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            Abstract
Particle accelerators are essential tools in science, hospitals and industry1,2,3,4,5,6. 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 magnitude7,8,9. In this approach, a carefully designed nanostructure transfers energy from laser light to the particles in a phase-synchronous manner, accelerating them. To accelerate particles to the megaelectronvolt range and beyond, with minimal particle loss10,11, 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 a silicon-based photonic nanostructure that is 77.7 micrometres long. In particular, we experimentally show alternating phase focusing10,11,12,13, a particle propagation scheme for minimal-loss transport that could, in principle, be arbitrarily long. We expect this work to enable megaelectronvolt electron-beam generation on a photonic chip, with potential for applications in radiotherapy and compact light sources9, and other forms of electron phase-space control resulting in narrow energy or zeptosecond-bunched beams14,15,16.
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                    Fig. 1: Forces acting as a function of the synchronous phase φs.[image: ]


Fig. 2: Complex optical electron phase-space control in alternating phase focusing.[image: ]


Fig. 3: Silicon photonic nanostructure for phase-space control.[image: ]


Fig. 4: Experimental verification of the APF scheme.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Schematic of the experimental set-up.
(a) Both IR (red) and UV (blue) laser pulses are generated with the help of an optical parametric amplifier (OPA). The UV pulses are focused onto the Schottky emitter of the SEM, where they release electron pulses. The electron pulses pass through the electron column and are focused into the nano-photonic channel. The IR pulses first pass a neutral-density (ND) filter for variable optical power attenuation before they traverse a delay stage, where the time delay between IR laser pulses and electron pulses is set. A bandpass filter limits the IR spectrum so that the laser pulses are stretched to a duration of 680 fs (FWHM). A cylindrical telescope is used to generate an elliptic laser beam with a 1:6 ratio. The beam is then split into two parts, where one part is used to monitor the power during measurements and the other is focused on the structure via an aspherical lens (ASL). The back reflection from the sample is used to align the laser beam to the structure. The electron energy is measured with a magnetic deflection spectrometer and an MCP detector with a phosphor screen, viewed from outside the vacuum chamber (indicated by the dashed line) with a CCD camera (not shown). For structures without a mesa (b) the incident angle of the laser beam is 5°, while for structures on top of the mesa (c) this angle is 0°.


Extended Data Fig. 2 Photonic nanostructure on flat substrate: high contrast structure.
The scanning electron microscope (SEM) image shows the dual pillar transport structure for high contrast measurements. The dual pillar transport channel can be seen on the right as a colonnade structure. The four solid slabs left-above of the colonnades structure are a distributed Bragg mirror31. An alignment aperture is placed at the input of the structure (thick blocks). Electrons are focused into the colonnade structure, that is, into the channel between the rows of pillars. The laser beam impinges on the structure from the side, from bottom-right here, perpendicular to the pillars and with a 5° angle to the substrate (see also Extended Data Fig. 1b).


Extended Data Fig. 3 Photonic nanostructure on top of a mesa: over-focusing structure.
This SEM image shows a structure fabricated on top of a 60 μm-high mesa. The photonic structure for the over-focusing measurement is visible atop the mesa. The five gaps between the macro cells are also 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 that identify the specific structure during the experiment. The mesa allows us to focus the laser beam under 0° incidence angle from the side (see also Extended Data Fig. 1c).


Extended Data Fig. 4 Particle tracking simulation: One optical phase vs. all optical phases.
(a) Example particle trajectories for the optimal guiding field strength. The differently colored curves in between the pillars denote individual particle trajectories. The APF behaviour is clearly visible in the breathing of the envelope of the particle trajectories. For illustrative purposes the simulation was conducted with an electron pulse length of 0.001 fs. This way, the APF effect is apparent because electrons only sample fields of a small random fraction of the optical cycle, away from the crest. The lattice periodicity of 2 × (7.149 μm + 0.589 μm) = 15.47 μm (see Fig. 3), which is equal to the beta function periodicity, can be directly seen in the envelope of the trajectories, where the phase jump is manifested as a bending of the curve. Hence we can here directly assign F to macro cell 2, D to macro cell 3, and so on repeatedly (see numbering at the top of each macro cell, macro cell 1 consists of 2 half cells at 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 one optical period long. Evidently, the existence of the two fixed points in phase, π/2 and 3π/2, cannot be easily discerned close to the entrance of the structure, meaning that F and D cannot be uniquely assigned to each cell. Halfway through the structure, however, the lattice oscillations become visible again in the form of two “modes”, namely two trajectory classes, each directly linked to the lattice period again. The evolution into this two-mode structure is a consequence of the electrons accumulating around the two fixed points in phase space separated by π13. The result is an overlapping of two breathing motions in the trajectories shifted by one macro cell. (c) Same as (b) though the flat-hat electron pulse is here 400 fs long, the APF scheme still leads to particle propagation with hardly any loss, and the overall envelope nearly matches that of the single-cycle pulse in (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 with a duration of 0.001 fs. Particles are obviously lost, where the lost particles’ deviation from the design axis exceeds the aperture of the structure. (e) Same as in (d) but with all phases sampled. A similar effect as depicted in (b) takes place, where the loss of particles at the structure boundary occurs at multiple locations. The reason is, again, that macro cells act differently depending on where the electron is with respect to the optical phase, and hence experience forces shifted in phase. Most importantly, the overall performance of the APF scheme is maintained, if not for the limitation of the beam size due to the structure aperture. The colours in panels a, c, and d were chosen so individual trajectories can be better discerned. The colours in b and e indicate the injection time of the electron (see colour bar).
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