
Overview of Synchrotron 
Light Sources



Synchrotron Radiation



Lights

If we need to investigate and look at things closer, so we need more intense 

light. We have many scientific questions to find the answers. Interaction of  X-

rays with matters is a good methods for scientific researches.

Scientific Questions

Sun light is for observing the plants and animals.
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Electromagnetic Spectrum
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• In general speaking, all the light are electromagnetic waves. They have different wavelengths. 
• A rule of thumb, the wavelength of the radiation should be shorter than the size of the 

investigated object.
• The size (resolution) of an “object” that can be observed is limited by the wavelength of the light.



nucleus

electrons

electrons

The big heavy nucleus do
not contribute to the emission
of light. The light is only emitted
from the electrons.

Where does Light Come From?

We can generate a light from a light blub . There is a tungsten wire inside that emit light
when electric current passes through. Looking at the structure of the wire. In the atom, we
find the nucleus and many electrons around it. When we put the electricity on, we actually
heat the whole wire up and the particles start to wiggle and wobble back and forth.

tungsten wire 

Atom

light bulb



There are a lot of devices in our daily life that emit electromagnetic radiation. 
They all work with a wiggling of electrons.

Electromagnetic Radiation in Daily Life

Antenna ➔ electrons going 

back and forth in a wire  ➔

radio waves

Magnetron ➔ electrons are 

wiggling around in a circle 

➔microwave radiation

X-ray machines at the 

dentist's clinic → X-ray

Microwave Oven

Mobile phone

X-ray machine
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Discovery of X-ray

• X-ray is a very fascinating discovery. On 8 November 1895 at the University of Würzburg, Germany,
the physicist Wilhelm Conrad Röntgen discovers a new, unknown type of rays, which he names X-
rays.

• He managed to produce bremsstrahlung radiation using an X-ray tube. The iconic picture of his
wife and with the ring.

• He won Novel Prize in Physics (1901). Till now, X-ray offers an important method for looking at
the atomic structure of crystalline materials and nanometer-scale structures.

Wilhelm Conrad Röntgen
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Brain Diagnosis Using Computed Tomography

Most advanced medical instrumentations

produce X-ray source in a very conventional way--- X-ray tube.  

X-ray Computed Tomography image was

invented by G. Hounsfield in 1972.

A computed tomography scan is a

medical imaging technique used to obtain

detailed internal images of the body. G. Hounsfield

Novel Prize in medicine (1979)

A. M. Cormack + G. Hounsfield

Normal Hemorrhage Infarction

White region : 

high X ray absorption

(skull bone)  

Black region : 

low X ray absorption

(hole)

Dead part

Blood

Tomographic images  of brain

Computed Tomography scanner
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X-ray CT in the Medical System

Anode

Cathode (filament)

+-- High voltage（~100 kV)

Filament heating current

thermal electron
Targets 

( tungsten, molybdenum, etc.)
60 cm

Examples of X-ray tubes

X-ray tube

1. There is an anode and a cathode in the X-ray tube; 

2. A high voltage of about 100 kV is applied between 

the anode and cathode;

3. The filament of the cathode is charged to generate 

thermal electrons; 

4. The heat electrons are accelerated and collide with 

the target metal of the anode to generate X-rays.

Most of the X-ray flux are lost without any use.

X-ray tube is a typical non-directional source.
Resolution: 0.5 mm 圖片取自網路



Light Emitted from Electrons

No light emitted from Electrons

Electrons at rest or  constant linear motion.

Light emitted from Electrons

Electrons in accelerated motion 

1. Linear acceleration 

(speeding up and down)

2. Centripetal acceleration 

(circular motion, when the 

direction of motion changes)

Centripetal 

Acceleration 

Light

Light

Light

Electron

The speed of electrons is slower than 

the speed of light

Light is radiated in all directions → 

Radiant divergence is 4π radian2



Free Electrons

Most light sources comes from the emission of electrons in a substance.
Examples: light bulbs, fluorescent tubes, candles, molten iron, tube X-rays, lasers.

Depending on the wavelength, light emitted may be absorbed by other electrons within the 
substance, resulting in light may be difficult to emit outside the substance. This is often the 
case with vacuum ultraviolet, soft X-rays and X-rays.

They are called free electrons because they are not bound by matter.
The generated light propagates unimpeded .
Example: In the universe,  light from an electron accelerator (vacuum chamber) ---- 
Synchrotron radiation

Electrons confined within a substance

Electrons in a vacuum

There are two types of environment in which electrons emit light



Discovery of Synchrotron Radiation

1st man-made synchrotron light
Synchrotron light from the 70-MeV
electron synchrotron at GE Synchrotron
radiation was named after its discovery in
a General Electric synchrotron accelerator
built in 1946.

