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We present a first on-chip positron accelerator based on dielectric laser acceleration. This innovative approach signif-
icantly reduces the physical dimensions of the positron acceleration apparatus, enhancing its feasibility for diverse applica-
tions. By utilizing a stacked acceleration structure and far-infrared laser technology, we are able to achieve a seven-stage
acceleration structure that surpasses the distance and energy gain of using the previous dielectric laser acceleration meth-
ods. Additionally, we are able to compress the positron beam to an ultrafast sub-femtosecond scale during the acceleration
process, compared with the traditional methods, the positron beam is compressed to a greater extent. We also demonstrate
the robustness of the stacked acceleration structure through the successful acceleration of the positron beam.

Keywords: dielectric laser accelerator, positron accelerator, high gradient accelerator, inverse Cherenkov ef-

fect
PACS: 41.75.Jv, 41.20.Jb, 42.25.—p, 41.20.—q

1. Introduction

Positron accelerators have shown promising in a wide
range of applications in spanning multi-scientific domains. On
the one hand, high-energy positron beams have been used in
several research fields. In the field of physics, high-energy
positron-electron collisions provide an ideal platform to study
the Higgs boson precisely and potentially discover physics be-
yond the Standard Model.['?! In medical imaging, positron
accelerators are used to create positron emission tomography
(PET) scans, which aid in the diagnosis and monitoring of dis-
eases like cancer.!*¥ Nuclear physicists employ positron ac-
celerators to study the structure of atomic nuclei and proper-
ties of nuclear matter,>-%! while scientists utilize them to ex-
amine the structure and properties of materials.!”-8! On the
other hand, the generation of sub-femtosecond bunches of
energetic electrons and positrons offers significant potential
from ultrafast physics to novel radiation sources.’) However,
They
tend to be large, expensive, and have a threshold for metal

traditional RF particle accelerators have limitations.

breakdown, while their power and frequency are constrained
by microwave sources.!!%13 Otherwise, during the process
of laser-accelerating positrons, the temporal duration of the
positron beam tends to retain that of the electron beam, typ-
ically governed by the width of the laser pulse. Achieving a
sub-femtosecond level is difficult.['4!7] These difficulties re-
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strict the applications of accelerators, which has led to research
and competition among new acceleration schemes.

Several schemes for developing miniature or desktop par-
ticle accelerators have emerged in recent years.!'®2!1 Among
them, dielectric laser acceleration (DLA) mechanisms have
garnered increasing attention for their potential to facilitate the
development of on-chip microscopic accelerators. Notably,
two pivotal concepts within DLA have emerged: the inverse
Smith—Purcell effect laser dielectric acceleration'?>~?7! and the
inverse Cherenkov effect laser dielectric acceleration.28-3%
These concepts have been studied since the 1960s, not long
after the invention of lasers, and have shown great promise as
viable acceleration methods.

The stacked acceleration structure, which is based on the
inverse Cherenkov effect laser dielectric acceleration princi-
ple, represents a novel design scheme that enables the cascade
acceleration of low-energy positrons. This design eliminates
the need for laser front tilting techniques and multiple lasers,
which can be challenging to couple.!?-331 Additionally, the
stacked structure facilitates higher acceleration gradients and
energy gains, with no theoretical upper limit on acceleration
energy. 32! Furthermore, the modular nature of this structure
allows for additional configuration flexibility to meet the spe-
cific requirements of different applications.!*?! In this article,
we report the successful achievement of the first laser dielec-
tric acceleration of positrons through the inverse Cherenkov

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

034101-1


https://doi.org/10.1088/1674-1056/ad188e
mailto:binsun97@mail.ustc.edu.cn
mailto:zhaozongqing99@caep.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 034101 (2024)

effect. The stacked acceleration structure is utilized to achieve
high-gradient long-range acceleration and to produce a sub-
femtosecond ultrafast positron beam, with the added benefit
of beam quality modulation. This stacked positron accelerator
represents a model for future chip-based positron accelerators.

