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Abstract. In this paper we report on inner ionization of Xen clusters (n = 55−2171) in ultraintense
Gaussian laser fields (peak intensity I = 1015−1020 Wcm−2, pulse width τ = 25 fs, frequency 0.35 fs−1).
The cluster inner ionization process is induced by the barrier suppression ionization (BSI) mechanism and
by electron impact ionization (EII), which occurs sequentially with the BSI. We address electron impact
ionization of clusters, which pertains to inelastic reactive processes of the high-energy (100 eV–1 keV
per electron) nanoplasma. We utilized experimental data for the energy dependence of the electron impact
ionization cross-sections of Xej+ (j = 1−10) ions, which were fit by an empirical three-parameter Lotz-type
equation, to explore EII in clusters by molecular dynamics simulations. Information was obtained on the
yields and time-resolved dynamics of the EII levels (i.e., number nimp of electrons per cluster atom) in the
Xen clusters and their dependence on the laser intensity and cluster size. The relative long-time (t = 90 fs)
yields for EII, nimp/nii (where nii is the total inner ionization yield) are rather low and increase with
decreasing the laser intensity. In the intensity range I = 1015−1016 Wcm−2, nimp/nii = 0.21 for n = 2171
and nimp/nii = 0.09−0.14 for n = 459, while for I = 1018−1020 Wcm−2, nimp/nii = 0.01−0.05. The
difference ∆nimp between the EII yield at long time and at the termination of the laser pulse reflects
on ionization dynamics by the nanoplasma when the laser pulse is switched off. For Xe2171 in the lower
intensity domain, ∆nimp = 0.9 at I = 1015 Wcm−2 and ∆nimp = 0.4 at 1016 Wcm−2, reflecting on
EII by the persistent nanoplasma under “laser free” conditions, while in the higher intensity domain of
I = 1017−1018 Wcm−2, ∆nimp is negligibly small due to the depletion of the transient nanoplasma.

PACS. 34.80.Gs Molecular excitation and ionization by electron impact – 36.40.Qv Stability and frag-
mentation of clusters – 36.40.Wa Charged clusters

1 Introduction

Extremely multicharged elemental and molecular clus-
ters, e.g., Xen, (H2)n, (D2)n, (H2O)n, (D2O)n, (CH4)n,
(CD4)n and (DI)n, can be prepared by the interac-
tions of these clusters with ultrashort (pulse temporal
length τ = 10−100 fs) and ultraintense (peak intensity
I = 1015−1020 Wcm−2) laser pulses. Extremely high
multielectron ionization processes involve the removal of
valence electrons or the complete stripping of all the elec-
trons in light first-row atoms or molecules [1–4] with the
formation of ionic clusters, e.g., (D+)n, (H+)n, (D+

2 Oq+)n,
(H+

2 Oq+)n (q = 6−8), (C
q+

D
+

4 )n, (Cq+H+
4 )n (q = 4−6),

or the formation of highly charged ionic clusters, e.g.,
(Xeq+)n (q = 5−36) [5–15] or (D+Iq+)n and (H+Iq+)n

(q = 4−35) [16,17], which are produced from heavy atoms.
These ionic clusters are unstable towards Coulomb ex-
plosion [18–25]. Clusters constitute large, finite systems
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with a density comparable to that of the solid or liq-
uid condensed phase. While the coupling of macroscopic
dense matter, e.g., solids or liquids, with ultraintense laser
fields is blurred by the effects of the formation of an in-
homogeneous dense plasma, isochoric heating, beam self-
focusing and radiative continuum production [26,27], the
response of clusters (whose size is considerably smaller
than the laser wavelength) to ultraintense laser fields trig-
gers well-characterized ultrafast dynamics of electrons (on
the time scale of �1−50 fs) and highly charged ions
or nuclei (on the time scale of ∼10–100 fs). The com-
pound multielectron ionization mechanism of clusters in-
volves three sequential-parallel processes of inner ioniza-
tion, nanoplasma formation and outer ionization. Inner
ionization results in the formation of a charged, energetic
nanoplasma (electron energies of ∼100 eV–10 keV) within
the cluster or its vicinity, which is followed by the partial
or complete outer ionization of the nanoplasma. These
phenomena constitute a new realm of electron dynamics
driven by an ultraintense laser field on the femtosecond
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time scale [28]. The cluster inner ionization process is in-
duced by two mechanisms.

(A) The barrier suppression ionization (BSI) mechanism.
The BSI in clusters is driven by a composite, effec-
tive field consisting of the superposition of the laser
field and of the inner fields, which are generated by
electrostatic interactions with the ions and with the
nanoplasma electrons. The inner field contributions
involve the ignition effects [29], which increase the ef-
fective field by the contribution of the ions, and the
screening effects, which decrease the effective field of
the ions by the nanoplasma electrons.

(B) Electron impact ionization (EII) mechanism. In par-
allel with the BSI mechanism, the EII processes pre-
vail. Inner cluster ionization by electron impact man-
ifests additional dynamic effects of the nanoplasma
electrons, which are involved in inelastic collisions.
Cross-sections for impact ionization of isolated atoms
were described using Lotz’s model [30]. Last and
Jortner used this model for EII of atoms and ions
in clusters. This approach, which was previously uti-
lized [19] for estimates of the contribution of impact
ionization of the cluster inner ionization yields, rested
on ‘intelligent guesses’ for the parameters which ap-
pear in the Lotz model. Accordingly, only qualitative
conclusions regarding the yield of EII processes could
be inferred.

