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– X-Ray HBT interferometer
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New Lights Always Create
New Science & Technology

http://antiquescientifica.com/x-ray_tube_Coolidge_GE_mark.jpg�


Coherent
Diffraction

Propagation-based
Imaging

Holography

Nano-beam
Micrography

Photon Correlation
Spectroscopy

Non-Linear Optics

Coherence: One of the most significant feature of 
3rd generation SR sources

Applications of Coherent X-Rays: 2004 Jpn SR Society Meeting
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What astonished us at that time…

X-Ray Speckles from a Be window
CDI of E-Coli

J. Miao et al: PNAS, 100, 110 (2003).



Brilliant X-ray Source

High-quality Optics

Coherent
Diffraction

Propagation-based
Imaging

Holography

Nano-beam
Micrography

Photon Correlation
Spectroscopy

Measurement of Coherence



Amplitude Interferometer Intensity Interferometer

Coherence Measurement 
Interferometer

Thomas Young, 1807 Hanbury-Brown and Twiss, 1956



Intensity Interferometer
第17回日本放射光学会年会
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Pro

･Optics could be unstable
･Optics could be simple
･Photon Statutistic Information

Con

･ Need High Brilliance Light
･ Need Monochromatization



Short History

1807 Young Amplitude Interference using Double Slits
1956 HBT Intensity Interference using Hg lamp(Nature)

1974 Shuryak Proposal of SR diagonostic application (JETP)

1992 Ikonen Estimation for 3rd generation SR(PRL)

1997 Kikuta et al. First HX data (E=14.4 keV, R~0.6 %) (JSR)

1999 Miyahara et al. First SX data(E=70 eV, R~1 %) (PRA)

2000 Gluskin et al. HX data from APS (E=14.4 keV, R~1 %) (JSR)

1998 ~ 2000 Coherent X-ray Optics Beamlines at SPring-8 
BL29XU and 19LXU

第17回日本放射光学会年会
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Source

Coherent Source Chaotic Source
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Spatial Coherence Length
Source size, Distance from
the source

Temporal Coherence Length
Bandpass
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Chaotic field
第17回日本放射光学会年会

Spatial Coherence
Length

Temporal Coherence Length
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Visibility of Fringes
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Principle
第17回日本放射光学会年会
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Longitudinal Mode Number

Need High Resolution Monochromator (HRM)
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HRM Development (up to 2000)
第17回日本放射光学会年会

Energy Resolutions at E=14.4 keV
G. Faigel et al. 1987; T. Ishikawa et al. 1992; 
T. Toellner et al. 1992, 1997; A.I. Chumakov et al. 1996, 2000
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Angular Collimation with Asymmetric Reflection

Successive asymmetric reflections in (+, −) geometry 

Kohra & Kikuta, Acta A, 1968; Matsushita, Kikuta, & Kohra, JPSJ, 1971

∆θ = b1.5 ωS ~ 1/100 ”

2nd
out 2nd in

θ

λ
1st
in

1st out
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Sub-meV Resolution HRM

λ

θ

∆θ  = b1.5 ωS ~ 1/100 ”

∆E/E = b1.5 ωS cot θB ~10-8

θ

3rd & 4th
in

1st & 2nd
out
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Dual co-axial
goniometer #1
(12.2 nrad/pls)

Dual co-axial
goniometer #2
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Sub-meV Resolution Monochromator

1985 1990 1995 2000
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M. Yabashi, K. Tamasaku, S. Kikuta, & T. Ishikawa: 
RSI 72, 4080 (2001).

∆E = 120 ± 15 µeV
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High Brilliant Light Source: 27m ID

In-vacuum undulator
Total magnet length = 25 m
λU= 32 mm
N = 780 
K ≤1.76
E1st: 7.2 ~ 18.7 keV
Total Power ≤ 35 kW
δ ≤ 0.7 

Kitamura et al.: NIM A 467-468, 110 (2001).
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Peak Brilliance

1 5 10 50 100106

1010

1014

1018

1022

1026

1030

1034

Kα/Thermal  Sources

Thomson scattering

SP8 27m Undulator

SP8 4.5m Undulator

Mo-KαCu-Kα

Al-Kα

SP8 BM

Pe
ak

 B
ril

lia
nc

e
(p

ho
to

ns
/s/

m
m

2 /m
ra

d2  in
 0

.1
 %

 b
.w

.)

