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Abstract Nanostructures exposed to ultrashort wave-
form-controlled laser pulses enable the generation of
enhanced and highly localized near fields with adjustable
local electric field evolution. Here, we study dielectric SiO,
nanospheres (d = 100-700 nm) under strong carrier-enve-
lope phase-controlled few-cycle laser pulses and perform
a systematic theoretical analysis of the resulting near-field
driven photoemission. In particular, we analyze the impacts
of charge interaction and local field ellipticity on the near-
field driven electron acceleration. Our semiclassical trans-
port simulations predict strong quenching of the electron
emission and enhanced electron energies due to the ioni-
zation induced space charge. Though single surface back-
scattering remains the main emission process for the con-
sidered parameter range, we find a substantial contribution
of double rescattering that increases with sphere size and
becomes dominant near the cutoff energy for the largest
investigated spheres. The growing importance of the dou-
ble recollision process is traced back to the increasing local
field ellipticity via trajectory analysis and the correspond-
ing initial to final state correlation. Finally, we compare
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the carrier-envelope phase-dependent emission of single
and double recollision electrons and find that both exhibit a
characteristic directional switching behavior.

1 Introduction

The excitation of nanostructures with laser light can be uti-
lized to generate near fields that are localized on sub-wave-
length scales and exhibit strong-field enhancement [1].
Controlling the structure of near fields with nanometer
spatial and attosecond temporal resolution promises pre-
cise steering of the strong-field induced electron motion
and is therefore of key interest for the realization of ultra-
fast light-driven nanoelectronics [2]. The feasibility of
using nonresonant near fields for the control of strong-field
electron dynamics with high time resolution has been dem-
onstrated in photoemission experiments on metal nano-
tips [3-7], isolated dielectric nanospheres [8—10], and sur-
face-assembled nanoantennas [11]. It has been shown that,
similar to atomic above threshold ionization [12], electron
backscattering of tunnel electrons from the nanostruc-
ture’s surface dominates the high-energy electron emis-
sion and can be controlled by the carrier-envelope phase
(CEP) of the incident light field [3, 5, 8-10]. The impor-
tance of the spatial field profile has been shown by the
observed quenching of backscattering if the quiver ampli-
tude exceeds the near-field extension [4]. In this impulsive
acceleration regime, also spectral focussing and defocus-
sing via an additional THz field has been demonstrated in
the strong-field emission from biased nanotips [13]. Near
fields have also been used to drive quantum-coherent elec-
tronic free—free transitions of high-energy electrons [14],
in analogy to two-color atomic strong-field ionization of
atoms [15].
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Two important effects that have distinct impacts on the
near-field driven electron dynamics are (1) the feedback
from charge interaction for multielectron emission and
(2) electromagnetic field propagation. Preceding studies
have shown that the measured cutoff energies of recolli-
sion electrons emitted from small dielectric SiO, spheres
(d =~ 100 nm) increase linearly with the intensity of a driv-
ing infrared few-cycle pulse [8], as shown in Fig. 1b. Note
that for such small spheres the field propagation can still
be neglected and the hot spots occur at the particle poles
(Fig. 1a). However, the observed energies are about a factor
of two higher than the prediction of classical rescattering in
the linear near field alone. Quasi-classical trajectory Monte
Carlo simulations could explain the enhanced cutoff by the
effect of charge interaction, which supports the acceleration
process via the emerging local trapping potential at the par-
ticle surface and Coulomb repulsion in the escaping elec-
tron bunch (compare black and red curves in Fig. 1b).

