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Forthcoming radiation sources

 Many new sources operating or under construction based on the free-electron-laser (FEL) 
concept (FLASH, LCLS, XFEL, FERMI, SCSS...), delivering VUV/soft and hard x-ray 
ultrashort pulses of extremely intense and collimated (coherent) radiation.

 FLASH has been the first operating free-electron laser for VUV and soft X-ray radiation 
(2005 to now). Wavelength range 6.5 nm to about 50 nm with GW peak power and pulse 
durations between 10 fs and 50 fs. 

 FEL radiation is obtained either using the SASE process (self-amplified spontaneous 
emission) which produces an intrinsic noise in the pulse (lack of time coherence) or 
through an optical laser seeding (time coherence is forced by the laser seed).

 The current challenge is a suitable exploitation of the potential of these new sources 
which poses new problems in physics and technology. Due to the high energy density 
contained in each photon pulse these new sources are naturally suitable to explore highly 
excited states (matter under extreme conditions). 
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Courtesy of Enrico Allaria – Dec 2010 

FERMI: a seeded Free Electron Lasers Source 
for Users Experiments
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upstream linac extension
~ 40 m long

undulator hall
~100 m long

experimental hall
~50 m long

FERMI Free Electron Laser 
Linac energy : 0.9- 1.5 GeV

FERMI at the Elettra LaboratoryFERMI at the Elettra Laboratory

Elettra linac tunnel 
~130 m long

Civil engineering
“Main FERMI” construction began 
25 March 2009

Completed by June 2010

FEL1 LINAC installed in Aug. 2010

FEL1 undulators installed in Oct-
Nov. ‘10
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  high peak power 0.3 – GW’s range

  short temporal structure sub-ps to 10 fs time scale

  tunable wavelength var. gap APPLE II-type undulators

  variable polarization horizontal/circular/vertical

  seeded harm. Cascade strong long. and transv. coher.

●FERMI@Elettra single-pass seeded FEL user-
facility. Two separate FEL amplifiers (FEL1 and 
FEL2) will cover the spectral range from 100 nm 
(12eV) to 4 nm (320 eV), first harmonic.  
●Based on the high gain harmonic generation 
scheme the two FEL will provide users with 
photon pulses of about 100fs with unique 
features.

Fermi main features

e-beam

modulator

planar APPLE II

radiator

compressor
seed laser
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FEL1 and FEL2

FEL1(operating), based on a single stage high gain harmonic 

generations scheme initialized by a UV laser will cover the 

spectral range from ~100 nm down to 20nm. FEL1 operated 

since Dec 2010 in the 6524 nm range increasing gradually the 

peak brightness to the expected performances..

FEL2 (under construction): in order to be able to reach the 

wavelength range from 20 to ~4 nm starting from a seed laser in the 

UV, will be based on a double cascade of high gain harmonic 

generation. The nominal layout will use a magnetic electron delay line 

in order to improve the FEL performance by using the fresh bunch 

technique. 

FEL2
FEL1
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Courtesy of F. Parmigiani, W. Fawley & E. Allaria

COURTESY A. NELSON

Fermi FEL output parameters
 Peak brightness of FELs are 

several order of magnitude higher 
of those of synchrotrons. 

 Slow repetition rates for current 
FELs (10-200 Hz as compared to 
~100 MHz in storage rings) limits 
the average flux.

 Single-shot experiments using 
time structure, intensity 
(coherence, polarization).
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Fermi@Elettra FEL source
 Fermi@Elettra is a freeelectron source in Trieste. The 

FEL1 is presently in the final commissioning stage 
(expected routine operation starting in May 2012).

