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Electron and nuclear dynamics of molecular clusters in ultraintense
laser fields. Il. Electron dynamics and outer ionization of the nanoplasma
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(Received 22 November 2002; accepted 8 October R003

We explore electron dynamics in molecular (R, clusters and elemental Xén
=249-2171) clusters, responding to ultrainteriggensity | =10%-10°Wcm™?) laser fields.
Molecular dynamics simulation@ncluding magnetic field and relativistic effectand analyses of
high-energy electron dynamics and nuclear ion dynamics in a cluster interacting with a Gaussian
shaped laser fieldfrequency 0.35 fs!, photon energy 1.44 eV, phase 0, temporal width 25 fs
elucidated the time dependence of inner ionization, the formation of a nanoplasma of unbound
electrons within the cluster or its vicinity, and of outer ionization. We determined the cluster size and
the laser intensity dependence of these three sequential-parallel electronic processes. The
characteristic times for cluster inner ionizatiom; and for outer ionization £,) fall in the
femtosecond time domain, i.er;=2-9 fs andr,;=4—-15fs for (CD) 1961, 7i=7—30fs andr,
=5-13fs for Xg (n=479,1061), with both; and r,; decreasing with increasirigin accord with

the barrier suppression ionization mechanism for inner ionization of the constituents and the cluster
barrier suppression ionization mechanism for outer ionization. The positive delay imgs
between outer and inner ionizatioe.g., A7 =6.5fs for Xg, at 1=10**Wcm 2 and A7,

=0.2fs for (CD) 1961 at 1 =10 W cm™?) demonstrate that the outer/inner ionization processes are
sequential. For (CB 1061, Ti<T7oi, @S appropriate for sequential outer/inner ionization dynamics,
while for Xe, clusterst;;>7,;, reflecting on the energetic hierarchy in the ionization of the Xe
atoms. Quasiresonance contributions to the outer ionization of the nanoplasma were established, as
manifested in the temporal oscillations in the inner/outer ionization levels, and in the center of mass
of the nanoplasma electrons. The formation characteristics, dynamics, and response of the
nanoplasma in molecular or elemental clusters were addressed. The nanoplasma is positively
charged, with a high-average electron densipy=(2—3)1G%cm 3], being characterized by
high-average electron energies, (€.g., in Xgge; clusterse,=54eV atl=10*%Wcm 2 and
€,,=0.56—0.37 keV at=10"Wcm 2, with e,,<19). Beyond the cluster boundary the average
electron energy markedly increases, reaching electron energies in the range of 1.2—40 keV for outer
ionization of Xeg, (n=249-2171) clusters. The nanoplasma exhibits spatial inhomogeneity and
angular anisotropy induced by the laser field. Femtosecond time scales are predicted for the
nanoplasma productiofrise times 7-3 fg for the decay(decay times~5 fs), and for the
persistence timé30—10 f3 of a transient nanoplasmalat 10— 10 W cm™ 2. At lower intensities

of | =10'*W cm™? a persistent nanoplasma with a “long” lifetime of50 fs will prevail. © 2004
American Institute of Physics[DOI: 10.1063/1.1630308

I. INTRODUCTION ization level being mainly determined by the electronic

Features of light-matter interactions emerge fromstrupture of the atomg and by the Iaggr infcenilzy;the for-
experimentd® and theoreticd?-2° studies of extreme mul- mation of an energetic electron-positive ion charged nano-
tielectron ionization of molecular clusters, e.g., (Xe) plasma within the clustegiand in its vicinity), which consists
(D), or (CDy), in ultraintense laser fieldgeak intensity of unbound electrons interacting with the ultraintense laser
| =10%-10°W Cmfz)_ The response of a |arge, finite mo- field;1°'13‘16'25and(3) outer ionizatiorﬁ°‘2°'25which removes
lecular cluster to ultraintense laser fields is distinct from theall or part of the unbound electrons of the charged nano-
response of “small” atoms and molecul&s2 While the  plasma from the cluster. These three electronic processes in
ionization of single atomic and molecular systems in ultrain-ultraintense laser fields are coupled to each other. Subsequent
tense laser fields is triggered by the barrier suppression iorand parallel to outer ionization, the electronic dynamic pro-
ization (BSI) single-step mechanisi?® the electron dy- cesses trigger nuclear dynamics, with the outer ionization
namics of clusters in ultraintense laser fields involves thre¢eing accompanied by cluster Coulomb explosiotf 18
sequential-parallel processé4) inner ionizatiom,>***31%%  \hich results in the production of energetikeV—MeV)
which involves the stripping of the cluster atoms of their mylticharged ions. Generally speaking, the electronic dy-
valence electrons or of all their electrons, with the inner ion-namjc processes and the nuclear process of Coulomb explo-
sion are hierarchical.
¥Electronic mail: jortner@chemsgl.tau.ac.il The unique features of ultraintense laser-molecular clus-
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ter interactions involve mechanisms of extreme multielectron

R . . 8- (éD4)I1061 7
ionization and characteristics of electron dynamics. In an ac- - per . 1
X . 4 | I=10Wem2 P A
companying papét (referred to as Paper),lwe studied i -~ Duter i
extreme cluster multielectron ionization involving the re- 0 e — —
moval of the valence electrons or the complete stripping of — : — ,
all the electrons from the cluster constituents, with the for- g 8pH0*Wen? _— ]
mation of bare nuclei from light first-row atoms, or the for- g 4f Taner s /Outer g
mation of highly charged heavy ions, e.g., X&q=36) § ol L s ! s ! ]
from heavy atoms. In this article, we explore features of E
electron dynamics in molecular (GR and elemental IR e — ' ' ' ' ]
Xe,(n=55-1061) clusters, responding to ultraintense ( 8- A A RRR A A ]
— . . . . NN IR AN AN AN I W AP, i
=10%-10"W cm?) laser fields. The following issues arise ap T VSN Y e
in the context of molecular cluster electron dynamics in ul- 05030 20 10 0 10 20 30
traintense laser fields: Time (fs)

(1) What are the time scales for the three distinctFIG L ved ol § s of (9B driven b
.y ; ; P i -~FIG. 1. Time-resolved electron dynamics o 61 Clusters driven by a
.Seq.uentlal parallel_ electronic processes, involving inner IonGaussian shaped laser field, E¢B. and (2), which is represented in arbi-
ization, the_ fo_rma_tlon of a nanoplasma of unbound electronsyary units (with F,=0 at 4.0 by a dashed-dotted cure—-—-—-—)
and outer ionization, and how are they affected by the laseh the lower panel. The time scales fiset, (with t;<0 defined in the text
intensity and by the size of the molecular cluster? represent the time-dependent electron dynamics on the time scale of the

(2) How is the electron dynamics for the three distinct laser pulse, which peaks at=0. The time-dependent inner ionization
level (——) and outer ionization level— — —), which are defined by the

fundamental electronic processes affected by the temporﬁ?ﬁjmber of electrons per GDmolecule, are marked on the curves. Upper
shape of the laser pulse? Inner ionization, nanoplasma foganel:1 = 10w cm~2; middle panel:l =10 W cm™2; and lower panel:
mation and response, and outer ionization involve laser=10"°wcm 2,

driven processes, for which one cannot separate the electron

dynamics from the time evolution of the laser pulse, which is ] ) o

coupled to the nuclear-electronic system. for the first (single electroh ionization of each molecule,

(3) What are the characteristics of formation propertiesWh”e Fis the laser field for complete one-electron ioniza-
and dynamics of the electron-positive ion charged nanotion of all the constituent atoms within the molecular cluster
plasma in molecular clusters in ultraintense laser fields? ~ Li-€., for (CDy), the complete one-electron ionization level

Our simulations and analyses will shed light on the newP®’ molecule is 5, while for Xgthe complete ionization laser
facets of electron dynamics. per atom is 1 At the initial laser fieldF¢ (Table Il of Paper

