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Time-correlated electron and photon counting
microscopy
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Electron microscopy based on high-energy electrons allows nanoscopic analytical imaging

taking advantage of secondarily generated particles. Especially for cathodoluminescence, the

correlation between primary incident electrons and emitted photons includes information on

the entire interaction process. However, electron-photon time correlation tracking the

relaxation dynamics of luminescent materials has so far not been achieved. In this work, we

propose time-correlated electron and photon counting microscopy, where coincidence events

of primary electrons and generated photons are counted after interaction. The electron-

photon time correlation enables extracting a unique lifetime of the emitter independent of the

photon state, accounting for coherent and incoherent photon generation processes. We also

introduce a correlation factor and discuss the correlation between electrons and generated

coherent photons. Through momentum selection, we observe correlation changes indicating

the presence of pair correlation originated from the electron-photon entanglement. The

present work lays the foundation for developing next-generation electron microscopy based

on quantum correlation.
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E lectron microscopy has been utilized for nanoscopic or even
down to atomic imaging of various materials such as
semiconductors, ceramics, polymers, and biological tissues

or molecules. The spatial resolution of the state-of-the-art
transmission electron microscopes has already reached scales
well below the Bohr radius thanks to the short de Broglie wave-
length of the accelerated electrons1. Besides the extreme spatial
resolution, nanoscopic analysis by electron microscopy extends to
visualizing material functions including optical/photonic
properties2–4. For instance, portions of the primary electrons are
inelastically scattered by the sample and give information on the
electronic state of the constituent materials through electron
energy loss spectroscopy (EELS)5. The loss energy is used for the
generation of secondary (quasi-)particles such as electrons, plas-
mons or photons. These secondary particles are also used to
analyze the sample, such as in energy dispersive x-ray spectro-
scopy (EDS)6, Auger electron spectroscopy (AES)7, and cath-
odoluminescence (CL) spectroscopy8,9. These secondarily
generated particles are correlated to the primary electrons
through various parameters in the interaction process, e.g. time,
energy or momentum.

Among these diverse analysis methods, time correlation mea-
surement of the secondarily generated photons (CL) has recently
been introduced using a quantum optical method of Hanbury
Brown-Twiss (HBT) interferometry10. The obtained time corre-
lation between CL photons was successfully used for the deep-
subwavelength characterization of the nonclassical feature of
light10,11. Unless a single quantum emitter is excited by electron-
beam, the photon correlation of CL typically shows a large
photon-bunching12, a phenomenon in which photons in the light
beam are preferably close to each other, which is not observed in
photoluminescence for the same type of photon sources. This
bunching effect can be utilized for measuring the lifetime of the
nanostructured emitters13–15, providing additional functions to
electron microscopy. The correlation not only between the gen-
erated photons but also between the interacted primary electrons
and the generated photons (or secondary particles) can provide or
select information of the interaction process. For instance, the
correlations of electrons and generated X-rays16–18 or photons19

have proven to improve the signal-to-noise ratio of collected data.
Varkentina et al. demonstrated evaluation of carrier relaxation
pathways using coincidence measurements of the inelastically
scattered electrons of selected energies triggered by photon
emission events20. However, relaxation dynamics has not been
directly evaluated due to insufficient temporal resolution for
evaluating most luminescence materials, such as semiconductors
while abundant information on the interaction processes is
expected to be available in the dynamics.

In this study, we demonstrate time-correlated electron and
photon counting microscopy (TEPCoM), where the coincidence
of the incident electron transmitted through the sample and the
generated photon is counted using time correlation measurement
based on the scanning transmission electron microscopy (STEM)
CL. This is a direct (albeit stochastic) coincidence detection of a
photon induced by an accelerated electron and the electron that
produced this photon. This method accomplishes an analysis
approach for photon generation processes widely applicable to
any emitters, not requiring photon-bunching from the sample
nor active pulsing of the electron beam, which greatly facilitates
the experimental setup compared to time-resolved CL instru-
ments with a pulsed electron gun. With a parabolic mirror of the
CL setup and by incorporating detectors with the time resolution
of sub-nanoseconds, this setup is applicable to the evaluation of
various luminescent materials. Additionally, by demonstrating
electron-photon pair detection with momentum selection, we
investigated an enhancement of a parameter associated with

quantum correlation, which is expected to provide technological
concepts including entanglement generated through inelastic
interaction with materials or cavities21,22. From this perspective,
the proposed TEPCoM approach is one of the candidates for
next-generation electron microscopy that utilizes quantum
correlation23 and quantum information experiments using free
electrons24.

