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Unique features of Coulomb explosion (CE) of many-electron elemental Xen (n = 13–2171)

clusters driven by ultraintense and ultrashort near-infrared laser pulses (peak intensities

1015–1020 W cm�2 and pulse lengths of 10–100 fs) manifest ion dynamics and energetics in the

extreme, with ultrafast (5–15 Å fs�1) velocities and ultrahigh (keV–1 MeV) energies. Relations

were established between the CE attributes, obtained from molecular dynamics simulations and

from electrostatic models, and the extreme cluster inner ionization levels (5–36 per ion), in

conjunction with the laser parameters required for the attainment of complete outer ionization,

which was approximated by cluster vertical ionization (CVI) initial conditions. Interrelationship

between electron dynamics and nuclear dynamics stems from the effects of the laser pulse length

on the energetics and from the characterization of the border radius for complete outer

ionization. Our computational-theoretical analysis semi-quantitatively describes CE dynamics and

energetics in the CVI limit and also the energetics in the presence of a persistent nanoplasma,

which is in accord with experiment.

1. Introduction

The exploration of the Coulomb instability of large, finite, multi-

charged systems constitutes a long-standing challenge in the fields

of chemistry, physics and biophysics.1–3 The study of Coulomb

instability of clusters was initiated by Castleman et al. for

Coulomb explosion (CE) of molecular clusters,4 and by Recknagel

et al.5 and Bréchignac et al.6 for fission of metal clusters. Related

work focused on a momentum-resolved survey of the Rayleigh

fission barrier in rare gas clusters7 and on CE of proteins.3

Extreme Coulomb instability resulting in CE2 is manifested by

multiple ionization of elemental and molecular clusters, e.g.,

Arn, Xen, (H2)n, (D2)n, (H2O)n, (D2O)n, (CH4)n, (CD4)n, (DI)n,

and (CD3I)n in ultraintense laser fields (peak intensity IM =

1015–1020 W cm�2).8–11 Subsequent cluster CE then results in

the production of highly energetic (keV–MeV) multicharged ions

(e.g., H+, D+, Cq+ (q= 4–6), Oq+ (q= 6–8), Iq+ (q= 25) and

Xeq+ (q = 5–36)).8–27 CE of deuterium clusters12–15 and of

deuterium containing heteroclusters16–24 drives dd nuclear fusion

within and outside the plasma filament formed in an assembly of

exploding (D2)n, (CD4)n, (D2O)n or (DI)n clusters, with the

production of neutrons.12–24 CE of assemblies of completely

ionized large (CH4)n, (NH3)n and (H2O)n clusters (nanodroplets)

will drive nucleosynthesis of protons with 12C6+, 14N7+ and
16O8+ nuclei, with g ray production,28,29 which is of interest for

nuclear astrophysics.28 Notable potential applications of the

table-top devices based on cluster CE pertain to ion imaging,30

accelerator technology of high-energy ions and nuclei,31 extreme

ultraviolet lithography,32 dd nuclear fusion,12–24 nucleo-

synthesis,28,29 time-resolved neutron diffraction14 and ultrafast

g ray emission.29

Theoretical models and computer simula-

tions8–11,15,17,18,22–29,33–37 considered CE dynamics of multi-

charged clusters driven by a sequential-parallel series of

processes involving cluster multiple inner ionization, the

formation and response of a nanoplasma within the cluster

or in its vicinity and cluster outer ionization.8–10 Electrostatic

models addressed the energetics and dynamics of uniform CE

of homonuclear clusters (with equal charge on each atom)

under conditions of cluster vertical ionization (CVI), where the

transient nanoplasma is completely depleted by outer ioniza-

tion10,33,34 with the production of an ionic cluster at the initial

nuclear configuration of the neutral cluster. Additional appli-

cations of electrostatic models involved non-uniform CE of

heteroclusters23–24,34 and a description of CE when the nano-

plasma is persistent.35 A useful concept for the characteriza-

tion of complete outer ionization and for the specification of

the conditions for the prevalence of a transient or a persistent

nanoplasma involves the (laser intensity and pulse length

dependent) border radius R(I)
0 .33–34,36 Computational inform-

ation on cluster multiple ionization, electron dynamics and CE

emerged8–11,15,17,18,22–29,37 from particle molecular dynamics

(MD) simulations, which are practical for clusters containing

up to n = 103–104 atomic/molecular constituents,25,27,37 and

from a scaled MD procedure, which is applicable for

nanodroplets containing up to n = 106–107 constituents.38

In this paper we present a computational and theoretical study

of CE of elemental Xen clusters (n=13–2171) driven by Gaussian

laser fields in the intensity range IM = 1015–1020 W cm�2.

Experimental information is available on the energetics of CE of

Xen clusters in the broad size domain of n = 200–8 � 104 and in

the intensity range of 3 � 1015–2 � 1017 W cm�2.13,39,40 The

dynamics and energetics of the ions and of the (high-energy)

electrons were studied herein by MD simulations, using the

computational methods including a relativistic treatment of the

electrons previously described.25,27,37 This MD simulation code37
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is applicable for extreme inner ionization, multielectron dynamics,

nanoplasma formation and response, cluster outer ionization and

nuclear CE dynamics in elemental and molecular clusters driven

by ultraintense laser fields.25–27,33–34,37 The validity conditions for

the applicability of classical MD simulations to high-energy

electron dynamics rest on the localization of the electron wave-

packet and on the neglect of quantum permutation symmetry

constraints for identical (plasma) particles.37 The Xen clusters were

coupled to a near-infrared (n=0.35 fs�1, hn=1.44 eV) Gaussian

laser field (pulse length of t = 10–100 fs). The laser pulse was

characterized by the initial time t= ts (tso 0) for the switching on

of the field,25,37 the time t = 0 for the maximum of the field

envelope, t = �ts for the termination of the pulse and t = tL
(tL = 4t) for long times. Some new facets of nuclear dynamics of

CE of highly charged elemental clusters of many-electron Xe

atoms are revealed:

(1) The dependence of the dynamics and energetics of CE of

many electron elemental clusters on the cluster size and on the

laser parameters. Extreme multiple ionization produces

{Xeq+}n clusters, with an average charge qav per atom of

qav = 5–36,25,27,40,41 allowing for the interrogation of CE

attributes over a broad domain of ionic charges.

(2) CE under complete outer ionization. In the cluster size

domain (n r 2171) studied herein and at sufficiently high laser

intensities (IM = 1018–1020 W cm�2) the nanoplasma will be

transient, undergoing complete outer ionization with the for-

mation of a purely ionic cluster.25–27,36 A limiting case of this

physical situation involves CE under CVI conditions, which

constitutes a purely ionic system in the geometry of the neutral

cluster.25,26,33,34 Electrostatic models for CE energetics and

dynamics under CVI conditions accounted for the gross

features of the simulation results for IM Z 1018 W cm�2.

(3) CE under incomplete outer ionization. At lower inten-

sities (IM = 1015–1016 W cm�2) and/or large cluster sizes the

nanoplasma is persistent, retarding CE due to screening

effects. The dependence of the CE energetics for these condi-

tions was accounted for by a persistent ‘‘cold’’ nanoplasma

model,35 which was extended for many-electron clusters.

(4) The characterization of electron outer ionization and CE

nuclear energetics in terms of the laser intensity and pulse

length dependence of the border radius R(I)
0 . In our previous

work10,24,33,34,36 for sufficiently short pulses (t r 25 fs),

R(I)
0 was evaluated from modeling33,34,36 and from simulations

of outer ionization electron dynamics at the laser peak.33,36 In

the present work, the dependence of R(I)
0 on the laser para-

meters (over the intensity range IM = 1015–1017 W cm�2 and

over the pulse length domain of t = 25–100 fs) was deter-

mined from two independent sources. First, we determined

R(I)
0 from simulations of outer ionization dynamics and yields,

which modifies and extends the formalism previously given by

us.24,33,34,36 Second, R(I)
0 was determined from simulation

results for the energetics of CE, which manifests the onset

of the deviations from the R2
0 scaling laws.8,10,24,33,34 The

results for outer ionization yields and CE energetics were

confronted with the predictions of the electrostatic model for

complete cluster barrier suppression ionization (CBSI).25,36

This analysis for R(I)
0 provides relations between the energetics

of CE and electron outer ionization of many-electron

elemental clusters.