I) att=tg, all the cluster atoms are taken as singly charged
ions, with the electrons initially located at=x, from each
II. TIME-RESOLVED INNER AND OUTER ionic center, wherey, is the characteristic barrier suppres-
IONIZATION PROCESSES sion ionization(BSI) distance, Eq(2a) of Paper I. The clus-
ter inner ionization, which is driven by a composite field
consisting of the laser field and the inner field, was described
The methodology of the simulations of the high-energyin terms of the BSI for each constituent. An additional, small
electron dynamics and of nucleéipn) dynamics were re- (=<13%), contribution to the inner ionization originates from
ported in Paper |. Briefly, the laser electric fiélg was taken  electron impact ionization. The simulations of the molecular
as dynamics of the energetic electrons and of the ions were
F¢=Fo(t)cog2mvt+ @) (1)  Performed by classical molecular dynamics, incorporating
electron—electron, electron—ion, ion—ion, and electron/ion-
being characterized by a Gaussian shaped envelope functiggser interactions. High-energy electron dynamics involved
of the pulse relativistic effects and were subjected to magnetic effects for
Foo(t)=Fy exd — 2.773t/7)2] 2) electron-laser interactions. These simulation results provide a

. 1 complete picture of electron-nuclear dynamics, including hy-
with the parameters of frequenay=0.35 fs * (photon en-  grodynamic effecté2®

ergy of 1.44 eV, phasep,=0, and temporal width=25 fs
[full width at half maximum of the intensity profile of 18]fs
The electric field maximunk, is related to the peak inten-
sity | (in Wem™2) by Figures 1-3 display the simulation results for electron
_ _ dynamics, as characterized by the time dependence of the
|eFy|=2.745<107'(1"%) eVA™". ®) inner and the outer ionization levels in (R and Xe,
We note in passing that the laser field, E¢B. and (2), is  (n=459 and 106Jl molecular clusters, as induced by a
defined in the temporal range> —«, and the peak of the Gaussian laser field, Eqél)—(3), where the temporal laser
laser pulse is attained &t 0. An initially truncated Gaussian profile is also presented in these figures. The electron dynam-
pulse was used in the simulations, with the initial laser fieldics correspond to one complete laser temporal pulse profile.
F.=F¢ being located at the finitthegative timet=tg, with ~ The ionization levels are given in Figs. 1, 2, and 3 in terms
the choiceF = (F"+ F®)/2, whereF ™" is the threshold field of electrons depleted per constituent at¢for Xe,) or per

A. Methodology

B. Time dependence of inner and outer ionization
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electrons resulting from inner and from outer ionization of a
cluster containingn constituents ar@n; andnn,;, respec-

§ tively. The electron population, of the nanoplasma is char-
acterized by the time-dependent number of electrons per con-
stituent of ny(t)=n;(t)—ny(t) and a total number of
electrons ofnn,,.

In Table | we present the initial valueg;(ts) for the
inner ionization level, and,(t;) for the outer ionization
level att=t, (defined by the initial conditions fam; and by
n,=0). In Table | we also present the final values of the
inner/outer ionization levels, which correspond to the long-
time asymptotic valuesn(;)s,: and (Ny)sa respectively, as
well as the asymptotic valuesi (), of the electron popula-
tions of the nanoplasmanf)sa= (Nii)sar— (Noi)sae FOr both
(CD,4) 1061 @nd Xeg, clusters (=459,1061) we note the oc-
currence of finite values ofng,) s at | = 10" W em™2, while
for higher intensities of =10', 10*Wcm™2, (n,)s=0,
marking a complete outer ionization of the nanoplasma.

F Xeyp1
P

ny;
SN A S N A NS N
-

#Z7A A nh N
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vy L Laser Field

-30 -20 -10 0 10 20 30
Time (fs)

FIG. 2. Time-resolved electron dynamics in¥g and Xesg clusters driven
by a Gaussian shaped laser field, Eds.and (2), which is represented in
arbitrary units(with F,=0 at 3.0 by a dashed-dotte—-—-—-—) curve

in the lower panel. The laser peak intensityl is 10" W cm 2. The time
scales fort>t4 (with t;<<0 defined in the textrepresent the time-dependent
electron dynamics on the time scale of the laser pulse, which peaks at

t=0. The time-dependent inner ionization levels;), outer ionization  C. Time-resolved impact ionization yields
levels (n,), and the nanoplasma populatiom,f are defined in terms of the . . L .
number of electrons per Xe atom in the cluster. The time-dependent data are 1 € two mechanisms for cluster inner ionization involve

given for the Xgye; (—) and Xeso (— — —) clusters, as marked on the the majority contribution of BSI of the constituents, which is
curves. Lower paneln; data; middle panein, data; and upper panet,  induced by the composite laseinner ionization field, and
data. the minority contribution of impact ionizatiol#:?® Both
these contributions are included in thg(t) data of Figs.
i 1-3. The relative asymptotic value ratios for the impact
molecule[for (CD,),]. These are represented by the time-jqni ation/BSI yields in (CB), and Xe, clusters manifest

dependent inner ionization level;, which corresponds to_ laser intensity dependen¢gecreasing with increasirig and
the number of electrons removeq from each cluster CQ”SF'tL’CIuster size R?) dependence, being of the order of a few
e_nt atom or molgcule and the time-dependent outer i0NiZ85ercent(Paper ). In Fig. 4 we present the time dependence
tion Igvel N.i, which represents the number_ of glect_ron_s Perot the total number of electrondl;y,,, produced by impact
constituent removed from the cluster to infinityThis is  ;gnization in (CD) 1061 @nd Xaog; Molecular clusters. The

specified in Paper | by the electron removal to a distance ofonyihytion of impact ionization to the asymptotic ionization
>6R. As the electron energies do not increase by more thap,g| (Ni)sat (pEr cluster constituentis Nipp/n. For

50% above this spatial limit, such a characterization of th?CD“) 106:Nimp/N=1.0 at |=10%Wem 2. and Nimp/N

outer ionization domain is approprigtéhe total number of  _ 5 46 g :'1018W0m72 while for Xejo;Nimp/n=0.69 at
. , i :

=10*Wcm 2 and Nin,/n=0.20 at |=10"®Wcm 2
From these asymptotic data we conclude that for a given
molecular clustemN;,,/n decreases with increasing the laser
intensity, as already inferred from the simulations presented
in Paper | for the total inner ionization yield. A cursory ex-
amination of the time-resolved impact ionization défg.

4) reveals that the long time limit for the attainment of satu-
ration of Nj,,,/n at1=10"*Wcm™? is manifested at longer
times than the corresponding times for near saturation of
inner ionization(characterized by inner saturation levels of
95%, as subsequently defined in Sec. I @n the other

24 hand, atl =10'¥W cm™ 2 the saturation onset for impact ion-
<160 ization nearly coincides with; (Fig. 4), however, at this
= s high intensity the contribution of the impact ionization is

05 small. Accordingly, al =10'®W cm™?, a substantial contri-

bution to the impact inner ionization level occurs sequen-
tially to the BSI inner ionization. This impact ionization mi-
nority component provides a long-time tail for the time

Time (fs)

FIG. 3. Time-resolved electron dynamics in %g clusters(——) and in

Xeso Clusters(— — —) driven by a Gaussian shaped laser field, H§s.  eyolution of the inner ionization. We found that this long-
and (2), which is represented in the lower panel in arbitrary ufitgh F, : . . . .
—0 at 6.0 by a dashed-dotte--— - —) curve. The laser peak intensity time tail of electron dynamics is not important for the

is 1 =10 W cm~2. The ionization levels are defined per Xe atom in the Nuclear dynamics, i-_e-’ time scales and ion energetics of clus-
cluster. Notation and data representation as in Fig. 2. ter Coulomb explosion.
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TABLE I. Electron dynamics in molecular clustéts.

