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Atomic clusters submitted to an intense short laser pulse: A density-functional approach
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We report the results of a theoretical study of the response of atomic clusters to an intense short laser pulse.
Numerical simulations are based on a time-dependent density-functional method for a one-dimensional model
of chain of atoms. The electron dynamics is investigated with frozen ion positions. Results concerning the
initial stage of ionization, together with high-order harmonic generation are presented.
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[. INTRODUCTION classical Monte Carlo approach 8] for a Thomas-Fermi
model. However, a first attempt to discuss harmonic genera-
Recent experiments have shown that clusters, irradiatetion in atomic clusters was presented ir9], through a sim-
by a strong laser pulse, can display a behavior significantlplified model. It is the aim of this paper to investigate theo-
different from the behavior of atoms or molecules: generatetically the electron dynamics of rare-gas clusters in the
tion of highly charged ions and electrons emitted with verymoderate intensity regime, beyond the single-active electron
high kinetic energies and emission of intense incoheren@pproximation. The theoretical tool is based on the time-
x-ray radiation1,2]. It was also shown that rare-gas clustersdependent density-functional theo§rDDFT), which al-
can emit high-order harmonics with a significantly higherlows, in principle, to incorporate correlation effects due to
efficiency than that produced from atomic samples with theelectron-electron interaction.
same density3,4]. It was found that, in some cases, a five- The organization of the paper is as follows: in Sec. Il, we
fold enhancement of the number of emitted photons could behall present the theoretical background. Numerical results
expected from clusters. Moreover, the dependence of the hagoncerning the ionization of rare-gas clusters will be pre-

monic yield on the backing pressure was measured, showinggnted in Sec. Ill, while harmonic generation will be dis-
a anomalou? scaling law instead of the usupf law ob-  cussed in Sec. IV. A brief conclusion will end the paper in
served in monomer gases. Sec. V.

Hot electrons, hard x rays, and highly charged ions are
produced at higher intensities, typically > 10" W/cn?. Il. THEORETICAL BACKGROUND

These effects come from the response of the underdense
plasma created after the atoms in the clusters have been The advantage of the density-functional theory is that it
stripped from their outer electrons. On the other hand, harallows a many-particle problem to be transformed into a
monic generation is observed at much lower intensitiessingle-particle problem in an—in principle—exact way. Ac-
namely, around, ~10" Wi/cn®. In the following, we will ~ cording to the theorem of Runge and Gr¢28], in a time-
restrict ourself to this moderate intensity regime and we willdependent problem, every observable can be obtained from
concentrate on harmonic generation in a linearly polarizedhe time-dependent density, defined as

field and on the early stage of atomic ionization within the

cluster. " )

Previous theoretical efforts concerning the interaction of P(r:t):izl |i(r, D)%, 1)

an intense laser field with complex sytems such as molecules

or molecular ions have shown new phenomena including e
hanced ionization,5—7] and the possibility of increasing the
order of generated harmonidg8—10]. Multiwell potentials
have been widely used to model molecular i¢8kionized
clusters[11] chains of atoms,12] or model of metals|13]
and most of these studies were restricted to the case of the ii¢~(r t)=
so-called single-active electron approximation. To our ot
knowledge, in this framework, the only quantum calculation

for many-electron neutral systems has been devoted to the

H, or Hy case,[7,14,19 and a fully correlated, three- +Vid p1(r D) i(r.1), @
dimensional calculation for large neutral systems, such as

atomic clusters, seems barely tractable. ; PR .

Regarding rare-gas clusters irradiated by strong Iasevrvhere the potentiaV, is given by:
fields, the first theoretical calculations have mainly dealt with
the production of highly charged ions and also with the V(1,1 =E(t) -1 —
charged particle dynamics, see for instand,17 for a ext j

"Wheren is the number of electrons in the system. Atomic
units are used throughout, except otherwise stated. The or-
bital ¢; satisfies the time-dependent Kohn-Sham equation
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Veyt CONtains two parts: one is the time-dependent coupling
with the electric fieldg(t) of the laser, while the other is the
static Coulomb interaction with the nucléil represents the
number of atoms in the cluster, thith nucleus, with charge

Z, being located at the positidg; .

