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THE QUEST FOR SEEDED FELs



PHOTON SCIENCE WITH FELs



CONTROLLING THE LIGHT



THERMAL LIGHT



THE BREMSSTRAHLUNG 



THE BREMSSTRAHLUNG 



Synchrotron light occurs naturally in our
Universe.

ACCELERATOR-BASED SYNCHROTRON LIGHT WAS
SEEN FOR THE FIRST TIME AT THE GENERAL
ELECTRIC RESEARCH LABORATORY IN THE USA IN
1947 IN A TYPE OF ACCELERATOR KNOWN AS A
SYNCHROTRON.

FIRST CONSIDERED A nuisance because it
caused the particles to lose energy, it recognized
in the 1960s AS LIGHT WITH EXCEPTIONAL
PROPERTIES.

SYNCHROTRON RADIATION IS POLARIZED AND
PULSED, AND THE FREQUENCY AND DURATION OF
THE PULSES CAN BE MANIPULATED TO A CERTAIN
EXTENT.

Worldwide there exist about 30 laboratories for
the production of synchrotron radiation.

THE SYNCHROTRON LIGHT 



HIGH ENERGY 
AND

MOMENTUM RESOLUTION



•X-ray Diffraction

Soft X-rays   (ordering)

•Photoelectron Spectroscopy (PES)

Core level electron spectroscopy

Micro- and nano-PES

PhotoElectron Emission Microscopy (PEEM)

Angle Resolved PES (ARPES)

Resonant photoemission

Photoelectron Diffraction

•X-ray Absorption Spectroscopy (XAS)

X-ray Absorption Spectroscopy (XAS)

X-ray Magnetic Circular Dichroism (XMCD)

X-ray Magnetic Linear Dichroism (XMLD)

•X-ray Emission Spectroscopy (XES)

Resonant Inelastic X-ray Scattering (RIXS)

•Soft X-ray Elastic Scattering

Imaging

Speckle

Courtesy E. Rotenberg, ALSCourtesy  
Nanospectroscopy Elettra

Courtesy of Y. Zhu, BNL 

SOFT X-RAY EXPERIMENTS



HIGH TRANSVERSAL
COHERENCE



Vascular diseases, visualization 
of microvasculatures.

P. Liu, J. Sun, J. Zhao, X. Liu, X. Gu, J. Li, T. Xiao and L. 
X. Xu
J. Synchrotron Rad. (2010). 17, 517–521 

A SUPERMICROSCOPE WITH Å-SIZE LATERAL RESOLUTION IN
MACROSCOPIC OBJECTS?



MAX IV

Circumference (m) 528
Nr of straight sections 20
Injection full energy, top-up
Stored current (mA) 500
Horizontal emittance (nm rad) 0.2 - 0.3
Vertical emittance (nm rad) < 0.008
Horizontal beam size (σ μm) 42-52
Vertical beam size (σ μm) < 6



RADIATIONS SURCES: AN INTERESTING COMPARISON

IS THE RADIATION SOURCE BRIGHTNESS THE LEADING 
PARAMETER?



CONTROL OF COMPLEX MATERIALS 
AND CHEMICAL PROCESSES

REAL TIME EVOLUTION 
OF CHEMICAL REACTIONS, MOTION 
OF ELECTRONS AND SPIN

IMAGING AND SPECTROSCOPY 
OF INDIVIDUAL NANO-OBJECTS

STATISTICAL LAWS OF COMPLEX 
SYSTEMS

SIMULTANEOUS ULTRASHORT 
AND ULTRAFAST MEASUREMENTS

Brightness
Spectral brightness
Temporal structure
Polarization, 
Coherence, 
Tunability, 
Pulse Repetition Rate

M. Dell’Angela et al.,  Science 339, 1302 (2013) 

HOW FAR DO WE KNOW AND CONTROL THE LIGHT PROPERTIES?



HIGH BRILLIANCE



Chapman HN et al.
Nature (2011)

A DIFFRACTION OF NANO-OBJECTS



POLARIZATION



• Spin angular momentum 
– Circular polarisation 
  per photon 

• Orbital angular momentum 
– Helical phasefronts 
  per photon 
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Adapted from Miles Padgett

Intrinsic angular 
momentum of the 
photon formally 
equivalent to the 
particle spin



Reproduced from T. Mazza et al., Nature Commun. 5, 

3648 (2014)

CONTROLLING THE POLARIZATION

Angle- and energy-resolved electron spectra and 
circular dichroism in He 1 s photoionization at 
low-NIR laser intensity



TIME DOMAIN



A GLANCE TO THE TIME SCALES



Reproduced from E. Allaria et al., Nat. Commun. 4, 

3476 (2013)

TWINED FEL PULSES FROM TWIN SEEDING LASER PULSES

Reproduced from E. Ferrari et al., Nat. Commun. 7, 

10343 (2016)



TIME SCALE OF MAGNETIC DYNAMICS

Courtesy B. Peterson PSI 



ULTRA FAST DEMAGNETIZATION DYNAMICS



TUNABILITY



ULTRAFAST XMCD

Reproduced from: Daniel J. Higley et al, arViv:1511.07372v1 (2016)



FEL PULSES
STABILITY 

(BANDWIDTH-INTENSITY-POINTING)



TIMEX

93°

X-ray Spectrometer
XES 355 Spherical

Backreflecting
Mirror

XES 355 
TIMEX

MIRROR

20°

Resolution

dd- excitations in 
CoO

(sample from Z. Q. 
Qiu (UC Berkeley))

FERMI Nov 2014 Wray et al. 
PRB 88, 035105 (2013) 

in collaboration with 
W. Wurth (UNI HH/CFEL) and S. Bajit (CFEL/DESY)

