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ABSTRACT

Free electrons are a widespread and univer-
sal source of electromagnetic fields. The past
decades witnessed ever-growing control over
many aspects of electron-generated radiation,
from the incoherent emission produced by X-ray
tubes to the exceptional brilliance of free-electron
lasers. Reduced to the elementary process of
quantized energy exchange between individual
electrons and the electromagnetic field, electron
beams may facilitate future sources of tunable
quantum light. However, the quantum features
of such radiation are tied to the correlation
of the particles, calling for the joint electronic
and photonic state to be explored for further
applications. Here, we demonstrate the coherent
parametric generation of non-classical states of
light by free electrons. We show that the quan-
tized electron energy loss heralds the number
of photons generated in a dielectric waveguide.
In Hanbury-Brown-Twiss measurements, an
electron-heralded single-photon state is revealed
via antibunching intensity correlations, while
two-quantum energy losses of individual elec-
trons yield pronounced two-photon coincidences.
The approach facilitates the tailored preparation
of higher-number Fock and other optical quan-
tum states based on controlled interactions with
free-electron beams.

One sentence summary: We demonstrate free-
electron generated non-classical multiphoton states in a
photonic waveguide, leveraging two- and three-particle
correlations produced by quantized parametric electron-
photon scattering.

Quantum states of light facilitate manifold applica-
tions in communication [1], computation [2, 3], and
sensing [4, 5]. As a hallmark of quantum optics, photon
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number states have no classical counterpart and are
essential in quantum metrology [6] and information
processing [7, 8]. Furthermore, advanced protocols
promise the generation of more exotic states, such
as Schrödinger’s cat [9] and GKP states [10] with
applications in quantum computing [11–13]. Mul-
tiple approaches and platforms have been used for
number-state generation, including circuit QED sys-
tems [14–16] and superconducting structures [17] in the
microwave regime, as well as spontaneous parametric
down-conversion [18–22] in the visible to near-infrared.

In the search for new sources of non-classical light,
free electrons present an attractive pathway. In pio-
neering work, electron-excited single quantum emitters,
such as color centers and point defects, have already
shown antibunching photon statistics in incoherent
emission [23–25]. Parametric photon generation by
coherent cathodoluminescence [26–32], on the other
hand, promises sophisticated photonic states without
involving Fermionic excitations, preserves the quantum
phase between electrons and photons [33], and allows for
enhancements by tunable phase matching [34–36]. In
this context, photonic integrated circuits (PICs) [37–39]
offer low-loss photon transport, as well as versatile
mode tailoring, facilitating efficient scattering between
electrons and optical modes [40]. Combining free
electrons and PICs thus provides a unique platform for
the excitation, control, and observation of classical and
quantum optical states at widely variable wavelengths.

A key element of realizing electron-driven quantum
light will be to harness the correlations and entanglement
of photonic and electronic states. While entanglement
remains to be demonstrated, electron-photon coincidence
detection [36, 41–46] has yielded detailed information
on the joint electron-photon state in time, energy,
and momentum. Post-selection of time-correlated
electrons and photons was recently shown to improve
x-ray elemental mapping [44], as well as photonic-
mode imaging and spectroscopy [36, 45]. Furthermore,
a temporal fingerprint of the interaction may yield
material- and excitation-specific decay times [47, 48]
and improve the signal-to-noise ratio (SNR) in electron
microscopy [36, 49]. Coherent cathodoluminescence
combined with post-selection is further expected to en-
able the preparation of electron-heralded Fock [50, 51],
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GKP [11, 52], and other complex quantum states of
light [52, 53]. However, the preparation of non-classical
optical states via parametric electron-photon interac-
tions has not yet been shown.

Here, we demonstrate the generation of electron-
heralded non-classical light using spontaneous paramet-
ric scattering in an integrated photonics waveguide. We
merge energy-resolved single-electron detection with
two-photon coincidence measurements in an optical
Hanbury-Brown Twiss (HBT) setup to probe strong
correlations between the generated photon number and
the quantized electron energy loss. Electron heralding
to a single-photon energy change yields prominent
photon anti-bunching. The high-contrast detection of
threefold coincidences evidences two-photon generation,
establishing a novel platform for heralded photon Fock
states in integrated photonics-based quantum technology.

