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Advances in the research of interactions between ultrafast free electrons and light
have introduced a previously unknown kind of quantum matter, quantum
free-electron wavepackets1–5. So far, studies of the interactions of cavity-confined
light with quantum matter have focused on bound electron systems, such as atoms,
quantum dots and quantum circuits, which are considerably limited by their fixed
energy states, spectral range and selection rules. By contrast, quantum free-electron
wavepackets have no such limits, but so far no experiment has shown the influence of
a photonic cavity on quantum free-electron wavepackets. Here we develop a platform
for multidimensional nanoscale imaging and spectroscopy of free-electron
interactions with photonic cavities. We directly measure the cavity-photon lifetime
via a coherent free-electron probe and observe an enhancement of more than an
order of magnitude in the interaction strength relative to previous experiments of
electron–photon interactions. Our free-electron probe resolves the spatiotemporal
and energy–momentum information of the interaction. The quantum nature of the
electrons is verified by spatially mapping Rabi oscillations of the electron spectrum.
The interactions between free electrons and cavity photons could enable low-dose,
ultrafast electron microscopy of soft matter or other beam-sensitive materials. Such
interactions may also open paths towards using free electrons for quantum
information processing and quantum sensing. Future studies could achieve
free-electron strong coupling6,7, photon quantum state synthesis8 and quantum
nonlinear phenomena such as cavity electro-optomechanics9.

The ultrafast interaction between free electrons and laser pulses, mediated by evanescent light fields, has enabled the development of powerful tools for exploring femtosecond dynamics at the nanoscale1–3.
This type of interaction, known as photon-induced near-field electron
microscopy (PINEM), has been used to demonstrate the laser-driven
quantum walk of free electrons4, attosecond electron pulse trains10–12,
the transfer of angular momentum from the optical near field to free
electrons13 and the imaging of plasmons1,5 at (laser-induced) millielectronvolt energy resolution10. After the interaction, the electron splits
into a quantum superposition of states that are equally spaced by the
photon energy ħω (ħ, reduced Planck constant; ω, frequency)2–4—that
is, the electron spans a ‘ladder’ of energy levels that constitutes a novel
type of quantum matter. One could then be inspired to position such
a free electron inside a cavity with a large quality factor (Q), changing
the nature of this quantum coherent excitation in the same manner as
for bound electron systems in cavities.
In comparison with bound electrons, free electrons can interact at
higher energy scales and shorter timescales. Unlike bound electrons,
which are constrained to discrete energy levels, free electrons occupy
a continuum of energies that can be quantized in a tunable way into
the electron energy ladder. This tunability could lead to fundamental

effects in quantum nonlinear optics, quantum state synthesis and quantum correlations of electrons and photons. Nevertheless, experimental
electron–photon interactions reported so far have not shown any influence of a photonic cavity, in either enhanced interaction strength or
duration, because of intrinsic optical losses and low Q factors. In this
study, we propose a platform for nanoscale electron–cavity-photon
interactions (Fig. 1), in which we experimentally achieved the strongest
coherent electron–light interaction reported so far. The strength of the
interaction allowed us to measure the photon lifetime in the cavity via a
free-electron probe and to obtain a PINEM interaction using low pulse
energies down to the picojoule scale. We demonstrated the interaction
with a low-loss, dielectric photonic-crystal cavity, and measured a spatial analogue of free-electron Rabi oscillations as a function of position
in the photonic-crystal cavity mode. The Rabi oscillations verify the
quantum nature of electrons in our system and confirm that a purely
classical theory is not sufficient to describe light–matter interactions
in our experiment.
In addition to the time dynamics of the interaction, we are able to
resolve the photonic band structure as a function of energy, momentum
and polarization, simultaneously capturing the spatial distribution of
the cavity modes at deep-subwavelength resolution. These capabilities
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Fig. 1 | Quantum interaction of free electrons with a photonic cavity in the
UTEM. The UTEM setup offers five degrees of freedom to measure the
interactions: the delay Δt between the light pump and the electron probe, the
pump light wavelength λ and polarization ϕ, the sample tilt angle θ and the
electron spatial distribution in the x–y plane after the interaction (elaborated in
Extended Data Fig. 1). Inset, schematic of the interaction; each electron is
dressed into an infinite quantum energy ladder equally spaced by the photon
energy ħω. UV, ultraviolet; Vis-NIR, visible–near infrared.

offer multidimensional characterization of nanostructures beyond
the limits of incoherent broadening and suggest a path towards the
low-dose excitation and probing of soft matter and other fragile samples. Our results pave the way to strong coupling of free electrons with
cavity photons6,7 and to previously unknown types of electron–photon
and electron–electron entanglement6,14. The photonic density of states
in the cavity could also shape spontaneous radiation emission by free
electrons, enabling regimes of Compton scattering, free-electron lasing
and Cherenkov effects15–19. The preliminary results of this work were
presented in May 201920,21.