II. Gross features of CE of Xen clusters

II.A Time-resolved structures

The characteristics of the parallel-sequential processes of

electron and nuclear dynamics are demonstrated for Xe2171
clusters coupled to an infrared Gaussian laser pulse at inten-

sities IM = 1015 W cm�2 (Fig. 1) and IM = 1018 W cm�2

(Fig. 2). Snapshots of the time evolution at the lower intensity

of IM = 1015 W cm�2 (Fig. 1) reveal time-dependent inner

ionization with the formation of Xeq+ ions in the range of

q = 1–9, with the ion charges increasing during 40 fs (Fig. 1).

Inner ionization results in the formation of a nanoplasma, part

of which is stripped from the cluster by outer ionization, while

a large fraction (75%) of these electrons remain within the

cluster, forming a persistent nanoplasma (Fig. 1). The cluster

consists of two charged parts: a neutral central sphere contain-

ing the persistent nanoplasma and a fully outer ionized

peripheral sphere containing ions. The CE sets in at B50 fs

after the onset of the laser pulse (Fig. 1), involving the

Fig. 1 Snapshots of the time-resolved inner ionization, nanoplasma

response, charge distribution, outer ionization and Coulomb explo-

sion of a Xe2171 cluster driven by a Gaussian laser pulse with IM =

1015 W cm�2 and t = 25 fs, with the electric field of the laser being

shown in the lower part of the panel. The times that mark the

snapshots correspond to the values of t � ts (where ts is the initial

time for switching on of the field). The Xe ions are color coded

according to their charge, and the electrons are represented by light

gray spheres.
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peripheral ionic sphere and being considerably faster for the

peripheral ions. Over the longer time scale of 50 fs to 90 fs, the

radius of the sphere of the persistent nanoplasma stays nearly

constant, while the peripheral nuclear framework of the ions

does expand, in accord with the ‘lychee model’.35 Snapshots of

the time evolution at the higher intensity of IM = 1018 W cm�2

(Fig. 2) reveal time-dependent inner ionization with q = 1–26,

with the ion charges markedly increasing during 30 fs (Fig. 2).

In this intensity domain, the nanoplasma is transient, with all

its electrons being stripped from the cluster by outer ioniza-

tion, which is complete at 32 fs (Fig. 2). CE becomes marked at

about 24 fs (Fig. 2), occurring in parallel to outer ionization.

Cluster CE is considerably faster for the transient nanoplasma

(Fig. 2) than in the presence of a persistent nanoplasma

(Fig. 1). The cluster structures seem to exhibit also some layer

or channel structures, in particular at 36–44 fs in Fig. 2, giving

an impression that the CE induces such structural changes of

the initial fcc structure. However, a closer inspection shows

that the ‘‘channels’’ can be also seen in the initial undistorted

fcc geometry, showing that the ‘‘channels’’ are spurious and

their appearance is caused by the perspective of the 3D graphics.

Both at IM = 1015 W cm�2 and at IM = 1018 W cm�2

(Fig. 2), the CE manifests anisotropy in the angular distribu-

tion of the Xeq+ ions, which is due to the driving of the ions by

the nanoplasma electrons,33 with the cluster expansion

at longer times being ellipsoidal in the direction of the laser

electric field. This phenomenon will be analyzed elsewhere.42

II.B Time dependent distribution of Xeq+ ions

Inner/outer cluster ionization results in the production of

{Xeq+}n ions with a cluster size, laser intensity and pulse

length dependent distribution {q} of the ionic charges. The

spatial charge-resolved density function n(q,r) of the

Xeq+ ions of charge q within a spherical shell Dr at a distance

r from the cluster center was presented for intervals Dr, with
Dr/RCUT = 0.05, where RCUT is the cut-off radius of the

distribution. n(q,r) obeys the normalization conditionP
rn(q,r)Dr = n(q), where n(q) denotes the density function

of ions of charge q. The spatial total distribution, n(r),

of all the ions (per Xe atom) at distance r is given by n(r) =P
qn(q,r), with the normalization condition

P
rn(r)Dr =1.

Information on the femtosecond dynamics of CE is inferred

from the time dependence of the charge resolved distribution

n(q,r) and the total distribution n(r). In Fig. 3 we present the

time-resolved data for n(r) for CE of a Xe2171 cluster, which

manifest the marked effects of the intensity of the driving of

laser on the CE dynamics. The initial cluster atom distribution

(at t = ts) is characterized by RCUT(ts) = 34 Å (Fig. 3), which

is close to the initial cluster radius R0 = 31 Å.

Fig. 2 Snapshots of the time-resolved electron and nuclear dynamics

of a Xe2171 cluster driven by a Gaussian laser pulse with IM =

1018 W cm�2 and t = 25 fs. Presentation as in Fig. 1.

Fig. 3 Time dependence of the radial density function n(r) of Xe ions

from Xe2171 clusters, driven by Gaussian pulses with t = 25 fs, for the

times given at the curves, with the initial time t= ts. (a) IM=1015W cm�2

and (b) IM = 1018 W cm�2. The insets show the time-dependent first

moments of the distribution functions, normalized to the first moment

hR(ts)i at the initial time ts.
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At IM = 1015 W cm�2 (t = 25 fs) the spatial expansion of

n(r) (Fig. 3a) exhibits a bimodal distribution, consisting of the

two components: (i) a close proximity peak in the spatial range

rMAX = 25–30 Å, whose position is nearly time independent;

(ii) a long-distance tail with RCUT = 44 Å at t � ts = 55 fs and

RCUT = 75 Å at t � ts = 110 fs (t = tL). Component

(i) corresponds to the persistent and almost neutral nano-

plasma, while component (ii) represents the CE of the exterior

ions. The bimodal distribution manifests non-uniform CE at

IM = 1015 W cm�2. For t = 25 fs, the examination of the

long–time charge distribution n(q,r) at t = tL (Fig. 4(a))

reveals that for this short pulse length the largest values of

the charges, i.e., q = 7–9, appear at the exterior of the cluster,

where ignition barrier suppression ionization (BSI) effects for

inner ionization25,27 are important. These highly charged

exterior ions contribute to component (ii) of CE. For longer

pulse lengths (t = 100 fs at IM = 1015 W cm�2) a major

change of the charge distribution is manifested (Fig. 4(b)),

where the higher charges q= 10,11 are dominant in the cluster

center, due to the enhancement of inner ionization via electron

impact ionization (EII) at long t.27,43 Under these conditions,

component (i) of the persistent nanoplasma (which peaks in

the range 50–60 Å) involves the higher charged ions, while

component (ii) of CE constitutes the lower charged peripheral

ions. Thus the nature of the ions undergoing CE of the exterior

shells at IM = 1015 W cm�2 depends on the pulse width,

being determined by the interplay between ignition and EII

mechanisms.

At IM = 1018 W cm�2 (t = 25 fs), inner ionization (to

qav = 23) is completed at t � ts = 35 fs (Fig. 2), while effective

CE sets in at t � ts Z 25 fs (Fig. 3(b)), taking place in parallel

to outer ionization. The nanoplasma is transient (Fig. 2),

inducing efficient CE (Fig. 3(b) and 5(b)). At t � ts = 50 fs,

n(r) reveals a broad ion distribution, being manifested in the

range r = 20–200 Å (Fig. 3(b)), with a considerable expan-

sion RCUT/RCUT(ts) = 6.5, manifesting CE under condi-

tions of complete outer ionization. At this high intensity, the

charge-resolved spatial distributions with q = 21–25 exhibit a

marked CE, with RCUT/RCUT(ts) = 23 at t � ts = 120 fs

(t = tL), with all the cluster ions exhibiting a concurrent,

nearly uniform CE (Fig. 5(b)). The qualitatively different time

scales for CE at different intensities are shown in the insets of

Fig. 3(a) and (b), which present the time dependence of the

first moments hR(t)i of n(r) at time t, which are normalized to

their initial values hR(ts)i. At IM = 1015 W cm�2 the non-

uniform CE is slow, with hR(t)i/hR(ts)i = 1.25 at t = 90 fs,

while at IM = 1018 W cm�2 the nearly uniform CE is

considerably faster with hR(t)i/hR(0)i = 24 at t = 90 fs. We

shall return to this point in section III.

