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To support of our experimental studies on dielectric laser acceleration, numerical studies of laser acceleration of
nonrelativistic electrons with the initial energy of 33.9 keV in transparent and reflective periodic structures are car-
ried out. On the basis of computer simulations, the acceleration rates of electrons and the quality of their beams after
acceleration in compact structures of different configurations were determined and compared. Prospective accelera-
tion schemes are proposed, in particular with reflective periodic structures, which can provide higher rates of elec-
tron acceleration in periodic structures than in previously obtained studies.
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INTRODUCTION

Dielectric laser accelerators (DLA) attract more and
more attention of researchers, first of all, due to their
ultra-compactness [1].

The idea of dielectric laser acceleration is based on
the work of R. Palmer [2], where it was proposed to use
a periodic metallic structure irradiated by a laser pulse
to accelerate electrons. However, until present basic
researches on DLA was performed using dielectric
structures transparent to laser radiation (chips, flat or
photonic structures) [3]. Laser acceleration of electrons
in transparent and reflective (with metal coating) peri-
odic chip-structures in dependence of its geometric pa-
rameters is numerically investigated in [4]. Numerical
modeling and physical experiments on dielectric laser
acceleration of non-relativistic electrons are carried out
in [5, 6]. Different acceleration schemes are proposed in
these investigations. Methods of manufacturing trans-
parent periodic chip-structures and the influence of their
geometry on acceleration rates are also described. In [7,
8], the dielectric laser acceleration of relativistic elec-
trons is studied in detail when the geometric parameters
of periodic chip-structures are changed, including the
analysis of the quality of electron beams after accelera-
tion.

For the first time, the use of reflective structures was
proposed in cited paper [2], where the acceleration of
particles using reflective periodic all metallic structures
(linear gratings) is described. These studies were carried
out in 2D approximation (flat metallic strips). We con-
sidered an acceleration of only relativistic electron
beams in paper [4].

Studies of the acceleration of non-relativistic elec-
trons in reflective structures of different configurations,
as well as the study of the influence of the configuration
of periodic structures on the quality of non-relativistic
electron beams during dielectric laser acceleration, re-
main relevant. Previously investigated periodic chip-
structures are specific and require special production
capabilities.

The purpose of our numerical study was to clarify
the effect of changing the geometric parameters of peri-
odic structures on the rates of laser acceleration of non-
relativistic electrons and the quality of their beams, as
well as conducting a comparative analysis of DLA with
transparent and reflective periodic chip-structures. From
a practical point of view, it was still appropriate to
search for available serial periodic structures for DLA
as an alternative to specific chip-structures, the manu-
facture of which is possible only on special equipment.

Laser accelerators based on chip-structures work us-
ing the electrical component of the stimulated laser
field, which is parallel to the direction of electron
movement. The general principle of acceleration using a
single transparent rectangular periodic chip-structure [4]
is demonstrated in Fig. 1. An electron moves in a vacu-
um over a periodic chip-structure from left to right. La-
ser radiation incidents perpendicular to the direction of
its movement from below. An electric field is observed
near the surface of the chip-structure, which periodically
changes its direction to the opposite after every half of
the laser excited wave period. Since the velocity of
propagation of laser radiation in a transparent chip-
structure and vacuum is different, its phase at the same
moment of time is different over the center of the pillar
and over the center of the groove.
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Fig. 1. Schematic illustration of electron acceleration in
a periodic chip-structure [9]: neutral (a, ),

accelerating (b), decelerating (d) phases of the field
near the surface of the chip-structure. The accelerated
electron is marked as a black circle
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The greatest acceleration of the electron occurs over
the center of the pillar of the chip-structure with the
corresponding period, where the intensity of the electric
component of the excited field is the greatest and when
the direction of its action on the electron coincides with
the direction of movement of this electron (see Fig. 1,b).
There is no acceleration above the border between the
pillar and the groove (see Fig. 1,a,c). Above the center
of the groove, a slight slowing down of the electron is
observed (see Fig. 1,d). It is because the decelerating
electric field, which at the time of the electron’s move-
ment over the center of the groove has the greatest in-
tensity over the centers of the pillars, dissipates over the
groove due to diffraction effects. But this dissipated
decelerating electric field is partially compensated by
the accelerating field, which is formed due to difference
in propagation time of laser wave in pillars and groves.

