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Abstract

A Bragg waveguide consisting of multiple dielectric layers with alternating index of refraction

becomes an excellent option to form electron accelerating structure powered by high power laser

sources. It provides confinement of a synchronous speed-of-light mode with extremely low loss.

However, laser field can not be coupled into the structure collinearly with the electron beam. There

are three requirements in designing input coupler for a Bragg electron accelerator: side-coupling,

selective mode excitation, and high coupling efficiency. We present a side coupling scheme using a

distributed grating-assisted coupler to inject the laser power into the waveguide. Side coupling is

achieved by a grating with a period on the order of an optical wavelength. The phase matching

condition results in resonance coupling thus providing selective mode excitation capability. The

coupling efficiency is limited by profile matching between the outgoing beam and the incoming

beam, which has normally, a Gaussian profile. We demonstrate a non-uniform distributed grating

structure generating an outgoing beam with a Gaussian profile, therefore, increasing the coupling

efficiency.

PACS numbers: 41.75.Lx, 41.20.Jb, 41.60.Bq, 42.81.Qb

∗zhiyuz@SLAC.Stanford.EDU

SLAC-PUB-11198
July  2005

Submitted to Physical Review Special Topics - Accelerators and Beams



I. INTRODUCTION

The focus intensity of a high power laser has reached the levels of 1022W/cm2 [1], which

corresponds to an electric field of 1014V/m in vacuum. The wall-plug efficiency of a high

power laser system has been improved dramatically due to the rapid development of diode-

pumped solid state laser. It therefore becomes increasingly appealing to utilize the intense

electric fields available from high power laser pulses to drive charged particle accelerators.

There are two types of vacuum laser accelerator being studied and they are all made of

dielectric materials due to the relative high damage threshold and low loss at near-infrared

laser wavelength. The LEAP [2] crossed laser beam accelerator represents the far-field

scheme where particles are accelerated on the proximity of dielectric to satisfy the Lawson-

Woodward theorem [3, 4]. Guided-mode scheme takes advantage of photonic crystals tech-

nology [5] confining propagating modes in vacuum through a band-gap guiding mechanism.

Both 1-D [6] and 2-D [7, 8] dielectric photonic crystal structures have been studied and a

speed-of-light TM01 mode was found to be confined in the vacuum gap in these structures

at near-infrared wavelength. The majority of laser power propagates in vacuum resulting in

lower absorption loss and less detrimental nonlinear effects.

Coupling laser power into the accelerator structure by itself is a challenging subject.

Waveguide and optical fiber input and output couplers have been studied extensively in

the context of diode-pumped rare-earth-doped fiber lasers and amplifiers. Most of these

fiber lasers are pumped by launching the pumping beam through the fiber end, i.e. end

coupling. However, end coupling scheme is not amenable to optical accelerator application

because laser power can not be coupled into the accelerator structure collinearly with charged

particle beams. Moreover, it is difficult to increase the total pump power with longitudinal

end coupling scheme, which is limited ultimately by the damage threshold of the end face.

Distributed side pumping schemes were developed to overcome these limitations. These

techniques include angle-polished direct pumping [9, 10], embedded V-groove coupling [11],

embedded mirror coupling [12], and prism coupling [13]. However, all these techniques were

designed for either double-cladding fiber or solid core photonic crystal fiber and can not

readily be used as a coupler for hollow core waveguides such as electron accelerators.

There are three first-order requirements to design an input coupler for an optical electron

accelerator: 1) distributed side coupling; 2) selective mode excitation; 3) efficient power
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coupling. Side-coupling techniques for fiber amplifier were not designed to excite a particular

propagation mode in a waveguide except for prism coupling, in which case, selective mode

excitation can be achieved by choosing the incident angle and index refraction of the prism

to satisfy the phase matching condition of a particular mode. However, speed-of-light wave

in electron accelerator has a propagation constant β = k0 = 2π/λ0, where λ0 is the vacuum

wavelength. This mode is difficult to launch because total internal reflection (TIR) occurs

at the interface between dielectric side wall and vacuum core if phase matching condition is

satisfied.

