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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 smal-as A 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
10" W/cn? 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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[. INTRODUCTION the apparent resonant behavior in the laser-plasma coupling
[7,10]. In this model, the cluster is partially ionized directly

The hot dense plasma created by the irradiation of atomiby the laser field11] at early times in the pulse, with sub-
clusters by short, intense laser pulses is a promising, compagéquent heating and ionization dominated by plasma colli-
source of x rays for applications including next generationsional processes, where laser energy is coupled to an expand-
extreme ultraviolef EUV) lithography[1], EUV and x-ray ing plasma sphere. The model assumes that the radial plasma
microscopy[z:l' and X-ray tomographyg]_ Recenﬂy, nuclear density profile remains uniform during the expans{buni—
fusion has been demonstrated using collisions of fast ionfrm density model’) so that the dipole moment of the
produced in the rapid expansion of laser-heated deuteriurlasma sphere is given = a’[ (¢ —1)/(z +2)]E, wherea
cluster plasma$4]. Cluster plasma has been proposed as 4s the sphere radiug is the external laser field, andis the
means for phase matching in high-harmonic generdtign  cluster plasma dielectric function. This leads to absorption
Laser-induced cluster plasma is an interesting system spa@nd scattering resonance whent2=0, or Ng/N¢~3,
ning the regimes of laser-solid and laser-gas interactiotivhere N is the electron density in the expanded cluster,
[6-8]. N,=mw?/4me? is the critical density,w is the laser fre-

If a pulsed gas jet is operated with sufficiently high back-quency, andn ande are the electron mass and charge. One
ing pressure and an appropriately shaped nozzle, rapid adi@f the implications of this model is that there must be a
batic expansion cooling of the flowing gas occurs, and atomgarrow time interval during which this resonance occurs as
are susceptible to efficient clustering through van der Waalthe cluster plasma expands. This can be shown to be
forces[9]. Noble gases such as Kr and Xe can form clusters 5 No. | V3R
of as many as 10-10" atoms(up to ~1000 A in diametex. ~ = 1( 90) =
Internally these clusters have the atomic density of a solid, ®* 3 w|3Ng/ cs

even though the volume average density of the ensemble %r a cluster of initial radiusR and electron densiti,o,

clusters is low. In the irradiation of a puff of clusters by N \wherec, is the plasma sound speed, arld is the normal-
intense laser pulse, the microscopic interaction occurs ini-

tially with a locally solid material, which is rapidly turned 'Zid collision fiequ?ency o= 3_N°r' Fog a tygf)lcal cise of
into dense plasma, so that high-density collisional rocesseR_looA’ C=10"cm/s, Ngp=2x10"cm ™ N=138
P ’ 9 y P R 107*cm 2 (corresponding to .~ 800 nm), and an esti-

are dominant in the cluster ionization and heating. énate of wlw~003 [assuming a scaling of viw

In this paper, we describe a self-consistent model of th
laser-cluster interaction, in which the time-dependent laser. > ver/ Neo( ¥/ ®)soia, where @/w)ggjq~1 [12]], we get

field is coupled to the nonequilibrium time-dependent plasma5tf65~6fs' For a 600 A clusterftec~40fs. These time

hydrodynamics of the heated cluster. We find that, even fo?Cales are significantl_y shorter than indicated by pump-probe
small clusters, the density profile is nonuniform, so that resofjmd variable pulse width measurements where resonant en-

nance at the critcal density surfack(r)~No plays a | 0MERs O RENEEE S8 Seere A O SR
dominant role in the laser coupling. We also find that the P : pancy,

ponderomotive force at the critical density surface exerted b r?t?t?t?otnbse[ f%plgbnedegé atlgc;\;vggmfgrrety dpel;t::illeccliuf;g:jzllzgf dtlr?e
the self-consistent electric field can significantly alter the » Sugg

plasma hydrodynamics, even for vacuum intensities as Iovlpser-cluster interaction is required.

