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Simple model for harmonic generation from atomic clusters
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We model the response of an atomic cluster to an intense laser pulse by numerically solving the time-
dependent Schro¨dinger 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 pulses.@S1050-2947~99!09111-8#

PACS number~s!: 42.50.Hz, 42.65.Ky, 36.40.2c, 32.80.Rm
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I. INTRODUCTION

Recently, medium-sized rare-gas clusters with a few th
sands of atoms have been shown to provide harmonic yi
significantly higher than those obtained from the monom
gas with the same average density@1,2#. The experimental
findings can be summarized as follows:~i! for not-too-high-
order harmonics (N5329), up to fivefold enhancement
have been observed;~ii ! a N0

3 scaling law in terms of the
average atomic densityN0 has been suggested@2#. This con-
trasts notably with the usualN0

2 dependence observed
monomer gases.

We note that harmonic emission has been observe
rather moderate laser intensities, namely, aroundI L
'1014 W/cm2. At significantly higher intensities, hard
rays and fast highly charged ions, as well as hot electro
are produced. It is by now commonly accepted that th
effects result from the response of the underdense pla
created after the atoms in the cluster have been stripped
their outer electrons@3–6#. Here we shall restrict ourselve
to the moderate intensity regime and, hereafter, we will c
centrate the discussion on harmonic generation and on
early stages of atomic ionization within the cluster.

The above-listed items will be addressed with the help
a simplified one-dimensional model which retains the ess
tial physical properties of a small cluster in which atoms
loosely bound together via van der Waals–like interactio
As we shall show, the dominant features of the harmo
spectra can be deduced from the analysis of the ti
dependent collective dipole, as obtained from the resolu
of the time-dependent Schro¨dinger equation~TDSE! for such
a system. The organization of the paper is as follows: In S
II we shall present the theoretical background. Selected
merical results will be presented and discussed in Sec
and a brief conclusion will end the paper in Sec. IV.

II. MODEL AND THEORY

The cluster is modeled by a linear chain of one-elect
atoms, located at regular intervals. Each atomic electro
submitted to the potential of its nucleus~or ionic core!. More
precisely, within theJth ‘‘atom’’ of the row, the electron
with coordinate xj experiences the so-called ‘‘sof
Coulomb’’ potential@7#,
PRA 601050-2947/99/60~5!/3952~8!/$15.00
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VJ
(0)~xj !52

1

Aa21~xj2XJ!
2

, ~1!

where the parametera is adjusted to reproduce the ionizatio
energy of the atom considered andXJ is the location of the
supposedly fixed nucleus. The row is made of equally spa
atoms withXJ115XJ1d, where d is the interatomic dis-
tance. Typical values ford are aroundd56 a.u., which is
representative of van der Waals clusters. Atomic units w
be used throughout, unless otherwise mentioned.

In the initial state, att50, it is assumed that an atomi
electron is submitted to this sole potential. Its wave functi
denotedFJ(xj ,0), is determined numerically by solving th
corresponding time-independent Schro¨dinger equation. This
assumes that it does not ‘‘see’’ the neighboring atoms. T
assumption is certainly correct when applied to atoms p
taining to van der Waals clusters. However, things c
change dramatically in the presence of a strong external l
field, as explained below.

At t.0, i.e., after the laser is turned on, we assume t
an atomic electron is submitted, in addition to the abo
potential of its parent nucleus, to two time-dependent pot
tial terms representing, respectively,~i! the electron-laser in-
teraction,

HInt~xj ,t !52xjF~ t !sin~vLt !, ~2!

where F(t) represents the envelope of the time-depend
laser field with frequencyvL , and~ii ! the additional poten-
tial resulting from the presence of the~time varying! elec-
tronic charge densities in neighboring atoms. For thej th
electron, pertaining to theJth atom, we have chosen t
model it as follows:

VJ~xj ,t !5 (
(I ,i )Þ(J, j )

@VJ
(I )~xj ,t !2VJ

(I )~xj ,0!#. ~3!