In our study, electron-induced photon generation takes
place at a Si3N4 waveguide (∼ 80-µm length, 2.2 µm ×
780 nm cross-section, embedded in SiO2) on a photonic
chip, which is inserted into the sample plane of a trans-
mission electron microscope (TEM) (cf. Fig. 1a). A
weakly focused continuous electron beam (100 keV en-
ergy, 30 nm beam diameter, 1.1 mrad half angle) passes
the waveguide parallel to its surface at an impact pa-
rameter (distance to the surface), of about 250 nm (cf.
Fig. 1b). Mediated by the structure’s dielectric response,
the electrons at initial energy E0 interact with the op-
tical vacuum of the waveguide modes. The interaction
generates photons in the modes in a parametric pro-
cess [36, 43, 54], characterized by a direct energy ex-
change between electrons and photons that leaves the
dielectric material unexcited. The interaction can, thus,
be described as an inelastic electron-photon scattering

which entangles the final electron energy E0 −
∑k

i=1 ℏωi

with a number of k generated photons at frequencies ωi.
The frequencies generally lie within a spectral continuum
of possible excitations (scattering operator given in the
SI) [55], defined by phase-matching between the electron
(group) velocity and photon phase velocity [34].
In an effective single-mode description, the resulting
electron-photon state can be simplified to

|ψe, ψph⟩ =
∑
k

ck |E0 − kℏω0, k⟩ , (1)

Here, the coefficients

ck ≈ e−|g0|2/2gk0/
√
k!, (2)

correspond to a Poissonian process of k quantized energy
exchanges producing photons near a central optical
frequency ω0, with a dimensionless coupling constant

g0 =
√∫

dω|gω|2 obtained by integration over the

spectral coupling strength density gω.
In the experiment, electrons at 100 keV kinetic energy

pass a straight waveguide. For the given waveguide
dimensions, the interaction is dominated by the quasi-
TM00 (transverse-magnetic) mode at wavelengths
between 1300 and 1400 nm (see simulation results in
Fig. 1c). Efficient electron-photon interaction requires
a stable lateral positioning of the electron beam inside
the evanescent tail of the mode in vacuum. To minimize
charging-induced beam deflection, the conductivity of
the waveguide surface is enhanced by coating the chip
surface with an Indium Tin Oxide (ITO) layer (thickness
< 20 nm) (cf. Fig. 1d).
The induced optical state is analyzed by coincidence

detection of the generating electrons and the created
photons (cf. Fig. 1b). While the photons are guided
through fibers to optical single-particle detectors, the
electrons are dispersed in a magnetic spectrometer and
recorded with an event-based detector (Timepix3 ASIC),
which delivers the kinetic energy and arrival time of
each electron. The readout electronics of the electron
camera further provide time stamps for the arrival time
on both photon detectors for electron-photon-photon
temporal correlations. We expect to detect different
photon numbers k in each parametric electron scattering
event, with the k photons being temporally linked to
electron energy shifts of mℏω0 (cf. Fig. 1e). For an ideal
electron-photon state (Eq. 1), the photon number and
quanta of electron energy change are identical (k = m),
with probabilities following a Poissonian distribution
c2k. In this case, combining temporal particle correlation
and electron energy analysis enables heralding schemes,
in which the detection of an electron in a specific energy
state |E0 − kℏω⟩ unambiguously heralds the photon
number state |k⟩. In practice, finite optical transmission
and inelastic scattering that does not inject light into
the waveguide will render the quantized electron energy
loss m an upper bound k ≤ m, which to reach will be a
technological target.

We gain access to single- and two-photon genera-
tion events and characterize the optical state via an
electron-heralded optical HBT detection setup shown
in Figures 1a and 2a. Two single-photon detectors A
and B placed behind a 50/50 beam splitter are syn-
chronously time-stamped by the electron detector, and
every electron is assigned to the closest photon on either
detectors, calculating the time delay between them.
The analysis of the resulting electron-photon-photon
correlation counts Ne,A,B is conducted as a function
of the electron-energy loss Eel and the relative time
delays τA = tA − tel and τB = tB − tel between the
electron and photon detection (arrival times tel, tA
and tB). An event histogram over these degrees of
freedom results in a data cube, which we investigate
along cuts or in projection on different axes (cf. Fig. 2b).

The electron-photon correlation as a function of τA
and Eel is given in Fig. 2c. The correlation exhibits
a strong coincidence peak separated from the uncor-
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Figure 1. Correlation measurement of waveguide-coupled photons and free electrons. a A beam of electrons passes
a dielectric waveguide, generating photons that are guided and detected in a fiber-based HBT setup. The electron and photon
arrival times are temporally correlated. b Enlarged sketch of the interaction region: The electron passes the waveguide surface
at an impact parameter of around 250 nm to interact with the evanescent vacuum field of the waveguide modes. c Simulation
of the photon spectral distribution generated in a 80µm straight waveguide by 100-keV electrons (impact parameter 250 nm).
Gray vertical lines: waveguide boundaries. d False-color image of an example photonic chip (scanning electron micrograph).
The chip surface is covered with ITO (brighter surface: ITO on metal, darker surface: ITO on Si3N4 or on SiO2, side walls:
SiO2) e Schematic of the correlated quantized electron energy loss and photon number. The electron (green) scatters at the
optical mode, generating a random number of photons (red). After detection, the signal correlation links the photon number k
(vertical, blue) to the electron scattering order m (horizontal, green). The generation process is expected to follow a Poissonian
distribution.

