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The results of numerical studies of accelerating gradients in accelerators based on dielectric chip structures with
different refractive indices, excited by a titanium-sapphire laser pulse, are presented. A comparative analysis of the
influence of the refractive index on the rate of acceleration of electron bunches is carried out. Promising materials
for the manufacture of dielectric laser accelerators are proposed.
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INTRODUCTION

Particle accelerators are an important tool in basic
scientific research, industry and medicine. Traditional
RF accelerators are often expensive and too large,
which hinders their to be widespread, and their accelera-
tion gradients are limited by the low breakdown thresh-
old of the materials used and are usually equal to
20...30 MeV/m. In this regard, it became necessary to
develop more compact and cheaper accelerators, which,
in this case, would provide greater efficiency. One of
such options is the concept of dielectric wakefield ac-
celerators driven by a long sequence of electron bunches
[1]. Another proposed by us turned out to be dielectric
laser accelerators (DLA) based on chip structures,
which will be considered in this work.

The dielectric structures used in such accelerators
have a high damage threshold when operating in the
optical range. Dielectrics have higher gradients due to
the fact that they withstand fields exceeding 1 GV/m
[2]. Due to advanced nanomanufacturing techniques, it
has become possible to create precise and low-cost
nanostructures from a variety of dielectric materials. In
addition, they are transparent to the operating wave-
lengths of high-power and commercially available
femtosecond laser systems. Thus, DLAs exhibit larger
acceleration gradients than RF accelerators, are smaller
and less expensive.

1. ACCELERATION GRADIENT

Following [2] give the expression for the accelera-
tion gradient depending on the refractive index. To
quantify DLA efficiency, an indicator such as the accel-
eration gradient G is used, which is usually written as:

1 Ay
G, = ) f E, (2(t),t)dz , (1)

where Aq is the grating period of the structure, z is the
direction of propagation of electrons, E,(z(t), t) is the
longitudinal electric field. The acceleration gradient
shows the electron energy gain per unit length and is
usually measured in MeV/m.

Two other important indicators are:

1. The acceleration factor fa:

fa=—2%, )
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where E, is the input electric field inside the structure
after Fresnel reflection at the interface between the two
media. The acceleration coefficient is a dimensionless
quantity that shows the efficiency of converting an inci-
dent electric field into an acceleration gradient.

2. The field enhancement factor #:

n=—1%, ®)

where Enax iS the maximum electric field in the struc-
ture. This coefficient determines the ability of the struc-
ture to enhance the input field.
From equation:
1 1 E,
EEOE'Z =§£OgrE02:>E0 =%. (4)
where E;, is the input electric field outside the struc-

ture, n = ,/g, is the refractive index of the material; it
follows that the acceleration gradient can be written as:

2F
Gacc — 77 fA Einc — 77 1:A inc , (5)
n n \9‘ C&,T,

where Fiqc is the power density of laser radiation, gz, is
the pulse duration.

In Section 5, we will compare Egs. (4) and (5) with
the results of numerical simulation.

2. MATERIAL SELECTION CRITERIA

The material of the structure is an important compo-
nent of the DLA and therefore some criteria should be
followed when choosing it:

1. Transparency. The dielectric material must be
transparent in the selected region of the laser spectrum.
This is necessary to transfer maximum power to the
accelerator and reduce material heating. Most dielectric
materials are transparent to infrared radiation, so this
criterion is not essential for the creation of DLA.

2. Laser-induced damage threshold (LIDT). From
Egn. (5) it follows that the acceleration gradient is pro-
portional to the square root of the laser pulse power and,
therefore, the maximum acceleration gradient is limited
by the breakdown of the dielectric material. Thus, to
obtain large acceleration gradients, materials should be
used that will withstand high electric field strengths. It
should also be taken into account that grating structures
will be less durable than the bulk material [3].
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3. Refractive index. DLA is an optical phase mask
that modulates the amplitude and phase shift of electro-
magnetic waves when laser radiation is incident on the
chip structure. Higher refractive indices give greater
limiting of the electric field and create greater phase
contrast.

