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Spatial modulation of electron beams is an essential tool for various
applications such as nanolithography and imaging, yet its conventional

implementations are severely limited and inherently non-tunable.
Conversely, proposals of light-driven electron spatial modulation promise
tunable electron wavefront shaping, for example, using the mechanism of
photon-induced near-field electron microscopy. Here we present tunable
photon-induced spatial modulation of electrons through their interaction
with externally controlled surface plasmon polaritons (SPPs). Using recently
developed methods of shaping SPP patterns, we demonstrate adynamic
control of the electron beam with a variety of electron distributions and
verify their coherence through electron diffraction. Finally, the nonlinearity
stemming from energy post-selection provides us with another avenue for
controlling the electron shape, generating electron features far below the
SPP wavelength. Our work paves the way to on-demand electron wavefront
shaping at ultrafast timescales, with prospects for aberration correction,
nanofabrication and material characterization.

Current technologies for spatial modulation of coherent electron
beamsare based onthree enabling technologies: tailored electro-and
magneto-static fields"?, applying force to change electron trajectories;
apertures’ or binary holograms*, nullifying electron transmission at
pre-selected locations; and electron phase plates’ or holograms®~’,
utilizing variations in thin-film thickness to shape the phase-front of
the electronbeam. Nevertheless, most contemporary methodslack the
meansto actively change the electron beam shape. Even state-of-the-art
electron beam shaping technologies'®>—able to dynamically shift
electron patterns in continuous beam operation—arestill restricted in
their tunability, operation speed and scalability. Since spatial modu-
lation of electron beams is required for various uses ™, and tunable
spatial modulation has already revolutionized the fields of optics'
and acoustics”, breakthroughs advancing this enabling technology
in electron optics are expected to facilitate potential discoveries and
promote future applications.

A promising new approach to spatially modulate electrons relies
on an entirely different physical mechanism—the interaction of free

electrons with light, either in the presence of nanophotonic plat-
forms™? or through the ponderomotive force in free space’”’. Such
an interaction produced basic electron patterns in the image or dif-
fraction plane of an electron microscope'® %%, inspiring several theo-
retical proposals® 2 for the design of a nearly arbitrary, light-driven
electron spatial modulator. This concept, however, has never been
demonstrated experimentally.

Our work takes the next step in this direction, displaying complex
electron patterns and demonstrating control over them by tuning
external light properties and by post-selecting electrons in different
energy ranges. The demonstrated light-driven electron distributions
include various Bessel beams and vortex arrays, generated using a
patterned gold-coated silicon nitride membrane placed inside an
ultrafast transmission electron microscope (UTEM). Furthermore,
we verify the coherence of our spatial modulation scheme by dem-
onstrating electron diffraction off of a standing wave of surface
plasmon polaritons (SPPs), which is a plasmonic analogue of the
Kapitza-Dirac effect”.
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We then continuously tune the shape of anelectroninasuperpo-
sition of Bessel modes, showcasing the potential to adjust the orbital
angular momentum of electrons in real time. By post-selecting spe-
cific electron energies after their interaction with the guided SPPs in
our sample, we unlock another type of electron spatial modulation,
obtained by adjusting the incident laser intensity and pulse width.
Our findings have animpact on state-of-the-art electron imaging and
characterization techniques, taking a step towards fully programmable
electron beams, whose applications range from adaptive aberration
correctioninelectronmicroscopes to on-demand generation of masks
for electron beam lithography.

Theory and experimental apparatus

Our scheme is based on the interaction of paraxial electron pulses
with ultrafast SPP fields, which can be described by the following
equation®®7°;
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where vis the electron velocity; k, is the initial electron wave-vector;
Uistheinitial electron energy; £, and £} are the SPP electric field pha-
sorinthedirection of electron propagation and its complex conjugate,
respectively; wis the central frequency of the SPP field; eis the electron
charge; histhereduced Planck constant; tis time; and ¢ is the electron
wavefunction.

Equation (1) shows that the electron wavefunction is only influ-
enced by the shape of the zcomponent of the electric field, £,, due to
the large electron momentum in the propagation direction, which
also makes the scalar potential and ponderomotive force contribu-
tions negligible. To solve equation (1), it is customary to neglect the
electron recoil in the interaction®° and assume that the SPP field
has a slowly varying temporal envelope®. Then, the electric field acts
onthe electron wavefunction in asimilar manner to a phase mask®**%
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where g, is the initial electron wavefunction;/,is the [th order Bessel
function of the first kind, with /denoting the interaction order that is
summed over; and g (x,y) = ij’f’sz (x,3,2) exp(—iZz)dz is the free-
electron-light interaction straéngth, containing the'transverse x,y)
spatial dependence of the modulation.