The exchange-correlation potential is a functional of the
time-dependent densify and, in practice, has to be approxi-
mated. In the following, we will use a time-dependent
scheme, based on the so-called optimized potential method
for spin-polarized systems. In this approach, known as the
KLI method, originally proposed by Krieger, Li, and lafrate 0.2 - - - - ' '
[21] and extended into the time-dependent donj&in 23, bz 3 4 5 6738
the exchange-correlation potentdf-' is expressed as ex- Tnternuclear distance
plicit functionals of the orbitalsp;,,, whereo stands for the FIG. 1. First ionization energy for a linear chain of “neon”
spin of the electrons. In the exchange-only case, if correlaatoms as a function of the internuclear distaRcéor various clus-

tion effects are neglected, the potential reads ter size:N=2 (thin line), N=3 (dashed ling N=5 (thick line),
and N=7 (dot-dashed line The asymptotic valu¢,=0.79 a.u.

corresponds to the ionization energy of the isolated atom.

First ionization energy

1 X
VEL (1) =Wy (1, 1) + ——— D pjo(T,1)

po(r,t) 5 This amounts to replace the electron-nucleus distance
Ir—R;| by \/f:lz+(x—xj)2 in Eg. (3) and the electron-
XJ a3/ p(r HVEH (1 1) (4  electron distancér —r'| by VbZ+ (x—x')? in Egs.(2) and
(5). The values of the adjustable paramet@endb have to

be determined numerically in order to reproduce at best the
with relevant physical properties for the “atom” considered. As in
a one-dimension space the only symmetry is parity, closed
Ny shells in a “rare-gas” atom have only two electrons. Each
R E |:¢ja(r!t)¢;a(r’t)f d3r’ atom is then described as a system with two active electrons
po(r.t) TX evolving in the presence of a ionic core with net charge
) . =2. In the following, we have modeled “neon” atoms, tae
><¢kg(r D) e t)J d3r”J 4 parameter being chosen in order to reproduce the ionization
r—r'] Piath energy of theNe" ion: I, ye+=1.50 a.ua=0.98 in Eq.(6).
Then,a being fixed,b is determined in accordance with the
ionization energy of the neutraNe: 1,\.=0.79 a.ub
., (5 =1.04. Here, the values af and b are accidentally very
close to each other and can differ significantly when describ-
ing other systems.
wherep;,(r,t)=|;,(r,t)|% The cluster is modeled by a linear chain of atoms, located
Equation(4) is an implicit equation fov-' and can be  at regular intervals. In the present study, we consider that the
solved analytically. It requires only the inversion of am,( massive nuclei have no time to move significantly from their
—1)X(n,—1) matrix, n, being the number of electrons equilibrium position and, therefore, are kept fixed. This is
with spin o. The main advantage of this scheme is that itjustified given the short duration of the laser pulses that are
leads to a correct asymptotic behavior for the exchange paeonsidered £<50 fs) and the moderate ionization of the
tential. As a consequence, the energy eigenvalue of theluster(see below, Sec. Il
highest-occupied Kohn-Sham orbital corresponds to the ion- The linear chain is made of equally spaced atoms, located
ization energy of the system, satisfying Koopman's theorenat X; , ;= X;+ R, whereR is the internuclear distance. Typi-
[24]. cal values forR are between 6 and 8 a.u., representative of
One further approximation in our calculation is the re-van der Waals clusters. The orbitats, are represented on a
striction for all particles to move in one dimension, along thegrid in coordinate space. The initial state is obtained by solv-
laser linear polarization. This approximation has been widelying iteratively the time-independent Kohn-Sham equations.
used in the case of atoms or molecules strongly interactinghe first ionization energy, of the system, corresponding to
with lasers, as it retains the essential physical properties ahe value of the highest orbital energy, is illustrated in Fig. 1
the systems. In order to remove the singularity¥erX;, we  as a function ofR, for various numberd of atoms in the
will use in Egs.(2) and (3) the “soft Coulomb” potential  cluster. Starting from smaller values Bfthe ionization en-

