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We model the response of an atomic cluster to an intense laser pulse by numerically solving the time-
dependent Schdinger equation for a simplified one-dimensional system. We address the questions of the
generation of high-order harmonics of the laser frequency and of the ionization dynamics of the atoms within
the cluster for very short laser puls¢S.1050-294{@9)09111-§

PACS numbgs): 42.50.Hz, 42.65.Ky, 36.46.c, 32.80.Rm

I. INTRODUCTION
(0) 1
VPI(x) =~ : @
Recently, medium-sized rare-gas clusters with a few thou- var+(x;—Xy)

s_anqls_ of atom_s have been shown tq provide harmonic yleld\ﬁhere the parameteris adjusted to reproduce the ionization
S|gn|f|c_:antly higher than those obtained from the_monomerenergy of the atom considered aXg is the location of the
gas.wnh the same average den$1y2].. The experlmgntal supposedly fixed nucleus. The row is made of equally spaced
findings can be summarized as followd: for not-too-high- 0mq yith Xj+1=X;+d, whered is the interatomic dis-
order harmonics l‘(l=?—9),3up to_ flvefold_ enhancements tance. Typical values fod are aroundd=6 a.u., which is
have been Opser"e‘ﬂ!") a N scaling law in term; of the representative of van der Waals clusters. Atomic units will
average atomic densify, has been suggestg?l]. This con-

. 2 _ be used throughout, unless otherwise mentioned.
trasts notably with the usuall; dependence observed in | the initial state, at=0, it is assumed that an atomic

monomer gases. _ o electron is submitted to this sole potential. Its wave function,
We note that harmonic emission has been observed Yenotedd ,(x;,0), is determined numerically by solving the
rathez moderate laser intensities, namely, around  copresponding time-independent Satirger equation. This
~10" W/cn?. At significantly higher intensities, hard X assumes that it does not “see” the neighboring atoms. The
rays and fast highly charged ions, as well as hot electrongssymption is certainly correct when applied to atoms per-
are produced. It is by now commonly accepted that theseyjning to van der Waals clusters. However, things can

effects result from the response of the underdense plasmange dramatically in the presence of a strong external laser
created after the atoms in the cluster have been stripped frofp g “as explained below.

their outer electron§3—-6]. Here we shall restrict ourselves  at t~0 j.e.. after the laser is turned on. we assume that
to the moderate intensity regime and, hereafter, we will cong atomic electron is submitted, in addition to the above
centrate the discussion on harmonic generation and on t%tential of its parent nucleus, to two time-dependent poten-

early stages of atomic ionization within the cluster. tial terms representing, respectivefi), the electron-laser in-
The above-listed items will be addressed with the help okgr5ction

a simplified one-dimensional model which retains the essen-

tial physical properties of a small cluster in which atoms are Hine(X;j ,t) = —X;F(t)sin( e t), 2
loosely bound together via van der Waals—like interactions.

As we shall show, the dominant features of the harmoniavhere F(t) represents the envelope of the time-dependent
spectra can be deduced from the analysis of the timelaser field with frequency, , and(ii) the additional poten-
dependent collective dipole, as obtained from the resolutiotial resulting from the presence of thfgme varying elec-

of the time-dependent Schiimger equatiof TDSE) for such  tronic charge densities in neighboring atoms. For jte

a system. The organization of the paper is as follows: In Selectron, pertaining to thdth atom, we have chosen to

Il we shall present the theoretical background. Selected numodel it as follows:

merical results will be presented and discussed in Sec. Il

and a brief conclusion will end the paper in Sec. IV.
bap Vi 0= 3 VP00V 01 @)