The structure of the latter potential can be understood
follows: First, it is assumed that thei th electron, when in the
stateF I(xi ,t) located close toxi'XI , exerts on thej th elec-
tron an averaged~repulsive! potential of the form

VJ
(I )~xj ,t !5E

2`

1` uF I~xi ,t !u2

Ab21~xj2xi !
2

dxi . ~4!
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PRA 60 3953SIMPLE MODEL FOR HARMONIC GENERATION FROM . . .
This corresponds to the contribution of the first term
Eq. ~3!. We mention that such a treatment is reminiscent
the model introduced recently to account for the elect
correlations in the process of double ionization of helium@8#.

On the other hand, the contribution of the second term
Eq. ~3! is an indirect representation of the attractive poten
created by the nucleus located atXI . We have chosen to
represent it as the counterpart~i.e., with reversed sign! of the
repulsive potential exerted by thei th electron when it is in
the ground state of theI th atom, att50. This has the advan
tage of being consistent with our hypothesis that, in the
tial state, atoms do not ‘‘see’’ each other, i.e.,VJ(xj ,0)50.
As a further check of the validity of this approximation, w
have verified that, for the set of parameters used here,
ground-state atomic wave function is not significantly
fected by the presence of other atoms. One notes also th
the presence of the laser, as the electron probability dens
are strongly driven by the field and photoionization starts
take place, local minima, approximately located at
atomic positionsXI , begin to show up inVJ(xj ,t), thus
accounting for the appearence of positive ions within
cluster. This feature can be conveniently displayed by c
sidering the effective potentialVJ,eff(xj ,t), experienced by
the electron in theJth ‘‘atom,’’ which is obtained by com-
bining Eqs.~1! and ~3!,

VJ,eff~xj ,t !5VJ
(0)~xj !1VJ~xj ,t !. ~5!

In order to illustrate the evolution in time ofVJ,eff(xj ,t),
we have numerically solved the TDSE for a chain of fi
‘‘Neon’’ atoms, with ionization potentialI p'0.79 a.u.@i.e.,
a50.81 in Eq.~1!#. In the electron-electron repulsion term
Eq. ~4!, we have chosen the parameterb5A2. We will come
back to this choice below. The laser frequency isvL
50.057 a.u.'1.55 eV and the time dependence of the fie
amplitude is modeled by a linear turnon with a duration
one laser periodTL , followed by a plateau extending ove
more than 16TL . Then, the wave function for each atom
electron is computed self-consistently, taking into acco
the potentials, Eqs.~1!–~3!.

We display first the effective potentialV3,eff(x3 ,t), expe-
rienced by the electron in the atom at the center of the ch
at different times and for two representative laser intensit
In Figs. 1 it is shown forI L5231014 W/cm2 at times
around, respectively,t52 TL , i.e., at the beginning of the
pulse@Fig. 1~a!#, and t516 TL , i.e., when the field is well
established and the influence of transients can be safely
glected@Fig. 1~b!#. As compared to the field-free atomic po
tential, one observes the appearence of local minima loc
approximately at the positions of the other four atoms~in
fact, their positions vary periodically in time around the p
sitions of the fixed nuclei, depending on the orientation a
magnitude of the field!. At such an intensity, ionization re
mains negligible for the relatively short time delay cons
ered, the total ionization yield not exceeding 5%, att
516TL . In fact the effective potentials are very similar
2TL and at 16TL . This suggests that the observed modific
tions result from the polarization of the electronic clou
induced by the laser field which renders less effective
screening of the other nuclei by their own atomic electron
consequence of this feature is that, within the cluster,
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atomic electron can experience an additional time-depen
anharmonicity while being driven by the laser field, as co
pared to the single-atom case. As we shall show below
feature is reflected in the harmonic spectra generated by
oms located within the cluster.

