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Cavity-mediated electron-photon pairs
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Quantum information, communication, and sensing rely on the generation and control of quantum
correlations in complementary degrees of freedom. Free electrons coupled to photonics promise novel
hybrid quantum technologies, although single-particle correlations and entanglement have yet to be
shown. In this work, we demonstrate the preparation of electron-photon pair states using the phase-
matched interaction of free electrons with the evanescent vacuum field of a photonic chip—based optical
microresonator. Spontaneous inelastic scattering produces intracavity photons coincident with energy-
shifted electrons, which we employ for noise-suppressed optical mode imaging. This parametric pair-
state preparation will underpin the future development of free-electron quantum optics, providing a
route to quantum-enhanced imaging, electron-photon entanglement, and heralded single-electron and

Fock-state photon sources.

ptical parametric processes generate

quantum correlations of photons with-

out changing the state of the optical

medium involved. Entangled photons

from parametric down-conversion (7)
are an essential resource for heralded single-
photon sources, quantum communication, and
quantum teleportation (2). Spatially separated
entanglement afforded by such “twin beam”
pairs was extended to various physical contexts,
with examples in atomic beams (3), electron
spins (4), and photon-phonon correlations in
micromechanical systems (5). Free-electron
beams are an emerging target for quantum
manipulation and sensing, promising quantum-
enhanced imaging (6, 7), spectroscopy (8-10),
and excitation (17-14). A variety of technologies
that bridge electron microscopy and photonics
(15) are being established to join the most
powerful probes in atomic-scale imaging and
spectroscopy, respectively. Among these, stim-
ulated near-field scattering offers mode-specific
probing of optical properties, whereas sponta-
neous electron energy loss and cathodolumi-
nescence access electronic transitions and the
total photonic density of states (75). Structural
design has been shown to allow for a tailoring
of the spectral and spatial properties of electron-
driven radiation (16, 17). Harnessing quantum
optics approaches, measurements of photon
statistics are used to reveal single quantum
emitters (I8) or photon bunching (19, 20).
Theoretical work predicted single-photon
cathodoluminescence into a waveguide (21),
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and recent experiments studied the electron-
induced excitation of whispering gallery modes
(22, 23) and optical fibers (24). However, im-
peded by a lack of mode-specific and suffi-
ciently strong coupling, correlations between
single electrons and well-defined photonic
states have remained elusive. In this study,
we use spontaneous inelastic scattering via
the evanescent field of a high-quality factor
(Q) photonic chip-based optical microresonator
to generate free-electron cavity-photon pair
states. We characterize the dual-particle herald-
ing efficiencies and demonstrate coincidence
imaging of the cavity mode with a substantial
background suppression.

The interaction of electron beams with cav-
ities and resonant structures represents a uni-
versal scheme for generating electromagnetic
radiation. In the quantum optical description,
the inelastic scattering can be modeled as a
coupling of free electrons to optical vacuum
fields (8). Scattering with the evanescent field
of the optical microresonator, an electron at
energy E, generates intracavity photons at
frequencies o in an energy-conserving manner
(Fig. 1A), described by the scattering matrix
S = exp(gqua'd — h.c.). Here, &' is the cre-
ation operator of the optical mode, gg, is the
vacuum coupling strength (25, 26), and A.c.
is the Hermitian conjugate. The ladder oper-
ator b reduces the energy of an electron by that
of one photon. The interaction induces entan-
glement between the electron energy and the
cavity population and results in the state

|We7‘”ph> = ZCH‘E - nhm)'”) (1)

(v, €lectron state; y;,, photonic state; 7, reduced
Planck’s constant) with the coefficients ¢, =
exp(— #) j—% corresponding to Poissonian
scattering probabilities (25). For a weak vacuum
coupling strength |gqu |<1, the state is dominated

A free-

) kinetic energy [electron

optical E, = 120 keV beam

fiber 0 l
ring
resonator
single-
photon
counter
photon ™YY _~

coincidence

- e Mag. prism
detection event-based 1
electron detector energy
dispersion
B
€ hw
e ; ;
3| 1
al electron
@ § energy
-2hw

—
light
extraction

™ bt

waveguide

microresonator

Fig. 1. Coincidence detection of electron-photon
pairs generated at a photonic chip. (A) High-
energy electrons traverse a fiber-coupled SizNg4
microring resonator, generating intracavity photons.
Single photons and inelastically scattered

electrons are detected in coincidence. §, magnetic
field. (B) Electron spectrum after interaction.

