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ABSTRACT: Strong-ﬁeld laser-matter interactions in nanoscale
targets oﬀer unique avenues for the generation and detailed
characterization of matter under extreme conditions. Field-driven,
subcycle ionization-induced metallization of nanoscale solids in
intense laser ﬁelds has been predicted (Peltz et al. Time-Resolved
X-ray Imaging of Anisotropic Nanoplasma Expansion. Phys. Rev.
Lett. 2014, 113, 133401), but its observation was hampered by a
lack of a smoking gun. Here, we report the ultrafast metallization of
isolated dielectric and semiconducting nanoparticles under intense
few-cycle laser pulses. The highest-energy electron emission is
found to be a decisive proof that shows a characteristic cutoﬀ
modiﬁcation to a metallic limit for intensities high enough to ignite
carrier avalanching in the volume of the particles. Semiclassical
Mean-ﬁeld Mie Monte-Carlo transport simulations reveal the underlying dynamics and explain the observed evolution by near-ﬁeld
driven electron backscattering from the metallizing target.
KEYWORDS: strong-ﬁeld nanophysics, avalanche ionization
ontrolled laser ﬁelds with only a few optical periods have
enabled far-reaching insights into the physics of strongﬁeld driven solids, including the mechanisms of high harmonic
generation,1,2 ﬁeld-induced band gap reduction in semiconductors and insulators,3−5 and control of macroscopic
currents in dielectrics.6−8 Besides the associated contributions
from reversible interband polarization and transient intraband
currents, persistent carrier generation and avalanching will
ultimately dominate the nonlinear response at high intensity
and are of major relevance in the context of plasma formation
and laser (nano)machining.9−11 Particularly challenging is the
time-resolved characterization of plasma formation near the
optical breakdown, as the relevant strong-ﬁeld dynamics
unfolds on subcycle time scales.
Clusters and nanoparticles represent a well-established
platform for analyzing correlated and cooperative eﬀects in
strong-ﬁeld near-infrared (NIR) laser-matter interactions and
uncovered the importance of collective resonance excitation
for the case of cluster nanoplasmas.12,13 For rare gas clusters,
nanoplasma formation is typically ignited by atomic strongﬁeld ionization,14 followed by rapid avalanche ionization that
results in a hot, overdense plasma with a collective dipole
mode (localized surface plasmon or Mie plasmon for spherical
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particles) in the ultraviolet spectral range.15,16 For nanotips,
multi-MeV electron kinetic energies have been reported at
ultrarelativistic intensity (1020 W/cm2).17 The intensity
threshold for triggering nanoplasma formation by NIR-induced
strong-ﬁeld ionization14,18 can be lowered when generating
seed electrons via single-photon ionization by an additional
weak extreme ultraviolet pulse.19 Upon expansion of the
resulting overdense nanoplasma, the plasma density can drop
to the value required for establishing resonance between the
Mie plasmon and the NIR laser ﬁeld. The resulting transient
resonant excitation of the Mie plasmon can lead to extreme
energy absorption12 and high-energy electron emission via
forward scattering within a single cycle in the plasmonically
enhanced near-ﬁeld.20,21 This expansion-induced resonance is
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well studied and typically established within a few hundred
femtoseconds to a few picoseconds.15,16
The free electron density in an initially dielectric or
semiconducting (i.e., nonmetallic) material, however, can
also cross the value associated with the described resonance
during the ionization-driven build-up phase of the nanoplasma.
This early realization of the resonant density precedes the
expansion-induced one, but lasts only fractions of an optical
cycle, preventing the buildup of resonant enhancement.16,19
This has so far hampered the observation of this early crossing
of the resonant density. Importantly, this crossing of the
resonant density can be associated with the transition from a
nonmetallic to a metal-like response of the system. Here, the
metal-like response refers to a nanoplasma with a high density
of plasma electrons such that internal ﬁelds are essentially
screened instantaneously like in the case of a perfect
conductor. This situation is realized if the characteristic
response time of the polarization, that is, the period of the
collective oscillations of conduction electrons, is smaller than
the period of the driving ﬁeld. For a sphere, this condition for a
quasi-instantaneous, metal-like response is fulﬁlled if the
electron density exceeds the resonant density. So far, however,
the ramiﬁcations of the metallization in the spectra of emitted
electrons remain an open question.
Electron emission kinetic energy spectra and their cutoﬀs
have been reported at low intensities (up to 1013 W/cm2) for
various nanotargets,22 including isolated nanospheres,23−26
nanotips,27−32 and surface nanostructures.33 For the case of
nanoparticles, elastic electron backscattering at the surface was
found to dominate the fast electron emission.23,24 Additional
modiﬁcations arise through nonlinear charge-interaction34−36
and nanofocusing due to ﬁeld-propagation.25 In this intensity
regime and for small SiO2 spheres with negligible propagation
eﬀects, electron cutoﬀ energies around 50 U p were
found.23,24,26 Here, Up =

