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Abstract

Optical scale dielectric structures offer a promising
medium for high-gradient, compact, low-cost acceleration
of charged particles. An experimental program is under-
way at the SLAC E163 facility to demonstrate accelera-
tion in photonic bandgap structures driven by short laser
pulses. We present initial experimental results, discuss
structure and experimental design, and present first esti-
mates of achievable gradient.

INTRODUCTION

In the drive to achieve beam energies in the TeV range
and beyond, it is critical to develop new technologies for
particle acceleration which combine higher gradient (>
200 MV/m) acceleration with reduced cost. One possibil-
ity which has been proposed in recent years is the use of
micron-scale dielectric structures driven by lasers operat-
ing in the optical to near infrared regime [1, 2, 3]. The use
of a laser as the drive source for the accelerating field offers
several benefits, including the high repetition rates (> 10
MHz) and strong electric fields (> 0.5 GV/m) which mod-
ern lasers can provide, combined with improved commer-
cial availability and cost when compared with microwave
sources. The use of dielectric structures circumvents the
problem of power loss in metallic cavities at optical fre-
quencies; it also allows for much larger accelerating gradi-
ents due to the higher breakdown thresholds (1-5 GV/m) of
dielectric materials.

Dielectric laser acceleration (DLA) refers to the use of
infrared (IR) lasers to accelerate charged particles inside of
the waveguide in such a structure. The waveguide acts as
both the vacuum channel for the beam and as a confining
structure to guide an electromagnetic traveling wave mode.
Assuming that the guiding channel’s transverse dimensions
are of the order of the drive laser wavelength (i.e. 1 to
10 microns) the power coupling efficiency to the particle
bunches can in principle be as high as 50%, with optimal
efficiency at bunch charges of 1 to 20 fC [4]. In order for
successive bunches to sit in the accelerating phase of the
wave, the requisite bunch durations are on the attosecond
scale with intrabunch spacing equal to the laser wavelength
(or an integer multiple thereof). A technique for generat-
ing the requisite optically microbunched attosecond scale
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Figure 1: Three dielectric laser accelerator topologies: (a) a
3D silicon photonic crystal structure [7], (b) a hollow-core
photonic bandgap fiber [3], and (c) a dual-grating structure
[8] , showing conceptual illustration (top) and recently fab-
ricated structures (bottom).

beams was recently demonstrated at SLAC [5], and recent
work in field emission needle-tip emitters demonstrates
that electron beams with the requisite charge and emittance
requirements are within reach [6]. As a result of the var-
ious technical requirements just mentioned, the beam pa-
rameters for an accelerator based on this technology would
be quite different from both traditional machines and other
advanced schemes.

DLA offers several compelling potential advantages over
traditional microwave cavity accelerators. Accelerating
gradient is limited by the breakdown threshold for damage
of the confining structure in the presence of intense elec-
tromagnetic fields. In the DLA scheme operating at typical
laser pulse lengths of 0.1 to 1 ps, the laser damage fluences
for dielectric materials such as silicon and glass correspond
to peak surface electric fields of 400 to 2000 MV/m. This is
to be compared with breakdown limits of 40 to 100 MV/m
for metal cavities. The corresponding gradient enhance-
ment represents a reduction in active length of the acceler-
ator between 1 and 2 orders of magnitude. Power sources
for DLA-based accelerators (lasers) are cheaper than mi-
crowave sources (klystrons) for equivalent average power
levels due to the wider availability and private sector invest-
ment in commercial laser sources. Due to the high laser-
to-particle coupling efficiency, required pulse energies are
consistent with tabletop microjoule class lasers. Fabrica-
tion techniques for constructing three-dimensional dielec-
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tric structures with nanometer-level precision are well es-
tablished in the semiconductor industry and the capillary
fiber industry. Once a suitable fabrication recipe is devel-
oped, on-chip DLA devices with multiple stages of accel-
eration and waveguides for coupling power to and from the
structure could be manufactured at low per-unit cost on sil-
icon wafers.

