Dual-gratings with a Bragg reflector for dielectric laser-driven accelerators
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The acceleration of a beam of electrons has been observed in a dielectric laser-driven accelerator (DLA) with a gradient of
300 MV/m. It opens the way to building a particle accelerator “on a chip” much more cheaply than a conventional one. This
paper investigates numerically an efficient dielectric laser-driven accelerating structure, based on dual-gratings with a Bragg
reflector. The design of the structure boosts the accelerating field in the channel, thereby increasing the accelerating gradient
by more than 70% compared to bare dual-gratings, from analytical calculations. This is supported by two-dimensional (2D)
particle-in-cell simulations, where a 50 MeV electron bunch is loaded into an optimized 100-period structure to interact with
a 100 fs pulsed laser having a peak field of 2 GV/m. It demonstrates a loaded accelerating gradient of 1.48 ± 0.10 GV/m,
which is (85 ± 26)% higher than that of bare dual-gratings. In addition, studies of the diffraction effect show that the
optimized structure should be fabricated with a vertical size of J/

≥ 0.20 in order to generate an acceptable accelerating

performance.

I. Introduction
The rapid development of laser technology, combined with mature fabrication techniques for microstructures, has
enabled the novel accelerating scheme of dielectric laser-driven accelerators (DLAs) to be developed. This novel technique
employs laser light to propel electrons through a microscopic tunnel in artfully crafted glass chips, and has the potential to
dramatically shrink the size and cost of particle accelerators. Many DLAs have been proposed, with specific designs: gratingbased structures1-4, photonic band-gap structures5-7and woodpile structures8-10. Recent DLA experiments have demonstrated
accelerating gradients of 300 MV/m11, 690 MV/m12 for relativistic electrons and gradients of 25 MV/m13, 220 MV/m14 and
370 MV/m15 for non-relativistic electrons. These demonstrations pave the way for implementing a new generation of
accelerators “on a chip” in the future.
The dual-grating structures proposed by Plettner et al.1 have a simpler geometry than other types of DLAs, which reduces
the complexity and expense of the fabrication process. They can be illuminated by a single laser beam to excite spatial
harmonics modes in the narrow channel gap where the electrons travel and are accelerated. The grating period λp, laser
wavelength λ0 and electron velocity v, β = v/c have to meet the synchronicity condition16: λp = m β λ0 where m is the number
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of laser cycles per electron passing one grating period. Different grating periods can be chosen to accelerate relativistic and
non-relativistic electrons synchronously. In order to increase the accelerating gradient, geometry studies1-4 have been carried
out for the dual-grating structures. A Bragg reflector consisting of many layers of Sapphire was also proposed for dualgratings with the same material, which could generate an accelerating gradient as much as double the incident laser field17.
However, fabrication techniques for Sapphire are not as well developed as for the quartz material, which has been fabricated
and demonstrated in many DLA experiments11-13. In addition, when the fabricated vertical size J, as shown in Fig. 1, is
smaller than the transverse laser waist radius, the resulting diffraction may substantially reduce the accelerating gradient, an
effect which has not been studied in Ref. 17.
Motivated by these two points, we present in this paper detailed numerical studies of a quartz DLA structure based on
dual-gratings with a Bragg reflector, including analytical optimizations, particle-in-cell simulations and diffraction effect
studies. As shown in Fig. 1, a Bragg reflector reflects back laser power to enhance the accelerating field in the channel,
thereby increasing the accelerating gradient for electrons. Compared to the dual-grating structures reported in Refs 1-4, it has
the extra geometry parameter of distance D between the dual-gratings and the Bragg reflector, as seen in Fig. 1. It can be
optimized to generate the maximum accelerating field by creating constructive interference in the channel center. Moreover,
mature lithographic techniques allow the dual-gratings to be integrated with a Bragg reflector into a single wafer, with
nanometer precision and at low cost18,19. Section II presents detailed 2D analytical optimizations for such dual-gratings with a
Bragg reflector. It is followed in Section III by 2D particle-in-cell simulations in which a 100 fs pulsed laser is introduced
into an optimized 100-period dual-grating structure to interact with a 50 MeV electron bunch. Section IV then investigates
the potential diffraction effect which is caused by a fabricated vertical size smaller than the transverse laser waist radius.
Finally, the potential applications and challenges are discussed.
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FIG. 1. Schematic of the dual-gratings with a 7-layer Bragg reflector, for DLAs. λp, A, B, C, D, H, J, L1, L2 and Δ represent grating period,
pillar width, pillar trench, vacuum channel gap, distance between dual-gratings and Bragg reflector, pillar height, vertical size, dielectriclayer thickness, vacuum-layer thickness and longitudinal shift, respectively. The condition A + B = λp is selected for all simulations.