1)

1015
as ~10'°*Wient. Il. HYDRODYNAMIC MODEL
The most successful model to date for the laser-cluster
interaction has been the “nanoplasma” mod&0], which In this paper, the laser-cluster interaction is simulated

has reasonably accounted for the observed levels of ionizaelf-consistently by coupling the equation for the electric
tion [6], the observation of fast electrons and idii$ and near field,V - (eE) =0, to a one-dimension&lD) radial La-
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grangian hydrocode. The near field treatment is appropriatsions for the collisional heating rate per unit volume,
for the case wher&R,,,,<1, wherek=w/c is the laser wave v&E-E*/4m, and the ponderomotive force per unit volume,
number andR ., is the maximum radius of the expanding fy=(&,—1)V-(E-E*)/4m, wheree, is the real part of the
cluster plasma. This is a good approximation for initial clus-dielectric function. Therefore, for linearly polarized incident
ter sizes much smaller than a laser wavelength and for timeféelds, the general results of our 1D calculation should be
not too late in the cluster expansion. Although the 1D treatviewed as qualitative, and useful mainly for providing physi-
ment is an idealization used for simplicity and speed of calal insight. There are two situations, however, where the 1D
culation, it provides physical insight and can correspond tg"0del corresponds more closely with the dynamics. First,
experiments under certain conditions, as explained belowfh® 1D model is a reasonable approximation, even for linear

The dielectric function of the cluster material is taken to be olarization, in the case of strong resonant coupling, as wil
Drude modele(r)=1+47Noa(1—Nga/3) *—é+iéview e seen below. Second, for the special case of two orthogo-
- 0 0 .

nal incident beams, one linearly polarized and the other cir-
cularly polarized, and with a random phase difference be-

p(;}larizability., hamlj g(r)d:[“,'”zﬁr)(]wzl]_lN?(r)/Nc“ tween the beams, it can be shown that the time average
whereNe(r) is the electron densityy is the laser frequency, gjectric field magnitude is radially symmetric in the near

and v(_r) is the collision frequency. _The I_ast is obtained by fic|q limit, and the 1D calculation is appropriate.
summing the rates of electron collision with each of the neu-

tral and ion species. The calculation includes field ionization
[11], collisional ionization, thermal conductidivoth gradi-
ent based and flux limited15]), and a time-dependent  As a first step, it is useful to examine the conditions under
collisional-radiative model for the ionization dynamics. which the hydrodynamic model, in which the plasma dynam-
Starting with a solid density neutral cluster, at each time stefcs are driven predominantly by the hydrodynamic pressure
the above equation for the electric near field is solved usingind the ponderomotive pressure, is appropriate. Early in the
the neutral, ion, and electron density profiles and the temiaser pulse, free electrons generated by field ionization and
perature profile of the previous time step, and the resultinghe early stages of the avalanche process can escape from the
electric field ionizes and heats the plasma, driving the clustegluster, leaving a residual positive charge that is insufficient
dynamics. Thermal conduction at each Lagrangian grid poinfo force a return current. The cluster can then expand in
is taken to be the lesser of the gradient-based valugesponse to electrostatic forcéSoulomb explosionrather

|k 9Tl dr|, wherek is the thermal conductivity antl, is the  than hydrodynamic forces. The hydrodynamic model can
electron temperature, and the flux-limited flp¥b]. An ideal  therefore break down for small clusters, which can develop a
gas equation of state is used for the cluster plasma. Whilarger fractional residual charge early in the pulse. A calcu-
this is a reasonable assumption at the high temperatures geation of the fractional electron charge that can escape from
erated by the laser interaction, it cannot take into account anghe cluster allows a comparison of hydrodynamic to Cou-
hot electrons generated in the interaction, which are decodemb forces. An upper bound for the rate of electron escape
pled from the thermal distribution. A more complete treat-from the cluster is given by

ment, involving kinetic theory, would be appropriate for

cases where the hot electron population is a significant frac- dn 1_— ) f

Here Ng(r) is the density of neutral atoms, is the atomic

lIl. LIMITS OF THE HYDRODYNAMIC MODEL

i f(v)v do, 2

Vesc

tion of the total, which could be the case for smaller clusters. at 4 Ned mRimax

Assuming that the incideriexterna) electric field isEyz,
wherez is the polarization unit vector, the code solves for thewheren(t) is the total number of electrons that have escaped

