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Controlling optical fields on the subwavelength scale is at the core of nano-
photonics. Laser-driven nanophotonic particle accelerators promise a com-
pact alternative to conventional radiofrequency-based accelerators. Efficient
electron acceleration in nanophotonic devices critically depends on achieving
nanometer control of the internal optical nearfield. However, these nearfields
have so far been inaccessible due to the complexity of the devices and their

geometrical constraints, hampering the design of future nanophotonic
accelerators. Here we image the field distribution inside a nanophotonic
accelerator, for which we developed a technique for frequency-tunable deep-
subwavelength resolution of nearfields based on photon-induced nearfield
electron-microscopy. Our experiments, complemented by 3D simulations,
unveil surprising deviations in two leading nanophotonic accelerator designs,
showing complex field distributions related to intricate 3D features in the
device and its fabrication tolerances. We envision an extension of our method
for full 3D field tomography, which is key for the future design of highly
efficient nanophotonic devices.

Particle accelerators are critical components in modern industrial,
academic and medical infrastructure. Their applications range from
X-ray generation for cancer treatment and medical imaging to the
high-end experiments of high energy physics'>. Current accelerators
are based on radiofrequency technology that makes them large and
expensive. Shrinking the size of accelerators could open new possibi-
lities for numerous applications, including electron diffraction and
microscopy, portable medical X-ray sources, and coherent probes for
quantum information science*”.

One approach toward compact particle accelerators facilitates
efficient interaction between the particles and light by using short laser
pulses and nanophotonic devices built from dielectric materials®. An
important advantage of these nanophotonic dielectric laser accelera-
tion (DLA) devices, compared to metal or superconducting radio-
frequency accelerators, lies in the two order of magnitude higher
damage threshold of dielectrics at optical frequencies’. Together with

their small footprint on the order of millimeters and the use of off-the-
shelf infrared laser sources as the energy source for acceleration, DLA
promises an economical and compact alternative to radiofrequency
accelerators. The operation of DLA devices is based on the inverse
Smith-Purcell effect®™®, a process of stimulated absorption and
emission of photons by an electron that passes close to a periodic
structure. Over the last sixty years, various methods for enhancing the
fundamental electron-light interaction in DLA structures have been
proposed® 8, The first successful DLA demonstrations from
2013 showed a few dozens of MeV/m acceleration gradient for
sub-relativistic electrons®” and up to 250 MeV/m for relativistic
electrons®. Since then, continuous improvements in DLA designs and
laser coupling efficiency, benefitting from the mature technology of
silicon photonics, led to the demonstration of acceleration gradients
up to and above the GeV/m scale””¥, The current bottleneck for
pushing forward DLA technology is in the precise control of the
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electron trajectories, which depend on the exact nearfield distribution
inside the DLA. This high degree of control is necessary for longer and
more modular acceleration structures and for the concatenation of
multiple such devices.

Further optimization and advanced electron beam focusing
techniques, such as alternating phase focusing'®***°, require a detailed
understanding of the 3D nearfield distribution inside the accelerator
structure. While simulations can provide extensive insight into the
field distribution, they depend on the precise 3D knowledge of the
fabricated structure dimensions and laser beam parameters, which
are rarely fully accessible. Consequently, direct characterization of the
field distribution is of paramount importance. However, until now, no
experimental method has been able to measure the actual field dis-
tribution inside nanophotonic accelerators.

Here, we demonstrate the deep-subwavelength characterization
of the accelerating electric field inside a DLA channel. To image the
nearfield, we modify a transmission electron microscope (TEM) such
that electrons first pass through the DLA channel and are then filtered
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Fig. 1 | Imaging the field distribution inside dielectric laser acceleration (DLA)
structures. a An illustration of the transmission electron microscope experimental
setup. A LaB electron source operates in thermionic mode; a set of magnetic lenses
and apertures are used to condition the electron beam such that it enters the DLA
parallel to the channel at the required spot size; a 1064 nm CW laser modulates the
energy of the electrons passing through the 20 um long DLA structure; the elec-
trons continue to a spectrometer, where they are energy-filtered such that only
electrons that gained energy are imaged. b, ¢ 3D model of the two structures used
in this work: a dual-pillar structure with a distributed Bragg reflector and an inverse-
designed resonant structure, respectively. A representative field distribution is
overlaid at the end of the channel. d Measured (black crosses) and simulated (blue
line) electron energy loss spectra (EELS) at representative locations inside the
channel of the inverse-designed structure. These energy spectra measurements are
obtained with an electron beam spot size of ~70 nm, which is smaller than the
channel widths of 210 and 280 nm in the two DLA structures. In contrast, the
electron beam used to image the field distributions (insets of b and c) has a spot of
~3 um, sufficiently large to cover the entire electron channel. The gray region in
the spectra was filtered out to obtain the images of the acceleration field profile.