WXo’(r!t) ==

> ¢ja(r,,it)¢’kco-(r”1t)¢k0'(r ' 1t)¢ikg-(rl !t)

|r//_r/|

[25] ergy increases smoothly to its asymptotic valig
=0.79 a.u., corresponding to the ionization energy of the
7z isolated atom. Note that this behavior, obtained for atomic
Vi(X) = m—s;- (6)  clusters, in the framework of density-functional theory, is

as+(x=Xj) different from the one shown in Ref12], for ionized clus-
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ters in the single-active electron approximation, where the g 07
ionization energy is a decreasing function of the internuclear 2 06l
distance. The present increase of the ionization energy with g8
R is due to the fact that we are dealing with neutral atoms, g 05r
producing an efficient screening of the nucleus charge. § 04 L
Moreover, electronic interactions that are included in our 2
model, lead to electronic states well localized on each £ 03¢}
nucleus. § 02 L
The propagation in time is done through a unitary -
Peaceman-Rachford propagaf@6]. To avoid reflexion at é 0.1F
the grid boundary, we use absorbing boundaries. This implies “ 0
that in case of atomic ionization, the norm of the orbitals will 0
decrease in time. Internuclear distance {a.u.)
ﬁnggzsnumber of emitted electrons from the cluster is de- FIG. 2. Number of emitted electrons per atom at the end of the

pulse as a function of the internuclear distance for two “neon”
atoms. The laser frequency ég =1.55 eV and the laser peak in-
/\/(t):/\/o_f dxp(x,t), (7) tensity is I =10 Wicn? (thin line), I =1.5x10" Wicn?
box (dashed ling andl, =2x 10 Wi/cn? (thick line).

where\ is the number of electrons inside the cluster at t'melowest laser intensity, =104 Wicn? to a large enhance-
t=0. To evaluate the effect of the cluster size on the ioniza- ; . )
ent around R=6 a.u. for higher intensityl, =1.5

tion mechanism, it is convenient to define the number of " 4 4
emitted electrons per atom through the relatigf(t) X 10 Wien? andl, =2x10'* wien. This enhancement
- . . of ionization for a specific internuclear distance has already
=M(t)/N. Note that these quantities are only mildly Sens"been redicted in the case of molecular ig5i$]. This phe-
tive to the size of the grid. In the framework of the TDDFT, P - this phe-
; . nomenon, dubbed charge-resonance-enhanced ionization is
the dipole moment i§23] . X ; O
interpreted in terms of laser-induced localization of the elec-
tron in the molecular ion and quasistatic-ionization barrier
d(t)=f dxxp(x,t) (8) suppression. A similar behavior has been seen alsd,in
box although not so spectacular than in ions because of the
and the harmonic yields are obtained from the Fourier transscrsgzingvgusehé?/vtrneIgghe?: fr:zcrgrl?rai’el?of emitted electrons
form of the dipole acceleratiod(t). Again, for the sake of 4t the end of the pulse as a function of the internuclear dis-
comparison, an average harmonic yield per atom will be deganceR for a fixed laser intensity, = 1.5x 10" W/cn? and
fined. various N. lonization is strongly enhanced but the critical
distance, aroun®~4—5 a.u., for which this enhancement
IIl. CLUSTER IONIZATION appears is smaller than in Fig. 2. On the other hand, we note
that this effect increases with the number of atoms in the
chain.
Although the results shown here for atomic clusters look
milar to the ones obtained with simple molecular systems

