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Dielectric laser accelerators (DLAs) are considered promising candidates for on-chip particle accelerators that can
achieve high acceleration gradients. This study explores various combinations of dielectric materials and accelerated struc-
tures based on the inverse Cherenkov effect. The designs utilize conventional processing methods and laser parameters
currently in use. We optimize the structural model to enhance the gradient of acceleration and the electron energy gain.
To achieve higher acceleration gradients and energy gains, the selection of materials and structures should be based on the
initial electron energy. Furthermore, we observed that the variation of the acceleration gradient of the material is different
at different initial electron energies. These findings suggest that on-chip accelerators are feasible with the help of these

structures and materials.

Keywords: dielectric laser accelerator, high gradient accelerator, inverse Cherenkov effect, accelerated struc-

ture and material
PACS: 41.75.Jv, 41.20.Jb, 42.25.—p, 41.20.—q

1. Introduction

Particle accelerators have been used for a variety of pur-
poses beyond basic research since their invention in the 20th
century.[l:?] They have been instrumental in advancing many
fields including material science, solid state physics, biol-
ogy, chemistry, geology, and archaeology, as well as indus-
trial, agricultural, and medical applications. However, tradi-
tional radio-frequency (RF) accelerators are often large, heavy,
and expensive due to the low breakdown threshold of metal-
lic structures and power limitations of microwave sources.>6!
This has led researchers to explore more affordable and com-
pact accelerating solutions.!”~13]

One such solution is the dielectric laser accelerators
(DLAs), which is based on laser-dielectric material interac-
tion and has attracted increasing interest in recent years.[4-20]
DLAs can achieve acceleration gradients exceeding 1 GV/m,
which is significantly higher than those in conventional

accelerators. [21-23

11t has the potential to revolutionize electron
microscopes, colliders, and attosecond particle, and radiation
sources.?*2%1 Tn DLAs, particles (usually electrons) can be
accelerated by designing dielectric materials to modulate the

incident laser. Thus, an important research direction is select-
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ing materials and designing structures for laser modulation in
DLAs.

The current DL As is mainly based on the inverse Smith—
Persell effect (ISP-DLAs), and there are many accelerated
structures based on this theory, such as various common grat-
ing or photonic crystal accelerated structures.!?’~2") However,
in the current research, ISP-DLASs has encountered some chal-
lenges. For instance, the accelerated structures need to be
prepared by advanced micro and nano processing techniques;
they also need to be fabricated using dielectric materials with
high laser damage threshold, usually SiO,, due to its mature
micro and nano processing means. At the same time, mate-
rials such as Al,O3, which have higher laser damage thresh-
old but cannot be micro-nano-processed, cannot be applied.
Furthermore, the laser damage threshold of the micro-nano-
processed structures will be reduced, which will further limit
the acceleration gradient. Additionally, long-range accelera-
tion faces many problems, such as phase matching, energy
utilization efficiency, and the need for laser pulse front tilting
techniques. To address these challenges, researchers have pro-
posed an alternative approach based on the inverse Cherenkov
effect ICA-DLAs). However, the current ICA-DLAs is still in
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its infancy, with relatively few structures and materials used, a
lack of optimization studies on structures, and the need to ex-
plore other materials with high laser damage thresholds.[39-34]

Our study proposes several dielectric laser accelerator
(DLASs) structures based on the inverse Cherenkov effect, and
we compare four materials using simulations. Our designs are
experimentally feasible and enhance the acceleration gradi-
ent and energy gain compared to earlier [CA-DLAs structures.
They are suitable for accelerating electrons from sub-relativity
to the relativistic state. These structures are also straightfor-
ward and require less processing, making it possible to use a
wider range of materials compared to ISP-DLAs structures. [*7]
Our research findings will contribute to future studies on com-
pact accelerators, and researchers can leverage these structures

and materials to achieve larger acceleration gradients.