by their energy - a technique known as energy-filtered transmission
electron microscopy (EFTEM, see Fig. 1a). By collecting only the elec-
trons that gained energy from their interaction with the field, we
obtain an image of the accelerating field. The field strength across the
channel can be reconstructed from the density of electrons at different
positions after the energy filtering.

Our technique is based on photon-induced nearfield electron
microscopy (PINEM)**, an approach in which free electrons
exchange energy with the nearfield of the nanostructure in units of
light quanta. Usually, PINEM is achieved by the synchronized interac-
tion between electron pulses and laser pulses®®*>***, which can pro-
vide nm spatial and fs temporal resolution to image a variety of
physical phenomena'®***, However, the field distribution inside a DLA
channel is highly sensitive to the wavelength of the incident laser. A
pulse excitation, as is typically used in PINEM, simultaneously excites a
range of field distributions and cannot distinguish the individual
monochromatic responses. Only few PINEM-type experiments have so
far achieved strong enough electron-light interaction without pulsed
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Since the driving field amplitude is about three orders of magnitude smaller than
that of fs pulses, the peak energy gain inside the CW-driven DLA structures reaches
5eV (g=1.2), which in the classical picture corresponds to an acceleration gradient
of about 0.2 MeV/m along the effective interaction length of 15 um, given by the
laser spot size. Compared to the much higher acceleration gradients of typically
used fs laser pulses, the weak CW light field offers three advantages: (1) The weak
field guarantees that the electron energy spectrum is not saturated, i.e., the zero-
loss peak in the EELS is not fully depleted, which means that the electron counts
monotonically increase with electric field strength. Stronger fields also cause
transverse motion of the electron, which reduces the spatial resolution. (2) The CW
operation enables working with continuous electron beams, which have much
higher flux and better electron beam quality, thus providing better image quality.
(3) The narrow bandwidth of CW light enables scanning over the wavelength with
sub-nm resolution, which is much narrower than the bandwidth of fs pulses, and
reveals the fine spectral response of the DLA. e Calculated transformation curve
between measured EFTEM counts and the acceleration coefficient g, which is
proportional to E,(x,y). The values of g obtained from the fits in d are marked with
colored dots.
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interaction*°, which is vital for the characterization of the nearfield
inside a DLA channel.

By scanning the wavelength of a continuous wave (CW) laser, we
extract the spectral response of our nanostructures, acquiring a deep-
subwavelength nearfield image at each wavelength with sub-nm
spectral resolution. These nearfield images provide deep insight into
the photonic properties of the DLA structures. Specifically, using our
imaging technique, we compare the two leading designs of silicon-
based DLA structures: (1) the established design based on two rows of
pillars” with a distributed Bragg reflector on one side (Fig. 1b)***, and
(2) an inverse-designed structure with an enclosed acceleration chan-
nel for resonant enhancement (Fig. 1c)***%. We study the spectral
response of both devices and find surprising deviations from their
designed field distributions. Through numerical simulations, we can
relate those deviations to specific fabrication inaccuracies. We con-
clude with a sensitivity study of the two structures with respect to
changes in their structure dimensions, providing deep insights into
current nanophotonic accelerator designs and showcasing our ima-
ging technique of nanophotonic nearfields. This study provides crucial
insight for the design of future, more ambitious and complex DLA
structures.

