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Microscale Laser-Driven Particle Accelerator Using the Inverse Cherenkov Effect
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We propose a microscale dielectric laser-driven particle accelerator based on the inverse effect of
Cherenkov radiation. It utilizes a parallel-polarized laser beam that is incident perpendicularly on a right-
angle surface of a high-breakdown-threshold prism, at the hypotenuse surface of which the laser-induced
waves are innately synchronized with incoming free electrons, providing them with a continuous accel-
eration force. Compared with radio-frequency accelerators, its acceleration gradient is remarkably higher
and its size is orders of magnitude smaller. In contrast to previous dielectric laser accelerators based on
the inverse Smith-Purcell effect, it is not susceptible to the spectral dispersion of the laser pulse, and
it can provide a long duration of the synchronized accelerating field without using external pulse-front-
tilting techniques. In addition, it effectively avoids electron deflection caused by transverse fields, greatly
improving the acceleration capability. Thus, it affords a promising way of developing ultracompact and
highly efficient accelerators on chip.
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I. INTRODUCTION

The particle accelerator is one of the most impor-
tant scientific instruments for the advancement of sci-
ence and technology today [1]. However, conventional
radio-frequency (rf) accelerators are generally large and
expensive, and this has led to great efforts to develop
compact and even tabletop particle accelerators during
the past few decades [2,3]. Recently, the dielectric laser
accelerator (DLA), which uses a high-power laser to
drive a microscale dielectric structure with a high break-
down threshold, has attracted increasing interest, since it
can potentially provide accelerating gradients of gigavolts
per meter [4–7], significantly higher than conventional rf
accelerators can provide using metallic structures. It shows
promise for development into an ultracompact particle
accelerator on chip [8].

Most of the available DLAs are based on the inverse
Smith-Purcell effect [9–11], using a periodic dielectric
structure to spatially modulate the incident laser field and
synchronize the incoming free electrons with the spa-
tial harmonics of the induced waves in the electron-beam
channel [12–14]. The free electrons are alternately accel-
erated and decelerated along the channel; namely, they
cannot be continuously accelerated, although they undergo
a net acceleration in every period. In addition, external
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pulse-front-tilting techniques have to be applied in order
to provide a long enough duration of the accelerating field
[12,15]. Besides that, the transverse electromagnetic fields
induced by the periodic boundaries cause the electrons
to move toward or away from the structure, restricting
the actual acceleration duration and the fraction of elec-
trons accelerated [16,17]. Other DLAs resort to using
slow-wave guided modes within photonic-band-gap struc-
tures [18,19] to provide a synchronized accelerating field.
Unfortunately, they encounter the challenge of low cou-
pling efficiency from the incident laser beam to the guided
modes [20]. Also, the guided modes in the band-gap
structures are essentially dispersive—waves of different
frequencies have different phase velocities, such that only
a certain part of the spectrum of the laser pulse can be syn-
chronized with the electrons [8,20], greatly restricting the
utilization efficiency of the laser pulse.

In the present paper, we propose a microscale dielec-
tric laser-driven accelerator that is based on the inverse
effect of the well-known Cherenkov radiation [21,22]. It
synchronizes the electrons with the fundamental waves
of the accelerating field, providing them with a continu-
ous acceleration force without using external pulse-front-
tilting techniques. In addition, it is nondispersive—waves
with different wavelengths satisfy the same synchroniza-
tion condition, which enhances the utilization efficiency
of the laser pulse in consequence. Furthermore, it innately
avoids electron deflection by counteracting the transverse
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electric and magnetic forces, effectively improving the
accelerating capability. Last but not least, it has a simple
configuration and can be easily integrated on chip. Thus,
it affords a promising way of developing ultracompact and
highly efficient particle accelerators.

