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FERMI the first seeded FEL

Elettra

Synchrotron

Storage Ring

Unique source characteristics

E. Allaria et al., Nature Photonics, 6, 699 (2012).

E. Allaria et al., Nature Photonics, 7, 913 (2013).

FERMI@Elettra is a single-pass 
seeded FEL user-facility in 
XUV/soft-X-ray. Two separate 
FEL amplifiers covering the 
spectral range from 100 to 4 nm 
(12-300 eV). 

High temporal coherence: 

pulses with defined Gaussian-
like time–energy profiles -
spectral purity (/  10-3)


Ultrafast events with chemical 
sensitivity, single shot resonant 

CDI - mandatory for wave mixing 
and phase controlled 

experiments  G. Penco et al. PRL (2014). 

Circular Polarization ~ 95 %

E. Allaria et al. PRX (2014). 

Fast energy tunability and variable 
polarization 


Useful for near edge absorption  for 

probing dichroic effects, such as
resonant magnetic imaging   
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DiProI end-station

Installed on dedicated FERMI beamline: June 2011

Open to User Experiments: December 2012

Versatile modular 

construction allowing 

exchange and/or 

adding new 

components

Further info on DiProI end station: 

F.Capotondi et al.  RSI 84, 051301 (2013)

F. Capotondi et al. JSR 22, 544 (2015).
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F. Capotondi et al. JSR 22, 544 (2015).

5-axis goniometer for
scattering and imaging
experiments in transmission
and reflection geometry.
Commercial CCD or CMOS
detector

C von Korff Schmising, et al

PRL 112 (21), 217203 (2014).

C Léveillé, et al. Nat. Comm. 13 (1), 

1412 (2022).
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Time Resolved-FTH 

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).

Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).

FERMI-FEL-1
User experiments

Since 2012

FERMI-FEL-2
User experiments

Since 2016

Magnetic transition 

metal M-edge

Fe - Co - Ni

Rare Earth metal N-edge

Gd - Tb - Dy Magnetic transition metal 

L-edge

Fe - Co - Ni

Due to its polarization control,
FERMI is appealing to the
femtomagnetism community, as
it enables the combination of
high spatial and high temporal
resolution.

IR pump
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Time Resolved-FTH 

Heuristic model

unpumped t = 0.6 ps t = 0.85 ps t = 1.2 ps

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).

Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).



Flavio Capotondi

Time Resolved-FTH 

Heuristic model

unpumped t = 0.6 ps t = 0.85 ps t = 1.2 ps

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).

Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).



Flavio Capotondi

Time Resolved-FTH 

Heuristic model

unpumped t = 0.6 ps t = 0.85 ps t = 1.2 ps

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).

Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).



Flavio Capotondi

Time Resolved-FTH 

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).

Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).

Electron bunch
FEL amplifier

T  0 fs

Two FEL pulses 

Radiators tuned at 
different harmonics

𝝀  17.3 nm

𝝀  20.2 nm

𝝀  243 nm

Imaging CoPt domains around Co M-edge and Pt N-edge
Using FEL-1 and setting radiatiators to different harmonics 

Magnetic image 
@ Pt – N edge

At the same time

Magnetic image 

@ Co – M edge
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Diffraction pattern collected with the 
source tuned at 5 different harmonics. 

Total exposure 1500 FEL shots @ 50 Hz

Multicolor rainbow imaging

In collaboration with E.Malm and B.Pfau (in preparation)
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Multicolor rainbow imaging

In collaboration with E.Malm and B.Pfau (in preparation)

Ti

Cr

Image contrast well 
matches with XAS of 
two distinct elements
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0°

Stereo imaging

D. Fainozzi et al. Three-dimensional coherent diffraction snapshot imaging using extreme-

ultraviolet radiation from a free electron laser Optica 10, 1053-1058 (2023) 

https://doi.org/10.1364/OPTICA.492730

3D information is to simultaneously obtain multiple bidimensional visons of the same
object. EUV stereoscopic imaging approach, similar to the natural process of
binocular vision, provides sub-µm spatial resolution and single-shot capability.
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XUV ptychographic with structured illumination
Application of ptychographic @ FEL mostly as beam diagnostic tool but
modest spatial resolution compared to SR microscopy due to high
sensibility of reconstruction to beam intensity and pointing instability.

