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Studies of strong field ionization have historically relied on the strong field approximation, which
neglects all spatial dependence in the forces experienced by the electron after ionization. More recently, the
small spatial inhomogeneity introduced by the long-range Coulomb potential has been linked to a number
of important features in the photoelectron spectrum, such as Coulomb asymmetry, Coulomb focusing, and
the low energy structure. Here, we demonstrate using midinfrared laser wavelength that a time-varying
spatial dependence in the laser electric field, such as that produced in the vicinity of a nanostructure, creates
a prominent higher energy peak. This higher energy structure (HES) originates from direct electrons
ionized near the peak of a single half-cycle of the laser pulse. The HES is separated from all other ionization
events, with its location and width highly dependent on the strength of spatial inhomogeneity. Hence, the
HES can be used as a sensitive tool for near-field characterization in the “intermediate regime,” where the
electron’s quiver amplitude is comparable to the field decay length. Moreover, the large accumulation of
electrons with tuneable energy suggests a promising method for creating a localized source of electron
pulses of attosecond duration using tabletop laser technology.
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When the photon energy of light is many times smaller
than the ionization potential of an atom, the ionization
process is described by either tunnel or multiphoton ioniza-
tion [1–4]. These two regimes are separated by the Keldysh
parameter γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ip=2Up
p

, where Ip is the ionization poten-
tial and Up is the ponderomotive energy of an electron in a
laser field [5]. For γ ≤ 1, the ionization process is dominated
by tunneling, whereby the electric field of the laser bends the
binding potential of the atom forming a barrier through
which the electron tunnels out and is subsequently accel-
erated by the strong laser field [6]. Tunnel ionization
underlies the creation of attosecond pulses via the process
of high harmonic generation [6–9], as well as a variety of
other important applications, including photoelectron
holography [10,11], tomographic imaging of molecular
orbitals [12], and electron diffraction [13–15].
Wavelengths used in tunnel ionization experiments are

typically in the infrared (IR) range and have more recently
been extended into the mid-IR regime [16–19]. Under these
conditions, the laser field is well described by the dipole
approximation, resulting in spatially homogeneous time-
varying electric fields. The strong field approximation
[5,20,21], which neglects the remaining Coulomb force
on the ionized electron, has been the dominant tool for

investigating electron dynamics under these circumstances.
However, the small spatial dependence introduced by the
1=r Coulomb potential has led to a number of interesting
phenomena, such as Coulomb asymmetry [22,23] and
Coulomb focusing [23,24]. Of particular note is a discovery
using mid-IR pulses of the low energy structure (LES) [16].
This surprising finding stimulated a great amount of
experimental [18,25–28] and theoretical work [27–32],
and highlighted the dramatic impact that even a small
spatial inhomogeneity in force can have on electron
dynamics after strong field ionization. Here, we show that
a field inhomogeneity in the mid-IR laser pulse produced
by a nearby nanostructure creates a prominent peak at
higher energies, or a higher energy structure (HES).
There has been significant interest in strong field ioniza-

tion phenomena in the vicinity of a nanostructure [33–46]. A
key characteristic of nanostructures is significant near-field
enhancement, resulting in a time-dependent spatial inho-
mogeneity in the presence of a laser pulse. This spatial
inhomogeneity introduces another parameter (in addition
to γ), given by δ ¼ lF=lq, where lF is the decay length and
lq ¼ eF=mω2 is the electron quiver amplitude, respectively
[40]. For δ ≫ 1, the electron sees essentially a homogeneous
laser field, while for δ ≪ 1, it immediately leaves the
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vicinity of a nanostructure. Here, we focus on a less
understood andmore complex intermediate regime of δ ∼ 1.
Prior theoretical work using infrared laser pulses [47–49]

found a large enhancement in electron yield forming an
extended high energy tail. This enhancement resulted in a
substantial extension in the maximum cutoff energy, well
above the usual 10Up cutoff for rescattered electrons [50]. In
this Letter, we focus instead on a HES found near 2Up, and
characterized by a prominent hump.We show that this hump
is made up of direct electrons ionized within a narrow time
window of the laser pulse and that moreover its width and
location is determined by the decay length, lF, of the near
fields.
Our approach combines the solution of a three-

dimensional time-dependent Schrödinger equation (3D-
TDSE) with classical trajectory Monte Carlo (CTMC)
simulations, which account for the initial wave packet
distribution after tunnel ionization. The electric field in the
vicinity of a nanotip decays exponentially. For sufficiently
short distances, compared to the decay length, the time-
dependent electric field can be approximated as [51]

