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What is our XFEL ?

1 μm 10 nm  1 Å1 nm100 nm10 μm

LaserOrdinary
Light

Light Wave Length

Electron Gun Linear Accelerator Undulators X-ray

Electron Beam Bunching Beam Dump

8GeV, 0.3 nc, 20-30 fs width, 60 pps, 0.1 nm light

Use SASE (Self Amplified Spontaneous Emission), because no mirror in X-ray

SCSS prototype accelerator 50 nm
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XFEL 8Gev, 0.3 nc, 0.1 nm light
（2010, construction finish）

SCSS Prototype Accelerator
250 MeV, 0. 3 nc, 60 nm light

What do we build ?
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The most impressive experiment 
of XFEL

Cow Rhodopsin

Like Flash Light

10-14 seconds

XFEL Light Beam

Protein Solution Jet
X-ray Diffraction Method

We do not need crystallization of protein.

Miyano Lab in 
RIKEN Hrima
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Requirements
Beams with1 kA peak current and a several tens fs pulse 
width for generating SASE is necessary.
Required beam energy variation of less than 10-4 in the whole 
accelerator system to generate stable X ray SASE.

There are two parts of a LLRF & timing system for XFEL.
A. The crest acceleration part which correspond to the regular 

section using the 5712 MHz accelerator guides, and for 
B. Velocity bunching and magnetic bunching which corresponds 

to off-crest acceleration part.
To realize 5712 MHz amplitude stability and resolution of less 

than 10-4, the 5712 MHz phase stability and resolution of less 
than +/-0.5 deg. (less than 500 fs) are necessary.

Several tens fs time stability should be necessary for bunch 
compressing by the magnetic chicane.

The Crest acceleration Part

rf

Beam Beam
rf

Off-crest acceleration Part
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Electron

Gun

238 MHz

SHB

476 MHz

Booster

1428 MHz

Correction

Cavity

1428 MHz

APS Cavities

x2

5712 MHz

Correction

Cavity

2856 MHz

Accelerator

Guides 3m x 8
BC-1

BC-2

Bunch

Compressor

BC-3

5712 MHz

Accelerator

Guides 2m x 24

5712 MHz

Accelerator

Guides 2m x 104

In-vaccum

Undulators 18

Crest Acceleraton PartOff-Crest Acceleraton Part

Beam Pulse Width

1 ns FWHM
10 ps FWHM 20 - 30 fs FWHM Electrons 0.1 nm Laser Light

8 GeV, 0.3 nc, 3kA peak

500 KeV 1 nc

Master Oscillator Part Klystrons Klystrons

Rf Source

Optical Fiber Line

Tolerance of the phase stability of each 
cavity

Cavity ΔV/V(%rms) Δφ (deg. rms) Δt (ps rms)
238 MHz SHB ± 0.01 ± 0.01 ± 0.12
476 MHz Booster ± 0.01 ± 0.02 ± 0.12
L-band Cor. Cavity ± 0.03 ± 0.06 ± 0.12
L-band APS Cavity ± 0.01 ± 0.06 ± 0.12
C-band Cor. Cavity ± 0.1 ± 0.06 ± 0.049
S-band Accelerator ± 0.01 ± 0.1 ± 0.097
24 C-band Accelerator (up-stream) ± 0.01 ± 0.2 ± 0.097
104 C-band Accelerator (Down-stream) ± 0.01 ± 0.5 ± 0.24

Beamrf
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Acceleration Structure

5712 MHz
LO

FPGA
Memory

FPGA 8ch Delay
VME Module

Arbitrary Wave 
Function Generator 
(12 bit D/A) VME 
Module

VME

FPGA
Memory

VMEWave Memory(A/D)
 12 bit VME Module

238 MHz

60 or 120 Hz trigger pulse
Filter 5712 MHz

Filter 476 MHz

C-Band High 
Power Klystrons

500 W Solid-State 
Amplifier

Div.
I

Q

Comb.Comb.

