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2.2.4 S  
 

S11 a2=0
1 a1 b1

b1/a1 S dB
 

Si,j(dB )=20log10|bj/ai| 
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𝑉𝑉!"#$% = 𝐴𝐴  sin 𝜔𝜔𝜔𝜔  
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2.4.2.  
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2.4.1  

2.4.2.1.  

 
Q Q

Q
 

Q 1
1

MHz 100MHz

SiO2

AT z 35

fr
fa fr fa

100MHz ~ 
2.5GHz SAW

Surface Acoustic Wave
 

Al2O3

Sapphire Resonator Q
TE0d 4 104

whispering gallery
1.3GHz

Raytheon Australia Poseidon Scientific 
Instruments  

Q

Δφ 2 = S
f1

f2∫ f( )df

Δt = Δφ 2

2π f0



 

1/f Si bipolar transistor
20GHz
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2.4.3. SACLA  
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2.5.  

FET
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G
F  

 
NIN NIN 
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2.6.  

RF
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2.6.4.  

90 2 3 /4
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1
2.6.4 1

V1 A1.5.3
2 3 90 V2=-jV1/√2、V3=-V1/

√2 4
2 3

4 V4
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4
2 3 2
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2.6.5. IQ  

In phase
90 Quadrature phase

r θ I Vi
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φ
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LO RF
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0 0 180

180 2
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2.7.1 XOR  
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2.7.3. SR-F/F  

set (reset)
(flip-flop)

( 2.7.3 ) Set
1

0 0° 360°

φ

 

 
2.7.3

 

2.7.4. IQ  

2.6.5 IQ
LO RF

2.7.4
IQ Vi Vq ADC

2.26
RF

-180
+180

2.7.5 IQ
 

IQ

ADC
IQ

ADC
2.7.6 RF
θ -180 +180

cosθ -sinθ 

ADC
2.7.7 cos2θ 

-sin2θ 

[7, 8]  

 
2.7.4 IQ  



 
2.7.5 IQ

 
 

 
2.7.6 I ADC

 

 
2.7.7 I ADC

 
IQ

LO fLO RF
f0 Δf
Δf fLO

ADC IQ
I Q ADC

ADC

2.7.8 ADC 4 Δf
 

 
2.7.8 IQ  

 

2.5.2 SACLA
IQ

S C 2.5µs
100ns
4.2ns

IQ
 

2.5.2  

 
 

2.7.5.  

(SBD)

2.7.9
SBD

PN 1

Low Barrier Schottky Diode
2.7.10

2



DC

 

 
2.7.9  

 
2.7.10

 

 
2.7.11
423B

 
 

2.7.6.  

T R
t C  

 

R

P

2.7.12 2.7.13  
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3. 光光をを使使っったた信信号号伝伝送送  

5D
5GHz 0.5dB/m
100m 1/105

0.3dB/km
1.5µm 1.9 1014Hz

 

33..11..    

core
clad

3
3.1

1.5µm
0.3dB/km  

 
3.1  

33..22..    

1.5µm
LD

V pn

FP Fabry–
Pérot DFB Distributed FeedBack

3.2 FP

ECLD External Cavity Laser Diode
DFB

1

DFB
 

 
3.2 FP ( ) DFB ( )  

 

LN
LN

LiNbO3 Y
3.3

2

 



 
3.3 LN  

33..33..    

EDFA
Erbium Doped Fiber Amplifier

3.4
EDFA

Amplified Spontaneous 
Emission: ASE ASE

S/N
 

 
3.4 EDFA  

 

33..44..    

1
Wave 

Division Multiplexing: WDM

1

3.5

 

 
3.5  

33..55..    

pn

n p
 

(AM)

 

33..66..    

 

3.6.1

LD
receiver

FRM Faraday Rotator Mirror 90

FRM
θ

FRM 90
FRM

-θ
FRM 90

(PBS) AOM Acousto 
Optical Modulator f



LD

f
PD

2.5.1

PD
Phase detector

FS Fiber Stretcher
FS

LD

n=1.5 1km
103/3 108

1.5=5µs 10fs
LD Δλ/λ = 10 10-15/5 10-6 = 2
10-9

 

 
3.6.1  

 

33..77..    

 

 

S/N

SACLA
+14dBm  

SACLA
SPC FC

SACLA
CCD

 
 WDM

 
  



4. SACLAのの低低電電力力高高周周波波シシスステテムム  

LLRF
XFEL SACLA

LLRF [9-11] XFEL
X

 
SACLA LLRF 1.1

[12]

1

4.1

4.2
RF

IQ

IQ

 

44..11..    

