�c
,
EAm�n
o p"qWr ;�� J�= .

m = (
B0

µ0

− Hc)2πa2

B2 = 2B0 − µ0Hc

τ = 2

(

B0

µ0

− Hc

)

sin ϕ

P�� E(' M N m
;������

,

M = 2

(

B0

µ0

− Hc

)

F � P
= .
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3.2.2 -/.103254 M *,+ -/.1032
" } 6 �! �@ N E('�>%' M�� <�g��L� j � F9��= 5 s ,

E"�"5����"5���� v�w N96�7 s"� � ,4�5�8
5QE('
M
;�� J�= .

�  8 5CEAR"b
c F EA� @�� ��� e�f = .
� 8 5CEA�";

H2,
ELRLb
c

B2 F#�"= .
� 8 5CEARb
cL5

r
v�w F E"�"5 ϕ

v�w N�N T g U g ,

{

B2r = µ0 (H2 + M) cos ϕ (3.22)

H2ϕ = −H2 sin ϕ (3.23)

F j = .P�� , �  �OL@�� ����E"R�b�cA5 r
v�w

,
EL�"5

ϕ
v�w N T g U g











B1r = B0 +
µ0m

2πr2
cos ϕ (3.24)

H1ϕ = −
B0

µ0

−
m

2πr2
sin ϕ (3.25)

F j = .
4�5 � ;CE(' M

;
�"����9 ��F ,














B1r = B0 cos ϕ +
µ0a

2M

2r2
cos ϕ (3.26)

H1ϕ = −
B0

µ0

sin ϕ +
a2M

2r2
sin ϕ (3.27)

F j = .9�: @ N E '�>�< ` <�g
� l � , r = a @
l ��� �! �OWF(�  8 5 r
v�w N#6�7 s"��= 5 s ,















µ0 (H2 + M) = B0 +
µ0M

2
(3.28)

−H2 = −
B0

µ0

+
M

2
(3.29)

F j = . �  8 5QE"R"b�c B2 N
B2 = 2B0 − µ0Hc

F j = . $;"=#�$�s���= 4 F�d � ,
8 < @ E�� Hc ` hQi @����AM �"� =LF e�f = .

4�5�4 F�d �E '
M N ,

µ0 (Hc + M) =B0 +
µ0M

2

M =2

(

B0

µ0

− Hc

)

F j = .P�� �! 5
9�: @ <�g = E('�:�>�<�b�c N c τm N
τm = 2

(

B0

µ0

− Hc

)

sin θ
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F j = .
4�g d � , h ��� j ������� ;
��� � � D 5�:�>�<�b�c F
	WM �"4 F�` � J ~ g � .

 �� d � , $�" #%$"@
l ��� ��&�'�( ) o � �A5�� DAF � i @ ,
" } 6
?�@�B >�< ` <�g � �DL@C��������� ~ � J�� E(' M F " } 6
?�@ E('�>�< ` <�g � � D"@ ���"5QE(' M

;
�����
� J�� E(' M `�	�M�� j = 4 FC`�{���= ." } 6 �! 5 &�'�( ) o � � F
$�" #%$�s 5CE(' @�� ����� 3.1 @�PLFCJ�= .

�
3.1:
" } 6��! 5QE(' F E"�"5
���
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4
� � � � � � �

� �

" }	� �  �

���	� Im � ����� 8�� ��� m��	������o � ����� �"! � e"f � . #�� �	�$���o � ��������� ��% �'&�� |�( ,
�
�'�$���	��o ) " }$� �  �
'��� � ��� �"�
*�� #�$�� ~

(�+�,.-�� � ,
7 8'/ � ~10�2 ��� ��3 �54��	6�� , �	7 � 
 " }"� �  � �	8 � �	�	9 Im 
*��	:'; �
<	=	�5> ��! � �"?�@ ~ 8 � ) 4 ; � � .����� �$�A;�BDC 9�E"F�� � .