(C) Optical microscope image of the photonic chip
with a sketch of the passing electron beam.

r, microresonator radius.

by the zero- and one-photon contributions

[Wer v ) 1) [0) + gl E — o)1) + O(g2, )
(2)

where O is order of approximation. Our mea-
surements are designed to probe this state by
detecting single photons in coincidence with
inelastically scattered electrons by the energy
of one photon. In the experiment, the continuous
electron beam of a transmission electron micro-
scope [120-keV beam energy, 25-nm focal diam-
eter; see (27) section S1.3] traverses a photonic
chip-based microresonator (Fig. 1C) and inter-
acts with the vacuum fields to populate empty
cavity modes.
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Fig. 2. Spatial and spectral mapping of intracavity photon generation. (A and B) Schematic of the measurement geometry. The electron beam (green) passes
parallel to the chip surface (gray) and interacts twice (red dots) with the ring resonator (dark red). (C) Optical emission spectrum (blue; electron beam passes

resonator tangentially) and simulated spectral envelope (gray). (D) Close-up view of the spectral mode comb and a selected single cavity mode (red). (E) Raster-
scanned photon-generation maps [saturation corrected; see (27) S1.4] for the selected mode and the full spectrum [intensity patterns illustrated in (B) with red and
blue]. (F) Signals from (E) integrated along the direction of the white arrow. (G) Simulation of the position-dependent electron scattering probability (50-nm distance).

The SizN, microresonator (28) is designed
for low optical loss, efficient fiber coupling, and
free-space near-field access [for optical charac-
teristics, see (27) S1.2]. Enhancing the inter-
action by electron-light phase matching (29-32),
we engineered the resonator cross section
(2.1 um by 650 nm) (26) for maximum photon
generation probability per electron, which is
predicted up to 10% around 0.8-eV photon
energy (a wavelength of 1.55 um).

Cavity photons generated in the clockwise
propagating mode (Fig. 1A) are coupled out
to a bus waveguide and are further guided by
optical fibers to a single-photon avalanche diode
(SPAD). The energy and arrival time of each
electron is measured with an event-based de-
tector behind a magnetic prism spectrometer
(Fig. 1B), allowing for electron-photon coin-
cidence experiments.

First, we spatially and spectrally map the
electron-induced cavity excitation by placing
the electron beam in proximity of the resona-
tor (Fig. 2, A and B). Measured with an optical
spectrometer, the overall spectral range of de-
tected radiation spans from 1520 to 1620 nm,
primarily limited by the bandwidth of electron-
light phase matching and consistent with nu-
merical simulations [Fig. 2C; see (27) S2.2].
The spectrum exhibits a comb-like structure
(Fig. 2D) as a result of free-electron coupling
to the microresonator modes a, [y, mode
index; see (27) S2.1 for a multimode descrip-
tion of the interaction]. The 1.58-nm spacing
of the emission peaks matches the optically
characterized quasi-transverse magnetic mode
free-spectral range and confirms the predomi-
nant photon extraction from this mode family
[see (27) S1.2].
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Fig. 3. Time- and energy-correlated electron-photon pairs. (A) Two-dimensional correlation histogram
over the electron energy and relative photon timing (30-s integration, 0.65-pA electron current on detector)
showing a strong coincidence peak. (B) Spectral distributions of the uncorrelated and correlated electrons
(background subtracted). (C and D) Close-up view of correlation histogram (ZLP blocked, 60-s integration,
46-pA beam current at sample) with coincidence time trace (white) and fraction of true coincidences. FWHM,
full width at half maximum. (E) lllustration of cavity-mediated inelastic electron-photon scattering and

coincidence measurement.

Spatial characterization of the intracavity
excitation is obtained by raster scanning of the
electron beam (Fig. 2, A and B) and detection
of emitted light with a SPAD. Figure 2E dis-
plays the obtained single-mode (top) and spec-
trally integrated (bottom) photon rates, which
decay exponentially with distance from the
structure, tracing the near-field mode profile
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in this spectral range. The strongest photon
generation is observed for electrons passing
the ring resonator tangentially, as expected
for phase-matched electron-light interaction.
Figure 2F shows the photon generation rates
along the chip surface. The single-mode count
rate shows a pronounced oscillation in the ra-
dial distance to the center of the ring resonator.
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Fig. 4. Correlation-enhanced cavity mode imaging. Spatial distributions of (A) photons [cathodolumines-
cence (CL)], (B) loss-scattered electrons [electron energy-loss spectroscopy (EELS)], and (C) correlated
events (30-ms integration per pixel, starting ~270 nm above the chip surface; see Fig. 2 for measurement
geometry). The positions of the resonator and the mode envelope (solid and dashed lines, respectively, serve
as a guide to the eye) are indicated. (Inset) Sketch of the cavity field decay into the vacuum (scattering
probability \g\z). The energy windows applied to (B) and (C) are optimized individually [see (27) SL.6].

