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z = x+ iy

m
d2z

dt2
= −kz − α

dz

dt
+ F0e

−iωt (4)

z i

eiθ = cos θ + i sin θ (5)

(4)

z(t) = Ae−iωt (6)

A (4)

(6) (4)

A =
(k −mω2) + iωα

(k −mω2)2 + ω2α2
F0 (7)

(7) (6)

z(t)

z(t) =
F0

(k −mω2)2 + ω2α2

[
(k −mω2) cosωt+ ωα sinωt

+ i
{
ωα cosωt

− (k −mω2) sinωt
}]

(8)

(8)

x(t)= ℜ{z(t)} (9)

=
F0

(k −mω2)2 + ω2α2

[
(k −mω2) cosωt+ ωα sinωt

]
(10)

*1

*1

(8) y(t)

y(t) = ℑ{z(t)} (11)

=
F0

(k −mω2)2 + ω2α2

[{
ωα cosωt

− (k −mω2) sinωt
}]

(12)

(10) 90◦

3

x⃗ ϕ

ϕ(x⃗) = Aei(k⃗·x⃗−ωt) (13)

ω

(13)

k⃗ · x⃗− ωt = const. (14)

3

(13)

*2 ω/|⃗k| k⃗

|⃗k| 2π

k⃗

3

F (x⃗) =

∫ ∞

−∞
d3k⃗ F (k⃗) eik⃗·x⃗ (15)

(
F (x⃗) :

)

(15) k⃗

= k⃗0 ∆k

ω ω

∝ |⃗k| ω(k⃗)

*2
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ω |⃗k|
ω = ω(k⃗)

k⃗ k⃗0

1

ω(k⃗) ≈ ω(k⃗0) +
∂ω(k⃗)

∂k⃗

�����
k⃗=k⃗0

·∆k⃗ (16)

k⃗ = k⃗0 +∆k⃗ (17)

e−iω(k⃗)t (15)

F (x⃗) = ei(k⃗0·x⃗−ω(k⃗0)t)

×
∫

∆k

d3k⃗ F (k⃗) e
i∆k⃗·

(
x⃗− ∂ω(k⃗)

∂k⃗

����
k⃗=k⃗0

t

)

(18)

|∆k⃗| ≪ |⃗k| (18)

(18) 2

vg

(18)

v⃗g =
∂ω(k⃗)

∂k⃗
(19)

(18)

ω(k⃗0)/|⃗k0| vp

vp

vg

∆k⃗ (16)
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4.1

∇⃗ × E⃗(x⃗, t) +
∂B⃗(x⃗, t)

∂t
= 0 (20)

∇⃗ × H⃗(x⃗, t)− ∂D⃗(x⃗, t)

∂t
= 0 (21)

∇⃗ · D⃗(x⃗, t) = 0 (22)

∇⃗ · B⃗(x⃗, t) = 0 (23)

E⃗ H⃗ D⃗

B⃗ ∇⃗

∇⃗ =

(
∂

∂x
,
∂

∂y
,
∂

∂z

)
(24)

ϵ0 = 8.85418782× 10−12F/m (25)

µ0 = 1.256637× 10−6H/m (26)

D⃗(x⃗, t) = ϵ0E⃗(x⃗, t) (27)

B⃗(x⃗, t) = µ0H⃗(x⃗, t) (28)
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(20)

(23) E⃗ H⃗

∇⃗ × E⃗(x⃗, t) + µ0
∂H⃗(x⃗, t)

∂t
= 0 (29)

∇⃗ × H⃗(x⃗, t)− ϵ0
∂E⃗(x⃗, t)

∂t
= 0 (30)

∇⃗ · E⃗(x⃗, t) = 0 (31)

∇⃗ · H⃗(x⃗, t) = 0 (32)

(29) ∇⃗× (30)

∇⃗ ×
(
∇⃗ × F⃗

)
(33)

= ∇⃗
(
∇⃗ · F⃗

)
− ∇⃗2F⃗ (34)

(31) (32)

(
∇⃗2 − ϵ0µ0

∂2

∂t2

)
E⃗(x⃗, t) = 0 (35)

(
∇⃗2 − ϵ0µ0

∂2

∂t2

)
H⃗(x⃗, t) = 0 (36)

c0 = 1/
√
ϵ0µ0

c0 ≈
299,792,458 m/s

(13)

E⃗(x⃗, t) = A⃗E(k⃗, ω)e
i(k⃗·x⃗−ωt) (37)

(37) (31)

A⃗E · k⃗ = 0 (38)

E⃗ A⃗E

k⃗ H⃗

(37) (29)

H⃗(x⃗, t) = A⃗H(k⃗, ω)ei(k⃗·x⃗−ωt) (39)

H⃗H ∥ k⃗ × E⃗ (40)

