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M Check for updates

Particle accelerators are essential tools in a variety of areas of industry, science and
medicine’™*. Typically, the footprint of these machines starts at a few square metres
for medical applications and reaches the size of large research centres. Acceleration

of electrons with the help of laser light inside of a photonic nanostructure represents a
microscopic alternative with potentially orders-of-magnitude decrease in cost and

size>, Despite large efforts in research on dielectric laser acceleration
complex electron phase space control with optical forces

718 including

1921 noteworthy energy

gains have not been shown so far. Here we demonstrate a scalable nanophotonic
electron accelerator that coherently combines particle acceleration and transverse
beam confinement, and accelerates and guides electrons over a considerable distance
of 500 pminajust 225-nm-wide channel. We observe amaximum coherent energy
gain of 12.3 keV, equalling a substantial 43% energy increase of the initial 28.4 keV
t040.7 keV. We expect this work to lead directly to the advent of nanophotonic
accelerators offering high acceleration gradients up to the GeV m™ range utilizing
high-damage-threshold dielectric materials* at minimal size requirements*. These
on-chip particle accelerators will enable transformative applications in medicine,

industry, materials research and science

14,23,24

Classical particle accelerators use radio-frequency waves and metallic
cavities to accelerate charged particles®*. The acceleration gradi-
ent the particles experience is limited by the radio-frequency peak
field that the metallic surfaces can withstand and is typically on the
order of dozens of megavolts per metre®®. By contrast, dielectric
materials can withstand optical fields of 10 GV m™ or more'*?>%"28,
Hence, if one could design and fabricate a nanophotonic dielec-
tric structure where the optical nearfields would be synchronized
with the charged particles as they propagate, one could achieve an
acceleration gradient two-orders-of-magnitude larger than in the
radio-frequency case, and thus greatly reduce the size and, as a con-
sequence, the costs of accelerator devices. This is the core idea of the
dielectric laser accelerator (DLA)'>*1¢2 3]so called nanophotonic
accelerator.

A proper accelerator not only accelerates particles but also con-
fines them. This way, particle loss is largely mitigated. This confine-
ment is even more important in the case of DLAs because of their
submicrometre acceleration channel dimensions. Similar to classical
radio-frequency accelerators, anearfield accelerates the particles, but
inaDLA this nearfield is of optical nature. To ensure that the nearfield
isstrong, the acceleration channel width should equal about one-tenth
of the driving wavelength. We choose a width of 225 nm, at a driving
wavelength of 1.93 pm. Thus, the length-to-width aspect ratio of our
longest accelerator structure (500-pum long) is more than 2,200.

The technique we employ to transversely confine the particles in
the nanophotonic acceleration channel is called alternating phase
focusing (APF). It circumvents Earnshaw’s theorem, which does
not allow focusing or collimation of charged particle bunches in

all three dimensions at once, in that it re-focuses the bunched elec-
tron beam in one direction while allowing it to defocus in another
direction. Slightly later in the structure, the focusing-defocusing
roles are reversed, leading to a net confinement and guiding of the
bunched particle beam in all three dimensions?*', We have recently
shown that this complex electron phase manipulation technique
also works at optical frequencies and at dielectric nanostructures
to actively guide an electron beam through a nanometre-wide
channel®. Here we combine this technique with acceleration to confine
the particle bunch and accelerate it in nanofabricated structures up
to 500-pm long.

The principle of operation is sketched in Fig. 1. The accelerator
nanostructure consists of 2 rows of 2-um-highsilicon pillars (up to 733
pillar pairs; see Fig. 3 and Extended Data Figs. 4 and 5). They generate
the required nearfield mode, the exact force components of which
we discuss below. To generate this nearfield mode, we illuminate the
pillars from the top*? (along the negative y direction) by abeam of laser
pulses of 1.93-um central wavelength and a pulse duration of 250 fs
(see Methods for details). The electron beam is injected into the dual
pillar structure fromthe leftat an energy of 28.4 keV. The electronbeam
and the optical nearfield mode travel at the same speed if the synchro-
nicity conditionis fulfilled: A(z) = B(2)A, where Ais the laser wavelength
invacuum, zis the longitudinal dimension, (z) isthe electron velocity
normalized tothe vacuumspeed of light and A(z) is the local structure
period? ™8, Clearly, for accelerating electrons (increasing B(2)), the
structure period needs to increase?3>3,

When synchronicity is provided, the synchronous force acting on
the electronsis derived from the electric part of the Lorentz force as
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Fig.1|Principle of simultaneous accelerationand beam confinementina
nanophotonicstructure. a, Ashort, roughly 5-um-long section of the dual
pillaraccelerator structure (grey). Laser lightincident along the viewing
directiongenerates an optical mode inside of the structure comoving with
theelectrons (green). Top and bottom: sketches of the synchronous Lorentz
force components F,and F,actingonadesign electron, thatis, anelectron
synchronous with the propagating nearfield mode and initially positioned ata
phaseof ¢,=60° depicted asagreen disk. Before the phase jump, the electron
experiences anacceleration force (F,positive). At the same time, the transverse
forcesactinatransversally defocusing way on the electrons (F,negative for
electrons at negative x coordinates, forexample, see bottom left). After an
abrupt phase jump of Ap =120°, the electron enters the same nanophotonic
modeinthe next macrocell, butis now phase-shifted to ¢, =-60° (top right).

lsinh (kx)sin o,
F=191c,1Y )
By 0 '
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Here g is the electric charge of the particle, cis the speed of light, y
isthe Lorentzfactor, A is the excitation coefficient of the synchronous
mode, k, = 21t/(SyA), and ¢;is the so-called synchronous phase, which
we will discuss in detail now.