Il. MODEL AND THEORY The structure of the latter potential can be understood as

follows: First, it is assumed that théh electron, when in the

The cluster is modeled _by a linear chain of Qne-eIectror_’;st‘.itecpl(Xi 1) located close ta;~X, , exerts on théth elec-
atoms, located at regular intervals. Each atomic electron i§qn an averagetrepulsive potential of the form

submitted to the potential of its nucle(m ionic corg. More

precisely, within theJth “atom” of the row, the electron v | Dy(x,1)[2
with coordinate x; experiences the so-called “soft- V(x;,t) = %dxi. (4)
Coulomb” potential[7], —= b+ (Xj—X;)
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This corresponds to the contribution of the first term in 0 . . . I I
Eg. (3). We mention that such a treatment is reminiscent of 0,05 =
the model introduced recently to account for the electron
correlations in the process of double ionization of hel{@&h

On the other hand, the contribution of the second term in
Eq. (3) is an indirect representation of the attractive potential 02
created by the nucleus located Xt. We have chosen to
represent it as the counterpére., with reversed sigrof the -0.25
repulsive potential exerted by théh electron when it is in -0.3
the ground state of thieh atom, at=0. This has the advan- 035
tage of being consistent with our hypothesis that, in the ini-
tial state, atoms do not “see” each other, i.€s(x;,0)=0. -0.4
As a further check of the validity of this approximation, we
have verified that, for the set of parameters used here, the
ground-state atomic wave function is not significantly af- 0
fected by the presence of other atoms. One notes also that, in 0,05 =
the presence of the laser, as the electron probability densities '
are strongly driven by the field and photoionization starts to 0.1
take place, local minima, approximately located at the 0.15
atomic positionsX,, begin to show up inV,(x;,t), thus 02
accounting for the appearence of positive ions within the e
cluster. This feature can be conveniently displayed by con- 5 -0.25
sidering the effective potential; «(x;,t), experienced by 0.3
the electron in thelth “atom,” which is obtained by com-
bining Egs.(1) and(3),

-0.1
-0.15

V3,eff(x3 ’ t)

eff( X3 -9

-0.35

0.4
Vi ei(Xj 1) = V(X)) + V(. b). (5) -30

X, (a.u.)

Ir;]order to |Ilgstr|<’|:1te thle Zv?rllutlgre)glEtlzne MJ*?‘]“(.XI' ,t2=7f' FIG. 1. Time-dependent effective potent\dd .«(x3,t) experi-
we have numerically solve e or-a chain of Ve g, .aq by the electron in the third atom for a chain of 5 neon atoms;

“Neon” gtoms, with ionization potential ,~0.79 a;u'["e" see Eq5). The intensity of the laser field is>210* W/cn? and
a=0.81in Eq.(1)]. In the electron-electron repulsion terms, {he frequency isw, =0.057 a.u.(2) t=2T, : thick line, t=2T,
Eq. (4), we have chosen the parameler V2. We will come +T./8: dotted line;t=2T + T /4: thin line; (b) t=16T : thick
back to this choice below. The laser frequency dg line, t=16T +T./8: dotted linet=16T + T /4: thin line.
=0.057 a.u=1.55 eV and the time dependence of the field
amplitude is modeled by a linear turnon with a duration of
one laser period | , followed by a plateau extending over
more than 1®, . Then, the wave function for each atomic
electron is computed self-consistently, taking into accoun

atomic electron can experience an additional time-dependent
anharmonicity while being driven by the laser field, as com-

Fared to the single-atom case. As we shall show below this
the potentials, Eq91)—(3). eature is reflected in the harmonic spectra generated by at-

We display first the effective potenti&l; o¢(X3,t), expe- oms Iogated Within_ the C_"%Ster_- .
rienced by the electron in the atom at the center of the chain, At higher laser intensities, i.e., when ionization becomes
at different times and for two representative laser intensitiesmportant, the effective potential experienced by an atomic
In Figs. 1 it is shown forl,=2x 10" W/cn? at times electron at the center of the chain is even more strongly

around, respectivelft=2 T, , i.e., at the beginning of the Modified, as compared to the one of the isolated atom. As the