related, mostly unscattered electrons by approximately
0.9 eV (corresponding to a free-space photon wavelength
of λ = 1350 − 1420 nm). Coincidences are found within
a temporal interval of 2.9 ns (FWHM, full-width at half-
maximum), mainly defined by the electron detection jit-
ter δtel [36]. Above a constant background in τA, the
temporally confined coincidence peak consists of events
in which at least one electron-induced photon was gen-
erated, and both a photon and its generating electron
were detected. Generally, direct detection of higher pho-
ton numbers is possible by employing photon-number re-
solving detectors [56–59]. The detected electron-photon
coincidences primarily originate from the excitation of
the detectable TM00 mode. Higher-order modes are sup-
pressed in the chip-fiber coupling, and the weakly-excited
TE00 mode is further diminished due to the detector cut-
off wavelength.

Electron-heralded two-photon generation can be ob-
served via a photon A - photon B correlation trace, fil-
tered to true coincidences between photon detector A and

an electron (see Methods). The arising two-dimensional
coincidence histogram in Figure 2d is dominated by two
photons correlated to electrons with about 1.8 eV = 2ℏω
energy loss. The photon-photon coincidence peak has a
width of 400 ps (FWHM, δtph < 300 ps photon detec-
tor jitter). Residual coincidence events in the zero-loss
region and the first loss sideband stem from false coinci-
dences due to both electron and photon loss. These false
coincidences are also discussed in Figure 4a.

The inelastic electron scattering at the sample is visu-
alized in the electron energy spectra displayed in Figure
3. The uncorrelated spectrum (c.f. Fig. 3a) contains
all channels of inelastic electron scattering [60], includ-
ing material-specific radiative and non-radiative effects,
quasi-particle excitation [61] as well as the desired co-
herent photon generation into optical modes. While the
electron energy-loss resulting from electron scattering at
a dielectric material can be described by a continuous ex-
ponential decay in energy [54], phase-matched paramet-
ric photon generation leads to the formation of discrete
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Figure 2. Three-particle correlation for one electron and two photons. a Schematic of the detection setup with the
particle arrival times tel, tA, tB on the fiber-coupled photon detectors DA, DB and the electron detector Del and electron energy
Eel as measured parameters. The arrival times are correlated with each other. b Parameter space for threefold events. The
data is analyzed through lineouts and integrals along different axes. c Histogram of electron-photon-photon coincidence events
Ne,A,B as a function of τA and Eel, summed over τB. Electron-photon scattering causes a coincidence peak at an electron
energy shifted downward by around 0.9 eV. Inset: The temporal coincidence uncertainty of around 2.9 ns FWHM represents
the timing precision of electron detection. d Histogram of particle triples as a function of time delay tA − tB and electron
energy Eel filtered to true coincidences between a photon A and an electron. The coincidences are dominated by electrons that
generated 2 photons. (Lowest count rates < 0.1 (s ·ns · eV)−1 are kept in lighter colors for better contrast.) Inset: The reduced
timing uncertainty of 0.4 ns FWHM follows from the better time resolution in photon detection.

sidebands, downshifted by multiples m of the generated
photon’s energy ℏω and following a population distribu-
tion described by Pm = |cm|2 (see Equation 2 with k = m
and Fig. 1e). As the electron scattering channels at the
material and into the optical modes are independent of
each other, the measured electron spectrum can be mod-
eled by a convolution of the spectra resulting from broad-
band scattering and from coherent cathodoluminescence
in guided optical modes (cf. SI and Fig. 3a, red).
The spectral component governing coherent photon gen-
eration is given by the yellow curve with a peak-to-peak
distance between the sidebands close to 0.9 eV. The cou-
pling constant of the coherent electron-photon interac-
tion gEELS

0 can be calculated from the population dis-
tribution of the individual sidebands Pm (c.f. Fig. 3a,
violet to light blue peaks). This distribution generally
only holds for a single excited optical mode and constant
interaction strength. However, in the experiment, an av-
eraging of the coupling constant is observed, caused by a
broadening of the impact parameter due to a nonzero
convergence angle and finite beam-focus diameter (cf.
Fig. 3b,c), as well as time-dependent beam shifts. Using
the population ratio between the first three sidebands
in the electron spectra, we obtain an average coupling
constant ⟨gEELS

0 ⟩ = 0.32 with a standard deviation of
∆gEELS

0
= 0.24 (see SI for calculations).