The FEL1/FEL2 photon beams are delivered to the 
beamlines through the PADReS (Photon Analysis  
Delivery and Reduction System).  This will includes gas 
monitor detectors and attenuators, mirror switching, x
ray spectrometers.

mailto:Fermi@Elettra
mailto:Fermi@Elettra


  Di Cicco  User meeting Melbourne  9 Dec 2011

Photon delivery to beamlines

PADReS layout: Frontend, GMDs, GA, RAM, xray spectrometers, SC

Note: not ALL the devices are currently installed  (end 2011).
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Beamlines

TIMEX and TIMER
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Motivations and aims of the TIMEX end-station 
(TIMe-resolved studies of Matter under EXtreme and metastable conditions) 

●The Fermi@Elettra clean 0.11 ps pulses in the 10400 eV range (or higher using 
harmonics) are able to raise solid matter at temperatures up to 10 eV in very short times 
compared to hydrodynamic expansion. This opens the way to investigate fundamental 
properties of warm dense states in bulklike thin films and layers. Moreover, it can be 
used to probe metastable and non equilibrium thermodynamic conditions with an 
unprecedented temporal resolution. 
●The FEL beam will be used either as a pump or as a probe for timeresolved studies of 
the optical and soft xray properties of matter accessing microscopic electronic and 
dynamical structure information on excited states. Typical experiments share similar 
needs, including timeresolved reflectivity,  transmission, deposited energy measures.

●TIMEX is intented to be a versatile instrument, suitable for timeresolved 
experiments under controlled conditions. It is conceived to allow ultrafast 
studies (transmission, reflectivity/absorption) of 
●(i) warm dense matter. 
●(ii) transitions occurring in stable, metastable and excited states under 
extreme conditions. 
●(iii) extension to study of ablation phenomena, surface melting
`
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●Present experimental data, 
largely based on shockwave 
techniques probing matter 
along the Hugoniot, show that 
theories are not able to 
reproduce EOS.

●During WDM creation, 
systems usually start solid and 
end as a plasma. FEL radiation 
can heat matter rapidly and 
uniformly to create isochores 
(costant density red) and 
isoentropies on release 
(constant entropy blue).

FEL radiation is able to create and/or probe 
Warm Dense Matter (WDM) in an extended P-T range

 WDM is a region in the 
temperature -density diagram:  
present in core of large planets 
and in experiments relevant to 
inertial fusion, in the transition 
from solids to plasma

•4th generation light sources with large 
numbers  of photon/bunch and 
sub-picosecond pulses:
FEL source as a pump for generation of 
bulk WDM (but also probe under 
certain conditions)

•perform single-shot experiments
with reasonable statistics
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High temperature/pressure studies of condensed 
matter under transient conditions 

●A variety of experiments are possible exploiting 
isochore ultrafast heating reaching extreme 
conditions.
●Example of Carbon: fluid condensed phases 
exists only at high pressures (sublimation below 
100 bars, typical T> 4000 K). Experiment 
presently impossible under static conditions. 
Previous optical fs spectroscopy measurements 
indicate fluid C as a poor metal (Nature 356, 
110, 1992; PRB 45, 2677, 1992). Recent ultrafast 
XAS data indicate a spbonded structure of the 
low density liquid (PRL 94, 05740, 2005). A 
transition line between lowdensity and high 
density liquids could be identified.
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• Example of experiments on condensed matter under 
highly metastable or non-equilibrium conditions.

• High density-low density (metal-semiconducting) 
polymorphism in C/Si/Ge/H

2
O and related 

compounds. Often hidden in an unaccessible 
region!

• Ultrafast heating of a bulk amorphous sample using 
the FEL beam can be used to probe highly 
undercooled, presently unreachable, states.

• Access to various properties including dynamics of 
melting and crystallization.

• Various techniques possible in combination with 
pulsed lasers: reflectivity,  transmission, scattering.

fs heating

ms quenching

Measuring properties in a No Man's Land
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Surface melting phenomena

 FEL radiation can be used to induce and study 
ultrafast melting of surfaces 

 Pilot static experiment results: Surface melting is 
limited to 3 atomic layers in Si(001) while it 
proceeds much faster (5 layers at 1500 K) in 
Si(111)

 The different vibrational amplitudes of the 
outermost atoms at the Si(111) may be 
responsible of this different behaviour. Metalization 
is extended to deeper layers as compared to the 

solid-liquid interface  

 Undercooled liquids are easily obtained,  overheated solids are extremely 
difficult. The general phenomenon is explained by the existence of a wet 
surface well below the melting point, providing the initial germ for melting. 

