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Cluster explosion in an intense laser pulse: Thomas-Fermi model
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A refined three-dimensional version of the time-dependent Thomas-Fermi model is used to qualitatively
study the explosion of rare-gas atomic clusters in an intense laser field. Clusters as large as 55 atoms are
exposed to a strong subpicosecond laser pulse. A stepwise character of the explosion is observed in which
atomic shells are expelled sequentially. The role of “hot” electron dynamics in the explosion process is also
investigated via initial temperature effects. Contrary to previous opinions it seems that the so-called hydrody-
namic explosion scenario is important for most energetic ions coming from the outermost shells only.
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[. INTRODUCTION Several theoretical models have been proposed to explain
the mechanism underlying the production of highly charged
Investigations of the interaction of atoms with short energetic ions in interaction of atomic clusters with intense
(durationT<1 ps), intenséintensityl >10'> W/cn?) laser laser pulses. In the phenomenological microplasma model
pulses have led to the discovery of several interesting phd2,8] the cluster is treated as a spherical plasma and de-
nomena. Examples are excess photon or above-threshoddribed by hydrodynamic equations. The Coulomb expansion
ionization, suppression of ionization rate at high intensityof this plasma is effectively boosted by heating through col-
(stabilization), generation of extreme ultraviolet and x radia- lisions of the laser driven electrons with the idis inverse
tion, and production of multiply charged atomic ioffer a  bremsstrahlung In this model the charge states of the ions
review, see, e.g.[1]). In the case of such intensities the are governed mainly by collisional and tunnel ionization and
electric field of the laser radiation becomes comparable witlimpact with the very hot electrons. In Monte Carlo simula-
the Coulomb field strength experienced by an electron in théons of cluster explosiofl5] an ionization ignition mecha-
ground state of atomic hydrogen. Thus a simple perturbativeism has been proposed. In this picture the enhanced rate of
picture of the interaction of individual electrons with the over-the-barrier ionization stems from the combined field of
field is no longer applicable. the laser and the Coulomb attraction from neighboring ions.
One of the main motivations behind these studies wasVhen the intensity of the laser wave becomes sufficiently
probably the desire to generate particlpeotons, electrons, large, ions are rapidly stripped of electrons. Last but not
and ion3 with energies much larger than the energy of aleast, in the coherent electron motion modé&b], high
single laser photon. However, in gaseous media the absorgharge states arise from impact ionization by coherently
tion of laser energy is rather weak and the application ofmoving electrons.
such media to the effective conversion of laser light into Much work has been done also on the description of metal
ultraviolet and x radiation is problematic. On the other handclusters within both quantal[17,1§ and semiclassical
in solid media the absorption of laser energy is usually veryf19,20] mean-field models based on the density-functional
good but the drawback of solid targets is that they are not atheory. In the case of metals with a simple electronic struc-
easily penetrated by the laser beam as gaseous media. Rere (e.g., sodium only the valence electrons need to be
cently, atomic clusters formed in expanding high-pressuréreated explicitly and the nucleus together with the core elec-
gas jets have been proposed as an alternative solution cortiens can be described by a pseudopotential that is effec-
bining the advantages of both gaseous mddisily pen- tively local. This approximation leads to a considerable sim-
etrated by a laser bearand solid targetflarge absorption of plification of the theoretical description of the electronic
laser energy[2]. The clusters may be considered as targetsystem. Recently, both ground state configurations and pho-
of intermediate size between gaseous media and solid tateabsorption spectra of sodium clust¢is8] as well as the
gets. dynamical evolution of electrons and ions in a sodium cluster
Due to collective many-body effects the laser interactionirradiated by intense femtosecond la$&i] were investi-
with the atomic clustergconsisting of a few hundred to a gated using such a theoretical approach based on density-
few thousand atomsmay differ substantially from that of functional theory within the local density approximation.
simple atomic and molecular systems. For instance, recent In this paper we develop a simple yet reasonably realistic
experiments on clusters irradiated by intense laser pulse®eoretical approach to explosions of rare-gas atomic clusters
have revealed several extremely high-energetic phenomeria intense laser pulses. Our studies are based on a time-
not encountered in previous experiments restricted to atomsependent Thomas-Fermi model, which may be considered
and small molecules: efficient generation of highly chargedas a semiclassical approximati¢escribed by a Bloch-like
atomic ions[3-9], generation of electrons and ions with hydrodynamic modelto the rigorous quantum dynamics of
MeV kinetic energie$7,8,10—12, and emission of intense x an electron gas. The results of previous pap2is22 deal-
rays[3,5,13,14. ing with a one-dimensional version of a similar model are
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now substantially extended and encompass the threéfhe advantage of this model is its simplicifthe atomic
dimensional(3D) case explicitly. This allows us to describe numberZ is the only parametg¢rand universality(different

the shell structure of real clusters in a natural way. Moreoveratoms differ by scaling units onlyIn this model the ground

in one dimension a softening of the Coulomb potentiali4/ state of a many-electron atom is described by the average
necessary to eliminate the unavoidable singularitxa0.  electron density(r) and obtained by minimization of the
For sufficiently large clusters this soft Coulomb potential electronic energy functional:

may alter the process of Coulomb explosion significantly.