Results

Our experimental setup (Fig. 1a) is based on a transmission electron
microscope (TEM) in which thermally emitted electrons are acceler-
ated to an energy of 189 keV and enter the DLA structure (more on the
system in ref. 45). A 1064 nm CW laser is focused onto the structure.
After the interaction with the optical nearfield in the DLA channel, the
emerging electrons reach an electron energy loss spectrometer (EELS),
which uses a tunable energy filtering slit and magnetic lenses to create
an image of those electrons that gained energy. This way, an image
of the acceleration profile |g(x,y)] in the channel is generated
lgxy)| =1 [ E,(x,y,z)e" @/ dz| where E,(x,y,z) is the nearfield dis-
tribution of the electric field along the electron trajectory, w the
angular frequency, and v, =fc=0.69c is the electron velocity. The
phase term e~#?/% thereby means that the electron samples the spe-
cific spatial Fourier mode of the field Fl(x,y,z)=E%(xy)e"” with
q=w/v,, which is the mode of interest for electron acceleration.

The Fourier mode g=w/v, imaged by our technique is thus
determined by the electron velocity and the laser wavelength, which
can be tuned to map the spectral response, as shown below. The DLA
structure was designed with a periodicity A =733 nm and optimized for
a laser wavelength of 1=2mc/w=1064 nm. For efficient acceleration,
the electron needs to be phase matched to the laser light, that is, its
velocity needs to fulfill the synchronicity condition A=A/f. How
strictly the synchronicity condition has to be fulfilled is determined by
the interaction length. For our relatively short structure with an
interaction length of 15um, we can accommodate deviations in the
laser wavelength of up to 25 nm and deviations in the electron kinetic
energy of up to 10 keV, without completely losing synchronicity (see
Supplementary Information Note 5). The relatively uniform illumina-
tion allows us to neglect edge and dephasing effects such that the
measured acceleration profile is proportional to the field distribution
|E“/?(x,)| of a single unit cell of the DLA structure, scaling linearly
with the number of periods. We note that the DLA structures are
designed to have their field dominated by the Fourier mode that
contributes to the acceleration, that is, £,(x,y,2) = E2/% (x,y)eiz®/% . We
henceforth shorten the notation by writing the field without the w /v,
superscript.

We probe the field in the channel by two techniques: (1) Using a
parallel electron beam with a small spot size of ~70 nm, smaller than
the channel width, we measure the electron energy spectrum at var-
ious selected locations in the channel (Fig. 1d). This approach could be
extended to image the field distribution by scanning over the channel
(a smaller electron spot size could be used for better resolution, but at

the expense of lowering the electron flux). (2) We tune the magnetic
lenses controlling the electron divergence and spot size of the TEM to
create a collimated electron beam that illuminates the DLA channel
homogeneously (with a 3 pm spot size). To acquire an image of the
accelerating field, we collected only electrons that gained energy,
while filtering out both electrons with no interaction (namely, the zero-
loss electrons) and the electrons that lost energy in the interaction. To
determine the filtering range (gray region in Fig. 1d), we rely on the first
technique to find the optimal energy filter that yields maximum image
contrast and field linearity. We note that our field imaging technique
with CW light operates in the small energy-modulation regime of few
eV - in contrast to the three orders of magnitude higher acceleration
gradients found in fs-laser operated DLA structures®. Remaining in the
weak acceleration regime has a twofold advantage: Firstly, we stay
below the point where the zero-loss peak is fully depleted, and the
electric field can be retrieved from the EFTEM image (see invertible
regime in Fig. 1e). Secondly, the change in electron velocity is negli-
gible and the electron trajectory remains paraxial rather than changing
transversely, enabling to image the accelerating field with deep-
subwavelength spatial resolution. We note that to observe net accel-
eration, the electrons need to be pre-bunched before entering the
structure, as in other DLA experiments?®,

To understand how the electron counts depend on the electric
field strength inside the structure, we consider the electron energy
distribution after passage through the DLA structure, see Eq. (1) in
Methods. The electron counts equal the integral of the electron energy
distribution over the slit of the electron energy filter (width 7 eV, from
-9 to -2 eV for the inverse-designed structure and -8.5 to -1.5¢eV for
the dual-pillar structure). Figure 1le shows the electron counts as a
function of the coupling constant g. The ideal slit position is chosen
such that the field strengths of interest are below saturation, in the
regime with maximum slope for maximum image contrast. To image a
wide range of field strengths, one can repeat the measurement for
multiple slit positions and combine the information into a single
field image.

