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Chapter 1

1.1 1.2

1.3 1.4

1.5

1.1

1.1.1

1.

T λ λ+ dλ

dE dλ T λ

r

r(T,λ) =
dE(T,λ)

dλ
. (1.1)

1
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2 CHAPTER 1.

E(T ) =

∫ λ→∞

λ=0

dE(T,λ) =

∫ ∞

0

r(T,λ)dλ . (1.2)

2.

dEa(T,λ)

dEin(T,λ) a

a(T,λ) =
dEa(T,λ)

dEin(T,λ)
. (1.3)

ρ(T,λ) t(T,λ)

ρ(T,λ) =
dErefl(T,λ)

dEin(T,λ)
, (1.4)

t(T,λ) =
dEtrans(T,λ)

dEin(T,λ)
. (1.5)

3.

a(T,λ) + ρ(T,λ) + t(T,λ) = 1 . (1.6)

t(T,λ) ≡ 0 a(T,λ) =

1 ρ(T,λ) = 0.

a(T,λ) ≡ 1

(1)

t(T,λ) ≡ 0

a(T,λ) + ρ(T,λ) = 1 .

a(T,λ) = 1 ρ(T,λ) = 0 .
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1.1. 3

(2)

a(T,λ) ≡ 1 .

r1 r2 r3 · · ·
a1 a2 a3 · · · O1 O2 O3 · · ·

r1(T,λ)

a1(T,λ)
=

r2(T,λ)

a2(T,λ)
=

r3(T,λ)

a3(T,λ)
= · · · · · · = f(T,λ) . (1.7)

r(T,λ) ≤ rB(T,λ).

1.1.2

1.1

Figure 1.1:

1.
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4 CHAPTER 1.

19

1.2

Figure 1.2:

2.

(1)

J. Stefan L. E.

Boltzmann

E = σT 4 , (1.8)

σ = 5.639× 10−8 W/(m2K4). –

(2)

1.2

W. Wien

λm

T λmT

λmT = b , (1.9)

b = 2.898× 10−3mK

1.
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1.1. 5

T λ

λ λ ν = c
λ

ω = 2πν = 2πc
λ = 2πck c k = 1

λ

L D(ω)

D(ω)dω = dnxdnydnz = d
( L

λx

)

d
( L

λy

)

d
( L

λz

)

= V dkxdkydkz ,

V = L3

λ
2

(k, θ,ϕ)

D(ω)dω = V · 2 · 4πk2dk = 8πV
ω2dω

(2πc)3
=

8πV

c3
ν2dν .

λ

D(λ)dλ =
8πV

λ4
dλ .

ν

D(ν) =
8π

c3
ν2 , (1.10)

λ

D(λ) =
8π

λ4
. (1.11)

Γ = 1
4nv = 1

4cD.

ε = kBT r = Γε

rB(T,λ) =
2πc

λ4
kBT . (1.12)

– Rayleigh–Jeans
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6 CHAPTER 1.

2.

λ

ε ∝ 1
λ n(ε) ∝ e

− ε
kBT

ε ∝ εe
− ε

kBT ∝ 1
λe

− c2
λT Wein

rB(T,λ) =
c1
λ5

e−
c2
λT . (1.13)

c1 c2

3.

–

1.3

Figure 1.3: –

λm/2

1.3

-

1.1.3
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1.1. 7

-

Max Planck -

—

ε0

E = En = nε0 ν

ε0 = hν h = (6.6256± 0.0005)× 10−34 Js

P (ε) ∝ e−βε ,

β = 1
kBT

ε =

∞
∑

n=0
nε0e

−β nε0

∞
∑

n=0
e−β nε0

= −
∂

∂β

[

ln
(

∞
∑

n=0

e−β nε0

)]

.

{e−β nε0 , n = 0, 1, 2, · · · ,∞} e−βε0

∞
∑

n=0

e−β nε0 =
1

1− e−βε0
,

1

ε =
ε0e

−βε0

1− e−βε0
=

ε0
eβε0 − 1

.

rB(T,λ) =
2πc

λ4
ε =

2πc

λ4
ε0

eβε0 − 1
. =

2πc

λ4
hν

e
hν

k
B

T − 1
.