Figure 1a shows the force components of equation (1) actingona
synchronous electron (green disk) that is slightly below the green cen-
treline and at asynchronous phase of ¢, = 60°. Clearly, the electroniis
accelerated in the forward z direction (F, positive, at 50% of the peak
field strength) and it is driven downwards farther away from the cen-
tre line (F, negative). Evidently, this electron will be lost soon if the x
component of the force is not flipped. This flipping can be done most
elegantly and simply: we introduce a gap into the dual pillar structure,

300 400 500

Also here the electron experiences anacceleration force (positive F,), but now
thetransverseforcesactinafocusing manner (bottomright;seealso c). This
repeats with every period of the laser field, that is, every 6.45 fs, whichis
depicted for multiple laser periods as the electron (green disk) propagates
through the structure. The simultaneously arising longitudinal bunching and
de-bunchingisdiscussed in the main text. b, A depiction of aphasejump froma
focusingto a defocusing macrocell with Ag = 240° (effectively -120°), shifting
the designelectron from ¢,=-60°to ¢, =60°.c,d, Zoom-in of the relevant
regionsinaandb, respectively, with the arrows showing the force field at one
instantintime. e, Simulated trajectories of electrons as they travel through the
accelerator structure while gaining energy (colour shows instantaneous energy).
Theorange and purple blocks above depict the corresponding macrocells that
acttransversally focusing (purple) and defocusing (orange).

which basically allows us to generate a new optical nearfield mode,
only phase-shifted to the previous one. Because the electron moves
atroughly constant speed, after this gap it enters the synchronous
mode at a different phase. We choose the gap size such that the elec-
tronundergoes a120° phase jump (Ag); hence, now it experiences the
forces for ¢, = —60°. That is, the force still acts accelerating, but now
the x direction acts to re-focus the electron towards the central axis
(F,now positive; see bottom of Fig. 1a).

Following Earnshaw’s theorem, the focusing in the x direction has
tolead todefocusinginanother dimension. Inthis case, thisis the lon-
gitudinal coordinate z (or s in the frame comoving with the electron).
Before the phase jump (at @, = 60°), where the electron experiences
acceleration forces (F, positive), the slope dF,/dz is negative (more
precisely dFs/dsis negative, where sis the longitudinal dimension in
the frame comoving with the design electron), exerting a force that
longitudinally focuses the electron around the design phase leading
to bunching. After the phase jump (at ¢, = -60°), the role reverses:
thelongitudinal force F, is still positive and accelerating, however, the
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Fig.2|Electron energy spectrashowing coherentelectronacceleration.
a-d, Electronenergy spectra (red) recorded from electrons having passed
nanophotonicacceleration structures of200 pm (a), 300 pm (b), 400 pm (c)
and 500 um (d) length, all driven with an optical field strength of around

600 MV m™. We observe coherent electron acceleration for all four structures:
aclearpeakintheenergyspectrum, highlighted with red shading, at the
position expected from the design acceleration gradient of22.7 MeV m™. The
numerical simulation results are shownin light blue, matching the measured
coherentacceleration peak well. Each spectrumis normalized to the zero-loss
peak height withoutany laser illumination (grey). See text for details. e, From

slopeis positive leading to debunching and extending of the electron
pulse intime (and phase).

After this, we introduce another phase jump, now of A@ =240°,
to bring the design electron back to the original force components
(Fig. 1b,d). This works because the maxima of the transverse force F,
are phase-shifted relative to the maximum acceleration phase, ¢, = 0°,
by 90°. Hence, we see that all vector components of equation (1) are
of highest interest as they allow acceleration and beam confinement
ina combined fashion. The structure then represents what is called a
FODO lattice, where F and D stand for focusing and defocusing and O
stands for drift, which in our case happens to be in the APF gaps (A@
phase jumps)?**°.

By concatenatingidentical macrocells withrepeated A =180° phase
jumps, werecently showed active transport of electrons throughapure
transportstructure, thatis, without acceleration®. Hence, we showed
thatstableelectrontrajectories canbe attained within the acceleration
channel. Inthe work presented here, we go alarge step further. We now
combine alternating phase focusing (with 120° and 240° phase jumps)
with specially designed tapered structure geometries to facilitate the
combination of nanophotonic coherent acceleration and collima-
tion of a pulsed electron beam. We use up to 25 gaps, separating up to
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various more spectralike theonesshownina-d, we extract the energy of the
coherentacceleration peak, and plotit versus the structure length (red dots).
Thevalues scatter mainly because of slight drifts in the driving laser field
strength. The error bars are the standard deviations of the Gaussian fitsto the
coherentacceleration peaks. The graph also shows the average gradient design
curve (blueline) and particle trajectories (light blue band of curves; see text
and Methods for details). We note that the oscillations inenergy around the
design curve result fromaninterplay between the electron distribution and
structure design (see Methods).