To provide estimates of EII yields in clusters, reliable
input information for the EII cross-sections of the con-
stituents are required. In this paper we address EII dy-
namics and yields in clusters. We utilize experimental data
for the energy dependence of electron impact ionization
cross-sections of Xej+ (j = 1−10) ions to explore electron
impact ionization yields in Xen (n = 55−2171) clusters.
We report on the yields and on the time-resolved dynam-
ics of EII in Xen clusters and their dependence on the
laser intensity and cluster size. From the practical point
of view, in the context of total yields for inner ionization,
it is important to assess the yield for EII (mechanism (B))
relative to the yield for the BSI process (mechanism (A)).
From the point of view of methodology, electron impact
ionization of clusters provides new features of inelastic re-
active processes of the nanoplasma coupled to an ultrain-
tense laser field.

2 Methodology of simulations of inner
ionization and nanoplasma response
of coupled cluster-laser systems

We followed the simulation procedure for high-energy elec-
tron dynamics and for nuclear (ion) dynamics previously
developed by Last and Jortner [19]. Briefly, the laser elec-
tric field F� was taken as

F� = F�0(t) cos(2πνt + ϕ0) (1)

Table 1. Intensity dependences of the laser pulse truncation
time ts for Xen clusters coupled to a Gaussian laser pulse (ν =
0.35 fs−1, τ = 25 fs).

I(Wcm−2) ts(fs)

1015 –12.5
1016 –23.1
1017 –28.3
1018 –32.4
1019 –36.4
1020 –39.6

being characterized by a Gaussian shaped envelope func-
tion of the pulse

F�0(t) = FM exp[−2.773(t/τ)2] (2)

with the parameters of frequency ν = 0.35 fs−1 (photon
energy of 1.44 eV), phase ϕ0 = 0 and temporal width
τ = 25 fs (FWHM of the intensity profile of 18 fs). The
electric field maximum FM is related to the peak intensity
I (in Wcm−2) by

|eFM | = 2.745 × 10−7(I1/2) eV Å
−1

. (3)

The laser field, equations (1) and (2), is defined in the tem-
poral range t > −∞, and the peak of the laser pulse is at-
tained at t = 0. An initially truncated Gaussian pulse was
used in the simulations, with the initial laser field F� = Fs

being located at the finite (negative) time t = ts. For Xen

atomic clusters Fs = F th, where F th is the threshold field
for the first (single electron) ionization of each Xe atom.
At the initial laser field Fs [31] where t = ts, all the cluster
atoms are taken as singly charged ions, with the electrons
initially located at r = xb from each ionic center, where xb

is the characteristic BSI barrier distance. Typical values
of ts for Xen clusters are given in Table 1. Mechanism (A)
for the cluster inner ionization, which is driven by a com-
posite field consisting of the laser field and the inner field,
was described in terms of the BSI for each constituent.
When the conditions for BSI of an ion in the composite
field are satisfied, the inner ionization event is initiated
by locating the removed electron at xb. Multielectron ion-
ization is then realized in a sequential way, with one elec-
tron being removed at each inner ionization time step of
20 attoseconds [19,31]. The choice of this (arbitrary) ul-
trashort time step rests on the assumption that in the ul-
trahigh intensity domain used herein (I ≥ 1015 Wcm−2)
electron tunneling effects on the BSI are negligible. The
additional contribution to the inner ionization, which orig-
inates from EII (mechanism (B)), will be described in
Section 3. The simulations of the molecular dynamics of
the energetic electrons and of the ions were performed
by classical molecular dynamics, incorporating electron-
electron, electron-ion, ion-ion and electron/ion-laser inter-
actions [31]. High-energy electron dynamics included rel-
ativistic effects and were subjected to magnetic effects for
electron-laser interactions [31]. These simulation results
provide a complete picture of electron-nuclear dynamics,
including hydrodynamic effects.
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3 Electron impact ionization of Xen clusters

3.1 Cross-sections for electron impact ionization
of Xen clusters

In our simulations we have included electron impact single
ionization processes

Xej+ + e → Xe(j+1)+ + 2e (4)

for the formation of the nanoplasma, while electron impact
multi ionization processes [32]

Xej+ + e → Xe(j+m)+ + (m + 1)e; m > 1 (5)

have been disregarded. The incorporation of electron im-
pact requires the knowledge of the corresponding electron
impact cross-sections. Experimental data for electron im-
pact cross-sections σn(E) as functions of the impact en-
ergy E are available up to j = 10 [33–37] (i.e., up to
700 eV for j = 1−4, up to 1400 eV for j = 5 and 7,
up to E = 2000 eV for j = 8, and up to E = 5000 eV
for j = 9 and 10). To have a closed expression which al-
lows to interpolate the cross-sections and to extrapolate
them to higher energies, we employed the empirical Lotz
formula [38] for the electron impact cross-sections

σj (E) =
∑

i
aiqi

ln (E/Pi)
EPi

{1 − bi exp [−ci (E/Pi − 1)]},
(6)

where E is the impact energy of the impinging electron,
Pi is the ionization energy of the ith electron shell, qi

is the number of electrons in shell i, and ai, bi, ci are
empirical parameters. We fitted the experimental data to
a simplified version of the Lotz formula, in which only the
first term i = 1 of equation (6) is considered