"	G � �! �

�$�$� Im � � ��� 8�� �
� H ���$�"� ,�
�� �� ��� ��+ !'I�J	� ! , K�L�9$M�
 *$� .
� 8 ) 7981/ � NA�$� � 6�OQP�
5����9$R�� ��S 9�TS�!'*$�	�';

, L �
<�= 9 * � 8 � � �
;"U$� .
������V$W�X$*���!�) ��Y !$)5Z$*�[�� �$� ������ ��� ��\�]_^ �
`�a�b #�$ ;	U � , ���$9
c �
d !�)A*
['e a * a �$!f;	U�� . � *�g � ,����]h^ ;�i�j	k
l �5m ��8 
�F"n ��o � & � S 
'MQN [
e �$� ��p�q 

��� 7 r �$s$� 

�\"9 * ��t ( * N * a <	= ��u�v$w ��x�X 9 U�� .�"�
;�y�z

a
� 7�8 : ��{ G � �= |
$��� I ′ � �|� ,

� 8Q
 � �";�{�G � �= �|}'~�� N
R0(� a)

�'l���� N 0"2 �$� ∆I ′ � {�G � �! Q
 :'; 6�O � 
 x�X$*������"� , ( � l : � �sQ�
) ��� �$� .

� 8 � NA�$� I 9 0
� N Im 
 *$�	:'; 
 x�X$*��	���"� , ��� � , � (4.1)

;?	@ NA8 � ��H �����"� ,�
'��� a ��! � 
�w .

Um =
1

2
LI2 =

1

2
ΦI =

1

2L
Φ2 (4.1)

4.1 � � � � � ��� � � � � � ���
: 4 0	2 ����� I ′ �
� � w � 

�
,	���
� S 
�� ['e	*�� 8 s�<$= W1(< 0) ��� ��� . F �U��5 $¡�¡ 8 s 2 ¢ ��£'¤ � ¤�¥ 
D¦Q§A� l�¨$���As �'� �
,	���
� S';	U���! w � .

{$G �|©ª 
 ) �$� I ′ 9��$8 e a � ! w � .

W1 = −

∫

FdR

W1 = −

∫ R0

a

µ0I
′∆I ′

2πR
dR

= −
µ0I

′∆I ′

2π
log

R0

a« 
 o � & � S 9 U��$¬"­�; � � � s�!�® 

�$� k$¯ � �5m * a s�� 

��\�9 w ��<�= W2��� �$� .
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�
4.1: �$� ¥
��S !1�	���"� , ����� ( ��\�
������ e a � )

��� ∆I ′
��	�
 � v = −dR/dt

! w � . ��� I 9�� � ��
�� 
�) B = µ0I/2πR
!A* �

,
� 8 N���	a e � l"¨�� �'s��
�5o � & � S�) V = −vB � � � ������! 9 ;Q®
� .

 	¡
R 9 R0 → a!5k$¯ w ����� ��u @�� .

V =
µ0I

′

2πR
×

dR

dt���1;�) ��\"9 w ��<�= 
�� a e � �$�	�A; , �$\ � � S )Ao � & � S�!$) M�
�� a e a � .
�� ��\ �'& � S � VE

! w � ! VE = −V
!5*$�

. ��\	9 w ��<�= )
∆W2 =VE∆I ′dt

= −
µ0I

′∆I ′

2πR
dR

!5*��
, �$� )���� / � NA6Q(A8 e § ��s$����� / � R0

! � , a
:5; 6�O � ��<�= )

∆W2 = −

∫ a

R0

µ0I
′∆I ′

2πR
dR

=
µ0I

′∆I ′

2π
log

R0

a!5*$�
.�$�1; ��\"9 w ��<�= 
 )D{�G � © ª 
5��� �����$w � ��\ �
<$= ! 0�2 ����]_^�
5��� �

����w � ��\ �5<$=�!5��� �$9 U � ,
0	2 ���Q]_^ ) a

:A; 6 (18 {$G �|© ª !1W$* �1U��5s��� 8�N )� a 
'��� a . � �$s ∆W1

!
∆W2 � � �$� ∆I ′ � {	G �.© ª 
 :'; 6�O � 
 x�X$*�	���"� , ��� �$� ! ,

∆W =∆W1 + 2∆W2

=
µ0I

′∆I ′

2π
log

R0

a!5*$�
.
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�$�1;${�G �.© ª 
5��8 e a � ��� I ′ � 0 → Im