Results and discussion
Experimental setup. For the TEPCoM setup, we modified a CL-
HBT interferometry system used for photon-photon correlation
function g 2ð Þ

pp ðτÞ measurement by replacing one of the single-
photon detectors with a transmitted electron detector to obtain
the electron-photon correlation function g 2ð Þ

ep ðτÞ, as schematically
illustrated in Fig. 1a, b. In the electron detector, transmitted
electrons are converted to photons by a scintillator so that a time-
resolved photon counter can be applied, as shown in Fig. 1c. To
evaluate the electron-photon correlation, time correlation histo-
grams as a function of the time delay τ between the photon and
electron detector signals are acquired after collecting sufficient
counts for statistics (Fig. 1d–f). We normalize the correlation
signals by the number of counts at τ ! 1, similarly to the
second order photon correlation function commonly used in the
HBT setup14. The correlation values at the zero delay g 2ð Þ

ep 0ð Þ
above one indicates the detection of correlated electron-photon
pairs. This electron-photon coincidence means that the electron
that generated the photon detected at the photon detector is
specifically captured at the electron detector. While conventional
HBT measurement provides an auto-correlation function, where
the photons emitted from the same source are detected, TEPCoM
provides a cross-correlation function for different sources corre-
sponding to the electron-photon correlations. We also realized
simplified electron-photon correlation measurement using a
sample-integrated electron detector instead of the dedicated
electron detector, which can be readily used even in scanning
electron microscopy.

Formulation of correlation function. To derive the formalism of
the electron-photon correlation, we consider the cross-correlation
function of two luminescent materials A and B, i.e., sample and
scintillator, assuming multiple two-level systems. The detected CL
photon intensity (count per time) from A (B) at time t is denoted
by IAðBÞ tð Þ. When the signal from B is set as the trigger (start), the
normalized cross-correlation function g 2ð Þ

AB τð Þ can be defined as

g 2ð Þ
AB τð Þ ¼ IA t þ τð ÞIB tð Þ� �

IA t þ τð Þ� �
IB tð Þ� � ð1Þ

where � � �h i means ensemble average25. By using the radiation
efficiency pr

AðBÞ and detection efficiency of the detector αAðBÞ for
A (B), IAðBÞ tð Þ is expressed as

IA Bð Þ tð Þ ¼ pr
AðBÞαAðBÞnA Bð Þ tð Þ ð2Þ

where nA Bð Þ tð Þ is the number of the excited emitters. Since the
constant coefficients are canceled in the g 2ð Þ

AB τð Þ calculation, the
derivation of the function g 2ð Þ

AB τð Þ comes down to the calculation
of nA Bð Þ tð Þ. Let us consider the i-th electron incidence event at
time ti, where one incident electron generates NA Bð Þ

i excited
emitters at each excitation. Between time ti and tiþ1, no electron
arrives, and thus the rate equation from a single excitation event
of material A (B) can be described as

dnA Bð Þ
i tð Þ
dt

¼ � 1
τA Bð Þ n

A Bð Þ
i tð Þ ð3Þ
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where τAðBÞ is the lifetime of the material A (B). The solution
including Ne times of the electron incidence event over suffi-
ciently long time is given by a sum of each decay process as

nA Bð Þ tð Þ ¼ ∑
Ne

i¼1
NA Bð Þ

i e�
t�tið Þ
τA Bð Þ θ t � ti

� � ð4Þ

where θ t � ti
� �

is a Heaviside step function:
θ t � ti
� � ¼ 0 for t<ti, θ t � ti

� � ¼ 1 for t ≥ ti. Note that some of

NA Bð Þ
i are zero within the Ne events. We now consider two

luminescent materials A and B as the sample and the scintillator,
as shown in Fig. 1, respectively. Since an electron is efficiently
converted to photons by the scintillator (material B), counting the
converted photon generation event corresponds to counting the
event of the transmitted electron arrival. Therefore, we rewrite the
subscripts for materials A and B as photon (p) and electron (e),
respectively, and the electron-photon correlation function in this
study is derived as