Scanning electron microscopy (SEM) images of the dual-pillar and
inverse-designed structure are shown in Fig. 2. The electrons (marked
in blue) enter the structures via an alignment aperture and are
modulated in the structure by the optical field of a CW laser impinging
on the structure perpendicularly to the electron flow. The laser illu-
mination area, marked as a red surface, has a Gaussian distribution
with spot diameter of ~15pum (1/€?), which is smaller than the struc-
ture length of 20 pm. The insets in Fig. 2a, b show the simulated xz-field
distribution £,(x,z) of an ideal structure. We note that along the
x-direction, the field distributions are always designed to have sub-
stantial non-vanishing values at the center of the channel, where
electrons can be guided for acceleration. However, our experimental
data reveals that the field inside some of the fabricated structures is far
from optimal and can even vanish at the center of the channel.

Figure 2c, d presents typical PINEM images of the two DLA
channels that were taken without (left) and with (right) electron energy
filtering. The unfiltered images show the uniformly illuminated chan-
nels, while the filtered images show the PINEM field distribution inside
each DLA channel, which is related to |E,(x,y)| as shown by our theory.
The dual-pillar field distribution (Fig. 2c) exhibits several outstanding
features. Along the vertical y-direction, the field distribution shows an
oscillatory behavior and extends beyond the top of the structure.
Furthermore, the field does not extend all the way down to the bottom
of the channel. As discussed later, this behavior can be predicted by
accurate 3D numerical simulations and can be attributed to the
eigenmode profile of the nanostructure sitting on a silicon substrate.
For comparison, inspecting the field distribution of the inverse-
designed structure (Fig. 2d) reveals intriguing differences and simila-
rities to the dual-pillar structure. Along the vertical y-direction, the
field is again not reaching down to the channel bottom, but in contrast
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Fig. 2 | Scanning electron microscopy images of the dielectric laser accelera-
tion (DLA) structures. The electrons (blue) enter the structures via an alignment
aperture and are accelerated in the structure by the electric field of a 1064 nm CW
laser impinging on the structure perpendicular to the electron flow. The laser
illumination area is marked as a red surface showing that the spot diameter of 15 um
(1/€2) is smaller than the structure length of 20 um. a, b The dual-pillar structure
with Bragg mirror and the resonance-enhanced inverse-designed structure,
respectively. A zoom-in view into the structure and the corresponding accelerating
electric field distribution £, (x,z) are shown as insets for both structures. The per-
iodicity of 733 nm provides phase matching between the electrons and the electric
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field along the z-direction. Note that £, has a substantial non-vanishing value at the
center of the channel, where electrons are guided. ¢, d Typical TEM images of the
two DLA channels were taken with a broad 3 pm spot-size electron beam, without
(left, black-white color scale) and with (right, rainbow color scale) electron energy
filtering. The unfiltered image shows the uniformly illuminated electron channel,
revealing a slightly conical shape of the pillars with a slightly narrower channel at
the bottom. The filtered image shows the measured PINEM field distribution, which
extends above the structure’s top and vanishes far above the channel’s bottom in
both cases. In addition, the field measured in the dual-pillar (c) structure has a null
at the center, which is different from its design (as discussed below).

to the dual-pillar structure, it does not extend above the channel top,
indicating that the field is more strongly confined to the channel.
Additionally, the field along the y-direction does not show the oscil-
latory behavior of the dual-pillar structure.

Along the horizontal x-direction, the measured field of the dual-
pillar structure exhibits a null at the channel center (Fig. 2c) - the
opposite of the ideal DLA performance. Following Plettner et al.”*, we
associate this field distribution with an anti-symmetric mode that fol-
lows a hyperbolic sine (sinh) profile. As seen later, the dominance of
this mode over the designed symmetric mode that follows a hyper-
bolic cosine (cosh) distribution can be explained by a fabrication
mismatch. For comparison, the field distribution of the inverse-
designed structure (Fig. 2d) along the horizontal x-direction, at center
height, resembles the expected cosh-like symmetric mode distribution
with a non-zero value at the center. A dominant symmetric mode is not
only required for optimal acceleration, but when looking forward
toward practical applications of DLAs, it can also be used for transverse
confinement of the electron beam®’,

The field distribution was measured over a range of wavelengths
(Fig. 3a, b), from 1063 nm to 1065.4 nm, controlled by changing the CW
laser operating temperature (Supplementary Fig. S1). Interestingly, the
field distribution of the dual-pillar structure hardly changes with
wavelength (Fig. 3a). However, for the inverse-designed structure, the
field distribution changes dramatically, with its peak moving from one
side to the other.