:';�k$¯$�5m��"� 
 x�X$*������"� , )
W =

∫ Im

0

µ0I
′

2π
log

R0

a
dI ′

=
µ0I

2
m

4π
log

R0

a!A*��
. � ��s"�
�'�$���	� ,$9�� (4.1)

! � � a �$! �����Dw ��s�� 
 {$G �|© ª � �5��H ��$�"� , Um �$� �$� .� 
�� 
Q) B = µ0Im/2πR
;"UQ�

, ��
 ) Φ =
∫ R0

a
(µ0Im/2π) RdR = (µ0Im/2π) log R0/a

!*��
.
������� � � (4.1) �
	�� w � ! ,

Um =
1

2
ΦI =

µ0Im2

4π
log

R0

a

�� �

. � [�e W = Um

!'*�� ��� a ��! 9 ��� ;�®
� .���	��! � �Do���&��	S 
 u�v � s�<�= 9���� H���������, ��� ���'��� a��� 9 g��"! .
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5 Poynting
� � � � � �

� ���	� 
�
	� w !�
�������� �	�����5���	�����	����� � � ¢�!"� #�$ 
 %�& � s�' (�)* !���+  -,�.0/ s�1��-(�2�! . � s�35456�7 � �58"9�: �"� ¢�!0#�$;� �"�����"�	���'� �=<¢�! �	>�� � . � § �� 3�(�®�! . ���
( � 
������	� � � ��� � .5? ) !"�$��� �$����� 
� § �� 
 @ 4�6�A�! .� �	���
�	����� ���"B  ¤�C � � 2 D	E 2�! . �

�
2 D	E � � 3 ¦Q§GF�H 
 � 5.1 �5I�§ . �

��B  � � 
 � 
���J K 
 ��§-L�� � �1¦Q§-M�N�� (�2�O , P	Q ,
¤�C ��� � 
 ��R"S 
 ��§-L� � �1¦�§-M�N	� (�2"! . �5/;. � 7 /	T	/ ��UWV � Q � �A¦�X 6 X ! .

�
5.1: Y : � 
 � 
���J K Z

: � 
 ��R"S

���
( � 7 / T�/ ���5B � �"���
�'���  ¤	C � � �"���5�5��������X 6	A"6 X$§ . +"8��5��$����� 
 � §	[���\-]���� �	^ 
 ^ L �� ��� 4 6 ��
 
	_"` �"a�!�����(�� �"����� � �^ / ����X 6�� �	b 
�c , ! .

5.1 Poynting d e f � g h i j k l
Im @ ��nWo ( ��
�� 
���J"K ��� 406 ���"B � M�N�� 3 ¦�§ . �

� M�N�� 3 � �	���
�	� (�2!
. ���"������� ��p�q 
�r	s � 
 L .
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��� ��)
(−d ≤ x ≤ d) � r	s � ��n  �	^ 
���� ! .

{

z �;Q � � ��n H0 (5.1)

y ��Q � � ��^ ( � 
 J) (5.2)

+	8 B = (0, 0, B(x))
� o ( J = (0, J(x), 0)

3	^ / !  ® , � 
 3�� � ! ����������� 

	 ,!
. �
�	$���� O , y − z Q ����P5F (�2�!��5(

∂

∂y
=

∂

∂z
= 0 ,

∂

∂x
6= 0

3

�O�� � .

��n  � 
 � 
�� ��� �
H =

1

µ0

B

 � ! . +�8 �	^ � 
 �
J =

1

µ0

rotB

= −
1

µ0

∂B(x)

∂x
iy

 � ! . �"/ � O ,

J × B = −
1

µ0

∂B(x)

∂x
B(x)iy × iz

= −
1

µ0

∂B(x)

∂x
B(x)ix = −

∂

∂x

B2(x)

2µ0

ix

3 � ."/ ! . �
� ���"� � O , ��� �$�$��� 3 �;�����"����� �	J�K 
�� � 6���O , �"/ 3 ���B����
�	L ! �� 3 �	b (���! .