g 2ð Þ
ep τð Þ ¼ 1þ eξep

τe þ τpð ÞIb
e�jτj=τeθ �τð Þ þ e�jτj=τpθ τð Þ
h i

ð5Þ

using the electron beam current Ib and elemental charge e (see the
derivation details in Supplementary Note 1). At τ ¼ 0, we define
θ �0ð Þ ¼ 0 and θ þ0ð Þ ¼ 1. We introduced an excitation corre-
lation factor ξep describing the correlation between the number of

excitations of the sample (p) and scintillator (e):

ξep ¼ lim
Ne!

1
Ne
∑Ne

i¼1N
e
iN

p
i

1
Ne
∑Ne

i¼1N
e
i

� �
1
Ne
∑Ne

i¼1N
p
i

� � ¼ NeNph i
Neh i Nph i ð6Þ

Equation (5) shows that the electron-photon correlation
function is asymmetric. The decay functions in the positive
(τ>0) and negative (τ<0) time delay range directly give the
lifetime of the sample and scintillator, respectively. Since the
decay functions of the two materials are separately obtained for
τ>0 and τ<0, the scintillator lifetime does not affect the lifetime
measurement of the sample of interest.

As the detected photons and the electron that generated the
photons are always time-correlated, g 2ð Þ

ep 0ð Þ>1 is observed for any
photon state emitted from the sample, indicating no limitation in
the sample, unlike previous CL-HBT requiring clear photon
(anti-)bunching10,12. In addition, this correlation measurement
by TEPCoM provides the excitation correlation factor ξep,
formulating the strength of the correlation. If the sample and
scintillator are independently excited, ξep should be unity.
However, we keep this factor as a variable since the experimen-
tally obtained values may vary and can be used to evaluate the
correlation, which is discussed later.

Electron-photon correlation in incoherent CL. We first
demonstrate the g 2ð Þ

ep τð Þ measurement of the incoherent CL from
100 nm nanodiamond particles (NDPs, Sigma-Aldrich, USA) with

Fig. 1 Illustration of time-correlated electron and photon counting microscopy (TEPCoM). a, b Schematic diagrams of the CL-HBT system for the
photon-photon correlation measurement (a) and the proposed electron-photon correlation measurement (b). The photon-photon correlation function
g 2ð Þ
pp ðτÞ is obtained by measuring the time correlation between the generated photons using a beam splitter while the electron-photon correlation function
g 2ð Þ
ep ðτÞ provides the correlation between the photons from the sample and the excitation electrons with an electron detector. c Illustration of TEPCoM
measurement system. Emitted photons from the sample (material A) are collected through a parabolic mirror and counted by a single-photon counting
module D1. For electron detection, the scintillator (material B) converts the electrons to photons, which are counted by another single-photon counting
module D2. The signals from D1 and D2 are introduced to the start and stop channels of the correlator to obtain the time correlation function.
d–f Schematics of the photon detection time trace from the sample and scintillator, where the shaded triangles correspond to the photon bunch. A
symmetric correlation curve is obtained for the auto-correlation of each detector (d, f) as a function of time delay τ, while an asymmetric curve is obtained
for the correlation between the photon (D1) and electron (D2) detectors (e), corresponding to the lifetime of the sample and scintillator.