Photon energy (keV)

TESLA-FEL 
(predicted)

LCLS-FEL (predicted)



第17回日本放射光学会年会

Optical Set-Up

⊗

0 58 67.8
Distance from the center of undulator (m)

DCM27-m Undulator HRM Slit APD 1&2

Kitamura et al., NIM A, 2001
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Yabashi et al., SPIE 1999;
Tamasaku et al., SPIE 2002,
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Result

Coherence length: σy = 66.3 ± 2.0 µm at L = 66.7 m

Horizontal slit width = 30 µm
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 Fit



Electron Beam Diagnostics

Van Cittert-Zernike's theorem (Gaussian approximation): 
σY= λL/2πsY

Vertical source size: sY= 13.8 ± 0.4 µm
(Angular source size: 0.2 µrad)

M. Yabashi, K. Tamasaku, and T. Ishikawa, 
Phys. Rev. Lett. 87, 140801 (2001)

Vertical emittance: 
εY= sY

2/βY

第17回日本放射光学会年会
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SP8 Standard  4.5 m Undulator
第17回日本放射光学会年会

σy = 124.3 ± 6.9 µm
sy  = 5.9 ± 0.3 µm
εy  = 6.0 ± 0.7 pm.rad
κ = 0.10 %

0 100 200 300 400 5000

0.1

0.2

Vertical slit width ( µm)

R

Measured at 1st hutch (~50 m from source) of 1-km BL



Low Emittance Operation
第17回日本放射光学会年会
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σy = 124.3 ± 6.9 µm
sy  = 5.9 ± 0.3 µm
εy  = 6.0 ± 0.7 pm.rad
κ = 0.10 %
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σy = 161.3 ± 5.0 µm, sy  = 4.6 ± 0.14 µm
εy  = 3.6 ± 0.2 pm.rad, κ = 0.12 %

ε = 3 nm.rad

M. Yabashi, K. Tamasaku, & T. Ishikawa: PRA
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σt is tunable through ∆E

E = 14.412 keV, 1/b = 10
∆E = 0.1 meV 

E = 14.267 keV, 1/b = 2.5, 
∆E = 0.76 meV 

∆E/E = ωS b1.5 cot θB b: Asymmetric Factor
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          E(keV)   ∆E(meV)
   14.412    0.145 
   14.365    0.231
   14.332    0.334
   14.299    0.508
   14.267    0.763



Result
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sT = 32.7 ±1.6 ps
(Streak camera: 32 ps)

M. Yabashi, K. Tamasaku, & T. Ishikawa:
Phys. Rev. Lett. 88, 244801 (2002).
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Intensity correlation technique is useful for amplitude interferometers

Advantage of multi-crystal interferometer:
Large interferometer & large sample
Flexible configuration e.g. use of different netplanes

But, serious drawback:
nano-radian/angstrome stability

Monolithic type Multi-crystal type

 

I(t) = I 1+Vcosφ(t)( )

 

I2 = I 2 1+V2( )

Intensity correlation technique:
a novel method to measure visibility without stabilization

If we measure the intensity correlation, <I2>,
we can determine the visibility, V.
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K.Tamasaku et al., PRL88, 044801 (2002).



∆θ2∆θ1

Skew symmetric LLL interferometer
K.Tamasaku et al., PRL88, 044801 (2002).

Narrow angular range,
∆θ1=∆θ2, is usable.

Quick measurement of P12

Intensity correlation: P12=1+V2 TIFM



X-ray Michelson interferometer & Fourier transform x-ray spectroscopy

Path difference is given by rotating
the asymmetrically cut mirror:
∆L=4asinθB(tanθB-cosϕtanα)

K.Tamasaku et al., APL83, 2994 (2003).
K.Tamasaku et al., JSR12, 696 (2005).