3 k⃗ c0 = 1/
√
ϵ0µ0

k


E


H


3 E⃗ H⃗ k⃗

ϵ0 → ϵ µ0 → µ

ϵ µ

4.2

σ

J⃗ = σE⃗ (41)

J⃗ *3

∂D⃗/∂t

∇⃗ × E⃗(x⃗, t) + µ
∂H⃗(x⃗, t)

∂t
= 0 (42)

∇⃗ × H⃗(x⃗, t)− ϵ
∂E⃗(x⃗, t)

∂t
− σE⃗(x⃗, t) = 0 (43)

∇⃗ · E⃗(x⃗, t) = 0 (44)

∇⃗ · H⃗(x⃗, t) = 0 (45)

ϵ µ

(42) ∇⃗×

*3
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ϵ µ

(42) ∇⃗×

*3

4

(43)

(44)

(
∇⃗2 − µσ

∂

∂t
− ϵµ

∂2

∂t2

)
E⃗(x⃗, t) = 0 (46)

(47)

1

z z = 0

4 x

Ex(t) = E0e
i(kz−ωt) (48)

k (46)

k2 = ϵµω2 + iµσω (49)

σ/(ϵω) ≫ 1

k ≈ ±(1 + i)

√
µσω

2
(50)

(48)

|Ex(t)| ≈ |E0| e−
√

µσω
2 z (51)

δskin =

√
2

µσω
(52)

1/e ≈ 0.37

δskin

Skin depth 5

σ = ∞

4
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4.3

ϵr(ω) = ϵ′r(ω) + iϵ′′r (ω) (53)

µr(ω) = µ′
r(ω) + iµ′′

r (ω) (54)

ϵ(ω) = ϵ0ϵr(ω) (55)

µ(ω) = µ0µr(ω) (56)
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ϵ′r µ′
r 1 1 ϵ′′r µ′′

r

(27) (28)

(27) (28)

∇⃗ × E⃗(x⃗, t) +
∂B⃗(x⃗, t)

∂t
= 0 (57)

∇⃗ × H⃗(x⃗, t)− ∂D⃗(x⃗, t)

∂t
= 0 (58)

∇⃗ · D⃗(x⃗, t) = 0 (59)

∇⃗ · B⃗(x⃗, t) = 0 (60)

E⃗(x⃗, t) =

∫ ∞

−∞
dω E⃗(x⃗, ω) e−iωt (61)

D⃗(x⃗, t) =

∫ ∞

−∞
dω D⃗(x⃗, ω) e−iωt (62)

H⃗(x⃗, t) =

∫ ∞

−∞
dω H⃗(x⃗, ω) e−iωt (63)

B⃗(x⃗, t) =

∫ ∞

−∞
dω B⃗(x⃗, ω) e−iωt (64)

∇⃗ × E⃗(x⃗, ω)− iωB⃗(x⃗, ω) = 0 (65)

∇⃗ × H⃗(x⃗, ω) + iωD⃗(x⃗, ω) = 0 (66)

∇⃗ · D⃗(x⃗, ω) = 0 (67)

∇⃗ · B⃗(x⃗, ω) = 0 (68)

e−iωt

∇⃗ ·
(
∇⃗ × F⃗

)
= 0 (69)

(67) (68) (65) (66)

(67) (68)

(55) (56)

D⃗(x⃗, ω) = ϵ(ω)E⃗(x⃗, ω) (70)

B⃗(x⃗, ω) = µ(ω)H⃗(x⃗, ω) (71)

E H D B

(70) (71) (65) (66)

∇⃗ × E⃗(x⃗, ω)− iωµ(ω)H⃗(x⃗, ω) = 0 (72)

∇⃗ × H⃗(x⃗, ω) + iωϵ(ω)E⃗(x⃗, ω) = 0 (73)

(72) (73) ∇⃗×

(
∇⃗2 + k(ω)2

)
E⃗(x⃗, ω) = 0 (74)

(
∇⃗2 + k(ω)2

)
H⃗(x⃗, ω) = 0 (75)

k

k(ω) = ±ω
√

ϵ(ω)µ(ω) (76)

= ± ω

c0

√
ϵr(ω)µr(ω) (77)

= ± ω

c0

√
ϵ′rµ

′
r − ϵ′′rµ

′′
r + i(ϵ′rµ

′′
r + ϵ′′rµ

′
r) (78)

(74) (75)

(74)

(75)

x E⃗(x⃗, ω) =

(Ex(x⃗, ω), 0, 0) z

(74)

(
∂2

∂z2
+ k(ω)2

)
Ex(x⃗, ω) = 0 (79)

ω

Ex(x⃗, ω)e
−iωt ∝ ei(k(ω)z−ωt) (80)

= ei(ℜ{k(ω)}z−ωt)−ℑ{k(ω)}z (81)

z

6
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(74)

(
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Ex(x⃗, ω) = 0 (79)
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Ex(x⃗, ω)e
−iωt ∝ ei(k(ω)z−ωt) (80)

