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In strong-field laser-matter interactions, energetic electrons can be created by photoemission and a
subsequent rescattering and can attain energy as much as 10 times the ponderomotive potential (Up) of the
laser field. Here, we show that with the unique combination of infrared laser sources (exploiting the
quadratic scaling of Up) and plasmonic nanoemitters (which enhance rescattering probability by orders
of magnitude) ∼10Up rescattered electrons can be observed in the multiphoton-induced regime. Our
experiments correspond well to a model based on the time dependent Schrödinger equation and allowed us
to reveal an unexpected aspect of ultrafast electron dynamics in the multiphoton emission regime.
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Introduction.—The photoionization of atoms and mol-
ecules under intense laser irradiation unraveled many
intriguing phenomena, both at the low-intensity and
high-intensity extremes, laying the foundations for impor-
tant research fields such as attosecond science [1].
Investigations at lower field strengths led to the observation
of the above-threshold ionization [2] and paved the way to
its full quantum mechanical explanation by multiphoton
absorption [3–5]. Strong-field interactions at higher inten-
sity laser fields were discussed using the semiclassical
simple man’s theory [6–8] combined with a quantum-
mechanical approach by Keldysh, Faisal, and Reiss [9–11].
Over the past years, interest in strong-field interactions

has spread out into the realm of metallic nanotips, surfaces,
and plasmonic nanostructures resulting in the emergence
of strong-field nano-optics [8,12]. Experiments involved
ponderomotive and subcycle electron acceleration [13–15],
photoassisted tunneling [16], carrier-envelope effects
[17,18], ultrasensitive probing of hot electron occupancies
[19], and electron emission from nanotips for ultrafast
electron microscopy–diffraction applications [20–22]. The
unique optical properties of plasmonic nanostructures, such
as their ability to concentrate light into subwavelength
domains, and the substantial enhancement of local fields
at their surface make them ideal platforms for probing
nonlinear optical processes at the nanoscale, such as
observing strong-field photoemission [23], measuring
plasmonic field enhancement [24–26], and resolving the
transition between the previously mentioned photoemis-
sion regimes [27]. All these fundamental observations
contributed to a deeper understanding of plasmonic
light-matter interactions [28–30].
Photoionization and photoemission electron spectra have

fundamental features in common. If the laser field perturbs

atomic or surface potentials only slightly, triangle-shaped
electron spectra can be observed on a semilogarithmic plot,
owing to the exponentially decaying part which has a well-
defined 2Up cutoff energy [31,32]. In the strong-field
regime the higher intensity laser field distorts the local
atomic-surface potential to such an extent that tunneling of
the electrons becomes possible. The resulting photoelec-
tron spectra have a plateau, with an unmistakable roll-off
part starting at 10Up cutoff energy [33]. In the spectra, the
plateau can be attributed to the phenomenon where photo-
emitted electrons are driven back in the near field to the
emission surface from which they rescatter, thereby gaining
high energy [33,34].
In atomic and molecular physics, the transition is

intuitively expected at values of the order of γ ≈ 1 of the
Keldysh parameter [35,36] with γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

W=2Up

p

, where W
is the ionization potential of the atom (or, for solids, the
work function of the metal), and Up is the cycle-averaged
kinetic energy—or ponderomotive energy—of a free
electron in the field of an electromagnetic wave. For
solid photoemission targets, such as metallic surfaces,
the transition region between the multiphoton-induced
and strong-field emission regime was reported to be at
γ ≈ 1–2.3 [37,38]. In the case of sharp metallic tips,
the transition region was identified at γ ≈ 2 [22]. For
lower Keldysh-γ values, the proportion of the electrons
experiencing recollision events with the nanostructure
surface with respect to the electrons directly leaving
the near field will increase, resulting in well-defined
plateaus in the photoelectron spectra with a high-energy
cutoff, that follows the 10Up scaling law [27]. This
clear separation of the lower energy 2Up and high energy
10Up electrons based on the photoelectron spectra was
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widely accepted and has been used previously in several
studies [13,17,38–42].
Contrary to previous expectations, here we report on

