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7 � Electromagnetic Induction ( ������� )

7.1 Faraday’s Discovery (Faraday �
	�� )

1. The power which electricity of tension possesses of causing an opposite electri-
cal state in its vicinity has been expressed by the general term. Induction; which, as it
has been received into scientific language, may also, with propriety, be used in the same
general sense to express the power which electrical currents may possess of inducing any
particular state upon matter in their immediate neighbourhood, otherwise indifferent. It
is with this meaning that I purpose using it in the present paper.

2. Certain effects of the induction of electrical currents have already been recognized
and described: as those of magnetization; Ampère’s experiments of bringing a copper disc
near to a flat spiral; his repetition with electromagnets of Arago’s extraordinary exper-
iments, and perhaps a few others.Still it appeared unlikely that these could be all the
effects which induction by currents could produce; especially as, upon dispensing with
iron, almost the whole of them disappear, whilst yet as infinity of bodies, exhibiting defi-
nite phenomena of induction with electricity of tension, still remain to be acted upon by
the unduction of electricity in motion.

3. Further: Whether Ampère’s beautiful theory were adopted, or any other, or what-
ever reservation were mentally made, still it appeared very extraordinary, that as every
electric current was accompanied by a corresponding intensity of magnetic action at rught
angles to the current, good conductors of electricity, when placed within the sphere of
this action, should not have any current induced through them, or some sensible effect
produced equivalent in force to such a current.

4. These considerations, with their consequence, the hope of obtaining electricity from
ordinary magnetism, have stimulated me at various times to investigate experimentally
the inductive effect of electric currents. I lately arrived at positive results; and not only
had my hopes fulfilled, but obtained a key which appeared to me to open out a full ex-
planation of Arago’s magnetic phenomena, and also to discover a new state, which may
probably have great influence in some of the most important effects of electric currents.

5. These results I purpose describing, not as they were obtained, but such a manner
as to give the most concise view of the whole.
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In the preceding experiments the wires were placed near to each other, and the contact
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of the inducing one with the battery made when the inductive effect was required; but
as the particular action might be supposed to be exerted only at the moments of making
and breaking contact, the induction was produced in another way. Several feet of cupper
wire were stretched in wide zigzag forms, representing the letter W, on one surface of
broad board; a second wire was stretched in precisely similar forms on a second board, so
that when brought near the first, the wires should everywhere touch, except tha a sheet of
thick paper was interposed. One of these wires was connected with yhe galvanometer, and
the other with a voltaic battery. The first wire was moved towards the second, and as it
approached, the needle was deflected. Being the removed, the needle was deflected in the
opposite direction. By first making the wiresapproach and then recede, simultaneously
with the bibration of the needle, the latter soonbecame very extensive; but whe the wires
ceased to move from or towards each other, the galvanometer needle soon come to its
usual position.

As the wires approximated, the induce current was in the contrary direction to the
inducing current. As the wires receded, the induced current was in the same direction as
the inducing current. When the wires remained stationary, there was no induced current.

 ���a7�+ Faraday � 9J >(�
F-G�7 m�� !�0�����V��-M�B X ^�_3c�&�'�6������ �
= >,	�& ] ����+������ X
	 %�#a%�&(��\���� 1�-=?>K����������>a7�8�&
' Y � K�� !]�� � /6#�� � ] :������?!�#�%�&
����=v>e�3�N���! X �?k7�"c �] ��7 k�& ] � B
&�' �#"%$���/�0
�?!�# W r ] :��"0�/�# Y'&!( T�	�)<��*�+a= >@+�, J #</�� � �<: ( �
< ��A"BN/�06*N��- �e� Faraday m%n��aI s #�% &��!. X#/ �(& ] ) “to give the most
concise view of the whole” 0�5 X � Y'1%2 �%3 X &
4,��30� ] ��BZ�Z�q'
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.0��g,@�T " SX@�T�H1.#Q�@�A "32 N 2LQ�3�@�T6: = !54JY�M&6!7�M589'&:?Q *6-P[X:
+;�IZ = M=<#_ N $�%#:?QB!B[!>L2�: (GQ�35,�(1!B@�A�!�?A@�H FIGURE 7.3a [6(6Q�3
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E′ = −v′ ×B′ = v ×B′ (7.3)
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7.3 A Loop Moving through A Nonuniform Magnetic Field ( � V O��JA > U���������� )
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4�!���M��9$�Q=���JM�: L F’ U����K N 4�!������LU�V&OG+�@BA�!�'PM#-G2��10-� 7 +
QCLU3"�$LQ-*J-�[���2&*��R7I3�"10 C,M
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�6Q�4���b	[.-�Q�3 )

