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§18.1 {.1>^aA½Æ

§18.1.1 {.1>^aA½Æ

1831c§Faradayuy
>^aA½Æ§�²Neumann�n§òÙêÆL�ª��

ε = −dΦ

dt
, (18.1.1)

Ù¥§ε�?�4Ü£´C£§Ø�½´¢S�>´¤�>Ä³£electromotive force§{P�emf¤§t�

�m§Φ�^Ïþ£magnetic flux¤§

Φ =

∫
S

B · ds. (18.1.2)

ùp§S´±cã4Ü£´C�>.�?¿­¡"Ò�Stokesúª@�§ª(18.1.1)¥�½4Ü£

´C����­¡S���÷vmÃÚ^½K£right-hand srew rule¤">Ä³ ε����4Ü£

´C�����§=>Ä³ εO�����4Ü£´C���"�,ª(18.1.1) �Neumann¤�§�

<�E¡��{.1>^aA½Æ£Faraday’s law of induction¤"

Ï~§<�ò>
�>Ä³��

ε =

∮
C

K · dl, (18.1.3)

Ù¥§K´�^3ü >Öþ��·>å§§Ó·>|k�Ó�þj"��/§�·>åK´>
�

�«5�§§�äN>
k'§~XµzÆ>³§�·>å5
uzÆ�A¶Ø>¬N§�·>å5


uÅ�Øå¶§�>ó§�·>å5
u§ÝFÝ¶X´��"AO/§ùp��·>å5
u^Ï

þ�Cz"5¿�>
>Ä³��/Ø�"§

ε 6= 0, (18.1.4)

� ∮
C

E · dl = 0, (18.1.5)

Ù¥§E´·>|§¤±§K�E´k�O�§�,�öþj�Ó"ù�Ò´¡K��·>å��

Ï"Ú^K§{.1>^aA½Æ�±��∮
C

K · dl = − d

dt

∫
S

B · ds, (18.1.6)
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Ù¥§C�S�½�÷vmÃÚ^½K"

$^dÂ�éØ§�±�²§KÙ¢Ò´�éu£´·��ëìXe�aA>|E′"Ïd§>

Ä³ εÒ´aA>|E′÷£´C�È©§

ε =

∮
C

E′ · dl. (18.1.7)

ù�§{.1>^aA½ÆÒ´ ∮
C

E′ · dl = − d

dt

∫
S

B · ds. (18.1.8)

y3§aA>|E′��´È©�±�u"§∮
C

E′ · dl = 0, (18.1.9)

��±Ø�u"§ ∮
C

E′ · dl 6= 0, (18.1.10)

ù�ûu^ÏþΦ�CzÇ"Ïd§aA>|E′´·>|E�í2§§�^Ý�±�u"§��±Ø

�u""�aA>|E′�^ÝØ�u"�§§ÒØ2´�Å|
"

3{.1>^aA½Æ¥§4Ü£´�±´·�
Ø��mCz�§��±´$Ä¿��mCz

�§~X²£!̂ =!C/��"̂ |�±´·^|§��±´��mCz�Ä^|§~XCz>6-

u�^|!$Ä^c½$ÄÚ�+-u�^|§��"

¤¢4Ü£´§Ù¢Ò´�m¥���4Ü­�§§�±´��¢S�>´§��±Ø´��¢

S�>´"XJ§´��¢S�>´§=d4Ü­�´d�N�¤�§@o§£´¥Ò¬ÑyaA>

6£induced current¤"XJ�N�´4Ü£´£4Ü­�¤��Ü©§K�NþØ¬ÑyaA>6§

��UÑy�"�>Ä³§

ε′ =

∫
K · dl =

∫
E′ · dl, (18.1.11)

ùp�È©´÷�N­�?1�§Uì£´�½�§l�à�,�à"

���Ñ�´§3{.1>^aA½Æ¥§^ÏþΦ�­¡S�À�Ã'§��§±4Ü£

´C�>.§¿�3½�þ�4Ü£´C÷vmÃÚ^½K=�"ù´Ï�§bXS1, S2þ´±4Ü

£´C�>.§¿�3½�þ�C÷vmÃÚ^½K�­¡§�ã18.1.1Ú18.1.2§KS1�−S2¤

ã 18.1.1: ±C�>.�­¡S1 ã 18.1.2: ±C�>.�­¡S2 ã 18.1.3: 4Ü­¡S1 − S2
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/¤�éÜ­¡´��µ4­¡§Ù¥§−S2�S2´Ó��­¡§�½���§�ã18.1.3"édµ

4­¡$^'u^|�Gauss½Æ§� ∮
S1+(−S2)

B · ds = 0. (18.1.12)

5¿�È©�©«�\5§·�k∮
S1+(−S2)