A 70-MeV electron synchrotron to test
the ideal how to keep the RF voltage and
the particle in “synch”. A bright arc of
light was seen. The GE group quickly
realized was actually coming from the
electron beam.
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Generations of Accelerators

1st Generation (1962–1980)
Light sources operated parasitically on particle 

accelerators. Synchrotron light was produced only 

by bending magnets.

2nd Generation (1974–1990)
Accelerators were built as dedicated light sources, 

but light was still generated mainly by bending 

magnets.

3rd Generation (1990–present)
Light sources were optimized for synchrotron 

radiation, using special devices such as undulators 

and wigglers to produce much brighter light.

4th Generation (2000–present)
LINAC-based light sources and free-electron 

lasers (FELs) provide extremely bright, coherent, 

and ultra-short light pulses.

3rd Generation

Taiwan Photon Source

(2016) , Ebeam = 3 GeV

C=518.6m

First 2nd Generation

SOR-RING (1974)

Ebeam=0.3 GeV、
C= 17.4 m, 

First 4th Generation

Hard X-ray FEL 

SLAC(2010),

Ebeam = 6 GeV
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Brilliance of Synchrotron Radiation 

4th Generation (XFEL)
LCLS,SACLA,EU_FEL

3rd Generation
TPS, NSLSII, MAX IV, 
APS, ESRF,SLS, - - - -

2nd Generation
PF, NSLS

1st Generation
SSRL, HASY

4th Generation (XFEL)
LCLS,SACLA,EU_FEL

3rd Generation
TPS, NSLS II, MAX IV, 
APS, ESRF,SLS, - - - -

2nd Generation
PF, NSLS

1st Generation
SSRL, HASY



General Characteristics of SR

⚫ High Intensity ( much higher than 
conventional X-ray tube) 

⚫ Continuous spectrum from BM

⚫ Excellent Collimation ( ~ 1/Ebeam)

⚫ Pulsed-time Structure (several ps)

⚫ Synchrotron radiation with Polarization 

The intensity of synchrotron X-ray is

more than a million times higher that

from a conventional X-ray tube.



Overall performance of the light : Brilliance

Brilliance =
Power

[Divergence] × [source area ] × [monochromaticity]

The units of brilliance in synchrotron radiation science are
Photons/sec/mrad2/mm2 in 0.1% bandwidth

The number of photos that arrive per second to a unit surface per unit 

opening angle and in a certain percentage of bandwidth.

Important characteristics 

of light sources:

Power

Angular divergence

Source area

Monochromaticity



X-ray source for small particles

Small particle

0.1 mm

X-ray with 

(High collimation)

(Parallel X-rays)In X-ray CT, the necessary X-ray flux is proportional to the 
square of resolving power(鑑別率).

Resolving power of standard medical system ：1/0.5 mm
for small particles              ：1/0.0002 mm

Necessary resolving power for small particles is 2,500 times higher.

☼ The necessary X-ray flux for micro particles should be 6 x 106 times higher.  
☼ To obtain the above flux by using an X-ray tube, 

4 GW may be necessary - - - corresponding to the electricity power :
10 % of total power generated in Taiwan in summer.

Practical solution
☼ X-ray source is collimated (small angular divergence)！
☼ Thin X-ray beam having small cross-sectional area !

Can we use CT X-ray for a micro-sample ?



Brilliance of various light sources

◼ High intensity light source: suitable for high-resolution observation of small 

specimens. Not good for observing large fields of view. 

◼ High-brilliance X-ray at TPS: best light source for observing microscopic 

samples and microstructures. 

Laser pointers have a trillion times higher brilliance.

However, light blub and candles are more convenient in everyday life.

Brilliance =
Power 

[ Divergence of radiation ] × [ source area ] × [ monochromaticity]

Brill. of Laser pointer ＝ 〜 1011
0.001 W

[1 mrad  1 mrad] × [0.1 mm  0.1 mm] × [10-6]

Brill. 100W light bulb＝ 〜 0.1
100 W

[4π rad2] × [10 mm  10 mm] × [1]
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High Brilliance Light

Do we really need high brilliance light? 

Yes, if one want to investigate small samples , increase the effective light is 

necessary (narrow field of view).

Conversely, huge samples (wide field of view) , we do not require high brilliance.