The laser is supposed to be polarized alongxtrec-
tion, with a frequencyw, and a peak amplitud&,. The
envelop of the electric field is chosen to be trapezoidal, W|thSI
one-cycle turn-on and turn-off and a 16-cycle flat top.
these conditions, we have calculated the number of em|tted
electrons per atonV, at the end of the laser pulse as de-
scribed above, for a frequenay; =1.55 eV(Ti:Saph laser
and for various laser intensities. One of the key parameter to
describe the system is the internuclear distance. Although, in
van der Waals clusters, typical values of the equilibrium dis-
tance are between 6 a.u. and 8 a.u., it is interesting to analyze
the effect of the internuclear distance on ionization in a wider
range. N\, is displayed in Fig. 2, as a function & in the
two-atom case. We first note that for the laser intensities
presented here, ionization starts to decrease Ritfihis is
related to the variation of the first ionization energy, as 0 L L ' L L
shown in Fig. 1. For small values &% it takes seven photons 2 3 456 7 8

.. . R .. k Internuclear distance (a.u.)
to ionize the system. A§, increases witlR, ionization re-
quires 14 photons when the asymptotic value corresponding FiG. 3. Number of emitted electrons per atom at the end of the
to the ionization energy of the isolated atom is reachedpulse as a function of the internuclear distance for chaind e
However, for larger distances, ionization becomes a non¢@®), 5 (x), and 7 ©) “neon” atoms. The laser frequency is,
monotonic function oRR, starting from a small bump for the =1.55 eV and the laser peak intensityl js= 1.5x 10 W/cn?.

1.5

Number of emitted electrons per atom
T
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FIG. 4. Number of emitted electrons at the end of the pulse as a FIG. 5. Electronic charge located around each nucleus within
function of the laser intensity for the isolated atémot-dashed line  the cluster, defined in Eq9), as a function of time for the isolated

and for chains oN=2 (thin line), 3 (dashed ling 5 (thick line), atom (thick line) and for a chain oN=6 atoms. The solid lines
and 7 (dotted ling “neon” atoms. The laser frequency i&_ correspond to the outer sites whereas, the dotted lines denote the
=1.55 eV and the internuclear distanceRs 8 a.u. inner sites. Note thatQ(j,0)<2 as we integrate only within

