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The effect of the near-field distribution of sharply etched,
nanometer-sized gold tapers on angle-resolved kinetic en-
ergy spectra of electrons photoemitted by ultrafast laser
pulse irradiation is investigated both experimentally and
theoretically. In the experiments, the enhancement of the
local electric field at the tip apex is sufficiently large to en-
able optical field induced tunneling of electrons tunnel out
of the metal tip. Strong field gradients near the tip apex,
with a decay length shorter than the quiver amplitude, ac-
celerate the electrons to high energies within less than one
optical cycle. This electron emission is confined to a narrow
cone angle around the taper axis, while low-energy quiver
electrons cover a much broader angular range. This sub-
cycle acceleration manifestly alters the energy distribution
of the emitted electrons, resulting in pronounced plateaus
in their kinetic energy spectra. The electron motion in the
curved vectorial electric field is analyzed and it is shown
that observed changes of both the kinetic energy spectra
and their angular distribution depend sensitively on the
near-field decay length and curvature, which indicates that
such angle-resolved kinetic energy spectra of photoemitted
electrons give information on the optical near-field distribu-
tion in the vicinity of nanometer-sized field emitters.

1 Introduction

Metallic nanostructures such as plasmonic nanoanten-
nas [1, 2], nanoparticles [3], and sharply etched metallic
nanoprobes [4, 5] are characterized by large optical field
enhancement and strong spatial gradients of their near-
field distribution. A number of applications have been
developed based on these strong field gradients, such

as plasmonic waveguides and devices [6] or near-field
scanning optical microscopy (NSOM) with ultrahigh spa-
tial resolution [5, 7–10]. Furthermore, due to the large
field enhancement, it becomes relatively easy to create
intense local electromagnetic fields, reaching or even
exceeding the interatomic field, when irradiating such
nanostructures with ultrashort pulses from low-power,
high-repetition rate laser systems. This has recently en-
abled the study of a wealth of strong field photoemis-
sion phenomena in metallic nanostructures [9, 11–13]
and dielectric nanospheres [14], including ponderomo-
tive photoelectron acceleration and emission of extreme
ultraviolet (EUV) radiation [15, 16].

Among such metallic nanostructures, sharply etched
nanotapers are currently intensively studied as testbeds
for exploring various strong-field phenomena in the
photoemission of electrons [9, 12, 17–19]. The impor-
tance of such nanotips in this field is due to their
large field enhancement, relatively simple geometry and
rather well-controlled shape, which facilitates a theoret-
ical modeling of the observed effects. Even though, so
far, the vectorial electric field distribution around the
tip apex could not yet be measured directly, it can be
calculated using a variety of numerical simulation tech-
niques [4] or existing analytical models based on a hy-
perboloidal tip shape [20, 21]. Such simulations show
a short decay length lF of the evanescent near-field,
slightly less than the radius of curvature of the tip. When
such a sharply etched nanoprobe is illuminated with
intense few-cycle laser pulses with a near-infrared center
wavelength, electrons can be photoemitted by different
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physical mechanisms, including multiphoton ionization
[9, 12], above-threshold ionization [17] and optical field
emission [18, 19]. In the optical field emission regime,
the local field at the tip apex is sufficiently large to tran-
siently bend the vacuum potential and to let electrons
tunnel out of the metal. These electrons are then acceler-
ated within the temporally oscillating electric near-field
of the tip and this acceleration manifestly alters the ki-
netic energy distribution of the photoemitted electrons.
Electron acceleration becomes particularly interesting
when the near-field decay length lF is shorter than the
quiver amplitude lq = e · f · E0/(mω2) of the photoemit-
ted electrons, where E0 denotes the amplitude of the in-
cident laser field in the absence of the tip [19]. The laser
frequency is ω, and e and m are the electron charge and
rest mass, respectively. The factor f accounts for the local
field enhancement induced by the gold tip, reaching val-
ues of f ≈ 10 for sharp gold tips [9,18]. In case that lq > lF ,
the net acceleration of the electrons is mostly acquired
within the first half optical cycle after the release of the
electron from the tip. This leads to a suppression of the
traditional quiver motion of the electrons [22,23] and to a
strong modification of the shape and high-energy cutoff
of the kinetic energy distribution [19]. Furthermore, the
force exerted along curved field lines in the vicinity of the
asymmetric nanotaper is expected to alter the electron’s
trajectories, thus changing the resultant emission direc-
tion of the electrons from the tip.

