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Motivation for theoretical study

Important for:  (i) experiments with FEL → cluster 
                            experiments, single particle imaging, 
                            warm dense matter etc. 
                       (ii) construction of the laser → FEL optics,   
                       (iii) test of various theoretical models



Molecules at atomic resolution

Lysozyme R. Neutze, 
R. Wouts,
D. van der 
Spoel, 
E. Weckert,
J. Hajdu  
Nature 406, 
752 (2000)
Radiation 
damage
and Coulomb 
explosion

Crystal

Structure determination through single particle 
diffraction imaging?
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Tool: statistical Boltzmann approach 

Evolution of larger systems described in terms of 
statistical density function, ρ(r,v,t), in phase space:
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Tool: statistical Boltzmann approach

first-principle approach

single-run method

computational costs do not scale 

    with number of atoms

Difficulty:

requires advanced numerical methods
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Solving Boltzmann equations
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Solving Boltzmann equations

 

Applied mathematics

Solid state physics

Atomic physics

Plasma physics

Algorithm
Contributing

physical processes

Boltzmann solver
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 Boltzmann solver

  Investigates the non-equilibrium phase of evolution of an 
irradiated sample until thermalization of electrons and saturation of 
ionization is reached

 It uses the angular moment expansion for density function, ρ:         
                              

            ρ  ~  ρ + ρ ∙ cos θ + ρ ∙ cos θ                       
with dominating isotropic component of ρ. This is appropriate for the 
non-equilibrium phase  of sample evolution 

e vr vε0 1 2
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Boltzmann solver: accuracy tests

Flow control in real space → 
check how many particles and 
how much energy escaped 
from the simulation box → 
accuracy < 5%

Energy and number of 
particles conserved with a 
good accuracy (< 1%) in 
collisionless case 

Collisionless motion simula-
ted with Boltzmann solver 
checked with an analytical 
model

Accuracy of pseudospectral 
approximation checked with 
an independent method

Four spheres of flow control



FLASH FEL 
at DESY

Experimental hall

(User Facility

started July 2005) 

     Linac and FEL 

undulator

• 6,5- 50 nm
• 10-100 µJ
• 1 GWpeak

• 10-100 fs

Electron gun
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• Mechanisms of energy absorption 
  and ionization 

• Non-linear / multi-photon
  processes observed? 

• Timescales of electron 
  emission and of ion motion

• New processes identified?

λ=   100nm (2002)       32 nm/13 nm (2007-2009)                future 6 - 0.1 nm
valence electrons      valence/innershell electrons        atomic resolution

Experimental studies on clusters irradiated 
with intense FEL pulses
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Evolution of irradiated samples
                    

                              Two phases:

 non-equilibrium ionization phase: starts with the photon 
irradiation and lasts until thermalization of electrons and saturation 
of ionizations from  ground state is reached

 semi-equilibrium expansion phase: electron-ion plasma in local 
thermal equilibrium, ions and electrons slowly escaping from outer 
shells → expansion of the sample  
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N~30000

•Multiply charged ions 
  from clusters, keV energy

•Only singly charged ions 
  from atoms
                      ↓↓
    

Dedicated theoretical study
needed to explain 
the enhanced energy
absorption  
 

1012-1014 W/cm2

 [H. Wabnitz et al, 
    Nature 420, 482 (2002)]

IpXe = 12.1 eV
Ephot= 12.8 eV

N~ 90000

Time of flight mass spectra of Xe atoms and 
clusters at radiation wavelength 100 nm

pulse duration ~ 50 fs
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Theoretical models proposed

Enhanced inverse bremsstrahlung heating of quasi-free electrons 
within the cluster [Santra, Greene].  Enhanced heating rate 
obtained with effective atomic potential. High charge states 
produced during collisional ionizations 

High charge states within clusters are produced by single photon 
absorptions due to the suppression of the interatomic potential  
barriers within the cluster environment [Georgescu, Saalmann, 
Siedschlag, Rost]

Heating of quasi-free electrons through many-body 
recombination [Jungreuthmayer, Ramunno, Zanghellini, Brabec]. 
High charge states produced during collisional ionizations.

      

[R. Santra, Ch. H. Green,  PRL 91, 233401 
(2003)]

[C. Siedschlag, J. M. Rost , PRL 93, 43402 
(2004)]

[C. Jungreuthmayer et al. , J. Phys. B 38, 3029 (2005)]
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Theoretical modelling

What happens if all enhancement factors are included in one     
                                       model? 

Creation of high charges through: photoionizations → IB heating 
of quasi-free electrons as proposed by [Santra,Greene] → 
collisional ionizations / recombinations; 

Modification of atomic potentials by electron screening and ion 
environment tested

Plasma regime tested → possible contribution of many-body 
effects (many-body recombination)         

                                                    ↑ ↑ ↑ ↑

Independent cross-check with MD simulation successful 
[F.Wang]



 17

Clusters of 2500 xenon atoms irradiated with 
100nm FEL pulses of various energies

                Ion fractions 

TOF detects only ions !

