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Abstract—The dependence of the acceleration rate of
charged particle bunches with the energy of 300 keV by a
surface wave excited by a laser pulse is analyzed using flat and
periodic chip structures. It is shown that when using periodic
structures with the 2nd operating spatial mode, there is a
decrease in the acceleration rate in comparison with the use of
periodic structures with the 1st operation mode. It is also
demonstrated that the acceleration rate when using a flat
dielectric structure is significantly higher in comparison with a
periodic chip structure.
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1. INTRODUCTION

Nowadays dielectric laser accelerators (DLA) occupy one
of the leading niches in the field of research of new
acceleration methods . Currently, several types of dielectric
laser accelerators are being developed, using a woodpile type
structure [1], a periodic dielectric chip structure [2,3], and
using a flat structure where acceleration is carried out by a
surface wave [4,5]. All of them are united by high rates of
acceleration and miniature size. However, they have slightly
different acceleration principles and shortcomings associated
with these principles.

In this paper, we consider two types of dielectric laser
accelerators. The first is a widely studied accelerator based
on a periodic dielectric chip structure, which is currently
being studied at SLAC [2,3] within framework the A-chip
program.. And the second type of acceleration with using a
flat dielectric structure, theoretically studied at NSC KIPT,
based on which published a patent [6], and in the works of
other authors [4]. We compare these types for accelerating
electrons with the electron energy of 300 keV, the electron
velocity is near the lower limit of phase velocity of a surface
wave excited by a laser pulse on the boundary of a quartz flat
dielectric structure.

We had already considered the acceleration with using a
periodic chip structure y [7,8], as well as the surface wave
acceleration with using a flat structure [5], the last method
showed its high efficiency acceleration of low-energy
electrons. These methods are compared with each other at
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the same parameters of laser pumping and electron bunch
energy in order to highlight their positive and negative
aspects in this article.

This paper considers cases of electron acceleration in a
single structure with one-sided laser pumping.

In order to approach the simulation results to the real
experiment, the field amplitude created by the laser was
equal to 6 GV/m, this is the maximum field amplitude that a
periodic quartz chip structure can withstand without damage,
as shown in [9].

All simulations were carried out at the same parameters
of laser radiation. The Gaussian beam makes it possible to
obtain simulation results that are close to real experiments.
Its electric field can be represented as follows:
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where E,is an amplitude of the electric field; Wy is a waist or
the smallest transverse size of the laser in the focal plane
(x=0); c is the speed of light; ty is full width at half
maximum of the pulse duration; Ky = 2T/Aq
and Wy = cKy represent the wave number and angular
frequency of the laser beam with the wavelength Aq
respectively.

The propagation of a Gaussian laser pulse is completely
characterized by the beam waist w(X) , the radius of
curvature of the wave front R(z), and the Guy phase shift
Wy(X) as the function of x,

Pg(x) = arctan (%)
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where Xg = TIw3/), is the Rayleigh length, which represents
the position at which the transverse area of the laser beam is
doubled compared to the area in the focal plane due to
difraction.

The laser beam with Wy = 20 um (at half level), with a
central wavelength of 800 nm. The initial energy of the
accelerated electrons was 300 keV. The distance of electron
flight over the surface of the structure was 200 nm in all
cases.

II. ACCELERATION ON FLAT STRUCTURE

The scheme of acceleration in the flat structure by a surface
i shown in
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Figure

Fig. 1. Schematic diagram of surface wave acceleration in a flat dielectric
structure with one-sided laser pumping.

The electron beam propagates at a distance of 200 nm
above the plane of the quartz prism. The laser beam is
directed at the side surface of the prism at a right angle and
falls on the inner surface of the prism at an angle 0.

When accelerating by a surface wave in a flat structure, it
is necessary to satisfy the condition of Cherenkov
synchronism between the accelerated beam and the surface
wave. The change in the phase velocity of the surface wave
is made by changing the angle of incidence 6, which can be
calculated by the formula:

ind = ! 3
where n - is the refractive index of the prism material at the
pump laser wavelength, § - is the electron beam velocity, is
calculated by the formula:

2

) “

e
Ex + Eq

where v is an electron velocity, ¢ - is the speed of light, Eq -
rest energy of an electron, Ey -electron kinetic energy.

For an electron energy of 300 keV, using formula (3) for
n= 1.45 (quartz), we obtain the angle 8= 62.39 degrees.

The numerical simulation of acceleration was carried out
by using the Particle In Cell algorithm, the length of
interaction of electrons with a surface wave was 16 um.

The electron beam is injected parallel to the hypotenuse
of the prism (x-coordinate, see Fig. 1), electron injection is

carried out in such a way that the beam would reach the
maximum intensity of the laser field. Figure 2 shows a graph
of the distribution of the amplitude of the longitudinal
component of the accelerating field (x - component) formed
by the laser over a flat structure, along the direction of
electron injection.
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Fig. 2. Distribution of the longitudinal components of the accelerating
field above the surface of a flat structure at a height of 200 nm.

The first peak with high intensity is caused by light
diffraction at the edge of the prism, the field inhomogeneity
at the end is due to reflections on the second face.

