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Dielectric laser accelerators (DLAs) hold great promise for producing economic and compact on-chip
radiation sources. On-chip DLAs benefit from fabrication capabilities of the silicon industry and from
breakthroughs in silicon-photonic nanostructures to enhance the interaction between particles and laser
fields. Seemingly unrelated recent advances in the quantum interactions of electrons and light have raised
interest in the underlying classical-quantum correspondence principle at the foundations of electron
acceleration. Here, we present the observation of the underlying quantum nature of DLAs: observing
quantized peaks in the electron-energy spectra. Our findings demonstrate quasi-phase-matching between
an electron wave function and a light wave, which also demonstrates the role of the quantum wave function
in the inverse Smith-Purcell effect. We harness the capabilities of an ultrafast transmission electron
microscope (UTEM) to maintain a long electron-light interaction length extending over hundreds of
periods of the laser pulse, mediated by a silicon-photonic nanograting DLA. The UTEM is shown as a new
platform for characterization of future DLA concepts. The results raise fundamental questions regarding the
role of quantum mechanics in DLA design, and more generally about the prospects of manipulating

particles’ quantum wave functions in accelerator physics.
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I. INTRODUCTION

Particle accelerators play a key role in many scientific
and industrial applications. Accelerators are ubiquitous in
modern physics, from the largest accelerators used in high-
energy-physics experiments, to commercial accelerators
used to implant ions in semiconductors, or in cancer
treatments and medical imaging [1,2]. Current high-energy
accelerators are based on radio-frequency (1f) technology,
but require high investment in space and operational costs.
Shrinking the accelerators would open new possibilities
for implementing economic and compact radiation sources
in numerous applications, e.g., electron diffraction and
microscopy, portable medical sources, coherent probes for
quantum-information science, etc.
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A leading approach toward compact-particle accelerators
is to facilitate efficient interaction between the particles and
light by using dielectric structures and short laser pulses
[3-5]. These dielectric laser accelerators (DLAs) operate
based on the inverse Smith-Purcell phenomena [6,7], the
process of stimulated absorption and emission of photons
by an electron that passes close to a periodic structure.
Advances in DLA designs could enable optimization of the
fundamental electron-laser interaction based on silicon-
photonics methods [4,8], as was demonstrated in the recent
literature [9—14]. The first successful DLA demonstrations
were presented in 2013 showing the acceleration of
subrelativistic and relativistic electron beams with energy
gradients of a few dozen [6,15] to a few hundred [16]
MeV/m, respectively. Since then, ongoing improvements of
DLA designs have been demonstrated, aiming to improve
the laser coupling efficiency and increasing the acceleration
gradients closer to the GeV/m scale, especially with fused-
silica DLAs that have a higher damage threshold [17-24].

Despite the substantial research efforts that have been put
into DLAsS, all the experiments in the field until now have
treated the electron-laser interaction with classical electro-
dynamics. Hence, the electron was always considered as a
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point particle. Several theory papers described the inverse
Smith-Purcell effect with a quantum-mechanical formalism
and implied corrections to the DLA process [7,25-31].
However, DLA experiments to date did not access the
quantum nature of the process, which requires sufficient
electron-beam coherence and energy detection resolution to
resolve the individual exchange of photons with the electrons.
Here, we report the first DLA experiment that reveals
quantum features in the DLA process, which arise from the
underlying electron wave nature [32]. We also provide the
quantum theoretical treatment that captures our measure-
ments. Using electron-energy-loss spectroscopy (EELS),
we show that the postinteraction electron spectrum, and
thus also the inverse Smith-Purcell effect, are inherently
quantized by the fundamental photon energy of the incident
laser. We also show that such a quantized electron spectrum
is accurately described by a generalization of the theory of
photon-induced near-field electron microscopy (PINEM)
[33-35], which accounts for the electron wave function.
To probe the quantum features of the acceleration process,
we utilize the capabilities of an ultrafast transmission
electron microscope (UTEM) [33,36—44] and use it to study
DLA performance. The UTEM used in this experiment is
equipped with an electron-energy spectrometer that can
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detect energy variations less than the single-photon energy,
which enables probing of the quantum features of the DLA
process. This demonstration showcases the UTEM as
another effective setup to characterize new DLA designs,
for example, by measuring the DLA response to changes in
the excited laser wavelength and initial electron-beam
energy. Furthermore, our results raise intriguing questions
regarding the necessity of a quantum theory for future design
and improvement of certain DLA performances.

