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Title: Statistical model of radiation damage within an atomic
cluster irradiated by photons from free-electron-laser (FEL).

Abstract: Here we report on the present status of our project on statishodelling of
charge dynamics within irradiated samples. Boltzmanrissizdl approach to model the
radiation damage in samples irradiated by FEL photons iedds a study case of a spheri-
cally symmetric xenon cluster. Qualitative agreement leetwthe model predictions and the
experimental data is found. The results obtained demdadtia potential of the statistical
method for describing the non-equilibrium dynamics of semmexposed to FEL radiation.
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1 Introduction

Free-electron-lasers (FELs) open new horizons in studthegstructure of matter. It is
expected that the intense radiation from the FELs, emitigouises of ultrashort duration
[LCLS, 2000, DESY, 2001, DESY, 2006, SCSS, 2006, Dattolie2805]. may probe dy-
namic states of matter, transitions and reactions hapgevithin tens of femtoseconds, and
also generate extreme states of matter [Lee at el., 2002 Xftay FEL (XFEL) promises
significant progress in structural studies of biologicatsyns, especially in studies of non-
repetitive samples. Low radiation tolerance of these sagyplevents an accurate determina-
tion of their structure in standard diffraction experingenthe recent studies of the progress
of the damage formation [Neutze et al., 2000, Jurek et ab42Bau-Riege et al., 2004] in-
dicate that the radiation tolerance might be extended tfatit imaging with high radiation
doses.

For this and other potential applications of FELs, we neeeétailkd understanding of
how the intense radiation of short wavelengths interadts matter. The radiation damage of
samples irradiated by soft X-rays differs considerablyrfritat induced by high power IR-
lasers [Kanapathipillai, 2006]. In the latter case plasmating by inverse bremsstrahlung
(IB) is the dominant damage process at moderate intenfigmire et al., 1996],

[Last & Jortner, 1999, Krainov & Smirnov, 2002]. For FELsdéterent energies of the FEL
photons different processes are contributing to the radiatamage. At VUV photon ener-
gies the inverse bremsstrahlung process is believed teed@tiost of the energy needed for
the efficient ionization of an irradiated system [Santra &&re, 2003],

[Meyer-ter-Vehn et al., 2004, Krenz & J. Meyer-ter-VehnD30Fisher et al., 2006]. Photons
of shorter wavelengths may excite electrons from innersloélatoms, creating core holes
[Saalmann & Rost, 2002]. Photoemissions, core-hole aeatnd subsequent Auger emis-
sions of secondary electrons contribute to the radiatiomedge that then affects not only the
sample but also the optical elements of the FEL beamline.

Radiation damage by photons from the VUV FEL is how undemis¢eexperimental and
theoretical investigation. The large number of VUV photahsorbed per atom that was
observed during the first experiments at DESY [Wabnitz eR&l02, Wabnitz, 2003] could
not be explained using the well-established standard ledions for photon absorption
[Santra & Greene, 2003, Wabnitz et al., 2002, Wabnitz, 2003jis indicated that the ion-
ization of samples irradiated by energetic photons pragen a different way than that
observed in the optical energy range. These surprisindtsestimulated intense theoretical
effort. Several interesting models have been proposed
[Santra & Greene, 2003, Siedschlag & Rost, 2004, Bauer, Z00Wreuthmayer et al., 2005],



which could explain various aspects of the increased phstwation and ionization dynam-
ics observed in the experiments (for review see [Saalmaah,&006]). On the other hand,
there are still some controversies, e. ¢. regarding theabtee inverse bremsstrahlung
mechanism, screening effects and of the inner ionizati@tgsses in the ionization dy-
namics. Statistical model of radiation damage, computatlg efficient also for large and
spatially non-uniform samples, could be useful in evahgthe contributions of different
mechanisms to the overall ionization dynamics.

