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Abstract: The interaction between free electrons and laser-
induced near-fields provides a platform to study ultrafast
processes and quantum phenomena while enabling precise
manipulation of electron wavefunctions through linear and
orbital momentum transfer. Here, by introducing phase off-
setbetween two orthogonally polarized laser pulses exciting
a gold nanorod, we generate a rotating plasmonic near-field
dipole with clockwise and counterclockwise circulating ori-
entations and investigate its interaction with a slow electron
beam. Our findings reveal that the circulation direction of
plasmonic fields plays a crucial role in modulating elec-
tron dynamics, enhancing coupling strength, and control-
ling recoil. Furthermore, synchronizing the interaction time
of the electron heam with rotational dipolar plasmonic reso-
nances results in significant transfer of angular momentum
to the electron beams and deflects the electron wavepackets
from their original trajectory. These findings highlight the
potential of plasmon rotors for shaping electron wavepack-
ets, offering promising applications in ultrafast microscopy,
spectroscopy, and quantum information processing.

Keywords: plasmonic rotors; photon-induced near-field
electron microscopy; electron wavepacket shaping;
localized electromagnetic fields; angular momentum
transfer

1 Introduction

Recent years, innovations in electron microscopy have rev-
olutionized nanoscience, enabling atomic-scale insights into
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biological, chemical, and semiconductor materials [1]. More-
over, the integration of coherent electron beams with fem-
tosecond laser pulses [2] has further advanced electron
microscopy, enabling the exploration of quantum phenom-
ena [3], ultrafast charge oscillations [4], [5], and nonequi-
librium optical excitations [6], [7]. Electron-Driven Photon
Sources (EDPHS [8]-[11]) within electron microscopes addi-
tionally have pushed the field further, facilitating inter-
ferometry and time-resolved spectroscopy with femtosec-
ond time resolution [12] without the need for external
lasers. Such developments have unlocked new possibilities
for studying plasmon resonances [13]-[15], exciton dynam-
ics [12], and phonon behavior [6], thereby driving break-
throughs in electron holography [16], [17], phase retrieval
[18], attosecond pulse trains [19], [20], and wave packet shap-
ing [13], [21]-[23].

Shaped electron wave functions have been shown to
allow precise control over quantum electrodynamic inter-
actions, scattering processes, and Bremsstrahlung emission
[24]. Furthermore, shaped electron beams can enhance X-
ray generation [25], and enable the distinction between dif-
ferent quantum interference pathways [26]. This approach
also leads to advancements in imaging resolution [27], [28],
selective probing [29], [30], low-dose imaging [31], quan-
tum computing [32], and enhancing data transmission [33].
While traditional methods, such as nanofabricated phase
masks [34]-[37], magnetic field [38], and phase plate [39] can
manipulate electron wavepackets, they are limited in terms
of speed, active controlling, and concomitant transverse and
longitudinal phase modulation of the electron wavepackets.

Ultrafast electron microscopy (UTEM), where electron
wavepackets are used to probe laser-induced excitations in
matter has in addition led to coherent and spatiotemporal
shaping of electron wave functions [40]-[42]. In principle
coherent light can be used for modulation [43], [44] of both
longitudinal [13], [45]-[47] and transverse wave functions
[48], [49]. These interactions occur either in free space,
through coupling via the ponderomotive force [50]-[56] of
a light wave, or within the optical near-fields of nanostruc-
tures excited by laser pulses [50], [57], where the latter is
known as photon-induced near-field electron microscopy
(PINEM) [4].

PINEM enables exploring the dynamics of near-
field excitations by analyzing photon-electron longitudinal
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momentum exchange versus the delay between the elec-
tron wavepackt and light pulses [2]. In such interactions,
the coupling strength [4], which governs energy exchange
with electrons, can be enhanced by reducing mode vol-
ume, employing dielectric medium, increasing the longitu-
dinal electric field, or extending interaction lengths [31].
Therefore, extended mode lifetimes to the picosecond range
in systems like photonic crystals, or whispering gallery
modes [14], [58] results in more quanta of energy exchange
between laser and electron wavepackets, i.e., more PINEM
peaks. However, resonant phase-matching, achieved by
matching electron velocity with phase velocity of light in
a prism [59] has also demonstrated the exchange of hun-
dreds of photon quanta with single electrons over long dis-
tances. Slow electrons interacting with localized plasmonic
fields [60], [61] can also enhance the coupling coefficient
by increasing the effective interaction time [13], [62]. Fur-
thermore, it has been shown that, beyond the near-field-
mediated regime, the vector potential of freely propagating
light waves in systems utilizing a single Hermite—Gaussian
laser pulse [63], stimulated Compton scattering [20], and
optical beat waves [64] can also result in inelastic scattering
of electron beams.

The electron temporal coherence relative to the light
period determines the interaction regime for the modula-
tion of the electron beam. With few-cycle THz pulses [65],
microwaves [66] or radio waves [67] where temporal coher-
ence of the electron wave packet is shorter than the light
period (At, < t,,) the electron spatial distribution follows
classical electron deflection. In contrast, for an electron tem-
poral coherence longer than the light period for example in
near-infrared light [40] interactions gives rise to quantum
dynamics, greatly influenced by the electromagnetic vector
potential. In this regime, the wave nature of the electron
becomes pronounced, enabling coherent quantum effects
such as diffraction. A prominent example of such quantum
interaction is the Kapitza-Dirac effect, where an electron
wavepacket experiences diffraction when passing through
periodic gratings formed by counter-propagating laser
beams [68]. This phenomenon arises from the pondero-
motive potential and leads to the formation of transverse
momentum sidebands spaced by Zkph [51], [52]. Further-
more, when the laser beams are instead incident obliquely
[68], the resulting transverse diffraction becomes more
complex due to quantum interferences between sequen-
tial single-photon processes and direct two-photon pro-
cesses. Similarly, plasmonic Fabry—Perot cavities, formed
by counter-propagating surface plasmon polaritons, can
induce diffraction in the electron wave function [69]. Addi-
tionally, the Lorentz force generated by localized plasmons
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in gold nanorods [13], [21], [22], [62], acts as both a phase and
amplitude grating, enabling elastic diffraction and inelastic
energy transfer. Exciting the nanorods with linearly polar-
ized light allows for the manipulation of the linear momen-
tum of the electron wavepacket, whereas using circularly
polarized light enables the transfer of angular momentum
to the electron as well [43]. It has been demonstrated that
precise phase modulation can be achieved by controlling
nanostructure configurations [22], topology [13], and size
[13], along with the spatial profile of near-fields [21], [22].