FIG. 1: Schematic diagram of a planar accelerator structure with distrubted grating-assisted cou-

pler (DGAC)

In this paper we propose a distributed grating-assisted coupler (DGAC) for optical elec-

tron accelerators to address these three requirements. Figure 1 shows the schematic diagram

of a planar Bragg accelerator structure. The accelerator structure consists of coupler region

and accelerating region. The DGAC in the coupler region couples the laser beam from

the side and converts the laser mode to the accelerating mode. This mode is guided by

the planar Bragg waveguide in the accelerating region and co-propagates with the electron

beam. We only analyze the input coupler for a planar accelerator structure which confines

electromagnetic wave in one-dimension (x) in the following sections. However, the design

3



principle discussed in this paper can be extended to the case of 2-D (x and y) confinement.

II. PLANAR ACCELERATOR STRUCTURE

The theory of periodical layered waveguide structure, or Bragg fiber, was developed

by Yeh [14] in 1970s, and the fabrication of Bragg fiber was first demonstrated by Fink

et al almost 30-years later[15]. Mizrahi and Schächter extended the application of Bragg

waveguide structures to optical electron accelerator[6].

FIG. 2: Cross section of a planar accelerator structure (x − z plane of accelerating region shown

in Figure 1) consisting of layers with index of refraction nH or nL (nH > nL). ith layer has the

thickness of xi.

Figure 2 shows the schematic diagram of accelerating region of a planar Bragg accelerator

structure. The electromagnetic field in the structure for a TM mode reads:
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0 − β2, β is the propagation constant and ni the index refraction of the ith

layer. Coefficients Ai and Bi represent the electromagnetic field in a region where dielectric

constant is uniform. A represents the amplitude of outgoing wave and B of incoming wave.
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FIG. 3: Field distribution (Ez) of a speed-of-light mode in a planar accelerator structure made of

TiO2 and MgF2. The design wavelength is 1064 nm and the vacuum gap is 1µm. Dashed lines are

boundaries between dielectric layers

Considering the boundary conditions that Ez and Hy are continuous at the ith interface

between dielectric layer i and i + 1, a 2 × 2 matrix can be found which relates Ai, Bi to

Ai+1, Bi+1 as: 
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The synchronized mode in the vacuum region of the structure gives electromagnetic fields:
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 (6)

which represents the uniform longitudinal electric field and linear increasing transverse field

in the vacuum gap.

Wave confinement can be achieved by choosing the thickness of each layer to minimize the

outgoing wave Ai at the interface. Modes confined in a normal vacuum gap Bragg waveguide

have phase velocity exceeding the speed-of-light. However, the thickness of the first layer in
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an accelerator structure is not defined by the quarter wavelength thickness which other layers

asymptotically approach; therefore, this layer can be viewed as a defect in the periodical

structure. Coupling between the unperturbed propagating mode and the localized defect

mode slows down the phase velocity to the speed-of-light in this structure. This can also

be understood as impedance tuning effects [6]. Figure 3 shows the longitudinal electric

field (Ez) distribution of confined acceleration mode in a waveguide consisting of alternating

layers of MgF2 (nL = 1.36) and TiO2 (nH = 2.2). The wavelength is at 1064 nm and the

vacuum gap is 1µm. y axis overlaps with the symmetry plane shown in Figure 2.
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FIG. 4: Spectral characteristics of a planar accelerator structure shown in Fig 3. Reflectivity as a

function of (a) wavelength at normal incident angle (incident beam is along the x axis in Figure

2), design wavelength marked by a dashed line; (b) incident angle relative to the surface normal,

i.e. x axis in Figure 2, at 1064 nm.

This multilayered dielectric structure shown in Figure 3 is essentially a highly reflective

dielectric mirror in a particular wavelength range. As shown in Figure 4(a) the reflectivity

of a normal incident beam is nearly 100% at the wavelength range between 1.2 and 1.5µm;
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however, it is less than 5% at the design wavelength of 1064 nm labeled by a dashed line.

The majority of normal incidence laser beam is able to reach the innermost dielectric layer,

where the DGAC converts the laser mode to the accelerating mode as illustrated in Figure 1.

Figure 4(b) presents the angular response of this multilayered dielectric structure at design

wavelength 1064 nm. The incident angle is defined relative to the surface normal, or x axis

in Figure 2. The reflectivity increases dramatically as the incident angle increasing above

10-degree. The angular response indicates that the input-coupling angle, i.e., the incident

angle of the laser beam, should be less than 10-degree to achieve efficient side-coupling for

TiO2/MgF2 coating at 1064 nm.

