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Net acceleration of attosecond-scale electron pulses is critical to the development of on-chip ac-
celerators. We demonstrate a silicon-based, laser-driven, two-stage accelerator as an injector stage
prototype for a Dielectric Laser Accelerator (DLA). The first stage converts a 57 keV, 500 £+ 100
fs (FWHM) electron pulse into a pulse train of 700 £ 200 as (FWHM) microbunches. The second
stage harnesses the tunability of dual-drive DLA to perform both a net acceleration and a streaking
measurement. In the acceleration mode, the second stage increases the net energy of the electron
pulse by 200 eV over 12.25 pm. In the deflection mode, the microbunch temporal profile is analyzed
by a direct streaking measurement with 200 as resolution. This work provides a demonstration of
a novel, on-chip method to access the attosecond regime, opening new paths towards attosecond

science using DLA.

Combining the GV/m fields of femtosecond lasers with
the high damage thresholds of dielectric materials and
the nanofabrication expertise of the semiconductor in-
dustry has enabled construction of the highest-gradient
non-plasma particle accelerators that currently exist [1].
However, previous demonstrations of Dielectric Laser Ac-
celerators (DLAs) [2, 3] have almost exclusively per-
formed energy modulation experiments, with equal num-
bers of accelerated and decelerated particles. Net accel-
eration requires bunch compression to a fraction of an
optical cycle, similar to conventional radio-frequency in-
jector stages [4, 5]. A DLA injector which can achieve net
acceleration with femtosecond optical cycles must there-
fore produce attosecond-scale bunches.

Attosecond electron pulses are the subject of recent
pioneering research [6-11]. For example, ultrafast elec-
tron diffraction (UED) uses ultra-short electron pulses to
resolve molecular dynamics on femtosecond time scales
[12-14]. Attosecond-scale UED would allow sufficient
resolution to resolve intra-molecular electronic dynam-
ics. Attosecond-scale electron pulses could also provide
superradiant enhancement to Smith-Purcell radiators for
wavelengths in the VUV-XUYV range [15].

Recently, microbunched pulse trains using dielectric
structures have been investigated in the THz regime,
using charge-dependent self-modulation to achieve mi-
crobunching [17].  Laser-driven attosecond-scale mi-
crobunching of relativistic electron beams has also been
achieved in an inverse free-electron laser, using a mag-
netic chicane as the dispersive element [16]. However, in
a fully on-chip DLA injector, it is simpler to use a ve-
locity bunching scheme while the beam is sub-relativistic
[18, 19].

In this work, we generate attosecond-scale mi-
crobunched pulse trains by velocity bunching in a sub-

relativistic, on-chip DLA. We inject this pulse train into
a second DLA stage at a tunable injection phase, and
observe net acceleration by 200 eV over 12.25 ym. By
tuning the optical mode of the second stage, we char-
acterize the microbunch duration by a direct streaking
measurement with an estimated temporal resolution of
200 as. The microbunches produced are measured to be
as short as 700 £ 200 as FWHM. The streaking resolution
achieved is on par with state-of-the-art direct measure-
ment techniques (~100 as resolution) [20-23].

The theory of dual-drive DLA is detailed in [24-26].
We choose a coordinate system (z,2',y, vy, ¢ = WAL, E),
where x and y are the transverse offsets from the beam
axis (z) passing through the center of the pillars, 2’ and
1y’ are the corresponding trajectory angles relative to the
z-axis, ¢ is the longitudinal injection phase of an electron
relative to the laser field in the structure, At is the time
delay of an electron relative to a reference particle, w is
the laser angular frequency, and E is the electron energy.