pulse[Fig. 1(@)], andt=16 T, i.e., when the field is well ionization yields increase, the screening of the neighboring
established and the influence of transients can be safely nguclei by their electron is less effective and the barrier be-
glected[Fig. 1(b)]. As compared to the field-free atomic po- tween atoms is lowered, the situation becoming reminiscent
tential, one observes the appearence of local minima locateaf a metal cluster. This situation is illustrated in Figag
approximately at the positions of the other four atofims  where V3 «(X3,t) is computed at times arourtd=16 T, ,

fact, their positions vary periodically in time around the po-for an intensityl, =2.7x 10" W/cn?. The shape of this ef-
sitions of the fixed nuclei, depending on the orientation andective potential clearly indicates that, when combined with
magnitude of the field At such an intensity, ionization re- the electron-laser interaction potential, E2), the ionization
mains negligible for the relatively short time delay consid-barrier is significantly lowered, see Fig(k2. This feature
ered, the total ionization yield not exceeding 5%, tat accounts for the fact that atoms within a cluster are more
=16T, . In fact the effective potentials are very similar at easily ionized than when isolaté€].

2T, and at 16 . This suggests that the observed modifica- The situation for an electron belonging to an outer atom is
tions result from the polarization of the electronic cloudsillustrated in Fig. 3, where the effective potential for the
induced by the laser field which renders less effective theelectron within the fifth atom of the row is shown foy
screening of the other nuclei by their own atomic electron. A=2x 10** W/cn?, the same as in Fig.(4). Again, local
consequence of this feature is that, within the cluster, aminima appear, approximately located at the positions of the
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V3,eff(x3 ’ t)
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X, (a.u.)
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FIG. 2. (a) Time-dependent effective potentislk «(X3,t) ex-

perienced by the electron in the third atom for a chain of 5 neon

atoms; see E(). The intensity of the laser field is 2.7
X 10 Wicn? and the frequency i®, =0.057 a.ut=0: thick line;
t=16T, : dotted line;t= 16T, + T /4: thin line; (b) effective poten-
tial combined with the electron-laser interaction fer16T, (thick
line) andt= 16T _+ T, /4: thin line.

other nuclei. Here, however, ionization will be favored in
one direction, i.e. each half-cycle, and the anharmonicity i

only one-sided, a fact which is likely to influence harmonic ) ) ) .
oell with the “I,+3U,” law which applies to harmonic

generation by these atoms. We turn now to the analysis

the harmonic spectra, as deduced from the Fourier analysfPectra in singl

of the time-dependent dipole acceleration of the system.

IIl. NUMERICAL SIMULATIONS OF
HARMONIC SPECTRA

AND MAQUET PRA 60
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FIG. 3. Time-dependent effective potentV) .i(xs,t) experi-
enced by the electron in the fifth atom for a chain of 5 “Neon”
atoms; see E¢p). The intensity of the laser field is 2
X 10" Wicn?. t=2T_ : thick line; t=2T_+T,/8 : dotted line;t
=2T_ + T /4 : thin line.

intensity, the following scaled ratio:

1

I
Ry(©) = mx n(®)

(@)’ ©

wherel y(w) is the harmonic intensity computed for a chain
of N atoms, whilel;(w) corresponds to a single atom. In
accordance with the definition, a valueR{(w)=1 implies
that there is no effect from the cluster structure of the system,
as compared to separated atoms.

The dependence of such ratios in terms of the harmonic
frequencies for chains di=3, 5, and 7 atoms and at dif-
ferent field intensities, is shown in Figsgaf-4(d). It appears
first that for the lowest intensity considered, =1

X 10 W/cn? [10], the ratios are consistently larger than
unity and most often grow with the cluster size, see Fig.
4(a)—4(d). This trend is observed for almost all the harmon-

dcs pertaining to the plateau, which extends here up to around

w~29 w_ . We note that the position of the cutoff agrees

e atoms. Helg is the ionization potential of
the atom andJ ,= Fo/(4w?) is the ponderomotive energy of
a free electron within the field11]. On the other hand, we
attribute the notable fluctuations observed Ry(w), when
considering different harmonic orders, to the fact that emis-
sion yields can vary by several orders of magnitude for a