e 2E02
4meω02
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Figure 1. Schematic of the experimental setup. Few-cycle laser pulses
illuminate isolated SiO2 nanoparticles. The particles are injected and
focused via an aerodynamic lens into the center of a stereographic
high-energy time-of-ﬂight (HE-TOF) electron spectrometer. The
CEP φce of the few-cycle pulses is tagged for each laser shot by a
phase meter. The upper right inset shows a transmission electron
micrograph of the SiO2 nanoparticles with a diameter of 95 nm. HW:
half-wave plate; RM: reﬂecting mirror; BS: beam splitter; FSW: fused
silica wedges.

released from Xe were recorded in both directions along the
polarization axis (which was turned into the horizontal
direction by a half-wave plate) with time-of-ﬂight (TOF)
spectrometers. The asymmetry between the spectra is used to
determine the CEP of a given laser shot. The remainder of the
beam was focused into the interaction region of a stereographic
high-energy time-of-ﬂight (HE-TOF) electron spectrometer,21
with the laser polarized along the vertical spectrometer axis (xaxis), propagating along the z-axis. A beam of isolated
nanospheres was delivered into the laser interaction region
by aerodynamic lens focusing.13,23,40 The nanoparticles were
aerosolized by an atomizer with nitrogen from a 2 g/L water
dispersion, and the remaining water in the gas stream was
removed in an aerosol diﬀusion dryer.41 Silica nanoparticles
with a 95 nm diameter were prepared at FU Berlin by wet
chemistry based on the Stöber procedure42 and a seeded
growth process. Characterization by transmission electron
microscopy yielded a polydispersity of less than 10%.24 The
60 nm diameter ZrO2 and Si samples were obtained from a
commercial supplier (in particular, GmbH). For these samples,
the size deviation was around 20%, as communicated by the
manufacturer. Spherical Au nanoparticles with an average
diameter of 15 nm, a 10% polydispersity, and a plasmon band
peaking at 519 nm were synthesized at the Center for
NanoScience (LMU Munich) by means of the so-called
Turkevich method, which consists of the citrate-assisted
reduction of a boiling gold precursor (HAuCl4) in water.43
Despite some variation in the diameters d of the nanoparticles
for diﬀerent materials, the size parameter ρ = πd/λ for all
particles remained well below unity, such that scattering in the
Rayleigh limit prevails and propagation eﬀects do not play a
signiﬁcant role.25
The HE-TOF spectrometer provided a suﬃcient time
resolution to detect electrons with kinetic energies up to
about 3 keV at a full opening angle of 20° in both directions.
The birth time of the photoelectrons was deﬁned by the
detection time of scattered light from the incident few-cycle
pulses in the spectrometer. The arrival time of a single electron
event was obtained from a peak detection algorithm. The

is the ponderomotive potential

of the laser ﬁeld E(t, φce) = E0(t) cos(ω0t + φce) at central
frequency ω0, with elementary charge e, electron mass me,
envelope function E0(t) with ﬁeld amplitude E0, and carrierenvelope phase (CEP) φce.
In this work, we study CEP-dependent electron kinetic
energy spectra and analyze the characteristic cutoﬀ signatures
resulting from near-ﬁeld enhanced electron acceleration in
isolated nanospheres at intensities near and beyond the onset
of the dielectric breakdown. We ﬁnd a substantial departure
from the previously reported cutoﬀ behavior. Our generalized
3D-transport simulations for SiO2 nanoparticles reveal the
underlying subcycle electron dynamics and unambiguously
assign a sudden change in electron cutoﬀ energies to
ionization-induced metallization. The conclusions from the
combined experimental and theoretical work on SiO2 nanoparticles are tested and conﬁrmed with further experimental
data for other dielectric, semiconducting, and metallic
nanoparticles.