At higher laser intensities, i.e., when ionization becom
important, the effective potential experienced by an atom
electron at the center of the chain is even more stron
modified, as compared to the one of the isolated atom. As
ionization yields increase, the screening of the neighbor
nuclei by their electron is less effective and the barrier
tween atoms is lowered, the situation becoming reminisc
of a metal cluster. This situation is illustrated in Fig. 2~a!,
whereV3,eff(x3 ,t) is computed at times aroundt516 TL ,
for an intensityI L52.731014 W/cm2. The shape of this ef-
fective potential clearly indicates that, when combined w
the electron-laser interaction potential, Eq.~2!, the ionization
barrier is significantly lowered, see Fig. 2~b!. This feature
accounts for the fact that atoms within a cluster are m
easily ionized than when isolated@9#.

The situation for an electron belonging to an outer atom
illustrated in Fig. 3, where the effective potential for th
electron within the fifth atom of the row is shown forI L
5231014 W/cm2, the same as in Fig. 1~a!. Again, local
minima appear, approximately located at the positions of

FIG. 1. Time-dependent effective potentialV3,eff(x3 ,t) experi-
enced by the electron in the third atom for a chain of 5 neon ato
see Eq.~5!. The intensity of the laser field is 231014 W/cm2 and
the frequency isvL50.057 a.u.~a! t52TL : thick line, t52TL

1TL/8: dotted line;t52TL1TL/4: thin line; ~b! t516TL : thick
line, t516TL1TL/8: dotted line,t516TL1TL/4: thin line.
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3954 PRA 60VÉNIARD, TAÏEB, AND MAQUET
other nuclei. Here, however, ionization will be favored
one direction, i.e. each half-cycle, and the anharmonicity
only one-sided, a fact which is likely to influence harmon
generation by these atoms. We turn now to the analysi
the harmonic spectra, as deduced from the Fourier ana
of the time-dependent dipole acceleration of the system.

III. NUMERICAL SIMULATIONS OF
HARMONIC SPECTRA

By solving the TDSE for the above model, one can co
pute harmonic spectra generated either from individual
oms within the cluster or from the cluster itself. It is also
easy matter to determine approximate ionization yields fr
the norm of the corresponding wave functions. The result
such an analysis are presented next.

Broadly speaking, one expects that harmonic yields fr
a cluster ofN atoms exhibit at least a standardN2 increase
with respect to the single-atom response. The questio
stake here is whether or not one observes deviations f
this simple law. This can be answered by comparing
harmonic yields from chains ofN atoms with the ones ob
tained from an isolated atom. To this end we have defin
for a given harmonic with frequencyv and at a fixed lase

FIG. 2. ~a! Time-dependent effective potentialV3,eff(x3 ,t) ex-
perienced by the electron in the third atom for a chain of 5 ne
atoms; see Eq.~5!. The intensity of the laser field is 2.
31014 W/cm2 and the frequency isvL50.057 a.u.t50: thick line;
t516TL : dotted line;t516TL1TL/4: thin line; ~b! effective poten-
tial combined with the electron-laser interaction fort516TL ~thick
line! and t516TL1TL/4: thin line.
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intensity, the following scaled ratio:

RN~v!5
1

N2
3

I N~v!

I 1~v!
, ~6!

whereI N(v) is the harmonic intensity computed for a cha
of N atoms, whileI 1(v) corresponds to a single atom. I
accordance with the definition, a value ofRN(v)51 implies
that there is no effect from the cluster structure of the syst
as compared to separated atoms.

