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Integrated photonics facilitates extensive control over fundamental light-matter
interactions in manifold quantum systems including atoms’, trapped ions®?,
quantum dots*and defect centres®. Ultrafast electron microscopy has recently

made free-electron beams the subject of laser-based quantum manipulation and

characterization

attosecond electron pulses
Chip-based photonics

¢ enabling the observation of free-electron quantum walks

12-14
,

101517 and holographic electromagnetic imaging'.

1920 hromises unique applications in nanoscale quantum

control and sensing but remains to be realized in electron microscopy. Here we
merge integrated photonics with electron microscopy, demonstrating coherent
phase modulation of a continuous electron beam using a silicon nitride
microresonator. The high-finesse (Q, = 10°) cavity enhancement and a waveguide
designed for phase matching lead to efficient electron-light scattering at extremely
low, continuous-wave optical powers. Specifically, we fully deplete the initial
electron state at a cavity-coupled power of only 5.35 microwatts and generate
>500 electron energy sidebands for several milliwatts. Moreover, we probe
unidirectional intracavity fields with microelectronvolt resolutionin electron-
energy-gain spectroscopy®. The fibre-coupled photonic structures feature
single-optical-mode electron-light interaction with full control over the input and
output light. This approach establishes a versatile and highly efficient framework
for enhanced electron beam control in the context of laser phase plates?, beam
modulators and continuous-wave attosecond pulse trains?, resonantly enhanced

spectroscopy?*2

universal platform for exploring free-electron quantum optics

and dielectric laser acceleration®®?*¥. Our work introduces a

28731 with potential

future developmentsin strong coupling, local quantum probing and electron-
photon entanglement.

Therapid advancement of electron microscopy epitomizes our grow-
ing ability to characterize the structure and function of nanoscale
materials, devices and biological systems. Beyond stationary imaging,
the advent of in situ and time-resolved electron microscopy allows
for the observation of transient phenomena and non-equilibrium
dynamics® ™, In the form of photon-induced near-field electron
microscopy (PINEM)®, ultrafast transmission electron microscopy
(UTEM) permits quantitative, high-resolutionimaging of nano-optical
fields”*¢38, The underlying mechanism involves energy transfer
between localized optical excitations and free electrons, modifying
the state of the electron by generating discrete photonsidebandsina
process termed stimulated inelastic electron-light scattering (IELS).
The corresponding longitudinal phase modulation of the electronic

wavefunction at optical frequenciesis quantum-coherentin nature®?,

and thus can be used for the coherent control of electron quantum
statesin space®™***° and time'>'*", Recent theoretical works suggest
that such modulated electron beams enable an electron-mediated
transfer of optical coherence, predicting the generation of coherent
cathodoluminescence, the resonant excitation of two-level systems
and superradiance from sequential electrons®***** These develop-
ments create opportunities for acloserintegration of electron micros-
copy with coherent optical spectroscopy, based on local quantum
control and enhanced sensing. Harnessing coherent electron-light
interactions for scientific and technological applications is, how-
ever, hampered by its usual limitation to the ultrafast regime. Recent
works implemented IELS***, a ponderomotive laser phase plate*?and
an attosecond modulator? at high continuous-wave powers. Low
coupling efficiencies and structural damage have thus far limited
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Fig.1|Principle of continuous-wave photonic-chip-based optical phase
modulation of free-electronbeams. a, Rendering of the experimental set-up,
including the electron microscope and afibre-coupled Si;N,
photonic-chip-based microresonator. Inset: magnified interactionregion with
theelectron beam passing the microresonator. CW, continuous wave; PD,
photodiode. b, Left: during interaction with the laser-driven cavity mode, the
initially narrow electron spectrum (black) develops discrete sidebands at
integer multiples of the photon energy (red). Right:inacQED depiction, the
cavity photonsinduce transitions between the free-electron energy ladder
states. ¢, Photograph of the fibre-coupled Si;N, photonic chip mountedona
customized TEM holder. The triangular-shaped chip edge minimizes undesired
electron-substrate interactions (the insetimage shows the optical fibre glued
totheinputwaveguide). d, Optical microscope image of the photonic chip

inelastic scattering to weak interactions. Despite the use of phase
matching and resonant amplification in dielectric laser accelerators®,
prismgeometries*** or free-space coupled whispering-gallery-mode
microresonators*®, achieving strong phase modulation of an electron
beam has remained out of reach of regular electron microscopes.
Here, we overcome this challenge and demonstrate highly effi-
cient electron-photon interactions in the continuous-wave regime
using an electron microscope and photonicintegrated circuits based
on Si;N,. Our set-up (Fig. 1) allows an electron beam to interact
withthe copropagating evanescent field of amicroresonator waveguide
inthe object plane of a transmission electron microscope (TEM).

Free-electron—-cavity photoninteraction
The electron-photon interaction at the photonic chip (schematicin
Fig.1) is described by the Hamiltonian®®% (see derivation in the Sup-
plementary Information)
€ S ALA.ov= o AR +ath
Hine=>5 (D-A+A-P)=hg,ab +hg;a'b. @
While the length gauge is usually chosen for localized quantum sys-
temsin cavity quantum electrodynamics (cQED)*, the above velocity
gauge is a natural choice for free electrons at finite momentum p in
an electromagnetic field with vector potential A. The interaction
between the optical mode (4, a": annihilation/creation operator) and
A AT
anelectron (b, b :electron-energy ladder operators, see Supplemen-

tary Information) is characterized by the vacuum coupling rate g,
(refs. %), determined by the mode distribution and the matching of

electron group and optical phase velocities:
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showing the bus waveguide and the microresonator. The electronbeam (green
path, nottoscale) traverses the microresonator parallel to the chip surface.