A change in the geometry of periodic structures
leads to a change in the rates of acceleration of charged
particles. Therefore, transparent and reflective periodic
structures of various profiles are investigated in the pa-
per to evaluate the possibility of obtaining the highest
rates of acceleration of non-relativistic electrons and the
most collimated beams of them after acceleration.

1. PROBLEM FORMULATION

Fig. 2 shows the scheme of the setup for conducting
our experiments on laser acceleration of electrons in
order to understand the role of the studied periodic
structures in DLA [10].

Fig. 2. 3D model of the DLA experiment: electrons
spatially separated by energy (1) on a P43 phosphor
screen (2), MCP-45-2-40-P43-CF100 microchannel
plate (3), electron stream (4), magnetic spectrometer

[10] (N is the north pole of its magnets, S is south one,

B is magnetic field direction) (5), electron gun (6),

femtosecond laser beam with A = (800 + 10) nm (7),
ThorLabs GH13-36U reflective diffraction grating as an
accelerating periodic structure (scale is changed) (8)

An electron stream with the initial energy of
33.9 keV is formed using an electron gun (6). Next,
electrons are injected into a modulated periodic elec-
tromagnetic field created by a laser pulse (7), which is
reflected from a reflective periodic structure (8) or pass-
es through a transparent periodic structure [5] (then this
structure will be above the electron stream in Fig. 2).
The length of the electron stream is significantly longer
than the wavelength of laser radiation, therefore, at this
stage, both the acceleration of electrons that have en-
tered the phase of the field, which accelerates them, and

the deceleration of electrons that have entered the phase
of the field, which slows them down, occur. Due to this,
a spectrum of electrons with different energies, both
accelerated and decelerated to varying degrees, will be
obtained at the output after the laser accelerator. To ana-
lyze the efficiency of acceleration, it is necessary to
determine their energy. For this, a magnetic spectrome-
ter (5) will be used, which will spatially separate elec-
trons with different energies (the most accelerated elec-
trons are shown in red, electrons with energies close to
the initial ones are shown in green, and the most decel-
erated ones are shown in blue). It is assumed that the
number of electrons in the beam for the duration of the
laser pulse will be small, therefore the spatially separat-
ed electrons (4) will pass through the MCP (3) in order
to increase the output signal from the electrons (1) on
the phosphor screen (2).

Table 1 shows the initial parameters of the elements
of the experimental setup for DLA, which we can pro-
vide with the equipment available at our institute [11].

Table 1
Parameters of the elements of the experimental setup for
dielectric laser acceleration

Central length of laser radiation A =800 nm
Material of transparent periodic
structures

Index of refraction of laser radia-
tion by material of transparent
periodic structure

Permissible amplitude of the elec-
tric field of laser radiation for ac-
celeration in a transparent periodic
structure

Coating material of reflective pe-
riodic structures

Permissible amplitude of the elec-
tric field of laser radiation for ac-
celeration in a reflective periodic
structure

In order to ensure durability of periodic structures in
real experiments, we use electric field amplitudes for
laser acceleration that are set at one-third of the damage
threshold values presented in the literature [12], which
were experimentally determined in [5], where the re-
sistance of optical materials to laser-induced damage
was measured. These threshold values correspond to the
damage limits for the materials used in both transparent
and reflective periodic structures [7].

In order to obtain effective laser acceleration of elec-
trons, the geometry of the periodic structure along
which they move must meet the following dependen-
cies. The period of the periodic structure must ensure
the synchronism of electrons with the laser field
(Fig. 3,a) [6]:

fused silica

n=1.4534

E=6GV/m

gold

E=18GV/m

Ay =A-BN, 1)

where A is the central length of laser radiation;
N =1,2,3... is the number of phases of one type of laser
electric field above a pillar or groove (for example,
when N =1 there is one whole accelerating (see Fig. 1,b)
or one whole decelerating (see Fig. 1,d) phase of the
field
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above the pillar, i.e. during the passage of the electron
over the pillar, half of the wave of laser radiation passes
through this electron); g is dimensionless velocity:

povic- G EIEY, @

where v is electron velocity; c is velocity of laser radia-
tion in vacuum; Ey is Kinetic energy of an electron;
Eo =511 keV is rest energy of an electron.