In this work, we introduce plasmonic rotors as a novel
platform for manipulating free-electron wave functions.
Here, we investigate the interaction of a slow electron beam
with plasmonic rotors and examine how the direction of
circulating dipolar plasmons controls the longitudinal and
transverse recoil of the electron wavepacket. The plasmonic
rotors are generated by two orthogonal laser pulses with
perpendicular polarizations and a (ig ) phase offset, inter-
acting with a gold nanorod. These rotors enable coher-
ent and enhanced momentum transfer to electron wave
packets by enhancing the interaction time and influencing
the effective light frequency at the rest frame of the elec-
tron. By synchronizing the electron propagation with the
plasmonic rotor, we demonstrate that its angular momen-
tum and probability amplitude in both real and reciprocal
space are significantly influenced by the direction of plas-
mon circulation. We further demonstrate that in clockwise
(CW) rotation, where the electron propagation direction
aligns with the near-field oscillation, the coupling strength
and consequently the momentum transfer is enhanced. In
contrast, in counterclockwise (CCW) rotation, the coupling
strength decreases. This approach enables an additional
degree of control over the ultrafast modulation of electron
wave functions for transverse momentum as well as energy
transfer, with applications in electron imaging [2], diffrac-
tion [70], [71], and spectroscopy [4]. Where, shaped electron
beams, such as electron vortex beams [30], have potential
for enhancing electron microscopy, particularly in the study
of magnetic and biological specimens [72].

2 Materials and methods

To investigate the interaction between a laser-induced near-
field and a free electron wavepacket beyond the adiabatic
approximation [73], we have developed a self-consistent
numerical framework that simultaneously solves Maxwell
and Schrddinger equations [50]. For simplicity, we consider
here the electron-light interaction in a two-dimensional
space (xy-plane), with the electron propagating along the
x-direction. Therefore, we study the near-field effects at the
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cross-section of a nanorod confined to the xy-plane, assum-
ing the nanorod has infinite height along the z-axis. Since
the angle of incidence and the polarization of the light are
both in the xy-plane, the field is uniform along the z-axis and
therefore, the electron wavepacket dynamics can be studied
in the xy-plane. Consequently, the system can he effectively
described using a two-dimensional Schrddinger equation
without loss of generality. This assumption allowed us to
focus on the laser-induced near-field at the cross section
of a long rod with a high aspect ratio, thereby minimizing
the influence of substrate and edge effects, this configura-
tion have been experimentally demonstrated and used in
the field of dielectric laser acceleration [74]. The plasmonic
near-field properties in this framework are computed at
each time step using the finite-difference time-domain
(FDTD) method, where the gold permittivity is modeled
using a Drude model with two critical point functions [50].
Subsequently, the field components are interpolated from
the Maxwell domain into the Schrédinger frame. The time
evolution of the electron wavepacket, (y (7, t) ), in the vicin-
ity of the laser-induced near-field is determined by solv-
ing the Schrodinger equation with the minimal-coupling
Hamiltonian. After the interaction in the Schrédinger frame,
the final electron wavepacket is analyzed to extract infor-
mation on energy modulation and electron recoil. Finally,
the inelastic scattering cross-section map is calculated
using the final electron wavefunction (y/f (X, y,t > )),
as [13]:

o(E, )= dEquow,f(X’y’ t— 00)|lf1|l//f(x,y,t—> 00))

= (”;;E>|¢(E,(p;moo)|2. 0

Here, m, represents the electron mass, and 7 denotes
the reduced Planck constant. The electron kinetic energy is
defined as E = h2<k§ + ki) /2m,, and the scattering angle
is given by @ = tan‘1<l;—y>. Y is the wavepacket in the
momentum space. Moving beyond the non-recoil approxi-
mation provides a more detailed perspective on the inter-
action, as it captures not only the longitudinal momentum
distribution but also the amplitude modulation of the elec-
tron beam and its transverse momentum spread [13]. The
transverse field component, on the other hand, induces lat-
eral diffraction on the electron beam. The arrangement of
diffraction orders at different energies is influenced by the
electron velocity, the optical near-field momentum distribu-
tions, and the nanoparticle topology [13].

The electric field component of the near-field is the
mediator for preserving the energy-momentum conserva-
tion in the system [2]. Therefore, when an electron with an
initial momentum p, = Ak, interacts with a laser-induced
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near-field, it absorbs or emits n quanta of photons from
longitudinal component of the scattered filed. Consequently,
its wavefunction evolves into a superposition of momentum
states given by p, = h(k, + n(@,,/v,) ). This process forms
an energy comb, where the spacing between the peaks is
determined by the photon energy Zw,. The probability

amplitude <|1//n(x, t)|2> for the exchange of n quanta of
energy between the electron wavepacket and the near-field
light is obtained by expanding the wavefunction as a Bessel
series using the Jacobi—Anger relation:

w06 0 o J2(Ig1)- ®

Here J, is the nth Bessel function of the first kind,
and g represents the coupling strength of the electron-light
interaction [4]:

g= (e/ha)ph)/ dX/EX(X/’y;wph)e—iX’(AJph/Ue

= (e/hawyy ) Ey (ke = @y / Vg Y3 0p).

3

In the weak interaction regime, where eg/hw;, <1,
electron-light interactions give rise to a frequency comb of
photon absorption and emission peaks when higher-order
excitations exhibiting lower intensities than zero-loss peak
[4]. In contrast, within the strong interaction regime a sig-
nificant modification of the electron wave packet due to
the coherent energy exchange with the optical field leads to
an enhanced coupling and depletion of the zero-loss peak,
and the emergence of higher-order elastic and inelastic pro-
cesses, ultimately enabling electron-photon entanglement
[75].

3 Results and discussion

In this work, we investigate the influence of circular
plasmon resonances on the modulation of slow electron
wavepackets. We demonstrate that applying two orthogonal
laser pulses with a i% phase offset introduces a dynamic
phase relationship between the x and y-polarized near-field
dipoles. This phase difference generates time-dependent
dipole moments within the nanorod, which are not merely
linear oscillations but instead exhibit rotational behavior
driven by the evolving temporal phase difference. As a
result, when the scattered wave includes a rotating dipole
aligned with the electron motion, effective coupling with the
electron wavefunction is achieved. Conversely, the dipole
oscillates too fast in the rest frame of the electron and fails
to facilitate effective coupling.