B · ds =

∫
S1

B · ds +

∫
−S2

B · ds =

∫
S1

B · ds−
∫
S2

B · ds, (18.1.13)

u´§� ∫
S1

B · ds =

∫
S2

B · ds. (18.1.14)

ùÒ�½
§̂ Ïþ(¢�­¡�À�Ã'"

lþ¡�y²��±wÑ§{.1>^aA½Æ�^|�Gauss½Æ´�N�§vkgñ�"ù

�:é­�§ÄK�{§·�Ò7Lé^|�pd½Æ½{.1>^aA½Æ\±?�
"±�§�

·�ÆLMaxwell £>6Æ`��§Ò�Un)ù�:
"

§18.1.2 Ä)>Ä³

�^|�·^|�§XJ4Ü£´��m$ÄCz§@o§£´¥�)�>Ä³Ò¡�Ä)>Ä

³£motional emf¤"

~18.1.1. Xã18.1.4¤«§��Ý/�N>µ±!�v�m$Ä§þ!^|BÓÙ��m��

ã 18.1.4: $Ä>µ�>Ä³

m§Ù��R��¡�	"� 0 < x < a �§£1¤¦�N>µþ�>Ä³ ε¶£2¤�>µ�>{�R§

O�aA>6 I¶£3¤O�>µ¤aÉ��âÔ[å f¶£4¤��±>µ$Ä§	å7L�õ§O�	

å�õÇP¶£5¤O�>µü �mS¤�)���9Q¶£6¤y²P = Q§¿`²§�¿Â"

).£1¤�_�����>µ����"�>µ¤�¤���¬�­¡S§UmÃ½K§­¡S�

���R��¡�	���"u´§

Φ =

∫
S

B · ds =

∫ L

0

dy

∫ x

0

dxB = BLx. (18.1.15)
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�â{.1>^aA½Æ§

ε = −dΦ

dt
= −d(BLx)

dt
= −BLv. (18.1.16)

��§>Ä³����BLv§���^����"

£2¤

I =
ε

R
= −BLv

R
. (18.1.17)

aA>6���BLv/R§���^����"

£3¤

f =

∮
Idl×B =

∫ L

0

I(j dl)× (kB) = IBL i = −B
2L2v

R
i. (18.1.18)

âÔ[å����B2L2v/R§����"

£4¤�	å� f ′"��±>µ!�$Ä§7L

f ′ + f = 0. (18.1.19)

ù`²

f ′ = −f =
B2L2v

R
i. (18.1.20)

��§	å-|âÔ[å§���m"Ù�õÇ�

P = f ′ · v =

(
B2L2v

R
i

)
· (v i) =

B2L2v2

R
. (18.1.21)

£5¤>µü �mS¤�)���9�

Q = I2R =

(
−BLv

R

)2

R =
B2L2v2

R
. (18.1.22)

£6¤d£4¤Ú£5¤§�

P = Q. (18.1.23)

âÔ[Ø�õ§	å�õ§¤��õ�Ü=z�9þ§þª¿Â�UþÅð" �

~18.1.2. �6u>Å�Ä��n"�6u>Å�´Ä)>Ä³�;.~f§ã18.1.5��{�

6u>Å�«¿ã§·�^§5`²���6u>Å�Ä��n"ã¥§ABCD´��üS7á�

�§§�±7�½�=¶3^4N,S¤-u�þ!^|¥=Ä"	Ü> £́~X>�¤ÏL>M�7

á��ABCD�ë"3	ÜðÓÅ½YÓÅ���Äe§7á��ABCD3^|¥!�=Ä"du

^Ïþ�Cz§7á��¥ò�)Ä)>Ä³"XJ	>´´4Ü�§K3��Ú	>´¤|¤�4

Ü£´¥Ò¬ÑyaA>6"

Xã18.1.5£b¤¤«§ÏL��ABCD�^Ïþ�

Φ = BS cos
(
θ +

π

2

)
= −BS sin θ = −BS sinωt, (18.1.24)

Ù¥§ω´7á��ABCD7½¶=Ä��ªÇ§S´��ABCD�¡È"d{.1>^aA½

Æ§Ä)>Ä³�

ε = −dΦ

dt
= BSω cosωt. (18.1.25)
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ã 18.1.5: �6u>Å�Ä��n

��§Ä)>Ä³��m t�{uª±ÏCz§ω�Ù�ªÇ"ù«>Ä³��{��C>Ä³§{

¡�6>"

���£´�>{�R"�	>´4Ü�§>´¥>6�

I =
ε

R
=
BSω

R
cosωt. (18.1.26)

u>Å�]�õÇ�

P = I2R =
(BSω)2

R
cos2 ωt. (18.1.27)

��õÇ�

Pmax =
(BSω)2

R
. (18.1.28)