By solving the TDSE for the above model, one can com-given harmonic as compared to the average value observed
pute harmonic spectra generated either from individual atin the plateau. An example of this atypical behavior is pro-
oms within the cluster or from the cluster itself. It is also anvided here whereRy(7w )>20, for N={3,5,7} (not
easy matter to determine approximate ionization yields fronshown. This large value results from the fact that the single-
the norm of the corresponding wave functions. The results oitom yield for the seventh harmortit7 is very small com-
such an analysis are presented next. pared to other harmonics within the plateau, thus artificially

Broadly speaking, one expects that harmonic yields fronincreasing the ratio. Similar considerations hold for the fif-
a cluster ofN atoms exhibit at least a standaxf increase teenth,H15, and twenty-fifthH25, harmonics when gener-
with respect to the single-atom response. The question ated by chains of five and seven atoms.
stake here is whether or not one observes deviations from At I, =2x 10 W/cn?, the efficiency of harmonic emis-
this simple law. This can be answered by comparing thesion from clusters increases significantly beyond Xtdaw
harmonic yields from chains dfl atoms with the ones ob- and larger clusters seem to be favored. This is shown in Fig.
tained from an isolated atom. To this end we have defined4(b), where one observes that the ratiyy ), from a chain
for a given harmonic with frequency and at a fixed laser of N=7 atoms, are most often above those frbi 5 and
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FIG. 4. RatioRy, as defined in Eq6), as a function of the harmonic ordef w, for chains oN=3 (@), 5 (X) and 7 (O) neon atoms.
The laser frequency isw, =0.057 a.u. (8 |, =10"W/cn?; (b) 1, =2x10" Wicn?; (c) I, =2.5x10" Wicn?; (d) 1, =27
X 10" Wicn?.

from N=3. Enhancement factors larger than four are nofclusters are not a suitable medium for obtaining larger yields
uncommon. However, a feature is to be noticed: this does ndbr higher harmonics in the platedhere, it extends up to
apply to the harmonics beyond the thirty-severtif®7, the  H49 in the single-atom spectrinWe have checked that this
single-atom cutoff being located arouht#3 at the consid- tendency is amplified at higher field strengths.
ered intensity. This result indicates that, for higher harmon- e attribute this property of clusters to the fact that, at a
ics, clusters may be less efficient than a sample of isolategiven laser intensity, ionization takes place more easily
atoms with the same average density. within a cluster than in an isolated atom. In other words, an
This observation is confirmed at higher intensities, adsolated atom can withstand higher field intensities without
shown in Fig. 4c) where the variations of the ratid&y(w) being ionized, thus yielding higher harmonic emission rates
are displayed fot, =2.5x 10" W/cn?. At this intensity, the in the high intensity regime. This interpretation is supported
harmonic yields from a chain odN=7 atoms are always by two complementary arguments. First, the effective poten-
larger than those from chains bf=5 andN=3 atoms. En- tials, Eq.(5), experienced by the atomic electrons within the
hancement factors larger than eight are even observed faiuster, clearly show that the barrier against ionization is
H5, H7, andH9. But theN=7 chain keeps being advan- much lowered as compared to the single-atom case, see Figs.
taged only for harmonics up t819 and, beyondi23, the 2, and 3. As shown next, a second, more quantitative, argu-
situation is completely reversed: then the three-atom chain iment is provided by the comparison between ionization
more efficient than larger ones. Moreover, beydd®5, yields from different chains of atoms.
there is no evidence that clusters could provide larger yields Rough estimates of the ionization yields for a given atom
than single atoms. We note again that this result is not rein the row, can be obtained by computing the projection of
lated to the extension of the plateau which goes ud4@ in  the time-dependent wave function, solution of the TDSE,
the single-atom spectrum. onto the bare ground-state function at times multiple of the
Most interestingly, it appears that at a slightly higher in-laser periodi.e., when the laser field is zerdl his provides
tensity, namely atl =2.7x10" W/cn?, the seven-atom an estimate of the electron population density remaining in
chain becomes less efficient than smaller ones, see fdg. 4 the vicinity of the considered nucleus and, by difference to
For the three-atom chain, enhancement factors larger thamity, an approximation of the ionization yield. By summing
five are still observed for the harmonies —H 13, while for  and averaging over the contributions of each atom, it is then
longer chains such enhancements are observed onli%or possible to derive an approximate value of the ionization
andH7. Moreover, beyondi25, one observes that clusters yield for the entire row. For the above set of parameters, the
areless efficienthan single atoms. This suggests that largedependence of these averaged yields at tilre$6T_ and
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FIG. 5. lonization yield as a function of the laser intensity for
the isolated atom4\) and for chains of N= 3 (@), 5 (X), and 7
(O) neon atoms.
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Within the framework of our model, besides the value of
the parametea? which determines the ionization energies of
individual “atoms” in the row, see Eq(1), there are two
other key quantities governing the dynamics of the “clus-
ter.” One is the “interatomic distanced and the other is the
b2 parameter entering the expression of the electron-electron
repulsive potentials, Eq$3)—(5). In order to ascertain our
conclusions, it is thus of interest to discuss to which extent
our results depend on the chosen numerical values for these
parameters.