σj (E) = aq
ln (E/P )

EP
{1 − b exp [−c (E/P − 1)]}. (7)

Equation (7) requires the knowledge of the ionization en-
ergy, which was taken from reference [39], and three pa-
rameters aq, b and c for each ionization level, treating
aq as a single parameter. The parameters aq were de-
termined from experimental data points at high impact
energies E � P , where equation (4) simplifies to

σj (E) = aq
ln (E/P )

EP
. (8)

Subsequently, the values of b and c were adjusted so that
the empirical function, equation (7), also fits data points
at low energies. Figure 1 presents the fitted model func-
tions together with the experimental data points and the
parameter values. For comparison, the curves of the high
energy limit function, equation (8), are included, showing
the effect of the exponential term of equation (7). Since
for the ionization of Xe7+ no experimental electron im-
pact cross-sections are available, we chose the aq param-
eter such that for high energies the cross-sections assume
an average of the Xe6+ and Xe8+ values (Fig. 1b). Since

the lack of experimental data makes a further refinement
meaningless, b and c were set to zero in this case.

From the fitting parameters for each single electron
ionization process, which are assembled in Figure 1,
the following conclusions emerge. (i) The parameter aq
varies in a rather abrupt way from aq = 2.4−2.9 ×
10−13 cm2(eV)2 for j = 1−4 to 6.8−9.4×10−13 cm2(eV)2
for j = 5−10, where in each domain the variations of aq
are irregular with increasing j. Thus the variations of aq
cannot be identified with a product of a constant param-
eter a and some effective number q of electrons, which is
expected to change regularly with increasing j. (ii) With
the exception of Xe5+ (Fig. 1b), the experimental cross-
sections are higher than predicted by the high-energy limit
function, equation (8). For this reason our values of the b
parameter are negative except for Xe5+, unlike in the work
of Lotz [30,38]. (iii) The choice of the parameters b and c
is not unique, as a variation of b can be compensated to
some extent by an appropriate modification of c. Since in
this work b and c were treated as fitting parameters, the
parameter set b, c depends largely on the choice whether
a better agreement with the initial sharp increase or the
subsequent drop-off of the experimental cross-section is
preferred. Under these conditions it is not surprising that
the parameters b and c do not exhibit a trend for increas-
ing j. (iv) In view of the irregular behavior of aq, b and c
for Xe+ to Xe10+, an extrapolation of the parameters to
ionization levels larger than Xe10+ does not seem possible.
In any case, the maximal cross-sections decrease by a nu-
merical factor of 40 from Xe+ to Xe10+ and are expected
to further decrease at higher ionic charges. Thus neglect-
ing impact ionization of ions beyond Xe10+ constitutes a
reasonable approximation.

3.2 Treatment of electron impact ionization energies
of clusters

Electron impact ionization takes place if the kinetic energy
of the impinging electron exceeds the ionization energy
and if its impact parameter d is not larger than the effec-
tive radius r = (πσ)1/2 of the particular ionization level,
where σ is the corresponding cross-section. The implemen-
tation of electron impact ionizations in clusters requires
the basic approximation that the cross-sections σj(E) are
unaffected by the ion-atom and ion-ion interactions within
the cluster, and that the corresponding single atom cross-
sections, equation (7), will be used. Some further mod-
ifications are required for the cluster impact ionization
events as compared to those of isolated atoms [19]. First,
atomic ionization energies are defined for an electron be-
ing moved to an infinite distance from the parent ion. But
since the ions and electrons are initially located inside a
cluster, the ejected electron must be placed at some finite
distance from the parent ion, which requires corrections
for the energetics. Second, an impact parameter refers to
an infinite distance of the impinging electron before the
impact. However, in the cluster the electron comes from
a finite distance and is deflected by other particles of the
cluster. Third, the velocity of the impinging electron prior
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(a) (b)

(c)

Fig. 1. The Lotz fits (solid lines), according to equation (7),
of the energy dependence of the experimental cross-sections
(dots) of the electron impact single ionizations of Xej+ + e →
Xe(j+1)+ + 2e for 1 ≤ j ≤ 10. The values of the optimized
parameters aq, b and c are given inside the panels. The high-
energy limit function, equation (8), is given for comparison
(dotted curve). The units of the parameter aq are cm2(eV)2

and the units of the ionization potential and the electron im-
pact energy are eV. (a) The fits for 1 ≤ j ≤ 4. The experi-
mental data were taken from Achenbach et al. [33]. (b) The
fits for 5 ≤ j ≤ 8. The experimental cross-sections for j = 5
were taken from Griffin et al. [34], for j = 6 from Gregory
et al. [35], and for j = 8 from Bannister et al. [36]. Since for
j = 7 no experimental data are available, the parameter aq was
chosen such that the σ(E) function lies in the center of the gap
between the experimental j = 6 and j = 8 data points. (c) The
fits for j = 9 and j = 10. The experimental cross-sections were
taken from Hofmann et al. [37].
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and after the impact ionization as well as of the ejected
electron are affected by the cluster environment.