II. PROPOSED SCHEME

A schematic illustration of the proposed scheme is
shown in Fig. 1. It utilizes a parallel-polarized laser beam
incident perpendicularly on a right-angle surface (sur-
face I) of a high-breakdown-threshold prism with a right-
triangle cross section. Free electrons move parallel to the
hypotenuse surface (surface II) of the prism. The base
angle (α) of the prism, which is also the incidence angle
of the laser beam on surface II, satisfies the relation

sin α = c/
√

εr

vz
= 1√

εrβz
, (1)

in which εr is the relative permittivity of the prism, vz is the
electron velocity in the z direction, c is the speed of light
in vacuum, and βz = vz/c. The angle between the elec-
tron velocity and the incidence direction of the laser beam
is θ = π/2 − α, as shown in the figure. According to Eq.
(1), the incident laser beam is totally reflected at surface II,
and the fields also penetrate through the surface, generating
waves propagating along the surface with a phase velocity
less than the speed of light in vacuum (vp < c) [23], such
that synchronization between the surface waves and the
electrons can be realized. In the coordinate system shown
in the figure, the electric fields of the incident and reflected
waves at surface II can be decomposed into tangential
(z direction) and perpendicular (x direction) components
as follows:
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(
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x îx + Ei,r

z îz
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εrω/c is the wave number in the dielec-
tric prism, ω is the angular frequency, (ki,r
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FIG. 1. Two-dimensional schematic diagram of the proposed
particle accelerator. The yellow arrow denotes the direction of
the Cherenkov radiation (CR).

= |Er|(sin α, − cos α). Ei and Er are the electric field
intensities of the incident and reflected waves, respec-
tively. The penetrating fields in the lower half-space can
be obtained by solving the Maxwell equations [23,24]

(Ep
z , Ep

x , H p
y ) = (1, −jkp

z /kp
x , −j ωε/kp

x )Apekp
x x+jkp

z z−j ωt,
(3)

where Ap is a coefficient to be determined by use of the
boundary conditions. Note that here all the field compo-
nents of the penetrating wave decay exponentially away
from surface II in the −x direction, which is a typical fea-
ture of surface (evanescent) waves. The incident, reflected,
and penetrating waves must satisfy the following boundary
conditions:

[
Ei

z + Er
z

]∣∣
x=0 = Ep

z

∣∣
x=0,

[
εr(Ei

x + Er
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]∣∣
x=0 = Ep

x
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(4)

from which the field coefficient Ap can be obtained in terms
of the incident field as follows:

Ap ≈ 2Ei
√

εr

γ βz

[
1 − (εr tan α/γ )2

2

]
ej {π−arctan[γ /(εr tan α)]}

(here γ is the relativistic factor of the free electrons). Also,
we can obtain the phase velocity of the surface wave along
surface II, vp = ω/kp

z = ω/(ki
n sin α) = c/(

√
εr sin α) =

vz; namely, the surface wave is synchronized with the
free electrons in the z direction. Note that here the syn-
chronization is achieved without resorting to external
pulse-front-tilting techniques, which are indispensable in
previous DLAs based on inverse Smith-Purcell radiation
(ISPR-DLAs).

Based on the field expressions in Eq. (3), we can eval-
uate the electromagnetic force exerted on a free-electron
bunch, which is composed of three major parts: a longi-
tudinal electric force, expressed as Fez = −qeEp

z , a trans-
verse electric force Fex = −qeEp

x , and a transverse mag-
netic force Fmx = qevzμH p

y . Here qe is the quantity of
charge in the electron bunch, which has a negative value,
and μ is the permeability of the vacuum. The first part
accelerates or decelerates the electrons, depending on the
phase of the longitudinal field experienced by the elec-
trons. The other two parts can deflect the electrons towards
or away from surface II, as in previous DLAs. However,
on examining these two transverse deflecting forces, we
find that they are almost equal in magnitude and opposite
in direction (Fmx = −β2

z Fex ≈ −Fex), indicating that the
transverse electric and magnetic forces largely counteract
each other, such that the electron deflection is effectively
restricted, which is an innate advantage of the proposed
scheme.