We have first investigated the influence of the choice of
the value ofb. The function of theb? parameter is to “regu-
larize” the Coulomb singularity which plagues 1D computa-
tions involving charged particles. At this point, it is worth
mentioning that there is no absolute criterion on how to
choose an optimal value fdx. This is essentially because in
a 1D model, it is impossible to reproduce realistically the
spectrum of an actual three-dimensiof@D) atom, even in

for different laser intensities are compared in Fig. 5, for athe simpler case of a two-electron system. We note that
single atom and for rows from three to seven atoms. It issmaller values ob make more singular the repulsive terms
expected that averaged ionization yields should growentering the expression of the effective potential modeling
steadily with the laser intensity. Within the framework of the the electron correlations, Eq$3)—(5). On the contrary,
above model, it appears, however, that averaged ionizatiolarger values ob tend to smooth the electron-electron inter-
yields grow much faster when the number of atoms in theaction. The implications are twofold: first, choosing smaller
chain is increased. This confirms the qualitative discussion iwvalues ofb will increase the anharmonicity experienced by
Sec. Il, based on the intensity dependence of the effectivan atomic electron when being driven by the field. This is

potential V; ¢x(X;,t) experienced by an atomic electron.

expected to increase the harmonic yields. However, another

These variations account also for the fact that larger clusterslosely related consequence is to also increase the ionization

are not so effective for higher-order harmonic generation.

14 T T
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—
o

L

1% )/ N? (a.u.)

S N~ N X

L
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probability. These two competing tendencies are confirmed
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FIG. 6. Scaled harmonic yield,(qw, )/N? as a function of the laser intensity for the isolated ataly) @nd for chains oN=3 (@), 5
(X), and 7 ©) neon atoms(a) H9 for b=1.414;(b) H15 for b=1.414.(c) H9 for b=1; (d) H15 forb=1.
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in Figs. §a)—6(d), where the dependence of the emission 100
yields in terms of the field intensity and of the chain length

are shown for the harmonid¢$9 andH15, for two different 10
values ofb. We have choseb= /2 (as aboveandb=1. By
comparing Figs @ —6(c) and &b)—6(d), respectively, one
observes first that to the smaller valueboforrespond larger
emission yields. This is particularly noticeable 80 (note
the change of scale betweéf® andH15). One notes also
that, again, when the intensity increases, the contributions of 0.01
the larger clusters drop faster, the tendency being amplified
whenb is smaller. It is very likely that this is linked to the
increase of the ionization probability which becomes higher
when the repulsive interelectronic potential is more singular.
The most important point, however, is that the general con-
clusions regarding the harmonic emission yields are globally 100 l T 1 |
unchanged when changirg The main modifications affect
principally the intensity ranges in which a cluster is more

L

0.1

1(50)/ N? (a.u.)