The 3D calculations presented in this paper avoid these dif- > s oo Lo - -
ficulties and use the true Coulomb potential. 1lh addition, 6[p(r)]=f d*r p(NU(r)— Ef drep(r)#(r)
previous calculationf21,22 utilized a simplified version of

the kinetic energy functional in the Thomas-Fermi magfel . 2€ p(r)

(p is the electron density This approximation, although not _f d rT’ @

very realistic, allows linearization of all equations of motion

and easy solution using, e.g., a fast Fourier transform. In thg here the electrons interact through the self-consistent Cou-

present paper we use the correct nonlinear Thomas-Ferymp potential

kinetic energy functionap®? valid for a 3D ideal electron

gas atT=0. Some nonzero initial temperature effects are .

also investigated and discussed. d(r)= —f d3r’
In principle the complete description of clusters in intense

Eﬁge;:aIIZl(;jusazieoqnuml‘:)ersmaaﬁsggjﬂg;t?;sganr;esdﬁgsvrg/eerrn t?](;hsrge}nd the relations for the internéinetic) energy of an ideal
. o : N electron gas at temperatulle[34] are used locallyin the

lution of such an equation is beyond the capabilities of cur-

i roxim xpression below,i m mall
rent computers. Even for two-electron systems in strongapp oximate expression beloi.is assumed to be sma

2

ep(r')
r=r'|’

fields, ab initio wave-function studies require an extremely R ) 372 (KT)?
powerful computer and are only at the initial std@8,24. U(r)=cfp(r)]?3+ 20 Tt ©)
Nevertheless, the main qualitative features of several strong- Clp(r)]

field phenomena in multielectron atoms, like, e.g., high-order
harmonic generation, can be obtained in simple models tha\'f’here

invoke the picture of one active electron under the influence 3 42
of an effective potentialsee, e.g.[25—-27). On the other Cy=— =—
hand, however, the production of highly charged energetic 52m
ions by laser irradiation .is of an esse.ntially many-elec';rol e is the elementary charge and denotes the electron
character and thus requires a theoretical framework withi ass

which a large number of electrons could be treated. The )

) ; S The first term on the right hand side of E@) is the total
time-dependent Thomas-Fermi model used in this paper proqe energy of the electron gas, which is essentially of a
vides such a framework.

This paper is oraanized as follo In Sec. I the Thoma quantum nature and as opposed to that of a classical gas does
IS paper Is organized as WS. ) i STot vanish af =0. The second term describes the Coulomb
Fermi model of an atom is recalled and extended in order t

. ; . nergy of the mutual interactions between the electrons

gescnbe stable rare-gas atomic clusters with van der Waaﬁrough the self-consistent Coulomb potential, and the last
onds. In S'ec. lll we assume that the oscillations 9f the elect'erm is the energy of the Coulomb interactions between the

tron cloud in a rare-gas atomic cluster can be viewed as 8lectrons and the nucleus

motion of a fluid characterized by density and velocity fields. The minimum of the en.ergy functional in E(L) can be

This hydrodynamic formulation allows us to generalize theobtained from the variation principle with the subsidiary

Thomas-Fermi model from Sec. Il to the description of time'condition

dependent phenomena in strong laser pulses. In Sec. IV the

smooth particle hydrodynamics scheme is adapted to the de- _

scription of the electron fluid in atomic clusters. Details of f d*p(r)=2 5

numerical implementation are presented. In Sec. V numerical

experiments on cluster explosion are performed. A physicaénsuring that the total number of electrons is constant. It is
interpretation of the results obtained is also proposed. Fieasy to verify that, up to the term of the order B4, the
nally, some comments and conclusions are given in Sec. Visariation of the functional obtained after inserting the pertur-
bative expansion from Ed23) into Eq. (1) yields the same
result as variation of the nonzero temperature Thomas-Fermi
free-energy functionalsee, e.g.[35,36)).

