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Our molecular dynamics analysis of Xe147–5083 clusters identifies two mechanisms that contribute to the
yet unexplained observation of extremely highly charged ions in intense laser cluster experiments. First,
electron impact ionization is enhanced by the local cluster electric field, increasing the highest charge
states by up to 40%; a corresponding theoretical method is developed. Second, electron-ion recombination
after the laser pulse is frustrated by acceleration electric fields typically used in ion detectors. This
increases the highest charge states by up to 90%, as compared to the usual assumption of total
recombination of all cluster-bound electrons. Both effects together augment the highest charge states
by up to 120%, in reasonable agreement with experiments.
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The continuing interest in intense laser cluster interac-
tions is driven by both technological applications and the
quest for fundamental insight into complex many-body
processes [1]. The highly efficient absorption of laser
energy and subsequent emission of fast electrons [2– 4],
energetic highly charged ions [5], x rays [6,7], and neu-
trons [8] is relevant for the generation of EUV light,
energetic particles, and pulsed neutrons bursts. The created
nanoplasma itself is of fundamental interest for studying
strong-field-induced dynamics in dense media as the mi-
croscopic processes are also of key importance to other
branches of many-body physics, including plasma physics
[9], and laser modification of solids, such as dielectrics
[10]. Because of their finite size, laser excited clusters are
accessible numerically on the microscopic level; hence, the
nonperturbative dynamics can be studied in detail, beyond
the traditional statistical plasma physics approach.

Much effort has gone into the analysis of the energy
absorption mechanisms of clusters [11]. Experiments also
show that intermediate and heavy atom clusters, e.g., XeN ,
PtN , and PbN, emit ions with charge states up to 20–30 for
moderate laser intensities of 1014–15 W=cm2 [12,13]. The
mechanisms underlying the generation of these highly
charged ions, however, are not well understood yet and
are the subject of the analysis presented here.

Our study builds on the following model. The evolution
of the plasma electrons and ions is described by a classical
molecular dynamics (MD) analysis [14,15]. Tunnel ioniza-
tion (TI) and electron impact ionization (EII) are described
quantum mechanically by ADK (Ammosov-Delone-
Krainov) ionization rates [16] and Lotz cross sections
[17]. We identify the following mechanisms: (i) The local
cluster field enhances EII substantially. The Lotz formula
was originally derived for an isolated electron-ion or
electron-atom pair. We develop a theoretical approach
that accounts for the local field effect on EII. Although
the approach is applied to clusters here, it is of relevance
for a broad range of many-body phenomena. Calculations

were performed for Xe147–5083 and a 250 fs laser pulse at
800 nm with peak intensity 4� 1014 W=cm2. We find
the local field enhances cluster inner ionization by up to
40%. TI, also enhanced by local fields [18], prevails early
in the interaction creating low-q ions. Local-field-
enhanced EII then takes over to generate the high-q ions.
(ii) Recombination is frustrated by the ion detector electric
field. The charge spectrum measured in experiments thus
reflects ionization levels immediately after the laser pulse.
It was previously assumed that all quasifree electrons
bound to the cluster after the pulse permanently recombine
(total recombination). Our analysis shows that only a small
fraction (<10%) eventually recombines. After the cluster
potential is sufficiently lowered by cluster explosion, qua-
sifree and weakly bound electrons are stripped by the weak
field commonly used in time-of-flight detectors. Frustrated
recombination increases the highest charge states by up to
90% over total recombination.

Enhanced EII and frustrated recombination together in-
crease the maximum charge state by up to 120%. For
Xe5083, ions with up to q � 19 are found, in reasonable
agreement with experiments [12].