= ei(ℜ{k(ω)}z−ωt)−ℑ{k(ω)}z (81)
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6

(76)

ℑ{k} > 0 e−ℑ{k(ω)}z

1/ℑ{k}
1/e ≈ 0.37

c

c =
ω

ℜ{k(ω)}
(82)

=
c0

ℜ
(√

ϵr(ω)µr(ω)
) (83)

µ′
r =

1 µ′′
r = 0 ϵ′r > 1 ϵ′′r > 0

k(ω) =
ω

c0

√
ϵ′r(ω) + iϵ′′r (ω) (84)

=
ω

c0

√
ϵ′r(ω)

cos δϵ(ω)
ei

δϵ(ω)
2 (85)

δϵ ∈ [0, π/2) 6

tan δϵ =
ϵ′′r
ϵ′r

(86)

δϵ = 0 δϵ

δϵ

1

ℑ{k(ω)}
=

λ0

2π
√
ϵ′r(ω)

√
2 cos δϵ(ω)

1− cos δϵ(ω)
(87)

λ0 = 2πc0/ω

(82)

(85)

c =
c0√
ϵ′r(ω)

√
2 cos δϵ(ω)

1 + cos δϵ(ω)
(88)

ϵ′r

ε ’’r

δε ℜ

ℑ

εr

rε ’
6 ϵr δϵ

5

5.1

7 TEM (Transverse

ElectroMagnetic mode)

TEM

∇⃗
z

ω

∇⃗ = ∇⃗t + ∇⃗z (89)

∇⃗z =

(
0, 0,

∂

∂z

)
(90)

E⃗ = E⃗t + E⃗z (91)

E⃗z = (0, 0,Ez) (92)

H⃗ = H⃗t + H⃗z (93)

H⃗z = (0, 0,Hz) (94)

(72) (73)
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電場

磁場

7 WX77D 500 MHz TEM

θ
𝑟𝑟𝑟𝑟

𝑧𝑧𝑧𝑧

𝑦𝑦𝑦𝑦

𝑥𝑥𝑥𝑥

8 (r, θ, z)

∇⃗t × E⃗t(x⃗, ω)− iωµ0H⃗z(x⃗, ω) = 0 (95)

∇⃗t × E⃗z(x⃗, ω) + ∇⃗z × E⃗t(x⃗, ω)

−iωµ0H⃗t(x⃗, ω) = 0 (96)

∇⃗t × H⃗t(x⃗, ω) + iωϵ0E⃗z(x⃗, ω) = 0 (97)

∇⃗t × H⃗z(x⃗, ω) + ∇⃗z × H⃗t(x⃗, ω)

+iωϵ0E⃗t(x⃗, ω) = 0 (98)

E⃗z(x⃗, ω) = H⃗z(x⃗, ω) = 0 (99)

(95) (98)

∇⃗t × E⃗t(x⃗, ω) = 0 (100)

∇⃗z × E⃗t(x⃗, ω)− iωµ0H⃗t(x⃗, ω) = 0 (101)

∇⃗t × H⃗t(x⃗, ω) = 0 (102)

∇⃗z × H⃗t(x⃗, ω) + iωϵ0E⃗t(x⃗, ω) = 0 (103)

(100) (102) E⃗t

H⃗t

8

(r, θ, z)

E⃗t = E⃗r + E⃗θ (104)

H⃗t = H⃗r + H⃗θ (105)

E⃗t

E⃗θ = 0 (106)

E⃗r ∝ 1

r
(107)

8
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8 (r, θ, z)

∇⃗t × E⃗t(x⃗, ω)− iωµ0H⃗z(x⃗, ω) = 0 (95)

∇⃗t × E⃗z(x⃗, ω) + ∇⃗z × E⃗t(x⃗, ω)

−iωµ0H⃗t(x⃗, ω) = 0 (96)

∇⃗t × H⃗t(x⃗, ω) + iωϵ0E⃗z(x⃗, ω) = 0 (97)

∇⃗t × H⃗z(x⃗, ω) + ∇⃗z × H⃗t(x⃗, ω)

+iωϵ0E⃗t(x⃗, ω) = 0 (98)

E⃗z(x⃗, ω) = H⃗z(x⃗, ω) = 0 (99)

(95) (98)

∇⃗t × E⃗t(x⃗, ω) = 0 (100)

∇⃗z × E⃗t(x⃗, ω)− iωµ0H⃗t(x⃗, ω) = 0 (101)

∇⃗t × H⃗t(x⃗, ω) = 0 (102)

∇⃗z × H⃗t(x⃗, ω) + iωϵ0E⃗t(x⃗, ω) = 0 (103)

(100) (102) E⃗t

H⃗t

8

(r, θ, z)

E⃗t = E⃗r + E⃗θ (104)

H⃗t = H⃗r + H⃗θ (105)

E⃗t

E⃗θ = 0 (106)

E⃗r ∝ 1

r
(107)

