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Plasma hydrodynamics of the intense laser-cluster interaction
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We present a one-dimensional hydrodynamic model of the intense laser-cluster interaction in which the laser
field is treated self-consistently. We find that for clusters initially as small as;25 Å in radius nonuniform
expansion of the heated material results in long-time resonance of the laser field at the critical density plasma
layer. A significant result of this is that the ponderomotive force, which is enhanced at the critical density
surface, can be large enough to strongly modify the plasma hydrodynamics, even at laser intensities as low as
1015 W/cm2 for 800 nm laser pulses. Simulations of our recent experiments in extreme ultraviolet and x-ray
generation from clusters explain the dependence of generation efficiency on laser pulse width.
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I. INTRODUCTION

The hot dense plasma created by the irradiation of ato
clusters by short, intense laser pulses is a promising, com
source of x rays for applications including next generat
extreme ultraviolet~EUV! lithography @1#, EUV and x-ray
microscopy@2#, and x-ray tomography@3#. Recently, nuclear
fusion has been demonstrated using collisions of fast i
produced in the rapid expansion of laser-heated deuter
cluster plasmas@4#. Cluster plasma has been proposed a
means for phase matching in high-harmonic generation@5#.
Laser-induced cluster plasma is an interesting system s
ning the regimes of laser-solid and laser-gas interac
@6–8#.

If a pulsed gas jet is operated with sufficiently high bac
ing pressure and an appropriately shaped nozzle, rapid a
batic expansion cooling of the flowing gas occurs, and ato
are susceptible to efficient clustering through van der Wa
forces@9#. Noble gases such as Kr and Xe can form clust
of as many as 106– 107 atoms~up to ;1000 Å in diameter!.
Internally these clusters have the atomic density of a so
even though the volume average density of the ensemb
clusters is low. In the irradiation of a puff of clusters by a
intense laser pulse, the microscopic interaction occurs
tially with a locally solid material, which is rapidly turne
into dense plasma, so that high-density collisional proces
are dominant in the cluster ionization and heating.

In this paper, we describe a self-consistent model of
laser-cluster interaction, in which the time-dependent la
field is coupled to the nonequilibrium time-dependent plas
hydrodynamics of the heated cluster. We find that, even
small clusters, the density profile is nonuniform, so that re
nance at the critical density surfaceNe(r );Ncr plays a
dominant role in the laser coupling. We also find that t
ponderomotive force at the critical density surface exerted
the self-consistent electric field can significantly alter t
plasma hydrodynamics, even for vacuum intensities as
as;1015W/cm2.

The most successful model to date for the laser-clu
interaction has been the ‘‘nanoplasma’’ model@10#, which
has reasonably accounted for the observed levels of ion
tion @6#, the observation of fast electrons and ions@7#, and
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the apparent resonant behavior in the laser-plasma coup
@7,10#. In this model, the cluster is partially ionized direct
by the laser field@11# at early times in the pulse, with sub
sequent heating and ionization dominated by plasma c
sional processes, where laser energy is coupled to an exp
ing plasma sphere. The model assumes that the radial pla
density profile remains uniform during the expansion~‘‘uni-
form density model’’! so that the dipole moment of th
plasma sphere is given byP5a3@(«21)/(«12)#E, wherea
is the sphere radius,E is the external laser field, and« is the
cluster plasma dielectric function. This leads to absorpt
and scattering resonance when«1250, or Ne /Ncr;3,
where Ne is the electron density in the expanded clust
Ncr5mv2/4pe2 is the critical density,v is the laser fre-
quency, andm ande are the electron mass and charge. O
of the implications of this model is that there must be
narrow time interval during which this resonance occurs
the cluster plasma expands. This can be shown to be

dt res'
2

3

n

v S Ne0

3Ncr
D 1/3R

cs
~1!

for a cluster of initial radiusR and electron densityNe0 ,
wherecs is the plasma sound speed, andn/v is the normal-
ized collision frequency atNe53Ncr . For a typical case of
R5100 Å, cs5107 cm/s, Ne05231023cm23, Ncr51.8
31021cm23 ~corresponding tol laser;800 nm!, and an esti-
mate of n/v;0.03 @assuming a scaling of n/v
;3Ncr /Ne0(n/v)solid, where (n/v)solid;1 @12##, we get
dt res;6 fs. For a 600 Å cluster,dt res;40 fs. These time
scales are significantly shorter than indicated by pump-pr
and variable pulse width measurements where resonan
hancements of absorption and scattering@13,14# appear to
last at least several picoseconds. This discrepancy, w
cannot be explained by allowing for typical cluster size d
tributions @13#, suggests that a more detailed model of t
laser-cluster interaction is required.

