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What is synchrotron̹

üSynchrotron radiation is the electromagnetic waves (light) radiated along 

the tangential direction when charged particles at a speed close to that 

of light change their direction of motion Ж

üDevices (radiation sources) used to change the direction of movement of 

charged particles can be bending magnets, undulator and wiggler.



In April 1947, F.R. Elder team observed the electromagnetic radiation from electrons for the first time at the 70MeV 
electron synchrotron at General Electric Laboratories in the United States, hence the name synchrotron radiation.
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synchrotron radiation

1950s, after a series of explorations, people discovered that SR is a very excellent light source.

Early 1960s, the application of synchrotron radiation began.

1965, first storage ring built in Frascati.

1970s ,the modern stage of synchrotron radiation application began.

History of synchrotron radiation

Beam direction



The major 

parts

É Storage ring with  

radiation sources

É Beamline

É End station 
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X-ray tube

1st

2nd

3rd

4th

Beijing Synchrotron 

Radiation Facility, BSRF

National Synchrotron 

Radiation Laboratory, 

NSRL

Shanghai Synchrotron 

Radiation Facility, SSRF

High Energy Photon 

Source, HEPS

Hefei Advanced Light 

Facility, HALF



The spectrum of synchrotron radiation covers a wide range from infrared to hard X -rays

ɚ=100-0.01Ȕ

ɚ=12.4/Ů(keV)(Ȕ)

Ů=0.124-1240keV

=124eV-1240keV

10Ȕ/1.24keV

To detect the structure of matter at a certain scale, light with a 

wavelength that matches it is needed.

To detect physical phenomena of a 

certain energy, we need light with 

energy that matches it.



Time structure of synchrotron radiation

To detect physical processes on a certain time scale, we need light with a temporal structure that matches it.

FEL or slice technology can achieve fs resolution



The X-ray (light) interacts with materials



Classification of synchrotron-based

characterization techniques

Imaging:
Spatial 
resolved

Spectroscopy:
Energy 
resoled

Scattering/
Diffraction:

Momentum 
Resolved

V Various techniques can 
be integrated

V Suitable for in - situ, 
dynamic, operando study 

V High throughput

Principle of X-ray photoelectron spectroscopy (XPS)

http://www.texample.net/media/tikz/examples/PDF/principle-of-x-ray-photoelectron-spectroscopy-xps.pdf


World wide Synchrotron Facilities

Faciality
Electro Energy

αGeVβ

S

ASTRID 2 0.54

SOLARIS 1.5
MAX-IV 1.5

NSRL 0.8
BESSY-II 1.7

ALS 1.9

ELETTRA 2/2.4

T

SSRF 3.5

TPS 3

PLS-II 3
SLS 2.4

SOLEIL 2.75

CLS 2.9

ALBA 3

DIAMOND 3

MAX-IV 3

NSLS-II 3

AS 3

H

ESRF 6

PETRA-III 6

APS 7

SPring-8 8



X- ray and 
synchrotron radiation
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The discovery of X-ray

At the end of 1895,

German scientist

Wilhelm Conrad

Röntgen discovered

a mysterious

radiation- X-ray -

while studying

cathode ray tubes.

Cooling water Heavy metal

High speed e

X-ray

ücathode ray 1858

üElectron 1897

üX-ray  1895

üRadioactivity (ǞȁǟȁǠ) 
1896

Electromagnetic 

technology: high voltage 

electricity

Vacuum technology: 

obtaining vacuum



What is X-ray: its nature

VWaveχ
transverse wave not Longitudinal waveχdouble scattering experiment

Vparticleχ
Photoelectric effect: energy quantization

Compton scattering: energy and momentum quantization

XRD 1912

Double scattering

Unpolarized X-ray

First object

Maximum intensity

Second object

Polarized X-ray

Maximum intensity

0 intensity

0 intensity



Generation of X-ray

ü The electrons in the inner 
shell of an atom are excited 
to form holes, and the 
electrons at the higher energy 
level jump to the energy level 
with holes, emitting high 
energy photons (X-ray)̵

ü Radiation produced by 
accelerated charged particles 
(electrons).
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Atomic inner shell 
electron transition



Atomic photoemission

atomic 

spectrum

Hydrogen atomic spectrum

Balmer's Law̴
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Electron transitions within an atom
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Different 

transitions 

correspond 

to different 
series



Electron transitions to the inner shells of an atom

X-rays: High-energy 
photons released when 
electrons in atoms 
transition to holes in their 
inner shells.

