©=22 Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

13th Int. Particle Acc. Conf.
ISBN: 978-3-95450-227-1

IPAC2022, Bangkok, Thailand
ISSN: 2673-5490

JACoW Publishing
doi:10.18429/JACoW-IPAC2022-MOIYGD1

PROGRESS IN DEVELOPING AN ACCELERATOR ON A CHIP*

R.J. England’, SLAC National Accelerator Laboratory, Menlo Park, CA USA
P. Hommelhoft, Friedrich Alexander University, Erlangen, Germany
R. L. Byer, Stanford University, Stanford, CA USA

Abstract

Acceleration of particles in photonic nanostructures fabri-
cated using semiconductor manufacturing techniques and
driven by ultrafast solid state lasers is a new and promising
approach to developing future generations of compact parti-
cle accelerators. Substantial progress has been made in this
area in recent years, fueled by a growing international collab-
oration of universities, national laboratories, and companies.
Performance of these micro-accelerator devices is ultimately
limited by laser-induced material breakdown limits, which
can be substantially higher for optically driven dielectrics
than for radio-frequency metallic cavities traditionally used
in modern particle accelerators, allowing for 1 to 2 order of
magnitude increase in achievable accelerating fields. The
lasers required for this approach are commercially available
with moderate (micro-Joule class) pulse energies and rep-
etition rates in the MHz regime. We summarize progress
to date and outline potential near-term applications and oft-
shoot technologies.

INTRODUCTION

Constraints on the size and cost of accelerators have in-
spired a variety of advanced acceleration concepts for mak-
ing smaller and more affordable particle accelerators. The
use of lasers as an acceleration mechanism is particularly
attractive due to the intense electric fields they can gener-
ate combined with the fact that the solid state laser market
has been driven by extensive industrial and university use
toward higher power and lower cost over the last 20 years.
Dielectrics and semiconductor materials have optical dam-
age limits corresponding to acceleration fields in the 1 to
10 GV/m range, which is orders of magnitude larger than in
conventional accelerators. Such materials are also amenable
to rapid and inexpensive CMOS and MEMS fabrication
methods developed by the integrated circuit industry. These
technological developments over the last two decades, com-
bined with new concepts for efficient field confinement using
optical waveguides and photonic crystals, have inspired an in-
ternational community of university, government laboratory,
and industrial researchers to develop on-chip integrated par-
ticle accelerators driven by micro-Joule to milliJoule class
infrared lasers, which we refer to as dielectric laser acceler-
ators (DLA).

As an advanced accelerator concept, the DLA approach
offers some unique advantages. The acceleration mechanism
is inherently linear and occurs in a vacuum region in a static
structure. In addition to the stability benefits this affords,
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Figure 1: Recently demonstrated DLA structures based on
(a) the dual-pillar design [1] and (b) an optical waveguide-
coupled approach utilizing computer-aided inverse design
to produce highly optimized structures [2].

the acceleration effect is inherently dependent on the phase
of the laser field, which makes it possible to dynamically
fine-tune accelerator performance by manipulation of the
incident laser phase profile. Gradients on the GV/m scale
have already been demonstrated with energy gains exceed-
ing 0.3 MeV for a few-fC beam, and wall plug efficiencies
comparable or superior to conventional approaches appear
feasible. The primary supporting technologies (solid state
lasers and nanofabrication) are mature and already at or near
the capabilities required to develop an integrated on-chip ac-
celerator based on this approach. Development of near-term
applications in medicine, science, and industry could uti-
lize the unique capabilities of these sources while providing
platforms for further technological development.

STATE OF THE ART IN ON-CHIP
PARTICLE ACCELERATORS
The field of particle acceleration using laser-driven di-