L F � y W,^�M�� 
 v [ 4/��� � ��H&�X2 N 2,Q0�%-�Z�� Q���
 t M���2 N ��W��� f
"�G�[��	��
����#�5C.-1
%H B1 Z ` "�G�[�����
����1�5C.-�
%H B2 [��6_�����KX517 3
����&G6M&�GQ�@PT q M���� 9�U f � E0K�Z f ������&7&2GM�*��GQ/I43�$1U
5�6+:�Q :7 � WG^PM%8!�6+ 2 "�G�[,: f :�9��!I�: ds �<;�=�K N 2GQ C 0>31$�?��
@&A :)2 4 [
�GQ�3B � 2 "�CD0���@&A :�Z%C�"1�
� 
%H w *BCD0

∮
f · ds = qv(B1 −B2)w (7.4)

['�GQ�3

b�K�) �1N�[ q H������6U�V�2 
/�D0). N ZL4���) �1N > M�:?4��������'�
D�-JH�
* 0 +J-�.�/!G��-I431$G: f M�5�_ N +
 .��E�F1UG����$LQ�3H�I&J�K'L�M�N �
E�F6:

1

q

∮
f · ds

[��XQ�3�4 . U electromotove force( O J&P ) �P5/Q�3�R0S E U �,2�Z�@ K N emf � 2 7 3
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SI L�[�����DG: V [��XQ�3
E =

1

q

∮
f · ds (7.5)

electromotive force �2 7 ���X:���eGM�� 4 � 10 ��[�[ N -���3�.��,��- : Volta @��1U�
	 �/��[�@BT�U/�JC�:&�PM��������D�@�T��!���>�/EGF���K N ���0K �P3J4�4	[ emf �
��� U�B��AK N @�T U��6Q�����ILM=<#_ N 2��0
)� Q � 0�� Q 9 ��[ � �-� Q,4'� M+K
��3
��� ��������H&��� R U6b����%��R0 Z emf E : Ohm ���! LM+K!��H#_ N @�� U���: :
I = E/R 3
 �"9$ N 26Q �� ��"�[,: f :���A > U��62 N 2GQ�@PTGM�� � 9J['�#� Z E :

E = vw(B1 −B2) (7.6)

6Q�C.-1
�UGb���3

4
� emf :
�����LU%$ Q'&!(!)+*�,�-�.�/+0 �21+�
4"%$GM&�XQ�3
�����6U%$RQ>��
��:�ZL4��������LU%3 �	:LQ)F�G�[�� B ��F�31$1U�4
5!:�Q�3

FIGURE 7.7a ���6��I1�XQ�2�:
���
� C U%$ Q>��
 Φ : S1 G�[�� B ��F�31$�[�����$
0�Q :

ΦS1
=

∫
S1

B · da1 (7.7)

C U%3 �	:�Q/FX:#��76M&�XQ�3 FIGURE 7.7b M�:) 1��F S2 H,1�CP. N 2GQ�3
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��
�U/5�6 :LQ�����M�:��XM�F�U����K��� N b ��2�3 ∫
B · da :��?02�?Q	FXM��AK���V

���1UG����$�Q CD0	��
�����������J3�4��%�XM���2 N���� U0"9$ N ��5 7I3

S2 U�$ Q ��
,:
∫

S2

B · da2 ['�,Q�3 vector da2 : S2 F����PCD0 G�?� -�� N 2GQ�5178M
�B_��640� M���4D�R5 3%.D7 :�.�/ S1 ��F#�! �� W �"��FBM�6Q�3 C U%$ Q g�5�����

H�G?^'-�M�6Q'� - ��
G:�g1�!� �'6Q�3

ΦS2
=

∫
S2

B · da2 (7.8)

� 6 �1� 2 � [���
����1�!#%$6:)2 4�[��XQ�40��U'&�(D* :

divB = 0

Gauss � � � CD0 S H%)�41�+�!�-F ( *,+�� ) -/. V 0�.���1���243 �4365��
∮

S

B · da =

∫
V

divBdv = 0 (7.9)

��75'89;: 0 S1 � S2 ��0=<?>���@�A,- -�5 FIGURE 7.7c ��BDC�E?FHGHI,J6KML ��!�!N7O'PQ LR8
S2 S -TJ�UWVHXZY\[T] C 0�^_54`\ab0�c�d/365�J,O'P�>�e vector da2 f ]�g,h6V/X�-Ti
5'8'j7O