ν = c
λ

rB(T,λ) =
2πhc2

λ5
1

e
hc

λkBT − 1
. (1.14)

1 nε = 1

e

ε
kBT

−1

ε = εnε = hν

e

hν
kBT

−1
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8 CHAPTER 1.

Planck

kBT ' hc
λ e

hc
λkBT ( 1

rB(T,λ) =
2πhc2

λ5
1

e
hc

λkBT − 1
≈

2πhc2

λ5
e
− hc

λkBT .

c1 = 2πhc2 c2 =
hc
kB

kBT ( hc
λ e

hc
λkBT − 1 ≈ hc

λkBT

rB(T,λ) =
2πhc2

λ5
1

e
hc

λkBT − 1
≈

2πhc2

λ5
1
hc

λkBT

=
2πc

λ4
kBT .

–

–

–

1.

1.2

E = σT 4 ,

σ = 2π5kB
4

15h3c2 = 5.639× 10−8 W/(m2K4). –

σemp

2.
drB(T,λ)

dλ = 0
d2rB(T,λ)

dλ2 < 0 rB(T,λ)

λmT = b ,
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1.2. 9

λm b= hc
4.965kB

2.898× 10−3mK

u = 4
E

c
.

p = 1
3u

2016

p =
1

3
aT 4 , (1.15)

a = 4
cσ = 8π5kB

4

15h3c3 .

1.2

1.2.1

1887 Heinrich Hertz

“ ”

” ”

Annalen der Physik. 1887, 267: S. 983 (1887)

Wilhelm Hallwachs Augusto Righi
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10 CHAPTER 1.

Aleksandr Stoletov “

” Johann Elster Hans Geitel

“ ”

1888 1891

1897–1899

1902 Phillips Leonard

1.4

Figure 1.4:

λ K A

K A

Figure 1.5:
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1.2. 11

(1) νs νs

(2)

1.5

Is ∝ E E

(3) 1
2mv2max

U0

νs e

1

2
mv2max = e(U − U0) ∝ (ν − νs) . (1.16)

(4)

3× 10−9

1.2.2

1
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12 CHAPTER 1.

J.D. Jackson,

3 7

– W P

n d

τ

P τ = dnW .

τ =
dnW

P
.

n W P d

( )

1.2.3 —

·
hν h ν

1905 “

” Annalen der Physik 322, 132-148

(1905)

1921
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1.2. 13

T ν

1.10 ν
T ' 1 1.12

- ν
T ( 1 1.13

1.13 c2 = hc
kB

c kB

h

r(T, ν) =
2πhν5

c3
e
− hν

kBT . (1.17)

ν r

V

S = V

∫ ∞

0

Φ(r, ν)dν ,

Φ(r, ν)
∫∞
0 r(ν)dν

δ

∫ ∞

0

Φ(r, ν)dν = 0 , δ

∫ ∞

0

r(ν)dν = 0 .

λ
∫ ∞

0

(∂Φ

∂r
− λ

)

drdν = 0 .

dr dν

∂Φ

∂r
− λ = 0 .

∂Φ
∂r = λ ∂Φ(r,ν)

∂r ν

r

dS = V

∫ ∞

0

∂Φ

∂r
drdν = V

∂Φ

∂r

∫ ∞

0

drdν .

∫∞
0 drdν

dS = V
∂Φ

∂r
dE = V

∂Φ

∂r
d−Q .
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14 CHAPTER 1.

dS = d−Q
T

V
∂Φ

∂r
=

1

T
.

E(T, ν) Wein

r(T, ν) =
E(T, ν)

V
c =

2πhν5

c3
e
− hν

kBT ,

e
− hν

k
B

T =
c4E

2πhν5V
.

1

T
= −

kB
hν

ln
( c4E

2πhν5V

)

.

∂Φ

∂r
= −

kB
hν

ln
( c4E

2πhν5V

)

.

dS = V ∂Φ
∂r dE V0

∆S = S − S0 =
kBE

hν
ln
( V

V0

)

.