Our formalism for local field corrected EII starts from
the simplified Lotz cross section for an atomic EII process
(q! q� 1), where q is the initial charge state,

 �q!q�1
tot � 450 �A2 eV2

XEnl<Eim

n;l

fnl
ln�Eim=Enl�
EimEnl

: (1)

Here, Enl and fnl are the binding energy and occupation
number of electronic levels characterized by the principal
and angular quantum numbers (n, l); Eim is the impact
electron energy. In sufficiently dilute systems, Enl is the
free atomic binding energy and Eim is the asymptotic
kinetic energy of the impinging electron. At solid densities,
however, the binding energies can be significantly lowered
by the local electric field produced by neighboring ions and
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electronic screening [19]. Furthermore, the asymptotic
electron energy is no longer well defined.

Our approach remedies both problems and provides a
locally defined impact energy and local field corrected
ionization potentials. In a many-particle environment, an
electron bound to an ion located at xion feels the total
potential V�x0�, where x0 � x� xion is the relative
electron-ion coordinate. The potential V�x0� consists of
the residual ion potential Vion�x0� (nucleus plus other
bound electrons) and the potential from all other charged
particles. The minimum energy required for its ionization
is the energy needed to overcome the lowest potential
barrier peak in the local environment of the ion; we denote
the potential of this peak, the local ionization threshold, by
Vb. Assuming a reasonably smooth local electron distribu-
tion, this peak is located at approximately half the distance
to the nearest neighbor ion, i.e., Vb � V�x0 � dnn=2�. In
order to describe the effect of the environment on the
ionization potential, we use an effective atomic picture
within an ionic cell. To this end, a renormalized potential
Veff�x0� � V�x0� � Vb is introduced that shifts the ioniza-
tion threshold to zero energy, as in the free atomic problem.
Proceeding, we write Veff�x0� as a sum of Vion and the
residual potential of the environment Venv�x0� � Veff�x0� �
Vion�x0�. The resulting effective Schrödinger equation is

 

�
@

2

2m
�� Vion�x0� � Venv�x0� � E�nl

�
j��nli � 0: (2)

The free atomic problem (Venv � 0) is characterized by the
wave function j�nli and the binding energy Enl, where
�n; l� denotes the electronic state of the bound electron; E�nl
and j��nli are then the effective binding energy and wave
function in the presence of the environment.

While the environment potential has a spatial depen-
dence within the ionic cell, its main effect is an absolute
shift of the atomic potential. This is because its spatial
variation �Venv�x0� over the extension of the bound states
is small, and becomes increasingly so for more deeply
bound states. Thus we can write Venv�x0� � Venv�x0 �
0� � �Venv�x0�. As shown below, �Venv can be neglected,
giving j��nli 	 j�nli and thus

 E�nl 	 Enl � Venv�x0 � 0�: (3)

The usefulness of the approximation Eq. (3) is that the
field-induced shift is independent of the considered state
and can be directly evaluated in the MD code.

We follow a similar strategy for the definition of the
impact energy. For an isolated atom or ion, Eim is the
energy of the impinging electron at infinity, where the
Coulomb potential asymptotically goes to zero. The cor-
responding reference point in a nanoplasma is the location
of the local potential barrier peak, as defined above.
Therefore, the environment shifted impact energy E�im is
the electron energy relative to the barrier peak.

In order to quantify the environment-induced shift and
validate the approximations used in Eq. (3), we solved
Eq. (2) numerically for a Xe lattice in the muffin-tin
approximation. After q ionization steps, we assume that
q electrons are located in each cell and form a uniformly
charged sphere of radius dnn=2 around the parent ion with
charge q. As a result, the potential in an ionic cell is
exclusively determined by the charge distribution it con-
tains—the field from all other cells is zero. The effective
ionization potentials for this model system are calculated
using a relativistic all-electron local-density approximation
(LDA) code [20]. The bound electrons are assumed to be in
the ground state configuration. We like to stress that the
purpose of this model is exclusively the validation of
Eq. (3).