Whereas the unheralded electron spectrum includes all
inelastic scattering pathways, access to the properties of
the detected optical mode is enabled through electron-
photon coincidences. The spectra of electrons in coinci-
dence to one (red) or two (yellow) detected photons (cf.
Fig. 3d) closely resemble copies of the uncorrelated spec-
trum (blue) when normalized to the area under the curve
(slight deviations in the shape of the coincidence spectra
may occur due to transmission losses on the heralding

photons, see SI). The central wavelength of the TM00

mode, which dominates the transmitted photons, defines
the relative shift of the spectra, and the phase matching
bandwidth of the optical mode with 100-keV electrons of
65 meV, corresponding to 100 nm optical wavelength (cf.
Fig. 3e) moderately broadens the distributions towards
higher scattering orders.
While the previously calculated coupling constant

gEELS
0 can include multiple inelastic scattering pathways,
and thus may be very large [62], a strong coupling to
a single optical mode is highly desirable. The coupling
strength g0 of electrons to the detected TM00 mode
can be determined via Equation 2, taking into account
optical losses (see SI for transmission measurements).
The detection probability of one or two photons P1 and
P2 is deduced from the area of the m = 1 and m = 2
sidebands in the electron-photon and electron-photon-
photon coincidence spectra, respectively. They define
the number of single- (two-)photon excitation events in
which one (two) photons were detected. The calculated
g0 > 0.2 is somewhat lower than the value extracted
from the electron spectrum, illustrating the necessity of
coincident photon detection for disentangling multiple
scattering pathways and, in particular, for isolating
coherent photon generation.

Beyond the spectral characterization of heralded and
unheralded electronic states, we quantitatively study the
electron-photon-photon coincidences and their intensity
correlations g(2).
Figure 4 analyzes the relative-time histogram

Ne,A,B(τA, τB , Eel), that counts threefold correlations at
delays τA and τB with an electron energy Eel. Heralding
a photonic state by a specific energy change is achieved
by integrating over the corresponding energy windows
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Figure 3. Multiple scattering and heralded electron spectra. a Time-averaged (not photon-correlated) electron spectrum
(blue), modeled (red) by cascaded m-photon multiple-loss peaks (yellow) and an exponentially decaying continuum. b Sketch
of the electron-beam caustic traversing the waveguide with a convergence half-angle of α = 1.1 mrad, causing some spatial
averaging of the coupling constant. c Experimentally observed decay of the mean coupling strength towards larger impact
parameters (distance to the waveguide). The standard deviation is given as a gray background. The peak height distributions
at different gEELS

0 are included as insets. d Energy distributions of uncorrelated (blue) and correlated electrons (red, yellow)
for k detected photons (normalized to the area under the curves). The correlated spectra are obtained by summing over the
background-subtracted coincidence peaks shown in Figures 2c,d. e Measured optical spectrum with a central peak width of
about 100 nm, or 65 meV, normalized to the maximum value.

for single (m = 1, Fig. 4a) and two-photon energy
loss (m = 2, Fig. 4b). True coincidences of electrons
with one photon detector Ne,A∪B (i.e., at detector DA

OR DB) lead to vertical/horizontal bands at τi ≈ 0,
while photon-photon coincidences NA∩B (excitation of
detectors DA AND DB) with or without a corresponding
electron emerge on the diagonal line along τA − τB ≈ 0.
Threefold coincidences are found at the intersection
of both features (for an in-detail analysis, see SI).
While m = 1 shows electron single-photon coincidences
and some photon-photon coincidences not linked to
an electron, the plot for m = 2 is dominated by two
photons in coincidence with a detected electron. As
the three-particle coincidences are mainly confined
to the 2ℏω loss region (cf. Figures 2b, 3d), they
demonstrate the generation of two-photon states via
parametric electron scattering with a two-photon energy
loss. The temporal widths of the coincidence features
follow the respective detector jitters (cf. Fig. 2c,d).
Photon-photon coincidences on the diagonal line off the
center arise from photon-photon coincidences assigned
to a different electron than the generating one, which
may either have gone undetected or experienced higher
loss.

