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Clusters and nanoparticles have been widely investigated to determine how plasmonic near fields
influence the strong-field induced energetic electron emission from finite systems. We focus on the
contrary, i.e., the slow electrons, and discuss a hitherto unidentified low-energy structure (LES) in the
photoemission spectra of rare gas clusters in intense near-infrared laser pulses. For Ar and Kr clusters we
find, besides field-driven fast electrons, a robust and nearly isotropic emission of electrons with <4 eV
kinetic energies that dominates the total yield. Molecular dynamics simulations reveal a correlated few-
body decay process involving quasifree electrons and multiply excited ions in the nonequilibrium
nanoplasma that results in a dominant LES feature. Our results indicate that the LES emission occurs after
significant nanoplasma expansion, and that it is a generic phenomenon in intense laser nanoparticle
interactions, which is likely to influence the formation of highly charged ions.

DOI: 10.1103/PhysRevLett.121.063202

Strong-field ionization of atoms and molecules has been
studied for several decades [1–4], and the fundamental
processes are often considered to be well understood. In
particular, the picture of electron release by tunneling
followed by the competition among direct emission,
recombination, and field-driven elastic scattering provides
a powerful concept to understand central features such
as characteristic energy cutoffs in atomic and molecular
high-order above-threshold ionization spectra [5] and high-
harmonic generation [6]. Nevertheless, surprising observa-
tions are still being made, even in these comparatively
simple systems. Recent discoveries include the holographic
nature of low-energy features in photoelectron spectra [7]
and forklike patterns associated with late returns [8], as
well as a pronounced spikelike low-energy structure (LES)
that becomes particularly pronounced in intense midin-
frared fields [9,10]. In these features, field-driven rescatter-
ing in the Coulomb field of the residual ion plays a
prominent role [7,11–13].
Clusters and nanoparticles in intense laser fields provide

a versatile platform to explore cooperative and finite-size
effects such as avalanching-induced nanoplasma formation
and field localization, and their implications for energetic
ion, photon, and electron emission from nanostructures
[14,15]. Backscattering processes similar to the atomic
and molecular case are observed in the locally enhanced
near fields and, for extremely short pulses, can be controlled
with the field waveform [16,17]. Strong absorption [18] and
formation of highly charged ions [19,20] and particularly fast

electrons can be realized for transient plasmonic resonance
enhancement in expanded cluster nanoplasmas [21–23],
where forward rescattering can even become the leading
field-driven electron acceleration mechanism [24,25].
Surprisingly, slow and weakly bound electrons are at least

similarly important, as they are, e.g., pivotal for explaining
the ion spectra from laser-driven clusters [26]. In excitations
of clusters with intense femtosecond laser fields, the
majority of cluster electrons remains trapped in the cluster
Coulomb potential during illumination [14], but they must
escape eventually to rationalize the observed dominance of
highly charged ion emission [27]. Moreover, slow electrons
are of crucial importance in the interactions of lasers with
human tissue, where they induce tissue damage via breakup
of DNA [28]. So far, however, little is known about the
production of slow electrons in intense laser-cluster inter-
actions and the underlying physics responsible for their
generation, although such information is essential to under-
standing and harnessing laser-driven nanoplasmas.
In this Letter we aim at resolving these mechanisms and

report the observation of a hitherto unreported, dominant,
and robust low-energy feature in electron spectra resulting
from the exposure from rare gas clusters to ultrashort near-
infrared (NIR) pulses. We find that the mechanism behind
the low-energy structure from clusters is different from that
for atoms and small molecules. In particular, the nearly
isotropic distribution of LES electrons suggests a delayed
emission resulting from a relaxation process. Our micro-
scopic molecular dynamics analysis reproduces the LES
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feature qualitatively and identifies a few-body decay
mechanism that is based on collisional energy transfer
from multiply excited ions to delocalized cluster electrons,
leading to slow autoionization of the cluster. The fact that
the yield of the LES emission can exceed the prompt, field-
induced emission achieved during illumination signifies the
general importance of autoionization processes of nano-
particles exposed to strong laser fields.
The experimental setup was previously described [29].