Results
We utilize quantum free-electron wavepackets to probe an optical cavity (specifically, a photonic-crystal membrane) with multidimensional
capabilities installed at an ultrafast transmission electron microscope
(UTEM)1,4,5,11,22 (Extended Data Fig. 1). As in other such microscopes, a
femtosecond laser pulse is split into two parts: one used to excite the
sample (pump) and the second one to generate the electron pulse
(probe) that interacts with the sample. The probe electron is used to
image the optical-field distribution in real space by electron energy
filtering (Extended Data Fig. 1a), resolving the near field of nanostructures at deep-subwavelength resolution. In our setup, we also vary
the sample tilt relative to the laser pump (Extended Data Fig. 1b) to
enable coupling to photonic cavity resonances. The resonances are fully
characterized by changing the pump laser wavelength (Extended Data
Fig. 1c) and polarization (Extended Data Fig. 1d). Using a controllable
delay time between the pump laser pulse and the probe electron pulse
(Extended Data Fig. 1e), we can image the dynamics of light confined
in the photonic cavity at ultrafast timescales. More information about
the setup is provided in Methods.
Before investigating the strength of the electron–cavity-photon
interaction, we used the electron probe to characterize our cavity,
a triangular photonic crystal (Fig. 2). First, we measured the band
structure of the photonic crystal (Fig. 2a) for both transverse magnetic
(TM) and transverse electric (TE) polarizations in the wavelength range
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Fig. 2 | Reconstruction of band structure and direct imaging of the Bloch
modes of the photonic crystal. a, Band structure measured by scanning over
incident laser angles and wavelengths. The normalized frequency is given by
c/a, where a is the periodcity of the photonic crystal. Each data point in the map
is a separate EELS measurement of the electron–light interaction at zero delay
time. The colour scale represents the interaction probability. b, Layout of the
photonic crystal and incident pump laser pulse. c, Bloch modes of the photonic
crystal measured at the angles and wavelengths marked in a (see Methods).
Scale bar, 300 nm.

525–950 nm and at incident angles of 0°–24.4° (see Methods). Our
spectral resolution was limited only by the laser linewidth of 5−10 nm
in the visible range and by our choice of a 5-nm-wavelength step size.
Our angular resolution was limited by our choice of a stage tilt step of
0.2°. The measured band structure (Fig. 2a) agrees very well with the
simulated one (Extended Data Fig. 2a), which was calculated using
the finite-difference time domain (FDTD) method (see Methods). The
measurement and simulation were performed along the Γ−Κ axis. The
slight artefacts in the measurement appeared because of a small polarization impurity in our setup (Extended Data Fig. 3e).
For every point measured in the band structure, we were able to probe
the spatial distribution of the electric field (typical examples in Fig. 2c).
The Bloch modes of the photonic crystal were measured directly by
the electron interaction with the electric-field component parallel to
the electron velocity1–3, at a deep-subwavelength resolution of ~30 nm
(Fig. 2c). Our measurement was also performed at superpositions of TE
and TM polarizations, demonstrating the rotation of the spatial distribution of the photonic-crystal Bloch modes (Extended Data Fig. 2c).
To demonstrate the quantum nature of the electrons in our system,
we recorded quantum coherent oscillations in the electron energy spectrum (Fig. 3). This observation was achieved by stretching the exciting
laser pulse to ~2 ps, focusing our electron probe to a ~35-nm-diameter
spot (Fig. 3a) and scanning over an optical Bloch mode (Fig. 3b; Methods).
This phenomenon is analogous to quantum Rabi oscillations and
free-electron Rabi oscillations4, as expected from previous work on
PINEM-related phenomena4,23. Figure 3e shows that our measured
results cannot be explained by a fully classical description (see Supplementary Note 4) of both the light and the electron (dashed lines),
in which the electron is treated as a point particle moving under the
(relativistic) Newton–Lorentz equation of motion. Instead, the data
match with theory when considering the electron as a quantum particle (solid lines).
Reassured by the quantum nature of the electrons in our system, we
measured the photon lifetime of a cavity mode directly inside the cavity
using the electrons (Fig. 4). This feat was made possible by the ultrafast
temporal resolution of our system and the relatively high quality factor
Nature | Vol 582 | 4 June 2020 | 51
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Fig. 3 | Mapping of quantum coherent electron–light interactions in a
photonic-crystal cavity mode, showing a spatial-analogue of Rabi
oscillations. a, TEM image of a hole in the photonic-crystal membrane (shown
in Fig. 2b), where the red arrow indicates the trajectory of the 35-nm electron
probe (right) used in the measurements shown in c–e. b, Energy-filtered TEM
(EFTEM) image showing the profile of the photonic-crystal Bloch mode.
c, Electron energy spectrum as a function of electron probe position x, showing
the oscillations of the occupation probability at each electron energy level.
Each spectrum is normalized to its maxima for every x position. d, Rabi phase
2|β| as a function of the position of the electron probe. The solid line is a visual
guide. e, EELS (circles) measured along the x axis at the locations marked as
(1)–(5) in d. Solid and dashed lines represent fits using the quantum theory
(equation (1)) and the classical theory (see Supplementary Note 4), respectively.
The good match of the quantum theory fit with the experimental data shows the
coherent quantum nature of the free-electron probe. Scale bars, 100 nm.

