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We have measured the energy and angular-resolved electron emission from medium-sized silver
clusters (N ’ 500–2000) exposed to dual laser pulses of moderate intensity (I � 1013–14 W=cm2).
When the second pulse excites the plasmon resonantly, we observe enhanced emission along the laser
polarization axis. The asymmetry of the electron spectrum is strongly increasing with electron energy.
Semiclassical simulations reveal the following mechanism: Electrons bound in highly excited states can
leave, return to, and traverse the cluster. Those electrons that return at zero plasmon deflection and
traverse the cluster during a favorable plasmon half-cycle can experience maximum acceleration by the
evolving polarization field. As a result of these constraints energetic electrons are emitted in direction of
the laser polarization axis in subcycle bursts.
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Gas-phase clusters are fascinating objects to explore
strong-field light-matter interactions in the transition re-
gion between the molecular and the solid phase [1]. They
absorb intense laser radiation with huge cross sections [2]
and emit fast electrons [3,4], energetic photons [5],
charged ions [6] with MeV kinetic energy [7–9], and
even neutrons [10]. Besides fundamental relevance, also
potential applications, e.g., extreme ultraviolet light
sources, compact particle accelerators, or pulsed neutron
sources, make a detailed understanding of laser-cluster
processes desirable.

Much of the violent response of clusters to intense laser
fields is related to the creation of a transient nanoplasma. A
temporary resonant collective mode results strongly en-
hanced absorption, as has been demonstrated in simula-
tions [11] as well as in experiments through increased
yields of high-z ions [12], electrons [13,14] and x rays
[15] for optimal pulse conditions. When present, plasmon-
enhanced coupling is more effective than higher order
nonlinear absorption effects [16]. The energy capture re-
sults from resonant driving of quasifree electrons, either
inherent to the system or created through inner ionization,
over a transiently critical ionic charge density �crit �
3me�0!

2
las=e. Because of strong field amplification at reso-

nance also the asymmetry of the electron emission is
increased, as has been observed on large (N � 105)
noble-gas clusters [13]. The enhanced asymmetry was
traced back to the polarization field at the cluster surface,
which supports emission and most additional acceleration
of electrons along the laser polarization.

In this contribution we investigate the electron emission
from medium-sized metal clusters and find three key re-
sults: First, the experiments reveal an enhanced asymmetry
of the electron emission at resonance. Although asymmet-
ric electron emission has also been observed in previous
experiments on large noble-gas cluster, we find that the
mechanisms are fundamentally different in the size regime
investigated here. Second, the asymmetry is electron en-

ergy dependent. The alignment along the laser polarization
axis is maximal for the highest electron energies. Third,
our analysis of the simulations reveals a so-far unresolved
acceleration process described in the following: Upon laser
excitation highly excited bound electrons with deflections
significantly larger than the cluster radius are produced.
They can be dynamically accelerated by the plasmon-
enhanced polarization field during a final passage through
the cluster. Therefore the parameter s � ve � p has to fulfill
certain conditions, where ve is the velocity of the accel-
erated electron and p is the polarization created by the
plasmon. Electrons can experience continuous energy gain
for three plasmon half-cycles for s < 0 during their ap-
proach to the cluster, s > 0 for the transit through, and s <
0 for the escape from the cluster. This resulting cascadelike
acceleration leads to substantial redistribution of collec-
tively absorbed energy to single emitted electrons (multi-
plasmon deexcitation). As only certain trajectories meet
these conditions for high gain, energetic electrons are
ejected from the cluster in a subcycle burst.

The experiments are performed on neutral gas-phase
silver clusters in the diameter range of d � 3:4� 0:8 nm
(500–2000 atoms), produced with a magnetron sputtering
gas aggregation source. A beam of noninteracting clusters
is delivered from the double differentially pumped mo-
lecular beam apparatus and irradiated with pairs of 100 fs
laser pulses (� � 800 nm, 2.5 mJ each, adjustable delay
�t) in a pump-probe type setup. The laser intensity is
controlled by a movable f=33 focusing lens. Further details
of the cluster generation and the laser system are described
elsewhere [17]. Electron spectra are recorded by field-free
time-of-flight measurements using a MCP detector and a
GHz multiscaler card. The experimental time resolution
allows discrimination of high-energy photons over elec-
trons up to �100 keV. To investigate the angular asym-
metry, spectra have been measured with laser polarizations
parallel (Ejj) and perpendicular (E?) with respect to the
electron drift tube; cf. Fig. 1(a).
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Irrespective of the direction of the emission the inte-
grated electron intensities, shown for three selected energy
intervals in Fig. 1(b), are maximal around delays �t ’
1:5 ps. This optimal delay characterizes the necessary
cluster expansion to reach critical density for resonant
absorption. The strong delay dependence of angular inte-
grated electron yields has already been observed in our
previous measurements [14]. In the present results the
electron emission exhibits a pronounced nonisotropic na-
ture; see Fig. 1(b). Moreover, the angular asymmetry
strongly depends on the electron energy. At the optimum
delay the intensity ratio resulting from Ejj vs E? increases
from 1.5 for the low-energy window to 6.5 for the high-
energy window, reflecting enhanced directional preference
of energetic electrons along the laser polarization axis. The
shift of the peaks to longer delays with increasing electron
energy can reasonably be explained by the size distribution
in the cluster beam [18]. Further insight into the role of the
resonance enhancement is gained from the fully resolved
photoelectron energy spectra; see Fig. 2. Dual pulses with
the optimal separation induce substantially higher electron
yields as well as an order of magnitude increase in the
electron energies over the single-pulse results. A maximum
kinetic energy of 350 eV is observed for Ejj excitation. In
addition, the distinct gap between the dual-pulse spectra
for Ejj and E? beyond 50 eV indicates substantial increase
of the alignment to the laser polarization with energy.
Similar trends are observed for a wide intensity range (3�
1013–3� 1014 W=cm2). The increase in directional asym-
metry at higher electron energies is produced by dynamic
polarization field-assisted acceleration at resonance, as
shown below via simulations. In contrast, nonresonant or
single-pulse excitation results in lower electron energies
and little angular preference.