Several DLA topologies are under investigation, as seen
in Fig. 1: (a) a silicon ”woodpile” photonic crystal waveg-
uide [7], (b) a glass photonic bandgap (PBG) hollow-core
optical fiber [3], and (c) a structure where the beam is accel-
erated by a transversely incident laser beam in the gap be-
tween two gratings [8]. Significant progress has been made
in the fabrication of partial or full prototypes of these struc-
tures with geometries optimized for accelerator use, as seen
in the bottom images. Steps required to make these into
working prototypes include alignment and bonding of two
of the 9-layer half woodpile structures seen in (a), reducing
the fiber dimensions in (b) from an operating wavelength of
7 to 2 microns (where lasers and detectors are more readily
available), replacing borosilicate with the more radiation
hard silica, and aligning and bonding two of the gratings
shown in (c) which are designed for 800nm laser opera-
tion. Plans for beam-on demonstrations of one or more of
these prototypes and results of recent wakefield testing of
several stand-in commercial fibers are discussed below.

EXPERIMENT OVERVIEW

The E-163 experiment is a multi-phase effort, the ulti-
mate goal of which is to develop custom-built DLA struc-
tures, optimized for efficient laser power coupling and
high-gradient particle acceleration, into a working accel-
erator. The first two phases of this plan are illustrated in
Fig. 2: (a) a wakefield experiment using commercially
available photonic crystal fibers and (b) follow-up accel-
eration demonstration experiments to be conducted using
prototypes of the custom accelerator structures shown in
Fig. 1, initially to measure energy modulation in long elec-
tron bunches and then net acceleration of a beam that is
microbunched at the optical drive laser wavelength. The
microbunching scheme, recently demonstrated [5], uses an
IFEL interaction followed by a chicane compressor to pro-
duce sub-femtosecond microbunches spaced at the laser
wavelength.

For the first phase of the experiment in Fig. 2(a), ini-
tial results of which are discussed in the following sec-
tion, wakefield radiation is excited in various commercially
available hollow-core photonic crystal fibers. These com-
mercial fibers were designed for use in the telecom in-
dustry, and are highly overmoded with poor characteristic
impedances, unlike the photonic crystal structures of Fig.
1 that are being designed to support only one or two speed-
of-light TM accelerating modes with excellent coupling to
the beam and expected gradients ranging from 0.4 to over 1
GV/m. However, in order to successfully excite the desired
mode in any of the custom structures of Fig. 1, it is first

Figure 2: Experimental layouts (not to scale) for the (a)
fiber wakefield experiment and (b) follow-up net accelera-
tion experiment.

necessary to identify the mode(s) present and the corre-
sponding wavelengths at speed-of-light (SOL) phase veloc-
ity. The commercial fibers are therefore valuable as stand-
in devices for developing techniques for exciting and iden-
tifying the mode content in the actual accelerator structures
once prototypes are available for testing. To our knowl-
edge, electron beam excitation of speed-of-light TM modes
in an optical scale photonic crystal waveguide structure has
not been previously demonstrated.

The distinction between the commercial fibers used in
the presently reported experiment and the high-gradient
structures being developed for future testing is highlighted
in Fig. 3, which shows simulations of the excited wakefield
spectrum for (a) the PBG accelerator in Fig. 1(b) compared
with (b) a similar simulation of the commercial HC-800-
1 hollow-core optical fiber. The simulation results were
obtained using the SLAC in-house time domain code T3P
with an axial current excitation and an off-axis field moni-
tor. The spectrum was obtained from the Fourier transform
of the time domain response. The geometry of the com-
mercial fiber was carefully modeled based upon scanning
electron micrograph images taken at Stanford University.
The results predict a single large resonance in the bandgap
(highlighted by a blue rectangle) of the custom accelera-
tor structure corresponding to the accelerating mode at a
SOL wavelength of 2 μm, to be compared with a highly
structured mode content in the bandgap of the commer-
cial fiber. Cartoon illustrations of the bandgap and excited
modes (dispersion curves in the bandgap are shown by yel-
low lines) are presented below each plot in Fig. 3. Spec-
tral content at higher and lower frequencies corresponds
to higher order bandgaps, index guided modes related to
the outer boundaries and gross geometry of the fiber, and
so-called lattice modes. The latter are essentially lossy ra-
diation modes that are poorly confined and lie outside the
edges of the bandgap. Such modes are unlikely to survive
for more than a few tens of wavelengths of longitudinal
propagation since they are highly attenuated due to radia-
tive losses. An estimate of the power loss for one repre-
sentative lattice mode based upon BandSolve simulations
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of the commercial fibers was found to be in excess of 200
dB/mm.