We note further that synchronization between the free
electrons and the accelerating field can be achieved in
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the proposed scheme provided that the electron veloc-
ity is greater than the speed of light in the prism (vz >

c/
√

εr), which is exactly the requirement for Cherenkov
radiation [25]. Also, the angle between the incidence direc-
tion of the laser beam and the electron velocity is equal
to the Cherenkov angle, which can be expressed as θ =
arccos

(
1/

√
εrβz

)
; see Fig. 1. From the perspective of

energy transformation, the electrons lose energy and are
decelerated due to the radiation loss associated with the
CR. In contrast, the electrons gain energy from the laser
field and are accelerated in the present scheme; in other
words, the particle acceleration and CR are essentially
two inverse physical mechanisms. Hereinafter, we call the
proposed accelerator an inverse-Cherenkov-radiation DLA
(ICR-DLA), analogously to the ISPR-DLA. According to
Eq. (1), the synchronization condition for an ICR-DLA
is wavelength independent (nondispersive), following the
CR relation, in which the radiation direction is indepen-
dent of the wavelength. In other words, laser fields with
different wavelengths can be used in the same ICR-DLA
model. In contrast, the ISPR-DLA is wavelength depen-
dent (dispersive), since Smith-Purcell radiation is innately
dispersive: waves with different wavelengths are radiated
in different directions. We would like to mention that the
proposed ICR-DLA also has obvious advantages over pre-
vious inverse-CR accelerators (ICAs), which use gases
to slow the laser waves [26,27], since the breakdown
threshold of a dielectric medium can be much higher than
that of a dense gas, and microscale dielectric (solid-sate)
structures are quite compact and are easy to integrate on
chip.

III. SIMULATIONS AND DISCUSSIONS

In the following, we carry out calculations and simula-
tions for the proposed scheme. As an example, the initial
electron energy is set to 10 MeV, and a CO2 laser beam
with a wavelength of 10 μm is used to drive the prism. The
prism is chosen to be made of high-breakdown-threshold
quartz with a refractive index n = √

εr = 1.548, and the
base angle is α = 40.2◦, satisfying Eq. (1). The hypotenuse
length of the prism is 200 μm, and the thickness of the
prism in the y direction is 100 μm. In the simulations,
we first use an electromagnetic code [28] to obtain the
field distributions in and around the prism. A simulated
contour map of the component Ez is illustrated in Fig.
2(a), which clearly shows that the phase velocity vp of the
wave along surface II is c/(n sin α), matching the electron
velocity. The field patterns within the prism are formed
by interference of the incident and reflected waves. The
simulated and calculated results for the normalized com-
ponent Ez along surface II are illustrated in Fig. 2(b). We
note that the simulated field-oscillation period in the z
direction, which determines the longitudinal phase veloc-
ity vp , largely agrees with the theoretical value in the

(b)

(a)

FIG. 2. (a) Simulated contour map of the component Ez . Here
c, c/n, and c/(n sin α) denote the phase velocities of the waves in
vacuum, in the prism, and along surface II, respectively. (b) Sim-
ulated and calculated components Ez (normalized to the incident
field intensity Ei) along surface II in the z direction.

front part of the electron path (before z ≈ 180 μm). How-
ever, it deviates from the theoretical result in the later
part (after z ≈ 180 μm). This may be due to reflection at
the other right-angle surface (surface III) and diffraction
at the prism corners, which are not taken into considera-
tions in the analytic calculations. It is worth mentioning
that although free-space excitation is illustrated here, a
similar scheme can easily be integrated with photonic cir-
cuits on chip, since there is no requirement for external
pulse-front-tilting equipment.