Div.
I

Q 90 deg. 
Shift

SLED-II

A/D

90 deg. 
Shift

D/A

D/A

A/D

238 MHz 5712 MHz 

Synchronization

Synchronization

O/E & RF distributor

Master
Oscillator

Laser Source &
E/O & WDM System

 1428 MHz

238 MHz 
 476 MHz

 2856 MHz
5712 MHz

VME Master
Trigger. E/O & WDM System

Trigger Pulses
modulated by PSK
metod with 5712 MHz
Carrier Signal

Optical Signals

Optical Signals
Dev.

5712 MHz
LO

LLRF & Timing System of the crest 
acceleration part

Master Oscillator Part

This part mainly consist of the electrical instruments.
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IQ-Demodulator

Detection Error

Demodulator uses 
direct conversion from 
5712 MHz rf to base 
band by IQ detection.

90 deg. Shift

Div.

Div.

Test RF signal 
(e. g. Beating down 
from 5712 MHz to 476 MHz)

I

Q

RF phase/
amplitude detector5712 MHz

Band Pass Filter
5712 MHz RF 
signal

5712 MHz RF signal

e. g.  From 
Klystron output

Input

To A/D converter

Gain Adjusting 
Amplifier
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Trigger Delay

E/O

Optical 238 MHz Transmission
Optical Coupler

Optical Coupler
E/OTrigger Pulse 238 MHz

Trigger Pulse

Reference RF signal

FPGA

Trigger Pulse 
Distributor

Modulator

RF

Measurement

24 bit
Counter
x 8 ch.

8 Channels

E/O

Optical 5712 MHz Transmission

Optical Coupler
Reference RF signal

Buffer 
CKD

VME Bus

Counter Preset

Buffer 
D QCK

D QCK

Inhibit, 8 Channels
Hardware Control

5712 MHz

Read/Wright

Software Control
Inhibit, 8 Channels

580
590
600
610
620
630
640
650
660

0 20 40 60 80

Tem perature (deg.)

T
im
e
 J
it
te
r 
(f
s)

The jitters are less than 1ps that satisfies 
our requirement.  
The temperature dependence of the jitter 
is very low.

A delay time change of 
the unit dependent on 
the temperature was 
about 10 fs/K.
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Pump Laser
DFB or ECLD

Optical Comb
Gnerator

Master
Oscillator

EDFA

25 way
Optical
Divider

Optical
Length
Feedback
Control

Faraday Rotator

EDFA

16 way
Optical
Divider

& Optical Length
Control

25 Optical Lines

Pin Photo
Diode

16 Optical Lines

S-Band(1), C-Band(4),Sector Optical System

Master Oscillator Part

8 way
RF
Divider

Klystron
RF System

Optical System

RF System
WDM

WDM

Optical LLRF & Timing System

BeamrfOff-crest acceleration Part

This part mainly consist of the optical instruments.

Optical comb generator or 
Mach Zehnder interferometer 

The 238, 476, 1428, 2856, 5712 
MHz rf and Trigger Signal are 
merged by the WDM system.

Wavelength Division Multiplex (WDM)

Direct drive line for
a single klystron 
part, such as the 
correction cavity.
(No Optical divider)
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Modulation
Signal Generator

Optical Cavity

Input Output

Electro Optic Modulator
Lase Light

MirrorMirror

n = 1
n = 2
n = 3
n = 5
n = 6

f (Hz)

Optical Amplitude

time

Frequency

Frequency Stabilized Laser & Optical CombFrequency Stabilized Laser & Optical Comb

Exterior

Laser

Optical Comb Optical Comb

The laser source (1538 nm) using DFB 
laser diode in which the light is locked 
to acetylene absorption spectrum. 
The frequency stability is almost 
10-11 in a frequency region below 
10 Hz.

In the optical comb generator, an electro-optic 
(E/O, LN) crystal is inserted into an optical 
Fabriot-Periot cavity.
The output rf signal of the master oscillator is 
added into the E/O crystal to generate the 
comb pulse having a period of the rf signal.