II. HYDRODYNAMIC MODEL

In this paper, the laser-cluster interaction is simula
self-consistently by coupling the equation for the elect
near field,“•(eE)50, to a one-dimensional~1D! radial La-
©2001 The American Physical Society02-1
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grangian hydrocode. The near field treatment is appropr
for the case wherekRmax!1, wherek5v/c is the laser wave
number andRmax is the maximum radius of the expandin
cluster plasma. This is a good approximation for initial clu
ter sizes much smaller than a laser wavelength and for ti
not too late in the cluster expansion. Although the 1D tre
ment is an idealization used for simplicity and speed of c
culation, it provides physical insight and can correspond
experiments under certain conditions, as explained be
The dielectric function of the cluster material is taken to b
Drude model«(r )5114pN0a(12N0a/3)212j1 i jn/v.
HereN0(r ) is the density of neutral atoms,a is the atomic
polarizability, and j(r )5@11n2(r )/v2#21Ne(r )/Ncr ,
whereNe(r ) is the electron density,v is the laser frequency
and n(r ) is the collision frequency. The last is obtained
summing the rates of electron collision with each of the n
tral and ion species. The calculation includes field ionizat
@11#, collisional ionization, thermal conduction~both gradi-
ent based and flux limited@15#!, and a time-dependen
collisional-radiative model for the ionization dynamic
Starting with a solid density neutral cluster, at each time s
the above equation for the electric near field is solved us
the neutral, ion, and electron density profiles and the te
perature profile of the previous time step, and the resul
electric field ionizes and heats the plasma, driving the clu
dynamics. Thermal conduction at each Lagrangian grid p
is taken to be the lesser of the gradient-based va
uk ]Te /]r u, wherek is the thermal conductivity andTe is the
electron temperature, and the flux-limited flow@15#. An ideal
gas equation of state is used for the cluster plasma. W
this is a reasonable assumption at the high temperatures
erated by the laser interaction, it cannot take into account
hot electrons generated in the interaction, which are dec
pled from the thermal distribution. A more complete tre
ment, involving kinetic theory, would be appropriate f
cases where the hot electron population is a significant f
tion of the total, which could be the case for smaller cluste

Assuming that the incident~external! electric field isE0ẑ,
whereẑ is the polarization unit vector, the code solves for t
self-consistent electric field in spherical coordinatesE
5 r̂ Ẽr(r ,u)2ûẼu(r ,u), where Ẽr(r ,u)5Er(r )cosu and
Ẽu(r ,u)5Eu(r )sinu, and r̂ and û are polar unit vectors
Note that in the uniform density model@10# Er(r )5Eu(r )
5const, resulting in a uniformE internal to the cluster
plasma, directed alongẑ. As will be seen, the cluster plasm
density is in general nonuniform so thatE remains a function
of u and r, and thereforeeven in the near field regime th
plasma dynamics are inherently two dimensional. Note that
in the intermediate (kRmax;1) and radiation (kRmax@1) re-
gimes the interaction must be treated as a 3D problem,
cause the front and back of the cluster will then have as
metric interactions for a given laser beam direction.

Since our idealized calculation constrains the plasma
namics to be one dimensional, we calculate the field’s ef
on the cluster by using an effective fieldEeff(r)
5^E•E* &1/2, where the angular brackets represent an av
age over solid angle. That is, field ionization@11# is calcu-
lated usingEeff(r), and we substituteEeff

2 for E•E* in expres-
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sions for the collisional heating rate per unit volum
njE•E* /4p, and the ponderomotive force per unit volum
fp5(« r21)“•(E•E* )/4p, where« r is the real part of the
dielectric function. Therefore, for linearly polarized incide
fields, the general results of our 1D calculation should
viewed as qualitative, and useful mainly for providing phy
cal insight. There are two situations, however, where the
model corresponds more closely with the dynamics. Fi
the 1D model is a reasonable approximation, even for lin
polarization, in the case of strong resonant coupling, as
be seen below. Second, for the special case of two ortho
nal incident beams, one linearly polarized and the other
cularly polarized, and with a random phase difference
tween the beams, it can be shown that the time aver
electric field magnitude is radially symmetric in the ne
field limit, and the 1D calculation is appropriate.