III. BRAGG GRATING COUPLER

Dielectric grating has found increasing applications as directional couplers because it

can be integrated with waveguides using planar photolithographic techniques thus achieving

stable and high efficiency performance. Extensive efforts have been devoted to the design,

analysis and fabrication of grating couplers [16–19].

FIG. 5: Schematic diagram of a distributed grating-assisted coupler (DGAC) on a slab waveguide.

This device becomes a out-of-plane coupler because the diffracted beam, or output beam, induced

by the DGAC is not in the slab waveguide layer. β is the propagation constant of a guided mode

in the slab waveguide, βn is the propagation constant of the nth order of the diffracted beam, θn is

the nth order of diffraction angle, and Λ is the period of the DGAC.

Figure 5 shows a schematic diagram of a distributed grating-assisted coupler (DGAC)
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integrated on a planar slab waveguide. Optical power of a guided mode is confined within

the slab waveguide by total internal reflection because the waveguide layer has a higher

value of index of refraction than that of the substrate. The DGAC is fabricated on top of

the slab waveguide and the function of it is to couple the optical power in or out of the

waveguide plane as illustrated in Figure 5 via the diffraction mechanism. The DGAC has a

period on the order of an optical wavelength and its first order diffraction beam is the desired

out-of-plane output beam. Since the wave confinement of the slab waveguide is perturbed

by the presence of the DGAC, the guided mode starts to leak out of the waveguide due

to this perturbation; therefore, the output beam can be viewed as the leakage or radiation

loss of the guided mode. The propagation constants of the output, or radiated beam, βn

and guided beam in the slab waveguide β are related to the grating period Λ by the phase

matching condition:

βn sin θn = β + n
2π

Λ
(7)

and the radiated field varies as:

exp[i(βn sin θnz + iαz − ωt)] (8)

where βn is the propagation constant of the nth order of diffracted beam, Λ is the grating

period, β is the propagation constant of a guided mode in the waveguide and it is close

to the value obtained in the absence of the DGAC due to the weak perturbation induced

by the DGAC, α is the radiation loss coefficient due to the leakage of the energy into the

specific diffracted orders scattered by the DGAC, and θn is the nth order of diffraction angle.

Detailed discussion of grating coupler on planar waveguide can be found in [20].

Phase matching condition can be further reduced in the case of an accelerating mode

propagating in a Bragg dielectric waveguide, where β = 2π/λ0 for an accelerating mode, (λ0

is optical wavelength in air) and βn = 2π/λ0 for a diffracted beam propagating in air. Eq(7)

becomes:

sin θn = 1 + n
2πλ0

Λ
(9)

Possible radiation beams have real value of θn. For example, given λ0 = Λ and n = −1,

θ−1 = 0, which means the output beam is perpendicular to the propagation direction of

the input guided beam. This is so called resonance condition at which besides the out-

of-plane beam second-order diffraction reflects straight back to the waveguide. Detuning
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the grating coupler away from the resonance condition is therefore desirable to achieve

efficient coupling. Due to the grating term, n2π/Λ, in Eq(7), grating coupler is able to

selectively excite the acceleration mode satisfying the phase matching condition and avoid

total internal reflection at the same time. The coupling angle can be tuned in a wide

range by grating parameters and therefore the first two requirements of input coupler for

optical electron accelerator are naturally satisfied. In this paper, we designed and analyzed

grating couplers for the planar accelerator structure using the CAMFR-simulation tool based

on eigenmode expansion and propagation technique and perfectly matched layers (PMLs)

boundary conditions [21]. Only 1-D gratings was considered, which were etched on the

first dielectric layer of planar accelerator structure discussed in the previous section. It

is easier for mode expansion technique to calculate output coupling (from waveguide to

air); however, the input coupling efficiency can be readily calculated though the reciprocity

principle. TM-polarization (E-field normal to the grating groove and on the grating plane)

and design wavelength of 1064nm were used throughout this paper.

