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Restricted by pulse dispersion, dephasing, and bunch deflection, it has been a challenging task to realize
high-gain particle acceleration and bunch focusing by using an ultrashort-pulse laser to drive an integrable
acceleration structure, which is necessary to develop an on-chip particle accelerator for practical appli-
cations. Here we propose a laser-driven traveling-wave linac (linear accelerator), which uses the cascade
reflection and refraction of an ultrashort laser pulse on a microscale dielectric structure to achieve long-
range laser-particle interaction, avoiding waveguide dispersion, and enhancing sustainable acceleration
gradient. It is scalable and extensible, and can realize full-course particle acceleration by using a single
laser source via the inverse Cherenkov effect. With this accelerator scheme, we further propose a dynamic
synchronization and focusing method, which not only counteracts dephasing but also restrains the bunch
spread and deflection caused by space-charge and emittance effects, realizing stable bunch transport and
acceleration in a tiny-size bunch channel without resorting to the need for external focusing equipment.
This accelerator scheme paves the way toward a high-efficiency laser-driven all-dielectric on-chip particle
accelerator for practical applications.
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I. INTRODUCTION

The concept of an on-chip particle accelerator using
high-power ultrashort-pulse laser beams to drive
microscale dielectric structures has attracted great interest
in recent years [1–7]. In the available dielectric-laser-
accelerator schemes based on the inverse Smith-Purcell
effect [8–11], each laser pulse can be used only once for
particle acceleration, so that the acceleration efficiency, the
laser-particle interaction length, and the energy gain are
greatly restricted. Utilizing a single laser import to realize
long-range acceleration with high energy gain is a critical
issue for the development of a practical laser-driven dielec-
tric accelerator. Employing the traveling wave excited by
a laser pulse to accelerate particles in a dielectric optical
waveguide, similarly to a conventional rf traveling-wave
linac (linear accelerator), is a promising and necessary
solution to settle this issue. Great efforts have been made to
this end, and laser-driven accelerators with various dielec-
tric waveguides have been investigated [12–15]. Unfor-
tunately, these available schemes encounter a series of
challenges.

Firstly, the guided modes in conventional optical waveg-
uides generally have serious waveguide dispersion, so that
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a short laser pulse, which possesses a broad spectral band-
width, will be deformed as it propagates. To counteract
pulse dispersion, a long-duration laser pulse with narrow
spectral bandwidth has to be adopted, which restricts the
sustainable acceleration gradient of the dielectric struc-
ture [16]. Secondly, when using a high-power-density laser
pulse to accelerate subrelativistic particles, the dephasing
(phase slippage) will be remarkable, which restricts the
synchronization length between particles and the guided
wave. To increase the synchronization length, complicated
waveguiding and laser-power delivery systems have to be
applied [17–19]. Thirdly, the transverse electromagnetic
fields in an optical waveguide will cause particle deflec-
tion, and the space-charge effect, together with the beam
emittance, will lead to bunch spread. Both the deflection
and spread of particles will decrease the pass ratio, reduc-
ing the accelerated bunch charge. To simultaneously obtain
nondispersive propagation of laser pulses along accelerat-
ing structures, stable bunch transport in a tiny-size bunch
channel, and continuous synchronization of subrelativistic
particles with laser-driven fields has been a long-term chal-
lenge in the development of a high-efficiency and high-
energy-gain on-chip laser-driven traveling-wave particle
accelerator.

In the present paper, we propose a novel laser-driven
traveling-wave linac. It employs the cascade reflection
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and refraction of ultrashort laser pulses from multistage
microscale dielectric prisms on a chip to generate, in effect,
a longitudinal traveling wave, which can be synchronized
with the electron bunch at each stage, realizing cascade
bunch acceleration. By this means, it effectively avoids
waveguide dispersion and enhances the sustainable accel-
eration gradient. In each stage, the bunch acceleration is
realized via the inverse Cherenkov effect [20–23], which
uses the fundamental evanescent waves induced by the
total internal reflection of light at a planar dielectric surface
to accelerate particles [24–26].