The dual-drive DLA has symmetric and antisymmet-
ric modes, determined by the relative (dual-drive) laser
phase: ;1 — 65 = 0, &7 for symmetric and antisymmetric
modes, respectively (Fig. la). In the symmetric mode,
the energy gain of a phase-matched particle over N pe-
riods of length A is

AE = —ge;NA cosh(ﬂiy) cos wAt, (1)
cy

where (8 is the normalized electron velocity v./c, v =
(1—%)~1/2, and e, is defined as the synchronous on-axis
accelerating field [24]. Experimentally, e; is measured by
observation of the accelerating gradient of the on-axis
electrons, visible as the peak of the double-horns energy
spectrum (see Supplemental). For clarity, we define the
elementary charge ¢ to be 1 and quote all measurements
of ey in units of MeV/m.
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FIG. 1. (a) An electron beam travels through two DLA stages separated by a 35 pm drift length, each driven by two laser
pulses. All four pulses are identical and phase locked, with phases given by 0:(11), Gél)and 0;2),952). (b) An example particle
distribution with average kinetic energy 57 keV. The electron density is initially uniform over At. (c) The bunching stage
modulates the electron energy. (d) The drift shears the phase space and modulates the electron density. Pulse train formation
by microbunching is visible. (e) The pulse train is injected into an accelerating stage, and its net energy increases.

The electron bunch energy is modulated according to
Eq. (1) by the first DLA stage. Electrons with injection

phase wAt € (—=%,7) lose energy, and electrons with
wAt € (3, 377') gain energy. For on-axis particles, the

faster electrons intersect the slower ones after a distance
ft to create maximally short microbunches spaced by one
optical period (Fig. 1). In the limit of linear chirp,
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where m, is the electron mass, and { = 27 if the intrinsic
energy spread limits the microbunch duration [27]. If the
energy spread is negligible, ¢ = 4 [19]. When ¢ = 27,
this “temporal focal length” is equal to the spatial focal
length of a DLA lens [28].
In the antisymmetric mode, the particle angular de-
flection Ay’ over N periods is

Ay~ gert NA
Y B2y 2mc?

fe =

sin wAt (3)
[28].

The antisymmetric mode allows direct measurement
of the average microbunch duration within the pulse
train. In this mode, the deflection force is proportional
to sinwAt (Eq. (3)). When wAt is small, the deflection
angle has a linear dependence on the electron time delay
given by

Ay’ ~ DA, (4)

where D[%:d] is the “streaking speed” [20] or “shear
parameter.” The time delay At of an electron entering an
antisymmetric-mode DLA is therefore linearly mapped
onto Ay’ in the linear region of the laser field.

The electron beam has intrinsic divergence derived
from its emittance — in a streaking measurement, the du-
ration of the microbunch manifests as a broadening of the
intrinsic deflection spectrum. The microbunch temporal
profile can be recovered by deconvolving the lasers-on
(streaked) bunch profile with the lasers-off (un-streaked)
profile.

DLATrack6D simulations [24] predict that for intrinsic
energy spreads < 1 eV, single-digit attosecond bunches
occur exactly at the longitudinal focus, but rapidly
broaden with larger energy spreads. For energy spread
dominated beams, microbunch duration scales approxi-
mately linearly with energy spread [27].

The energy spread produced by the bunching stage
causes significant microbunch evolution over the length
of the streaker. The recovered temporal profiles should
therefore be understood as the average microbunched
pulse train profile over the length of the streaker. The re-
covered microbunch duration is not strongly affected by
the minimum bunch duration for durations below ~200
as FWHM, instead being dominated by the bunch evo-
lution.

Two stages of dual-pillar DLAs like those in [26, 28]
are fabricated from monolithic 5—10 Q-cm B:Si (Fig. 1).



Pairs of elliptical pillars 2.7 pm in height with a channel
gap of 300 nm are spaced by a periodicity A of 875 nm.
The first DLA stage has ten pillars (thus nine active pe-
riods, length 7.88 um) followed by a 35 pm drift length,
then a second DLA stage with fifteen pillars (14 periods,
12.25 pm length) (Fig. 1).

A fraction of a 1 um, 100 kHz, 300 fs regenerative am-
plifier pulse is used to generate the initial 500 + 100 fs
FWHM electron pulse from a silicon nanotip photocath-
ode [29]. Tt has a central energy of 57 keV and energy
spread < 10 eV. The electron pulse is focused to a 120 +
25 nm RMS spot at the DLA, and its divergence is set
to 1 mrad half-angle by an aperture, giving a geomet-
ric emittance of 120 4+ 25 pm-rad. Electron currents of
< 1 e~ /pulse (at the cathode) ensure that space-charge-
induced temporal broadening is minimal. Electron cur-
rent at the DLA is limited by the aperture to roughly
1000 e~ /s. Beam transmission through the DLA is fur-
ther limited by sub-optimal matching to the transverse
structure acceptance [30]. The transmitted current is ap-
proximately 300 e~ /s (30%).