The earliest and the simplest of the density-functional As shown by Tellef37], the ground state of a system of
methods[28,29 is the Thomas-Fermi model. It was intro- interacting Thomas-Fermi atoms corresponds to the situation
duced in the mid 1920s by Thom§30] and independently in which all the internuclear separations are infinite. It is
by Fermi[31] in order to describe the self-consistent poten-known [38,33 that, in order to mimic a stable molecular
tial of multielectron atomgfor a review see, e.g[32,33). binding within the Thomas-Fermi theory, it is necessary to

[3772]2/3 (4)

II. THOMAS-FERMI MODEL
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TABLE I. Total number of atoms in rare-gas atomic clusters 15 - " . -
consisting of different numbers of shells. 8 shell 2b
shell 2a
Number of shells Number of atoms 101 O @ o :tzﬁ(l]
1 13 OO OO0
2 55 51 .O Yo O.
3 147 — O ¢ o> O
=
8, 0 e ¢ O ©Ooe
add a so-called von Weizsker correction to Eq(1). How- P O «C o O
ever, this correction is proportional to the gradient of density 5l .O o Y O.
which makes it difficult to compute numerical(it is also of OO0 OO0
the order of terms dropped out in the smooth particle hydro- " YON )
dynamics method we use in Sec.)lMMoreover, what is -10 |
even more important, the meaning of such a correction in
time-dependent situations would be unclear. Therefore, in 5 . . . . .
order to stabilize the cluster before the head of the pulse s 10 5 0 5 10 15
arrives we resort to a very simple approach and artificially x [a.u.]

diminish the Coulomb interaction between the nuiehile

the electron-electron and electron-nucleus interactions are_FIG. 1. Initial guess for the equilibrium positions of the nuclei

not changel This is done by lowering the charge of each{R,} in anN=55 atom rare-gas cluster. This structure consists of

nucleus as experienced by other nuclei by a small faetor two closed icosahedral shells and an atom in the middle. Atoms

<1 (in this paper we use the value ef=10" 2). belonging to different sh_ells are marked by filled circles shaded in
Thus, we assume that the ground state of a rare_gdgfferent ways. Shell 0 is the (_:entr_al atom. T_he second shell has

atomic (van der Waalscluster is described by the average Peen split into two subshells with different radii.

electron densityp(F) and the equilibrium positions of the

nuclei {R,}, which can be obtained by minimization of the
following energy functional:

potential is related to the electron density @y (A/€e)p.
Solving the Poisson equation, we get the following expres-
sion for the ground state density:

Z e2 N e_K‘F_ﬁal

. .. 1 -
pD.R1= [ & pHUR)~ 5 [ drep(ad)

TR &R
[ 2€ (0
_gl o |f_ §a| where k= /4me?/A. Thus within the Born-Oppenheimer
approximation two neutral atoms separated by a dist&hce
N (Ze)? interact with each other via a Yukawa-type potential modi-
+(1-€) X == (6)  fied by the charge defech’ (R) =Ze(e™*R—€)/R. Our nu-

aéb:bl IRa= Ryl merical experiments indicate that in this case also the icosa-
hedral structure seems to provide the minimal energy.
It differs from the single-atom function&l) by adding sum- We prepared an initial state of the form of a two-shell
mation over different nuclei and an additional term that rep-icosahedron containiny =55 atoms. The distance between
resents the energy of the electrostatic interactions betweemeighboring atoms on each shell has been chosen to equal
the nuclei modified by a factor (L¢). the equilibrium distance for two atoms given by the mini-
Ground state properties of small clusters of rare-gas atomsum of the potentiad’. For the values=10"2 used we get
have been investigated extensively in the literatse®, e.g., the equilibrium distanceR,=7x"! (note that it does not
[39-41]). The usual theoretical approach is to describe thalepend orz). After solving the Newton equations of motion
atoms in a cluster as a system of particles interacting via &or point particles interacting via the potentidl with small
short-range potential such as the Lennard-Jones potential. fiiction terms added in order to have energy dissipation, we
has been reported that particularly stable configurations diound a stable structure of the nuclei that also preserved the
such clusters are of the form of closed-shell icosahedra. linitial icosahedral symmetryits energy was lower than the
this case the number of atoms per shillis related to the energy of the equilibrium structure coming from a random
shell numbers by the relationNg=10s?+2. Table | shows initial arrangement of atomsHowever, the final distance
the total number of atomNd == Ns+ 1 in clusters consisting between neighboring atoms turned out to be different for
of different numbers of sheli;ote that there is an additional shells 1 and Zit is slightly lower for the inner shell The
atom in the middle of the icosahedpon results are shown in Fig. 1. They will be used as input into
As a simple example let us briefly consider the case othe hydrodynamic calculations involving the motion of an
U= (A/2)p (this approximation was used [21,22). It is  electron fluid presented in Sec. V. To choose the length scale
readily seen that in the case of neutral atoms the electrostatan this figure we assumed that '=1 a.u. In this case the
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equilibrium distance between two atoms Ry=7 a.u. Where
=3.7 A, which is similar to the spacing of atoms in argon

clusters[42]. Ze
|Ra(t) = Rp(1)]