e, Frequency-dependent effective index (n.) of the fundamental quasi-TM
microresonator mode (orange). The integrated on-chip platformallows for
phase matching tobe achieved at different electron kinetic energies (blue, 90—
145keV) either by changing the dimensions of the Si;N, waveguide or operating
at different optical frequencies. For the waveguide shownin f, phase matching
isachieved between the optical mode at-193.5 THz (dashed orange

line, corresponding to awavelength of -1,550 nm) and the free electrons at
~115keV (dashed blue line). W, width; H, height. f, FEM simulation of the

E, distribution of the fundamental quasi-TM mode of the microresonator (the
greendotis anexemplaryelectrontrajectory pointinginto the page).
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Here, eis the electron charge, v, the electron group velocity, € the
optical permittivity, w the angular frequency and V the effective optical
mode volume. The phase matching condition is manifested in the coef-
ficientn = [ dze **KZu(z)/L defined by the optical mode profile function
u(z) describingtheelectric field component along the electrontrajectory,
linked to the vector potentialby A= A(2) = ﬁ (u(z)a+u*(z)a",and
the electron wavenumber change Ak = w/v, upon photon absorption
and emission®*°, The scattering matrix, summarizing the effect
of the interaction on both the electron and the cavity, is given by
S=exp(-i gonil;r -i gBT&TE ¥8. Anempty cavity, therefore, facilitates
electron-driven photon generation®***2in a spontaneous Cherenkov
or Smith-Purcell-like process®’, with coherence properties character-
istic of transition radiation and so-called coherent cathodolumines-
cence™. Populated by a coherent state|a) from alaser, the free-electron-
photoninteraction reduces to a dimensionless coupling parameter
g=itag, where|a|*=n_ isthe meanintracavity photon number, 7=L/v, is
the electron’s transit time over the interaction region L, and the scat-
tering operator becomesadisplacement operator actingontheelectron
state’?. Theinteraction produces electron energy sidebands separated
from the initial energy £, by integer multiples of the photon energy
Nhw (N € Z, where Nis the photon order), with populations P, following
the Bessel functions of the firstkind, Py=/,(2|g])? (refs.’>*°). Ina position
representation, theinteractionimprints a sinusoidal phase modulation
onto the electron wavefunction®®, which upon dispersive propagation
will result in a density modulation of the electron beam'®'¢",
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Fig.2|Simultaneous optical and electron spectroscopy ofahigh-Q
microresonator mode. a, A continuous-wave laser was used to excite the
quasi-TM mode of the Si;N, microresonator by using a polarization controller
(PC). Therelative optical frequency was calibrated by imparting sidebands
(2 GHz) viaanelectro-optic phase modulator (EOM). The total transmitted
and back-reflected light was detected to calibrate the power coupled into the
clockwise propagating mode. CIR, circulator; OSC, oscilloscope; RF,
radio-frequency synthesizer.b, Normalized transmission scan of the
microresonator quasi-TM mode measured outside the TEM witha Qfactor of
~0.77 x10° (ko/2mt =112 MHz, external coupling loss rate k,/21t=139 MHz) and a

Chip-basedintegrated photonics platform

Tofacilitate high interaction strengths, we use photonic chip-based Si;N,
microresonators, a platform with many important features, including
radiation hardness, high power handling®, extremely low propagation
losses (below1dB m™at1,550 nm)** and flexibility, to engineer dispersion
for phase matching. The chip was fabricated using the photonic Dama-
scene process**” (Methods) without top oxide cladding to allow for effi-
cient free-electron-lightinteractions withthe evanescent field. The ring
microresonator of 20 umradiusis coupled toabuswaveguide and placed
close to a triangular edge of the chip to minimize undesired electron-
substrate interactions (Fig. 1d and Methods). For operation in the TEM,
the photonic structure was packaged via ultrahigh numerical aperture
(UHNA) fibres (Fig.1cand Methods). The Si;N, microresonators employed
here enable phase matchingat different electron energies by modifying
the waveguide geometry (Fig. 1e); various established integrated plat-
forms could further extend the phase matching range in terms of the
electronenergy and optical frequency (see Supplementary Information).

In the current study, we designed a ring microresonator
(cross-section: 2 um x 650 nm) to provide phase matching at an optical
frequency of 193 THz (wavelength A = 1,549 nm) for a target electron
energy of 115 keV. Figure 1f shows a finite-element method (FEM, Meth-
ods) simulation of the quasi-transverse magnetic (quasi-TM) mode
profileinterms of its major contributing field component £,along the
electron propagation direction. Owing to the small mode area and
considerable evanescent field component, we predict a vacuum cou-
pling rate of g,/2m = 10" Hz over an interaction time of 7=10"s
(L=19 pm). The microresonator’s high Qfactor facilitates a unity cou-
pling constant g=1(the coupling constant gis acomplex number; for
simplicity, we use gin place of|g|hereafter) at a coupled optical power
of P=nhwk=1uW, where k/21t=390 MHz is the measured cavity decay
rate inside the electron microscope (the intrinsic Q factor of
Q,~0.74 x10°was slightly degraded in the microscope, see Methods).

Coupled optical power to clockwise mode (mW)

Detuning energy (peV)

freespectralrange of ~1.090 THz (see Methods for in situ optical
characterization). ¢, Simultaneously measured optical transmission at the
outputwaveguide (top) and |g|*retrieved from the electron energy spectra
(bottom) while the electron beaminteracted with the evanescent cavity field.
The measured |g|* trace follows the power coupled to the clockwise mode; a
slight splitting is present due to modal coupling. FWHM, full-width at
half-maximum.d, Example electron energy spectra for low (top; g= 0 (black),
g~3.5(red)andg~ 6.7 (blue)) and high (bottom, g~125) optical powers. e, |g|?
varieslinearly with the optical power coupled to the clockwise mode of the
cavity (slope: |g|*=P/3.70 uW). a.u., arbitrary units.