Eðz; tÞ ¼ E0ð1þ 2βzÞfðtÞ cosðωtþ φÞẑ; ð1Þ
where ẑ is the direction of laser polarization (note that
decreasing z signifies movement away from the tip), E0 is
the amplitude of the electric field at the location of the
parent atom, ϕ is the carrier-envelope phase (CEP), and β is
given by the inverse ð1=eÞ decay length: 2β ¼ 1=lF. The
pulse envelope is given by fðtÞ ¼ cos2ðωt=2NÞ, whereN is
a number of cycles in a pulse.
Note that we use mid-IR pulses of the same wavelength

(λ ¼ 2 microns) as previously used in [16] to measure the
LES. Such lower frequencies, compared to the previously
used 800 nm light [47–49], are particularly beneficial for
plasmonically enhanced fields since they result in greater
electron excursion, thereby allowing an electron to explore
more of the near field. This, in turn, means that it is possible
to use larger nanostructures, which have a greater decay
length, and therefore increase the gas volume available for
ionization in the near field.
To calculate the energy-resolved photoelectron spectra,

PðEÞ, we solve the 3D-TDSE in the length gauge following
the method in [49]

i∂Ψðr; tÞ
∂t ¼HΨðr; tÞ ¼

�
−
∇2

2
þVðrÞ þVlðr; tÞ

�
Ψðr; tÞ;

ð2Þ
where VðrÞ is the atomic potential and Vlðr; tÞ ¼
−
R
r dr0 ·Eðr0; tÞ represents interaction with the laser field.

All the simulations were done within a single active
electron approximation, using the potentials given in
[52] and starting from the ground-state wave function.
Figure 1 show above threshold ionization spectra for

hydrogen, helium, and argon atoms calculated using

3D-TDSE for two different decay lengths, lF ¼ 8.3 nm
(β ¼ 0.003) and lF ¼ 12.5 nm (β ¼ 0.002), corresponding
to δ ¼ 2.43 and 1.62, respectively. As expected, the electron
yield from helium is significantly lower than from hydrogen
and argon due to a higher ionization potential. For all atoms,
the HES disappears in the absence of spatial inhomogeneity.
Note that the electrons comprising the HES are relatively
high in energy, beyond the classical cutoff of 2Up observed
for direct electrons in homogeneous fields [16].
The prominent higher energy peak may at first glance

look like a resonance. However, its location is independent
of the atomic species and is determined instead by the
decay length of the near field. From CTMC simulations
(see below for detail), we find that the location of the HES
has a quadratic dependence on the field decay length,

Epeak ∝
�
1

lF

�
2

; ð3Þ

where Epeak is the kinetic energy of electrons comprising
the peak of the HES. Analysis of the trajectories shows that
these electrons are released at the center of the pulse
envelope. This allows for an approximate analytical sol-
ution (see [53] for details), whereby the scaling in Eq. (3)
can be derived by approximately integrating aðtÞ from the
electron’s birth in the continuum until the end of the laser
pulse tfinal and finding that vðtfinalÞ scales linearly with β
and that therefore the final energy depends quadratically
on β ¼ 1=ð2lFÞ.
From Eq. (3), increasing the spatial inhomogeneity sub-

stantially accelerates the electrons.To understand thephysical
origin of the peak, we use CTMC simulations to investigate
electron trajectories after ionization of hydrogen. Here, single
trajectories are launched at a starting phase φ0 ¼ ωt0, with
velocity v⊥ perpendicular to the laser polarization direction.
The probability distribution at the tunnel exit is given by the
Ammosov-Delone-Krainov (ADK) formula [54,55], typi-
cally used to model strong field ionization [56–59],

FIG. 1. 3D-TDSE photoelectron spectra for hydrogen, helium,
and argon atoms generated by laser pulses described in Eq. (1) for
different values of β parameters. The laser intensity at the atom is
I ¼ 1 × 1014 W=cm2 (or E0 ¼ 0.0534 a:u:), the wavelength
λ ¼ 2000 nm, the number of cycles N ¼ 2, and CEP ¼ π.
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Pðt0; v⊥Þ ¼ exp

�
−
2ð2IpÞ3=2
3Eðt0Þ

�

· exp

�
−
v2⊥

ffiffiffiffiffiffiffi
2Ip

p
Eðt0Þ

�
; ð4Þ

where the laser field Eðt0Þ is given by Eq. (1) with z ¼ 0,
corresponding to an atom centered at the origin, and Ip is the
ionization potential [60]. The tunnel exit radius is obtained
using parabolic coordinates [60–64]. The dynamics of each
electronic trajectory after ionization is solved numerically by
integrating the Newton’s equations following the method
in [61,65].
Figure 2 shows electron yield as a function of energy