Figure 3 shows the results of simulation of the excited
field by the laser pulse at the entrance to the prism, in the
prism itself, and the accelerating field above its surface.
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Fig. 3. Electric field generated by the laser and a prism in the space of
interaction (blue - accelerating field, red — decelerating one).

A significant advantage of the acceleration method with
using a flat dielectric structure, in comparison with periodic
ones, is the possibility of using ultrashort laser pulses due to
the input of radiation at the phase-matching angle. As can be
seen from Figure 3, if an accelerated electron “lands™ at the
maximum of the wave front, then throughout the entire
acceleration it is at the maximum of this wave that
accompanies it, the acceleration process is limited only by
the diameter of the laser beam and the design of the prism. In
contrast to the case of acceleration on a periodic chip
structure, where the limitation is introduced by the pulse
duration, as well as the acceleration length is affected by the
time envelope of the pulse intensity, after which it is



necessary to install a new acceleration section. In simulation,
the beam length was 1650 nm. Due to the fact that
acceleration occurs at a distance of 16 pm, which is
significantly lower than the dephasing distance, we can
assume that the electron beam is locked to the phase of the
wave throughout the entire interaction space.
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Fig. 4. Change in the energy of bunch electrons accelerated over a flat
structure at specified time intervals.

Figure 4 shows the change in the energy of bunch
electrons at different times t with a step At=20 fs. The length
of the interaction is 16 pm. Since the electron beam spans
two optical periods with its length, we can observe the full
spectrum of electron energies, both accelerated and
decelerating. We can determine the maximum possible
increase in the energy of electrons that have fallen into the
optimal phase and calculate the maximum of acceleration
rate in a flat structure under given conditions. According to
Fig. 4, the maximum of the acceleration rate is 318 MeV/m.

III. ACCELERATION ON PERIODIC STRUCTURE

The exciting laser pulse falls vertically on the periodic
chip structure (Fig. 5), exciting the diffraction pattern of the
accelerating field. Figure 5 shows the fundamental spatial
harmonic. As this traveling wave harmonic moves from left
to right, the electrons whose velocity matches its phase
velocity are synchronously accelerated as they move along
the accelerating phase of the harmonic.
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Fig. 5. Schematic diagram of acceleration by a surface wave on a periodic
chip structure with one-sided laser pumping, d is the column height of the
chip structure [10].

The conditions of synchronism of the accelerated beam
with the wave diffracted on the grating gives the for a grating
period 4,

Ap = KB 3)

where A is the central wavelength of the laser radiation
spectrum, k is the number of the spatial harmonic arising due
to the diffraction of the incident wave by the grating, k=0, 1,

2, [11].
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Fig. 6. Scheme of surface wave acceleration in a periodic chip structure
for electrons with an energy of 300 keV, a) for the case of acceleration in
the main mode k=1, b) for the case of acceleration in the second mode k=2.

Figure 6 shows the linear dimensions of the grating with
period 4, for simulation of electron acceleration by the first
harmonic, Fig.6.a), and by the second harmonic, Fig.6.b).
Chip structure column height d = 400 nm. Simulation of
electron acceleration by different harmonics will make it
possible to compare the efficiency of acceleration by
different spatial harmonics.

Fig. 7. Accelerating field formed by the quartz chip structure and the laser
pulse.

Figure 7 shows the exciting laser field at the entrance of
the chip structure and the accelerating field above the grating
surface. The blue antinodes above the columns show the
field minima through which the electron beam is accelerated.
Field maxima are shown in yellow.

In Figure 8 shows the distributions of the longitudinal
components of the fields for various harmonics along the
direction of the initial electron injection.
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Fig. 8. Distribution of the longitudinal components of the accelerating
field above the surface of the periodic chip structure at a height of 200 nm,
red curve - acceleration with using the 1st mode, blue curve - acceleration
with using the 2nd mode.

In Fig. 8 in red color shows the longitudinal distribution of
the field for the case of acceleration in the main mode k=1, in
blue - for the case of acceleration in the second mode k=2.
The field characteristic was taken for the moment when the
electron beam is above the tooth at the maximum of the
accelerating field. We can observe a significant difference in
the modulation and intensity of the field, which does not
significantly affect the acceleration rate of the electron bunch,
as evidenced by Fig. 9, which shows the change in the
energy of electron bunches for electron acceleration using
the 1st and 2nd mode.
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Fig. 9. Change in the energy of electron bunches accelerated over a
periodic dielectric chip structure at specified time intervals, red curve
corresponds to the - acceleration with using the 1st mode, blue curve - the
acceleration with using the 2nd mode

Acceleration with using the 1st harmonics (red curve in
Fig.9) gives a slightly larger increase in the acceleration rate
(71.9 MeV/m) compared to the acceleration rate for the case
of acceleration in the 2nd mode (60 MeV/m).

Thus, a comparison of the electron acceleration rates for
flat and periodic chip structures shows that flat chip

structures provide an acceleration rate 4-5 times higher than
for periodic chip structures.

CONCLUSIONS

The carried out simulation experiments show that for the
same laser parameters and relatively low energies of the
electron beam, the acceleration by a laser pulse using a flat
dielectric structure gives a significantly higher acceleration
rate than using a periodic chip structure. What makes this
method preferable for use to accelerate electrons with
initially low energy.

Comparison simulation experiments for high electron
energies were also carried out, the results will be presented in
further publications.
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