2. Accelerator simulation design

In this study, a two-dimensional numerical simulation
was performed using the finite element method (FEM) and
particle-in-cell (PIC) algorithm. The structure of the simu-
lation, as depicted in Fig. 1, consists of a prism with a base
angle a set to 30°, the laser is incident on a dielectric prism
perpendicular to surface A. An evanescent wave is generated
at surface B. This wave propagates forward along the surface
in the x-direction with a velocity vy, = ¢/(n-sina), where o
is the angle between the hypotenuse and the bottom edge, c is
the speed of light in vacuum, and » is the refractive index of
the prism. As the positron moves through the vacuum channel
below surface B, either the Cherenkov effect or its inverse can
occur, with the occurrence of the different effects depending
on the phase in which the positron is located. In addition, if the
positron is to be able to continuously undergo an effect such as
acceleration by the inverse Cherenkov effect, then the positron
velocity must be made to satisfy v, = vy, = ¢/(n - sin o) within
a certain range. However, as the positron energy increases, the
above problem is no longer satisfied. To solve it, we propose
the idea of a stacked structure by changing the refractive in-
dex magnitude of each dielectric layer so that v, = vy, can be
basically satisfied. In addition, since the structure is closely
arranged in layers, the length and refractive index of the sub-
sequent layers are affected by the previous layer, and the pa-
rameter of each layer is given by the formulae

n; = [(ni—1 -cosa)>+ B, %',
Li=L;-(tanc)?/(cos )22 i>2,

indicating that similar structures have been developed for elec-
tron acceleration.?) The variable n; represents the refrac-
tive index of each layer in the stacked structure. The initial
refractive index, denoted as nj, is determined by the con-
dition for the inverse Cherenkov effect, which is given by
np = (ﬁl : SiIlOC)fl.
ativistic velocity magnitudes and longitudinal lengths of the

Here, ) and L; correspond to the rel-

respective layers. In the vacuum channel, the transverse force
acting on the positron from the laser incident downwards can
be expressed as Fy,; = Foy + Fiux = —qeEy + qevxlH,. On the
other hand, the transverse force on the positron from the laser
incident upwards is given by F,;, = —F;;. The overall struc-
ture employs a symmetrical double prism setup where both
the upper and lower lasers are incident simultaneously. This
configuration ensures that the transverse force on the positron,
F,=F,;,+F,;, =0, is equal to zero in the transverse direc-

tion of the vacuum channel used for acceleration in the mid-
dle. This design prevents the deflection of the positron beam
stream caused by the electromagnetic field.
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Fig. 1. Schematic diagram of stacked acceleration structure. The ac-
companying diagram shows the simulation under axisymmetry.

Table 1. Geometric structure simulation parameters.

Section Length (um) Refractive index
First 24.10 3.96
Second 8.03 3.74
Third 10.71 3.53
Fourth 14.28 3.34
Fifth 19.04 3.18
Sixth 25.39 3.03
Seventh 33.85 2.86
Structural spacing 135.39 1.00

The geometrical parameters of the simulated structures
are listed in Table 1, and these designs fall within the range of
what is currently achievable in laboratory setups. To capture
the short time scale of the simulated physical process, >33
a far-infrared laser with a wavelength of 10.60 um was used.
The laser was operated in a continuous plane wave mode (CW
mode) with an electric field amplitude of Ey = 6.0 GV-m .
These chosen values result in a laser beam power density of
approximately 6.6 x 10'> W/cm? and an energy density of
about 0.2 J/cm? on the prism surface. These parameter val-
ues align with those employed in previous studies. [>%-3?]

To achieve long-range synchronization, we propose the
utilization of a linear laser pulse collimated by a cylindrical
lens to drive a symmetric prism. The injected positrons have
an energy of 50.00 keV and fall within the low energy non-
relativistic range (B < 1), experiencing no initial energy dis-
sipation. The charge of the positrons is approximately 9.36 fC.
In the positron beam, the particles follow a Kapchinskij—
Vladimirskij (KV) distribution, where they are uniformly dis-
tributed in phase space, and the distances between particles
are approximately equal throughout the beam.!33] The initial
normalized emissivity of the beam is 10° pm-rad, and the
initial maximum transverse distance from the beam center is
0.1 pm, with a maximum divergence angle of around 23 mrad.
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The initial longitudinal length of the beam is approximately
3.54 fs, and the distance between the center of the positron
beam and surface B on the prism surface is 0.5 um. These de-
sign parameters align with the parameters used in the present
study, 132:3435]