With this accelerator scheme, we further propose a
dynamic synchronization and focusing method, which can
not only counteract dephasing but also realize bunch focus-
ing by using the transverse fields excited by the drive
laser. The focusing strength can be adjusted by tuning
the dynamic synchronization phase and by changing the
laser field intensity, so that stable bunch transport can
be acquired in a tiny-size bunch channel without resort-
ing to external focusing equipment, which is crucial for
the miniaturization of particle accelerators. Hence, the
proposed scheme promises a scalable and extensible accel-
erator which can realize full-course particle acceleration
and bunch manipulation by using a single pair of laser
pulses; this paves the way toward a high-efficiency on-chip
traveling-wave linac for practical applications.

II. MODEL DESCRIPTION AND THEORETICAL
ANALYSES

Figure 1 shows two schemes for the proposed laser-
driven traveling-wave linac. A pair of linearly polarized
laser pulses is incident on a pair of symmetric dielectric
prisms, the gap between which is the channel for the elec-
tron bunch. The laser pulses initiate an evanescent guided
wave in the bunch channel, which can be used for particle
acceleration provided that the following Cherenkov-like
conditions are satisfied [22]: the bunch velocity is greater
than the speed of light in the dielectric medium, ve > c/n
(where c is the speed of light in vacuum and n is the refrac-
tive index of the prism); the phase velocity of the guided
wave vp matches the particle velocity ve (i.e., vp ≈ ve); and
the incident direction of the laser pulse follows the flipped
Cherenkov direction, namely, the incident angle αi shown
in Fig. 1 satisfies αi = arcsin(c/nve). At the boundaries of
the bunch channel, the laser pulses will be reflected, which
then drive the next acceleration stages.

In scheme-I, a series of relay prisms are placed between
cascade acceleration stages. In scheme-II, the relay prisms
are removed and the laser pulses are refracted at the input
and output surfaces of each prism. In both schemes, a laser
pulse will experience multiple reflections and refractions
through an array of microscale dielectric prisms, which
can all be fabricated on a single chip, forming an effective
traveling wave propagating along with the electron bunch.

(a)

(b)

FIG. 1. Schematic diagrams of the proposed laser-driven
traveling-wave linac (a) with and (b) without relay structures.

In order for the laser pulses to catch up with the elec-
tron bunch at each acceleration stage, the bunch velocity
(electron energy) should satisfy specific requirements. In
scheme-I, the bunch velocity should be less than the effec-
tive longitudinal velocity of the reflected light between the
cascade acceleration stages and the relay stages, namely,
ve < c sin αi. Using the aforementioned Cherenkov-like
condition of sin αi = c/nve, we get ve < c/

√
n. Thus, the

applicable bunch velocity in scheme-I should be located
in the range of c/n < ve < c/

√
n. In scheme-II, the laser

pulses propagate parallel to the electron bunch in the lon-
gitudinal direction, so that they can certainly catch up
with the electron bunch according to special relativity.
Thus, any bunch velocities that satisfy the Cherenkov-like
conditions can be applied in scheme-II.

The applicable electron energy as a function of the
refractive index of the prism in both schemes is calcu-
lated as shown in Fig. 2. Within the applicable electron
energy range, the structure parameters of the prisms and
the arrangement of the multistages should be well designed
according to the bunch velocity and the refractive index
of the prism. In our design, we let the laser pulse catch
up with the electron bunch at the midpoint of each stage
[27]. The synchronization of the guided wave and acceler-
ated particles in the cascade bunch channels can be further
controlled via tuning the incident angle (αi) of the laser
pulses at each stage [24]. By these means, a single pair of
short-pulse laser beams can initiate and sustain an effec-
tive traveling wave in the direction of motion of the beam,
propagating along with and accelerating the particles con-
tinuously in the bunch channel, just like in a conventional
rf traveling-wave linac. When the laser pulses propagate
along the optical paths, diffraction is unavoidable, which
may cause the laser pulses to spread, decreasing the laser
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(a) (b)

FIG. 2. The calculated applicable electron energy region
(shaded) as a function of the refractive index of dielectric prisms
for two schemes: (a) scheme-I and (b) scheme-II.

field intensity. To counteract diffraction, a set of focusing
lenses can be used in the optical paths as shown in Fig. 2.