The dependence of such ratios in terms of the harmo
frequencies for chains ofN53, 5, and 7 atoms and at dif
ferent field intensities, is shown in Figs. 4~a!–4~d!. It appears
first that for the lowest intensity considered,I L51
31014 W/cm2 @10#, the ratios are consistently larger tha
unity and most often grow with the cluster size, see F
4~a!–4~d!. This trend is observed for almost all the harmo
ics pertaining to the plateau, which extends here up to aro
v'29 vL . We note that the position of the cutoff agre
well with the ‘‘I p13Up’’ law which applies to harmonic
spectra in single atoms. HereI p is the ionization potential of
the atom andUp5F0 /(4vL

2) is the ponderomotive energy o
a free electron within the field,@11#. On the other hand, we
attribute the notable fluctuations observed forRN(v), when
considering different harmonic orders, to the fact that em
sion yields can vary by several orders of magnitude fo
given harmonic as compared to the average value obse
in the plateau. An example of this atypical behavior is p
vided here whereRN(7vL).20, for N5$3,5,7% ~not
shown!. This large value results from the fact that the sing
atom yield for the seventh harmonicH7 is very small com-
pared to other harmonics within the plateau, thus artificia
increasing the ratio. Similar considerations hold for the
teenth,H15, and twenty-fifth,H25, harmonics when gener
ated by chains of five and seven atoms.

At I L5231014 W/cm2, the efficiency of harmonic emis
sion from clusters increases significantly beyond theN2 law
and larger clusters seem to be favored. This is shown in
4~b!, where one observes that the ratiosRN(v), from a chain
of N57 atoms, are most often above those fromN55 and

n

FIG. 3. Time-dependent effective potentialV5,eff(x5 ,t) experi-
enced by the electron in the fifth atom for a chain of 5 ‘‘Neon
atoms; see Eq.~5!. The intensity of the laser field is 2
31014 W/cm2. t52TL : thick line; t52TL1TL/8 : dotted line;t
52TL1TL/4 : thin line.
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FIG. 4. RatioRN , as defined in Eq.~6!, as a function of the harmonic orderv/vL for chains ofN53 (d), 5 (3) and 7 (s) neon atoms.
The laser frequency isvL50.057 a.u. ~a! I L51014 W/cm2; ~b! I L5231014 W/cm2; ~c! I L52.531014 W/cm2; ~d! I L52.7
31014 W/cm2.
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from N53. Enhancement factors larger than four are
uncommon. However, a feature is to be noticed: this does
apply to the harmonics beyond the thirty-seventh,H37, the
single-atom cutoff being located aroundH43 at the consid-
ered intensity. This result indicates that, for higher harm
ics, clusters may be less efficient than a sample of isola
atoms with the same average density.

This observation is confirmed at higher intensities,
shown in Fig. 4~c! where the variations of the ratiosRN(v)
are displayed forI L52.531014 W/cm2. At this intensity, the
harmonic yields from a chain ofN57 atoms are always
larger than those from chains ofN55 andN53 atoms. En-
hancement factors larger than eight are even observed
H5, H7, andH9. But theN57 chain keeps being advan
taged only for harmonics up toH19 and, beyondH23, the
situation is completely reversed: then the three-atom cha
more efficient than larger ones. Moreover, beyondH35,
there is no evidence that clusters could provide larger yie
than single atoms. We note again that this result is not
lated to the extension of the plateau which goes up toH47 in
the single-atom spectrum.

Most interestingly, it appears that at a slightly higher
tensity, namely atI L52.731014 W/cm2, the seven-atom
chain becomes less efficient than smaller ones, see Fig.~d!.
For the three-atom chain, enhancement factors larger
five are still observed for the harmonicsH5 –H13, while for
longer chains such enhancements are observed only forH5
andH7. Moreover, beyondH25, one observes that cluste
are less efficientthan single atoms. This suggests that lar
t
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clusters are not a suitable medium for obtaining larger yie
for higher harmonics in the plateau~here, it extends up to
H49 in the single-atom spectrum!. We have checked that thi
tendency is amplified at higher field strengths.

We attribute this property of clusters to the fact that, a
given laser intensity, ionization takes place more eas
within a cluster than in an isolated atom. In other words,
isolated atom can withstand higher field intensities witho
being ionized, thus yielding higher harmonic emission ra
in the high intensity regime. This interpretation is support
by two complementary arguments. First, the effective pot
tials, Eq.~5!, experienced by the atomic electrons within t
cluster, clearly show that the barrier against ionization
much lowered as compared to the single-atom case, see
2, and 3. As shown next, a second, more quantitative, a
ment is provided by the comparison between ionizat
yields from different chains of atoms.