■

EXPERIMENTAL TECHNIQUES
The experimental setup is shown schematically in Figure 1.
Laser pulses of 4.5 fs duration centered at λ = 720 nm were
obtained from a Ti:Sa laser system extended with a neon-ﬁlled
hollow-core ﬁber at a repetition rate of 1 kHz.37 A fraction of
the beam was split oﬀ and sent to a stereographic abovethreshold-ionization (Stereo-ATI) phase meter for single-shot
CEP measurement.38,39 Here, the highest energy ATI electrons
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single-event electron signals from the two TOF signals of the
HE-TOF for each laser shot together with two TOF signals
from the phase meter were read out by a digitizer (Agilent
Acquiris DC271) with a time resolution of 500 ps. In postanalysis, the CEP was determined from the phase meter data,
as outlined in refs 44 and 45. The laser peak intensities in the
interaction region were characterized from ATI cutoﬀ energies
recorded for nitrogen.

■

DISCUSSION
In our presentation and discussion of the data, we will ﬁrst
focus on electron emission from 95 nm SiO2 nanospheres. For
these nanoparticles, data at lower intensities were reported for
a variety of sizes and could be quantitatively modeled by
semiclassical trajectory simulations,23−25,35,36 making them
ideal model systems. Figure 2a displays the measured intensitydependent, CEP-averaged Up-rescaled electron cutoﬀ energies
(black symbols), see the Methods section for details on the
determination of the cutoﬀ energy values. For low intensities,
the measured cutoﬀs match the previously reported values near
50 Up.23 In contrast, for higher intensity, the cutoﬀ starts to
increase around Itrans= 1.8 × 1014 W/cm2 (the transition
intensity), followed by a saturation near 100 Up.
To illuminate the physics behind the observed change in
cutoﬀ energies, we employ semiclassical Mean-ﬁeld Mie
Monte-Carlo (M3C) trajectory simulations, which have been
used previously for strong-ﬁeld electron emission studies24,25,35,36 as well as attosecond photoionization delays
associated with in-medium electron scattering.34 For technical
details, see ref 46. In brief, photoelectrons are generated by
evaluating tunnelling rates for the local instantaneous near-ﬁeld
and employing an eﬀective molecular ionization potential. For
surface ionization we use Ipsurf = 9 eV, similar to earlier
studies23,24 and as reported in the literature.47 The timedependent near-ﬁeld is constructed from the Mie solution via
spectral decomposition, including dispersion and a quasiinstantaneous contribution from generated free charges
(conduction electrons and residual ions). Classical electron
trajectories are integrated, including a Monte-Carlo sampling
of elastic scattering and impact ionization events inside the
nanosphere according to the respective scattering cross
sections. Here, we use an improved description of elastic
scattering at low electron kinetic energies to resolve the
buildup of the plasmonic response from low-energy conduction electrons (see Methods for details).
Figure 2a shows CEP-averaged cutoﬀ energies predicted by
M3C simulations, including tunnelling at the nanoparticle
surface only (dashed blue curve). Note that impact ionization
in the volume of the particle is still included. Though this
treatment reproduces the experimental cutoﬀs below the
transition intensity, it fails to capture the cutoﬀ evolution for
higher intensities. In contrast, simulations with tunneling in the
volume of the particle (hereafter referred to as volume
tunnelling) enabled (solid blue curve), reproduece the
evolution also for high intensity and suggest a modiﬁcation
of the cutoﬀ energy that is consistent with the experiment.
Volume tunneling is approximated by an atomic ionization rate
with an eﬀective ionization potential. Good agreement of the
simulation results with the experimental data is found for Ipvol =
11 eV, noting that the M3C simulations cannot account for
strong-ﬁeld induced band gap changes in solids.4,6,48 Such
eﬀects would likely modify the onset of carrier injection and