The correlation between the detected electron energy
and the generated photon number renders our scheme a
versatile heralded photon-number source. The intrinsic
heralding efficiency quantifies how the energy-resolved
electron detection predicts the number of generated
photons ηIi = Ni,j/(Njη

d
i Ti) [63]. This is the probability

that, given a heralding particle j is detected, the
heralded particle i also exists. In this measurement
setup, the heralding efficiency is calculated for the
case of observing k photons when selecting an energy
window around a specific electron energy loss m = 1, 2

and vice versa (ηdi Ti: transmission losses and detector
efficiencies). Using the count rates from Figure 4a,
the efficiencies reach ηIe > 40% for photon-heralded
electrons (m = 1, 2) and ηIA∪B = 10% and ηIA∩B = 0.3%
for electron-heralded single photons and two photons,
respectively. Experimentally, ηIA∩B and ηIA∪B are lim-
ited by spectral overlap of the electron-loss peaks (cf.
Fig. 3a), which leads to some mixing in the heralding
of photon-number states. Further improvements of the
heralding efficiency could, thus, include an enhanced
energy resolution [64], and a better coupling ideality to
the detected mode [55].

The quality of a heralded signal is further char-
acterized by the coincidence-to-accidental ratio

CAR =
Rsig−Racc

Racc
[63], relating the signal Rsig and

background Racc rates of coincidences in a specific
energy loss region m. A CAR of > 30 is measured
for single photons in coincidence with an electron at
m = 1, showing good fidelity in generating heralded
single photons. The CAR value for electron-heralded
two-photon events reaches > 150 for m = 2, confirming
that detected two-photon states are generated predom-
inantly by double-loss of single electrons and not by
random coincidences of two single-photon generation
events.

To test the non-classicality of the radiation process,
i.e., whether it is incompatible with classical field theory,
we invoke the Cauchy-Schwarz inequality (CSI) [65]

γ =
g
(2)
EA∪B(τ)

g
(2)
E g(2)(0)

≤ 1, assuming a classical radiation pro-

cess. The inequality (for derivations, see SI) bounds the
temporal cross-correlation between the detected electron

energy and photon number g
(2)
E,A∪B(τ) to the variation of

the electron energy loss g
(2)
E =

⟨∆E2
el⟩

⟨∆Eel⟩2
and the temporal
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Figure 4. Statistical analysis of generated photons. a,b Electron-photon-photon correlation events Ne,A,B as a function of
photon-electron time delays, selected by electron energy: a scattering order m = 1, and b scattering order m = 2. c Violation
of the Cauchy-Schwartz Inequality (γ > 1) for the electron-photon interaction at different time delays τ (points connected for
visibility). d Unheralded photon-photon intensity correlation for varying electron current. e Electron-heralded photon-photon

intensity correlation filtered to the energy region m = 1 as a function of both time delays. Inset: Time-averaged g(2) for m = 1.
f Photon-photon intensity correlation as a function of the number of photon-heralding electrons q between the two heralded
photons without energy selection (top) and for m = 1 (bottom).

intensity correlation of photons in a Hanbury-Brown
and Twiss setup g(2)(τ), normalized to τ ≫ 0. For
electron-photon coincidence, we find a pronounced
violation of the CSI (γ > 1, cf. Fig. 4c), which proves
the non-classical nature of the process [66–68].

This photon statistics of this radiation is further
examined by the temporal intensity correlation g(2)

of detectors placed in a Hanbury-Brown Twiss (HBT)
setup (see Methods). While classical light shows
g(2)(0) ≥ g(2)(τ), this is not the case for non-classical
light such as single photons or higher photon number
states. The unheralded photon-photon intensity correla-
tion (taken with higher time-resolution, higher-efficiency
detectors and a time tagger, see Methods) shows a
bunching peak at τ = 0 ps [69], inversely proportional to
the electron current (cf. Fig. 4d). Following a current-
dependent bunching height g(2)(0) ∼ 1/(Iτbin), where I
is the electron flux rate and τbin is the temporal data bin
width, this behavior is expected when single electrons
can create multiple photons, either in a direct process,
as demonstrated here (see SI for further calculations), or
as a result of cascaded excitation of multiple two-level

systems leading to incoherent emission [24, 70–72].

The statistics of the electron-heralded photon state
are analyzed using the heralded intensity correlation (see
Methods)

g
(2)
H (τA, τB, Eel) =

Ne,A,B(τA, τB, Eel)

Ne,A(τA, Eel)Ne,B(τB, Eel)
Ne(Eel),

(3)

relating the occurrence of electron-photon-photon coin-
cidences Ne,A,B (cf. Fig. 4a,b) to their single-photon
equivalents Ne,A/B and the number of heralding elec-

trons Ne. For any energy window Eel, g
(2)
H (τA, τB)

is normalized to single-photon generation (τA/B ≈ 0,
τB/A ̸= 0), thus uncovering true threefold coincidences
(τA∩B = 0).