Spectrum of the mirror:
the 0 6 14 reflection 

Ultra-high resolution spectroscopy
∆λ/λ~λ/∆L

e.g. ∆L=100 mm, λ=1 Å: ∆λ/λ~ 10-9

P12=1+V2

FT





X-ray nonlinear optics – x-ray PDC

Pump
Signal

Idler

Nonlinear
crystal

X-ray PDC (parametric down-conversion):
the 2nd order nonlinear optical process
accessible with existing SR

Energy conservation:       ωp=ωs+ωi

Momentum conservation: kp+Q=ks+ki

The pump photon decays spontaneously into 
two photons, the idler and the signal. 

Q: reciprocal
lattice vector

kp

ks

ki

c.f. Bragg reflection

Basic questions

How x-ray PDC is observed?

How to estimate χ(2)?

What factor determines χ(2)?

χ(2): nonlinear susceptibility
Nonlinear diffraction

χ(2)

K.Tamasaku et al., PRL98, 244801 (2007).



X→X+SX by diamond

Schematic energy diagram

Exp. condition
Pump: 9.67 keV
Idler: 278-343 eV
Q=(2,2,0)

Rocking curve of nonlinear diffraction:
normalized intensity of the signal wave

Peak

Asymmetric

Dip

Carbon
K-edge

Backgroud

RC is not simple, but shows an interference with the background Raman process. 

Measured

K.Tamasaku et al., PRL103, 254801 (2009).



Resonance effect & Fano interference

Fano picture

Strong resonance enhancement
@ carbon K-edge

Analysis based
on the Fano picture

χ(2)
220

Quantum mechanical interference,
because we cannot specify which process
produced the measured x-ray photon. 

K.Tamasaku et al., PRL103, 254801 (2009).

What factor determines χ(2)?

To be answered…



Two-story beam transport

Experimental hall

Vacuum component hutch (pump station)

Movable end-stopper
Double-crystal
monochromator

Optics hutch

Storage ring building

Experimental hutch 1
Beryllium window

The open air
Beryllium window
Experimental hutch 2

Long beamline building

Distance from the source
1000 m980 m960 m140 m120 m100 m

100 m 120 m80 m40 m 60 m

5

1000 m Beamline, BL29XUL
Great Possibility of the Coherent X-Rays



First Beam on June 2nd, 2000
from SPring-8 Homepage

First Beam at 1 km Building

June 2, 2000

SPring-8 succeeded in threading x-ray photon beam through 1 km vacuum duct 
on June 2, 2000, at RIKEN Physics Beamline (BL29XU). Monochromatized x-rays 
were guided to 1 km experimental station at 23:13, after 20 min from the start of 
optics alignment.

30

10



Mirror Development & Application

SP8-Osaka Collaboration

from 2000

Machining

Metrology

Simulation

X-Ray Test

SPr ing-8 1km BL Osaka University

Elastic Emission Machining
Plasma Chemical Vapor ization Machining

Micro-Stitching Inter ferometry

Fresnel-Kirchhof

Coherent Illumination

Atomic Resolution Figuring

< 1 nm p-v figure error
<10-7 slope errorX-ray profile is Predictable



7/28/03 Laboratory Review

An ultraprecision machining process utilizing chemical reaction
between surfaces of work and fine powders

Mechanism of EEM (Elastic Emission Machining)

Chemical reactions are induced between only
top-site atoms of the work and fine powders

Automatic smoothing mechanism



7/28/03 Laboratory Review

Atmospheric RF plasma

Reactive gas

Radical
Reaction 
products

Work

Features of Plasma CVM
1. A chemical process utilizing reactive species  

generated in the atmospheric pressure plasma

High removal rate processing
without any crystallographic damage

Material Removal rate(µm/min)

Fused silica 170
Silicon 94
Molybdenum 36
Tungsten 32
Silicon 
carbide

6.4

Diamond 2.5

Radical density is very high.