Equation (2) indicates that the probability P, of the electron in
point (x,y) to absorb or emit/photonsis

Pixy) < JF 2186 p)D). €©)

By post-selecting electrons of a specific energy range, one can
isolate a specificinteraction order or several of them. Then, regardless
of theinteraction strength, the modulationis nolonger confined to the
electron phase but involves itsamplitude as well. Anillustration of this
spatial modulation conceptis giveninFig. 1.

The electron wavefunction dependence on the parameter g
defines tworegimes of free-electron-lightinteraction: alow-intensity
and a high-intensity regime. The low-intensity regimeis achieved when
g <1 or when the laser pulse duration is much shorter than the
electron pulse (further details in Methods). In this regime, the
electron probability distribution for gaining energy roughly scales
as® P o (x,y)  |g (6, ))|* x |E, (x, ). The low-intensity regime has
been used in most photon-induced near-field electron microscopy
(PINEM) experiments thus far'®%*33%7 and the spatial modulation it

enforcesontheelectronis directly derived from the shape of the elec-
tromagnetic near field, such as the one obtained by SPPs. By contrast,
stronger laser intensities (g > 1), with a pulse duration longer than that
of the electron, bring about the high-intensity regime?***>*%- In this
regime, the shape of electronsin eachinteraction order/is unique and
candiffer greatly from the shape of the electric field (the wavefunction
of eachinteraction order depends nonlinearly on the field).

For both interaction regimes, we shape long-range SPPsin a thin
gold-coated silicon nitride membrane using specially designed cou-
plingslits*~* (Fig. 2e,f). The coupling slits enable dynamic control over
theelectron wavefunctionby altering the SPP field through the incident
illumination (amplitude and polarization). We use weakly focused
femtosecond laser pulses that impinge on the coupling slits inside a
UTEM (Fig.2a, Extended Data Fig.1and Methods contain further details
aboutthesample, its optical properties and the experimental system).
Femtosecond free-electron pulses arrive at the coupling slit simultane-
ously with thelaser pulses and pass through their unpatterned central
area. Thus, the entire electron shaping is produced by the SPP field
at the centre without any contribution from the coupling slits. The
resulting shaped electron distribution, both amplitude and phase, is
thus achieved at the image plane of the membrane (rather than at the
diffraction plane as in most other methods).

Spatial modulationin the low-intensity regime
Wefirst present spatial electron modulationin the low-intensity regime.
Wefilter the energy of post-interaction electrons with a wide window
atthe gainside of the electron energy spectrum, effectively collecting
the signal from all electrons that gained energy (/> 0). The results are
summarized in Fig. 2b-g, presenting various examples of electron
spatial modulation enabled by shaping the SPPs: a first-order Bessel
electron vortex (Fig. 2b); a hexagonal electron vortex array (Fig. 2c);
and a hexagonal foci array (Fig. 2d), generated by shifting one edge of
the couplingslit used in Fig. 2c.

Each measurement is accompanied by the calculated electron
probability distribution after interaction with the out-of-plane SPP field
of the sample (Fig. 2h-j), showing a good match between experiment
and theory (full calculation details and the procedure for processing
the raw electron microscope images are given in Methods). Though
the total SPP field producing each of these electron distributions
has in-plane components as well***, they do not contribute to the
electron distribution.

We note that our photon-induced spatial modulation matches
state-of-the-art passive electron spatial modulation schemes in
quality***, while going beyond the single, localized vortex previously
generated through free-electron-lightinteractions”. Importantly, the
hexagonal electronfocilatticeis generated by alattice of SPP skyrmions
intheelectric field**', whose influence on the amplitude of anincident
electron beam is surprisingly similar to their magnetic counterparts’
influence on the beam’s phase™.

We next employ electron diffraction to show that our
photon-induced shaped electrons have transverse coherence (asis cus-
tomaryinthe field of coherent electron shaping™). Figure 3a—e shows
the diffraction of electrons due to their interaction with a hexagonal
SPP vortex array (Fig. 2c), where we capture and isolate diffraction
stemming solely from SPPs. Incidentally, to the best of our knowledge,
thisis the first measurement of electron diffraction from standing-wave
SPPs, which was predicted by ref. 7. Contrarily, past experiments meas-
uring electron diffraction by light relied on the electrons interacting
with thedirectlaserillumination (asin Fig. 3f-j). The laser creating the
diffractioninsuch cases was either reflected by amirror?>* or scattered
by ananoscale pattern’ for interaction with near fields, or it interacted
with the electrons directly via the ponderomotive force?>****, Our
experiment demonstrates diffraction not by direct laser illumination
butby the long-range SPPs excited at the surface, thusillustrating the
transverse coherence of electrons shaped by the patterned near field.
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Fig.1| Conceptillustration of tunable photo-induced free-electron spatial
amplitude modulation. a, In asimilar fashion to PINEM experiments®-**>*+3638,
alaser excitation (red) is used to create a specific near-field distribution. The
required laser illumination can be controlled automatically by external software.
Anelectron beam (blue) interacts with the near field and is shaped by it. After
propagating through various electron optical components (not shown), the
electron beam enters an electron energy spectrometer (E-spect.) that post-
selects certain electron energies with aspectral filter. The selected electrons are
thenimaged by a camera, revealing that they now possess the near-field shape, or
anonlinear function of it. b, In the low-intensity regime of the free-electron-light