These findings suggest the possibility of a precise
characterization of the local electric field, including
its decay length, field line curvature and local field
amplitude, by analyzing angle-resolved kinetic energy
spectra of the electrons that are emitted from nanos-
tructures. This would allow one to quantitatively corre-
late local electric field and the resulting optical nonlin-
earities [24], specifically the EUV or electron emission
yield. Also this should be helpful in optimizing the ge-
ometrical shape of the nanostructures for their nonlin-
earities. In this report, we use angle-resolved kinetic en-
ergy spectroscopy to characterize the optical near-field
distribution of sharp gold tapers with sub-10-nm ra-
dius of curvature. Marked changes in the kinetic energy
spectra with increasing field amplitude, specifically the
development of a broad plateau-like region in those
spectra, are related to the acceleration of photoemitted
electrons within the spatial gradient near the taper apex
on a sub-cycle time scale. By comparing the shape of
those spectra to two-dimensional simulations based on
a modified Simpleman model, we characterize the decay
length of the optical near-field. Variations in the kinetic
energy spectra for different emission angles are associ-
ated with the field curvature in the vicinity of the tip.

Figure 1 (online color at: www.ann-phys.org) Simulated equipo-
tential and electric field lines in the vicinity of a hyperboloidal
gold tip (inset) with radius r0 = 1.5 nm and an opening an-
gle α of 30◦. (b) Schematic of the experimental setup. Ultrafast
laser pulses from a non-collinear optical parametric amplifier with
∼30 fs duration are focused onto a sharp gold tip with 10 nm
tip radius inside a vacuum chamber. Angle-resolved kinetic energy
spectra are recorded using a photo electron spectrometer (PES). A
Faraday cage (FC) is mounted between tip and PES entrance to min-
imize static field line distortions. (c) Normalized angle-integrated
spectra recorded using pulses with decay parameters δ = lF /lq

= 0.61, 1.05, and 2.65. A small negative bias of UB ∼ 90 eV
is applied to the tip. The black arrow denotes the sum of cut-
off energy Uc and UB . (d) Width of the spectra as a function of
δ = lF /lq. For δ < 1, the width increases gradually with decreas-
ing δ. (e) Angle-resolved kinetic energy spectra at detection angles
of θ∞ = 0 (black curve), 8.45◦ (red curve), and 16.9◦ (blue curve)
for δ = 0.55. No significant differences in spectral shape are ob-
served. (f) Kinetic energy spectra at the same detection angles as
in (e) for a larger quiver amplitude (δ = 0.48). The width and cut-
off energy increases at small angles. The spectra of (c), (e) and (f)
are extracted from full angle-resolved sets of spectra reported in
Ref. [26].