 Ion fractions
   at various
pulse fluences

[Ziaja et al., Phys. Rev. Lett. 102 (2009) 205002]
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Clusters of various size irradiated with 100nm 
FEL pulses of a fixed flux, F=0.4 J/cm²

TOF detects only ions !

Ion fractions
 at various
 cluster size
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Electron spectroscopy at 100 nm:
indication of energy absorption mechanisms 

Electron emission spectra at 100 nm for Xe (70) and Ar (300):

Plasma formation, intense  heating of quasi-free electrons

[Ziaja et al., New J. Phys. 11 (2009) 103012]
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no thermionic electron emission
no plasma absorption [T. Fennel et al.]

Theory (T. Fennel, Rostock)

First electron

[C. Bostedt et al. Phys. Rev. Letters  100, 133401 (2008)]
 

38 eV

Electron spectroscopy at 32 nm:
indication of energy absorption mechanisms 
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Electron spectroscopy at 32 nm
indication of energy absorption mechanisms 
Electron emission spectra at 32 nm for Ar(80) and Ar (150):
                                sequential ionization 
                             [Ziaja et al., New J. Phys. 11 (2009) 103012]

FEL pulse length=25 fs

Good agreement of the results with MD simulations by the Rostock 
group [T. Fennel et al.] and in-house MD simulations [F. Wang]



reconstructed image

scattering pattern

two clusters in 
direct contact

[C. Bostedt,  H. Chapman, F. Wang and T. Möller ]

Single shot scattering and imaging of large
noble gas clusters at wavelength ~ 13 nm

Wavelength 13.7 nm



scattering pattern

reconstructed image

large cluster
 
penetration depth of
light

Single shot scattering and imaging of large
clusters: reconstruction

Wavelength 13.7 nm
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Soft X-Ray Thomson 
Scattering in Warm Dense 
Hydrogen

R.R. Fäustlin, S. Toleikis et al.

[Phys. Rev. Lett. 104 (2010), 125002]
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We Validate Impact Ionization Models

15µJ

BEB on H2

(NIST) 60µJ

Liebermann

15µJ

FEL peaks
at 40fs

Liebermann, Plasma discharges (1994)

Kim and Rudd,
Phys. Rev. A 50, 3954 (1994).

 BEB includes 
atomic structure

 Atomic structure not 
relevant for impact 
ionization in dense 
plasmas 

 Liebermann: 
classical e-e 
collisions

Simulations performed for clusters consisting of 0.5 million atoms
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STS Probes fs Electron Thermalization

180A box
3x105 H-atoms
126A cluster

[Ziaja et al., Eur.Phys.J. D 40 (2006)]
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Experiment:  
13 nm/ 92 eV, 1014 W/cm2

• singly charged Ar ions 
  from the surface

• strong size effect

• Xe plasma in the interior 
  recombines, neutral atoms?

• delayed cluster expansion

M. Hoener,et al J. Phys. B 41, 181001 (2008) 

Perspectives for imaging:  delayed ionization and 
expansion through tampering. 
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  32 nm/ 40 eV, 1013 W/cm2

• Increased core ionization
for Ar/Xe

• Decreased core ionization 
for Xe/Ar

            PRELIMINARY!

Perspectives for imaging:  increased/decreased 
ionization in mixed Xe/Ar clusters at 32 nm 
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  13 nm/ 92 eV, 1014 W/cm2

• singly charged Ar ions 
  from the surface

• strong size effect

• Xe plasma in the interior 
  recombines, neutral atoms?

• delayed cluster expansion

M. Hoener,et al J. Phys. B 41, 181001 (2008) 

Perspectives for imaging:  loss of structural and 
orientational information due to the water layer 

around the imaged object
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Perspectives for imaging:  loss of structural and 
orientational information due to the water layer 

around the imaged object
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Perspectives for imaging:  loss of structural and 
orientational information due to the water layer 

around the imaged object
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Summary and outlook 

We constructed a useful tool for studying the evolution of 
FEL irradiated samples (computationally efficient treatment 
of large samples)

Our model is so far the only one that gives an accurate 
description of all of the experimental data collected from 
atomic clusters at  100 nm and 32 nm wavelength

Good agreement with data from warm dense matter 
hydrogen experiment

Several problems can be studied in the next future:

    evolution of clusters irradiated with XUV and X-rays

    clusters of various structures

    mechanisms of slowing down the cluster explosion

    samples exposed to ultra short and/or ultra intense pulses 
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Clusters of 2500 xenon atoms irradiated with 
100nm FEL pulses of various energies

            Average charge  and  average energy absorbed per ion
                       as functions of time integrated energy flux, F

Results from model □ (in focus)               Experimental data *
                             □  (averaged over spatial pulse profile)
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Clusters of various size irradiated with 100 nm 
FEL pulses of a fixed flux, F=0.4 J/cm²

            Average charge  and  average energy absorbed/ion
                           as functions of cluster radius, R

Results from model  □ (in focus)           Experimental data *
                              □  (averaged over spatial pulse profile)
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