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同步輻射
Synchrotron Radiation



Unified electromagnetism and optics

Predicted the existence of invisible forms of light

James Clerk Maxwell 馬克斯威爾
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Maxwell equation

Light is a traveling electromagnetic wave (1862)

(1831-1879)

Scottish 



The Electromagnetic Spectrum

Synchrotron radiation is used for 
experiments typically over this region



Discovery of X-rays

Germany (1845-1923)

Röntgen used photographs of 

his wife‟s hand to publicize 

his discovery.

Röntgen performed experiments with cathode rays (electron beams) in 1895.

They appeared in newspapers

of the time and captured the 

publics imagination.

Roentgen‟s Laboratory 

in Wurzburg, Germany

The Nobel Prize in physics in 1901

“in recognition of the extraordinary services he has rendered by the 

discovery of the remarkable rays  subsequently named after him”

Wilhelm Conrad Röntgen



1. Bremsstrahlung (braking radiation)
•electrons from an external source are 

deflected around the nucleus of an atom

•various wavelengths

2.K-shell emission
•electrons change orbits within atom

•higher-intensity x-rays than

bremsstrahlung, and a single

wavelength. 

How to Generate X-rays

3.Accelerator: Synchrotron

Relativistic electron spirals around a magnetic

field line

x-ray tube



RF cavity

From Wideroe linac to cyclotron and synchrotron

To keep the radius constant during 

acceleration, the strength of the 

magnetic field B has to increase 

synchronously with the beam 

energy E, B       E . Therefore, this 

type of accelerator is called a 

synchrotron.



Cyclotron

Synchrotron

E. O. Lawrence (1932)

E. M. McMillan (1945)

Alternating current Accelerator

Wideroe (1928)

Vacuum 

pipe

(non-relativistic case)

(relativistic case)



(The earliest accelerators)

Cyclotron consists of two D-shaped objects (dees) with a potential difference 

between them. A stream of particles moved in a plane perpendicular to a uniform 

magnetic field, which bent the particle tracks so that they passed through an electric 

field in a gap between dees and were accelerated.

For non-relativistic particles the frequency of the machine was determined by

the Lorentz force law, F = e v B, and the formula for centripetal acceleration, v2 / r 

= F / m = e v B / m, so the angular frequency is given by:  = e B / m. 

Cyclotron 迴旋加速器



Synchrotron

• Particles “ride” an RF wave

– Slower particles get pushed

– Faster get slowed

– Leads to synchrotron oscillations

• However, “bunches” are formed

– Transverse instabilities lead to “betatron” oscillations

• Magnets are used to steer the beams during acceleration and during 

“fill”

RF 

cavity

Injected beam
Extracted beam

Vacuum

Magnet

同步加速器



Radiation Fundamental

• When electrons are accelerated (e.g. linear acceleration in a radio transmitter 

antenna) they emit electromagnetic radiation (i.e., radio waves) in a rather non-

directional pattern

• Electrons in circular motion are also undergoing acceleration (centripetal) 

When the electron velocity approaches 

the velocity of light, the emission pattern 

is folded sharply forward. Also the 

radiated power goes up dramatically 

At low electron velocity 

(non-relativistic case) the 

radiation is emitted in a 

non-directional pattern
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Fields of a Accelerated Charge
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John Blewett Observed Effects of Synchrotron  Radiation in 

General Electric 100 MeV Betatron  - 1945





Synchrotron Radiation was first observed in 1947 by Elder,

Gurewitsch, Langmuir and Pollock in a 70MeV synchrotron.