Of interest is the pulse length dependence (at fixed IM) of the

ionic charges and of the radial charge ordering in an exploding

Xe2171 cluster driven by a ultrahigh-intensity laser with

IM = 1018 W cm�2 (Fig. 5). Increasing the laser pulse length

from t = 10 fs to 100 fs results in a marked decrease of the

long-time maximal charge n(q,r) from q = 26 for t = 10 fs

(Fig. 5a) to q = 18 for t = 100 fs at t = tL (Fig. 5d). For the

shorter pulse lengths a moderately broad distribution of ionic

charges is produced, i.e., q = 18–26 for t = 10 fs (Fig. 5(a))

and q= 21–25 for t= 25 fs (Fig. 5(b)). On the other hand, for

the longer pulse of t = 100 fs, a single ionic charge of q = 18

is produced (Fig. 5(d)). For shorter pulses of t = 10 fs and

t = 25 fs, the increase of the maximal and dominating ionic

charge above the atomic limit of q = 18 to q = 25 (for t =

25 fs) and to q = 26 (for t = 10 fs) is due to the ignition BSI

Fig. 4 The radial density functions n(q,r) of Xeq+ ions at time tL
(end of trajectory) for Xe2171 driven by Gaussian pulses with IM =

1015 W cm�2, for different pulse lengths: (a) t = 25 fs, (b) t = 100 fs.

Fig. 5 The radial density functions n(q,r) of Xeq+ ions at time tL for

Xe2171 driven by a Gaussian laser pulse with IM = 1018 W cm�2,

for different pulse lengths: (a) t = 10 fs, (b) t = 25 fs, (c) t = 50 fs,

and (d) t = 100 fs.
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mechanism25,27 (section II.C), which is effective when CE is minor

during the short pulse. On the other hand, for the longer pulse of

t= 100 fs, the ignition BSI effects are inoperative due to effective

CE during the pulse. Indeed, for t = 100 fs Xe18+ ions, with a

single valued charge corresponding to the atomic limit,35 are

produced. Changing the pulse length at IM = 1018 W cm�2

reflects on an interplay between the attainment of BSI by the

laser electric field and by the intracluster ignition effects.

The simulation results of Fig. 5, which portray the t
dependence of the cut-off radii R at IM = 1018 W cm�2,

provide information on long-time CE dynamics. The normal-

ized distances R/RCUT(ts) (where RCUT(ts) = 34 Å) are

increasing on the time scale of Dt = t � tonset (where, as

discussed in section III, tonset E1 fs is the time, relative to the

pulse peak, for the completion of outer ionization and for the

termination of acceleration effects in Xe2171 at this intensity).

The velocities of CE, i.e., [R/RCUT(ts) � 1]/Dt, are estimated to

be 0.245 fs�1 at t= 10 fs and 0.205 fs�1 at t = 100 fs. A more

accurate estimate based on the difference between the values of

R(t)/RCUT/ts in the time interval of 2 fs towards the end of the

simulations results in CE velocities of 0.247 fs�1 and 0.147 fs�1

at t= 10 fs and at t= 100 fs, respectively. The decrease of the

CE velocity with increasing t is due to the decrease of the ionic

charges at longer pulse lengths (Fig. 5).

II.C Ionization levels

For Xe clusters there is no saturation limit for the increase of

the Xe ionization level by increasing the laser intensity in the

experimentally accessible domain of IM r 1021 W cm�2. In

Fig. 6 we present the cluster size dependence (n = 55–2171),

laser intensity dependence (IM = 1015–1020 W cm�2), and laser

pulse length dependence (t = 10–100 fs) of the average

ionization levels qav (per Xe atom) produced by inner ioniza-

tion. A report on these data was previously presented by us,37

and here we shall confine ourselves to a brief analysis of the qav
data, which provide a central parameter for CE dynamics and

energetics. For a fixed cluster size and for all values of t, qav
increases with increasing IM, manifesting the contribution of

the laser field to BSI. The effects of the charged cluster

environment and of the initial cluster size on the inner ioniza-

tion level will be inferred from the comparison of the cluster

qav data with the single atom ionization levels25 (presented by

horizontal arrows in Fig. 6). At the highest intensities of IM =

1019–1020 W cm�2, qav is cluster size independent and invariant

to changes in t, being equal to the single atom ionization levels

at each intensity (Fig. 6). The increase of qav with increasing

the cluster size manifests the ignition BSI effect by the cluster

ions, giving rise to the enhancement of the inner field, which

contributes to the BSI ignition.25,27 Typical examples where

qav exceeds the single atom value are given at IM = 1018 with

t = 10 fs and 25 fs, and at IM = 1017 W cm�2 with t = 50 fs

and 100 fs (Fig. 6). The ignition effect at fixed n and IM
decreases with increasing t. The decrease of qav with increasing

the cluster size manifests the screening effect of the ion field by

the nanoplasma electrons,25,27 being prominent at IM =

1017 W cm�2 with t = 25 fs and at IM = 1018 W cm�2 with

t= 10 fs (Fig. 6). Finally, the contribution of EII is important

for lower intensities, i.e., IM = 1015 W cm�2, in the ultra-

intense domain, being significant for long t = 50–100 fs

pulses.27 This complex interplay between laser field BSI, inner

field ignition BSI and nanoplasma screening, and EII effects

(Fig. 6) provides input information for the dependence of

qav on the cluster size and the laser parameters, which govern

CE dynamics (section III) and energetics (section IV) of

many-electron heavy-atom Xen clusters.

III. Dynamics of Coulomb explosion

CE of homonuclear clusters under CVI conditions often

involves uniform ion expansion. This applies for homonuclear

clusters with an initially homogeneous, equal ionic charge and

spherically symmetric ion distribution, which retains the suc-

cession of the hierarchy of the ion distances throughout the

expansion, manifesting a unimodal spatial distribution at all

times.10,33,34 Analytic expressions were obtained for the

temporal dynamics and energetics of CE under these condi-

tions.10,24,33 For CE of heteroclusters, e.g., (AqA+BqB+)n, the

dynamics is nonuniform, being governed by a kinematic

parameter17,24,34,44 Z = qAmB/qBmA. Another origin of non-

uniform CE can be exhibited in an elemental cluster with

different ionic charges. For CE of Xen clusters under CVI

conditions of complete outer ionization, which are realized at

IM 4 1017 W cm�2 (section II), a distribution of the

ionic charges of Xeq+ is often exhibited, e.g., for Xe2171 at

Fig. 6 Cluster size, laser intensity and pulse length dependence of the

average charges qav (per ion) for the Xen clusters in the intensity range

marked on the curves and for the pulse lengths marked on the panels.

The horizontal arrows on the left side represent the limit for the single

atom ionization level.
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IM = 1018 W cm�2 (t= 25 fs) the ionic charges fall in the range

q = 21–25 (Fig. 4), with a spread Dq = 5 and Dq/qav C 0.25.

Thus the CE of such clusters is not strictly uniform, with the

kinematic parameter for CE of differently charged Xeq+ ions

exhibiting a value of Z = 1 + Dq/qav E 1.25. Nevertheless, CE

dynamics of {Xeq+}n clusters driven by short pulses (t = 25 fs)

under conditions of complete outer ionization, will be reason-

ably well approximated by CVI initial conditions, with a

uniform CE of {Xeqav+}n clusters.