It should be noted that since DLA operates in the re-
verse mode of Cherenkov radiation, for greater energy
modulation, it is necessary to adhere to the rule that the
electron velocity gc should be greater than the phase
velocity of light in the material c/n, which means
n>1/p.

4. Simplicity of production. One of the conditions for
synchronization between the first spatial harmonic and
the electron bunch is that the period of the
electrodynamic structure of the accelerator must satisfy
the relation A, = A [4], where 1 is the wavelength of

laser radiation. That is, the grating period of the chip
structure must be equal to the operating wavelength for
relativistic electrons. Moreover, the production of such
structures should be relatively quick and cheap.

5. Resistance to radiation of relativistic electrons.
Materials such as Fused Silica, YAG, Lithium niobate
and Sapphire are not damaged by relativistic electrons,
while borosilicate glass (BK7) is.

3. MATERIALS OVERVIEW

Fused Silica was used in the first DLA demonstra-
tions [2, 5]. The material has a relatively high LIDT —
2.1J/cm? (at a wavelength 800 nm, with a pulse dura-
tion of 30fs [6]), and the methods of producing
nanostructures from it are well studied [7 - 10]. In addi-
tion, as mentioned above, Fused Silica is resistant to
electrons. One of the disadvantages of Fused Silica is its
low refractive index 1.45.

Recently, the production of DLA from Sapphire and
Gallium Oxide has been demonstrated [11]. Both mate-
rials outperform Fused Silica in terms of LIDT and re-
fractive index. Sapphire has a LIDT of 11 J/icm?
(800 nm, 100 fs) [12] and a refractive index of 1.76.
Gallium Oxide has, respectively, 2.6 Jlcm? (760 nm,
9 fs) and a refractive index of 1.9 [13]. The main disad-
vantage of these materials is the complexity of manufac-
turing chip structures from them.

One of the materials mentioned that can withstand
the high energies of relativistic electrons is Lithium nio-
bate. This material is also interesting because it has the
highest refractive index among those considered in this
work, it is equal to 2.26. However, its LIDT is lower
than that of the previous two materials, it is equal to
2.0 J/cm?® [14].

The last material reviewed is the commercially
available BK7 optical glass. In terms of refractive index,
it is close to Fused Silica, it is equal to 1.51. But it has
the lowest LIDT, only 2.55 J/cm? (760 nm, 200 fs) [15].
At the same time, as already noted, BK7 is destroyed by
the radiation of relativistic electrons. Nevertheless, such
material can be used in research in a number of cases,
due to its availability.

Based on the works [16 - 18], for clarity, we intro-
duce an equation for approximating the available data of
LIDT of materials and reduce all values to the parame-
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ters of laser radiation equal to 800 nm wavelength and
120 fs pulse duration:

LIDT(4,,7,) ~ LlDT(zl,rl)x%xF, (6)

where 1, and 7; are the wavelength and duration of the
pulse for the known LIDT, A, and 7, are the values of
the determined LIDT (in our case, 800 nm and 120 fs).

All of these materials are transparent for a wave-
length of 800 nm and have a low absorption index
(~10®...107) [19 - 24]. For this reason, dielectric losses
were not taken into account in the simulation.

The materials considered and their parameters are
shown in Table 1.

Table 1
DLA materials and their characteristics:
. LIDT Approx. Refractive | Trans-
Material 2 LIDT . .
(J/em?) (2lemd) index, n | mittance
Fused |, 4, 4.20 1.45 0.90
Silica
BK7 2.55 2.07 1.51 0.90
Sapphire | 11.00 12.05 1.76 0.85
Gallium |, ¢ 9.99 1.90 0.80
oxide
Lithium |5 55 | 343 2.26 0.75
niobate

4. SIMULATION AND RESULTS

We used the particle-in-cell method to simulate
DLA. A structure with a single grating was irradiated
perpendicularly for transmission with a Gaussian pulse.
The electron source was located at a height A/2 above
the surface of the structure and emitted one electron
bunch. The parameters of the chip structure, Gaussian
pulse, and electron bunch are given in Table 2.