26 accelerator macrocells from each other, each macrocell being differ-
ent fromevery other because of the increasing particle velocity. Design
and clean-room fabrication of such structures are much more intricate
and demanding than pure APF transport structures (see Methods for
details). In the following, we show structures that provide acceleration
in combination with the just-discussed two-dimensional alternating
phase focusing (collimation forces alongxand z). Three-dimensional
alternating phase focusing can be realized with more complex struc-
tures®, which is not required here.

To obtain a concrete design of aworking DLA structure based on the
above, we solve for the optical nearfields in the photonic nanostructure
numerically® and export these fields into a particle-tracking code to
perform trajectory simulations®. As our laser pulses are shorter than
the electron pulse (250 fs versus 700 fs full-width at half-maximum
(FWHM)), many electrons do not interact with the peak of the designed
acceleration field or quickly fall out of synchronicity with the tapered
design of the structure period. We therefore conservatively chose our
structure to follow an average acceleration gradient of 22.7 MeV m?,
at @, = 60° off-crest at the injection energy. We note that the number
of electrons captured in phase space and accelerated is larger when
operating away from the crest, at the price of a reduced acceleration
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Fig.3|Nanophotonicaccelerator structure. a, Coloured scanningelectron
microscopeimage of theentire 0.5-mm-longstructure. The electrons are
injected from the left side. b, Top view of the initial part of the accelerator
showingindividual pillars and the guiding channel. Purple pillars form

gradient. The positions and sizes of the APF phase jumps are first chosen
from theory® to maximize the throughput of electrons through the
structure, and then numerically adjusted according to the growing
energy of the electrons (see Methods for details).

To demonstrate accelerationin combination with alternating phase
focusing, we have fabricated anumber of structures of the same design
and with various lengths, ranging from 200 pm to 500 pum (Fig. 3).
This way, we can track the acceleration and collimation behaviour in
separate stages of the accelerator.

Figure 2a-d shows the results for structures 200 pm, 300 pm,
400 pum and 500 um long. We observe average energy gains of
4.59 £ 0.29 keV, 6.57 + 0.32 keV, 9.05 + 0.24 keV and 10.8 + 0.29 keV,
respectively. These are matched well by our simulations, which yield
4.5keV, 6.6 keV, 8.8 keV and 11.9 keV, respectively (see also Fig. 2e and
Methods). The averages are over measurements of different structures
of the same design where some structures might be imperfect due to
fabrication errors. The acceleration in the best of the 500-pum-long
structures boosts electrons from 28.4 keV all the way to 40.7 keV, rep-
resenting asubstantial 43% increase of the startenergy. Inall cases, the
rather narrow peak of accelerated electrons is matched by simulation
resultsand clearly shows that we have achieved coherent acceleration of
electronsin combination with alternating phase focusing. We note that
similar results have been reported in ref. 37. We measure roughly one
accelerated electron per second (Methods). Importantly, the electron
numberinthe coherent acceleration peak hardly changes withincreas-
ing structure length. Like in classical radio-frequency accelerators,
although now at driving frequencies a factor of about 10,000 higher
and similarly smaller acceleration structures, we may now speak of
coherent ‘buckets’ of electrons being accelerated and kept together
by the synchronous optical forces, with their control knobs built into
the nanophotonic structure. Although not used here, one may tune
the accelerator sections independently with the help of a spatial light
modulator tuning the driving pulses’®.

Inadditionto the clear coherent acceleration peak just discussed, we
seethatthe zero-loss peakis still presentin all measurements (Extended
DataFig. 6). Thisis again mainly because the electron pulses are longer
thanthelaser pulses. Furthermore, we see an energy modulation, that
is, acceleration and deceleration, around the zero-loss peak. These
electrons reach some energy (gain or loss) and then fall out of synchro-
nicity. From this point on, they just oscillate around the energy they
had when they fell out of synchronicity as matched by our simulation
results (see Methods for details, Extended Data Fig. 2 and Supplemen-
tary Videos1and 2).

Wedetect electrons also between the coherent acceleration peak and
zero energy gain (Fig. 2b—-d). These electrons are only partly acceler-
ated:they have been captured by the acceleration bucket but were lost
atsome point, thus losing synchronicity. This may happen to electrons
close to the separatrix®, but also technical reasons contribute such as
the laser pulse front tilt being linear and thus not perfectly matched

080056068060060600680003060606480
? 0000900009 Q00009000909Q099990

(transversally) focusing macrocells and the orange pillars form (transversally)
defocusing macrocells. ¢, Side view of the last macrocell of the accelerator.
Scalebarsinbandc,10 pm.

totheincreasingelectronvelocity (see Methods, Extended DataFig.1
and Supplementary Video 2).