For the initial fiber wakefield experiments of Fig. 2(a), a
triplet of permanent magnet quadrupoles (PMQs) has been
used to focus a 10 to 50 pC beam of 60 MeV electrons
generated by the NLCTA photoinjector gun and X-band ac-
celerator into the hollow cores of commercial telecom PBG
fibers with bandgaps centered at various optical to IR wave-
lengths. The fibers are held in an aluminum keeper which
constrains them to a 1 mm straight section, followed by a
90 degree turn which bends them out of the beam path on a
3 mm radius. The keeper also incorporates two beam diag-
nostics: an yttrium aluminum garnet (YAG) profile monitor
and a tantalum knife edge for measuring the spot size at the
focus of the PMQs. The fibers and the diagnostics can be
precisely moved into or out of the beam path by way of
an in-vacuum stage assembly with 4-axes of control (x, y,
tip, and tilt) and 50 nm spatial resolution. To reduce pho-
ton losses, the fiber lengths have been minimized and con-
nectorized feedthroughs have been avoided. The primary
losses are therefore due to F-number mismatch, grating ef-
ficiency (85%), and the reflectivity of the mirrors (88%) in
the spectrograph (Newport model MS-260i), giving an ex-
pected monochromatic throughput of 38%, to be compared
with a recently measured value of 40 ± 5%.

RECENT EXPERIMENTAL RESULTS

Pursuant to the goals of the broader experimental pro-
gram discussed in the prior section and illustrated in Fig.
2, wakefield excitation experiments are currently underway
as part of the first phase of this effort, using several of the
commercial PBG fibers discussed above as stand-ins for
future photonic crystal accelerator prototypes that are be-
ing developed and are not likely to be available for testing
until later this year. In recent experimental runs, beam-
induced wakefield radiation has been successfully observed
in commercial PBG hollow-core fibers designed for tele-
com operation at wavelengths of 800, 1060, and 2000 nm.
The detector used was a Hamamatsu R5108 photomulti-
plier tube operating at room temperature. Strong signal
was observed when each of the tested fibers was inserted
into the beam path with the downstream end imaged di-
rectly onto the PMT cathode. A remotely controlled filter
wheel was used to verify that the signal was due to optical
light from the fibers and not due to x-ray background or
electrical noise. Since the excitation is produced by broad-
band Schottky noise from an electron bunch that is long
compared with optical wavelengths, various modes of the
fiber may be excited, including TE and TM like modes,
as well as higher frequency modes corresponding to addi-
tional bandgaps. Since one of the primary goals of this ex-
periment is to develop a technique for rapidly characteriz-
ing all of the modes of the structure, a broadband excitation
is desirable and experimentally simpler than coherently ex-
citing the fiber with a microbunched beam. The details of
this approach and estimates of photon yield and fiber losses

Figure 3: At top: simulations of wakefield spectrum for
(a) the single-mode-bandgap high-gradient accelerator de-
sign of Fig. 1(b), prototypes of which are being developed;
and (b) the highly overmoded but easily obtained HC-800-
1 commercial fiber used as a stand-in, with bandgaps high-
lighted in blue. At bottom: cartoon illustrations of the cor-
responding bandgap content of the two structures.

have been presented previously [9].
With the spectrograph employed to spectrally analyze

the output radiation of the fibers at their respective bandgap
centers (800, 1060, 2000nm) a convincing signal was only
seen with the 800 nm fiber (Crystal Fibre HC-800-1). This
is likely due to the fact that the PMT employed has peak
sensitivity at 800nm, with a falloff by an order of magni-
tude at 1060 nm. Future experiments will use a recently
purchased IR photomultiplier tube with a flat response to
1600 nm. The PMT signal was amplified and filtered with
a 10Hz high-pass fiter and integrated over a 40 ns window
spanning the peak of the observed signal. The spectrograph
wavelength was then randomly varied at 1 minute inter-
vals, by computer automated rotation of its internal grat-
ing, within a range of wavelengths spanning the expected
bandgap of the fiber. A fast shutter was used to block and
unblock the optical signal at 1Hz in order to distinguish
between optical signal and x-ray background, as detector
signal was collected at 10Hz.