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01371-1 ARTICLE

COMMUNICATIONS PHYSICS |           (2023) 6:260 | https://doi.org/10.1038/s42005-023-01371-1 | www.nature.com/commsphys 3

www.nature.com/commsphys
www.nature.com/commsphys


900 nitrogen-vacancy (NV) centers per particle, which exhibit
photon-bunching12,14, as illustrated in Fig. 2a. The lifetime of these
NDP samples obtained from g 2ð Þ

pp τð Þ is τNDP � 20 ns14. We per-
formed the measurements with two scintillators with different
lifetimes as the electron-photon converters: bulk Y2SiO5:Ce (YSO)
and polyvinyl toluene-based plastic scintillator (BC400, Saint-
Gobain, France). The lifetime values are τYSO ¼ 50:5 ± 0:1 ns for
YSO and τplastic ¼ 2:89 ± 0:08 ns for the plastic scintillator (see
Supplementary Note 2 for details). Figure 2 shows the electron-
photon correlation results with asymmetric time correlation curves
with respect to τ ¼ 0, unlike symmetric bunching curves of the
conventional HBT. The exponential fittings of the positive and
negative time regimes, as shown in Fig. 2b, gave the decay time of
τneg ¼ 25:0 ± 3:7 ns and τpos ¼ 54:0 ± 6:2 ns respectively, where
the signal from the NDP sample is sent to the start channel and the
YSO scintillator signal to the stop. The decay time values in the
negative and positive regime correspond well to the lifetime values
of the photon source (NDP) and the scintillator (YSO). The
asymmetric correlation curve is flipped by switching the signals
introduced into the two channels as shown in Fig. 2c. The decay
time values also flip to τneg ¼ 49:9 ± 5:5 ns and τpos ¼ 17:7 ± 2:8 ns.

Such asymmetric and switchable behaviors with separated decays in
the negative and positive sides are in good agreement with the
prediction of Eq. (5), proving the successful electron-photon cor-
relation measurement. When the plastic scintillator with a shorter
lifetime is used, the decay time of the electron detector side is
drastically reduced, giving τneg ¼ 20:1 ± 2:2 ns and τpos ¼
2:18 ± 0:56 ns for the start as the NDP (photon detector) and stop as
the plastic scintillator (electron detector), as shown in Fig. 2d, and
τneg ¼ 3:51 ± 0:70 ns and τpos ¼ 22:0 ± 2:2 ns when the channels
are switched (Fig. 2e). The decay time value well agrees with the
lifetime of the material of each channel. These results with two
scintillators show that the emission lifetime of the scintillator does
not affect the shape of the decay curve of the sample side as expected
from Eq. (5), ensuring the applicability of TEPCoM to the lifetime
measurement. This electron-photon correlation approach is
advantageous over the conventional auto-correlation HBT setup
when applied to weak luminescent materials because photon counts
are not lost by the beam splitter and electron counting, which is the
event triggering the photon generation, does not degrade the per-
formance of photon counting.

Here, we also evaluate the excitation correlation factor ξep,
which can be calculated without any fitting by integrating the
experimentally obtained g 2ð Þ

ep τð Þ curve through the following
equation,

Z 1

�1
ðg 2ð Þ

ep τð Þ � 1Þdτ ¼ eξep

Ib
ð7Þ

ξep can be obtained independently from other fitting-based
parameters such as lifetime. The mean values obtained in Fig. 2
are ξep ¼ 0:225 ± 0:005 for the YSO scintillator and ξep ¼
0:170 ± 0:004 for the plastic scintillator. These values are smaller
than one because the detected signals are averaged over large scan
areas which include places without photon emission. When the
detection signal includes uncorrelated background signals, the
spatially averaged ξep value falls below one (see Supplementary
Note 3 and 4 for the actual scan area and background noise effect,
respectively).

To assess the feasibility of nanoscale lifetime mapping as well
as the spatial dependence of ξep, we performed electron-photon
correlation mapping, as shown in Fig. 3. We used a NDP sample
and a YSO scintillator for the mapping. The STEM bright-field
image and panchromatic CL images of the NDPs sample are
shown in Fig. 3a–c. We set the signal from the NDP sample to the
start channel and the YSO scintillator signal to the stop. g 2ð Þ

ep 0ð Þ>1,
meaning the detection of excitation electron and generated
photon pairs, is observed in most areas in the g 2ð Þ

ep 0ð Þ plot of
Fig. 3d. The fitting error (Fig. 3e) is smaller where the CL
intensity (Fig. 3c) is higher. The decay time of the negative and
positive regimes agree with the lifetime of NDP and YSO,
respectively, as shown in Fig. 3f, g. The lifetime of the YSO
scintillator, which should not depend on the electron-beam
position, is homogeneously distributed with around 50 ns values
except for the places with large errors due to low photon signals.
The result shown in Fig. 3f, g confirms the applicability of the
electron-photon correlation mapping to visualize the lifetime
distribution at the nanoscale. The excitation correlation factor ξep