TIMEX, MagneDyn and T-ReX teams

M-edge RIXS @ FERMI
Martina Dell’Angela

FEL



SHAPING THE FEL
PULSES



TOWARD ATTOSECOND X-RAY PULSES

Chirped seeding X-ray pulse compression Compressed pulse diagnostics

(S. Bajt et al. J. Opt. Soc. Am. A (2012)) (Grguraš I. et al. Nature Photonics (2012))

• 1% BW at 200eV  -->  ~1 fs transform limited pulse duration
• Constant pulse energy  -->  100-fold increase in peak power

broadband X-ray emission
and compression

optical seed

electron bunch

full temporal characterization
by photoelectron streaking

Compressor based on asymmetric-cut multi-layer coatings 
that are currently being developed at CFEL

Courtesy : (A.L. Cavalieri)



ATTOSECOND  SCIENCE



PHOTON DENSITY
CONTROL
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FULL LONGITUDINAL
COHERENCE

(FTL) 



WHAT IS A LASER ?



IS A SASE FEL A LASER?



e-beam

modulator

planar APPLE II

radiator

compressor
seed laser

5
HGHG



FERMI@Elettra

A REAL X-RAYS LASER: EXTERNAL COHERENT SEEDING

Nature Photonics 6, 699–704 (2012) 



PHYSICS TODAY AND NATURE PHOTONICS



Schematic drawing of the electric fields of the two harmonics (bottom) and of the total 
electric field due to the two wavelengths. (b) β parameters, which describe the angular 
distribution of the photoelectron patterns. These are the parameters of Legendre 
polynomials, and the even numbered parameters give rise to symmetric distributions, 
while the odd numbered parameters describe the asymmetry. The latter oscillate as a 
function of phase between the two wavelengths. 

COHERENT CONTROL WITH A EUV FEL

Reproduced from K. Prince at al., 
Nature Photonics 10, 176 (2016)



kopt

kEUV2

kEUV1

kout
EUV dynamic grating

FEL-STIMULATED FOUR-WAVE-MIXING

Time-dependence! 
(impulsive stimulated 

scattering)

“phase matched” (3rd order) non-linear signal

kout

kopt

F. Bencivenga
Nature 520, 205–208 (2015) 



X-RAYS
QUANTUM LIGHT

AND
OPTICS



In 1916, Einstein showed that
Planck's radiation law could be
derived from a semi-classical,
statistical treatment of photons and
atoms, which implies a relation
between the rates at which atoms
emit and absorb photons.

Dirac treated the interaction between a
charge and an electromagnetic field as a
small perturbation that induces transitions in
the photon states, changing the numbers of
photons in the modes, while conserving
energy and momentum overall.

J

QUANTUM OPTICS



WOULD BE THE X-RAY QUANTUM OPTICS

A NEW REVOLUTION? 
Quantum optics: Controlling the light

Following the work of Dirac in quantum field 
theory, George Sudarshan, Roy J. Glauber, 
and Leonard Mandel applied quantum theory 
to the electromagnetic field in the 1950s and 
1960s to gain a more detailed 
understanding of photo-detection and the 
statistics of light. 
• coherent state as a concept which 

addressed variations between laser light, 
thermal light, exotic squeezed states, .

• Quantum entanglement 



QUANTUM OPTICS



QUANTUM OPTICS



 

A

B

Detectors

φ
E0

0 EsigE    =

01-  ErefE    =

0 E  e φi

Reference arm

Signal arm

Pump

QUANTUN OPTICS SPECTROSCOPY



 

A

B

Detectors

φ
E0

0 EsigE    =

01-  ErefE    =

0 E  e φi

Reference arm

Signal arm

Pump

QUANTUN OPTICS SPECTROSCOPY



1) Standard 
Pump-Probe

2) Pump-Probe 
quantum statistic 

reconstruction

3) Pump-Probe 
quantum state 
tomography

...
• Time domain study on 

collective atomic 
vibrations in 
transparent materials

• Disclosing 
fluctuations of lattice 
atomic positions by 
non-equilibrium 
optical experiments

• Homodyne detection + 
pump probe, 
preliminary results

Fluctuations of out-of-equilibrium atomic displacements

M. Esposito et al., Nature Communications 6,10249 (2015)

QUANTUN OPTICS SPECTROSCOPY



IS THE QFEL LIGHT SUITABLE FOR OBSERVING ENTANGLED
STATES IN MATTER?







• The way to produce fully coherent soft X-ray radiation is 
paved.

• Tunability

• Variable polarization

• Full coherence 

• High repetition rate

The future scenario 

Coherent X-ray Optics

Quantum X-ray optics

Stroboscopic phase tomography

Future Scenario 

An extraordinary effort is 
needed to develop a suitable 
science program
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Pump&Probe quantum statistic reconstruction
PHONONS DESCRIPTION 
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Pump&Probe quantum statistic reconstruction
EXPERIMENTAL RESULTS

M. Esposito et al.  (2015)
Accepted in Nature Communication

?



Pump&Probe quantum statistic reconstruction
EXPERIMENTAL RESULTS

M. Esposito et al.  (2015)
Accepted in Nature Communication

?Indication 
of phonon 
squeezing
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CLASSICAL TEMPORAL (LONGITUDINAL) COHERENCE

Reproduced from: Filippo Bencivenga and Claudio Masciovecchio



2 colored 
FEL Pulses

FERMI BASED COHERENT ANTI-STOKES RAMAN SCATTERING

2ࣅ  1ࣅ - ࣅ 1ࣅ  26.17 nm
THG ࣅseed  261.7 nmOPA ࣅseed variable

Adapted from F. Bencivenga, C. Masciovecchio
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Si3N4 CARS 110 meV
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