Zeroth generation sources
1950‟s-60‟s: Electron synchrotrons (cyclic 

accelerators)

First generation sources (storage rings)
1970‟s: e+/e- colliders  (Mostly parasitic on high 

energy physics programs)

Second generation sources
1980‟s: New rings and fully dedicated use of e+/e-

colliders, use of wigglers & undulators

Third generation sources
1990‟s: Low emittance ring with many straight sections 

for insertion devices

Fourth generation sources
2000‟s: Linac-based sources 

•Free-electron laser (FEL)

•Energy Recovery Linac (ERL)

Diffraction-limited rings;  Ultra-short bunches;  New 

ideas

History of Synchrotron Radiation



• Bending Magnet
– White X-rays

– Wide horizontal divergence

– 1/ limited vertical divergence

– Moderate power

– Moderate power density

• Wiggler
– White X-rays

– Moderate horizontal divergence

– 1/ Limited vertical divergence

– High power

– High power density

– Elliptically polarized/linearly polarized

• Undulator
– Quasi-monochromatic X-rays

– Small vertical and horizontal divergence (Central Cone)

– High power

– Extremely high power density

– Circularly polarized/ linearly polarized

Bending magnet(偏轉磁鐵) & insertion device(插件)

Storing Ring

Undulator / Wiggler



Three forms of Synchrotron Radiation

Continuous spectrum

Critical energy

Ec(keV) = 0.665 B(T)E2(GeV)

eg: for B = 1.35T,  E = 2GeV 

Ec = 3.6keV

B  increases  Ec increases

Quasi-monochromatic spectrum

with peaks at lower energy than a 

wiggler

Bending Magnet: a sweeping searchlight

Wiggler: incoherent superposition

N

1

Undulator: coherent superpositiom
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Laboratory 

Frame of Reference
Laboratory 

Frame of Reference

Frame 

of Moving Electron
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Electron radiates at the

Lorentzed contrated

wavelength

Following 

Monochromator

Doppler shortened 

Wavelength on axis

Accounting for transverse

Motion due to the periodic

Magnetic field
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7.Pulsed time structure

Flux =  # of photons in given /

sec, mrad 

Brightness =  # of photons in given /

sec, mrad , mrad , mm2

Synchrotron radiation - basic properties

1.High flux and brightness

3.Broad spectral range

6.Polarized (linear, elliptical, circular)

5.Partial coherence

2.High stability

4.Small source size



Temporal and Spatial coherence 同調性

Longitudinal coherence length

Transverse coherence length ()
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Incoherent

Partially coherent

Fully coherent

12

12

12

= 0

< 1

= 1

(The uncertainty principle)

d: source size

Normalized degree of spatial coherence



NSRRC

1.5 GeV;  = 3000; 120 m circumference



Electron gun 

produces 

electrons

How is it Practically Produced and Used for Research?

Beam lines transport radiation 

into “hutches”, where 

instrumentation is available for 

experiments

Wiggler / Undulator 

insertion devices 

generate strong x-

ray beams

Linear accelerator/ booster 

accelerate e- which are 

transported to storage ring

Klystrons generate high power radio wave 

to sustain electron acceleration, 

replenishing energy lost to synchrotron 

radiation

The storage ring circulates electrons, 

where they are bent, synchrotron 

radiation is produced



NSRRC TLS Beamlines Layout 30 BLs, over 50 End stations 

SP12U Inelastic X-ray Scattering

SP12B X-ray Absorption, Diffraction

12

NSRRC Beamlines

hard X-ray         : 3

at SPring-8, Japan

Protein Crystallography,

: Participating Research Group (  )

SWLS: Superconducting Wavelength Shifter 

EPU5.6: Elliptically Polarized Undulator

IASW: In-Archomatic Superconducting Wiggler 

U5: Undulator (5 cm, 76 Periods)

W20: Wiggler (1.8 T, 27 Poles)

U9: Undulator (9 cm, 48 Periods)

SW: Superconducting Wiggler (3.2 T, 32 Poles)