ATg Tii Toi

Cluster W Cm72 nii(ts)c (nii)satC noi(ts)c (noi)sa\tC (np)sa\tC fsd fse fse
(CDy) 1061 106 5 7.7 0 5.1 2.6 3.8 89 152
101 5 8 0 8 0 3.1 3.9 4.4
10'° 5 8 0 8 0 2.2 2.8 3.9
101 8 10 8 10 0 0.2 4.0 4.2
Xeyso 10 1 7.7 0 4.3 3.2 6.4 185 134
10'8 1 18.7 0 18.7 0 2.2 7.0 55
Xei061 106 1 7.3 0 3.2 4.1 6.5 29.1 1238
108 1 21.3 0 21.3 0 3.4 8.4 5.8

&Simulation data for a Gaussian laser field, Ed3.and (2), with the initial laser fieldFg (att=ty; —oo<t,

<0) defined in Sec. Il A.

bTwo-step temporal multielectron ionization involving the inrfeuten ionization processes-58 (0—8) and
8—10 (8—10).

“Initial n;(ts) and final asymptotic ;). Values for the numbers of electrons per constituent molecules or

atoms for inner ionizationr(;), for outer ionization {,) and for the asymptotic valug,(«) of the nano-
plasma electrons.

“The time lagA 7o,=t{"?—t{¥2) between half values of the rise times of electron populations for outer and
inner ionization.

€Characteristic times for inner ionization;) and for outer ionization4,), Eq. (6).

D. Time scales and yields for inner

-ales a and Sec. Il . Similarly, the saturation timek,; for outer
and outer ionization

ionization were defined biii(te)/(Ngi)sa= 0.95. The values
The initial ionization levels for inner/outer ionization are Of the onset and saturation timgg®, tg*, t;, andty;, to-
specified in terms of the initial values of (ts) andn;(ts) gether with the corresponding ionization levels, are pre-
=0, discussed above. The times for the onset of inner and gfented in Fig. 5. These onset and saturation times are given
outer ionization will be denoted k" andt3™, respectively. ~for the laser envelope Eqgl) and(2), used in our simula-
t?"® corresponds to the initial rise of[n;(t{" tions. _
—nii(te) 1/ (ni)satby 0.05, whilet2™ corresponds to the initial For the (CD)1061 Cluster (Figs. 1 and 5 and Table),|
rise of N(12™9/(Ng)sa by 0.05. The final ionization levels the inner ionization levels at =10**Wcm™? and at
for inner/outer ionization are given by the long-time satura-! =10*Wcm™? increase in a single gradual step from
tion values ofn;(t) and ofny(t), being denoted asnf)ey n; =5 (corresponding to the @, moleculg and saturate at
and (ny)sas respectively(Figs. 1-3 and Table)l The satu-
ration timest;; for inner ionization are defined for the attain-
ment of 95% of the saturation valuenj(s, i.€.,
n; (ti)/(n;)sa= 0.95 as discussed above. This choicet;pf
was motivated by disregarding the contribution of the long-

time tail for impact ionization fol =10**wWcm=2 (Fig. 4 % ,
k] 20
% o 10! .
< Tmer |9 1070 ® Guter
1200 . . | : ; . '(CD4) . =j Iomzatlgn{i ;g”g;): Tonization
1061 s - T T - L
1000 - e \ - £ ' -
ﬁ, .~ I=10"Wem? <
800 J/ . g
, Xewar . .-
Y A
=Y ’ .-
E 600 1 I -
z ﬂ - (CD Y161 20
ol ] i 00 i 1)
I=10Wcem?
FIG. 5. Arepresentation of initial levels and saturation levels for inner and
200 /0 E T e g outer ionization, together with the timésn the temporal scale of the laser
1061 pulse for the onset and saturation for inner and outer ionization in molecu-
] Ry . . . . , \ lar clusters. The open symbols represent inner ionization data with each
0% 20 -10 o 10 20 30 40 50 60 solid line (—) connecting two points corresponding [tg"*,n;(t)] and

tfs) [ti,(Ni)sad. at the laser peak intensities of #@v cm=2 (O), 108¥W cm™2
(), 1=10""W cm™? for the C"* formation (A), andl=10*W cm™? for
FIG. 4. The time dependence of the total number of electrons produced bthe C"® formation (V). The closed symbols represent outer ionization data
impact ionization in (CB),0s;and X&6; Clusters at laser peak intensities of with each dashed line connecting two poifit§'®,ng(ts) 1 and[te;, (Ngisad
10"W cm™2 and of 168 W cm™2 (marked on the curvgsThe vertical ar-  at the laser peak intensities bt 10*W cm™2 (@), |=10¥Wcm™2 (W),
rows represent th; data for the near saturation of the inner ionization for and1=10""W cm™2 with the formation of C* (A) andl=10""W cm™ 2