achievable in photonic-crystal modes. Figure 4a compares the electron
energy loss spectra (EELS) obtained from interactions with a high- or
low-Q photonic-crystal mode, presented as a function of the delay
between the laser and electron pulses. Depending on the lifetime of
the photon in the cavity, the spectrum exhibits typical time-symmetric
behaviour (for low Q) or time-asymmetric behaviour (for high Q)
around zero delay time. We note that the slight time–energy tilt in
Fig. 4a–b results from the electron chirp24.
To extract the photon dynamics and lifetime, we subtracted the
background of the non-interacting electrons at each time delay4,24
(see Supplementary Note 5) and thus eliminated various noise factors,
such as camera dark noise. The extracted dynamics is shown in Fig. 4b,
where the interaction time difference is visible: the high-Q spectrum is
elongated, whereas the low-Q spectrum persists only during the overlap
of the pump and probe pulses. By fitting the experimental results to
theory (comparison in Fig. 4b), we found the photon lifetime τ of the
high-Q spectrum to be approximately 340 fs and its quality factor to be
Q = πτc/λ ≈ 384 (λ, wavelength; c, speed of light in vacuum). We further
corroborated this Q value using the spectral linewidths extracted from
numerical simulations (see Supplementary Note 6).
We also confirmed the persistence of light in the cavity after the
initial excitation pulse in Fig. 4c, which presents the interaction probability as a function of delay time (the probabilities in Fig. 4c are the
sum of non-zero PINEM orders in Fig. 4b). The interaction time of the
high-Q mode (blue dots) is found to be longer than the convolution
(blue shading) of the durations of the electron and laser pulses. The
results also show that the maximal point of interaction (~40% probability) is shifted by ~207 fs, which further confirms that the total optical
energy in the cavity increases over time. Such a measurement can also
be performed in other photonic cavities, such as microspheres that
support whispering-gallery modes25.
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This high Q value leads to an enhancement in the interaction
strength of more than one order of magnitude relative to the highest
PINEM-related value reported so far26 (Fig. 5a shows the comparison).
Figure 5b presents the dependence of the interaction probability on the
incident laser pulse energy, which remains visible for pulse energies as
low as 100 pJ (2.67 μJ cm−2 fluence). The inset of Fig. 5a also shows the
total interaction probability as a function of pulse energy, revealing
a cavity enhancement of 10 compared to an aluminium film that we
measured, and an enhancement of 30 compared to a gold film reported
in the literature26.
We used recent theoretical advancements6,7 to develop a fully quantum, time-dependent theory for the interaction of an electron with a
cavity photon (see Supplementary Note 1). In our experiment, we can
assume that the photonic state is a coherent state, that is, a classical
field. At the same time, the electron is a quantum wavepacket initiated
by a single energy state. These hypotheses enable several simplifications, from which we reach the following expression (see Supplementary Note 2) that agrees well with our experimental results in Figs. 3, 4:


 Θ(t)e−t /τ  −(t /σ )2
l
Pk(E , t) = J 2k 2 β 
 ⁎ G(t − ζE , σe) ,
 ⁎e
τ





(1)

where * denotes convolution, E is the electron energy, t is the delay time
and Jk is the kth-order Bessel function of the first kind. β represents
the PINEM field3 (its modulus also connects to half the Rabi phase4
in Fig. 3), which scales roughly as the square root of the cavity
2
lifetime, showing the benefit of a high-Q cavity. The term e−(t /σ l)
accounts for the Gaussian field amplitude of the excitation laser pulse.
2
1
G(t , σ) = σ π e−(t /σ ) describes the electron pulse duration, into which
we substitute the intrinsic chirp coefficient ζ. The standard deviations
σe, σl of the electron and laser pulses, respectively, depend on the
full-width at half-maximum (FWHM) pulse durations τe, τl via
σe,l = τe,l /(2 ln2 ). Θ(t) is the Heaviside step function. We note that in
the limit τ → 0, equation (1) converges back to the conventional PINEM
theory2,3 and can also be derived directly from it (see Suplementary
Note 2). The algorithm using equation (1) to fit the experimental results
to theory is described in Supplementary Note 3.

Discussion
In summary, we directly measured the lifetime of cavity photons via a
free-electron probe and achieved coherent electron–photon interaction at picojoule pulse energies. Simultaneously, we were able to record
the complete real-space and energy–momentum-space information of
our sample. Our work will help to promote additional near-field imaging capabilities in UTEMs, such as imaging electromagnetic waves that
are deep inside27 or decay outside4 materials, without probe-induced
distortions28 (see discussion and additional references in Methods).
The substantial enhancement of the electron–photon interaction
by using large-Q cavity modes also suggests a path towards low-dose
excitation of soft matter29 and other beam-sensitive samples (for example, halide perovskites; see Fig. 5e). The low excitation dose is achieved
through the field enhancement that results from the cavity resonance
and the small number of electrons in ultrafast electron microscopy
experiments1. The high multidimensional resolution of our method
may additionally be used to explore electromagnetic structures at the
nanometre30 or even picometre31 scale, avoiding undesired collective
effects and background signals (for example, incoherent broadening)
and potentially unveiling the mysteries associated with the dynamics
of the single atoms therein31.
If the interaction strength is further increased to the level at which
few-photon states will be enough to shift the electron energy, quantum
state synthesis will be able to create new quantum optical states with
exotic photon statistics8 (see Fig. 5c, d and Supplementary Note 1).
Then, successive interactions could show considerable changes in
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(dots) and simulated (solid curve) probabilities of the electron–cavity-photon
interaction as a function of delay time, obtained from the integration over all
positive values in b at each delay time. The blue shading indicates the combined
durations of the electron and laser pulses, highlighting the asymmetric
features (top). The impulse response of the high- and the low-Q modes is
presented in red, showing an exponential decay with a lifetime of ~340 fs, as
well as a shorter lifetime, below our measurement resolution (effectively a
Dirac delta function).

the reaction of electrons to a photonic state, in a manner akin to photon blockade. A particularly promising route to increase the interaction strength is matching the electron and photon phase velocities
over long distances32. Furthermore, the strength of the interaction
between mechanical and optical modes can also be greatly enhanced

by resonators with very large Q values33, even when using nanosecond or continuous-wave light. This suggests the possible coupling of
mechanical, optical and electronic degrees of freedom in UTEMs, which
in the quantum limit would be a coupling of free electrons, photons
and phonons—that is, cavity electro-optomechanics9.
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In conclusion, much like their bound counterparts, the physics of
free electrons can be modified by their insertion into a cavity. We may
now think about free electrons as possible qubits to hold or transfer
quantum information14,34. Free-electron spontaneous emission energies
and rates may be considerably altered by the presence of the cavity's
density of states, resulting in new regimes for Compton scattering,
Cherenkov radiation and even free-electron lasing15–19. Perhaps even
the photon statistics of the emission may be engineered, producing
quantum light sources from free electrons8,19. Electron microscopy
could be further developed for quantum sensing, such that the electron–photon interaction provides indirect, non-destructive sensing
schemes for minute objects (such as molecules and proteins) placed
upon the optical cavity inside electron microscopes.

Online content
Any methods, additional references, Nature Research reporting summaries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2321-x.
1.
2.

3.
4.
5.
6.
7.
8.
9.
10.
11.