Insertion Devices

SP12D HE Photoemission

soft X-ray 

hard X-ray         
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01A 

01B X-Ray Microscopy - SWLS

01C

White X-ray - SWLS

EXAFS, Powder Diffraction - SWLS

03A Gas Phase (HF-CGM) - BM

04A 

04B 

Beam Diagnosis - BM

05A 

Spin-Polarized PES, PEEM - EPU 05B 

Soft X-ray Scattering - EPU

07AX-ray Scattering - IASW

XPS, UPS (L-SGM) - BM 08A 

09ASPEM, XPS - U5

11AMCD, XAS (Dragon) - BM

11B

13B

13C

13A SW6 - X-ray Membrane Scattering

SW6 - Protein Crystallography

SW6 - Protein Crystallography

14A BM - IR Microscopy

15A

16A

IASW - Long Wavelength MX 

17B W20 - X-ray Scattering

17C W20 - EXAFS

18A BM - Beam Diagnosis

18B BM - LIGA

19A BM - X-ray Lithography

19B BM - Photo Stimulated Desorption

20A

20B

BM - (H-SGM) XAS

BM - X-ray Instrumentation

21A

21B

U9 - (White Light) Chemical Dynamics

23A  IASW - SAXS

24A BM - (WR-SGM) XPS, UPS

Gas Phase (Seya) - BM

Beam Diagnosis - BM

U9 - (CGM) Angle-Resolved UPS, Spectroscopy 

      under construction

: 11

: 12

NSRRC Beamlines  

IR, VUV     : 5

IA
SW
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(  )

(  )

BM - Tender X-ray Absorption, Diffraction

(  )

at Hsinchu, Taiwan

17A W20 - X-ray Diffraction

beam diagnosis : 6

10A Beam Diagnosis - BM

XAS, XPS ( M-AGM) - BM 08B

21C BM - Beam Diagnosis

(  )

: 2

SRCD - BM 04C 

3 additional hard x-ray BLs at SPring-8, Japan



1.5 GeV, 300 mA, 
Top-up

Superconducting RF

TX Microscopy  01B

High Flux CGM  03A

Seya  04B
SRCD  04C

Scattering; PEEM  05B
AGM-AGS  05A

X-ray scattering 07A

L-SGM  08A

SPEM  09A

Dragon  11A

X-ray Scattering 13A; PX    
13B, 13C 14A  IR Microscopy

15A drugg design PX

16A  Tender X-ray

17A  Power XRD
17B  Scattering
17C  EXFAS
18B  LIGA

19A  Lithography

20A  H-SGM

21A  White Light
21B  CGM (ARPES)

23A  SASX
24A  WR-SGM EXFAS/Power XRD   01C

White X-ray  01A
Taiwan Light Source

IR, VUV:   5+1
Soft X-ray: 10+1

X-ray:   12+3 Soft X AGM  08B

27+3+3



NSRRC Photon Spectrum from Insertion Devices 



NSRRC Insertion Devices



Parameters of the Insertion Devices



50 Mev

NSRRC Linear Accelerator



NSRRC Booster Synchrotron



Focusing Magnet



SR sources around the world
http://www.spring8.or.jp/ENGLISH/general_info/overview/sr.html

Synchrotron Radiation Centres 

around the world



Two US 3rd Generation 

facilities - among the 

world‟s first

Advanced Light Source (ALS),

Lawrence Berkeley National Laboratory (1993)

Advanced Photon Source (APS),

Argonne National Laboratory (1996)

National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory (1982)

Stanford Synchrotron Radiation Laboratory (SSRL), 

Stanford Linear Accelerator Center (1974)

First US 2nd Generation facility World‟s first SR storage ring x-ray user facility

1.9 GeV,  = 3720, 197 m circumference

Synchrotron Radiation Centers in USA



6 GeV;       = 11800;  884m circumference

European Synchrotron Radiation Facility (ESRF)





8 GeV;     = 15,700;  1.44 km circumference

Spring-8 (Super Photon ring-8 GeV) Japan







X光繞射
X-ray Diffraction



Scattered x-rays

(elastic / inelastic)

Diffracted X-rays

Incident x-rays

Fluorescence

Photoelectron emission

Auger electron emission

Transmitted / Refracted X-rays

Reflected x-rays

Interaction between x-rays and matter

螢光

光電子



Interference pattern observed by 

von Laue and collaborators using a 

photographic plate in 1912. The 

large central spot is due to the 

unscattered X-ray beam. The dark 

spots correspond to directions 

where x-rays scattered from crystal 

(ZnS) layers interfere 

constructively.