electric structures has undergone significant experimental
progress within the last decade. In 2013, the first demonstra-
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tions of acceleration in a DLA were performed by teams at
SLAC and at Friedrich Alexander University [3, 4]. Since
these initial proof of principle experiments, different struc-
tures, materials, and lasers have been used to improve per-
formance. At Stanford, silicon dual pillar structures, illu-
minated by an Ytterbium fiber laser beam, as shown in Fig.
1(a), were used to accelerate 100 keV electrons with an
acceleration gradient of 370 MeV/m [5]. To increase the ac-
celerating gradient further, short pulsed lasers have recently
been used. By using a 20 fs pulse length laser, the group
at FAU Erlangen was able to accelerate 28 keV electrons
with a gradient of 210 MeV/m [6]. In subsequent exper-
iments in collaboration between UCLA and SLAC, a 45
fs pulse length Ti:Sapphire laser was used to demonstrate
average accelerating gradients of up to 850 MeV/mon a 8
MeV electron beam in an enclosed fused silica DLA, with
peak accelerating fields of 1.8 GV/m [7]. By adding a pulse
front tilt of the laser pulses to extend the interaction distance,
greater than 0.3 MeV of energy gain has been demonstrated
[8]. Additionally, other features of the accelerating fields
(e.g. their optical microbunch structure and their deflecting
forces) have been probed. The transverse control of 28 keV
electrons has been demonstrated with both transverse de-
flecting structures (a rotated silicon grating) and focusing
structures (a Si grating with parabolically shaped grating
teeth) [6]. At the infrared laser frequencies employed, the
accelerated electrons have an intrinsic sub-cycle pulse struc-
ture, or micro-bunching, on the sub-fs scale, which has been
demonstrated in experiments with measured pulse durations
as low as 270 attoseconds [9, 10]. This intrinsic optical mod-
ulation of the electron beam is a unique feature of the DLA
approach, with potential applications in ultrafast electron
diffraction (UED) and quantum information science (QIS).
Although 2-stage acceleration within a single DLA de-
vice has been demonstrated [11], most DLA experiments
to date have included only a single acceleration stage. In
order to advance to a fully integrated multi-stage accelera-
tor, as illustrated conceptually in Fig. 2, compatible elec-
tron sources, guided wave systems, and optical focusing
and confinement of the electrons are required. Consider-
able effort at the university level has been directed towards
development of compact electron sources based on laser-
assisted field emission from nanotips, which can produce
electron beams with sub-nanometer normalized emittances
[12]. Such miniaturized low-current particle sources are well
adapted to the DLA approach and have been incorporated
into compact benchtop DLA test platforms [13]. Although
tip-based sources have demonstrated exceptional brightness,
they typically produce very low-current beams. A poten-
tial solution is to incorporate multiple beam channels in a
matrixed photonic crystal configuration coupled to an array
of nano-emitters, as described in Ref. [14]. In addition,
requirements for compatible optical waveguide implemen-
tations have been systematically studied [15], and the first
integrated waveguide-coupled on-chip accelerator experi-
mentally demonstrated, as shown in Fig. 1(b)[2]. The latter
demonstration additionally employs computer-aided adjoint
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Figure 2: Conceptual illustration of an integrated on-chip ac-
celerator system including electron emitter and optical phase
and amplitude control over multiple acceleration stages,
which could be powered by commercially available rack-
mounted fiber lasers (inset).

variable methods (or inverse design), which has proven to be
a powerful technique for producing non-intuitive but highly
optimized photonic designs possessing an almost organic
appearance, as seen in the inset of Fig. 1(b).

PARTICLE FOCUSING AND
CONFINEMENT

For long-distance particle transport there is a serious need
for a beam collimation system. Techniques for DLA have
been proposed that utilize the laser field itself to produce a
ponderomotive focusing force either by excitation of addi-
tional harmonic modes (spatial harmonic focusing) or by
introducing drifts that alternate the laser field between accel-
erating and focusing phases to simultaneously provide accel-
eration as well as longitudinal and transverse confinement
(alternating phase focusing or APF) [16, 17]. In simulation,
such focusing techniques can adequately confine a particle
beam to a narrow channel and overcome the resonant de-
focusing of the accelerating field. New structure designs
and experiments are currently underway to test these ap-
proaches. So far, active beam transport with the help of APF
has been shown to work at optical frequencies: the electron
throughput through a 225 nm narrow and nearly 80 zm long
nanostructure was increased by close to factor of 3 based
on APF forces [18], see Fig. 3. However, for acceleration to
large energies, a generalization to 3D of the originally pro-
posed two-dimensional schemes is required. As discussed
in [19], the 3D scheme has advantages at low energy, where
the confinement to the extremely small aperture can also be
provided in the vertical axis. Recently, based on this scheme
and using Silicon-on-Insulator (SOI) wafers, a completely
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Figure 3: Alternating phase focusing (APF) structure.
Macrocells are separated by gaps, which lead to a phase
jump between the propagating electrons and the driving
mode, facilitating APF operation at optical frequencies. Bot-
tom panel shows longitudinal (right) and transverse (left)
forces acting on the electrons by virtue of the laser-generated
co-propagating optical mode. Both forces act at the same
time. See [18] for details.

scalable multi-stage accelerator could be designed [20]. At
high energy, the 3D APF scheme allows stronger focusing
gradients, since the square-sum of the two focusing constants
scales with ¥ =2 [19], such that in a counter-phase arrange-
ment the two transverse planes can exhibit focusing gradients
that are not constrained by the beam energy. This allows for
structure designs employing a single high-damage-threshold
material, allowing for shorter focusing periods and higher
emittances than the earlier 2D structures [21].