²þõÇ�

〈P 〉 =
1

T

∫ T

0

P (t)dt, (18.1.29)

Ù¥§T ��6>�±Ï§

T =
2π

ω
. (18.1.30)

u´§

〈P 〉 =
ω

2π

∫ 2π/ω

0

(BSω)2

R
cos2 ωtdt =

1

2

(BSω)2

R
=

1

2
Pmax. (18.1.31)

g,§u>Åé	ÑÑ�õAT5
uðÓÅ½YÓÅ¤��Å�õ"e¡·�5�y§"16

��ABCD3^|¥¤É�åÝ�

τ = m×B, (18.1.32)

Ù¥§m´16��ABCD�^ó4Ý§

m = ISen. (18.1.33)

�Y²�m���£=B���¤�x¶���§ç��þ���� y¶���§z¶���dxÚ y

¶UIO'Xû½"q§� z¶����16��ABCD=¶����"K

B = Bex, ω = ωez. (18.1.34)
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·�k

τ = −ISB cos(ωt)ez. (18.1.35)

�
�±16��ABCD�!�=Ä§ðÓÅ½YÓÅ¤�\�åÝ7L÷v

τ ′ + τ = 0. (18.1.36)

d=åÝ²ï�"ù�§

τ ′ = −τ = ISB cos(ωt)ez. (18.1.37)

ðÓÅ½YÓÅÑÑ�Å�õÇ�

P ′ = τ ′ · ω = ISBω cos(ωt). (18.1.38)

òc¡¤�Ñ�>6�\§�

P ′ =
(BSω)2

R
cos2 ωt. (18.1.39)

��§

P ′ = P, (18.1.40)

X¤A��"

Ä)>Ä³�k,�«O��{§§�^|�âÔ[åk'§Ï
é�*µ

ε =

∮
C

(v ×B) · dl. (18.1.41)

Óc§d?C´�m¥��4Ü£´§ε´T£´þ�>Ä³§dl´÷T£´�È©��"£´C3

�m¥$Ä§�?�Ý��´Ø���§Ù¥v´��dl?�$Ä�Ý"XJC´¢S>´§K>´

¥�>Öò�C�å$Ä"N´wÑ§v×B�´�^3>´¥ü >Öþ�âÔ[å§§íÄ>´

¥�>Ö÷>´$Ä
/¤>6§Ïd§§Ò´>
��·>åK§=§

K = v ×B. (18.1.42)

ùÒ´ª(18.1.41)��*)º"

e¡§·�5y²ª(18.1.41)"ã18.1.6xÑ
$Ä£´C3���� tÚ t+ dt� /§cö

�Loop at time t§�ö�Loop at time (t+ dt)"Ø��_�����d���£two loops¤��

�"?���±Loop at time t�>.���÷vmÃ½K�­¡S"2?���±cãü���>

��m­¡§Ù/X��d������£ribbon¤§�ã"w,§d��ë�3­¡Sþ§¿±Loop

at time t��ö��."­¡S\þcã����¤
­¡S′§§�Ð±Loop at time (t+ dt)�

>."òS���÷ÿ�S′þ§KS′�Ð�>.Loop at time (t+ dt)÷vmÃ½K"Ud÷ÿ§3

��þ§­¡��� (vdt)× dl �����§�ã"ù�§·�Òkü�­¡§��éAu�� t§�
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ã 18.1.6: Ä)>Ä³

�éAu�� t+ dt§cö�S§�ö�S′"u´§

dΦ = Φ(t+ dt)− Φ(t)

=

∫
S′
B · ds−

∫
S

B · ds

=

∫
S′−S

B · ds

=

∫
ribbon

B · ds. (18.1.43)

Uìc¡��½§3�¡þ§

ds = (vdt)× dl = (v × dl)dt. (18.1.44)

ù�§·��

dΦ =

∫
ribbon

B · (v × dl)dt =

[∮
B · (v × dl)

]
dt. (18.1.45)

ù`²

ε = −dΦ

dt
= −

∮
B · (v × dl). (18.1.46)

5¿�

B · (v × dl) = −(v ×B) · dl, (18.1.47)

·�k

ε =

∮
(v ×B) · dl. (18.1.48)

�y"

lª(18.1.41)��§�k£´¥$Ä�Ü©âé>Ä³k�z§Ø$Ä�Ü©é>Ä³vk�

z"Ïd§3A^ª(18.1.41)O�>Ä³�§�Lé£´¥$Ä�Ü©È©=�"

~18.1.3. Xã18.1.7¤«§��7á�CD3���½��N>µþ�m!�$Ä§�Ý�v"

�7á�CD�� l§¦£´þ�>Ä³ ε"
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ã 18.1.7: ²£7á�þ�Ä)>Ä³

).