Combined optical and electron spectroscopy

In the experiments, the fibre-coupled microresonator is driven by a
1,550 nm continuous-wave laser via the bus waveguide. It is mounted
on a customized sample holder and placed in the object plane of the
field-emission TEM (Fig. 1a and Methods). Parallel to the surface,
the electron beam passes the waveguide and interacts with the con-
fined optical mode (inset in Fig. 1a). After traversing the structure,
the electron kinetic energy distribution is characterized with an
imaging electron spectrometer in two different ways. Specifically,
high-dispersion electron energy spectra are recorded by position-
ing a sharply focused electron beam in front of the microresonator.
Alternatively, energy-filtered TEM using a collimated beam is used to
image the interaction across the entire cavity mode in the near field.
Whereas the former yields electron spectra for varying experimental
parameters (Fig. 2), the latter enables imaging of individual sideband
populations with high spatial resolution (Figs. 3 and 4).
Wefirstinvestigate the strength of gusing afocused electron probe,
recording electron spectra while scanning the laser over aresonance
employing the set-up depicted in Fig. 2a. The transmission spectrum,
displayedinFig.2b, shows the quasi-TM microresonator modes spaced
by a free spectral range 0f 1.090 THz. Figure 2¢ shows simultaneous
optical and in situ electron spectroscopy of the laser-excited mode.
An electro-optical modulator (driven at 2.0 GHz) is used to gener-
ate sidebands that can be observed in the transmission spectrum to
calibrate the optical frequency. The laser is tuned to a single optical
mode at ~1,549.4 nm (x/2m = 390 MHz, Methods) and the focused
electron beam (120 keV beam energy, 25 nm focal spot size, 1 mrad
convergence semi-angle) is centred just above the surface of the micro-
resonator (Fig. 3) to record electron spectra for a stationary beam.
Harnessing the high-Q intracavity enhancement, we observe strong
populations Pyin multiple N, reaching the regime of strong phase modu-
lation for a continuous laser light source and electron beam (Fig. 2d).
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Fig.3|High-resolution hyperspectralimaging of the quasi-TM
microresonator mode. a, Spatial map of gat phase matching (115 keV electron
energy) withalnmimageresolution.b, Exemplary electronspectrumretrieved
fromthe energy-filtered spatial map (positionindicatedbyacrossind).

Theseresultsrelate to sideband generationin arecent experiment using
semi-transparentmembranes®andastudy employingdielectricgratings
posted at the same time as our work ™. The coupling parameter gis
retrieved from the spectra (Methods), whereas the optical power
coupled to the clockwise-propagating mode is determined from the
recorded optical transmission and reflection data (Fig. 2e). We observe
theexpected linear dependence |g|*>=P/3.70 pW of the coupling on the
in-coupled clockwise optical power. From this, we find that an optical
power of 5.35 uWis required to suppress the electron zero-energy-loss
peakatg=1.2,and avalue of g=40 for an optical power of about 6 mW.
Forapower of -38 mW inthe bus waveguide, we generate >500 photon
sidebands (g=125, Fig.2d). While state-of-the-art dielectriclaser acceler-
atorsachieve the highest peak acceleration gradients for sub-relativistic
electron beams using femtosecond lasers'*®, our approach enables
continuous acceleration of microbunched electron beams'®* with a
gradient of 330 keV m™ per milliwatt of optical power. In terms of the
input peak power required, thisis animprovement in efficiency of four
orders of magnitude over free-space coupled dielectric structures**%,

Representing a particular strength of the approach introduced
here, integrated photonics permits the controlled interaction with
asingle optical mode, as described in the following. The spectral line
shape of the resonance is analysed by simultaneously recording the

Distance (z) (nm)

¢, N-dependentsideband population as afunction of the distance 2 to the chip
surface.d, Energy-filteredimages of selected N (indicated). Theenergy
window has awidth of 800 meV and the position of the microresonator is
indicatedingrey.

transmitted optical power and extracting g for varying frequency
detuning (Fig. 2c). The optical transmission trace, formed by the
interference of the input light with the light coupled out from the
clockwise-propagating resonator mode, exhibits a full-width at
half-maximum of 560 MHz (total line width /21 =390 MHz, Supple-
mentary Information). Interestingly, the electron spectra, which are
sensitive only to the intracavity power stored inthe clockwise-rotating,
copropagating optical mode, display adouble-peaked structure origi-
nating from coupling the power to the frequency-degenerate coun-
terclockwise mode®. The differencesin width and shape between the
optical and electron spectroscopic measurements are explained by
the interference in the optical transmission channel with the input
field, and both curves can be fitted consistently in one model as pre-
sentedinthe Supplementary Information (Supplementary Figs.1and
2). These data demonstrate continuous-wave electron energy gain
spectroscopy®"*® at an extraordinarily narrow spectral feature of only
3.2 peVinwidth (full-width at half-maximum; 1 eV peak separation).