self;consistepi electric field iD spherical coordinates ¢ the clusterN, is the volume average electron density,
=FE,(r,0) —OE,(r,0), where E (r,0)=E,(r)cosé and f(y)=47(m/27kTe)> %2 exp(-~mv%2kT,) is the electron
E,(r,0)=E,(r)sing, and? and @ are polar unit vectors. velocity distribution functiontaken here to be Maxwellian,
Note that in the uniform density modgl0] E,(r)=E,(r)  and neglecting hot electrons, which will be discussed bglow
=const, resulting in a unifornE internal to the cluster and Ves= (2Eosd/M) Y2 is the escape velocity, wherEg,
plasma, directed alongy As will be seen, the cluster plasma =ne?/R, is the electron kinetic energy required to over-
density is in general nonuniform so tHaremains a function come the electrostatic attraction of the positively charged
of # andr, and thereforeeven in the near field regime the cluster. Determination afi(t) then allows the calculation of
plasma dynamics are inherently two dimensiodibte that  the ratio of average hydrodynamic force per unit volume to
in the intermediate KR,.x—1) and radiation KR,,,>1) re-  the average electrostatic force per unit volume:
gimes the interaction must be treated as a 3D problem, be-
cause the front and back of the cluster will then have asym- B meax“) | —IP(r,t) / meax“) 5
ne(t)= drré|—————— drr
or 0
’?Eglec(rat)
ar '

metric interactions for a given laser beam direction.

Since our idealized calculation constrains the plasma dy-
namics to be one dimensional, we calculate the field’s effect 1
on the cluster by using an effective fieldEgx(r) 87
=(E-E*)'2 where the angular brackets represent an aver-
age over solid angle. That is, field ionizatiphl] is calcu- whereP=NkT, is the hydrodynamic pressure,dP/dr is
lated usingE.«(r), and we substituté?, for E-E* in expres- the hydrodynamic force per unit volumeEgedr,t)

()
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1.0F o——— 5 A 120 ~—100 fs, these electrons seed avalanche ionization, which
. T ( a) greatly increases the charge density and therefey) de-
osl N . .. € creases owing to the increased electrostatic barrier to escape.
s . ,1% s Beyond —95 fs, there is little further ionization or electron
osl . 254 ° //_> } escape, andyo(t) saturates. Figure(t) shows the corre-
= Do ™ e ’ lio e sponding ratio of hydrodynamic force to electrostatic force,
& oal . 7 \ N X from Eq. (3), plotted as log{ 7e(t)]. For cluster radii
./ 504 ¥ 5 greater than 50 Apg(t) is at least 10, and it is at least 100
ozl £ TN, {os & for 100 A clusters. For clusters of 25 A radius and less,
o7 TI0AN N £ decreases to less than 10, and approaches unity for 12.5 A
clusters. Overall, the results shown in Figga)land 1b)
0.0

120 : :110 200 20 B0 indicate that under these conditions the hydrodynamic model
is appropriate for clusters as small a25 A in radius. Ne-
glecting the influence of hot electrons, higher laser intensities
would generate free electrons earlier in the laser pulse enve-
lope, seeding avalanche ionization earlier, resulting in earlier
saturation ofpo(t), and increasing the hydrodynamic pres-
sure. Therefore, barring production of a significant fraction
of hot electrons, the estimated cluster size limits for the hy-
drodynamic model are applicable at even higher laser inten-
sities than considered in the calculation of Fig. 1.

log, [ n.(V)]

Intensity (10" W/em?)