Figure 3c, d shows that both measured symmetric and anti-
symmetric field profiles match with theory*® and can be approximated
accurately with a combination of cosh and sinh functions. When
comparing the field distribution to a PINEM image, one further has to
consider blurring effects that arise mainly due to the imaging point
spread function that we model by a Gaussian convolution. Combining
the Gaussian spread with the sinh and cosh mode profiles takes the
form exp(x?/202?) x [Acosh(kx) + Bsinh(kx)]. The coefficients A and B
and the evanescent decay rate k are determined by a fit, while the root-
mean-square of the Gaussian was chosen as ¢ =10 nm for optimal fit
results. At the edges of the channel, electrons scatter off the silicon
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Fig. 3 | Measured spectral response of the field distribution inside the DLA
channel. Our method for deep-subwavelength spatial imaging with sub-nm spec-
tral resolution is applied to (a) the dual-pillar structure and (b) the inverse-designed
structure. We observe a substantial change for the inverse-designed structure and
hardly any change for the dual-pillar structure. ¢, d Measured field cross section
(blue/purple dots) along the red marking lines in a and b. The black dashed lines
(which can hardly be distinguished from the blue/purple dots since they almost
perfectly overlap) are fits of the expected cosh/sinh field profile within the channel.
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They were multiplied by an exponential decay at the edges of the channel, where
electrons lose energy due to inelastic scattering off the structure. A Gaussian
convolution imitates the blurring effect mainly due to the imaging point spread
function. The dual-pillar structure has a large sinh component in the fit, which
corresponds to an anti-symmetric (odd) structural mode with zero field at the
center. In contrast, the inverse-designed structure has a substantial cosh compo-
nent in the fit, with large non-vanishing energy at the channel center corresponding
to a low-order symmetric (even) mode.

boundaries and are either deflected, absorbed, or lose energy through
inelastic scattering (e.g., phonon and plasmon emission). These scat-
tering events result in a drop of signal at the boundaries of our PINEM
images, which we phenomenologically model by a fitted exponen-
tial decay.

Our model (filled dashed curves in Fig. 3c, d) yields excellent
agreement with the experimental data (blue/purple dots in Fig. 3¢, d)
over the entire spectral range that was measured. The measured
results show that the field distribution in the dual-pillar structure
corresponds almost purely to the anti-symmetric mode with a
large sinh contribution in the fit (4/B=1/10), whereas the field in the
inverse-designed structure corresponds to the symmetric mode dis-
tribution with a dominant cosh component in the fit (4/B = 50). As seen
next, the deviation of the dual-pillar field from the design can be
explained by a change in the actual pillar diameter relative to the
intended design.

To understand the observed field profiles, we performed exten-
sive 3D numerical simulations to study the sensitivity of the field dis-
tribution to deviations in the structure dimensions. Figure 4a, b shows
the field distributions inside the two structures for small variations of
the structure diameters. We singled out the structure diameter D

(left column in Fig. 4) as the parameter which best describes the fab-
rication inaccuracy originating from a too long or too short e-beam
illumination time during the lithography process. The best match with
the experimental data is obtained for §D= —48 nm (where 6D is the
change in D) for the dual-pillar structure (that is, a 48 nm narrower
pillar diameter than the designed diameter of 457 nm) and 6D =0 nm
for the inverse-designed structure.

While both structures show the symmetric mode around the
design target (6D=0+5nm), this region is highly sensitive to
the structure diameter, and the peak acceleration is seen to shift to one
side as the contribution from the anti-symmetric mode increases. This
matches our observation from Fig. 3b, where the mode profile of the
inverse-designed structure shifted with wavelength. In contrast, our
simulations of the dual-pillar structure indicate that the anti-symmetric
mode found around 6D = —48nm is robust to changes in 6D. This
robustness agrees with our observation from Fig. 3a, displaying no
sensitivity of the dual-pillar field profile to changes in wavelength.
Altogether, the inverse-designed structure is far more robust to
changes in the structure dimensions because its symmetric mode
stretches over a much wider range (+4 nm > 8D > —40 nm) than that of
the dual-pillar design (+10nm>§éD>—4nm). Our two fabricated
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mode is dominant for both structures, as designed. For small changes 6D, the field
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(6D= —40 nm, marked by red rectangle), its anti-symmetric mode is highly robust
against changes in §D. These simulation results match the experimental findings of
Fig. 3, where the symmetric mode of the inverse-designed structure moves from
side to side, whereas the anti-symmetric mode of the dual-pillar structure does not
change much with wavelength. ¢, d Side-by-side comparison of measured and best-
fit simulated EFTEM images. For the conversion from electric field to electron
counts, we normalized by assuming that the maximum coupling constant g inside
the channel reaches 1.8, which is close to the experimentally found value from
Fig. 1e. Looking at the deflecting field |E,(x,y)| reveals that a symmetric mode in £,
is associated with an anti-symmetric mode in £, and vice versa.

