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̈
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̆ᶛ ȁ ̕
1822 ̆ᵖ
׆ Ȃ

1831 8 29 Faraday Ạԅ ѿҩ
ⱳȂ

1834 ̆ (H.F.E.Lenz, 1804ð1865) №
₮ԅ∞ ↕ð

(Lenz law)̈ 1845 ̆ ᶭ (F.E.Neumann, 1798ð

1895) ₮ԅ ̈

1791 9 22 ͘1867 8 25



̔
̔ ̆ꜚ

 EMFלꜚ

stands for the electromotive force
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ץ ҹץҊ₃ҩ ̔

1ȁ (a) ̆ ῀ ̆
Ҭ ̕ ῤẢ Ҍꜚ ̆ Ҭ

̕ ׆ ῤ ₮̆ Ҭ ҍ
῀ ̈ ῀ ₮ ̆ Ҭ

֟ Ȃ



8

2ȁ (b) ̆ ѿ ף

҉ Ҭ ̆ ҍ҉
ῃ ̈
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3ȁ (c) ̆ңҩ ᵝ ̆

ҍ ұ Ҭ ̆Ӟᴪ
ѿ (◐ )ῤ ̈
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4ȁ (d) ̆ ѿ ꜚ ᵣ
Ҭ̆ ꜚ Ҭ ֟ ̈
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׆ № ץ ₮ ̔
̆ Ҭ ֟ ꜚ

̈ל

, ᵣ Ҭ לꜚ E ̆ҍ

ᵣ Ȃ
̈ ᵝ└Ҭ̆
ҹ̔

d
.

dt

F
=-E
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1 2 N= + + +E E E E
1 2

d d
( ) ,

d d
N

t t

Y
F F F= - + + + = -

Y F F F= + + +1 2 ? NῒҬ

ҹ ̆ ̈ ҹF̆
↕

d d
.

d d
N

t t

Y F
= - = -E

ԍN ̆ i Ҭ №≢ҹFi ̆
⌠ ҍ ӊ ұ ̆ ҩ לꜚ ԍ
ӊלꜚ ̆
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לꜚ ҍ ѿ ҹ ̈

ԍ לꜚ ̆ ױ ԍ
ѿ ,

לꜚ ̆
ᾢ ↕

.

̆Ῥ E ̈
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לꜚ
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ץ ҹ̔

Ҭ ̆ ᶏ
̈

Ӟ ץ ҹ̔

̆ ̈
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http://zh.wikipedia.org/wiki/File:Emil_Lenz.jpg


҉ ΐᵣᵣ ̈

̆ ῀ ׆ Ҭ ₮̆
ᾥ ⱬ ⱬᵬ ⱳ̆ № ⱳ ԅ

̈

Ҭ̆ לꜚ
ḂȂ

≢ ̆ ֓ Ҭ Ҍ ΐᵣ
̆ ∞ ̆

ѿ № ҹ Ḃ̈
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ԍ Ҭ Ҭ
ꜚ ̆ῒҬ֟

ðð ̕
̆ ̆

̕ Ҭ
⌠ ⱬð Ȃ

ü1.4  

Ҭ̆
҉ Ȃᵖ
֜ ⱴ̆ ҉

№ ҬȂ
Ạ Ȃ
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ᶛ ѿ R̗ 1.0cm ̆
ῒ ҉
’
ҹָӇ ᴪ
֟ ̙̂ № ̃̔

I ĺĺB ĺĺIĽ( )̆
ѿҩ ῤ №

I ҍIĽ ̆

I IĽ ̆
ץ ╝ ̆

ⱴ Ȃ
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ᴰ Ḥ ̆ ԍ ᴪᶏ
⁞ ׆̆ ⱴ̕

̆ ԍm ̆ ᶏ Ҍ ̆ Ӟ
̕

ԍ ᵣ̆ Ҋ ̆ ֽ№
ᵣ ѿ ̕

ҙ҉ ԍ ̆
Ҭ ̆ῒ ᾢ ⱴ ̆ ⌠
̆ᵖῤ ׅ ᵞȂ ῤ ׅḠ
Ȃ



̔
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̔ ↓ Ȃ

↓ Ҍ ̆ᵖ ≠
ⱬ ⱬ ⱬȂ

↓ ҉ ѿ ԍ ᵣ ╠ ꜚ̆
⌠ӊ ̆ ῒҊ ᵣ Ҭ Ҋ Ȃ

ԍ ̆ ᵣ Ҭ ֟
Ȃ ̆ Ἕ ᵣ Ҋ
Ἕ̆ң ԑ Ȃ ⱬ ↓ᶏץ

҉Ȃ
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Ӟ ץ ↓ ҉ ҉ ᵣ̆
↕ Ȃ

̆ ֟
ҍ↓ ҉ ᵣ

Ḡ ̆ң ľ ĿȂ

ңᶷӞ ̆֜ ᶏ ҹ ᵣȂ ҍ
↓ ҉ ᵣ ԑᵬ ̆ᶏ↓ ╠ Ȃ↓
ᵣ̂N ̃ ҉ ╠ѿ ᵣ̂S ̃ ̆

҉ ѿ ᵣ̂N ̃ ĺ
ѿľ Ŀѿľ Ŀ ꜚ↓ ꜚȂ

N

ᵣN

½½­

҉ ↓ Ғ ҉ ֜ 2 ̆қ
҉ қ ̆Ғ ῃ 29̈ 863Ὲ Ȃ Ҭ ң ᵬ
ҕ ѿ ԍ2002 12 31 ῃ ̆

2003 1 4 ҙ ̆ῃ 8№ Ȃ



̔
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ü2.1  ꜚל

ü2.2  ꜚ לꜚ

ü2.3  ꜚל

ü2.4  ⱴ



ü2.1  ꜚל

№ ֟ לꜚ ̆ ץ ҹ№ױ
Ҋңץ ̔ꜚ ҍלꜚ Ȃלꜚ
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F 
BҌ ( ),ᵖq S q ҍS , ꜚ ̕