In practice, the incident laser pulses approximately fol-
low Gaussian distributions, the electric field of which can
be expressed as

Ex′(x′, t) = E0e−(x′/w0)2−2 ln 2(t/τ0)2
cos (ωt + ϕ0) , (1)

in which E0 denotes the field amplitude, x′ is the transverse
coordinate, w0 is the radius of the beam waist, τ0 is the
pulse duration, ω is the angular frequency, and ϕ0 is the
initial phase.

We consider only the two-dimensional (2D) model,
which ignores field variations in the y direction. Using
Maxwell’s equations and the mode-matching method in
the frequency domain [28,29], the fields excited in the
bunch channel of the first stage can be obtained as

Ex = (kzHm/ωε0) sinh (kxx) ejkzz−[(z−z0) cos α/w0]2
,

Hy = Hm sinh (kxx) ejkzz−[(z−z0) cos α/w0]2
,

Ez = (jkxHm/ωε0) cosh (kxx) ejkzz−[(z−z0) cos α/w0]2
,

(2)

in which ε0 is the permittivity of vacuum, z0 denotes
the longitudinal position of the peak intensity of the

Gaussian beam in the bunch channel, kx =
√

k2
z − k2

0 =√
(ω/vp)2 − (ω/c)2, and

Hm = 2η1E0 cos α e−jkz(cot α)g/2

η1 cos α sinh (kxg/2) + j / (ωε0) kx cosh (kxg/2)
.

(3)

Here η0 and η1 are the wave impedances in vacuum and in
the dielectric, respectively, and g is the transverse width of
the bunch channel. The fields in the following stages can
be obtained by using optical beam propagation methods.

With these field expressions, the particle dynamics in
the bunch channel can be derived. In the longitudinal (z)

direction, the particle dynamic equation reads

dγ

dz
= 2qkx cosh (kxx) |Hm|

m0c2ωε0
e−[(z−z0) cos α/w0]2

sin ϕz, (4)

in which q is charge quantity, γ = 1/
√

1 − β2 =
1/

√
1 − (ve/c)2 is the Lorentz factor, and

ϕz =
(

ω

vp
− ω

ve

)
z + ϕ0 = δϕ(z) + ϕ0 (5)

is the phase experienced by the particles. Here δϕ(z)
denotes phase slippage. In the transverse (x) direction, the
particle dynamic equation reads

d
dz

(
βγ dx

dz

)
=

{
2q sinh (kxx) |Hm| cos ϕz [(1/β2) − 1]

}

m0c2βε0vpe[(z−z0) cos α/w0]2 .

(6)

III. CALCULATION AND SIMULATION

The laser propagation simulations are performed by
using an electromagnetic code based on a finite-difference
time-domain algorithm [30]. The parameters of the laser
pulses used in the simulations and those of the designed
accelerating structures, together with the initial bunch
parameters, are given in Table I. Here the transverse diam-
eter of the incident laser beam is set as 40 µm and the
radius of the Gaussian beam waist w0 is 10 µm, which
had been obtained in experiments [8]. The dielectric mate-
rial is chosen to be high-breakdown-threshold quartz, the
refractive index (n) of which is 1.43 at wavelengths around
2 µm.

The incident angle of the laser pulse in the cascade
stages (αi) decreases gradually, which is in order to satisfy
the aforementioned Cherenkov-like conditions, since the
bunch velocity increases after acceleration in each stage,
especially for subrelativistic electrons. In our design, αi
is chosen according to the average bunch velocity at the
entrance of each stage. When the initial synchronization
(as will be discussed later) is applied, it is designed so that
the phase velocity of the wave in the bunch channel exactly
matches the bunch velocity at the entrance of the bunch
channel. In this circumstance, αi has a specified value α0.
While, as the dynamic synchronization (as will be dis-
cussed later) is applied, αi is designed to deviate from α0,
so that the phase velocity of the wave in the bunch chan-
nel can be greater than the bunch velocity at the entrance
of the bunch channel. The deviation value is chosen to
obtain the maximal energy gain for the electron bunch
in the stage, as illustrated later. An ultrashort laser pulse
with FWHM pulse duration of 30 fs is applied, indicating
that the maximum sustainable electric field intensity of the
accelerating structure (namely, the achievable acceleration
gradient) can reach more than 5 GV/m [31]. In the present
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TABLE I. Simulation parameters.