2. Accelerator simulation design

Figure 1 illustrates the three primary structures analyzed
in this study. The structures are designed with two laser
beams that strike the prism’s surface vertically and simulta-
neously from both sides, while the electron beam advances
along the x axis in a vacuum channel. Structure A, depicted in
Fig. 1(a), employs a dielectric prism with an inverted right tri-
angle cross-section. Structure B, illustrated in Fig. 1(b), uses a
prism with a right triangular cross-section. Structure C, shown
in Fig. 1(c), has a parallelogram cross-section. Figure 1(d) de-
picts the correspondence of the three structures. The length of
the bottom edge of all three structures is L, the angle between
the left beveled edge and the bottom edge is ¢, and the an-
gles between the right beveled edge and the bottom edge are
01, 6;, and 03, respectively. The angles satisfy the relations
0, =n/2—a, 6 =n/2, and 6; = T — . As a result, the
structures under the structure A evolved into structures B and
C, respectively.

To investigate the acceleration of electrons, two-
dimensional three-velocity (2D3V) simulations based on
finite-element-method (FEM) and particle-in-cell (PIC) algo-
rithms were employed. The electric field strength was set
to Ey = 6 GV/m, and the laser wavelength was selected as
800 nm, which is the most widely wavelength for DLAs stud-
ies. In the simulation, continuous-wave (CW) mode was em-
ployed. The vacuum channel had a length of L = 104 and
a width of C = A /4, which was suggested in a prior DLAs
study.!?”-28] The angle o was given by o = arcsin(1/nf3). The
initial kinetic energy of the electrons injected in the simula-
tions spanned from 300 keV to 1000 keV, and 8 was the rel-
ativistic velocity corresponding to the energy. This energy in-
terval was chosen because after higher than 1000 keV, 8 does
not change much and therefore the structure does not change
much; while below 300 keV, the corresponding pinch angle

« for some materials is too high and basically unsuitable for
acceleration. The monoenergetic electron beam’s charge was
approximately 10.7 fC, and there was no initial energy spread.
With a spatially KV distribution, the initial longitudinal beam
length equates to 0.27 fs and the initial transverse dimension
was 0.16 um. The KV distribution placed particles uniformly
in phase space. The distance between particles was roughly
the same throughout the beam. The initial normalized emit-
tance was 10 pm - rad. Four materials were used in this study,
and the material refractive indices used in the simulations were
divided into nsjo, = 1.45, naj,0, = 1.76, ny,0, = 1.91, and
nzno, = 2.14.1357381
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Fig. 1. Schematic diagrams of the cross sections of the three main struc-
tures studied and comparisons. In (a)—(c), the dielectric structure is depicted
in green, the vacuum channel that accelerates electrons within the dielectric
structure is depicted in orange, and the laser is depicted in red. Structure A
has a right triangle with its cross section flipped, while structure B has a stan-
dard right triangle. Structure C has a parallelogram. The comparison of the
three individual structures is shown in panel (d), where dark blue designating
structure A, light blue designating the portion added to structure B relative
to structure A, and blue—green designating the portion added to structure C
relative to structure B.

3. Simulation results and discussion

Figure 2(a) illustrates how the acceleration gradient
changes as electron energy changes for various materials and
structural configurations. First, for all three configurations of
the four materials, the acceleration gradient rises as electron
energy rises. This is because when the electron energy in-
creases, the structural pinch angle reduces, and earlier studies
have shown that the pinch angle may be decreased to enhance
the acceleration gradient.3%3134 Second, with Gg ~ G¢ >
G4, the acceleration gradients of the B and C structures are
comparable and both are higher than the acceleration gradient
of the A structure.