���"B���� !
� �������	� � p	q�3� �"X �" 
�!�" L ! 8 , � r�s ��#%$�&�' X 6�(�)�! .

+�* ,
��� ��)

(−d ≤ x ≤ d)
& P5F����,+�-�. B0

3
z ��/�0 &21�3,406 X !  L ! . �5/ &25

+,-�.,6872/�0 &29,:�; b0 <
�>=
?�@ a

, ACB,D 5 +�E�F�6�G 5.2 D���H &�I
J @ a�K . L / &
� O , M ^�3�^ / � ����������6�N�O @ a�K L�P 3 (���K .

AQB,D 5 +�-�.W� B = (0, 0, Bz(x))
(�2�O

, Bz(x) = B0 + ax
(�2�K

. 8 < 4 a = b0 (t)/d
(

2�K P0L K . b0 6 b0 + ∆b0 + ( =�?,@ a�K�R ( L / &�S L K�T�R 6 ∆t
(�2
K P0L K )

&�U,R
x� . x + ∆x + ( D�V�W & , X�Y�Z ` 6�[ 406
1�3 L K�\�]�^�_ ��6 	 , K .

+>*�M
` &�' X 6�(�)
K .

������	��^ /�a�b

rotE = −
∂B

∂t
(5.3)

L / � O ,
Z�c �

Z�c
= −

∂B

∂t

= −
x

d

∂b0(t)

∂t
iz
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G 5.2:
����� ) D Poynting � ���%^ I

P � K . � & Y c D rotE
&�' X 6�(,)
K . L�L (�I�J L K D�� x


 E�D A�(�2�K D ( ∂/∂y =

∂/∂z = 0 � O ,

Y c =rotE

=
∂

∂x
Eyiz

L / � O M
`,6 	 , K . M
`�� y ��/�0 & O�� K D ( 	 , K M�`�6 Ey P0L K .

∂

∂x
Ey = −

x

d

∂b0(t)

∂t

Ey = −
x2

2d

∂b0(t)

∂t
+ C (C :

p	�
)


 `	�	��� O o�
 x = 0
(

Ey = 0 P5� K D ( C = 0
(�2
K

. � 4�6 M�`;� ,

Ey = −
x2

2d

∂b0(t)

∂t
(5.4)

� & Y�� x
&�� � K

Poynting � ���%^ SP(x) 6 	 , K .

SP(x) =E × H

=E ×
1

µ0

B

L�L (�5 +�-�.8P2M
`;�
B = (B0 + ax)iz , E = −

x2

2d

∂b0(t)

∂t
iy
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P"� O , L / � O Poynting � ���%^ SP(x) �
SP(x) =(−

x2

2d

∂b0(t)

∂t
)iy ×

1

µ0

(B0 + ax)iz

= −
1

2µ0d
(ax3 + B0x

2)
∂b0(t)

∂t
ix

Poynting � ���%^ SP(x) D 
 E�� x

 E (�2;O , 0 � � x � &�� D
/�0 (�2
K .	 , 8 Poynting � � �C^ SP(x) 6���X 6 , x

� . x + ∆x + ( D�V�W & X�Y T�R A &�3�K
\]
^,_ � ∆SP 6
	 , K ( 8 < 4 y − z Z,D�X�Y,Z ` 2 8 O ). L
L ( � \�]�^,_ �;��� � @ D A&�' X 6�(�)
K D ( , 0 � 6 (���4-6 	 , K P ,

∆SP =SP(x + ∆x) − SP(x)

=
1

2µ0d
(3ax2 + 2B0x)

∂b0(t)

∂t
∆x

P-� K .
	 , 8 Poynting � � � ^ ∆SP 6���X 6 , b0 ∼ b0 +∆b0 D I�J D R�&�354 8 \
]�^�_ �

∆F
&>' X 6 	 , K .