The optimal height of the pillar (or the depth of the
groove) of a transparent periodic structure ensures a
change in the phase of laser radiation by © above the
pillar and the groove at the same moment in time (see
Fig. 3,a) [7]:

A
H, AT €))

where n is index of refraction of laser radiation by a
material of a periodic structure.

The height of the pillar (or the depth of the groove)
of the reflective periodic structure:

H =Ai/4. (4)

With this value, the electric component of the field of
the laser radiation that is already reflected from the bot-
tom of the groove will have the opposite direction to the
electric component of the field that is still incident and
is currently above the groove. That is, the accelerating
phase of the reflected laser radiation will compensate
for the decelerating phase of the incident laser radiation,
into which the accelerated electron enters above the
groove.

2. SIMULATION OF TRANSPARENT
PERIODIC CHIP-STRUCTURES FOR DLA

We performed computer simulations of electron ac-
celeration processes with the initial energy of electrons
of 33.9 keV in single (see Fig. 3,a) and double (see Fig.
3,b) transparent periodic chip-structures made of fused
silica (¢ = 2.112), which have a rectangular profile with
a constant period of 277.769 nm, calculated by expres-
sion (1) with N = 1, by the Particle in Cell (PIC-
simulation) method.
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Fig. 3. Single (a) and double (b) transparent periodic
chip-structures for DLA (hv is laser radiation energy)

The dependences of the acceleration rate on the
height of the pillars are plotted for the case when elec-
trons move at a distance of 100 nm from the surface of
the pillars (Fig. 4).

As can be seen from curve 2, expression (3) (H&=
882 nm) is confirmed for a double chip-structure, but in
practice it is difficult to obtain such a height of pillars.
Therefore, structures with a pillar height of 300 nm are
of interest, when an another maximum of the electron
acceleration rate is observed. The same applies to a sin-
gle transparent periodic chip-structure, for which the
first maximum of the electron acceleration rate is ob-
served at a pillar height of 100 nm (curve 1). Moreover,
in the case of a single transparent periodic chip-
structure, as the energy changes, the electron beam be-
gins to diverge in the plane of laser radiation (Fig. 5),
which leads to the fact that part of the electrons deposits
on the structure, and part goes too far from the structure
and stops accelerating, as shown in Fig. 5,c. Here and
next, the most accelerated electrons are red, the most
decelerated are blue, and green are electrons with initial
energy
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Fig. 4. Dependencies of the rate of electron acceleration
on the height of the pillars of a periodic chip-structure.
N=1
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Fig. 5. Spatial and energy distribution of electrons:
before acceleration in a single chip-structure (L = 0)
(@); in the middle (L = 7 um) (b), at the end (L = 14 um)
(c) of the influence of laser radiation on them. L is the

path that head electrons passed along the periodic
structure, H, =1000 nm,N=1

It was also found that the divergence of electrons
of the beam, whose energy was changed in the double
transparent periodic chip-structure, decreases when the
opposite halves of the structure are shifted relative to
each other by half the period (asymmetric double peri-
odic chip-structure) (Fig. 6,a), and fewer electrons de-
posit on the structure. That is, as the energy changes,
part of the electrons will not deposit on the chips, as in
the case of a symmetrical arrangement of the chips
(symmetric double periodic chip-structure) (Fig. 7,a).
The slope of the curve in the region of 600 fs in Fig. 7,b
means that part of the electrons deposits on the periodic
chip-structure as they diverge. The length of these peri-
odic chip-structures was 28 um.
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Fig. 6. Spatial and energy distribution of electrons
between chips of a double asymmetric periodic
chip-structure (a), their deflections (b) and their
presence in the space between its chips (c). L = 28 um,
Hy=300nm,N=1