In the vicinity of sharply etched metal tips, the elec-
tric field distribution �E(�r) at a given instant in time
is highly confined around the apex due to the inter-
play between the lightening rod effect and resonant
plasmonic field enhancement [4, 9, 25]. By assuming a
hyperboloid tip shape with a cone opening angle of
α = 30◦ and a radius of the tip of r0 = 1.5 nm (see in-
set of Fig. 1(a)), the equipotential lines can be calculated
analytically as shown in Fig. 1(a) [20]. As expected from
a nearly perfect metal surface (i.e., a metal with a large
but finite negative real part of the dielectric constant),
the equipotential lines process nearly parallel to the tip
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surface (black area in Fig. 1(a)). Correspondingly, the
electric field vectors �E(�r) at the metal surface are almost
normal to the surface (yellow arrows in Fig. 1(a)). The
dense concentration of equipotential lines near the tip
apex indicates the field enhancement and localization
around the tip. An additional important feature is the
curvature of the field lines due to the symmetry-breaking
introduced by the tip. This field curvature strongly af-
fects the motion of the electrons emitted from the metal
surface which are accelerated within the local, tempo-
rally oscillating electric field distribution �E(�r, t) accord-
ing to Newton’s equation of motion. Hence the electron
trajectories and their terminal velocity �v∞ = �v(t → ∞)
after escaping from the strong field region carries im-
portant information on �E(�r, t). Experimentally, we mea-
sure �v∞ by simultaneously recording the kinetic en-
ergy Ekin = 1

2 m�v∞ and the terminal emission angle θ∞ =
arctan

(�vy,∞/�vx,∞
)

of the photoemitted electrons.

2 Experimental setup

In the experiments, photoelectrons are generated by
focusing ultrashort near-infrared (NIR) pulses from a
non-collinear optical parametric amplifier (NOPA) with
∼30 fs duration onto the tip. The metal tip is a sharply
etched single crystalline gold taper mounted inside a
vacuum chamber [26]. This new etching procedure [25]
provides tips with a particularly smooth shaft surface
and a small radius of curvature r0 of less than 10 nm. The
shape of the tip defines the field enhancement factor f
and the near-field decay length lF . In our experiments,
we tune the wavelength of the laser pulses from 1.0 μm to
1.5 μm and their energy from 0.05 nJ to 1.2 nJ, effectively
varying the quiver amplitude and thus the decay param-
eter δ = lF /lq. To avoid pulse distortion, all-reflective op-
tics are applied and a Cassegrain objective is used to
achieve tight focusing down to 1.5 μm (Fig. 1(b)) [27].
Angle-resolved kinetic energy spectra are recorded with a
photo-electron spectrometer (PES) equipped with a two-
dimensional CCD detector. A Faraday cage (FC) is used to
minimize static field distortions induced by nearby elec-
trostatic objects, i.e., the Cassegrain objective and the
sample translation stages.

Angle-integrated photoemision spectra, normalized
to their maximum value, are displayed in Fig. 1(c). The
spectra have been recorded with pulse energies and cen-
ter wavelengths of 0.05 nJ/1.0 μm (f · E0 = 7.2 V/nm,
δ = 4.2, blue curve), 0.2 nJ/1.4 μm (f · E0 = 15 V/nm
δ = 1.1, red curve [26]), and 0.6 nJ/1.4 μm (f · E0 =
25.4 V/nm, δ = 0.6, black curve [26]), respectively. To
compare different spectra, we plot them as a function of

the decay parameter δ. Here we take values of f ≈ 9 and
lF ≈ 1.5nm, as these are found to best match our exper-
imental results, as explained in detail below. During the
measurements, a small negative bias of UB ∼ 90 eV has
been applied to the tip to avoid static charging and unde-
sired charged particle attachments during electron emis-
sion. For δ = 4.1 we see a narrow spectrum as is typical
for multiphoton ionization [26]. With decreasing δ, the
spectrum broadens until a pronounced plateau devel-
ops which extends over more than 20 eV at the smallest
decay parameter of δ = 0.61. This field-induced broad-
ening of the photoemission spectrum and the develop-
ment of the plateau region are experimental signatures
of optical field induced tunneling of electrons out of the
metal tip and for a pronounced electron acceleration
within the strong field gradient at the tip apex. We take
the width of this plateau as the difference between the
high-energy cutoff (at half plateau height, black arrow
in Fig. 1(c)) and the low-energy cutoff. In Fig. 1(d), the
plateau width is plotted as a function of the decay param-
eter showing a gradual decrease in width with increasing
δ. We generally observe a clear broadening of the spec-
trum for δ < 1, corresponding to a Keldysh parameter
γ = ω