III. LIMITS OF THE HYDRODYNAMIC MODEL

As a first step, it is useful to examine the conditions und
which the hydrodynamic model, in which the plasma dyna
ics are driven predominantly by the hydrodynamic press
and the ponderomotive pressure, is appropriate. Early in
laser pulse, free electrons generated by field ionization
the early stages of the avalanche process can escape fro
cluster, leaving a residual positive charge that is insuffici
to force a return current. The cluster can then expand
response to electrostatic forces~Coulomb explosion! rather
than hydrodynamic forces. The hydrodynamic model c
therefore break down for small clusters, which can develo
larger fractional residual charge early in the pulse. A cal
lation of the fractional electron charge that can escape fr
the cluster allows a comparison of hydrodynamic to Co
lomb forces. An upper bound for the rate of electron esc
from the cluster is given by

dn

dt
5

1

4
N̄e4pRmax

2 E
vesc

`

f ~v !v dv, ~2!

wheren(t) is the total number of electrons that have escap
from the cluster,N̄e is the volume average electron densit
f (v)54p(m/2pkTe)

3/2v2 exp(2mv2/2kTe) is the electron
velocity distribution function~taken here to be Maxwellian
and neglecting hot electrons, which will be discussed belo!,
and vesc5(2Eesc/m)1/2 is the escape velocity, whereEesc
5ne2/Rmax is the electron kinetic energy required to ove
come the electrostatic attraction of the positively charg
cluster. Determination ofn(t) then allows the calculation o
the ratio of average hydrodynamic force per unit volume
the average electrostatic force per unit volume:

hF~ t !5E
0

Rmax~ t !
dr r 2U2]P~r ,t !

]r UY E
0

Rmax~ t !
dr r 2

3
1

8p
U]Eelec

2 ~r ,t !

]r
U, ~3!

whereP5NekTe is the hydrodynamic pressure,2]P/]r is
the hydrodynamic force per unit volume,Eelec(r ,t)
2-2
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PLASMA HYDRODYNAMICS OF THE INTENSE LASER- . . . PHYSICAL REVIEW E 64 056402
5@n(t)e/r 2#*0
r dr 4pr 2r(r ,t)/M is the local electrostatic

field, and (1/8p)]Eelec
2 /]r is the electrostatic force per un

volume. Here,M is the total cluster mass andr is the radial
mass density distribution. Because a typical cluster plas
radius is comparable to or smaller than the skin depth
solid density plasma~typically ;100–200Å!, the residual
positive charge density is distributed throughout the clus
volume. It is assumed in the above expression to be dis
uted according to the ion mass distribution.

For a peak laser intensity of 1015W/cm2, l laser5800 nm,
full width at half maximum~FWHM! Gaussian pulse width
100 fs, and initial argon cluster atomic density 1
31022cm23, Fig. 1~a! shows the ratio of cumulative escape
charge to the volume integrated electron density,

hQ~ t !5n~ t !Y E
0

Rmax~ t !
dr 4pr 2Ne~r ,t !, ~4!

as a function of time for a range of initial cluster radii. Th
rise in hQ(t) between2110 and2105 fs ~the laser pulse
peak is att50! corresponds to the rapid increase in electr
density as the laser intensity rises through the threshold
field ionization of argon (;1014W/cm2) @16#. At times, after