obtained with CTMC simulations. Note that only direct
electrons are shown, as rescattering eventswere not included
in our classical simulations. As can be seen, the prominent
higher energy peak (starting around 40 eV) observed in 3D-
TDSE (blue curve) is well reproduced. The surprising
accuracy of the adiabatic ADK approximation is due to
the low frequency of laser light, which results in the Keldysh
adiabaticity parameter γ ¼ 0.427, well within the tunnel
ionization regime. The figure also includes the energy
distribution for direct electrons in the absence of field
inhomogeneity. As can be seen, the field inhomogeneity
significantly accelerates a large fraction of the electrons.
Figure 3 establishes the physical origin of the HES by

comparing the final electron kinetic energy as a function of
ionization time, t0, for homogeneous and inhomogeneous
fields. By far, the most dramatic influence of the spatial
inhomogeneity occurs in the central cycle, corresponding to
the maximum probability of ionization along the direction of
increasing field.AsFig. 3 shows, field inhomogeneity causes
electrons ionized near the laser field maximum to get
accelerated to over 30 eV, whereas these same electrons
have much smaller energies in homogeneous fields. In fact,
the electrons ionized near the peak by homogeneous fields

are known to have low final energies (see also Fig. 3), thereby
contributing to Rydberg states [57] and the zero energy
structure [19,27]. This also suggests, in agreement with prior
findings [66], a depletion of long trajectory contributions to
high harmonic generation, since these trajectories are made
up of electrons ionized shortly after the peak of the laser field.
Importantly, in addition to accelerating, the field inho-

mogeneity also significantly narrows the electron energy
distribution, leading to a well-defined peak observed in
CTMC and TDSE simulations. Finally, since all electrons in
the HES come from a single half-cycle, they are distinctly
separated in energy from all other ionization events, sug-
gesting that inter-cycle interference should only be observed
at lower and higher electron energies. (Intercycle interfer-
encewas absent for all energies from TDSE simulations due
to the shortness of the pulse).
Based on the above analysis, the appearance of a HES

should coincide with a depletion of low energy electrons,
which get accelerated by the field inhomogeneity. This
depletion can be clearly observed in Fig. 4, which shows
3D-TDSE simulations of electron momenta distributions for
hydrogen for homogeneous and nonhomogeneous electric
fields. The high energy electrons with positive (negative)
momentumalong the z axis come fromanarrow timewindow
before (after) the peak of the laser pulse. This narrow time
window is a feature of the tunnel ionization regime, which is
characterized by a strong exponential dependence in ioniza-
tion probability on the laser field strength. The striking
accummulation of electrons near kz ¼ �2 a:u:, combined
with the knowledge that these electrons come from a narrow
time window, given by the low-γ tunnel ionization regime,
suggests a newmethod for producing tightly focused electron
beams of subfemtosecond duration.
To further investigate the HES as a function of exper-

imental parameters, we performed CTMC simulations
for four different CEP phases, corresponding to CEP ¼
ð0; π=2; π; 3π=2Þ, at a fixed laser intensity.We alsovaried the

FIG. 2. Histogram of the photoelectron yield as a function of
the final kinetic energy obtained in a CTMC calculation for
hydrogen with the same laser parameters as given in Fig. 1 for two
different values of β, where β ¼ 0 corresponds to a homogeneous
field. The blue line shows the same quantity as the red bars, but
was obtained in a three-dimensional TDSE calculation.

FIG. 3. Kinetic energy of photoelectrons as a function of the
ionization phase from a CTMC calculation for hydrogen for the
same homogeneous (β ¼ 0) and nonhomogeneous (β ¼ 0.002)
electric fields as given in Figs. 1 and 2. Each dot corresponds to a
single trajectory.
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field intensity in the range of 0.8–1.5 × 1014 W=cm2,
corresponding to E0 ¼ 0.048–0.0654 a:u: We find that the
higher energy structure occurs at all values ofCEP, except for
CEP ¼ 0. In all cases, the electrons forming the higher
energy peak come primarily from within a single laser half-
cycle, which ionizes in the direction of increasing field.
Increasing the laser intensity broadens the peak and shifts it to
higher energies, as shown in Fig. 5.
In conclusion, we find a prominent higher energy peak in

an intermediate regime where the spatial decay length, lF,
of the electric fields is comparable to the electron quiver
amplitude. The sensitive ð1=lFÞ2 dependence of the loca-
tion and width of the HES on the field decay length
suggests a new precise tool for near-field characterization.
Finally, the fact that the prominent higher energy peak
comes from a narrow time window, well within a single
half-cycle of the laser pulse, may be used to create localized
sources of monoenergetic electron beams of subfemto-
second duration. Such sources would take the techniques of

classical electron diffraction into the attosecond domain,
enabling the investigation of dynamic changes of electron
distribution in complex systems, such as nanostructures and
biological molecules [67,68].
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