Mode imaging and phase matching

The implementation of chip-based high-Q optical microresonators
as efficient electron phase modulators requires insights into the
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Fig.4 |Phase matching and Ramsey-typeinterference.a, Geometry (side
view) of the electron beam passing the photonic chip and interacting with the
quasi-TM microresonator mode. The double interaction and phase shifts
betweenthelightandelectronwaveled toacharacteristic spatial distribution
of gdueto Ramsey-typeinterference. b, Comparison of experimental (red
crosses, see ¢) and numerically simulated (blue line, see d) maximumgasa
functionoftheelectronkineticenergy. ¢, Quantitative gmaps for variable
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electron energies, showingthe spatial distribution and amplitude of the
electron-lightinteraction. The radial position of the Si;N, waveguide is
indicated.d, Numerical simulation of gas afunction of electron energy and
lateral position justabove the surface. The white dots overlay the
experimentally observed minimaretrieved from ¢ (80-200kV electron beam
energies, the waveguide positions are marked by white lines).



real-space scattering distribution. Employing a collimated electron
beam and an imaging energy filter (800 meV energy pass band), we
record spatial maps of Py (Fig. 3d, Methods). A photon-order resolved
spectrumis extracted for each image pixel (Fig.3b), and gis retrieved
with alnm spatial resolution (Fig. 3a). Using a continuous electron
beam circumvents previously encountered signal-to-noise ratio limi-
tations in PINEM at about 3-4 orders of magnitude lower flux. The
distance-dependent sideband occupations (Fig. 3¢) reveal a strong
and high-contrast modulation, indicating the absence of spatial and
temporal averaging. We note that IELS is typically accompanied by
a three-dimensional momentum transfer®"; however, in the current
experiment, these transverse deflections did not limit the resolution
forin-focus imaging (Supplementary Information).

The microresonator waveguide was designed to match the phase
velocity of the excited optical mode with the group velocity of electrons
atanenergy of around 115 keV. Figure 4 shows the spatial pattern of the
electron-light coupling near the ring-shaped microresonator (Fig. 4a).
Theelectron-energy-dependent near-field mapsreveal an oscillatory
modulation of galong the chip surface (Fig. 4c) and an amplitude
change with electron energy (Fig. 4b). At phase matching, the spatial
distribution of g closely resembles the electric field configuration of
the excited quasi-TM mode (Fig. 3a), and the most efficient coupling
isachieved forabeam passing the periphery of thering (tangent line).
Trajectories closer to the centre of the microresonator (secant line) are
governed by two sequential interactions with the microresonator mode.
This results in Ramsey-type constructive or destructive interference
that depends on the relative phase of both individual interactions®.

Numerical FEM simulations of the optical mode profile (Fig.4d, Meth-
ods), considering the electron trajectory through the near field and the
microresonator power enhancement, closely reproduce the experi-
mental observations, including the position of the minimain g (white
dots). Excellent agreement is achieved for the electron energy depend-
ence of the maximum g (Fig. 4b). In contrast to nanoscale-confined
opticalfields, a steep cutoff in electron-light coupling is found for
beam energies below ~100 keV because the optical mode is devoid of
higher-momentum electric field components. At high electron ener-
gies, the coupling strength reaches a plateau, which enables broadband
temporal phase plates for TEM. Besides enhancing the total coupling
viaalargerinteraction time, anincrease in microresonator radius will
further sharpen the phase matching conditionin energy.

Conclusion

In summary, we demonstrate highly efficient, phase-matched
and single-optical-mode interaction of free electrons with
photonic-chip-based high-Q microresonators, driving transitions at
microwatt continuous optical pump powers. Simultaneousin situ opti-
caland electron measurements show that this cQED-type setting yields
a quantitative understanding of the interaction and facilitates elec-
tron energy gain spectroscopy at the microelectronvolt level. Our
approach may enable aseamlessintegration of temporal phase plates
in electron microscopy over a broad range of energies, with various
applicationsin advanced longitudinal and transverse electron beam
shaping for high-fidelity attosecond metrology and sub-cycle probing,
beamblanking and high-frequency beam modulation. Coherent beam
separation in the optical field may enable new variants of inelastic
electron holography, and sequential interactions will provide sensi-
tivity enhancementsin coherent electron spectroscopy. We envisage
various possible architectures featuring anomalous dispersion to
directly probe the multimode intracavity field in nonlinear effects
such as the formation and dynamics of dissipative Kerr solitons, or
coupled microresonators foradvanced electron state preparation and
readout. The present study provides a missing link in the realization
of various theoretical concepts in free-electron cQED by establish-
ing full control over the optical input and output channels of a single

confined integrated microresonator mode coupled to an electron
beam. Future investigations will address cavity-mediated electron-
photon andelectron-electron entanglement using coincidence detec-
tion, promising enhanced electron imaging and electron-heralded
single-photon sources.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-021-04197-5.

1. Thompson, J. D. et al. Coupling a single trapped atom to a nanoscale optical cavity.
Science 340, 1202-1205 (2013).

2. Mehta, K. K. et al. Integrated optical multi-ion quantum logic. Nature 586, 533-537
(2020).

3. Niffenegger, R. J. et al. Integrated multi-wavelength control of an ion qubit. Nature 586,
538-542(2020).

4.  Lodahl, P, Mahmoodian, S. & Stobbe, S. Interfacing single photons and single quantum
dots with photonic nanostructures. Rev. Mod. Phys. 87, 347-400 (2015).

5. Sipahigil, A. et al. An integrated diamond nanophotonics platform for quantum-optical
networks. Science 354, 847-850 (2016).

6.  Barwick, B., Flannigan, D. J. & Zewail, A. H. Photon-induced near-field electron
microscopy. Nature 462, 902-906 (2009).

7.  Piazza, L. et al. Simultaneous observation of the quantization and the interference pattern
of a plasmonic near-field. Nat. Commun. 6, 6407 (2015).