√
2m�/ (e · f · E0) of about 0.8. We take a value of

� = 5.5 eV, which we consider a good estimate for the
work function of our annealed tips [28]. Generally, the
value γ ≈ 0.8 agrees quite well with the usual Keldysh cri-
terion for the transition between multiphoton and strong
field emission [18]. Care should be taken, that this crite-
rion has been derived for the tunnel ionization of atoms,
in the absence of local field gradients. In case of metal
nanostructures, however, the near field decreases quickly
with increasing distance from the surface and this should
in fact shift the transition to larger local field values. Our
measurements indicate that both the spectral width and
the shape of the spectra are strongly affected by the decay
parameter δ = lF /lq. The high-energy cutoff allows us to
deduce a first estimate of the field enhancement factor f .
For a planar metal film, this cutoff is given as twice
the ponderomotive energy UP = (e · f · E0)2/(4mω2), in-
dicating f ≈ 7. We will show below that for near-fields
with a decay length of ∼2 nm, the cutoff energy is re-
duced, to ∼ 1.2 UP , increasing the estimated value of the
field enhancement factor to f ≈ 9.

In order to study the effect of electron acceleration
on their emission angles, angle-resolved kinetic energy
spectra have been recorded at a fixed wavelength of
1.5 μm and with UB ∼ 50 eV. Measurements at detection
angles of 0◦, 8,45◦, and 16.9◦ are plotted in Figs. 1(e) and
(f) for δ = 0.55 and δ = 0.48, respectively. The data are ex-
tracted from a full set of angle-resolved spectra reported
in Ref. [26], recorded for pulse energies of 0.9 nJ (Fig. 1(e))
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and of 1.2 nJ (Fig. 1(f)). At the shorter quiver amplitude
(δ = 0.55) the spectra recorded are essentially indepen-
dent of the detection angle. At the longer quiver am-
plitude (δ = 0.48), however, a substantial change both
in spectral shape as well as high-energy cutoff is ob-
served between different detection angles, showing that
higher energy electrons are predominantly detected at
smaller emission angles. This gives evidence for a steer-
ing of the electron motion along the curved field lines
and indicates that such steering effect becomes more
pronounced at larger quiver amplitudes.

To account for the changes observed in the angle-
resolved kinetic energy spectra we have performed nu-
merical simulations of the electron trajectories within
an extended semiclassical Simpleman model [17,19]. We
assume a two-dimensional hyperboloidal gold tip with
an opening angle of α = 30◦ and use existing analyti-
cal expressions to describe the temporally and spatially
varying electric field �E(�r, t) = �E(�r) · T(t) as shown in
Fig. 1(a) [20, 21]. The time dependence of the field is
taken as T(t) = exp(−2 ln 2 · t2/τ 2) cos(ωt) where τ de-
notes the experimentally measured pulse duration of
30 fs and ω the carrier frequency. A Fowler-Nordheim
equation [19,29] neglecting field-dependent barrier sup-
pression and assuming electron generation only during
negative half-cycles (electron acceleration away from the
tip) describes the tunneling probability p (t) as a func-
tion of the birth time t = ϕ/ω of the electron (ϕ: emission
phase) as follows:

p (t) = 
(E(t))
e3 E(t)2

16π2��
exp

(
−4

√
2m�3/2

3�eE(t)

)
. (1)

Here, � is the reduced Planck constant and 
(E(t)) the
Heaviside step function. After the birth of the electron,
its motion under the action of the force field �F (�r, t

) =
q · �E (�r, t

)
is simulated by solving the classical equation

of motion and kinetic energy spectra are generated by av-
eraging over a distribution of emission phases and sites.
It is assumed that electrons recolliding with the tip are
perfectly reflected. Such a model has recently success-
fully been used to describe different strong-field photoe-
mission phenomena [17,19] and successfully been tested
against different more refined approaches [30]. In such
a model, the high-energy cutoff of the spectrum is pre-
dominantly defined by the ponderomotive potential [19]
while the shape of the spectrum, in particular the am-
plitude and form of the plateau region, largely depends
on lF .