B ̆ᵖq ҍSҌ ̕ Ȃ

לꜚ ӈҹ ᵝ
׆ ῤ ⌠
̆ ⱬ Ạ ⱳ̆

.K dl
+

-
= ÖñE

҉ ҍ ῏Ȃ
Ӟ ץ ӈҹ̔

.K dl= ÖñE



ü2. 2 ꜚ לꜚ
ᵣ Ҭ ꜚ̔ לꜚ

ȁ
ῤ ⱬẠⱳ ⱬ Ȃ
לꜚ Ȃ
₮ ҹלꜚ ̆↕
ҍ Ẋ Ȃ
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҉̆ ῤ ̆ ҉ ᴶῗⱬ Ȃ
̔ ᴶῗⱬҌ Ạⱳ̆ ᵬҹץ

ⱬẠⱳ֟ ң̆לꜚ ̙
vҹ Ҭ ꜚ ̕

uҹ ԍ ᵣ ꜚ ̕

K dl
+

-
= ÖñE

( )
F

K B
e

= = ³
-

v
ҹ̔

( ) .
D

C
B dl= ³ Öñv



v+u̔ ̕
F̔ ץ v+u

Ҭ ꜚ ῗⱬðב
ҌẠⱳ̆ᵖ
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F e B=- ³v v

uF eu B=- ³

Ạ ⱳ̆

ꜚ̆

ңҩⱬ Ạ ⱳ ף
ҹ ð ᴶῗⱬҌẠⱳȂ
ᴶῗⱬ ⌠ԅᴰ
ᵬ .

҉̆ңᵝ ̔
̔ ԅ ̂ ̃̕
̔ ԅ֜ ̂Ҋ ̃ ⱬ ̆

⇔ԅ ̆ᶏ ҹ Ȃ
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ᶛ ̔ ᵣ Ҭ
ꜚ ̆ ҉ ℗◓ ⱬ

Ҍ ̆ ᾝ ₮ѿ
Ῥ №̆

Ų

Ų

Ų

Ų

Ų

Ų

Ų

Ų

Ų

l

w
dl

O

A

B

L

0
( )

L

B dl= ³ Ö =ñE v
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Å ѿ Ĭ
ѿҍ ῍ ̆

0
d

A L

O
B dl B l lw= =ñ ñv

( ) ( )AOU U A U O= -

21
,

2
L Bw=

21
.

2
L Be w= =

ҍ ̆
№≢ҹaȁb̆

῍ N ̆ ץ v
̆

ҍ ҹx ̆
Ҭ לꜚ
Ȃ

Ų

Ų

Ų

Ų

Ų

Ų

Ų

Ų

Ų

l

w
dl

O

A

B

L
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0

2

x a

x x
bdx

Im

p

+

F= Öñ

0 ln
2

NIbdN d x a

dt dt x

m

p

F +å õ
=- =- =æ ö

ç ÷
E

0 ,
2 ( )

NIba

x x a

m

p
=

+
v

ԋ̔ꜚ לꜚ ̕ ABCDA ҹ ̆

( )
B

AB
A

B dl= ³ ÖñE v

() )(
D

CD
C

B x aB dl b= ³ Ö =-+ñE v v

0 ln ,
2

Ib x a

x

m

p

+
=

0( ) ,
2

B x b b
I

x

m

p
= =v v

ѿ̔ ̕
̔ ∞ Ȃ

0 ,
2 ( )

I

x a

m

p
=-

+
vb
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̔ I ̆
ᵥ ̙

( )AB CDN= +E E E
0 1 1

( )
2

NI
b

x x a

m

p
= -

+
v 0 .

2 ( )

NIba

x x a

m

p
=

+

v
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Maxwell Ḥ ᶏҌ ᵣ ̆ ῒ
Ӟᴪ ѿ ז̆ ӊҹ ,

ѿҩ L̆S ҹץLҹ ̆ S

֟ Ȃ (induced emf)לꜚ

d
B dS

sdt
=- Öññ

d

dt

F
=-E

L
E dl= Öñin
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ԍ L ̆ ῃ B

; Ein ҍµB/µt ῏ ̕
ҍI ῏ Ȃ

̆ ̔ 0.in
S
E dSÖ =ññ

’Ҋ̆ E ̂ longitudinal  field, 

Coulomb ̃ El Ein ⱴ̆

in.lE E E= +
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in.lE E E= +

ein ҍꜚ em לꜚ ̔

d

dt

F
=-E

.in
L

B
dS

s
E dl

t

µ
Ö =- Ö

µñ ññῒҬ̆

╠ ᶛ Ҭ̆ I ̔

ῒҬ̆ El ̆ Ein ̕ ̆
ѿ ’Ҋ̆E ̆Ӟ Ȃ

L
dE l+ Öñ in( )