In order to obtain high brilliance light(naturally the output of the light source must 

be high), light source need to have

 High collimation(small divergence)      1st Feature of SR

 Narrow light source area (small size)                       2nd Feature of SR

 High monochromaticity (narrow spectral width)       3rd Feature of SR

To obtain even higher peak brilliance

 Short pulse width                                                       4th Feature of SR



Last Performance for High Resolution

Wavelength

Intensity

Sun light, light blubs,

SR from BM

White light：

Laser, X-ray tube, undulator radiation

Monochromatic light ：

Spectral width

Wavelength of source

Lasers : 10-3〜10-10

X-ray tube : 10-3

Undulator radiation : 0.05〜 0.01  --- not so narrow
→ monochromators

Monochromaticity ＝

 (Spectral width)

 (Wavelength of source)

Monochromaticity of various sources

Monochromaticity

Fortunately, X-ray tube has a good 

monochromaticity, but the other performances are 

not in the acceptable level.



Associated Accelerators



Hadrons Accelerators

強子加速器
Hadrons 

Accelerators

中子源
Neutron 
Sources

驗證粒子物理理論（如標準模型）、尋找新粒子（如希格斯玻
色子）、研究夸克和膠子行為以及物質的起源。

高能物理對撞機
High-Energy Physics 

(HEP) Colliders

大型強子對撞機 Large 
Hadron Collider (LHC)

未來環形對撞機 Future 
Circular Collider(FCC-hh,

proposed)

電子-離子對撞
Electron–Ion Collider 

(e–p / e–A)
Lepton–hadron collider

Accelerator-based
散裂中子源

Spallation Neutron Sourc0e
(SNS, J-PARC, ESS)_

Non-Accelerator-based
核分裂反應爐

Nuclear Fission Reactor
(research reactors)

Heavy Ion 

Therapy

(e.g. carbon ions)

Nuclear 
Physics

Materials Science &

Aerospace Science 
& Heritage

Industrial & 

Medical 
Applications

重離子加速器
Heavy-Ion 

Accelerators

Particles: protons, heavy ions

proton–proton / 

heavy-ion 

colliders



Leptons Accelerators

輕子加速器
Leptons

Accelerators

同步輻射光源
Light Sources

高能物理對撞機
High-Energy Physics 

(HEP) Colliders

國際直線對撞機
International Linear 

Collider (ILC)

緊湊型直線對撞機
Compact Linear Collider 

(CLIC, proposed)

未來環形正負電子對撞機
FCC-ee (proposed)

同步輻射加速器
Synchrotron Radiation 

Sources

自由電子雷射
Free-Electron Lasers 

(FELs)

Medical LINACs 
(Radiotherapy)

Electron 
Irradiation

Non-destructive 
Testing

Semiconductor 
Processing

Industrial & Medical 
Applications

Particles: electrons, positrons



Introduction to Synchrotron Accelerator

A special kind of synchrotron accelerator  is aimed to generate strong intense light.

Experimental 

stations

Experimental 

stations

Experimental 

stations

B
e
a
m

lin
e

Beamline

LinacStorage Ring

Booster

RF Cavity

Electron Source

Undulator

Undulator

Taiwan Photon Source
Energy 3 GeV 

Beam Current 500 mA



Linear Accelerator

•A linear accelerator (LINAC) accelerates charged particles in a straight line using 
radio-frequency (RF) electric fields
•Particles gain energy step by step as they pass through a sequence of RF accelerating 
structures

Main Functions
•Initial Acceleration / Pre-Injector : 

   Provides the first high-energy beam for storage rings or synchrotrons
•Beam Conditioning : Controls beam energy, bunch length, and emittance

High-Energy Beam Generation : Delivers high-quality beams for FELs and High Energy Particle experiments

A disk-loaded traveling-wave RF accelerating structure used in electron LINACs



Radio Frequency Cavities

•An RF cavity is a resonant structure that uses radio-frequency electromagnetic fields
•It accelerates charged particles and maintains their energy and timing in an accelerator

Main Functions
•Beam Acceleration : 

Provides energy gain to compensate for radiation losses or increase beam energy
•Beam Bunching : Organizes particles into stable bunches
•Longitudinal Beam Stability : Controls energy spread and synchrotron motion



Magnets

Dipole magnets generate uniform

magnetic fields to bend charged

particle beams, controlling beam

curvature and momentum in

circular accelerators. As the

beam passes through dipole

magnets, synchrotron radiation is

emitted.

Quadrupole magnets focus 

particle beams using magnetic 

field gradients. Unlike dipoles, 

which bend trajectories, 

quadrupoles focus in one 

transverse plane and defocus in 

the other; quadrupole systems 

enabling precise control of beam 

size and divergence.