Briefly, a Ti:sapphire laser system provided 30 fs pulses
(FWHM), at 800 nm with up to 8 mJ pulse energy. After
passing a λ=2wave plate for polarization control, the pulses
were focused by a spherical silver mirror (15 cm focal
length) and intersected a pulsed jet of clusters. The backing
pressurewas changed between 2.5 and 6 bar, and theHagena
scaling law was used to estimate the corresponding average
cluster size [30]. An orifice with 0.5 mm diameter was
used to form a narrow cluster beam. To avoid that Rydberg
atoms and ions emerging from the cluster expansion
produce a spurious signal due to field ionization via detector
electric fields [26,31], we used a field-free time-of-
flight (TOF) electron spectrometer with a small (<3°)
acceptance angle [32]. The detection efficiency of slow
electrons was increased by a grid in front of the micro-
channel plate detector that accelerated all incoming elec-
trons by 500 eV (at the same time this prevents ions from
being detected).
Figure 1(a) displays typical electron TOF spectra from

ArN (hNi ¼ 4000) for pulses polarized parallel and
perpendicular to theTOF spectrometer axis. The correspond-
ing electron kinetic energy spectra [Fig. 1(b)] show three
main features that are analyzed in more detail below. First,
the spectra contain an unstructured high-energy contribution
that decays nearly exponentially ½YðEÞ ∝ exp−E=Edecay �with a
decay constant ofEdecay ¼ 55 eV for emission parallel to the
laser polarization (dashed line), which is consistent with
previous results [33]. The strongly enhanced yield of these
“fast” electrons along the polarization axis indicates field-
driven emission [21,22,24,29,34,35].
Second, a plateaulike contribution is observed for both

Ar and Kr clusters that shows a shoulder between about
10 and 15 eV. The shoulder was previously attributed to
correlated electronic decay processes [36] and cascades of
intra-Rydberg interatomic Coulombic decay transitions
[37,38] producing singly charged ions and electrons with
kinetic energies up to the ionization potential of the cluster
atoms, i.e., up to about 15.8 eV for Ar. Further examples of
recently discovered correlation-driven cluster ionization
processes include collective autoionization [39], autoioni-
zation of spin-orbit-excited states [40], as well as the
relaxation of multiply charged ions by Auger decay [41]
and autoionization [42].
Most importantly, the spectra exhibit an additional

exponentially decaying low-energy structure from slow
electrons with kinetic energies < 4 eV, that, in contrast to

the fast electron feature, is only weakly polarization depen-
dent; see the inset of Fig. 1(b). This nearly isotropic emission
behavior differs qualitatively from the laser-aligned char-
acter of the LES reported for atoms and molecules [9–12].
We emphasize that the application of retarding voltages in
the TOF measurement, as often used in cluster experiments
[21,22,29,34], would prevent the observation of the low-
energy electrons, confirmed when we applied a small
retarding voltage to the electrons. The LES remains a robust
feature when varying cluster size, laser intensity, and the
cluster constituents; see Fig. 1(c). This observation supports
its general significance for intense laser-cluster interactions
and strongly motivates its clarification.
Since a complete time-dependent correlated quantum

description is out of reach, we performed molecular
dynamics (MD) simulations to explore the origin of the
low-energy electron emission [26]. The dynamics of atoms,
ions, and plasma electrons is described classically using
a regularized Coulomb potential and including the laser
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FIG. 1. (a) Electron TOF spectra from ArN clusters
(hNi ¼ 4000) after excitation with 30 fs NIR laser pulses
(I ¼ 7 × 1014 W=cm2) with parallel and perpendicular polariza-
tion with respect to the TOF spectrometer axis. The spectra are
dominated by a low-energy structure (LES) with kinetic energies
<4 eV. (b) Corresponding electron kinetic energy spectra on a
logarithmic scale. Below 4 eV, the electron kinetic energy
distribution can be approximated by an exponential function
with a decay constant of 0.8 eV. (Inset) Enlargement of the LES.
(c) Electron spectra from KrN recorded at two different intensities
for parallel polarization.
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field in the dipole approximation. The neglect of magnetic
field effects and pulse propagation is well justified in the
considered parameter regime [43]. Dispersive interatomic
forces are treated via a binary Lennard-Jones interaction
and the clusters are initialized as relaxed icosahedra.
Atomic ionization events due to tunneling and electron
impact are modeled via Monte Carlo sampling using
effective quantum-mechanical rates, including local-field
induced ionization potential depression [26]. Note that
atomic autoionization [40,41] and many-body recombina-
tion processes in the nanoplasma, which dominantly couple
to highly excited states [44], are only qualitatively included
in the correlated classical treatment.
The MD results obtained for Ar5083 using parameters