each case. with the formation of C® (V). Lower panel: Xgsqand upper panel: Xge; .
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t;=2.9fs for 1=10Wcm 2 and at tj=—17.4fs for 3), i.e., t;=6.2fs for Xggs; and t;=2.9fs for (CDy) 1061
10 W cm~2. On the other hand, at an even higher intensityat |=10"*Wcm™2, while t;j=—7.4fs for Xggs and
of 1=10°"Wcm 2 the inner ionization level of (CR4se  tij=—18fs for (CDy)106; at | =10"¥Wcm™2 (Fig. 5. This
manifests two stepdigs. 1 and 5 and Tablg, Ifirst increas-  difference can be traced to the differences in the energetic
ing to (N;)sa= 8 (Marking the formation of €' D), saturat-  hierarchy of the ionization potentials of a Xe atom and of a
ing at t;=—23.2fs and subsequently increasing t;)(; CD, molecule(Fig. 2 and Table | of Papej.lIn the case of
=10 (marking the additional ionization of the §J° inner  the CD, molecules, the ionization leve; =8 (C**D, ion)
shell and formation of £'D;), with the saturation time at is attained at~2x10"Wcm™? and cannot be changed up
t;= —5.9fs. For the lowest intensity f=101°Wcm™ 2, the  to | ~4Xx 10" W cm™ 2 [Fig. 2a) of Paper ]. This is the rea-
long (positive values oft; andt,, (Fig. 5 reflect that the son for the broad saturation level in the ionization process
most effective processes of inner/outer ionization occur irgenerated for (CE 061 by the Gaussian shaped laser pulse
the vicinity of the laser field peak and beyond it. On the other(Fig. 1). In contrast, the ionization level of the Xe ion
hand, at higher intensities of=10-10"Wcm 2 the increases more or less smoothly with increasing the laser
negativet; values(Fig. 5 indicate that the valence electrons field [Fig. 2(b) of Paper |, so that in the Xg clusters sub-
are ionized before the laser peak is attained, while the BSEcted to the Gaussian shaped laser pulse the inner ionization
of the inner shell C(4?) electrons is accomplished at level also increases smoothly, up to the saturation level
|=10""Wcm 2 near the laser peak. The outer ionizationreached in the vicinity of the peak intensitligs. 2 and B
level of (CDy) 1061 at the lower intensity of =10**Wcm~2  The outer ionization leveh,; follows the inner ionization
reaches a limiting value ofn(;)s,=5.1 at the outer ioniza- leveln; (Sec. ll).
tion saturation time of ;= —13.7 fs(Figs. 1 and 5 and Table The electron yields for the inner and for the outer
). Thus, atl=10"%Wcm 2, (Ng)sa<(Ni)sar aNd 0p) sat ionization processes in Xelusters(Figs. 2 and 3 and Table
=2.6 electrons remain in the nanoplasma. In contrast, & reveal a qualitative difference between the lower and
higher intensities off =10'*—10**Wcm 2, the inner and the higher intensity regimes. At=10*Wcm? the
the outer saturation times are short and nearly equal, i.edsymptotic values of the ionization levels are; )
ty=t,~—12fs for the “one-step” multielectron ioniza- = (Noi)sat (Table ), reflecting on the retention of the nano-
tion at I=108Wcm 2 to (n;)s=8, and tj=t,=—2fs Plasma within the cluster with an asymptotic value of
for the two-step multielectron ionization ta)q,=10 at  (Np)sar3.3—4.0 for the nanoplasma population at “long”
|=10°Wcm 2. Thus in the 18-10" intensity domain fimes of >30 fs (Fig. 2). On the other hand, for the higher
(Nodsa= (Mi)sas @nd (1) s=0, Manifesting complete nano- intensity of | =10*¥Wcm 2, the nanoplasma is depleted at
plasma depletion via outer ionization at relatively short timeghe time oft>—5fs, where Q;)sa= (Nio)sar and (1p) sai=0-
in the vicinity of the laser peak. The intensity dependent ionization level, W|th§§§Sat being
The inner and the outer ionization dynamics of Xe finite atl=10*Wcm™* and vanishing at=10"*Wcm 2,
(n=459,1061) clusters for the peak intensities is qualitatively similar for Xg¢ and (C0),), clusters.
|=10"Wcem™2 and 138Wcm 2 are portrayed in Figs. 2
and 3. The onsets for inner/outer ionization for both,g5e ) o
and X g, clusters reflect the relatiof™<t%", and are in E. E_Iectron energies at the outer ionization
accord with the sequential nature of the inner/outer ioniza® patial onset
tion processeqFig. 4). The same pattern is manifested A rough estimate was obtained from our simulations
for the (CDy) 1061 Clusters(Fig. 4). At rather low laser fields, on the energetics of the electrons produced by outer ion-
i.e., att=—22fs for|=10'*Wcm 2 and att=—32fs for ization. In our simulations we have set the spatial limit
| =10"Wcm™2, a step in the inner ionization level from for outer ionization ag=6R. At the distance off =6R,
n; =1 ton; =3 is exhibited for Xgsqand Xgpe; (Figs. 2 and  which corresponds to the outer ionization onset, our
3) at both intensities studied herein, which manifests sequersimulations for Xg (n=249-2171) in the intensity range
tial two electron field ionization with the formation of Xe.  1=10'-10Wcm 2 give average electron energies in
A subsequent large increase of the ionization level occurs ahe range of 1-40 keV. The average electron energjgs
longer times with increasing the field amplitude of theat the spatial outer ionization onset for10Wcm 2
Gaussian pulse. In general, the saturation titjesxhibit a  are e,,=1.18 keV for X,q, €,,=1.39keV for Xgsy, and
weak cluster size dependence and a marked intensity depeag=1.55keV for Xegs, While for 1=10"%¥wWcm 2
dence for inner and for outer ionizatidRig. 5. At the lower e, =10.1keV for Xe&,9, €e,=14.1keV for X@sq,
intensity of | =10"Wcm™2 the saturation levels for both e,,=25.7keV for Xggg;, and e,=39.6keV for Xe;;.
inner and outer ionizations are manifested beyond the peakhuse,, increases with increasing the cluster size and mark-
intensity (Figs. 2 and b with t;=5.4fs andt,=6.7fs for  edly increases with increasing the laser intensity. These re-
Xeysg (Fig. 4). At a higher intensity of =10"¥Wecem 2 the  sults should be considered as approximate estimates only, as
saturation times are somewhat below the laser field peathesee,, values(obtained ar =6R) do not reach saturation
(Figs. 3 and 5in the range;;= — 10.3fs and,;= —9.6fs for  with a further increase df (i.e., €,, increases by about 50%
Xeysq (Fig. 5). The difference between the ionization dynam-whenr is further increased from® to 15R). These simula-
ics in (Xe)os; and (CDy)q0e; Clusters at botH =10'® and  tion energetic data for the electron energies in the outer ion-
10 W cm™? is reflected in the appearance of longer saturaization of a single cluster cannot be directly confronted with
tion times for inner ionization in the former cadégs. 1 and  experiment, where the energetics of the outer ionization of a
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single cluster cannot be interrogated, but rather the electrons Tii:tii_ti(il/Z)

are removed from the clusters into a macroscopic plasm
(Sec. V). At 1=10W cm™ 2 the electron energies,, cor-
respond to velocities 0f~900—-1200 Afs®, which are not
much smaller than the light velocity(v/c~0.3—0.4). This
finding confirms the need for our relativistic treatment of the
motion of the electrongSec. Il A).

IIl. ELECTRON DYNAMICS IN INNER
AND OUTER IONIZATION

Clusters in ultraintense fields. I 1353

(12
ol "

=toi—t (6

a

The characteristic time;; corresponds to the time scale for
the nanoplasma formatiotio be further discussed in Sec.
IV), while 7, represents the depletion time of the nano-
plasma.

The characteristic times for (GPge; Clusters(Table )
were obtained from the simulations of the electron dyna-
mics (Fig. 1). These characteristic times in the intensity
range 16°-10Wcm 2 vary in the region 9-2 fs forr;
and 15-4 fs forr,;, revealing the decrease of both and

To specify further the electron dynamics, we introduce7oi With increasing the laser intensitfrable ), as expected

the half lifetimest{*? andt{}® for inner and outer ioniza-

for the barrier suppression ionization mechanism for

tion, respectively, which characterize the attainment of 50%4nner ionizatio* of the cluster constituents, and the cluster
of the corresponding ionization process. These half lifetimedarrier suppression mechanism for outer ionizatiaper J.

are obtained from the initial and final ionization levels in
terms of the relations

i (t§2) = (Ni)sar Nii(te) 112,
noi(tgilm)) = (noi)salz-

The values ot{? andt{}*? can be inferred from the data of
Figs. 1-3. The values df? andt{}’? are, of course, deter-

(4)

At the lower intensity ofl =10"*Wcm™2, 7;<7y, poin-

ting towards sequential inner/outer ionization dynamics. At
I =10W cm™2 the retardation of the outer ionization dy-
namics reflects on the retention of the nanoplasma within the
cluster for long times, which provides a screening effect. In
this intensity range the values ef=15.2 fs andr;=9 fs are
comparable to the laser pulse width of 18 fs. At higher in-
tensities of 16f-10°°Wcm 2, the characteristic times;

mined on the time-dependent laser field. Of interest is thend 7, in the range of 3—4 fgTable ) are considerably

delay timeA 7o, between the half lifetimes for outer and for
inner ionization

12) (112
A7 =ti{?—t{?,

5

which provides a quantification of the relative time scales for

the two basic ionization mechanisms. From the,, data
summarized in Table | for (CBDigs and Xg(n
=459,1061) clusters, we infer that:

(1) For all the molecular clusters studied hereéing,
>0. The positive delay time demonstrates that the inner an

shorter than the pulse width. For these higher intensities
=1, (or ratherr; < 7,;,) with the time scale for a complete
electron depletion from the nanoplasma being close to the
time scale for the nanoplasma formation in these clusters.
The characteristic times for Xeclusters in the intensity
range | =10"%-10"®¥Wcm 2 (Table ) fall in the ranger;
=30-7fs andr,;=13-5fs. The femtosecond time range
for electron dynamics in Xgclusters is qualitatively similar

to that in (COy), clusters, however, some quantitative differ-
dnces prevail. In Xeclusters, bothr; and 7, decrease with

the outer ionization processes are sequential, with the innéncreasing the laser peak intensity, as in the case for

ionization preceding the outer ionization.
(2) A7y, decreases with increasing the laser peak inten
sity.