094101-2
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Fig. 2. (a) After the combination of four materials and three structures,
the acceleration gradient varies depending on the energy of the input elec-
tron in each scenario. Structures A, B, and C are represented by the hues
dark green, vivid blue, and red, respectively. The horizontal transverse
stripe, oblique down-left stripe, oblique down-right stripe, and unshaded
pattern all stand for SiO,, Al,O3, Y203, and ZrO,, respectively. (b) The
results of the accelerated gradients of the best materials utilizing Y,03
and Al,Os, respectively, with the combination of B structures at each in-
terval. The accelerated gradients of the combination of A and B structures
of SiO, materials. SiO; and structure A’s acceleration gradient is repre-
sented by the color orange, SiO; and structure B’s acceleration gradient
is represented by the color light green, and the acceleration gradient for
the best material and structure B is represented by the color purple with
a square pattern. The improvement of the SiO, and structure B combina-
tion over the SiO; and structure A combination is shown by the black line
with a square in it. The improvement of the best material and structure B
combination is depicted by the red line with the triangle in it.

This is due to the disordered electric field caused by struc-
ture A’s left-side boundary effect and the existence of 0; (acute
angle). Structure A is the same as the left side of structure B
and structure C. The problem of structure A arises from the
difference in the right side. First, because the right side of
structure A is downward slanted to the left, resulting in the
laser on the bottom surface being fully reflected back to the
slant, part of the laser will be reflected back to the bottom sur-
face, and the electric field on the bottom surface superposes,
affecting the amplitude and phase of the accelerating field on
the bottom surface, thus affecting the acceleration of electrons;
second, the right side of structure A has a sharp acute angle,
which will lead to field disorder in the vicinity of this acute
angle. In addition, in the actual process, the sharp angle con-
figuration will increase processing difficulty, and the enhanced
field here will make the medium easier to be penetrated by the
electric field, meaning that the actual acceleration of the laser

intensity will be lower in structure A compared to structure B.

Furthermore, there is not much of a difference between struc-
tures B and C, in some cases, structure B may even be better.
This suggests that structure B, which has a smaller structure
and an easier-to-process form, can address some of the issues
with structure A.

The effect of material on the acceleration gradient is com-
pared for all the same structures. SiO, has a smaller acceler-
ation gradient than the other three materials. At lower energy
(300 keV-600 keV), Gy,0, > Gz0, > Gal,0,, and at higher
energy (700 keV-1000 keV), Gal,0, > Gy,0;, > Gz0,. These
variations result from the fact that, as the refractive index in-
creases, the angle decreases, making it possible to raise the
ratio of the dielectric electric field strength to the accelerated
electric field strength in the vacuum channel. However, as the
refractive index increases, the transmittance decreases and the
electric field strength in the dielectric decreases, resulting in a
decrease in the electric field strength in the vacuum channel.
Therefore, greater refractive indexes are not necessarily bet-
ter, and models and calculations must be used to determine the
ideal dielectric material. To obtain the maximum acceleration
gradient, the appropriate dielectric material must be chosen
based on the size of the electron energy.