II. THE EXPERIMENTAL SETUP

The UTEM consists of a TEM that is triggered by a
femtosecond laser pulse simultaneously with a second
pulse illuminating the investigated sample. This system
is capable of conducting pump-probe experiments to
study phenomena with nanometer spatial resolution and
femtosecond temporal resolution simultaneously [36].
Figure 1(a) depicts the schematics of the UTEM we use
for the DLA study. The electron probe pulse is photo-
emitted by a femtosecond UV pulse that hits a LaBg tip. A
set of tunable electromagnetic lenses control the electron-
pulse divergence and spot size at the interaction point.
Different from most UTEM experiments [33,37-43], we
use the electromagnetic lenses to create a highly collimated
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Study of DLA in the UTEM. (a) A schematic of the UTEM and its special mode of operation providing the platform to study

electron acceleration. (b) Scanning-electron-microscopy image of the DLA structure in our experiment. This DLA is a one-sided silicon-
based grating with a period of 655 nm, teeth height of 195 nm, 45% duty cycle, and a total length of 89 um designed to mediate the
interaction between a 950-nm laser pulse and a 195-keV electron pulse. The top panel depicts a set of five similar gratings separated by a
flat mesa square formed for alignment convenience; below is an enlargement of the border between such a grating and a flat mesa area.
(c) Quantum theory of the electron-energy spectrum after DLA interaction, calculated with four different detection resolutions. The
resolution of 4.5 eV is the best that was used in DLA experiments till now [17], to the best of our knowledge, and it is not sufficient for
probing the quantum nature of the interaction. The three other resolutions of 1, 0.5, and 0.05 eV are available in state-of-the-art electron
spectrometers in electron microscopes and used in the UTEM setup in this work. Yet, only the finer resolution among them is sufficient
to unveil quantum features in the spectrum (for the given parameters), as we also see experimentally below. (d) Theoretical electron-
energy spectrum after DLA interaction calculated with three different initial energy spreads of the electron beam. The quantum nature of
the interaction is revealed only for an electron beam that is highly coherent (approximately monoenergetic).
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electron beam that grazes the sample [44] [Fig. 1(a)] rather
than penetrate it. The highly collimated nature of the electron
beam allows close approach to the sample, leading to stronger
electron-light coupling and to a higher gradient. The second
femtosecond laser pulse, the pump, is incident on the sample
surface at a controllable angle. The DLA sample is held by a
TEM holder whose position relative to the electron beam and
tilt angle are determined with nanometer resolution and a step
of 0.1°, respectively. After the interaction, the electron probe
reaches the energy spectrometer for analysis of the energy
modulation due to the interaction.

The DLA sample in our experiment is a one-sided silicon
grating [Fig. 1(b)] which is optimized for the inverse Smith-
Purcell interaction with a 195-keV electron probe (f = 0.69)
and a pump excitation at 950 nm (from an optical parametric
amplifier) incident perpendicular to the surface. The decay
length (1/e of its maximal value) of the excited near-field
response along the coordinate perpendicular to the plane of
the DLA device is 144 nm. In this part of the experiment, the
measured laser spot size is 50 ym (1/e of the electric field),
and the measured electron beam convergence angle is
0.66 mrad. The electron-beam and laser-pulse durations
and the electron-beam spot size are changed during the
experiment, and the values are mentioned next to the
corresponding measurements below.

The main advantage of the UTEM for DLA studies, in
comparison with other experimental approaches, is the high-
resolution spectrometer. This spectrometer can reach an
energy resolution of 0.01 eV, enabling the detection of
events associated with the exchange of single photons with
an electron [Fig. 1(c)]. As a result, the practical limitation for
probing quantum features through EELS measurements is
the initial energy spread of the electron [also called the zero-
loss peak (ZLP) width; Fig. 1(d)]. The electron pulse in the
UTEM can achieve an energy spread of approximately
0.5 eV at full width at half maximum (FWHM) comparable
to the best performance that could be achieved in some other
DLA experiments (which were limited by the spectrometer
energy resolution rather than the electron-energy spread)
[17,18,23]. This level of coherence meets the conditions for
investigating quantum features as shown below.