II. 2D Analytical Optimizations
In order to simulate such a structure, the code VSim20, based on finite difference time domains (FDTD), is used to
compute the electric and magnetic fields generated in the structure. It can also perform intensive particle-in-cell simulations
to obtain all the relevant physical characteristics of the structures.
As a first step, we start by modelling a dual-grating structure without a Bragg reflector. As shown in Fig. 3(a), when a
uniform plane wave travels through a single-period structure, the speed of wave in the vacuum is higher than that in the
dielectric grating pillar. This creates a phase difference of

for the wave front in the vacuum channel where electrons are

travelling and are periodically modulated along the longitudinal z-axis. To produce the desired phase difference of , the
grating pillar height H could be set to H =

, where n = 1.5 is the refractive index of the quartz chosen as the

grating material. The grating period λp equals the laser wavelength λ0, so that relativistic electrons are synchronous with the
first spatial harmonics16, this being the most efficient compared to other spatial harmonics.
After setting the phase difference and synchronicity, we need to optimize the longitudinal electric field Ez[z(t), t] in the
channel center to maximize the accelerating gradient G, which is defined as:
G=

(1)

,

where z(t) is the position of the electrons in the vacuum channel at time t. It should be noted here that two important factors
are usually used to evaluate the accelerating performance: accelerating efficiency AE = G/E0 and accelerating factor AF =
G/Em, where Em is the maximum field distributed in the structure for an input laser field of E0. When Em is lower than the
material damage threshold, optimizations are carried out to maximize the accelerating efficiency. However, when Em is close
to the material damage threshold, it is necessary to restrict the maximum field in the gratings, which should not exceed this
threshold.
To find the optimum designs for the dual-gratings without a Bragg reflector, we vary C, A, Δ to maximize the
accelerating factor or accelerating efficiency. Reported studies1 have shown that for such dual-gratings, the accelerating
gradient usually decreases for a larger channel gap. A gap of C = 0.50λp is therefore chosen to start our optimization due to
the trade-off between the accelerating gradient and the available phase space in which high gradient occurs. Then we sweep
the pillar width A from 0.10λp to 0.90λp combined with variable longitudinal shift Δ from -0.50λp to 0.50λp for optimizations.
Figure 2(a) shows that the maximum AF = 0.155 can be obtained at C = 0.50λp, H = λp, A = 0.60λp, Δ = 0 nm while the
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maximum AE = 0.440 occurs at C = 0.50λp, H = λp, A = 0.50λp, Δ = 0 nm, which can be seen in Fig. 2(b). The dual-gratings
perform best when they are perfectly aligned (Δ = 0 nm), which agrees well with the results from England et al.21.

(a)

(b)

FIG. 2. Optimized accelerating factor AF (a) and accelerating efficiency AE (b) as a function of pillar width A with variable longitudinal
shift Δ for dual-gratings without a Bragg reflector: C = 0.50λp and H = λp.

