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Free Electron lasers: a new generation of light sources

The global role of AdLS in scientific infrastructure and collaboration
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The late 19th century pioneering work

Several European poles trying to gain insight into radiation 

mechanisms 

UK: Thomson, Stokes, Barkla, Rutherford, Bragg

Germany: Hertz, Lenard, Roentgen, Planck, 

Sommerfeld, Laue

France: Poincaré, Becquerel, Villard, Curie

Netherlands: Haga, Werd

1890-1900: major advances

Electric discharges in gases

X rays

Radium

,n ,  radiation

Corpuscular nature of cathode rays

Crooke tubes used at the end of the 19th century to 

study electric discharges in gaseous media
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1895: The discovery of X rays

Roentgen device for studying air ionization by X rays X ray imaging of hand phalanx

Radiology 

Object placed along X-ray beam 

trajectrory

Attenuation is a function of the density 

and structure of the object

First Physics Nobel in 1901
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Few charming illustrations

Bullet in brain… Fractured thighbone…

Tuberculous lung… The end of a locust…  (CEA Moronvillers)
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20th century major breakthroughs: Crystallography

Crystallography
X ray diffraction reveals structure at the atomic scale (~Å)

Spectral shape: order/disorder

Diffraction angle: d-spacing

Intensity: electron density

Interaction mechanisms

X rays–electrons interaction

Diffraction intensity increases with atomic number and 

decreases when Bragg angle increases Laue’s equation
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20th century major breakthroughs: The DNA structure

Atomic arrangement determined

Crystal: dimensions and uniformity

Electron density and mean locations of atoms

Iteration over 180° for optimal resolution

Roselind Franklin
1952: Photo 51

Double helicoidal DNA structure, Nobel Prize 1962 Watson, Crick et Wilkins

Deciphering of genetic code, protein synthsesis, cloning, sequencing of human genome,…

Tremendous impact on life science: biochemistry, genetics, medecine, agriculture,… 
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20th century major breakthroughs: Apart from X ray diffraction

Characteristic X-rays (Nobel 1917)

Systematic study of X-ray spectra

Mathematical relation between 

wavelength and atomic number

Number of lanthanides determined

Gap in periodic table evidenced

Charles G. Barkla (1877-1944) Henry G. J. Moseley (1887-1915)
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The birth of modern X ray facilities: From cyclotrons to synchrotrons

The E.  Lawrence/ M. Livinsgtone Cyclotron (U. C. Berkeley, early 1930’s)

Circular accelerator

Particles subject to constant magnetic field

Trajectories: successive half circles with increasing radii

Particles are accelerated to non-relativistic velocities and reach 

energies of few tens of MeV

Still used, mostly in nuclear medicine

The synchrotron concept

Charged particles accelerated to relativistic velocities along circular 

path will produce « light » parallel to their trajectory (Einstein/Maxwell)

1947: First observation of visible synchrotron light with the 70 MeV GE 

synchrotron,

1956: Larger, higher energy machine, higher energy radiation towards 

X region, 320 MeV Cornell synchrotron, first spectroscopy study on Al, 

Be near K and L edges (Tomboulian and Harman)

Lawrence an d Livingstone with their 1930 

cyclotron at Berkeley
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OVER 60 ADVANCED 
LIGHT SOURCES 

WORLDWIDE
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Modern AdLS worldwide Third generation synchrotrons
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Modern synchrotrons storage rings energies 
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Synchrotron EM spectrum
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A broad range of applications
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Third generation synchrotrons: A state of the art

Main components
Heated electron gun 

Linear Accelerator (LINAC)

Booster

Storage ring

Filling modes: uniform, single bunch, hybrid

Klystrons

Bending magnets

Insertion devices: wigglers and undulators

Beamline optics

Experimental hutch
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LINAC

LINAC: Electrons accelerated to 450 MeV and reach 99,999% of speed of light!
High voltage accelerating electric field  >200 kV

High Power Amplifier (Klystrons) generate highly stable short-pulsed RF (power~30 MW)

Electrons energy tripled over 1m (Figure of merit is acceleration gradient)

Selective phasing drives electron to 450 MeV

Electrons virtually moves at speed of light
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BOOSTER
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STORAGE RING

