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Abstract

To provide experimental researches at the NSC KIPT
theoretical studies and computations of the electron accel-
eration in a dielectric laser accelerator have been carried
out. Laser accelerator consists of two periodic quartz struc-
tures on diffraction gratings or CHIPs, symmetrically lo-
cated along both sides of the vacuum accelerating channel.
Using PIC numerical simulations, electromagnetic fields
excited by laser radiation with a wavelength of 800 nm in
dielectric laser accelerators were investigated. The influ-
ence of the shape and depth of the profile of diffraction
gratings or CHIP structures on the distribution of the elec-
tric field in the interaction space has been studied. For
modeling, different types of profiles were taken, both in
serial and a unique structure. In consequence of the analy-
sis of the obtained results, estimated efficiency of acceler-
ation was defined for each type of profile. The rectangular
profile of the diffraction grating with the maximum accel-
erating gradient was selected as optimal for the next exper-
iments.

MANUSCRIPTS

Today, accelerators excited by laser pulses are given an
increasing place in research practice with a view to their
promising application in such fields as medicine, materials
science, biochemistry, and in physics - the production of
ultrashort electron bunches of the order of 3-10 fs. Along
with the development of laser-plasma accelerators [1], the
development of accelerators based on CHIP structures has
recently occupied a special niche. [2, 3].

For accelerators based on CHIP structures, two direc-
tions are relevant. This - with the maximum miniaturiza-
tion of devices - obtaining the maximum efficiency of ac-
celeration and on this basis - their optimization for the pro-
duction of this type of accelerators for consumer and re-
search purposes.

One of the important issues, which affects the degree of
acceleration of charged particles, is associated with a
change in the geometric parameters of CHIP structures.
This work is devoted to this problem.

Below is a series of experiments performed by us to sim-
ulate the acceleration of electrons on periodic structures of
various profiles when they are excited by plane and Gauss-
ian waves. A comparative analysis was carried out, which
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determined the choice of the best structure. The accelera-
tion principle is widely known and described in [4] for a
rectangular CHIP structure.

Under the condition of the incidence of radiation perpen-
dicular to the plane of the grating and its lines, the acceler-
ation of particles will occur along the surface of the grating
also perpendicular to its lines [4, 5]. Let us denote x as the
coordinate along the lattice lines and perpendicular to the
motion of the particles; y is the coordinate perpendicular to
the lattice surface, and z is along the direction of particle
motion. For the condition of synchronization of the elec-
tron velocity with the phase velocity of the exciting wave,
one can use the formula [2]:

A, =npi, @)

where n - mode of the electromagnetic field excited by
the incident wave on the grating; B = v/c dimensionless
speed, v - electron speed, ¢ - speed of light; A - wavelength
of the exciting laser radiation.

Using the PIC numerical simulation method taking into
account the exciting fields taken from [6, 7], we investi-
gated the effect of the height of the electron beam above
the surface of the CHIP structure, as well as the shape of
the structure profile on the acceleration rate. The simula-
tion was carried out for electron energies of 50 MeV and
2.1 MeV. Dimensionless velocity was defined as:

2

where Ey;, - electron energy.

For electrons with an energy of 50 MeV at n = 1 and
B =10.9995, the period of the CHIP structures was deter-
mined by the Eq.(1). The result showed that
A, ® 2 =800nm with an accuracy of 0.05%. To demon-

strate the desynchronization, which is 2%, at an electron
energy of 2.1 MeV (B = 0.981), the simulation was carried
out with the same value A4 . The results will be shown be-

low

At all stages of modeling, structures with a length of
L =16 pm were used. For a comparative analysis of the
acceleration efficiency on various types of structures, the
structures shown in Fig. 1 were used in the experiments.
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Figure 1: The different profiles of the investigated periodic
CHIP structures.

The height of the pillar in all cases was h =400 nm. The
width of the pillar for all cases was also 400 nm, except for
the triangular profile.

Plane Wave Modeling

When the structure was excited by a plane wave with an
electric field strength £, = 10° B/m, the wave fell perpen-

1) — Rectangular,
2) - Cylindrical, =400 nm

3) — Grooves, 2, = 800 nm
4) — Sinusoidal,
5) — Triangular

dicularly from the side of the structure substrate.
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Figure 2: Distribution of the field excited by a plane wave
over a rectangular structure.