+2 a.u. The laser frequency és = 1.55 eV, the laser intensity is
HJ orH,, we would like to stress an important difference. In I =1.5x10" W/cn? and the internuclear distanceRs=8 a.u..
molecules, the internuclear distance for which the enhance-
ment is observed is larger than the equilibrium distance. Ibeing an order of magnitude larger than the slope for the
implies that, for long laser pulse, as ionization takes placasolated atonithick line). The reason is that the electric field
and the nuclei start to move apart, the critical value may bereated by a “charged neighbor” lowers the potential barrier
reached, leading suddenly to higher ionization rates, whictand dramatically eases the ionization process, see for ex-
then can be followed by the Coulomb explosion of the mol-ample[17,27]. At inner sites, this is the case twice per cycle,
ecule. In the present case, the typical values for the equilibwhereas it happens only once per cycle for the outer sites. As
rium distance of the cluster are roughly between 6 and 8 a.uhe relative weights of the outer sites decrease wken-
which is already larger than the critical distance k¥ 3, creases, the average ionization yield shown in Fig. 4 satu-
aroundR~4—-5 a.u. leading then to a different dynamics rates forN=5.
for ionization.
. We.turn now to the question of the infl'uenqe of the !aser IV. HARMONIC GENERATION
intensity on the ionization process, keeping fixed the inter-
nuclear distancdR. The results are shown in Fig. 4 for an  This ionization property of clusters gives already some
isolated atom and for rows containing from two to sevenindication on the possibility to generate high-order harmon-
atoms with an internuclear distanBe=8 a.u. Note that this ics. This is because ionization and harmonic generation are,
distance, which is typical of van der Waals clusters, does nah some sense, competing processes. As the isolated atoms or
correspond to the enhancement regime just discussed abowamall clusters can withstand higher laser intensities without
As expected, the number of emitted electrons increases witheing ionized, they will lead to higher emission rates in the
the laser intensity. However, one can see a very strong inhigh intensity regime. On the contrary, as a high ionization
crease of ionization with the number of atoms in the clusterrate prevents harmonic generation, large clusters can gener-
as soon adl=2, seeming to saturate beyoNd=5. In order ~ ate harmonics only at lower intensities or for ultrashort
to understand this trend, we have computed the electronipulses.
charge located around each nuclear Xiteas following: Let us first recall the semiclassical three-step model,
which provides a physical understanding of high-order har-
: Xj+d monic generatiorf28]. In this “simple man’s” theory, the
Q(J’t):fx_,d dxp(x,t), (9 atoms are first ionized by tunneling through the effective
: barrier. The free electrons then follow a classical trajectory in
with d=2 a.u., which amounts to follow in time the electron the presence of the laser, moving back and forth. While they
density within+=2 a.u. in the vicinity of each nucleus within return to the ionic core, the free electrons can recombine into
the cluster. The results are presented in Fig. 5 for the case #fie atomic ground state, emitting the acquired kinetic energy
a chain of six atoms. The case of an isolated atom is alsBlus the binding energy in the form of an odd harmonic
indicated for reference. The analysis shows that the atomighoton. This model predicts photon energies up to the limit
ionization rates depend only on the number of neighbors ofp* 3.2, wherel,, is the ionization potential of the atom
an atom within the chain. More precisely, the higher ioniza-andU,=1, /(4w{) is the ponderomotive enerdiz9,28, see
tion rates are observed for atoms with two neighbors. Thiglso Ref[30] for a quantum description. The model has been
contrasts with outer atoms that have only one. Indeed, thextended to two-center binding potentials for harmonic gen-
slope of the curves for the inner sit@®tted ling is approxi-  eration from the molecular ioH, [8,9]. The analysis of the
mately twice the slope for the outer onékin line), both  different trajectories in such a two-center system indicates
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FIG. 6. Harmonic yield per atorh\(w)/N? as a function of the
harmonic orderw/w, for the isolated atom{a) and for chains of
N=3 (b), 5 (c), and 7 (d) atoms. The laser frequency s,
=1.55 eV, the laser intensity is =1.5x 10'* W/cn? and the in-
ternuclear distance R=8 a.u..
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FIG. 7. Harmonic yield per atorhy(w)/N? as a function of the
harmonic orderw/w, in the plateau region for the isolated atom
(@) and for chains oN=2 (O), 3 (X),5 (<), and 7 () atoms.
Same conditions as in Fig. 6.

that while the electrons move from one center to the other, a
strong harmonic emission can be expected in the plateau
region, recombination on the other core leading to photons of
much higher energies than those obtained in isolated atoms
[10]. However, for the molecular case, the maximum kinetic
energy gained by the electrons strongly depends on the dis-
tance between the cores. Kinetic energies uplig 8an be
reached in collisions occurring with the neighboring ion
when the internuclear distance B=mway where «a
=Eq/w? is the amplitude of the quiver motion of the free
electron in the laser fielt®]. Note that in the intensity range
considered here, this value is huge compared to usual inter-
nuclear distance in molecules at equilibrium. It has been
shown, however, that in the case of a multiwell structure, the
optimal distance can be reached by increasing the size of the
system and that photons with energy upl f&-8U, can be
produced 12].

We note that such an analysis has been carried out for
molecular systems, where the electronic wave function dis-
plays a highly delocalized character, thus, permiting coherent
recombination on other nuclear sites. The question is to de-
termine whether a similar process can occur with weakly
delocalized systems, such as atomic clusters.