More recently, the effect of field propagation on the
emission dynamics has been studied by varying the sphere
size [10]. While the cutoff energy enhancement induced
by charge interaction increases even further with size
(Fig. Ic), the field propagation induced spatial deforma-
tion of the near field for larger spheres is directly mapped
into the directionality of the electron emission, as shown
in Fig. 1d,e. The comparison of the angular-resolved yield
of fast electrons for small and large spheres shows a tilt of
the main emission direction by about 45 degrees toward
the backside for large particles. The excellent agreement
with trajectory-based transport simulations including the
field propagation effect (see Fig. 1f,g) supports the preva-
lence of single backscattering and a strong CEP depend-
ence that enables controlled switching of the emission yield
into the upper or lower half-space. It should be noted that
the linear near field (Mie solution) in the hot spot region
of large spheres exhibits substantial tangential compo-
nents [10], resulting in a pronounced local field ellipticity
(Fig. 1a). For single rescattering electrons, which dominate
the high-energy emission in the so far investigated particle
size range (< 500 nm), however, the ellipticity effect was
found to be small [10]. Here, we report simulation results
for even larger particles, where we find a so far unreported
qualitative change in the electron acceleration process. In
particular, we find that the further increased near-field ellip-
ticity leads to a particularly strong enhancement of double
rescattering, which eventually becomes dominant for the
high-energy photoemission.

The major objective of the current study is to unravel
the mechanism underlying the enhancement of the dou-
ble recollision process. Further, we systematically analyze
the intensity and sphere size dependence of the near-field
driven photoemission to address the effects of charge inter-
action and field ellipticity, respectively. We consider SiO,
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Fig. 1 Electron emission from SiO, spheres. a Mie solution for the
peak radial near-field enhancement of small and large spheres cal-
culated for 4 fs linearly polarized few-cycle laser pulses at 720 nm
and ¢cg = 0 that propagate in x-direction. Enhancement profiles
are shown for the x—y plane at z = 0. The vectorial field evolu-
tion (right) corresponds to the local reference frame in the respec-
tive hot spots (see radial and tangential unit vectors). b Measured
laser intensity dependence of the electron cutoff energy from small
(d =~ 100 £ 50 nm) spheres (gray symbols) and corresponding simu-
lation results without (black curve) and with mean field (red curve)
for d = 100 nm particles. Note that these results are adapted from [8]
and have been obtained for 5fs pulses. ¢ Cutoff energy evolution
with sphere size at 7 = 3.0 x 10'> Wem™2 for 4 fs pulses. Gray dots
represent the measurements while black and red curves show simu-
lation results neglecting and including the mean field, respectively.
Adapted from [10]. Slight discrepancies between the cutoffs in b
and c¢ are mainly attributed to the different pulse length. d—g Direc-
tionality and phase-dependent switching of measured and calculated
yields from fast electrons with E > Ey = 0.5E;, where E. is the
cutoff energy. The definition of the cutoff energy in the simulations
is described in Fig. 2. In the experiments, the cutoff corresponds to
the energy up to which CEP-dependent signal is observed. Sphere
sizes and laser intensities as indicated. Critical upward and down-
ward emission angles Ot (vertical dashed lines) characterize the
maxima of the amplitude A(#) from harmonic fits of the yields with
Y (0, ¢cE) = Yo(0) + A(0) cos(ece — Ap(0)). White dots indicate the
critical CEP gogé‘ = A@(O°Y) for maximal upward emission under
the critical angle. Adapted from [10]
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spheres with diameters in the range of d = 100 — 700 nm
under intense CEP-controlled few-cycle laser pulses. Our
theoretical analysis based on quasi-classical simulations
reveals the following main results. We find that the yield
and cutoff energy of recollision electrons scale almost lin-
early with laser intensity for all investigated sphere sizes.
The scaling of the yield with sphere size can be explained
with Coulomb trapping by the attractive space charge
potential of the ionized spheres. Furthermore, we find that
the double recollision process becomes increasingly impor-
tant for large spheres and begins to dominate the electron
spectra near the cutoff for d 2 600 nm for the considered
laser parameters. Via trajectory analysis, we show that the
field ellipticity is responsible for the increasing significance
of double recollision electrons. Finally, the implications of
the competition of single and double recollision electrons
for the CEP-dependent emission are analyzed. While the
phase-dependent switching behavior of the two processes
is qualitatively similar, we find characteristic differences in
the angular and energy dependence that provide a basis for
an experimental discrimination of the two photoemission
channels.