8. Garcia de Abajo, F. J. Optical excitations in electron microscopy. Rev. Mod. Phys. 82,
209-275 (2010).

9.  Vanacore, G. M. et al. Attosecond coherent control of free-electron wave functions using
semi-infinite light fields. Nat. Commun. 9, 2694 (2018).

10. Priebe, K. E. et al. Attosecond electron pulse trains and quantum state reconstruction in
ultrafast transmission electron microscopy. Nat. Photon. 11, 793-797 (2017).

1. Feist, A., Yalunin, S. V., Schéfer, S. & Ropers, C. High-purity free-electron momentum
states prepared by three-dimensional optical phase modulation. Phys. Rev. Res. 2,
043227 (2020).

12.  Feist, A. et al. Quantum coherent optical phase modulation in an ultrafast transmission
electron microscope. Nature 521, 200-203 (2015).

13.  Echternkamp, K. E., Feist, A., Schéfer, S. & Ropers, C. Ramsey-type phase control of
free-electron beams. Nat. Phys. 12, 1000-1004 (2016).

14. Dahan, R. et al. Imprinting the quantum statistics of photons on free electrons. Science
373, eabj7128 (2021).

15.  Sears, C. M. S. et al. Production and characterization of attosecond electron bunch trains.
Phys. Rev. Spec. Top. Accel. Beams 11, 061301 (2008).

16.  Morimoto, Y. & Baum, P. Diffraction and microscopy with attosecond electron pulse
trains. Nat. Phys. 14, 252-256 (2018).

17.  Kozak, M., Schénenberger, N. & Hommelhoff, P. Ponderomotive generation and detection
of attosecond free-electron pulse trains. Phys. Rev. Lett. 120, 103203 (2018).

18.  Madan, I. et al. Holographic imaging of electromagnetic fields via electron-light quantum
interference. Sci. Adv. 5, eaav8358 (2019).

19. England, R. J. et al. Dielectric laser accelerators. Rev. Mod. Phys. 86, 1337-1389 (2014).

20. Sapra, N. V. et al. On-chip integrated laser-driven particle accelerator. Science 367,
79-83 (2020).

21. Garcia de Abajo, F. J. G. & Kociak, M. Electron energy-gain spectroscopy. New J. Phys. 10,
073035 (2008).

22. Schwartz, O. et al. Laser phase plate for transmission electron microscopy. Nat. Methods
16, 1016-1020 (2019).

23. Ryabov, A., Thurner, J. W., Nabben, D., Tsarev, M. V. & Baum, P. Attosecond metrology in a
continuous-beam transmission electron microscope. Sci. Adv. 6, eabb1393 (2020).

24. Gover, A. & Yariv, A. Free-electron-bound-electron resonant interaction. Phys. Rev. Lett.
124, 064801 (2020).

25. Zhao, Z., Sun, X.-Q. & Fan, S. Quantum entanglement and modulation enhancement of
free-electron-bound-electron interaction. Phys. Rev. Lett. 126, 233402 (2021).

26. Yalunin, S. V., Feist, A. & Ropers, C. Tailored high-contrast attosecond electron pulses for
coherent excitation and scattering. Phys. Rev. Res. 3, L032036 (2021).

27. Shiloh, R. et al. Electron phase-space control in photonic chip-based particle
acceleration. Nature 597, 498-502 (2021).

28. Kfir, O. Entanglements of electrons and cavity photons in the strong-coupling regime.
Phys. Rev. Lett. 123,103602 (2019).

29. DiGiulio, V., Kociak, M. & de Abajo, F. J. G. Probing quantum optical excitations with fast
electrons. Optica 6, 1524-1534 (2019).

30. Pan, Y. & Gover, A. Spontaneous and stimulated emissions of a preformed quantum
free-electron wave function. Phys. Rev. A 99, 052107 (2019).

31.  BenHayun, A. et al. Shaping quantum photonic states using free electrons. Sci. Adv. 7,
eabe4270 (2021).

32. Zewail, A. H. Four-dimensional electron microscopy. Science 328, 187-193 (2010).

33. vander Veen, R. M., Kwon, O.-H., Tissot, A., Hauser, A. & Zewail, A. H. Single-nanoparticle
phase transitions visualized by four-dimensional electron microscopy. Nat. Chem. 5,
395-402 (2013).

Nature | Vol 600 | 23/30 December 2021 | 657


https://doi.org/10.1038/s41586-021-04197-5

Article

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Cremons, D. R., Plemmons, D. A. & Flannigan, D. J. Femtosecond electron imaging of
defect-modulated phonon dynamics. Nat. Commun. 7, 11230 (2016).

Danz, T., Domrose, T. & Ropers, C. Ultrafast nanoimaging of the order parameter in a
structural phase transition. Science 371, 371-374 (2021).

Yurtsever, A., van der Veen, R. M. & Zewail, A. H. Subparticle ultrafast spectrum imaging in
4D electron microscopy. Science 335, 59-64 (2012).

Wang, K. et al. Coherent interaction between free electrons and a photonic cavity. Nature
582, 50-54 (2020).

Liebtrau, M. et al. Spontaneous and stimulated electron- photon interactions in
nanoscale plasmonic near fields. Light Sci. Appl. 10, 82 (2021).

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).

Garcia de Abajo, F. J. & Konec¢na, A. Optical modulation of electron beams in free space.
Phys. Rev. Lett. 126, 123901 (2021).

Gover, A. et al. Superradiant and stimulated-superradiant emission of bunched electron
beams. Rev. Mod. Phys. 91, 035003 (2019).

Di Giulio, V., Kfir, O., Ropers, C. & Garcia de Abajo, F. J. Modulation of cathodoluminescence
emission by interference with external light. ACS Nano acsnano.1c00549 (2021).