 Scattered experimental studies deal with microscopic details of the surface 
melting processes under high temperature conditions, nothing about the 
dynamics of this transition.
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TIMEX beamline layout
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Transmission detector
(bolometer/photodiode)

Microscope (~3 μm resolution)

Pyrometer

Sample chamber
FEL focusing chamber
(ellipsoidal mirror)

FEL probe
Optical laser as 

alternative 
pump/probe

Timex end-station layout

●The flexible setup of the 
Timex endstation can host 
different experimental 
configurations. 

●Details on the experimental 
layout and pilot pump and 
probe experiments are 
reported in the papers of the 
Timex collaboration 

TIMEX layout details
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Focusing the pulse
•FOCUSING capabilities down to a few µm spot
Focusing ellipsoidal mirror with focal length of about 1.4 m  (source distance 
optimized  for FEL2)

•Beamshaping 

“active” beamshaping 400 mm  (multipiezopatches for bending) mirror for 
obtaining Lorentzianlike profiles 
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Mastering the shape of the spot

The shape of the spot can be
modified by a suitable change
of the plane mirror shape 
(obtained by 16 piezoactuators).

We have verified that the mirror can 
reproduce a quasiLorentzian shape

Producing spots with flattop shapes (with 
or without tails) useful for the experiments
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Expected deposited energy

The deposited energy can be tuned by changing the 
intensity and wavelength of the FEL pulse. Strong 
saturation effects are obtained for high intensities (and 
large absorption cross sections). 
Saturation can be used  as a device for homogeneous bulk 
heating!

Simple model for saturable absorption
compatible with exp. data taken at Flash
(Hamburg)

52 nm Al foil (+20 
nm oxide layer), 92 
eV photons
Effect takes place 
on 15-25 fs time 
scale
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Bulk heating with FEL1

●Quasiisotherm bulk heating can be obtained by 
using FEL1 pulses on several films  (Al, Si, Ge, and 
more)
●Electron temperatures are estimated to be in the 
range 110 eV (WDM regime)
●Largesized (up to 2 cm) films are robust (0.10.3 
microns thickness) and can be used for shottoshot 
experiments at the FEL repetition rate
●FEL2 useful for bulk heating of some important 
material (C for example)
●→ Soft xray FELs are really useful for efficient bulk 
heating!
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Diagnostic developments
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Test of the infrared pyrometer

A low-cost infrared pyrometer (cassegrain design) has 
been realized. Cassegrain pyro: spot ~100-200 µm, 35 
cm focus distance
Laser Pump: ~120 fs, 400 nm, ~60 µm spot
Sample pre-heated (580 K) with halo lamp.
Alignment with a long-distance microscope (Questar 
CM1)
Detection of temperature rise on the back of a Fe foil to 
avoid scattering of the pump pulse.
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TIMEX end-station: present status
 Design of the end-station and place of orders completed in June 2010. Vacuum 

chambers delivered in late October 2010. Assembling and test of  the main 
components of the TIMEX end-station in the main Fermi hall started in 
December 2010. 

 Problems: the TIMEX optics (C. Svetina, D. Cocco) did not match specifications 
(SESO manifacturing) and are still under construction. No focusing optics is 
still available!

 Interlock systems, remote controls, hardware interfaces and collection 
software are currently under development in collaboration with the machine 
group. A special diagnostics for ultrafast high-temperature measurements is 
under test and construction (E. Principi).

 Tests for the first runs of the Fermi@Elettra in March/July 2011 have been 
carried out in a simplified configuration (no focusing). 