2 Theoretical framework

The electron dynamics at the dielectric nanospheres are
modeled with quasi-classical mean-field Mie Monte Carlo
(M3C) simulations [10]. Electron trajectories are calculated
by integration of classical equations of motion

mi = —e [Emie(r, 1) — VPme(r, 1)]

Eerr(r,1)

ey

in an effective electric field E.¢, where e is the elemen-
tary charge and m is the electron mass. The effective field
consists of the linear response near field Eye (Mie solu-
tion) induced by the infrared few-cycle laser pulse and the
field resulting from an instantaneous, self-consistent mean-
field potential @, as described in more detail below.
The efficient treatment of the Mie fields is discussed else-
where [10], including a systematic analysis of the size-
dependent relative enhancement and ellipticity. For the
generation of trajectories via tunnel ionization, we consider
that the tunneling path starts inside the sphere, follows
the local electric field .4, and ends at the classical tun-
neling exit. The average field along the tunneling path is
used to calculate the ionization probability via Ammosov-
Delone-Krainov atomic tunneling rates [16], assuming an
effective ionization potential of 9eV to describe the band
gap of Si0O,. Successful tunneling events are sampled via
Monte Carlo methods, leading to the generation of resid-
ual ions and free electrons with zero initial velocity at the
start and end points of the respective tunneling paths. The

electrostatic mean-field potential @n¢ is calculated from
the instantaneous charge density of(r, ¢) of free carriers by
solving Poisson’s equation

ot(r,1)

808in/out ’ (2)

AP (r,1) = —

with the vacuum permittivity g9 an the relative permit-
tivities " =2.12 and £ =1 and using multipole
expansion. At the sphere surface, the potential D¢
must be continuous and has to fulfill the boundary con-
dition si“%éggf = g"“t%cpg}‘}‘, The charge density
o£(r) = 0e(r) + 0i(r) is composed of the contributions
from activated electrons and residual ions and is evalu-
ated by ensemble averaging over a sufficiently large set
of trajectories to achieve convergence. A constant relative
permittivity ™ is used for the calculation of both the Mie
fields and the mean-field potential. This approximation
neglects that the valence band susceptibility of the dielec-
tric material is reduced due to ionization losses, which is
well justified for low average degrees of ionization. The
much larger and strongly nonlinear dynamic polarization
of the generated free electrons, however, is accounted for
in the self-consistent mean-field potential in electrostatic
approximation. Finally, elastic and inelastic collisions
inside the sphere are evaluated via Monte Carlo sampling
using the self-consistent electron trajectories. The elastic
electron—atom collisions are treated as instantaneous, iso-
tropic scattering events using an energy-dependent mean-
free path that is derived from transport cross sections
predicted by quantum mechanical electron—atom scatter-
ing calculations. Inelastic electron—electron scattering,
i.e., electron impact ionization, is described by Lotz-type
impact ionization cross sections [17]. In a successful ine-
lastic scattering event, the energy of the impinging electron
is reduced by the effective ionization potential and a new
electron ion pair is created. We note that conceptually simi-
lar classical trajectory Monte Carlo simulations have also
been performed for nanotips [18].

From the perspective of many-particle theory, the self-
consistent electron propagation represents a description on
the Vlasov level, where the Mie field describes the external
driving field. The tunneling ionization as well as the elastic
and inelastic collisions represent additional source and col-
lision terms, eventually resulting in a dynamical descrip-
tion equivalent to a Boltzmann equation. Correspond-
ing kinetic transport simulations, including versions that
account for limited quantum features, have been applied
with great success to the description of intense laser—clus-
ter interactions [19-26].

