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2: BPM

R S

S ∼ R/2 20 mm

2
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1 µm

4

1 µm
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h.c.

1: BPM BPM

1µm 0.3µm

100µm

( )

10µm

( )
( ) ( )

( )

(1 GHz ) (S, C, X -band)

( )

XFEL

∂µ
∂L

∂(∂µAν)
− ∂L

∂Aν
= 0 (4)

2

1 ∂µ

∂L

∂(∂αAβ)
= −1

4

∂FµνF
µν

∂(∂αAβ)
(5)

= −1

2
Fµν ∂Fµν

∂(∂αAβ)
(6)

= −1

2
Fµν(δµαδνβ − δναδµβ) (7)

= −1

2
(Fαβ − F βα) (8)

= −Fαβ (9)

4

∂µF
µν = 0 (10)

∂λFµν + ∂νF λµ + ∂µF νλ = 0 (11)

10

∂µ∂
µAν − ∂ν(∂µA

µ) = 0 (12)

Aµ = (ϕ,A) , Aµ = (ϕ,−A) (13)

E = −∇ϕ− ∂A

∂t
(14)

B = ∇×A (15)

Fµν =




0 Ex Ey Ez

−Ex 0 −Bz By

−Ey Bz 0 −Bx

−Ez −By Bx 0




(16)

Fµν =




0 −Ex −Ey −Ez

Ex 0 −Bz By

Ey Bz 0 −Bx

Ez −By Bx 0




(17)
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χ

Aµ → Aµ + ∂µχ (18)

E,B

∂µA
µ = 0 (19)

( )

12

□2Aµ = 0 (20)

□2 = ∂µ∂
µ = ∂2

∂t2 −∇2

2

10 ν = 0

∇ ·E = 0 (21)

ν = 1, 2, 3

∇×B =
1

c2
∂E

∂t
(22)

11 ν = 0

∇ ·B = 0 (23)

ν = 1, 2, 3

∇×E = −∂B

∂t
(24)

21∼24 4
3

E∥ = 0 (25)

B⊥ = 0 (26)

2 □ □2

[3]
34 20

4:

ベッセル関数J1

ベッセル関数J0

ゼロ点にちょうど
空洞の壁が来る解

0

0

5:

3.2

4

b L

z

J0 cos-like

J1 sin-like

z

( 5)

6
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[3]
34 20

4:

ベッセル関数J1
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ゼロ点にちょうど
空洞の壁が来る解

0

0

5:

3.2

4

b L

z

J0 cos-like

J1 sin-like

z

( 5)

6

6: TM010( )

7: TM110( )

z

Ez = E0J0(rk)e
iωt (27)

TM010

7

2

z

Ez = E0 cosϕJ1(rk)e
iωt (28)

TM110

8

LC

ω =
1√
LC

(29)

8: LC

MHz

GHz

L C C

L

1 L

8

LC

ω

( 9)

U =
1

2
ϵ0

∫
|Ez|2dV (30)

( z

Ez )

9

Q

( Q QL

)

QL =
ωU

P
(31)
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9:

1

( )

Pwall Pout

P = Pwall + Pout

Q Q0

Qext

Qext

Q0 =
ωU

Pwall
(32)

Qext =
ωU

Pout
(33)

1/e τ

τ =
QL

ω
(34)

1/e 2τ

4 BPM

4.1

10

(

) 11

ビームダクト

10:

8

LC

V = L
dI

dt
(35)

R/Q

R

R =
|
∫
Eds|2

P
(36)

( 2 )

RF

Q P

R/Q

R/Q =
|
∫
Eds|2

ωU
(37)

R/Q

x

x R/Q(x)
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1
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Pwall Pout

P = Pwall + Pout
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Qext

Qext

Q0 =
ωU

Pwall
(32)

Qext =
ωU

Pout
(33)

1/e τ

τ =
QL

ω
(34)

1/e 2τ

4 BPM

4.1
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(
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ビームダクト

10:

8

LC

V = L
dI

dt
(35)

R/Q

R

R =
|
∫
Eds|2

P
(36)

( 2 )

RF

Q P

R/Q

R/Q =
|
∫
Eds|2

ωU
(37)

R/Q

x

x R/Q(x)

壁電流

等価回路

11:

4 TM010(

) 27 Ez

R/Q(x) =
2J2

0 (xk)LT
2

ωϵ0πb2J2
1 (bk)

∼ const. (38)

J0 ∼ 1

R/Q x

TM110( ) 28

Ez

R/Q(x) =
2J2

1 (xk)LT
2

ωϵ0π(b2/2)J2
0 (bk)

∝ x2 (39)

R/Q

2

q

Vexc =
ω

2
(R/Q)q (40)

12:

Uexc =
ω

4
(R/Q)q2 =

1

2
qVexc (41)

( ( [4])

)

4.2 BPM

12

Vout =
√

ZPout =
ωq

2

√
Z

Qext
(R/Q) (42)