interaction, post-selecting all electrons that gained energy imprints the near-
field spatial distribution directly on the electron beam. ¢, In the high-intensity
regime of the free-electron-light interaction, post-selecting specific electron
energies imprints different spatial shapes on the electrons, each energy having
adifferent nonlinear dependence on the near-field amplitude (larger power is
depicted by adarker red colour). Thus, both the shape of the near field (in the
low-intensity regime) and its amplitude (in the high-intensity regime) are tunable
degrees of freedom with which we can spatially modulate electron beams.
Drawings were produced by SimplySci.
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Fig.2 | Experimental set-up and proof of concept of photon-induced spatial
modulation of free electrons. a, An illustration of the UTEM. After interaction
with the generated near field in the sample, whichis controlled by the incident
laser polarization ¢, the electrons are imaged at the output plane of the
membrane. The electron signal is post-selected using energy-filtered imaging to
show the distribution of electrons at specific energy ranges. The turquoise pulse
represents the electron wavepacket, while red and blue pulses represent the laser
pulses generating the near field and the electron photoemission, respectively.
b-j, Measured electron probability distributions after interaction with the

near field of various plasmonic patterns (b-d). The patterns shown here were
generated using circularly polarized illumination of coupling slits with

different geometries (e-g), including a first-order Bessel electron vortex (b),
ahexagonal electron vortex array (c) and a hexagonal electron foci array (d).

Simulation
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Each measured electron distribution in b—-d is complemented by the
corresponding calculated probability distributions (h-j), showing agood match
between theory and experiments. The electron distribution follows the shape

of the plasmonic near field as expected in the low-intensity interaction regime.
The measurement areas in b—d are marked by dashed squaresin e-g. The

slitin g differs from fonly by a shift of the bottom coupling grating by half the
plasmonic wavelength, thus exciting a foci array instead of a vortex array. The
insetin b shows a larger magnification image of the measured distribution, where
the vortex singularity is more clearly visible. The black scale bar in e (relevant
tofand gas well) corresponds to 10 pm. All white scale bars in b-d correspond
to2 um. The colour bar in b, relevant to b-d and h-j, represents the normalized
probability distribution of the electron.

Figure 3b,c confirms that the diffracted electrons gain exactly
the transverse momentum embedded in the plasmonic lattice, and
further includes a signature of second-order diffraction by combina-
tions of pairs of plasmonic lattice momenta. By comparison, we also

record the diffraction from the localized electric near field directly
inside and around the coupling slits (Fig. 3g,h). Higher order diffrac-
tion is visible there (along the outer white rings) but always limited
to multiples of individual plasmonic lattice momenta, rather than
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Fig.3 | Electron diffraction from a hexagonal plasmonic vortex array. a, An
SEM micrograph of the plasmonic coupling slit. Marked withinit is the aperture
used to truncate the electron beam such that it interacts only with the plasmonic
patternand not with the coupling slit (dashed gold circle). Thezoomed-in

inset (dotted black square) presents the electron distribution at the centre of
theslit, whichis similar to Fig. 2c. White and black scale bars are1and 10 pm,
respectively. b-e, Drift-corrected diffraction images, organized as follows:
diffraction with illumination (laser on; b,c) and without illumination (laser off;
d,e) isgivenin two separate columns, while the original (b,d) and deconvolved
(c,e) images are placed in two separate rows. The thin white lines and circlesinc
mark the angles of the six SPP wavevectors and corresponding multiples of the
SPP wavenumber. The white scale bar in b, relevant for all diffraction images, is
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10 reciprocal micrometres. All diffraction images include no energy filtering. f-j,
Thesameitemsasa-ebut with alarger aperture used to truncate the electron
beam, such that it covers the coupling slit (dashed turquoise circleinf). The
diffraction signal in g-jis dominated by electrons passing through the coupling
slit. Itincludes inelastic scattering thatis not induced by light (i,j) and is mainly
affected by the localized near field inside and around the slits as it cannot create
second-order diffraction peaks that combine two different components of the
plasmonic lattice momenta. By contrast, the second-order peaks marked by
yellow dotted circles in c arise from electron interaction with the plasmonic
pattern—the interference of multiple plasmonic lattice momenta. The diffraction
measurements attest to the transverse coherence of the electrons after their
shaping by the SPP near field.

combinations of different pairs (marked in Fig. 3c; absent in Fig. 3h).
Different pair combinations are only possible when the diffraction is
from the interference of propagating SPPs, forming a standing wave
atthe centre of the sample.