Figure 2 (online color at: www.ann-phys.org) (a) Simulated trajec-
tories of electrons emitted at different phases of the laser field of
ϕ =−0.25 π (red curve), 0 (black curve), and 0.25 π (white curve),
in a spatially homogeneous, temporally oscillating electric field
(field strength color-coded). The laser wavelength is 1.5 μm and
E0 is set to 25.4 V/nm, giving a quiver amplitude of 2.8 nm. Quiver
motion is observed for emission phases of −0.25 π and 0 π . At 0
π , the electron does not escape from the metal surface. Rescatter-
ing at the tip surface is observed at 0.25 π . (b) Calculated terminal
kinetic energy distribution (black curve) and generation probabil-
ity (red curve) as a function of the emission phase ϕ. Electrons
are in the quiver regime for ϕ < 0 and rescattering is observed
at ϕ > 0. (c) Simulated electron trajectories in the near-field of
a sharp metal tip with r0 = 1.5 nm and α = 30◦ at different ϕ.
The peak electric field at the tip surface is E0 = 25.4 V/nm. Sub-
cycle acceleration is seen at ϕ = −0.25 π and 0 (red and black
curve, respectively), whereas rescattering occurs at ϕ = 0.25 π

(white curve). (d) Calculated terminal kinetic energy distribution
(black curve) and generation probability (red curve) as a function
of ϕ. Electrons are in the sub-cycle regime for ϕ < 0.14 π (gray
shaded area) and in the quiver regime for larger emission phases
(blue shaded area).

3 Discussion

We first consider electron acceleration in a temporally
oscillating, but spatially homogeneous electric field, as is
common, e.g., in high harmonic generation from atomic
systems [22]. We choose a laser wavelength of 1.5 μm and
�E(�r) = E0 = 25.4 V/nm, corresponding to lq = 2.8 nm.

The pulse duration is set to τ = 30 fs. In this case, most
electrons are in the quiver regime, as can be seen from
the three representative trajectories plotted in Fig. 2(a),
calculated for emission phases ϕ = −0.25 π , 0 π , and
0.25 π . For negative emission phases, the electrons un-
dergo a quiver motion (red curve in Fig. 2(a)), with a
total kinetic energy which reaches a maximum 2 Up at
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ϕ = −0.5 π and decreases to zero for an emission phase
of 0. Here, forward and backward acceleration cancel out
and the electron cannot depart from the surface (blue
curve in Fig. 2(a)). The terminal kinetic energy is plot-
ted in Fig. 2(b) as a function of the emission phase (black
curve). In electron trajectories with positive emission
phases, one or more rescattering events with the metal
surface occur (see example trajectory for ϕ = 0.25 π as
white curve). In our simulations, such recollisions are
considered as being perfectly elastic and occurring at the
tip surface. Such scattering events lead to a more com-
plicated kinetic energy distribution in Fig. 2(b), as theo-
retically discussed, e.g., in Ref. [14]. The terminal kinetic
energy distribution shows a minimum at ϕ = 0, with zero
kinetic energy corresponding to those electrons that can-
not depart from the surface. When plotted together with
the generation probability as a function of the emission
phase, calculated using the Eq. (1) (red curve in Fig. 2(b)),
this shows that the electrons with the highest generation
probability possess the lowest kinetic energy, hence the
shape of the kinetic energy spectrum is similar to an ex-
ponential decay function.