In order to keep the computational effort small, the
treatment of electron impact ionizations in our simula-
tions rests on a simple sequential one-electron scheme.
Only stepwise sequential ionizations, equation (4), are
considered. The possibility of electron impact ionization
is checked for all electrons at each electronic time step.
An electron impact ionization is considered if a particu-
lar electron approaches an ion at a distance closer than
2 Å, which is considerably smaller than the interatomic
distance of 4.3 Å at the beginning of the simulation. For
a given electron-ion pair, ignoring all other ions and elec-
trons of the cluster, the impact parameter is given by [40]

d =
L√

2meEkin,∞
, (9)

where L is the absolute value of the angular momentum
of the electron, me is the electron mass and Ekin,∞ is
the kinetic energy of the electron at infinity. Equation (9)
rests on the fact that the electron velocity v∞ at infinite
distance is by definition perpendicular to the impact pa-
rameter d, so that in the vector product L = mr × v,
of the position r and velocity v may be replaced by the
corresponding scalar quantities d and v∞, where v∞ =
(2Ekin,r/me)

1/2 can be obtained from the kinetic energy
Ekin,∞ of the electron at infinite distance to the ion.
Ekin,∞ can be calculated from the instantaneous kinetic
energy Ekin,r at the electron-ion distance r

Ekin,∞ = Ekin,r − q

(r6 + r6
0)

1/6
. (10)

The correction term in equation (10) accounts for the con-
version of kinetic into potential energy (with a smoothing
parameter r0 [19,31]) when the electron is placed at an
infinite distance from the ion. Equation (9) is valid for
any potential. The potential enters only through the cor-
rection term of the kinetic energy, equation (10). Equa-
tions (9) and (10) are exact for the isolated ion-electron
subsystem. The approximate nature of this treatment for
clusters originates from the neglect of all other particles
in the cluster. L, which is constant only for the isolated
ion-electron pair, was evaluated when the electron-ion dis-
tance falls short of the 2 Å limit, i.e., at the instant when
the possibility of an electron impact ionization has to be
checked for.

The impinging and the ejected electron in the electron
impact ionization are treated in a very simple way. At the
impact ionization, the location of the impinging electron
is kept unchanged. The ejected electron is placed at the
same distance from the ion, but in an angular distance of
60◦ from the impinging electron. The kinetic energy Tfinal ,
available for both electrons after the impact ionization, is
obtained by setting the total energies of the entire clus-
ter before and after the impact ionization to be equal. In

atomic units the equation for Tfinal is:

Tfinal =
qA + 1

(r6
Ak + r6

0)
1/6

− P +
∑

a�=A

(
qa

(r6
ak + r6

0)
1/6

)

−
∑

a�=A

(
qa

(r6
aA + r6

0)
1/6

)
−

∑

i

(
1

(r2
ik + r̄2

0)
1/2

)

+
∑

i

(
1

(r2
iA + r̄2

0)
1/2

)
+

1
2
v2

l , (11)

where A denotes the Xeq+ ion where the impact takes
place, k is the ejected electron and l is the impact elec-
tron. qA is the charge of ion A before the impact. The
first term in equation (11) represents the potential en-
ergy of the ejected electron in the field of ion A af-
ter the impact ionization. P is the ionization energy for
Xeq+ → Xe(q+1)++e, and −P is the binding energy of the
electron k by the isolated ion A before the impact ioniza-
tion. The third and the forth terms in equation (11) are
the potential energy differences of the ejected electron k
in the field of all other ions a, after and before the impact
ionization, respectively. The fifth and the sixth terms are
the potential energy differences of electron k in the field
of all other electrons i including the impinging electron l.
It is assumed that before the impact ionization electron k
is located in the center of ion A, so that the distance of
electron k to all other ions and electrons is raA and riA,
respectively. v2

l

/
2 is the kinetic energy of the impinging

electron before the impact ionization. In our simulation
the impinging and the ejected electrons were given the
same velocity direction as the impinging electron before
the impact. The absolute velocities were scaled so that
the kinetic energy Tfinal is allocated to the two electrons
by equal parts. Thus the velocities v′k and v′l after the
impact ionizations are

v′k = v′l =

√
Tfinal

v2
l

. (12)

While the total energy is conserved in this way, the linear
and angular momenta are not, but this is a small error in
view of the large cluster mass.

4 Time dependence of inner ionization

4.1 Time dependence of cluster ionization levels

Figure 2 presents the simulation results for the time de-
pendence of the inner ionization levels of Xe2171 clusters,
as induced by a Gaussian laser pulse, equations (1–3),
with the temporal laser profile also being portrayed in
Figure 2. The time dependent ionization levels for I =
1015−1020 Wcm−2 are presented during a single laser
pulse. The total number of electrons Nii produced by in-
ner ionization is given by

Nii = NBSI + Nimp (13)
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Fig. 2. The time dependence of the inner ionization levels,
nii, and of the BSI levels, nBSI , for Xe2171 clusters in the laser
intensity domain I = 1015−1018 Wcm−2. The laser temporal
profiles marked ‘Laser’ are also presented. The arrows mark
the time tTP = −ts for the characterization of the termination
of the laser pulse.

where NBSI is the total number of electrons produced by
BSI (mechanism (A)), while Nimp is the total number of
electrons produced by EII (mechanism (B)). The ioniza-
tion levels for a Xen cluster are given in terms of electrons
depleted per constituent atom, with the total inner ion-
ization level

nii = Nii/n = nBSI + nimp (14)

where the BSI level being nBSI = NBSI /n, and the EII
level being nimp = Nimp/n.