After establishing the variety and quality of electron spatial modu-
lation possible using our scheme, we demonstrate its tunability via
external control of the near-field profile (Fig. 4). Using a spiral plas-
monic coupling slit, we alter the boundary conditions of the SPP field
asafunction of the polarization of theincident laser pulse, which then
determinestheinterference patternwithintheslit. The gradual change
of the laser polarization results in the excitation of either one of two
specific Bessel modes* or their superposition®, which is imprinted
on the electron (Supplementary Videos 1 and 2). Slight distortions in
the shape of the modes arise from the nonideal nature of the spiral slit
excitation and the impurity of the polarization in our system.

Spatial modulationin the high-intensity regime

We next demonstrate spatial electron modulationin the high-intensity
regime of the free-electron-light interaction. While the low-intensity
regime allows directimprinting of the amplitude of the near field onto
the electron wavefunction, the high-intensity regime provides a unique
degree of freedom for electronbeam shaping arising from the possibility
of energy post-selection. Energy post-selection can create aninherently
nonlinear connection between the SPP patternand the electrondistribu-
tion, as is evident in equation (3). This nonlinear connection does not
existinother electron-shaping methods, and it enables more complex
spatial modulation schemes. We note thatin completely different fields,
the creation of nonlinearity using post-selection is a well-known con-
cept, for example, in measurement-based quantum computation®®.

Figure 5 demonstrates the nonlinear connection between the SPP
pattern and the resulting post-selected electron distribution. We use
the same circular coupling slit and incident polarization as in Fig. 2b,
whileincreasing both the power and temporal duration of the incident
laser pulses. Figure 5a,b presents the measured probability distribution
in each non-negative interaction order /= 0-5 for two different laser
powers (more details on the experimental parameters appear in Meth-
ods and Extended Data Fig. 2). The shape of eachinteraction order lis
governed by an interplay between its distribution function (/th order
Bessel function of the first kind) and the spatial dependence of its
argument (2 |g (x,))), asseeninequation (3). This nonlinear connection
can be used as a tool for spatially modulating electrons by altering
either the impinging laser power or the filtered electron energy. The
interaction orders/=2inFig. 5aand [ =4 in Fig. 5b are a clear demon-
stration of this mechanism, as they present a similar distribution in
differentinteraction orders, brought onsolely by changing the excita-
tion laser pulse energy.

To compare the low-intensity and high-intensity regimes of
free-electron-light interactions, Fig. 5c presents the electron distri-
butionin the low-intensity regime, after collecting the signal from all
electrons that gained energy (/> 0; that is, summing over all positive
interaction orders). As expected, the distribution is similar to the SPP
pattern, a first-order Bessel function of the first kind. By contrast,
part of the distributions in Fig. 5a,b (especially /=1, 2 in Fig. 5a and
[=1-5inFig. 5b) substantially differ from the SPP pattern. This com-
parisonis quantified in Fig. 5d, presenting aradial average showing the
similarity of the distribution in Fig. 5c to the theoretical distribution
of the SPP pattern and its difference from the distributions of [=0, 2
inFig. 5a. Further away fromtheslit’s centre, the electron distribution
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Fig. 4 |Spatial modulation of free electrons by active control of SPP boundary
conditions. a, An SEM micrograph of the spiral coupling slit used for the
measurements, with the measurement area marked by a dashed square. Scale
bar, 10 pm. b, Measured normalized probability distribution of gain-filtered
electrons ([ > 0) as a function of the rotation angle of a quarter-wave plate placed
outside the UTEM, which controls the laser pulse polarization. As the quarter-
wave plate rotates, the electron gradually transforms from a second-order Bessel
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mode to azero-order Bessel mode, existing in a superposition of both modes at
any intermediate step. Scale bar, 0.5 pm. ¢, Corresponding lower magnification
images of the electron distribution, with the incident polarization created by the
quarter-wave plate rotation written in every panel. Scale bar, 2.5 pm. The colour
barinb, relevant for c as well, represents the normalized electron probability
distribution. The complete dataset with additional rotation angles of the quarter-
wave plate is presented in Supplementary Videos 1and 2.

Fig. 5| Nonlinear control over the electron distribution using a plasmonic
pattern and electron post-selection. a,b, Demonstration of the high-
intensity regime of free-electron-light interaction. Electron distributions for
interaction orders /= 0-5and laser pulse energies 30 nJ (a) and 65 nJ (b). The
laser pulse duration is 2.4 times longer than the electron pulse, guaranteeing
an approximately uniformintensity throughout the interaction. c, Comparison
with the low-intensity regime of the free-electron-light interaction. The electron
distribution is created by combining all positive interaction orders, using a
laser pulse of 25 nJ energy and a duration 1.6 times shorter than the electron
pulse. This electron distribution resembles the plasmonic pattern, a first-order
Bessel function of the firstkind. The individual interaction ordersinaand b are
post-selected by EFTEM using a sharp energy filter of 1eV, centred about the