∆F = ∆SP × ∆t

L�L ( ∆b0 = (∂b0(t)/∂t)∆t +�8 a = b0/d � O ,
3�4 8 \�]�^,_ ���

∆F =
1

2µ0d
(
3

d
b0x

2 + 2B0x)∆x∆b0

P"� K .

+�8�L�D R�& L�D�V�W ( =�? 4 8 5 � \�]�^,_ � &�' X 6�(�)
K . L�D \�]
^,_ ��6 ∆FB PL K P ,

∆FB =

∫ x+∆x

x

1

2µ0

[

B2(t + ∆t) − B2(t)
]

dx

=
1

2µ0d
(
2

d
b0x

2 + 2B0x)∆x∆b0

P"� K .	 , 8	� ' D \>]�^�_ ��� O�
�� / 8 \�]2^�_ ��6 	 , K L>P 3G(��CK .


� / 8 \>]�^�_ ���

∆F − ∆FB =
x2b0

2µ0d2
∆x∆b0 (5.5)

(�2
K��
r�� � O 	 , 8 
�� / 8 \�]�^,_ �;� � �,�
������D���� (�2
K P (�)�K . � &�� �,�����

� 3 L K ��� &>' X 6�(,)�K .

L�D R
& L
D>V�W A ( @ � / 8 � ���
�
����D
��� &�' X 6,(�)
K . +�* , � ∆x D U�R0( ,T�R�I
J
b0 → b0 + ∆b0 D R�&

= )�K>5 + ; ∆Φ 6 	 , K .

∆Φ =

[

B0 +
b0 + ∆b0

d
x −

(

B0 +
b0

d
x

)]

∆x

=
∆b0

d
x∆x

(5.6)
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G 5.3:
����� ) D 5 + ;�I
J I

L2D 5 +
D I>J � 5 +
D I Y & � K"1 D (	2�K P (�)>K .
4 8 3 4 6 , � & 5 +
D I Y &Q' X 6(
)�K

.
5 +�D I Y�P 4 6 u(x)(x ��/,0 & � D I Y ) 6 p�q L K . x

� . � K25 + ; � B(x)u(x),

+ 8 x+∆x
� . 3�K�5 + ; � B(x+∆x)u(x+∆x)

(�2�K
( X>* / 1 y ��/�02D>X�Y�� @�� O ).

L�D � '�& � O o ( = )
K>5 + ; 6 	 , K L�P 3 (���K .
= )
K>5 + ; 6 ∆Φ P0L K .

∆Φ =B(x + ∆x)u(x + ∆x) − B(x)u(x)

'B(x)
∂u(x)

∂x
∆x

(5.7)

	 , 8�� ' D 5 +,D =
? ; ��� 4�� � . � � /
	 � . ��X�D ( ,

∂u(x)

∂x
=

∆b0

B(x)d
x

3

����
, L / � O 5 +�D I Y u(x) 6 	 , K L�P 3 (���K . 8 < 4 B(x) � P p (�2
K P (�) ,

u(x) =

∫

∆b0

B(x)d
xdx

=
∆b0

2B(x)d
x2 + c (c :

p �
)

P"� K .x = 0
(

u(x) = 0
(�2
K P"X�H 
 ` �	��� O ,

5 +,D I YW�
u(x) =

∆b0

2B(x)d
x2 (5.8)

P"� K . ∆x
R D � �,������� 3 L K ���;� fu(x)∆x � O 	 + K . L�D
����� Poynting � ���^ � O 	 , 8�����P�� 4 X . +�8 � ����������D�0 � 6 (��8406�(�)�K P ,

fu(x)∆x =
x2b0

2µ0d2
∆x∆b0
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� O
f =

b0

µ0d
B(x)

6�� K . P�/ ,
p�q � O�� �,���������

JB = −
1

µ0

∂B(x)

∂x
B(x) =

b0

µ0d
B(x)

P-� O ,
	 , 8 f

3
� �������	� (�2�K L
P 3
� � K . L / � O Poynting � � � ^ � . 5 �"B,DM�N	� & � K�� �,��������6 	 ,�.5/ K L�P 3�� @ / 8 .