After optimization for a dual-grating structure, a Bragg reflector consisting of N layers of dielectric material and N-1
layers of vacuum will be added into the simulation. The optical thicknesses in Fig. 3(b) are typically chosen to be a quarterwavelength long, that is, nL1 = n0L2 = λ0/4 at laser wavelength λ0, where n and n0 are the refractive index for dielectric and
and vacuum layers in the Bragg reflector. Considering quartz (n = 1.5) as the dielectric material, power reflectance of 93%,
99% and 99.7% are calculated for a Bragg reflector with N = 5, 7, and 9 respectively. Through adjusting the distance D from
0 to λp, the reflected field can constructively interfere with the subsequent input laser field. As illustrated in Fig. 3(c), the
electric field along the vacuum channel center is apparently enhanced when adding a Bragg reflector to the dual-grating
structure, thus boosting the accelerating gradient significantly. Figure 3(c) also shows that the longitudinal electric field for 7layer Bragg reflector is slightly higher than that of 5-layer reflector but keeps the same as that of 9-layer Bragg reflector.
Thus a 7-layer Bragg reflector is chosen for our optimized structure. The maxima AF = 0.173 and AE = 0.76 are achieved at
C = 0.50λp, H = λp, A = 0.50λp, Δ = 0 nm, D = 0.80λp. Considering that the damage threshold for quartz is 2 J/cm2 for laser
pulses of 100 fs22,23, which is equivalent to an electric field of Eth = 10 GV/m, the maximum achievable gradient is AF × Eth =
1.73 GV/m.
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(b)

(a)

(c)
FIG. 3. Longitudinal electric field Ez distribution for a single-period structure, (a) without a Bragg reflector, (b) with a Bragg reflector, and
(c) a comparison of both cases where a uniform laser field E0 is used: C = 0.50λp, H = λp, A = 0.50λp, Δ = 0 nm. Please note that the black
line overlaps with the yellow line in the (c).

We also study the effect of rounded corners on the accelerating performance for such an optimized dual-grating structure
with a Bragg reflector. In order to reduce the maximum field generated in the rectangular corners, rounded corners with a
radius of R are used as shown in the subplot of Fig. 4. It can be seen in Fig. 4 that AF intially increases but then starts to
decrease with larger radius, whereas AE gradually decreases with increasing radius. The maximum AF = 0.185 is achieved at
a radius of R = 0.05λp, while AE peaks for rectangular pillars with R = 0.0 nm. When a radius of R = 0.05λp is chosen for the
rounded corners, we can get a maximum AF = 0.185 which is an increase of 0.012 compared to the optimized rectangular
dual-grating with a Bragg reflector, while AE decreases from AE = 0.76 to 0.75. Considering that the accelerating factor
limits the maximum achievable gradient, rounded corners with a radius of R = 0.05λp are chosen for our optimized structures.
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(a)

(b)

FIG. 4. Optimized accelerating factor AF (a) and accelerating efficiency AE (b) as a function of rounded corner radius R for different
structures.

Following the same procedure, structures with different vacuum channel gaps C between 0.2λp and λp are optimized, with
the aim of maximizing the accelerating factor or the accelerating efficiency. Figure 5(a) shows that dual-gratings with a 7layer Bragg reflector can generate a slightly larger accelerating factor than bare dual-gratings. The minor increments on the
plot are in the range of 0.02 ~ 0.04, which indicates that a Bragg reflector can increase the maximum achievable gradient by
0.18 ~ 0.36 GV/m for the 100 fs-pulsed laser illumination. It can be seen in Fig. 5(b) that the accelerating efficiency is
significantly improved by more than 70%, when a Bragg reflector is added for dual-gratings. This means that dual-gratings
with a Bragg reflector can be illuminated by a laser with 65% lower power to generate the same accelerating gradient
compared to bare dual-grating structures. The maximum accelerating efficiency reaches as high as 0.91, which is 80% higher
than previously reported dual-grating structures which have a maximum accelerating efficiency of 0.50 for single laser beam
illumination1,2. For a channel gap C = λp, the accelerating gradient can even be doubled when a Bragg reflector is used.