We model the interaction of a Gaussian electron
wavepacket with a kinetic energy of 1keV, a longitudinal
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broadening of W, =132 nm, and a transverse broadening
of Wy =15nm with two laser pulses at a central wave-
length of A = 800 nm and a temporal broadening of 21 fs (all
values throughout the manuscript are full-wave half
maximum).

These initial parameters are selected to satisfy the syn-
chronicity condition [13], Aph U, = 2R between the electron
wavepacket propagation and effective dipolar mode oscil-
lation, whereas keeping the interactions within the quan-
tum regime, so that the longitudinal broadening is effec-
tively longer than extend of the near-field. Here, 4y, is
the wavelength of the plasmonic resonances, v, is electron
velocity, and R is the radius of gold nanorod (R = 25 nm).
Figure 1illustrates the electron modulation in both real and
momentum space after interaction with CCW (a, b) and
CW (c, d) rotating near-field oscillations. The schematics
on the left side of Figure 1 illustrate the amplitude mod-
ulation of the electron wavepacket in real space before
and after interaction with the rotational near-field modes.
The spatial distribution and the rotational direction of the
optical near-field are represented by the scalar potential
®(x,y) and the black curved arrow, respectively. As shown
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in Figure 1(a), CCW rotational field pushes the electron
upward, increasing the impact parameter and reducing the
degree of attosecond bunching in the electron wavepacket.
Conversely, CW dipolar oscillations push the electron down-
ward (Figure 1(c)), decreasing the impact parameter (illus-
trated in Supplementary Figure 1). To further quantify these
effects, we analyze the average electron position after inter-
action with CW, CCW, x-, and y-polarized near-fields (Sup-
plementary Figure 1). The results confirm a clear upward
deflection in the CCW case and a downward shift in the
CW case, in comparison to the single x- and y-polarized
excitation schemes for the same initial phase setting.
Additionally, the temporal oscillation of the laser pulses,
influenced by their phase offset, introduces a ripple in
the electron’s y-position, more pronounced for y-polarized
light.

For the case of CW, the attractive force exerted on
the electron wavepacket deflects the electron towards
the nanorod, further leading to an enhancement of the
interaction strength. Therefore, the ultrafast deflection
experienced by the electron wavepacket is a factor affecting
the strength of the interaction. In addition, the oscillation
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Figure 1: Electron beam shaping by a rotating localized plasmonic dipole. The localized plasmon resonance is generated by two orthogonally
polarized laser pulses, with a i% phase offset between them, generating a CCW or CW plasmonic rotor depending on the phase offset. The angle-
resolved inelastic scattering cross section of the electron wavepacket after the interaction with the (a, b) CCW and (c, d) CW dipolar modes of a gold
nanorod. Panels (a, c) depict the modulation of the amplitude of the electron wavepacket in real space before and after interaction with the rotational
near-field modes, while (b, d) illustrate the inelastic scattering cross-section following the interaction. The phase and direction of the optical near-field
are represented by Re{d)(x, y)} and black curved arrow, where (i)(x,y) denotes the scalar potential. The electron beam has an initial centre kinetic
energy of 1,000 eV, with longitudinal and transverse broadenings of 132 nm and 15 nm FWHM, respectively. The laser pulses feature a central
wavelength of 800 nm, and FWHM temporal broadening of 21 fs, and a peak field amplitude of 2 GVm~". Dashed arrows indicate the trajectory

of the electron along the x direction. The gold nanorod has a radius of 25 nm.
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time of the projected field along the electron propagation
direction plays a crucial role in shaping the electron beam.
The Lorentz force exerted by the near-field induces a wig-
gling motion in the electron wavepacket that further con-
trols the interaction. The direction and dynamics of this
wiggling motion, plays a prominent role in the interaction
strength and final extend of the wavepacket in the momen-
tum space (see Supplementary Movie S1). For the case of
CW rotations, this force acts synchronously with the elec-
tron motion and leads to a unified transverse recoil across
the energy distribution. Therefore, the rotational direction
of wiggling motion controls the final electron modulation
in momentum representation. In contrast, contrary-aligned
field rotation relative to the electron propagation direction
has a destructive effect. As a result, in the CCW near-field
case (Figure 1(b)), momentum transfer spans diffraction
anglesup to ¢ ~ +3° within a small energyrange of —5 eV <
E <5eV. In comparison, the CW near-field (Figure 1(d))
induces stronger interactions. Consequently, the electron
wavepacket experiences a transverse recoil spanning both
positive and negative diffraction angles (—4° < @ < +4°),
along with a broad longitudinal inelastic energy exchange
within the range of —80 eV < E < 80 eV.

It should be noted that illuminating the nanorod with
circularly polarized light propagating along the symmetry
axis of the nanorod (the z-axis in our study) is another
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possible approach for exciting a rotating plasmonic dipole.
However, as demonstrated in Supplementary Figure 2, this
configuration breaks the two-dimensional symmetry of
the excitation scheme, causing the electron wavepacket
to experience and additional recoil along the z-axis.

Figure 2(a), (b), (d), (e) better illustrates the role of the
rotational direction of near-field in controlling the energy
exchange between light and free electrons of the mentioned
system. As demonstrated in insets of Figure 2(a) and, (d)
via the phase of the scalar potential, these circularly CCW
and CW near-fields create a singularity at the center of the
nanorod. These figures also present the PINEM spectra of
the electron under time-varying near-fields, when several
energy peaks are observed. Examining the energy spectrum
near the zero-loss peak reveals distinct differences between
the CCW (Figure 2(b)) and CW (Figure 2(e)) configurations.
In the CCW configuration, the small energy broadening
(+5eV) and irregular spacing between maxima indicate
low coupling efficiency. Conversely, in the CW system, pre-
cise phase-matching produces a fine spectral structure with
well-defined spacing between each photon order. Difference
arises from the longitudinal component of the plasmonic
field, which is primarily responsible for energy transfer. In
the clockwise near-field configuration, dipolar field rotating
along the electron beam propagation direction significantly
amplifies the intensity of the PINEM energy spectra on both
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Figure 2: Impact of the near-field rotational direction on the energy transfer between light and free electron. PINEM spectra at for an electron with
the initial energy of 1 keV are shown after interaction with a (a, b) CCW and (d, e) CW rotational localized plasmonic dipoles. Panels (b) and (e) highlight
the PINEM spectra in a narrow range near the zero-loss peak. The insets in (a) and (d) illustrate the simulated phase maps of the rotational scalar
potential, derived from FDTD calculations. Panels (c) and (f) present the calculated coupling parameter g at the center of the electron beam for CCW

and CW field oscillations, respectively.
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the gain and loss sides. In contrast, the counterclockwise
design demonstrates the opposite effect, with reduced inter-
action strength and lower spectral intensity.