 Personnel: a scientist and a PhD for the end-station has been recruited. 
Current personnel (Camerino, L'Aquila, Sincrotrone Trieste): F. Bencivenga, F. 
D'Amico, A. Di Cicco, A. Filipponi, A. Gessini, E. Giangrisostomi, R. Gunnella, 
C. Masciovecchio, E. Principi. 

Web site: http://gnxas.unicam.it/TIMEX Assembling the TIMEX UHV chamber in 
the main Fermi hall (17 nov 2010) 

mailto:Fermi@Elettra
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TIMEX first tests
 Temporary installation with mirror providing ~300 µm spot
 65 nm (~19 eV) ~200 fs radiation
 Beamtime used for alignment and for measuring the pulse 

energy (peak ~0.2 µJ on the detector → ~1 µJ at source) 
compatible with expected performance of FEL1 at this early 
stage of commissioning

 Laser seed signal (4.8 eV) important  (~1µJ per shot (removed 
with Al 0.3 µm filter)

Detector: Si photodiode SXUV100 (IRD)
Saturation  induced by the 0.2 ps pulses. 
 The time integral of the traces, divided by 
50 Q, is the collected charge (0.11 nC 
with Al filter),corresponding to 0.18 µJ peak 
energies
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Microscope

Transm. detector
FEL 
pulse

Timex first experiments

➢In 2012 we plan to develop and exploit two main 
experimental configurations: 
➢1) transmission (saturation at different fluencies, 
wavelengths, use of higher harmonics) and UV/soft x-ray 
reflectance
➢2) pump & probe with optical probe (optical 
reflectance/transmission)

Planned experiments include: 
➢Saturation effects and phase transitions induced by FEL 
pulses in selected materials (see figure)
➢Absorption on free-standing foils as a function of the pulse 
fluence and time duration (both first and higher harmonics)
➢Reflection on surfaces of selected materials as a function of 
the fluency and pulse duration

Pyrometer

Transm. detector

FEL 
pulse

Refl. detector
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Pump&Probe: Pilot ultrafast experiment with a 
laser source

• Pump-and-probe reflectivity measurements on a fresh 
Si(100) surface (moderately B-doped, p-type, concentration 
below 1016 cm -3) 

• Laser source: pump at 400 nm, pulse width FWHM 80 fs, 
500 Hz

• Typical pump spot size 100 µm (pump) and 50 µm (probe).
• Super-continuum 350-800 nm probe, probing depth around 

10 nm.



  Di Cicco  User meeting Melbourne  9 Dec 2011

P&P set-up: Time resolved optical spectroscopy

• transient transmittance (absorbance) 
or reflectivity of the sample

• 50 fs/3 nm time/spectral resolution, 
spectral range 350 – 1000 nm

• shottoshot detection, 
<103 OD sensitivity

• observing in real-time the non
equilibrium dielectric function

Amplified Ti:Sapphire laser 
source: 800 nm, 80 fs, 2W, 1 kHz.Singleshot 

configuration
Normal 
repetition rate
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Previous ultrafast experiments
•Si has an indirect gap (1.12 eV) so excitation with 
lasers with wavelengths λ > 364 Ang. Involve 
multiphoton and phononassisted transitions. 
• At low laser fluencies a moderate negative 
change of the reflective was obtained.
•A positive reflectivity change within 200 fs is 
observed at high fluencies using P&P ultrafast 
techniques.
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Non-thermal melting

•The positive reflectivity change is associated with a 
rapid melting process.
•The sudden laserinduced excitation of a large fraction 
of valence electrons into the conduction band changes 
the potential energy landscape.
• Tightbinding calculations show that the minimum 
associated with the diamond structure becomes a saddle 
point and within 100 fs atoms are displaced of about 1 
Ang. (15% valence electron plasma) with average 
increase of temperature around 0.3 eV leading to melting 
(critical density estimated around 1022 cm 3)
•The dramatical ultrafast weakening of the bond is 
confirmed by abinitio MD calculations predicting a 
metallic liquid within 100200 fs.
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Ultrafast excitation of the Si(100) surface: pictorial view

• •A combined MC and MD calculation on a (100) slab of 
142560 atoms was used to calculate the thermodynamic 
pathway after excitation (500 fs pulse). Rapid non
thermal disordering and nearly isochoric heating (B) of 
the metallic liquid is followed by cooling in the liquid
vapor regime. 
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Damage threshold

Optical microscope images of the Si(100) surface for 
different pulse intensity. The damage threshold (F

Th
)  is in 

line with previous estimates.  