Figure 2. (a) Electron cutoﬀ energies (CEP-averaged) measured for
95 nm SiO2 nanoparticles (black circles) as a function of laser
intensity. Error bars represent the TOF timing jitter (<300 ps) and
the time resolution of the transient recorder acquisition system (500
ps). The VMI data (gray triangle) is taken from ref 24 and shown for
comparison. Blue curves represent cutoﬀs predicted from M3C
simulations for the experimental parameters (including focus
averaging) with tunnel ionization enabled only at the surface
(dashed) and within the full volume (solid). (b) Number density of
free electrons ne at the pulse peak from M3C simulations with and
without volume tunneling (as indicated) as a function of intensity.
The density for which the frequency of the plasmon matches the laser
frequency is indicated as resonant density nres. (c) Temporal evolution
of the instantaneous plasmon energy, as predicted by M3C for φce=0
(color coded) vs intensity. Solid white and black curves mark the
resonant condition and the recollision time for the fastest electrons,
respectively.

avalanche ionization, which is not crucial for the ionizationinduced dynamics discussed here.
For a detailed analysis of the evolution and impact of volume
tunneling, we inspect the number density of generated
electrons n e , the instantaneous plasmon frequency
ωp =
−31

nione 2
3meε0

assuming free electrons with mass me = 9.1 ×

10 kg and equality of the electron density and the density of
ion charges nion = ne, and the resonance (ωp = ω0) realized for
ne = nres. For clarity, we like to note that this simpliﬁed analysis
neglects the inﬂuence of the eﬀective electron mass which,
however, is expected to not result in qualitative changes
regarding the physics. The M3C results in Figure 2b reveal that
3209
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the plasma remains underdense (n ≪ nres) in the investigated
intensity range when neglecting volume tunnelling and can
reach the transition state only when including volume
tunnelling (solid blue curve). Although impact ionization is
always evaluated, it is suppressed due to the lack of carriers in
the case of disabled volume tunneling. When volume tunneling
is included, a rapid increase of the electron density takes place
and leads to a situation that enables a metallic response. The
fact that metallization near the pulse peak, here deﬁned as
crossing of the resonant density, is realized close to the
transition intensity, supports that this eﬀect is the essential
factor underlying the observed change in electron cutoﬀ
energies.
Figure 2c displays the temporal evolution of the plasmon
energy (color-coded) as a function of peak intensity for the full
M3C simulations. The ionization-induced blue-shift of the
plasmon becomes increasingly pronounced at higher intensities, resulting in a systematic shift of the resonance point
toward the leading edge of the pulse (solid white curve). Well
below the transition intensity, ionization is weak and the
system remains underdense at all times. In the vicinity of the
transition intensity, the resonant density is reached around the
pulse maximum, where the timing coincides closely with the
recollision time of the fastest electrons (see solid black curve).
Finally, for intensities above the transition intensity, the
metallization occurs prior to the recollision of cutoﬀ electrons
such that the relevant part of their acceleration process takes
place in an overdense plasma state. In this latter case, the
sphere’s polarization response can be approximated by that of a
perfectly conducting small sphere, where internal ﬁelds are
screened and a surface intensity enhancement of 9 is expected
at the poles, leading to a classical electron backscattering cutoﬀ
of 90 Up.49 The observation of slightly higher cutoﬀs is
attributed to the additional charge interaction, as mentioned
above.
For a microscopic analysis of the acceleration process, Figure
3a,b shows the simulated spatiotemporal evolution of both the
near-ﬁelds at the sphere’s surface in the upper pole region and
the averaged trajectories of electrons with ﬁnal energies close
to the respective cutoﬀs for two diﬀerent intensities. Below the
transition intensity (Figure 3a,c), the ﬁelds inside and outside
exhibit a jump in the normal component due to the dielectric
enhancement but maintain similar signs and phases in the
relevant stages of the evolution. In contrast, above the
transition intensity (Figure 3b,d), the near-ﬁeld is strongly
modiﬁed for t ≳ −0.5 fs, manifesting in three distinct features.
First, the inside and outside ﬁelds run out of phase (black vs
green curve in Figure 3d). Second, the inside ﬁeld starts to
decay substantially and is ﬁnally almost perfectly screened for t
≳ 2.5 fs within roughly one optical cycle, indicating the
ultrafast transition to a metallic state. Third, the magnitude of
the outside ﬁeld (green curve in Figure 3d) is substantially
enhanced, assisting the electron acceleration process via the
resulting higher energy gain in the backscattering process. The
coincidence of these near-ﬁeld modiﬁcations, particularly the
enhancement of the outside ﬁeld, with the passage through the
resonant density (cf. Figure 3f in contrast to Figure 3e)
provides the link between the ultrafast metallization and the
observed change in the Up-rescaled electron cutoﬀ energies.
Metallization of the whole particle volume above the transition
intensity is further supported by the radial density proﬁle of
plasma electrons during the recollision phase, see blue curves
in Figure 3g. Below the transition intensity, free electrons are
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Figure 3. (a, b) Evolution of the normal component of the internal (x
< 500 Å) and external (x > 500 Å) near-ﬁelds at the surface of SiO2
nanospheres evaluated along the polarization axis (cf. black arrow in
the pictogram in panel (a)) under few-cycle NIR laser pulses at φce =
0 for two diﬀerent intensities (as indicated). Solid black curves show
averaged trajectories of the fastest ten percent of emitted electrons. (c,
d) Field strengths along the cuts indicated by the respective dashed
lines in (a) and (b), normalized to the peak of the laser ﬁeld (red
curve). (e, f) Evolution of the number density of generated electrons
from simulations without (dashed) and with (solid) volume
tunneling. Note that impact ionization is included in both cases.
The red line indicates the electron density at resonance (nres). (g)
Electron density along the x-axis around the upper pole (cf. black
arrow in the inset in panel (a)) calculated with volume tunneling for
both intensities and averaged during the recollision phase (gray areas
in (e) and (f)).