Our nanophotonic accelerators were designed to show an average
gradient of 22.7 MeV m, clearly much below GeV m™ acceleration
gradients, but already on par with today’s radio-frequency accelera-
tor gradients for relativistic electrons®. The current gradient in this
proof-of-concept workis not larger for various reasons, including the
non-relativistic nature of the electrons making it hard to excite the
synchronous nanophotonic mode efficiently, the rather conserva-
tive choice of the design phase (50% off-crest gradient), the fact that
we worked with constant pillar diameters, and, more generally, anot
at all fully optimized choice of nearfield excitation structure design.
Now that the nanophotonic particle accelerator is demonstrated,
the next steps will be to further improve the structure design and
systematically work towards GeV m™acceleration gradients, in com-
bination with targeting larger currents. We note that a gradient of
1.8 GeV m ™ has been demonstrated with relativistic electrons?. In
addition, higher laser repetition rates will lead to a larger beam cur-
rent, which canbe also achieved by amuch more intriguing possibility
resulting from nanofabrication: many accelerator channels can be
fabricated next to each other, all driven with the same laser field*°,
possibly even in three dimensions*.. Importantly, we expect that future
nanophotonic accelerators will employ the same design principles
as demonstrated here. Although the technical challenges are large
and considerable work still needs to be done to bring nanophotonic
accelerators to applications, we expect our work to result in novel
compact light sources*, compact free electron lasers™*** and possi-
bly even high-energy colliders®. Particularly attractive nearer-term
applications mightinclude a catheterized accelerator-on-a-chip-based
radiationsource for radiation therapy™ or aresearch accelerator with
an on-purpose limited electron current for searches of light dark
matter***,
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Methods

Overview of the experimental set-up
Thedrivinglaserisanytterbium fibre laser atawavelength of1,030 nm
with apulse duration of 250 fs and arepetition rate of 167 kHz, generat-
inglaser pulses withan energy of 600 . It pumps an optical parametric
amplifier to generateinfrared laser pulses with awavelength of1.93 pm
and with up to 60 pJ of pulse energy. A part of the pump beam is split
off to generate 257-nm ultraviolet pulses through fourth-harmonic
generation. This light is used to trigger photoemission from the elec-
tron source (Extended Data Fig. 1). The infrared pulses at .93 um are
pulse-front-tilted to generate the required 71° of pulse-front-tilt angle
for optical overlap of the moving electrons and the laser pulses (see
details of the pulse-front-tilt set-up below). The other beam direction
(in the x direction) is focused with a 20-mm-focal-length cylindrical
aspheric lens onto the nanophotonic structure. This way, we achieve
a highly elongated focal spot on the nanostructure with a spot radius
of 640 pm (1/e*intensity) along the zdirectionand 13 umin the x direc-
tion. The laser polarization is linear along the electron propagation
direction (zdirection). To generate the design optical field strength
of 600 MV m™, the pulse energy equals 2.2 pJ and the average power
is 360 mW (fluence of 16.5 mJ cm™). Our silicon nanostructures have
survived without visual damage all the way to roughly 460 mW (fluence
of 21 mJ cm™). For our structures, the design optical field strength
of 600 MV m™ translates into an average acceleration gradient of
22.7MeVm™,

The electron source in the experiment is a modified commercial
scanningelectron microscope (SEM; Philips XL30). The ultraviolet laser
pulses are focused onto the Schottky tip cathode of the SEM with a pulse
energy of 4 nJ to generate electron pulses through photoemission. The
electrons are accelerated to a beam energy of 28.4 keV in the micro-
scope column. They are focused into the accelerator structure, which
is mounted in the sample chamber of the SEM at a distance roughly
3 cmaway fromthe exit of the SEM’s final focus lens. The electron pulse
length at the structure is about 700 fs FWHM. The temporal overlap
betweentheelectron pulses and the infrared laser pulsesis set using a
motorized delay stage. The electron energy spectrumis measured with
ahome-built magnetic spectrometer and is read out via the phosphor
screen of amicrochannel plate detector and a camera. More details
aregiveninref.46.

Tofeed the electronbeaminto the accelerator structure and to align
theaccelerator structure parallel to the electron beam, initial alignment
is performed based on imaging via conventional SEM imaging of the
structure in Schottky emission mode (no ultraviolet laser triggering):
the horizontal and vertical angle (relative to the electron propagation
direction) of the structure is set with the help of alignment apertures
atboth ends of the channel. Then the electron beam is focused to the
entrance of the accelerator structure, thatis, the plane of the first pair of
pillars, at roughly two-thirds of the pillar height so that an enhancement
ofthe transmitted current due to the APF guiding is observed. The laser
alignment is found by imaging the reflection from the chip surface.

Pulse-front-tilt set-up and measurement

Agrating with 600 grooves per mm with ablaze angle of 34°at1,850 nm
isused to generate the pulse front tilt with a final angle of a = 71°for an
optimal electron and laser pulse overlap. The angle of 71° is matched
to an electron speed of v = ¢/tan(71°) = 0.344c¢, corresponding to an
energy of 33.2 keV, representing acompromise between initial and final
electron energies. The angle of incidence with respect to the grating
normal is 29° and the angle of the first-order diffracted beam is 42°.
The grating isimaged onto the nanophotonic structure using a cylin-
drical zoom lens system. The zoom lens consists of four cylindrical
lenses with focallengthsf, =f, =300 mmandf, =f;=100 mm. The zoom
lens system provides independent control over image distance and
magnification. The magnification adjusts the inclination angle of the

pulse frontand the size of the laser beam on the structure. To measure
the pulse-front-tilt angle, we built an auxiliary set-up, which is acces-
sible via a flip mirror*’ (not shown). We measure a = —(71 £ 1.8)° after
the zoomlens. This pulse-front-tilt angle depends on the magnification
of the zoom lens system, which we setto M=0.5.