Discovery of X-ray Diffraction

Max Von Laue

(1879-1960)

The Nobel Prize in physics 1914

“for his discovery of  the diffraction of x-rays by crystals”

Germany

http://www.nobel.se/physics/educational/x-rays/what-4.html



Analysis of Crystal Structure

The Nobel Prize in physics 1915

“for their service in analysis of crystal structure by means of x-rays”

(1862-1942) (1890-1971)

United Kingdom United Kingdom

Determining the crystal structure NaCl, ZnS, Diamond,…

http://www.nobel.se/physics/laureates/1915/

NaCl

http://www.nobel.se/physics/educational/x-rays/what-6.html

Sir William Henry Bragg Sir William Lawrence Bragg 



Lattice constant

a, b, c, a, , 

Miller indices

Crystal Systems- Body-Centered Cubic (BCC) 

Unit cellIndexing crystallographic directions

direction A = [021]

direction B = ]100[

Crystal



Bravais Lattice: an infinite array of discrete points with an 

arrangement and orientation that appears exactly the same from 

whichever of the points the array is viewed.

Name Number of  Bravais lattices Conditions

Triclinic 1 (P) 
a1  a2  a3

a    

Monoclinic 2 (P, C) 
a1  a2  a3

a =  = 90°  

Orthorhombic 4  (P, F, I, A)
a1  a2  a3

a =  =  = 90°

Tetragonal 2 (P, I)
a1 = a2  a3

a =  =  = 90°

Cubic 3 (P, F, I)
a1 = a2 = a3

a =  =  = 90°

Trigonal 1  (P)
a1 = a2 = a3

a =  =  < 120°  90°

Hexagonal 1 (P)
a1 = a2  a3

a =  = 90°
 = 120°

3D: 14 Bravais Lattices, 7 Crystal Systems



x-ray
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Scattering from one electron

oscillation

J. J. Thomson (1906) analyzed scattering in detail. 

Scattered intensity at a distance, r, from a single electron 

for an unpolarized source is 

2301094.7 mK 

scattered

wave

in all directions

)
2

cos1
()(

2

20




r

K
IrIe





x
y

z

r

I
e
(r)



Thomson scattering
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Radiation field scattered by the electron
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Electric field of incident beam
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Assuming (r) is spherically symmetric

Ea(s): Scattering amplitude from 

one atom

(r): charge density of an

atom

Scattering from  one  atom

Classical approach

Atomic scattering factor:

x-rays

)(
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Ee(s): Scattering amplitude from 

one electron



Example: Atomic scattering factor

amplitude of the wave scattered by an atom

amplitude of the wave scattered by one electron
f  =

“f “ is expressed as a function of  

sinθ/λ as the interference  depends on 

both λ and the scattering  angle.

“f”  is equivalent to the atomic   

number at low angles, but it drops   

rapidly at higher sinθ/λ.



Scattering from one unit cell

BCC
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Structure factor  結構因子
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amplitude of the wave scattered by one electron

amplitude of the wave scattered by all the atoms in one unit cell 
|Fhkl| =

NaCl

One unit cell contains 4(Na+Cl- )

Kinematical theory

Dynamical theory
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Bragg‟s Law 布拉格定律

• The beam reflected from the lower 
surface travels farther than the one 
reflected from the upper surface

• If the path difference equals some
integral multiple of the wavelength,
constructive interference occurs