L
B dl= ³ Öñv=E Em in̅
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̔

ѿ̔ dF/dt Ȃ
0 cos ,I I tw=

0 ( ) 1
[ ( ), ]

2

x a

x

I t b
x t t dx

x

m

p

+

F = =ñ

[ ( ), ]
( )

d x t t d

tdt

x

x d t

F
=- =-

µF
+

F

µ µ

µ
=E

0 00 sin

) 22
ln

(

NbI tNIba

x x

a

a

x

x

m

p

m w w

p+
=

+
+

v
.=E E̅m in

[ ( ), ] ,d x t t dx dt
x t

µF µF
F = +

µ µ

0 ( )
ln ,

2

I t b x a

x

m

p

+
=
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ԋ̔№≢ ₮ꜚ Ȃלꜚ
B(t)         ðð ̕לꜚ

ꜚðð ꜚ ;לꜚ

0 ,
2 ( )

NIba

x x a

m

p
=

+
Em

v

0 ( ) 1

2

x a

L S x

I t bB d
E dl dS dx

t dt x

m

p

+
µ

= Ö =- Ö =- =
µñ ññ ñE inin

0 1
( ) ( ) ,

2

x a

x
S

I
x B x dS bdx

x

m

p

+

F = =ññ ñ

.=E E E̅ inm

Ῥ ꜚ לꜚ

לꜚ ҍ ѿ Ȃ

0 0 0( ) sin
ln ln

2 2

I t I td x a x a
b

dt x x

m m w w

p p

+ +å õ
=- =æ ö

ç ÷
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ⱴ
ⱴ (betatron)̆

ᶛ ӊѿ̆ῒ
̈ ң

ӊ ѿ , f =50

֜ ꞉ ң ӊ
֟ ֜ ׆, ῤ
₮ ̆ῒ ҹ

̈ ῀
̆ ױ ᵬ Ҋ

ⱴ ̆ ᴶῗⱬ ᵬ Ҋ
ꜚ. Ҋ ,

ѿҩ ҩ1/4
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( 5 ms) ’Ҋ̆
֟ ᶏ

ⱴ
ꜚ̈

҉̆ ҉
ῤ̆

10-1 ms̆

҆ ̆
׆ ̈

̆ ῀ ̈
100 MeV ⱴ ⱴ ⌠

0.999 986 c̈ ̆ ⱴ ̆ └
ԅ ⱴ ѿ ̈

2pi m/qB~3.6e-11
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ҹᶏ ⱴ Ҭ̆ Ḃץ̆ꜚ
̆ № ̆ ᶏ ҉ Bṿ
ԍ ῤBṿ ṿ ѿ Ȃ ҉
⌠ ⱬ̔ 2

R

m
evB

R
=

v
,ReRB mÝ = v

( )
,

d m
eE

dt
=- in

v

L

E dlÖñin

d
B dS

sdt
=- Öññ

22 ,in

dB
E R R

dt
p p=-

( ) ,
2

eR
d m dB=v

[2]

[3]

[2] [3] ̔

1
.

2
RB B=

[1]

ҍ[1] ̔

҉ №̆ ∆ ᴆ̔ 0, 0,B= =v

̔
,

2

eR
m B=v



https://indico.cern.ch/event/712279/

1922 Karlsruhe: Betatron  idea

https://indico.cern.ch/event/712279/


Betatron: ⱴ
Linac:   ⱴ



Uber ein neues Prinzip zur Herstellung hoher Spannungen
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Ҭ ꜚ

( )d mv A dA
eE qE q q

dt t dt

µ
=- = =- =-

µ
in in

0)(0
)(

=+Ý=+ Amv
dt

d

dt

dA
q

dt

mvd

=+=Ý qAmvp

=+=Ý Aqvmp
ddd

p ↕ꜚ Ȃ
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̔ḂH Ҭ
ľ Ŀף

ѿҩ Ҭ
ᵝᵣ ῤ
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ץ. ҹᶛ̆ t ┴׃ ԍ
ѿ P̆ H>0̆B>0̆dtῤ̆ PðPô̆

Ҭ ҹdY̆ Ạⱳלꜚ

0dW I dte-=

0( , )
N

nH n
l

I ==
/

H

N l
NSdB=

( )NSBY=

,HdBSl BVHd= =

00I d
d

dt
It d= =

Y
Y=

,
dW

dw HdB
V

= =

w dw HdB= =ñ ñ ̗ ľ Ŀ.
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ü3.1  

ü3.2  ԑ

ü3.3  

ü3.4  ԑ ҍ ῏



ü3.1  
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ѿҩ Ҭ
̆

ҩ
Ӟ

ӊ ̆
׆ ҩ
ҬӞᴪ֟ ̆לꜚ ҹ ̕
֟ ̆לꜚ ҹ לꜚ

̔a.  K ̆S1 S2ᾢ֦̕b.  ̆
֦ѿҊȂ

K ℗ K̆ ԍ ̆
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҉ y ҍI ӊ ᶛ ҹL̆ ̔

( ) ( ) ( ),B I t I t I t´ ÝF´ ÝY´

,LIY=

ᶛ L ҹ ̆ҍ ȁ₃ᵥ ȁ
ȁץ ׃ ῏̆ҍ I ῏Ȃ

ҹ̔לꜚ

.
d dI

L
dt dt

e
Y

=- =-
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ҹ̔

,
/

L
dI dt

e=- ̔ ,L
I

Y
=

ң ץ ᵬL ӈ̆L ᵝ ֠≠̂H̃̔

3 61 1
1 10 10 .