Structure design and optimization

The full Lorentz force acting on an electron at any one time is com-
plex and its amplitude is generally five to ten times stronger than the
force exerted just by the synchronous mode (equation (1)). However,
most of this force will average out over a laser period and mainly the
synchronous force has a net effect on the electron. Still, the full force
cannot be completely disregarded because the electron motion has
tobeaccurately tracked. Hence, in our numerical simulations we take
the full Lorentz forceinto account, including the magnetic-field com-
ponent, with high resolution, rather than solving the whole structure
design purely with an analytical approach based on equation (1).

The electromagnetic fields inside of the nanophotonic accelerator
were solved intwo dimensions using the Ansys Lumerical finite differ-
ence time domain software. Field maps were imported into General
Particle Tracer to perform particle-tracking simulations. We disre-
garded any changes of the electromagnetic fields in the y direction
(normal to the substrate). For the structure design, the electron and
laser beam parameters were chosen specifically to be optimal and
ideal: the laser is modelled as a continuous-wave single-frequency
1.93-um-wavelength plane-wave, and the electron pulse is spatially
on-axis and assumed uniformly distributed in time over one optical
cycle, 6.45 fs, with zero emittance and monoenergetic at 28.4 keV. The
ideality of the design parameters is advantageous solely for the opti-
mization process, where otherwise optimizing the structure design to
non-ideal beams could make the experiment more difficult: the basic
assumption is that the beam in the experiment is prepared to tend
towards these ideal conditions.

The optimization process attempts to fit the energy gain as a func-
tion of propagation distance in the structure to a predefined energy
gain curve. A conservative design curve was chosen, with aninjection
angle of 60° off-crest (@, = 60°inequation (1)), yielding a design gradi-
entof22.7 MeV m™with anincident laser field strength of 600 MV m™.
(To prevent potential confusion, we note that we define ¢, as the syn-
chronous phase with the crest setat 0° rather than180° as done in vari-
oustextbooks.) We note that excluding the injection phase, the phase
accumulation of the particle between APF phase jumps is not explicitly
optimized in the design process; rather, the algorithm attempts to
follow the energy gain design curve as much as possible. This results
in a phase curve that would follow the ideal description in the main
text to some extent, but deviates in that the phase jumps would vary
throughout the structure. One reason we pursued this optimization
approach lies in the nature of the phase jumps themselves: while in
theory these jumps are sharp and immediate, in practice the effect of
the discontinuity in the tapered structure affects the nearby periods,
up to roughly one wavelength. This in turn alters the accumulated
phaseslightly, but eventually substantially over long structures. Other
approaches canbe chosen to follow both the energy gain design curve
and phase jump methodology as described in the main text. We expect
inverse design methods to provide close-to-optimal structures soon'**s,

In our structure design optimization, each design round has three
steps: first, the electromagnetic fields are solved, then particles are
tracked through the fields, and finally the results are analysed and
fed to the next optimization round. Although higher nearfields canbe
achieved at higher electronenergies (and thereby higher acceleration
gradients) by changing the pillar geometry along the structure, we
chose tokeep the geometry constant: the pillars are elliptic with radii of
240 nm x 225 nm (longitudinal x transverse). Thisis practically advanta-
geous to the fabrication process, whichwould otherwise require addi-
tional optimization and fine-tuning toaccommodate the varying pillar
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sizes during etching. The pillars are situated symmetrically around a
225-nm-wide acceleration channel gap, through which the electrons
propagate. Overall, there are two design parameters: the local struc-
ture period and the position of the APF phase jumps. The tapering
of the structure period throughout the structure length is adjusted
to match the synchronicity condition based on the particle-tracking
results through the fields. This, along with the position and size of
the APF phase jumps, is calculated numerically in each optimization
round from theory®.

As previously mentioned, the optimization algorithm is designed
such that all phases are initially injected to the structure. However,
principally, the design parameters are based on the results of one
single electron that matches best (using a least-squares fit) to the
average gradient design curve. In each step, the algorithm attempts
to use the same particle chosen in the previous step; however, if the
particle falls completely off synchronicity, the algorithm chooses
the next best one, which is necessarily close and within the injection
phase error of the initially chosen particle, thereby working around
some numerical discretization issues. As a result, the final structure
designisobtained with asingle design particle thatisnotlost and best
matches the design curve.

The simulations are runonaWindows 10 AMD EPYC 7542 equipped
with two 32-core processors. The field-solving and particle-tracking
steps takeroughly 8 min, using about 40 GB of random-access memory
with a rectangular mesh size of 9 nm per cell and recording a single
wavelengthin thefinite difference time domain simulation. Two thou-
sand particles are tracked in the design process, giving aresolution of
3.2asor0.18°intheinjection phase.

Extended Data Figs. 2 and 3 depict the results of the structure
design step, in both energy gain and transverse dynamics, respec-
tively. As previously mentioned, although here the injected beam is
uniformly distributed with a full width of 20 nm around the optical
axis, itis otherwise ideal: zero emittance and zero initial energy spread,
uniformly spansall phases, and isinjected with an energy of 28.4 keV.
Under these conditions, the simulation predicts (green curve in
Extended DataFig. 3) that 1,100 particles out of 30,000 are captured
and accelerated towards the output of the structure, or abandwidth
of3.66% of allinjected phases. In Extended DataFig. 3, the envelope of
the accelerated electrons appears to grow throughout the structure,
but is, however, still contained and confined within the acceleration
channelboundaries. Nevertheless, the optimization algorithm canbe
designed to additionally optimize this envelope and confineit further.
Additional information is givenin the captions.