11

N
@' (Ry(1),t)= p(Ra(t),)+(1— e)bzl
Il. HYDRODYNAMIC FORMULATION b+a

The time-dependent density functional theory is a nondis the modified Coulomb potential ahd denotes the nuclear
trivial extension of the steady-state density functional theorymass.
to the time domaif43-48. Usually this theory is used in The interaction with the laser pulse is treated within the
the regime of weak fields for which perturbation theory isdipole approximation by replacing the electrostatic Coulomb
applicable. Nevertheless, recently several applications of thigotential in Eqs(7) and(11) by
theory to the nonperturbative treatment of atoms, molecules,

and solids in intense laser fields have appedrd). One H(r ) —p(r,t)—r-Ft), (12)
example is the study of harmonic generation in He atoms R
[50]. However, the numerical solution of the time-dependentvhere F(t) is the electric field of the incoming wave. The
Kohn-Sham equations is very time consuming even in thdinearly polarized wave of the pulse used in the simulations
case of helium atoms. Thus for a description of cluster exis assumed to have a field envelope proportional to sine
plosion an alternative approach should be sought. Followingquared with a full width at half maximum and an optical
Bloch [51] we assume that the oscillations of the electronperiod 7,:
cloud in a rare-gas atomic cluster can be viewed as a motion
(zf a fluid characterized by dfnsity(F,t), velocity field jj—(t)zjj—o sinz(lt cos(z—wt). (13)
v(r,t), and internal energy(r,t), obeying the standard 27 To
conservation equations for number of particles, momentum, o -
and energy. In the Lagrangian form, they are written The initial values of the electron densip(r,to) and the
) equilibrium positions of the nucldiR,(ty)} are obtained by
dp(r,t) I minimization of the Thomas-Fermi energy functiond)
dt =—p(r,YV-u(r,p), (78 from Sec. II. The electron fluid is initially considered as a
static one, i.e.y (r,to)=0. Finally, the values ob)(rt,) are
do(r,t) 1. L calculated using the relation E@) for the internal energy of
TRV Vp(r,t)+evVad(r,t), (7b)  a uniform electron gas at a given temperatlire T,. This
p(r.t) relation, which is used at the initial tinte=t, only, can be
. . considered as the sole “quantum-mechanical” ingredient in
du(r,t) p(rit). - - the present moddlEq. (8) holds for both a classical and
=——V.u(r,t), (70
dt o(F 1) quantum g_a]s
In practice, the ground state structure of a cluster corre-
where the pressureis defined by the equation of state for an Sponding to the minimum of the Thomas-Fermi energy func-
ideal fermion gag34], tional Eq.(6) can be obtained in a convenient way by look-
ing for the stationary solution of the hydrodynamic equations

- 2 . - (7) with small viscosity terms added, supplemented by the
p(r.)=3zp(r,HU(r.1), (8 Newton equationg10) with small friction terms added. Let

us mention that in order to obtain in this way the equilibrium

and the self-consistent Coulomb potential reads as state structure of a cluster corresponding to the nonzero tem-
perature of the electron gas>0 it is necessary to directly
. . N Ze substitute Eq(3) into Eqg. (8) and solve only the first and
D(r)=¢(r,)+ >, ——= : (9)  second of Eqs(7). Indeed, it follows from the first and third
a=1 [r = Ry(1)] of Egs.(7) that

A similar hydrodynamic model has been used in the weak- U(r 1) U(T to)

field limit for the study of photoabsorption of an atom in free ! = o7

space[52] and in plasmg53], and more recentlyin its [p(r, )R [p(r,ty)]?°

one-dimensional versigrfor the study of atoms, molecules,

and small clusters exposed to an intense laser jats@2.  According to Eq.(3) this means that a system prepared ini-
The hydrodynamic equation@) for the electron density tially at To=0 will remain at this constant temperatufe

p should be supplemented by the Newton equations of mo= To all the time. This is, however, not the caseT§>0.

tion for the positions of the nucleﬁa:

(14)