Kfir, O., Di Giulio, V., de Abajo, F. J. G. & Ropers, C. Optical coherence transfer mediated by
free electrons. Sci. Adv. 7, eabf6380 (2021).

Das, P. et al. Stimulated electron energy loss and gain in an electron microscope without
a pulsed electron gun. Ultramicroscopy 203, 44-51(2019).

Liu, C. et al. Continuous wave resonant photon stimulated electron energy-gain and
electron energy-loss spectroscopy of individual plasmonic nanoparticles. ACS Photon. 6,
2499-2508 (2019).

Kozék, M. et al. Acceleration of sub-relativistic electrons with an evanescent optical wave
at a planar interface. Opt. Express 25, 19195-19204 (2017).

Dahan, R. et al. Resonant phase-matching between a light wave and a free-electron
wavefunction. Nat. Phys. 16, 1123-1131(2020).

Kfir, O. et al. Controlling free electrons with optical whispering-gallery modes. Nature
582, 46-49 (2020).

Kimble, H. J. Strong interactions of single atoms and photons in cavity QED. Phys. Scripta
T76,127 (1998).

Park, S. T., Lin, M. & Zewail, A. H. Photon-induced near-field electron microscopy (PINEM):
theoretical and experimental. New J. Phys. 12, 123028 (2010).

658 | Nature | Vol 600 | 23/30 December 2021

51.  Bendania, X., Polman, A. & Garcia de Abajo, F. J. Single-photon generation by electron
beams. Nano Lett. 11, 5099-5103 (2011).

52. Miiller, N. et al. Broadband coupling of fast electrons to high-Q whispering-gallery mode
resonators. ACS Photon. acsphotonics.1c00456 (2021).

53. Christopher, J. et al. Electron-driven photon sources for correlative electron-photon
spectroscopy with electron microscopes. Nanophotonics 9, 4381-4406 (2020).

54. Polman, A., Kociak, M. & Garcia de Abajo, F. J. Electron-beam spectroscopy for
nanophotonics. Nat. Mater. 18, 1158-1171 (2019).

55. Brasch, V. et al. Photonic chip- based optical frequency comb using soliton Cherenkov
radiation. Science 351, 357-360 (2016).

56. Liu, J. etal. High-yield, wafer-scale fabrication of ultralow-loss, dispersion-engineered
silicon nitride photonic circuits. Nat. Commun. 12, 2236 (2021).

57. Pfeiffer, M. H. P. et al. Photonic Damascene process for integrated high-Q microresonator
based nonlinear photonics. Optica 3, 20-25 (2016).

58. Leedle, K. J. et al. Dielectric laser acceleration of sub-100 keV electrons with silicon
dual-pillar grating structures. Opt. Lett. 40, 4344 (2015).

59. Kippenberg, T. J., Spillane, S. M. & Vahala, K. J. Modal coupling in traveling-wave
resonators. Opt. Lett. 27,1669-1671 (2002).

60. Pomarico, E. et al. meV resolution in laser-assisted energy-filtered transmission electron
microscopy. ACS Photon. 5, 759-764 (2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.

Open Access This article is licensed under a Creative Commons Attribution

© The Author(s) 2021


http://creativecommons.org/licenses/by/4.0/

Methods

Numerical simulations

Theeffectiverefractive index (n.s) and the mode profile of the Si;N, micro-
resonator are calculated via FEM simulations (COMSOL Multiphysics)
(Fig.1f). Mode analysis is performed for the two-dimensional axially sym-
metric model with the cross-section of the microresonator. The Si;N,
core has arectangular cross-section with width Wand height H. The
microresonator hasaSiO, bottom claddingand an air (vacuum) top clad-
ding. The refractive index of Si;N, used in the simulation was obtained
fromin-house ellipsometry measurements and found to be n,=1.9923
(J. A. Woollam, unpublished data), whereas the refractive index of SiO,
was obtained fromref. ® as n,,=1.4440. Fromthe electric field distribution
inthe cross-section (r, Z), the complex electric field along the electron
trajectory E(r, Z, z), related to the physical field by Ejpysica = reallEq,],
is determined via E,(r, 2, 2) = E,(r, Z)cos(z/r) + E(r,Z)sin(z/r) . The
coupling strength g(r,Z,E) is then found by evaluating
g= ﬁj‘: Euf(r.Z, Z)EXp(_il%z)dZ (refs.>*°) for different electron

energies F, where v, = c./1-1/(1+ E/myc?)? is the relativistic electron

velocity.

Fibre-integrated silicon nitride microresonators

The microresonators used in this study are made from Si;N,, a plat-
form that is CMOS compatible with radiation hardness capability®
and ultra-low propagation losses**””. They also allow for dispersion
engineering and efficient fibre-to-chip coupling. Si;N,-based inte-
grated photonic circuits have been driving major progress in non-
linear optical devices, in particular soliton microcombs® that are
already used in numerous system-level applications ranging from
coherent telecommunication® to astrophysical spectrometer cali-
bration®*®. Here, the designed microresonators were fabricated using
the photonic Damascene process**>. A 4-inch silicon substrate with
4-pm-thick thermal wet SiO, cladding was used. The substrate was
coated with deep-ultraviolet (DUV) photoresist, and microresonators
and bus waveguides were patterned on the substrate via DUV stepper
photolithography (248 nm KrF excimer laser). The pattern was then
dry-etched into the SiO, cladding using C,Hg/O,/He etchants to cre-
ate waveguide preforms. Stoichiometric Si;N, film was deposited on
the patterned substrate via low-pressure chemical vapour deposition
(LPCVD), to fill the waveguide preforms and to form the waveguide
cores. Afterwards, etchback and chemical-mechanical polishing® were
used to planarize the substrate and remove excess Si;N,. The entire
substrate was further annealed at 1,200 °C to remove the residual
hydrogen content in Si;N,, to reduce hydrogen-induced absorption
lossinthe Si;N, waveguides. This high-temperature annealing s criti-
cal to fabricate low-propagation-loss waveguides at telecommunica-
tionbands around 1,550 nm. No top SiO, cladding was added on top of
the Si;N, waveguides, such that the electron beam could interact with
the optical mode. Finally, photolithography with alignment was used
to precisely position the Si;N, microresonator close to the chip edge
(within adistance <10 um, key for aligning the electron beam with the
Si;N, microresonator). Deep reactive-ion etching was used to separate
the entire substrate into hundreds of individual dies/chips for the fol-
lowing die-level integration with fibres.

