Article

Electron phase-space controlin photonic
chip-based particle acceleration

https://doi.org/10.1038/s41586-021-03812-9
Received: 29 January 2021

R. Shiloh*%, J. Illmer***, T. Chlouba", P. Yousefi', N. Schénenberger'?, U. Niedermayer?®,
A. Mittelbach' & P. Hommelhoff"**>

Accepted: 7 July 2021

Published online: 22 September 2021

M Check for updates

Particle accelerators are essential tools in science, hospitals and industry'®. Yet their
costs and large footprint, ranging in length from metres to several kilometres, limit
their use. The recently demonstrated nanophotonics-based acceleration of charged

particles can reduce the cost and size of these accelerators by orders of magnitude”.
Inthisapproach, a carefully designed nanostructure transfers energy from laser light
to the particlesin a phase-synchronous manner, accelerating them. To accelerate
particles to the megaelectronvolt range and beyond, with minimal particle loss'®", the
particle beam needs to be confined over extended distances, but the necessary
control of the electron beam’s phase space has been elusive. Here we demonstrate
complex electron phase-space control at optical frequencies in the 225-nanometre
narrow channel of asilicon-based photonic nanostructure thatis 77.7 micrometres

long. In particular, we experimentally show alternating phase focusing

10-3 3 particle

propagation scheme for minimal-loss transport that could, in principle, be arbitrarily
long. We expect this work to enable megaelectronvolt electron-beam generationona
photonic chip, with potential for applications in radiotherapy and compactlight

sources’®, and other forms of electron phase-space control resulting in narrow energy

or zeptosecond-bunched beams

14-16

Particle accelerators have enabled the discovery of the fundamental
constituents of matter, exemplified by the recentidentification of the
Higgs particle'? In addition, they drive modern light sources such as
synchrotrons and free electron lasers, which allow unrivalled insights
into structural biology and material science®*. Metre-long versions of
accelerators provide radiation in modern hospitals for cancer treat-
ment>®,

Accelerators accelerate charged particles while, at the same time,
confining them transversally. This is challenging because the larger
the acceleration, the larger the forces that disperse the beam, reflect-
ing Earnshaw’s theorem'®”. In the radiofrequency (RF) accelerators
currently used, methods have been found to accelerate and confine
the particle beam®.

Recently, laser-based electron acceleration has been demonstrated
based on efficient momentum transfer from strong optical nearfields
generated at nanophotonic dielectric structures”®—first proposed in
1962"" and today termed dielectric laser acceleration (DLA)®. This is
the counterpart of classical RF acceleration but at a factor of -10,000
larger driving frequencies and hence in a structure with feature sizes
smaller by the same factor. Intriguingly, at optical frequencies, die-
lectric structures can withstand peak fields roughly a factor of 100
larger than their metallic RF cavities counterparts. Adamage threshold
of 9 GV m™and an accelerating field of 1.8 GV m™ have already been
demonstrated in DLA?, Similarly, all functional elements required in
any particle accelerator have been demonstrated in DLA, including
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acceleration’®?*%, deflection?®* and focusing
forces, as well as waveguide-fed DLA%.

The small size of DLA features also reflects DLA’s largest limitation:
the acceleration channel aperture is orders of magnitudes smaller
thanthat of RF accelerators. Hence, DLA bunch charges will always be
much smaller than RF accelerator bunch charges. Yet, mainly because of
high-repetition-ratelasers powering future dielectric laser accelerators,
they are now even being discussed in the context of future linear collid-
erswith their demanding luminosity and (average) current demands?.
Clearly, agreatlyincreased pulse charge willbe needed for DLA to suc-
ceed, in addition to the extended beam control discussed here.

To our knowledge, the longest DLA structure hitherto used for sub-
relativistic electrons was 13.2 pm long™. To greatly increase the accel-
eration length, active control schemes need to be devised to confine
abeam and prevent particle loss*. We show here that with complex
phase-space control, we cantransportabeamthrough a77.7-um-long
structure. Without experiencing netacceleration, electrons are actively
propagated through the DLA structure with the help of optical near-
field forces. Low-loss transportis essential because without it the best
acceleration will notlead to noticeable electron currents, let alonetoa
power-efficient accelerator®. For transport, too, Earnshaw’s theorem
imposes severe limitations: continuous focusingin all spatial directions
is prohibited. Alternating phase focusing (APF) circumvents this by
repeatedly alternating the focusing directions and allowing defocusing
in the other direction'®>319%

with purely optical
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Fig.1|Forcesactingasafunction ofthe synchronous phase ¢,. The forces
actingonacharged particle copropagating with the optical nearfield mode
accordingto equation (1), asafunction of the particle’s positioninside of the
mode, the synchronous phase ¢,. The longitudinal force F,isshownincyan.The
orange curve shows the transverse force F,acting on a particle at negative
transverse (x) position. The forceis flipped for positive x values, leading to
focusing or defocusing behaviour, indicated by the arrows. Around ¢,=1/2, the
pulseistransversally defocused but longitudinally focused (D phase), around
@,=3m/2,itistransversally focused butlongitudinally defocused (F phase). The
colourgradientindicates the strength of the respective focusing force.