ε =

∮
(v ×B) · dl

=

∫ D

C

(v ×B) · dl

= Bvl. (18.1.49)

�

~18.1.4. Xã18.1.8¤«§���Ý�L�7á�3þ!^|B¥!�^=§��Ç�ω"¦

d�þ�>Ä³ ε"

ã 18.1.8: ^=7á�þ�Ä)>Ä³

).

ε =

∫ L

0

K · dl

=

∫ L

0

(v ×B) · dl. (18.1.50)

�Î�IX§·�k

ω = ωk, B = −Bk, dl = eρdρ, (18.1.51)

±9

v = ω × ρ = (ωk)× (ρeρ) = ωρeϕ. (18.1.52)
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u´§

ε =

∫ L

0

[(ωρeϕ)× (−Bk)] · (eρdρ)

=

∫ L

0

(−ωBρeρ) · (eρdρ)

= −ωB
∫ L

0

ρdρ

= −1

2
ωBL2. (18.1.53)

�

�K��±\9Ï­��¤£´?1O�§~X�ã18.1.8me�÷/>."5¿�£´¥�k

7á�3$Ä§��k7á�þâk>Ä³§·�k

ε = − d

dt

∫
B · ds. (18.1.54)

éu÷/§·�k

ds = k ρdρdϕ = kωρdρdt, (18.1.55)

u´§ ∫
B · ds =

∫
(−Bk) · (kωρdρdt)

= −Bω
∫
ρdρdt

= −1

2
ωBL2t. (18.1.56)

�\>Ä³�L�ª§�

ε =
1

2
ωBL2. (18.1.57)

5¿�c�){¥§7á�ã���� eρ§�){¥§7á�ã����−eρ§�ö½��½��§

´�§ü(J¿Ã�O§
´�����"

§18.1.3 a)>Ä³

�£´�½ØÄ
^|��mCz�§4Ü£´þÑy�>Ä³¡�a)>Ä³£induced emf¤"

du£´y3´�½ØÄ�§Ïd§�éu£´·��ëìXÙ¢Ò´¢�¿X"u´§aA>

|E′Ò´¢�¿X*ÿ��>|§�18.1.1!"d�§�
�B§<�Ï~òaA>|E′UP�E§

ù�§{.1>^aA½Æ�/ªÒ´∮
C

E · dl = − d

dt

∫
S

B · ds. (18.1.58)
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Ï�£´´�½ØÄ§¤±?��±§�>.�­¡�´�½ØÄ�"ù¿�Xds��m tÃ'§u

´§·��±��þªm>¦��È©�gS§

d

dt

∫
S

B · ds =

∫
S

∂

∂t
B · ds. (18.1.59)

ù�§·�� ∮
C

E · dl = −
∫
S

∂

∂t
B · ds. (18.1.60)

�A��©��´

∇×E = − ∂

∂t
B. (18.1.61)

Ï~§<�òþª`�§Cz�^|�±-uµ^�>|"ù´'����§±c·��9�Ñ^


£>Ö
!>6
¤-u|§ùp´|-u|"Maxwell¯b/ú	�
ù�:§þãaA>|Ò

´¦�kJÑ�"ÏLÚ\ £>6§¦�uy§Cz�>|�±-uµ^�^|"u´§Cz�^

|-uµ^�>|§Cz�>|q-uµ^�^|§XdÌ� E§>|Ú^|�±�p-u§
Ø

7/Ïu>Ö
Ú>6

"ù%¹X§>^|�±øl>Ö
Ú>6

Õá�3§§��äg

5§g�Ò´Ôn¢3">^|�ù«�p-u�±/¤ý�¥�>^Å§§´Maxwell���ýó

��"Maxwell�ýó§1Ò´�«>^Å§ù�§¦Òò1�>^|Ú�
å5"�¢81Xë§�

z���

MaxwellJÑ�aA>|´·>|�í2§�

∂

∂t
B = 0 (18.1.62)

�§·�k

∇×E = 0, (18.1.63)

aA>|ò£·>|"

~18.1.5. Xã18.1.9¤«§3���»�R��Î/«�S©Ùk��þ!^|B§§��m


Cz§=B = B(t)"�d^|Cz��Ç�dB/dt§¦�mþ�aA>|E"

ã 18.1.9: aA>|
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). �Î�IX§dé¡5§·�k

2πρEϕ = − d

dt

∫
B(t) · ds

=

{
−πρ2 dB

dt
, ρ < R

−πR2 dB
dt
, ρ ≥ R.

(18.1.64)

d´§·��

E =

{
− 1

2
ρdB

dt
eϕ, ρ < R

− 1
2
R2

ρ
dB
dt
eϕ, ρ ≥ R.

