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What would have happened
if we had taken more photos?
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How to choose appropriate
time resolution?

Attosecond time resolution
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How to obtain attosecond
time resolution?

Attosecond time resolution
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Pierre Agostini Ferenc Krausz Anne L’Huillier

Nobel prize 2023
“For experimental methods that generate attosecond pulses of light

for the study of electron dynamics in matter.”

Attosecond time resolution
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Filming of the
electron motion Pump-probe experiment

© picture from G. Cerullo et. al., 2006,
“Time-resolved methods in biophysics.”

Attosecond time resolution

https://pubs.rsc.org/en/results?searchtext=Author%3AGiulio%20Cerullo
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Attosecond pump-probe experiment
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Attosecond momentum-resolved experiment

Attosecond imaging experiments have already been conducted
on LCLS
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Aligned molecules

© picture from B. Stankus et. al., 2019, “Ultrafast X-ray scattering
reveals vibrational coherence following Rydberg excitation.”
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Attosecond momentum-resolved pump-probe experiment
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Attosecond

How do we describe this experiment?
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Attosecond momentum-resolved RIXS

At the beginning we have a single closed-shell molecule in the ground state.
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Attosecond momentum-resolved RIXS

UV pump pulse excites electrons from HOMOs orbitals to LUMOs orbitals
and creates a superposition of states (initial state).

Ground Initial
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Attosecond momentum-resolved RIXS

This initial state evolves in time.

Initial
superposition
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Attosecond momentum-resolved RIXS

This initial state evolves in time.

Initial
superposition



5e

Attosecond momentum-resolved RIXS

This initial state evolves in time.

Initial
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Attosecond momentum-resolved RIXS

Initial
superposition Intermediate

X-ray probe pulse is resonant to the K-edge of the atom chosen.
It puts the molecule into one of the intermediate states.

1s hole
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Attosecond momentum-resolved RIXS

Intermediate state relaxation moves the molecule to one of the final states
and creates the photon with energy in X-ray region.

Final
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Attosecond momentum-resolved RIXS

The momentum of the photon emitted is detected
with a momentum-resolved detector.

Final

Detector
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Attosecond momentum-resolved RIXS
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Spatial and temporal resolutions are achieved
because the probe pulse is in X-ray region.
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Attosecond momentum-resolved RIXS
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© D. Popova-Gorelova and R. Santra, PRB, 2015,
“Imaging instantaneous electron flow with ultrafast resonant x-ray scattering.”
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Attosecond momentum-resolved RIXS
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© M. Radionov, D. Popova-Gorelova, 2025, accepted to JPC Lett
“Attosecond momentum-resolved resonant inelastic x-ray scattering...”
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Attosecond momentum-resolved RIXS

What can be calculated for sexithiophene?
Which parameters can be used?
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Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS

states away from
resonance with pump

Energy (eV)

2498.4

4.6

0.0

3.8

5.4

CI+HEXS

© M. Radionov, D. Popova-Gorelova, 2025, accepted to JPC Lett
“Attosecond momentum-resolved resonant inelastic x-ray scattering...”



6d

Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS
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Attosecond momentum-resolved RIXS

Can we estimate the signal in experiment?
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Attosecond momentum-resolved RIXS
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01 We propose filming the charge dynamics in molecules
with momentum-resolved RIXS.

02 Momentum-resolved RIXS has attosecond temporal
and angstrom spatial resolution.

03 It is feasible with the experimental achievements
of recent years in FELs.
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Conclusions
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