Thicker lines in Fig. 6,b show the initial deflection
(0 mrad) and energy (33.9 keV) of electrons. As can be
seen from Fig. 6,a,b and Fig. 7,a accelerated and decel-
erated electrons remain more or less collimated, while
electrons with energies close to the initial one diverge. It
was also found that the maximum rate of electron accel-
eration in an asymmetric structure (G = 107 MeV/m
with H;= 300 nm and G = 125 MeV/m with H;=
882 nm) is one and a half times higher than that in a
symmetric structure (G = 65 MeV/m with H, =300 nm

and G = 87 MeV/m with H= 882 nm). This predicted
acceleration rate of electrons with initial energies of
about 30 keV are comparable to those obtained in [6]
(200 MeV/m), but higher than in [5] (25 MeV/m), since
the proposed configuration of periodic chip-structure are
optimized according to geometric parameters. It is im-

portant to consider that if the source of laser radiation
that incidents on electrons from the side of one chip is at
the same geometric distance from the axis of electron
movement as the source of laser radiation that incidents
on electrons from the side of the opposite chip, then the
initial laser radiation of such sources has be opposite in
phase for the case of a symmetric double periodic chip-
structure and one phase for the case of an asymmetric
double periodic chip-structure when other conditions
being equal.
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Fig. 7. Spatial and energy distribution of electrons
between chips of a double symmetrical periodic
chip-structure (a) and their presence in the space
between its chips (b). L= 28 um, H,=300nm,N=1

Computer simulations of the acceleration processes
of electrons moving at a distance of 100 nm (the accel-
eration rate was 53 MeV/m), 150 nm (29 MeV/m),
200 nm (10 MeV/m) and 250 nm (3 MeV/m) over a
single transparent periodic chip-structure with Hg=
100 nm and with N = 1 (see Fig. 3,a) were also carried
out. The acceleration rate decreases as the distance be-
tween the electrons and the chip increases, and at a dis-
tance of more than 250 nm there is no acceleration at
all, which is explained by the attenuation of laser radia-
tion on the periodic chip-structure with a period shorter
than the wavelength.

Finally, computer simulations of laser acceleration
of electrons with the same initial energy in single trans-
parent periodic chip-structures (see Fig. 3,a) with N =1
(Ap = 277.769 nm, the acceleration rate was 53 MeV/m),
with N = 2 (4,= 555.538 nm, acceleration did not occur)
and with N = 3 (4, = 833.307 nm, the acceleration rate
was 24 MeV/m) were carried out.

The main dependences of electron acceleration rates
on the geometry of transparent periodic chip-structures
are correlated with those described in [7, 8, 13].
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3. SIMULATION OF REFLECTIVE
PERIODIC STRUCTURES FOR DLA

Single periodic structures with a gold reflective coat-
ing with rectangular (Fig. 8,a), triangular (Fig. 8,b) and
sinusoidal geometry (Fig. 8,c) were modeled.
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Fig. 8. Single reflective periodic structures for DLA
(4, =277.769 nm): with rectangular (H; = 200 nm) (a);

triangular (H,= 80 nm) (b); sinusoidal geometry
(H; =200 nm) (c)
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Computer simulations of the acceleration processes
of electrons with an initial energy of 33.9 keV in a beam
with an initial length of approximately 1 pm as they
move along periodic structures at an initial distance of
100 nm from them were carried out. The maximum rate
of electron acceleration in a periodic structure with a
rectangular geometry was 125 MeV/m, with a triangular
geometry was 25 MeV/m, and with a sinusoidal geome-
try was 37 MeV/m.

In the case of a single periodic structure, the electron
beam diverges as the energy changes in the plane of the
laser radiation (Fig. 9,a), which leads to the fact that
part of the electrons deposits on the periodic structure,
and the part moves too far from it and stops accelerate,
which will be confirmed by the following simulations.
To improve the quality of the electron beam, it is pro-
posed to create such a periodic reflective chip-structure,
in which laser radiation will irradiate the electron beam
alternately from one side, then from the other. Part of
such a double periodic chip-structure is shown in
Fig. 10, and the quality of the beam of electrons, energy
of which was changed under the influence of laser ra-

diation, is shown in Fig. 9,b,c which show that the beam
remains more or less collimated during acceleration.
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Fig. 9. Spatial and energy distribution of electrons
between chips of single (a), double (b) reflective
periodic chip-structure and their deflections (c).