(18.1.65)

�

·���§�>6´­ð>6��ÿ§̂ |�±ÏLBiot-Sarvart½Æ½S��´½n?1O�"

�>6�CzØ´é¯��ÿ§=¤¢O·�£quasi-static¤��/§Biot-Sarvart½ÆÚS��´

½nE´Cq¤á�§·�E�±^§�5O�Cz�>6¤-u�Cz�^|"3ïÄ>^aAy

��§O·��/åXé­���^"

~18.1.6. ���»�R�Ú�+1kO·�Cz�>6§I = I(t)"�ü �Ýþ�Sê�n§

¦Ú�+S	�aA>|E"

). dS��´½Æ§·��Ú�+S�^|§

Bin = µ0nI(t) ez. (18.1.66)

�Î�IX§|^é¡5§·�k

2πρEϕ = − d

dt

∫
B(t) · ds

=

{
−πρ2µ0n

dI
dt
, ρ < R

−πR2µ0n
dI
dt
, ρ ≥ R.

(18.1.67)

u´§·��

E =

{
− 1

2
ρµ0n

dI
dt
eϕ, ρ < R

− 1
2
R2

ρ
µ0n

dI
dt
eϕ, ρ ≥ R.

(18.1.68)

�

�
�B§3?Ø>^aAy��§�Ù±e�9���C>6Ñ´O·��§·�ÒØ2��

`²
"

§18.1.4 Lenz½Æ

Lenz½Æ´{.1>^aA½Æ�íØµ

34Ü>´¥§aA>6Ñy���§o´{NF)§�^Ïþ�Cz"

�k</�/ò§`�µ
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g,.?�^Ïþ�Cz"

�4Ü>´�>{�R§KÙ>6�

I =
ε

R
=

1

R

∮
C

K · dl = − 1

R

d

dt

∫
S

B · ds. (18.1.69)

�â½���¦§£´C����­¡S���¤mÃ'X"Uìþª§>6 I½��£´C��"

q§dS��´½n´�§>6Ó§-u�^|¤mÃ'X§ù`²§>6 I-u�^|���­

¡S�����"�þªm>k�KÒ§ù¿�X>6 I-u�^|ò~�ÏL­¡S�^Ïþ§�

Ò´-|F)>6 I�^Ïþ�O��Ç"Ù¢§eO\KÒ§K�±{ü/`§̂ ÏþCz-u�

>6÷v�Ã½K§
>6-u�^|K÷vmÃ½K§́ �§aA>6-u�^|§o´{NF)

§�^Ïþ�Cz"ùÒ´Lenz½Æ�ÔnSN"

lþ¡�?Ø��±wÑ§Lenz½ÆÒ´{.1>^aA½Æ¥§

ε =

∮
C

K · dl = − d

dt

∫
S

B · ds, (18.1.70)

KÒ�Ny§½ö`§§Ò´{.1>^aA½Æ¥ÑyKÒ�5�"

,��¡§Lenz½Æ�´UþÅð��NµbeaA>6Ø´{N
´\rF)§�^Ïþ�C

z�{§ù��Cz7,2gp)���aA>6§Óc§ù��>6q�g/\rO�F)§�^

Ïþ�Cz§XdÌ� E§ù����"£positive feedback¤7ò¦�aA>6�5��§¤�)

���9��5�õ§D�Ã¡§��Ø¦§̂ �Ø&�"|^dÃ¡Ã¦���9§ØJEÑ1�

«[ÄÅ"¤¢1�«[ÄÅ§§´�«9Å§�±ÃIUþ�Ñ\§
%�±ÑÑÃ¡Ã¦�Uþ"

ù²w/»�
UþÅð§g,´Ø�U�
"

3¢S¥§Lenz½ÆÌ�^u�äaA>6���§�ã18.1.10"

ã 18.1.10: aA>6���

§18.2 pa�ga

du>^aA§3��¢S�>´¥§��>6£´�m�3�paAÚg·aA——pa

£multual inductanc¤Úga£self-inductance¤"

Xã18.2.11¤«§�kü�4Ü£´C1ÚC2§Ù>6©O� I1Ú I2"w,§>6 I2-u�^|
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ã 18.2.11: ü�4Ü£´�m�pa§Ù¥§R12 = |r1 − r2|

BL£´C1§Ó�/§>6 I1-u�^|�BL£´C2"y3§·�5©OO�BL£´C1ÚC2�

^Ïþ"Äk§·��ÄC1"k

Φ12 =

∫
S1

B2(r1) · ds1, (18.2.1)

Ù¥§S1´��±C1�>�­¡§�ö3½�þ÷vmÃ'X"

|^Stokesúª§·�k

Φ =

∫
S

B · ds =

∫
S

(∇×A) · ds =

∮
C

A · dl, (18.2.2)