observations that 10Up rescattering effects are also present
deep in the multiphoton-induced photoemission regime, up
to Keldysh-γ values of 5, extending our understanding of
strong-field and quasi-strong-field interactions. The obser-
vation of the rescattering process in the multiphoton regime
is enabled by the unique combination of two concepts
which renders the measurement of 10Up electrons easy for
lower intensities. (i) We employed midinfrared laser pulses
exploiting the quadratic scaling of Up with wavelength so
that cutoffs are shifted to the 3–15 eV range even at low
intensities, rendering measurements with a suitable time-
of-flight spectrometer feasible. (ii) Instead of atoms, we
used plasmonic nanoparticles as rescattering targets. This is
absolutely essential since midinfrared excitation drastically
reduces the probability of rescattering for atoms [43]. That
is the reason why this effect was not observed previously
in atomic physics experiments. However, by employing
plasmonic nanoparticles as photoemission sources the
returning wave packet can efficiently rescatter at the
extended surface of the nanoparticle rendering the rescat-
tered electrons measurable above the noise floor.
Our observations are well supported by theory based on

the time dependent Schrödinger equation modeling of
photoelectron spectra.
Theoretical background of electron rescattering and

results.—For the understanding of theoretical and exper-
imental results, we used the following formula for the
Keldysh parameter derived from the definition of the
ponderomotive energy (Up ¼ e2I=2cε0meω

2
0, where e

and me are the charge and mass of an electron, c is the
speed of light, ε0 is the vacuum permittivity, ω0 is the
frequency, I is the intensity of the local electro-
magnetic field, and E is the corresponding local electric
field strength): γ ¼ ω0

ffiffiffiffiffiffiffi

2W
p

=E ¼ η=ðλ ffiffi

I
p Þ, where η ¼

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Wc3ε0me

p

=e ≈ 537.4 ½m
ffiffiffiffiffiffiffiffiffiffiffi

kg=s3
p

� is a constant com-
prised of only natural constants and the ionization potential
of an atomic electron or the work function of the metal (W).
From this point on, we will use the notation γloc for
Keldysh-γ to indicate that we take local, plasmonically
enhanced electric field values in the closest, nanoscale
vicinity of the nanoparticles where rescattered electrons are
accelerated to their final energies.
In order to investigate the presence of rescattered

electrons and to quantify their contribution in the photo-
electron spectra obtained for the considered local field
regimes we employed the already well-documented split-
operator Crank-Nicolson approach [37,44], and solved the
time-dependent 1D-Schrödinger equation [iħ∂Ψðz; tÞ=∂t ¼
HðtÞΨðz; tÞ] within the single active electron approxima-
tion (SAE). The full detailed description of the method, the
considered potentials, and the splitting of the wave function
(so that rescattered electrons can be made visible) can be

found in Supplemental Material [45]. The laser fields were
5-cycle pulses at 1600 nm central wavelength, and their
field strengths were chosen in such a way that first, we
started from a quasi-strong-field case [Fig. 1(a)], where a
well-distinguishable plateau region can be identified in the
final spectra (i.e., γloc ¼ 1.6). Then, we gradually decreased
the field amplitude with increasing Keldysh-γ values up to 5
[Figs. 1(b)–1(d)]. Here—for better visibility—the calculated
photoelectron signal was defined by normalizing the loga-
rithm of the photoemission probability densities (Ps—for
further description, see Supplemental Material [45]).
In the total electron signal of the γloc ¼ 1.6 result in

Fig. 1(a), we see a large contribution of the rescattered
electrons (black lines) which appears in the total spectra as
a well-distinguishable plateau, that expands from 2Up up to
10Up, confirming the cutoff law of Ecutoff ∼ 10Up followed
by the well-known roll-off. With the decrease of the field
amplitude to γloc ¼ 3 a small plateau remains still observ-
able. To quantify the contribution of rescattered electrons
to the final photoelectron spectra, the ratio of direct and
rescattered electrons to the total electron yield was also
calculated [Fig. 1(d)]. Toward the two lowest intensities

