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We demonstrate a silicon-based electron accelerator that uses laser optical near fields to both accelerate and
confine electrons over extended distances. Two dielectric laser accelerator (DLA) designs were tested, each
consisting of two arrays of silicon pillars pumped symmetrically by pulse front tilted laser beams, designed for
average acceleration gradients 35 and 50 MeV=m, respectively. The DLAs are designed to act as alternating
phase focusing (APF) lattices, where electrons, depending on the electron-laser interaction phase, will
alternate between opposing longitudinal and transverse focusing and defocusing forces. By incorporating
fractional period drift sections that alter the synchronous phase between�60° off crest, electrons captured in
the designed acceleration bucket experience half the peak gradient as averagegradientwhile also experiencing
strong confinement forces that enable long interaction lengths. We demonstrate APF accelerators with
interaction lengths up to 708 μm and energy gains up to 23.7� 1.07 keV FWHM, a 25% increase from
starting energy, demonstrating the ability to achieve substantial energy gains with subrelativistic DLA.
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Dielectric laser accelerators (DLAs) utilize recent
advances in semiconductor nanofabrication, high fluence
femtosecond lasers, and low emittance electron sources to
produce electron accelerators with acceleration gradients
1–2 orders of magnitude higher than conventional copper
rf accelerators [1,2]. Key to this technology is the GV=m
laser-induced damage threshold of semiconductor materi-
als, which demonstrated acceleration gradients as high as
850 MeV=m for relativistic DLAs and 370 MeV=m for
subrelativistic DLAs [3,4]. Leveraging these high gradients
over long interaction lengths to produce high energy gains
at subrelativistic energies has been difficult due to confine-
ment challenges.
Subrelativistic dual pillar DLAs have the necessary

transverse lensing to confine beams within submicron
apertures, producing focusing forces equivalent to quad-
rupole focusing gradients of 1.4� 0.1 MT=m [5].
Recently, elements needed to realize fully integrated
DLAs have been demonstrated for dual pillar structures
in the subrelativistic regime: low energy spread attosecond
bunchers, and confinement lattices [6,7]. Central to these
successes was the application of alternating phase focus-
ing (APF), originally developed for ion acceleration in
the 1950s [8,9] and adapted for DLAs in [10], where
the Lorentz force of the accelerating laser mode itself is
used for confinement instead of relying on external
magnets [11].

In [6], the first APF confinement lattice was demonstrated
in DLAs, albeit without acceleration, and in [7], an APF
attosecond buncher was demonstrated, producing micro-
bunches compact enough andwith low enough energy spread
to be injected into an APFDLA. This Letter demonstrates the
realization of an accelerating APF DLA, which coherently
accelerates and confines electrons over extended distances.
Following [10], APF DLA lattices are designed around a

ẑ traveling “synchronous electron” in the center y ¼ 0 of a
symmetric dual drive mode at synchronous phase ϕs. Once
an injection energy and operating synchronous phase have
been selected, the energy ramp is fixed by the structure
factor je1nj, incident laser field amplitude E0, and structure
periodicity [12], which follows the Wideroe condition for
the first spatial mode, expressed as Λ ¼ βsλ0, where Λ is
the periodicity, βs is the ratio of the relativistic velocity to
the speed of light, and λ0 is the central wavelength. For a x̂
invariant dual pillar DLA powered by two counterpropa-
gating in-phase monochromatic ẑ polarized lasers incident
from �ŷ, the synchronous electron will gain energy ΔW
per period [13],

ΔWðϕsÞ ¼ −qje1njE0Λ cosðϕsÞ; ð1Þ

where q is the elementary charge. The Lorentz force on a
synchronous electron is written as
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γ is the Lorentz factor and Γy ¼ iky ¼ ð2π=λ0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=β2sÞ − 1

p
, where ky is the imaginary (evanescent)

wave number for the accelerating first spatial mode.
Nonsynchronous electrons experience a Lorentz force
F⃗ðϕÞ, where the interaction phase ϕ can be expressed as
ϕ ¼ ϕs − ω0Δt [13]. Here, Δt ¼ te − ts represents the
difference in arrival time between a nonsynchronous
electron and the synchronous electron, denoted by te and
ts, respectively, and ω0 ¼ ð2πc=λ0Þ.
As seen in Fig. 1, for synchronous phase ϕs ∈ ð0; π=2Þ,