is close to unity (Fig. 3h), where the NDP photon emission gives
sufficient signals compared to the dark count of the detectors or
the stray light. Indeed, in the area without photon emission, the
ξep value becomes almost zero due to dominant noise signals.
This confirms that ξep values in the results of Fig. 2 are degraded
due to signal-averaging over empty spaces. When properly
detected, ξep becomes unity for such incoherent CL without
specific correlation.

Fig. 2 Electron-photon correlation measurement in incoherent CL using
nanodiamond particles (NDPs) with two different scintillators.
a Schematic illustration of incoherent luminescence of NV centers in
diamond. The excited NV centers relax through phonon emission into
defect levels before light emission. b–e Electron-photon correlation
measurement of NDPs using YSO (long lifetime) and plastic (short lifetime)
scintillators. The exponential decay curves fitted by Eq. (5) are overlaid on
the measured results (blue) as solid red lines. Correlation curves in (b, d)
are acquired with the photon detector signal introduced to the start channel
and the electron detector signal to the stop channel. For (c, e), the start and
stop channels are switched.
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Electron-photon correlation in coherent CL. For the measure-
ment of the coherent emission, we adopt gold nanoparticles
(AuNP) with a diameter of about 200 nm, as shown in the SEM
and the panchromatic images in Fig. 4b, c. We confirmed that the
emission of AuNP is dominantly from the coherent surface
plasmons with negligible contribution from the inter-band tran-
sition (see Supplementary Note 5 for details). While incoherent
CL, as shown above for NDP with NV centers or
semiconductor12,26, loses direct information of the excitation
electrons through the relaxation process, coherent CL can con-
serve the phase relationship between excitation and radiation4,
momentum of the excitation27, and total energy of electrons and
photons28, as illustrated in Fig. 4a. Therefore, the correlation
function obtained in this section reflects the coincidence detec-
tion of electron-photon pairs which conserve coherence. The
coherent CL typically shows a significantly short lifetime com-
pared to incoherent one. For instance, AuNPs show fast decay of
its surface plasmon resonance typically in the range of 10−14 s29,
which is extremely fast and cannot be evaluated with the time
resolution of the current instrument. However, we are still able to
evaluate the correlation factor ξep from the correlation histogram
even for such fast emissions (see Supplementary Note 6 for

details). For this measurement, the YSO scintillator is used as the
electron detector. Figure 4d, e shows the correlation curves, giving
an asymmetric shape with a sharp drop/rise only on the sample
side. When the start channel is set to the photon detector (AuNP
sample) and the stop channel to the YSO electron detector
(Fig. 4d), the exponential fitting gave the decay times of τneg ¼
0:92 ± 0:92 ns and τpos ¼ 63:1 ± 10:6 in the negative (AuNP) and
positive (scintillator) time ranges, respectively. The τ-positive
side’s decay time agrees with the lifetime of YSO. For the negative
side, the measured decay time is reaching the instrument limit
(see Supplementary Note 7 for the instrument response function).
However, Eq. (5) suggests that the decay for τ<0 reasonably
reflects the surface plasmon emission lifetime. By switching the
signals introduced into the start and stop channels, as shown in
Fig. 4e, the correlation curve is flipped, resulting in decay time
values τneg ¼ 45:6 ± 6:9 ns and τpos ¼ 2:19 ± 1:10 ns. Finally, the
spatially averaged ξep value for this coherent emission was
0:478 ± 0:011, lower than unity, which is because the signal from
the vacuum regime is included in the scan similarly to the pre-
vious discussion for the incoherent CL.