In the M’C model used in the current study, the mean-
field term includes the space charge field resulting from
ionization and charge separation at the sphere surface
and thus accounts for quenching of tunneling ionization,
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confinement of slow electrons, and Coulomb repulsion in
the escaping electron bunches. Further, the inclusion of the
sphere polarization in the mean-field potential takes into
account image charge effects on the mean-field level.

Emitted electrons are determined from the ensemble of
trajectories as those with positive single-particle energy and
positive radial velocity. The single-particle energy spectra
are evaluated sufficiently late in the simulation to ensure
convergence and essentially reflect the electron spectra that
would be measured at the detector. To characterize trajec-
tories, we count the number of revisits to the particle, n,
effectively providing a counter for recollisions. Note that
several microscopic collisions may be involved within a
single recollision process. For the following analysis, we
consider linearly polarized incident pulses with 7 = 4fs
pulse duration (full width at half maximum of the inten-
sity envelope) at A = 720 nm central wavelength propagat-
ing along the x-direction. The incident laser electric field is
defined as E(r,1) = &oe,f (t — x/c) cos(wt + cep — kx),
where & is the laser peak field strength, f(¢) is a Gaussian
temporal envelope, ¢ is the vacuum speed of light, w is the
angular carrier frequency with the corresponding wave-
number k, and ¢cg is the CEP. In this work, all laser inten-
sities refer to the incident light field.

3 Results and discussion

The general evolution of the simulated CEP-averaged elec-
tron spectra with sphere size and intensity is depicted in
Fig. 2. Note that the spectra are plotted as function of the
ponderomotive potential Up = 6253 /4mae? of the incident
laser field. Besides the full spectra (gray areas), the selec-
tive contributions from different acceleration processes
(solid curves) are shown. Direct electrons, i.e., electrons
that are born outside via tunnel ionization and do not re-
scatter at the particle (n = 0), appear only in the low-
energy region and contribute noticeably to the yield only
for low intensities and small particles. The suppression of
direct electrons with intensity and size already suggests a
substantial trapping of electrons by the ionization induced
attractive space charge potential [8]. Due to their low
impact on the high-energy region, direct electrons are not
of interest for the current study. In contrast, single recol-
lision electrons (n = 1) constitute the dominant contribu-
tions for 100 and 500 nm in the considered intensity range.
However, double recollision electrons (n = 2) become
increasingly important with sphere size and prevail the
spectra near the cutoff energy for the largest particle size of
700 nm irrespective of intensity. In the following, we inves-
tigate the evolution of the yields, cutoff energies, and accel-
eration dynamics of single and double recollision electrons
in detail.
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Fig. 2 Calculated recollision-resolved energy spectra. Electron
energy spectra for three different sphere diameters and laser intensi-
ties (as indicated) as predicted by M3C. Spectra for all emitted elec-
trons (gray shaded areas) are compared to spectra filtered according
to the number of recollision events (solid curves) for direct (n = 0),
single (n = 1), and double (n = 2) recollision electrons (compare
schematic trajectories in d). All curves are normalized with respect to
the yield of single recollision electrons (solid black curves) at E = 0.
Black and red dots show cutoff energies of single and double recol-
lision electrons, respectively. The cutoffs are defined as the energy
where the corresponding normalized yield drops by three orders of
magnitude compared to the single recollision yield at E =0, i.e., to
the level —3 on the logarithmic scale. Dashed vertical lines indicate
corresponding SMT cutoffs using only the radial component of the
Mie field. Note that the energy axis is given in units of the free space
ponderomotive potential U,