The CE of Xen clusters (Fig. 3 and 7) was characterized by

the time dependence of the first moment hR(t)i of the spatial

distribution of the ions at time t,

hR(t)i =
R
rn(r,t)dr (1)

The CE dynamics is described in Fig. 7 by the time dependence

of hR(t)i/hR(ts)i, where hR(t)i is the first moment of the spatial

distribution at time t � ts, while hR(ts)i is the initial value of

hR(t)i at t = ts. For IM Z 1017 W cm�2, when outer

ionization is complete, a linear time dependence of hR(t)i
is exhibited at longer times (Fig. 7). hR(t)i can be then

approximately presented in the form

hR(t)i/hR(ts)i = 1; t o tonset

hR(t)i/hR(ts)i = a(t � tonset) + 1; t 4 tonset. (2)

The onset time tonset (Table 1) is due to the completion of outer

ionization, as well as to the switching-off of ion acceleration

effects.24,33,34 Eqn (2), describes well the simulation data for all

cluster sizes at IM = 1018–1020 W cm�2 (t = 25 fs) and for the

smaller cluster sizes of n = 459 at IM = 1017 W cm�2 (Fig. 7).

The a parameter in eqn (2) represents the CE velocity. On the

other hand, at lower intensities of IM = 1015–1016 W cm�2

(Fig. 7), the linear relation, eqn (2), is inapplicable at longer

times and marked deviations from eqn (2) are exhibited.

The CE velocities (Table 1) obtained from Fig. 7 at the

intensities and cluster sizes where complete outer ionization

prevails,27,36 manifest a marked cluster size dependence and a

large intensity dependence, being due to unique features of CE

dynamics driven by multiple ionization of many-electron

elemental clusters. For complete outer ionization driven by

short pulses (t = 25 fs) we apply an electrostatic model to CE

of Xen under CVI conditions
24,33,34

a = 0.936(rXe/mXe)
1/2qav, (3)

where the CE velocity a is given in fs�1, rXe = 0.017 Å�3 is

the initial cluster ion density (given in Å�3), mXe the mass of

Xe (in amu) and qav is the average ionic charge (in e units).

Eqn (3) predicts that a p qav, so that (at fixed IM and t) a
manifests a weak size dependence, being due to the size

dependence of qav. Eqn (3) is inapplicable in the lower

intensity range of IM = 1015–1016 W cm�2 (for all values of

n) and IM = 1017 W cm�2 (n = 1061, 2171), where the

nanoplasma is persistent,27,36 marking the failure of the CVI

model. The results of the electrostatic model, eqn (3), with the

qav data (Fig. 6), account reasonably well for the simulation

results (Table 1). At the highest intensities of IM = 1019 and

1020 W cm�2 where qav is cluster size independent, eqn (3)

predicts that a is independent of the cluster size in accord with

the simulation results (with a decreasing only by 3%–5% in the

range n=459–2171), while the values of a at IM= 1019W cm�2

are predicted by eqn (3) within 10%. The larger deviation

of 15% between simulation results and eqn (3) at IM =

1020 W cm�2 probably originates from anisotropy in CE

at this ultrahigh intensity. The 20% increase of a at IM =

1018 W cm�2 (t = 25 fs) in the size domain n = 459–2171

(Table 1) is due to the increase of qav (section II.C), being well

accounted for by eqn (3). The agreement between theory and

simulation for CE dynamics provides a criterion for the

identification of the cluster size and intensity domain for

complete outer ionization, where the expansion velocity can

be described by the CVI model.

IV. Energetics of Coulomb explosion

IV.A Energetics in the CVI limit

The energetics of ions produced by CE of a {Xeq+}n cluster

under CVI conditions will be approximated by considering the

uniform CE of a (Xeqav+)n cluster. The final kinetic energy E

of a Xeqav+ ion initially located at distance r from the cluster

center is10,24,33

E(r) = (4p/3) �BrXe(qav)
2r2; 0 r r r R0 (4)

where �B = 14.40 ev, rXe = 0.017 Å�3 is the initial density, qav
is given in e units (Fig. 4), r in Å and E(r) in eV. From eqn (4)

Fig. 7 Cluster size and laser intensity dependence of the spatial expansion

of Xen clusters undergoing Coulomb explosions. The spatial expansion is

characterized by the normalized first moment hR(t)i/hR(ts)i of the radial

distribution functions, i.e., normalized by the first moment hR(ts)i at the
initial time t = ts. The functions hR(t)i/hR(ts)i are given for the Xe459,

Xe1061 and Xe2171 cluster in the intensity range IM = 1015–1020 W cm�2

and for a pulse length of t = 25 fs.
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we infer that the average energy Eav and the maximal energy

EM of the ions are given by10,24,33

Eav ¼
4p
5

BrXeq
2
avR

2
0 ð5Þ

EM ¼
4p
3

BrXeq
2
avR

2
0 ð6Þ

(1) Size dependence. At a fixed intensity, the cluster size

dependence of the energetics, eqn (5) and (6), is Eav(n),

EM(n) p q2avR
2
0 p q2avn

2/3, where qav depends on the laser

parameters and on n (section II.C). The dependence of the

energies on qav manifests ignition and nanoplasma screening

effects in inner ionization.

(2) Intensity dependent energetic enhancement. At a fixed

initial cluster size, the energies of CE are expected to increase

markedly with increasing the laser intensity, with Eav(n),

EM(n) p (qav)
2.

(3) Pulse length dependence. The dependence of qav on t
for fixed intensity and laser size (Fig. 6) will result in the

dependence of Eav and EM on this laser parameter.

(4) Energy ratios. At a fixed laser parameters, the ratio

Eav(n)/EM(n) = 5/3 (7)

is independent of qav and of n.

Of interest is the kinetic energy distribution P(E) that on the

basis of eqn (4) is given by10,24,33

P(E) = 3/2(E/EM(n)3)1/2; E r EM(n) (8)

The cut-off EM(n) maximal energy and the normalization

parameter EM(n)�3/2 in eqn (8) are given by eqn (6). These

results of the electrostatic model, eqn (5)–(8), will serve as a

benchmark for the analysis of the energetics where the nano-

plasma is transient, and for the extension of the description for

the regime where the nanoplasma is persistent.

IV.B Kinetic energy distributions

In Fig. 8 we present the simulation results for the kinetic energy

distributions of the Xeq+ ions from CE of Xe2171. The energy

distribution is expressed in terms of P(E)dE= n(E)dE/n, where
n(E) is the number density of ions and dE an energy interval,

which was chosen as 0.2 keV for IM = 1015 W cm�2 and as

5 keV for IM = 1018 W cm�2. At the high intensity of IM =

1018 W cm�2 (t = 20, 50, 100 fs), the maximal energy EM

exhibits a marked decrease with increasing t (Fig. 8a). This

effect is in accord with eqn (6), i.e., EM p q2av together with the

Table 1 Dynamics of CE of Xen clusters driven by ultraintense lasers (t = 25 fs)

IM/W cm�2 n qav tonset/fs
a a/fs�1 simulationsb a/fs�1 CVI modelc

1017 459 15.2 7.7 0.162 0.162
1018 459 18.8 �3.3 0.212 0.200
1018 1061 21.3 �1.2 0.238 0.227
1018 2171 23.3 0.7 0.256 0.248
1019 459 26.0 �9.5 0.280 0.277
1019 1061 26.0 �9.1 0.292 0.277
1019 2171 26.0 �8.3 0.296 0.277
1020 459 36.0 �13.0 0.330 0.383
1020 1061 36.0 �12.8 0.339 0.383
1020 2171 36.0 �12.3 0.342 0.383

a Onset time, eqn (2), relative to the peak of the pulse envelope. b Data from Fig. 7 for intensities and cluster sizes when complete outer ionization

was attained. c Predictions of the CVI model, eqn (3).

Fig. 8 The pulse length dependence of the kinetic energy distribu-

tions of Xeq+ ions in the CE of a Xe2171 cluster irradiated by a

Gaussian laser pulse. (a) IM = 1018 W cm�2. (b) IM = 1015 W cm�2.