III. EXPERIMENTAL RESULTS AND ANALYSIS

The laser pulse that excites the DLA creates the near
field with which the electron pulse interacts [simulation in
Fig. 2(a)]. We can describe the coupling of this interaction by
a unitless parameter g simulated in Fig. 2(b). This coupling
strength is determined by the near-field distribution, and we
discuss it in detail below. Figure 2(c) depicts the results of
the electron-energy postinteraction spectrum as a function of
the incident laser wavelength, showing that the maximal
response occurs at 950 nm as designed. This result conforms
with the prediction of the inverse Smith-Purcell effect of a
critical wavelength dependence for optimal interaction and
hence fulfills the synchronicity condition [45] given by the

inverse Smith-Purcell theory 1y = (A/n)[(1/p) — cosd],
where 4, is the wavelength of the excitation laser, A is
the grating period, n the harmonic order, § the relative
electron velocity, and € the angle relative to the electron
velocity. The laser is normally incident in our case (8 = 0),
and thus the synchronicity condition can be written as
A = nfiy. Thus, the wavelength scan validates the predic-
tion of the inverse Smith-Purcell theory and demonstrates the
accuracy of the fabricated grating periodicity.

Figure 3 shows the energy spectrum of each electron
after interaction with the DLA near field. The energy
spectrum is acquired by repeating the experiment to
accumulate a histogram of single-electron detection events.
In this spectrum, the measured laser-pulse duration (1/e of
the electric field) is 102 fs, the root-mean-square values
of the electron bunch duration (fitted) and electron spot size
at the interaction point (measured) are 159 fs and 159 nm,
respectively (see Supplemental Material [46] for detailed
information of the experimental parameters). The recorded
initial electron-energy spread is 3.5 eV at FWHM (left
inset), and the spectrum bandwidth after the interaction is
4000 eV, equally stretched to the loss and gain sides,
representing deceleration and acceleration of the electrons,
respectively. We measure the maximum acceleration gra-
dient G = AE /L = 67 MeV/m, where AE,, =
2 keV is the maximum energy change, and L, =
30 ym is the interaction length as determined by the
electron velocity and by the laser spot size and duration
[see Eq. (3) in Ref. [17]].

We note that higher acceleration gradients have already
been achieved [16-23]; however, we use a relatively
low-peak-field amplitude (0.7 GV/m compared with
1-3.5 GV/m in Refs. [6,16-19,21-23]), and we do not
yet optimize the DLA structure. Moreover, the DLA used in
this experiment does not include special features (e.g.,
couplers, integrated waveguides [24], or distributed Bragg
mirrors [23]) to enhance the efficiency of the energy transfer
from the laser pulse to the near-field mode that interacts with
the electron. Improving the DLA design and specifically
improving coupling into the DLA mode are expected to
yield a higher acceleration gradient and more efficient
energy transfer from the laser to the electron. Improving
this energy transfer is also highly beneficial for quantum
experiments, as it increases the probability of interaction
between a single electron and a single photon, allowing for
more efficient operation at lower electron currents and/or
lower field power. The acceleration spectrum depicted in
Fig. 3 is well described by both the classical DLA theory
(pointlike electron) and by a quantum treatment that
accounts for the electron wave function (this theoretical
treatment is discussed thoroughly below in the text).