L=13um H, =200nm,N=1

Thicker lines in Fig. 9,c show the initial deflection
(0 mrad) and energy (33.9 keV) of electrons. It is im-
portant to consider that if the source of laser radiation
that incidents on electrons from one side is at the same
geometric distance from the axis of electron movement
as the source of laser radiation that incidents on elec-
trons from the opposite side, then the initial laser radia-
tion of such sources has to be opposite in phase. The
more often the alternation of the arrangement of the
sections of the structure that affect acceleration occurs,
first on one side, then on the other, the higher the quali-
ty of the beam. But in order for the laser radiation to
pass without significant losses, the width of the gaps in
the parts of the chip-structure located on one side of the
axis of electron movement must be no less than the
wavelength of the radiation. Therefore, in this case, the
alternation occurs every three periods, since the value of
the period of the chip-structure is equal to 277.769 nm,
which is almost three times less than the radiation wave-
length of 800 nm.
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Fig. 10. Part of the dual reflective periodic
chip-structure for DLA that affects acceleration.
Ap = 277.769 nm, H,= 200 nm, N = 1, 2 =800 nm

The maximum rate of electron acceleration in such a
double reflective  periodic  chip-structure  was
160 MeV/m.

Computer simulations of the acceleration processes
of electrons moving at a distance of 100 nm (the maxi-
mum acceleration rate was 125 MeV/m), 200 nm
(21 MeV/m) and 300 nm (5 MeV/m) over a single re-
flective periodic chip-structure with H, =200 nm (see
Fig. 8,a) and N = 1 (expression (1)) were also carried
out. The acceleration rate decreases as the distance be-
tween the electrons and the chip increases, and at a dis-
tance of more than 300 nm, acceleration does not occur
at all, which is explained by the attenuation of laser ra-
diation on the periodic chip-structure with a period
shorter than the wavelength.

Table 2
Maximum rates of laser acceleration of electrons in pe-
riodic chip-structures

Maximum elec- |The total ampli-
A type of periodic | tron acceleration |tude of the elec-
chip-structure |rate (initial energy| tric field of
is 33.9 keV) laser radiation
transparent with
H. =100 nm G = 46 MeV/m E=6GV/m
t
5 ransparent with G =86 MeV/m E=6GV/m
&|H, =1000 nm - -
reflective with _ _
H, =200 nm G =125MeV/m| E=18GV/m
transparent with
H. =300 nm G =107 MeV/m| E=6GV/m
t
3 |transparent with G = 125 MeV/ E=6GV/
B|H, =882nm =125MeVim  E=6GVim
reflective with _ N
H, =200 nm G =160 MeV/m| E=3.6 GV/m

Computer simulations of laser acceleration of elec-
trons with the same initial energy in single reflective
periodic chip-structures (see Fig. 8,a) with N = 1 (4,=
277.769 nm, the maximum acceleration rate was
125 MeV/m), with N = 2 (4, = 555.538 nm, the acceler-
ation rate was 22 MeV/m) and with N= 3 (4, =
833.307 nm, the acceleration rate was 47 MeV/m) were
carried out.

In all simulations of dielectric laser acceleration in
periodic chip-structures with a rectangular profile pre-
sented above, the pillars in them occupied 50% of the
period: Wy/4,= 0.5 (see Fig. 8,a). Computer simulations
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of laser acceleration of electrons with the same initial
energy in single reflective periodic chip-structures with
different pillar widths (W,) (Fig. 11) were carried out.
As can be seen from Fig. 11, the highest acceleration
rate was when the pillars occupied 65...75% of the peri-
od and was approximately 139 MeV/m. A close de-
pendence of electron acceleration efficiency on the rela-
tive width of the pillars was also observed for transpar-
ent periodic chip-structures [13].