The energy distribution functions are given for t = 25, 50 and 100 fs

laser pulses, as marked on the panels. The solid lines in Fig. 8a

represent the CVI relation, eqn (8), with the maximal energies

EM obtained from the MD simulations.
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pulse length dependence of qav at IM = 1018 W cm�2 presented

in Fig. 6, with the decrease of qav with increasing t is due to the

reduction of ignition effects (sections II.B and II.C). The ratios

EM/q2av for Xe2171 exhibit only a weak t dependence, i.e.,

EM/q2av = 0.76 keV e�2 at t = 25 fs, EM/q2av = 0.68 keV e�2

at t = 50 fs, and EM/q2av = 0.58 keV e�2 at t = 100 fs. At

IM = 1018 W cm�2 and for a short pulse of t = 25 fs, P(E)

increases with increasing E (upper panel in Fig. 8a), in reason-

able agreement with the CVI distribution, eqn (8). However,

some positive deviations from eqn (8) are exhibited for IM =

1018 W cm�2 and t = 25 fs for P(E) at higher energies below

EM (upper panel in Fig. 8a), which are tentatively attributed to

the contribution to CE of the highly-charged (Xeq+)n
(q = 21–25) ions initially located in the region of the cluster

surface profile. This effect will be exhibited under CVI condi-

tions, which prevail for the short t = 25 fs pulse. For longer

pulses of t= 50 fs and 100 fs at IM = 1018 W cm�2 (the middle

and lower panels in Fig. 8a), the simulated energy distributions

exhibit a rise at lower energies (with values somewhat lower

than those predicted by eqn (8)), and a marked maximum at

higher energies below EM. The maxima in P(E) for t = 50 fs

and 100 fs manifest marked deviations from the CVI model,

eqn (8), for longer pulse lengths, when outer ionization occurs

in parallel to CE. Accordingly, at IM = 1018 W cm�2 when

complete outer ionization is accomplished, the time scales

between electron and nuclear dynamics cannot be separated

for long pulse lengths.

At the intensity of IM = 1015 W cm�2 (Fig. 8b), P(E) shows

a decrease with increasing E with a qualitatively different

dependence of P(E) on E that is expected from eqn (8)

(Fig. 8b). The high energy tail of P(E) can be approximately

described by a thermal distribution P(E) p exp(�E/3Eav).

At this low intensity a persistent nanoplasma is retained within

the cluster, which is characterized by a relatively low average

kinetic energy of Eav = 26 eV for the electrons in a Xe2171
cluster.36 This persistent nanoplasma screens the ion–ion

Coulomb repulsions leading to the inapplicability of the CVI

result, as will be discussed in section VI.

IV.C Average and maximal ion kinetic energies

In Fig. 9 and 10 we portray the cluster size dependence of the

energetic parameters that specify P(E), i.e., the average energy

Eav =
R
EP(E)dE and the maximal energy EM vs. R2

0 at fixed

IM and t. The cluster size equations EM p R2
0 and Eav p R2

0,

eqn (5) and (6), are well obeyed at IM = 1019–1020 W cm�2 for

both t = 25 fs and 100 fs (Fig. 9a and 10), where, for a fixed

IM, qav is independent of the cluster size (Fig. 6). In the

intensity range IM = 1018 W cm�2 at t = 25 fs (Fig. 9a and

10), and IM = 1017–1018 W cm�2 at t = 100 fs (Fig. 9b), Eav

and EM exhibit a superlinear cluster size dependence on R2
0,

which can be traced to the increase of qav with increasing the

cluster size at these intensities due to ignition (Fig. 6 and

section II.C). We shall now analyze the CE energetics in the

intensity and cluster size domain where complete outer ioniza-

tion occurs. Provided that the time scale for outer ionization

is shorter than for CE, the energetics correspond to CVI

conditions, eqn (5–7), which provide the scaling laws

Eavq
�2
av = gavR

2
0 (9a)

and

EMq�2av = gMR2
0 (9b)

where the parameters gav and gM are independent of the cluster

size, the laser intensity and the pulse width. From the simula-

tion results for Eavq
�2
av and EMq�2av presented in Fig. 11a and b,

we infer that the size scaling laws, eqn (9a) and (9b), are

reasonably satisfied. The R2
0 scaling is well obeyed, however,

the gav and gM coefficients reveal some non-systematic

Fig. 9 The cluster size and the laser intensity dependence of the

average ion energies in the CE of Xen clusters for different pulse

lengths. The intensities are marked on the curves. The closed

symbols, connected by solid lines, correspond to the full simula-

tion results, while the open symbols, connected by dashed curves,

represent simulation results with the EII channel being switched off.

(a) t = 25 fs. (b) t = 100 fs.
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deviations. The spread in the gav and gM parameters is 20%

(Fig. 11a and b), while the spread of the Eav and EM data at

fixed cluster size corresponds to a numerical factor of 7

(Fig. 9a, b and 10). Data analysis was performed for IM =

1018–1020 W cm�2 at t = 25 fs and 100 fs. For the largest

cluster (Xe2171), for which the continuum and CVI approxi-

mations inherent in eqn (5)–(7), (9a) and (9b) are adequate, we

obtained gav = (4.3 � 0.6) � 10�4 keV Å2 e�2 and gM =

(6.6 � 1.0)�10�4 keV Å�2 e�2. The analysis of the individual

EMq�2av and Eavq
�2
av simulated data for each cluster size in the

range n = 459–2171 and IM in the range 1018–1020 W cm�2,

t = 25 fs and 100 fs, resulted in gM/gav = 1.55 � 0.11. These

simulation results for gav, gM and their ratio are in reasonable,

but not perfect, agreement with the predictions of the electro-

static model for CE driven by multiple ionization under CVI

conditions, eqn (5), (7) and (9), which resulted in gav = 6.5 �
10�4 keV Å�2 e�2, gM = 10.3 � 10�4 keV Å�2 e�2 and

gM/gav = 1.67. The gav and gM parameters inferred from the

simulations are lower by about 50% than those predicted by

the CVI model, eqn (5), (6) and (9). Such deviations are not

manifested for CE of (D2)n clusters at high intensities when

the CVI provides a good description of the size dependent

energetics.33 These deviations from the CVI for the energetics

of Xen clusters, together with systematic spread of the Eav and

EM data in Fig. 11a and b are due to a multitude of

phenomena and processes, which are disregarded in the CVI

electrostatic model for an initially homogeneous cluster, e.g.,

kinematic effects originating both from the charge distribution

and the density profile at the surface, the inseparability of time

scales between outer ionization and CE for longer pulses, and

effects of the pulse shape on outer ionization dynamics33

At lower intensities, which lie below the complete outer

ionization and CVI domain specified above, there is a marked

breakdown of the linear or superlinear Eav, EM p R2
0 size

dependence. At IM = 1017 W cm�2 and for t = 25 fs, a linear

dependence of Eav and EM on R2
0 is exhibited only for

n = 55–459 (Fig. 9a and 10), while for n 4 459 a flattening

of the Eav vs. R
2
0 dependence (Fig. 9a) and a linear dependence

of EM on R0 (Fig. 10) is manifested, marking the breakdown of

the CVI domain. That is to say, the maximum number n(I) of

atoms of the CVI domain can be bracketed in the size range

n = 459–1061 for IM = 1017 W cm�2 and for t = 25 fs.

n(I) increases with decreasing the laser intensity, i.e., for

1016 W cm�2 and t = 25 fs, n(I) falls in the range n =

55–135, and for 1015 W cm�2, n(I)o13. n(I) at a fixed value

of IM markedly increases with increasing t, i.e., for IM =

1016 W cm�2 n(I) = 55–135 at t = 25 fs (Fig. 9a), while n(I) =

1061–2171 at t = 100 fs (Fig. 9b). These estimates for the

cluster size for the applicability of the scaling laws for the

Fig. 10 The cluster size and laser intensity dependence of the max-

imal ion energies in CE of Xen clusters for t = 25 fs laser pulses. The

intensities are marked on the curves. The marking of data points for

full simulations and for simulations with the EII channel being

switched off, are identical to those in Fig. 9.