The force on the synchronous electron can be written as'>*

F= %Cc(f(% sinh(k,x)sing, + Zcosh(k,x)cos (ps] 1

where gistheelectron charge, cthe speed of light, S the velocity of the
electroninunits of ¢, ythe Lorentzfactor, C. the excitation coefficient
ofthedriving mode, k, the fundamental wavenumber of the DLA struc-
ture and @, the synchronous phase (Fig.1). The particles propagate in
the Z-direction, where Xis the transverse direction parallel to the sub-
strate (Fig. 2,3), and the particle velocity and the optical mode velocity
areidentical, thatis, the system operates in the phase-synchronous
regime'. For this reason, no explicit time dependence shows up in
equation (1), although it is implicitly reflected by the synchronous
phase ¢.: The synchronous electron experiences a constant synchro-
nous force, which depends strongly on the time the electronisinjected
into the optical mode (Fig.1). The synchronous phase and theincident
laser phase have afixed phase relation for purely periodic synchronous
transportstructures. However, the synchronous phase can be changed
easily and almostinstantaneously by introducing a gap in the periodic
nanostructure, leading to ajump in the optical phase of the nearfield
mode acting on the propagating electrons.

Foranelectronclose to the central axis (x=0), we can plot the force
components depending on ¢, as depicted in Fig. 1. For ¢, = 31/2, the
electronexperiences atransversely focusing, longitudinally defocusing
force (F phase for short), whereas for ¢, =1/2, the electron experiences
atransversely defocusing, longitudinally focusing force (D phase). By
variation of ¢, we can repeatedly switch between the F and D phases
(Fig.2). The DLA structure is thus separated into F and D macro cells,
realizing a FODO lattice, where O stands for no force (drift). It is well
known that FODO lattices may lead to full confinement of the electron
pulses'. Here, we choose the narrow transverse and the longitudinal
direction as two directions out-of-phase by /2. Because the nanopho-
tonic pillars are 3 um high (Fig. 3), we do not require forces along the
y-direction (see Methods). Extension to a full three-dimensional (3D)
confinement can be readily achieved if needed®.

Figure 2 shows the behaviour of electrons in transverse phase
space (x-x’) and longitudinal phase space (As-As’) for one FODO lat-
tice period. Here, x describes the particle position transversally off
the centre line, and x’is the electron’s angle with respect to straight
propagation. Asdescribes the deviation from the synchronous particle
(which propagates at the synchronous phase), and As’the longitudinal
momentum of change. Figure 2a-d shows that when the electron is
focused transversally, itis debunched (defocused) longitudinally, and

viceversa: Starting atz=0 (¢, =1/2inFig. 2), the transverse size of the
beam (x) decreases because x’is negative for positive x and vice versa
(Fig. 2b)—the beam is converging. Simultaneously, the forces in this
D macro cell counter this momentum, allowing the beam toreach a
minimum at the centre of the macro cell before diverging again. After
the phase jump to ¢, =31/2, the beam size (x) continues to grow, owing
tox’being negative for negative x and vice versa. However, the optical
force again counters this behaviour, allowing the beam to reacha point
of maximum size in x before starting to focus again. This procedure
repeats in each FODO lattice period. In parallel, the same happens
in the longitudinal direction, but shifted by half a period (Fig. 2c, d).

So far, we have discussed the behaviour of anelectronbunch occupy-
ingasmall phase sectiontoillustrate the dynamics. The experimental
situationis more complex because the electrons arrive at the structure
in an unbunched fashion’; hence all phases are occupied. However,
the APF effectinapure transportstructure works for allinitial phases®.

The photonic nanostructures used in the experiment consist of
3-um-high pillar pairs etched in monocrystalline silicon with an open
channel width of 225 nm (Fig. 3). The high-contrast structure (Fig. 3a)
comprises10 macro cells, each consisting of 12 silicon pillar pairs. The
required phase jump is realized with a 589-nm-long drift gap between
the macro cells. With this structure, we show successful beam transport
over atotal structurelength of 77.7 um, entailing 10 t-phase jumps, 10
macro cells and thus 5FODO lattice periods.