The remainder of the regenerative amplifier pulse
pumps an OPA which generates a 1980 nm, 605 + 5
fs pulse. This pulse is split into four accelerator drive
pulses — two per stage (Fig. 1). Each identical drive
pulse, having energy between 20 and 45 nJ depending on
the desired ey, is focused to a 1/e? radius of 20 + 1 ym.

The first accelerator stage is operated in the symmetric
mode, which produces a microbunched pulse train at the
second stage. The temporal focal length of the first stage
is matched to the drift length between stages (35 pm)
for e; = 60 MeV/m. The second stage is operated in
symmetric mode for net acceleration (Fig. 2), or tuned
to the antisymmetric mode for streaking (Fig. 3). The
experimental setup is otherwise identical.

The electron beam then passes through a sector mag-
net spectrometer and hits a micro-channel plate detector
where its energy and deflection spectra are analyzed with
100 eV and 0.36 mrad resolution, respectively. Roughly
2500 electrons are averaged to create one data frame.

Fig. 2a shows a simulation of the two-stage net acceler-
ation experiment for e; = 58 MeV/m using a symplectic
tracking code based on DLATrack6D [24]. Both stages
are operated symmetrically, the injection phase wAt is
linearly varied, and the energy spectrum is monitored.
Fig. 2b shows the experimentally measured spectrogram.
Accurate e; measurement in the bunching stage is de-
sirable, but was impeded by the presence of the second
stage. e; in the second stage was measured to be 58
+ 5 MeV/m, and e; in both stages assumed to be the
same. The simulated peak energy modulation is slightly
over 1 keV, and the measured peak modulation is 1.3
keV, indicating that the measurement of e; = 58 £ 5
MeV/m slightly underestimates the true e;. However,
the measured net acceleration (200 + 10 €V) is smaller
than the simulated net acceleration (350 eV). The main
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FIG. 2. (a) A two-stage accelerator simulation where the
injection phase is linearly varied. e; = 58 MeV/m. The net
energy gain is 350 eV, and the peak energy modulation is
slightly over 1 keV. (b) The measured spectrogram for e; =
58 + 5 MeV/m. The net energy gain is 200 £ 10 eV, and the
peak energy modulation is 1.3 keV.

error source is likely to be dual-drive phase error (see
Supplemental).

The features present in simulation are well reproduced
by the experiment, and the sinusoidal variation of net
energy gain is clear evidence of both microbunching and
coherent control of the pulse train injection phase. Net
energy gain is sharply limited by the evolution of the mi-
crobunches through the second stage — without a particle-
capture mechanism, the large energy spread produced by
the buncher causes the microbunches to “wash out” dur-
ing acceleration. This can be significantly improved by
the scheme proposed in [30], which can produce equally
short microbunches with sufficiently small energy spread
for injection into a monoenergetic DLA device.

By tuning the second stage to the antisymmetric mode,
a streaking measurement of the microbunch duration was
made by linearly varying the injection phase wAt while
monitoring the deflection spectrum. e; was measured by
measuring the energy gain in the symmetric mode of the
second stage. At the optimum bunching condition, ey
was measured to be 59 = 5 MeV/m. In this condition,
5 mrad of total deflection was observed over 1/2 optical
period (Fig. 3e), however, this is roughly half of the value
predicted by Eq. (3) using the measured e; value. The
relative weakness of the antisymmetric mode is partially
attributable to dual-drive phase error, however, 3D ef-
fects and low dual-pillar reflectivity may also play a role
(see Supplemental).