1 1

wb V s
H mH H

A A
m

Ö
= = = =



http://upload.wikimedia.org/wikipedia/commons/f/f7/Birthplace_Of_Modern_Electricity.jpg
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̔ ҍ ᾝ Ȃ

1ҩ ̆ ԅ ̆Ӟ
↕ ԅ ᾝ ̆

׆ ⌠ԅ לꜚ
̂ҍ ̃Ȃ
̆ ҉ Ҋ̆ Lѿ Ȃ

n

I

Ҋ 2ҩῈ ҉ Ҋ ̔

LIY= /d dt=- YE

҉ ԅ ȁ לꜚ ᾝ ̆ ױ
̆ ṿ ҍ Ȃ
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ᶛ ̔ ҹ l Ȃ

̔ BððFððL̕

2

1

R

R
S

B BdS ldrF= =ññ ñ

0 2

1

ln .
2

R
L l

RI

F
Ý = =

m

p

0 2

1

ln ,
2

l R

R

I
=
m

p
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̈ᶛ ̆≠ ΐ
ץ Ҭ ̕

Ҭ ץ ῍
̈

֓ ’Ҋ ̆ ᾧ̈

ᶛ ̆ ΐ ̆ ԍ
Ҭ ̆ Ҭᴪ֟ ̆לꜚ

ᴪᶏ ₯ ֟ ̈
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ѿҩ Ҭ
̆

֟ ̆
׆
ѿҩ Ҭ֟

̆לꜚ ҹԑ ̈ לꜚ ҹԑ ꜚ
̈ל

̆ѿҩ Ҭ ԑ Ҍֽҍלꜚ ѿҩ Ҭ
῏̆ ғӞҍңҩ ץ ױ

ӊ ᵝ ῏̈
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̆ 1Ҭ I1 ֟ B1, 

ҍ 1 2 ҹY12. ȁ

ᵝ Ḡ Ҍ ̆ ̆↕
̇ ᴠ ̆Y12 ԍI1̆

12 12 1,M IY =

ῒҬM12 ҹԑ ̆
ῒ ᵝҍ Ȃ
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̆
I1 ̆ 2Ҭ

֟ ҹלꜚ

12 1
2 12

d d
,

d d

I
M

t t

Y
=- = -E

̆ I2 ̆ 1Ҭ֟ ҹלꜚ

21 2
1 21

d d
.

d d

I
M

t t

Y
=- = -E

̆҉ ңҩԑ ̆

12 21 ,M M M= =
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̆ ԍΐ ԑ ңҩ Ҭ ᴋᵥѿҩ̆
Ҭ ̆ ᴪ ѿ Ҭ֟

̈לꜚ

2 1

1 2/ /
M

dI dt dI dt
=- =-

E E
ῒҬ̆ 2 12 1 21

1 2

.
N N

I I

F F
= =

ҍ ̆ ױ ץ ѿҩ ῤ
ҹ ᾝ Ȃ

1 2Ҭ
ꜚ̆ 1

2Ҭ֟ ҍ 2

Ҭ ԑ
ⱴ ̆↕ԑ ̆
ӊ̆ Ȃ
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Ӟ ץ 1 2Ҭ ̆ᵖ ԑ
ҍ ԑⱴ ⁞ M Ȃ

ԑ ᶏ Ḥ ѿҩ ᴰ ⌠ ѿҩ
ѿ Ҭ ̈

ᵖ ̆ ֓ ’Ҋ̆ԑ ̈ᶛ ̆ ӊ

ᴪ ԍԑ ԑ ̆ ̆
⁞ ̈

Ҋ ̆ᵞ Ҋ ᵣ
Ạ ̈ ѿ֓ Ҭ̆

̈
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№≢ҹL1 L2

ңҩ ұ ̆
ץ ѿҩΐ

L ̈ L

Ҍֽҍңҩ
L1 L2 ῏̆ ҍ

ңҩ ԑ M

ұ ῏̈
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a ңҩ ̆ ң
ⱴ ̆ לꜚ ԑ לꜚ ̆

1 1
1

d d

d d

I I
L M

t t
e - -=

1 2

d
( 2 ) ,

d

I
L L M

t
= - + +

2 2
2

d d

d d

I I
L M

t t
- - =

̔ 1 2 2 ,L L L M= + +
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ԍңҩ ’̆ b ̆ңҩ
⁞ ̆

1 2 2 .L L L M= + -

1 1
1

d d

d d

I I
L M

t t
e +-=

1 2

d
( 2 ) ,

d

I
L L M

t
= - + -

2 2
2

d d

d d

I I
L M

t t
- + =

̆ץ
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ü3.4  ԑ ҍ ῏

ᵝ Ҍ ̆M

ṿҌ ̕ңҩ
̆ №≢ҹN1

N2 ̔

212 1,kFF = 20 1;k¢ ¢

a                 b                   c

1

2

21 1 2,kFF =
10 1;k¢ ¢

12 1 21 2( ) , ,a F =F F =F

k1= k2= k = 1, ̕
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12 1 21 2( ) , ,b F <F F <F

a          b        c

1
2

̕k1= k2= k < 1,

ῒҬ ҹ Ȃ

12 21 2 1( ) 0, 0, 0,c k kF = F = = =

Ȃ

1 2 1 2 1 2.M k k L L k L LÝ = =

1 2 1 2,k k L L=1 2 2

1

1 2

2

2 1N kN

I

k
M

I

FF
\ =

12 21 ,M M M= =

1 2k k k=
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1 2 1 22 ;L L L L L= + +