longitudinally defocusing ½ðδFz=δϕÞ > 0� and transversely
focusing [Fyðy > 0Þ < 0] forces act on the electrons near
the synchronous electron. For synchronous phase ϕs ∈
ð−π=2; 0Þ, the opposite occurs, longitudinal defocusing and
transverse focusing forces. The synchronous phase, and
thus longitudinal and transverse focusing forces, can be
switched via fractional drift sections [10],

lfd ¼ ð2π − ϕsÞΛ=π; ldf ¼ ðπ − ϕsÞΛ=π; ð3Þ

where lfd switches the forces on electrons near a synchro-
nous reference particle from transversely focusing to
transversely defocusing, and ldf from transversely defo-
cusing to transversely focusing. By using these fractional
drift sections, a properly designed APF DLA can capture
electrons with the correct injection phase and transport
them in an accelerating bucket over extended distances.
Two dual pillar APF DLA lattice designs were tested,

which will be referred to as DLA70 (designed at TU
Darmstadt) and DLA100 (designed at Stanford). Both were
designed for operation at 1980 nm, 96 keV injection energy

and synchronous phase �60°. Unlike [6], which operated at
synchronous phase �90° without acceleration and with full
confinement force, operating at �60° provides half maximal
acceleration and 86% maximal confinement force, a good
balance between maximizing both confinement and tempo-
ral acceptance and maximizing average gradient [10].
Each had different pillar dimensions, with structure

factor je1nj ranging from 0.68 to 0.78 for DLA70 and
0.37 to 0.46 for DLA100 over the length of the structure,
and with optimal dual-drive in-phase peak incident electric
field amplitude of 106 and 250 MV=m, respectively.
DLA70 and DLA100 had initial acceleration gradients
of 70 and 100 MeV=m for on-crest electrons, and 35 and
50 MeV=m for synchronous electrons. The dual pillar
geometry of DLA70 exhibited high transparency, sup-
pressing deflecting sinh modes, while DLA100’s highly
reflective geometry enabled the generation of deflecting
sinh modes, which was observed during alignment and was
consistent with prior experimental studies [13,14].
DLA70 and DLA100, with channel widths 420

and 400 nm, respectively, were optimized for minimal
electron beam sidewall loss [10,15]. The optimization
involved iterative cell length selection to minimize the
Courant-Snyder β̂y function’s maximum, enabling maxi-
mum transverse 1D single particle emittance ϵ propagation.
For matched beam injection, the beam waist aðzÞ is

aðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵβ̂yðzÞ

q
. Both structures start with ϕs ¼ −60°

for maximal transverse capture.
Figure 2 displays the energy ramps, synchronous phases,

and extracted β̂y functions for DLA70 and DLA100 driven
at 1980 nm wavelength, and with DLA70 simulated at
106 MV=m and DLA100 at 250 MV=m, the amplitude
with best extracted β̂y and a slight sinusoidal phase
envelope.

FIG. 1. Left: DLA period with Lorentz force vectors overlaid
on electric field −Ez from accelerating mode. Right: Ez and
Lorentz forces acting on a reference particle versus interaction
phase. Two bunches are drawn at ϕs ¼ �60°, each experiencing
half maximum accelerating force Fz and confinement forces of
opposite sign in ŷ and ẑ.

FIG. 2. Synchronous phase and energy (top) and Courant-
Snyder β̂y function (bottom) for infinitesimal emittance versus
travel distance extracted from DLAtrack6D simulation. The
nominal electric field is 106 MV=m for DLA70 and 250 MV=m
for DLA100, respectively.
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Figure 3 shows the experimental setup; see details on
fabrication and optics in the Supplemental Material [16].
The electron source generated 96 keV� 23 eV FWHM,
830� 100 fs FWHM long electron bunches at a rep
rate of 100 kHz, producing ∼0.5 electrons per shot
with ∼100 pm rad transverse normalized emittance in x̂
and ŷ [17]. Once aligned, the devices were symmetrically
pumped by two laser beams, and a sector magnet was used
to translate energy gain into horizontal displacement on a
microchannel plate (MCP) detector [18].
To achieve full electron-laser interaction with the