IV. SMOOTH PARTICLE HYDRODYNAMICS
" d2R,(t)

=—Ze€¢’(§a(t) t) (10) The time-dependent Thomas-Fermi model presented in
dt2 1 1

the previous section involves fluids moving freely in 3D un-
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der the influence of Coulomb and pressure forces. Usually 15
these kinds of problems are best approached numerically us-
ing a Lagrangian formulation where the fluid is represented
by a large number of particles. In this paper we use the
probably most popular numerical scheme of this kind, known
as smooth particle hydrodynamicds$SPH [54,55. This 5|
simple and robust method to solve the hydrodynamic equa-
tions presents some clear advantages over more traditional 5

10}

grid-based Eulerian methods for calculations of fluid flows. & 0}
Within SPH a completely gridless approach is used to com-
pute the spatial derivatives. Thus it is easy to handle three- 5|

dimensional problems and problems without any particular
symmetries. Moreover, calculations are performed in the rel-
evant regions of space only. No computational time is spent 10!t
in empty regions making SPH a very computationally effi-
cient scheme.

The name of the method comes from the fact that the -15

density at any point of space is obtained by summing up the x [a.u]
contributions fromn smoothed pseudoparticles, o
n FIG. 2. Ground state structure of &h=55 atom cluster with
p(F): ﬂ 2 f(F_ F_)_ (15) Z=1. Equilibrium positions of the nucl¢R,} are marked by filled
n /= ! circles. Small black dots correspond to the positions of the pseu-

R doparticles modeling the equilibrium electronic dengity
The functionf is assumed to be spherically symmeti{ec)
=f(|r]) and normalized fd3f(r)=1. The SPH is a Equations(l_?) should be supplemented by the SPH version
particle-based approach to hydrodynamics. The computef the equation of statég):
tional elements are not grid cells, as in finite difference meth-
ods, but moving points in space where computational data in
the fluid are sampled. The transition between field quantities
F(r)(F=p,v,U,®, ...) andpseudo-particle-based quanti-
tiesF; can be done in the following way:

2
Pi=3pili. (19

Thus the problem of solving the hydrodynamic equatiéfis
has been transformed into ambody problem for the
. _ pseudoparticles. It is interesting to observe that in the sim-
Fi:f d3r f(r—ry) F(r). (16)  plified case ofu;xp; and p;=p;u; Egs. (17) become the
Hamilton equations of motion for the smoothed pseudopar-
The SPH method is accurate up to second order in the chaficles Eg.(15) with the Hamiltonian given by the Thomas-
acteristic widthd of the kernel functionf. Within this ap-  Fermi energy functiona(l).
proximation the following useful rule of thumb holds:  The total Coulomb force experienced by pseudoparticle

(FG),=F;G,. can be written as a sum of all the individual forces:
The motion of the pseudoparticles and particle-based N .. L
guantities is governed by the equations of the fluid. After Yo _2 q(|fi—fj|) Fi—r;
=

inserting Eq.(15) using Eq.(16) and neglecting terms of the

, : , , =1on-r)? fn-r
order ofO(d?) one arrives at the discretized SPH version of Iri=ril Iy

i

the hydrodynamic Eqg7) (see, e.g.[56,57)): N Q(ri-RJ) ri-R, .
) - ——— == T A1) (20
dr; . (173 a=1 |ri—Ry[* |ri—Ry
— =V, 17
dt ' where
dv; A T T I - N I,
m——=—2> |+ |Viw(r,—r)+eVd;, (17b a(rh=edn | u?duwu),
dt I=1\pi P 0
dui Piw - - - - - - R,
gt 22 (imv) Viw(ri—ry), (179 Q(IR)=Zedm | u*du f(u). (21)
Pii=1 0
where The pressure forces in EqEl7) are short-range forces and
2N only neighboring particles contribute to the local pressure
>SN s et e gradients. This is not the case, however, with the long-range
w(r) n fdr F(r=ni(r’). (18 Coulomb force(20).
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60 ——— T ’ — particle-particle method to calculate the Coulomb force com-
. . ol - ing from the nucle{the second term in expressi¢20)].
0 N In this paper we utilizé in the form of a Gaussian func-
tion:
20 1 a ’
f(F)=<—> e (an?, (22)
Jm

y [aau]
o

The parameter from Eq. (22) is chosen to minimize the
energy Eq(1) of a Thomas-Fermi atom of givea It should
also be regarded as a function of the number of pseudopar-
ticles per atorm/N. For example, fon/N= 125 (this is the
value used later in the papeve found a minimum of energy
ata=3 for Z=1 anda=7 for Z=18. The ground state for
each value ofx was obtained by solving Eq$17) numeri-
-60 - B . 3 - cally with small friction terms added. Then the energy of all
60 40 -20 0 20 40 60 atoms was plotted as a function @fand a minimum picked