39

x q

V (x) = Ax
√
L sin(ωt) (43)

(
√
L 39

) 13
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13:

V (x′) = A
x′L

4

√
L

2
sin

(
ω(t+

L

4c
)

)

−A
x′L

4

√
L

2
sin

(
ω(t− L

4c
)

)

= A
x′L

2

√
L

2
cos (ωt) (44)

sin

cos

90

L2

σz

exp

(
−ω2σ2

z

2c2

)
(45)

XFEL

f0/(2QL)√
(f0/(2QL))2 + (f − f0)2))

(46)

Q

90

V = Vposition + iVangle + iVtail + Vnoise (47)

Vposition Vangle

Vtail

Vnoise ( )

i 90

Vposition
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13:

V (x′) = A
x′L

4

√
L

2
sin

(
ω(t+

L

4c
)

)

−A
x′L

4

√
L

2
sin

(
ω(t− L

4c
)

)

= A
x′L

2

√
L

2
cos (ωt) (44)

sin

cos

90

L2

σz

exp

(
−ω2σ2

z

2c2

)
(45)

XFEL

f0/(2QL)√
(f0/(2QL))2 + (f − f0)2))

(46)

Q

90

V = Vposition + iVangle + iVtail + Vnoise (47)

Vposition Vangle

Vtail

Vnoise ( )

i 90

Vposition

R/Q

( )

(

!)

4.3

( )

BPM

Panofsky-Wenzel

∂

∂z
F⊥ = ∇⊥F∥ (48)

F

( )

( )

BPM

14:

( 14) BPM

BPM

5 BPM

ATF BPM

5.1

BPM

20mm

4∼6 GHz (C-band)

2

Q ( 1000)

( 100 ns)
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Q

( 100) ( 10 ns)

RF

15

[5]

16

4

BPM 17

X,Y

1

4

5.2

18

4

19

スロット
導波管

15:

スロット

スロットに結合する
ダイポールモード

16:
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Q

( 100) ( 10 ns)

RF

15

[5]

16

4

BPM 17

X,Y

1

4

5.2

18

4

19

スロット
導波管

15:

スロット

スロットに結合する
ダイポールモード

16:

円筒空洞
導波管 同軸カプラ

17: BPM ( )

( ) BPM

18: 4

Q

(( )

)

10µm

X Y

X,Y
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円筒空洞部 スロット

同軸変換アンテナ 導波管部

19:

( ) ( )

Y-port

X-port

円筒側壁の4箇所を
押し引きする。

側壁を薄くした箇所に
ネジをろう付け

20: XY

X Y

4

X Y

20

4

( )

XY

X Y

21 XY

X

X-port

Y-port

22

2
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円筒空洞部 スロット

同軸変換アンテナ 導波管部

19:

( ) ( )

Y-port

X-port

円筒側壁の4箇所を
押し引きする。

側壁を薄くした箇所に
ネジをろう付け

20: XY

X Y

4

X Y

20

4

( )

XY

X Y

21 XY

X

X-port

Y-port

22

2

X-portの信号

Y-portの信号

21: XY X

X-port

Y-port

22: 2

( )

TM010

TM110

TM010

23

TM010

6 BPM

6.1 RF

[W]

pTN = kBTfBW (49)

kB T

fBW Z

[V]

VTN =
√

4kBTZfBW (50)

24

SNR SNR
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23:

24:

入力信号 出力信号

初段

多段の増幅システム

一般に
SNRは悪化する

25:

SNR

SNR (NF: Noise Figure)

SNR

NF =
SNRin

SNRout
(51)

NF = 1 (0 dB)

Gi NFi

NFtotal = NF1+
NF2 − 1

G1
+

NF3 − 1

G1G2
· · · (52)

NF1

NF

RF

2

a(t) = A sin(ω1t+ ϕ1) (53)

b(t) = B sin(ω2t+ ϕ2) (54)

a× b =
AB

2
[cos((ω1 − ω2)t+ (ϕ1 − ϕ2))

− cos((ω1 + ω2)t+ (ϕ1 + ϕ2))]

(55)
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23:

24:

入力信号 出力信号

初段

多段の増幅システム

一般に
SNRは悪化する

25:

SNR

SNR (NF: Noise Figure)

SNR

NF =
SNRin

SNRout
(51)

NF = 1 (0 dB)

Gi NFi

NFtotal = NF1+
NF2 − 1

G1
+

NF3 − 1

G1G2
· · · (52)

NF1

NF

RF

2

a(t) = A sin(ω1t+ ϕ1) (53)

b(t) = B sin(ω2t+ ϕ2) (54)

a× b =
AB

2
[cos((ω1 − ω2)t+ (ϕ1 − ϕ2))

− cos((ω1 + ω2)t+ (ϕ1 + ϕ2))]

(55)

入力のRF信号

LO信号

出力される差周波信号

26:

RF L.O.