0.001

efficient than an isolated atom. In short, the intensity domain S 10 1
in which clusters are more efficient that isolated atoms, is f
reduced for smaller values df. We turn now to a brief Z 1 L
discussion of the role of the interatomic distargewhich =
has been shown to be of crucial importance when modeling g
the response of molecular systems to intense radiation —* 0.1

pulses, se¢l2].
In the above analysis, we had chosen values for both the
parameter, see Ed1), and the “interatomic distance, 0.01
which were supposed to approximately represent a row of
“neon” atoms (namely a=0.81 a.u. andd=6 a.u.). The

question is to determine if whether or not our general con- 10
clusions would be affected for another set of values, i.e., for L
other types of clusters. As an example, we have considered 01t
the case of a row of “argon” atoms with ionization potential ! L
l,=0.58 a.u. @=1.175) and “interatomic distance’da, f’ 0.00] L
=7a.u. z i
Before we discuss the case of clusters, let us review the —~, |
main features of the single-atom response. We note first that, g 107
given the smaller values of the ionization energy and of the =% -
energy-level spacings, argon atoms have a significantly N (U
larger dynamic polarizability than neon for infrared frequen- B
cies. A direct consequence is that sizable harmonic emission 10° ' ‘ '
can take place in argon, at lower field intensities than in 0 1 2 3
neon. Moreover, at a given laser intensity, the emission Laser intensity ( 10'* W/cm® )

yields are significantly higher from argon than from neon for

relatively low harmonics i5-H9). This can also be as- laser intensity for the isolated atonf\} and for chains ofN=7

cribed to the larger polarizability of argon. However, for
. . . . . . . atoms (O). Open symbols correspond to the case of a neon atom
higher harmonics the situation is reversed and emssm&

. . - . ayne=0.81 anddy =6 a.u.) while filled symbols correspond to the
yields are larger in neon. This comes from the fact that it carl oo, of 5 argon atomag, = 1.175 andd,, =7 a.u.)(a H5; (b) HO;
withstand higher intensities without being ionized. () H31.

These differences in the single-atom response strongly in-
fluence the dynamics of harmonic emission from rows of o o
such atoms. This is illustrated in Fig 7, where we have commore easily ionized, harmonic yields drop faster when the
pared the emission yields from single atoms with those fronfield intensity increases. As expected, this tendency is ampli-
a row of seven neon and argon atoms. First, a general remafied in a row of atoms and the emission yields drop dramati-
is that harmonic emission in argon clusters takes place atally, afterl =7X 10" W/cn? for N=7 atoms, see Figs.
intensities below | =1x 10 W/cn?, while in neon one has 7(a) and 1b).
to go beyond | = 1.5x 10** W/cn? to get comparable yields. Another interesting point is that argon clusters can be al-
This is specially striking for the harmoni¢$5 andH9, see  most ten times more efficient than those from neon for the
Figs. 1a) and 7b). It appears also that the range of field generation oH5, see Fig. #@). This happens in spite of the
intensity in which argon clusters are more efficient thanfact that the maximum efficiency is reached at a much lower
single atoms is much reduced as compared to the case oftensity in argon(herel, =7x 10" W/cn?), than in neon
neon. This results certainly from the fact that Ar atoms arewhere it is whenl | ~2.5x 10'* W/cn?. For H9, argon and

FIG. 7. Scaled harmonic yieldy(qw, )/N? as a function of the
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neon clusters provide comparable yields, although in differsities. However, our simulations do not permit us to conclude
ent intensity ranges. regarding theN® scaling law in terms of the numbe\ of