IV. COUPLING DYNAMICS

As an example of strong resonant coupling, Fig. 2 shows
0 the results for a 600 A radius argon cluster of initial atomic
-120 -110 -100 -90 -80 ) o g . ) .
Time (fs) density 1.8 10??cm 2 irradiated with a linearly polarized
300 fs, 800 nm pulse with peak intensityx1.0">W/cn?.
FIG. 1. (8) Cumulative fractional chargeyo(t) escaped from These conditions are characteristic of clusters produced in
argon cluster during early stages of laser irradiation, for cluster radiour laboratory for extreme ultraviolet and x-ray generation
12.5, 25, 50, 100, and 200 A. Laser: peak intensit? ¥Wcn?, X [17]. The intensity is lower than in our experiments in order
=800nm, 100 fs FWHM Gaussian pulse. Initial cluster atomicto reduce the computation time. Plotted in Fi¢g)2are elec-
density 1.810°cm™°. Right scale: laser intensityb) Logarithm  tron density profiles and in Fig.(B) are corresponding elec-
of ratio of average hydrodynamic force density to average Coulomlyric field profilesE. for several times during the pulse en-
force density for cluster sizes and laser pulse a&jn velope. The peak of the pulse occurstat0. The electric
field is scaled relative to its magnitude in vacuum at each
=[n(t)e/r?]f4dr 4mr?p(r,t)/M is the local electrostatic time. The field is significantly enhanced with respect to its
field, and (1/87)(9E§,eg(7r is the electrostatic force per unit vacuum value in the region nebi,~N,,. There is a persis-
volume. HereM is the total cluster mass andis the radial  tent resonance &{., for the full duration of the pulse, arising
mass density distribution. Because a typical cluster plasmat early times as a critical density layer expands from the
radius is comparable to or smaller than the skin depth otluster. At very early timest& —310fs) before plasma is
solid density plasmdtypically ~100—2004, the residual formed it is seen that the relative field amplitude is just less
positive charge density is distributed throughout the clustethan unity, as expected from dielectric shielding where
volume. It is assumed in the above expression to be distrib>1. Once plasma develops> —300fs), the cluster center
uted according to the ion mass distribution. is strongly shielded from the electric field, so that the field
For a peak laser intensity of F0NV/cn?, \j.se=800nm,  amplitude there is significantly below its vacuum value. The
full width at half maximum(FWHM) Gaussian pulse width spatial width of the field resonance Mt, is approximately
100 fs, and initial argon cluster atomic density 1.8 ~[v(r.)/w]L, WhereL.=|Ng(dNg/dr)~1| is the local
X 10%2cm 3, Fig. 1(a) shows the ratio of cumulative escaped scale length at the critical density surfage. Since the field

charge to the volume integrated electron density, resonance width cannot be less than the local Debye length
(the Debye length sets the spatial scale for the finest field
_ ma 2 variationg, the effective collision frequency at the critical
7o(t) n(t)/ fo dramrNe(r,0), @ density surface is clamped to a minimumXgf /L., where

\p is the Debye length. In Fig.(d), the bump in electron
as a function of time for a range of initial cluster radii. The density near the cluster edge a260 fs is a result of the
rise in ng(t) between—110 and—105 fs (the laser pulse mass compression driven by the ablative pressure of the ex-
peak is at =0) corresponds to the rapid increase in electronpanding material. For these conditions, a weak compression
density as the laser intensity rises through the threshold fowave propagates to the cluster center as time advances. This
field ionization of argon € 10**W/cn?) [16]. At times, after  effect is present independent of whether the laser pondero-
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FIG. 3. Absolute value of ratio of radial to tangential field com-
ponents, showing peak at critical density surface.

the incident laser field is linearly polarized, the effect of the
resonance is to promote a predominantly radial ponderomo-
tive force. Under these strong resonant coupling conditions,
the radial 1D model comes closer to simulating the actual
plasma dynamics.

As a comparison to a previous calculation using the uni-
form density mode]10], we show the results of a simulation
for an argon cluster of initial diameter 100 A, initial atomic

Electric field (vacuum units)

0 200 400 600 800 1000 1200 1400 density 1.8&10?2cm 3, laser wavelength 825 nm, pulse
Radius (A) width 130 fs, and peak intensity>510"°W/cn?. These are
the same parameters used in the calculation of Rif].
FIG. 2. (a) Electron density profiles vs time for argon cluster of Plotted in Fig. 4a) are electron density profiles and their
initial radius 600 A, and laser with peak intensity'3W/cn?, N corresponding electric field profiles for several times during
=800 nm, 300 fs FWHM Gaussian pulse, and initial argon clusterthe pulse envelopéthe pulse peak is at=0), where the

atomic density 1.8 10?2cm™2. (b) Electric field profiles(normal-
ized to vacuum valuecorresponding to the electron density profiles
of (a).