In [Ziaja et al., 2006] we proposed a statistical approadtesrribe the evolution of irra-
diated samples. This approach was based on the first-gdesddoltzmann method. Boltz-
mann equations evolve classical electron and ion dengitipease space from their initial
configurations. The full spatio-temporal characteristitghe electron and ion dynamics can
be easily obtained with this transport method. As chargeities are directly evolved with
Boltzmann equations, the averaged observalilesf interest can then be calculated from
their convolution with the charge densities obtaingd(t)) = | O(r,v) p(r, v, t)dr d*v.
These results are not biased with statistical errors.

The Boltzmann method is a promising alternative to the fpirgteiples Monte Carlo
(MC) or Molecular Dynamics (MD) methods which are commordgd [Neutze et al., 2000,
Jurek et al., 2004, Heidenreich et al., 2005]. MC/MD aldoris become computationally
inefficient if the number of particlegy, is large. In contrast, the efficiency of the simulation
algorithm with the Boltzmann equations does not changectiyrevith the number of par-
ticles in the sample, as the algorithm operates on smootsitgdnnctions. Therefore the
efficiency of these algorithms depends only on the phaseesgizape of the sample which is
reflected in the number of grid points used in the simulatidrerefore Boltzmann approach
can also work fine for large samples, where the MD/MC methaitlls f

The applicability of Boltzmann equations is, however, tilito the systems which fulfill
the assumptions of molecular chaos and two-body collisibhese assumptions are usually
justified by a presence of short range forces [Sharkofskl,,e1366],

[Chapman & Cowling, 1970]. The single particle density flime obtained with Boltz-

mann equations does not contain any information on threly-lbad higher order correla-
tions. If the higher order correlations are important, aefondamental Liouville equation
for the N-particle density function should be applied. Theuville equation reduces to
the collisionless Vlasov equation [Sharkofsky et al., J966case of an uncorrelated sys-
tem. Fokker-Planck equation [Sharkofsky et al., 1966] carderived as a limiting form

of the Liouville equation for long-range (e. g. Coulomb)des. It was proven in Ref.
[Sharkofsky et al., 1966] that a correct description of maogy Coulomb interactions of
plasma electrons and ions as that obtained with the dedi¢atkker-Planck equations can



be also obtained with the two-body Boltzmann collision teassuming the Debye cutoff in
the Rutherford scattering cross section. This simpliftcatioes not apply to the electron-
electron interactions, where the interacting chargedgesthave identical masses, and the
momentum transfer during their collisions cannot be negtéc

Another disadvantage of the Boltzmann approach is its nigadezomplexity. Boltz-
mann equations are complicated sets of nonlinear inteiffierehtial equations where par-
tial derivatives appear in both spatial and velocity cooatiés0/0r, andd/dv. Advanced
numerical methods have then to be applied.

In what follows we will apply Boltzmann method for studiestbk radiation damage
in samples irradiated by FEL photons. We will use the angmament expansion of the
Boltzmann equations. This expansion was described inlage{Ziaja et al., 2006]. We will
solve Boltzmann equations numerically in a study case oftreersgally symmetric xenon
cluster irradiated by VUV FEL photons. The results obtaimedi be discussed in detalil.
Finally, our conclusions will be listed.

2 Boltzmann equations

In [Ziaja et al., 2006] we formulated the specific Boltzmamuations describing the trans-
port of electrons, atoms and ions inside a sample irradiaidd FEL photons. In these
equations it is enough to consider two gases: the gas of diiglctrons of masses; and
charges—e, and the gas of heavy atoms/ions of masdésand chargese. Photons need
not to be treated as an independent gas component, as thegrdel the equations as a
flux term in the photoionization source term. The gases aftelas and atoms/ions are rep-
resented by the density functions® (r, v, t), p (r, v, t), wherei denotes the ion charge
i=20,1,...,N;, and N, is an arbitrary number, describing the maximal ion chargéén
system. The general coupled Boltzmann equations for elestnd ions are:

0up') (v, ) v - 0ep ) (1,0, 1) — (B, 1) + v x B(r. 1) - 00 (1, v.8) = Q) (0, 0 v, v, 1), ()

for electrons, and

0ip W (r, v, ) + v - 0pp (x, v, 1) — % (E(r,t) + v x B(r, 1)) - 0y p" (r, v, 1) = QD (o), p) x,v,1), (2)
for atoms/ions, where we included the total electromagtietceF, F(r,v,t) = q(E(r,t)+
v x B(r,t)), acting on electrons and ions positioned betweandr + dr, which have ve-
locities in the rangév, v 4+ dv). The electric fieldE, and magnetic field3, have two com-
ponents. The first component describes the interaction axfgels with external radiation.
The second component describes internal electromagnéti@action between electrons and
ions. This component is a non-local function of electron emddensities.



Collision terms (=), describe changes of the electron/ion densities of védscit

(v,v + dv) measured at the positio(s r + dr) with time. These changes are due to short-
range processes, e. g. (i) creations of the secondary @abscénd highly charged ions via
photo- and collisional ionizations, (ii) elastic and irsla collisions of electrons and ions,
(ii) the inverse bremsstrahlung process, i. e. absorptaomd emissions of photons by elec-
trons during the elastic electron-ion collisions, (iv) setbination processes etc. Number
of short-range processes involved in the sample dynammsriks on the wavelength of the
laser radiation. If collision terms are neglected, Boltamaquations, Egs. (1), (2), reduce
to the Vlasov equations [Sharkofsky et al., 1966, Kruer,8l@scribing the evolution of a
collisionless plasma.

Initial configuration of Eqgs. (1), (2) is given by a smoothrato density function,
p©(r,v,0), which represents the sampletat 0.

Below we list the assumptions of the primary transport maeelicated for studying the
radiation damage in xenon clusters at VUV photon energiegd£t al., 2006]. Physical pa-
rameters follow those set in the first experiment with the Vithétons [Wabnitz et al., 2002,
Wabnitz, 2003].

(i) Single photoionizations of atoms A single VUV photon of energyF, = 12.7
eV, may excite electrons only from thg;,, shell of xenon atoms of the binding energy,
E; = 12.1 eV. We neglect possible multistep photo- and multiphotarizations within this
primary model. We also neglect the effect of plasma screeoimthe atomic energy levels
and photoionization cross sections.

(i) Elastic and inelastic collisions of electrons with atomséins We assume that an
inelastic collision always releases a secondary electvia.neglect inelastic collisions of
electrons and atoms/ions which lead only to an excitatiocanodtom/ion. These processes
contribute to the multistep collisional ionization whichnot included within this primary
model. We also neglect the effect of plasma screening onaffisional cross sections.

(i) Inverse bremsstrahlung photoabsorption in the presence catoms or ions In
our model, as the primary kinetic energy of a photoelectedaased by a VUV photon is
small, E ~ 0.6 eV, comparing to the first ionization energy; = 12.1 eV, a process of
energy pumping is necessary in order to initiate any coltial ionizations by electrons.
Inverse bremsstrahlung process is among the possiblegzes¢Santra & Greene, 2003].
At the low photoelectron energies, that we consider heeeptbper description of the in-
verse bremsstrahlung should be quantum and not classaral [®96, Brantov et al., 2003].
Quantum cross sections for absorption or emission of radigthotons by electrons during
their collisions with ions were taken from Ref. [Kroll & Wats, 1973]. In this approxima-



tion ions were treated as point-like charges [Kroll & Watsb®73]. We have also calculated
the quantum cross-section for inverse bremsstrahlungyubem modified atomic potential
including the spatial distribution of charge within an atan. This treatment was proposed
by Santra and Greene in [Santra & Greene, 2003]. In both scaseweglected the effect of
plasma screening on the atomic/ionic potentials.