Figure 1 compares highest occupied molecular orbital
(HOMO) ionization potentials calculated via the LDA
code with those obtained via Eq. (3) for the first 26 ion-
ization steps as a function of normalized inverse next-
neighbor distance �. Here, � � 4:55 �A=dnn is normalized
to the bond length of a Xe dimer and provides a convenient
measure of the atomic density. In the limit �! 0 the
single atom ionization potentials are recovered for both
methods. For increasing � the ionization potential be-
comes more and more suppressed. For � � 1 (at the
density of a cold Xe cluster), the LDA calculation (solid
lines) shows a 30%–75% reduction of the ionization po-
tentials for charge states 1–25. The approximation Eq. (3)
(dashed lines) well reproduces the LDA results for q > 7.
It slightly overestimates the shift for q � 1–7 at high
density as a result of neglecting �Venv�x� in Eq. (3). This
does not influence the MD results below as TI dominates
the creation of the low charge states. The good agreement
justifies using Eq. (3) in the MD analysis.

FIG. 1 (color online). Environment-induced lowering of ion-
ization potentials for Xeq� in the muffin-tin approximation as a
function of normalized inverse next-neighbor distance �.
Relativistic LDA calculations (solid lines) are compared with
Eq. (3) (dashed lines) for q � 0–7 (left) and q � 8–25 (right).
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To study the effect of EII on laser cluster dynamics, we
implemented Eq. (3) in an MD code without using any
assumptions of the muffin-tin model. Starting from a re-
laxed icosahedral cluster geometry, the particle interac-
tions are described by a softened Coulomb potential. The
potential has been chosen sufficiently smooth to prevent
classical recombination of electrons below ground state
atomic energy levels. The probability for TI of atoms or
ions is calculated each time step from the atomic ADK rate
using the local electric field, thus taking the cluster envi-
ronment into account. We check for possible EII events
whenever an electron penetrates an ionic cell, i.e., a sphere
around an atom or ion with radius dnn=2. The next-
neighbor distance dnn is updated dynamically. EII occurs
if the impact parameter b � jv� x0j=jvj is smaller than the
critical value bcrit �

��������������
�tot=�

p
. Here v is the electron veloc-

ity, and x0 the vector connecting the electron and ion. The
EII cross section �tot depends on the charge state of the
target atom or ion and is determined in two different ways:
(A) For ‘‘conventional EII,’’ which neglects the cluster
field, the atomic ionization potentials Enl and the asymp-
totic impact energy Eim � Ek � qe

2=2��0dnn are used;
(B) for ‘‘enhanced EII,’’ which includes the cluster field,
we use the corrected ionization energies E�nl from Eq. (3)
and the local impact energy defined above. The atomic
ionization potentials were obtained from the LDA code
by calculating total energy differences Enl�q� � Etot�q�
1� � Etot�q�. The level shifts are determined at each time
step by calculating the local field at every ion explicitly.
For both (A) and (B) we included atomic levels with n > 2
in the cross section. Lower lying states can be neglected
due to their high binding energy.

The role of local-field-enhanced EII is investigated for
XeN clusters with N � 147, 561, 1415, 2869, 5083, and
laser parameters typical for experiments: a linearly polar-
ized 250 fs (FWHM) Gaussian pulse at 800 nm with peak
intensity 4� 1014 W=cm2. A comparison of simulations
using enhanced vs conventional EII shows up to 50%
higher energy absorption and up to 40% increased inner
ionization. In both cases, TI dominates in the early stages,
producing transient low charge states. Subsequently, EII
takes over and produces high charge states.

To predict final ion charge state distributions, recombi-
nation of quasifree cluster electrons with individual ions
must be considered. The final spectra strongly depend on
how this recombination is handled. A lower limit can be
obtained assuming the all quasifree electrons recombine to
the nearest ion, but this yields highest charge states far
below experimental observations.