electron density is in units of critical density and the electric
field is scaled relative to its magnitude in vacuum. The elec-
tric field is enhanced with respect to its vacuum value in the
regions of critical density. This promotes significant radial

motive force is turned on or off. The nonuniform expansionb hi £ el densi ibutabl h q
indicated by the electron density profiles is a natural conse2UnNChing of electron density, attributable to the ponderomo-

quence of the expansion of a sphere of hot fluid: at the outtive force. At no point in the cIL!ster plasma evolution does a
side, where the pressure gradient is largest, the fluid velocitgNer reésonance appear. Figure (b is a plot of
is high. In the interior, the pressure gradient is weaker andPgio(Ne/N,;) and central electron temperaturg, for cal-
the radial fluid velocity is reduced. Calculations using aculations with the ponderomotive force turned on and off,
Thomas-Fermi model have shown that nonuniform expanwhereN]® is the value of the largest electron density in the
sion takes place even for clusters as small as 55 af@Bjs  profile. It is seen that a plasma region of critical density or
The coupling resonance at critical density can have a sighigher is maintained for a longer duration in the case where
nificant radial symmetrizing effect on the field internal to thethe ponderomotive force is active. This has the effect of
cluster. This is illustrated by Flg 3, which shows the ratiOQreatiy increasing the efficiency and duration of the laser-
|E(r)/Ey(r)| versus radius at times during the pulse corre-plasma coupling, as seen in the corresponding temperature
sponding to the conditions of Fig(t3. This ratio peaks at pjot. Note that the variation of maximum density is similar
the critical density layer, whe_rg itis quite large. For example ¢y, the two cases until just past the peak of the pulse, where
at —160 fs, on the rising edge of the pulse, qtca) density is approached. Thereafter, the ponderomotive
|Er(red/Eg(rc)|~65 so that|E, /E4|*>1 for all 6 except force is quite effective in restraining further expansion. The
for a small band of~2° around the cluster equatéat 6  peak in log(NT®™N,) near 100 fs is a result of
=90°). From the peak of the pulse to the end, the ratioy,ngeromotive-force-induced compression of the plasma to
|Er(re)/Ey(re)| remains at least 10, so that outside a 10°g e ater than solid density. While this is a result of our sim-
band around the equatpk, /E,|*>1 at all imes. Further- piification of the problem to a radially symmetric field, it
more, both components, andE 4 have large radial gradients does show the significant effect on the dynamics induced by
only near the critical density surface. Therefore, even thouglthe ponderomotive force.
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be considered a lower limit to the transmission through a hot
plasma of the same material and the same integrated areal
density. To estimate the fraction of hot electron energy that
does not couple to a cluster plasma, we dse2pR, where
p is the initial mass density of the cluster aRds the initial
cluster radius. For an argon cluster with initial radiRs
=600A, A\=0.8um, and an intensity of F§W/cn? at the
3 critical density surface (corresponding to less than
10" W/cn? in vacuum—see Fig.)2we getf~0.97. Higher
intensities and smaller cluster diameters give valuesffor
even closer to unity. We therefore conclude that for the clus-
ter sizes and intensities examined in this paper hot electrons
do not significantly affect the plasma heating. However, as
hot electrons can escape from the cluster plasma more
200 400 o 200 400 600 @ readily than thermal electrons, the residual charge left behind
Radius (A) Radius (A) may promote electrostatic repulsive forces, especially in
a 1000 small clusters. More sophisticated fluid-based models of the
of, (b) laser-cluster interaction will need to use kinetic theory in
order to properly model the hot electrons.
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Z 4 y Laoo 'g V. ABSORPTION, DISPERSION, AND SCATTERING

o 6| g

= § The manner in which a laser pulse couples to an indi-

1 vidual evolving cluster determines the detailed time depen-

dence of the dielectric function or index of refraction of an
ensemble of clusters. This in turn determines the absorption,
dispersion, and scattering characteristics of a laser-irradiated

FIG. 4. (@) Electron density profilegsolid lines and corre-  cluster jet. These considerations bear directly on practical
sponding electric field profile@ashed lingsat several times for 50  applications, not only for EUV and x-ray generatifih-3]

A argon clusters irradiated by 610" W/cn, \=800nm, 130fs  pyt also for applications such as the phase matching of high

FWHM Gaussian pulse. The pulse peak iga0. (b) Comparison  harmonics, which depend on dispersion propeitfds It is

of clugter plasma pez_;lk density and temperature using parameters @ferefore instructive to compare what our calculation pre-

(&), with ponderomotive force kept on and turned off. dicts for the cluster complex polarizability versus the predic-
tion of the uniform density modéglL0].