Moseley's law

ãɜ= a(Z -b), where óɜ ' 

is the frequency of the 

emitted X-ray, 'Z' is the 

atomic number, 'a' is a 

constant, and 'b' is a 

screening constant



X-ray tube

Cooling water Heavy metal

High speed e

X-ray



X-ray characteristics generated by X-ray tubes: continuous spectrum

ejeiX EEE -=

In bremsstrahlung, the energy of the X-ray photon is 
equal to the energy lost by the electron̴

Due to the different collision parameters, the energy 
loss by electrons in different collision processes is 
different, which is statistically continuous, so the 
photon energy spectrum of bremsstrahlung is also 
continuous.
The maximum energy of the photon (shortest 
wavelength) corresponds to the maximum energy 
of the electron:
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X-ray characteristics produced by X-ray tubes - discrete spectra

X-ray fluorescence spectroscopy: The atomic number Z can 
be obtained from X-rays, which pioneered the X-ray analysis 
method.

1̣ For X-ray tubes with the same high voltage and different 

target anodes, the short wavelength limit is the same̵

2̣The X-ray intensity produced by high-Z target anodes is 

higher than that produced by low-Z target anodes̵

3̣For the same X-ray tube, as the voltage increases, discrete 

spectra appear on the continuous spectrum.
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X-ray notation



X-ray elemental spectrum

2p3/2 ­ 1s and 2p1/2 ­ 1s

Ka1,2 (inseparable)

hn (eV) FWHM (eV)

Mg 1253.6 0.7

Al 1486.6 0.85

Ionized Mg or Al produces Ka3,4 

Higher photon energy thanKa1,2

~9-10 eV

3p ­ 1s 

Kb

X-ray characteristic spectral linesof different elements



Radiation produced by 
accelerated electrons



Radiation produced by accelerated electrons
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I. The electric field of a moving charge

electrostatic field radiation field
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II. Energy flux density of the radiation field
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III. Radiated power distribution
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Acceleration is in the same direction as velocity (opposite direction)
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Linear motion: acceleration and velocity are in the same direction (opposite)

Radiated power is proportional to the square 

of acceleration

non-relativistic̴ѧ<<1 relativistic̴ѧʸ1



Radiation intensity of electrons moving in a straight line

Radiation intensity and energy gain ratio ̴
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Radiation loss can be basically ignored

Electron Linear Accelerator Bremsstrahlung
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Much larger than the radiation power and 

energy change ratio in the electron linear 

accelerator



Synchrotron radiation is an electromagnetic wave (light) emitted by charged particles

(electrons) moving at close to the speed of light in an ultra-high vacuum environment

when they changetheir direction of motion .

The direction of acceleration is perpendicular to the 

direction of velocity: synchrotron radiation

Discovered in 1947 on a synchrotron (70MeV), so it is called "synchrotron radiation"



Radiation from circular motion of electrons
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Radiation from the circular motion of electrons (non-relativistic)

1<<b 1ºgnon-relativistic̦                                

radiation power distribution ̴
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Radiated power is proportional to the square 
of acceleration ɡ

Non-relativistic Radiation power 

distribution of circular motion electrons

ǆis the angle between the observation direction and the 
acceleration direction. In the plane of electron motion̦
Radiated power distribution̴
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Radiation from the circular motion of electrons (relativistic)
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Radiation from the circular motion of electrons (relativistic)
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UndulatorBending magnet
Wiggler

Synchrotron radiation sources

Straight 
section Dipole 

magnet

high frequency cavity

Quadrupole 
magnet 



Bending magnet
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Radiated power:

The total energy radiated by an electron 

in one circle
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Bending magnet: Energy Spectrum
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The spectrum of SSRF bending magnet

‐ ρπȢσυὯὩὠ

Electron energy 

GeVEe 5.3=

Magnetic field strength

TB 27.1=

— πȢρτφάὶὥὨπȢππψτЈ

Emission angle

The total radiation energy of an 
electron after one circle:

Ὁ ρττφὯὩὠ

Ὅ ςππάὃ ὖ ςψωὯὡ

Calculation result

Actual measurement results

‐ ρπȢσυὯὩὠ

Actual energy 
range of a beamline 

4-22keV



X-ray polarization from a bending magnet

Only when ѭ=0 (in the XZ plane) it is linear polarization.

The degree of 

polarization depends on 

the photon energy: the 

higher the energy, the 

stronger the horizontal 

component.

The greater the deviation 

from the electron orbital 

plane, the stronger the 

vertical component. 

Above this plane, linear 

polarization to elliptical 

polarization, to circular 

polarization.
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Insertion device̴Wiggler

Composed of multiple pairs of magnets with opposite directions. The period of the magnets is longer and 
the period number N is smaller. The electrons do not emit light once like in the bent iron, but change the 
direction of movement many times and emit light in the same solid angle, but the photons have no 
correlation with each other (incoherent).The photon energy spectrum, characteristic energy and other 
parameters of the wiggler are the same as those of the bent iron light source with the same magnetic field 
strength, but the local magnetic field strength is increased, which can increase the photon energy. The total 
photon intensity is 2N times that of a single magnet̴ Ὅ ςὔὍ

Monopole wiggler (frequency shifter): 
composed of 3 dipole magnets, which enhance the local 
magnetic field and increase the photon energy, while the 
electron orbit remains unchanged at the entrance and exit.