3.1 Evolution of electron yield and cutoff energy

In the framework of the simple man’s theory (SMT) [27],
applied to the acceleration of direct and recollision elec-
trons from a surface under the assumption of specular
reflection, the total yield of emitted electrons is only deter-
mined by the local tunnel ionization rate. As the latter typi-
cally increases exponentially with intensity, an exponential
growth may also be assumed for the total yield. In stark
contrast to this expectation, the yields of both single and
double recollision electrons obtained from M3C calcula-
tions show a nearly linear increase with laser intensity, irre-
spective of sphere size, as shown in Fig. 3a. This quenching
of the emission signifies Coulomb blocking of the tunnel
ionization due to charge separation at the particle surface.
Further, considering a fixed intensity, the yields scale
nearly linearly also with sphere size, as shown in Fig. 3b.
This trend can be rationalized with a simplified picture of
the space charge trapping effect. Considering the sequential
electron emission with fixed initial kinetic energy from the
surface of a sphere, the emission is quenched after reach-
ing a total charge Qnax for which the emerging attractive
Coulomb potential equals the given initial electron energy.
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Fig. 3 Intensity and size dependence of yields and cutoff energies
for electrons emitted from SiO, nanospheres. a Single (black curves)
and double (red curves) recollision electron yields as function of
laser intensity for three different sphere diameters, as predicted by
M3C theory. b Size-dependent scaling of the total yield (gray shaded
area) and the yields of single and double recollision electrons for
I =3 x 103 Wem™2 The yields include all electrons with positive
single-particle energy and positive radial velocity at the end of the
simulation and thus reflect the predicted electron yields at the detec-
tor. ¢ Cutoff energies of single and double recollision electrons as
function of the laser intensity for different sphere diameters (as indi-
cated). d Evolution of cutoff energies for single and double recolli-
sion electrons as function of the sphere size for I = 3 x 10'3 Wem™2

Because of the O / R dependence of the Coulomb poten-
tial, a linear dependence of the number of electrons that
can be emitted before the onset of trapping (Qmax ~ R)
is expected, in reasonable agreement with the simulation
results. Note that this picture has a direct analogy to the
frustrated multistep ionization of clusters in intense X-ray
laser fields [28-30]. A quantitative comparison of meas-
ured and calculated yields has been performed in Ref. [10]
for similar conditions (d = 400nm, I = 3 x 1013 Wcm_z).
As the electron yield at low energies (<10 U,) may be
obscured by contributions from background gas, the com-
parison has been performed for the high-energy electrons
that can be uniquely attributed to the photoemission from
the nanospheres. The agreement between experiment and
theory supports that the simulations provide a realistic pre-
diction of the total electron yield.

Also the intensity dependent cutoff energies for both
single and double recollision electrons exhibit a nearly
linear slope for all investigated sphere sizes, as shown in
Fig. 3c. While an offset free proportionality (E. o I) is pre-
dicted by SMT in the limit of large decay lengths of the

near field, the linear fit of the cutoff energy evolution from
the full M3C simulations shows a notable energy offset that
is attributed to the charge interaction effect. However, the
most important prediction of the calculations is that for a
fixed intensity the cutoff energy of double recollision elec-
trons increases faster with sphere size as for single recol-
lisions, as shown in Fig. 3d. Note that within SMT and
when neglecting the tangential field components, the ratio
of single to double recollision electron cutoff energy is ~
40 % (compare Fig. 2 and [10]). The M>C analysis predicts
that for particles 2> 600 nm the double recollision process
becomes clearly dominant near the cutoff, although the
total yield of the double recollision contribution remains
below that of single recollisions.

3.2 Trajectory analysis of single and double recollisions

In order to unravel the origin of the increasing importance
of the double recollision process in the cutoff region for
large nanospheres, we performed a systematic trajectory
analysis for the largest investigated sphere size of d = 700
nm. Therefore, we traced typical trajectories of single and
double recollision electrons with final energies close to the
respective cutoffs and analyzed the evolution of position,
local electric field, and velocity (Fig. 4b—d). To analyze the
radial and tangential components of the latter three proper-
ties, we project on radial and tangential unit vectors with
orientations indicated in Fig. 4a. The single recollision
trajectory resembles the well-known physics of the single
recollision process. After birth at the classical tunneling
exit (circle labeled with b in Fig. 4b), it exhibits a large
radial excursion and an almost purely radial recollision
near the zero crossing of the radial field (compare black
circles labeled with 1 in Fig. 4b, c). This allows for effi-
cient radial acceleration during the approach and the escape
phase, accompanied by an almost purely radial jump of the
velocity at the moment of recollision (black circle labeled
with 1 in Fig. 4d).