In Fig. 2(c), these results are compared to trajectory
simulations for electrons emitted from the apex of a
sharp metal tip with geometric parameters of α = 30◦

and r0 = 1.5 nm. For such a tip, the near-field decay
length is lF ≈ 1.5 nm. The time structure of �E (�r, t

)
is the

same as that in Fig. 2(a) and the maximum field ampli-
tude at the tip apex is E0 = 25.4 V/nm, corresponding to
lq = 2.8 nm and δ = 0.54. In case of such a strong field
gradient, electrons emitted at a phase of −0.25 π (red
curve) escape quickly from the strong field region within
one half cycle of the laser oscillation. This rapid escape
results in a complete suppression of the quiver motion
since the electrons reach a low field region before they
can be back-accelerated towards the tip surface. Due to
this strong spatial inhomogeneity of the field there is
no trajectory for which forward and backward motion
cancel out exactly, which results in two major changes
of the kinetic energy distribution plotted in Fig. 2(d).
First, there is no emission phase for which the terminal
kinetic energy is zero, and second, the phase of mini-
mum kinetic energy ϕmin is shifted away from ϕ = 0 to
positive phases. Also the second effect is readily under-
stood. The magnitude of the initial forward acceleration
(a > 0), away from the tip surface, is much larger than
during backward acceleration, requiring a shortening of
the initial forward acceleration phase, and thus a shift in
ϕmin towards positive values, in order to approximately
balance forward and backward motion. Therefore, the
kinetic energy minimum does not coincide any more
with the maximum generation probability. Also, the max-

Figure 3 (online color at: www.ann-phys.org) (a) Calculated ter-
minal kinetic energy distribution for different decay lengths lF of
the optical near-field and a fixed quiver amplitude of lq = 3.1 nm.
The laser wavelength is 1.5 μm and the peak electric field ampli-
tude is 28.0 V/nm. The minimum kinetic energy shifts to larger
emission phases as the decay length decreases. (b) Emission phase
ϕmin at minimum kinetic energy as a function of decay parameters
δ = lF /lq. (c) Calculated angle-integrated spectra for different δ,
obtained by averaging kinetic energy distributions over a range of
emission sites near the tip apex. The spectra are vertically shifted
for clarity.

imum kinetic energy (∼1.5 Up) is substantially reduced
in comparison to the cutoff energy of ∼ 10 Up for a spa-
tially homogeneous field. The strong field gradient limits
the effective acceleration distance and this reduces the
maxmimum kinetic energy gained by near-field accel-
eration. This shift in ϕmin has interesting consequences.
It greatly reduces the probability to generate recolliding
electrons and also reduces the velocity of these electrons
when recolliding with the tip surface. This suppression
of recollision suggest that phenomena associated with
these recolliding electrons such as, e.g., high harmonic
generation [15,16], are actually suppressed in nanostruc-
tures with strong field gradients.

These two examples demonstrate that the suppres-
sion of quiver motion and strong-field acceleration of
electrons in near-field gradients depend critically on the
decay parameter δ, which is the only parameter that
was changed from Fig. 2(a) to (c) (from ∞ to 0.54).
This is investigated in more detail in Fig. 3(a), plotting
the calculated kinetic energy distribution as a function
of the emission phase for a number of different de-
cay parameters δ = lF /lq ranging from 0.26 to 27.6. The
quiver amplitude and the laser wavelength are fixed at
3.1 nm and 1.5 μm, respectively. As the decay parame-
ter δ decreases, the maximum kinetic energy acquired
in the presence and absence of recollisions decreases
monotonically, effectively reducing the high-energy cut-
off due to the reduction in field decay length and thus
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acceleration distance. Also, the emission phase ϕmin at
the kinetic energy minimum increases with decreasing δ

and therefore the total width of the kinetic energy dis-
tribution becomes much narrower. A plot of ϕmin as a
function of decay length (Fig. 3(b)) shows that ϕmin shifts
rapidly for lF < 2.5 lq, and is almost constant at larger de-
cay lengths, except for a small bump near lF = 10 · lq.