In Figure 2 we present typical data for the time depen-
dence of the total ionization level nii for Xe2171 clusters
coupled to laser fields (I = 1015−1020 Wcm−2), with the
temporal profile of the laser pulses also being presented in
the figure. Both BSI and EII contributions for cluster in-
ner ionization are included in the nii data, equation (13),
of Figure 2, while the nBSI = nii − nimp, equation (13),
data, which are also presented in Figure 2, represent the
contribution of the BSI mechanism. From these results we
infer that the major contribution to the yield of the inner
ionization process originates from the BSI mechanism.

The time dependence of nii(t) at fixed I exhibits a
monotonous increase with increasing t. At ‘long-time’,
t � 90 fs, nii(t = 90 fs) ≡ n

(L)
ii reaches saturation for
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Fig. 3. The time dependence of the EII level nimp for Xen

(n = 459, 1061, 2171) clusters in the intensity domain I =
1015−1018 Wcm−2. The presentation of the laser pulse profile
and the time tTP are identical to those in Figure 2.

I = 1018 Wcm−2 and near saturation for I = 1015 Wcm−2

(Fig. 2). It will be instructive to compare the long-time
values of n

(L)
ii , with the ‘long time’ values of the BSI yield

nBSI (t = 90 fs) ≡ n
(L)
BSI . From the ‘long-time’ data of Fig-

ure 2 we note that for I = 1015−1016 Wcm−2 the n
(L)
ii

values are higher by about 15–25% than the n
(L)
BSI data,

while for higher intensities of I = 1018 Wcm−2 the n
(L)
ii

and n
(L)
BSI data nearly coincide. Over a large time interval,

from the termination of the laser pulse up to t = 90 fs,
nBSI (t) remains constant at the value of n

(L)
BSI , as the BSI

mechanism is operative only when the laser is on. In con-
trast, for the lower intensities of I = 1015 Wcm−2, nii con-
tinues a modest increase after the termination of the laser
pulse (Fig. 2), as the EII is still operative (Sect. 4.3). For a
fixed cluster size, n

(L)
ii increases with increasing I, i.e., for

Xe2171, n
(L)
ii increases from n

(L)
ii = 5.3 at I = 1015 Wcm−2

up to n
(L)
ii = 23.5 at I = 1018 Wcm−2 (Fig. 2). This

marked increase of n
(L)
ii is mainly due to the enhancement

of the BSI level at higher intensities.
Figure 3 portrays the time dependence, cluster size de-

pendence and laser intensity dependence of the EII levels,
nimp(t), equation (13), for Xen (n = 459−2171) clusters.
At all cluster sizes and for all intensities nimp(t) reaches
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saturation levels for I = 1017−1018 Wcm−2 and a near-
saturation level for I = 1015−1016 Wcm−2 (Fig. 3). For
a fixed cluster size, the long-time values n

(L)
imp for EII (at

t = 90 fs) exhibit a moderate, nonmonotonous I depen-
dence falling in the range n

(L)
imp = 0.4−1.2 for n = 459

and n
(L)
imp = 1.2−1.6 for n = 2171 (Fig. 3). Concurrently,

the relative EII levels, expressed in terms of n
(L)
imp/n

(L)
ii

for a fixed cluster size, markedly decrease with increas-
ing the laser intensity (Figs. 2 and 3), e.g., for Xe2171,
n

(L)
imp/n

(L)
ii = 0.21 at I = 1015−1016 Wcm−2, n

(L)
imp/n

(L)
ii =

0.13 at I = 1017 Wcm−2, and n
(L)
imp/n

(L)
ii = 0.04 at I =

1018 Wcm−2 (Figs. 2 and 3), while at I = 1020 Wcm−2,
n

(L)
imp/n

(L)
ii = 0.02. This enhancement of n

(L)
imp/n

(L)
ii with

decreasing I is due to the marked decrease of n
(L)
ii , to-

gether with a modest change of n
(L)
imp in this intensity do-

main (see Sect. 4.2).
The total ionization levels for BSI and EII (Figs. 2

and 3) increase with increasing t from nBSI = 1 and
nimp = 0 at t = ts (Tab. 1). The laser pulse is switched off
at the time tTP , which is chosen as tTP = −ts (Tab. 1).
At t = tTP , the BSI levels nBSI (tTP ) reach saturation at
all intensities (Fig. 2), as the BSI mechanism is operative
only when the laser is switched on. The time dependence
of nimp(t) (Fig. 3) manifests a qualitatively different pat-
tern than nBSI (t) (Fig. 2). In the lower intensity domain
of I = 1015−1016 Wcm−2, the initial increase of nimp(t)
with increasing t is slower than of nBSI (t) (Figs. 2 and 3),
manifesting the sequential nature of the nanoplasma pro-
duction by BSI and its reactivity by EII. Furthermore,
in this intensity domain the EII level at the termination
of the laser pulse nimp(tTP ) does not saturate after the
termination of the laser pulse, in contrast to the contri-
bution of the BSI mechanism referred to above. Rather,
for I = 1015−1016 Wcm−2, nimp(t) continues to increase
with increasing t at t > tTP , manifesting the prevalence
of the EII by a persistent nanoplasma (Sect. 4.2) after
termination of the laser pulse. At the higher intensities of
I = 1017−1018 Wcm−2, nimp(t) saturates at t > tTP , re-
flecting on the depletion of the transient nanoplasma for
this high intensity (Sect. 4.2), so that the EII process is
switched off in this time domain.