Normalized probability Qa

0 Agp/2 A

- |=0 +1=2 I>0 - SPP

31,2

Sp! sp

energy of eachinteraction order (I x 1.7 eV). By comparison, the energy filter
inciswide enoughtoinclude all electrons gaining energy in the interaction
(10-eV-widesslit centred at 6 eV). All white scale bars correspond to one plasmonic
wavelength. The /= O interaction orderinaand b presents a central spot witha
full-width at half-maximum (FWHM) of ~140 nm and ~70 nm, which are afifth and
atenth of the plasmonic wavelength A, respectively. d, The radial average of ¢
(labelled ‘> 0’) resembles the SPP distribution (labelled ‘SPP’), as expected in the
low-intensity regime. By contrast, the radial average of electrons of individual
interaction orders (showing /= 0, 2) in the high-intensity regime ina show
distinctly different patterns. Theincident polarization and coupling slit used are
thesameasinFig. 2b.

gradually resembles apower of the SPP pattern, since the SPP amplitude
decreases. Ateachinteraction order, this phenomenon becomes appar-
ent atalarger distance for increased laser pulse energy.

The high-intensity regime enables the generation of feature
sizes in the electron distribution that are far smaller than those in
the near field, by exploiting the nonlinear connection between them.
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A prominent example of a deep-subwavelength feature is apparent
as an oval spot at the centre of the /=0 interaction order in Fig. 5a,b
(that s, electrons gaining no energy in the interaction), which can be
compared with the near-field distribution in Fig. 5d. This featureis an
order of magnitude smaller than the plasmonic wavelength A, (in Fig.
5b). The feature is generated by the phase singularity at the centre of
the Bessel vortex near field, which allows electrons to pass without
interactioninanareawhose size decreases for alarger near-field ampli-
tude. Such a phenomenon is brought on by the nonlinear functional
dependence of the post-selected electrons, similar to the mechanism
of stimulated emission depletion currently used in super-resolution
fluorescence microscopy®.

Intriguingly, our results in Fig. 5 show an effect known as
free-electron Rabi oscillations. This effect was first observed and
named by ref. * as the oscillations in the energy-level occupations of
theelectronasafunction of the field intensity. This phenomenon was
previously demonstrated using electron energy loss spectroscopy
(EELS) withafocused electron beam, either interacting with anear field
at a certain position®” or scanned over a near-field distribution®-%. In
contrast with these previous works, and similarly to some results by
ref.*°, we measured this phenomenonin energy-filtered transmission
electron microscopy (EFTEM). This way, each measurement captures
the entire electron pattern, and the Rabi oscillations are revealed by
scanning over the energy filter instead. Considering this result together
with the transverse coherence demonstrated in Fig. 3, we can conclude
that the probability of the electron to occupy different energy levels
oscillates coherently and in various positions simultaneously.

Discussion and outlook

Inconclusion, we demonstrated both passive and active photon-induced
spatial electron modulation. The experimentsrely ontheinteractions of
free-electron pulses with ultrafast SPP excitations inametal-dielectric
membrane. Our approach promises more degrees of freedom for active
spatial modulation, simpler fabrication than other current methods
and operation at ultrafast timescales—a step towards complete spati-
otemporal modulation of electron wavefunctions®. Furthermore, our
schemeisfreely available to usein any ultrafast electron microscope or
inother electron microscope variants capable of optically modulating
electrons™, as it requires only standard fabrication processes, optical
components and electron optics.

Similarly to other electron-shaping methods®, focusing the elec-
tronsisrequired after the shapingtoreach feature sizes at the electron
resolution limit. Inaddition, using abrighter electron source and better
electron optics, as in the work of ref. *°, can improve the acquisition
speeds of electron distribution in the image and diffraction planes,
which were limited here to several minutes and several hours, respec-
tively (more details in Methods).

Itisinteresting to compare the prospects of electron beam shaping
via PINEM***** as demonstrated here, to other experiments involving
free-electron-light interactions, such as two-photon photoemission
electron microscopy (2PPE-PEEM)*°%*, Some 2PPE-PEEM experiments
imaged SPP patterns resembling Fig. 4 and controlled them by altering
theincidentlaser polarization®*. However, in contrast with PINEM'2°
and ponderomotive schemes??**%, the control of electron distributions
in 2PPE-PEEM is via photoemission, which may impair the transverse
electron coherence®. Interestingly, 2PPE-PEEM and other methods®
can sense the vectorial nature of the near field, an ability only theo-
retically considered for PINEM thus far®, which could add additional
degrees of freedom to control electron wavefunctions.

Superficially, tunable spatial electron modulation may seem
analogous to the way spatial light modulators shape light. However,
the mechanism of our spatial modulation scheme is actually analo-
gous to acousto-optical deflection®®, whichis also commonly used for
shaping beams of light®’. Importantly, energy post-selection allows the
near field to directly modulate both the phase and amplitude of free

electrons, as evidenced by our electron diffraction measurements
and also shown theoretically in Extended Data Fig. 3. Intriguingly,
our results imply that using a plasmonic vortex for shaping in the
high-intensity regime creates an electron distribution containing dif-
ferentangular momenta for differentinteraction orders, as predicted
by ref. **, making the angular momentum of the entire electron wave-
function spatially dependent.