The effect of the reduction in near-field decay length
on the kinetic energy spectra is illustrated in Fig. 3(c).
Angle-integrated spectra are calculated as a weighted av-
erage of the kinetic energy distribution from a range of
emission sites on the tip surface. The decay parameter
is varied by changing the radius of curvature of the tip,
while keeping all other simulation parameters the same
as in Fig. 3(a). It is evident that spatial field gradients
have a pronounced effect on the kinetic energy spectra.
With decreasing δ, the contribution of fast electrons to
the spectrum increases considerably and, as in the ex-
periment, a clear plateau-like high region develops for
the shortest decay parameter, δ = 0.28. This plateau only
appears for decay lengths of the near-field much shorter
than the quiver amplitude and quickly becomes fainter
as δ increases. It is not discernible any more at δ = 1.39,
where the spectral shape simply follows an exponential
decay. Additional peaks in the lower energy regions de-
note those electrons that are generated in the trailing
edge of the laser pulse, which gain less kinetic energy due
to the reduced electric field strength. Clearly, the shape
of the kinetic energy spectra, specifically the presence or
absence of the plateau region, provides a sensitive mea-
sure for the decay length of the optical near-field in the
vicinity of the electron emitting nanostructure. The sen-
sitivity is largest when the decay length approximately
equals the quiver amplitude (δ ≈ 1). In this case, lF is de-
termined with an accuracy of much less than the quiver
amplitude, up to ∼3 nm under our experimental condi-
tions. In order to approximately reproduce the shape of
the spectra in Fig. 1, we need to assume a decay length
of ∼2 nm, even shorter than the tip radius deduced from
SEM images [26]. Other parameters, such as the precise
value of the work function, have only a minor effect on
the shape of the kinetic energy spectra. This allows us
to estimate the decay length of the near field from the
shape of the experimental kinetic energy spectra. Know-
ing this value of the decay length we can now deduce
a refined estimate of the field enhancement factor. The
simulations in Fig. 3(c) predict that for δ ≈ 0.6 the cutoff
energy is approximately 1 · Up. From the corresponding
spectrum in Fig. 1(c) we then deduce f ≈ 9.

From the discussion above we expect that the field
curvature not only influences the kinetic energy distri-
bution of the emitted electrons, but also emission di-

Figure 4 (online color at: www.ann-phys.org) (a,b) Snapshots of
two representative electron trajectories of sub-cycle electrons
(ϕ = −0.5 π , red trajectories) and quiver electrons emitted at
ϕ = ϕmin (blue trajectories), from a site offset by (�x = 0.5 · r0,
�y ∼ r0(1 − √

3/2)) from the tip apex at the origin. The vecto-
rial electric field distribution in the vicinity of the tip apex (black
solid) is indicated by black arrows. The trajectories are calculated
for two different tip radii, (a) r0 = 1.0 nm (ϕmin = 0.16 π ), and (b)
r0 = 100 nm (ϕmin = 0.02 π ). (c) Angle-resolved spectra at detec-
tion angles of θ∞ = 0◦ (black curve) and θ∞ = 28◦ (red curve), for
different decay parameters δ = lF /lq = 0.28 to 28. The spectral
shapes are very similar for large decay parameters δ ≥ 1.39, but
show differences for small δ. Specifically, a much more pronounced
plateau can be seen at the smaller detection angle for the smallest
δ of 0.28.