(iv) Electromagnetic interaction of electrons with laser field Here this interaction is
treated within the dipole approximation. This approactugified by the small spatial size
of the irradiated spherical cluster of a radits25 A, when compared to the wavelength
of laser radiation{ 100 nm). We expect that the attenuation of the laser beam is small
Rough calculation of the attenuation via photoabsorptidh@beginning of the pulse gives
the transmission of abo@tl%. After all atoms have been photoionized, photons from the
pulse can be still absorbed via inverse bremsstrahlungmgsd total energy absorbed by
this xenon cluster is abogd00 keV at most.

(v) Electromagnetic interactions of electrons and ions withirnthe sample They are
expressed in the form of the non-local potentials resuftiog the solution of Poisson equa-
tion.

Finally, we note that within this primary model we also neglide recoil energies and
the recoil momenta of atoms/ions gained during their irttgwas with photons or electrons.
Electrons are assumed to scatter isotropically on atomss/idhis is the first order approx-
imation which can be made: (i) in case of photoionizations thuthe low energy of the
incoming photons, and (ii) in case of collisional interaos due to the large difference of
electron and ion masses and to the low impact energies df@hsc Within this approxi-
mation the movement of ions will be stimulated by the Coulaeytuision only. Additional
pressure on ions due to the recoil momenta is neglected.

Recoil effects, and also short-range electron-electréeraation can be conveniently
treated by the means of the Fokker-Planck equation. As ogherant processes which were
neglected within this primary model, e.g. three-body repmation, charge enhanced ion-
ization [Siedschlag & Rost, 2004] or effects of electroregting [Santra & Greene, 2003],
these processes will be treated in forthcoming papers.



3 Electron and ion dynamics inside an irradiated xenon
cluster

We have formulated and solved numerically Boltzmann equatfor a xenon cluster irradi-
ated with VUV FEL photons. We followed the scheme presentddiaja et al., 2006]. The
following improvements have been made.

First, we enabled electron heating by including the invéreensstrahlung process. As
we will later see, this process will lead to subsequentgiolfial ionizations inside the cluster.
We consider two different inverse bremsstrahlung heaatesr (i) that one obtained with the
assumption of point-like ions [Kroll & Watson, 1973] (slovedting), (ii) that one obtained
with modified atomic potentials including the effect of gphdistribution of charge within
ions [Santra & Greene, 2003] (fast heating). We will showt tligher ionizations up to +8
inside the cluster can be obtained only in case of fast hgatin

Second, we follow here the dynamics of both electrons ansl ioe. ions are not longer
frozen during the exposure as in Eq. [11] in [Ziaja et al.,&00rhey were now treated in
the radial approximation:

P, v, 1) = p(r, v, 1) 6( cos(fr0) — 1). 3)

Our initial configuration was given by a smooth atomic dgniinction, representing a
spherically symmetric cluster consisting1af00 neutral xenon atoms. Edges of this sample
were smoothed in order to facilitate computation. The dgnisithe center was comparable
to that of the xenon cluster, 0.005 1/A3. The radius of this cluster was 25 A. This
sample was irradiated with the VUV FEL photons of energies= 12.7 eV. We have as-
sumed that the photon pulse had a gaussian intensity shipe maximum atf = 3 - 1013
W/cm? and full width at half maximumAt = 50 fs (Fig. 1). This pulse intensity corre-
sponded to an upper estimate of the maximal FEL pulse inteolsserved in the experiment
[Wabnitz et al., 2002].

We have solved the extended equations numerically with amlizBiann solver. The
simulation box had the sizef (< r < 100 A)x (0 < v < 80 A/fs), and it was divided
into 50x64 grid points respectively. We followed the evolution ofstsystem up ta300
fs of the exposure (Fig. 1). As in the previous study case, allevied the evolution of
irradiated cluster, recording electron and ion densitieifeerent times of the exposure (not
shown). With these observables we estimated global paexset the system as functions
of time. Here we show: (a) electron temperature and (b) tatalber of electrons and ions of
different charges created within the sample (Figs. 2,3Fid¢n4 we also plot the histograms



of relative number of ions of different charges recorded)f3 compared to those obtained
in the experiment [Wabnitz et al., 2002, Wabnitz, 2003].