The incident electron and generated photon in the coherent
process are expected to be entangled through energy and

Fig. 4 Electron-photon correlation measurement for coherent CL using
AuNPs. a Schematic illustration of coherent cathodoluminescence (CL) from
a AuNP. Fast electrons with the electromagnetic near field of optical
frequencies coherently excites an electric dipole in the AuNP. The emitted
photon and excitation electron conserve the momentum, energy, and phase.
b, c SEM and panchromatic images of AuNPs. The red squares indicate the
electron beam scan areas for the correlation measurement. d Correlation
curve with the coherent photon signal and the electron detector signal from
the YSO scintillator respectively introduced into the start and stop channels.
e Correlation curve with the switched channel configuration from (d). The
fitted curves (red) are overlaid on the raw data (blue).

Fig. 3 Electron-photon correlation mapping. Nanodiamond particles
(NDPs) and YSO are used as the sample and scintillator, respectively. The
photon signal from the NDPs is sent to the start channel and the YSO
scintillator signal to the stop. a STEM bright-field image. b Panchromatic
cathodoluminescence (CL) image of NDPs sample. c Panchromatic CL
image of the squared area in panels (a, b). d Map of g 2ð Þ

ep 0ð Þ. e Fitting error
represented by the 95% confidence interval of the g 2ð Þ

ep ð0Þ. f, g Decay
time maps of the negative and positive regimes corresponding to the
lifetimes of NDP and YSO, respectively. h The excitation correlation
function ξep. The correlation parameter mapping area is indicated as the red
square in panels (a, b). The mapping was performed with the electron
beam dwell time of 40 s at each pixel. The scale bars in panels (c–h)
correspond to 400 nm.
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momentum conservations. Since the parameter ξep describes the
correlation related to such electron and photon pairs, we can
consider that Eq. (6) is also applicable to quantum description.
Here, we discuss the pair correlation associated with entangle-
ment between electrons and photons. Assuming that only the
electron-photon scattering events are selectively detected (e.g., by
momentum selection) and that an electron is converted to an N-
photon state by the scintillator for simplicity, we can write the
detected state as

ψ
�� � ¼ 1ffiffiffiffiffiffiffiffiffiffiffi

1þ η
p ð 0j ie 0j ip þ

ffiffiffi
η

p
Nj ie 1j ipÞ; 0<η � 1

� �
ð8Þ

where η is the excitation probability of coherent CL and nj ieðpÞ is
the n-number state of the detected scintillator (sample) photon
mode. From Eq. (8), ξep ¼ 1þ 1=η>1 can be deduced, which is
consistent with the interpretation that coincident excitation
events of the sample and the scintillator favorably occur rather
than independent excitation events. In contrast, the state without
the selection, where all the electrons are detected, can be
described as

ψ0�� � ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
1þ η0

p Nj ie 0j ip þ
ffiffiffiffi
η0

p
Nj ie 1j ip

� �
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi

1þ η0
p Nj ie

0j ip þ
ffiffiffiffi
η0

p
1j ip

� � ð9Þ

which leads to ξep ¼ 1. Thus, the selective detection of the
correlated electron-photon pair, such as momentum selection, is
expected to change the correlation factor ξep.

Here, we experimentally perform momentum-selected elec-
tron-photon correlation measurements to see if the selection gives
influence on ξep. A plasmonic nanohole array with a hole
diameter of 250 nm and a hole center-center distance of 500 nm is
adopted as the sample for this measurement, as shown in Fig. 5a.
The electron diffraction patterns of the sample are shown in
Fig. 5b, c. The momentum selection in the photon detection is
achieved by inserting a mask in the light path, which limits the
emission angle within half of the upper hemisphere30, as
schematically illustrated in Fig. 5d, e. The electron momentum
selection is performed by limiting the scattering angle using an
aperture edge on the diffraction plane (see Methods and
Supplementary Note 8 for the details). The aperture is adjusted
so that the detected electron counts are the same for the two
electron detection conditions. The electron diffraction pattern
reflecting the nanohole array structure (Fig. 5c) indicates that the
electron momentum can be resolved in the scale of photon
momentum in the visible; the scattering angle of the recoiling
electron by horizontal photon emission of a wavelength of
500 nm is about 5.7 μrad. We note that the states decohere before
the detection and cannot directly show the entanglement with
this sample and the electron detector.