rection θ∞ of the photoemitted electrons. This should
result in pronounced changes in the angle-resolved ki-
netic energy spectra, if they are recorded at different de-
tection angles. Experimentally, this is demonstrated in
Figs. 1(e) and (f). In order to analyze the effect of near-
field gradients on these spectra, we have simulated elec-
tron trajectories exemplarily for two different tip radii us-
ing the same simulation parameters as in Fig. 3. For a tip
with a small radius of r0 =1.0 nm which corresponds to
a decay parameter of δ = 0.28 (Fig 4(a)), the field lines
are strongly curved (see the vectorial electric field dis-
tribution displayed as black arrows). In such a strongly
curved field, the trajectories of the faster electrons (emit-
ted at ϕ = −0.25 π , red curve in Figs. 4(a) and (b)) differ
substantially from those of the slower electrons (emitted
at ϕmin = 0.16 π , blue curve in Figs. 4(a) and (b)). The
slow electrons hardly advance through the near-field re-
gion within one cycle of the laser oscillation and hence
are driven away from the tip center by the curved, back-
ward electric force. Electrons with a high kinetic energy
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escape from the strong field region within one half cy-
cle of the laser oscillation. These electrons are therefore
guided along the field lines and thus towards the tip cen-
ter, which is in stark contrast to the dynamics of the
electrons with a low kinetic energy. Both our experimen-
tal and theoretical observations are clear indications for
a field-induced steering of highly near-field accelerated
electrons towards the tip center.

This steering effect, however, is pronounced only
for small decay parameters. When increasing δ beyond
unity, the field curvature is reduced and the trajectories
of faster and slower electrons resemble each other more
closely. An example is shown in Fig. 4(b), displaying tra-
jectories for a fast electron (ϕ = −0.2 π , red curve) and
an electron with minimum kinetic energy (ϕ = 0.02 π ,
blue curve) for a tip with r0 = 100 nm and δ = 27.8. In
this case, for the slowest electron, the off-axis drift per
optical cycle is negligibly small, and hence the termi-
nal emission angle hardly differs from that of the faster
electron.

In Fig. 4(c), angle-resolved kinetic energy spectra are
shown for various decay parameters ranging from δ =
0.28 to 27.8 (top to bottom). The spectra are displayed
for two different detection angles, namely θ∞ = 0◦ (black
curves) and θ∞ = 28◦ (red curves), and have been calcu-
lated for different decay parameters of δ = 0.28 to 27.8
(top to bottom). Only for the smallest decay parame-
ter the highly accelerated electrons concentrate around
θ∞ = 0, giving evidence for the discussed field-induced
steering. As the decay parameter increases, this effect be-
comes less pronounced, so that the spectra for different
detection angles are very similar and resemble a sim-
ple exponential decay function for δ > 1.39. The obser-
vation of clearly angle-dependent kinetic energy spectra
in Fig. 1(f) therefore provides additional evidence that
these measurements probe the strong field acceleration
of photoemitted electrons within extremely steep near-
field gradients in the vicinity of a very sharp gold tip.
Their analysis confirms an estimate of a decay length of
the optical near-field of only about 2 nm, even sharper
than the measured radius of curvature of those tips of
about 7 nm [26].

4 Summary

In summary, we have studied, both experimentally
and theoretically, angle-resolved strong-field photo-
electron spectra emitted from sharply etched metal-
lic nanoprobes. Plateau-like kinetic energy spectra dis-
playing a pronounced angle dependence are taken as
a signature for the acceleration of the photoemitted

electrons within the local near-field of the taper on a sub-
cycle time scale. Calculations based on a modified two-
dimensional Simpleman model indicate that the width
and shape of angle-integrated spectra is a sensitive probe
of the local near-field distribution, in particular in the
limit when the quiver amplitude exceeds the near-field
decay length. In this limit, angle-resolved kinetic energy
spectra are sensitively dependent on the curvature of the
field lines, indicating that such spectra can be taken as a
new tool to characterize the local vectorial electric field
distribution in the vicinity of metallic nanostructures. In
the present work, we have used this concept to probe
the near-field of a sharp gold tip and more work is cur-
rently underway to extend this experimental approach to
other types of optical field emitters. We expect that this
will provide an improved understanding of the strong-
field driven electron dynamics in solid state nanostruc-
tures which will be helpful for the generation of intense
ultrashort electron pulses or for optimizing optical non-
linearities of such nanostructures.
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