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Abstract

Dielectric laser acceleration of electrons has been
demonstrated recently with the potential to miniaturize ac-
celerator due to its high gradient. Here we present a numer-
ical investigation of a grating-based dielectric laser accel-
erator designed for nonrelativistic electrons which can be
used in radiobiology research. We optimize the structure
and discuss the electric field in the vicinity of the grating.
We show the simulation results for a single electron and a
DC electron beam interacting with such field.

INTRODUCTION

The dielectric laser accelerators (DLAs) have attracted
increasing interest in the recent years due to their potential
to reduce the size and cost of the conventional radio-fre-
quency (RF) accelerators [1, 2]. Due to the damage thresh-
old of the metal cavities, the radio-frequency accelerators
typically operate at acceleration gradient of 10 to 50 MV/m
but gradient up to 100 MV/m has been demonstrated to be
reachable. By comparison, the damage thresholds of die-
lectric materials in optical region, such as silica, sapphire,
and silicon, are 1 to 2 orders of magnitude higher than the
typical gradients of the metallic structures. By leveraging
the high damage threshold of dielectric materials, DLAs
can reach gradient of GV/m level. Recently, acceleration
gradient of 690 MeV/m have been achieved in the dual
grating structure for relativistic electrons[3, 4], and accel-
eration gradients of 25 MeV/m, 220 MeV/m and 370
MeV/m have been demonstrated with silica single grating,
silicon single grating, and silicon dual pillar grating for
nonrelativistic electrons[5-7].

Described here is a grating-based DLA for radiobiology
research. The damage effect of low radiation doses on the
living cell is important for cancer radiation treatment, nu-
clear accident and radiobiological terrorism. Irradiation of
the living cell with charged particle beam, such as an elec-
tron beam with energy 1 MeV and bunch charge 0.01 fC,
is an useful method to study the radiobiological processes
and evaluate the cancer risks of low dose radiation[8].
DLA is suitable for this application since it can deliver na-
nometre-sized beams with attosecond pulse width. Here,
we introduce simulation results of a grating structure for
acceleration of nonrelativistic electrons[9].

STRUCTURE GEOMETRY

The single grating and its work principle are shown in
Figure 1. The period of grating is A, the pillar height H,,,
the groove width W, and the distance between the electron
beam and the grating surface d. The incoming TM mode
laser is fed from below at normal incidence to the grating

surface, with the electric field polarized along the electron
propagation direction. The evanescent fields are generated
in the vicinity of the grating, in which one of the spatial
harmonic is designed to have a phase velocity synchronous
with the electrons travelling above the grating so that the
electrons can be accelerated continuously.

Electric field direction
— P = = = —p =—p G
O
= e — = = = = G
AP
W, |

e = = = = = =

E

Figure 1: Principle of the single grating accelerator.

For electrons with velocity f = v/c travel above the
grating driven by a laser with wavelength A, the period of
grating should be set as 4, = nfiA,, so that the nth order
spatial harmonic can be utilized to accelerate the electrons.

In the simulation, a laser of wavelength A; = 1030 nm
is used to drive the structure. Fused silica, with a refractive
index of 1.45, is chosen to be the grating material with a
damage threshold 3.5 J/cm?. We assume the initial energy
of nonrelativistic electrons to be 50 keV, corresponding to
a velocity relative to the speed of light as § = 0.41. To uti-
lize the first spatial harmonic to accelerate electrons, the
period of grating should be set as A, = 425 nm. The other
dimensions will be determined in the simulation.

FIELD DISTRIBUTION

To determine the optimum geometry, we use the CST
Microwave Studio. Only one period of grating is modelled
in the field simulation, with periodic boundary conditions
in Z direction, and open boundary conditions in Y direc-
tion. The thickness of the grating in X direction is set to be
one wavelength of the plane wave. The mesh coarseness is
Ao/40. The simulation method has been verified by com-
paring the results with the data from the literature.

The crucial character of DLA 1is the high acceleration
gradient limited by the damage threshold of the dielectric
material. The acceleration gradient G,.. and deflection
gradient Gg.f, are defined as the average electromagnetic
field experienced by electrons over one period of grating
in the longitudinal direction and lateral direction respec-
tively, which are given by:
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here E,[z(t), t], E,[z(t), t] and B,[z(t),t] are z compo-
nent of electric field, y component of electric field and x
component of magnetic field experienced by the electrons
at position z(t) and time t respectively. The maximum
electric field in the grating material is enhanced by an en-
hancement factor f to E, = fE,, where E, is the peak
electric field of the incident laser. If the DLA operates in
region when gradient is limited by the electric field of in-
cident laser, the structure should be designed so that the
normalized acceleration gradient €,.. = Gy /Ey is max-
imized. If DLA operates close to the maximum accelera-
tion gradient which is limited by the damage threshold of
the grating material, the figure of merit is the ratio between
the gradient and the maximum electric field in the grating
material, known as acceleration factor .. = Gacc/Ep-
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Figure 2: The amplitude of normalized acceleration gradi-
ent €acc (green), acceleration factor 7. (red), normalized
deflection gradient €4 (grey) and deflection factor nues
(purple) as a function of the pillar height (a), and the
groove width (b).