The experimental set-up is described under Methods. Briefly, a
28.4-keV pulsed electron beam is generated in a modified commer-
cial scanning electron microscope (SEM). The ~-600-fs-long electron
pulses are focused into the channel of the photonic nanostructure.
After the interaction, the electron beam energy is measured with a
magnetic spectrometer. The nanostructureis driven with femtosecond
laser pulses of 1.93 um central wavelength and 680 fs pulse duration,
focused cylindrically to a spot size of 94 um (1/e? radius) along the
nanostructure channel and 14 pm along the pillar height. The laser field
polarization points along the travel direction of the electrons, and the
temporal overlap between laser and electron pulses is controlled by a
delay stage in the laser beamline.

We measure the normalized electron current (see Methods) through
the high-contrast structure as a function of the peak optical field
strength. With increasing laser intensity, more electrons are guided,
and the current increases steadily (Fig. 4a). At a peak field strength
of 727 MV m™+ 76 MV m™, a factor of 2.67 + 0.05 more electrons are
transported through than without laser, where the current decreases
along the structure (Fig.4e). Numerical particle tracking simulations,
explainedin detail inthe Methods section, fit the experimental behav-
iour well (solid line in Fig. 4a).

To show that too large a field strength leads to over-focusing and
hence an electron current that again decreases, we would need to
increase the field strength to above 800 MV m™ in this structure, but
for such large field strengths laser-induced damage sets in. We can
design a structure with longer macro-cell dimension so that optimal
transportisachieved atasmaller field strength, at the cost of decreased
total current transmission. This over-focusing structure is shownin
Fig.4f and Extended Data Fig. 3. Here we use 24 pillar pairs per macro
cellsuchthat the electrons experience the same phase (D or F) for twice
as long. This second type of APF structure contains four macro cells
and two half cells at the beginning and the end, with a total length of
76.2um. The optimal transport field strength is 3225MV m™. For larger
field strengths, the electrons are over-focused, resulting in a loss of
electrons, as observed in Fig. 4c. For peak fields larger than 550 MV m™,
the normalized current fallsbelow 1, indicating that now the laser fields
actively destroy the beamrather than preventing it from crashinginto
the channel walls.

In Fig. 4b we show an electron energy spectrum as a function of
the temporal overlap between laser pulses and electron pulses in the
high-contrast structure. For maximum overlap, the largest electron
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Fig.2|Complex optical electron phase-space controlin alternating phase
focusing. a, Sketch of the electron-beam envelope (coloured band) under the
influence of the optical nearfield generated by the dielectric nanostructure.
Filled circlesindicate nanopillars extruded out of plane (y-direction).a, b,
Evolution ofa particle ensemblein transverse phase space relative to the
structure layout: The electrondistributionatz=0is compressedintransverse
phase space (xextent decreasing), while in this D cell transversally defocusing
forcesalreadyactontheelectrons. The point of minimum transverse size is
reachedinthemiddle of the first macrocell (z=3.87 pm). Atz=7.74 um,agap in

z

thestructureleadstoajumpinthe synchronous phase ¢ between electrons
and optical nearfield so that the particles now experience transverse focusing
forces (F cell).c,d, Thelongitudinal forces, 90° out of phase relative to the
transverse forces, act similarly on the longitudinal phase-space distribution:
the pulse length (g,,) maximum in the longitudinal direction coincides with the
minimalextentinthe transversedirectionand vice versa. The net effectisa
confinementof thebeam both transversally and longitudinally. For illustration
purposes, the particles depicted occupy asmallinitial phase volume.
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Fig.3|Silicon photonic nanostructure for phase-space control. a, SEM
image of the 10 macro cell APF structure (high-contrast structure), coloured for
clarity. Each fullmacro cellis 7.149 pm long and is separated fromits neighbour
cellbya589-nm-wide gap. The two half cells at the beginning and end ensure
thatanunbunched beamis optimally coupledin and out of the structure
(seeMethods). The total structurelengthis 77.7 pm. The pulsed laser beam
impinges onthe nanostructure along the x-direction. Adistributed Bragg
reflector (blue) placed behind the pillar structure reflects the laser light back
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tocreateasymmetric field distribution®. b, Top view of one macro cell. The
pillars consist of elliptic silicon cylinders with axes 400 nm and 340 nm long,
and aheightof3 pm. The distance between pillarsis 619 nm. Dimensions have
tobeaccurate to 20 nm for efficacy of the structure (see Methods). Electrons
(lightblue arrow) are injected from the side. The colour superimposed on the
left shows asnapshot of the electric field component exerting transverse
forces (alongx) ontheelectrons, while the colour on theright displays the
electric field componentinlongitudinal z-direction.
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Fig.4|Experimental verification of the APF scheme. a, Current after the
high-contrast structure as function of the peak optical field. Red points,
experimental data; blue curve, particle tracking simulation results. The current
increases from1 (laser off) with increasing field strength up toa maximum
value of2.67 +0.05.b, Time delay scan between electron and laser pulses of the
spectrallyresolved currentat 669 MV m™+70 MV m™. Clearly, the largest
currentis observed for maximum temporal overlap (zerotime delay).c,Asina
but now for the over-focusing structure. Over-focusing setsin for fields larger