Studies of electron modulation with a single laser pulse
further reveal that momentum transfer in the CW configu-
ration exceeds that of purely x- or y-polarized light (Supple-
mentary Figure S3). This enhanced transfer results from the
combined action of x- and y-polarized dipolar plasmons that
co-propagate with the electron. In contrast, for CCW field,
the rotational restoring force against the electron propa-
gation direction cancels out momentum exchange. Addi-
tionally, simulations using a broader electron wavepacket
show similar sensitivity to the near-field, confirming the
robustness of the effect (Supplementary Figure S4).

To provide a better understanding of the polari-
zation-dependent interaction strength, we quantify the
coupling strength using the g-factor, which character-
izes the interaction efficiency between the near-field
and the electron beam. Our semi-analytical approach,
based on Hergert’s method for solving the time-dependent
Schrédinger equation, confirms the numerical findings (see
Supplementary Figure S5), revealing a strong asymmetry
in the interaction strength for clockwise (CW) and coun-
terclockwise (CCW) rotations. Although this approximation
offers a simplified approach for modeling the system, it does
not fully capture the complexities of electron recoil and
its control, as it neglects vector-potential contributions and
ponderomotive interactions.

The arrival time of the electron at the near-field does
not play a significant role in the observed chiral-dependent
interaction strength (Figure S6). This is due to the fact that
a time-dependent shift in the electric field translates to a
phase in the g-factor, but not altering its amplitude. By cal-
culating a map of the coupling coefficient g (Eq. (3)) versus
electron energies ranging from 20 to 2,000 eV and photon
wavelengths between 500 and 2,000 nm, we observed the
transition from the weak to strong coupling regime for rota-
tional near-fields (see Figure 2(c) and (f)). These maps illus-
trate how the interaction strength varies with the electron
energy and the wavelength of the incident light providing
valuable insight into the dependence of the phase-matching
criterium on the near-field properties. For instance, a slow
electron beam with a kinetic energy of 100 eV interacting
with a near-field excited by an 800 nm laser wavelength
(illustrated by point 2 in Figure 2(c) and (f)) lies in a weak
interaction regime. In this case, the phase-matching condi-
tion for energy and momentum transfer cannot be achieved
(see Supplementary Figure 7). Comparing the g-coefficient
highlights how the rotation of the near-field breaks
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symmetry in the phase-matching criteria and enables selec-
tive energy transfer in either the gain or loss channels. In
the counterclockwise (Figure 2(c)) system, the intensity of
g at the selected point (corresponding to the conditions in
our simulation) is lower than in the clockwise (Figure 2(f))
configuration.

We find g = 4.38 for CW and g = 0.18 for CCW excita-
tion, yielding a ratio of 24.3 between the two configurations.
This significant difference arises from the alignment of the
rotating direction of the near-field dipole with the electron’s
motion. From a classical perspective, this effect translates
to an effectively attractive force exerted on the electron in
the CW case. Moreover, within the electron’s rest frame, a
CW rotation leads to a decrease in the in the experienced
photon frequency by the electron beam at the electron rest
frame, due to the Doppler effect, that further enhances the
coupling strength, while the CCW case results in a repelling
force and effectively higher photon frequency. Then, the
high coupling efficiency in the CW case is attributed to the
unidirectional propagation of the plasmonic modes at the
nanorod cross-section with the electron, ensuring relative
motion that favors interaction with the rotating near-field.
In contrast, from the electron rest frame, the counterclock-
wise system introduces a unidirectional propagating field
that prevents energy-momentum matching. Consequently,
a dark line appears in the map, marking regions of sup-
pressed interaction. However, for single x- or y- polarized
laser-induced near-fields, the coupling strength is lower
than that of the CW configuration but higher than that of
the CCW configuration (see Supplementary Figure 3).

More intriguing electron manipulation occurs when a
point-projected electron beam passes through the near-field
region. In this scenario, we analyzed a near-field area under
the same initial conditions and electron energy as the pre-
vious system (Figures 1 and 2). However, the full-width at
half-maximum (FWHM) of the longitudinal and transverse
broadenings of the electron wavepacket are set to 15 nm and
132 nm, respectively.

Figure 3 illustrates the modulation of the diverging
electron wavepacket under the influence of counterclock-
wise rotating (CCW) (Figure 3(a)-(c)) and clockwise rotat-
ing (CW) field (Figure 3(d)—(f)) configurations. Within this
framework, when the electron wavepacket enters the near-
field region, its upper and lower parts experience a time-
varying plasmonic field with a n phase difference. This
phenomenon is analogous to the Aharonov-Bohm effect;
however, in this case, the scalar potential term of the Hamil-
tonian governs the interaction (assuming Coulomb gauge).
The opposing sides of the electron wavepacket interact
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Figure 3: Deflection of a diverged electron beam influenced by near-field oscillation. Electron modulation spectra after interaction with (a-c) right-
handed and (d-f) left-handed rotating plasmons. (a, d) Inelastic scattering cross-section of the electron wavepacket after the interaction with the near-
field. (b, e) PINEM spectrum, real-space distribution of the electron wavepacket, and a snapshot of the induced plasmonic near-field circulation
orientation. (c, f) Transverse recoil of the electron beam integrated over the full energy range, with insets showing the magnified spectrum within

a selected range. The electron beam is characterized by a kinetic energy of 1,000 eV, with FWHM longitudinal and transverse broadenings of 15 nm
and 132 nm. Where the laser pulses have a central wavelength of 800 nm, and a peak field amplitude of 2 GVm~".

with near-field potentials of opposite signs, causing the
wavepacket to split into two distinct paths. Finally, the inter-
ference between these two parts generates unique interfer-
ence and diffraction patterns on the detector, as reflected
in the final inelastic scattering cross-section map. As the
diverging electron wavepacket passes through the center
of the nanorod region, it undergoes four complete oscilla-
tions (the dynamics of this electron modulation are illus-
trated in Supplementary Figures 8 and 9). The overall phase
accumulated by the electron over multiple light-field cycles,
combined with the direction of field oscillation, determines
the final momentum span of the wavepacket in both trans-
verse and longitudinal directions. Consequently, the oppo-
site oscillation directions in the clockwise and counterclock-
wise configurations result in vertically flipped momentum
modulation maps (Figure 3(a) and (d)). Whereas for the sake
of a focused electron beam interacting with the rotating
dipole, the interaction strength is significantly controlled
by the direction of the rotation, for a diverging electron
wavepacket, the interaction strength remains the same.
However, a significantly asymmetric PINEM spectrum is
observed for the latter case, that allows for selectively pop-
ulating electron energy loss or gain channels.