A view of the APS STORAGE RING

STORAGE RING
6-8 GeV electrons injected in 800-1400 m circumference ring

Storage ring equipped with >1000 electromagnets

Ring located in radiation-proof concrete inside experimental hall

Powerful electromagnetic field focuses electrons into narrow 

beam bent on circular path along a vacuum aluminum pipe 

running through the center of the electromagnets

~40 straight sections ( 5 equipped with RF cavities and insertion 

devices, the remaining for beamlines)
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STORAGE RING: Filling modes

Uniform filling

~1000 electron bunches distributed over entire ring circumference

Beam current ~ 200 mA

Lifetime~ 60 hrs

Convenient for most experiments except time-resolved

Refill time: 3 mn

Single bunch

One single bunch of electrons circling around ring

Beam current is lower (1-20 mA), but

Very convenient for time-resolved experiments

Hybrid modes

7/8 +1 filling mode: a train of 868 bunches (7/8 of the Storage Ring 

circumference) filled with 200 mA (0.23 mA / bunch); both edges of the 

train are filled with 1 mA single bunch; the remaining 1/8 gap is filled in its 

center with a cleaned 2 mA-single bunch

24*8 +1 filling mode:One clean 4mA single bunch diametrically opposed 

to a ~ 196 mA multi-bunch beam composed of 24 groups of bunches 

spread over 3/4 of the storage ring circumference
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STORAGE RING: Accelerated charged particles radiate
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STORAGE RING: Klystron Power loss and need to re-pump
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Basic principles of RF acceleration
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STORAGE RING: Bending magnets



ASP2021_Online lectures 25

Third generation synchrotrons: INSERTION DEVICES
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Flux and Brilliance: (key indication of beamline facility)
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X-ray Optics

Main task: transform X-ray beam in order to obtain best match to experimental requirements
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X-ray optics: Mirrors
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Example: toroidal focusing mirror



ASP2021_Online lectures 30

X-ray Optics: Monochromators
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Free Electron Lasers (FEL): a new generation of light sources
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Free Electron Lasers (FEL): a new generation of light sources

Principle:

 Short intense bunches of electrons injected in the LINAC

 Electrons are accelerated (up to 15 GeV)  and passed through compressors (packed)

 Bunches oscillate through undulator magnet and emit x-rays

 X-rays are emitted coherently and at the same  (unlike synchrotron)

 Tremendous brightness achieved using SASE (Self Amplified Spontaneous Emission)

Characteristics

 Photons between 1.5 and 15 Ǻ (8 keV and 800 eV)

 1012 photons in a needle-thin beam

 Pulse duration: 1 -230 fs
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FEL general scheme
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FEL main specificity: The Self-Amplified Spontaneous Emission emission

Principle

 Electrons are forced to sinusoidal motion through a series of 

magnets with alternating poles

 Electrons produce synchrotron radiation

 Electron motion modified by electromagnetic fields of its own 

radiation

 Electrons bunch split into micro bunches due both  the undulator

and emitted synchrotron light

 Micro-bunches separated by a half wavelength of emitted 

radiation

 Micro-bunches radiate as if they were single particles with huge 

charge

 One single bunch generates an coherent X-ray pulse  of 1012

photons
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The global role of AdLS in scientific infrastructure and collaboration

Advanced light sources are the most transformative scientific instruments similar to the invention of conventional 

lasers and computers.

Advanced light sources are revolutionizing fundamental and applied sciences, including agriculture, biology, 

biomedicine, chemistry, climate and environmental eco-systems science, energy, engineering, geology, heritage 

studies, materials science, nanotechnology, paleontology, pharmaceutical discoveries, physics, with an 

accompanying impact on sustainable industry.  

The community of researchers around the world are striving collaboratively to construct ever more intense 

sources of electromagnetic radiation, specifically derived from synchrotron light sources and X-ray free-electron 

lasers (XFELs), to address the most challenging questions in living and condensed matter sciences.

An African Light Source is expected to contribute significantly to the African Science Renaissance, the return of 

the African Science Diaspora, the enhancement of University Education, the training of a new generation of young 

researchers, the growth of competitive African industries, and the advancement of research that addresses 

issues, challenges and concerns relevant to Africa. 

For African countries to take control of their destinies and become major players in the international community, it 

is inevitable that a light source must begin construction somewhere on the African continent in the near future, 

which will promote peace and collaborations amongst African nations and the wider global community.
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