|E2| IE

A =1065.0 nm

structures are a testimonial of the robustness of the inverse-design
approach.

Figure 4c, d demonstrates the amount of knowledge that can be
gained when combing our experimental nearfield measurement with
3D simulations. The simulated field |E,| is shown for the structure
parameters that give an optimal replication of the measurement. We
added an exponential decay at the vacuum-silicon interface to account
for the inelastic scattering of the electrons off the boundaries of the
channel. Having found the matching structure parameters this way, we
can then extract from the simulation the other field components, |E,|
and |E| (see Supplementary Fig. S3). This represents a major advan-
tage over the traditional approach of predicting the field distribution
based on measured structure dimensions. Measurements by SEM, for
example, can mainly identify the dimensions of outer features of the
structure but often misses information inside the nanostructure, since
it requires to manually cut the structure at the specific imaging loca-
tion which is a priory unknown.

The simulated EFTEM images in Fig. 4c, d capture a wide range
of details observed in the measurement. Along the horizontal
x-direction, we retrieve the anti-symmetric profile for the dual-pillar
structure and the symmetric profile for the inverse-designed
structure. Along the vertical y-direction, the simulation of the
dual-pillar structure reproduced the oscillating pattern as well as
the extension of the accelerating field above the left row of pillars.
As seen experimentally, the inverse-designed structure does not
exhibit this feature above the structure. Lastly, the simulations also

reflect the observation of the field not reaching the channel bottom.
These results manifest the need for 3D modeling of these devices,
instead of a 2D model that usually approximates the structure as
invariant along the vertical direction for convenience and ease of
calculations.

The match between experiment and theory allows us to use the
simulation for the analysis of the deflecting field E, (Fig. 4c, d). We
found that a symmetric mode in E, is accompanied by an anti-
symmetric mode in £, and vice versa, which is in accordance with the
existing theory”. £, is close to zero throughout most of the channel
and only has substantial contribution above the structure (see Sup-
plementary Fig. S3). Thus, not only does the anti-symmetric mode in £,
lead to zero net acceleration, it also strongly deflects the electrons
sideways. In contrast, the symmetric mode in E, has a sinh mode dis-
tribution in £, that can be used to focus the beam along the x-direc-
tion, or defocus it, depending on the phase of the field at the time of
arrival of the electron®®?’, A possible application of the anti-symmetric
E, modes in future DLA structures could be for beam deflection. For a
5-pum-short structure and 30 keV electrons, a deflection by 2° inside a
200-nm-wide channel is feasible with existing structures and a pre-
viously demonstrated acceleration gradient of 200 MeV/m?®. For lar-
ger deflection angles, the structure itself needs to be curved. The
phase of the electron with respect to the laser light determines to
which side the electrons are deflected.

We have so far seen that many of the observed features in the
nearfield distribution can be attributed to the 3D nature of the DLA
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Fig. 5 | Proposal for 3D tomography of the field distribution inside a DLA

structure. To gain information about how the nearfield behaves along the length of
the structure, we suggest illuminating sequentially individual sub-sections, one at a
time, to reconstruct the full 3D field. This can be either achieved by (a) including an
aperture on the chip design. For each position, a dedicated test structure would be

e-

added to the chip. b Alternatively, a lens can be used to focus the laser to a small
spot of a few um. Scanning the beam along the structure would then provide full 3D
field information. A deconvolution algorithm can further increase the spatial
resolution along the channel. Simulations of the two approaches are shown in
Supplementary Fig. S5.