Fig. 11 Charge and cluster size scaling of the CE energies according

to eqn (9a) and (9b). (a) Average energies Eav. (b) Maximal energies

EM. The data points for the pulse parameters are marked on the

Figures.
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energetics of CE, eqn (5)–(7), will be characterized in terms of

the border radius for outer ionization,10,24,33,34,36 which will be

considered in section V.

IV.D A comment on the role of electron impact ionization on

the CE energetics

The complex interplay between laser BSI, inner field ignition and

screening effects, and EII contributions to the ionization levels of

Xen clusters was previously explored by us.27,36 Information

about the net effect of EII on the energetics of CE was obtained

from additional simulations, in which the EII channel was

switched off. From the results for Eav and EM presented in

Fig. 9a, b and 10 it appears that the contribution of EII to the

CE energetics for IM Z 1017 W cm�2 (t = 25 and 100 fs) is less

than 3%. This is not surprising in view of the competition

between BSI and EII under these conditions27,43 and the small

contribution of EII to qav and therefore also to the CE energetics

in the CVI region. At lower intensities, corresponding to the non-

CVI region, i.e., at IM = 1016 W cm�2 with t = 25 fs (inset to

Fig. 9a), at IM = 1016 W cm�2 with t = 100 fs (Fig. 9b), and, in

particular, for n = 2171 at IM = 1015 W cm�2 with t = 100 fs

(inset to Fig. 9b), the EII by the persistent nanoplasma increases

qav and therefore also the CE energies. From these results we

conclude that a reasonable description of the CE energetics in the

cluster size domain studied herein (within an accuracy of 20%)

can be obtained from simplified simulations that do not include

the EII channel. The data for the lowest intensity and longest

pulse studied by us (insets to Fig. 9a and b) indicate that for CE

energetics of larger clusters the effects of EII may be significant in

the lower intensity domain and have to be explored.

V. The border radius for outer ionization

and for CVI

The border radius R(I)
0 constitutes the maximal value of the

initial cluster for which complete outer ionization is

attained.10,33,34 R(I)
0 data for complete outer ionization of

Xen clusters were previously obtained by two methods:36

(i) MD simulations of time-dependent outer ionization

dynamics.10,33,36 The outer ionization levels noi(t) (per consti-

tuent atom) are related to the number of nanoplasma electrons

np(t) by np(t) = nii(t)� noi(t), where nii(t) is the inner ionization

level at this time t.26,36 Simulations of electron dynamics were

used for the characterization of the initial cluster radius for

complete outer ionization.10,26,36 For short pulses (t = 25 fs)

we previously considered the maximal cluster size, which

allows for complete outer ionization at the peak of the pulse,

i.e., np(t= 0) = 0 (which in our previous numerical procedure

was taken as np(t = 0) = 0.05).10,33,36

(ii) An electrostatic model.10,33,36 On the basis of the CBSI

model for outer ionization, together with MD simulations of

the outer ionization level, the intensity and pulse length

dependence of the border radius was expressed in the form36

R(I)
0 = 1.09 � 10�7 t0.64I1/2M /qav (10)

where IM is expressed in W cm�2, qav is expressed in e units

and the pulse length t in fs units, while R(I)
0 is given in Å. The

ta dependence for Xen clusters (a= 0.64 � 0.03) is close to the

power law with a=0.66 obtained for outer ionization of (D2)n
clusters.33

For short pulses of t = 25 fs and for higher intensities at

IM = 1017 W cm�2, the simulation results for outer ionization

(method (i)) applied for np(t = 0) = 010,33,36 properly account

for the depletion of the nanoplasma, which occurs before the

peak of the pulse. For longer pulses as well as for lower

intensities, a self-consistent analysis of complete outer ioniza-

tion requires a modification of the previous scheme of

references 10, 33, and 36. We determined the maximal cluster

size for complete outer ionization at long times relative to the

pulse width, i.e., taking np(tL) = 0, where tL is the time at

the end of the trajectory, which is much longer than the pulse

length. In Fig. 12 we present typical results for the time

dependence of np(t) for IM = 1016 W cm�2, t = 25 fs and

for IM = 1015 W cm�2, t = 100 fs. The values of the border

size in terms of number of atoms n(I) for outer ionization were

obtained from extrapolation of np(tL) vs. n to zero (insets in

Fig. 12). The n(I) values allowed for the determination of the

border radius from the relation R(I)
0 = (3n(I)/4prXe)

1/3. In

Fig. 13 we present the R(I)
0 data obtained from outer ionization

dynamics (method (i) with the np(tL) = 0 extrapolation),

which are well accounted by the CBSI model (method (ii)),

eqn (10), for t = 25 fs and for 100 fs. It is gratifying that our

analysis accounts well for R(I)
0 for both pulse lengths.

(iii) Size dependence of CE energetics. An independent

method for the determination of R(I)
0 complements the

approaches based on electron dynamics (methods (i) and (ii))

and rests on the analysis of CE energetics. We established that

the energetics of CE in the region of the lower laser peak

intensity and the long pulse length (section IV.C) is given by

the relations Eav p RZ
0 for the average energies with Z = 2 for

R0 r R(I)
0 and Z = 0 for R0 c R(I)

0 , while EM p R�Z
0 with �Z = 2

for R0 r R(I)
0 and �Z = 1 for R0 4 R(I)

0 These relations for

R0 4 R(I)
0 correspond to the non-CVI domain. In the lower IM

regions, the saturation of Eav vs. R0 and the linear dependence of

EM on R0 are observed (Fig. 9a, b and 10). Accordingly,

R(I)
0 specifies the upper size limit for the cluster size for the

applicability of the CVI conditions for the CE energies.

Using method (iii), the values of R(I)
0 were independently

estimated from the energetic data in Fig. 9a, b and 10, for

IM = 1015–1017 W cm�2 at t = 25 fs, for IM = 1015 W cm�2 at

t = 25 fs, and for IM = 1015 W cm�2 and 1016 W cm�2 at t =
100 fs. Following the analysis of the CE energetics at lower

intensities, we use the n(I) data presented in section IV.C to

estimate the largest initial cluster radius for the prevalence of the

CVI domain in terms of the relation R(I)
0 = (3n(I)/4prXe)

1/3.

Reasonable agreement was obtained between the R(I)
0 data

estimated from the size dependence of Eav and of EM. As is

apparent from Fig. 13, the energetics of CE of extremely charged

ions from Xen clusters (method (iii)) leads to estimates of R(I)
0 ,

which are in good agreement with the R(I)
0 values independently

obtained from MD simulations of electron dynamics (method

(i)) and from the CBSI model (method (ii)). The intensity and

pulse length dependence of R(I)
0 obtained from both electron

dynamics and CE energetics are well accounted for by the

electrostatic CBSI model. The border radius R(I)
0 bridges

between electron (outer ionization) dynamics and nuclear (CE)

dynamics in elemental and molecular clusters.
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VI. CE in the persistent nanoplasma domain

Under the conditions of incomplete outer ionization the laser

field is not sufficiently strong to remove all the nanoplasma

electrons, and CE occurs from the ionic cluster, which still

contains the persistent nanoplasma (Fig. 1 and sections II.A

and II.B). Simulations performed on the persistent nano-

plasma36 show that for the average kinetic energies at the

pulse peak of IM = 1015 W cm�2 (t = 25 fs) are 15.2 eV for

n = 459, 18.1 eV for n = 1061 and 26.1 eV for n = 2171.