8

H⃗t

H⃗θ ∝ 1

r
(108)

H⃗r = 0 (109)

(101) (103)

(104) (109)

∂2Er

∂z2
+

(
ω

c0

)2

Er = 0 (110)

∂2Hθ

∂z2
+

(
ω

c0

)2

Hθ = 0 (111)

(110) (111) ei
ω
c0

z e−i ω
c0

z

e−iωt

TEM z

e−i ω
c0

z TEM

Er(r, z, t) = aE0
1

r
eiω( z

c0
−t) (112)

Hθ(r, z, t) = a

√
ϵ0
µ0

E0
1

r
eiω( z

c0
−t) (113)

E0 z = t = 0 r = a

(101)

(103)

Z0

Z0 =
V

I
(114)

V I

a b

V Er

V =

∫ b

a

drEr (115)

= aE0e
iω( z

c0
−t) ln(

b

a
) (116)

(112)

r = r0 Hθ

I = 2πr0Hθ (117)

= 2πa

√
ϵ0
µ0

E0e
iω( z

c0
−t) (118)

(116) (118)

Z0 =
1

2π

√
µ0

ϵ0
ln

(
b

a

)
(119)

b/a

WX77D a = 16.7 mm b

= 38.5 mm (119) (25) (26)

Z0 ≈ 50 Ω (120)

50 Ω

75 Ω

50 Ω 75 Ω

TEM

5.2

z z

z

z eγz

E⃗(x⃗, ω) = E⃗
(t)
(x, y, ω)eγz (121)

H⃗(x⃗, ω) = H⃗
(t)
(x, y, ω)eγz (122)

γ z

(121) (122)

(74) (75) z

9
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[
∇⃗2

t + γ2 +

(
ω

c0

)2
]
E(t)

z = 0 (123)

[
∇⃗2

t + γ2 +

(
ω

c0

)2
]
H(t)

z = 0 (124)

(121) (122) (72) (73)

−iωϵ0E
(t)
x =

∂H(t)
z

∂y
− γH(t)

y (125)

−iωϵ0E
(t)
y = γH(t)

x − ∂H(t)
z

∂x
(126)

iωµ0H
(t)
x =

∂E(t)
z

∂y
− γE(t)

y (127)

iωµ0H
(t)
y = γE(t)

x − ∂E(t)
z

∂x
(128)

[
ω2ϵ0µ0 + γ2

]
E(t)

x = iωµ0
∂H(t)

z

∂y

+γ
∂E(t)

z

∂x
(129)

[
ω2ϵ0µ0 + γ2

]
E(t)

y = −iωµ0
∂H(t)

z

∂x

+γ
∂E(t)

z

∂y
(130)

[
ω2ϵ0µ0 + γ2

]
H(t)

x = −iωϵ0
∂E(t)

z

∂y

+γ
∂H(t)

z

∂x
(131)

[
ω2ϵ0µ0 + γ2

]
H(t)

y = iωϵ0
∂E(t)

z

∂x

+γ
∂H(t)

z

∂y
(132)

(123) (124) z

(129) (132)

TM(Transverse Magnetic)

Hz = 0

Ez = 0

𝑧𝑧𝑧𝑧

𝑦𝑦𝑦𝑦

𝑥𝑥𝑥𝑥
𝑎𝑎𝑎𝑎

𝑏𝑏𝑏𝑏

9 (x, y, z)

(a, b)

TE(Transverse Electric)

Ez = 0

∂Hz/∂n = 0 n

5.2.1

9

0 < x < a

0 < y < b

z

TE Ez = 0 TE

(124)

[
∇⃗2

t + γ2 +

(
ω

c0

)2
]
H(t)

z = 0 (133)

∂H(t)
z

∂x

�����
x=0,a

= 0 (134)

∂H(t)
z

∂y

�����
y=0,b

= 0 (135)

H(t)
z

H(t)
z (x, y) = H

(t)
0 cos

(mπx

a

)
cos

(nπy

b

)
(136)

H
(t)
0 x = y = 0

m n m n

10
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[
∇⃗2

t + γ2 +

(
ω

c0

)2
]
E(t)

z = 0 (123)

[
∇⃗2

t + γ2 +

(
ω

c0

)2
]
H(t)

z = 0 (124)

(121) (122) (72) (73)

−iωϵ0E
(t)
x =

∂H(t)
z

∂y
− γH(t)

y (125)

−iωϵ0E
(t)
y = γH(t)

x − ∂H(t)
z

∂x
(126)

iωµ0H
(t)
x =

∂E(t)
z

∂y
− γE(t)

y (127)

iωµ0H
(t)
y = γE(t)

x − ∂E(t)
z

∂x
(128)

[
ω2ϵ0µ0 + γ2

]
E(t)

x = iωµ0
∂H(t)

z

∂y

+γ
∂E(t)

z

∂x
(129)