Symbol Physical quantity Value with unit

τ0 FWHM laser pulse duration 30 fs
λ0 Central wavelength 2 µm
w0 Radius of the Gaussian beam waist 10 µm
w Transverse diameter of laser beam 40 µm
E0 Electric field amplitude 1 GV/m
n Refractive index 1.43
(α1, α2, α3) Incident angles (scheme-I) (69.2◦, 66◦, 64◦)
(L1, L2, L3) Channel lengths (scheme-I) (113, 98.7, 92.7) µm
(α1, α2, α3) Incident angles (scheme-II) (54.8◦, 54.3◦, 53.8◦)
(L1, L2, L3) Channel lengths (scheme-II) (188, 201, 210) µm
g Channel width 0.5 µm
Ek1 Initial electron energy (scheme-I) 250 keV
Ek2 Initial electron energy (scheme-II) 450 keV
wt Transverse bunch width 300 nm
σt Transverse rms bunch size 50 nm
lb Bunch length 80 nm
σb Longitudinal rms bunch size 40 nm
q Initial bunch charge 0.1 fC
εnx Initial transverse bunch emittance 10−12 m rad

paper, we choose a moderate incident field intensity of 1
GV/m.

Simulated snapshots of the laser pulse propagating in
the structures at different moments are shown in Fig. 3(a).
Here the results of scheme-I are illustrated [27]. We can
see that the laser pulse is reflected and refracted multi-
ple times, propagating in the cascade bunch channels at
designed moments. Simulated field maps of the Ez com-
ponent in the bunch channels and the distribution of the
Ez field along the centerline of the bunch channel are

(a)

(b)

(c)

FIG. 3. (a) Simulated snapshots of the laser pulse propagating
in the cascade prisms at three moments. (b) Field maps of the
normalized Ez field in the bunch channels. (c) Distribution of the
Ez field along the centerline of the bunch channel. The red dashed
lines show the calculated profiles of the magnitude of the Ez field.
Here the field intensity of the incident laser pulse is normalized
to 1 V/m.

shown in Figs. 3(b) and 3(c), respectively. Here the field
distributions at the wavelength of 2 µm are illustrated.
We can see that guided waves in cascade bunch channels
are successfully excited. The pulse shape is largely pre-
served in the three cascade stages, i.e., pulse dispersion
is nonsignificant. This is because each acceleration stage
in the present model is so short that the waveguide dis-
persion in every bunch channel is negligible. In addition,
the optical paths of refraction and reflection will not intro-
duce remarkable dispersion provided that the dielectric is
nondispersive. The amplitude of the laser pulse decreases
gradually in the cascade stages, which is due to reflection
losses at dielectric interfaces. The theoretically calculated
amplitudes of the Ez field in the three channels are also
shown. We can see that the calculated and simulated results
agree well with each other.

Based on the field distributions obtained above, we
now consider the particle dynamics. In most previous
traveling-wave accelerators, the phase velocity of the trav-
eling (guided) wave was set to match the initial bunch
velocity at the entrance of an accelerating structure (here-
inafter referred to as initial synchronization). Using the
particle dynamic equations, the phase experienced by par-
ticles under the initial synchronization condition, together
with the electron energy, is calculated in Fig. 4(a) (shown
by dotted lines). Here the results of a single particle at
the transverse position of x = 10 nm in the first acceler-
ation stage of scheme-I are shown. We can see that the
phase experienced by the particle increases monotonically
(slips) from −3π/4 (acceleration region) to 3π/4 (decel-
eration region). The electron energy first increases and
then decreases, so that the effective acceleration length and
energy gain are restricted.
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(a)

(b)

(c)

FIG. 4. (a) Calculated phase and electron energy of a parti-
cle as functions of longitudinal position. Here the initial syn-
chronous phases of the particles in both the initial and dynamic
synchronization cases are optimized to get relatively maxi-
mum energy gains (hereinafter inclusive). The horizontal shaded
region denotes the acceleration phases and the longitudinal one
denotes the region of laser-excited fields in the channel. (b) Sim-
ulated Ex and Ez fields versus phase observed at the position
of x = 10 nm in the bunch channel. The green dashed arrowed
line denotes the phase slipping for the dynamic synchronization
method. (c) Optimized energy gain and corresponding transverse
focusing strength versus the deviation of initial electron energy.