The asymmetric force exerted by the oscillating fields
causes significant transverse electron deflection after inter-
action with the near-field. The electron is deflected upward
in the CCW configuration and downward in the CW con-
figuration (see insets of Figure 3(b) and (e), respectively).
Moreover, since the electron stays in the interaction region
for a short time and its longitudinal broadening is small, the
inelastic momentum exchange is weak. Consequently, the
final PINEM spectra for both configurations exhibit a broad-
band spectral feature, as shown in Figure 3(b) and (e). Along
the transverse direction, the electron wavepacket experi-
ences a significant Kapitza—Dirac-like diffraction as well.
This near-field-mediated diffraction produces significant
angular deflections in the transverse direction, surpass-
ing those observed in the free-space Kapitza—Dirac effect
(kah), where inverse spectra for CCW (Figure 3(c)), and CW
(Figure 3(f)) near-fields are observed. Quasistatic approx-
imations have been used elsewhere, when slow-electrons
areused [62]. As illustrated in Supplementary Figure 10, this
method captures part of the main features described by
the full Hamiltonian system. The calculated coupling coef-
ficient map reveals that electron-near-field interactions are
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significantly enhanced at higher electron velocities and
lower near-field rotational speeds.

The latter is evident from eq. (3), since the g-factor
is inversely proportional to the light frequency, while the
former is captured by the electron-photon interaction selec-
tion rule (k, = w,y,/v,). When phase-matching conditions
between the electron and photons are satisfied, the elec-
tron recoil can be precisely manipulated, leading to strong
modulation of the electron wavepacket. This enhancement
can be achieved by increasing both the nanorod radius
and the wavelength of the incident light. Higher electron
velocities and reduced near-field frequencies extend the
effective interaction time between the copropagating field
and the electron, enabling efficient electron-near-field cou-
pling. Such coupling, critical for observing higher photon
orders, is achieved under carefully optimized conditions.
To investigate this phenomenon, we analyzed the influence
of optical near-fields near a gold nanorod with a radius
of 80 nm. The electron wavepacket is characterized by an
initial energy of 1,650 eV, with transverse and longitudinal
broadenings of 25 nm and 320 nm, respectively. The incident
laser wavelength is set at 2000 nm, and initial conditions is
designed to ensure synchronicity between the electron and
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dipolar oscillations in both time-varying and static localized
near-fields.

Figure 4 illustrates four configurations of the interac-
tion: (a) no near-field, (b) CCW near-field, (c) CW near-field,
and (d) x-polarized near-field, highlighting their respective
influences on the propagating electron wavepacket. After
the interaction the electron beam amplitude bunches and its
linear and angular momentum deviate from the character-
istics of a simple Gaussian beam (Figure 4(a)). By carefully
analyzing the angular momentum probability distribution,
we observed that this intense interaction effectively imparts
angular momentum to the electron wavepacket.

The inelastic scattering cross-section map reveals dis-
tinct differences in energy gain/loss and angular distribu-
tions between CCW (Figure 4(b)), CW (Figure 4(c)), and x-
polarized (Figure 4(d)) near-fields. For all interaction types,
the free-electron wavepacket experiences a strong inter-
action regime, characterized by depletion of the ground
state (zero-line peak) in the final modulation map. How-
ever, due to the horizontal broadening of the electron
wavepacket, the influence of the x-polarized near-field is
significant. For the x-polarized system, we observed a sub-
stantial energy transfer to the electron, spanning from
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Figure 4: Probability amplitude distribution of the angular momentum transferred to the electron wavefunction by plasmonic near-field rotors.

A Gaussian electron wavepacket, with a kinetic energy of 1,650 eV and transverse and longitudinal broadenings of 25 nm and 320 nm at FWHM,
interacts with a plasmon generated by a nanorod with the radius of 80 nm. The inelastic scattering cross-section of the electron wavepacket is shown
after propagation in (a) free space and interaction with (b) CCW, (c) CW, and (d) X-polarized plasmonic rotors. The upper row depicts the bunched
electron profile after passing through the plasmonic near-field. Probability distribution of the angular momentum of the final electron wavefunction
after propagating through (a) free space (no interaction), (b) CCW, (c) CW, and (d) x-oriented localized plasmonic dipolar fields. The laser pulse
features a central wavelength of 2000 nm, an electric field amplitude of £, = 1 GYm~', and a temporal FWHM broadening of 53 fs, respectively.
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—150 eV to 150 eV. Adjusting the phase matching by chang-
ing the rotational direction of the near-field for CCW and
CW results in reduced or enhanced energy exchange and
transverse diffraction, respectively. As a result, the CCW
field produces a symmetric and narrow energy gain/loss
spectrum, indicative of low phase matching and coherent
interaction with a small diffraction angle. In contrast, the
CW field causes a broader range of higher-order states,
spanning within —300 eV < E < 300 eV, with distinct peaks
at elevated azimuthal orders.

To compute the angular momentum distribution of the
final electron wavepacket, a Fourier expansion in terms
of azimuthal angular orders is employed: y(x,y,z) =
Y Wn(p, 2) exp(ime), where p = y/x* + y*is a radial com-
ponent and ¢ is the azimuthal angle. Then, the angular
momentum probability distribution [73], restricted to the
azimuthal order, is calculated as P,, = //dp dz|1//,,,(p,z)|2
to represent the azimuthal order distributions. However,
we observe that the transformation of a single angular
momentum order is not feasible; instead, the final electron
wavepacket emerges as a complex superposition of multiple
angular momentum orders (refer to Figure 4(e)-(h)). The
CCW field applies a symmetric rotational force, analogous
to a central potential, resulting in coherent lower-order
angular momentum transfer. This behavior mirrors classi-
cal Rutherford scattering patterns observed in small-angle
deflections. In contrast, the CW field generates an asym-
metric, time-varying potential that scatters the electron
wavepacket into higher-order angular momentum states,
resembling high-energy scattering events with large-angle
deflections. Similarly, panel (h) illustrates the azimuthal
order distribution of the electron wavepacket under the
influence of the x-polarized field. While linear polarization
does not inherently carry angular momentum, a substantial
angular momentum transfer is observed. This complexity
arises because the x-polarized pulse creates a strongly oscil-
latory localized near-field that dynamically interacts with
the electron wavepacket. The interplay between the elec-
tron motion and the non-uniform phase gradients in the
near-field caused by plasmonic excitation and confinement
generates these angular momentum distributions.