FIG. 1. (a)–(c) Calculated photoemission spectra based on the
timedependent Schrödinger equation for multi-cycle 27-fs,
1600-nm driver pulses composed of 5 optical cycles (intensity
full width at half maximum). Keldysh-γ values are calculated for
plasmonenhanced local fields since electron quiver amplitudes
are on the order of few nanometers. The continuous red lines
indicate results from the full wavefunction containing both direct
and rescattered electrons. The blue lines show spectra of direct
electrons, and the black lines show spectra of rescattered
electrons. The black cross shows the position of the 10Up energy
calculated using the local field properties and natural parameters.
(d) Calculated relative photoelectron yields showing the amount
of direct and rescattered electrons for increasing Keldysh-γ
values.
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one can see in Figs. 1(c) and 1(d) that the contribution from
the rescattered electrons start to rapidly fade away, but for
γloc ¼ 4 it still has a small impact on the total electron
signal. The presence of rescattered electrons vanishes for
γloc > 5, with the proportion of rescattered electrons being
∼1% for the threshold value of γloc ¼ 5. This is exactly
what we see in our experiments below, namely the presence
of rescattering electrons for focused local intensity values
corresponding to γloc ∼ 5.
Since we used a 1D model, we cannot take into account

the geometric effects of the nanoparticle, but in this case,
this is not a fundamental factor, because of the quiver
amplitude of the electrons during the acceleration process is
in the subnanometer range, the backscattering also occurs
at this scale. The sizes of the nanoparticles in our experi-
ments are much larger (∼100 nm), hence we do not expect
that the ratio of rescattered electrons depends significantly
on the size and the geometry of the nanoparticles [8].
Geometrical effects have influence on the value of the
maximum field enhancement, which was considered in our
FDTD calculations aimed at resolving the local field
distribution at the emission sites.
Experimental probing of rescattering in the multiphoton

regime.—After the theoretical foundations, we can
approach the details of our experimental setup used to
investigate the aforementioned rescattering in the multi-
photon regime from plasmonic nanostructures. Using
longer wavelength pulses from a femtosecond optical para-
metric amplifier between 1.6 μm and 2.4 μm—combined
with the use of plasmonic resonance—we can reach higher
local peak intensities and thus, lower Keldysh-parameters
at lower incident intensities, thereby avoiding extensive
material damage. In order to overcome the issue of excep-
tionally low rescattering probability—which is specific to
atomic targets—we employ plasmonic nanostructures as
photoemission targets as discussed above. The laser system
is based on a regenerative amplifier system that provides
40-fs pulses at a 10-kHz repetition rate with pulse energies
of > 300 μJ. The pulses are directed into an optical para-
metric amplifier system, generating 70-fs pulses with central
wavelengths between 1.6 μm and 2.4 μm, in our case.
These infrared pulses were focused into the vacuum

chamber (pumped by turbomolecular pumps to a base
pressure of around 10−7 mbar) housing the photoemission
targets on a three-dimensional, closed-loop piezoelectric
nanopositioner. The emitted electrons were detected using a
time-of-flight spectrometer (Kaesdorf ETF10) with drift-
tube voltage set to 20 V, equipped with a microchannel
plate (MCP) detector. The electron signal of the MCP
was registered using a high-speed measurement card
(FASTComTec MCS6A). The resulting TOF spectra were
transformed into photoelectron kinetic energy spectra using
the measured calibration curve of the spectrometer.
The photoemission targets were gold nanorods with sizes

of 570 × 115 nm in a two-dimensional array layout with

1 × 2 μm grating constant, manufactured via electron-
beam lithography on a fused silica substrate with
indium-tin-oxide (ITO) conducting layer [Fig. 2(a) inset].
In order to obtain the plasmonic properties of the nanorods,
we performed FDTD simulations (Lumerical FDTD
Solutions) for all three wavelengths (for further informa-
tion, see Supplemental Material [45]). The maximal field
enhancement values obtained from these simulations are
15.9, 19.1, and 11.7 for 1600 nm, 2000 nm, and 2400 nm
wavelengths, respectively. These results are used for the
evaluation of the measured photoelectron spectra.
The obtained spectra for increasing incident intensities

with the corresponding local peak intensities (considering
the field enhancement) and local Keldysh parameters are
shown in Fig. 3(a) for all three applied wavelengths.
Looking at the photoelectron data, the characteristic change
in the shape of the emission spectra with increasing local
intensities is clearly visible. In the case of lower local