Laser Light
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Output characteristic of Optical Output characteristic of Optical 
Comb GeneratorComb Generator

E/O driven by the 5712 MHz generated with the master oscillator.

Wave Form of Optical Comb Generator

Spectrum envelope of the comb generator.

SSB Noise Spectrum

Master Oscillator
Optical Comb

1 ps width

Dull rise time of the pulse by the 
bund width of the oscilloscope.

175 ps

Frequency (Hz)

A
m

pl
itu
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(d

B
/H
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ECLD

synth.
55MHz

delay-line fiber (25-km) 
 optical 
circulator

10dB coupler
AOM

mixer

 phase signal

Fiber Optical Length ControlFiber Optical Length Control
（（Michelson InterferometerMichelson Interferometer））

55MHz

Low-Noise Phase 
Detection

Fiber Optical Length Measurement by Phase 
Detection using Michelson Interferometer

Phase-stabilized optical fiber has a thermal optical length coefficient of 2 ppm/K. 
The optical length of the fiber moves 1.6 μm/K for 800m.
This values corresponds to a phase shift of 1 deg./K and 500 fs/K at 5712 MHz, 

and is not acceptable to employ this method for the X-FEL. 

The fiber stretcher is 
controlled by the phase 
detection signal

within 3 μm for 25 km.

Spectrum Width  < 1kHz
Frequency Stability  δν/ν <10-11

Light Source

Fiber Stretcheror DFB

Displacement 
Feedback Circuit
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Experiment of Fiber Optical Length Experiment of Fiber Optical Length 
ControlControl

Experimental
Apparatus

Satisfy the original system performance 
developed for ALMA. （Controlled it optical 
length within 3 μm for 25 km.)

Use the 1 km phase 
stabilized optical fiber 
cable settled along the 
circumference of the 
Spring‐8 ring

1 km Fiber

Error Length Spectrum of Control 
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5236MHz

4760MHz

Cavity BPM

Synchronized with 
acceleration RF

476MHz

Reference cavity

Position detection cavity

0o

90o

IQ mixer

0o

90o

I

I
Q

Q

Method of Beam Arrival Time Jitter 
Measurement

Use the 4760 MHz BPM intensity detection cavity

BeamThis cavity is 
placed just 
before the IDs.

This frequency to prevent the dark current generated by the 5712 MHz accelerator guides.
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Results of Beam Arrival Time Jitter 
Measurement

Beam Time jitter is  46 fs
0.54 mV Standard Deviation.
Horizontal Scale. 4 ns/div.
10  pps Beam Reptation.

12 hours

1 %
δE/E

Now, the beam energy stability was 
improve less than 0.1 % (rms) in the long 
term (more than half day) by the rf phase 
feedback control of the cavities (238, 476, 
2856 MHz).

R56, 20 mm (BC)
Beam energy jitter value
about 0.06 % (rms)
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Summary 
The basic design of the LLRF & timing system for the 8 GeV XFEL 
machine was finished.
We achieved non-linear amplification of a 50 nm VUV laser with 
10 % fluctuation (saturation) in the SCSS prototype accelerator.

This fact shows great possibility to realize XFEL.
The master oscillator has a sufficient SSB noise level to realize 
the beam energy stability of 10-4. 
The trigger jitter of the delay module is less than 700 fs. It is 
enough for the requirement of the crest acceleration part.
The phase resolutions of the IQ-demodulator and the modulator were 
within +/- 1 deg. It is satisfy our requirement to realize the 10-
4energy stability.
The optical comb generator were successfully developed with the 
pulse train having 1ps width and 175 ps time interval. The output 
of this instrument almost dose not increase the SSB noise of the
master oscillator.
The laser source using the DFB laser diode, with which light is 
locked to acetylene absorption spectrum, has the frequency 
stability of 10-11.
The 2 km fiber optical length control worked well within the 
several micro-meter length error.
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