Applying Eq. (7) to the obtained correlation curves (Fig. 5d, e),
the excitation correlation factor for the momentum-conserved
pair is obtained as ξep ¼ 0:211 ± 0:004 and that for the non-
conserved pair as ξep ¼ 0:172 ± 0:004. The value of ξep is
enhanced by the momentum selection, which indicates that the
electron-photon correlated pair can be more effectively detected.
The smaller absolute value of ξep, compared to the previous result

Fig. 5 Momentum-resolved electron-photon correlation measurement with a silver nanohole array. a STEM bright-field image. The pitch interval of the
holes is 500 nm and the hole diameter is 250 nm. The array film consists of a 50 nm silver film deposited on a suspended 200 nm SiN membrane.
b, c Electron diffraction patterns with conventional and ultra-long camera lengths, respectively. The momentum selection is performed in the long camera
length condition with the illumination beam diameter of 7 μm. d, e Schematics and correlation curves of the (d) momentum-conserved and (e) non-
conserved) measurements performed by selecting half of the diffracted beams using an aperture edge for electron detection and by detecting the photons
emitted within the corresponding (or opposite) half of the upper hemisphere angles. The fitted curves (red) are superposed on the raw data (blue). The
momentum-conserved correlation (d) gives an enhanced correlation factor of ξep ¼ 0:211±0:004 compared to the non-conserved one (e) of
ξep ¼ 0:172±0:004. A 700 nm short-pass optical filter is inserted to avoid slight inclusion of the filament emission in the photon detection. The aperture
edge is adjusted so that the transmitted electron beam current is reduced by 70% for both electron detection conditions.
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in Fig. 4, is because only the low-angle-scattered electrons are
used in the momentum selection measurement, discarding the
high-angle scattered electrons by small features, such as atomic
potentials, which count for more than 70% of the incident
electrons. This significantly lowers the effective signal compared
to the uncorrelated backgrounds. These discarded electrons have
also excited (or possibly even more preferentially excited)
photons, resulting in a decrease of absolute ξep values, as well
as causing the g 2ð Þ

ep 0ð Þ>1 feature even in the non-momentum-
conserved detection. Portions of electrons or photons that have
transferred the momentum to the sample also become the
background signals reducing ξep, although these are equally
present in both detection conditions due to the sample symmetry.
Nevertheless, the demonstrated change of ξep through momen-
tum selection ensures an essential contribution from the
momentum-correlated electrons and photon pairs.

Electron-photon correlation using built-in scintillator sub-
strate. We have shown the electron-photon correlation, where the
sample and electron detectors are spatially separated approxi-
mately by 1 m. This requires a special STEM setup for the elec-
tron detector (Fig. 1c). As a simpler alternative, which can easily
be performed in SEM, we here demonstrate a system with the
electron detector scintillator integrated in the sample substrate,
which allows electron-photon correlation measurement by a
conventional HBT-CL setup without a dedicated electron detec-
tor. This is realized by using optical wavelength filters to energy-
separate the photons of the sample from those from the scintil-
lator. A CrPbBr3 (CPB) substrate is used as the electron detector,
and the NDPs as the measurement target are dropped on the CPB
substrate. The illustration of the setup is shown in the Fig. 6a, and
the emissions from these two materials are separable by a 550 nm
short-wavelength pass (SP) filter for CPB and a 561 nm long-
wavelength pass (LP) filter for NDP, as shown in the emission
spectra in the Fig. 6b. The lifetime of semiconductor CPB τCPB is
~1 ns31 or less, fast enough for a scintillator (see Supplementary
Note 9 for details). Figure 6c shows the measured correlation
function when the emissions from CPB is set to the start channel
and NDP to the stop. This result with an asymmetric correlation
curve demonstrates the electron-photon correlation, in the same
manner as the separated system (Figs. 2–5). The positive and
negative decay curves give τneg ¼ 1:73 ± 0:73 ns and τpos ¼
14:1 ± 2:4 ns, well corresponding to the lifetime of CPB and NDP,
respectively. These features indicate that the events of NDP and
CPB emissions excited by the same electron are selectively cap-
tured. Thus, we have shown that the electron-photon correlation
measurement can also be realized with a simpler setup based on
the conventional HBT-CL system.