1 2 1 22 .L L L L L= + -

Ҭ̆4ҩ
₮ לꜚ
ҍ ⱴ
̆ ₮
̔

̔
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ü4.1  LR Ҭ

ü4.2   RC Ҭ

ü4.3   LCR Ҭ



ü4.1   LR Ҭ
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ҍ ̆
ᵬ Ҋ̆ ᵬ ᶏ Ҭ

҉ Ҍᴪ ̆ ̈
ᵬ Ҋ̆׆ ⌠ ԍ
̆ ҹ (transient state process)̈
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ᾟ ̔ ҹלꜚ ĕ ῤ ҹ ̕S 1̆
̕∆ ᴆ̔t = 0,  i0 = 0̕

,L iRe e+ = ,L

di
L

dt
e=-

,
di

L iR
dt

e+ =ť
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( ),
di iR R

i
dt L L R

e e-
= =- -

,
di R

dt
L

i
R

e
=-

-

0 0
,

i tdi R
dt

L
i

R

e
= -

-
ñ ñ ( ) (1 ).

R

L
t

i t e
R

e -

= -

№ ҉ № ̔

̔ ⌠ ṿ ̆ S ⌠2̆

,L

di
iR L iR

dt
e= ½½­- =

0 0( ) ,
tR t

LIi t e I e t
--

= =

ῒҬt̗ L/Rҹ LR Ȃ
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RC ̆Ӟ
RC ᾟ ̈

ᾟ ̆

,C RU U e+ =

,
dq q

R
dt C

e+ =

0( ) (1 ),
t

q t q et
-

= -

̔ i̗dq/dt῀ף

∆῀ף ᴆ̔t̗0̆
q̗0̆ ̔

ῒҬt̗ RCҹ RC

Ȃ

,
q

iR
C

e+ =
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̆

0 0,C R

q
U U iR

C
+ = ½½­ + =

0,
dq q

R
dt C
+ =

00, ,t q q Ce= = =

0( ) .
t

q t q et
-

=

∆῀ף ᴆ̔
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LR RC

∆ ᴆ

̂t̗0̃ ̂tʐÐ̃

LR i̗0 i=e /R L/R

i=e /R i̗0 L/R

RC

q= 0

Uc̗0

q=Ce 

Uc̗e

RC

q=Ce 

Uc̗e 

q= 0

Uc̗0

RC
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≠ ҉ ῏ԍRC LR

̆ ץ Ҭ
ᾟ

№ №≢ҹ

S

S

,( 1

0 ( 2

di q
L iR

dt C

eë
+ + =ì

í

̃

̆ ̃

ԍ

ԍ

2

2

,

0;

d q dq q
L R

dt dt C

eë
+ + =ì

í

̔ i̗dq/dt῀ף

῏ԍq ԋ № Ȃ ῀ ⱬ l ̔

,
2

R C

L
l=
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ҍ
℗῏ ̆

№҈ ̔

҉ ҹᾟ Ҭ̆3

q ̕

l >1,  ̕
l =1,  ҳ ̕
l <1, Ȃ

ҹ Ҭ Ȃ
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̔

̔ ȂA117 1010 -- -

̔ Ȃ
ῒ №ҹ ӄ ȁ

Ȃ

̆ѿ ⌠ ̆
̆ ץ Ҭ ᶏ ԍҳ

*Ȃ

ᵬ ̔ Ҭ
̆ Ҭ ⌠ ⱬ ̆

ꜚ ᴪ֟ ̆
ңҩⱬ̂ ̃ҍ

ⱬ Ȃ Ẓ
ԅ Ȃ



̔ ῤ ‖ ץ̆ ҍ
῏ Bȁ ̂ ̃ȁ Ȃ

ҍ ᵌ̆ᵖ ꜚ ̆
̂ ̃ ̔T~20s̕

̔T~1-2sȂ

̔ Ẓ ̕
‖₯ ̔ ѿ ̂‖ ̃Ȃ

‖₯
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Ҭ̆ ῏Sṕ
1 ̆ ҹL ҍ

̆ i ⌠
ṿĬ ֦ ̕

ѿ Ҭ֟
לꜚ ҍ ̆

ᵬ ̆ eLלꜚ ᵬ ⱳ̈
I ҩ Ҭ̆ Ҍֽ ᶫ Ҭ

֟ ̆ ғ לꜚ
ᵬⱳ̕
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( ( ))L tdW i t dte=-

0

I

LidiW dW= =ñ ñ№ ̔ 21
,

2
LI=

di
L

dt
idt= Ö ,Lidi=

ῒᾝⱳҹ̔

לꜚ ᵬ
ⱳ̆ ҹỮ Ҭ

̆ ҹ ̆
WL Wm ̈
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⁞ Ҭ ֟ לꜚ ҍ
ѿ ̆ ⁞ ᵬ ̆

ᵬלꜚ ⱳ̆

di tW e=ñ

21
.

2
LW LI=

℗ ̆ Ҭ i ṿ I ⁞ ⌠ ̈

di t
di

L
dt

=-ñ
0

d
I

i iL=-ñ
21
.