Figure 4 shows a different postinteraction electron
spectrum that reveals the quantum nature of the acceler-
ation process. For this measurement, we stretch the
laser-pulse duration to 382 fs (1/e of the electric field).
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FIG. 2. The DLA near-field simulation and its measured wavelength dependence. (a) A finite-difference time-domain simulation of
the electric field (polarization parallel to the electron trajectory in an absolute value), which causes the electron acceleration. The DLA
structure alters the near-field pattern to achieve both a longitudinal field component and a phase-matching condition that facilitate
efficient interaction. Note that the range 0 < x < 0.2 um is inside the grating and therefore cannot be accessed by the electrons. Most of
the presented range 0 < x < 0.6 um is outside the grating and accessible by the electrons. (b) The left panel shows the integrated
coupling strength accumulated along the interaction of the electron with the DLA as simulated using Eq. (2). The right panel shows a
cross section of this coupling strength at x = 0.5 pm, which is 500 nm away from the grating surface, approximately the distance of the
center of the electron beam at the measurement depicted in Fig. 3 (see the Supplemental Material [46] for these measurement
parameters). The inset highlights the oscillations of the coupling strength resulting from the grating near-field periodicity. (c) The left
panel depicts a wavelength scan response of the DLA structure—EELS measurements for different wavelengths between 850 and
1010 nm with a 5-nm step—showing maximal interaction in the wavelength of 950 nm, in agreement with the theoretical design. This
measurement tests the structure wavelength response and shows the accuracy of the fabricated periodicity. For the right panel, we sum
the number of electrons that gain at least 6 eV (i.e., outside of the ZLP) for each wavelength, corresponding to the probability of
electrons to gain energy from the DLA near field, showing a peak at the resonant wavelength.

The root-mean-square values (fitted) of the electron bunch
duration and electron spot size at the interaction point are
200 fs and 445 nm, respectively (see Supplemental Material
[46] for detailed information of the experimental param-
eters). The measured spectrum (blue dots) is comprised of
individual peaks placed at multiples of the fundamental
photon energy of the incident laser A, (w, is the central
laser-pulse frequency). Each peak corresponds to stimu-
lated emission (if appearing on the loss side) or absorption
(if appearing on the gain side) of individual photons by
each individual electron through the inverse Smith-Purcell
effect, i.e., deceleration and acceleration, respectively. To
probe these quantized features, we increase the dispersion

of our spectrometer to 0.05 eV per channel and tune the
electron-beam parameters to a measured electron initial
energy spread (ZLP width) of 1.15 eV at FWHM (equiv-
alent 0.5-eV rms value; see gray transparent background in
the top panel of Fig. 4). This initial energy spread is lower
than the energy of a 950-nm photon, which is approx-
imately 1.3 eV. Thus, when combined with the fine
detection resolution, we observe the quantum features of
the acceleration process. We expect all DLA experiments to
have such features, which have so far remained below the
detection capabilities.

This recorded spectrum implies that the DLA process,
and hence, the inverse Smith-Purcell phenomena, depends
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FIG. 3. Measurement of DLA in the UTEM and comparison

with theory. The EELS measurement shows the electron accel-
eration and deceleration. The recorded initial energy spread of the
electron pulse is 3.5 eV at FWHM (left inset), while the measured
postinteraction energy spectrum has a bandwidth of 4000 eV
(blue dots). The maximum achieved acceleration is 2000 eV
determined by the point at which the signal approximately
reaches the noise level of the spectrometer. For this measurement,
we set our spectrometer dispersion at 1 eV per channel (total
channel number: 2000), record each side of the spectrum (gain
and loss) separately with a small overlap, and then splice them
together. This coarse dispersion allows us to capture the full
spectrum with two shots only, but on the other hand, it measures a
broader ZLP than it actually is. As a result, the EELS dispersion
conceals the quantum features (see Fig. 4). We show that both the
particle-tracking simulation, which is based on the classical DLA
theory (solid black line), and the PINEM theory (solid red line)
produce good predictions of the measured spectrum. The hori-
zontal error for each point on the measured curves is determined
by the measured initial energy width of the electron beam
(1.49 eV) and by the detector resolution (£1 eV).

on the quantum wave nature of the electron. A classical
description, as was used in all DLA experiments so far, is
not sufficient to explain this result, and a more advanced
quantum theory is needed.

