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Abstract: The quest for less costly and more compact high-energy particle 
accelerators makes research on alternative acceleration mechanisms an 
important enterprise. From the multitude of suggested concepts, the 
photonic accelerator design by B. M. Cowan [Phys. Rev. ST Accel. Beams 
11, 011301 (2008)] stands out by its distinct potential of creating an 
accelerator on a chip [Proposal E-163, SLAC (2001)]. Herein, electrons are 
accelerated by the axial electric field of a strongly confined optical mode of 
an air waveguide within a silicon-based three-dimensional photonic band-
gap material. Using a combination of direct laser writing and silicon double 
inversion, we here present the first experimental realization of this complex 
structure. Optical spectroscopy provides unambiguous evidence for the 
existence of an accelerating waveguide mode with axial polarization. 
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1. Introduction 

Waveguide architectures in three-dimensional photonic band-gap materials are usually 
discussed in the context of integrated optics, where they may be used to connect different 
components on a photonic chip [1–3]. Yet, they might also lead to applications in a 
completely different field, namely laser-driven acceleration of charged particles, thereby 
making use of the extraordinary electric fields and efficiencies provided by laser systems [4, 
5]. 

In this work we follow the theoretical proposal by B. M. Cowan [6], which is based on a 
specifically engineered waveguide geometry inside a three-dimensional silicon photonic-
crystal structure based on the woodpile geometry [7]. A sketch of the structure geometry as 
adjusted to our experimental conditions is depicted in Fig. 1(a). In contrast to the usual 
woodpile geometry, the host structure is made vertically symmetric by inverting the upper 
half of the lattice. This symmetry reduces deflecting field components in the accelerating 
mode [6]. Inside of this host structure, a waveguide is formed by removing all dielectric 
material in a region extending over the entire length of the structure in the particle-beam 
propagation direction z. Importantly, this waveguide supports transverse magnetic modes 
(TM) with the electric-field vector pointing in waveguide direction, such that the longitudinal 
electric field can impart energy onto charged particles moving along the waveguide. The 
mode profile of one of these modes is shown in Fig. 1(b). Adjustment of the exact length of 
the central rods extending into the waveguide, which are marked by the red circles in Fig. 
1(a), will ultimately allow one to control the strength of the quadrupole moment of the 
waveguide mode, making it possible to optimize it either for electron acceleration or focusing 
[6]. While different charged particles may be accelerated along these lines, we will speak 
about electrons only in what follows. 

The structure is designed to operate as a traveling-wave accelerator, where the electrons 
and the electric-field maxima move synchronously along the waveguide with the electrons 
staying at the peak of the accelerating phase at all times as schematically shown in Fig. 1(c). 
To make this possible, the electrons are assumed to arrive in trains of short bunches spaced by 
the wavelength λ of the accelerating mode [8, 9], in much the same way bunch trains are 
accelerated in RF accelerators. 
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Fig. 1. Accelerating mechanism. (a) Design sketch of the waveguide geometry inside the 
woodpile based silicon structure [6]. (b) z-component of the electric field for the accelerating 
mode as seen by a speed-of-light particle. (c) Schematic of a train of electron bunches situated 
at the peaks of the accelerating phase. (d) Snap shots of the accelerating field and the particle 
bunch train at two different time steps (not to scale), if short laser pulses with vg < ve ~c are 
used to excite the accelerating mode. (e) Concept of a staged laser accelerator. Each cavity is 
powered by an external laser coupled into the cavity. A single laser pulse is split several times 
to power a series of cavities. For a 1 ps long laser pulse, and a group velocity of 0.26 × c, each 
cavity length is 105 µm. Image: Courtesy of Greg Stewart, SLAC. 

The maximum accelerating gradient that can be obtained is limited by the optical damage 
threshold of the silicon structure. Damage fluence Fth for dielectric materials with permittivity 
ε has been shown to scale with pulse length τ as τ

0.3
 for pulse lengths below 1 ps at infrared 

wavelengths [10], while the peak electric field scales according to 2 /
th

E F cε τ= . Thus, in 

order to achieve high accelerating gradients short laser pulses have to be used to excite the 
waveguide mode for electron acceleration. Silicon has a damage fluence of 0.35 J/cm

2
 for 1 ps 

long pulses at 2.2 µm [11], yielding a peak electric field of 469 MV/m for 1 ps pulses, and up 
to 1,048 MV/m when scaled to 100 fs pulses. For the mode depicted in Fig. 1(b), the ratio of 
the electric field on axis to the peak electric field in the medium is 0.18, resulting in a peak 
electric field for acceleration of 84 MV/m for 1 ps pulses, and even 189 MV/m for 100 fs 
pulses in silicon. 