structure. It is therefore interesting to compare the simulated 2D and
3D results. Supplementary Fig. S2 shows that in the 2D simulation, the
inverse-designed structure is expected to have a narrower and stron-
ger spectral response, which can be explained by its resonant
enhancement. Notably, the peak acceleration gradient of the inverse-
designed structure is higher despite its channel width of 280 nm being
larger than that of the dual-pillar structure of 210 nm. In the 3D
simulation, the inverse-designed Fabry-Perot-like resonator, which
has a height comparable to the wavelength, suffers higher scattering
losses, resulting in a drop in the quality factor. This is reflected in a
broader spectral response and lower acceleration gradient. These
findings highlight the need for 3D simulations to correctly capture the
spectral response.

Discussion

We developed a technique based on continuous-wave PINEM to
image the field distribution inside the channels of the two leading
DLA structures, achieving deep-subwavelength spatial resolution and
showing their spectral response with sub-nm wavelength resolution.
While the inverse-designed structure agreed well with its designed
symmetric (cosh) field distribution along the horizontal direction,
the dual-pillar structure strongly deviated from it and showed a
dominant anti-symmetric (sinh) field distribution. By a 3D numerical
analysis, we replicated the measured field distributions along both
the horizontal and vertical directions and retrieved all three field
components in real space. These simulations then enabled us to
attribute the measured deviations to a specific fabrication mismatch
of the structure diameter (being 48 nm thinner than designed), which
shows the precision and prospects of our experimental technique.
Our numerical study and experimental examples highlighted the
robustness of the inverse-designed structure to changes in the
structure dimensions, which is a key advantage in future DLA
experiments.

For complex DLA designs with varying periodicity along the
electron propagation'®?*?°, we envision extending our approach to
3D tomography of the field inside the device. To this end, we
propose to characterize the field at individual cross-sections along
the device by selectively illuminating one sub-section at a time.
Only the illuminated sub-section will take part in the acceleration
process, and we can extract the local nearfield in that sub-section
from the measurement. One way to achieve this could be inte-
grating apertures onto the silicon structures. These test structures
would sit on the same silicon wafer as the actual DLA structure but
would only be used for 3D field characterization. An alternative
method is to use a focused laser beam that is scanned along the

structure. Both approaches are schematically illustrated in Fig. 5
and simulated in Supplementary Fig. S5. For further study of the
nearfield, one can also perform dark-field imaging to measure the
transverse field E,.

Our simulations, backed by our experimental results, shed new
light on the predictions about the pros and cons of the two most
popular types of DLA structures. While the resonant behavior of the
inverse-designed structure originally suggested a stronger accelera-
tion over a narrower bandwidth, we found that it provides a broader
bandwidth over a wider range of wavelengths and a wider range of
fabrication tolerances. The maximum acceleration gradient at the
design parameters is comparable to that of the dual-pillar structure,
despite the much broader channel of the inverse-designed structure.
For further improvement, a full-3D inverse-design optimization is
needed?”.

Looking ahead, the powerful insight gained by continuous-wave
PINEM will be of great benefit in the optimization of future DLA
designs. More generally, our method can be applied for deep-
subwavelength imaging of the field distribution inside many other
complex nanostructures and microstructures based on various
electron-photon interactions, such as electron wave function shaping
structures®. Furthermore, one can perform pulsed-laser and pulsed-
electron excitations to investigate the dynamic response of such
structures.

Methods

Experimental setup and fabrication

The experiments were performed in a JEOL JEM-2100 Plus TEM
equipped with a Gatan GIF system and the LaBg¢ electron filament in
thermal emission mode. The high current of a continuous electron
beam provides us with a considerably better signal-to-noise ratio than
operation with electron pulses. The TEM was modified to couple light
into the sample (Fig. 1)'***,