countrateisobserved, and this drops with decreasing temporal over-
lap. The spectral width remains minimal as predicted by our numerical
simulations. Figure 4d shows the same temporal overlap scan for the
overfocusing structure at 732 MV m™ + 76 MV m™ peak electric field.
Here we observe a minimum in the electron count rate. The advan-
tage of the APF scheme is apparent: particles can be transported while
confined in these narrow channels, all the while keeping the energy
spread minimal.

Figure 4e depicts simulated example particle trajectoriesin the case
of optimal guiding in the high-contrast structure. Some particles are
lost at in-coupling, but then the forces acting on the remaining parti-
clesareideal totransportall of them through the structure. The simu-
lated electronbeam parameters are consistent with the experimental
ones: The normalized input emittance was determined previously as
100 pm-rad***. In contrast, Fig. 4f shows an example of particle trajec-
tories for the over-focusing case. Because the transverse forces acting
onthe particles are too strong, the focusing force is no longer matched
tothe phasejumpintervals, so theelectrons gaintoolargeatransverse
momentum, and minimal-loss guiding cannot be maintained.

For both structure types, experimental results agree well with our
particle tracking simulations. In addition to the transverse dynam-
ics, the APF scheme inevitably also induces longitudinal phase-space
effects. These result from the selective energy modulation that the
electrons undergo as they are transported through the structure and
manifestasbunching (Fig.2 c, d). Because thisis periodic with the pillar
period of 619 nm, a train of sub-optical short bunches of electrons is
generated every 3.23 fs (halfan optical period). The generation of bunch
trains of electrons can also be attained after propagation through a

than300 MV m™. The currentdrops to below 1for fields larger than 550 MV m™.
d,Sameasinb forthe over-focusing structureat732MVm™+76 MV m™. Now,
thelargestelectronloss happensat maximum overlap. e, f, Example particle
trajectoriesinthe high-contraststructure, e, and in the over-focusing
structure, f. Excellentbeam transportis observedin e, while over-focusing is
visibleinf. The coloursine andfarechosentodiscernindividual trajectories
for presentation purposes. Error bars mark the measured value +t1s.d.—see
Methods for details.

simpler uniform energy modulation structure plus ballistic propaga-
tion™". In that case, the electrons first gain a large energy spread and
are then merely rotated by 90° in phase space. Specifically designed
APF bunchers can compensate the created energy spread™*®.

In conclusion, we have experimentally demonstrated ten-in-a-row
well-controlled coupled transverse and longitudinal phase-space rota-
tions—at optical frequencies in a nanophotonic structure on a chip.
In our alternating phase focusing scheme, we were able to transport
an electron beam over a length of 77.7 umin a 225-nm-wide channel.
Refinement of the FODO cell design will allow combined confinement
and net acceleration™”. Because this scheme is scalable, we can now
extend dielectric laser acceleration to long photonic structures. In
particular, one could start with electrons at 30 keV and accelerate them
upto1MeV (see Methods). Assuming an average accelerationgradient
of 1GeV m™,1MeV is achievable on a1-mm-long chip. Such a particle
accelerator on a chip could result in compact light sources®, poten-
tially even compact free-electron lasers®? and high-energy particle
colliders?, and could also be used in miniature catheterized radiation
therapy devices. Similarly, the high degree of phase-space control
will open the door to extreme electron-beam parameters including
narrow-energy beams'® as well as bunching down into the zeptosec-
ond realm™.
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Methods

Experimental set-up

Acommercial SEM (Philips XL-30) was used as an electron-beam source.
In our system, the Schottky emitter in the electron gun is triggered
by ~150-fs-long (full-width half-maximum, FWHM) ultraviolet laser
pulses at 257 nm with an energy of 6 nJ and polarized parallel to the
electron propagation direction with a repetition rate of 167 kHz. The
released electrons are then accelerated in the microscope column to
28.4 keV. Owing to trajectory effects?, at the interaction point with
the nanostructures, the electron pulses are estimated to be roughly
600 fslong (FWHM). The electron beam is focused to the structure
entrance with a transverse beam size of ~10 nm (FWHM, measured in
the normal, continuous-imaging mode). The electron energy is meas-
ured using a home-built magnetic spectrometer and a Chevron-type
microchannel plate (MCP) (Extended Data Fig. 1).