The light is coupled into and out of the Si;N, photonic chip on one
edge, while the microresonator is placed on the other edge. To avoid
cutting the electron beamby the substrate (Fig. 1c), the near edge was
clipped, formingatight supporting triangle around the resonator ring
to avoid damage during the chip release. Abus waveguide (dimensions
800 nmx 650 nm)is used to evanescently couple the light into the mul-
timode microresonator (dimensions 2 um x 650 nm) to achieve abetter
coupling ideality®. Inverse-taper waveguides®® are used to facilitate
efficient light coupling via UHNA-7 fibres (mode field diameter=3.2 pm
at1,550 nm). A 2-3-cm-long UHNA-7 fibre with athermally expandable

corewas spliced to standard single-mode fibre (SMF-28) with a splicing
loss of <0.2 dB. A chip through-coupling efficiency (fibre-chip-fibre)
of >25% is achieved using the UHNA-7 fibre. The photonic packaging
was done by first aligning the UHNA-7 fibre via a custom-built holder
to optimize the coupling. Then, asmall drop of epoxy (-150 um, Fig. 1b)
was dispensed using a precise pneumatic valve and cured using a UV
lamp in four small time steps (-2-5 min). A long-term (-1-2 days) cou-
pling stability test was performed at low optical power by monitoring
the transmitted light. The broadband characterization of the micro-
resonators was performed by employing a widely tunable diode laser.
The transmission spectrum was calibrated using a self-referenced
optical frequency comb and Mach-Zehnder interferometer (MZ1)%.
Theresonanceis fitted using models explained in the Supplementary
Information (fitting model) to extract k,/2m (intrinsic loss rate), k.,/2T
(external coupling loss rate), and y/2m (mode coupling rate) for both
quasi-TE and quasi-TM mode families. The meanintrinsic linewidthis
~110-120 MHz (Q, =1.75 x10°) for the quasi-TM mode family. The cavity
resonance centre at-1,549 nmis critically coupled with x,/2t=112 MHz
and ,,/2=139 MHz (Q= 0.77 x 10°).

Optical characterization of microresonators inside the TEM

The packaged sample is transferred into the TEM using a customized
holder with vacuum fibre feedthroughs. The fibres connected to the
microresonator chip are fed through the hollowed pipe part of the
holder, and the T-shaped base holding the photonic chip is mounted
on an adaptor that allows the placement of the entire structure in the
sampleregion of the TEM. The optical set-up used to performthe spec-
troscopyinthe TEMisshowninFig.2a. The set-upis driven by a CW-laser
(Toptica CTL 1550), with a maximal power of 40 mW, a tunable wave-
length from 1,510 nm to 1,630 nm, and a linewidth below 10 kHz. The
laser is coupled to an electro-optic modulator (EOM) that allows for
frequency calibration of the transmission scan and the dependence of
gonthedetuning fromthe resonance frequency. A polarization control-
leris used toalign the inputlight to either the quasi- TE or TM mode of
the microresonator. An optical circulator is used to probe the light
reflected from the microresonator due to the bulk and Rayleigh surface
scatteringresponsible for the splitting of clockwise and counterclock-
wise cavity modes. The optical transmission and reflection are measured
simultaneously to calibrate theintracavity power coupled to the clock-
wise mode (see Supplementary Information). We note that a degrada-
tion of the Qfactor from 0.77 x10°to0 0.49 x 10°, resulting inan additional
increase in total linewidth (-150 MHz), was observed when the sample
wastransferredinto the TEM, which could be related to some charging,
strain or contamination of the resonator chip. Theory predicts that |g|*
is proportional to the photon number n,, of the clockwise mode optical
cavity mode. The intracavity photon numbers are varied by sweeping
thelaser frequency through the optical resonance to find the |g|* depend-
ence onoptical power. The g(¢) value is extracted for each time step of
the sweep, ¢, by fitting the measured electron spectrum, and the intra-
cavity photon number n,(t) is retrieved from the optical transmission
signal using the steady-state Langevin equation. By binning the |g(?)|*
trace in 20 ms steps and plotting it against the coupled optical power
inthe clockwisemode P = khwn,,,(t), we obtain the power sweep curve
shownin Fig. 2e. More detailed data analysis procedures and the ana-
lytical expression of various field quantities can be found in the Sup-
plementary Information.

