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The last two decades experimentally affirmed the quantum nature of free electron wave packets by the
rapid development of transmission electron microscopes into ultrafast, quantum-coherent systems. So far,
all experiments were restricted to the bounds of transmission electron microscopes enabling one or two
photon-electron interaction sites. We show the quantum coherent coupling between electrons and light in a
scanning electron microscope, at unprecedentedly low, subrelativistic energies down to 10.4 keV. These
microscopes not only afford the yet-unexplored energies from ∼0.5 to 30 keV providing the optimum
electron-light coupling efficiency, but also offer spacious and easily configurable experimental chambers
for extended, cascaded optical set ups, potentially boasting thousands of photon-electron interaction sites.
Our results make possible experiments in electron wave packet shaping, quantum computing, and spectral
imaging with low-energy electrons.
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While transmission electron microscopes (TEMs) [1] are
built to provide highly coherent electron beams for dif-
fraction-based imaging methods [2], they are large and
costly in terms of purchasing and maintenance. In contrast,
scanning electron microscopes (SEMs) [3] are built to
image surfaces based on scanning a small, focused electron
beam over a sample, not requiring electron beam coherence
or large beam energies (70–300 keV in TEMs), making the
electron column more compact, the device easy to operate
and more affordable. The different modi operandi lead to
entirely different sample chamber geometries and place-
ments: in a typical SEM, the sample chamber measures
30 cm across, whereas it is 3–7 mm in a TEM.
A new mode of imaging and photon-electron interaction

was introduced more than a decade ago in TEMs: photon-
induced near-field electron microscopy (PINEM) [4,5],
which laid the foundation not only to a new ultrafast
time-resolved electron imaging mode but also to break-
through electron-light coupling [6–11] and, more recently,
to extremely high coupling strengths using cavities, whis-
pering-gallery modes, quasiphase matching, and micro-
resonators [12–16].
In PINEM physics, a single electron wave packet and the

light field exchange an integer number of photons in an
inelastic interaction. In each photon exchange, the electron
can absorb or emit one or more photons, which results in
acceleration or deceleration of the electron. Multiples of
such events are possible because the electron energy is
several orders of magnitude larger than the net change the
photon induces; however, a single exchange can still occur
even at very low (<500 eV) energies (see the Appendix).
While the underlying theory is well established [6,7,10,17],
new predictions are still being made [17–21]. It revolves

around the near-field interaction coupling constant, or
PINEM field parameter g,

gðx; yÞ ¼ e
ℏω

Z∞

−∞

Ezðx; y; z0Þe−iz0ω=vdz0; ð1Þ

where e is the electric charge, ℏ the reduced Planck
constant, ω the central angular frequency of the laser field,
Ez the complex optical electric field projection in the
direction of the electron propagation ẑ, and v the electron
velocity. This expression is valid if the electron is measured
after the interaction is finished, and is the Fourier transform
of the electric field’s z component with spatial frequency
q ¼ ω=v. This implies that out of the many near-field wave
vectors generated by the laser illuminating the sample, the
electron coherently and most strongly interacts only with
one component q. At TEM energies (fast electrons), q
corresponds to low spatial frequencies, which decay farther
away from the sample boundary, while at SEM energies
(slow electrons), q corresponds to high near-field spatial
frequencies that decay after a shorter distance. However, as
discussed in great depth in Ref. [22] and investigated from
first principles in Ref. [23], the photon-electron coupling
strength can be several times stronger for slower electrons,
because the lower spatial frequencies carry larger field
amplitudes. Therefore, SEMs are better poised to reach the
optimum photon-electron coupling in such experiments.
Intriguingly, this argument also holds when considering the
Smith-Purcell effect: the generation of photons by electrons
moving next to material boundaries, and therefore the
photon-electron coupling, is optimal for slower rather than
faster electrons [24,25].
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Imaging using photon-electron interactions includes
experimentally investigating the quantum nature and the
response of nano-structures, molecules and atoms to inci-
dent light, mediated by the generated evanescent electro-
magnetic fields [26–28]. Examples of the fundamentals of
electron-light coupling include attosecond quantum coher-
ent control [8,11,29], quantum state reconstruction [30] and
generation [31], attosecond pulse generation [30,32,33], and
photon statistics reconstruction [16].
These remarkable demonstrations are all based on

(i) steering and positioning of high quality electron beams
with nanometer resolution—the core features of electron
microscopes—and (ii) the ability to measure the electron’s
energy after its interaction with the optical near field, with a
resolution better than the photon energy of the driving light
field. In TEMs, this is straightforward because electron
energy loss spectrometry (EELS) is a widely used meas-
urement modality, so that the required spectral resolution
can be achieved with standard, commercial EELS spec-
trometers. In contrast, this mode of imaging does not exist
in normal SEM operation, which relies on signals detected
from secondary or backscattered electrons, rather than
transmitted electrons. Although an EELS spectrometer
was first demonstrated in SEM in transmission mode by
Khursheed et al. in 2003 [34], it was only recently that a
commercially offered EELS detector was experimentally
characterized in a SEM with a cold field emitter [35,36].