N = nNA NA

n hν

E = Nhν

∆S = S − S0 = NkB ln
( V

V0

)

= nR ln
( V

V0

)

,

R = NAkB
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1.2. 15

20

ε = hν h ν

ε = hν

“ε = hν ”

“ε = hν ”

1 4

ε = hν

εc = hνs

EK,max =
1

2
mev

2
max = ε− εc = h(ν − νs) .

3
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16 CHAPTER 1.

2

·
Robert A. Millikan “ ”

Na Mg Al Cu

Phys. Rev. 7,

355 (1915) 1923

1.3

1.3.1
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1.3. 17

X Compton Phys.

Rev. 22, 409(1923) 1.6

Figure 1.6: X

(1) λ , λ′

1.7

(2) λ′ − λ θ λ θ λ′

θ 1.7

(3) λ′ − λ

1.8

(4) λ λ′

1.8

1.3.2
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18 CHAPTER 1.

Figure 1.7:

θ

Figure 1.8:

Figure 1.9: X

X X

1.9

X m0 X

ν0 .̂k0 m

.v X ν .̂k c

h

hν0 +m0c
2 = hν +mc2 , (C1)

hν0
c
.̂k0 =

hν

c
.̂k +m.v . (C2)
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1.3. 19

.̂k .̂k0 θ

(C2)

(m.v )2 =
(hν0

c

)2
+
(hν

c

)2 − 2
hν0
c

·
hν

c
cos θ ,

m2c2.v 2 = h2ν20 + h2ν2 − 2h2ν0ν cos θ . (C3)

(C1)

mc2 = h(ν0 − ν) +m0c
2 , (C4)

(C4) (C3)

m2c4
(

1−
.ν 2

c2
)

= m2
0c

4 − 2h2ν0ν(1− cos θ) + 2m0c
2h(ν0 − ν) . (C5)

m =
m0

√

1− ν2

c2

,

m2
(

1−
ν2

c2
)

= m2
0 ,

(C5)

hν0ν(1− cos θ) = m0c
2(ν0 − ν) .

∆ν = ν0 − ν , ∆λ = λ− λ0 ,

ν = c
λ

h
c2

λ0λ
(1− cos θ) = m0c

2
( c

λ0
−

c

λ

)

= m0c
2 c∆λ

λ0λ
.

∆λ =
h

m0c
(1− cos θ) =

2h

m0c
sin2 θ

2
, (1.18)
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20 CHAPTER 1.

h
m0c

h

m0λ
= λC = 0.0243× 10−10 m = 0.00243 nm .

1.18

∆λ = 2λC sin2 θ

2
.

X

X

(1) ∆λ ∆λ = λ− λ0 > 0

λ0 , λ λ′

(2) ∆λ ∆λ = λ′ − λ θ

θ ∈ [0, π] θ θ

(3) ∆λ ∆λ = λ′ − λ

λ′ − λ

(4) ∆λ

X

λ λ′
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1.4. 21

λ λ′

QED

1.3.3

1927

1.4

X
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22 CHAPTER 1.

1.4.1

19

1897 J.J. Thomson

Thomson 1906 1910 R.A.Millikan

Milliken

1923

m = 9.1093897× 10−31 kg =

0.511 MeV/c2 e = −1.6021773× 10−19 C

1898 J.J. Thomson

/

1903 , P. Lenard
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1.4. 23

1904

1909 , H. Geiger E. Marsden RaBr2 α

7MeV 1.10 Proc. Roy.

Soc. A 82: 495 (1909) α 1
8000

α α

α

Figure 1.10:

Thomson

r0

r

F ∝







r , (r < r0) ,

1
r2 , (r > r0) .

α

Thomson
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24 CHAPTER 1.

α α

1911 E. Rutherford

, (< 10−14 m)

Rutherford

α

F ∝
1

r2

α

α

dσ(θ)

dΩ
= θ (1.19)

=
θ

. (1.20)

Z1e Z2e

α

Ek

dσ(θ)

dΩ
=

[ Z1Z2e2

4πε04Ek

]2 1

sin4 θ
2

.