Figure 4e displays g
(2)
H (τA, τB) for single-photon

electron-energy losses (m = 1), as well as the so-called

time-averaged heralded intensity correlation g
(2)
H (τ)

reduced to the relative photon delay (inset; see SI for
calculation) [73, 74]. The background level and the
diagonal feature (τA∩B ̸= 0) originate from accidental
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coincidences (cf. Fig. 4a). For electron-photon-photon

coincidences (τA∩B = 0), g
(2)
H drops sharply to near-zero

values, as also visible in the inset. Hence, for m = 1, two
photons detected at similar times are generated by two
different electrons. Usually, accidental and true heralded
photon-photon coincidences cannot be distinguished in
the heralded intensity correlation if the coherence time
is lower than the respective detector jitters [74, 75] (see
also SI). However, in our case, the electron-heralded
photon-photon coincidences remain distinct due to the
much better relative photon detection jitters (see SI).
A discrete version of the intensity correlation function

g
(2)
H [q] substitutes the time delay τ with the number
of heralding electrons q between two heralded pho-
tons. Here, the detection of two photons from a single
electron is compared with random coincidences of two
photons heralded by sequential electrons (for details,
see Methods). The resulting intensity correlations are
shown in Fig. 4f. Without energy filtering (top), a small

bunching peak is observed g
(2)
H [0] = 1.10, similar to the

unheralded intensity correlation function (cf. Fig. 4d),
but with larger bins corresponding to the electron
detector resolution. Filtering to a single-quantum
energy exchange (m = 1), however, leads to a strong

anti-bunching behavior with g
(2)
H (0) suppressed to 0.056.

The pronounced anti-bunching dip observed for both
the time-dependent and discrete intensity correlation
functions confirms the high purity of the heralded
single-photon state. Two-photon states should, under
ideal conditions, also show prominent antibunching. At
present, however, technical aspects, including optical
losses, electron spectral mixing, and the statistics of the
electron source limit the ultimate purity of the heralded
state (see SI). Such limitations can be improved upon
by time-gated electron sources and enhanced sample
designs.

Quantifying our scheme in terms of electron-heralded
photon generation requires a separation between
different electron scattering pathways. We observe
inelastic electron scattering at the material, as well
as the parametric photon generation into broadband
spatial optical modes. While the electron spectrum
shows a mean coupling constant of gEELS

0 > 0.3, the
scattering into the single detected optical mode features
a slightly smaller coupling with g0 > 0.2 (cf. Fig. 3).
This is the strongest observed coupling of electrons
to a detector-coupled photonic mode observed thus
far, facilitated by phase-matched, spatially extended
electron-light interaction [34, 36, 76, 77]. Reaching the
strong-coupling regime by establishing unity coupling
constant to a single optical mode [50, 55, 78–80] will give
direct access to a wide class of new phenomena, such as
electron-photon entanglement [81–84], photon-induced
electron-electron correlations [33, 85] and the generation
of more complex non-Gaussian optical states [53].

In conclusion, we introduce electron-heralded quantum
states of light, identifying hallmark features such as anti-
bunching photon statistics and multiphoton-electron cor-
relations. The scheme will facilitate electron-heralded
high-order Fock states, based on further technical opti-
mizations and strong single-mode coupling. Combined
with photon or electron state operations, the generation
of a wide variety of complex quantum states comes into
reach. Broadening the scope of free-electron quantum op-
tics, our results experimentally establish electron beams
as a tailored quantum optical resource.
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Methods
Fiber-coupled integrated waveguides

The photonic chip with a Si3N4 waveguide embedded in SiO2 is
fabricated via the Damascene process [39] onto a Si substrate. The
straight part of the waveguide (width x height 2.2µm x 780 nm) in-
teracting with the electron beam is 80 µm in length and has no top
cladding, allowing for the optical modes to reach into the vacuum
and interact with the electron beam. An ITO (indium tin oxide)
layer of < 20 nm thickness (index of refraction n = 1.99 at 1550 nm
measured at ITO films deposited under similar conditions) on top
of the waveguide reduces charging in the presence of an electron
beam. The chip is mounted on a custom-made TEM holder [40]
such that the waveguide sits in parallel to the electron beam. The
optical outputs of the symmetrically-built chip are connected to
two short pieces of ultra-high numerical aperture (UHNA-7) fiber,
which are spliced to single-mode fibers (SMF-28). The single-mode
fibers are sent through the hollowed-out TEM holder and a custom
vacuum fiber feedthrough. As the photon generation is directional,
the optical detection setup is spliced to the SMF-28 fiber, which is
connected to the lower output port.

The main excited optical mode of the waveguide is the quasi-
TM00 mode due to better phase matching. Further modes are
the TE00 and higher-order modes. While the TE00 mode only
shows a small scattering probability in simulations and the phase-
matching energy lies in the detection cut-off region, the higher-
order waveguide modes are suppressed during their transmission
through single-mode optical fibers. Both TM00 and TE00 show
transmission efficiencies around TM00 20%, TE00 25% at the
fiber connections. This effectively leads to a spatial single-mode
optical detection.