The experimental challenge was to create an electron beam with a
small grazing angle such that it could pass through the narrow, 20-um-
long DLA channel, while still being able to resolve the field with a
spatial resolution of 10 nm or less. To this end, the TEM was operated
in the converged beam electron diffraction (CBED) mode at low
magnification. The electron beam diameter in the focal plane was 3 pm
for the PINEM measurements and 70 nm for the point-by-point spec-
trum analysis with a convergence angle of 0.3 mrad and a 0.6 eV
FWHM zero-loss energy width. The nanostructure channel was aligned
parallel to the electron trajectory using a double-tilt holder (Mel-Build
Hata Holder) with a precession of 0.01°, which corresponds to a spatial
resolution of 2 nm along the 20-um-long structure. A custom cartridge
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provided clearance for the optical beam. The energy-filtered TEM
(EFTEM) image was obtained by using a 7-eV-wide mechanical filtering
slit that is located at the exit plane of the EELS prism (Fig. 1). The slit
acts as a band-pass filter letting only electrons through that gained
energy in the range from -9 to -2 eV for the inverse-designed structure
and —-8.5 to —1.5 eV for the dual-pillar structure. The electrons are then
imaged on the Gatan US1000 camera using a pixel binning of x4. The
integration time was ~ 40s.

A 100mW CW-driven distributed feedback (DFB) laser
(QLD106p-64D0) emitting nominally at 1060 nm served as a seed for
a two-stage Yb fiber amplifier with a 4 nm filter between the two
stages. The laser beam was focused with a cylindrical lens to achieve a
15-um Gaussian spot (1/€?), attenuated to 65mW, and aligned per-
pendicular to the electron flow with a precession of 1°. The angle of
incidence of the laser beam plays an important role because it affects
both the phase matching between electron and light as well as the
excited resonances inside the structure. The generalized synchroni-
city condition reads A=A(1/f — cos(6)), where @ is the angle of inci-
dence with respect to the electron beam. For our relatively short
interaction length of 15 um, a slight angle deviation of less than 1° is
negligible (see Supplementary Information Note 5). The effect of an
angle on the excited optical mode has been studied by simulation,
and a slight angle of 5° with respect to the sample surface was found
to improve the match between experiment and simulation (see
Supplementary Information Note 2). To tune the laser wavelength,
the temperature of the built-in TEC was swept. Supplementary Fig. S1
shows the measured beam spectral distribution for different TEC
temperatures. The wavelength tunability is limited by the fiber
amplifier to approximately 1063-1065.8 nm.

The 2.5 + 0.1-um-high nanostructures were fabricated by electron
beam lithography (100kV) and cryogenic reactive-ion etching of
1-5Q-cm phosphorus-doped silicon®. To provide clearance for the
laser beam and the electron beam, a 30-um-high mesa was formed by
etching the surrounding substrate away.

Data post-processing
The following steps were applied for post-processing of the PINEM
images (see Supplementary Fig. S4):

1. Rotation: The original picture was rotated by quadratic inter-
polation such that the channel is vertically oriented.

2. Dark line removal: In our Gatan imaging filter, the mechanical
filtering slit had a local contamination that created a dark line
parallel to the horizontal axis. We removed the line by quadratic
interpolation of nearby points along the vertical direction. This
step was not necessary for the unfiltered data, for which the slit
was fully opened.

3. Cropping: The picture was cropped to the region of interest.

4. Colormap change to highlight the relevant non-zero field
distributions.

5. Conversion to electric field distribution: To extract the electric
field from the measured EFTEM images, we use the PINEM formula
for DLA™

PW,X,,8)=poW,X,y) * Y Ji2lgx, ) 6(u— lthwy), (1)

l=—c0

where u denotes the electron energy, and p,, is the initial energy dis-
tribution, which accounts for the incoherent part of the spectrum, that
is, the zero-loss peak (ZLP) and its transverse spatial distribution. The
ZLP is convolved (x) in energy with the coherent part on the right-hand
side of Eq. (1), which comprises the Bessel function of the first kind /; of
order [ and the Dirac delta function 6(u). The coupling constant
lg(x,y)| is approximately proportional to E,(x,z), as discussed in the
main text.

To calculate the electron counts for a value of g, we integrate
p(u,g) over the slit length of the TEM electron energy filter, e.g.,
from -9 to -2 eV (see Supplementary Fig. S5b). For normalization,
we use the unfiltered image (Fig. 2c, d), corresponding to the
integration from —oco to +oo. Supplementary Fig. S5c shows the
transformation of the EFTEM image to a distribution of g factors.
The features of the EFTEM image are qualitatively preserved,
which is why we have used the original EFTEM images throughout
the main text.

Data availability
The data presented in this work is available from the corresponding
authors on request.

Code availability
The code used in this work is available from the corresponding authors
on request.
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