2
LI=

℗ ̆ ҬỮ לꜚ
ᵬⱳῃ ₮ ̆ ̈

ӊ̆ ҹL ̆ I Ữ
ҹ
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ңҩ 1 2̆
ױ №≢ҹL1 L2̆

ԑ ҹM̆ ῒҬ№≢
I1 I2̈

Ҭ̆ ԅᶫ Ҭ֟
ᵬⱳלꜚ ̆ ԑ לꜚ

ᵬⱳWMȂ
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1 2ԑ ̆ ’
̆ Ҋץ ̔

1ȁᾢ 1Ҭ
I1̆ Ḡ 2Ҭ ̂ ץ ҉ ̃̆ 2

1 ԑ ̆לꜚ ᾥ ԑ Ạⱳלꜚ
̕

2ȁ Ῥ 2, I2, 1Ҭ I1Ҍ
( ѿҩ 2 1 ԑ ),

1Ҭ ԑ לꜚ Ạ ⱳ ԑ Ȃ



88

ԋ ̆ 1Ҭ ԑ לꜚ Ạ
ⱳҹ̔

1 1
0

2W I dte
¤

-=ñ
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2121 1 2 1 2
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M II IM di= =ñ

1
12 2 2 12

0 0
'

di
W I dt I M dt
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e
¤ ¤

=- = =ñ ñ
1

12 2 1 12 1 2
0

.
I

M I di M I I= =ñ

ᾢ I2̆Ῥ 1̆ Ạ ⱳҹ̔

ҍ ᾢ ῏̆ W̗Wô̆
ץ ԅ M21̗ M12̗ MȂ

2
211

0
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I

i
M

t
dt

d

¤

=ñ
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ңҩ ̔

2 2

1 1 2 1 22

1 1

2 2
,m L I L IW MI I= ++

2 2

1 1 2 2 12 1 2 21 1 2

1 1 1 1
,

2 2 2 2
mW L I L I M I I M I I= + + +

2

1 1,

1 1
.

2 2

k k

m i i ij i j

i i j i

W L I M I I
= = ¸

= +ä ä

Ώ ̔

⌠ᴋ kҩ ̔
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2

1 1,

1 1
.

2 2

k k

m i i ij i j

i i j i

W L I M I I
= = ¸

= +ä ä

҉׆ Ὲ ̆ Ҍ ̆ᵖԑ
ץ ̈

ᶛ ̆ 1Ҭ I1 ֟ 2

ҍ 2Ҭ I2 Ҭ ֟ ̆I1

ҍI2 ̆ԑ ҹ ̕

↕̆I1ҍI2 ̆ԑ ҹ ̈
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ᵬ ̆ Ҭ ̆ ױ
׆ץ Ὲ ₮ Ὲ ̈

ҹR̆ ҹN̆ῒҬᾟ
ҹmr ׃ ̈

̆ I ̆ ץ ⌠

VnL r

2

0mm=
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2 2
V B HHB V= = Ö
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1 2i i i= +

ᶛ ̔ ̆U=220V̆R1=
10ł̆ R2=100ł̆L=10H. (1)

̆
ῤ R2҉ ₮ Ȃ

(2) ̆℗ ̆
ῤ R2҉ ₮ Ȃ

K
i

1R

LU

1i 2i

2R

̔
̔

1
1

di
iR L U

dt
=- + 1 1

2 2 ( )
di di

i R L L
dt dt

=- - =

[1]

[2]

̔[2]῀ף[1] 1
2 1 1

1

1
( )

di
i U L i R

R dt
= - -

[3]

̔[3]῀ף
1 1 2 2

1

1 2 1 2

+
di R R R

L i U
dt R R R R

=
+ +
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K
i

1R

LU

1i 2i

2R

ҩ № ̆≠ ∆ ᴆ
t=0, i=0̆ ̔

K׆ ⌠ ̆R2҉ ₮ ҹ

( )
1 2

1

1 1 2

[1 exp( )]
R RU

i t
R L R R
= - -

+

῀ף ṿ̔

( )
1 2

2

1 2 1 2

exp( )
R RU

i t
R R L R R
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+ +
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2
2

2 2 2
0

1 1 22

U L
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R R R

¤
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+ñ
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2

220 10
J 220J

2 10 10 100
Q

³
= =
³ ³ +

⌠ ̆i2=0̆i1=U/R1=I1. Ῥ ῏K
̆ R2 ₮ LҬỮ
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1 1 220
10 J 2420J
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W LI
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1911 ̆ · ῤ
‛ ₃ץ ̆

ῒ ̆
T=4.15K

⌠ ̆ ҹ
̈ΐ

(superconductivity) ᵣ̆
ҹ ᵣ(superconductor)̈

ᵣ ҹ ̆ ҹ ̆
ҳ ̆ Tc ̈
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ѿ Ҭ ԅ ̆↕
₃ ׅ Ҍ⌠ ⁞̆

(persistentcurrent)̈

ף ⱬת ̆ ᶏ ̆ῒ
Ӟ ԍ10̇ 28 Wm̈ ҩṿ ԍ

ׂ ⌠ ᵞ ̆ ץ ҹ
ҹ ̈



102

1914 ̆ · ῤ ̆
ᵣ ԍ Ҭ̆

⌠ ѿҳ ṿBc ̆
ᵣҬ
ѿҳ ṿ jc ̆ ᵣ

׆ ҹ
ױֲ̈ ҳ

Tcȁҳ Bc

ҳ jc
̆

҈ҩҳ ṿ
҈ ῤ̈ץ



¹

¸ 1895

-192ºCðð81.15ºK

¸ 1895

¸ 1898 Dewar

-253ºCðð20.15ºK

¸ 1908 . Kamer lingh Onnes

-268ºCð4.25ºK

¸ 4.25º

Kð1.15ºK



̔
׃

http://www.iop.cas.cn/chaodao/cdxgsp/201401/t20140110_4021343.html



̔BCS -> ᾥ ῌ 40K
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ץ ѿױֲ̆ ҹ ҳ
ꜜⱬ̆ № ̆1973 ⇔