Sextupole magnets provide 

nonlinear fields for chromaticity 

correction, compensating 

momentum-dependent focusing 

and reducing chromatic effects 

caused by energy spread.

圖片取自網路
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Generation of Synchrotron Radiation

SR is emitted at a bending magnet or an undulator.

Bending Magnet (BM) Undulator

If a charged particle is travelling in a magnetic filed.
The particle is forced to bend. When a magnetic field
is applied to a moving electron, an electron is forced
( Lorentz force ) to bends the direction of motion.

Fleming's left-hand rule

Electrons are negatively charged. The movement of an electron is 
equivalent to an electric current flowing in the opposite direction. 

圖片取自網路



Bending Magnet

S

N

Electron
Bending Magnet (BM)

⚫ The magnetic field is only in vertical direction, so the electron travels in the 
horizontal plane .

⚫ Small divergence angle in the vertical direction ,horizontal radiation angle equal to 
the bending angle.

⚫ White light with a continuous distribution over a wide wavelength range from far-
infrared to X-rays. (To obtain bright X-rays, an electron energy of 2 GeV or higher is 
required).

Centripetal 

Acceleration

Vertical angel of SR



Undulator

Undulator: The main structure 
consists of upper and lower 
permanent magnet arrays 
with alternative polarities 
periodically 

Electrons moving in the gap between the upper and lower 
magnet rows are caused by the periodic Lorentz force 
Draws a meandering trajectory and generates quasi-
monochromatic synchrotron radiation with high brightness

The world of undulator comes from golf -- undulation
(surface containing a mixture of gentle rises and dips in
elevation). The device causes the electrons to meander
and producing high brilliance X-rays!

圖片取自網路



The electrons with high energy

Vertical 

divergence

Undulator is a device to generate the 
synchrotron radiation. Permanent magnets 
with different alternating polarity . The X-
ray brilliance of undulator synchrotron 
radiation is 100,000 times higher than 
that from BMs and a billion times 
higher than tube X-rays.



Beamlines



High directivity from high-energy electrons 

Lorentz factor: ratio of total energy to static energy.

Relative speed to light

Total energy

Relativistic electrons: 

electrons moving at nearly the speed of light.

The relative velocity is expressed as a Lorenz factor

Radiant angle from relativistic electrons.

Coordinate system 

fixed to electrons.

Coordinate system 

fixed to the observer

static energy of electrons,  0.511 MeV
𝐸 = 𝐸𝑘 +𝑚𝑐2

𝛽 = 𝑣/𝑐

𝛾 =
𝐸

𝑚𝑐2
= 1/ 1 − 𝛽2 𝛾 =

𝐸𝐺𝑒𝑉
0.000511

= 1957𝐸𝐺𝑒𝑉

𝛽 = 1 − 𝛾−2 = 1 −
1

2𝛾2

High Directivity

Large Time 
Squeezing  (1/22)

Short wavelength

Radiation in the forward 
direction (1/)

High Directivity

High energy of electrons



Short Wavelength at High Energy Electrons 

If the electron beam energy is high, the difference between speed of

light and speed of electron becomes small. We can obtain short

wavelength.

Short wavelength

cT1

u



X-ray wavelength is inversely proportional to the square of the 

electron energy 

1. Beam Energy 0.8GeV、 X-ray Wavelength Long 

2. Beam Energy 3 GeV、 X-ray Wavelength Short

CASE1 CASE2

cT2

u





Harmonic Characteristics of Undulator Radiation

Orbit Electromagnetic waveDeflection 

Positive and negative electric field waveforms are symmetrical on the 

axis → even orders disappear after Fourier transform
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spectra



Many electrons in no correlation case

Electron beams passe an undulator

Single electron
Undulator

36

Undulator

single wave packet

Total radiated power: only 1012 times higher 

than that by single electron

# of electrons in a bunch: 1012 in case of TPS

Bunch length : 5 mm（15 psec）

Pulse length = bunch length

5 mm

Essence of 3rd Generation Light Sources

Pulse length : N (〜10 nm, typical)

1012 wave packets

N periods



Effects due to Electrons

𝜔(θ) =
4𝜋𝑐𝛾2

𝜆𝑢
1 +

𝐾2

2
+ 𝛾2𝜃2

−1

Effects due to finite emittance 

of the electron beam 

Effects due to energy spread 

of the electron beam 

𝜔(θ) =
4𝜋𝑐𝛾2

𝜆𝑢
1 +

𝐾2

2

−1

T. Tanaka, Cherion School, 2010
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