A t N

n α , θ dΩ α

dn

dσ =
1

Nt

dn

n
.

dn

dΩ
= nNt

dσ

dΩ
= nNt

[ Z1Z2e2

4πε04Ek

]2 1

sin4 θ
2

. (1.21)
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1.4. 25

α 1.21 Z1 ≡ 2

t Z2 α Ek θ

Rutherford Geiger Marsden 1913

α

1.11

1.11

1908

( )

α Ek , p =
√
2mEk , b ,

( ) rm , pm , ,

Ek =
p2m
2m

+
Z1Z2e2

4πε0

1

rm
.

bp = rmpm .

θ

cot
θ

2
= 4πε0

2bEk

Z1Z2e
2
.

b pm

rm =
Z1Z2e

2

4πε0

1

2Ek

(

1 +
1

sin θ
2

)

.

1.4.2 —
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26 CHAPTER 1.

Figure 1.11:
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1.4. 27

1.

1.12 1.13

Figure 1.12:

Figure 1.13:
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28 CHAPTER 1.

(1)

(2)

1885

ν̃ = R
[ 1

22
−

1

n2

]

,

ν̃ = 1
λ = ν

c n = 3, 5, 5, , 6, · · · R R = 4
λ0

=

109677.6 cm−1 (λ0 = 364.57 nm)

ν̃ = R
[ 1

m2
−

1

n2

]

, (1.22)

R = 4
λ0

= 109677.58 cm−1 (λ0 = 364.57 nm) m n

n > m m n

m = 2, n = 3, 4, 5, 6, . . . , 1885

m = 1, n = 2, 3, 4, 5, . . . , 1906

m = 3, n = 4, 5, 6, , 7, . . . , 1808

m = 4, n = 5, 6, 7, 8, . . . , 1922

m = 5, n = 6, 7, 8, 9, . . . , 1928

1.14

2. —

(1)

ν̃ = R
[

1
m2 − 1

n2

]

ν̃ = T (m)− T (n) , (1.23)

T (m) T (n) TH(n) =
R
n2 TA(n) =

Z2RA
n2 RA R

A
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1.4. 29

Figure 1.14:

(2) —

1.23

– α T (2)− T (3) = ν̃(Hα)

–
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30 CHAPTER 1.

1.4.3 —

X

M. Born, and E. Wolf,

Principles of Optics (Pergamon, London)

1.4.4
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1.5. 31

1.5

1.5.1

· Niels Bohr

1913

1.

E1 E2 E3 · · ·

2.
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32 CHAPTER 1.

n m

hν = En − Em . (1.24)

ν n m

1.

Ek Ep E = Ek +Ep .

m

k x .v

E =
1

2
m.v 2 +

1

2
kx2 =

.p 2

2m
+

1

2
kx2 ,

.p = m.v

p2

2mE
+

x2

2E
k

= 1 .

a =
√
2mE b =

√

2E
k

∮

pdx = πab = π
√
2mE

√

2E

k
= 2πE

√

m

k
.

k m ν =
1
2π

√

k
m

√

m
k = 1

2πν
∮

pdx =
E

ν
.
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1.5. 33

E = nhν
∮

pdx = nh . (1.25)

ϕ
∮

pϕdϕ = nh .

pϕ =

2πpϕ = nh .

pϕ = L

L = n
h

2π
= n! , (1.26)

! = h
2π n

2.

me

rn vn

e2

4πε0r
2
n

= me

v2n
rn

.

rn =
e2

4πε0mev
2
n

.

.L = .r × .p

L = mevnrn .

mevnrn = n! .
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34 CHAPTER 1.

vn =
n!

mern
.

rn

rn =
e2

4πε0me
n2!2

m2
er

2
n

=
mee

2r2n
4πε0n

2!2
.

rn = n2 4πε0!
2

mee
2

= n2 ε0h
2

πmee
2
.

aB = r1 =
ε0h

2

πmee
2 = 5.29 × 10−11 m = 0.0529 nm

rn = n2r1 = n2aB . (1.27)

Ek =
1

2
mev

2
n =

1

2
me

n2!2

m2
er

2
n

=
n2h2

8π2me

1
(n2ε0h

2

πmee2

)2 =
mee

4

8ε20n
2h2

,

Ep = −
e2

4πε0rn
= −

e2

4πε0
·

1
n2ε0h

2

πmee2

= −
mee

4

4ε20n
2h2

.