0 =

∮
S

B · da =

∮
S1

B · da1 +

∮
S2

B · (−da2)

k7l�m ∫
S1

B · da1 =

∫
S2

B · da2 (7.10)

-/iT5'89Z: ] C 0?^�54`�ab0�cd/365"nH.�o�J'Nb0"P Q L fqp\rTs%t 9 f 0?u7vHw'A t 5'8
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� w div B = 0 �%`%aTO��Hw�A��M5��7J	��
�������b0�uTv�3W5 9 f ������- X :��� J 9 f ]�� < r�� 5'8
o�� s���� -

� `\a/]���e � f"!�#%$ @%&_>?A('_5'8

`%a�) (FIGURE 7.8) ]'`�*�[��,+�-,N S O%JH> A t 5�.TJ"/�07J 1 54N�2/iH5�8 9 J!N
0?^ m43 @/5 `,aH]%57682/iH5!8�9;:Lqo�<%=7J	>�I�?�@���<%=�[7J!aW08A��,2 t 5\KbL
O'`\a�)H]%B��WJ!`\aM08A;C � J fED�F 5 9 f

� 2_X�5'8G%H J"`%a�)60JIM>?e m4K mML C	N�O?[b0JP < f o � s N�O�[�2
� ^ 5 `%a�] !�# �TO s

5'8
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<��TO k t A�� L f div E = ρ/ε0 2/i/5�J�2���<�����5 6�J ��� O�h6w'AHJ��(<�� E O
�Hw'A !�# 9 f �	� F 5'8
`\a�
��/]Ho 9 2 � t k 2

���� ��5 6"2Ti/5'8
�
t A t 5���� t @MI���O�� m � @bI��60?^�5�`\a7J����	�M0����WKMLR8� 
 � dt $ @��� �375 f @6I��%] vdt $ @

� < 8 9 J 9 f O6K m @6I��/0�^ 5 `,a/O k t
A 2 !#"�2�$	%	� Q 9 5"8#&`�a�] @7I'��J�(75ZN S 2�J"N�)�*

∫
B ·da 2�i�5"8 FIGURE

7.9 �,+�r�� 5\KWL O!`%a�]�-�.7J0/	*�2 B2wvdt $ @'1 F 5 ����2�.6J0/	*�2 B1wvdt $
@�354�6WK%>?A87'J � 
 dt 2TJ @bI9�70�^:4�`\a7J�$;% dΦ ]

dΦ = −(B1 −B2)wvdt (7.11)

f?s 4�6 emf J�<>= f 7'J�`\a7J�$;%TJ�<�=b00?>@84 f �A7'J'��0WJ emf ]

E = −
dΦ

dt
(7.12)

f?s 4;7 f � r�� 4�6

G�B OHo�� s�C J @ I9�/O��/w�A
� 7�J��9D�� � X0E/O��9D s <GF>HJIK4�7 f 0'L�I87

f ��2 X	4�6
FIGURE 7.10 J @MI�� C � �9M t 2 C1 J�N�OTO�i m �

�9M
t+ dt O,] C2 J�N�OTO

�
t

A t 4
� J f IA4�6 @bI�� S J%i�44[�P ds ]�Q>� v 2SR,J'TMw t N�OTO�U�>�e

� J f w
KMLV6

14



�9M
t 2(@bI��/J9(K4?Nb0 S f < I�6 7'J

�9M 2/J @bI��70�^544`\aT]

Φ(t) =

∫
S

B · da (7.13)

2/iJ4�6
7	7�2TJ ��� 0��D>?A t 4���2�]��
	Tw'A t 4 sources � + `\a	
�� B ��1 + : A t A �
7�J���2TJ��%uWJ�.�2 B ] � 
�� s $;%H]/w s%t 6��M

t+ dt 2�] 7�J @bI��HJ9( 4�N/](��
,O����� : e��J�\J�N S O�� dS $ @�1������
+ : A t 4 ( @bI��70?^:44`\ab0!c�d�IA4�J,O @bI�� S O�( + : e����7J�Nb0�P L 7 f �
2 X'eA7 f 0�� t ��� 6 ) 6WK%>?A

Φ(t+ dt) =

∫
S+dS

B · da = Φ(t) +

∫
dS

B · da (7.14)

j7O>� � 
 dt 2TJ!`\a6J'$;%/] 9 :\L;o�� dS 0?^544`\a ∫
dS

B · da 2Ti�4�6
� S 2TJ��! ,N	)�"	P da ] (vdt)× ds f <!� 4�J�2�N dS S J'N	)�*/]�N�O"[ C S J![
)>* f w'A$#7@S4 :

dΦ =

∫
dS

B · da =

∮
C

B · [(vdt)× ds] (7.15)

dt ]�)>*TO��Hw'A�]%��� $(� + K m $ w'A6w l L f
dΦ

dt
=

∮
C

B · (v × ds) (7.16)
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o�� s 3
k J vectors 2 � 3 ��) a · (b × c) = −(b × a) · c 0���e�IHJ%2��A7�J�=T]�#DX� ��A

dΦ

dt
= −

∮
C

(v ×B) · ds (7.17)

