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*Extremely high number of photons per pulse (1012-1014 ph/shot)

Multphoton non-linear processes

*Very short pulses (few to hundreds of femtoseconds, 10-15 sec)

Time-resolved spectroscopies

Detailed insight on electron and nuclear dynamics on a “real” tmescale

Photoexcitaton-deexcitaton-fragmentaton processes

Formaton and breaking of chemical bonds

“Molecular movie”
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Photoelectric Effect at Ultrahigh Intensities
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Time-Dependent Multphoton Ionizaton of Xenon in the Sof-X-Ray Regime





Pump-probe experiments
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Ultrafast Extreme Ultraviolet Induced Isomerizaton of Acetylene Catons





Mean isomerizaton tme:

 52 ± 15 fs
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Electron Rearrangement Dynamics in Dissociatng I2
n+ Molecules

Accessed by Extreme Ultraviolet Pump-Probe Experiments
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Femtosecond electronic response of atoms
to ultra-intense X-rays







L.S.Cederbaum et al, J.Chem.Phys. 85, 
(1986) 6513

DCH Single-Site (SS)

DCH Two-Site (TS)

Substantially enhanced 
chemical sensitivity





Double (multiple) ionisation energy (DIP, …) 

EB1 + EB2 (+ …) = h - Ekin1 - Ekin2 (- …)

Single Photon – Multiple Ionisation



Time-Of-Flight Magnetc Botle Mult-Electron 
Spectrometer
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Pulsed light source: He-lamp, SR, fs-laser system, FEL 
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NH3

CH4



C2H2



Few Photon – Multiple Ionisation





DCH measurements: CO 

N. Berrah, ……M.N.Piancastelli et al., 
PNAS 108, 16912 (2011)

Challenge remains: 
TS-DCH  CVV/VVVV Auger 
and Auger from other channels overlap
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Imaging charge transfer in iodomethane upon x-ray photoabsorpton
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Femtosecond response of polyatomic molecules to
ultra-intense hard X-rays













Aerial view

Beam transport and beamlines

FERMI
Elettra, Trieste, Italy



FERMI

Variable polarizaton

Negligible photon energy jiter

Negligible tme jiter

First seeded FEL



Low Density Matter (LDM)



Coherent control with a short-wavelength free-electron laser

K.C.Prince et al, Nature Photon. 10, (2016) 176



62.97 nm
31.5 nm





• Magnetc botle , J.H.D. 
Eland et al., PRL 90, 
053003 (2003) 

•  Fast-tming MCP 
detector combined 
with signal digitzer 

• High 
collecton+detecton 
efficiency

• E/ΔE = 50-100

•  Successfully used for 
several runs at LCLS 



Pump-probe experiments

Two-color experiments are available to users at LDM 

The seeded FEL provides high-power, 
coherent pulses with  100 femtosecond or less duration, 

with a high level of shot-to-shot stability
 

FEL-1 provides EUV photons in 
the range from 65 to 20 nm, 

while the 780 nm optical pulses are provided from the same 
Ti:sapphire laser used to form the FEL seed pulse 





Acetylacetone femtodynamics

 by pump-probe experiments at

 FERMI-LDM

R. Squibb,…. and M.N.Piancastelli, Nature Comm. 9, 63 (2018) 



Probing keto-enol tautomerism

in acetylacetone



Keto form

Enol form



LDM beam time

Photon energy pump: 261 nm

Photon energy probe: 19.24 eV

Delay range 0-200 ps

Detection of valence electrons as a function of delay

Detection of ions as a function of delay







ab inito statc (CASPT2) and surface-hopping 
dynamics (CASSCF) calculatons

 
 ionizaton energies at 

the MS-CASPT2-[10,10] level

CASPT2 ionizaton energies 
and fragmentaton pathways

 

 S0min S1min

IE(D0-S2) (eV) IE(D1-S1)(eV) IE(D0-T1) (eV) IE(D0-T1) (eV)

Experiment 4.64 6.04 7.14 6.04
CASPT2[10,10] 4.43 5.71 6.81 5.61
Dynamics 4.45 ± 0.39 5.81 ± 0.42 6.89±0.66

 S0min S1min

IE(D0-S2) (eV) IE(D1-S1)(eV) IE(D0-T1) (eV) IE(D0-T1) (eV)

Experiment 4.64 6.04 7.14 6.04
CASPT2[10,10] 4.43 5.71 6.81 5.61
Dynamics 4.45 ± 0.39 5.81 ± 0.42 6.89±0.66



GS ππ*

ππ* nπ*

261 nm

CI

CI







X 0.2
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Which is the best way to follow a chemical reaction?

X-ray diffraction

Electron diffraction

Valence photoelectron spectroscopy

Ion spectroscopy



Summary

NO isomerization

Mainly fragmentation producing CHn
+

Very accurate way to follow a chemical reaction
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