In order to counteract dephasing and to increase energy
gain, here we propose a dynamic synchronization method,
in which the phase velocity of the guided wave in the
bunch channel is set to be greater than the initial particle
velocity and to be less than the final particle velocity after
acceleration in each stage. Thus, the phase experienced
by the particle will first slip toward and then away from
an effective synchronization phase. Applying the dynamic
synchronization method, the phase experienced by the

particle, together with its energy gain, is also calculated
in Fig. 4(a) (shown by solid lines). Here the corresponding
electron energy of the phase velocity is 15 keV greater than
the initial electron energy. We can see that the phase expe-
rienced by the particle first decreases and then increases as
predicted. Compared with that of the initial synchroniza-
tion case, the net phase slippage is greatly reduced. The
particle is almost entirely located in the acceleration region
in the whole bunch channel of an accelerating stage, so that
the energy gain is obviously enhanced.

Next, we discuss bunch spread and deflection, which
are caused by space-charge and emittance effects, as well
as by the transverse electromagnetic fields in the bunch
channel. We will show that bunch spread and deflec-
tion can also be greatly mitigated by using the dynamic
synchronization method. As indicated by Eq. (2), the
longitudinal field (Ez) and the transverse fields (Ex and
Hy) in the bunch channel have π/2 phase differences,
which is verified by the simulations shown in Fig. 4(b).
In addition, the longitudinal and transverse focusing are
in opposite regions, so that transverse focusing will lead
to longitudinal spread. In the dynamic synchronization
case, the synchronous phase will first slip from trans-
verse defocusing (longitudinal compression) region to
focusing (longitudinal spread) region and then return
back, as illustrated by the green dashed arrowed line
in Fig. 4(b). Thus, an electron bunch will experience
a transverse defocusing-focusing-defocusing (longitudi-
nal compression-decompression-compression) process in
each acceleration stage, by which the dynamic focus-
ing of the electron bunch can be realized, similarly as
in the alternating-phase focusing method for an inverse
Smith-Purcell accelerator [32–34].

In practice, considering the space-charge and emittance
effects, in order to enhance the pass ratio of particles
in a tiny-size bunch channel, the net force of the trans-
verse electromagnetic fields exerted on the electron bunch
should be a convergent force. The overall transverse focus-
ing strength can be evaluated by integrating the transverse
dynamic equation (6) along the bunch channel. Figure 4(c)
shows the optimized energy gain and transverse focusing
strength of particles in the dynamic synchronization case,
in which the corresponding electron energy of the phase
velocity deviates from the initial electron energy of parti-
cles (zero deviation denotes initial synchronization case).
Here the positive and negative values of the transverse
focusing strength denote focusing and defocusing effects,
respectively. We can see that, for the initial synchroniza-
tion case, the transverse focusing strength is negative,
indicating that the transverse fields exert a net defocusing
effect on the electron bunch, which will spread quickly in
the process of acceleration. For the dynamic synchroniza-
tion case, the transverse focusing strength can be a positive
value, reaching a maximum as the initial electron energy
deviation is about 14 keV. Under this circumstance, both
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high energy gain and beam focusing can be realized. For a
multistage cascade accelerator in practice, the phase veloc-
ities of guided waves in each stage can be optimized (via
changing the prism angles) to acquire a maximum total
energy gain [27].

In order to verify the theoretical analyses, the bunch
dynamics are simulated by using the General Particle
Tracer (GPT) code [35]. In simulations, each electron
bunch initially consists of 500 macroparticles, which fol-
low truncated Gaussian distributions in both the z and x
directions. In order to simulate the 2D model, the parti-
cles in the bunch are set to be uniformly distributed along
a 20-µm range in the y direction. The bunch width in the
x direction is set to be 300 nm and the root-mean-square
(rms) bunch size is 50 nm. The total bunch length is 80
nm and the rms bunch length is 40 nm. The correspond-
ing durations of the electron bunches in scheme-I and
scheme-II are 0.36 fs and 0.32 fs, respectively. Namely,
the duration of the electron bunch used in the simulation
is much less than a half-cycle of the laser wave, so that
the whole bunch can be accelerated, as will be shown. We
note that similar ultrashort electron bunches have already
been realized in experiment [36]. Other bunch parameters
are given in Table I.