These electron kinetic energies are considerably lower than the

electron potential energies at the cluster boundary, which falls

in the range of B1 MeV for Xe1061.
10,27 Accordingly, we refer

to the persistent nanoplasma as a ‘‘cold’’ nanoplasma.36

We adopt the ‘lychee model’ previously advanced for (D2)n
clusters35 to treat the persistent nanoplasma in Xen clusters,

which consist of many-electron atoms. The persistent nano-

plasma forms a neutral sphere with a radius Rp. The ions from

the electron-free spatial exterior range Rp r r r R0 undergo

CE, while ions from the interior range 0 r r r Rp of the

neutral nanoplasma are characterized by a moderately low

kinetic energy. The ‘lychee model’ is expected to be valid

for the lower intensity range of the ultraintense region, i.e.,

IM B 1015–1016 W cm�2, where the nanoplasma interior

and exterior ionic shells are concentric. Extending previous

analysis35 the nanoplasma radius for Xen clusters is given in

the form

Rp = R0(n
L
p /qav)

1/3 (11)

where the superscript L denotes the time t = tL, while the

width of the ionic region s = R0 � Rp is

s = R0 [1 � (nLp /qav)
1/3] (12)

Our simulations at IM = 1015 W cm�2 for the persistent

nanoplasma give36 nLoi/qav C 0.22 for Xe2171, n
L
oi/qav = 0.17

for Xe1061, and nLoi/qav = 0.13 for Xe459. Taking n
L
oi/qav { 1 we

estimate from eqn (12) that

nLoi/qav = 3s/R0 (13)

Fig. 12 Dynamics of outer ionization as specified by the time

dependence of the population np(t) of the nanoplasma for different

cluster sizes at fixed IM and t. The insets represent the extrapolation of

the size dependent np(tL) values to the cluster size n(I) at which np(tL) is

zero. The values of n(I) and the corresponding cluster border radii

R(I)
0 obtained from this procedure are given in the insets. (a) IM =

1016 W cm�2, t = 25 fs, (b) IM = 1015 W cm�2, t = 100 fs.

Fig. 13 The laser intensity and pulse length dependence of the border

radius R(I)
0 and of the corresponding cluster size n(I) for complete outer

ionization of Xen clusters. The results of the electrostatic CBSI model

(dashed line for t = 25 fs and solid line for t = 100 fs) are in good

agreement with the results of the simulations of the electron dynamics

(with circles and squares representing data as labeled on the Figure)

and of the analysis based on the breakdown of the CVI size scaling of

the average ion energies (with the bars representing uncertainty

regions for the onset of the non-CVI regime, with upward (downward)

arrows representing lower (upper) limits).
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Using of the electrostatic CBSI model for the outer ionization

level and for R(I)
0 [ref. 36 and eqn (10)], we obtain

R(I)
0 = (nLoi/qav)R0 (14)

eqn (13) and (14) result in

s = R(I)
0 /3 (15)

providing an approximate relation between the width of the

ionic shell and the border radius.

A simple electrostatic treatment of the ‘lychee model’35

provides the following expressions for the average energy

Eav(R0 c R(I)
0 ) and maximal energy EM(R0 c R(I)

0 ) for CE

in the intensity and cluster size domain where the persistent

nanoplasma prevails

Eav(R0 c R(I)
0 ) = 6p �BrXeq

2
avs

2 = (2p/3) �BrXeq
2
av(R

(I)
0 )2 (16)

and

EM(R0 c R(I)
0 ) = 4p �Brq2avsR0 = (4p/3) �BrXeq

2
avR

(I)
0 R0 (17)

We note in passing that eqn (10) and (16) imply that

Eav(R0 c R(I)
0 ) p t1.28IM, being independent of qav. Two

conclusions emerge from the application of the persistent

nanoplasma model concerning the energetics of CE (for fixed

IM and t) in the non-CVI domain. First, saturation of Eav is

exhibited, being independent on the cluster size. Second, a linear

increase of EM on R0 is expected. These results are in accord

with the simulation results for the energetics in the non-CVI

region (Fig. 9a, b and 10). eqn (16) provides a semiquantitative

description of the intensity and pulse length dependence

(expressed through R(I)
0 ) of the saturation levels of the average

energies at R0 c R(I)
0 . In Fig. 14 we present the linear

dependence of Eav(R0 c R(I)
0 )/q2av vs. (R(I)

0 )2 in accord with

eqn (16), which results in

Eav(R0 c R(I)
0 ) = ĝq2av(R

(I)
0 )2 (16a)

with ĝ = 7.9 � 10�4 keV/Å2 e2. This value of the proportion-

ality parameter ĝ in eqn (16a), which was obtained from

Fig. 14, is in reasonable agreement with the prediction of

eqn (16) that results in ĝ = 5.13 � 10�4 keV Å�2 e�2,

providing support for the applicability of the ‘‘cold’’

nanoplasma model for CE in the non-CVI domain.

The ‘lychee model’, which accounts for the CE energetics,

asserts that the radius Rp, eqn (11), of the persistent nano-

plasma is time independent on the time scale that is consider-

able shorter than the CE time of the exterior ionic sphere.

Accordingly, the persistent nanoplasma does not spread uni-

formly through the expanding cluster. Our conclusions reveal

the inapplicability of the ‘plasma model’ for outer ioniza-

tion,8,9 which implied plasmon excitation of a homogeneous

charge distribution within the Coulomb exploding cluster.

VII. Concluding remarks

The unique features of CE of many-electron elemental clusters

driven by multiple ionization in ultraintense and ultrafast laser

fields manifest dynamics and energetics in the extreme. These

extreme conditions originate from the attainment of cluster size

and laser parameter dependent ultrahigh inner ionization levels,

with the formation of highly charged {Xeq+}n ionic clusters,

with average charges qav = 5–36 per ion (section II.C and ref. 27

and 43). We demonstrated that under the conditions of complete

outer ionization of the nanoplasma, which were approximated

in terms of the CVI initial conditions, these high ionic charges

govern ultrafast dynamics and ultrahigh energetics of CE. The

CE velocities scale as qav, while the maximal and average

energies scale as q2av. These charge scaling propensity laws,

together with the CE velocities being independent of the cluster

size while the CE energies obey the divergent R2
0 (n2/3) size

scaling law, mark the CVI domain. Computational results for

the CE dynamics and energetics were obtained in the cluster size

range that is practical for particle MD simulations (i.e., contain-

ing up to 7 � 104 ions and electrons)25,27,37 for the currently

available laser intensities (up to IM = 1020 W cm�2).10 The

simulation results were confronted with CVI modeling. This

computational-theoretical approach resulted in ultrahigh CE

velocities (with the qav scaling compensating for the retardation

due to the mXe
�1/2 mass effect, eqn (3), which retards the ion

velocities). These CE velocities fall in the range up to 15 Å fs�1

(Fig. 7 and Table 1), which corresponds to 0.5% of the velocity

of light, providing extremely high values for nuclear motion. The

highest CE energies for the largest cluster sizes and

laser intensities used herein (n = 1061, 2171 and IM =

1020 W cm�2) fall in the range Eav = 290 keV–480 keV and

EM = 460 keV–750 keV (section V). A further increase of the

number of the cluster atoms by a numerical factor of 2

(i.e., increasing R0 by 1.26) will result in the formation of

MeV extremely charged, e.g., Xe36+, ions by CE of Xen clusters

in the moderate size domain of R0 = 50 Å. MeV energies in CE

of light nuclei (e.g., C6+ or O8+) require the use of nanodroplets

with R0 = 1000 Å–3000 Å,28,29 reflecting on the implications of

the charge and cluster size scaling for the CE energetics. Finally,

we note that also other physical attributes, e.g., the border

radius R(I)
0 , manifest a dependence on qav, i.e., R

(I)
0 p qav

�1. In

this case, the extreme inner ionization levels limit the cluster size

domain for the applicability of the CVI model. High values in

the range of R(I)
0 = 100 Å–400 Å can be attained only for

superintense laser fields, IM = 1019–1020 W cm�2 (Fig. 13). The

Fig. 14 The linear dependence of the asymptotic average energy

Eav(R0 c R(I)
0 ) on (R(I)

0 )2 according to eqn (16a). The values of

R(I)
0 and Eav were obtained from MD simulations for outer ionization

dynamics and for CE energetics, respectively.
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only exception that manifests independence of a significant

physical property on qav pertains to the asymptotic average

energy Eav(R0 c R(I)
0 ) (section VI) where a cancellation between

the contributions of the charge scaling of the energetics and the

border radius are exhibited.