similar to the experiment reproduce two of the most
prominent features of the measured electron spectra and
show two exponential contributions with strongly differing
decay constants; see Fig. 2(a). While the laser-aligned high-
energy feature (decay constant of 75 eV) is present already
when evaluating single-particle energy spectra of emitted
electrons immediately after the laser pulse (red spectrum),
the cluster dynamics must be calculated for several pico-
seconds before the pronounced and isotropic LES feature
(decay constant of 2 eV) emerges in the distribution (blue
spectrum). This behavior confirms that the origin of the
LES is not field-driven emission but a slow relaxation
process. Note that the decay constant of the high-energy

feature is larger than in the experiment because of focal
volume averaging that was not taken into account in the
simulation. The decay constant of the simulated LES agrees
qualitatively with the experiment, but electron emission
will take place over much longer timescales [40,42] than
those for which calculations are currently feasible, so exact
agreement is not expected.
A closer analysis uncovers the emission dynamics.

Nanoplasma ignition by tunneling during laser excitation
triggers a collisional ionization avalanche [see Fig. 2(b)],
leading to a high average inner ionization stage qii ≳ 6
(blue curve). This nonresonant excitation leads to modest
absorption (about 300 eV per atom) and initiates cluster
expansion (green), but it induces only relatively modest
field-driven outer ionization to the continuum (qoi < 0.2,
black curve). The evolution map of the single-particle
energy spectra of activated electrons in Fig. 2(c) displays a
rapid emergence of the fast electrons during illumination
and the formation of a very deep (>0.5 keV) cluster
potential that flattens quickly due to cluster expansion
[45]. At the end of the phase shown in Figs. 2(b) and 2(c),
i.e., 150 fs after the peak of the laser pulse, only the field-
driven fast emission has been completed, while most
(>97%) activated electrons remain trapped.
The LES emission is captured in the long-term emission

dynamics in Fig. 2(d). Whereas the fast electron contribu-
tion (E ≥ 4 eV, red) remains effectively unchanged on
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FIG. 2. MD results for Ar5083 excited with a 30 fs pulse at a central wavelength of 800 nm and a peak intensity of
I ¼ 7 × 1014 W=cm2. (a) Electron energy spectra as extracted from single-particle energy distributions shortly after illumination
(red) and at t ¼ 25 ps after the pulse peak (blue). The dashed lines are guides for the eye and reflect exponential decays (decay constants
as indicated). (Inset) Angular electron distributions shown with respect to the laser polarization. Clearly, the LES is only reproduced in
the simulations if these are continued for several picoseconds after the peak of the laser pulse. (b) Evolution of the inner and outer
ionization (qii and qoi) per atom (blue and black curves) and the cluster radius (blue) on femtosecond timescales. The laser intensity
envelope is illustrated by the gray area. (c) Corresponding evolution of the single-particle energy distribution of electrons that have
been set free from their parent atom in a tunnel ionization or electron impact ionization process. (d) Evolution of the total outer
ionization (black) and the yield of fast electrons with E > 4 eV (red) that are produced per cluster atom on a picosecond timescale.
(e) Corresponding evolution of the single-particle energy distribution.
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picosecond timescales, the increase of the total yield by
≈700 electrons (black) reflects the emission of slow
electrons, which become the dominant contribution to
the electron energy distribution after about 25 ps.
To identify the microscopic process underlying the LES