An answer can be deduced from the analysis of harmonic
spectra, as derived from the Fourier transform of the time-
dependent electronic dipole acceleration of clusters with dif-
ferent size. In a monomer gas, the dependence of the har-
monic yield as a function of the numbét of atoms in the
sample is the usual quadratic folNf. We have compared
the ratiol \(w)/N? for different values oN to measure the
efficiency to generate high-order harmonics of a clusted of
atoms as compared td isolated atoms. Herbgy(w,) is the
intensity generated by the clusterifatoms at the frequency
w, . Typical spectra are shown in Fig. 6 for a laser frequency
0, =155 eV, an fixed intensity, =1.5x 10 W/cn?, and
various size of the cluster. For the sake of comparison, we
display also in Fig. 7 the harmonic yield per atom below the
single atom cutoff atv.=1,+3.2U,.

The harmonic yield per atom presented in Fig. 7 shows
that no significant enhancement can be expected for atomic
clusters in this plateau region. The fact that for some har-
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+8U, has been predicted in the case of an ionized cluster
[12]: before recombining with an ion in the chain, electrons
can gain kinetic energy during the interaction with the inter-
mediate ions. This process is responsible for the unusual
shape of our spectra for larger clusters. The spectrum shown
in Fig. 7(d), displaying no clear cutoff but rather a regular
decrease, indicates that the electron can acquire much more
energy during its classical excursion within the partially ion-
102 L ized cluster.

2000

1000 L

10° L

Harmonicyield per atom

o, V. CONCLUSION

Number of atoms

In the present paper, we have presented a model designed
FIG. 8. Harmonic yield y(w)/N? as a function of the number to investigate the response of a rare-gas cluster to an intense
of atoms in the cluster for some representative harmonics in thehort laser pulse. The model is based on the time-dependent
plateau(d): w=11w_ (®), =170, (O), 0=2% (¢), and  density-functional theory, designed to incorporate correlation
beyond the cutoff(b) w=43w_ (A). Note the change of scale. effects due to electron-electron interactions. The cluster has
Same conditions as in Fig. 6. been modeled as a row of atoms aligned along the laser
] o ] polarization direction. The nuclei are equally spaced and
monics, the emission rate is larger for the cluster than for th@jectron-nuclei and electron-electron interaction are modeled
isolated atom is more likely due to resonant processes, but ngith the help of a “soft-Coulomb” potential. The exchange
general pattern can be drawn for the harmonic emission, bgsotential has been approximated through the so-called opti-
low the cutoff, as a function of the size of the clusters. Typi-mized potential method. After solving numerically the time-
cal behaviors are .shown in Fig(éB as a function of the dependent Kohn-Sham equations, we have compared the
number of atoms in the clusters. It appears that some hafgnization yield obtained for the isolated atom and for the
monics display a rather growing behavior wherincreases, cjysters. We have shown that van der Waals clusters can
see for instance harmonics 11 and 17. However, it can bgynhibit higher ionization yields. We have also presented the
rather “chaotic” for some other&29th harmonit. ~ harmonic spectra generated by small atomic clusters. In gen-
More interesting is the behavior of the harmonic emissiorgrg|, it is found that no systematic enhancement is obtained
at higher frequencies, i.e., beyond the cutoff for the singlan the plateau region as recombination on the parent ion is
atom. For the isolated atom, the plateau extends up to the dominant process. However, as in the case of molecules,
~33w, i.e., in good agreement with thig,+3.2U,, law.  recombination on neighboring ions can extend the harmonic

Then, one can see that the harmonic yield in the cutoff regiogpectrum to much higher fequencies, beyond the single atom
increases as soon &s=3, giving higher values for the po- ¢ytoff.

sition of the cutoff, see Fig.(8). Moreover, for the larger
cIustgrs, very hlgh—c_)rd(_er harmonics appear, even above the ACKNOWLEDGMENTS
classicall ,+8U,, limit discussed above.
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