• Bragg’s Law gives the conditions for 
constructive interference

Perfect Crystal = 3D Grating

d:  Lattice spacing

:  Wavelength of x-ray

:  Bragg angle

 nsind2 

n=1, 2, 3, …



應用
Applications



• Biological and chemical 3D molecular structure 

determination (SCD)

• Qualitative and quantitative crystalline phase composition 

analysis (XRPD)

• Material structure analysis (XRD, HRXRD, XRR, µ-XRD, 

SAXS)

– crystallite size / particle size in the nm range

– microstrain

– residual stress / fatigue stress

– texture / preferred orientation

– thin films and multilayers: thickness, layer sequence, 

density, surface and interface roughness

– Nanostructure analysis (particle shape, size and orientation)

Applications of X-ray Diffraction 



• X-ray powder diffraction (XRPD)

• High resolution X-ray diffraction (HRXRD)

• Single crystal diffraction (SCD)

• Small angle X-ray scattering (SAXS)

• X-ray reflectometry (XRR)

• Grazing incidence diffraction (GID)

• In-plane grazing incidence diffraction (IPGID)

• X-ray resonant diffraction

• X-ray multiple diffraction

Techniques used for X-ray Diffraction 



Greatly enhanced surface sensitivity

Grazing (Glancing) Incidence X-Ray Diffraction (GIXD)

When the incident beam 

close to or below the 

critical angle for total 

external reflection, a Bragg 

reflection is excited from 

planes perpendicular to the 

surface.

(in plane)



Information from Grazing Incidence X-rays

X-ray methods at grazing incidence (GID, GISAXS,…)

Structure of thin layers on substrate

Surface sensitive

x-ray



a/a
Mismatch (or strain) in lateral (in-plane, parallel) direction.

c/c
Mismatch (or strain) in normal (vertical, perpendicular) direction.

R
Lattice relaxation degree.

cx

Concentration for ternary solid solution

cy

Concentration for quaternary solid solution

Strain 

ρ
Mass density

In a material there may be strains that vary from grain to grain or 

within a grain (microtrains) due to the local environment and there 

may also be a uniform strain due to an external load (macrostrain)

crystalline

 tan2
d

d


Differential Bragg‟s law

diffraction line



Horizontal offset gives parallel

lattice constant

Vertical offset gives perpendicular

lattice constant

Combining the lattice constant 

information gives the parallel

and perpendicular strain

How to measure strain

p



Specular x-ray reflectometry - characterize e- density profile normal to

the interface

Refracive index for x-ray:

n =1- +i, less than 1, for X-ray!

 = r00
2/2 (10-5 to 10-6)

and  - absorbtion, = /4

r0 - clasical electron radius

0 - electron density

 - mass absorption coefficient

Snell„s law:

n1 cos ai = n2cos at

ac (ai for at=0) = (2)1/2

ac ~ 0.1 - 0.6° for  = 1.5Å

n1=1

n2<1

incident

beam

reflected

beam

refracted

beam

ai ar

at

Basic concepts of reflectivity

sample



The Information Derived from a Reflectivity Curve



1.Crystallization 2.Data collection 3.Phase determination

4.Calculation & interpretation of electron density map

5.Refinement of the molecular model

X-ray crystallography X光結晶學

6.Structure

hkli
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Beamline Setup



X-ray Scattering BL07A (NTHU, Tamkang U., T3)

X-ray absorption stationX-ray scattering/diffraction station



SPring-8 Taiwan Beamlines

BL12XU

BL12B2

10Y review & 5Y contract renewal (2010/2/24)



Data Collection

Charge Couple Device (CCD)

Control PC system

Lysozyme

X-ray

SR

DCM

8C diffractometer



8C diffractometer 八環繞射儀器



Ewald sphere

Data collection method: Rotation method



Diffraction Image of Lsozyme



Source: NSLS website

Source: Nobel Prize website



Realization of X-Ray Fabry-Perot 

Cavity: A Synchrotron Diffraction 

Experiment

X光共振腔--X光繞射實驗

NTHU, NSRRC, SPring8/Riken



Optical Fabry-Parot Interferometer







X-ray Fabry-Perot resonator

背向反射(back reflection)

Bragg angle=90 deg.