We investigate the electron emission numerically by
simulating the microscopic interaction process on the basis
of a semiclassical kinetic approach. Sodium clusters serve
as model systems, as corresponding calculations on silver
with sufficient resolution are beyond the capability of pres-
ent computers. Starting from the Thomas-Fermi ground
state, valence electrons are propagated according to the
Vlasov-Uehling-Uhlenbeck scheme by use of the test-
particle method [19] incorporating mean-field effects
(Coulomb interaction, exchange and correlation effects in
local-density approximation) and binary electron-electron
collisions (screened electron potential, cross sections from
partial wave analysis, energy blocking) [20,21]. As we
consider a highly nonlinear process with thermal excita-
tions well beyond the spacing of energy levels the semi-
classical approximation is justified. The electron dynamics
is coupled to atomic ions via pseudopotentials. We con-
sider icosahedral clusters Na147 irradiated by pairs of lin-
early polarized laser pulses (��25 fs, ��800 nm, I�
8�1012 W=cm2). The reduced laser intensity is chosen be-
cause only one active electron per atom is treated explic-
itly. Nevertheless, the basic features and dynamical details
of the laser-cluster interaction are recovered, as we show
below.

Excitations with a single pulse only (a), with dual pulses
having the optimal delay for resonant excitation (b), and a
longer nonresonant pulse separation (c) lead to distinct
features in the photoemission profiles; see Fig. 3. Note,
in the simulation the optimal delay is shorter than in the
experiments by a factor of about 4, as less relative expan-
sion is required and the nuclei have smaller inertia. For
resonant dual-pulse excitation (b) a strongly increased
electron yield and significantly higher kinetic energies
are found, in qualitative agreement with the measurements;
cf. Fig. 2. The simulations predict maximal asymmetry of
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FIG. 2 (color). Angular-resolved photoelectron spectra for
single vs resonant dual-pulse excitation. In the dual-pulse case
significantly higher energies and a nonisotropic distribution are
observed. The emission in favor of Ejj (closed symbols) is
increasing with energy.
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FIG. 1 (color). Photoelectron spectra from AgN upon excita-
tion with dual 100 fs laser pulses at 8� 1013 W=cm2 for parallel
(Ejj) and perpendicular (E?) laser polarization, see (a). The
integrated signals for three electron energy intervals (as indi-
cated) and normalized to the maximum obtained for E? (b).
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the angular distribution for the resonant case, similar to the
trends reported for lower intensity [22], and enhanced
alignment of energetic electrons along the laser polariza-
tion axis. The maximum electron energy increases from
12 to roughly 47 eV: This value is 100 times larger than the
ponderomotive energy. The enhancement degrades for op-
tical delays that deviate substantially from the optimal
value, see the spectrum obtained far off resonance as
exemplarily shown in Fig. 3(c).

As the experimental trends are qualitatively reproduced
we now focus on details of the electron dynamics at
resonance from the simulation shown in Fig. 3(b). During
the impact of the second pulse the energy absorption is
governed by resonant plasmon excitation, i.e., collective
driving of electrons orbiting inside the cluster. At the turn-
ing points of each plasmon cycle a portion of previously
cluster-confined electrons is pulled beyond the cluster
surface and experiences acceleration through the polariza-
tion repulsion. This repulsion corresponds to the polariza-
tion pressure reported for noble-gas clusters [13]. In our
scenario we find that directly ejected electrons are unlikely
to overcome the space-charge barrier, as the laser field
partially counteracts the energy gain from polarization
forces (electrons are emitted at most unfavorable phase).
Therefore the direct mechanism mainly produces highly
excited but still bound states.