[
ω2ϵ0µ0 + γ2

]
E(t)

y = −iωµ0
∂H(t)

z

∂x

+γ
∂E(t)

z

∂y
(130)

[
ω2ϵ0µ0 + γ2

]
H(t)

x = −iωϵ0
∂E(t)

z

∂y

+γ
∂H(t)

z

∂x
(131)

[
ω2ϵ0µ0 + γ2

]
H(t)

y = iωϵ0
∂E(t)

z

∂x

+γ
∂H(t)

z

∂y
(132)

(123) (124) z

(129) (132)

TM(Transverse Magnetic)

Hz = 0

Ez = 0

𝑧𝑧𝑧𝑧

𝑦𝑦𝑦𝑦

𝑥𝑥𝑥𝑥
𝑎𝑎𝑎𝑎

𝑏𝑏𝑏𝑏

9 (x, y, z)

(a, b)

TE(Transverse Electric)

Ez = 0

∂Hz/∂n = 0 n

5.2.1

9

0 < x < a

0 < y < b

z

TE Ez = 0 TE

(124)

[
∇⃗2

t + γ2 +

(
ω

c0

)2
]
H(t)

z = 0 (133)

∂H(t)
z

∂x

�����
x=0,a

= 0 (134)

∂H(t)
z

∂y

�����
y=0,b

= 0 (135)

H(t)
z

H(t)
z (x, y) = H

(t)
0 cos

(mπx

a

)
cos

(nπy

b

)
(136)

H
(t)
0 x = y = 0

m n m n

10

(136)

(133)

γ =

√(mπ

a

)2

+
(nπ

b

)2

−
(
ω

c0

)2

(137)

γ

ωc =
π

√
ϵ0µ0

√(m
a

)2

+
(n
b

)2

(138)

(136) (129) (132)
TE

(m,n)

E(t)
x = −H

(t)
0

iω

ω2
c ϵ0

nπ

b

cos
(mπx

a

)
sin

(nπy
b

)
(139)

E(t)
y = H

(t)
0

iω

ω2
c ϵ0

mπ

a

sin
(mπx

a

)
cos

(nπy
b

)
(140)

E(t)
z = 0 (141)

H(t)
x = H

(t)
0

−ik

ω2
c ϵ0µ0

mπ

a

sin
(mπx

a

)
cos

(nπy
b

)
(142)

H(t)
y = H

(t)
0

−ik

ω2
c ϵ0µ0

nπ

b

cos
(mπx

a

)
sin

(nπy
b

)
(143)

H(t)
z (x, y) = H

(t)
0 cos

(mπx

a

)
cos

(nπy
b

)
(144)

k =
γ

i
(145)

=

√(
ω

c0

)2

−
(mπ

a

)2

−
(nπ

b

)2

(146)

=
ω

c0

√
1− ω2

c

ω2
(147)

(147)

z

eγz−iωt = eik(z−
ω
k t) (148)

k = γ/i

z vp

vp =
ω

k
(149)

=
c0√

1− ω2
c

ω2

(150)

> co (151)

λwg λwg =

2π/k vp

λwg

vp

vem

Uem

P⃗

ℜ
{
P⃗
}
= (0, 0, Uemvem) (152)

*4 Uem P⃗

vem = c0

√
1−

(ωc

ω

)2

(153)

< c0 (154)

vg

(147) (19)

vg =
dω

dk
=

1
dk
dω

(155)

= c0

√
1−

(ωc

ω

)2

(156)

< c0 (157)

TE10 10

*4

11
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(b)
磁場

(a)
電場

(c)
表面
電流

𝑜𝑜𝑜𝑜 𝑧𝑧𝑧𝑧

𝑥𝑥𝑥𝑥

10 WR-1500 500 MHz TE10 (a) (b) (c)

(c)

(139) (148) m = 1 n = 0
TE10

Ex = 0 (158)

Ey = H
(t)
0 i

ωaµ0

π
sin

(πx
a

)
eikz−iωt (159)

Ez = 0 (160)

Hx = −H
(t)
0 i

ka

π
sin

(πx
a

)
eikz−iωt (161)

Hy = 0 (162)

Hz = H
(t)
0 cos

(πx
a

)
eikz−iωt (163)

x-z Hx

Hz 90 10(b)

y

x = a/2 10(a)

Ey

x-y Ey x = 0 x = a

z

z 11

x θ

(159)

11

λ0

2
= a sin θ (164)

vp = c0/ cos θ > c0 (165)

vg = c0 cos θ < c0 (166)

= c0
√
1− sin2 θ (167)

= c0

√
1−

(
c0
2af

)2

(168)

11 fc

12
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(b)
磁場

(a)
電場

(c)
表面
電流

𝑜𝑜𝑜𝑜 𝑧𝑧𝑧𝑧

𝑥𝑥𝑥𝑥

10 WR-1500 500 MHz TE10 (a) (b) (c)

(c)

