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Invention of In-vacuum Undulator

Founding of Coherent X-ray Applications

Long Undulator Technology

Innovation of C-band Accelerator



Invention of In-vacuum Undulator

Period : 40 mm
N : 90
Gmin : 10 mm
Vacuum : 8 x 10-11 Torr

First in-vacuum undulator 
(KEK,1990)



Finding problems in optical elements under coherent x‐ray illumination
‐> High‐quality, speckle‐free optics to be optimized to XFEL applications  

Be window
impurity control

7 nm

Atomic scale polishing

Elastic Emission 
Machining

PF‐60

Physical Vapor 
Deposition

Conventional polishing 

EEM polishing

Mirror
flatness control
in atomic level

K. Yamauchi et al.
Nature Phys. 2009

Provided an insight into XFEL Science   

speckle‐free quality
Contamination
‐free quality

T. Ishikawa

K. Yamauchi



Coherent X-ray Diffraction Camera
SPring-8 BL29XU

J. Miao (UCLA)

SEM image

T.Ishikawa (RIKEN)



BL19LXU



Innovation of C-band Accelerator
Technology Transfer from Linear Collider Project

4000 C-band units over 14 km

Key Components Development
KEK (1996~2000)

- Klystron
- Waveguide components
- RF pulse compressor
- Accelerating structure

C-band accelerator

Choke-mode structure

T.Shintake





Compact Concept of SACLA



Single Crystal Cathode 
CeB6

Thermionic Electron
Emission at 1500℃



Thermionic e‐gun

Velocity Bunching System

C‐banc Accelerator

In‐vacuum Undulator



Velocity Bunching: Bunch Compression for SACLA
For High peak current toward high SASE-FEL gain

700m

velocity bunching in injector and magnetic chicane buncher

Multi-stage bunch compression system at SACLA

60A

600A

4000A

Longitudinal bunch profile
PHYSICAL REVIEW SPECIAL TOPICS
- ACCELERATORS AND BEAMS 12, 080706 (2009)

H.Tanaka
(RIKEN)



3) SACLA  Challenges

Constructions
5 parallel beam lines arrangement

XFEL/SPring-8 Experimental Facility

XSBT(Beam Transport Line) : 
from XFEL/SPring-8(SACLA) Linac to SPring-8 Storage Ring
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Joined Companies : More than 300  



European‐XFEL (Germany)
2017~ Length: 3.3 km, 17 GeV, 1,082 M€

European‐XFEL (Germany)
2017~ Length: 3.3 km, 17 GeV, 1,082 M€

European‐XFEL (Germany)
2017~ Length: 3.3 km, 17 GeV, 1,082 M€

2009～ LCLS (US） Length: 2 km, 14 GeV, 0.1 nm, 615 M$





Mimura et al., Nat. Com. (2014) 
Yumoto et al., Nat. Photon (2012)

Two-stage focusing

45 nm (FWHM)
1020 W/cm2

Yabashi et al., PRL (2006);
Inubushi et al., PRL (2012) 

Femtosecond arrival-timing diagnostics

Sato et al., APEX (2015) 

Experimental Instrumentation

Tono et al., JSR (2015)
Sugahara et al., Nat. Method (2015)

High-resolution 
single-shot 

spectrometer



XSBT (Beam Transport Line): 
from SACLA Linac to SPring-8 Storage Ring

Low emittance e‐beam to SPring‐8‐II
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SPring‐8

SACLA
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~1 urad accuracy is required

~ 10 urad

Individual ID operation allows this technique

ID#13 ID#14 ID#15 ID#16



• Double Section Arrangement; 
8+10 scheme under two K-values operation

• Variable Gap Undulators;
Large wavelength separation  (~30 %) 

• Chicane in between Sections; 
Time delay(0~40 fs) control with a sub-
femtosecond resolution

• User Operational Mode: 
Two-color FEL is open to the user 
experiments.



MPCCD Detector Family

T. Hatsui

T. Kameshima et al., Rev. Sci. Instrum. 85, 033110 (2014). 
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PS-II
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Prof. SuzukiT. Katayama et al., APL. 103, 131105 (2013)
Y. Obara et al., Opt. Exp. 22, 1105 (2014)

Prof. Adachi
(KEK)

Detected X-ray Energy(keV) Delay Time of X-ray Pulse(ps)
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37 nm Resolution achieved by Single Shot XFEL Exposure 

100 nm



Crystal-Amorphous Phase Change 
for Optical Recording of DVD/RAM System

Dr. Noboru Yamada
Panasonic Co., Ltd.
Project Leader

Dr. Masatoshi Takao
Panasonic Co., Ltd.

Nakao Lab. 

Crystal Phase    
High 

reflectivity

Low 
reflectivity

Amorphous Phase

Science

Technology
1980s

2011
Nature Materials (2011)

5Hz

1kHz



X線自由電子レーザー重点課題戦略研究課題(北川G)

R. Matsuda et al., Chem. Commun. 9 (2010) 661.

SACLA
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6) New range of the state-of-art  in SACLA

Quantum X-ray Optics at SACLA

Photon-Photon Scattering
Saturable Absorption



Photon-photon scatteringSaturable absorption



9 keV
8 keV

Cu foil

Two-stage focusing 
- 50nm

Prof. H.Yoneda, The U. of 
Electro-Communications



K2

K1

Prof. H.Yoneda, The U. of 
Electro-Communications
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Predicted in 1936

extremely-short time 
< 10‐21sec

4桁

24桁

X線:〜10keV

Bernard 2000

Moulin 1996

Hughes 1930

Our experiment 2013

XFEL 
Collision Experiment

Si 
Single Crystal

23rd-24th July 2013
650,000 times,  9hours!!

Si Blade 1 Blade 2

Unknown Space

Collision
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BL2 BL3

BL3 (HXFEL)
BL2 (HXFEL)
BL1 (SX  spont)
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Osaka U.

High Energy density Revolutions 
of Matter in Extreme States





SACLA & SPring-8
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SPring-8
• High average brilliance with high rep rate
• Deliver x-rays to several tens beamlines
• Moderate peak intensity 

- Sample will not be damaged in single shot
- Suitable for extracting information with correlation 
techniques

SACLA
• High peak brilliance with fs pulses 
• High peak intensity

- Samples are destroyed after shot
- Every shot is “new” experiment with fresh 

sample
- Suitable for single-shot, high resolution observation 

of small, complex samples 



SACLA & SPring-8
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Large potential for 
diffraction‐limited source, enhance brilliance 

and 
attracting new science 



http://rsc.riken.jp/pdf/SPring‐8‐II.pdf

e‐
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2nd gen.

3rd gen.

4th gen.

X-ray sources
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ImPACT Project

52

Council for 
Science, Technology 

and Innovation

Accelerated
gradient

electromagnetic acceleration



Ring-type XFEL: CW X-ray laser 
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Presently the scheme is still unclear,
but in the future some innovative scheme will come up.

One candidate will be a XFELO,
a low gain oscillator configuration

with a high-reflectivity high-resolution X-ray crystal cavity.
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Storage Ring

1km Long Beamline

Rendering of SPring‐8(1995)

Synchrotron Ring

Linac