We equipped a commercial but significantly modified
SEM with a specially designed, home-built compact high
resolution magnetic spectrometer to introduce the required
spectral energy resolution (Fig. 1). The design, based on an
Omega energy filter [37], enables us to observe the
coherent energy transfer between the exciting 1030 nm
laser light (photon energy: 1.2 eV) and our subrelativistic
electrons. We focus the laser beam on a tungsten needle tip
to generate an optical near-field and measure the energy
spectrum following the electron interaction.
Figure 1 shows a sketch of the experimental setup: an

electron wave packet (green), released from the SEM
emitter following photoexcitation by an ultraviolet laser
pulse (purple) and accelerated to 17.4 keV, travels in the ẑ
direction and interacts with the near field of the tungsten
needle tip (Fig. 1 inset) aligned to the y axis. The near field
is generated by a 1030 nm, 250 fs pulsed laser beam (dark
red) propagating along the x axis. After the photon-electron
interaction, the electron wave packet is dispersed in our
photon energy-resolving spectrometer, the dispersion plane
of which is imaged on a microchannel plate detector with
phosphor screen, allowing single electron detection [38].
Figure 2 shows photon-resolved electron spectra. We

focused the electron beam to various positions in close
proximity of the needle tip, such that the beam samples the
near field, and recorded a series of spectra (black line with
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FIG. 1. Quantum coherent electron-light coupling in an ultrafast SEM. Electrons photoemitted by ultraviolet laser pulses (purple)
propagate through the column of a commercial SEM. The electron beam (green) is focused close to a tungsten needle tip (inset), where it
interacts with the optical near-field excited by 1030-nm laser pulses, coupled into the SEM through a CF-100 window in the SEM
sample chamber. The aspherical focusing lens (not shown) is 25 mm away from the tip, inside of the chamber. Electron spectra are
recorded with a home-built compact double-stage magnetic sector electron spectrometer based on the Omega filter, placed inside the
SEM. The dispersion plane of the spectrometer is imaged onto a microchannel plate detector, whose phosphor screen is optically
recorded from outside of the vacuum chamber with a CMOS camera. An example image (bottom right inset), where individual electron
counts (black dots) and photon orders (vertical dotted lines) can be easily seen by the eye. The PINEM spectrum is obtained by
integrating the camera image vertically [38]. The incoherently averaged experimental spectrum (black), with the raw, binned data (blue),
show 24 PINEM orders, 12 on each side, the maximum we observed. A magnified version is available in Ref. [38].
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blue background) at different locations along the tip axis
[colored circles in Fig. 1(a)]. Both the number and
amplitude of the photon orders vary as a function of
electron beam position: if the electrons pass outside of
the near field, no PINEM orders are observed (panel b).
Steering the electron beam up the tip, we observe an
increase in PINEM orders from 3 on each side (panel c) up
to 7 (panel f). Simultaneously, the spectral amplitudes vary.
Numerical simulation results (red) based on standard
PINEM theory almost perfectly match these results:
First, we calculate the near-field coupling parameter g of
the needle tip from a 3D electromagnetic field simulation
[Fig. 2(a)]. This simulation does not take into account other
effects that might affect the spectra, such as electron energy
loss by Smith Purcell radiation; indeed, a slightly enhanced
signal towards energy loss is apparent in the measured data
(blue curve and shade). Also, the mismatch between
experiment and simulation of the central peak (zero energy
deviation) is due to the electron pulse being at least 4 times
as long as the laser pulse, hence, many electrons do not
interact with the generated near fields and their energy is
unchanged. The electron pulse length is not included in the
simulation.

In each of the panels (b)–(g) in Fig. 2, we additionally
included a cross section of the real part of the normalized
electric field component along the electron propagation
direction Ez. Clearly, when the cross-sectional diameter is
very small, the field distribution around the needle tip is
predominantly a dipole [panels (b)–(d)], while for larger
diameters a mix of dipole, quadrupole, and higher multi-
poles is evident. The multipole composition, coupled with
the distance from the needle-tip boundary, define the
strength of the PINEM effect.
While a rigorous derivation must be made for a needle tip

or a finite cylinder, we can understand this result by
assuming an infinite cylinder and Mie theory: In the thin
wire approximation [6] the near fields are calculated
analytically to the first-order term by assuming that the
cylinder radius a is much smaller than the incident laser
wavelength (Rayleigh dipole approximation). The resulting
electric field is