x [a-u] up. Interestingly, at the value o corresponding to this

FIG. 3. Trajectories of the ions after explosion of tNe=55 minimum Of. energy the Thomas-Fermi energy relations are
atom cluster from Fig. 2 exposed to a laser pulse. Small black dotR"€Served, i.e., Zin+ &o=0 [32] where &= (ZN/n) =) u;
correspond to the positions of the nuclei at every optical period!S the internal energy of the electron gdsst term in Eq.
Initial positions of the atoms are marked by filled circles. (D] and &= (ZN/n)Z;ed; is the potential energy of the

electron gagsecond and third terms in E(L)].

Using the simplest particle-particle method the forces be-
tween all pairs of pseudoparticles need to be calculated in
order to evaluate the second term in express@®). The
time required to calculate all interactionsd¢n?) and this is Let us start the presentation of the results of our numerical
inefficient for systems with a large number of pseudoparsimulations of cluster explosion within the time-dependent
ticlesn. Thus, in order to calculate the Coulomb force com-Thomas-Fermi model with a discussion of the caseZof
ing from the pseudoparticles we use a version of the tree=1. It is known, that within the stati¢time-independent
based methofl58—61] instead. Within this method space is Thomas-Fermi model atoms of different atomic numiBer
divided into cells organized in a form of a tree. When adiffer by scaling units only. In the case of the time-dependent
particle is far enough from a cell the Coulomb force is cal-Thomas-Fermi modeiincluding ion dynamickthe situation
culated using the multipole expansion. Fgoseudoparticles, is much more complicated and to our knowledge there does
only O(nlogn) time is requiredunder certain assumptions not exist any simple scaling of the final energies and charges
Tree-based methods can easily be merged with the smootif ions with atomic numbeZ. Let us mention only that the
particle hydrodynamics schenié2,63. However, we still Coulomb force acting on pseudoparticles in ES) scales

-20 ¢

V. CLUSTER EXPLOSION

resort to the simple as Z whereas the pressure force scales 2%° (at

350 ~

22 , yd

— shell=1 yd

20| --+- shell=2a // Vs
300 [ | msei=2 e

s // /// d

Tu /’l s

250 13, s

10T T S

g y

? 200 6// 1 FIG. 4. RadiiR of each(subshell of the clus-
< 1 -

ter from Fig. 3 ploted versus timee Inset corre-

'5150 | o e e e e e e e sponding to the magnification of a part of the
original plot shows the details of the beginning
stages of the explosion.

100
e
50 — shell=1
O shell = 2a,
......................... - shell = 2b
0 n N L 1 L 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

t [a.u.]
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wqh o T = 18
” 16
"""""""""""""""""""""""""""""""""" 14
1.2
5
351'0
£0s8
5]
0.6
0.4
— shell=1 0.2
--------- shell = 2a — kTy=0.02[au]
. - shell = 2b 0.0 | . kTy=0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
t |a.u. t |a.u.
FIG. 5. Average kinetic energ§,, of the ions coming from FIG. 6. Average kinetic energ¥,;, of the ions coming from

different (subshells of the cluster from Fig. 3 ploted versus time different(subshells of anN=55 atom cluster versus tinteplotted

for different initial temperature$, of the electron gas.
T=0). Nevertheless, we may expect that simulations per-
formed forZ=1 will allow us to gain some basic qualitative depicted in Fig. 2. Note that the radii of all the shells of the
information about the process of cluster explosion withoutcluster in Fig. 2 are slightly smaller than in Fig. 1. It is the
spending too much computational time. Later on we plarinner shell that collapsed most with respect to the approxi-
also to consider briefly a more realistic cas&Zef 18 (argon  mate structure of Fig. 1.
clusterg. This will allow us to compare the results coming  In the next step the cluster from Fig. 2 was exposed to a
from our model with the results of recent Monte Carlo simu-strong laser pulse with the peak intensity=1.4

lations. X 10' Wicn? (or F,=0.2 a.u.). The pulse used in the
It turns out that the main problem in considering the casesimulations had a wavelengthh=800 nm (or 7,
of Z>1 comes not from the increase obut rather from the =110.425 a.u.) and a temporal full width at half maximum