Ù¥§A´¥þ³"��§BL��­¡�^Ïþ��±^¥þ³÷T­¡>.�£´È©?1O

�"ù´��O�^Ïþ�~^úª"

ù�§·�k

Φ12 =

∮
C1

A2(r1) · dl1, (18.2.3)

Ù¥§A2´>6 I2�¥þ³"·���§

A2(r) =
µ0

4π

∮
C2

I2dl2
|r− r2|

. (18.2.4)

ò��\Φ12�L�ª§�

Φ12 =
µ0

4π

∮
C1

∮
C2

I2dl1 · dl2
|r1 − r2|

. (18.2.5)

��§BL4Ü£´C1�^Ïþ�4Ü£´C2�>6¤�'§

Φ12 = M12I2, (18.2.6)

Ù¥§M12´'~Xê§

M12 =
µ0

4π

∮
C1

∮
C2

dl1 · dl2
|r1 − r2|

. (18.2.7)

þªL²§M12´��AÛþ§§��£´C1ÚC2�AÛ�/k'§~X§ü£´g����!�

�±9�p�m�ål��"Ï~¡þM12�ü£´C1ÚC2�pa£mutual inductance¤"pa�

ü ´í|£H§henry¤"

Ó�/§ØJ��§BL4Ü£´C2�^Ïþ�

Φ21 = M21I1, (18.2.8)



§18.2 pa�ga 15

Ù¥§

M21 =
µ0

4π

∮
C2

∮
C1

dl2 · dl1
|r2 − r1|

. (18.2.9)

w,§

M21 = M12, (18.2.10)

=§C1ÚC2�m�ü�pa´���"

Ù¢§C1þ>6 I1¤-u�^|�BL4Ü£´C1g�§Ïd§

Φ11 =

∮
C1

A1(r1) · dl1, (18.2.11)

Ù¥§A1´>6 I1�¥þ³§

A1(r) =
µ0

4π

∮
C1

I1dl1
|r− r1|

. (18.2.12)

dd´�

Φ11 = M11I1, (18.2.13)

Ù¥§

M11 =
µ0

4π

∮
C1

∮
C1

dl1 · dl′1
|r1 − r′1|

. (18.2.14)

Ï~§òM11P�L1§¿¡��4Ü£´C1�ga£self-inductance¤"ga�ü �pa�Ó§�

´í|"

éu4Ü£´C2§�kÓ��(J§

Φ22 = M22I2 = L2I2, (18.2.15)

Ù¥§L2�C2�ga§

L2 = M22 =
µ0

4π

∮
C2

∮
C2

dl2 · dl′2
|r2 − r′2|

. (18.2.16)

w,§ÏL4Ü£´C1�o^Ï�

Ψ1 =

∮
C1

A(r1) · dl1

=

∮
C1

[A1(r1) + A2(r1)] · dl1

= Ψ11 + Ψ12

= L1I1 +M12I2. (18.2.17)

�ªm>1��´g[^|��z§1���C2^|��z"Ó�/§

Ψ2 = Ψ21 + Ψ22 = M21I1 + L2I2. (18.2.18)

þ�ª�±Ü��

Ψi =
2∑
j=1

MijIj, i = 1, 2, (18.2.19)



16 1�lÙ >^aA

Ù¥§

Mii = Li. (18.2.20)

dþª��§XJ I1Ú I2´�C>6§

I1 = I1(t), I2 = I2(t), (18.2.21)

K^ÏþΨ1ÚΨ2�´�C�§

Ψ1 = Ψ1(t), Ψ2 = Ψ2(t), (18.2.22)

d{.1>^aA½Æ§ü4Ü£´C1ÚC2¥7,�3aA>Ä³§

εi = −dΨi

dt
= −

2∑
j=1

Mij

dIj
dt
, i = 1, 2. (18.2.23)

dª½�±À�>a�ö�5½Â§Ï�aA>Ä³ εiÚ>6CzÇdIi/dtÑ´¢�¿Buÿþ�

þ"~X§���N���ga�±L�

L = − ε
dI
dt

, (18.2.24)

¢�þ§ÿ� εÚdI/dt=�L"

þ¡�(JØJí�n�4Ü£´�XÚ§

Ψi =
n∑
j=1

MijIj, (18.2.25)

εi = −
n∑
j=1

Mij

dIj
dt
, (18.2.26)

Ù¥§

Mij =
µ0

4π

∮
Ci

∮
Cj

dli · dlj
|ri − rj|

. (18.2.27)

AO/§é��Mii��ga§

Mii = Li. (18.2.28)

~18.2.1. ���»�R�Ý� l�Ú�+§ü �Ýþ7knS7á�§¦Ú�+�gaL"