The short-time behavior of the total inner ionization
and EII levels (Figs. 4a and 4b) reflects on an abrupt in-
crease of nii from nii = 1 to 3 for larger clusters (n = 1061,
2171) in the time domain where the laser exhibits one tem-
poral cycle (Fig. 4). This abrupt increase of nii (Fig. 4a)
manifests effective, sequential, nearly instantaneous (i.e.,
with two computational ionization intervals of 20 attosec-
onds, Sect. 2) two-electron ionization of Xe+ with the for-
mation of Xe3+. The BSI Xe → Xe2 → Xe3+ occurs on
the time scale which is shorter than one laser optical cycle
(Fig. 4a). This abrupt increase in nii is not due to the EII
mechanism, as the nimp data (Fig. 4b) represent a gradual
increase with increasing t in this time domain, where the
laser exhibits 2–3 optical cycles. Accordingly, the domi-
nating mechanism for nonsequential double ionization of
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Fig. 4. The short-time behavior of the inner ionization level
and the EII level of Xen (n = 459, 1061, 2171) clusters during
the first laser cycles for the laser intensity of I = 1016 Wcm−2.
The laser pulse profile (marked as ‘Laser’) is also presented in
the figure. (a) The total inner ionization level. (b) The EII level.

Xen clusters at these high intensities of I = 1018 Wcm−2

involves two BSI steps (see Sect. 5).

4.2 Cluster size dependence and ionization selectivity
by electron impact ionization

In Figure 5 we present the cluster size dependence of the
fraction of the long-time impact ionization level n

(L)
imp/n

(L)
ii

for Xen (n = 55−2171) clusters in the intensity domain
of I = 1015−1020 Wcm−2. The n

(L)
imp/n

(L)
ii data, which

rest on reliable cross-sections for EII (Sect. 3), are plot-
ted vs. R

2

0, following a previous presentation [31]. The
present data are much more extensive and reliable than
previously reported [31]. Over the entire intensity range
the fraction of impact ionization increases monotonously
with increasing R

2

0. The highest impact ionization frac-
tions are obtained for the lower intensities of I = 1015

and 1016 Wcm−2, where n
(L)
imp/n

(L)
ii assumes the value of

0.21 at n = 2171, 0.15–0.16 at n = 1061 and 0.09−0.14
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Fig. 5. The cluster size dependence of the fraction of the long-

time impact ionization levels n
(L)
imp/n

(L)
ii for Xen (n = 55−2171)

clusters in the intensity range I = 1015−1020 Wcm−2. Data are

presented for n
(L)
imp/n

(L)
ii vs. R2

0 for fixed values of I .

at n = 459. The values of n
(L)
imp/n

(L)
ii obtained from the

present analysis of EII are higher by a numerical fac-
tor of ∼2 than those previously inferred [31] from crude
estimates of the cross-sections for EII. At the lower in-
tensities of I = 1015−1016 Wcm−2 the R2

0 size depen-
dence of n

(L)
imp/n

(L)
ii is nearly linear for n < 1061, and

exhibits a slower increase at n = 2171 (Fig. 5). Increas-
ing the intensity to I = 1017 Wcm−2 (Fig. 5) n

(L)
imp/n

(L)
ii

increases nearly linearly with increasing R
2

0, in qualita-
tive agreement with previous results [31], reaching the
value of n

(L)
imp/n

(L)
ii = 0.15. For the highest intensity do-

main of I = 1018−1020 Wcm−2, the fractions of EII are
very low with nimp/nii = 0.01−0.05 (Fig. 5). The con-
tribution of the EII mechanism is moderately small, al-
though this mechanism should be incorporated for a quan-
titative study of inner ionization and electron dynamics
in clusters. The laser intensity and cluster size domain
appropriate for the study of EII in Xen clusters should
involve large clusters (n � 2000) and lower intensities
(I = 1015−1016 Wcm−2).

The cluster size and laser intensity dependence of the
impact ionization level reveals the following features:

(1) an increase of nimp(tTP ) with increasing n at a fixed
value of I (Fig. 3);

(2) at a fixed cluster size, nimp(tTP ) increases with in-
creasing I in the range I = 1015−1017 Wcm−2,
reaches a maximum at I = 1017 Wcm−2 and then de-
creases in the range I = 1017−1018 Wcm−2 (Fig. 6);

(3) the overall nonuniform change of nimp(tTP) for fixed
values of n (Fig. 6) is about ∼2 over the intensity
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Fig. 6. The laser intensity dependence of the EII level
nimp(tTP) at the termination of the laser pulse (tTP = −ts)
for Xen (n = 459, 1061, 2171) clusters.
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Fig. 7. The laser intensity dependence of the difference

∆nimp = n
(L)
imp −nimp (tTP) between the EII level at long time

and at the termination of the laser pulse for Xen (n = 459,
1061, 2171) clusters.

range of I = 1015−1018 Wcm−2. This nonuniform in-
crease of nimp(tTP ) with increasing I (Fig. 6) is lower
than the uniform increase of nBSI at a fixed value of n
by a numerical factor of ∼5 over this intensity domain
of I = 1015−1018 Wcm−2 (Fig. 2);