An important effect not included in the hydrodynamic In a radial expansion where the density remains uniform,
model, alluded to earlier in the paper, is the generation of hoit can be shown that the plasma velocity profile is necessarily
electrons and their coupling to the cluster plasma. As is welh linear function of radius. Our hydrocode was modified to
known in cases where resonance absorption takes place, vesymulate the uniform density model by forcing the plasma
energetic electrons are produced mostly from the breaking ofelocity profile to be a linear function of radius. For a 100 A
plasma waves driven by the enhanced electric field at theadius argon cluster heated by a 200 fs FWHM, 800 nm laser
critical density surfacg19]. The overall electron energy dis- pulse at peak intensity ¥W/cn?, Figs. §a) and §b) show
tribution of such plasmas is well described by a two-Re(y) and Im(@) vs time for the uniform density and hydro-
temperature Maxwellian. The lower temperatufgecimarn dynamic models, respectively, wheRe=vE is the dipole
which describes the bulk thermal heating of the plasma, isnoment of the irradiated cluste, is the external laser field,
calculated by our model. The higher temperature is estimategnd y is the complex cluster polarizability. Figurécd is a
from fits to 2D particle simulation$20] and experiments semilogarithmic plot of Imf) for both models. The real part
[21] as Thy(keV)~a(IN?)®, wherea=3.5,b=0.35, laser of the refractive index of an ensemble of clusters is propor-
intensity | is in units of 13*W/cn?, and wavelength is in  tional to Reg), while the small signal absorption coefficient
units of um. The hot electrons have trajectories from theis proportional to Im¢). Determination ofP and y is made
wave breaking region directly to the plasma core, and awayhrough the dependenc(r)=r-E+r-P/r® (for r>R.0
from the plasma and returning, drawn by the resulting spacef the near field scalar potential, which is matched to the
charge force. Stopping power calculations can assess the deotential calculated by the code.
gree of coupling of these hot electrons to the plasma. An  For Reg), the uniform density modglFig. 5a)] shows
approximate expressid22] for the fraction of hot electron  the classic variation of the dispersion curve through the reso-
energy transmitted beyond an areal densityproduct of  nance, which occurs during the cluster expansion as the den-
electron travel distance and mass density solid neutral sity decreases through N3,. Before the resonance is
material is f(d)=(1+7n(d)e "¥, where #5(d) reached, the cluster contributes positively to the refractive
=0.597,, {1 **"2In(2/0.3)\/d/b, d is in units of g/cnd and  index, and negatively afterward. In the hydrodynamic model
for argonZ=18, ©=0.7, ando=8x10"© [22]. This should  [Fig. 5b)], the peak contribution of the cluster to the real

. . L A A . . o
200 <150 -100 -50 O 50 100 150 200
Time (fs)
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FIG. 5. (a) Real and imaginary parts of the cluster polarizability,
calculated using the uniform density model, for an argon cluster of
initial radius 100 A, irradiated by a $dw/c?, A=800nm, 200fs  for pulsewidths 100, 200, 300, 400, 600, and 800 fs and 2 ps at
FWHM Gaussian pulse. The laser pulse envel@fight scal¢ is  fixed energy. Cluster initial radius 600 A. Intensity range B0t
superimposed as a referen¢b) Real and imaginary parts of the (100 fs pulsesthrough 3< 1044 W/cn? (2 ps pulses (b) Instanta-
cluster polarizability, calculated using the hydrodynamic model, forpequs heating ratexIm(y)|E|2] for laser and cluster conditions as
the parameters ofa). (c) Logarithm of the imaginary part of the ;, (@. () Cumulative heatind = % Im(y)|E|2dt] for laser and
polarizability for both uniform density and hydrodynamic models. ¢,ster conditions as ifa).

At early times both models show a\3, resonance.

