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Synchrotron Radiation Sources



When a point charge is accelerated, it radiates electromagnetic waves.
Why? 

To understand the process of radiation we consider the following scenario: a point charge was at 
rest until t = 0,

 then it is abruptly accelerated to velocity v and moves with this velocity at t > 0.

The field outside of the sphere of radius ct does not change because the information about the 
charge acceleration propagating with the speed of light has not yet reached this region at time t.

The field inside the sphere corresponds to the Coulomb field of a point charge moving with the 
constant velocity v.

In a thin spherical layer between the two regions, there is a transition from one field to the 
other. => It appears a transverse component of the field as a consequence of finiteness of the
speed of light.



If the charge is accelerated two times — at t = 0, and then at t = t1 — then at time t > t1 there will 
be two spheres, with the radiation layers between them

A constantly accelerating charge is continuously emitting radiation spheres that expand with the 
speed of light
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Static picture of a macro-molecule 

Need light ! 

- Short wavelength (X-ray) 

- High energy per pulse 

- Ultra-short pulse (few femtoseconds)

- Coherence 

Static properties of matter 

Required properties 



Free Electron Laser





Transverse electron motion in an Undulator:

€ 

β // = β 2 − β⊥
2 = 1− 1

γ 2
− β⊥

2 ≈ 1− 1
2

1
γ 2

+ β⊥
2' 

( 
) 

* 

+ 
, 

€ 

β // = 1− 1
2γ 2

1+
K2

2

% 

& 
' 

( 

) 
* 

vx
c
= β⊥ =

K
γ
cos kuz( )



€ 

θ =
1
γ

The electron trajectory 
is inside  the radiation 
cone if:
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K ≤ 1
The electron trajectory is determined 
by the undulator field and the 
electron energy
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Relativistic Mirrors
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Counter propagating pseudo-radiation Thompson back-scattered radiation in the 
mirror moving frame
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Tunability & Red Shift

Doppler effect in the laboratory frame
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A Free Electron Laser is a device that converts a fraction of 
the electron kinetic energy into coherent radiation via a 

collective instability in a long undulator

(Tunability - Harmonics)
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X-FEL based on last 1-km of existing SLAC linac

LCLS at SLAC
1.5-15 Å





Short Wavelength SASE FEL

LCLS

FLASH
XFEL

SwissFel

FERMI SACLA

PAL

SDUV



XFEL first lasing – Hamburg -  May 2017 



Trieste

Frascati

FELs Initiatives in Italy





Electron source and acceleration



Magnetic bunch compressor (< 1 ps)



Long undulators chain



Beam separation



Experimental hall (Single Protein Imaging)

http://lcls.slac.stanford.edu/AnimationViewLCLS.aspx
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Different electrons radiate indepedently hence the total power depends linearly on the  
number Ne of electrons per bunch:

Incoherent Spontaneous Radiation Power:

Bunching on the scale of the wavelength:



Spontaneous Emission ==> Random phases

N







Coherent Light ==> Stimulated Emission
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Letargy

Spontaneous Emission

Low Gain

Slow Bunching

Exponential Growth

Stimulated emission

High Gain

Enhanced Bunching

Saturation

Absorption 

No Gain

Debunching
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SASE Longitudinal coherence

The radiation “slips” over the electrons for a distance Nulrad

ζ

independent 
processes
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Bunching evolution



SASE

Courtesy L. Giannessi (Perseo in 1D mode http://www.perseo.enea.it)



SEEDING

Courtesy L. Giannessi (Perseo in 1D mode http://www.perseo.enea.it)



SASE FEL at short wavelengths require a very intense,
high quality e-beam

• FEL Parameter 
  
• Exponential growth
 
• Gain Length  
 
• Saturation power

• Constraint on emittance

• Constraint on energy spread

• Relative bandwidth
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Wavelengths of commercially available atomic lasers

1.Well known and proven technology
2. One Laser One Color.
3. Limited by Mirrors ==> No X rays.



A Free Electron Laser is a device that converts a fraction of 
the electron kinetic energy into coherent radiation via a 

collective instability in a long undulator

(Tunability - Harmonics)
€ 

λrad ≈
λu
2γ 2

1+
K2

2
+ γ 2ϑ 2

& 

' 
( 

) 

* 
+ 





nano lithography

•Extreme UV Lithographt is the candidate 
technology with <50-35 nm

•Cost effective solutions based on FEL sources can 
be foreseen 

Michelangelo Ambrosio INFN-GINT



FIRST FLASH DIFFRACTION IMAGE OF A LIVING CELL

∞ 30606030
Resolution length on the detector (nm)

FLASH soft X-ray laser, Hamburg, Germany

FLASH pulse length: 10 fs 
Wavelength: 13.5 nm

RECONSTRUCTED 
CELL STRUCTURE

J. Hajdu, I. Andersson, F. Maia, M. Bogan, H. Chapman, and the imaging collaboration
Filipe Maia, Uppsala



cluster and nanoparticle
Clusters are small bits of matter composed of anywhere from 
a few to tens of thousands of atoms.

Small particles are different from bulk matter; finite size 
effects influence all properties of matter.

Examples are tiny carbon spheres and carbon tubes that are 
considered promising candidates for use as 
nanotechnological components.
(17 000 copper atoms in the picture on the right).