TEM setup

The experiments are conducted at the Göttingen UTEM (JEOL
JEM 2100F) with a Schottky field-emission electron source oper-
ated in a continuous (thermal-field) mode. The resulting electron
beam shows an energy spread of around 0.6 eV at an electron en-
ergy of 100 keV. The current is reduced to around 1.4 pA by ad-
justing the emitter temperature and by using a condenser aperture
of 40 µm diameter to not oversaturate the electron detector. The
experiments are conducted in low-magnification STEM (scanning
transmission electron microscopy) mode, enabling the positioning
and scanning of the focused electron beam (30 nm beam diameter,
1.1 mrad half convergence angle) in the sample plane. The scanning
resolution is on the order of 30 nm. All measurements described
in the main text are conducted with a stationary electron beam,
which is checked and manually readjusted for an optimal combina-
tion of photon generation rate and electron transmission onto the
detector every 10-30 min. Transmission losses on the electron side
arise from charging effects along the waveguide surface, distorting
and shifting the electron beam, which reduces incoupling into the
5 mm spectrometer entrance aperture. Post-measurement calcu-
lations show an electron transmission efficiency of around 60-70%.
For the scanned data, the electron beam is scanned multiple times
across the same region (width x height 200x500nm, 300 ms inte-
gration per pixel, pixel size ∼ 40 nm). The scanned data is used to
measure the position-dependent change of the coupling constant.

Optical setup

The generated photons are sent through the waveguide and op-
tical fibers to the outside of the TEM holder. The fiber end is
spliced to a 50/50 beam splitter (Thorlabs TW1550R5A1), which

distributes the photons to two cooled avalanche photodiodes (ID
Quantique ID230). As the generated light is measured to be around
1300 − 1400nm, we assume slightly higher losses and a deviation
from the 50/50 coupling ratio at the beam splitter. The count rates
indicate a splitting ratio of 52/48. The avalanche photodiodes are
set to > 25% detection efficiency and 20µs dead time, which leads
to 250 and 300 photons/s intrinsic dark counts, respectively, for
diode A and B. An evaluation of the transmission and detection
efficiency shows an approximate efficiency of detecting a generated
photon of 2% per diode. The optical spectrum is measured using
a 10 nm flat-top bandpass filter (WL Photonics, tunability from
1200 to 1600nm), which is set between the TEM holder and the
beam splitter, connected to the optical fibers via FC/APC con-
nectors. The transmission band was moved incrementally between
1270 and 1570nm and the count rate on the detector was measured
for every position (see SI). The spectrum shows a central wave-
length of 1380 nm and a bandwidth of 100 nm (cf. Fig3e). The
unheralded photon-photon intensity correlation is measured with a
combination of superconducting nanowire single-photon detectors
(Single Quantum) and a time tagger (Swabian Instruments, Time
Tagger Ultra). The nanowire detectors show a detection efficiency
> 80% and a time resolution < 20 ps and, therefore, allow for
sharper temporal correlation when operated in combination with a
Tagger unit with an RMS jitter of 9 ps.

Event-based electron detector

The electrons are separated in energy via a spectrometer
(CEOS GmbH, CEFID) and detected on a hybrid pixel detector
based on a Timepix ASID (Amsterdam Scientific Instruments,
EM CheeTah T3). Every electron is categorized by its position
on the chip (514x514 pixel, 0.03eV energy bin per pixel) and
time-of-arrival (1.56 ns resolution). The stream of data consists of
the electron data and the information from both time-to-digital
converters at which the photon detector signals arrive. The
photon detector signals are time-stamped with a 260 ps bin width
and synchronized to the electron time stamps via the same global
ASID clock. This allows for temporal correlation of the electron
and photon arrival. Further post-acquisition steps are conducted
to improve temporal and energy resolution on the electron side:
First, a calibration of the individual pixel response times is
done with regard to a mean detector response to enhance time
resolution [36]. Second, single-particle clustering of the multiple
excited pixels with a maximum cluster size of 10 gives access
to individual electrons. Their localization follows the arithmetic
mean position and the earliest arrival time inside a single cluster.
A comparison between external current measurements and event
counting on the detector shows an average of 3.4 excited pixels
per electron. Last, time-dependent jitters of the electron beam
position are reduced on a 10s interval by correcting the position of
the zero-loss peak maximum.
For the temporal correlation between electrons and photons,
every detected electron is connected to the temporally closest
photons on detector A and detector B, and the delay between the
arrival times is calculated. The time offset due to propagation
delays is measured via the peak position of the electron-photon
A, electron-photon B, and photon A-photon B coincidence peaks.
These offsets are subtracted for the depicted plots. The connection
of electrons with two photons leads to a data set consisting
of electron-photon-photon events with electron position on the
detector, arrival times of all three particles, as well as time
delays between them. For scanned data, the scan position is also
included. The electron energy is determined from the position
of the zero-loss peak center, which defines the position of 0 eV
energy loss, and calibration images of the unscattered electron
beam, which give access to the dispersion along the detector.