(3) Some further indications are obtained for the se-

(CD,) 1061 Clusters, in accord with the BSI mechanism for
mner ionization of the constituents and the cluster barrier
suppression ionization mechanism for outer ionizatiBa-
per I). For the (CD) 4061 Cluster ;< 7, as appropriate for

quential nature of the inner/outer ionization processes fronthe sequential inner—outer ionization dynanjjgsint (1)]. In

the saturation times; andt,;. For (CDy)1061 Clusters over
the entire intensity domain (18-10°°Wcm™2), for Xeysg
clusters in the intensity domain df=10"°-10Wcm 2,
and for Xggg; in the intensity domain of =10¥Wcm ™2
the data of Figs. 1 and 2 reveal thakt,;, as appropriate

contrast, for Xe clusters, the inverted relation,> 7, pre-
vails. This difference reflects on the energetic hierarchy in
the ionization potential of the Xe atoms, already referred to
above in the context of the saturation tim&ec. 11 D).

Of interest are some manifestations of the oscillatory

for a sequential process. On the other hand, for the largdsehavior of the ionization levels induced by the interaction

Xejpe1 Clusters atl=10Wcm 2, this relation is not

obeyed, reflecting on high-order hierarchical ionization of
the Xe atoms in the cluster. Concurrently, the,, data
[point (1)] provide the necessary evidence for {ipesitive

with the laser field. Both inner and outer ionization levels, as
well as the nanoplasma population in Xelusters at high
intensities (=10"W cm™?2), exhibit temporal oscillations
(Fig. 3) with a frequency that equals the double value of the

time delay between the outer and the inner ionization of théaser frequency. The maxima of the temporal oscillations in

sequentiality of these two basic, distinct processes.

To further specify electron dynamics in this laser-
electron coupled system, we introduce the characteristi
times 7; for inner ionization andr,; for outer ionization,

Nii, Nei, andn, roughly coincide with the maxima of the
laser field amplitudes, in accord with the physical model of
ield ionization of the constituent®aper J.

Subsequent and parallel to the outer ionization process,

which are defined as the lifetimes for the attainment of halfwhich results in cluster charging, the Coulomb explosion

of the limiting values for the inner/outer ionization, relative
to t; and tot,;, respectively. The characteristic times are
given by the relations
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ized by the time of the cluster radius doubling, fall in the I(Wem?)
_ . 16

range of rcg=10-20 fs!%13-152These time scales foree 0.06 12 107 10%
nuclear dynamics are comparable to the characteristic time_~ O Xeygg 120
7; and 7; for the electron dynamics for inner/outer ioniza- g 0041 o Xeye 2125 z
tion atl=10"Wecm 2 (Table ), while atl=10"¥Wcm 2 5 lsos

. . = 2002 gn.
the time scales for nuclear dynamics are longer than those fo & w

electron inner/outer ionization dynami¢Bable ). The cou-

pling between the electronic ionization dynamics and the £~
nuclear Coulomb explosion dynamics, whose consequence £ 0.3F
were explored herein by our simulations, may be of some=z= 02k

importance and requires further stufdy. 5 ol
: 0 1 1 I_
IV. NANOPLASMA 1016 107 101

. L I(Wem?)
The unbound electrons generated by inner ionization,
which are confined to the cluster and to its vicinity, andFIG. 6. Time evolution of the electron populations of the nanoplasma
the cluster ions form the nanoplasma. With the onset of? X€ss and Xage clusters in the laser peak intensity domain

the laser pulse. the number of unbound electrons in thI=101‘5—1018Wcm‘2. The upper panel represents the reciprocal values of
P ' the nanoplasma temporal width{{’) ~*, while the lower panel represents

plasma, Ne= nn, (with ny=n;— noi)' first increqses and the reciprocal values of the rise time{() ~* and the decay timer{") ~*.
subsequently either reaches saturation for lower intensities @it the lowest intensity of = 10 W cm™ 2 the nanoplasma is persistent with
| =10"W cm™? (Figs. 1 and 2or is completely depleted at (71°") "*=0 and ¢{) "1=0. The lines combining the pointspecified on
| =10"¥Wcm 2 (Fig. 3. the figure are drawn to guide the eye.

At this point it will be appropriate to distinguish between

the nanoplasma in single clusters and a macroplasvith ] ] )

the size of ~1073-10 ‘cm) formed in a cluster beam The time evolution of the electron population of the
within the laser focusthe plasma filamen{:” The for- nanoplasma is characterized by the total temporalvs{z'ﬁ‘iﬁ
mation of this macroplasma starts with the onset of thdthe time delay between the onset and the vanishing of
outer ionization process, which transfers the cluster electron@s(t)]. the nanoplasma rise time,) [the time difference
to the intercluster space. At the high laser intensity ofP&tween the times corresponding to the attainmenngf

| =10'8W cm~2 the outer ionization process removes all the@d 0f (Np)sa2 on the rising part of(t)], and the nanopo-
cluster electrongFigs. 1 and B thus completing the forma- lasma decay time'?” [the difference between the times cor-
tion of the plasma filament. The situation is different at thef€SpPonding to 1fip)say> and of (1) sqe 0N the falling part of
lower laser intensity off =10"W cm~2 when the cluster Np(t)]. In Fig. 6 we present these nanoplasma characteristic
plasma continues to exist after the outer ionization procesifetimes 7i°T, 70, andr{y [where the oscillatory behavior
reaches saturatiomf)s,=>0 (Figs. 1 and 2 In this case, the ©Of np(é) was averaged olitFor the laser pulse used herein,
plasma filament is formed in two steps. The first step in-the 7,°" values, which are finite for>10"*W cm2, fall in
volves the outer ionization process on the time scale othe range 10-30 fs, and th¢” lifetimes can be defined in
20-30 fs(Figs. 1 and 2 The second step takes place when, this intensity domairiFig. 6). The characteristic lifetimes for
due to Coulomb explosion, the cluster diameters becom#he nanoplasma risetime” (for all the | values studied
comparable to the intercluster distances, so that the identifherein fall in the 3-10 fs time domain, exhibiting a weak
cation of single clusters loses its significance and the clustegluster size dependence and decrease with increasifige
electrons constitute the electrons of the plasma filament. Thisanoplasma decay time%d) (for 1>10"*Wcm™?) fall in
process is realized some 100—200 fs after the onset of tH&e range 3—7 fs and decrease with increasig the lower
cluster ionization process. intensity ofl = 10'®*W cm™2 the nanoplasma population per-

We shall now return to the properties and dynamic re-Sists over “long” times of>50 fs. The lifetime of the nano-
sponse of the nanoplasma interacting with the laser field. Thplasma under these conditions is expected to-d€0-200
following properties of nanoplasma are notable: fs,"*> as previously discussed.

(1) The nanoplasma is positively charged. Ag(t) Information on the spatial inhomogeneity and dynamics
>n(t) for all t (Figs. 1-3, the nanoplasma is positively of response of the nanoplasma emerges from snapshots of
charged. The total positive charge of the nanoplasma ispatial distribution of the unbound electrons at different
Q(t) =n[n;(t) —ny(t)1=nny(t), provided than,(t)>0. times. The snapshots for Xeclusters atl =10Wcm™?2