FIG. 6: Field plot (Ez) of a dielectric electron accelerator (a) without the DGAC and (b) with the

DGAC. Red and blue color represent positive and negative maximum values of the electric field.

Shown here is half of the structure cut from the symmetry plane as shown in Figure 2.

Figure 6 shows the field plot (Ez) of light in the Bragg waveguide accelerator. Shown here

is the x−z cross section of the structure illustrated in Figure 1. The material (TiO2/MgF2)

and the thickness of each layer are the same as those presented in Figure 3 designed to

confine the accelerating mode. Figure 6(a) is the field plot of an accelerator structure in the

absence of the DGAC. Ez is well confined by 20 layers of alternating TiO2/MgF2 coatings.
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Ez shown in Figure 6(a) is uniform across the aperture, which is the characteristic feature

of an accelerating mode. Figure 6(b) shows the field plot (Ez) of accelerator structure with

the DGAC, or the coupler region illustrated in the Figure 1. As shown in Figure 6(b), the

DGAC is etched on the first dielectric layer. The input beam, a confined synchronized mode,

enters the coupler region from the left side. In the coupling region, because of the presence

of the DGAC, field is not confined by the waveguide anymore, rather couples to the radiated

beam, which becomes a plane wave propagating along the x axis. As of this particular

example, the DGAC is made of rectangular grating grooves which are symmetrically etched

on the first dielectric layer on both sides of the vacuum gap. The grating period is 1.08

µm and the groove depth is 50 nm with 50% duty cycle. However, this resonance coupling

(θ = 0) demonstrated in Figure 6(b) is not desirable and this effect can be understood with

the help of Figure 7.

FIG. 7: Back reflection from the coupler region as a function of grating period.

Figure 7 represents the back reflection at the input port as a function of grating period

with 50 nm groove depth. Strong back reflection occurs when the grating period is 1.08 µm,

which corresponds to the resonance coupling as shown in Figure 6(b). Slightly detuning

from resonance condition, by either the grating period or groove depth, gives higher coupling

efficiency. (up to 75% for total of 30 periods).
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IV. NON-UNIFORM GRATING COUPLER

In the previous section we analyzed uniform DGAC where the grating has uniform period,

groove depth and duty cycle across the coupling region; therefore, the radiation loss coeffi-

cient α shown in Eq.(8) is a constant. The radiated beam has a characteristic exponential

decay profile along z axis. Since laser output is normally a Gaussian profile, the intensity

profile mismatch between the input and output beam results in a reduced input coupling

efficiency. This effect can be analyzed using the reciprocity principle. The input coupling

efficiency is[20]:

η = Pq

(
∫

g(z)h(z)dz)2

∫
g2(z)dz

∫
h2(z)dz

(10)

where g(z) and h(z) represent output and input intensity profile respectively, and Pq is

output coupling efficiency. The input coupling efficiency is therefore proportional to a nor-

malized overlap function of input and output intensity profile. Considering the best case

scenario of Pq 100%, and g(z) ∝ exp(−αz) where α is the radiation loss coefficient de-

fined in Eq.(8), the maximum input coupling efficiency is 80% for a Gaussian profile input

h(z) ∝ exp(−(z − z0)
2/∆2), where z0 = 0.5/α and ∆ = 0.684/α.

Several techniques have been developed to modulate the radiation loss coefficient along

the propagation direction in an attempt to synthesize a desirable intensity profile for pla-

nar waveguide input coupler. Using first-order perturbation theory, Miyanaga et.al [22]

showed that groove-depth linearly tapered sinusoidal gratings produce a near-Gaussian pro-

file. Touam [23] demonstrated using Green’s function method and coupled-mode equation

to synthesis symmetric diffracted beam normal to a waveguide surface with a variable nor-

malized grating duty cycle. Bates et.al.[24] using semi-empirical method showed that an

arbitrary beam profile can be synthesized by varying the groove depth of rectangular grat-

ings. Since leakage rate is sensitive to the groove depth while the effect on the guided mode

is minimal, side effects of non-uniform gratings such as variations in the coupling angle can

be minimized. It is also relatively easier to fabricate groove-depth modulated non-uniform

gratings as illustrated in [24]; therefore, we applied this technique to design a non-uniform

DGAC for planar accelerator structure. Figure 8 illustrates a non-uniform DGAC where the

groove depth of the grating is modulated. We will use this structure in the following section

to demonstrate that a Gaussian output can be generated by this non-uniform DGAC.