In our extended model electrons gained energy via the iavamsmsstrahlung process.
This effect is reflected in the shapes of the temperatureesy(®igs. 2a,3a). The temperature
of electrons increased with time until 90 fs (Fig. 2a) and~ 120 fs of the exposure (Fig.
3a). When the heating rate was fast, after this time manyreleswere energetic enough to
leave the simulation box (Fig. 2b) and the temperature atedas within the box decreased.
When the heating rate was slow, electrons did not gain eneunglgy to leave the cluster.
They stayed inside the cluster, and thermalized (Fig. 3b).

Heating effiency was also reflected by the number of highlygddhions created within
the irradiated sample. In case of fast heating, highly awhigns (up to +8) were created
early in the exposure (up te 80 fs). In case of slower heating, only ions of charges up to
+3 could be created within the sample. Slow electrons staysde the sample kept by the
Coulomb attracting potential. At the end of the laser putse ¢lectron-ion system reached
an semi-equilibrium state.

At the time,t = 300 fs, there were no neutral atoms left within the cluster. @buations
of ions of specific charges to the total number of ions were@ohg. In case of fast heating
(Fig. 4a): Xe +1 & 20%), Xe +2 (~ 15%), Xe +3 (~ 15%), Xe +4 (~ 7.5%), Xe +5
(~ 7.5%), Xe +6 (~ 11%), Xe +7 (~ 11%) and Xe +8 & 13%), and the contribution of
Xe +1 ions was the largest one. In case of slow heating (Fig. X +1 (~ 42%), Xe +2
(~ 56%) and Xe +3 & 2%), and the contribution of Xe +2 ions was the largest one.

In order to conclude, we note that from the above two IB modely the fast heating
model, using quantum cross-sections obtained with the fieddatomic potential, lead to
the creation of highly charged ions up to +8 within the samlellowing results of Ref.
[Santra & Greene, 2003] and our results, we would recommende this model for simu-
lations of charge dynamics inside xenon clusters.

Summary and conclusions.

We have formulated general Boltzmann equations descrthimgvolution of a non-uniform
sample irradiated with VUV FEL photons. We have solved tlezgeations numerically with
a dedicated algorithm. Two study cases including: (i) fast @) slow electron heating rates
were considered. They lead to different evolution scesario

In case when the heating was fast, highly charged ions up teet8 created early in the



exposure. Many electrons gained energy sufficient to Idagean cluster. As a result the
outer shell of the cluster became positively charged.

In case when heating rate was slow, highly charged ions u@ twere created. Only a
small fraction of electrons could leave the sample. The nitgjof electrons stayed inside the
cluster kept by the Coulomb attraction forces. At the encheflaser pulse this electron-ion
system reached an semi-equilibrium state.

The results obtained with the extended model are promisig.observe a qualitative
agreement between the charge densities and the averagg absorbed per atom estimated
with this primary model and the experimental data. In theé éxperiments [Wabnitz et al., 2002]
at a power density in the rang®'3- 10** W/cn? charge states up to 8+ where observed.
The estimated average energy absorbed per atom varieddref@® eV and 2500 eV, de-
pending on the charge state. These numbers are in the sageeaaithe values predicted
in the present work. However, at this stage we can make ordjitgtive comparison of
our predictions to the data. The model developed here negtlef improvements of its
physical assumptions in order to be applied to a realisse c&ffects of plasma screening
on atomic energy levels and on photo- and collisional icmracross sections have to be
treated [Santra & Greene, 2003, Siedschlag & Rost, 2004]faSpotentials used in equa-
tions were unscreened, and cross sections (also invensestoadlung cross sections) were
also obtained with those unscreened potentials. Incluttiagscreening effects within this
non-uniform sample can significantly affect the ionizatitymamics. Important mechanisms
of thermalization: recoil effects and short-range electetectron interactions, need also to
be treated in the improved model. Especially the latterceff@ll significantly change the
distribution of energy among the plasma electrons and fimerelso the ionization dynam-
ics. Possible influence of recombination and of other mardylarocesses on the sample
dynamics requires dedicated analysis.