(2) Persistent[(n,)s,e>0] and transient[(n,)s,=0]  (Fig. 7) show that the electron cloud is spatially inhomoge-
nanoplasma in (CEBips; and in Xe (n=1061,459) clus- neous, while the majority of the unbound electrons are lo-
ters. The persistent nanoplasma prevails at the lower inter¢ated inside the cluster. At those times, in the vicinity of the
sity of | =10 W cm™2, while in the higher intensity domain peak of the laser pulse, the plasma electrons are subjected to
of | =10"-10"*W cm™2 the existence of the transient nano- temporal oscillations and the electron cloud becomes slightly

plasma is realized. elongated along the polarization direction of the laser field
(3) Femtosecond time scales for the nanoplasma formaF, [Fig. 7(a)]. With the decrease of the laser fieldtat 0
tion and depletion. the electron oscillations become weakErg. 7(b)]. Simul-
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FIG. 7. The dynamics of the electron cloud in the nanoplagaresented in two dimensions a Xeys, cluster at the laser intensity=10'W cm™2 and
propagation direction along theaxis, as obtained from molecular dynamics simulati@e® text The numbers represent the tim@n the time scale of the
laser pulsgand the laser fieléF, (in eV A™1). The total number of electrons, is presented on the figures. The circles represent the cluste(@izehe
electron cloud(nanoplasmp oscillating in the temporal vicinity of the peak of the laser field, exhibiting a left-side/right-side biased distribution at
t=—0.51s/0.9 fs, wherF,= —27 eV A"1/26.8 eV A"! and a central distribution at=0.9 fs for a loweF,= — 1.2 eV A value.(b) Subsequent time events,
when the cluster manifests Coulomb explosion while the electron clwarbplasmpacontinues to exhibit oscillatory behavior in the laser field, exhibiting a
left-side/right-side biased distorted distribution at 13.7 fs/15.2 fs, wéfen=—11.8 eV A 1/9.8 eV A1 and a central distribution dt=14.3 fs for a low
eF,=—1.3eV A ! value.(c) Left-side biased distributions for three different stages of Coulomb explo§)dn: — 0.5 fs, cluster radiuR close to the initial
radiusR,, with the laser intensity at maximurtij) t=13.7 fs,R~1.4R,, with the laser intensity; andii) t=25.1 fs,R~2R,, with the laser intensity being
close to zero.

taneously with the laser field decrease, the radius of thevhere the oscillatory motion of the electron center of mass
Coulomb exploding cluster increasfisig. 7(c)], and final- X, along the laser fieldF, direction (the x-axes is shown

ly the electron cloud becomes symmetrical and concenfor the Xes, cluster subjected to the laser pulse peak inten-
trated mainly around the cluster center. At the laser intensitgity | =10 W cm 2. The process of energy pumping from

— 108 ~2 ol : : ,

| =10'*W cm™? the spatial inhomogeneity of temporal oscil- the |aser field to the nanoplasma, and consequently the outer
lations are very strongFig. 8. When the number of elec- jgnization process, can be enhanced by the quasiresonance
trons is largeFig. 8@] the electron cloud is strongly elon- \achanism. The quasiresonance character of the energy

gated alongF,, at least in the vicinity of the laser field ,mping is manifested by the oscillations of the center of
amplitudes. The laser field moves electrons through the clu§n

o oo nassXcy of the unbound electrons along the laser fiélﬂ
t?r when the dwepnon of th? f'?.ld IS changed, and at the Ias.‘e;golarization direction. The temporal onset of the population
field peak amplitudes a significant fraction of electrons is

shifted out from the cluster. When the number of the un-Of the nano_plasmaiper X_e ato) increases from the initial
lue of unity to a maximal value of 3.5 at-—10fs and

bound electrons becomes small and the laser field becomé’gl

stronger, the electrons move mostly outside the clu$tggs dhecreasels tp zer? ?1?5 fs (F'gl' 9. The Wr?akaSC|llatlons '2, h
8(b)] and outer ionization prevails. At=10"¥Wcm 2 the the population of the nanoplasma, with a frequency whic

electrons outside the cluster move mostly along thefCTTeSPONds to the double value of the laser frequéhiy.
x-coordinate but with some small shift towards the positive®) are in accord with the results for higher intensitigtg. 3
z-direction, i.e., the direction of the laser light propagation@nd Sec. 1ID. According to Fig. 9 theXcy demonstrates
(Fig. 8. This shift is due to the magnetic component of theStrong oscillations with the amplitude comparable at
laser light field (included in our simulatiorf§), indicating t>—15fs to the cluster radius which is initiallyR,
that the electron velocity outside the cluster is not negligibly=18.4A, andR=20A and R=30A at t=—10fs andt
small as compared to the light velocity and confirming the=0, respectively. The phase shift between the laser field and
need for the relativistic approach used in the dynamic simuthe X¢y oscillations increases in time, being0.27 at t=
lations. —10fs and~0.4-0.57 in the vicinity of the pulse peak at
The snapshots of the electron oscillations in the outet=0. The phase shift indicates a contribution of a quasireso-
part of the nanoplasma are clearly represented in Fig. Mance process to the energy pumping from the laser field to
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FIG. 8. The dynamics of the electron cloud in the nanoplagmaresented in two dimensionin Xe,sy clusters at the high laser intensity of
I=10"W cm™2, obtained from molecular dynamics simulatioisee text The circles represent the cluster size. Notations as in Fig. 7. The laser field is
polarized along the axis and the direction of the light propagation is alongzleis. The simulations represent oscillatory time dependence of the electron
cloud in the laser field exhibiting left-side/right-side biased distribution at lfe§e| values and a central distribution for Ig@F,|. () Early time events
t=-12.9 to—11.5 fs, with an oscillatory laser driven electron cloud. Note the large valubg6fl810-890.(b) Later time event$=—10.0 to—8.6 fs.
Increase of size of electron cloud during oscillatory laser driving. Note lowering of Wg+40780—186 due to outer ionization. Small asymmetry along the
z axis originates from magnetic field effects.

from the lower intensity domain. At=10"¥Wcm 2 and
the cluster electrons. Concurrently, with the increase of thggy F,=-2eVA™1 astrong distortion of the spatial elec-
laser field, the quasiresonance effect drives the outer ionizaron distribution from the initial distribution occurs toward
tion, which is nearly complete, just above the peak of thggy values of r/R (Fig. 11. This spatial shrinking of

laser field(Fig. 9). _ . ~ the electron cloud, which peaks in the vicinity 0fR=0.3,
Some further information emerges from the simulations,g 4used by the enhanced electron—ion Coulomb attrac-
of the spatial, angular and energetic distribution of the elecﬁon, which is due to the large ionic charge of the cluster
trons within the nanoplasma. In what follows, typical re-(le17 000) produced by the effective outer ionization
sults are presented for Xg; clusters in the laser peak in- in this intensity domain. For a strong laser field Bf
tensity range 18-10'*Wcm™2. Figures 10 and 11 display _ _174evAL a Wide.P(r/R) distribution peaking at

:arllgct:‘i(:llsalatsﬁl’?gi?l d?;f;gg:gggmp;ﬁzagﬂ;i(:/Clz)mg:mt:f r/R=0.5 with a broad spatial tail towards higher values of
r/R is exhibited. TheP(r/R) curve extends well beyond the

malized to the cluster radiug), together with the electrons’ cluster boundary, in accord with the maps of the spatial elec
average ener atr/R. TheP(r/R) ande,(r/R) spatial ’ ]
g v (r/R) €al'/R) sp tron distribution(Fig. 8).

distributions are presented for several laser fieldg) (at a

fixed laser peak intensity. For the lower peak intensity The spatial distribution of the ave(;isge engrznger
of 1=10'W cm 2, the P(r/R) curves for both laser fields Panels of Figs. 10 and 1lat |=10"Wcm “ and
F,=—27eVA ! andF,=6 eVA ! are qualitatively simi- =10 Wcm 2 reveals a weak spatial dependence of

lar to the initial electron spatial distributicifFig. 10, with a  €a{r/R) within the cluster arr <R. At |=10"Wcm 2,

small deviation of the maximum towards a lower value of €a=50—-60eV for r<0.9R (Fig. 10, while at

r/R. At the higherF, value a tail in the radial distribution =210 Wem™? e, =0.4-0.9keV forr<R (Fig. 10. At a
towards larger values af R>1 is exhibited(Fig. 10, mani-  fixed value ofl, the uniform average electron energy of the
festing the displacement of the electron cloud, in accord withanoplasma is nearly independent Bf, and increases
the snapshot for the spatial extension of the electron clou¢roughly asl¥?) with increasing the laser peak intensity
beyond the cluster boundarffirst and third panels in The average energy markedly increases when approaching
Fig. 7(a]. At the high intensity range of=10**Wcm 2  the cluster boundary and beyond it. k¢ 10"°W cm™2 and

the P(r/R) distribution (Fig. 10 is qualitatively different eF,=—27eVA™l, ¢, increases to high values of,,
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FIG. 9. Electron dynamics of outer ionization of (%g) clusters at