( Nb3Ge, Tc = 23.2 K) Ḡ ԅ12 ̈

⌠1986 4 ̆ יּ ῗ ̆ѿ
ԍ30 K̆׆ ԅ ῃҕ

̆ ң
ҳ ⌠ԅ110 K̆⌠1993 3 ⌠ԅ

134 K̈

->           ->                           ᵣ



̔



̔
2008 2 Ҋ ̆ (Hosono) ̔

F LaOFeAsҬ ҹ26K Ȃ



Ҭ ᾥ ῌ ̆
ᵣҹ ѿ ᵣ̕⇔ Ḡ

ᵣҳ éé



http://www.iop.cas.cn/chaodao/cdxgsp/201401/t2014

0110_4021472.html
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¹ 1933 Meissner Oshsenfeld

ðð

¹ 20

¹

ðð

ü6.2  



¹ ᵣ 0=r ¤­s 0̗iEEÝ=
dd
sj

Â ᵣῤҌ

Â ᵣῤӞҌ
0=³-Ð=

µ

µ
\ i

i

t
E

B

tµ

µ
-=³Ð

B
ED

Â ᵣ ץ ᵣ ΐ ץ
Ҋ ̔
ÂB



¹

ᵣ Ҍ ̆
ῤ



¹ ̔

ῤ



¹ 1933 Meissner Oshsenfeld

¸ T<Tc B
B=0

¸

¸

¸



Max Planck



¹

¹

¹

¸ T>TC B>BC̆

¸ T<TC B<BC̆

¸ B=0ðð

¹

¹
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ᴆҊ̆ ᵣ ѿ ̆ҍ
⌠ ѿ ΐᵣ ῏̈ ῃ

ᵣ ңҩ ̈
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ü6.3*  ԋ ᵣ ҍᴶ

ᵣ ῃ ץ ԋ ᵣ (two-

fluid model) ᴶ (London equation) ̈
ԋ ᵣ Ẋ ̆ ᵣῤ ң ðð

̆ ΐױ Ҍ ̈ѿ ̆
E ̆ ׆

Ej s=n

ѿ ̆ Ҍ ׆ ̆ ⱬ ᵬ
Ҋ̆ ׆ ԋ ⱴ

s s

d
,

d
m e

t
=

v
E
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Ҭmsȁes v ȁ ꜚ ̈
ns ̆↕
ҹ

s s

d
,

d
m e

t
=

v
E

vj sss en=

[1]

҉ [1]῀ף s
s2

s s

,
m

n e t

µ
=

µ
E j

ҹᴶ ѿ ̈

ᴶ ѿ ῀ף №

,
t

µ
Ð³ = -

µ

B
E

ᴶ ԋ
Bj

s

2
ss

s
m

en
-=³Ð



ᴶ ̆ ̆Ҍ ׆
̈

Ҋץ ≠ױ ᴶ ᵣ ῃ ̈
ᴶ ѿ ̆ ԍ ᵣῤ ̆
ᵣῤ ҹ ̕Ῥ ̆
Ӟҹ ̈ № Ώҹץ

҉ ң ̆ ≠ ᴶ ԋ ̆
s0 jB m=³Ð

0
1
2

2 =-Ð BB
l

ῒҬ
m10)( 72/1

2
ss0

s -º=
en

m

m
l

[2]
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ҹᴶ (London penetration depth)̈

ᵣ z = 0̆ x ̆ [2]

ץ ⁞
῀ ᵣ ̆
Ҍ ῀ ᵣῤ ̆ ̈

(a) ̆ ( ) ῀ ᵣ
₮ ̕ ֟ ( )

ᵣῤ ῃ ׆̆ ᶏ ᵣῤ
Ҍ ̆ ᵣ ῃ ̆ (b) ̈
ѿ Ҍ ԅ̆ Ӟ ԅ.

x
zBz eB
l/

0e)( -=

/0
s

0

( ) e z

y

B
z l

m l

-=-j e
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¹ 1950 Ҍ ᵝ ᵬ
ԅ ᵝ ̆ ҳ ҍ ᵝ
῏

1 2

cT M-´ cT Ma´
Ҍ -1/2

ῒ
ᾝÂ ᵝ ̆Tc

Âᵬ ̔ҹ └
ᶫԅѿ Ȃ

Â ҹָӇ Ӈ ̙



2009.1
2

¹ ( )

¸ ð

¸ ð

¸ ð

¸

¹ ?