emission, we analyzed the long-term evolution of the
single-particle spectra, which show a splitting of the bound
population into two bands after about 1 ps; see Fig. 2(e).
While the feature at lower energy reflects recombined
electrons that are localized in ground and excited states at
individual ions, the weakly bound component corresponds
to delocalized (quasifree) electrons that have become
decoupled from the localized electrons during expansion
[46]. The formation of the low-energy feature at E≳ 0
coincides with the convergence of the quasifree electron
population towards the continuum edge, indicating a link
between the quasifree and LES electrons. Nevertheless, it
should be emphasized that the electrons are not simply
released after expansion sufficient for the cluster potential to
become shallow. As Fig. 3(e) shows, the quasifree electron
peak becomes sharper due to expansion cooling, preventing a
direct release from the potential [26]. Hence, so far, the
analysis indicates a connection of the LES electrons to the
existence of quasifree electrons in the expanding cluster, but
it does not yet rationalize their final continuum energy or the
mechanism by which this continuum energy is acquired.
The trajectories of individual escaping electrons reveal

the nature of the low-energy electron emission. As a
representative set, we analyzed seven electrons emitted
after t ¼ 12.5 ps in a 250 fs time interval [Fig. 3(a)],
defining the moment when electrons are finally promoted
to the continuum as the escape time tesc. Rapid jumps
(durations ≲100 as) of the single-particle energies EspðtÞ
from values in the spectral range of quasifree electrons to
the continuum are observed for all trajectories around tesc
[Fig. 3(c)]. Combined with the synchronized passage of a
nearby ion [Fig. 3(b)], the trajectory analysis evidences an
emission induced by single collision events of delocalized
electrons with individual ions that, as a result of recombi-
nation processes, carry one or more excited electrons with
them. The detailed energetics of one selected LES electron
(blue trajectory) illustrate the mechanism of the energy
transfer. The electron’s energy capture proceeds in a
collision with an ion (q ¼ 6) surrounded by four orbiting
localized electrons [Fig. 3(d)]. The corresponding single-
particle energy evolutions show that all four localized
electrons interact strongly with the colliding electron
[Fig. 3(e)], so no single localized electron can be identified
as the dominant energy exchange partner. This fact under-
lines the few-body nature of the collision process.
However, the energy associated with the subsystem of
the multiply excited ion (i.e., the sum of the kinetic energies
and mutual interaction energies of the ion core and the
associated localized excited electrons) shows that the
energy gain of the emitted electron is provided completely

by the multiply excited ion (see the dashed blue curve).
Note that the one-to-one correspondence between LES
electron energy gain and ion energy loss is to be expected
from the fact that in the expanding cluster the average
interatomic distance has significantly increased (see Fig. 2).
The same picture applies to all LES electrons highlighted in
Fig. 3(a). Our analysis thus supports that collisional energy
transfer from multiply excited ions to near-threshold
electrons results in substantial LES electron emission.
In contrast to the strong-field ionization of atoms, where

the LES was suppressed for circularly polarized light [9],
we expect the LES to remain dominant in the strong-field
ionization of clusters using circularly polarized light since
the polarization has little overall influence on the ionization
dynamics [47]. In addition to the described collisional
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process, other correlated electronic processes may contrib-
ute to the observed cluster LES and may take place up to
the nanosecond timescale. The delayed emission of slow
electrons either precedes, and thereby prevents, electron-
ion recombination (as in the collisional process discussed
here) or occurs after recombination (as, e.g., in atomic
autoionization), thus providing a possible explanation for
the observation of highly charged ions in strong-field
ionization of clusters [19,20]. Further investigation of
the contributions of these channels by treatments beyond
atomistic molecular dynamics will be needed to fully
understand their role.
In summary, we report in this Letter the observation of a

thus far unidentified and surprisingly strong emission of
low-energy electrons from intense laser-cluster inter-
actions. Our analysis shows that this emission is robust
and generic, and that it can be attributed to autoionization
of the excited cluster nanoplasma and is thus decoupled
from the prompt, field-driven emission during laser exci-
tation. Microscopic quasiclassical simulations reproduce
the experimental features qualitatively and suggest that
few-body collisional energy transfer from multiply excited
ions to quasifree electrons contributes to the observation
of the LES emission. A complete description of the LES
would require a fully correlated quantum treatment of the
cluster and the multiply excited ions, which is currently out
of reach. Meanwhile, time-resolved experiments with
terahertz pulses combined with semiclassical simulations
would be ideal to trace the evolution leading to the
observed asymptotic state. The present findings highlight
the importance of correlated relaxation phenomena in laser-
driven nanostructures and their applications.
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