longest 1469 μm DLA structure, our 100 kHz, 310 fs
FWHM (field) optical parametrically amplified laser
pulses would have needed to be stretched to 8.4 ps using
temporal pulse stretching, assuming a temporal flattop
pulse. Laser-induced damage threshold scales inversely
to the square root of laser pulse duration in near-infrared
(NIR) picosecond laser regime, and similarly unannealed
silicon pillars have been destroyed with 310 fs pulsed fields
as low as 419� 42 MV=m [19,20]. As detailed in the
Supplemental Material [16], we employ pulse front tilted
(PFT) beams in order to keep the local pulse length short
while enabling interaction in long structures at nearly
constant amplitude [21–23]. The PFT angle is matched
for a β ¼ 0.564 beam, the average velocity assuming a
24 keV energy gain. Because of subrelativistic energy-
velocity scaling, this approach has a maximum field
amplitude error of 5% for the longest structures [24].

FIG. 3. Top: accelerator system overview. Bottom left:
DLA100 476 μm on a 500 μm long mesa. Cells labeled as black
are longitudinally focusing and transversely defocusing, while
white are longitudinally defocusing and transversely focusing.
Bottom right: DLA100 46 μm powered by two 60.5� 0.7°
incident PFT laser pulses. The orange line shows the electron-
laser overlap on the laser pulse as it travels through the structure.

FIG. 4. Simulated and measured laser-on and laser-off spectra for DLA70 and DLA100. (a) Integrated MCP camera image of laser on
DLA70 480 μm. Plots in (b)–(f) are obtained by integrating horizontal slices near peak transverse pixel. (b),(c) Simulated and measured
DLA100 spectra for laser on and laser off. (d)–(f) Simulated and measured DLA70 spectra for laser on and laser off. A semitransparent
overlay on the measured spectra covers the 25%–75% quantile. Experimental parameters in Table I.
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Simulations include this effect as a uniform 5% amplitude
and phase error.
Figure 4 shows the measured and simulated

(DLAtrack6D [25,26]) MCP spectra for DLA70 and
DLA100 of different lengths and peak electric fields for
both laser-on and laser-off conditions, with extracted
parameters shown in Table I. Laser-on (1980 nm, amplitude
as measured in the experiments) and laser-off simulations
were performed and simulated, and measured spectra were
normalized to their maximum laser-off signal. The simu-
lated and measured spectra [Figs. 4(b)–4(f)] all show
similar features: laser-on peak depletion at 96 keV, an
asymmetric shoulder modulation, and a captured electron
peak, denoted by a black dash marker, with some discrep-
ancy in total count for each feature. For DLA100 241 μm
and DLA70 480 μm, clear subpeaks are also visible at
103.2 keV and at 107.3 keV, respectively.
The electron pulse duration (830 fs FWHM) being

longer than the laser pulse duration (330 fs FWHM)
results in only a portion of the electron pulse interacting
and thus experiencing energy modulation from the laser-on
signal. This causes peak depletion for the noninteracting
injection energy signal and energy modulation for inter-
acting electrons, which was also observed in all previous
measured spectra, e.g., [27]. Unlike a strictly periodic
DLA, where the modulation is symmetric due to uniform
injection sampling of sinusoidal energy gain [Eq. (1)], long
multisegment APF DLAs result in an asymmetric signal
according to the designed acceleration ramp, seen in both
measured and simulated spectra.
APF DLAs ideally should have a prebuncher, which

would introduce electrons with the correct injection phase
(−60°) with optimal laser amplitude, thus resulting in larger
acceleration peak than seen in Fig. 4 [28]. In this experi-
ment, there is no prebuncher, and the 830 fs FWHM
electron pulse duration, compared to the laser’s 330 fs,
results in electrons sampling all laser amplitudes with an
approximately uniform injection phase distribution. This
complicates attributing any feature, such as the 2–3 keV
deceleration shoulder common to all spectra, to a specific
injection electron phase space or specific laser amplitude.
The exception is the designed acceleration peak, which

appears at or above the optimal field and with transverse
emittance and injection phase within the accelerator’s
acceptance (i.e., dynamic aperture). See Supplemental
Material for phase space evolution [16].