Considering all the above, the electron-shaping platform pre-
sented herein has the potential toimmediately impact state-of-the-art
electron imaging and characterization techniques. For example, a
continuous and/or ultrafast tuning of an electron beam’s angular
momentum could enable characterization of chiral and magnetic
materials* with high temporal and spatial resolutions. We also envision
the generation of tunable nanometric apertures, smaller than those
currently used in electron microscopes, in which electrons can pass
freely only in certain areas defined by a predesigned laser intensity
pattern (asinFig.5). Furthermore, by matching an electron beam pat-
tern to a desired lattice shape or symmetry (as in Fig. 2¢,d), electrons
canbe made to pass through the crystal with reduced scattering or to
excite only specific atoms in heterogeneous crystals.

Looking forward, our demonstration of tunable spatial modula-
tion is a step towards fully programmable electron beams with arbi-
trarily controllable wavefronts, which has yet to be achieved. Further
improvements can be made by using a spatial light modulator” to
shape the incoming laser pulses, or employing multiple confined
surface modes as inamultimode planar waveguide, potentially using
multi-frequency illumination®. In the end, complete automation of
the photon-induced spatial modulation process promises real-time
optimization of electron beam shapes for continuous aberration cor-
rection of electron beams, on-demand generation of patterns for
electronbeam lithography and electron beam focusing inside samples
beyond the mean free pathrestriction.

Online content

Any methods, additional references, Nature Portfolio 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 areavailable at https://doi.org/10.1038/s41563-022-01449-1.
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Methods

Sample preparation

We coated a40 nmlayer of Auatop a30 nmSi;N, transmission electron
miscroscopy membrane (Norcada, NTX025) using sputter deposition
(AJA International, ATC 2200), with a 3 nm Ti adhesion layer. We use
only the long-range SPP-guided wave in our set-up, which is localized
atthe sample boundaries and is only weakly affected by the adhesion
layer (sample illustration and mode shape appear in Extended Data
Fig. 1a). After fabrication of the Au-coated membrane, plasmonic
coupling slits are milled into it using a focused ion beam (FEI, Helios
NanoLab DualBeam G3 UC), etching only through the Au coating,
leaving the Si;N, layer intact. The plasmonic coupling slits were opti-
mized for broadband operation around an excitation wavelength of
730 nm. A top view of the entire sample from the Au side is given in
Extended Data Fig. 1b.

Experimental set-up

We performed the measurements using the experimental set-up
described in ref. *. Laser pulses are frequency-quadrupled to induce
photoemission of electron pulses from the tip source of the electron
microscope. These electrons are then accelerated and impinge on
ananostructured membrane in sync with laser pulses that generate
a plasmonic near field interacting with the electrons. Laser pulses
impinging onthe sample were tuned to a central wavelength of 730 nm
by an optical parametric amplifier (Light Conversion, Orpheus),
and their polarization was externally tunable via a broadband
A/4 plate.

For the experiments described in Figs. 2,4 and 5c and theinsetin
Fig. 3a, we used laser pulses of ~220 fs (FWHM), at a1 MHz repetition
rateand with an energy of -25 nJ (25 mW average power), while EFTEM
was performed with an ~-10-eV-wide slit centred at 6 eV at the gain side
of the energy loss spectrometer, practically observing all electrons
that gained energy in their interaction. For the experiment described
in Fig. 5, the laser pulses were stretched using a 12 mm ZnSe window
(Edmund Optics, Light Pipe) to ~840 fs (FWHM), and their energy was
either~30 nJ (30 mW average power) or 65 nJ (65 mW average power).
EFTEM was performed with an ~1 eV slit, centred around multiples of
the centrallaser pulse frequency (0O eV,-1.7 eV,-3.4 eV,-5.1eV,-6.8 eV
and -8.5), such that only electrons at a certain interaction order were
imaged (with a smallresidual signal from other interaction orders). The
electrondiffractionin Fig.3 was performed in the HD diffraction mode
of the microscope (JOEL 2100+), with laser pulses similar to those in
Fig. 5. Apertures of 20 um (Fig. 3a) and 50 pm (Fig. 3f) in diameter,
marked in the presented scanning electron microscopy (SEM) micro-
graphs, were placed right after the sample. By considering the spot size
of the diffracted electron in Fig. 3d, as well as taking into account the
calibrated distancesin the diffraction plane given by the manufacturer,
we extract a conservative estimate for the electron transverse coher-
ence length in this measurement of 1 pm.