Figure 2 shows the normalized acceleration gradient €,
and the acceleration factor 1, at a beam-grating distance
of 100 nm as a function of pillar height H, and groove
width W, respectively. The maximum normalized acceler-
ation gradient and acceleration factor appears at different
location. The maximum acceleration factor 0.028 occurs at
pillar height H, =285nm and trench width W, =
200 nm, while the maximum normalized acceleration gra-
dient occurs at pillar height H, = 260 nm and groove
width W, = 190 nm. In our design, we seek after the max-
imum acceleration gradient without damage, so we choose
the optimum structure with maximum acceleration factor.
The enhancement factor f and normalized gradient €, in
the optimum structure are 1.31 and 0.036 respectively.

Figure 3 shows the longitudinal electric field normalized
to the electric field of the incident laser in the YZ plane
with the optimum structure when the plane wave is lauched
from below. The electric field above the grating is the com-
bination of the harmonics, and only the first order spatial
harmonic satisfies the synchronicity condition and can ac-
celerate electrons continuously. The maximum longitudi-
nal electric field is located around the corner of the pillar.
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Figure 3: Distribution of the longitudinal electric field nor-
malized to the incident laser electric field in the YZ plane.

The dependencies of acceleration gradient and deflection
gradient on the start phase in the optical cycle when the
electron arrives at the grating are shown by Figure 4(a), in
which the initial electron-grating distance d = 100 nm.
To efficiently accelerate the electrons, the electrons should
arrive at the grating at the optimum acceleration phase
6 = Orad. The lateral deflection force is the Lorentz
force in the Y direction exerted by E,, and B,. It is shown
that the deflection and acceleration are 90 degrees out of
phase. For an electron arriving at the optimum accelerating
phase, it will gain maximum energy but experience mini-
mal deflection[10].
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Figure 4: The amplitude of normalized acceleration gradi-
ent (red) and deflection gradient (purple) as a function of
start phase 0 (a) and electron-grating distance d.

Figure 4(b) shows the amplitude of acceleration factor
Nacc and deflection factor 1g.5; as a function of electron-
grating distance d. The working mode is an evanescent
mode, so the acceleration gradient and deflection gradient
fall off exponentially with the electron-grating distance. If
the distance is too far, the acceleration gradient becomes
zero and the electron will not be accelerated. For an e-beam
with non-zero transverse dimension, acceleration force and
deflection force on electrons vary with the electron-grating
distance, leading to the distortion of the electron beam,
which can be solved by using dual grating structure illumi-
nated by two opposite lasers.

ACCELERATION OF ELECTRONS

To study the electrons’ behaviour in the accelerator, we
perform PIC simulation with CST Particle Studio. For a
50 keV electron injected into the structure with 10 periods
of grating at a distance of 100 nm, the energy and position
of the electron are shown in Figure 5, in which we also
show the energy gain predicted by field simulation with
Ggce = 0.035E,. The peak electric field of the incident
plane wave is E, = 10 GV/m. The electron gains energy
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along z axis while being slightly deflected. In the first two
periods, PIC simulation results is in agreement with the
field simulation results, but in the downstream several pe-
riods, there is a growing distinction. We infer that the dis-
tinction is the result of the reduction of acceleration gradi-
ent due to dephasing process, which can be solved by
changing the grating’s period or laser’s wavelength in ac-
cordance with electron energy[11].
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Figure 5: The comparison of PIC simulation results (red:
energy, blue: displacement in Y direction) for an electron
injected at the optimum accelerating phase with field sim-

ulation results (black dots: energy of electron predicted by
Gaee = 0.035E)).

For a DC 50 keV electron beam with infinitely small
transverse size injected into the structure which includes
10 periods of grating at a distance of 100 nm, Figure 6
shows the PIC simulation results of energy and position of
electrons. The electron beam is energy modulated, in
which the energy gain depends on the start phase of the
electron. In the later several periods, electrons with higher
velocity will catch up with electrons with lower velocity,
leading to density modulation of electrons, and electron
bunches are being formed. Despite the dephasing and de-
flection, those electrons with relatively higher energy gain
are deflected less significantly, indicating that the acceler-
ation and deflection are about 90 degrees out of phase,
which is in agreement with the field simulation result.
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Figure 6: The PIC simulation results for a DC electron
beam (colourful curve: snapshot of energy and position of
electrons, red: energy, blue: Y displacement).

CONCLUSION

The numerical investigation of a grating-based DLA for
50 keV nonrelativistic electrons is presented. The structure
is expected to produce a maximum gradient of 0.036 times
the peak electric field of incident laser. In a multi-period
grating, the dephasing and deflection process lead to the
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reduction of acceleration gradient and result in a lower en-
ergy gain. Low energy DLAs could be used for the radio-
biology research as charged particle beam sources to eval-
uate the effect of low dose radiation on the damage process
of a living cell. High energy DLAs could be used for the
light sources and colliders.
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