The enhancement of the acceleration gradient is improved
under structures B and C made of different materials in com-
parison to that under structure A made of corresponding ma-
terial. The acceleration gradient can be raised for all materials
by changing the structure, but for SiO, materials, especially
at 300 keV, where the large pinch angle is present, the ac-
celeration gradient can be raised to the greatest extent. The
results of the combination of the best material (using Y03
or Al,O3, respectively) with the B structure at each interval
are shown in Fig. 2(b), along with the acceleration gradients
based on the combination of the A and B structures of SiO,
material. Additionally, it displays the gradients of acceleration
for the combinations of SiO, and structure A as a benchmark,
Si0; and structure B, and optimum material and structure B,
respectively. SiO; and the structure A are the material and
structure most frequently employed. The acceleration gradi-
ent can be increased by up to 41.6% with the combination of
the best material and the structure B, or an acceleration gra-
dient of 4.6 GeV/m, while the least enhancement is 11.7%,
or an acceleration gradient of 6.3 GeV/m. Meanwhile, an im-
provement of up to 7.6% and a minimum of 5.2% can be made
even without changing the material by switching the structure
to a B structure. In addition, SiO; has no advantage over other
materials in terms of acceleration, but it is a common DLAs
material, due to the fact that materials such as Al,O3 cannot
be finely processed as SiO,. All three structures compared in
this article do not require fine processing, thus contributing to
the study of DLAs and also giving these materials the oppor-
tunity to be used in scenarios.
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Fig. 3. (a) Schematic diagram of structure D. The original structure D is shown in light blue, while the portion of structure B that was destroyed is shown
in dark blue. Figure 1-like whole accelerated design concept is depicted in the drawing attached; (b) The variation in incident electron energy and how it
affected the acceleration gradient for each of the four materials and combinations of the two structures. Structure B and structure D are represented by the
vivid blue and earthy yellow hues, respectively. The filling designs match the materials as seen in Fig. 2(b). (c) The results of the accelerated gradients of the
best materials utilizing Y,03 and Al,O3, respectively, with the combination of D structures at each interval. The accelerated gradients of the combination
of A and D structures of SiO, materials. SiO, and structure A’s acceleration gradient is represented by the color orange, SiO; and structure D’s acceleration
gradient is represented by the color bright yellow, and the acceleration gradient for the best material and structure D is represented by the color the blue
stripe. The improvement of the SiO; and structure D combination over the SiO; and structure A combination is shown by the black line with a square in it.
The improvement of the best material and structure D combination is depicted by the blue line with the circle in it; (d) The left and right diagrams show the

schematic diagrams of structure E and structure F, respectively.

Additionally, the upgraded structure using the structure B
as the fundamental model was also researched for comparison
because of its superiority over the other two structures. The
three structures shown in Figs. 3(a) and 3(d) provide the best
results. Structure D is based on structure B in Fig. 3(a). Only
two incident laser wavelength lengths are present on the right
vertical side, and similarly to how structure A was handled, a
vertical line is drawn on the opposite side. These two incident
laser wavelength lengths were used because, following exten-
sive simulation optimization, this was the best outcome. The
right side of the left side structure E in Fig. 3(d) is treated by
circularizing it, with the radius being equal to the length L of
the bottom edge and the center being the vertex of the angle.
The right-hand structure F in Fig. 3(d) is a symmetric struc-
ture with both the beveled edge and the lower bottom edge
L. The right-hand vertical edge is the same length as the up-
per bottom edge, and both sides are perpendicular to the lower
bottom edge and the beveled edge, respectively.

The accelerated gradient results for the four materials in

the structure D are shown in Fig. 3(b). The acceleration gra-
dient of the structure D is stronger than that of the structure
B, and the difference caused by the material is also consistent
with Fig. 2. Using the combination of SiO, and structure A
as a benchmark, figure 3(c) illustrates the enhanced magni-
tude of the combination of SiO; and structure D as well as the
combination the of optimum material and D structure. The re-
sults show that the highest acceleration gradient enhancement,
which corresponds to an acceleration gradient of 4.69 GeV/m,
can be reached by the combination of the optimal material and
D structure. The lowest acceleration gradient enhancement
corresponds to an acceleration gradient of 6.40 GeV/m. While
maintaining the same material, replacing the structure with a
D structure can result in an enhancement of up to 11.3% and
as little as 8.5%.

4. Conclusion and perspectives

In summary, this article investigates six structures and
four materials for use in dielectric laser acceleration based on
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the inverse Cherenkov effect in the energy range from 300 keV
(subrelativity) to 1000 keV (relativity). The investigation re-
veals that the structure with the largest average acceleration
gradient among them is the combination of optimum material
and D structure. This study also provides the best among the
four materials for various initial electron energies, which can
serve as a foundation for choosing materials for subsequent
laser dielectric acceleration investigations. Furthermore, this
study demonstrates that by utilizing the ideal mixture of ma-
terials and structures, larger acceleration gradients and energy
gains can be obtained. These findings will serve as a start-
ing point for future research on-chip accelerator structures in
subrelativity to relativity acceleration.
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