The electron-photon-photon events can then be analyzed as a
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data cube with the axes being the two time delays τA = tA − tel
and τA = tA − tel, as well as the electron energy loss with respect
to to the uncorrelated zero-loss-peak (ZLP) position. A general fit
function (see SI) can describe all features present in the cube. For
easier access, individual cuts along or integrals over a specific axis
are also analyzed and fitted independently with the fit function
defined by the cube fit, as described in the main text.

All data besides the uncorrelated spectrum (Fig. 2) is analysed
filtered to a maximum electron-photon time delay of 100 ns, which
strongly reduces computation time.

The generation of electron-photon-photon events, combined with
large electron currents, can lead to multiple electrons being in co-
incidence with a single photon. Thus, if multiple electrons are
temporarily close to a detected photon, the pair with the smallest
time difference is considered a true coincidence, preventing multi-
indexing of photons. These true coincidences are used for the anal-
ysis of the electron-heralded photon-photon correlation and the dis-
crete intensity correlation.

Intensity correlation

The statistics of photons and the proof for single photon states
are often given via the intensity correlation measured in a Hanbury-
Brown and Twiss setup: The photons are separated via a 50/50
beam splitter and sent on two photon detectors. Their signal is
cross-correlated with each other and normalized to large time de-
lays [63, 86]

g(2)(τ) =
PA,B(τ)

PAPB
.

where PA,B(τ) is the probability of detector A and B being excited
at a temporal delay τ to each other, and Pi, i=A,B is the probability
of detector excitation A or B. In the given experimental setup, the
equation is adjusted for correlation counts N instead of coincidence
probabilities Pi = Niτb/Tmeas by adding the length of coincidence
bins τb and the total measurement time Tmeas.
As the electrons do not arrive uniformly, their statistical arrival
distribution plays a role in the unheralded photon-photon intensity
correlation. To remove the electron influence, an electron-heralded
intensity correlation is employed. Heralded intensity correlation
follows [73]

g(2)(tA, tB, te) =
PA,B,e(tA, tB, te)Pe

PA,e(tA − te)PA,e(tB − te)
.

in which the photon-photon cross-correlation PA,B,e(tA, tB, te) is
limited to a simultaneous detection of a heralding particle e (see
SI for more information). The function is again normalized to
large photon-photon time delays, but under the condition that ei-
ther photon A or photon B is in coincidence with a herald e. For
electron-heralding intensity correlation the equation is rewritten in
terms of correlation counts N instead of coincidence probabilities,
giving rise to Equation 3.
Due to the addition of a third particle, the heralded intensity cor-
relation is a function of two time delays τA and τB. A reduction
to one single variable is done in time-averaged intensity correla-
tion [73, 74]

g(2)(τA = 0, τ = τB) =
PA,B,e(τ)Pe

PA,e(0)PA,e(τ)
.

in which one time delay τA is set to coincidence. Thus, the second
photon B is simultaneously cross-correlated with a photon A and
an electron. Now two correlation functions PA,B,e(τ) and PB,e(τ)
define the shape of the curve, both possibly widened by detector
jitters.

For a discrete intensity correlation function, two photons are
correlated as a function of the number of heralds between their

arrival q, comparing the number of successful coincidences between
two photons correlated to the same electron (q = 0) to the number
of successful coincidences of two photons correlated to two different
electrons (q ̸= 0) assuming the electrons came at the same time.
A successful coincidence is defined by setting a time interval, given
by the temporal jitters of the system, in which two particles have
to arrive compared to each other.

The normalization for large q is given by the number of electron-
photon coincidences Ne,A/e,B and the number of heralding events
Ne, giving

g(2)[q] =
Ne,A,B[q]Ne

Ne,ANe,B
. (4)

Due to the random arrival times of electrons in the given setup, q

can not be directly converted to a time delay, compared to periodic

sources such as pulsed single photon sources using the pulse trigger

as a herald.
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Single-Photon Generation by Electron Beams, Nano
Lett. 11, 5099 (2011).

[44] D. Jannis, K. Müller-Caspary, A. Béché, A. Oelsner, and
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