En = Ek + Ep = −
mee

4

8ε20n
2h2

.

mee
4

8ε20h
3c

= R ,

En = −
Rhc

n2
. (1.28)
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1.5. 35

n 0

3.

n

En = −
Rhc

n2

R =
mee

4

8ε20h
3c

,

ν =
En − Em

h
= Rc

[ 1

m2
−

1

n2

]

.

m n

ν̃ =
1

λ
=
ν

c
= R

[ 1

m2
−

1

n2

]

, (1.29)

Rth = mee
4

8ε20h
3c

= 109737.3 cm−1 Rob = 109677.6 cm−1

“

1914

1.

– 1.15
U1 U2
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36 CHAPTER 1.

Figure 1.15: –

2.

0 U1

Ek .ve

Ek =
1

2
me.v

2
e = eU1 .

1.16

Figure 1.16: –

U1 < 4.9 V Ek <

4.9 eV U1

U1

U1 U1 < 4.9 V
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1.5. 37

U1 = U0 = 4.9 V Ek = 4.9 eV

U1 > U0 (= 4.9) V Ek > 4.9 eV

U1 U0 = 4.9;V U1

U1 U0 = 4.9 V

4.9 eV

U1 = U0 = 4.9 V U1 > U0

eU0

3.

“ 4.9 eV

K 0.1 eV

4.9 eV

Na K N

Na K N 2.12 eV 1.63 eV 2.1 eV

2 1922

Nobel 1925 Nobel
2

1918
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38 CHAPTER 1.

1.5.2

(1)

(2)

(3)

(1)

(2)

1925 W.K. Heisenberg M. Born E.P. Jordan

h –

1923 L. de Broglie 1926 E.

Schroedinger

–

1926 M. Born 1928 E.P. Jordan E.P. Wigner

1928 P.A.M. Dirac Dirac 1927

– 1929 Dirac QED 1950 R.H. Feynman

Mills 1960 – 70

QCD
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40 CHAPTER 1.

1.1. 135 J/(s ·m2)
◦C

1.2.

8.11 J 1.5

1.39 × 106 km 6000K -

1.3. 5700 ◦C 0.10mm

550.0 ∼ 551.0 nm

1.4. 4.8 × 10−14 J/m3

1.5.
◦C

1.6.

1.7. 1.80m 33.5 ◦C

1.8. (1.9)

1.9.

1 39.5 ◦C

2

33.5 ◦C 39.5 ◦C
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1.5. 41

1.10. 10−10W/m2

0.13 cm2 560 nm

1.11. 100 550 nm

1.12. Nhν N

ν h

1.13. 1W/cm2 1MHz

10MeV γ

1.14.

1.15. 600 nm

2.5V

1.16. Ca λ

U0

λ nm 253.6 313.2 365.0 404.7

U0 V 1.95 0.98 0.50 0.14

1.17. 2.3 eV

680.0 nm

1.18.

10−19 J
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42 CHAPTER 1.

1.19. ER Eγ,i

1.20. φ

θ cotφ =
(

1 + hν
mec2

)

tan θ
2

1.21. 0.500MeV X

0.100MeV X

X

1.22. 12MeV

1.23. 5.00MeV

1.24.

1.25. 137Cs 0.0188 nm γ

1.26.

1.27.

1913 α RaBr2

θ α

θ 45 ◦ 75 ◦ 135 ◦

Au 1435 211 43

Ag 989 136 27.4

Au 1.86 Ag 2.82 1.93 ×
104 kg/m3 1.05 × 104 kg/m3
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1.5. 43

1.28. 2.0MeV Au

0.8 fm Au

8.1 fm 2.0MeV

Au

1.29.

1.30. 12.5 eV

1.31. R Ze

1.32. v

v

1.33.

1.34. −13.6 eV

λLll λBll λPll λLsl λBsl λPsl

1.35. 365 nm

1.36. 10.19 eV 489 nm

1.37.

1.38. Hα

1.39.
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44 CHAPTER 1.

1.40.

n

En = −
1

2
m0c

2
(Zα

n

)2[

1 +
1

4

(Zα

n

)2]

,

m0 Z c α =
e2

4πε0!c