FIG. 6. (a) Imaginary part of argon cluster polarizability vs time

Examining Fig. %c), it is seen that the uniform density
index is more thar-100 times weaker. This is mainly due to model predicts two extremely short-duration intervals of en-
the reduced volume of thi., resonanceéat the critical den-  hanced absorption: one during the rapid ionization in the
sity laye) compared to the full volumel3,, resonance of the leading edge of the laser pulse, as the electron density in-
uniform density model. For these particular conditions in thecreases through Mg, on its way up to solid density, and a
hydrodynamic model, Imf passes through its peak and later interval as the expanding cluster plasma density de-
Re(y) crosses through zero when the cluster central electrooreases back through\3,. The ~10 fs duration of the sec-
density reaches the nondescript value~o2.3x 10?cm™3, ond absorption peak is consistent with the analytic estimate
This point is governed by the value ob/gr)in® at the of Eq. (1) for a cluster withR=100A. By contrast, the full
plasma-vacuum boundary, and the particular radial densititydrodynamic model predicts an absorption peak~dfo0
profile in the cluster evolution that gives rise to this point istimes less in peak value, but more than 50 times longer in
hard to predicta priori. duration. Note that the hydrodynamic model shows that there
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is also a very brief Bl absorption peak during the rapid sure, one would expect the most efficient heating wi00
ionization early in the laser pulse, before a critical densityfS pulses. Including the specific fields to calculate the instan-
layer expands from the cluster and the density becomes noitaneougFig. 6(b)] and time-integratefig. 6(c)] heating for
uniform. However, the Bl resonance appears at no otherthe various pulses again bears out the800 fs pulses are
time. most efficient. Detailed examination of the electric field pro-

The quantity|P|>=|v|?|E|?, which is proportional to the files and the electron density profiles shows that the few
Rayleigh scattered light yield as a function of time, has alsdundred femtosecond time scale is optimum for resonant ab-
been calculated and the duration of enhanced scattering FPrption: too short a pulse does not allow a significant criti-
the uniform density model is similarly abott10 fs, while it ~ cal density layer to develop and too long a pulse increases
is hundreds of femtoseconds in the full hydrodynamic modelthe density scale length sufficiently to reduce the field am-
The long-time durations of the absorption and scattering repPlitude penetrating to the critical density surface.
sults from the full hydrodynamic model are in qualitative
agreement with previous experimerﬁllsa,lzl]_. N VI. CONCLUSIONS

In recent experimental work, we examined the efficiency
of EUV and x-ray generation from clusters by varying the We have presented a self-consistent 1D model of the in-
width of the irradiating laser pulse at fixed laser enditj§].  tense laser-cluster interaction, where the dominant absorp-
We found that EUV emission was favored for pulses in thetion mechanism is seen to be resonant absorption at the criti-
few hundred femtosecond range. Here we simulate this exsal density layer. The resonance is maintained throughout the
periment using a 600 A radius argon cluster of initial atomicpulse duration as long as the cluster plasma does not expand
density 1.8<10%?cm 2 irradiated with variable width 800 below critical density. A result of this is that the enhance-
nm pulses in the range 100 fs to 2 ps, with peak intensitynent of the laser intensity at the critical density surface
varying from 6x 10° (100 fs puls¢to 3xX 10"*W/cn? (2 ps  makes ponderomotive forces an important component of the
pulse. The peak intensity is below that in the experiment inplasma dynamics. Finally, our recent experiments in EUV
order to reduce the computation time, with the goal being @nd x-ray generation efficiency versus laser pulse width can
qualitative understanding of the pulse width dependence dfe explained in terms of the plasma density scale length de-
cluster heating. For the pulse widths used, Fi@ 8hows pendence of resonance absorption.
curves of Img) vs time, Fig. 6b) shows the instantaneous
heating rate§>Im(v)|E|?], and Fig. 6¢c) shows the cumula-
tive heating[ = [ Im(y)|E|2 dt]. Although the interaction is
highly nonlinear in the laser field, the curves for lpcan The authors thank T. Antonsen for useful discussions.
be viewed as representing the intrinsic absorbing capabilitieshis work was supported by the National Science Founda-
of the different pulse width prepared clusters. By this meation and the EUV-LLC.
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