The pulse length in turn determines the effective length of an accelerating cavity. The 
group velocity for the mode depicted in Fig. 1(b) is vg = 0.26 × c. Assuming the electron 

bunch train is fully relativistic, it will outrun the laser pulse by (1 ) /
g g

L
c

τ β β= −  [6], where 

βg = vg/c, as illustrated in Fig. 1(d). Therefore, the ultimate accelerator will consist of a series 
of short cavities staged sequentially as depicted in Fig. 1(e). For a 1 ps long pulse and group 
velocity of 0.26 × c the length of each cavity segment will be L = 105 µm. 

2. Structure fabrication 

For the fabrication of these rather complex structures we have used a combination of direct 
laser writing [12] and silicon double inversion [13, 14]. This overall approach is characterized 
by its high flexibility and makes even complicated structure geometries experimentally 
accessible [15]. Furthermore, the approach is inherently three-dimensional, thus allowing for 
the fabrication of many woodpile layers and sufficiently large structure footprints within 
reasonable time, in contrast to layer-by-layer approaches which are limited in the number of 
layers achievable [16]. For the direct laser writing (DLW) of polymer templates we have used 
a commercial instrument (Nanoscribe Photonic Professional) together with a commercial 
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negative-tone photoresist (IP-L from Nanoscribe GmbH). The waveguide is introduced into 
the host structure during the DLW process by switching off the writing laser when it passes 
over the waveguide region. The aspect ratio of the woodpile rod cross section has been 
adjusted by building up each rod by three individual exposures, which are laterally displaced 
by 65 nm with respect to each other [14]. Polymer shrinkage in the woodpile stacking 
direction has been pre-compensated by multiplication of all x-coordinate points in the control 
file with a factor of 1.3. Further effects of polymer shrinkage leading to distortion of the 
structure in the waveguide region have been alleviated by laterally displacing affected rods by 
empirical offsets of up to 225 nm. Aiming at a homogeneous filling fraction of the host 
structure in woodpile stacking direction, the writing laser power has been increased linearly 
by 9% from the bottom to the top of the structure. After direct laser writing a silicon replica of 
the photoresist templates is obtained via silicon double inversion [13, 14]. 

 

Fig. 2. Pilot sample of a photonic accelerator segment. (a) Top-view electron micrograph of a 
fabricated silicon structure. The waveguide position is marked by the dashed white lines. The 
two sampling areas for optical transmittance measurements in the waveguide region and in the 
reference area are highlighted by the white shaded circles. The colored arrows aim at 
connecting the sampling areas and the indicated polarizations of the incident electric fields to 
the measured spectra shown in Fig. 3(a) and (b). On the right hand side of the sample we have 
performed focused ion beam (FIB) milling in order to reveal the waveguide buried inside. (b) 
Oblique-view electron micrograph of the same sample looking at the FIB cross section with the 
waveguide opening at its centre. (c) and (d) Close-ups of the waveguide opening for two 
different characteristic z-positions of the FIB-cut separated from each other by approximately 
half a rod distance. 

We have observed that the large size of the target waveguide structure renders the host 
structure rather fragile by design during the inversion procedure. A crucial step to avoid 
deformations and, thus, to achieve a high structural and optical quality despite the given 
design is the appropriate choice of the intermediate material used during the silicon double 
inversion procedure. Here, we have chosen ZnO deposited via an atomic-layer-deposition 
process using a commercial instrument (Cambridge NanoTech Savannah 100) and diethylzinc 
and hydrogen peroxide as precursors [17, 18]. In contrast to the previously employed silica 
[13–15], the ZnO inverse structure shows no obvious shrinkage upon resist removal. 

Scanning electron micrographs of a typical sample fabricated along these lines are 
depicted in Fig. 2. The total length of the sample measures approximately 100 µm, 
corresponding to the approximate length of a single accelerating cavity. The samples 
presented here are intentionally designed such that the waveguide extends only halfway 
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Fig. 3. Optical characterization of fabricated samples and comparison with theory. (a) Linear-
optical transmittance spectra of the sample shown in Fig. 2, collected both in the waveguide 
region (wg) and in the undisturbed reference area (ref). In these measurements we have used 

linearly polarized light with the electric field oriented either parallel (||) or perpendicular (⊥) to 
the waveguide. The position of the woodpile photonic stop band in spectroscopy direction 
calculated for experimental structure parameters is shaded in light gray, the calculated 
complete three-dimensional photonic band gap in dark gray. (b) Close-up of the measured data 
on a linear scale, clearly revealing the waveguide signature for longitudinally polarized 
incident light. (c) Numerical simulations: Dispersion diagram for a structure with parameters 
modeled after that depicted in Fig. 2. Black solid lines are MPB results. HFSS has been used 
for refined recalculation of the dispersion of the speed-of-light mode and of the mode existing 
at experimentally excitable k-values, showing excellent agreement with the MPB results. Also 
included in this panel are peak positions from the measurements shown in Fig. 3(d) (blue 
circles). (d) Angle-resolved transmittance spectra for a nominally identical sample. 