The space-charge and emittance effects are taken into
consideration. The simulated transverse phase-space x-βx
distributions (βx is the ratio of the particle velocity in the
x direction to the speed of light in vacuum) of particles
in the bunch observed, respectively, at the front, middle,
and rear parts in each acceleration stage of scheme-I are
shown in Fig. 5, in which the results of the initial synchro-
nization case are also shown (in red) for comparison. We
can see that, for the initial synchronization case, almost
all of the particles are in the defocusing phase state in
the whole bunch channel, so that the electron bunch will
spread quickly in the process of acceleration, restricting
the pass ratio, as will be shown. While, for the dynamic
synchronization case, the electron bunch is in the defocus-
ing state in the front part of the bunch channel and is then
largely transformed to the focusing state in the middle part
of the bunch channel. At the rear part, although some parti-
cles return to the defocusing state, most of the particles are
in the focusing phase state, and the main part of the elec-
tron bunch is focused in the bunch channel. In other words,
the electron bunch will first spread and then be focused by
the transverse electromagnetic forces in the bunch chan-
nel, agreeing with theoretical predictions. This process is
almost repeated in each acceleration stage.

We note that the phase space of the electron bunch
increases in the bunch channel, which can be explained
as follows. Since the electron bunch has definite size and
charge distribution, the particles at different positions in
the bunch will experience different phases of electromag-
netic fields, namely different longitudinal (acceleration)
and transverse (deflection) forces, which will increase the

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 5. Simulated phase-space (x-βx) distributions of the parti-
cles in the bunch, respectively at the front, middle, and rear parts
in each acceleration stage of scheme-I. (a)–(c) The results of the
initial synchronization case. (d)–(l) The results for the dynamic
synchronization case in (d)–(f) stage 1, (g)–(i) stage 2, and (j)–(l)
stage 3.

total emittance of the bunch. Figure 6 shows the simulated
pass ratio of the electron bunch in the cascade acceleration
channels of both scheme-I and scheme-II. Here the parti-
cles that are physically located outside the bunch channel
in each acceleration stage have been removed. The sharp
decreases at the entrances of the second and third stages
are due to the bunch spread as drifting between two cas-
cade stages. We can see that, compared with that in the
initial synchronization case, the pass ratio of the elec-
tron bunch in the dynamic synchronization case is greatly
enhanced. For scheme-I, the final pass ratio through three
stages is increased from 2% to 43%, and for scheme-II, it
is increased from 7% to 68%. We envisage that the pass
ratio can be further increased via using the recently pro-
posed laser-driven electron lensing method [37] to focus
the electron bunch in the drifting regions between adjacent
acceleration stages.

Figures 7(a) and 7(b) show the calculated and simu-
lated electron energy versus propagation distance in both
schemes. In the theoretical results, the energy of a sin-
gle particle is calculated, and in the simulated results, the
average electron energy of the whole bunch is presented,

044066-6



TOWARD A LASER-DRIVEN TRAVELING-WAVE LINAC. . . PHYS. REV. APPLIED 19, 044066 (2023)

(a) (b)

FIG. 6. Simulated pass ratio versus propagation distance for
(a) scheme-I and (b) scheme-II.

which is why the simulated electron energy is less than the
calculated one. We can see that the whole electron bunch
is continually accelerated in the cascade acceleration
stages, as predicted. The energy gain reaches 50–60 keV
after three cascade acceleration stages with total length
of ∼ 1 mm.

Figures 7(c) and 7(d) further show the simulated energy
spectra of the electron bunch after each acceleration stage.
We note that the FWHM energy spread of the bunch first
increases (see stage 1 and stage 2) and then decreases (see
stage 3) in the process of acceleration. This is because the
particles with a large energy deviation have been removed
by the boundaries of the bunch channels. In other words,
the surviving particles will be largely focused into a small
phase space after cascade acceleration stages.