Ptychography with OAM

S. Sala et al., 
J. Appl. Cryst. (2020)

FEL beam focused by KB optics @ 
seeded FEL.

K. Kharitonov et al., 
Opt. Exp. (2021)

FEL beam focused by KB optics @ 
SASE FEL.

 500 nm resolution
 2.5 m resolution
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XUV ptychographic with structured illumination
Application of ptychographic @ FEL mostly as beam diagnostic tool but
modest spatial resolution compared to SR microscopy due to high
sensibility of reconstruction to beam intensity and pointing instability.

Diffractive optical elements, such as
zone plates with a large numerical
aperture, can enhance pointing stability
compared to reflective optics like KB.

Ptychography with OAM
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XUV ptychographic with structured illumination
Application of ptychographic @ FEL mostly as beam diagnostic tool but
modest spatial resolution compared to SR microscopy due to high
sensibility of reconstruction to beam intensity and pointing instability.

Diffractive optical elements, such as
zone plates with a large numerical
aperture, can enhance pointing stability
compared to reflective optics like KB.

Ptychography with OAM

The use of structured illumination,
such as the donut shape of an OAM
beam, can improve spatial resolution.

F. Tamburini, et al. Phys. Rev. Lett. 97, 163903 (2006).
W. Eschen, et al. Opt. Express 32, 3480-3491 (2024) 
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Ptychography with OAM

Pancaldi M. et al. High-resolution ptychographic imaging at a seeded free-
electron laser source using OAM beams Optica 11, 403-411 (2024) 
https://doi.org/10.1364/OPTICA.509745

Single FEL shot per Ptychographic position
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Single FEL shot per Ptychographic position
S. Sala et al., 

J. Appl. Cryst. (2020)



Flavio Capotondi

Ptychography with OAM

Pancaldi M. et al. High-resolution ptychographic imaging at a seeded free-
electron laser source using OAM beams Optica 11, 403-411 (2024) 
https://doi.org/10.1364/OPTICA.509745

30% improvement 
in spatial resolution

Fourier Ring Correlation
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First steps toward
soft X-ray

Taken from 
FERMI 2.0 CDR
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First steps toward
soft X-ray

Taken from 
FERMI 2.0 CDR

Extend the range of FERMI
upto 1 KeV in fundamental
emission with external seeding
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We estimate an average pulse energy
at the sample plane of 32 nJ/shot
 2x107 ph/shots (@ 700/780 eV)

We estimate at least 40% of 
circular polarization @ 780 eV

First steps toward
soft X-ray
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We use the recent demostrated polarization controll of high order nonlinear
harmonic emitted by FERMI source to perform the first Fourier Transform
Holography in Soft X-ray regime.

sample  CoPt ML system
Ta(3 nm)/Pt(3 nm)/[Co(0.6)/Pt(0.8)]x20/Pt(3nm)

Magnetic hologram (El+ - El-)

CDI REFINED

500 nm

30 nm

First steps toward
soft X-ray
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from the pioneering single-shot CDI experiments by H. Chapman two decades ago,
several new approaches have been developed, including:
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Conclusions
Coherence-based imaging techniques are rapidly evolving at FEL facilities. Starting
from the pioneering single-shot CDI experiments by H. Chapman two decades ago,
several new approaches have been developed, including:

• Multi – color imaging

33.5 eV 61.5 eV42.5 eV

• Sterographic imaging

• High resolution ptychography

Both the future evolution of these approaches and their use by the user
community demand the development of advanced detectors, especially
for soft X-ray applications.
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Last but not least

The workshop aims to bring together the linear and non-linear spectroscopy 
communities with the rapidly advancing field of coherent imaging. 