Table 2
Parameters of the chip structure, Gaussian pulse,
and electron bunch used in the numerical simulation

Chip structure
Period, A4 800 nm
Pillars height, h 400 nm
Grooves width, w 400 nm
Gaussian pulse
Center wavelength, 1 800 nm
Pulse duration, z, 120 fs
Beam waist, w, 14 um
Electric field intensity, Ej,. 1GV/m
Electron bunch
Bunch width 100 nm
Electron energy 50 MeV
Bunch length 0.35fs

From the previously investigated profiles of chip
structures [25], the profile of the “grooves” type was
chosen as the main one for this work. The geometric
image of the profile is shown in Fig. 1. Numerical mod-
eling was carried out for all materials listed in Table 1.
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Fig. 1. Geometric image of profile of the used structure

Fig. 2 shows energy gain of the electrons depending
on the longitudinal coordinate of electron propagation z
for different materials of chip structures. The figure
shows that energy gain is proportional to the refractive
index of the material.
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Fig. 2. Energy gain of the electrons for different
materials of the accelerator

Fig. 3,a-c show the dependence of the electric field
strength along the z coordinate (accelerating channel).
The blue curve indicates the distribution of the electric
field at the time of the maximum intensity of the accel-
erating field when the electron is above the pillars of the
chip structure, the red curve indicates the distribution of
the field strength after half the optical period, during
which the electron passes half the grating period and
will be above the grooves. With an increase in the re-

Fused Silica

fractive index, the difference in intensity decreases.
Thus, in the case of Fused Silica, although electrons
experience a stronger accelerating field, they also expe-
rience a strong decelerating field after a time equal to
the phase change in the A/2 interval. Whereas for Lithi-
um niobate, due to the higher refractive index, the am-
plitude of the fields in the channel is less [see egs. (4)
and (5)], but the electron is in the accelerating phase
throughout the entire path. As a result, Lithium niobate
gives greater acceleration and a smoother curve in Fig. 2
(compared to Fused Silica curve). It follows from this
that a more uniform electric field acts on the electron.
Fig. 3,b shows an intermediate case that corresponds to
the average refractive index of the selected materials
(for Sapphire). In this case, the maximum intensity of
the accelerating field is less than for the case with Fused
Silica. However, when the phase changes by 4/2, the
electron is still affected by the decelerating field, which
is why the total acceleration gradient is lower than for
the case with Lithium niobate.

Fig. 3,d-f show the distribution of the longitudinal
electric field at the moment of maximum intensity at the
height of the flight of electrons. Red color corresponds
to the accelerating field, blue one to the decelerating.
The presented figures clearly show how the refractive
index of the structure affects the formation of the longi-
tudinal accelerating component of the electric field in
space. In Fig. 3,d field has a more uniform distribution
throughout the entire flight of electrons. It can be seen
that for materials with a higher refractive index
(Fig. 3,e,f), the field modulation becomes more pro-
nounced. When the wave phase changes in the /2 in-
terval, the field will change to a decelerating one and
the electrons located above the grooves will be affected
by the decelerating field, the stronger the lower the re-
fractive index of the material. Consequently, the most
advantageous in this case will be a material that, due to
its refractive index, makes it possible to change the field
to an accelerating one.
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Fig. 3. Electric field intensity along the propagation of electrons for various materials (a-c);
distribution of electric fields formed by the chip structure in accordance with a-c (d-f).
The dotted line indicates the height of the flight of electrons 4/2

Table 3 shows the acceleration gradients obtained at
modeling for various materials, as well as the ratio of
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refractive indices and acceleration gradients with those
of Fused Silica, the main material used in DLA.
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Table 3
Refractive indices and acceleration gradients of various
materials, and the ratio of these parameters to those
of Fused Silica

Refrac- |Acceleration Fys'ed Fys_ed
. . . Silica Silica
Material tive gradient, ; .
index | (MeV/m) _refractlv_e grad!ent
index ratio| ratio
Fused |4 45 73.7 1.00 1.00
Silica
BK7 151 92.5 1.04 1.26
Sapphire 1.76 102.9 1.21 1.40
Gallum | g5 | 1933 131 1.54
oxide
Lithium |, )¢ 140.4 1.56 1.91
niobate

Simulation results and material characterization in-
dicate that Sapphire, Gallium oxide and Lithium niobate
are promising candidates as primary materials for DLA
research.