( )

26

RF (L.O.

)

RF

( )

RF L.O.

RF

27

L.O.

90

28

GHz RF

MHz

27: L.O.

28: 2
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29:

(Hyb.) 2

BPM

29

BPM

BPM X Y

2

2

2

180

20 MHz

14 bit 100 MHz ADC

6.2

DDC( )

DDC

20 MHz 100 MHz

ソフトウェア内部に
実装される基準信号

信号波形のサンプル点

30: DDC

30

DDC

(L.O.) ( ωDDC)

i

yDDC(ti) =
∑
i

g(tj − ti)e
iωDDCtjy(tj) (56)

g

g(ti) =
√
2πσ exp

[
− t2i (2πσ)

2

2

]
(57)

σ

A(ti) =
√

yDDC(ti) · y∗DDC(ti) (58)

ϕ(ti) = arctan

[
Im(yDDC(ti))

Re(yDDC(ti))

]
(59)

ωDDC

i A,ϕ

Ad ϕd

Ar ϕr

I =
Ad

Ar
cos[ϕd − ϕr] (60)

Q =
Ad

Ar
sin[ϕd − ϕr] (61)
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29

BPM

BPM X Y

2

2

2

180
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6.2

DDC( )
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ソフトウェア内部に
実装される基準信号

信号波形のサンプル点
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30
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(L.O.) ( ωDDC)

i

yDDC(ti) =
∑
i

g(tj − ti)e
iωDDCtjy(tj) (56)

g

g(ti) =
√
2πσ exp

[
− t2i (2πσ)

2

2

]
(57)

σ

A(ti) =
√

yDDC(ti) · y∗DDC(ti) (58)

ϕ(ti) = arctan

[
Im(yDDC(ti))

Re(yDDC(ti))

]
(59)

ωDDC

i A,ϕ

Ad ϕd

Ar ϕr

I =
Ad

Ar
cos[ϕd − ϕr] (60)

Q =
Ad

Ar
sin[ϕd − ϕr] (61)

31: IQ

BPM

I,Q

IQ

BPM

31 IQ

(I ′)

(Q′)

1 BPM

(I,Q) (I ′, Q′)

7 BPM

BPM

ATF BPM

XFEL

BPM

ATF2

32: ATF2

33: ATF2

7.1 ATF2

ATF

ATF2 2008

( 32)

Q µm

Q

BPM BPM

33

ATF2 BPM

BINP( )

KEK
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34: ATF2 BPM

35: ATF2 BPM

SLAC( )

PAL( )

UCL( )

PAL

XY

34 43 BPM

Q

Q

KEK 4

2005 2006 2007

KEK

QL Qext XY

35∼38

Q 39

36: ATF2 BPM QL

37: ATF2 BPM Qext

38: ATF2 BPM XY
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34: ATF2 BPM

35: ATF2 BPM

SLAC( )

PAL( )

UCL( )

PAL

XY

34 43 BPM

Q

Q

KEK 4

2005 2006 2007

KEK

QL Qext XY

35∼38

Q 39

36: ATF2 BPM QL

37: ATF2 BPM Qext

38: ATF2 BPM XY

空洞BPM Qマグネット

ダウンコンバータハイブリッド合成器+
バンドパスフィルタ

マグネット
ムーバー

39: ATF2 Q

Q BPM Q

ATF

Q

BPM

Q

40 BPM 4

1.5 m

(

) X,Y 2 RF

20 MHz

VME

ATF

1 BPM

(

40: ATF2 BPM ( )

BPM ( )

( )
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)

20 dB

250 nm

30 nm

[6]

7.2 XFEL

SLAC LCLS

34 BPM [7][8]

11.384 GHz X-band Q 3500

[5] X-band

PAL XFEL LCLS

BPM LCLS

X-band 11.424 GHz Q 3500

[9] ATF BPM

FEL FERMI

10 BPM

6.50 GHz Q 7500

ATF

[10]

SACLA 4760 MHz

BPM [11][12]

Q 500

Q

XY

IQ

BPM XY

20

BPM 0.6 µm

SACLA OHO2013

BPM [13]

SwissFEL C-band

SACLA BPM

SACLA [14] Eu-

roXFEL [15]

SACLA 3.3 GHz

7.3

BPM SLAC

2-mile accelerator

[16] 2856MHz 2

SLAC 1990

FFTB

BPM [17]

3

25 nm

[18]

BINP 13.5 GHz

BPM BNL 100

nm [19]
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16.9 nm

[20] [21]

BPM

8.7 nm [22]

BPM ATF2

8

XFEL

XFEL

BPM

1

BPM

9

(

) RF

QL Qext

RF

ATF2

BPM

3-BPM

nm

SVD BPM

BPM

RF

OHO2006 [1]

OHO

ZOOM

BPM

ATF2 BPM

BPM

OHO 36

100

1

1 29.9

[23]
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