localized near the surface as they result mainly from surface
tunneling and show a rapid density decrease inside the
nanoparticle. Even in the density peak, the electron density
remains below the resonant density. In contrast, the
metallization above the transition intensity induces a nearly
homogeneous free electron density distribution inside the
particle with a density value that exceeds the resonant density.
The fact that the proﬁle shows a sharp density step at the
surface further supports the picture of the formation of a nearly
perfect metal-like sphere. Hence, the comparison of the density
proﬁles for low and high intensity in Figure 3g provides an
intuitive picture of the nanoplasma formation process.
The M3C simulations show that fast electrons, especially
those in the cutoﬀ region, result from ﬁeld-driven electron
backscattering in all considered cases. We like to note that
these electrons reach their energies within a fraction of the
laser pulse duration, which makes them particularly suited as a
decisive marker for the ionization-induced metallization. To
3210
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strengthen our claim that ﬁeld-driven electrons dominate the
observed behavior, we compare simulated CEP-dependent
asymmetry features of the electron emission with the
experimental data. We analyze the energy-dependent electron
yields Yup and Ydown, which correspond to emission into the upand downward directions along the laser polarization axis and
determine the asymmetry parameter Yasym = (Yup − Ydown)/(Yup
+ Ydown) from the simulated and experimental data. Figure 4a,c

Article

emerge in the leading pulse edge for high intensity. The tilt
features are also found in the experimental asymmetry maps,
see Figure 4b,d, supporting that the model not only reproduces
the cutoﬀ energies, but also correctly captures the dynamics of
the subcycle electron acceleration.
The experimental and theoretical results for the dielectric
SiO2 nanoparticles motivate the question if the observed
behavior is of general nature for initially nonmetallic materials
and how this compares to an initially metallic system. We have
thus additionally investigated nanoparticles of diﬀerent material classes: dielectrics (SiO2, ZrO2), a semiconductor (Si),
and a metal (Au). Figure 5 shows the experimental electron

Figure 5. Experimentally obtained Up-rescaled electron cutoﬀ
energies Ec/Up as a function of incident laser intensity for diﬀerent
nanoparticles.

cutoﬀ-energies (Ec) for these diﬀerent materials, where it can
be seen that the cutoﬀ values for dielectric and semiconducting
particles with increasing intensity converge to that of the
metallic particles. The Au sample shows values of Ec between
90 and 120 Up, where due to weaker signals in the experiments,
only a limited intensity range could be analyzed. Above 2.5 ×
1014 W/cm2 all cutoﬀ energies show a similar value around 100
Up within their respective error bars (indicated as a gray line).
It is worth noting that, in the case of the semiconducting Si
particles, the cutoﬀ values are actually initially higher (with
around 150 Up) and decreasing upon metallization. While our
comparison to M3C simulations has been restricted to SiO2,
where reliable simulations can be performed, we assume that a
similar ionization-induced metallization at intensities high
enough to ignite avalanching in the volume of the particles is
responsible for the observed behavior in other materials. The
ionization-induced subcycle metallization therefore appears as
a general phenomenon.