Only after treating all these effects, our model can be usedlbtaining quantitative
predictions.

We do not expect that including further interactions intesth equations will lead to more
numerical complicacies. As the main nonlinearity and $tgtproblems have been success-
fully treated in the primary algorithm, and this algorithoriectly followed the dynamics of
the sample in our study cases, we expect that it can easilytbeded for a more advanced
model.

At this point we have also to discuss the applicability of thessical approximation for
describing the evolution of FEL irradiated samples (see flast & Jortner, 2006]). We
stress here that our final aim is to obtain a description ofatewh damage at short wave-
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lenghts of photon radiation (soft and hard X-rays), whersipla electrons plasma are hot,
and their treatment with classical Boltzmann equationsefioee justified. When we try to
apply the classical description to a sample irradiated Wity FEL photons ofA ~ 100 nm
(E, = 12.7 eV), and estimate the degeneracy parami€ter Er.,.,;/ kg1 for electrons, it
is ~ 1 for electron plasma of temperatuté,~ 1 eV and density:, ~ 10*2cm =3, and it is

~ 20 for the plasma of the same temperature and density 10%‘cm =3 These values are
much above the classical regine < 1.

However, the evolution of an irradiated sample is a non{dayium process, and if the
energy gain by electrons and electron escape rate from thplsavere fast enough, the
system could enter the classical regime very early in thesxg. Classical description
could then still be applicable. This scenario is probabteoeding to the results obtained
with our first study case. Therefore, in the realistic caseilit be necessary to monitor
the degeneracy parameters during the evolution of the sampleir value will justify the
validity of the classical approximation.

We believe that despite those limitations the method pregd®re offers a unique pos-
sibility of studying the complex dynamics of large spatialbn-uniform samples, irradiated
with the FEL pulses. Whereas in real experiments the samspdxposed to several pro-
cesses contributing simultaneously to the radiation damntog Boltzmann simulation tool
enables one to include specific interactions only. In thig tix@ influence of different ion-
ization mechanisms on the overall dynamics of the samplecaveniently be tested. Also,
accurate time characteristics of damage processes caridiraib

To sum up, Boltzmann approach is a first principle model whatfollow non-equilibrium
classical processes in phase space. Single particle igsnsiblved with Boltzmann equa-
tions include the full information on particle positionsdavelocites, and not only on their
collective components. Average observables obtained twétBoltzman solver are not bi-
ased with statistical errors. However, the information lb@ three and higher order cor-
relations is not included within Boltzmann equations. ltthg the effects of many body
correlations into these classical equations is generallypossible, only in a few cases and
under simplifying assumptions, e.g. by applying the FolRianck equation in case of long-
range Coulomb forces. The other serious disadvantage ddoltemann approach is its
numerical complexity which requires an application of athed numerical methods.

Computational costs within Boltzmann approach do not seélethe number of atoms
within a sample, as in the MC method. Therefore, a Boltzmahres is usually much more
efficient for larger samples of a regular structure than a td@arlo code. This does not
apply for samples of a complex or irregular structure. Aséheamples cannot be accurately
represented by a smooth density function, Boltzmann egusttan only give a crude esti-
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mate of their damage dynamics. Improving the accuracy witte Boltzmann approach is
possible only by extending the number of grid points useé@poasent the sample. This may
lead to very long computational times when a large numberidffgpints was applied.

To sum up, we have demonstrated that the Boltzmann equatiers useful method to
follow the radiation damage of non-uniform samples irrgetiawith the FEL photons. We
believe that these equations may soon become a standarfditaolestigating the complex
dynamics of irradiated samples.