¸ Tc

¸ M

¹ ð



ð

¹

¹

¹ ð

¹

ð
BCS

cT Ma´ M ­¤ 0cT ­



¹

¸

ðð

¸ 1950 1954

¸ 1961

¹

¸ 1962 Josephson

¸

15

0 2.06783461 10
2

h
Wb

e

-F = = ³

6.4  



¹ Josephson

¸ 10 3ðð10 4mm

Josephson

¹ Josephson

¸

¸

2eV
w=

http://en.wikipedia.org/wiki/File:Single_josephson_junction.svg


¹ Josephson

2eV
w= Vw Z/eÝ

Â

, Josephson
Z/e



SQUID̂Superconducting Quantum 

Interference Devicẽ

¹ Josephson SQUID
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ü6.5   

1911׆ ץ ױֲ̆ ѿ
└ ½½ ᵣ̈ᵖֲפ

̆ ᵣ ԅ̆
׆ ҹ ⌠ԅ ̈

⌠1961 ̆ ῗּי(J.E.Kunzler) ֲ≠ Nb3Sn 

└ ԅ ֟ 9T ̆
ԅ ̈

ᵣ



~10Tesla
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ᵣ ᵣᴨ ̈ ᾢ̆
ᵣ ̆ ץ
̈ Ҭ̆ ԅ
ᵣᵬҹ ᴆ̈

ῒ ̆ ץ ̆ ᵣ
ᵣ ̆ ̆ ғ ץ ῏ԍ

̈

̆Ҭ ᵣ └ᵬ ᶏ Ḃ̆
ױ ҹ ̆ ҹ ῍

(NMR) ת ῍ Ἕ(MRI) ῏ ᴆ̆
2001 └ 21.6 T ᵣ̈



The new record-breaking magnet combines conventional and high-temperature 

superconductors together to achieve the 32 tesla system. And itôs the first 

superconducting magnet system available for researcher use to incorporate 

YBCO, a high-temperature superconducting ceramic composed of yttrium, 

barium, copper, and oxygen. Thatôs a big deal.
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ᵣ ᵬ ̆ ҹ
ѿ֓ ꜚ ̆ᶏ

ᵣ ╠ ̈

ᶛ̔ Ҋ ̆ ᵣң ѿ ῏̆
ᶏ ᵣ ᵬ (persistent current) ̆
⌠ ῒ ̆ᶛ ᶏ ῍

҉̈ ̆ Ạ ץ

ҹԅ ᵣ ᵬ
̆ ̆ Ạ Ҝ

̆ └ ᵣ ѿ֓ ̈ ῒ
̆ ᵬ ᵣ Ҭ̆
̆ ≢ ̆

̈ ̆ ѿ Ḡ
ꜚ ̆ ℗ ᶫ ̆ ᶏ

₮ ̈
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ᶫ ⁞ץ̆ ̈
№ ᵬ ᵣ ꞉

(initiation) ̈

1E
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̔ ҉ ̆ ῏ ABң
ᵣ ҉̆ ѿױ ᵞ

ᵣ( )Ҭ̈ ̆ ῏ ⱴ Ҝ
ң ̆ ῏S2 Ҭ̈

ҹԅᶏ ҹL ᵣ꞉ ̆ ᶏ ῏
ҹ ̈ ↕̆ ԍ ῏ ̆

uAB=Ldi1/dt=0 ̆ ᴪᶏ ᵣ i1 ԍ∆ ṿ
꞉ ̈

ΐᵣ ꞉ Ҋ̔ᾢ ҉ S1̆ ῏
̆ᶏ( t < 0 )̔

2 0 1 1/ ,i I R= =E 0,ABu = 1 0.i =

ѿ ҉ ῏S2̆
ᶏ ῏ ԍ ̆ AB 

ҹRn̕ S2 ̆↕ ԍᵞ ᵣ
‛ ᵬ ̆ ῏ ̆ AB 

ҹ ̈
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҉S2̆ᶏ ῏ ⌠ ̆ῒ
ҹRn̈ԍ ̆ ᵣң ₮

῏ ҹ

ῒ ҩ꞉ Ҭ̆ ᵣ ῏
i1 i2 ̆ ׆ Ҋ № ̔

0 n( 0) ' ,ABu t I R= =

1
0

1 n

' ,I
R R

=
+

E

1
2 n

d
,

d

i
L i R

t
= 1

1 1

d
,

d

i
L i R

t
+ =E

Ẋ L̆Rn R1 ̆↕ ץ

/1
1

1

(1 e ),ti
R

t-= -
E

[1]

[2]

1 2 ,i i i+ =

/1
2

1 n

e ti
R R

t-=
+

E
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1 n

1 n

( ),
R R

L
R R

t
+

= [3]

Ҭt ꞉ ̈ ҉ץ
̆ ҩ꞉ Ҭ̆i1 ̆i2

uAB=i 2 Rn ⁞ ̕ ̆i2 uAB ԍ ̆
ᵣ ⌠ῒ ṿ i1=I 0=E1/R1̆꞉ ̈

҉̆҉ R1ṿ Ҍ Ҍ ̈
ᾢᶏR1ṿ ׆̆ ҉ S1 ῀ ῏

i2 =E1/R1 Ҍ ԍ ̕ ̆Ῥ ⁞ ᶏ ᵣҬ

ⱴ⌠ ṿȂ

[3] ̆RnҌ ̆ ↕ t ̆꞉
ԍ ̈
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S2 ̆ ᶏ ῏ ῀ ̆ ⱴ R1

ᶏᶫ i ⁞ ̆ ῏ i2
ԅ̕ ̆ ᶫ i S1̆↕ ̆

i1̗̇i2̆ Ҭ ԅ ̈

҉ץ ̆
Ȃ

ԅ ̂ ̃ ̂ ̃ ̆
Ḥ ̂ ̃ȁת ̂ ȁת ⱬ̃תȁ

Ӟ Ȃ