The quantum-mechanical theory of electron wave func-
tions interacting with (classical) laser fields is described by
the approach of PINEM [34,35]. This theory was originally
developed to describe interactions that are short in time and
space, whereas in our case, the electron maintains its
interaction with the DLA nanostructure along tens of
microns and for hundreds of femtoseconds. An extended
PINEM theory has been developed to capture the full
spatiotemporal relation between the electron and the laser
pulse for a prolonged interaction duration and an extended
interaction length [44]. Using this theory, the electron-
energy spectrum after the interaction is given by

p(u,x,y,t) = po(u, x,y,1)
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* Y T2(2lglxy. )8~ thay), (1)

{=—00

(a)
e Measured probability
. —PINEM theory 0.8

= —Classical theory -
S 4 s Zero-loss peak 3
s | :-: r0.7g
S hw, 3% hw, g
z sho 0 AfEd 3he, r0.6°3
2 @
(0] A >
° @,
> 0.5 Z
= g =
i)
< <
Q <=
[
o

(

O
-~

Probability density (arb. unit)

T T T
-60 -55 -50 -45 -40 -35 -30 -25 -20
Electron-energy shift (eV)

FIG. 4 The quantum nature of electron-laser acceleration
observed in a DLA. The electron-energy spectrum after the
interaction with the DLA near field shows its quantized nature,
as it oscillates with the periodicity of the fundamental photon
energy of the incident laser. To reveal this quantum behavior,
we perform the same EELS measurement as described in
Fig. 3, but we use a finer detection resolution of 0.05 eV which
leads to a measured electron coherency of 1.15 eV at FWHM
(rms of 0.5 eV). The important change in the detection
resolution enables us to probe features that are below sin-
gle-photon energy and to reveal the fine features in the spectral
shape of each accelerated electron. In the above, we also
stretch the duration of the laser pulse relative to the case in
Fig. 3 to cover more of the electron wave function by the laser
pulse. This causes a larger portion of the electrons to interact,
resulting in a lower ZLP (see Supplemental Material [46] for
parameters comparison and the relations between the different
timescales in the experiment). The theoretical spectrum pro-
duced by the extended PINEM theory [solid red line, Eqgs. (1)
and (2)] matches well with the measured data, unlike the
classical theory (black solid line), which is calculated with the
classical formula appearing in the text below Eq. (1) (see also
the Supplemental Material [46]). The horizontal error for each
point on the measured curves is determined by the measured
initial energy width of the electron beam (0.5 eV) and by the
detector resolution (40.05 eV).

where u denotes the electron-energy change, and p, is the
incoherent contributions to the electron, i.e., its initial
energy distribution, transverse spatial distribution, and
temporal envelope. This incoherent part is convoluted
(x) with the coherent part contribution over both energy
and time. The coherent contribution of the electron
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spectrum contains J, for a Bessel function of order [,
and §(u) for the Dirac delta function. The classical analog
of Eq. (1) reads p = py * [m\/(2|g|hwy)? — u?]™" (see
Supplemental Material [46] for the derivation).

The time-dependent unitless coupling strength denoted
in Eq. (1) as g is given by

g(x,y, [) = hq(zo /°° EZ <r’ 4+ i) e*i((uo/@e)zdz’ (2)

Ve

where ¢, is the elementary charge, E, is the electric field
phasor component along the electron trajectory, and v, is
the electron velocity. This unitless coupling strength g,
when multiplied by the photon energy and divided by the
interaction length is equivalent to the acceleration gradient
G of the DLA experiment [1].

Seeking the correspondence between the PINEM theory
and the recorded quantized spectrum, we fit the electron-
and laser-pulse parameters using a programming solver
(see Supplemental Material [46]). We summarize the
resulting parameters from the fit and compare them to
direct measurements, if available, of the same parameters in
Tables I and II in the Supplemental Material [46]. The fitted
PINEM spectrum (solid red line in Fig. 4) describes the
measured data with good correspondence, and all the fit
parameters are within the error boundaries of the direct
measurements and known characteristics of our setup (see
Supplemental Material [46] for further details). The suc-
cessful correspondence of the PINEM theory comes from
the electron description as a wave function, as reflected by
the presence of the Bessel functions in Eq. (1). The
oscillatory nature of these Bessel functions, which is totally
absent from the classical prediction, enables the description
of the quantized spectrum. We note that the measured
spectrum exhibits a certain asymmetry between the gain
and loss sides. This effect is not captured by the conven-
tional PINEM theory and originates from the free-space
propagation of the modulated electron wave function. A
detailed explanation of this phenomena is a subject for
future work.