). �Ú�+�16� I"

dS��´½Æ§Ú�+S�^|�

B = µ0nI ez. (18.2.29)

ÏLÚ�+�^Ïþ�

Φ = Nφ = NBS = (nl)(µ0nI)(πR2) = µ0n
2V I, (18.2.30)

Ù¥§N´oSê§φ�ÏLüS�^Ï§V = πR2l�Ú�+�NÈ"
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dga�½Â§�

L =
Φ

I
= µ0n

2V. (18.2.31)

��§Ú�+�ga�S��Ý�²�¤�'§��g��NÈ¤�'" �

~18.2.2. Xã18.2.12 ¤«§���Ý� l�Ó¶>C§ÙS	�»©O�R1ÚR2"¦dÓ¶

>C�gaL"

ã 18.2.12: Ó¶>C�ga

). �Ó¶>CS�1k>6 I"dS�£´½Æ§·�k

B =
µ0

2π

I

ρ
eϕ, R1 < ρ < R2. (18.2.32)

^Ïþ�

Φ =

∫
B · ds

=

∫ R2

R1

dρ

∫ l

0

dz
µ0

2π

I

ρ

=
µ0

2π
Il ln

R2

R1

. (18.2.33)

ga�

L =
Φ

I
=
µ0

2π
l ln

R2

R1

. (18.2.34)

�

~18.2.3. Xã18.2.13 ¤«§ò��á�Ú�+£�» a§�Ý l§ü �Ýþ�Sên1¤��

3�����Ú�+£�» b§ü �Ýþ�Sên2¤�SÜ"£1¤¦d�Ú�+�m�paM"£2¤

��Ú�+1k>6 I�§ÏL�Ú�+�^ÏþΦ´õ�º

ã 18.2.13: Ú�+m�pa
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).£a¤��Ú�+1k>6 Ib§KÙSÜ^|�

Bb = µ0n2Ib. (18.2.35)

BL�Ú�+�^Ïþ�

Φab = NaBbSa = (ln1)(µ0n2Ib)(πa
2) = πµ0n1n2la

2Ib. (18.2.36)

pa�

M =
Φb

Ib
= πµ0n1n2la

2. (18.2.37)

£b¤ÏL�Ú�+�^Ïþ�

Φ = MI = πµ0n1n2la
2I. (18.2.38)

�

3¢SA^¥§���òõ�ga��£~XÚ�+¤ë�å5"ù�§  ��ga���^

|�UBL,��ga���£´§u´§ù
ga���m�¬�)pa§ù¦���XÚ�5U

¬�J±��"¤±§3¢SA^¥§7L¦þ~�ga���mpaÍÜ"�paÍÜ�±�ÑØ

O�§��XÚ�5UÒN´��
§Ï�ÃØ´Gé�´¿é§XÚ�ogaÑ´�Ù�"

�ü�gaL1ÚL2Gé�§Ù>6´���

I1 = I2 = I. (18.2.39)

éuGé>´§aA>Ä³´�\�§

ε = ε1 + ε2. (18.2.40)

du

ε1 = −L1

dI1
dt
, (18.2.41)

ε2 = −L2

dI2
dt
, (18.2.42)

Ïd§

ε = −L1

dI1
dt
− L2

dI2
dt

= −L1

dI

dt
− L2

dI

dt

= −(L1 + L2)
dI

dt
. (18.2.43)

ù¿�X§üGéga�oga�

L = − ε
dI
dt

= L1 + L2. (18.2.44)

=§gaGé�§oga��ga�Ú"
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éu¿é>´§aA>Ä³´���§o>6K´�\�§

ε1 = ε2 = ε. (18.2.45)

I = I1 + I2. (18.2.46)

ù�§·�k

dI

dt
=

dI1
dt

+
dI2
dt

= − ε1
L1

− ε2
L2

= − ε

L1

− ε

L2

= −
(

1

L1

+
1

L2

)
ε. (18.2.47)

ù`²ü�ga¿é��oga�

L = − ε
dI
dt

=
1

1
L1

+ 1
L2

=
L1L2

L1 + L2

. (18.2.48)

þª����
1

L
=

1

L1

+
1

L2

. (18.2.49)

=§ga¿é�§oga��ê��ga�ê�Ú"Ï~ù�>a=�ga§>aì�=gaì�§±

þ¤ã=Ï~¤¢�>aG!¿é¯K"

§18.3 ^U

�3��gaì�£inductor§~XÚ�+¤þïá>6 I§>
7L-|gaì�þ�aA>

Ä³�õ§ù´Ï�§>6Ø�U�ÚaC� I§
´7Ll"ëY/,� I"c¡®²�Ñ§�C>

67,��gaì��)aA>Ä³§

ε = −LdI

dt
, (18.3.1)