Barwick, B., Flannigan, D. J. & Zewail, A. H. Photon-induced near-field electron
microscopy. Nature 462, 902–906 (2009).
García de Abajo, F. J., Asenjo-Garcia, A. & Kociak, M. Multiphoton absorption and emission
by interaction of swift electrons with evanescent light fields. Nano Lett. 10, 1859–1863
(2010).
Park, S. T., Lin, M. & Zewail, A. H. Photon-induced near-field electron microscopy (PINEM)
theoretical and experimental. New J. Phys. 12, 123028 (2010).
Feist, A. et al. Quantum coherent optical phase modulation in an ultrafast transmission
electron microscope. Nature 521, 200–203 (2015).
Piazza, L. U. C. A. et al. Simultaneous observation of the quantization and the interference
pattern of a plasmonic near-field. Nat. Commun. 6, 6407 (2015).
Kfir, O. Entanglements of electrons and cavity-photons in the strong coupling regime.
Phys. Rev. Lett. 123, 103602 (2019).
Di Giulio, V., Kociak, M. & García de Abajo, F. J. Probing quantum optical excitations with
fast electrons. Optica 6, 1524–1534 (2019).
Brattke, S., Varcoe, B. T. H. & Walther, H. Generation of photon number states on demand
via cavity quantum electrodynamics. Phys. Rev. Lett. 86, 3534–3537 (2001).
Aspelmeyer, M., Kippenberg, T. J. & Marquardt, F. Cavity optomechanics. Rev. Mod. Phys.
86, 1391–1452 (2014).
Priebe, K. E. et al. Attosecond electron pulse trains and quantum state reconstruction in
ultrafast transmission electron microscopy. Nat. Photonics 11, 793–797 (2017).
Morimoto, Y. & Baum, P. Diffraction and microscopy with attosecond electron pulse
trains. Nat. Phys. 14, 252–256 (2018).

54 | Nature | Vol 582 | 4 June 2020

12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

Kozák, M., Schönenberger, N. & Hommelhoff, P. Ponderomotive generation and detection
of attosecond free-electron pulse trains. Phys. Rev. Lett. 120, 103203 (2018).
Vanacore, G. M. et al. Ultrafast generation and control of an electron vortex beam via
chiral plasmonic near fields. Nat. Mater. 18, 573–579 (2019).
Mechel, C. et al. Imaging the collapse of electron wave-functions: the relation to
plasmonic losses. In CLEO: QELS_Fundamental Science FF3M.6 (OSA Publishing, 2019).
Friedman, A., Gover, A., Kurizki, G., Ruschin, S. & Yariv, A. Spontaneous and stimulated
emission from quasifree electrons. Rev. Mod. Phys. 60, 471–535 (1988).
Garcıía de Abajo, F. J. Multiple excitation of confined graphene plasmons by single free
electrons. ACS Nano 7, 11409–11419 (2013).
Schächter, L. Beam-Wave Interaction in Periodic and Quasi-Periodic Structures (Springer,
2013).
Roques-Carmes, C., Rivera, N., Joannopoulos, J. D., Soljačić, M. & Kaminer, I.
Nonperturbative quantum electrodynamics in the Cherenkov effect. Phys. Rev. X 8,
041013 (2018).
Rivera, N., Wong, L. J., Joannopoulos, J. D., Soljačić, M. & Kaminer, I. Light emission based
on nanophotonic vacuum forces. Nat. Phys. 15, 1284–1289 (2019).
Wang K. et al. Transmission nearfield optical microscopy (TNOM) of photonic crystal
Bloch modes. In CLEO: QELS_Fundamental Science JTh5B.9 (OSA Publishing, 2019).
Wang, K. et al. Coherent interaction between free electrons and cavity photons. Preprint
at https://arxiv.org/abs/1908.06206 (2019).
Pomarico, E. et al. meV resolution in laser-assisted energy-filtered transmission electron
microscopy. ACS Photonics 5, 759–764 (2018).
Vanacore, G. M. et al. Attosecond coherent control of free-electron wave functions using
semi-infinite light fields. Nat. Commun. 9, 2694 (2018); correction 10, 1069 (2019).
Park, S. T., Kwon, O.-H. & Zewail, A. H. Chirped imaging pulses in four-dimensional
electron microscopy: femtosecond pulsed hole burning. New J. Phys. 14, 053046 (2012).
Kfir, O. et al. Controlling free electrons with optical whispering-gallery modes. Nature
https://doi.org/10.1038/s41586-020-2320-y (2020).
Liu, H., Baskin, J. S. & Zewail, A. H. Infrared PINEM developed by diffraction in 4D UEM.
Proc. Natl Acad. Sci. USA 113, 2041–2046 (2016).
Lummen, T. T. et al. Imaging and controlling plasmonic interference fields at buried
interfaces. Nat. Commun. 7, 13156 (2016).
Rotenberg, N. & Kuipers, L. Mapping nanoscale light fields. Nat. Photonics 8, 919–926
(2014).
VandenBussche, E. J. & Flannigan, D. J. Reducing radiation damage in soft matter with
femtosecond-timed single-electron packets. Nano Lett. 19, 6687–6694 (2019).
Cognée, K. G. et al. Mapping complex mode volumes with cavity perturbation theory.
Optica 6, 269–273 (2019).
Benz, F. et al. Single-molecule optomechanics in “picocavities”. Science 354, 726–729
(2016).
Nehemia, S. et al. Observation of the stimulated quantum Cherenkov effect. Preprint at
https://arxiv.org/abs/1909.00757 (2019).
Carmon, T. & Vahala, K. J. Modal spectroscopy of optoexcited vibrations of a
micron-scale on-chip resonator at greater than 1 GHz frequency. Phys. Rev. Lett. 98,
123901 (2007).
Reinhardt, O., Mechel, C., Lynch, M. & Kaminer, I. Free electron qubits. In CLEO: QELS_
Fundamental Science FF1F.6 (OSA Publishing, 2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
© The Author(s), under exclusive licence to Springer Nature Limited 2020