Electron microscope and experimental set-up

The in situ experiments were performed in the Gottingen UTEM”,
whichisbased on athermalfield-emission TEM (JEM 2100F, JEOL Ltd).
Achieving temporal resolutionsin the femtosecond regime’ 72, UTEM
has enabled stroboscopic real-space movies of numerous processes,
including strain wave dynamics®7>™, ultrafast demagnetization™ "’ and
the evolution of structural phase transformations®. In the current
experiments, the electron gun is operated in the extended Schottky
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regime, yielding a continuous electron beam with an initial energy
spread of 0.5 eV at variable electron energies from 80 to 200 keV and
typical beam currents of 10-50 pA in the sample region. Preventing
clipping of the electron beam at the extended microresonator chip
(-50 pm sample height at the probing position), alow beam conver-
gence is set by turning off the magnetic objective lens in low magni-
fication (LM) TEM and STEM mode, for high-resolution imaging and
spectroscopy, respectively. For analysing the electron beam passing
the microresonator structure, a post-column imaging energy filter
(CEFID, CEOS) isemployed, equipped with a scintillator-coupled CMOS
camera (TemCam-XF416ES, TVIPS GmbH; used for allmeasurements,
ifnot mentioned otherwise) and a hybrid-pixel electron detector (EM
CheeTah T3, Amsterdam Scientific Instruments). The sample tilt is
adjusted carefully to align the electron beam parallel to the surface of
the microresonator chip, probing thelocal electron-lightinteraction
atthe microresonator.

Local spectroscopy of the microresonator mode
Electronspectroscopy (Fig.2) isimplemented in LowMAG STEM mode
(indicated magnification: x1,000) at 120 keV electron energy, achiev-
ing an electron focal spot size of about 25 nm (FWHM) with beam
semi-convergence angles of 1.1 mrad (100 um condenser aperture,
Fig.2d) and 0.45 mrad (40 pm condenser aperture, Fig. 2c (lower panel)
ande), respectively. The electron beamis either positioned about 30 nm
over the microresonator surface, such that no clipping or beam dis-
tortion was observed (Fig. 2d), or at a distance of 380 nm from the
microresonator surface (Fig. 2c, e), as estimated fromthe optical power
in the bus waveguide and the exponential decay of the optical mode.
We observe some charging of the dielectric microresonator chip when
using a tightly focused electron beam. Therefore, larger distances to
the surface or fast beam sweeps are employed, and future structures
will address this point by adding a thin conductive coating on parts of
the microresonator chip. The STEM focal plane is set to the middle of
the ring microresonator and the lateral beam position relative to the
chipis software controlled (Filter Control, CEOS) via an external scan
generator (USG, TVIPS). Single spectraarerecorded with anintegration
time of 100 ms (Fig. 2d). Electron spectroscopy with fast sweeps of the
laser frequency is captured by an event-based hybrid pixel detector
(EM CheeTah T3, Timepix3 ASIC, 1.56 ns timing precision) and discrete
binning in time (100 ps windows, Fig. 2c, e). For each spectrum, the
electron-light coupling constant g is extracted by fitting the shape
and amplitudes of the individual spectral sidebands N with acomb of
Voigt-peaks and normalized occupations Py =/,(2|gl)>. For details on
the fitting procedure, see refs. **8, By considering the change of the
coupling constant g as a function of frequency detuning, the optical
linewidth can be extracted, and the achievable energy resolution in
electron energy-gain spectroscopy is ultimately limited by the laser
linewidth. The concept can be transferred to arbitrary high-Q opti-
cal modes, with previously demonstrated spectral linewidths below
k/211=10 MHz (ref. ). In comparison, state-of-the-art monochromated
EELS probes material excitations with a zero-loss peak (ZLP) of sub-
10-meV energy width”%,

Energy-filtered imaging and quantitative gmaps

Quantitative maps of the electron-light coupling constant g are
retrieved by energy-filtered transmission electron microscopy
(EFTEM) imaging (Figs. 3 and 4), resolving individual photon side-
bands with a double-sided energy window of only 800 meV width
and typical bi-sided r.m.s. non-isochromaticity (energy window edge
sharpness) of about 30 meV (8 mm field of view of the spectrometer
entrance aperture plane, for technical details, see ref. 8). Changing
the microscope’s high tension (step size of 0.8 V) relative to the centre
beam energy (80-200 keV) allows for the recording of images /,(x,
y) that contain inelastically scattered electrons, losing or gaining
aninteger number N of photon energies 7w = 0.8 eV (Fig. 3c). For

each spectral sideband, an image is recorded with 1-s integration
time, resulting in energy-filtered TEM datasets containing up to
121 image slices, enabling a quantitative retrieval of the coupling
constant g at each image pixel (see Fig. 3d). Accounting for a large
number of image positions (up to 4,096 x 4,096 pixelsin Fig. 3), the
dataare collocated into 1,024 subsets using the k-means++ clusters
algorithm (implemented in MATLAB 2020b, MathWorks Inc.), with
the sideband occupations asthe input vector. The resulting centroid
locations (metric: squared Euclidean distances) give a set of averaged
spectra. For each of these, the coupling constant g, relative uncer-
tainty dg/g (with standard deviation dg of Gaussian distribution in
g)and spectralamplitudes A are fitted to the recorded image stacks
Iy(x, y). The averaged intensity spread of the ZLP to neighbouring
energy windows, B, is accounted for by applying a convolution /,(x,
¥)=A(x,y) - P\(x,y) * B(at115 keV beam energy, the 800 meV energy
window contained about 82% of the ZLP intensity). Furthermore,
remaining ZLP intensity at stronger coupling (g > 3), resulting from
limited rejection contrast of the spectrometer slits and scattering
attheentrance aperture, isdisregarded (about 2(0.8)% diffuse back-
ground for N=0(+1)). Finally, the retrieved fitting parameters are
assigned to the individual pixels before clustering, resulting in a
quantitative map of the electron-light coupling constant with1nm
spatial resolution (Figs. 3 and 4).

Data availability

The data that support the plots within this paper and other find-
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the corresponding authors upon reasonable request.
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