0��:4�6
@bI���O��D>�A � � � : 4 <�� q O�� < *�] q(v ×B) 2Ti�4�6���N�<��6i%e m JS7'J�*
08@bI���O��D>?A
	��'[�)>*bw'A� + : 4 emf ]

E =

∮
C

(v ×B) · ds (7.18)

2/iJ4�6
(7.17) = f (7.18) =W0 ?>@K4 f ���TO��Te (7.12) =W0�� 4 �S� �,u6J C Q K��
� �������
@�����O�hWw (7.12) =���F�H�IA4 ( 7	7�2 ��� ��O�n7wJ@���� � & � � .,� !�# v 2/i�4
f ]"! �Mw s%�$# eS7 f O&%%u��$' ) 6l f ��4 f f/q s 4(��N�<��Ti�e m � *70�� � w�� t 4 @���� � S 2
	 ��[�)�*6w�e emf
]K7 � @����60?^544`\a � � 
���$�%
) �&*,+,- O�.bw t 6

[�)�* � V�X f `�a ��/ E�V f ]�-�021 ��2���3�4,5 +76 � t 40698 F � FIGURE 7.6
2H]%@:�9�W0"^54?`�aT] / 2/]�iJ4J�>3<; w�� t>= 6 (7.12) =7O�? r�6 4 - + - 0 D�F O
& 6 4 f -�0�1%� � + @@�9� S ��/ <�� 0!g � c�� m O � � I@'BAqO emf ��C # � t 4
7 f � r�� 4 (FIGURE 7.11) 6

7 �&+�- f EHV � ��DW0�DJ4 � O(� t E�Y��7i�4�6 FIGURE 7.11 O�L � 6 e�'�A O%<E �
F �
G <,*�OH' # � E � 6 4 f X���7 � < EJILK � `,a � $�%60�M<NK4 E/V � @����
0�^544`\ab08154�6
7 � 7 f ] + - f E6V,O���IK4�O�P;�%����2/] sQ= ��R��;�\O\] H�S � s 7 f � + 26i
4�6 � � $�%/O * + AUTbV � ? r�6 2Ti�4�6 7 �,V&W 0�X<Y �\O Lenz( Z["\ )

� Y�� f
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t AV6

Lenz
� Y�� � � A G k � 8,� FIGURE 7.12 O�P �
6 � t 4�6

��� @WO:'�4?`;����0 �����
	 ����6w�� t 4�6 ��	 0"^ 4�`�aT]�7VTX82��� f\f �� 1��6w&� t = 6 7 � ':A s `\a � $;%W0�M,N 4 � ] S V/X � `\a���T6e ��� " � s 4�6
7 � `\aM08154 ':A ����� � ETV � < E � ��	 � E 6 4 ':A � s 4�6 Lenz

� Y�����F �G <�*�]K7@A t A ETV � < E � E 6 4 ':A � C # � t 4;7 f 0�� F � = 6 4�6
emf � FIGURE 7.6 � 7.11

� L�� 6 eH'�A s < E 0�@������ � 1:4 f X��J@���� ���� � ' m � [�� 2�  08@�! �8�#"�$ � 6 4'6J2�]�%,�57 �  ,08@�! �%0
&#')(+*bw�� t 4�
$-, A � 6
7 �#.�/ �10 F 4�e�� � < E � FIGURE 7.11

� ��� 2	@����70 E 6 4 f X��J7 � < E �
� = *60 D F '@AG62 E C � -#3 ���)� S 2 � `%a�
	�H] B2 2/i # ��� 7

����� ]�-WVHX � *60�4�5 4�6 2
3 ���)� ] B1 � � i m 2WVHX ��6 I(*60�4)584�6 B1

� E	� B2 ' m �MX t
� 2���@����� � = / v � *�]�2WVHX f4s m � � � EHV f ]�7�8�9 2/i 4�6 ' # �K7 � @����T0 G � �

Q���2�� � ���84 � � ]�U>/ � +;:�< 0\w s 5 6 � s + 5>�A7BA w"�+= #K+ 6 e# 0 @
!��"��>)? � ] � [@� �  C>I 4BA f�s 4 � 2Ti�4�6� w � Lenz