Methods
Ultrafast electron microscopy
The experiments were performed on a UTEM that is based on a JEOL
JEM-2100 Plus TEM with a LaB6 electron gun and an acceleration voltage
varying from 40 kV to 200 kV (schematic in Fig. 1). The UTEM1,4,5,11,22,35,36
is a pump–probe setup that uses femtosecond light pulses to excite the
sample and ultrafast electron pulses to probe the sample’s transient
state. To this end, a 1,030-nm, ~220-fs laser (Carbide, Light Conversion)
operating at 1 MHz repetition rate is split into two pulses. The first pulse
is converted to ultraviolet light via two stages of second-harmonic
generation and is then guided to the TEM cathode by an aluminium
mirror inserted in the TEM column. This process generates ultrafast
electron pulses. These electron pulses travel along the z axis, penetrate
the sample and provide the imaging. The second pulse is converted
into variable wavelengths (and shorter pulse durations) by an optical parametric amplifier (OPA) for pumping the sample. This pulse is
then guided by an additional aluminium mirror in the TEM column and
impinges on the sample from the top with a small angle of ~4.4° relative to the z axis in the x–z plane. The delay time between the electron
pulse and the OPA pulse is controlled by a motorized stage. The Si3N4
photonic-crystal sample (Ted Pella, Pelco #21588-10; see Extended
Data Fig. 2b) is installed on a double-tilt TEM sample holder that allows
tilting around the x and y axes at angles from −20° to 20°. To analyse
the electron energy spectrum after the interaction, a post-column
EELS system (Gatan) is installed in the TEM. This system also provides
the energy-filtered TEM (EFTEM) capability of the EELS system for
real-space imaging. The inclusion of all the above multidimensional
capabilities in one setup is extremely useful for full characterization
of nanoscale objects, for example, alleviating risks of losing the region
of interest during the transfer of the sample between setups.
Band structure reconstruction
To map the band structure, we operated the UTEM in TEM mode at
80 keV electron energy and parallel illumination. The EELS are collected
over a range of wavelengths from 525 nm to 950 nm and incident angles
from 0° to 24.4° with a zero-loss peak at ~1.1 eV. Each measured EELS
is centred and normalized to a probability of 1 to reduce noise from
fluctuations in the electron current (Extended Data Fig. 3a). Then,
the interaction probability with the optical near field is calculated by
integrating the electron energy spectra outside a range that is twice
the FWHM of the zero-loss peak (Extended Data Fig. 3b–d).
Spatial-analogue Rabi oscillations
This phenomenon requires each electron to interact with a relatively
homogeneous light field in both time and space. Therefore, we focused
the electron beam (200 keV) to a deep subwavelength spot (~35 nm
diameter, operating at the convergent-beam electron diffraction
mode of the TEM) and stretched the pump laser pulses to ~2.0 ps using
a 1.6-cm-thick ZnSe2 plate (pulse duration measured by an autocorrelator). The photonic crystal was installed on the TEM holder, with
the holder’s x axis corresponding to the Γ–M direction of the photonic
crystal. Then the sample was tilted by 15.2° along the x axis, allowing a
laser incident angle of 19.6°. The pump laser pulses were TM-polarized
and had 0.5 mW power, 500 kHz repetition rate and a wavelength of
764 nm. To avoid a sample drift by heating, the laser was kept on during
the entire measurement. The electron probe’s position was controlled
by the deflectors of the electron microscope (beam shift knobs).
Cavity-photon lifetime and field enhancement
The EELS are collected as a function of delay time with 200-keV electrons in TEM mode. We measured the reference zero-loss peak by
probing the photonic-crystal sample with the electron pulse a few
picoseconds before the laser excitation. This reference zero-loss
peak is used as the background of the non-interacting electrons in

the time-resolved EELS map (Fig. 4a). After subtracting the zero-loss
electrons, the time-resolved difference map was obtained (Fig. 4b). The
field enhancement (Fig. 5a) was measured by comparing the maximal
achieved electron interaction strength for a photonic-crystal mode to
the laser excitation of an evaporated aluminium film (Ted Pella, Pelco
Product #619) used as a reference sample.