4 Conclusions

In conclusion, this study demonstrated the potential of plas-
monic rotors as a powerful tool for manipulating free-
electron wavepackets through controlled momentum trans-
fer and energy modulation. By employing orthogonally

F. Chahshouri and N. Talebi: Ultrafast plasmonic rotors for electron == 2207

polarized laser pulses with a phase offset, we excited circu-
lar dipolar near-fields in a gold nanorod and generated rota-
tional plasmons with clockwise (CW) and counterclockwise
(CCW) orientations. Our results reveal the intricate inter-
play between the direction of near-field rotation and the
electron beam propagation, offering precise control over
both linear and angular momentum exchange in the elec-
tron wavepacket. We showed that CW fields significantly
enhance energy transfer and electron recoil due to stronger
phase matching and increased coupling efficiency, whereas
CCW fields exhibit narrower energy gain/loss distributions,
indicative of reduced phase matching and weaker cou-
pling. The unique characteristics of plasmonic rotors pro-
vide a versatile platform for advancing electron-beam shap-
ing and harnessing coherent quantum interactions. These
findings open new opportunities for integrating plasmonic
rotors with other nanostructured materials to amplify cou-
pling strength and expand the potential for high-resolution,
low-energy electron microscopy. By extending these princi-
ples to more complex systems of rotational near-field exci-
tations, this work lays a foundation for enhanced and active
shaping of matter waves.

Research funding: This project has received funding from
the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program,
Grant Agreements No. 802130 (Kiel, NanoBeam) and No.
101017720 (EBEAM), as well as proof-of-concept Grant Agree-
ments No. 101157312 (Kiel, UltraCoherentCL), as well as
Momentum Grant of the Volkswagen Foundation. We fur-
ther acknowledge financial support from Land Schleswig-
Holstein through the Open Access Publication Fund.
Author contributions: NT initiated and supervised the
project. FC conceived the idea and carried out simulations.
NT and FC analyzed the data and wrote the manuscript. NT
and FC have accepted responsibility for the entire content
of this manuscript and consented to its submission to the
journal, reviewed all the results and approved the final
version of the manuscript.

Conflict of interest: Authors state no conflicts of interest.
Data availability: The data that support the findings of this
study are available from the corresponding author upon
reasonable request.

References

[11 A.Polman, M. Kociak, and F. ). Garcia de Abajo, “Electron-beam
spectroscopy for nanophotonics,” Nat. Mater., vol. 18, no. 11,
pp. 1158—1171, 2019.



2208 = F.Chahshouriand N. Talebi: Ultrafast plasmonic rotors for electron

(2]

3

—

[4

=

[5]

(6]

[7

—

[8

[t

[9

—

[10]

m

(2]

3]

[14]

3]

(6]

(7

[18]

(9l

[20]

[21]

B. Barwick, D. J. Flannigan, and A. H. Zewail, “Photon-induced
near-field electron microscopy,” Nature, vol. 462, no. 7275,

pp. 902—906, 2009.

A. Feist, et al., “Cavity-mediated electron-photon pairs,” Science,
vol. 377, no. 6607, pp. 777—780, 2022.

S.T. Park, M. Lin, and A. H. Zewail, “Photon-induced near-field
electron microscopy (PINEM): theoretical and experimental,” New
J. Phys., vol. 12, no. 12, 2010, Art. no. 123028.

G. Hergert, et al., “Probing transient localized electromagnetic
fields using low-energy point-projection electron microscopy,” ACS
Photonics, vol. 8, no. 9, pp. 2573—2580, 2021.

Y. Kurman, et al., “Spatiotemporal imaging of 2D polariton wave
packet dynamics using free electrons,” Science, vol. 372, no. 6547,
pp. 1181—-1186, 2021.

1. Madan, et al., “Charge dynamics electron microscopy: nanoscale
imaging of femtosecond plasma dynamics,” ACS Nano, vol. 17,

no. 4, pp. 3657—3665, 2023.

N. van Nielen, M. Hentschel, N. Schilder, H. Giessen, A. Polman,
and N. Talebi, “Electrons generate self-complementary broadband
vortex light beams using chiral photon sieves,” Nano Lett., vol. 20,
no. 8, pp. 5975—5981, 2020.

N. Talebi, “Spectral interferometry with electron microscopes,” Sci.
Rep., vol. 6, no. 1, 2016, Art. no. 33874.

N. Talebi, et al., “Merging transformation optics with
electron-driven photon sources,” Nat. Commun., vol. 10, no. 1,

p. 599, 2019.

). Christopher, M. Taleb, A. Maity, M. Hentschel, H. Giessen, and N.
Talebi, “Electron-driven photon sources for correlative
electron-photon spectroscopy with electron microscopes,”
Nanophotonics, vol. 9, no. 15, pp. 4381—4406, 2020.

M. Taleb, M. Hentschel, K. Rossnagel, H. Giessen, and N. Talebi,
“Phase-locked photon—electron interaction without a laser,” Nat.
Phys., vol. 19, no. 6, pp. 869 —876, 2023.

N. Talebi, “Strong interaction of slow electrons with near-field light
visited from first principles,” Phys. Rev. Lett., vol. 125, no. 8, 2020,
Art. no. 080401.

K. Wang, et al., “Coherent interaction between free electrons and a
photonic cavity,” Nature, vol. 582, no. 7810, pp. 50 —54, 2020.

P. Das, et al., “Stimulated electron energy loss and gain in an
electron microscope without a pulsed electron gun,”
Ultramicroscopy, vol. 203, pp. 44—51, 2019.

J. Vogelsang, et al., “Plasmonic-nanofocusing-based electron
holography,” ACS Photonics, vol. 5, no. 9, pp. 3584 —3593, 2018.

1. Madan, et al., “Holographic imaging of electromagnetic fields via
electron-light quantum interference,” Sci. Adv., vol. 5, no. 5, 2019.
https://doi.org/10.1126/sciadv.aav8358.

T. Bucher, et al., “Free-electron Ramsey-type interferometry for
enhanced amplitude and phase imaging of nearfields,” Sci. Adv.,
vol. 9, no. 51,2023. https://doi.org/10.1126/sciadv.adi5729.

K. E. Priebe, et al., “Attosecond electron pulse trains and quantum
state reconstruction in ultrafast transmission electron
microscopy,” Nat. Photonics, vol. 11, no. 12, pp. 793—797, 2017.