E⃗ð⃗r; tÞ ≈ E0χc
a2

r4
e−iωt½−2xzx̂þ ðx2 − z2Þẑ�; ð2Þ

where χc ¼ ðñ2 − 1Þðñ2 þ 1Þ−1 is the cylindrical suscep-
tibility and ñ the complex refractive index. E0 is the
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FIG. 2. PINEM spectra as function of position along the needle tip. (b)–(g) Six electron energy spectra at a central beam energy of
17.4 keV, recorded and matched to positions indicated by the colored circles in (a). The color scale in (a) shows a simulation of the near-
field coupling parameter g. Spectrum (b) does not show photon orders, as expected for a beam not passing the optical near field of the tip.
Spectrum (c) shows 3 photon orders on either side of the zero-loss peak, spectrum (d) 4, and up to 7 photon orders in spectrum (f).
Experimental data are displayed by the blue curve and gradient; numerical results are in red. Clearly, the numerical results match the
experimental data very well. The zero-loss peak height depends on the laser and electron pulse lengths, where the electron pulse was
assumed infinite in time and ignored in the simulation; instead, the first positive simulated energy peak’s amplitude was normalized to
the experimental one. The circle’s positions in (a) are found such that the incoherent average of the simulated PINEM spectra match the
experimental ones best. For details, see text and Ref. [38]. In each panel (b)–(g), the simulated value of the coupling parameter g at the
center of the electron beam spot is shown for maximum laser pulse strength, and an inset showing the cross section of the real part of
the simulated normalized electric field in the y direction is shown; with increase of diameter comes a mix of dipole, quadrupole, and
higher multipoles of the field, whereas initially the dipole is almost exclusively excited. The aspect ratio of each inset is 1∶1. The inset in
(a) was recorded with 10.4 keV electrons. Also at this low energy we observe 4 photon orders on each side.
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incident electric field amplitude polarized along ẑ, and the
cylinder is oriented along the ŷ direction. With this field,
the interaction coupling constant g can be calculated from
Eq. (1). Solving the time dependent Schrödinger equation
yields the discrete probabilities Pn of exchange of n energy
quanta between the electron wave packet and classical light
field [6],

Pn ¼ J2nð2jgjÞ; ð3Þ

where Jn is the nth Bessel function of the first kind. The
spectrum at z → ∞, long after the interaction ceases, is a
sum of evenly spaced delta distributions with weights Pn.
These probabilities are used to match the numerical
simulation to the experimental measurements in Fig. 2
(see also Ref. [38]).
Intriguingly, the number of PINEM orders observed here

resembles those in a TEM under similar conditions, i.e.,
with an individual nano-object generating the near field [8].
The largest photon order number we observed was 12,
corresponding to a modulated photon energy of 14.4 eV
(inset of Fig. 1). Notably, we measured at least 4 photon
orders at an energy as low as 10.4 keV [inset of Fig. 2(a)],
which we expect is by no means the lower limit. Future
work with improved electron current stability will allow
longer measurement sessions and consequently better
signal to noise ratio [38]. By focusing the electron probe
to smaller dimensions, the near-fields sampling and accord-
ingly the photon-electron coupling can be improved,
yielding additional photon orders. Using high efficiency
phase-matched coupling structures might allow measure-
ment of thousands of PINEM orders as already observed
with a TEM [42]. Most interestingly, specially designed
structures and laser pulses can be engineered to shape the
PINEM spectra [17]. Because of our single-electron detec-
tion efficiency, we can observe the buildup of the energy
spectra on the detector in real-time (see Supplemental
Material, movie [38]).
The main sample chamber volume of a standard SEM

typically measures at least 20 × 20 × 20 cm3, versus the
3 mm3 of a TEM. This offers a large flexibility in
modifying the SEM chamber by installing large optical
windows or electrical connections, and simplifying the
coupling and extraction of signals from the vacuum
chamber, a venture that can hardly be undertaken in a
TEM. Furthermore, and even more important, a SEM can
potentially accommodate many interaction locations for
complex, cascaded quantum experimental schemes. A great
practical advantage of a SEM is the convenience of using
high numerical aperture optics (NA ≈ 1), which is chal-
lenging in a TEM. Also, an ultrafast SEM has reduced
damage to sensitive specimen and materials [43,44], where
an energy filtered scheme can provide key information on
the sample otherwise hardly attainable [45]. Very recently,
nanophotonic chips have been introduced to couple light