Acknowledgements

This research was supported in part by the Polish Committe8dientific Research with
grant No. 2 PO3B 02724 and by the German Bundesministetimfifdung und Forschung
with grant No. 05 KS4 KTC/1. Beata Ziaja was a fellow of the ¥dader von Humboldt
Foundation.

References

[Bauer, 2004] Bauer, D. 2004. Phys. B37, 3085.

[Brantov et al., 2003] Brantov, A., Rozmus, W., Sydora, Rapfack, C. E., Bychenkov, V.
Yu., & Tikhonchuk, V. T. 2003 Physics of Plasma40, 3385.

[Dattoli et al., 2005] Dattoli, G., Ottaviani, P. L., & RemigA. 2005. Laser and Particle
Beams23, 303-307.

[Chapman & Cowling, 1970] Chapman, S., & Cowling, T. G. 19Tbe mathematical the-
ory of non-uniform gasesCambridge Univerisy Press

[DESY, 2001] DESY. 2001TESLA, the Superconducting Electron-Positron Linear i@etl
with an integrated X-ray Laser Laboratory. Technical Desigeport., DESY, ISBN 3-
935702-00-05, 150-168.

[DESY, 2006] DESY. 2006.Technical Design Report of the European XFEL, DESY, ISBN
3-935702-17-55, 7-9.

[Ditmire et al., 1996] Ditmire, T., Donnelly, T., Rubenchik. M., Falcone, R. W. & Perry,
M. D. 1996. Physical Review A3, 3379.

12



[Fisher et al., 2006] Fisher, D., Henis, Z., Eliezer, S., &Meter-Vehn, J. 2006.aser and
Particle Beamgs24, 81-94.

[Hau-Riege et al., 2004] Hau-Riege, S. P., London, R. A., &k&z A. 2004.Phys. Rev. E
69, 051906.

[Heidenreich et al., 2005] Heidenreich, A., Last, I., & Jat, J. 2005 Eur. Phys. J. D35,
567.

[Jungreuthmayer et al., 2005] Jungreuthmayer, C., Ramunndanghellini, J., & Brabec,
T. 2005.J. Phys. B38, 3029.

[Jurek et al., 2004] Jurek, Z., Faigel, G., & Tegze, M. 20B4r. Phys. D 29, 217.
[Kanapathipillai, 2006] Kanapathipillai, M. 200&aser and Particle Beam24, 9-14.
[Krainov & Smirnov, 2002] Krainov, V. P., & Smirnov, M. B. 2@0 Phys. Rep.370, 237.

[Krenz & J. Meyer-ter-Vehn, 2005] Krenz, A., & J. Meyer-téehn. 2005. Eur. Phys. D
36, 199.

[Kroll & Watson, 1973] Kroll, N. M., & Watson, K. M. 1973Phys. Rev. A8, 804.

[Kruer, 1988] Kruer, W. L. 1988. The physics of laser plasmtaiiactions Addison Wesley
Publishing Company, Inc.

[Last & Jortner, 1999] Last, I., & Jortner, J. 199@hys. Rev. A60, 2215.
[Last & Jortner, 2006] Last, I., & Jortner, J. 2008Bhys. Rev. A73, 013202.
[LCLS, 2000] LCLS. 2000LCLS: The First Experiments., SSRL, SLAC, Stanford,.USA

[Lee at el., 2002] Lee, R. W., Baldis, H. A., Cauble, R. C., dan, O. L., Wark, J. S., Ng,
A., Rose, S. J., Lewis, C., Riley, D., Gauthier, J. C., & AueiepP. 2002. Laser and
Particle Beamgs20, 527-536.

[Meyer-ter-Vehn et al., 2004] Meyer-ter-Vehn, J., Krenz, Ke Lan, Eidmann, K., Fill, E.,
Rosmej, F., Schlegel, Th., Sokolowski-Tinten, K., von derde, D. & Tschentscher Th.
2004. Dense plasma studied with XFElsertial Fusion Sciences and Applications (eds.
B. A. Hammel et al.), American Nuclear Society, La Grang&Pédlinois, 912—-916.