through the structure, as indicated by the dashed lines in Fig. 2(a). This design allows us to 
perform optical transmittance measurements both in the waveguide region and, as controls, in 
an undisturbed reference area. The two corresponding sampling areas are schematically 
marked by the white shaded circular areas. In order to reveal the accelerating waveguide 
inside the structure, we have performed focused-ion-beam (FIB) milling. Figure 2(b) exhibits 
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an overview of the structure looking at the FIB cross section under oblique incidence. Close-
ups of the waveguide opening for two different characteristic z-positions of the FIB-cut are 
presented in Figs. 2(c) and (d). These images demonstrate that recent progress in three-
dimensional optical lithography and inversion techniques has indeed rendered these structures 
experimentally accessible – despite their structural complexity. 

3. Polarization-resolved linear-optical transmission spectroscopy 

In order to investigate the optical properties of the fabricated samples, polarization-resolved 
linear-optical transmittance spectra for the incident electric-field vector oriented parallel and 
perpendicular to the waveguide direction, respectively, have been recorded using a 
commercial Fourier-transform infrared microscope-spectrometer (Bruker Equinox 55, 
Opticon 36 × Cassegrain objective). Note that, due to the extreme fabrication challenge, up to 
now only extremely few measured waveguide signatures in complete photonic band-gap 
materials have been presented at near-infrared frequencies [15, 19, 20]. None of these would 
have been suitable for particle acceleration. Our results for the sample in Fig. 2 are depicted in 
Figs. 3(a) and (b). The most prominent feature present in these spectra is the photonic stop 
band in spectroscopy direction. Within the photonic stop band another distinct feature can be 
observed, but only for measurements in the waveguide region and for the linear polarization 
with the electric-field vector pointing in the waveguide direction (red curve), where 
accelerating waveguide modes are expected to couple to the incident light. We have been able 
to observe this characteristic longitudinally-polarized waveguide signature for a total of more 
than ten different fabricated samples. 

In order to compare our experimental findings with theory we have performed numerical 
calculations for experimental structure parameters using both the freely available MIT-
Photonic-Bands (MPB) Package [21] and the commercial finite element frequency domain 
simulation tool HFSS from ANSYS. Figure 3(c) shows the waveguide dispersion diagram for 
eigenmodes computed from these simulations. The field plot depicted in Fig. 1(b) has been 
obtained using HFSS. At 2.297 µm and ka/2π = 0.392 the TM mode that corresponds to this 
field plot crosses the light line, making it well suited for acceleration of fully relativistic 
particles. In the transmittance experiments, on the other hand, modes existing at smaller 
values of the wave vector k are detected, as determined by the range of incident angles of 15-
30 degrees covered by the Cassegrain objective. For a more direct comparison with theory we 
have performed additional angle-resolved transmittance measurements by tilting the sample 
and reducing the range of incident angles to 0-7.5 degrees by an aperture. These results are 
depicted in Fig. 3(d) for a nominally identical sample. The positions of the peak maxima 
taken from smoothed experimental data for incident angles between 0 and 32.5 degrees are 
also included in Fig. 3(c). Good agreement exists with one of the modes found in the 
simulations, which we have checked to feature longitudinally polarized electric field 
components. 

4. Conclusion 

In conclusion, using commercially available tabletop optical-lithography technology we have 
experimentally realized and optically characterized pilot samples of three-dimensional 
photonic band-gap particle-accelerator segments. Our results represent an important first step 
towards approaching the goal, as stated by E. R. Colby et al. [22], “...to lithographically 
produce the power source, power transmission system, accelerator structures, and beam 
diagnostics on a single substrate by semiconductor process.” 

Acknowledgments 

We acknowledge financial support provided by the Deutsche Forschungsgemeinschaft (DFG) 
and the State of Baden-Württemberg through the DFG-Center for Functional Nanostructures 
(CFN) within subproject A1.4. Funding is also provided by US Department of Energy 
contracts DE-AC02-76SF00515 and DE-FG03-97ER41043-II. The Ph.D. education of A.F. is 
embedded into the Karlsruhe School of Optics and Photonics. 

#160222 - $15.00 USD Received 20 Dec 2011; accepted 11 Jan 2012; published 22 Feb 2012
(C) 2012 OSA 27 February 2012 / Vol. 20,  No. 5 / OPTICS EXPRESS  5612