TABLE I. DLA70 and DLA100.

Design params. Experimental measurements

DLA
type

Length
(μm)

Initial
gradient
(MeV=m)

PFT Emax
(MV=m)

Wavelength
(nm) (sim.)

ΔW (keV)
(sim.)

FWHM ΔW
(keV) (sim.)

Gradient
(MeV=m)
(sim.)

Capture
(ppm) (sim.)

Capture
standard

deviation (ppm)

DLA70 192 35 155� 17 1980 (1980) 6.62 (6.55) 0.79 (0.93) 34.5 (34.1) 10300 (9620) 5200
DLA70 480 35 133� 14 1980 (1980) 16.42 (16.64) 0.94 (0.46) 34.2 (34.7) 449 (1650) 183
DLA70 708 35 146� 16 1978 (1980) 23.01 (24.39) 0.6 (0.35) 32.5 (34.4) 76 (658) 61
DLA100 241 50 289� 39 1990 (1980) 12.49 (11.76) 0.94 (0.70) 51.8 (48.7) 959 (2315) 445
DLA100 476 50 296� 40 1995 (1980) 23.71 (23.51) 1.07 (0.36) 49.8 (49.3) 98 (272) 45

FIG. 5. Measured laser-on spectra for DLA70 and DLA100
with different peak electric fields. DLA70 and DLA100 operate
optimally at peak electric field of 106 and 250 MV=m, respec-
tively. A semitransparent overlay on the measured spectra covers
the 25%–75% quantile.
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Figure 5 shows the acceleration spectra for DLA70 and
DLA100 with increasing peak PFT electric field amplitude.
DLA70 and DLA100 operate optimally with laser fields of
106 and 250 MV=m, respectively. With larger PFT drive
field, more optical cycles of electrons interact with optimal
or above fields, resulting in a larger capture peak. For
DLA70, there is no visible capture peak at 99.3 MV=m and
there is a visible capture peak at 109.4 MV=m, with peak
increasing with larger PFT maximum fields. Similarly for
DLA100, there is no visible capture peak at 215.5 MV=m
and there is a visible capture peak at 236.1 MV=m, also
showing the same peak scaling, supporting APF operation.
The proportion of arriving electrons that reach designed
acceleration, or particle capture, is calculated by multiply-
ing the simulated laser-off particle survival and the
normalized capture peak from Fig. 4. Captured current
can be approximately obtained by multiplying input current
(∼8 fA) and capture rate. An upper limit estimate of
∼50–80 pm rad normalized y transverse emittance is
extracted from MCP transverse slices; cf. Supplemental
Material [16]. This Letter makes no claims on x emittance.
DLA70 produced a larger accelerated population of

electrons than DLA100 for similar lengths, and was easier
to align. Furthermore, the DLA100 476 μm structure only
worked at a longer wavelength of 1995 nm than designed
1980 nm, and required longer integration time to observe
the signal. It is unclear whether the pillar geometry, higher
incident field requirements, or design differences resulted
in this. Minor dual-drive phase differences generate sinh
deflection forces, suppressed by highly transparent pillars
in DLA70, but potentially resulting in significant sidewall
losses in DLA100.
In conclusion, we demonstrate a subrelativistic DLA

architecture that enables extended energy gain over hun-
dreds of optical periods, achieved through the capture and
confinement of an electron bunch in the optical fields of a
moving-bucket linear accelerator. These structures achieve
coherent acceleration, i.e., uniform acceleration of a finite
phase space volume, as opposed to a simple broadening
of the energy spectrum peak. Good agreement between
measured and designed energy gain was observed, with
reduced measured versus simulated capture rate expected
due to 3D defocusing effects intrinsic to finite pillar height
DLA and field amplitude error from the pulse front tilted
laser. Capture rate can be improved with electron macro-
bunching and mircobunching, such as the ones shown in
[7,10,29], while longer interaction lengths should be
possible with SOI-based 3D APF structures [24,30].
Similar results are shown in [31].
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