FIG. 1. ~a! Cumulative fractional chargehQ(t) escaped from
argon cluster during early stages of laser irradiation, for cluster r
12.5, 25, 50, 100, and 200 Å. Laser: peak intensity 1015 W/cm2, l
5800 nm, 100 fs FWHM Gaussian pulse. Initial cluster atom
density 1.831022 cm23. Right scale: laser intensity.~b! Logarithm
of ratio of average hydrodynamic force density to average Coulo
force density for cluster sizes and laser pulse as in~a!.
05640
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;2100 fs, these electrons seed avalanche ionization, w
greatly increases the charge density and thereforehQ(t) de-
creases owing to the increased electrostatic barrier to esc
Beyond295 fs, there is little further ionization or electro
escape, andhQ(t) saturates. Figure 1~b! shows the corre-
sponding ratio of hydrodynamic force to electrostatic forc
from Eq. ~3!, plotted as log10@hF(t)#. For cluster radii
greater than 50 Å,hF(t) is at least 10, and it is at least 10
for 100 Å clusters. For clusters of 25 Å radius and less,hF
decreases to less than 10, and approaches unity for 12
clusters. Overall, the results shown in Figs. 1~a! and 1~b!
indicate that under these conditions the hydrodynamic mo
is appropriate for clusters as small as;25 Å in radius. Ne-
glecting the influence of hot electrons, higher laser intensi
would generate free electrons earlier in the laser pulse e
lope, seeding avalanche ionization earlier, resulting in ear
saturation ofhQ(t), and increasing the hydrodynamic pre
sure. Therefore, barring production of a significant fracti
of hot electrons, the estimated cluster size limits for the
drodynamic model are applicable at even higher laser in
sities than considered in the calculation of Fig. 1.

IV. COUPLING DYNAMICS

As an example of strong resonant coupling, Fig. 2 sho
the results for a 600 Å radius argon cluster of initial atom
density 1.831022cm23 irradiated with a linearly polarized
300 fs, 800 nm pulse with peak intensity 131015W/cm2.
These conditions are characteristic of clusters produce
our laboratory for extreme ultraviolet and x-ray generati
@17#. The intensity is lower than in our experiments in ord
to reduce the computation time. Plotted in Fig. 2~a! are elec-
tron density profiles and in Fig. 2~b! are corresponding elec
tric field profilesEeff for several times during the pulse en
velope. The peak of the pulse occurs att50. The electric
field is scaled relative to its magnitude in vacuum at ea
time. The field is significantly enhanced with respect to
vacuum value in the region nearNe;Ncr . There is a persis-
tent resonance atNcr for the full duration of the pulse, arising
at early times as a critical density layer expands from
cluster. At very early times (t,2310 fs) before plasma is
formed it is seen that the relative field amplitude is just le
than unity, as expected from dielectric shielding where«
.1. Once plasma develops (t.2300 fs), the cluster cente
is strongly shielded from the electric field, so that the fie
amplitude there is significantly below its vacuum value. T
spatial width of the field resonance atNcr is approximately
;@n(r cr)/v#Lcr , where Lcr5uNe(dNe /dr)21u is the local
scale length at the critical density surfacer cr . Since the field
resonance width cannot be less than the local Debye le
~the Debye length sets the spatial scale for the finest fi
variations!, the effective collision frequency at the critica
density surface is clamped to a minimum oflD /Lcr , where
lD is the Debye length. In Fig. 2~a!, the bump in electron
density near the cluster edge at2260 fs is a result of the
mass compression driven by the ablative pressure of the
panding material. For these conditions, a weak compres
wave propagates to the cluster center as time advances.
effect is present independent of whether the laser pond
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H. M. MILCHBERG, S. J. McNAUGHT, AND E. PARRA PHYSICAL REVIEW E64 056402
motive force is turned on or off. The nonuniform expansi
indicated by the electron density profiles is a natural con
quence of the expansion of a sphere of hot fluid: at the o
side, where the pressure gradient is largest, the fluid velo
is high. In the interior, the pressure gradient is weaker
the radial fluid velocity is reduced. Calculations using
Thomas-Fermi model have shown that nonuniform exp
sion takes place even for clusters as small as 55 atoms@18#.

