
Ultimate goal:
Dynamical 
description
of irradiation and 
response of 
- electrons
- ions 
- environment

Attosecond and strong-field 
electron dynamics 
in clusters and 
large 
molecules

Irradiation of solvated 
« bio »molecules
- Microscopic mechanisms
- Role of water environment
- Medical applications
- Society applications

Deposited/embedded species
- Shaping at nanoscale
- Defect formation
- Chromophore effects and 
  therapy applications

Laser irradiations of 
free clusters
- Huge energy absorption in 
   intense laser fields
- Production of energetic 
   electrons, ions,  photons
- Many-body « laboratory »
- Time resolved dynamics
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Typical signals from
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Which theory for which situations ?

Requirements 
 Size
 Dynamics 
 Microscopic …

Compromises 
 No 
  « final »
 Theory 
  yet…
 Boundaries
 to explore …
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 Time Dependent Density Functional Theory (TDDFT)

  Ensemble  of orbitals (1 electron) / no correlation

  One body density

  Effective mean field theory  (Kohn-Sham)

 Explicit ions via pseudo potentials
 Detail of structure + ionic Molecular Dynamics (MD)

 Ions

 Electrons

Kohn-Sham potential Ions + ext.
 Local Density Approximation (LDA)

Exch. + Corr. Coulomb direct+ Self Interaction Correction (SIC) …

    Coupled non adiabatic electrons (fs)  + ions (ps) dynamics

Model (cluster/molecule)

 Semi-classical theory available (Vlasov, VUU)

II.2



Local Density Approximation (LDA)

Vlasov

CI

Optical response 
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Local Density Approximation (LDA)
II.2



Local Density Approximation (LDA)
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The Ionization Potential Problem 

Example of organic 
molecules:

Benzene-like cyclic 
structures:
H  N, O, S

Neutral species
Covalent bond

LDA :  Totally wrong Ionization Potential

50% error on IP !
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Vlasov and VUU

  Semi classical kinetic equation (plasmas, nuclear physics…)

TDHF/TDDFT

Vlasov

VUU/BUU

  Collision integral 

Numerics : test particles

In medium cross section/
Screened Coulomb 

 Pauli blocking

 Vlasov provides a sound basis for complementing mean-field 
   by dynamical correlations (« Boltzmann-like » collision term)
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Photoelectron Spectroscopy (PES)
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FIG. 12 Photoelectron spectrum of Na°
71

: experimental mea-
surements (black line) obtained from nanosecond laser exci-
tation with a h̄! = 4.02 eV, at T ' 100 K, and theoretical
DOS calculated by DFT using three diÆerent ground state
structures. From (Kostko et al., 2007b)

cluster beams. To cope this, time-of-flight electron spec-
troscopy has been developed with a magnetic field gra-
dient. When the clusters are ionized at a certain spot
within an electron TOF magnetic bottle spectrometer

the complete photoelectron spectrum can be recorded
by time-of-flight measurements with up to 100 per-
cent detection e±ciency (Arnold et al., 1991; Ganteför
et al., 1988; Kruit and Read, 1983; Taylor et al., 1992).
Whereas this method turned out to be extremely fruit-
ful to reveal the electronic level structure of many mass
selected cluster anions, due to the magnetic fields in-
volved it lacks in obtaining satisfying angular informa-
tion. In the case of a neutral cluster beam, the target
density can be su±ciently high in order to get a spec-
trum even without the magnetic field. Electron emis-
sion and drift occur within a field-free tube, equipped
with a time-resolving detector. By rotating the polariza-
tion direction of the laser angular resolved photoelectron
spectra are obtained. An increasing length of the drift
tube increases the energy resolution of the system, on
the expense of signal intensity. Acceptable results can be
achieved with an about 0.5m tube well shielded against
external magnetic perturbations.

In contrast to the electron TOF method, where ki-
netic energy release information is contained in the elec-
tron drift times, imaging techniques extract energy and
angular distributions from two-dimensional images on a
spatially resolving detector. The striking advantage of
this method is that the full emission characteristics can
be reconstructed from the 2-D image by means of an
Abel inversion. The energy resolution thus is limited by
the data quality of the 2-D detector (Heck and Chandler,
1995). An improvement of the 2-D imaging technique has
been obtained by introducing a lens optics which maps
all particles with the same initial velocity vector onto the
same point on the detector (Eppink and Parker, 1997).
So far this photoelectron angular distribution technique

(PAD) mainly has been used to record low-energy elec-
tron spectra. With a recently modified electrode configu-
ration the image can be zoomed such that also energetic
electrons from Coulomb explosions are accessible as well
(Skruszewicz et al., 2008).