[Neutze et al., 2000] Neutze, R., Wouts, R., van der SpoelWeckert, E., & Hajdu, J.
2000. Natureg 406, 752—757.

[Pert, 1996] Pert, G. J. 1996. Phys. B29, 1135.

13



35

251

15

1720*% wicm?]

05

0 50 100 150 200 250 300
t[fs]

Figure 1: Intensity of the pulse as function of time.

[Saalmann & Rost, 2002] Saalmann, U., & Rost, J.-M. 20@Rys. Rev. Lett89, 143401.

[Saalmann et al., 2006] Saalmann, U., Siedschlag, C., &,Ro&d. 2006.J. Phys. B39,
R39.

[Santra & Greene, 2003] Santra, R., & Greene, C. H. 2008/s. Rev. Lett91, 233401.

[SCSS, 2006] Shintake, T., & SCSS Tedtatus of Japanese XFEL Project and SCSS test
accelerator Proceedings of FEL 2006, BESSY, Berlin, Germ&3y36.

[Sharkofsky et al., 1966] Sharkofsky, I. P., Johnston, T. &Bachynski, M. P. 1966. The
particle kinetics of plasmagiddison Wesley Publishing Company, Inc.

[Siedschlag & Rost, 2004] Siedschlag, C., & Rost, J.M. 200dys. Rev. Lett93, 043402.

[Wabnitz et al., 2002] Wabnitz, H., Bittner, L., de Castra,RA B., Dohrmann, R., Gurtler,
P., Laarmann, T., Laasch, W., Schulz, J., Swiderski, A. itaaften, K., Moller, T., Faatz,
B., Fateev, A., Feldhaus, J., Gerth, C., Hahn, U., SaldinSEhneidmiller, E., Sytcheyv,
K., Tiedtke, K., Treusch, R., & Yurkov M. 2002ature 420, 482.

[Wabnitz, 2003] Wabnitz, H. 2003. Interaction of intense Wlthdiation from FEL with
rare gas atoms and clusteBoctoral ThesisDESY-THESIS-2003-026

[Ziaja et al., 2006] Ziaja, B., de Castro, A. R. B., Weckert,&Maoller, T. 2006.Eur. Phys.
J. D, 40, 465.

14



Te [eV]
45

40 r
35+
30
25
20 r
15
10

100

10

b)

el,ion

1000 ¢

100 ¢

10 §{

c)

Figure 2: Global parameters of the irradiated sample astiimof time: a) electron
of electrons and ions creatednniitie sample: b) ions up to
+3, ¢) ions from +4 up to +8. These results were obtained ire adsthe irradiation
with the VUV FEL photons of energied;, = 12.7 eV, when the quantum cross section
lung was calculated with mod#ienhic potentials as in Ref.

temperature, b-c) number

for the inverse bremsstrah
[Santra & Greene, 2003].
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Figure 3: Global parameters of the irradiated sample agifumof time: a) electron tem-
perature, b) number of electrons and ions created withiséneple: ions up to +3. lons of
higher charges were not observed. These results were edtaicase of the irradiation with
the VUV FEL photons of energied;, = 12.7 eV, when the quantum cross section for the
inverse bremsstrahlung was calculated for point-like s Ref. [Kroll & Watson, 1973].
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Figure 4: Histograms of the relative number of ions of défgrcharges)V; /N, recorded at
300 fs, compared to those obtained in the experiment [Walehil., 2002, Wabnitz, 2003].
Predictions from our simulation were obtained in case ofithediation with the VUV
FEL photons of energiesf, = 12.7 eV, when: a) the quantum cross section for
the inverse bremsstrahlung was calculated with modifiedh@t@otentials, and b) the
guantum cross section for the inverse bremsstrahlung waslated for point-like ions
[Kroll & Watson, 1973].
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