� Y�����F m H6e s>= s m �\i�4 t ]�@:��� � � = *,��@���� ��� = ETV �
� = s8+ � o A s�# �7w l A �#C)D w�����'06

<FE�E�G���<+H)I�J � � =LK%r
6 4BM�J f w���`��N��2 �POMw�� t 4 @����Hi�4 t ]��� @��Wi�4�6 FIGURE 7.13
� 7 6 l 2#Q�R7w��('WeS7 f 0 K$# ����':AV6�S%]1T��7o
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G�� s `;����0 G � � Q �82 �1O w"� t 4 G�� � @@���60'L w�� t 4�61E�G7� s������	 ��
���([�� ��� ��� O�.���S � �%P�� 6 ��������6

���� 6�� 2 � � ��� @�� B � � # ���S4�6! �#"���$�Q�% ω[rad/s] &�' # ���(�)+*�'�A-,/.10 ��2#3 t & � ! �#" �5416 ��$ θ &718:9<; (��>= ? θ = ωt+ α &@�( ( A�AB& α � t = 0 &C !ED "�C 4�6 �/FHG�$�%I&@
( ) ,!JD "�KL�M1NIGO( B C�P�Q�� B sin θ &�@(�,OR�SUT 2V3 t & !JD "W� X>(BY�Z��

Φ(t) = SB sin(ωt+ α) (7.19)

&�@(�,OA�AB& S � !JD "�C5K1[�&@�(�,
A5CE)�\^]�_�`Ha1b��

E = −
dΦ

dt
= −SBω cos(ωt+ α) (7.20)

)U�W(�,!OD "�� FIGURE 7.13 CWREcdL5e�fhg^i�jV&�k1l1_�mn)o����� ; TI� ;Ip1q1r1st N�u
a�vJ�/w 8 GO(IA�)x�I&y\IREcz,
A+C ��6 ��{:c}|h~��H?��1�O��@ � S<TI��ROc-, FIGURE 7.13 &HC !OD "�C+K�[1� 80

cm2 ?UY�Z1��% B � 0.005 T & !OD "HC�'5�1��%��1��� 30 '��I&�@H(�)^G�(�,�A�CJ)V\5?
ω = 2π × 30 ���>� 188 rad/s &@�(�,
emf C+�������>� !JD "��L�]�_ 9<; (B����`Ha1bC5�I����

E0 = SBω = (80× 10−4 m2)(5× 10−3 T)(188 s−1) = 7.52× 10−3 V (7.21)

)U�W(�,
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7.4 A Stationary Loop with The Field Source Moving
( � ~ ����� LOR�(��WL	��
*�T��( !ED " )

FIGURE 7.6 C���E� !ED " )��L#����T��W(�� F’ &�����GJ(IAH)x��&>\1(�,��nc<*�T����� � ��!>("!$#�&H� % ~z?	� �WL�&��(�'�(1� ��!>()�#�&@�(�,
� F’ C	*�+W� x′, y′, z′ &@�(B�W? !JD "I�,��
*�T��(�,

� F &-��
W*�T���.�/10 ! )^a�2�#��% v′ = −v & −y′ 354 L�����T��W(�,2#3
t′ &�C !JD "HC 2 6IC87I&�wyS8./Y�Z1�1%O� B′

1 ) B′

2 )^GW(�,9� F’ &��OA5C8:�7�C; < L�a���� =�>�GO(�,
E′

1 = −v′ ×B′

1 = v ×B′

1

E′

2 = −v′ ×B′

2 = v ×B′

2

(7.22)

)"%OSUT��W(�,
� F’ C	?�w1@OL )�SUT A ; �-ACB1C�a��H&�@ � ?�a���&���%1�I,�6J� � .I0EC DE mWL	F c E′ C	G�'�m1[�Q���HJIVL1� %y=�% ��,K1LyA�CM 3�N�O D,P�QR GIGO(om1[

Q�� ∮
E′ · ds′ = wv(B′1 −B′2) (7.23)

)"%W(�,
(11) SWC	G�'�m�[�Q��JA�C	G�'	T U < C emfE ′ )�RWVE(�, � *9X�a�Y�Z�[ A�C8T U QR G�GO(	%>= E ′ �OA�C	X�a�Y1ZL�% 9^; (�\��OC] 4 a-X�@ .n�xC^I&@(�, E ′ �JA�CO D�PJQ X (UY�ZOC	��_�` )�a�bE*#T$��(#,OA#C a�b Q-c (#L���? O D�Ped�f ���$
�*