(139) (148) m = 1 n = 0
TE10

Ex = 0 (158)

Ey = H
(t)
0 i

ωaµ0

π
sin

(πx
a

)
eikz−iωt (159)

Ez = 0 (160)

Hx = −H
(t)
0 i

ka

π
sin

(πx
a

)
eikz−iωt (161)

Hy = 0 (162)

Hz = H
(t)
0 cos

(πx
a

)
eikz−iωt (163)

x-z Hx

Hz 90 10(b)

y

x = a/2 10(a)

Ey

x-y Ey x = 0 x = a

z

z 11

x θ

(159)

11

λ0

2
= a sin θ (164)

vp = c0/ cos θ > c0 (165)

vg = c0 cos θ < c0 (166)

= c0
√
1− sin2 θ (167)

= c0

√
1−

(
c0
2af

)2

(168)

11 fc

12

λc vg

fc =
c0
2a

(169)

λc = 2a (170)

a θ = 0

z

10(c)

TE10

12 TE20

WR-1500 a = 381.0 mm

(138)

fc(TE10) =
c0
2a

≈ 393.4 MHz (171)

fc(TE20) =
c0
a

≈ 786.9 MHz (172)

786.9 MHz

WR-1500 TE10

TE20

a

13

509 MHz 11.4 GHz RF

5.2.2

TM

Hz = 0

Ez = 0

R 14

(123)

[
∂2

∂r2
+

1

r

∂

∂r
+

1

r2
∂2

∂θ2

+γ2 +

(
ω

c0

)2
]
E(t)

z = 0 (173)

E(t)
z (r = R) = 0 (174)

E(t)
z = R(r)Θ(θ) (175)

(173) R(r)Θ(θ)

1

R(r)

[
r2

∂2

∂r2
+ r

∂

∂r

+r2

{
γ2 +

(
ω

c0

)2
}]

R(r)

+
1

Θ(θ)

∂2

∂θ2
Θ(θ) = 0 (176)

r θ

(r, θ) Cr

Cθ

1

R(r)

[
r2

∂2

∂r2
+ r

∂

∂r

+r2

{
γ2 +

(
ω

c0

)2
}]

R(r) = Cr (177)

1

Θ(θ)

∂2

∂θ2
Θ(θ) = Cθ (178)

Cr +Cθ = 0 (179)

(178) ei
√
−Cθ θ

e−i
√
−Cθ θ Θ(θ +

2π) = Θ(θ) Cθ = −m2 m

Θ(π/2)

Θ(θ) = cosmθ (180)

(177)
[
r2

∂2

∂r2
+ r

∂

∂r

+r2

{
γ2 +

(
ω

c0

)2
}

−m2

]
R(r) = 0 (181)

R(r)

m Jm

R(r) = Jm(αr) (182)

α2 = γ2 +

(
ω

c0

)2

(183)

13
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θ 𝑣𝑣𝑣𝑣𝑔𝑔𝑔𝑔

λwg = λ0 / cosθ

𝑎𝑎𝑎𝑎
θ

𝑎𝑎𝑎𝑎

𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝

𝑧𝑧𝑧𝑧

𝑥𝑥𝑥𝑥

𝑜𝑜𝑜𝑜
電場

𝑎𝑎𝑎𝑎

θ

（TE10モード）

𝑥𝑥𝑥𝑥

y

11 TE10 vp vg

磁場

電場

12 WR-1500 500 MHz TE20

14
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θ 𝑣𝑣𝑣𝑣𝑔𝑔𝑔𝑔

λwg = λ0 / cosθ

𝑎𝑎𝑎𝑎
θ

𝑎𝑎𝑎𝑎

𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝

𝑧𝑧𝑧𝑧

𝑥𝑥𝑥𝑥

𝑜𝑜𝑜𝑜
電場

𝑎𝑎𝑎𝑎

θ

（TE10モード）

𝑥𝑥𝑥𝑥

y

11 TE10 vp vg

磁場

電場

12 WR-1500 500 MHz TE20

14

(a) (b)
同じＰＨＳ

13 (a) UHF 509 MHz WR-

1500 381.0×190.5 mm

(b) X 11.4 GHz WR-90

22.86×10.1 mm (a)

(b) PHS

θ
𝑧𝑧𝑧𝑧

𝑦𝑦𝑦𝑦

𝑥𝑥𝑥𝑥

𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅

14 (r, θ, z)

Jm n

jmn n 1

(174) α

α =
jmn

R
(184)

(183)

γ2 =

(
jmn

R

)2

−
(
ω

c0

)2

(185)

γ z

ω

c0
>

jmn

R
(186)

TM

fc =
c0
2π

jmn

R
(187)

z

E(t)
z = E

(t)
0 Jm

(
jmn

R
r

)
cosmθ (188)

(129) (132)

H(t)
z = 0 (129)

(132)

E(t)
r =

γ

α2

∂E(t)
z

∂r
(189)