(4) the cluster size dependence of the ‘long time’ EII lev-
els n

(L)
imp (Sect. 4.1) exhibit similar trends to those

of nimp(tTP ). At a fixed value of I, n
(L)
imp increases

with increasing the cluster size (Fig. 3). On the
other hand, at a fixed value of n, n

(L)
imp exhibits a

nonuniform dependence on I, increasing in the range
I = 1015−1017 Wcm−2, manifesting a maximum at
I = 1017 Wcm−2 and decreasing in the range of
I = 1017−1018 Wcm−2;

(5) The difference ∆nimp = n
(L)
ii −nii(tTP ) in the EII level

at a ‘long time’ and at t = tTP (Fig. 7), reflects on
the ionization dynamics by the nanoplasma in the
time domain when the laser pulse is switched off.
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Fig. 8. The distribution nimp(q) of the charges of the Xeq+

ions produced by EII of Xen (n = 459, 1061, 2171) clusters in
the intensity range I = 1015−1020 Wcm−2.

In the high intensity range of I = 1017−1018 Wcm−2,
∆nimp is negligibly small (Fig. 7), due to the deple-
tion effects of the transient nanoplasma [28] (Sect. 5).
On the other hand, for the lower intensity range
∆nimp is quite large, e.g., for Xe2171, varying from
∆nimp = 0.9 at I = 1015 Wcm−2 to ∆nimp = 0.4 at
I = 1016 Wcm−2 (Fig. 7). In this intensity domain
EII prevails by the energetic nanoplasma under ‘laser
free’ conditions (Sect. 5).

Of interest is the ionization level distribution of the
charges of the Xeq+ ions produced by EII (Fig. 8). From
our simulations, where both BSI and EII mechanisms pre-
vail, the (small) contribution of Xeq+ ions produced by
EII reveals a cluster size independent, but intensity de-
pendent, ionization level distribution (Fig. 8). For the
lowest intensity of I = 1015 Wcm−2 the distribution of
Xeq+ ions produced by EII peaks at qmax = 3, while
at I = 1016 Wcm−2 the peak of this distribution shifts
to q = 4−5 (Fig. 8). For the highest intensities of I =
1018−1020 Wcm−2 the distribution of the (very small)
number of Xeq+ ions produced by EII is bimodal with
a broad peak at qmax � 6 and a sharper peak at qmax � 9
(Fig. 8). The EII occurs in parallel to and sequentially
with the BSI. The dominating BSI mechanism results in
a higher charge of the Xeq+ ions with increasing the in-
tensity. Accordingly, the sequential EII minority channel
will manifest higher values of qmax at higher intensities.
The relative yields of EII are sufficiently small so that this
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Fig. 9. The time dependence of the nanoplasma popula-
tion np per atom (see text) in Xen (n = 459, 1061, 2171)
clusters induced by the laser fields (with the laser profile,
marked ‘Laser’, shown in each panel) in the intensity range
I = 1015−1018 Wcm−2. Note the qualitative difference be-
tween the persistent nanoplasma at I = 1015−1016 Wcm−2

and the transient nanoplasma at I = 1018 Wcm−2.

mechanism does not affect the total distribution of Xeq+

ions produced by inner ionization, for which the BSI mech-
anism dominates.

5 Discussion

The EII mechanism provides an avenue for inner ioniza-
tion of large clusters triggered by an energetic nanoplasma
in a system of a cluster coupled to an ultraintense laser
field (at t ≤ tTP), and in a laser-free system (at t ≥ tTP).
From the foregoing simulation data we inferred on the
cluster size and laser intensity dependence of the EII lev-
els. The following effects contribute to the EII dynamics
and yields: (1) kinetic effects on EII. Increasing the clus-
ter size at fixed I will result in the increase of the total
number of the nanoplasma electrons Np = npn, where the
nanoplasma population is np = (nii−noi), with noi be-
ing the cluster outer ionization level [31]. In Figure 9 we
present the time dependence of the nanoplasma popula-
tion np(t). The cluster size dependence at fixed I (Fig. 9)
exhibits an increase of np with increasing the cluster size.
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In the size domain n = 459−2171np increases by ∼20%
for I = 1015−1016 Wcm−2, while the maximal value of
np at I = 1018 Wcm−2 increased by 25% in this size do-
main (Fig. 9). Accordingly, at fixed I, the value of NP

(at t = tTP or at its maximum) manifests an increase by
about 20–25% in the size domain of n = 459−2171. The
time dependence of np(t) provides an important ingredi-
ent for the understanding of the dependence of nimp(tPT )
on the laser intensity at a fixed cluster size. In the lower
intensity domain of I = 1015−1016 Wcm−2, np(t) vs. t for
Xe2171 (Fig. 9) gradually increases, reaching at t = tPT

values of np(tPT ) � 4 at I = 1015 Wcm−2, np(tPT ) = 4.5
at I = 1016 Wcm−2, while for the higher intensities the
maximal value of np for Xe2171 is 5.5 at I = 1017 Wcm−2

and 6.0 at I = 1018 Wcm−2. Thus NP increases with in-
creasing I at a fixed cluster size. In order to provide a com-
prehensive picture for the intensity dependence of nimp(t)
(Fig. 6) one has to account for energetic and dynamic ef-
fects of the nanoplasma, which will not be considered.