V. WHERE PHOTONS COUNT

The previous sections have provided the basic tools of
description and analysis of laser induced cluster dynam-
ics, both from the theoretical and the experimental side.
In the following, we concentrate on two intensity regimes,
firstly in which single-photon precesses prevail, followed
by examples where linear processes are not important
anymore per se. However, single photons with defined
energy remain relevant. This point is of importance and
requires some explanation. The term non-linear refers to
situations in which one clearly explores behaviors which
do not map ground state properties in a simple and direct
way. In this case, e.g. photoelectron spectroscopy looses
part of its power to reveal one-electron processes and may
hide dynamical key aspects. On the other hand, non-
linearity may lead to multi–photon excitations. Plas-
mons often play a dominating role as doorways to non-
linear responses. As we shall see extensively below, plas-
mons indeed govern many dynamical scenarios in metal
clusters. This is especially true in the ”intermediate”
laser intensity domain we explore in this section, in which
both laser frequency and number of photons definitively
count and directly impact on the dynamical response.

A. Photoelectron spectroscopy

Photoelectron spectroscopy on mass selected cluster
anions has proven to be the most important tool for
the experimental investigation of electronic structures of
clusters, see also Sec. IV.C. A vast amount of data has
been accumulated since first work of several experimental
groups (Cheshnovsky et al., 1990; Ganteför et al., 1996;
Ganteför et al., 1988; Ho et al., 1990; Leopold et al., 1987;
McHugh et al., 1989; Pettiette et al., 1988). A major
interest of corresponding theoretical studies lies in the
access to single particle energy levels (Bonacic-Koutecky
et al., 1991). For instance, in (Wrigge et al., 2002), PES
of cation Na clusters, for sizes between 31 and 500, are
reported. The spectra exhibit various peaks which can
be directly assigned to the electronic shell structure.

The above cited PES results and most of the oth-
ers had been obtained from low-energy photon excita-
tions and are often referred as “valence band” PES.
Few explorations on inner shell photoionization, the so-
called “core-level” PES, are available as well (DiCenzo
et al., 1988; Eberhard et al., 1990; Siekmann et al., 1993;
Wertheim, 1989; Wertheim and DiCenzo, 1988).

All of this work had been performed on deposited clus-
ters, making use of high photon energy lamps or syn-
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AVERAGING METHOD
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FIG. 1: Left: isosurface plot of electronic density; middle: the
5 used different orientations; right: electronic density in the
plane of a hexagone. (skip at least 1 figure?).
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FIG. 2: Example for a calculated PES. The s.e. energies
match with the PES. ωlas = 34 eV, I = 1010 W/cm2, Tpulse =
10 fs, Nesc ∼ 0.007. (The above PES is for 1 fixed orientation,
but will be later orientation averaged like in Fig. 4.)

NEAR PLASMON RESONANCE

FIG. 3: Experimental PES of C60 for ωlas = 20 eV, measured
at the synchrotron.

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0 2 4 6 8 10 12 14

y
ie
ld

[a
rb
.
u
n
it
s]

kinetic energy εout [eV]

HOMO

HOMO-1

ωlas = 20 eV

FIG. 4: Calculated PES of C60 for ωlas = 20 eV, I =
7.8×109 W/cm2, Tpulse = 60 fs. The total number of escaped
electrons was about Nesc ∼ 0.1 (Nesc = 0.0977).
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Thermalization
Dissipation:
collective (laser)  thermal
       ... isotropic emission?

C60

Angular distributions and temperature
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Angular distributions and (thermo)dynamics
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Monopole 
« Pump – Probe » 
Dynamics 

 Ionization as a function 
 of delay between pump 
 and probe laser pulses

   Structure (vibrations…)
   Dynamics (viscosity…)

 Pum
p

Probe

 Ionic vibration period
 Expansion rate

Exp. Gerber
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A simple example 

0         50       100      150      200
Time [fs]

Atto train 30 fs, 1.5 Ry @ 1010 W.cm-2

IR  60 fs, 0.11 Ry @ 1012 W.cm-2

N2

Laser polariz.

25        27.5      30       32.5      35
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0         50       100      150      200
Time [fs]

Ionization characteristics

0         50       100      150      200
Time [fs]

Net ionization

Photo Electrons  Spectra

Average kinetic energy
40       41.25      42.5      43.75      45

Delay at atto max envelop  [fs]
  40      41.25      42.5      43.75      45  

Delay at atto max envelop  [fs]

Strong effects and correlation
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Ultimate goal:
Dynamical 
description
of irradiation and 
response of 
- electrons
- ions 
- environment

Attosecond and strong-field 
electron dynamics 
in clusters and 
large 
molecules

Dynamics of ionization in TDDFT
- Self Interaction problem (SIC)
- Benchmark TDSIC calculation done
- Boundary conditions in the oven
- Dynamical correlations in near future
  (electronic transport) in quantum
  TDDFT

Time resolved dynamics
- Key importance of non adiabatic
  electron/ion couplings
- Photoelectron spectroscopy 
  energy, angle done/ in the oven
- Pump and probe scenarios done
- FEL laser domain mostly in future
- Ionization cross sections in near future
- Atto laser domain in the oven
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