T1��(W[�g h�ij�k� ���l� C+��% −v &��5��T1��(#C�&�@H(�A�)oLm10HG ;�p R9��, 2
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�����
dt′ & O DlP C: 7WL��1#(BYIZWC��	��[ dΦ′ = (B′1 − B′2)w(−v)dt

′ L�%OS T��W(
 =
E ′ = −

dΦ′

dt′
(7.24)

)����&y\1(�,
��� & B C �$��� [ ��
�*�T��(�� F ) O DlP [ ��
�*�T��(�� F’ C 2 6HC8��� Q

�)��ORycz,
� F &�C?�w @��

” � � t L1� R�� &H� %��	[ 2 � t L	���E*�% ��Y�Z���% [�@�(�,H* 
 *#a��� %��1,
_1mWC O D	P [ A+C+Y���� Q �5��T1��T O D	P < C#a�X�L��	] 4 a�XW@�. � v×B [N] C
b-[1|���T��(�,�A ; C O D,P���� L,!�.�("G�'�m�[�Q�[ emf E &@WSBTH? E � −dΦ/dt
L���*l��,���C 2�� &�wES�. 2�3 t &�C O D	P [ ��(oK S

< C+K�[�Q ∫
B · da [�Y�Z Φ &

@(�, ”
)"� c-,
� F’ &C?�w @��

” _�mWC O D	P [��1
�T1��(+,,�1*+T1a,��) #[IalX Q � 
 GV,WA B#L�a,� E′ [@H(+,"!2 L 
 % �$#���Y�Z���% B′
Q&% (oY	' t � � [���% −v &�����T���T�a�� [ % = ; T��

(IREc L�(�! ; (�,
A+CVal����L��
�*5T���( O D	P5Q �*)1( ∮

E′ · s′ �lHJI &���% ~z?IA5C O D	P5Q X>(^Y
ZWC�1_-`OC − +WL"�J* ~ %OSBT��W(�,,��C 2�� &�w S. 2V3 t7 &C O D,P [-�O(UK <
&�w 8 &y\1( B′ C+��LOR1SUT�Y�Z Φ′ � ∫

B′ · da′ %W(UK1[�QI&�@(�, ”
)"� c-,
A5C.����OA ; � &�CJ)�A�/10 2� t L q�3 4 @65,7 B 8 B′ ? t 8 t′ �WC,9 Q m�:<;

T>=-? p�@ :OC5� 9 v ≤ c L�61��T�P�AG�5"7 � ; v ¿ c %>= v2/c2 ��B	C 4 \ T B′ �
��K < B L��<;n~ %D5�;�? t 8 t′ C,9 � �,.,B	C 4 \�5�7

7.5 Universal Law of Induction ( E�F t %�a�Y�]�_OCHG I )

FIGURE 7.15 L"J<;-.,K	L Q = SUT 3 6�C	K�M Q&N cO7
{ PH=UC�Q �SR�T L�CHS<T1�VT�U�]L+� 
 GOA�8 [ 4 \>5.71V�WHL ��X 
 ; .>Y�Z�� O DP L�[	\OC>]���^�u � [�e�f 9o; T$�_5"7"` 
 ; . �$��� 4 ��a��VY��b; 
 4 \	%1��C4 ?	K1LHL1� � S-8dc	]�[�e	f 
 � ; ; %���7
g�h

I /�0 O L�aVu Q u<;-.�Q 1 �	��
 9ji ?&k 4 \+L�� 9 v
4 Q 2

Q � 
 G�7�A5C<8V\l�m�n i,o6p�q>rbs�7"t�u 4wvdx Q Q�y<;�.>7
g�h

II Q 2
Q �1
<z i .H����{�/ 0 O L�a#u Q u�;�.�Q 1

Q �|z v
4�} 4 \/L5� 
 G�7 v
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� 8�\ l�m�n i,o6p�q>rbs�7
Q � � z [����w8�\5�lK�M I 8 K�M II

� ����� Q Lorentz ����� � R	� 8,;�T�
� ;�.�7v �
2 6 � K�M 4 ^�u � �� [�� x 5�[ vdx � O�� P Q X|5 B LOR>5BY�Z � �1_�` 8"a

bHG�5 v 8B��! 
 SUT��D5�7
g�h

III 2 6 � Q,[���
*;5T��*5W[HG�V ���	� � e�� K
Q G-V�� i T /�0 O � aVu I

Q �
?yREc 7 v � Ryc L-;�T O�� P K Q X|5 B

� YIZ �����	� [�K�M I 8 II
4 ���� ` 8S�

; ~ G�5 v 8 [ 4 \�5�7 l�m�n i,o6p>q�rbs��67
Q 2
< � O�� P )1# Q,c T��D5W?�w @ [ v ��� ; � Y�Z���\ Q � � 8"!�L � a�� 8.;