The double recollision trajectory reveals a substantially
different acceleration mechanism. Compared to the single
recollision trajectory, the radial excursion is much smaller
during the whole recollision process. Instead, it exhibits a
pronounced tangential motion in between the two recolli-
sions (red circles labeled with 1 and 2 in Fig. 4b). Note,
that the second recollision is timed similarly as the recol-
lision in the single recollision process, i.e., near the zero
crossing of the radial field, allowing for an efficient radial
acceleration during the escape phase. However, the first
recollision near the zero crossing of the tangential field (red
circle labeled with 1 in Fig. 4¢) turns out to be the pivotal
point for the efficiency of the double recollision process.
Substantial tangential acceleration is possible if the veloc-
ity vector remains oriented antiparallel to the tangential
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Fig. 4 Trajectory analysis of single and double recollision processes.
Typical trajectories of single (black) and double (red) recollision elec-
trons emitted from 700 nm SiO, spheres under a 4-fs pulse at inten-
sity I =4 x 1013 Wem™2 centered at 15 fs with ocg = 0. a Defini-
tion of unit vectors e, and e;, used to calculate radial and tangential
contributions of different properties for the trajectories discussed
in (b—d). b Evolution of radial versus tangential excursions (with
respect to the birth positions) for typical single and double recollision
trajectories. The labeled circles mark the respective moments of birth
(labeled with b) and the recollisions (labeled by recollision number)
and correspond to (c, d). Radial offsets at the birth times resemble the
classical tunneling exits with respect to the surface. ¢ Evolution of the

electric field, i.e., if the tangential velocity vector is flipped
at the first recollision event and if the tangential field flips
as well. Note that this scenario is realized in the displayed
typical trajectory, as shown in red circles labeled with 1 and
2 in Fig. 4d.

In the next step, we inspect the temporal evolution of
averaged trajectories in relation to the energy absorption.
The evolution of the averaged single recollision trajectory
in Fig. 4e shows the typical backscattering scenario with a
small but finite (<1 nm) penetration of the sphere during the
reflection process. Note that the smooth evolution results
from the trajectory averaging while the scattering for the
underlying individual trajectories proceeds abruptly. The
averaged double recollision trajectory shows two reflection
processes delayed by about half a femtosecond, with the
timing of the final reflection similar (difference ~ 150 as)
to the single recollision process.

The above picture is corroborated by an analysis of the
single-particle energy gains from different field contribu-
tions, as shown in Fig. 4f. This kind of analysis already
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elliptic local near fields. d Evolution of radial and tangential veloci-
ties. The jumps of the velocities at the recollision events are indicated
by pastel-colored lines. The dotted parts of the curves indicate the
additional velocity gain on long time scales (>25 fs, compare inset
in f). e Averaged radial trajectories of single and double recollision
electrons with final energies near the cutoff (&1 % of the respective
cutoff energy). Vertical lines indicate the average times of the recol-
lision events. f Selective energy gains AE(f) = jttb r(t) - Ex()]d
from different field contributions £ for the trajectories in e during the
recollision process (see inset for full time evolution). Gray and red
areas indicate the energy gains from only the tangential field for sin-
gle and double recollision electrons, respectively

revealed the impacts of mean-field and field ellipticity
on the almost purely radial acceleration process of single
recollision electrons [10]. The latter can efficiently gain
energy from the radial component of the Mie field during
the approach and the escape phase of the recollision pro-
cess (separated by the vertical black line in Fig. 4e, f) as
illustrated by the respective steeper slopes of the dashed
black curve in Fig. 4f. In comparison, the additional energy
gain from the tangential Mie field (gray area) is relatively
small.