E
(t)
θ =

γ

α2

1

r

∂E(t)
z

∂θ
(190)

H(t)
r = − iωϵ0

α2

1

r

∂E(t)
z

∂θ
(191)

H
(t)
θ =

iωϵ0
α2

∂E(t)
z

∂r
(192)

TM

E(t)
r = E

(t)
0 i

(
R

jmn

)
kJ ′

m

(
jmn

R
r

)
cosmθ (193)

E
(t)
θ = −E

(t)
0 i

(
R

jmn

)2

k
m

r
Jm

(
jmn

R
r

)
sinmθ (194)

E(t)
z = E

(t)
0 Jm

(
jmn

R
r

)
cosmθ (195)

H(t)
r = E

(t)
0 iωϵ0

(
R

jmn

)2
m

r
Jm

(
jmn

R
r

)
sinmθ (196)

H
(t)
θ = E

(t)
0 iωϵ0

(
R

jmn

)
J ′
m

(
jmn

R
r

)
cosmθ (197)

H(t)
z = 0 (198)

z

eikz−iωt

k =
γ

i
(199)

=

√(
ω

c0

)2

−
(
jmn

R

)2

(200)

TM01 (193)

15
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(a)
電場

(b)
磁場

15 150 mm 500 MHz TM01 (a) (b)

(198) m = 0 n = 1

Er = E
(t)
0 i

(
R

j01

)
kJ ′

0

(
j01
R

r

)
eikz−iωt (201)

Eθ = 0 (202)

Ez = E
(t)
0 J0

(
j01
R

r

)
eikz−iωt (203)

Hr = 0 (204)

Hθ = E
(t)
0 iωϵ0

(
R

j01

)
J ′
0

(
j01
R

r

)
eikz−iωt (205)

Hz = 0 (206)

0 1

j01 ≈ 2.4048

θ Ez Er

90

z

r − z

θ 15 TM01

*5

6

6.1

16

R d

z = 0 z = d

*5

Dielectric-loaded accelerating strcutre

[2]

16
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(a)
電場

(b)
磁場

15 150 mm 500 MHz TM01 (a) (b)

(198) m = 0 n = 1

Er = E
(t)
0 i
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R
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)
kJ ′

0

(
j01
R

r

)
eikz−iωt (201)

Eθ = 0 (202)

Ez = E
(t)
0 J0

(
j01
R

r

)
eikz−iωt (203)

Hr = 0 (204)

Hθ = E
(t)
0 iωϵ0

(
R

j01

)
J ′
0

(
j01
R

r

)
eikz−iωt (205)

Hz = 0 (206)
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θ Ez Er

90

z

r − z

θ 15 TM01

*5

6

6.1

16

R d

z = 0 z = d

*5

Dielectric-loaded accelerating strcutre

[2]

16

θ
𝑧𝑧𝑧𝑧

𝑥𝑥𝑥𝑥
𝑅𝑅𝑅𝑅

𝑟𝑟𝑟𝑟
f

𝑦𝑦𝑦𝑦

𝑑𝑑𝑑𝑑

16

Er = Eθ = 0

+z

−z

TM +z
(193) (198)

E
(+)
r = E

(t)
0 i

(
R

jmn

)
kJ

′
m

(
jmn

R
r

)
cosmθe

ikz−iωt
(207)

E
(+)
θ = −E

(t)
0 i

(
R

jmn
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(
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ikz−iωt
(208)
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(
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(
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(−)
θ = E

(t)
0 iωϵ0

(
R

jmn

)
J

′
m

(
jmn

R
r

)
cosmθe

−ikz−iωt
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(
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(t)
0

1

k2

pπ

d

m

r
Jm

(
j′mn

R
r

)
sinmθ cos
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TEmnp TMmnp (m,n, p)

2m

z m = 0

(monopole) m = 1 (dipole)

n r TE

Eθ,Hr TM Eθ,Ez,Hr

p z
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(t)
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θ z z

|Ez| |Hθ|

*6 TM TE

18 z

(r = R)

90

R d

*7 (Super)KEKB RF

509MHz

R = 22.56 cm

Q Quality factor

Q Q

Q0

Q0

U Pwall
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Q0 = ω
U

Pwall
(248)
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= 22.56 cm d = 26.00 cm
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6.2
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RF RF
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d
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Ez Hθ

z θ j01 ≈ 2.4048
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Pext 20
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dU

dt
= − (Pwall + Pext) (249)

Q Qext

Qext = ω
U

Pext
(250)

(248) (250) (249)

dU

dt
= −ωU
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+

1

Qext
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(251)
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QL
U (252)

QL Q Q

1

QL
=
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+
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Qext
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β =
Q0

Qext
(254)

Q Q
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− ω
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= e
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Tf (258)

Tf =
2QL

ω
(259)
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β ≈ 1.3 Filling
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2× 30000

1+1.3

2π × 509000000
(260)