Figure 2 shows the distribution of the field excited by a
plane wave over a rectangular structure and the depend-
ence of the increment in the average electron energy at a
beam height of 200 nm. It can be seen how the effect of
desynchronization affects the increase in the average en-
ergy of electrons with an initial energy of 2.1 MeV.

The results of the effect on the rate of acceleration of the
change in the height of the electron beam above the surface
of a CHIP structure with a rectangular profile are shown in
Fig. 3.

Figure 3 shows a decrease in the energy gain depending
on the height of the electron beam for the case of a plane
wave. Similar experiments with modeling were also car-
ried out for CHIP structures with profiles 2, 3,4, 5 in Fig. 2.
Based on the results obtained, the acceleration gradients
were calculated for each case, which are summarized in
Table 1.
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Figure 3: Increasing the average electron energy for
different heights of the beam over a rectangular structure
excited by a plane wave.
Table 1: Acceleration Gradients for Different Profiles
Excited by a Plane Wave

Beam Gradient for plane wave, [MeV/m]

height 2.1 MeV 50 MeV

Yy 2 03 04 51 2 3 4 s
200 313 266 271 248 119 |413 350 350 331 163
400 306 259 251 244 118 [400 331 325 319 153
600 300 241 228 241 116 |388 313 300 306 145
800 281 216 209 221 110|363 288 275 286 141
1000 256 199 191 196 91 |338 256 238 264 129
1200 234 182 168 179 85 |313 225 204 238 115

From the results obtained, we can conclude that the ac-
celeration gradients for the case of desynchronization are
on average 25% lower than for the case when synchroniza-
tion takes place.

Gauss Beam Modeling

In order to approximate the simulation results to a real
experiment, a simulation was performed for the excitation
of CHIP structures with a Gaussian field:
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where E, - amplitude of the electric field, w, - waist or

the smallest transverse size of the laser in the focal plane
(z=0), c - speed of light, 7, - full width at half maximum
of the pulse duration, a k, =27/, and @, =ck, repre-
sent respectively the wavenumber and angular frequency
of the laser beam with the wavelength A, . The propagation

of a Gaussian laser pulse is completely characterized by the
beam waist w(z), the radius of curvature of the wavefront

R(z), and the Guy phase shift v, (z).
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where z, = 7w} / 4, - Rayleigh length that represents the
position. The following parameters were used in the simu-
lation: 7,= 150 fs, E, =10’ V/m, A, =800 nm. A laser
beam with w, =10 pm was focused on the surface of the
CHIP structure.
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Figure 4: Distribution of the field excited by a Gaussian
wave over a rectangular structure.

Figure 4 shows the distribution of the field excited by a
150-fs Gaussian pulse. Figure 4 also shows the change in
the average values of electron beams at a height of 200 nm
for 2.1 MeV and 50 MeV. The influence of the desynchro-
nization effect on electrons with an energy of 2.1 MeV is
no longer so significant when simulating with a Gaussian
wave.
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Figure 5: Increasing the average electron energy for
different heights of the beam over a rectangular structure
excited by a Gaussian beam wave.

In Figure 5 shows graphs of changes in the average en-
ergy of electron beams for different heights. Data from
simulation experiments are summarized in Table 2.

You can see a qualitative agreement between the plane
and Gaussian waves. As expected, a Gaussian momentum
gives less acceleration than a plane wave.

Table 2: Acceleration Gradients for Different Profiles
Excited by a Gaussian Beam Wave

Beam Gradient for gauss beam, [MeV/m]
height 2.1 MeV 50 MeV
y, nm

1 2 3 4 5|1 2 3 4 5

200 150 158 142 150 70 {151 130 111 116 62
400 112 111 104 103 48 | 134 110 104 100 52
600 84 81 75 75 36117 94 97 84 41
800 76 69 64 62 33104 83 86 76 36
1000 68 60 57 53 26|97 78 79 70 33
1200 56 47 48 42 20| 8 68 74 59 29

CONCLUSION

Based on the results obtained, it can be concluded that it
is possible to use structures with groove and sinusoidal pro-
files to create miniature accelerators, which, when ap-
proaching real experiments, are not much inferior to a rec-
tangular profile.

To conduct experiments, in some cases, structures with
incomplete matching can be used.

The practical value of the performed model experiments
lies in the fact that industrial diffraction gratings can be
used in real experiments.
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