IV. DISCUSSION AND OUTLOOK

Our experiment shows that the DLA process contains
quantum features that are influenced by the electron wave
function. This result is also the demonstration of the
quantum nature of the inverse Smith-Purcell effect, as
manifested in the EELS. The recorded quantized spectrum
implies that the single-electron wave function splits into
several thousand distinct peaks of different energy, all part
of the same wave function—coherent with one another.
Such a multipeaked wave function forms a broadband
energy comb. Thus, a single electron occupies thousands of
energy states simultaneously, constituting in the time
domain a temporal comb of subattosecond pulses. The

classical theory used until now in DLA designs and
experiments is not sufficient to explain the quantized
spectrum, and we show how the extended PINEM theory
is suitable for this purpose.

Importantly, the results of this study show that electron
interaction with DLLAs can maintain quantum coherence for
timescales of a hundred laser cycles. This happens despite
the involvement of different interaction mechanisms (e.g.,
bulk plasmons, phonons, bremsstrahlung, etc.) that can
cause loss of coherency. Previous PINEM experiments that
showed quantum coherence used thin structures [33,37-43]
(tens to hundreds of nanometers) in which the typical
decoherence timescales are longer than the interaction
duration. In addition, we show that the interaction main-
tains its quantum coherence not only for a long duration but
also for strong interactions. There is an open question about
the coherence of strong interactions, where the physics of
quantum walk that describes such interactions [38] has to
be modified by a gradual broadening of the electron-energy
levels due to the coherent uncertainty of the driving laser
[47]. While our work does not resolve this question in its
entirety, it shows that coherence remains even for exchange
of hundreds of photons. This implication may be also
useful beyond DLAs, for other silicon-photonic platforms.

Looking forward, it is important to identify the con-
ditions at which the underlying quantum behavior of the
interaction will necessitate reconsidering current DLA
designs. The quantum description of the electron provides
additional degrees of freedom to the acceleration process,
which could potentially provide new opportunities for
better accelerators. Importantly, for many DLA applica-
tions, higher electron densities are needed, and it would
thus become necessary to study how the quantum nature of
DLA extends to multielectron scenarios. A full treatment
would require a challenging many-body quantum simu-
lation, and it is not yet known whether the quantum features
(e.g., discrete energy peaks) will remain. Certain mean-
field approximations were predicted in the past to preserve
quantum wave-function effects in the case of a many-body
electron beam [48]. For instance, we expect a significant
influence on performance due to quantum behavior when
prebunching is used as part of the acceleration scheme [49].
In the quantum case, the bunching can happen on a single
electron that becomes a comb of attosecond pulses after a
DLA interaction. The resulted attosecond electron pulse
can then be used for producing net acceleration [50] or for
time-resolved atomic-scale dynamics [51-53]. Importantly,
the quantum description predicts bunching dynamics that
are different from that of a classical theory, and the
quantum-mechanical uncertainty principle poses a lower
bound on the achievable bunch duration [54]. We envision
the DLA as a platform for efficient preparation of atto-
second electron combs for spectroscopy purposes, as
complementary to the original goal of acceleration.
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Besides the integral advantage of the high-resolution
spectrometer of the UTEM in studying the quantum nature
of the DLA interaction, we also demonstrate in this work
that the UTEM is a valuable platform to characterize
different properties of DLAs. Follow-up experiments
may include improved laser coupling, waveguided-coupled
DLAs [24,55,56], or new acceleration schemes such as
metasurface laser accelerators [57,58].

Finally, the coupling strength of a DLA interaction has
shown how quasi-phase-matching of an electron wave
function and a light wave can result in a fairly efficient
interaction. This efficient interaction suggests that opti-
mized DLAs could bring us to the desired regime of single-
electron—single-photon interaction [59]. This way, DLAs
may open the way toward free-electron quantum-optics
experiments, which require the quantization of the electro-
magnetic field [60,61]. As a future goal, efficient DLA
interactions may enable access to regimes where non-
classical light can shape an electron wave function [62] and
even allow measurements and reconstruction of the quan-
tum state of light using free electrons [63,64].
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