Rough estimates of the ionization yields for a given ato
in the row, can be obtained by computing the projection
the time-dependent wave function, solution of the TDS
onto the bare ground-state function at times multiple of
laser period~i.e., when the laser field is zero!. This provides
an estimate of the electron population density remaining
the vicinity of the considered nucleus and, by difference
unity, an approximation of the ionization yield. By summin
and averaging over the contributions of each atom, it is th
possible to derive an approximate value of the ionizat
yield for the entire row. For the above set of parameters,
dependence of these averaged yields at timest516TL and
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3956 PRA 60VÉNIARD, TAÏEB, AND MAQUET
for different laser intensities are compared in Fig. 5, fo
single atom and for rows from three to seven atoms. I
expected that averaged ionization yields should gr
steadily with the laser intensity. Within the framework of th
above model, it appears, however, that averaged ioniza
yields grow much faster when the number of atoms in
chain is increased. This confirms the qualitative discussio
Sec. II, based on the intensity dependence of the effec
potential VJ,eff(xj ,t) experienced by an atomic electro
These variations account also for the fact that larger clus
are not so effective for higher-order harmonic generation

FIG. 5. Ionization yield as a function of the laser intensity f
the isolated atom (n) and for chains of N5 3 (d), 5 (3), and 7
(s) neon atoms.
s

on
e
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Within the framework of our model, besides the value
the parametera2 which determines the ionization energies
individual ‘‘atoms’’ in the row, see Eq.~1!, there are two
other key quantities governing the dynamics of the ‘‘clu
ter.’’ One is the ‘‘interatomic distance’’d and the other is the
b2 parameter entering the expression of the electron-elec
repulsive potentials, Eqs.~3!–~5!. In order to ascertain ou
conclusions, it is thus of interest to discuss to which ext
our results depend on the chosen numerical values for th
parameters.

We have first investigated the influence of the choice
the value ofb. The function of theb2 parameter is to ‘‘regu-
larize’’ the Coulomb singularity which plagues 1D comput
tions involving charged particles. At this point, it is wort
mentioning that there is no absolute criterion on how
choose an optimal value forb. This is essentially because i
a 1D model, it is impossible to reproduce realistically t
spectrum of an actual three-dimensional~3D! atom, even in
the simpler case of a two-electron system. We note t
smaller values ofb make more singular the repulsive term
entering the expression of the effective potential model
the electron correlations, Eqs.~3!–~5!. On the contrary,
larger values ofb tend to smooth the electron-electron inte
action. The implications are twofold: first, choosing smal
values ofb will increase the anharmonicity experienced
an atomic electron when being driven by the field. This
expected to increase the harmonic yields. However, ano
closely related consequence is to also increase the ioniza
probability. These two competing tendencies are confirm
FIG. 6. Scaled harmonic yieldI N(qvL)/N2 as a function of the laser intensity for the isolated atom (n) and for chains ofN53 (d), 5
(3), and 7 (s) neon atoms.~a! H9 for b51.414;~b! H15 for b51.414.~c! H9 for b51; ~d! H15 for b51.
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PRA 60 3957SIMPLE MODEL FOR HARMONIC GENERATION FROM . . .
in Figs. 6~a!–6~d!, where the dependence of the emissi
yields in terms of the field intensity and of the chain leng
are shown for the harmonicsH9 andH15, for two different
values ofb. We have chosenb5A2 ~as above! andb51. By
comparing Figs 6~a!–6~c! and 6~b!–6~d!, respectively, one
observes first that to the smaller value ofb correspond larger
emission yields. This is particularly noticeable forH9 ~note
the change of scale betweenH9 andH15). One notes also
that, again, when the intensity increases, the contribution
the larger clusters drop faster, the tendency being ampli
whenb is smaller. It is very likely that this is linked to th
increase of the ionization probability which becomes hig
when the repulsive interelectronic potential is more singu
The most important point, however, is that the general c
clusions regarding the harmonic emission yields are glob
unchanged when changingb. The main modifications affec
principally the intensity ranges in which a cluster is mo
efficient than an isolated atom. In short, the intensity dom
in which clusters are more efficient that isolated atoms
reduced for smaller values ofb. We turn now to a brief
discussion of the role of the interatomic distanced, which
has been shown to be of crucial importance when mode
the response of molecular systems to intense radia
pulses, see@12#.