(D) Logarithmic plot comparing the distance-dependent exponential mode decay from (A) to (C) (integrated
in the area above the resonator, effectively 1-s acquisition per point). The lowest noise and highest dynamic
range (DR) (more than three orders of magnitude) are observed for the time-correlated imaging.

This is caused by the interference between se-
quential interactions (Fig. 2A) of an electron
with the cavity vacuum field (33), proving the
conservation of mutual coherence in the scat-
tering process. Similar Ramsey-type interfer-
ence is also observed for an externally pumped
ring resonator (26). Integrating the full mode
spectrum of the cathodoluminescence aver-
ages out the oscillatory pattern, in agreement
with numerical simulations (Fig. 2G). The total
scattering probability is modeled as the sum

P= Zu |gqua|® of the individual mode con-

tributions gqu, [see (27) SL1 for details].

The spontaneous creation of photons by sin-
gle electrons satisfies energy-momentum con-
servation, lowering the energy of an electron by
hwand transferring the corresponding mo-
mentum to the cavity photon (21). We probe
this correlated electron-photon pair state by
coincidence measurements of both particles
(Fig. 3). The electron beam is held fixed in the
near field of the cavity at a distance of ~160 nm
from the surface. At this position, we detect
photons with a probability of 4.6 x 107° per
electron passing the structure. Considering
coupling and detection losses [see (27) S1.4],
this corresponds to an intrinsic generation
probability of ~2.5%.

The arrival time and kinetic energy of each
electron is measured by event-based spec-
troscopy, using the stream of photon events
recorded by the SPAD for time tagging [Fig. 1A
and (27) S1.5 for details]. Figure 3A shows
the energy- and time-dependent histogram of
electron arrivals relative to the photon event
closest in time. The two main features ob-
served are a time-independent background
of accidental coincidences around zero energy
loss and an anticipated sharp correlation peak
around 0.8-eV energy loss and 0-ns time delay.
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The spectrum of the correlated electrons (Fig. 3B,
red) is downshifted by the energy of one photon
with respect to the zero-loss peak (ZLP) (black).
As a result of the narrow electron-light phase-
matching bandwidth of ~50 meV, these spectral
distributions are very similar in broadening
and shape [~0.5-eV width; see (27) S1.6 for
details].

We next insert a mechanical slit in the elec-
tron spectrometer (Fig. 3C) to reject electrons
that were not scattered, allowing for higher total
electron flux, and thus photon rates, without
detector saturation. The background-corrected
time profile (inset) shows the precise temporal
structure of the correlated electron-photon
pairs with a width of 3.91 ns. In principle, the
temporal correlation trace should reproduce
the cavity decay time, but it is not resolved in
the present experiments [current device: ~0.5-ns
lifetime for Q ~ 5.5 x 10°; see (27) S1.2].

By selecting loss-scattered electrons within
a specific time window, we identify correlated
events on a single-particle basis. The measure-
ment of the electron energy for each event, in
contrast to conventional optical spontaneous
parametric down-conversion, presents a direct
measure of the energy quanta n deposited in
the optical cavity. The single-electron energy
detection at the first energy loss sideband
therefore represents an optical state projection
from the entangled state (Eq. 1) onto the (non-
classical) single-photon intracavity Fock state
(13, 21, 25). This general principle, illustrated in
the schematic of Fig. 3E, enables interparticle
heralding schemes for either electrons or
photons. Notably, interactions with multiple
electrons—relevant for studying electron-electron
correlations—can be excluded owing to the
multihit capability of the detector.