Summary of the electronic and structural 
effects after excitation with short laser 
pulses ( directgap GaAs). Excitations 
range from 0.1 to 2.0 kJ m2 . Three 
shaded regions indicate three distinct 
regimes.

From S. K. Sundaram and E. Mazur, Nat. Mat. 1, 217 (2002).
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Pump energy below the damage threshold

●The reflectivity change tends to be positive 
(after 1ps at 400 nm, above 20 ps for longer 
wavelength).

●Ultrafast changes in Si(100) reflectivity 
strongly depend on the (probe) wavelength.
●Strong negative variations increasing with 
fluence from 1% to 10% (long wavelengths) 
within 1 ps, gradual recovery at times ~500 ps.
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Summary of Si(100) optical ultrafast data 0.55-1.00 Th -below damage threshold-

Negative 
reflectivity change 
in red, positive in 
green. Time scale 
020 ps.

Negative 
reflectivity change 
in red, positive in 
green. Time scale 
0500 ps.
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Time profile above threshold

•Above a critical threshold for the pulse intensity 
the reflectivity change is positive at all 
wavelengths within 300 fs. The positive change 
reaches its maximum (about 50%) within ~ 3 ps 
and then a slow decrease is observed up to ~300 
ps. 
•Only single-shot measurements are possible 
because the Si(100) surface is irreversibly 
damaged.
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Trend for ultrafast reflectivity

Changes in reflectivity can be calculated modelling  the dielectric 
function (refraction index n).
The change depends mainly on the (time-dependent) number density 
N(t) of excited electrons and on the electron temperature Te.
The number density N(t) at short times is well described by an 
exponential decay of the initial excitation density N

in
 (relaxation time 

t~10 ps). The excess energy of about 1.8 eV (hv-Eg) correspond to 
initial temperatures up to 20000 K for the electrons. The hot carriers 
thermalize with the lattice with a time constantt  τ

el-ph
 ~260 fs (PRB vol. 

66, 165217).

For our temporal resolution (100 fs) we expect to see 3 contributions:

1) free-carrier (FC) contribution (Drude-like) 
– negative 
2) state-filling (SF) associated with the absence of electrons in the 
valence band, lowering the absorption coefficient
- negative 
3) lattice heating effects as a consequence of electron thermalization 
(variation of the refraction index with temperature)
-positive

0        0.4       0.8      ps
(time delay)
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0.1 to 20 ps trend below threshold

Profile reproduced using time 
constants from literature and a lattice 
heating contribution corresponding to 
about 450 K (fluence 0.55 Fth). 



  Di Cicco  User meeting Melbourne  9 Dec 2011

Ultrafast melting

Profile for high fluency reproduced using 
same time constants from literature and 
ultrafast melting taking place with a time 
constant of 260 fs (fluence 2.2 Fth).
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Conclusions

1. The Fermi@Elettra seeded Free Electron Laser source is available for users 
experiments (2012). 
2. FEL sources open new opportunities for investigating extreme and non-equilibrium 
states in disordered matter. 
2.The TIMEX end-station at the Fermi at Elettra facility is under commissioning with a 
specialized optics and will be dedicated to ultrafast studies of bulk matter under 
extreme conditions.
3. Ultrafast pump-and-probe pilot reflectivity experiments on Si show that useful 
information about the dynamics of phase transitions can be obtained. Non-thermal 
melting of Si takes place within 300 fs and is followed by lattice heating or melting 
within 3 ps, as a function of the pump fluence.

THANKS!

mailto:Fermi@Elettra
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