APPLICATIONS FOR ON CHIP
ACCELERATORS

With tabletop sources now coming into operation in uni-

versity labs, near-term applications that utilize presently
available low-current beams with moderate particle energies
in the 100 keV to few MeV range are being actively pursued
(see Fig. 4 and [22]).
Due to the intrinsic optical-scale bunch structure, with sub-
femtosecond bunch duration, compact electron sources for
ultrafast science and electron diffraction studies are among
the most promising applications. Compact accelerators with
target energies in the few MeV range for medical dosimetry
also provide a compelling near-term use for DLA technol-
ogy. An ultracompact self-contained multi-MeV electron
source based on integrated photonic particle accelerators
could enable minimally invasive cancer treatments and ad-
justable dose deposition in real-time, with improved dose
control. For example, one could envision an encapsulated
micro-accelerator built onto the end of a fiber-optic catheter
placed within a tumor site using standard endoscopic meth-
ods, allowing a doctor to deliver the same or higher radiation
dose to what is provided by existing external beam technolo-
gies, with less damage to surrounding tissue [23, 24]. The
manufacturing and operating costs based on low-cost or dis-
posable chips, powered by an external fiber laser, could be
much lower than those for conventional radiation therapy
machines, and the robustness of such systems compared to
conventional accelerators could be even more favorable.
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Figure 4: Promising near-term applications for laser-driven
accelerators include (a) endoscopic medical radiation ther-
apy delivery devices, (b) tabletop sources for MeV ultrafast
electron diffraction studies.

Pulse trains of attosecond electron bunches are intrinsic
to the DLA approach and could provide excellent probes
of transient molecular electronic structure. Recently, this
fine time-scale structure has been experimentally measured
(with bunch durations from 270 to 700 attoseconds) and in-
jected into a subsequent acceleration stage to perform fully
on-chip bunching and net acceleration demonstrations [9,
10]. The far greater flexibility of on-chip attosecond elec-
tron sources could be important complements to optical
attosecond probes based on high harmonics or attosecond
X-ray free electron lasers (FELs). The capabilities of chip-
scale electron probes could be transformational for studies
of chemical impurities and dopants in materials and could
enable a unique class of compact tabletop electron sources
for ultrafast electron microscopy (UEM). Since both the ac-
celerator and associated drive laser and peripherals are all
compact enough to fit on a tabletop, this would enable the
construction of compact and flexible attosecond electron
and photon sources that can resolve atomic vibrational states
in crystalline solids in both spatial and temporal domains
simultaneously. This could lead to improved understanding
of the dynamics of chemical reactions at the level of individ-
ual molecules, the dynamics of condensed matter systems,
and photonic control of collective behaviors and emergent
phenomena in quantum systems.

The difference in bunch charge and duration for optically
accelerated electron beams also points to the potential for
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future light sources for generation of attosecond-scale pulses
of extreme ultraviolet (EUV) or X-ray radiation, with the
potential to produce extremely bright electron beams that
are suitable for driving superradiant EUV light in a simi-
larly optical-scale laser-induced undulator field [25]. Fur-
thermore, because of the few-femtosecond optical cycle of
near infrared mode-locked lasers, laser-driven free electron
lasers (FELs) could potentially generate attosecond X-ray
pulses to probe matter on even shorter time scales than is
possible today. Laser-driven dielectric undulators have been
proposed and could be fabricated using similar photolitho-
graphic methods used to make on-chip accelerators [26, 27].
Combining the high gradient and high brightness of ad-
vanced accelerators with novel undulator designs could en-
able laboratory-scale demonstrations of key concepts needed
for future EUV and X-ray lasers that hold the potential to
transform the landscape of ultrasmall and ultrafast sciences.
The optical-scale FEL regime has not been extensively stud-
ied before and questions arise as to how well the beam will
behave in such structures and how well it will ultimately
perform. The theoretical and numerical tools to model these
processes need to be developed in order to guide experi-
mental studies of attosecond electron and photon generation.
Various technical challenges to developing near-term appli-
cations for tabletop laser accelerators (including high-energy
gain, multi-stage beam transport, and higher average beam
power) must also be addressed in order to reach the strin-
gent beam quality and machine requirements for longer-term
and higher energy applications in basic energy science and
high energy physics. The near-term applications outlined
above therefore represent an intermediate advancement of
the technology towards ultimately desired performance lev-
els. Further development of these applications also holds the
potential to leverage both scientific and industrial interests
that could facilitate more rapid development and support.

CONCLUSION

Particle acceleration in microstructures driven by ultra-
fast solid state lasers is a rapidly evolving area of advanced
accelerator research, leading to a variety of concepts based
on planar-symmetric dielectric gratings, free-standing sili-
con pillars, and optimized inverse designed structures. This
approach, which we refer to as a dielectric laser acceler-
ator (DLA), leverages well-established industrial fabrica-
tion capabilities and the commercial availability of tabletop
lasers to reduce cost, with demonstrated axial accelerating
fields in the GV/m range. Wide-ranging international ef-
forts have significantly improved understanding of gradient
limits, structure design, particle focusing and transport, stag-
ing, and development of compatible low-emittance electron
sources. With a near-term focus on low-current MeV-scale
applications for compact scientific and medical instruments,
as well as novel diagnostics capabilities, on-chip laser-driven
accelerators have key benefits that warrant further develop-
ment, including modest power requirements, stability, and
readiness of supporting technologies.
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