We define field amplitude of guided wave in the accelerator structure as A(z) and it
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FIG. 8: A schematic diagram of a non-uniform DGAC where the grating groove depth is modulated

to generate a Gaussian intensity profile g(z) at the output, in contrary to the exponential intensity

profile generated by the uniform DGAC.

decays exponentially due to radiation loss to the diffracted output beam, induced by the

presence of the DGAC and it is characterized by the coefficient α :

dA(z)

dz
= −αA(z) (11)

Radiated wave, or diffracted output beam is B(z) and it is linearly related to A(z) as:

B(z) = βA(z) (12)

Both α and β are constants in a uniform DGAC and both of them are a function of

groove depth h. More specifically, α is quadratic and β is linearly related to h in a slab

waveguide where fields are evanescent at the grating region; however, this is not the case

for a grating coupler on a planar accelerator structures. α and β should be determined

numerically by curve fitting. We started with a uniform DGAC with the period of 1.15 µm

and 50% duty cycle, which gives 3.5-degree output coupling at 50 nm groove depth. Figure

9 shows α and β vary as a function of groove depth. There are two features observed from

this simulation. First, radiation loss coefficient α follows the parabolic rule only when groove

depth is smaller than 50nm. Second, the ratio of radiated and guided power β decreases for

gratings with groove depth greater than 60 nm. This is caused by the fact that as the groove
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FIG. 9: (a) Radiation loss coefficient α and (b) ratio of the radiated and guided field β as a function

of grating groove depth h. The fitting results are also shown on this figure. α is fitted by ah2 and

β is fitted by bh + ch2.

depth increases, the perturbation induced by the presence of the DGAC becomes stronger

and more optical power couples to the modes guided in the multilayered dielectric region

by index guiding mechanism; therefore, the radiated power decreases as a result of it. For

shallow grooves (h < 50nm), α and β are related to the groove depth h by:

α = ah2(z) (13)

β = bh(z) + ch2(z) (14)

If applying the relations above to Eq (11) and (12), a groove depth profile can be obtained

for a given out-coupled wave profile B(z). Figure 10 illustrates the groove depth profile for

a Gaussian output beam. The guided field A(z) shown in the same figure is proportional to

an error function. Although the radiation loss coefficient is rather small due to the shallow

groove depth, the extended grating region (over 5 mm) ensures that nearly 100% power is

coupled out. The input coupling efficiency, defined in Eq(10), can approach 100% if using

non-uniform grating coupler to match the input beam profile.
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FIG. 10: Grating depth profile generating Gaussian output and the relative field strength of guided

wave.

V. FABRICATION

The accelerator structure and the DGAC proposed in this paper can be fabricated using

well-established technologies. Dielectric stack coatings can be fabricated with extremely

high precision and low loss (see for example [25]) at our design wavelength. Coating materi-

als are typically oxides and the damage threshold is comparable to fused silica, the substrate

material; however, more work needs to be done on the effects of radiation damage on such

materials. Due to its sub-micro feature size, the uniform DGAC structure should be pat-

terned using either e-beam lithography or UV interference lithography. The grating pattern

is then transferred on the first dielectric layer by dry etching techniques. Non-uniform

DGAC can be fabricated using ion-beam etching.[24] Polysilicon or nitride can be deposited

and pattered as a spacer layer to form vacuum gaps and it also serves as a bonding layer

to bond two identical coated wafers. Finally, bonded wafers can be diced into individual

accelerator structure for testing.

VI. CONCLUSION

We have presented an all-dielectric Brag planar electron accelerator structure. Speed-of-

light synchronous mode is confined in the structure with very low loss. Side-coupling are

essential of distributed pumping the accelerator structure, recycling the residual power, and

therefore increasing the overall efficiency. Distributed grating-assisted coupler (DGAC) is
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proposed to couple laser light to the planar accelerator structure, and to selectively excite the

synchronous accelerating mode. The coupling efficiency is optimized by matching the output

and input intensity profile with modulated grating depth profile. The planar accelerator

structures and gratings can be fabricated using well developed micro-processing technology.
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