The photonic structure is driven by 1.93-um infrared laser pulses
with 680-fs FWHM duration. The beamiis linearly polarized along the
particle propagation direction and has a cylindrical shape in order to
illuminate the whole structure with 1/e? radius of 94 pm and 9 pm
(over-focusing structure) or 14 pm (high-contrast structure). The over-
lap between electron and laser pulsesis achieved by using a delay stage
(Extended DataFig.1).

In the experiment, the structure is spatially aligned using the
continuous-wave imaging mode of the SEM to both laser and electron
beam, suchthatthe structure’s channeland first set of pillars, along with
the input aperture, are in focus. The structure is also rotated around
the vector normal to the substrate to make sure that the electrons pass
through the channel throughout the structure length. Slight deviations
from perfectangular alignment are unavoidable, since this alignment is
based on observing the electronsignal scattered from the channel and
picked up by the secondary-electron detector of the SEM. Owingto the
geometry of the dual-pillar structure and its extremely narrow channel
and aspectratio, this signal is fairly low. Specifically, for a 78-pum-long
structure with a 225-nm-wide channel, using geometrical considera-
tions we estimate that the electron beam’s angle of incidence could
deviate by up to 8 mrad.

Fabrication of the photonic nanostructures

Thesstructures were fabricated by means of electron-beam lithography
from highly doped (1-5Q cm) <100> oriented silicon wafers. First, the
wafer was spin-coated with a400-nm-thick negative resist (Micro Resist
Technology ma-N 2405), which was patterned by a100-kV lithography
machine (Raith EBPG 5200). After the resist development, the silicon
wafer was etched anisotropically to adepth of 3 pmat cryogenic condi-
tions (Oxford Instruments Plasmalab100). This procedure produced
the high-contrast structures directly on the wafer substrate (Extended
DataFig.2), which, owing to geometrical considerations, required the
laser beam to have a small incidence angle (5°) to reach the structure
itself (Extended Data Fig. 1b).

During the later experiments, we improved our fabrication pro-
cess, with the goal of eliminating the non-zero incidence angle. With
this feature the laser beam can be aligned to the structure in a much
easier and more precise manner. Therefore, for the over-focusing
structure we used additional fabrication steps to create a mesa
(Extended Data Fig. 3), which followed the process described above
for the nanophotonic structure fabrication. A 6-pum-thick layer of
positive photoresist (MicroChemicals AZ4562) was deposited on
the wafer and patterned using a laser lithography system (Heidel-
berg instruments DWL66). Following resist-development, the wafer
was etched by a Bosch process to a depth of about 60 um, and con-
sequently the structures were then elevated by the same height
above the substrate (Extended Data Fig. 3). To clean the structures
from the photo-resist, the wafer isimmersed in a Piranha solution for
Smin.

Structure tolerances

Duringthese experiments, we found that the structure dimensions were
critical. A variation of the thickness of all structure features of more
than £20 nm completely cancelled the desired guiding effectin terms
oftransmission and energy spread. Thisisin contrast to previous DLA
measurements, where no such sensitivity was found. The strict toler-
ances are due to the very nature of this exceptionally long structure:
The optical nearfields in the experiment have to match the expected
nearfields, otherwise errors can accumulate in such a long structure
and jeopardize its efficacy.

Particle tracking simulations
Theelectromagnetic fields were calculated using the Ansys Lumerical
FDTD software in 2D. In this simulation, the Gaussian laser beam waist
radius was set to 90 um (1/e?), and the Gaussian pulse length to 680 fs
(FWHM) at 1.93 um central wavelength. The beam is incident perpen-
dicular tothe nanostructure, and the waist was set to intersect with the
channel symmetry axis (x= 0 in the main text; see Fig. 3, forinstance).
The numerically obtained fields were then loaded into the full 3D
particle tracking software General Particle Tracer (Pulsar Physics).
Theelectron-beam parameters were transverse normalized emittance
100 pm-rad, beam diameter 655 nm FWHM and a duration of 400 fs
(FWHM). The pulse length chosen in simulation gave the best fit to
the experimental data; it is reasonable to assume that in experiment,
unlike in simulation, the electron pulse shape is not strictly Gaussian
and instead depends heavily on trajectory effects®. The beam diver-
gence half-angle was measured in experiment (using a knife-edge)
toberoughly 0.5-1mrad. We have used 0.5 mrad in our simulations.
For illustrative purposes, the trajectories shown in Fig. 4e, f depict
electron pulses thatare 0.001fs in duration. With thisillustration the
trajectories simulated can be directly related to the schematic expla-
nation of the transverse APF behaviour shown in Fig. 2a. In Extended
DataFig.4, we show more trajectory simulations. Details are discussed
in the caption of that figure. We emphasize that the details of the APF
scheme and hence the complex phase-space control at optical frequen-
ciescanalsobe clearly seen here when the trajectories are analysed as
shownin the figure.