3. Simulation results and discussion

The energy spectrum of the accelerated positron beam
stream at 742.51 fs, as shown in Fig. 2, demonstrates the
completion of the acceleration process. The peak energy in
the spectrum is 436.15 keV, and the full width at half max-
imum (FWHM) of the energy dispersion is 1.33 keV, result-
ing in an energy dispersion of 0.33%. The total energy gain
achieved during the acceleration process is 386.15 keV. The
initial lack of energy dispersion also reduces the difficulty of
regulating energy dispersion. With an acceleration distance of
135.39 pm, this corresponds to a peak average acceleration
gradient of 2.85 GeV/m. The acceleration factor, defined as
the ratio of the energy gain to the initial laser field strength
(Eacc/Ep), is 0.48.

1.0

—|742.51fs
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0.6

0.4

0.2

Normalization count (arb. units)

0.0
400 420 440 460 480 500

Positron energy (keV)

Fig. 2. Positron beam energy spectrum at the end of acceleration, nor-
malized to the peak.
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Fig. 3. Electric field E, (magnitude normalized with respect to Ep) as a
function of time and space (x position). The vector of this field is in the
lateral direction of the vacuum channel. The green line is the positron
beam trajectory, and the sampling time step is 0.257y. Tp is the opti-
cal cycle size of the laser, which is about 35.36 fs. The right color bar
represents the normalized field strength, i.e., Ey/Ep.

In Fig. 3, a world line diagram illustrates the full positron
acceleration process. The green line represents the path of the

positron beam as it advances through the accelerating elec-
tric field. The energy of the positrons monotonically increases
along this path, with only slight jitter observed at the interlayer
interface. This smooth increase indicates that the accelera-
tion gradient remains stable and does not undergo significant
changes at each stage of the process. The stacked acceleration
structure maintains a continuous phase matching condition, al-
lowing for the sustained acceleration of the positron beam.
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Fig. 4. (a) Evolution of the maximum, average and minimum energy
of positron beam with longitudinal position. (b) Evolution of the max-
imum, average and minimum velocity and Lorentz factor of positron
beam with time. The sampling time step is 0.257).

The maximum, minimum, and average energies of the
positron beam during the entire acceleration process were an-
alyzed and are presented in Fig. 4(a). It can be observed
that these energy values are increasing. The straight line ob-
served at the end of the beam is due to the completion of
the acceleration process, however, the statistics are still be-
ing counted at this point. The slight decrease and rebound
in energy before the straight line is attributable to the bound-
ary effect of the acceleration channel. The maximum energy
achieved by the positron beam is 458.51 keV. Similar to the
above section, this corresponds to a maximum average acceler-
ation gradient of 3.02 GeV/m. The minimum energy recorded
is 434.97 keV, resulting in a minimum average acceleration
gradient of 2.84 GeV/m. The average energy of the beam is
measured at 442.00 keV, translating to an average acceleration
gradient of 2.89 GeV/m.
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Interestingly, it is observed that the difference between
the maximum and minimum energies of the positron beam
stream undergoes an “increasing—decreasing—increasing” pro-
cess throughout the acceleration process. This phenomenon
is consistent with previous studies on electron acceleration!3?!
and suggests that the stacked structure possesses an energetic
self-compression property.

Similarly, the maximum, minimum, and average longitu-
dinal velocities and Lorentz factor of the positron beam stream
throughout the acceleration process were analyzed, and the re-
sults are shown in Fig. 4(b). The positron velocity follows a
similar trend to the energy, steadily increasing. However, the
rate of increase in velocity is slowed down by relativistic ef-
fects. Throughout the acceleration process, both the positron
energy and velocity display minimal dispersions, which corre-
sponds to the extremely low energy dispersion observed at the
end of the process.

—
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Fig. 5. (a) Evolution of the longitudinal length of positron beam with
time. (b) Evolution of the pulse-width of positron beam with time. In
order to present the results better, only some points have been selected
and the actual time step is 0.257p.