The coupling resonance at critical density can have a
nificant radial symmetrizing effect on the field internal to t
cluster. This is illustrated by Fig. 3, which shows the ra
uEr(r )/Eu(r )u versus radius at times during the pulse cor
sponding to the conditions of Fig. 2~b!. This ratio peaks at
the critical density layer, where it is quite large. For examp
at 2160 fs, on the rising edge of the puls
uEr(r cr)/Eu(r cr)u;65 so thatuẼr /Ẽuu2@1 for all u except
for a small band of;2° around the cluster equator~at u
590°!. From the peak of the pulse to the end, the ra
uEr(r cr)/Eu(r cr)u remains at least 10, so that outside a 1
band around the equatoruẼr /Ẽuu2@1 at all times. Further-
more, both componentsẼr andẼu have large radial gradient
only near the critical density surface. Therefore, even tho

FIG. 2. ~a! Electron density profiles vs time for argon cluster
initial radius 600 Å, and laser with peak intensity 1015 W/cm2, l
5800 nm, 300 fs FWHM Gaussian pulse, and initial argon clus
atomic density 1.831022 cm23. ~b! Electric field profiles~normal-
ized to vacuum value! corresponding to the electron density profil
of ~a!.
05640
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the incident laser field is linearly polarized, the effect of t
resonance is to promote a predominantly radial pondero
tive force. Under these strong resonant coupling conditio
the radial 1D model comes closer to simulating the act
plasma dynamics.

As a comparison to a previous calculation using the u
form density model@10#, we show the results of a simulatio
for an argon cluster of initial diameter 100 Å, initial atom
density 1.831022cm23, laser wavelength 825 nm, puls
width 130 fs, and peak intensity 531015W/cm2. These are
the same parameters used in the calculation of Ref.@10#.
Plotted in Fig. 4~a! are electron density profiles and the
corresponding electric field profiles for several times dur
the pulse envelope~the pulse peak is att50!, where the
electron density is in units of critical density and the elect
field is scaled relative to its magnitude in vacuum. The el
tric field is enhanced with respect to its vacuum value in
regions of critical density. This promotes significant rad
bunching of electron density, attributable to the ponderom
tive force. At no point in the cluster plasma evolution doe
3Ncr resonance appear. Figure 4~b! is a plot of
log10(Ne

max/Ncr) and central electron temperatureTe0 for cal-
culations with the ponderomotive force turned on and o
whereNe

max is the value of the largest electron density in t
profile. It is seen that a plasma region of critical density
higher is maintained for a longer duration in the case wh
the ponderomotive force is active. This has the effect
greatly increasing the efficiency and duration of the las
plasma coupling, as seen in the corresponding tempera
plot. Note that the variation of maximum density is simil
for the two cases until just past the peak of the pulse, wh
critical density is approached. Thereafter, the ponderomo
force is quite effective in restraining further expansion. T
peak in log10(Ne

max/Ncr) near 100 fs is a result o
ponderomotive-force-induced compression of the plasma
greater than solid density. While this is a result of our si
plification of the problem to a radially symmetric field,
does show the significant effect on the dynamics induced
the ponderomotive force.

r

FIG. 3. Absolute value of ratio of radial to tangential field com
ponents, showing peak at critical density surface.
2-4
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PLASMA HYDRODYNAMICS OF THE INTENSE LASER- . . . PHYSICAL REVIEW E 64 056402
An important effect not included in the hydrodynam
model, alluded to earlier in the paper, is the generation of
electrons and their coupling to the cluster plasma. As is w
known in cases where resonance absorption takes place,
energetic electrons are produced mostly from the breakin
plasma waves driven by the enhanced electric field at
critical density surface@19#. The overall electron energy dis
tribution of such plasmas is well described by a tw
temperature Maxwellian. The lower temperatureTthermal,
which describes the bulk thermal heating of the plasma
calculated by our model. The higher temperature is estima
from fits to 2D particle simulations@20# and experiments
@21# as Thot (keV);a(Il2)b, wherea53.5, b50.35, laser
intensity I is in units of 1014W/cm2, and wavelengthl is in
units of mm. The hot electrons have trajectories from t
wave breaking region directly to the plasma core, and aw
from the plasma and returning, drawn by the resulting sp
charge force. Stopping power calculations can assess th
gree of coupling of these hot electrons to the plasma.
approximate expression@22# for the fraction of hot electron
energy transmitted beyond an areal densityd ~product of
electron travel distance and mass density! in solid neutral
material is f (d)5(11h(d))e2h(d), where h(d)
50.59Thot

2(11m)/2 ln(Z/0.3)Ad/b, d is in units of g/cm2 and
for argonZ518, m50.7, andb5831026 @22#. This should