Half cells at the beginning and the end of the structure

The half macro cells appearing at the beginning and end of each of the
structuresarearesult ofthe design of the FODO cell, where theincident
beamisassumed to have the maximum transverse width at theinput of
the macro cell (see supplementary material of ref.'*). When the FODO
lattice period matches the beam envelope’s period, maximum trans-
mission of current is achieved for one specific phase. Qualitatively,
and regardless of the input transverse size, the effect of the half-cells
canalsobeunderstood as follows. Assuming that the structure would
start withafulllattice celland an unbunched beam, all phases relative
to the laser phase would be occupied. This would result in the lattice
cell actingas afull F cell for one half of all phases and a full D cell for the
other. Hence, while one part of the beam would be mostly confined,
the other would be mostly lost to the pillars. Instead, half a cell only
applies half the effect of an F cell on one part and half the effect of aD
cellonthe other, resulting in a practically more symmetric particleloss,
or ideally no particle loss for all phases. The half cell at the end of the
structure ensures symmetry and isimportant for matching the result-
ingelectronbunchesto additional stages envisaged in the accelerator
onachipscheme.

Independence of guiding from the injection phase

As stated in the main text, the APF effectin a pure transport structure
works for allinitial injection phases®. The lattice is designed in a simi-
lar fashion as the usual FODO scheme?®, where in each cell the maxi-
mum beam size is located at its entrance, and the minimum is in the
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middle of the FODO cell. APF works for all initial phases, where half of
the phases would begin by focusing and the complementary half by
defocusing in the transverse plane. Therefore, the lattice acceptance
is phase-dependent, and the actual beam size must be smaller than
the minimum acceptance of the lattice in order to transport all phases
without losses.

Inour experimental (and corresponding simulation) case, thebeam
isnot matched totheacceptance of the structure, butislarger. Hence,
some particle loss is unavoidable. This can be seen in the simulation
inFig.4e,f,andin more detail in Extended Data Fig. 4a (the loss due to
defocusis particularly seenin subcell 1a).

Comparison between simulation and experimental data

In the 2D simulation, we assumed normal-angle side-illumination.
Therefore, to account for the 5° laser incidence angle on the
high-contrast structure, theincident peak field observed in the experi-
mentwas multiplied by afactor of 1.53 (Fresnel reflection coefficient of
silicon at 5° from the substrate). This incorporates the effect of inter-
ference on the structure of one part of the incident wave and another
reflected from the substrate, and leads to good agreement between
simulation and experimental results.

Fortheelectronbeam, an angle of 2.8 mrad relative to the z-axis was
used to produce the simulation curve in Fig. 4a of the main text, as it
agreed best with the experimental results for the high-contrast struc-
ture. These 2.8 mrad are well within the experimental angular alignment
uncertainty, as discussed under ‘Experimental set-up’ above. With an
input of zero angle, the simulation curve shows a similar behaviour but
atalower contrast. The over-focusing structure results match well for
zeroincidence angle.

Beam current

Thenormalizedbeam currentis the current flowing through the struc-
turewith laser ondivided by the current exiting the structure without
laser illumination. With a laser repetition rate of 167 kHz and 0.005
electrons per pulse onaverage here, the beam current roughly equals
133 aA. For thiswork, the total current was of hardly any interest. Impor-
tantly, and as shown in previous work®’, the tip can emit up to 1,000
electrons per pulse, leading to potentially 10 electrons per pulsein the
structure and resulting in currents up to hundreds of femtoamperes
in this SEM-based set-up. Currents orders of magnitudes larger can
be achieved with a more specialized source set-up* not based on a
commercial SEM as used here. Moreover, parallelization schemes are
expectedtoincrease the current throughputby anorder of magnitude
for 10 channels, or by two orders of magnitude for 100 channels, for
example®. Because of the lithographic nature of the nanophotonic
structure fabrication, multichannel structures are straightforward to
produce in the cleanroom. Even 3D structures have been considered
and can be produced for DLA* We further note that collective insta-
bilities such as wakefield effectsin these structures have recently been
thoroughly investigated®: Even for bunch charges of up to 18,000
electrons at relativistic energies, stable modes of operation can be
found. For larger bunch charges, the electron bunch will be driven
apart. This canbe potentially countered with the forces discussed here
but is beyond the scope of this work.