7. Mirror



7/28/03 Laboratory Review

Experimental Setup



Performances  of Plasma CVM Figuring
Material Single Crystal Silicon (100) ρ=1～20Ωcm
Figure Plane
Size 400 mm × 50 mm × 30 mm

（evaluated area 320 mm × 40 mm）

40mm

320mm

After correction by
numerically controlled
plasma CVM

22.5 nm p-v

Cross-section in transversal direction

Cross-section in longitudinal direction

Before PCVM 104.6 nm p-v

After PCVM 10.7 nm p-v
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158 nm p-v



An example of the figuring in spatial-wavelength range of submillimeter by 
computer controlled EEM (Elastic Emission Machining) process.

Line profile in longitudinal
direction
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Incident angle：1.2mrad / Mirror length：100mm / Mirror material：Silicon single crystal (001)

Pre-machined surface CVM surface CVM+EEM surfaceCamera
distance:

166mm

566mm

966mm
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Intensity distribution of reflected X-ray beam



Forward/Backward Simulations

Wave-Optical Calculation

Inverse Problem

image
surface 
profile



Aspherical Mirror: Nano Focusing

(a) figure and (b) figure er ror

Observed and calculated focal profiles

(a) Measured and (b) calculated cross-sectional 
intensity profiles around the focal spot

Near ly Diffraction-Limited Focusing!







CDI at the BL29XU started in collaboration with John Miao in 2000.
Many 3D observations because of the high beam stability.





Prototype 
SCSS

in Operation SCSS

X-Ray Free Electron 
Laser Facility

FY 2006-FY 2010
in Construction

As of May 30, 2010

Present Status of Japan X-Ray Free Electron Laser



• Compact SASE source with lower energy linac with similar 
light source performance to bigger sources

• Co-locate with a 3rd generation SR source to be used 
synergistically

• Use shorter period in-vacuum undulator to reduce the linac 
energy to lase at <0.1 nm .

• Use high-gradient accelerator tubes (C-Band) to reduce the 
linac  length.

700 m total length, ~400 M$ construction cost, 5 year period

Concept



Road Map
２００６ ２００７ ２００８ ２００９ ２０１０ ２０１１ ２０１２ ２０１３

CONSTRUCTION PERIOD

Accelerator/Undulator Building
Experimental Hall

Injector and Accelerator

Beamlines

Commissioning
Exp。Hall

Operation as a User Facility

User Operation

【Management】

＜８GeV  ＞

＜Prototype＞

Remaining 3 FEL lines

Seeding + New Equipment

Phase I Construction

Machine 
Commissioning

Building 
Commissioning

Phase II Construction

USER OPERATION PERIOD

Use for R&D
User Operation

User Operation as a Seeded FEL

Road Map



2007/3/23 2009/3/24

2008/10/28

2008/3/12

2007/7/27 2010/5/30

Building Construction



①

②

①Electron Gun & Injector②Klystron Gallery

Latest View (1)



③
④

③C-Band Accelerator ④Undulator Gallery

Latest View (2)



8 GeV X-Ray Free Electron Laser Facility at SPring-8
Total Facility Length ~ 0.7 km

Unique Features
XFEL and SR X-ray beams on the same sample

Short & Low emittance e-beam injection to SP8 from XFEL Linac



Harima 
Institute

Kobe 
Institute

Synergistic Use of Two RIKEN-Hosted Key 
Technologies of National Importance

XFEL

10Peta Flops 
Computer



Summary
• X-ray coherence is one of the significant features of the 

3rd generation SR sources, and will be similar in the 
coming SASE-XFEL sources.

• Some applications of coherent x-rays at SPring-8 were 
shown: Intensity interferometry, Mirror development 
for nm focusing, and others.

• Present status of the Japan X-Ray Free Electron Laser 
Project  was introduced.

• We believe XFEL is another great example that a new 
light creates new science and technologies.
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