The amplitude of the deflectogram shown in Fig. 3e
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FIG. 3. (a) An MCP image of a streaked, microbunched pulse train taken from (e), showing the characteristic double-horns
energy spectrum. (b) The spline fit of the deflection spectrum with the point-spread function (PSF). Their deconvolution
yields the bunch temporal profile. (c) Another representative bunch from (e). (d) Its spline fit, PSF, and recovered profile.
(e) A measured deflectogram as injection phase wAt is varied from 0 to 4m. e; is measured in the second stage to be 59 +
5 MeV/m. The electron bunch is deflected by a total of 5 mrad over 1/2 optical cycle. The streaking speed D = 2.2 + 0.2
mrad/fs. (f) The simulated, recovered microbunch profiles (from DLATrack6D), are overlaid with the measured, averaged
profiles as a function of e;. The measured e; values and mean FWHM are listed next to the measured traces.

yields a streaking speed D = 2.2 4 0.2 mrad/fs. Selected
images of microbunched pulse trains from Fig. 3e are
displayed in Fig. 3a,c, along with their temporal profiles
(Fig. 3b,d) after Lucy-Richardson deconvolution [31, 32]
with the un-streaked bunch profile (PSF). Fig. 3a shows
a clear double-horns energy spectrum characteristic of an
energy modulator, and the temporal correlation of the
two energy lobes, indicating microbunching. The elec-
trons are contained within a fraction of the optical cycle
corresponding to 800 + 200 as FWHM (Fig. 3b) and 700
+ 200 as FWHM (Fig. 3d).

Fig. 3f shows measurements of microbunch durations
vs. e1. Streaking speeds for each e; are calculated from
deflectograms analogous to Fig. 3e, and range between
2.0 and 2.8 (£ 0.2) mrad/fs. All recovered microbunch
temporal profiles within the deflectogram linear region
(50% streaking amplitude) are clustered by a Kernel Den-
sity Estimation (KDE) [33, 34] algorithm, producing an
average bunch duration and standard error for each clus-
ter. The temporal profiles within each cluster are then
averaged, and the minimum-duration cluster averages are
shown in Fig. 3f. Because bunch profiles are taken from
all zero-crossing regions of the deflectogram, their tem-

poral orientation (i.e. leading vs. lagging edge) is not
preserved after averaging, resulting in an artificial sym-
metrization of the bunch profile which accurately reflects
the microbunch FWHM, but not the true temporal pro-
file as in Fig. 3b.d.

A trend is visible in Fig. 3f — the bunch duration
is minimized as e; approaches the matched value (60
MeV/m), though the difference in microbunch duration
between e; = 59 £ 5 MeV/m and 51 £ 5 MeV/m is not
statistically significant. The structures began to damage
at higher e, corresponding to ~50 nJ laser pulses (~8
C’E}L peak fluence).

The minimum resolvable bunch duration is determined
by the minimum measurable broadening of the deflec-
tion spectrum, approximately 200 as for D = 2.2 + 0.2
mrad/fs. The measurement uncertainty is primarily lim-
ited by shot noise and dual-drive laser timing jitter —
these produce a standard error in measurement between
200 and 300 as, depending on the data run. Better phase
stability and more electron current would significantly
improve the standard error (see Supplemental Material
for a discussion of measurement resolution and measure-
ment noise).




This work demonstrates an injector prototype for a
DLA composed of two dual-drive, dual-pillar stages. We
demonstrate the creation of microbunched pulse trains
with microbunch durations of 700 4+ 200 as from a mac-
robunch 500 + 100 fs in duration, and their net accelera-
tion by 200 eV. By tuning the optical mode in the struc-
ture, we also characterize the microbunch duration with
a direct streaking measurement, whose resolution is esti-
mated to be 200 as, on par with the state-of-the-art for
direct time-domain measurements of electron bunches.

The primary limitation of this DLA injector prototype
is the energy spread produced by the bunching stage.
The energy modulation necessary for pm-scale tempo-
ral focal lengths is of order 100 eV, and thus the bunch
washes out after a very short distance. For bunch in-
jection into an Alternating-Phase-Focusing (APF) DLA
[30] or high-gradient DLA [1], the injector must produce
a bunch with ultra-short temporal duration and small en-
ergy spread that fits inside the “accelerating bucket” in
phase space. An APF DLA has longitudinal acceptance
of order 10713 eV-s [30], which corresponds to roughly
500 eV in 300 as. A silicon APF injector is capable of
producing such a beam, and this work constitutes the
first step towards its realization.

Similar results are reported by other members of the
ACHIP collaboration in [35].
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