FIG. 11. Spatial radial distribution probability(r/R) of the nanoplasma
=10 W cm™2. The time dependence of the laser fiéild arbitrary unit$

electrons(upper paneland spatial distribution of the electron average en-
is represented by a dashed line. The center of nxags of the electron  ergye,, in a nanoplasma produced in a%g cluster by a laser field of peak
cloud along the light propagation directi¢n—) nearly follows the laser  intensityl = 102 W cm 2. The data, which are recorded at a high laser field
oscillations(see text, but exhibits an increase of the amplitude with increas- s eF,=—174eVA L ( ) and at a low laser field 0&F,=—2 eV A

ing time due to outer ionization. The outer ionization is manifested by the(f — —), are marked on the curves together with the timéar the laser
decrease of the number of the electrgmer atom in the clustet(right scalg pulse. The initial radial electron distributiofat t=t, see text is also
with increasing time( - - ). The number of electrons shows oscillatory ghown on the upper panel. Note the spatial shrinking of the spatial radial
time dependencewith a doubled frequency of that of the laser fielhe  gigyribution due to electrostatic effects, the nearly constapwithin the
outer ionization time is-5 fs under these conditions. cluster (the limited data range for the low field being due to a very low
electron density beyond/R>0.7), and the marked rise ef,, beyond the
cluster boundary.

=1000eV ar/R=1.7, while ateF,=6 eV A"! the average

energy reaches a peak af,=400eV atr/R=1.2 (Fig. 10. S

At 1=10®Wcm 2 and ateF,=—174eVA ! the high- The angular distributiorP(#) of the nanoplasma elec-
field increase of e, beyond the cluster boundary is rons (Figs. 12 and 1Bfrom Xejes, clusters is presented
exhibited to a value of,,~3 keV atr/R=1.7. The increase Separately for the interiorrCR) and the exterior > '3)2
of the e, values of the nanoplasma average energy beyongPatial regimes. At the lower intensity d’f:lol Wem-
the cluster boundary towards the values 1-3 keV is in acand a highinegativeé field of eF, = —27 eV A -+ the interior
cord with the high keV values of the electron energies afr <R) angular distribution is similar to the “uniform” dis-

r=6R, which were(arbitrarily) specified in Sec. Il E as the tribution P(6)=sin g, which peaks ap=m/2 (Fig. 12. The
onset of outer ionization. exterior angular distribution is strongly biased toward large

0.40
0.25 Xeygs1 .
+ g ,” S L Xe
_ O m0Wem? o Initial 1061
%0151 ' — eF,=-27eVAT;t=141s 030k 1=10'Wem?
£ 0.10r ---- eF;~6 eVAT; t=0.6 fs ’ >R
0.05F L — eFy=-27 eVAl; t=-1.4f5
o: ; _ ---- eF=6 ¢VA'l; t=0.6fs
@ L
T 0.20
0.10[
(1] 1 | ! J r
0 0.5 1.0 1.5 2.0 2
/R 0.00 . . . .
. . o - 0 /4 /2 3n/4 4
FIG. 10. Spatial radial distribution probability(r/R) of the nanoplasma 9

electrons, wher® is the cluster radiutupper pangland spatial distribution

of the electrons’ average energy, in a nanoplasma produced in a %8
cluster by a laser field of peak intensitylof 10'® W cm™2. The data, which
are recorded at a high laser fiedF,=—27eVA™! (—) and at a low
laser fieldeF,=6 eVA™1 (— — —), are marked on the curves together
with the timest for the laser pulse. The initial radial electron distributian

FIG. 12. The angular distributiorP(6) of the nanoplasma electrons
produced in Xey, Clusters by laser fields with a peak intensity of
1=10"W cm™2. The data, which are recorded at a high laser fiele Bf
=—-27eVA ! (—) and at a low laser field dF,=6 eVA™ ! (— — —),
are marked on the curves, together with the timntes the laser pulse. Data

t=tg, see textis also shown on the upper panel. Note a small shift of the are presented for interior £R) and exterior (>R) plasma electrons. A

maximum of P(r/R) towards lowerr/R values and the increase ef,,
beyond the cluster boundary.

reference curveg- - - -) P(#)xsiné for random angular distribution is
also presented.
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FIG. 13. The angular distributioR( ) and the angular velocity distribution
P,(6) of the nanoplasma electrons produced in gg¥ecluster by a laser
peak intensity of I=10"*Wcm 2, at a high laser field ofeF,
=—-174eVA! (—) and at a low laser field okF,=—2eVA™?!
(— — —). Areference curvé: - - -) P(6)xsin@is also given.

values of6, peaking atd=3x/4 (Fig. 12), with the majority
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FIG. 14. Energy distribution in a nanoplasma produced in gg{eluster

by a laser peak intensity of=10**Wcm 2 and a laser field ofeF,
=—-27eVA! (—), shown in the upper panel, and by a laser of peak
intensity of| =10"¥ W cm™2 and laser fields oéF,= —274eV A (—)

and ofeF,=—2eVA™! (—-—-—-—), shown in the lower panel. The
simulation datgmarked as “simulation) for P(¢) are fit by thermal distri-
butions Py(€), Eq. (7) (marked as “thermal), with the average energy
(e, calculated from the first moment of the simulated energy distributions.
Upper panell =10 W cm™2 and high fieldeF,=—27 eV AL P(e) is

of th? (Smf'?l” n}meer @f(?Xterior electrons being located in el fit by Py(e). Lower panel:l = 10**W cm~2. There is a reasonably
the field direction, as evident from the maps of the electroryood fit for a high fieldeF,=—174 eV A"* and a poor fit for a low field
cloud in Fig. 8. A similar angular distribution is exhibited at eFi=—2eVA™.

a high intensity ol =10¥W cm™2, where at a high negative
field of eF,=—174eVA 1, P(#) manifests a marked an-

gular bias for all the cluster electrons, wi{#) peaking at

resulted in e,=54.1eV at I1=10"Wcm 2 and eF,

~77/8 and the majority of the electrons being located at a=—27 (eVA)™!, ¢,~=0.56keV at|=10**Wcm 2 and

steroangle of @3/4— & (Fig. 13. At this high intensity and at
a weak field ofeF,= —2 eV A1, the angular distribution of
P(6) is similar to the “uniform” distribution, with a slight
shift towards the lowewm values(Fig. 13. The strongly bi-
ased angular distribution at higeF,| values, together with
the nearly uniform distribution at loeF,| values, is in

eF,=—174eVA ! and e,,=0.37keV atl=10"®Wcm?
andeF,=—2eVA 1 The estimates ok,,, at the higher
intensity of | =10"®Wcm™?, are fraught with difficulty in
view of the presence of a weak, high-energy tail, which gives
a substantiailmore than 20%contribution ofe,,, while this
effect is absent for the lower intensity bf 10Wcm™ 2. A

accord with the electron cloud maps of Fig. 8. The data forcursory examination of the simulaté®{e) distributions at
the angular distributions shown in Figs. 12 and 13 are porhigh and low fields at =10"¥W cm 2 (lower panel of Fig.

trayed for negativeéor low) values ofeF,, while inverting

14) for eF,=—174eV A and foreF,=—2 eV A ! reveals

the sign ofeF, results in the inversion of the angular distri- that these two energy distributions are quite similar in the

bution with 6 (negativeeF,)— (7— 6) (positiveeF,), as

intermediate energy range=0—-1.2 keV, however, their first

confirmed by our numerical simulations, which are notmoments differ by 40% due to the different contribution
shown herein. The most interesting result emerging from thérom the high energy tails of the distributions. In this context,
present analysis is the quantification of the angular anisotit is interesting to use thesg, data for the comparison of the

ropy of the nanoplasma.

simulatedP(e€) with the thermal energy distributioR(e€),

Additional information emerges for the angular distribu- with an effective temperaturk,T=2€2v/3, which is given

tion of the electron velocitie$,(#), which are also pre-
sented in Fig. 13. Atl=10"¥Wcm 2 and (large eF,
=—174eV AL, the velocity angular distributio®,(6) is
biased towards larger values @f as compared with the
“uniform” distribution  (Fig. 13, while for eF,
=174eV A ! the bias occurs toward smaller values &f
(not shown here Thus the velocity distribution within the
nanoplasma is not random.