In the above analysis, we had chosen values for both ta
parameter, see Eq.~1!, and the ‘‘interatomic distance’’d,
which were supposed to approximately represent a row
‘‘neon’’ atoms ~namely a50.81 a.u. andd56 a.u.). The
question is to determine if whether or not our general c
clusions would be affected for another set of values, i.e.,
other types of clusters. As an example, we have consid
the case of a row of ‘‘argon’’ atoms with ionization potenti
I p50.58 a.u. (a51.175) and ‘‘interatomic distance’’:dAr
57 a.u.

Before we discuss the case of clusters, let us review
main features of the single-atom response. We note first
given the smaller values of the ionization energy and of
energy-level spacings, argon atoms have a significa
larger dynamic polarizability than neon for infrared freque
cies. A direct consequence is that sizable harmonic emis
can take place in argon, at lower field intensities than
neon. Moreover, at a given laser intensity, the emiss
yields are significantly higher from argon than from neon
relatively low harmonics (H5 –H9). This can also be as
cribed to the larger polarizability of argon. However, f
higher harmonics the situation is reversed and emiss
yields are larger in neon. This comes from the fact that it c
withstand higher intensities without being ionized.

These differences in the single-atom response strongly
fluence the dynamics of harmonic emission from rows
such atoms. This is illustrated in Fig 7, where we have co
pared the emission yields from single atoms with those fr
a row of seven neon and argon atoms. First, a general rem
is that harmonic emission in argon clusters takes plac
intensities belowI L5131014 W/cm2, while in neon one has
to go beyondI L51.531014 W/cm2 to get comparable yields
This is specially striking for the harmonicsH5 andH9, see
Figs. 7~a! and 7~b!. It appears also that the range of fie
intensity in which argon clusters are more efficient th
single atoms is much reduced as compared to the cas
neon. This results certainly from the fact that Ar atoms
of
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more easily ionized, harmonic yields drop faster when
field intensity increases. As expected, this tendency is am
fied in a row of atoms and the emission yields drop dram
cally, after I L5731013 W/cm2 for N57 atoms, see Figs
7~a! and 7~b!.

Another interesting point is that argon clusters can be
most ten times more efficient than those from neon for
generation ofH5, see Fig. 7~a!. This happens in spite of the
fact that the maximum efficiency is reached at a much low
intensity in argon~here I L5731013 W/cm2), than in neon
where it is whenI L'2.531014 W/cm2. For H9, argon and

FIG. 7. Scaled harmonic yieldI N(qvL)/N2 as a function of the
laser intensity for the isolated atom (n) and for chains ofN57
atoms (s). Open symbols correspond to the case of a neon a
(aNe50.81 anddNe56 a.u.) while filled symbols correspond to th
case of a argon atom (aAr51.175 anddAr57 a.u.) ~a! H5; ~b! H9;
~c! H31.
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3958 PRA 60VÉNIARD, TAÏEB, AND MAQUET
neon clusters provide comparable yields, although in diff
ent intensity ranges.

The situation is very different for higher harmonics.
Fig. 7~c!, we have reported the dependence of the emiss
yields for H31 in terms of the field intensity from singl
atoms as well as from rows of neon and argon. There, neo
globally advantaged, clusters not being significantly m
efficient than single atoms. The main reason is that, as
ready noted, neon can withstand higher intensities with
being ionized. Further, in the comparatively rather low inte
sity range where argon’s response is optimum,H31 is still in
the cutoff domain, with relative emission yields much low
than for harmonics in the plateau.