Electron pulse width and energy width were ~350 fs and ~1.1eV
for all experiments, with negligible incoherent broadening from the
transmission through the sample. The beam width used was varied
according to the required magnification in each figure (as shown in
the corresponding scale bars) except in Fig. 3, where the beam was
expanded to an -2 mm diameter before impinging on the sample.
In Figs. 2 and 4, a fraction of ~30-50% out of all the electrons going
through the sampleis detected. In Fig. 5, the fraction of electrons per
interaction order varies but is obviously lower (ideally, this number
could increase to ~35% in the required interaction order, as shown
theoretically inref.?*). Due to our electron source and electron optical
system, only ~10% of the electrons emitted from the tip in our experi-
mentend up going through the sample, atechnical limitation that can
belargely overcome, asinref.?°. The electron energy filtering schemein
each partofthe experimentisillustrated in Extended Data Fig. 2 (note
that energy filtering was not performed in Fig. 3).

The sample was tilted at an angle of -4.5° to allow normal inci-
dence of the laser pulses. Changes as small as 0.1° to this angle create
aberrations in the shape of the spatially modulated electrons (in Sup-
plementary Video 3, the sample tilt is varied between 4.1° and 4.9°),
which provides another degree of freedom for controlling the electron
wavefunction.

Theory of free-electron-light interaction

Our theoretical formalism is based on the one derived in ref. *°. We
describe theinteraction of afree electron and an electromagnetic wave
by using the time-dependent Schrédinger equation:

. oY
— eV]zp: i

[(p +eA)
where pisthe momentum operator of the electron; eisthe elementary
charge; mistheelectron mass; Ais the electromagnetic vector poten-
tial; Vis the electromagnetic scalar potential; and ¢ is the electron
wavefunction.

We apply the same assumptions in solving the above-mentioned
equation as in all other papers on ultrafast transmission electron
microscopy**%. In short, the electron is highly paraxial, such that its
longitudinal and transverse dynamics are decoupled, and the entire
transverse dynamics can be neglected. This allows us to introduce
therelativistic correction to the equation by simply replacing m > ym
(where yis the relativistic Lorentz factor). As a consequence of these
conventional conditions, we can reach the form given in equation (1).

Tosolve equation (1), it is customary* to assume that the electron
is made up of a carrier wave and a slowly varying envelope, which
canbe decomposed to harmonics of the frequency of the electromag-
netic wave

¢ = exp(i (koz - %t))q)o (r—vtd) Yy, exp(ilw (g - t))f, )
7

where U, and k, are the initial energy and momentum of the paraxial
electron, respectively; #is the reduced Planck constant; ¢, is a slowly
varying envelope function; w is the frequency of the electromagnetic
wave; vistheinitial electron velocity; r = (x,y, z)is the coordinate vector,
withzbeing the longitudinal coordinate; and [andf,are theinteraction
order and its spatially dependent coefficient, with negative orders
denoting emission and positive orders denoting absorption.

When solving equation (1) with the above assumption for the
wavefunction, one canextractan equation for the spatially dependent
coefficient of each interaction order:

o9 _ e

L0 = o (B expi0 Vit () E; exp(-ito 5 )fy 1 (1)

This results in the final expression

J1 () = exp(ilarg(-g (. )V 21g . y)))

where g(x,y) = = f°_E, (x,,.2) exp(—i22)dz is the free-electron-light
hw” —® v

interaction strength;/;is the lth order Bessel function of the first kind;
and E, is the electric field phasor in the direction of electron propaga-
tion (the out-of-plane direction of our sample). The longitudinal
dependence of the SPP field in our system is given in Extended Data
Fig.1a,and arepresentative transverse distributionis given in Extended
DataFig.3a,b.

Under the approximation that g <1, the coefficients of all
interaction orders are negligible except for the first, and thus the
transverse distribution of electrons gaining energy in the interaction
isPr ~|fy (x,y)|2 ,wheref; (x,y) ~ 2|g(x,y)| exp(i arg(—g (x,y)))Consequen-
tly, the transverse electron probability distribution follows the spatially
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dependentintensity of the SPPfield (Extended DataFig.3c,d). Asimilar
scaling also appears for larger values of g, provided that the electron
pulse durationislonger than thelaser pulse duration. Inthis scenario,
the free-electron-lightinteraction strengthis time dependent, result-
inginanaverageinteractionstrength thatis, again, small. Both of these
cases form the regime we refer to as the low-intensity regime, and the
label of the high-intensity regime applies when they are nolonger valid.

Image acquisition and processing

Images of the electron spatial distributionin Figs.2 and 4 were acquired
by a camera mounted on an EELS instrument (Gatan US1000), using
an exposure time of 120 s per image. Images of the electron spatial
distribution in Figs. 3a and 5 were acquired using a direct-detection
camera (GatanK2), with an exposure time of 480 s perimage. Electron
diffractionimagesin Fig. 3b-e (smaller aperture) were integrated for
16 hours with laser illumination and for 4 hours without it. Electron
diffraction images in Fig. 3g-j (larger aperture) were integrated for
2.66 hours with laser illumination and for 0.66 hours without it. All
images in Fig. 3 were taken with an increased camera pixel threshold
to greatly reduce noise levels. The large beam diameter required for
diffraction measurementinour experiment (preset in the microscope),
coupled with the required aperture sizes following the sample, led to
low signal levels in our diffraction images. This, however, is not a fun-
damental limit, andis directly connected to the quality of our electron
source and optics, which may be vastly improved®.