For a more refined prediction of the measured charge
distribution we include the influence of the experimental
setup. Tracing the cluster dynamics for 60 ps after the laser
pulse reveals the following scenario: although the potential
of the cluster becomes more and more shallow due to its
explosion, quasifree electrons remain bound to the cluster

due to adiabatic expansion cooling. The two possible
mechanisms for electron-ion recombination during the
expansion are radiative recombination and three-body re-
combination (TBR). The role of radiation recombination is
determined using the rates in Ref. [21] and is found to be
negligible. TBR is directly accounted for in the MD code.
The classical description is reasonable as electrons mainly
recombine to highly excited bound states. For example,
after 40 ps in the Xe1415 simulation, more than 90% of
initially quasifree cluster electrons remain quasifree or
bound to ions with energy less than 50 meV. As the
electrons are so weakly bound, the key to determining
the recombination dynamics is including the ion extraction
field used in time-of-flight detectors. Thus we continued
the Xe1415 simulation over another 20 ps, where we adia-
batically turn on a static field of 3 kV=cm, as typical for
experiments. Over this 20 ps the remaining quasifree and
all the Rydberg-like electrons are stripped from the cluster,
as the global potential is sufficiently shallow. This frus-
trated recombination has a major impact on the final ion
charge spectrum. Further calculations show that recombi-
nation is frustrated for even much weaker field strengths

0:1 kV=cm.

The impact of enhanced EII and frustrated recombina-
tion on ion charge spectra is evident in Fig. 2. The left and
middle columns compare total and frustrated recombina-
tion, where conventional EII was used. For total recombi-
nation all electrons bound to the cluster after the laser pulse
are assumed to recombine. For frustrated recombination,
electrons that are quasifree just after the laser pulse are
excluded, as they would be removed by the detector field.

FIG. 2 (color online). Ion spectrum for XeN clusters and a
250 fs Gaussian pulse with peak intensity I0 � 4�
1014 W=cm2. Left column: total recombination and conventional
EII; center column: frustrated recombination and conventional
EII; right column: frustrated recombination and enhanced EII.
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The right column shows spectra obtained using enhanced
EII and frustrated recombination.

The left and middle columns show that frustrated re-
combination narrows all charge distributions and, for
larger clusters, shifts them to substantially higher charge
states. The middle and right columns reveal that enhanced
EII shifts all the spectra to higher charges. The highest
charge state for the Xe5083 simulation is q � 19, in reason-
able agreement with experiments [12], given the uncertain-
ties in cluster size distribution, laser pulse profile, and peak
intensity.

For a more quantitative characterization of the influence
of frustrated recombination and enhanced EII on the high-q
tail of the charge distributions in Fig. 2, we used the
following measure. We define an effective maximum
charge state, qmax, such that 95% of the charge distribution
is below this value. The results are plotted in Fig. 3.
Frustrated recombination results in an increase of the
effective maximum charge state by up to 90%. The im-
portance of frustrated recombination increases with larger
cluster size. This is because in small clusters fewer quasi-
free electrons remain after the laser pulse; thus, total
recombination and frustrated recombination give similar
results. Stronger space charge fields build in larger clusters,
preventing an increasing number of inner ionized electrons
from leaving the cluster. Enhanced EII further increases the
effective maximum charge state by up to 40%. The abso-
lute enhancement through EII depends only weakly on the
cluster size. Overall, these two effects increase the highest
charge state by up to 120%.

In conclusion, we have identified two effects that are
essential for the creation of extremely high ion charge
states in laser cluster interaction experiments. First, the
local cluster field enhances electron impact ionization.
Second, the ion extraction electric field frustrates the re-
combination of electrons after the laser pulse. Both effects
together increase the effective maximum charge state by
more than a factor of 2. Our theoretical framework in
combination with high resolution experiments presents

the basis for further investigations into the mechanisms
underlying the creation of high charge states. For example,
it was pointed out recently that the Lotz rates underesti-
mate atomic electron impact ionization [15]. One reason
might be electron impact ionization via intermediate ionic
bound states.
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[13] L. Köller et al., Phys. Rev. Lett. 82, 3783 (1999);
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FIG. 3 (color online). Effective maximum charge state qmax

obtained from Fig. 2 versus cluster size. For a definition of qmax

see text.
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