In the main text, we mentioned the possibility of applying DLAs in
free-electron lasers, because we see intriguing ways to increase the
peak current by many orders of magnitude. Several methods could
all be combined to reach peak currents in excess of 1 kA: (1) temporal
pulse compression down to1fs or below (demonstrated in ref.’*%), (2)
alarger nanophotonicstructure driven at a larger wavelength such as
10 pum (ref. %), with (3) an elliptical beam shape, which can be large in
the direction parallel to the pillar height, and (4) the combination of
the output beams of, say, 10 nanophotonics-based accelerators, all
printed on the same chip (or even 10 x 10). (5) Most importantly, we
expect a large increase in electron number by going to miniaturized

and custom-built electron optics, including the source®*. Discussions
of these challenges and their potential workarounds are outside the
scope of this work, although many of the points discussed above are
includedinref.’.

Error calculation

InFig. 4a, c, the uncertainty of the normalized current (vertical axis)
measurement is dominated by statistical noiseinherent in our optical
acquisition set-up of reading the MCP (see ‘Experimental set-up”above).
Fromrepeated calibration measurements, we estimated and placed a
constant standard deviation of +0.05 on the value of the normalized
current.

The peak field uncertainty (horizontal axis) is derived from the meas-
ured elliptical spot size on the structure, and the incident power. These
arerelated through the peak field £,
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where Z,is theimpedance of free space, 7, the duration (FWHM) of the
driving laser pulse, f,., the repetition rate of the laser, P,,, the average
incident power, and w,,and w,,are the elliptical Gaussian beam waists
intersecting the structure along the nanostructure channel (z) and the
vertical (y) direction. The beam sizes on the structure are deduced by
observing thereflected beam from the structure with an auxiliary cam-
era. However, the illumination wavelengthislarge relative to the struc-
ture features and most of them cannot be resolved. w,, can hence be
estimated with good accuracy using the phase jumps and structure
edges. w,, is much larger than the pillar height and is estimated by
moving the sample stage and reconstructing the beam intensity profile.
From this, we estimate the measurement and uncertainty wy, + Aw,,
tobe 94 pm+ 4.7 um and accordingly wg, * Awg,tobe9 pm+1.8 um
(over-focusing structure) and 14 pm + 2.8 um (high-contrast structure).
Theaverage laser power fluctuations AR, during the experiments are
roughly +3% of the power. This uncertainty is then propagated toyield
the peak field and error Eje = AEpeq-
Electron acceleration from sub-relativistic to1MeV energy

An appropriately designed FODO cell will allow net acceleration of a
design range of injection phases. In particular, the macro-cell length
and the gap size need to be changed from those used here. Given that
the electron velocity increases, the parameters have to vary along the
structure. Initial structure designs for acceleration in combination
with APF have been published®?. For an accelerating structure with
large energy gain and large particle throughput, however, extending
the APF confinement to 3D is needed®. Then, considering the observed
record accelerating field of 1.8 GV m™in DLA?, an accelerator providing
1MeV over Immis already within reach, opening up venues to several
proposed applications either near® or further in the future?*°,

Accelerator beam parameters

At our subrelativistic electron energy of 28.4 keV and the given laser
parameters (same as for Fig. 4e), the theoretically expected B-function'
isroughly 42 um, which agrees well with the simulation results and the
discussion around Extended Data Fig. 4. A similar result was obtained
for1GV m™laser field in the supplementary of ref. . In our example
here, as previously discussed, we transport our beam using five FODO
cells and roughly 80 um, but this length can in principle be extended
indefinitely, provided that some form of refocusingis used in the verti-
cal direction®. It is interesting to note that CERN’s Large Hadron Col-
lider uses 23 FODO cells over 2,450 m in each arc. The horizontal and
vertical -functions switchbetween maximumvalues of 180 mor 30 m
in acomplementary fashion, depending on the beam position in the
accelerator’s circumference®.
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Extended DataFig.1|Photonic nanostructure ontop of amesa:
over-focusing structure. This SEMimage shows a structure fabricated on top
ofa 60 pm-high mesa. The photonicstructure for the over-focusing
measurementis visible atop the mesa. The five gaps between the macro cells
arealso clearly visible. Here, 24 pillar pairs build one macro cell. Input (left) and