The present study unveils new facets of the interrelationship

between electron dynamics and CE nuclear dynamics and ener-

getics. Relevant information involves the effects of laser pulse

length (at fixed IM) on the inner ionization levels (section II.B)

and on the CE energetics (section IV). At IM = 1018 W cm�2, a

distribution of ionic charges with q= 18–25 is created by a short

t=25 fs pulse when CE is minor during the pulse, being induced

by laser BSI and ignition effects. On the other hand, for a longer

t=100 fs pulse only a one-component Xe18+ ions are produced,

manifesting the switching off of ignition effects by nuclear CE

dynamics (section II.B). A marked implication of these CE

dynamic processes is exhibited by the pulse length dependence

of the maximal CE energies (Fig. 8a). Significant relations

between electron dynamics and CE energetics are provided by

the border radius R(I)
0 (section V), which was adequately

described by three independent methods: (i) MD simulations of

time-dependent outer ionization dynamics; (ii) application of an

electrostatic CBSI model for outer ionization; and (iii) analysis

of the CE energetics in the onset of the saturation level for

Eav(R0 c R(I)
0 ). It is gratifying that good agreement is obtained

between the estimates of the laser intensity, laser pulse length and

inner ionization level dependence of R(I)
0 , obtained from the

three different approaches. In the treatment of CE energetics in

the range of the existence of a persistent ‘cold’ nanoplasma

(R0 c R(I)
0 ), we were able to transcend the CVI modeling. In

section VI we advanced electrostatic models for the description

of the properties of the persistent ‘cold’ nanoplasma and CE

energies in the non-CVI regime for a many-electron cluster

driven by laser fields in the range of IM = 1015–1016 W cm�2.

A most interesting conceptual issue in the context of the

interrelationship between electron and nuclear dynamics involves

the correlation between complete outer ionization and the

applicability of CVI initial conditions for the description of

CE. From the operational point of view, the CVI model provides

a satisfactory description of the CE dynamics for high intensities

(IM = 1018–1020 W cm�2, section III) and reasonable, though

not perfect, agreement for the gross features of the energetics, i.e.,

CE average and maximal energies driven by laser pulses with

t = 10–100 fs (section IV). Of course, the applicability of the

CVI model to exploding Xen clusters is fraught with some

approximations, e.g., disregarding the distribution of the ionic

charges and neglecting effects of initial inhomogeneity due to the

contribution of the initial surface profile (section IV.B), but these

features will not be addressed at present. What we are interested

in will be general signatures of the failure of CVI. Amost striking

deviation from CVI predictions is exhibited for the CE kinetic

energy distributions at longer pulse lengths of t = 50 fs and

100 fs (Fig. 8a), which reflects on the inseparability of the time

scales for electron outer ionization dynamics and nuclear CE

dynamics. This separation of time scales constitutes a necessary

condition for the rigorous applicability of the CVI modeling. In

this context, an examination of electron outer ionization

dynamics requires a closer scrutiny. The description of outer

ionization processes by the electrostatic CBSI model10,25,33,36 and

the border radius [reference 36 and eqn (10)] imply that the

ionization of the nanoplasma adiabatically follows the (time

dependent) laser field and the increase of the cluster radius.33

The good agreement for R(I)
0 obtained from simulations of

electron dynamics and the CBSI model implies the occurrence

of outer ionization induced by the adiabatic following of the laser

field and cluster size. Further theoretical work will be of interest,

for the implications of this picture for pseudo-CVI behavior for

the CE energetics. This approach will require the extension of the

Keldysh model for atomic BSI45 for the treatment of CBSI.

We now proceed to a brief confrontation between theory and

experiment13,39,40 for CE of Xen clusters. The computational-

theoretical results reported herein describe the CE energetics of

a cluster with a fixed size. To make contact with experimental

data,13,39,40 the cluster size distribution in the supersonic

expansion19,39 has to be taken into account. We have utilized

the log-normal distribution of the cluster sizes19,39 to calculate

the size-averaged ion kinetic energy distributions, together with

the averaged and maximal energies in the CE of a size

distributed cluster assembly (SDCA).42 Without alluding here

to numerical procedures, a simple expression for the average

energy Eav in a SDCA can be obtained for the non-CVI

domain, where the relevant cluster radii considerably exceed

R(I)
0 . On the basis of the saturation of Eav in this size domain,

eqn (16) and (16a), we infer that in the non-CVI domain

Eav ¼ EavðR0 � R
ðIÞ
0 Þ, so that size averaging need not be

carried out. For large Xen clusters (n = 9000 and average

cluster radius Rav = 45 Å), irradiated by a pulse with IM =

1.5 � 1016 W cm�2 and t = 200 fs, the experimental SDCA

average energy is Eav ¼ 42 keV.13 For these laser parameters,

eqn (10) results in R(I)
0 = 38 Å, so that Rav 4 R(I)

0 and eqn (16)

and (16a) are approximately applicable. eqn (16a) was then

used for an estimate of EavðtheoryÞ ¼ 60 keV in the non-CVI

domain, which is in reasonable agreement with the experimental

result EavðexptÞ ¼ 42 keV. This estimate of EavðtheoryÞ
constitutes an upper limit, as the contribution from the CVI

domain at R0 o R(I)
0 to the SDCA will result in the lowering of

the estimated value of EavðtheoryÞ. Our analysis of SDCA CE

energetics and its comparison with experiment will be published

elsewhere.42 Another interesting feature of CE in ultraintense

laser fields involves the anisotropy in the angular distribution

(AIAD) of the Xeq+ ions. AIADwas previously reported in CE

of completely ionized deuterium clusters, being attributed to the

driving of the ions by the nanoplasma electrons.33 AIAD in the

CE of Xen clusters is of interest in view of the availability of

experimental results.13

Two perspective extensions of the conceptual framework of

CE in ultraintense fields will be of interest. First, from both

experimental and computational points of view, it is desirable to

transcend the size limit of Xen clusters (currently n E 2000,

R0 E 30 Å) to study ionization dynamics, nanoplasma response

and CE in nanodroplets. To treat the dynamics of nanodroplets

in ultraintense laser fields, a scaled electron and ion dynamics

(SEID) method was advanced,38 which is applicable to large

nanostructures (n = 106–108 and R0 = 300–3000 Å).29 The

application of the SEID method for the electron and nuclear

dynamics of Xen nanodroplets requires the incorporation of EII,

which was not considered in the original formalism.38 Second,

the dynamics and energetics of CE from a spatially
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inhomogeneous transient cluster structures will be exciting.

Traditional one-pulse driving of elemental Xen clusters studied

herein considers the response of a nearly homogeneous, finite

spatial structure, with some initial inhomogeneity originating

from the surface profile. The optimal control of the ionization

level of Xen clusters by pulse shaping at IM = 1014 W cm�2 was

studied by Zamith et al.,41 while our previous work43 addressed

control at IM = 1015 W cm�2 by increasing the pulse length,

which enhances the EII ionization level. Both studies41,43

considered control of the ionization level by the use of fixed-

intensity pulses. Recently, Peano et al.46,47 proposed and demon-

strated a novel two-pulse irradiation scheme of homonuclear

clusters using two pulses with different intensities. The first

weaker pulse (IM = 1015–1016 W cm�2) drives a slow CE in the

presence of the persistent nanoplasma (ref. 35 and section VI)

with the expanding exterior ionic region produces an inhomo-

geneous structure that serves as a target for the second, more

intense pulse (IM = 1018–1020 W cm�2), which results in

extreme additional inner ionization, complete outer ionization

and effective CE.46,47 This nonuniform CE triggers kinematic

overrun effects in exploding homonuclear clusters,46–48 which

were utilized to explore intracluster nuclear fusion within a

single (D2)n nanodroplet.11 The application of this two-pulse

irradiation scheme to CE of many-electron elemental

clusters will unveil new features of dynamics and energetics

at extremes.
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