微電子蝕刻術 (lithography)



Experimental set-up

Si  (12 4 0) back reflection

for E=14.4388 keV ( 0.8588 A)



double thin plates, t = 100μm   dg = 150 

μm

double thinner plates, t = 70 μm   dg = 100 μm

-10 0 10
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1.0

in
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(a) Forward-transmitted 

(0 0 0) beam

(b) Back-reflected 

(12 4 0) beam  

Δθ- scans at ΔE = 9 meV

The Δθ-scan at 0.002 deg./step

ΔE = 0.36meV   

ΔE/E = 2.5 *10-8  at 
14.4388 keV ( 0.8588 A) 

Silicon crystal



Intensity distribution of resonance 

interference at ΔE = 12meV

24-beam diffraction

Collaboration: NTHU, NSRRC, SP-8/RIKEN

S.-L. Chang, et al  Phys. Rev. Lett. 94, 174801 (2005).



台灣光子源計畫
Taiwan Photon Source (TPS) Project 



台灣光子源 Taiwan Photon Source (TPS)



Natural emittance: 1.6 nm-rad

Straight sections: 7 m (x 18); 12 m (x 
6)

Taiwan Photon Source (TPS)

3 GeV, 518.4 m, 500 mA

Taiwan Light Source

(TLS)

Full capacity: 48 ports

Administration and Operation Center

Academic Activity Center

3D Aerial View of NSRRC



Progress of Civil Construction



屏蔽牆內儲存環與增能環結構

TPS儲存環1/24段實體照片

S1

S7

Three types of SP lamination shape

S1

S7

Three types of SP lamination shape

A-typeA-type

B-typeB-type

C-typeC-type

Extended typeExtended type

17

Cutting typeCutting type

Standard typeStandard type

Four types of QP lamination shape

H-type DP lamination shape

二極、四極與六極磁鐵 真空系統設計與射束診斷安排

BPM1 BPM2
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IP5NEG8

NEG9

IP6

NEG10

TMP1

TMP2
TMP3

TMP4

TMP5
TMP6

S3 S4 B1

S5
B2

• Installed at 

KEKB (508 MHz) and

BECP-II/IHEP  (500 MHz)

超導高頻共振腔

KEKB Type SRF Module

700 W液氦低溫系統配置

四極磁鐵原型及量測平台

Hall量測系統

Hall量測支架

四極磁鐵
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沿軸向四極鐵磁場強度測試

• 四極成分達設計值

• 八、十二極分量超出規格

• 工程精度需提昇(底座等)

• 品質需強化 (線圈溫升)

修正磁鐵電源供應器原型
(與工研院合作開發)

Specification

Max. volt/cur.:       ±50V/±10A

Current ripple: 10 ppm

Short term stability:    5 ppm

Long-term stability:  10 ppm

Total 750 units to be fabricated by local company

潔淨室無油加工鋁質二極真空腔

3D dipole Al chamber machining

1. In clean room

2. Oil free environment

3. High precision on profile

TPS Accelerator Design and Prototype



 µ-focus macromolecular crystallography (2013)
(微聚焦巨分子結晶學光束線)

 High resolution inelastic soft-x-ray scattering (2013)
(高解析非彈性軟X光散射學光束線)

 Sub-µ soft x-ray photoelectron & fluorescence emission (2013)
(次微米軟X光能譜學光束線 )

 Coherent x-ray scattering (SAXS/XPCS) (2014)
(軟物質小角度散射學光束線)

 Sub-µ x-ray diffraction (2014)
(次微米繞射光束線光束線)

 Nano-probe (2014)
(奈米探針光束線)

 Temporal coherent x-ray scattering (2014)
(時間同調性散射光束線)

TPS Phase I Beamlines
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