Figure 4. (a, c) Energy- and CEP-dependent asymmetry maps of
recollision electrons emitted from 95 nm SiO2 nanospheres for two
laser intensities (as indicated) from M3C simulations for the
experimental parameters of this study (including focal volume
averaging). (b, d) Corresponding asymmetry maps obtained from
the experimental data. Note that the experimental maps are
contaminated with background gas signal at low energies (gray
shaded area). Black arrows indicate the diﬀerent tilts of the
asymmetry features observed below (a, b) and above (c, d) the
transition intensity.

presents the resulting energy- and CEP-resolved asymmetry
maps from M3C simulations for the same peak intensities as
considered before in Figure 3. The representative example
below the transition intensity exhibits an asymmetry pattern
that shows a pronounced tilt to increased CEP values with
energy (i.e., a right-tilt in Figure 4a, see eye-guiding black
arrow), which is consistent with results from previous
studies.23,24 This trend is diﬀerent from the behavior predicted
above the transition intensity, where a tilt with decreasing CEP
values for increasing energy (i.e., a left-tilt, see black arrow in
Figure 4c) is seen. The change of the tilt behavior for the
intermediate energy range is attributed to a change of the
relevant part of the pulse that generates the corresponding
electron signal. While a right-tilted feature is associated with
dominance of the trailing edge, a left-tilted feature follows for a
dominance of the leading pulse edge. The behavior thus
supports that electrons with intermediate energies mostly

■

CONCLUSIONS
In conclusion, CEP-controlled photoemission in few-cycle
pulses in conjunction with semiclassical transport simulations
have revealed the ultrafast metallization of nanoparticles. The
rapid increase of free electron density inside the particles for
intensities high enough to ignite avalanching in the volume of
the particles, results in a universal modiﬁcation of Up-rescaled
electron cutoﬀ energies to around 100 Up, independent of the
original material. Near-ﬁeld driven elastic backscattering on the
surface of the dynamically metallizing targets was identiﬁed as
3211
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tested for all electron trajectories residing in the sphere
volume. In the current simulations we adapted the elastic
scattering, while the inelastic scattering remained as in previous
work.24,34 The rationale is as follows: In earlier studies (strongﬁeld ionization far below the turnover intensity24 and
attosecond streaking34), we considered atomic scattering
cross sections for the elastic collisions that were obtained
from quantum scattering simulations using the atomic
potentials (of silicon and oxygen). The individual atomic
results are converted to transport cross sections and combined
according to the stoichiometric ratios (2-to-1) to construct an
eﬀective molecular transport cross section σeltrans for SiO2. Such
a description overestimates the scattering probability at low
electron energies, as solid state eﬀects, including the ﬁnite size
of the Wigner-Seitz cell, are neglected. In particular, the
eﬀective molecular cross section can become larger than the
geometrical cross section σgeo = n−2/3 of the molecular
Wigner-Seitz cell (compare dashed black curve and horizontal
gray line in Figure 7). Here n = 0.022 Å−3 is the number

the underlying mechanism for this observation, and we identify
the modiﬁcation of the electron cutoﬀ energy as the smoking
gun for the metallization. We verify the absence of a
pronounced resonant near-ﬁeld enhancement during the
ultrafast passage of the resonant density. The associated
physics is not limited to nanoparticles and is anticipated to
reﬂect the evolution relevant for other nanotargets, thin ﬁlms,
or even at the surface of solids. In contrast to previous studies
below the optical damage threshold,6 here, we were able to
investigate strong-ﬁeld dynamics at a higher intensity, where
impact ionization seeded by initial tunneling takes place. Our
protocol, that is, a switching behavior in the electron cutoﬀ
energy and CEP-dependent asymmetry, opens up new avenues
for tracing strong-ﬁeld dynamics in nanosystems under
extreme conditions on the single-cycle time scale.