5.2 Poynting d e f�� g h i j k l
II

� &���C � & � K�� ����������D p�q 6 r	s & 
 L .����� )
(−d ≤ z ≤ d)

& r�s D
��H &25 n�P2M ^ 6 �,� K .

{

z ��/�0 &Q5 n H (5.9)

y ��/�0 & M ^ ( -�. J) (5.10)

M ^ -�.��-P0F (�2�K P L K D ( ,
���	� ) D x �,/,0QD2X>Y � @ � O D�M ^ � I = 2Jd P0� K .

L�D�P �5'	��
	� D 8 , ,
5 +�� �
� � )�& P-F &Q1,3 L K . � & M ^ 6 ^ L�P , L / & � O x �

/�0�D 5 + 3 O�� , L�D�-�.,6 Bx(z),
7 D � Z�D���6 b P0L K . L / & � O 5 +�D R03;O-3 O��K

.
4 8 3�4�6 ����� ) o>D 5 +�-�.�
��
M ^ -�.�D�E�F � B = (Bx(z), 0, B0) , J = (0, J, 0)

P"� K . L
L ( M ^ 6��
E : @ � L K P b � B0 P0L K L�P 3 (���K . +�8�L�D R03;O 6	� �57
H,P �	� ������� 3 N�O�L K .

∂

∂x
=

∂

∂y
= 0 ,

∂

∂z
6= 0

M�`�P 5 +�-�.�D������ ,

H =
1

µ0

B

P�� K .r�� � O ,
����� ) A�D�M ^ -�.�� ,

J =
1

µ0

(rotB)y

=
1

µ0

∂Bx(z)

∂z

P�� K .
4 8 3"4"6 , Bx(z) = µ0Jz = (b/d)z P�� K . L / � O x


 E,P z

 E 7 /�T�/ D ��� �

������6 	 , K .

J × B = −
1

µ0

∂Bx(z)

∂z
Bx(z)iz +

1

µ0

∂Bx(z)

∂z
B0ix = −

b2

µ0d2
ziz +

b

µ0d
B0ix
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��C � & � K
��� ��������D p	q�3� �4 X�L
P�6 !�" L K 8 , & r�s D #%$�&�' X 6�(�)�K .

b 6 b + ∆b + ( =�?�@ a,K�R ( L / &>S L K,T
R 6 ∆t
(�2�K PGL K )

&�U�R
z
� . z + ∆z +( D�V�W & , X�Y�Z ` 6�[ 406
1�3 L K�\�]�^�_	� 6 	 , K .

+>*�M
` &�' X 6�(�)
K . � ������� ^ /�a�b
rotE = −

∂B

∂t

� O 	 , K .

Z�c
= −

∂Bx

∂t
ix

= −
z

d

∂b

∂t
ix

(5.11)

� & Y c D rotE
&C' X 6�(�)�K . L�L	� I�J L K D	� z


 E>D A � 2>K D
� , ∂/∂x = ∂/∂y = 0

� O
Y c =rotE

= −
∂

∂z
Eyix

(5.12)

L / � O M
`,6 	 , K . M
` � y ��/�0 & O�� K D�� 	 , K M
`�6 Ey P0L K .

∂

∂z
Ey =

z

d

∂b

∂t

Ey =
z2

2d

∂b

∂t
+ C (C :

p �
)


 `	�	��� O z = 0 � Ey = 0 P�� K D�� C = 0 � 2
K . � 4�6

Ey =
z2

2d

∂b

∂t
(5.13)

� & Y�� z
& � � K Poynting � � �C^ SP(z) 6 	 , K .

+>* x /�0 
 E Bx

& � K Poynting � � �%^ �
SP1(z) =E × H =

z2

2d

∂b

∂t
iy ×

b

µ0d
zix

= −
z3b

2µ0d2

∂b

∂t
iz

(5.14)

� 2
K .