output (right) apertures (thick blocks) are used for alignment during
experiment. Additional pillars to the left of the input aperture act as markers
thatidentify the specific structure during the experiment. The mesaallows us
tofocusthelaserbeamunder 0°incidence angle fromtheside (see also
Extended DataFig.1c).
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Extended DataFig.2|Schematic of the experimental set-up. (a) Both IR
(red) and UV (blue) laser pulses are generated with the help of an optical
parametricamplifier (OPA). The UV pulses are focused onto the Schottky
emitter of the SEM, where they release electron pulses. The electron pulses
passthrough the electron column and are focused into the nano-photonic
channel. ThelR pulses first pass a neutral-density (ND) filter for variable optical
power attenuation before they traverse a delay stage, where the time delay
betweenIRlaser pulsesand electron pulsesis set. Abandpassfilter limitsthe IR
spectrumso thatthelaser pulsesare stretched to aduration of 680 fs (FWHM).
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Acylindrical telescopeis used to generate an elliptic laser beam with a1:6 ratio.
Thebeamisthensplitinto two parts, where one partis used to monitor the
power during measurements and the otheris focused onthe structure viaan
asphericallens (ASL). The back reflection from the sampleis used to align the
laser beamto the structure. Theelectron energy is measured with amagnetic
deflection spectrometer and an MCP detector with aphosphorscreen, viewed
from outside the vacuum chamber (indicated by the dashed line) witha CCD
camera (notshown). For structures without amesa (b) the incident angle of the
laser beam is 5°, while for structures on top of the mesa (c) this angle is 0°.
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Extended DataFig. 3 |Photonic nanostructure onflat substrate: high
contraststructure. Thescanningelectron microscope (SEM) image shows the
dualpillar transportstructure for high contrast measurements. The dual pillar
transportchannel canbe seen ontherightasacolonnade structure. The four
solid slabs left-above of the colonnades structure are adistributed Bragg

mirror®. Analignment apertureis placed at the input of the structure (thick
blocks). Electrons are focused into the colonnade structure, thatis, into the
channelbetween the rows of pillars. The laser beam impinges on the structure
fromtheside, from bottom-right here, perpendicular to the pillars and witha 5°
angle tothe substrate (see also Extended Data Fig. 1b).
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Extended DataFig. 4| Particle tracking simulation: One optical phasevs.
all optical phases. (a) Example particle trajectories for the optimal guiding
field strength. The differently colored curvesin between the pillars denote
individual particle trajectories. The APF behaviouris clearly visible in the
breathing of the envelope of the particle trajectories. Forillustrative purposes
the simulation was conducted with an electron pulse length of 0.001fs. This
way, the APF effectis apparent because electrons only sample fields of asmall
random fraction of the optical cycle, away from the crest. The lattice
periodicity of 2 x (7.149 pm + 0.589 pm) =15.47 pm (see Fig. 3), which is equal to
thebetafunction periodicity, canbe directly seenin the envelope of the
trajectories, where the phase jump is manifested asabending of the curve.
Hence we can heredirectly assign F to macrocell2,D tomacrocell 3,andsoon
repeatedly (see numberingat the top of each macro cell, macro cell 1 consists of
2 half cellsat the beginning and the end of the structure). (b) Same as (a) but
with all optical phases uniformly sampled. The electron pulse (flat-hat here) is
oneoptical period long. Evidently, the existence of the two fixed pointsin
phase, /2 and 3m/2, cannot be easily discerned close to the entrance of the
structure, meaningthat F and D cannot be uniquely assigned to each cell.
Halfway through the structure, however, thelattice oscillations become visible
againinthe form of two “modes”, namely two trajectory classes, each directly

60 um 80 um

linked to the lattice period again. The evolution into this two-mode structure is
aconsequence of the electrons accumulating around the two fixed pointsin
phase space separated by t. The resultis an overlapping of two breathing
motionsinthe trajectories shifted by one macro cell. (c) Same as (b) though the
flat-hatelectron pulseis here 400 fslong, the APF schemestill leads to particle
propagation with hardly any loss, and the overall envelope nearly matches that
ofthe single-cycle pulsein (b) (same as Fig. 4e of the main text). (d) Example
particle trajectories with the over-focusing behaviour visible (same as Fig. 4f of
the main text). Again, we only show particle trajectories of an electron pulse
withaduration of 0.001fs. Particles are obviously lost, where the lost particles’
deviation from the design axis exceeds the aperture of the structure. (e) Same
asin(d) butwith all phases sampled. Asimilar effect as depicted in (b) takes
place, where the loss of particles at the structure boundary occurs at multiple
locations. Thereasonis, again, that macro cells act differently depending on
wherethe electroniswithrespecttotheoptical phase, and hence experience
forcesshifted in phase. Mostimportantly, the overall performance of the APF
schemeis maintained, if not for the limitation of the beam ssize due to the
structure aperture. The coloursinpanelsa, c,and d were chosen so individual
trajectories canbebetter discerned. The coloursinband eindicate the
injectiontime of the electron (see colour bar).
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