Of interest is the energye) distribution P(€) of the
electrons in the nanoplasntkig. 14). From the simulation
data for the(normalized P(€) distribution forr<R at a
fixed laser field for peak intensities of=10*W cm 2 and

by
Pr(€)x (el eq) 2 exp —3el2€,,). (7)

We note in passing that E@7) corresponds to a potential-
free (or a constant potentiplsystem. From the results of
Fig. 14 it is apparent that dt=10**Wcm 2 the thermal
energy distribution[with €,,=54.1eV obtained from the
first moment ofP(€)] fits well the simulation data at high
laser fields ofeF,=—27eV. At 1=10¥Wcm 2 again a
reasonably good fit of the simulation data to the thermal
distribution with e,,=0.56 keV is obtained at a high field of
eF,=—174eVA ! (Fig. 14. However, marked deviations

I =10"W cmi 2 (Fig. 14, we calculated the average elec- of the high field values oP(€) from P(¢) are obtained in

tron energiese,,= [,deeP(€). The first moments oP(e)

the energy range=0.4-1.0 keV(Fig. 14). Furthermore, at
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I=10Wcem 2 and at a low-laser field ofeF, att=0 for the Gaussian pulse, Eq4) and(2) used herein.
=—2eVA 1 we failed to achieve a proper fit of the simu- These “absolute” time scales provide information on the in-
lated P(€) data by the thermal distribution, Eq7), with  terrogation of the laser pulse by the cluster, and are of lim-
€,,~=0.37keV being obtained from the first moment of theited dynamic interest. Second, “relative” time scales for
simulated energy distribution. As is apparent from Fig. 14, a€lectron dynamics, e.g., the characteristic timgand,; for
this lower laser field the fit of simulatedP(e) to  inner/outer ionization, the time lafy7o, between outer-inner
P:(€) (e,,=0.37keV) reveals marked deviatiofBig. 14),  ionization (Sec. ll), and the times for the population rise,
implying that a self consistent fit for the simulatBde) data  decay, and persistence of the nanoplas8ec. IV), provide
by a thermal distribution is inapplicable. The latter high- significant dynamic information. In the present study a
intensity low-field result is surprising, and may be due to thesimple Gaussian laser pulse shape, H4s.and (2), was
spatial “shrinking” of the nanoplasma electron cloiig.  employed. It is expected that the laser pulse shape will affect
11). The average energies,=54.1eV atl=10"*Wcm 2  both the “relative” and the “absolute” time scales for elec-
and e,,=0.56—0.37 keV at =10"*Wcm 2, obtained from tron dynamics. In recent years impressive progress was made
the first moment of the simulateB(e) distributions, are in the field of laser pulse shaping in the context of control of
close(within a numerical factor of-2) to thee,, versusr/R  laser induced processés® The utilization of laser pulse
energy spatial distribution data obtained inside the clusteshaping’8to the experimental, computational, and theoret-
where the electron density is higkigs. 11 and 1P ical studies of extreme cluster multielectron ionization, i.e.,
inner/outer ionization and nanoplasma dynamics, will be of
considerable interest. Another interesting problem involves
V. CONCLUDING REMARKS the experimental interrogation of cluster electron dynamics.

Interesting features of extreme cluster multielectron ion-This may be accomplished by pump—probe femtosecond ex-
ization in ultraintense laser fields pertain to electron dynamPeriments, which are similar, in principle, to those applied by
ics and to the characteristics of the nanoplasma in large finitéWeiback, Ditmire, and Peny for cluster nuclear dynarics,
systems. Ultrafast femtosecond electron dynamics, whicRroviding information on the dynamics of the formation of
were explored herein for a laser-cluster coupled system, coribe nanoplasma and of its decay.
stitutes a research area. Ultrafast cluster dynamics is not lim- Features of nonequilibrium electronic states of large fi-
ited to the dynamics of ions on the time scale of nucleanite systems emerge for the properties of the nanoplasma in
motion, but is extended to the realm of electron dynarffics. molecular clusters. According to our analysis, the nano-
Examples for electron dynamics, which come to mind, perPlasma has the following features:
tain to condensed phase and surface electron—electron colli- (2 Nanoplasma electrons are confined to the cluster or
sions and plasmon dynamics, electron-metal suffaaad 1o its vicinity.
clustef® image state dynamics, incipient electron localiza-  (b) The nanoplasma is positively charged.
tion in liquid helium?! electron-hole coherence of Wannier ~ (€) The nanoplasma electron density is high. The
excitons and exciton wave-packet dynamics in semiconducelectron density can be inferred from the maximal number
tor clusters and quantum ddfselectron tunneling from in- of nanoplasma electrons, in the persistent nanoplasma
ternal bubble states in large (Hgn>10") clusters?and  (at 1=10"*Wcm™2) or in the transient nanoplasmét
electron tunneling from a nanotip in real tiffeElectron 1=10*Wcm™?). For Xe, clusters(Figs. 2 and B ny,=3
dynamics involves changes in electronic states, without théor the persistent nanoplasma>50fs), while n,=4 for
involvement of nuclear motion, bypassing the constraints imthe transient nanoplasma. The maximal numbgr-3-4,
posed by the Franck—Condon principle. Franck—Condorf electrons per Xe atom localized within the cluster can
constraints are ubiquitous in a variety of chemical and physibe used to estimate the average electron denpity
cal ultrafast processes, e.g., electron tranéfegnergy =np/(477/3)R§<e, where Ry,=3.3A is the radius of a Xe
transfer’® and transition-state time-resolved spectroscBpy. atom. The average electron density in the persistent or the
Electron dynamics on the femtosecadahd attosecondime  transient nanoplasma isp=(2-3)1?cm 3. This high-
scale provides phenomena in condensed phase, surface, aldctron density is comparable to that of a metal.
cluster dynamics. The phenomena of inner ionization, nano- (d) Nanoplasma high energies. High average electron
plasma dynamics, and outer ionization in clusters coupled tenergies are exhibited within the nanoplasma, wighmani-
an ultraintense laser field, constitutes a new realm of electrofesting a marked laser peak intensity dependengg<(*/?
dynamics on the time scale of a few to tens of femtoseconds:F). The average energies for nanoplasma electrons

The present study of electron dynamics pertains to an Xe;oe; clusters atl=10**Wcm 2 is e,,=54¢eV, while
coupled cluster-laser system. From our simulations anét |=10"Wcm 2 the average energy increases ég,
analyses it is apparent that electron dynamics is driven by the-0.4—0.6 keV. Beyond the cluster boundamy>R) the
light pulse of the ultraintense laser. Accordingly, the timeaverage electron energy markedly increases, reaching elec-
scales for electron dynamics are expected to be affected kyon energies for outer ionization of Xeclusters in the
the laser pulse shape. Two types of time scales for electrorange of~1.2 keV (n= 249 atl = 10'*W cm™2) to ~40 keV
dynamics should be considered in this context. First, thén=2172 atl =10"¥Wcm™?).

“absolute” times interrogated by the time scale of the laser  (e) Nanoplasma spatial inhomogeneity. The nanoplasma
pulse, e.g., the attainment of the laser onset of the truncatad spatially inhomogeneous, with thgaser field induced
Gaussian pulse at=tg, and the attainment of the laser peak extension of the electron cloud beyond the cluster boundary
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