Figures 5(a) and 5(b) illustrate the variations in the beam
length and pulse width of the positron beam during the accel-
eration process. It is observed that both the beam length and
pulse width undergo alternating “decrease—increase—decrease”
compression with acceleration time, exhibiting a characteris-
tic similar to stacked electron acceleration.3?) The stretching
and spreading of the positron beam can be attributed to the

inhomogeneous field distribution in the accelerating vacuum
channel, as reported in the literature.'>-32! When the diffusion
of the positron beam current becomes significant, the positive
phase (E, > 0) of the decelerating electric field before and af-
ter the beam suppresses it and introduces negative feedback,
leading to the alternating compression of the beam current.
The specific process is shown in Figs. 6(a)-6(f). Among them,
Figs. 6(a) and 6(b) show the main process during the simu-
lation in this study, where the positron at the back end feels
high electric field strength and high energy gain; the positron
at the front end feels low electric field strength and small en-
ergy gain; and the positron at the center is in between. There-
fore, inside the positron beam, the backward positron has been
forward to catch up with the forward positron, realizing the
compression of the positron beam. As may occur in some
cases [Fig. 6(c)], the front positron is decelerated and the back
positron is accelerated, and the compression effect of the elec-
tric field on the beam current is more intense. Figures 6(d)—
6(f) show the decelerated state, which is not involved in this
simulation, and similar to the above analysis. It can be judged
that Fig. 6(d) shows a compression process and Figs. 6(e) and
6(f) show diffusion processes. In addition, the above situation
is based on the positron beam flow inside the nondispersive
or low energy dispersion, corresponding to other particles or
complex energy distribution situation needs to be specifically
analyzed.

y/E (a)|ty/E (b)|4y/E (c)

y/E (d)|ty/E (e)|4y/E (f)

Fig. 6. The position of the positron relative to the accelerating electric
field during its motion. The blue ellipse indicates the positron beam and
the black curve indicates the longitudinal electric field distribution. [(a),
(b)] The back end of the beam is in a high acceleration gradient and the
front end is in an acceleration low gradient; (c) the back end of the beam
is in an acceleration state and the front end is in a deceleration state; (d)
the back end of the beam is in a low deceleration gradient and the front
end is in a high deceleration gradient; (e) the back end of the beam is in
a high deceleration gradient and the front end is in a low deceleration
gradient; (f) the back end of the beam is in a low acceleration gradient
and the front end is in a high acceleration gradient.

Additionally, the increasing velocity of the positron beam
contributes to a relatively higher pulse width at the beginning
of acceleration and a comparatively lower pulse width at the
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end of the acceleration stage. The initial beam length of the
positron beam is measured at 0.43 pm, which is compressed
to 0.10 wm after acceleration, corresponding to a compres-
sion rate of 23.26%. Similarly, the initial pulse width of the
positron beam is 3.50 fs, and after acceleration, it reaches
411.00 as (or 0.41 fs), corresponding to a compression rate
of 11.71%. As aresult, the positron beam attains a remarkably
short pulse width of only 411.00 as, making it highly valu-
able for various applications such as attosecond pulses, ultra-
fast diffraction, and other potential applications in the future.

4. Conclusion and perspectives

In summary, we propose a feasible scheme for efficient
acceleration of low-energy positron beams using a stacked
positron acceleration structure based on the inverse Cherenkov
effect. This structure allows for high-gradient and high-energy
gain acceleration of the positron beam. Furthermore, it enables
high-quality acceleration with features such as ultra-fast pulse
widths and low energy dispersion. One of the key advantages
of the stacked positron acceleration structure is its flexibility
in configuration. The energy adjustment of the output positron
beam can be easily achieved by adjusting the number of stack
layers. This flexibility opens up possibilities for various appli-
cations and makes the stacked positron accelerators promis-
ing for future use in chip-scale positron accelerators. Over-
all, this work presents a promising approach for efficient and
high-quality acceleration of positron beams, offering potential
benefits for a wide range of applications in the field of particle
accelerators.
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