The simulated electromagnetic fields (including all field
components), multiplied by a specified scaling factor signi-
fying the intensity of the incident laser beam, are then input
into the code General Particle Tracer (GPT) [29] to simu-
late the electron dynamics. In the simulations, the injected
electron bunch is composed of 5000 macroparticles, which
follow Gaussian distributions in both the longitudinal and
the transverse (radial) direction within the bunch. The total
charge of the bunch is set to 1 fC, and the space-charge
effect is taken into consideration by using the Poisson
equation and the Lorentz transformation [29]. The initial
transverse rms bunch size (radius) is set to 0.2 μm, and
the initial transverse emittance εn is 10−9 m rad. The dis-
tance h from the bunch center to surface II is 3 μm. The
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longitudinal bunch length is 0.3 μm, corresponding to a
time duration of 1 fs, which is much less than the time
period of the laser field, so that all electrons in the bunch
experience largely the same accelerating field at the begin-
ning. In practice, the initial phase of the laser field can be
optimized to obtain the desired electron acceleration. The
electric field intensity Ei of the incident laser beam is set
to 5 GV/m, implying that the power density of the laser
beam is about 6.6 × 1012 W/cm2 [30]. Assuming that the
accelerating field is synchronized with the electron bunch,
a single-cycle laser pulse can provide sufficient accelera-
tion for the electron bunch all the way along the electron
path, so that the energy density of the laser pulse illuminat-
ing the prism can be evaluated by multiplying the power
density by the pulse duration (approximately 30 fs), giv-
ing a value of about 0.2 J/cm2. This is much less than the
breakdown threshold of quartz, which can be greater than
1 J/cm2 according to previous studies [31,32]; in other
words, the laser field used in our simulations is acceptable
in practice, since it will not damage the prism.

Figure 3(a) shows the longitudinal electric field (Ez)
experienced by the electron bunch. Here and in Figs.
3(b)–(d), simulated results at different positions in the z
direction are shown together to illustrate the evolution
in the longitudinal direction of the fields experienced by
the electrons and that of the bunch parameters. We note
that the field Ez experienced by the electron bunch is
always negative, indicating that the longitudinal electric
force exerted on the bunch is always positive (Fez > 0),
so that the bunch is continuously accelerated. The fluctua-
tions of the fields, especially around the two ends, are due
to the nonuniformities of the fields around the corners of
the prism mentioned previously. The field components Ex
and By experienced by the electron bunch are shown in Fig.
3(b), which illustrates that their amplitudes change simul-
taneously; in other words, their phases follow the same
variation function (they are in phase). Calculations show
that the transverse electric and magnetic forces (in the x
direction) exerted on the electrons are nearly equal in mag-
nitude and opposite in direction. The electron trajectories
in the x-z plane are observed in Fig. 3(c), which illustrates
that the deflection of the electrons in the x direction is quite
small (less than 0.3 μm), indicating that the transverse
deflection forces largely counteract each other, agreeing
with the theoretical prediction. The insets show that the
transverse size of the electron bunch does not change very
much from the beginning to the end. Figure 3(d) shows
that both the electron energy (represented by γ ) and the
longitudinal velocity (represented by βz) increase gradu-
ally in the z direction as expected. The calculated average
acceleration gradient (AAG) is about 1.5 GV/m, obtained
by dividing the total energy gain of an electron (
γ ≈ 0.6,
corresponding to 
e ≈ 0.3 MeV) by the whole path length
(200 μm). We note that the acceleration gradient shows
an obvious decrease in the rear part of the electron path.

(a)

(b)

(c)

(d)

FIG. 3. (a) Field component Ez experienced by electrons along
the electron path. (b) Field components Ex and By experienced by
electrons along the electron path. (c) Electron trajectories in the
x-z plane. The insets show the transverse bunch sizes at the front
and rear ends. (d) Relativistic factors γ and βz of the electrons
versus electron position in the z direction.