The situation is very different for higher harmonics. In atoms in the cluster, which was proposed some time ago in
Fig. 7(c), we have reported the dependence of the emissioarder to interpret the experimental resuld. Our simula-
yields for H31 in terms of the field intensity from single tions show also that the advantage of clusters does not ex-
atoms as well as from rows of neon and argon. There, neon #§nd to higher harmonics. On the contrary, scaled emission
globally advantaged, clusters not being significantly more)/'e|d3 arelower than those from isolated atoms for harmon-
efficient than single atoms. The main reason is that, as al¢S close to the end of the plateau aadprtiori, beyond the
ready noted, neon can withstand higher intensities withoufutoff- . . . o
being ionized. Further, in the comparatively rather low inten- Another general resul'g IS that' the intensity range in which
sity range where argon’s response is optimt81 is still in harmonic yields are significant is much narrower in clusters

the cutoff domain, with relative emission yields much Iowerthan in isolated atoms. At 'OWef intensities, the scaleql re-
than for harmonics in the plateau. sponse of a cluster does not differ from the one from a single

atom. This results from the fact that the atoms are too loosely
bound to enable a collective response to enable build up. On
the contrary, at higher intensities, the harmonic yields from a
In the present paper we have presented a simplified the@luster drop considerably faster than those from a single
retical model designed to address the problem of the reatom. The drop is correlated with the growth of the ioniza-
sponse of a rare-gas cluster to an intense laser pulse. Mot@n yields in clusters. The lowering of the barrier against
specifically, we have discussed the question of high-ordeionization in clusters is clearly evidenced when considering
harmonic generation by such systems. The cluster has be&fe time-dependent effective potential experienced by atomic
modeled as a row of atoms aligned along the laser polarizeelectrons, see Figs. 1-3. This accounts for the fact that clus-
tion direction. The nuclei are equally spaced at fixed positers are less efficient for higher harmonics than isolated at-
tions and the one-electron atoms are modeled with the helpms which can withstand higher intensities without being
of one-dimensional “soft-Coulomb” potential. We stress ionized. Another related finding is that clusters made from
that, as a consequence of the limitations of the model, ougtoms with smaller ionization potentigand larger dynami-
discussion is only valid for the early stages of the interactiorfal polarizability generate harmonics in a narrower window
of a laser pulse with a real rare-gas cluster, i.e., for timedocated at lower laser intensity than those made from less
short enough so that the motion of the nuclei can be disrePolarizable atoms.
garded and while multiple ionization is still negligible. To conclude, although no quantitative data can be ex-
With these restrictions in mind, after solving the TDSE tracted from our simulations, they indicate that clusters are
for such rows ofN=3, 5, and 7 atoms in the presence of amore efficient than isolated atoms for harmonic generation in
laser pulse, we have simulated the harmonic spectra gendiestricted ranges of laser intensities. This is linked to the fact
ated by small van der Waals clusters. The dynamics of théhat the variations of the emission yield for a given harmonic
response of a chain of atoms depend significantly on a fewn terms of the field intensity always follow a typical
key parameters Characterizing the “cluster,” the most impor-be”Shape pattern. The main difference between clusters and
tant ones being the ionization potential of the “atoms,” the single-atom responses is that the distribution for clusters is
interatomic distance and the modeling of the repulsive intermuch narrower and is shifted towards lower intensities.
action between electrons from different atoms within theHowever, it should be noted that isolated atoms can provide
cluster. In order to disentangle the respective influences gfomparable or even larger yields when submitted to higher
these parameters, we have performed a set of numeric_ﬁHd intensities. This is particularly true for higher harmon-
simulations for a fixed laser frequencyw(=0.057 a.u. ICS.
~1.55 eV, Ti:sapphire lasgrat representative field intensi-
ties comprised betweer, =1x10"W/cn? and |, =3 ACKNOWLEDGMENTS
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The main result of our analysis is to confirm that clustersspondant du CEA, LRC No. DSM-98-16. Parts of the com-
can be a medium more efficient for harmonic generation thaputations were performed at the Center de Calcul pour la
a sample of isolated atoms. Enhancement factors of up to teRecherchg CCR, Jussieu, Pajisind at the Institut du De
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