FIG. 4. ~a! Electron density profiles~solid lines! and corre-
sponding electric field profiles~dashed lines! at several times for 50
Å argon clusters irradiated by a 531015 W/cm2, l5800 nm, 130 fs
FWHM Gaussian pulse. The pulse peak is att50. ~b! Comparison
of cluster plasma peak density and temperature using paramete
~a!, with ponderomotive force kept on and turned off.
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be considered a lower limit to the transmission through a
plasma of the same material and the same integrated a
density. To estimate the fraction of hot electron energy t
does not couple to a cluster plasma, we used52rR, where
r is the initial mass density of the cluster andR is the initial
cluster radius. For an argon cluster with initial radiusR
5600 Å, l50.8mm, and an intensity of 1016W/cm2 at the
critical density surface ~corresponding to less tha
1015W/cm2 in vacuum—see Fig. 2!, we getf '0.97. Higher
intensities and smaller cluster diameters give values fof
even closer to unity. We therefore conclude that for the cl
ter sizes and intensities examined in this paper hot elect
do not significantly affect the plasma heating. However,
hot electrons can escape from the cluster plasma m
readily than thermal electrons, the residual charge left beh
may promote electrostatic repulsive forces, especially
small clusters. More sophisticated fluid-based models of
laser-cluster interaction will need to use kinetic theory
order to properly model the hot electrons.

V. ABSORPTION, DISPERSION, AND SCATTERING

The manner in which a laser pulse couples to an in
vidual evolving cluster determines the detailed time dep
dence of the dielectric function or index of refraction of a
ensemble of clusters. This in turn determines the absorpt
dispersion, and scattering characteristics of a laser-irradi
cluster jet. These considerations bear directly on pract
applications, not only for EUV and x-ray generation@1–3#
but also for applications such as the phase matching of h
harmonics, which depend on dispersion properties@5#. It is
therefore instructive to compare what our calculation p
dicts for the cluster complex polarizability versus the pred
tion of the uniform density model@10#.

In a radial expansion where the density remains unifo
it can be shown that the plasma velocity profile is necessa
a linear function of radius. Our hydrocode was modified
simulate the uniform density model by forcing the plasm
velocity profile to be a linear function of radius. For a 100
radius argon cluster heated by a 200 fs FWHM, 800 nm la
pulse at peak intensity 1015W/cm2, Figs. 5~a! and 5~b! show
Re(g) and Im(g) vs time for the uniform density and hydro
dynamic models, respectively, whereP5gE is the dipole
moment of the irradiated cluster,E is the external laser field
and g is the complex cluster polarizability. Figure 5~c! is a
semilogarithmic plot of Im(g) for both models. The real par
of the refractive index of an ensemble of clusters is prop
tional to Re(g), while the small signal absorption coefficien
is proportional to Im(g). Determination ofP andg is made
through the dependenceF(r )5r•E1r•P/r 3 ~for r .Rmax!
of the near field scalar potential, which is matched to
potential calculated by the code.

For Re(g), the uniform density model@Fig. 5~a!# shows
the classic variation of the dispersion curve through the re
nance, which occurs during the cluster expansion as the
sity decreases through 3Ncr . Before the resonance i
reached, the cluster contributes positively to the refract
index, and negatively afterward. In the hydrodynamic mo
@Fig. 5~b!#, the peak contribution of the cluster to the re

of
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index is more than;100 times weaker. This is mainly due t
the reduced volume of theNcr resonance~at the critical den-
sity layer! compared to the full volume 3Ncr resonance of the
uniform density model. For these particular conditions in
hydrodynamic model, Im(g) passes through its peak an
Re(g) crosses through zero when the cluster central elec
density reaches the nondescript value of;2.331022cm23.
This point is governed by the value of (]/]r )ln F at the
plasma-vacuum boundary, and the particular radial den
profile in the cluster evolution that gives rise to this point
hard to predicta priori.