(b)

(a)

FIG. 5. Optimized accelerating factor AF (a) and accelerating efficiency AE (b) as a function of vacuum channel gap C for different
structures with rounded corners of R = 0.05λp.
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III. 2D Particle-In-Cell Simulations
As a practical example, a dual-grating structure with a 7-layer Bragg reflector, with C = 0.50λp, H = λp, A = 0.50λp, Δ = 0
nm, R = 0.05λp, D = 0.80λp, λp = 2.0 µm is chosen as the optimum for our 2D particle-in-cell simulations. The electron bunch
employed in our simulations has a mean energy of 50 MeV, bunch charge of 0.1 pC, RMS length of 9 µm, RMS radius of 10
µm, normalised emittance of 0.2 mm·mrad, and energy spread of 0.03%. Such an electron bunch can be achieved from future
Compact Linear Accelerator for Research and Applications (CLARA)24 or Advanced Superconducting Test Accelerator
(ASTA) at Fermilab25. A uniform plane wave was used for our analytical studies in Section II; however, a Gaussian laser
pulse, which can be represented as a superposition of plane waves with different k-vector magnitudes, is chosen for our 2D
particle-in-cell simulations. Here, a laser pulse with wavelength λ0 = 2.0 µm, pulse energy ∆P = 0.6 µJ, pulse duration
100 fs, and waist radii

10 µm,

=

50 µm would generate an input field E0 = 2 GV/m. When such a laser field is used

for illumination, the maximum electric field is still below the damage threshold for quartz structures. In a co-moving frame,
the electrons experience a Gaussian-distributed temporal field Et =

with a characteristic interaction length

.

= 22.7 μm, as described in Ref. 26. Considering z = 0 to be the longitudinal center of a multi-

period dual-grating structure, we obtain an energy gain ∆Em =

.
.

, where LZ is the longitudinal length of

a multi-period dual-grating structure and q is the charge on a single electron. It is easily seen that for LZ ≥ 200 μm a peak
gradient of Gp = 1.0 GV/m results in a energy gain of ∆Em

√

= 40 keV, which is used to calculate the loaded gradient

for subsequent analysis. In order to save computing time, a 100-period optimum structure with a length LZ = 200 μm is
chosen for our particle-in-cell simulations.

FIG. 6. Bunch energy distribution for three cases: laser-off (red line); laser-on without a Bragg reflector (blue line); laser-on with a Bragg
reflector (orange line).
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In our particle-in-cell simulations, electrons travelling through the quartz structure suffer significant energy loss due to
collisional straggling27 in the dielectric material, so only the electrons modulated by the laser field in the vacuum channel are
used for our calculations. It is found that about 4% of the 50 MeV bunch is transmitted through the vacuum channel gap of
1.0 μm. Figure 6 shows the bunch energy distribution for those modulated electrons with the laser off and on. It can be seen
that the energy sprectrum has a double-peaked profile after laser-bunch interaction due to longer bunch RMS length of 9 µm
than laser wavelength, which agrees well with the reported results11,12,28. The maximum energy gain is ΔE2 = 59 ± 4 keV for
optimized dual-gratings with a Bragg reflector, while it is ΔE1 = 32 ± 4 keV for bare dual-gratings. This corresponds to
loaded peak gradients of 1.48 ± 0.10 GV/m and 0.80 ± 0.10 GV/m, respectively. The loaded gradient is therefore increased
by (85 ± 26)% when a Bragg reflector is added, for optimized dual-gratings.
IV. Diffraction Effect
Our 2D analytical optimizations in Section II and particle-in-cell simulations in Section III are based on the assumption
that the electromagnetic field is invariant along the x-direction and hence that the field has a 2D solution. In reality, the
fabricated vertical size J as shown in Fig. 7 plays an important role in the accelerating performance for such an optimized
structure. For an incident laser with a transverse waist radius

10 µm, the fabricated vertical size J should ideally be

more than 20 μm. It would however be quite challenging to fabricate a Bragg reflector with such a high aspect ratio as J/L1 =
60 based on existing quartz etching technology, although etching to a depth of over 100 µm with vertical sidewalls has been
demonstrated in Ref. 29-31. In this case, diffraction effects may alter the distribution of a reflected laser beam when the
fabricated vertical size J is smaller than the transverse laser waist radius

. As illustrated in Fig. 7, the longitudinal electric

field in the channel center is not evenly distributed along the x-direction, thereby reducing the accelerating performance when
electrons are travelling along the channel center.
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FIG. 7. Transverse profile of the longitudinal electric field at the channel center for the optimized structures of a vertical size J/
The green wireframe is the outline of the other grating, which is hidden in order to show the field distribution clearly.