This is because the field distributions in the rear part are
distorted away from the ideal distributions, as shown in
Fig. 2(b), and because the synchronization condition is
not perfectly satisfied in the rear part, due to the acceler-
ation of the electrons as indicated in Fig. 3(a). Based on
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the above simulation results, we can evaluate the accel-
erating efficiency of the proposed ICR-DLA, namely, the
fraction of the laser energy that is transformed into kinetic
energy of the electron bunch. Since the actual utilized area
of the laser pulse incident on surface I is approximately
75 μm2 [33], the utilized energy of the laser pulse is about
1.5 × 10−7 J. Dividing this by the total energy gain of
the electron bunch, which is 
K = Ne
e ≈ 3 × 10−10 J
(where Ne is the number of electrons in the bunch), we
find that the energy efficiency is approximately 2 × 10−3.
It should be noted that, along with acceleration of the
electrons, wakefield radiation (i.e., CR) is also generated
by the electron bunch in the prism, since the CR condi-
tion is satisfied, and this can decelerate the electron bunch
via radiation loss. This radiation loss is not taken into
consideration in the GPT simulations. Based on previous
investigations [34], we find that it is insignificant in the
present model, since a low-charge electron bunch is used.

Figure 4(a) shows that the AAG decreases exponentially
as the distance from the bunch center to surface II (h)
increases. This can be understood from the fact that the
electron bunch is synchronized with the evanescent wave,
in which the fields decay exponentially away from the sur-
face as mentioned previously. Figure 4(b) illustrates that
both the energy spread and the normalized transverse emit-
tance increase gradually as the electron bunch moves in
the z direction. This is also because of the nonuniform dis-
tribution of the fields along the electron path mentioned
previously. Thus, the transverse size of the electron bunch,

(a)

(b)

FIG. 4. (a) Simulated AAG as a function of h, and exponential
fit. (b) Simulated energy spread and transverse emittance (εn) of
an electron bunch versus bunch position in the z direction.

FIG. 5. Average acceleration gradient as a function of the ini-
tial electron energy γ0 and of the refractive index n of the
prism.

as well as the value of h, needs to be well chosen in
practice.

To illustrate the acceleration capability of the proposed
scheme, we gradually change the initial electron energy
(γ0) together with the refractive index n of the prism, while
keeping the synchronization condition of Eq. (1). The sim-
ulated AAGs are presented in Fig. 5, which shows that the
AAG increases as n increases and that, for each value of n,
the AAG first increases and then decreases as γ0 increases;
namely, there is an optimum γ0 (or maximum AAG) for
each material. This can be understood from the fact that for
a fixed γ0, a larger n means a smaller α, which leads to a
greater longitudinal accelerating field Ez according to Eq.
(2). If, instead, n is specified, when γ0 is relatively small
(i.e., for subrelativistic electrons), a larger electron energy
means a larger βz and a smaller α, which leads to a greater
acceleration gradient as mentioned. If γ0 is large enough
(i.e., for relativistic electrons), βz (together with α) almost
does not change with γ0, and the electric field of the elec-
trons is largely in the transverse direction, which restricts
the longitudinal accelerating gradient. We note that the
AAG, together with α, almost does not change if γ0 is large
enough, indicating that a single prism can be used to accel-
erate relativistic electrons with a wide range of energies. In
practice, an array of cascaded prisms, driven by an array
of phase- and amplitude-manipulated laser beams [35],
can be utilized to provide the electrons with continuous
acceleration fields from subrelativistic to relativistic states.

IV. CONCLUSIONS

In conclusion, we propose and investigate a microscale
particle accelerator using high-power laser pulses to drive
a high-breakdown-threshold dielectric prism. In principle,
it is based on the inverse effect of Cherenkov radia-
tion, and is essentially different from previous dielectric
laser accelerators, which are based on the inverse Smith-
Purcell effect. It can provide a synchronized acceleration
field without using external pulse-front-tilting techniques,
and it innately avoids electron deflection caused by trans-
verse electric and magnetic fields. Detailed analyses of
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the requirements and the main properties of this particle
accelerator are performed, and the acceleration efficiency
is evaluated. It is a promising candidate for ultracompact
and highly efficient accelerators on chip.
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