CONCLUSIONS

In this paper, various criteria that are desirable to
consider when choosing a material for DLA were de-
scribed, and materials common in research were consid-
ered, as well as those that have more preferred charac-
teristics.

Simulation of the acceleration of electrons was car-
ried out using the considered materials as the material of
the dielectric structure.

The results obtained showed the increase of the en-
ergy gain of the accelerated electron bunch with an in-
crease in the refractive index. At the same time, as fol-
lows from expressions (4) and (5), the amplitude of the
longitudinal electric field decreases with an increase in
the refractive index. But the integral effect during the
motion of the accelerated bunch along the structure con-
sists in an increase in its energy gain, since for half the
period of the structure, the bunch is in a weaker deceler-
ating field with an increase in the refractive index.
Moreover, for some materials, the bunch can be in the
accelerating phase throughout the entire period of the
structure, which can lead to an even greater energy gain.

Sapphire, Gallium oxide and Lithium niobate have
been identified as promising materials for future DLA
research.
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CPABHUTEJIbHBIN AHAJIN3 TPAIJMEHTOB YCKOPEHUA JIJISAA YUIT-CTPYKTYP
C PA3JIMYHBIMU NOKA3ATEJIAMU NPEJTOMJIEHUSA

A.B. Bacunves, A.O. bonvuwios, 0O.A. Ceucmynos, A.H. Iloeposun, B.11. 3aiiyes, B.I1. /Ilewjenko, I.B. Comnukos

[IpencraBneHsl pe3yIbTaThl YUCICHHBIX NCCIEIOBAHMN YCKOPSIONMX IPAANCHTOB B YCKOPUTENAX HAa OCHOBE JH-
anektpuaecknx UYNII-cTpyKTyp ¢ pa3muuHBIMK MOKA3aTeIsIMU TPEIOMIICHHS, BO30YKIaEMBIX THTaH-CAl(UPOBBIM
Ja3epHBIM UMITYJIbCOM. [IpoBeNieH CpaBHUTENBHBIN aHAIN3 BIMSHUS MOKa3aTelsl IIPEIOMIICHHSI Ha TEMI YCKOPEHUS
3JIEKTPOHHBIX CTYCTKOB. IIpeo)keHbl MepCHeKTUBHBIE MAaTEPHANbl U H3TOTOBIICHUS ANAIIEKTPHIECKUX JTa3€PHBIX
YCKOpUTENIEH.

HOPIBHSUIBHUM AHAJII3 TPAJIIEHTIB IPUCKOPEHHS JIJ151 YIII-CTPYKTYP 3 PI3HUMHU
INOKA3HNUKAMM 3AJIOMJIEHHSA

A.B. Bacunwves, 0.0. Boavuwios, 0.0. Ceéicmynos, A.1. Iloepo3sin, B.1I1. 3aiiyes, B.I1. /lewenxo, I.B. Comnixog

[pencraBneHi pe3ynbTaTH YHCETBHUX TOCIIKEHb NPUCKOPIOIOYHX I'PaJi€HTIB y MPUCKOPIOBaYaX HA OCHOBI Ji-
enexkTpuuHux YIII-cTpykTyp 3 pi3HUMH NOKa3HMKAMH 3aJIOMJICHHS, 30yIDKYBaHUX THTaH-CandipoBUM Ja3epHUM
immysiscoM. [IpoBeieHo MOPIBHSIBHUI aHa3 BIUTMBY TOKa3HUKA 3aJIOMJICHHS HA TEMII IPUCKOPEHHS €JIEKTPOHHUX
3ryCTKIB. 3alIpOIIOHOBAHO TEPCIIEKTUBHI MaTepialy JJisi BUTOTOBJICHHS JIIeIEKTPUYHUX Ja3ePHUX IPHCKOPIOBAYIiB.
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