The resulting data, shown in Fig. 4, has been processed
by a rolling average over the 60nm window of the spec-
trograph. Due to the relatively low spectral resolution of
the scan, resonances of individual fiber modes cannot be
discerned. However, the width of the bandgap region and
the falloff in amplitude near its edges is consistent with de-
tailed simulation results of the TM modes in the fiber.

In addition to the time domain wakefield simulation
shown in Fig. 3(b), the modes of the HC-800-1 fiber
were simulated using the commercial photonic crystal code
BandSolve. The geometry of the lattice and defect region
were carefully modeled based upon scanning electron mi-
crograph scans of the fiber. Eigenmodes were simulated
over a range of wavenumbers spanning the bandgap region
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Figure 4: Spectral scan of the wakefield radiation in the
HC-800-1 fiber showing averaged signal and background
(top) and background subtracted signal (bottom) over the
full bandgap region.

in increments of 0.25/a, where a = 2.3 μm is the pho-
tonic lattice pitch. The results predict 38 modes spanning a
spectral region from 704 nm to 862 nm, consistent with the
data in Fig. 4. A review of the modes closest to the speed of
light line at the 18 wavenumber values corresponding to the
simulation step size indicates that they are largely TM-like.
A detailed reconstruction of the detector signal from these
simulations would require identifying all of the modes at
SOL phase velocity and calculating their coupling to the
longitudinal electric field of the mode as well as comput-
ing their power loss (dP/dz) in the fiber, an exercise that
has not yet been undertaken.

The next experimental run using the commercial tele-
com fibers will focus on the modes of the HC-1060 fiber,
which has been predicted using BandSolve simulations to
possess at least two TM modes with high characteristic
impedance, corresponding to a maximal accelerating gradi-
ent of approximately 30 MV/m operating at damage thresh-
old. Although this is more than an order of magnitude
lower than the expected gradient in custom-built acceler-
ator structures, these fibers could be used to develop the
needed experimental methods for identifying TM modes
in such structures pending completion of the prototypes
of Fig. 1. Furthermore, if such a mode is confirmed, the
fiber could be used as an initial test structure for accelera-
tion demonstration experiments. In spite of their overabun-
dance of bandgap modes and relatively poor characteris-
tic impedance (at most 1-5 mΩ), these off-the-shelf optical
fibers offer an inexpensive and available solution for initial
testing of photonic crystal accelerator structures.

CONCLUSIONS

An experiment is underway at the E-163 test beamline at
SLAC to use dielectric photonic crystal structures as laser-
driven accelerators. As prototypes of three different pro-

posed high-gradient accelerator structures are being fabri-
cated, measurements are underway to test a technique for
identifying modes with speed-of-light phase velocity using
commercially available hollow-core photonic crystal fibers
as stand-ins. The modes of the fibers are excited with a
relativistic electron bunch and the Schottky wakefield ra-
diation thereby produced is spectrally analyzed. Initial ex-
perimental results, combined with detailed simulations of
the fibers, show evidence of successful excitation of TM
modes within the bandgap of the HC-800-1 fiber which is
centered around 800 nm. This represents the first exper-
imental demonstration of an optical wavelength photonic
crystal waveguide operated as an accelerator structure. The
next stage of this phase of the experiment will focus on re-
solving individual modes in the commercial fibers, includ-
ing a 1060 nm commercial fiber. This effort will be aided
by improved shielding of the apparatus to reduce the x-ray
background, and by extending the sensitivity and spectral
range of the detector.
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