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We present a systematic study of the advantages of using optical artificial materials in designing

periodic structures for laser-driven accelerators. As a case study, we investigate the electromagnetic

properties of a Bragg waveguide, with its alternating layers being composed of artificial materials.

The layers can be optimized to maximize the structure’s properties. We show that when the struc-

ture’s eigenmode interacts with free electrons, the maximum efficiency is nearly four times higher

than in configurations that rely on natural materials. As a result, accelerators and radiation sources

may be miniaturized significantly. Published by AIP Publishing. https://doi.org/10.1063/1.5018251

Throughout the years, several periodic structures have

been proposed for laser-driven acceleration of charged par-

ticles, mostly consisting of dielectric materials: Lin’s 2D

photonic bandgap (PBG) structure,1 Mizrahi’s Bragg-struc-

ture,2 Cowan’s 3D PBG,3 and the wood-pile configuration.4

An extended review of the various structures considered was

recently published.5 Common to all such dielectric structures

is relatively low efficiency (<10%) of energy conversion

from free electrons to the structure’s eigenmode and vice-

versa.

Although in the optical regime, most such structures are

composed of dielectric materials, artificial materials could

also be considered. Artificial materials for optical frequencies

have raised strong interest in recent years;6 photonic bandgap

materials,7 photonic crystal fibers, negative permeability, per-

mittivity,8 and negative refractive index materials9 are all

being investigated, within a variety of geometries. The fabri-

cation of such metamaterials is challenging,10 but the technol-

ogy continues to advance; therefore, it is important to

investigate frontiers. Recently, a comprehensive study on the

road-map of optical metamaterials has been published.11

Among the applications for metamaterials are optical sensors

detecting chemical or biological species,12 optical cloaking,13

imaging,14 laser-driven accelerators,15 and plasmonics and

nanophotonics.16

Considering low efficiency of current periodic struc-

tures, coupled with recent advancements in optical artificial

materials, in this study, we explore applying the latter in

order to enhance the electromagnetic properties (efficiency

and group velocity) of periodic structures. We systematically

explore a variety of artificial materials for multi-layer Bragg

planar waveguides and show that by meticulously selecting

the materials, an efficiency of 35% is viable. The concept

could be generalized for different configurations, e.g., cylin-

drical waveguide, grating, or honey-comb structure, and

presents opportunities for designing new optical functionali-

ties in integrated optics.

Due to the quasi-analytical character of its analysis, we

adopt a planar Bragg waveguide2 for the examples brought

subsequently. We consider the former to consist of a series

of alternating layers of two artificial materials: the first

material (subscript I) has dielectric and permeable properties

denoted by eI and lI, respectively, and the second material

(subscript II) is characterized by eII and lII. Between the two

sides of the Bragg layers, there is a vacuum clearance of

width 2Dint, as shown in Fig. 1.

In this configuration, we assume that a wave propagates

in the z-direction (denoted as longitudinal) with a phase

velocity equaling the speed of light in vacuum (c); no varia-

tions are assumed in the y-direction; the Bragg structure is

quasi-periodic in the x-direction (denoted as transverse).

Note that for the results presented subsequently, we trun-

cated the structure after 30 layers15 since, in practice, the

electric field decays to negligible values. Furthermore, we

assume a single TM01 mode consisting of three components

(Ex, Ez, and Hy).

The transverse wave vector of the �-th layer is kx;�

¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l�e� � 1
p

=c, and its transverse impedance is Z�
¼ g0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l�e� � 1
p

=e� , where g0 is the wave impedance in vac-

uum. The boundary conditions are formulated in a matrix

form,15 including the first matching layer (�¼ 1) which does

not satisfy the Bragg condition but is essential for matching

between the mode in vacuum to the mode in the remaining

periodic Bragg layers.

FIG. 1. Schematics of the envisaged configuration: planar Bragg waveguide

with a vacuum clearance of 2Dint and alternating layers of two artificial

materials. The first layer (its width being D1) is composed of an artificial

material with dielectric and permeable properties of eI and lI, respectively.a)Electronic mail: Adiha@tx.technion.ac.il
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