M. Kozdk, N. Schénenberger, and P. Hommelhoff, “Ponderomotive
generation and detection of attosecond free-electron pulse
trains,” Phys. Rev. Lett., vol. 120, no. 10, 2018, Art. no. 103203.

F. Chahshouri and N. Talebi, “Numerical investigation of
sequential phase-locked optical gating of free electrons,” Sci. Rep.,
vol. 13, no. 1, 2023, Art. no. 18949.

[22]

[23]

[24]

[25]

DE GRUYTER

F. Chahshouri and N. Talebi, “Tailoring near-field-mediated photon
electron interactions with light polarization,” New J. Phys., vol. 25,
no. 1,2023, Art. no. 013033.

V. di Giulio and F. J. Garcia de Abajo, “Free-electron shaping using
quantum light,” Optica, vol. 7, no. 12, p. 1820, 2020.

L.J. Wong, et al., “Control of quantum electrodynamical processes
by shaping electron wavepackets,” Nat. Commun., vol. 12, no. 1,

p. 1700, 2021.

L. W. W. Wong and L. J. Wong, “Enhancing X-ray generation from
twisted multilayer van der Waals materials by shaping

electron wavepackets,” NP/ Nanophotonics, vol. 1, no. 1, p. 41,
2024.

[26] J.Lim,S. Kumar,Y.S. Ang, L. K. Ang, and L. J. Wong, “Quantum

[27]

[28]

[29]

[30]

(31

32]

[33]

341

[35]

interference between fundamentally different processes is
enabled by shaped input wavefunctions,” Advanced Science, vol. 10,
no. 10, 2023. https://doi.org/10.1002/advs.202205750.

T. Bucher, et al., “Coherently amplified ultrafast imaging using a
free-electron interferometer,” Nat. Photonics, vol. 18, no. 8,

pp. 809—815, 2024,

A. Béché, R. Juchtmans, and ). Verbeeck, “Efficient creation of
electron vortex beams for high resolution STEM imaging,”
Ultramicroscopy, vol. 178, pp. 12—19, 2017.

G. Guzzinati, A. Béché, H. Lourengo-Martins, J. Martin, M. Kociak,
and J. Verbeeck, “Probing the symmetry of the potential of
localized surface plasmon resonances with phase-shaped electron
beams,” Nat. Commun., vol. 8, no. 1, 2017, Art. no. 14999.

N. L. Streshkova, P. Koutensky, and M. Kozak, “Electron vortex
beams for chirality probing at the nanoscale,” Phys. Rev. Appl.,

vol. 22, no. 5, 2024, Art. no. 054017.

G. M. Vanacore, I. Madan, and F. Carbone, “Spatio-temporal
shaping of a free-electron wave function via coherent
light—electron interaction,” Riv. Nuovo Cimento, vol. 43, no. 11,

pp. 567—597, 2020.

0. Reinhardt, C. Mechel, M. Lynch, and I. Kaminer, “Free-electron
qubits,” Ann. Phys., vol. 533, no. 2, 2021, Art. no. 2000254.

R. Ropke, N. Kerker, and A. Stibor, “Data transmission by quantum
matter wave modulation,” New J. Phys., vol. 23, no. 2, 2021, Art. no.
023038.

H. Larocque, et al., “Twisted’ electrons,” Contemp. Phys., vol. 59,
no. 2, pp. 126—144, 2018.

K. Y. Bliokh, et al., “Theory and applications of free-electron vortex
states,” Phys. Rep., vol. 690, pp. 1—70, 2017.

[36] J.Verbeeck, H. Tian, and A. Béché, “A new way of producing

B37]

(38]

391

[40]

electron vortex probes for STEM,” Ultramicroscopy, vol. 113,

pp. 83—87,2012.

D. Roitman, R. Shiloh, P.-H. Lu, R. E. Dunin-Borkowski, and A. Arie,
“Shaping of electron beams using sculpted thin films,” ACS
Photonics, vol. 8, no. 12, pp. 3394 —3405, 2021.

K. Y. Bliokh, P. Schattschneider, J. Verbeeck, and F. Nori, “Electron
vortex beams in a magnetic field: a new twist on landau levels and
aharonov-bohm states,” Phys. Rev. X, vol. 2, no. 4, 2012, Art. no.
041011.

P. Schattschneider, M. Stoger-Pollach, and J. Verbeeck, “Novel
vortex generator and mode converter for electron beams,” Phys.
Rev. Lett., vol. 109, no. 8, 2012, Art. no. 084801.

Y. Morimoto and P. Baum, “Diffraction and microscopy with
attosecond electron pulse trains,” Nat. Phys., vol. 14, no. 3,

pp. 252—-256, 2018.


https://doi.org/10.1126/sciadv.aav8358
https://doi.org/10.1126/sciadv.adi5729
https://doi.org/10.1002/advs.202205750

DE GRUYTER

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

1

[52]

(53]

[54]

[55]

[56]

[571

[58]

M. Kozak, T. Eckstein, N. Schonenberger, and P. Hommelhoff,
“Inelastic ponderomotive scattering of electrons at a
high-intensity optical travelling wave in vacuum,” Nat. Phys.,

vol. 14, no. 2, pp. 121125, 2018.

G. M. Vanacore, et al., “Attosecond coherent control of
free-electron wave functions using semi-infinite light fields,” Nat.
Commun., vol. 9, no. 1, p. 2694, 2018.

G. M. Vanacore, et al., “Ultrafast generation and control of an
electron vortex beam via chiral plasmonic near fields,” Nat. Mater.,
vol. 18, no. 6, pp. 573—579, 2019.

S. Tsesses, et al., “Tunable photon-induced spatial modulation of
free electrons,” Nat. Mater., vol. 22, no. 3, pp. 345—352,

2023.

A. Feist, K. E. Echternkamp, J. Schauss, S. V. Yalunin, S. Schafer, and
C. Ropers, “Quantum coherent optical phase modulation in an
ultrafast transmission electron microscope,” Nature, vol. 521,

no. 7551, pp. 200—203, 2015.

J.-W. Henke, et al., “Integrated photonics enables
continuous-beam electron phase modulation,” Nature, vol. 600,
no. 7890, pp. 653 —658, 2021.

N. Talebi, “Schrédinger electrons interacting with optical gratings:
quantum mechanical study of the inverse Smith—Purcell effect,”
New J. Phys., vol. 18, no. 12, 2016, Art. no. 123006.