Such heralded particle sources are quantified
in terms of the measured rates of electrons (R.),

photons (Rp), and correlated events (Rp,e) and
the Klyshko heralding efficiencies n, = Rye/R;
(2,j = e, p, 1 = J), which describe the conditional
probability of experimentally detecting a
heralded particle [see (27) S1.6]. For the data
shown in Fig. 3C, we measure n}; ~ 0.11% and
ng ~ 57% for photons and electrons, respec-
tively. The less-efficient heralding of photons
follows from considerably higher losses in
their output coupling and detection [see (27)
S1.4]. Not being a fundamental physical limi-
tation, we expect appreciable improvements
on the photon collection efficiency with tech-
nical optimizations, including use of super-
conducting detectors and strongly overcoupled
resonators. Taking into account particle losses
in transmission and detection, we estimate
intrinsic heralding efficiencies ni of ~50%. In
principle, near-unity intrinsic heralding effi-
ciencies can be achieved (2I) [see detailed
estimate of 1} in (27) $2.3].

Employing both particle channels facilitates
correlation-enhanced measurements, isolating
physical scattering events from uncorrelated
noise such as detector dark counts. As a figure
of merit for noise suppression, the fraction of
true coincidences Rpe/(Rpe — Racc), With the
uncorrelated (accidental) background rate R,
is defined for selecting a specific time-delay
and energy-loss window (Fig. 3D), reaching
98.6%—i.e., a coincidence-to-accidental ratio
(CAR) of ~75 [see (27) S1.6]. This demonstrates
the high-fidelity generation of correlated electron-
photon pairs, promising quantum-enhanced
imaging.

Here we provide a proof-of-concept demon-
stration of coincidence-gated raster mapping
of the resonator mode. Specifically, Fig. 4, A
and B, shows the time-integrated electron and
photon signals, respectively, and Fig. 4C dis-
plays the correlated events only. To quantify
the correlation-induced improvement in image
contrast, Fig. 4D compares the respective
count rates for the individual and correlated
signals on a logarithmic scale. Both the photon
and electron signals trace the exponential de-
cay of the evanescent field away from the struc-
ture, leveling off at constant values for larger
distances. These background offsets limit the
dynamic range of the mode imaging and are
determined by the uncorrelated noise rates—
i.e., the photodetector dark counts (130 counts/s)
and residual overlap of the ZLP with the
energetic gate (1.5 x 10* counts/s), respectively.
Rejecting the uncorrelated background, the
correlated signal (Fig. 4D, yellow curve) re-
solves the evanescent decay of the cavity field
over longer distances. Despite a slightly smaller
signal (ng < 1), we improve the dynamic range
by two orders of magnitude [see (27) S2.5].

From a broader perspective, harnessing cor-
relations of electrons with radiative emission
(84) shows promise for enhancing contrast and
resolution, as recently shown in the study of
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core-level (35) and valence electronic excita-
tions in nanostructured materials (36). Using
postselection in the electronic and photonic
degrees of freedom (9, 13), such schemes can
be generalized to trace state-specific scattering
cross sections and create heralded pair states
as a function of linear or angular momentum,
polarization or spin, or frequency or energy.

Our findings demonstrate and apply the
parametric generation of electron-photon
pair states. Besides showing the capability for
contrast enhancement in correlation-gated
imaging, we implement flexible on-chip electron-
heralded photon and photon-heralded single-
electron sources. The integrated photonics
platform allows for flexible electron-light phase-
matching and spectral tuning of the generated
cavity state. Postselection of multiloss electron
events will facilitate a unique approach to
generate tailored and higher-order photon
Fock states. By merging free-electron quantum
optics with integrated photonics, we provide a
pathway toward a new class of hybrid quantum
technology that relies on entangled electrons
and photons, with applications ranging from
photonic quantum state synthesis to quantum-
enhanced sensing and imaging,.
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Generating electron-photon pairs

The interaction of electron beams with cavities and resonant structures represents a universal scheme for generating
electromagnetic radiation. Feist et al. fabricated structures with phase-matched interactions between free electrons and
the vacuum cavity field of a photonic chip-based microresonator. As the electrons passed near the resonator, coupling
between them and the vacuum field resulted in the spontaneous generation of photons within the cavity. Because the
electron-photon pairs are correlated, they should be a useful source for the development of free-electron quantum
optics providing enhanced imaging and sensing capabilities. —I1SO

View the article online

https://www.science.org/doi/10.1126/science.abo5037
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN ) is published by the American Assaociation for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

220z ‘€T Jequisides uo A1SAIUN AIAY B Te BI0'80us 105 MmMm//:sdNy WoJ) pepeoiumod


https://www.science.org/about/terms-service