� & z /�0 
 E Bz

& � K Poynting � � �C^ �
SP2(z) =E × H =

z2

2d

∂b

∂t
iy ×

B0

µ0

iz

=
z2B0

2µ0d

∂b

∂t
ix

(5.15)

35



� 2
K . b (5.15) D Poynting � � �%^ SP2(z) � x /�0 & P p � ^ / � � K 8�� ,
\�]�^,_	��3

= )�K L�P 3 ��X .
4 8 3�4�6 L��,6 (�� L K���S ��� � , b (5.14) D A 6 (�� L K .U,R

z
���

z + ∆z 	 ��D�V�W ����
 Y T�R A & � K Potnting � � �%^ ∆SP( � < 4 x− y Z
D 
 Y�Z `�
 � O ) 6 	 � K ( G 5.4).

G 5.4:
������� D Poynting � � �%^ II

∆SP =SP(z + ∆z) − SP(z)

= −
3b

2µ0d2

∂b

∂t
z2∆z

∆SP � U,R z
���

z + ∆z 	���D>V�W & 
 Y T�R�&�3�K�\�]�^,_	� � 
 K L�P�� � � K .T�R�I
J
t → t + ∆t

R2' 	 O ,
5 +,-�. b 6 b + ∆b 	�� =�?,@ a�K�R�&�3�� � \�]�^,_�� �
∆F = −

∫ b

b+∆b

∆SP × ∆t

=
3z2∆z

2µ0d2

∫ b

b+∆b

b(t)
∂b

∂t
∆t

=
3z2∆z

2µ0d2
b∆b

�

 K

. L�D \�]�^,_�� � 
 Y�Z ` � � O D \�]�^,_	� � 
 K .

� &C5 +�->. b 6 b + ∆b 	 � =�?�@ a,K�R , 	�� U�R z → z + ∆z
R D 5��>\
]�^�_�� D =�?

∆FB

&>' X�� (�)�K . L�D \�]
^,_	� � _ `,@ ��� \�]�^,_	� � 
 K .

∆FB =

∫ z

z+∆z

1

2µ0

[

(

b + ∆b

d
z

)2

−

(

b

d
z

)2
]

=

∫ z

z+∆z

b∆b

µ0d2
z2dz

=
b∆b

µ0d2
z2∆z
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	 ��� 2
' D \�]�^�_	� � O 
 � ��� \�]
^,_	� �

∆F − ∆FB =
z2∆z

2µ0d2
b∆b

�

 K

.

� &��	� �
��������L K ��� &>' X�� (�)�K .

Y�� z ��D T�R>I
J b → b + ∆b
R D ��� �������,D���� &>' X�� (�)�K ( G 5.5).

G 5.5:
����� � D 5 + ;�I
J II

5 +,D � � D
b�� ,

rot(B × V ) = −
∂B

∂t
(5.16)

�

 K L�P�� O ,

5 + ; 6 	 � K . L���6 ∆t D R � T�R ` E L K P ,

rot(B × u) = −∆B

P�� K . 	>*	Y c�&>' X�� (�)�K .

Y c =rot [(B0iz) × (ux(z)ix)]

=rot (B0ux(z)iy)

=B0

∂ux(z)

∂z
ix

� &5Z�c�&>' X�� (�)�K . Z�c
=

∆b

d
zix (5.17)

P�� O , L�� & � � � 5 +,D I Y�6 	 � K L�P�� � ��K .

∆b

d
z = B0

∂ux(z)

∂z

ux(z) =
∆b

2B0d
z2
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� < 4 , z = 0 � ux = 0 P X�H ����6���X�� .
	 ��� 5 +�D I Y�6���X�� U�R���� ∆z

&�� �
��� ��������6 	 � K . L�� � Poynting � � �%^ ���>	 ��� 
�� ��� \�]�^,_�� P�� 4 X�L�P
� O ,

ux(z)F∆z =
z2∆z

2µ0d2
b∆b

� O ,

F =
b

µ0d
B0

6�� K . P�/ ,
p�q � O��	� ������� �

JB =
1

µ0

∂b

∂z
B0 =

b

µ0d
B0

P�� O ,
	 ��� F � �	� ����� � � 
 K L�P�� � � K . L��,� O Poynting � � �%^ ��� ��� �

D M�N�� � 
 K��	� ��������6 	 � � � K L�P�� � @ ��� .
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