Supplementary Video 1shows the transverse positions of the elec-
trons versus the zaxisinthe laboratory frame, and the evolution of the
captured electrons fromthe injection energy (28.4 keV, blue) towards
full energy gain (over 40 keV, red). The captured electrons show a
‘breathing’ motion, focusing and defocusing, as expected from the
APF theory. Also evidentis the zero-loss peak and uncaptured electrons,
which start to lag behind and eventually spatially separate from the
captured and accelerated electrons. These electrons still oscillate in
space and energy because they are unsynchronized with the structure,
but also because of the action of the APF phase jumps.

Supplementary Video 2 depicts acomplementary view of the nano-
photonicaction on the electronsin phase space: it follows the energy
gain of the captured electrons versus the z axis in a comoving frame
around the best-matching electron (black disk). After roughly 100 pm
of propagation, abounding ellipse in this energy-position space can
be fitted (not shown), oscillating and breathing in acomplementary
fashion to the behaviour in the transverse picture (Supplementary
Video 1.) For both videos, the top panel shows the distance between
pillars (observe the tapering fromz=0toz =500 pm, where the abrupt
tall lines represent the phase jumps throughout the structure).

The complexity of the final acceleration structureis quite intricate.
As the electrons gain energy in every local period (every pillar pair),

the final electron pulse at the output is dependent on the sequential
parameters of the structure: tapering, and positions of the APF phase
jumps. Any deviation from the structure design results in an accumu-
lating error in the beam as it propagates throughout the structure,
and can strongly affect the resulting beam parameters. Extended
Data Table 1shows the result of the optimization process in terms of
macrocell parameters.

Structure fabrication

Thenanophotonicaccelerator structures are fabricated from n-doped
(phosphorus) <100>-oriented silicon with aresistivity of 1-5Q cm. The
initial silicon substrates approximately 2 x 2 cm?insize are coated with
400 nm of ma-N 2405 negative photoresist, which is subsequently pat-
terned witha100 kV e-beam lithography machine (Raith EBPG 5200).
For development, the sample is submersed in AR 300-47 developer
for 50 s. Here a slight underdevelopment is employed to leave some
residue of the resist behind, which prevents parts of the mask from
moving during the development process. This residue gets removed
inamild reactive ion etching process with oxygen.

A cryogenic reactive ion etching process (Oxford Instruments
Plasmalab100) with sulfur hexafluoride (SF) and oxygen (69 and 11
standard cubic centimetres per minute, respectively) at =120 °C and
40 W radio-frequency power is used to etch the silicon to a depth of
2 um (Extended Data Fig. 4).

The mesas (Extended Data Fig. 5) are fabricated after the accelera-
tor structures. To fabricate the mesas, a 6-um-thick layer of AZ 4562
photoresistis patterned using ultraviolet laser lithography (Heidelberg
Instruments DWL 66+) and developed with AZ 400 K developer.
ABosch processisemployed to etch thesiliconsurrounding the mesas
toadepth of 60 um.

In the final step, we perform a rough removal of the resist with
mr-Rem 700 resist remover and remove any residue using piranha
solution.

In addition to the full 500-pum structure, we also fabricated three
shorter versions at200 um, 300 pumand 400 pm, which have the same
design albeit being truncated. In this way, in experiment, the acceler-
ated beam canbe probed inthese steps and the energy gain assessed.
Extended Data Table 2 lists key parameters for comparing the para-
meters of the different structure lengths, where the measured energies
oftenand naturally deviate from design, which takesinto account only
the synchronous electron, with the entire accelerated bunch oscillating
around itin energy and position.

Alternating phase focusing effect on uncaptured electrons

In the main text, we mainly discuss the guiding effect of alternating
phase focusing on electrons captured in the acceleration bucket. How-
ever, we can also see a similar guiding effect on electrons around the
zero-loss peak (Extended Data Fig. 6 and Supplementary Video 1), which
are mismatched with the structure tapering and thus cannot satisfy
the synchronicity condition. The electron transmission through the
structure without any laser illumination considerably decreases with
structure length due to the finite beam emittance. With laser illumina-
tion, however, the beam is subject to additional transverse forces as
described in the main text. Most electrons around the zero-loss peak
arenot captured and quickly fall off synchronicity, but surprisingly, for
structures up to 400-um long, the laser-illuminated structures show a
close to three-times-higher electron transmission compared with no
laser illumination. The main reason for thisis the robustness of the APF
effect over finite distances. This is because the electrons are close to
synchronousforalargeinitial part of the structure (eveniftheyarenotin
theacceleration phase), as the structure period increases at aslow aver-
agerate of about16 nmper 100 pm. Therefore, although the uncaptured
electronsaround the zero-loss peak arrive at the phase jumps with mis-
matched energies, the mismatchin phase jumpis stillsmall enough such
that the APF action s effective. For structures longer than that, as seen



inthe case of the 500-pm-long structure, the difference in transmission
between laser onand laser offvanishes almost completely because of an
accumulated errorin phase and gradualincrease inthe transverse beam
size of uncaptured electrons: the conditions for APF become unstable.