It turns out that rescattering of highly excited states on
the cluster potential is crucial for the asymmetric emission
and the production of energetic electrons at resonance. A

trajectory analysis reveals the following: Highly excited
electrons can experience significant energy gain from the
evolving resonance-enhanced polarization field during a
final transit through the cluster. Therefore the projection of
the electron velocity ve on the plasmon induced polariza-
tion p has to meet certain conditions, which can be ex-
pressed by the projection parameter s � ve � p. For s < 0
during the approach to, as well as the escape from, the
cluster, and s > 0 during the transit of the rescattered
electron through the cluster, we find three steps of energy
gain. Each on a time scale of half a plasmon cycle, as
schematically depicted in Fig. 4(b) (from left to right).
Continuous energy capture requires a flipping of the po-
larization, as the orientation of the polarization field is
reversed in the cluster. In the optimal case electrons enter
and exit the cluster near zero plasmon excursion. Accord-
ing to these constraints energetic electrons are only ejected
in narrow time windows. This is clearly reflected in the
camlike bursts within the time and energy resolved spectra
for laser-aligned emission; see Fig. 4(a). Direct emission
[broad low-energy contribution in Fig. 4(a)] also contrib-

 

FIG. 4 (color). (a) Laser-aligned electron emission from Na147

during the second pulse extracted from the simulation in
Fig. 3(b). The differential current corresponds to an average
over a cone (� � 0:2�). The emission time was measured at
r � 10 nm (actual cluster radius ’ 2 nm). Forward and back-
ward emission is shifted by half a laser period. The data
represent a statistical average. (b) Schematics of SPARC: At
resonance the dynamical flipping of the polarization potential
allows for efficient cascadelike acceleration of highly excited
electrons upon their transit through the cluster (from left to
right). For optimal acceleration the projection parameter s �
ve � p (see text) has to change sign as indicated in the three steps.

 

FIG. 3 (color). Calculated angular-resolved photoelectron
spectra of Na147 for single-pulse (a) and dual-pulse laser ex-
citations at optimal (b) and a longer nonresonant delay (c). In the
polar spectra (left column) the emission angle � is given with
respect to the laser polarization axis. Cuts through the contours
for Ejj and E? (right column) represent simulated photoelectron
spectra in accordance with the experimental setup.
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utes to the spectra but degrades quickly due to the increase
of the cluster charge. More than half of the emission
probability shown in Fig. 4(a) is concentrated in the sharp
cam structure. It should be noted that the resulting subcycle
bursts of energetic electrons can be resolved only in the
vicinity of the clusters as dispersion leads to rapid spatial
broadening.

The identified dynamical acceleration scheme, which
we call surface-plasmon-assisted rescattering in clusters
(SPARC), leads to efficient energy transfer from the plas-
mon into the electron emission. It can be interpreted as
multiplasmon deexcitation rather than as a damping
mechanism, as energy is redistributed into selected single
particle channels. Electrons that are accelerated by the
SPARC process can overcome the space-charge barrier
even for high cluster ionization. Since the laser oriented
momentum component of rescattered electron is increased
preferentially, the resulting emission exhibits an enhanced
asymmetry. As optimal acceleration is clearly associated to
high polarization fields, the mechanism is mostly effective
at resonance. For the Na147 simulation we find a peak field
strength at the cluster center of 35 GeV=m, a factor of 5
larger than the laser field.

In conclusion, we have measured the angular and energy
resolved photoemission from silver clusters, finding en-
hanced laser-aligned emission of energetic electrons at
resonance. Simulations on Na147 as model system yield
the same trends. They reveal the significance of SPARC for
the production of energetic electrons. This polarization
field-assisted acceleration requires a full passage of excited
electrons through the cluster. Although our study is fo-
cused on medium-sized clusters, we suspect the SPARC
mechanism is also important for slightly larger systems if
the mean-free path of highly excited electrons is compa-
rable to the cluster size. The selectivity of the SPARC
mechanism to a particular class of trajectories results in
the emission of subcycle bursts of energetic electrons.
Future experiments with phase-locked few-cycle pulses
(tuned to the resonance of the cluster) would be promising
to resolve the rescattering mechanism and may open the
possibility to generate trains of directed and energetic
electrons already at moderate intensities. Such miniatur-
ized electron sources would be interesting for nanoscience
and femtochemistry, e.g., to probe structural features or
dynamical processes of nanoparticles (being close to or
attached to the cluster) with extremely high temporal
resolution.
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[20] Th. Fennel, G. F. Bertsch, and K. H. Meiwes-Broer, Eur.

Phys. J. D 29, 367 (2004).
[21] E. Giglio, P. G. Reinhard, and E. Suraud, J. Phys. B 33,

L333 (2000).
[22] E. Giglio, P. G. Reinhard, and E. Suraud, Phys. Rev. A 67,

043202 (2003).

PRL 98, 143401 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
6 APRIL 2007

143401-4