IV. CONCLUSIONS

In the present paper we have presented a simplified th
retical model designed to address the problem of the
sponse of a rare-gas cluster to an intense laser pulse. M
specifically, we have discussed the question of high-or
harmonic generation by such systems. The cluster has
modeled as a row of atoms aligned along the laser polar
tion direction. The nuclei are equally spaced at fixed po
tions and the one-electron atoms are modeled with the
of one-dimensional ‘‘soft-Coulomb’’ potential. We stres
that, as a consequence of the limitations of the model,
discussion is only valid for the early stages of the interact
of a laser pulse with a real rare-gas cluster, i.e., for tim
short enough so that the motion of the nuclei can be di
garded and while multiple ionization is still negligible.

With these restrictions in mind, after solving the TDS
for such rows ofN53, 5, and 7 atoms in the presence o
laser pulse, we have simulated the harmonic spectra ge
ated by small van der Waals clusters. The dynamics of
response of a chain of atoms depend significantly on a
key parameters characterizing the ‘‘cluster,’’ the most imp
tant ones being the ionization potential of the ‘‘atoms,’’ t
interatomic distance and the modeling of the repulsive in
action between electrons from different atoms within t
cluster. In order to disentangle the respective influence
these parameters, we have performed a set of nume
simulations for a fixed laser frequency (vL50.057 a.u.
'1.55 eV, Ti:sapphire laser!, at representative field intens
ties comprised betweenI L5131013 W/cm2 and I L53
31014 W/cm2. Then, in order to address the question of t
relative efficiency of clusters as compared to samples of
lated atoms with the same average density, we have c
pared the harmonic yields to those derived from the sing
atom response.

The main result of our analysis is to confirm that clust
can be a medium more efficient for harmonic generation t
a sample of isolated atoms. Enhancement factors of up to
in the emission yields are not uncommon, for not too h
harmonics (H9 –H13) and at relatively moderate field inten
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sities. However, our simulations do not permit us to conclu
regarding theN3 scaling law in terms of the numberN of
atoms in the cluster, which was proposed some time ag
order to interpret the experimental results@2#. Our simula-
tions show also that the advantage of clusters does not
tend to higher harmonics. On the contrary, scaled emiss
yields arelower than those from isolated atoms for harmo
ics close to the end of the plateau and,a fortiori, beyond the
cutoff.

Another general result is that the intensity range in wh
harmonic yields are significant is much narrower in clust
than in isolated atoms. At lower intensities, the scaled
sponse of a cluster does not differ from the one from a sin
atom. This results from the fact that the atoms are too loos
bound to enable a collective response to enable build up.
the contrary, at higher intensities, the harmonic yields from
cluster drop considerably faster than those from a sin
atom. The drop is correlated with the growth of the ioniz
tion yields in clusters. The lowering of the barrier again
ionization in clusters is clearly evidenced when consider
the time-dependent effective potential experienced by ato
electrons, see Figs. 1–3. This accounts for the fact that c
ters are less efficient for higher harmonics than isolated
oms which can withstand higher intensities without bei
ionized. Another related finding is that clusters made fro
atoms with smaller ionization potential~and larger dynami-
cal polarizability! generate harmonics in a narrower windo
located at lower laser intensity than those made from l
polarizable atoms.

To conclude, although no quantitative data can be
tracted from our simulations, they indicate that clusters
more efficient than isolated atoms for harmonic generation
restricted ranges of laser intensities. This is linked to the f
that the variations of the emission yield for a given harmo
in terms of the field intensity always follow a typica
bellshape pattern. The main difference between clusters
single-atom responses is that the distribution for cluster
much narrower and is shifted towards lower intensiti
However, it should be noted that isolated atoms can prov
comparable or even larger yields when submitted to hig
field intensities. This is particularly true for higher harmo
ics.
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