FIG. 5. ~a! Real and imaginary parts of the cluster polarizabili
calculated using the uniform density model, for an argon cluste
initial radius 100 Å, irradiated by a 1015 W/cm2, l5800 nm, 200 fs
FWHM Gaussian pulse. The laser pulse envelope~right scale! is
superimposed as a reference.~b! Real and imaginary parts of th
cluster polarizability, calculated using the hydrodynamic model,
the parameters of~a!. ~c! Logarithm of the imaginary part of the
polarizability for both uniform density and hydrodynamic mode
At early times both models show a 3Ncr resonance.
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Examining Fig. 5~c!, it is seen that the uniform densit
model predicts two extremely short-duration intervals of e
hanced absorption: one during the rapid ionization in
leading edge of the laser pulse, as the electron density
creases through 3Ncr on its way up to solid density, and
later interval as the expanding cluster plasma density
creases back through 3Ncr . The;10 fs duration of the sec
ond absorption peak is consistent with the analytic estim
of Eq. ~1! for a cluster withR5100 Å. By contrast, the full
hydrodynamic model predicts an absorption peak of;100
times less in peak value, but more than 50 times longe
duration. Note that the hydrodynamic model shows that th

FIG. 6. ~a! Imaginary part of argon cluster polarizability vs tim
for pulsewidths 100, 200, 300, 400, 600, and 800 fs and 2 p
fixed energy. Cluster initial radius 600 Å. Intensity range 631015

~100 fs pulses! through 331014 W/cm2 ~2 ps pulses!. ~b! Instanta-
neous heating rate@}Im(g)uEu2# for laser and cluster conditions a
in ~a!. ~c! Cumulative heating@}*0

t Im(g)uEu2 dt# for laser and
cluster conditions as in~a!.
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is also a very brief 3Ncr absorption peak during the rapi
ionization early in the laser pulse, before a critical dens
layer expands from the cluster and the density becomes
uniform. However, the 3Ncr resonance appears at no oth
time.

The quantityuPu25ugu2uEu2, which is proportional to the
Rayleigh scattered light yield as a function of time, has a
been calculated and the duration of enhanced scatterin
the uniform density model is similarly about;10 fs, while it
is hundreds of femtoseconds in the full hydrodynamic mod
The long-time durations of the absorption and scattering
sults from the full hydrodynamic model are in qualitativ
agreement with previous experiments@13,14#.

In recent experimental work, we examined the efficien
of EUV and x-ray generation from clusters by varying t
width of the irradiating laser pulse at fixed laser energy@17#.
We found that EUV emission was favored for pulses in
few hundred femtosecond range. Here we simulate this
periment using a 600 Å radius argon cluster of initial atom
density 1.831022cm23 irradiated with variable width 800
nm pulses in the range 100 fs to 2 ps, with peak inten
varying from 631015 ~100 fs pulse! to 331014W/cm2 ~2 ps
pulse!. The peak intensity is below that in the experiment
order to reduce the computation time, with the goal bein
qualitative understanding of the pulse width dependence
cluster heating. For the pulse widths used, Fig. 6~a! shows
curves of Im(g) vs time, Fig. 6~b! shows the instantaneou
heating rates@}Im(g)uEu2#, and Fig. 6~c! shows the cumula-
tive heating@}*0

t Im(g)uEu2 dt#. Although the interaction is
highly nonlinear in the laser field, the curves for Im(g) can
be viewed as representing the intrinsic absorbing capabil
of the different pulse width prepared clusters. By this m
ll,
cs

.

.
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sure, one would expect the most efficient heating with;300
fs pulses. Including the specific fields to calculate the inst
taneous@Fig. 6~b!# and time-integrated@Fig. 6~c!# heating for
the various pulses again bears out that;300 fs pulses are
most efficient. Detailed examination of the electric field pr
files and the electron density profiles shows that the f
hundred femtosecond time scale is optimum for resonant
sorption: too short a pulse does not allow a significant cr
cal density layer to develop and too long a pulse increa
the density scale length sufficiently to reduce the field a
plitude penetrating to the critical density surface.

VI. CONCLUSIONS

We have presented a self-consistent 1D model of the
tense laser-cluster interaction, where the dominant abs
tion mechanism is seen to be resonant absorption at the
cal density layer. The resonance is maintained throughou
pulse duration as long as the cluster plasma does not ex
below critical density. A result of this is that the enhanc
ment of the laser intensity at the critical density surfa
makes ponderomotive forces an important component of
plasma dynamics. Finally, our recent experiments in EU
and x-ray generation efficiency versus laser pulse width
be explained in terms of the plasma density scale length
pendence of resonance absorption.
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