necessity to simultaneously increase the parameter Eq. 7=106.67 fs(or 7/7o=40). All of the results presented in
(22) in order to fulfill the Thomas-Fermi energy relations this paper were obtained using a wave polarized linearly
(see the discussion at the end of Seq. Kbr instance, in the along thex axis. The only independent parameter left is the
case of an argon cluster with atomic numizer 18 (a=7) mass of the nucle¥l, which has been set td/m=2000. In
the maximal force acting on the pseudoparticles is about 208ig. 3 we present the trajectories of the ions after explosion
times larger than in the case 6 1(a=3). This makes the of the cluster. The black dots correspond to the positions of
code about 20 times slower. In our code we use the fifththe nuclei at every optical period. Larger filled circles repre-
order Cash-Karp Runge-Kutta method with adaptive stepsent the initial positions of the nuclei. We see that there is a
size control(see, e.g.[64]) to integrate Eqs(17) and(10) in  forward-backward symmetry. Theaxis (parallel to the po-
time. larization of the pulseseems also to be a symmetry axis. In
First we will need a ground state structure of ld=55  addition in Fig. 4 we plot the radiR of the shells of the
atom cluster withz=1 at T=0 corresponding to the mini- cluster from Fig. 3 as a function of tinte These radii were
mum of the energy functional given by E@) together with  computed as the average distance between each ion from a
Eq. (3). It was obtained by solving simultaneously the SPHgiven shell and the central ion of the cluster. For conve-
hydrodynamic equationd7) and the Newton equatior{40) nience the second shell was split into two subshells with
with small friction terms added. At the initial time we used different initial radii(i.e., a subshell is defined as a group of
the approximate values of the equilibrium positions of theatoms equally spaced from the central atom of the cludter

nuclei{R")} from Fig. 1. The initial guess for the electronic is seen that the explosion is neither instantaneous nor uni-

density was chosen in the form form. It exhibits a layerlike structure in which shells of clus-
ter ions are expelled sequentially. The inset corresponding to
o oz@ N g -RY) the magnification of a part of the original plot shows the
pO(r)= details of the beginning stages of the explosion a&t0

= Ir=RrO) "’ o . - .
A = |r—Rg )| <2000 a.u.. ltisinteresting to see that it is the inner shell of
the cluster that started to expand first and “pushed” the
outer shells. In Fig. 5 we have the kinetic enefyy, of the

atomic ion fragments versus timeAgain it is averaged over

which corresponds to the simplified casepoefp? within the
Born-Oppenheimer approximatigeee the discussion in Sec.

”h). I?jseuc_iop?or)tlcl_?ﬁ were 'l?'t'a”yt dt'.St”bUted rindomb; \;\ath the different(subshells. Note once more the stepwise char-
the densityp™. The resulting stationary positions of e ,qar of the explosion, the ions leaving first being far more

pseudoparticlesr;} describing the equilibrium electronic energetic than those leaving later. Such a process has been
densityp and the equilibrium positions of the nucld,} are  suggested as an explanation of phenomena observed in ex-
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1.4 ' , , , , , - , fore the pulse arrives. This is done in a natural way by in-
troducing a small nonzero electron temperathieto Eq.(3)

12 used at timet=0 in order to calculate the initial values
Lo U(F,O) of the internal energy of the electron gas. We use an
08 initial temperature ok T;=0.02 a.u(ork Tp=0.3 eV). In
= this case the initial values af; are changed by about 1% in
%06 the low-electron-density regions between the atoms and re-
aﬁé main essentially unchanged in the high-density regions close
04 to the atomic cordthus the perturbative expressi@8) is
0.2 perfectly justified. In Fig. 6 we compare the kinetic energy
Ein Of the atomic ion fragments coming from the explosion
0.0 K Ty=002au) of clusters prepared initially in equilibrium states at tempera-
0=0.02 [a.u, X ) :
kTo=0 turesT=TyandT=0. It follows from inspection of this plot
- '20 10.()() 20h0 30h0 4000 5()'00 6000 7000 8000 9000 10000 that ions coming from the outer shells of the cluster are in-
t[a.u] deed somewhat accelerated by thermal expansion of the elec-

tron gas. However, for ions originating from the inner shell
the opposite is true: their energy turns to be lower when the
] ] o } ) initial temperature of the electron gas in the cluster is higher.
periments[9] and confirmed within 1D numerical simula- 14 ynderstand this effect we repeated the same calculations
tions using a similar time-dependent Thomas-Fermi hydrog,. onN=6 atom cluster with an initial octahedral structure
dynamic mode[21]. consisting of one shell. The corresponding plot is presented

Hot ele_ct.rpn dynamics is believed to play an important ; Fig. 7. We see that again the kinetic energy of the outgo-
role at the initial stages of the cluster explosi@ee, e.g., . . . A e
ing ions is lower for a higher initial temperature of the clus-