Figure 8 shows the simulated transverse emittance of
the electron bunch versus propagation distance in both
schemes. We note that the bunch emittance grows obvi-
ously, especially in the second and third stages, which is

(a) (b)

(c) (d)

FIG. 7. Calculated and simulated electron energy versus prop-
agation distance for (a) scheme-I and (b) scheme-II. Simulated
energy spectra of the electron bunch after three cascade acceler-
ation stages for (c) scheme-I and (d) scheme-II.

(a)

(b)

FIG. 8. Simulated x-direction emittance of the electron bunch
versus propagation distance for (a) scheme-I and (b) scheme-II.

because different parts of the bunch experience different
forces as they traverse the bunch channel. Also, we note
that, at the entrances and the rear portions of the second
and third stages, the bunch emittance decreases noticeably,
which is because the particles located at the fringe of the
bunch have been removed by the boundaries of the bunch
channel. Hence, the final bunch emittance after cascade
acceleration is limited, which is less than 0.3 nm rad in
scheme-I and less than 0.1 nm rad in scheme-II.

IV. DISCUSSIONS AND CONCLUSION

In this section, we discuss several critical factors
that affect the practical implementation of the proposed
schemes. We first look at the energy gain of the acceler-
ated particles, which is restricted to be at the level of tens of
kiloelectronvolts after three cascade accelerations, as pre-
sented. The main restriction of energy gain in the proposed
schemes is the phase slippage in each acceleration stage.
As shown in Fig. 4(a), the effective acceleration length in
each stage is about 60 µm due to phase slippage, so that
the energy gain in each stage is restricted to tens of kilo-
electronvolts even though the actual acceleration gradient
reaches 500 MV/m. In fact, this is also the main obstacle
for almost all of the available dielectric laser accelerators.

In order to alleviate the phase slippage and to increase
energy gain, two methods could be applied. Firstly, laser
beams with longer wavelengths could be used to drive the
acceleration structures. According to Eq. (5), the phase
slippage is proportional to the frequency of the laser beam;
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in other words, the effective acceleration length is propor-
tional to the wavelength of the drive laser. Thus, if we use
a CO2 laser with wavelength of about 10 µm, both the
acceleration length and the energy gain will be increased
by a factor of 5. Secondly, in order to further increase the
acceleration length and energy gain, prisms with curved
input and output surfaces, which are similar to convex
lenses, can be applied. In prisms with curved surfaces,
the incident direction of the laser pulse changes gradually
in the process of bunch acceleration, which is similar to
what happens in a prism with crevices, as presented in
Ref. [24]. Thus the Cherenkov synchronization condition
can be continually satisfied for a velocity-changing par-
ticle, i.e., the phase slippage is counteracted. Our further
research shows that, by using prisms with well-designed
curved surfaces, the acceleration length and energy gain
can be further increased by several times. It is predicted
that, by using these two methods, a megaelectronvolt-
level electron beam can be realized from a chip-based
acceleration structure.

Next, we discuss the effect of fabrication precision of
dielectric structures on the performance of the proposed
schemes. According to the analyses and simulations, the
structure parameters are essential for the field distribu-
tions in the bunch channels, which determine the fields
and phases experienced by the electron bunch. However,
when the dynamic synchronization method proposed in the
present paper is applied, the phase and amplitude of the
fields experienced by the electron bunch are dynamic val-
ues within a certain range rather than definite steady ones,
so that the requirements of exact phase and amplitude val-
ues are avoided. In addition, the phase and amplitude can
be readily adjusted by changing the initial electron energy
and the time delay of the laser pulse in practice. Hence,
the dynamic synchronization method is helpful to allevi-
ate the requirement of nanoscale fabrication precision of
acceleration structures.

In conclusion, we have proposed a novel concept of a
laser-driven traveling-wave linac on a chip, together with
a dynamic synchronization and focusing method, which
can simultaneously realize the nondispersive propagation
of laser pulses along acceleration structures, stable bunch
transport in a tiny-size bunch channel, and continuous syn-
chronization of subrelativistic particles with laser-driven
fields, achieving the full-course acceleration and focusing
of particles by using a single laser source, without resorting
to external focusing equipment. This is crucial for minia-
turization of a particle accelerator, paving the way toward
a high-efficiency on-chip particle accelerator for practical
applications.
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