»

0 0.1 02 03 04 05 06 07 08 09 1
The relative width of the pillars (W, /4,)

Fig. 11. Dependence of the rate of laser acceleration of
electrons over a single reflective periodic chip-structure
on the width of its pillars. N =1

When other conditions being equal, lower accelera-
tion rates were obtained during simulation of electron
acceleration in reflective periodic chip-structures with
H,#200 nm than during simulation of electron accelera-
tion in reflective periodic chip-structures with
H,=200 nm, calculated using expression (4).

To fabricate the periodic chip-structures described
above, nano-structure manufacturing technologies simi-
lar to the manufacturing technologies of computer mi-
croprocessors are required. For the initial experiments,
it is proposed to use serial diffraction gratings with a
reflective coating, which are manufactured by the
ThorLabs company and which are already available at
the NSC KIPT. As a result of modeling and simulation,
laser electron acceleration was obtained for two reflec-
tive diffraction gratings with a sinusoidal profile
(GH13-36U: acceleration rate was 30 MeV/m, GH13-
18V: 27 MeV/m) and two reflective diffraction gratings
with ruled (triangular) profile (GR13-1205: 16 MeV/m,
GR25-1204: 14 MeV/m). The initial electron energy of
33.9 keV was chosen for our research precisely because
of its correspondence to the period of these diffraction
gratings according to expression (1). The transparent
diffraction gratings (GT13-12 and GTU13-12) available
at our institute did not give an acceleration according to
the results of computer simulation.

CONCLUSIONS

1. Numerical studies of the rate of laser accelera-
tion of non-relativistic electrons and the quality of their
beams after acceleration in reflective periodic chip-
structures were carried out and compared with the simi-
lar studies in transparent periodic chip-structures.

2. The perspective of using reflective periodic chip-
structures is shown. The use of them can provide much
more efficient acceleration of electrons than the use of
transparent chip-structures: the acceleration rate is one
and a half times higher at three times lower intensity of
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laser radiation in the case of single periodic chip-
structures and at one and a half times lower intensity of
laser radiation in the case of double periodic chip-
structures (Table 2). At the same time, the degree of
collimation of beams of accelerated electrons is higher
during acceleration in double reflective periodic chip-
structure (see Fig.9,c) than in transparent one (see
Fig. 6,b).

3. The possibility of using serial reflective diffrac-
tion gratings for DLA is shown, since they can provide
electron acceleration rates (30 MeV/m) sufficient for
registration and practical use.
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HOPIBHSUIBHUI AHAJII3 PE3YJIbTATIB CUMYJIAII JIEJTEKTPUYHOI'O JIASEPHOI'O
IMPUCKOPEHHSA HEPEJIATUBICTCBKHUX EJJEKTPOHIB Y IPO30OPUX I JI3EPKAJIBHUX
HEPIOANYHUX CTPYKTYPAX

IL.B. besnocenko, A.B. Bacunwves, I.B. Comnixos, I.0. Kpueonocos

ITpoBeneHi dncenbHI JOCTIIKEHHS JIa3epHOTO MPHUCKOPEHHS EJeKTPOHIB 3 MOYaTKoBOw eHeprieto 33,9 keB y
MPO30pHX 1 A3epKaATBHUX MEPIOANIHAX CTPYKTypax. Ha ocHOBI koM rotepHux cumyisiaii DLA Bu3HadeHi Ta mo-
PIBHSIHI TEMITM NPUCKOPEHHS €JIEKTPOHIB 1 SKICTh IX ITyUKiB ITiCJISI IPUCKOPEHHS! B KOMITAKTHUX CTPYKTypax pi3HOl
KOH(irypaii. 3anporIoHOBaHI MEPCHEKTUBHI CXEMH ITPUCKOPEHHS, 30KpeMa 3 JA3epKaJIbHUMH NEPIOANIHUMH CTPYK-
TypaMmH, sSIKi MOXYTb 3a0€311€UNTH BHUIL TEMITH NIPUCKOPEHHS SJICKTPOHIB y MEPIOMIHNX CTPYKTYpax, HIK y MPOBe-

JICHHUX PaHIIIe TOCTIKCHHSX.
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