The relationship between the fabricated vertical size J/

, the accelerating factor AF, and accelerating efficiency AE are

then studied, which are shown in Fig. 8. It is found that the maximum AF = 0.185 can be achieved at J/
peaks at J/

= 0.4. When J/

= 0.2.

= 1.0, while AE

equals 0.10, we get AF = 0.08 and AE = 0.47, which are comparable with the values for

simulated 2D dual-gratings without a Bragg reflector. In this situation a Bragg reflector does not work at all. However, when
J/

equals 0.20, the Bragg reflector starts to work and we can get AF = 0.11 and AE = 0.67. The fabricated vertical size J

should therefore be at least 0.20
laser waist radius of

if an acceptable accelerating performance is to be expected. For example, for an incident

10 µm, an optimized structure can be fabricated with a vertical size J ≥ 2 μm so that we can get an

aspect ratio of J/L1 ≥ 6 for such a Bragg reflector. Considering that deep etching into quartz of over 100 μm with an aspect
ratio of over 10 to 1 has been demonstrated in Ref. 31, a Bragg reflector with an aspect ratio of J/L1 ≥ 6 can be achieved using
existing quartz etching technology. For a vertical size J = 2 µm, the analytically-calculated gradient is 0.67E0, which is a
reduction of 11% from the value of 0.75E0 for 2D optimized structures. The resulting loaded gradient can in principle be
decreased from 1.48 ± 0.10 to 1.32 ± 0.09 GV/m, based on the same particle-in-cell simulation as in Section III. However,
due to the small accelerating factor AF = 0.11, the maximum achievable gradient is limited to 1.10 GV/m. This corresponds
to an incident laser with an input field of 1.64 GV/m, which generates a maximum field close to the damage threshold in the
quartz structure.
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(a)

(b)

FIG. 8. Optimized accelerating factor AF (a) and accelerating efficiency AE (b) as a function of fabricated vertical size of J which is
normalized to the transverse laser waist radius .

V. Conclusion
In conclusion, we have studied numerically an efficient DLA structure based on dual-gratings with a Bragg reflector.
The analytical results show that this structure can generate a 70% higher accelerating gradient for the same input laser
fluence, and an accelerating factor slightly larger by 0.02 ~ 0.04, than bare dual-gratings. Despite the small improvement in
accelerating factor, this design could yield the same accelerating gradient when operated at a 65% lower laser power,
compared to that reported for dual-gratings. Moreover, 2D particle-in-cell simulations have been run in which a 50 MeV
electron bunch is loaded into an optimized 100-period structure to interact with a laser pulse. A loaded accelerating gradient
of 1.48 ± 0.10 GV/m can be achieved, which is (85 ± 26)% higher than that of bare dual-gratings for an input laser field of 2
GV/m. Finally, studies of the diffraction effect due to a fabricated vertical size J smaller than the laser waist radius have also
been presented. It is found that the optimized structure should be fabricated with a vertical size J/

≥ 0.20, to generate an

acceptable accelerating performance.
By extension, a Bragg reflector can be added to improve the accelerating efficiency for any DLA structure. In addition,
such a Bragg reflector can be integrated with any DLA structure into a single wafer, using existing nanofabrication
technology. This eliminates the complicated alignment process involved when a mirror is used externally to reflect the laser
power back into any structure. However, realistic fabrication studies are still required to pave the way for implementing the
proposed concept for such an integrated nano-structure.
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