FDTD simulations
The band structure of the photonic crystal was simulated by the
three-dimensional FDTD method using Lumerical FDTD software. We
modelled the photonic-crystal structure as illustrated in Fig. 2c and
used a plane-wave illumination source, imitating our experimental
conditions. This source was placed above the photonic crystal using
the broadband fixed-angle source technique, covering the entire unit
cell. The temporal response of the system was recorded by time monitors inside the photonic-crystal membrane and then converted to the
frequency domain via fast Fourier transform. The band structure, consisting of the frequency response over a range of incident angles, was
fully mapped by a series of simulations with the source at different tilt
angles. The TM/TE mode response was obtained by changing the light
source to either p or s polarization.
Such simulations can also be used to obtain the theoretical Bloch
mode profiles at each frequency and angle. Extended Data Fig. 2d presents some typical mode profiles that correspond well to the experimental ones in Fig. 2c.
Imaging photonic-crystal Bloch modes
We used EFTEM at 200 keV to image the light field with
deep-subwavelength resolution while providing sufficient electrons
that penetrate the Si3N4 membrane. The images were acquired in EFTEM
mode using a slit in the energy spectrum with width ~10 eV and centred at −10 eV (energy gain side; see Extended Data Fig. 1a). To reduce
the contribution of scattered electrons, an objective aperture was
applied during image exposure. We found a count loss of approximately
87.5% for electrons that penetrate the Si3N4 membrane compared to
electrons that move through the holes. To show the light field in the
photonic-crystal membrane more clearly, post-image processing was
performed to enhance the contrast of the image in the membrane area
(see the following section). Consequently, the signal-to-noise ratio was
lower in the membrane area.
Photonic Bloch modes were previously imaged in photonic lattices37,38 above the diffraction limit, or by observing the local density
of states with near-field probes on photonic-crystal waveguides39,40
and slabs41,42. Our method possesses the characterization abilities
of different near-field setups in space28,39–41,43,44, time28,45–49, energy–
momentum space42,50–53 and polarization42,54, as well as combinations
thereof41,42,46,54–57. In this respect, our work20,21 has been developed in
parallel with other efforts58,59 to pursue the integration of all the above
capabilities at a comparable or better resolution than the current state
of the art.
Post-image processing of photonic-crystal Bloch modes
This section presents an example of the image processing applied on
each acquired image. A raw image acquired by EFTEM is presented in
Extended Data Fig. 4a, showing a typical photonic-crystal Bloch mode
(Fig. 2c, image 1). Such raw images need to be post-processed because
changes in the sample tilt angle and the electron transmission may
cause image distortion and contrast issues. We applied three major
processing steps: (1) geometric corrections for the sample tilt; (2) image
cropping for a better presentation of the Bloch mode features; and (3)
contrast balancing between the holes and the Si3N4 membrane.
The first step included contrast increase in the raw image by adjusting
the image intensity map, enabling better results of the image binarizing
process using adaptive thresholding (Extended Data Fig. 4b). Next,
the binarized image was analysed using a circular Hough transform
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to obtain the central coordinates and true radii of the holes (Extended
Data Fig. 4c). From the obtained hole positions, we defined the (moving)
control points on the raw image (green dots on the left of Extended Data
Fig. 4d), as well as the (fixed) control points on a reference undistorted
image (green dots on the right of Extended Data Fig. 4d). By matching
the shifted control points with the fixed ones (green lines on the right
of Extended Data Fig. 4d), one can find the geometric distortion using
image registration. This geometric distortion is represented by a 3 × 3
transformation matrix, according to which the image was realigned
(Extended Data Fig. 4e).
After correcting the geometric distortion of the raw image, we
cropped the image to show a single unit cell (Extended Data Fig. 4f).
The coordinates used for cropping were also inferred from the hole
positions. In the final part of image processing, an image mask was
used to sort pixels of the cropped image into hole pixels and membrane
pixels (Extended Data Fig. 4g). This mask was obtained by comparing it
to a binarized reference image of the same area of the sample. Extended
Data Fig. 4g shows the images of the holes and the membrane. Finally,
the contrast of the pixels in the membrane area can be enhanced relative to the hole areas by quantifying the relative electron transmission
probability. The contrast was enhanced to match that of the holes, and
both parts were combined to obtain a final image of a Bloch mode.