T�w SUT��*5*8�\5�lK�M I 8 II 8 III
Q	#�$ 4 \%���7 v � 8�\ 2 6 � Q Q%'& 4 \	(:S

. 8")	*<;REcO7 II 8 III
� Y�Z���\�+Ia�� ��, LL1� -|z8%"9�[/.n��c15W[ R'0 � ?�w

@�[�1�2 t % B
Q wyS^T1�*58) # 4 � %3& � 4 c 434 [6� v S^T1�*5 
 ! 
 �W%�� � 4 {

{ � K�M Q&N SUT��D5 
 �65_�7� x %���78 L�{ � ;�^�u � [ K�M III
4 !�9RJc L5� x;:'< r p .65>=	? 4 � Y�Z���\6�JRA@�al�

[�B ~DC x . ����� � �FEHGI�=HJ�5 v 8KG�%D5�7
A�E�L�G 1�2;L6�FEl[�!�9 2 6 ��M�N	O \;P R 3 4 P ∮

E · ds 6= 0 %*5RQ S QKTVU [D{XWY�4 P T�Z\[�] v 8KG [_^K` ;Fa U 7
b M III P I 8 II 8KGdc�� 4He s�7"^�fFg ��� PHh�9 i�j v�vj4lknm�x 5�7

Faraday
� Nl^Ro�prq � b's P v �Rt�u Lv b�wyx_z o{	|~} k }6�;�;^�o'�y�����A���

emf P B
}��� M�N }	���6�F�	� i�j��������W } k } ��P��H� [�]��6��� L [�� ���� z `

Faraday � �'�����~�  �¡ wR¢ } � U �6£�¤ �F¥ �§¦ �7¨	�6�
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C
¦

x− y− z ����� � ����� z `F];�
	����� � S P C
w�� ��� � B(x, y, z)

¦ ���
t�\}

(x, y, z)
�'� � �l� M�N�O�� �\�;� � J �d�

E =

∮
C

E · ds = −
d

dt

∫
S

B · da = −
dΦ

dt
(7.25)

���������
vector

�H�;�
curl

w�� U �
(7.25)

��� P [�� ����� � Faraday
} Q M! �"}$#�% w�& ¨�'�(��6� kdz �d���

∮
C

E · ds = −
d

dt

∫
S

B · da (7.26)

¦*)�+ }*�,
C
� ¥A� w
� �-�

S �!. ]3`!/ z ]	[ �y��0�1 }�2��

curlE = −
dB

dt
(7.27)

�;�\� �43 �*5 ��¥ � � [~�6�
(7.26)

��6 � (7.27)
� w " � ��7 C

w
1
2;} a Z � �$8�9 �4(�`�]�� � ] UD�!:~}$; � Yw�b�<=5 ��>�?F]

;
¥6}

1
2 7 ��@ B

}
A�B�2�� 7 [�]C2 w � �d�_¥d}�DFE3� C
w�� �

�
a
}
G*H�I/}

B
}���� 7
J�K ��¨ � '���L � 7
M\� B ·a �$N*O � �-P 2 Q �CR�S w,T]3`

curl
w-U�V_z o ¦ �CW � w,T ]\� � G*H ¦ 9*X � < � � ¨ ∮

CE · ds
¦ N�O �YD=E 7

a · curlE
�\�;�6�

� ^K`CDZE � z `
a · curlE = −

d

dt
(B · a) = a · (−

dB

dt
) (7.28)

w,[ �6�
¥A� 7Z\-]�^CJ E_G a ��.*`�a kcb�de5 � }d�

curlE = −
dB

dt
(7.29)

��f7�-f�j ��> `�j�f�` �
B 7 �	� � khg!i ���~� kkj�l�5 ��¥ � w-mon a�` �d}6� dB/dt

} � ¥Cpy�
∂B/∂t

� &
¥rq��
¥rq z aCs � c�t=f�uCv  �" },#�%/} 2 . }$w�x ¦ [ � �_o :

∮
C

E · ds = − d
dt

∫
S

B · da

curlE = −∂B
∂t

(7.30)

v�y ∫
S

B · da
} M g 7 T·m2 �;�H�6�F¥n� w weber( z�{}|�~�| )

�}�!� �
1 weber = 1

7 T·m2
�\�;�6�
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����� �
curlE = −∂B/∂t f ���~}'��	� w�� � ��� ���	� z o�
�	� �!.�`_a�7 n¨ � �}(7��¥ �"¦ �7¨ � q �

B
}����6��� ¦ � ��} W }
2��;} curlE

w�� } k } �/�F�����Cs~�����Ca z�� q�� k��p X;� ¥d}	�d��� ¦ E
w �!s~� U ��a z�� q�� j � 7�f � � curlE = 0

� f � 0*1 } �
u � w! �"	# � 5 ¥ � 7 �7¨	�6�
$%'& � z a FIGURE 7.13

} � q f)('*,+\��-�. � 7!f � 60Hz( /	0 60 12*'3�+ )
}

4 .�u�. w . z5 � z � q (FIGURE 7.16)
�

u�.�6/��7�v�y	8 � 7 sin(2π ·60t) = sin 377t
� z a �	� 5 ��� u�. }�9�: 7�;!<�=	> �H}

v�y8 � B
}�{@?�A ¦

50 gauss = 0.005 T �CB 5 � � q fED }�F�F� � z � q � FIGURE
7.16 � x�z5 � q fF�G 10 cm

}IHKJ!I �  �" �A�l� u � 6��,7 emf
w�L � 5 ` �¥}IHKJ~} ; � 7*`�.MD B

¦)N�O �\�;� ��P U�z � q��

B = 0.005 sin 377t (7.32)

+2Q�R C
w :l� v�ye7

Φ = πr2B = π × 0.12 × 0.005 sin 377t = 1.57× 10−4 sin 377t [T ·m2] (7.33)
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B1

} y � Φ21
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Φ21 =

∫
S2

B1 · da2 (7.35)
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Φ21 7 I1 �#" & 5 �6� W }��@ 7�� U �A� 5 2 . } � [ } � � g�i � � � �6�

Φ21

I1

= const (7.36)
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}���'� �#" & 5 �6� � [ C2 �  �" �A�l� emf 7
E21 = −const

dI1

dt
(7.37)

�;�H�6�;¥6}
const 7 (7.36)
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�7/�N �\�H�6�;¥A� �
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� ' 5 �
(7.37)
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E21 = −M21

dI1

dt
(7.38)
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�F}
”const” 7 µ0πI1R

2
2/2R1 f ��A ��� . � C2 �  C" � �_� emf 7

E21 = −
µ0πR

2
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2R1

dI1

dt
(7.41)
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WC6 �
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[[H · A/s] (7.42)
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emf��K 3L5 � �"1M 7

2 N 
�O�PRQ � Multiple Turns( S�T�UWV ) � A M 7�8 �X;Y 
EZ�[\P�]=^`_�a�]b (
M21 =

2π2 × 10−7N1N2R
2
2

R1

(7.44)

c �1d�e 3L5 � �
(7.44) f c ( + 2 N�g O�P�Q g - � 0h(%i � - D 5>7>8�7 - � 0 g1j=k (!O�P�Q g%lm �En;o 7  7Wp�qsr/8  Lt�u rv5�7�8 � �w D w 2 N�g1x�y �{z g t1u}|/~hd r A@) 7sp + Z;[sP1]E^`_�a1] b M21

( u�� � �1�
�  r�5�7�8 � �
M21

( x�y 1 g/�;�;� � <%� I1

�h"�M 71��� � x9y 2 g emf [V]
 
I1 g����9�;��� [A/s]

g n c ��� ��Nh�W�
M21 [H] =

E21 [V]

(dI1
dt
) [A/s]

(7.45)
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7.7 A Reciprocity Theorem (
Z;� u1�

)
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M12 =
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(7.46)

 Lu1� r�5 � �
Any( �	��
 )2 N�g�x�y � N 8%7sp

M12 = M21 (7.47)

 8����� � o}������� K 365����
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2
2
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6 A � D 3
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Φ126 x/y C1 O gE<E� I g ��� 6 w 7 C2

|	P �SQ�R
Φ21

��T w 8 z 6 |JU r A )951: A 3 A8��

Stokes g u1� 1,+ � 6 B g Vector Potential
�

A +�Nh�W� B = curlA
cWV � 6 F∮

C

A · ds =

∫
S

B · da = ΦS (7.49)

| K ���
That is, the line integral of the vector potential around a loop is equal to the flux of B

through the loop. ( X�YJZ�[.\E]�^ Vector Potential ^._�`�a�b�c d,e(^�Z�[�\�f�ghY	ij�k.lIm K � )

n
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(7.50)
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; ds1 q � xEy C1 g�� q���� cWV � ; � d r21 q ds1 g ~ D |@~ (x2, y2, z2) � c g
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∮
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