In contrast, for the double recollision process, the
analysis reveals that the energy gain from the radial Mie
field (dashed red) is small during the approach phase and
between the first and second recollision (phases separated
by vertical red lines). Only during the escape phase, i.e.,
after the second recollision that is similarly timed to the
recollision in the single recollision process, the energy
gain from the radial Mie field is high. However, the energy
gain from tangential components of the Mie field (red area,
i.e., the difference between solid and dashed red curves)
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Fig. 5 Correlation analysis of the electron emission. a Schematic
representation of correlation characteristics between birth angle ©),
and final angle ®, defined via the projections of birth position and
final momentum vector on the x—y and p, — py planes, respectively,
for undirected (red) and radial (green) emission. b—e Correlation
plots for fast (E > 0.5E;) recollision electrons (n > 0) emitted from

increases during the approach and between the two recolli-
sions. This additional gain is the reason for the dominance
of the double recollision process in the energy cutoff region
for large spheres. Note that the gain for the full near field
does not change much when compared to the Mie field
induced energy gain during the recollision process (com-
pare solid and dotted curves for small times in the inset of
Fig. 4f). This signature can be explained as follows. The
short-range effect of the mean field is the emergence of an
approximately static trapping potential that affects the tra-
jectories but does not contribute to the energy gain directly.
Hence, when comparing to SMT results (not shown), the
trapping potential induced higher energy gain on the short
time scales results just from the modified trajectory in the
Mie field. However, on a longer timescale, the energy gain
associated with the mean field does contribute notable to
both single and double recollision electrons due to Cou-
lomb explosion of the escaping bunches [10]. Note that
the corresponding changes of the velocities due to the lat-
ter effect are indicated by the dotted ends of the curves in
Fig. 4d and are almost purely radial for the selected typical
trajectories.

3.3 Emission directionality of recollision electrons

So far we identified the impact of the tangential field on the
photoelectron acceleration dynamics and energy spectra.

small and large spheres at low and high intensities (as indicated). The
dashed black diagonals represent the case of radial emission where
Oy, = O. Solid black lines are guides to the eye to indicate the tilts of
the distributions. f, g Enlarged representation of the indicated area in
e for single and double recollision electrons, respectively

In the next step, we study the tangential field effect on the
emission directionality and on the CEP dependence of the
electron emission. Therefore, we analyze the correlation of
birth angle &, and final emission angle ®y for each elec-
tron trajectory (Fig. 5a). Two important limiting cases of
this correlation analysis can be distinguished. Undirected
photoemission from a narrow birth angle region but with
a broad distribution of final angles will appear as a verti-
cal feature in the correlation plot (marked in red in Fig. 5a).
In contrast, a concentration of trajectories on the diagonal
(marked in green in Fig. 5a) signifies radial emission that
allows to directly map emission to birth angles.

For small nanospheres, where tangential field com-
ponents are negligible, the correlation analysis shows a
transition from undirected to radial emission as intensity
increases (Fig. 5b, c). This signature is attributed to the
trapping potential near the surface induced by the mean
field, which acts as a filter that enhances radial emission.
Only electrons with sufficiently high radial velocities can
overcome the attractive trapping potential near the surface.
Although this behavior is still visible for large spheres, it is
much less pronounced, as shown in Fig. 5d, e. This trend
indicates the suppression of trajectories with effectively
purely radial motion because of the presence of significant
alternating tangential velocity components for all trajec-
tories, underlining the growing importance of tangential
acceleration effects.
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To disentangle the impact of these effects on the direc-
tionality for the single and double recollision processes
separately, Fig. 5f, g shows corresponding filtered cor-
relation plots. The distribution for the double recollision
process has a nearly vertical shape and exhibits a stronger
offset from the diagonal, i.e., is shifted toward higher emis-
sion angles when compared to the single backscattering
analysis. Both features document the stronger tangential
acceleration and a broader angular spread in the double
recollision process. In conclusion, the directional filter-
ing effect of the mean field is most pronounced for single
recollision electrons and small spheres. The suppression of
this effect with large spheres, especially for double recolli-
sion electrons, can be explained with the growing impact of
the tangential fields.