[2,8]). In this picture electrons moving under the influence Ofter. A possible explanation of this effect is that the space-

a laser pulse expand and “pull” the cold heavy ions outward h ionization due to elect h . tant effect
with them. This hydrodynamic pressure associated with th&harge lonization due fo electrons has an important eftect on

hot electrons together with Coulomb interaction are the twd"€ 10N energies resulting from the cluster explosion. As
forces that act on the cluster, causing it to expand during angl€ctrons are liberated in small clusters they exit the volume
after the laser pulse. The hydrodynamic part of the clusteff the clusterqwte rapidly and thus cannot continue to ionize
expansion results from a conversion of electron thermal enthe atoms. Itis reasonable to expect that this escape of elec-
ergy into the directed kinetic energy of the ions. This expanirons is accelerated by a nonzero initial temperature of the
sion process can be perfectly described within the timecluster; this results in a lower charge of the atoms, and thus
dependent Thomas-Fermi model used. However, instead e Coulomb explosion of small clusters and inner shells of
introducing some phenomenological coefficient describindarger ones is slowed down. A mixed Coulomb-
the absorption of laser energy into the hydrodynamic equahydrodynamic expansion behavior has been observed re-
tions (17) for an ideal electron fluid, in our paper we have cently in the explosion of xenon clustefi8]. However, ac-
chosen to investigate the effect of preheating the cluster cording to these authors most energetic ions arise from the

FIG. 7. Same as in Fig. 6 but for at=6 atom cluster.

6
— Fy=0.6[a.u)]
--------- Fy=02[a.u]
5 F
4 L
FIG. 8. Average charg® of the ions after
explosion of anN=6 atom cluster withz=18
C3y plotted versus time for two different amplitudes
Fo of the incoming laser pulse. Inset presents
time dependence of the charge state of a single
21 atom illuminated by the same laser pulse.
1 L
gt v
’O'EO 1000 2000 3000 wwtm'loooo 7000 8000 9000 10000
0

0 1000 2000 3000 4000 fooo ] 6000 7000 8000 9000 10000
t |a.u.
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Coulomb and not the hydrodynamic scenario of the explotime-dependent Thomas-Fermi model. It was confirmed that
sion. This seems to be the opposite of our results. the explosion is neither instantaneous nor uniform. It exhibits
Finally, let us consider a more realistic caseZef 18 and  a layerlike structure in which shells of cluster ions are ex-
M/(Zm)=4045.45(argon clustens Figure 8 shows the tem- pelled sequentially. It seems that the inner shells of the clus-
poral evolution of the average ion charge st@ebtained ter start to expand first and “push” the outer shells. The
for an Arg cluster illuminated by pulses of two different in- stepwise character of the explosion was seen also in the ki-
tensities: 1=1.4x 10" W/cn? (or F,=0.2 a.u.) andl netic energy of the outgoing atomic ion fragments: the ions
=1.3x10'"® W/cn? (or F,=0.6 a.u.). The inset presents leaving first were far more energetic than those leaving later.
analogous results obtained for an isolated argon atom suld-he role of hot electron dynamics in the cluster explosion at
jected to the same laser pulses. The charge of the ions tge initial stages has also been investigated. It turned out that
calculated in the following way: for each pseudoparticle itsions coming from the outer shells of the cluster are indeed
charge is added to the charge of the closest ion; pseudopagomewhat accelerated by thermal expansion of the electron
ticles that are further from any ion than 10 a.u. are considgas. On the other hand, the thermal expansion of the electron
ered lost. It is seen that for such a small cluster most ionizegas causes the electrons to leave the inside of the cluster
electrons leave the cluster during the beginning stages of th@pidly. This slows down the rate of space-charge ionization
pulse. Moreover, it follows from comparison with the inset inside the cluster and thus the Coulomb explosion of the
that the impact of such laser-driven electrons on the exploiiner shells is decelerated. Contrary to previous belief, it
sion process via the mean field is important even in clusterseems that the hydrodynamic explosion scenario is important
as small as six atoms. Notice that the final charges of the ion®r most energetic ions only. The expansion of slower ions
from Fig. 8 are similar to the charges obtained recently infrom inner shells is governed mainly by the Coulomb forces.
Monte Carlo simulationgsee, e.g.12,65). This proves that The model used was also checked to give correct quantitative
the time-dependent Thomas-Fermi model is also able to givpredictions in the case of small argon clusters.
also correct quantitative predictions about the process of ex-
plosion of rare-gas atomic clusters. ACKNOWLEDGMENTS
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