L. Madan, et al., “Ultrafast transverse modulation of free electrons
by interaction with shaped optical fields,” ACS Photonics, vol. 9,
no. 10, pp. 3215—3224, 2022.

M. C. Chirita Mihaila, P. Weber, M. Schneller, L. Grandits,

S. Nimmrichter, and T. Juffmann, “Transverse electron-beam
shaping with light,” Phys. Rev. X, vol. 12, no. 3, 2022,

Art. no. 031043.

N. Talebi, “Near-field-mediated photon—electron interactions,” in
Springer Series in Optical Sciences, vol. 228, Cham, Springer
International Publishing, 2019.

D. L. Freimund, K. Aflatooni, and H. Batelaan, “Observation of the
Kapitza—Dirac effect,” Nature, vol. 413, no. 6852, pp. 142—143,
2001.

P. L. Kapitza and P. A. M. Dirac, “The reflection of electrons from
standing light waves,” Math. Proc. Cambridge Philos. Soc., vol. 29,
no. 2, pp. 297—300, 1933.

0. Reinhardt and I. Kaminer, “Theory of shaping electron
wavepackets with light,” ACS Photonics, vol. 7, no. 10,

pp. 2859—2870, 2020.

K. A. H. (Ton) van Leeuwen, et al., “Feasibility of a pulsed
ponderomotive phase plate for electron beams,” New J. Phys.,

vol. 25, no. 2, p. 023031, 2023.

S. Ebel and N. Talebi, “Structured free-space optical fields for
transverse and longitudinal control of electron matter waves,”
New J. Phys., 2024. https://doi.org/10.48550/arXiv.2404.04187.
S.T. Kempers, L. J. M. van EIk, K. A. H. van Leeuwen, and O. ).
Luiten, “Coherent electron phase-space manipulation by
combined elastic and inelastic light-electron scattering,” New .
Phys., vol. 26, no. 9, 2024, Art. no. 093026.

N. Talebi, “Interaction of electron beams with optical
nanostructures and metamaterials: from coherent photon sources
towards shaping the wave function,” J. Opt., vol. 19, no. 10, 2017,
Art. no. 103001.

O. Kfir, et al., “Controlling free electrons with optical
whispering-gallery modes,” Nature, vol. 582, no. 7810, pp. 46—49,
2020.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[’

[72]

[73]

[74]

[75]

F. Chahshouri and N. Talebi: Ultrafast plasmonic rotors for electron = 2209

R. Dahan, et al., “Resonant phase-matching between a light wave
and a free-electron wavefunction,” Nat. Phys., vol. 16, no. 11,

pp. 1123—1131, 2020.

R. Shiloh, T. Chlouba, and P. Hommelhoff, “Quantum-coherent
light-electron interaction in a scanning electron microscope,” Phys.
Rev. Lett., vol. 128, no. 23, 2022, Art. no. 235301.

A. Woste, et al., “Ultrafast coupling of optical near fields to
low-energy electrons probed in a point-projection microscope,”
Nano Lett., vol. 23, no. 12, pp. 5528 —5534, 2023.

G. Hergert, A. Woste, P. Grol3, and C. Lienau, “Strong inelastic
scattering of slow electrons by optical near fields of small
nanostructures,” J. Phys. B: At., Mol. Opt. Phys., vol. 54, no. 17, 2021,
Art. no. 174001.

S.Ebel and N. Talebi, “Inelastic electron scattering at a single-beam
structured light wave,” Commun. Phys., vol. 6, no. 1, p. 179, 2023.
M. Kozak and T. Ostatnicky, “Asynchronous inelastic scattering of
electrons at the ponderomotive potential of optical waves,” Phys.
Rev. Lett., vol. 129, no. 2, 2022, Art. no. 024801.

C. Kealhofer, W. Schneider, D. Ehberger, A. Ryabov, F. Krausz, and
P. Baum, “All-optical control and metrology of electron pulses,”
Science, vol. 352, no. 6284, pp. 429—433, 2016.

W. Verhoeven, J. F. M. van Rens, W. F. Toonen, E. R. Kieft, P. H. A.
Mutsaers, and O. J. Luiten, “Time-of-flight electron energy loss
spectroscopy by longitudinal phase space manipulation with
microwave cavities,” Struct. Dyn., vol. 5, no. 5, 2018. https://doi.org/
10.1063/1.5052217.

J. F. M. van Rens, et al., “Theory and particle tracking simulations of
a resonant radiofrequency deflection cavity in TM 110 mode for
ultrafast electron microscopy,” Ultramicroscopy, vol. 184,

pp. 77—89, 2018.

N. Talebi and C. Lienau, “Interference between quantum paths in
coherent Kapitza—Dirac effect,” New . Phys., vol. 21, no. 9, 2019,
Art. no. 093016.

F.]J. Garcia de Abajo, B. Barwick, and F. Carbone, “Electron
diffraction by plasmon waves,” Phys. Rev. B, vol. 94, no. 4, 2016,
Art. no. 041404.

P. Baum, “On the physics of ultrashort single-electron pulses for
time-resolved microscopy and diffraction,” Chem. Phys., vol. 423,
pp. 55—61, 2013.

M. Eichberger, et al., “Femtosecond streaking of electron
diffraction patterns to study structural dynamics in crystalline
matter,” Appl. Phys. Lett., vol. 102, no. 12, 2013. https://doi.org/10
.1063/1.4798518.

B. ). McMorran, et al., “Electron vortex beams with high quanta of
orbital angular momentum,” Science, vol. 331, no. 6014,

pp. 192—195, 2011.

N. Talebi, “Electron-light interactions beyond the adiabatic
approximation: recoil engineering and spectral interferometry,”
Adv. Phys.: X, vol. 3, no. 1, 2018, Art. no. 1499438.

R. Shiloh, et al., “Electron phase-space control in photonic
chip-based particle acceleration,” Nature, vol. 597, no. 7877,

pp. 498—502, 2021.

0. Kfir, “Entanglements of electrons and cavity photons in the
strong-coupling regime,” Phys. Rev. Lett., vol. 123, no. 10, 2019,
Art. no. 103602.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2025-0037).


https://doi.org/10.48550/arXiv.2404.04187
https://doi.org/10.1063/1.5052217
https://doi.org/10.1063/1.5052217
https://doi.org/10.1063/1.4798518
https://doi.org/10.1063/1.4798518
https://doi.org/10.1515/nanoph-2025-0037

	1 Introduction
	2 Materials and methods
	3 Results and discussion
	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