■

METHODS
Cutoﬀ Determination. The cutoﬀs in the photoelectron
kinetic energy spectra were obtained from the CEP averaged
TOF spectra. Figure 6 shows a typical TOF spectrum for a

Figure 7. Energy-dependent eﬀective transport cross section for
elastic scattering in SiO2 (solid blue curve). The dashed black and red
curves represent the eﬀective molecular transport cross section (as
used in previous studies, see e.g., ref 34) and a static cross section
corresponding to a constant collision frequency, respectively. The
horizontal dashed line indicates the geometric cross section of the
Wigner-Seitz cell and the vertical dashed line marks the threshold
energy, where molecular and geometric cross sections are equal.

Figure 6. Time-of-ﬂight spectrum of a measurement on SiO2
nanoparticles at an intensity of 1.5 × 1014 W/cm2. The inset
illustrates the two methods for determining the cutoﬀ.

SiO2 nanoparticle measurement. The small peak close to zero
delay time is produced by laser light, and exhibits a long
exponential tail. Two methods were used to obtain the cutoﬀ
energies. In the ﬁrst one, the cutoﬀ is deﬁned as the position in
the TOF spectrum where the signal reaches the noise level
(indicated by (1) in the inset of Figure 6). Due to the low
signal-to-noise ratio in the cutoﬀ region, and especially the
overlap between the short ﬂight times for high-energy electrons
and the light peak at high laser intensities, the exact cutoﬀ
energy cannot be assigned unambiguously by this method. The
TOF spectrum, however, shows a nearly linear decay in the
higher energy range (shorter ﬂight time). This feature permits
a cutoﬀ by ﬁtting the spectrum linearly, as indicated by (2) in
the inset of Figure 6. The ﬁnal cutoﬀ energy was obtained from
averaging the results of both methods. The trigger jitter and
digitizer resolution were taken into account as systematic
errors, reﬂected in the error bars in Figures 2 and 5 of the main
text.
Low-Energy Elastic Scattering. Within the M3C model
(for details, see ref 46), both elastic and inelastic electron−
atom collisions are included via Monte Carlo sampling of the
respective energy-dependent scattering cross sections. In each
numerical time step, the realization of scattering events is

density of scattering centers (eﬀective SiO2 molecules). For all
scenarios considered so far, where scattering of low energy
electrons was of minor importance for the relevant observables,
the above description was suﬃcient. However, it fails to
capture the buildup of collective oscillations of liberated slow
electrons in the driving laser ﬁeld (Mie plasmon) emerging
from extensive volume tunneling.
Therefore, we consider an energy-dependent eﬀective
transport cross section

l
o
i
y
o
transj
o
jj1 − E zzz + σ E
o σstat
for E ≤ Eth
geo
jj
=m
Eth zz{
Eth
o
k
o
o trans
o
o
for E > Eth ,
n σel
see solid blue curve in Figure 7. Below the threshold energy
Eth, where σeltrans = σgeo (vertical dashed line), the eﬀective
cross section is given by a linear mixture of the geometric area
σgeo and a cross section σstatic = (vnτ )−1, which mimics an
energy independent collision frequency τ−1 (v is the electron
σefftrans
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Josef Tiggesbäumker − Institute for Physics and Department of
Life, Light and Matter, University of Rostock, 18051 Rostock,
Germany; orcid.org/0000-0002-2027-3001
Karl-Heinz Meiwes-Broer − Institute for Physics and
Department of Life, Light and Matter, University of Rostock,
18051 Rostock, Germany

velocity). In the low velocity limit, this model describes a ﬁxed
lifetime τ of plasmonic excitations, which is typically of the
order of one fs (cf. red dashed curve). We used a value of τ =
750 as and checked that the key signatures are robust against
slight variations of this value. Above Eth, we employ the
conventional model and use the eﬀective molecular transport
cross section. As a result, the high energy description remains
unchanged and is matched in a continuous way to a low energy
limit of constant lifetime.
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J.; Meiwes-Broer, K.-H. Plasmon-Enhanced Electron Acceleration in
Intense Laser Metal-Cluster Interactions. Phys. Rev. Lett. 2007, 98,
143401.
(21) Passig, J.; Zherebtsov, S.; Irsig, R.; Arbeiter, M.; Peltz, C.;
Goede, S.; Skruszewicz, S.; Meiwes-Broer, K.-H.; Tiggesbäumker, J.;
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