Ù¥§L´ì��ga">
7L-|d>Ä³�õâU¦�>6l"ëY/,� I§�A�õÇ�

P = −εI. (18.3.2)

Ïd§>
�õ���

d̄W = Pdt = −εIdt. (18.3.3)

�\c¡�aA>Ä³§�

d̄W = LIdI. (18.3.4)

È�§�

W =

∫ I

0

LIdI =
1

2
LI2. (18.3.5)
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õU=�§þªm>=gaì�¤Ñ��Uþ§Ï~P�

Um =
1

2
LI2 =

1

2
IΦ =

1

2L
Φ2, (18.3.6)

Ù¥§Φ´ga�^Ïþ§

Φ = LI. (18.3.7)

gaì�¤Ñ��UþUm��þáu^U§d^|¤Ö1"�
w�ù�:§·�5¿�

Φ =

∮
A · dl. (18.3.8)

u´§

Um =
1

2
IΦ =

1

2

∮
A · (Idl). (18.3.9)

|^��

Idl→ jdv, (18.3.10)

�±òþª�È©L«��

Um =
1

2

∫
(A · j)dv. (18.3.11)

|^S�½Æ��©/ª§

∇×B = µ0j, (18.3.12)

þª��±��Xe�/ª§

Um =
1

2µ0

∫
A · (∇×B)dv. (18.3.13)

d¥þ©Ûúª§

∇ · (A×B) = (∇×A) ·B− (∇×B) ·A (18.3.14)

·�k

A · (∇×B) = (∇×A) ·B−∇ · (A×B) = B2 −∇ · (A×B). (18.3.15)

ò��\Um�L�ª§�

Um =
1

2µ0

∫
B2dv − 1

2µ0

∫
∇ · (A×B)dv (18.3.16)

|^pdúª§·�k ∫
∇ · (A×B)dv =

∮
(A×B) · ds. (18.3.17)

þª�>�È©w,��)^|©Ù����m«�§ò§*Ð���m�´�±�§Ïd§m>È

©�­¡�±�3Ã¡�?"Ônþ§3Ã¡�?§̂ |ATªu"§u´§∮
(A×B) · ds = 0. (18.3.18)

ù�§·�Òk

Um =
1

2µ0

∫
B2dv. (18.3.19)
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ùÒy�
§ga¤Ñ��Uþ(¢´^U"Ï~¡

um =
1

2µ0

B2 (18.3.20)

�^|�Uþ�Ý"

éuÚ�+§�~18.2.1§·�k

L = µ0n
2V, B = µ0nI. (18.3.21)

Ïd§

Um =
1

2
LI2 =

1

2
(µ0n

2V )

(
B

µ0n

)2

=
1

2µ0

B2V = umV. (18.3.22)

ù´þã^Uúª���~y"

éuÓ¶>C§�~18.2.2§·�k

L =
µ0

2π
l ln

R2

R1

, B =
µ0

2π

I

ρ
. (18.3.23)

u´§
1

2
LI2 =

µ0

4π
I2l ln

R2

R1

, (18.3.24)

±9

1

2µ0

∫
B2dv =

1

2µ0

∫ (
µ0

2π

I

ρ

)2

dv

=
µ0

8π2
I2
∫ l

0

dl

∫ 2π

0

dϕ

∫ R2

R1

dρ
1

ρ

=
µ0

4π
I2l ln

R2

R1

. (18.3.25)

Ïd§

Um =
1

2
LI2 =

1

2µ0

∫
B2dv. (18.3.26)

ù´þã^Uúª�,��~y"

k�§��±|^^U¦ga§

L =
2Um

I2
. (18.3.27)

éu����/§>
7L-|z��4Ü£´�aA>Ä³
�õ§

d̄W =
n∑
i=1

(−εiIi)dt. (18.3.28)

du

εi = −
n∑
j=1

Mij

dIj
dt
, (18.3.29)

Ïd§

d̄W =
n∑
i=1

n∑
j=1

MijIidIj. (18.3.30)
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þª�±��

d̄W =
n∑
i 6=j

MijIidIj +
n∑
i=1

LiIidIi

=
1

2

n∑
i6=j

Mij (IidIj + IjdIi) +
1

2

n∑
i=1

LidI
2
i

=
1

2

n∑
i6=j

Mijd (IiIj) +
1

2

n∑
i=1

LidI
2
i

=
1

2

n∑
i,j=1

Mijd (IiIj) . (18.3.31)

È�§�

Um =
1

2

n∑
i,j=1

MijIiIj, (18.3.32)

½ö§

Um =
1

2

n∑
i=1

IiΦi. (18.3.33)

ùÒ´äkn�4Ü£´�XÚ¤Ñ��^U"