≈ 8.1 s (261)
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E(t) = E0e
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e−iω0t (262)
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2π

∫ ∞

−∞
dt E(t) eiωt (263)
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∫ ∞

0

dt e
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(

ω0
2QL

+i(ω0−ω)
)
t
(264)

=
E0

2π

ω0

2QL
− i(ω0 − ω)

(
ω0

2QL

)2

+ (ω0 − ω)2
(265)

|E(ω)| ∝ 1(
ω0

2QL

)2

+ (ω0 − ω)2
(266)

Ch.1: Reflected Wave from the Cavity
Ch.3: Control Voltage (Modulator)

2 µs

Ch.2: Input Wave to the Cavity
Ch.4: Pickup Wave from the Cavity

22 509 MHz

RF

Ch. 4

𝜞𝜞𝜞𝜞 =
𝝎𝝎𝝎𝝎𝟎𝟎𝟎𝟎

𝑸𝑸𝑸𝑸𝐋𝐋𝐋𝐋

0ω

)(ωE

23

23

Γ =
ω0

QL
(267)

QL

6.3

24 z

z = 0 ∼ d

z z < 0 +z

z

e(> 0) c0

ω

22
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𝑧𝑧𝑧𝑧 = 0 𝑧𝑧𝑧𝑧 = 𝑑𝑑𝑑𝑑

24

W

W =

∫ d

0

dz eℜ{Ez(0, 0, z, t0 + z/c0)} (268)

= eℜ

{∫ d

0

dz Ẽz(0, 0, z) e
−iω(t0+z/c0)

}
(269)

= eℜ{V c} (270)

= e |V c| cosϕ (271)

V c = e−iωt0

∫ d

0

dz Ẽz(0, 0, z) e
−iω z

c0 (272)

25

e−iω z
c0

Ẽz Ez

t = t0 z = 0

ϕ = 0

W |V c| ϕ

= 0

cV

{ }
φcosc

c

V
V

=

ℜ

φ ℜ

ℑ

25

Ẽz(r, z)

z

Ẽz(r, z) =

∫ ∞

−∞
dk Ẽz(r, k)e

ikz (273)

(272)

V c(r) = e
−iωt0

∫ ∞

−∞
dz

∫ ∞

−∞
dk Ẽz(r, k) e

i

(
k− ω

c0

)
z
(274)

z
z

δ

V c(r) = e−iωt02π

∫ ∞

−∞
dk Ẽz(r, k) δ

(
k − ω

c0

)
(275)

Ez(r, z, t) = Ẽz(r, z) e
−iωt (276)

=

∫ ∞

−∞
dk Ẽz(r, k)e

i(kz−ωt) (277)

(35)

(
∇⃗2

t − k2 +
ω2

c20

)
Ẽz(r, k) = 0 (278)

(275) (278)

∇⃗2
tV c(r) = e

−iωt02π

∫ ∞

−∞
dk ∇⃗2

t Ẽz(r, k) δ

(
k −

ω

c0

)
(279)

= e
−iωt02π

∫ ∞

−∞
dk

(
k
2 −

ω2

c20

)
Ẽz(r, k) δ

(
k −

ω

c0

)
(280)

= 0 (281)
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r

V c(r) = V c(0) (282)

d

II

6.4

2

Rsh

Rsh =
|V c|2

Pwall
(283)

Q

TM

Rsh = |V c|2/2/Pwall

(283)

β ≈ 1

Pinp

|V c| =
√
Rsh Pwall (284)

≈
√
Rsh Pinp (285)

TM010 z

(243) (272)

σ

µ

Pwall =
1

2

√
ωµ

2σ

∫
dS |H⃗|2 (286)

Rsh = 2

√
2σ

ωµ

J0(0)
2
���∫ d

0
dze

−iω z
c0

���
2

∫
dS
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c0ϵ0J ′

0

(
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R

r
)}2 (287)

= 2

√
2σ

ωµ

4
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ω2 sin2 ω

2c0
d(∫

+
∫
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) ��c0ϵ0J1

(
j01
R

r
)��2(288)

=
8
√

2σ
ωµ

1
ω2ϵ20

sin2 ω
2c0

d

4π
∫ R

0
dr rJ1

(
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R

r
)2

+ 2πRdJ1(j01)2
(289)

J0(0) = 1 J ′
0(x) = −J1(x)

(289) ω
2c0

d =

π/2 d TM010

d = c0π
ω

(289) 2

d

d

4
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Q0
Rsh

Q0

Q0 (248)

(272)

Rsh
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���∫ dz Ẽz(0, 0, z) e
−iω z

c0

���
2

ωϵ0
2

∫
dV

���Ẽz(x, y, z)
���
2 (291)

Pwall

Rsh

Q0

L |Ẽ|2
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10.2 CST STUDIO SUITE

CST STUDIO SUITE [6] FIT
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10.3 GdfidL

GdfidL Gitter
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