Limited photon energy of standard laser systems prevents 
measuring the full valence electron structure as well or 
performing photon energy dependent spectroscopy across 
shallow core edges

The beam intensities available at 3rd generation 
synchrotron radiation facilities are still far below what is 
required for meaningful gas phase experiments.

xfel.desy.de





E. Muybridge at L. Stanford in 1878

E. Muybridge,  Animals in Motion, ed. L. S. Brown (Dover Pub. Co., New York 1957)
Courtesy Paul Emma (SLAC).

used spark photography to freeze this ‘ultra-fast’ process

E. Muybridge

disagree whether all feet leave the ground during gallop…





Protein imaging
Using extremely short and intense X-ray 
pulses to capture images of objects such as 
proteins before the X-rays destroy the sample.

Single-molecule diffractive imaging with an X-
ray free-electron laser.

Individual biological molecules will be made to 
fall through the X-ray beam, one at a time, and 
their structural information recorded in the 
form of a diffraction pattern.

The pulse will ultimately destroy each 
molecule, but not before the pulse has 
diffracted from the undamaged structure.

The patterns are combined to form an atomic-
resolution image of the molecule.

The speed record of 25 femtoseconds for flash 
imaging was achieved.

Models indicate that atomic-resolution imaging can be 
achieved with pulses shorter than 20 femtoseconds. 

Lawrence Livermore National Laboratory (LLNL)



Coulomb Explosion of Lysozyme (50 fs)

J. Hajdu, Uppsala U.

Atomic and 
molecular 
dynamics occur 
at the fsec-scale

Single Molecule Imaging with Intense X-rays



make a movie of chemical reactions
Chemical reactions often take place 
incredibly quickly: orders of magnitude of 
femtosecond are not rare. The atomic 
changes that occur when molecules react 
with one another take place in moments that 
brief.

The XFEL X-ray laser flashes make it 
possible to film these rapid processes with an 
unprecedented level of quality.

Since the flash duration is less than 100 
femtoseconds, images can be made in which 
the movements of detail are not blurred.

And thanks to the short wavelength, atomic 
details become visible in the films.

To film a chemical reaction, one needs a series of pairs of X-ray laser flashes.

The first flash in each pair triggers the chemical reaction. With the second flash, a snapshot is 
then made.

The delay between the two flashes can be precisely modified to within femtosecond and a series of 
snapshots can be made at various times following the start of the reaction.

In each case, the images are of different molecules, but these images can be combined into a film.

xfel.desy.de



Generations of Synchrotron Light Sources

I. Bending magnets in HEP rings

II. Dedicated Undulators

III. Optimized Rings

I. Short Wavelength FEL

II. Compact Sources



EUROPEAN
PLASMA RESEARCH
ACCELERATOR WITH

EXCELLENCE IN
APPLICATIONS

This project has received funding from the European Union’s Horizon 2020 
research and innovation programme under grant agreement No 653782.

http://eupraxia-project.eu

EuPRAXIA Design Study started on Novemebr 2015
Approved as HORIZON 2020 INFRADEV, 4 years, 3 M€

Coordinator: Ralph Assmann (DESY)



Funded by the 
European Union

Building a facility with very high field plasma 
accelerators, driven by lasers or beams

1 – 100 GV/m accelerating field

Shrink down the facility size
Improve Sustainability

1

Producing particles and photons to support 
several urgent and timely science cases

Drive short wavelength FEL
Pave the way for future Linear Colliders

2

A New European High-Tech User Facility

https://www.eupraxia-facility.org/



FEL is a well established technology
(But a widespread use of FEL is partially limited by size and costs)



Funded by the 
European Union

Distributed Research Infrastructure

• 54 institutes (in addition > 2 asked to join us presently) from 18 countries plus CERN 

- ESFRI consortium (funding in-kind)

- Preparatory Phase consortium (funding EU, UK, Switzerland, in-kind)

- Doctoral Network (funding EU, UK, in-kind)



Il Progetto EuPRAXIA ai Laboratori Nazionali di Frascati

EuPRAXIA@SPARC_LAB


RF power modules

1 GeV LINAC

Beam user areas

FEL user area @3nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources

http://www.lnf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf



EuPRAXIA@SPARC_LAB
EuPRAXIA@SPARC_LAB


RF power modules

1 GeV LINAC

Beam user areas

FEL user area @3nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources

http://www.lnf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf



In the Energy region between Oxygen and 
Carbon K-edge 2.34 nm – 4.4 nm (530 eV -280
eV) water is almost transparent to radiation
while nitrogen and carbon are absorbing (and
scattering)

Coherent Imaging of biological samples
protein clusters, VIRUSES and cells 

living in their native state 
Possibility to study dynamics
~10 11 photons/pulse needed

Expected SASE FEL performances



SPARC_LAB is the test and training facility at 
LNF for Advanced Accelerator Developments 
(since 2005)







High Brightness Photo-injector with Velocity Bunching



PWFA vacuum chamber at SPARC_LAB 



http://w3.lnf.infn.it/primi-elettroni-accelerati-con-plasma-a-sparc_lab/



https://www.asimmetrie.it/





http://cas.web.cern.ch/previous-schools