In all images, however, two main sources of noise exist: back-
ground noise and random flaring of detector pixels. As a result, the
detector software usually performs substantial automated image
processing onthe raw image data. We exported the raw data (Extended
Data Fig. 4a) and performed the image processing ourselves. Cor-
recting the images for random pixel flaring requires contrast manip-
ulation, which is performed by considering the distribution of the
image histogram and choosing lower and upper bounds (Extended
Data Fig. 4b). We chose the average pixel signal as the lower bound,
while the upper bound was chosen to be the highest pixel value five
standard deviations from the average (this number changes for each
image). Background noise may be removed by equalization—reduc-
ing the average pixel value from each pixel. A representative result of
the full image processing is given in Extended Data Fig. 4c, matched
against the image produced by the detector software (Extended
DataFig. 4d).

The diffraction images are made up of several short exposure
images that were superimposed using a centre-of-mass algorithm,
correcting for drift due to the long measurement times, to achieve the
raw dataimages appearing in Fig. 3. Toreach the deconvolved images
of Fig. 3, the following process was performed: the electron diffraction
without laser illumination was interpolated, smoothed with a Gauss-
ian filter and truncated to act as a deconvolution kernel for all other
images. The same process was repeated for the other images, and
deconvolution was performed with astandard commercial algorithm.
A further contrast manipulation was made to ensure the visibility of
weak diffraction peaks.

Data availability

Due to the large size of the raw data files (over 16.5 GB), the data sup-
porting the findings of this study are available fromthe corresponding
author uponreasonable request.
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40 nm Au

~

30 nm Si3N,

Extended Data Fig. 1| Sample design and fabrication. (a) lllustration of the
sample used in the experiments, overlaid with the cross-section of the long-range
surface plasmon polariton (SPP), showingits electric field amplitude in the
direction of electron propagation (|E,|). The vertical arrow provides an axis for the
SPP amplitude profile. (b) A SEM micrograph of the various plasmonic coupling

L
z x

0

slits used in our experiments, which were optimized for broadband operation
around an excitation wavelength of 730 nm and milled into the gold layer of
the sample (scale bar is 10 microns). The coordinate system of the experiment
appearsinboth (a) and (b), rotated to fit the observation direction in each case.
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Extended Data Fig. 2| Electron energy filtering schemes used in the
experiment. The figure shows a representative measurement of the electron
energy loss spectrum (EELS) measured in our experiment (blue area), with visible
peaks at integer multiples of the laser pulse (-1.7 eV). The measured EELS without
laser pulse excitation is given by the dotted gold curve. For the measurements
performed in Figs. 2-3, we filter electrons that gained energy, as marked by

the dashed black frame, effectively adding up all positive free-electron-light
interaction orders. For the measurements performed in Fig. 4, we filter electrons
that underwent interactions of specific orders, as marked by the light orange
rectangles (eachwitha-1eV energy width). The energy dispersion of our EELS
measurement was 0.1 eV per pixel.
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Extended Data Fig. 3| Theory of photon-induced amplitude and phase expression given in Methods section, by summing over the first 10 interaction
modulation. (a),(b) Calculated amplitude and phase of the out-of-plane electric orders. The fine match between the electron and electric field distributions

field for alst order plasmonic Bessel vortex, created by a circular coupling slit suggests that light shapes both the electron amplitude and phase, as was also
asinFig.2b. Thefield is calculated via the Huygens principle method. (c),(d) verified by the diffraction measurement in Fig. 3. A specific consequence of
Calculated amplitude and phase of the transverse electron wavefunction, shaping both the amplitude and the phase is that angular momentum canindeed
after interaction with the SPP vortex presented in (a),(b), in the low-intensity be transferred from the SPP vortex field to the electrons interacting withiit.

interaction regime. The wavefunction distribution is calculated via the
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d

Extended Data Fig. 4 | Image processing of the electron distribution by contrast manipulation, as described in Methods section. (c) Equalization of
measurements. The figureillustrates the process of creating the electron theimage after contrast manipulation enables the visualization of more detailed
distributionimages presented throughout the manuscript. (a) The raw data features. (d) The image generated automatically from the detector software,
without any manipulation. Random pixel flaring greatly reduces image contrast, qualitatively similar to the image that we extracted. The white scale bar in (d) is

making it seem as though there is no signal. (b) Mitigation of random pixel flaring  relevant for allimages and corresponds to 5 microns.
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