and electrons efficiently [15,16]. With even longer ver-
sions, we foresee up to tens of thousands independent light-
electron interaction sites, which might enable complex free
electron-based quantum computing [46]. Today, quantum
information systems use the interplay of light and matter
fundamentally tied to the energy levels of bound electrons,
so in bulk materials or gases. In contrast, systems based on
free electrons provide a quantized energy ladder accessible
in high-energy and ultrashort timescales. In Ref. [46], the
authors discuss the feasibility and provide a framework for
such a quantum information manipulation system, and
explain how PINEM can be employed to demonstrate a
full single qubit. A second, most important building block
in that scheme is free-space propagation of the electrons.
Several such blocks are required to implement qubit
algebra, an experimental feat that may enjoy the spacious
benefits of a photon-energy resolving SEM. With these
abilities, such a SEM is perfectly staged for quantum-
coherent experiments, including arbitrary electron wave
function shaping [21]. Our feasibility demonstration of
utilizing a SEM to perform such endeavors is a first
invaluable step in this direction. Having access to the
distribution of discrete energy levels of an electron wave
packet, both in terms of manipulation and observation, is
paramount to fundamental research in the quantum nature
of matter, but also to future applications of quantum
information and theory, and as a tool for ultrafast time-
resolved electron imaging applications [47]. Finally, the
ideal energy for various exciting future quantum-coherent
electron-matter coupling experiments such as free electron
bound electron interaction (FEBERI) [48] is in the range of
a few keV [49,50], easily attainable with a SEM.

We acknowledge fruitful discussions with Professor Ido
Kaminer and Professor Albert Polman. Funding was
provided by the Gordon and Betty Moore Foundation
(No. GBMF4744) and ERC Grant AccelOnChip
(No. 884217) T. C. measured the data, R. S. designed
and built the electron spectrometer, and performed the
simulations. R. S. and T. C. analyzed the data. All authors
contributed to the writing of the manuscript. P. H. super-
vised the experiment.

Appendix: Pinem electron-photon energy ratio
approximation.—In the seminal PINEM theory paper by
Park et al. [6], the authors assume that the electron energy
is orders of magnitude larger than the interacting photon
energy and proceed to approximate the critical angle Θc
between the electron and photon, required to satisfy energy
and momentum conservation (see equation 3 in Ref. [6]):

cosðΘcÞ ¼
2ℏωpEe þ ðℏωpÞ2 − ðℏkpcÞ2

2ℏkpc2pe
≈
v̄p
ve

; ðA1Þ

where v̄p ¼ ωp=kp is the phase velocity of the photon,
ve ¼ ∂Ee=∂pe ¼ c2pe=Ee is the electron velocity, and Ee
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is the total energy of the electron. pe is the electron’s
relativistic momentum and c is the speed of light in
vacuum. ωp and kp are the angular frequency and wave
number of the photon, respectively. A naturally poised
question would be, at what electron energy does this
approximation break?
In fact, the answer depends not only on the electron

energy, but primarily on the nanostructure. In vacuum, the
dispersion relation ωp ¼ ckp holds. However, in PINEM
physics the photon-electron interaction is mediated by a
nanostructure, such that ωp ∼ kpðvpÞ, which may be highly
nonlinear. We can rewrite Eq. (3) without the approxima-
tion. After some algebra, we find that

cosðΘcÞ ¼
v̄p
ve

�
1þ ωpℏ

2Ee
− c2ωpℏ

2Eev̄2p

�
: ðA2Þ

Since we are now interested in small kinetic energies
(Lorentz factor γ ≈ 1), we may approximate the total
electron energy as Ee ¼ γmec2 ≈mec2, me the electron
mass, and find that

cosðΘcÞ ≈
v̄p
ve

�
1þ ωpℏ

2mec2
− ωpℏ

2mev̄2p

�
: ðA3Þ

The second term in the parenthesis, assuming our photon
wavelength of λ ¼ 1030 nm, is of the order of 10−6 and
negligible. The third term, however, is key: it includes the
photon velocity, which contains the aforementioned
dependence on the nanostructure (v̄p ∼ k−1p ). Plasmon
polaritons have been previously shown to be slowed down
even by a factor of 300 from the speed of light
(v̄p ≈ c=300) in graphene [51,52]. In the conventional,
rather simple cases of metals, practical plasmon velocity
ratios are of the order of 10. In Fig. 3, Eq. (A3) is plotted as
a function of κ ¼ c=v̄p for different electron energies. Two
qualitative conclusions arise: (i) with smaller electron
energy, the near-field photons must be extraordinarily
slowed down (κ > ∼50 for 100 eV) in order to interact
with the ultralow energy electrons; (ii) observable
differences might only be seen with state-of-the-art slow

plasmons and low electron energies (e.g., κ > 300
and 500 eV).
Incidentally, Talebi [23] looked into interaction of low-

energy electrons (∼ < 500 eV) with photons employing a
time-dependent Schrödinger-Maxwell simulation, and con-
cluded again the importance of the structure size in this
interaction; she also showed changes and asymmetry in the
predicted PINEM spectrum and 2D angle-resolved energy
spectrum. However, at present it is difficult to assess
whether these would be observable in experiment, certainly
requiring state-of-the-art experimental setup.
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