Conclusions
We have proposed and successfully demonstrated time-correlated
electron and photon counting microscopy, where single coin-
cidence events of the excitation electron and generated photons
are statistically evaluated. The absence of a beam splitter in our
setup provides an advantage over conventional HBT setups when
applied to weak luminescent materials. In principle, we can
capture all electrons passing through the sample and record the
time traces of all the photons induced by the electrons. The
electron-photon correlation curve exhibits asymmetric decay
curves with the correlation value at the zero-time delay exceeding
unity for both coherent and incoherent CL. The derived analytical
formulation of the correlation function predicts that the CL
lifetime of the sample is obtained independently from the lifetime
of the scintillator of the electron detector. We confirmed this
analytical prediction experimentally by using two scintillator

materials with different lifetimes. Thus, our study provides a
theoretical framework for coincidence detection measurements of
electron-photon pairs and proposes its application for evaluating
the emission lifetime without pulsing the electron beam. This
approach is applicable to any luminescent material regardless of
the emitted photon state. By synchronizing the detection with the
electron beam scan, visualization of the emission lifetime dis-
tribution is also possible at the nanoscale far below the diffraction
limit of light. By integrating a scintillator substrate to the sample,
the electron-photon correlation measurement can be performed
without a dedicated electron detection unit. The analytical for-
mulation revealed that the electron-photon correlation provides
the excitation correlation factor ξep, which is enhanced by
momentum selection in coherent CL, demonstrating an effective
contribution of the momentum-correlated electron-photon pairs.
Such experimentally obtained correlation of the interacted elec-
tron and photon pair for the coherent CL is a concrete step
forward to the detection of their quantum entanglement, where
energy, momentum, and phase relations are conserved between
the electrons and photons. For this perspective, energy selection
of the electron would further reinforce the approach. The pre-
sented scheme of the correlation measurement sets a road map
for the future microscopy techniques selectively imaging the
interaction processes20,32 or quantum light sources33,34 as well as
for potential quantum communication design using electrons35.

Methods
Details of the instruments. The experimental TEPCoM setup is
based on a scanning transmission electron microscope (STEM)
(JEM-2000FX, JEOL, Japan) with a thermionic-emission gun

Fig. 6 Electron-photon correlation measurement using a built-in electron-
detector substrate. a Schematics of the measurement setup based on the
photon-photon correlation CL-HBT setup. Photons from the sample (NDP)
and the electron detector (CPB) are separated by the photon wavelength
using short pass (SP) and long pass (LP) filters. b The normalized spectra of
CPB (blue) and NDP (red) show that the 550 nm-SP and 561 nm-LP
effectively separate the two emission signals. c Correlation curve measured
with the start channel connected to the electron detector (CPB) and the stop
to the sample (NDP). The fitted curve (red) is overlaid on the raw data (blue).
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modified for CL detection, as schematically illustrated in Fig. 1c.
In the photon detection part, a parabolic mirror collimates the CL
emission from the sample and transfers the photons to the single
photon counting module (SPCM) (PDM, MPD, Italy). For the
electron detection part, we modify the conventional STEM
detection system so that the electron detection signals from the
scintillator, i.e. photons, are forwarded to the second SPCM. The
time correlation statistics is acquired by the correlation electro-
nics (TimeHarp260 PICO, Pico Quant, Germany) receiving the
electric pulse signals from the two SPCMs. All measurements are
performed at room temperature with an acceleration voltage of
80 kV for the experiments of Figs. 2–4, 6, and 160 kV for Fig. 5.
The error shown in this work corresponds to 95% confidence
(two-sigma) interval.

For the momentum- (angle-) resolved electron detection, we
used a dedicated electron optics setup to achieve a long camera
length (more details are in the Supplementary Note 8). The
illumination area is set to ~ 7 μm in diameter and the
illumination half angle ~ 1.5 μrad (Fig. 5c). The detection half
angle for the momentum-resolved measurement is ~ 20 μrad, and
the half of this detection disk is covered by the aperture edge to
select the momentum of a certain direction.

Data availability
All data needed to evaluate the conclusions are present in the main text and the
Supplementary Information. Other data that support the findings of this study are
available from the corresponding authors upon reasonable request.
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