Multipolar Wiggle: consists of N magnetic 
field pairs with opposite polarities. 
(Equivalent to 2N bent iron light sources)



Undulator: composed of multiple magnet pairs. Its magnetic field strength is weak, but the period is 
short and the number of periods is large. Electrons move in a very small sine wave in a magnet group 
with opposite polarity. The radiation generated in each period is coherent.
In the final emitted light, the wavelength of light that meets the coherent enhancement condition will 
be enhanced, and its brightness is N2 times the brightness of a single-period magnet light source. The 
wavelength of light that does not meet the enhancement condition is weakened, so its spectrum is 
discontinuous.

The polarity of the magnet is not simply NS or SN.

Insertion device̴Undulator



The spectrum of X-ray from a undulator
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strength B 0 is weak,

the period length ɚuis 

short, 

the electrons move in a 
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)(GeVEe
)(mAI eAn electron beam with                   energy and                flux radiates photons per unit time and per unit energy width 

per unit solid angle.̴
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When K<<1,                             quasi-monochromatic, coherent, parallel beam‗
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The equation of motion of the electron in the undulator is sinusoidal, and the energy spectrum obtained 

from the Fourier transform is a quasi -monochromatic spectrum. The wavelength that satisfies coherent 

enhancement is:
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The spectrum of X-ray from a undulator
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IUV25 ̴
B=0.95T@Gap=7 mm
T=25 mm
Nu=80

Even harmonics: 

caused by multiple 

frequency of 

electron motion

Energy spectrum of IVU source at SSRF



Angular distribution of the beam of an undulator source

The undulator is a plane undulator, that is, the electrons move in the XZ plane, and the 
radiation generated is linearly polarized in the XZ plane.
If the magnetic field is a spiral distribution rotating around a certain axis, elliptically 
polarized radiation can be generated.

Divergence angle of the undulator beam
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Comparison of the principles of three light sources

Bending magnet: fan-type radiation

Wiggler: disordered superposition

Undulator: orderly coherent



Comparison of the spectra of three light sources

BM

Wiggler

Undulator
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Wide energy spectrum: capable of producing full-band radiation from far infrared to hard X-rays;

Monochromatic: produced by electrons in an ultra-high vacuum environment and further 
monochromatized by the beamline optics.

High collimated: since the divergence angle of the emitted electron beam can be controlled to be very small, 
the divergence angle of the emitted light is also very small, with high collimation;

High brightness and high flux: since very high-power radiation is concentrated in a very small spot, 
synchrotron radiation has very high power (flux) and brightness

High polarization: synchrotron radiation is the emission of electrons in a magnetic field. By controlling the 
structure of the magnetic field and the extraction position of the light, a beam with good polarization can 
be obtained.

Stable time structure: since the energy of the electron bunch running in the accelerator is very stable, 
synchrotron radiation has a stable pulse time structure and can be used for time process research;

Precise predictability: since synchrotron radiation is radiation caused by precise charge movement, its 
energy spectrum, brightness and other parameters can be accurately calculated based on electron energy, 
beam current, magnetic field strength and other parameters, and can be used as a standard light source;

Coherence: partial coherence, quasi-coherence.

Advantages of synchrotron light sources



X- ray interaction with 
matter
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Magnetic wave

atoms

electrons

X-ray matter

scattering

coherent Incoherent photoelectric effect electron pair effect

Eɔ>1.022MeV

absorption

X-ray interaction with matter

Coherent/classical 

/Thomson scattering : 

direction may be 

changed, the 

frequency unchanged. 

Incoherent 

scattering : Direction 

and frequency 

change, the electron 

gains a certain 

amount of energy 

and momentum

Photoelectric effect

produce 

photoelectrons with 

a certain kinetic 

energy, and 

produces secondary 

characteristic 

fluorescence 

radiation or Auger 

electrons



X- ray Scattering



Coherent scattering (Thomson scattering)

I 0

I t

I s

Small angle scattering

I 0 I s

I t

Diffraction Laue Diffraction

Bragg  Diffraction



X-ray scattering/Diffraction

Real space reciprocal space

Diffraction: long range order

Scattering: average microscopic morphology



Each electron in the material is subjected to vibration under the action of

the electric field of X-rays. In this way, the electrons generate

electromagnetic wavesof the same frequencyas the incoming X-rays in all

directions, and the interference between the coherent scattering from the

long-range neighboringlattices causesX-ray diffraction.

X-ray diffraction - interference of coherent scattering



X-ray Crystallographic Diffraction Structure Analysis

Crystal structure :  lattice + structural unit (basis)

Lattice parameter atomic position

peak intensitypeak position

Experimental results