Accelerated current

In our measurements, the accelerated current is fairly low due to the
nature of the set-up. We use 257-nm laser pulses with a repetition rate
of 167 kHz to trigger the electron emission from a modified commer-
cial SEM electron source, not at all built for this purpose. This results
in about 0.005 electrons per pulse (about 800 electrons per second)
reachingthe sample chamber of the SEM. With our experimental param-
eters, the electron pulseinthe chamberis about 700 fslong compared
with 250 fs (full-width at half-maximum) of laser pulse duration, where
thefield required for the coherent accelerationis obtained for an even
smaller fraction. Our simulations predict a probability of about 3.6% of
these electronstobe capturedinthe acceleration bucket, which holds
only for the fraction of electrons interacting with the ideal laser field,
thatis, the part around the crest of the laser pulse envelope. With an
efficiency of our microchannel plate electron detector in the range
of 10-60% (ref. 49), we arrive at a rough estimate of 1to 6 electrons
accelerated and detected per second. This accelerated current does
not change substantially while extending the length from, for example,
400 pmto 500 um (Extended DataFig.2). But the total current passing
through the structure decreases considerably due to the instability of
the APF effect for non-synchronous electrons (Extended Data Fig. 6).
This results in arise in normalized current (Fig. 2) as it is normalized
to the zero-loss peak height.

For almost all applications, this current is nowhere near useful but
there are many avenues to increase the current by many orders of mag-
nitude: the SEM electron source itself can emit up to 1,000 electrons
per pulse; therefore, a custom electron source with a high-current and
high-brightness mode could offer an up to 10° higher electron count,
with all other parameters fixed; the repetition rate of laser pulses can at
least be afactor of10 to 100 larger, with some efforts (other structure
material) probably afactor of10,000. Even more promising is to extend
the structure laterally with multiple accelerator channels next to each
other providing acceleration*° or even extending it vertically into a
fully three-dimensional structure*. Furthermore, new combinations
of driving wavelength and high-damage-threshold materials could
also provide orders-of-magnitude gains in the maximal acceleration
currentas well as the acceleration gradient. Lastly, longer wavelengths
allow to work with wider acceleration channel widths, facilitating the
in-coupling of wider and thus higher current electron beams.

Scalability. Further scalability of this nanophotonic accelerator is an
open question. When the vertical dimensionis not takeninto account,
ascanalsobeseeninthesimulations (Extended Data Fig. 2), the number
of electrons captured inthe bucket remains roughly constant through-
out the propagation fromabout 200 pm and onwards. We expect this
portion to remain captured for longer structures, that is, in terms of
scaling—constant for arbitrary lengths.

However, experimentally, the third dimension (vertical trans-
verse dimension) has to be considered as a source of electron loss.
Although a proposal for a full three-dimensional guiding has been
put forward* using sideillumination, we predicted that using our cur-
rent top-illumination driving scheme some form of vertical guiding is

possible®’. Thus, even without specially engineered three-dimensional
structures, asis the case in our current work, confinementin the verti-
caldirectionis possible although limited, and depends on the starting
and final energies, and the pillars’ height. A simple scaling cannot be
easily defined without making too-crude approximations, and the only
viable way to estimate the losses in the vertical directionis to perform
Monte Carlo simulations.

For the trade-off between the overall acceleration and the number
of electrons being accelerated, we do not currently have quantitative
simulations. Ingeneral, however, the more electronsbeing accelerated,
the smaller the acceleration gradient (smaller phase space available
close to acceleration crest).

Theaccelerated flux, meaning the electronsthat areinthe accelera-
tion bucket, does not decrease (at least in perfectly fabricated struc-
tures). The decrease in flux observed in Extended Data Fig. 2 is not
the coherently accelerated bucket but number of electrons within
+1-keV deviation from design energy (as mentioned in ‘Structure design
and optimization’). Therefore, early on, it captures non-synchronous
electrons and electrons that are close to synchronous but never quite
makeitinto thebucket. The comparison of the accelerated flux with the
outgoing fluxis visible in Fig. 2 as the accelerated flux is normalized to
the zero-loss peak. However, in our case, thisis more dependent on the
experimental set-up (the laser pulse much shorter than the electron
pulse and so on), than the design and physics of the accelerator itself.
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Extended DataFig.1|Schematics ofthe experimentalsetup. Ultraviolet
(UV) laser pulses of 257 nm wavelength (blue) and infrared (IR) laser pulses
of1.93 pmwavelength (red) are generated in an optical parametric amplifier
(OPA) and fourth harmonic generation setup (two BBO crystals). The UV pulses
arefocused onto the SEM cathodetip to generate electron pulses thatare
injected into the nanophotonicstructure. The IR pulses are diffractedata
gratingand imaged with a cylindricalzoom lens system to generate a pulse
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fronttilt of a=71°at the structure. The pulse-front-tilted beamis focused in
x-direction onto the structure with acylindrical asphericlens of 20 mm focal
length. The time delay between IR pulses and electron pulsesis adjusted witha
motorized delay stage. Ahome-built magnetic spectrometer is used to measure
theelectronenergy. Theenergy spectrumis recorded by imaging the micro-
channel plate (MCP) detector screen withacamera.
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Extended DataFig.2|Particletrajectories depictingenergy gainvs.
longitudinal dimension. The design curve (see text) isshowningrey, whereas
theblack curveistheparticletrajectory that best matches the energy gain
design curve using aleast-squares fit. The colour scale indicates the energy
gainfrom O (blue) upto12.8 keV (red), as does the vertical position (left axis).
Thegreen curve shows the number of particles that follow the design curve
withupto +/-1keV deviation (the only curve in this graph referring to the right
axis). Importantly, awhole number of trajectories around the main black
trajectory follow closely the design curve. These trajectories reflect the
particlesin the coherently accelerated bucket. Below the design curve, another
band of trajectories appears to follow the average gradient - these are electrons
thatfell off synchronicity and were captured by the next “bucket”, however,
these also suffer from strong deflection forces which eventually resultinloss