(2) Nanoplasma energetics. In the lower intensity
domain (I = 1015−1016 Wcm−2), the energy of the
nanoplasma is lower than for the higher intensities (I =
1018−1020 Wcm−2) [28]. Simulations of the nanoplasma
energetics in Xen (n = 1061) clusters [28] revealed that the
energy distribution ∆ε of the electrons in the nanoplasma
is ∆ε � 50−400 eV and the average nanoplasma en-
ergy is εav � 50 eV for I = 1016 Wcm−2. For
I = 1018 Wcm−2 the energy distribution range of the
nanoplasma is 0.5−3 keV and εav � 1 keV [28]. A cursory
examination of the Xe electron impact ionization cross-
sections (Fig. 1) in the range of Xeq+, which correspond
to the maximal values of Nimp (Fig. 8), reveals that the
maximal charge qmax increases with increasing I, due to
the enhancement of the population of higher charged ions
by the BSI mechanism. Thus for I = 1016 Wcm−2, where
qmax � 3, σ(E) peaks around ∆ε = 80−100 eV (Fig. 1),
which falls in the energy range of ∆ε for this intensity. For
I = 1018 Wcm−2, where qmax = 6 and 9, the maximal
value of the cross-section (Fig. 8) is at ∆ε = 200−400 eV,
which is lower εav. EII cross-sections at qmax = 3 are
higher by about one-order of magnitude than those at
qmax = 6−9 (Fig. 1). Accordingly, we expect that the
EII cross-sections are enhanced at lower laser intensities
due to he increase of the nanoplasma energy and the in-
crease of the EII cross-sections in the lower laser intensity
domain.

(3) Dynamics of nanoplasma. Our simulations reveal
a quantitative difference between the dynamics of the
nanoplasma in different intensity domains (Fig. 9). In the
higher intensity domain of I = 1018 Wcm−2 (Fig. 9),
the nanoplasma is transient, with a complete depletion
at t − ts = 30 fs for n = 459, t − ts = 35 fs for n = 1061
and t − ts = 40 fs for n = 2171, so that the tem-
poral depletion threshold increases with increasing the
cluster size. EII can prevail only on the ultrashort time
scales of t ≤ 40 fs in this intensity domain. On the other
hand, in the lower intensity domain of I = 1015 Wcm−2

(Fig. 9), the nanoplasma is persistent over the time scale
of t − ts > 100 fs and no indication of nanoplasma deple-

tion is manifested. Accordingly, the longer lifetime of the
nanoplasma for I = 1015−1016 Wcm−2 renders the EII
yield to be more efficient in the lower intensity domain.

From this analysis of the effects of nanoplasma ki-
netics, energetics and dynamics the following conclusions
emerge regarding the EII yields:

(i) cluster size dependence of EII yields. The enhance-
ment of nimp(tTP ) with increasing the cluster size at
a fixed laser intensity (Figs. 2, 3 and 6) is due to the
kinetic effect of the increase of the total number of
the nanoplasma electrons with increasing n at a fixed
value of I (Figs. 2, 3 and 9);

(ii) intensity dependence of the EII yields during the
laser pulse. The increase of nimp(tTP ) with increas-
ing I at a fixed cluster size in the intensity range
I = 1015−1017 Wcm−2 (Fig. 6) is attributed to a
delicate balance between the kinetic effect of the in-
crease of the total number of the nanoplasma elec-
trons, which increase the EII yield, and the increase
of εav with increasing I, which contributes to the de-
crease of the EII yield. [The maximum in nimp(tTP )
at I = 1017 Wcm−2, together with the decrease of
nimp(tTP ) at I = 1017−1018 Wcm−2 (Fig. 6), re-
flects on the dynamic effects of nanoplasma depletion
at the highest intensities (Fig. 9), which lead to the
decrease of the EII yield.];

(iii) ‘laser-free’ EII. When the nanoplasma is persistent at
I = 1015−1016 Wcm−2 (Fig. 6) EII can be induced
by the nanoplasma after the termination of the laser
pulse, i.e., at t > tTP . The finite values of ∆nii at
the lower laser intensities (Fig. 8) are due to the EII
by the energetic persistent nanoplasma in the ‘laser
free’ system. Of course, the energetic nanoplasma is
produced by coupling of the cluster to the laser field,
with concurrent EII induced after the laser pulse is
switched off.

The present study of EII in a coupled cluster-ultraintense
laser system provides novel information on reactive fem-
tosecond and attosecond electron dynamics induced by a
nanoplasma in a large finite system. Laser radiation chem-
istry effects of the nanoplasma are of interest in the con-
text of control of electron dynamics and ionization lev-
els of clusters [7,9,20,28]. The present studies have to be
extended for experimental, theoretical and computational
exploration of control of electron-nuclear cluster dynamics
induced by ultraintense laser fields.

Ultrafast electron dynamics on the time scale of a few
laser optical cycles constitutes a new and exciting devel-
opment [41–43]. The short-time ionization of Xen clusters
on the time scale of a single optical cycle (Fig. 4a) corre-
sponds to cluster nonsequential double ionization (NDI),
which was previously studied for atoms [43–45]. There is
a qualitative difference between the Xe+ → Xe3+ NDI in
Xen clusters at I = 1018 Wcm−2 studied herein, and the
NDI of inert gas atoms, e.g., Ar, which proceeds via Ar →
Ar+ + e → Ar2+ + 2e at I = 3.5× 1014 Wcm−2 [43]. The
latter case involves an (e, 2e) process, with an electron pro-
duced by BSI inducing a second ionization by EII. In the
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