FIG. 2. (a) Experimental setup, containing the femtosecond
light source, the time-of-flight spectrometer (TOF), and the high-
speed measurement card (MC). Further components: neutral
density filters (ND), Galilean telescope (T), focusing CaF2 lens
(L), nanostructured array sample (S), microchannel plate detector
(MCP). (b) Cutoff definition based on the 99.5% of total electron
population (black cross) compared to the conventional method
based on the intersection of linear fits (black diamond) in case of
a typical electron spectrum series for 1.6 μm incident pulses.
inset: nanorod array sample with focusing geometry.
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intensities with larger local Keldysh parameters, triangular
shaped spectra were observed for all three wavelengths,
which is typical for multiphoton-induced photoemission
processes. These spectra are mostly composed of direct
electrons with a lower cutoff energy. Increasing the local
peak intensity, the appearance of plateaus is clearly visible,
which is a telltale sign of the transition to the strong-field
regime. Here, the rescattering of the electrons starts to take
over, resulting in more energetic electrons with kinetic
energies between 8 and 14 eV for the different wavelengths.
Figure 3(b) suggests a linear increase of final electron energies
for higher local peak intensities, which is a clear sign of the
evolution of the electron acceleration in the near field.
To verify the above-mentioned transition process, we

extracted the cutoff electron energies for each spectrum
group and plotted them against the local peak intensity
calculated from the incident intensities and the calculated
local field enhancement values. As cutoff energy definition,
a traditionally used method is based on linear fitting to the
plateau region and the higher-energy roll-off region of the
spectra [Fig. 2(b)]. The intersection of these linear regres-
sions gives the cutoff position at the certain local intensity.

This method is effective in the case of plateau-shaped
spectra, but less useful in the case of the previously
mentioned triangular-shaped spectra, where no plateau is
visible. Because of this restriction, we chose to use the
99.5% of the total electron population as a cutoff definition,
based on another established method used for photoemis-
sion experiments [13]. This method allows us to define
cutoff energies for triangular spectra associated with the
multiphoton regime, as well. Comparing the cutoff position
given by this approach and the previously mentioned one
for spectra with distinct plateaus, we can conclude that our
method gives cutoff values sufficiently close to the tradi-
tionally defined ones as seen in Fig. 2(b).
A further justification of our cutoff definition is that

plotting the cutoff values against the local peak intensities,
their trend results in a 10Up scaling for the whole range
of the investigated γloc ¼ 2.5−6 regime (with the range
slightly depending on the wavelength). This can be seen in
Fig. 3(b) at the high intensity cutoffs measured in the
strong-field regime colored with red. This trend is an
absolute sign of the presence of the electron rescattering
events, which we observed in the multiphoton-induced

FIG. 3. (a) Photoelectron spectra obtained at increasing local intensities (considering the field enhancement) using 1.6, 2.0, and
2.4 μm pulses. Local Keldysh parameters are indicated in the figure legends. The appearance of the plateau is clearly visible in all cases
indicating the transition from multiphoton to strong-field photoemission regime. (b) Cutoff energies plotted against the local peak
intensities with the corresponding Up scaling acquired from the linear fit. Note that the 10Up scaling law holds up even at lower
intensities in the multiphoton-induced emission regime in case of all three wavelengths.
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emission regime in a previously unprecedented way.
Looking at Fig. 3(b) at 2.0 and 2.4 μm, there are only
two outlier measurement points for the highest intensities
probably due to saturation effects in the TOF spectrometer
for higher electron yields.
The fact that the evaluated cutoff points follow the 10Up

scaling even for the triangular shaped spectra for all three
wavelengths confirms the presence of energetic rescattered
electrons in the multiphoton-induced emission regime.
Summary.—In this Letter we presented experimental

results on ultrafast nonlinear photoemission from plas-
monic nanoparticles excited by femtosecond laser pulses
in the infrared region at three different wavelengths. The
choice of the laser wavelength (and the application of
plasmonic nanoparticles as rescattering targets) enabled the
experimental observation of rescattering electrons in the
∼3–10 eV range strictly following the 10Up cutoff scaling
law. Since we could confirm that for these measurements
local Keldysh-γ values were in the range of γloc ¼ 2.5–5,
the rather counterintuitive presence of rescattered electrons
in the multiphoton regime was shown in a conspicuous
way. These experiments add significant elements to the
understanding of the transition regime between strong-field
and perturbative light-matter interaction processes and
can help the development of metallic nanoemitters for ultra-
fast electron diffraction [12,20], ultrafast electron micros-
copy [12,20,48], and plasmonic photocathodes [49] for
cutting-edge applications in ultrafast science and exper-
imental methods.
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