of most of these particles to the physical boundaries of the channel. The rest
ofthe trajectories (mostly blue) represent electrons that quickly fell out of
synchronicity and oscillate in energy. The action of the 25 APF phase jumps
representing 13 APF periodsis reflected inthe saw tooth-like pattern. While there
aresectionsinwhichthe coherently accelerated particles are decelerated,
theyare accelerated for the most part and obviously undergo netacceleration
(energy gain). The blue vertical lines in the top panel show the distance between
individual pillars along the structure: the phase jumps of each APF period stand
out:120° jumps are the shorter outstandinglines, while the 240° jumps are the
longer ones. Likewise, the tapering of the structure period needed to maintain
synchronicity with the accelerated particlesis evident from the structure input
(z=0)tothe output (z=500 um) by the overallincrease of the period length,
i.e.,thenoticeable positive overall slope. See also Video 2.
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Extended DataFig.3| Trajectories (transversal vs. longitudinal dimension).
30,000 electronsare uniformly distributed in time over afull laser cycle

(6.45 fs) and around x = O with a full width of 20 nm. They are injected into the
simulation prior to the structure, and atz= 0 immediately start to undergo
transverse deflection due to the optical forces, along with acceleration.
Onlythoseelectronsthatareinjected atthe correcttime are captured and
accelerated, which, in this representation, can only be seen by the changing
colour: As before, the colour indicates the instantaneous energy of the particle
ataspecific position (dark blue: 0 energy gain, red:12.8 keV energy gain).

These captured electrons performoscillations transversely inaccordance with
the APF phase jumps, along with complementary longitudinal oscillations (see
Extended DataFig.2). Theelectrons whichare not captured oscillate as well,
althoughout of phase, and most eventually crash into the physical boundaries
ofthestructure and arelost (at x = +/-112 nm). Similar to Extended Data Fig. 2,
here we mark the particle that best matches the design (black); like before,

the top panelagain depicts the tapering and the APF phase jumps along the
structure.Seealso Video1.
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Extended DataFig.4|SEM view of the part of the structure from top. We show a top view of the first 50 pm of the accelerator structure. Two short 120° APF jumps
andalong240°jump are clearly visible. The macrocells are slightly coloured matching the colour code of Fig. 1.



Article

Extended DataFig.5|Zoomed-out SEM view of several accelerator channels sitting on mesas. Tilted view showing an overview of mesas with accelerator
structureson achip.On each chip there are multiple structures of the same design in case one or more structures are damaged.
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Extended DataFig. 6 | Alternating phase focusing effect on uncaptured
electrons. Electronspectraaround the zero-loss peak for various structure
lengths both with (red) and without (grey) laser illumination. Units on the
horizontal axis are keV. The extra current visible for shorter structures with
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laserilluminationis aconsequence of alternating phase focusing. The effect
isless pronounced for the 400 pm structure and completely vanishes for the
500 umstructure (see text for details).
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Extended Data Table 1| Design parameters for the full
500pum structure

Macrocell  Position  Length Initial local Design energy Number of
# [um] [um] period [nm] gain [eV] pillar pairs
1 0.0 5.0 619.0 113.0 9
2 5.0 17.6 620.5 409.0 28
3 22.6 17.3 624.3 364.0 27
4 39.9 17.9 628.4 436.0 28
5 57.8 18.2 632.2 388.4 28
6 75.9 18.1 636.4 441.6 28
7 94.0 18.4 640.2 393.3 28
8 1124 18.3 644.5 447.1 28
9 130.7 18.6 648.2 398.2 28
10 149.4 19.2 652.4 467.9 29
11 168.5 18.9 656.3 397.8 28
12 187.4 19.4 660.3 452.5 29
13 206.8 19.8 664.1 4234 29
14 226.6 19.7 668.3 458.0 29
15 246.2 20.0 672.1 428.5 29
16 266.2 19.9 676.2 463.4 29
17 286.1 20.2 680.0 433.5 29
18 306.3 20.8 684.1 484.7 30
19 3272 20.5 688.0 433.1 29
20 347.6 21.1 692.3 512.5 30
21 368.7 21.4 696.2 460.0 30
22 390.1 21.3 700.6 518.6 30
23 411.4 21.7 704.5 465.5 30
24 433.0 21.6 708.8 524.7 30
25 454.6 21.9 712.7 470.9 30
26 476.5 22.5 717.0 547.4 31

Includes a total of 733 pillar pairs.



Extended Data Table 2 | Key parameters of the fabricated
structures

Length Final Design Final Total

[pm] design energy period number
energy gain [nm]  of
|[keV] [keV] phase

jumps

200 3295 455 662.8 11

300 35.168 6.768 682.6 16

400 37.461 9.061 7023 21

500 39.733 11.333 721 25

Aninitial electron energy is 28.4keV (initial pillar period of 619nm) and an average design
gradient is 22.7MeV/m.
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