XFEL
1 100

SACLA
1km 5712MHz

SACLA
5712MHz

1
2.7.3

3.4 WDM
3.5

RF 4.1.2
 

 
4.1.1 SACLA  



[13]
5ps/km/K

4.1.3
0.4

0.1 4.1.4
 

3.6

[14]

SACLA
 

 
4.1.3

 

 
4.1.4

 

44..22..    

60Hz

AC

 
4.1.2 RF TDU

 



0A
VME

MTU

79.3MHz =238MHz/3
AC60Hz RF

60Hz
5712MHz PSK

5712MHz PSK

 
4.1.2

VME
DAC ADC

VME
(TDU)
238MHz

M
5712MHz

rms 1ps
TDU

32bit
N

4.2.1
60Hz

Network Time Protocol VME CPU
ms

TDU

 
SACLA

20Hz
C

10Hz 20Hz

10keV

C

10µs

 
 

 
4.2.1

 

44..33..    

IQ 4.3.1
238Ms/s

16bit DAC 14bit
DAC 238MHz

100µs 476MHz 50µs L
L 5µs C S C

2.5µs S
C



2.5µs 2µs
180 [15] C

4.3.2  

 
4.3.1  

 
4.3.2 S

 

44..44..    

100W
FET

FET
10µs

FET

( 4.4.1 )  

 
4.4.1

 
 

44..55..    

5ppm/K 15D
IQ

4.5.1 IQ
16bit ADC 12bit

ADC S C
4.1.2

4.5.2
ADC

238MHz 476MHz L

Q

4.5.3 S
C

1000
 

 
4.5.1 RF  

 

 
4.5.2

 



 
4.5.3 S C

 
 

(
)

2
0dB

40dB
40dB

0dB
( 4.5.4 )

1

 

 
4.5.4

 

 
4.5.5 ( ) ( )

 

44..66..    

/
VME DAC/ADC

4.6.1 [12]

IQ
4.6.2

PID SACLA
4.6.2 VME

CPU 200ms
0.03Hz

4.6

10 rms  

 
4.6.1  

 



 

 
44..66..22 IIQQ

 

 
4.6.2 ( )

( )
( ) 
 

4.6.1 RF σσ
rms 10  

 Tolerance Measurement 
Voltage Phase Voltage Phase 

238 M SHB 0.01 % 0.01˚ 0.010 % 0.006˚ 
476 M Booster 0.01 % 0.02˚ 0.004 % 0.009˚ 
LB Correction 0.03 % 0.06˚ 0.02 % 0.02˚ 
L-B APS acc. 1 0.01 % 0.06˚ 0.06 % 0.03˚ 
L-B APS acc. 2 0.01 % 0.06˚ 0.03 % 0.05˚ 
C-B Correction 0.2 % 0.06˚ 0.06 % 0.05˚ 
SB 1 acc. 1 0.01 % 0.1˚ 0.04 % 0.03˚ 
CB01-1 acc.1 0.01 % 0.2˚ 0.05 % 0.03˚ 

44..77..    

SACLA BPM
[16, 17]

BPM
4.7.1 4.7.2

BL3_1_1_2 BPM
1 rms

rms 50fs
 

 
4.7.1  

 
4.7.2 BL3_1_1_2

 

4.8. FEL RF  

SACLA LLRF
LLRF

FEL SLAC Linear 
Coherent Light Source (LCLS) SPring-8 
Angstrom Compact free electron LAser (SACLA)
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4.9. LCLS FLASH  

LCLS RF 2856MHz

476MHz
6

2856MHz
2856MHz 60kW

8

RF 2

IQ
[18] 2830.5MHz

25.5MHz
IF 102MHz ADC

102MHz DAC
4.9.1 476MHz

 

 
4.9.1 LCLS [18]  

 
4.9.2 LCLS [18] 

 LCLS SACLA FLASH 

 RF gun thermionic 

gun 
RF gun 

 2.8GHz 5.7GHz 1.3GHz 

    

 120Hz 60Hz 10Hz  

(~800µs bunch train) 

 2km 1km 300m 



FLASH RF
1.3GHz

800µs
1MHz

[19] RF

4.9.3
250kHz 54MHz

IQ
µTCA E-XFEL

FLASH

Single Event Upset

FLASH
32
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5. 終終わわりりにに  

FEL
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