Data availablity
The data supporting the findings of this study are available from the
corresponding author upon reasonable request.
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Extended Data Fig. 1 | Ultrafast TEM for multidimensional spectroscopy
(space, momentum, energy, polarization and time). a, Electron microscopy
images of a photonic-crystal membrane used for proof-of-concept
demonstrations throughout this work. Imaging of matter and light fields with
the electron energy filter disabled (left) and enabled (right). The middle plot
shows a typical EELS; energy-filtered electrons used for imaging are marked by
the blue shaded area. Scale bar, 300 nm. b, Multiple EELS over a range of sample

tilt angles, showing the angle-resolving capability of the technique; the bottom
plane displays an angle-resolved EELS map assembled from individual spectra.
c, EELS map showing the capability of mapping the electron–photon
interaction for a range of wavelengths. d, Snapshots showing the capability of
imaging excitations of different incident light polarizations. e, Multiple EELS
showing the femtosecond time resolution of the interaction; the bottom plane
displays a time-resolved EELS map assembled from individual spectra.
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Extended Data Fig. 2 | Comparison between simulations and
measurements of photonic-crystal band stuctures and images of Bloch
modes, also showing the polarization control of Bloch modes. a, Simulated
band structure (upper panel) by the FDTD method (see Methods) matching the
measured band structure (lower panel; same as Fig. 2a). b, Illustration of the
photonic crystal on a 200-nm-thick Si3N4 membrane. c, Measured (top) and

FDTD-simulated (bottom) photonic-crystal Bloch mode images rotating with
the polarization direction (double arrows) at normal incidence and 730 nm
wavelength (points 1 and 6 in a). d, Simulated images (top) of photonic-crystal
Bloch modes corresponding to experimental ones (lower panel; same as
→
v̂ is the unit vector of the
Fig. 2c), where E is the electric field of the light and v
electron velocity. Scale bars, 300 nm.

Extended Data Fig. 3 | EELS alignment and reconstruction of the
photonic-crystal band structure from a series of EELS measurements.
a, Example of an EELS map before (left) and after (right) alignment of the
zero-loss peak (after normalizing the total probability to 1). The drift of the
spectra along the x axis may occur because of magnetic fluctuations, and it was
corrected by tracking the position of the zero-loss peak in each spectrum.
b, Examples of EELS maps as a function of angle, collected at excitation
wavelengths of 895 nm, 900 nm, 905 nm and 910 nm, showing that the location
of a resonance peak shifts from ~12° to ~17°. The double arrows indicate the
integration energy range used to extract the signal, which was chosen to
exclude the contribution from the zero-loss peak and was defined as twice the
FWHM of the zero-loss peak. c, Curves showing the electron–photon
interaction probability as a function of incident angle, obtained from the

integration of the EELS angle maps along the energy axis. The triangles indicate
the peak shift as a function of wavelength. d, Band structure reconstructed
from a series of measurements. The dashed box indicates the pixels shown in
the other panels. e, Artefacts in the measured photonic-crystal band structure.
The polarization impurity in the laser pulse excitation causes a partial mix of
the TM and TE bands. The dashed boxes indicate artefacts in each polarization.
The TM (pink) and TE (green) band structures are equivalent to the data
presented in Fig. 2a. To illustrate that the artefacts stem from mixed
polarization, we overlaid the TE bands (light green) on the TM bands in the left
panel. The regions (A1–A3) where the light green mixes with pink indicate the
existence of TE polarization in the TM band structure. Similar regions (A4–A6)
were also found in the TE band structure.
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Extended Data Fig. 4 | Image post-processing revealing the optical-field
distribution of a single photonic-crystal unit cell. a, Raw image captured by
the camera in greyscale. b, Black and white image binarized by adaptive
thresholding, showing the features of the etched holes in the photonic-crystal
membrane. c, The photonic-crystal holes are recognized by machine vision
using the circular Hough transform. d, Calculation of the geometric distortion.

The control points in the red grids are generated from the recognized hole
centres. The green lines indicate the control point pairs used for image
registration. e, Aligned image recovered from the geometric distortion.
f, Cropped image. g, Contrast adjustment on selected image areas: recovery of
the field amplitude by normalizing the electron current in the Si3N4 membrane
relative to the holes.