Finally, we study the laser waveform effects on the
emission of single and double recollision electrons for a
large particle. The CEP dependence of the angular-resolved
yields for fast electrons (Fig. 6a, b) shows a qualitatively
similar behavior for both processes. This supports that
CEP-controlled switching remains feasible also for the
double recollision process. However, the critical phases
and critical angles for single and double recollision elec-
trons (determined as in Fig. 1d—g) show a small but notable
deviation. To also test the energy dependence of the critical
phases and critical angles, we further varied the threshold
energy, as shown in Fig. 6c, d. The critical angle of single
recollision electrons in Fig. 6¢ is almost independent of the
threshold energy, underlining the dominance of the radial
recollision dynamics for this class of trajectories [10]. In
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Fig. 6 Phase-dependent switching and emission directionality. a, b
Directionality and phase dependence of the calculated yields of fast
(E > Ey, = 0.75E,) single (a) and double (b) recollision electrons
emitted from 700 nm SiO, at 4 x 103 Wem™2. Vertical dashed lines
illustrate critical emission angles @it for upward and downward
emission; horizontal solid lines show fitted phase offsets Agp(©®)
and white dots the critical CEPs wé”E‘ (as introduced in the caption of
Fig. 1d-g). ¢, d Evolution of the critical angles and CEPs from (a, b)
as function of the respective threshold energy for single and double
recollision electrons
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contrast, the critical angle for double recollision electrons
shifts more than 15 degrees toward the particle poles when
varying the threshold. This confirms the much stronger
sensitivity of double recollisions on the tangential field.
For both single and double recollision electrons, the criti-
cal CEPs (Fig. 6d) are almost independent of the threshold
energy. In fact, the critical phase even slightly decreases
with increasing threshold energy while the opposite trend
was found for small particles [9]. Note that the nearly con-
stant offset between the critical phases and similar CEP-
dependent signal modulation indicate an effectively similar
switching behavior of the two recollision processes.

4 Conclusions

We investigated the strong-field induced photoemisson
from dielectric nanospheres as function of intensity and
size. Our study shows that the yields of single and dou-
ble recollision electrons exhibit nearly linear dependen-
cies with both intensity and size, which can be explained
as a result of space charge trapping in the nanosphere’s
Coulomb potential. The analysis further shows that double
recollision electrons become important for large spheres
because of the increasing relative strength of tangential
field components. Our trajectory analysis provides a simple
picture to explain the enhancement of the double recolli-
sion acceleration process. The single and double recol-
lisions are timed to the zero crossings of the tangential
and radial field, respectively, and therefore allow efficient
energy gain from the corresponding field components. Our
analysis further supports that the single recollision process
remains dominated by the radial field evolution while the
double recollision process is highly sensitive to the tan-
gential field. Although the CEP-dependent emission direc-
tionality is qualitatively similar for the single and double
recollision processes, in the energy region beyond the sin-
gle recollision cutoff the signatures from double recolli-
sion electrons tilt toward the particle poles with increasing
energy. Therefore, based on our results, the double recolli-
sion process may be identified experimentally in the energy
spectra or via a threshold energy-dependent analysis of the
emission directionality. In conclusion, we identified a so far
unresolved interplay of charge interaction and field elliptic-
ity in the near-field induced photoemission and we expect
that our findings are relevant for the strong-field induced
electron emission from any (nano-)target with nontrivial
near-field structure and evolution. The processes should
therefore also be relevant for nanotips, for which the so far
published results mainly considered locally linearly polar-
ized near fields and the regime of near single electron emis-
sion per pulse. The utilization of multielectron effects and
elliptic near fields for controlling recollision phenomena in
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laser—nanotarget interactions is thus an interesting direction
for future studies.
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